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HANKEL DETERMINANTS OF THE
THUE-MORSE SEQUENCE

by J.-P. ALLOUCHE, J. PEYRIERE,
Z.-X. WEN (*), Z.-Y. WEN (**)

0. Introduction.

Let S = {a,b} be a two-letter alphabet and S* the free monoid
generated by S. Consider the endomorphism 6 defined on S* by

6: a— ab, b ba.

Since the word 6" (a) is the left half of the word §"+1(a), it has a limit as n
goes to infinity: the infinite sequence € = €p€; - €, --- € {a,b}N which is
called the Thue-Morse (or sometimes the Prouhet-Thue-Morse) sequence.

In this article, except in Section 4, we take a = 1, b = 0. Then the
sequence ¢ satisfies the following relations: g = 1, €2, = €p, €2n+1 = 1—€p.

The study of the Thue-Morse sequence has been initiated by Thue
(1906, [14]; 1912, [15]), who proved that it does not contain three consecutive
identical blocks. A few years later, Morse (1921, [10]) studied the topological
dynamical system generated by this sequence, and Gottschalk (1963, [9])
studied this sequence in the framework of minimal sets. In the last ten
years, it occurred in many different fields of mathematics — ergodic theory,
finite automata theory, formal language theory, number theory, algebraic
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formal power series over GF3(X) — and also in physics in relation to
quasicrystals (see, for instance, [1], [7], [8], [11], [16], [17], [18]).

In this article, we discuss some new properties of the Thue-Morse
sequence.

Let u = (ux)r>0 be a sequence of complex numbers; then the (p, n)-
order Hankel matrix associated with the sequence u is defined to be

Up Up+1 - Uptn-—1
— P P ' p+n
HP Up+1 Upy2 ¢ Up+
n - ... ... .« . ... ?
Uptn—1 Uptn -~ Upt2n—2

where n > 1 and p > 0. The determinant of this matrix, denoted by |HE|, is
called the (p, n)-order Hankel determinant of the sequence u. The properties
of Hankel determinants associated with a sequence are closely connected
to the study of the moment problem, to Padé approximation, and to
combinatorial properties of the sequence.

Here we consider &P, the (p,n)-order Hankel matrix of the Thue-
Morse sequence. We denote by |EE| its (p,n)-order Hankel determinant.
Our purpose is to study the properties of the double sequence (|E2|)n>1,p>0-
Figure 1 on next page shows |€?| modulo 2 (0’s are replaced by a dot, 1’s
by nothing) for 1 <n <96 and 0 < p < 127.

This article is organized as follows. Definitions and preliminaries are
given in Section 1. Section 2 is mainly devoted to establishing recurrence
formulae for the sequence modulo 2 of Hankel determinants associated with
the Thue-Morse sequence. Automaticity properties of the sequence of these
determinants modulo 2 are established in Section 3. Further properties and
applications (non-repetition in the Thue-Morse sequence and existence of
some Padé approximants) are given in Section 4.

1. Preliminaries.

Let € = €gey -+ - €n - - - € {0,1}N be the Thue-Morse sequence, defined
by the following recurrence equations:

(1) e0=1 €n==¢, €mt1=1—¢, forn>0.

As we shall see below, in order to determine the Hankel determinants
associated with €, we have to calculate simultaneously those associated
with another sequence § = 6pd1 - - - 6y, - - - which is defined by 6, = €p4+1 —€p.
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Figure 1. The set |EP| modulo 2 for 1 <n < 96 and 0 < p < 127.

By (1) and the definition of §, we have, for n > 1,

{ 52n + 62n+1 = 5717

@ bon =1 — 2¢,.

Remark 1.1. — The Thue-Morse sequence can be generated by the
endomorphism of {0,1}* defined by 1 — 10, 0 — 01. The above sequence
6 reduced modulo 2 is called the period-doubling sequence (some authors
also call it the Toeplitz sequence). Like the Thue-Morse sequence, it can be
generated by an endomorphism of {0,1}*: 1 — 10, 0 — 11. Furthermore, it
can be “induced” from the Thue-Morse sequence in the following way. Define
the map ®: {0,1}2 — {0,1} by ®(00) = ®(11) = 0, ®(01) = ®(10) = 1.
Let (¥x)x>0 be the sequence defined by ¥y = ®(exex+1), where ex€x41 runs
through the blocks of two consecutive letters occurring in the Thue-Morse
sequence. Then the sequence (¥x)r>o is nothing but the period-doubling
sequence.
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Notations.

Throughout this paper, we adopt the following definitions and
notations:

o The Thue-Morse sequence, the period-doubling sequence, and their
corresponding (p,n)-order Hankel matrices (where p > 0, n > 1) are
denoted respectively by ¢, 6, EF, and AP.

o For a square matrix A, let |A| and A® stand respectively for its
determinant and the transposed matrix.

e 1,, , (resp. Oy, ») is the m x n matrix with all its entries equal to 1
(resp. 0).

o If A is a square matrix of order n, A stands for the matrix

( A ln,l)

L, 0/

and AY) for the n x (n — 1) matrix obtained by deleting the j-th column
of A.

o The symbol =, unless otherwise stated, means equality modulo 2
throughout this article.

e Pi(n) = (e1,es,... ) €a[ngl]_15€2,€4)- -, es[zn]), where e; is the j-th
unit column vector of order n, i.e., the column vector with 1 as its j-th
entry and zeros elsewhere. If no confusion can occur, we simply write P;.

