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Abstract

Continued fraction expansions provide a well-established bridge between algebraic properties
of numbers and combinatorics on words. In this article, we investigate the algebraicity of p-
adic numbers whose continued fractions arise from certain classes of words which generalize
the classical automatic, periodic and palindromic words. Our main result shows that, under
mild conditions on the p-adic continued fraction expansion, such numbers are either algebraic
of degree at most 2 or transcendental. This result provides an analogue of results of Bugeaud
and Adamczewski—Bugeaud in the real setting and extends previous works that were limited
to specific choices of p-adic floor functions and less general classes of words.
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1 Introduction

Continued fractions can be viewed as a way to map numbers in a given set to words, i.e.
possibly infinite sequences of elements from a specified alphabet A.

There are several ways to construct continued fraction algorithms depending on the con-
text. In this article, we will focus on the case where the numbers belong to a field K, which
is either R or Q,, and where the alphabet A is a subset of either Z or Z[1/ p]. We denote by
N the set of strictly positive integers.
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Most classical constructions are based on the choice of a function, called floor function,
s : K — K, which determines the choice of the alphabet A = Im(s).

In the archimedean case, we have K = R, A C Z and s is the classical floor function.
However, in the p-adic setting where K = Q, and A C Z[1/ p], there are infinitely many
possible choices for the floor function s and they all share analogous properties to the classical
one (see Sect. 3.1).

In all cases, given a floor function s and & € K, the corresponding word apajaz ... is
obtained via the algorithm:

1 .
w=ao, a =5, VYot1=—— ify, #an, (D
Yn — an
which stops when y,, = a,,. The a,,’s are called the partial quotients of «. From these, one
can define the two important sequences of continuants (Ap)n>—1 and (By),>—1, given by
the following recurrences:

A1 =1, Ap=ap, Ap=anAn-1+ A2,

2)
B_1=0, Bo=1, B,=a;,B,—1+ B,_».

The quotient A, /B, is called the n-th convergent of the continued fraction expansion (with
respect to s) of «. Indeed, it is a classical result that the sequence (A, /B;), converges
p-adically to o [18, Theorem 2].
If a number o corresponds, via a continued fraction algorithm with floor function s, to the
word agajas . .., we write
o = lag, ay,a,...Js.

When K = R and s is the classical floor function, we simply write « = [ag, a1, a2, . . .].

Continued fractions share several features with the more common base-b representations
of numbers [16]: they can be computed algorithmically, they are well-suited for (some)
arithmetic operations, and, surprisingly, they carry over some properties from the realm of
word-combinatoric to the realm of numbers. In this article we will investigate the latter feature
in the case of p-adic continued fractions.

Before doing so, let us briefly consider the classical archimedean case, from which our
approachis inspired. Itis well known [10, Ch. 4] that archimedean continued fractions provide
a bijection between real numbers in [0, 1) and words on N (excluding finite words ending
with 1). Not only does this bijection restrict to a bijection between rationals and finite words,
but, as already shown by Lagrange, it also restricts to a bijection between algebraic numbers
of degree 2 and eventually periodic words. This motivated the following:

Question 1.1 Are there families of special words that correspond to families of algebraic
numbers of degree > 2?

Notably, the answer to this question is expected to be negative. The reasoning behind this
expectation can be seen as a sort of statement in unlikely intersections: any set of words
exhibiting some form of structure constitutes a small subset within the set of all words.
Consequently, words from such a set arise from the continued fraction expansion of a small
subset of the real numbers. Such a small set is unlikely to intersect the set of algebraic
numbers, which is itself small, unless the words we took were very special i.e. finite or
periodic.

Historically, two families of special words have mainly been considered as natural gener-
alizations of periodic words: words on finite subsets of N and words containing increasingly
large repeated or mirrored prefixes. Although these are the primary candidates for being new
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special families with algebraic continued fractions, all available partial results suggest they
fall short of this goal, revealing instead a substantial gap between periodic words and any
form of generalization.

Indeed, the former family, i.e. words on a finite alphabet, was already studied by Borel, who
proved that it is in bijection with a measure-zero set of real numbers. As mentioned in [38,
§4], it seems that Khintchine was the first to ask whether this set contains any algebraic
number of degree > 2. While this question remains open in general, in the meantime several
specific cases have been studied and suggest that the answer should be negative. Such known
partial results include families of quasi-periodic words [26, Ch. VII; 13], and some words
of linear complexity i.e. words containing only O (n) distinct subwords of length n, such as
Thue-Morse words [2, 31] or Sturmian words [7, 30].

In a series of later works [1, 4-6, 19] the authors considered generalisations of quasi-
periodic and quasi-palindromic words, namely the # words and & words.

Before giving their definitions, we fix some notation: for a finite word w, we denote its
length by |w| and we denote by @ the word obtained by reversing the order of the letters of
w. According to [19, beginning of Sections 3 and 5], we have the following:

Definition 1.2 Let ¢ > 0 be a real number. A word w has property #® (respectively prop-
erty &) with constant c if it is not ultimately periodic and if there exists three sequences
U)ns Vi)u, (Wy), of finite words such that:

(i) forevery n > 1, W, U, V, U, (respectively, W, U, Vnﬁ,’,) is a prefix of w;
(ii) forevery n > 1, max(|Vy|/|Unl, |Wn!|/IUnl) < c;
(iii) the sequence (|U,|), is increasing.

Notably, # words include all linear complexity words [19, Theorem. 1 1]. In particular, thanks
to a theorem by Cobham [20], they include all automatic words, which are words on a finite
alphabet that can be generated by a finite state machine. However, both classes of ®# words
and & words include also words on infinite alphabets (see Appendix A for more details and
examples).

In [1, 5, 6] the authors showed that, if @ = aja; ... has property #® or &, and assuming
the extra condition that the limit superior of the sequence (|W,|/|U,|)n is small enough,
then the real number [0, a1, as, .. .] is transcendental. This was generalised by Bugeaud [19,
Theorem 1.3] to all ®# and & words as it follows:

Theorem 1.3 (Bugeaud) Let « = [0, ay, az, ...], with a; € Z~q, and let A, /B, be the nth
convergent of its continued fraction expansion. Suppose that the word ajazas . .. satisfies
condition @& or &, and that there exist a real C > 1 such that |B,| < C". Then, « is either
quadratic or transcendental.

In this article, we consider the analogue of Theorem 1.3 in the p-adic setting, where p is
any odd prime. A first naive attempt could be to simply replace N with Z[1/p] and R with
Q,. However, this translation is far from straightforward for various reasons.

A structural key difficulty in the p-adic case lies in the absence of a canonical floor
function s : Q, — Q. As we already noticed, there are infinitely many possible choices for
s, and each leads to a distinct construction of p-adic continued fractions. In the last decades,
many constructions of p-adic floor functions have been proposed, such as the classical ones
by Ruban [34] and Browkin [18]. However, none of them gives approximants as good as
in the real case and all of them lack complete analogues of fundamental results from the
real setting, such as Lagrange’s theorem. More precisely, it is either not true or unknown, in
general, that all rational numbers arise from finite words (except for very specific choices of
s), nor that all algebraic numbers of degree 2 arise from periodic words.
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These differences make Question 1.1 even more challenging in this p-adic setting. The
only known results in this context provide negative answers to Question 1.1 only for very
specific choices of floor functions and very special sets of words (see for instance [23, 29]).

In this article, we provide, under some mild conditions, a negative answer to Question 1.1
for @# words and & words for any floor function, generalising most of the previous known
results. More precisely, our main result is the following p-adic version of Theorem 1.3:

Theorem 1.4 Let p be an odd prime, leta € Q,, and let s be a p-adic floor function. Suppose
that « = [0, a1, az, ...]s and let A,/ B, be the n-th convergent of this continued fraction
expansion. Suppose that the word ayasas . . . satisfies either condition @ or condition & with
constant ¢ > 0 and that for everyn > 1:

(i) the sequences (| Al ), (1Bulss s (1Baly™)n are bounded;

(ii) lanlp > p* where k is an explicit constant depending on p, ¢ and the bound for the
1/n 1/n
sequence (max (|Anlco » |Bnloo .
n

Then, « is either rational, quadratic, or transcendental.

A more precise version of Theorem 1.4 with explicit constants can be found in Sect. 4 (more
precisely, see Theorem 4.1 for @ words and Theorem 4.3 for & words). As a first corollary,
we have the following result (proved in Sect. 4.2.1) concerning the classical Ruban’s and
Browkin’s continued fractions (see Sect. 3.2.1 for more details):

Corollary 1.5 Let p be an odd prime and let s be a p-adic floor function. Let o =
[0, a1, az, .. .]s and suppose that the sequence (| By, |},/ ") is bounded, where B, is defined in
(2). Moreover; suppose that one of the following holds:

(a) the word ajazas . .. starts with arbitrarily long repetitions and either

o s is Ruban’s floor function, o is irrational and |a,|p > p* for every n, or
e s is Browkin’s floor function and |ay|, > p> for every n.

(b) the word ayazas . .. starts with arbitrarily long palindromes and either

e s is Ruban’s floor function, o is irrational and |a,|p > p? for every n, or
e s is Browkin’s floor function.

Then, « is either quadratic or transcendental.

