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Preface

primitive Mathematik
hohe Kunst

THOMAS BERNHARD

Un chercheur universitaire

est un individu qui en sait toujours plus
sur un sujet toujours moindre,

en sorte qu’il finit par savoir tout de rien.

SIMON LEYS

Three of the main questions that motivate the present book are the
following:
> Is there a transcendental real number o such that ||a™|| tends to 0
as n tends to infinity?

> Is the sequence of fractional parts {(3/2)"}, n > 1, dense in the
unit interval?

> What can be said on the digital expansion of an irrational algebraic
number?

The latter question amounts to the study of the sequence (£10™),>1
modulo one, where £ is an irrational algebraic number. More generally,
for given real numbers £ # 0 and « > 1, we are interested in the distri-
bution of the sequences ({£a”}),>1 and (||{a™]|)n>1, where {-} (resp.,
[l - |I) denotes the fractional part (resp., the distance to the nearest in-
teger). The situation is very well understood from a metrical point of
view. However, for a given pair (£, o), our knowledge on ({{a™}),>1 is
extremely limited, except in very few cases. For instance when £ = 1

ix



X Preface

and « is a Pisot number, that is, an algebraic integer (an algebraic in-
teger is an algebraic number whose minimal defining polynomial over Z
is monic) all of whose Galois conjugates (except itself) are lying in the
open unit disc, it is not difficult to show that ||a™|| tends to 0 as n tends
to infinity. A classical example is given by a = (1 +/5)/2.

The first chapter is devoted to basic results from the theory of uniform
distribution modulo one. We state Weyl’s criterion and use it to establish
several classical metrical statements. We show that, if a > 1 is fixed,
then ({&™),>1 is uniformly distributed modulo one for almost all (unless
otherwise specified, almost all always refers to the Lebesgue measure)
positive real numbers §. Likewise, if { # 0 is fixed, then ({a™)p>1 is
uniformly distributed modulo one for almost all real numbers « > 1.
We conclude this chapter with a few words on uniform distribution of
multidimensional sequences.

Chapter 2 starts with a sufficient condition, proved by Pisot in 1938,
on the sequence (||{a™||)n>1 which implies that the real number « is
a Pisot number. We show that this condition can be weakened if « is
assumed to be an algebraic number. The chapter continues with various
constructions of pairs (£, @) such that (£a™),>1 is not dense modulo one.
Among other results, we follow a method introduced by Peres and Schlag
in 2010 to establish, for every given real number « > 1, the existence
of real numbers ¢ for which inf,>; ||a™] is positive. Furthermore, we
prove that, for every positive real number e, there exist uncountably
many real numbers o > 1 such that ||a”|| < ¢ for every n > 1. When
« is an integer, say b, there are plenty of irrational real numbers & such
that (€b™),>1 is not dense modulo one, take for example any irrational
real number £ whose b-ary expansion has no two consecutive zeros. This
is no longer true when the sequence (b"),>1 is replaced by the sequence
(r"s™)m,n>0, where r and s are multiplicatively independent positive
integers. Then, Furstenberg established in 1967 that, for every irrational
number &, the set of real numbers {r"™s"¢}, m,n > 0, is dense in [0, 1].
We end this section with a short survey on a still open conjecture of
de Mathan and Teulié, who asked whether, for every real number £ and
every prime number p, we have

inf g - ) -
inf ¢ g€l - 1ql, = 0,

where |.|, denotes the usual p-adic absolute value normalized in such a

way that [p|, = p~!.
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The special case where o is an algebraic number is investigated in
Chapter 3. In 1968, Mahler asked for the existence of positive real num-
bers & for which {£(3/2)"} < 1/2 for every n > 0. He proved that there
are at most countably many real numbers with the latter property and
we still do not know whether there is at least one such number. Chapter
3 is partly devoted to the study of the sequences ({£(p/q)"})n>1 and
(€®/q)™)n>1, for a non-zero real number £ and coprime integers p, ¢
with p > ¢ > 1. Among other results, it is established that, assuming
that ¢ > 2 or that £ is irrational, we always have

lim sup {E(E)n} — liminf {§<£>n} > 1

n—+oo q n—too q p
This result was proved in 1995 by Flatto, Lagarias and Pollington, and
reproved in 2006 by Dubickas, by means of a different, simpler approach.
We further establish that, for every non-zero real number &, the sequence
(116(3/2)™||)n>1 has a limit point greater than 0.238117 and a limit point
smaller than 0.285648, as was shown by Dubickas in 2006. The proof
involves combinatorics on words and properties of the Thue-Morse in-
finite word. We complement these results with various constructions of
Pollington and Dubickas of real numbers ¢ for which ||£(3/2)"|| < 1/3
for every n > 1 and of real numbers { for which inf, > (£(3/2)"]| is
quite large.

In Chapter 4, we introduce the notion of normality to an integer base
in accordance with Emile Borel’s original definition given in 1909 and es-
tablish his fundamental theorem that almost all real numbers are normal
to all integer bases. We show that Borel’s definition is redundant in part
and state several equivalent definitions. For an integer b > 2 and positive
integers r and s, we show that normality to base b" is equivalent to nor-
mality to base b°. Furthermore, we prove that a real number ¢ is normal
to base b if, and only if, the sequence (£b™),,>1 is uniformly distributed
modulo one. Combined with one of the metrical results established in
Chapter 1, this gives an alternative proof of Borel’s theorem. Replacing
b by a real number a > 1, the above criterion allows us to define the
notion of normality to a non-integer base . The first explicit example
of a normal number was given in 1933 by Champernowne, who proved
that the real number (now usually called the Champernowne number)

0.1234567891011121314 . . .|

whose sequence of decimals is the increasing sequence of all positive
integers, is normal to base 10. This statement has been extended in



xii Preface

1946 by Copeland and Erdés. Their result implies in particular that the
real number

0.235711131719232931.. . .,

whose sequence of decimals is the increasing sequence of all prime num-
bers, is also normal to base 10. We further introduce the notions of
block complexity, richness and entropy, which are useful to measure the
complexity of the b-ary expansion of a real number. The chapter ends
with the study of the rational approximation to a family of real numbers
including the Champernowne number.

Further explicit examples of numbers normal to a given base are con-
structed in Chapter 5, following a method, developed in 2002 by Bailey
and Crandall, which rests on estimates for exponential sums. We discuss
the problem of the construction of real numbers which are absolutely
normal, that is, normal to every integer base. Furthermore, we present
an explicit example of a real number which is normal to no integer base.
This chapter ends with a few words on a theory of Bailey and Crandall
to explain random behaviour for the digits in the integer expansions of
fundamental mathematical constants.

The general question investigated in Chapter 6 is: What can be said
on the expansions of a given real number to several bases? The existence
of real numbers being normal to some integer base and non-normal to
other integer bases was confirmed by Cassels and, independently, by
W. M. Schmidt in the years 1959-1960. We reproduce Cassels’ proof es-
tablishing that almost all elements of the middle third Cantor set (in
the sense of the Cantor measure) are normal to every integer base which
is not a power of 3. For non-integer bases, we follow works of Brown,
Moran and Pollington to establish various results on the existence of
real numbers normal to some base o > 1, but not normal to another
base § > 1. Their method uses suitable Riesz product measures. We
then show that, given two coprime integers » > 2 and s > 2, any ir-
rational real number cannot have too many zeros both in its r-ary and
in its s-ary expansion. The chapter ends with a short discussion on the
representation of integers in two different bases.

In Chapter 7, for an integer b > 2, we introduce exponents of Dio-
phantine approximation to measure the accuracy with which a given real
number ¢ is approximated by rational numbers whose denominators are
integer powers of b or are of the form b"(b* — 1) for integers r > 0, s > 1.
Such rational numbers occur naturally when one searches for good ra-
tional approximations to £ by simply looking at its b-ary expansion. We
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use the (a, B)-games introduced by W. M. Schmidt in 1966 to prove the
existence of real numbers, all of whose integer expansions have blocks of
zeros of bounded length. We further give several results on Diophantine
approximation on the middle third Cantor set, including a construction
of real numbers lying in this set and having a prescribed irrationality ex-
ponent. We conclude this chapter with the computation of the Hausdorff
dimension of sets of real numbers with specific digital properties.

Chapter 8 is mainly concerned with digital expansions of algebraic,
irrational real numbers . We first show, following Adamczewski and
Bugeaud, that the number of distinct subblocks of n digits occurring in
the b-ary expansion of £, viewed as an infinite word on {0,1,...,b— 1},
cannot be bounded by a constant times n. The proof combines elementary
combinatorics on words with deep tools from Diophantine approxima-
tion that are gathered in Appendix E. Next, we follow a skilful approach
of Bailey, Borwein, Crandall and Pomerance to get a lower bound for the
number of non-zero digits in the b-ary expansion of £. The chapter ends
with a discussion on a problem of Mahler on the digits of the integer
multiples of a given irrational real number.

In Chapter 9, we discuss analogous questions for continued fraction ex-
pansions and for -expansions. We present the construction of a normal
continued fraction and mention several transcendence criteria for contin-
ued fractions. We survey without proof various results on 3-expansions.

Chapter 10 offers a list of open questions. We hope that these will
motivate further research.

The ten chapters are completed by six appendices, which, mostly with-
out proofs, gather classical results from combinatorics on words, measure
theory, continued fractions, Diophantine approximation, among others.

The chapters are largely independent of each other.

The purpose of the exercises is primarily to give complementary re-
sults, thus many of them are an adaptation of an original research work
to which the reader is directed.

We have tried, in the end-of-chapter notes, to be as exhaustive as
possible and to quote less-known papers. Of course, exhaustivity is an
impossible task, and it is clear that the choice of the references con-
cerning works at the border of the main topic of this book reflects the
personal taste and the limits of the knowledge of the author.

There exist already many textbooks dealing, in part, with the sub-
ject of the present one, e.g., by Koksma [389], Niven [543], Salem [619],
Kuipers and Niederreiter [411], Rauzy [605], Schmidt [635], Bertin et al.
[80], Drmota and Tichy [232], Harman [335], Strauch and Porubsky [678].
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However, the intersection never exceeds one or two chapters. Most of the
results presented here were proved after the year 2000 and have not yet
appeared in a book, as is also the case for many of the older results.

Many colleagues sent me comments, remarks and suggestions. I am
very grateful to all of them. Special thanks are due to Toufik Zaimi, who
very carefully read several parts of this book.

The present book will be regularly updated on my institutional web

page:
http://www-irma.u-strasbg.fr/ bugeaud/Book2.html



Frequently used notation

|x] : greatest integer < x.

[] : smallest integer > x.

|x] : greatest integer < .

{-} : fractional part.

| - || : distance to the nearest integer.

positive : strictly positive.

log;, : logarithm with respect to the base b; in particular, log, = log.

An empty sum is equal to 0 and an empty product is equal to 1.

T : the torus [0,1) with 0 and 1 identified.

z,y : d-dimensional vectors with real or integral entries.

Card : the cardinality (of a finite set).

r, s: (often) two multiplicatively independent integers, which means that
r,s > 2 and (logr)/(log s) is irrational.

Dy : discrepancy, Ch. 1.

deg : degree of a polynomial or of an algebraic number.

Tr(a) : trace of the algebraic number «, Ch. 2.

H(«) : naive height of the algebraic number «, App. E.

L(a), ¢(a) : length, reduced length of the algebraic number «, Ch. 3.

| - |p : p-adic absolute value, Ch. 2 and App. E.

(tn)n>1, (Mn)n>1 : increasing sequence of positive real numbers, of
positive integers, Ch. 2.

Z-number, Z,(s,s+t) : Ch. 3.

b : an integer > 2 (the base).

A : a finite or infinite alphabet, often equal to {0,1,...,b— 1}.

(¢)p, &p(c) : the word dydy—_1 ...d1dg on {0,1,...,b— 1} representing the
positive integer ¢ in base b, that is, such that ¢ = dgb® + - -+ d1b+do
and dy # 0; then, £,(c) = £.

U, V,W,...,a,d : finite words.

XV



xvi Frequently used notation

a,w, T, ... : infinite words.

a = ajazas ... : the b-ary expansion of a real number &, thus £ = |£] +
Spsiarb P =€) +0-ajaz...,Ch. 3,4,6,7 & 8.

Dio(a)7 : the Diophantine exponent of the word a, App. A.

t = abbabaabbaababba ... : the Thue-Morse infinite word on {a,b},
App. A.

Ab(d, N,§)7Ab(Dk,N,§) : Ch. 4.

py(n, k) : Ch. 4.

(-, a,0),p(+,&0),0(+, &), Poo (-, &, b) : complexity function, Ch. 4, 9 & 10,
App. A.

E(a,b), E(£,b), E(§) : entropy, Ch. 4 & 9.

& = 0.123456789101112. .. : the Champernowne number, Ch. 4.

N (b),N () : set of real numbers normal to base b, to base o, Ch. 4 & 6.

V(&,b), Vu(€) : Ch. 4 & 6.

DC(-,&,b), DC(+,b) : Ch. 6 & 8.

NZ(,£0b), NZ(-,b) : Ch. 6 & 8.

A : the Lebesgue measure on the real line.

A(I) = |I] : the Lebesgue measure of an interval I.

B(x, p) : the open interval (x — p, x + p), Ch. 7 and App. C.

K : the middle third Cantor set, Ch. 7 and App. C.

i - the standard measure on K, App. C.

1+ a measure (not the Lebesgue one).

i1 : the Fourier transform of the measure pu.

V1, Vp, V5, v Ch. 7 & 9.

Ap(€) : Ch. 8 & 10.

Tg, pg : Gauss map, Gauss measure, Ch. 9.

Tb, Tﬁ : Ch. 9.

Ag(D,N,z) : Ch. 9.

D(B) : Ch. 9.

ord,(a), ord(a,p") : App. B.

dim : Hausdorff dimension, App. C.

‘H® : s-dimensional Hausdorff measure, App. C.

@ irrationality exponent, App. E.

wa(€), wi(€) : App. E.

A- S-, T-, U-, A*-, S*-, T*-, U*-number : App. E.



1

Distribution modulo one

In this chapter, we give a brief account of the theory of uniform distri-
bution modulo one. For complements, and for additional bibliographic
references, the reader is directed to the monographs [232, 411].

1.1 Weyl’s criterion

In the years 1909-1910 there appeared three papers by Bohl [109], Sier-
pinski [653] and Weyl [731] devoted partly to the distribution of real
sequences. A few years later, Weyl [732, 733] developed the results of
these papers, giving birth to the study of uniform distribution.

DEFINITION 1.1. The sequence (x,),>1 of real numbers is dense modulo
one if every interval of positive length included in [0, 1] contains at least
one element of ({z,,})n>1. The sequence (x,,)n>1 is uniformly distributed
modulo one if, for every real numbers u,v with 0 < u < v < 1, we have

:1<n< <
lim Card{n:1<n<N,u<{z,} <v} .
N—+o00 N

—Uu.

Weyl developed his theory and stated various criteria ensuring that a
given sequence is uniformly distributed modulo one. The last statement
of Theorem 1.2 is often referred to as ‘Weyl’s criterion’.

THEOREM 1.2. The sequence (z,)n>1 of real numbers is uniformly dis-
tributed modulo one if, and only if, for every complez-valued, 1-periodic
continuous function f we have

1Y 1
Wiy 2 = | s

1



2 Distribution modulo one

that is, if, and only if,

N

1 .

li 2imhx, — _ - .

NEEOO ~ E 1 e 0 holds for every mon-zero integer h
n—=

PROOF. The first statement follows from the definition of the Riemann
integral. The second one is an immediate application of the approxima-
tion theorem of Stone—Weierstrass stating that, for the supremum norm,
finite linear combinations of functions z — e%*™* h € Z, with complex
coefficients, are dense in the space of step functions. O

We display an immediate application of Theorem 1.2.

THEOREM 1.3. For any irrational real number o, the sequence (na)p>1
s uniformly distributed modulo one.

Proor. This follows from Theorem 1.2 and the inequalities

N 2imhNa
%inh e -1 2
’ Z enmme < ’ e2itha _ ] ’ < ‘ e2imha _ 1 ” (11)
n=1
valid for every non-zero integer N and h. O

Proofs of Theorem 1.3 which do not involve the exponential function
were previously given in [109, 653, 731]; see also [605].

The next result is an extension of Theorem 1.3. It was first proved by
Weyl [732, 733].

THEOREM 1.4. Let P(X) = agX%+---+a1 X +ag be a real polynomial
of degree d > 1. If at least one coefficient among a1, ... ,aq s irrational,
then the sequence (P(n)),>1 is uniformly distributed modulo one.

We present a proof of Theorem 1.4 based on van der Corput’s lemma
[205]. We begin with stating and proving the van der Corput inequality.

LEMMA 1.5. Leta and N be positive integers. Let uy, ..., uyn be complex
numbers and L be an integer with 1 < alL < N. Then we have

N
LQ‘ E Up,
n=1

2 SL(N+a(L-1))) |unl?

L—1 N—al
+2(N+a(L—1)> (L—=0ORe > uniiniar,
(=1 n=1

where Re denotes the real part.
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PROOF. Setting u,, = 0 for n < 0 and for n > N, we have

N N+a(L—-1) L—1
L E Up = E g Up—al-
n=1 p=1 £=0

The Cauchy—Schwarz inequality then gives

N

2

L ‘ E Up,
n=1

N+a(L-1) -1

<(N+alL-1) Y ’ >ty
£=0

p=1
N+a(L-1) L-1

= (N+a(L-1)) z::l ( ; upfaé) ( Z:; ap,aj)

2 2

N+a(L—1) L—1

= (N+a(L-1)) Z Z |ttp—qe|?
p=1 =0

N+a(L—-1) L—-1¢-1

+2(N+a(L-1))Re > > > up arlipaj

p=1 (=1 j=0

N
=L(N+a(L-1)) [un]* +2(N +a(L - 1))%y,
n=1
where we have set
N+a(L-1) L—1
Sre=Re Y Y tpar(p+ o+ Upae1))-
p=1 /=1
We check that, for £ =1,...,L—1and p=al+1,...,N, the product
Up—qelp OCcUrs exactly L — € times in the latter double sum. This proves
the lemma. O

Lemma 1.5 is the key tool for the proof of the next theorem of Korobov
and Postnikov [403], which generalizes a fundamental result of van der
Corput [205] treating the case a = b = 1.

THEOREM 1.6. Let (z,)n>1 be a given sequence of real numbers. Let
a and b be positive integers. If for every positive integer ¢ the sequence
(Tntar — Tn)n>1 1s uniformly distributed modulo one, then (Tpn)n>1 1S
uniformly distributed modulo one.

PrOOF. Let h be a non-zero integer. Let N be a positive integer and
observe that

N 1 b
Z eQm’hzbn — 6 Z eQm’hxn eQm’(]n/b)’ (12)
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thus,

bN
< max ‘Z Q2imhan (2im(jn/b)|
1<5<b
n=1

N
‘ Z eQiTrha;gm
n=1
Let j =1,...,b. Fix a positive integer L and assume that N exceeds aL.
We apply Lemma 1.5 with u, = e*7"(h#n+in/b) 6 obtain, after division
by b2L?N?, that

bN
‘L Z eQiﬂ(hmn-i—jn/b)‘Q < bN +a(L —1)
bN - bLN

L—1
(ON + a(L —1))(L — £)(DN — af)
+2 Z b2L2N2

{=1
bN—¢

267 (h(Tpntae—Tn)— ]aé/b)
€
’bN —al Z

Let ¢ be a positive integer. Since the sequence (Tpta¢ — Tn)n>1 1S uni-
formly distributed modulo one, we get by Theorem 1.2 that

bN—al

1 .
1i s 2iTh(Tntae—Tn) _ 0
N oo DN —al n; ¢ ’

which implies that
lim sup |[— Z eQm’(hxn +jn/b)‘

N —+oc0

Since the latter inequality is true for any arbitrary L and 7 = 1,...,b,
we get from (1.2) that

=

1 .
li ’7 2imThZTpn _
NHHEOO N Z ¢ 0’
n=1
and it follows from Weyl’s criterion (Theorem 1.2) that (24, )r>1 is uni-
formly distributed modulo one. O

PROOF OF THEOREM 1.4. The case d = 1 reduces to Theorem 1.3.
Assume that d > 2 and that as,...,aq are all rational numbers. Set
R(X) = P(X) — a1 X — ap. Let D be a positive integer such that
Das, ..., Dag are integers. Observe that {R(Dk+t)} = {R(t)} for k > 0
and t > 1. Consequently, for every non-zero integer h, we have
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1 o 1 al
& 2ithP(n) _ ~ 2iTthP(n)
N Z ¢ - N Z ¢
n=1 n=|N/D|D+1
12 LN/D]-1
- 2iwh(R(Dk+t)+a1(Dk+t)4ag)
R o
Lok (1.3)

== Z 2imhP

n=|N/D|D+1

D 1 \v/D]-1
+ (Z eQzTrh(R(t)+a1t+a0)> . (N Z eQwrhale>.
t=1 k=0

Since a; is irrational, arguing as in the proof of Theorem 1.3, we get that
the last sum is bounded. Consequently, the left-hand side of (1.3) tends
to 0 as N tends to infinity. By Theorem 1.2, this proves that (P(n)),>1
is uniformly distributed modulo one.

To complete the proof for an arbitrary polynomial

P(X) =ag X+ + e X + ao,

we proceed by induction on the largest index ¢ such that ay is irrational.
We have already established the case ¢ = 1. Let P(X) be a real polyno-
mial of degree d > 2 and assume that the largest index ¢ such that a, is
irrational satisfies £ > 2. Let h be a positive integer and set

Qn(X) = P(X +h) - P(X)
Zad((X+h)d—Xd) +~--+a4((X+h)Z—XZ) + -+ aih.
The coefficients of X971 ...  X* in Q(X) are rational numbers, but
the coefficient of X¢~1 is irrational. Applying the inductive assumption
shows that (Qn(n))p>1 is uniformly distributed modulo one. It then

follows from Theorem 1.6 applied with a = b = 1 that (P(n)),>1 is
uniformly distributed modulo one. O

1.2 Metrical results

In this section, we present several metrical statements on the distribution
of sequences of real numbers.

THEOREM 1.7. Let (z,)n>1 be a sequence of real numbers satisfying

liminf(zp41 — x,) > 0.
n—-4oo
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Then, for almost all real numbers £, the sequence (Exy)n>1 is uniformly
distributed modulo one.

We establish Theorem 1.7, proved by Weyl [733], by means of an
auxiliary lemma of Davenport, Erdés and LeVeque [216].

LEMMA 1.8. Let S be a set and p a measure on S. Let (X,,)n>1 be a
bounded sequence of measurable functions defined on S. If the series

1 1 2
SyllE X o
N>1

1<n<N

dp

converges, then p-almost all elements s of S satisfy
) 1
Nl—lg-loo N Z Xn(s) =0
1<n<N
Proor. For a positive real number ¢ < % and a positive integer IV, set
1
Apn(e) = {s €s: )N Z Xn(s)‘ > 5}.
1<n<N
Since

2
du,

52M(AN(5))§/S’% > X,

1<n<N
the assumption implies that the series
Z w(An(e))
N
N>1
converges. Set N3 =1 and
Nijt1=[Ny/(1 =) +1, fork>1.

For any positive integer k, let My be an integer satisfying

N(AM;C(E)) . ﬂ(*ll\’(s))
S ME < Nk M;, Nk,§N1<Nk+1 N

We deduce from
> #(An(e)) > (Njg1 — Nk)w > ep(An (¢))
N My,
Np<N<Ngi1

that the series

> (A, (2))

E>1
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converges. Lemma C.1 then implies that p-almost all elements of S be-
long to only finitely many sets Az, (¢). This means that, for p-almost
all elements s of S, we have

as soon as k is sufficiently large.

Let s be in S and IV be a positive integer. Let k be the unique integer
defined by the inequalities N < N < Ni41. Let ¢ be a common upper
bound for all the functions |X,|. Since

;IZNX"(S)_AZ 3 Xu(s)

1<n< My,

Il
2=
-
T
]
-
e
2=
\
SIS
N
-

1<n<N 1<n< My, n< My,
we get that
1 1 N1 — Ng
¥ L Xal) =g 2 Kals)] < 2
1<n<N 1<n< My
2ce 4c
== <5
~1-—c¢ + Ny — &

if £ is large enough. Consequently, for p-almost all elements s of S, we

have
1
‘N 3 Xuls)| < (1+5c)e,
1<n<N
as soon as N is sufficiently large. This proves the lemma. O

PrROOF OF THEOREM 1.7. Let a,b be real numbers with a < b. Let h
be a non-zero integer. Without any loss of generality, we assume that
there exists a positive real number ¢ such that z,11 —x, > cforn > 1.
Since, for any integer N > 3, we have
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b»p N n—1

/ Z Zzﬂhfrw N2/ Z Z e2i7'rh§(rn—rm) df

n=1 n=1m=1
N n-—1
n=1m=1 ﬂ—‘h|
N n-—1

ZZWWW

n=1m=1

=

IN

_ xm)

IN

< "—7@ n #
=N T alhleN?

b—a 2logN
< + )
- N 7|hleN

it follows that the series

N

1 Z 2imhea, |

N>1 n=1

converges. We then deduce from Lemma 1.8 and the Weyl criterion (The-
orem 1.2) that (x,,),>1 is uniformly distributed modulo one for almost
all € in [a, b]. This completes the proof of the theorem. O

We display an immediate consequence of Theorem 1.7.

COROLLARY 1.9. Let « be a real number greater than 1. Then, for
almost all real numbers &, the sequence (§a™)n>1 s uniformly distributed
modulo one.

We complement this corollary by a metrical result of Koksma [388].

THEOREM 1.10. Let £ be a non-zero real number. Then, for almost
all real numbers « greater than 1, the sequence (§a™)n>1 is uniformly
distributed modulo one.

PROOF. Let a,b,m,n be integers with 1 <a <band1<m <n.Let h
be a non-zero integer and set

b
Ih,mm :/ eth&(a —« )dOé.
a

The function @ : z +— ™ — 2™ is strictly increasing on [a, ], and let ¥
be its reciprocal function. Observe that

b"r—b™
Ih,m,n = / e2z7rh£u\:[}/(u) d’LL,
a

n_gm
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where, for u € [a™ — a™,b" — ™|,

1 1

() = n¥(u)»~t — m¥(y)m-1! = n—m

(1.4)

Since ¥’ is positive, decreasing on [a" — a™,b™ — b™], we get from (1.4)
and the extended mean value theorem that there exists ¢ in the interval
[a™ — a™,b™ — b™] such that
¢ 1
T _ \I’/ a —a™ ‘/ e2i7rh,§u du‘ < .
| h7m,n| ( ) " — Thf(n _ m)

For a positive integer N, we then have

— s 2imhéa™
Iy = / N; c

2 b—a 2
do S N + ﬁ‘ Z Ih,m,n
1<m<n<N
b—a 3 logN
< + . .
- N mhe N

Thus, the sum of I/N over the positive integers N converges, and we
deduce from Lemma 1.8 that

1 - n
NlirI+100 N Z eXmh&e™ — 0 for almost all a € [a, b].
1<n<N

The theorem follows from Weyl’s criterion (Theorem 1.2). O

Consequently, the sequence (£&™),,>1 is uniformly distributed modulo
one for almost all real pairs (£, «) with a > 1 and & in R.

1.3 Discrepancy

In the first sections of this chapter, we have considered uniform dis-
tribution from a qualitative point of view and were merely interested
in deciding whether a given sequence is or is not uniformly distributed
modulo one. However, a quick look at several sequences shows that the
rate of convergence in Definition 1.1 can vary greatly. To measure the
deviation of a uniformly distributed sequence from an ‘ideal’ distribu-
tion, the notion of discrepancy was introduced. According to [411], the
first paper in which this concept is studied in its own right was published
in 1936 by Bergstrom [76]. However, investigations for several uniformly
distributed sequences had been carried out earlier. The first extensive
study of discrepancy was undertaken in 1939 by van der Corput and
Pisot [206].
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Here, we content ourselves to state the definition and some basic re-
sults. The interested reader is directed to the monographs [232, 411].

DEerFINITION 1.11. Let N be a positive integer. Let z1,...,xn be real
numbers. The number

DN(xl, PPN ,Z‘N)
Card{n:1<n< N,u<{z,} <wv
‘= sup { —— < {on} }f(vfu)
0<u<v<1 N
is called the discrepancy of x1,...,xN. For an infinite sequence x of real

numbers, the discrepancy Dy () is the discrepancy of the first N terms
of x.

The concept of discrepancy gives a natural criterion to decide whether
or not a given sequence is uniformly distributed modulo one, whose proof
is left as an exercise.

THEOREM 1.12. The sequence x is uniformly distributed modulo one if,
and only if, imy_ oo Dn(x) = 0.

The discrepancy of a real sequence x cannot be too small and it sat-
isfies

L <Dx(@ <1 (N21) (15)

The left-hand side inequality of (1.5) can be considerably improved for
arbitrarily large values of N, as was proved by W.M. Schmidt [634].

THEOREM 1.13. For any infinite sequence x of real numbers, there are
arbitrarily large integers N such that

Div(w) > 5.

Theorem 1.13 was proved in [634] with 25 replaced by a larger numer-
ical constant; see [232, 411] for a proof. The van der Corput sequence v,
defined below, shows that Theorem 1.13 is best possible up to the
numerical constant 25. Indeed, for n > 1, let n — 1 = Z;-n:o anj be
the representation of n — 1 in base 2 and set

m
Uy 1= E aﬂfﬂ*l.
i=0



1.4 Distribution functions 11

The sequence v = (vp,)n>1 is then contained in the unit interval and its
discrepancy satisfies

log(N + 1)

Dy (v) < W (N >1). (1.6)

The special case of the sequence (na),>1 has been thoroughly studied;
see [232, Section 1.4] and the references given therein. The discrepancy
of many sequences & of real numbers satisfies

Dy(z) = O(N_l/Z(loglog N)l/z);

see [232, 411].

1.4 Distribution functions

For the sake of completeness, we briefly give the definition of a distribu-
tion function, following [411].

DEFINITION 1.14. A distribution function f is any non-decreasing func-
tion which satisfies f(0) = 0 and f(1) = 1 and maps the unit interval
into itself. Let (z,)n>1 be a sequence of points in the unit interval and
f a distribution function. We say that (z,),>1 has f as its asymptotic
distribution function if, for every a in [0, 1], we have

N
. 1
Nlirfoo N nz::l X[0,a)(%n) = f(a),

where xjo,q is the characteristic function of the interval [0,a]. If the
indicated limit fails to exist for some a, then the sequence (x,,),>1 does
not have an asymptotic distribution function.

If the sequence (xy,),>1 has the function f(z) = z as its asymptotic
distribution function, then it is uniformly distributed modulo one. The
converse is obviously true.

DEFINITION 1.15. If (2,,)n>1 is & sequence of points in the unit interval
and f is a distribution function, we say that f is a distribution function
of (zn)n>1 if there exists an increasing sequence Ny, Na, ... of positive
integers such that, for every a in [0, 1], we have

Jj—4o0

N

: 1

lim N, Z X[0,a] (zn) = f(a).
J n=1



12 Distribution modulo one

Any sequence (z,)n>1 of points in the unit interval has at least one
distribution function.

1.5 The multidimensional case

The definition of uniform distribution modulo one for real sequences
extends in a natural way to sequences in R?, by replacing intervals [u, v)
by d-dimensional parallelepipeds.

DEFINITION 1.16. The sequence (2,,)n>1 = ((Tn1,. .-, Zn,a))n>1 of ele-
ments of R? is said to be uniformly distributed modulo one if, for every
real number g, ..., uq,v1,...,v4 with 0 <wu; <v; <lforj=1,...,d,
we have
lim Card{n:1<n < N,u; <{z,;} <v; for j=1,...,d}
N—-+4o00 N
d
= [[w; =)
j=1
The scalar product of the d-dimensional real vectors x = (z1,...,zq)

and y = (y1,...,Ya) is
(Z,y) =2191 + -+ + Taya-

Theorem 1.17 extends Theorem 1.2 and its proof is similar to that of
Theorem 1.2; see e.g. [232].

THEOREM 1.17.  The sequence (z,,)n>1 of elements of R? is uniformly
distributed modulo one if, and only if, for every complex-valued, 1-perio-
dic continuous function f defined on R* we have

N
) 1
Jim ey = [ feds.
n=1 [0’1]
that is, if, and only if, for every non-zero integer vector h, one has

1 N
li — 2im(h,z,) — ().
N—IH-IOO N 7;1 ¢

As an easy application of Theorem 1.17, Weyl [733] obtained a new
proof (and a strengthening) of Kronecker’s approximation theorem.

THEOREM 1.18. Let aq,...,aq be real numbers such that 1,aq,. .., 04
are linearly independent over the field of rational numbers. Then, the
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sequence (N, ..., nag)n>1 15 uniformly distributed (thus, in particular,
dense) modulo one.

PROOF. Our assumption implies that, for every non-zero integer vector
(hi,...,hq), the real number « := hjay + -+ + hgay is irrational. We
conclude by applying Theorem 1.17 and using (1.1) with A = 1. O

For later use, we display the following easy result.

THEOREM 1.19. Let (2,)n>1 = ((Tn,1,---,%n,d))n>1 be a sequence of
elements of R% which is uniformly distributed modulo one. Let ¢ be a
1-periodic, continuous, real function. Then, the sequence

(¢(xna) + -+ ¢($n’d))n21

1s uniformly distributed modulo one if, and only if,

1
/ einhd)(z) dz =0
0

holds for every mon-zero integer h.

PrROOF. Since (z,,)n>1 is uniformly distributed modulo one and the
function ¢ is continuous, we get from Theorem 1.17 that

LS imh(@(en 1)t b(on.0)) b o) )¢
i 5y 32 ettt = ([ e a)

holds for every non-zero integer h. We conclude by using Theorem 1.2.
O

We end this section by the definition of complete uniform distribution,
a notion introduced by Korobov [396].

DEFINITION 1.20. The sequence (2, ),>1 of real numbers is completely
uniformly distributed modulo one if, for every d > 1, the d-dimensional
sequence ((Tp41,.-.,Tntd))n>1 is uniformly distributed modulo one.

Constructions of completely uniformly distributed sequences are given
in [396, 399, 426, 661, 662]; see also the survey [583] and the monograph
[402]. Franklin [312] established that, for almost all real numbers a > 1,
the sequence (a™),>1 is completely uniformly distributed.
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1.6 Exercises

EXERCISE 1.1. Let (z,,)n>1 be a sequence uniformly distributed modulo
one. Let (yn)n>1 be a converging sequence of real numbers. Prove that
the sequence (z,, + Yn)n>1 is uniformly distributed modulo one.

