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ABSTRACT. We focus on a generalization of the three gap theorem well known in the framework of
exchange of two intervals. For the case of three intervals, our main result provides an analogue of this
result implying that there are at most 5 gaps. To derive this result, we give a detailed description of
the return times to a subinterval and the corresponding itineraries.
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1. INTRODUCTION

The well-known three gap theorem provides informa-
tion about gaps between consecutive integers n for
which {an} < 8 with «, 5 € (0,1), where the notation
{z} = x — |x] stands for the fractional part of z. In
particular, the gaps take at most three values, the
longest one being the sum of the other two. This re-
sult was first proved by Slater [14], but it appeared in
different versions and generalizations multiple times
since. For a nice overview of this problem we refer
to [I]. The reason is that the theorem can be inter-
preted in the framework of coding with respect to
intervals [0, 3), [8,1) of rotation by the angle « on
the unit circle. For irrational o and g =1 — «, such
coding gives rise to famous Sturmian words. The
three gap theorem is then intimately connected with
the dynamical system associated with codings of ro-
tations, induced transformations, return times and
return itineraries. See also [8] for a distinct setting
of exchange of two intervals related to the three gap
theorem.

Codings of rotations are advantageously interpreted
in the language of interval exchange. The simplest
case provides Sturmian words as codings of exchange
of two intervals. We follow the study on itineraries
induced by exchange of two intervals, presented in [I3],
to study the exchange of three intervals.

In this article we focus on codings of a non-
degenerate symmetric exchange T : J — J of three
intervals. The main result is the description of the
return times to a general interval I C J and an insight
into the structure of the set of I-itineraries, i.e., the
finite words that are codings of the return trajectories
to I (see the definition below). These results are given
in Theorem [.I] and then interpreted as analogues of
the well-known three gap and three distance theorems
(see Section [6)).

Particular attention is paid to the special cases
when the set of I-itineraries has only three elements.
These cases belong to the most interesting from the
combinatorial point of view, since they provide infor-
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mation about return words to factors, and about the
morphisms preserving three interval exchange words.
These specific cases are studied in Section This
allows us to describe the return words to palindromic
bispecial factors, which can be seen as a complement
to some of the results in [6]. We also focus on substi-
tutions fixing words coding interval exchange trans-
formations. The latter has implications [12] for the
question of Hof, Knill and Simon [I0] about palin-
dromic substitution invariant words with application
to aperiodic Schrédinger operators.

2. PRELIMINARIES

2.1. COMBINATORICS ON WORDS

A finite word w = wqg - - - w,—1 is a concatenation of
letters of a finite alphabet A. The number n of letters
in w is the length of w and is denoted by |w|. The set
of all finite words over an alphabet A, including the
empty word €, with the operation of concatenation
forms a monoid, denoted by A*. One considers also
infinite words u = uguqug - -- € AV, If u € A* U AN
and v = vwz, for some v, w € A* and z € A* U AY,
we say that v, w, z are factors of u. In particular, v is
a prefir and z is a suffiz of u. We write wz = v~ 1u,
vw = uz~'. An infinite word u is said to be aperiodic
if it does not have a suffix of the form wwww - - -.

If the infinite word u contains at least two occur-
rences of each of its finite factors, then it is said to be
recurrent. If the distances between two consecutive
occurrences of every factor are bounded, then u is
uniformly recurrent. If w, v are factors of u such that
vw is also a factor of u and vw contains w as its prefix
and as its suffix but not anywhere else, then v is a
return word to w in u. Thus u is uniformly recurrent
if and only if each factor w of u has finitely many
return words.

The language of an infinite word u is the set of all its
finite factors. It is denoted by £(u). The number of
factors of u of length n defines the factor complexity
function C, : N — N. It is known that aperiodic
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infinite words have complexity Cy(n) > n + 1 for
n € N. Sturmian words are aperiodic words with
minimal factor complexity.

2.2. EXCHANGE OF THREE INTERVALS

Given a partition of an interval J into disjoint union
of intervals Ji,...,Jg, the exchange of k intervals
is a bijection determined by a piecewise translation
permuting the intervals according to a prescribed per-
mutation 7. In the article, we consider the case: let
k=3,0<a<pf<l,and T:[0,1) = [0,1) be given

by
z+1—-« if x €[0,c) =: Jq,
Txz)=qxz+1—-a—-p ifzela,p)=Jg, (1)
x—p ifexel 1) = Jc.

The transformation 7" is an exchange of three intervals
with the permutation (321). It is often called a Ziet
for short.

The orbit {T"(p) : n € Z} of a point p € [0,1) can
be coded by an infinite word u, = uoujus ... over the
alphabet {A, B,C} given by

u, =X T (p) € Jx for X € {A, B, C}.

