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Hankel continued fraction and its applications

Guo-Niu Han

Abstract. The Hankel determinants of a given power series f can be
evaluated by using the Jacobi continued fraction expansion of f. How-
ever the existence of the Jacobi continued fraction needs that all Hankel
determinants of f are nonzero. We introduce Hankel continued fraction,
whose existence and uniqueness are guaranteed without any condition for
the power series f. The Hankel determinants can also be evaluated by
using the Hankel continued fraction.

It is well known that the continued fraction expansion of a quadratic
irrational number is ultimately periodic. We prove a similar result for
power series. If a power series f over a finite field satisfies a quadratic
equation, then the Hankel continued fraction is ultimately periodic. As
an application, we derive the Hankel determinants of several automatic
sequences, in particular, the regular paperfolding sequence. Thus we pro-
vide an automatic proof of a result obtained by Guo, Wu and Wen, which
was conjectured by Coons-Vrbik.

1. Introduction

Let F be a field and = be a indeterminate. We identify a sequence
a = (ag,a1,a9,...) over F and its generating function f = f(x) = ag +
a1z + azx® + - -+ € F[[z]]. Usually, ag = 1. For each n > 1 and k > 0 the
Hankel determinant of the series f (or of the sequence a) is defined by

ag Ap+1  --.  Ok4n—1
A1 a4+ ... Qg
(1.1) HP(f):=] " T S er.
g4yn—1 GOk4n ... Q(Qk42n—2

Let H,(f) := HT(LO)(f), for short; the sequence of the Hankel determinants
of f is defined to be:

H(f):= (Ho(f) =1, H1(f), H2(f), H5(f),-- ).

The Hankel determinants play an important role in the study of the
irrationality exponent of automatic numbers. In 1998, Allouche, Peyriere,
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Wen and Wen proved that all Hankel determinants of the Thue-Morse se-
quence are nonzero [APWW]. Bugeaud [Bull]| was able to prove that the
irrationality exponent of the Thue-Morse-Mahler number is equal to 2 by
using APWW?’s result. Using Bugeaud’s method, several authors obtained
the following results: first, Coons [Co13] who proved that the irrationality
exponent of the sum of the reciprocals of the Fermat numbers is 2; then,
Guo, Wu and Wen who showed that the irrationality exponents of the
regular paperfolding numbers are exactly 2 [GWW]. However, the evalu-
ations of the Hankel determinants still rely on the method developed by
Allouche, Peyriere, Wen and Wen, which consists of proving sixteen re-
currence relations between determinants (see [APWW, Col3, GWW]). A
combinatorial proof of the results by APWW and Coons about the Han-
kel determinants is derived by Bugeaud and the author [BH14]. In our
previous paper [Halb] short proofs of those results are presented by using
Jacobi continued fractions.

The Hankel determinants of a given power series f can be evaluated by
using the Jacobi continued fraction expansion of f (see, e.g., [Kr98, Kr05,
F180, Wa48, Vi83, Hal5]). However the existence of the Jacobi continued
fraction needs that all Hankel determinants of f are nonzero. In Section 2
we introduce Hankel continued fraction, whose existence and uniqueness
are guaranteed without any condition for the power series. The Hankel
determinants can also be evaluated by using the Hankel continued fraction
(see Theorem 2.1). Let p be a prime number and F,, = Z/pZ be the finite
field of size p. In Section 3 we prove the following result.

Theorem 1.1. Let p be a prime number and F(x) € F,[[z]] be a power
series satisfying the following quadratic equation

(1.2) A(x) + B(z)F(x) + C(x)F(z)* = 0,

where A(x), B(x),C(z) € Fp[z| are three polynomials with one of the
following conditions

(i) B(0) =1, C(0) =0, C(x) # 0;

(ii) B(0) =1, C(z) = 0;

(iii) B(0) =1, C(0) # 0, A(0) =0;

(iv) B(z) =0, C(0) =1, A(x) = —(arz®)? + O(x?**1) for some k € N
and ay, # 0 when p # 2.

Then, the Hankel continued fraction expansion of F(z) exists and is ul-
timately periodic. Also, the Hankel determinant sequence H(F') is ulti-
mately periodic.

It is well known that the simple continued fraction for a real number r
is infinite and ultimately periodic if and only if r is a quadratic irrational
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number [Hall3, Theorem 2.2.2 (Euler-Lagrange)]. The first part of Theo-
rem 1.1 can be viewed as a power series analog of Lagrange’s theorem for
real number. The converse, stated in Theorem 3.6, is an analog of Euler’s
theorem. We insist that there is no similar result with traditional Jacobi
continued fraction because of that its existence is not guaranteed. The
idea of introducing the concept of the Hankel continued fractions plays a
crucial role.

Notice that the Hankel continued fraction and the Hankel determinant
sequence in Theorem 1.1 can be entirely calculated by Algorithm 3.3. By
using Theorem 1.1 we derive the Hankel determinants of several automatic
sequences.

Theorem 1.2. For each pair of positive integers a, b, let

1 — x2n+a
(13 Gaal®) = v 2 7w € Fallel)
n=0

Then H(G,p) is ultimately periodic.

A list of Hankel determinants for the special cases of Theorem 1.2 ob-
tained by Algorithm 3.3 is given in Corollary 4.1. When a = b = 0,
we then reprove Coons’s Theorem [Col3]. The cases, where (a,b) =
(2,1),(2,0),(1,1), are obtained in [Hal5] by using the Jacobi continued
fraction expansion. The case, where a = 0 and b = 2 was conjectured
by Coons and Vrbik [CV12] and recently proved by Guo, Wu and Wen
[GWW] by using APWW’s method. The sequence Gy 2 is usually called
reqular paperfolding sequence [AI87].