EXERCISE 1.2. Let a be a real number smaller than —1. Prove that, for
almost all real numbers &, the sequence (£a™),>1 is uniformly distributed
modulo one.

EXERCISE 1.3. Prove Theorem 1.12.
EXERCISE 1.4. Prove (1.5) and (1.6).

1.7 Notes

> Theorem 1.18 was originally proved by Kronecker [410]; see [389,
p. 83] for further references and [334] for alternative proofs.

> It follows from the pointwise ergodic theorem and the ergodicity
of the multiplication by an integer b > 2 in the torus that for almost all
positive real numbers £ the sequence (£b™),,>1 is uniformly distributed
modulo one; see e.g. [726] and Section C.4.
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On the fractional parts of powers of
real numbers

We established in the previous chapter several metrical statements on
the distribution modulo one of sequences (£a™),,>1. However, very little
is known for given real numbers £ and «. This chapter and the next one
are mainly concerned with the following general questions.

(Hardy, 1919) Do there exist a transcendental real number « > 1 and
a non-zero real number & such that || a™|| tends to 0 as n tends to
infinity?

(Mahler, 1968) Given a real number o > 1 and an interval [s,s +
t) included in [0,1), is there a non-zero real number & such that s <
{€a"} < s+t for all integers n > 02 What is the smallest possible t for
which such a & does exist?

The second of these questions was asked by Mabhler in the particular
case where a = 3/2 and [s,s +t) = [0,1/2).

Section 2.1 is devoted to classical results of Pisot and of Vijayaragha-
van, which are also presented in Salem’s monograph [619] and in [80].
In the next two sections, we investigate the set of pairs (£, «) for which
the sequence ({£a™}),>1 avoids an interval of positive length included
in [0,1]. Among other results, we show in Section 2.3 that, however close
to 1 the real number o > 1 can be, there always exist non-zero real num-
bers ¢ such that the sequence ({£a"}),>1 enjoys the latter property. The
situation is opposite for the sequence ({£2™3"})s,,n>0, which is dense in
[0, 1] for every irrational number £, by a celebrated result of Furstenberg
presented in Section 2.5. We conclude this chapter with a few words on
a conjecture of de Mathan and Teulié, also called the mixed Littlewood
conjecture.

2.1 Thue, Hardy, Pisot and Vijayaraghavan

Let @« > 1 and £ # 0 be real numbers. In 1912, Thue [686] proved
that if there exist real numbers C' and p with 0 < p < 1 such that

15
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[|€a™|| < Cp™ for every n > 1, then o must be an algebraic number. His
proof rests on a clever application of the Schubfachprinzip; see Exercise
2.1. The same result was stated without proof by Hardy [333, Theorem
C], who wrote that this is a special case of a theorem of Borel [113]. In
addition, Hardy established that o must be an algebraic integer (that
is, an algebraic number whose minimal defining polynomial over Z is
monic), all of whose Galois conjugates (except « itself) are lying in
the open unit disc. Hardy’s result was independently rediscovered by
Pisot [563], who was not aware of Thue’s and Hardy’s works. It was
subsequently considerably improved by Pisot [564, 565] in 1937.

THEOREM 2.1. Let a > 1 and & # 0 be real numbers such that

Z [[€a™||?  converges. (2.1)

n>0

Then, « is an algebraic integer and all its Galois conjugates (except o
itself) are lying in the open unit disc. Furthermore, £ lies in the number

field Q(a).

Before giving the proof of Theorem 2.1, we state a very useful auxiliary
lemma. Throughout this section, we need several results on recurrence
sequences gathered in Appendix F.

LEMMA 2.2. Let a > 1 and £ # 0 be real numbers. For n > 0, write
Ea™ = an + en, where ap is an integer and |e,| < 1/2. Assume that
there is a non-negative integer ng such that the sequence (an)n>n, 5 @
recurrence sequence. Then, a is an algebraic integer all of whose Galois
conjugates (except « itself) are lying in the closed unit disc and & is
an element of Q(«). If, furthermore, the minimal defining polynomial
Q(X) =X+ g1 X+ + 1 X + qo of a over Z satisfies qoan +
coo+ qi—10ntd—1 + aptrqg = 0 for n > ng and if

: /
limsup |e,| < o |0§Q (a))\7
n—-+oo 2 «

(2.2)

where the minimum is taken over all the Galois embeddings o # 1d of
Q(a) into C, then « has no Galois conjugates on the unit circle.

In view of Theorem 3.9, we cannot remove the dependence on &

in (2.2).

PROOF. Since (an)n>n, is a recurrence sequence of integers, it fol-
lows from a lemma of Fatou [300] (see Theorem F.2) that there are
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coprime polynomials U(X) and V (X) with integer coefficients such that
V(0) =1 and

S et = 2" U (z)
i Vi(z)
Writing V(X) =1+ v, 1 X +--- + 1o XF, we have

f(z):= Z en2 = Z a2 — Z anz"

n>ng n>ng n>ng
_ Lamozmo 2"U(z)

T 1—az l4vgqz+ gk

Since the radius of convergence of f is at least equal to 1, the polynomial
V(X)) has only one root in the open unit disc, namely 1/«. Consequently,
the reciprocal polynomial X*V(1/X) = X* + v X*=1 + ... + vy has
a single root, namely «, with modulus greater than 1, all its other roots
being in the closed unit disc. The computation of the residue of f at
1/a shows that £a™ = —aU(1/a)/V'(1/a), in particular we get that &
is in Q(«).

We establish the last assertion of the lemma. Let o = aq,a9,...,a4
denote the Galois conjugates of o and define the algebraic integers
(50, PN ,5(1,2 by

SX)=(X—a)(X—ag) (X —ag_1) = X 40, o X244 6.

Our assumption implies that k¥ = d and Q(X) = X?V(1/X). It then
follows from the partial fraction decomposition of f(z) that

an:fa”—&-ﬁzag-i-"""fdas’ fOI‘?’LZno,

where &,...,&; are the respective Galois conjugates of £. Let € be a
positive real number and n; be an integer exceeding ng and such that
len| < e for every n > ny. We then combine S(a) = S(ag) = -+ =
S(ag—1) = 0 with the fact that every Galois conjugate of o has modulus
at most 1 to deduce from the equality

£a"S(a) — (entd—1 + 0a—26nyd—2 + -+ 0oen)
=£a"S(a) + LayS(az) + - -+ + &aag S(aa),
that

|y S(aq)| = |entd—1 + da—26ntd—2 + - -+ dpen]

) (2.3)
< (L4 1ol + -+ + [bas]) < £2%,
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for every n > n;. With € smaller than the right-hand side of (2.2), we
get from (2.3) that |af}| < 1 for every large n, since Q'(cq) = S(aq). The
same holds for all the other Galois conjugates of a, except « itself. Con-
sequently, none of the Galois conjugates of « lies on the unit circle. O

ProoOr oF THEOREM 2.1. Forn > 0, write £a™ = a,,+€,, where a,, is
a rational integer (sometimes, we use the terminology rational integer,
rather than integer, to denote an element of Z) and |e,| < 1/2, and
consider the Hankel determinant

ap ay Qg

ay ag ST ¢ 7o |
A, = mr

Ap  Qp41 - a2n

For m > 1, set
NMm = Qm — OQym—1 = AEm—1 — Em,

and observe that

agp m . Mn
A, =" T Ty (2.4)
ap  Mn+1 - - Tl2n

We get from the definition of 7,, that
M < (@ +1)%(e7,1 + €70),

and the assumption (2.1) implies that )=, -, 7, converges. For h > 1, set
Ry, =Y, m2. Bounding |A,| by means of the Hadamard inequality,
we derive from (2.4) that

2 (3 ><§ ) (3 )
<Ca™R; ... ﬁ a’Ry),

for a positive real number C' depending only on £ and «. Since A,, is
a rational integer and a?Ry, tends to zero as h tends to infinity, the
Hankel determinant A, is equal to 0 for every large integer n, say for
n > ng. Theorem F.3 then implies that the sequence (an)n>n, is a
recurrence sequence of integers. By Lemma 2.2 we first deduce that « is
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an algebraic integer. Let X 4+ ¢4_1 X% ! + ... 4+ gy denote its minimal
polynomial over Z. Then, for n > 0, we have

0=¢&(@™ 4+ gg 107 4o 4 goa™)
= On+d + gd—10n+d—1 + -+ qoan (2.5)
+ (Entd + @a-16ntd—1+ -+ qoen).

Since En>0 8% converges, we have lim,,_, - €, = 0 and
l€ntd + Qd—1Entd—1 + -+ qoen| <1

for every sufficiently large integer n. We thus get from (2.5) that a,4+q4+
Qd—10n+td—1 + -+ - + goa, = 0 for every sufficiently large integer n and,
since (2.2) is satisfied, the theorem is then a direct consequence of the
last assertion of Lemma 2.2. O

Gelfond [319] proved that Pisot’s assumption (2.1) can be replaced by
an inequality of the type
limsup vn ||| < ¢, (2.6)

n—-+o0o

for a suitable positive constant c¢; see Exercise 2.2. Decomps-Guilloux
and Grandet-Hugot [224] showed that one can take ¢ = 1/(2v/2(1+«)?).
This was improved by Hata [337] to ¢ = 0.9026/a2.

Let « be a real algebraic integer of degree d > 1, with Galois conju-
gates a = a, @, ..., ag corresponding respectively to the embeddings
01,09, ...,04 of the field Q(«) into C. Let X% 4q4 1 X 4+ ¢ X +qo
be its minimal defining polynomial over the integers. Let £ be an alge-
braic number in the field Q(a) and N a non-negative integer such that
the traces (recall that the trace Tr(n) of an algebraic number 1 in Q(«)
is the sum o1(n) + - - + 04(n))

Tr(€a™), Tr(ga™ ), ... Tr(ga™ 1)

are all rational integers. Using the linearity of the trace function, we see
that, for every integer n > N + d, we have

0=Tr(a" “a’+ qg_10"" + -+ qra+ qo))
= Tr(6a™) + qa1 Tr(€a™ ) + - + qoTr(£a™ 7).

By induction, we derive that, for every n > N, the trace of £a™ is a
rational integer and

l§a”]] < [€a™ = Tr(Ea™)| < [oa(§)ag|+ -+ - + |oa(§)ag]-



20 On the fractional parts of powers of real numbers

Consequently, if we assume that «a, ..., aq4 are all lying in the open unit
disc, we deduce that

lim [|€a™|| = 0. (2.7)

n—-+

This observation and Lemma 2.2 motivate the following definitions.

DEFINITION 2.3. A Pisot number is a real algebraic integer « greater
than 1 all of whose Galois conjugates, except « itself, have their modulus
strictly smaller than 1.

DEFINITION 2.4. A Salem number is a real algebraic integer a greater
than 1 all of whose Galois conjugates, except « itself, have their modulus
at most equal to 1, one at least having a modulus equal to 1.

We claim that if « is a Salem number, then 1/« is a Galois conjugate of
« and all its other Galois conjugates are lying on the unit circle. Indeed,
by definition, o has a Galois conjugate, say (3, on the unit circle. Hence,
871, the complex conjugate of 3, is also a root of the minimal defining
polynomial Q(X) of a over Z. This shows that Q(X) = X?Q(1/X),
where d is the degree of Q(X), and proves the claim.

Pisot [564] used the terminology ‘nombre p’ (literally, p-number) to
denote algebraic integers whose Galois conjugates are all in the open unit
disc. Vijayaraghavan [708] denoted by S the set of these numbers and
proved that S contains algebraic integers of every degree, a result which
was independently established in [686]. These numbers were previously
considered by Thue [686] and by Hardy [333] and are usually termed
‘Pisot—Vijayaraghavan numbers’, or ‘PV-numbers’, or ‘S numbers’ (do
not confuse these with one of the four classes in Mahler’s classification re-
called in Definition E.13), or ‘Pisot numbers’. Perhaps, it would be more
accurate to speak of ‘Thue-Hardy—Pisot—Vijayaraghavan numbers’. ..

The strategy for proving Theorem 2.1 was firstly to establish that
« is algebraic and, secondly, to get precise information on its Galois
conjugates. It is reasonable to think that the assumption in Theorem
2.1 could be relaxed if « is assumed to be algebraic. This is indeed the
case. Theorem 2.5 below shows that (2.7) does not hold if « is algebraic
but not Pisot. This was proved by Hardy [333] and reproved by Pisot
[565], independently; see also [607, 708]. The weaker assumption in the
last assertion of Theorem 2.5 comes from Vijayaraghavan’s paper [708];
see also [566].

THEOREM 2.5. Let a > 1 be an algebraic number and £ be a non-zero
real number such that
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li "l =0.

Jim flga”]] =0

Then, « is a Pisot number and & lies in the field Q(a). The same con-
clusion holds if the sequence ({£a™})n>1 has only finitely many limit
points.

PrOOF. Let ¢u X%+ --- + ¢ X + go be the minimal defining poly-
nomial of « over the integers. Let € be a positive real number with
0<e<1/(|go] + -+ |gal). Assume that the sequence ({£a"}),,>1 has
only finitely many limit points, denoted by (3, ..., (.. By Theorem 1.18,
there exists a positive integer ¢ such that ||¢(;|| < e/2 fori=1,...,r.
Consequently, there exists ng such that, for every n > ng, we have
g™ < <.

Let n > ng be an integer. Write ¢¢a™ = a,, +€,, where a,, is a rational
integer and |e,| < €. Since

g€a™(qo + qra + -+ + gga?) = 0,
we get

l90@n + q1an+1 + - - + qatnid| = |go€n + q1Ent1 + - + da€ntdl
< e(lgol + -+ lgal) <1,

A

and, as the left-hand side of the latter inequality is a rational integer,
we deduce that

qoGn + q1apt1 + -+ + qan1q = 0.

Consequently, the sequence (ap)n>n, is a linear recurrence sequence and
we apply the first assertion of Lemma 2.2 to conclude that « is a Pisot
or a Salem number, and ¢ lies in the field Q(«). Furthermore, the last
assertion of Lemma 2.2 implies that, by choosing e sufficiently small, we
get the stronger conclusion that « is a Pisot number. O

We display an immediate consequence of Theorem 2.5.

COROLLARY 2.6. Let & be a non-zero real number. Let p and q be co-
prime integers satisfying p > q > 2. Then the sequence ({£(p/q)"})n>1
has infinitely many limit points.

Corollary 2.6 for £ = 1 has been established independently by Pisot
[565], Vijayaraghavan [707] and Rédei [606]; see Exercise 2.5. An alter-
native proof of Corollary 2.6 can be found in [237]; see also [708].

In the course of the proof of Theorem 2.5, we have established the
following statement, which was noticed by Pisot [565].
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THEOREM 2.7. Let a > 1 be an algebraic number and £ be a non-zero
real number. Let qu X%+ - -+q X +qo be the minimal defining polynomial
of a over the integers. If

1
limsup |[£a"]| < ——————, 2.8
e et 2
then « is either a Pisot or a Salem number, and & lies in the field Q(«).

Refinements of Theorem 2.7 are given in Section 3.5.

2.2 On some exceptional pairs (£, a)

Following Pisot [564], we show that there are few pairs (£, &) such that
[|€a™|| tends to 0 as n tends to infinity.

THEOREM 2.8.  There are only countably many pairs (€, ) of real num-
bers such that € #0, a > 1, and

1
1imsu Oén < — .
imsup [[§a”l] < 3377y

PrOOF. Let £ #0 and o > 1 be real numbers. For n > 1, write

(2.9)

(" =ay, + eq,

where |e,| < 1/2 and a,, is an integer. If (2.9) holds, then there exist
an integer ng and a positive real number ¢ with 2(1 + a)?c < 1 and
len| < € for every n > ng. Since, for n > ng, we have
2 2 n
as .y EnEnt2 —€niy  Ea 9
Ap42 — nil = ntl > (€n+2 - 2€n,+1a + e )7
an Qn an

it follows that

2

a
< e(1+ 204 a?) <

limsup |an42 —

n—-+o0o n

DN | =

Consequently, there exists an integer n; such that a0 — a2, /a,| <
1/2 for n > ny. This implies that a,» is the nearest integer to a2, /a,
for n > ny.

Let then ® be the map which associates to every pair (£, «), with
& #0, a > 1 and such that (2.9) holds, the triple (m,v,w) of integers,
where m is the smallest integer for which |an4o — a2, /a,| < 1/2 for
n > m, and where (v, w) = (am, Gmy1). It remains for us to prove that
® is injective. To do this, let (m,v,w) be a given triple of integers and
assume that (m,v,w) = ®(£, «) for some € # 0 and « > 1. There exists
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exactly one sequence (ay,),>m of integers satisfying (v, w) = (aj,,, ay, ),
and |al, o — /2, /al,| < 1/2 for n > m. This sequence coincides with
the sequence (ayn)n>m defined as above. It is thus uniquely determined
by (m,v,w), and we have

al al
a= lim n/+1 and £= lim -—2.

n—-+oo a, n—-+oo

Consequently, the pair (£, «) is also uniquely determined by (m,v,w).
This concludes the proof. O

Independently, Vijayaraghavan [709] proved that there are only count-
ably many real numbers « such that the sequence ({&"}),>1 has only
finitely many limit points. A stronger result follows from Theorem 2.8.

COROLLARY 2.9. There are only countably many pairs (£, «) of real
numbers such that £ # 0, a > 1, and the sequence ({£a"})n>1 has only
finitely many limit points.

PrROOF. Let £ # 0 and a > 1 be real numbers such that ({£a™}),>1
has only finitely many limit points, denoted by (1,..., (.. By Theorem
1.18, there exists a positive integer q such that ||q¢;|| < 1/(3(1+a)?) for
i=1,...,r. Consequently, we get limsup,_,, . [[¢€a™|| < 1/(2(1+a)?)
and the pair (¢&, «) satisfies the assumption of Theorem 2.8. This proves
the corollary. O

The first assertion of the next result was proved by Pisot [566], using
Thue’s method [686]; see Exercise 2.1.
THEOREM 2.10. Let £ and « be real numbers with £ > 1 and o > 1. If
1
(14 a)(1+1logé)’
then « is either a Pisot or a Salem number, and £ lies in the field Q(a).

Conversely, if « is either a Pisot or a Salem number, then there exists
& in Q(o) such that (2.10) holds.

| < 2.10
ffﬁpo [[§a™]] < o0 (2.10)

Before proceeding with the proof of Theorem 2.10, we state a useful
auxiliary lemma. Note that Thue [686] proved that there exist Pisot
numbers of arbitrary degree all of whose Galois conjugates are real.

LEMMA 2.11. Let K be a real number field of degree d. Then there exist
Pisot numbers of degree d in K.

PROOF. Let a be an algebraic integer such that K = Q(«). Let a =
Q1,02 vy Qpy Qpg1y -y Qpgs, Qg1 - - -, Qpys be the Galois conjugates
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of a,, where a, .. ., «; are real numbers. Let M > 1 and § < 1 be positive
real numbers. By Minkowski’s first theorem (see e.g. [181, p. 151] or [146,
Theorem B.2]), if M is sufficiently large, then there are rational integers
mo, - .., Mq_1, not all zero, such that

d—1
’ E m;at
i=0

Setting 6 := mg+mia+---+mg_1a* ", we see that 6 is a real algebraic
integer, all of whose Galois conjugates (except 6 itself) are of modulus

d—1
<M and ‘Zmiaé- <4, 2<j<r+s.
i=0

d—1

at most §. Since the norm of 6 is at least equal to 1, we get immediately
that 6 or —6 is greater than 1. Consequently, 6 or —@ is a Pisot number
of degree d in K. O

PROOF OF THEOREM 2.10. Let £ > 1 and o > 1 be such that (2.10)
holds. Set s = [log&| + 1, v = [2a£/*] — 1, and check that

(s + 1)V < e(1 +1log€). (2.11)

For n > 0, write £a™ = a,, + €5, where |¢,| < 1/2 and a,, is an integer.
Set € = (2ea(1 + )(1 +log&))~! and observe that, by (2.10),

1/len| > 1/e = 2ea(l 4+ o) (1 + log&).
For a tuple v = (v, . ..,vs) of rational integers from [0, v], setting
Uy,n = Voln + V10n+1 +-+ Vsln+s,

we deduce from (2.11) that

1
0<upo < (s+ (€’ < (s+ véa® + ——
<o < (s+Dv(a®+¢) < (s+ 1)véa® + ]
<(s+1)(v+1)&a’® —1.
Our choices of s and v imply also that

(v+ 1)t > 25(v + 1)éa’,

thus it follows from the Schubfachprinzip that there are integers vy, .. .,
vl in [—v,v], not all zero, such that

vpao +via + -+ +vias = 0. (2.12)
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For n > 1, we have

|1)6an+vian+1 + - vgangs
- O‘(Uéan—l + Uian et U;an-&-s—l)‘
= |vp(aen_1—€n) +v](En — Ent1) + -+ (2.13)
+ v (ants—1 = Ents)|
< (s+1)(a+1)ve <1,

by (2.11). Since (an)n>0 is a sequence of integers, an immediate induction
based on (2.12) and (2.13) shows that vja, + vian+1+ -+ Viapts =0
for n > 0. Applying Lemma 2.2, we get the first assertion of the theorem.

We deal now with the second assertion. Let e be a Pisot or a Salem
number of degree d > 2. By Lemma 2.11, there exists a Pisot number
p such that Q(a) = Q(u). Let & be such that 0 < § < 1 and the
remaining Galois conjugates of o and p satisfy |o;| < 1 and |p;| < 6,
for j =2,...,d. Let m be a positive integer and set £ = u™. For n > 1,
the number {a™ + a8 + -+ + §gay, where §; = 7 for j=2,...,d, is
a rational integer and |0y +. .. +&qay| < (d—1)6™. Selecting m large
enough such that

1
d—1)6" <
( )" < 2ea(1+ a)(1+mlogu)’

we get (2.10). This finishes the proof of the theorem. O

Pisot [566] applied Theorem 2.10 to establish that, if the sequence
({€a™})n>1, where £ # 0 and « > 1, has only finitely many limit points,
and if the speed of convergence to these limit points is in o(n=*~1),
where k denotes the number of irrational limit points of ({£a”})n>o0,
then « is a Pisot or a Salem number.

The assumption (2.10) was weakened by Cantor [177] to

1
S < ,
s 6l < S P T vies e

by means of an improved criterion for an integer sequence to satisfy a lin-

ear recurrence; see also [223, 224]. This is a special case of a more general
result, which includes Theorems 2.1 and 2.10. Cantor’s main statement
answers a question of Pisot and Salem posed at the end of [567].

In the opposite direction to Theorem 2.10, Boyd [127] established
that there are uncountably many pairs (£, «) such that all the numbers
[|€a™]||, n > 0, are quite small.
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THEOREM 2.12. Let u,v be real numbers such that 3 < u < v, and
let ag be an integer satisfying ag > (u + 1)(u — 1)1 (v — u)~L. Then,
there exist uncountably many « in [u,v] for which there is a positive real
number &, in (ag — 1/2,a9 + 1/2) with

Zg% [[€aa™|| < m-

We stress the following corollary of Theorem 2.12, which shows that,
in some sense, Theorem 2.10 is not far from being best possible.

COROLLARY 2.13. For any ¢ > 1, there are « > 1 and £ > 1 with «
transcendental and

c+log2
a(l+a)(1+logé)

sup [[§a”|| < (2.14)
n>0

PrOOF. Let uw > 4 be an integer. Set v = u + 2 and a9 = 2. By
Theorem 2.12, there exist a transcendental real number «,, in [u,v] and
a real number &, such that ||&,]| = [, — 2] < (@, — 1) Hu—1)"1. In
particular, we have &, > 1 and the product (u —1)"!(ay, — 1) 7 (e (1 +
ay,)(1 4+ log&,)) tends to 1 + log2 as u tends to infinity. Consequently,
a = a, and £ = &, satisfy (2.14) when u is large enough in terms of ¢. [

PrROOF OF THEOREM 2.12. The assumption on ag implies that

(agv — (u— 1)) — (apu + (u —1)71) > 1.
Therefore, the integer a; = |agu + (u — 1)~1] + 1 satisfies

apu+ (u—1)"1 <a; <apv— (u—1)"". (2.15)
For n > 1, write

Gpy1 = Lai/an_lj and  p, = ap/an_1. (2.16)
We get from (2.16) that

Anpg10p—1 — G2 1
|pn+1 - pn| — | ntlon 17n| S — (217)
ApQp—1 G

and

n

a;l < Za;l =ap" Z(pkpk_l...pl)*l. (2.18)
k=1 k=1
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It follows from (2.15) that u < p; < v. Let n be a positive integer such
that u < p; <wv for j =1,...,n. Then, (2.17) and (2.18) give that

n
P — il <ot S uF <agt(w—1)!
k=1

hence,
-1 -1 -1 -1
p1—ay (u—1)"" < ppy1 <p1+ay; (u—1)
Combined with (2.15), this gives that u < p,11 < v, since p; = a1/ag.

Thus, we have u < p, < v for n > 1.
For positive integers n,m with n < m, we get from (2.18) that

m—
pm pn < Z |,0]+1

j=n

e 219)
< a;l < *J“rn 1 a;’ 1 <Cl l(u_l)fl

j=n j=n

Since a, = pp ... p1ag > uag, the sequence (a,),>1 tends to infinity.
Thus, the sequence (py,)n>1 is a Cauchy sequence. Its limit, denoted by
a, satisfies u < o < v. Letting m tend to infinity in (2.19), we get

o — pul < @y (u—1)7", (2.20)

hence, by multiplying both sides of (2.20) by a,_1a™",

~(n-1) _

|an—1cx a " <a™u—-1)"" (2.21)

Since a > 1, the sequence (a,a™"),>1 is a Cauchy sequence. Let &
denote its limit. We infer from (2.21) that

E—ana [ <(w-1)""Y a " =aa-1) " (u—-1)"", (2.22)

m>n
for n > 0. Since 3 < u < «, we have (o — 1)1 (u —1)7! < 1/4, thus
lga™ll < (@ = 1) Hu-1)7"

as asserted. We further observe that (2.22) for n = 0 implies that |§ —
ap| < 1/4 since a > u > 3, proving that ag is the nearest integer to ¢.
To finish the proof, it remains to explain how to modify this con-
struction to get uncountably many « with the same property. It suf-
fices to replace the definition of a,41 given in (2.16) for n > 1 by
ans1(f) = La2(f)/an1(F)] + f(n), where f(n) € {0,1}. For a func
tion f: {n:n > 1} — {0,1}, proceeding as above gives a real number
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a(f) and it remains to show that a(f) and a(g) are different if f and ¢
are different functions. This is left as Exercise 2.6. O

2.3 On the powers of real numbers close to 1

In this section, we consider the following problem:

Let a > 1 be a given real number. Do there exist a positive real number
¢ and an interval I in [0, 1] such that {£a™} avoids I for all m > 02 How
large can I be?

This question is easier to answer when « is not too close to 1. We
start with a result of Tijdeman [687] dealing with powers of real numbers
greater than 2.

THEOREM 2.14. Let a be a real number such that o > 2 and let m be
a positive integer. Then, there exists a real number & in (m,m+ 1) such
that

{éa"} €[0,1/(ac = 1)], for alln > 0.
PROOF. Set xg = m and z,4+1 = |ax,]| + 1, for every integer n > 0.
Observe that
0< xpt1 —ax, <1, forn>0. (2.23)

For every non-negative integer n and k with n > k, we have

n

oy, — 3 = E kI (xj —axj_1)
j=k+1

thus, by (2.23),

n
; 1
k—n _ k—j B
0<a®™ "z, xkg.Za <a—1'
j=k+1
Consequently, the sequence (o™ "xy,)n>0 is increasing (take k = n — 1)
and bounded (take k = 0). Denote by £ its limit and observe that, since
a > 2, we have

1
m:x0<§§x0+71<m+1.
o —

Let k be a non-negative integer. Since

b —xp = lim (" "z, —x1) isin [0,1/(a —1)]

n—-+o0o

and zj, is an integer, the fractional part {€a*} belongs to the interval
[0,1/(cx — 1)]. This proves the theorem. O
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The idea of the proof of Theorem 2.14 can be applied to get various
related statements, see e.g. [293, 308, 363, 687] and Exercise 2.7.

The problem posed at the beginning of this section is related to a
question of Erdds, addressed near to the end of [279]:

Let m; < mgo < ... be an infinite sequence of integers satisfying
Mpt1/Mn > ¢ > 1 for n > 1. Is it true that there is always an irra-
tional & for which the sequence (Emy,)n>1 is not dense modulo one?

A positive answer to Erdos’ question was given independently by de
Mathan [481, 482] and Pollington [570]; see also [679] for a weaker result.
These authors were not aware of a remarkably rich paper of Khintchine
[379] which had appeared in 1926 and in which Erdés’ question was
solved by means of a beautiful nested intervals construction; see Exercise
2.10. In all these papers, the existence of real numbers ¢ such that the
sequence ({{my,})n>1 avoids an interval of [0,1] of positive length is
proved.

We put forward a classical definition.

DEFINITION 2.15. An increasing sequence (t,)n>1 of positive real num-
bers is called a lacunary sequence if

..o tpgr
lim inf -2+
n—-+o0o

> 1.

n

Clearly, for any real numbers o > 1 and £ > 0, the sequence ({a™),>1
is lacunary. Several results on the latter sequence can be proved as well,
and without additional difficulties, for lacunary sequences.

Peres and Schlag [556] developed a method based upon the Lovész
local lemma in order to answer Erdés’ question. As noted in [527], their
method is very flexible and, unlike Khintchine’s method, it applies to
lacunary sequences of real numbers (not only of integers).

THEOREM 2.16. Let € be a real number with 0 < & < 1/20. Let (n,)n>1
be a sequence of real numbers and (t,)n>1 be a sequence of real numbers
greater than 1 satisfying

t
Z—Hzl—i—g, forn > 1.

n

Then, there exists a positive Teal number & such that
€t +1mnll >3-10"3 ¢ |loge|™", forn > 1. (2.24)

Theorem 2.16 asserts in particular that, for every ¢ with 0 <e <1/20
and for every lacunary sequence (m,,),>1 of positive integers satisfying
Mpt1/mn > 1+ € for n > 1, there exists a real number £ such that
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inf [[Emy|| >3-1072 ¢ |loge| . (2.25)

Inequality (2.25) cannot be improved up to the factor 3-10~3log(1/¢), as
was shown by Peres and Schlag [556], using a connection, due to Katznel-
son [373] (see also [730, Chapter 5]), between this problem and a prob-
lem of Erd6s on chromatic numbers. From a quantitative point of view,
Khintchine’s result [379] is stronger (regarding the dependence on ¢,
when ¢ is close to 1) than the results obtained in [482, 570]; see also [30,
243, 373] for slight improvements, none of them being as strong as (2.25).

ProoF. Without any loss of generality, we assume that —1/2 < 7; <
1/2 for j > 1. Set

§:=3-10"%¢|loge|™" and h:=[5e logel]. (2.26)
Observe that
t; 1
Jtih >(1+e)r>et> 5 forj>1 (2.27)
J

Let j > 1 be an integer and set

t; = |(log(t;/(26))/log 2)],
in such a way that

2Lty <t < 2412, (2.28)

For an integer a, set
. a n,; 1)
E(j,a) := {56(1,2):‘5—; t—j‘<tf}
J J J

Since the length of E(j,a) is at most equal to 2§/t;, it follows from
(2.28) that there exists an integer b, such that E(j,a) is included in the
open dyadic interval

(375
2@1' ’ 2@; :
Denote by A; the union of such intervals that covers
E@, [t;])VEQ, [t;] +1)U...UE(q, [2t;]).
Note that
AAy) <275 (1251 = [¢5] + 1)

< (ij) (12t,] — 1t;] + 1) < 248,

(2.29)

since [2t;] — [¢;] + 1 < 3t;.
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Let ¢ be an integer with ¢ > 1. Write

(| AS=nLu...uly,

1<5<i

where I, ..., Iy, are distinct closed intervals of the form [b/2% (b +
1)/2%] with b an integer. Then, we have

U;
Airn N ﬂ A = U (Aipn NL). (2.30)
1<5<i v=1

Assume that the intersection M;<; A has positive Lebesgue measure.
Then, U; > 1. Let J be an open dyadic interval of length 27%+» and
whose endpoints have denominator 2¢+:. Let I, = [b/2%, (b + 1)/2%]
be an interval occurring in (2.30) such that A(J N I,) is positive. This
implies that J is contained in [,,. Assume that the intersection of J and
Ai+p has positive Lebesgue measure. Then, J is included in A;yp and
there exists an integer a with [t;] < a < [2t;] such that

a Nith ( b 6 b+1 0 )
Livh  tiyn 26 gy 26 tith/
By (2.28) the same integer a can be associated to at most two different
intervals J. Furthermore, the number W,, of different possible values of

a satisfies
1 20
26ty

Wu < ti+h (

Y12 2 <227 i,
since
tivh > (1 + E)5|loge|/ati > €_4ti > 58—42&4-1 > 2&-&-17

by (2.27) and (2.28). This shows that

-~

/\( U N L) ) < oUW, 2~ bi+h

v=1

S U2, S UG
However, by assumption,
A( N A;) — U2,
1<j<i
Consequently, we get

A(AHhm N A;)gm&( N A;). (2.31)

1<5<i 1<5<i
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This is the key result for the last step of the proof, which consists in
proving by induction that

/\< N A;ﬁ)zlx( N A§)>o, (2.32)

0<j<mh 0<j<(m—1)h

[\

for m > 1, where we agree that A§ = [1, 2].
We first check that (2.32) holds for m = 1. To see this, note that

N AC)>1—Z/\

0<j<h
> 1 - 2460 > 1/2,

by (2.29) and (2.26).
Let m > 1 be an integer such that (2.32) holds and write

ﬂ Aj:((( m A;)\Ath)\n-)\A(mH)m
0<j<(m+1)h 0<j<mh

thus, by (2.31),

(NN )

0<j<(m+1)h 0<j<mh
IICPRLI W)
u—1 0<j<mh
h
(N ) Sa(nn( N )
0<j<mh u=1 0<j<(m—1)h+u
h
AN ) -wya( N A
0<j<mh u=1l  0<j<(m—1)h+u
> )\(0<th A;) - 166m(ogg@_1>h A;).

The inductive assumption (2.32) shows that
(N A NoA)
0<j<(m—1)h 0<j<mh
We then apply (2.26) to get that

(N A za-sman( N oa) =0 N ).

0<j<(m+1)h 0<j<mh 0<j<mh

\V]

which proves (2.32) with m + 1 instead of m.
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We have established that (2.32) holds for every positive integer m.
Then, the sequence (No<j<mnh A;)le is a decreasing sequence of non-
empty compact sets. The intersection Nj>g A; is non-empty, and any
real number ¢ in this intersection avoids all the intervals E(j,a), with
j>1and a > 1, thus, by (2.26), it satisfies (2.24). O

The next corollary is a consequence of Theorem 2.16.

