Continued fractions with low complexity:
Transcendence measures and quadratic approximation

Yann BuGgeEAUD

Abstract. We establish measures of non-quadraticity and transcen-
dence measures for real numbers whose sequence of partial quotients has
sublinear block complexity. The main new ingredient is an improvement
of Liouville’s inequality giving a lower bound for the distance between
two distinct quadratic real numbers. Furthermore, we discuss the gap
between Mahler’s exponent we and Koksma’s exponent ws3.

1. Introduction

A well-known open question in Diophantine approximation asks whether the continued
fraction expansion of an irrational algebraic number ¢ either is ultimately periodic (this is
the case if, and only if, £ is a quadratic irrational), or it contains arbitrarily large partial
quotients. As a very small step towards its resolution, we have recently established in [20]
two new combinatorial transcendence criteria for continued fraction expansions (we refer
the reader to [6] for references to earlier works). One of these criteria implies Theorem Bu
below, which states that the sequence of partial quotients a1, as, ... of an algebraic number
[0;a1,a9,...] of degree at least three cannot be too simple, in the following sense.

The complexity function of an infinite sequence a = (a¢)¢>1 of positive integers, which
we will often view as the infinite word a = ajas .. ., is the function n — p(n,a) defined by

p(n,a) = Card{(ag, aps1,...,004n—1): € >1}, forn>1,

which counts the number of distinct blocks of length n in the word a. Observe that
the sequence (p(n,a)),>1 is non-decreasing and that p(n,a) is infinite for every n > 1
if the sequence (as)¢>1 is unbounded. Furthermore, Morse and Hedlund [30, 31] proved
that (p(n,a)),>1 is bounded if a is ultimately periodic and that, otherwise, it satisfies
p(n,a) > n+ 1 for n > 1. The latter inequality is sharp since there exist uncountably
many words a for which p(n,a) =n+1 for n > 1.

2000 Mathematics Subject Classification : 11J70, 11J82, 11J87. Keywords: Contin-
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Theorem Bu. Let a = (as);>1 be a sequence of positive integers which is not ultimately
periodic and satisfies

timint 2002 < 4o (1.1)
n—-+oo n
Then, the real number
[0;a1,a2,...,a¢,...]

is transcendental.

One of the purposes of the present work is to study the accuracy with which real
numbers whose sequence of partial quotients satisfies a slightly stronger assumption than
(1.1) are approximated by algebraic numbers of bounded degree. The quality of approxi-
mation is measured by means of the functions wy introduced in 1932 by Mahler [29]. For
every integer d > 1 and every real number &, we denote by wy(&) the supremum of the real
numbers w for which

0 <[P <HP)™™

has infinitely many solutions in integer polynomials P(X) of degree at most d. Here, H(P)
stands for the naive height of the polynomial P(X), that is, the maximum of the absolute
values of its coefficients. Theorem 3.2 below gives a necessary and sufficient condition on
the infinite word a = (ar),>1 with

lim sup p(n,a) < 400, (1.2)
n—-+oo n
which ensures that the real number £ := [0;aq,as,...] satisfies wy(§) < +oo for every

d > 1. Its proof splits into two parts. To bound wy(&) for d > 3, we use a general method
described in [5], based on a quantitative version of the Schmidt Subspace Theorem, and
which has been already applied successfully in [6] to a certain class of continued fractions.
The main novelty in the present paper is the method developed to control wy(§), based on
a refinement of Liouville’s inequality giving a lower bound for the distance between two
distinct quadratic real numbers. Theorem 2.2 below shows that, if (1.2) holds, then w2 (&)
is finite if, and only if, the Diophantine exponent of a (a purely combinatorial quantity
associated with a; see Section 2) is finite. Theorems 3.2 and 3.3 give transcendence mea-
sures for a class of transcendental numbers defined by their continued fraction expansion.
The first results of this type were proved by A. Baker [13] in 1964.

Since (1.2) is satisfied when a is an automatic sequence (see Sections 5 and 8), we get
straightforwardly new results on algebraic approximation to real numbers whose sequence
of partial quotients can be generated by a finite automaton. We show that these numbers
are either quadratic, or S- or T-numbers in Mahler’s classification, which is recalled in
Section 3.

Shortly after Mahler, Koksma [28] introduced in 1939 the exponents of approximation
w}. For every integer d > 1 and every real number &, we denote by w}(§) the supremum
of the real numbers w* for which

0<|¢—al <H(a) ™™ !
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has infinitely many solutions in algebraic numbers « of degree at most d. Here, H(«)
stands for the naive height of the minimal defining polynomial of o over Z. The exponents
w; and wj] coincide and, for every real number &, we have

wi(€) < wa(€) Swj(é) +d—1, ford>2. (1.3)

For more results on wy and w};, the reader is directed to Chapter 3 of [16].

R. C. Baker [14] was the first to establish the existence of real numbers £ for which
wq(§) differs from w}(§) for every integer d > 2. To this end, he used a variant of
Schmidt’s construction of T-numbers [37]. By means of a slight modification of Baker’s
proof, Bugeaud [17] established that we—w} takes any value in [0, 1). In view of (1.3), this is
nearly best possible. Another purpose of the present work is to provide a new, fairly simple
and constructive proof of the latter result. For any ¢ in (0, 1], we give explicit examples of
real numbers ¢ defined by their continued fraction expansion satisfying wy (&) = w3 (&) + 4.

The present paper is organized as follows. Our new results are stated in Sections 2 to
5. Measures of non-quadraticity and transcendence measures for continued fractions with
low complexity are given in Sections 2 and 3, respectively. Section 4 is devoted to the study
of the gap between the functions wy and w3. The results of Sections 2 and 3 are applied in
Section 5 to automatic continued fractions and to a class of morphic continued fractions,
these two notions being defined in Section 8. Various results on continued fractions are
gathered in Section 6. Section 7 is devoted to our improvement on Liouville’s inequality
and to two of its applications to bound, under various assumptions, the values of the
functions wo and wj. A combinatorial auxiliary lemma is the object of Section 9. Our
main results are proved in Sections 10 and 11. Section 12 is devoted to an extension of
Theorems 2.2 and 3.2 to a family of continued fractions with unbounded partial quotients.

If nothing else is specified, we use the notation A < B (resp. A <, B) when A is less
than some absolute constant (resp. some constant depending at most on a) times B. We
write A < B when A < B and B < A hold simultaneously.

2. Quadratic approximation to continued fractions with low complexity

The following notation will be used throughout this text. Let A be a finite or infinite
set. The length of a word W on the alphabet A, that is, the number of letters composing
W, is denoted by |W/|. For any positive integer k, we write W* for the word W ... W
(k times repeated concatenation of the word W). More generally, for any positive real
number z, we denote by W* the word W= W’, where W’ is the prefix of W of length
[(x — |x|)|W]]. Here, and in all what follows, |y| and [y]| denote, respectively, the integer
part and the upper integer part of the real number y.

Let a = (a¢)¢>1 be a sequence of elements from A that we identify with the infinite
word ajaz...ar... Let p > 1 be a real number. We say that a satisfies Condition (%), if
there exist two sequences of finite words (U, )n>1, (Vi)n>1, and a sequence (w,, )n>1 of real
numbers such that:

(i) For n > 1, the word U, V"’ is a prefix of a;
(ii) For n > 1, we have |U, V" |/|Up V| > p;
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iii) The sequence (|V.*7|),,>1 is increasing.
(iii) q 2 > g

The Diophantine exponent of a, introduced in [3] and denoted by Dio(a), is the supre-
mum of the real numbers p for which a satisfies Condition (x),. It is clear from the
definition that

1 < Dio(a) < 40

and that the Diophantine exponent of an ultimately periodic sequence is infinite. The
converse is not true: it is easy to construct sequences whose Diophantine exponent is
infinite but which are not ultimately periodic. The Diophantine exponent of a can be
viewed as a measure of periodicity of a. We stress that it is independent of the alphabet
on which a is written.

We define the Diophantine exponent of an irrational real number to be the Diophantine
exponent of its sequence of partial quotients.

Definition 2.1. Let ¢ := [0;a1,a2,...,a4,...] be an irrational real number. The Dio-
phantine exponent of £, denoted by Dio(§), is the Diophantine exponent of the infinite
word aqas . ..

By truncating the continued fraction expansion of an irrational real number £ and
completing then by periodicity, one can construct good quadratic approximations to &
which allow us to bound w3 (§) from below. An easy calculation (see Section 11) shows
that

w}(€) > Dio(¢) — 1, (2.1)
if (ql}/ e)g21 converges, where (p;/qe)e>1 denotes the sequence of convergents to . This
simple argument does not yield any upper bound for w3 (§). However, Theorem 2.2 asserts

that, when the continued fraction expansion of ¢ has sublinear complexity, then it is
possible to bound Dio(§) from below in terms of w3 (§).

Theorem 2.2. Let k > 2 and A > 3 be integers. Let a = (ag)¢>1 be a sequence of positive
integers bounded by A for which there exists an integer ng such that

p(n,a) < kn, forn > ny. (2.2)
If the Diophantine exponent of a is finite, then the real number
€ :=1[0;a1,a2,...,a4...]
satisfies

max{2, Dio(¢) — 1} < w5 (&) < wa(€) < 118000 x> Dio(€) (log(A + 1))*. (2.3)

Let (pe/qe)e>1 denote the sequence of convergents to . If (ql}/e)ng converges, then we
have

wo (&) < 118000 £ Dio(€). (2.4)
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Let b > 2 be an integer and a = (ar),>1 an infinite word on {0, 1,...,b— 1} satisfying
(1.2) and which is not ultimately periodic. Théoreme 2.1 from [7] asserts that the real

number ay
C=2> 3
0>1

is a Liouville number (that is, it satisfies w;({) = 4o00) if, and only if, the Diophantine
exponent of a is infinite. Theorem 2.2 above provides the analogue of this result for
continued fraction expansions.

The fact that w3 (£) always exceeds 2 when ¢ is irrational and not quadratic was proved
by Davenport and Schmidt [25].

