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CRITERIA FOR APWENIAN SEQUENCES

YINGJUN GUO, GUONIU HAN, AND WEN WU

ABSTRACT. In 1998, Allouche, Peyriere, Wen and Wen showed that the Hankel determinant
H,, of the Thue-Morse sequence over {—1,1} satisfies H,,/2”"1 = 1 (mod 2) for all n > 1.
Inspired by this result, Fu and Han introduced apwenian sequences over {—1, 1}, namely, +1
sequences whose Hankel determinants satisfy Hy, /2"~ = 1 (mod 2) for all n > 1, and proved
with computer assistance that a few sequences are apwenian. In this paper, we obtain an easy
to check criterion for apwenian sequences, which allows us to determine all apwenian sequences
that are fixed points of substitutions of constant length. Let f(z) be the generating functions
of such apwenian sequences. We show that for all integer b > 2 with f(1/b) # 0, the real
number f(1/b) is transcendental and its irrationality exponent is equal to 2.

Besides, we also derive a criterion for 0-1 apwenian sequences whose Hankel determinants
satisfy Hy, = 1 (mod 2) for all n > 1. We find that the only 0-1 apwenian sequence, among
all fixed points of substitutions of constant length, is the period-doubling sequence. Various
examples of apwenian sequences given by substitutions with projection are also provided.
Furthermore, we prove that all Sturmian sequences over {—1,1} or {0,1} are not apwenian.
And we conjecture that fixed points of substitution of non-constant length over {—1,1} or
{0,1} can not be apwenian.
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1. INTRODUCTION
Let a = agpajas ... be a sequence over a field F and let f(z) = > 7 ja,2" be its generating

function. The Hankel determinant of the sequence a (or the formal power series f) of order n
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(n>1)is
apg  ar - Ap_y
ai a2 e G,
Hn(a) = . . . . = det(ai_‘_j)ogz"jgn_l.
Ap—1 Qp -+ A2p—2

Finding rational approximations for f(z) is strongly related to the Hankel determinants of f. Let
p and ¢ be nonnegative integers. The Padé approximant [p/q]s(z) of f(z) is a rational function
P(2)/Q(z) with P(z), Q(z) € F[z], Q(0) =1 and deg P(z) < p, deg Q(z) < ¢ such that

= O(zPrath,

Actually, the non-vanishing of H,(a) guarantees the existence of the Padé approximant [(n —
1)/n]s(2) (see [8, p. 34-36]) and
Hn+1(a)

1) = ln = 1)/nl(2) = =S

Let b be a non-zero integer such that f(1/b) converges. Then [(n —1)/n]s(1/b) yields a rational
approximation for the real number f(1/b), i.e.

L1/~ n— 1)/l 1/8)] < 2

However, sometimes c(n) may become even bigger than b*". Therefore Padé approximants of
f(2) do not automatically give us good approximations of f(1/b). But in some case (like in the
case of infinite products, see for example [6, 9, 10]) they do.

When f(z) satisfies certain algebraic equations, in a sequence of works, the Hankel determi-
nants of f(z) have been shown to be an efficient tool in estimating the irrationality exponent of
f(1/b). Based on several Padé approximants, Adamczewski and Rivoal [1] estimated the irra-
tionality exponents for some automatic real numbers using Mahler’s method. In 2011, Bugeaud
[9] proved that the irrationality exponent of the Thue-Morse number is equal to 2. In his proof,
one important requirement is that all the Hankel determinants of the Thue-Morse sequence on
{—1,1} are non-vanishing. This result was obtained in 1998 by Allouche, Peyriére, Wen and
Wen [4]. Bugeaud’s method works well for degree 2 Mahler functions. The remaining difficulty
is to calculate the Hankel determinants. Coons [11] proved that the irrationality exponent of
the sum of the reciprocals of the Fermat numbers is 2. Guo, Wen and Wu [16] verified that the
irrationality exponents of the regular paper-folding numbers are 2. Wen and Wu [25] showed
that the irrationality exponents of the Cantor numbers are also 2. The idea of evaluating the
Hankel determinants in these works are the same as in [4]. Han [17] proved that the Hankel
determinants of a large family of sequences are non-zero by using the Hankel continued frac-
tions. Using Han’s result, Bugeaud, Han, Wen and Yao [10] estimated irrationality exponents
of f(1/b) for a large class of Mahler functions f(z), provided that the distribution of indices at
which Hankel determinants of f(z) do not vanish is known. For a class of Mahler functions f(z),
Badziahin [7] developed a useful theorem which can be used to compute the exact value of the
irrationality exponent for f(b) as soon as the continued fraction for the corresponding Mahler
function is known. This improved the result of Bugeaud, Han, Wen and Yao [10].

ZQn + 0(2271-5—1).

1.1. £1 apwenian sequences. In the seminal work [4], Allouche, Peyriere, Wen and Wen
showed that the Hankel determinants of the Thue-Morse sequence t over {—1,1} satisfy for all
n>1,

H,(t)/2"'=1 (mod 2).
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Definition (+1 Apwenian sequence). A sequence d = dod1ds--- € {—1,1} is called an apwe-
nian sequence if for all n > 1,
H,(d)
on—1
When d € {—1,1}* is apwenian, then we also say that its generating function f(z) is apwenian.

=1 (mod 2).

Remark. The apwenian sequences occur in pairs. Namely, if d is apwenian, then apparently, —d
is also apwenian. In the sequel, we only focus on the apwenian sequences starting with 1.

Fu and Han [15] introduced the above apwenian sequences in honour of the authors of [4],
and investigated Hankel determinants for the formal power series

f(2) =[] ") (1.1)
1=0

where p > 2 is an integer, P(z) = vg + v1z + -+ vp—12P7%, vo = 1 and v; € {—1,1} for all
i =1,...,p— 1. They checked for prime numbers p < 17 with computer assistance and found
that the apwenian series satisfying (1.1) are quite rare:

p |2 35 7 11 13 17
N1 110 1 1 2

where NV}, is the number of apwenian series satisfying (1.1) and v; = —1. They conjectured in
[15] that N1y = 1. In this paper, we obtain an easy to check criterion for apwenian sequences,
which allows us to determine all apwenian sequences that are fixed points of substitutions of
constant length.

Theorem 1.1 (£1 Criterion). Let d = dodidy--- € {—1,1}*°. Then d is apwenian if and only

if
dn dn —d n —d n
Vn >0, + dni1 22 1722 = 1 (mod 2). (1.2)
Let d € {—1,1}* and f(2) = > dn2". In fact, if f(z) satisfies (1.1), then d is the fixed
point of the following substitution of length p:
1 = VU1 - Up—1, -1 = UgU1 ** - Up—1 (13)
where vo = 1, v; € {-1,1} fori=1,...,p—1 and T := —z for all z € {—1,1}. In general, we

study the fixed point d = lim,_, o 0™ (1) of substitution o of constant length p (not necessarily
prime numbers):

o:1—=vovy--vp_1, —1— wows--wp_1 (1.4)
where v;, w; € {—1,1} for all = 0,1,...,p — 1. By using the £1 criterion, we are able to show
that
Theorem 1.2. Letd = li_>m o™(1) where o is given in (1.4) withvy =1 and f(z) =Y.~ dn2".

n

If d is apwenian, then f(z) satisfies (1.1).

In Theorem 5.2 we establish a criterion on the substitution itself to tell when the series f,(2)
is apwenian for all p > 2. This result can be applied to the calculation of irrationality exponents.
Let £ be an irrational number. Its irrationality exponent is the supremum of the real numbers v

such that 1

3<%
s s¥

holds for infinitely many pairs of (r, s) € Z xN. For the series f,(z) satisfying (1.1), Badziahin [7]

showed that the irrationality exponent of f,(1/b) is rational, where b > 2 is an integer with

P(1/b?™) # 0 for all integers m > 0. When the coefficient sequence of f,(z) is apwenian, the
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Hankel determinants of f(z) are all non-vanishing. Then a combination of Badziahin’s results
[6, Corollary 1] and [7, Theorem 1.2] yields that the irrationality exponent of f,(1/b) is equal
to 2. We can also apply Bugeaud, Han, Wen and Yao’s result [10, Theorem 2.1] to determine
the irrationality exponent exactly. Further efforts and new methods are needed to examine the
irrationality exponents of values of f(z) at rational points. A consequence of [7, Theorem 1.2]
(or [10, Theorem 2.1]) and Theorem 5.2 is the following

Theorem 1.3. Let p > 3 be an odd number, vo = 1 and v; € {-=1,1} fori =1,...,p — 1.
Let fp(z) be the formal power series given in (1.1). Assume that b > 2 is an integer such that
P(bii ) # 0 for all integers i > 0. Form > p, define vy, := v; with m =1 (mod p) and 0 < i < p.
If

Vj + Uj41 — V2541 — V242
2
then the real number f,(1/b) is transcendental and its irrationality exponent is equal to 2.