COROLLARY 2.17. Let € be a real number with 0 < ¢ < 1/20 and n be
a real number. Then, there exists a positive real number & such that

inf €(1+€)" +nll >3- 1073 ¢|loge| ™.

Furthermore, for every real number o > 21/20 and n, there ezists a
positive real number £ with

: n . -5
ér%fl [§a™ + [l > 51077,

ProOOF. The first statement is a particular case of Theorem 2.16. The
second one follows immediately by taking e = 1/20. O

Notice that we have made no effort to get the best possible numerical
constants in Corollary 2.17.

2.4 On the powers of some transcendental numbers

In this section, we survey several results related to Hardy’s question [333]
of the existence of a transcendental number az > 1 and a non-zero real
number ¢ such that |[€a™]|| tends to 0 as n tends to infinity. In an almost
forgotten paper Vijayaraghavan [710] studied the set of real numbers
a > 1 such that (a™),>1 is not dense modulo one. Among other results,
he proved that, for every positive real number ¢, the set of real numbers
a such that ||a”|| < € for every n > 1 is uncountable; see also [168, 571],
where it is proved that this set has full Hausdorff dimension.

THEOREM 2.18. For every sequence (rn)n>1 of real numbers and for
every positive real number e, there exist uncountably many real numbers
a > 1 such that ||a™ — || < € for every positive integer n.

We give two different proofs of Theorem 2.18. A first one is the Cantor-
type construction as explained in [168, 710], while a second one, found
by Dubickas [246], shows in a more explicit way the existence of real
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numbers a > 1 whose powers are close (modulo one) to any arbitrary
given sequence.

Proor. Without loss of generality, we assume ¢ < 1/2 and —1/2 <
rn < 1/2forn > 1. Put H = [3/¢], ap =1, — € and b, = r,, + ¢, for
n > 1.

Set By =1, = [H + a1, H + by]. This is our Step 1. Since

(H+b1)? = (H+a1)*>4eH — 1> 4,

there is an integer j; such that ji,...,j1 + 3 are all lying in the interval
[(H +a1)? (H+b1)?]. For h = j; + 1, j1 +2, let I, denote the interval
[Vh + az,+/h + bs]. Since

(H+a1)>? <h+ag <h+by < (H+b)?

the interval I, is included in I;. By construction, every real number «
in I, is such that a— H and o —h are in [a1, b;] and [ag, bs], respectively.
Set Eo = I j,+1 U I2 j, 12. This completes Step 2.

We continue this process. Let hy = j; + 1, j; + 2. Since

(Vha +b2)* = (Vha + a2)® > (Vha + b2)? = (Vha + a2)*)Vha + az

>2eH —2 >4,

there is an integer jo such that ja,...,j2 + 3 are in the interval [(hg +
a2)®/2, (hy + b2)®/?]. For h = jo + 1,ja + 2, let I3, be the interval
[(h 4+ a3)'/3, (h + b3)'/?]. By construction, I3, is included in Iy p,.
Proceeding in this way, we construct at Step 3 a union E3 of four sub-
intervals of I, whose elements o have the property that o — H, o — ho
and a® — h are in [ay,b1], [a2, bo] and [as, b3], respectively.

Continuing further in the same way, for j > 4, we construct at Step
j a set F; which is the union of 277! closed intervals. This is a nested
construction. The set MN;>q F; is then a Cantor-type set, whose elements
«a have the property that, for n > 1, the fractional part of their nth
power lies in [h + ay,, h + b,], for some integer h depending on « and on
n, thus it satisfies ||a"™ — r,|| < €.

We present an alternative proof, following [246] (see also [257]), of the
existence of a real number o > 1 with the requested property. Now, we
assume ¢ < 1/2 and 0 < r, < 1 for n > 1. Let m be an integer with
m > 2log(1/e) + 3. Let yo > 2 be a real number and put

Yn = [yl ] + rn)l/(m"), for n > 1.



2.4 On the powers of some transcendental numbers 35

Since

1/(mn)

Yn = (y:ln_nl + Tn) 2 Yn—1,

for n > 1, the sequence (yn)n>1 is non-decreasing. Let n > 1 be an
integer. Observe that y'™ — r,, is an integer, thus {y™"} = r,. Since
[ymm ] 4+ r, <y + 2, we get

Yn —mmn\1/(mn) 2
<(142y " <14+ —
Yn—1 ( yn 1 ) mny;nnl
implying that
2
Yn — Yn-1 < W
Consequently,
< 2 n 2 2
Yn Yo ;n_n;l 2my%m 1 myg“l
c2(Lly
m \yo Yo m
This proves that
B = ngl}rloo Yn
exists.
Let k£ and n be integers with n < k. Since y; > 2, we get
mn _ on
(yk+1> <(1+2y; m(k+1))n/(k+1) <14 =5
Yk (k+ 1)y
—m(k—i—l)—i—l
<lt—agy <1ty
Y

It follows that, for every fixed n > 1,

( 6 )mn +o0o (yk+1) 7n(k+1)+1) m(n+1)+3
— = | | —— < I | <1l+4y, .
Yn e "
=n
Consequently,
0< ﬁmn y;nn < y;m+3 < 2—m+3 <e,

by our choice of m. Since r, = {y™"}, we conclude that ||3™" — r,|| <
e for n > 1. This shows that o = ™ satisfies the conclusion of the
theorem. O
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The real numbers « constructed in the proofs of Theorem 2.18 are
clearly greater than 2. At the end of [710], Vijayaraghavan refined his
contruction to show that there are real numbers o > 1 arbitrarily close
to 1 and such that there exists an interval of length smaller than 1
containing all the fractional parts {a™}, n > 1. His result was improved
by Bugeaud and Moshchevitin [168] as follows.

THEOREM 2.19. Let £ be a positive real number. For any sequence
(Mn)n>1 of real numbers, there exist a positive real number v, depend-
ing only on & and (Nn)n>1, and arbitrarily small positive real numbers ¢
such that

inf |€(1+&)" +nall > ve|loge| ™.
n>1
The proof of Theorem 2.19 is omitted, it uses a slight refinement of
the method initiated by Peres and Schlag for the proof of Theorem 2.16.
Despite the fact that the sequence (a™),>1 is uniformly distributed
modulo one for almost all numbers a > 1, we know only very few explicit
examples of real numbers o with the weaker property that (a™),>1 is

dense modulo one. We conclude this section by a construction of Du-
bickas [246] of uncountably many real numbers o > 1 enjoying the latter

property.
THEOREM 2.20. Let (r,)n>1 be a sequence of real numbers in [0,1)
which is dense in [0,1) and such that r, = 0 for infinitely many n. Set
x1 =2 and

Ty =24 |(Tn_1 +1rn-1)" —1n], forn>2.
Then, the limit

= lim (z,+7r,)"™
n—-+oo

exists and the sequence (™), >1 is dense modulo one.
ProoF. For n > 2, we have
Ty +Tn = 2+ I_(xnfl + rn71>n - rnj + 1y > (xnfl + rn71)7l7

thus the sequence x = ((z, +7‘n)1/ ”’)nzl is increasing. Furthermore, for
n > 3, we have

(xnfl + Tn—1 + (.’L‘n,1 + rnfl)_n—‘rl)n
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It follows that the sequence @' = ((x, + 1y + (Ty + 7)) ™) 50 is
decreasing. Consequently, both sequences & and ' converge and « is
well defined. Let o be the limit of #’. For n > 2, we have

T4 <™ < (@) <zp4rn+ (Tn +10)7"

from which we get that a = o’ > 1.

Let y be in (0,1). Let € be real with 0 < £ < 1—y. Let n be an integer
such that 7, is lying in (y,y + £/2). Since x,, tends to infinity with n,
we have

xn+y<xn—|—rn<a"!
<tpt+rntz" <z, +tyt+e/2+x"<z,+y+e,

if n is large enough. This shows that infinitely many terms of the se-
quence (a™),>1 belong to [y,y + €], which completes the proof of the
theorem. O

2.5 A theorem of Furstenberg

It follows from Theorem 2.16 that, for every lacunary sequence (my)n>1
of positive integers, there exist £ with 0 < ¢ < 1/2 and real numbers
¢ such that all the fractional parts {{ém,}, n > 1, are contained in
[e,1— ¢]. Does the same result hold if the sequence (my,),>1 is replaced
by a sequence which grows slower than exponentially fast?

An important particular case was investigated by Furstenberg [315].
Recall that two non-zero real numbers r and s are multiplicatively in-
dependent if they are both different from 1 and the ratio (logr)/(log s)
of their logarithms is irrational; otherwise, r and s are multiplicatively
dependent.

THEOREM 2.21. Let r and s be multiplicatively independent integers.
Then, for every irrational number &, the set of real numbers {Er™s™},
m,n > 0, is dense in the torus T.

We establish Theorem 2.21 by following the approach of Boshernitzan
[122]. We begin by an easy auxiliary result.

DEFINITION 2.22. For a positive integer n, a set X C T is called n-
invariant if nz (modulo 1) is in X whenever z belongs to X.

LEMMA 2.23. Let M = (m;);>1 be an infinite sequence of distinct
positive integers, arranged in increasing order, such that m;y1/m; tends
to 1 as i tends to infinity. Let X be a closed infinite subset of the torus
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T that is m;-invariant for every i > 1. If 0 is a limit point of X, then
X =T.

PROOF. Let ¢ be a real number satisfying 0 < ¢ < 1/2. Let h be an
integer such that the inequality m;1/m; < 1+ ¢ holds for every i > h.
Replacing X by {1 —z : z € X} if necessary, we can assume that there
are non-zero elements of X arbitrarily close to 0. Let x be in X such
that 0 < {mpz} < e. Observe that for every i > h such that m; < 1/x
we have

0< (mi+1 — ml)a: <msex < €.
Consequently, the finite set
{{mz}  meMm, <m<1l/z}CX

intersects every interval of length ¢ in T. Since ¢ is arbitrary and X is
closed, X is equal to T. O

Observe that, if » and s are multiplicatively independent integers,
then, for every positive integer u, the sequence M composed of all the
integers of the form r“™s"" with m,n > 0 arranged in increasing order

satisfies the assumption of Lemma 2.23.

PrROOF OF THEOREM 2.21. Let € be a positive real number and ¢ be
an integer coprime with rs and satisfying ¢ > max{1/e,3}. Let u be a
positive integer such that

r*=s"=1 modt.

Denote by X the closure in the torus T of the set of real numbers
{&r™s™}, m,n > 0.
First, assume that X does not contain rational numbers. Define

X=XyDX1D...0X;
by setting
1
Xl-H:{xGXi:x—i—?EXi}, O0<i<t—?2).

Observe that, if x belongs to X; for some ¢ = 0,...,t — 2, and if X
is r"-invariant, then r*z is in X;y;. Indeed, since X, is r“-invariant,
r(z+1/t) =r*z+ (r* — 1)/t + 1/t is in X; and we use the fact that
t divides r* — 1 to get that {r“a + 1/t} belongs to X;, hence, r*z is
in Xi+1~
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Consequently, we deduce from the fact that Xg is simultaneously 7%-
and s“-invariant that the sets Xi,..., X; 1 are simultaneously r*- and
s¥-invariant, as well.

Furthermore, for ¢ = 1,...,¢t — 1, the set X; is closed if the set X;_1

is closed. Since X is a closed set, all the sets X1,..., X;_1 are closed.
The difficult point is to prove that X; is never empty. To this end, for
i =0,...,t— 1, we introduce the set

Di Z:Xiin:{CEfl’/ZZL’,IL’/GXi},

and we aim at establishing that it includes 1/t. We argue by induction.
Let i =0,...,t — 2 be such that X; is non-empty. Since X; is compact,
D; is a closed set. The set D; is simultaneously r%- and s“-invariant,
hence, it is (r*)™(s*)™-invariant for every non-negative integer m, n. As
X; does not contain rational numbers, it is infinite and 0 is one of the
limit points of D;. Since r* and s* are multiplicatively independent,
we deduce from Lemma 2.23 that D; = T, hence, 1/t is an element of
X, — X;. This proves that X;;; is non-empty.

Consequently, the set X;_ is non-empty, and there is xg in X;_; such
that

1 2 t—1
l’o,{ﬂﬁo-f—;},{xo—i-;},n-,{Jﬁo-l-T} are all in X.

Since 1/t < € and ¢ is arbitrary, X is dense in T. As X is a closed set,
it must be equal to T, a contradiction.

Thus, the set X must contain a rational point, say the point p/q,
where p and ¢ are coprime positive integers. Replacing if needed p/q by
a suitable rational number of the form (p/q)(rs)*, where £ > 0, we can
assume that ¢ is coprime with rs. Let v be a positive integer such that

,r'U

s*=1 mod gq.
Observe that the shifted set
X -p/a={{zr—p/e} 2 € X}

is simultaneously V- and s"-invariant and has 0 for limit point. It then
follows from Lemma 2.23 that X = T. The theorem is established. [

2.6 A conjecture of de Mathan and Teulié

A famous open problem in simultaneous Diophantine approximation is
the Littlewood conjecture [447], which claims that, for every given pair
(&,m) of real numbers, we have
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inf ¢ [|g€]| - [lqnl| = 0. (2.33)
q=>1

For references on this fascinating question, the reader is directed to [146,

Section 10.1], to Venkatesh’s article [705], or to Queffélec’s survey [598].
In analogy with (2.33), de Mathan and Teulié [483] proposed in 2004

a ‘mixed Littlewood conjecture’. For any prime number p, we normalize

the usual p-adic value | - |, in such a way that |p|, = p~'.

For every real number £ and every prime number p, we have

Inf g [lggll - lglp = 0. (2.34)

Obviously, the above conjecture holds if £ is rational or has unbounded
partial quotients, or if inf,,>1 [|€p™|| = 0. Thus, we only consider the case
when ¢ is an element of the set {n € R\ Q : inf;>1 ¢-||gn|| > 0} of badly
approximable real numbers (see Definition D.8). Real numbers for which
inf,>1 ||€p™]] is positive do exist (for example, real numbers without
three consecutive digits 0 and without three consecutive digits p — 1 in
their p-ary expansion) and they form a set whose intersection with the
set of badly approximable real numbers has Hausdorff dimension one; see
Section 7.3. Furthermore, the set of badly approximable real numbers £
for which (2.34) holds for any prime p has as well Hausdorff dimension
one; see Exercise 7.7.

We briefly survey (without proofs) some results towards a proof of
the de Mathan—Teulié conjecture. Einsiedler and Kleinbock [277] showed
that a weaker form of it easily follows from Furstenberg’s Theorem 2.21.

THEOREM 2.24. Let p1 and py be distinct prime numbers. Then, the
equality

Inf g -[lg¢ll - lglp, - lglp, =0
holds for every real number .

PROOF. The result is clear if £ is rational. For an irrational number &,
apply Theorem 2.21 with r = p; and s = py to get that the sequence
(EPT'DY)mm>0 is dense modulo one. This shows that, for every ¢ > 0,
there are integers m and n such that 0 < {&p7'ph} < e, that is, such
that, setting ¢ = p"p3, we have ¢ - [[¢¢| - |alp, - lalp, = ll¢€]| <e. O

The next theorem, proved in [160], asserts that (2.34) holds for every
pair (§,p) provided that the sequence of partial quotients of £ is quasi-
periodic in the following sense.
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THEOREM 2.25. Let & = [ap;a1,as,...] be a badly approzimable real
number. Let t > 1 be an integer and by,...,b; be positive integers. If
there exist two sequences (my)r>1 and (hy)g>1 of positive integers with
(hi)k>1 being unbounded and, for k > 1,

Ay 4j4nt = bj, forj=1,...,tandn=0,...,hy —1,
then
inf ¢ - : =0
inf g flg]l -laly
for every prime number p.

An immediate consequence of Theorem 2.25 is that (2.34) holds for
every prime p and every quadratic number &, a result already proved
in [483].

Einsiedler and Kleinbock [277] established that the set of possible
exceptions to the de Mathan—Teulié conjecture is, from the metric point
of view, very small.

THEOREM 2.26. Let p be a prime number. The set of real numbers &
which do not satisfy (2.34) has Hausdorff dimension zero.

More precisely, it is proved in [277] that (2.34) holds for every prime
number p and every real number ¢ with positive entropy (see Definition
9.11).

Further recent results can be found in [52, 164]. Improving an ear-
lier result of [167], Badziahin and Velani [52] established the following
theorem.

THEOREM 2.27. Let p be a prime number. The set of real numbers £
such that

liminf ¢ -logg-loglogq- g€l - lal, > O

has full Hausdorff dimension.

2.7 Exercises

EXERCISE 2.1 (c¢f. [686]). Let £ # 0 and a > 1 be real numbers. Assume
that there are real numbers ¢ > 1 and p such that 0 < p < 1 and
[|€a™|| < ¢p™, for n > 1. Prove that « is an algebraic number. [Hint.
For n > 1, set (o™ = a, + €, where a, is an integer and |e,| < 1/2.
Choose m > 2 such that p™™ > «a. Let ¢; < 1,co > 1 be positive
real numbers to be suitably chosen in terms of &, ¢,a,m. Let £ be a
large integer and N be an integer with c;p=¢ > N > cpa/™. Use the
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Schubfachprinzip to show that, for a suitable choice of cq, there are
integers wg, ..., um, not all zero, such that |u;| < N for j =0,...,m
and upa¢ + -+ 4+ Upagrm = 0. Prove by induction that, for a suitable
choice of ¢1, we have u,ap, + - -+ + wgapym = 0 for n > £. Deduce that
U + Up—10+ -+ - + uga™ = 0.]

EXERCISE 2.2. Prove that the conclusion of Theorem 2.1 remains true
under the assumption (2.6) for a suitable positive real number c.

EXERCISE 2.3 (cf. [619, Exercise 2]). Prove that the conclusion of The-
orem 2.1 remains true with (2.1) replaced by 27]:[:1 n||€a™||? = o(N).

EXERCISE 2.4 (cf. [181, p.134]). Let o be a Pisot number of degree d.
Prove that if the non-zero real number ¢ satisfies lim,_,  ||£a™|| = 0,
then there are a non-negative integer N and an algebraic number ( in
Q(«) such that Tr(a’() is a rational integer for j = 0,...,d — 1 and
E=a"N¢.

EXERCISE 2.5 (Direct proof, by A. Weil [707], of Corollary 2.6 for £ =
1). For n > 1, set y, = {(p/q)"} and assume that (y,),>1 has only
finitely many limit points, denoted by (i, ...,(x. Assume that (; is ir-
rational and consider a strictly increasing sequence (n,),>1 such that
Yn,. tends to (1 as r tends to infinity. Let m be a positive integer and
observe that

Yn,+m = (0/@)"yn, (mod 1/¢™).

By letting r tend to infinity, obtain a contradiction.

Assume now that (y,...,(; are all rational numbers. Let then M be
a positive integer such that M({y,..., M, are rational integers, and
observe that the sequence (||M(p/q)"||)n>1 tends to 0. Conclude.

EXERCISE 2.6. Complete the proof of Theorem 2.12.

EXERCISE 2.7 (c¢f. [687, Theorem 2]). Let @ > 2 be a real number such
that 2« is an odd integer. Refine the proof of Theorem 2.14 to prove
that, for every positive integer m, there exists £ in (m, m + 1) such that
{€a™} lies in [0,1/(2cc — 2)] for every integer n > 0.

EXERCISE 2.8 (¢f. [363]). Let @ > 1 be a real number. Prove that the
set of real numbers ¢ satisfying

limsup [|€a™]| < 1/(2a + 2)
n—-+o0o

is at most countable.
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EXERCISE 2.9 (c¢f. [363]). Let £ be a non-zero real number. Let § and
M be positive real numbers. Prove that the set of real numbers a > M
satisfying

limsup [|£a”|| < (1 +0)/(2)

n—-+o0o

is at least countable and that the set of real numbers o > M satisfying

limsup [|€a”|| < (1 +6)/a

n—-+o0o
is uncountable. [Hint. Take R a large positive integer, set z; = R?,
Znal = L{“_l/"z,(:“rl)/nj and 83, = 5_1/”27(:”1)/" for n > 1. Then, set

a = limp— 4 o0 On-]

EXERCISE 2.10 (cf. [379]). Let € < 1/4 be a positive real number, ¢ an
integer, and (my,),>1 an increasing sequence of positive integers satisfy-
ing my4¢/my > 14 ¢, for n > 1. Prove that there exists a real number
¢ such that ||&m,|| > (¢/3)%(log(t/e))~2 for n > 1. [Hint. Let s be a
positive integer such that (14 ¢)® > 3ts + 3 and set k = 3ts + 3. Ob-
serve that my,yis/mn, > k for n > 1. Let I; be a closed real interval of
length 1/k and divide it into k closed intervals of the same length 1/k2.
Prove that there exist three consecutive such intervals which contain no
rational of the form p/m,, with 1 < m,, < k. Let Iy denote the middle
interval. Divide it into k closed intervals of the same length 1/k% and
prove that there exist three consecutive such intervals which contain no
rational of the form p/m,, with k <m,, < k2. Let I3 denote the middle
interval. Continue this process to construct an infinite nested sequence
I D Io D ... of closed intervals Ij,, h > 1, with the property that, for
h > 1, the length of I}, equals 1/kh and the distance between I;4; and
any rational of the form p/m,, with k"=! < m,, < k" is at least equal to
1/k"*1. Let € be the point belonging to every interval Ij,, h > 1. Prove
that ||m,&|| > 1/k? for n > 1, and conclude.]

EXERCISE 2.11. Deduce from Theorem 2.16 that there is a positive
constant x such that, for every sufficiently large integer n and every
real number t1,...,t, satisfying ¢; > 1 and t;41/t; > 1 + (klogn)/n
for j = 1,...,n — 1, there exists a positive real number £ such that
[lEtil| > 1/(n+1) fori=1,...,n.

EXERCISE 2.12 (cf. [246]). Let (d,,)n>1 be a sequence of positive numbers
with 65/" tending to 0 as n tends to infinity. Assume that there exist
an infinite set A/ of positive integers n such that the real number a > 1
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satisfies ||a™|| < &, for n in . Prove that « is either transcendental,
or is a root of a rational integer. [Hint. Assume that « is algebraic with
Galois conjugates a; = «, s, ..., aq and let ag > 1 denote the leading
coefficient of its minimal defining polynomial. For n in A, show that
P, :=a} H;l:l(a;-‘ — @™+ 1/2]) is a rational integer, and thus satisfies
either P, = 0 or |P,| > 1.] Deduce that the number a constructed in
Theorem 2.20 is transcendental.

EXERCISE 2.13 (¢f. [160]). Use the Folding Lemma (Theorem D.3) to give
explicit examples of pairs (£, p) for which (2.34) and even the stronger
inequality

lim inf ¢° - gl <1
lim inf ¢” - [lg¢]l - gl <

hold.

2.8 Notes

> Let @ > 1 and £ # 0 be real numbers. By means of completely
different arguments than those in the proof of Theorem 2.1, Feng [304] es-
tablished that « is a Pisot number when (2.1) is replaced by the stronger
assumption that ) -, [|a™| converges.

> Inspired by ideas from [566], Mignotte [514] proved, among other
results, that a necessary and sufficient condition for a real number o > 1
to be a rational integer is to satisfy ||a"|| < ((a+1)(a+2))~! for every
n>1.

> Kornyei [394] extended some results of Pisot [566] to sequences of
the form (P (n)af+- - -+ Py(n)a})n>1, where the P;(X) are polynomials
and the «; are complex numbers.

> Kwapisz [414] gave a geometric proof of the first assertion of
Theorem 2.5.

> Zaimi [743] established, among other results, that a real number
a > 1 is a Pisot number if, and only if, there exists a non-zero real
number £ such that ||£&|| < 1/3 for every & of the form ag +aja+---+
agat, with £ > 1 and a; € {0,1} for 0 < 5 < (.

> For a Pisot or Salem number «, the set of real numbers £ such
that (2.8) holds has been described by Zaimi [744].

> Cantor [176] slightly generalized Theorem 2.10.
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> The frequency of an infinite set NV of positive integers is the supre-
mum of the real numbers A for which there are arbitrarily large integers
n such that every integer in the interval [n, An] belongs to A. Let o > 1
be a real algebraic number and ¢ be a non-zero real number. Rauzy
[601] proved that if A" has infinite frequency and if ||£a™]| tends to 0 as
n tends to infinity along A, then « is either a Pisot, or a Salem number.
If, moreover, £ is algebraic, then « is a Pisot number. Conversely, he es-
tablished that, for any Pisot or Salem number «, there exist a set N/ of
integers having infinite frequency and uncountably many real numbers
& such that ||£a”|| tends to 0 as n tends to infinity along N.

> Erdés and Taylor [281] proved that, for any given lacunary se-
quence of integers (my,),>1, the set of real numbers € such that (€émy,)n>1
is not uniformly distributed modulo one has full Hausdorff dimension.
The same result holds for the set of real numbers ¢ such that (Eémy,)n>1
has no distribution function, as established by Helson and Kahane
[341].

> To complement Theorem 2.16, Boshernitzan [123] proved that,
for any unbounded sequence of positive real numbers (t,),>1 such that
limsup,, ;. tnt1/ty is finite, the set of real numbers & such that the
sequence ({ty,)n>1 is not dense modulo one is a countable union of sets
of Hausdorff dimension less than 1. This set has zero Hausdorff mea-
sure if, moreover, lim, o tp+1/tn = 1. Ajtai, Havas and Komlds [26]
showed that, for any given sequence (€,)n>1 of positive real numbers
tending to 0, there exists a sequence (my,),>1 of positive integers such
that my41/m, > 1+ ¢, for n > 1 and the sequence ({my,),>1 is uni-
formly distributed modulo one for every irrational number &; see also
[121]. On the other hand, it is proved in [322] that, for any lacunary
sequence (my,),>1 of positive integers, the set of real numbers ¢ such
that (§my)n>1 is uniformly distributed modulo one is a meagre set; see
also [323].

> Various results on the distribution of the sequence ({£t,,})n>1
for fast-growing sequences (¢,),>1 of positive real numbers are given
in [253].

> Results on sublacunary sequences (that is, increasing sequences
growing slower than any lacunary sequence) of real numbers have been
obtained in [31, 526, 527].

> The method introduced by Peres and Schlag [556] and discussed
in Section 2.3 has many other interesting applications to Diophantine
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problems. It has been applied by Rochev [612] to the distribution of
fractional parts of values of linear forms.

> Let € be a positive real number. Pollington [571] proved that,
for every non-zero real number £, the set of real numbers a such that
{€a"} < e for every n > 1 has Hausdorff dimension one. Furthermore,
the set of pairs of real numbers (£, «) with @ > 1 and such that {{a"} <
¢ for every n > 1 has Hausdorff dimension two.

> For a real number a > 1, the quantity liminf, ., [|a”][*/" has

been studied by Mahler and Szekeres [474]; see also [162]. Let (€y,)n>1 be
a sequence of real numbers from [0, 1/2]. Koksma [391] showed that if the
series Y -, €, converges then, for almost every real number a > 1, there
exists an integer ng(a) such that ||| > e, for n > ng(a). Moreover,
if (¢4)n>1 is non-increasing and the series Zn>1 en diverges then, for
almost every real number a > 1, there exist arbitrarily large integers n
such that [|a"]] < &,.

> Levin [430] (see also [429, 431] and Kulikova [412]) constructed
real numbers « such that (a™),>1 is uniformly distributed modulo one
and whose discrepancy is O(N~'/2(log N)*). This is almost as good
as the corresponding metric result; see Section 1.3. In an unpublished
manuscript, Lerma [424] gave a fairly complicated, alternative construc-
tion of real numbers greater than one with the same property.

> Zame [745] established that if f is any distribution function and
(ng)r>1 is a sequence of real numbers such that niy; — ny tends to
infinity with k, then there exists a real number « such that the sequence
({a™ })k>1 has f as its distribution function.

> Furstenberg’s Theorem 2.21 was extended by Kra [405], Urban
[693-699] and Gorodnik and Kadyrov [326]. See also Berend [71, 72],
Rudolph [615], Johnson [355], Feldman [301], Johnson and Rudolph
[356], Host [348, 349], Meiri [495] and Lindenstrauss [444].

> A quantitative version of Theorem 2.21 has been established in
[125]. Tt straightforwardly implies an improvement of Theorem 2.24 [164,
336].

> The first lower bound for ||e”|| was obtained in 1953 by Mahler
[464] under the form

||enH > efcnlogn7

for every sufficiently large n, with ¢ = 40. Subsequently, he [467] was
able to slightly decrease the numerical constant to ¢ = 33. In 1974,
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Mignotte [512] gave a lower bound with ¢ = 17.7, but Wielonsky [734]
pointed out that Mignotte’s proof contains errors and the corrected value
is ¢ = 21.012. In the same paper, he gave a new bound, namely with
¢ = 19.183. This was improved by Hata [338], who obtained the value
c=15.727.

> For real numbers { > 0, & > 1 and ¢ € [0,1), let M, ,(¢) denote
the number of times the value ¢ occurs in the sequence ({£a”})n>1. It
was proved independently in [274, 581, 680] that M o(t) < 2, unless
« is a root of an integer, in which case M (0) = +o00. Subsequently,
Dubickas [239] established that, for real numbers £ # 0 and « > 1, the
sequence of fractional parts ({£a™}),>1 takes some value infinitely many
times if, and only if, there exist integers ¢ > 2, d > 1,4 € {0,1,...,d—1},
u # 0 and v > 1 such that a = ¢"/¢ and ¢ = ug*/¢/v. See Lemma 3.17
and [199, 263] for further related results.

> Let (gn)n>1 be a sequence of positive real numbers satisfying
gn > 1 for n > 1 and lim, o g, = +00. Bugeaud [152] proved that,
for any irrational real number £, there exists an increasing sequence
of positive integers (my,)n>1 satisfying m,, < ng, for n > 1 and such
that the sequence of fractional parts ({€my,})n>1 tends to 0 as n tends
to infinity. This result is best possible in the sense that the condition
lim;,— 4 00 gn = +00 cannot be weakened, as proved in [249].

> Let n be a positive integer and let t; < t5 < ... < t, be n
positive real numbers. The lonely runner conjecture asserts that there is
a positive number £ such that

.....

It originally comes from a paper of Wills [735], where it is stated for
integers t;. It has been solved for n < 6, but remains open for every
n greater than or equal to 7. We refer the reader to [261] for bibli-
ographic references. In that paper, Dubickas observed that the lonely
runner conjecture is closely related to Theorem 2.16 (see Exercise 2.11)
and he applied his results from [247] to confirm the conjecture for every
n > 16342 under the assumption that ¢;41/t; exceeds 1 + (33logn)/n
fori=1,...,n—1.
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On the fractional parts of powers
of algebraic numbers

In this chapter we focus on the sequences ({£a™})n>1 and ([|a™||)n>1,
where £ is a non-zero real number and « is a real algebraic number
greater than 1. We first observe that, if « is a Pisot number, then the
sequence ({&"}),>1 has at most two limit points, namely 0 and 1. For ex-
ample, 0 and 1 are the limit points of the sequence ({((1+v/5)/2)"n>1,
while {(3 4+ 2v/2)"} tends to 1 as n tends to infinity. The situation is
rather different if o is a Salem number, since (a™),>1 is then dense
modulo one, as was proved by Pisot and Salem; see Theorem 3.7. Very
little is known about ({a"}),>1 when the algebraic number « is neither
a Pisot number, nor a Salem number.

We begin in Section 3.1 with the case where « is a rational integer and
continue in the next two sections with the cases where « is a rational
number and an algebraic number, respectively, culminating in the state-
ment and proof of Theorem 3.5. It gives an explicit, positive lower bound
for the difference between the greatest and the smallest limit point of
({€a™})n>1, provided that £ does not belong to Q(c) when « is either
a Pisot or a Salem number. The necessity of the latter assumption is
discussed in Section 3.4. The next section is devoted to the study of the
sequence ([|€a™|)n>1 when « is a rational number. In Section 3.6 we
provide various constructions of pairs (£, ), with a > 1 being a rational
number, such that all the points of the sequence ({£a™}),>1 are con-
tained in a certain prescribed interval or finite union of intervals. The
final sections are devoted to a brief exposition of the Waring problem
and to the sequences of integer parts of powers of algebraic numbers.

3.1 The integer case

In this section we treat the easiest case, namely when « is a rational
integer.

48
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Let b > 2 be an integer. We first recall that any real number £ has a
unique b-ary expansion, that is, it can be written uniquely as

EZLEJ-FZ Z%ZLEJ#-O-alag...,

E>1

where the digits a1,aq,... are integers from {0,1,...,b — 1} and an
infinity of the a; are not equal to b — 1.

THEOREM 3.1. Let b > 2 be an integer. For any irrational real number
&, the numbers {£b"}, n > 0, cannot all lie in an interval of length
strictly smaller than 1/b.

For any integer b > 2, the example of the rational number b/(b% —
1) =0-101010. .. with purely periodic b-ary expansion shows that it is
necessary to assume that ¢ is irrational in Theorem 3.1.

PROOF. Let >, ,arb ™ =0-aas..., with a; € {0,1,...,b— 1} for
k > 1, be the b-ary expansion of {¢}. Let k be a positive integer and
observe that {¢b¥} = 0-api1ag ... Since ¢ is irrational, this implies
that
k41 & ag+1 1
Ty Ty
Thus, if there exist ¢,j > 0 such that a1 — a;41 > 2, then we get
: i aj+1 541 1 2 1 - 1

{&v'}y —{¢v'} > b 7775257575'
Consequently, we can assume without loss of generality that a1, as, -+ €
{¢,¢ 4 1} for a certain integer ¢ in {0,1,...,b — 2} and we can write £
under the form [£] +¢/(b— 1)+ 0 wyws..., where wy = a — ¢ for
k > 1. Since £ is irrational, the infinite word w := wyiws ..., defined
on the alphabet {0,1}, is not ultimately periodic and its complexity
function p(m, w, {0,1}) satisfies p(m, w, {0,1}) > m + 1 for every m >
1, by Theorem A.3. This implies that, for every m > 1, there exists
(at least) one block W, of m letters such that both 0W,, and 1W,,
are subblocks of w. In other words, there exist integers wu,,, v, and
infinite words w’, w” such that {{b*~} — ¢/(b—1) = 0- 0OW,,w’ and
{&bvm} —£/(b—1) =0-1W,,w”. Hence {£b*n} — {&b%n} > b=t — b=,
Since m can be taken arbitrarily large, we conclude that no interval of
length strictly smaller than 1/b can contain all the {¢b"} withn > 0. O

It is worth noting that Theorem 3.1 is best possible, since, for any
integer b > 2, there exist irrational real numbers ¢ such that all the
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real numbers {£b"}, n > 0, are lying in a semi-open interval of length
1/b. For instance, for any irrational number 6 with 0 < 6 < 1 and
any real number p, the real number Zk>1 spb~*, where (sk)k>1 is the
sequence Sg , defined in Theorem A .4, has this property. Theorem 2.1
from [161] describes the irrational numbers ¢ such that all the fractional
parts {€b™} with n > 0 are contained in an open or semi-open interval
of length 1/b.