An ultimately periodic sequence is written in contracted form by us-
ing the star sign. For instance, the sequence a = (1,(3,0)*) represents
(1,3,0,3,0,3,0,...), that is, ap = 1 and asx11 = 3,a9;r4+2 = 0 for each
positive integer k. Recall that the Rudin-Shapiro sequence (u,,) is defined
by

. Up = Up, Utntl = Up, Uitz = 1 —uzpi1. (> 0)

Proposition 1.3. Let (u,) be the Rudin-Shapiro sequence and

flx) = Z Una"; filz) = Zunﬂxn;

n>0 n>0
fo(z) = Z Unt2x™;  f3(x) = Z Upt3x".
n>0 n>0

Then,
H(f)=(1,0,0,0,1,0)" (mod 2);
H(f)=(1,0,0,1,0,0,1,0,0,1,1,1,0,0,0,0,1,1)" (mod 2);
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H(f2)
H(fs3)

(1,0,1,1,0,1,1,0,1,1,1,1,0,0,0,1,1,1)* (mod 2);
(1,1,0,1,1,1,1,1,1,0,1,1,0,0,1,0,1,0)* (mod 2).

Recall that Stern’s sequence (ay)n=o,1,... is defined by (see [St58])

apg = 0, a; =1
a2n = Anp, A2n+1 = An + Ap+41- (n Z 1)

The twisted version of Stern’s sequence (b,) is defined by (see [BV13,
Bal0, Al12])

bo=0, b =1,
bon = =bp, bany1 = —(bn +bpy1). (n>1)

Let
o0
S(z) = Z ap+12" and B(x) = Z b1z
n=0 n>0
be the generating function for Stern’s sequence and twisted Stern’s se-

quence.

Proposition 1.4. The Hankel determinants of the Stern’s sequence and
the twisted Stern’s sequence verify the following relations

H,(S)/2"?=H,(B)/2"?=(0,0,1,1)* (mod 2).

The proofs of Theorem 1.2 and Propositions 1.3-4 are given in Section 4.
The results obtained in the paper about Hankel determinants can be used
for studying irrationality exponents [BHWY].

2. Hankel continued fractions

Let u = (uy,ug,...) and v = (vg,v1,v2,...) be two sequences. Recall
that the Jacobi continued fraction attached to (u,v), or J-fraction, for
short, is a continued fraction of the form

Vo
f(:L’) - 2

T
14+ ux —

1)2.’132

1+ ugx —

2
V3T
1+ usx —

The basic properties on J-fractions, we now recall, can be found in [Kr98,
Kr05, F180, Wa48, Vi83, Hal5]. The J-fraction of a given power series f
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exists if and only if all the Hankel determinants H,,(f) are nonzero. The
first values of the coefficients u,, and v, in the J-fraction expansion can
be calculated by the Stieltjes Algorithm. Also, Hankel determinants can
be calculated from the J-fraction by means of the following fundamental
relation:

Hn(f) - Ugv?—lvg—Q e UZ—QUn—l-

The Hankel determinants of a power series f can be calculated by the
above fundamental relation if the J-fraction exists, which is equivalent to
the fact that all Hankel determinants of f are nonzero. In this section we
define the so-called Hankel continued fraction expansion (Hankel fraction
or H-fraction, for short) whose existence and uniqueness are guaranteed
without any condition for the power series. The Hankel determinants can
also be evaluated by using the Hankel continued fraction.

The relation between continued fractions and Hankel determinants are
widely studied. See [Kr05, Vi83, F180] for S- and J-fractions; [Bul0] and
[Cil13] for C-fraction. The following table shows that the Hankel continued
fraction has some advantage over any other type of continued fractions.

Fraction Parameters Fraction | Fraction | Hankel det.
type existence | uniqueness formula
S, J-fraction | 6 =1,2;k; =0 No Yes Yes
C-fraction |6 =1,uj(z) =0 Yes Yes No
H-fraction o =2 Yes Yes Yes

Definition 2.1. For each positive integer d, a super continued fraction
associated with ¢, called super d-fraction for short, is defined to be a
continued fraction of the following form

ko
(1) )= T
1+ uy(x)r — ! e
1+ ug(x)x — 2
1+ us(z)r —

where v; # 0 are constants, k; are nonnegative integers and wu;(x) are
polynomials of degree less than or equal to k;_; 4+ ¢ — 2. By convention,
0 is of degree —1.

When § =1 (resp. § = 2) and all k; = 0, the super d-fraction (2.1) is
the traditional S-fraction (resp. J-fraction). A super 2-fraction is called
Hankel continued fraction. When § = 1 and wu;(xz) = 0, the super 1-
fraction is a special C-fraction (set b; = ko + k1 + ---k;j—1 + |j/2] in
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[Ci13]). Notice that every power series has a unique C-fraction expansion,
but not all C-fractions have Hankel determinant formula, and only those
who are also super 1-fractions have.

Theorem 2.1. (i) Let 6 be a positive integer. Each super J-fraction
defines a power series, and conversely, for each power series F(x), the
super d-fraction expansion of F(x) exists and is unique.

(ii) Let F(z) be a power series such that its H-fraction is given by (2.1)
with 6 = 2. Then, all non-vanishing Hankel determinants of F(x) are
given by
(2.2) H,, (F(x)) = (1) vy’ "oy -0y,
where € = Zz;& ki(ki+1)/2 and sj = ko + k1 +--- + kj_1 + j for every
J = 0.

The first part of Theorem 2.1 is a consequence of Definition 2.1 and
can be proved by using an algorithm. In fact, if F(z) = vox*o 4+ O(zko+1)
with vy # 0, then, F(z)/(vox*) = 1+ O(z). The polynomial u;(x) can
be calculated by

onko

F(x)

=14 uy(x)x — " (z).

We repeat the same operation for Fi(z) and get vy, k1, u2(x), etc. The
second part of Theorem 2.1 follows from the next lemma.