The infinite word u,, is called a &iet word, the point p
is called the intercept of u,. An exchange of intervals
satisfies the minimality condition if the orbit of any
given p € [0,1) is dense in [0,1), which amounts to
requiring that 1 — « and 8 be linearly independent
over Q. Then the word u, is aperiodic, uniformly
recurrent, and the language of u, does not depend
on the intercept p. The complexity of the infinite
word u, is known to satisfy Cy,(n) < 2n + 1 (see
[6]). If for every n € N equality is achieved, then
the transformation 7" and the word u, are said to be
non-degenerate. A necessary and sufficient condition
for a 3iet T' to be non-degenerate is that 7' is minimal
and

1¢ (1-a)Z+ fZ; (2)
see [6].

3. ITINERARIES IN EXCHANGE
OF THREE INTERVALS

Definition 3.1. Given a subinterval I C [0,1), we
define the so-called return time to I as a mapping
rr: I — 77 ={1,2,3,...} such that

ri(z) =min{n € Z* : T"(z) € I }.

The prefix of the word u, of length r;(z) coding the
orbit of x € I under a 3iet T is called the I-itinerary
of z and denoted R;(x). The set of all I-itineraries
is denoted by It; = {Ry(z) : « € I'}. The map
Ty : I — I defined by

Tr(z) = T @) (2)

is called the first return map of T to I, or induced
map of T on I. The indices in r; or Ry are usually
omitted, if this causes no confusion.

For a given subinterval I C [0, 1) there exist at most
five I-itineraries under a 3iet 7. In particular, from
the article of Keane [I1], one can deduce what the
intervals of points with the same itinerary are. We
summarize it as the following lemma.

Lemma 3.2. Let T be a 3iet defined by and let
I =1[v,0) C[0,1) such that § < 1. Denote

ko =min{k €Z, k>0:T"(a) € (v,9) },
kg := min{k €Z, k>0:T %) e (v,9) },
ky = min{k el k>1: T*k(’y) € (v,9) },
ks :=min{k € Z, k> 1:T%(5) € (7,9) },

and further

A =T (a),
¢ =T H ),

B = T4 (9),
D :=TFs (6).

For xz € 1, let K, be a maximal interval such that for
everyy € K,, we have R(y) = R(z). Then K, is of the
form [c,d) with¢,d € {v,6,9,B,C,D}. Consequently,
# Ity <5.

For a 3iet T, Lemma [3.2] implies that 77 is an ex-
change of at most 5 intervals. Consequently, the trans-
formation T has at most four discontinuity points. In
fact, the following result of [9] says that independently
of the number of I-itineraries, the induced map 77
has always at most two discontinuity points.

Proposition 3.3 [9]. Let T : J — J be a 3iet with
the permutation (321) and satisfying the minimality
condition, and let I C J be an interval. The first
return map Ty Is either a 3iet with permutation (321)
or a 2iet with permutation (21). In particular, in the
notation of Lemma |3.2, we have © < €.

We will use two other facts about itineraries of an
interval exchange, stated as Propositions and
Both of these were proven in [I2] for general interval
exchange transformations with symmetric permuta-
tion and thus hold also for 3iets with permutation
(321).

Note that a 3iet T is right-continuous. Therefore, if
I =[v,0), then every word w € It; = {R(z) :z € I }
is an [-itinerary R(x) for infinitely many « € I, which
form an interval, again left-closed right-open.

Proposition 3.4. Let T be a 3iet satisfying the min-
imality condition and let I = [v,6) C [0,1). There
exist neighbourhoods H. and Hs of v and 6, respec-
tively, such that for every ¥ € H, and 6 € Hs with
0§’~y<5§10nehas

It; O It;, where I= [’y,g)
In particular, if #1t; = 5, then Ity = It;.

For an interval K = [c,d) C [0,1) denote K =

[l —d,1—¢). Then

T(Jx)=Jx forany letter X € {4,B,C}. (3)
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Proposition 3.5. Let T : [0,1) — [0,1) be a 3iet
with permutation (321) satisfying the minimality con-
dition. Let I C [0,1) and let Ry,..., R, be the I-
itineraries. The I-itineraries are the mirror images of
the I-itineraries, namely Ry, ..., R,,. Moreover, if

[v5:0;) :={z e l:Ri(z) = R;}

and
[} 07) == T1 ([75,95))
for j=1,...,m, then
{zel:Ri(x)=R;}= [1—0%,1—7}).

Convention: For the rest of the article, let T" be
a non-degenerate exchange of three intervals with
permutation (321) given by .

4. RETURN TIME IN A 3IET

The aim of this section is to describe the possible
return times of a non-degenerate 3iet T to a gen-
eral subinterval I C [0,1). Our aim is to prove the
following theorem.

