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Abstract

This dissertation has two almost unrelated themes: privileged words and Stur-
mian words. Privileged words are a new class of words introduced recently. A
word is privileged if it is a complete first return to a shorter privileged word,
the shortest privileged words being letters and the empty word. Here we give
and prove almost all results on privileged words known to date. On the other
hand, the study of Sturmian words is a well-established topic in combinatorics
on words. In this dissertation, we focus on questions concerning repetitions in
Sturmian words, reproving old results and giving new ones, and on establishing
completely new research directions.

The study of privileged words presented in this dissertation aims to derive
their basic properties and to answer basic questions regarding them. We explore
a connection between privileged words and palindromes and seek out answers
to questions on context-freeness, computability, and enumeration. It turns out
that the language of privileged words is not context-free, but privileged words
are recognizable by a linear-time algorithm. A lower bound on the number of
binary privileged words of given length is proven. The main interest, however,
lies in the privileged complexity functions of the Thue-Morse word and Sturmian
words. We derive recurrences for computing the privileged complexity function
of the Thue-Morse word, and we prove that Sturmian words are characterized
by their privileged complexity function. As a slightly separate topic, we give an
overview of a certain method of automated theorem-proving and show how it
can be applied to study privileged factors of automatic words.

The second part of this dissertation is devoted to Sturmian words. We exten-
sively exploit the interpretation of Sturmian words as irrational rotation words.
The essential tools are continued fractions and elementary, but powerful, results
of Diophantine approximation theory. With these tools at our disposal, we re-
prove old results on powers occurring in Sturmian words with emphasis on the
fractional index of a Sturmian word. Further, we consider abelian powers and
abelian repetitions and characterize the maximum exponents of abelian powers
with given period occurring in a Sturmian word in terms of the continued frac-
tion expansion of its slope. We define the notion of abelian critical exponent for
Sturmian words and explore its connection to the Lagrange spectrum of irrational
numbers. The results obtained are often specialized for the Fibonacci word; for
instance, we show that the minimum abelian period of a factor of the Fibonacci
word is a Fibonacci number. In addition, we propose a completely new research
topic: the square root map. We prove that the square root map preserves the lan-
guage of any Sturmian word. Moreover, we construct a family of non-Sturmian
optimal squareful words whose language the square root map also preserves.
This construction yields examples of aperiodic infinite words whose square roots
are periodic.
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Tiivistelma

Téssd vaitoskirjassa on kaksi lahestulkoon erillistd padteemaa: anadromit ja Stur-
min sanat. Anadromi on sana, joka on taydellinen paluu lyhyempéaan anadromiin
— lyhimmat anadromit muodostuvat kirjaimista ja tyhjdstd sanasta. Tama vaitos-
kirja siséltaa todistukset ldhes kaikille nditd aivan vastikddn maddriteltyjd sanoja
koskeville tuloksille. Sturmin sanat taasen ovat vakiintuneempi tutkimuskohde
sanojen kombinatoriikan alalla. Sturmin sanoja koskien tdssa véitoskirjassa esite-
tddn uusia todistuksia tunnetuille tuloksille — kuten toistojen luonnehdinnalle —
sekd todistetaan aivan uusia tuloksia ja avataan uusia tutkimussuuntauksia.

Anadromeja koskevassa osuudessa johdetaan ndiden sanojen perusominai-
suudet ja tutkitaan aihetta koskevia perustavia kysymyksid. Keskivissd ovat ana-
dromien ja palindromien yhteydet sekd kysymykset liittyen kontekstittomuu-
teen, laskettavuuteen ja anadromien lukuméaraan erdissa kielissd. Osoittautuu,
ettd anadromien kieli ei ole kontekstiton, mutta anadromin voi tunnistaa line-
aariaikaisella algoritmilla. Lisdksi johdetaan alaraja tiettyd pituutta olevien bi-
naddrianadromien lukumaarille. Keskeisintd on kuitenkin Thuen—-Morsen sanan
ja Sturmin sanojen anadromikompleksisuusfunktioiden tutkimus. Tédssa tyossa
johdetaan ryhma rekursioyhtdloitda Thuen-Morsen sanan anadromikompleksi-
suuden laskemiseksi ja luonnehditaan Sturmin sanat niiden anadromikomple-
ksisuusfunktion avulla. Lopuksi esitellddn erédstd verrattain uutta automaattista
teoreemantodistusmenetelméad ja sovelletaan sitd automaattisten sanojen anadro-
mitekijoiden tutkimiseksi.

Viitoskirjan jalkimmadisessa osassa kasitellddn Sturmin sanoja. Sturmin sanat
késitetdadn erityisesti irrationaalisina rotataatiosanoina, mikd tarkoittaa, ettd ket-
jumurtoluvut ja niihin liittyvé teoria rationaaliapproksimaatioista ovat sovellet-
tavissa Sturmin sanoihin. N&itd lukuteorian menetelmid runsaasti hyddyntden
tédssd vditoskirjassa sekd johdetaan aivan uusia tuloksia Sturmin sanoista etta
esitetddn paranneltuja todistuksia tunnetuille lauseille. Ensimmdisend teemana
ovat toistot ja abelin toistot. Uusia menetelmid kédyttden Sturmin sanojen toisto-
jen ja rationaali-indeksin luonnehdinnoille esitetddn uudet todistukset. Seuraa-
vaksi uutena tuloksena mééritetddn Sturmin sanassa annettua jaksoa vastaavat
mahdolliset abelin toistojen eksponentit timén sanan kaltevuuden ketjumurtolu-
kukehitelmén perusteella. Lisdksi osoitetaan Sturmin sanojen ns. kriittisen abe-
lin eksponentin yhteys irrationaalilukujen Lagrangen spektriin. Monia tuloksia
tarkastellaan Fibonaccin sanan erityistapauksessa. Osoittautuu esimerkiksi, et-
td Fibonaccin sanan tekijan lyhin abelin jakso on aina Fibonaccin luku. Lopuksi
maédritellddn tdysin uusi késite: Sturmin sanojen nelidjuurifunktio. Tama erikoi-
nen funktio ylldttden sailyttad Sturmin sanojen kielen. Yleisemmaéssa tapauksessa
konstruoidaan perhe optimaalisia ja neliollisid sanoja, joiden kielen nelidjuuri-
funktio sdilyttdd mutta jotka eivét ole Sturmin sanoja. Tamé konstruktio antaa
esimerkin jaksottomasta ddrettomaésta sanasta, jonka nelijuuri on jaksollinen.
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Introduction

1.1 Background

The subject matter of this dissertation belongs into the field of combinatorics on
words, a branch of combinatorics and discrete mathematics. Combinatorics on
words is concerned with the properties of words, that is, strings of symbols. This
field of word combinatorics has only recently been unified into a more coherent
and mature discipline. However, the concept of a word is a fundamental notion
in all of mathematics. In the introduction to the book Combinatorics on Words [90],
Robert Lyndon writes

This is the first book devoted to broad study of the combinatorics of
words, that is to say, of sequences of symbols called letters. This sub-
ject is in fact very ancient and has cropped up repeatedly in a wide
variety of contexts. Even in the most elegant parts of abstract pure
mathematics, the proof of a beautiful theorem surprisingly often re-
duces to some very down to earth combinatorial lemma concerning
linear array of symbols.

Founding of combinatorics on words is typically attributed to the Norwegian
mathematician Axel Thue. In his papers from 1906 [137] and 1912 [138], he sys-
tematically studied repetition-free words. Thue’s results were forgotten for many
decades and, during this time, were largely rediscovered by the American mathe-
maticians Marston Morse and Gustav A. Hedlund [101, 104]. Thue is best remem-
bered for proving the existence of overlap-free and square-free infinite words,
that is, words avoiding the patterns xyxyx and xx respectively. The overlap-free
infinite word found in 1906 by Thue was rediscovered by Morse in 1921, and it is
now usually called the Thue-Morse word.!/?

Starting from the late 1930’s, there has been active research on topics related
to words. In the 1938 and 1940 papers [102, 103], Hedlund and Morse founded

1This word is also implicit in the 1851 work of Prouhet [119].
2Certain properties of the Thue-Morse word are studied in this dissertation.



2 Introduction

the field of symbolic dynamics motivated by ideas from the theory of dynamical
systems. In the 1950’s, the French mathematician Marcel-Paul Schiitzenberger
initiated systematic research on semigroups and codes [132], where words played
a central role. Indeed, words are essential in algebra for free semigroups and
free groups. S. I. Adian and P. S. Novikov famously applied word-combinatorial
methods in their solution of the Burnside problem for groups in 1968 [110].

Words are obviously crucially important in computer science as well because,
in the end, computation is just string rewriting as has been known since the pi-
oneering works of Alan Turing and Emil Post. With the enormous growth of
computer science especially in the latter half of the 20th century, words were also
studied in relation to automata theory and formal language theory. The need for
a theory of words was recognized in the 1960’s. This need resulted in writing of
the book Combinatorics on Words [90], published in 1983, collecting the fragmen-
tary results on words into a unified whole for the first time. The book was written
by the pseudonymous M. Lothaire, a group of mathematicians closely related to
Schiitzenberger. Later in 2002 and 2005, Lothaire’s work was complemented by
two additional volumes, Algebraic Combinatorics on Words [91] and Applied Combi-
natorics on Words [92] (with different sets of contributors). These books have been
established as the standard references in combinatorics on words, a field that is
still growing today. For a more detailed account on the history of combinatorics
on words, see the notes sections in Lothaire’s books and the article The origins of
combinatorics on words [19] by Jean Berstel and Dominique Perrin.

1.2 Structure of the Dissertation

As the title suggests, this dissertation has two major topics: privileged words
and Sturmian words. In this dissertation, the discussion on these subjects does
not overlap, with the exception of Section 4.5, so Chapters 3 and 4, dealing with
these two topics, can be read independently of each other. The aim of this disser-
tation is not only to add to knowledge but to give a complete description of the
selected topics from the first principles and to serve as a comprehensive introduc-
tion to them. Next, we give an overview of the contents of the dissertation. More
detailed introductions are found in the beginning of each chapter. In Chapter 2,
we present the notation and definitions needed in the rest of the dissertation. This
chapter consists of two parts. First, we present the fundamental notion of a finite
word, accompanied by elementary propositions on periodicity and primitivity
of words. Moreover, we identify important subclasses of words, such as palin-
dromes and complete first returns. Secondly, we discuss the notion of an infinite
word with emphasis on periodicity and on fractional and integral powers occur-
ring in infinite words. We also introduce concepts from symbolic dynamics and
topology and conclude with discussion on morphic infinite words, such as the
Thue-Morse word and the Fibonacci word. The results and properties explained
are given without proof.

Chapter 3 is devoted to privileged words, the first of the major themes of this
dissertation. A word is privileged if it is a complete first return to a shorter priv-
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ileged word, the shortest privileged words being letters and the empty word.
When I® got interested in privileged words, they had just been introduced in the
2011 preprint of the paper A characterization of subshifts with bounded powers by
Kellendonk, Lenz, and Savinien [84], and very little was known about them. For
Kellendonk et al., privileged words were just a tool they needed to invent in order
to characterize the property of having bounded powers by the Lipschitz equiva-
lence of certain metrics, so they did not investigate privileged words more than
what was necessary for them. Certainly they did not look at the subject from
the word-combinatorial point of view. The task of taking privileged words as the
central object of study was initiated by me in my first paper [113], followed by the
articles [115] and [64] (with Forsyth, Jayakumar, and Shallit). Chapter 3 contains
almost everything that is known of privileged words to date. We begin by deriv-
ing the elementary properties of privileged words. Because of an analogy in the
definitions, privileged words and so-called rich words* have certain connections,
which we also explore. Taking a slight detour into the formal language theory,
we prove that the language of privileged words is not context-free in Section 3.4.
We also give an algorithm recognizing privileged words in linear time in Sec-
tion 3.5 and a lower bound for the number of binary privileged words of length n
in Section 3.6. In the paper [113], I initiated the study of the privileged complex-
ity function of the Thue-Morse word, the work being completed in [115]. This
work, taking the bulk of Chapter 3, deriving a recursive formula for computing
this privileged complexity function and applying the formula for studying the
asymptotics of the function, is further refined in Section 3.7. In Section 3.8, we
explore automatic words and automatic theorem-proving. Beginning with the
2012 paper [32], in the series of papers [51, 52,70, 71, 72,73, 107, 108, 131], Jeffrey
Shallit and his many coauthors have developed a method of proving theorems
on automatic words with the aid of a computer program. We show that their
method is applicable for examining privileged factors of automatic words. This
whole topic is very interesting for its own sake but also because the Thue-Morse
word is automatic. This section on automatic theorem-proving is not meant to be
a comprehensive study of the subject; rather, we give an overview of the subject
and prove a few results relevant to privileged words and especially to privileged
factors of the Rudin-Shapiro word. Finally, we show that Sturmian words, the
topic of Chapter 4, are characterized by their privileged complexity function; this
result is found in Section 4.5. Chapter 3 and Section 4.5 are based on the papers
[64, 113, 115].

In Chapter 4, we turn our attention to a completely new subject: the beauti-
ful Sturmian words. Excluding Section 4.5 on the privileged complexity function
of Sturmian words, throughout Chapter 4, we view Sturmian words as rotation
words of irrational angle. The continued fraction expansion and the convergents
and semiconvergents of the rotation angle provide deep insight into the structure

3Throughout this dissertation, the word “I” is used when I talk about my opinions or actions.
Otherwise, as is customary in mathematics, the word “we” is used to involve the reader to participate
in the development of ideas with the author as if we were talking by a blackboard.

#Rich words were also introduced quite recently in [69].
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of Sturmian words. We apply the powerful tools of Diophantine approximation
theory to obtain several completely new results on Sturmian words as well as
clean and short proofs of old results. Often, we focus on the Fibonacci word,
which is the simplest of all Sturmian words. This curious word often exhibits ex-
tremal behavior among all Sturmian words—or even among all infinite words—
so it is always interesting to specialize results for the Fibonacci word. Due to its
simplicity, this often results in beautiful statements and formulas. After giving
the somewhat lengthy but necessary definitions, background, and basic results
in Sections 4.2, 4.3, and 4.4, in Section 4.6, we prove an old result of Damanik
and Lenz [44, 45] on integer and fractional powers occurring in Sturmian words
but with new methods. The new proof is much shorter, and in my opinion easier
to follow. We also derive a formula for the fractional index of a Sturmian word,
and we apply this result to the particular cases of morphic Sturmian words and
the Fibonacci word. In Section 4.7, the dynamical point of view and continued
fractions, really show their power. We characterize the possible exponents of
abelian powers of given period. Moreover, we study abelian repetitions, which
are analogues of fractional powers. We relate a quantity called the abelian criti-
cal exponent of a Sturmian word to the Lagrange constant of its rotation angle.
Again, we apply the results to the particular cases of morphic Sturmian words
and the Fibonacci word. In particular, we prove that the minimum abelian pe-
riod of a factor of the Fibonacci word is a Fibonacci number. What remains is
Section 4.8 on the square root map on Sturmian words. This section is the longest
and most technical section in this dissertation. It consist completely of original
work by me and Whiteland and, in my opinion, contains the best results in this
dissertation. The square root /s of a Sturmian word s is obtained by writing s
as a product of minimal squares (there are only six minimal squares in the lan-
guage) and by deleting the first half of each of the squares. We prove that, surpris-
ingly, the square root map preserves the language of a Sturmian word, that is, the
words s and +/s have the same factors. The proof of this result uses heavily con-
tinued fractions and the dynamical system behind Sturmian words. In contrast,
we describe this result in word-combinatorial terms in Subsections 4.8.3, 4.8.4,
and 4.8.5. Subsection 4.8.6 contains again results specific to the Fibonacci word.
The Section 4.8 on the square root map culminates in Subsection 4.8.7 where we
consider a natural generalization of the square root map for optimal squareful
words. It is very clear that typically a word in this class of words does not enjoy
the property that the square root map preserves its language. Fortunately, we
are able to identify a certain class of non-Sturmian infinite words that have this
property. We show that the (aperiodic) subshifts generated by these words have
a curious, even weird, property: for every word in such a subshift, the square
root map either preserves its language or maps it to a periodic word. Particularly,
the square root of an aperiodic word can be periodic. Section 4.8 is concluded by
Subsection 4.8.8 where we consider other natural generalizations of the square
root map. Unfortunately, all proposed generalizations totally fail to preserve the
language of Sturmian words or their generalizations. Chapter 4 is based on the
papers [62, 113, 114, 116] and on the extended abstract [117].



Preliminaries

This chapter introduces the notation and basic results needed in the following
chapters. First we give the fundamental definition of a finite word and discuss,
for example, the important notions of powers, periodicity, palindromes, and com-
plete first returns. Then we extend our view to include infinite words, and ex-
plore additional topics such as aperiodicity, recurrence and uniform recurrence,
and morphic words. All results are given without proof. For a more complete
treatment of the subject matter, we refer the reader to Lothaire’s excellent books
Combinatorics on Words [90], Algebraic Combinatorics on Words [91], and Applied
Combinatorics on Words [92] and to the book Automatic Sequences [7] by Allouche
and Shallit.

2.1 Finite Words

An alphabet A is a finite nonempty set of letters, or symbols. A word over A is a
finite sequence ag - - - 4,1 of letters of A obtained by concatenation. For instance
aabaabba is a word over the alphabet {a,b}. A concatenation of zero letters, the
empty word, is denoted by e. If two words u and v consist of exactly the same
sequence of letters, then they are equal, and we write u = v. The concatenation
of two words u = ap---a,_1and v = by---b,_q is the word u-v = uv =
ag---ay—1bo - - - by,_1 obtained by juxtaposing their letters. The concatenation of
two words is in general not commutative. With concatenation, we use the familiar
notation for multiplication; for instance, w" denotes the word ww - - - w, where w
is repeated n times. The length of the word w, denoted |w/|, is the number of letters
in w. The empty word ¢ is the unique word of length 0. We often consider words
over an alphabet of size 2. We call such words binary, and then we customarily
use the alphabet {0, 1}. In this dissertation, we typically use the lowercase letters
w, u, v, z to represent words and the lowercase letters a, b, c to represent letters of
an alphabet.

We denote the set of nonempty words over Aby A1, and we set A* = AT U {e}.
Endowed with the binary operation of concatenation, the sets A* and A* become
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respectively the free semigroup over A and the free monoid over A. We let A"
to be the set of words of length 1 over the alphabet A. A language is a subset of
A*. If L is a language, then by £* we denote the monoid generated by £, and
analogously we let £ to stand for the semigroup £* \ {¢}. If L = {w}, then we
simply write w* and w* instead of {w}* and {w} .

A word z is a factor of the word w if w = uzv for some words u and v. If the
factor z does not equal € or w, then we say that z is a proper factor of w. If u = ¢
(respectively v = ¢), then we call the factor z a prefix (respectively suffix) of w. If
z is a prefix (respectively suffix) and a proper factor of w, then we say that z is a
proper prefix (respectively suffix) of w. A factor that is neither a prefix nor a suffix
is called an interior factor. When we say that a word w contains the word z, we
simply mean that z is a factor of w. If z is both a prefix and a suffix of w, then z is
a border of w. The factor z is central if |u| = |v|. If w = uv, then by u~'w we mean
the word v obtained by deleting the prefix u of v. Correspondingly, by wo~! we
mean the prefix u of w. Whenever we use the notation u~'w (respectively wv 1),
we silently assume that u is a prefix (respectively v is a suffix) of w. We denote the
set of factors of w, the language of w, by £ (w), and we let the set L, (1) to contain
all factors of w of length n. If w = agpay - - - a,_1, then w[i, j] stands for the factor
a; - - -a; whenever the choices of positions i and j make sense. If i = j, then we
write simply w|i] instead of wli, j]. An occurrence of a factor u in w is a position i
such that w[i,i + |u| — 1] = u. If such a position exists, then we say that u occurs
in w. The number of occurrences of a factor u in w is denoted by |w|,. A position i
of w introduces a factor u if w[i — |u| +1,i] = u and u does not occur in w[0,i — 1].
We call a language factor-closed if it contains the factors of all of its elements.

The following important result of Lyndon and Schiitzenberger states that two
words commute only for trivial reasons [93]. We often use this folklore result
without explicit mention; we also remark that its proof is very straightforward.

Proposition 2.1.1. If u and v are two words such that uv = vu, then there exists a word
w such that u,v € w*.

An integer power is a word w", where n > 2. If n = 2, then we say that w" is
a square with square root w. A square is minimal if it does not have a square as a
proper prefix. A word w is primitive if it is not an integer power, that is, w is of
the form u" only if n = 1. The primitive root of w is the unique primitive word u
such that w = u" for some positive integer n. An overlap is a word of the form
wwa, where a is the first letter of w. In other words, an overlap is a word that can
be written as auaua for some word u. We have the following folklore result (see,
e.g., [124, p. 336]), which says that a primitive word cannot occur nontrivially in
its square. We often use this result without explicit mention.

Lemma 2.1.2. Let w be primitive. If w* = uwv, then either u = e or v = e.

Let p be a rational number such that p > 1. Suppose that w = uv and p = n +
|u|/|w| for an integer n. Then the fractional power wf is defined to be the word
w"u. Fractional powers are related to periods of words. A positive integer is a
period of the word ag - - -a, 1 ifa; = a; , fori=0,1,...,.n —p—1.
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If w = ag---ay,_2a,_1, then the cyclic shift operator C acts on w as follows:
C(w) = a,_1a0---a,_». A word u is the k™ conjugate of w if C¥(w) = u for
some k such that 0 < k < |w|. If u is a conjugate of w, then we also say that u
is conjugate to w. In other words, the words w and u are conjugate if w = vz
and u = zv for some words v and z. The conjugation relation is an equivalence
relation. Lemma 2.1.2 implies that a word w has |w| distinct conjugates if and
only if w is primitive.

The reversal w of w = agay - - - a,_1 is the word a,,_1 - - - a149. For typographical
reasons, the notation w™ is sometimes used in place of w. A word w is a palindrome
if w = w. By convention, the empty word is a palindrome. The set of palindromic
factors of w is denoted by Pal(w). Moreover, the set Pal(w) N Ly, (n) of palindro-
mes of w of length n is denoted by Pal,,(1n). A language L is mirror-invariant if
for every u € £ we have i € L. If the language of a word w is mirror-invariant,
then we say that w is closed under reversal.

A complete first return to the nonempty word w is a word starting and end-
ing with w and containing exactly two occurrences of w (these occurrences may
overlap).

Let < be a total order on an alphabet A. We extend this order to a total order
on A*, also denoted by <, as follows: u < v for u,v € A* if u is a prefix of v or
there exist factorizations u = wau’ and v = wbv’ such thata,b € Aanda < b.
This total order on A* is called a lexicographic order on A*. In the case of the binary
alphabet {0,1}, we set 0 < 1.

2.2 Infinite Words

An infinite word is a function w: N — A from the nonnegative integers to an
alphabet A. Following earlier notation, we write concisely w = apajap - - - with
a; € A. The set of infinite words over A is denoted by A“. The shift operator T
acts on infinite words as follows: T(agayay...) = ayay - - -, where a; € A. In this
dissertation, infinite words are often called just words, but the context should
always be clear. To distinguish infinite words from finite words, the symbols
referring to infinite words are always written in boldface.

The notions of factor and prefix naturally extend to the setting of infinite
words. The language £(w) of an infinite word w is the set of its factors. The no-
tation w[i, j] makes sense also for infinite words, and it is analogously natural to
talk of occurrences of factors in infinite words. A factor u of an infinite word w is
right special (respectively left special) if ua, ub € L£(w) (respectively au, bu € L£(w))
for distinct letters a and b. If a factor is both right special and left special, then it
is called bispecial.

An infinite word w is ultimately periodic if it can be written in the form w =
uv” = uvvv - - - for some words u and v with v nonempty. If u = ¢, then w is
said to be periodic or purely periodic. The word v is the period of w. If |v| is as short
as possible, then v is the minimum period of w. An infinite word that is not ulti-
mately periodic is aperiodic. We have the following fundamental characterization
of ultimately periodic words proven originally by Hedlund and Morse [102].
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Theorem 2.2.1 (The Morse-Hedlund Theorem). An infinite word is aperiodic if and
only if it has at least n + 1 factors of length n for all n > 0.

That is, an infinite word w is aperiodic if and only if its factor complexity func-
tion p, (n), defined by the formula p, (1) = |Lw(n)|, satisfies p, (1) > n + 1 for
all n > 0. In particular, if an infinite word contains arbitrarily long right special
factors, then it is aperiodic.

An infinite word w is recurrent if every factor of w occurs in it infinitely many
times. An infinite word is recurrent if and only if each of its prefixes has at least
two occurrences. Let (i, ),>1 be the sequence of consecutive occurrences of a fac-
tor u in a recurrent infinite word w. The return time of the factor u is the quantity

sup{ijy1 —ij:j€{1,2,...}},

which can be infinite. The factors wlij, i;;1 — 1] for j > 1 are the returns to u in w.
If the return time of each factor of the recurrent word w is finite, then the infinite
word w is uniformly recurrent. Equivalently, the word w is uniformly recurrent
if for each factor u of w there exists an integer R such that every factor of w of
length R contains an occurrence of u. If there exists a global constant K such that
the return time of any factor u of w is at most K|u/|, then we say that w is linearly
recurrent. Clearly a linearly recurrent word is uniformly recurrent.

Let w be an infinite word and u be its nonempty factor. The fractional index of
the factor u is defined as the quantity

sup{p € Q: u’ € L(w)}.

The index of anonempty factor u is defined similarly by letting p take only integral
values. Notice that both indices can be infinite in general. If w is uniformly
recurrent and aperiodic infinite word, then the (fractional) index of every factor
of w is finite. The fractional index of an infinite word w is defined as the least
upper bound of the fractional indices of its factors; this quantity is also called the
critical exponent of w.

Let u and v be infinite words over an alphabet A. The distance of u and v is

k-
d(u,v) = {2 , ifu#v,

0, ifu=yv,

where k is the length of the longest common prefix of u and v. Equipped with this
(ultra)metric, the set A“ of infinite words over A becomes a compact (ultra)metric
space. If a sequence (w,) of infinite words converges to an infinite word w with
respect to this metric, then we write

Iim w;, = w.
n—o0

The notion of convergence to an infinite word extends for finite words. If a se-
quence of words (w;) has the property that w, is a proper prefix of w1 for
n > 0, then the sequence (wy,) converges to the unique infinite word w having
the words w,, as prefixes, and then we write

im w,; = w.
n—oo
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The situation can be viewed as the convergence of the sequence (w,,a®) of infinite
words to w with respect to the above metric.
A subshift () is a subset of A“ such that

Q={weA“: L(w)C L}

for some language £ such that £ C A*. Equivalently, a subshift is a topologi-
cally closed and shift-invariant subset of A“ [91, Proposition 1.5.1]. If £ = L(w)
above, where w is an infinite word, then it is said that the subshift ) is generated
by w. The language L is called the language of the subshift (). If every word in a
subshift is aperiodic, then the subshift is called aperiodic. A subshift is minimal if
it does not contain nonempty subshifts as proper subsets. A nonempty subshift
is minimal if and only if it is generated by a uniformly recurrent word.

Let A and B be two alphabets. A morphism from A* to B* is a mapping
p: A* — B* such that ¢(uv) = ¢(u)y(v) for all words u,v € A*. Clearly a
morphism is completely determined by the images of the letters of A. Applica-
tion of a morphism naturally extends to infinite words. Let w = agajay - - - with
with a; € A. Then

l/J(W) = lp(ao)¢(al)1p(a2) e

A morphism ¢: A* — A* is said to be prolongable on the letter a if {(a) = au for
some word u such that ¢" (1) # e for all n > 1. If the morphism 1 is prolongable
on the letter a, then clearly 1" (a) is a proper prefix of ¥"*1(a) for n > 0. Thus the
morphism 1 has a fixed point

() = lim y"(a) = augp(u)g® (u) -+ ¢" () -+
A morphism ¢: A* — A* is primitive if there exists a positive integer n such that
forall a € A the image 1" (a) contains every letter of A at least once.

Example 2.2.2 (The Thue-Morse Word). The primitive morphism

0~ 01
1+—10

is prolongable on both letters 0 and 1. Its fixed point
t = p*“(0) = 01101001100101101001011001101001 - - -

is the famous Thue-Morse word. This infinite word has many remarkable prop-
erties. Its most fundamental property is its overlap-freeness: it does not contain
any overlaps (recall that an overlap is a word of the form auaua for some word
u and letter a). This property was discovered originally by Thue in 1906 [137];
for a proof see [90, Theorem 2.2.3]. The Thue-Morse word was later rediscovered
by Morse in 1921 [101], and it is also implicit in the earlier 1851 work of Prouhet
[119]. For more on the history, see the survey [6]. The Thue-Morse word will be
the central object studied in Section 3.7, Subsection 3.8.2, and Subsection 3.8.3.
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Example 2.2.3 (The Fibonacci Word). The Fibonacci morphism

0~ 01
1—0

is primitive and prolongable on the letter 0. Its fixed point
f = ¢“(0) = 0100101001001010010100100101001001 - - -

is the beautiful word called the (infinite) Fibonacci word. The Fibonacci word is
a prototypical Sturmian word; this a class of words is studied in Chapter 4. The
word f is in many respects the simplest of all aperiodic words: it often exhibits
optimal behavior among all infinite words; see for instance [27]. Special focus on
the Fibonacci word is given in Subsection 4.7.3 and Subsection 4.8.6.
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Privileged Words

3.1 Introduction

Privileged words are a new class of words introduced by Kellendonk, Lenz, and
Savinien in the 2011 preprint of [84]. Privileged words are the iterated complete
first returns obtained from the letters of an alphabet. In the paper [84], privileged
words were a tool for characterizing the aperiodic subshifts whose every factor
has bounded index by the the Lipschitz equivalence of certain metrics. In this
chapter, we take privileged words as the central object of study. In contrast to the
work of [84], we study them from the word-combinatorial point of view, not as a
tool in discrete geometry.! Our focus is in studying the word-combinatorial prop-
erties of privileged words and in characterizing the privileged words in certain
languages such as the language of the Thue-Morse word and the languages of
Sturmian words. We prove almost everything that is known of privileged words
to date. According to my knowledge, all research articles mentioning privileged
words are the works [64, 66, 84, 109, 113, 115, 129, 131]. Every result presented in
this chapter is found in these papers.

We begin by giving basic definitions and results in Section 3.2. It is already
evident in these elementary results that privileged words share analogous prop-
erties with palindromes. This connection becomes clearer as we explore the link
between privileged words and rich words in Section 3.3.% It turns out that priv-
ileged words generalize a property of palindromes: rich words are abundant in
palindromes but all words are abundant in privileged words. In Theorem 3.3.4,
we prove that a finite or infinite word is rich if and only if its sets of palindromic
and privileged factors coincide. Furthermore, we prove the surprising result that
a word is rich if and only if the word contains equally many palindromes and
privileged words of all lengths. Therefore privileged words are not just useful
for tracking powers in subshifts but also for studying palindromic richness. This

I The work in discrete geometry is continued in [129], where a generalization of privileged words,
called privileged patches, is used to generalize the results of [84].
2Rich words are words containing the maximum possible number of distinct palindromic factors.
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provides an alternative motivation to examine privileged words. Unfortunately,
privileged words are not good for measuring the palindromic defect of a word:
we construct an infinite word whose palindromic factors and privileged factors
share no meaningful relations and which is not rich by missing just one palin-
dromic factor. As the next theme in Section 3.3, we consider the relations between
privileged words and palindromes in infinite words. If the privileged factors of
an infinite word are all palindromes, then it is necessarily rich. We consider the
opposite problem: is it possible that all palindromes of an infinite word are privi-
leged without the word being rich? We answer this question positively, providing
some explicit examples. As a conclusion of Section 3.3, we consider briefly CR-
poor words, words whose all factors that are complete first returns are privileged.
We characterize the binary CR-poor words.

When a new class of words is introduced, often one of the first steps taken is
to seek answers to questions on regularity, context-freeness, computability, and
enumeration. The next four sections of this chapter are devoted to answering
such basic questions or, at least, to obtaining partial answers. First, in Section 3.4,
we answer to inquiries a language-theorist might make by proving that the lan-
guage of privileged words over an alphabet with at least two letters is not context-
free. The theorist is surely satisfied when we next, in Section 3.5, develop a linear
time algorithm recognizing privileged words. Our algorithm is inspired by the
building of the failure array in the famous Knuth-Morris-Pratt string-matching
algorithm. Next, we turn our attention to enumeration. First in Section 3.6, we
prove that there are at least 2"*/n? privileged binary words of length n. For
establishing the bound, we count the number of specific privileged words re-
lated to the generalized Fibonacci numbers. Unfortunately, the obtained bound
is not optimal. Then in Section 3.7, we turn our attention to a common theme in
combinatorics on words: complexity functions. Already, in the 1938 paper [102]
Hedlund and Morse demonstrated the importance of the function counting the
number of factors of length n occurring in an infinite word, dubbed the factor
complexity function.> They proved, among other results, The Morse-Hedlund
Theorem. Since then, researchers have considered other complexity functions
counting specific types of factors such as palindromes [3] or Lyndon words [127].4
In Section 3.7 and Section 4.5, we study the privileged complexity functions of the
Thue-Morse word and the Sturmian words. The privileged complexity function
of the Thue-Morse word t is complicated. We derive a system of recurrences for
computing the values of this function. The main ingredient in the derivation is
the observation that decoding long privileged factors by the square of the Thue-
Morse morphism p produces shorter privileged factors, so we are able to set up
bijective correspondences between different subsets of the set of privileged fac-
tors of t. The system of recurrences allows us to study the asymptotics of the
privileged complexity function of t: we prove sharp upper and lower bounds

3 Actually, Morse and Hedlund used the name permutation index, and later Coven and Hedlund
used the name block growth [36, 37]; the terminology has changed.

“The number of factors of length n modulo a suitable equivalence relation has also gained interest.
For instance, the case of the conjugacy relation was considered recently in [29].
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for the function, showing that the inferior limit is 0 and that the superior limit
is infinite. Moreover, we show that the values of the function contain arbitrarily
large gaps of zeros. Further, this work allows us to easily study the analogous
properties of the privileged palindrome complexity function of t; in this case the
complexity function is bounded. Later, in Section 4.5 of the next chapter, we prove
that Sturmian words are characterized by their privileged complexity function.”
More precisely, we prove that a word is Sturmian if and only if it has exactly 1 pa-
lindrome of even length and exactly 2 palindromes of odd length for all lengths.
This result is similar to a theorem of Droubay and Pirillo stating that a word is
Sturmian if and only if it has exactly 1 palindrome of even length and exactly 2
palindromes of odd length for all lengths [50]; we recover their result as a side
product of ours.

Finally, in Section 3.8, we explore automatic words and automatic theorem-
proving. An infinite word is k-automatic if its n™" letter is determined by the
state a finite automaton is taken when the input is the base-k representation of n.
Various properties of automatic words are thus intimately linked with automata
theory. Since there are many effective algorithms for studying finite automata,
the same holds for automatic words. In the past, different approaches have been
proposed for different decidability questions on automatic words. In the 2012
paper [32], Charlier, Rampersad, and Shallit proposed a more general technique.
They proved that every assertion about automatic words that can be expressed
in a certain restricted first order structure is decidable. They were able to prove
several old results with their new, unified approach. Surprisingly, the decision
algorithms based on their methods can often be used in practice. Shallit and his
coauthors developed software packages capable of verifying assertions input in
the first order language, and they were thus able to verify numerous old results
from the literature and to obtain completely new results basically with a click of
a button. This resulted in a series of papers [51, 52, 70, 71,72, 73,107, 108, 131] by
Shallit and his many coauthors. One of the software packages, called Walnut, de-
veloped by Mousavi, is publicly available for download and use [106]. We show
in Section 3.8 that this method of automated theorem-proving is applicable for
examining privileged factors of automatic words. This is particularly interesting
as the Thue-Morse word is automatic. We do not go deeply into details in this
section; we only give an overview of the principles behind automatic theorem-
proving. We prove that given a k-automatic word w there exists an automaton
accepting exactly the base-k representations those pairs (7, 1) of integers such that
the factor wli,i + n — 1] is privileged. Moreover, we prove that the privileged
complexity function of a k-automatic word is k-regular.® In conclusion, we use
the Walnut prover to study the privileged factors of the Rudin-Shapiro word. We
investigate problems similar to those of Section 3.7. For instance, we show that
the values of the privileged complexity function of the Rudin-Shapiro word also
contain arbitrarily large gaps of zeros.

5This proof is postponed to Chapter 4 because I did not want to interrupt the flow with the lengthy
introduction of Sturmian words.
®These k-regular sequences generalize k-automatic sequences; see Subsection 3.8.3.
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Chapter 3 is concluded by Section 3.9 on open problems.

3.2 Definitions and Basic Properties

This section contains the definition of privileged words and the derivation of their
basic properties. We will see that privileged words share analogous properties
with palindromes.

Definition 3.2.1. A word w is privileged if
o lw|<lor
e w is a complete first return to a shorter privileged word.

In other words, privileged words are the iterated complete first returns ob-
tained from letters together with the empty word.

The set of privileged factors of a finite or infinite word w is denoted by Pri(w).
We define

Priy(n) = Pri(w) N Lyp(n).
The first few binary privileged words are
¢,0,1,00,11,000,010, 101,111, 0000, 0110,1001,1111,00000, 00100, 01010.

The number of privileged binary words of length n has been computed up to
n = 45, see Appendix B. Clearly a" is privileged for all n > 0. Not all privi-
leged words are palindromes: the words 00101100 and abca are privileged but
not palindromic. However, palindromes and privileged words have some analo-
gous properties, as we shall see next.

The next lemma is the first analogue to palindromes: a palindromic prefix of
a palindrome occurs also as a suffix.

Lemma 3.2.2. Let w be a privileged word and u a privileged prefix (respectively suffix)
of w. Then u is a suffix (respectively prefix) of w.

Proof. If |{w| < 1 or u = w, then the claim is clear. Suppose that |w| > 2 and
|u| < |w|. By definition, the word w is a complete first return to a privileged
word v. If [v| < |u|, then by induction v is a suffix of #, and thus v would have
at least three occurrences in w, which is impossible. If u = v, then the claim is
clear. Finally, assume that |v| > |u|. Then by induction u is a suffix of v, and thus
a suffix of w. The proof in the case that the roles of prefix and suffix are reversed
is symmetric. O

Lemma 3.2.3. Let w be a privileged word and u its longest proper privileged prefix
(respectively suffix). Then w is a complete first return to u. In other words, the longest
proper privileged prefix (respectively suffix) of a privileged word is its longest proper
privileged border.



3.2. Definitions and Basic Properties 15

Proof. If |w| < 1, then there is nothing to prove. Suppose that |w| > 2 and that
w is a complete first return to privileged word v. Now if |u| > |v|, then v is a
prefix of u, and thus by Lemma 3.2.2 also a suffix of u. Hence w has at least three
occurrences of v; a contradiction. Therefore |u| < |v| and, by the maximality of
u, we have u = v, which proves the claim. The proof in the case that the roles of
prefix and suffix are reversed is symmetric. O

The property in the next lemma holds also for palindromes: every border of a
palindrome is a palindrome.

Lemma 3.2.4. Borders of privileged words are privileged.

Proof. Let w be privileged and u be a border of w. Clearly, we may assume that
|w| > 2 and that w is a complete first return to a privileged word v. Since v is the
longest proper border of w by Lemma 3.2.3, we may assume that |u| < |v|. By
Lemma 3.2.2, the word u is a suffix of w. Since v is a border of w, the word u is
also a suffix of v. Therefore u is a border of v and, by induction, privileged. O

It is not difficult to see that the next proposition holds also for palindromes.

Proposition 3.2.5. Let w be a word and n be an integer such that n > 1. If w" is
privileged, then w™ is privileged for all integers m such that m > 0.

Proof. Assume without loss of generality that w is primitive, and suppose that
n > 2. Since w is primitive, Lemma 2.1.2 implies that the word w" is a complete
first return to w" 1. If w" is privileged, then by Lemma 3.2.4 the word w" ! is also
privileged. Conversely, if w" ! is privileged, then by definition so is w". Hence
w" is privileged if and only if w" ! is privileged. We conclude that w is privileged.
From this, we see in a similar way that w" is privileged for all m > 0. O

Next we prove a characterization of privileged words due to Luke Schaeffer
(private communication).

Definition 3.2.6. A nonempty word w has the property PR if for all integers n
with 1 < n < |w| there exists a word u such that

o 1< |u|l <mn,
e u occurs in w[0,n — 1] only as a prefix, and
e 1 occurs in w[|w| — n, [w| — 1] only as a suffix.
Proposition 3.2.7. A nonempty word is privileged if and only if it has the property PR.

Proof. Suppose that w is a nonempty privileged word. Let n be an integer such
that 1 < n < |w|, and let u be the longest privileged prefix of w such that |u| < n.
Since w is privileged, by Lemma 3.2.2, the word u is also the longest privileged
suffix of w having length at most n. If u occurred more than once in the prefix v
of w of length n, then v would have as a prefix a complete first return to u. As this
prefix is by definition privileged, we obtain a contradiction with the maximality
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of u. Hence u occurs only once in v. Similarly we can show that u occurs exactly
once in the suffix of w of length n. It follows that w has the property PR.
Suppose then that w is a nonempty word having the property PR, and set
k = |w|. If k = 1, then w is privileged, so we may suppose that k > 2. As w has
the property PR, there exists a word u of length at most k — 1 such that u occurs
in w[0, k — 2] only as a prefix and in w[1, k — 1] only as a suffix. Let us show that u
also has the property PR. Let m be an integer such that 1 < m < |u|. Since w has
the property PR, it follows that there exists a word v of length at most m such
that v occurs in w[0, m — 1] only as a prefix and in w[k — m, k — 1] only as a suffix.
Since u is a prefix and a suffix of w and |u| > |0, it follows that v is a prefix and
suffix of u. If v would occur more than once in u[O, m— 1}, then v would occur
twice in w[0, m — 1], which is impossible. Hence v occurs only once in u[0, m — 1].
Similarly v occurs only once in u[|u| — m, |u| — 1]. Therefore u has the property
PR. As |u| < |w|, by induction, the word u is privileged. As both of the words
w[0,k — 2] and w1,k — 1] have only one occurrence of u, it follows that w is a
complete first return to u. Therefore w is privileged. O

This characterization has the advantage that it is nonrecursive. A nonrecur-
sive definition for privileged words is needed later in Section 3.8.

3.3 Connections to Rich Words

In this section, we define rich words and study the connection between privileged
factors and palindromic factors of words focusing particularly on rich words.
The study of rich words was initiated in [69] by Glen et al. motivated by earlier
results of Droubay, Justin, and Pirillo on Sturmian and episturmian words [49].
Rich words are words having maximum number of distinct palindromic factors.

Definition 3.3.1. A word w is rich if it has |w| + 1 distinct palindromic factors
(including the empty word). An infinite word is rich if its every factor is rich.

Indeed, it is not difficult to see that every position in a word can introduce
at most one new palindromic factor, so any word w has at most |w| + 1 distinct
palindromic factors [49, Proposition 2]. Therefore a word w is rich if and only if
the longest palindromic suffix of every prefix u of w occurs only once in u.

For instance, the words 01001010 and 1001001010010 are rich. On the contrary,
the word abca is not rich as its longest palindromic suffix a occurs twice in it. The
shortest nonrich binary words (up to renaming of letters) are 00101100 and its
reversal. Large classes of rich infinite words are also known. For instance, Stur-
mian words, the topic of Chapter 4, are known to be rich; see Proposition 4.5.4.
For more examples, see [69].

The next characterization of rich words was proved in [69, Theorem 2.14].

Proposition 3.3.2. For any finite or infinite word w the following are equivalent:
(i) wisrich,

(ii) every complete first return to a palindrome in w is a palindrome.
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In view of this result and the definition of privileged words, it is not surprising
that every word contains exactly |w| 4 1 distinct privileged factors (as we shall see
next). In a sense, privileged words are a “maximal generalization” of rich words
as every word is “rich” in privileged factors. Due to this similarity in definitions,
there are certain connections between the privileged factors and the rich factors
of words as we shall see later in this section.

Lemma 3.3.3. Every word w contains exactly |w| + 1 distinct privileged factors.

Proof. Itis sufficient to show that appending a new letter 4 to a word w introduces
exactly one new privileged factor. Since letters are privileged, the word wa has
as a suffix a privileged word u of maximal length. Assume on the contrary that u
occurs in w. Then wa has as a suffix a complete first return to u; denote it by v. By
definition v is privileged. This contradicts the maximality of u, so indeed u does
not occur in w. Finally, if appending a introduced another privileged factor, say
z, then by the maximality of u, we would have |z| < |u|. Thus z would be a suffix
of u, and by Lemma 3.2.2 the word z would be a prefix of u. Consequently, the
factor z would occur already in w contradicting the assumption that appending
the letter a introduced the factor z. O

We are often interested only in the number of specific factors of a word, not in
the factors themselves. The privileged complexity function A,: IN — IN of a finite
or infinite word w counts the number of privileged factors of length n occurring
in w, that is,

Apw(n) = |Priy(n)| = |Pri(w) N Ly (n)].
Similarly, we define the palindromic complexity function of w:
Py:IN — N, Py(n) = |Paly(n)|.

Next we show that a word is rich if and only its privileged factors coincide
with its palindromic factors. This result is not surprising due to Proposition 3.3.2
and the definition of privileged words. Therefore the privileged complexity func-
tion and the palindromic complexity function of a rich word coincide. Surpris-
ingly, the converse also holds.

Theorem 3.3.4. Let w be a finite or infinite word. The following are equivalent:
(i) wisrich,
(i) Pal(w) = Pri(w),
(iii) Pyp(n) = Ay (n) for all n such that 0 < n < |w|.
Before proving Theorem 3.3.4, we prove the following helpful lemma.

Lemma 3.3.5. Let w be a finite or infinite word. If w is not rich, then there exists a
shortest privileged factor u that is not a palindrome. Moreover, Paly,(n) = Priy(n) for
all integers n such that 0 < n < |u| and Paly,(|u|) C Priy(|u]).
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Proof. If w is not rich, then there exists a position which does not introduce a
new palindrome. By Lemma 3.3.3, this position introduces a new privileged fac-
tor, which cannot thus be a palindrome. Hence there exists a shortest privileged
factor u in w that is not a palindrome. By the minimality of |u|, it follows that
Priy(n) C Paly,(n) for all integers n such that 0 < n < |u|. If every palindrome in
w is privileged, then the conclusion holds. Suppose that there exists a palindrome
p of minimal length that is not privileged. Let q be the longest proper palindromic
suffix of p (the palindrome g exists as evidently |p| > 1). By the minimality of p,
the palindrome g is privileged. As p is not privileged, it has as a proper suffix a
complete first return to g; let us denote this suffix by v. By definition v is privi-
leged. As g is the longest palindromic suffix of p, the word v is not palindromic.
By the minimality of |u| we have |p| > |v| > |u|, so Paly(n) C Priy(n) for all
integers n such that 0 < n < |u|. O

Proof of Theorem 3.3.4. Let us prove first that (i) and (ii) are equivalent.

Suppose that the word w is rich, and let u € L(w). If |u| < 1, then u is
clearly privileged and palindromic, so we may assume that |u| > 1. Suppose
first that u is privileged. By definition, the word u is a complete first return to a
shorter privileged word v and, by induction, the word v is a palindrome. Hence
u is a complete first return to a palindrome and is by Proposition 3.3.2 itself a
palindrome. Suppose next that u is a palindrome. Let z be the longest proper
palindromic prefix of u. Now u must be a complete first return to z. Otherwise
u would have a proper prefix that is a complete first return to z, and by Proposi-
tion 3.3.2 this prefix would be a longer proper palindromic prefix of u than z is.
By induction, it follows that v is privileged, so also u is privileged.

Assume that Pal(w) = Pri(w). Let g be a complete first return to a palindrome
p in w. By assumption, the word p is privileged, and thus g is also privileged.
Again, by assumption, the word g is a palindrome. The conclusion follows from
Proposition 3.3.2.

Clearly (i) and (ii) imply (iii). Suppose that P, (1) = Ay, (n) for all integers
n such that 0 < n < |w|. If w is not rich, then by Lemma 3.3.5 there exists an
integer m such that Paly,(m) C Priy(n), so Py(m) < Ay (m), which is impossible.
Therefore w is rich, so (iii) implies (). O

A nonrich word might nevertheless contain relatively many palindromes. The
defect D(w) of a word w is defined to be the number |w| + 1 — |Pal(w)|, measuring
the abundance of palindromes in w. The word w is rich if and only if D(w) = 0.
This concept of defect is more interesting for infinite words, and we define the
defect D(w) of an infinite word w as

sup{D(u): uis a prefix of w}.

If the defect of an infinite word is finite, then it still abundant in palindromes, and
we call such a word almost rich.

We have observed that in a rich word privileged factors and palindromic fac-
tors are the same. In nonrich words there is in general no relation between priv-
ileged factors and palindromic factors. Indeed, an infinite word might have only
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finitely many palindromic factors yet it always has infinitely many privileged
factors by Lemma 3.3.3. The next example shows that privileged factors are not
suitable for measuring the defect of an almost rich word.

Example 3.3.6. We show that there exists an infinite aperiodic word w with defect
1 having infinitely many nonpalindromic privileged factors and infinitely many
nonprivileged palindromic factors.”