It is explained at the end of the proofs of Lemma 9.1 and of Theorem 2.2 that one
can replace log(A + 1) in (2.3) by the quantity

lim sup log g /| lim inf log g .
f—+o00 12 L—~+o0 14

Consequently, one gets the upper bound (2.4) when the sequence (ql}/ Z) ¢>1 converges. We
stress that this bound does not depend on the alphabet on which a is written, a fact which
was not pointed out previously.

At the end of [9], the authors noted that the classical argument based on triangle
inequalities and Liouville’s inequality

v = 8] > 0.03- H(e)™2 - H()?, (2.5)

valid for distinct quadratic numbers « and (3, is not powerful enough to yield Theorem 2.2.
Fortunately, in the present situation, we are able to considerably improve (2.5), since one
of the quadratic numbers involved is very close to its Galois conjugate; see Lemma 7.1.

The assumption (2.2) can be slightly relaxed and Theorem 2.2 can be extended to a
class of continued fractions with unbounded partial quotients and having repetitive pat-
terns, provided that, however, the sequence (ql}/ g) ¢>1 remains bounded; see Section 12.

By combining (1.3) and (2.1), every irrational number & satisfies ws(§) > Dio(&) — 1.
We conclude this section with a sharpening of this inequality.

Theorem 2.3. Let & be an irrational number with bounded partial quotients. Let
(pe/qe)e>1 denote the sequence of convergents to . Set

m = liminf ql}/e and M = limsup ql}/e.

£=r+o0 £—+00

Then we have |
ogm , .
> D 1) — 1.

wal€) 2 (20 (Dio(€) + 1)

In particular, when the sequence (qé / g) ¢>1 converges, then
wo(§) > Dio(§). (2.6)
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The proof of Theorem 2.3 depends on Lemma 6.1. We show in Section 4 that inequal-
ities (2.1) and (2.6) are sharp.

3. Transcendence measures for continued fractions with low complexity

Mabhler’s classification of real numbers is based on the functions w, defined in the
Introduction. For a real number &, we set w(§) = limsup,_, . (wq(€)/d) and, according to
Mabhler [29], we say that £ is an

A-number, if w(§) = 0;
S-number, if 0 < w(&) < oo;
T-number, if w(§) = oo and wy(€) < oo for any integer d > 1;

U-number, if w(§) = oo and wy(§) = oo for some integer d > 1.

Two transcendental real numbers belonging to different classes are algebraically indepen-
dent. The A-numbers are precisely the algebraic numbers and, in the sense of the Lebesgue
measure, almost all numbers are S-numbers. The existence of T-numbers remained an open
problem during nearly forty years, until it was confirmed by Schmidt, see Chapter 3 of
[16] for references and further results. The set of U-numbers can be further divided in
countably many subclasses according to the value of the smallest integer d for which wq(&)
is infinite.

Definition 3.1. Let m > 1 be an integer. A real number & is a U,,-number if, and only
if, wy, (€) is infinite and wq(§) is finite ford =1,...,m — 1.

We establish the following result, which can be viewed as the analogue for continued
fraction expansions of Théoreme 1.1 of [7].

Theorem 3.2. Let a = (a¢)r>1 be a sequence of positive integers such that

lim sup p(n,a) < +o0, (3.1)
n—-+oo n

and set
£:=1[0;a1,...,ae,...]

If Dio(§) is finite, then & is either an S-number or a T-number; otherwise, £ is either
quadratic or a Us-number. Moreover, if Dio(€) is finite, then there exists a constant c,
depending only on &, such that

wq(€) < exp(c (log 3d)° (loglog 3d)*), ford > 1.

The proof of Theorem 3.2 splits into two parts. Since the approximation by quadratic
numbers has been delt with in Theorem 2.2, it only remains for us to control the quality
of approximation by algebraic numbers of fixed degree at least equal to three. To do this,
we use the Quantitative Subspace Theorem, following the general method introduced in
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[5] and already applied to a restricted classes of continued fractions in [6]. There are,
however, some additional technical difficulties. Section 10 is devoted to this part of the
proof of Theorem 3.2.

The dependence on £ of the constant ¢ can be made more precise and expressed
only in terms of Dio(§) and limsup,,_, , ., p(n,a)/n, provided that the sequence (q;/e)gzl
converges, where gy is the denominator of the /-th convergent to &.

A. Baker [13]* was the first to establish transcendence measures for a class of continued
fractions. He proved the following result.

Theorem Ba. Counsider the continued fraction

5: [0;0/17"'0’7’1,07170’7’1,07‘"7a/n0+7”0717an17"'7a/n1+?"1*17"']7
A ~~ A ~
Mo times A1 times

where the notation implies that ny = ng_1 + A\x_17x_1 and the A\;’s indicate the number
of times a block of partial quotients is repeated (it is understood that two blocks which
correspond to consecutive k are not identical). Suppose that the sequences (ay)p>1 and
(rn)n>0 are respectively bounded by A and K. Set
L =limsup \g/Ag—1, £ =liminf\g/Ag_1.

k—+oo k—+o00
If L is infinite and £ > 1, then £ is a Us-number. Furthermore, if L is finite and { >
exp(4AX), then & is either an S-number or a T-number.

Theorem Ba was extended in [6], where it is proved that the assumption ¢ > exp(4AX)
can be replaced by the weaker condition ¢ > 1. The techniques of the present work allow
us to make a further generalization, that is, to remove the assumption that the sequence
(Tn)n>0 has to be bounded.

Theorem 3.3. Consider the continued fraction

52[0;a17---ano—laanoa"'7ano+r0—1;an1;"'7an1+r1—17"']7
N NV 7 N\ NV 7
Ao times A\ times

where the notation implies that ny = nx_1 + Ag_17,—1 and the \;’s indicate the number
of times a block of partial quotients is repeated (it is understood that two blocks which
correspond to consecutive k are not identical). Suppose that the sequence (ay)n>1 is

bounded and that A\ tends to infinity with k. Set

A A

L' = limsup Lall , ¢ =liminf il .
k——+o00 AMT1+ oo A1 TR k=40 AT1+ ...+ Ap_1Tk—1

If L' is infinite, then £ is a Us-number. If L' is finite and ¢’ is positive, then £ is either an
S-number or a T-number.

Theorem 3.3 extends Theorem 3.2 of [6]. It is not a particular case of Theorem
3.2 above since the assumption (3.1) may not be satisfied. The important point is that,
however, Lemma 9.1 can be applied, since the following condition:

* Baker’s paper quoted on page 884 of [6] is not the paper containing Theorem Ba.
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There is a positive integer k such that, for every sufficiently large integer n, there is
a word of length n having two occurrences in the prefix of length (k + 1)n of the infinite
word composed of the partial quotients of &

is satisfied.
The assumption (3.1) can be slightly relaxed and Theorem 3.2 can be extended to a
class of continued fractions with unbounded partial quotients and having repetitive pat-

terns, provided that, however, the sequence (ql} / e) ¢>1 remains bounded; see Section 12.

4. On the gap between the exponents w; and w3

The gap between the exponents wy and w; defined in the Introduction was investigated
in [14, 15, 17]. It follows from (1.3) that the set of values taken by the function we — wj is
contained in the closed interval [0, 1], and we proved in [17] that this set includes the half
open interval [0,1). The constructions in [14, 15, 17] are variants of Schmidt’s complicated
construction of T-numbers [37] and do not give explicit real numbers £ for which ws (&)
differs from w3 (&).

Lemma 6.1 below, on the continued fraction expansions of conjugate quadratic num-
bers, enables us to construct quite easily explicit examples of real numbers £ with prescribed
values for ws(€), wi(€) and their difference ws (&) — w3 (£).

Theorem 4.1. Let w > 3 be a real number. Let b, c be distinct positive integers. Define
the sequence (an w)n>1 by setting a, ., = c if there exists an integer j such that n = |w’ |
and ay, ,, = b otherwise. Set

gw = [07 a1, w, A2,w, A3,w, - - ]

Then, Dio(&,) = w and &, is either an S- or a T-number. Furthermore, if w > (5-++/17)/2,
then we have
wy(€w) =w—1 and wy(&,) = w. (4.1)

It is very likely that (4.1) remains true for 3 < w < (5++/17)/2, but this seems to be
difficult to prove.

Theorem 4.1 shows that inequalities (2.1) and (2.6) are both sharp.

We can modify our construction to give, for every § in (0, 1), explicit real numbers &

satisfying wy(§) — w3 (§) = 6.

Theorem 4.2. Let w > 3 be a real number. Let b, c,d be distinct positive integers. Let
n be a positive real number with n < \/w/4. For j > 1, set

- : :
m; = [([w"] = [w’ — 1])/[nu’]].

Define the sequence (an,wn)n>1 by setting a, ., = c if there exists an integer j such that

n = |w’|, by setting a, ., = d if there exist positive integers j and m = 1,...,m; such

that n = |w? | + m|nw’ |, and by setting ay ., = b otherwise. Set

6“’777 = [O’ al,'U),?’]? a2,w,77, a37w777, . ]
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Then, Dio(&y,,) = w/(1 4+ n) and &, is either an S- or a T-number. Furthermore, if
w > 16, then we have

N 20w —2—n 2w —n
Wy (Ew,n) = Torn and w(&y,n) = 2
hence )
wa(§w,n) — w3 (§wn) = P

We state an immediate consequence of the combination of (1.3) with Theorems 4.1
and 4.2 (or with [17]).

Theorem 4.3. The set of values taken by the function we — w3 is equal to the closed
interval [0, 1].

The real numbers defined in Theorems 4.1 and 4.2 are the first explicit examples of
real numbers ¢ for which w3 (£) and we (&) differ. They are also the first examples of badly
approximable numbers with this property.

5. Algebraic approximation to automatic continued fractions

An infinite sequence a = (ay) ¢>1 is an automatic sequence if it can be generated by
a finite automaton, that is, if there exists an integer £ > 2 such that a, is a finite-state
function of the representation of ¢ in base k, for every £ > 1. Let b > 2 be an integer. In
1968, Cobham [23] asked whether a real number whose b-ary expansion can be generated
by a finite automaton (in the sequel, such a real number is called a b-ary automatic number)
is always either rational or transcendental. A positive answer to Cobham’s question was
recently given in [4], by means of a combinatorial transcendence criterion established in
[8]. We addressed in [1] the analogous question for continued fraction expansions and gave
a positive answer to it in [20]. Namely, we proved that a real number whose continued
fraction expansion can be generated by a finite automaton (in the sequel, such a real
number is called an automatic number) is always either quadratic or transcendental.