L., I, . .
e P,(2n) = ( Onn In ), where I,, denotes the n x n unit matrix.
In Qn,l In
. P2(2n + 1) = @1’7,, 1 @1,.,,
(On,'n, On,l In
We clearly have
3) |P1| = |P,| = |P| = £L1.

Some lemmas on matrices.

LeEMMA 1.1. — Let A and B be two square matrices of respective
orders m and n, X al X m matrix, and Y a1 x n matrix. Then, we have

A Y@l Alpi| |0 VY
X®1l,, B X 0 |'|1,, B

= |4]-1B| - :
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A Y®1m1

Proof. — Set D =
T0O e X @1,

l As a function of A and X,

this is a multilinear alternating form of the columns of the matrix (; )

Therefore it is of the form ;1, Z , where V' is a m x 1 matrix. But,

since permuting two rows of A only changes the sign of D, it follows that
V = B1,,,1. Therefore we have

A lm
=al4| +ﬁ} '
. . 0 Y
By taking X = 0, we get o = |B|. To show the equality 8 = — L. Bl
n,l
. (O I _
it suffices to take A = ( 0 @1,m—1) and X =(100...). o

As a corollary we have the following lemma.

LEMMA 1.2. — Let A and B be two square matrices of order m and n
respectively, and a, b, ¢ and y four numbers. One has

aA ylpn

— ,mpn . _ m—1ym—-1171 IR
1., bB =a™b"|A| - |B| — zya™ b™ |A| - |B|.

LEMMA 1.3. — Let A, B, and C be three square matrices of order m,
n, and p respectively, and three numbers a, b, and c. One has
A cpg, bl
Amn B alyy|=|A|-|B|-|C|-a®A|-|B|-|C|-¥*4|-|B|-|C|
by al,, C
—c*|4| - |B| - |C| — 2abc|A] - |B| - |C].

Proof. — We have, provided that b # 0,

A clpgn b1y, A clmn clmp
lpn B aln,|=0"%c?|cly, B ach™ 1, ,
bly,, al,, C clpyp ach™'1,, 272C

_prrereq).| B el

acb~1,, *b72C

B ach'1,, 1,
— b2 ?|4| - |ach™1,, c72C 1,,/],
i 1, 0

)
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(the second equality results from Lemma 1.2), from which we deduce the
formula

A CIm,n blm,p B al B alnip Cln,l
4) |clmn B alnp|=14]-| C"’p —1A|-|al,, C blp,
by, al,, C P 5 R

which is valid without any restriction on b.
The last determinant of Formula (4) above can be itself computed by

using (4) two more times. O

Lemma 1.3 can be extended in the following way. Although we shall
not use this extension, we mention it because it could be of interest in similar
situations. Let {a; ;}1<i j<n be a collection of numbers such that a;; = 0,
and {A;}1<i<n & sequence of square matrices of respective dimensions m;.

Define a matrix M by blocks: put the A’s on the diagonal, and the
block a; j1m,m; at position (i, ) for i # j. Then

M| =Z€"[ H [AzI:I H (—1Ailai o))

i=0o(1) i#o(3)
LEMMA 1.4. — Let x € R, and let A be an m X m matrix, then
(i) |2lmm + A| = |A| - x|/_1|,
(i) |21m,m + 4| = |4],
(iii) |=4] = (-1)™*1|A].

Proof. — To prove (i), write

rl +A QO 1 A -zl 1
Al = m,m m, m,
|(I:1m’m + | ll,m 1 ]-l,m 1 )
and conclude by using Lemma 1.2.
Assertions (ii) and (iii) are obvious. O

Remark 1.2. — Because they express identities between polynomials
with integer coefficients, the preceding lemmas are valid for matrices with
entries in any commutative ring.
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2. Fundamental recurrence equations.

The aim of this section is to determine recurrence formulae for the
sequence |E?| (n > 1, p > 0), which will play an essential réle in this paper.
We find that, in order to establish such formulae, we need to distinguish
different cases according to the parities of n and p. These formulae involve
the quantities |€2|, |A?| and |A%|. Hence, we shall simultaneously establish
recurrence formulae for all these sixteen quantities, thus obtaining the
fundamental results of this section.

THEOREM 2.1. — For p > 0 and n > 1, one has

1) |E32| = |EB| - |AR| — |EE| - |AR| — 2|2 - | AT
= |€2] - |AR| +|ER| - |AD,
2) |E2P| = 4|€P| - |AR| + |EE| - |AR| + 2|EF| - | AR
= €8] - AR,
3)  |E2, | = €8, |- 1A — |ER |- |AR] — 212, | - |AR

