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ABSTRACT. We determine the critical exponent and the recurrence function of complementary symmetric
Rote sequences. The formulae are expressed in terms of the continued fraction expansions associated
with the S-adic representations of the corresponding standard Sturmian sequences. The results are based
on a thorough study of return words to bispecial factors of Sturmian sequences. Using the formula for the
critical exponent, we describe all complementary symmetric Rote sequences with the critical exponent
less than or equal to 3, and we show that there are uncountably many complementary symmetric Rote
sequences with the critical exponent less than the critical exponent of the Fibonacci sequence. Our study
is motivated by a conjecture on sequences rich in palindromes formulated by Baranwal and Shallit. Its
recent solution by Curie, Mol, and Rampersad uses two particular complementary symmetric Rote
sequences.
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INTRODUCTION

We study the relation between the critical exponents of two binary sequences v = vgvivg--- and
u = ugujug - - - over the alphabet {0,1}, where u; = v; +v;41 mod 2 for each i € N. We write u = S(v).
Our study is motivated by a conjecture formulated by Baranwal and Shallit in [3]. They searched for
binary sequences rich in palindromes with a minimum critical exponent. They showed that the value of
this critical exponent is greater than 2.707. Moreover, they found two sequences v(1) and v(?) having the
critical exponent equal to 2 + % and they conjectured that this is the minimum value. Both of these
sequences belong to the class of complementary symmetric Rote sequences. Their conjecture has been
recently proved by Curie, Mol, and Rampersad in [7].

A Rote sequence is a binary sequence v containing 2n factors of length n for every n € N;n > 1. If the
language of v is invariant under the exchange of letters 0 <> 1, the sequence v is called a complementary
symmetric (CS) Rote sequence. Already in his original paper [22], Rote proved that these sequences are
essentially connected with Sturmian sequences. He deduced that a binary sequence v is CS Rote sequence
if and only if the sequence u = §(v) is Sturmian. Both CS Rote sequences and Sturmian sequences are
rich in palindromes, see [5], [9].

The formula for the critical exponent of Sturmian sequences was provided by Damanik and Lenz in
[8]. The relation between the critical exponent of a CS Rote sequence v and the associated Sturmian
sequence S(v) is not straightforward: While the minimum exponent among all Sturmian sequences is
reached by the Fibonacci sequence and it is 3 + 1+2 75 (see [17]), the two CS Rote sequences v(!), v(2)

whose critical exponent equals 2+ %, i.e., it is minimum among all binary rich sequences, are associated

with the Sturmian sequences S(v(?)) and S(v(?)) whose critical exponent is 3 + v/2.

In this paper, we will first derive the relation between the critical exponents of the sequences v and
S(v), where v is a uniformly recurrent binary sequence whose language is closed under the exchange of
letters, see Theorem 14. Using this relation, we will determine the formula for the critical exponent of
any CS Rote sequence, see Theorem 33.

One of the consequences of this theorem is for instance the fact that the languages of the sequences
v(D) and v(? are the only languages of CS Rote sequences with the critical exponent less than 3, see
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Proposition 34. In this context, let us mention that in [7] the authors showed that there are exactly two

languages of rich binary sequences with the critical exponent less than % and they are the languages of the

sequences v(1) and v(®). Furthermore, we show that there are uncountably many CS Rote sequences with
the critical exponent strictly less than the critical exponent of the Fibonacci sequence, see Theorem 37.

Our main technical tool is the description of return words to bispecial factors of Sturmian sequences in
terms of the continued fraction expansions related to the S-adic representations of Sturmian sequences.
As a by-product, we obtain an explicit formula for the recurrence function of CS Rote sequences, see
Theorem 54. When formulating our results, we use the convergents (%) of an irrational number 6 =
[0,a1,as,as,...], where the coefficients a;’s in the continued fraction expansion of § correspond to the
S-adic representation of the standard Sturmian sequence associated to a given CS Rote sequence.

There are many generalizations of Sturmian sequences to multiliteral alphabets, see [1]. The critical
exponent and the recurrence function were studied for two of these generalizations. Justin and Pirillo
described in [13] the critical exponent of substitutive Arnoux-Rauzy sequences. Recently, Rampersad,
Shallit, and Vandomme in [20], and Baranwal and Shallit in [2] determined the minimal threshold for
the critical exponent of balanced sequences over alphabets of cardinality 3,4, and 5, respectively. The
recurrence function of Sturmian sequences was found by Morse and Hedlund in [18], and their result was
generalized by Cassaigne and Chekhova in [6] for Arnoux-Rauzy sequences.

The paper is organized as follows. We first introduce basic notions from combinatorics on words in
Section 1. In Section 2, we recall how to simplify the formula for the critical exponent using return words
to bispecial factors. The definitions of the already mentioned mapping & and complementary symmetric
Rote sequences and their basic properties are provided in Section 3. The relation between the critical
exponents of the sequences v and S(v) is described in Section 4. The main tool for further results —
a thorough study of return words to bispecial factors of Sturmian sequences using the S-adic representation
— is carried out in Section 5. An explicit formula for the critical exponent of CS Rote sequences is given
in Section 6. CS Rote sequences with a small critical exponent are studied in Section 7. And finally, in
Section 8, an explicit formula for the recurrence function of CS Rote sequences is derived.

1. PRELIMINARIES

An alphabet A is a finite set of symbols called letters. A word over A of length n is a string u =
ol + - - Up_1, where u; € A for all i € {0,1,...,n — 1}. The length of u is denoted by |u|. The set of all
finite words over A together with the operation of concatenation form a monoid .A*. Its neutral element
is the empty word € and we denote AT = A*\ {e}.

If u = xyz for some x,y,z € A*, then x is a prefiz of u, z is a suffiz of u and y is a factor of u. We
sometimes use the notation yz = = 1u.

To any word u over A with the cardinality #.4 = d, we assign its Parikh vector V(u) € N? defined as
(V(u))a = |ulq for all a € A, where |ul, is the number of letters a occurring in w.

A sequence over A is an infinite string u = woujus - - -, where u; € A for all € N={0,1,2,...}. We
always denote sequences by bold letters. A sequence u is eventually periodic if u = vwww -+ = v(w)*
for some v € A* and w € AT. Otherwise u is aperiodic.

A factor of u is a word y such that y = w;u;r1us42 - - u;j—1 for some 7,5 € N, 4 < j. The number 7 is
called an occurrence of the factor y in u. In particular, if ¢ = j, the factor y is the empty word ¢ and
any index i is its occurrence. If i = 0, the factor y is a prefiz of u. If each factor of u has infinitely
many occurrences in u, the sequence u is recurrent. Moreover, if for each factor the distances between
its consecutive occurrences are bounded, u is uniformly recurrent.

The language L£(u) of the sequence u is the set of all factors of u. A factor w of u is right special if
both words wa and wb are factors of u for at least two distinct letters a,b € A. Analogously we define a
left special factor. A factor is bispecial if it is both left and right special. Note that the empty word ¢ is
a bispecial factor if at least two distinct letters occur in u.

The factor complexity of a sequence u is a mapping Cy : N — N defined by

Cu(n) = #{w € L(u) : |w| =n}.
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The aperiodic sequences with the lowest possible factor complexity are called Sturmian sequences. In
other words, it means that a sequence u is Sturmian if it has the factor complexity Cy(n) = n+ 1 for all
n € N. Clearly, all Sturmian sequences are defined over a binary alphabet, e.g., {0,1}. There are many
equivalent definitions of Sturmian sequences, see a survey in [1].

A morphism over A is a mapping ¢ : A* — A* such that ¢ (uv) = ¥ (u)p(v) for all u,v € A*. The
morphism v can be naturally extended to sequences by

Y(a) = Y(ugurug -+ ) = Y(uo)p(u1)p(uz) - - .
A fized point of a morphism ¢ is a sequence u such that ¢(u) = u. The matriz of a morphism 1 over A
with the cardinality #.A4 = d is the matrix M, € N*? defined as (My)ap = [1(a)|, for all a,b € A. The
Parikh vector of the i-image of a word w € A* can be obtained via multiplication by the matrix My,
i.e.,

(1) V(p(w)) = MyV(w).

Consider a prefix w of a recurrent sequence u. Let i < j be two consecutive occurrences of w in
u. Then the word wjuijtq---uj—1 is a return word to w in u. The set of all return words to w in u
is denoted Ry (w). If the sequence u is uniformly recurrent, the set Ry (w) is finite for each prefix w,
ie, Ru(w) = {ro,r1,...,7%—1}. Then the sequence u can be written as a concatenation of these return
words:

U =7q,"d,Tdy """
and the derived sequence of u to the prefix w is the sequence dy(w) = dodids - -+ over the alphabet of
cardinality #Ryu(w) = k. The concept of derived sequences was introduced by Durand in [11].

2. THE CRITICAL EXPONENT AND ITS RELATION TO RETURN WORDS

Let z € A" be a prefix of a periodic sequence v~ with u € A*. We say that z has the fractional root
u and the ezponent e = |z|/|u|. We usually write z = u®. Let us emphasize that a word z can have
multiple exponents and fractional roots. A word z is primitive if its only integer exponent is 1.

Let u be a sequence and u its non-empty factor. The supremum of e € QQ such that u° is a factor of u
is the indezx of u in u:

indy(u) =sup{e € Q: u® € L(u)}.
If the sequence u is clear from the context, we will write ind(u) instead of indy(u).
Definition 1. The critical exponent of a sequence u is

cr(u) =sup{e € Q: there is a non-empty factor of u with the exponent e}
= sup {indy(u) : v is a non-empty factor of u} .

Remark 2. Let us comment the above definition.

(1) If a non-empty factor u € £(u) is non-primitive, i.e., u = z* for some » € AT and k € N,k > 2,
then indy(x) = kindy(u) > indy(u). Therefore, only primitive factors play a role for finding
cr(u).

(2) If some non-empty factor occurs at least twice in u, then ind(z) > 1 for some non-empty factor
x and so cr(u) > 1. Consequently, cr(u) > 1 for each sequence u.

(3) We say that u is an overlapping factor in u, if there exist z,y € A* such that xu = uy € L(u)
and 0 < |z| < |u|. If u has an overlapping factor, then cr(u) > 2. Indeed, by [15] the equality
ru = uy implies that there exist a,b € A* and k € N such that u = (ab)*a, x = ab, and y = ba.
If a is empty then the assumption |u| > |z| > 0 forces k > 2, otherwise £ > 1. In both cases
indy(ab) > 2.

(4) If u is eventually periodic, then cr(u) is infinite.

(5) If u is aperiodic and uniformly recurrent, then each factor of u has a finite index. Nevertheless,
cr(u) may be infinite. As an example of such a sequence may serve a Sturmian sequence, for
which the coefficients in the continued fraction expansion of its slope are not bounded, see [8].
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(6) If u is a binary sequence, then either 11, 00, or 0101 occur in u. It means that the critical
exponent of a binary sequence is at least 2. This value is attained by the famous Thue-Morse
sequence, which is, of course, overlap-free, see [23] or [4].