More Diophantine properties of b-ary irrational automatic real numbers are known.
Adamczewski and Cassaigne [9] established that the Diophantine exponent of any non-
ultimately periodic automatic sequence is finite (Lemma 8.3 below) and deduced that no
b-ary automatic number is a Liouville number. By Theorem 2.2, we obtain likewise a
measure of non-quadraticity for automatic real numbers which are not quadratic.

Precise definitions of automatic and morphic sequences and of various quantities and
notions associated with them are postponed to Section 8.

Theorem 5.1. Let k > 2 be an integer and a = (ay)¢>1 an infinite sequence of positive
integers generated by a k-automaton. Let A > 3 be an upper bound for the sequence
a = (ag)¢>1. Let m be the cardinality of the k-kernel of the sequence a and let I be the
internal alphabet associated with a. Then, the real number

€ :=1[0;a1,a2,...,a4...]
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satisfies
wo (&) < 31300 (Cardl)® k™13 (log(A + 1))*. (5.1)

Theorem 5.1 extends Theorem 7.3 of [9], valid only for a restricted class of automatic
numbers.

Theorem 5.1 is an immediate consequence of Theorem 2.2, inequality (8.1) and Lemma
8.3. We can slightly improve Theorem 5.1 by arguing directly (as was done in [9] for showing
that b-ary automatic numbers are not Liouville numbers) rather than applying the general
Lemma 9.1.

The bound (5.1) depends on three parameters Cardl, k and m which appear naturally
in the study of automatic sequences. It also depends, and this is rather ennoying, on the
alphabet on which the sequence is written. However, one can remove the latter dependence
when the automatic sequence is generated by a primitive morphism.

Theorem 5.2. Let k > 2 be an integer and let a = (as);>1 be a non-ultimately periodic
infinite sequence of positive integers generated by a primitive morphism ¢ on an alphabet
of cardinality b > 2. Let v denote the width of o. Then the real number

€ :=1[0;a1,a2,...,a4...]

satisfies
wo(€) < 3-10° 01270 p12 Dio(€).

We stress that the upper bound in Theorem 5.2 does not depend on the alphabet
on which the morphic sequence is written. Theorem 5.2 is an immediate consequence of
Theorem 2.2 combined with Lemmas 8.4 to 8.6.

The Thue-Morse sequence

abbabaabbaababbabaab . . .

defined on the alphabet {a,b} is a classical example of an automatic sequence satisfying
the assumption of Theorem 5.2. Further examples are given in [12].

Adamczewski and Bugeaud [7] showed that irrational b-ary automatic numbers are
either S- or T-numbers in Mahler’s classification of numbers. Since the complexity function
of every automatic sequence a grows at most linearly with n (see inequality (8.1) below),
Theorem 3.2 implies the analogous result for automatic numbers which are not quadratic.

Theorem 5.3. Let a = (as)¢>1 be an automatic sequence (or a sequence generated by a
primitive morphism) of positive integers which is not ultimately periodic and set

¢ :=1[0;a1,as,...,ag,...].

Then, £ is a transcendental number and there exists a constant ¢, depending only on &,
such that
wq (&) < exp(c (log3d)® (loglog 3d)*), for d > 1.
In particular, ¢ is either an S-number or a T-number.
The part of Theorem 5.3 dealing with sequences generated by a primitive morphism
follows from Theorem 3.2 combined with Lemmas 8.4 and 8.6.
There have been recently several new results on the rational approximation to real

numbers whose expansion in some integer base is an automatic sequence [10, 18, 21].
Motivated by these works, we address and briefly discuss the following problem.
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Problem 5.4. To determine the set of values taken by the exponents ws and w3 at
automatic continued fractions.

With a suitable modification of the construction given in [18], one can construct
explicitly, for every sufficiently large rational number p/q, an automatic continued fraction
¢ satisfying w3 () = p/q. It seems to be a difficult and challenging problem to show
that the sets of values taken by the functions w3 and ws at automatic continued fractions
include every rational number greater than or equal to 2.

Bugeaud and Laurent [22] have computed the values of wy(§) and w3 (§) for certain
morphic continued fractions £ and found that these values are quadratic numbers.

It was proved in [19] that the Thue-Morse-Mahler number &, whose sequence of
binary digits is the Thue-Morse sequence on {0, 1} starting with 0, satisfies wq (&) = 1.
We address the analoguous question for continued fraction expansions.

Problem 5.5. Let a and b be distinct positive integers. Let & o be the real number
whose sequence of partial quotients is the Thue—Morse sequence on {a,b} starting with a.
To compute w3 (&g o) and wa (g ap)-

It is known [35] that w3(&t,q,6) > 7/3. In view of Schmidt’s theorem [36], this is
sufficient to conclude that & 45 is transcendental, a result first proved by M. Queffélec [34]
(see also [11]). Since this lower bound is small, one cannot prove that this is the exact
value by arguing as in Lemma 7.3. We suspect, however, that 7/3 is not the correct value
and plan to return to this question in a further work.

6. Continued fractions

We gather in this section various results on continued fraction expansions, but we
assume that the reader is already quite familiar with the subject (otherwise, he is directed
e.g. to [33] or to Chapter 1 of [16]).

In this and the next sections, we use the notation

[0;&1, sy Ay Qe 15 - e 7a7”+8] = [07 U,V],

where U = ay...a, and V = a,41...a,4, to indicate that the block of partial quotients
Api1,---,0r1s is repeated infinitely many times. We also denote by ¢’ the Galois conjugate
of a quadratic real number (.

The key observation for our main results is given in the following lemma.

Lemma 6.1. Let £ be a quadratic real number with ultimately periodic continued fraction
expansion

E=10;a1,...,ar,QGry1,-- -, Gris),

with r > 3 and s > 1, and denote by & its Galois conjugate. Let (ps/qe)e>1 denote the
sequence of convergents to &. If a, # a,4+s, then we have

€ — &' < af max{a,—2,ar—1}q; "

11



Proof. By a theorem of Galois (see [33], page 83), the Galois conjugate of

T = [ar+1§ Ar42, .- Qrs, ar—l—l]

is the quadratic number

T = _[0; Qrtsy - - ~7a7’+2;a7’+1]-

Since /
_ DrT +p7‘—1 and 5/ _ DPrT +pr—1

@7+ Gr-1 @7+ qr’
we get
T—7 1

< . 6.1
(T + @—1) @™ + @r1|l G @™ + @] (6.1)

€& =
Assume that a, # a,,s. Using the mirror formula
q’r—l/qT - [Oa Ar,Ar—1, - - . ,Gl],

we see that

67"+ @r—1| = 1[05ar, ar1, oy ar] = [05Grps, o G2y Grrd]| - G
If max{a,,a,4s} > 2min{a,, a,4s}, then one gets
lgrm" + qr—1| > g/ min{a,, a, s}
Otherwise, if a, < a,4+s, then an easy computation shows that

1 1

ar +1/(1+1/(ar—2 + 1)) N arts +1/(arps—1 +1)

—1
> — ma‘X{a’r 2’ar+s 1

|QT7—/ + QT—1| Z “qr

1
> ar. X )
T a?”*Q

while, if a, > a,s, then the similar estimate

|qu +QT 1| > _7" ma’X{ar 1 r—|—s 2} >>
r G,T ar_l

holds. By (6.1), this completes the proof of the lemma. ]

We display an elementary result on ultimately periodic continued fraction expansions,
whose proof can be found in [33].
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Lemma 6.2. Let £ be a quadratic real number with ultimately periodic continued fraction
expansion

éz[0;a17"'7a7“7a7’+17"'7a7‘+s]; (62)
and denote by (pe/qe)e>1 the sequence of its convergents. Then, £ is a root of the polyno-
mial )

(@ -1Gr+s — G Grs—1) X" = (@r—1Pr+s — @rPris—1

(6.3)
+pr—IQT—|—s - prQT—i—s—l)X + (pr—lpr—i—s - prpr—l—s—l)-
In particular, if the continued fraction expansion of £ is purely periodic, that is, if
SZ [0;0/15"'7&5]’
then £ is a root of the polynomial
q$—1X2 - (ps—l - QS)X — Ds- (64)

The polynomials (6.3) and (6.4) may not be primitive, as it is in particular the case
when a, = a,+s. They provide us only with an upper bound for the height of the real
number ¢ defined by (6.2).

For the proof of Theorems 4.1 and 4.2 we need a precise estimate of the height of
quadratic numbers of a special form.

Lemma 6.3. Let b,c and d be distinct positive integers. Let n > 3 be an integer and
ai,...,an_o be positive integers. Set

5 = [Oa ay,...,0n-2; b7 C7_]'
Then, the height of & satisfies
2 2
4dn <<b,c H(f) <<b,c dn

where q, is the denominator of the rational number p,/q, := [0;a1,...,a,_2,b,¢c|. Let
m > 3 be an integer and set

¢:=1[0;a1,...,an-2,b,¢,b,b,...,b,d],
where the periodic part b,b,...,b,d has length m. Then, the height of { satisfies

dndn+m <<b,c,d H(C) <<b,c,d dndn+m-

where G+, Is the denominator of the rational number [0;aq,...,an_2,b,¢,b,b, ... b, d].

Proof. We deduce from Lemma 6.2 that

H(E) <<b,c %21 and H(g) <<b,c,d dndn+m-
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Let
P:(X)=AX?4+BX +C = A(X - 6)(X - ¢

denote the minimal defining polynomial of £ over Z. Since |P¢(p,/¢y)| is a non-zero rational
number of denominator dividing ¢2, we have |P¢(pn/qn)| > g, 2. 1t follows from Lemma
6.1 and the definition of p,, /g, that

|E_pn/%z| <q;27 |£/_pn/Qn| <<b,c QEQ-

Consequently, we get A >, . ¢2, thus, H(§) >, . ¢2. This completes the proof of the first
assertion of the lemma.