3.2 Mahler’s Z-numbers

According to Mahler [468], the problem whether Z-numbers do exist was
proposed to him by a Japanese colleague.

DEFINITION 3.2. A positive real number £ is a Z-number if the inequal-
ities 0 < {£(3/2)"} < 1/2 hold for all integers n > 0. More generally,
for a given real number o with o > 1 and real numbers s, ¢ satisfying
0<s<s+t<1, we define the set Z,(s,s+1t) as

Za(s,s+1)={#0:s<{&a"} <s+t, foralln >0}

Mahler has not succeeded in solving this problem. He established vari-
ous partial results, including that for any non-negative integer m, the real
interval (m, m~+1) contains at most one Z-number; see Exercise 3.1. Con-
sequently, there are at most countably many Z-numbers. Mahler showed
that the cardinality of the set of Z-numbers less than x is O(x%), with
§ = logy((1 + +/5)/2), a result improved in 1992 by Flatto [307] who
proved that one can take 6 = log,(3/2).

While Mahler’s method is rather elementary, Flatto’s approach relies
on notions from symbolic dynamics and S-transformations (see Section
9.3), and it covers the more general case of sequences ({£(p/q)" })n>0 for
coprime integers p and ¢ such that p > ¢ > 2. A first step towards the
proof (or disproof) of the existence of Z-numbers was made in 1995 by
Flatto, Lagarias and Pollington [308], who established the next result
(for positive &).

THEOREM 3.3. Let p and q be coprime integers satisfying p > q > 2.
Then, the inequality

s {s(7)"} - {s(0)'} = 5

holds for all non-zero real numbers &.
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According to Theorem 3.1, Theorem 3.3 remains true for ¢ = 1 when
¢ is irrational, and it is best possible in that case. For coprime integers
p and g with p > ¢ > 2, Pollington [568] was the first to establish that
the set Z,/,(0,1/p) "R+ is empty, a result reproved by Flatto [307].

The original proof of Theorem 3.3 given in [308] is quite intricate. An
alternative proof was found by Dubickas [238], which is more natural
and can be extended in various directions; see Theorem 3.5. Here, we
reproduce the even simpler proof from [251].

PROOF. Set o = p/q. Let n be a positive integer and define

zn = [§a"],  yn ={€a"}. (3.1)

Since

p p
504"+1 =Tn+1 T Ynt1 = &fa" = a(xn + yn)v

the real number

Sp i= qTptl — PTpn = —QYnt1 + DYn (3.2)

is a rational integer. Furthermore, as y,, and y,41 are lying in [0, 1), we
deduce that

First, we prove that (s, ),>1 is not ultimately periodic. We argue by
contradiction and assume that there is a positive integer ¢ such that
Sn = Sn4e for every sufficiently large integer n. Iterating ¢ times the
recursion ¥, = (PYn—1 — Sn—1)/q, we then deduce that the sequence

(yee = (P/0) Y110 5

is ultimately constant and rational. This implies the existence of an
integer ¢y and of rational numbers r = (p/q)¢ and r’ such that y;, =
TY(t—1)¢ — r’ for every t >ty + 1 and, consequently,

Yoo = 0y — (rT T e - 1), for b >t + 1.

This can be rewritten as
! !

Yeo — — :?"H“(y - — )
S bt )

Since r exceeds 1 and the quantities yyp — ' /(r — 1) and y,0 — ' /(r — 1)

are both bounded independently of ¢, we deduce that y,; = ' /(r —1) for
every t > to. Therefore, the rational numbers &(p/q)*? and &(p/q)tot1)¢
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have the same fractional part. Hence, £ must be rational. Write £ = a/b
and set

ce = (a/b)(p/9)"" — (a/b)(p/q)"", t > to.
Since
aptl — q(tito)e(bthéCt + apt()Z)’

and ¢; is a rational integer for ¢ > t(, we get that every integral power
of ¢* divides a. This is a contradiction since ¢ > 2. Consequently, the
sequence (Sp)n>1 is not ultimately periodic.

Let m be a positive integer. Since (s,)n>1 is not ultimately periodic,
it follows from Corollary A.4 that there exist integers zo, 2(, 21, - - - » Zm
such that zg > z{, and the finite words zpz1 ... 2z and z{z1 . .. zy, occur
infinitely often in the infinite word s;s2s3 ... This implies that there are
a rational number 7, infinitely many integers n such that

+1 za™

Yn+m+1 = am Yn — T — Tm,

and infinitely many integers n such that

m
1 zZoQw
Yn+m+1 = ™t Yn — q

Setting A = liminf;,>1 y,, and p = limsup,, > yn, we get

—Tm-

! m
Zho
poam Az 2,
and
zoa™
a™ty - x> 0 + T

Since zp — 2{) > 1, adding the last two inequalities gives

a™ 1 q m+1
> S L (7) :
T e ) T T
As m can be taken arbitrarily large, this shows that u — A > 1/p and
that all the {£a™}, n > 0, cannot be contained in an interval of length
smaller than 1/p. O

Besides Theorem 3.3, Flatto, Lagarias and Pollington [308] established
various results on the sets Z,/,(s,s 4+ t) and derived several conditions
for p, q, s and t under which Zp/q(s, s+ t) contains at most one element
in the interval (m,m+1), for each non-negative integer m. This extends
Mahler’s result on Z3,5(0,1/2) and complements Theorem 2.14.
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3.3 On the fractional parts of powers of algebraic numbers

The proof of Theorem 3.3 presented in Section 3.2 can be extended to
the study of the sequence ({£a™})n>1, for a given algebraic number «
greater than 1.

We begin with the definitions of the length and the reduced length
of an algebraic number. The latter notion was introduced by Dubickas
DEFINITION 3.4. The length of a complex polynomial is the sum of the
moduli of its coefficients. Let o be an algebraic number and denote by
P(X) its minimal defining polynomial over the integers. The length of a,
denoted by L(«), is equal to the length of P(X). The reduced length of
denoted by £(«), is equal to the infimum of the lengths of the polynomials
P(X)G(X), where G(X) runs through the set of real polynomials whose
leading coefficient or whose constant coefficient is equal to 1.

Theorem 3.5 is Theorem 2 from Dubickas [240]. The special case n = 0
was proved earlier in [238].

THEOREM 3.5. Let a > 1 be a real algebraic number and n be a real
number. Let £ be a non-zero real number that lies outside the field gen-
erated by « if a is a Pisot or a Salem number. Then,

limsup {£a™ + n} — lim+inf {&a™ +n} > 1/¢(a).

n—+o0o n

It is worth noting that Theorem 3.5 extends Theorems 3.1 and 3.3.
Indeed, according to Exercise 3.2, for any coprime integers p,q with
p > q > 1, the reduced length of the rational number p/q is equal to p.

The additional assumption on £ when « is a Pisot or a Salem number
is necessary; see Section 3.4.

Before proving Theorem 3.5, we state an auxiliary lemma, which will
be used several times in the sequel.

LEMMA 3.6. Let P(X) = agX%+ -+ a1 X +ag be a complex polyno-
mial of degree d > 1 with distinct roots o, ...,aq. Let Xq,..., X4 and
29y, 241 be such that

Xiab 4+ Xgok =2, k=0,1,...,d—1. (3.3)

Then we have X;P'(a;) = Z;é BixZy for j =1,...,d, where we have
set Bk zz(é:kﬂaha?_k—l forj=1,...,dand k=0,...,d—1.
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PrOOF. The linear system (3.3) has a unique solution, since its Van-
dermonde determinant is non-zero. Let j = 1,...,d. Setting

P(X) — P(a;) X* —aj
0 X —ay 0<zk;dak X—q

_ Z ak(Xk—l +ank—2 4. +a?—l)
1<k<d

d—1
k
= Z ﬂ],kX )
k=0

we have P;(a;) = P'(o;) and Pj(og) =0fork=1,...,5—-1,j+1,...,d.
Using (3.3), this shows that

-1
Zﬁmzk = X1Pj(1) 4 --- + XaPj(aq) = X; P (),
k=0

as asserted. O]
PROOF OF THEOREM 3.5. Write Q(X) = ¢4 X%+ --+q X +qo for the

minimal defining polynomial of « over the rationals. Let n be a positive
integer and define

zn = [§a" + 1), yn ={a" +n}.
Set
Sn = qdTn+d + " T QTn+1 T G0Tn
= —(qaYntd + -+ QYn+1 + qoyn) + 1Q(1).

The crucial point is again the proof that the sequence (s,)n>1 is not
ultimately periodic. We argue by contradiction and assume that there are
positive integers ng and ¢ such that s,, = s, ¢ for every positive integer
n > ng. The sequence (uy),>1 defined for n > 1 by uy, = @pye — Ty
satisfies the linear recurrence

QoUn + -+ + qqunt+qg =0, for n > ng.

Denote by a1 = a, g, ..., a4 the Galois conjugates of a. By Theorem
F.1, there exist algebraic numbers (3, - - , {4 such that

up = Qag + - + Caag,

for n > ng. Let m > ng be an integer. Applying Lemma 3.6 to the linear
system

X! 7"+ Xgo T =y, n=m,m+1,... om+d—1,
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we see that there is an integer polynomial G,,(X) of degree at most d—1
such that

Q'(a;)¢a) = Glay), j=1,....d.

Then, ¢; is in the field generated by «;, and the algebraic numbers
C1,...,Cq are conjugates over Q, hence, (3 is non-zero. Let a be a positive
integer such that

a/(Q(2)¢1), aca/(Q () 1), - -, aa™™H/(Q' () 1)

are algebraic integers. Then, aa™ = aGp,(a)/(Q'(«)(1) is also an alge-
braic integer. Since m can be taken arbitrarily large, this can only be
possible if « is an algebraic integer.

For n > ng, set

671 =UYn+t — Yn = 6(0/ - 1)an — Un

= (f(ag —1) = G)ay — Gag — -+ — (aory.
Applying Lemma 3.6 to the linear system
Xla?*m+...+XdaZ*m:5m n:m’m+]_7.”,m+d_1,

we see that Xi,..., Xy are in absolute value bounded by a constant
depending only on « and independent of m, as |d,| is at most equal to
1 for n > ng. Since

X1 = (" —1) = G)al, Xo = —(aly ..., Xg = —Cal),

this implies that ¢; = £(af — 1) and that s, ..., oy are all in the closed
unit disc. Since « is an algebraic integer, this proves that it is a Pisot
or a Salem number. Moreover, ¢ lies in the field Q(a) because ¢; is in
Q(«). This contradicts our assumption on £. Consequently, the sequence
(Sn)n>1 cannot be ultimately periodic.

We continue similarly as in the proof of Theorem 3.3. Let m be a
positive integer and by, ..., b,, be real numbers. Set

PX)=Q(X)X (L4+b; X+ +bpX™) =t co+e1 X+ +CmpaX ™,
and let n be a positive integer. Since o™ P(a) = 0, we get

Up '= Cm+dTntm—+d T - T CoTn

(3.4)
= —(Cm+d¥Yn+m+d + -+ coyn) + nP(1)

and we check that

Un = bmSnam + -+ b18n41 + Sn. (3.5)
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Let us view (S, )n>1 as an infinite word s. Since it is not ultimately pe-
riodic, we get from Corollary A.4 that there exist integers 2, z(, 21, - - -
zm such that the blocks zp21 ...z, and z(z1 ... 2y, occur infinitely often
in s and zy > 2.

Set A = liminf,>; ¥, and p = limsup,,~; ¥». Then, for any positive
real number €, we have -

)\—EﬁynSM—F&

for every sufficiently large integer n.
We infer from (3.4) and (3.5) that there are arbitrarily large integers
n such that

Up =20 + 2101 + - + 2 by

<P+ u+e) (Y () —0=a)( X o),

j:c; <0 j:c; >0

and also arbitrarily large integers n with

—v), = —2{ — z21b1 — -+ — Zmbm
<P +u+2) (X o) -0-a( X (-e))
jic; >0 jie;<0

Adding the last two inequalities gives
1<z9—z) < (u—\+2e)L(P).

Since ¢ is arbitrary, it follows that 4 — A > 1/L(P). Furthermore, the
same proof goes with polynomials P(X) obtained by multiplying Q(X)
by a monic polynomial. Consequently, we have shown that u — A >
1/¢(«), as asserted. O

3.4 On the fractional parts of powers of Pisot
and Salem numbers

If the algebraic number « is a Pisot or a Salem number, then the extra
assumption that the non-zero real number ¢ does not belong to the
number field generated by « is required in the statement of Theorem 3.5.
The purpose of this section is to discuss the necessity of this assumption.

Dubickas [241] considered the sequence of fractional parts ({{a”})n>1
where o > 1 is a Pisot number and & is a positive element of Q(«).
He found the set of limit points of this sequence and described all cases
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when it has a unique limit point. We refer the reader to his paper and
choose to mainly devote this section to the case of Salem numbers.

Vijayarhagavan [708] established that the sequence (a™),>¢ is dense
modulo one, for a being the real root greater than 1 of the reciprocal
polynomial X4 — X3 — X2 — X + 1. This is a particular case of the
following general result of Pisot and Salem [567].

THEOREM 3.7. For any Salem number «, the sequence (a™),>1 is dense
modulo one, but is not uniformly distributed modulo one.

Before proving Theorem 3.7 we state an auxiliary lemma.

LEMMA 3.8. Let € > 0 and « be a Salem number of degree d. Let

as,...,aq be the Galois conjugates of o lying on the unit circle, or-
dered in such a way that agj_1 and ooj are complex conjugates for
j=2,...,d/2. Let ns, ..., nq be complex numbers lying on the unit circle

such that naj—1 and 19 are complex conjugates for j = 2,...,d/2. Then,
there are arbitrarily large integers n such that

|042_77k|<5a
fork=3,...,d.

Proor. For j = 3,...,d — 1 and j odd, let w; be such that o; =
€2 Assume that there are rational integers a,as, ..., aq—1 such that
a1 + asws + -+ + ag_1wqg—1 = 0. Then, we have

11 (a;)% = 1. (3.6)
3<j<d—1, j odd

For h =3,...,d—1 and h odd, let o, be the complex embedding defined
by on(ap) = a. Applying oy, to (3.6), we get

a®h . I1 (on(a;))* =1,
3<j<d—1,j#h, j odd
which implies that a, = 0, since o5 («v;) is on the unit circle for j > 3
odd and j # h. This shows that 1,ws,...,wq_1 are linearly independent
over the integers.

For j =3,...,d —1 and j odd, let 3; be such that n; = e?™B;  For
any positive real number 4, it follows from Theorem 1.18 that there are
arbitrarily large integers n such that ||nw; — §;|| < é for j =3,...,d—1
and j odd. This concludes the proof of the lemma. O

PROOF OF THEOREM 3.7. Let d be the degree of o and denote by «,
1/a,a3,1/as,...,aq-1,1/aq-1 its Galois conjugates. For j = 3,...,d—1
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and j odd, let w; be such that a; = €2 For any positive integer n,
the number a” +a " +af + a3 " +---+a, " is a rational integer. Note
also that a~" tends to zero when n tends to infinity.

Let p be in (0, 1) and 13 be a complex number on the unit circle whose
real part equals p/2. Put 15 = --- = n4_1 = i. Let ¢ be a positive real
number. By Lemma 3.8, there are arbitrarily large integers n such that
p—de <a"+af+a3"+ -+ a;" < p+ de. Consequently, there
are arbitrarily large integers n for which there exists an integer r,, with
p—de <r,—a" < p+de. This implies that the sequence (a™),>1 is
dense modulo one.

Since the function x +— 2cos(27z) is 1-periodic and continuous and
since, for every integer h whose absolute value is sufficiently large, the
integral

1
/ exp{4imh cos 2rt} dt = Jy(47h),
0

where Jy is the Bessel function of order 0 (see e.g. [126, p. 13]), is non-
zero, we deduce from Theorem 1.19 that the sequence

(2cos(2nmws) + - - - + 2 cos(2nmwg_1))n>1

is not uniformly distributed modulo one. This implies that the sequence
(™)p>1 is not uniformly distributed modulo one. O

THEOREM 3.9. Let o > 1 be an algebraic number. Then, « is a Pisot or
a Salem number if, and only if, for every positive real number ¢, there
exists a non-zero algebraic number & in Q(a) such that ||£a™|| < € for
every integer n > 0.

PROOF. We proceed with the ‘only if’ part and leave the ‘if’ part as
Exercise 3.4. Let a be a Pisot or a Salem number of degree d. Similarly
as in the proof of Theorem 2.10 and by Lemma 2.11, there exists a Pisot
number 6 such that Q(f) = Q(a). Let ¢ denote the maximum of the
absolute values of the Galois conjugates of 6 (other than 6). Let ¢ be
a positive real number and h be a positive integer satisfying 6" < ¢/d.
Then, for every integer n > 0, the trace of #"a™ is a rational integer and

ITr(f"a™) — 0" < (d —1)6" < e.

This shows that the algebraic number ¢ := 6" satisfies the required
conclusion. O

It follows from Theorem 3.9 that the dependence on £ in the upper
bound (2.2) of Lemma 2.2 cannot be removed.
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We conclude this section by a result of Zaimi [742].

THEOREM 3.10. Let a be a Salem number. For any non-zero real num-
ber & in the field Q(«), we have

limsup {£a™} — hm mf {a"} >0

n—-+oo
and even

1
n _ n >
I:LIEJSrgf {€a"} hm 1nf {&a™} T

if a — 1 is a unit. Furthermore, if « — 1 is not a unit, then
inf (limsup {£a™} — liminf {£a™}) = 0.
inf (limsup {€a”} ~ liminf {¢a")

PrOOF. We follow the proof of Theorem 3.5 with n = 0. Let Q(X) =
gaX? + -+ + ¢ X + qo be the minimal defining polynomial of «. For
n > 1, put z, = [£a™ ], y, = {€a™}, and

$n = —(qa¥n+d + - + qoYn)-
Set A = liminf,,>; yn and p = limsup,,>; yn. Let € be a positive real
number. Then we have

A—e<y,<p+e,

for every sufficiently large integer n. This shows that

A=a)(D_ @)+ m+e) (D @) <—sa

;>0 q;<0

<(\— 5)(2 @) + (M+5)(Z %)

qi<0 q;>0

holds for every sufficiently large integer n. If the sequence (s,)n>1 takes
infinitely many times at least two distinct values, then there are arbi-
trarily large integers n such that s,11 — s, > 1, hence,

(n=A+2e)L(a) = (n=A+2)(D_ @) +A—p—2¢)(D_ @) > 1.
q;>0 q:<0

Since € can be taken arbitrarily small we get

lim sup {€a™} — hmmf {fa™}=p—A> L > 0. (3.7
n—-4o00o L( )

This proves the first statement of the theorem. Assume now that there
are integers ng and s such that s,, = s for all n > ng. We then have

q0Yn+1 = Yn) + Q1 (Unt2 = Ynt1) + - + @a(Yntd—1 — Ynta) = 0, (3.8)
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for n > ng. Let a1 = @, = 1/a, a3,. .., a4 be the Galois conjugates
of . Since the sequence (Yn4+1 — Yn)n>n, Satisfies the recursion (3.8),
Theorem F.1 implies that there exist complex numbers ~1,...,7y4 such
that

Yntl = Yn = 1107 + -+ yaqy (3.9)

for all n > ng. Since |ynt1 — yn| < 1 for n > ng, we get 1 = 0.

Let & = &, &o, ..., &q be the Galois conjugates of £, where §; = 0;(&)
and o; is the complex embedding of Q(a) sending « to a;. For n > ny,
set

Zn = G107 + S0 + -+ + Laorg,
and note that z, is a rational number satisfying
Yn = Zn — Tn — (§205 + -+ + Larg).
Consequently, for n > ng, we have
Yn1=Yn = (Zn+1—Tpt1) = (2n —Tn) = §2(a2 —1)ag —- - =& (az —1)ag,
and it follows from (3.9) that
(v2t+&2(a2—1))ay +- -+ (vat&a(aa—1))ag = (2nt1—Tnt1) — (20— Tn)

is a rational number. Let ny > ng be an integer. Applying Lemma 3.6
to the system

0oy ™™ + (y2 + &aaz — 1))ag ay™ ™ + - -
+ (va + &a(og — 1))ty ™™
:(zn+l_xn+l>_(zn_xn)7 n:nlv"'7nl+d_1a

we get that

-1 d
Z ( Z Qhah_k_l) ((zny 1 = Tnytkt1) = (Znath = Tny k) = 0.
k=0 h=k+1

Since qg is non-zero and (zn, 4 k+1—Tny +k+1) — (Zny +k — Ty +k) 1S rational

for k = 0,...,d — 1, we deduce that (zp,15+1 — Tny+k+1) — (Zny+k —
ZTn,4+k) =0 for k =0,...,d — 1. Consequently, z, — x,, = 2z, — Tp, for
n > ng and there is a rational number ¢ such that

Yn = ¢ — (L2ay + -+ + Lary) (3.10)
for n > ng. Using that 0 < ag < 1 and |ag| = --- = |aq| = 1, it follows

from Lemma 3.8 that

p=c+ &+ + 6 and A=c—I[&| - |8l
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This gives
limsup {€a"} — liminf {€a™} = = X > 2(|&| + -+ +]€]) > 0.
n——+oo n—T0oo

Since ¢ is non-zero, we get 0 < A < <1 and 0 < ¢ < 1. It follows from
(3.10) that

Sp = —(qdYn+d + -+ + qoyn) = —c(Q(1)) = s,

for n > ng. Since s is an integer and 0 < ¢ < 1, the number (1) cannot
be £1, thus a—1 cannot be a unit. This means that, when a—1 is a unit,
the sequence (s,)n>1 takes infinitely many times at least two distinct
values and (3.7) holds. This proves the second statement of the theorem.
For the proof of the last statement we refer the reader to [742]. O

3.5 The sequence (||{a™|)n>1

As observed by Dubickas [240], under the assumption of Theorem 3.5,
we can deduce a lower bound for the largest limit point of the sequence
(l1éa™||)n>1- Recall that the quantities L(a) and ¢(«) have been intro-
duced in Definition 3.4.

THEOREM 3.11. Let o > 1 be a real algebraic number. Let £ be a
non-zero real number that lies outside the field generated by « if a is
a Pisot or a Salem number. Then, the largest limit point of the sequence

(N€a™||)n>1 is at least equal to 1/ min{L(«),2¢(cx)}.

PRrROOF. If the largest limit point p of the sequence (||€a™||)n>1 is
smaller than 1/2¢(«), then the limit points of the sequence ({£a™ +
1/2})n>1 all belong to the open interval of endpoints 1/2—p and 1/24p,
whose length is smaller than 1/£(«). This contradicts Theorem 3.5 ap-
plied with = 1/2. In view of Theorem 2.7, this proves the theorem. [J

When a > 1 is a rational number, Theorem 3.11 was improved by
Dubickas [240]. Before stating his result, we introduce the generating

function

+oo

T(z):= H 1-—22"Y=1—z2-224+2+--

m=0
of the Thue-Morse word (tx)g>0 on {—1,1} defined by ¢, = 1 and
tog+1 = —top = —ty for k > 0. Furthermore, we put

1—-(1—-2)T
Bz) = 121 =2TE) (3.11)

2z
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THEOREM 3.12. Let & be an irrational, real number. Let b be an integer
with b > 2. Then the sequence (||E07]|)n>1 has a limit point greater than
or equal to

1T S - E(1/b)
S = 2 b

and a limit point smaller than or equal to

g O ILS 00 T

b 2 2

where e(b) =1 if b is even and e(b) =1 —1/b if b is odd. Furthermore,
both bounds are best possible.

For b = 2 a version of Theorem 3.12 can be found in [41, 45]. For
b > 2, the real number T'(1/b) is transcendental, thus & and & are
transcendental; see Chapter 8.

PRELIMINARIES TO THE PROOF OF THEOREM 3.12. We begin with some
notation. To each finite or infinite word v = vyvov3 ... on the alphabet
{1,2} and to each real number r with 0 < r < 1, we associate the real
number

E(’U,?") =1—y¥ ¢ pUrtvz _ pvitvatus 4= Z (_1)krv1+~~+vk.
k>0
At various steps we use that E(v,r) is given by an alternate sum. Let

z =212y ...=2112221121121122211 ...

be the fixed point of the morphism o defined by o(1) = 2 and ¢(2) = 211.
For r in (0,1), put

E(zr)=1-r2+47" =t 400 —rS . =N " (=D)hr%, (3.12)
k>0
where ag =0 and ap, = 21 +--- + 2 for &k > 1.
It follows from Theorem A.16 that the generating function of the
Thue-Morse sequence and E(z,r) are connected by
2rE(z,7) =1 — (1 —r)(to + tyr + tar® +---),
which, by (3.11), gives
E(z,r)=01—-(1-r)T(r))/(2r) = E(r). (3.13)
For later use, we check that

1 2—r 1 1+7r
E -{7, : : } for0<r<1.  (3.14
(r) < min ' T3 158 1112 or r< ( )
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As in Appendix A, for a word v and a non-negative integer £, we denote
by v, the word v deprived of its first £ letters. It follows from Lemma
A.15 that

1—r+r3—r4+r5—r7<E(zi,7‘)

3.15
<1—r2+7“3—r4+r6, for 0 <r <1andi>0. ( )

Since r(1—72 473 —r* +76) < 1—r4r3 —r* 49> 17 for 0 < r < 0.6775,
we deduce from (3.15) that

rE(z;,r) < E(z,r), for0<r<0.6775 and 4,5 > 0. (3.16)

We use the ordering >, defined in Appendix A, for the (finite and
infinite) words over the alphabet {1,2}. Let » with 0 < r < 0.6775 and
i > 1 be an integer. By Theorem A.13, we have z > z;, so there is a
smallest index k such that the kth letters of z and of z; are different. If
k is odd, then these letters are 2 and 1, respectively, and we get from
(3.12) that

E(z,7) — E(z;,7) = — 1™ E(2g,7) + r“’“_lE(ziJrk,r),

which is positive for 0 < r < 0.6775 by (3.16). If k is even, then these
letters are 1 and 2, respectively, and we get from (3.12) that

E(z,1r) — E(zi,1) = r** E(zg,7) — Tak+1E(Zi+k,T),

which is positive for 0 < r < 0.6775 by (3.16). Consequently, we have
established that

E(zi,r) < E(z,7), for 0 <r <0.6775 and i > 0. (3.17)

We are now armed to establish a key auxiliary result for the proof of
Theorem 3.12.

LEMMA 3.13.  Let r be a real number with 0 < r < 0.6775. Let v
be an infinite word which is mot ultimately periodic. For any positive

real number ¢, there are infinitely many positive integers £ such that
E(ve,7) > E(r) — e.

PROOF. Let ¢ be a positive real number. For m > 0, put A,, = ¢™(2),
where o is the morphism defined at the beginning of the preliminaries.
Fix m sufficiently large such that r®*1 < e, where k = f,, is the length
of the word A,,. Since f,, is odd, for any word v’ which begins with
Ap,, we have E(A,,,r) < E(v',r) < E(Ap,r)+e. As z begins with A,,,
this gives E(v',r) > E(z,r) — €. This proves the above assumption if
A,, occurs infinitely often in v. Otherwise, by Theorem A.14, there is a
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finite word U with U > z having infinitely many occurrences in v. Let k
be the length of U. Without loss of generality, we can assume that the
first £ — 1 letters of U and z coincide and that their kth letters are 2
and 1 if k£ is odd and 1 and 2 if &k is even. Let £ be an integer such that
U starts at the ¢th place of v. Write U’ for the word U deprived of its
kth letter. If k is odd, then we have

EU',r) = E(z,7) + " E(zp,7) = E(vi_1,7) + r* T E(veip_1,7).

In this case, if E(vi—1,7) and F(vsyr—1,7r) are both at most equal to
E(z,r), we get that E(zx,r) < rE(z,r), a contradiction with (3.16). If
k is even, then we have

E(U',r) = E(z,7) =1 E(zx,7) = E(vg_1,7) =% L 47T B (vy . 1),
where § = 0 or 1, whence
Bve1,r) — B(z,r) = 1~ (1 = 10 Bvgy, ) — rE(z0.1).
If E(vetk,r) < E(z,7), then, by (3.14) and (3.17), we have
7°1+‘5E(w+k,r) +rE(zg,r) < 2rE(z,r) <1,

whence E(vg_1,7) > FE(z,r). Consequently, for any k, at least one
among the numbers E(vi_1,7), E(vo4r—1,7) and E(veig,r) is greater
than E(z,r). O

COMPLETION OF THE PROOF OF THEOREM 3.12. We start with co-
prime integers p and ¢ satisfying p > ¢ > 1. We prove a more general
result than the theorem enounced. Namely, we establish a lower bound
for the largest limit point and an upper bound for the smallest limit
point of the sequence (|[£(p/¢)"||)n>1, provided that ¢/p < 0.6775. The
result follows by taking p =b and ¢ = 1.

Set & = p/q and r := ¢q/p. For n > 1, set z, = [£a™ 4+ 1/2], y, =
{{a™ +1/2}, and

Sn = 4Tn41 — PTn.
Observe that
™| = lyn — 1/2] = {§a" + 1/2} — 1/2
and

$n = —q(Yn+1 — 1/2) + p(yn — 1/2).
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Thus,

Sn Sn Sn
yn—1/2:*+T(yn+1—1/2):*+7’(7+1+~~),
p b p

and, by iteration, we get
€™ || = lyn — 1/2] = [(1/p)(sn + spar + spa2r® +---). (3.18)

The sequence (s, ),>1 takes integer values and it was shown in the proof
of Theorem 3.5 that it is not ultimately periodic.
For n > 1, set

Un(r) := 8p + Spy1? + Sppor? + -+
Let n be such that |s,| > 2. From
2 < sn| = |Un(r) = rUnsa ()] < [Un(r)] + 7[Unsa ()],

we get that at least one number among |U, ()| and r|U,1(r)] is greater
than or equal to 2/(r + 1), and thus exceeds E(r), by (3.14).
Let n be such that s, = £1, s,41 = Sp4+2 = 0. From

1= 80| = [Un(r) = 7°Unt3(r)| < [Un(r)] +r°|Unss(r)],

we get that at least one of the numbers |U,,(r)| and 73|U,,+3(r)| is greater
than or equal to 1/(1 + 73), and thus exceeds E(r), by (3.14).

Let n be such that s, = 1, s,4+1 = 0 and s,412 = 1. Then, we have
Un(r) — 73U, 43(r) = 1+ 72 and at least one number among |U,,(r)| and
73|U,13(r)| is greater than or equal to (1+72)/(1+73), and thus exceeds
E(r), by (3.14). The same conclusion holds if s, = —1, $,41 = 0 and
Sp+2 = —1.

Let n be such that s, = s,41 = 1. Then U, (r) — r?U,42(r) = 1+ 7
and at least one number among |U,, ()| and r?|U,42(r)| is greater than
or equal to (1+7)/(1+7%), and thus exceeds E(r). The same conclusion
holds if s,, = sp41 = —1.

In all of these cases, it follows from (3.18) that [|a™|| > E(r)/p.
Assume now that s is a word on {—1,0, 1} in which the words 100, —100,
101, —10—1, 11 and —1—1 occur only finitely often. Consequently, there
exists an no such that the non-periodic sequence sy, Spy+1, ... begins
with s,, = 1 and has the form 1,0,—1,0,1,0,—1,..., where 0 means
that the letter 0 may or may not occur. We associate to (sp)n>n, &
word v = (vp)n>0 on {1,2} by writing 2 if two consecutive units are
separated by the symbol 0 and by writing 1 otherwise. For instance, we
associate to 10—11—1010—1 ... the word 21122 ... Observe that v is not
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ultimately periodic. Let £ be an integer greater than ng and let ¢ = ¢({)

be the number of 0’s among sy, ...,s¢—1. If s; = £1, then |U,(r)] is
equal to F(v¢—_n,—¢,7) and, otherwise,
Uz r
|Ues1(r)| = # = E(vﬁ—no—t(l)vr) = E(”é—i—l—no—t(i—i-l)vr)v

since Sgq1 is non-zero. By Lemma 3.13, for any positive real number ¢,
there are arbitrarily large integers ¢ for which E(v;_p,_¢ (), r) exceeds
E(z,r)—¢, since v is not ultimately periodic. Combined with (3.18), this
shows that the smallest limit point of the sequence (||éa™||),>1 is greater
than or equal to E(z,r)/p. For p = b and ¢ = 1, the latter quantity is
equal to F(1/b)/b. This proves the first statement of the theorem.

The proof of the second statement is similar. For n > 1, write the
fractional part {{a”} under the form 1/2+ g,,, where —1/2 < g, < 1/2.
Observe that

plE@/Q)"] — alép/a)" ] = —p(1/2+ gn) + q(1/2 + gny1)
(¢ —=p)/2 = Pgn + q9n+1,

and set
Sn ‘= —q9n+1 + Pgn.

The sequence ($,)n>1 is not ultimately periodic and takes integer values
if p+ ¢ is even, and values in 1/2 + Z if p + ¢ is odd. As above, we get
by iteration that

gn = (1/D)(Sn + Sps17 + Spyor® + ). (3.19)

The case with p + ¢ even corresponds to the case already studied in
the first statement of the theorem, and we deduce that the sequence
(l1éa™||)n>1 has a limit point smaller than or equal to 1/2 — E(r)/p. For
g=1and p=>b> 3 odd, the latter quantity is equal to 1/2 — E(1/b)/b.
By (3.13), this gives the result stated.