Let w be the morphic image 7(f) of the Fibonacci word f under the morphism
T: 0 — abcacba,1 — d. Let p be a palindromic factor of f starting with the let-
ter 0. Then 7(p) clearly is a palindrome. Since T(p) begins with abca and ends
with acba, the word 7(p) cannot be privileged. Thus w contains infinitely many
palindromes that are not privileged.®

Let us show next that the word (p)(cba) ! is privileged. This implies that w
contains infinitely many privileged factors that are not palindromic; 7(p)(cba) !
is not palindromic as it begins with abca and ends with abca. If p = 0, then
7(p)(cba)~! = abca is privileged. Suppose that |p| > 1. Since the Fibonacci word
is rich (see Proposition 4.5.4 p. 80), the palindrome p is a complete first return to
a shorter palindrome g. By induction, the word 7(g)(cba)~! is privileged. It is
sufficient to show that the word 7(p)(cba)~! contains exactly two occurrences of
7(q)(cba) . This is trivial: since the primitive words 7(0) and (1) do not share
any factors, the word 7(p)(cba) ~! has more than two occurrences of T(g)(cba)~!
if and only if p has more than two occurrences of 4.

It remains to show that w has defect 1. Notice that the defect of T(0) = abcacba
is 1. Consider a prefix u of w of length at least 4. Since T maps palindromes to
palindromes, it follows that the longest palindromic suffix of u occurs only once
in u. Therefore w has defect 1.

Observe that it is only important that 7(0) and 7(1) are both primitive palin-
dromes with no common factors and that either 7(0) or 7(1) has defect 1. Thus
w could be made binary by a suitable choice for 7(0) and 7(1).

Lemma 3.3.5 and Theorem 3.3.4 imply thatif Pri(w) C Pal(w), then Pal (w) =
Pri(w), that is, w is rich. It is natural to ask if there are examples of infinite
words w such that Pal(w) is properly contained in Pri(w). It turns out that this
is possible but not in the case of uniformly recurrent words containing infinitely
many palindromes (Proposition 3.3.11). We begin with a simple observation.

Lemma 3.3.7. Let w be a recurrent infinite word. If Pal(w) C Pri(w), then w has
infinite defect.

Proof. As Pal(w) C Pri(w), there exists a privileged factor u in £(w) that is not
a palindrome. Consider any factor v that is a complete first return to u in £(w)
(such a factor exists as w is recurrent). Suppose that z is a prefix of w having v
as a suffix, and let p be the longest palindromic suffix of z. By the assumption
Pal(w) C Pri(w), the palindrome p is also privileged. If |p| > |u|, then p has u
as as a prefix. Since p has a privileged suffix u, it also has u as a prefix, so i = u,

7This example was inspired by [11, Example 3.4].
8This is also implied by Lemma 3.3.7.
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which is impossible. Thus |p| < |u], so p is actually the longest palindromic suffix
of u. As z contains two occurrences of u, it follows that the longest palindromic
suffix of z occurs in z at least twice. As w is recurrent, there are infinitely many
prefixes of w having v as a suffix. Thus w has infinite defect. O

Example 3.3.8. We show that there exists an infinite recurrent aperiodic binary
word w having the following properties: w is not closed under reversal, w con-
tains infinitely many palindromes, and Pal(w) C Pri(w).

We define the infinite binary word w as the limit of the sequence (u,) defined
as follows: ug = 00101100 and u,, .1 = u,0"u, for n > 1. It is clear that w is
recurrent and aperiodic and that it contains infinitely many palindromes of the
form 0™. However, the word w is not closed under reversal as 1101, the reversal
of the factor 1011, is not in £ (w).

We claim that Paly(n) = {0",10" 21} for n > 7. Suppose that 7 is an integer
such thatn > 7. Let p € Paly(n) and m be the smallest integer such that p occurs
in . As u, 1 starts and ends with 00101100 and 1101 is not a factor of w, we
conclude that p is a central factor of u,. There are thus only two possibilities:
p = 0"+% or p = 10" +*1. By a direct inspection, it can be verified that Paly, (6) =
{0°}, Paly(5) = {0°}, Palw(4) = {0000,0110}, and Palw(3) = {000,010,101}.
Thus all palindromic factors of w are privileged. The claim follows as w contains,
e.g., the privileged factor 00101100, which is not a palindrome.

Example 3.3.9. We show that there exists an infinite uniformly recurrent aperi-
odic binary word w having the following properties: w is not closed under rever-
sal, w contains only finitely many palindromes, and Pal(w) C Pri(w).

Let us consider the Chacon word ¢, the fixed point of the (nonprimitive) mor-
phism 0 — 0010,1 + 1 [58]. The word c is aperiodic, and it is uniformly re-
current because the letter 0 occurs in ¢ in bounded gaps. A direct verification
shows that the word ¢ does not contain palindromes of length 13 or 14. Therefore
Palw(n) = @ for all n > 13. There are total 23 palindromes in £(c). With the
same brute-force approach we see that all palindromes of ¢ are privileged. The
Chacon word is not closed under reversal: for instance, the word 001001, the re-
versal of 100100, is not in £(c). Thus the Chacon word has the desired properties.

Example 3.3.10. We recall a construction of Berstel et al. [18] and show that there
exists an infinite uniformly recurrent aperiodic binary word w having the follow-
ing properties: w is closed under reversal, w contains finitely many palindromes,
and Pal(w) C Pri(w).

Consider the infinite word v, the limit of the sequence (u,,) defined by setting
ug = 01 and wu,y1 = u,23u, for n > 0. The word v is aperiodic, uniformly
recurrent (it is even linearly recurrent), closed under reversal, and contains only
finitely many palindromes; namely only the letters 0, 1,2, and 3. By applying the
morphism

0+— 101

1 — 1001

2 — 10001
3 — 100001

h:
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to the word v, we obtain a uniformly recurrent aperiodic binary word that is
closed under reversal and contains only finitely many palindromes (the longest
is of length 12). By a direct inspection, it can be verified that each palindrome
occurring in h(v) is privileged. Therefore the infinite word h(v) has the desired
properties.

It turns out that if a uniformly recurrent infinite word w contains infinitely
many palindromes, then the inclusion Pa/(w) C Pri(w) cannot be proper. Notice
that such a word is necessarily closed under reversal.’

Proposition 3.3.11. Let w be a uniformly recurrent infinite word containing infinitely
many palindromes. If Pal(w) C Pri(w), then Pal(w) = Pri(w), that is, the word w
is rich.

Proof. Assume on the contrary that Pa/(w) C Pri(w) and that w is not rich.
Then by Theorem 3.3.4, there exists a privileged factor u € L£(w) that is not a
palindrome. Since w is uniformly recurrent and contains infinitely many palin-
dromes, the word u is a factor of some palindrome p € £(w). Clearly u cannot
be a central factor of p. Thus there exists a central factor g of p which begins with
u and ends with # (or symmetrically g begins with # and ends with u). It is im-
mediate that g is a palindrome. Thus by assumption, the word g is privileged. As
q has the privileged word u as a prefix, the word u is also a suffix of 4. It follows
that u is a palindrome; a contradiction. O

We conclude this section by considering briefly the so-called CR-poor words.

A word w is closed if |w| < 1 or w is a complete first return to a shorter word.
In [9], Badkobeh, Fici, and Liptdk consider words with the minimum number of
closed factors, called CR-poor words. By Lemma 3.3.3, any word w contains at least
|w| + 1 distinct closed factors. Therefore CR-poor words are exactly the words w
having |w| + 1 distinct closed factors. Equivalently, CR-poor words are the words
whose closed factors are all privileged.

Proposition 3.3.12. A word w is CR-poor if and only if w does not contain a complete
first return to ab for any distinct letters a and b.

Proof. Obviously a CR-poor cannot contain a complete first return to ab for dis-
tinct letters a and b as such a factor would clearly not be privileged (it starts and
ends with distinct letters).

Suppose then that w is not CR-poor. This means that w contains a closed factor
u that is not privileged. Now u is a complete first return to some word v. Since
u is not privileged, neither is v. Since powers of letters are privileged, the word
v must contain ab for some distinct letters a and b. Therefore u must contain a
complete first return to ab. O

The language of CR-poor words is thus relatively simple. Even more can be
said if we restrict to only binary words.

9Since there are arbitrarily long palindromes and the word is uniformly recurrent, every factor is
a factor of some sufficiently long palindrome.
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Proposition 3.3.13. Let w be a binary word. Then the following are equivalent:
(i) wis CR-poor,
(ii) w does not contain a complete first return to 01 or 10,
(iii) every closed factor of w is a palindrome,
(iv) w is conjugate to a word in 0*1%.
In particular, a binary CR-poor words are rich.

Proof. Suppose that w is CR-poor. Because w is binary, it follows from Propo-
sition 3.3.12 that w avoids complete first returns to 01 and 10. Thus w is of the
form 0'1/0% or 1i/0]',1k/, that is, w is conjugate to a word in 0*1*. Further, every
nonempty closed factor of w must be a power of a letter or of the form 071707 or
17017, Since these factors are palindromes, every closed factor of w is a palin-
drome. Because every position in w introduces a new closed factor, that is, every
position in w introduces a new palindrome, the word w must be rich.

Suppose then that every closed factor of w is a palindrome. A complete first
return to 01 cannot be a palindrome since such a word begins and ends with a
distinct letter. Therefore w must avoid complete first returns to 01 and 10. By
Proposition 3.3.12, the word w must be CR-poor. O

CR-poor words over larger alphabets are not necessarily rich as the CR-poor
word abca shows. For some more information on CR-poor words and closed
factors of words, see [9].

3.4 The Language of Privileged Words

Here we show that the language of privileged words over an alphabet with at
least two letters is not context-free. We want to avoid taking a lengthy detour
into formal language theory, so on regular and context-free languages, we refer
the reader to the Handbook of Formal Languages [124].

Let A be a fixed alphabet such that |A| > 2, and consider Pri(A*), the lan-
guage of privileged words over A. Let us show first that the language Pri(A*) is
not regular.

Proposition 3.4.1. The language Pri(A*) is not reqular.

Proof. Let 0 and 1 be distinct letters in A. Consider the language £ defined by
setting

L= Pri(A*) N 07107,

Letw € £, so that w = 0"10™ for some positive integers n and m. Since the words
w, 0", and 0™ are privileged, Lemma 3.2.2 implies that 0" is a suffix of w and 0™
is a prefix of w. Therefore n = m. Consequently, £ = {0"10": n > 1}. By the
pumping lemma, £ is not regular, and hence neither is Pri(A*). O
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A more complicated proof shows that Pri(A*) is not context-free. We recall
Ogden’s Lemma [111].

Proposition 3.4.2 (Ogden’s Lemma). Let L be a context-free language. Then there
exists an integer n such that given w in L with at least n distinguished letters we can
find a decomposition w = uvxyz such that

e vxy contains at most n distinguished letters,
e vy contains at least one distinguished letter, and
o uvixy'z € L foralli > 0.
Theorem 3.4.3. The language Pri(A*) is not context-free.

Proof. Let 0 and 1 be distinct letters in A. Assume that Pri(A*) is context-free,
and consider the regular language 071071107, denoted by R. By a well-known
closure property of the context-free languages, the language

L=2Pri(A*)NR
is context-free. We claim that
£ = {0"110°"1110°": g = cand a > b > 0}.

It suffices to show that a word w of the form 0°7110°71110°*! word is privileged
ifand onlyifa = cand a > b.

Suppose first that w is privileged. As in the proof of Proposition 3.4.1, we see
that necessarily a = c. Suppose that b > a. Then 0°*110°*! is a privileged prefix
of w; yet it is not its suffix. By Lemma 3.2.2, the word w cannot then be privileged.
Therefore a > b.

Suppose then that 4 = c and a4 > b. Clearly the longest proper privileged
prefix of w is 01, which is also a suffix of w. As there are no other occurrences of
07*1 in w, the word w is a complete first return to 0°*1. Therefore w is privileged.

Now let 1 be as in Ogden’s Lemma, and let w = 0" 10"~1110", where the first
n letters of w are distinguished. Notice that w € L. There exists a decomposition
w = uvxyz, where vxy contains at most n distinguished letters, vy contains at
least one distinguished letter, and uvixyiz € Lforalli > 0.

We see that if either v or y contain the letter 1, then the word uv®xy%z does
not contain enough letters 1 and thus cannot be in £. Therefore we may suppose
that v lies completely in the first block of letters 0. If i also lies entirely in the
first block of letters 0, then uv%xy%z = 0"=7/10"~1110" for some positive integer ;.
As n—j < n, by the above, we have uo’xy’z ¢ L. If y lies in the middle block
of letters 0, then v must be nonempty, and uv’xy%z = 0"~/10"~1~*110" for some
integers j and k such that j > Oand k > 0. As#n —j < n, we again see that
uv®xy%z ¢ L. We conclude that y must lie in the last block of letters 0. However,
now ut'xy%z = 0"7710"~1110"* for some integers j and k such that j > 0 and
k> 0. Sincen —j < n —1, we see that uvoxyoz ¢ L.

Thus no decomposition uvxyz of w exists with uv’xy%z € L. This is a contra-
diction with Ogden’s Lemma. We conclude that Pri(A*) is not context-free. [
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The language Pri(A*) is, however, context-sensitive because it is decided by
a Turing machine in linear space. We show this later in Section 3.5.

A slight modification to the proof of Theorem 3.4.3 allows us to show that the
related language of closed words is not context-free. Let

C ={we A*: |[w| <1orwisacomplete first return to a shorter word}.

The authors of [9] prove that C is not regular. We prove that it is not context-free.
Proposition 3.4.4. The language C is not context-free.

Proof. Let R and L be as in the proof of Theorem 3.4.3. Set £’ = C N R. We will
show that £ = L. Then the proof of Theorem 3.4.3 shows that C is not context-
free. Again, it is sufficient to show that a word w of the form 0°F110v+1110°+1 is
in £'if and only ifa = cand a > b.

Suppose that w € L' and that w is a complete first return to u. It must be
that u = 0F for some integer k such that 1 < k < a + 1 as other prefixes of w are
not its suffixes. If k < a + 1, then u has at least three occurrences in w, which is
impossible. We conclude that k = a 4 1. Since u has exactly two occurrences in
w, we must have a = c. Similarly, it must be that b > a.

Ifa = cand a > b, then clearly 0! occurs exactly twice in w, as a prefix and
as a suffix. Therefore w is a complete first return to w, so 0°*1 € £’ O

3.5 Recognizing Privileged Words in Linear Time

In this section, we present an efficient algorithm for determining if a given word is
privileged. Our algorithm is a slightly tweaked version of the algorithm for build-
ing a “failure array” in the well-known Knuth-Morris-Pratt linear-time string-
matching algorithm [89].

Given input word w of length 7, the Algorithm P on the right computes the
failure array T|0, n — 1] such that T[i] equals the length of the longest proper factor
that is both a prefix and a suffix of the prefix of w of length i + 1. By convention,
we set T[0] = 0.

Using this array T, we can determine if w is privileged. Let u be a privileged
prefix of w, and let i be the smallest integer such that i > |u| and T[i] = |u|. Then
the prefix v of w of length i 4- 1 contains u twice: as a prefix and as a suffix. That
is, the prefix v is privileged. Hence from the array T, we can deduce the lengths
of all privileged prefixes of w. If |w| is among these lengths, then w is privileged.

In what follows, we prove precisely that the Algorithm P is correct and ana-
lyze its running time.

Theorem 3.5.1. Algorithm P returns “True” if and only if the input word is privileged.

Proof. Let w be the input to Algorithm P. It is easy to see thatif |w| = 0or |[w| =1,
then w is privileged and the algorithm returns “True”. Otherwise, we consider
the value for p at each iteration of the for-loop.

We now claim that at the end of each iteration of the for-loop p equals the
length of the longest privileged prefix of the first i 4+ 1 letters of w.
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Algorithm P
function CHECK-PRIVILEGED(w)
if jw| <1 then
return True

else
T[0] + 0O
p<1
fori =1to |w| —1do
j Tli—1]
while True do
if w[j] = w[i] then
T[]« j+1
if T[i] = p then
p—i+1
exit while-loop
else if j = 0 then
T[i] <0
exit while-loop
j T[j—1]
if p = |w| then
return True
else

return False

Observe that when entering the first loop we have p = 1, and this is the length
of the longest privileged prefix of the first letter of w. This establishes the base
case. Otherwise, we assume that p is the length of the longest privileged prefix u
of the first i letters of w at the beginning of the for-loop and prove our claim for
the end of this iteration. As discussed before describing Algorithm P, if T[i] = p,
then the prefix of length i 4+ 1 of w has u as a suffix, and p is increased to i + 1.
Since p is increased as soon as this equality is found, this is the first time u is
repeated in w, and thus the word of length i 4 1 read so far is privileged. This
proves our claim.

After w has been completely read by our algorithm, p represents the length
of the longest privileged prefix of w. The algorithm returns “True” if and only if
p = |w|, in which case w is privileged. O

Theorem 3.5.2. Algorithm P runs in linear time.

Proof. Starting with the Knuth-Morris-Pratt algorithm, we have added one extra
if -statement in the main loop, allowing this algorithm to run in the same O(|w|)
time bound as the original algorithm.

More formally, we consider the number of times the inner while-loop is exe-
cuted, as all else takes constant time. The first time the while-loop is executed,
i =1and j = 0. Upon each iteration, we see that either
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1. iis incremented by 1 and j is incremented by at most 1;
2. j decreases.

We see that i is incremented by exactly 1 when w[j] = wli] or j = 0 due to moving
to the next iteration of the for-loop. When j = 0, then j will remain 0 beginning
the next execution of the while-loop. When w[i] = w(j], then j will be set to j + 1
in the next execution of the while-loop.

If neither of the above cases are fulfilled, we see j that is set to T[j — 1], which
is known by a property of the failure array to be strictly less than ;.

With these cases, we see that either i increases or i — j increases. Since the
algorithm terminates when i = |w| — 1, i will increase exactly |w| — 2 times. Also,
since j < i at each stage of the algorithm, i — j can increase at most |w| — 3 times.
Since these are the only possible cases, the while-loop will execute no more than
2|w| — 5 times. Thus Algorithm P takes O(|w|) time to complete. O

3.6 Lower Bound for the Number of Binary Privileged Words

This section is devoted to proving the following lower bound on the number of
binary privileged words of length n.

Theorem 3.6.1. There are at least

21’174

n2
privileged binary words of length n for all n > 1.

We remark that Nicholson and Rampersad claim to have improved our result
[109]. They claim that there are at least

ck"
n(log, n)?

privileged words of length n over a k-letter alphabet for some constant ¢ and
sufficiently large n. However, as of now, their proof has some issues, which they
are planning to correct (private communication).

Observe that if w = 0°1110" and u contains no occurrence of 0f, then w is privi-
leged. We establish the lower bound of Theorem 3.6.1 by selecting an appropriate
value for t and by counting the number of these particular privileged words. First
we need a detour into generalized Fibonacci numbers.

We need to count the number of words of length n that contain no occurrence
of 0f. As is well-known [88, p- 269], and easily proved, this is G,(f), where

0) 2", if0<n<t,
Gu =9\t , ~0 ® .
G,1+G,h+--+G, ., ifn>t

We point out that in the case where t = 2, this is F,;1, the (n + 1)% Fibonacci
number, where Fy =1, F; = 1,and F, = F,_1 + F,,_».
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It is known from the theory of linear recurrences that
G =6(),

where 74, 1 < ¢ < 2, is the unique simple and dominant root of the equation
xt—xt1— ... —x—1 = 0; see [99, 100]. Since 7} — /1 —-.- —9; =1 =0,
multiplying by 7¢ — 1, we get that 7/ "' — 29t +1=0,s0 7t =2 — ;.

The next step is to find a good lower bound on 7.

Lemma 3.6.2. Let s be an integer such that s > 2, and let B be a real number with
0<B< %. Then

25— Bs2s L < (2 B)S.
Proof. Fors = 2, the claimis4 — 48 < (2 — B)? = 4 — 4B + p%. Otherwise, assume

that s > 3. The result is clearly true for f = 0, so we may assume that 8 > 0. By
the binomial formula, we have

2-pr= ¥ 25 (})

0<i<s
— 25 _ '852571 + Z 254(_[3)1‘ (S>
2<i<s !
=25 — ps2°!
4 <252le2]' ( S') _ 2572]'71[32/#1 ( .S )) 3.1)
1§j§(Zs:—1)/2 2j 2j+1

$, if seven,
n {ﬁ

0, otherwise.

It therefore suffices to show that each term of the sum (3.1) is positive or, equiva-
lently, that

2572]‘[32]‘ <25]) > 2572/'7152]#1 (2]' i 1)‘

for1<j<(s—1)/2.

Now B < 6/s by hypothesis, so f < 6/(s —2). Hence s — 2 < 6. Adding
2B — 2 to both sides we get s —2 < 4+ 2B, and so (s —2)/(2+B) < 2. If
i>2>(Bs—2)/(2+B), then (2+B)i > Bs—2,s02(i+1) > B(s —i) and

2 s—i_ (i41)

pivl ()
Thus 2(5) > B(;5;). Leti = 2j, and multiply both sides by 2572 ~1p% to get
2572/ g2 (5) > 25 2-1 g2+l (5%1), which is what we needed. O
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Proposition 3.6.3. Let t be an integer such that t > 2, and define

“tzz_zt_

[NCTEN
-
N

N
=

Then ay < 2 —a; .
Proof. 1t is easy to verify that

3t2 - A
T

for all real t > 2. Hence

32 B
< I
4 2t 22t 4

0<

and adding 2/~ to both sides we get

Q“Hufq+3ﬂ—ﬁ—t4—(t+ﬂ>(f—t—#)
— 4 :

2t 2 2 2t 2 2t
Setting By = 1/(2" — § — %2,), we therefore have
t 1
t-1
ﬁttz S E + ?/
or
t
—Be2t >~ —
P22 =5 o

Add 2! to both sides to get

2! pt=1 > ot t_#
—hi2 22 =5 o

Now it is easily verified that g; < 6/t for t > 2, so we can apply Lemma 3.6.2
with s = t to get 2! — B;2!=1 < (2 — B;)*. It follows that

(2— y>y_i_f
Py=2 =55

and so B¢ > (2 — Bt) . Consequently, we have
2—-p<2-(2-pB)"

Since a; = 2 — B¢, we obtain
ar <2—a;,

as desired. O
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We can now apply Proposition 3.6.3 to get a bound on G(t)

Theorem 3.6.4. Let t and n be integers such that t > 2 and n > 0. Then G,(f) > af,
where

at:2—2t_

[NCTE
-
N

N
=

Proof. We prove the claim by induction on 1. Clearly G,(f) =2">affor0<n <t
by definition. Otherwise, we have

n—t
af —a

G](f):G(t)l+,,,+G£lt)t>“?_1+...+0(?_t: " 1
P —

n— —t =

However, a; < 2 — a; ' by Proposition 3.6.3, so
ar—1<1— a;t.

Hence (a; — 1)af < (1 —a;)al = af —a'~!, so from above we obtain

n—t
Dét—at

G > > al. O

Dét—l

We need here only the lower bound of Theorem 3.6.4 for G,(f), but actually the
exact value of the dominant root 7; of the equation xf — xf~1 — ... —x -1 =0
can be expressed as power series. It is proven in [77] that

n+1) 1
T=2- 22 ( >2k(n+l)'

k>l

Notice that the sequence (+y;) is increasing and converges to 2.
We now have the proper tools to prove Theorem 3.6.1.

Proof of Theorem 3.6.1. Each word of the form 0/1u10f, where |u| = n — 2t — 2 and
u contains no factor 0/, is privileged. The number of such words, as we have seen,
is GEZ )2t »- It therefore suffices to pick the right  to get a lower bound on G,(1 ) 22

Using the data in Appendix B, it is easy to see that the bound holds for n < 10.
Assume that n > 11. Now

t 2t—2
G7(1)2t 2 =0 -
— (2 _ 'Bt)n72t72

> 27172)572 _ ,Bt(” _2t— 2)271721573
=221 — By(n/2 —t —1))
by Lemma 3.6.2 with s = n — 2t — 2 provided that g; < 6/(n — 2t — 2). We now

choose t = |log,n| + 1, so that 2/"! < n < 2!, It is now easy to verify that
Bt <6/(n—2t—2)forn>11.
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On the other hand, it is straightforward to verify that
2
3,
4 — ot+l
forallrealt > 0, so

3t #2
iI'+'1‘— é?;T > 0.

Adding 2!~! to both sides and using the fact that 2~! < n < 2!, we get that

h t—1 -1, 3t >
§<2 <2 +Z+1_2f?’

which implies that

n 1 t12
Z 1< ot
-t-125(2-5-5)

andso B¢(n/2—t—1) <1/2.
It follows that
GW > 221 _B(n/2—t—1)> 2" A3 > 2>
n—2t—2 = t = =2
By taking into account privileged words with letters 0 and 1 exchanged, we obtain
that there are at least

2n74

n? -’
binary privileged words of length #. O

For additional ideas for improving Theorem 3.6.1, see Section 3.9 on open
problems.

3.7 Privileged Factors of the Thue-Morse Word

In this section, we prove a recursive formula for the privileged complexity func-
tion of the Thue-Morse word. With the aid of this formula, we study the asymp-
totic behavior of this privileged complexity function and the occurrences of zeros
in its values. Finally, we briefly study the corresponding properties of the privi-
leged palindrome complexity function of the Thue-Morse word.

3.7.1 Recurrences for 4,

Recall from Chapter 2 that the Thue-Morse word t is a fixed point of the mor-
phism u and its square 6.
0—01 0 — 0110

110 9 11001
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Since t is overlap-free, the longest privileged proper border u of its privileged
factor w cannot overlap with itself in w, that s, |u| < |w|/2. We implicitly assume
this fact in what follows.

Regarding complete first returns in t in general, the following interesting re-
sult can be inferred from [12, Theorem 4.3].

Proposition 3.7.1. Every factor of the Thue-Morse word except 0 and 1 has exactly 4
complete first returns.

In order to avoid complicated notation, we overload here some symbols for
alternative use. For the rest of the Section 3.7, the symbol Priy,(n) refers to the
set of privileged factors of t of length n having the word w as a prefix. In other
words, we set Priy,(n) = Pri¢(n) Nw{0,1}*. Similarly we overload the symbol
Ay (n) by setting Ay, (n) = |Priy(n)|.

Let E be the exchange morphism defined by E(0) = 1 and E(1) = 0. For
every w € L(t), also E(w) € L(t) [90, Proposition 2.2.1], so we can focus only on
factors beginning with the letter 0. As 111 is not a factor of t, the complete first
returns to 0 are 00, 010, and 0110. Clearly the privileged factors of t beginning
with the letter 0 of length greater than 1 can be divided into three disjoint groups
depending on their first four letters. That is,

Prig(n) = Prigg(n) U Prigio(n) U Prigi10(n)

for n > 1. Thus for the privileged complexity function 4; of the Thue-Morse
word, we have

1
5A(n) = Ao (n) + Agio(n) + Ao (1)
for n > 1. Using overlap-freeness, we can easily see that

Prig(1) = {0},

Prip(3) = {010}, and
Prig(4) = {0110}

Hence A(1) = A4(2) = A(3) = A4(4) = 2.

Next we state the main results of this subsection.

Theorem 3.7.2. The privileged complexity function A of the Thue-Morse word satisfies

A4(0) =1, A(1) = A(2) = A(3) = A(4) =2,
33 (4n) = 3400 (1) + Agio(n) + Ap1o(n + 1) + Agrio(n +1)  forn >2,
141 — 2) = Ago(4(n — 1)) + Aoro(41) + Ag110(41) forn >2,
A(2n+1)=0 forn > 2.
Theorem 3.7.2 is directly implied by the upcoming Proposition 3.7.6 and the

following theorem, which allows us to compute the values of 4; see Table 3.1
and Figure 3.1 on page 42.1°

19These values are recorded as the sequence A268242 in Sloane’s On-Line Encyclopedia of Integer
Sequences [134].
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Theorem 3.7.3. The functions Ay (n), Apo(n), and Ayi10(n) satisfy

Ao (4n) = 2400 (n),
Apo(4n —2) = /’4011 (4n),
Ap10(4n) = Apio(n +1) + Ap11o(n + 1),
Ap1o(4n — 2) = Ayio(4n),
Ap110(4n) = A (1) + Ap1o(n),
Ap110(4n —2) = Ay (4(n — 1))
foralln > 2.

Theorem 3.7.3 is a direct consequence of the Corollaries 3.7.16, 3.7.19, and
3.7.22 proven below.

Actually, a complete but very complicated system of recurrences can be de-
rived for the sequence (4 (n)) only in terms of the function 4. This was done
in [131] with help of a computer program. The principles behind this computer-
assisted method are elaborated in Subsection 3.8.2. The complete system consists
of the following recurrences:

A(4n +3) = A(4n +1)
A (8n+1) = A (4n+1)
A (8n+5) =0
A(16n +6) = A(4n + 1) + A(4n +2) — LA (16n +2) + J A4 (16n + 4)
Ay(16n 4+ 8) = 34(4n + 1) + 34(4n +2) — L A (16n + 2) — 34 (16n + 4)
Ay (161 + 10) = A (161 + 8)
A (16n 4 12) = A (161 + 6)
A(32n) = A(2n + 1) — 14 (4n + 1) + 34 (8n +2) — 34:(8n + 4)
4(32n+2) = —A4(2n+1)+ A(4n+1) + 3%(8n +2) — 2.%(8n + 4)
A4(32n+4) = —-A42n+1) + A(4n+1) + 2 (8n + 2)
Z4(32n+14) = —A4(2n+1) + Z4(8n +4)
2,(32n + 16) = A(32n + 14)
A,(32n + 20) = A(32n + 18)
A (32n 4 30) = 24(2n + 1) + A (8n +2) — 34(8n +4)+

22, (8n +6) — A4(32n + 18)
A (64n +18) = Z(4n+1)
A (64n +50) =0,

with 4¢(1) = 4(2) = 2. We do not use this large system here because for our
purposes it does not offer any advantage over the recurrences of Theorem 3.7.2.
Let us remark that the correctness of this large system can be in principle verified
using Theorems 3.7.2 and 3.7.3.
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2-16 | 18-32 | 34-48 | 50-64 | 66-80 | 82-96 | 98-112 | 114-128
2 2 14 0 2 0 16 0
2 2 6 0 2 0 8 0
4 4 4 0 2 4 4 6
8 8 8 0 2 12 4 18
8 8 8 0 2 12 4 18
4 4 4 0 2 4 4 6
0 6 2 0 2 4 4 8
0 14 2 0 2 12 4 24

Table 3.1: Values 4(n) forn = 2,4,6,8,...,128 (the even numbers from 2 to 128).

a1 = 00101100 B1 = 01011010 71 = 01100110

ap = 00110100 B2 = 010110011010 | 7 = 011010010110
a3 = 001100 B3 = 010010 3 = 0110010110
ag = 0010110100 | B4 = 0100110010 74 = 0110100110

Table 3.2: The set R of all complete first returns to 00, 010, and 0110 in t.

Since the Thue-Morse word is not rich (in fact, it has infinite defect [22]), it is
interesting to compare its privileged complexity with its palindromic complexity,
derived in [22]; see also [3].

Theorem 3.7.4. The palindromic complexity function P(n) of the Thue-Morse word
satisfies

B(0) =1, B(1) = B(2) = BE3) = BE) =2,
P (4n) = B(4n —2) = B(n) + Be(n+1) forn >2,
%(2n+1)=0 forn > 2.

Before starting to collect results needed for proving Theorem 3.7.3, we need
to give some definitions.

The word 9; j(u), where i +j < |u], is obtained from the word u by deleting i
letters from the beginning and j letters from the end. Let 1 be a morphism having
a fixed point w, and let u be a nonempty factor of w. If u = 9; ;({(apay - - - a,41)),
where a; is a letter, 0 < i < |(ap)|, and 0 < j < |¢(a,41)|, then we say that u
admits an interpretation (agay - - - a,+1,1,j) by ¢. The word apay - - - a,41 associated
with the interpretation is called the ancestor of this interpretation. Here we con-
sider only the Thue-Morse morphism p and its powers. In this particular case, all
sufficiently long factors have a unique interpretation by y (this is proven later in
Lemma 3.7.8). Thus it is convenient to just talk about the interpretation and the
ancestor of a factor u of t. Considering a factor u of t, we often separate images of
letters by bars. For example, the factor 01100 admits the interpretation (010,0,1)
by u, so it has ancestor 010, and we place bars as follows: 01|10|0. If a factor has a
unique interpretation, then there is only one way to place the bars in that factor,
and vice versa.
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In Table 3.2, we list the set R of all complete first returns to 00, 010, and 0110
in t. These words are needed later on. We leave it to the reader to verify that these
words actually are factors of t. By Proposition 3.7.1, the list is exhaustive (this fact
is easily verified directly).

Lemma 3.7.5. If w € Priy(n) with n > 4, then w begins with a word in R.

Proof. Because |w| > 4, the word w has a proper prefix u that is one of the words
00, 010, or 0110. Since w is privileged, the word u is also a suffix of w, so w must
have a complete first return to u as a prefix. The conclusion follows. O

We see that there are at least two odd length privileged factors beginning with
the letter 0, namely 0 and 010. It turns out that these are all.

Proposition 3.7.6. We have 4;(2n+1) =0 forall n > 2.

Proof. We may focus on privileged factors beginning with the letter 0. Let w be
a privileged factor of t beginning with 0 such that |w| > 4. Now w begins with
one of the three privileged words 00, 010, or 0110. With respect to the morphism
#, the bars must be placed as follows: 0/0, 01|0 or 0|10, and 01|10. If w begins
with 00 (respectively 0110), then it also ends with 00 (respectively 0110) and, by
the placement of the bars, we immediately see that w has even length. Assume
then that w begins with 010. As |w| > 4, by Lemma 3.7.5 the factor w has as a
prefix one of the words f; = 01]|01|10/10, B, = 01|01|10/01|10|10, B3 = 0]10|01]0,
or B4 = 0[10]|01]10|01|0 (bars with respect to p). If w begins with some f;, then it
ends with B;. From the placement of the bars, we see that |w| must be even. [

We frequently need complete information on short privileged factors. The
next lemma provides this knowledge. In what follows, we assume the lemma to
be known.

Lemma 3.7.7. Let w € Prig(n) withn < 12. Then w € {0,010,0110} U R.

Proof. It was already remarked that if |w| < 4, then w € {0,010,0110}. If |w| > 4,
then by Lemma 3.7.5 the word w begins with a word in R. If w ¢ R then, as w
is privileged, the factor w must have as a prefix a complete first return to some
word in R. This prefix u cannot overlap with itself in w. Since |w| < 12, it thus
follows that |u| < 6. The words of minimal length in R have length 6, so w = u?
and u € {a3,B3}. However, both a3 and B3 contain a third power (that is, an
overlap), yielding a contradiction. Therefore w € R. O

To prove the important Proposition 3.7.9, we need the following lemma.

Lemma 3.7.8. A factor w € L(t) admits a unique interpretation by the morphism p* if
|lw| >3- 2k=1 4 1. Moreover, this bound is optimal in the sense that there exists a factor
of length 3 - 2¥=1 that does not admit a unique interpretation by u*.

Proof. The factor 010 of t admits two interpretations by , the placements of the
bars being 0|10 or 01]0. It follows that ¢¥~1(010) admits two interpretations by
p* for all k > 1. This proves the latter assertion as |p*~1(010)| = 3 - 2K~1,
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Let w € L(t). Suppose that w has 00 or 11 as a factor. Because these two
factors admit a unique interpretation by y, it follows that w has a unique inter-
pretation by u. Using overlap-freeness, it is straightforward to see that every
factor of t of length at least 4 except 0101 and 1010 have 00 and 11 as factors.
Since also 0101 and 1010 have unique interpretations by y, the base case k = 1 is
established.

Suppose then that k > 1, and assume that |w| >3- 281 4+ 1. Since 3- 251 4+ 1
is odd, there is a factor u in £(t) of length at least 3 - 28=2 + 1 such that w is a
factor of p(u). Since |w| > 4, the factor w admits a unique interpretation by y.
Therefore if w would admit two interpretations by #*, then u would admit two
interpretations by =1, which is impossible by the induction hypothesis. Thus w
admits a unique interpretation by u*. O

Proposition 3.7.9. Let k be a positive integer, and set ¢ = u*. If u and v are words in
L(t) such that [u| > [v] > 2, then | (u)| (o) = [u|o-

Proof. Clearly always |¢(u)] () > |ulo. Suppose (v) occurs in ¢(u), so ¢(u) =
wy(v)z for some words w and z. There must exist words « and f such that ¢(x) =
w and ¢(B) = z since otherwise {(v) would admit two interpretations by 1,
which is impossible by Lemma 3.7.8 because | (v)| > 25+ > 3.2K-1 4 1. Hence
u = avp. This proves that [¢(u) (o) < [ufo. O

Next we characterize the different classes of privileged factors in the Thue-
Morse word. In what follows, we say that a word w is 0-invertible if there exists a
word u such that (1) = w. Recall the words «;, B;, and v; from Table 3.2.

Lemma 3.7.10. Let n be an integer such that n > 2, and let w € Prigo(n). Then

(i) 4| |w| <= 1w110 or 011wl is a 6-invertible factor of t
= w begins with ay or ay,

(i) 41 |w| <= 1wl is a -invertible factor of t
<= w begins with a3 or ay.

Proof. By Lemma 3.7.8, all factors of t of length at least 7 admit a unique in-
terpretation by 6 so, for ay, a, and a4, there is a unique way to place bars:
a1 = 001]0110|0, ap = 0/0110|100, and a4 = 001]|0110|100. There are potentially
two ways to place bars for a3: 001|100 and 0]0110/0. However, the latter is not
possible because (0110)3 is not a factor of t.

(i) Assume that 4 | |w|. If w begins with ay, then it also ends with a4. From
the placement of the bars, it can be seen that this is impossible; it would follow
that 4 { |w|. Similarly w cannot begin with a3. Hence w must begin with aq or
®p. On the other hand, if w begins with aq or ap, then 1w110 or 011w1 must be
f-invertible by the placement of the bars. Then clearly 4 | |w|.

(ii) Assume that 4 { |w|. By (i), the factor w has to begin with a3 or ay. In either
case, the word 1wl is a f-invertible factor of t. The other direction is also clear: if
w begins with a3 or ay, then by (i) it must be that 4 { |w|. O
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Lemma 3.7.11. Let n be an integer such that n > 1, and let w € Prigyg(n). Then

(i) 4| |w| <= 10w01 is a -invertible factor of t
<= w begins with By or B2,

(ii)) 41|w|,2 | |w| <= 011w110 is a 6-invertible factor of t
<= w begins with B3 or s,

(iii) 41 |wl|, 21t |w| < w = 010.

Proof. From Proposition 3.7.6, it follows that (7ii) holds.

Similar to the previous proof, we know the placements of bars for the words
B1, B2, B3, and Ba: B1 = 01]0110/10, B, = 01]0110|0110|10, B3 = 0|1001|0, and
B4 = 0/1001|1001]0.

(i) Assume that 4 | |w|. Like in the previous proof, from the placement of the
bars, we see that w cannot begin with B3 or B4, so it must start with §; or B,.
Thus 10w01 is 6-invertible. Again, the unique placement of the bars implies that
the converse is also true.

(ii) By (i), it is enough to notice that if w begins with 83 or B4, then 011w110 is
g-invertible. O

Lemma 3.7.12. Let n be an integer such that n > 4, and let w € Prigy0(n). Then

(i) 4| |w| <= w is a 0-invertible factor of t
<= w begins with 1 or 7y,

(i) 41 |w| <= 10w or w01 is a 6-invertible factor of t
<= w begins with 3 or y4.

Proof. The placement of bars is known: 1 = 0110[0110, 7, = 0110/1001|0110,
3 = 01/1001|0110, and 4 = 0110]1001|10. As in the two previous proofs, the
conclusion directly follows by looking at the placements of the bars. O

The three preceding lemmas allow us to prove the following useful result.

Corollary 3.7.13. Let w € Prig(n) and u be its longest privileged proper prefix such
that \u| > 4. Then 4 | |w| if and only if 4 | |u|.

Proof. Let S = {aq, a2, B1, B2, 71, 72}, and suppose that 4 | |w|. We may assume
that w begins with 0. The Lemmas 3.7.10, 3.7.11, and 3.7.12 imply that w begins
with some v in S. Because |u| > 4, Lemma 3.7.5 implies that « has as a prefix a
word in R. As no word in the set R is a proper prefix of another word in R, it
follows that u begins with v. The same three lemmas now imply that4 | |u|. On
the other hand, if 4 | |u/|, then u begins with a word in S. Consequently, the word
w begins with a word in S, s0 4 | |w|. O

Next, applying the results obtained so far, we describe bijective correspon-
dences between certain subsets of the set of privileged factors of t.
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Lemma 3.7.14. Let n be an integer such that n > 2. The functions

f1: fPTioo(n) — Tf”ial(éll’l), fl(w) =
g1: Prigg(n) — Prig,(4n), g1(w)

81,3(9(1ZU)) and
93,1(8(wl))

are bijections.

Proof. We will first prove the claim for f1. If n = 2, then Prigg(2) = {00} and
Pria,(8) = {a1}, so the conclusion indeed holds. The latter part of this proof
shows that if Pri,, (4n) # O, then also Prigg(n) # @. Thus the conclusion holds
also if n € {3,4,5}, as then Prigg(n) = @. Assume that n > 5.

Let w € Prigp(n), and let v be its longest privileged proper prefix. Notice that
now |v| > 2. As v begins with 00, it follows by induction that f(v) € Pri,(t).
Because v is always preceded by the letter 1, we have w = vw'1v, and thus

fi(w) = 01,3(6(10)8(w')0(10))
= 8113(9(10) 1109(&]’)181[3(9(10))

)
= f1(0)1100(w')1f, (v).

By Lemma 3.7.10, the factor f;(v) is always preceded by 1 and followed by 110.
Thus if f1(v) would occur more than twice in f1(w), thenas 6(v) = 1f;(v)110, the
word 6(v) would occur more than twice in 8(w), which is impossible by Proposi-
tion 3.7.9. Hence f1(w) is a complete first return to the privileged word f(v), so
fi(w) € Priq,(4n).

Assume then that w € Priy (4n). By Lemma 3.7.10, there exists z in L¢(n + 1)
such that 6(z) = 1w110. Set u = 91(z). Then f1(u) = w. Let v be the longest
privileged proper prefix of w. The assumption n > 5 implies that |v| > 4 (the
maximum length of a word in R is 12), so 4 | |v| by Corollary 3.7.13. Thus by
induction, there exists s in Prigo(t) such that fi(s) = v. Thus fi(u) = w =
fi(s) - - - fi(s), and so u begins and ends with s. Now if s would occur more than
twice in u then, as s is always preceded by 1 and fi(s) = v, the word v would
occur more than twice in w, which is impossible. Thus u is a complete first return
tos, sou € Prigg(n).

Now, the claim for the function g; follows as f1(w)™~ = ¢ (W) and &1 = ap. O

Lemma 3.7.15. Let n be an integer such that n > 1. The function
f2: Prigo(4n — 2) — Priroo (4n), fo(w) = 1wl
is a bijection.

Proof. If n = 1, then Prigy(2) = {00} and Priyg (4) = {1001}, so the conclusion
holds. The cases n = 2,3 are also clear: Prigg(6) = {a3z}, Prizon(8) = {E(71)},
Prigo(10) = {a4}, and Priyge1(12) = {E(72)}; see Lemma 3.7.7. Assume that
n > 3.

Let w € Prigyg(4n — 2). As the factor 00 is always preceded and followed by
the letter 1, we see that 1wl € L(t) and 1wl begins and ends with 1001. Let
v be the longest privileged proper prefix of w. The assumption n > 3 implies
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that [v| > 4, so 4 1 |v| by Corollary 3.7.13. Thus by induction, the word 1v1 is
privileged. The word 1w1 is a complete first return to 1v1, because otherwise w
would contain more than two occurrences of v. Thus 1wl € Prijgo; (4n).

Let then 1wl € Prijgp;(4n). Again, by applying Corollary 3.7.13 and in-
duction to the longest privileged proper prefix of the word 1wl, we obtain that
w e Tfioo(47’l — 2). O

Corollary 3.7.16. We have Ay (4n) = 24y (n) and Ay (4n — 2) = Ay110(4n) for all
n>2.

Proof. As the ranges of the functions f; and g; are disjoint, the first claim follows
since by Lemma 3.7.10, we have Prigg(4n) = Priy (4n) U Prig,(4n). The other
equality follows from Lemma 3.7.15 as Aygp1 (1) = Ap110(n) for all n > 4. O

Lemma 3.7.17. Let n be an integer such that n > 2. The function
fa: Privor (n +1) U Prizpon (n + 1) — Prigio(4n), fa(w) = 022(6(w))
is a bijection.

PI"OOf. Ifn= 2, then fPTiwl (3) = {101}, T1'i1001 (3) = @, and fPT‘i010(8) = {‘31} If
n=y3 then ?T‘iwl (4) = @, ?Tilo()l (4) = {1001}, and £Pri0110(12) = {[32} We may
assume thatn > 3.

Let w € Priyg1(n+ 1) U Priype1(n + 1) and v be its longest privileged proper
prefix. By induction, the word f3(v) is in Prigip(t). As v is a prefix and a suffix
of w, the word f3(w) starts and ends with f3(v). By Lemma 3.7.11, the word
f3(v) is always preceded by 10 and followed by 01. Thus if f3(w) contained more
than two occurrences of f3(v), then Proposition 3.7.9 would imply that w contains
more than two occurrences of v, which would be a contradiction. We conclude
that fg(ZU) S fPri010(4n).

Let w € Prigyo(4n). By Lemma 3.7.11, there is a word u such that f3(u) = w.
Let v be the longest privileged proper prefix of w. By the assumption n > 3, we
have |v| > 4. By Corollary 3.7.13, we can apply induction to obtain a word s in
Pri1p1(t) U Priqo (t) such that f3(s) = v. Therefore f3(u) = w = f3(s) - - - f3(s).
By Lemma 3.7.11, the factor f3(s) is always preceded by 10 and followed by 01.
Therefore u begins and ends with s. Now, if # would contain a third occurrence
of s, then w would contain a third occurrence of v, which is impossible. Hence
uec ?Til()l(i’l-i-l) UfPTilOOl(Tl—i‘l). O

Lemma 3.7.18. Let n be an integer such that n > 2. The function
f4: Priio1 (41’1 — 2) — Prigyg (411), f4 (w) = Ow0
is a bijection.

Proof. If n = 2, then Priyg1(6) = {E(B3)} and Prip19(8) = {B1}. Ilf n = 3, then

Priy1(10) = {E(B4)} and Prigip(12) = {B2}. Thus we may assume that n > 3.
Let w € Priyg1(4n — 2) and v be its longest privileged proper prefix. Asn > 3,

we have |v| > 4. By Corollary 3.7.13 and induction, we have f4(v) € Prigo(t). By
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Lemma 3.7.11, the factor f4(v) is always preceded and followed by letter 0. Thus
we can write fy(w) = fi(v) - - - fa(v). If there was a third occurrence of f4(v) in
fa(w), then in w there would be at least three occurrences of v, which is not true.
Therefore fy(w) € Prigio(4n).

Let 0w0 € Prigyp(4n). Again, by applying Corollary 3.7.13 and induction to
the longest privileged proper prefix of 0w0, we get that w € Priy (4n —2). O

Corollary 3.7.19. We have 4y19(4n) = Agio(n + 1) + Ap110(n + 1) and Ayo(4n —
2) = Ayyp(4n) foralln > 2.

Proof. This follows directly from Lemmas 3.7.17 and 3.7.18 because Ayg1(n) =
2010(1’1) and ﬂlom(ﬂ) = ,Qlouo(l”l) foralln > 0. O

Lemma 3.7.20. Let n be an integer such that n > 2. The function
0: Prigo(n) U Prigio(n) — Prigr0(4n)
is a bijection.

PT’OOf. If n = 2, then '.Prioo(Z) = {00}, fPT'iO]()(Z) = @, and Tri0110(8) = {’)/1} If
n =23, then fPTiO()(?)) = @, fPT“iOlo(3) = {010}, and fPTi0110(12) = {’)/2} Now if
Prig110(4n) # @, then Prigy(n) U Prigig(n) # @ by the argument at the end of this
proof. As Prigg(n) U Prig1o(n) = @ when n = 4, we can assume that n > 4.

Let w € Prigo(n) U Prigjo(n) and v be its longest privileged proper prefix.
Now |v| > 2 because n > 4. Once again, 0(v) € Prip11p(t) by induction. By
Proposition 3.7.9, the word 6(w) must be a complete first return to 6(v), that is,
0(w) € Prig119(4n).

Let w € Prip119(4n). By Lemma 3.7.12, there is a word u in L¢(n) such that
6(u) = w. Again, by Corollary 3.7.13 and induction there exists a word s in
Prigp(t) U Prigip(t) such that 6(s) = v, where v is the longest privileged proper
prefix of w. It follows that u must be a complete first return to s, so we have
uc Tfioo(i’l) U fPT'iOlo(Tl). ]

Lemma 3.7.21. Let n be an integer such that n > 2. The function
fa: Pripg (4n) — Prig119(4n +2), fa (w) = 0w0
is a bijection.

PT’OOf. If n = 2, then Tﬁ11(8) = {E(D(l), E(l’éz)} and fPT‘iOH()(lO) = {'73,'74}. If
n = 3, then Pri11(12) = @ and Prigy10(14) = @. The set Prig110(14) is empty
because if w € Prigj10(14), then w has as a prefix and a suffix a word u that is a
complete first return to 0110. Since |u| > 8, these two occurrences of # in w must
overlap. This is contradictory.