Since the resultant of the minimal defining polynomials of £ and ( is a non-zero integer,
we get

(=& > HE 2 HQ) - [¢=¢7 [ =¢ 1 =¢)
Syea HE) ™2 H() % qb,

by Lemma 6.1. Using |¢ — &| <p.c.d @i and H(€) <pc g2, this gives
H(€)2 >>b,c,d qr2L ' q72L—|—m'
This finishes the proof of the lemma. O

For the proof of Theorem 9.1 we need classical results on continuants which we re-

call below (see [33] for a proof). If ai,...,a,, are positive integers, then the continuant
Kn(ay,...,ay) is the denominator of the rational number [0;aq, ..., an].

Lemma 6.4. For any positive integers aq, ..., a,, and any integer k with 1 <k <m — 1,
we have

Kn(at,...,am) = Kp(am, ... a1),

Kn(at,...,am) < (1 +max{ay,...,an})™,

Kn.(a1,...,a,) > max{(min{a, ... ,am})m,2(m_1)/2},
and
Kk(al, Ce ,ak) 'Km_k(ak+1, . ,am) S Km(al, . ,am)
§ 2Kk(a1, e ,ak) . Km_k(a]H_l, .. .,CLm).

7. Liouville’s inequality and applications

Observe that if « is a real quadratic number and o’ denotes its Galois conjugate, then
we have

H(a)™ ' <|a—d| <2H(a). (7.1)
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To see this, it is sufficient to note that, if the minimal defining polynomial of @ over Z is

aX?+bX + ¢, then
Vb? — 4dac

o — o =
a

Note that | — | can be as small as /5H(a)~!. Indeed, for any integer m > 2, the
discriminant of the polynomial

(m?*+m—-DX*— 2m+1)X +1

is equal to 5, thus, the distance between its two roots is equal to v/5 divided by its height.

Lemma 7.1. Let « and (3 be real quadratic numbers. Denote by P, (X) := a(X —a)(X —
o) and Pg(X) := b(X — B)(X — ') their minimal defining polynomials over Z. Assume
that o, ', 8, 8" are distinct. Then we have

lo — B| > 0.03 - max{|a — /|71, 1} - H(a) ™2 - H(B) 2. (7.2)

Under the assumption of Lemma 7.1, the usual form of Liouville’s inequality (see e.g.
Theorem A.1 of [16]) implies that

o — B >0.03- H(a)™2- H(B)" 2 (7.3)

Lemma 7.1 shows that this estimate can be improved if « and its Galois conjugate are
close to each other. Roughly speaking, in the most favourable cases, the exponent —2 of
H(«) in (7.3) can be replaced by —1.

Proof. In view of (7.3), we assume that |« — /| < 1. Since the resultant of P, (X) and
Pg(X) is a non-zero integer, we get

ab’lo = Bl - o’ — B| - [Pa(B)] > 1. (7.4)
If |8’| > 2, then we have
b8'| < [bBB'| < H(B), if[B] > 1,

while
b8l < 2(b(B+ B')] < 2H(B), if |B] < 1.

Consequently, regardless the value of |3’|, this gives
b* | Pa(8)| < 3H () b* max{1,|3'|}* <12 H(a) - H(B)?,

thus, by (7.4),
o= B = o’ = 8|71 - H(a)™?- H(B)7?/12. (7.5)

Without any loss of generality, we may assume that | — 5| < |o/ — 3.
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If |o/ — B < 2|a — B, then (7.5) implies that
o = B = H(a)™? - H(B)?/24,

which, by (7.1), yields a much better lower bound than (7.2).
If | — 8| > 2]a — S|, then, using the triangle inequality

o = a'| = |o' = B = |a = B = |o’ = B]/2,
it follows from (7.5) that
o — B > |a—o/|7t - H(a)™2 - H(B)?/24.

Combined with (7.3), this gives the lemma. i

We point out two important consequences of Lemma 7.1. A first one states that if a
real number £ is quite close to a dense (in a suitable sense) sequence of quadratic numbers
having a close conjugate, then £ cannot be too well approximated by quadratic numbers.

Lemma 7.2. Let { be a real number. Let C > 1 be a real number and (Q;);>1 an
increasing sequence of integers such that Q41 < Q]C forj > 1. Let w>2and 0 <e <1
be real numbers. Assume that there exists a sequence («;);>1 of quadratic numbers such
that, denoting by oz;- the Galois conjugate of o, we have

€ — o] < Q;%° - max{la; — o1, 1},

H(aj) < Qj,
and
’5 - Oéj‘ > Q;w7

for j > 1. Then, w3 () is finite and
wi (&) < w41+ 2wCe™.

Proof. Set A =1+ 2Ce~!. Let a be a quadratic real number and let j be the integer
defined by the inequalities

Q; < H()" < Qjt1.

By Lemma 7.1, if a # o, then we have
la — aj| > 0.03 - max{|o; — oz}|*17 1}- QJ-_ZH(a)*Q. (7.6)
For j sufficiently large, the choice of A implies that

H(a) < QM <@ <01-Q57,
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hence,

0.01 - max{|a;; — af| 7", 1} - Q; ?H () > > max{|a; — of| 7', 1} - Q;*7°

7.7
> [€ — ay. 1)

Using (7.6) and (7.7), the triangle inequality then gives
€ —a| > |a—aj| — | —a;| >0.02 - max{|a; — a;-|_1, 1}- Q;2H(a)_2
>0.02-Q; % H(o)™?
> 0.02 - H(a)474C/¢,

if j is sufficiently large. It remains for us to consider the case where a = a;. Then, we

have
€= al > Q" > H(a)™4 > H(a) v 20C/e,

Since w > 2, this proves the lemma. O

Let us briefly explain the novelty in Lemma 7.2. If nothing is known on the Galois
conjugates of the quadratic approximants «;, then, in order to get an upper bound for
w3 (&), we have to assume that «; is very close to &, namely, roughly speaking, that
€ —aj| < H(aj)~27¢ for some positive real number €. This is the strong assumption made
in [9] (see on page 1370) and in [6] (see on page 896). Fortunately, we can considerably
weaken it and replace it even by |£ — ;| < H(a;)7'7° (in the most favourable cases),
provided that «; is very close to its Galois conjugate oz}. This is crucial for the applications
we have in mind, especially for the proof of Theorem 2.2.

Lemma 7.3. Let £ be a real number. Assume that there exist positive real numbers
c1,¢2,¢3,0,p,0 and a sequence («;);>1 of quadratic numbers such that

c1H (o) P71 <€ — o] < coH (o) (7.8)

and
H(aj) < H(oj1) < esH(ay)?,

for 7 > 1. Set € = 0 or assume that there exist ¢4 > 1 and 0 < € < 1 such that
aj — o] < caH(ay)™", (7.9)
for j > 1, where o; denotes the Galois conjugate of ;. Then we have
6 <ws(§) <p

o (p—1)(6—1+e)>20(2—¢). (7.10)

Furthermore, if € > 0, then we have
d<wy(§) <p and wa(§) =w3(§) +e¢,
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as soon as
(0—24¢e)(d—1+¢)>20(2—¢)
and log| /|
og |ay; — o
—— = —¢. 7.11
jo+so log H(a;) © (7.11)

Proof. Set Q; = H(a;) for j > 1. Let « be either a rational number, or a quadratic
real number not element of the sequence («;);>1. Let j be the integer defined by the
inequalities

Qi1 < (esH (a))¥/EH0-1) < Qj,

where
cs = (T0cacq) /2. (7.12)

We assume that H(«), hence j, is sufficiently large. By Lemma 7.2 and (7.12), we have

o —aj| > 0.03 oy — | 7'Q; % - H(a)™?
>0.03-c; QM
> 262Q;176-

Consequently, we get
€ —al > |a—aj| = [§ — aj| > |a— ay]/2.
Since
Qj < 3Q7_; < es(csH(a))?/ =071,
we conclude that

& —al >0.01- chQj—QJrE - H(a) 2
thus
w3 (€) < max{p,1+20(2 —¢)/(e + 6 — 1)}

Combined with (7.8), this implies that w3(£) < p when (7.10) is satisfied. Furthermore,
the assumption (7.8) ensures that w3(£) > ¢ and wo (&) > w3 (€) + ¢, by (7.9). This proves
the first assertion of the lemma.

If, moreover, (6 —2+¢)(d —1+4¢) > 20(2 — ¢), then it follows from (7.13) that

€ —al >0.01- czlc§2+scg20(2_6)/(€+5_1)H(a)*575. (7.14)
This means that the best algebraic approximants to & of degree at most 2 belong to the
sequence (oy)j>1. Assume that « is irrational and denote by P, (X) its minimal defining

polynomial, by o’ its Galois conjugate, and by a, > 1 the leading coefficient of P,(X).
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Note that a, - | — a’| > 1. Using (7.14), the fact that 6 > 2 and the triangle inequality,
we then get
|Po(§)] > an - [§ —al - [§ — o
> aq- €= al - Ja— a'|/2 (7.15)
> 0.005 - chc§2+€cg26(2_€)/(s+6_I)H(a)_5_5.

For j > 1, denoting by P;(X) the minimal defining polynomial of a;, we deduce, again
from the triangle inequality, that

1P (&) < 2H(aj) - € — aj] - |aj — o). (7.16)
It thus follows from (7.8), (7.11) and (7.16) that
wo (&) > w3(&) +e>d+e. (7.17)

We conclude from (7.15) that the first inequality in (7.17) is an equality. This finishes the
proof of the lemma. O

8. Automatic and morphic sequences

We recall in this section basic definitions and several results on automatic and morphic
sequences. For more information, the reader is advised to consult the monograph [12]. As
n [12], but unlike in the rest of the present paper, we index the sequences from ¢ = 0.

Let k > 2 be an integer and denote by X the set {0,1,...,k — 1}. A k-automaton is
a 6-tuple

A= (Q, Ek, 5, qo, A, 7'),

where (Q is a finite set of states, ¥, is the input alphabet, § : Q x X — @ is the transition
function, ¢ is the initial state, A is the output alphabet and 7 : Q — A is the output
function.