= |€2,.] - |1A2] + |87 |- 122,
4) (€| = 4I€8, |- |DB| + |ED,,| - AR + 207, | - |AF|
= |E2,,] - 1Az,
5)  [EZF| = (~1)n{|extY| - |AR| — 21E2*Y - | AT
+ €87 - |AB| — |€BFT| - | AL}
= |€2+1] - |AZ| + [ERFY| - |AR] + |E2F| - |AE,
6)  |E2F| = (~1)"{4|EBH!| - |AG| — |ERFT| - |AR| + 21€2F | - | AT}
= 2% - |ag),
) EET = (~){|ER, | |ARHY| — 20€R, | - |ARFT]
+ 18] - 1AZFY — |8 |- |ARFT))
= |€2,] - IAZFY + |ET,,| - |ARYY| + B0 | - |ARY),
8) IEZT = (-1 {4€n |- AT — |ET |- 1Az
+ 2187, |- |ARFT}

= €211 1ARHY,
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9  |AZ]=(-1)"|Ar?
= |AZ),

10) |AZ| =0,

11) |AZh 1l = (1) {IER P +21Eh | - €8, 1}

= €0,
12) |AZ,,| = E0,),
13) |AZ| = (A8 AT + AL - A5 + |AF] - |AZFY,
14) (AR = (A 1657 + |&T) - 1AH,
15) AL = (AR, |- AR+ |AD, |- |JARTY + | AT, | - AR,
16) AT =A%, |- IARF 4+ AT, 1Az,
Proof. — First we are géing to establish a few general properties of

Hankel matrices associated with a sequence {u;};>o. Forn > 1 and p > 0
we consider the Hankel matrix HE = (up4itj—2),; ;<,» together with the

matrix KF = (up+2(i+j—2))15i,jsn‘

When u = ¢ is the Thue-Morse sequence, one has
(5) K =¢P and K?**'=1,, — £P.
When u, = 6, (= €p+1 — €n), One has
(6) K»?=1,, -2 and K?P*!' = AP + 267 — 1, ,.

Let M = (mi;), ., j<n D€ any n X n-matrix. Let v = [2(n+1)] and

u= [%n] One can easily check the following formula

(m2z 1,25— 1) 1<1<V (m2i—1,2]) 1<'L<u

) PIMP; = Sisv Sisu
(maizj-1) 1<i<p (Ma2i2)) 1<i<p
1<5<w 1<5<p

from which one can get

K,’: K£+1 )

(8) Pltllgnpl = (K£+1 K11:+2
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and
KP (Kp+1)(n+1)
t 7P — +1 n+1
9) PrH3 1P = ( (Kf:i}n) (n+1)t K£+2

_ Ko (K£+1)(l) )
(B2, Kp

In other words, PfH}, | P, is obtained by removing the last row and
the last column from the matrix P}Hy(y41) P

Proof of 1). — By using (8) and (5), we have

Er 1,,—&F
Pffgf;Pl = (ln ": gp ngp_,.l ’"») .
n n n

Then by the definition of P, and AZ, we have

(10) PiPieEp P, = (B0 dnm
2T T L 2Mnn + A8 )
Hence by (3) and Lemmas 1.2 and 1.4, we obtain

&r 1.,
1, 21, , + AP

= €8] - [21n,n + AR | — |ER| - [21 5 + AR
= |€7|(|AZ] - 2|AR|) - |ER| - 1A
= |€2| - |AD| — |EE| - |AR| — 2|€R] - | AL

2
|£2£| =

The proofs of the other assertions follow the same lines: to compute
the determinant of a matrix A, we find a matrix @ such that the determinant
of QAQ? is computable, for instance by using Lemmas 1.2, 1.3, and 1.4.

In the sequel, we only write the transformation matrices and omit the
details of the calculations.

Proof of 2). — One has

5 2
(omn TIGE M50 %) - G )
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Therefore, taking into account (10),
gﬁ ln,n ln,l

|ID| = [1nn 21pn + AP 21, |.
1, 21, 0

Proof of 3). — Computing as in 1), we have successively

8 671:+1 1n+1,n - (5£+1)(n+1)
2n417 (Lng1n — (5£+1)("+1))t eptt ’
and
Er 1
t — n+1 n+1,n
(11) P £2n+1P1P2 (ln,n+l 21n,n + A?L ) ’

Proof of 4). — One has, due to (11),

( P! @2n+1,1)( 522,1;“ 12n+l,1)( P @2n+1,1)

O1,2n+41 1 lignygr O 01,2041 1

g£+1 lotin Int1

= 1n,n+1 21n,n + Aﬁ 2ln,l
11,n+1 211,n 0

Proof of 5). — One has
_&p Eptl
1
(12) P2P1€2p+ P1P2—P2( gp+1n1nn18£+l>P2t

_ (21% + AP 1nn )

ln,n ln,n n

Proof of 6). — Due to (12), one has

(P2P1t @2n,1> (5225-‘-1 12n,1> (Plpzt @2n,l>
O12, 1 12, O O12n 1

21n,n + Aﬁ ln,n 21n 1
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Proof of 7). — Let

1 O2n 1
Ql = ( L, I, )7
®1,2n [0)

n,n In

then 1y
1 ~ &b, (erthHa
2p+1 n+1,n+1 n+1 n+1
(9 GfGLA%=a ( (EDD)" 1 —Er* ) @

— 1n+1,n+1 - 511:4.1 1n+1,n
1n,n+l 21n,n + Af[H ’

and Formula 2.1.7 follows as above.

