RETURN WORDS AND DERIVATED SEQUENCES TO ROTE SEQUENCES

KATERINA MEDKOVA

1. INTRODUCTION

We study complementary symmetric Rote sequences, which are sequences over the binary alphabet
{0, 1} with factor complexity C(n) = 2n and with language closed on exchange of letters 0 +» 1. We refer
about the work in progress [7].

Rote in [8] proved that a sequence v = wvpu; - -+ is complementary symmetric Rote sequence if and
only if its first difference sequence u = uguy - - -, which is defined by u; = v; — v;41 mod 2, is Sturmian
sequence.

Our aim is to describe return words and derivated sequences of complementary symmetric Rote se-
quences. In the sequel, we will call them simply Rote sequences. The study is based on the link between
Rote and Sturmian sequences and recent work about derivated sequences of Sturmian sequences [1, 6].

Let u = ugujus - -+ be an infinite sequence and let w = u;u;41 - - - Uj4n—1 be its factor. The integer i
is called an occurrence of the factor w. A return word to a factor w is a word ;w41 - - - u;j—1 with ¢ and
j being two consecutive occurrences of w such that ¢ < j.

Let w be a prefix of u which has k return words rg,71,...,7x_1. Then the sequence u can be written
as a concatenation of these return words: u = r4,74,74, - - - and the derivated sequence of u to prefix w is
the sequence dy(w) = dodyds - - -. For simplicity, we consider two derivated sequences to be the same if

they differ only by a permutation of letters. We work only with sequences which are uniformly recurrent,
i.e. each prefix w of u occurs in u infinitely many times and the set of all return words to w is finite.

Recall that the factor w of u is right special, if both words w0 and w1 are factors of u. Analogously
the left special factor is defined. The factor is bispecial, if it is both left and right special. To find all
derivated sequence it suffices to study only right special prefixes. Indeed, if the prefix w is not right
special, then there is a unique letter a such that wa is a factor of u. Thus the occurrences of w and wa
in u coincides and they have the same return words and derivated sequences. If u is aperiodic, then w is
always a prefix of some right special prefix of u.

We focus on standard Sturmian sequences, i.e. the sequences whose each prefix is left special. In that
case, we can take into consideration only bispecial prefixes to find all derivated sequences.

2. ROTE SEQUENCES AND ASSOCIATED STURMIAN SEQUENCES

We define the mapping & which maps factors of Rote sequence to factors of associated Sturmian
sequence.

Definition 1. The mapping S : {0,1}T — {0,1}* is for every v = vovy---v, € {0,1}T of length at
least 2 defined by S(vovy « - - vp) = UgUy -+ - Up—1, where u; = v; +v;41 mod 2 for alli € {0,1,...,n—1},
S(vg) =e.

We can naturally extend the domain of S to {0,1}Y and write the associated Sturmian sequence u to
the Rote sequence v as u = §(v). To each Sturmian sequence, there are two associated Rote sequences
v and v’. Since we have v/ = E(v), we work only with Rote sequences starting with the letter 0 without
lose of generality. The factors of Rote sequence v and associated Sturmian sequence u are closely related.

Proposition 2. Let u be a Sturmian sequence and v be a Rote sequence such thatu = S(v). The word u
is a factor of w if and only if both words v,v" such that u = S(v) = S(v') are the factors of v. Moreover,
for every i € N, 1 is an occurrence of u in u if and only if i is an occurrence of v in v or an occurrence
of v inv.
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To study return words and derivated sequences of a given Rote sequence, we have to examine these
objects in the case of associated Sturmian sequence. In [6] the authors describe derivated sequences
of fixed points of Sturmian morphisms. Their basic idea is to suitably decompose a given Sturmian
morphism onto some elementary morphisms.

A morphism is a mapping ¢ : A* — B* such that ¢ (uv) = ¥ (u)y(v) for all u,v € A*. If A= B, 9
is a morphism over A*. The domain of the morphism 1) can be naturally extended to AN. The matrix
of a morphism ¢ over A* is a matrix M, defined by (My)as = |t(a)]p for all a,b € A. The morphism is
primitive, if there is a positive integer k such that all elements of (My)* are positive.

A fixed point of a morphism 1 is a sequence u such that ¥(u) = u. The sequence u is substitutive
if u = o(v) for a morphism o and a sequence v which is a fixed point of morphism 6. Moreover, u is
substitutive primitive if 6 is primitive. Durand in [3] proved that sequence u is substitutive primitive if
and only if u has finite number of distinct derivated sequences.

A morphism ¢ is Sturmian if ¢(u) is Sturmian sequence for any Sturmian sequence u. Consider the
following elementary Sturmian morphisms ¢, and ¢g defined by

0—0 1 1 d 0—10 . 1 0
o1 0 1) an iy M 5‘(1 1)‘

By [4] to a given standard Sturmian sequence u we can uniquely assign the pair: directive sequence
z € {b, B} and the sequence (u("))nzo, where u(™ € {0, 1}V is a standard Sturmian sequence, such that
for every n € N we have

with Mb = (

u= @ZOZI~~~Zn—1(u(n)) .
The directive sequence z contains infinitely many letters b and infinitely many letters 8. In addition, z is
purely periodic, i.e. z = 2>, if and only if u is the fixed point of the morphism ¢,. This fixing morphism
@ is always primitive.

3. RETURN WORDS TO PREFIXES OF ROTE SEQUENCES

Vuillon in [13] showed that an infinite sequence is Sturmian if and only if each non-empty factor has
exactly two distinct return words. Using some results from [2] we show that all derivated sequences of
Rote sequences to non-empty prefixes are over a ternary alphabet.

Theorem 3. Let v be a Rote sequence. Then every non-empty prefix x of v has exactly three distinct
return words.

