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Abstract

Many combinatorial and arithmetical properties have been studied for infinite words ug
associated with (-integers. Here, new results describing return words and recurrence function
for a special case of ug will be presented. The results can be applied to more general cases,
but the description becomes then rather technical.

1 Introduction

Studying of factor complexity, palindromic complexity, arithmetics, balance property, return words,
and recurrence function of infinite aperiodic words is an interesting combinatorial problem. More-
over, investigation of infinite words coding (-integers Zg, for 3 being a Pisot number, can be
interpreted as investigation of one-dimensional quasicrystals. In this paper, new results concerning
the return words and recurrence function will be presented. In general, only little is known about
return words. Return word of a factor w of an infinite word u is any word which starts at some
occurrence of w in w and ends just before the next occurrence of w. Vuillon [1] has shown that an
infinite word over a bilateral alphabet is sturmian if and only if every of its factors has exactly two
return words. Justin and Vuillon [2] proved that every factor of an Arnoux-Rauzy word of order
m has m return words. Moreover, Vuillon [3] proved that every factor of an m-interval exchange
coding word has also m return words. Return words in the Thue-Morse sequence and return words
in the infinite words associated with simple Parry numbers have been studied in [4]. Even less is
known about recurrence function which, for an infinite uniformly recurrent word u, determines the
minimal length R, (n) such that if we take any subword of length R, (n) of u, we will find there
all the factors of length n. Cassaigne [5] determined this function for sturmian words taking into
account the continued fractions of their slope and in [6], he has given a general algorithm describing
how to determine recurrence function if we know return words. This algorithm will constitute the
headstone of our further results.

We will describe the cardinality of the set of return words for any factor w of the infinite word
ug associated with quadratic non-simple Parry (and, thus Pisot) number § and, as a consequence,
we will be able to deduce the exact formula of recurrence function. These results will complete the
list of properties already studied: the factor complexity has been studied in [7], the palindromic
complexity is described in [8], the results on arithmetics and balances can be found in [9].

2 Preliminaries

First, let us introduce our “language” which will be used throughout this paper. An alphabet A
is a finite set of symbols called letters. A concatenation of letters is a word. The length of a word
w is denoted by |w|. The set A* of all finite words (including the empty word ¢) provided with
the operation of concatenation is a free monoid. We will deal also with right-sided infinite words
U = upUqs.... A finite word w is called a factor of the word u (finite or infinite) if there exist



1),,0(2)

a finite word w) and a word w(? (finite or infinite) such that v = wMww®. The word w is
a prefiz of u if w) = ¢ and it is a suffiz of u if w? = e. A concatenation of k letters a (or
words a) will be denoted by a*. The language of u, L(u), is the set of all factors of a word u, and
L (u) is the set of all factors of u of length n. We say that a letter a € A is a left extension of
a factor w € L(u) if the factor aw belongs to the language £(u) and w is left special if w has at
least two left extensions. Right extensions and right special factors are defined analogously. We
call a factor w € L(u) bispecial if it is left special and right special. A mapping ¢ on the free
monoid A* is called a morphism if p(vw) = ¢(v)p(w) for all v,w € A*. Obviously, for determining
any morphism it suffices to give ¢(a) for all a € A. The action of a morphism can be naturally
extended on right-sided infinite words by the prescription

o(uguius...) = @(ug)p(ur)p(uz)...

A non-erasing morphism ¢, for which there exists a letter a € A such that ¢(a) = aw for some
non-empty word w € A*, is called a substitution. An infinite word u such that p(u) = u is called
a fized point of the substitution . Obviously, every substitution has at least one fixed point,
namely

lim ¢"(a).

In all what follows, we will focus on the infinite word ug being the only fixed point of the
substitution ¢ given by
©(0) =0%1, (1) =0°1, a—1>b. (1)

Let us only briefly mention that this infinite word codes the set of (-integers Zg, where (3 is
a quadratic non-simple Parry number. All details can be found, for instance, in [8]. Since the
main interest will be devoted to the study of return words and recurrence function, let us give the
corresponding definitions.

Definition 1. Let w be a factor of an infinite word u = ugu; ... (withu; € A), |lw| = £. An integer
J is an occurrence of w in w if ujujqq ... Ujpe—1 = w. Let j,k, j <k, be successive occurrences
of w. Then ujujyy...ur—1 @5 a return word of w. The set of all return words of w is denoted by
Ret(w), i.e.,

Ret(w) = {uju;q1...up—1 | j, k being successive occurrences of w}.