In another direction, we also have the following corollary (proved in Sect. 4.2.2) on
continued fractions arising from automatic sequences:

Corollary 1.6 Let n, m be non zero distinct integers. Let w = ajay . . . be an automatic word
on the alphabet A = {%, %} where p is an odd prime. Then, for every p large enough, there
is a p-adic floor function s such that A C Im(s) and the number [0, a1, aa, .. .]s is either
rational, quadratic or transcendental.

Our proof strategy for Theorem 1.4 is an adaptation of that of Bugeaud [19, Theorem
1.3]. There, the main tool used is Schmidt’s subspace theorem, which is a generalization of
fundamental results by Liouville, Thue, and Roth, on the approximation of algebraic numbers
by means of sequences of rational numbers (we refer to [14, Ch. 6-7] for an overview). The
basic idea is that, if a number is approximated too well by infinitely many rational numbers,
then it must be transcendental. This already gives an intuition, in the real case, of why words
containing arbitrarily large repeated prefixes fail to yield an algebraic number, given that
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infinitely many of its convergents are good approximations of some periodic words (i.e.
algebraic numbers of degree 2). In our non-archimedean world, this general philosophy still
applies, but one needs some extra work and a p-adic version of the subspace theorem proved
by Schlikewei [36, 37] (see Sect. 5 for details).

More specifically, the main idea underlying the proof of Theorem 1.4 is to leverage the
® (resp. &) structure of o to approximate it by a sequence of quadratic (resp. rational)
numbers «;,, having a periodic (resp. palindromic) continued fraction expansion of the form
[W,U, Vy]s (resp. [W,,U,,an?:,]s). Then o and «;, have the same |W,| + 2|U,| + |V, |-th
convergent, so that the quality of approximation is very good relatively to the arithmetic
complexity (more precisely, the Weil height, cf. Definition 5.1) of «,, which only depends on
the |W,,| 4+ |Uy| + | Vi |-th continuants. Thus, assuming « algebraic, one can construct suitable
linear forms and a sequence of vectors depending on «;, that make the p-adic Subspace
Theorem (Theorem 5.2) applicable. Then one gets a linear relation between some continuant
of the continued fraction for «. Finally, a brute force approach case by case, allows to
transform it into a linear relation between 1, a, a?.

The structure of our article is as follows. In Sect. 2, we recall a result of Bugeaud linking
word complexity and condition #. In Sect. 4, we present explicit versions of Theorem 1.4
(namely, Theorem 4.1 for ®# words and Theorem 4.3 for & words) along with applications,
including proofs of Corollary 1.5 and Corollary 1.6. Section 5 provides a statement of the
p-adic Subspace Theorem, a key ingredient in our proofs. In Sect. 6 we prove Theorem 4.1
and in Sect. 7 we prove Theorem 4.3. Finally, in Appendix A, we examine # and & words in
detail, exploring their connections with well-known classes of words, such as those arising
from automatic and Sturmian sequences, and providing concrete examples.

2 Some results on word complexity

The goal of this short section is to recall a result of Bugeaud [19] relating word complexity
and condition .

Recall that a word w is a (possibly infinite) string of symbols from a non-empty set A,
called alphabet. For a finite word w, we recall that we denote its length by |w| and we denote
by @ the word obtained by reversing the order of the letters of w. We also denote by w the
infinite purely periodic word of period .

The complexity function of a word w = ajasas . . . is the function p,, : N — N defined as

Po(n) =#agi1 ... apen | £ =0},

that is, p,,(n) is the number of distinct blocks of length n appearing in the writing of w.

For example, the periodic word w = 011 has p, (1) = 2, p,,(n) = 3 for all n > 2. More
generally, a classical result in [27, Thm.7.3] shows that either w is ultimately periodic, in
which case the function p,, is bounded, or p,(n) > n + 1 foralln > 1.

In view of this result and linking to our study of continued fraction, we have that, if the
alphabet is N, the word complexity of an infinite word w = ajasas . . . gives information on
the nature of the real number o = [0, ay, a2, .. .].

Indeed, if py,(n) < n for some n > 1, then w is ultimately periodic, hence, by Lagrange
theorem, « is algebraic of degree 2. On the other hand, Bugeaud [19, Theorem 1.1] proves
that if w is not ultimately periodic and « is algebraic, then p,,(n) cannot grow foo slowly i.e.

one must have
. DPow(1)
lim —— =0

n—o00 n

3

@ Springer



2 Page6of34 L. Capuano et al.

A first step in his proof is to show that low complexity words satisfy condition #. More
precisely (see [19, Proof of Theorem 1.1]):

Theorem 2.1 Let (a;)i=1 be a sequence of strictly positive integers which is not ultimately
periodic and consider the word w = aiazas . ... Suppose that there exists an infinite set
N C N and a positive real C > 0 such that p,(n) < nC for alln € N. Then w satisfies
condition @ with constant ¢ = 3C + 1.

To the best of the authors’ knowledge, there is no direct analogue of Theorem 2.1 for words
satisfying condition &. In particular, it remains unclear whether this set contains specific
complexity classes.

3 Toolbox for the p-adic case

In this section we recall some basic properties of the p-adic continued fraction algorithms
that will be used later. In what follows, we will fix a prime p > 2 and we will denote by
| -|p and | - | the p-adic and the Euclidean norm respectively and by v, the usual p-adic
valuation.

3.1 p-adic floor functions

There are several ways to construct continued fraction algorithms over Q,,, and several
authors as Mahler [25], Schneider [35], Ruban [34] and Browkin [17, 18] proposed different
algorithms in the attempt of achieving the same properties which hold in the real case. All these
constructions are based on the choice of a so called p-adic floor function s : Q, — Z[1/p].
We give the precise definition (which can also be found in [18, Section 1]).

Definition 3.1 A p-adic floor function is any function s : Q, — Z[1/p] such that
(i) la —s(@)|p < 1forevery o € Qp;

(i) s(0) =0;

(iii) if o — B|, < 1, then s(a) = 5(B).

Given a € Q, and a floor function s, the continued fraction expansion [ay, a, . ..]s of «
is obtained via the algorithm:

Yo =a,
an = 5(¥n),
Yn+1 = ynlan if yy —an #0.

and it stops if y, = a,. Notice that, by definition, |a;|, > 1 for everyi > 1.

It is proved in [18, Section 2, Theorem 2] that, for any choice of s, the map sending «
to the partial quotients of its continued fraction expansion is a bijection between Q, and
the (possibly infinite) sequences ag, ai, az, ... with a; € Im(s) and |a;|, > 1 fori > 1.
Since ap = 0 if and only if ||, < 1 (this follows directly from Definition 3.1), such map
restricts to a bijection between pZ, and the (possibly infinite) sequences 0, ay, az, ... with
a; € Im(s) and |a;|, > 1fori > 1.
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3.2 Some useful estimates on the continuants

Given a floor function s and a continued fraction

[a07 a,az, .. ’]S

we define, analogously to the real case, the classic sequences (A;)n>—1, (Bp)p>—1 of
continuants given by the recurrences (2). We have

ﬁ = [ao, ..., anls. “4)
B,
Notice that A,,, B, only depend on ay, .. ., a,.

Using matrices, we can write

o ap 1 _ An Ap
Al‘l_<1 0)5 Bl’l_(Bn Bn71>,

for n € N. Moreover, if we define
B, — 10
-1=1p1)"

By = Bp—1 Ay = Ao Aj ... Ay (5)

we have

This easily implies by induction the useful relation
AuBu_ — ByA,_1 = (=)™ foreveryn > 0. 6)
Moreover, for every k > 1 we have

YAr—1 + Ak

O SE——— @)
yBi—1+ Bi_2

o =lao, ..., ax-1,71s =
We will also use the following properties.

Lemma 3.2 Let s be a p-adic floor function, « = [0, a1, az, ...l and let (Ap)n, (Bn)n be
the sequences of continuants of o. Then:

(i) foreveryn =2, |Alp = [Tizs lailp, |Bulp = [Ti<; lailp.
(ii) foreveryn > 0, |Anlp < |An+ilp, |Bulp < |But1lp, |Anlp < |Bulp.

Suppose moreover that there exists a real number M > 0 such that, for every i, |ai|loco < M.
Then
max(|Anloo, [Bnloo) < (M + 1" ®

Proof Notice that

[Aolp =0, |A1lp = 1, [Azlp = lazlp, |A3lp = max(las|plazlp, 1) = laslplaz|p

and
|B0|p =1, |Bl|p = |a1|p7 |B2|p = |al|p|612|pa |B3|p = |al|p|a2|p|a3|p-

Notice that, as |a;|, > 1, one can show by induction that, for every n > 2, |A,_2[, <
|anAp—1]p and similarly | B, 2|, < |ay Bu—1|p. This, together with the ultrametric inequality,
proves (i), which easily implies (ii). Finally, (8) also easily follows by induction. O
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The proof of the following useful lemma is obtained combining [18, Theorem 1] and [18,
Theorem 2]:

Lemma 3.3 Let s be a p-adic floor function, @ = [ag, a1, az, ...)s and let (Ap)y,, (By)n be

the sequences of continuants of a. Then forn > 0

n+1
1 1 1
|Buet = Aulp = [ ]

Jj=1

= < .
|aj|p |Bn+l|p p”+l

In particular
Ap

B

1 1
= < 7
p |Ban+1|p |Bn|p
Notice that, by (ii) of Lemma 3.2, for every n > 0, |B,|, < |Bu+1lp, we have that the

sequence |o — g—zl » — 0as n tends to oo; then, 2—: converges p-adically to «.
The last lemma shows that, if the nth convergents of « and 8 are the same, then the two
numbers are p-adically close. We have then the following result.

o

(C))

Lemma3.4 Let s be a p-adic floor function, « = [ap, a1, ..., an, ap+1 - - .1s. Suppose that
B = lao,ai,...,an, byy1,...1s. Then o and B have the same first n + 1 continuants
Ag,...,An, By, ..., B, and

o — Bly < —.
"B
Proof By (4) and (9) we have
A A 1
’a—n < = and ‘5—" < =0
B, |, 1B Bu|, ~ 1Bul?