=1 (mod2), 0<j<p-—2,

The next natural question is to determine the number of apwenian sequences (starting with 1)
which satisty (1.3) for a given p. Let N, be the number of apwenian series f,(z) with f,(0) = 1.
We remark that when p is odd, N, = QNI’,. The first values of N, are the following:

p‘2345678910111213141516171819
Np‘1212001402020161402

Theorem 5.2 shows that when p is even, the sequence is apwenian if and only if it is the Thue-
Morse sequence. When p is odd, the number is given by the next theorem which is a consequence
of Propositions 5.4 and 5.6. For this, we need some notation. Denote by 7 the permutation

13 -+ p=2 0 2 - p—3

Let p > 3 be an odd number and set
u(p) = ord,(2) = min{j € [1,p — 1] : p|(27 — 1)},
where [s,t] denotes the set of integers j such that s < j < t.

Theorem 1.4. Letp > 3 be an odd number. If there exists an odd cycle in the cycle decomposition
of T, then

N, =0;
otherwise

N, = 2%,

where k = ;l,(lp) Z;‘i%)_l ged (27 — 1,p) — 1 is the number of cycles of T.

In fact, our method does not only give the number of apwenian sequences, but it also provides
a way to find those apwenian sequences (see Remark 5.5).

1.2. 0-1 apwenian sequences. While we consider the Hankel determinants modulo 2 of a
sequence ¢ = cgcicg - -, the natural alphabet that c lives on is {0,1}. Omne could project a
sequence d € {—1,1}*° to {0,1}* by considering the sequence

d:= <d12d2+2 mod 2>

Our Lemma 3.4 shows that d is £1 apwenian if and only if H,(d) = 1 (mod 2) for all n > 1.
For this reason, we introduce the 0-1 apwenian sequences. Throughout the paper, 0-1 apwe-
nian sequences and +1 apwenian sequences are both called apwenian sequences without any
ambiguous.

i>0
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Definition (0-1 Apwenian sequence). A sequence ¢ = cgcica -+ € {0,1} is called an apwenian
sequence if for all n > 1,
H,(c)=1 (mod 2).

A criterion for the 0-1 apwenian sequences is also available.

Theorem 1.5 (0-1 Criterion). Let ¢ = cocica - -+ € {0,1}°° such that co = 1. Then ¢ is apwenian
if and only if for alln >0,
Cn = Copt1 + Conya  (mod 2). (1.5)

We ask the same question on the number of 0-1 apwenian sequences that are fixed points
of substitutions of constant lengths. We have seen that there are not so many £1 apwenian
sequences. It is amazing that the 0-1 apwenian sequences are even rarer. In detail, we study the
fixed point ¢ = lim,,—, 4 0§ (1) of substitution oy of constant length p (not necessarily prime):

oo :1—=vovi--vp—1, 0= wows - wp—1 (1.6)
where vg = 1, v;, w; € {0,1} for all i =0, 1,...,p — 1. Denote by
O :={ce{0,1}* : c = 0oy(c) for some oy given by (1.6)}
the set of all the fixed points of substitutions of constant length.

Theorem 1.6. The only apwenian sequence in O is the period-doubling sequence given by the
substitution 1 — 10 and 0 — 11.

1.3. Organization. In section 2, we list some notation and basic properties of substitutions and
Jacobi continued fractions. In section 3, we prove Theorems 1.1 and 1.5 which give criteria for
0-1 and £1 sequences to be apwenian. In section 4, we prove Theorem 1.6. In section 5, we study
a special class of £1 sequences and prove Theorems 5.2 and 1.4. In section 6, we investigate
all substitutions of constant length on {—1,1} and prove Theorem 1.2. In section 7, we give
some examples. In the last section, we give some remarks on the permutation 7 and apwenian
sequences.

2. PRELIMINARY

2.1. Substitutions. The basic notation of words and substitutions can be found in [5, 20]. Let
A = {a,b} be an alphabet of two letters. For n > 1, the elements w € A™ are called words. The
length of a word w is denoted by |w|. That is for any w € A", we have |w| = n. The set of all
finite words on A is written A* = U,>0.A" where A° = {¢} and ¢ is the empty word. Let |w],
be the number of occurrences of the letter a in w. The conjugate of the letter a (resp. b) is b
(resp. a), denoted by @ (resp. b). For any finite word w € A*, we define by @ = Wy - - - Wy, the
conjugate of w.
For any two words w,v € A*, their concatenation, denoted by wwv, is the word

wLwsy .. .w‘w‘vlvg . ~U|v\~

For w,v,w € A*, if u = wv, then w (resp. v) is a prefiz (resp. suffiz) of u. For any w,v € A*, the
longest common prefiz of w and v is written w Av. The set A* with the operation concatenation
is a free monoid. A substitution o on the alphabet A is a mapping from A to A* and it can be
extended to a morphism on A*. Namely, for any w,v € A*,

o(wv) = o(w)o(v).

A substitution o is said of constant length, if there exists £ € N such that |o(a)| = ¢ for all a € A.
The elements a = agajas - - - € A are infinite words or sequences. For a € A>* and w € A*,
if a = vwa’ where v € A* and a’ € A, then w is a subword (or a factor) of a. A sequence
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a € A is uniformly recurrent if for any subword w of a, there exists an integer ¢ such that
every subword of length ¢ of a contains w as a subword.

An infinite sequence a € A is called a fized point of a substitution o if o(a) = a. There is a
natural metric on A>: for a, b € A,

dist(a, b) = 27 /anPl,

A substitution o on A is prolongable if there exists an a € A such that a is a prefix of o(a) and
|o(a)] > 2. A prolongable substitution has a fixed point
a= lim o"(a)
n—-+oo

where the limit is taken under the natural metric and ¢™ represents the n times composition
oo---o0. If, in addition, the substitution o is primitive, i.e. there exists k € N such that for all
a, b € A, boccurs in o*(a), then a is uniformly recurrent (see [5, Theorem 10.9.5]).

A sequence is Sturmian if for all n > 1, it has exactly n + 1 different subwords of lenght n.
A sequence a over the alphabet {a,b} is balanced if for any subwords u,v of a with the same
length, we have ||u|, — |v|o] < 1. It is known that a sequence is Sturmian if and only if it is
a non-eventually periodic balanced sequence over two letters. Note that, if a is Sturmian on
the alphabet {a,b}, then exactly one of the words aa, bb is not a subword of a. We say that a
Sturmian sequence a is of type a if aa is a subword of a. For more details on Sturmian sequences,
see for example [20, Chapter 6].

2.2. Jacobi continued fraction. Let ' be a field and x be an indeterminate. For a non-
zero formal power series f(x) = > <, ana”, its order | f|| is the minimal n such that a, # 0;
the order of zero series is +0o. Then F[[z]] is the ring of formal power series with the metric

d(f,g9) = 2-I=gll for f,g € F[[z]]. Let u = wjuz... and v = voviv2... be two sequences of
elements in F, where v; # 0 for all . Consider the finite continued fraction
Vo V1 ... Un—1 Vo
J,:=J ( ) = 5 € F[[z]].
u; Uz ... Unp, V1T
1+wz —
1+ usx — 5
1 +u €T — M
n—1 1+ Un T

The sequence (J,,) always converges in F[[z]]; see for example [14, Theorem 1]. Its limit defines
the infinite continued fraction

J Vo V1 V2 ...\ Vo
uy Uz U3 ...) v 2
14+ uix — 5

VX
1+ usx —

1+ usx —

’U3Z‘2

which is called the Jacobi continued fraction (or J-fraction) attached to (u,v). The finite con-
tinued fraction J,, is called the n-th approzimant of J Yo 12
Uy Uz U3

The following basic properties of J-fractions are obtained by Heilermann [18]; see also [22,

Chapter IX & XI]. A formal power series f(x) yields a J-fraction expansion if its Hankel de-

terminants are all non-vanishing, i.e. for all n > 1, H,(f) # 0. A closer relation between the
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Hankel determinants and J-fraction expansion of a formal power series is the following: if
- Vo U1 V2 .
f(l’) =J <U1 U2 U3 .. ) ’

Hy(f) = vgor ™ og ™ 0] _yvnot.

then for all n > 1,

Moreover, the order of the n-th approximant is 2n + 1, namely,

f(x)_J<v0 oo UM>_O(Z%H)'

uy uz ... Unp

The power series expansion (in ascending order) of f(z) and its n-th approximant agree on just
the first 2n terms.

3. CRITERIA FOR APWENIAN SEQUENCES

In this section, we first prove a criterion for 0-1 sequences to be apwenian. Then by studying
the relation between 0-1 sequences and +1 sequences, we transfer the 0-1 criterion to the +1
criterion.

