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Abstract. For an infinite word ¢ = agaj2 . . . over a finite alphabet, the authors introduced
a new notion of complexity called maximal pattern complexity defined by

Poy (k) == sup #{ay4r(0)%ntr(1) - - Ungrk—1)sn =0,1,2,...}
T

where the supremum is taken over all sequences of integers 0 = 7(0) < 7(1) < --- <
7(k — 1) of length k. The authors proved that « is aperiodic if and only if p} (k) > 2k for
everyk =1,2,.... Aword a with p} (k) = 2k for every k > 1 is called pattern Sturmian.
In this paper, we give a simple criterion to be pattern Sturmian and exhibit a new class of
recurrent pattern Sturmian words which do not arise from rotations. We also investigate
the maximal pattern complexity of various discrete dynamical systems including irrational
rotations on the circle, and self-similar systems generated by substitutions. We show that,
for each irrational rotation on the circle, there exists a twofold partition of the circle, with
respect to which the system generated has full maximal pattern complexity with probability
one. Using the arithmetic properties of the underlying numeration system associated to a
substitution dynamical system, we prove that the maximal pattern complexity of the fixed
point of the Rauzy substitution 1 — 12,2 +— 13, 3 > 1 has exponential growth. It is well
known that the system generated by the Rauzy substitution is isomorphic in measure to an
irrational rotation on the 2-torus.

1. Introduction
Leta = apajop ... € AN be an infinite word over a finite alphabet A with fA > 2, where
N ={0,1,2,...}and A denotes the number of elements in A.

For k > 1, let F, (k) denote the set of all factors of o of length k, that is

Fo(k) = {antyy1 ... opir—1; n € N},
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and set Fy (0) = {e} where ¢ denotes the empty word, the unique word of length zero. Set

F(a) = U Fy (k).

k>0

The block complexity function p, : N — N is defined as py(k) = tFy(k).
A fundamental result due to Morse and Hedlund states that a word « is eventually periodic
if and only if for some k the block complexity py (k) < k (see [8]).

Infinite words « such that py(k) = k+ 1 (k = 0,1,2,...) are called Sturmian
sequences or Sturmian words. The best known example is the so-called Fibonacci word

12112121121121211212112112121121121211212112112121121 . ..

fixed by the substitution 1 + 12 and 2 + 1. It is well known that all Sturmian
words can be realized geometrically by an irrational rotation on the circle (see [5, 8]).
More precisely, every Sturmian word is obtained by coding the orbit of a point x on the
circle (of circumference one) under a rotation by an irrational angle 8 where the circle is
partitioned into two complementary intervals, one of length 6 and the other of length 1 — 6.
Conversely every such coding gives rise to a Sturmian word.

Let k be a positive integer. By a k-window t we mean a sequence of integers of length k

with

0O=1t(0)<t(H)<1t2) < --- <tk —1).
A (k + 1)-window 7’ is called an immediate extension of the above T if T/(i) = ©(i)
i =0,1,...,k —1). In this case, we also call t the immediate restriction of t’.

Let o = apaj . .. be an infinite word over a finite alphabet.
For each k-window 0 = t(0) < (1) < --- < t(k — 1) put

Fo(t) = {tntr0%n+c(l) - - - Cnpr—1;n =0, 1,2, ... }.

The maximal pattern complexity function p}; : {1,2,3,...} — {1,2,3,...}, introduced
by the authors in a recent paper [6], is defined by

puk) :=supiFy(r) (k=1,2,3,...),

where the supremum is taken over all k-windows 7. A k-window T is said to attain p}; (k)
if #Fo (7) = py (k).

This notion of complexity is intimately related to sequence entropy (see [6]). In fact, in
[6] it is shown that any infinite word o which induces a dynamical system with a partially
continuous spectrum satisfies

limsup(1/k) log pi (k) > 0.
k— 00

As in the case of block complexity, maximal pattern complexity also gives a

characterization of eventually periodic words.