Suppose now that p+ ¢ is odd. Then, multiplying both sides of (3.19)
by 2, we get

20n = (1/p)(25n + 28p 417 + 287107 + -+ ), (3.20)
where 2s,,,2S,+1,... are odd integers. For n > 1, set
Vi(r) := 28, + 28p417 + 25pqor + - - -
Let n be such that |2s,| > 3. From

3 < 2sn| = [Va(r) = rVoga ()] < [Va(r)| + 7 Viga ()],
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we get that at least one number among |V,,(r)| and r|V,41(r)| is greater
than or equal to 3/(14r). Similarly, if 2s,, = 28,41 = 28,42 = %1, then
upon writing 1+ 7 + 172 = |V,,(r) + 73V,,43(r)|, we deduce that at least
one number among |V,,(r)| and r3|V,,3(r)| exceeds (1+7+72)/(1+7r3).
By (3.14), we can then assume that, starting from a certain place ng,
the sequence (s,,)n>n, takes only the values £1, with at most two equal
values in a row. Denote by h the map sending a series H(r) to (14 (1—
r)H(r))/2. Then, h sends the tail of the sequence (s, ),>1 to a sequence
of the form 1,0,—1,0,1,0,—1,..., where 0 means that the letter 0 may
or may not occur. Since, by (3.11), the map h sends (1—T'(r))/r to E(r),
we deduce from the proof of the first statement that, for any positive real
number ¢, there are arbitrarily large integers n such that |2g,| exceeds
(1 —T(r))/(rp) — e. Consequently, the sequence (|gn|)n>1 has a limit
point at least equal to (1—T(r))/(2¢) and the sequence (||€a™||)n>1 has
a limit point smaller than or equal to 1/2 — (1 — T'(r))/(2q). For ¢ = 1
and p = b > 2 even, the latter quantity is equal to T'(1/b)/2, as stated
in the theorem.

Finally, the combination of Theorem A.13, (3.18) and (3.20) shows
that [|§0"|] < & and [|§0"]] < &, for every integer n > 1 and b > 2.
This establishes the last assertion of the theorem. O

The proof of Theorem 3.12 covers powers of rational numbers greater
than or equal to 10/6.775 and can be extended to powers of rational
numbers greater than 1, but some extra work is needed to prove that
Lemma 3.13 still holds for every real number r between 0 and 1. This
would introduce further complication, and we prefer to refer the reader
to [240]. We display below the special case @ = p/2, with p > 3 an
odd integer. Unlike Theorem 3.12, the next result is presumably not
best possible.

THEOREM 3.14. Let p > 3 be an odd integer. Let £ be a non-zero real
number. Then, the sequence (||£(p/2)"|)n>1 has a limit point greater
than or equal to (p— (p—2)T(2/p))/(4p) and a limit point smaller than
or equal to (1 +T(2/p))/4. In particular, the sequence (||£(3/2)™|)n>1
has a limit point greater than or equal to (3—T(2/3))/12 = 0.238117...
and a limit point smaller than or equal to (1+T(2/3))/4 = 0.285647 . ..

Let £ be a non-zero real number. It follows from Theorem 3.3 that
every closed sub-interval of [0, 1] of length 2/3 contains a limit point of
the sequence ({£(3/2)™})n>1. The first part of Theorem 3.14 asserts that
the interval [0.238117...,0.761882...] of length 0.523764 ... contains a
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limit point of that sequence. At present, we have no example of an
interval of length smaller than 1/2 with the same property. However,
Dubickas [248] established that the union of three intervals [0,8/39] U
[18/39,21/39] U[31/39, 1], of total length 19/39, always contains a limit
point of ({£(3/2)"})n>1, see Exercise 3.5.

3.6 Constructions of Pollington and of Dubickas

Let p and g be coprime integers satisfying p > ¢ > 2. We gather in this
section several constructions of positive real numbers £ such that all the
fractional parts {£(p/q)"}, n > 0, or all the numbers ||{(p/q)™||, n > 0,
belong to a small interval.

We begin with a method introduced by Pollington [572, 574] for con-
structing real numbers £ such that ||£(3/2)™]] is large for every positive
integer n.

THEOREM 3.15. There exists a real number & such that ||£(3/2)™|] >
4/65 holds for every positive integer n.

PROOF. Let € be a real number with 0 < ¢ < 1/2 and n be a positive
integer. Assume that there is an integer m = m(n), depending on n,
such that the interval [(3/2)™(n + €),(3/2)™(n + 1 — ¢)] contains an
interval [{ 4+ &, + 1 — €], where £ = {(n) is an integer and
[(2/3)"(€+¢€),(2/3)' (£ +1~¢)]

does not contain an integer for ¢ = 1,...,m. Observe that m(n) =
m(n + a2™) for every non-negative integer a, since (3/2)™a2™ is an
integer. Put then

o(n) = min min{|[(£+€)(2/3)" 16+ 1= €)(2/3)"]]}.
Observe that for z in [n+e,n+1—¢|N[(2/3)"({+¢€),(2/3)"({+1—¢)]
we then have

llz(3/2)| > d(n), fori=1,2,...,m.

We illustrate this for n = 1 and ¢ = 2/5. The interval [(9/4)(1 +
€),(9/4)(2 — ¢)] contains an interval [3 + £,4 — €] such that there is
no integer in [(2/3)(3 + ¢),(2/3)(4 — )] U [(4/9)(3 + €),(4/9)(4 — &)].
Thus, we can put m(1) =2, ¢(1) = 3, and §(1) = 4/15.

Let n; mod 2™, ..., n, mod 2™* be a finite system of covering con-
gruences, in the sense that for every positive integer n, there exists j with



8.6 Constructions of Pollington and of Dubickas 69

1 <j <k and n=n; mod 2™ . Assume furthermore that m; = m;(n;)
for j =1,...,k. Then, there exists £ such that

I€(3/2)| > min a(n,), (321)

for i > 1. To see this, put I; = [1,2]. Let j > 1 be an integer and assume
that I; = [n,n + 1]. Let h = h(n) be in {1,...,k} and a; be such that
n =np + ap2™". Put then I; 11 = [, + ap3™", ly + ap3™" + 1] and

g — 2\ Mh(ey) Tt M ()
7\3

J+1
where t; denotes the left endpoint of I; for ¢ = 1,...,j. Then, the se-
quence (J;);>1 is a decreasing sequence of nested closed intervals. Its in-
tersection is reduced to one point £, which satisfies (3.21) for every ¢ > 1.
The theorem then follows by choosing for (ni,¢1,m1),. .., (n12, 12, m12)
the triples

(1,3,2),(2,5,2),(3,12,3), (4,14, 3), (7, 36,4), (8,44, 4), (15, 117,5),
(16,125, 5), (31,360, 6), (32, 368,6), (0,8,6), (63, 720,6),

and by selecting e suitably. Indeed, it can be checked that this choice
gives minlgjgm 5(7”&]) = 4/65 ]

Pollington [572] announced that the constant 4/65 in Theorem 3.15
can be replaced by 0.088. Using a totally different method, Dubickas
[248] established that every interval (m,m+1) with m a positive integer
contains a real number ¢ such that ||£(3/2)"|| > 5/48 = 0.1041... for
every integer n > 0.

We continue with several results of Dubickas [248], which, in the op-
posite direction, show that for rational numbers p/q, there are non-zero
real numbers £ such that ||(p/q)™|| is quite small for every n > 0.

THEOREM 3.16. For every odd integer p > 3 there exists a non-zero

real number & such that

[1E(p/2)"]| < 1/p, for every n > 0.

Let p and q be integers with p > 2q > 4. If m is an integer, put 6, = 1
when m is odd and 6,, = 0 otherwise. Then, there exist non-zero real
numbers &1 and & such that

-9,
[1&i(p/@)"|] < 47 % for every n > 0,

2(p—q)’
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and

p—2q+ 9,
2(p—q) ’
The first assertion of Theorem 3.16 with p = 3 was first proved by

Akiyama, Frougny and Sakarovitch [33], who established more precisely

that the set of positive real numbers ¢ such that [|£(3/2)"|] < 1/3

for all positive integers n is infinite and countable. Their approach

1&2(p/a)" (] >

for every n > 0.

rests on the representation of real numbers in the base composed of
1/p,q/p%, ¢*/p?, . . .; see also [32] for subsequent results. This shows that
the constant 0.238117 in Theorem 3.14 cannot be replaced by a con-
stant greater than 1/3. For large p, the bound 1/p in Theorem 3.16 is
close to best possible, since, by Theorem 3.14, it cannot be replaced by
1/p—4/p°.

With a similar method it is proved in [248] that for coprime integers
p and ¢ with ¢ > 1 and (V2 + 1)(g — 1) < p < ¢® — ¢, there exists a
non-zero real number &3 such that ||&3(p/q)"|] < (pg —p — q)/(P* — ¢?)
for every n > 0. In some cases, for instance when p/q = 11/4, this gives
a better bound than Theorem 3.16.

A slight improvement of the second assertion of Theorem 3.16 has
been obtained by Dubickas [259] when ¢ is even and p > 2q. Namely, he
established the existence of a non-zero real number &, such that

a(p —2)
2p(p —q)’
Before proceeding with the proof of Theorem 3.16, we state an aux-

iliary result which allows us to get strict inequalities in Theorems 3.16
and 3.18.

[1€a(p/q)" ] <

for every n > 0.

LEMMA 3.17. Let p, q be relatively prime integers with p > q > 1. For
every fized real number £,t with € # 0 and 0 < t < 1, there exist only
finitely many integers n such that {£(p/q)"} =t.

PROOF. This is left as Exercise 3.6. O

PrROOF OF THEOREM 3.16. Let p > ¢ > 2 be integers and A be a
set of integers containing at least ¢ consecutive integers. Let xy be a
positive integer. We construct two sequences (Z,)n>0 and (sp)n>0 of
integers and a real number £ as follows. Let n be a positive integer such
that x,_1 is known. Choose s,,_1 in A such that ¢ divides px,_1+s,_1.
This is always possible since A contains ¢ consecutive integers. Set then
Zp = (PTp—1 + Sn—1)/q. Observe that there may be several possible
choices for s,,_1. Put



8.6 Constructions of Pollington and of Dubickas 71

1 J 1
§i=x0+ = E Sj(g) :I0+*(50+51(g)+“')
p <7 \p P p
J>
and, for every n > 0,

1 q
= L (oo (2) 4.
P P

An immediate induction shows that
&(p/@)" = xn +yn, foreveryn>0.

For the first assertion of the theorem, choose ¢ = 2 and A = {-1,0,1}.
Since x,, := (prnp—1 + Sn—1)/2, we must take s,y = 0 if x,,_1 is even,
but we have two choices for s,,_; if x,,_1 is odd. So we can choose the
sequence (s,),>0 of the form 0%110%2(—1)0%21..., where ki, ko, ... are
non-negative integers. It follows that all the y, belong to the interval
[—1/p,1/p]. Consequently, |y,| = ||£(p/2)"|| for n > 0. Furthermore, if
Yno = £1/p for some integer ng, then y, = y,, for n > ng, a contradic-
tion to Lemma 3.17. It follows that y, € (—1/p,1/p) for n > 0.

For the second statement, choose A = {—(¢ — 1)/2,—(¢ — 1)/2 +
1,...,(¢q—1)/2} ifgisodd and A = {—¢q/2+1,—q/2+2,...,q/2} if q
is even, and take s, in A for n > 0. Assume that ¢ is odd. Then, every
yn belongs to the interval [—(¢ —1)/(2(p —q)), (¢ — 1)/(2(p — q))]. Since
qg—1 < p—gq, we get that |y,| = ||€(p/q)™||. Moreover, we have y,, =
+(¢—1)/(2(p—q)) if, and only if, s, = sp41 = -+ = £(¢—1)/2. Thus, if
Yno = £(¢—1)/(2(p—q)) for some integer ng, then y,, = y,, for n > ny,
a contradiction to Lemma 3.17. We argue similarly when ¢ is even.

The last statement of the theorem is left as Exercise 3.7. O

There are further results if one replaces the function distance to the
nearest integer by the fractional part function. The next statement was
essentially proved in [308], see also [248]. Tts proof is left as Exercise 3.8.

THEOREM 3.18. Let p and q be coprime integers with ¢ > 2 and p > 2q.
Let t be an integer with 0 < t < p — 2q. Then there exists a non-zero
real number & such that t/(p — q) < {&(p/Q)"} < (t+q—1)/(p—q) for
n > 0. In particular, for every odd integer p > 5, there exists a non-zero
real number & such that {&(p/2)"} < 1/(p —2) forn > 0.

The last statement of Theorem 3.18 (with < instead of <) was already
proved by Tijdeman [687] with a method close to that used in the proof
of Theorem 2.14; see Exercise 2.7. For large p, the bound 1/(p — 2) is
close to best possible, since, by Theorem 3.3, it cannot be replaced by a
number smaller than 1/p.
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3.7 Waring’s problem

The content of this section is slightly aside the main theme of the book,
however, we feel that Waring’s problem cannot be omitted when deal-
ing with fractional parts of powers of rational numbers. The reader is
directed to the excellent survey of Vaughan and Wooley [702].

Let n > 2 be an integer. Hilbert [345] proved that there exists an
integer s(n) such that every positive integer can be expressed as the sum
of at most s(n) positive integers, all of which are nth powers. Denote
by g(n) the smallest integer with this property. Observe that the integer
2™ (3/2)™] — 1 can only be represented by the powers 1" and 2" because
it is less than 3™. Since

2"[(3/2)") = 1= ([(3/2)"] = 1)2" + (2" = 1)1",
we have
g(n) >2"+[(3/2)"] — 2. (3.22)

It is known (see e.g. [334, Chapter XXI]) that equality holds in (3.22)
when

2"{(3/2)"} + [(3/2)"] < 2". (3.23)
If (3.23) fails, then
g(n) =2"+[(3/2)"] + [(4/3)"] - 9,

where 6 is 2 or 3, according as

L(4/3)"] - 13/2)" ] + [(4/3)"] + [(3/2)"]

is equal to 2™ or is larger than 2". A quick check shows that, to prove
that (3.23) holds for n, it is sufficient to establish that

13/2)" (1 = (3/4)"~". (3.24)

Mahler showed that (3.24) holds for every sufficiently large n (see Ex-
ercise 3.9), but his method does not enable us to get an explicit upper
bound for the possible values of n for which (3.24) does not hold. By
means of other techniques, Beukers [94] proved that ||(3/2)"| > 2-9/10
for n > 5000. This estimate has been refined by Dubickas [233], Hab-
sieger [331] and Zudilin [751], who established that |[(3/2)™|| > 0.5803™
for every n greater than an effectively computable constant. Note that
the condition (3.23) is known to hold for n up to 471,600, 000.
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3.8 On the integer parts of powers of algebraic numbers

Let @« > 1 be a real number. The problem of deciding whether or
not there are infinitely many composite numbers of the form |a”]| is
closely related to the distribution of ({@"/2}),>1, since we have |a"| =
2|a™/2] whenever {a™/2} < 1/2. If the latter happens for abitrarily
large integers n, then infinitely many elements of the sequence (|a™|)n>1
are even and composite.

The first result on this problem was established in 1967 by Forman
and Shapiro [311], who showed that there are infinitely many composite
numbers in the sequence (|a”|),>1 for o = 3/2 and o = 4/3. The same
conclusion holds for o = 5/4 (see [265]), for a a quadratic unit [178]
and, more generally, for all Pisot and Salem numbers [235, 236]. Further
examples of algebraic and transcendental numbers with this property
are given in [238] and in [37], respectively.

Dubickas [242] introduced the set Z of real numbers o > 1 for which
there is a non-zero real number ¢ such that the integer parts [£a™| are
all even numbers for n > 1. He obtained various results on Z and on its
complement, including examples of real numbers lying in (1, +00) \ Z;
see also [238].

It is proved in [252] that for real numbers £ and v with £ # 0, both
sequences (|£2" +v])p>1 and ([£(—2)" +v]),>1 contain infinitely many
composite elements. Moreover, if £ is irrational, then infinitely many
elements of each of these sequences are divisible by 2 or 3.

3.9 Exercises

EXERCISE 3.1 (¢f. [468]). Establish that, for any non-negative integer
m, the real interval (m,m + 1) contains at most one Z-number. [Hint.
Assume that £ is a Z-number. For an integer n > 0, write z,, = [£(3/2)"]
and put e, = 0 if 2, is even and ¢, = 1 otherwise. Prove that 3{¢} =
g0+ (2/3)e1 +(2/3)%e2 + - - Conclude.]

EXERCISE 3.2. Let p and ¢ be coprime integers with p > g > 1. Compute
the reduced length of ¢X — p. Find assumptions on the real polynomial
P(X) under which ¢(P) can be estimated.

EXERCISE 3.3. Let @ > 1 be a real algebraic number and ¢;X¢ +
-+ @1 X 4 qo its minimal defining polynomial over Z. Put L (a) =
Z?:o max{0,¢;} and L_(a) = E?:o max{0, —¢;}. Let £ be a positive
real number not in Q(«) if v is a Pisot or a Salem number. Prove that
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1 1
limsup{¢a™} > min{i, 7}
im supita”} Io(a) I_(a)
EXERCISE 3.4. By a suitable adaptation of the proof of Theorem 2.5,
establish the ‘if’ part of Theorem 3.9.

EXERCISE 3.5 (¢f. [248]). Prove that the union of three intervals [0, 8/39]U
[18/39,21/39]U[31/39, 1] always contains a limit point of ({£(3/2)"})n>1-
Let n be in [1/5,8/39]. Let £ be a real number such that {£{(3/2)"} is
in (7,97/4) U (1 —9n/4,1 — n) for every n > 0. Define z,,, y,, and s,
as in (3.1) and (3.2) with p/q = 3/2. Prove that s, = 0 or 1 for ev-
ery n > 0 and, more precisely, s, = 0 if y, € (1,9n/4) and s, = 1 if
Yn € (1 —9n/4,1 —n). Let m be the smallest integer such that s,, =1
and one among Sg, 51, - - ., Sm—1 is equal to 0. Recall that (sp)n>0 is not
ultimately periodic. Prove that y,, € (1—27n/8,9n/4)U(1—-9n/4,27n/8)
for every n > m + 1. For n > m+ 1, prove that s, = 0 if, and only if,
s, = 1. Conclude.

EXERCISE 3.6. Prove Lemma 3.17.
EXERCISE 3.7. Prove the last assertion of Theorem 3.16.
EXERCISE 3.8. Prove Theorem 3.18.

EXERCISE 3.9 (¢f. [465]). Let p and ¢ be coprime integers with p > ¢ > 2.
Apply Ridout’s Theorem E.8 to show that, for every positive real number
g, there exists an integer ng(e, p, ¢) such that ||(p/q)™|| > 27" for every

n > no(e,p,q).

3.10 Notes

> Allouche and Glen [43, 44] pointed out that, for b = 2, Theorem
2.1 from [161] was already proved by Veerman [703, 704] and subse-
quently rediscovered by several authors. In [43] they gave a complete
description of the minimal intervals containing all the fractional parts
{£2™} for some positive real number € and all n > 0; see also [415].

> Vijayarhagavan [706] established that, for every integer b > 2
and every irrational number &, the set of limit points of the sequence
({€b"})n>1 is infinite. If, in addition, some integral power of & is equal
to b, he deduced that the set of limit points of the fractional parts of the
powers of ¢ is infinite.
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> Let p and g be coprime integers with p > ¢ > 2. It was shown
in [308] that the set of s in [0,1 — 1/p] for which Z,,,(s,s + 1/p) is
empty is everywhere dense in [0,1 — 1/p]. Bugeaud [145] proved that
this set has full Lebesgue measure. Subsequently, for p < ¢%, Dubickas
[254] established that it is the whole interval [0,1— 1/p]. More precisely,
he proved that, if p and g are coprime integers with 2 < ¢ < p < ¢ and
I is a closed interval of length 1/p of the torus T, then for each non-zero
real number £, there are infinitely many positive integers n such that
{&(p/q)"} does not belong to I.

> Dubickas and Mossinghoff [264] developed algorithms to search
for Z-numbers. They proved that there are no Z-numbers up to 2°7.

> In a series of notes [188-194], Choquet stated various results
(mostly without proofs) on the distribution of the sequence ({£a™}),>1,
mainly in the case o = 3/2.

> Strauch [676], Adhikari, Rath and Saradha [22], and Rath [600]
studied the distribution functions of the sequence ({£(p/q)"})n>1 for
coprime integers p and ¢ with p > g > 2.

> Schinzel [622, 623] studied the reduced length of polynomials with
real coefficients.

> As shown by Dubickas [244], Theorem 3.5 can be extended to
linear recurrent sequences. For example, for any coprime integers p and
q with p > ¢ > 2 and for any non-negative integer ¢, we have
lim sup {ne(p/q)"} — lim inf {nz(p/q)"} > 1/pttL.
n—-+o00 n—-+00
See also [382] for other results on the distribution of ({£u,,})n>1, where
(un)n21 is a recurrence sequence of rational integers.

> The distribution of the sequence ({£(—p/q)"})n>1, for a non-zero
real number ¢ and coprime integers p and ¢ with p > ¢ > 1, has been
studied by Dubickas [245]. Among other results, he proved that, for any
real irrational number £ and any integer b > 2, we have

“+oo
liminf {£(—b)"} < H (1- b—(2’“+(—1>’“*1>/3)7

n—-+oo
k=1

and that the above inequality cannot be replaced by a strict one. He
also established that, for any non-zero real number £, the sequence
({¢(—3/2)"})n>1 has a limit point smaller than 0.533547 and a limit
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point greater than 0.466452. The word z (Definition A.12) plays a key
role in [245].

> Let a > 1 be an algebraic number and £ be a positive real number.
Kaneko [365] established a lower bound for the number of integers n such
that 0 < n < N and {£a™} > min{l/L;(a),1/L_(a)}, where Li ()
and L_(«) are defined in Exercise 3.3.

> Theorem 3.5 has been extended to powers of complex non-real
algebraic numbers in [260].

> Kaneko [363] extended Theorem 3.12 by giving explicit lower
bounds for the largest limit point of (||€a”||)n>1 for a class of algebraic
numbers o of degree at least two. He [364] further established various
results on the greatest limit point of ({{a”}),>1 and on the difference
between the greatest and the smallest limit point of this sequence, when
« is an algebraic number of degree at least two satisfying some addi-
tional assumptions. In addition, he showed that if « is a quadratic Pisot
number whose Galois conjugate as lies in (0,2 — v/2), then, for any
real number £ not in Q(«), the greatest limit point of ({{a™}),>1 is at
least equal to 1/(a — ), with equality when ¢ equals (3, -, a™™')/
(o — ag).

> Independently, Dubickas [234] and Luca [451] proved that if « is
a Pisot number such that {a"} tends to 0 as n tends to infinity, then «
is a rational integer.

> Akiyama and Tanigawa [34] established that, if o is a Salem num-
ber of large degree, then the sequence ({@"})n>1 is not far from being
uniformly distributed modulo one; see also [227]. Additional results on
fractional parts of powers of Salem numbers have been proved by Zaimi
[741, 742].

> Y. Meyer [511] proved that a real number a > 1 is a Pisot or a
Salem number if, and only if, for every € > 0, there exists a positive
real number L such that every real interval of length L has a non-empty
intersection with the set of real numbers & such that ||£a™|| < e for
every n > 1. Further results on Pisot and Salem numbers can be found
in [511].

> Dubickas [248] and Akiyama [32] proved independently that for
coprime integers p and ¢ with p > ¢* + 1, there are non-zero real
numbers £ such that the closure of the set {£(p/q)"}, n > 1, is of
Lebesgue measure zero and even (see [32]) of Hausdorff dimension at
most (logq)/log(p/q), which is less than 1.



3.10 Notes it

> Let (F,)n>0 denote the Fibonacci sequence defined by Fy = 0,
Fy =1and F, 45 = F,,11+ F,, for n > 0. Among other results, Dubickas
[250] proved that, for any real number ¢ not in the field Q(v/5), there
are infinitely many positive integers n such that {{F,,} > 2/3.

> Kamae [361] established that if (my,),>1 is a non-decreasing se-
quence of positive integers tending to infinity and such that 2" /n is
bounded, then the sequence (3" /2™"),,>1 is uniformly distributed mod-
ulo one.

> Chowla and De Leon [195] proved that, if 0 is a limit point of the

sequence (|[v6(v/2 + 1)"/4||)n>1, then the pair (v/2,v/3) satisfies the
Littlewood conjecture, that is, for any positive €, there exists a positive

integer ¢ such that ¢ - ||gv/2]| - |lgv/3]| < e.



4

Normal numbers

Throughout this chapter, b denotes an integer at least equal to 2 and &
is a real number given by its b-ary expansion, that is,

al
E=lel+) r=1E+0 maz..., (4.1)
k>1
where the digits a1,as,... are integers from {0,1,...,b — 1} and an

infinity of the a; are not equal to b — 1.
For a positive integer N and a digit d in {0,1,...,b— 1}, set

Ap(d,N,§) :=Card{j : 1 < j < N,a; =d}.

More generally, for a block Dy, = d; ... dj of k digits from {0,1,...,b—1},
set

Ab(Dk7N,f) = Card{] : 0 S] S N — k7aj+1 = dl, .. .,aj+k = dk}

Often, we identify the block Dy, with the integer dib* 1+ - -+dj_1b+d.
We keep this notation throughout this chapter.

The notion of normal numbers was introduced by Emile Borel [114]
in a seminal paper published in 1909; see also [115, pp. 194-196]. We
reproduce his original definition.

DEFINITION 4.1. Let b > 2 be an integer. The frequency of a digit d
in the b-ary expansion of a real number ¢ is equal to the limit of the
sequence (Ap(d, N,&)/N)n>1 if this sequence converges, and does not
exist otherwise. A real number £ is called simply normal to base b if

every digit 0,1,...,b — 1 occurs in its b-ary expansion with the same
frequency 1/b, that is, if
Ab(da Na 5)
1 =—, ford=0,1,...,6—-1 4.2
Wim T =gy frd=01 (42)
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It is called normal to base b if each of &, b€, b€, . .. is simply normal to
every base b, b%,b3, . ..

There are several equivalent definitions of a normal number, which
are discussed in Sections 4.1 and 4.3. Theorem 4.14 shows the close
relationship between the notion of normality of a real number £ to a
given base b and the distribution modulo one of the sequence (£b™),,>1.
Explicit constructions of normal numbers are given in Section 4.2. The
notion of ‘richness’, which is much weaker than that of normality, is
defined and briefly discussed in Section 4.4. Finally, we study in Section
4.5 the rational approximation to a subclass of the normal numbers
constructed in Section 4.2.

4.1 Equivalent definitions of normality

In the sequel, we often use that (4.2) holds if, and only if, there are
positive integers £y, . .., ¢,—1 such that

. Ab(d7 édN7 5) 1

1 —— 2 = — =0,1,....b—1.

NHHEOO de b’ or d 0, ’ 7b
This fact is easy to check.
Pillai [562] showed that the conditions imposed by Borel are redundant

in part and established the following result.

THEOREM 4.2. Let b > 2 be an integer. A real number £ is normal to
base b if, and only if, € is simply normal to every base b,b?,b>, . ..

Theorem 4.2 was used without proof by Sierpinski [654].

PrOOF. The ‘only if’ part is immediate from Definition 4.1, but some
work is needed to establish the ‘if” part. Let £ be a real number simply
normal to every base b, b2, b3, ... It is sufficient to show that b¢ is simply
normal to every base b, b%,b3,. .. Since

‘Ab(d7 Na f) - Ab(d7 Na b§)| < 17

ford=0,1,...,b—1and N > 1, it is immediate that b¢ is simply normal
to base b. Let j > 2 and r > 2 be integers. Let d =0, ..., — 1. Given
an integer D = 0,...,0"" — 1, write D = dyb/" ' 4 - + d},_ b+ d}, to

base b. Then, express bD — djb/" = dob/™ ! + -+ d, 0% + )b as

bD — dib" = di Y 4 d 6+ d,



80 Normal numbers

to base b7. The cardinality of the set D;(j,r, k) composed of the integers
Din{0,1,...,0/"—1} such that the digit d occurs exactly k times among
di,...,dr-_1 is equal to

(’" . 1) (b — )Tk, (4.3)

since the values of the j digits d} and d},_; ,,...,d}, do not affect the

) gr

values of dy,...,dr_1. It follows from the definition of Dj(j,r, k) that

r—1

Ay (d, Nr,b8) > > k> Ape(D,N,9).

k=1  DeD,(j,rk)

Let ¢ be a positive real number. Since ¢ is simply normal to base b’",
we infer from (4.3) and the binomial identity that, for sufficiently large
N, we have

A (d N1 bE) Nk (T =1\ etk
bzv>;(k )bﬁ(bﬂl) RO )
r—1
= (1 _ T—l)bj(b—jr _ E) Z (; : ?) (b] _ 1)r—2—(k—1)

k=1
=1 —rHp I - e,

thus
. Abj (d7 Na bg) 1—r!
e o
Since (4.4) holds for every digit d =0,...,5 — 1 and
bil Ay (d,N.b) _ |
N - )
d=0
we deduce that
. Api(d,N,bE) 1+ bir~t
e

for d = 0,...,b" — 1. Choosing r arbitrarily large, it follows from (4.4)
and (4.5) that b¢ is simply normal to base b’. Since j > 2 is arbitrary,
we have established the theorem. U

We continue with an easy lemma.

LEMMA 4.3. Let b and r be integers greater than or equal to 2. If a real
number is simply normal to base b", then it is simply normal to base b.
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Proor. Let k be an integer with 0 < k < r. Let d = 0,...,b — 1.
Denote by Dy(r,d, k) the set of integers D from {0,1,...,b" — 1} such
that in the representation D = dib" ' +---+d,_1b+d,., with dq, ..., d,
in {0,1,...,b — 1}, exactly k digits among di,...,d, are equal to d.
Observe that the cardinality py(r, k) of Dy(r,d, k) is given by

i) = ()0 -1

py(r k) = bt (4.6)

and that

S

k=0
by the binomial identity.

Let £ be a real number simply normal to base b". Let € be a positive
real number and Ny be an integer such that

Ay (D,N,&) 1 €
# b7+€DN Wlth |€D7N‘§br7—1’

for every N > Ny and for D = 0,1,...,b" — 1. Let N > Ny be given.
Then, we deduce from (4.6) that

AbdrN§ ‘_‘(Z Z Abr(l;\;N,g))_%

k=0 ' DEDy(r,d,k)
k pb r, k) 1 "
= \Z Z > cow|
k=0 DED},(Td k)
<prt max lepn| < e.

De{0,1,...,br—1}
This proves that & is simply normal to base b. U

The converse of Lemma 4.3 does not hold. Indeed, it is easy to con-
struct explicit examples of real numbers simply normal to a given base
b > 2, which are not simply normal to every base b" with r > 2. Take for
instance the rational number whose b-ary expansion is purely periodic
of period 012...(b—1).

We derive from Lemma 4.3 and Theorem 4.2 a theorem of Max-
field [494].

THEOREM 4.4. Let b > 2 be an integer, and r, s be positive integers. A
real number is normal to base b® if, and only if, it is normal to base b".

Proor. Clearly, it is sufficient to establish the result for s = 1. The
‘only if” part follows directly from Theorem 4.2, so it remains for us to
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establish the ‘if” part. Let r > 2 be an integer and £ be a real number
normal to base b". Let ¢t be a positive integer. By Definition 4.1, £ is
simply normal to base b™* = (b%)", and then to base b’, by Lemma 4.3.
Consequently, ¢ is normal to base b, by Theorem 4.2. O

We have already used several times the one-to-one correspondence
between digits in base b* (that is, elements of {0,1,...,b¥ —1}) and
blocks of k digits in base b (that is, words of length k on {0,1,...,
b—1}). Thus, looking at the expansion of a number to base b* should be
essentially the same as looking at blocks of k digits in its expansion to
base b. This point of view allows us to formulate an equivalent definition
of normality. In his seminal paper [114] (see also [115, p.195]) Borel
also wrote that the characteristic property of a normal number is the
following:

Un groupement quelconque de p chiffres consécutifs étant considéré,
si l’on désigne par ¢y, le nombre de fois que se rencontre ce groupement
dans les n premiers chiffres décimauz, on a

Cn 1

lim — = —.
n—+oo n 10P

This is precisely the content of Theorem 4.5.

THEOREM 4.5. Let b > 2 be an integer. A real number £ is normal
to base b if, and only if, for every k > 1, every block of k digits from
{0,1,...,b—1} occurs in the b-ary expansion of & with the same frequency
1/b%, that is, if and only if,
Nl_ifiloo w = bi’“ for every k > 1 and every (47)
block Dy, of k digits from {0,1,...,b—1}.

Several authors, including Champernowne [184], Koksma [389] and
Copeland and Erdés [203], have taken property (4.7) as the definition of
a normal number. Hardy and Wright [334] stated that property (4.7) is
equivalent to Definition 4.1, but gave no proof.

A complete proof of Theorem 4.5, independent of Theorem 4.2, was
given in 1951 by Niven and Zuckerman [544], and simplified one year
later by Cassels [180]. Theorem 4.5 was applied by Maxfield [493] to
give a short proof of Theorem 4.2.

The ‘if” part of Theorem 4.5 is an immediate consequence of the
next result, established independently by Piatetski-Shapiro [559] again
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in 1951, and which is called the ‘hot spot lemma’ by Borwein and
Bailey [120].

THEOREM 4.6. A real number & is normal to base b if, and only if, there
exists a positive number C such that

Ap(Dy, N C
lim sup M < o, [foreveryk>1 and every
N—+oo0 N b (4.8)
block Dy, of k digits from {0,1,...,b—1}.
To prove Theorem 4.6, we need the following lemma. Recall that

py(n, k) denotes the number of blocks of n digits from {0,1,...,b — 1}
containing exactly k£ times a given digit.

LEMMA 4.7. Letb> 2 andn > 1 be integers. For every integer j such
that 2 < j < (b—1)n or —n < j < —2, we have
pp(bn,n+j) < pore=i"/(4bn)

If n > b, then, for every real number ¢ with n=/3 < e <1, we have

Z pb(bn, n+])+ Z pb(bn7 TL+]) < 214bbn6752n/(10b).
—n<j<—[en] [en]<j<(b—1)n
Proor. If j > 2, then we have
pp(bn,n+3j) (bn—n)(bn—n—1)...(bn—n—j+1)

py(bn,n) (n+1)(n+2)...(n+7)(b—1)
_.n n n (b-1)b-1-1/n)...(b—1—(j—1)/n)
n+1l n+2 "n+j (b—1)

1 2 j—1
<(1*n(b—1))(1_n(b—1))'“<1_n(b—1))

1 2 j—1
<eXp{_n(b_1)_n(b_1)_"'_n(b_1)}

— exp{—j(j — 1)/2n(b — 1)} < exp{—j2/(4bn)},

as well as, in the same way,

py(bn,n — j) 1 2 j—1
bpb(bn,n) - (1_5) (1_E>”'(1_T)
(b—1)
b—-1+1/n)...(b—14j/n)
< exp{—j(j — 1)/2n} < exp{—j*/(4bn)}.

Combined with the obvious estimate

X

pp(bn,n) < pon,
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this gives the first assertion of the lemma. As for the second one, it
is sufficient to note that we estimate a sum of at most 2bn terms, all
smaller than bl’"e_‘EQ”/("‘b)7 and that

anefszn/(élb) — 2bn67352n/(20b)e752n/(10b).