3.1. 0-1 Criterion. Let ¢ = cpcrea- -+ € {0,1}1°°. Recall that c is apwenian if for all n > 1, its
Hankel determinants

co €1 Cpe
Cl C2 DRI C"L
Hy(c) = . _— .| =1 (mod 2).
Cp—1 Cn - Con—2

Theorem 1.5 gives a sufficient and necessary condition for a 0-1 sequence to be apwenian. To
prove the result, we need some preparation.

Lemma 3.1. Let f(x) = Y5, cie’ where co = 1. Then, the condition (1.5) is equivalent to
1+ 22 f(2?) = o f°%(z) + f*(x) (mod 2), (3.1)
where f°%(z) = Diso Coip1 T and fM(a) = 30,5 e

Proof. Let b = bob1bs - - - € {0,1}° be a sequence satisfying (1.5). Write its generating function
by g(z) = Y50 bix’ and let g°M(z) = 37,50 b1t and gV (z) = 30,5 basa®.
For any g one has by + 2%g(2?) = by + 22 > >0 bz and

LL’gOdd(CE) + geven <$) — Z b2i+1x2i+2 + bO + Z b27;+2932i+2

>0 >0
=bo + ) (bai1 + baig2)a™ 2.
>0
Thus by + 22g(2?) = 2g°%(z) + ¢°¥°"(x) (mod 2) if and only if b; = by;y1 + boiro (mod 2) for
all i > 0. O

Lemma 3.2. Let u; € {0,1} and g(z) = >, biz" where by = 1 and b; € {0,1} for all i > 1.
Define a
1
f) = 14wz —22g(x)
Then f(x) satisfies (3.1) if and only if g(x) satisfies (3.1).
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Proof. Write h(x) := f(z)(1 + wyz — 2%g(z)). Then h(x) = 1 means that h°dd(z) = 0 and
hever(z) = 1. Note that

h(z) = f(2)(1 +wz — a?g(z))
_ (f“dd(x) + fcvcn(x)) {(ulx _ l‘2g0dd(1‘)) + (1 _ xQ‘gcvcn(x))}

__ podd ) = odd T 1,2 even even (. u T — 1,2 odd
{Oh () = f42) (1 = a?g™ " (2)) + F () ( 9°(x)), 52)

1= heven(x) — feven(l,)( Qgeven( )) + ded(ac) (ulx 2godd( ))
Solving the linear system (3.2) in variables f°44 and f°V°", one obtains
F (@) = f@) f(=x) (1= 2™ (2)) and ) = f(2)f(—x) (2?¢°(x) — wz).
Consequently,
Fol (@) = (mz +2?¢°%(2)) f(2) and [ (2) = (1 + 229" (2)) f(2®) (mod 2).  (3.3)
If g(z) satisfies (3.1), then
[ (x) + [N (@) = w(wiz + a?g° (2)) f(2) + (L +2?g™ " (2)) f (2?)
= f(@*) (ma? + 2%g°M (@) + 1+ 226" (x))

= f(2?) (1 +uz® + 2% (1 + ng(xQ))> by (3.1) for g(x)

= 1) (55 ++°)
=1+22f(2?) (mod 2)

which is (3.1) for f(z). Conversely, if f(z) satisfies (3.1), then noticing that ﬁ =14uz? -

xtg(2?), we have

L4+ (1 +uy)2? —atg(2?) = f(i‘Q) (1 + fo(xz))
= s (17w + 1 w) 0 2) by (31) or f(o)
=wuz? + 23¢°%(2) + 1 4+ 22¢°°"(z) (mod 2). by (3.3)
Therefore,
2? — atg(2?) = 22 (2" (2) + g™ (z))  (mod 2)
which implies that g(x) satisfies (3.1). O

Lemma 3.3. Let (t,)n>0 be the 0-1 Thue-Morse sequence given by to = 1, ta, = t, and
tont1 =1+, (mod 2) for alln > 0. Then g(x) = >, q(tn + tny2)z™ satisfies (3.1).

Proof. Write h(z) := 3,5 tiz’. Then g(z) = h(z) + 25 (h(z) — 1). Note that

QOdd(I) = Z(t%—&-l + t2i+3)I2i+1
i>0

= Z(tl + tig) 2 !

i>0

= zh(z?) + é(h(:ﬂ) - 1) (mod 2)
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and
geven(x) _ Z(tQi + t2i+2)$2i
i>0
= Z(tl + ti+1)$2i
i>0
1
= h(a?) + — (h(:ﬂ) - 1) (mod 2).
Therefore,
1
26°M(x) + g (@) = 2?h(a?) + h(a?) = 1+ h(a?) + — (h(xQ) - 1)
- 27 (2 1 2
=1+ 22h(z )—l—ﬁ(h(x )—1)
=1+2%(2?) (mod 2).
So g(z) satisfies (3.1). O

Now we are ready to prove Theorem 1.5.

Proof of Theorem 1.5. The ‘only if  part. Let f(z) = 3,5 ciz’. We can check directly that
Hy(f) = 1 (mod 2) implies ¢y = 1 (mod 2), and Hy(f) = Ha(f) = 1 (mod 2) implies ¢y =
1 (mod 2) and ¢1 +¢2 = ¢ (mod 2). For any k > 2, suppose H,(f) =1 (mod 2) for all n € [1, k].
Then f yields a J-fraction expansion

flz) = 5 . (3.4)
14 U1xr — 3
1+ usx —

1+ up—12 — 22 fr(x)

Replace fi(z) in (3.4) by g(x) in Lemma 3.3, and denote the resulting series by f'(z) = Y, ciz’.
Since f(z) and f’(x) have the same (k — 1)-th approximant, and the order of the (k — 1)-th
approximant is 2(k — 1) + 1, we have ¢; = ¢} for ¢ = 0,1,...,2k — 2. It follows from Lemmas 3.3
and 3.2 that f'(z) satisfies (3.1). Then by Lemma 3.1, ¢g = 1 and ¢; = ¢g441 + 242 (mod 2)
holds for all ¢ € [0,k — 2].

The ‘if’ part. For the converse, suppose that co = 1 and ¢; = ¢g;41 + c2i42 (mod 2) holds for
all ¢ > 0. It follows from ¢y = 1 (mod 2) that H1(f) = 1 (mod 2). Consequently, f(z) yields a
J-fraction expansion

1
flz) = 14wz —22f1(z)
Since f(z) satisfies (3.1), by Lemma 3.2, fi1(z) also satisfies (3.1). So fi(z) has a J-fraction
expansion

1
fi(z) = P ———y s
Now fi(z) satisfies (3.1). This yields that Hy(f1) = 1 (mod 2) and f(z) satisfies (3.1). In
summary,

f(a) = S

x
1+ ux—

1+ ugx — 22 fo(x)
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and fy(z) satisfies (3.1). Repeating the previous argument, we find the J-fraction expansion

of f(x):
3 ( 1 1 1 >
ul u2 U3 PR
where u; € {0,1} for all ¢ > 1. Hence H;(f) =1 (mod 2) for all ¢ > 1. O
3.2. £1 Criterion. Let d = dpd1dy - -+ € {—1,1}*°. Recall that d is apwenian if for all n > 1,

H,(d)/2" ' =1 (mod 2).

Our criterion for a +1 sequence to be apwenian is stated in Theorem 1.1. Before we prove
Theorem 1.1, we need a relation between 0-1 apwenian sequences and +1 apwenian sequences.

Lemma 3.4. Let d = dodidy--- € {—1,1}* and let ¢ = cociea--- € {0,1}>° where ¢; =
% (mod 2) for alli > 0. Then d is +1 apwenian if and only if ¢ is 0-1 apwenian.

Proof. Let b; = 1_Td" for all ¢ > 0. Then

1—2 1—2b -~ 1—2b, 4
1—92 1—2by --- 1—2b,
1—2b,-1 1—2b, --- 1—2by,_o
1—2bg bp—b1 -+ bp_o—bp_1
1—2b; b1 — by b1 — by,
=2t . . _ .
1—=2bp—1 bp1—0by -+ bap_3 —bap_o
1 bo—br -+ bp—2—0by bo bo—b1 -+ bp_o—bp_
1 bi—by - bp—1—bn b1 by —by - bp—1 — by
=on=1 , , . 2" . . .
1 bp1—=0by -+ bap3—bop 2 bp-1 bp1—byp -+ bap_3—bap o
1 bo—br -+ bp_2—0by1 bp —bi -+ —by1
2 bo—by - bn—2 — by br  —by - by
=21 . . : -2 :
2 bn—2 - bn e b2n—4 - b2n—2 bn—l *bn Tt *an—2
Dividing both sides by 2"~ !, we have
1 bo—br -+ bp2—by1 bp —bi -+ —by
H,(d) |[2 bo—bx - br—2 — by by —by - =Dy
2”—1 = : . . . - 2 . . . .
2 bn—2 - bn tee b2n—4 - b2n—2 bn—l *bn Tt *b2n—2
1 bp—by -+ bp_a—bp_1
0 bo—b2 bn—2_bn
= _ ) ) (mod 2)
0 bpo—by, -+ bapg—ban o
Co e Cn_2
= (mod 2)
Cp—2 =+ Cop—4
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=H,_1(c) (mod 2). O
Lemma 3.4 allows us to transfer Theorem 1.5 to be a criterion for +1 apwenian sequences.
Proof of Theorem 1.1. By Theorem 1.5 and Lemma 3.4, the £1 sequence d is apwenian if and
only if dy = —d2 and

dn, —dy, dop+1 — donts  dont2 — dap
Vn >0, 5 +2 _ 2+12 43 2+22 2n+44 (mod 2). (3.5)