By adding and subtracting g—;‘ and applying the ultrametric inequality we obtain the
conclusion. o

3.2.1 Estimates for Ruban’s and Browkin's floor functions

The two main definitions of p-adic continued fraction algorithms are due to Ruban [34] and
Browkin [18]: in these cases the p-adic floor functions are given by

0 +00
s(a) = anp” € Q where a = anp” € Qp,
n=k n=k
where k < 0 is an integer, the x,, are representatives modulo p in the interval [0, p — 1]
for Ruban’s and in the interval [—(p — 1)/2, (p — 1)/2] for Browkin’s definition. Notice
that, for these two floor functions, the partial quotients are bounded in absolute value by
a constant M, which is p in Ruban’s case and p/2 in Browkin’s. By (8), this implies that
max(|Anloo, [Bnloo) = (M + 1)".

3.3 Periodic and palindromic continued fractions

The following result is well known (see e.g. [33, Th.IIL.1, p.40; 32, Remark 6.1]). Since
it is widely used in our proofs, we reproduce here the proof for clarity in our case where
ap = 0. We recall that, given a finite word w, we denote by w the infinite purely periodic
word obtained repeating w.
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Lemma 3.5 Let s be a p-adic floor function and let
a=[0,a1,...,aw, Gwti, -, aels-

Let (Ap)n>—1, (By)n>—1 be the sequences of continuants of a. Then « is a root of the
polynomial

P(X)=aX?>—bX +¢ (10
where
a=By_ 1B — ByBy_
b=By_ 1A —ByA¢_1 +Ay_1Bg — AyBy_ (11)
c=Ay14¢— ApAp1.
Proof Let B = [ay+1,---,a¢ls. Then
o= Awﬂ + Aw—l
Bwﬂ + Bw—l
but also
_ A+ A
BB+ By’

Therefore « is a fixed point of the linear fractional transformation defined by the matrix

~1
Ag Ag1\ (Aw Ay " A¢By—1— A¢—1By —AgAy—1 +Ar—14Ay
By By—1) \ By By—1 ByBy_1 — Bg_1By —BgAy_1+Bi_1Ay )"

The claim follows from (11). ]

The following result establishes a relation between the continuants of a continued fraction
and its palindrome.

Lemma 3.6 Let s be a p-adic floor function, let « = [ag, ai, ..., anls and let (Ay)n, (Bp)n
be the sequences of continuants of a. If |agl, > 1, then

By ]
= lan, ..., a0ls-
Bn—l n 0ls
Ifap = 0, we have
Bn—1 =10,a a1
Bn - LRt (A RN ] 1 S
Proof This can be easily checked by induction using the definition of B, from (2). O

4 Our main results and some applications
In this section we give an explicit version of our main result Theorem 1.4. We state separately

the part dealing with property # (see Theorem 4.1) and the part dealing with property & (see
Theorem 4.3).
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2 Page100f34 L. Capuano et al.

4.1 An explicit version of Theorem 1.4

Theorem 4.1 Let p be an odd prime and let s be a p-adic floor function. Let ¢ =
[0, a1, an,...1s, and let A,, B, be its n-th continuants.

Suppose that the word ayaszas . . . satisfies condition @ with constant ¢ and that there exist
reals Coo, C, > 1 such that, for everyn > 1:
(1) max(|Auloo, [Bnloo) < Cf,'o;
(ii) |Bulp < C};

p’

(i) lanly = p where k = | max (355, 2(3e + 152C ) 41

Then « is either rational, quadratic, or transcendental.

Remark 4.2 Unlike the archimedean case, it can actually occur that « is rational in our
statement.

For example, let s be the floor function defined by Ruban (see Sect. 3.2.1). Then, as
remarked in [22, §3], one has

1
—p=|:0,p+(p—1)j| .
p

S

So, the associated word satisfies condition @ with constant ¢ = 0 and the conditions of
Theorem 4.1 are satisfied (with Coo =2, Cp = pand k = 1).

Theorem 4.3 Let p be an odd prime. Let s be a p-adic floor function. Leta = [0, ay, az, . . .]s,
and let A, B, be its n-th continuants.
Suppose that the word ayasas . . . satisfies condition & with constant ¢ and that there exist
reals Coo, Cp > 1 such that, for everyn > 1:
(i) max(|A;loo, [Bnloo) < Ch;
(ii) |Bn|p = C;;
(iii) for everyn, |a,|p, > p* where

log Coo .
S ]+ ife=0,

L(4 +60) lﬁggc;oJ +1 ifc£0.

Then « is either rational, quadratic, or transcendental.
Remark 4.4 Notice that:

e Forboth Theorems 4.1 and 4.3, condition (ii) implies the same bound also on |A, ], since
|Aylp < |Bylp by Lemma 3.2. However, this does not generally hold for the Archimedean
absolute value, so we need to impose both bounds in condition (i).

e Moreover, if there exists 7 > 0 such that |a;|oc < T for every i, as it happens in most

definitions of p-adic continued fractions, condition (i) from Theorems 4.1 and 4.3 always
holds true. Indeed, by Lemma 3.2, one can take Coo = T + 1.

4.2 Some corollaries of our results
4.2.1 Ruban’s and Browkin's floor functions: proof of Corollary 1.5

Since the word ajasas . .. starts with arbitrarily long repetitions (resp. palindromes), it sat-
isfies condition @ (resp. &) with ¢ = 0. It is then enough to check that the hypotheses of
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If a machine did it, it is probably transcendental Page 11 of 34 2

Theorem 4.1 (resp. Theorem 4.3) are satisfied. Note that infinite continued fraction expan-
sions are always irrational in Browkin’s case [18, Thm. 3], so the irrationality of « needs to
be assumed only in Ruban’s case.

As observed in Sect. 3.2.1, hypothesis (i) of Theorem 4.1 (resp. Theorem 4.3) is automat-
ically satisfied by setting Coo = p + 1 when s is Ruban’s floor function, and Co, = p/2 + 1
when s is Browkin’s floor function, applying Lemma 3.2. Hypothesis (ii) of Theorem 4.1
(resp. Theorem 4.3) holds by assumption. Finally, hypothesis (iii) of Theorem 4.1 (resp.
Theorem 4.3) can be easily checked, case by case, by setting ¢ = 0 and using the respective
values of C. This concludes the proof of Corollary 1.5.

4.2.2 Words on a finite alphabet

For words on a finite alphabet, hypotheses (i) and (ii) of Theorems 4.1 and 4.3 are always
fulfilled. Therefore, our results can be specialized as follows.

Corollary 4.5 Let p be an odd prime. Let s be a p-adic floor function, and @ =
[0, a1, a2, ...]s. Suppose that the word w = ajazas ... consists of letters from a finite
alphabet and set T = max(|a,|oo)n- Moreover, suppose that w satisfies one of the following:

(1) condition @& with constant ¢ and
(T + MGt . (12)
(2) condition & with constant ¢ and
T<p-—1 ifc =0,
(T + D*0¢ < p otherwise. (13)

Then « is either rational, quadratic, or transcendental.

Proof 1t is enough to check that the conditions (i), (ii), and (iii) in Theorem 4.1 (resp. The-
orem 4.3) are satisfied. By Remark 4.4, (i) is satisfied taking Co, = T + 1. From part (i) of
Lemma 3.2, one sees that (ii) holds for C;, = max(|a;|,);. Finally, (12) (resp. (13)) implies
that k = 1 in (iii), which is then automatically satisfied since a; € Im(s) \ {0}. O

The following result specializes Corollary 4.5 to low complexity words.
Corollary 4.6 Let p be an odd prime. Let a, b € Z[1/ p] such that:
(i) la—blp=1;
(ii) min (lalp. |blp) = p.

Then, there exists a p-adic floor function s such that {a, b} C Im(s).

Let s be such a floor function. Suppose moreover that = ayazas ... is a word on the
alphabet {a, b} whose complexity function satisfies p,(n) < nC foralln > 1 where C > 0
is a real number such that:

(iii) (max (|a]sos [bloo) + DIBETS < p.

Then [0, a1, az, . . .]s is either rational, quadratic, or transcendental.

Proof Notice that, in general, the construction of a p-adic floor function s amounts to choosing
a representative in Z[1/p] from any coset of Q, modulo pZ,. Then the image of s on the
given class is the chosen element. Conditions (i) and (ii) ensure that the cosets a + pZ, and
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b+ pZ, are distinct and non zero. Hence one can choose any floor function s mapping such
cosets to a and b respectively (notice that there are infinitely many possible choices).