THEOREM 1. ([6]) An infinite word « is eventually periodic if and only if for some k the
maximal pattern complexity p}(k) <2k — 1.
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Infinite words o of maximal pattern complexity p}(k) = 2k (k = 1,2,3,...) are
called pattern Sturmian words. Thus amongst all aperiodic words, pattern Sturmian words
are those of lowest maximal pattern complexity. If « is pattern Sturmian, then « is a binary
word since p} (1) = 2.

It is proved in [6] that for any irrational 6 with 0 < # < 1, any interval / C R with
O<|I| <landanyx €[0,1), pi(k) =2k (k=1,2,...)fora =R, I, x, Z), where

0, if 0el dZ),
RO, 1, x,7), = o (mod Z) (1.1)
1, otherwise.

In particular, every Sturmian word is pattern Sturmian, but not conversely, since if in the
above |I| ¢ {6, 1 — 6}, then « is not Sturmian (see [11]).

In this paper, we begin by giving a new proof that every Sturmian word is pattern
Sturmian. Our proof differs from the original proof given in [6] in that it is purely
combinatorial in nature, and relies only on the balanced property of Sturmian words (§2).

In §3, we give a simple criterion to be pattern Sturmian and apply it in §4 to exhibit
a new class of recurrent pattern Sturmian words which do not arise from a rotation.
These words are special kinds of so-called Toeplitz words and the dynamical systems
induced by them have rational discrete spectrums.

Sections 5 and 6 are devoted to the study of the maximal pattern complexity of various
discrete dynamical systems: In §5 we show that, for each irrational rotation on the circle,
there exists a twofold partition of the circle, with respect to which the system generated
has full maximal pattern complexity with probability one. In §6, we investigate the
maximal pattern complexity of the self-similar dynamical system generated by the Rauzy
substitution ([9], also called the Tribonacci substitution):

1 — 12
2—13 (1.2)
3> 1.

Rauzy showed that the subshift (X, T') generated by this substitution is a natural coding
of a rotation on the torus T2, i.e. is measure-theoretically conjugate to an exchange of three
fractal domains on a compact set in R?, each domain being translated by the same vector
modulo a lattice. The fixed point 8 of the Rauzy substitution of (1.2) has block complexity
pp(k) = 2k + 1 and is just one example of a broader class of sequences of complexity
2k+1 originally studied by Arnoux and Rauzy in [2], now called Arnoux—Rauzy sequences.
From the point of view of block complexity, this 8 is the simplest natural generalization
of Sturmian words to a three-letter alphabet, with the Tribonacci substitution, the analogue
of the Fibonacci substitution (see also [7, 10]), and is called the tribonacci word.
However, from the point of view of maximal pattern complexity, Sturmian words and
the tribonacci word exhibit a drastically different behavior. While Sturmian words are
pattern Sturmian, we show that the maximal pattern complexity of 8 has exponential
growth (see Theorem 6). Our proof relies on the arithmetic properties of the underlying
numeration system associated with a substitution dynamical system.
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2. A new proof that Sturmian implies pattern Sturmian
In this section we give a combinatorial proof of the following result first proved in [6] using
geometric arguments.

THEOREM 2. Let ¢ = apojay... € {0, 1}N be a Sturmian word. Then « is pattern
Sturmian.

Proof. Since « is aperiodic, by Theorem 1 we have p¥(k) > 2k (k = 1,2,3,...).
To prove that « is pattern Sturmian, it is sufficient to prove that pX(k) < 2k (k =
1,2,3,...). Take an arbitrary integer k > 1 and a k-window 7 : 0 = 7(0) < 7(1)
- < 7(k —1). We will show that §F (1) < 2k.
Consider the set S of words ¢ = cgcica ... cor—2 On N2k—1 guch that there exists n € N

A

satisfying that
i =gy (E=0,1,...,k—1)
and
n+t(i+1)—1
ip= Yy o (=01,....k=2).
i=n+t(i)+1