Adding up the equation (3.5), we obtain its equivalent form: Vn > 0,

n

di —diva _ x [(dois1 — dojivs  dojso — doisa
Z - E—— Z ( 5 + 5 (mod 2)

i=0 =0

which reduces to
do+dy  dpy1+dpyo _ di+dy dopgs+dongy

Vn >0, 5 5 = 5 (mod 2). (3.6)
So (3.5) is equivalent to (3.6). It follows from the initial condition dy = —ds that (3.6) is
exactly (1.2) for n > 1. Since dy = —dy is just (1.2) for n = 0, we conclude that (3.6) and (1.2)
are equivalent. This completes the proof. O

4. THE 0-1 APWENIAN SEQUENCES GENERATED BY TYPE I SUBSTITUTIONS

In this section, we focus on sequences generated by substitutions of constant length p > 2 on
{0,1} such that
a:1|—>1w1-~-wp,1, 0'—>U0’U1~'-’Up,1,
where w;,v; € {0,1} for all i. These substitutions are called of type I. Let ¢ = ¢ocea - -+ be the
fixed point of o starting with 1.

Remark. If o is a substitution such that o (1) is not starting with 1, then either the substitution
does not have a fixed point or the fixed point is starting with 0 and it is not apwenian.

Example 4.1. Let o be the substitution 1+ 10 and 0 — 11. Its fixed point
c =101110101011101 - - -

is the well known period-doubling sequence; see for example [12]. The sequence c satisfies the
recurrence relations cg,, = 1 and ¢o,41 = 1 — ¢, (n > 0). Hence, by Theorem 1.5, ¢ is apwenian.

It is interesting to see that substitutions of constant length actually give only one 0-1 apwenian
sequence, namely, the period-doubling sequence.

Theorem 4.2. Let ¢ € {0,1}* be the fized point of a type I substitution of length p such that ¢
is starting with 1. Then c is 0-1 apwenian if and only if ¢ is the period-doubling sequence.

Proof. Let ¢ be the fixed point of ¢. Then it is also the fixed point of ¢ for all m > 1. Hence,
we always assume that the length of ¢ is p with p > 3. By Example 4.1, we only have to prove
the necessity. Since cocica -+ =c¢ = o(c) = o(cp)o(cr)o(cz) -+, we have for all i > 0,

o(€i) = CipCipt1 - Clit1)p—1- (4.1)

Suppose that c satisfies (1.5). Then ¢y =1 and ¢; + ¢2 = 1 (mod 2). There are only two cases
to be considered.
Case 1: ¢4 =1 and ¢o = 0. By (4.1), o(cp) = o(e¢1) = o(1) implies

Cp—1 = Cop—1 and ¢, = cg = 1.
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By (1.5), ¢p—1 = cap—1 + ¢2p (mod 2) and cop = Capt1 + Capr2 (mod 2). Hence, 0 = cg =
Cap+1 + Capt2 (mod 2). Since o(1) = 110 --¢p—1 and o(cs) = CapCap+1Cap+2 - - - C5p—1, We have
¢y = 0. Tt follows from (4.1) and ¢z = ¢4 = 0 that

C2p+1C2p+2 = Cap+1C4p+2-

So ¢p = Copr1 + Coptr2 = Capy1 + Capt2 = C2p = 0 (mod 2) which is a contradiction.

Case 2: ¢ = 0 and co = 1. By (4.1), cop = copt2 = 1 and copt1 = 0. Then, by (1.5),
Cp = Copt1 + Copr2 = 1 (mod 2). This implies that both ¢(0) and o(1) are starting with 1. By
(4.1), we have for all i > 0,

cip = 1. (4.2)
Using (1.5) and (4.2), for ¢ > 0, we have

Clit1)p—1 = C2>i41)p—1 T C2(i+1)p = C2(i+1)p—1 + 1 (mod 2)
which implies that the last letter of o(¢;) and o(cei1) are different by (4.1). So ¢; # cai41. In
the other words, for all i > 0,
caiv1 =¢;i+1  (mod 2). (4.3)
It follows from (1.5) and (4.3) that for all 4 > 0,
Coita =Ci+ 1=+ +1=1 (mod 2). (4.4)

The recurrence relations (4.3) and (4.4) with the initial value ¢y = 1 show that c is the period
doubling sequence. O

5. THE 1 APWENIAN SEQUENCES GENERATED BY TYPE II SUBSTITUTIONS

In this section, we focus on a particular class of substitutions of constant length on the alphabet
{-1,1}. Based on Theorem 1.1, we give a detailed criterion (Theorem 5.2) on the substitution
itself to tell whether its fixed point is apwenian or not. This detailed criterion not only allows us
to give the exact formula for the number of apwenian sequences (see Propositions 5.4 and 5.6),
but also provides a way to write down these apwenian sequences (see Remark 5.5). We call this
particular class of substitutions of type II.

Definition 5.1 (Type II substitution). We say a substitution o on A = {—1,1} is of type II if
it satisfies
1*—)’00’01""1}1,_1, 71'—)1_)01_}1"'1_11)_1
where p > 2, vg =1 and v; := —v; for i =0,1,...,p — 1. The length of the substitution o is p.
Let d = dodidy -+ € {—1,1}7° be the fixed point of a type II substitution starting with 1.

It follows from d = o(d) that for all n > 0, o(d,) = dppdnpt1- - dnpyp—1. Then for all n > 0
and j =0,1,...,p—1,

dnp+j = ’Ujdn. (51)

Here v;d,, represents the product of integers v; and d,,. Moreover, from (5.1), we find that the
generating function f,(x) = > 7} d,a" satisfies

fo(z) = (vo +viz + - +vp 2P ) fo(2P) (5.2)

where v; € {—1,1}. Now we introduce our criterion for +1 apwenian sequences generated by
type II substitutions.
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Theorem 5.2. Let d € {—1,1}T be the fized point of a type II substitution of length p > 2
and d is starting with 1. For m > p, define v, := v; where m = np + j with n > 0 and
j=0,1,....,p—1.
(1) When p is odd, d is £1 apwenian if and only if
vj+vj+l_§2j+1_vzj+2 =1 (mod2), 0<j<p-2. (5.3)
(2) When p is even, d is =1 apwenian if and only if d is the Thue-Morse sequence.

Remark 5.3. Let p be even and N, be the number of apwenian series satisfying (5.2). Then,
Theorem 5.2 implies that

if p = 2% for some k > 1,
N, = )
0, otherwise.
Proof of Theorem 5.2. If d € {—1,1}T* is the fixed point of a type II substitution of length
p > 2 and d is starting with 1, then d satisfies (5.1). To apply Theorem 1.1, we need to check

the relation between (1.2) and (5.3).
When 0 < j < 252 wehave 0 < 2j+1<2j+2<p—1. Foralln>0,

Anp+j + dnptj+1 = do(nptj)+1 — D2(np+j)+2

2
_ pptj + duptjt1 — donpt2j+1 — donpr2j+2
2
Vidp + Vjp1dy — voj41d2n — V2j42don
= by (5.1
5 y (5.1)
vj + v V41 + Ugj
— Jiﬁldn _ Md%l
2 2
_Y +2Uj+1 V241 ‘;U2j+2 (mod 2). (5.4)

When 21 < j <p—2, we have p<2j +1 < 2j+2<2p—2. Forall n >0,

Anptj + dnptj+1 = da(nptj)+1 — D2(np+j)+2

2
_ doptj F nptj+1 — dEntypr2i+1-p — dnt1)pr2j42-p
_ Vjdn +Vj41dn — vzj+12pd22n+1 — U2j+2-pdan+t1 by (5.1)
_ Y t Ui+ dy, — V2jtiop T V2i42p dont1
2 2
_ Y +2vj+1  U2jt1 —;112]'+2 (mod 2). (5.5)

When j = p — 1, we have for all n > 0,

drp+j + dnp+j+1 = danp+j)+1 — da(np+j)+2

2
_ dnpﬂ?fl + dnpﬂ? - d2np+2p71 — d2np+2p
2
Up—1dp + Vodpy1 — Vp—1dop+1 — Vodon+2
= by (5.1
5 y (5.1)
dn - d2n+1 dn+1 - d2n+2

U1y vo 2
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= antl Dol TR (mod 2). (5.6)
2 2
(1) If p is odd, then % and p—;l are two consecutive integers. If d is +1 apwenian, then by
Theorem 1.1, we obtain (5.3) from (5.4) and (5.5). Conversely, if (5.3) holds, then (5.4), (5.5)
and (5.6) yield (1.2) by induction on n. It follows from Theorem 1.1 that d is +1 apwenian.