Proof of 8). — Due to (13), one has

( Qi P} @2n+1,1) ( 52251} 12n+1,1)( P @2n+1,1)

01 2n+1 1 112041 0 O1,2n+1 1
1n+1,n+1 - 571:.1.1 1n+1,n 1n+1,1
= 1n,n+1 21n,n + Afﬁ_l 21n,1
11,'n.+1 211,n 0

Proof of 9). — Write

_9gp AP — 9£P
(14) PiPIAY PP, =P} ( Lnn =265 n = lon + g") P,

AP — 1, ,+2E2 1,,—2EPH1

1y =288 AP
N AP Onpn /)’

hence

Azl = (=1)"|AR%.

Proof of 10). — Due to (14)

AP
P{ Qi A 194, P, O _ lon A% Ang
’ ’ ’ = AI;; (U)n n (O)n 1 )
O12, 1 lio, O O12, 1 ’ ’
’ ’ i, Oin O

hence |A_§fl =0.
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Proof of 11). — We write

) Lnyins1 — 267 B(n+1)
P}PIAS PP, =P} ( m (g-'(_n-{—l))t nt 1, , — 26P+1 Py

— 1n+1,n+1-2‘€£+1 D
Dt Onn )’

where B = AP | — 141,041 +2€0,; and D = (AP, ;)™ hence

A = [P 22 D
n Dt @n,n
| S 2811:+1 D -v
= Dt @n,n @n,l )
01,41 O1n 1
where v = (€p4n, €ptn+t1s-- - €ptan)’. Now, we add the (2n + 2)-th column

of the above matrix to the (2n + 1)-th column, we then add the resulting
(2n + 1)-th column to the (2n)-th column, and we continue this procedure
until the (n + 2)-th column. Then, from the definition of AP and noticing
that v is precisely the last column of £%_ , we have
Lntintr — 26041 —Enpy
|A§fn+1 = Dt @n,n+1

O1,n+1 | SRS

P P
ln+1,n+l - 2Sn+1 —8n+1 ©n+1,1

— Dt ©n,n+1 On,l
—’l)t (Ol,'n.+1 1
O1,n4+1 i nt1 0

1'n+1,n+1 - 2854-1 _‘ggﬂ @n+1,1
== —En i1 Ont1nt1 1oy
O1,n+1 1 nt1 0

P

1n+1,n+1 _8n+1 "ln+1,1
P

=—| =& 41 Ontingr 1ot

“lint1 linsr 0

=& Inginsr —lagan
=(-1)"|Ont1n+1 —Efp1 Lot
Lint: —linn 0

/4
Ent1 —Lnt1n41 —lpgr1n
=(-1)" | —Iny1n41 Ingime1+Ehyy lngan
e S e SR 0
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Proof of 12). — We write

( pt O2n+1,1) (Agﬁﬂ 12n+1,1> ( P @2n+1,1>
01,2041 1 ligngr O 01 2n+1 1

Liyinty D 1,40,
Dt @n,n (U)n,l
Lint1i @1, O

where D is defined as in 11). Therefore computing as in 11), we have

Dt
11 n+

)

Y R
Sz bl |2 =R =

Proof of 13). — We have

tn2prlp AR =1, +2EF 1, ., — 26RF1
PIAS T P = ( 1, — 25£+1 Afl'"l B 28£+1

— Aﬁ - ln,'n ln,n
- ln,n Aﬁ“ - ln,n ’

Proof of 14). — As in 13), we have

P} Og2p1 AT 15,4 P, Oz,
O12, 1 lion O O10n 1
A'I,’;, - ln,n ln,n ln,l

ln,n Af,,—H - l'n.,n 1'n 1

ll,n ll,n

I

Proof of 15). — As in 13), we have

p
Qt A2p+1 Ql - An+1 - 1n+1,'n+1 1n+1,n )
1 2 1 = .
nt 1n,n+l Af{'—l - l'n,n

Proof of 16). — As in 15), we have
( Qi @2n+1,1> ( AR 12n+1,1> ( Q1 @2n+1,1>

O1,2n41 1 li2n41 O O1,2n+1 1

A":H-l - 1n+1,n+1 1n+1,'n. 1n+1,1
1
ln,n+1 Aﬁ+ - ln,n ln,l

1in41 | 5 0

Il
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Remark 2.1. — The Hankel determinants (HZ)n>1,p>0 of a sequence
of complex numbers satisfy the following recurrence equation (see for
example [3], p. 96),

2
|HE| - |[HE®?| — |HEY? = |HRZD| - |H -

Now let £, j and k be given; if |[H:| = 0 for j < n < j + k, then by the
above formula, |[HZ| = 0 on the rhombus whose vertices are (¢, j), (£ +k, j),
(€—k,j+k) and (¢,j + k). Similarly, if [H?, ;| =0 for £~ 1 <p < £ +F,
then, either |H} ;| = 0 for £+1 < p < £+k+1, or |[HY ;| = 0 for
£—1 < p < £+k—1. Therefore the set of zeros of the sequence (|HE|)n>1p>0
is the union of rhombi which are separated by nonzero elements. This
explains the patterns shown on Figure 1.

ProposITION 2.1. — Define

0 if p=0, _
£ = | =1-|€8),
={, yooy  EI=1-le

aB| =1, A5 =0 for p>0.
Then formulae of Theorem 2.1 hold for p > 0 and n > 0.