Let ¢ : S — N be the mapping defined by
¥(c) = cocaca ... Cou—2

for any ¢ € S. Then, since ¥ (S) = Fy(t), we have §F (t) < #1S. Therefore, it is sufficient
to prove that 45 < 2k.
Since « is balanced, it holds that

lci +civ1+ - +cj)—di+dipq1+---+dj) =1 (2.1)

forany c,d € Sandi, j with0 <i <j <2k —2.
Fori =0,1,...,2k —2,letw; : S — N*! be the mapping defined by

wi(c) =cocica ... ¢

for any ¢ € S. Then we have iro(S) = {0, 1} = 2. Therefore, to prove S < 2k, it is
sufficient to prove that
i1 (S) < gmi(S) + 1 (2.2)

foranyi =0,1,2,...,2k — 3 since S = m_2(S).
Suppose to the contrary that

g 1(S) = 7 (S) + 2 (2.3)

holds for some i = 0,1,2,...,2k — 3. By (2.1), any copcy ...c; in m;(S) has at most
two extensions in ;4+1(S), that is, there exists at most two elements u € N independent
of cocy ...c; such that cocy ...ciu € mi+1(S). Hence by (2.3), there exist at least two
elements, say coci . ..c; and dod; . . . d; having two extensions in 77;1(S). That is, there
exist u,v € N with u £ v such that all of cocy...ciu, cocy...civ,dod; ...dju and
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dody ...djv are in ;11(S). Let h be the maximum integer such that 7 < i and ¢, # dj,.
Without loss of generality, we assume that u — v > 1 and ¢, — dj, > 1. Then we have

(ech+chy1+---+ci+u)—@y+dpy1 +---+di +v) =2,

which contradicts (2.1).
Thus we have (2.2) as required. o

3. A criterion for pattern Sturmian words
In this section we establish the following criterion for pattern Sturmian words.

THEOREM 3. An aperiodic binary infinite word a is pattern Sturmian if 1Fy(t') <
#Fy(T) + 2 holds for any 3-window t/, where T is the immediate restriction of T'.

Proof. Assume that « satisfies the conditions in Theorem 3. Then, p}(1) = 2 and
D (2) = 4 holds by Theorem 1.

Suppose that there exists k > 2 such that p}(k + 1) > pZ(k) + 3. There exists a
(k + 1)-window 7’/ which attains pi(k 4+ 1). Let v be the immediate restriction of 7.
Then we have

8Fy(T) +3 < tFu (7)) (3.1
since
BFo (1) +3 < py(k) +3 < pi(k + 1) = gF, (7).

Take the minimum k such that there exists a (k + 1)-window 7’ satisfying (3.1), where
7 denotes the immediate restriction of t/. By the above argument, such a k exists, while
k > 2 holds by our assumptions.

Since « is a word over two letters, say over {0, 1}, and (3.1) holds, there exists at least
three different words, say ul, u?, u3 € F,(v) which have two extensions in Fy (z').

Any of 0 and 1 is in the set of last letters of ul, u?, u3, since otherwise, we can write

ul' = u*a, u? = uda, ud = uba with a € {0, 1} and three different words u*, ud, u® of
length k — 1, so that the k-window 7(0) < (1) < --- < t(k —2) < 7/(k) satisfies
(3.1) contradicting with the minimality of k. Hence, without loss of generality we may
assume that u! = 170, u? = u30, u® = u®1 with some words u”, u8, u® of length k — 1.
Since u' # u?, we have u” # u®. Therefore, there exists a subscript i with0 < i < k — 2
such that ”17 # u? Then, the 3-window n’ with n’(0) = 0, ' (1) = t(k—1)—7 (i), ' (2) =
7/ (k) — 7 (i) satisfies (3.1), contradicting the assumption in Theorem 3.