(2) Suppose p is even and p = 2¢ with ¢ > 1. If d is =1 apwenian, then by Theorem 1.1, (5.4)
and (5.5), we have

Uj+vj+1_12)2j+1_02j+2 =1(mod?2), 0<j<p—2andj#q—1

Hence,

Z Uit U1 ;2j+1 " U642 9=0 (mod 2).
0<j<p—2

Jj#q—1
It follows that N N
Vg—1 Vq _ Vo Up—1
5 = 5 (mod 2). (5.7)

Thus,

dnp+g—1 + dnp+q = danptq-1)+1 ~ da(mptga-1)+2
2
_ dnptq—1 + dnprq — donpyp—1 — d(2n+1)p
2
’Uqfldn + qun - ;p71d2n - vOdZnJrl by (51)
Vg—1 + qu N vp71d2n + UOdZnJrl
2 " 2

_ vo + Up—1 d. — ’Upflen + U0d2n+1
- 2 " 2

dn — d2n+1 dn - d2n
= 5 vo + 5 Up—1

dn - d2n+1 dn - d2n

= 5 + 5 (mod 2)

don, + doy,
% (mod 2). (5.8)

If d is £1 apwenian, then by (1.2) and (5.8), we have for all n > 0, Lg”“ =0 (mod 2). This
implies that

(mod 2) by (5.7)

=1+

Vn Z 0, d2n+1 = —dgn. (59)
By Theorem 1.1 and (5.9), we obtain that for all n > 0,
dp +dpi1 —dong1 — donye _ dp +dpyr +doy — dopgo

5 = 5 =1 (mod 2).
Hence,
nz_:l di +diqq +2d2i — daiq2 —n (mod2)
i=0
which reduces to
Vn>0, do,=d,. (5.10)

It follows from (5.9) and (5.10) that d is the Thue-Morse sequence. O
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5.1. The +1 apwenian sequences when p is odd. Let p > 3 be an odd number and let
o: 1= v, -vp_1, 0 — Tpv1---Up—1 be a type II substitution of length p. The mapping
jr 2541 (mod p) defined on N induces the permutation

-3 p—1 ptl
S (0 e B A B p=2)
13 -« p-2 0 2 - p—3
For j =0,1,...,p — 2, write
NV =V
5(j) = L2,
(7) 5
Then §(j) € {0,1} and (5.3) is equivalent to the linear system

5(0) 5(7(0)) 1
: + : :
5(p—2) 5(r(p—2)) 1

Note that (5.11) is a linear system on the Fa-vector space F’Q’_l. Then it has either no solution
or 2% solutions for some k > 0.

By Theorem 5.2, searching for +1 apwenian sequences that are fixed points of type II sub-
stitutions turns out to be solving the linear system (5.11). The following result shows that the
solutions of (5.11) can be characterized by the cycle decomposition of the permutation 7.

(mod 2). (5.11)

Proposition 5.4. Let p > 3 be an odd number.

(1) The linear system (5.11) has no solution if and only if there is an odd cycle in the cycle
decomposition of T.

(2) The linear system (5.11) has 2% solutions if and only if T can be decomposed into k cycles
of even length and T contains no cycles of odd length.

Proof. Let h be the number of cycles in the cycle decomposition of 7. Write the cycle decompo-

sition of 7 as
(xgl), cee mg)) (gcgz), - 7.’137(5)). .. (xgh), cee mgz)) (5.12)

where r; > 1 (i =1,...,h) and 71 +--- + 1, = p— 1. We reorder the linear system (5.11) into h
subsystems according to the cycles. For £ = 1,2,...,h, the ¢-th cycle yields the ¢-th subsystem

3ty +a(r(={") =1, 3ty +6(28”) =1,
: that is (mod 2) (5.13)
5z + 6(r(29)) = 1, 5@y + 6z = 1.

Denote by Cy and (Cy | 1) the coefficient matrix and the augmented matrix of the ¢-th subsystem,
where 1 is the column vector (of suitable size) with all entries equal 1, i.e.,

1 1 1 1 1
1 1 1 1 1
Cp = and  (C,[1) = oo :
1 1 1 11
1 1 1 1|1
Te X7y

Working over Fy, the row echelon forms of Cp and (Cy|1) indicate that for £ =1,... h,

-1, ifrgi
rank(Cy) =rg—1 and rank(Cy|1) = {re , 1L rgis even,

) ) (5.14)
re, if rp is odd.
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(1) Now we prove the ‘if” part. Suppose that 7 contains a cycle of odd length, i.e., there exist
j €{1,...,h} such that r; is odd. By (5.14), rank(C};) # rank(C; | 1). So the j-th subsystem is
inconsistent. This implies that the linear system (5.11) has no solution.

For the ‘only if’ part, see the proof of the ‘if’ part of Proposition 5.4(2).

(2) Recall that we write the cycle decomposition of 7 as in (5.12) and reorder the linear system
(5.11) into h subsystems as in (5.13). The coefficient matrix of the reordered linear system (5.11)
with variables arranged in the order

1 2 h
81, 6@ ), 8P, 6@, .M, 6 D)
is the block diagonal matrix C' = diag(Cy, Cs,...,Cy). Note that
h h
rank(C) = Zrank(@) = Z(ri —1)=p—1-—h. (5.15)
i=1 i=1
The ‘if’ part. Assume that h = k and 7, is even for all £ = 1,...,k. Then, by (5.14),
rank(Cy) = rank(Cp|1) =1y — 1 for £ =1,...,k. So the ¢-th subsystem is consistent and it has
one free variable. Precisely, for £ = 1,... k, the solutions of the /-th subsystem are

5@ =1+ +8@) (mod2), j=1,...,r. (5.16)

In total the linear system (5.11) has k free variables and it has exactly 2* solutions.

The ‘only if  part. Assume that the linear system (5.11) has 2¥ solutions. Then all the h
subsystems have to be consistent. So for £ = 1,...,h, rank(Cy) = rank(Cy|1) and ry is even
by (5.14). Namely, all the cycles in the cycle decomposition of 7 are of even length. Moreover,
when the linear system (5.11) has 2% solutions, there are k free variables in (5.11) and rank(C) =
p—1— k. Then it follows from (5.15) that h = k. So, in the cycle decomposition of 7, there are
exactly k even cycles and no odd cycles. (I

Remark 5.5. Once we have the cycle decomposition of 7, we can read all type II apwenian
substitutions from (5.16). For example, when p =9,

=(1,3,5,7,0,2,4,6,8) = (0,1,3,7,6,4)(2,5).
Write (6(0),46(2)) = (z,y) € {0,1}%. By (5.16),
o=(x,1—z,y,z,1—2, 1 —y, x, 1 —x).

Recall that (j) = “—**. While the initial value is vy = 1, there are only four type II apwenian
substitutions:

(z,9) ‘ v9 V1 Vg VU3 V4 Vs Vg U7 Vs
00 1 1 -1 -1 -1 1 -1 -1 1
(0,1) 1 1 -1 1 1 -1 -1 -1 1
Loyl 1 -1 -1 -1 1 1 -1 1 1
1Ly 1 -1 -1 1 -1 -1 -1 1 1

5.2. The cycle decomposition of 7 when p is odd. Let p > 3 be an odd number. Recall
that
ulp) = ord,(2) = min{j € [1,p— 1] : pl(27 — 1)}.
By the minimality of u(p), we know that u(p)|m if p|(2™ — 1). Hence, by Euler’s theorem,
w(p)|od(p), where ¢(p) is the Euler function. In particular, u(p)|(p — 1) if p is prime.
Recall that 7 is the permutation on {0,1,2,...,p — 2} induced by j + 2j + 1 (mod p) :
T:(O Lo % p%l % p—2>'
13 -+ p=2 0 2 - p-3

We obtain the following explicit formula for the number of cycles in the cycle decomposition of 7.
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Proposition 5.6. Let p > 3 be an odd number. There are k cycles in the cycle decomposition
of T, where

n(p)—1
#(1 Y #nel0p-2: (2 -1)(n+1)=0 (mod p)}
7=0
u(p)—
Z ged(2/ — 1,p) — 1. (5.17)

Proof. Since 2#®) = 1 (mod p), we have for any m € N, 2#(")m = m (mod p). Note that
79(n) = 2/n +2/ — 1 (mod p) for any j > 0. Hence 7#() = id. The subgroup generated by 7 is

G := {10772, .. e~
The number of orbits of the mapping

Gx{0,1,2,....p—2} — {0,1,2,...,p—2}
gxx — g()

is equal to the number of cycles in the cycle decomposition of 7. Denote by Fix(77) the set of
fixed points of 77. By Pdlya’s enumeration theorem or its special case — Burnside’s lemma [21,
Theorem 3.22],

H(P) 1

> #{nelop-2:(2-1)(n+1)=0 (modp)}. (5.18)

Tl =

7;

For any fixed j, let ged(2/ — 1,p) =: d. Then
2 —1=s-d and p=t-d
where ged(s,t) = 1. For n € [0, p — 2], we have
(n+1)-(22-1)=0(modp) = (n+1)-(s-d)=0 (mod p) = n+1=m-t.