For a state ¢ in Q and for a finite word W = wyws...w, on the alphabet Y, we
define recursively d(q, W) by 6(q, W) = 6(d(q, wrws . . . wp—1), wy). Let n > 0 be an integer
and let w,w,_1...wiwo in (Ek)H'1 be the representation of n in base k, meaning that
n = w,k"+...+wy. We denote by W,, the word wow; ... w,. Then, a sequence a = (ar)r>o
is said to be k-automatic if there exists a k-automaton A such that a, = 7(5(qo, We)) for
all £ > 0.

For a finite set A, we denote by A* the free monoid generated by A. The empty word
¢ is the neutral element of A*. Let A and B be two finite sets. An application from A
to B* can be uniquely extended to a homomorphism between the free monoids A* and
B*. We call morphism from A to B such a homomorphism. If there is a positive integer k
such that each element of A is mapped to a word of length k, then the morphism is called
k-uniform (or, simply, uniform). Similarly, an application from A to B can be uniquely
extended to a homomorphism between the free monoids A* and B*. Such an application
is called a coding (or a ‘letter-to-letter’ morphism).
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A morphism o from A into itself is said to be prolongable if there exists a letter a such
that o(a) = aW, where the word W is such that ¢" (W) is not the empty word for every
n > 0. In that case, the sequence of finite words (0™(a)),>1 converges in A%>° (endowed
with the product topology of the discrete topology on each copy of A) to an infinite word
a:= 0°°(a). This infinite word is clearly a fixed point for o and we say that a is generated
by the morphism o. The width of the morphism ¢ is the maximum of the lengths of the
words o(a) for a in A. A morphism o is primitive if there exists a positive integer n such
that a occurs in o™ (a’) for all a,a’ in A.

Cobham [24] established that uniform morphisms and automatic sequences are strong-
ly connected.

Theorem 8.1. Let k > 2 be an integer. A sequence is k-automatic if, and only if, it is
the image under a coding of a fixed point of a k-uniform morphism.

Theorem 8.1 means that one can always associate with a k-automatic sequence a a
5-tuple (¢, 0,1, A, I), where o is a k-uniform morphism defined over a finite alphabet I, i is
a letter of I, ¢ is a coding from I into A, and such that a = ¢(i), with i = ¢°°(¢). The set I
and the sequence i are respectively called the internal alphabet and the internal sequence
associated with the 5-tuple (¢, 0,4, A, I). With a slight abuse of language, we say that I
(respectively, i) is the internal alphabet (respectively, internal sequence) associated with a.
Indeed, Cobham gives in fact a canonical way to associate with a a 5-tuple (¢, 0,4, A, I).
He also proved ([24], Theorem 2) that

p(n,a) < k(Cardl)?n, forn > 1. (8.1)

The k-kernel of a sequence a = (ay)¢>o is the set of all sequences (ai.g4;)e>0, where
i > 0and 0 < j < k. This notion gives rise to another useful characterization of k-
automatic sequences which was first proved by Eilenberg [26].

Theorem 8.2. Let k > 2 be an integer. A sequence is k-automatic if, and only if, its
k-kernel is finite.

We reproduce Lemma 5.1 of [9], which gives an upper bound for the Diophantine
exponent of a non-ultimately periodic automatic sequence.

Lemma 8.3. Let k > 2 be an integer. Let a be a k-automatic sequence which is not
ultimately periodic. Let m be the cardinality of the k-kernel of a. Then the Diophantine
exponent of a is less than k™.

We conclude this section with three results on fixed points of primitive morphisms.

Mossé [32] established that a fixed point of a primitive morphism either is ultimately
periodic, or contains no occurrence of words of the form W¥, with W finite and non-empty
and z sufficiently large (independently of the length of W). Her result immediately implies
the next lemma.

Lemma 8.4. Let a be a fixed point of a primitive morphism and assume that a is not
ultimately periodic. Then the Diophantine exponent of a is finite.

A second result was proved by M. Queffélec [35].
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Lemma 8.5. Let a = (as)¢>1 be a fixed point of a primitive morphism on the alphabet
{1,2,...}. For{ > 1, let q; denote the denominator of the ¢-th convergent to [0; a1, az, . ..].
Then, the sequence (qé/g)
A third result, deduced from the proof of Theorem 10.4.12 of [12], shows that the

complexity of a sequence generated by a primitive morphism is sublinear.

¢>1 converges.

Lemma 8.6. Let a = (a¢)r>1 be a fixed point of a primitive morphism ¢ on an alphabet
of cardinality b > 2. Let v denote the width of 0. Then we have

p(n,a) < 20%72p3n,  forn > 1.

The reader is referred to [12] for many examples of sequences generated by an au-
tomaton or by a primitive morphism.

9. A combinatorial lemma

Throughout this section and the next one, we use the following notation. If £ =
[0;a1,as,...] is an irrational real number whose sequence of convergents is (pe/qr)e>—1,
then, for integers » > 0 and s > 1, we define the integer polynomial P ,. s(X) by

Pero(X) = (qGr—1Grts — Grrrs—1)X>
— (@r—1Pr+s — @Pris—1 + Pr—1Grts — Prdris—1)X (9.1)
+ (pr—lpr—l—s - p’r’pr—i-s—l)-

By Lemma 6.2, the quadratic number

[O;GJl, sy Qpy Qpy s e 7a7’+5]

is a root of the polynomial P , s(X). For the proofs of Theorem 2.2 and 3.2, we need the
following auxiliary result.

Lemma 9.1. Let A > 3 be an integer. Let a = (ag)¢>1 be an infinite sequence of positive
integers at most equal to A and set

€:=1[0;a1,a2,...,as...].

Assume that the Diophantine exponent of £ is finite. Let (pe/qe)e>1 be the sequence of

convergents to £&. Let M be an upper bound for the sequence (ql}/g)ng. Assume that
there are integers ng > 4 and k > 3 such that, for every integer n > ng, there is a word
of length n having two occurrences in the prefix of length (k + 1)n of a. Then, there
exist non-negative integers r1,7o,... and positive integers si, So, ... such that, for j > 1,
the word a begins with a word of length r; followed by a word of length s; to the power
1+1/k and

(i) 7, < 2k +1)s5; 8541 > 2553
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(11) Qr; 7é Qri+s; 3
(111) (Qqu QTj—i-sj)Q S 2q’l"j+1£]7‘j+1+8j+1 S (QCerCJrj—i—sj)

(iv) |P£a7nja'5j (§)| S (QquQT’j+Sj>_1_1/(15HlOgM)-
Furthermore, if

6502 (log M)? .
Y

a5 = [O;ab R R S PR 7a7’j+5j]7

then ; is the root of P, s, (X) which is the closest to & and, denoting by o; its Galois
conjugate, we have

H(Oé]) S 2(]7"]-(]7"]-4—8]-7 (92)
€ — oyl < (2QTjQ1"j+8j)_2_1/(15mogM) max{|a; — O‘H_ly 1}, (9.3)

and _
€ —a;] > (2ququ+Sj)_6(log MDie(©), (9.4)

The estimate (9.2) holds since the quantity 2¢,q.1s associated with the polynomial
Pt . s(X) defined in (9.1) is an obvious upper bound for its height. Note, however, that the
height of P, ;(X) can be much smaller than 2¢,g,+s when g, /q,_1 is close to gr+s/qr+s—1;
see Section 12.

By Lemma 6.4, we can choose M = A+1 in Lemma 9.1. We have decided to introduce
the quantity M since the numerical values occurring in Lemma 9.1 heavily depend on the
behaviour of the sequence (ql}/ e) ¢>1, as it is explained after its proof. Moreover, it allows
us to adapt more easily Lemma 9.1 to the case when the sequence (as)¢>1 is unbounded,;
see Section 12. However, in all the applications presented in Sections 2 to 5, the sequence
(a¢)e>1 is bounded.

Proof. The first part is purely combinatorial and we argue as in the proof of Lemma 9.1
from [7]. Let £ > 2 be an integer, and denote by A(f) the prefix of a of length ¢. By
assumption, for £ > ng, there exists a word W, of length ¢ having at least two occurrences
in A((k + 1)¢). In other words, there exist (possibly empty) words By, Dy, E;, and a
non-empty word Cy such that

A((Ii + 1)6) = BW,DyEy, = B,C/W,E,.
We choose these words in such a way that, if By is non-empty, then the last letter of By
differs from the last letter of Cy.
Assume first that |Cy| > |[W,|. Then, there exists a word Fy such that

A((FL -+ 1)6) = BW F,WoE,.

Setting Uy = By, Vy = WiFy, and wy = |[W,F,W,|/|W¢F|, we observe that U,V,"”* is a
prefix of a. Furthermore, we check that w, > w and

UV, 1
WV _yp Wl oy L

UVl [AZiE K
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Assume now that |Cy| < |[Wy|. This means that the two occurrences of Wy do overlap,
hence there exists a rational number d; > 1 such that

W, = CJ.

Setting Uy = By and V; = nge/ﬂ, and noticing that 3[dy/2]/2 < d; + 1, we observe that
Ungg/z is a prefix of a. Furthermore, we check that |V;| < (£ +2)/2 and

VR vl e+
\UVe| = 2(|Ve| +k€) — 20+4+4r0 — 4+ 3

To summarize, setting w = 1 4+ 1/k, we have shown that, for £ > ng, there exist two

finite words Uy, V; and a rational number wy such that w < w, < 3/2 and

(v) UgV," is a prefix of a;
Ue| < (26 + 1)|Vel;
£/2 < |V,| < Kt
If Uy is not the empty word, then the last letter of U, differs from the last letter of V;
AR

\UVe| — 4k +3°
The words Uy, £ > ng, constructed above may not be all distinct. For ¢ > ng, let py

and oy denote the lengths of U, and Vy, respectively. The definition of M and Lemma 6.4
imply that

(vi
(vii

(viii

)
)
)
)

(ix

2U-D/2 < s < M7, forj>3. (9.5)
Set f = [4(log M)/(log2)] + 1. Since

<2p;+0¢ < 2(k+ 1)L,

N~

we have, for every £ > ng,

2f(2pe +00) <4f(k+ 1)l < Apygiirye + 2045 (nt1)e
< 16f(k +1)%0 < 32f(k 4+ 1)*(2p + 00),

by using (vi) and (vii). Setting ¢ = 32f(k + 1), 7; = paf)i(nt1)i> and S = 0 (4f)i(x+1)7 5
we thus get
2f(2rj +85) < 2(2rj1 + 5j41) < (215 + ;)
and . :
(AP 4 P s

si < k(Af)Y (k+1) < 5 <5

It follows from (9.5) that

(2(]7"j qrj+8j)2 S Qer+1Q7~j+1+sj+1 S <Qerqrj+3j)c(10g M)/(lng).
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Since r; < (2k + 1)s;, Conditions (i) and (iii) of the lemma are satisfied. Furthermore,
Condition (ii) follows from (viii).