In addition, we can construct the return words in Rote sequence using the relevant return words in
associated Sturmian sequence. We need an auxiliary definition of stability.

Definition 4. The word u = uguy - - - up—1 € {0,1}* is called stable (S) if 2?2—01 u; =0 mod 2. Other-
wise, u is unstable (U).

Definition 5. Let w be a prefix of a Sturmian sequence u with return words r,s. Due to Vuillon’s result
[9] u is a concatenation of blocks v*s and r**1s or blocks sr¥ and sr*+1 for some positive integer k. With
respect to the return words of w we distinguish three cases:

i) w is of type SU(k), if r is stable and s is unstable;
ii) w is of type US(k), if v is unstable and s is stable;
iii) w is of type UU(k), if both r and s are unstable.

The type of prefix w is denoted T,.

We do not define the type SS since it cannot appear in Strumian sequences. We use these prefix types
to describe the return words to corresponding prefixes in Rote sequences.

Theorem 6. Let x be a prefiz of a Rote sequence v. Denote by u the Sturmian sequence S(v) and by w
its prefiz S(z) with return words r and s. Then the prefiz x of v has three return words A, B,C € {0,1}
such that:

i) 7= S(A0), sr*t1ls = S(BO) and sr¥s = S(C0) if w is of type SU(k);
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i) rr = S(A0), rsr = S(B0) and s = S(CO) if w is of type US(k);
iii) rr = S(A0), rs = S(BO) and sr = S(CO) if w is of type UU (k).

Remark 7. We can also determine the type of w using the matrix P, composed of the Parikh vectors of
return words to w. Let w be a prefix of a Sturmian sequence u with return words r, s, where r is the
more frequent return word. Then the matrix P, is defined by:

P, = ( Ilo Islo ) mod 2,

7|1 [sh

where |u|, denotes the number of letters a in the word w. Then the type T, of the prefix w is
. . (P q .. . (D q . ([ p q
1)SU1wa—(O 1) ll)USlwa—<1 O> 111)UU1wa—(1 1)
for some numbers p,q € {0,1}.

4. DERIVATED SEQUENCES OF ROTE SEQUENCES

Theorem 8. Let v be a Rote sequence with non-empty bispecial prefix x. Then the derivated sequence
dy(z) is uniquely determined by derivated sequence dy(w) of u = S(v) to the prefit w = S(z) and by
type Ty of prefix w.

Moreover, we are able to construct derivated sequence dy (z) of a given Rote sequence v to a prefix
if we know the type of S(x) and the derivated sequences of S(v) to S(z).

First, we explain how to determine the type of a given prefix w of a standard Sturmian sequence u.
Clearly it suffices to study only bispecial prefixes. Let us order the bispecial prefixes of u by their length
starting from the shortest one. Their types can be determined using results from Section 3 of [6], where
the authors explain how prefixes and their return words change under application of morphisms ¢, and

wp-

Proposition 9. Let u be a standard Sturmian sequence with directive sequence z € {b, B}. Then the
type of its n-th bispecial prefix w is given by the natural number k and the matriz P, , where

i) Ppb =M, M, ---M,, (é ?) mod 2 if the sequence zpzni1%ng2 -+ has a prefiz b*p,

ii) Py =M, M, ---M,, _, ((1) é) mod 2 if the sequence zpzni1%n42 -+ has a prefiz BFb.

The derivated sequences of a given Sturmian sequence u are described in detail in [6]. In particu-
lar, if u is a standard Sturmian sequence with directive sequence z = zgz129---, then the derivated
sequence dy(w) to the n-th bispecial prefix w is standard Sturmian sequence with directive sequence
Znfn4+12n+2 """ -

It is well known that all Sturmian sequences are 2iet sequences. We show that derivated sequences of
Rote sequences are 3iet sequences. A three interval exchange transformation 7' : [0,1) — [0, 1) is given by
partition of interval [0,1) into three subintervals I, = [0,«), Ip = [0, + ) and I = [a + 8,1) and by
permutation 7 on the set {1, 2,3} which expresses how these subintervals are rearranged, see [5] for more
details. The 3iet sequence u = ugujuz - - € {A, B, C} of transformation T' with initial point p € [0, 1)
is defined by u,, = L if T"(p) € I, for all n € N.

Proposition 10. Let v be a Rote sequence with non-empty prefix x, let u = S(v) be a standard Sturmian
sequence with prefic w = S(x). If dy(w) is 2iet sequence of transformation with intervals [0, ) and [, 1)
and initial point p, then the derivated sequence dy(z) is Jiet sequence of transformation T with initial
point p, where T is given by:
i) intervals [0,a), [a,2a — k(1 —a)), [2a— k(1 —a),1) and permutation (3,2,1) if w is of type
SU(k);
ii) intervals [0,2a — 1), [2a — 1, @), [, 1) and permutation (3,2,1) if w is of type US(k);
iii) dntervals [0,2a — 1), [2a — 1, ), [o, 1) and permutation (2,3,1) if w is of type UU (k).
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Now we suppose that directive sequence z is purely periodic, i.e. u is fixed point of morphism ¢, .

By [6], sequence u has at most |z| distinct derivated sequences. We prove that the associated Rote
sequence v has a finite number of distinct derivated sequences too and so by Durand’s result from [3] it
is substitutive primitive.

Theorem 11. Let v be a Rote sequence and let S(v) = u be a standard Sturmian sequence which is a
fized point of a morphism .. Then

i) v has at most 3|z| distinct derivated sequences, each of them is fized by a morphism;
i) v is substitutive primitive.

Moreover, using our results and Durand’s construction from [3] we can construct the fixing morphisms
of these derivated sequences algorithmically.
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