From our assumptions n > b'® and £ > nil/?’, it then follows that

2bne7362n/(20b) < anef?ml/:}/(QOb) < 2bn673(bn)1/4/20 <ol
This concludes the proof. O

PROOF OF THEOREMS 4.5 AND 4.6. We begin with the ‘only if’ part
of Theorem 4.5. Express £ as in (4.1). Assume that £ is normal to base
b and let Dy, be given. Write Dy, as a single digit, say d, to base b*. For
integers 7 = 0,1,...,k — 1 and r > 0, the occurrence of the block Dy
as Qkr4j+1 - - - Qkrtj+k corresponds to the digit d being in the (r + 1)th
position in the expansion of {b/¢} to base b*. Observe that

ﬁi Ape(d,NBE) 1 _ Ay(Dyy Nk,§) _ 15 Ape(d, N, bi€)
k

_ < =
N NTTONE Tk N

Jj=0

Since, by Definition 4.1, the real number b/¢ is simply normal to base
bk for j=0,...,k— 1, we get that
i APk NE 1
N—=TFoo N bk’
as required.

We establish now the ‘if’ part of Theorem 4.6. Let &, b and C' be such
that (4.8) holds. Let » > 1 and £ > b°" be integers. Combine the digits
of ¢ to base b" into blocks of b"¢3 digits. Let d be in {0,1,...,b" —1}. A
block of b"¢3 digits on {0, 1,...,b" — 1} is called a good block if the digit
d occurs in it no more than £3 4+ b"¢? times, and no less than ¢3 — b"¢2
times. Otherwise, the block is called a bad block. It follows from the
second assertion of Lemma 4.7 applied with n = ¢3 and e = b"// that
there are at most

214brbré3efbré/10

different bad blocks of b"¢3 digits on {0,1,...,b" — 1}.

Consider a bad block as a block of 7b™¢3 digits to base b. By assump-
tion, for sufficiently large IV, it occurs no more than 2CNb~""% times in
the prefix of length IV of the b-ary expansion of £. Consequently, viewed
as a block of b"¢3 digits to base b", it occurs no more than 2C’Nr(b7")_bré3
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times in the prefix of length IV of the b"-ary expansion of £, for sufficiently
large N. Consequently, if N is large enough, then the number of occur-
rences Apr(d, N, &) of the digit d among the first N digits in the b"-ary
expansion of £ satisfies

N " T
Apr(d, N, €) < 5 - (63 +0"0%) + (2"°CNre P 10V 63 11703, (4.9)
Let € be a given positive real number. Take ¢ sufficiently large in order
that the right-hand side of (4.9) is less than Nb="(1 + ¢) + b"¢3. This
implies that

hm sup Ab’“ (d7 N7 f)

<
N—+o00 N

1
b
Since the same estimate holds for every digit in {0,1,...,b" — 1} and

b —1

Z Abr(d’,N,S) =N,

d’'=0

we deduce that £ is simply normal to base b". It then follows from The-
orem 4.2 that £ is normal to base b. O

We establish now a result given by Borel [114] in his fundamental
paper.

THEOREM 4.8. Almost all real numbers are normal to all integer bases.

PrROOF. By Theorem 4.2, and since a countable union of null sets is
a null set, it is sufficient to prove that almost all numbers are simply
normal to a given base. Let b > 2 and d be integers with 0 < d <b— 1.
For an integer j and a positive integer n, let Sq,(j) denote the set of
real numbers £ in (0, 1) such that there are exactly n + j digits equal to
d among the first bn digits of the b-ary expansion of £. In view of Lemma
4.7,if —n < j < =2 o0r 2 < j < (b—1)n, then the set Sy (j) is contained
in a union of at most p,(bn,n + j) intervals of the form [¢,, &, + 1/b%7]
of total length at most equal to

bV py (b, m + ) < eI/ (),

Let T and n be positive integers with n > max{b'®, T%}. Let S} (T)
denote the union of the sets Sy, (j) with —n < j < —[n/T] or [n/T] <
Jj < (b—1)n. By Lemma 4.7 applied with ¢ = 1/T, the Lebesgue measure
of 53,(T) is at most 214—n/(106T%) " Gince the series Yot e/ (106T*)

converges, Lemma C.1 implies that, for any given positive integer 7" and
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any d in {0,1,...,b—1}, almost all real numbers & belong to only finitely
many sets S, (), n > 1.
Let now £ be a real number that is not normal to base b. Then, there
exists d = 0,...,b — 1 such that
I Ap(d,bN,€) 1
im ————=%=—
N—+o00 bN b
does not hold. This means that there exist a positive real number 7 and
infinitely many positive integers N such that
Ap(d, BN, &) 1 T 1
> > _=_-——_.7N.
bN bl =5 "N T
Setting T' = [2/7], this proves that & belongs to infinitely many sets
S4 (1), n > 1. Combined with the conclusion of the previous paragraph,
we have established that almost all real numbers are normal to base b.
This implies the theorem. O

In [114] Borel asked for the construction of a real number normal to
all integer bases. We discuss this question in Section 5.2.

4.2 The Champernowne number

The first explicit example of a real number normal to a given base was
given by Champernowne [184] in 1933.

THEOREM 4.9. The real number
& = 0.1234567891011121314.. . .,

whose sequence of decimals is the increasing sequence of all positive
integers, is normal to base ten.

The real number & is often called the Champernowne number. At the
end of his paper, Champernowne stated (without proof) further related
results, including that the real number 0.46891012141516. .. whose sequ-
ence of decimals is the increasing sequence of all composite numbers is
normal to base ten, as is the number 0- x5 ...z, ..., where z,. denotes
the integer part of rlogr, for any positive integer r. He concluded by ‘It
would be reasonable to suppose that the decimal formed by the sequence
of prime numbers is also normal to the scale of ten, but of this I have
no proof’.
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The latter problem was solved in 1946 by Copeland and Erdds [203],
who established the particular case m = 1 of the next statement. It
contains Theorem 4.9 and all the results stated in [184].

For a positive integer ¢ and an integer b > 2, we denote by (c); the
word on {0,1,...,b—1} representing c in base b, and we let ¢,(c) denote
its length. With this convention, we check that 19 = (19)19 = (10011)s
and ¢5(19) = 5.

THEOREM 4.10. Let b > 2 be an integer. Let (c;j);>1 be an increasing
sequence of positive integers such that, for every 6 > 1, we have cy < N
for every sufficiently large integer N. Let m be a real number with m > 1.
Then the real number

0- (Cl)b e (Cl)b(CQ)b e (Cg)b(03)b ey

where the block of digits (c;), is repeated |m® )| times for every j > 1,
s normal to base b.

Theorem 4.10 for m > 1 has not been published previously. Since
the nth prime number is at most equal to a constant times nlog3n,
the next statement, established in [203], is an immediate consequence of
Theorem 4.10.

COROLLARY 4.11. The real number
0.235711131719232931.. .,

whose sequence of decimals is the increasing sequence of all prime num-
bers, is mormal to base ten.

The proof of Theorem 4.10, and of most of the results of the same
flavour, rests on the concept of (e,k)-normality, introduced by
Besicovitch [93].

DEFINITION 4.12. Let b > 2, £k > 1 and ¢ > 1 be integers, and let &
be a positive real number. A finite word W of length ¢ on the alpha-
bet {0,1,...,b — 1} is (e, k)-normal to base b if the total number of
occurrences in W of any combination of k digits is comprised between
(b=F — &)l and (b~F + £){. A positive integer c is (&, k)-normal to base
b if the word (c)p is (e, k)-normal to base b.

We begin with a lemma asserting that there are not too many integers
which fail to be (g, k)-normal to a given base.

LEMMA 4.13. Let b > 2, k > 1 be integers, and let € be a positive real
number with € < 1/2. There exists a positive real number 6 = 6(b, k),
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depending only on b and k, such that the number of integers up to N
which are not (e, k)-normal to base b is less than N1*552, provided that
N is sufficiently large.

PROOF. Let n be an integer with n > bL% and n > 3. Tt follows from
Lemma 4.7 that the number of blocks of b*n letters on {0,1,...,bF —1}
containing more than n(1 + ¢) or less than n(l — &) occurrences of a
given digit is at most equal to

214(bk)bkne—52n/(10bk).

Consequently, there exists a positive real number ¢, depending only on
b and k such that, for n sufficiently large, the number of blocks of length
kbt*n on {0,1,...,b — 1} which are not (&,k)-normal to base b is less
than (bk)(l_‘SEQ)bk”. Thus, for n sufficiently large, the number of integers
between (bk)bk” and (bk)bk(”ﬂ) — 1 which are not (2¢, k)-normal to base
b is less than (b%)?" ("+D(1=0") This implies that, if N is a sufficiently
large integer of the form (bk)bk", then there are at most N1~(5°/2)
integers up to N which fail to be (2¢, k)-normal to base b. The same
holds for every sufficiently large integer N if ¢ is replaced by §/2. This
finishes the proof of the lemma. O

PrOOF OF THEOREM 4.10. Fix a positive integer k£ and an integer N,
which is assumed to be sufficiently large. Set v = f,(cn). Let € be a
positive real number with ¢ < 1/2. For integers h,j with 0 < h <
[m”] —1and 0 < j <wv—1, consider the block

XN = XN,h,j = (Cl)b e (Cl)b e (CN)b e (CN)b(CN)b,j

on base b, where the block (cy)p is repeated h times and (cn)p,; is the
prefix of (cn)p of length j. Let ¢t denote the total number of blocks in
Xy and uy denote the total number of distinct blocks in X .

Set § = 1+ ¢* and assume that N is sufficiently large in order that
cy < NY. By Lemma 4.13, there exists § > 0, depending only on b and
k, such that the number of integers j such that 1 < 7 < N and the block
(¢j)p is not (e, k)-normal to base b is at most N80

There are at most b[v(1=¢")1 positive integers j such that the repre-
sentation of ¢; to base b has length less than or equal to [v(1 — 3)].
Thus, there are at least N — b*(1=¢")] integers j such that 1 < j < N
and £,(cj) > [v(1 — €3)]. Consequently, the length Ly of the block Xy
satisfies

Ly > v(l — &%) m?0=) (N — 1 — plv(=<MT),
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and the same argument also gives that
Ly >v(1—¢)(tn — (bm) rl’(l_sg)]).
Observe also that, since b~ ! < ¢ < b”, we have
V0 < N < ey < b (4.10)

In particular, we get N > 2b/*(1=¢M)1 and ty > 2(bm)v1=<)1,
Let Dy, be a block of k digits from {0, 1,...,b—1}. Taking into account
the overlaps, we deduce that

Ap(Di, Ln,§) 1 ktn
Ly ST L= (tn — (b))

VmuN(lftssz)O

n : : 411
V1= mra- (V- 1—proony 1D
1 2%k 2m€3l/N(17662)971
< -z ’
bk+€+u(1—£3)+ 1—¢g3

for N sufficiently large. It follows from (4.10) that v > (log N)/(logb)
and

me Y NA=0e)0-1 < 1y e® N(eP0(logm)/(log ) +(1-0e) (1+e") =1 (4 19)

If ¢ is sufficiently small, then the right-hand side of (4.12) is at most
equal to mN—%*/2_ For N large enough in terms of £ and k, we deduce
that the left-hand side of (4.11) is less than b~ + 2¢. We conclude by
applying Theorem 4.6. O

4.3 Normality and uniform distribution

Unsurprisingly, the notion of normality to base b for a real number £ is
deeply related to the distribution modulo one of the sequence (£b™),>1.
The next theorem was proved by Wall [725] in his Ph.D. thesis.

THEOREM 4.14. Let b > 2 be an integer. The real number £ is normal
to base b if, and only if, the sequence (£b™),>1 is uniformly distributed
modulo one.

PROOF. Assume first that the sequence (£b™),,>1 is uniformly distribu-
ted modulo one. Let Dy = d; ...dj be a block of k digits on {0,1,...,
b—1} and put




90 Normal numbers

Let £ = [£] + 0 ajaz... be the b-ary expansion of £ given by (4.1).
Observe that, for n > 1, the block a,an41 ... ap+r—1 is identical with
the block dj .. .dy, if, and only if, {b"~1£} is in [u,v). Consequently, for
N > k, we have

Ap(Dy, N, &) =Card{n: 1 <n <N —k+1,u < {1} <v}. (4.13)
Combined with our assumption
1 <n< < i
lim Card{n 17n7N,u7{§b}<v}:vi 1’
N—+oco N bk
it then follows from Theorem 4.5 that £ is normal to base b.
Conversely, let ¢ be a real number normal to base b. Let u,v be real

numbers with 0 < u < v < 1. Observe that, in view of Theorem 4.5
and (4.13),

1 <n< < i
lim Card{n:1<n < N,u<{& }<v}:v
N—-+4o00 N

—Uu

holds if v and v are rational numbers whose denominators are powers
of b. Let £ be a positive real number. There exist rational numbers
u1, V1, U2, V2, whose denominators are powers of b, such that u; < u <
Uy < vg < v <wp and us —uy < €, v1 — V2 < €. Since, for every positive
integer N, we have
Card{n:1<n < Nyu; <{&"} <wv}

<Card{n:1<n< Nu<{"} <v}

< Card{n:1<n < Nuy <{&"} < va},
we deduce that, if N is large enough, then
Card{n:1<n < N,u < {&{"} <wv} <

—u—2e < — 2
v—u e < N v —u-+2€
holds. As ¢ is arbitrary, this proves that the sequence (£b™),,>1 is uni-
formly distributed modulo one. [

This point of view allows us to define normality in a non-integer base.

DEFINITION 4.15. Let « be a real number with |a| > 1. The real number
¢ is said to be normal to base « if the sequence ({a™),>1 is uniformly
distributed modulo one.

We conclude this section by a restatement of Corollary 1.9 and Exer-
cise 1.2.

THEOREM 4.16. Let a be a real number with |a| > 1. Then, almost
every real number & is normal to base «.
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In the special case where v > 2 is an integer, this gives an alternative
proof of Theorem 4.8.

4.4 Block complexity and richness

To prove that a given real number is normal to some integer base is
often much too difficult. We introduce in this section the weaker notion
of richness (sometimes also called disjunctivity). It seems that this notion
first appeared in theoretical computer science and not in number theory;
see [202]. Note that the terminology ‘rich’ has been used since 2008 in
combinatorics on words with a different meaning.

Let b > 2 be an integer. A natural way to measure the complezity
of a real number £ whose b-ary expansion is given by (4.1) is to count
the number of distinct blocks of given length in the infinite word a =
aijasas ... As in Section A.1, for an infinite word w on the alphabet
{0,1,...,b— 1} and for any positive integer n, we denote by p(n,w,b)
the number of distinct blocks of n letters occurring in w. Furthermore,
we set p(n,&,b) = p(n, a,b) with a as above. Clearly, we have

p(n,&,b) = Card{arar41 ... g4n_1: k> 1}

and

1 <p(n,§b) <", (4.14)

where both inequalities are sharp (take for example the analogue in base
b of the Champernowne number . to see that the right-hand inequality
is an equality for certain real numbers &).

THEOREM 4.17. Let b > 2 be an integer and & be a real number. If £ is
irrational, then we have p(n,&,b) > n+ 1 for every positive integer n. If
& is rational, then there exists a positive constant C, depending only on
& and b, such that p(n,&,b) < C for every n > 1.

PROOF. Recalling that £ is rational if, and only if, its b-ary expansion is
ultimately periodic, the theorem is a reformulation of Theorem A.3. [

For every integer b > 2, there exist uncountably many real numbers &
such that p(n,&,b) = n+ 1 for every positive n; see Theorem A.5.

For an infinite word w on {0,1,...,b — 1} and for positive integers
n,n’ we have

p(n+n',w,b) < p(n,w,b)  p(n', w,b).



92 Normal numbers

This implies that the sequence (log p(n, w,b)),>1 is subadditive, thus,
((log p(n, w,b))/n)p>1 converges. We then set

1 b

E(w,b) := lim log p(n, w,b)

n—-+o0o n
and observe that 0 < F(w,b) <logb, by (4.14).

DEFINITION 4.18. Let b > 2 be an integer. The entropy to base b of a
real number £ is the quantity

E(e,b) = lim 18PMLEY)

n——4oo n

The set of real numbers ¢ such that E(£,b) = 0 for some b > 2 has
zero Hausdorff dimension; see Exercise 4.5.

DEFINITION 4.19. Let b > 2 be an integer. The real number £ is rich
(or disjunctive) to base b if p(n,&,b) = b™ for every n > 1.

Clearly, every real number normal to base b is also rich to base b,
but the converse does not hold. The next result, whose proof is left as
Exercise 4.6, was established in [278]; see also [342].

THEOREM 4.20. Let b > 2 be an integer, and r, s be positive integers.
A real number is rich to base b® if, and only if, it is rich to base b".

By arguing as in the proof of Theorem 4.14, it is easy to show that
the real number £ is rich to base b if, and only if, the sequence (£b™)n>1
is dense modulo one.

4.5 Rational approximation to Champernowne-type numbers

The aim of the present section is to investigate the quality of rational
approximation to certain real numbers which have been proved to be
normal to a given base in Theorem 4.10. The first result in this direc-
tion was proved in 1937 by Mahler [462, 463], who established that the
Champernowne number &, is transcendental and is not a Liouville num-
ber; see [472, p. 136] for an anecdote on Mahler’s life. This is a particular
instance of a more general result; further extensions of which have been
given in [50, 462, 463, 470, 748, 749].

DEFINITION 4.21. Let b > 2 be an integer. Let a and n be positive inte-
gers. We denote by Wj 5, o the integer, written in base b, whose digits are
the concatenation, in non-decreasing order, of a copies of every positive
integer having exactly n digits in base b.
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Note that Wig,1,2 = 112233445566778899. The special case ¢ = 1 of
Theorem 4.22 was established by Mahler [462, 463].

THEOREM 4.22. Let b > 2 be an integer and ¢ > 1 be a real number.
Then, the real number &, . whose b-ary expansion is given by

{b,c =0- Wb,l,[c] Wb,Q,Lcﬂ ce Wb,n,Lc”J ce

is normal to base b, transcendental, and is not a Liouville number.

Observe that £10,1 is the Champernowne number &.
The key lemma for Mahler’s proof of Theorem 4.22 is the following
result.

LEMMA 4.23. Let b > 2 be an integer. Let a and n be positive integers.
Then, the integer Wy .o has ezactly

Do = nab"_l(b -1)
digits, and

(a+1)n—1 _ pn—1 1 (a+1)n _ pn 1
b L, b b+ (415)

n = 1)(bo — 1) (b — 1) (b — 1)

Wb,n,a =

PRrROOF. We follow the proof of Mahler [470]. Since exactly b™ — b"~1
integers have n digits in base b, the first assertion is clear. For the second
one, observe that

b"—1
Wb,n,a = bDb,n,a Z k(b_n + b—2n N b—an) b_an(k,_bn—l)
k=bn—1
1 b*a’ﬂ bnibn—lil
_pDona = 7 n—1 —ank
L v DI Cae L
k=0
—an —an(b™— n—1
= bDb,n,a i <bn71 b (b b ) - 1+
b —1 p—an _ 1

(bn _pn-1 1)b7an(b"7b"_1+1) (bfan _ 1) _ bfan(bnfb"_lfl) +1 )
ban(l _ bfan)2

1—pan _bn—l p—an
— Dbm,,a
b m-1(km—fﬂwm—nﬂ+
1 —pan ( bnfl (bn _ bnfl _ 1)(b7an _ 1) -1 )
pn—1 p—an _ 1 (b—an _ 1)2 !

This proves the lemma. O
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The important feature of Lemma 4.23 is that all the integers occurring
n (4.15), except bP¥ma  are much smaller than b”%n.a. Consequently,
the Champernowne number £. can be expressed as a lacunary sum
> Torer
f )
= 10f(n)
where f is a rapidly increasing integer-valued function and ¢, is a rational
number whose denominator and numerator are small compared to 10/

As will be clear in the proof of Theorem 4.22, this is the key point for
establishing that &, is transcendental.

Proor oF THEOREM 4.22. It follows from Theorem 4.10 that &, . is
normal to base b for b > 2 and ¢ > 1. Thus, it only remains to prove that
&b,c 1s transcendental and not a Liouville number. For a positive integer
n, put

b[c"'+1j(n+1)+n —b 41 ch"’jn+n a1
(anrl _ 1)(b[c”+1j(n+1) _ 1) (bn _ 1>(b|_c"jn _ 1)

Ty =

and

dp = (b—1) zn: G . (4.16)

We deduce from Lemma 4.26 that
= 1.

gb,c Nir}kloo gb,c,Nv

where, for any positive integer N, we have set

plel i
Eb,e,N = m +Z T b

Let N > 2 be an integer. Define

N+1
gy = b [T " = nl I —1). (4.17)

n=1

Then, py := gn&p,c,n is an integer which may not be coprime with gn.
Observe that the height H (& ¢, n) of &.c,n (see Definition E.4) is at most
equal to qy. Note that

_ CN+1 CN
i Z] (bey = 21 N (o) (bg 1321)(1) L )
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and
N+1

> (n+1)[e"] < (N+1)(N+2)cN (4.19)

n=1
Let ¢ be a positive real number. The combination of (4.16), (4.17), (4.18)
and (4.19) shows that, for N large enough, we have
T <qnypr < gt bV < gy < pINOFE) (4.20)

and
0< |€b,c - gb,c,Nl < Qb_dN+1
< Qq;[(b‘:**f)/(l%f) < 2H(£b,C7N)7(b67E)/(1+6)~

Except when b = 2 and ¢ = 1, by taking e sufficiently small, we deduce
from the Roth Theorem E.7 that &, . is transcendental. To get the same
conclusion if b = 2 and ¢ = 1, we apply Ridout’s Theorem E.8; see
Exercise 4.7.

It only remains for us to prove that &, . is not a Liouville number. We
show that, since &, . has many good rational approximations, it cannot
be too well approximated by rational numbers. First, note that

—3/2
&b, — PN /an| < qy /

and
|€b.c — PN /an| > pdn+172 > q;;bc_l, (4.21)
for every sufficiently large integer N. Let p/q be a rational number with
q positive and large. Let N be such that qy_1 < (2¢)% < qn. If p/q #
PN /qn, then we have
&,c —p/al = [p/a — pn/an| = [§b,c — PN /an]
—3/2
> 1/(qqn) — ax”’
>1/(2qqn) > q 7 lqy"t > ¢
Otherwise, we get from (4.20) and (4.21) that

—be— —(b 2 _ 2
(b — p/a] = |€b.e — P /an| > gy > gyt > g2+,

Consequently, for every rational number p/q with ¢ positive and suffi-
ciently large, we have

2
& — p/q| > 20+,

This shows that the irrationality exponent of &, . is finite, thus, &, is
not a Liouville number. O
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4.6 Exercises

EXERCISE 4.1. Let @ > 1 be a real number and r > 2 be an integer.
Prove that if £, o, €02, ..., a1 are all normal to base a”, then £ is
normal to base a.

EXERCISE 4.2 (cf. [494, 725]). Let b > 2 be an integer and & be a real
number normal to base b. Prove that &/(b* — 1) is normal to base b for
every positive integer £. Prove that r£ is normal to base b for every non-
zero rational number r. Deduce that, for every coprime positive integer
m, n, the quadratic number /m/n is normal to base b if, and only if,

\/n/m (vesp., /mn) is normal to base b.

EXERCISE 4.3. Let b > 2 be an integer. Prove that a real number ¢ is
normal to base b if, and only if, £ is normal to base —b.

EXERCISE 4.4. Prove that a real number £ is rich to an integer base b > 2
if, and only if, E(£,b) = logb.

EXERCISE 4.5. Prove that the set of real numbers whose expansion to
some integer base has zero entropy has Hausdorff dimension zero.

EXERCISE 4.6. Prove Theorem 4.20.

EXERCISE 4.7. Apply Ridout’s Theorem E.8 to prove that the number
2.1 defined in Theorem 4.22 is transcendental.

4.7 Notes

> Long [449] proved that & is normal to base b if, and only if, there
exist positive integers m; < mg < ... such that ¢ is simply normal to
all of the bases b™¢, i > 1. No finite set of m; suffices.

> Let b > 2 be an integer. Hertling [344] proved that, if r and s are
positive integers such that s > 2 and r does not divide s, then there are
uncountably many real numbers which are simply normal to base b but
not simply normal to base b°. The set of real numbers having the latter
property has full Hausdorfl dimension [155].

> An alternative proof of Theorem 4.4, using automata and results
from symbolic dynamics, was given by Blanchard [104]. He also proved
that real numbers which are near normality to base b" (resp., b) are also
near normality to base b (resp., b"); see [105] for further results.
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> According to Hanson [332], a real number & is quasi-normal to
base b if every number derived from the b-ary expansion of £ by selecting
those digits whose positions form an arithmetic progression is simply
normal to base b. He proved that every number normal to base b is also
quasi-normal to base b, but the converse does not hold.

> In his Ph.D. thesis, Wall [725] proved that the product of a non-
zero normal number by a non-zero rational number and the sum of
a normal number and a rational number are normal. This result was
established independently in [185], and later reproved by Doty, Lutz
and Nandakumar [229] by means of totally different methods. Maxfield
[492] proved that every non-zero real number is the sum (resp. product)
of two normal numbers. Consequently, the set of numbers normal to base
b is not closed under multiplication.

> Let b > 2 be an integer. Let N'(b) denote the set of real numbers
normal to base b. Wall’s result can be reformulated as N'(b) +r = N (b),
for every rational number r. It is quite obvious that there exist irrational
numbers 7 such that N (b) + v = N(b) (some Liouville numbers for
example). Non-trivial examples of such 4’s were given by Spears and
Maxfield [659]. A characterization of those 7’s, given by Rauzy [604],
has been used by Bernay [77] to show that they form a set of zero
Hausdorft dimension.

> The hot spot lemma has been improved by Bailey and Misi-
urewicz [57]; see also [210]. Piatetski-Shapiro [560] improved Theorem
4.6; see also [529].

> A proof of Theorem 4.9 was also given by Pillai [562] (the argu-
ments in [561] are not correct). At the end of [561], he asked whether the
number 0.248163264128 ... formed of the increasing sequence of powers
of 2 is normal to base ten. This question remains open.

> Theorem 4.9 was subsequently generalized by several authors.
Davenport and Erd8s [215] proved that, if f(X) is a polynomial tak-
ing positive integer values at positive integers, then the decimal O -
f(1)f(2)... is normal to base ten. For f(X) = X2, this was proved
by Besicovitch [93], who in fact established that the squares of almost
all integers are (&, k)-normal. A common generalization of the result
of Davenport and Erdés and of Corollary 4.11 was obtained by Nakai
and Shiokawa [537]. The result of Davenport and Erdds was extended
by Madritsch, Thuswaldner and Tichy [459] to numbers generated by
the values of entire functions; see also [534-536, 683] and [436, 437]
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for higher-dimensional generalizations. Schiffer [621] also generalized the
construction of Davenport and Erdés to 0-(f(1)+d1)(f(2)+dz) - - -, with
f(X) as above and (d,),>1 being a bounded sequence of positive ratio-
nal numbers. Discrepancy estimates are given in [232, 536, 621], where
among other results it is shown that there exists a positive constant c
such that Dy ((£c10™),>1) > ¢/(log N) for every N > 2.

> For any integer b > 2 and any positive real number 6 < 1,
Shiokawa [649] constructed an increasing sequence (c;);>1 of positive
integers satisfying z¢ < Zj:cj < 1< b2x?, for every sufficiently large
x, and such that the real number 0 - (¢1)p(c2)p(c3)p ... is not normal
to base b. This shows that the growth condition in Theorem 4.10 is
essentially best possible.

> Lehrer [423] described a game between two players which can be
used to construct normal numbers to a given base.

> An alternative proof of the theorem of Copeland and Erdés was
given in [330].

> Properties of some dyadic Champernowne-type numbers have
been studied in [226, 650].

> Further constructions of real numbers normal to a given base have
been given by De Koninck and Kétai [219-222].

> Let b > 2 be an integer. G4l and G4l [317] proved that the
discrepancy Dy ((€0")n>1) is O((N~!loglog N)'/?) for almost all real
numbers £. Levin [433] constructed explicitly real numbers £ for which
Dn((€0™)n>1) = O(N~1(log N)?). In view of Theorem 1.13, this is close
to best possible. Earlier and related works include [400, 412, 413, 426—
428, 431, 435, 586, 616, 617, 737].

> For small variations around Theorem 4.14, see [648].

> Two criteria of non-uniform distribution modulo one for sequen-
ces (€b™)p>1, where b is an integer with |b] > 2 and ¢ is a real number,
are given in [530].

> For k > 1, let non-negative real numbers p(dy, . .., dx) be defined
for each k-tuple (dy,...,dy) in {0,1}*. Assume that these numbers sat-
isfy 1(0) + (1) =1 and

,U/(dl,-.-,dk) ::u(07d27'"adk)+u(17d27"'adk)
p(dy, .. dg—1,0) + pld, . .. dr—1,1),
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for k > 2. Ville [711] (see also [584]) has contructed explicitly real num-
bers £ whose binary expansion { =", -, ar /2% is such that

lim As(dy .. .dg, N, &)
N—+oo N

= ,U’(dl,"'adk)v

for each k-tuple (dy,...,d;) in {0,1}*, with k > 1; see also [516].

> For an integer b > 2 and a real number £, denote by V(£,b) the
collection of all limit points (in the weak-* topology) of the sequence
(Vn)n>1 of probability measures defined by

I
-

n

vn(f) = e, fedi (D).

S|
<.
Il
o

The set V(&,b) is a non-empty closed and connected subset of the set
I(b) of all probability measures on T invariant under the transforma-
tion T} : & — bx. Conversely, Colebrook [200] established that, given a
non-empty closed and connected subset V' of I(b), there always exists
a number £ such that V(£,b) = V. This extends an earlier result of
Piatetski-Shapiro [559], who dealt with the case where V' is reduced to
one probability measure; see also [269]. Volkmann [718] established that
V(mé/n,b) = T, 1T, V(£,b) holds for every real number ¢ and every
positive integer m, n.

> Let b > 2 be an integer. For a real number £ and an integer n > 1,
let py,., () be the point in the simplex

Hy ={0<uzp,21,...,0-1 <1:zog+a1+ - +xp_1 =1}
with coordinates
(Ab(07na§)/na Ab(lvna 6)/71’ e ?Ab(b - 17”3 6)/77’)

Denote by V;(€) the set of limit points of the sequence (ppn(§))n>1-
Volkmann [714] proved that, given any closed, connected set S included
in Hp, there exist real numbers £ such that V,(§) = S.

> Pellegrino [555] established that if 0 - ajagas ... is normal to a
given integer base, then the real number 0 - ajajasajasas ..., whose
sequence of digits is the concatenation of all blocks a; ...a,, has the
same property. Various modifications of normal numbers (including by
transducers) have been considered in [25, 51, 266, 267, 682, 719].
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> A subset S of the set of finite words on {0, 1} is called a selection
rule. For a selection rule S and a real number £ whose binary expan-
sion reads 0 - ajas. .., we define g := 0 - at,aq, . .., where {t; < t3 <
..} ={i:aaz...a;—1 € S}. We call the real number s proper if
limsup;_, 4 t; /j < +0o0. A selection rule S is said to preserve normality
if for any normal number £ such that £g is proper, £g is also a normal
number. Two kinds of selection rules have been considered: oblivious
ones, which correspond to increasing sequences (n;);>1 for which {g =
0-an,an, ..., and selection rules that depend on the input sequence.
Kamae [359, 362] (see also [340]) proved that an oblivious selection rule
preserves normality if, and only if, (n,),>1 is completely deterministic in
the sense of Weiss (see Chapters 1 and 8 of [730]). Agafonov [24] (see also
[638]) established that selection by a finite automaton (or, equivalently,
by a regular language) preserves normality, a result later extended by
Kamae and Weiss [362]. Merkle and Reimann [507] have shown that Aga-
fonov’s result cannot be extended to certain more complicated classes of
languages.

> Mendes France [496] proved that, for every real number £ normal
to base 2 and whose binary expansion is given by 0 - ajas ..., for every
finite sequence ¢; < ... < £, of positive integers, the number 0-b1b, .. .,
with 1 — 2b, = [, (1 — 2ak4¢,) for k > 1, is also normal to base 2.
An extension to any integer base b > 2 is given in [498]. Some special
non-normal numbers are considered in [497, 498]; see also [325].

> Let b > 2 be an integer. Mauduit and Moreira [489, 490] computed
the generalized Hausdorff dimensions of sets of real numbers having zero
entropy to base b. They subsequently considered the case of positive
entropy [491].

> Amou [49] studied the approximation to the Champernowne num-
ber by algebraic numbers of bounded degree. It follows from a result
established in [10] that the real numbers defined in Theorem 4.22 can-
not be U-numbers (see Definition E.13).

> Let b > 2 be an integer. Slivka and Severo [657] studied various
ways to decompose the set of numbers in [0, 1] which are simply normal
to base b.

> Let I be an interval in [0,1). For £ in [0,1) and an integer n > 1,
put d,(§) = 1 if an odd number of the real numbers {£},{2¢}, ...,
{2771¢} are lying in I, and put d,(£) = 0 otherwise. We say that & is
a normal number mod 2 with respect to I if (d1(€) + --- + dn(&))/N
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tends to 1/2 as N tends to infinity. If I is not the interval (1/5,5/6), it
is proved in [187] that almost every £ in [0,1) is a normal number mod 2
with respect to I. Furthermore, if I = (1/6,5/6), then, for almost all ¢
in [1/3,2/3] (resp. in [0,1/3]U[2/3,1]) the above arithmetic mean tends
to 2/3 (resp. to 1/3).

> Let b > 2 be an integer. Ki and Linton [381] proved that the set of
real numbers simply normal to base b and the set of real numbers normal
to base b are IT3-complete. It is an open problem to decide whether the
set of real numbers which are normal to at least one integer base is
39-complete; see [376] for an introduction to the Borel hierarchy.

> Saldt [618] proved that the set of simply normal numbers and the
set of real numbers which are normal to every integer base are of the first
Baire category (that is, are meagre sets). His result has been extended in
many different directions; see [35, 36, 350, 545, 642] and the references
quoted therein. Pushkin and Rakhmatullina [593] proved that, for b > 2
being given, the set of real numbers £ such that each digit 0,1,...,b—1
occurs infinitely many times in the b-ary expansion of £ is a set of second
Baire category.