Proof. — Formulae have to be checked one by one. The conclusion
results from (1), (2), and the following facts: |EF| = |AY| = -1, |E]| = &),
and |AY| = 8. O

From Proposition 2.1, we see that if we can determine the quantities
involved in Theorem 2.1 for p = 0, 1, then we can determine these quantities
for all p > 2 by the recurrence equations of Proposition 2.1. Propositions 2.2
and 2.3 below are devoted to this purpose.

ProposITION 2.2. — With the above notations, we have
lEnl=n, AN =1, [E]=1, |AJ|l=n.
Proof. — For n = 1, the above equalities can be checked directly.

Assume that the proposition is true for n < k. Then, if n = k+1 =2 is
even, we have by 2.1.1 and the induction hypothesis,

€3] = 9] - |AY] + |€2] - |AY] = 2¢.
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Ifn=k+1=2¢+1is odd, then, by 2.1.3, we have

€] = |21 - |AY] + Q1| - 1A =+ 1+ £ =20+ 1.

Thus we obtain the first assertion. The other ones can be obtained by the
same method. 0O

(15)
(16)

ProprosITION 2.3. — For p = 1, we have the following relations :

0 if n=1,2 (mod 6),
1 otherwise;

D e

0 if n=1 (mod 3)
2) |Al|= ’
) 14l { 1 otherwise;
= 0 if n=0 (mod 3)
1] = )
3) &= { 1 otherwise;

" |1 otherwise.

Proof. — Assertions 13), 15), 14) and 16) of Theorem 2.1 yield
A%l = 18541l = (n+ DIAL] + AT,

|A%n 11l = A3, = nlAg| + 1AL,

from which one gets

(17)
(18)
(19)
(20)

|Gl =147,
|A111n+1| = |Aén+1|a
|A411n+2| = |A%n|7

|Ain+3| = |A711.|

It is easily checked that |A}| = 0, |A}| = —1, and |A}| = 1. We will prove
Assertion 2 by induction. Suppose that it is true for 1 < n < 4k, and
consider four cases.

(i) By (17), and since 4k = k (mod 3), we have

0 if4k =1 (mod 3),

1 otherwise.

AL = |AL = {
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(ii) By (18), and since 4k + 1 =1 < 2k + 1 =1 (mod 3), we have

0 if4dk+1=1 (mod 3),

ALl = A, llz{
+ + 1 otherwise.

(iii) By (19), and since 4k + 2 =1 < 2k = 1 (mod 3), we have

0 if4k+2=1 (mod 3),

AL 2|5|A5k|z{
+ 1 otherwise.

(iv) The case 4k + 3 is the same as (i).

This proves Assertion 2.

By using Assertion 2 and Formulae (15) and (16), one can prove
Assertion 4 by induction.

By Equalities 6) and 8) in Theorem 2.1 and Proposition 2.2 we
have |1 | = |€]| and |EL l = |AL|, then by the fourth congruence in
Proposition 2.2 and induction, we prove 3).

Finally, by 3), 4) and Proposition 2.2, |£L.| = |EL| + (n + 1)|E}|
and |€3,,,] = n|AL| + |AL|, then, by Propositions 2, 3, 4 and the same
discussion as above, 1) is proved by induction. O

Generating series

Let (un)n>0 be a sequence with u,, € Fa, then the formal power series

u(z) = Z UnZ"

n>0

is called the generating series of the sequence (un)n>o0-

A sequence {un, }n>0 is periodic of period s if and only if its generating

. . P(x .
series adds up to a rational fraction of the form _ﬁ )s, where P is a
T

polynomial of degree less than s.

Let A(z) = Y anz™, B(z) = Y, bpz™ be two formal power series
n>0 n>0
with a,, b, € Fa, then their Hadamard product is defined to be

A(z)* B(z) = Y anbnz™.

n>0
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The Hadamard product of generating series of periodic sequences is the
generating series of a periodic sequence having as a period the lowest
common multiple of the periods.

For p =0,1,..., define
fPz) =) |eR,  gP(x) =) |ARJz",

n>0 n>0

f@@) =" |Ele",  ¢P)(z) = [ARe",
n>0 n>0
where coefficients are taken modulo 2, with the convention of Proposition 2.1

when p = 0.

(21)

By Propositions 2.2 and 2.3, we have

(fO - % | 10 S
f 1+ z2 f 1+z
1 —_ T
0 — , 0 =_-_,
9 l+z 9 1+ 22
(22) ﬁf(l)— 1+2%+ 2%+ 25 f—(l—)_aﬂ—xz
- 1428 T 1423
g(1)=1+z2’ ‘—q(—l)—:z+x2+z3+w4.
1+ 23 14 28

Recurrence formulae of Proposition 2.1 and Propositions 2.2 and 2.3
make it possible to compute the above quantities recursively. As an
illustration, we compute g and f(®:

9P =Y |ALer = ) AL+ Y |AG, |2

n>0 n>0 n>0
=Y IALE)" +2 ) el
n>0 n>0

(by Theorem 2.1, Assertions 9 and 11)