Estimate (9.2) directly follows from Lemma 6.1. Set w} = w4fyi(x41)i- Since, by
Condition (v), the real numbers £ and

@ = [0; Utagys (4135 Viapyi (s+1)7]
have the same first r; + Lwésjj partial quotients, we get
£ 0l € 0% ) € T 2D, 09
by Lemma 6.4. The inequality
o — Oé;| > (ererJrsj)*l,
combined with (9.6) shows that a; is the root of P, . (X) which is the closest to &,

provided that j is large enough.
It follows from (ix) that

[5j(wf — D1 = (rj + 55)/ (45 + 3), (9.7)
and, by (9.5) and Lemma 6.4, we get

oritsi > (qr, qrj+sj)(7"j+3j)(10g 2)/((2rj+s;)log M)

> (q . _)(10g2)/(210gM) (98)
Tj 'I"J SJ .
Putting together (9.6), (9.7) and (9.8), we deduce that
. 2 —2—(log 2)/(2(4k+3) log M)
‘5 a]| < qrj (2QTJ' er-i-sj) & & . (99)
Furthermore, it follows from Lemma 6.1 that
o — o] < qur_jz, (9.10)
thus
qu < A max{|a; — of| 7, 1}, (9.11)

Combining (9.9) and (9.11) with k > 3, we get (9.3) for j large enough. We also deduce
from (9.9), (9.10) and the triangle inequality that

‘Pfﬂ”j,sj (5)’ <2 (2q7‘jQTj+Sj) ’ ‘f - ij’ ’ ’aj - Oé;‘
< 2A3(2qu qrj+sj)—1—(10g2)/(2(4/—@—|—3) log M)

This shows that (iv) holds for j large enough.
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If Dio(&) is bounded from above by J, then the continued fraction expansions of «;
and & agree at most until the [§(r; + s;)] partial quotient. Consequently, using Lemma 5
of [2], we get

€ —ayl = (A+2)7° qw(wsm
> (A+2)7 3 M2 M2 ts) o1
> (A+2)72 M2 (2qy, qry 45,) 2053 (08 M)/ (Gryts;)(og 2)) (9.12)
2 (A + 2) 3 -2 (2QTJ- qrj+sj)—45(log M)/(logZ)'

This shows that (9.4) holds for j large enough. This completes the proof of the lemma. O

It is apparent in the proof of Lemma 9.1 that the estimates can be improved if, instead
of (9.5), we use the fact that for some real numbers m, M with M > m > /2 we have

for every sufficiently large j. The quantity (log M)/(log+/2) coming from (9.5) and occur-
ring in the proof of Lemma 9.1 can then be everywhere replaced by (log M)/(logm). In

particular, when the sequence (q;/ E) ¢>1 converges, then m and M can be taken arbitrarily
close, thus (log M)/(logm) can be taken arbitrarily close to 1. This shows that, under this
assumption, Lemma 9.1 holds with log M replaced by 1 (and, even, by 1/(log+/2)) in (iii),
(iv), (9.3), and (9.4).

10. Second part of the proof of Theorem 3.2

The proof of Theorem 3.2 partly relies on the quantitative version of the Schmidt
Subspace Theorem. Theorem E below statement was proved by Evertse [27]. We refer to
his paper for the definition of the height H(L) of the linear form

L(x) =121 + ... + amTm,
where aq, ..., a,, are real algebraic numbers belonging to a same number field of degree d.

For our purpose, it is sufficient to stress that H(L) can be bounded from above in terms
of the heights of the coefficients of L. More precisely, inequality (6.6) from [5] asserts that

H(L) <m®? (d+ 1) ] H(a). (10.1)

i=1
Theorem E. Let m > 2, H and d be positive integers. Let Li,..., Ly, be linearly
independent (over Q) linear forms in m variables with real algebraic coefficients. Assume

that H(L;) < H fori =1,...,m and that the number field generated by all the coefficients
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of these linear forms has degree at most d. Let € be a real number with 0 < € < 1. Then,

the primitive integer vectors x = (Z1,...,Ty,,) in Z™ with H(x) > H and such that
[T 120l < |det(Ly, Lo, ..., Lyn)| - (max{|as],. .., |zm|})
i=1

lie in at most
¢m.e (log 3d) (loglog 3d)

proper subspaces of Q™, where ¢y, . is a constant which only depends on m and «.

We keep the notation from Section 9. First, we check that the entries of the quadruple

(qr_quJrs — qr9r+s—1,9r—1Pr+s — qrPr+s—1, (102)

Pr—1qr4+s — PrQr4+s—1,Pr—1Pr+s — prpr+s—1)

are relatively prime. To see this, assume that a positive integer m divides p,_1¢,4+s —
Prar+s—1 and pr_1pris — prpr4s—1. Then, it also divides

pr—l—s—l(pr—IQT-i-s - p’I’QT-‘rs—l) — QT+5—1(pr—1pr+s _prpr—i—s—l) - :l:pr—l

and
pr—l—s—l(Qr—lQr—i—s - QTQT—I—S—I) - qT‘—|—S—1(QT‘—1pT—|—S - QTpr—l—s—l) — :l:QT—L
Since p,_1 and ¢,_1 are relatively prime, the quadruple (10.2) is primitive.

Incidentally, this shows that when ¢, _1p,+s—qrPrys—1 is equal to pr_1Gr+s —PrQris—1,
then the triple

(QT—1Qr+s — qrQr+s—1,9r—1Pr+s — QrPr4+s—1,Pr—1Pr+s — prpr—l—s—l)

is primitive. These results will be used in the sequel.

Second part of the proof of Theorem 3.2.

Let £ be as in the statement of Theorem 3.2. Assume that the Diophantine exponent
of £ is finite. By Theorem 2.2, this implies that wo(&) is also finite. To prove that & is
either an S- or a T-number, it remains for us to control the accuracy of the approximation
to & by algebraic numbers of exact degree d, for every integer d > 3. We follow the proof
of Theorem 2.1 from [6]. Since there are a few technical difficulties, we give some details.

Let d > 3 be an integer. Let o be an algebraic number of degree d. At several places
in the proof below, it is convenient to assume that the height of « is sufficiently large. Let
X be a positive real number such that

1€ — o] < H(a)™X.
Our aim is to prove that
x < exp(c (log 3d)® (loglog 3d)*) (10.3)
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for some constant ¢ which does not depend on d.

Let k > 3 and ng be integers such that p(n,a) < kn for n > ng. The Schubfachprinzip
implies that the assumption of Lemma 9.1 is satisfied. We keep the notation of that lemma
and let (r;);>1 and (s;j);>1 be the sequences obtained by applying it. Let k be the unique
positive integer such that

2ququ+3k S H(O{) < ZQTk+1QTk+1+sk+1- (104)

Denote by M; the largest integer such that

(2q7'k Qri+sp )X > (2qu+M1 Qrycqarg +skqa )3

and observe that
1€ — ol < (2 Gripntsnen) " (10.5)

for every h = 1,...,M;. From the definition of M; and using Condition (iii) of Lemma

9.1, we have
3
(2q7'kq7'k+3k:)x < (2q7‘k+M1+1qu+M1+1+5k+M1+1)

2 2\Mq+1
S (2ququ+5k)3(650m (log M)=)™1 )

Consequently, Inequality (10.3) holds if we have

M, < co(log 3d)®(log log 3d)*

for some constant ¢y which does not depend on d.
We will argue by contradiction. From now on, we assume that

M, > c1(log 3d)°(loglog 3d)*, (10.6)
for some constant ¢;, and we will derive a contradiction if ¢; is sufficiently large.
For simplicity, for every integer j > 1, we write P;(X) instead of P, ., (X), defined
by (9.1). Let j > 1 be an integer. Observe that, by condition (iv),
[P (E)] < (2ar;ry4,) 7 VIR (5> 1), (10.7)

Furthermore, for j > 1, we infer from the theory of continued fractions that

|((‘Ile—1q7”j+Sj - QT]- QTj—st—l)g - (Qle—lp'I"j—FSj - quple+Slj—1)|
S q’l”j—1|q7”j—|—5j§ - ij+sj| + qu |QTj+5j—1£ - prj+sj—1| (108)
—1
<< QTJ' qu+5j

and, likewise,

‘(QTj—1QTj+sj - erQTj—i—sj—l)é - (p'r’j—l%’j—l—sj _perTj—i—sj—l)’

’ (10.9)
<< qul q?”j +Sj .
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Using Rolle’s Theorem, Inequalities (10.5) and (10.7) imply that

|Pk+h(a)| < |Pk—|—h(£)| + 3q’l“k+hQ’l“k+h+Sk+h |£ - O_/|

1 wlo (10.10)
< (2QTk+hqm+h+8k+h) EAS gM)a (1 <h<M).

We apply Theorem E to the system of linear forms

L1(Xy1, Xo, X3, X4) =X — a(Xy + X3) + Xy,

( )
Ly(X1, X2, X3, X4) =aX; — Xo,
L3(Xy, X2, X3, X4) =aX; — X3,
Ly(X1, X2, X3, X4) =X1.