While 1 <n+1<p—-—1landn+1=mt, wehave ]l <m <d—1. So
#nel0,p—2: (n+ 1)@ —1)=0 (mod p)}
=#{me[l,d—1]:(m-t)-(s-d)=0 (mod p)}
=d—1=ged(2/ —1,p) — 1.

By (5.18), we derive

p(p)—1 1 n(p)—
Z (ged(27 —1,p) — 1) = 72 2 —1,p)—1. O
7=0 ( 7=0

It follows from (5.17) that

> dx#{je0,pp)—1]:ged@ —1,p) =d} -1, (5.19)

:@dlp
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For example, when p = 9, we have u(9) = 6 and

jlo 1 2 3 4 5
2/ (mod9) |1 2 4 8 7 5
2j—1(mod9)013764

91 3 1 3 1

Sok=2(1x34+3x2+9x1)—1=2.
Now, we are ready to prove Theorem 1.4.

Proof of Theorem 1.4. According to Theorem 5.2 (1), N, is equal to the number of solutions
of (5.3) which is equivalent to the linear system (5.11). If 7 contains an odd cycle, then by
Proposition 5.4(1), N, = 0. The remaining case follows from Propositions 5.4(2) and 5.6. O

Corollary 5.7. Let p > 3 be an odd number and the cycle decomposition of T has k cycles.

(1) Ifp = pt, where py is prime with u(p?) = u(p1)py and € > 1 is an integer, then k = th l)é

(p1—1)(p2—1) 4+ izl | po-l
lem(p(p1),p(p2)) ' w(p1) #(m)

(2) If p = p1pa, where p1,ps are prime and p1 # pe, then k =
where lem(a, b) is the least common multiple of a and b.

We remark that some primes p do not satisfy p(p?) = u(p)p, for example, the Wieferich
primes [23]. To prove Corollary 5.7, we need the following lemma.

Lemma 5.8. Let p > 3 be prime with u(p®) = p(p*=1)p for some integer s > 2. Let p1 and ps
be prime with p1 # po.

(1) pu(p) = p(p™p for all £ > s.
(2) pup1p2) = lem(p(p1), pu(p2))-

Proof. (1) The conclusion holds for £ = s. Assume that the conclusion holds for ¢ = k where
k > s, we prove the case £ = k + 1. We first show that p**1 { (2:®"") — 1), By the inductive
assumption, u(pF) = p(pF=1)p. Then p* + (2¢®* ™) — 1) and

21(P*) 1 = 2n®*p 1 = (200" _ 1) P(k),

where P(k) = (p+ 2¢®") — 14 ... 4 20-Dr®"™") _ 1) When k = 2, since p|(2*() — 1) and
p? 1 (2#P) — 1), we can write 2#(P) = hp + 1 with p{ h. Then

P(2) = (p + hp + hp(1 + 2u(p)) + o4 hp(1 + ouP) ... 4 2(1)72)/1(13)))
- (p + hp+ hp(2 + on(p) _ D4 +hpp—1+ ou(P) 1 ... 4 2p=2)up) _ 1))

-1
= (p + pTPQh + hp(gu(p) 1) 4+ hp(gu(p) — 144 2=Dulp) _ 1))

Note that p|(2™#() — 1) for all m > 1. We have p? { P(2). So p® { (2#(P*) —1). When k > 3, we
have p2|(2m#(*" ™) — 1) for all m > 1. Hence, p?{ P(k). Consequently, pF*1 4 (20®") — 1),
Since p*|pk*t, we have u(p*)|u(p**1). Suppose that pu(pF*t) = p(p*)z with = > 1. Note that

on(P*)e _ 1 _ (gu P 1)(1 4 200 4 ou@2 4 on(rh)(@-1))
= (24" _ 1) (x 4oon@") _q 4 on)2 _q 4 4 on@")(@-1) —1).
Since pk+1\(2“(pk)’” —1),p \(2“(1’ ) —1) and pF*! ¢ (2“(”k) — 1), then
pll + 200" ) 1 op®™ 2 oy on@ @) ),

Since p|(2“(pk_1)m — 1) for all m > 1, we have p|z. Hence, by the definition of u(p**1), we have
x = p. Finally p(p**') = p(p")p.
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(2) Let L = lem(u(py), #(p2)) and suppose L = p(p1)x = p(p2)y where z,y € N. Then
2L — 1 = (20P1) — 1)(1 4 20(P1) .. 4 9(E=Dnlp))y
= (21(P2) _1)(1 4 2#(P2) ... o= Dulp2)y)

Since p1|(2#P1) — 1), po|(2#(P2) — 1) and p; # po, we have pips|(2F — 1). Therefore, pu(p1p2)|L.
On the other hand, since p;[p1p2 and pa|p1ps, we have u(p1)|pu(p1p2) and p(p2)|p(p1p2). Hence,
L|p(p1p2). So that L = pu(p1p2). O
Proof of Corollary 5.7. (1) If d|p%, where p; is prime, then d = p} with 0 <4 < £. Note that for
every odd number p’ > 3, if p/|(2™ — 1), then there exists an integer k such that m = ku(p’).
Hence, for any fixed i € [0,¢ — 1], if pi[(27 — 1), then j = ku(p}) for some k. It follows that

, (o 1 (p)
#1i€0,ulp)—1]:p(2? -1} = -
{7 €10,u(p) — 1] : pil( )} )
~For any fixed i € [0,£ — 1], by the fact that ged(2’ — 1,p) = pj if and only if pi|(2/ — 1) and
pth (27 — 1), we have

#{j€0,ulp) —1]: ged(2’ — 1,p) = pi} =

pp) _plp)
pot) ™)
where p(1) = 1. By Lemma 5.8, for any fixed i € [1,¢ — 1], we have

#{j €0, up) — 1] 1 ged(2’ — 1,p) = p} } = pi " (p1 — 1).

Note that _
#{j€l0,pup) —1]:ged(2) —1,p) =p} =1
and
#{j €0, u(p) — 1] : ged(2) —1,p) = 1} = pu(p) —p; "
By (5.19), we have k = 2=1¢.

n(p1)
(2) If d|p1p2, where p; # po are prime, then d € {1, p1, p2,p}. Similarly, we have

#{je0,up) —1]:ged? —1,p) =p1} = /Z;I?l)) 1
#{j€0,ulp)—1]:ged(2 —1,p) =po} = 5((]7?92)) 1

Note that # {j € [0, u(p) — 1] : ged(27 — 1,p) = p} = 1. We have
#{j€l0,n(p) —1]: ged(2! = 1,p) =1} = p(p) =1 - </Z%—1> - (:((pi)) —1).

By (5.19) and Lemma 5.8, we have k = 1c(rffﬁl(?1(fifplg))) + ﬁp_ll) + Z%p_le) O

The following proposition gives a description of p when there is an odd cycle in the cycle
decomposition of 7.

Proposition 5.9. Let p > 3 be an odd number. There is an odd cycle in the cycle decomposition
of T if and only if p = mpy for some m > 1, where p(p1) is odd.

Proof. The “if” part. If p = mp, for some m > 1, then p|m(2+®1) — 1). Hence, 7#P1)(m — 1) =
m — 1. Since p(p1) is odd, there is an odd cycle in the cycle decomposition of 7.

The ‘only if’ part. If there is an odd cycle in the cycle decomposition of 7, then there exist
m >1landn € {0,1,...,p—2} such that 7™(n) = n. So p|(n+1)(2™—1). Note that n+1 < p—1.
Hence, there exist p; > 2 and py > 1 such that p = pyps and py|(2™ — 1). Since py|(24P1) — 1),
we have p(p1)|m. Hence, u(p1) is odd which completes this proof. O
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Remark 5.10. Let p be odd and N, be the number of apwenian series satisfying (5.2). Then,
Propositions 5.6 and 5.9 imply that

N — 0, if p=mp; for some m > 1 and p; > 3 with u(p1) odd ,
P 2k otherwise,

where k = ﬁ ;‘ipo)*l ng(QJ — ]_,p) — 1.

6. THE +1 APWENIAN SEQUENCES GENERATED BY SUBSTITUTIONS OF CONSTANT LENGTH

In this section, we consider all substitutions of constant length. We show that the only
substitutions that have a chance to generate +1 apwenian sequences are type Il substitutions
(see Theorem 6.1).