An infinite word w is said to be recurrent if each of its factors appears infinitely many times
in u, it is said to be wniformly recurrent if for every n € N there exists R(n) > 0 such that any
segment of u of length > R(n) contains all the factors of £, (u).

As we deal with the infinite word ug = lim,, . ¢(0), where p(0) = 021, (1) = 0°1,a — 1 >
b, let us remind also what is known about uniform recurrence of words being fixed points of
a substitution.

Definition 2. A substitution ¢ over the alphabet A = {ay,aq,...,a;} is called primitive if there
exists K € N such that for any letter a; € A, the word ¥ (a;) contains all the letters of A.

Queffélec in [10] has shown that any fixed point of a primitive substitution ¢ is a uniformly
recurrent word. Thus, since the infinite word ug is a fixed point of a primitive substitution, ug
is uniformly recurrent. It is not difficult to see that the set of return words of w is finite for any
factor w € L(u) if u is a uniformly recurrent word.

Definition 3. The recurrence function of an infinite word u is the function R, : N — NU {400}
defined by
Ry(n) =inf({N € N | Vv € Ly(u), Ln(v) = Ly (u)} U{+0o0})

In other words, R, (n) is the smallest length such that if we take any segment of u of length
R, (n), we will find there all the factors of u of length n.

Clearly, u is uniformly recurrent if and only if R, (n) is finite for every n € N. To get another
expression for R, (n), convenient to work with, let us introduce some more terms.



Definition 4. Let u be an infinite uniformly recurrent word.
o Letw € L(u), then l,(w) = max{|v| | v € Ret(w)} is the mazimal return time of w in u.
e For alln € N, we define l,(n) = max{l,(w) | w € L,(u)}.

Once, we will have determined the lengths of return words, the following proposition from [5]
will allow us to calculate the recurrence function R, (n).

Proposition 1. For any infinite uniformly recurrent word u and for any n € N, one has

R,(n) =1l,(n)+n—1.

3 Return words

The aim of this section is to determine return words of the infinite word ug being the fixed point
of the substitution ¢ introduced in (1). Vuillon in [1] has shown the following result on sturmian
words.

Proposition 2. Let u be an infinite word over a two letter alphabet. Then u is sturmian if and
only if #Ret(w) = 2 for every factor w of u.

Let us mention that ug is sturmian for a — 1 = b (see e.g. [7]).

Example 1. Let ug = 001001010010010100101.... be the fized point of the substitution ©(0) =
001, (1) = 01 (sturmian case). Let us show examples of return words:

Ret(0) = {0,01},

Ret(00) = {001,00101},
Ret(001) = {001,00101},
Ret(0010) = {001,00101}.

Throughout this section, we will use analogical methods as those ones introduced in [4]. In
order to study return words Ret(w) of factors w of an infinite uniformly recurrent word w, it is
possible to limit our considerations to bispecial factors. Namely, if a factor w is not right special,
i.e., if it has a unique right extension a € A, then the sets of occurrences of w and wa coincide,
and

Ret(w) = Ret(wa). (2)

If a factor w has a unique left extension b € A, then j > 1 is an occurrence of w in the infinite word
u if and only if j — 1 is an occurrence of bw. This statement does not hold for j = 0. Nevertheless,
if w is a uniformly recurrent infinite word, then the set Ret(w) of return words of w stays the
same no matter whether we include the return word corresponding to the prefix w of u or not.
Consequently, we have

Ret(bw) = bRet(w)b™ = {bvb™! | v € Ret(w)}, (3)

where bvb~! means that the word v is prolonged to the left by the letter b and it is shortened from
the right by erasing the letter b (which is always the suffix of v for v € Ret(w)).

Observation 1. Notice that Relations (2) and (3) imply that if w € L(u) is not right special (left
special), then the mazimal return times from Definition 4 satisfy L, (w) = l,(wa), where a € A is
the only right extension of w (1, (w) = I, (bw), where b € A is the only left extension of w).

For an aperiodic uniformly recurrent infinite word u, each factor w can be extended to the left
and to the right to a bispecial factor. To describe the cardinality of Ret(w), it suffices therefore to
consider bispecial factors w.