We fix such an s. If w is ultimately periodic, then, by classical results on p-adic continued
fractions (see Lemma 3.5), the number [0, ay, a3, .. .]; is either rational or quadratic. Oth-
erwise, by Theorem 2.1, w satisfies condition # with constant ¢ = 3C + 1. Therefore the
hypotheses of Corollary 4.5—in particular (1), which in this case is equivalent to (iii}—are
satisfied, and the conclusion follows immediately. O

Finally, Corollary 1.6 is a special case of the above result.

Proof of Corollary 1.6 For p large enough, n, m, n — m are coprime to p. This is equivalent
to saying that n/p and m/p satisfy hypotheses (i) and (ii) of Corollary 4.6. Since also (iii)
must be satisfied up to taking a larger p, the conclusion follows directly from Corollary 4.6.

O

Remark 4.7 Notice that condition (iii) of Corollary 4.6 can be made explicit, or even
improved, for some families of words (see Sect. A.3 of Appendix. A).

5 A key tool: the p-adic subspace theorem

The proof of our main results requires a slightly more general version of the subspace theorem
than the one by Schmidt used in [19], in order to include p-adic places. We recall the classical
definition of Weil height (see for instance [14, §1.5.6]). For our purposes, we restrict our
attention to the case of an affine point in Z[1/p]".

Definition 5.1 Letzbeavector (z1, z2,...,2N) € Z[l/p]N. The (multiplicative) Weil height
of zis
H(z) = max(l, max(|z;|oo)) - max(l, max(|z[p)).
1 L

We now state the generalisation of Schmidt’s subspace theorem, due to Schlickewei [36, 37],
which can be obtained, for instance, as easy consequence of [15, Theorem 2.3’]. We refer to
[15] for a comprehensive overview on the subject.

Theorem 5.2 Let N > 1 be an integer, let S be the set containing the archimedean and the
p-adic place of Q. For each v € S, let {L1,y, ..., LN} be a set of linearly independent
linear forms in the variables X1, ..., X y with algebraic coefficients in Q. Let (z,)n>1 be a
sequence of vectors in Z[l/p]N and set 2, = (Zn,1, 2Zn,2+ - - - » Zn,N)- ASSume that there exist
strictly positive reals C1, Ca, A, B with A < 1 < B and an increasing sequence of positive
integers (Up)n>1 such that

N
l_[l_[ |L; y(2y)]y < Cp - A"7

veSi=lI

H(z,) < Cy- B"".

Then there exist x1, ..., xy € Z, not all zero, and an infinite subset N C N such that, for
every j € N, one has
xX12j,1 +x22j2+ - +xnzjNn =0.
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Proof Up to normalizing the coefficients of the linear forms and increasing the constant B,

we can assume that
N

TTI]1Liv@ol < A“ and H (z,) < B*.

veSi=lI

Let € > 0 be such that A < 1/B¢€. Then,

N 1 1
L;y(z < A" < < .
Jlg|wum_ B = Hae

Then the result follows from [15, Theorem 2.3’], by noticing that H (z,) is larger or equal
than the height of z,, as defined in [15, p.5, formula (3)]. O

In what follows, given two real sequences (#,),>1 and (s,),>1, we will use the notation
t, < sp to indicate that there exists a positive constant C such that#,, < Cs,, foreveryn € N.

6 Proof of Theorem 4.1

Our proof strategy closely follows the one of [19, Thm.3.1].

Before proving the result we fix some notation. By hypothesis the sequence (a,),>1
satisfies condition @ with constant c¢. Hence, there exist three sequences of finite words
Wn, (Un)n, (Vy), satisfying conditions (i), (ii) and (iii) of Definition 1.2.

Setting wy, = |Wy|, u, = |U,|, and v, = |Vj,|, we have that, for every n > 0, u,+1 > uy,
and

max (v, /uy, Wy/Up) < C. (14)

We let also
Ly = wy +uy + vy

We assume by contradiction that « is algebraic of degree at least 3 over Q.

6.1 A preliminary lemma

The proof of Theorem 4.1 is based on several applications of the p-adic Subspace Theorem
(see Theorem 5.2), the first one of which is used to prove the following lemma.

Lemma 6.1 Let A, and B, be as in Theorem 4.1 and ¢,,, w,, as above. Then, there exist a
non zero quadruple (x1, x3, X3, X4) € Z* and an infinite set N1 C N such that

x1(Bw,—1B¢, — By, By, —1) + x2(By,—1A¢, — By, Ag,—1)+

(15)
+ x3(Ay,—1Be, — Aw, B, —1) + x4(Ay,—14¢, — Ay, Ag,—1) =0

foranyn € Nj.
Proof To simplify the notation, we set
Z, = (Zn,la Zn,252n,3» Zn,4)7
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where
Zn,1 = By, —1B¢, — By, By, -1
Zn,2 = Bu,—14¢, — Bu, A¢, -1
n, w, e w, AL (16)
Zn,3 = Awy,—lBK,, - Awn an_l
Zna = Aw,—14¢, — Aw, Ag,-1.
We now want to apply the Subspace Theorem 5.2 to the sequence (z, ), with carefully chosen
linear forms.
To this aim, for 1 <i < 4 we choose the linear forms

Lioo(X1, X2, X3, X4) = X;
and
L1,p(X1, X2, X3, Xg) = &” X1 — (X2 + X3) + X4,
Lo (X1, X2, X3, X4) = aX| — X2,
L3 (X1, X2, X3, X4) = aX| — X3,
Ly (X1, X2, X3, X4) = Xy
We now want to estimate the quantities |L; oo (2;)|co and |L; ,(z,)]p.

To this purpose, we set «,, = [W, U, V,]s. By Lemma 3.5, o, is a root of the following
polynomial of degree 2

Po(X) = 201X> — (2n2 + 203)X + 204

Moreover, by (9),

A, 1
o¢«——| =—
Bn P |Ban+l|p
and
AZ,,+un 1
oy — = .
Ben"run P }an"'un lez+un+1|p
Thus,
1
loe — anlp < . )
|Bén+u,,BZn+un+l|p
Notice that, by Lemma 3.2 and the fact that |a;|, > 1, for every m > 2, we have
m m
[Amlp = Tlaily < 1Ams1lp: 1Bulp =]]lailp < 1Butilp. 1Anlp < Bulp.
i=2 i=1
Moreover, for every n > 1, we have
max i|» < |Bw, B . 18
1§j§4|zn,1|p <] wy, Zn|p (18)

By (9) and Lemma 3.2 (ii), we have

|L2,p(zn)|p = I(Bw,,—lBK,, - Bw,,BKn—l)Ol - (Bwn—lAZ,, - Bw”AZ,,—l)|p
< max (|Bwn71|p|Bina - AZ,,|177 |Bwn|p|BZ,,7105 - AZ,,fl|p) (19)

-1
=< |BU)n|p|Bln|p
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and
|L3,p(20)|p = |(Bw,—1B¢, — Buw, Be,—1)a — (Ay,—1By, — Ay, Be,~1lp
< max (|Be, | p|Bu,—1& — Aw,—1lp, |Bo,—11p| Buw,& — Au,|p) (20)
< |Be,|p|Bu, |,
Also, by (17), (18), (19) and (20), we have
IL1p@a) | p =IPa(@)]p = [Pa(@) = Puotn)|p = |zn,1(@® — o) = (202 + 2n.3) (@ — o)
=[(a —an)lp - [(Zn, 1 — 20,2) + (Zn, 100 — 203)|p =
=[(@ = an)lp - 1L2,p(@a) + L3, p(2) + 201 (@n — @)
<l = @yl max (1Bu, |y Be, 1" 1By 15 1B, s 1Bu, |y Be, |l = il )

—1 -2
<IBu, 15" 1Bey 1 Beysn |,

(21)
Moreover, by (18), we have
|L4,p(zn)|p = |Zn,]|p < |By, B(,,|p- (22)
By the above formulas (19), (20), (21), (22), we have that
4
2 -2
[T1Lip@Dlp < 1B, 151Be,tu, |,
j=1
Since, by the Assumption (iii) of Theorem 4.1,
Ln+uy
Btyunlp = 1Be, 1, [] lailp = 1Be,lp - P
i=l,+1
and, by (i),
2wp+uy+v, 3c+1Duy
max, |20, jloo < 2CZ0nFuntun < pCGetDun (23)
we find
4 4 CAGet) Un
[TILip@lp []lznjle <16 —5—] . (24)
=1 i=1 p
J J
Using (18), (23), and assumption (ii) of Theorem 4.1, we also have
H(z,) < 2C5D By, 1B, 1p < 2+ ((CooCp)* )™ (25)

4(3c+1)
Then, by Theorem 5.2, the conclusion follows provided that the quantity C“’T in (24) is
< 1, and this is in fact the case by hypothesis (iii) of Theorem 4.1. O

6.2 Splitting the proof in two cases

We are now ready to prove Theorem 4.1. By Lemma 6.1, we may consider only the indices
in the subset N\ so that (15) is satisfied.

Here the proof is split in two cases, depending on whether the sequence (wy),ecn; has a
constant subsequence or not.
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In the first case, using the continuants of o, Lemma 6.1 and the Subspace theorem, we con-
struct an irrational number § such that both (1, @, 8) and (1, @, 1/8) are linearly dependent
over Z. Combining these linear relations, we obtain a contradiction.

In the second case, using Lemma 6.1 and suitable auxiliary words, we show that « is a root
of a certain polynomial of degree at most 2, which must therefore be trivial. The vanishing
of its coefficients gives relations among the continuants of « and these, together with the
Subspace theorem, allow to conclude.