14zt z(1+2%) 14z

(23) T+28 ' 1428  1+4°
(by (22));
f@ = Z |E2|z™ = Z |E2,|12%™ + Z |522n+1|‘1’2n+1

n>0 n>0 n>0

=Y (&l 1A% + 1L - 1AD) 2™ + 2 ) (1Eh - ALl + 1L, | - [AL]) 2™

n>0 n>0
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(by Theorem 2.1, Assertions 5 and 7)
= (fD % g® 4 fO 5 g@)? 4 5(FO % g + O 5 gD)

where, by (22),

(24) f(l) = Z| +1|37 1+ 26 ’
n>0

and
FTER 14z

(25) o = Z; Ennle” =7

By using Equalities (22), (24), and (25), we obtain

3, .5 L 2 4
f(1) *g(l) = M, fDxg® = T+ +z"
1 + IL‘6 1 + 33'6
) 2428+ 2° = 34 4
JOxg0 = ZIT XL fD g =TT AT
1+af 1+ z6
and
(26) f®= ! g+ +at+a25\° 1422 42° 42t 44
T (1+1)? 1+ 26 = 1720
In the same way one can compute f2 and g(®:
o) 5 + 23
@) = ) (2) = z .
(27) f T8 9 Tt

THEOREM 2.2. — For any p > 0, the sequences (modulo 2)

{Iggl}nZO’ {'gz)l}nzo’ {IAﬁl}nZO’ {lA_gI}nzo

are all periodic. Furthermore, 3 - 2 is a period if 2% + 1 < p < 2k+1,

Proof. — If p = 0,1,2, by equalities (22), (23), (26), and (27),
these four sequences are periodic. Now, suppose p > 3. We shall prove
by induction that 3 - 2 is a period if 2F + 1 < p < 2k+1. By (27), the
conclusion is true for £ = 1. Suppose that the conclusion is true for p < 2.
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Consider now 2F + 1 < p < 2k+1 If p = 2¢, then 271 + 1 < ¢ < 2%, thus
by Theorems 2.1.1 and 2.1.3, we have

€01 = |E3] - |AL] + |E]] - |AL],
(28) _
|5§n+1| = |5§+1| |ALl+ |8g+1| -| AR

On the other hand, by the induction hypothesis, all sequences occurring on
the right hand sides of the equalities (28) have period 3 - 2~!, and so do
the product and the sum of these sequences. It follows that the sequences
|€5,| and |5, .| are both 3 - 2*-periodic and that this holds also for the
sequence |EE|. The case p odd can be elucidated in the same way. Similar
methods apply to the other three sequences. O

3. Automaticity properties.

In this section, we discuss further properties of the sequences
introduced in Section 2. As the main result of this section, we prove that
these sequences modulo 2 are all 2-automatic in the sense of Salon [12], [13].
As said in the introduction, automatic sequences have been widely and
deeply studied in the recent years, as a general reference, one can read the
survey by Dekking, Mendeés France and van der Poorten [8] or the survey
by Allouche [1]. For the two-dimensional automatic sequences, see [12], [13].

First of all, we recall one of the definitions of automatic sequences.

Let A be a finite alphabet and let A* be the set of finite words. A
substitution over A is a map o: A — A*. If for any a € A, the length
of o(a) (i.e., the number of letters of the word o(a)) is equal to k, where
k > 1 is an integer, then o is called a k-substitution. Furthermore, if a € A
is such that o(a) = aw, w € A*, then

0“(a): = lim o"(a)
n—oo
defines an infinite word
z:zlxz...zn... GAN

(see [6], [4]), which is said to be generated by this k-substitution. Let B be
another finite alphabet and let 7 be a map 7: A — B, then the sequence

7(z) = {T(x”l)}n21
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is also called a k-substitutive sequence (Cobham [6] proved that a k-
substitutive sequence can be produced by a k-automaton and vice versa).
We saw in Section 1 that the Thue-Morse sequence is generated by the
2-substitution o :1 +— 10, 0 — 01 and the period-doubling sequence by the
substitution #:1 — 10, 0 — 11.

The definition of a k-substitutive two-dimensional sequence [12], [13]
is analogous, but a k-substitution in two dimensions associates with a single
letter a “square” of letters of size k. For example define a two-dimensional
2-substitution as follows

01 10
0 +— 1o 1 +— 01
As previously, this operation can be iterated:
0110
01 1 001
0 +— — —
10 1 001
0110
Let {FP }n>0 230 be a double sequence. Its 2-kernel is the set of
subsequences
k 1 . .
{(Fzzkafif)nzo,pzo’ 0<k 0<ij<2° - 1}'

It is known (see [12] , [13]) that a sequence is 2-automatic if and only if its
2-kernel is finite.

THEOREM 3.1.

(i) The sequences (modulo 2)

{lggl}nzl,pzo’ {Ig_gl}nZl,pEO’ {lAﬁl}nZLPEO’ {IA_?’:”}"ZLPZO

are all 2-automatic.

(ii) For any m > 1, the sequences (modulo 2)

{1€21} )50 {181} 500 {1821} ,500 {IAR1},5

are all 2-automatic.
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Proof. — For o and 8 in {0, 1}, define two operations

— +8 _ {.2pt+p
Sau = {unta}nz0,p200 Dot = {Uaniatnso, pro
on sequences {Ug}ngo,pzo‘ One has
DPP ifa+o <landB+4 <1,
y 8D, ., ifa+a' <landpB+p =2
(29) DR, = 0T ate ’

S?Dg+ﬁ/ ifa+ao =2and g+ 4 <1,
S1DY ifa+ao =2and S+ =2.