Therefore, we have p}(k+ 1) < pk(k)+2 for any k > 2. This implies that p} (k) = 2k
fork =1,2,3,... by Theorem 1. Thus, « is pattern Sturmian as required. O

Remark 1. The converse of Theorem 3 is not true. Consider a pattern Sturmian word o
such that « = R(0, I, 0, Z) with an irrational 6 and an interval I with 0 < |I| < 1/3.
Take an integer n > 0 such that the fractional part {n6} satisfies the condition that |/| <
{n6} < 2|I|. Let 7 be the 2-window with t(0) = 0 and (1) = n. Since x € [ implies
that x + nf ¢ I (mod Z), we have F(tr) = {01, 10, 11}. Let m be an integer such that
m > n and {(n +m)@} < |I|. Then, for the 3-window t’ which is an immediate extension
of T with 7/(2) = m, we have F(t/) = {010,011, 100, 101, 110, 111}. Thus, we have
fF, (1) + 3 = #1Fy(t/) for a pattern Sturmian word a.
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4. A class of recurrent pattern Sturmian words not arising from rotations
In this section, we apply Theorem 3 to obtain a new class of recurrent pattern Sturmian
words which do not arise from rotations.

Definition 1. For a € {0, 1} and integers [, r with/ > 2and 0 <r <[ — 1, let

B@b) = ("% Y@ W T Ty L
,
be a periodic word with period [ over two letters {a, ?}, where we denote a” = m.
We define (@11 < g-m5) ¢ 10, 1, NN by replacing each occurrence of <2 in @) by
the letters in 8% one by one in the order. That is,

(arbal—l—r)s(ar?al—l—r)(arbal—l—r)m—l—s .

An infinite word @ = apajaz ... over {0, 1} is called a simple Toeplitz word if there exists
an infinite word

(ao, lo, ro)(ai, l1, r1)(az, l2,12) . ..
satisfying the conditions that
(1) a; €{0,1}(i=0,1,2,...) with both of ¢; = 0 and a; = 1 infinitely often;
2 ;=22G=0,1,2,...);and
B) 0<r<li—1(@G(=0,1,2,...)withr; > 1 infinitely often, so that
a= Ig(ao,lo,ro) 4 IB(“IJ]J’]) 4 13(02,1212) qa....
We call (ao, lo, ro)(a1, 1, r1)(az, l2, r2) ... the coding word of «.

It is not difficult to check that the simple Toeplitz word o with coding word
(ao, lo, ro)(a1, 11, r1)(az, l>, r) ... can be written as an infinite composition of the form

o = lim o 0--+0 0
p Pag,lo,ro © Pay,liry Pay,ln,rn (0),

where p, ;. denotes the substitution

r [—1—r
0 - a...a0a...a
Pa,l,r : - I—1—r 4.1

—— L ——
Il - a...ala...a.
For example, let o be the fixed point of the substitution

0 — 01

T L 00

for which ¢ o ¢ = pp.2,1 © p1,2,1 holds. Then, « is the simple Toeplitz word with coding
word (0,2, 1)(1,2, 1)(0,2, 1)(1,2,1)....

Leta € {0,1}andseta = 1 —a,sothat0 = 1 and 1 = 0. A simple Toeplitz word «
is said to be of type (a, [, r) or a if the coding word (ao, lo, ro)(a1, 1, r1)(az,l2,r2) ...
begins in (a,l,r), i.e. (ag,lo,r0) = (a,l,r). In this case, o can be written as
an infinite concatenation of the factors a’aa'~!~" I=1=r  In fact, we can
write « = pg1,-(B) where B is the simple Toeplitz word whose coding word is
(a1, l1, r)(az, la, r2)(as, I3, r3) . ...

and a"aa
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LEMMA 1. Let o be a simple Toeplitz word of type (a,l,r) and let « = pga1.,(B).
Then, o, = a implies that n = r (mod l). Moreover, a4, = By holds for any n € N.

Proof. The proof is clear from the definition (4.1) of the substitution pg4 /. O

LEMMA 2. Let a be a simple Toeplitz word. Then for any 3-window 1/, we have
fFy(t)) < tFy(7) + 2, where T is the immediate restriction of T'.

Proof. Suppose to the contrary that there exists a simple Toeplitz word « and a 3-window
7’ such that
1Fy(t)) = §Fy(7) + 3, (4.2)

where 7 is the direct restriction of t/. Let ® be the set of all pairs («, ") of a simple
Toeplitz word o and a 3-window t’ such that (*) either 17t € F,(t’) and #(F,(t') \
{trt, t1r}) > #(Fy(t) \ {f}) + 2 or (4.2) holds, where ¢ is the type of . Take a pair
(a, ') € O such that 7/(2) is minimum among all the pairs in ©, which exists by (4.2).