Lemma 2.2. Let k be a nonnegative integer and let F(x),G(x) be two
power series satisfying

zF

where u(x) is a polynomial of degree less than or equal to k. Then,
(2.4) H,(F) = (-Dk&+D2Hg 0 (G).

Proof. Let F(x) = >_, f;x?. We have f; =0 for j <k —1and f, = 1.
Let 2% /F(x) = > bjzd and G(z) = > gjz?. We have g; = —bj k42 for
Jj > 0. Let b; = f; = 0 when j < 0. We define four matrices by

F1 = (fi—j+k)o<ij<n—1,

G = Diag((bi+j—r)o<ij<ks (Giti)o<ij<n—k—1);
F = (fi+j)o<ij<n—1,

B = (bj—i)o<i,j<n-1,



and show that
(2.5) F, xG=F xB.

For example, when k = 3, n = 7, the four matrices and (2.5) are repro-
duced as follows.

1 . . . . . . . . . 1
S S Y (SRR B Y
R L I RN T TS
Je fs f«o 1 . . I b1 by b3 .
fr fe fs fo 1 . . - .. G0 1 g2
fs fr fe f5 fa 1 . - . - 91 g2 g3
fo fs fr fe f5 fa 1 ... g2 g3 G4
1 fa  fs o fe 1 by by b3 by bs bg
1 fa fs fe fr .1 by by b3 by bs
1 fy fs fe  fr fs .. 1 by by b3 by
=1 fa fs fo fr fs fo ... 1 by by b3
fo fs fe fr fs fo fio e T
fs fe fr fs fo fio fu e
fe fr fs fo fio fu1 fi2 |

Relations (2.5) are trivial for the entry (i,j) when 0 < j < k and when
j>k+1,i<k. Fori,j>k+ 1, the entries of the two sides of (2.5) are
respectively

LHS = fi—19j—k—1 + fi—2Gj—k + -+ fimntk—19j4+n—2k—1
= —(fi—1bj41 + fi—objia + -+ fimntr—1bjtn—rk+1);
RHS = fibj + fiy1bj—1---+ fizn-1bj—ny1.

Since F(x) Y bjz; = z*, we have RHS — LHS = 0. Moreover, det F; =
1, det G = (—1)F*ED2, 4 (Q), detF = H,(F), detB = 1. This
completes the proof of (2.4). []

Ezxample 2.1. Let

1—./1— 4zt
14+x
(2.6 fla) = —Y T ¢ gl
Then the H-fraction (i.e. the super 2-fraction) of f(z) is equal to
1
(2.7 fla) = -
1+2— I
x
1- 4
1 —
+ 4
1




In view of (2.1) we have v; = 1, ko = 0, kos41 = 2 for all 4 and
(s5)j=0,1,... = (0,1,4,5,8,9,12,13,...) where s; is defined in Theorem 2.1.
By Theorem 2.1 the Hankel determinant sequence is (see also [Halb,
Proposition 3.7]) H(f) = (1,1,0,0,—1,—1,0,0)*.

Ezample 2.2. Let g(x) be the generating function for the number of
distinct partitions

g(z) = [[(1+2*) € Q[al]
k>1

=14 a+2% + 203 + 22 + 32° + 42% 4+ 527 4+ 62 + 827 + -
Then the H-fraction of g(z) is equal to

g(x): 3
1—x—

1+2x+ E
l—x422—23—

x3

l+o+22 4 ——g
x
l—2z+ —

We have
Yy T 49 4

(
(s;)j=01... = (0,1,3,6,8,9,11,12,14,15,16,17,18,19,21,...),
(H;(9))j—01.... = (1,1,0,—1,0,0,—1,0,1,1,0,—1,—1,0,1, —4,...).

j)j=0,1,... — (1717_1717_17_17_1717_4 i _87"')7

Ezample 2.3. Let h(z) = (1 — x)Y/3 € Fy[[z]]. Then the H-fraction of
h(z) is equal to

h(z) = 1
I+z+ 7
L+x+ 22+ 23+ S
T
1+z+ 16

142422+ 23+

We have

(kj) (0,2,0,6,8,22,40,...),

(vj) =(1,-1,-1,-1,-1,-1,-1,...),
(sj)j=0,1,.. =(0,1,4,5,12,21,44,85,...),

(h)) (1,1,0,0,1,1,0,0,0,0,0,0,1,0,0,0,0,...).

§j=0,1,... =
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Ezample 2.4. Let f(x) € Q[[x]] be the power series defined by (2.6) in
Example 2.1. The super 2-fraction of f(z) is periodic, as shown in (2.7)
with (k;);j=0,1,... = (0,2)*. Note that the super 3-fraction of f(z) is also
periodic and given by (2.7) with (k;);=0,1,... = (0,1)*. Finally, the super
5-fraction (resp. 7-fraction) is ultimately periodic and equal to

f(.l’): ! ]

l+z—at—

x8

142 — 224 —

x8

14z — 22— —
with (kj)jzo’l’m = (O, 3)* (resp. (kj)jzo’l’m = (0, 1)*)

3. The periodicity

In this section we prove Theorem 1.1. Let § € NT and F be a field.
With condition (i) in Theorem 1.1, the quadratic equation (1.2) has the
unique solution

Y (x) =
2C
AL CA\k A CA* 20243 5034
S DICEC A A
where C = % is the k-th Catalan number. The above power series

shows that F(1) is well-defined even the characteristic of F is equal to 2.
Under condition (iii), there are two solutions, F(!)(z) and

_ _\/R2 _
B A CA\F B A CA%Z 20243
__5+Ekz_00k(ﬁ) ST BT B T T

The power series F'(z) satisfying (1.2) can be uniquely determined by the
constant term F'(0).

Algorithm 3.1 [NextABC].