Lemma 3. Let u be a uniformly recurrent aperiodic sequence. Then cr(u) = sup {indy,(u) : u € M},
where

M =A{u:u is a return word to a bispecial factor of u} .

Proof. Let u € L£(u) be a non-empty factor with the index ind(u) > 1. Denote |u| = n. When searching
for supremum, we may assume without loss of generality that u is a factor having the largest index
among all factors of u of length n, i.e., ind(u) > ind(v) for all v € L(u) of length n. Since u is uniformly
recurrent, ind(u) is finite. We denote

ind( 1o,

z=um = o/ and b= AT

where u = v'u” and u” # e. Clearly, z = bu"v = v'u"b.

Let us show that the word b is a bispecial factor of u. The word z is a factor of u and so z occurs in

u at some position j, i.e.,

Z=UjUjq1 """ uj—i—\z\—l .
Then the letter u;, .| which follows the word z is distinct from the first letter of u”. Otherwise, we could
prolong z to the right, which contradicts the definition of the index of u = wju; 1+ - uj4pn—1. Similarly,
the letter u;_; which precedes z is distinct from the last letter of u”. Indeed, if those letters are the
same, then the factor wj_ju; - - u;j4n—2 of length n has the index at least ind(u) 4 +, which contradicts
the choice of u. We can conclude that the factor b is a bispecial factor of u.

Moreover, since z = bu”u’ = u'u”’b, the word u = u/u” is a concatenation of the return words to the
bispecial factor b. It suffices to prove that only the cases when w is a return word to the bispecial factor
b have to be inspected. Let us assume that w is a concatenation of at least two return words to b. It
means that

(2) z=ub=sbt for some s,t such that s is a prefix of u and 0 < [s] < |u].

We will find another factor of u with the index strictly larger than ind(u), which means that such a factor
u can be omitted. We distinguish three cases:

e If ind(u) > 2, then |b| > |u| and both words uw and s are prefixes of b. Therefore, the relation (2)
implies us = su and we can easily conclude that there is a word = and an integer k > 1 such that
u = x*. As mentioned in Remark 2, ind(z) > ind(u).

e If 1 < ind(u) < 2 and cr(u) < 2, then by Item (3) of Remark 2, u has no overlapping factor.
Clearly, z = v/u”u’ and b = «’ for u',u” # €. Then the relation (2) implies v'v = su’ for some
v and |u| > |s] > |u/|. Indeed, if 0 < |s| < |u/|, then u’ is an overlapping factor, which is not
possible. Therefore, v is a prefix of s and we can easily deduce that

/ !
sl bl

ind(s) >
|s] |ul

o If 1 <ind(u) < 2 and cr(u) > 2, then there is a factor € £(u) with ind(z) > 2 > ind(u).

Remark 4. In fact, we proved that it suffices to consider the set
M’ = {u : u is a return word to a bispecial factor of u with the fractional root u}
or, even more specifically, the set
M" = {u: uis a return word to the bispecial factor b = u™4 =1 of u}

instead of M. Clearly, M"” c M’ Cc M.

In Remark 2, we emphasize that only primitive factors are relevant for finding the critical exponent.
Let us verify that all return words from the set M’ (and so M”, too) are primitive. We prove it
by contradiction. Let us suppose that u € M’ is non-primitive, i.e., u = 2* for some non-empty z
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and k € N, k& > 1. Since b has the fractional root u, b = u! = z¥* for some ¢ € Q. Therefore,
ub = P = gaklyk—1 — ghrh—1 which contradicts that w is a return word to b in u.

3. THE MAPPING S§ ON BINARY WORDS AND COMPLEMENTARY SYMMETRIC ROTE SEQUENCES

In this section, we introduce a mapping S which enables us to describe the properties of CS Rote
sequences using Sturmian sequences. Nevertheless, this mapping S can be applied to any binary sequence.

Definition 5. By S we denote the mapping S : {0,1}" +— {0, 1}* such that for every vy € {0,1} we put
S(vg) = € and for every v = vovy - - - v, € {0,1}F of length at least 2 we put S(vovy - -+ V) = UoU * ** Up_1,
where
u; =v; +v;p1 mod 2 forall i€ {0,1,...,n—1}.
Moreover, we extend the domain of S naturally to {0,1}N: for every v € {0, 1} we put S(v) = u, where
u; =v; +v,41 mod 2 forall 1€ N.

By E : {0,1}* — {0,1}* we denote the morphism which exchanges the letters, i.e., E(0) = 1, E(1) = 0.

Ewample 6. We have E(001110) = 110001 and S(001110) = S(110001) = 01001.

Clearly, the images of v and F(v) under S coincide for each v € {0,1}*. Moreover, S(z) = S(y) if and
only if z =y or x = E(y). The following rule follows directly from the definition of S:

(3) S(vovy -+ vp) = S(vgvy -+ - v )S(VEVE41 - - v,)  for any k=0,...,n.
These observations hold also for infinite sequences.

Lemma 7. Let v be a binary sequence whose language L(v) is closed under E. Then w # ¢ is a right
(left) special factor in v if and only if S(w) is a right (left) special factor in S(v).

Proof. We will prove the statement for right special factors. The proof for left special factors is analogous.
Let ¢ be the last letter of w.

(=): Let w0 and wl belong to £(v). Then S(w0) and S(wl) belong to L(S(v)). By the rule
S(w0) = S(w)S(c0) and S(wl) = S(w)S(cl). As §(c0) # S(cl), the factor S(w) is right special in S
(«<): Let S(w)0 and S(w)l be in L£(S(v)). Then S(w)0 = S(w)S(cc) = S(wc) and S(w)l =
S(w)S(cE(c)) = S(wE(c)). Since L(v) is closed under the exchange of letters, all factors we, E(wc),
wE(c) and E(w)c are in £(v). It means that w and E(w) are right special factors in v.

(3)7
(v)-

O

A Rote sequence is a sequence v with the factor complexity Cy(n) = 2n for all n € N;n > 1. Clearly,
all Rote sequences are defined over a binary alphabet, e.g., {0,1}. If the language of a Rote sequence v
is closed under the exchange of letters, i.e., E(v) € L(v) for each v € L(v), the Rote sequence v is called
complementary symmetric (shortly CS).

Rote in [22] proved that these sequences are essentially connected with Sturmian sequences.

Proposition 8 ([22]). Let u and v be two sequences over {0,1} such that u = S(v). Then v is a com-
plementary symmetric Rote sequence if and only if u is a Sturmian sequence.

Let us emphasize that to a given CS Rote sequence v there is the unique associated Sturmian sequence
u such that u = S(v). On the other hand, for any Sturmian sequence u there exist two associated CS
Rote sequences v and E(v) such that u = S(v) = S(E(v)). However, L(v) = L(E(V)).

Analogously, to a given factor v € £(v) there is a unique associated word u such that v = S(v) and
this word w is a factor of u. In addition, to a given factor u € L(u) there are exactly two associated
words v, E(v) such that S(v) = S(E(v)) = v and both these words v, E(v) are factors of v.

Ezample 9. Let us underline that for Sturmian sequences u and E(u) the languages of their associated
CS Rote sequences may essentially differ. Consider the Fibonacci sequence
f = abaababaaba - - -

3

which is the fixed point of the Fibonacci morphism F : a — ab, b — a.
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e Ifa =0 and b = 1, then the associated CS Rote sequence starting with 0 is v = 001110011100 - - .
The prefix w of v of length 7 is w = 0011100 = (00111)%, i.e., w has the fractional root 00111
and the exponent %
e Ifa =1 and b = 0, then the associated CS Rote sequence starting with 0 is v/ = 011011001001 - - - .
The prefix w’ of v/ of length 7 is w’ = 0110110 = (Oll)%, i.e., w’ has the fractional root 011 and
the exponent I.
We will show later in Example 36 that even the critical exponent of CS Rote sequences associated with
u and FE(u) may be different.

In the next section, we will explain that the relation between the shortest fractional root of a factor v
and the shortest fractional root of S(v) is influenced by the number of letters 1 occurring in the shortest
fractional root of S(v). This is the reason for the following definition and lemma.

Definition 10. A word u = uguy - - up—1 € {0,1}* is called stable if |ul; =0 mod 2. Otherwise, u is
unstable.

Lemma 11. Let S: {0,1}" +— {0,1}*.
(i) If 0 is a prefiz of v € {0,1}*, then S(v0) is stable.
(ii) For every u € {0,1}* there exists a unique w € {0,1}" with a prefiz 0 such that v = S(w).
Moreover, w has a suffix 0 if and only if u is stable.
(iii) If 0 is a prefiz of w, then S(vw) = S(v0)S(w).
(iv) Let 0 be a prefiz of v and v'. Then S(v') is a prefiz of S(v) if and only if v’ is a prefix of v.

Proof. (i) Let v = vovy -+~ Up—1, n = |v|, and vy = 0. Put v, = 0. Then S(v0) = wouy - - Up_1,
where u; = v; + v;01 mod 2 for every ¢ € {0,1,...,n — 1}. It implies
n—1
|S(v0)]y = Zul =vp+v,=0 mod?2.
i=0
(ii) Let u = upuy -+ upm—1 and m = |u]. We look for w = wow; - - - wy, such that u; = w; + w11
mod 2 for every i € {0,1,...,m — 1}. Clearly, these equations can be equivalently rewritten as
(4) u; = wiy1 —w; mod 2 forevery i€ {0,1,...,m—1}.

Then starting with wy = 0 and summing up the equations (4) for i« = {0,1,...,5 — 1}, we
determine the letter w; of w as w; = ZZ;& w; mod 2. In particular, w,, = |u|; mod 2.

(iii) It is a particular case of the equation (3).

(iv) Tt follows directly from the definition of S.

4. THE RELATION BETWEEN THE INDICES OF FACTORS IN v AND S(v)

In this section, we provide a tool for determining the critical exponent of a binary sequence v whose
language is closed under the exchange of letters. For any factor v of such a sequence, indy (v) = indy (F(v))
and we can consider only factors of v starting with 0 without loss of generality.

Lemma 12. Let v be a binary aperiodic uniformly recurrent sequence whose language is closed under
E. Denote u = S(v). For a non-empty factor v € L(v) with the prefix 0 and indy(v) > 1, there ewists
a stable factor uw € L(u) such that

(5) indy(u) + ﬁ =indy(v) and u=S(v0).
And vice versa, for a non-empty stable factor uw € L(u), there exists a factor v € L(v) with the prefix 0
satisfying (5) .

Proof. For a given n € N,n > 1, consider the set I, of factors v € L£(v) of length n with the prefix 0
and indy (v) > 1. First, we show that the mapping v — S(v0) is a bijection between IC,, and the set of
all stable factors of u of length n.
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Indeed, if v € Iy, then v0 € L(v). The factor u := S(v0) belongs to L(u), |u| = |v|, and by Item (i)
of Lemma 11, u is stable. On the other hand, if uw € £(u) is stable and of length n, then by Item (ii) of
Lemma 11, there exists a unique w such that 0 is a prefix and a suffix of w and S(w) = u. As L(v) is
closed under F, necessarily w € £(v) and w = v0 for some v with the prefix 0. In particular, indy (v) > 1.
As u = S(w) = §(v0), the lengths of u and v coincide.