Theorem 4.1. Let T be a non-degenerate 3iet and
let I C [0,1). There exist positive integers r1, 72 such
that the return time of any x € I takes value in the set
{ri,r1+1,ro,r1+ro,r1+ra+1} or {ri,m1+1,72, 12+
1, T1 + T2 + 1}

First, we will formulate an important lemma, which
needs the following notation. Given letters X,Y, Z €
{4,B,C} and a finite word w € {A,B,C}*, let
wxy—z(w) be the set of words obtained from w re-
placing one factor XY by the letter Z, i.e.,

wxyz(w) ={w Zws : w=w1 XYws }. (4)
Similarly,
wzoxy(w) ={w XYwy : w=w; Zws }. (5)
Clearly,
v Ewxyoz(w) & wEwrzxy(v). (6)

By abuse of notation, we write v = wxy_,z(w) instead
of v € wxy_z(w).

Lemma 4.2. Assume that the orbits of points «, 3,7y
and § are mutually disjoint. For sufficiently small
€ > 0, we have the following relations between I-
itineraries of points in I:

(a) R(A— —wBﬁAC(R Ql—l—e)),
(b) R(A+¢) =wac—p(RA—¢)),
(¢c) R(B —¢) =wcasp(R(B+¢)),
(d) R(B+¢) =wpca(R(B —2)),
(e) R(®+¢)=R(®—¢)R(0—¢),
(f) R(€—¢)=R(C+e)R(y+e),
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where A, B, €, D are given in Lemmal[3.2

Proof. We will first demonstrate the proof of the case
[(@)] Let K = [2 — e, + €] with £ chosen such that
K C I and

a76a7’6 ¢ T’L(K) for all 0 S 7 S ka
with the only exception of Tka (20) = a.

(7)

For simplicity, denote ¢t = max{r;(z) : z € K } the
maximal return time. The existence of such ¢ follows
trivially from the definition of the interval exchange
transformation and the assumptions of the lemma.

Let K_ = [/—¢,A) and K} = [A,A+¢]. It follows
from the definition of 2l and condition that for
all 4 such that 0 < i < k, we have T"(K) NI = {.
Moreover, condition implies that all such T%(K)
are intervals. It implies that for any z,y € K, the
prefixes of R(z) and R(y) of length k, + 1 are the
same. Denote this prefix by w.

The definition of k, implies that o € T*= (K). Since
TF (K1) = [, + €] C Jp, we obtain

TrtY (KL ) = [T(a), T () +¢).

Furthermore, since T* (K_) = [a — ¢,a) C Ja, we
obtain

ThAY K ) =[1—¢,1) C Jg,

and thus

TFt2(K_) = [T(a) —&,T(e)).

This implies that the set K’ = TF«T2(K_) U
TretYK,) = [T(a) —&,T(a) + €] is an interval. As
above, condition implies that the set T%(K’) is an
interval for all ¢ such that 0 < ¢ < t—k,—1. It follows
that min{i: T*(K')NK #0} =t — ko, — 2 and con-
dition moreover implies that T*~%~2(K’) C K.
Thus, the iterations =, T'(z),..., T F>=2(x) of every
2z € K’ are coded by the same word, say v.

The whole situation is depicted in Figure[l} From
what is said above, we can write down the I-itineraries
of points from K,

R(z) = {wACv ifxe K_,

wBv ifze K.
This finishes the proof of
The claim in item is analogous to @ Cases

@ and @ are derived from @ and by the use of

equivalence @ .

Let us now demonstrate the proof of the case
Denote s = min{n € Z* : T"(0) € I}. Let K =
[® — €, + ¢] with € chosen such that K C I and

o, B,7,0 ¢ THK) for all 0 < i < ks + s

with the only exception of T% (D) = 4. ()

The existence of such ¢ follows trivially from the def-
inition of the interval exchange transformation and
the assumptions of the lemma.
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FIGURE 1. Situation in the proof of Lemma case |(a)

Condition (8] implies that T%(K) is an interval for
all i such that 0 < i < ks+s. Moreover, T*(K)NI =0
for all 4 such that 0 < i < ks. We obtain 7% (K)N1I =
[0 —e,d). In other words, the I-itineraries of all points
of K start with a prefix of length ks which is equal
to R(® — ¢). Condition and the definition of
s implies that for all ¢ such that ks < i < s+ kg
we have T*(K) C Jx for some X € {A, B,C} and

TYK)NI = 0. Moreover, T"(K) C I for i = ks + s.

Thus, the iterations of points of T* (K) = [§ —¢,8) U
T*[D,D + ¢ are coded by the same word of length
s, namely R(0 — ). Altogether, we can conclude that
the I-itinerary of points in the interval [©,® + €] is
equal to R(D — €)R(d — ¢). The situation is depicted
in Figure

Case can be treated in a way analogous to
case @ u

Now we can prove the main theorem describing the
return times in 3iet. In the proof, it is sufficient to
focus on the case when # It; = 5, since, as we have
seen from Proposition the set of [-itineraries, and
thus also their return times, for the other cases are
only a subset of It; for some “close enough” generic
subinterval I C [0,1). So throughout the rest of
this section, suppose that # It; = 5. This means by
Lemma that points 2, ‘B, €, D lie in the interior

of the interval I = [y,4) and are mutually distinct.