Observation 2. The only bipecial factors of ug that do not contain the letter 1 are of the form
0", r<a-—1.

Observation 3. Every bispecial factor w of ug containing at least one letter 1 has the prefiz 0°1
and the suffiz 10°. Consequently, there exists a bispecial factor v such that w = 0°1p(v)0°. (The
empty word € is bispecial, too.)

Let us summarize the previous observations to get the description of all the bispecial factors.

Corollary 1. The set of all the bispecial factors of ug is given by
{Bﬁ") |r€{0,...,a—1},n € N},

where B{"TY = Ob1<p(B,(~n))0b for allm € N, Bél) =¢, and B&Y =07 forr € {1,...,a—1}.

In order to find return words of bispecial factors, let us remind a lemma from [4]. To formulate
it, we need to remind as well a definition.

Definition 5. Let w be a factor of a fixed point u of a substitution . We say that a word
VUL ... Up—1Upn € Lypi1(w) is an ancestor of w if

e w is a factor of p(vovy ... Up—1Up),
e w is neither a factor of p(v1 ...vp_10y) nor of P(Vov1 ... Vp_1).
Clearly, any factor ¢(w) has at least one ancestor, namely the factor w.

Lemma 1. Let an infinite word u be a fized point of a substitution ¢ and w be a factor of w. If
the only ancestor of p(w) is the factor w, then

Ret(p(w)) = ¢(Ret(w)) .
Proposition 3. Let w be a non-empty factor of ug, then p(w) has a unique ancestor, namely w.

Proof. Tt is a direct consequence of the form of the substitution defined by (1) that any factor
v having suffix 1 occurs only as suffix of ¢(w) for some factor w € L(ug). Moreover, any factor
0 preceded by 1 occurs only as prefix of ¢(w) for some W € L(ug). The statement follows by
injectivity of ¢. O

Now, we are able to explain how to get the return words of all the bispecial factors.
Corollary 2. Let Bﬁn) be a bispecial factor of ug. Then #Ret(B,(«")) = #Ret(B,(«nfl)) for every
n>2andre{0,...,a—1}.

Proof. Tt follows from Proposition 3 that #Ret(B{" ") = #Ret(x(B{"™")). Then, Relations (2)
and (3) say that #Ret(p(B" V) = #Ret(0°1p(B" ™ )0%) = #Ret(B™). O

Let us sum up the results to get the main theorem about the cardinality of the set of return
words of any factor of ug.

Theorem 1. Let w be a factor of ug. Then 2 < #Ret(w) < 3.

Proof. Using Corollary 2, it suffices to consider only bispecial factors of the form 0",r < a — 1,
and 0°10° to get all the possible cardinalities of the sets of return words of factors of ug. It is not
difficult to see that the return words of the simplest bispecial factors are the following ones.

1. Let r < b, then Ret(0") = {0,0"1}.
2. Let b <7 <a— 1, then Ret(07) = {0,071,0710°1}.
3. Ret(e) = {0,1}.
O

Observation 4. From the proof of Theorem 1, we can notice that in the case b = a—1, #Ret(w) =
2 for all the factors of ug. Thanks to Proposition 2, we have another confirmation of the fact that
ug for b=a —1 is a sturmian word.



4 How to compute the recurrence function

Let us show how to apply the knowledge of return words to describe the recurrence function
(Definition 3) of the infinite word ug. All the ideas of this section are taken from [6].

As you are surely expecting, we want to compute l,,(n) in order to get the recurrence function
R, (n) for every n € N. This task can be simplified using the notion of singular factors. A factor
w € L(u) is called singular if |w| = 1 or there exist a word v € L(u) and letters z,z’, y,y’ € A such
that w = zvy, © # 2/, y # ¢/, and {2'vy, zvy’'} C L(u). Obviously, v is a bispecial factor.

Proposition 4. Let u be a uniformly recurrent word and n > 1. If l,(n — 1) < l,,(n), then there
exists a singular factor w of length n such that l,(w) = 1, (n).

A singular factor w is said to be essential if I,,(w) = I, (Jw|) > L,(Jw] — 1). Tt follows that to
calculate 1, (n), it is sufficient to consider singular, or, even, only essential singular factors.