Prototype: (A*, B*,C*; k, Ax, D) = NextABC(A, B, C; )

Input: A(z), B(x),C(z) € Flx] three polynomials such that B(0) = 1,
A(0)C(0) =0, C(z) # 0, A(z) # 0;



Output: A*(x), B*(x),C*(z) € Flz], k € NT, A, #0 € F, D(z) € Flz] a
polynomial of degree less than or equal to k + 6 — 1 such that D(0) = 1.
Step 1 [Define k, Ag]. Since A(z) # 0, let A(z) = Apx® + O(x**1) with
Ay #0.

Step 2. Let

—A(z)
(z) + C(z)F(z)

(3.2) F(z) = FV(z) = =

Using (3.1) or (3.2) to get the first terms of F(x), F(z)/(—Arx") and of
— A /F(x):

F(z) = —Apa® + -+ 02?1,

Flz) _ k+6Y.

T 14+ 4+0(x");

—AkCL’k . k+6
(3.3) F ) =1+ +0(=").

Step 3 [Define D]. Define D(x),G(z) by

(3.4) _ﬁft’;a;k = D(z) — 2"9G(2)

where D(x) is a polynomial of degree less than or equal to k + d — 1 such
that D(0) = 1 and G(x) is a power series. The value of D(x) is obtained

by (3.3).
Step 4 [Define A*, B*,C*]. Let

A*(x) = (—DQA/Ak + BDz" — C’Akx%)/x2k+5;
(3.5) B*(z) = 2AD/(Az®) — B;

C*(z) = —Ax’ /Ay

We will prove in Lemma 3.2 that A*, B*, and C* are polynomials.

Notice that in Step 2 we always take the solution F()(x). The case
of condition (iii) and the solution F®)(z) is discussed in the proof of
Theorem 1.1 (see (3.12-13)).

Lemma 3.2. Let A(x), B(z),C(z) € Fz]| be three polynomials such that
B(0) =1,C(0) =0,C(x) # 0, A(x) # 0 and

(A*, B*,C*: k, A, D) = NextABC(A, B, C; §)
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obtained by Algorithm 3.1. If F(x) is the power series defined by (1.2),
then, F(x) can be written as

—Ak.fllk
D(z) — 2*H9G(x)

(3.6) F(z) =

where G(x) is a power series satisfying
(3.7) A*(z) + B*(2)G(z) + C*(2)G(x)? = 0.

Furthermore, A*(z), B*(x), C*(x) are three polynomials in F|z| such that
B*(0) =1,C*(0) =0,C*(x) # 0 and

(3.8) deg(A*) < d; deg(B*) < d+1; deg(C*) <d+9,

where

d:=d(A, B,C) = max(deg(A),deg(A) + 0 — 2,deg(B) — 1,deg(C) — 9).
Proof. From (1.2) and (3.6), we have

A(D — 2"G)? + B(—Apa®)(D — 2F49G) + C(—Apa®)’ = 0.
Thus, G(z) satisfies
(3.9) A(x) + B(z)G(x) + C(z)G(x)* =0

where

A = AD? — BAwz"D 4 CAZ2?*,

B = —2ADz**° 4+ BAu2® ",

C_v _ A$2k+26.
By (1.2) and (3.6) the polynomial A is divisible by x*. Hence, C' and
B are divisible by 22+, Thanks to (3.9), A is also divisible by x2¥+9,
Consequently, (3.5) defines three polynomials A*, B*, C*. Since A(z) =
Apzk + O(zFH1), we have A(x)/(Axz*)|s=0 = 1. By (3.3) and (3.4),
D(0) = 1. Hence

B*(0) = (2AD/(Aya") — B)|4=0 =2-1-D(0) — B(0) =2 — 1 = 1;
C*(z) = —A:v5 JA, = —xFT0 4 O(2*HoHL) £ 0;
c(0) =

Moreover,
deg(A*) < max(deg(A) + 0 — 2,deg(B) — 1,deg(C) — 9);
deg(B*) < max(deg(A) + d§ — 1,deg(B));
deg(C™) = deg(A) + 6.

11



Let d4 = deg(A), dp = deg(B) — 1, d¢ = deg(C) — d and d = deg(A*),

dp = deg(B*) — 1, df, = deg(C*) — d. The above inequalities become
dy <max(ds +9d—2,dp,dc);
dp <max(da + 0 —2,dp);
de =da.

So that d%,d%, d, < max(da,da+ 8 —2,dg,dc). []

Keep the same notation as in Lemma 3.2 and let
d* :=d(A*, B*,C")
= max(deg(A"),deg(A") + 0 — 2,deg(B*) — 1,deg(C™) — §).

By Lemma 3.2, we have

d* <max(d,d+ 9 — 2,d,d) = max(d,d + 6 — 2).
Hence,

(3.10) d(A*, B*,C*) < d(A,B,C) for 6=1,2.

Algorithm 3.3 [HFrac]|.
Prototype: (ak,dk, Di)k=0,1,.. = HFrac(A, B,C;p,0)
Input: 6 =1 or 2;
p a prime number;
A(x),B(z),C(x) € Fp[z] three polynomials such that B(0) = 1,
C(0) =0 and C(x) # 0;

Output: a finite or infinite sequence (ay, dk, Dy )k=0.1,...
Step 1. j :=0, AV .= A, BU) .= B, CU) .= (.

Step 2. If AU =0, then return the finite sequence (ax, di, Di)k=0.1... j—1-
The algorithm terminates.

Step 3. If AU) = 0, then let
(AUHD BUFD 0U+D. . a; D;) := NextABC(AYW BW W),

Let j:=7+1.
Step 4. If there exists i with 0 < i < j such that

(A(i),B(i), C(i)) - (A(j),B(j), C(j)),
then return the infinite sequence

((Clk, d, Dk)k:o,l,...,i—l, (aka dp, Dk);‘;:i,i+1’m7j_1>-

The algorithm terminates. Else, go to Step 2.
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Remarks. (i) In Step 3 the conditions
BY(0)=1,CcY(0) =0, CY(z)#0

are guaranteed by Lemma 3.2. Algorithm 3.1 can be applied repeatedly.
(ii) The loop Steps 2-4 will be broken at Step 2 or Step 4, since the degrees
of the polynomials A®, B(®) O are bounded (see (3.10)), and the coeffi-
cients are taken from F,. The number of different triplets (A, B®) C®)
is finite.