The rest of the proof is done by induction along the lines of the proof of
Lemma 3.7.15. O

Corollary 3.7.22. We have Ay119(4n) = Ay (n) + Apo(n) and Ap1o0(dn —2) =
Ay (4(n — 1)) foralln > 2.
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Proof. The result follows from Lemmas 3.7.20 and 3.7.21 because Ay (1) = Ay1(n)
foralln > 0. O

Proposition 3.7.6 and Corollaries 3.7.16, 3.7.19, and 3.7.22 together prove The-
orem 3.7.2. Before moving on to study the asymptotic behavior and the gaps of
zeros of the function 4;, we characterize the nonprimitive privileged factors of t.

Proposition 3.7.23. The only nonprimitive privileged factors of t beginning with the
letter O are 00, B3, y1, and 'y%.

Proof. Let w be a nonprimitive privileged factor of t beginning with the letter 0.
Since t is overlap-free, it cannot contain third powers. Thus by Proposition 3.2.5,
we have w = u? for some privileged factor u. If [u| = 1, then w = 00. If |u| > 1,
then u cannot begin with 00 as otherwise w would have 0* as a central factor.
Hence u begins with 010 or 0110. If |u| € {3,4}, then w € {B3,71}. We may
assume that |u| > 5. Then because |u| is even by Proposition 3.7.6, we have
4| |w|,so4 | |u| by Corollary 3.7.13.

If u begins with 010, then by Lemma 3.7.11, u begins with 81 or B2, and so w
has 2 or B3 as a central factor. This is, however, impossible because neither 3
nor B3 is a factor of t.

Thus u must have 0110 as a prefix, so by Lemma 3.7.12 the factor u must
begin with 1 or ;. If u begins with -, then w has 77 as a central factor. This
is not possible as 1 is nonprimitive. Therefore u has 7, as a prefix, and w has
73 as a central factor. Since 4 | |u|, Lemma 3.7.20 implies that u = 6(v) for some
privileged factor v. Since u admits a unique interpretation by 6, it follows that
v? is a privileged factor of t. Since v is shorter than w and begins with 010, we
conclude by the arguments in the beginning of this proof that v = 010. Therefore
u = 6(v) = 7. This concludes the proof. O

3.7.2 Growth and Gaps of 4;

In this subsection, we study the asymptotic behavior of the function 4; and study
its gaps of zeros. First we need a series of lemmas giving exact values for 4(n)
for specific integers n.

Lemma 3.7.24. The following holds for all n > 0:

2%("*1), if nis odd,
0, if n is even,

(i) Agp(2") = {

0, ifn>3,

(ii) %10(2”)={1 =3

2:(1=3) ifn £ 1,5 and n is odd,

0, ifn =1o0r (n > 2and n is even),
(iii) Ap110(2") = f

1, ifn=2,

3, ifn=>5.
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Proof. Consider the value 4y(2"). Now Ay(2) =1 = 22(1-1) and Ay (4) = 0.
By Corollary 3.7.16, we have 4y (2") = 24y (2" 2) for all n > 2, so (i) is proved.
Consider next the value 4y;9(2"). By Corollary 3.7.19, for all n > 2, we have

Ano(2") = Apo(2" 2 +1) + Apn10(2" 2 + 1),

so as 2" 72 + 1 is odd, Proposition 3.7.6 implies that Fy19(2") = 0 provided that
n > 3. It is easy to verify that 4y;0(2") = 0 for n = 0,1,2 and that Zy;9(2°) = 1.
Thus (ii) is proved.

Consider finally the value 4y110(2"). First of all, it is straightforward to ver-
ify that 45110(2°) = Ap110(2') = 0 and Ap110(2%) = Ap110(2%) = 1. By Corol-

lary 3.7.22, we have
An10(2") = Ao (2" %) + Ap10(2"2)

for all n > 2. Using this formula and (i) and (ii), it can be verified that 4y;19(2%) =
0and Ay 10(2°) = 3. Suppose that n > 5. Then by (ii), we see that Zy10(2"~2) = 0.
Thus Ay119(2") = Ago(2"2), and the conclusion follows from (i). O

Lemma 3.7.25. The following holds for all n > 0:

0, ifn#2,3,

: M4 0) =
i An(2"+2) {1, ifn—2,3

22(n=1) _q, if nis odd,
if n is even,

~

(i) Apo(2" +2) = {

2:(1=1)if s odd,
0, if n is even.

(iii) An10(2" +2) = {

Proof. Consider first the value Ay (2" +2). Corollaries 3.7.16 and 3.7.22 show that
for all n > 2 we have

Ap(2" +2) = A (2" +1) + Apo (2" 2+ 1).

As the number 272 + 1 is odd, we have 4y (2" +2) = 0if n > 3. It is readily
verified that Ago(2° +2) = Ao (2! +2) = 0 and that 4yo(2% +2) = Agp(2® +2) =
1. Thus (i) is proved.

The case (iii) is a direct consequence of Corollary 3.7.22 and the case (i) of
Lemma 3.7.24.

Consider then the value 4y;(2" +2). Observe that 4y;o(2° +2) = 1 and
A2 +2) =0= 2:(1-1) _q, By Corollary 3.7.19, we have

Apio(2" +2) = Apio(2" % +2) + Apino (2" +2).
for all n > 2. By applying (iii) and induction, we see that (ii) is proved. O

We can now easily deduce the following result.
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Figure 3.1: A plot of values of %ﬁlt The colored curve is the function /2(n — 2)
(see Proposition 3.7.27).

Proposition 3.7.26. We have lim sup4;(n) = oo and liminf 4¢(n) = 0.

n—oo n—00

Proof. The fact that the inferior limit is 0 already follows from Proposition 3.7.6.
Using Lemma 3.7.24, we see that

1
3-2:""D, ifnis odd,
A(2") = L
0, if nis even
when n > 6. This shows that the superior limit is infinite. O

This result is very interesting. It can be proven that the palindromic complex-
ity function of a fixed point of a primitive morphism is bounded [3, 47]. As the
Thue-Morse word is a fixed point of a primitive morphism, Proposition 3.7.26
demonstrates that in general the palindromic complexity function and the privi-
leged complexity function of an infinite word can behave drastically differently.!!

Next we begin to prove the following sharp upper bound on 4; see Figure 3.1.

Proposition 3.7.27. The privileged complexity function A of the Thue-Morse word
satisfies Ax(n) < 2(/2(n—2) — 1) for all n > 25. Moreover, the bound is sharp:
A (n) = 2(\/2(n — 2) — 1) for infinitely many integers n.

To establish the upper bound, we need an intermediate result. Let f be the
function defined by the formula f(n) = \/2(n —2) — 1. In the proof of the next

Tt is easily deduced from Theorem 3.7.4 that the palindromic complexity function of the Thue-
Morse word is bounded by 4.
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lemma, we need the following elementary inequalities:

Fn) < 3f(an)
fn) < 3fan ~2),
fn+1) < %f(4n—2), and

fln—1) < 2 f(dn~2)
for all n > 2. We leave it for the reader to verify their correctness.
Lemma 3.7.28. Let i be an integer such that i > 1. The following holds:
(i) if 2241 < n < 22050F then Fyg(n) < 1 f(n);
(i) if n > 23, then Ayo(n) < % f(n); and
(iii) if 2241 +2 < < 22040+ 12 then Fgy10(n) < L f(n).

Proof. Using Theorem 3.7.3, it is straightforward to to show that the conclusion
holds if 23 < n < 25. We may thus let j to be an integer such that j > 1 and
assume that the conclusion has been proved for all integers i such that i < j. By
Proposition 3.7.6, we need to consider only the case where 7 is even.

Consider first the function 4y. Let n be such that 2271 < n < 220+1)+1,
Suppose first that n = 4m for some integer m. By Corollary 3.7.16, we have

Apo (4m) = 2Ap0(m).

As 220-D+1 < gy < 22+1 we conclude from the induction hypothesis that
Ago(m) < 1f(m). Therefore Ay(4m) < f(m) < 1f(4m). Suppose then that
n = 4m — 2 for some integer m. Using Corollary 3.7.16 and Corollary 3.7.22, we
obtain that

Apo(4m —2) = Ag110(4m) = Ago(m) + Agro(m).

Now 220-D+1 < < 2%+1 50, if m # 22/11, then we obtain from our hypothesis
that Ao (4m —2) < f(m) < 3 f(4m —2), thatis, (i) holds. If m = 2%+1, then it fol-
lows from Lemma 3.7.24 that 4o (m) = 2/ and Ayig(m) = 0. It is straightforward
to verify that 2/ < 1f(4m — 2). Thus we see that (i) holds also in this case.

Consider next the function Ay19. Observe first that by Lemma 3.7.24 we have
Ay10(2F) = 0 for all k such that k # 3, so it is sufficient to consider the case where
22+ < < 2204041 Let n = 4m for some integer m. By Corollary 3.7.19, we
have

Apo(4m) = Apio(m + 1) + Ap11o(m +1).

Now 220-D+1 < 41 < 22+1 g0 if m + 1 # 2%+, then the claim follows from
the hypothesis as f(m +1) < Lf(4m). If m +1 = 2%+, then by Lemma 3.7.24
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we have Zyjo(m +1) = 0 and Ago(m + 1) = 2771 if j # 2. Tt is easy to see that
271 < 1f(4m). If j = 2, then Ayp(4m) = An10(2%) = 3 < 1f(4m) ~ 7.3. Let
then n = 4m — 2 for some integer m. By Corollary 3.7.19, we have

A1 (4m —2) = Ayig(4m) = Apro(m + 1) + Apr1o(m + 1).

If m + 1 is odd, then (ii) holds. Otherwise, we have 220-D+1 <« 5 41 < 22/+1,
If m+1 # 22%1, then as f(m +1) < 1 f(4m — 2), we see that (ii) holds by the
hypothesis. If m + 1 = 2%*1, then, like above, we have Zyo(m + 1) = 0 and
Apr10(m + 1) = 2771 if j # 2. Similar to above, we have 2/~ < I f(4m — 2), so (ii)
holds if j # 2. If j = 2, then Ayjo(4m — 2) = Ay10(2°) =3 < L f(4m —2) ~ 7.2.

We still need to consider the function Ay119. Let n be an integer such that
22+ 12 < < 22U+ £ 2. Suppose that n = 4m for some integer m. Again,
by Corollary 3.7.22, we have

Agr10(4m) = Ao (m) + Ag1o(m).

We now have 220-D+1 « < 2271 50 if m # 227+, then we obtain from our
hypothesis that Ayj19(4m) < f(m) < 1 f(4m). If m = 22+, then it follows from
Lemma 3.7.24 that Ag(m) = 2/ and Ayo(m) = 0. It is again easy to show that
2/ < 1f(4m). Thus (iii) holds. Assume then that n = 4m — 2 for some integer .
Corollary 3.7.22 implies that

Agr10(4m — 2) = 2909 (m — 1).

Now 220-D+1 < —1 < 22/+1, 50 by applying the hypothesis, we obtain that
Apr10(4m —2) < f(m —1). As f(m —1) < 1f(4m — 2), we see that (iii) holds.
The claim follows now from the induction principle. O

Proof of Proposition 3.7.27. Simply because at least one of the numbers m — 1, m,
and m + 1 is odd, it follows from Theorem 3.7.3 that at least one of the quantities
Ay (n), Ag1o(n), or Ay110(n) equals 0 provided that (n +2)/4 —1 > 3, that is,
n > 14. Thus if n does not equal 2%+ or 2%+1 4 2 for any positive integer i, then
by Lemma 3.7.28 we obtain that

1
Eﬂt(n) = Ayo(n) + Ao (1) + Aor10(n) < f(n).

If n = 2241 with i > 2, then by Lemma 3.7.24, we obtain that
1 i hic1
Eﬂt(n) =2'42""" < f(n).

If n = 2241 4 2 withi > 1, then by Lemma 3.7.25, we see that
1 i1
S () =271 —1 = f(n).

Thus we have proved that 34,(n) < f(n) for all n > 25. Moreover, we have
34 (2241 4+ 2) = f(2%+1 4 2) for all i > 1. The claim is proved. O
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Notice that even though the bound of Proposition 3.7.27 is sharp, most of the
values of 4; are much smaller than the bound as is evident from the graph in
Figure 3.1.

It is evident from the graph in Figure 3.1 that there are large gaps of zeros in
the values of the function 4;. We conclude this subsection by identifying these
large gaps and by proving the following interesting result.

Theorem 3.7.29. There exists arbitrarily long (but not infinite) gaps of zeros in the
values of the privileged complexity function of the Thue-Morse word.

We begin by identifying certain special numbers related to the left endpoints
of the large gaps. Let us define an integer sequence (a,) as follows: a; = 14 and

ap = 4(a,—1 —2)+2(-1)"

for n > 1. The first few terms of the sequence are 14, 50, 190, 754, 3006, 12018,
and 48062 (see the left endpoints of the large gaps in Figure 3.1). Notice that a, is
always even and not divisible by 4.

Lemma 3.7.30. Let n be an integer. If n is even, then Ayo(ay —2) = Apio(an —2) =0
and Ay1o(an —2) = 1. If nis odd and n > 1, then Ayo(a, — 2) = Anro(an —2) =0
and Ayo(a, — 2) = 1. In particular, if n > 1, then Ay (a, —2) = 2.

Proof. Using the formulas of Corollaries 3.7.16, 3.7.19, and 3.7.22, it is readily ver-
ified that the claim holds for n = 2.

Suppose that nis odd and n > 1. Then a, = 4(a,_1 —2) — 2. Using induction,
Proposition 3.7.6, and the formulas of Corollaries 3.7.16, 3.7.19, and 3.7.22, we get

Apo(an —2) =24y (a1 —3) =0,
Apio(an —2) = Apro(an—1 —2) + Ap110(an—1 — 2) = Aprio(an—1 —2) =1,
Ap110(an —2) = Ago(an—1 — 3) + Apo(an—1 —3) = 0.

Suppose that 1 be even, so a, = 4(a,_1 —2) + 2. Similar to above, we see that

Apo(an —2) =24y (a1 —2) =0,
Apio(an —2) = Apio(an—1 — 1) + Apio(an—1 —1) =0,
Api10(an —2) = Apo(an—1 —2) + Agro(an—1 — 2) = Apio(an-1 —2) = 1.

It clearly follows that 4i(a, —2) =2 foralln > 1. O

Using Lemma 3.7.7, it can be verified that 2;(12) = 4, so 4(a, — 2) # 0 for
alln > 1.

Proposition 3.7.31. Suppose that n and k are integers such that n > 1 and a, —1 <
k < 220+1) 41, Then (k) = 0. Moreover, 4(a, — 2) # 0 and 2,(22"+1) 12) #£0
foralln > 1.
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Proof. If a1 —1 =13 < k < 17 = 22(1+1) 4 1, then it is routine to verify that
A (k) = 0. Letn > 1, and assume thata, < k < 22(n+1) We may suppose that k is
even. Assume first that4 divides k. Thena,,_1 —2 < k/4 < 22" Ifk/4>a,_1—1,
then 4;(k/4) = 0 by the induction hypothesis. Thus by Theorem 3.7.2, we have

1
Eﬂt(k) = 3A90(k/4) + Ap10(k/4) + Ag1o(k/4+1) + Ap110(k/4+1) = 0.

Ifk/4 =a,_1 —2,thennis odd, so 4 (k) = 0 by Lemma 3.7.30.

Assume then that 4 does not divide k. The numbers (k +2)/4 and (k —2)/4
lie between the numbers a,,_1 — 2 and 22". By using the already familiar formulas,
we get that

1
Ef‘lt(k) = Apo(k —2) + Ag10(k +2) + Ap110(k +2)
k—2 k+2 k+2
= 24y <4> + Ao (Z + 1) + Ap110 <Z +1>
k+2 k+2
+ Aoo <Z) + Ao (Z)

k-2 k+2 k+2
2 (52) e (12)  n (£22),
where the last equality follows from the induction hypothesis. The induction
hypothesis implies that 4y (k) = 0if (k—2)/4 > a, 1 —1.If (k—2)/4 =a,_1—2,
then the conclusion follows from Lemma 3.7.30 using the induction hypothesis.

The claim now follows as a, — 1 and 22("+1) 41 are odd. Earlier it was proved
that 4;(a, —2) # 0 and 2,(22("+1) 4 2) £ 0. O

The proof of Theorem 3.7.29 is now immediate.

Proof of Theorem 3.7.29. Let n be an integer such that n > 3. Using induction, it
can be proved that a, < 22+1 422" < 22("+1)_In particular, if k is an integer such
that 221+1 4 221 < | < 22(n+1) then 4 (k) = 0 by Proposition 3.7.31. Therefore
the gaps identified in Proposition 3.7.31 grow arbitrarily large. O

Theorem 3.7.29 raises a natural question: If the privileged complexity function
of an infinite word w contains arbitrarily large gaps of zeros, does it follow that
limsup, ., Aw(n) = o0? It is conceivable that the large gaps force large values
of 4w (n) between the gaps. On the other hand, the gaps could occur so sparsely
that 4, (n) is still bounded. I was unable to answer this question.

The privileged complexity function of the Thue-Morse word is complicated.
Even though the Thue-Morse morphism has really nice properties, finding the
recursive formula for the function is a long task. On the other hand, without
the nice properties of the morphism, the work may not have been possible at
all. Indeed, if the morphism were not uniform, then it would have been harder
to calculate the lengths of the privileged factors. Other crucial property of the
morphism is its circularity: every image of a letter is uniquely determined by its
first or last letter. I think that it could be possible to obtain results similar to the
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preceding ones on the privileged complexity of fixed points of primitive uniform
circular morphisms other than the Thue-Morse word.

3.7.3 Privileged Palindrome Complexity

In this subsection, we consider the privileged palindrome complexity function of
the Thue-Morse word. This function B¢ counts the number of factors of t of length
n that are both privileged and palindromic. The arguments given are similar to
those of Section 3.7 and Subsection 3.7.2.

Similar to Section 3.7, we write My, (n) = Prig(n) N Paly(n) N w{0,1}* and
Buw(n) = |My(n)| = |Prig(n) N Paly(n) Nw{0,1}*|. Again, it suffices to consider
only the factors beginning with the letter 0.

We begin by proving the following lemma, which is needed in a moment.

Lemma 3.7.32. Let w € Pal(t). Then w € Pali(4n) with n > 1 if and only if w is
u-invertible (i.e., there exists a word u in L(t) such that u(u) = w).

Proof. 1t is sufficient to consider palindromes starting with the letter 0. The claim
holds for all palindromes of length less than or equal to 4; they are: 0, 00, 010, and
0110. Suppose that n > 2.

Let w € Paly(4n) be a shortest palindrome that is not u-invertible. Suppose
first that w begins with 00, that is, w = 001w'100. Now 1w'l € Pali(4(n — 1)),
so by the minimality of |w|, the word 1w'l is pu-invertible. As w begins with 00,
the word 1w'1l must have two interpretations by u. This is a contradiction with
Lemma 3.7.8. Suppose then that w begins with 01, so we can write w = 01w’10.
As w is not p-invertible, neither is w’ (otherwise w would have two interpreta-
tions by u), which is a contradiction with the minimality of |w|.

Suppose then that w is a shortest y-invertible palindrome such that4 f |w|. We
may write w = 01w'10, so @' is a palindrome of length |w| — 4 that is y-invertible.
This contradicts the choice of w. O

Observe that the morphism 6 preserves palindromes as the images of letters

are palindromes. Therefore the functions

forw— 1wl

fa:w > 0p2(0(w))

fa:w — 0wO,
defined in the Lemmas 3.7.15, 3.7.17, and 3.7.18, also preserve palindromes. Thus
the Lemmas 3.7.15,3.7.17, 3.7.18, 3.7.20, and 3.7.21 imply that the following func-
tions are bijections:

fa: Moo (4n — 2) — Mg (4n), w — 1wl,

f3: Mapr(n +1) U Migpr (1 +1) = Moio(4n), w — 922(0(w)),

f42 9\/[101 (411 — 2) — %10(41’1),10 — 0w0,

fa: My (4n) — Moio(4n +2), w = 0w,

0: Moo (1) U Mo1o(n) — Mor1o(4n), w — 6(w).
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We have thus proved the following formulas:

Boo(4n — 2) = Bo110(4n),
Boo(4n —2) = Boio(4n),
Boro(4n —2) = Boo(4(n — 1)),
Boo(4n) = Boro(n + 1) + Boro(n + 1),
Bor10(4n) = Boo(n) + Boro(n),

for n > 2. We are still missing a formula for Byy(4n). However, Myo(4n) = @
by Lemma 3.7.32, so B (4n) = 0. By putting together these formulas, we get the
following theorem.'?

Theorem 3.7.33. The privileged palindrome complexity function By of the Thue-Morse
word satisfies

Bi(0) =1, Bi(1) = Bi(2) = Be(3) = Bi(4) =2,
$Bi(4n) = Boo(n) + Boio(n) + Bowo(n + 1) + Borio(n +1) forn >2,
Be(dn —2) = fB( n) forn > 2,
Bi(2n+1) = forn > 2.

As in the Subsection 3.7.2, we study next the asymptotic behavior and the
gaps of zeros of the function By.

Let us define an integer sequence (b,) as follows: by = 6 and b, = 4b,,_1 — 2
for n > 1. The first few terms of the sequence are 6, 22, 86, 342, and 1366. Notice
that b, is always even and not divisible by 4.

Lemma 3.7.34. We have B¢(b,) = 4 foralln > 1.

Proof. By a direct inspection, we see that Boy(6) = 1, Bo19(6) = 1, and Bo110(6)
0, so By(6) = 4. We will prove that Boo(b,) = 2 and Bo19(bn) = Bor10(bn) =
for all n > 1. The claim follows from this. Now
Boo(bn) = Borro(bn +2) = Boo(bp—1) + Boro(bn-1),
Bo10(bn) = Boro(bn +2) = Bo1o(by—1+1) + Bor1o(by—1 +1), and
Bo110(bn) = Boo(bn —2) =0,

so the claim is indeed true. O

0

Proposition 3.7.35. The function By takes values in {0,1,2,4}, and the values 0, 2,
and 4 are attained infinitely often.

Proof. As B¢(0) = 1and Bi(1) = Be(2) = Be(3) = B(4) = 2, by Theorem 3.7.33,
we need only to consider the values B¢(4n) for n > 2. If n = 2, then By(4n) = 4.
Suppose that n > 2 and that 7 is even. By applying Theorem 3.7.33, we see that

%Qit(éln) = Boo(n) + Boo(n) < %’Bt(”>'

12Values of B¢ are recorded as the sequence A268243 in Sloane’s On-Line Encyclopedia of Integer
Sequences [134].
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By hypothesis, we have B(n) < 4, so indeed 3B(4n) € {0,2,4}.

If n = 3, then B¢(4n) = 2. If n > 3 and #n is odd then, similar to above, we
obtain that B¢(4n) < By(n+1).

By Lemma 3.7.34, the function B; takes the value 4 infinitely often. More-
over, the arguments of Lemma 3.7.30 work if the function 4; is replaced with the
function B;. Thus the value 2 is also attained infinitely often. O

Let us now consider the gaps of zeros of By. It is clear by Proposition 3.7.31
that if k is an integer such thata, —1 < k < 22(n+1) 4 1 then Be(k) = 0. The
arguments of Lemmas 3.7.30 and 3.7.25 work if the function 4; is replaced with
the function B¢ (in the proof of the latter lemma we can now utilize the fact that
Boo(4n) = 0 for all n > 1), so By(a, —2) # 0 and By (22"+1) 4 2) £ 0 for all
n > 1. Therefore the function B¢ has the same large gaps as the function 4
described by Proposition 3.7.31; the gaps do not widen.

3.8 Automatic Words and Automatic Theorem-Proving

In this section, we define automatic words and demonstrate that privileged fac-
tors of automatic words can be studied using automata theory. We prove that
the privileged complexity function of an automatic word is k-regular. Moreover,
we explore the recent work of Jeffrey Shallit et al. in automatic theorem-proving,
and we prove a few results on the privileged factors of the Rudin-Shapiro word
with the help of a computer program. We do not delve into details here; rather,
we give an overview of this method of automatic theorem-proving, and carefully
examine only what is relevant to the main topic of this chapter.

3.8.1 Definitions

Throughout Section 3.8, we often need to represent integers in base k. We encode
integers in base k, as is usual, over the alphabet £, = {0,1,...,k — 1} the most
significant digit first. We allow representations with leading zeros. The base-k
representation of an integer n with no leading zeros is called the canonical repre-
sentation of n (in base k). Given a word w = ay - - - a, over the alphabet X, we
denote the number Y1 ;< ,, a;k"~* by [w]y.

Next we define automatic words. Our presentation largely follows the book
Automatic Sequences [7]. We assume that the reader is familiar with the theory of
finite automata. Very basic knowledge of automata is needed; we refer the reader
to consult Chapter 4 of [7] or the Handbook of Formal Languages [124]. We abbre-
viate deterministic finite automaton as DFA and deterministic finite automaton
with output as DFAO. Recall that a DFAO is a 6-tuple (Q, A, d, 4o, A, T) where Q
is the set of states, A is the input alphabet, § is the transition function, qg is the
initial state, A is the output alphabet, and 7: Q — A is the output function.

Roughly speaking, an infinite word apa; - - - is k-automatic if there exists a
DFAO such that given a base-k representation of n as an input it outputs the
letter a,,. More formally:
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Figure 3.2: DFAO generating the Thue-Morse word.

Definition 3.8.1. Let w = aga; - - - be an infinite word. The word w is k-automatic
if there exists a DFAO (Q, %, 4, g0, A, T) such that a, = t(6(go,u)) foralln > 0
and all words u such that [u]; = n. We say that this DFAO generates w. An infinite
word is automatic if it is k-automatic for some k.

Notice that there are multiple words such that [u]; = n; the definition requires
that the automaton computes correctly even if extra leading zeros are present.
It can, however, be proven that for a word to be automatic it is sufficient that
the DFAO computes correctly only for the canonical representations of #; see [7,
Theorem 5.2.1]. If the input is processed in reverse the least significant digit first,
we get exactly the same class of words [7, Theorem 5.2.3].

Many interesting words turn out to be automatic. For more examples, see [7,
Chapter 5]. Next we introduce two automatic words, which we will study later.

Example 3.8.2 (The Thue-Morse Word). The Thue-Morse word t = aga; - - - has
an alternative definition: a4, = 0 if and only if the number of 1’s in the binary rep-
resentation of n is even [90, Proposition 2.2.2]. The function counting the parity
of the number of 1’s in a binary word is computed by the DFAO in Figure 3.2.
Thus the Thue-Morse word is a 2-automatic word.

Example 3.8.3 (The Rudin-Shapiro Word). Let e(n) be the number of (possibly
overlapping) occurrences of 11 in the binary representation of the integer n. We
define the Rudin-Shapiro word r = aga; - - - by the formula

. 1, ife(n)iseven,
"o, if e(n) is odd.

The word r is 2-automatic because it is generated by the DFAO in Figure 3.3. For

more information about the Rudin-Shapiro word, see [7, Example 3.3.1] and the
appropriate references.

3.8.2 Automatic Theorem-Proving

Building on the results of [5], in [32], Charlier, Rampersad, and Shallit observed
that many important properties of automatic words are expressible in a certain
decidable first-order structure. More precisely, we have the following result.
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0 0
vy 1 e
Figure 3.3: DFAO generating the Rudin-Shapiro word.

Theorem 3.8.4. If a property of a k-automatic word w can be expressed as a predicate
using quantifiers (¥, 3); logical operations (-, A, V, —, <), integer variables; operations
of addition, subtraction, and indexing into w; and comparison of integers or letters of w,
then this property is decidable.

Even more precisely: Theorem 3.8.4 tells that if P(ny,...,n;) is a predicate
like above with free variables 71, ..., n;, then there exists a computable DFA ac-
cepting the k-ary representations of exactly those integers ny,...,n; such that
P(ny,...,n;) is true.

If a predicate is constructed as in Theorem 3.8.4, then we say that this predi-
cate is expressible.

For an automaton to process multiple numbers 1y, ..., n; as an input, we need
to pad the base-k representations of the numbers with zeros to have equal lengths
and to encode the padded representations as words over the alphabet . For
example, the pair of numbers 11 and 5 is represented in base-2 as

[1,0][0,1][1,0][1,1].

The first component reads 1011, and the second reads 0101, the base-2 represen-
tations of 11 and 5 respectively. Obviously, a list of numbers can have many
representations and, as before, we require the automata to compute correctly in
the presence of arbitrary padding.

Theorem 3.8.4 means that we can prove theorems on automatic words me-
chanically. If a property of automatic words can be written as an expressible
predicate, then we can program a computer to build the DFA for the predicate,
inspect the language accepted by the DFA, and draw logical conclusions about
the property.

Example 3.8.5. It can be decided if an automatic word w is ultimately periodic.
This was originally proven by Honkala [81], but Allouche, Rampersad, and Shal-
lit found a simpler proof [5], which we will briefly describe here.

The word w is ultimately periodic if and only if there exists integers p and n
such that p > 1, n > 0, and wli] = w[i + p] for all i > n. The following predicate,
denoted by P(p, n), is true only if the integers p and n satisfy these conditions:

p>0AVi(i >n— (wli] =wli+p])).

By Theorem 3.8.4, it is decidable if the automatic word w is ultimately periodic:
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build the DFA for the predicate P(p, n) and check if it accepts some word (this can
be accomplished by a depth-first search). For in-depth details, see [5, Theorem 1].

We have not explained how the predicates are transformed into automata. We
omit the details here and refer the reader to the excellent thesis of Luke Schaeffer
[130] and to the research articles [5, 32, 71].

Walnut [105, 106] is a software package, authored by Hamoon Mousavi, that
can read descriptions of DFAOs from text files and takes as its input expressible
predicates and finds the minimal DFAs for them. With Walnut, it is very easy and
quick to verify properties of automatic words written as expressible predicates.
Walnut has recently been used in the series of papers [51, 52, 107, 108, 131] to ver-
ify mechanically old results and to obtain completely new results on well-known
words such as the Thue-Morse word, the Rudin-Shapiro word, the Fibonacci
word, and the Tribonacci word.!3''*After we have established that certain pred-
icates on privileged factors of automatic words are expressible and considered
k-regular sequences, we prove a few example results on the privileged factors of
the Rudin-Shapiro word with the help of Walnut later in Subsection 3.8.4.

It might seem at first that it is impossible to express the property “the factor w
is privileged” as an expressible predicate due to the recursive definition of privi-
leged words; finite automata have finite memory, so they cannot handle recursion
of arbitrary depth. Luckily the nonrecursive characterization of Proposition 3.2.7
allows us to bypass this problem.

Theorem 3.8.6. Let w be a k-automatic word. Then the language consisting of the base-k
representations of the elements of the set

{(i,n): the factor wli,i + n — 1] is nonempty and privileged }
is reqular.

Proof. Let M(i, ], ¢) be a predicate that is true if and only if the factors of w of
length ¢ starting at positions i and j are equal. We can express M(i, j, ) by

Vp(p < £ — wli+ p] = w[j + p]).

By Proposition 3.2.7, the factor w(i,i + n — 1] is nonempty and privileged if and
only if the predicate

n>0AVj0<j<n—30<l<jA
M(i,i+n—1¢,0) N
VpO<p<j—L—-M(i,i+pl) N
Vp0<p<j—L—=-M(i,i+n—j+p¥))))

is true. The claim follows now from Theorem 3.8.4. O

130ther provers were used as well as Walnut is sometimes inadequate.
14The Fibonacci and Tribonacci words are automatic in a certain other sense; see Subsection 4.8.8
for explanation.
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Giving the predicate of the proof of Theorem 3.8.6 in the particular case where
w is the Thue-Morse word as an input for Walnut gives the 31-state DFA in Fig-
ure 3.4. The transition function of the automaton is given in Appendix A. Com-
puting this particular automaton was reasonably fast, but as the input predicate
is somewhat complex, the computation can be very memory-intense in general.
However, given an automatic word w and a candidate automaton M for the lan-
guage of Theorem 3.8.6, we can verify the correctness of M with Walnut. Simply
give the following lighter predicate as an input for Walnut:

M@Gi,n) < (n=1Vv L <nANM(GLA
Vij<tl— (wWlit+j=wli+n—L04+]]))A
VpO<p<n—L—=3jG<lAwWi+j#w[i+p+]])).

The output automaton accepts all inputs if and only if M is correct.

3.8.3 k-regularity of the Privileged Complexity Function

The notion of k-regularity generalizes k-automatic words. Again, we refer the
reader to the book [7].

Definition 3.8.7. Let (a,),>0 be a sequence of integers. The k-kernel of (a,) is
defined to be the set {(a,,;)n>0: 1> 0and 0 <j < k'}. The sequence (ay) is k-
reqular if the (additive) Z-module generated by its k-kernel is finitely generated.

For example, automatic words are exactly the k-regular sequences taking only
finitely many values or, equivalently, the k-regular sequences that have finite k-
kernel. The complexity and palindromic complexity functions of a k-automatic
sequence are k-regular [32]. The complete system of recurrences given in Subsec-
tion 3.7.1 shows that the privileged complexity function of the Thue-Morse word
t is 2-regular. With a straightforward application of the results of [32], we can
show that the 2-regularity of 4; is immediate from the 2-automaticity of t. We
prove the following theorem, which was independently obtained in [131].

Theorem 3.8.8. The privileged complexity function of a k-automatic word is k-reqular.

Proof Sketch. Let w be a k-automatic word. The result follows from the arguments
of the proof of [32, Theorem 27] provided that we can show that the set S of the
base-k representations of the elements of the set
{(i,n): w[i,i +n — 1] is nonempty and privileged and
occurs for the first time in position i}

is a regular language.
The predicate

Vi <i A0 <L<nAwli+l]#w][j+1]))

expresses that the factor of length n occurring in position i of w occurs in this
position for the first time. Moreover, we saw in Theorem 3.8.6 that there exists
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a predicate for testing if the factor w[i,i + n — 1] is nonempty and privileged. It
follows from Theorem 3.8.4 that S is regular. O

It is straightforward to see directly from the definition that the privileged com-
plexity function of the Thue-Morse word t is 2-regular: applying the recurrences
in Theorem 3.7.3 shows that the Z-module generated by the 2-kernel of 4 is fi-
nitely generated. On the other hand, Theorem 3.8.8 shows that for any automatic
word there exists a complete system of recurrences for its privileged complexity
function.

3.8.4 Application to the Rudin-Shapiro Word

In this subsection, we use the Walnut prover to obtain a few results about the
privileged factors in the Rudin-Shapiro word.

Giving the predicate of the proof of Theorem 3.8.6 for the Rudin-Shapiro word
r as an input for Walnut yields a 85-state DFA. I decided not to include here a
picture of the automaton; description of the transition function can be found in
Appendix A. For technical reasons explained later, the DFA processes its input
in reverse the least significant bit first. Having obtained this DFA, we prove the
following three results.

Proposition 3.8.9. There exist infinitely many odd and even length privileged factors in
the Rudin-Shapiro word.

Proof. Let us consider factors of odd length. Let O(n) be a DFA accepting the
binary representation of n if n is odd, and let P(i, n) be a predicate testing if there
exists a privileged factor of length n in position i of r. There exist infinitely many
odd length privileged factors in r if and only if for all lengths 7 there exists an
odd length m such that m > n and the factor r[i,i + m — 1] is privileged for some
position i. Hence the predicate we are after is

Vn(Im(m >n A O(m) A Ji(P(i,m)))).

Giving this predicate to Walnut produces a DFA that accepts all words. Thus
there are infinitely many privileged factors of odd length in r.

In the case of even length factors, a DFA accepting every input can be similarly
obtained. O

In contrast to Proposition 3.7.23, we prove the following.

Proposition 3.8.10. There exist infinitely many nonprimitive privileged factors in the
Rudin-Shapiro word.

Proof. 1t is possible to write a predicate testing if the factor r[i,i + n — 1] is non-
primitive (this is attributed to Luke Schaeffer in [70]). By Lemma 2.1.2, a word is
nonprimitive if and only if it is equal to some of its proper conjugates. Thus the
following predicate Q(i, n) tests if the factor r[i, i + n — 1] is nonprimitive:

Fk(0<k<nAVL(O0<Ll<k—r[i+l]=rx[i+n—k+{])A
YO0 <tl<n—k—rtli+l]=r[i+k+1]))
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Hence we can write a predicate P(i,n) testing if the factor r[i,i + n — 1] is non-
primitive and privileged. Furthermore, we can test if there are infinitely many
lengths 1 such that P(i, n) holds for some position i:

Vn(Im(m > n A Ji(P(i,m)))).

Giving the resulting predicate as an input to Walnut yields a DFA that accepts
every input. Hence the conclusion follows. O

Proposition 3.8.11. There exist arbitrarily long (but not infinite) gaps of zeros in the
values of the privileged complexity function of the Rudin-Shapiro word.

Proof. Let P(i,n) be a predicate testing if there exists a privileged factor of length
n in position i of r. We say that there is a gap of exactly k zeros in 4; if for some
integer n we have 4;(n), 4c(n + k+1) # 0 and

An+1)=AZn+2)=...=A(n+k) =0.
We can write a predicate Q(k, n) for such pairs (k, n):

n>0Ak>0AZi(P>,n) A Ji(P(i,n+k+1)) A
VE(1 < £ <k — Yi(=P(i,n +0))).

Now we can test if there is a gap of exactly k zeros with the predicate In(Q(k, n)).

We gave this predicate as an input to Walnut, and we obtained the DFA in
Figure 3.5. Its transition function can be found in Appendix A. Notice that this
DFA takes its input in reverse the least significant bit first. We had to make this
modification as the computations used too much resources (16 GiB of memory
was not enough). Luckily, reversing the input representation reduced memory
usage significantly, and we were able to finish the computations.

In Figure 3.5, we have indicated a cycle (in orange arrows) in the transitions
of the automaton: the input word 1111 takes the DFA to state 23, and the word
011101100100111 takes the DFA from state 23 back to state 23. Since there is at
least one accepting state on this cycle (e.g., state 44), we see that the DFA accepts
words with arbitrarily many letters 1. The claim follows. O

In particular, Proposition 3.8.11 shows that
liminf 4,(n) = 0.
n—oo

I conjecture that the superior limit is infinite, but I do not know if it is so. Since the
function 4, is 2-regular, we could in principle find the generator of its 2-kernel
yielding recurrences for 4; and deduce the superior limit from the recurrences. I
did not attempt to do this. The whole procedure could be carried out somewhat
automatically as the authors of [72] did for the function counting the number of
unbordered factors of length 7 in the Thue-Morse word. Later the same technique
was used to find the complete system of recurrences given in Subsection 3.7.1 for
the privileged complexity function of the Thue-Morse word.
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Figure 3.5: A DFA accepting the reversed base-2 representations of the integers k
such that there is a gap of exactly k zeros in 4. The orange edges indicate a cycle.
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The results obtained in this subsection depend on heavy computations and
do not satisfy the usual standards of mathematical rigor. According to [107], the
author of Walnut has put in a lot of effort to ensure that Walnut is bug-free. He
has tested the prover against many known facts from the literature, and the re-
sults agree. Remember also that the method applied here is based on the sound
principles of Theorem 3.8.4. The results obtained here are probably provable us-
ing traditional methods, but surely using a computer to find the large automata
is less error-prone than the pen and paper method.

3.9 Open Problems

Here we present some open problems and conjectures regarding B(n), the num-
ber of binary privileged words of length n.

First, it would be interesting to obtain a nontrivial upper bound on B(n). This
task seems extremely difficult.

Open Problem. Give a nontrivial upper bound for B(n).

Let us then consider the problem of improving the lower bound derived in
Section 3.6.

Let p be a fixed word, a pattern, such that |p| > 2. Define x(p,n) to be the
number of binary words of length n that are complete first returns to the pattern
p. Experimentally it seems that when # is in a certain range with respect to |p|,
then x(p,n) > x(0Pl, ). Atleast, this seems to be true when |p| = |log, 7. Then
by imitating the arguments given in Section 3.6, we see that

on
B> Y w(pn) 2 cB(llogyn]) - 25,
p privileged
p|=log, 1]

for some constant c. By iterating this log” (1) times,'> we get that

on log™(n)
B(n) =Q (g(n)) ,

where

n, ifn <2,
g(n) = )
ng(llog,n]), otherwise.

This asymptotic lower bound is better than the bound

20 =0 o)

proposed by Nicholson and Rampersad [109].

15log* (n) is the number of times log, needs to be applied to 7 to get a number below 1.



3.9. Open Problems 59

" "lglolw|11]12]13]14|15]... 33 34

0oor |12 4 | 8 |15]28 (52|96 | ... | 5600910 | 10301680
0010 |12 3 | 6 |11 |21 |39 |73 ... | 5522960 | 10310043
0101 |0 |2| 3 | 4|9 |18]|32|60]|...|5392170 | 10154555
000 O |11 |2 | 4| 8 |15|29 ]| ...| 3919944 | 7555935

Table 3.3: Certain numbers x(p, n) for binary patterns of length 4.

Next, we consider some conjectures concerning the growth rate of x(p,n) as
n — oo for different patterns p of the same length. These conjectures, if resolved,
would lead to the improvements sketched above.

Let us be now more general, and say that x(p, n) is the number of words of
length n over an alphabet of g letters that are complete first returns to the pattern
p- Suppose that |p| = k, and write p = ag - - - ax_1 for letters a;. The autocorrelation
word of the pattern p is the binary word ¢ - - - ¢x_1, denoted by C(p), such that
c; = 1if and only if the word p has a border of length k —i. In other words,
the autocorrelation word encodes the periods of p into a binary word; in what
follows, only the information on periods is relevant. For example, if p = aabbaa,
then C(p) = 100011 since p has borders of length 1, 2, and 6.

In [74], Guibas and Odlyzko prove that for n > k, the number x(p, n) is the
coefficient of z" in the power series expansion of

gz —1
A+ (1= g2)fp ()

where f, is the autocorrelation polynomial Zé‘;ol apz' of the pattern p. See also [63,
p- 60]. Thus the powerful methods of analytic combinatorics can be used to study
the quantity x(p,n). Guibas and Odlyzko [74] prove that the polynomial in the
denominator of (3.2) has a unique dominant root p,; see also [63, p. 272]. There-
fore if p and p’ are two patterns of length k and p, > p,, then x(p,n) < x(p’,n)
for sufficiently large n. Surprisingly, the ordering of the dominant roots associ-
ated with patterns of the same length is related to the lexicographic ordering of
their autocorrelation words. In [57], Eriksson proves the following result.

(3.2)

Proposition 3.9.1. Let p and p’ be two patterns of the same length. If C(p) < C(p’),
then x(p,n) < x(p’,n) for large enough n.

The pattern 0F has autocorrelation word 1¥. Thus this pattern has the lexi-
cographically largest autocorrelation word, so for sufficiently large #n, we have
x(0K,n) > x(p,n) for any other pattern p of length k. However, as we remarked
above, when 7 is small then, experimentally, x(0¥,n) < x(p,n) for any other
pattern p of length k. For example, in Table 3.3, we give the number x(p, n) for
certain values n for patterns of length 4 (indeed, these patterns give all possible
autocorrelation words of length 4). In this particular case, first for 8 < n < 33, the
lexicographic order of the autocorrelation words orders the associated numbers
x(p,n) in the inverse order (compared to the ordering of Proposition 3.9.1), but
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already when n = 34, we see that x(0001, ) < x(0010, 7). The number x(0000, 1)
is larger than the other numbers x(p, n) when n > 47. This sort of phenomenon
always seems to occur. Computer experiments suggest the following conjecture.

Conjecture. Let p and p’ be two patterns of length k. If C(p) < C(p'), then x(p,n) >
x(p',n) for 3k < n < 2¢F 4 q — 1. Moreover, these bounds are optimal.

Since 24" + g — 1 is larger than 25+ for g = 2, resolving the conjecture in the
positive would imply the improved bound as described above.

The upper bound 24" + ¢ — 1 comes from the observation that the number
2¢F + g seems to be the smallest number 7 such that x(0-11,1) < x(0K-210,n),
that is, this number is the smallest length for which the number of complete first
returns to the minimally correlated pattern 0¥~210 (having autocorrelation word
10¥-21) is for the first time larger than the number of complete first returns to the
uncorrelated pattern 0¥-!1 (having autocorrelation word 10~1). There certainly
seems to be something intriguing behind these observations because of the simple
and beautiful form of the conjectured bounds. At the time of writing this, I have
no idea how to approach this problem. In addition to [57], see [24, 94] for related
research.
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Sturmian Words

4.1 Introduction

Sturmian words are among the first classes of infinite words studied systemati-
cally. The first systematic study is presented in the 1940 paper Symbolic Dynamics
II. Sturmian Trajectories by Hedlund and Morse [103], later complemented by the
works of Coven and Hedlund in the 1970’s [36, 37]. However, dating back to
the 18th and 19th centuries, specific questions were addressed by Bernoulli [13],
Markov [95] (see also [140, p. 65]), Christoffel [33, 34], and Smith [135]. Hedlund
and Morse named the Sturmian words after Jacques Charles Frangois Sturm due
to a relation with Sturm’s comparison theorem; Sturm himself never worked on
the subject. For more on the early development of the subject, see Brown [23]
and the references of [7, Chapter 9]. Especially since the 1990’s, research on Stur-
mian words has seen enormous growth, making them one of the central topics
in combinatorics on words. For a survey of relatively new results, see Berstel
[15, 17] and the references therein. Lothaire’s book Algebraic Combinatorics on
Words [91] has become the standard reference for essentials on Sturmian words;
the books Automatic Sequences [7] and Substitutions in Dynamics, Arithmetics and
Combinatorics [120] are also entry-friendly. Besides the vast theoretical interest,
Sturmian words also have applications in computer graphics (see the references
in [91, Chapter 2]) and in modeling of quasicrystals (see the papers [41, 42, 43,
46] and the references therein). A prototypical example of a Sturmian word is
the Fibonacci word introduced in Chapter 2. Its definition is deceptively simple,
but it nevertheless has rich structure. The Fibonacci word is easier to handle than
other Sturmian words—we often specialize results to the particular case of the
Fibonacci word.

What is most remarkable about Sturmian words is the number of equivalent
characterizations they have. There are well over a dozen known, often very dif-
ferent, equivalent ways to define these words. It is a pity that there is no satis-
factory survey on the different characterizations. It suffices to say here that in
this dissertation we view Sturmian words equivalently as the infinite words hav-
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ing n 4 1 factors of length n for all # and as irrational rotation words. These are
arguably the most important characterizations, and the details are found in [91,
Chapter 2].! Characterization in terms of morphisms is given in [120, Chapter 6].
Furthermore, in Section 4.5, we will prove two quite different characterizations
based on palindromes and privileged words.

Viewing Sturmian words as the infinite words having n + 1 factors of length
n is often sufficient. However, viewing Sturmian words as rotation words gives
us a dynamical system to work with and access to deeper properties of Sturmian
words via continued fractions.> Most of the proofs given in this chapter utilize
powerful tools from Diophantine approximation theory. These tools not only
make proving results possible, but they often provide a cleaner alternative to
other methods.

We begin in Section 4.2 by recalling and proving needed results on continued
fractions. We show how convergents and semiconvergents of an irrational relate
to its best rational approximations, and explain geometrically what this means in
terms of rotations on the torus [0,1). We also derive well-known results involv-
ing the convergents for use throughout this chapter and give some without proof,
such as The Three Distance Theorem. Further, in Subsection 4.2.3, we discuss the
Lagrange constant of a number and the Lagrange spectrum. The relation between
certain properties of Sturmian words and the Lagrange spectrum is revealed later
in Subsection 4.7.2. We end Section 4.2 by Subsection 4.2.4, which gives special-
ized results on the golden ratio and the Fibonacci numbers needed for the study
of the Fibonacci word.

Sections 4.3 and 4.4 are devoted to defining Sturmian words and to deriving
basic results about them. We give in details the description of Sturmian words
as irrational rotation words and describe the relationship between factors of Stur-
mian words and intervals on the torus. We define the important standard and
semistandard words and present more details on the Fibonacci word. Then we
set out to give more information on factors of Sturmian words: we consider palin-
dromes in these languages and show the connection to balanced words. Finally,
we compare the languages of Sturmian and non-Sturmian words. We provide
arguments to several of the given results, but some proofs are omitted.

As we have stated several times, in Section 4.5, we return to privileged words
and prove that Sturmian words are characterized by their privileged complexity
function. After this, in Section 4.6, we prove the main results of Damanik and
Lenz from 2002 and 2003 [44, 45] concerning integer and fractional powers in
Sturmian words. The original proofs of Damanik and Lenz use slightly tricky
word-combinatorial arguments, but here we apply the dynamical method and
obtain a shorter proof, which is in my opinion easier to follow. We give a complete
description of the index of every factor of a Sturmian word. With this, we describe
the largest fractional powers occurring in a Sturmian word and give a formula
for computing the least upper bound of the fractional indices of the factors. The

1These two characterizations were already known to Coven, Hedlund, and Morse [36, 37, 103].
2 Already Hedlund and Morse utilized continued fractions [103]; see also Mignosi’s 1989 paper
[96].
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results are applied to the particular cases of the Fibonacci word and morphic
Sturmian words. We show that the fractional index of the Fibonacci word is the
smallest possible among all Sturmian words and characterize all Sturmian words
having the same fractional index as the Fibonacci word.