Let (a, [, r) be the type of @. By (*), there exist two elements, say u(l)u%, ué, u%u%u%
in Fy(t’) such that ull = ui = a and ulz, =u? =awithi < j, i’ < j and

(i, jYU{i’, j’} = {1,2,3}. Hence by Lemma 1, 7/(1) = 7/(2) = 0 (mod /). Let 8 be
such that p,;.-(8) = « and the 3-window 7’ be such that #'(k) = t'(k)/l (k = 0, 1, 2).
Then, by Lemma 1, we have (8, ) € ©. Since '(2) < 1/(2), this contradicts with the
minimality of 7/(2), which completes the proof. a

THEOREM 4. A simple Toeplitz word is a recurrent pattern Sturmian word.

Proof. By Theorem 3 and Lemma 2, it is sufficient to prove that a simple Toeplitz word is
recurrent but not eventually periodic.
Let (ao, lo, ro) (a1, 1, r1) (a2, l2, r2) . .. be the coding word for «. Let

Li=-Iy...I; (i=0,1,2,...)
Ro:=nry
Ri=Ri_1+Li—1-ri (=12,3,...).
Then, for any k € N, we have
Ig(dolosro) 4 ’B(dbllarl) Q.- ’B(dk;lbrk)
= (... 0170k 41 ... 00, —1)(00 ... QR —17R 41 ... CL—1) .. ..

Therefore for any k, n € N, either

UnLy -+ -OnLi+Li—1 = €0 .. .aquOaRkH 01
or
OnLy -+ - Onlp+Li—1 =00 .. .(ka_ll()le+1 01
holds for any n = 0, 1,2, .... Moreover, both of these two cases occur infinitely often

since the a;’s contain infinitely many 0’s and 1’s.

This implies first that « is recurrent, and second that « is aperiodic. Suppose to the
contrary that « is eventually periodic with period d > 0. Then there exists N € N such
that ¢c+g = «, holds for any ¢ > N. Since r; > 1 occurs infinitely often, we have
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limy_ o0 R = o0. Take k such that d < Ry. Take n, m such that nLy > N, mL; > N
and

OnLy - -OnLi+Li—1 =00 ... Ole71OOle+1 ce 01
QmLy -+ -OmL+Li—1 = QO . . ~05Rk—1105Rk+1 O -1
hold. Let ¢ := nLx + Ry —d and ¢’ := mLy + Rx — d. Then, we have o = oty = g, —q.
By the eventual periodicity, this implies that
0=oanL +R = Xctd = 0c = Q¢ = U/ g = OmL+R, = 1,

which is a contradiction. Thus, « is not eventually periodic. a

5. Irrational rotations having full maximal pattern complexity
In this section we show the following.

THEOREM 5. For any irrational rotation 0, there exists a closed set S in [0, 1) such that
pik) = 2% (k=1,2,...) foralmost all x € [0, 1) witha = R(6, S, x, Z).

Proof. Letq; (i = 1,2,...) be a sequence of positive integers such that 1 =: pg > p; >
p2 > ---> 0and 221 pi/pi—1 < 1/4, where p; := {q;0}, the fractional part of ¢;6 for
i=1,2,.... Let

o
So 1= {Zrmi;rz’ €10, pi-1/pi—1DNZandr; #1( = 1,2,...)}
i=1
and
S1:=10,1)\ Sop.