Proof of Theorem 1.1. There are several cases to be considered.

(i) If B(0) = 1,C(0) = 0,C(x) # 0, let

(ak,dk, D)k=01,... = HFrac(A, B,C;p,2).

By Lemma 3.2,
do
—aogx
(3.11) Flz) = S
al1xr
D()(.’B) + d1+d2+2
agx
D1 (z) + agpdatdat?
D2 (.T) +

and the above H-fraction is ultimately periodic (see Steps 2 and 4 in Algo-
rithm 3.3). Note that if A(z) = 0, then the output sequence ((ag, d, Dx))
(k=0,1,2,...) is the empty sequence. In this case F(z) = 0.

(ii) If B(0) =1,C(x) = 0, then F(z) = —A(x)/B(z) is rational.

(iii) If B(0) = 1,C(0) # 0 and A(x) = 0, then F(x) is rational. If
B(0) =1,C(0) # 0 and A(z) = Apa® + O(2*1) with £ > 1 and Ay, # 0,
then equation (1.2) has two solutions, namely, F(!)(z) and F(®(z). Note
that F(jy(z) = —Agzk + O(zF™1) and F®)(z) = —1/C(0) + O(x).

(iii.1) In the case of F(!)(x), let

—Ak.fllk
D(z) — 2*+2G(x)’

FO(z) =

Then, G(x) satisfies (3.7) with polynomials A*, B*,C* defined by (3.5)
(see the proof of Lemma 3.2). Since B*(0) = 1,C*(0) = 0,C*(x) # 0, the
H-fraction expansion of G(z) exists and is ultimately periodic by case (i),
the same property holds for the H-fraction expansion of F(1(z).
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(iii.2) In the case of F()(x), let
—1/C(0)
D(z) — x2G(zx)’

Then, G(x) satisfies (3.7) with polynomials A*, B*, C* defined (same proof
as Lemma 3.2):

(3.12) FO(z) =

A*(z) = (D*AC(0) — BD + C/C(0)) /2*;
(3.13) B*(x) = —2ADC(0) + B;

C*(x) = C(0) Az
Since B*(0) = 1,C*(0) = 0,C*(z) # 0, the H-fraction expansion of G(x)
exists and is ultimately periodic by case (i), the same property holds for
the H-fraction expansion of F()(z).

(iv) If B(z) =0, C(0) = 1 (or C(0) # 0) and A(x) = —(arz®)?2+O(z?+1)
for some k € N and ay, # 0, then F(x) exists

PYy e YT kP A i
T \/C@“) \/ C(z) )

akmk

D(x) — x++2G(x)’
Then, G(z) satisfies (3.7) with A*, B*, C* defined (same proof as Lemma
3.2):

Let
F(z) =

A*(x) = (D?*A + Caja®) a3+ 2,
(3.14) B*(z) = —2ADg*+2 /382,

C*($> _ A$2k+4/l’3k+2.
If p # 2, then A*, B*, C* are polynomials such that B*(0) # 0,C*(0) =
0,C*(x) # 0. The H-fraction expansion of G(x) exists and is ultimately

periodic by case (i), the same property holds for the H-fraction expansion
of F(z).

The periodicity of the Hankel determinant sequence H(F') is a conse-
quence of Lemma 3.4 stated below. []

Lemma 3.4. Let p be a prime number. If the H-fraction expansion
of a power series F(x) € Fp[[z]] is ultimately periodic, then the Hankel
determinant sequence H(F’) is ultimately periodic.

Proof. Using the notation of Theorem 2.1 the two sequences (v;) and
(k;) can be written as

(Ui) = (Uo, Viyeo oy Un—1, (Um, Um+41y -y Um—l—t—l)*);
(kg) ::(ko,kla-~-,knv—17(knmakn1+17-~-,k%n+t—1)*)
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Let
m—+t—1 m—+t—1 m—1

"= H (—Rkd2 g, = H ;"N s = H Vi
i=m i=m 1=0
m—+t—1
6: H Vi, T =S8m+t — Sm,
T r—s {—m
v=mr372870, = fTL p=1L{—m—nt.
For each ¢ > m we have
£—1
H,,(F) = [T~z
i=0
and
0+t—1
(3.15) HS@—F?"(F) = H (_1>ki(ki+1)/2052+r—sz“
i=0

If p =2, then H,,(F) = Hg,+.(F) = 1. Hence H(F) is ultimately peri-
odic. For general p we need to evaluate (3.15).

-1 04t—1
Hse—kr(F) _ H(—l)ki(ki+1)/2vfe+r_si « H (_1)ki(ki+1)/2vfg+r—si

-1 L+t—p—1 04t—1

= Hse (F) H UZ-G X Y1 H UiSH‘T—Si H U;e-l—r—sz'
=0 i=/ i=l4+t—p
-1 l4t—p—1  L+t—p—1 -1

= HSZ (F) Hv: X Y1 H Uf H ,U;Z_Si H /U;Z—Si
i=0 i=t =0 i=l—p

l+t—p—1 l+t—p—1 —1
_ r Se—S; Se—S;
= H,,(F)m H Uy H Yy Y
1=0 i= i=f—p

Lt—p—1  L+t—p—1
— r T Sp—58;
=m i={—p
mAnt+t—1  m4t—1
Sm+p—Si
= HSZ (F)f}/lf}/g H ’U; H ,Ui'm P 2
i=m

i=m
m4nt+t—1 m+t—1

= HSZ (F)f}/lf}/g H ’U;’; H vfm+p_8m % 72

i=m

Hse (F)’yl”ygfyZﬁ(n'i‘l)Tﬁstrp_sm
Hse (F)ﬁse,y.