In Section 4.7, we consider the previous work on powers in the abelian setting.
In other words, we do not consider ordinary powers but abelian powers, where
permuting the letters of the root w of w" is allowed. In general, abelian powers are
substantially more difficult than ordinary powers, but studying them in Sturmian
words is less complex. After defining carefully the notions of abelian equivalence
and abelian powers, we characterize the possible exponents of abelian powers
of given period occurring in Sturmian words. Here the dynamical point of view
is essential: I cannot think of a way to derive the results without the dynami-
cal system of rotations and continued fractions. In addition to abelian powers,
we study abelian repetitions, which are analogues of fractional powers. It turns
out that Sturmian words always contain abelian powers of arbitrarily large ex-
ponent, so instead of studying the maximum exponent, we consider the abelian
critical exponent of a Sturmian word defined as the maximum ratio between the
exponent and period of an abelian repetition. We show that the abelian critical
exponent of a Sturmian word equals the Lagrange constant of its rotation angle.
This is a new result connecting Sturmian words and number theory. Then we
apply the obtained results to the particular cases of morphic Sturmian words and
the Fibonacci word. We study the abelian powers and repetitions in the Fibonacci
word in detail: for example, we prove that the minimum abelian period of a fac-
tor of the Fibonacci word is a Fibonacci number and and derive a formula for the
minimal abelian period of the finite Fibonacci words.>

Finally, in Section 4.8, we propose a completely new research topic: the square
root map on Sturmian words. Every position in a Sturmian word begins with a
minimal square and, moreover, in the language of a Sturmian word there are ex-
actly six minimal squares [126]. Therefore every Sturmian word can be written
as a product of minimal squares. The square root /s of a Sturmian word s is
obtained by writing s as a product of minimal squares and by deleting the first
half of each of square. Juhani Karhuméki and Luca Zamboni conjectured that the
square root of the Fibonacci word has the same language as the Fibonacci word
(private communication). We prove this conjecture and much more. After the
necessary definitions, in Subsection 4.8.2, we show that the square root map pre-
serves the language of any Sturmian word. That is, we have L(s) = £(4/s) for a
Sturmian word s. We also characterize the Sturmian words that are fixed points
of this square root map. Again, the proofs rely heavily on arguments based on
continued fractions, but this time we also give a word-combinatorial description.
The alternative description, derived in Subsections 4.8.3, 4.8.4, and 4.8.5, provides
us many additional intriguing results on the factors of Sturmian words. Interest-
ingly, we show a connection between the square root map and specific solutions
of the word equation X3X3 - - X2 = (X1 Xz - - - X»)?. After considering again the
particular case of the Fibonacci word in Subsection 4.8.6, we generalize the square

3Finite Fibonacci words are defined in Subsection 4.3.3.
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root map for optimal squareful words in Subsection 4.8.7. This generalization is
natural: an infinite word is optimal squareful if it is aperiodic, its every position
begins with a minimal square, and all minimal squares it contains occur in some
fixed Sturmian word. This class of optimal squareful words is larger than the
class of Sturmian words, and the square root map does not necessarily preserve
the language of a non-Sturmian optimal squareful word. However, we show that
such words exist by an explicit construction. Moreover, we show that a subshift
generated by such a constructed word has a curious property: for every word
in the subshift, the square root map either preserves its language or maps it to a
periodic word. This shows that it is possible that the square root of an aperiodic
word is periodic. This is unexpected: it would be plausible to suppose that this
is impossible. Section 4.8 ends with a brief consideration of alternative general-
izations. We show that the presented ideas fail, with perhaps the exception of
the abelian square root map. For example, the square root map (if it is even de-
fined) does not necessarily preserve the language of an Arnoux-Rauzy word or a
three-interval exchange word.
Chapter 4 is concluded by Section 3.9 on open problems.

4.2 Continued Fractions

In this section, we review results on continued fractions and best rational ap-
proximations of irrational numbers needed for the study of Sturmian words in
the subsequent sections. We also recall results on the Lagrange constants of the
irrationals and on the golden ratio and the related Fibonacci numbers. Good ref-
erences on these subjects are the books of Khinchin [86], Cassels [31], and Hardy
and Wright [76].

4.21 Convergents and Semiconvergents

Every irrational real number « has a unique infinite continued fraction expansion:

&= [ao;alraba&-“] =ap+ 1 (41)
ay + 1
iy ———
2 a+...

with ag € Z and a; € Z for k > 1. The numbers a; are called the partial quotients
of a. By writing a bar over the partial quotients as in [ag; a1, ...,a.,by, ..., by], we
indicate that the sequence of partial quotients is ultimately periodic with period
b1, ..., by. We focus here only on irrational numbers, but we note that with small
tweaks much of what follows also holds for rational numbers, which have finite
continued fraction expansions.

The convergents cy = [ag; ay, ..., ar] = % of « are defined by the recurrences

po=4ay, pr=mao+1,  pp=apr_1+pko k=2,
qgo =1, q1 =a, Gk = 0kqk—1 + Gr—2/ k> 2.
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The sequence (cx)x>0 converges to a. Moreover, the even convergents are less
than « and form an increasing sequence, while the odd convergents are greater
than « and form a decreasing sequence. Sometimes it is convenient toset p_1 =1
and g_; = 0and p_» = 0 and q_» = 1. The numerators and denominators of the
convergents satisfy the following identity:

GkPr—1 — Pri—1 = (—1)F (4.2)

forallk > —1.
If k > 2 and a; > 1, then between the convergents cx_, and ¢y there are
semiconvergents* that are of the form

Pre  Lpr_1+ pr—o
ag;ay, ..., a1, 0 = == = = Thee
[90; 1 -1l Gee  Ar—1+ G-

with 1 < ¢ < a;. When the semiconvergents (if any) between cx_, and cj are
ordered by the size of their denominators, the sequence obtained is increasing if
k is even and decreasing if k is odd.

Notice that we make a clear distinction between convergents and semicon-
vergents, i.e., convergents are not a specific subtype of semiconvergents. Instead
of writing “convergent or semiconvergent”, we often write “(semi)convergent”.
We regularly refer to the denominators of (semi)convergents, so we let Q, to be
the set of the denominators of the convergents of « and Q; to be the set of the
denominators of the convergents or semiconvergents of «. To avoid confusion,
we emphasize that the integers g_; and q_, defined above are not elements of
the sets Q, and Q;, thatis, Qy = {q0,91,...} and QF = {q0,91,921,---,92,---}-

For the rest of this chapter, we make the convention that & always stands for an
irrational number with continued fraction expansion as in (4.1) with convergents
gx and semiconvergents gy ;.

Lemma 4.2.1. Let k be a positive integer and « and B be real numbers whose first k
partial quotients are equal. Then their first k convergents cy, ..., cx_1 are equal and
la — B| < 1/q?, where q is the denominator of cy_1.

Proof. Suppose that & # B; otherwise the claim is clear. Obviously the first k
convergents cy, ..., ¢x_1 of « and B are equal. Suppose that both « and § have
infinitely many partial quotients, and let a; and by be respectively the kh partial
quotients of « and . We may suppose without loss of generality that a; < by. Set
P = agpr_1 + px—2 and Q = aqx_1 + gx_2. Depending on the parity of k, either
o1 <, <P/QorP/Q < a,p < ck_q. Therefore by applying (4.2), we have

11
w1Q g,

o — B| < 'g_ckl

Clearly the conclusion is also valid if either of the numbers & and j has a finite
continued fraction expansion. O

4Semiconvergents are called intermediate fractions in Khinchin’s book [86].
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We recall the following well-known mirror-formula:

qk

P ag; a1, ..., a1], (4.3)

which can be easily proven using induction. Let us set ay = [ay; ag 1, Ay, - .-
Since a = [ag; a1,4az, ..., a, &x41], we have

y = Yk1Pk T P
W1k + qr—1

so by applying (4.2), we obtain the following often-used identity:

VK
o Pr (=1) , (4.4)
A k(@1 gk + Gr—1)

4.2.2 Best Rational Approximations

A rational number § is a best approximation of the real number « if for every frac-
tion § such that 5 # 7 and d < b we have

|ba —a| < |da —c|.

In other words, any other integer multiple of x with a coefficient at most b is
further away from the nearest integer than ba is. We have the following important
proposition; for a proof see Theorems 16 and 17 of Khinchin’s book [86].

Proposition 4.2.2. The best rational approximations of an irrational number are exactly
its convergents.

We identify the unit interval [0,1) with the unit circle T. Let « € (0,1) be
irrational. The map

R:[0,1) = [0,1), x — {x+a},

where {x} stands for the fractional part of the number x, defines a rotation on T.
The circle partitions into the intervals (0, 1) and (3, 1). Points in the same interval
of the partition are said to be on the same side of 0 and points in different intervals
are said to be on the opposite sides of 0. (We are not interested in the location of
the point 1.) The points {gxa} and {gx_1a} are always on the opposite sides of
0. The points {g ¢« } with 0 < ¢ < a; always lie between the points {gx_,a} and
{qra}; see (4.6).
We measure the shortest distance to 0 on T by setting

[x]| = min{{x},1— {x}}.
We have the following facts for k > 2 and all integers ¢ such that 0 < ¢ < a;:

Iakeall = (—1)* (qxex — pre), (4.5)
gk exll = llqre—1l| = |gr—1]- (4.6)



4.2. Continued Fractions 67

We can now interpret Proposition 4.2.2 as

i = |l 47
omin el = flge—1al (47)

for integers n and k > 1. Throughout this chapter, we only consider integer
multiples of the number «.

Rotating preserves distances: the distance between the points {na} and {ma}
is |||n — m|a||; we will often use this fact without explicit mention. Thus by
(4.7), the minimum distance between the distinct points {na} and {ma} with
0 <n,m < gy is at least ||gx_1«||. Formula (4.7) tells the point closest to 0 among
the points {na} forn = 1,2,...,qx — 1. We are also interested in knowing the
point closest to 0 on the side opposite to {g;_1a4}. The next result concerning this
is very important.

Proposition 4.2.3. Let « be irrational and n be an integer such that 0 < n < qy o with
k>2and 0 < ¢ < ap. If ||na|| < ||qk¢—1||, then n = mqy_4 for some integer m such
that 1 <m < min{/l,a — ¢+ 1}.

Proof. Suppose that |na| < ||qx¢—12||, and assume for a contradiction that the
point {na} is on the same side of 0 as {gx_,a}. Since n < gi s, we conclude that
n # qy, for r > £. By (4.6) and our assumption that ||na| < [|gxs_1||, we see
that n # g, for 0 < r < £ —1. As ||nal| > ||gxe|, by (4.7), we infer that the
point {na} must lie between the points {gy ya} and {gy ¢ 14} for some ¢’ such
that 0 < ¢/ < a;. The distance between the points {na} and {gi ¢} is less than
|gk—1||. By (4.7), it must be that g » > qi; a contradiction.

Suppose for a contradiction that 7 is not a multiple of g;_;. Then the point
{na} lies between the points {tq;_1a} and {(t + 1)gx_1a} for some t such that
0 <t < |1/||gk_1| |- Because {na} is on the same side of 0 as the point {g;_1a},
it follows that ||na|| > ||tqx_1«|| and ||tqx_1a|| = t||gx_1«]|. The distance between
the points {na} and {tg;_qa} is less than ||gx_1«]|, so by (4.7), it must be that
tqk—1 = qx = arqx—1 + gx—p. Hence t > a;. Using (4.6), we see that the distance
between the points {qra} and {gx_oa} is ag||qx_1||. Since ||gra|| < ||gx_12||, we
infer that

lake—1ell < llge—2all = arllge—rell + llqeall < (ax + 1) ge—ll. (4.8)
Therefore by our assumption,
(@ + Dl qe-1al] > [l e—1l] > [[nal] > tllgeal],

so a; > t; a contradiction. We have thus concluded that n = mgy_1 with m > 1.
Let us now analyze the upper bound on m. First of all, mg,_; < gy exactly
when m < ¢ < ay. It follows that ||mgy_q«|| = m||qx_1«||. By (4.6), we have

m|qe—1al] < llqee-1all = (ax = (€ = 1) l|qe-1al] + llqeall,

som < ap — £ + 1. We conclude that m < min{¢,a, — £ +1}. O
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Proposition 4.2.3 allows us to describe the points closest to 0 from either side.
Let k be an integer such that k > 2. By (4.7), the point {gxa} is closest to 0 among
the points {na} forn =1,2,...,qx. The points {q; s} with 0 < £ < a; are on the
opposite side of 0. By Proposition 4.2.3, the only points closer to 0 than {g; a}
are the points {q; pya} for ¢ > ¢ and points of the form {mg_a}. The points
{mqy_1a} are, however, on the same side of 0 as the point {gx_,a}, so the points
{4k} with 0 < £ < ay are the points closest to 0 on the side opposite to {gx_1a}.

The inequalities (4.6) and (4.8) imply that

Al qr—1el] < || qr—2et]] < (ar 4+ 1) || qr—12]|.

We derive the following useful fact for k > 2:

o - [l w)

[l gkl

Let n be a positive integer. The n + 1 points 0, { —a}, { —2a}, ..., {—na} parti-
tion the circle T into n + 1 half-open intervals (all of the intervals are taken to be
open from the left or from the right). We call these intervals the level n intervals.
The level n intervals later turn out to be very important as they are in one-to-one
correspondence with the factors of length n of the Sturmian words of slope a.
Next, we recall the famous Three Distance Theorem, which gives an explicit de-
scription of the lengths of the level n intervals. The Three Distance Theorem was
originally conjectured by Hugo Steinhaus and proven by Vera Sés [136]. Later
several proofs have been given; see, e.g., [1] and the references therein.

Theorem 4.2.4 (The Three Distance Theorem). Let a be an irrational number and n
be an integer such that n > ay. The integer n can be uniquely expressed in the form
n="_0q_1+qxo+rwithk>2,0<l<agand 0 <r < gx_y. The points 0, { —a},
{—2a}, ..., {—na} partition the circle T into n + 1 intervals. There are exactly

o n+1— gy_q intervals of length ||qx_1«||,
o 1+ 1intervals of length ||q eat||, and
o i1 — (r+ 1) intervals of length ||q s—1«||.

By (4.6), the intervals of the last type (if they exist) are the longest, and their
length is the sum of the two other length types.

4.2.3 The Lagrange Constants

In this subsection, we briefly define the Lagrange constants of irrationals and
derive some elementary results coupled with some additional remarks and ref-
erences to literature. The results given here are used later in Section 4.7 to study
the abelian critical exponents of Sturmian words.

Definition 4.2.5. Let « be a real number. The Lagrange constant A(a) of a is the
quantity

limsup (q/|qal) " .
g—00
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Let us motivate the definition of the Lagrange constants. We saw earlier in
Proposition 4.2.2 that every irrational number has an infinite supply of good ra-
tional approximations. More precisely, given an irrational « and its convergent
Px/ qx, we have

oo 1
qk qk

The famous Hurwitz’s Theorem (see, e.g., [86, Theorem 20]) states that if the ex-
ponent 2 in the denominator is kept fixed, then the error can be reduced by only
a constant factor: there exists infinitely many rational numbers p/q such that

1
V5q2

for any irrational &, and the coefficient V/5 is the best possible. If the coefficient
is replaced by any larger number, then for some irrationals the inequality is sat-
isfied only for finitely many rationals p/gq. In fact, these “badly approximable”
numbers are equivalent to the golden ratio—the simplest of all irrational numbers
[86] (see the definition of equivalent numbers below). If the numbers equivalent
to the golden ratio are removed from consideration, then the coefficient can be
improved to /8. By removing additional irrationals, the coefficient can be fur-
ther improved to 1/221/5, and so on indefinitely. The optimal coefficient for a
fixed irrational « is given by its Lagrange constant A(«) if it is finite.

The set L of all finite Lagrange constants of irrational numbers is called the
Lagrange spectrum. The Lagrange spectrum is a very curious object. The se-
quence of improvements V5, V8, \/221/5, . .. converges to 3 and coincides with
LN (—o0,3), the part of the spectrum below 3. Remarkably the whole spectrum
is not discrete: Hall proved that it contains a half-line [75]. Later Freiman [65]
determined the largest half-line contained in L: all numbers above the Freiman
constant

M\<
q

2221564096 + 283748+/462
491993569 ’

approximately 4.5278, belong to the Lagrange spectrum, and this constant is op-
timal. The Lagrange spectrum has been studied extensively, but much of it still
remains a mystery; see for instance [40].

Next we derive a formula for the Lagrange constant of an irrational number.

Let « be a fixed irrational with continued fraction expansion [ag; a3, ay,...]. By
(4.4), we have
-1
Tk—1
el = (o +%2)
13
where ay = [ay; ax11,ak12, - - .]. By the mirror-formula (4.3), this transforms into

-1
qellarall = (a1 axg2, - ]+ [0;ag ax—1, .. m])



70 Sturmian Words

Let g be an integer such that g, < g < gx41 with k > 0. By (4.7), we have
el < llgall, so qellgrecll < gllgal[. Thus

Aa) = lim sup (g gea])) ™

k—ro0
= limsup ([ax1; ks2,---] + [0 ar, a1, ..., 31]). (4.10)
k—o0
Definition 4.2.6. Let « and j be two real numbers having continued fraction ex-
pansions [ag; a1, az,...] and [by; by, by, . . .] respectively. If there exists integers N
and M such that ayn; = byy; foralli > 0, then we say that « and B are equivalent.
In other words, two numbers are equivalent if their continued fraction expan-
sions ultimately coincide.

The formula (4.10) and Lemma 4.2.1 imply that equivalent numbers have the
same Lagrange constants, but the converse is not true. Any two numbers with
unbounded partial quotients have infinite Lagrange constant, but obviously such
numbers are not necessarily equivalent.

4.2.4 The Golden Ratio and the Fibonacci Numbers

The golden ratio ¢ is defined to be the number (1 + +/5)/2, and it is approxi-
mately 1.6180. The golden ratio is the number with the simple periodic continued
fraction [1;1]; in this sense it is the simplest irrational number. Due to the simplic-
ity of its continued fraction expansion, it is often relatively easy to prove beauti-
ful formulas involving the golden ratio and the related Fibonacci numbers.? The
purpose of this brief subsection is to introduce a few such formulas for later use
particularly in Subsection 4.7.3, where we study abelian powers and repetitions
in the Fibonacci word.

The convergents of the golden ratio are related to the sequence of Fibonacci
numbers (Fy)r>o, defined by the recurrence Fy = F_1 + F,_, with Fj = 1 and
F; = 1. That s, the sequence of the convergents of ¢ is the sequence (Fi1/ Fx)k>0-
Following earlier conventions, we often set F_; = 0. The sequence of convergents
of the related numbers ¢ — 1 and 2 — ¢ having respectively the continued fraction
expansions [0; 1] and [0;2, 1] are respectively (Fy_1/F)k>0 and (F_1/Fey1)k>0- In
the particular case of the golden ratio, the identity (4.4) takes the form

(=DF
F—-Fnw=(¢@-1)Fk—-F1=——+%. (4.11)
¢Fe = Feyr = (¢ — DFc — Fy oF T Foy
The following lemma is needed later in Subsection 4.7.3.

Lemma 4.2.7. We have

(@ -Dl _, o= DI _
- 7™ Jre-n) 77
forallk > 2.

5For a nice introduction to Fibonacci numbers with historical remarks, see Knuth [87, p- 78]. There
is even a journal dedicated to the Fibonacci numbers called The Fibonacci Quarterly.
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Proof. 1t is straightforward to verify that ||F;(¢ — 1)||/||F2(¢ — 1)|| = ¢. By ap-
plying induction and (4.11), we obtain that

[Fe1(@ =Dl _  ¢Fc+F
[F(@ =Dl ¢F1+ F—
_ Ph1tPh o+ Fot+Fes

¢Fc—1+ F»
= M 1
Be2@—1)]
1y
¢
= ¢.

Similarly, we have
IFealp =Dl _,, IBale—DI _
1Fe(¢ = 1)l 1Fe1(¢ = 1)

Using (4.10), it is easy to see that the Lagrange constant of ¢ is v/5 and that the
golden ratio has the smallest Lagrange constant among the irrational numbers.

- +¢. O

4.3 Definition of Sturmian Words

In this section, we give two equivalent definitions for Sturmian words and some
preliminary results. Moreover, we consider the related and important standard
words and the Fibonacci words. Most of what follows is found in [91, Chapter 2],
[120, Chapter 6], or [96].

4.3.1 Equivalent Definitions and Basic Properties

Sturmian words are a well-known class of infinite words, and they have numer-
ous equivalent definitions. The following definition is often given.

Definition 4.3.1. An infinite word is Sturmian if it has exactly n + 1 factors of
length n for all n > 0.

Thus, in particular, Sturmian words are binary words. For the rest of this
chapter, we take the alphabet of Sturmian words to be {0,1}. The Morse-Hedlund
Theorem justifies the definition of Sturmian words as the binary, aperiodic infinite
words with minimal factor complexity.

The preceding word-combinatorial definition is sufficient for many purposes
but, in order to understand deep properties of Sturmian words, a dynamical point
of view and arithmetical properties are needed. That is why it is advantageous to
view Sturmian words as rotation words.

Let « € (0,1) be irrational. Divide the circle T into two intervals defined by
the points 0 and 1 — &, and define the coding function v by setting

0, ifxe 10,
v(x) =
1, ifxe I,



72 Sturmian Words

where I[p = [0,1 —a) and I; = [1 —a,1). The lower coding word of the orbit of a
point p in T is the infinite word s, , obtained by settings its nt™h, 1 > 0, letter to
equal v(R"(p)), where R is the rotation on T by the angle « (as in Section 4.2).
Similarly, if Iy = (0,1 —a] and I; = (1 — &, 1], then we obtain the upper coding
word denoted by 5, 4. Since a is irrational, there is a difference between the coding
words s, , and 5y« only when p = {—ra} for some nonnegative integer . If s is
an upper or a lower coding word of angle &, then we simply say that s is a rotation
word of angle .
We have the following important characterization of Sturmian words.

Theorem 4.3.2. If s is a Sturmian word, then either s = s, , 0r' s = Sp « for some unique
irrational « and unique p in T. Conversely, if s is a rotation word of an irrational angle,

then s is Sturmian.

The numbers « and p associated with a fixed Sturmian word are respectively
called its slope and intercept. Actually, for a Sturmian word s of slope &, the num-
ber « is the frequency of the letter 1 in s. This is not surprising in view of Theo-
rem 4.3.2: the sequence ({na}),>o is uniformly distributed in [0, 1].

In order to obtain the above equivalence between rotation words and Stur-
mian words, it is necessary to consider both lower and upper rotation words.
However, in what follows this subtlety is often unimportant: we make the con-
vention that the notation s, , always refers to the lower or upper rotation word
of slope « and intercept p. When we want to emphasize which choice of intervals
is used, we write sy = 8, , Or Spa = Spq. Alternatively the choice for a fixed
Sturmian word is made explicit by telling if 0 € Ip or 0 € .

Proposition 4.3.3. Two Sturmian words have the same language if and only if they have
the same slope.

Proof. By the well-known Kronecker’s Theorem, the sequence ({na}),>o is dense
in [0, 1] for irrational &, which means that every Sturmian word of slope « has the
same language. The converse result is proven in [91, Proposition 2.1.18]. O

By the above proposition, it makes sense to denote the language of Sturmian
words of slope a by £(«). The elements of £(«) are simply called the factors of
slope w. It is important to observe that depending onif &« < 1/2 or « > 1/2, either
11 ¢ L(a) or 00 ¢ L(a). Observe also that Sturmian words are recurrent by
Kronecker’s Theorem; this fact also follows from The Morse-Hedlund Theorem.

We now focus on specific intervals on the circle, and the choice of the intervals
Ip and I; affects the endpoints of these intervals. We let I(x,y) with x < y to
stand for the interval [x, y) on the circle if 0 € Iy and for (x,y] if 0 ¢ Iy. To avoid
cluttered notation, such as I({x}, {y}), we implicitly assume the endpoints to be
taken modulo 1, so we can always write cleanly I(x, y).

For every factor w of length n of a Sturmian word of slope «, there exists a
unique subinterval [w] of T such that s, , begins with w if and only if p € [w]. If
w = apaj - - - a,—1, then clearly

[w] = Loy "\R™ (Iy) N... AR (L, ).
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We denote the (geometric) length of the interval [w] by |[w]|. The intervals of
the factors of length n are exactly the level # intervals defined earlier in Subsec-
tion 4.2.2 (this is why rotation words have factor complexity n + 1 for n > 0).
Notice that we did not fix earlier if the level n intervals are open from the left or
from the right; this is now fixed by the choice of the intervals Iy and I;.

The level n interval containing the point {—(n + 1)a} is associated with the
right special factor of length n. In a Sturmian word, there exists a unique right
special and a unique left special factor of all lengths; this directly follows from
the fact that Sturmian words are recurrent and have n + 1 factors of length n.

The following elementary but useful result is needed later in Subsection 4.7.3.

Lemma 4.3.4. Let Ly, be the length of the longest level n interval, and let p € T. Then
there exists an integer i such that 0 < i <mnand 0 < R™'(p) < Ly.

Proof. Let ] = I(0,L,). The claim is essentially that the first n forward rotations
of the half-open interval | cover the whole circle. Place the n + 1 points 0, {«},
{2a}, ..., {na} on the circle. These points partition the circle into n + 1 half-open
intervals, and the longest of the intervals has length L,. The interval R%(]) clearly
covers the first level n interval by the maximality of L, the interval R! (]), that is,
the interval I(«, L, + ), covers the level n interval whose other endpoint is {«},
and so on. Thus the first n forward rotations of the half-open interval | cover the
whole circle. What remains is to consider the case when R~(p) = L, for some i
such that 0 < i < n. The preceding argument works irrespective of the choice of
the endpoints of the intervals: all that matters is that the level n intervals and the
interval | are all open from the left or from the right. Thus by changing this choice
of endpoints, we find that p € R/(]) for some j such that j # iand 0 < j < n.
Thus R~/ (p) € J,and as j # i, we must have R/ (p) < Ly. O

Arranging the points 0, {—a}, {—2a}, ..., {—na} into increasing order gives
an ordering of the level n intervals: Iy(n), I;(n), ..., I,(n). According to the next
result, this ordering of the intervals arranges the associated factors into lexico-
graphic order.

In the proof, we use the exchange operation for a letter a, defined by setting
d=1ifa =0and 4 = 0if a = 1. This notation is very convenient when working
with Sturmian words, and it is used several times in this chapter.

Proposition 4.3.5. Let n, i, and j be integers such that 0 < i,j < n. Let u,v € L(«) be
the factors of length n such that [u] = I;(n) and [v] = I;(n). Then u < v if and only if
i<j.

Proof. If n = 0, then there is nothing to prove. If n = 1, then the factors of length
n are 0 and 1 and their intervals are respectively Iy(1) and I;(1), so the conclusion
holds. Suppose that the conclusion holds when n = m and m > 1. We show that
the conclusion holds whenn = m + 1.

The sequence of intervals I (m), k = 0,...,m, is the same as the sequence of
intervals Iy(m + 1), k = 0,...,m + 1, except that the interval I,(m) is split into
two intervals I;(m + 1) and Iy, 1(m + 1) by the point {—(m + 1)a}. Let w be the
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right special factor of length m, that is, w is the factor such that [w] = I,(m).
Now [wa] = I;(m + 1) and [wa] = Ip;1(m + 1) for some letter a. Let x € [wa]
and y € [wa]. By definition, R™(x) € [a] and R™(y) € [4]. Since x < y by our
ordering of the intervals and R"({—(m +1)a}) = 1 — a, also R™(x) < R™(y),
so we conclude that 2 = 0. Hence the conclusion holds for the factors wa and
wa of length m + 1. For the other factors, the conclusion holds by the induction
hypothesis. This ends the proof. O

We remarked earlier that Sturmian words are recurrent. They are also uni-
formly recurrent [91, Proposition 2.1.25]. The dynamical explanation is that for
any factor w in £(x) we may pick suitable q,4' € O, such that q,4" > |w]|, the
points {qa} and {q’a} are on the opposite sides of 0, and ||qa|| and ||'«|| are
small enough compared to |[w]| so that for all x € [w] either R7(x) € [w] or
R7(x) € [w]. However, not all Sturmian words are linearly recurrent. A Stur-
mian word of slope « is linearly recurrent if and only if the sequence of partial
quotients of « are bounded [54]. Since Sturmian words are uniformly recurrent,
it follows that the Sturmian subshift ), of slope «, defined as

O = {we{0,1}¥: L(w) = L(x)},

is minimal.

4.3.2 Standard Words

Given the continued fraction expansion of an irrational « in (0,1) as in (4.1), we
define the corresponding standard sequence (si)x>o of words by

s.1=1  s9=0, s = sgl_ls_l, Sk =5 Sk—2,  k>2.
As sy is a prefix of sg 1 for k > 1, the sequence (s;) converges to a unique infinite
word ¢, called the infinite standard Sturmian word of slope &, and it equals sy 4.
Inspired by the notion of semiconvergents, we define semistandard words for k > 2
by setting

1
Skt = Sk—15k—2

with 1 < ¢ < a;. Clearly |si| = g and |si¢| = gi¢. Instead of writing “standard
or semistandard”, we often simply write “(semi)standard”. The set of standard
words of slope « is denoted by Stand(«), and the set of standard and semistandard
words of slope a is denoted by Stand*(«). We emphasize that the word s_ is not
an element of either of these sets. (Semi)standard words are left special as prefixes
of the word c¢,. Every (semi)standard word is primitive [91, Proposition 2.2.3].
An important property of standard words is that the words s; and s;_; almost
commute: s;sx_1 = wab and s;_15, = wba for some word w and distinct letters a
and b. In addition, for every k > 1, there exists palindromes Py, and Q1 such
that sy = P10 and sy, 1 = Qok+101. For more on standard words, see [16, 91].
The only difference between the words ¢, and ¢z, where &« = [0;1,a,a3, . . .]
and & = [0;a, + 1,a3,...], is that the roles of the letters 0 and 1 are reversed. We
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may thus assume without loss of generality that a; > 2. In addition to assuming
that « is an irrational number with convergents g, and semiconvergents q; ¢, we
further assume for the remainder of this chapter that « is an irrational number in
(0,1) having the continued fraction expansion as in (4.1) with a; > 2, that is, we
assume that 0 < & < 1. This means in particular that 00 € £(a) and 11 ¢ L(a).
The words sy and sy ¢ refer to the standard or semistandard words of slope «.

We conclude with the the following result on periods of (semi)standard words.

Lemma 4.3.6. Let u,v € Stand™*(a) with |u| > |v|. If u is a prefix of some word in v,
then u = sy pand v = sy_q withk > 2and 0 < £ < ay.

Proof. Suppose that the word u is a prefix of some word in v™. If u = s; = 01711,
then necessarily v = sy = 0. Then obviously u is not a prefix of any word in
vt. Therefore u = ke with k > 2and 0 < ¢ < a;. Suppose that k = 2. Then
u = (0111)%0. Tt is straightforward to show that v must equal to s1; the word u
cannot be a prefix of a word in v if v = 59 = 0 or v = s,y for some ¢’ such that
0 < ¢’ < ¢. Thus we may assume that k > 2.

Suppose first that |v| > [s_1|. Then by the assumption |u| > |v|, it must be
that v = s; ¢ for some integer ¢ such that 0 < ¢’ < £. Since u is a prefix of some
word in v, it follows that the word si:{sk,z is a prefix of some word in s;_,v™.
Since the word si:{/sk_z begins with s;_1s;_5, we obtain that s;_,v begins with
Sk_15k_2, SO Sk_1Sk_2 = Sk_25k_1- This is a contradiction because these words do
not commute.

Assume then that |v| < [sg_1|. Now the prefix s;_; of u is a prefix of some
word in v, so by induction, we have v = s;_,. Now u = (sZ"_’z1 sk_3)£sk_2, so as
u is a prefix of some word in v, it follows that the word z, defined as the word
Sk_3Sk_2, is a prefix of some word in v™. This means that z ends with a prefix of
Sk_o of length |s;_3|. As the prefix of s;_, of length |s;_3| is s;_3, the word z ends
with s;_3. Consequently sx_35;_» = Sx_25¢—3; a contradiction.

The only remaining option is that v = sx_. This is certainly possible. O

4.3.3 The Fibonacci Word

The Fibonacci word f was introduced in Chapter 2 as the fixed point of the mor-
phism ¢: 0 — 01,1 +— 0. The Fibonacci word is a prototypical Sturmian word.
It is not difficult to prove that it indeed is Sturmian; using just the properties of
the morphism ¢, it is straightforward to prove that there exists exactly one right
special factor of each length in £(f) [91, Example 2.1.1]. The Fibonacci word is
strongly related to the Fibonacci numbers and the golden ratio (see below). As
the golden ratio is the simplest irrational, so is the Fibonacci word the simplest
Sturmian word. It is worth remarking that it is typically enough to try out con-
jectures in the particular case of the Fibonacci word: often, with little ingenuity, a
positive result generalizes for all Sturmian words. The word f often exhibits op-
timal or extremal behavior. This sort of behavior was already known to Hedlund
and Morse; they showed that among all Sturmian words, the so-called recurrence
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quotient attains its smallest value for the Fibonacci word [103].% For more on ex-
tremal behavior, see Cassaigne [27]. It seems difficult to trace any origins for the
study of the Fibonacci word and its basic properties [14].

The slope of the Fibonacci word is easy to compute. Clearly the number of
letters 0 in the word (pk(O) equals Fi_1. Therefore the frequency of the letter 1
in f equals the limit limy_,, Fi_»/ F, which is seen to equal 2 — ¢; see Subsec-
tion 4.2.4.7 Thus the slope of f has continued fraction expansion [0;2,1]. The
sequence (fi)x>1 of finite Fibonacci words defined recursively by fiy = fi_1fx—2
with fo = 0 and f; = 01 is thus the sequence of standard words of slope 2 — ¢.
Notice that |fx| = Feyq-

4.4 The Language of Sturmian Words

In this section, we give and prove several simple but important results about the
languages of Sturmian words. Most of the results can be found in [91].

Definition 4.4.1. A binary language L is balanced if ||u|; — |v|;| < 1 for all words
u,v € LN{0,1}" for every integer n such that n > 0. If a language is not bal-
anced, then we call it unbalanced. A finite or infinite word w is balanced if its
language £ (w) is balanced.

We have the following important characterization of Sturmian words.

Theorem 4.4.2. An infinite binary word is Sturmian if and only if it is aperiodic and
balanced.

Next, in order to demonstrate the rotational point of view, we prove that Stur-
mian words (viewed as rotation words) are balanced. We stress that in order to
prove the characterization of Theorem 4.3.2, it is needed to know that Sturmian
words defined in the sense of Definition 4.3.1 are balanced. We need the following
word-combinatorial result proven in [91, Proposition 2.1.3].

Proposition 4.4.3. A binary and factor-closed language L is unbalanced if and only if
there exists a palindrome p such that 0p0,1pl € L.

Proposition 4.4.4. Sturmian words are balanced.

Proof. Let w be a bispecial factor of slope «. The claim follows by Proposition 4.4.3
if we can show that either 0w0 ¢ L («) or 1wl ¢ L(a).

If w = ¢, then clearly by our convention 1wl ¢ L(a). Suppose that w is
nonempty, and let [w] = I(—ix, —ja) for some nonnegative integers i and j with
{—ja} > {—ia}. We have

[w] = [w0] U [w1] = R([0w]) U R([1w]).

®Hedlund and Morse did not explicitly mention the Fibonacci word; they only considered slopes
with the smallest possible partial quotients.
"1t is indeed sufficient to consider only prefixes of f [91, Proposition 2.1.10].
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Since w is bispecial, all of the sets [w0], [w1], [0w], and [1w] are nonempty. Con-
sequently, the point {—(|w| + 1)a} is the common endpoint of the intervals [w0]
and [w1], and the point « is the common endpoint of R([0w]) and R([1w]). Specif-
ically, we see that o, {—(|w| + 1)a} € [w]. Furthermore, we have R([0w]) =
I(a, —ja) and R([1w]) = I(—ix, &), and we also have [w0] = I(—ia, —(Jw| + 1)a)
and [wl] = I(—(|w| + 1)a, —ja). If & < {—(|w| + 1)a}, then [wl] C R([0w]), so
1wl ¢ L(a). In the case that « > {—(|w| + 1)a}, we have [w0] C R([1w]), so
0wl ¢ L(a). O

We also need the following result, which is essential for Theorem 4.4.2. It is
proved in [91, Proposition 2.1.2].

Proposition 4.4.5. Let L be a binary factor-closed language. If L is balanced, then
|I£LN{0,1}"| <n+1foralln > 0.

For convenience, we define the following properties for an infinite binary
word w:®

e Spe (n): thereis at most one right special factor of length n in £ (w),
o Baly(n): |luly —|v1]] < 1forallu,v € Ly(n).

Lemma 4.4.6. Let w be an infinite binary word and n be a nonnegative integer. If
Balw (m) holds for all integers m such that m < n, then Spe_ (m) holds for all integers
m such that m < n.

Proof. Let m be an integer such that m < n, and suppose on the contrary that u
and v are distinct right special factors of length m in £(w). Let z be the longest
common suffix of u and v, that is, u = u’az and v = v'4z for some letter a and
words ' and v'. Now aza,dzd € L(w) since u and v are right special. Thus
||azaly — |azal;| = 2, contradicting the hypothesis. O

Lemma 4.4.7. Let w be an infinite binary word and n be a nonnegative integer. If
Balw (m) holds for all integers m such that m < n, then any right special factor u of w
such that |u| < n has at most two complete first returns in L£(w).

Proof. Let u be a right special factor of w such that |u| < n. Suppose that v; and v
are two distinct complete first returns to u in £(w). Let z be the longest common
prefix of v1 and v;. Now v; = zav) and v, = zav), for some letter a and words v
and v}, and hence z is a right special factor. The suffix of z of length |u| is right
special, so by Lemma 4.4.6, the word z has u as a suffix. Since v; and v, contain
exactly two occurrences of u, the only option is that z = u. Now if there was a
third complete first return to u in £(w), then it would have a common prefix of
length |u| 4+ 1 with either v; or vy (since there are only two letters). This, however,
is impossible by the preceding. O

Lemma 4.4.8. Bispecial factors of slope « are palindromes.

8This notation is borrowed from [50].
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Proof. Suppose that w is a bispecial factor of slope a that is not a palindrome.
Then w = uaw'au for some letter a and words 1 and w’. As w is bispecial, all of
the words Oua, 1ua, 410, and 4ul are in £(a). Hence 000,191 € L(«), where v is
either of the words u or . Since v and v have equally many letters 1, it follows
that the language £ («) is unbalanced; a contradiction with Theorem 4.4.2. O

We often use the next result without explicit reference.
Corollary 4.4.9. The language L («) is mirror-invariant.

Proof. 1t is sufficient to show that for any prefix w of c,, also w occurs in c,. Since
both Oc, and 1c, are Sturmian words of slope &, every prefix of ¢, is left special.
Since ¢, is aperiodic, The Morse-Hedlund Theorem implies that it has arbitrarily
long right special prefixes. Consequently, the word ¢, has arbitrarily long bis-
pecial prefixes, so by Lemma 4.4.8, the word ¢, has arbitrarily long palindromic
prefixes. It follows that for every prefix w of ¢4, also w is a factor of ¢,. O

Since a Sturmian word has exactly one right special factor and exactly one left
special factor of each length, it follows from Corollary 4.4.9 that the right special
factor of length 7 is the reversal of the left special factor of length 7.

Later we need to know accurately how much the language of a non-Sturmian
and aperiodic word has in common with a language of a Sturmian word. For this,
we need the following nontrivial result; see [91, Proposition 2.1.17].

Proposition 4.4.10. A finite word w is a factor of some Sturmian word if and only if w
is balanced.

The next proposition is well-known among researchers, but I was unable to
find a reference for it so, for the sake of completeness, we prove it here. The result
is best proven by looking at Rauzy graphs, but since I did not want to introduce
this concept only for a single proof, we present a proof without graph arguments.

Proposition 4.4.11. Let w be an aperiodic binary word that is not Sturmian. Then there
exists a palindrome p € L(w) and Sturmian words s and s’ such that

e 0p0,1p1 € [:(W),
o Lw(|p[+2)\{0p0} = Ls(Ip| +2),
o Lw(lpl+2)\{1p1} = Ly (lp| +2).

Proof. Since w is aperiodic and not Sturmian, by Theorem 4.4.2, it must be un-
balanced. Thus by Proposition 4.4.3, there exists a minimal length palindrome p
such that 0p0,1p1 € L£(w). Now there are exactly n + 1 factors of length n in w
for each nonnegative integer #n such that n < |p| 4+ 2. Otherwise an application
of The Morse-Hedlund Theorem and Propositions 4.4.5 and 4.4.3 shows that |p|
is not minimal. Thus it follows that the factor p must be the unique right special
factor of length |p| in £(w).

Consequently, the factor p has exactly two complete first returns; we denote
them by a and B. Moreover, every factor of w of length |p| is a factor of a or B.
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Otherwise some factor of length |p| occurs in w only finitely many times, which
means that some (infinite) suffix of w has at most |p| factors of length |p|, so w
would be ultimately periodic by The Morse-Hedlund Theorem. We claim next
that both « and B must be palindromes. Suppose on the contrary that, e.g., « is
not palindromic. Then we may write « = puavaiip for some letter a and words u
and v. Since no factor of length |p| except p occurs twice in a (otherwise w would
be ultimately periodic), the word a contains at least |a| — |p| > |p| + 2 factors of
length |p|. This is a contradiction. Similarly, the factor f is a palindrome.
Suppose now that « begins with p0. It follows that « ends with Op and that
B begins with pl and ends with 1p. Because w is aperiodic, there is an occur-
rence of the factor a1 in w. Since p1 uniquely extends to B in £(w), we see that
ap~!B occurs in w. This factor ap~! B is right special, so this particular occurrence
could be followed by the letter 1. However, since w is aperiodic, there exists an
integer i such that the factor a(p~'B)'0 has an occurrence in w. Thus overall
v € L(w), where v = a(p~!8)ip~!. Since a and B contain all occurrences of fac-
tors of length |p|, it follows that 7 contains all factors of length |p| + 2 except the
factor 0p0, which it clearly cannot contain as there is no occurrence of ap~!a in
v. It follows that the word + is balanced, so it is a factor of some Sturmian word
s by Proposition 4.4.10. Since vy contains every other factor of w of length |p| + 2,
it must be that Ly (|p| +2) \ {0p0} = Ls(|p| 4+ 2). In a similar manner, we find
a balanced factor 8(p~'a)/p~1B in L (w) containing every other factor of length
|p| + 2 except 1p1. This ends the proof. O

4.5 Privileged Complexity Function of Sturmian Words

This section is devoted for proving the following characterization of Sturmian
words. I originally proved this characterization in [113]; here we give a somewhat
different proof.

Theorem 4.5.1. An infinite word s is Sturmian if and only if
1, ifniseven,
A =1 I
2, ifnisodd
foralln > 0.

To simplify notation, we say that an infinite word w has the property AC(w)
if the privileged complexity function of w is as in Theorem 4.5.1.

Compare Theorem 4.5.1 and the following characterization of Sturmian words
proven by Droubay and Pirillo [50].

Theorem 4.5.2. An infinite word s is Sturmian if and only if

B(n) = 1, ifniseven,
® 2, ifnisodd

foralln > 0.
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Since Sturmian words are rich (we will prove this in a moment), it is obvious
that the palindromic and privileged complexity functions of a Sturmian word
coincide, yet it is not clear from Theorem 4.5.2 if a word having the property
AC(w) must be Sturmian. Next we set out to establish both Theorem 4.5.1 and
Theorem 4.5.2, and we will do so with essentially one proof. The crucial links
between these two characterizations are Proposition 3.3.2 and the fact that every
position in a word introduces at most one new palindrome or privileged factor.

Again, to simplify notation, we say that an infinite word w has the property
PC(w) if its palindromic complexity function is as in Theorem 4.5.2. For com-
pleteness, we first show that Sturmian words have the property PC(w).

Proposition 4.5.3. A Sturmian word s has the property PC(s).

Proof.” Clearly Pals(1) = {0,1} and Pals(2) = {00} (recall our convention that 11
does not occur in a Sturmian word), so the conclusion holds forn =1 and n = 2.
Let n > 2 and 6, be the mapping from Pals(n) to Pals(n — 2) defined by setting
0,(1) = v if u = bob for some letter b. We will show that 6, is a bijection; this
proves the claim.

The mapping 6, is injective since if 6, (1) = 6, (1') with u # 1/, then u = ava
and 1’ = 4vd for some letter a. This is impossible as Sturmian words are balanced.

Let thenv € Lg(n — 2). As Sturmian words are recurrent, we have cod € L(s)
for some letters c and d. If ¢ = d, then clearly 6, (cvd) = v, so suppose that ¢ # d.
Because L(s) is mirror-invariant, we also have duc € L(s). Consequently, the
word v is a bispecial factor of s. Thus either coc € L(s) or dvd € L(s). In both
cases, there is a factor u € L4(n) such that 6, (1) = v, so 8, is surjective. O

Next we prove that Sturmian words are rich. An alternative proof is given in
[49, Lemma 1].

Proposition 4.5.4. Let w be an infinite binary word and n be a nonnegative integer. If
Balw (m) holds for all integers m such that m < n, then Palw(m) = Priw(m) for all
integers m such that m < n 4 1. In particular, infinite balanced binary words are rich.

Proof. Suppose that Baly, (m) holds for all integers m such that m < n. We prove
the claim by induction. Clearly Paly (k + 1) = Priw(k + 1) when k = 0, so we
assume that1 < k < n.

Case A. Priw(k+1) C Paly(k+1). Letu € Priyw(k+1). The word u is a
complete first return to a shorter privileged word v. By the induction hypothesis,
the word v is a palindrome. If v overlaps with itself in u or u = v?, then u must
clearly be a palindrome. Assume that this is not the case, that is, suppose that
|v| < |ul/2.

If [v] = 1, then u is of the form 01/*/=20 or 10/*/-21, so u is a palindrome.
Suppose then that |v| = 2, so v = aa for some letter a. Consequently, we have u =
aaAaa for some nonempty word A. Since 4 must be a factor of A, it follows that
a has two complete first returns in £(w): aa and ad‘a for some positive integer
i. By Lemma 4.4.7, the factor a has at most two complete first returns in £(w),

9This proof is verbatim from [50, Proposition 6].
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q q

o la-—-al o la---al o ’v’

p p

Figure 4.1: Figure clarifying the proof of Proposition 4.5.4. Notice that some oc-
currences of v/ might overlap.

so it must be that ala = (ad’)/a for some positive integer j. Therefore u is a
palindrome.

We may now assume that [v| > 3. Write v = av’a for some nonempty word v’
and letter 2. Notice that ¢’ is a palindrome and hence privileged by the hypoth-
esis. Now u = av’'alav’a with A # ¢. Consider z = v'aAav’, the center of u. We
will show that z is a palindrome; from this it follows that u is also palindromic.
If z is a complete first return to v/, then z is privileged and thus palindromic. As-
sume then that z contains at least three occurrences of v/, that is, the word z has a
proper prefix p that is a complete first return to v’ beginning with v'a. Since u is
a complete first return to v = av'a, the word z cannot have av’a as a factor. Hence
it must have the word av’d as a factor. Therefore z contains a factor ¢ that is a
complete first return to v’ beginning with v’d. For a better understanding of the
situation, see Figure 4.1. Because ' is right special, Lemma 4.4.7 implies that the
words p and g are the only complete first returns to v’ in £(w). Now 4v'd is not
a factor of w because the factor z is balanced. Neither is av’a a factor of z, so the
occurrences af p and ¢q in z must alternate. Since both p and g are palindromes as
complete first returns to the privileged word v’ and since the word z begins and
ends with p, it follows that z is a palindrome.

Case B. Pulyy(k+1) C Priw(k+1). Letu € Paly(k+ 1) and v be its longest
proper border. The word v must be a palindrome and, by the induction hypoth-
esis, a privileged word. The word u must be a complete first return to v, since
otherwise there would be a privileged proper prefix z longer than v. This would
be a contradiction with the maximality of |v| because z would be palindromic by
the induction hypothesis. Therefore u is privileged.

If w is balanced, then by the preceding we have Pri(w) = Pal(w), so w is rich
by Proposition 3.3.2. O

Since Sturmian words are balanced, Propositions 3.3.2 and 4.5.3 now imply
the following.

Corollary 4.5.5. A Sturmian word s has the property AC(s).

Before proving Theorem 4.5.1, we need to know that if a word w has either
of the properties AC(w) or PC(w), then it must be aperiodic. We begin with the
following observation, which essentially follows from the pigeonhole principle.

Lemma 4.5.6. Let w be a periodic infinite word. Then either Ay (n) = 0 for infinitely
many n or there exists in integer k such that Ay (n) =1 foralln > k.



82 Sturmian Words

Proof. Let w = u“. Suppose that 4y (n) = 0 for only finitely many n, and let m
be the largest integer such that Ay (m) = 0. Let r be the largest integer such that
rlu] < m. If 4w (n) = 1 for all integers n such that n > (r + 1)|u/, then claim is
clear. Suppose that 4y (i) > 1 for some integer i such thati > (r+ 1)|u|. Itis
sufficient to show that 4y (n) = 1 forall n > i.