Case (1): (Wp)pen/; has a constant subsequence

Let w be such that w, = w for infinitely many n € Nj. By extracting an infinite subset of
N and replacing o by
[01 Aw+1, Aw+2, - - ~]s7

we may without loss of generality assume that w, = 0 and hence ¢, = u, + v, for every
n € Ni. Let now

. By,
p=Jim, B,

n

neNy n

We claim that:

(a) B isirrational;
(b) there is a non zero triple of integers (y, y2, ¥3) such that

Y1+ y28+ y3a =0; (26)
(c) there is a non zero triple of integers (z1, z2, z3) such that

z

gl +22 + 230 = 0. @7

Assuming these claims, from (26) and (27) we obtain

(z30 + z2) (y3x + y1) = y2z1.

Since from (a) « and B are both irrational, we get from (26) and (27) that y3z3 # 0. This
shows that « is an algebraic number of degree at most two, which is a contradiction with our
assumption that « is algebraic of degree at least 3. This concludes the proof in this case.

‘We now prove the above claims. Let (x1, x2, x3, x4) € Z*and N; C NbeasinLemma6.1.
Recalling that B_; = Ag = 0 and By = A_| = 1, we deduce from (15) that

X1Bg,—1 +x2Aq, 1 — x3Bg, —x4A4, =0 (28)
for any n € Nj. Dividing (28) by By, and letting n tend to infinity in /] we get
X3 + x40
= (29)
X1 + xo

Observe that x| + xpa # 0, since otherwise o would be rational.

We now want to prove (a) and (b) (notice that (a) is not automatically guaranteed by (29)
since a priori one could have x3x; — x4x1 = 0).

This is again obtained by an application of the Subspace Theorem 5.2 with N = 3 and
the linear forms, for 1 <i <3

L; (X1, X2, X3) = X;
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and
L) ,(X1, X2, X3) = BX1 — X2, L) (X1, X2, X3)
=aX;— X3, L3 ,(X1, X2, X3) = Xa,

evaluated at the points (By,, B¢, -1, Ag,)-
Setting Q,, = %:‘, we have, by (28),

Be,—1  x3+x40y,
By, x1+x20¢,-1

and therefore, by (29),

_ By,
By

x1x4(a — Qp,) — x2x3(0 — Qp,—1) + x2x4(Q¢,—1 — Oy,)
(x1 +x2)(x1 + x2Q¢,-1) -

p

s

n

We notice that, since Q¢,—1 converges p-adically to o and x; +x2c # O since « is irrational,
we have that, for n sufficiently large, |x; + x2Qp, |, = |x1 + x2|,. Hence, for n € Ny, we
have
C/
|Be, B — Be,—1lp < 7 (30)
|BZ,,71 |p

for some real C’ > 0.
Furthermore, observe that, for any integer n € N1, we have, by Lemma 3.3 and (30),

max (| Bg,a — Ag, | p. |Bo,—10 — Ag,—1lp, |Be, B — Be,—1lp) < 3D

|B[nfl|p

We obtain, by (31) and hypotheses (i) and (iii) of Theorem 4.1,

C3K,, C3 Ly
o

1_[ IL; (B, Be,—1, Ae)|pIL) oo (Be,s Be,—1, Ag,)loo K —— K (4;:)
1Zj<3 [Be,—1lp p

(32)
and
H(By,, Be,—1, Ar,) < (CooCp)'r. (33)

Notice that, up to passing to a subset of N|, we might assume that £, is increasing. By the
definition of k in Theorem 4.1 we have C go / pk < 1 in (32). Therefore, by Theorem 5.2,
there exist a non zero integer triple (y1, y2, ¥3) and an infinite set of distinct positive integers
N> € N such that

yiBe, + y2Be,—1 + y3A4, =0 (34)

for any n € N>. Dividing (34) by By, and letting n tend to infinity along A3, we get that (26)
holds, so that claim (b) is proven.
Equations (34) and (26) then prove claim (a): indeed, if 8 was rational, (26) would imply
y3 = 0 (recall that we are supposing « irrational). But then, by (34) we would have
By, —1/B¢, = —y1/y2,
for all n € NV, and, for each such index, by Lemma 3.6 we would have
2 By

=1[0,ay,,...,a1ls,
yi By, ’
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contradicting the uniqueness of p-adic continued fraction expansion of —y,/y; attached to
the floor function s.!
To prove (c), we also apply the Subspace Theorem 5.2 with N = 3 and the linear forms

L;/,OO(Xla X2, X3) = X;
for1 <i <3and
L/lf,p(Xl, X2, X3) = X1 — Xo, L/Zl,p(Xl’ Xo, X3) = aXs — X3,
Lg,p(Xl7 X2, X3) = X».

Evaluating them on the triple (By,, By, —1, A¢,_,) with n € A3, we infer from (31) that

¢
C3 n
[1 1L} ,Be, Be,—1, Aey—DIpILY oo (Be,, Bo,—1. A, Do < (%f) :
15)<3 P
As before, estimating H(By,, By,—1, A¢,—1) as in (33), and using the definition of k in
Theorem 4.1, we can apply Theorem 5.2 and deduce that there exist a non zero integer triple
(z1, 22, z3) and an infinite subset A3 € A/ such that

21Be, +22Bg,—1 +23A¢,-1 =0 (35)
for any n € N3. Dividing (35) by By, , and letting n tend to infinity along N3, we get (27),

concluding the proof of this case.

Case (2): (Wp)peN;, has no constant subsequences

As detailed in [19, page 1013], up to suitably modifying the words U,, and W,,, we can assume
that the last letter of U, V,, is different from that of W,,, that is a,,, # ay, for any n € Nj.

We now set
By, —1By,

= T 36
o Bu, Bo_1 (36)
and
R —a—éﬂ (37)
"7 By

Dividing (15) by By, B¢, —1, we obtain
x1(Qn — 1) +x2(0Qp(x — RZ,,) — (a — RZ,,*I)) + x3(Qn (o — Rw,,fl) —(a — Rw,,))+
+ x4(Qn(@ — Ry,—1)(@ — Ry,) — (@ — Ry, ) (@ — Rg,—1)) = 0.

Letting also
P(a) =x1 4+ (x2 + x3)c +x4a2,

this yields
(On — DP(a) =x2QnR£,, —x2Rg,—1 +x3Qan,,—l — X3Ry, _X4Qan,,—1Rl,,+ (38)
+ X4 Ry, Re,—1 + ax4(Qn Ry, -1 + OnRe, — Ry, — Re,—1).
We want to prove
P(a) =0. (39)

1 Notably, this is the first time in the proof where we use the fact that the word associated to « arises from a
given floor function.
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Suppose first that there exists € > 0 and an infinite subset M C N such that |Q, — 1], > €
for alln € M.

Suppose further that |Q,|, < 1 for infinitely many n € M. Then, for n tending to infinity
along the elements of this subset, the right-hand side of (38) tends to O (indeed, by (37),
R, tends to O for m tending to infinity and Q,, is bounded), which implies (39). If instead
|Onlp > 1 for all but finitely many n € M, dividing both sides of formula (38) by O, and
letting n tend to infinity, we obtain, as in the previous case, that (39) holds.

Suppose now that

nlé%l [Qn — 1], =0.

Then, for n sufficiently large, we have |Q,], = [1|, = 1.
Notice that, by Lemma 3.6, Q, is the quotient of the two continued fractions a;, =
lae,,ae,—1,...,a1ls and ay, = [aw,, dw,—1, ..., ails, hence must have

lac, |p = lae, |p = law, | = law,|, = p*,
for n sufficiently large, with k, > 0.
Let us now assume, by contradiction, that P(a) # 0. Then, since |R¢|, < 1/|B¢By+1lp
for £ > 1, from (38) we deduce

|Qn - 1|p < )
|Bwnlew,,|p
which we can rephrase as
ay, 1
a o < wy—1 2"
Wn p |aw,, |p . l_[,'zl |ai|p

Now, multiplying both the numerator and denominator of the left-hand side by p*» and
noticing that | p ay,|p =l and |g;|, > p forevery i < I, we obtain, in particular, that

1
pz(wn —D+ky

‘ plrag, — pfra,, | <
14

Therefore

IA

1
s
This implies that a,, = a,,, mod p, so that a;, = ay,, mod p. Therefore, by property (iii)
in the definition of floor function, they are equal, contradicting our initial assumption that
ay, # ag,.