(3.16)
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We apply (3.16) recursively and get
H34—|—297"(F) _ HSg (F)/BQ@S@ 60(29_1)720~

Since 8 # 0 and v # 0, there exists  such that 3% = 1 € F, and
v =1¢ F,. Hence,

Hs, 200 (F) = H, (F).

So that H(F') is an ultimately periodic sequence. Moreover, 20r is a period
with offset s,,. If p = 2, then r is a period with offset s,,,. The least period
is a divisor of 26r (or r when p = 2) and the least offset is less than or
equal to s,,. []

For convenience, the following notation is used for continued fraction

Vo U1 () U3 Y
UL + U2 + uz + ug + V1
up +
V2
(15) +
V3
U3+ —
ugy +
Ezample (i.1). Let p =5 and
4z
P = )
— X
2x >
or
1+ (1 —2Y)F+ (—z+2°)F*=0.

By Algorithm 3.3 [HFrac], we successively get

k Ak) B() (k) dr o
0 4 1+ 4z 4z + 2P 0 4
1 4 + 422 + 223 14 3z + 2% 422 0 4
2 34z+4x?2+23 1+ 3z+ 222+ 223 4+ 224 422 + 42 + 225 0 3
3 4z + 4a3 14+3z+322+323+22% 422 +323 4224 +32° 1 4
4 4+43z+ 222 +32% 14 3z + 322 + 323 + 22 423 + 425 0 4
5 3 4 322 4+ 423 14+3z4+222 4+ 223 +22% 4224323 4+2244+32° 0 3
6 4 14 3z + x4 422 + 4z% + 225 0 4
7 4 1+ 3z + 424 472 0 4
8 4+ 422 + 223 1+ 3z + 24 42 0 4

We see (A, BW) 0 = (A®) B®) C®)), The output of Algorithm 3.3

is reproduced next:

((4,0,4z + 1)), ((4,0,3z+1),(3,0,z + 1), (4,1,22> + 3z + 1),
(4,0,2 +1),(3,0,3z + 1), (4,0,3z + 1), (4,0,3z + 1))

16



In view of (3.11), the H-fraction expansion of the power series F' is equal
to

1 422 322 A3
T 1+4dz + (1+3x + 14z + 1+ 3z + 222
43 32 dx? 422 *
+ 142+ 1432z 4+ 1432z + 1432 +>

Hence, m =1,t =7, (ki)i>0 = (0, (0,0,1,0,0,0,0)*),
(87;)7;20 = (0, 1, 2, 3, 5, 6, 7, 8, 9, 10, .. .),

r=Smit —Sm =8, and S =4,71 = 1,792 =4,73 = 1,7y = 4,0 = 2.
So that 20r = 32 is a period with offset s,, = 1. Checking the first
32+ 1 = 33 terms, we observe that the least period is equal to 16 with the
least offset 0. Hence

H(g)=1(1,1,1,2,0,2,4,1,4,1,4,2,0,2,1,1)".
Ezample (i.2). Let p =2 and

(3.17) po VTR

2x

or
(3.18) 1+ (1 —a"\F+ (—z+2°)F*=0.
By Algorithm 3.3 [HFrac], we get the following H-fraction expansion
1 22 A 26 4 2 72 X
:1+x+(T+T+T+T+ +T+)'
Hence, m =1,t =6, (k;);>0 = (0,(0,2,2,0,0,0)*),

x
1

(si)iz0 = (0,1,2,5,8,9,10,11,...),

r = s7—s1 = 10. Since p = 2, 10 is a period with offset s,, = 1. Checking
the first 10+1 = 11 terms in H(f), which are (1,1,1,0,0,1,0,0,1,1,1,...),
we see that the least period is equal to 10 with offset 0. Finally,

H(f)=(1,1,1,0,0,1,0,0,1,1)*.

Ezample (iii.1). Let p =2 and G = xF where F' is defined in Example
(i.2) by (3.17) or (3.18). We have

and

17



(319) —z+(1-2YHG+ (-1+2H)G*=0 with G(0) = 0.

Since the coefficient of G? has constant term, we cannot apply Algo-
rithm 3.3 directly. Let

o x
S l4 422 +23G

Equation (3.19) becomes
3+ (142G +2°G2 = 0.

By Algorithm 3.3 [HFrac]|, we get the following H-fraction expansion

o = .TS (.’b6 .T4 .T4 .T6 >*
P4t + N1 1422 1+ That 4+
Hence
6 6 4 4

Cl4z+a22 4+ 142t + 1 + 1422+ 1+

Ezxample (i1i.2). Let p =2 and

1+ 1— 4x

G = 5 7 Fy[[a]).

We have
(320) —24+ (1 —-2YHG+ (-1 +2HG* =0 with G(0) = 1.

Since the coefficient of G? has constant term, we cannot apply Algo-
rithm 3.3 directly. Let

1
14+ 22Gy
Equation (3.20) becomes
(3.21) (x+2°)+ (1 +2HG +23G? = 0.

By Algorithm 3.3 [HFrac], we get the following H-fraction expansion

(3.22) G =2 (m4 v’ v’ 7 .\ )

T1+22 +\1T 4+ 1425+ 1 + 1422
Hence

3 4 6 6 4

1 x (m T x> x )*
Cl4x + 1422+ N1 14t + 1+ 1422+

18



Ezample (iv). Let p =3 and

F= \/% € F[x]]
(3.23) (—2? + 23+ (1 +2®)F? = 0.

Since the coefficient of F' is zero, we cannot apply Algorithm 3.3 directly.