Theorem 2. Let u be a uniformly recurrent word and n > 1.
lu(n) = max{l,(w) | |w| < n and w singular} = max{l,(w) | [w| < n and w essential singular}.

Now, we are able to give an algorithm for computing the recurrence function of an
infinite uniformly recurrent word wu:

1. Determine bispecial factors.

2. Deduce the form of singular factors and compute their lengths.

3. For every singular factor, determine the associated return words and compute their lengths.
4

. Compute the function l,,(n) to get the recurrence function R, (n) for every n € N.

5 Computation of recurrence function of ug
Let us apply the above described algorithm for computing the recurrence function of the infinite
word ug being the only fixed point of the substitution (0) = 021, (1) = 0°1, a — 1 > b.

1. The bispecial factors of ug are described in Corollary 1.

2. Let us show how the task of the description of singular factors can be simplified using the
relation between a factor and its image.

Observation 5. Letn > 2 andr € {0,...,a — 1}. Then, st (x,y) = «B™y is a singular
factor if and only if Sﬁnfl)(x,y) = J:Bﬁnfl)y is a singular factor.

If we describe all the simplest non-trivial singular factors, i.e., those ones of the form
Sﬁl)(z,y) = xBﬁl)y, xz,y € {0,1}, Observation 5 will allow us to get the set of all the
singular factors of ug.

Proposition 5. The set of all the singular factors of ug is given by
{0,1} U {Sﬁ”)(x,y) |re€{0,...,a—1},n e N},

where Sﬁn) (x,y) = a:Bfnn)y, n € N, and all the simplest non-trivial singular factors are the
following ones:
SM(0,0) = 0070, r<a-—2,

st (1,0) = 10%0,
sM(0,1) = 001,
stV (1,1) = 10°1,

559(0,0) = 00.



To compute the length of singular factors, it is, of course, enough to compute the length
of bispecial factors since |S7(~n)(m, y)| = \Bﬁn)| + 2. For the lengths of bispecial factors, we
have |B{™| = |BM™ o + |B™ |1, where |B™ |y denotes the number of 0’s in B™ and [B{™|;

(n) (n—1)
denotes the number of 1’s in Bv(nn). Then |B’En)|0 = ( Cf ll) ) |B’(’n71)|0 for all
|Br |1 |B7" |1

n > 2.

. To describe the return words of singular factors, we can again make use of a relation between
return words of a singular factor and return words of its image.

Proposition 6. Letn > 2, r € {0,...,a — 1}. The following sets are equal
{lw| | w € Ret(S\" (z,9))} = {lp(v)| | v € Ret(SI" V(2 y))}-

Proof. We will distinguish two situations.

(a) For x =0 and y € {0, 1}, applying Observation 1 on return words of factors which are
not right or left special, it follows that the set of lengths of return words of Sﬁ") (z,y) =
xOblgo(Bﬁn_l))Oby is the same as the one of cp(x)¢(B£"_1))¢(y). Thus, we get

{[w] | w € Ret(S{ (z,9))} = {|w| | w € Ret(p(S" " (w,9)))}-
(b) The singular factor S (1,1) = 10°1o(B{"~")0%1 can be extended to the left without

changing the set of lengths of return words to Oaloblga(Bgn_l))Obl = @(Ol)cp(B,(«"_l))@(l).
Thus, we get

{lwl | w € Ret(S(1,1))} = {|w| | w € Ret(p(05{"~V(1,1)))}.

The statement follows then using Lemma 5 and Proposition 3, and, in the case of (b), also
using Relation (3) for return words of OST(-nfl)(L 1) and Sﬁ"il)(l, 1). O

Now, it suffices to determine return words and their lengths for the simplest singular factors
Sﬁl)(x,y). Proposition 6 implies that the lengths of return words of all the other singular
factors will be obtained by calculating the lengths of images of the simplest return words.
Here are the return words of the simplest singular factors.

(a) For the trivial singular factors 0,1, one gets

Ret(0) = {0,01} and Ret(1) = {10%,10%}. (4)

(b) For Sr(l)(O, 0) = 0070, using the proof of Theorem 1, we have

{091,0°10°1} ifr=a—2,
Ret(0070) = { {0,07+21,0"210°1} ifb—2<r<a—2, (5)
{0,021} if1<r<b-—2.