Therefore (39) is true; since we are assuming that « is neither rational nor quadratic, we
must have x| = x3 + x3 = x4 = 0. Then, equation (15) gives

|[a£naafn717-"7al]s — [aw”,aw,ﬁl,--~,al]s|p < m

BwnflA[n - BwnAanl = Awnlezn - AwnBanl'

In particular, in (16) we have z, 2 = z, 3. We can thus refine the argument in Lemma 6.1.
Let o, = [W,,, U, V, ]s. Then, by Lemma 3.5, «,, is a root of the polynomial

Pu(X) = 201X = 2202 X + Zn.4.
Consider now the two sets of linearly independent linear forms

V(1. T2, T3) = o*Ty — 20Ty + T3,
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L'z/fp(Tl, T, T3) =aly — T,
L/g/,/p(Tl, T, T3) =T,
Voo(T1, T2, T3) = T4,

LY (T, T2, T3) = T»,

LY (T1, T, T3) = T5;

evaluating them on the triple z, = (2,1, Zn,2, 21,4) We find by (19), (21), (22), and (23) that

" ’ " / -2 ~3(L,+
IT 17,@)l, ] 1L} @)oo < |Bu,|plBe,|p| Be,tu, 1,2 Cor
1<j=<3 1<j<3

C2é3c+1)un

- Lp+up 2
Hj:(,,-ﬁ-l lajly
3Bc+1) \ Un
C
= 002k :
p

H(2,) < (CooCp) Bt Din,

Also, by (25) we have

Again using the definition of k in Theorem 4.1 and applying Theorem 5.2 we obtain that
there exists a non zero integer triple (1, t3, #3) and an infinite set Ny € A/ such that

HZn,1 +0Zn2 + 153244 =0 (40)

for any n € M. We proceed exactly as above. Divide (40) by By, B¢, —1 and set O, as in
(36). Then, we get

Ay Ag, 1 Ay,—1 Ag Ay, Ag,—1
¢ — D+t no_ ) g DW=l T oL} )
I(Qn ) 2 (Qn B[n an_1> 3 <Qn Bw,,—l BZ” Bw,, an_1>

for any n € Nj. By arguing as after (39) we derive that ] + o + 302 = 0, a contradiction
since « is irrational and not quadratic. This concludes the proof of Theorem 4.1. O

7 Proof of Theorem 4.3

Suppose by contradiction that & were algebraic of degree at least 3 over Q.

By hypothesis the sequence (a,), satisfies condition & with constant c. Hence, there exist
three sequences of finite words (W,,),,, (Uy)n, (V,), satisfying conditions (i), (ii) and (iii) of
Definition 1.2. Setting w,, = |W,|, u, = |U,|, and v, = |V,|, for every n > 0,

max (v, /Uy, wy/u,) < c.

We let also
£y = wp +up + vy

Here the proof splits into three cases.

The first case occurs when the set {n > 1 | v, = w, = 0} is infinite: here, using the
fact that the words aj . ..ay,, are palindromic for infinitely many n, an application of the
Subspace Theorem 5.2 allows us to conclude.
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In the second case, we consider the situation where the set {(n > 1 | v, = w, = 0}
is finite, but the set {n > 1 | w,, = 0} is still infinite: in this case, on one hand we show
that the continued fraction expansion of « has ‘many’ partial quotients in common with
that of certain non palindromic words constructed using certain continuants of «. On the
other hand, an application of the Subspace theorem and the uniqueness of the continued
fraction expansion for a given floor function, imply that the words we considered are actually
palindromic, leading to a contradiction.

Finally, the third case occurs when {n > 1 | w, = 0} is finite. Here, we use the words
U,, V, and W, together with the recurrence formulas defining the continuants to build two
sequences of numbers whose continued fraction expansions have ‘many’ partial quotients in
common with that of «. A first application of the Subspace theorem gives a relation between
some of these words and a second application of the Subspace theorem allows us to conclude.

Case (1): theset {n > 1 | w, = v, = 0} isinfinite

In this case (which occurs, in particular, when ¢ = 0) we have that, up to passing to an infinite
subset of positive integers n, we may assume that ¢, = u, and U,U, is a prefix of « for
every n. Since the word ay . .. az,, = U,U, is palindromic, we have that the matrix

By, Bou,—1\ _ (a1 1) (a2 1\ (a2, 1
Az, Asu—1) “\10) 10 10

is symmetric, hence, for every n

A2u,, = BZu,,—l- (41)
Notice that by (9) we have
A 1
‘a— Ml < —— (42)
BQun p |BZun|p
and also, by (41),
Ay Ay 1
‘Ol— 2uy—1 :‘ . 2uy—1 < 5. (43)
Ay, |, Bou,—11, ~ |Bau,—1l3
Moreover
5 A, s Agu,—1 Aoy,
o ——"—| =|lo° - —"——"
Bau, 1, Bau,—1 Bau, |,

. ‘(a + AZun—1> (Ol _ AZu,,) +a <A2un _ A2u,,—l>
Bay,—1 By, By,  Bou,-1
A

< max <|a|p 2y

Blun
and since |a|, < 1, we finally obtain

p

o —

|a|p
p’ | Bou, Bou,—11p

1 1 1
< max 7 = . (44)
p |BZu,, |p |BZu,, B2un—l |p |BZM,, BZu,,—l |p
We apply Theorem 5.2 with N = 3 and the linear forms
1, (X1, X2, X3) = X1 — Xo,
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Ly (X1, X2, X3) = X10” — X3,
Lé,p(Xl, X2, X3) = Xpa — X3,

and Lg,oo(Xl, X3, X3) = X; forevery 1 < i < 3. Evaluating them at the points z, =
(Bou, » A2u, s A2u,—1), by (42), (43) and (44) we get

3 6up C 6up
o0 oo
Hw@@mw@ﬂmwsgr—f«67>.
i=1 |B3,,—1lp p

Moreover
2 n
H(z,) < (CooCp)™m.
As by the definition of k in Theorem 4.3 we have k > k;fgc ;C , Theorem 5.2 ensures there
exist x1, X2, x3 € Z not all zero and an infinite subsequence of positive integers n such that

x1Bou, +x2A2y, +x3A24,-1 =0 (45)
for all n. Dividing (45) by B»,, we have

Aoy, 3 Aoy, —1 Boy,—1 —o.
BZun BZu,,fl BZu,,

X1+ x2

Since by (41) Az, = Bou,—1, letting n go to infinity, we get
X1 + xoo +X3O{2 =0

contradicting the hypothesis that « is algebraic of degree at least 3.

Case (2): theset {n > 1 | w, = v, = 0} is finite and the set {n > 1 | w, = 0} is infinite

Without loss of generality we might assume that, up to passing to a subsequence, for all n,
v, # 0, w, = 0 and that, by enlarging the words U, the first and the last letters of the word
V,, are always different (if not, it means that we are in Case (1)). So, in particular, the word
U, V, 17;, is never palindromic.

Notice first that, by Lemma 3.6,

Bu-r _ [0, ay, a ai]
B, =Y, dp,dp—-1,...,d]ls-
In particular
B, tu,—1 = ~
Zottn =l = [07 Un Vn Un]sc
BZ,,JrM,,
On the other hand
A€n+un 5
- = [0, Un VnUn]x~
BZ,,Jrun

Thus the continued fraction expansions of the numbers « and By, 4, —1/Be,+u, share the
first u,, terms, hence by Lemma 3.4 we have

| Bt, 41, = Bttt < 1B, |p|Bu, [, (46)
We now apply Theorem 5.2 with N = 4 and the linear forms
Ly p(X1, X2, X3, X4) = aX| — X3,
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Ly p(X1, X2, X3, X4) = a Xy — Xy,
L3 p(X1, X2, X3, X4) = a X1 — X,
Ly p(X1, X2, X3, X4) = Xo,

and
Li 0o (X1, X2, X3, X4) = Xi,

for 1 <i < 4. Evaluating them at the points
Zy = (B, +uys Beytun—1> Aty+uns Alytuy—1)s
by hypothesis (i) of Theorem 4.3 and inequalities (9) and (46), we find that

Cg(()fn+u,z) B <C§<(32+c) )Mn

ILi,p(Zn)|p|Li oo (Zn)loo <
H L,p\enJip 1,00\#n ) oo |Bun|% p2k

1<i<4

Notice now that
H(2) < (CooCp) T n,

But then, since by the definition of k in Theorem 4.3

log Coo

k> (4+2c)
log p

’

Theorem 5.2 ensures that there exist x, x2, X3, x4 € Znotall zero and an infinite subsequence
of positive integers n such that, for all n, we have

X1Be,u, +x2Be,4u,—1 + X340, fu, + X444, yu,—1 =0. 7

Dividing by By, +., we obtain

B[n+un*1 + A£n+un +x Azn+un*1 . an‘f’un*]

X1+ x2 =0. (48)

3 4
BZ,Hrun Bﬁn-‘run Bl,ﬁ-u,,—l B(,,—}—u,,

Recalling that by (46) we have

lim Btytu-1 =«
- 9
n—00 BZnHAn

letting n tend to infinity in equation (48), we get
X1+ (x2 + x3)a + )C4O{2 =0.
Since « is not quadratic, we obtain x; = x4 = 0 and xp = —x3, hence, from (47) we have
AZ,,+uy, = Be,+u,—1-
But then the matrix
(Bfmun Benm—l) _ (al 1) (az 1) L <aen+un 1)
Agytuy Alytu,—1 10 10 1 0
is symmetric. Hence, by the uniqueness of the continued fraction expansion for a given floor
function, the word ay . .. ag, +4, = U, V,U, is palindromic, contradicting our assumption.
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Case (3): theset {n > 1 | w, = 0} is finite

Let
A(ty, ..., ty), B(ty, ..., ty)
be the functions defined by the continuants recurrences (2), that is
A(ty) =to, Altg, 1) =tot1 + 1, Ak, ..., ;) =t;A(to, ..., ti1) + A(to, ..., ti_2)
B(to) =1, B(to,t1) =11, B(to, ..., t;) =t;B(to, ..., ti—1) + B(to, - - ., ti—2).
For any positive n, let
Py = A, Wy, Un, Vo, Un, o), Qn = B(O, Wa, Uy, Vi, Un, W)

and
P, = A0, Wy, Uy, Vi, Uy, W) QL = BO, Wy, Uy, Vi, Uy, W))

where W, denotes the word obtained by removing the first letter of W,,. We consider these
as functions of ¢, + u, + w,, respectively ¢, + u, + w, — 1, parameters.
Observe that