Now we show that any v € KC,, and its image u = S(v0) satisfy (5). Find k € Nk > 1, and 6 € (0, 1]
such that indy (v) = k + 6. Denote v’ = v?. Obviously, v’ # ¢, v is a prefix of v and 0 is a prefix of v’
Applying Ttem (iii) of Lemma 11, we get S(v*v') = (S(v0))k¥S(v'). Clearly, |S(v')| = [v'| — 1, |u| = |v],
and by Item (iv) of Lemma 11, S(v’) is a prefix of S(v0). For v = §(v0) it means that

indy (u) > k+ B0 = L L= b0 — L = indy (v) — ;.

[u]

To show the opposite inequality, we find £ € N and 7 € [0,1) such that indy(u) = ¢ + 1. Denote
u’ = u". Using Item (ii) of Lemma 11, we find v" with the prefix 0 such that v’ = S(v’). By Item (iv),
v’ is a prefix of v, and by Item (iii), u‘u’ = (S(v0))*S(v') = S(v’v’). Therefore, vv’ € L(v) and

indy(v) > L+n+ ﬁ = indy (u) + ﬁ .
(]

As explained in Lemma 3, only return words to bispecial factors play a role for the determination of
the critical exponent of a sequence. More specifically, we can restrict ourselves to factors from the set
M’ (or M") introduced in Remark 4.

Lemma 13. Let v be a binary sequence whose language is closed under E. Assume that v with the prefix
0 is a return word in v to a bispecial factor b= v°~t, where e > 2. Denote u = S(v0). Then

— either w is a stable return word in S(v) to a bispecial factor with the fractional root u;

— oru = x2, where x is an unstable return word in S(v) to a bispecial factor with the fractional Toot u.

Proof. The factor S(b) is bispecial in S(v) by Lemma 7. Moreover, by the rule (3), we can write
Sb) =S =8Sw0)f for f=e—1— \Tl;| > 1. Thus S(b) has the fractional root u = S(v0).

The word vb is a complete return word to b in v and thus vb = bw for some w. Note that 0 is the first
letter of b and denote z the last letter of b. By the rule (3), we get S(v0)S(b) = S(b)S(zw). It means
that S(b) is a prefix and a suffix of the word S(v0)S(b). We discuss two cases:

— 8(b) has exactly two occurrences in S(v0)S(b), one as a prefix and one as a suffix. In this case

u = S(v0) is a return word to S(b) in S(v) and by Item (i) of Lemma 11, u is stable.

— S§(b) occurs in S(v0)S(b) as an inner factor. In this case, there exists a return word u’ # £ to
S(b) such that |u'| < |u| and «'S(b) is a proper prefix of S(v0)S(b). We take the word b’ such that
b =wb'. Clearly, V' has the prefix 0 and so S(b) = uS(b’). Then v'S(b) = w'uS(V') is a proper prefix of
S0)S(b) = uS(b) = uuS('). In other words, w'uu’ = uu for some non-empty u” and consequently,
u = u'u” = uu’. This implies the existence of z € {0,1}" and ¥',k” € N, k', k" > 1 such that v’ = zF
and v’ = z*". If we denote k = k' + k" > 2, we can write u = z¥.

We show that z is unstable and k = 2. Indeed, assume x is stable, then by Item (ii) of Lemma 11, we
find a unique y with the prefix 0 such that z = S(y0). Applying Item (iii), we obtain S(v0) = u = z* =
(S(y0))* = S(y*0) and thus v = y*. Nevertheless, the factor v is primitive as explained in Remark 4.
Thus this is a contradiction.

Since x is unstable and u = z* is stable, necessarily k = 2p for some integer p > 1. Now we deduce
that k = 2. Indeed, if p > 2, then u is a p-power of the stable factor z? which yields a contradiction with
the primitivity of v as above. Finally, K = 2 implies k' = 1 and v’ = z is an unstable return word to the

bispecial factor S(b) in S(v). O

Theorem 14. Let v be a binary aperiodic uniformly recurrent sequence whose language is closed under
E. Denote u = S(v),

A = {indu(u) + ‘—il s u 18 a stable return word to a bispecial factor of u} and
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Ay = {%(indu(u) + ﬁ) s u is an unstable return word to a bispecial factor of u} .

Then
cr(v) =sup(A; U 4y) .

Proof. First we show that
(6) indy (v) < sup(A4; UAy)  for any non-empty v € L(v).

If indy (v) < 2, then the inequality (6) is trivially satisfied as A; contains the number ind, (0) + |é—‘ >2
(note that 0 is a stable return word in u to the bispecial factor €). Now we assume that indy (v) = e > 2.
By Lemma 3 and Remark 4, we may focus only on v which is a return word to the bispecial factor b = v°~!
and v has the prefix 0. By Lemma 12, indy(v) = indy(u) + ‘lel, where u = S(v0). By Lemma 13, the
factor u is either a stable return word to a bispecial factor in u, or u = 2, where z is an unstable return
word to a bispecial factor in u. In the first case we have ind, (v) < sup A4;, while in the second case we
have indy (v) = indy(u) + \71| = lindy(z) + ﬁ < sup A;. We may conclude that cr(v) < sup(4; U A,) .

To prove the opposite inequality, we show

A1 U A2\ [0,1] C {indy(v) : v € L(v),v #e}.

If H € Ay, then there exists a stable factor « in u such that H = ind,(u) + ﬁ, and by Lemma 12, we find
v in v such that H = indy (v). Analogously, if H € As and H > 1, then indy, (u) = 2H — \71| > 2 for some

unstable factor w € £(u). Thus the word y = uwu € L(u), it is a stable factor of u and its index in u is
3indy(u). By Lemma 12, there exists v in v such that ind, (v) = indy(y) + ﬁ = lindy(u)+ ﬁ =H O

Theorem 14 will be used in the next sections to determine the critical exponent of a complementary
symmetric Rote sequence v by exploiting the indices of factors in the Sturmian sequence S(v). The
following example shows an opposite application of Theorem 14. But before that, let us state a simple
auxiliary statement reflecting the behaviour of fractional roots under the application of a morphism.

Observation 15. Let ¢ : A* — A* be a morphism and let w € A* be a prefix of ¢(a) for each a € A. If
w is a fractional root of z, then ¢(u) is a fractional root of ¢(z)w.

Ezample 16. Let us consider the Thue—Morse sequence t = 01101001 - - -, which is fixed by the morphism
¥ : 0 01 and 1 — 10. As ¢ is primitive, the sequence t is uniformly recurrent. It is well-known
that its language is closed under the exchange of letters and cr(t) = 2. The corresponding sequence
u=S(t) = 1011101 - - is called the period doubling sequence and it is fixed by the morphism ¢ : 0 — 11
and 1+ 10, see [21].

We determine the critical exponent of u. Theorem 14 implies cr(u) < 4, as otherwise cr(t) > 2, which
is a contradiction. Now we show that the value 4 is attained.

By Observation 15 and the fact that both ¢(0) and ¢(1) have the prefix 1, the morphism ¢ has the
following two properties:

(1) If w € L(u), then ¢(w)l € L(u).
(2) If u is a fractional root of w, then ¢(u) is a fractional root of ¢(w)1.

We will construct two sequences (u(™) and (w(™) of words belonging to £(u). We start with u(®) =1
and w(® =111 € £(u) and for each n € N we define

w™) = g(w™)1 and u) = p(u™).

Note that u(®) = 1 is a fractional root of w(® = 111. Because of the property (2), the word u(™
is a fractional root of w(™ for each n € N. Moreover, the specific form of the morphism ¢ implies
lu*tD| = 2lu™| and |w™tV| = 2jw™| + 1. Tt gives [u™| = 2" and |[w™| = 2"+2 — 1. Therefore,
indy (u™) > QTL;# — 4. We may conclude that cr(u) = 4.
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5. RETURN WORDS TO BISPECIAL FACTORS OF STURMIAN SEQUENCES

The main goal of this article is to describe the critical exponent and the recurrence function of CS
Rote sequences. Proposition 8 and Theorem 14 transform the first task to the computation of the indices
of return words to bispecial factors in the associated Sturmian sequences.

This is a preparatory section for this computation. We introduce the directive sequence of a standard
Sturmian sequence and recall some known results on bispecial factors, their return words, and derived
sequences. It allows us to describe the longest factor of u with the fractional root u, where u is any
return word to a bispecial factor of a Sturmian sequence u (Lemma 24). Further on, we explain how to
express the lengths of these factors explicitly (Proposition 30), and eventually in Section 6, we determine
the indices.

First, we recall that a binary sequence u € {0,1}" is Sturmian if it has the factor complexity Cy(n) =
n + 1 for all n € N. If both sequences Ou and lu are Sturmian, then u is called a standard Sturmian
sequence. It is well-known that for any Sturmian sequence there exists a unique standard Sturmian
sequence with the same language. Since all properties which we are interested in (indices of factors,
critical exponent, special factors, return words, recurrence function) depend only on the language of the
sequence, we restrict ourselves to standard Sturmian sequences without loss of generality.

In the sequel, we use the characterization of standard Sturmian sequences by their directive sequences.
To introduce them, we define two morphisms

0— 10 . L (00
{1%1 o _{1%01

with the corresponding matrices

1 0 1 1
MG:<11) and MD:<01>.

Let us note that G = Fo F and D = F o E, where E is the morphism which exchanges letters, i.e.,
FE:0—1,1— 0, and F is the Fibonacci morphism, i.e., F:0— 01, 1 — 0.

Proposition 17 ([13]). For every standard Sturmian sequence u there is a uniquely given sequence
A = AgA 1Ay --- € {G, D} of morphisms and a sequence (U(n))nzo of standard Sturmian sequences
such that
u=AgA;... An,l(u(")) for every n € N.
Moreover, the sequence A contains infinitely many letters G and infinitely many letters D, i.e.,
A =GUD2G®D ... or A=DU"GD®G* .. for some sequence (a;);>1 of positive integers.
The sequence A is called the directive sequence of u.

Remark 18. Let us note that u has the directive sequence G* D*G*3 D% ... if and only if E(u) has the
directive sequence D*G*2 DG - ... Obviously, both sequences u and F(u) have the same structure
up to the exchange of letters 0 <» 1. In particular, any Sturmian sequence with the directive sequence
G DG D% ... can be written as a concatenation of the blocks 1910 and 1%1+10, while any Sturmian
sequence with the directive sequence D**G?*2 DG --. can be written as a concatenation of the blocks
0%1 and 0%+ +11.

By Vuillon’s result [24], every factor of any Sturmian sequence has exactly two return words. Thus
for a given bispecial factor b of u, we usually denote by r the more frequent and by s the less frequent
return word to b in u. In this notation, the sequence u can be decomposed into the blocks r¥s and r¥*+1s
for some k € N,k > 1.