Moreover, by Proposition we have ® < €. Such
conditions imply 12 possible orderings of 2,5, €, D

which give rise to 12 cases in the study of return times.

We will describe them in the proof of Theorem [4.1] as

cases (i)—(xii) and then show in Example 4.5 that all
12 cases may occur.

Remark 4.3. Note that if v = 0, i.e. we induce on an
interval I = [0,6), we have T~1(y) = 3 and therefore
necessarily 8 = €. Thus there are at most four I-
itineraries. Due to Proposition [3.5] a similar situation
happens if § = 1.

Proof of Theorem[4.1l We will discuss the 12 possi-
bilities of ordering of points 2,3, €, in the interior
of the interval [y, d) with the condition ® < €. The
structure of the set of I-itineraries will be best shown
in terms of I-itineraries of points in the left neighbour-
hood of the point ® and right neighbourhood of the
point €. For simplicity, we thus denote for sufficiently
small positive €

Ri=R(®—¢), Ro =R(C+¢)

and
|R1| = t1,|Ra| = ta.

In order to be allowed to use Lemma we will
assume that the orbits of points «, 3,y and § are
mutually disjoint. Otherwise, we use Proposition
to find a modified interval I where this is satisfied and
Itf = Ity.

(i) Let A < B < ©® < €. We know that R(z)
is constant on the intervals [y,21), [2,B), [B,D),
[©,¢), and [€,0). By definition R(x) = Ry for
x € [€,0) and R(x) = Ry for z € [B,D). We can
derive from rule[(e)] of Lemma [4.2] that if z € [D, €),
then R(z) = RjRs. Further, we use rule to

465



7. Masékové, E. Pelantovd, S. Starosta ACTA POLYTECHNICA
D—e D+e
. D K
[ 1 T A AY 1 AY
C T L 7 T 7
0 « 5 B 1
Tks
Tks
Tk (D — ¢
L 1 L PANE 1 hY
L L] T T/ 1 T v
0 a . 5 (D +¢) ] 1
Tt T
Tt _ t
L 1 L (6 & 1 (5\+ 8) 1 hY
L T T LI 7 T 7
0 o 5 5 3 1

FIGURE 2. Situation in the proof of Lemma case|(e)

show that R(z) = wca—p(R1) for x € [2,B) and
further by applying rule[(a)l we obtain that R(z) =
WB—sAC (wCA%B(Rl)) for x € [y,21). Summarized,

wp—ac(weasp(Ry)) for z € [v,2),
wCA_)B(Rl) for z € [Ql, )
R(z)={ R; for x € [B,D),
RiRs for z € [D, ),
Ry for z € [€,9).

It is easy to see that the lengths of the above I-
itineraries are ty, t; — 1, t1, t1 + to, to, respectively.
For that, realize that by definition and of
the action of wxy 7z and wz_, xy, the length of the
word wp_sAC (wCAA)B(RI)) is equal to the length
of the itinerary Ry, i.e. t;. Setting vy = ¢; — 1 and
ro = ty, we obtain the desired return times.

The proofs of the other cases are analogous, we
state the results in terms of Ry and R».

(ii) Let ® < € < A < B. We obtain

Ry for x € [v,D),
RoRy for x € [@, Q:),
R(z) =< Ry for z € [€,2),
wac—p(R2) for z € [, B),
[

WB*)CAQA}ACA)B(RQ)) for z € % 5)
with lengths t1, t1 + o, to, to — 1, £, respectively.
We set r1 =t and r9 = to — 1.

(iii) Let B < A < D < €. A discussion as above leads
to

weasB(wpsac(Ry)) for z € [v,B),
wpsac(Ry) for z € [B,2),
R(z) =< Ry for x € A, D),
RiRs for x € [©, ),
Ry for x € [€,9),

with the corresponding lengths t1, t1 + 1, t1, t1 + 2,
ta, respectively. We set ry = ¢1 and ry = ts.
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(iv) Let ® < € < B < 2. We obtain

Ry for z € [v,D),
RoRy for x € [D, @),
R(z) =< Ry for z € [€,B),
wpca(R2) for x € [B,2),
wac—p(wpsca(Re)) for x € [A,6),

with lengths t1, t1 + o, to, to + 1, t5, respectively.
We set 11 =t and r9 = to.

(v) Let A <D < B < €. We obtain

wpsac(Ry) for z € [y,2),
Ry for z € A, D),
R(z) = R Ry for x € [D,B),
RQWB_)AC(Rl) for x € [%, 6),
Rs for z € [€,9),

with lengths ty + 1, t1, t1 +ta, t1 + 1o + 1, to,
respectively. We set r1 = t; and ro = t5.