P, o
Q7=[05WnaUn»Vn»Un»Wn]s
n
and
P, ~
?:[O’WmUn’VnsUnaWn]s-
n

Notice that the continued fraction expansions of both P,/ Q,, and P,/ Q), have the first £, +u,
partial quotients in common with «. Therefore, by Sect. 3.2, we have

On Q, — Be,tu, Beytu,—1 By,  Auw,
Py Pr: Af,ﬁ-u,, A€n+un—1 Bwn—l Aw,,—l ’

Qn = B€n+u,, Bwn + BZ,,+u,,—len—l,
0, = Bt,tu, Aw, + Bytun—14Au,—1,
Pn - A€n+un Bw,, + AZ,,Jrunlew,,fl,
Py; = Aﬁn—&-unAwn + Aln—&-un—lAw,,—l-

hence

(49)

Again, since «, P,/Q, and P,/Q) share the same first £, + u, partial quotients, from
Lemma 3.4 we have

Q BZ}I+ IIB n B n
10 = Palp < || = || =|5 | (50)
Ln+un P an"l‘un P Entun p
B A A B
|Qpor = Pylp < | =g =‘ " » (51)
Lp+itn » Bln+u,, p B["_'_Mn P
Notice also that, by Lemma 3.6,
0, o o
? = [0, Wn’ Um V}’ls UVls Wn]s-
n
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It follows from Lemma 3.4 that

|Qner = Qplp < ‘32 . Beaun S (52)
Watin | p Wptitn | p
showing, in particular, that )
Jim G =
Furthermore, by (49),
1071p < 1Bty tu, Aw, | p- (53)
We now apply Theorem 5.2 with N = 4 and the linear forms
L/f,p(Xl, X2, X3, X4) =a X — X3,
L’zl,p(Xl, X2, X3, X4) =a X, — Xy,
Lf{,p(Xl, X2, X3, X4) =aX; — X»,
LZ,p(Xl, X2, X3, X4) =X,
and
L} (X1, X2, X3, X4) = X;
for 1 <i < 4. Evaluating such forms at the points
2, = (Qn. Qp. Pa. P))
it follows from (50),(51),(52) and (53) that
4
[T 17 ,@nl, < ‘ -
1<j<4 Watttn | p
Moreover, by (49), we have
max (| Qnloos [ @y loos [Paloos | Pyloc) < 2C30 1 & €L+ (54)
and
max (|Qnlp. 1Qhlp- | Pulps | Pylp) < CHH2n, (55)
Since
a’Qn —aQ, —aPy+ P, =a(Quo — Py) — (Qpat — Py)
Py , P,
—eerfe-g)-e(o-g)
/
-eo-on(e-g) e g - o)
it follows from (49), (50), (51) and (52) that
|a2Qn_aQ;l—aP,,+P,;|p§max — Bwé, 7’3 1 _
Wttty P ntitn | ) Lntun Pwy | p (56)
1 1
B ’Bln+un3wn » T 1Quly
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We now also consider the linear form
Lg,p(Xl, X2, X3, X4) = &’ X1 — X2 — aX3 + Xa.

From (51), (52), (53), and (56), we deduce that
2

5
B
w,
1"[|L’;,,,<z;,’>|ps’ S
j=2

Wp+up

1 1

Sy = Sk
- - u
T2, laj|> = p=n

(57)

P
From (49), (54), (55) and (57) we get

24Cgé2€n—vn) s <Cgé3c+2)>”"

4 5

1 1 " a
[T1L] cc@Dloo [TIL] p@Dlp < 2Kty %
j=1 j=2 P P

and
H(z) < (CpCoo) et
Therefore, since by the definition of k in Theorem 4.3

log Co

k> (4+6¢)- ,
log p

we conclude by Theorem 5.2 that there exist 1, 12, 13, 14 € Z not all zero and an infinite
subsequence of positive integers n such that

1H0On+0Q,+5P,+1P, =0 (58)
for all n. Dividing by Q,, and noting that
0, . Py N

lim =2 = lim — = lim 2% =aq, (59)

n—oo Q, n—oo Q, n—00 Q;l

by letting n go to infinity we obtain
1+ (12 + 13)a + 14 = 0.

Since « is not quadratic by hypothesis, we get t; = t4 = 0 and #, = —t3, which, replaced in
(58), imply Q), = P, for infinitely many n.
By (56), we then have, for infinitely many such n,

1
07 Qn = Q) — Py + Pylp = 10° Qn — 200, + Pyl K .
|Qnlp
We finally apply again Theorem 5.2 with N = 3 and the linear forms

VX1, X2, X3) = @? X1 —2aX2 + X3
L’z’fp(Xl, X2, X3) =aX>— X3
éff,,(X1,X2,X3) =X

L (X1, X2, X3) = X;
forall 1 <i < 3. By evaluating them at the points

Z,/,” = (Qn, Pn, Pyi)
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we find
Un
23(:3(()2[,,—11,,) ; Cg<(>3c+2)
H|L”’ z o L5, BNy = — G — =2\
p p
and

H (@) < (CpCa0)*H21r,
Therefore, since the definition of k in Theorem 4.3 implies
log Cxo
log p

and (54) holds, we conclude by Theorem 5.2 that there exist by, by, b3, by € Z not all zero
and an infinite subsequence of positive integers n such that

b10, +b2Q:1 +b3P,£ =0

k> 7(3c+2)

for all n. Diving by Q,, using (59) and letting n go to infinity we obtain b; +bya +b3a® = 0,
contradicting the assumption that ¢ is neither rational nor quadratic. O

Appendix A Pokering words: the @ and & conditions

In this appendix we collect more results on # and & words and their combinatorial properties.
In particular, we study how such words are related to other famous classes of words, such as
automatic and Sturmian words. Moreover, we show how Corollary 4.6 can be specialized to
these classes of words.

A.1 Link to automatic words

We briefly recall that, if k > 2 is an integer, given a set A, a sequence (a,),>1 Witha, € Ais
called k-automatic if, for every n, the term a, can be computed by a finite state machine (or
automaton). This machine takes in input the k-ary digits of n, starting from an initial state.
Each digit of n corresponds to a state transition, and each state has an associated output. The
output of the final state reached after reading all digits of n determines the value of a,,. For
further details on automata theory, we refer to [11].

We can extend the notion of automaticity to words, by saying that a word w = aja; . .. is
k-automatic if and only if the sequence (a,), is so.

As a finite automaton has only finitely many possible states and so finitely many possible
outputs, any word taking on infinitely many different values is clearly not automatic. However,
the finiteness of the values alone is not enough to ensure automaticity. An example of a word
on a finite alphabet which is not k-automatic for any k > 2 is the Fibonacci word

» = 01001010010010100101001010010100 - - -

whose letters are given by the sequence (a,),>1 where a, = 2+ |n¢] — [ (n+ 1)@ | where ¢
is the golden ratio. The Fibonacci word and, more generally, Sturmian words (see Sect. A.2),
are not k-automatic [28, §1].

A result by Cobham [20] shows that, for any automatic word w, there exists a constant
C > O such that p,,(n) < Cn for all n > 1. This, together with Theorem 2.1 gives:

Proposition A.1 Every automatic word satisfies condition #.
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We now discuss some examples of automatic words.
Thue-Morse words

One of the most classical and simplest examples of a 2-automatic word is the Thue-Morse
word mentioned earlier. Put A = {a, b}. The Thue—Morse seqeunce on the alphabet A is the
sequence (an)p>0 Where a, = a if the number of 1 in the binary writing of » is even and
a, = b otherwise. It is produced by the following automaton which has 2 states, where the
arrows indicate the transition functions depending on the lecture of a binary digit of n.

0 0
n_tr. n

[a] ]

~____—
1

The corresponding Thue—Morse word is
w = abbabaabbaababbabaababba - - - .
We have the following:

Proposition A.2 Thue—Morse words satisfy:

(i) condition @ with constant ¢ = 2;
(ii) condition & with constant ¢ = 0.

Proof Let w be a Thue-Morse word. Notice that, for each n, any initial block of w of length
2" has the form U, V,,U,, with |V,| = 2|U,| = 2"~!. This proves (i). As for (ii), as remarked
in [2], denoting by U,, the word consisting of the first 2" letters of w, then U,,[F}:l is a prefix
of w for every n. Hence w satisfies condition & with |W,| = |V,| = 0. ]

Rudin-Shapiro words

Put A = {a, b}. The Rudin—Shapiro sequence on the alphabet A is the sequence (a,)n>0
defined as: for every n > 1 in which case a, = a if the number of occurrences (possibly
overlapping) of the block 11 in the base-2 expansion of n is even, or a,, = b otherwise.