> Maxfield [494] called the real d-tuple (&1, ..., &) a normal d-tuple
to base b if the sequence ((£107,...,&¢D™))n>1 is uniformly distributed
modulo one in R4,

> Postnikov [582] gave a geometric form to Champernowne’s
construction and, for a given Gaussian integer a + ib with ab # 0, he
constructed a complex number « + i3 such that the sequence of frac-
tional parts ({(a +i8)(a + ib)"}),>1 is uniformly distributed in [0, 1]?
(it is understood that {z +iy} = {«} +i{y} and that C is identified with
R?); see also Polosuev [577]. Explicit constructions of normal numbers
in matrix number systems have been given by Madritsch [457, 458].

> A set S of real numbers is called a normal set (ensemble normal
in French) if there exists a real sequence (t,)n>1 such that ({t,,)n>1 is
uniformly distributed modulo one if, and only if, £ is in S. By Theorem
4.14, for any integer b > 2, the set of real numbers which are normal
to base b is a normal set. The study of normal sets was originated by
Mendes France [499, 500], who proved that the set of transcendental
numbers is a normal set, and continued by Y. Meyer [508-510], Rauzy
[602, 603], Dress [231], Zame [746], Mauduit [485, 486], J.-P. Borel [117-
119], Coquet [204], Watson [727], among others.
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Further explicit constructions of normal and
non-normal numbers

In Section 4.2, we have constructed explicitly real numbers which are
normal to a given base. In the first section of this chapter, we describe
another class of explicit real numbers with the same property. Then, we
discuss the existence of explicit examples of absolutely normal numbers.

DEFINITION 5.1. A real number is called absolutely normal if it is normal
to every integer base b > 2. A real number is called absolutely non-
normal if it is normal to no integer base b > 2.

We briefly and partially mention in Section 5.2 the point of view of
complexity and calculability theory. Then, in Section 5.3, we give an
explicit example of an absolutely non-normal irrational number. We end
this chapter with some words on a method proposed by Bailey and
Crandall to investigate the random character of arithmetical constants.

5.1 Korobov’s and Stoneham’s normal numbers

In 1946 Good [324] introduced the so-called ‘normal recurring decimals’.
Integers b > 2 and k£ > 1 being given, he constructed rational numbers
¢ whose b-ary expansion has period b* and is such that every sequence
of k digits from {0,1,...,b— 1} occurs in the b-ary expansion of £ with
the same frequency b~*. An example with b = 2 and k = 3 is given
by the rational 23/255 with purely periodic binary expansion of period
00010111. A similar result was independently proved by de Bruijn [143]
also in 1946. A few years later Korobov [396, 397] (see also [584]) consid-
ered the normal recurring decimals of Good from a different point of view
and constructed by a different method what he called a ‘normal periodic
system’. We refer the reader to the addendum of [674] for a discussion
showing that the constructions of the normal recurring decimals of Good

102
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and the normal periodic systems of Korobov have actually been studied
by many authors since a paper of Flye Sainte-Marie [309] published in
1894.

Stoneham [667] considered the b-ary expansion of negative powers p~™
of an odd prime p, assuming that the integer b > 2 is a primitive root
modulo p?, and showed that the distribution of the digits in the recurring
part of the period is (e, k)-normal in the sense of Besicovitch [93] (see
Definition 4.12) when n is large. Subsequently [669-675], he extended
his results to broad classes of rational numbers and applied them to
construct normal numbers. For instance, in 1973, he proved [672] that

the real number
1
§s,2,3 1= Z 37937
j=>1

is normal to base 2. The aim of this section is to establish this result
and several of its extensions.

We follow the method developed by Bailey and Crandall [56] to es-
tablish Theorem 4.8 of [56], which we reproduce below.

THEOREM 5.2. Let b and c be coprime integers, both at least equal to
2. Let (m;);>1 and (n;);>1 be increasing sequences of positive integers
such that (nj41 — nj)j>1 is non-decreasing and there exist v > 1/2 and
an integer jo with
M+l =My My — M1
cYmi+1 - Y

for > jo. (5.1)

Then, the real number

£=). cnjzmj (5.2)

j>1
is normal to base b.
We point out a particular case of Theorem 5.2.

COROLLARY 5.3. Let b and c be coprime integers, both at least equal to
2. Let d > 2 be an integer. Then, the Stoneham number

1
£s,p,c = Z T (5.3)
j>1

and the Korobov number

§Kbe,d = Z —— (5.4)

di cdj
¢ b

are normal to base b.
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To show that Corollary 5.3 follows from Theorem 5.2, it is sufficient to
note that for the real numbers defined by (5.3) and (5.4) the inequality
(5.1) is satisfied with v = 2/3.

Korobov [395] proved that the numbers £k p .4 defined in Corollary
5.3 are normal to base b. For the sake of simplicity, we content ourselves
to establish Theorem 5.2 when ¢ is an odd prime number. Its proof differs
greatly from that of Theorem 4.10 and involves exponential sums.

The strategy of the proof is inspired by the dynamical point of view
developed by Bailey and Crandall [55] and briefly presented in Section
5.4. With a number of the form (5.2), we associate the sequence of ra-
tional numbers (x,,),>0 defined by zo = 0 and, for n > 1, by

Ty = {bxy,_1}, if n is not an element of (m;);>1,
and
1 .
$mj = {bxmj_l + CTJ}, for Vi > 1.

For j > 1, setting a; := x,,c"7, we see that a; =1,

al ba1
mO:"':xmlflzoa xm1:Cn17xm1+1: o P
me—ml_lal a; baj (5 5)
LTmy—1 — 76'”1 gee ,J}mj = 7an ,.ij_;’_l = o s .

bmj+17mj71aj
-~-ax7nj+1—1: T E R

and a1 = bt T M1 T Mg + 1, for § > 1.

chi

LEMMA 5.4. Let & be given by (5.2) and let (xn)n>0 be the sequence
associated to & as defined above. Then, £ is normal to base b if, and only
if, the sequence (zn)n>0 s uniformly distributed in [0,1].

PROOF. Put myg = 0. For m > mq, let j be the index defined by
m; < m < mj41 and observe that

J — _
bm mp bm mp
o =3 + 2
chh chh
h=1 h>j+1
and
J bm—mh
x pry
m Cnh b
h=1
thus,
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Since n; tends to infinity with j, it follows from Exercise 1.1 that the
sequence (£b™),,>1 is uniformly distributed modulo one if, and only if,
the sequence (z,)n>0 is uniformly distributed in [0, 1]. This proves the
lemma. O

The key tool for the proof of Theorem 5.2 is an estimate for exponen-
tial sums. We need two auxiliary lemmas.

Let p be an odd prime number and n a positive integer. Let b > 2 be
an integer not divisible by p. The next lemma shows that the rational
numbers 1/p", b/p™, b%/p", ..., b4 EP")=1 /pn are quite well distributed
modulo one. This is a particular case of [401, Lemma 2]; see also [402].

LEMMA 5.5. Let p be an odd prime number and b > 2 be an integer
coprime with p. Let h be a non-zero integer and n a positive integer. Set
d = ged(h,p"). If d=1 ord < ord(b,p™)/ord(b, p), then, for any integer
J=0,1,...,0rd(b,p"), we have

J-1 n

2imhbd /p™ ]ﬁ(l 1 ]L)
‘Ze < d +0gd .

PROOF. Set 7 = ord(b,p™). For an integer f and a positive integer a
coprime with p™, consider the sum

T—1
ola, f) =3 e2im@ [y i),

Jj=0

From the equality between fractional parts

abj+T ] b‘] .
{ +f(]+7)}:{a7+f7]}’
pn T pn T
we get that, for any integer /¢,
T—1 ] 1 |
o(a, f) = Z o2im(ab?t /pt - f (i) /7)) _ 2imfe/T Z o2im(ab " )

j=0 Jj=0

Hence,

T—1
lo(a, )] = | 3 emCer 413/
7=0
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Noticing that the integers ab, ab?, ..., ab” are pairwise incongruent mod-
ulo p™ and coprime with p™, we deduce that

T T—1
Tlo(a, HP =) ‘Z 2im(ab v o+ 137
=1 j=0
p" -1 ) 2
< ’ e2z‘7r(mbJ /p"+fi/T)
m=1 j=0
T—1 p" )
_ (GQiTr(f(h—j)/T) 3 eZiw(m(b”—bJ)/p")> —
h,j=0 m=1
whence,
o(a, )l < Vp™ (5.6)
Let h be a non-zero integer coprime with p™. For J =0,1,...,7, we have
J—1 ) 1 T J-1 T—1 )
2imhb? p" | _ ‘ 1 —2infe/T 2im(hb? /p"+1/7)
1 T J—1 T—1 ) (5'7)
< = ‘ e—2i7rf€/‘r « ‘Z eQiﬂ(hbJ/p"-‘rfj/T)
= ‘ ,
f=1 £=0 J=
and, for f=1,...,7—1,
J—1
) 1 1
—2im fl/T < < (5 8)
e — . _— . .
‘ZZ_; sin(wf/7) = 2|[f /7]l

Since 7 < p™ — 1, the combination of (5.6), (5.7) and (5.8) gives

J—1 T—1
2irhb’ /p™ 2im(hbd /p"+f5/T)
‘ E e glxgﬁé Eoe (1+1logT)
J

7=0 = (5.9)
< Vp"(1 +logp").

This establishes the lemma when d = 1.

Assume now that d > 2. Set n/ = min{n, ord,(b°"4®P) — 1)} and
note that Corollary B.3 asserts that ord(b, p™) = p™~" ord(b, p). Conse-
quently, our assumption reads p < d < p"_"/_1 and there exist an integer
hy coprime with p and an integer m such that n’ +1 <m <n —1 and
h/p™ = hy/p™. Set 71 = ord(b, p™~!) and note that 7 = ord (b, p™) =
p71. We follow the proof of Theorem 8 on [402, p. 42]. For an arbitrary
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integer x, set dpm (x) = 1 if p™ divides & and Jpm (x) = 0 otherwise. We
have

m

pz: Ti: 217r€(bj—bk)/p’"

M@

‘ E 2imlb? /pm
7=0

(=1 (=1 j,k=0
r—1
m j k m
=p Gpm (b0 —0%) = p™r.
J,k=0
Consequently, we have
7—1 ) 2 pm 7—1
; J /nm iom
‘ 2 e2z7r€b /p ’ _ § ’ eZ'LTer /p
¢=1,(p,0)=1 j=0 £=1" j=0

. pz ‘ Ti 2imlbd [p™ ’

¢=1,(p,£)=p =0

p Tt -1 ) 2
_ me _ E ’ E e?iﬂ'(b]/pm_l

=p" pr’" 11:0.

Thus, since p does not divide hy, we have

T—1 )

. i m
§ eQzﬂ'hlb /P 0,
Jj=0

and, setting 75 = ord(b, p"/d) and recalling that h/p™ = hy /p™

Ta—1

T—1
2imchb? fp" _ Td 2imht’ /p" _ 5.10
I gt e

Jj=0

Let J4 be the integer between 1 and 74 which is congruent to J modulo
7q4. Then, using (5.10) and arguing as in (5.9), we get

J—1 ) Ja—1 ) pn p"

2imhb? /p" :’ 2imhb’ /p" <\/>(1 1 —)
3 e =[5 | < 1w
7=0 j=0

This completes the proof of the lemma. O

LEMMA 5.6. Let p be an odd prime and b > 2 be an integer coprime
with p. Let h be a non-zero integer. For any integers J > 1 and n > 2,
the condition ged(h,p™) < b= dP)p implies
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J-1 )
’ E eZiﬂhbJ /p"
J=0

Proor. By Corollary B.3, we have ord(b,p™) > ord(b, p)p™b~°rd®:r),
Thus, Lemma 5.5 implies that the left-hand side of (5.11) is less than
p"/2(141ogp™?), as long as .J does not exceed ord(b, p"). But for larger
J, we have at most [J/ord (b, p™)] copies of the exponential sum, and this
pord(®:p) =7 Since 1 + log p™/? <
log p™, this completes the proof of the lemma. O

< (pn/2 _|_Jbord(b,]3)p—n/2) logpn. (511)

ceiling is bounded from above by 1+ .J

We now have the material to complete the proof of Theorem 5.2 when
c is an odd prime number.

PrROOF OF THEOREM 5.2. We assume that c is an odd prime number
and leave the general case to the interested reader. Let h be a non-zero
integer. Set u1 = my and p; = mj—mj_1, for j > 2. Set £ = pj,c™ "o
Let k1 > jo + 1 be an integer such that the conclusion of Lemma 5.6
holds for every power ¢™* with k > k1 — 1. Let N be a sufficiently large
integer in order that we can write

N = No+ gy + -+ pic +J,

with K > k1, No = p1 + -+ pg,—1 and 1 < J < pgyq. We infer from
(5.5) and Lemma 5.6 that

N—-1 K pr—1 )
’ Z 2imhes| < Ny + Z ‘ Z p2imhag,_1b7 /=1
3=0 k=ki §=0

J—-1 )
+ ‘ 2 eQiﬂ'haKb]/c"K‘
J=0

K
<Ny + Z (c""*l/2 + prord(d, c)c‘"’“*lﬂ) log ¢™*1
k=Fk,

+ (C"K/2 + Jord(b, c)c*”K/Z) log ¢"¥

K
<No + (KC"K*I/2 + Z prord(d, c)c*”’“—l/z) log ¢ -1
k=k1

+ (C"K/2 + Jord(b, c)c_”K/g) log ¢"¥.
A short calculation shows that (5.1) implies that

K
Z Pk PK ( 1 )
an,1/2 - cnK—l/Q 1 _ Cl/?—’y !
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Since, by (5.1) and the definition of E, we have

cnk/Q C"k'/2 an/Qc_'Y(nk‘_njo) cnk(_7+1/2)

N = e — Hjo - E ’

for k = K — 1, K, there exists a positive constant C', independent of N,
such that

c = 1
N ‘ Z eQiﬂhmn < N + (Kcnk—l(—’Y-‘rl/Q) + C_nK—l/2) 10g -1
n=0

+ (CnK/Q(f’erl/Q) + Can/Q) IOgCnK.

Since v > 1/2 and (n;);>1 increases to infinity, it follows from Weyl’s cri-
terion (Theorem 1.2) that the sequence (z,),>1 is uniformly distributed
in [0, 1]. Combined with Lemma 5.4, this proves the theorem. O

We present an alternative proof of a particular case of Corollary 5.3,
following [57, 120]. This proof shows the strength of Theorem 4.6.

ALTERNATIVE PROOF OF THE NORMALITY OF £g 23 TO BASE 2. Let
us write £ for £g 2 3. Then, the sequence (z,),>0 introduced after Corol-
lary 5.3 is generated by the recursion defined by xy = 0 and, for n > 1,
by x, = {2z,-1 + r,}, where r,, = 1/n if n = 3™ for some integer m
and r, = 0 otherwise. In particular, for any positive p, if n is less than
3P+l then z,, is an integer multiple of 1/3? and, for j = 0,...,3? — 1,
the rational j/3P occurs exactly three times among the 3P*! numbers
Ty yL3p+1_1q.
Observe that, for n > 1, we have

+o0 2n73m

{2y =z, + ) o

m=|logg n]+1

From
too n—3"
2 1 3
o< Y — < YT ——,
m=loge n]+1 3 2(n+1) = 4n+1)
we get that
3 1
{€2"} — 2| < (5.12)

ntD) n
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Let k be a positive integer and dy, . .., d;, be in {0,1}. Set D), = 28=1d; +
2y + dy,

d; Dy 1
U:Z7:27, and ’U:U+2*k

j=1

Let N > 4 be an integer. We wish to bound from above the number
of indices n between 1 and N such that {£2"} lies in [u,v). In view of
(5.12), it is enough to bound from above the number of indices n between
1 and N such that z,, lies in [u — 1/n,v 4+ 1/n).

Define ¢ by the inequalities 3¢ < N < 31 Observe that for n > 2k
the interval [u — 1/n,v + 1/n) is contained in [u — 2% v + 27%). Since
the length of this interval is 3 - 2% it contains at most [3t127%| + 1
integer multiples of 1/3¢. Thus, recalling that x,, is an integer multiple
of 1/3° if n is less than N, we see that there can be at most three times
this many n’s less than N and at least equal to 2* for which x,, lies in
[u— 2=k y 427k ). Consequently, the number of positive integers n less
than N such that {£2"} lies in [u,v) is at most equal to

2k +3(3127% 1 1) < 11N27F.
With the notation of Chapter 4, we get that
As(Dy, N 11
e
and we conclude by applying Theorem 4.6. O

As pointed out in [56], the proof of Theorem 5.2 shows that, for
coprime integers b and ¢ both > 2, the discrepancy of the sequence
(€5,0,cD™)n>1 is O(N~1/2(log N)?).

We complement Corollary 5.3 by showing that Stoneham numbers
are not absolutely normal. Theorem 5.7 extends a result of Bailey re-
produced on [120, p. 329]; see also [357, 722].

THEOREM 5.7. For every integer b and ¢ with b > 2, ¢ > 2, the real
number s p ¢ 15 not normal to base be.

PrROOF. The idea consists in showing that the bc-ary expansion of £gp, .
has very large blocks of zeros. If b = ¢ = 2, then the result is clear.
Assume that be > 6. Let n be a positive integer. Since ¢ 75"~ ¢" is an
integer for j =1,...,|log.n], we have
oo .
{fs,b,c(bc)n} — { Z Cn—jbn—cj }

i=llog, n)+1
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If n = ™, where m > 1 is an integer, then we have

1 1
{Esp.e(be)™} < (cb™(e=1ye (1 tot Gt ) < 2(cb=(e=ye",

Since b > 3 or ¢ > 3, we have cb=(c=1) < 1. This implies that, after the
c™th digit in the bc-ary expansion of &, there are at least §¢™ consecutive
digits 0, for some positive real number § which does not depend on m.
With the notation of Chapter 4, this means that A.(0,c™, &)+ |0c¢™ | =
Apc(0,¢™ + [0¢™],€). This implies that Apc(0, N,£)/N cannot have a
limit when N tends to infinity. Consequently, g4 . is not normal to
base bc. O

5.2 Absolutely normal numbers

In 1917, Sierpiniski [654] gave an alternative proof of Borel’s Theorem
4.8 asserting that almost all real numbers are absolutely normal (note
that he used, without proof, the fact that a real number is absolutely
normal if it is simply normal to every integer base); see also the paper
of Lebesgue [421], written in 1909, but published in 1917. Sierpiriski and
Lebesgue explained how to construct infinite sets of intervals in order
to determine effectively one absolutely normal number, defined as the
minimum of an uncountable set. This answers a question of Borel, but
not in the most satisfactory way, since it would be desirable to show
that un nombre irrationnel connu est absolument normal.

In 1962 Schmidt [628] gave a complicated effective construction of
absolutely normal numbers.

In 1979 Levin [428] constructed explicitly an absolutely normal num-
ber ¢ whose discrepancy to every integer base b > 2 satisfies

D ((€6™)>1) < 10TN~/2(log N)?,

for every N sufficiently large in terms of b. His construction is unfortu-
nately much too complicated to be reproduced here.

Turing [689] formalized the concept of computability in 1936, about
20 years after the publication of the papers of Sierpinski and Lebesgue.
The computable numbers are those whose expansion in some integer
base can be generated by a mechanical (finitary) method, outputting
each of the digits, one after the other. In an unpublished note, Turing
[690] gave a computable construction to establish Borel’s Theorem 4.8
together with an algorithm for computing absolutely normal numbers;
see [67] and [69] for a comprehensive exposition of Turing’s ideas. We
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insist on the fact that the set of computable real numbers is countable,
so there is no evidence for the existence of computable absolutely normal
numbers.

Becher and Figueira [68] gave a recursive reformulation of Sierpiriski’s
construction which produces a computable absolutely normal number,
together with an algorithm to compute it in doubly exponential time
complexity.

Various notions of randomness are discussed in [97, 173, 230, 387, 540].
A sequence is random if it passes all conceivable effectively testable prop-
erties of stochasticity. Kolmogorov [343, 392] and Martin-Lof [480] for-
malized this approach. Further equivalent definitions are summarized
in [173, Theorem 6.99]. If b > 2 is an integer and (ax)r>1 is a ran-
dom sequence on {0,1,...,b — 1}, then the real number with b-ary
expansion 0 - ajas ... is called a random number. According to [173,
Theorem 6.61], this random number is normal to base b. The con-
verse, however, does not hold. Since the sequence 123456789101112...
is computable, it is not random, thus the Champernowne number & :=
0.12345678910111213.. . ., which is normal to base 10, is not a random
number. Furthermore, Calude and Jiirgensen [175] proved that the no-
tion of random number is base invariant; see also Staiger [660].

A further example of an absolutely normal but not computable num-
ber is given by a Chaitin’s random number 2, the halting probability of
a universal machine. Since it is random, it is a transcendental number.
A procedure to compute the exact values of the first 64 binary digits
of a Chaitin’s  number is given in [174].

A simple construction of an absolutely normal number remains a chal-
lenging open problem. No simple explicit example of a real number which
is normal to two multiplicatively independent bases is known.

5.3 Absolutely non-normal numbers

Maxfield [494] has pointed out that the set of absolutely non-normal
numbers is uncountable and dense. Martin [478] was the first to give
an explicit example of an absolutely non-normal irrational number. We
reproduce his nice construction.

THEOREM 5.8. Set do = 4 and

dj = j4=/070 0 for j > 3.
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Then, the real number

€= ﬁ: (1 - dl) (5.13)

is a Liouville number which is simply normal to no base.

PROOF. Since d; > j* for every j > 2, the sum 3., 1/d; and the
infinite product (5.13) also converge. Let j > 5 be an integer. We deduce
from j < 4/d; that

djv1 > 5dj/J > 5\/@_

Using the fact that 57 > 25 for x > 5, we conclude that

diy1 > (\/d;)® > 2d3. (5.14)
For k > 2, set
K 1
é-k = H (1 - E)7
Jj=2

and observe that £ < £, and
+0oo 1 +oo 1

5:&'11(1_@)2&<L7§:EZ>
j=k+1 j=k+1
+o00 1
me <1 ) j=zk-:i-1 2j7k71dk+1) 19

:fk(l—%ﬂ) >§k—dk2+l7

since d; > 2d;_; and & < 1.
Let k > 2 be an integer and write

drv18k+1 = (der1 — )&

= ((k+1)"/" —1)g, =

(k+1)%/k —1 (5.16)
T k§k~

Noticing that dj, is a power of k, it follows from (5.16) and Corollary
B.4 that dig41&k+1 is an integer multiple of di&k. Since d2&s = 3 is an
integer, we deduce that

di& is an integer for k > 2. (5.17)

We now prove that, for every b > 2, the real number £ is slightly less
than but very close to the rational number &,, whose denominator is a
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power of b. Consequently, the b-ary expansion of ¢ has a very long string
of digits equal to b — 1.

Let b > 2 and r be positive integers. By (5.17), the number dy-&- is
an integer, thus, the b-ary expansion of &~ terminates after at most

log, dyr = rdyr—1/(b" — 1)

digits. Furthermore, £ is less than &, but, by (5.15), the difference is
less than 2/dyr41. Observe that

2 2 < blfrdbr/br.

I
dyrq = brder /o7 =

Subtracting this small difference from &,-, the resulting b-ary expansion
has occurrences of the digit b— 1 beginning at the (rdp-—1/(b" —1)+1)th
digit at the latest, and continuing through at least the (rdy-/b" — 1)th
digit. With the notation from Chapter 4, we have

Tdbr T'dbr T‘dbr,l
A (b _q, T e} s T 1
b T ’5) = -1
'r'db'r' 27"db1’_1 rdbr 2
B -2
Z T ( @)
by (5.14). Consequently,
Ap(b—1,N
lim sup —b( N €) =1,
N——+oco N

and ¢ is not simply normal to base b. Since b > 2 is arbitrary, this shows
that ¢ is absolutely non-normal. Furthermore, we have shown that, for
any positive integer w, there are arbitrarily large integers N such that
the first N digits of £ are followed by more than wN digits b — 1. This
shows that the irrationality exponent of ¢ is infinite, meaning that &
is a Liouville number. Liouville’s Theorem E.5 then implies that £ is a
transcendental number. [

5.4 On the random character of arithmetical constants

In this section, we briefly discuss a theory developed by Bailey and
Crandall [55] to explain random behaviour for the digits in the integer
expansions of fundamental mathematical constants. At the core of their
approach is the following general hypothesis concerning the distribution
of the iterates generated by dynamical maps.
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HyPOTHESIS A. Let b > 2 be an integer. Let p(X) and q(X) be integer
polynomials such that 0 < degp(X) < degq(X) and q(X) has no non-
negative integer roots. Define the sequence (yn)n>0 by setting yo = 0
and

p(n)

Ynt1 = {byn + m} forn > 0.

Then this sequence either has finitely many limit points or is uniformly
distributed in [0, 1].

Bailey and Crandall [55] established that, assuming the validity of
Hypothesis A, then the real number

p(n),
£ = —b (5.18)
n%% q(n)

either is rational or is normal to base b. In particular, if Hypothesis A
is true, then each of the constants 7, log2 and ((3) is normal to base
2, and log 2 is normal to base 3. To be even more precise, if one could
establish that the simple iteration given by yo = 0 and

1
Yn+1 = {2yn+m}a forn20>

is uniformly distributed in [0, 1], then it would follow that log 2 is normal
to base 2.

A real number ¢ having an expansion (5.18) is called in [417] a BBP-
number, and the associated formula (5.18) is then called a BBP-expan-
sion of £ to base b. This refers to the algorithm discovered by Bailey,
Borwein and Plouffe [54] by which one can rapidly calculate individual
digits of certain polylogarithmic constants, including 7, written in some
base.

Proving Hypothesis A appears intractable.

Lagarias [417] showed that the relation between particular orbits of
two discrete dynamical systems underlying Hypothesis A also applies
to expansions of real numbers of the form ), ., €,/b", with (€,)n,>1 a
sequence of real numbers tending to 0 as n tends to infinity. However,
since every real number has such an expansion, Hypothesis A cannot be
true in such generality and thus must be restricted to apply only to ex-
pansions of some special form. At the end of [417], there is an interesting
discussion on Hypothesis A and Furstenberg’s conjecture mentioned as
Problem 10.26.

Note that Lemma 5.4 is a particular case of a general result given in
Exercise 5.2. It is motivated by Hypothesis A.
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The interested reader is advised to consult [55, 56, 417] and the mono-
graph [120].

5.5 Exercises

EXERCISE 5.1. Let b and ¢ be coprime integers, both > 2. Let d > 2 be
an integer. Prove that the real numbers £gp, . and £k 3 4 are transcen-
dental. Are they Liouville numbers?

EXERCISE 5.2. Let b > 2 be an integer. Let (¢,,)n,>0 be a converging
sequence of real numbers. Set zo = 0 and z,+1 = {bx, + £, } for n > 0.
Prove that (xy,)n>0 is uniformly distributed in [0,1] if, and only if, the
real number Y . €, /b" is normal to base b.

EXERCISE 5.3 (cf. [396, 402]). Let (z,,)n>1 be a real sequence which is
completely uniformly distributed modulo one. Let b > 2 be an integer
and set ar, = |{xy}b] for k > 1. Prove that the real number ¢ with b-ary
expansion 0 - ajas ... is normal to base b.

EXERCISE 5.4 (cf. [155, 342, 667, 672]). Let b be an odd prime number.
Let @ > 2 be an integer coprime with b. Set £, = ord,(a®d(®?) — 1).
Prove that, for any positive integer n and any integer ¢ coprime with b,
all blocks of digits from {0, 1,...,a—1} of length at most | (n—¥¢;) log, b]
occur in the periodic part of the a-ary expansion of ¢/b™.

EXERCISE 5.5 (¢f. [342], Theorem 5). Let b be an odd prime number. Let
a > 2 be an integer coprime with b. Apply Exercise 5.4 to show that, if
(n;);>1 is a strictly increasing sequence of positive integers satisfying

UZES] Z b logba

for infinitely many j, then the real number i>1 b~"™i is rich to base a.

5.6 Notes

> Let b > 2 be an integer. Ugalde [691] used graphs and de Bruijn
words to construct real numbers which are normal to base b, and, more-
over, have quite small discrepancy. In [692], he gave a specific construc-
tion of a Cantor-like set in [0,1], all of whose members are normal to
base b, and whose Lebesgue measure can be made arbitrarily close to 1.

> Further constructions of normal numbers of Korobov type have
been given by Kano [370].
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> Starcenko [661] (see also [583]) established the converse of Ko-
robov’s result stated as Exercise 5.3. Namely, if a real number £ with
b-ary expansion 0-ajas ... is normal to an integer base b > 2, then there
exists a completely uniformly distributed sequence (x,)n>1 such that
ar = [{xr}b] for k> 1.

> Let 7 > 2 be an integer. Hertling [342] proved that the real num-
ber Y-, 77777 is not rich to base r but is rich to every base s such
that r and s are multiplicatively independent. Inspired by this work,
Bugeaud [155] gave an explicit construction of a real number which is
rich to every integer base.

> Exercise 5.4 asserts that every block of suitably small length oc-
curs in the periodic part of the a-ary expansion of ¢/b™; however, we
cannot predetermine its location.

> A vector z = (z1,...,24) is said to be absolutely normal in R?
if the sequence (zA"),>1 is uniformly distributed modulo one in R?
for arbitrary non-singular integral matrices A whose eigenvalues are not
roots of unity. Pushkin [589] considered certain m-dimensional manifolds
[ in R? and showed that Ar-almost all points z in ' are absolutely
normal in R?, where Ar is the Lebesgue measure for the parameter space.
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Normality to different bases

Keeping in mind that almost all real numbers are normal to every integer
base, we investigate the following question: Do there exist real numbers
which are normal to one base r, but not normal to another base s? By
Theorem 4.4 we know already that the answer is negative when r and s
are multiplicatively dependent. However, at the end of the 1950s, Cas-
sels and W. M. Schmidt, independently, gave a positive answer to this
question when r and s are multiplicatively independent. Section 6.1 is
devoted to their result. In the second section, we discuss its extension
to non-integer bases. Then, we investigate what can be said on the ex-
pansions of a given number to two different bases. The final section is
concerned with the study of the analogous question for representations
of integers in two different bases.

6.1 Normality to a prescribed set of integer bases

Theorem 4.4, established by Maxfield [494], asserts that if r and s are
multiplicatively dependent integers at least equal to 2, then a real num-
ber is normal to base r if, and only if, it is normal to base s. However,
this result says nothing if » and s are multiplicatively independent. In
‘The new Scottish book’ (Problem 144), Steinhaus [663] asked whether
normality with respect to infinitely many bases implies normality with
respect to all other bases. Answers have been given independently by
Cassels [182] and W.M. Schmidt [627]. Below is the statement estab-
lished by Schmidt.

THEOREM 6.1. Let v > 2 and s > 2 be multiplicatively independent
integers. The set of real numbers which are normal to base r but not
even simply normal to base s is uncountable.

118



6.1 Normality to a prescribed set of integer bases 119

The idea behind the proof of Theorem 6.1 is to construct a measure
supported by the set of real numbers that are not normal to base s, and
then to apply the Davenport—FErdés—LeVeque Lemma 1.8 to infer that
p-almost all numbers are normal to base r.

For the sake of simplicity, we establish Theorem 6.1 in the particular
case s = 3, as was done by Cassels [182]. The general case is slightly more
technical but it does not require new ideas. We begin with an auxiliary
lemma.

LEMMA 6.2. There exist absolute positive constants A and § such that

N—1 4o

> T eos(37nbm)| < AN,
n=0 j=1

for every positive integer N, every non-zero integer h, and every integer
b > 2 which is not a power of 3.

PROOF. Assume first that b is congruent to 1 modulo 3 and that IV is a
large power of 3, say N = 3", with » > 316, Set £ = ord3(b—1). Let n be
an integer with 0 < n < 3". Set s = ord3(b™ — 1) and ng = n/3°. Lemma
B.2 implies that ordz(b™ — 1) = s + ords(b™ — 1), and we deduce from
Theorem B.1 that (b™ —1)/(b—1) is not divisible by 3. We deduce from
s < r—1 that ords(b" — 1) < 3"+¢~1, This implies that the b", with 0 <
n < 3", run modulo 3“*" through all residue classes which are congruent
to 1 modulo 3%. Let h be a positive integer and set m = ords(h). Then
the integers hb™, 0 < n < 37, run modulo 3% through all residue
classes which are congruent to & modulo 3“t™. Consequently, if we have
the ternary representation

hb" = Z er(n)3*,  where g,(n) = 0,1 or 2,
k>0

then the r-tuple

(et4m(n), €emir(n), s rpmpr—1(n)) (6.1)

takes precisely once every one of the 3" possible values as n runs from 0
to 3" — 1.

We now divide the 3" integers n satisfying 0 < n < 3" — 1 into two
classes. Class I comprises the integers such that the digit 1 occurs at
least [r/6] times in the r-tuple (6.1). Class II comprises the remaining
integers.

Let us first deal with Class I. Observe that the fractional part of
377 hb" lies between 1/3 and 2/3 for every integer j such that £;_1(n) = 1.
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For every integer n in Class I, this is precisely the case for at least [r/6]
values of j in {{+m+1,...,£+m+r}, thus

+o0 )

I | cos(387nb™m)| < (cos(w/3))™/S.

j=1
Since Class I contains at most 3" elements, there exists a positive §;
such that

+oo .
Z H | cos(377hb")| < 3100, (6.2)

ne(l) j=1

Let us now deal with Class II. Note that, on average, the digit 1 occurs
r/3 times in the r-tuple (6.1). Hence, we may hope that the cardinality
of Class II is rather small. This is indeed the case, as it follows from
Lemma 4.7 that

[r/6] [r/6]
Z p3(r, k) < Z p3(3[r/3],k) < gldgr+2,—r/3240
k=0 k=0

Consequently, there exist positive real numbers A and d2 such that

+oo
> ] leos(377hb )| < A3t =07, (6.3)
ne(ll) j=1

Combining (6.2) and (6.3), we conclude that there exist positive real

numbers Az and d3 such that

N—-1 400

> T leos(37hbmm)| < AsN' %, (6.4)

n=0 j=1

for every N that is a power of 3, including the values of N less than 3'6.
Now, let N be a positive integer, and write

N = Z 13", where 1, = 0,1 or 2 and ng # 0.
0<r<R

The range of summation 0 < n < N may be divided into 0 < n < N-—3R
and N — 3% <n < (N — 3%) 4+ 3%, More generally, this range may be
subdivided into ng + 11 + - - - + N intervals of the type

Ny <n < Ny, +37,
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where there are precisely 7, intervals of length 3”. Since A3z and d3 do
not depend on h, we infer from (6.4) that

+oo
> [ lcos(377nb"m)| < A3(37)' 7% < AsN'™%,  (6.5)
Ny y<n< Ny ,+37 j=1

for every N, , as above. Using that
no+m+--+nr <2(log3N),

it follows from (6.5) that

N—1 400
> I leos(377hbm)| < 2(log BN) AsN' 0 < AyN' =0,
n=0 j=1

for some positive real numbers A4 and ;.