Let £,&, A, and A stand for the sequences {££}

{Aﬁ}ﬂzo,p?_o’ and {A_f‘}nzomzo modulo 2.

n>0,p>0’ {g_g }nZO, p>0’

Theorem 2.1 together with Proposition 2.1 can be reformulated in the
following way:

(D)E=E-A+E-A, DYE=SoE-A+SE-A+ S)E- A,
DYE=E-A, DY = SME - A,
DA = A, DIA=A-SiA+A-SJA+A-SIA,
DJA =0, DIA=A-SiA+A-SHA,
(30) 4 DYE=8%6-A+8YE-A, DIE=SY-S;A+ S?E-L?AA ~
+ SYE - SiA,
DY = 8. A, DI =S .S)A,
DA = SVE, DIA = S)A-SiA+ SOA - SEA
+SYA - SpA,
| DYA = SYE, DiA = S%A - S}A + S9A - SAA.

(i) Set X = {€,€,A,A}and Y = {SPF |F e X, a=0,1, 3=0,1}.
It results from (29) and (30) that, for any F' € Y and a and 3 in {0,1},
DPF can be expressed as a polynomial with coefficients in GFy of the
elements of ). As the elements of the 2-kernel of a sequence are obtained
by successive applications of operators D?, it follows that the 2-kernels of
the sequences £, £, A, and A are included in the set of sequences that are
polynomials in sequences from ).

But, there is only a finite number of polynomial functions on GF3
with sixteen variables. Therefore, these 2-kernels are finite. Then, it results
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from [12], [13] that the sequences |EZ|n>1,p>0, |A%|n>1,p>0, |E2|n>1,p>05
and |AR|n>1,p>0 (modulo 2) are 2-automatic.

(ii) An immediate consequence of a result of Salon [12], [13] is that, if
the double sequence (F?), , is 2-automatic, then, for any fixed n > 1, the
sequence (FP), is 2-automatic, which proves our claim.

Alternatively we give a direct proof. Let € = €pey ---€,--- € {0, 1}
be the Thue-Morse sequence. For n > 1, let 5,11 be the set of all subwords
of € of length 2n + 1. Now the 2-substitution o above induces a new 2-
substitution o, on 3,41 in the following way: let w = wow; - - - wo, be an
element of gy, 41; if

0(w) = o(wows * - -wan) = o(wo) -+ F(wan) = MoN1 * * * Nant1,

then we set

on(W) = (om1 - M2n) (M2 - - M2nt1) € 3 yq-

It is easy to check that
w 1 k _ N -
Tn(uo) = lim oy, (uo) = vous -+ € Yzny1,

where u; is the block €j€;q1 ... €j42,. This means that the sequence u is
generated by the 2-substitution o,,. Now define the map 7,, : Q2n,4+1 — {0,1}
by Tn(up): = |EP| (mod 2). Then, the image of the sequence (up)p>0
under 7, is equal to the sequence {|€2|},>0 modulo 2. Hence the sequence
{I€2|}p>0 modulo 2 is 2-automatic. It can be proved in the same way that
the other three sequences are 2-automatic. O

Remark 3.1. — If u = upu; - - - un - - - is an automatic sequence that
can be generated by a primitive substitution, then the sequence is minimal:
any factor of the sequence u occurs in u with a non-zero frequency [6].
Hence by Theorem 3.1, we have the following corollary.

CoROLLARY 3.1. — For any p > 0 (resp. n > 1), there are infinitely
many numbers n (resp. p), such that |EP| # 0. The same property holds
also for the sequence |AP].

Proof. — For a fixed n > 1 consider the map A:{0,1}?"~1 — {0,1}
defined by

A(aq, ... ,azn_l) = det{ai+j—1}1_<_i,j§n‘
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One has A(ep,...,€pt2n—2) = |EP|, for all p > 0. As the Thue-Morse
sequence is minimal, each block a; ---a2,—1 that occurs in the Thue-
Morse sequence occurs an infinite number of times and with bounded gaps.
Hence we have the same property for the “block” (actually the letter)
A(a1,...,a2,—1) in the sequence (|€E|)p>o0. Hence the frequency of any
letter in the sequence (|€2])p>0 is strictly positive and this sequence is not 0
identically.

For a fixed p > 0 the sequence n — (|€2|), is periodic and it is not
identical to zero, (one has || = ¢,). Hence any letter occurs an infinite
number of times in the sequence (|€2|)n>1. O

4. Applications.

Now we consider another form of the Thue-Morse sequence which will
be used in the applications below. In the definition of the introduction,
if we take a = 1, b = —1, then we obtain an infinite sequence
n=mnom-Nm--- € {1,—1}N which satisfies the recurrence equations
Mo = 1, Non = Mny N2nt1 = —Nn. We define m, = —np417, (note that
{%(1 + )} is nothing but the period doubling sequence). The Hankel
determinants corresponding to 7 and 7 are denoted by |AZ| and | BE|.

We clearly have
(31) M =26, — 1, mp, =2|6,|—1.