Let s be the integer such that s|u| <i < (s+1)|u|. Concatenating u to u° intro-
duces at most |u| new privileged factors.!? Further, if v is such a new privileged
factor, then s|u| < |v| < (s+ 1)|u| because all shorter factors were already intro-
duced. Suppose for a contradiction that concatenating u to u°® introduced at least
one privileged factor of length (s + 1)|u|. Since Aw(n) > 0 for integers n such
that s|u| < n < (s +1)|u|, it must then be that 4, (1) = 1 for integers n such that
slu] < n < (s+1)|u|. Hence i = s|u|. The word u° contains exactly one factor
of length s|u|, so as 4w (i) > 1, it must be that concatenating u to u° introduced
at least one privileged factor of length s|u|. However, then concatenating u to
u® overall introduced at least |u| + 1 new privileged factors, which is impossible.
This contradiction shows that u5*1 is not privileged. Thus by Proposition 3.2.5, no
word of the form u/ is privileged. Consequently, concatenating  to u! with > s
introduces exactly |u| new privileged factors all having distinct lengths from the
set {t|ul,t|u| +1,...,t{u| + |u| —1}. Hence Ay(n) = 1 for all n > i (there is at
most one integer 7 such that s|u| < n < (s + 1)|u| and Ay (n) > 1). O

Corollary 4.5.7. Let w be an ultimately periodic infinite word. Then either Aw(n) =0
for infinitely many n or there exists in integer k such that Ay (n) =1 forall n > k.

Proof. Prepending a letter to an infinite word produces exactly one new privi-
leged factor; see the proof of Lemma 3.3.3. Therefore prepending u to the periodic
word v* produces only finitely many new privileged factors. The claim therefore
follows from Lemma 4.5.6. O

The following result is an immediate consequence of Corollary 4.5.7.
Corollary 4.5.8. If an infinite word w has the property AC(w), then w is aperiodic.

Observe that in the proofs of Lemma 4.5.6 and Corollary 4.5.7, we only used
Proposition 3.2.5 and the fact that every position in a word introduces at most
one privileged factor. Since palindromes have analogous properties, we deduce
the following corollary.

Corollary 4.5.9. If an infinite word w has the property PC(w), then w is aperiodic.

We now have sufficient tools to prove Theorem 4.5.1. In [113], I gave a proof
of this result by adapting the proof of [50, Proposition 7]. Here we give a slicker
proof whose main ideas are due to Luca Zamboni (private communication).

Proof of Theorem 4.5.1. By Corollary 4.5.5, it is sufficient to show that an infinite
word w having the property AC(w) must be Sturmian. Clearly such a word w is
binary. It is also aperiodic by Corollary 4.5.8. Assume on the contrary that w is not

10 Actually, exactly |u| new privileged factors are introduced, but this is unimportant.
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Sturmian. Since w is aperiodic, by Proposition 4.4.11, there exists a palindrome
p such that 0p0,1p1 € Ly (n) for some positive integer n and a Sturmian word
s having exactly the same factors of length n as w has except either 0p0 or 1p1.
Assume that 0p0 € L(s); the other case is symmetric. Since s is Sturmian, it has
the property AC(s). If n is odd, then s has two privileged factors of length n:
0p0 and u (the word 0p0 is privileged since Sturmian words are rich). The factor
1p1 is a factor of some other Sturmian word and must thus be also privileged.
Therefore Priw(n) = {0p0,1p1,u}; a contradiction. Similarly if # is even, then
Priw(n) = {0p0,1p1}, which is impossible. O

Observe that the above proof directly yields a proof for Theorem 4.5.2: it is
now unimportant that the factors 0p0 and 1p1 are privileged and Corollary 4.5.9
ensures that a word w having property PC(w) is aperiodic.

We conclude this section by showing that the characterization of Sturmian
words given in Theorem 4.5.1 does not extend for Arnoux-Rauzy words or three-
interval exchange words, which are generalized Sturmian words. First we briefly
define these classes of words.

Sturmian words are the infinite words with one right special factor and one
left special factor of each length. Generalizing this, for an alphabet A with at least
two letters, we define an Arnoux-Rauzy word over the alphabet A to be an infinite
recurrent word w such that there is exactly one right special factor and exactly
one left special factor in Ly (1) for all n > 0. One example of an Arnoux-Rauzy
word is the Tribonacci word studied briefly later in Subsection 4.8.8. The study
of Arnoux-Rauzy words originates from the work of Arnoux and Rauzy [8]. For
a survey on Arnoux-Rauzy words and related topics, see Glen and Justin [68].

The dynamical system of irrational rotations can be viewed as an interval ex-
change: R(x) = x +aifx € Iy and R(x) = x +a —1if x € [;. Geometrically
this mapping swaps the subintervals Iy and I; of the interval [0, 1]. This interval
exchange can be generalized. There are multiple ways to do it, but we focus here
on three-interval exchange words studied, for instance, in the series of papers [59,
60, 61] by Ferenczi, Holton, and Zamboni. Let «, 8 € (0,1), and set I, = [0,«),
Iy = [a,a+ B),and I. = [a + B,1). Define a mapping Z on [0, 1) by

x+1—ugq, ifx € I,
I(x) =qx+1—-20—B, ifxel,
x—oa—p, if x € I.

Like for Sturmian words, we define a coding function v by setting v(x) = d if
x € Iy ford € {a,b,c}. A three-interval exchange word is an infinite word whose
nh, n > 0, letter equals v(Z"(x)) for some x € [0,1).

In [49, Corollary 2], it was proved that episturmian words, which include
Arnoux-Rauzy words, are rich. Therefore we may proceed as we did with Stur-
mian words: the palindromic complexity function of an Arnoux-Rauzy word
gives us its privileged complexity function by Proposition 3.3.2. The following
was proved in [83, Theorem 4.4].
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Proposition 4.5.10. Let w be an Arnoux-Rauzy word over the alphabet A. Then

Bu(n) = 1, if n is even,
v |A|, ifnisodd

foralln > 0.
Thus we obtain the following.

Proposition 4.5.11. Let w be an Arnoux-Rauzy word over the alphabet A. Then

A (n) = 1, if n is even,
v |A|, ifnisodd

foralln > 0.

The privileged complexity function cannot be used to characterize Arnoux-
Rauzy words when |A| > 2. Certain three-interval exchange words are rich and
have the same palindromic complexity function as Arnoux-Rauzy words over
an alphabet of size 3 [10, Theorem 4.1], so they also have the same privileged
complexity function as these Arnoux-Rauzy words. However, three-interval ex-
change words over at least three letters are not necessarily Arnoux-Rauzy words.
One example of a three-interval exchange word is the fixed point of the following
morphism [60].

a — abch
0. b ab
c—a

The fixed point is not an Arnoux-Rauzy word since both letters a and b are right
special, yet by [10, Theorem 4.1], it has the complexity functions of Propositions
45.10 and 4.5.11.

Actually, not even both the factor complexity and the privileged complexity of
Arnoux-Rauzy words characterize them since the above fixed point has the same
factor complexity as a three-letter Arnoux-Rauzy word [10].

4.6 Powers in Sturmian Words

This section presents a complete description of integer powers occurring in a
Sturmian word of slope a. As a side-product, in Theorem 4.6.3, we obtain a
description of the conjugacy classes of length g, , in £(«). Finally, as an easy
consequence of the established results, we obtain a formula for the fractional in-
dex of a Sturmian word (Theorem 4.6.7). We apply this result to computing the
fractional index of Sturmian words whose slope is a quadratic irrational (Theo-
rem 4.6.8). In particular, we show that the Fibonacci word has fractional index
2 + ¢, the smallest possible fractional index among Sturmian words.

The following important proposition shows the utility of Proposition 4.2.3 in
the study of Sturmian words.
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Proposition 4.6.1. If w? € L (a) with w primitive, then |w| € Q.

Proof. Letn = |w|. If n < g1, then the factors of length n are readily seen to be 0"
and the conjugates of 0" 1. Because the minimum number of letters 0 between
two occurrences of letter 1 in a word in £(«) is a1 — 1 and the maximum number
is a1, the word w? can be in £ (a) only if w = 0 = sy. Suppose then that n > g,
and [w] = I(—ix, —jua) for some integers i and j such that 0 < i,j < n. We may
assume without loss of generality that w is right special, so {—(n + 1)a} € [w].
Further, since [w?] = [w] N R™"([w]) # @, then necessarily (depending on 1)
either [w?] = I(—ia, —(j + n)a) or [w?] = I(—ja, —(i + n)a). We assume that
[w?] = I(—iw, —(j + n)a); the other case is symmetric. We wish to prove that the
points { —(n+1)a and {—(j + n)a} are actually the same point. This is equivalent
to saying that j = 1. Assume on the contrary that j # 1. Let a be the first
letter of w. Notice that [w?] C [wa]. Now as w is right special, we have [wa] =
I(—ja, —(n+1)a) and [wa] = I(—(n+1)a, —ia). Letx € [w?]and y € [wa] \ [w?],
and let 1 be the longest common prefix of sy 4 and sy 4. Since [w?] # [wa], we have
|u| < 2|w|. Moreover, the factor u is right special, so w is a suffix of u. However,
the word w? is a prefix of sy , implying that u is a prefix of w?. Thus w? contains
at least three occurrences of w contradicting the primitivity of w. From this, we
conclude that j = 1. There are no points {—ma} with m < n in the interval
I(—(j + n)a, —ja), so the point {—na} is the point closest 0 from either side. If
g1 < n < gy, then it must be that n = g;. Otherwise, let k be an integer such that
k>2and g,y < n < ggppq with 0 < £ < a. By Proposition 4.2.3, either n = q;_1
or n = qi ¢, proving the claim. O

Indeed, for each g € Q;f there exists a word of length g occurring as a square

in L(a).
Lemma 4.6.2. We have s> € L («) forall s € Stand™(«).

Proof. Ass3 = 0% and s3 = (0"711)%, clearly 53,52 € L (). Let k be a positive
integer. Since the words s 15x and sgsy1 differ only by their last two letters, it
follows that s? is a prefix of sy 1y if k > 2. As s is a prefix of s,1 when k > 0,
the word sﬁilsk,z is both a prefix and a suffix of sZ"_ 15k—2 for all k > 2 and all
integers ¢ such that 0 < ¢ < a;. Thus s,z{ contains sir ;- The conclusion follows. [

As was seen in the proof of Proposition 4.6.1, the index of a factor w of length
n depends only on the largest nonnegative integer r such that R~ (x) € [w] for
t =0,1,...,r, where x is either of the endpoints of [w]. That is, the index of a
factor depends only on the length of its interval but not on its position. To put it
more precisely: the index of a factor w in £ (&) equals

jﬂ |[w]| J 4.12)

aofa|

where yis 1if |[w]| # |||w|a|| and 0 otherwise. Next we will carefully characterize
the lengths of the intervals of factors of length g ;. After this, itis easy to conclude
the main results of this section.
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Theorem 4.6.3. Let n = qip withk > 2and 0 < £ < ar. Then C(54) € L(«)
fori=0,1,...,n — 1. The intervals of the first qx_1 — 1 conjugates of sy ; have length
|9k c—1¢||, and the intervals of the latter n + 1 — qy_1 conjugates have length ||qi_q«||.
The interval of the remaining factor of length n has length ||qy eu||.

Proof. The geometric ideas of this proof are illustrated in the example following
this proof. With the same effort, we prove here more than what is claimed above:
we give the exact positions of the intervals of the conjugates of sj ; on the circle.

Let ] = I(—qx¢-14,0), K = I(—qx ¢—14, —na), and L = I(—n«,0). By Proposi-
tion 4.2.3, the interval | has exactly one point { —ta} with 0 < t < n as an interior
point; namely the point { —na}. That is, the point {—na} split the level n — 1
interval | into the level n intervals K and L. Observe that ||g; o_12| = |]| = |K| +
IL| = ||qk—1«|| + ||qk ¢2||. The Three Distance Theorem tells that the level n inter-
vals have lengths ||gx o_1|, |9k ¢x||, and ||gx_1«||. In particular, the interval L is
the unique level n interval of length ||y || Let i be the smallest positive integer
such that the interval R7/(]) is not any interval of level n. The interval R7(J)
must be a union of two level n intervals: one having length |K| and the other hav-
ing length |L|. This is true as by (4.6), it can be deduced that |J| is never a multiple
of |K|; further, |K| is never a multiple of |L|. Since an interval of length ||q; s«|| is
unique, we conclude that the other interval in the union is L. As « is irrational,
R7i(J) # ], so it must be that R~/(J) = M UL, where M = I(—g_1«,0). There-
fore R~/ maps the endpoint 0 of L to the endpoint {—q;_1a} of M, s0i = g_;.
Ask > 1,alsoi > 1. We have shown that the level n intervals R~!(]), R=2(]), ...,
R=G=1)(]) have length ||g;_1 ¢«||. By The Three Distance Theorem, the remaining
1+ 1 — gi_1 intervals excluding L have length ||, _1«]|.

What remains is to analyze the connection between rotation and conjugation.
Let u and v be factors of length n such that [u] = M and [v] = L. Since the
intervals M and L are on the opposite sides of 0, we have u = au’ and v = 40’
for some letter 2. Let x € M and y € L. Notice that R=(~1(J) = R(MUL).
Since i > 1, the interval R~(=1)(]) is the interval of some factor w of length .
Therefore the Sturmian words sy14, and Sy-+a,n both have w as a prefix. Thus
sx,« begins with aw and s, , begins with dw. Hence w must be left special, that
is, w = si . We will show next that v is not conjugate to s; . Notice that k — 1
is odd if and only if {—gx_1a} € Iy. Hence the first letter of v is 0 if and only if
k —1is odd. On the other hand, the last letter of s; ; is 0 if and only if k — 1 is
even. Thus we conclude that the first letter of v is distinct from the last letter of
sk ¢- However, as the suffix of v of length n — 1 is a prefix of sy s, we see that there
are more letters b in v than there are in s ¢, so v and s; ; cannot be conjugate.

Let then z be the factor of length n such that [z] = R™1(]). Since {—na} € J, it
must be that {—(n 4+ 1)a} € R71(J) = [z]. Thus z is right special, that is, z = 5 4.
By Lemma 4.6.2, we have Si,é € L(«). Hence every conjugate of sy ¢ is a factor.
Further, by the mirror-invariance of £ («), we see that s; o and 5 ¢ are conjugates.
Moreover, every conjugate of s ; is extended to the left by its last letter.

Suppose that A is a factor of length n such that A # v and R™!([A]) is the
interval of some factor y of length n. As the interval R~1([s; ]) does not satisfy
this condition, it follows that A # s; s, so A extends to the left uniquely. We will
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10100 = 2

—a §=10010

Figure 4.2: An example of the geometric ideas in the proof of Theorem 4.6.3.

prove that C(A) = p. Write A = A’ for some letter b. Then obviously u = cA’ for
some letter c. By definition, u must be followed by the letter b, that is, ub = cA’'b =
cA € L(w). We have ¢ = b because A is uniquely extended to the left by its last
letter. Therefore we conclude that C(A) = p. In this way, we see that the factors
of length n having the intervals R~1(J), R=2(J), ..., R-0=1(]) correspond (in
order) to the factors Si s, C(Sk¢), ..., C172(5; ¢) (recall that CT—172(5) ;) = s¢ ).
We saw above that v is not conjugate to sy ¢, so it must be that C(s; ;) = u. Thus
the factors of length 1 having the intervals L, R~*(L), R=%(L), ..., R-(*~9-1)(L)
correspond (in order) to the factors u, C(u), C?(u), ..., C"~%-1(u). Because u =
C(sky) = C%171(5 ), we have a complete description of the positions of the
intervals of conjugates of 5; o using the backward orbit of | under R. O

Example 4.6.4. Let a be the number with the continued fraction expansion [0; 2,1],
thatis, « = 1(v/3 — 1). Consider the semiconvergent
p31 _ 1+1 2

31 3+2 5

of & and the factors 00100, 00101, 01001, 01010, 10010, and 10100 of slope & of
length 5. The intervals of these factors are depicted in Figure 4.2. There are in-
tervals of type 1,2, and 3 depending on their length. Intervals of type 1 have
length ||2«||, intervals of type 2 have length ||3«||, and the unique interval of
type 3 has length ||5«||. Let ] = I(0, —2a). As in the proof of Theorem 4.6.3,
the point {—5a} has split the type 1 interval | into intervals of type 2 and 3.
The interval R~(]) corresponds to the right special factor 337, which we sim-
ply denote by 5. The arrows in the figure indicate how conjugation acts on s.
The backward orbit of | corresponds to the conjugates of s of type 1 until the
interval of the left special factor s is encountered. As seen in the proof of Theo-
rem 4.6.3, the interval R~!([s]) no longer coincides with any interval of level 5.
Here R~!([s]) = LUM = I(0, —5a) U I(0, —3a), just as the proof requires. The



88 Sturmian Words

factor associated with the interval L is here seen to be not conjugate to s, in agree-
ment with the proof. The interval M must then be associated with a conjugate of
s. As in the proof, the intervals of the rest of the conjugates of s are obtained by
rotating M backwards. The intervals obtained this way are of type 2.

We are now ready to prove the main result. The result was originally proven
by Damanik and Lenz [45]. We present it here phrased in a different way.

Theorem 4.6.5. Let n and k be integers such that n > 1 and k > 2. Consider the indices
of factors of length n in L (x).

(i) If n < qq, then the index of the conjugates of 0" 1 is 1, and the index of the
remaining factor 0" is |aq /n|.

(ii) If n = g1, then the index of the conjugates of 51 is ap + 1, and the index of the
remaining factor 01 is 1.

(iii) If n = qy, then the index of any of the first q,_1 — 1 conjugates of 5y is ax1 + 2, the
index of any of the remaining n + 1 — qx_q conjugates is g1 + 1, and the index
of the remaining factor is 1.

(iv) If n = qp with 0 < £ < ay, then the index of the first qx_1 — 1 conjugates of sy,
is 2, and the index of the remaining factors is 1.

(v) Ifn = mqq with1 < m < ay + 1, then the index of any of the first q; conjugates of
5{"is | (ap + 1)/m], and the index of any remaining factor is 1.

(vi) If n = mqp with 1 < m < ag1 + 2, then the index of any of the first q_1 — 1
conjugates of 5" is | (ary1 +2)/m], the index of any of the next qx +1 — x4
conjugates is | (ayq + 1)/m], and the index of any remaining factor is 1.

(vii) If n does not fall into any of the above cases (i)—(vi), then the index of every factor of
length n is 1.

Proof. First of all, observe that all the cases (1)—(vii) are mutually exclusive. Let us
first consider the cases (i) and (ii), so suppose that n < g;. The factors of length
n are readily seen to be 0" and the conjugates of 0" ~11. As the index of 0 is a;,
the index of the factor 0" is [a1/n]. The intervals of the conjugates of 0"~ !1 have
length a. If n = 1, then the index of the factor 0" M is1. If n > 1, then the
number 1 + |a/|na|| | equals 1 unless n = g1, when it equals a; + 1 by (4.9). The
claims of (i) and (ii) now follow from (4.12).

Suppose then that n = g, with k > 2and 0 < ¢ < a;. By Theorem 4.6.3, the
intervals of the first g;_1 — 1 conjugates of 5 y have length ||g; s_1«||. Using (4.12)
and (4.6), we see that their index equals to

o | lasael |y | Bl el | el

g eac| llqx eacl| lqx ea||

If ¢ # ag, then by (4.7), we have ||gy oa|| > ||gx—14]|, so the index is 2. If £ = ay,
then by (4.9), the index equals to 2 + a;1. This proves the first claims in (i) and
(iv). The latter cases are analogous, so (iii) and (iv) are proved.
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Proposition 4.6.1 shows that the factors not covered by the cases (i)—(iv) having
index higher than 1 are not primitive. By (i) and (iv), they must have length mg;
for some integers k and m such that k > 1 and m > 1, meaning that we are in
either of the cases (v) or (vi). It is a straightforward application of (ii) and (ifi) to
deduce (v) and (vi). The theorem is proved. O

In particular, every Sturmian word contains infinitely many cubes, but fourth
powers are avoidable.

In the next corollary, we collect some consequences of Theorem 4.6.5 and use-
ful results hidden in earlier arguments.

Corollary 4.6.6. Let w € L(«). The following holds:
(i) If wis primitive and w> € L(w), then w is conjugate to some word in Stand™*(«).

(ii) If w is primitive and w3 € L (), then either w = 0 and a; > 2 or w is conjugate
to some word in Stand(a) \ {0}.

(iii) The factor w is conjugate to sy for some k > 0 if and only if |w| = |si| and
w? € L(a).

(iv) Let w be a conjugate of sy, withk > 2 and 0 < ¢ < ay. Then w? € L () if and
only if the intervals [w)] and [sy o] have the same length.

(v) Let n € QFf and s be the (semi)standard word of length n. Then the factor w of
length n is conjugate to s if and only if |w|o = |so.

Proof. The cases (i)-(iii) follow directly from Theorem 4.6.5. Consider then the
conjugates of sy with k > 2 and 0 < ¢ < a;. By Theorem 4.6.5, only the first
gk—1 — 1 conjugates of 55 y have index at least 2, and by Theorem 4.6.3, the inter-
vals of these conjugates have length ||qy ¢_1«||. Since |[sy ¢]| = ||k ¢—14]|, the case
(iv) is proven. The case (v) was shown to be true in the proof of Theorem 4.6.3. A
simpler proof can be given: the idea is that there are n + 1 factors of length n in
L («) and every factor of length 1 except one exceptional factor v is conjugate to s
since s? occurs in £ («) by (iii) and (iv). As not every factor of length n may have
the same number of letters 0 (a right special factor always extends to two factors
having different number of letters 0), it must be that v has a different number of
letters 0 than any conjugate of s. O

Cases (i) and (ii) were proved in the particular case of the Fibonacci word in
Patrice Séébold’s Ph.D. dissertation [133].

We obtain the result of [44], [26], and [82] on the fractional index of Sturmian
words as a direct consequence of the results obtained so far.

Theorem 4.6.7. The fractional index of a Sturmian word of slope « is

-2
max < 41,2 + sup {ak + L]k—z} .
k>2 k-1
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Proof. The largest fractional power of a factor with length less than g; is clearly
0%. Therefore according to Theorem 4.6.5, it is sufficient to analyze the largest
fractional power of a (primitive) factor of length gy for k > 1. Theorem 4.6.5
implies that the factor 07111 has the largest index of a, + 1 among the factors of
length g;. The factor (0°1-11)%2+1 is necessarily followed by the factor 071, so the
fractional index of the factor 0711 is as large as possible and it equals

ay+1+ (a1 —1)/ay =24 ay+ (g0 —2)/q1.

Suppose then that k > 1. By Theorem 4.6.5, the index a1 + 2 of the first g, _1 — 1
conjugates of 5, dominates the index of the rest of the factors of length g;. The
fractional part of the fractional index of a factor w is determined by the shortest
extension of w to a right special factor. Notice that from the proof of Theorem 4.6.3
it is evident that C%-172(3;) = s;. Thus among the first g;_; — 1 conjugates of 5,
the factor s; has longest extension to a right special factor, and the length of the
extension is g;_1 — 2. Thus the fractional index of sy is a1 +2+ (qx_1 — 2) / k-
The claim follows. O

In particular, Theorem 4.6.7 says that a Sturmian word has bounded fractional
index if and only if the partial quotients of its slope are bounded. This is a result
of Mignosi [96]. An alternative proof was given by Berstel [16]. Fractional powers
in the Fibonacci word were studied already in [118] by Pirillo.

Observe that for almost all slopes «, the fractional index of a Sturmian word
of slope « is unbounded since almost all real numbers in the interval (0,1) have
unbounded partial quotients (see, e.g., [86, Theorem 29]).

For the sake of completeness, we apply Theorem 4.6.7 to compute the frac-
tional index of a Sturmian word whose slope is a quadratic irrational. We follow
the work of Carpi and de Luca [26].

Let « € (0,1) be a quadratic irrational. Then, by the well-known theorem
of Lagrange (see, e.g., [76, Chapter X]), its sequence of the partial quotients is
ultimately periodic, that is, the continued fraction expansion of « has one of the
following forms:

[0;611,.. ., a4y, blr-- .,bm] or [0,'171,. . .,bm]. (413)

We consider the numbers having purely periodic continued fraction expansions
whose periods are obtained by “conjugating” the reversals of the period in (4.13).
Fori=1,2,...,m, we set

w;i = [bi,bi_1,..., b1, by, byy_1,..., b1,
and we define
Q=max{w;:ie€{l,...,m}}.

If the continued fraction expansion (4.13) is not purely periodic (that is, if £ > 1),
then we let

E:max{qk_z:ke{l,f+m1}},
Jk-1
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otherwise we set & = 1.

Theorem 4.6.8. Let a be a quadratic irrational as in (4.13). Then, with the above nota-
tion, the fractional index of a Sturmian word of slope « is 2 + max{E, Q}.

Proof. By Theorem 4.6.7, the fractional index of a Sturmian word of slope « equals

-2
2+ sup I .
>1 Jk-1

If / = 0, that is, the continued fraction expansion (4.13) is purely periodic, then
H < ), and the fractional index is 2 + (), so the claim holds. We assume that
¢ > 1. First of all, if k > ¢, then we may write k = ¢ + rm + i for integers r and i
such that r > —1 and 1 < i < m. Then by the mirror-formula (4.3), we have

X

Tk—1 = [bi/'“/bl/mr,ﬂg,...,al]

if ¥ > 0 (the superscript r signifies that the period is repeated r times) and

qk

= |dg,..., 01
Jk—1 | ]
if r = —1. Hence by using Lemma 4.2.1, we see that
-2
lim sup =< _ lim sup e _ Q.
k—oo  Jk—1 k—oo dk—1

If the sequence

<‘7k - 2> (4.14)
k-1 / k>1

does not attain its supremum, then its supremum equals

lim sup =2 _ Q
k—o00 qk—1

4

so E < (), and the fractional index indeed equals 2 + max{&, O} in this case.

Suppose then that the sequence (4.14) attains it supremum, and let k > /.
Let the rational numbers P/Q and P’/Q’ respectively be the (k — ¢ — 2)th and
(k — ¢ — 1) convergents of the rational number gy /gi_1; these rationals are also
the (k — ¢ —2)" and (k — ¢ — 1) convergents of gy /qcsm—1. Recall that a
rational number is equal to its largest convergent. By applying the recurrence
formula for convergents repeatedly, we see that

g = AP + BP/, Geom = AP+ B'P,
-1 =AQ+BQ",  Gr_14m=A'Q+BQ
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for some integers A, B, A/, and B’ that do not depend on k. With the help of the
identity (4.2), we derive

Tetmk—1 = Gkfk—14m = (A'P + B'P")(AQ — BQ')
(AP +BP')(A'Q + B'Q)
— (AB' — A'B)(P'Q — PQ')
= (=1)F1(AB — A'B).

Therefore we obtain

Giem =2 qe=2 _ (=1 (AB — A'B) + 2(qt—1m — Gt-1)

(4.15)
Jk—1+m k-1 Tk—19k—1+m

Suppose now that the sequence (4.14) attains its supremum for k = n. Assume
for a contradiction that n > ¢ + m. Now
n+m — 2 _qn— 2
In—14+m dn—1

<0

and

Qn_z_anm_z > 0.

In-1 In—1-m

Thus from (4.15), we derive for k = n and k = n — m that
(_1)n7€+1 (AB"— A'B) + 2(qu-14m — n-1) <0
and

(=1)" " (AB' — A'B) +2(gn-1 — Gu-1-m) 2 0.
Since m is even, subtracting these inequalities yields

In—14m T Gn—1-m < 29];1—1-

Since m > 2, it follows that g,_14, > g,+1. However, a direct computation
shows that g,41 > 2g,_1; a contradiction. Therefore n < ¢ + m — 1. By the very
definition of the quantity &, we see that the fractional index equals 2 + max{Z, Q}
in this case too. O

Example 4.6.9. Consider Sturmian words of slope a, where « = [0;2,4, T] =
[0;2,4,1,1]. Following the notation of (4.13), we thus have ¢ = 2 and m = 2.
Clearly () = ¢. The sequence of convergents of « begins as follows:

Therefore E = max{0,7/2,1} = 7/2, so the fractional index of a Sturmian word
of slope « is 2 + max{7/2,¢} = 11/2.
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Theorem 4.6.8 allows us to determine the fractional index of the Fibonacci
word; this was originally done by Mignosi and Pirillo [97].

Theorem 4.6.10. The Fibonacci word has the smallest fractional index among all Stur-
mian words, and it equals 2 + ¢, where ¢ is the golden ratio.

Proof. It follows directly from Theorem 4.6.8 that the fractional index of the Fi-
bonacci word is 2 4 [1;1]. The claim follows as [1;1] = ¢. This fractional index
is smallest among all Sturmian words because the partial quotients of the slope

[0;2,1] are as small as possible. O

Corollary 4.6.11. Up to renaming of letters, there are three distinct slopes a such that
the Sturmian words of slope a have fractional index 2 + ¢. These slopes are [0;2,1],
[0;2,2,1], and [0;3,1].

Proof. Let & = [0;a1,ay,...], and suppose that Sturmian words of slope a have
fractional index 2 4 ¢. By our convention, we have a; > 2. Let k > 3, and
suppose that a; > 1. Now

611—2

.2 2
2+ar+@;i——z4+il—f=4+

>4>249¢,
k—1 qk—1 qrk—1

which is impossible by Theorem 4.6.7. Therefore a, = 1 for all k > 3, that is,
a = [0;a1,a,,1]. By Theorem 4.6.7, we must have a; < 4. Since

go—2
q1

24ay+

1
1

we see that if 11 = 3 then a, = 1 and if 4 = 2 then a, < 2. Thus there are three
possibilities for a: [0;2,1], [0;2,2,1], and [0;3, 1]. Theorem 4.6.8 implies that in all
three cases the fractional index equals 2 + ¢. O

We conclude this section by considering the important special case where ¢ =
1 in the ultimately periodic continued fraction expansion (4.13).

Proposition 4.6.12. Let « be a quadratic irrational such that « = [0;a1,bq,...,bn].
If oy < 2+ min{(2by + 1)wm, B}, where B = max{by, ..., by}, then the fractional
index of a Sturmian word of slope a is 2 + Q).

Proof. By doubling the length of the period m, we may assume without loss of
generality that m is even. By Theorem 4.6.8, it is sufficient to show that & < (). In
other words, we need to show that

=2 <0
k-1

fork =1,2,...,m. In fact, we show that this inequality is satisfied for all k > 1.

In the case k = 1, we have

2
N=2 _ 4 _2<B<0,
q0
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and in the case k = 2, we obtain

q2—2_b1a1+1—2

<a < Q.
q1 aj

Hence we may suppose that k > 3.
Write k = 14 rm + i for integers r and i such thatr > —land 1 < i < m.
Recall that by the mirror formula (4.3), we have

e~ i, b1, by, b1 )
k-1

Suppose that the rational numbers P/Q and P'/Q’ are respectively the (k — 2)th
and (k — 1)™ convergents of the rational number gy /g_1; these rationals are also
the (k —2)™ and (k — 1) convergents of w;. Since

Wi = [biy. .. b1, By, -, b1,
we see that
w; = OnP'+P
a wnQ' +Q

Moreover, we have
gk =mP' +P and g1 =mQ" +Q,
so it follows that

Gk—1(wmP" + P) — (gx — 2)(wmQ" + Q)
= (WP +P)(0;Q" + Q) — (wnQ' + Q)(a;P' + P —2)
= (QP' — PQ')(wm — a1) +2(wmQ" + Q)

> 2bywm +2 — a1 — wn|

because Q' > by, Q > 1, and |QP’ — PQ’| = 1. Utilizing now the assumption
a1 < 2+min{(2by +1)wm, B}, we see that a; — wy, < 2bywm + 2, so consequently
|a1 — wm| < 2bywp + 2. Tt follows that

N S
Jk-1 Jk-1

_ wyP'+P g2

wnQ' +Q Gk
_ Q1 (wnP + P) — (g5 — 2)(wnQ" + Q)

Ik—1(wnQ + Q)
2b1 W + 2 — |a — why|
Ir—1(wnQ + Q)

> 0.

Therefore & < (), and the claim is proved. O
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Proposition 4.6.12 allows us to compute the fractional indices of Sturmian
words that are fixed points of morphisms. The slope « of such a Sturmian word
must be a quadratic irrational such that its algebraic conjugate a’ satisfies &’ > 1,
i.e., its slope must be a so-called Sturm number. This is a reformulation of Al-
lauzen [2] of a result of Crisp et al. [38]; see also [20, 141]. The continued fraction
expansion of a Sturm number « takes either of the forms

[0;1,a1,b4,...,bw] withby,, > a; or
[0;1+u1,b1,...,bm} with b, > a; > 1

depending on if « > 1/2 or &« < 1/2; see [91, Theorem 2.3.26]. Moreover, given
a morphism fixing a Sturmian word, it is possible to determine the continued
fraction expansion of the slope based on it. Any morphism mapping a Sturmian
word to a Sturmian word must be a so-called Sturmian morphism; for more on
the subject see [91].

As a direct consequence of Proposition 4.6.12, we obtain the following result
of Vandeth [139].

Corollary 4.6.13. Let a be a Sturm number such that « < 1/2. Then then the fractional
index of a Sturmian word of slope a is 2 + Q).

Proof. The number a has continued fractions expansion [0;41,by,...,by,] with
by > ay—1>1. Hence ay < by, +1 < 24+ min{(2b; + 1)wy, max{by, ..., bu}},
so the claim follows from Proposition 4.6.12. O

The study of integer powers presented here was not concerned about the po-
sitions where the powers occur, that is, the intercept was irrelevant. Research
taking the intercept into account has been done. For instance, every Sturmian
word begins with arbitrarily long squares but cubes might not occur as prefixes
at all; see, e.g., [4, 53]. In [21], Berthé, Holton, and Zamboni consider the initial
critical exponent of a Sturmian word sy, defined as the supremum of all ratio-
nals g such that w1 is a prefix of s, , for some word w. They show, among other
results, that typically the initial critical exponent of a Sturmian word of slope «
equals 2 + limsup,_,  [ax; ax_1, - - ., a1] but there always exists p € (0,1) such that
the initial critical exponent of s, 4 is at most 1 + ¢.

4.7 Abelian Powers and Repetitions in Sturmian Words

A natural way to generalize the notion of an integer power of a word is to relax
the requirement that two adjacent occurrences of a word of the same length must
be equal letter-by-letter and to require them to only have weaker similarity. One
such generalization is an abelian power: a word u; - - - 1, is an abelian power if
all of the words u3, ..., u, are of the same length and are permutations of each
other. Abelian powers were already considered by Erdds in 1957 [56], and more
recently there has been much research on the subject; see, e.g., the papers [30, 85,
128] on avoidability.
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In this section, we study abelian powers and its generalizations called abelian
repetitions in Sturmian words refining the work of Richomme, Saari, and Zam-
boni [122] on Sturmian words.

4.7.1 Definitions

Let A = {ay,...,a;} be an ordered alphabet of k letters, and let w be a word over
A. The Parikh vector Py, of the word w is defined to be the vector (|w/a,, ..., |w|s, ),
that is, the Parikh vector merely counts the number of occurrences of the letters
of A in w (in a certain order).!! Thus two words have the same Parikh vector if
and only if one word can be obtained from the other by permuting letters. Hence
we give the following definition.

Definition 4.7.1. Two words u and v over A are abelian equivalent, denoted by
u ~gp 0, if Py = Py. If P and Q are two Parikh vectors and P is componentwise
less or equal to Q but is not equal to Q, then we write P < Q and say that P is
contained in Q.

Next we present a definition which generalizes fractional powers into the
abelian setting. This definition is given in [35], but it is not the only possible
one: three additional generalizations are considered in [128].

Definition 4.7.2. The abelian decomposition of a word w in A* is a factorization
w = uglqy---Uy_q1Uy such that n > 2, the words uq, ..., u,_1 have the same
Parikh vector P (i.e., they are abelian equivalent), and the Parikh vectors of ug
and u;, are contained in P. The words u( and u,, are called respectively the head
and the tail of the decomposition. The common length g of the words u;, ..., uy
is called an abelian period of w.

If a word w in A* has an abelian decomposition like above with n > 3, then
we say that w is an abelian repetition of period q and exponent |w|/g. If we are
uninterested in the period and the exponent, then we simply say that w is an
abelian repetition.

An abelian power is a word w that has an abelian decomposition with empty
head and empty tail. Let g be the abelian period of w associated with such a
decomposition. Then we say that the word w is an abelian power of period ¢
and exponent |w|/q. If the exponent of w equals 1, then w is a degenerated abelian
power of period g.

Every word w clearly has minimum abelian period py, and py < |w|. The
abelian decomposition of a word corresponding to the minimum abelian pe-
riod is not necessarily unique as the abelian decompositions a - aba - baa and
aab - aba - a of period 3 show. If a word w is an abelian power of maximum expo-
nent k, then k does not necessarily equal |w|/ . For instance, if w = (baaba)?,
then w is an abelian power of period 5 and exponent 2, but |w|/u, = 10/3 as
w ="b-aab-aba-aba-e.

We have the following simple result, which is analogous to the case of ordi-
nary periods of words.

U Parikh vectors are named after Rohit Jivanlal Parikh for his famous work [112].
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Lemma 4.7.3. Let u be a factor of a word w. Then yy > yy. On the other hand, if w
has an abelian period q such that q < |u|, then q is also an abelian period of u.

4.7.2 Abelian Equivalent Factors of Sturmian Words

In general, abelian equivalence of words is much more complicated than equality
of words. However, it is somewhat simpler to consider abelian equivalence in
Sturmian languages since Sturmian words are binary and, more importantly, bal-
anced. Being balanced, the factors of a Sturmian word of length 7 fall into exactly
two abelian equivalence classes: words of one class contain one letter 1 less than
the words of the other class. If a factor is in the former class, then we call it light,
otherwise it is called heavy. Even more conveniently, the next result, also a part of
the proof of [123, Theorem 19], tells that the intervals of the light factors of length
n are below the point { —na} on the circle, while all intervals of the heavy factors
are above it. Recall from Proposition 4.3.5 that the order of the level n intervals
on the circle corresponds to the lexicographic order of the associated factors.

Proposition 4.7.4. Let w € L (). Then w is light if and only if [w] C 1(0, —|w|«).

Proof. We prove the claim by induction on |w|. The case |w| = 1 is true by defini-
tion. Suppose that the claim is proven for |w|, and let us prove it for |w| + 1. We
have two cases: either {—(|w| + 1)a} < {—|w|a} or {—(Jw|+ 1)a} > {—|w|a}.

Suppose that {—(|w| + 1)a} < {—|w|a}. By induction, the factors of length
|w| associated with the intervals above the point { —|w|a} are heavy and the other
factors of length |w| are light. The factors of length |w| associated with the points
between {—(|w| + 1)a} and {—|w|a} are extended by the letter 1, while the other
factors are extended by the letter 0. Thus the factors of length |w| + 1 associated
with the intervals above the point { — (|w| 4 1)a } are either heavy factors of length
|w| extended by the letter 0 or light factors of length |w| extended by the letter
1. The other factors of length |w| + 1 are light factors of length |w| extended
by the letter 0. Thus the factors associated with the intervals above the point
{—(Jw| 4+ 1)a} contain one more letter 1 than the other factors, that is, they are
heavy and the other factors are light.

Suppose finally that {—(|w| + 1)a} > {—|w|a}. This case is similar: now the
factors associated with the intervals below {—(|w| + 1)a} are either light factors
of length |w| extended by the letter 1 or heavy factors of length |w| extended by
the letter 0, while the other factors are heavy factors of length |w| extended by the
letter 1. The conclusion follows. O

Let spn = apa; ... be a Sturmian word of slope . An abelian power is a
concatenation of abelian equivalent factors of the same length, which must all be
either heavy or light. By Proposition 4.7.4, the factor ay, - - a4y 441+ dpygg-1 18
an abelian power of period g and exponent k with k > 2 if and only if the k points

{o+ (n+ig)a} fori=0,1,...,k—1 (4.16)

all lie either in the interval I(0, —qa) or in the interval I(—qa,1). Actually, we
give the following more precise result.



98 Sturmian Words

Proposition 4.7.5. Let sp, = agay ... be a Sturmian word of slope . The factor
A+ Apyg1° " Apykg—1 i an abelian power of period q and exponent k with k > 2
if and only if the k points of (4.16) all lie either in the interval 1(0, —qu) or in the inter-
val I(—qu, 1). Moreover, the points of (4.16) are naturally ordered:

o if {qu} < 1/2, then they all lie in the interval 1(0, —qa) and
{ptnap <{p+(mt+gap <..<{p+ @+ (k-1)qua};

o if {qu} > 1/2, then they all lie in the interval I(—qu,1) and
{p+na} >{p+m+qa}t >...>{p+ n+ (k—1)q)a}.

Proof. 1t is sufficient to show that the points of (4.16) are naturally ordered.
Assume that {ga} < 1/2; the other case is similar. Recall that k > 2. If
{p+na} € I(—qua,1), then {p + (n + g)a} € I(0, —qa) because {qa} < 1/2.
Thus by Proposition 4.7.4, we conclude that {p + na} € I(0, —qa). Further, by
Proposition 4.7.4, the points of (4.16) lie in the interval I(0, —qa). Let i be an
integer such thati < k — 1. Since {p + (n +iq)a} < {—qa}, it follows that

{o+ (n+ig)a}+ {qa} <1,

so we have

{o+(n+(i+1)q)at ={p+ (n+ig)a}+{qa} > {p+ (n+iq)a}.
The conclusion follows. O

We are now ready to describe the starting positions of abelian powers having
given period and exponent. For most positions, the case (i) of the next theorem
applies, but due to the choice involved in coding the points 0 and 1 — &, the special
points of the form {—rqa} require specific attention.

Theorem 4.7.6. Let sy, = agay - - - be a Sturmian word of slope a, and let q, k, and r be
positive integers. Consider the factor w = ay - -+ Ay g1 - - - Ay kg1 Starting at position

1 0f Sp -

(i) If {p+ na} ¢ {{—rqu}: r > 0}, then the factor w is an abelian power of period q
and exponent k with k > 2 if and only if {p +na} < 1—k{qa} (if {qa} < 1/2)
or {p+na} >k{—qua} (if{qga} >1/2).

(ii) If {p + na} = 0, then the factor w is an abelian power of period q and exponent k
with k > 2 if and only if 0 € Iy and k{qa} < 1 (if {qa} < 1/2) or 0 ¢ Iy and
k{—qa} <1(Gf{ga} >1/2).

(iii) If {p + na} = {—rqa}, then the factor w is an abelian power of period q and
exponent k with 2 < k < rifand only if {p + na} <1 —k{qa} (if {qa} < 1/2)
or {p+na} >k{—qua} (if {qga} >1/2).
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(iv) If {p + na} = {—rqua}, then the factor w is an abelian power of period q and
exponent k with2 < r < kifand only if 0 ¢ Iy and {p + na} < 1 —k{qua} (if
{qa} <1/2)or0 € Iyand {p +na} > k{—qa} (if {qa} > 1/2).

Proof. We only handle the case {qa} < 1/2; the case {qa} > 1/2is very similar.

(i) Suppose that {p +na} ¢ {{—rqa}: r > 0}. Say the factor w is an abelian
power of period g and exponent k with k > 2. Since k > 2, all of the points of
(4.16) are by Proposition 4.7.5 naturally ordered in the interval I(0, —qa). More-
over, these points are all interior points of the interval I(0, —qa), so the coding
is unambiguous. The distance between any two consecutive such points is {ga}.
Therefore {p + na} + (k — 1){ga} must be smaller than the length of the inter-
val I1(0, —qu), which is equal to {—ga} = 1 — {ga}. From this, we derive that
{p+na} <1—k{ga}.

Conversely, if {p +na} < 1 —k{qa} with k > 2, then surely the points of
(4.16) all are interior points of the interval I(0, —qa), so w is indeed an abelian
power of period g and exponent k by Proposition 4.7.5.

(ii) Assume that {p + na} = 0. Suppose that the factor w is an abelian power
of period g and exponent k with k > 2. Like above in the case (i), all of the
points of (4.16) are naturally ordered in the interval I(0, —qa). Therefore 0 € I.
Proceeding as above, we see that (k — 1){ga} < {—qa}, thatis, k{ga} < 1. The
converse is easily seen to hold.

(iii) This case reduces directly to the case (i) as none of the points of (4.16)
equal neither of the two problematic points 0 and 1 — &, whose codings depend
on the choice of the intervals Iy and .

(iv) Assume that {p +na} = {—rqa}. Assume that the factor w is an abelian
power of period g4 and exponent k with 2 < r < k. Again, the points of (4.16)
are naturally ordered in the interval I(0, —ga). Thus {p + (n + (r — 1)q)a} =
{—qua} € I(0, —ma), that is to say, 0 ¢ Iy. Proceeding exactly as in the case (i), we
see that {p + na} < 1—k{qa}.

Conversely if 0 ¢ Iy and {p + na} < 1 —k{ga} withk > r > 2, then again w
is an abelian power of period g and exponent k by Proposition 4.7.5. O

Theorem 4.7.6 allows us to effortlessly characterize the maximum exponent of
an abelian power of period g in £ («); we denote this quantity by 4e,(q).

Theorem 4.7.7. Let s be a Sturmian word of slope « and q be a positive integer. Then s
contains an abelian power of period q and exponent k if and only if ||qa|| < 1/k. In other
words, we have

Aea(q) = U;oéHJ :

Proof. Keeping the period g fixed, it is evident from Theorem 4.7.6 that in order to
maximize the exponent, we can consider the prefixes of the Sturmian words s ,
and 59 ,. If {ga} < 1/2, then the word sy, = Oc, has an abelian power of period
g and maximum exponent |1/]||q«||| as a prefix, while if {ga} > 1/2, then the
word 5, = 1, starts with an abelian power of period 4 and maximum exponent

11/l qac]|]- O
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Next we consider the maximum exponent of an abelian power of given period
and position. Again, save for the exceptional points of the form {—rqa}, the
first formula of the next theorem suffices. The maximum exponent of an abelian
power of period g starting at position 7 of the Sturmian word s, , is denoted by
Aepu(q,1).

Theorem 4.7.8. Let s, 4 be a Sturmian word of slope a and q and n be integers such that
g > 0and n > 0. Define

A= S =[]

(i) If {p+na} ¢ {{—rqa}: r> 0}, then
Aepu(q,n) = max {A,B}.

(ii) If {o +na} =0, then

_ J 11/ {qa}], ifO€,
Aepu(q,n) = {U/{—qa}J, F0d 0

(iii) If {p + na} = {—rqa} withr > 0and r > max{A, B}, then

Aepn(q,n) = max {A, B} .

(iv) If {0+ na} = {—rqa} with 0 < r < max{A, B}, then
ﬂlﬂp,a(q,n) = max{A — f)/,B e 1},

where

o 1, sz € Iy,
0, if0¢Ip.
Proof. The formulas follow directly from Theorem 4.7.6. We show here how the
case (iv) is handled. Observe that if {p +na} # 0 and {p + na} # {—qa}, then
A > lifand only if B = 0.

Suppose that {p +na} = {—rqa} with 0 < r < max{A, B}. Assume that
{qa} < 1/2. Suppose first that A > 1. By Theorem 4.7.6 (iv), there is an abelian
power of period g and maximum exponent A starting at position 1 of s, pro-
vided that 0 ¢ Ip. If 0 € Iy, then there is an abelian power of period g and
maximum exponent A — 1 starting at position n because the change of coding
affects the Parikh vector of the factor of length g starting at position n + (A — 1)q.
Therefore, Aep.(q,n) = A — v if A > 1. Notice that in this case B+1 —y < 1.
If A =1, then r = 1 by assumption, so B = 1. Since A = 1, the Parikh vec-
tors of the factors of length g starting at positions 7 and n + g are different when
0 ¢ Iy. Since {p+ (n+ q)a} = 0, the Parikh vectors of the factors of length
q starting at positions n and n + g are also different when 0 € Iy. Therefore,
Aepu(q,n) =1=max{A —7,B+ v —1}. The case {qa} > 1/2 is similar. O
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Theorem 4.7.8 implies the following remarkable result of Richomme, Saari,
and Zamboni [122].

Proposition 4.7.9. Let s be a Sturmian word of slope . For alln > 0 and k > 1, there
is an abelian power of exponent k starting at position n of s.

Proof. Since the sequence ({qa}),>1 is dense in [0, 1], we can make the quantity
|lga|| arbitrarily small. The claim follows thus from Theorem 4.7.8. O

Next we begin considering abelian repetitions in Sturmian words. Recall that
e, (q) stands for the maximum exponent of an abelian power of period g in £ («).
Similarly we denote the maximum exponent of an abelian repetition of period g
in £ («) by A, (q)-

Notice that when the period g is a denominator of a convergent, then both
ey (q) and 4e,(q) are large. Since convergents are best approximations, it fol-
lows from Theorem 4.7.7 that the subsequences (Aeq(qx))k>0 and (Ze; (9x))x>0
are strictly increasing. We turn our attention to periods that are denominators of
(semi)convergents.

Proposition 4.7.10. Let w be an abelian power of period q with q € QFf starting at
position n such that n > q — 1 in a Sturmian word s = apay - - - of slope «. Then this
occurrence of w can be extended to an abelian repetition of period q with maximum head
and tail length.

Proof. Let w = ay - - - a4 g1 be an abelian power of period g and exponent k in
s. We may assume that 4 > 1. We claim that the Parikh vectors of the factors
U=ay_qi1-dp_1and v = ay gk Ay (k1)9-2 Of length g — 1 preceding and
following this particular occurrence of w are contained in the Parikh vector P of
the factor a,, - - - a,14-1. This implies that the abelian repetition uwv of period q
starting at position 7 — g 4+ 1 has maximum head length and maximum tail length,
and the conclusion follows.