Then, it holds that Sy is a closed set in [0, 1) with

2(S0) = [ [ —20i/pi-1)
i=1

o0
= 1= 2pi/pict > 1/2,
i=l

where X is the Lebesgue measure on [0, 1).
Let a(x) := R, So,x,Z) € {0, 1} for x € [0,1). Letk = 1,2,.... Take any
E=(&,8&,...,&) {0, 1}". Then, it holds that

k
Q== (]S — {ai6)
i=1

o0 ]
i . re=2-28& (i sk)}
B E ripi, ri € O’ —1 ﬂZ(lzl,z,«u)y ; .
{i:1 S |: i > il (=0

Therefore, it holds that

k 00
M) = [[pitoicr T] O =20i/pi-1)
i=1

i=k+1

o0
= pk<1 -2 2p,~/p,-_1> > p/2> 0.

i=k+1
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Hence, for almost all x € [0, 1) and for all £ € U,fozl{O, 1}¥, there exists n € N such
that {x +n6} € Q¢ by the ergodicity of the irrational rotation. This implies that, for almost
allx € [0, 1),anyk =1,2,... and & € {0, l}k, there exists n € N such that

a(x)n-l—q]-l—r(t) = él‘l’l (i = 07 11 . '1k - 1)1

where (i) :=¢gi+1—q1 (i =0, 1, ..., k—1). Thus, we have p;(x)(k) =2k=1,2,...)
for almost all x € [0, 1). O

6. Tribonacci word
In this section we show the following.

THEOREM 6. Let B = BoB1B2 ... be the tribonacci word, that is the fixed point of the
Rauzy substitution (1.2) and a € {0, 1}N be such that

0, ifBp=1
T if B (n € N). (6.1)
1, ifB,=2o0r3
Then fork =1,2,3, ..., we have
k+1, fork <38,
(k) = (6.2)
P :2k—7, Jork =8,
pik) =2k, (6.3)

Remark 2. The word « in Theorem 6 is also of the form o = R(§ , S, 6 V) where g is a
two-dimensional irrational rotation, S a fractal compact domain in R? (called the Rauzy
fractal) and V a lattice in R2.

Let us define a sequence b = {b;; i =0,1,2,...} by

bop=1, b1 =2, by=4
by=b,_3+b,_2+b,_1 (n=3,4,...). (6.4)

For any n € N, there exists a unique admissible representation of n in base b, that is

o0
n = Zn,’b,’
i=0
with the restriction that
n; €{0,1}, n;-njy1-ni12=0 (G=0,1,2,...).
We thus define the ith digitn; (i =0, 1,2,...) of n € Nin base b.

LEMMA 3. Foreachn € N we have o, = ng, where ng is the zeroth digit of n in base b.

Proof. Let ¥(n) = noniny... € {0, 13N be the admissible representation of n € N and
A=y (N) cC {0, 13N, Note that the admissible representation of n + 1 is the next element
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to that of n in the reverse lexicographical order for any n € N. We define a mapping o
from A to A U A2 by

Ononiny ..., Ilngnina...), nony € {00, 01, 10},
Ononiny ..., non; = 11.

o(noniny...) = :

Then, it holds that the sequence

o (0), 0¥ (), o (¥ (2)),...,

where if o (Y (n)) € A2 we put two elements Ongnins ..., lngniny ... in place of
o (¥ (n)) in the above, coincides with the sequence

v(0), v (), ¥ 2, ...,

since both sequences begin in ¥/ (0) and at any place in the sequences the next element is
determined as the next element in A in the reverse lexicographical order.
Let y € {1, 2, 3} be such that

1, nyp=0,
Yn =12, noni =10 (n € N),
3, non; =11.
Then by the above argument, it follows that y is invariant under the substitution (1.2).

Since the fixed point of the substitution (1.2) is unique, we have y = B. Thus, we have
oy, =ng (n € N). O

Proof of (6.3) in Theorem 6. Take any k = 1,2,... and define a k-window t by
(i) = bagei —bs (i =0, 1, ..., k— 1), where the sequence b is defined in (6.4). Take any
& = (é0,&1,...,%-1) € {0, 1}". Define n(§) € N in terms of the digits in base b as
follows:

Y (n(€)) = 001 051 001 0£;1 ... 0&_»1 001 0&¢_;1000. ...