The following proposition relates |A2| and |BZ| to |EE| and |AZ|.

ProposITION 4.1. — We have
217" 48| = |ER| + 2I€R = |€R),
2"|B2| = 1A%+ 2182 = A%,
where AP is the (n, p)-Hankel matrix of the sequence 161

Proof. — This proposition results from Lemma 1.4 and Formula (31).
]

A direct consequence of Theorems 2.1, 2.2, 3.1 and Proposition 4.1 is
the following.
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THEOREM 4.1. — The sequences modulo 2

{21—n|Aﬁl}n21,pZO’ {21_n|A£|}n21,p20’
{21_nlBgl}"21,P20’ {21_n|B5|}n21,P20
are 2-automatic.
For any n > 1, the sequences modulo 2
{21—n|Aﬁ|}p20, {21_nlAm}p20’

{21_n,B£'}p20’ {21—nlb_gl}pzo

are 2-automatic.

For any p > 0, the sequences modulo 2

@1z, (2R

n>1’ n>1’

{2""1Bh1}s0 {277IBRI}

n>1’ n>1

are periodic. O

From the theorem above and Propositions 2.2, 4.1, we get the following
corollary.

COROLLARY 4.1. — For n > 1, one has 2!7"|A%| = 1 (mod 2). In
particular, |A%| # 0 forn > 1. O

By a remark similar to Remark 3.1, we have the following result.

COROLLARY 4.2. — For any n > 1 (resp. p > 0) there are infinitely
many integers p (resp. n) such that |A®| # 0. The conclusion is also valid
for the sequence (|B2|). |

Now we discuss the strongly nonrepetitive structure of the Thue-
Morse sequence.

Let A = {a,b}. If w € A* is a finite word, we denote by w the word
obtained by flipping a and b in it.

Let u = uguy...un - € AN and let Wpn = Up- - Upyn be a factor
(american terminology: subword) of u. We say that a word wpan is
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nonrepetitive (resp. strongly nonrepetitive) if, for all £k and ¢ such that
p <k <l < p+mn, we have wg, # wen (resp. Wi, # W, and
Wk,n 7 We,n)- It is known that any factor Wp 2 Of the Thue-Morse sequence
is nonrepetitive [14], [15]. Notice now that if wk n = MkMk+1 - * Mk+n, then
Wk, is just the word (—mk)(—nk+1) - - - (—Mk+n)- Hence, if the (p,n)-order
Hankel determinant |A%| is nonzero, then the word wp o, is strongly
nonrepetitive. Thus, by Corollaries 4.1 and 4.2, we obtain the following
theorem.

THEOREM 4.2. — Let u = uguy...Up ... € AN be the Thue-Morse
sequence, then, for any n > 1, the words wg 2, are strongly nonrepetitive.
Furthermore, for any p > 1, there are infinitely many n such that the
words wp o, are strongly nonrepetitive. O

Remark 4.1. — Notice that w2 = bab, wz1 = ba, w31 = ab, so
wg,1 = W31, that is, the word ws 2 is not strongly nonrepetitive. Thus, in
this sense, the theorem cannot be improved.

Remark 4.2.

(i) Let v = wovy---v,--- € AN be the period-doubling sequence.
For p = 0, we do not have the same result as for the Thue-Morse
sequence. In fact, consider wp 2 = aba, then wp; = w; 2 = ab. Nevertheless,
by Corollary 4.2, we still have that, for any p, there are infinitely many n,
such that the words wy, 2, are strongly nonrepetitive.

(ii) From Proposition 2.2, |A%| # 0, hence for any n > 1, the subword
wo,2n, of w is nonrepetitive. Furthermore, this result cannot be improved,
for example, wy 4 = ababa, but wy 2 = we 2 = aba.

On the other hand, from Remark 1.1, we see that, nonrepetitivity for
the period-doubling sequence is equivalent to strong nonrepetitivity for the
Thue-Morse sequence, hence, the first conclusion of the above theorem can
be derived from Remark 4.2 (ii).

Now consider again the Thue-Morse sequence n = nony - My ---
in {1, —1}N. Set

f(z) = Z"?nmn;

n>0

then f(z) is a transcendental function, and Cobham [5] proved that f(z) is
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the unique solution of the following functional equation:
F(z) z

1+z (+2)(1+22)
such that F(0) = 1, see also [7], [8].

F(z?) = lz| < 1,

Thus, we are naturally led to consider approximating f(z) by rational
functions. Nice candidates are the Padé approximants (if they exist).

A (p,q)-order Padé approximant of f, noted [B]f, is a rational
q

function P(z)/Q(x) whose denominator has degree ¢ and whose numerator
has degree p such that

_ P(z) _
Q@)

In particular, the approximants [

O(zP*t1tl), z—o0.

f=z

]f for k£ > 1 play an important role
in the study of Padé approximant theory (for a general reference, see [2]).

-1
By a classical result, if |A,| # 0, then the Padé approximant [n—n—]

exists (furthermore, it can be expressed explicitly, see [3], pp. 34-36). Hence
by Corollary 4.1, we have the following theorem.

THEOREM 4.3. — Let f(z) = Y nna™; then for any n > 1, the
n>0
(n — 1,n)-order Padé approximant of f exists. 0O
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