These linear forms are linearly independent and with algebraic coefficients. For j7 > 1,
define the quadruple

ij = (QTj—l(er—i-sj - QTj(_Irj+sj—17Q7"j—1prj+sj - Qijrj—st—l;

Prj—19rj+s; = PrjQrj+s;—1sPrj—1Prj+s; — prjprj—i—sj—l);

Set N = {k+h, [M/2] < h < M} and Py = {z;, j€Ni}. Let j be in M.
Evaluating the linear forms above at the integer point z;, we infer from Inequalities (10.8),
(10.9) and (10.10) that

T 1Ln(z)| < | det(Ly, Lo, Ly, La)| (Gry Gy 1s,) "/ (13108 20
1<h<4

< |det(L1,L2,L37L4)‘ (qerTj—&—sj)_l/(l(SKlOgM).

Furthermore, as noted after the statement of Theorem E, all the elements of the set P; are
primitive and, by (10.1), the maximal absolute value of the entries of z; exceeds H(L;) for
t=1,...,4 and j € N;. Moreover, the coefficients of the linear forms L, ..., L, generate
a number field of degree d. Let T; be the upper bound for the number of exceptional
subspaces given by Theorem E applied with m =4 and € = 1/(16x1log M). Set

M2 = LMl/TlJ .
Inequality (10.6) ensures the existence of a constant co such that
My > cy(log 3d)*(log log 3d)>. (10.11)

By the Schubfachprinzip, there exists a proper subspace of Q* containing at least My
points of P;. Thus, there exist a non-zero integer vector (z1, 22, 23, z4) and a set of integers
N5 C N of cardinality M, such that

<1 (QijquJrsj - quQTj+Sj71) + Z2(q7ﬁj71p7"j+$j - Qijrj+sj71)

(10.12)
+ 23(Pr; —1Gr;+5; — PrjQry+s;—1) + 24(Dr;—1Prj+s; = Pr;jPrj+s;—1) = 0,

28



for every j € Ns. Let I3 <ls < ... <l denote the elements of Ny once ordered.
Let j be in N3 such that r; > 1. Dividing (10.12) by ¢, ¢y, +s,—1 and setting

Q' ‘_ qu—quj+Sj
J ’
qu QTj—‘r-Sj—l

we get

21(Q; — 1) + 22 (Qj Pri+s; prj+sj_1)

QTJ-—st q7“j+8j—1

¥ 23 <Qj Drj—1 ]ﬁ) —i—z4( ; DPrj—1 Prj+s;  Prj prj+sj1> —0.
qu—l qT'j QTj—l QTj-l-sj qT'j qT’j+5j—1

Setting
Z = max{|z1|,| 22|, |23], |24]}

and using that

1
< 3
dhdn+1

‘ Dh
a _— —
qn

for
he{r;—1rjr;—1+s;—1,1;+s;},

it then follows that
(Q; — 1)(2z1 + (22 + 23)a + 24042)! < Qqu,leq;jl_l.

Let A be an upper bound for the sequence (a¢)e>1. We deduce from the fact that a,,
differs from a,, 4, that Q;/|Q; — 1| < A?, thus

|21 + (22 + 23)a + 2402 | < AQZqT_jlqr_jlfl. (10.13)

At this point, there is a difficulty to overcome which did not occur in [6]. Indeed, r;
and r; — 1 can both be small and (10.13) may not imply that z; + (22 + 23) + 2402 is
equal to 0.

As in [6], we first have to distinguish two cases.

Assumption A: There exist three integers 1 < a < b < ¢ < |My/4] such that the
vectors z; , x; and z, are linearly independent.

As explained in [6], if Assumption A is satisfied, then there exist 21, ..., 24 as above
with
Z < 12(2q?"ch7“zc+szc)3' (10'14)

Furthermore, Liouville’s inequality asserts that
|21 + (20 4+ 23) + 2402 > H(a) ™2 279, (10.15)
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if 21 + (22 + 23)a + 2402 is non-zero. The combination of (10.13), (10.14) and (10.15) gives
qr;qr;—1 < AZH(O‘)Q(QTLCQTZC-F&C )3d7 (1016)

for j in Na, if 21 4 (22 4 23)a+ 2402 is non-zero. Note that (10.16) trivially holds if r; = 0,
since g—1 = 0. There are two subcases to distinguish. For simplicity, put A = [z, /27
If (10.16) is not satisfied for some j in Ao with j > A, we get immediately that

21 + (22 + 2z3)a + z40* = 0, (10.17)

a case to which we will return later. Otherwise, we deduce from (10.4), (10.16) and (iii)
of Lemma 9.1 that, for every j in Ny with j > l|30,/4), We have

o—Mz/4
q’l”j C_Irj—l <K AQH(O{)2(qT>\ qr)\—FS)\)(Sd) 2 2

<K A2q3k+1+sk+l (qr)\qr/\-FS)\ )1/M27
thus 7; < sx/(2k), for every j in N with j > 307, /4]

In this case, we replace £ by a suitable real number equivalent to it in order to reach
a situation where the results of [6] are applicable. Set u = [s)/(2r)],

3 Pu — Qb
£ = [O;au+1,au+2, .. ] = #7
Qu—1§ — Pu—1
and

] — Pu — &
Qu—1C — Py—1

Let j = |3M2y/4],..., Ms. Let W; be the prefix of the word a, = ay+1ay42 ... of length
s1;- Since a begins with a word of length 7, followed by a word of length s;; to the power

&= [0;aut1, Quta, - - -

14+ 1/k, the word WjHl/(%) is also a prefix of a,,. Denoting by (p¢/Ge)¢>1 the sequence of

convergents to 5 , we get from Lemma 6.2 that

~ &2 c ~ ~—2
|QSlj —15 - (pslj—l — QSlj )€ - pslj ’ < QSlj q81j+|_slj/(2"€)J .

Since
€ —al < gil¢ —al,
we also get
Gy, 167 = (Psy, 1 = G )& = Py, | K o, 4374, g2y
Since

My > co(log 3d)3(log log 3d)?,

we can now follow the proof on pages 898 to 903 of [6] to reach a contradiction.
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We return to the case where (10.17) holds. Since « is algebraic of degree at least
three, we get that z; = 24 = 0 and 29 = —23. Then, 2z, is non-zero and, for any j in N,
the polynomial P;(X) can simply be expressed as

P](X) = (qu—quj+5j - ququ+Sj—1)X2
- 2(Q7’j—1p1“j+5j - QijTj—l-Sj—l)X + (ij—lij+Sj - ijij+Sj—1)'
Consider now the three linearly independent linear forms
L) (X1, X2, X3) =0 X1 — 2aXs + X3,
L/Q(X17 X27X3> :O{Xl - X27
Lg(X17X27X3) :X1~

Evaluating them on the triple
Q; = (QTj—quj+Sj - ququ+Sj—17qu—1ij+Sj - quij+Sj—17
p?"j—].pT'j'i‘Sj _ijij+Sj—1)7

it follows from (10.8), (10.9) and (10.10) that

II 1Zh@))] < | det(L), Ly, L5)| (qr, gryqs,) "/ (05102,
1<h<3

by arguing as above.
Applying Theorem E, we get that the points z’ lie in a finite number of proper

subspaces of Q3. Thus, by (10.11), there exist a non-zero integer triple (2], 25, 24) and an
infinite set of distinct positive integers N3 included in N3, of cardinality

Ms > c3(log 3d)? (log log 3d)?, (10.18)
and such that

Zi (qu—quj+Sj - QTijrj—i—sj—l) + zé(‘]’rj—lprj—i—sj - QijTj+Sj—1)

/ (10.19)
+ Zg(prj—lprj—i-Sj - prjprj—l—sj—l) =0,

for any 7 in Nj3.
Let j be in N3 with r; > 1. Divide (10.19) by gy, ¢, +s,—1. This gives

Z:/l(QJ B 1) + Zé <QJ p?“j—i—Sj . prj—i—Sj—l)
qu+Sj QTj+Sj—1
/ ( ) p'f’j—l prj-i-sj - pi ij+8j—1) —0

QTj—]. qu+Sj qu qT‘j+8j—1

It then follows that
|21 + 2o + 250”| < AZ'Qiq, ar Ly
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where Z’ := max{|z1], [23], 23]} Since every z’; is primitive, the vectors z’; and z), are not
collinear for distinct indices 7, h in N3. This allows us to bound Z’. As above, we get that
either
21 + Zha + zja® =0,

in which case we get a contradiction since « is algebraic of degree at least three, or r;
is small for every sufficiently large j in N3. In the latter case, we introduce as above a
number ¢ equivalent to ¢ and, using (10.18), we get a contradiction in a similar way.

To conclude, it remains for us to treat the case where Assumption A is not satisfied.
Set Ny := {[M2/8],...,|Ma/4]}. Observe that the vectors z; , with j in Ny, belong to the
subspace generated by z; and z; . Arguing as on page 903 of [6], there exists a non-zero
integer vector (27,24, z)) such that

2" = max{|], 1241, 141} < 200,y 4, (10.20)

and
Z;_/(qu—quj"l_Sj — d4r; QTj—i-sj—l) + Zé/(%"j—lprj—i—sj - Qijrj—i—sj—l)
+ Zzlll(prj—lprj-i-sj - prjprj+sj—1) =0,
for every j € Ny. Proceeding exactly as in the proof of (10.13), we obtain

1

|2 + 2o + 2 a?| < A2Z”q;j1_1qr_j1, (10.21)

for every j € Ny with r; > 1. Since « is of degree at least three, Liouville’s inequality
gives us that
|2 + 2o+ 2] a?| > H(a) 2 (2") 0,

thus, by (10.20) and (10.21),

qr; < AZH(a)2(qu2 Qry,+s, )d7

for every j € Ny (recall that ¢_1 = 0). This proves that r; is small compared to s;, and

we apply the same trick as above, where we have introduced the real numbers ¢ and a.
Since there is no specific difficulty, we omit the details. O

11. Proofs

Proof of (2.1) and of Theorem 2.3.
Let a = (a¢)s>1 be an infinite sequence of positive integers. Set

£ =1[0;a1,as,...,a4...],

and denote by (ps/qe)e>1 the sequence of convergents to £. Let m and M be real numbers
greater than 1 such that
mt < qQq < M g’
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for every integer ¢ greater than some integer ¢y. Assume that Dio(£) exceeds 1 and let
d > 1 be a real number less than Dio(£). For every positive integer j, there exist finite
words U; and V; and a real number w; such that a begins with the word Ujijj and
|Ujijj |/|U;V;| > 8. Set aj = [0;Uj, V;] and denote by r; and s; the lengths of the words
U; and V}, respectively. Assume first that (r;),>1 is strictly increasing and that r; exceeds
lo. By Lemma 6.2, ; is a root of an integer polynomial of height less than 2¢,.q,s;,
thus
H(a;) < 2M?itsi,

Since the first r; + |w;s;] partial quotients of £ and «; are the same, we get

€=yl < g7 0, < (H(ay)/2) 205 twies=Dlosm)/(Grits;)(os M) .
< (H(aj)/2)—(7‘j+wj5j—1)(10gm)/((rj+5j)(logM))_ '

We then deduce that |
ogm __.
5(&)>———D — 1.
w3(©) > 2T Dio(e)
When the sequence (ql} / e) ¢>1 converges, then m and M can be taken arbitrarily close and
we obtain the lower bound (2.1). The case when the sequence (r;);>1 is bounded is easier,
and we omit it.