The corresponding Rudin—Shapiro word is

w = aaabaabaaaabbbabaaabaababbbaaabaaaabaa - - -
and it is 2-automatic.
Proposition A.3 Rudin—Shapiro words satisfy condition # with constant ¢ = 25.
Proof Tt has been proved that p,,(n) = 8(n — 1) for every n > 8 (see [12] for a more general
result). Thus the result follows from Theorem 2.1 with C = 8. ]

Paperfolding words

Another classical example of 2-automatic word is the paperfolding word. Put A = {a, b}.
The paperfolding sequence on the alphabet A is the sequence (ay,,), defined as it follows: for
every n > 1, write n = 2km where m is odd and seta, = a if m =1 (mod 4)yanda, =b
otherwise. The corresponding paperfolding word is

w = aabaabbaaabbabbaaabaabbbaabbabbaaabaabbaa - - - .
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Proposition A.4 Paperfolding words satisfy condition @ with constant ¢ = 13.

Proof By a result of Allouche (see [8]) p,(n) = 4n for all n > 7. Hence, the result follows
by Theorem 2.1 with C = 4. O

Remark A.5 To the authors’ knowledge, it is not known whether Rudin—Shapiro and paper-
folding words satisfy condition &. However, if this is the case we must have that the sequence
(Vi) defining the & condition can contain only finitely many empty words. Indeed, as proved
in [9], the longest palindromes in a Rudin—Shapiro word have length 14 while they have length
13 in a paperfolding word.

A.2 Link to Sturmian words

A word o is said to be Sturmian if p,(n) = n + 1 for all n > 1. Equivalently (see for
instance [7, Section 4.2]) a word w = apaja; . . . is Sturmian if and only if there exists a set
A = {a, b} such that the sequence (a,),>0 satisfies, for some irrational o € (0, 1) and some
real number B, one of the following properties

(i) foralln > 1,a, =aif [(n + Do + B] — [na + B] = 0 and a, = b otherwise;
(i) foralln > 1,a, = aif [m+ Da + B — [na + B] = 0 and a,, = b otherwise.

A word is called characteristic Sturmian if it satisfies the above conditions with § = 0. A
classical example of characteristic Sturmian word is the Fibonacci word introduced above.

Proposition A.6 We have that:

(i) Sturmian words satisfy condition @ with constant ¢ = 0;
(ii) Characteristic Sturmian words satisfy condition & with constant ¢ = 0.
(iii) Sturmian words satisfy condition & with constant ¢ = 2.

Proof Point (i) follows from the fact that any Sturmian word begins with arbitrarily long
squares, as proved in [7, Proposition 2].

Point (ii) follows from the fact that characteristic Sturmian words starts with arbitrarily
long palindromes (see for instance [21]).

Point (iii) requires some further work. Let & be a Sturmian word. Following [24, §1.3.4],
for each n > 1, we define the factor graph of « as the directed graph G, = G, () whose
vertices are the distinct blocks of length n appearing in « (there are n + 1 distinct blocks in
the case of Sturmian words), and such that there is a directed edge from a block w; ... w,

to w} ... w, if and only if wy...w, = w{...w/_, and wy... w,w, is a block of « of

+%n . -
length n + 1. Notably, « is completely described ﬁy 1some path on G, (&), namely the one
starting on the vertex representing a; . . . a,, and such that the i -th step lands exactly the block
corresponding to g;11 . ..au+i+1 foreachi € N.

By [24, p. 63], there exists a unique subword of length n, say w ... w,, called the n-th
right special factor of « and denoted by R,, such that both w; ...w,a and wy ... w,b are
subwords of «. Similarly, there exists a unique subword of length n, say w . .. wy,, called the
n-th left special factor of « and denoted by L,, such that both aw; ... w, and bw; ... w, are
subwords of «. In particular, for every n > 1, R, (resp. L) is the unique vertex of outdegree
(resp. indegree) 2 in the graph G,.

Therefore, G, is as in the following picture (see also [24, p. 82]).
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Moreover, one can check that R, = Z,;
To prove the & property, we claim that one can consider the initial block of length 4n + 1
and set U, = L. Indeed, L, is reached at least once within the first n steps of any path on
G, . Next, to avoid overlapping, we still take n — 1 steps on G,. Starting from the reached
vertex, R, (which is E:,) is reached within n + 1 steps. Thus a path of length 3# hits L,, and
Z:l with no overlapping, which is equivalent to our claim. O

A.3 Explicit estimates in Corollary 4.6 for some families of words

‘We now show how condition (iii) of Corollary 4.6 can be made explicit, or even improved, for
some families of words introduced in Sects. A.1 and A.2 on the alphabet {a, b} C Z[1/p].
Suppose that (i) and (ii) hold, i.e. |a — b|, > 1 and min(la|, |b|,) > p. Then:

e If w is a Rudin—Shapiro, (iii) gives
(max (|aloo. [bloc) + 1) < p

(taking C = 8 in Corollary 4.6, as computed in the proof of Proposition A.4).
e If w is a paperfolding word, (iii) gives

(max (Jaloo, [bloo) + D* < p

(taking C = 4 in Corollary 4.6 as computed in the proof of Proposition A.3 and
Proposition A.4).
e If w is Sturmian, (iii) can be improved as

(max (|aloo, 1Ploo) +1)° < p

. This is in fact equivalent to (12) from Corollary 4.5 with ¢ = 0 (the latter constant being
deduced from Proposition A.6. (ii)).
e If w is Thue-Morse or characteristic Sturmian, then one can also improve (iii) as

(max (|aloo, 1bloo) + 1) < p.

This is in fact equivalent to (13) from Corollary 4.5 with ¢ = 0 (the latter constant is
deduced, respectively, from Proposition A.2. (ii) and Proposition A.6 (ii)).

A.4 Some negative examples

As for words that do not satisfy condition @ or &, an obvious example is given by those having
all distinct letters from an infinite alphabet. However, words containing only two letters might
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also fail to satisfy these conditions. An example is the word « obtained adjoining the words

wi=0---01---1.
P —
i times i times
Given any finite prefix 8 of o, let j be the largest index such that w; is contained in 8. Then,
the longest repeated subword of 8 is w;_1. Equivalently, the largest possible choice for U;

in 8 would have length 2(j — 1). However, even in this case

j—2

Wil =) 2k=( -2 -1,

k=1

so that the ratio |W,|/|U,| tends to infinity. A similar argument shows that « also fails to
satisfy condition &.

The periodic word 101001000 is trivially @ but not &, as the longest palindrome it contains
is 0100010.

Finally, we construct a word that is & but not #. Defining the finite words

Bi=01--1
i times

we claim that

—~—

o= ﬂllg‘lﬁﬂg%g&gé oo Bon L Bonti_q Bont1 B;r

is the word we are looking for. Indeed, it is & by setting U, = Ban ... Byu+1_; and V,, = 0,
so that

on+l
) (2}1 +14+ 2n+1)(2n+1 _ 2}1)
|Un|:i—;‘rll: 2 Zzzn

and
[Wal = (2+2"2" — 1) <221,

proving that « is & with constant 2. To conclude, suppose by contradiction that « were #, and
let (Uy)n, (Vu)n, and (W), be as in Definition 1.2. From the structure of o one can easily
deduce that U,, contains at most two zeroes. Let k;, be the maximum number of consecutive
1-s in Uy, so that |U,| < 3k, + 2. Then |W,,| > (2 + 2k»=2)(2k»=2 — 1) > 22(a=2)_Since
(kn), must be unbounded, also (|W,,|/|U,|), is, contradicting part (ii) of Definition 1.2.

A.5 Some more remarks on condition @®

Words satisfying @ condition are sometimes called stammering words (see [19, Paragraph
after Theorem 1.3]). Indeed, they are an analogue (and, to some extent, a generalisation)
of the stammering words defined in [3], which are words beginning with arbitrarily large
repetitions. Following [3], a word w is called stammering if there exists a real number w > 1
and two sequences (U, ),, (W,), of finite words and such that conditions (ii) and (iii) hold
and condition (i) is replaced by requiring that, for every n > 1, the word W,,U,’ is a prefix
of w (here U™ denotes the words obtained repeating | w | times the word U, followed by the
prefix of U of length [(w — [w])|U]]. In particular, ® words having |V,| = 0 foralln > 1
are stammering words with w = 2. On the other hand, # words are a generalisation of the
stammering ones for which w is an even integer. Indeed, if w is stammering with w = 2w’

@ Springer



2 Page320f34 L. Capuano et al.

On a finite
alphabet

Fig. 1 Families of special words

for some w’ € N, then there are sequences W,, and U}, of finite words such that W, U,;zw isa
prefix of w for every n, hence w satisfies condition # with V,, the empty word and U,, = U,".

A.6 Some more remarks on condition &

As we have seen, there are only few examples and results on words satisfying condition &.
However, in [5] the authors proposed a general construction for the class of words sat-
isfying condition & with constant ¢ = 0 i.e. sequences beginning with arbitrarily large
palindromes.
Given an arbitrary sequence (R,),>0 of nonempty finite words whose letters are positive
integers, they define a sequence of finite words (7},),>0 by setting Ty = R¢ and

Tn+1 = Tan+1 Tn Rn+1 )

for n > 0. Thus, T,,4+1 begins with 7,,, and the sequence of finite words (7;),>0 converges
to an infinite word w such that, if U,, = T, R,+1, then Unlﬂf,’, is a prefix of w for every n > 0
and |Up,| tends to infinity with n. They also remark that such a construction actually gives
every sequence beginning with arbitrarily large palindromes.

We end this section with the following Fig. 1, which illustrates the relations between the
families of words we have considered so far.
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