We need to know how bispecial factors and their return words change under the application of mor-
phisms G and D. The following description can be found in [16], where several partial statements from
[14] are accumulated.

Lemma 19. Let u',u be standard Sturmian sequences such that u = G(u’).
(i) For every bispecial factor b of W', the factor b= G(V')1 is a bispecial factor of u.
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(ii) Every bispecial factor b of u which is not empty can be written as b = G(V')1 for a uniquely given
bispecial factor b’ € L(u').

(1ii) The words r',s" are return words to a bispecial prefiz b’ of W' if and only if r = G(r'), s = G(s')
are return words to a bispecial prefic b = G(b')1 of u. Moreover, the derived sequences satisfy
du(b) =dw (V).

Lemma 20. Let u’,u be standard Sturmian sequences such that u = D(u’).
(i) For every bispecial factor b of W, the factor b= D(b')0 is a bispecial factor of u.

(ii) Every bispecial factor b of u which is not empty can be written as b = D(b')0 for a uniquely given
bispecial factor b € L(u').

(1ii) The words r',s" are return words to a bispecial prefix b’ of u' if and only if r = D(r'),s = D(s’)
are return words to a bispecial prefix b = D(b')0 of u. Moreover, the derived sequences satisfy

du(b) = du (V).

Any prefix of a standard Sturmian sequence is a left special factor. Moreover, a factor of a standard
Sturmian sequence u is bispecial if and only if it is a palindromic prefix of u. Therefore, we can order
the bispecial factors of a given standard Sturmian sequence u by their lengths: we start with the empty
word &, which is the 0" bispecial factor, then the first letter of u is the 1% bispecial factor of u etc.

Remark 21. If u has the directive sequence AgA1Ay--- € {G, D}, the derived sequence dy(b) to
the n" bispecial factor b of u has the directive sequence ApAni1A, 2. Indeed, we denote u’ the
sequence with the directive sequence A, A, 1A, 2. It has the bispecial factor € and by the definition
dy () = u’. If we apply n times Lemmas 19 or 20, we get dy(b) = dw (e) = u’.

Let us formulate a direct consequence of the relation (1) and Lemmas 19 and 20.
Corollary 22. Let k,h € N. Let b/ be the k" bispecial factor of a standard Sturmian sequence W' and

u' be a return word to b’ in u'. Let A = AgA1Ag--- € {G, D} be the directive sequence of u'.
(1) If u= G"(W'), then the (k + h)" bispecial factor b of u and a return word u to b satisfy

V(b):(}t (1)>I7(b’)+h<(1)) and V(u):(flL ?)V(u’).

The directive sequence of u is GPAgA1Ag - - .
(2) If u = D"(u'), then the (k + h)*" bispecial factor b of u and a return word u to b satisfy

V(b):(é ?)V(b/)m(é) and V(u):(é ’f)x?(u/).

The directive sequence of u is DM"AgA1Ag - - -

As we have seen in Remark 4, when determining the critical exponent it suffices to take into account
only bispecial factors whose fractional roots are equal to its return words. Lemma 24 says that all bispecial
factors of a Sturmian sequence are of this type, and moreover, it enables to determine the indices of their
return words. The first auxiliary statement is a slightly strengthened variant of Observation 15 for the
morphisms G and D.

Observation 23. Let u be a binary sequence and let u € L(u). If z is the longest factor in L(u) with
the fractional root u, then G(z)1 is the longest factor in L(G(u)) with the fractional root G(u) and,
analogously, D(2)0 is the longest factor in L(D(u)) with the fractional root D(u).

Lemma 24. Let b be a bispecial factor of a standard Sturmian sequence u. Let r and s be the return
words to b in u and let k € N, k > 1, be such that u is concatenated from the blocks r*s and r**1's.
Then r*+1b is the longest factor of u with the fractional root r and sb is the longest factor of u with the
fractional root s.

Proof. We proceed by induction on the length of b. Without loss of generality, we assume that u has the
directive sequence A = G D*?G* D . ..
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The bispecial factor b = ¢ has the return words r = 1,s = 0, and by Remark 18, u is concatenated
from the blocks 1910 = r® s and 141710 = r21+ls. Clearly, 7 H1b = 19171 is the longest factor of u with
the fractional root 1. Similarly, sb = 0 is the longest factor of u with the fractional root 0.

Let b be a bispecial factor of u with |b| > 1 and let u be concatenated from the blocks 7¥s and r*+1s
for the return words r, s to b in u and some k£ € N, k > 1. By Proposition 17, there is a unique standard
Sturmian sequence u’ such that u = G(u’). By Lemmas 19 and 20, there is a unique bispecial factor v’
of u’ with the return words ' and s’ such that b = G(b')1, r = G(+'), and s = G(s'). Moreover, u’ is
concatenated from the blocks (r')¥s” and (')¥*1s’. Clearly, |b'| < |b| and so by the induction hypothesis,
the words (r')¥*1b' and s'b’ are the longest factors of u’ with the fractional root 7’ and ', respectively.
But then by Observation 23, the words r*+1b = G((+")*+10')1 and sb = G(s'b’)1 are the longest factors
of u with the fractional root r = G(r’) and s = G(s’), respectively. O

Having in mind our goal to describe the critical exponent of any CS Rote sequence and Theorem 14,
we need to determine the indices of return words to bispecial factors in standard Sturmian sequences,
i.e., the lengths of factors from Lemma 24. We also want to distinguish, which of these return words are
(un)stable. Both of these tasks can be solved using the Parikh vectors of the relevant bispecial factors
and their return words. We deduce the explicit formulae for the needed Parikh vectors in Proposition 30.
For this purpose, we adopt the following notation.

Notation 25. To a standard Sturmian sequence u with the directive sequence A = G D*2 G D% ... or
A = DUG2D*3G ... we assign an irrational number 6 € (0,1) with the continued fraction expansion

0= [0,@1,@2,&3,...].

For every N € N, we denote by % the N convergent to the number 6 and by ? the N convergent
N

to the number 1_7%9.

Remark 26. Let us recall some basic properties of convergents. They can be found in any number theory

textbook, e.g., [12].

(1) The sequences (pn), (qn), and (¢jy) fulfil the same recurrence relation for all N € NN > 1,
namely

Xy =anXny-1+Xn_2,

but they differ in their initial values: p_1 = 1,pp = 0; g—1 = 0,90 = 1; ¢’ ; = ¢), = 1. Tt implies
forall N e N

PN +an =y -
(2) For all N € NN > 1, we have
1 0 1 oaz) 1 0 I asn '\ _ (Pan-1 PN |
ap 1 0 1 asy—1 1 0 1 GoN-1 @nN )’
1 O 1 ay 1 asn_o 1 0 _ ( P2N-1 P2N-2
a; 1 0 1 0 1 asy-—1 1 @2N-1 GaN-2)
Remark 27. For the description of a standard Sturmian sequence u we use the number 6. Usually, a
standard Sturmian sequence is characterized by the so-called slope, which is equal to the density of the

letter 1 in the sequence u. In our notation, the slope of u is % =[0,1+ ay,az,as,...] if the directive
sequence A starts with D, otherwise the slope is Tlre =10,1,a1,a2,as,...].

In the sequel, we will need two auxiliary statements on convergents % to 6.

Lemma 28. For all N € N we have

PN 0 PN PN-1
<QN>7A<0) mod 2 and <QN>7A<QN1> mod 2.
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Proof. The first statement is a consequence of the fact that py and qn are coprime. We show the second

statement by contradiction. Assume that there exists K € N such that (§K> = (zK_l) mod 2. Let
K K-1

K denote the smallest integer with this property. As ¢_; = 0 and go = 1, necessarily, K > 0. Using the
recurrence relation satisfied by the convergents, we can write

(PK) —ag <PK1> + <PK2> _ <pK1> mod 2.
qK qdK—1 qdK—2 qK—1

If ak is even, then the previous equation gives (zK_z > = <2K_1 ) mod 2, which is a contradiction
K—2 K-1

with the minimality of K.

If ag is odd, then the previous equation gives (I;K_Q ) = (8) mod 2, which is a contradiction with
K—2

the first statement. O
Lemma 29. For all N € N, N > 1, we have

PN-1 DPN—2 . P1 Po) _ (PN pN—1) (1
N(QN—1)+QN1(QN—2>+ +G2(Q1)+a1(%) (QN>+(QN—1) (1)
Proof. Tt can be easily proved by induction on V. O

The Parikh vectors of the bispecial factors of u and the corresponding return words can be easily
expressed using the convergents % to 8. We will use these expressions essentially in the next sections.

Proposition 30. Let b be the n'™ bispecial factor of u with the directive sequence G DG D% ...
We denote r and s the more and the less frequent return word to b in u, respectively. Put ag = 0 and
write n in the formn =m+ag+ a1 +az + -+ an for a unigue N € N and 0 <m < any1. Then

w70 =(");

qN

(2) V(s) = (mpN +pN—1>},

man +qn-1

(3) V(b) = (m+1) (Zﬁ) + (fgf) - (1)

Proof. First we suppose that N is even and denote u’ the standard Sturmian sequence with the directive
sequence GON+1 DAN+2GaN+3 ... By Remark 18, u’ is concatenated from the blocks 14¥+10 and 19¥+1+1(,
Thus its m'" bispecial factor is &’ = 1™ and the return words to ¥’ in u’ are ' = 1 and s’ = 1™0.

By Lemmas 19 and 20 and Remark 21,

r=G"D™...G"-1DW(r") and  s=G“D®...G"1D" ().
By Corollary 22 and Lemma 29, the Parikh vectors of r and s satisfy

o-(a D6 ) (o, DGO -()
vo- (0O (5 ) (0 () (L) (e

To find the Parikh vector of b we start with the bispecial factor &’ = 1™ and N times apply Corollary 22.
Eventually, we rewrite the arising products of matrices by Lemma 29 and we get

¥ PN PN-1 PN—-2 P1 Po
V(b) = _ .
(®) m(QN>+aN(QN—1>+aN 1<QN—2>+ Jra2<q1>+a1<qo>

This together with Lemma 29 implies the statement of Item (3) for N even. The proof for N odd is
analogous. O

o

o
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Remark 31. If we assume in Proposition 30 that u has the directive sequence A = D G*2D*3G* - - - |
then by Remark 18, the coordinates of the Parikh vectors will be exchanged, i.e.,

7o = (1) 7= (it o ) ana 7 = o) ()4 (250) - (1)

6. THE CRITICAL EXPONENT OF CS ROTE SEQUENCES

We are going to give an explicit formula for the critical exponent of a CS Rote sequence v. We will
use Theorem 14 which requires the knowledge of the indices of return words to bispecial factors in the
Sturmian sequence S(v). It is well-known that there is a unique standard Sturmian sequence u such that
both S(v) and u have the same language. Since the critical exponent depends only on the language, we
can work with the standard Sturmian sequence u instead of S(v).

In the following proposition and theorem, we use Notation 25.