(vi) Let ® < A < € < B. We obtain

Ry for z € [v,D),
R1wB_>cA(R2) for x € [@,Q[),
R(z) =< RaRy for z € [, €),
Ry for z € [€,B),
wp—ca(R2) for x € [B,0),

with lengths tl, tl + tz + ]., tl + tg, t2, t2 + ].,
respectively. We set r; = t; and ro = ts.

(vii) Let B <® < A < €. We obtain

weasp(Ry) for x € [y,B),
Ry for z € [B,D),
R(z) = R1Ry for x € [D,2),
RQWC’A—)B(R]_) for x € [Ql, @),
Ry for x € [€, ),
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with lengths t1 — 1, t1, &1 + to, t1 + 12 — 1, 1o,
respectively. We set r1 =¢; — 1 and ry = to.
(viii) Let ® < B < € < 2. We obtain
R, for x € [y,D),
RlOJAC*)B(RQ) for x € [@, %),
R(z) = { RyR; for x € ['B, €©),
Ry for x € [€, ),
wac—p(R2) for x € [2L,6),

with 1engths t1, t1 +to — 1, t1 + to, ta, to — 1,
respectively. We set vy =t and ro = t5 — 1.

(ix) Let A < ® < € < B. We obtain

wpac(Ry) for x € [y,2),
Ry for z € [,D),
R(z) =< Riwp_ca(R2) forz e [D,¢),
Ro for z € [€,B),
wpca(R2) for x € [B, ),

with lengths t1 + 1, t1, t1 +t2 + 1, t2, ta + 1, respec-
tively. We set r1 = t; and 19 = t5.

(x) Let B <D < € < A. We obtain

wea—B(R1) for x € [y,B),
Ry for x € [B,D),
R(J?) = RlWACqB(RQ) for x € [@, Qj),
Ry for z € [€,2A),
WACHB(R2) for x € [Ql, (5),

with lengths ¢1 — 1, 1, t1 + 12 — 1, t3, to — 1, respec-
tively. Weset 11 =t; — 1 and ro = t5 — 1.

(xi) Let ® <A < B < €. We obtain

Ry for z € [v,D),
Ri1 R,y for x € [D,2),
R(z) = { woap(RoRy) for z € [2A,B),
RyRy for z € [B, €),
Ry for z € [€,4),

with lengths t1, t1 +ta, t1 +to — 1, t1 + ta, to,
respectively. We set r1 = t; — 1 and ry = to.

(xii) Let ® < B < A < €. We obtain

Ry for x € [v,D),
R Ry for z € [©,B),
R(z) =S wpyac(RaRy) for z € [B,2),
RoRy for x € [, ),
Ry for z € [, 0),

with lengths t1, t1 + ta2, t1 + to + 1, t1 + to, to,
respectively. We set r1 = t; and ry = ts. u

Remark 4.4. When describing the I-itineraries us-
ing the words R;, Ro, we could apply the rules of

v § Type Lengths

£ 2 A<B<D<C 2,1,2,3,1]
2 L D<e<A<B [1,15,14,13,14]
I 1 BcA<D < [88,89,88,109,21]
L3 ®D<e<®B<A  [1,13,12,13,12]
o5 2 A<D <B<L 2,1,2,3,1]
s B D<A<C<B [2,14,13,11,12]
I X ps<d<cA<e [1,2,3,2,1]
L9 paBd<C<A [2,13,14,12,11]
£ ¥ A<D<E<DB 2,1,4,2,3]
2o B<D<e< [1,2,4,3,2]
s B D<A<B<C [1,2,1,2,1]
: 3 D<B<A<CE  [1,12,13,12,11]

TABLE 1. The cases (i)—(xii) from the proof of The-
oremfora:% 5—%,52 —é\/g—&—%asin
Example The endpoints of the interval I = [y, J)
are in the first and second column. The last column
contains a list of lengths of I-itineraries of all 5 subin-
tervals of I starting from the leftmost one.

Lemma[£:2]in a different order. By doing so, we would
obtain the itineraries expressed differently, which
yields interesting relations between words R;, Rs.
For example, in the case (ix), we derive that the
I-itinerary of z € [D,€) is R(z) = Riwp—ca(R2) =
Rowp—ac(Ry).

Note also the symmetries between the cases (i) and
(i), (iii) and (iv), (v) and (vi), (vii) and (viii), in
consequence of Proposition[3.5] Indeed, if we exchange
the pair of points ® + €, B « A letters A « C,
and finally the inequalities “<” and “>"”, we obtain a
symmetric situation in the list of cases we discussed
in the proof. In this sense, each of cases (ix) up to
(xii) is symmetric to itself.