We prove that o,)1p,476) = & (@ = 0,1,...,k — 1) forany § € {0, l}k, which
implies that p}; (k) = 2%, For this purpose, it is sufficient to prove that

(n(&) + bayei)o = &. (6.5)

If & = 0, then since
4-+6i

—_—
() + &) =001 01 ... 001011 ... 001 0&c_;1000. ..,

we have (n(§) + batei)o =0 =&;.
If & = 1, then we have the non-admissible representation

4+6i
=2
001 0&p1 ... 001 021 ... 001 0&—11000...
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forn(§) +&;. Since 2b; = b;_3+bj41 (j =3,4,...) and 2by = bo + b3, we normalize
the above non-admissible representation as follows:

4+6i
——

001 0&p1 ... 0&,_11001 021 00...
4+6i
——

=001 0&1 ... 0&_11011 002 00...
4+6i
——

=001 0&1 ... 05_11012 000 10...
4+6i
——

001 0&p1 ... 0&_12010 100 10...

4+46i
—_—
=002 050 ... 1£-10110 100 10...

4+6i
~ =
=100 140 ... 1&-,0110 100 10....

Thus, we have (n(§) + bs+ei)o = 1 = &;, which proves (6.5) and completes the proof. O

Proof of (6.2) in Theorem 6. We introduce some notation and definitions used here.
A factor u € F(w) is called right special (respectively left special) if there exists distinct
a,b € A such that ua and ub (respectively au and bu) are each in F'(«). A word u which
is both right special and left special is called bispecial.

Given aword u = uoui ...uy € F(a), set

Pref(u) = {uouy ... u;;0 <1 <k} U{e}

and
Suff(u) = {ujuj4q...ux; 0 <1 <k}Ul{e}.
Given a finite subset {u?, u@, ..., u®™} C F(a) put
Prefu®, u®. ... u™) = [ ] Pref®)
1<k<n
and

Suff®, u®, ... u®) =[] Suffu®).
1<k<n

If u and v are non-empty words in F(«) we will write u + uv to mean that for each
word w € F(a) with |w| = |u| + |v]|, if u is a prefix of w then w = uv. Similarly we will
write vu — u to mean that for each word w € F(«) with |w| = |u| + |v], if u is a suffix of
w then w = vu.

Letu, U € F(a). We say that U is a first return to u (in «) if Uu is a factor of o having
exactly two occurrences of u, one as a prefix and one as a suffix.
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It is readily verified that the three first returns to 11 in 8 are:
. r;y = 1121312;
. ry = 11213121312;
. r3 = 1121312121312.
Thus in «, blocks between consecutive occurrences of 00 are uniquely decoded with
respect to o. For instance, the factor 001010100 of « is necessarily the image under o of
the factor 112131211 of 8. Thus any word u in o containing 00 can be uniquely decoded
except for possibly a short segment at the beginning and at the end of u; more precisely
we have the following.

LEMMA 4. Let u be a factor of a containing 00 and let v and v' be factors of B with
o(v) =0 (V') = u. Then we can write v = rxs and v’ = r'xs’ where x € F(B), |r| = |r/|,
|s| = |s'|, and r, r' € Suff(1213, 1312), and s, s’ € Pref(2131, 3121).

Proof. As mentioned above, blocks in u between consecutive occurrences of 00 are
uniquely decoded with respect to o. Thus the only possible ambiguities can occur
preceding the first occurrence of 00 and following the last occurrence of 00. We can
write v = wollv; and v = wyllv] such that v; and v| have no occurrences of 11.
Then |v;| = |U€ |. Since r1 711 and r11 is the longest common prefix of 11, rp and r3, if
|vi| < 6, then vy = v; is a prefix (possibly empty) of 213121. If |v1| > 7, then both v; and
v} begin in 213121, and we can write v; = 213121s and v} = 213121s’. Since rp - r211
and r3 F r311, it follows that s, s” € Pref(2131, 3121). A similar argument establishes that
r,r’ € Suff(1213, 1312). ]

Remark 3. We remark that the assumption that u contain an occurrence of 00 is necessary
as, for example, the factors v = 121213121 and v’ = 121312131 of 8 map onto the same
word # = 010101010 under o but do not satisfy the conclusion of the lemma.

LEMMA 5. Letu € F(«) be a right special factor of «. Then we have either:
Type 1: u = o (v) where v is the unique right special factor of B of length |u|; or
Type 2: u = o (v)1010 where v is the unique right special factor of B of length |u| — 4.