Proposition 32. Let u be a standard Sturmian sequence with the directive sequence G D*2G*3 D% . . .
or D""G*? DG --. and let n € N be given. We put ag = 0 and we denote r and s the more and the
less frequent return words to the n'™ bispecial factor of u, respectively.

(1) Ifn=m+ag+a;+as+---+ay, where0 <m < any1, then ind(r):aNH—i—Q—f—qN;i,l*z.
N
(2) Ifn=ap+ay +as+---+an, then ind(s):aN—i—Z—i—qZ,’irQ.
N—-1
(8) Ifn=m+ap+a+ax+---+an, where 0 < m < anyy1, then ind(s):?—i—#}iil.
Let us comment what is meant by ¢, in the case N = 0 in Item (2): we define ¢’ , to satisfy the
recurrent relation 1 = ¢) = apq’_ 1 + ¢ 5 = ¢’ 5.

Proof. We assume that N is even (the case of N odd is analogous). Moreover, we assume that u has the
directive sequence G D*2 G D% . ..,

Since b is the n'* bispecial factor in u, the derived sequence dy(b) is standard Sturmian with the
directive sequence GFD*N+2GaN+3 ... where k = ayy1 — m, see Corollary 22. By Remark 18, dy(b) is
a concatenation of the blocks 1¥0 and 1¥+10. Therefore, the sequence u is concatenated from the blocks
r¥s and r**1s, where  and s are the return words to b. By Lemma 24, the factor r*+1b is the longest
factor of u with the fractional root r and sb is the longest factor of u with the fractional root s. In other
words, (") = pk+1p and sd) = sh. By Proposition 30 and Remark 26, we have

Irl=pnv+av =dqy, |s|l=may+dy_,, and |b=(m+ 1)y +qy_1 —2.

As [rEH10] = (k + Dr| + [b] = (an+1 —m+ Dlr| + [b] = (an+1 +2)gly + qly_y — 2, we get

ay_1—2
’

k1
ind(r) = It = anyy + 24+ 222

I7|

As |sb| = (2m + 1)¢y + 2¢y_1 — 2, we get for m =0

. b an+24n_1—2 _ aNdy_1+9n_2F2qn_1—2 dn_o—2
md(s):S—‘—N N-1 _ No1FIN > N-1 —ay + 2+ Bz

ls| — aN_1 dN -1 a1

and for m >0

. |sb] (2m+1) gy +2¢_1—2 ay—2
md S)= 7 = = 2 — .
(5) may+ay_; t man+ay_;

Is]

If the directive sequence equals DG D% G - - - only the coordinates of the Parikh vectors of r, s,
b are exchanged (see Remark 31). O
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Theorem 33. Let v be a CS Rote sequence and let u be the standard Sturmian sequence such that
L(S(v)) = L(u). Then cr(v) = sup(My U Ma U Ms), where

GN+1 +2 QEV_1 -1
2¢%y

vy —1
{aN_H + 2 + } : gn 1S even, N € N} ;
hy

: qusodd,NEN};

—1
M; {2+qN: qN-1,9N are odd and any1 > 1, N>1}

dn_1 T ay

if the directive sequence of u is G** D**G** D% - .., and

qN 1—1 .
M, = aN+1—|—2+q7: pn s even, N € N, ;
N

2 gy —1
M, = {“Ng tey qN;, . py is odd, N € N} :
dn

-1
Ms = {Z—I—QN : pN—1,PN are odd and anyq1 > 1, N > 1}
In_1 +dy

if the directive sequence of u is D" G*2 DG - - -

Proof. Let us recall that every CS Rote sequence is uniformly recurrent and aperiodic. In addition, to
a CS Rote sequence v we can always find a unique standard Sturmian sequence u such that u has the
same language as S(v). It is important to realize that Theorem 14 holds for the pair v and u, too.

First, we assume that u has the directive sequence G* D% G?*3 D% ... We compute the suprema of
the sets Ay and As defined in Theorem 14, since by this theorem, cr(v) = sup(4; U As).

Let us decompose A; into A1 = U?ZO AgN), where

N+1
AgN) = {ind (u) + | 7+ uis a stable return word to the n'" bispecial f. of u, Zak <n< Z ak}
k=0 k=0

By definition, a word wu is stable if the number of ones occurring in u is even, i.e., the second component
of its Parikh vector V' (u) is even. Combining Propositions 30 and 32, we obtain that A(lN) contains

’
-1, .
e anyi1+2+ IN-1TC if gy is even,
N

oaN—|—2+qu if gy_1 is even,
1

e the subset B ={2+ ﬁ cmgn +qn—1 even, 0 < m < ant1}-
-1

First we look at Ago)' Since gqo = lisodd, ¢_1 =0 iseven,ag =0, ¢f = ¢ 1 = q'_5 = 1, we get Ago) = {2}.

Since we know that cr(v) > 2, we can consider only N > 1. Let us note that all elements in B§N) are

(N) (N

strictly less than 3. If qn or gy—_; is even, the set A}’ contains an element > 3 and the set B; ) does

not play any role for sup A;. If both gy and gy_7 are odd, there is an element in B%N) only for odd

m < ay41, and obviously, sup B;N)

gives sup A; = sup(M; U M3).

is attained for m = 1 (if ayy1 = 1 the set is empty). Together it

Analogously we define the sets AéN) for unstable return words. Then AgN) consists of

l -1\ . .
° %(GN-&-l + 2+ qN;;] ) if gy is odd,

o—1n . .
. %(aN +24 ql;;: ) if gy_1 is odd,

e the subset BéN) = {%(2 + mq?lefq}) cmagy +gn_1 0dd, 0 <m < any1}-
N N-—-1
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We easily compute that sup A(QO) = %(m +2). All elements in BéN) are strictly less than % Thus if gy or
gn—1 1s odd, the set oes not play any role for sup As. If gy and gy—1 are even, then the set 1S
is odd, the set B d 1 le f Ay Tf d hen the set BS") i

empty. It means that sup As = sup M. We can conclude that cr(v) = sup(A;UAs) = sup(M; UMUM3).

If the directive sequence equals D% G?*2 D% G ... only the coordinates of the Parikh vectors of r
and s are exchanged (see Remark 31). O

7. CS ROTE SEQUENCES WITH A SMALL CRITICAL EXPONENT

In this section, we present some corollaries of Theorem 33. As we have mentioned, Currie, Mol, and
Rampersad proved in [7] that there are exactly two languages of rich binary sequences with the critical
exponent less than 1—;. Both of them are languages of CS Rote sequences.

Let us remind that the critical exponent depends only on the language of a sequence and not on the
sequence itself. Therefore, there are infinitely many CS Rote sequences with the critical exponent less
than 1—54, but all of them have one of two languages. We show that among all languages of CS Rote
sequences only these two languages have the critical exponent less than 3. We also describe all languages
of CS Rote sequences with the critical exponent equal to 3.

Proposition 34. Let v be a CS Rote sequence associated with the standard Sturmian sequence u = S(v).
If cr(v) < 3, then the directive sequence of u is of one of the following forms:

(1) G (D?*G?)*, where a; = 1 or a; = 3; in this case cr(v) =2 + %;

(2) G D*(G?D?)%, where a; =1 or a; = 3; in this case cr(v) = 3;

(3) G DG (D?G?)“, where a; =2 or a; =4 and az = 1 or az = 3; in this case cr(v) = 3;
(4) D'G(D*G*)“, where az =1 or ay = 3; in this case cr(v) = 3.

Proof. For each N € N we denote Sy = any1 +2+ qN;i,l_l the number which is a candidate to join the
N

set M. We can easily compute that g = a1 + 2, 81 = a2 + 2 and By > 3 for every N > 2. Indeed, it

suffices to realize that ¢’ ; = ¢, =1, ¢ = a1 +1 > 1 and (¢iy)n>1 is an increasing sequence of integers,

S0 ql\’%_l € (0,1) for all N > 2. Since we look for a sequence v with cr(v) < 3, we have to ensure that

N
BN ¢ M, for all N > 2 by the parity conditions. It is also important to notice that sup M3 < 3. Indeed,

since 51 ¢ [0,1) for all N € N, all elements of Mz are less than 3.
INtaN_1

First we assume that the directive sequence of u is G** D*2G* D% . ... By Theorem 33, if gy is even,
then By € My, otherwise %51\; € M5. To ensure sup M7 < 3, gy has to be odd for all N > 2. Moreover,
to ensure sup Ms < 3, By <6 and so anyy+1 < 3 for all N > 2. Since ¢p = 1 is odd, %50 = %1 + 1€ M,
and so a7 < 4. We distinguish two cases.

(i) If g1 = a; is odd, then M; is empty and %ﬁl = %@ + 1€ M,. Thus az < 4. The recurrent relation
qN = angn—1 + qn—2 with the odd initial conditions ¢y and g; produces gx odd for all N > 2 if and only
if ay is even for all N > 2. We can summarize that a1 € {1,3}, az € {2,4} and ay =2 for all N > 3.

Let us observe that if a; = 4, then sup My = 3. Since sup M3 < 3 and M; is empty, we conclude that
cr(v) = sup My = 3. It gives us Item (2) of our proposition.

If ax = 2, then it is easy to check that all elements of My are smaller than g and thus sup My < %
Since M; is empty, to prove Item (1), it remains to compute

N1 1 5
supM3:sup{2+/(JIV:NEN}=2+>

Ay_1+dy V22
The sequence (¢} ) n>2 fulfils the recurrence relation ¢y = 2¢/y_; +¢_o with the initial conditions ¢ = 1
and ¢; = a; + 1. This linear recurrence has the solution

(7) dy = 555 (0 + VD1 + V)Y — (@~ vO)(1 - VD)),
Now it suffices to use the expression (7) to verify that

=1 1 =1
lim N = and qug

N7 forall N e N.
N=oo Gy +dy V2 dn_1 tay

1
ﬁ
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(ii) If g1 = aq is even, then M; = {f; = as + 2} since all the others gy are odd. Thus as = 1 and
cr(v) > 3. The recurrent relation gy = anqn—1+¢gn—2 with the initial conditions ¢o = 1, g1 = a1 € {2, 4}
produces odd gy for all N > 2 if and only if a3 is odd and ay is even for all N > 4. Moreover, to ensure
sup My < 3, we have to take a; < 4 and ay < 3 for every N > 3. Together with the parity conditions
we get a1 € {2,4}, aa =1, a3 € {1,3}, and ay = 2 for all N > 4. Since sup M3 < 3, the set M3 can be
omitted. Together it means that in this case cr(v) = 3 and it corresponds to Item (3) of our statement.

Now we assume that the directive sequence of u is D**G*2 D% G - ... By Theorem 33, if py is even,
then By € M, otherwise ﬁTN € M. Since pg = 0 is even, By = a1 + 2 € M;. Therefore, a; = 1 and
cr(v) > 3. Since p; = a;pp + p—1 = 1 is odd, %1 =2 4 1€ M, and so ay < 4. To guarantee cr(v) < 3,
pn has to be odd and ay41 < 3 for all N > 2. The recurrence relation py = aypy-1 + pn—2 with the
initial conditions pg = 0 and p; = 1 produces py odd for all N > 2 if and only if as is odd and ay is
even for all N > 2. Clearly, the set M3 can be omitted. We may conclude that cr(v) = 3 and a; = 1,
ag € {1,3}, and ay = 2 for all N > 3, which corresponds to Item (4).