Ezxzample 4.5. Set a = é 5— % and g = —%\/54— %
Table (1| shows 12 choices of I = [, d) which produce
12 distinct orders of the points 2A, B, € and ©, shown
in the third column. The last column contains the
respective lengths of the 5 distinct [-itineraries.

Let us describe in detail one of the cases, namely
the case B < ® < € < 2. The induced interval is
determined by setting v = % and § = 22 One can

100
verify that

1 1
B=T98) = 6\/5+ 5 ~ 0.706011320583298:

11 37

— 205 — ~ 0. .

D=T"2%) = 30¢5+ 205 ~ 0-943224925083256;
8 73

¢ () 15\/5 20g ~ 0-949236254666554;

11 2
A=T"Ya) = %\/S + 15 ~ 0.953224925083256.

It corresponds to the case in the proof of The-
orem with Ry = CA and Ry = CAC. The I-
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itinerary of a point « € I = [,4) is

B for z € [,B),
CA for z € [8,D),
R(z) =< CACB for z € [D,€),
CAC  for xz € [€, ),
[

CB for x € [, 9).

5. DESCRIPTION OF THE CASE
OF THREE [-ITINERARIES

The cases (i)—(xii) in the proof of Theorem cor-
respond to the generic instances of a subinterval
in a non-degenerate 3iet which lead to 5 different
I-itineraries. Let us focus on the cases where, on
the contrary, the set of I-itineraries has only 3 ele-
ments. First we recall two reasons why such cases are
interesting.

For a factor w from the language of a non-
degenerate 3iet transformation 7', denote

[w]={pe€0,1): wis a prefix of u, }.

It is easy to see that [w] — usually called the cylinder of
w — is a semi-closed interval and its boundaries belong
to the set {T7%(2): 0 <i < n,z € {a, B}}. Clearly, a
factor v is a return word to the factor w if and only
if v is a [w]-itinerary. It is well known [I6] that any
factor of an infinite word coding a non-degenerate 3iet
has exactly three return words and thus the set It(,,
has three elements.

The second reason why to study intervals I yielding
three I-itineraries is that any morphism fixing a non-
degenerate 3iet word corresponds to such an interval
I. Details of this correspondence will be explained
further in this section.

Proposition 5.1. Let T' be a non-degenerate 3iet
and let I = [y,6) C [0,1) be such that #It; = 3. One
of the following cases occurs:

(i) B=D <A=¢C and

Ry for x € [,B),

R(x) = wpca(R1R2) = wpac(RaRy)
for x € [B,),
Rs for x € [, 6);

(i) A= < B =C and

Ry for x € [,9),

Rz) = wac—B(R1R2) = woa—p(RaR1)
for x € [A,B),
Rs for x € [B,0);

(iii) B <A =C =9 and

woa—p(R1) forxz € [v,B),
R(z) =4 Ry for x € [B,2A),
Ry for x € [, 9);
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(iv) B=C=9 <A and

Ry for x € [y,2),
R(z) = { Ry for © € [A,B),
WAC—>B(R2) for x € [%,5);

(v) A= =2 <*B and
Ry for x € [y,2),
R(z) =< Ra for x € [2A,B),
wpca(Ra) forz € [9B,0);

(vi) A< B =¢C=9 and

wpoac(Ry) forxz € [y, 2),
R(z)=<{ R; for x € [A,B),
Ry for x € [B,6).

Sketch of a proof. Since by Lemma [3.2] the subinter-
vals of I corresponding to the same itinerary are de-
limited by the points 2,9, ¢ and ®, we may have
# It; = 3 only if some of these points coincide, more
precisely if #{2,B, ¢, D} = 2. The non-degeneracy
of the considered 3iet implies that always 2 # 9B,
which further limits the discussion.

The six cases listed in the statement are the possibil-
ities of how this may happen, respecting the condition
D < €or® =¢. In order to describe the itineraries,
denote again

Ry =R(® —¢) and Ry = R(C +¢)

for € > 0 sufficiently small. One can then follow the
ideas of the proof of Lemma L]

5.1. RETURN WORDS TO FACTORS OF A 3IET

Let us apply Proposition [5.1{in order to provide the de-
scription of return words to factors of a non-degenerate
3iet word. If a factor w has a unique right prolon-
gation in the language L£(T'), i.e. there exists only
one letter a € A such that wa € L(T'), then the set
of return words to w and the set of return words to
wa coincide. And (almost) analogously, if a factor w
has a unique left prolongation in the language £(T),
say aw for some a € A, then a word v is a return
word to w if and only if ava™! is a return word to
aw. Consequently, to describe the structure of return
words to a given factor w, we can restrict to factors
which have at least two right and at least two left
prolongations. Such factors are called bispecial. It is
readily seen that the language of an aperiodic recur-
rent infinite word u contains infinitely many bispecial
factors. Before giving the description of return words
to bispecial factors, we state the following lemma. Let
us recall that for a word w the notation w denotes the
reversal of w while for an interval [c, d) the notation
[c,d) denotes the interval [1 —d, 1 — ¢).