A substitution o (of constant length) on {—1,1} is of the form

o: 1= vvr - vp_1, —1= wows-: wp—1

where p > 2 is an integer, and v;, w; € {—1,1} for ¢ = 0,1,...,p — 1. To ensure that o has a
fixed point, we need vg = 1 or wy = —1. Let d = 0°°(1). In addition, we can assume that dy = 1
(which also means vy = 1). Otherwise, we investigate —d. Define

A={je0,p—1]:v; =w;}.

Then d satisfies the recurrence relations

dpp+j = V4, if j € A,
dozlanan>0,{ i = Y e (6.1)

np+j = Ujdn, otherwise.
Note that
o if j & A, then w; = v;;
o if #A4 =0, then o is a type II substitution;
e if #A = p, then d is periodic.

In fact, our next result shows that substitutions of constant length, which are not type II, have
no apwenian fixed point.

Theorem 6.1. Let d € {—1,1}* be given by (6.1). If d is apwenian, then #A = 0.

Our strategy to prove Theorem 6.1 is the following:

(1) Show that 0 ¢ A and (p—1) ¢ A (Lemma 6.3);
(2) Show by induction that every j ¢ A. In the following diagrams, both i — j and j < ¢
mean that ¢ ¢ A implies j ¢ A. When p is odd, we prove the relation

Lemma 6.4

Oﬁlﬁ..ﬁ(%l)%(’);l)%...@2)%(7_«,1).

Then it is reduced to prove 0 ¢ A. When p is even, we prove the relation

Lemma 6.4 Lemma 6.5

0—>1—>---—>(g—1) & §<—---<—(p—2)<—(p—l).

Then, in this case, we only need to show 0 ¢ A and p—1 ¢ A.

To achieve this, we need some preparation.
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Lemma 6.2. Letd € {—1,1} be given by (6.1) and x € {—1,1} is a constant. If d is apwenian
and it is not the Thue-Morse sequence, then none of the following holds:

(i) Vn >0, dy, = xdy;

(Z’L) Vn Z 0} d2n+1 == .CCdn.

Proof. (i) If for all n > 0, da,, = xd,,, then by Theorem 1.1, d is apwenian implies that

1 dp + dpt1 — dont1 — dons2

2
dn — d2n+1 1—=2x
= dn
2 Ty
dy — dop 1-—
= 22 oy 233 (mod 2).
Hence, do,, 41 = —zd,, for all n > 0. Since dg = xdy, we see x = 1. Therefore, d is the Thue-Morse

sequence starting with dy.

(ii) If for all n > 0, dapt1 = xd,, then by Theorem 1.1, d is apwenian yields that do,10 =
—xdy41 for all n > 0. If, in addition, z = —1, then d is the Thue-Morse sequence starting with 1.
If x =1, then dy =dyp =1 and for all £ > 1,

dor = (_l)kdOa d2kp = (_1)kdpa d2kp+1 = (_1)k_1dp.

By (6.1),
Vo ifoe A
~Dkd, = dor, =< " = 0¢ A and d, = vody,
(Z1)7dy = dzry {uodzk, if0¢ A # A and dy = vodo
ifle A
D = dyry g = 4 Y ' " = 1¢ Aand d, = —vid.
(1) p = Gokpy1 {Uld% if1¢ A ¢ A and d, vido
So v; = —vg = —1. Using (6.1) again, we obtain d; = v1dg = —1, which is a contradiction. O

Lemma 6.3. Let d € {—1,1}* be given by (6.1). If d is apwenian, then 0 ¢ A andp—1 ¢ A.

Proof. Note that for the Thue-Morse sequence A = ). Therefore we may assume that d is not
the Thue-Morse sequence. If 0 € A, then by Theorem 1.1, d is apwenian means for all n > 0,

dnp+p—1 + d(n+1)p - d(2n+1)p+p—1 - d(2n+2)p

1= d?2
. (mod 2)
Vp—1+Vo—Vp—1—"0 .
e fp—1€A
_ b) , iIp
= { ’Upfldn+v()7’;p71d2n+1*’u()7 ifp o 1 ¢ A, (mod 2)
0, ifp—1€A
=9 do—dan i ¢ (mod 2).
2 np-— 1 ¢ A7
When p — 1 € A, we have a contradiction 1 = 0. In the latter case, we have dy,+1 = —d,, for all
n > 0. By Lemma 6.2, d is not apwenian which is also a contradiction. So 0 ¢ A.
The same kind of argument as above shows that p — 1 ¢ A. O

Lemma 6.4. Let d € {—1,1}> be given by (6.1). If d is apwenian, then j ¢ A and j # 5§ —1
imply j +1¢ A.
Proof. Suppose j ¢ A. If j+1 € A, then by Theorem 1.1, d is apwenian yields that for all n > 0,

1 Vidy 4+ Vj41 — d2n;;+2j+1 — donp42j+2 (mod 2). (6.2)
Note that j # £ — 1 implies either 2j +1 < p — 1 or 2j 4+ 1 > p. Hence, there are two cases.
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(1) If2j4+1 < p—1, then 2j + 2 < p — 1. There are four sub-cases.
Case 1: 2j+1¢€e A and 2742 ¢ A. In this case, dgnp+2j+1 = V2j+1 and dgnp+2j+2 = V2j+2-
By (6.2), for all n > 0,

1= Vit t Ui LU (oq 9)
So d is a constant sequence which is not apwenian.
Case 2: 2]+ 1€ Aand 2]+2 ¢ A. In this case, d2np+2j+1 = V2j+1 and d2np+2j+2 = v2j+2d2n~
By (6.2), for all n > 0,

Vidp + Vi1 — Voj41 — V2jyodon
2
We have dy,, = xd, for all n > 0 where 2 € {—1,1}. By Lemma 6.2, d is not apwenian.
Case 3: 2j+1 ¢ A and 25 + 2 € A. The same proof as in Case 2 works.
Case 4: 2] + 1 ¢ A and 2] + 2 % A. In this case, dgnp+2j+1 = U2j+1d2n and d2np+2j+2 =
’U2j+2d2n. By (62), for all n Z O,

1 (mod 2).

Vjdp + Vi1 — Voj41don — Voj42dan
2
Vidy + Vi1 — V241 — V25
= JUn + 741 5 27+1 2742 (IIlOd 2)
We see that d is a constant sequence which is not apwenian.
(2) If 2j + 1 > p, we will consider whether 25 + 1 — p,2j + 2 — p belong to A or not. In this
case, we have similar four cases. We omit the proof here. O

1=

Lemma 6.5. Letd € {—1,1}> be given by (6.1). If d is apwenian, then j ¢ A and j # & imply

j—1¢ A.

Proof. Suppose j ¢ A. If j—1 € A, then by Theorem 1.1, d is apwenian yields that for all n > 0,

1= Y-t t0ydn = d2;p+2j_1 = dznp+2; (mod 2). (6.3)

Note that j # £ implies either 25 —1 < p —1 or 2j — 1 > p. Hence, there are two cases.

(1) If 2§ — 1 < p—1, then 2j < p — 1. There are four sub-cases.

Case 1: 2j —1 € A and 25 € A. By (6.2), for all n > 0,

Vj—1 +vidy — Voj_1 — Vg
2

So d is a constant sequence which is not apwenian.

Case 2: 2j — 1€ A and 25 ¢ A. By (6.2), for all n > 0,
Vj—1 + vidn — V2j_1 — V2jdoy
2
We have dg,, = zd,, for all n > 0 where z € {—1,1}. By Lemma 6.2, d is not apwenian.
Case 3: 2j —1 ¢ A and 25 € A. The same proof as in Case 2 works.

Case 4: 2j —1 ¢ A and 25 ¢ A. By (6.2), for all n > 0,

Vj_1 + vidy — Voj_1dan — V2jdan

._.
Il

(mod 2).

1=

(mod 2).

1=
2
_ Vj—-1 + ’Ujdn — V251 — V25 (mod 2)
2
We see that d is a constant sequence which is not apwenian.
(2) If 2j + 1 > p, we have similar discussion. We omit the details here. O

Now we are ready to prove Theorems 6.1 and 1.2.



CRITERIA FOR APWENIAN SEQUENCES 23

Proof of Theorem 6.1. Suppose that d is apwenian. By Lemma 6.3, we have 0 ¢ A and p—1 ¢ A.
Then by Lemma 6.4, 0 ¢ A gives that j ¢ A for all j < §. On the other hand, by Lemma 6.5, it
follows from p — 1 ¢ A that j ¢ A for all j > § — 1. O

Proof of Theorem 1.2. According to Theorem 6.1, if d is apwenian, then d satisfies the recurrence
relations for all n > 0 and for all j =0,1,...,p—1,

dnp+j = ’l}jdn.