In (11.1), we have used the trivial upper bound 2r; + s; < 2(r; + s;) which is sharp
when r; is large compare to s;, but very weak otherwise. Assuming now that the sequence
a is bounded by A, it follows from Lemma 6.1 that

3, -2 -2
1§ — aj| 1€ = Q‘;| <A Dri+|w;s; |~ 9r;
< A3 (H(aj)/2)—2(2Tj+wj8j—1)(log m)/((2rj+s;)(log M))

Since
2r; +wjs; S Tt d(r; + s5)
27“j —I— Sj - 2?"j + Sj

- ri+58;/240(r; + s5/2) - 1+96

- 27’j —|—Sj - 2
we deduce that !

ogm )
wa(€) > 2™ (1 4 Dio(¢)) — 1.

~ log M

In particular, we have shown that wy (&) > Dio(¢) if the sequence (ql} / e) ¢>1 converges. O

Proof of Theorem 2.2.

Let £ be as in the statement of the theorem. Since p(1,a) is finite, the sequence a is
bounded, thus £ is a badly approximable number. In particular, it satisfies wq(§) = 1. If
Dio(¢) is infinite, then w3 () is also infinite, by (2.1). Consequently, we assume that Dio(¢)
is finite. It follows from the Schubfachprinzip that we are in position to apply Lemma 9.1.
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By Lemma 6.4, the quantity M occurring in its statement can be taken equal to A + 1.
Thus, Lemma 9.1 gives a sequence («;),>1 of quadratic numbers and a sequence (Q;);>1
of integers such that the assumptions of Lemma 7.2 are satisfied with

C = 650k*(log(A +1))?, e=1/(15klog(A+ 1)),

and
w = 6Dio(§) log(A + 1).

It then follows from (1.3) and Lemma 7.2 that
wi (&) < wo(€) <2+ 6Dio(€) log(A + 1)(1 + 1950043 (log(A 4 1))?).

This finishes the proof of (2.3). Furthermore, the discussion following the proof of Lemma
9.1 shows that, if the sequence (qé/ e) ¢>1 converges, then one can apply Lemma 7.2 with

C =650k%, e=1/(15k), and w = 6Dio(¢).

This proves (2.4). o

Proof of Theorem 3.5.

Set a = ajas ... Since ¢’ is positive and A\x > 2 for every sufficiently large integer k,
there exists an integer s such that, for every sufficiently large integer n, there exists a word
of length n having two occurrences in the prefix of a of length (k + 1)n. This is precisely
the assumption needed to apply Lemma 9.1. Furthermore, the Diophantine exponent of &
is equal to

. (A — 1)rg
1 4 lim su .
k—>+o£ AT+ Ap—1TR—1 TR

Since A\ tends to infinity with k, the Diophantine exponent of £ is finite if, and only if, L’
is finite. We then apply Lemma 9.1 and follow the proof of Theorem 3.2. O

Proof of Theorem J.1.

Although the numerical constants implied in < depend on b and ¢, we write < instead
of <Lpe-

Let j > 2 be an integer. Define the quadratic number

gw,j = [07 A1,ws -+ Qlwi |, ws b]

and denote by (p¢/qe)r>1 the sequence of its convergents. Set v = (b+ v/b? +4)/2. There
exists an integer M such that

V< g MAE (0> 1).
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Clearly, we have
= Q)

|£w - gw,j

and, by Lemmas 6.1 and 6.3,
§w,j — g:u,j’_l = QTW‘J =< H(&w,j),
where f{u, ; denotes the Galois conjugate of £, ;. We conclude by Lemma 7.3 that
wy(§) +1=w, w(§) =w,

provided that (w — 1)(w — 2) > 2w, that is, provided that w > (5 + /17)/2. o

Proof of Theorem 4.35.

Although the numerical constants implied in < depend on b,c and d, we write <
instead of < ¢ 4.

Let j > 2 be an integer. Define the quadratic number

gwa”]?j = [0; a17w’777 Tt 7a’|_'UJjJ,’w,’f]7 b? b? R 7b7 d]

and denote by (pe/qe)e>1 the sequence of its convergents. Set v = (b+ v/b? 4+ 4)/2. There
exists an integer M such that

V< g < Myt (1 >1).

Since
[w? | 4+ (m; + 1) [’ | > [w/*] =3,

we have
- =2
[Sw = &wpm.sl =< Ditr):

It follows from Lemma 6.3 that
H(Ew ) < (2w7)2M 0 (2m),

and from Lemma 6.1 that
-2
ygw,n,j - quy,n,j‘ = wi s

where &/, - denotes the Galois conjugate of &, , ;. Thus, assuming that

w7n"7
2 2 2 2 2
(—w—2+ )( - —3+—)22w(2——), (11.2)
2+n 2+n 2+n 2+ 2+

we deduce from Lemma 7.3 that

wy(§) = =14+ 2w/(2+n) = (2w —2—-1n)/(2+n)
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and
w2 (&) = (2w —n)/(2+n).

In particular, we have
wa(§) —wa(§) =2/(2+n).

Since n < y/w/4, inequality (11.2) holds for w > 16, this concludes the proof of the
theorem. O

12. An extension of Theorem 3.2

Theorems 2.2 and 3.2 apply to continued fractions with bounded partial quotients.
However, their proofs are flexible enough to extend to a wider class of continued fractions
with unbounded partial quotients. The methods of the present paper allow us to establish
the following more general result.

Theorem 12.1. Let a = (a¢)¢>1 be an infinite sequence of positive integers and set
€ :=10;a1,as,...,as...].

Let (pe/qe)e>1 be the sequence of convergents to £ and assume that (q;/é)gzl is bounded.
Assume furthermore that there is a positive integer k such that, for every sufficiently large
integer n, there is a word of length n having two occurrences in the prefix of length (k+1)n
of a. If Dio(§) is finite, then & is either an S-number or a T-number; otherwise, & is either
quadratic or a Us-number. Moreover, if Dio(§) is finite, then there exists a constant c,
depending only on &, such that

wq (&) < exp(c (log 3d)® (loglog 3d)*), for d > 1.

By Theorem 12.1, the conclusion of Theorem 3.3 still holds if the sequence (a,)n>1 is
unbounded, provided that (qé / e)
/-th convergent to &.

Keeping the notation and the assumption of Theorem 12.1, we first show that & is not

¢>1 is bounded, where g, denotes the denominator of the

a Liouville number. Indeed, since (q;/ Z) ¢>1 is bounded, there exists M such that gp < M ¢
for ¢ > 1. Since, by Lemma 6.4, we have g > 2¢¢=1/2 for ¢ > 1, we deduce that

g < M2 (M2)(=2/2 < 72 qélffMQ)/(logm’

for ¢ > 2. Putting v = 2(log M )/(log 2), this can be rewritten as

qe < qj_y, forl>2, (12.1)

where < means, until the end of this section, that the implied constant depends on M.
The upper bound

w1 (€) < (log M?)/(log 2)
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is an immediate consequence of (12.1).

The strategy to prove Theorem 12.1 is to follow the proofs of Lemma 9.1, Theorems
2.2 and 3.2 and to modify accordingly the few steps where we have used the fact that the
sequence (ag)¢>1 is bounded. There is no big difficulty, but some technical complications.

First, we note that the first part of Lemma 9.1 can be proved with the upper bound
for g; given by (9.5), even if the sequence a is unbounded. The boundedness of a is used
only in (9.10) and in (9.12). By Condition (ii) of the lemma, a; and its Galois conjugate
may not be very close to each other when a,, = a,,4s; £1 and a,,—1 and a,;45, -1 are
both large. But, in that case, the height of the polynomial P, ., (X) is indeed much
smaller than 2¢,, g, +s,. Thus, instead of emphasizing the quantity 2¢,q,s which bounds
the height of P , ;(X), it is better to work with the refined upper bound

Hr,s = 3QrQT—|—s : |qr—1/Qr - q7"+5—1/q7“+8|7
after having noticed that the four numbers
@ —1/@r — Gris—1/@r+sls [Pr—1/Pr — Grvs-1/Gr+s],
|Q7’—1/Q7’ - pr—l—s—l/pr—i—s’? |p7’—1/p7’ - pr—‘,—s—l/pr—i—s‘

are very close to each other.
To evaluate H, s, we argue as in the proof of Lemma 6.1 to get

qrQr+-s
Ar4sQy max{ar+s—1 y Ap—1 }

2
> (QTQT—I—S)I/U 9

Hr,s > q’/’QT’+8|QT*1/qT - QT+871/QT+S| >

with v as in (12.1). This shows that one can get the analogue of (iii). To obtain the
analogue of (9.4), one uses Lemma 5.5 of [6].

In the last part of the proof in Section 10, we have to bound from above the quantity
Q;/|Q; — 1|. Arguing as in the proof of Lemma 6.1 we show that

if r; > 1. Instead of (10.13), we obtain the inequality
|21 + (20 + 23)a 4+ 2407 | < qu_jl_l,

and (10.16) is replaced by

Gri—1 <K H(O‘)z(qrchmc+815 )de

if r; > 0. We then proceed exactly as in Section 10 to reach a contradiction. O

Acknowledgements: I am very much indebted to the referee, who pointed out several
obscure points in the first version of the present text.
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