In order to prove the claim, let Q be the Parikh vector of the factors of length
g that do not have Parikh vector P. Say {qa} < 1/2; the other case is analogous.
Now P is the Parikh vector of the light factors, so Q is the Parikh vector of the
heavy factors. Since g € Q; and {gqa} < 1/2, the point {—ga} is the point closest
to 0 such that {—ga} > 1 —«. Thus if x is a point such that x > {—ga}, then
R771(x) € L. Therefore the factors of length g having Parikh vector Q begin and
end with the letter 1.2 Thus removing the first or the last letter of a (heavy) factor
of length g having Parikh vector Q yields a factor of length ¢ — 1 whose Parikh
vector is contained in P. Since the same conclusion holds for factors of length g
having Parikh vector P, it follows that the Parikh vectors of u and v are contained
in P. O

Corollary 4.7.11. Ifg € Q;, then

Aef(q) = Aealq) +2— 3

121n fact, since the point {—ga} is closest to 0 from either side, there is a unique factor of length g
with Parikh vector Q.
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In the context of ordinary powers, it is interesting to study the largest power
occurring in a word. However, when considering abelian powers in Sturmian
words, the analogous quantity does not make sense since any Sturmian word
contains abelian powers of arbitrarily large exponent. Instead, we propose the
following notion of abelian critical exponent, which measures the maximum ratio
between the exponent and the period of an abelian repetition.

Definition 4.7.12. Let s be a Sturmian word of slope «. The abelian critical exponent
of s is defined as

Aea(q) Aey (7)

Ac(s) = limsup ——* = limsup =%
g—o0 q g—o0

(Indeed, the two superior limits coincide by Corollary 4.7.11.)

Theorem 4.7.7 now implies that Ac(s) equals the Lagrange constant of the
slope of s (see Subsection 4.2.3). Hence by (4.10), we obtain the following result.

Proposition 4.7.13. Let s be a Sturmian word of slope «. Then

Ac(s) = lilllnsup (ka1 0520, .- ) + [0 ag, a5_q, ..., a1]) .
—00
We have thus obtained a formula for the abelian critical exponent of a Stur-
mian word in terms of the partial quotients of its slope. Compare this with Theo-
rem 4.6.7 (on page 89).
Proposition 4.7.13 enables us to study the abelian critical exponents of Stur-
mian words. The first application is the following result.

Theorem 4.7.14. Let s be a Sturmian word of slope a. The following are equivalent:
(i) Ac(s) is finite,
(ii) s has bounded fractional index,

(iii) o has bounded partial quotients.

Proof. It is evident from Proposition 4.7.13 that 4c(s) is finite if and only if « has
bounded partial quotients. The rest of the claim follows from Theorem 4.6.7. [

Notice that for almost all slopes «, the abelian critical exponent Ac(s) of a
Sturmian word s of slope « is infinite since almost all real numbers in the interval
(0,1) have unbounded partial quotients (see, e.g., [86, Theorem 29]).

Next we prove an optimal lower bound for the abelian critical exponent of
Sturmian words. Recall that two numbers are equivalent if their continued frac-
tion expansions ultimately coincide.

Theorem 4.7.15. For every Sturmian word s of slope «, we have Ac(s) > +/5. Moreover,
Ac(s) = /5 if and only if a is equivalent to 2 — ¢. In particular, the abelian critical
exponent of the Fibonacci word is /5.
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Proof. It is clear from Proposition 4.7.13 that 4c(s) is as small as possible when
is equivalent to ¢ = [1;1]. It is straightforward to compute that A(¢) = /5, so
Ac(s) > Ac(f) = /5 for all slopes «.

What is left is to prove is that if 4c(s) = /5, then a is equivalent to ¢. Suppose
thata = [0;ay,a0,...] and 4c(s) = /5. If g > 3 for infinitely many k, then clearly
Ac(s) > 3 > +/5. Thus, there exists a positive integer M such that a; < 3 for all
k > M. We are left with two cases: either a; = 1 for only finitely many k or the
sequence (ay) takes values 1 and 2 infinitely often; otherwise we are done.

Suppose first that a; = 1 for finitely many k. It follows that (a;) eventually
takes only the value 2, so a is equivalent to v/2 = [2;2]. Therefore A(a) = A(v/2).
It is routine computation to show that )t(\/f) = /8, so Ac(s) = V8 > /5; a
contradiction.

Assume finally that the sequence (a;) takes values 1 and 2 infinitely often.
It follows that the sequence (a;) contains either of the patterns 2,1,1 or 2,1,2
infinitely often. Since an odd convergent of a number j is always strictly less
than B, it follows that

5
210,00, > 2,11 =2
and
8
21,2881, > [2,1,2] = 5.
Thus Ac(s) > 5/2 > v/5, which is impossible. O

Corollary 4.7.16. For every slope a and for every positive real number & there exists
an increasing sequence (my) of integers such that for every k there is an abelian power
of period my. and length greater than (/5 — 5)m£ (that is, with exponent greater than

(V5 — 8)my) in L(«).

Notice that the previous corollary about abelian powers is in sharp contrast
with the analogous situation for ordinary powers. Indeed, there are Sturmian
words with bounded fractional index, so with respect to both the length and the
exponent the difference with the abelian setting is of one order of magnitude.

Let us conclude this section by computing the abelian critical exponents of the
slopes that are quadratic irrationals. Recall from (4.13) that the continued fraction
expansion of a quadratic irrational & has one of the following forms:

[0;a1,...,a0,b1,...,bw] or [0;Dy,...,by).

In view of Proposition 4.7.13, fori = 1,2,...,m, we set
w; = [bj, ..., by, b1,...,by] and
& = [0:biy. ., by, By B,

If i < m, then we set (); = w;j1 + @;. In the case i = m, we let O; = w1 + Wy.
Proposition 4.7.13 and Lemma 4.2.1 immediately imply the following theorem.

Theorem 4.7.17. Let « be a quadratic irrational as in (4.13). Then, with the above
notation, we have Ac(s) = max{QY;: i € {1,...,m}} for Sturmian words s of slope w.
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4.7.3 Abelian Powers and Repetitions in the Fibonacci Word

We conclude the study of abelian powers and repetitions in Sturmian words by
applying the results of the previous subsection to the particular case of the Fi-
bonacci word. For convenience, we assume during this subsection that the slope
of the Fibonacci word is ¢ — 1; remember, this only changes the roles of the letters
0 and 1. Recall that F; denotes the k! Fibonacci number and that the convergents
of ¢ — 1 are given by the sequence (Fx_1/F;)i>o. We begin with the following
straightforward observation.

Proposition 4.7.18. Let k be a positive integer. The maximum exponent of an abelian
power of period Fy in the Fibonacci word is equal to | pF; | + F_1.

Proof. It is an immediate consequence of (4.11) that

1
Fo-1||=———-.
IFlg =Dl =
The claim follows now from Theorem 4.7.7. O

Next we turn our attention to the prefixes of the Fibonacci word that are
abelian repetitions. The head of the abelian decomposition of a prefix that is an
abelian repetition of period g has length at most 4 — 1. Thus, in order to find the
longest abelian repetition of period g that is a prefix, we have to check the maxi-
mum length of a compatible head of all the abelian powers that start at position
nforn=20,1,...,g—1

Proposition 4.7.19. Let k be a positive integer. The longest abelian power of period Fy
starting at a position n such that n < Fy in the Fibonacci word starts at position F — 1
and has exponent

Fooq+F_1—1, ifkiseven,
[Fe] + By —1= § Tt F e Lk

Fy1+F1—2, ifkisodd.
Proof. By Theorem 4.7.6, an abelian power of period F; starting at position F — 1
in the Fibonacci word has exponent ¢ if and only if (¢ +1)||F.(¢ — 1)|| < 1. We
derive from (4.11) that

1

F(o—1)|| = ——75—,
IR~ 1)l = G

so the abelian power of period F; starting at position F; — 1 in the Fibonacci word
has exponent |¢pFy | + Fx_1 — 1. By (4.7), any abelian power starting at a position
n such that n < Fx — 1 has a smaller exponent, so the proof is complete if we
derive the formula of the claim. By (4.11), we have

(-1t

F—Fy=——57+,
P e = SR TR,
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so we obtain that

0, if k is even,

El=Fon+
5] = Fies {—1, if k is odd.

This gives the desired formula. O

The following theorem provides a formula for computing the length of the
longest abelian repetition of period F that is a prefix of the Fibonacci word.

Theorem 4.7.20. The longest prefix of the Fibonacci word that is an abelian repetition of
period Fy. has length

Fe(Feyq1+ F1+1)—2, ifkiseven,
Fk(FkJrl + Fk*l) -2, lfk is odd.

Ip(F) = {

Proof. Let w be the abelian power of period F; in f having maximum exponent
starting at position Fy — 1 described in Proposition 4.7.19. By Proposition 4.7.10,
this occurrence of w can be extended to an abelian repetition with maximum head
and tail length. The claim thus follows from the formula of Proposition 4.7.19. O

Next we extend the following result by Currie and Saari on the periods of the
factors of the Fibonacci to the abelian setting [39].

Proposition 4.7.21. The minimum period of any factor of the Fibonacci word is a Fi-
bonacci number.

Indeed, we prove the following theorem.

Theorem 4.7.22. The minimum abelian period of any factor of the Fibonacci word is a
Fibonacci number.

For the proof, we need to introduce the notion of guaranteed exponent with
anticipation i.

Definition 4.7.23. We define for integers g and i such thatg > 0and 0 <i < g the
guaranteed exponent with anticipation i, denoted by Ge, (g, 1), as the largest integer k
such that for all Sturmian words s of slope a and for every nonnegative integer n
there exists an integer j such that 0 < j < i and there is a (possibly degenerated)
abelian power of period g and exponent k starting at position n — j of s.

In other words, Ge,(qg,1) is the largest number guaranteed to appear in every
list of i + 1 consecutive terms of the sequence (Aeyq(q,1))n>0 for all p € [0,1).
We require that i < g because we want to make sure that the guaranteed abelian
power starting at position n — j does not end before the position #.

Theorem 4.7.24. For all integers q and i such that g > 0and 0 < i < g, we have

Ge, (q,1) = max {1, {WJ }

where L; is the length of the longest level i interval.
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Proof. Let q be a fixed positive integer, and let us first consider the case i = 0.
Since Ly = 1, we need to prove that Ge,(g,0) = 1. Itis equivalent to say thatin a
Sturmian word s, 4, there always exists a position # such that no proper abelian
power of period ¢ starts at this position. This is clear: if {ga} < 1/2, then by
Proposition 4.7.5, we need to find a point {p + na} such that {p + na} > {—ga},
while if {ga} > 1/2, then we need to have {p +na} < {—qa}. Since the sequence
({ma}),;;>1 is dense in [0, 1], such points can always be found.

Let us consider the general case i > 0. We know from Proposition 4.7.5 that the
factor ay -+ - ay4 41 - Ay kg1 Of Sp,n Of length kg is an abelian power of period g
and exponent k starting at position 7 if and only if the k points {p + (1 + tq)a} for
t=0,1,...,k—1areall either in the interval I(0, —ga) or in the interval I(—ga, 1).

Let us assume that {ga} < 1/2; the case {gqa} > 1/2 is analogous. The long-
est abelian power of period g starting at position # is a factor that depends on the
point {p + na}. Since we want the largest abelian power of period g with antic-
ipation i, we have to consider all the points {p + (n —j)a} with 0 < j < i. By
Lemma 4.3.4, there exists an integer ] such that0 < | <iand {p+ (n—])a} < L;.
Since the sequence ({ma}),>1 is dense in [0,1], this point {p + (1 — J)a} can
be arbitrarily close to the point L;. Therefore the largest integer k such that for
any nonnegative integer n there exists an integer j such that 0 < j < i and
{p+ (n—j+tg)a} < {—qa} for every integer t such that 0 < t < k—1, is
either 1 (in the case when no proper abelian power is guaranteed to start in any
of i + 1 consecutive positions) or the largest integer k such that

(k=) llga]| < [1(0, —qa)| = Li = 1 — [|qa[| — L;,

that is,

k= {FLZJ .
lqa]

Consequently, by Proposition 4.7.5, we have

in this case.

Indeed, the case {qa} > 1/2 is analogous. We can find an integer | with
0 <J' <isuchthat{p+ (n—J)a} > 1—L;. Againsuch a point can be arbitrarily
close to the point 1 — L;. Thus we need to find the largest integer k such that
1—L; — (k—1)|lq«|| > ||g«]||- The conclusion follows. O

We apply Theorem 4.7.24 to the Fibonacci word.
Corollary 4.7.25. We have ge¢_1(Fk, F,—1)=F,1+F_1—3forallk > 1.

Proof. By The Three Distance Theorem and (4.7), the length of the longest interval
of level Fy — 11is ||Fx_5(¢ — 1)||. Therefore Theorem 4.7.24, Lemma 4.2.7, and (4.11)
imply that

Gey_1(F, Fe —1) = max {1, [¢F + Fr1 —1—¢]}.
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Further, by (4.11), we have

(=1D)F

Fo=Foq+——
$F = Feq P

Since 1/ (¢F; + F;_1) is at most 2 — ¢, it follows that
Fep1 =2 < ¢F —¢ < Fe1 +2-2¢.
Because 3 < 2¢ < 4, we have |¢F, — ¢ | = Fx,1 — 2. The claim follows. O
We are now ready to prove Theorem 4.7.22.

Proof of Theorem 4.7.22. Let w be a factor of the Fibonacci word, and suppose that
w has an abelian period q. We will show that w has also period F;, where F; is
the largest Fibonacci number such that F, < gq. If g = F, then there is nothing to
prove, so we can suppose that Fy < g < F;1. In particular, we have k > 3. We
will show that given a suitable occurrence of w in £, there is an earlier occurrence
of an abelian repetition w’ of period F; such that w is a factor of w’. The conclusion
follows then from Lemma 4.7.3.

Suppose that w occurs in f at position n. By Theorem 4.7.24, there is an abelian
power of period Fy of length Fy - Ge,,_ (Fi, Fx — 1) starting at position n + j for
some j such that 0 < j < F, — 1. By Proposition 4.7.10, this abelian power can be
extended to an abelian repetition with maximum head and tail length F, — 1, so
we only need to ensure that this extension is long enough to have w as a factor.
Since w has length at most q(Aey_1(q) + 2) — 2, we thus need to establish that

9(Aep1(q) +2) =2 < F(Ge, y(F K —1) +1)— 1.
By Corollary 4.7.25, this inequality holds if and only if the inequality
q(Aep-1(q) +2) < Fe(Fep1 + Fe1—2) +1 (4.17)

is satisfied. The rest of the proof consists of showing that (4.17) holds.
First we derive the following upper bound on g(4es_1(q) + 2):

q(Aep—1(9) +2) < Fey1(Fe—1 + F—3 +2). (4.18)

For this, let us first show that ||g(¢ — 1)|| > ||[Fx_2(¢ — 1)||. Suppose first that
{q(¢ —1)} < 1/2. Now either {Fi(¢ — 1)} < 1/2and {F;1(¢ —1)} > 1/2or
{Fe(¢p —1)} >1/2and {F1(p—1)} < 1/2. If {F(¢ — 1)} < 1/2, then we have

la(e = DIl = llg(¢ = DI = [|F(@ = DIl + [ Fe(¢ — )|
=g = F) (@ =D + [[F(¢ — 1|
> [|Fe—2(¢ = DIl + [[Fc(@ = 1) |
> [[Fe—2(¢ =D,

where the first inequality follows from (4.7) as q — F, < Fey1 — F = Feq. If
instead {Fx(¢ —1)} > 1/2, then we can apply the same manipulation with F
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in place of F;. Indeed, in this case Fi;1 — g < F;_1, so we can still apply (4.7) to
derive that ||(Fy1 — ) (¢ — 1)|| = [|[Fe—2(¢ —1)[|. The case {q(¢ —1)} > 1/21is
symmetric. Thus we have shown that ||q(¢ — 1)|| > ||[Fx_2(¢ — 1)||. Therefore by
Theorem 4.7.7 and Proposition 4.7.18, we have Aey_1(q) < ¢F_» + Fr_3. Again,
by applying (4.11), we obtain that 4e;_,(q) < Fr_1+ Fr_3. As g < Fiy4, the
inequality (4.18) follows.

By the inequality (4.18), in order to establish the inequality (4.17), it is suffi-
cient to show that

Fiy1(Fe-1+ Fe-3 +2) < Fe(Fer + Fe1— 2).

This inequality is easily seen to be true whenever F;_; + F_3 + 2 < F, that is,
when k > 6. By a direct computation, it can be seen that the above inequality
holds also for k = 5. Suppose then that k = 4. Now Aey, _1(q9) < Fr_1 + Fr_3 = 4
by the above. Plugging the estimates Aey_1(q) < 4 and g < 7 into (4.17) shows
that the conclusion holds also in this case. Suppose finally that k = 3, that is,
q = 4. Now e, _1(q9) = 2, and a direct substitution to the inequality (4.17) shows
that the conclusion holds. This ends the proof. O

One immediately has an idea of generalizing Theorem 4.7.22: the minimum
abelian period of a factor of a Sturmian word of slope a« should be a denomi-
nator of a convergent or a semiconvergent of . This idea analogously general-
izes Proposition 4.7.21 [39], but unfortunately it does not work in the abelian set-
ting. Consider for instance Sturmian words of slope &, where &« = (v/3 —1)/2 =

[0;2,1]. Tt can be verified that the factor
00101 - 001001001010010010010100100100 - 10100,

starting at position 35 of ¢4, is an abelian repetition of minimum period 6 with
maximum head and tail length. However, the number 6 is not a denominator of
a (semi)convergent of « since the sequence of convergents and semiconvergents
starts as follows: 0, %, %, %, %.

From Theorem 4.7.22, we know that every finite Fibonacci word has an abelian
period that is a Fibonacci number. The following theorem provides an explicit

formula for the minimum abelian periods of the finite Fibonacci words.

Theorem 4.7.26. Let k be an integer such that k > 3. The minimum abelian period of
the finite Fibonacci word fy is the n'" Fibonacci number F,, where

_ J1k/2], ifk=0,1,2 (mod 4),
"Tk/20 41, k=3 (mod 4)

Proof. By Theorems 4.7.22 and 4.7.20, it is sufficient to find the smallest integer n
such that 1p(F,) is greater than or equal to Fy. In other words, we need to find the
smallest integer n such that

Fo(Fppn +Fi1+79)—22F,
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where 7 equals 1 if n1 is even and 0 if n is odd.
We need the following well-known identity:

Fi(Fii1 + Fi1) = B (4.19)

It follows easily from the matrix identity

1 1\' (E F_,
(1 0) B (Fil Fiz)
and the fact that A’A/ = A™*J for a matrix A.

It is straightforward to verify the claim using (4.19). We will prove the claim in
the case k = 2 (mod 4); the other cases are similar. Choose n = |k/2|. Now n is
odd and 2n + 1 = k + 1, so by (4.19), we need to verify that i, —2 > F, which
is clearly true. Choose then n = |k/2] —1. Thennisevenand 2n+1 =k —1,
0 Fopt1+ Fy —2 > Fif and only if Fy /5|y —2 > F_p. This latter inequality,
however, cannot hold as Fy; > F,; for all j > 0. This shows that the value [k/2] is
minimal in this case. O

4.8 A Square Root Map on Sturmian Words

In this section, we define and study the square root map on Sturmian words.
First we prove that the square root map preserves the language of a Sturmian
word and develop both dynamical and word-combinatorial view of the subject.
We apply the obtained results to the Fibonacci word. Then we generalize the
square root map for optimal squareful words and show the existence of non-
Sturmian words whose language is preserved by the square root map. Moreover,
we show that the square root of an aperiodic word can be periodic. We conclude
by considering possible generalizations of the square root map.

4.8.1 «a-repetitions and Optimal Squareful Words

In the paper [126], Kalle Saari introduces a-repetitive words. If a finite nonempty
word w has period p and |w|/p > « for some real a such that « > 1, then we
say that w is an a-repetition. An a-repetition is minimal if it does not have an «a-
repetition as a proper prefix. An infinite word is a-repetitive if every position in
the word starts an a-repetition and the number of distinct minimal a-repetitions
occurring in the word is finite. If « = 2, then we call the a-repetitive infinite
words squareful. This means that every position of a squareful word begins with
a minimal square and that there are finitely many minimal squares in its lan-
guage. Saari proves that if the number of distinct minimal squares occurring in
a squareful word is at most 5, then the word must be ultimately periodic [126,
Theorem 11]. On the other hand, if a squareful word contains at least 6 distinct
minimal squares, then aperiodicity is possible. We call the aperiodic squareful
words containing exactly 6 minimal squares optimal squareful words. The next re-
sult shows that optimal squareful words must always be binary and that the six
minimal squares must take a very specific form [126, Theorem 16].
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Proposition 4.8.1. Let w be an optimal squareful word. If 10°1 occurs in w withi > 1,
then the square roots of the six minimal squares in L(w) are

51 =0, S4 =10°,
S, =010°71, S5 =10""1(10%)°, (4.20)
S3=010%  Sg=10°T1(10%)°*1,

for some integers a and b such that a > 1 and b > 0.

We call the optimal squareful words containing the minimal square roots of
(4.20) the optimal squareful words with parameters a and b. For the rest of this chapter,
we reserve this meaning for the fraktur letters a and b. Furthermore, we agree that
the symbols S; always refer to the minimal square roots of (4.20).

Optimal squareful words can be characterized as follows [126, Theorem 17].

Proposition 4.8.2. An aperiodic infinite word w is optimal squareful if and only if (up
to renaming of letters) there exists integers a and b such that a > 1 and b > 0 and w is
an element of the language

0* (10a)*(10u+1 (10a)b + 1Ou+1 (10a)b+1)w — STSZ (55 + 56)w‘

Here the notation (S5 + Sg)¢ stands for the set of all infinite words that are
products of the words S5 and Sg.

The notion of a-repetitivity is very interesting also if & # 2. We do not explore
this topic further here. However, let us remark that if 1 < « < 3/2, then an a-
repetitive word can be aperiodic only if there are at least 4 minimal a-repetitions
in its language. For a such that 3/2 < a < 2, the optimal value is 5 minimal
a-repetitions. For these results, additional optimal values, and open problems,
see [126]. See also Proposition 4.8.48 on page 148.

4.8.2 The Square Root Map

It is immediate from Proposition 4.8.2 that every Sturmian word of slope & =
[0;a1,ay,...] is an optimal squareful word with parameters a = a3 —1 and b =
ap — 1. Evidently, not all optimal squareful words are Sturmian. Our convention
0 < a < § implies that 0> € £(«), so the six minimal squares in £ () are the
same as given in (4.20). In particular, we see that every Sturmian word can be
(uniquely) factorized as a product of the six minimal squares of slope a of (4.20).

Thus the square root map introduced next is well-defined.

Definition 4.8.3. Let s be a Sturmian word of slope «, and factorize it as a product
of minimal squares: s = X7X3X3 - - - . The square root of s is then defined to be the
infinite word X; X, X3 - - -, which we denote by +/s.

Let us consider as an example the Fibonacci word f. The slope of the Fibonacci
word is [0;2,1], so it has parameters a = 1 and b = 0. We have

f = (010)(100)2(10)2(01)%0%(10010)2(01)?- - - and
Vf=1010-100-10-01-0-10010-01- - - .
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Notice that a square root map can be defined for any optimal squareful word.
For now, we only focus on Sturmian words; we study the square roots of other
optimal squareful words later in Subsection 4.8.7.

We aim to prove the surprising result that given a Sturmian word s the word
\/s is also a Sturmian word having the same slope as s has. Moreover, knowing
the intercept of s, we can compute the intercept of \/s.

In the proof we need a special function ¢: T — T defined as follows. For
x € (0,1), we set

P = 3 (r+1-a),

and we set

#(0) = I(1-w), if0€,
1—-%  if0¢I.

The mapping ¢ moves the point x on the circle T towards the point 1 — a by
halving the distance between the points x and 1 — a. The distance to 1 — « is
measured in the interval Iy or I; depending on which of these intervals the point
x belongs to.

We can now state the result.

Theorem 4.8.4. Let sy be a Sturmian word of slope . Then | /Spu = Sy(p) - Specifi-
cally, the word . /S, 4 is a Sturmian word of slope .

For a combinatorial version of the above theorem, see Theorem 4.8.24 in Sub-
section 4.8.5.

The main idea of the proof of Theorem 4.8.4 is to demonstrate that the square
root map is actually the symbolic counterpart of the function . We begin with a
definition.

Definition 4.8.5. We say that a square w? in £ () satisfies the square root condition
if ([w?]) < [w].

Notice that if the interval [w] in the above definition has 1 — « as an endpoint,
then w automatically satisfies the square root condition. This is because 1 moves
points towards the point 1 — & but does not map them over this point. Actually,
if w? satisfies the square root condition, then necessarily the interval [w] has 1 — «
as an endpoint; see Corollary 4.8.10.

We will only sketch the proof of the following lemma.

Lemma 4.8.6. Fori = 1,2,...,6, the minimal square S? of slope a satisfies the square
root condition and ({x + 2|S;|a}) = {¢(x) + |S;|a} for all x € [S?].

Proof Sketch. 1t is straightforward to verify that
10,1 —a), [S4] =1(1—a,1),

[S2] = I(—2a,1 —w), [S5]=1(1—a,—go1a),
I(—2a,1—a), [Se]=1(1—a, —q21a)
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(3] [s2]

Figure 4.3: The positions of the intervals on the circle in the proof sketch of
Lemma 4.8.6.

and

[S3] = 1(0, —2a), S3] = I(—q21a,1),
[S3] = I(—(g21 + D, 1 — ), [S3] =1(1—a,—(q31+1)a),
[S3] = I(—2a, —(g21 + 1)a), [SE] = I(—(q31 + D), —q210);

see Figure 4.3. Since ¢ does not map points over the point 1 — «, it is evident that
every minimal square root satisfies the square root condition.

Consider then the latter claim. Leti € {1,...,6}. Suppose that x € [S?] \ {0},
{x+2|Sj|la} #0,and |x + 2|S;|a| = 2r for some nonnegative integer r. Then

Pl +2ISad) = 5 (e 2sile—2r 41— )
= () +ISila —r = {p(x) + [Sila) @21)

since ¢ is a function from T to T. We consider next the cases i = 1 and i = 5; the
other cases are similar.
Suppose that S; = S1. Now x 4 2a > 2a > 0 = 2pg and

x+20 <1-2a0+20=1=2py+1,

so x +2a € (2po,2po + 1]. The claim is thus clear as in (4.21) if x # 0 and
x#1—2a.If x=0,then0 € [y and
1 1
{p(x) +a} = {51 —a) +a} = S (1+a) = p({x +2a}).

Ifx=1-—2a,then0 ¢ Iy and

«
Pl{x+20)) =1 % = {p(x) +al.
Assume then that S; = Ss. Notice that |Ss| = g,. Using (4.6), we obtain that

X +2q20 < [[(g31 + 1)a|| + 2920
=1—a+||g314| + 2p2 + 2||g2e¢]|
=1—a+ ||qall — [[g2a] + 2p2 + 2[|g24]]
=1—a+|[qall + [lq2a] +2p2
<2py+1,
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where equality holds only if x = [|(q431 + 1)a| and a; = 1. The length of the
interval [S2] is ||g3 || Since 1 —a > a + ||q1a and & > ||q1a| > [|g2x]], the
preceding inequalities imply that x + 2goa > 2p,. Thus x + 2goa € (2p2,2p2 + 1].
If ay > 1orx # ||(g31 + 1)a]|, then the conclusion follows as in (4.21). Suppose
finally thatay = 1and x = [|(g31 + 1)a||. Now 0 ¢ Iy, so ¢({x +2g2a}) = ¢(0) =
1 — 5. On the other hand, we have

1
Plx) + g0 = S(1—a+[lgz el +1 —a) + p2 + |42
1
= 51—+ [lqrall = flgaall +1 —a+2flg2a]) + p2
o
= 1 _ = ,
2 P2
so the conclusion holds also in this case. O

Proof of Theorem 4.8.4. Write sy, = X?X3X3 - -+ as a product of minimal squares.
Since the minimal square X? satisfies the square root condition by Lemma 4.8.6,
we have y(p) € [X;]. Hence both /8, and sy, , begin with X;. Lemma 4.8.6
implies that ({x + 2|Xq|a}) = {¢(x) 4+ |Xy|a} for all x € [X2]. Thus by shifting
sp,« the amount 2| X; | and by applying the preceding reasoning, we conclude that
Sy(p)« shifted by the amount |X;| begins with X;. Therefore the words /5y«
and sy ) , agree on their first |X1| + | X2| letters. By repeating this procedure, we

conclude that |/Spx = Sy(p) - O

Theorem 4.8.4 allows us to effortlessly characterize the Sturmian words that
are fixed points of the square root map.

Corollary 4.8.7. The only Sturmian words of slope w that are fixed by the square root
map are the two words 01c, and 10¢y, both having intercept 1 — .

Proof. The only fixed point of the map ¢ is the point 1 — . With this point as
an intercept, we obtain two Sturmian words: either Olc, or 10c,, depending on
which of the intervals Iy and I; the point 1 — a belongs to. O

The set {01cq, 10c, } is not only the set of fixed points but also the unique
attractor of the square root map in the set of Sturmian words of slope «. When
iterating the square root map on a fixed Sturmian word s, 4, the obtained word
has longer and longer prefixes in common with either of the words 0l1c, and 10c,
because ¢ (p) tends to 1 — & as n increases.

4.8.3 Words Satisfying the Square Root Condition

In the previous subsection, we saw that the minimal squares, which satisfy the
square root condition, were crucial in proving that the square root of a Sturmian
word is again Sturmian with the same slope. The minimal squares of slope « are
not the only squares in £ («) satisfying the square root condition; in this subsec-
tion, we will characterize combinatorially such squares. To be able to state the
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characterization, we need to define
RStand(a) = {w: w € Stand(«)},

the set of reversed standard words of slope «. Similarly we set
RStandt(a) = {w: w € Stand " (a)}.

We also need the operation L that exchanges the first two letters of a word (we do
not apply this operation to too short words).
Next we state the main result of this subsection.

Theorem 4.8.8. A square w? in L () with w primitive satisfies the square root condition
if and only if w € RStand™(a) U L(RStand(«)).

As we remarked in Subsection 4.8.2, a square w? in £ («) trivially satisfies the
square root condition if the interval [w] has 1 — « as an endpoint. Our aim is to
prove that the converse is also true. We begin with a technical lemma.

Lemma 4.8.9. Let n € Q \ {1}, and let i be an integer such that 1 < i < n.
(i) If {—ia} € [yand {—(i + n)a} < {—ia}, then p(—(i+ n)a) > {—ia}.
(i) If {—ia} € [ and {— (i + n)a} > {—ia}, then Pp(—(i + n)a) < {—ia}.

Proof. We prove (i), the second assertion is symmetric. Suppose {—ia} € Iy and
{—=(i+n)a} < {—ia}. Notice that the distance between the points {—ia} and
{—(i+ n)a} is less than a. It follows that {—na} € I;. Assume on the contrary
that ¢(—(i +n)a) < {—ia}, thatis,

{=(+naj+ % ({1 —a} = {=(i+n)a}) < {—ia}.

Since 0 < {—(i+n)a} < {—ia}, the distance between the points { — (i +n)a} and
{—ia} is the same as the distance between 1 and {—na}. Thus by substituting
{—=(i+n)a} = {—ia} — (1 — {—na}) to the above and rearranging, we have

{1—a} —{—ia} <1—{—na}.
Since { —na} € I;, we obtain that
=@ = Daf] < [|—nal]. (422)

Suppose first that n = g, withk > 2and 0 < ¢ < a;. Since i —1 < n, Propo-
sition 4.2.3 and (4.22) imply that i — 1 = mg,_; for some integer m such that
1 <m<min{l,ar —(+1}. As {—na} € I, the point { —g;_1a} must lie on the
opposite side of 0 in the interval Iy. Therefore {—(i — 1)a} € Iy. Then by (4.22),
the point { —ia} must lie in I;. This is a contradiction. Suppose then that n = g;.
It is easy to see that (4.22) cannot hold for i > 1. This concludes the proof. O

Corollary 4.8.10. If a square w? in L(x) with w primitive satisfies the square root
condition, then the interval [w] has 1 — « as an endpoint.
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Proof. Let n = |w|. Proposition 4.6.1 implies that n € Q. Say n = g9 = 1. As
the only factor of length 1 occurring as a square is 0, the claim holds as [0] = Iy =
1(0,1 — &). Suppose then that n > 1.

Let [w] = I(—ix, —ja). Then either [w?] = I(—ix, —(j + |w|)a) or [w?] =
I(—(i+ |w|)a, —ja). Suppose first that [w] C Ip. By symmetry, we may assume
that {—ja} > {—ia}. Now [w?] = [~ (i + |w|)a, —ja) if and only if j = 1. Namely,
if j # 1, then it is clear that it is possible to find a point x € I(—ix, —jx) close
to {—ja} such that ¢(x) > {—ja}, so the condition ¢([w?]) C [w] cannot be
satisfied. If [w?] = [—ia, —(j + |w|)a) and j # 1, then by Lemma 4.8.9, we have
(=@ + |w|)a) > {—ja}, so the condition P([w?]) C [w] cannot be satisfied.
Thus also in this case necessarily j = 1. The case where [w] C [ is proven
symmetrically using the latter symmetric assertion of Lemma 4.8.9. O

Next we study in more detail the properties of squares w? in £ () such that
the interval [w] has 1 — «a as an endpoint.

Proposition 4.8.11. Let n be an integer such that n € QF \ {1}, and let u and v be
the two distinct factors of slope a of length n whose associated intervals have 1 — a as an
endpoint. Then the following holds:

(i) There exists a word w such that u = abw and v = baw = L(u) for distinct letters
aand b.

(ii) Either u or v is right special.
(iii) If u is the right special word among the words u and v, then u> € L ().

(iv) If A is the word among the words u and v that is not right special, then \*> € L («)
ifand only if n € Q,

Proof. Suppose first that n = g;. Then it is straightforward to see that the factors
u and v of length n whose associated intervals have 1 — & as an endpoint are S,
and Sy, where S; = 01072 and S; = 10n~!. Clearly S is right special and
L(S4) = S2. Moreover, S3,53 € L(a).

Assume that n = g, with k > 2.and 0 < ¢ < g;. By Proposition 4.2.3, the
point { —na} is the point closest to 0 on the side opposite to the point { —g;_1a}.
Thus either {—(n + 1)a} € [u] or {—(n+1)a} € [v]. Assume by symmetry
that {—(n + 1)a} € [u]. This means that the word u is right special, proving
(ii). Further, the endpoint of [u] that does not equal 1 — « must be after a rotation
the next closest point to 0 on the side opposite to the point {—g;_qa}. Thus by
Proposition 4.2.3, we have [u] = I(—(qx¢—1 + 1), 1 — «), and consequently [v] =
10— — (g1 + D).

Letx = {(—(qx¢—1 +1)a} and y = {—(gx_1 + 1)a}. Since the points x and y
are on the opposite sides of the point 1 — « and the points {x +a} and {y + a} are
on the opposite sides of the point 0, it follows that u begins with ab and v begins
with ba for distinct letters @ and b. Assume on the contrary that u = abzcu’ and
v = baz¢v' for some letter c. In particular, |z| < n — 3. This means that the point
x' = {x+ (]z| +2)a} isin [c] and the point ¥’ = {y + (|z| + 2)a} is in [¢]. It must
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be that c = @ and ¢ = b as otherwise the point x’ — « would be in [a] and the point
y' — a would be in [b] contradicting the choice of z. Since « is irrational, either x’
is closer to 1 — a than x or i/’ is closer to 1 — a than y.

Suppose that the point x’ is closer to 1 — a than the point x. Since x’ is on the
same side of the point 1 — « as x, it follows that

1"+ all = [[(qke-1 = |zl = 2)all < llge-1ell = [lx+ .

Because g /1 — |z| =2 < qk¢—1, we must have g;y_1 — |z| =2 < 0 by Propo-
sition 4.2.3. However, since ||qi/—1&|| = || —qk¢—14]|, it follows from Proposi-
tion 4.2.3 that |z| +2 — g1 = mq_1 for some integer m such that m > 1.
Therefore |z| +2 > qx¢—1 + qk—1 = qx¢ = n. This is, however, a contradiction
since |z| <n — 3.

Suppose then that the point i’ is closer to 1 — a than the point y. Similar to
above, it follows that

1y +all = 1(@k-1 = |2l = 2]l < llgx-aall = lly +al.

Again, it must be that g5 — |z| —2 < 0. Since ||gx_1«| = || —qx_1«]|, it follows
from (4.7) that |z| + 2 — gx_1 > gi. Therefore |z| +2 > gx + gx_1 > n. This is
again a contradiction with the fact that |z| <#n — 3.

Thus we conclude that u = abw and v = baw for some word w proving (i).
As n = gy, it must be that the right special word of length 1 equals 5 . Since
u and v are conjugate by Corollary 4.6.6 (v), Corollary 4.6.6 (iii) implies that if
¢ = ay, then u?,v? € L(a). Suppose that £ # a;. By Corollary 4.6.6 (iv), the word
sk occurs as a square in £ (). Since £(«) is mirror-invariant, also u? € £(«).

Therefore from Corollary 4.6.6 (iv), it follows that |[u]| = ||gx ¢—12|| = |[sk ¢]|- Now
[v] = I(1 —a,—(gx_1 +1)a), so |[v]| = ||qk_1&|| # |[u]|- Thus Corollary 4.6.6 (iv)
implies that v* ¢ £ («). Hence (iii) and (iv) are proved. O

Proof of Theorem 4.8.8. 1f |w| = 1, then clearly w = 0 = 3, so the claim holds. We
may thus focus on the case |w| > 1.

Suppose that a square w? in £ («) with w primitive satisfies the square root
condition. By Corollary 4.8.10, the interval [w] has 1 — a as an endpoint. More-
over, Proposition 4.6.1 implies that |w| € Q. Thus from Proposition 4.8.11, it
follows that w = §or w = L(5) and 52 € L(«), where s is the (semi)standard
word of length |w|. Moreover, by Proposition 4.8.11, L(3)? € L(a) if and only if
|w| € Q4. Hence w € RStand™(a) U L(RStand(x)).

Suppose then that w € RStand(a) U L(RStand(«)). Notice first that L(w) has
the same number of letters 0 as w, so w is conjugate to L(w) by Corollary 4.6.6
(v). Therefore it follows from Corollary 4.6.6 that w? € L(a). Let u and v be
the factors of length |w| whose associated intervals have 1 — a as an endpoint.
By Proposition 4.8.11, the word u must be right special and v = L(u). Since the
right special factor of length |w| is unique, either w = u or L(w) = u. Hence the
interval [w] has 1 — & as an endpoint. Then w? clearly satisfies the square root
condition. O
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4.8.4 Characterization by a Word Equation

It turns out that the squares of slope & satisfying the square root condition have
also a different characterization in terms of specific solutions of the word equation

XiX3-- X = (X Xa - Xp)? (4.23)

in the language £ (x). We are interested only in the solutions of (4.23) where all
words X; are minimal square roots (4.20), i.e., roots of minimal squares. Thus we
give the following definition.

Definition 4.8.12. A nonempty word w is a solution to (4.23) if w can be factorized
as a product of minimal square roots, w = X;Xj - -- Xj,, that satisfy the word
equation (4.23). The solution is trivial if X1 = Xp = ... = X, and primitive if w
is primitive. The word w is a solution to (4.23) in a language L if w is a solution to
(4.23) and w? € L.

All minimal square roots of slope « are trivial solutions to (4.23). One example
of a nontrivial solution w is 5,515, in the language of the Fibonacci word since

w? = (01010)% = (01)%-0? - (10)? = 535252,

Notice that in the language of any Sturmian word there are only finitely many
trivial solutions as the index of every factor is finite.

Observe that the factorization of a word as product of minimal squares is
unique. Indeed, if X?--- X2 = Y?... Y2, where the squares X12 and Yi2 are min-
imal, then either X7 is a prefix of Y7 or vice versa. Therefore by minimality
X% = le, that is, X; = Y7. The uniqueness of the factorization follows.

Our aim is to complete the characterization of Theorem 4.8.8 as follows.

Theorem 4.8.13. Let w € L(«) with w primitive. The following are equivalent:
(i) w is a primitive solution to (4.23) in L(«),
(ii) w? satisfies the square root condition,
(iii) w € RStand™(«) U L(RStand(x)).
For later use in Subsection 4.8.7, we define the language £ (a, b).

Definition 4.8.14. The language L (a, b) consists of all factors of the infinite words
in the language

(10a+1(10u)b + 10a+1(10u)b+1)w — (55 + Sé)w'

Observe that by Proposition 4.8.2, every word in £(a,b) is a factor of some
optimal squareful word with parameters a and b. Moreover, if we define x =
0;a+1,6+1,...],then £L(a) C L(a,b).

Definition 4.8.15. The language I'I(a, b) consists of all nonempty words in £ (a, b)
that can be factorized as products of the minimal squares (4.20).
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Letw € I1(a,b), thatis, w = X% e X,% for minimal square roots X;. Then we
can define the square root \/w of w by setting /w = Xj - - - X.

We need two technical lemmas. Their proofs are straightforward case-by-case
analysis. The statement of Lemma 4.8.16 has a technical condition for later use in
Subsection 4.8.7, which is perhaps better understood if the reader first reads the
proof of Lemma 4.8.17 up to the point where Lemma 4.8.16 is invoked.

Lemma 4.8.16. Let u and v be words such that
o u is a nonempty suffix of Se,
e |0] > |S5S6/,
o v begins with xy for distinct letters x and y,
e uv € L(a,b)and L(v) € L(a,b).

Suppose there exists a minimal square X2 such that | X?| > |u| and X? is a prefix of uv
or uL(v). Then there exist minimal squares YZ, ..., Y2 such that X* and Y? - - - Y2 are
prefixes of uv and uL(v) of the same length and X = Yy - - - Yy,.

Proof. Let Z? be a minimal square such that |Z?| > |u| and Z? is a prefix of uv
or uL(v). It is not obvious at this point that Z exists but its existence becomes
evident as this proof progresses. By symmetry, we may assume that Z? is a prefix
of uv. To prove the claim, we consider different cases depending on the word Z.

Case A. Z = S; = 0. Since u is a nonempty suffix of Sg and |Z2| > |u], it
must be that u = 0. As v begins with 0, we see that v begins with 01 by assump-
tion. Since v € L(a,b) and |v| > |Se|, the word v begins with either 010%10% or
0109t110%. In the latter case, the word L(v) would begin with 1021 contradict-
ing the assumption L(v) € L£(a,b). Hence v begins with 010°10®. Therefore uv
has 0010°10® as a prefix, that is, uv begins with S$252. Moreover, the word uL(v)
has the word S% =010°t110% as a prefix. Since S3 = 5154, the conclusion follows.

CaseB.Z =5, = 010°~1. If u = 0, then the word v has 10°10* as a prefix
and, consequently, L(v) has 107110% as a prefix contradicting the assumption
L(v) € L(a,b). Therefore by the assumptions that u is a nonempty suffix of S¢
and |Z2| > |ul, it follows that u = 010°. Thus v has 10® as a prefix. Using the fact
that L(v) € £(a,b), we see that v begins with 10°*! and L(v) begins with 010°.
Hence uv has S%S% as a prefix, and uL(v) has S% as a prefix. Since 5,51 = S3, we
conclude, as in the previous case, that the conclusion holds.

Case C. Z = S3 = 010°. Using again the fact that u is a suffix of S¢ and
|Z%| > |u|, we see that either u = 0 or u = 010°. In the first case, the word v
begins with 107110 and L(v) begins with 010°10®. Hence the word uL(v) has
S%Sﬁ as a prefix. As S1S4 = S3, the conclusion follows. Let us then consider the
other case. Now L(v) begins with 10°, so the word uL(v) has S357 as a prefix.
Again, the conclusion follows since 5,51 = S3.

Case D. Z = 54 = 10° Now the only option is that u = 10%. Using the
fact that v € £(a,b), we see that v cannot begin with 10°1, so v must have 10%+!
as a prefix. Further, since |v| > |S¢|, it must be that S¢ is a prefix of v. If S¢l
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would be a prefix of v, then the word L(v) would have the word (10%)**21 as a
factor contradicting the fact that L(v) € L(a,b). Thus S¢0 is a prefix of v. Since
v € L(a,b) and |v] > |S5S6|, we see that S¢0(10%)°*! = $210° is a prefix of v.
Consequently, the word L(v) begins with 0(10%)°*+1109+1(10%)%*1, so uL(v) has
S2 as a prefix. Assume first that b is odd. It is straightforward to see that now

O(loa)bloqul (10a)b+1 _ (S%)(b+1)/25%(52)(b+1)/2.
Thus for the prefix 10%S510® of uv, we have
10(18%10(1 _ Si(s%)([l-‘rl)/ZS%(SA%)(b-i-l)/Z

As S¢ = S4S§b+1)/ 2515ib+1)/ 2, the conclusion follows as before. Assume then
that b is even. It is now easy to show that

0(10%)°10*1(10%)° ! = (53)°/253(53)/2.
Therefore, we have
10°5310° = S3(83)°/255(53)° /2.

Since S¢ = 5455’ / 28352/ 2 the conclusion again follows.

Case E. Z = S5 = 10°t1(10%)°. Now either u = 10% or u = 10%+1(10%)°+1,
In the first case, the word v must begin with 0(10%)°10°+1(10%)*. However, this
implies that L(v) begins with 10°*1(10%)*~110%*1(10%)® contradicting the fact
that L(v) € £(a,b). Consider then the latter case, where v begins with 0(10%)°.
As L(v) € L(a,b) and |v| > |Sg|, it must be that L(v) begins with 10971(10%)0+1,
Hence the word uL(v) has Sg as a prefix. Since the word v begins with 0(10)°+2,
the word uv has SgSﬁ as a prefix. The conclusion follows as S5S4 = S¢.

Case F. Z = S5 = 109+1(10%)°*1. There are two possibilities: either u = 10°
or u = 109+t1(10%)%*+1, In the first case v begins with 0(10%)°+1109+1(10%)b+1,
so L(v) begins with 10%+1(10%)°10%+1(10%)*+1. The word uL(v) has the word
$20(10%)°109+1(10%)"+1 as a prefix. Proceeding as in the Case D, depending on
the parity of b, we see that the conclusion holds. Consider then the latter case,
where u = 10°+1(10%)°+1. The word v must begin with u, so L(v) has 0(10%)°+2
as a prefix. Clearly the word uL(v) has S2S2 as a prefix. As Sq = S5S4, the
conclusion follows. O

A more intuitive way of stating Lemma 4.8.16 is that under the assumptions
of the lemma swapping two adjacent and distinct letters that do not occur as a
prefix of a minimal square affects a product of minimal square only locally and
does not change its square root.

Lemma 4.8.17. Let w be a primitive solution to (4.23) having the word 10°1(10%)°+1
as a suffix such that w?, L(w) € L(a,b). Then wL(w) € T1(a,b) and \/wL(w) = w.

Proof. Recall that Sg = 10°+1(10%)°*+1. If w = S, then it is easy to see that
wL(w) = S2S% and w = S5S4, so the claim holds. We may thus suppose that Sg is
a proper suffix of w.
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Since w is a solution to (4.23), we have w? = X% ~-X2and w = X; - - - X, for
some minimal square roots X;. It must be thatn > 1lasifn = 1then w = Xj,
and it is impossible for S to be a proper suffix of w. Assume for a contradiction
that X; = S;. Since X;X; is a prefix of w?, it follows that X, begins with the
letter 0. If X, # Sy, then X; X, begins with 001 but X2 X2 begins with 000, which
is impossible. Hence X, = Sj, and by repeating the argument, it follows that
X, = §q for all k such that 1 < k < n. Thus w cannot have S¢ as a suffix, so we
conclude that X; # S;. Hence w always begins with 01 or 10.

We show that | X?| < |w|. Assume on the contrary that | X2| > |w|. Since w has
the word Sg as a suffix, it follows that Sg is a factor of X%. Hence Xj is one of the
words S5, Sg or S (if b = 0). If X; = S5, then as X? = 10°71(107)?107+1(107)?, the
word S occurs in X? only as a prefix. Thus w = Sg contradicting the fact that Sg
is a proper suffix of w. If X; = Sg, then since X? = 10°+1(10%)* 1100 +1(10%)°*1,
the word Se occurs in X? both as a prefix and as a suffix. Since w # Sg, it must
be that w = X? contradicting the primitivity of w. Let finally b = 0 and X; = Ss.
Now X% = 010%7110%, so Se occurs in X7 as a suffix. Hence w = X7 contradicting
again the primitivity of w.

Now there exists a maximal r such that 1 < r < nand X? - - - X2 is a prefix of
w. Actually X7 --- X2 is a proper prefix of w, as otherwise w? = (X% ---X?)? =
(X1-- X X1+ Xp)?, s0 w = (Xy---X,)?, contradicting the primitivity of w.
Thus when factorizing wL(w) and w? as products of minimal squares, the first
r squares are equal. Let u be the nonempty word such that w = X? - - X2u. By
the definition of the number 7, we see that u is a proper prefix of X2 1+ Suppose
for a contradiction that |u| > |Se|. It follows that u has S¢ as a proper suffix. This
leaves only the possibilities that X, 1 is either of the words S5 or S¢. However, if
X;4+1 = Ss, then Sg cannot be a proper suffix of u, and if X, ;1 = Sg, then r is not
maximal. We conclude that |u| < |Sg|.

Next we show that w must satisfy |w| > |S5S¢|. Suppose first that w begins
with the letter 0. Then as S is a proper suffix of w and w? € £(a,b), it must be
that w begins with 0(10%)°*!. Suppose that this prefix overlaps with the suffix
Se. Then clearly w = 0(10%)°10%t1(10%)**1 = (0(10%)"+1)? contradicting the
primitivity of w. If the prefix 0(10%)°*! does not overlap with the suffix Sg, then
|w| > |S5S¢|. Assume then that w begins with the letter 1. Similar to above, the
word w must begin with 109+1(10%)**1. In this case necessarily |w| > |S5Ss].