O

Remark 35. Let us emphasize that all standard Sturmian sequences from Proposition 34, i.e., which are
associated with CS Rote sequences with the critical exponent < 3, are morphic images of the fixed point
of the morphism D2?G?. If follows directly from the fact that their directive sequences have the periodic
suffix (D2G?)~.

Ezample 36. In Proposition 34, we have shown that the CS Rote sequence v such that S(v) has the
directive sequence G(D?G?)* has the critical exponent cr(v) = 2 + % Let us determine the critical

exponent cr(v’) of the CS Rote sequence v’ associated to the standard Sturmian sequence S(v’) obtained
by the exchange of letters from S(v), i.e., S(v') = E(S(v)).

By Remark 18, the directive sequence of S(v') equals D(G?D?)%. Thus we have § = [0,1,2,2,2,...]
and it is readily seen that py is even if and only if N is even. Let us calculate cr(v’) by Theorem 33. We
have

/ _1 ! 71
Mlz{a2N+1+2+q2N;:NEN}={3}U{4+(12N(I_,71:N6N,N21}.

/
don 2N

Using equation (7), we can check that the sequence (%N,;H) is increasing and has the limit —L~,
R 92N 1+v2

and therefore sup M, = 4 + FENVE Since the elements of My and M3 are < 3, we can conclude that

AN 1
cr(v) =4+ TavoR
It is well-known that among Sturmian sequences the sequence with the lowest possible critical exponent

is the Fibonacci sequence f, which has cr(f) = 3 + ﬁ ~ 3.602. The following theorem implies that

there are uncountably many CS Rote sequences with the critical exponent smaller than cr(f).

Theorem 37. Let G** D% G* D% ... be the directive sequence of a standard Sturmian sequence u and
let v be the CS Rote sequence associated with u. Then cr(v) < % if and only if the sequence aiasas - - -
is a concatenation of the blocks from the following list:

Lo: 111;

Ly:  sl, where s € {2,4};

Ly:  ¢s31, where c € {1,3} and s € {2,4}*;

L3: s, where ¢ € {1,3} and s € {2,4}",
and if the block Lo appears in aiasas -+ -, then it is a prefiz of ajasasz---.
Proof. As in the proof of Proposition 34, we again use the sets M; and M from Theorem 33. The set
M3 can be omitted since sup M3 < 3.

Let us recall that g9 = 1, ¢1 = a1, and if qx is even, then Sy = any1 +2 + qN;i,l_l € My, otherwise

N

sBn € Ms. First we suppose that cr(v) < £ and we deduce several auxiliary observations for eac eN:
%ﬂ M. First that ; d we ded 1 ili b tions fi h N eN

(1) If gy even, then ay41 = 1.
Proof: It follows from the inequality Sy < %



CS ROTE SEQUENCES: THE CRITICAL EXPONENT AND THE RECURRENCE FUNCTION 17

(2) If gy odd, then any4+1 € {1,2,3,4}.
Proof: It follows from the inequality % BN < %
(3) If gv—1 odd and gn even, then gy41 odd.
Proof: Tt follows from Item (1) and the relation gy4+1 = ant+19n + qn-1 = N + qN—1-
(4) If gy even, gy odd, and gn2 even, then ani2 € {2,4}.
Proof: It follows from Item (2) and the relation gny1+2 = ant2gn+1 + gN-
(5) If gy even, gy odd, and gy 2 odd, then ayio € {1,3}.
Proof: It follows from Item (2) and the relation gn4+2 = ant2gn+1 + gN-
(6) If gy odd, gn11 odd, and gy12 odd, then ayi2 € {2,4}.
Proof: Tt follows from Item (2) and the relation gyy2 = ant2gN+1 + gN-
(7) If gy odd, gn+1 odd, and gn1o even, then ayio = {1,3}. Moreover, if ayio = 1, then N =0
and a; = 1.
Proof: Item (2) and the relation gyy2 = ani2gn+1 + gy imply anyo € {1,3}. Assume that
q;\r/+1_1 < %
AN 42
By some simple rearrangements and applications of the recurrence relation, we can rewrite this
inequality equivalently as (ay41 — 1)giy + ¢v_; < 2. It is easy to verify that this inequality
holds only for N =0 and a; =1 or N =1 and as = 1. Nevertheless, the second case leads to a
contradiction with the assumption that both g1, ¢2 = azq1 + 1 are odd.
(8) Let M > N + 2. If gy even, gy even, and gk odd for all K, N < K < M, then an42 € {1,3},
apy =3 and ag € {2,4} for all K,N +2 < K < M.
Proof: Ttem (6) implies ax € {2,4} for all K, N+2 < K < M. By Item (5), ay+2 € {1,3}
and by Ttem (7), aps = 3.

ant2 = 1. By Item (1), an+3 = 1. As g2 is even, Byio € My and so fy12 =3+

Using the previous claims we show that for each J for which ¢y is even, at the position J + 1 ends one
of the blocks Ly, L1, or Ly. Moreover, the block Ly can only occur as a prefix of the sequence ajasas - - -,
while each of the blocks L1 and Ly is either a prefix of ajasas--- or it starts at the position I + 2, where
I is the greatest integer smaller than J for which ¢; is even. We discuss three cases:

e Let ¢; be even. Then Item (1) implies as = 1. And since a; = ¢ is even and gy = 1 is odd, by
Ttem (2), we get a; € {2,4}. Thus the prefix ajas of the sequence ajagas--- is of the form L;
from our list.

e Let J > 1 be the first index such that g is even. As g1 = a1, a1 is odd, and by Item (2), we get
a; € {1,3}. Ttem (6) implies ax € {2,4} for all K,1 < K < J. By Item (7), ay =3 or ay = 1.
But if ay = 1, then J = 2 and a; = 1. Finally, Item (1) implies ay+1 = 1. Thus the prefix
aias - --ajyajyy of the sequence ajasas--- is of the form Ly or Lo from our list.

e Let I be an index such that ¢ is even and let J be the smallest index greater than I for which
gy is even. By Item (1), aj41 = 1. The word ari2---ajay41 is by Item (4) or Item (8) either of
the form L or Ls.

If there are infinitely many even denominators gy, then we have shown that the sequence ajasas - - -
is concatenated from the blocks Lo, L1, and Ls (Lo can only be a prefix). It remains to consider the case
when only finitely many denominators gy are even.

e Let gy be odd for every N € N. Then ¢; = a1 is odd. Especially, since both ¢y and ¢1 = a1
are odd, Item (2) implies a; € {1,3} and it follows from Item (6) that agazas--- € {2,4}N.
Therefore, the sequence ajasas - - - is equal to the block Lz from our list.

e Let L > 1 be the last index such that qr is even. In particular, it means that ¢y is even only
for a finite number of indices. Item (1) implies that ar+1 = 1. By Items (5) and (6), the suffix
ar+4+201+305+4 -+ Of the sequence ajasas--- equals to Lg.

Now we have to show that any directive sequence G%* D*?G* D - .. such that ajasag--- is concate-
nated of the blocks from the list gives a standard Sturmian sequence u such that the CS Rote sequence
v associated to u has the critical exponent less than %

If g is odd, then 8y = Sany1 +1+ B5i— <34 5 b — <
N

S < 20 38 each ay41 is < 4.
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If gn is even, it is easy to prove by induction on NN that there is a block of the form Lg, L1, or Lo
ending at the position N + 1 (and Lg only for N = 2). In particular, it means that ayy1 = 1 and ay > 2
aN_1

7 ] s
so——7—— < 3, while in the second case, we get
In_1TdN—2

or a; = az = az = 1. In the first case, we get Sy < 3+

— a+1-1 __ 1 7

To show that sup(M; U My) < %, we need to show that sup Q,qu, <1 Asay <4forall N, we
dn_1tdN_o 2

!’ !’ 7
: aN— aN— N —
can estimate 5\] 2 Z 4q’ X 2/ - % and thuS 24" o 1/ - 1/ S Tsl O
dN-—1 IN_2tdN_2 o In_1tdN_2 2+qN,2
an_1

Remark 38. It would be interesting to reveal some topological properties of the set

CrRote := {cr(v) : v is a CS Rote sequence},

for instance, to find its accumulation points in the interval (3, %) The proof of the previous theorem

implies that there is no CS Rote sequence with the critical exponent between 3 + 1—51 and 3 + % We
even believe that for any CS Rote sequence v, the following implication holds: If cr(v) < 3 + %, then

cr(v) <3+ 1_:\/5.

8. THE RECURRENCE FUNCTION OF CS ROTE SEQUENCES

The main result of this section is Theorem 54, where we describe the recurrence function of any CS
Rote sequence in terms of the convergents related to the associated Sturmian sequence. To obtain this
result, we proceed similarly as in the previous parts concerning the critical exponent, i.e., we transform
our task of finding the recurrence function of a CS Rote sequence into studying some properties of its
associated Sturmian sequence. Let us emphasize that we may still restrict our consideration to CS Rote
sequences associated with standard Sturmian sequences without loss of generality.

Definition 39. Let u be a uniformly recurrent sequence. The mapping Ry : N — N defined by
Ry(n) = min{N € N: each factor of u of length N contains all factors of u of length n}

1s called the recurrence function of u.
The definition of the recurrence function may be reformulated in terms of return words [6].

Observation 40. Let u be a uniformly recurrent sequence. Then

Ry(n) = max{|r| € N:r is a return word to a factor of u of length n} +mn — 1.

Moreover, to determine Ry(n) we can restrict our consideration to return words to bispecial factors
of u.

Lemma 41. Let u be a uniformly recurrent aperiodic sequence. For n € N, we denote
Bu(n) ={be L(u): Jw € L(u), |w| =n, such that b is the shortest bispecial factor containing w} .

Then
Ru(n) = max{|r| : r is a return word to b € By(n)} +n — 1.

Proof. For evaluation of Ry (n) we use Observation 40. Let w € L(u) and |w| = n.

If w is not right special, then there exists a unique letter x such that wz € L(u). Obviously, the
occurrences of w and wx in u coincide. Therefore, return words to w and wz coincide as well.

If y is not left special, then there is a unique letter y such that yw € L(u). If r is a return word to w,
then the word yry~! is a return word to yw and the return words r and yry~! are of the same length.

These two facts imply that the lengths of return words to w equal the lengths of return words to the
shortest bispecial factor containing w. O

The following lemma shows that for a CS Rote sequence v associated with the Sturmian sequence u
the sets By (n+1) and By (n) correspond naturally for every n € N. Thus to determine the set By (n+1),
we first describe the set By(n) for a standard Sturmian sequence u.
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Lemma 42. Let w be a factor of length n+ 1 in a CS Rote sequence v and let v be the shortest bispecial
factor of v containing w. Then the factor S(v) is the shortest bispecial factor of the associated Sturmian
sequence S(v) such that S(v) contains S(w).