Lemma 5.2. Let w belong to the language of a non-
degenerate 3iet T. Denote n = |w|. For the cylinder
of its reversal w, one has

[@] =T ([w]).
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Proof. According to the definition of [w], for each
[w]-itinerary r, the word rw belongs to the language
and w occurs in rw exactly twice, as a prefix and
as a suffix. In other words r is a return word to
w. Moreover, [w] is the maximal (with respect to
inclusion) interval with this property. It follows also
that if r is an [w]-itinerary, then the word w~lrw
is a T™([w])-itinerary. Applying Proposition to
the interval T"([w]) we obtain that s := w=lrw is
an T ([w])-itinerary. Since the word sw = 7w has a
prefix w and a suffix w, with no other occurrences of w,
the word s is a return word to w and thus by definition
of the cylinder, s = w—lrw belongs to [w]-itinerary
for any T ([w])-itinerary s. From the maximality of
the cylinder we have T ([w]) C [w]. Since the lengths
of the intervals [w] and T"([w]) coincide we see, in
particular, that the length of the interval [w] is less
or equal to the length of the interval [w]. But from
the symmetry of the role w and w, their length must
be equal and thus T"([w]) = [w]. L]

The language of T contains two types of bispecial
factors: palindromic and non-palindromic. In [6],
Ferenczi, Holton and Zamboni studied the structure
of return words to non-palindromic bispecial factors.
The following proposition completes this description.

Proposition 5.3. Let w be a bispecial factor. If w
is a palindrome, then its return words are described

by the cases|(i) and of Proposition If w is not

a palindrome, then its return words are described by

the cases — of Proposition

Proof. Let w be a bispecial factor. If w is not a
palindrome, the claim follows from Theorem 4.6 of
[6].

Assume that w is a palindrome and let [w] =
[T=4(L), T~"(R)) with L, R € {a, 8} and 0 < {,7 <
|lw|. By Lemmawe have [w] = T ([w]). Since
w = w, we have I, = I, and thus

I, =[T7%L), T~"(R))
=[1-T""(R),1 —-T" (L)) = I.

Since the considered 3iet is non-degenerate, the pa-
rameters «a, J satisfy . Consequently, the equation
T=%L) = 1 — T""(R) has a solution if and only
if R # L. Thus, we have neither 2l = € = © nor
B = € =D and we are in the caseorof
Proposition [5.1} =

5.2. SUBSTITUTIONS FIXING 3IET WORDS

Another application of Proposition [5.1] is providing
some information about substitution having as a fixed
point a non-degenerate 3iet word. A substitution over
an alphabet A is a morphism 7 : A* — A* such that
n(b) # e for b € A and there is a letter a € A satisfying
n(a) = aw for some non-empty word w. The action of
n can be naturally extended to infinite words u € AN

by setting n(u) = n(uo)n(ui)n(uz).... If n(u) = u,

then u is said to be a fized point of n. Obviously, a
substitution always has the fixed point lim,, ., n"(a)
where the limit is taken over the product topology. A
substitution 7 is primitive if there exists an integer k
such that for all a,b € A, the letter b occurs in n*(a).

3iet words fixed by a substitution were studied in [3]
and [5]. In [3] it was shown that a substitution fixing a
non-degenerate 3iet word corresponds to an interval [
such that the induced transformation is homothetic to
the original one. More precisely, we have the following
theorem.

Theorem 5.4 [3]. Let £ be a primitive substitution
over {A, B,C} and let T be a non-degenerate 3iet. If
substitution § fixes the word u, coding the orbit of a
point p € [0,1) under T', then there exists an interval
I C [0,1) such that the induced transformation T is
homothetic to T, the set of I-itineraries is equal to
It; = {Ra, Rp, Rc}, and the substitution & satisfies
either n = & or n = &2, where n(A) = Ra, n(B) = Rp
and n(C) = R¢.

Using the above theorem together with Propo-
sition one can derive information about the
itineraries which determine the substitution 7.

Corollary 5.5. Let n be a primitive substitution as
in Theorem 5.4 fixing a non-degenerate 3iet word over
the alphabet {A, B,C}. We have

1(B) = wac—p(n(AC)) = wca g (1(CA))

1(B) = wpca(n(AC)) = wpac(n(CA)).

Proof. By Theorem 1 corresponds to an interval
I such that T} is homothetic to T. Since T is non-
degenerate, also T is non-degenerate, and therefore
its discontinuity points €, ® are distinct. By Proposi-
tion [5.1} the three I-itineraries are of the form given
by cases (i) or (ii). =

Example 5.6. We can illustrate the above corollary on
the substitution

n(A) = BCACAC,
n(B) = BCACBBCAC,
n(C) = BCAC.