Let
T

F = .
142z +23F,)

Equation (3.23) becomes
2+ (1+a+2H)F + (22° + ") F2 = 0.

By Algorithm 3.3 [HFrac]|, we get the following H-fraction expansion

1 ( 2 272 x2 23 273 ) *

T itz 4+ Mtz 4+ ltr+ it 142c +14a +

Fy

Hence, the H-fraction expansion of F' is

x 3 ( x2 212 x2 23 213 ) *

1+2z2 +1+z + \142 + 142+ 142 + 14+22 + 1+2 +

Algorithm 3.3 and the proof of Theorem 1.1 are also valid for super
1-fractions with § = 1. Consequently, the following theorem holds.

Theorem 3.5. Let p be a prime number and let F(x) € F,[[z]] be a
power series satisfying the following quadratic equation

A(z) + B(z)F(x) + C(x)F(z)* = 0,

where A(x), B(x),C(z) € Fp[z] are three polynomials with one of the
following conditions

(i) B(0) =1, C(0) =0, C(x) #0;

(ii) B(0) =1, C(z) = 0;

(iii) B(0) =1, C(0) # 0, A(0) =0;
)

(
(iv) B(z) =0, C(0) =1, A(x) = —(arz®)? + O(x?**1) for some k € N
and ay, # 0 when p # 2.
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Then, the super 1-fraction expansion of F(x) exists and is ultimately pe-
riodic.

For example, take the power series G1(z) € Fy[[z]] defined by (3.21),
we have

G = (_ - ) H-fracti
1 1+ 2 + 1 + 1+ x4 4+ 1 4+ 1+ 72 + [ rac 101’1]
T .CCQ .CCQ ,f(jQ x4 .T6 4 %
T T e T e T+ T +1+71 . [Super 1-frac.
1 + ( 1 + 1 + 1 + 1 + 1 + 1 + ) [ uper rac ]

The converse of Theorem 3.5 and of the first part of Theorem 1.1 is
stated next, which can be viewed as a power series analog of Euler’s the-
orem for quadratic irrational number.

Theorem 3.6. Let 6 be a nonnegative integer and F(x) a power series.
If the super §-continued fraction expansion of F'(x) is ultimately periodic,
then F(x) satisfies the quadratic equation (1.2).

Proof. Without lost of generality, we suppose that the super d-continued
fraction of F(x) is ultimately periodic of periodic 3 with offset 3. So that

ko
VoL
(3.24) F(x) = vy a0 TR T ,
1+ u(2)z — vpxFiTF2+0
1+ us(z)x —
2() 1 4 ug(x)x — 2" T0G(x)
where
k3
V3x
(3'25) G(x) = U4xk3+k4+6
L+ ug(z)x — D RaTks 10
14 us(x)r — >

1 4 ug(x)z — 2 T0G(x)
The right-hand side of the above two equalities is always of form
P(z) + Q(z) G(x)
R(xz)+ S(z) G(z)’

where P, @, R, S are four polynomials. From (3.25) and (3.24), G(x) and
F(z) satisfy the quadratic equation (1.2). []

Note that the converse of the second part of Theorem 1.1 is not true.
For example, the Hankel determinant sequence H(f), where

1 x2 2 x2

is periodic of period 1, but the J-fraction expansion of f is not ultimately
periodic.
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4. Application to automatic sequences
Proof of Theorem 1.2. Let f(z) = Gop(z) € Fa[[z]]. Then

o0 2'n+a
2¢ _ .
x f(w)—ZW’
n=0
+1 > m2n+a
2 2y _ .
v f(z )—;Wy
2¢ 2 1
T f(x>:f(x)_172b;
— X

1+ (1+22)f(z) + 21 + 2222 L f(2)2 = 0.

The above equation is of type (1.2). By Theorem 1.1 the Hankel determi-
nant sequence H(f) is ultimately periodic. []

The following corollary is obtained by Algorithm 3.3. The case for the
regular paperfolding sequence, i.e., a = 0,b = 2, is verified in Section 3,
Example (i.2).

Corollary 4.1. Let G, () be the power series in Fy[[x]] defined by (1.3).
Over the field F5 we have

H(Goo) = (1)"; [APWW 1998; Coons 2013]

H<G0,1) =1, 17( ) )

H(G1,0) = (1)%;

H(Gy2) =(1,1,1,0,0,1,0,0,1,1)"; [Guo-Wu-Wen 2013]

H(G11) = (1,1,0,0,1,1)%

H(G20) = (1,1,0,0)%;

H(Gy3) = (1°0%110°1%0*120%1%0*1'0* 110?11 0% 1"
0*1'0%120%120%1%0°11021%)*; [least period is 74]

H(G12) =1,1,1,(0)%

H(G21) (1,1,1,1,1,1,0 0)*;

H(G30) = (1,1,0,0,0,0,0,0)%

H(Go4) = (1°0*110% - - - 1'0%1%)*; [least period is 1078]
H(G13)=(1,1,1,1,1,0,0,0,0,1,1,0,0,0,0,1,1,1,1,1)*
H(G22)=(1,1,0,0,0,0,0,0,1,1,0,0)*;

H(Gs,1) =(1,1,1,0,0,0,0,1,1,1,0,0,0,0,0,0)*

H(G4p) = (1,1,0,0,0,0,0,0,0,0,0,0,0,0,0,0)*
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Proof of Proposition 1.3. Let f(x) =Y, <ounz™ € Fa[[z]] where (uy,)

is the Rudin-Shapiro sequence defined by (1.4). Then

(4.1) 2>+ (1+a) f(z) + (1 +2)° f*(z) = 0.

Since ug = u; = ug = 0, the following divisions yield power series:
fil@) = f(2)/z; fole) = f(2)/2% fa(2) = f(z)/2°.

From (4.1) we derive

? + (1 +z) fi(z) + (14 2)°zf7(2)
T+ (L4 3) folw) + (1 + 2)°2* f5 (x)
1+ (1+2) f3(x) + (1 + 2)°2° f3(2)

0;
0;
0.