Proof. The statement is a consequence of the simple fact that S(v) is a bispecial factor of S(v) if and
only if v and E(v) are bispecial factors of v. (See Lemma 7.) O

In the sequel, we will essentially use a characterization of Sturmian sequences by palindromes from [10].
Let us first remind some basic notions. Consider an alphabet A. The assignment w = wowy - - - wy_1 —
W = Wp_1Wy_z - wo is called a mirror mapping, and the word w is called the reversal or the mirror
image of w € A*. A word w which coincides with its mirror image @ is a palindrome. If p is a palindrome
of odd length, then the center of p is a letter a such that p = sas for some s € A*. The center of a
palindrome p of even length is the empty word ¢.

Theorem 43 ([10]). A sequence u is Sturmian if and only if w contains one palindrome of every even
length and two palindromes of every odd length.

Moreover, when studying in detail the proof of Droubay and Pirillo 43, we deduce that any two
palindromes of the same odd length have distinct centers, one has the center 0 and the other one has the
center 1. In fact, we get the following corollary.

Corollary 44. A binary sequence u is Sturmian if and only if every palindrome in L(u) has a unique
palindromic extension, i.e., for any palindrome p € L(u) there exists a unique letter a € {0,1} such that
apa € L(u).

We believe that Theorem 46 is already known. However, since we have not found it in the literature,
we add its proof. For this purpose, we need an auxiliary lemma. Let us remind that the language £(u)
of a Sturmian sequence u is closed under reversal, i.e., L(u) contains with every factor w also its reversal
w, and all bispecial factors of u are palindromes.

Lemma 45. Let u be a Sturmian sequence. Let p € L(u) be a palindrome and let v be the shortest
bispecial factor containing p.

(1) Then p is a central factor of v, i.e., v = sps for some word s.
(2) If v' is the shortest bispecial factor with the same center as p and |[v'| > |p|, then v/ =v.

Proof. (1) Let v = sp be the shortest left special factor containing p, in particular Osp and 1sp belong
to L£(u). Since the language L£(u) is closed under reversal, ps is right special, i.e., ps0 and psl
belong to £(u). As s is the only possible extension of p to the left by a factor of length |s|, both
sps0 and spsl belong to £(u). By the same argument, 3§ is the only possible extension of p to the
right by a factor of length |s|. Therefore, 0sps and 1sps belong to £(u). Thus sps is the shortest
bispecial factor containing p.

(2) Assume for contradiction that v # v’. Since v and v’ are palindromes with the same centers,
there exists a palindrome g such that v/ = s’gs’ and v = s¢5. Let g be the longest palindrome
with this property. If |g| = |[v'|, then necessarily v' = v. If |v']| > |g|, then the last letters of s and
s are distinct and ¢ is a palindrome with two distinct palindromic extensions. This contradicts
Corollary 44.

O

Theorem 46. Let u be a Sturmian sequence and n € Nyn > 1. Find the shortest bispecial factors P.,
resp. Py, resp. Pi of length greater than or equal to n with the center €, resp. 0, resp. 1. Then the
following statements hold:

(1) Let w be a factor of u of length n and let v be the shortest bispecial factor containing w. Then
ORS {P57P07P1}-

(2) If u contains no bispecial factor of length n — 1, then for each i € {€,0,1} there exists a factor w
of u of length n such that the shortest bispecial factor containing w is P;.
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(3) If there exists a bispecial factor v of u of length n — 1 and let i € {€,0,1} be the center of the
palindrome v, then for each j € {£,0,1}, j # i, there exists a factor w of u of length n such
that the shortest bispecial factor containing w is Pj, while P; is not the shortest bispecial factor
containing w for any factor w of u of length n.

Proof. Consider the Rauzy graph of u of order n—1, i.e., a directed graph I';,_; whose vertices are factors
of u of length n — 1 and edges are factors of u of length n. An edge e starts in the vertex x and ends in
the vertex y if x is a prefix and y is a suffix of e. Denote £, resp. r the vertex corresponding to the unique
left special, resp. right special factor of length n — 1. Further on, denote p 4 the shortest path from ¢ to r,
and pp and pc the shortest paths of non-zero length starting in r and ending in ¢. If u has no bispecial
factor of length n — 1, then p4 has a positive length, see Figure 1(a). If u has a bispecial factor of length
n — 1, then the path p4 consists of a unique vertex — the bispecial factor b, see Figure 1(b).

(a) (b)

PB

FIGURE 1. The Rauzy graph of a Sturmian word (a) without a bispecial vertex, (b) with
a bispecial vertex.

Observing these Rauzy graphs, it is obvious that for each edge e from the path p,, where 2 € {A, B,C},
the shortest bispecial factor containing e is the same as the shortest bispecial factor containing p,..

Since the language £(u) is closed under reversal, the mirror mapping restricted to the factors of length
n — 1 and n is an automorphism of the graph I';,_;. Let us suppose that p, contains a palindrome ¢ of
length n — 1 or n. As any palindrome is mapped onto itself, 7 = £, and ¢ = r, this path p, is mapped
onto itself, i.e., p; = p;, and the palindrome ¢ is a central factor of p,. On one hand, it means that p,
is a palindrome with the same center as ¢, on the other hand, it also means that p, cannot contain any
other palindrome of length n — 1 and n.

By Theorem 43 and the comment after it, there are exactly three palindromes among all vertices and
edges of T',,_1 (all factors of length n — 1 or n), and moreover, they have distinct centers. We may
conclude that each path pa, pp, pc contains exactly one palindrome of length n — 1 or n. Therefore, all
these paths are palindromes and their centers are distinct. The rest of the proof follows from Lemma 45.

O

Observation 47. Let P be a palindrome. Then its Parikh vector satisfies:

(1) V(P) = (8) mod 2 if and only if P has the center €;

(2) V(P) = ((1)) mod 2 if and only if P has the center 0;

(8) V(P) = ((1)) mod 2 if and only if P has the center 1.

Let us recall that a factor of a standard Sturmian sequence u is bispecial if and only if it is a palindromic
prefix of u. Therefore we can order the bispecial factors of a given standard Sturmian sequence u according
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to their lengths and denote BS(k) the k-th bispecial factor of u. Thus BS(0) =€, BS(1) = a, where a is
the first (and the more frequent) letter of u etc.

The sequences (pn), (¢n), and (¢y) we use in the remaining part of the paper were introduced in
Notation 25, the notation By (n) comes from Lemma 41.

Theorem 48. Let u be a standard Sturmian sequence with the directive sequence G** D*2G*3 D% ... or
D®G*D*G% ---, and n € [qy, ) for some N € N. Put M = ag+a1+az+---+ay, where ag = 0.
o Ifnc gy, qdyy — 1) and n —1 is not the length of a bispecial factor, then
Bu(n) ={BS(M +m),BS(M +m+ 1), BS(M + an41 + 1)} for some m € {0,1,...,anyy1 — 1}.
o Ifn € gdy,qyy — 1] and n —1 is the length of a bispecial factor, then
Bu(n) ={BS(M +m),BS(M + ant1+ 1)} for somem e {0,1,...,an41}.

Proof. Assume that u has the directive sequence G D*2G?* D% -... By Proposition 30, the Parikh
vectors of bispecial factors satisfy

(8) V(BS(M +i+1)) =V(BS(M +1)) + <§N> for i=0,1,...,an41 —1
N
(9) and  V(BS(M +any1+1)) = V(BS(M +any1)) + <zx+i ) .
+
Using Observation 47 and the relation <ZN > #+ (8) mod 2 from Lemma 28, we deduce that the centers
N
of palindromes BS(M + i), where i =0, 1,...,ayn1, alternate between two distinct elements of {¢, 0, 1}.
The third element of {¢,0, 1} is the center of the palindrome BS(M + an41 + 1), as <2N> ” (zN-s-l)
N N+1

mod 2, see Lemma 28. By Proposition 30, the length of BS(M — 1) equals ¢y — 2 and the length of
BS(M +any1 — 1) equals ¢y, — 2.

e Let us discuss the case n = ¢y — 1. The palindromes BS(M +any1 — 1), BS(M +any1) and
BS(M + an+1 + 1) have distinct centers, and n — 1 is the length of the palindrome BS(M +
an+1 — 1). Ttem (3) of Theorem 46 implies that all factors of length n occurs in BS(M + an+1)
and BS(M + ant1 + 1). Therefore, the set By(n) consists of these two bispecial palindromes.

e Now we assume that n € [¢y, gy, — 2]. Clearly, the length of BS(M — 1) is strictly smaller
then n — 1 and n does not exceed the length of BS(M + ant1 — 1). We choose the smallest
m € {0,1,...,ay41 — 1} such that n < |[BS(M + m)|. The bispecial factors BS(M + m),
BS(M +m+1), and BS(M + ay41 + 1) have distinct centers.

If n — 1 is not the length of any bispecial factor, then Item (2) of Theorem 46 implies that
Bu(n) ={BS(M +m),BS(M +m+1),BS(M +an41 + 1)}

If n — 1 is the length of a bispecial factor, then Item (3) of Theorem 46 together with the
fact that the centers of BS(M + i) alternate for i = 0,1,...,any41 — 1 implies that By(n) =
{BS(M + m),BS(M +an41 + 1)}

If u has the directive sequence D**G*2 D% G - - - | then the proof will be analogous, only the coordinates
of the Parikh vectors will be exchanged, see Remark 31. (]

Remark 49. The recurrence function of a standard Sturmian sequence u with the directive sequence
G DG D™ - or DG D*G* --- is known to satisfy Ru(n) = ¢y, + ¢y +n — 1 for every
n € (¢, qn41)- Let us show that this formula is a consequence of the previous statements. Indeed, by
Lemma 41, we have to find the longest return word to the bispecial factor from the set By (n) described
in Theorem 48. Using Proposition 30, we find that the longest one is the return word s corresponding to
the bispecial factor BS(M + an41 +1). Its length is [s| = ¢y, + ¢jy. And thus Lemma 41 implies the
above mentioned formula, which was obtained by Hedlund and Morse already in 1940, see [18].

We have prepared everything we need to derive the formula for the recurrence function of CS Rote
sequences. For this purpose, we recall Theorem 3.10 from [16]:
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Theorem 50. Let v be a CS Rote sequence associated with the standard Sturmian sequence u = S(v).
Let v be a non-empty prefix of v and u = S(v). Let r, resp. s be the more frequent, resp. the less frequent
return word to u in u and let £ be a positive integer such that u is a concatenation of the blocks rts and
r*tls. Then the prefit v of v has three return words A, B,C satisfying:

(1) If r is stable and s unstable, then S(A0) =r, S(B0)=srfs, S(C0)= srftls.

(2) If r is unstable and s stable, then S(A0) =s, S(B0)=rr, S(C0)=rsr.