Finally, we can apply Lemma 4.8.16 to the words u and w with X = X, 1. We
obtain minimal squares Y?, ..., Y2 such that Y12 -+~ Y2 is a prefix of uL(w) and
and Y7 - - - Yy = X411 - - - X4+ for some positive integer t. Thus

wL(w) = X2+ XBYE -+ Y3XC, - X2 and
w=X - Xp=X1- - XV YmXpprs1 - Xn.

The claim is proved. O

Proposition 4.8.18. Let w € RStand™(a) U L(RStand(a)). Then the word w is a
primitive solution to (4.23) in L ().
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Proof. Notice that w? € L(a) by Corollary 4.6.6. Suppose first that |w| < |Sel,
where S¢ = 531 = 109+1(10%)b+1, Clearly the minimal square roots S, ..., S5
are solutions to (4.23), so we are left with the case where w =5, , = 0(10“)€ with
1 < ¢ < b+ 1. Itis straightforward to see that if £ is even, then

w? = (S3)1/253(53)"/? and w = $}/25,5}/%.
If ¢ is odd, then

w? = (S%)(”WZS%(SZ)(”WZ and w — S§€+1)/25354(1€+1)/2-
Hence w is a solution to (4.23).

We may thus suppose that |w| > |Se|, so w has S¢ as a suffix. We proceed by
induction. Now either w = 5;, with k > 3and 0 < ¢ < a; or L(w) = 5 with
k > 3. We assume that the claim holds for every word satisfying the hypotheses
that are shorter than w. Consider first the case w = 55y withk > 3and 0 < ¢ < a.
By the fact that Sp_15x_» = L(5x_2)Skx_1, we obtain that

w? = $k_0Sp_15k—28p_1 = Sk—25p 1 L(Sk_2)8} 1 " 51 = Ske1L(Ske-1) -1
Now if k = 3 and ¢ = 1, then the conclusion holds as 537 = S¢ is a minimal
square root. Hence we may assume that either k > 3 or k = 3 and / > 1. Since
Sk_1 is a solution to (4.23), we have 5,?71 = X% ~-X2and 51 = Xq--- X, for
some minimal square roots X;. In other words,

$¢.4 €(a,b) and /s2 | =5_1.

Since |5y ¢—1| > |Se|, with an application of Lemma 4.8.17, we obtain that

Sk e—1L(Ske—1) € T1(a,b) and /g r—1L(5k0-1) = Skr—1-

Thus w? € I1(a,b) and

Vw? = \/gk,fflL(gk,éfl>\/§k2_1 = Sk0—15k—1 = W,

so w is a solution to (4.23).
Consider next the case where w = L(5;) for some integer k such that k > 3.
Similar to above,

w” = L(5—2)8¢* 1 L(5k2)5"
= L(Sk-2)50 ) a8l
= L(5k—2)3k-18k-35, 5S¢ 7 ka5t
= L(gk—z)gk—lgk—3§]?ﬁ72171 SEa

I L -
= Sk—15k-25k—35k_2  *Ska—1

= 8k-1L(5k-1) 'glcz,ak—l'
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If k > 3, then the claim follows using the induction hypothesis and Lemma 4.8.17
as above. In the case k = 3, we have

Sk-1L(Sk-1) € II(a,b) and 4/5k—1L(5k-1) = Sk-1-.

Namely, it is not difficult to see that if b is even, then

S LG 1) = (S2)17Y/252(s)"2 and &y = S170/25,5072,
and if b is odd, then

~ - _ ~ b+1)/2 b—1)/2

St 1L(Gi1) = (83)(H1D/262(62)(0-1)/2 ang gy = g{0 T/ 2g, 60172,
Thus w is a solution to (4.23) also in the case k = 3. O

Notice that a word w in the set L(RStand™(a)) \ L(RStand(a)) is a solution to
(4.23) but not in the language £ («). Rather, w is a solution to (4.23) in £(B), where
B is a suitable irrational such that L(w) is a reversed standard word of slope B.

From Proposition 4.8.18, we conclude the following interesting fact.

Corollary 4.8.19. There exist arbitrarily long primitive solutions of (4.23) in L(«).

It was known earlier that the word equation (X2 - X2) = X? - - - X2 has non-
periodic solutions (in the most general sense of the word solution) [79], but ac-
cording to my knowledge, no large families of nonperiodic solutions have been
identified until now. Word equations of the type X¥--- Xk = (X; --- X,,)F have
been considered by Stépan Holub [78, 79, 80].

We can now prove Theorem 4.8.13.

Proof of Theorem 4.8.13. By Proposition 4.8.18 and Theorem 4.8.8, it is sufficient to
prove that (i) implies (ii).

Suppose that w is a solution to (4.23) in £(a). Write w? as a product of min-
imal squares: w?> = X?X3--- X2, and let p € [w?]. Then the word Sp,a begins
with X3X3 - -- X}, so by Theorem 4.8.4, the word ,/Sp0 = Sy(,), begins with
X1X; - - Xy. Therefore ¢(p) € [X1Xp - - - Xu] = [w]. Thus w? satisfies the square
root condition. O

4.8.5 Detailed Combinatorial Description of the Square Root Map

Recall from Subsection 4.8.2 that the square root /s of a Sturmian word s has the
same factors as s. The proof of this result was dynamical; we used the special
mapping ¢ on the circle. In this section, we describe combinatorially why the
language is preserved; we give a location for any prefix of /s in's. As a side
product, we are able to describe when a Sturmian word is uniquely factorizable
as a product of squares of reversed (semi)standard words.

Let us begin with an introductory example. Recall from Subsection 4.8.2 the
square root of the Fibonacci word f:

f = (010)2(100)2(10)%(01)%0%(10010)2(01)?- - -,
VE=010-100-10-01-0-10010-01 - - .
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Let X; = 010 and X, = 100-10-01-0-10010-01; we have |X;| = 3and | X»| = 13.
Obviously the square root X; of (010)? occurs as a prefix of f. Equally clearly, the
word 010 - 100, the square root of (010)2(100)?, occurs, not as a prefix, but after
the prefix X; of f. Thus the position of the first occurrence of 010 - 100 shifted
|X1| positions from the position of the first occurrence of X;. However, when
comparing the position of the first occurrence of 1/(010)2(100)2(10)2 with the
first occurrence of 010 - 100, we see that there is no further shift. By further in-
spection, the word /(010)2(100)2(10)2(01)202(10010)2 occurs for the first time
at position | Xj| of f. This is no longer true for the first seven minimal squares:
the first occurrence of X;X; is at position |X; X, | of f. The amount of shift from
the previous position |X;| is | Xz|; observe that both of the numbers | X; | and | X3
are Fibonacci numbers. Thus the amount of shift was exactly the length of the
square roots added after observing the previous shift. As an observant reader
might have noticed, both of the words X; and X, are reversed standard words,
or equivalently, primitive solutions to (4.23). Repeating similar inspections on
other Sturmian words suggests that there is a certain pattern to these shifts and
that knowing the pattern would make it possible to locate prefixes of /s in the
Sturmian word s. Thus it makes very much sense to “accelerate” the square root
map by considering squares of solutions to (4.23) instead of just minimal squares.
Next we make these somewhat vague observations more precise.

Every Sturmian word has a solution of (4.23) as a square prefix. Next we
aim to characterize Sturmian words having infinitely many solutions of (4.23) as
square prefixes. The next two lemmas are key results towards such a characteri-
zation.

Lemma 4.8.20. Consider the reversed (semi)standard word sy, of slope « with k > 2
and 0 < ¢ < ay. The set [Sy o] \ {1 — a} equals the disjoint union

00 Ak42i

(-1
U U Bl | \UERL
i=1

i=0 j=1
Analogous representations exist for the sets [sp] \ {1 — a} and [51] \ {1 — a}.

To put it more simply: for each intercept p such that p # 1 — «, there exists
a unique reversed (semi)standard word w such that p € [w?]. To illustrate the
proof, we begin by giving a proof sketch.

Proof Sketch. Consider as an example the interval [0]. It is easy to see that [0%] =
1(0, —2a) = I1(0,—(go + 1)a), so [0] = [0*] U I(—(g0 + 1)&,1 — a). The interval
I(—(qo + 1)a, 1 — ) is the interval of the factor 5. Therefore [0] = [5§] U [$21].
Since 53, € L(a), the interval [§2,] splits into two parts: [551] = [53,] UJ. Itis
straightforward to show that | = I (—(g21 + 1)a,1 — ). Again, the interval | is
the interval of the factor w that equals either s, ; or 54 1, depending on the partial
quotient a,. Therefore [0] = [52] U [s2;] U [w]. This process can be repeated for
the interval [w] and indefinitely after that. The very same idea can be applied to

any interval [5y /]. O
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Proof of Lemma 4.8.20. Consider the lengths of the reversed (semi)standard words
beginning with the same letter as 5;,. Out of these lengths, we can form the
unique increasing sequence (b,,) such that by = gy 1. f wesets; =5, pand J; =
I(—(b1 +1)a,1 — a), then based on the observations made the proof of Proposi-
tion 4.8.11, we see that J; = [s1]. The interval J; is split by the point { — (b, +1)a},
where by = gi,. It must be that [s2] = I(—(b; + 1)a, —(bp + 1)a). Otherwise
s3] = [s1] NR™%2([51]) = I(—(bp + 1)a, 1 — &), so the points {—(b; + by)a} and
{—b1a} are on the opposite sides of 0. Furthermore, ||(b; + by)a|| equals the
distance between the points {—bia} and {—bya}, so ||(by + b2)a|| = ||ge_1]-
Since the point {—g;_qa} is also on the side opposite to {—bja}, it follows that
gk—1 = b1 + by, which is obviously false. Hence the interval of s, the unique
reversed (semi)standard word of length b3 beginning with the same letter as s,
is Jo, where [, = J; \ [$3] = I(—(by + 1)a,1 — &). By repeating these observa-
tions when 1 > 1, we see that the interval J, is split by the point {—(b,,+1 + 1)a}
and that [s2] = I(—(by + 1)a, —(by+1 + 1)a). Then there is a unique reversed
(semi)standard word s, such that [s,,1] = I(—(bpy1 +1Da, 1 —a) = J, \ [$2];
we set J, 11 = [Sy+1]- By the definition of the sequence (b,), the words s, 1 and
s1 begin with the same letter. This yields a well-defined sequence (J,;) of nested
subintervals of J;. It is clear that |J,| — 0 as n — oo. It follows that

e}

Srdu{l—a} =nu{l-a} = s3]0 {1 -a}.

n=1

The sets [s2] are by definition disjoint. The conclusion follows since the indexing
in the claim is just another way to express the reversed (semi)standard words
having lengths from the sequence (by,).

The above proof works as it is for the cases sy and 57; only minor adjustments
in notation are needed. O

Lemma 4.8.21. Let u € RStand™(a) and v € RStand*(a) U L(RStand*(«)). Then
u? is never a proper prefix of v°.

Proof. If v € RStand™(«) and |u| # |v|, then by Lemma 4.8.20 the intervals [u?]
and [0?] are disjoint. Hence the word u? can never be a proper prefix of v2. As-
sume then that v € L(RStand*(a)). If |v| < |31], then v? is a minimal square,
so it is impossible for u? to be a proper prefix of v>. Suppose that |[v| = [5; |
withk > 2and 0 < ¢ < g;. As in the proof of Proposition 4.8.11, we have
[v] = I(—(gx_1 +1)a, 1 — ). If u begins with the same letter as v and |u| < |v],
then |u| < [Sx_1]|. It follows, as in the proof of Lemma 4.8.20, that the distance
between 1 — & and either of the endpoints of the interval [u?] must be at least
lgk—1«||. Hence the intervals [v] and [u?] are disjoint, so the word u? is not a
proper prefix of v2. O

Let s be a fixed Sturmian word of slope «. Since the index of a factor of a
Sturmian word is finite, Lemma 4.8.21 and Theorem 4.8.13 imply that if s has
infinitely many solutions of (4.23) as square prefixes then no word in RStand*(a)
is a square prefix of s. We have now the proper tools to prove the following result.
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Proposition 4.8.22. Let s, be a Sturmian word of slope a. Then sy begins with a
square of a word in RStand™(a) if and only if p # 1 — a.

Proof. If p #1 —uw, thenp € [5o] \ {1 —a} orp € [57] \ {1 —a}. Thus by applying
Lemma 4.8.20 to [so] \ {1 —a} or [51] \ {1 — a}, we see that the word s, begins
with a square of a word in RStand™(«).

Suppose then that p = 1 — a. Then sy, € {01cy, 10¢, }. Recall that sy = Py 10
and spr1 = Qor1101 for some palindromes Py and Qo1 for every k > 1. As
Cy = limy_,q S, it follows that 0lc, = limyg .o Sox and 10c, = limyg_, o Sppy1-
Hence by Lemma 4.8.21, the word s, cannot have as a prefix a square of a word
in RStand™(w). O

It follows that if s has infinitely many solutions of (4.23) as square prefixes,
then s € {01c,, 10¢, }.

Next we take one extra step and characterize when s can be factorized as a
product of squares of words in RStand*(a).

Theorem 4.8.23. A Sturmian word s of slope « can be factorized as a product of squares
of words in RStand™(a) if and only if s is not of the form X3X3 - - - X3¢, where X; €
RStand™*(a) and ¢ € {01cy, 10c, }. If s is a product of squares in RStand™(«), then this
product is unique.

Proof. This is a direct consequence of Proposition 4.8.22 and Lemma 4.8.21. O

Suppose that s ¢ {01cy, 10cy}. Then the Sturmian word s has only finitely
many solutions of (4.23) as square prefixes. We call the longest solution maximal.
Observe that the maximal solution is not necessarily primitive since any power of
a solution to (4.23) is also a solution. Sturmian words of slope « can be classified
into two types.

Type A. Sturmian words s of slope « that can be factorized as products of
maximal solutions to (4.23). In other words, it can be written that s = X%X% cee,
where X; is the maximal solution occurring as a square prefix of the word T"i(s),
where h; = |X2X3 - X? ||

Type B. Sturmian words s of slope a which are of the form s = X?X3 - - - X2c,
where ¢ € {01¢,, 10¢, } and the words X; are maximal solutions as above.

Proposition 4.8.22 and Lemma 4.8.21 imply that the words X; in the above
definitions are uniquely determined and that the primitive root of a maximal
solution is in RStand™(«). Consequently, a maximal solution is always right spe-
cial. When finding the factorization of a Sturmian word as a product of squares of
maximal solutions, it is sufficient to detect at each position the shortest square of
aword in RStand*(a) and take its largest even power occurring in that position.

Keeping the Sturmian word s of slope « fixed, we define two sequences (i)
and (Ay) associated to s. We set g = A9 = ¢. Following the notation above, we
define, depending on the type of s, as follows.
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(A) If s is of type A, then we set for all k > 1:

g = X3X3--- X2 and
A= X1 Xp - Xy

(B) If s is of type B, then we set for 1 < k < n:

Up = X%X%X,% and
Me=X1Xp - Xy,

and we let

Hn1 = X{X3 -+ Xje and
/\n+1 = X1X2 s 'XnC.

Compare these definitions with the example in the beginning of this section:
the words X; and X, are maximal solutions occurring in the Fibonacci word
(which is of type A).

We are finally in a position to formulate precisely the observations made in
the beginning of this section and state the main result of this section.

Theorem 4.8.24. Let s be a Sturmian word of slope «.
(A) If sis of type A, then

Vs = lim TIM(s).
k—o0

Moreover, the first occurrence of the prefix Ay, 1 of \/s is at position |Ay| of s for all k > 0.
(B) If s is of type B, then

Vs = Thl(s).

Moreover, the first occurrence of the prefix Ay 1 with 0 < k < n — 1 is at position |A|
of s, and the first occurrence of any prefix of /s having length greater than |A,| is at
position |Ay| of s.

In particular, the word /s is a Sturmian word of slope «.

The theorem only states where the prefixes Ay of /s occur for the first time in
s. For the first occurrence of other prefixes of /s, we do not have a guaranteed
location.

To illustrate the theorem, consider next f/, the eighth shift of the Fibonacci
word. If we write under the word f' each of the corresponding words Ay at the
position of their first occurrence, we get the picture in Figure 4.4. Theorem 4.8.24
shows that the nice pattern where the words Ay overlap continues indefinitely
and, moreover, that if we replace f with any other Sturmian word (of type A), we
obtain a similar picture. Most of the results in this section were motivated by the
discovery of this pattern.

Before proving the theorem we need one more result.
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2 2 2 2 2
Xl X2 X3 X4 X5
—_——

£: 01001010010100100101001001010010100100101001010010010100100101001010010010100100 - - -
Aq: 010
Ax: 01010010
As: 0101001001010010
A 01010010010100101001001010010
As: 01010010010100101001001010010010100101001001010010

Figure 4.4: The first occurrences of the words A in f'. The eighth shift of the
Fibonacci word was chosen since for the Fibonacci word the lengths |Ax| grow
very rapidly.

Proposition 4.8.25. Suppose that s is a Sturmian word of type A. Then the word Ay is
right special and a suffix of the word yy for all k > 0.

Proof. This proof might be tricky to follow. I advise the reader to keep Figure 4.5
in mind while reading the proof. This picture depicts only the Case A below but
is surely helpful.

The assertion is evident when k = 0. Suppose that k > 0, and assume that
Ak is right special and that Ay is a suffix of the word py. It is equivalent to say
that {—(|A] +1)a} € [Ad and [] € R-IMI([AL]) (evidently 2|Ax] = |uk]). We
write simply A = Ay, u = p, and X = Xj ;. This proof utilizes only the facts
that X2 € £(a) and that A is right special and a suffix of the word y, not the
structure of the words A and p implied by their definitions. Thus without loss of
generality, we may assume that X is primitive. Consequently, X € RStand ().
It follows that

[X]=I(—(9+1)a,1—w) and
X = [X]NR™X([X]) = I(~(q + D, —(IX] + 1)) (4.24)

for some nonnegative integer 4. Let x = {—(|u| + 1)a}. It follows from the
hypothesis {—(|A| +1)a} € [A] that x € R-IM([A]). By (4.24), the point x is an
endpoint of the interval R~/ ([X]).

Let then y = {—(|uX| + 1)a}. By (4.24), the point y is an endpoint of the
interval R~*X|([X]) and an interior point of the interval R~I*/([X]). Suppose
for a contradiction that y ¢ R~IM([A]). Because x ¢ R™IMXI([X]) (otherwise it
would follow that 1 — a € R~IXI([X]), which contradicts (4.24)), it follows that
R=IM([A]) nR-IFXI([X]) = @. Since

[reia] = () N RM((X]) NRTIFX([X)),

we have [i1] € R™I"XI([X]). By assumption [py1] € [#] € R™IM([A]). Thus
(1] € R-IA([A]) n R-I¥XI([X]), so by the above we are forced to conclude
that [pg1] = @. This is a contradiction since X is chosen in such a way that
[e41] = [#X?] # @. We conclude that y € R~ ([A]).

Now R M([AX]) = R-([A]) 1 R ([X]). Since y € R ([A]), R-II([x]),
it follows that y € R~M([AX]). Thus RM(y) = {—(JAX| + 1)a} € [AX], so
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f | (1]

I . . T RMI([A])
| — RIM([X])
[ I RMI([X])
I i R ([AX])
I I —M(aX))
f i R™ "‘([ D

Figure 4.5: A possible arrangement for the intervals in the Case A of the proof of
Proposition 4.8.25. The green color marks the interval [¢X] and blue marks the
interval [uX?] = [ps1]-

the word AX is right special. We have two cases depending on the length of the
interval R~I#/([X]) compared to the length of the interval R~ ([A]).

Case A. R-I¥I([X]) ¢ R=IM([A]). In this case R-M([AX]) = I(x,z), where z is
an endpoint of the interval R~ W ([A]). Since y is an interior point of R~ ([AX]),
RIXl(x) = y, and x ¢ R-XI([AX]), we obtain that I(y,z) € R~MXI([AX]).
Since v is also an interior point of R~I*([A]), we obtain in a similar fashion that
R-AI(A]) A RIH([X2]) = 1(y, 2). Thus

[es1] = [ VRTIFI([X?])
C RTA([A) nRTIM([x7)
=1(y,2)
< R™MXI([AX)).

This proves that AX = Ay is a suffix of py1.
Case B. R-IM([X]) € R=IM([A]). Tt follows that R—M([AX]) = R—I([X]), so
R-IMXI([AX]) = R7I#XI([X]). Since R—IM([X2]) € R-IMXI([X]), we get that

(s = [ NRTF(X]) € [u] nR™MI((X]) € [ nRTMI([AX])
proving that also in this case AX = Ay is a suffix of py 1. O

Notice that even though Ay is right special and always a suffix of p, it is not
necessary for i to be right special.

Proof of Theorem 4.8.24. As Sturmian words of type B differ from Sturmian words
of type A essentially only by the fact that the sequence of maximal solutions is
finite, it is in this proof enough to consider the case that s is of type A.

Proposition 4.8.25 says that A is always a suffix of py for all k > 0. Since |py| =
2|Ag], it follows that the word Tl*l(s) has the word A as a prefix. Therefore
Vs = limy_o, THH ().

It remains to prove that the first occurrence of Ag,; in s is at position |A]
of s for all k > 0. It is clear that the first occurrence of A; = Xj is at position
|Aog| = 0. Assume that k > 0, and suppose for a contradiction that A;,; occurs
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Hi-1 Xk Xeo o X X

Akt X o Xk

Figure 4.6: Possible locations for factors in the proof of Theorem 4.8.24.

before the position |Ax|. Since Ay is a prefix of Ay, 1, by induction, we see that
Ajy1 cannot occur before the position |Ax_1|. This means that an occurrence of
X; X1 begins in s at position v such that |p_1| < v < |p_1Xk|; see Figure 4.6.
Observe that s has at position |yj_1| an occurrence of X,% Write now X; = w!
with w € RStand™(«). Since w is primitive, we must have v = |p_1| + r|w| with
0 <r < t. Thus X} 1 occurs in s at position v + | Xi| = |px_1| + (r +t)|w|. Since
r < t, it follows that either w is a prefix of Xy 1 or X1 is a prefix of w.

Suppose first that w is a prefix of X 1; this is the case depicted in Figure 4.6.
If w = Xky1, then the prefix yk,lX,% of s is followed by w?. Now w**? is a
solution to (4.23) implying that X} is not a maximal solution to (4.23). Since this is
contradictory, we infer that |w| < |Xj1|. Since X} 1 occurs at position |u_1| +
(r+t)|w| < |p| and Xy;1 has w as a prefix, it must be that Xy | begins with wa
where a is the first letter of w. Since w is right special and w? € £(a), it follows
that X7 1 begins with w?. Like above, this implies that X is not maximal. This is
a contradiction.

Suppose then that X;; is a proper prefix of w. First of all, the word X
must be primitive as otherwise Xj 1, and consequently also w, would have as
a prefix a square of some word in RStand*(«) contradicting Lemma 4.8.21. The
assumption that X, ; is a prefix of w implies that X, ; and w begin with the same
letter. Like above, since w is right special and w? € £ (a), it must be that w occurs
after the prefix iy of s. Since also X7 1 occurs after the prefix yi, by Lemma 4.8.21,
we conclude that the word w must be a proper prefix of X,% 1+ Observe now that
the assumption that Xj is a proper prefix of w excludes the possibilities that
w =35y =0orw = sy = 10 Therefore w = s, withh > 2and 0 < £ < ay,.
Because |w| < 2|Xy, 1|, we must have | Xy 1| > [S;_2|. On the other hand, since
|Xj11] < |w| and Xi,1 and w begin with the same letter, the only option is that
Xky1 = gh,f’ with 0 < ¢/ < £. Now

2 v U N2 _ T 5 -1
Xiv1 = ($n—2831)" = Sn_28, 1 L(Sh—1)Sh—28, 1,
so as w is a prefix of X? 41, it must be that §,_; = L(8},_1). This is a contradiction.

This final contradiction ends the proof. O

As a conclusion of this subsection, we study the lengths of the maximal solu-
tions of (4.23). Namely, let s = X?X3 - - - be a Sturmian word of type A factor-
ized as a product of maximal solutions X;. Computer experiments suggest that
typically the sequence (|X;|) is strictly increasing. However, there are examples
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where |X;| > |X;1| for some i. It is natural to ask if the lengths can decrease
significantly or if oscillation is possible. The next proposition describes precisely
under which conditions it is possible that |X;| > |X;,1|. Moreover, it rules out
the possibility that the lengths decrease significantly or oscillate.

Proposition 4.8.26. Let s = X?X35X3--- be a Sturmian word of type A of slope a
factorized as a product of maximal solutions X;. If |X1| > |Xa|, then X1 = 5§ ¢ with
k>2and 0 < ¢ < ag — 1, the primitive root of Xy is 5p_1, and | X3| > |X;|.

Proof. Assume that |X;| > |X|. Let us first make the additional assumption that
X3 is primitive. In particular, X; € RStand*(a). Let u be the primitive root of X5.
Then u € RStand*(a) and, moreover, by the assumption |X;| > |X;|, we have
|u| < |Xj|. By Proposition 4.8.25, the word A, = X;X; is a suffix of the word
Uy = X%X% Therefore X; is a proper suffix of X;X», so X1Xy = ZX; for some
nonempty word Z. A standard argument shows that Xj is a suffix of some word
in X; (see, e.g., [90, Proposition 1.3.4]). Consequently, Xj is a prefix of a word in
ut. As |u] < |Xp|, Lemma 4.3.6 implies that X1 = 5,y and u = $;_; withk > 2
and 0 < ¢ < a;.

Suppose now that { = a;. Then the word X%X% contains §k_1§k_2’§]f ﬁz as a
factor. Thus sZ"_tzsk,zsk,l € L(a). As si_1 is a prefix of sp_5s_1, it follows that
sZ"jf € L(«) contradicting Theorem 4.6.5. Therefore ¢ < a; — 1.

Let us then relax the assumption that X; is primitive. Let v be the primitive
root of Xj, so that X; = o’ for some positive integer i. Consider now the Sturmian
word T?=2)?l(s) = v2X3---. By the above arguments, we have v = 3, with
k>2and 0 < ¢ < a; — 1 and the primitive root of Xy is 5;_1. Further, as ¢ # ay,
it follows from Theorem 4.6.5 that v® ¢ £ (a). Thus i = 1, thatis, X; = 5.

It remains to show that |X3| > | Xj|. Assume on the contrary that |X3| < |Xj|.
It is impossible that |X3| < |X,| as the preceding arguments show that then X,
must be reversed semistandard word; however, X; is a power of the reversed
standard word 5;_;. Hence by the maximality of X, we have |X3| > |Xp|. Let
X3 = w/ with w € RStand*(a) and j > 1. As |Xp| < |X3| < |X1], we see that
[sk—1] < jlw| < [skel-

Assume for a contradiction that |w| < |sx_1|. If w is a reversed semistandard
word, then Theorem 4.6.5 implies that j = 1, so jlw| > |s¢_1| cannot hold. Thus
w is a reversed standard word. If w = 5y = 0, then clearly jlw| > [sx_1| > |s1]
cannot hold as the index of the factor 0in £(«) is a; + 1. Thus w # 5y. Suppose
first that w = s;_,. Now

jlwl > [sk-1] = ax—1lsk—a| + Isk—3l,
s0j > ay_1. Since X3 € L(a), Theorem 4.6.5 implies that 2j < a;_; + 2. Therefore
Ag_1+22>2j>2a;_

implying that ay_1 = 1. However, if a;_1 = 1, then a;_1 + 2 is odd, so actually
2j < ag_1+2. Thenay_1+2 > 2j > 2a;_1,50 a,_1 < 1; a contradiction. Suppose
then that w = 5;_3. Now

jlwl > [sk_1] = Isk—ask—s| = Ispy Zsk_ask—3| > (ax—2 +1)|sk_3],
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0 j > ag_o + 1. Like previously, because X3 € £(a), we have 2j < a;_, +2 by
Theorem 4.6.5. Like above, we obtain that a;_, < 0; a contradiction. Similar to
above, we have

Isk—1] > (ax—p +1)|sg_a| + Isk—a| > 2[sk—3| + [sk—al > (2a5_3 + 1) sx_4]-
As2a;_3+1 > ap_3 + 2, we conclude that \SZ"_’43+2| < |sk_1|- Therefore by The-
orem 4.6.5, it is impossible that |w| < |s;_4|. In conclusion, it is not possible that
jlw| > |sk_1|- This is a contradiction.

Now |w| > [s;_1| (by the maximality of X; it must be that w # 5;_1). Because
|w| < [Ske|, we have w = 5y with 0 < ¢/ < £. Since ¢ # a, the word w is
a reversed semistandard word, so by Theorem 4.6.5 we have j = 1. By Proposi-
tion 4.8.25, the word A3 = Xj X, X3 is a suffix of the word p3 = X%X%X%. It follows
that 'svk,{sv,ffl’ = 'svlfflr _Z/'svk,z'svlfll, where 7 is an integer such that X, =5/ _;. There-
fore the words s;_, and s;_; commute; a contradiction. This final contradiction
proves that |X3| > |X;]. O

Corollary 4.8.27. Lets = X2X3 - - - be a Sturmian word of slope a of type A factorized
as a product of maximal solutions X;. Then liminf;_, | X;| = oo.

Proof. This follows from Proposition 4.8.26: if |X;,1| < |X;| for some i > 1, then
| Xiga| > [Xi. .

4.8.6 The Square Root of the Fibonacci Word

Here we prove a formula for the square root of the Fibonacci word. To obtain
the formula, we factorize the Fibonacci word as a product of maximal solutions
to (4.23). Moreover, we argue that it seems that no general formula exists for the
square root of a standard Sturmian word.

Recall that the slope of the Fibonacci word is 2 — ¢, which has continued frac-
tion expansion [0; 2, 1]. The standard words sj of this slope are the finite Fibonacci
words fi. We set

b 01, ifkiseven,
“7 110, ifkisodd.

We need two lemmas specific to the slope 2 — ¢.

Lemma 4.8.28. For the Fibonacci words fy, we have

tefiferifira = fliatin
forallk > 0.

Proof. The case k = 0 is verified directly: fofof1f, = 01-0-01-010 = (010)?-10 =
f22t1. Let then k > 1. Recall that there exists a palindrome Py such that f; = Pty



132 Sturmian Words

forallk > 1. Now

tefifirt ferz = tePrebifier fisn
= fibePesbes feso
= fitkr1Pesitir firo
= fifer1tir1Peratien
= ﬁ(ﬁ(+lﬁc+2?k+2
= J?k2+2tk+lr

which proves the claim. O

Lemma 4.8.29. For the Fibonacci words f, we have

k
2
fakva = [ [ foiro  tem
i—0

forallk > 0.

Proof. If k = 0, then f; = 01001010 = fzztl. Let then k > 1. Now

fak+a = fak+3f3k+2
= fak+2fak+1f3k12
= facr1f3kfak+1f3k+2
= fa(k—1)+4f3kf3k+1f3k12

k-1
=11f 32i+2 “trfakfak1 far42
i=0

where the last equality follows by induction. By Lemma 4.8.28, we have

k-1 k
_TT172 .72 _TT72
fokrs =1 faiva foratinn = [ Lfaiva -t
i=0 i=0
which proves the claim. O

As an immediate corollary to Lemma 4.8.29, we obtain the following formula
for the square root of the Fibonacci word.

Theorem 4.8.30. For the Fibonacci word £, we have
f= Hfé+2 and \/E = S%,Z—(p = Hf3i+2'
i=0 i=0

The preceding arguments are very specific to the Fibonacci word. The reader
might wonder if formulas for the square roots of other standard Sturmian words
exist. Surely, for some specific words such formulas can be derived, but I believe
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AR 2 3
a4

1 2,58 247|258
2 2,3,6 | 2,4,7 | 2,3,6
3 2,3,5 247|235

Table 4.1: How Xj, X5, and X3 are affected when a3 and a4 vary in the case that
a1 :2anda2 =1

111213
ay
1 101
2 1001
3 0/0]0

Table 4.2: How the first letter of X4 varies when a3 and a4 vary in the case that
m =2and a, = 1.

that in general no factorization formula for the square roots of standard Sturmian
words can be given. Let us review some arguments supporting my belief.

Let ¢ = X?X2--- be a standard Sturmian word of slope a factorized as a
product of maximal solutions to (4.23). The word ¢ begins with the word 0°1.
Therefore if a > 1, then X; = 0l9/2], Thusif a > 1, then X begins with 0 if and
only if a is odd. Because of the asymmetry of the letters 0 and 1 in the minimal
squares of slope a (4.20), the parity of the parameter a greatly influences the re-
maining words X;. Moreover, it is not just the partial quotient a; that influences
the factorization. Suppose for instance that 4y = 2 and a; = 1. Table 4.1 shows
how the values of the partial quotients a3 and a4 affect the words X;. The cell of
the table tells which squares of reversed standard words the words X;, X, and
X3 correspond to. For example, if a3 = 2 and a4 = 1, then the standard Sturmian
word of slope [0;2,1,2,1,...] begins with §22§f'§72 Table 4.2 tells the first letter of
the corresponding word X3. As can be observed from Table 4.2, the first letter
of X3 varies when a3 and a4 vary. Because of the asymmetry, it is thus expected
that slight variation in partial quotients drastically changes the factorization as a
product of maximal solutions to (4.23). Since similar behavior is expected from
the rest of the partial quotients, it seems to me that no nice formula (like, e.g.,
the formula of Theorem 4.8.30) can be given for the square root of a standard
Sturmian word in terms of reversed standard words.

De Luca and Fici proved a nice formula for a certain shift of a standard Stur-
mian word [48, Theorem 18].

Proposition 4.8.31. Let ¢, be the standard Sturmian word of slope o, where & = [0; a +
1,b+1,...]. Then

(e}
¢ =010 57
k=1
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As a corollary, we see that the word /T?%(cy) = [T Sk is a Sturmian word
of slope a with intercept ¢({(2a + 1)a}) = aa. We have thus shown that

()
—1 ~
Cy = Oa | | Sk.
k=1

In particular, we obtain the well-known result that the infinite Fibonacci word is
a product of the reversed Fibonacci words.

We conclude this subsection by considering another related phenomenon.
Since a Sturmian word of slope « is a product of the six minimal squares of slope
«, we can decode any Sturmian word over an alphabet of six letters. More pre-
cisely, let s be an infinite word that is a product of minimal squares: s = Slzl 5122 .
with i, € {1,2,3,4,5,6}. From s, we obtain the infinite word i1, - - - called the
derived word of s. We have the following result conjectured by Gabriele Fici in
the WORDS 2015 conference.

Proposition 4.8.32. The derived word of the Fibonacci word is square-free, that is, it
does not contain squares as factors.

Proof. Assume for a contradiction that the derived word of the Fibonacci word
contains a square. This means that there exists a factor w of f such that w? €
L(f) and w = X?--- X2 for some minimal squares X?. Theorem 4.6.5 implies
that |w| is a Fibonacci number. Now, as w? is a product of minimal squares, we
see that Vw2 € L(f) because the square root map preserves the language of f.
Therefore (X - - - X,;)? € L(f). Thus also | X; - - - X,| is a Fibonacci number. Since
|w| = 2|X1 - Xy|, the only possibility is that |w| = 2.!3 Since w is a product
of minimal squares, the only option is that w = 00. Thus 0* € £(f), which is a
contradiction. O

Obviously the preceding proposition is true for any word in the subshift gen-
erated by the Fibonacci word. Observe that this result does not generalize for
other Sturmian words. It is not difficult to see that if the partial quotients of a
slope « are greater than 1 infinitely often, then it is possible to find a Sturmian
word of slope & such that the corresponding derived word contains infinitely
many squares. Nevertheless, the derived words could have other interesting
properties; I have not studied them further.

4.8.7 A Curious Family of Subshifts

In this subsection, we construct a family of optimal squareful words that are not
Sturmian but are fixed points of the (more general) square root map. Moreover,
we show that a subshift () generated by any of the constructed words has a curi-
ous property: for every w € (), either /w € Q) or \/w is periodic.

It is evident from Proposition 4.8.2 that Sturmian words are a proper subclass
of optimal squareful words. As Sturmian words have the exceptional property

13The number 2 is the only Fibonacci number that equals a Fibonacci number when divided by two.
This follows from (4.11).
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that their language is preserved under the square root map, it is natural to ask
if other optimal squareful words can have this property. We show that, indeed,
such words exist by an explicit construction. The idea behind the construction is
to mimic the structure of the Sturmian words 01c, and 10c, of slope «. The simple
reason why these words are fixed points of the square root map (thus preserving
the language) is that they have arbitrarily long squares of solutions to (4.23) as
prefixes. Thus to obtain a fixed point of the square root map, it is sufficient to
find a sequence (1) of solutions to (4.23) with the property that u? is a proper
prefix of u2 4 forall k > 1. Let us show how such a sequence can be obtained.

Let S be a fixed primitive solution to (4.23) in the language of some Sturmian
word of slope [0;a+1,b+1,...] such that|S| > |S4|. In particular, S has the word
Se = 10971(10%)°*1 as a proper suffix. Recall from the proof of Lemma 4.8.17 that
|S| > |S5S¢|. We denote the word L(S) simply by L. Using the word S as a seed
solution, we produce a sequence () of primitive solutions to (4.23) defined by
the recurrence

Mm=S Y=L fork>2 (4.25)

We need to prove that the sequence () really is a sequence of primitive solutions
to (4.23). Before showing this, let us define

I'1 = lim 7y and Ty = lim o4y 1. (4.26)
k—o00 k—o0

The limits exist as 'y]% is always a prefix of y;;,. Hence both I'y and I'; have
arbitrarily long squares of words in the sequence () as prefixes. Observe also
that £(T1) = L(T3). As there is not much difference between I'; and T in terms
of structure, we let T to stand for either of these words.

Taking for granted that the sequence (1) is a sequence of solutions to (4.23),
we see that v/T = I. Notice that we also need to ensure that the word I is optimal
squareful for the square root map to make sense.

Next we aim to prove the following proposition.

Proposition 4.8.33. The word vy is a primitive solution to (4.23) in L(a,b) for all
k>1.

Recall from Subsection 4.8.4 that the language £ (a, b) consists of all factors of
the infinite words in the language

(10a+1(10u)b + 10a+1(10u)b+1)w _ (55 + Sé)w'

Before we can prove Proposition 4.8.33, we need to know that the words 7
are primitive and that they are factors of some optimal squareful word with pa-
rameters a and b.

Lemma 4.8.34. The word vy is primitive for all k > 1.

Proof. We proceed by induction. By definition 7; is primitive. Say k > 1, and
suppose for a contradiction that the word 7y is not primitive; that is, v =
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L('yk)'y% = z" for some primitive word z and integer n such thatn > 1. If n = 2,
then obviously |yx| must be even, and the suffix of 7 of length |yx|/2 must be
a prefix of ,. This contradicts the primitivity of ;. If n = 3, then clearly v =
L(7¢), which is absurd. Hence n > 3, and further |z| < |vk|. As 77 is a suffix of
some word in z ¥, it follows that z = uv, where u is a suffix of -y, such that ;1!
is a suffix of some word in z* and v is a prefix of 7y such that v =19, isin z*. It
follows that vu is a suffix of 7. On the other hand, the word z is a suffix of v,
so uv = vu. Since z is primitive, the only option is that u is empty. Therefore
Yk € zt; a contradiction with the primitivity of . O

Lemma 4.8.35. We have 7y, L(y) € L(a,b) forall k > 1.

Proof. For a suitable slope « = [0;a+1,b+1,...], either of the words S and L is
a reversed standard word of slope a. Thus by Theorem 4.8.13, both S? and L? are
in £(«),s0S% L? € L(a,b).

First of all, clearly 4, € £(a,b). Lets = Sg, and recall that s = 1091(10%)+1.
Notice that by the assumption |S| > |S¢|, both of the words S and L have the word
s as a proper suffix, so we may write S = us for some nonempty word u. Since
s begins with 10°*! and S? has sus as a suffix, it follows that us € (S5 + S¢)*.
Now 7, = LSS = L(u)s(us)?, so using the fact that L € L(a,b), we see that
Y2 € L(a,b). Because L(72) = S® = (us)® € L(a,b), clearly L(y2) € L(a,b).
Proceeding by induction, we may assume that k > 2 and v, L(7x) € L(a,b).
Since 7y has either S or L as a prefix, we may write 7y, = vszs for some words v
and z such that |vs| = |S|. It follows that sz € (S5 + Sg)*. As sus is a suffix of
either S? or L2, we have sv € (S5 + Sg) ™. Therefore svsz € (Ss + Sg)T. Because
L(7g) € L(a,b) and L(y;) = L(vsz)s, we see that L(vsz) is a suffix of some word
in (S5 + Se)*. As 41 = L(vsz)(svsz)%s, we thus see that 7,1 € £(a,b). Then
must the word L(yx41) alsobein £(a,b) as L(y41) = (vszs)® = vsz(svsz)?s. O

Notice that without the assumption |S| > |S¢|, the conclusion of the preceding
lemma fails to hold. If S = Sg = 10°+1(10%)%*!, then L = 0(10%)°*2 and LS =
0(10%)°+2109+1(10%)°+1. Therefore LS ¢ L(a,b), and consequently v, ¢ L (a,b)
because 7, = LS.

Proof of Proposition 4.8.33. We proceed by induction. By Lemma 4.8.34, the word
Yk is primitive for all k > 1. Lemma 4.8.35 tells that both of the words 7, and
L(-yk) are in L(a,b) for all k > 1. By definition, both 71 and L(71) are solutions
to (4.23) in L(a,b). We may thus assume that k > 1 and both 7, and L(vy) are
solutions to (4.23) in £(a, b). It follows from Lemma 4.8.17 that

YL (k) € T1(a, b) and /v L(7k) = W

Since L(1y) is a solution to (4.23) in £(a, b), Lemma 4.8.17 also implies that

L(ve)vk € I1(a, ) and \/L(v%) 7 = L(7k)-

Because

Tesr = LOvO)me - meL(v) - 7
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we obtain that

i1 € 11(a,b) and \/’Y;%H = \/L(vk)'rk\/vkL(vk)\/”r;% = L(7) v = Yes1-

This proves that ;1 is a solution to (4.23) in £(a,b). Consider next the word
L(7k+1) = 717- Because (L(7k+1))? = (73)?, itis evident that

(L(7%+1))* € (a,b) and \/(L(74+1))? = 73 = L(7ks1)-

Therefore also L(7yy1) is a solution to (4.23) in £(a, b). The conclusion follows.
U

As we remarked earlier, we have now proved that I is a fixed point of the
square root map. Next we show that the word T is aperiodic, linearly recurrent,
and not Sturmian.

Lemma 4.8.36. The word 3 is not a factor of any Sturmian word.

Proof. By definition ¢y, = LS?. Write S = abw and L = baw for some word w
and distinct letters a and b. Now 73 = baw(abw)?baw(abw)?, so the word 5 has
the factors awa and bwb. Hence 3 is not balanced, so it cannot be a factor of any
Sturmian word. O

Lemma 4.8.37. The word I is aperiodic and linearly recurrent.

Proof. The recurrence (4.25) and the definition (4.26) of I show that for any k > 1
the word T is a product of the words ;1 = L(7k)77 and L(7x11) = 73 such that
between two occurrences of Ly, 1) there is always either of the words ’y,% or 'y,?.
From this, it follows that the return time of a factor of I of length || is at most
the return time of the factor L(vy;), which is at most 6|v;|. Let then w be a factor
of I such that |y;| < |w| < |yky1| for some k > 1. Since w is a factor of some
factor of T’ of length |y, 1|, we see that the return time of w is at most 6|7y 1.
Now 6]vg, 1| = 18|v«| < 18|w|, proving that I is linearly recurrent.

By the preceding, the factor v, is followed in £(T') by both 7 and L(7y). As
the first letters of 7, and L(7yy) are distinct, the factor -y is right special. Thus
L (T') contains arbitrarily long right special factors, so I must be aperiodic. O

Since linearly recurrent words have linear factor complexity function [55, The-
orem 24], Lemma 4.8.37 implies that the factor complexity function of I" is linear.

We observed in the previous proof that the word I is a product of the words
S and L such that between two occurrences of L in this product there is always
S2 or S°. Since S and L are primitive, any word w in £(T) that is a product of the
words S and L such that [w| > 6|S| must synchronize to the factorization of I as
a product of the words S and L. That is, in any factorization I = uwI”, it must be
that |u| is a multiple of |S]|.

Theorem 4.8.38. The word I is a non-Sturmian, linearly recurrent optimal squareful
word, which is a fixed point of the square root map.



138 Sturmian Words

Proof. The fact that I is optimal squareful and linearly recurrent follows from
Lemmas 4.8.35 and 4.8.37. The argument outlined in the beginning of this sub-
section shows that I' is a fixed point of the square root map: the word I has arbi-
trarily long squares of the words of the sequence () as prefixes and the words
7k are solutions to (4.23). Finally, the word I contains the factor 7%, so I' cannot
be Sturmian by Lemma 4.8.36. O

Denote by () the subshift consisting of the infinite words having the language
L(T). As T is linearly recurrent, it is uniformly recurrent, so the subshift () is min-
imal. The rest of this subsection is devoted to proving the next result, mentioned
in the beginning of this section.

Theorem 4.8.39. For all w € O, either \/w € Q or \/w is (purely) periodic with
minimum period conjugate to S. Moreover, there exists words u,v € Q) such that \/u €
Q and /v is periodic.

This result is very surprising since it is contrary to the plausible hypothesis
that the square root map maps aperiodic words to aperiodic words.

It is not difficult to prove Theorem 4.8.39 for words in () that are products
of the words S and L. We prove this special case next in Lemma 4.8.40. How-
ever, difficulties arise since a word in () can start in an arbitrary position of an
infinite product of S and L. There are certain well-behaved positions in S and L,
which are easier to handle. Theorem 4.8.39 is proved for these special positions
in Lemma 4.8.42. The rest of the effort is in demonstrating that all the other cases
can be reduced to these well-behaved cases. We begin by proving the easier cases,
and we conclude with the reductions.

Lemma 4.8.40. If a word w € Q) is a product of the words S and L, then \/w € Q.

Proof. Any word u that is a product of the words S and L can be naturally written
as a binary word u over the alphabet {S,L}. If such a word % has even length,
then it is a word over the alphabet A = {SS,SL,LS,LL}. Using the fact that
VSS=85,vV/SL=S,V/LS=L,and VLL = L (see Lemma 4.8.17), we can define
a square root for a word over A.

Without loss of generality, we may assume that I' = I';, i.e,, I = limy_, o Yok-
The word 'ka is a prefix of T for all k > 1. Thus 7y occurs at positions 0 and ||
of T. Clearly || = 3¥71|S|, so the factor 7,; occurs in T in an even and in an odd
position for all k > 1.

Let w € ), and let v be a prefix of w of length 2n|S| withn > 1,s0 7 is a
word over A. The word v is a factor of 7,; for some integer j. Since 7,; occurs in
T in an even and in an odd position, the word T occurs in an even position in T.
Hence T can be factored as T = zoI”, where z and I’ are words over A. Since I is
a fixed point of the square root map, we have T = v/zv/oVT’. Hence /v € L(T).
It follows that £(/w) C L(T'), so y/w € Q. O

Definition 4.8.41. Let w be a word and ¢ be an integer such that 0 < ¢ < |w|. If
the factor of w® of length |w?| starting at position ¢ can be factorized as a product
of minimal squares X2, ..., X2, then we say that the position ¢ of w is repetitive.
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If in addition | X3 - - - X2,| # |w| — ¢, |w?| — € form = 1,2,...,n, then we say that
the position ¢ is nicely repetitive.

For example if a =1, b = 0, and S = 1001001010010, then the position 1 of S
is repetitive as the factor 00100101001010010010100101 of S3 of length |S?| = 26
starting at position 1 is in I'l(a, b). This position is not nicely repetitive because
|02 - (10010)%| = 12 = |S| — 1. The position 2 of S, however, can be checked
to be nicely repetitive. The position 4 of S is not repetitive because the factor
00101001010010010100101001 of length 26 starting at position 4 is not in I'(a, b).

In the upcoming proof of Theorem 4.8.39, we will show that if w € Q) is a
product of the words S and L and / is a nicely repetitive position of S, then the
word +/T!(w) is always periodic. On the other hand, we show that if £ is not a
nicely repetitive position then /T (w) is always in Q.

Next we identify some good positions in the suffix S of S. As we observed in
the proof of Lemma 4.8.17, the suffix Sq of S restricts locally how a factorization
of a word as a product of minimal squares continues after an occurrence of Sg.
Consider a product X?--- X2 of minimal squares that has an occurrence of Sg
at position ¢. Then X2, begins at some of the positions £, £ +1, ..., £ + |S¢| — 1
for some m € {1,. .., n}. Otherwise some minimal square would have Sy as an
interior factor; yet no such minimal square exists. Among the positions ¢, £ + 1,
..., £+ S| — 1, we are interested in the largest position where a minimal square
may begin. Let B be the set of positions £ € {0,...,|S¢| — 1} such that no square
of length at most |S¢| — ¢ begins at position ¢ of Se. It is straightforward to see
that

B = {S6| — |S6l,1S6| — 1S4l [S6| — 53|, [Se| — [S1]}-

We are interested in those positions of the suffix S¢ of S where no minimal square
begins. Hence we define Bs = {{: £ — |S| + |Sg| € B}, so

Bs = {[S[ = [Sel, [S| — 4], |S| =[S, S| = |S1]}-

A consequence of the definitions is that if ¢ is a position of S such that ¢ ¢ Bg,
then there exists ¢’ € Bs U {|S|} such that S[¢, ¢’ — 1] € T1(a, b). This fact is used
later several times.