Therefore,
f(z) = Z(dnp + dppi1z + o+ dppy 1)z’ ") 2"
n=0
= Z(UOdn +vidpz + -+ vp,ldnzpfl)z”p
n=0
= (vo+v1z 4+ vp_12P 1) f(2P),
which implies that f(z) satisfies (1.1). O

7. DISCUSSION AND MORE EXAMPLES

7.1. Substitutions of non-constant length. The question of finding apwenian sequences in
fixed points of substitutions of constants length have been settled in the previous sections. It
is natural to ask the same question for fixed points of substitutions of non-constant length. A
countable class of fixed points of substitutions of non-constant length are Sturmian. Actually,
there are uncountably many Sturmian sequences. The next result shows that they are not
apwenian.

Proposition 7.1. All Sturmian sequences on {—1,1} or {0,1} are not apwenian.

Proof. Let d be a Sturmian sequence on {a,b} and F be the set of all subwords of d.
Case 1: {a,b} = {1,—1}. Let d be of type a. That is aa € F and bb ¢ F. If d is apwenian,
then by Theorem 1.1, we have % =1+ % (mod 2) for all n > 0. So

dpdn+1 = aa for some n = day11donta € {ab, ba}, (7.1)
dpdny1 € {ab,ba} for some n = dapy1danta = aa. (7.2)

Since bb ¢ F, we see aba € F. Therefore, djd;y1d;12 = aba for some j > 0. By (7.2), we
have d2j+1d2j+2d2j+3d2j+4 = aaaa. By (71), we have d4j+3d4j+4 € {CLb, bCL} and d4j+5d4j+6 S
{ab,ba}. Hence,

||d2j1d2;12da; 4 3dj 1 ala — |dajrsdajyadajisdajrela| =2

which contradicts the fact that d is balanced. So d cannot be apwenian.
Case 2: {a,b} ={0,1}. If d is apwenian, then dy = 1 and by Theorem 1.5, for all n > 0,

d, = d2n+1 + d2n+2 (mod 2) (73)

When d is of type 0, by (7.3), d,, = 0 implies that da,11d2,+2 = 00. Consequently, 0" € F for
any m > 1. Since d is not (eventually) periodic and 11 ¢ F, there exists an ng > 1 such that
10™1 € F. Therefore, 0"*2, 10"°1 € F which contradicts the fact that d is balanced.

When d is of type 1, applying (7.3) for n = 0 and n = 1, we obtain that dodidadsds €
{11010, 10111} which implies 010 € F or 111 € F. If 010 € F, then there exists n > 0 such that
dndni1dns2 = 010. By (7.3), this implies that (da,4i)_; € {111011,110111}. That is to say if
010 € F then 111 € F which contradicts the fact that d is balanced. Hence, 010 ¢ F. Similarly,
111 ¢ F. Therefore, d cannot be apwenian. 0



CRITERIA FOR APWENIAN SEQUENCES 24

The numerical experiment suggests that the fixed points of substitutions of non-constant
length (on {0,1} or {—1,1}) can not be apwenian. We propose the following conjecture.

Conjecture 7.2. The fixed points of substitutions of non-constant length on {0,1} or {—1,1}
can not be apwenian.

7.2. Hankel determinant of conjugate. Let d € {—1,1}°°. We have seen that d is apwenian
if and only if —d is apwenian. For the sequence ¢ € {0,1}°°, apparently —c ¢ {0,1}°°. Since
—d = d, we also would like to investigate the Hankel determinant of ¢. The following proposition
gives a relation between H, (c) and H, (¢), where ¢ is the conjugate of ¢ defined by € = (1—¢;);>0.

Proposition 7.3. Let c € {0,1}*°. Then, H,(c)+ H,(c) =1 (mod 2) for all n > 0 if and only
if the sequence (¢; + ci+2)i>0 (mod 2) is apwenian.

Proof. Write v = vgvivg -+ € {0,1}* and v; = ¢; + ¢;42 (mod 2) for all ¢ > 0. The Hankel
determinant of ¢ and its conjugate are related in the following way: for all n > 2,

H,(c)+ H,(c)=H,-1(v) (mod 2).

In fact, applying certain column operations and row operations, we have

l—cy 1—-c1 -+ 1-cp €c1—C r Cpo1—Ch2 l—cpg
1—0c1 l—cy --- 1—c, Ccy — 1 Cpn — Cn_1 1—c,
l—co1 1—=cp -+ 1T—copo Cn—Cpn—1 ' Cop—2—Cop-3 1—Cop_2
C1 —Co T Cn—1 — Cp—2 —Cp—1 C1 —Co e Cn—1 — Cn—2 1
cg—c1 v Cn — Cp—1 —Cp cg—cy v Cn — Cp—1 1
- . . . +
Cp —Cp—1 **+ Cop—2 —C2p—-3 —C2pn—-2 Cnp—Cp—1 '+ Cop_2—Cop—3 1
—Cy  r —Cp—2  —Cp—1 €1—¢C ot Cpm1—Cp—z 1
—C1 o T Cp—1 —Cn c2 +Co T Cn + Cp—2 0
= . . . +
—Cp—1 "t —C2p—3 —C2p_2 Cn+tCp_a - Cop2+tcag O
1
= (=1)"Hy,(c) + (=1)"" H,_1(v). O

7.3. Examples. We end this section by some examples, which contain sequences given by sub-
stitutions of non-constant length or sequences given by substitutions with projection. From
Theorem 1.5, one can easily obtain 0-1 apwenian sequences which are not of type I.

Example 7.4. Assume that c satisfies (1.5). If we take
(c2n+1)n>0 = (1,0,1,1,0,1,0,1,1,0,1,1,0,...)

to be the Fibonacci sequence given by 1~ 10, 0 +— 1, then by Theorem 1.5, we see that
c=(1,1,0,0,1,1,1,1,1,0,1,1,0,0,1,1,0,...)

is an apwenian sequence. Further, by Theorem 1.5, any 0-1 sequence (c2n+1)n>0 can be uniquely
extended to an apwenian sequence c.

Certainly, there are apwenian sequences generated by substitutions with projections.

Example 7.5. Consider the Thue-Morse substitution
111, 1~ 11,
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where 1 := —1. Its fixed point starting with 1 is the Thue-Morse sequence t. Now, we apply the
morphism

1—11, 1~11
to t, and obtain the sequence

d=(1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,...).
Then d is a £1 apwenian sequence and it can not be generated by a type II substitution.
Proof. By the definition of d, we know that for all n > 0,
dan = dant1 = d2n  and  dypt2 = dants = —dap. (7.4)
Since d,, € {—1,1}, using (7.4), one can check that d satisfies (1.2). For instance, when n = 4k,

d d —d —d d d —d d d d
ak + Qak+1 - 8k+1 — G8k+2 _ Gak + 4k+12 ak £ dak _ 2k‘2F 2k g =1 (mod 2).

Hence, by Theorem 1.1, d is +1 apwenian. Then it follows from Theorem 5.2(2) that d can not
be the fixed point of a type II substitution of even length. In the following, we show that d also
can not be the fixed point of a type II substitution of odd length.

Suppose on the contrary that d is the fixed point of a type II substitution of odd length. Then
there exist p > 2, vy, v1,...,Up—1 € {—1,1} such that for all n >0 and j =0,1,...,p — 1,

drptj = Vjn: (75)

Since dy = dy = 1, by using (7.5), a direct computation shows that vy = v1 = 1. Set p = 2¢ + 1.
Then by (7.5),

dp> = vody, = vgdl =1and dp>41 = v1idp, = v1vpd; = 1.
By (7.4), we have
L =dpi1 = dy(gr4g)+2 = —da(g+q) = —da(g+q)+1 = —dp> = —1,

which is a contradiction. O

Example 7.6. Consider the substitution
1+ 11,1~ 11.
Although it has no fixed point, it yields an apwenian sequence in the following way. Let ¢ be a
substitution on {a, 1, —1} given by
a—al, 1—=11, 1~11
and p be a coding
a—1, 1—1, 1~1.

Then

d=p(t>®())=(1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,...)

is apwenian. In fact, dg = 1 and for all n > 0, dap 11 = dy, dopy2 = —dp41 which fulfill the
criterion in Theorem 1.1.
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8. CONCLUDING REMARKS

After we uploaded the first version of this paper to arXiv, J.-P. Allouche kindly informed us
that the permutation 7 (defined in subsection 5.2) has already been considered up to a small
change of notation (see [2, Proposition 3] and [13, Eq. 5]). In [2] and [13], the authors studied
the permutation

, (12 -+ n n+l n+2 - 2n
T2 4 oo 1 3 .. on—1
(d)

and they showed that the number of cycles of 7 is which is equal to k in

dl2n i), az1 4@

Theorem 1.4.

Quite recently, Allouche, Han and Niederreiter [3] found a connection between 0-1 apwenian
sequences and sequences with perfect linear complexity profile (PLCP) which were defined more
that thirty years ago in the study of measures of randomness for binary sequences. For details
of PLCP sequences, see for example [3, 19, 24] and references therein.
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