(¢) For Slgl)(l, 0) = 10°0, one can easily find
Ret(10°0) = {10%,10%10°}. (6)
(d) For Sél)(O, 1) = 00°1, one has

Ret(00°1) = {0bF1102~ 0+ ob+11pb1pe-(t+D)y, (7)



(e) Since Sél)(l, 1) = 10°1 = 1¢(1), using Relation (3), we have

Ret(10°1) = {1v17" | v € Ret(p(1))} = {1p(10)171, 1p(10°)17 "} (8)

(f) For Sél)(O, 0) = 00, one has to consider more cases:
e Let b=1 and a = 2 (a sturmian case), it holds Ret(00) = {001,00101}.
e Let b=1 and a > 2, then Ret(00) = {0,00101}.
o Let b > 2, then Ret(00) = {0,001}.

4. The last step is to compute I, (k) := I(k), k € N. Before starting, let us exclude singular
factors which are not essential. (Let us remind that a singular factor w is essential if [(w) =
I(Jw|) > I(Jlw| — 1).) Naturally, we will apply Proposition 6 to determine the maximal return
times {(w) of singular factor w.

(a) Since |S{™(1,0)] = 5™ (0,1)] = [S{™(1,1)], but from Relations (6), (7), and (8), it
is clear that for all n € N, one gets l(Sé")(l,O)) = Z(S’én)(O,l)) < l(SlEn)(l, 1)). Thus,
Sén)(LO) and Sé”)(o, 1) are not essential singular factors and one does not have to
consider them in calculation of I(k), k € N.

(b) Analogously, if b > 2, we have [SS""(0,0)] > |S{(1,1)], while 1(S"*"(0,0)) <
l(SIEn)(l, 1)) for all n € N. Hence, the singular factors S (0,0) are not essential.

(¢) Next, if a —2 > r > b, we have \Sﬁ") (0,0)| > |S£")(1, 1), nevertheless, Z(Sﬁn) (0,0)) <
l(SfEn)(l, 1)) for all n € N. Therefore, Sﬁn)(O, 0), r > b, are not essential.

(d) If 1 < r < b—2, then we obtain |S"™(0,0)] > | (1,1)], but (5" (0,0)) <
l(SlEn)(l, 1)) for all n € N, thus, the singular factors S£n+1)(070)7 1<r<b-2, are not
essential.

(e) The last remark is that for the trivial singular factor w = 1, we have |w| < |S£1)(0, 0)],
1<7r<b-2, but Z(Sﬁl)(0,0)) < l(w), hence, Sﬁl)(O, 0), 1 <r < b—2, are not essential.

The previous facts imply that to calculate I(k), we have to take into account only the triv-
ial singular factors, the non-trivial singular factors of the form Sén)(l, 1), and, eventually,

S((,n)(O, 0) and Séf)l (0,0). The formulae for I(k), k € N, will split into more cases, according
to the values taken by a and b given in the substitution (1).

(a) For b > 2, combining the previous facts and the description of the simplest singular
factors, we obtain the following formula for I(k), k € N,

e If 26+ 1 > a, then

l(l) — ... :l(b) :a,<}—:l_7

I(b+1) =2b+3,

(k) = ["(109)] for |5 (1, 1) < k < |Sy"7(0,0)], n €N,

1(k) = | (0v1101))| for [5"T1(0,0)] < k <[5V (1,1)], n e N.
e If 2b + 1 < a, then

()y=---=lb+1)=a+1,

1(k) = |p™(109)| for [5™(1,1)] < k <[5 TV(1,1)], n e N.

(b) For b=1 and 2 < a < 3, then it holds for I(k), k € N,
I(1)=a+1, 1(2) =5,
1(k) = |¢™(10%)] for [SI™(1,1)] < k < [SS"™(0,0)], n €N,
1(k) = |¢™(00101)] for |S"T(0,0)] < k < |S" TV (1,1)], n e N
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Figure 1: The table of the first 20 values of I(k) and R(k) for the simplest case ¢ =2 and b = 1.

(¢c) For b=1 and a > 3, we get

(k) |@n(1oa)| for S (1,1)] < k < [S"TV(1,1)], neN.

Having calculated the formula for I(k), k € N, we have also the recurrence function computed

since R(k) = I(k) + k — 1.
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