To illustrate the proof of the next lemma, we begin by giving a proof sketch.

Lemma 4.8.42. Suppose that w € Q) is a product of the words S and L, and assume
that the position ¢ € Bs is nicely repetitive. Let the prefix of T*(w) of length |S?| be
factorized as a product of minimal squares X? - - - Xa. Then the word /T*(w) is periodic
with minimum period Xj - - - X,,. Moreover, the word X; - - - X, is conjugate to S.

Proof Sketch. As the position / is repetitive, the factor u of length |S?| of S° starting
at position ¢ is in TI(a,b). If we substitute the middle S in S® with L, then an
application of Lemma 4.8.16 shows that the factor of length |S?| of SLS starting at
position / is still in I(a, b) and that the square root of this factor coincides with
the square root of u (here we need that ¢ € Bg). Further analysis shows that if
we substitute the words S in S in any way then the square root of the factor of
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length |S?| beginning at position  is unaffected. Since  is repetitive, the prefix of
TS| (w) of length |S?| is again in T1(a, b) and has the same square root, and so
on. Thus \/T!(w) is periodic. Since both the square of the period and S? occur
in a suitable Sturmian word; having equals lengths, they must be conjugate by
Corollary 4.6.6 (iii). O

Proof of Lemma 4.8.42. Now |S| > |S55¢|, so £ > 1. Let u be the suffix of S of
length |S| — £. Since / is repetitive, the factor v of S® of length |S?| starting at
position ¢ can be factorized as a product of minimal squares Y? - - - Y2. We have
|YZ| > |u| because ¢ € Bs.

Next we consider how the situation changes if any of the words S in S is
substituted with L. Substituting the first S with L does not affect the product
Y?---Y2 as £ > 1. Suppose then that the second word S is substituted with L.
By applying Lemma 4.8.16 to the words u and S with X = Yj, we see that the
factor of length |S?| of SLS starting at position  is still factorizable as a product
of minimal squares and that the square root of this factor equals the square root
of v. Consider next what happens if the third word S is substituted with L. Let

r=max{i € {1,...,m}: |Y?---Y?| < |S?| ¢},

and set ¢/ = {+ |Y?---Y?| — |S|. Since ¢ is nicely repetitive, we have ¢ < |S|. By
the maximality of r and the definition of the set Bs, it must be that ¢’ € Bs. By
applying Lemma 4.8.16 to the suffix of S of length |S| — ¢/ and S with X = Y, 1,
we obtain, like above, that the product of minimal squares is affected but the
square root is not. Substituting the second and third words S with L gives the
same result: first we proceed as above and substitute the second word S, and
then we make the second substitution like above but apply Lemma 4.8.16 for the
word L instead of S.

We have concluded that no matter how we substitute the words S in S3 the
square root of the factor of length |S?| beginning at position ¢ never changes. The
word w is obtained from the word S by substituting some of the words S with
L. By the preceding, the prefix of T*(w) of length |S?| can be factorized as a prod-
uct of minimal squares X2 --- X2. As / is repetitive, the prefix of T+ (w) of
length |S?| can also be factorized as a product of some minimal squares (perhaps
different) but the square root still equals X - - - X,. By repeating this observation,
we see that

T!(w) = (Xq - Xp)“.

By our choice of S, we have S € {5, L(5;) }, where 5 is a reversed standard
word of some slope « = [0;a+1,b+1,...]. Let = [0;bq,by,...] be a number
such that a; = b; fori = 1,2,...,k and byy; > 5. Then by the definition of
standard words, we have S € £(B). By the preceding, the prefix of T*(S°) of
length |S*| can be factorized as a product of minimal squares, and the square root
of these minimal squares equals (X - - - X;;)2. Since the square root of a Sturmian
word of slope f is a Sturmian word of slope 8, we have (X; - -- X;)? € L(B). As
|X7 - - Xu| = |S], it follows from Corollary 4.6.6 (iii) that Xj - - - X, is conjugate to
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S. Since S is primitive, sois Xj - - - X;, and hence the period X - - - X;; is minimum.
O

Lemma 4.8.43. Every seed solution S has a nicely repetitive position £ such that { € Bg.

Proof. Suppose that S = 5;; withk > 3and 0 < i < ai, and let r = [5;_q].
It is sufficient to show that r is a nicely repetitive position of S: if r & Bgs, then
there exists ¥’ € Bs such that S[r,’ — 1] € I1(a,b). Since the position r is nicely
repetitive, so must the position ' be.

Observe that the word 5 ;_; is both a prefix and a suffix of S. Using the fact
that S;_»5;_3 = L(Sx_35k_»), we obtain that

3_~ =~ o~ o~ =
5% = Ski-15k—15k—25k_15k,i
— 7 I = b S~
= Sk,i—1 " Sk—15k—25k—35k_p " Sk,i—15k,i
_ = ~ ~ 2 =
= 5ki—1 " Sk-1L(Sk-1)  Sg;_15k—1-

By Lemma 4.8.17, the word sy_1L(Sk_1) is in II(a, b). Since 5;; 1 is a solution
to (4.23), we have 5,(2,1-_1 € T1(a,b). Overall, the factor §k_1L(§k_1)§,§i_1 of §3 of
length |S?| starting at position 7 is in T1(a, b). Thus the position  of S is repetitive.

Suppose for a contradiction that the suffix of S of length |S| — r is in I1(a, b),
thatis, S = §k,i,1X% -+ X2 for some minimal square roots X, ..., X. Thussy_q =
X? .- X2. Since s;_1 is a solution to (4.23), it follows that sy_1 = (Xj - X;)%
This contradicts the primitivity of s;_;. Similarly, if the suffix of S? of length
|S2| — risin I1(a,b), then 5, ; € I1(a,b) contradicting the primitivity of 5 ; ;.
We conclude that the position r of S is nicely repetitive.

Finally, if S = L(5;), then as r > 1, an application of Lemma 4.8.16 shows
that the conclusion holds also in this case. O

Lemma 4.8.42 and Lemma 4.8.43 now imply the following result.

Corollary 4.8.44. There exist uncountably many linearly recurrent optimal squareful
words having (purely) periodic square root.

Proof. We only need to show that there are uncountably many such words. Con-
sider the words in () that can be factorized as a product of the words S and L.
Viewed over the binary alphabet {S, L}, these words form an infinite subshift Q.
Let us show that () is minimal. Then the conclusion follows by well-known ar-
guments from topology: a minimal subshift is always finite or uncountable and
an aperiodic subshift cannot be finite (use the fact that a perfect set is always
uncountable).

Let W € Q) (we use the notation of the proof of Lemma 4.8.40) and # € L (W)
be a factor such that [i1| > 6. As |u| > 6|S|, every occurrence of u in I must
synchronize to the factorization of I' as a product of S and L (see the discussion
after Lemma 4.8.37). It follows that every return to u in I' is a product of S and L.
Since the return time of the factor u is finite in I', the return time of the factor u in
W is also finite. Hence () is minimal. O

We also prove the following weaker result, which we need later.
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Lemma 4.8.45. The position |S| — |Se| of S is repetitive.

Proof. First we prove by induction that the prefix of the word 56’513, , of length
2[5k ¢| — |S6] is a product of minimal squares for every (semi)standard word 5
with k > 3 and 0 < £ < a;. Let us first establish the base cases.

Recall that 5; = 0(10%)°*! and 537 = Se. Now

S6§22 — 10a+1(10a)b+1 (O(loa)b-‘rl)z — S§10a+1 (10a)b+1 _ S§S6,

so the claim holds for the word s;. In addition, for 0 < ¢ < a3, we have

) > -1z 2> !
56531 = 565315, S3¢ = 5652 53/ = 8652 slsz

The case ¢ = 1 is clear, so let us assume that ¢ > 1. We have
5653[ = 5652 slszg §0§1b56,

so it is sufficient to show that the word § 51526 %5037 is in T1(a, b).
Suppose first that £ — 1 is even. Then as sy is a solution to (4.23), it is enough
to show that slsé 25051 € I(a, b). Since 515, = L(57)s1, we have

155 %5037 = L(32)" 2815037
Now 51505{ = L(32). The word L(3) is a solution to (4.23), so the conclusion
follows as ¢ — 1 is even.
Suppose next that £ — 1 is odd. We need to show that §2§1§2€*2§0§f’ € I(a,b).
Using the facts 515, = L(57)31 and 515057 = L(52), we obtain that
$8185 %803 = HL(5)" L.
By Lemma 4.8.17, the word 5,L(57) is a product of minimal squares. Since ¢ — 1
is odd and L(s;) is a solution to (4.23), the conclusion follows.
We have thus established the base cases. Let then k > 4. Now

Se2s = Se(Fk—25{_1)%

By induction SeS;_» = X% - X255 and Sg5i_1 = le -+~ Y2 S for some minimal
square roots Xy, ..., Xy, Yi, ..., Y. Therefore

Sesee = (X3 XR (Y7 -+ Y5)")2Ss.

We have thus proved that the prefix of the word 56573 ; of length 2[5, /| — |S¢| is a
product of minimal squares.

Now if S = 5,y with k > 3 and 0 < ¢ < gy, then the claim is clear by the
above. Suppose that S = L(5y¢). Now if S¢5;, ¢ I1(a,b), then two applications
of Lemma 4.8.16 show that the claim holds. Assume that S¢Sy, € II(a,b). Since
the prefix of 56§k2, ; of length 2[5 | — [Se| is in IT(a, b), this means that the prefix
of 5 s of length |sy | — |Se| is in IT(a, b). It is sufficient to show that the prefixes
of 5; s and L(S ) of length 2|s5| are in I(a, b). Since 515, = L(5)3;, the word
$41 = 5,53 has 5,L(s) as a prefix. If a3 > 1, then the word 53 = 55, has L(5,)3,
as a prefix. Finally if a3 = 1, then the word 851 = 838, = 51825, has L(5;)?

a prefix. Lemma 4.8.17 shows that 3,L(53), L(53)32, and L(3;)? are all in T1(a, b).
The conclusion follows. O
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There is no clear pattern for other positions in Bs; it depends on the word S
if a position in Bs is repetitive or not. The position |S| — |S¢| is not always nicely
repetitive. Suppose thata =1, b = 0, and S = 333 = 10(010)3, so |S| — |S¢| = 6.
The factor beginning at position 6 of S® of length |S?| is a product of minimal
squares: (10010)2 - (010)? - (100)2. As |(10010)? - (010)?| = 16 = |S?| — 6, the
position 6 is not nicely repetitive.

Since none of the minimal squares can be a proper prefix of another minimal
square, it is easy to factorize words as products of minimal squares from left
to right. Next we consider what happens if we start to backtrack from a given
position to the left.

Lemma 4.8.46 (Backtracking Lemma). Let X, Y1, ..., Yy be minimal square roots as
in (4.20). Let w be a word having both of the words X? and Y?---Y?2 as suffixes. If
|X| > |Ya|, then |X| > |Y1 - - Yy| and the word Y - - - Yy, is a suffix of X.

Proof. Suppose that |X| > |Y;|. We may assume that # is as large as possible. We
prove the lemma by considering different options for the word X.

Clearly we cannot have X = S;. Let X = S4. Now X? can have a proper
minimal square suffix only if a > 1. If a is even, then we must have

X% =10°1(S2)™2 and Y,_q/o41=...= Yy = S1.

The suffix (52)%/2 of w cannot be preceded by S3 as otherwise w would have
$»S§ = 010%°~! as a suffix; this is impossible as 2a — 1 > a. Therefore there is no
choice for Y,,_q/2. Thus Y7+ Y3| < |X?|, and Y --- Y, is a suffix of X. If ais
odd, then similarly

X2 =10"10(3)*" V2 and Y, _(q_1)/201 =-.. = Yu = S1.

Again there is no choice for Y,,_ ;_1)/2, and the conclusion holds. Similar consid-
erations show that the conclusion holds if X € {S,, S3}.

Let then X = Ss. It is obvious that now Y;, € {S1,S3,54}. If Y;, = S or
b = 0, then, like above, Y1 = ... = Y, = S1 and Y7 ---Y,, is a suffix of X. We
may thus suppose that b > 0. Say Y, = S3. Then we must have b = 1 and
X? = 10°t110°1Y2. Like above, the remaining minimal square roots Y; with
i < n must equal to S; and there must be |(a —1)/2] of them. Since there is
no further choice, the conclusion holds as then clearly Y; - - - Y}, is a suffix of X.
Suppose then that b > 1. The next case is Y, = S;. Assume first that b is even.
Then it is straightforward to see that necessarily

Yy /241 = ... = Yy =S4 and X? = 10°71(10%)*10°+1(53)°/2,
Thus Y,,_p/» = 51 and, further, it must be that
Yy 6=-..= Yy 21 =5 and X?=10T1109"1(52)"/252(52)b/2,

Like before, the remaining minimal squares Y; with i < n — b must equal to 5;
and there must be | (a — 1) /2] of them. Therefore

YooY, = Sll(a—l)/ZJ 53/25152/2 _ 0[(a—1)/2j+1 (1Oa)b,
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so Y7 - - - Yy, is a suffix of X, and the conclusion holds. If b is odd, then in a similar
fashion

X2 = 10°+110°-1(2)(0-1)/262(5, ) (0-1)/2,
s0 Y, (p-1)/2 = Sz and

Yo (p—1)/241=---=Yn=S5s and Yy p11=".. =Y, _(5_1)/2-1 = S2.
Again, the final | (a — 1) /2| minimal square roots must equal S;. Since

Yy Y, = Sll(a—l)/ZJ Sgb—l)/2535£b—l)/2 = ol(a=172J+1(10a)P,

the word Y7 - - - Y, is a suffix of X, and the conclusion holds.
If X = Sg, then it is clear that Y}, # Ss. The conclusion follows as in the case
X =38s. O

The next lemma is useful in the proof of Theorem 4.8.39.

Lemma 4.8.47. Let w be an infinite product of the words S and L and ¢y, £y, {3 be
positions of w such that {1 < ly < l3. Let r be the largest integer such that {1 > r|S|. If

(] W[€1, b3 — 1],W[52,£3 — 1] S H(a, b),
o (1 —1|S| € Bs, and
o 1< (r+1)8],

then for all z € TI(a,b) such that zw[ly, {3 — 1] is a suffix of w[0,I3 — 1], we have
|zwllz, 3 — 1]| < |wlty, £3 —1]|.

Proof. Let u = w[l1,l3 — 1] and v = w[{p, {3 — 1]. Because u,v € Il(a,b), we
may write u = X7---X2 and v = Y?---Y? for some minimal square roots Xj,
vooy Xu, Y1, ..., Y. Suppose thatn > m. If X, = Yifori = 1,2,...,m,
then since |u| > |v|, it must be that n > m. This means that the prefix X of u
ends before the position £, that is, /1 + |X2| < f» < (r +1)|S|. This contradicts
the assumption ¢1 — r|S| € Bs. Therefore as |u| > |v|, we conclude that there
exists maximal j € {1,...,m} such that X, . y; # ;. If |Yj| > [X,,_,4 |, then by
the Backtracking Lemma, we have |X7---X2_ il < |Y]2\ This is impossible as
lu| > [v]. Thus |Y;| < |Xj—pyj|- Let z € TI(a, b) be such that zv is a suffix of the
word w0, /3 — 1]. Write z = Z% e th for some minimal square roots Zy, ..., Z;.
Applying the Backtracking Lemma to the words Xfl_m 4 and Z% e thle s sz
yields |Z7--- Z2Y? - - YJZ\ < |X57m+j|. It follows that |zv| < |u/, so the conclusion
holds if n > m. If n < m, then as |u| > |v|, there exists a maximal j' € {1,...,n}
such that Y,y # Xj. Proceeding as above, we see that the conclusion holds

also in this case. O

Finally we can give a proof of Theorem 4.8.39.
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Proof of Theorem 4.8.39. Let w € Q). Since T is uniformly recurrent and a product
of the words S and L, there exists a word w’ in Q) such that w’ is a product of
Sand L and w = T!(w') for some integer £ such that 0 < ¢ < |S| (recall that a
product of S and L occurring in I having length at least 6|S| must synchronize to
the factorization of I as a product of S and L). If ¢ = 0, then the conclusion holds
by Lemma 4.8.40, so we can assume that £ > 0. Write w as a product of minimal
squares: W = X%X% ---. Let

rp=max{{0}U{iec {1,2,...}: |X3---X?| < |S| - {}}.

Ifr; >0, then weset {1 = {+ |X3--- X31|. If 1 = 0, then we let {1 = ¢. By the
maximality of r; and by the definition of the set Bs, it follows that £; € Bs U {|S|}
(indeed, the word L also has S as a suffix). See Figure 4.7.

To aid comprehension, different parts of the proof are separated as distinct
claims with their own proofs. Any new definitions and assumptions given in one
of the subproofs are valid only up to the end of the subproof.

Claim 4.8.47.1. If {1 = |S|, then \/w € Q.

Proof. Suppose that ¢; = |S|. By the definition of the number r1, we have r; > 0,
and the word TISI={(w) = TIS(w') = XleXfﬁz -+ - is a product of the words
S and L. Now zw’ € Q) for some z € {S,L}. As zw’ is a product of S and L,
we have vzw’ € () by Lemma 4.8.40. By the choice of S as a solution to (4.23)
and by Lemma 4.8.17, the first |S?| letters of zw’ can be factorized as a product of
minimal squares. Hence zw’ = Y2 - Y,%Xfl +1X31 4o+ for some minimal square
roots Y1, ..., Y. By the Backtracking Lemma, the word Xj - - - X;, is a suffix of
Y1 Yy Now yw=X;--- X, X, 11--- and vVzw' =Yy - Y, Xy Xy 41+, SO

V/w is a suffix of vzw’. Thus E(\/x_/vl) C L(Vzw') = L(T),s0 y/w € Q. O

We may assume that /; € Bs. Now either the position ¢; of S is nicely repeti-
tive or it is not.

Claim 4.8.47.2. If ¢ is a nicely repetitive position of S, then \/W is periodic with mini-
mum period conjugate to S.

Proof. By Lemma 4.8.42, the word +/T/1(w’) is periodic with minimum period z
conjugate to S. If /1 = ¢, then there is nothing to prove, so assume that ¢; # /.
There exists u,v € {S,L} such that uow’ € Q. Since ¢; is a nicely repetitive
position of S, the prefix of T/1 (uvw’) of length |S?| is a product of minimal squares
and its square root equals z by Lemma 4.8.42. Since the factor w/[(, {1 — 1] isalso a
product of minimal squares, the Backtracking Lemma implies that \/w’[/, {1 — 1]
is a suffix of z. Now w = /W/[(, {1 —1]/Th(w'), so v/w is periodic with
minimum period conjugate to S. O

If the position ¢; of S is not nicely repetitive, then either it is not repetitive or
it is repetitive but not nicely repetitive.

Claim 4.8.47.3. If {1 is repetitive but not nicely repetitive position of S, then \/w € Q.
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Proof. Suppose that ¢; is a repetitive but not a nicely repetitive position of S. This
means that either of the words S3[¢1,|S| — 1] and S3[¢y, |S?| — 1] is in TI(a, b),
so either w’[¢1,|S| — 1] € T1(a,b) or w’'[¢1,]S?| — 1] € TI(a,b) (in the latter case
Lemma 4.8.16 ensures that w’[¢1,|S?| — 1] € TI(a,b)). However, only the latter
option is possible as the other option contradicts the maximality of r1. As w' is
a product of the words S and L, the prefix w’[0, |S?| — 1] of w' is a product of
minimal squares. Since w'[¢, {1 — 1], w’'[{1,|S?| — 1] € T1(a,b), the Backtracking
Lemma implies that \/w’[{, |S?| — 1] is a suffix of \/W'[0, |S?| — 1]. Thus y/wisa
suffix of vVw’. As Vw’ € Q by Lemma 4.8.40, we conclude that /w € Q. O

Now we may suppose that /1 is not a repetitive position of S. We let

rp=max{i € {r +1,r+2,...}: | X} X? <|S?| - ¢},
rs=max{i € {rp+1,r+2,...}: |X3---X?| <|S°| — ¢}, and
rg=max{i € {r3+1,r3+2,...}: | X3 X?| < |S* —¢}.

The numbers r;, 13, and ry are well-defined because the words S and L are not
minimal squares. We set

by =101+ |X31+1 X2,
Uy =1y + |X32+1 : ~X33|, and
b=l X2y X,

Intuitively, the positions 1, {5, {3, and ¢, are the successive positions of w that are
closest from the left to the boundaries of the words S and L in the factorization
of w' as a product of the words S and L such that the prefix up to the position
is a product of minimal squares; see Figure 4.7. Let g1 = (1, g0 = {» — ||,
93 = 3 —|S?|,and g4 = £4 — |S®|. Itis clear by the definitions that g; € Bs U {|S|}
fori=1,2,3,4.

Claim 4.8.47.4. We have g1, g3 # |S|. If g2 or g4 equals |S|, then /w € Q.

Proof. By our assumption that ¢{; € Bs, we have g1 # |S|. If go = [S], then
the factor w’[¢1,|S?| — 1] would be a product of minimal squares. This case was
already considered in Claim 4.8.47.3, where we concluded that /w € Q.

Suppose that g3 = |S|. Consider the positions ¢; and |S| of w/, and let u =
w/[1,03—1]and v = W[|S|, 3 — 1] = W'[¢3 — |S?|,£3 —1],s0 u,v € TT(a, b). Now
zw' € Q for some z € {S,L}, and the prefix of zw’ of length |S?| is in I1(a, b).
Lemma 4.8.47 applied to the word (zw’)[0, |S| + ¢3 — 1] implies that

|(zw)[0, 8] + €5 = 1]| < |u] < |S°],

which is nonsense. Therefore g3 # |S|.

Assume then that g4 = |S|. Suppose for a contradiction that g # g4. Both
of the factors u’ = w'[(p, £, — 1] and v’ = W'[|S|?, {4 — 1] = W/[ly — |S?|, €4 — 1]
are in T1(a,b). Since g» # g4, also £ # |S?|. Thus by the definition of /5, we
have ¢; < |S3|. An application of Lemma 4.8.47 to the word w’[0, /4 — 1] shows



4.8. A Square Root Map on Sturmian Words 147

that |[w’'[0, 44 — 1]| < |u/| < |S®|, which is absurd. This contradiction shows that
g2:g4:‘5|,50ﬁ60. ]

We may now assume that g; € Bs foralli =1,2,3,4.

Claim 4.8.47.5. The position g, of S is nicely repetitive.

Proof. Assume on the contrary that neither of the positions ¢, and g3 is a repeti-
tive position of S. First notice that as g is not repetitive, we have g3 # g1. Sim-
ilarly g» # g4. If g1 = g, then it follows from Lemma 4.8.16 and the definitions
of the positions ¢, and ¢3 that ¢, = g3; a contradiction. Hence g1 # g». Similarly
g2 # g3 as otherwise the position g» would be repetitive. Finally, g3 # g4 because
g3 is not repetitive. Thus we have two cases: either g1 = g4 or g1 # gu.

Assume that g4 # ¢1. By Lemma 4.8.45, the position |S| — |S¢| of S is repeti-
tive, 0 81,82,83 € Bs \ {|S[ = |S6[} = {[S| = [S1l,|S] = [S3], S| — |Sa[}. Since all
of the positions g1, g2, and g3 are distinct, the only option is that g4 = |S| — |Se|.
Let u = w'[ly — |S?|,¢4 — 1] and v = W'[(p, €4 — 1]. As the position |S| — |Se| is
repetitive, by Lemma 4.8.16, the factor u is in IT(a, b). By the definition of the
positions ¢5, £3, and £4 also v € T1(a,b). Since g» # g4, also ¢, # {4 — |S?|. Be-
cause |S| — |Se| is the smallest element of the set Bs, we have ¢, > £4 — |S?|. As
wlly, €, — 1] € TI(q,b), we have |w[ly,ly —1]| < |u| = |S?| by Lemma 4.8.47.
This is a contradiction.

Hence g1 = ga. Since the factor w[l, {; — 1] is a product of minimal squares,
the number c; = ¢, — ¢4 is even. Similarly the numbers c; = 3 — ¢y and c3 = ¢4 —
3 are even. Thus the number c; + ¢; + ¢3 = 3|S| is even, so |S| is even. It follows
that the numbers dy = g0 — g1, do = g3 — g2, and d3 = g4 — g3 = g1 — g3 are all
even. However, exactly two of the numbers |S;|, |S3|, and |S4| have odd length.
Hence exactly two of the numbers g1, g2, and g3 are odd. Thus it is impossible
that all of the numbers d, d, and d3 are even. This is a contradiction.

The previous contradiction shows that either of the positions g, and g3 is a
repetitive position of S. Suppose for a contradiction that g3 is repetitive. We have
w/[1,03 — 1] € TI(a,b) and W' [{3 — |S?|,¢3 — 1] € TI(a,b). Similar to the sec-
ond paragraph of this subproof, using Lemma 4.8.47, we obtain a contradiction
unless g1 = g3. Even this conclusion is contradictory as the position g; is not
repetitive. Therefore g3 cannot be repetitive, so g» is a repetitive position of S.
Now if g» would not be nicely repetitive, then by the maximality of r», we would
have w’'[(,,|S%| — 1] € T1(a,b), that is, g3 = |S|. However, we have ¢3 € Bs, 50 g»
must be a nicely repetitive position of S. O

We are now in the final stage of the proof. We will show that \/w is periodic
with minimum period conjugate to S.

We can now argue as in the proof of Claim 4.8.47.2. Since g is a nicely repet-
itive position of S, by Lemma 4.8.42, the word /T2 (w’) is periodic with mini-
mum period z conjugate to S. We have uw’ € Q) for some u € {S,L}. Because
> is a nicely repetitive position of S, the prefix of T8 (uw’) of length |S?| is a
product of minimal squares, and its square root equals z by Lemma 4.8.42. Since
w'[(, ¢, — 1] € TI(a,b), the Backtracking Lemma implies that /w'[{, ¢, — 1] is a
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2 2 2 2 2 2
X3 X2 X X X Xpy X X3

I

S/L S/L S/L S/L

Figure 4.7: The positions ¢, {1, {5, {3, and ¢4 of w’ and the minimal squares be-
tween the positions.

suffix of z. Now vw = /W/[(, {; — 1]1/T%(w’), so the word \/w is periodic with
minimum period conjugate to S.

By Lemma 4.8.43, the word S always has at least one nicely repetitive position.
It therefore follows that there exists a word in () having periodic square root. This
ends the proof. O

4.8.8 Remarks on Generalizations

It is natural to wonder if the square root map could be generalized to obtain a
cube root map and, further, a k™ root map. Furthermore, it is natural to think that
some of the results on the square root map might extend to hold for generalized
Sturmian words. In this section, we address these questions by showing that
several ideas for generalization totally fail.

In [125, Theorem 5.3], Saari proves the following reformulation of a result of
Mignosi, Restivo, and Salemi [98].

Proposition 4.8.48. If w is an a-repetitive word with « > ¢ + 1, where ¢ is the golden
ratio, then w is ultimately periodic.

Generalizing the square root map to a cube root map requires everywhere 3-
repetitive words. By the preceding proposition, such words must be ultimately
periodic, so I expect that this direction of research would not be fruitful.

Another way to generalize the square root map is to use abelian powers in-
stead of ordinary powers. For abelian powers, a result like Proposition 4.8.48 does
not exist: we proved in Proposition 4.7.9 that every position in a Sturmian word
begins with an abelian k' power for all k > 2. Abelian square root can be defined
for, e.g., optimal squareful words as we will see shortly. However, abelian cube
root for Sturmian words does not work. Consider again the Fibonacci word £. The
shortest prefix of T(f) that is a minimal abelian cube is 10 - 01 - 01. This abelian
cube is followed by the factor 00, so the root of the next abelian cube must be-
gin with 00. Hence if we define the abelian cube root of T(f) to be the product
of the roots of the abelian cubes, the resulting word begins with 1000, which is
not a factor of f. Thus by defining an abelian cube root map in this way, we lose
the main property that the mapping preserves the languages of Sturmian words.
Notice that there are other options in defining the cube root of an abelian cube:
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the cube root of a minimal abelian cube X7 X, X3 could also be defined to be X; or
X3. However, this approach runs into the very same difficulties.

In [126], Saari also considers optimal abelian squareful words. Optimal abelian
squareful words are defined by replacing minimal squares with minimal abelian
squares in the definition of optimal squareful words. Let w = X, X{ X, X}, - - - be
a product of minimal abelian squares X;X!. We define its abelian square root Y/w
as the infinite word X1 X5 - - -. It follows from [126, Theorem 18] that the six min-
imal squares of (4.20) are products of exactly five minimal abelian squares (this is
straightforward to verify directly). Thus if w is an optimal squareful word, then
vw = 4/w. Thus by Theorem 4.8.4, the abelian square root of a Sturmian word
Sp,a i the Sturmian word Sy(p)a- Also, by Theorem 4.8.39, there exists a minimal
subshift () of optimal abelian squareful words such that for all w € (), either
Y/w € Qor Y/w is periodic. Saari proves in [126, Theorem 19] that an optimal
abelian squareful word must have at least five distinct minimal abelian squares,
but he leaves the characterization of these sets of minimal abelian squares open.
Thus it is possible that there exist optimal abelian squareful words that contain
other minimal abelian squares than those given by the minimal squares of (4.20).
For such words, the abelian square root map could exhibit different behavior
than the square root map (if the square root map is even defined for such words).
I have not extended my research to this direction.

We could also generalize the special function . Divide the distance D be-
tween the points x and 1 — « on the circle into k parts and choose the image of x
to be x + {D among the points

1 2 k—1
X+ED,X+ED,...,X+TD

to obtain the function

P T—T,x— %(tx—i— (k—1)(1—a)).
The map ¢y ; is a perfectly nice function on the circle T, but to make things inter-
esting we would need to find a symbolic interpretation for it. I have not figured
out any such interpretation for these generalized functions.

Another natural research direction is to see if our results generalize to some
classes of generalized Sturmian words. In the remainder of this subsection, we
consider examples of Arnoux-Rauzy words and three-interval exchange words
(defined at the end of Section 4.5) and show that our results do not extend to hold
for these words. I chose to consider these two generalizations since the words
of both classes have an associated dynamical system; the study of the dynamical
system of irrational rotations was crucial for our results. Arnoux-Rauzy words
are realizable as exchanges of six intervals on a circle [8]; some of them are also
realizable as codings of rotations in the n-dimensional torus [28, 92, 121].

The Tribonacci word

T = abacabaabacababacabaabacabacabaabacababacabaabacabaabacab - - -
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is the most well-known instance of an Arnoux-Rauzy word. It is defined as the
fixed point of the following morphism.

a~ ab
0: b ac
c—a

We will prove the following proposition, which states that the case of a 3-letter
Arnoux-Rauzy words is already very different from the case of Sturmian words.

Proposition 4.8.49. There exist infinitely many minimal squares in the Tribonacci word.

Lemma 4.8.50. Let w € {a,b,c}* be arbitrary. If w? is a minimal square and does not
begin with the letter c, then the word a='0(w)?a is a minimal square.

Proof. Notice that a~'0(w)?a indeed is a square as (w) begins with the letter a.
Suppose that the word a~16(w)?a has a square u? as a prefix. Since w does not
begin with the letter c, the word u begins with b or c¢. Consequently u ends with
the letter a. Because none of the images of letters has the letter a as a proper suffix,
it follows that the square auua~! is an image of some square v?: 8(v)? = auua~!.
This square v is thus a prefix of w?, so by minimality v = w. Thus a~'6(w)%a =
u?,so u = af(w)a~!. Hence the square a~16(w)?a is minimal. O

Lemma 4.8.51. Let w € L(T) be arbitrary. If w? is a minimal square beginning with
the letter b, then the word 0(w)? is a minimal square.

Proof. Assume on the contrary that the word 8(w)? has a minimal square u? as a

proper prefix. If the prefix u? of 8(w)? is followed by the letter a, then the word
w? has a proper prefix 02 such that §(v?) = u?. This is, however, impossible as w?
is a minimal square. Thus the prefix u? of 8(w)? is followed by b or ¢, so u must
end with a. Since w begins with the letter b, the prefix u of 6(w)? is followed by
ac. Thus the suffix a of u must be an image of the letter c. It follows that w? has cb
as a factor. This is a contradiction as cb ¢ L(T). O

Proof of Proposition 4.8.49. Pick any any minimal square w? € L£(T) beginning

with the letter a (for instance aa will do). If its image 6(w?) is a minimal square,
then we have obtained a longer minimal square beginning with the letter a. If it is
not, then by Lemma 4.8.50, the word a~'6(w?)a is a minimal square (and it must
be in the language £(T)). By Lemma 4.8.51, the word 6(a~'6(w?)a) is a longer
minimal square beginning with the letter a. This shows that there are arbitrarily
long minimal squares in T. O

Computer experiments suggest that the Tribonacci word and its first few shifts
are factorizable as products of minimal squares. I have not attempted to prove
this. Even if this were true, the square root map would not preserve the lan-
guage of the Tribonacci word. The factorization of T3(T) as a product of minimal
squares begins as follows:

T3(T) = (cabaabacababacabaabacaba)? - (abacab)?-

a* - (baca)? - (baabacababaca)? - - - .
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However, then the square root of T3(T) (if it exists) would contain the factor
aabacaba - abacab - a - baca - baabacabab,

which is not in £(T).
Before considering three-interval exchange words, we discuss an improve-
ment of Proposition 4.8.49.

Definition 4.8.52. The Tribonacci numbers are defined by the linear recurrence
Ty =T, 14+ T2+ T, 3with Ty =0, Ty = Tp = 1. The first few Tribonacci
numbers are0,1,1,2,4,7,13,24,47, 81, and 149.

The following result was proved by Amy Glen in her Ph.D. dissertation [67].

Proposition 4.8.53. Let w? € L(T) with w primitive. Then |w| = T, or |w| = T, +
T,,—1 for some positive integer n.

Therefore the lengths of the minimal squares in the Tribonacci word take only
the values 2T,, and 2(T, + T,,_1). Jeffrey Shallit has proven the following im-
provement of Proposition 4.8.49 (private communication).

Proposition 4.8.54. In the Tribonacci word, there are exactly 6 minimal squares of length
2T, for n > 6 and exactly 5 minimal squares of length 2(T, + T,,_1) for n > 5.

Shallit proved this result using the techniques of the papers [51, 52, 107, 108],
where he and his coauthors showed that the automatic theorem proving tech-
nique introduced in Section 3.8 can be generalized to more exotic numeration
systems. For instance, it is known that every nonnegative integer can be uniquely
expressed as a sum of Tribonacci numbers and that the expression is unique if no
three consecutive Tribonacci numbers are used [25]. Thus a Tribonacci numer-
ation system and Tribonacci-automatic words can be defined.!* The Tribonacci
word turns out to be Tribonacci-automatic, so its properties that are expressible
as predicates like in Section 3.8 can be studied automatically; for details see [108].
The Walnut prover supports Tribonacci-automatic words, but questions concern-
ing minimal squares turn out to be computationally too hard. That is why I opted
for proving the weaker Proposition 4.8.49 with traditional methods. Shallit estab-
lished Proposition 4.8.54 with an alternative prover.

Next we turn our attention to three-interval exchange words and prove the
following negative result.

Proposition 4.8.55. There exists an infinite uniformly recurrent aperiodic word w hav-
ing the following properties: W is a three-interval exchange word, L(w) contains infin-
itely many minimal squares, and w does not have a square as a prefix.

Proof. The fixed point 0 (a) of the morphism

a — abch
o: brab
cra

4Fibonacci-automatic words can be defined analogously based on the Fibonacci numeration sys-
tem [107].
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is a three-interval exchange word [60]. The morphism is clearly primitive, so the
fixed point w is uniformly recurrent. The letter a is extendable with the letters a
and b. The longest common prefix abcbab of o (aa) = abcbabcb and o (ab) = abcbab
is extendable with both letters ¢ and 4. Again, the longest common prefix of
o(abcbabe) and o (abcbaba) is right special, and so on. There are thus arbitrarily
long right special factors in £(w), so the word w is aperiodic.

Let us show first that the language £(w) contains infinitely many minimal
squares. The word w contains the minimal square aa. We will show that (¢ (a))?
is a minimal square for all n > 1.

Suppose that (¢"*(a))? has a proper square prefix u? for some positive integer
n. The word u must have the word abcb as a prefix. Now uabcb is a factor of w
so, because no image of a letter begins with b or ¢, we have u = ¢(v) for some v
in £(w). Since a factorization of a word over {abcb,ab,a} is essentially unique,
that is, there is ambiguity only at the very end of the word, we see that (¢"~!(a))?
begins with v'xv'y for some letters x and y such that v'x = v.

Suppose first that x = y. Now (0" ~!(a))? begins with the square v?. Since
(c"~1(a))? is a minimal square by hypothesis, we have v = ¢"*~1(a),sou = ¢"(a),
and the claim is proved.

Assume then that x # y. If x = a, then there is no ambiguity and x = y.
Therefore either x = b or x = ¢. Say x = c. Since u has abcb as a prefix, the word
v begins with the letter a. It follows that the word v'xv'y contains ca as a factor.
This, however, is easily seen impossible: the letter c is always followed by the
letter b. Therefore x = b and y = a. Moreover, the word v" must be nonempty, so
the factor v’ is right special. It is clear that the only letter extendable with both a
and b is the letter a, so v’ has a as a suffix. Now v'xv'y has aa as a suffix. The prefix
a of this suffix aa must be an image of the letter c. Because the letter c is always
preceded by the letter b, it follows that v’ has aba as a suffix. Consequently, the
word v'xa has ababa as a suffix. However, ababa ¢ L(w) because bb ¢ L(w).
This contradiction shows that (¢"*(a))? is a minimal square.

We are left to show that w does not have square prefixes. Suppose that w
has a minimal square u? as a prefix. Since the prefix abcbab of w does not have
a square prefix, the word u must have abcb as a prefix. Like above, we conclude
that u = o(v) for some factor v and that w begins with v’xv'y for some letters x
and y such that vx = v. The arguments in the preceding paragraph go through,
so we are forced to conclude that x = y. This contradicts the minimality of u.
Therefore w does not have square prefixes. O

After this result there is not much sense in considering an analogue the square
root map for three-interval exchange words. I am not sure if any of the words
in the subshift generated by the word w in the proof of Proposition 4.8.55 are
factorizable as products of minimal squares. Using a computer program, I have
verified that the prefix of the word T?(w) of length 313679504 can be factorized
as a product of minimal squares. The factorization of this shift begins as follows:

baba - abab - cbababcbabcbababcbab - - - .

However, its square root is not in the language £(w) as baabcbh ¢ L(w).
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The moral of this subsection is that many natural generalizations of the square
root map of Sturmian words totally fail with, perhaps, the exception of abelian
square roots.

4.9 Open Problems

In Subsection 4.7.3, we saw that a natural idea for generalizing Theorem 4.7.22,
stating that the minimum abelian period of a factor of the Fibonacci word is a Fi-
bonacci number, does not work. It would be interesting to know if any alternative
idea works.

Open Problem. Characterize the minimum abelian periods of factors of all Sturmian
words.

As this problem might be very difficult, it would be natural to search for par-
tial answers for special factors such as the standard words. Thus we propose the
following open problem.

Open Problem. Characterize the minimum abelian periods of standard words.

In Subsection 4.8.7, we saw that there are non-Sturmian words whose lan-
guage is preserved under the square root map. However, Sturmian words sat-
isfy an even stronger property: for the Sturmian subshift (), of slope &, we have
vVQa C Q. This property is not satisfied by the aperiodic and minimal sub-
shift Or generated by the word T constructed in Subsection 4.8.7 since by Theo-
rem 4.8.39, there is a word in Qr having periodic square root; since Qr is aperi-
odic and minimal, it cannot contain such a word. We are thus led to formulate
the following conjecture I believe to be true.

Conjecture. If Q) is a subshift consisting of optimal squareful words that satisfies the
property v/Q C Q) then the subshift Q) only contains Sturmian words.

Let us briefly see that if we do not require all words in (2 to be aperiodic, then
the above conjecture does not hold.

Proposition 4.9.1. There exists a non-aperiodic, non-Sturmian subshift Q) containing
squareful words such that v/Q C Q.

Proof Sketch. Let S be a seed solution as in Subsection 4.8.7, and let I be a corre-
sponding fixed point of the square root map generated by the seed S as in Sub-
section 4.8.7. Further, set A = 5%, let ()5 be the subshift generated by A, and
let Or be the subshift generated by I'. If w € Qr, then by Theorem 4.8.39 either
VW € Qr or \/w € Q. Hence if we are able to show that 1/Qa C Qj, then the
non-aperiodic and non-Sturmian subshift O U Q4 has the desired properties.
Letw € Qa,s0 w = TY(A) with 0 < ¢ < |S|. Write w as a product of minimal
squares: w = X2X3---. We can now argue as in the proof of Theorem 4.8.39. If
X2 X2 = |S| —Lor |X?--X2| = |S* — { for some positive integers n and
m, then using the fact that /A = A, it is straightforward to see that y/w € Q4.
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Otherwise, either / is a nicely repetitive position of S or £ + |X?--- X?| — |S| is a
nicely repetitive position of S, where

i=max{j e {1,2,..}:[X]---X7| <|S*| - £}.
In both cases, we deduce with the help of Lemma 4.8.42 that \/w € Qa. O

There are other interesting related questions. Consider the limit set

Qﬂ\/ﬁﬂﬁﬁ....

We know very little about the limit set except in the Sturmian case when it con-
tains the two fixed points 01c, and 10c,. For the subshift generated by the word T
of Subsection 4.8.7, we proved that the limit set contains at least two fixed points.
We ask the following questions about the limit set.

Open Problem. When is the limit set nonempty? If it is nonempty, does it always
contain fixed points? Can it contain points that are not fixed points?

It is a genuine possibility that the limit set is empty. Consider for instance
the word { defined as the morphic image 7(c“(6)) of the fixed point of the mor-
phism o: 6 — 656556,5 — 5 under the morphism 7: 6 — S2 5 5 §2 where
S5 = 100 and S¢ = 10010 are minimal square roots of slope [0;2,1,...]. Itis
straightforward to verify that { is optimal squareful and uniformly recurrent and
that the returns to the factor 101 in £() are 10100, 101(001)%00 and 101(001)*00.
Let u = 7(56565); notice that u € L£({). By considering all possible occurrences
of the factor u in any product of the minimal squares of slope [0;2,1,.. ], it can
be shown that the square root of a product containing u always contains a return
to the factor 101 that is not in £({). Since the factor u occurs in every word in the
subshift )y generated by {, we conclude that Q; N /Q7 = @.

In Subsection 4.8.7, we constructed infinite families of primitive solutions
to (4.23) using the recurrence Y11 = L('yk)'y%. Why this construction worked
was because the seed solution S and the word L satisfy VSS = S, V/SL = S,
VLS = L, and VLL = L, thatis, 1/(LSS)? = v/LS-SL-SS = LSS. Similarly
V/(SLLLL)? = SLLLL, so substituting for example S = 01010010 we obtain the
primitive solution

0101001010010010100100101001001010010010

to (4.23) in £(1,0). More solutions can be obtained with analogous constructions.
Restricting to the languages of optimal squareful words, we ask the following
question.

Open Problem. What are the primitive solutions w of (4.23) in L(a, b) such that w or
w? is not Sturmian and w is not obtainable by the above construction?
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Automata Descriptions

We list here the transition functions of three automata from Section 3.8.

The tables are read as follows. Each line describes transitions of one state.
The first column gives the name of the state, second column tells if the state is
accepting (1) or not (0), and the remaining columns give the names of the states
where the automaton will move after reading the letter indicated in the column
header. Blanks in transitions indicate that there is a transition to a nonaccepting
sink state. The initial states of the automata are the states named 0.

S 0 [00 [01 L0 L1 S 0 00 [©01 L0 LI
0 0 0 2 1 3 16 0 25 27
1 0 0 4 0 4 17 0 29

2 1 5 7 6 18 0 28 13 6

3 1 8 10 9 11 19 0 26

4 1 5 13 12 14 20 0 30

5 0 15 17 16 14 21 0 30 18 30
6 1 17 18 17 22 1 20 21
7 0 20 19 21 23 0 28 7 6

8 0 22 23 19 21 24 0 28 13 12 14
9 0 22 18 19 25 0 16 14
10 1 5 13 6 26 1 17

1 1 17 20 21 27 0 30 18 19

12 1 17 24 9 28 0 18 17 16 14
13 0 19 29 1

14 0 25 27 26 30 0 20 21
15 1 28 13 6

Table A.1: The automaton depicted in Figure 3.2. This automaton accepts binary
representations of those (i,n) such that the Thue-Morse word has a privileged
factor of length n at position i.
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S 0 [00 [01 L0 L1 S 0 [00 [©01 L0 LI
0 0 1 3 2 4 43 0 34 45 64 65
1 0 5 6 4 0 59
2 0 7 9 8 10 45 0 47
3 1 11 13 12 14 46 1 39 25 33
4 1 15 17 16 18 47 0 66 68 67 69
5 1 19 21 20 22 48 0 26
6 0 23 25 24 26 49 0 70
7 0 27 29 28 30 50 1 25
8 0 31 25 32 26 51 O 25 58
9 1 33 52 0 45

10 O 34 35 53 1 39 71 36 72

11 1 33 36 37 54 0 21 50

12 1 33 38 33 55 0 22 26

13 1 39 56 0 73 26

14 1 9 40 41 57 0 49

15 1 39 42 33 58 0 25

16 1 33 33 43 5 1 33 33 47

17 0 36 60 O 29

18 0 44 45 35 61 1 33 49 33 47

19 1 33 25 33 62 1 33 49 33

20 1 46 33 47 63 1 33 33 22

21 0 49 48 64 1 9 10 41

22 0 50 65 0 74

23 0 51 52 66 0 75

24 0 48 67 1 76 10 41

25 1 53 68 0 47 77

26 1 13 54 18 55 69 0 78 74

27 0 56 25 70 1 79 80 75 81

28 0 47 71 1 53 48

29 0 48 72 1 13 54 18 82

30 0 57 50 50 73 0 49 28

31 O 58 74 0 49

32 0 48 58 75 1 19 33 47

33 1 33 33 76 1 83

34 0 33 77 0 74

35 1 9 10 78 0 28 25

36 1 33 49 59 79 1 83 25 33

37 1 9 60 10 80 O 28 70

38 0 61 81 O 66 84 67 69

39 1 33 62 26 82 1 25 22 26

40 0 34 45 35 83 1 33 33 26

41 0 26 84 0 49 47 77

42 1 63

Table A.2: An automaton accepting binary representations (least significant bit
first) of those (i, n) such that the Rudin-Shapiro word has a privileged factor of
length 7 at position i.
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S O 0 1 S O 0 1
0 0 1 2 43 0 61 56
1 0 3 4 4 1 9 23
2 1 5 6 45 1 62
3 0 7 8 46 0 63
4 1 9 9 47 0 64 46
5 1 10 11 48 0 41
6 1 12 13 49 1 65
7 0 14 15 5 0 66 67
8§ 0 16 17 51 1 68 69
9 1 9 52 1 37 44
10 1 18 19 53 0 70
1 1 20 21 54 1 71 53
12 1 9 22 5 0 72 73
13 0 23 5 0 74
14 0 24 25 57 1 9 27
15 0 26 58 0 75
16 0 27 5 0 72
17 1 28 29 60 0 66
18 1 30 31 61 0 64 58
19 0 32 62 1 68
20 1 33 34 63 0 76
21 0 35 36 64 0 22
22 1 37 65 1 62 48
23 0 38 66 0 77
24 0 39 67 0 59 78
25 1 40 41 68 1 9 79
26 1 42 43 69 0 80
27 0 44 70 0 81
28 1 45 46 71 1 45 34
29 0 47 72 0 82
30 1 9 48 73 1 71
31 1 49 74 0 46
32 0 38 50 75 0 56
33 1 51 52 76 0 64
34 0 53 77 1 83
35 0 54 78 0 59
36 0 55 56 79 0 84
37 1 57 80 0 8 60
38 0 58 81 0 78
39 0 59 82 0 48
40 1 57 22 83 1 45
41 0 60 84 0 8
42 1 9 34 85 0 34

Table A.3: The automaton depicted in Figure 3.3. This automaton accepts the
binary representations (least significant bit first) of those integers k such that there
is a gap of exactly k zeros in the privileged complexity function of the Rudin-

Shapiro word.
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Explicit Enumeration of Privileged Words
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Below we give a table containing the exact values of B(n), the number of privi-
leged binary words of length n, for 0 < n < 45. The values 0 < n < 38 were
computed by Michael Forsyth. I verified Forsyth’s computations and found the
additional values. The values listed below are recorded as the sequence A231208
in Sloane’s On-Line Encyclopedia of Integer Sequences [134].

n | B(n) || n B(n) n B(n)

1 2 16 1848 31 21198388

2 2 17 3388 32 40329428

3 4 18 6132 33 76865388

4 4 19 11332 34 146720792

5 8 20 20788 35 280498456

6 8 21 38576 36 536986772

7 16 22 71444 37 | 1029413396

8 20 23 | 133256 38 | 1975848400
9 40 24 | 248676 39 | 3797016444
10 | 60 || 25 | 466264 || 40 | 7304942256
11 | 108 || 26 | 875408 || 41 | 14068883556
12 | 176 || 27 | 1649236 || 42 | 27123215268
13 | 328 || 28 | 3112220 || 43 | 52341185672
14 | 568 || 29 | 5888548 || 44 | 101098109768
15 | 1040 || 30 | 11160548 || 45 | 195444063640



https://oeis.org/A231208
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