Moreover, if |u| < 3 then u is of Type 1, if 4 < |u| < 7 then u is both of Type 1 and
Type 2, while for each n > 8, o has exactly two right special factors of length n, one of
Type 1 and one of Type 2.

Proof. We first observe that if v is a right special factor of 8, then o (v) is a right special
factor of . Moreover, since both v21312 and v31211 are factors of 8, applying o it
follows that o (v)10101 and o (v)10100 are both factors of «; hence o (v)1010 is also a
right special factor of «. In other words, all factors of « of Type 1 and of Type 2 are right
special.

It is readily verified that, for each n < 7, « has a unique right special factor of length n
which is either of Type 1 or of Type 2, or both. On the other hand, for n > 8 a right special
factor of Type 1 of length n will have 00101010 as a suffix, while a right special factor of
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Type 2 of length n will have 10101010 as a suffix. Hence, for n > 8, o will have at least
two right special factors of length n.

Thus it remains to show that if u is a right special factor of @ of length |u| > 8§, then u is
either of Type 1 or of Type 2. The result is verified directly in the case when 8 < |u| < 13.
Now suppose |u| > 14, then ¥ must contain an occurrence of 00. Since u0, ul € F(w)
there exist v, v’ € F(B) and a € {2, 3} such that vl,v'a € F(B) andu = o (v) = o (V).
Moreover, we can write v = rxs and v’ = r'xs’ where x € F(B), |r| = |r|, |s| = |s/|, and
r,r’ € Suff(1213, 1312) and s, s" € Pref(2131, 3121).

Case 1. If v = v’ then v is a right special factor of 8 and hence u is of Type 1.

Case 2. If v # v and s = s’, then r # r’ and hence w = xs is a bispecial factor
of B. We claim that 1w cannot be right special. In fact, if 1w is right special, then wl
is left special (since w is a palindrome, and F () is closed under mirror image); hence
2w F 2wl and 3w F 3wl which gives a contradiction since v'a either ends in 2wa or in
3wa. If 2w is right special, then since |w| > 2 and w in particular is left special, it follows
that 2w begins in 212. But as 131212 < 212, we have 1312w < 2w and hence 1312w
is also right special. Since one of v or v’ is a suffix of 1312w, v or v’ is right special,
and again u is of Type 1. Finally, if 3w is right special, then as 1213 - 3 it follows that
1213w = 3w and hence 1213w is right special. Since one of v or v’ is a suffix of 1213w,
v or v’ is right special and so u is of Type 1.

Case 3. If v # v/ and s # s/, then x is right special. We begin by showing that in
this case s, s’ € {3121, 2131}. Clearly either s or s’ begin in 3. If s begins in 3, then as
s1 € F(B) we have that s € {3,312,3121}. Butif s = 3 then s’ = 2, and if s = 312
then s’ = 213 so in either case s’ - s'1. But this is impossible since s’a € F(8). Hence if
s begins in 3, then s = 3121 and s’ = 2131. On the other hand, if s’ begins in 3, then
since s’a € F(B) it follows that s’ € {31,3121}. But if s’ = 31, then s = 21 and since
|x| > 2, it follows that x ends in 21; hence v1 ends in 21211 which is a contradiction since
21211 ¢ F(B). Hence if s’ begins in 3 then s’ = 3121 and s = 2131.

Thus v, v € {rx2131, rx3121, r'x2131, r’x3121}, and hence u = o (z)1010 for any
choice of z € {rx, r'x}. Now if r = r/, then rx is right special; if r # r/, then the same
argument used in Case 2 shows that either rx or r’x is right special. In either case, u will
be a right special factor of « of Type 2. This concludes the proof of the lemma. a

We now return to the proof of the theorem. It follows from the previous lemma that
for n < 7, o has a unique right special factor of length n, while for n > 8, « has exactly
two right special factors of length n. Hence, p,(8) = 9, and py(n + 1) — py(n) = 2 for
n > 8. Hence, for n > 8, we have py(n) = 2n + C. Setting n = 8 we find C = —7 as
required. a
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