The morphism 7 satisfies the property given in Corol-
lary (see [12]). Namely, we have

n(B) = BCACBBCAC
= WAC—B (U(AC))
= WACHB (BCACAC’BCAC’)
= WCA—B (U(CA))
= WCASB (BCACBCACAC) .

469



7. Masékové, E. Pelantovd, S. Starosta

AcTA POLYTECHNICA

Corollary [5.5] implies a relation of numbers of oc-
currences of letters in letter images of 17 which may be
used to get an interesting relation for the incidence
matrix M, of . It is an integer-valued matrix defined
by

(My)ay = In(a)|p for a,b e A.

As a consequence of Corollary we have for the
columns of the incidence matrix M, that

1 In(A)|a In(B)]a
My | -1 =|ImA)s ]| —|InDB)z
1 In(A)lc In(B)lc
n(C)|a 1
+ | nCO)s|==x|-1
In(C)le 1

Thus, (1,—1,1)7 is an eigenvector of M,, correspond-
ing to the eigenvalue 1 and —1, respectively. This fact
has been already derived in [2] by other methods.

6. GAPS AND DISTANCE THEOREMS

Let us reinterpret the statement of the main result
(Theorem from the point of view of three gap and
three distance theorems which are narrowly connected
with the exchange of two intervals. Under the name
three gap theorem one usually refers to the description
of gaps between neighbouring elements of the set

G(a,6) :={neN:{na} <6} CN,

where « € R\ Q, § € (0,1), see [I5]. Sometimes one
uses a more general formulation, namely the set

Gla,p,7,0) :={neN:y<{na+p}<é}CN,

where moreover p € R, 0 <y < § < 1. The three gap
theorem states that there exist integers 71,79 such
that gaps between neighbours in G(«, p, 7, d) take at
most three values, namely in the set {ry,ro,r; + 2}

Let us interpret the three gap theorem in the frame-
work of exchange of two intervals Jy = [0,1 — ),
Ji1 =[1 —a,1). The transformation T : [0,1) — [0,1)
is of the form

T(z) = {x—i—a

r+a—1

for z € [0,1 — «),
(9)
forx € [1 —a,1),
ie, T(z) ={z+ a}.

Therefore we can write

Gla,p,7,0) :={neN:T"(p) € [v,6) }, (10)

and the gaps in this set correspond to return times to
the interval [, d) under the transformation 7.

Our Theorem [£.1]is an analogue of the three gap
theorem in the form generalized for the case when
the transformation T is a non-degenerate 3iet. We see
that there are 5 gaps, but still expressed using two
basic values rq, 5.
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The so-called three distance theorem focuses on
distances between neighbours of the set

D(a,p,N) :={{an+p}:neN, n <N} C[0,1).

The three distance theorem ensures the existence of
A1, Ay > 0 such that distances between neighbours
in D(a, p, N) take at most three values, namely in
{Al, Ao, Ay + AQ}

In the framework of 2iet T, we can write for the
distances

D(a,p,N):={T"(p):neN, n< N} C[0,1),
(11)
where « is the defining parameter of T" as in @D, and
p€[0,1).

We could try to study the analogue of the three
distance theorem in the form for exchanges of
three intervals. In fact, it can be derived from the
results of [9] that if T is a 3iet with discontinuity
points «, 8, then

D(a, B,p,N) = {T"(p):nEN, n<N}

has again at most three distances A1, Ag, and A1 +A4
for some positive A1, As.

The three distance theorem can also be used to
derive that the frequencies of factors of length n in
a Sturmian word take at most three values. Recall
that the frequency of a factor w in the infinite word
u = ugUiUs ... is given by

#{0<i< N:wis a prefix

of ujttiyq ... })7

freq(w) := ]\}gnoo %(

if the limit exists.

It is a well known fact that the frequencies of factors
of length n in a coding of an exchange of intervals are
given by the lengths of cylinders corresponding to the
factors. The boundary points of these cylinders are
T77(1 —a), for 5 =0,...,n — 1. Consequently, the
distances in the set D(a, 1 — o, N) are precisely the
frequencies of factors, and the three distance theorem
implies the well known fact that Sturmian words have
for each n only three values of frequencies of factors
of length n, namely 01, 02, 01 + 02.

The frequencies of factors of length n in 3iet words
are given by distances between neighbours of the set

{T™™(@):neN,n< N}
U{T"(B):neN, n<N}.

In [4] it is shown, based on the study of Rauzy graphs,
that the number of distinct values of frequencies in
infinite words with reversal closed language satisfies

#{freq(w) : w € L(u), |w|=n}
<2(Culn) —Culn— 1)) +1,

which in case of 3iet words reduces to < 5. Article [7]
shows that the set of integers n for which this bound
is achieved is of density 1 in N.
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