From Algorithm 3.3 we obtain the following H-fractions for fi, fa, f3:

x? 20 20 x? x? 20

f1:1+x3+<1+x2+T+T+T+1+x4
4

X .’132 X *
+T+T+T+>’
_x CEB CEB CEB x3 CEB CEQ
fQ_T+<T+1+x2+T+T+1+x+T
.TQ .’135 .’135 .TQ .TQ .TS *
+1+x+1+x4+1+x+T+1+x+T+>;
_1 3 3 2 x2 x2 x2 3
f3_I+(T+T+1+x+1+x+T+1+:E+T
xS $4 $5 $4 $3 %
+l+z+ 1 + 14+x+22 + 1+z+a? +T+)

The Hankel determinants H(f1), H(f2), H(fs) given in Proposition 1.3
follow from the above H-fractions. For the unshifted Rudin-Shapiro se-

quence f, we have

A=2% B=(1+2)* C=(1+2).

Since B(0) = C'(0) = 1, we are in the case (iii) in the proof of Theorem 1.1.

Let

xS

Equation (4.1) becomes
(z+2%)+ (1 +a*)g +2°g* = 0.
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By Algorithm 3.3 [HFrac|, we get the following H-fraction expansion for g
6 6

I 1422 + \Uxat + 1422 + /-

Hence,
3

Fe T ( x° x° )*
142t 4\t + 14t +

The Hankel determinants H(f) given in Proposition 1.3 follow from the
above H-fraction of f, or Lemma 2.2. []

Let k be a positive integer and fi(z) the generating function of the k-
shifted Rudin-Shapiro sequence. Then, the Hankel determinant sequence
of fr(x) is periodic of least period r(k). The first values of (k) are listed
next.

k-0 1 2 3 4 5 6 7 8 9 10
r(k) : 6 18 18 18 18 36 36 36 36 72 72

Conjecture 4.2. Let k > 3. The least period of the Hankel determinant
sequence of fi(x) is equal to r(k) = 9 x 2™, where m is the positive integer
satisfying 2™ < k < 2m*1,

Conjecture 4.2 has been checked by computer for k up to 129.
Proof of Proposition 1.4. It is well known that [BV13]

(4.2) S(z) = (14 + 2%)S(2?) € Q[[z]].

Since S(z) (mod 2) is rational, there exists a positive integer NV such that
Hi(S) =0 (mod 2) for all £ > N. We will use the grafting technique,
introduced in [Halb, Section 2|. First, the H-fraction of S(x) is

1 2 212 23

Tl-z - 1420 4 1 - 1-Zp4 g2 4 T

S(x)

The even number 2 occurs in the sequence (v;), in particular at position
vg in view of (2.1). Define G(x) by

S(.CC) = 2

x
x J—
1+ 2z + 22°G(x)

From (4.2) the power series G(x) satisfies the following relation
1+z+28)+(1+2+2H)G(x) +2*°G(z?) =0 (mod 2).
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By Algorithm 3.3 we get H(G) = (1,1,0,0)* (mod 2). By Lemma 2.2,
H,(S) = (-1)"2""2H,,_5(G). Hence

H,(S8)/2" 2 =(0,0,1,1)* (mod 2).

In the same manner, B(z) is a rational function modulo 2. We use the
grafting technique. Since [BV13]

(4.3) B(z) =2 — (1 +z +2*)B(z?)
and
1 x? 2?2 4

l+x + 1 +1-22 + .

8

B(z) =

we define U(z) by

B(:L’) = 2

X
1 -
T et

From (4.3) the power series U () satisfies the following functional equation
1+z+2?)+(Q+z+2°)U(x) +2*U2*) =0 (mod 2).
(1,

By Algorithm 3.3 we get H(U) = (1,1,0,0)* (mod 2). On the other
hand, the Hankel determinant H,(B) = —2""2H,,_5(U) by Lemma 2.2.
Hence, H,(B)/2" 2 =(0,0,1,1)* (mod 2). []

5. Some conjectures about Hankel determinant sequences

The Hankel determinants associated with a given power series f(x) are
always nonzero if and only if the Jacobi fraction of f(x) exists. This
non-vanishing property can be used for studying irrationality exponents
in Number Theory. Even some progress is made in the present paper
together with two previous papers [Halb, FH16], the problem is still very
hard to solve in the general case. We reproduce several conjectures on this
topic, comparing with known results. Let

sl n 2 sl n 2
P1=3H<1—x3>—1 . Ge=3]Ja+2")- :

— X

PSZ‘Z o Ci=1t3 T
FSZ_Z 2n+27
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P = H(l B s L x4'5n),

n>0

Cy=[J(@—a% =20 —a®" 4 246" — 25",
n>0

Co=[J@-2")%=> (-1)"(2n+ 1)2""+1/2,
n>0 n=0

ClO — Z(_l)nxn(n—kl)/Q.
n=0

Proposition 5.1 [Hal5, Proposition 2.5|. Hy(Py) # 0 for all k.
Conjecture 5.2. Hy(Cs) # 0 for all k.

Proposition 5.3 [Corollary 4.1; Col3, APWW]. Hy(Ps) # 0 for all k.
Conjecture 5.4. Hy(Cy) # 0 for all k.

Proposition 5.5 [Corollary 4.1; GWW]. H(F5) (mod 2) is periodic.
Conjecture 5.6. H(F5) (mod p) is not periodic for prime integer p > 3.
Proposition 5.7 [FH16, Theorem 1.2 |. Hy(P7) # 0 for all k.
Conjecture 5.8. Hy(Cs) # 0 for all k.

Conjecture 5.9. Hy(Cy) # 0 for all k.

Conjecture 5.10. Hy(Cio) # 0 for all k.
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