(3) If both v and s are unstable, then S(A0) =rr, S(B0)=rs, S(C0)=sr.

We will use the previous theorem for the determination of return words to bispecial factors of CS Rote
sequences (which are by Lemma 42 associated to bispecial factors of Sturmian sequences). In particular,
we focus on v such that S(v) is a bispecial factor of the Sturmian sequence u = §(v) and S(v) belongs
to the set By(n) described in Theorem 48.

Lemma 51. Let v be a CS Rote sequence and u = S(v) be the associated standard Sturmian sequence
with the directive sequence G** D*2G* D% ... or DG D*3G ..., Put M =ag+a1+azs+---+ay,
where ag = 0. Let x and y be the bispecial factors in v such that S(x) = BS(M + ayy1 + 1) and
S(y) = BS(M + m), where m € {0,1,...,an4+1 — 1}. Then at least one return word to x in v is longer
than every return word to y in v.

Proof. On one hand, by Lemmas 19, 20 and Remark 21, the derived sequence d,(S(y)) is a standard
Sturmian sequence with the directive sequence GON+17" DON+2GON+S ... or DIN+1ITMGINF2 [JONSS . ..
It implies that u is a concatenation of the blocks r*s’ and r’”ls’, where £ = ayy1 — m. The return
words to S(y) are by Proposition 30 of length |r'| = px + gn = ¢y and |s'| = m ¢l + ¢iy_;. Regardless
of (un)stability of the return words to S(y), the longest return word to y in v is by Theorem 50 of length
at most

(C+ D'+ 2|8 = (ans1 —m+ gy +2(m gy + dv-1) = dvir + (M + Dy +dy-1 < 2041
On the other hand, the return words 7, s to S(z) in u have by Proposition 30 either lengths |r| = ¢}y,

and |s| = ¢y, 1 + ¢y (if ani2 > 1), or lengths || = ¢iy ., + ¢y and [s| = ¢iy,; (if an 2 = 1). Regardless
of (un)stability of the return words to S(x), one of the return words to x in v is of length at least

]+ |s] = 2¢n 11 + iy -
0

Lemma 52. Let v be a CS Rote sequence and u = S(v) be the associated standard Sturmian sequence
with the directive sequence G** D*2G* D% ... or D" G*2D*3G --., Put M =ag+ay+as+---+ay,
where ag = 0. Let  and y be the bispecial factors in v such that S(x) = BS(M + any1 + 1) and
S(y) = BS(M + an+1). Then at least one return word to x in v is longer than every return word to y
inv.

Proof. Let us denote the return words to S(y) by r’ and ', and the return words to S(x) by r and s. By
Proposition 30, || = ¢y, and |s'| = g}

First, we assume that ' is unstable. Then by Theorem 50, the return words to y in v are of length at
most 2|r’| + |s'| = 2¢jy, | + ¢jy. Regardless of (un)stability of the return words to S(z), one of the return
words to z in v is of length at least |r| + |s| = 2¢/y,; + ¢y -

It remains to discuss the case when 7’ is stable. Let us assume that u has the directive sequence
G* D™ G D% - ... By Proposition 30, it means that |[r'|; = qn41 is even. We use Theorem 50 to find
the longest return word to y. Similarly as in the proof of Lemma 51, we determine that ¢ = anyo and
thus the longest return word to y in v is of length

L' =2|s'| + (0 + D' = 24y + (ans2 + 11 = dvio T dvgr + -
Let us compare L’ with the length of the return words to x in v. If ay,2 > 1, then by Proposition

30, |r]1 = |7'|1 = gn+1 and r is stable as well. The longest return word to « is by Theorem 50 the return
word srf*t1s, where £ = ayo — 1. Its length is

L =2|s| + ania|r] = 2(¢n11 + an) T ans2qn 41 = dvio + 2081 +av > L
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If ayt+o = 1, then by Proposition 30, |r|; = gnvi2 = gn+1 + gy and |s|; = gn41. Since gn41 is even,
necessarily gy is odd (as follows from the well-known relation pyqn+1 — pyy1gy = (—1)V 1! for all N).
It means that r is unstable and s is stable. Thus the longest return word to x in v has the length

L=2r|+[s] = 2(qn 41 + ) + dvs1 = 20N 2+ dyir > L
If u has the directive sequence D**G*2 D% G - - - | the proof is analogous, we only have to take into

account that the coordinates of the Parikh vectors are exchanged (see Remark 31). In particular, instead
of considering gy when determining the number of ones, we consider py. O

Proposition 53. Let v be a CS Rote sequence. Let u be the standard Sturmian sequence such that
L(S(v)) = L(u) and let u have the directive sequence G** D*?>G*3 D% ... or D“'G*D* G ... Put
M =ag+a;+as+---+ay, where ag = 0. Let L be the length of the longest return word to the bispecial
factor v of v such that S(v) is the bispecial factor BS(M 4+ an11+1) inu. Then the recurrence function
of v satisfies Ry(n+1) = L +n for any n € [¢y,qy,), where N € N.

Proof. Let v/ be a CS Rote sequence associated with the standard Sturmian sequence u such that
L(S(v)) = L(u). Clearly, L(v) = L(v'). Since the recurrence function depends only on the language of
the sequence and not on the sequence itself, we can work with the CS Rote sequence v’ instead of v.

It follows from Lemma 41 that Ry(n + 1) = Ry/(n+ 1) = L + n, where L is the length of the longest
return word to a bispecial factor from the set By (n + 1). Lemma 42 shows the correspondence between
the bispecial factors from the set By (n+ 1) and the bispecial factors from the set By(n). In particular, if
v € By/(n+1), then S(v) € By(n). For every n € [¢ly, ¢jy, ), where N € N, the set By(n) is described in
Theorem 48. Together with Lemmas 51 and 52, it implies that the bispecial factor v such that S(v) equals
BS(M + an+1 + 1) has the longest return word among all bispecial factors from the set By/(n+1). O

Theorem 54. Let v be a CS Rote sequence and let u be the standard Sturmian sequence such that
L(S(v)) = L(u). If u has the directive sequence G**D*2G* D% ... then the value of the recurrence
function Ry forn € [¢y,qy 1), N €N, is given by

2¢N41 +ay + 1 if any2>1,

Case gy even: Ry(n+1)= { s+ i anis =1
+2 =L

! ! / -
Case gyy1 even:  Ry(n+1)= { Any2 20N Hdn + 1 if ang2 >1

2%\74_2 + (I§v+1 +n if ani2=1.
3¢, + gy +n if ant2 >1
Case qy, odd: Ry(n+1)= N+l T AN :
gN;gN+1 v( ) { 'JEv+3 + Q§v+2 + Q§v+1 +n if anqo=1.
If u has the directive sequence D**G*2 DG - - | then the value of the recurrence function Ry for

ne [Q§Vaq§\l+1)7 N e N, 18 given by

2¢N 1ty +n if ant2 > 1,

Case even: Ry(n+1)= :
PN ( ) { 2ot n if any2=1.

/ 2 / / - 1
Case py41 even:  Ry(n+1) = { INt2 T 24Ny T AN 7 i any2>

2QN 4o+ Qg T 10 if ani2 =1
3(]/ + q/ +n 7 a >1
Case py,pyy1 0dd:  Ry(n+1) = { qﬁv]i?"‘ QEVJL Tyt Z}c aZIz =1

Proof. By Proposition 53, Ry(n + 1) = L + n, where L is the length of the longest return word to the
bispecial factor v in v such that S(v) = BS(M + anyy41 +1). Consider first that u has the directive
sequence G D*2G* D% ..., By Proposition 30, the Parikh vectors of the return words r and s to the
bispecial factor BS(M + ay41 + 1) are

(1) V(r) = (pN+1), V(s) = (pN+1 “’N) if anis > 1;

qN+1 qN+1 +qN
(2)

PN+1 + DN > PN+1 ) .
r) = s V S) = lf a = 1
) gN+1 +4gnN ) (s) dN+1 ) N2

<u
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Let us emphasize that at most one of the numbers ¢n and gn41 is even. It follows from the well-known
relation pygN+1 — PN+1ON = (—1)N+1 for all N. Moreover, let us recall that py + gy = ¢ly-

First we discuss the case ay42 > 1.

o If gy is even, then gn41 is odd, i.e., 7 and s are unstable. Since |r| < |s|, Item (3) of Theorem
50 gives L = |rs| = 2q/y 1, + dy-
e If gy 1 is even, then gy is odd, i.e., r is stable and s is unstable. We use Item (1) of Theorem 50
with £ = anyo—1. Clearly, L = 2|s|+({+1)|7| = 2(¢y41 +dv) Fant2dn11 = Ao 2011+
e If both ¢, gn41 are odd, then r is unstable and s is stable. Item (2) of Theorem 50 implies
L =rsr| =3qy41 + dy-
It remains to discuss the case ayy2 = 1.

o If gy is even, then gn41 is odd, i.e., r and s are unstable. Since |r| > |s|, Item (3) of Theorem

50 gives L = |rr| = 2qy 11 + 20 = 2q 4o
e If gy 1 is even, then gy is odd, i.e., r is unstable and s is stable. Item (2) of Theorem 50 implies

L =|rsr| =3¢y 1 +2qy = 2040 + Ay
e If both gy, gn41 are odd, then r is stable and s is unstable. We use Item (1) of Theorem 50 with
{=ants. Thus L =2[s|+ (£ +1)|r| = 2¢y 1 + (ans3 +1)(dyy1 + ) = dvis T Ovio T Oy
If u has the directive sequence D**G*2 DG ... then the statement of Theorem 54 will stay the
same, only ¢y and gn1 will be replaced by py and pyy1 because the Parikh vectors of r and s have the
coordinates exchanged, see Remark 31. (|

Ezample 55. By Proposition 34, the critical exponent of the CS Rote sequence v such that S(v) has the
directive sequence G(D?*G?)* is cr(v) = 2+ % In Example 36, we have shown that the CS Rote sequence

v’ associated to the Sturmian sequence S(v’') = E(S(v)) has the critical exponent cr(v’) =4 + 1_:\/5.

Let us find an explicit formula for the recurrence function Ry, resp. R/ of the CS Rote sequence v,
resp. v. We will see that these recurrence functions differ essentially, too. In the proof of Proposition 34,
we have shown that all g are odd and we have found an explicit formula for ¢l, see (7). Applying
Theorem 54, we obtain for every n € [¢yy, ¢y 41)

Ry(n+1) =3¢y +dy +n=n+

2—\1/5 ((4 +3vV2)(1 +V2)N ! — (4 —3v2)(1 - \/i)N“) .

Further on, py is even if and only if N is even. Therefore, we obtain for every n € [¢5x, oy 1)

1
Ry/(n+1) :2q'2N+1+q§N+n:n+2\7@((l+\@)2N+3f(1—\/5)2N+3>;

and for every n € [¢ghn_1,dhN)

1
Ry(n+1) =gy +2¢%n +goy_1 +n=n+ 7((1 +V2)HV+2 (1 — \@)2N+2> )

V2
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