It only remains for us to deal with the integers b that are not congruent
to 1 modulo 3. If b is congruent to 2 modulo 3, then b? is congruent to
1 modulo 3 and we may separate odd and even integers n in the range
of summation 0 < n < N before applying our upper bound for the base
b? and integers h and hb, respectively, to get the required estimate. If
b=3"b; with 7 > 1 and b; prime to 3, then we simply observe that

+oo “+oo “+o0
[T lcos3nb m)| = [] Icos(37hbim)| < ] [cos(3~7hbim)]
j=1 j=1l—nt j=1

to conclude the proof of the lemma. O

We are now in a position to establish Theorem 6.1 for s = 3.

PROOF OF THEOREM 6.1. Assume that s = 3 and let » = b be a
positive integer which is not a power of 3. Let ux denote the standard
measure on the middle third Cantor set (see Section C.3). Observe that,
for every real number ¢, its Fourier transform fix satisfies

1 .
)= [ @ ()= i 2 [ (14

— 400
1<5<T

too 1+e4m3*]‘t

= H —
j=1

hence

1 ) +oo )
()] = | /O ™ dpuge(€)] = T Jcos(2 - 377mt)|.
j=1
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Consequently, if h is a non-zero integer and N is a positive integer, then
it follows from Lemma 6.2 that

1 2
/O‘ Z e2iwhb"’€‘ Ay (€)

0<n<N

0<m<N 0<n<N

“+o0
< Z Z H |cos(2- 37T h(b™ — b))

0<m<N 0<n<N j=1

“+o0
<N+2 > > ] leos(2-377n0" — 1)p" 7))

0<n<N 1<U<N-n j=1
< N 4+ 2NAN'"9 < N279/2

provided that N is sufficiently large. This proves that the series
1 (1 oimhbe |2
— — imhb™g | q
Sy ly X emrefame

converges, thus, by Lemma 1.8,

1 -
lim — g e2imhb"E —
N—+o0 N
0<n<N

for px-almost all . By Theorem 1.2, the sequence (£b™)p>1 is then
uniformly distributed modulo one for px-almost all £. By Theorem 4.14,
this shows that px-almost all £ are normal to base b. O

Actually, the proof of Theorem 6.1 gives a stronger result than the one
enounced, see Theorem 7.14. We end this section by an extension of The-
orem 6.1 obtained by Schmidt [628] by means of a specific construction.

THEOREM 6.3. Let RUS be a partition of the set of integers greater
than or equal to 2 into two classes such that any two multiplicatively
dependent integers fall in the same class. The set of real numbers which
are normal to every base from R but not normal to every base from S
s uncountable.

Schmidt [628] gave a (fairly complicated) constructive proof of The-
orem 6.3, while Theorem 6.1 is ‘only’ an existence statement. On the
other hand, the numbers satisfying the conclusion of Theorem 6.3 may
not be simply normal to every base from S. Taking for S the empty set,
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Schmidt constructed explicitly real numbers which are normal to every
integer base; see also Section 5.2.

6.2 Normality to non-integer bases

In their proofs of Theorem 6.1, Cassels and Schmidt have used the Can-
tor measure. This is also the case of Pearce and Keane [554], who gave
a ‘structurally simple proof’ [sic] of Theorem 6.1. To this end, they
calculated the Fourier coefficients associated with the Cantor measure.
Shortly thereafter, Brown, Moran and Pearce [136] replaced the use of
the Cantor measure by that of Riesz product measures, which have the
great advantage that their Fourier coefficients are easy to compute. This
method, which extends well to non-integer bases, has been developed in
subsequent works [138-141, 519, 520, 522].

DEFINITION 6.4. For a real number a with |a] > 1, set
N(a):={{ €eR: (£a™),>1 is uniformly distributed modulo one}.

In [502], Mendes France asked whether Maxfield’s Theorem 4.4 ex-
tends to non-integer bases, that is, o and [ being real numbers greater
than 1, whether we have N (a) = N(3) if, and only if, (loga)/(log )
is rational. In this direction, Moran and Pollington [522] established the
following result.

THEOREM 6.5. Let o and 3 be real numbers greater than 1. If N'(a) is
included in N'(B), then (loga)/(log 3) is rational.

Bertrand [83] proved that if the positive integer k and the real number

k k is a rational integer, then

a > 1 are such that o +a=% or of — o~
N () is contained in N'(a") for every positive integer 7.

The answer to Mendes France’s question is in general negative, as was
first shown by Brown, Moran and Pollington [139]. They established a

definitive result in [140], which we reproduce below.

THEOREM 6.6. Let o > 1 be a real number and r and s be distinct
positive integers. The set N'(a®) is included in the set N'(a") if, and
only if, there is a positive integer k such that either

" e€Z and Q") C Q(a®)

or

k

o +a7F oraf —aF isinZ and s divides r.
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We do not give a complete proof of Theorem 6.6. We content ourselves
with establishing a particular case of it, namely Theorem 6.7 below,
which forms the main content of the note [139]. Recall that for any non-
square positive integer b, it is expected that /b is normal to base b,

while, clearly, v/b does not belong to A/ (\/B)

THEOREM 6.7. Let b be a non-square positive integer with b > 10. For
every positive integer k we have

NWb) c N((VB)F) and N(Vb) = N(*Vb),
but
N () ¢ N(Vb).

The assumption that b is at least equal to 10 is a technical assump-
tion which allows some simplification in the proof. It follows from The-
orem 6.6 that the conclusion of Theorem 6.7 remains true for b in
{2,3,5,6,7,8}.

The proofs of Theorems 6.5 and 6.7 follow the same lines. The key idea
for the proof of Theorem 6.5 is to find, when (log &) /(log ) is irrational,
a probability measure p (a discriminatory measure) which assigns zero
mass to N (3) and full mass to N («).

PRELIMINARIES FOR THE PROOFS OF THEOREMS 6.5 & 6.7. Let A
be a real number with A > 1. We construct a suitable Riesz product
measure y such that the sequence (§A"),,>1 is not uniformly distributed
modulo one for p-almost all real numbers €. Let A be a set of positive
integers whose upper density is positive, that is, satisfying

Card{lSnSN:neA}>0

lim sup , 6.6
lim sup I (6.6)
and such that
A= > 3 for all integers n,n in AU {0} with n’ > n. (6.7)
For a positive integer N and a real number ¢, set
1—cost
avt)= [ (1+cos2mAm)) and p(t) = —— .
2
neA,1<n<N

The Fourier transform of p is the triangle function equal to 1 at 0 and
vanishing on and only on {¢t € R : [t| > 1}. Said differently, we have
p(t) = max{1 — |t|,0} for ¢ in R. Then, define the measure uy by

dpn (t) = nn(t)p(t) dt.
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Observe that fiy(t) = 0 unless the real number ¢ satisfies

(t - Y <t (6.8)
neA,1<n<N
for some €1,...,eny in {£1,0}. Here and below, it is understood that

en, = 0if n ¢ A. Furthermore, the graph of iy is the union of seg-
ments of the real axis with triangular bumps of width 2 centred at the
points €1 A1+ - -+enAny with height 2_|51|_”'_‘5N‘, where €1,...,en €
{#1,0}. Since the sequence of Fourier transforms (fin)n>1 converges
pointwise towards a function which is continuous at 0, the continuity
theorem (see [98, p.303]) asserts that the weak star limit 4 of the se-
quence of measures (fn)n>1 exists and, furthermore, that 4 is a contin-
uous probability measure on R whose Fourier transform at ¢ is 0 unless
(6.8) holds for some integer N and some €1, ..., ex in {£1,0}, in which
case we have 0 < (t) < 27Ie1l=~le~l The latter inequality becomes
an equality if, and only if, ¢ = 22;1 EnA™.

For further use, observe that, by (6.7), the difference between any two
distinct elements of the increasing sequence of all positive real numbers
of the form +A™ £ --- £ A" exceeds 2, where h > 1 and ny < --- < ny
are in A. This implies that, for any given real number ¢, inequality (6.8)
has at most one solution with ey,...,ex in {0, £1}.

For n > 1 and a real number ¢, put

X, (t) — eZiTrtX” 7

and note that

+o0 +oo
") = / AN (1) = / X0 (1) dpu(t).

oo — 00

It follows from the properties of i that, for all distinct positive integers
m and n, we have

AT £ A = GO - A", (6.9)

Indeed, (6.9) becomes 0 = 0 if m or n does not belong to A, and it
reduces to 1/4 = 1/4 if m and n are in A. Let N be a positive integer.
Observe that we have

e 1 29mtA" 1 AN
JE D R TURE S S0

> N 1<n<N 1<n<N (6.10)
- Card{1<n < N:ne A}
- 2N )
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since i(A"™) = 1/2 for every positive integer n in A and fi(t) > 0 for
every real number t.

Using that the functions || and |X;],|X32],... are all bounded by 1,
we deduce from (6.9) that

T o |2 4
[ 5 cw-aom)] au < 5
—oo 1<n<N
We then infer from Lemma 1.8 that
. 1 Comyy
yim = (Xn(t) = (A")) =0
1<n<N

holds for p-almost all real numbers ¢. Combined with (6.6) and (6.10),
this gives

. 1 N n
lim sup N Z eZimEA" 5
N—+oo 1<n<N

for p-almost all real numbers . Thus, by Theorem 1.2, the sequence
(EA™)p>1 is not uniformly distributed modulo one for p-almost all real
numbers &. O

PrOOF OF THEOREM 6.7. Let k be a positive integer. Let ¢ be in
N (Vb) and set u,, = &(v/b)™ for n > 1. For h > 1 and n > 1, set

Vh,n = Up42n — Un = (bh - 1)5(\/6)n

Since ¢ is in A'(v/b), Theorem 1.2 implies that the sequence (vj pn)n>1
is uniformly distributed modulo one for every positive integer h. It then
follows from Theorem 1.6 that (ugy)n>1 is uniformly distributed modulo
one. By Theorem 4.14, this means that ¢ is normal to base (\/l;)k and
proves the first assertion.

Let & be in N (b*v/b). For h =0,1,...,2k and n > 1, we have

g(\/g)h(\/l;)n(Qk—O—l) _ é—(\/g)Zh(k—Fl)—h(Qk—i-l)(\/B)n(2k+l)
_ Ebh(k+1)(bk\/g)n7h,

and, since ¢ is in N (bv/D), it follows from Theorem 1.2 that &(v/b)"
belongs to N (b¥v/b). We then get from Exercise 4.1 that ¢ is in N'(v/b).
This completes the proof of the first two assertions of Theorem 6.7.

To establish the last assertion of Theorem 6.7, we define the measure p
as in the preliminaries with A = v/b and A = {n > 1:n odd}. Observe
that (6.7) holds since b > 10. We conclude from the preliminaries that
the sequence (£(vb)")n>1 is not uniformly distributed for p-almost all
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real numbers &. It remains to show that p-almost all real numbers are
normal to base b. By Lemma 1.8 and Theorem 1.2, it is sufficient to
establish that

+o00o 1 R
> fic] > A" b)) < +oo, (6.11)
N=1 1<m<n<N

for every non-zero integer h.
Fix a non-zero integer h. Let m and n be distinct positive integers. It
follows from the preliminaries that the inequality

h b =Y 6,»bi\/5‘ <1 (6.12)
i>1

has at most one solution (e;);>1 such that e, € {0,%£1} for ¢ > 1. If it
has no solution, then set r(n,m) = 4o00; otherwise, let r(n,m) be the
number of non-zero elements of the sequence (&;);>1. Then, we have

~ n m 1
(b —b™))] < PRCEDk (6.13)

For n > 1, set t(n) = max{l,|[n/(log3n)?|}. Since, for any integer
N > 3, we have

1 N n—1 1
> sem S 2
n—t(n)<m<n<N n=1 m=n—t(n) (6.14)
< ZN: M) o nyvy <
= 2 - ~ (log3N)2’

Il
-

n

it follows from (6.11) and (6.13) that it remains for us to prove that the
sum
+oo

1 1
> o > PECxm) (6.15)

N=1 1<m<n<N,m<n—t(n)

converges. Without any loss of generality, we may assume that there are
infinitely many integers m,n with m < n — ¢(n) for which (6.12) has
a solution (e;);>1 such that ¢, € {0,£1} for ¢ > 1. Since ¢(n) tends
to infinity with n, it then follows that there exist an integer hg and a
sequence (0;);>—p, taking its values in {0, £1} such that

+oo
wWh= Y b (6.16)

i=—ho
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Put s(n) = Zt-(n)fhofl |0;]. Substituting (6.16) into (6.12) shows that

l:—ho
s(n) < r(n,m) when 1 <m < n —t(n). Thus, we get

1 < Yon
Z or(n,m) — 7;1 2s(n)’

1<m<n<N,m<n—t(n)

Let r be a positive integer with §, # 0 and 8,41 = 642 = -+ - = 3, = 0.
Then,
b hVb = b" Z 8:b7" + 7, (6.17)
i=—}L0
where |7.| < b7%" and v, = Z::_ho §;b"" is an integer of absolute

value at most hb" 1. Squaring (6.17) gives
b2r+1h2 = ’Ug + 27—7‘Ur + 7-7?7

which is impossible if |27,v, + 72| < 1, thus, if r is sufficiently large. In
particular, every interval [r 4+ 1,3r] with r sufficiently large contains at
least an integer 7 such that |§;| > 1. Consequently, there exists a positive
real number ¢ < 1 such that s(n) > 2c¢(log3n) — 1, for n > 1, hence,

n=1 n=1
for N > 1, and the sum (6.15) converges. This shows that (6.11) holds.
We conclude by applying Lemma 1.8 and Theorem 1.2. O

PROOF OF THEOREM 6.5. Assume that (loga)/(log ) is irrational,
and let (pr/qi)k>1 be the sequence of its convergents; see Appendix D.
Let p be an integer such that 5P > 3. Define the measure p as in the
preliminaries with A = 8 and

A= J {plar +1),p(ar +2),-.., p(min{2qx, gr1} — 1)}
k>1

We check that (6.7) is satisfied. Observe that the upper density of .4
is at least equal to 1/(4p). We thus get from the preliminaries that

uN(B)) =0.
Assume that p(N(a)) < 1. Then, by Lemma 1.8 and Theorem 1.2,
there exists a non-zero integer h such that

+oo

) % Y. (h(a™ —a™) = +oo. (6.18)

N=1 1<m<n<N
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Let m and n be distinct positive integers. It follows from the prelimi-
naries that the inequality

h(a™ —a™) — Z g3

1€A1<i<R(n,m)

<1 (6.19)

has at most one solution (e;);>1 such that ¢, € {0,%1} for ¢ > 1. If it
has no solution, then set r(n,m) = +o00; otherwise, let r(n,m) be the
number of non-zero elements of the sequence (¢;);>1. The above notation
means that € g, m) = +1.

As above, set t(n) = max{1, [n/(log3n)?|} for n > 1. By (6.18) and
the analogues of (6.13) and (6.14), we get

+o0 1 N n—t(n) 1
ﬁ Z Z 2T(n,m) = +00
n=1 m=1

N=

—

and
n—t(n)

1

>
)
n=1 n
Consequently, there are arbitrarily large integers S such that

223

1
Z Z or(n,m) Z ?

25<n<25+1 1<m<n—t(n)

Throughout the rest of this proof, we assume at several places that S is
sufficiently large, without mentioning it explicitly. Since > _, 1/2 <25
for n < 29%1 we deduce that, for these integers S, there is a set G(S5),
of cardinality at least 2° /53, of integers in {2°,...,25%1 — 1} such that

12
Z or(n,m) — ?’

1<m<n—t(n)

for n in G(S). For each n in G(S), let m be an integer satisfying 1 <
m < n —t(n) and r(n,m) < 5logS. We nominate one such m = m(n)
for each n in G(S). Fix n in G(S) and suppose that (6.19) holds for the
pair (n,m(n)) = (n,m). Set R(n) = R(n,m(n)). Then, somewhere in
the sequence

ER(n)) ER(n)—15+ -+ ER(n)—v(S)»

where v(S) = [65%1og ST, there is a block of S? consecutive zeros. Let
us write V(n) for the largest i such that ¢; is followed by a block of at



130 Normality to different bases

least S? zeros. Since R(n) — V/(n) is less than v(S) and r(n, m) does not
exceed 5log .S, the number of possible choices of
ER(n)r ER(n)—1s--+5€V(n)

does not exceed (2v(S5))>1°8 5 hence is less than 2%/2 /53 when S is large
enough.
It follows that, for some

M

2: ! n—pk
w = Ekﬁp7

k=0

with e(, eq,..., &}, in {0, £1}, there is a subset G'(S) of G(S) of cardi-
nality at least 25/2 such that, for every n in G’(S), we have

ha(1+7,) = wpfi™ (1 + 0,,), (6.20)
where
|Tn| < Oéft(n) < efC'n(logn)’Q,
N o, (6.21)
|Un| < efC(logn) ’
for some positive constant C' and R(n) in A. Let ng < ny < ... < ny
be these integers n. For j = 1,...,J, setting v; = n; —np and u; =

R(n;) — R(ng) and taking logarithms of (6.20) with n = ng and n =n;
(this allows us to eliminate h and w in (6.20)), we deduce from (6.21)
that

~_loga

U
, =Yg 6.22
Y logﬁ Uj 7 ( )

where
v; <ny < 29 and ;] < exp{—C’'S?},
for some positive constant C’. In particular, we deduce that
R(nj) > uj > vyv;/2. (6.23)
Since, by (6.20), the quotient R(¢)/¢ is bounded independently of the
positive integer ¢, it follows from (6.23) that

Y
R(n;)3 = 20}’

6] < exp{—C"S?} <

for j =1,...,J. By (6.22) and Theorem D.7, the rational number u;/v;
must be a convergent to . Thus, there exist positive integers d and 7 such
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that u; = dp, and v; = dg,. Moreover, by Theorem D.1 and (6.23),
we get

1 Pr 1 gl
Rin, )~ ‘7 0| " @@ Fae) AR g

so that R(n;) < ¢r41. By the definition of A, this shows that R(n;) is
less than 2pg, and u; < 2pg,. It follows from (6.23) that v; < 4pg, /7,
thus the integer d can take no more than [4p/v] different values. Since
(q)x>1 grows at least exponentially (Theorem D.5) and ¢, < 27, there
are at most S? such integers j. This contradicts the fact that G’(S) has
29/2 elements. We have shown that (A («)) = 1. This proves that A («)
is not contained in A (3) when the quotient (log«)/(log 8) is irrational,
as asserted. O

6.3 On the expansions of a real number to two different bases

This section is concerned with the following general question, which was
investigated in [155]:

Let r and s be multiplicatively independent positive integers. Are there
wrrational real numbers whose r-ary expansion and s-ary expansion are,
in some sense, both ‘simple’?

First, we have to explain what is meant by ‘simple’. Actually, there
are several possible points of view.
Let b > 2 be an integer and ¢ a real number whose b-ary expansion is

given by
ag
k>1
where ay, is in {0,1,...,b—1} for k£ > 1 and an infinity of the a; are not
equal to b — 1.

A first point of view is to use the block complexity function n +—
p(n,&,b) defined in Section 4.4. An irrational real number & could then
be considered as ‘simple’ to base b if this function increases very slowly.

A second point of view, addressed in [53], consists in counting the
number of non-zero digits of £ among its n first b-ary digits by setting

NZ(n,£,b) = Card{k : 1 <k < mn,ay # 0}.

An irrational real number £ could then be considered as ‘simple’ to base
b if the function n — N Z(n, &, b) increases very slowly. This means that
& has only few non-zero digits.



132 Normality to different bases

A third point of view, addressed in [147], consists in estimating the
asymptotic behaviour of the number of digit changes in the b-ary expan-
sion of &. Following [147], we define the function DC, ‘number of digit
changes’, by

DC(n,&,b) = Card{k : 1 <k <n,ar # ars1},

for any positive integer n. For every integer b > 2, the b-ary expansion of
any rational number p/q is ultimately periodic, thus there exist integers
ly and C such that DC(n,p/q,b’) < C for £ > fy. The growth of the
functions n +— DC(n, £, b’) can be used to measure the complexity of the
real number £. In this respect, the ‘simplest’ numbers are the rational
numbers and an irrational real number & could then be considered as
‘simple’ to base b if the function n — N Z(n, &, b) increases very slowly.
This means that £ has only few digit changes in its b-ary expansion.
Since, for n > 1, we have

DC(n,&,b) < 2N Z(n,&,b) + 1, (6.24)

a lower bound for DC(n,&,b) implies a lower bound for N'Z(n,&,b).
However, the converse does not hold.

We show that, if, for some integer r > 2, the r-ary expansion of an
irrational real number £ has very few digit changes, then, if s > 2 is
coprime with 7, the s-ary expansion of £ must have a certain amount of
digit changes.

THEOREM 6.8. Let r > 2 and s > 2 be coprime positive integers. Let
& be an irrational real number. There exist an integer ng and a positive
real number k such that

DC(n,&,r)+DC(n, &, s) > klogn, forn > ng, (6.25)

and
NZ(n, &)+ NZ(n, & s) > klogn, forn > ng.

PROOF. We repeatedly use the elementary fact that, if the r-ary expan-
sion of a rational number { reads 0-aqas...aqzaaa. .., with a,aq,...a,
in {0,1,...,7 — 1} and a # ay,, then

¢ =ar" "+t apr an + %
and there exists an integer d such that ¢ = d/(r"(r — 1)). The latter
rational number may not be written under its lowest form. To see this,
just observe that
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(@—ap) +r(an —an_1)+-+r"Yag —ar) +ar™
ro(r —1) ’

(=

and a — a,, has no reason to be coprime with r. Note however that, since
a is not equal to a,,, there exists a prime number p and a positive integer
v such that p¥ divides r, but p¥ does not divide a,, — a. This shows that
if ( = A/B in its reduced form, then p™ divides B.

Set A = (logr)/(logs) and ¢ = 2 + [2/)A]. Let N be a large positive
integer such that DC(N,&,r) = DC(2N + ¢, &, r). This implies that the
(N + 1)th, (N + 2)th, ... until the (2N + ¢ + 1)th digits in the r-ary
expansion of ¢ are all the same. Let n be the smallest positive integer
such that the (n + 1)th, (n + 2)th, ... until the (2N 4 ¢ + 1)th digits
in the r-ary expansion of £ are all the same. We have n < N and there
exists an integer f such that

f 1

T‘n(T’ _ 1) S T.2N+c+1 :

E_

Let h be the integer defined by the inequalities
h+1<A2N-n+c—1)<h+2. (6.26)
If the integer g satisfies

fsh(s —1) = gr(r — 1), (6.27)

then our choice of n and the above discussion imply that p™ divides
s"(s—1) for a prime divisor p of r. Since r and s are coprime, p does not
divide s and we get that n < 2logs. This shows that if IV is sufficiently
large, in terms of r, s and £, then no integer g satisfies (6.27). Observe
that

2Tn8h(7° _ 1)(8 _ 1) < 2,,,n+1,',,2N—n+c—1 < T2N+C+1.

Consequently, the triangle inequality gives

g f
f_sh(s—l)’Zr”(r—l)_s 8—1‘_‘5_ r—l)
S 1 1

= rngh(r—1)(s—1) r2N+etl

1 1
>
—2rnsh(r—1)(s—1) = st +h+27

for any integer g, when N (hence, h) is large enough. This implies that,
in the s-ary expansion of £, the (h+1)th, (h+2)th, ... until the (A(n+1)
~+h + 2)th digits cannot be all the same, whence
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DC(An+1)+h+1,¢s) >DC(h,& s)+ 1.
It then follows from (6.26) that

DC(2AN + Ac, €, 5) > DCAN + (c— DA —2,€,5) + 1
> DC(AN, &, s) + 1,

since n < N and (¢ — 1)A — 2 > 0, by our choice of c.
Set uy = 1 and upy1 = 2uy + ¢ for n > 1. A rapid calculation shows
that u, < (c+ 1)2" for n > 1. We thus have proved that

Dc(u"-‘rla 67 T) - Dc(unv 55 T’)
+ DC()\un—i-lv ga S) - DC()‘una 57 S) > 17

for every sufficiently large integer n. Setting A’ = max{1, A}, we get
DC(N (¢ + 1)27,£,1) + DC(N(c+ 1)2°, €,5) > n,

for every sufficiently large integer n. In view of (6.24), this proves the
theorem. O

Further results are given in [155]; see also Exercise 6.2.

For coprime integers » > 2 and s > 2, it remains an open problem to
find a non-trivial lower bound for p(n, &, r)+p(n, &, s), valid for every real
irrational number £ and every sufficiently large integer n; see Chapter
10 for related open questions.

6.4 On the representation of an integer in two different bases

Stewart [664] established effectively that an integer cannot have few
non-zero digits simultaneously in base 2 and in base 3, a result first
obtained by Senge and Strauss [643] but with an ineffective proof; see
also [60, 106, 159, 314, 515].

For integers b > 2 and n > 1, let DC(n,b) denote the number of
times that a digit different from the previous one is read in the b-ary
representation of n. The next theorem, extracted from [159], extends
Stewart’s result and is established with the same arguments. We omit
its proof, which uses Baker’s theory of linear forms in the logarithms of
algebraic numbers.

THEOREM 6.9. Let r and s be multiplicatively independent integers.
There exists an effectively computable integer c, depending only on r
and s, such that, for every integer n > 20, we have
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log lo
DC(n,r) +DC(n,s) > _ 0808l
logloglogn + ¢
In particular, Theorem 6.9 implies that n cannot have simultaneously
few non-zero digits in its r-ary and in its s-ary representations, when

r and s are multipicatively independent integers.

6.5 Exercises

EXERCISE 6.1. Let 8 > 1 be a real number. Prove that a real number is
normal to base 2 if it is normal to base —3. Is the converse true?

EXERCISE 6.2 (¢f. [155]). Let r and s be positive integers with ged(r, s)
> 2. Construct explicitly irrational real numbers & for which (6.25) does
not hold, whatever the values of x > 0 and ng.

EXERCISE 6.3. Let 7 and s be positive integers having a common prime
divisor. Let n > 1 be an integer. Give a lower bound for the number of
non-zero digits of »™ written in base s.

EXERCISE 6.4 (cf. [538]). Let m be a positive integer such that 2™ can
be written as a sum of distinct powers of 3. Let k be a positive integer.
Show that 2™ can only take 2~ distinct values modulo 3*. Deduce that
there are only 2°~! residue classes 1, . .., 7ox—1 modulo 2-3¥~1 in which
m can lie. For X > 2, with a suitable choice of k, prove that there are
at most 1.62X(1°82)/(1°83) integers m less than X such that 2™ can be
written as a sum of distinct powers of 3.

6.6 Notes

> The set of real numbers which are not simply normal to one base
but normal to every multiplicatively independent base has Hausdorff
dimension one [531-533].

> El-Zanati and Transue [278] gave an elementary proof of the fol-
lowing nice result. Let r and s be two multiplicatively independent
positive integers. Fix a finite collection G of finite blocks of digits on
{0,1,...,s—1} and let Cs(G) be the set of all real numbers whose s-ary
expansion does not contain any block from G. If Cy(G) contains a Can-
tor set, then C(G) contains a number whose r-ary expansion contains
every finite block of digits on {0, 1,...,7 — 1}. This proves that richness
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to base r does not imply richness to base s, a statement which also
follows from Schmidt’s proof of Theorem 6.1; see also [342].

> Let r > 2 and s > 2 be integers. Let £ be in (0,1) and fr(f) be the
rational number obtained by truncating the r-ary expansion of ¢ after
the nth digit. The problem to determine the largest integer md " (¢)
for which the first m{"* (&) digits of the s-ary expansions of ¢ and &(f)

coincide has been studied from the metrical point of view in [124, 211].

> Colebrook and Kemperman [201] refined Theorem 6.1 by show-
ing that, given an integer » > 2 and a real number &, there exists a
real number 7 satisfying V(n,r) = V(£,7) (see the notes at the end of
Chapter 4 for the definition) and which is normal to base s, for every
integer s such that r» and s are multiplicatively independent. This has
been further refined by Pushkin [591, 592].

> The first use of Riesz product techniques for normality questions
appeared in papers by Brown, Moran and Pearce [136, 137]. Subsequent
results can be found in [139, 140, 520-522]. It is shown in [136] that, for
any integer b > 2, every real number can be expressed as the sum of four
numbers none of which is normal to base b but all of which are normal
to all bases multiplicatively independent of b. This has been slightly
refined in [134], where it is shown that, in addition, all the four numbers
can be taken to be non-simply normal to base b. Further decomposition
theorems are given in [137, 138].

> An alternative proof of Schmidt’s Theorem 6.3 using Riesz prod-
uct techniques was given in [137]. It extends to non-integer bases. Among
other results, it is shown in [137, 138] that if R and S are multiplica-
tively independent sets (this means that r and s are multiplicatively
independent for every r in R and s in S) of algebraic numbers greater
than 1, then there are uncountably many real numbers which are normal
to every base from R but not normal to every base from S.

> Pollington [573] strengthened Theorem 6.3 by showing that, un-
der the assumptions of that theorem, the set N (R,S) of real numbers
which are normal to every base from R but not normal to every base
from S has Hausdorff dimension one; see also [533]. More generally [575],
if (Ap)n>1 is any real sequence, the set of real numbers ¢ such that every
translate x + \,, with n > 1, is normal to every base from R but not
normal to every base from S has Hausdorff dimension one. This implies
that every real number can be expressed as a sum of two numbers from
N(R,S); see also [138].
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> Improving an earlier result of Bertrand-Mathis [83], Brown, Mo-
ran and Pollington [140] established that, if & > 1 is a real number and
r > 2 is an integer, then 7\ () = N («) holds if, and only if, there exists

a positive integer k such that o* or a* +a~% or o — =" is an integer.

> Volkmann [720] proved that for every multiplicatively indepen-
dent integer 7 and s, there exist real numbers which are normal to base
7 and are such that the digits of their expansion to base s have prescribed
frequencies; see also [100-102, 588, 590, 721].

> The first articles concerned with normality with respect to matri-
ces include [196, 578, 585]. Let d > 2 be an integer and R, S be rational
d x d matrices with eigenvalues which are algebraic integers other than
0 and roots of unity. A vector z is called normal to base R if (R"z)n>1
is uniformly distributed modulo one in R?. When R and S commute,
Schmidt [629] showed that if the eigenvalues of R are outside the unit
circle and R™ # S™ for every positive integer m,n, then there are ele-
ments of R% which are normal to base S but not to base R. For d > 2,
Sigmund [655] gave an elegant proof when R and S are automorphisms.
Brown and Moran [133, 135] removed the extra condition on the eigen-
values of R. Schmidt [629] conjectured that the set of vectors normal to
base R and the set of vectors normal to base S are equal if, and only
if, there exist positive integers m and n such that R™ = S™. This was
proved in [141] in the case of two-dimensional matrices; see also [87].

> Let R and S be number-theoretical transformations defined on
[0,1] (or on the d-dimensional unit cube). Schweiger [640] showed that,
if there exist positive integers m,n such that R™ = S", then normality
to base S (we omit the precise definition) implies normality to base R.
He conjectured that the opposite conclusion holds when R™ = S™ has
no solution in positive integers m, n. Kraaikamp and Nakada [407] gave
two counterexamples to Schweiger’s conjecture.

> Discrepancy results for the set of real numbers which are not
normal to a fixed base s > 3, but normal with respect to an arbitrary
set of integer bases r > s, multiplicatively independent of s, are given
in [518].

> Feldman and Smorodinsky [302] extended the result of Schmidt
[627] to other measures than the Cantor measure. An amusing illus-
tration of their theorem is the following. Flip a coin (perhaps unfair)
repeatedly, and write 0 for heads, 1 for tails. This gives the binary ex-
pression of a number ¢ in [0, 1]. Then, unless the coin is almost surely
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heads or almost surely tails, £ is with probability one normal to base
ten. Kamae [360] made use of specific singular measures; see also [597].

> Inspired by a paper of Wagner [722], Kano and Shiokawa [369,
371] proved, for coprime integers b, ¢ with b, ¢ > 2, the existence of rings
of real numbers all of whose non-zero elements are normal to base b but
not normal to base be; see also [357].

> Volkmann [717] established that there exist real numbers £ such
that V3,(§) = Hyp (see the notes at the end of Chapter 4 for the definition)
for every integer b > 2.

> Let b1,...,bq be integers greater than or equal to 2. Korobov
[398] introduced the notion of real numbers &, ..., & being jointly (or
conjunctly) normal to the bases by, ..., bg; see [402, 431, 434, 583, 661].

> Erdds [280] asked how often the ternary expansion of 2 omits the
digit 2. It is likely that there are only finitely many such integers n but
the problem is still beyond reach. For A > 0 and X > 1, let Nx(X) be
the number of integers n in [1, X] such that the ternary expansion of the
integer part | A\2™ ] omits the digit 2. Lagarias [418] proved that Ny (X) <
25X 09725 for all sufficiently large X. In the case A = 1, Narkiewicz [538]
obtained the better bound given in Exercise 6.4; see also [378].
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Diophantine approximation and
digital properties

Let £ be a real number given by its expansion to an integer base b > 2,
that is,

E=1e+Y el +0-ma ., (7.1)

k>1

where the digits ax are in {0,1,...,b—1} for £ > 1 and infinitely many
ay, are different from b—1. Looking at (7.1) gives some information on the
irrationality exponent of ¢ (see Definition E.1). Indeed, a very nalve way
to produce good rational approximations to £ is to search for integers
r and s such that a,41 = --- = a,4+s = 0 and to observe that ¢ is then
close to the rational number |&] + >°p_, aj/b*. We can elaborate this
argument and look merely for repetitions of finite blocks of digits rather
than only long strings of 0. Recall that, if (di)x>1 is a periodic sequence
taking its values in {0,1,...,b — 1} and such that there are integers r
and s with s > 1 and dyyjs4+n = dryp for 5 > 1 and h =1,...,s, then
there exists an integer p such that

di P

—_ = . 7.2
;21 bk (b5 —1) (72)
Note that the latter fraction may not be written under its lowest form.

Going back to our original discussion, assuming that there are integers

r,s,¢ such that a,4js4n = arqpp for h=1,...,5and j =1,...,4, then
{¢} is quite close to the rational number &, 5 in [0, 1] whose b-ary expan-
sion starts with a; ...a, and continues with infinitely many repeated
copies of the finite word a,11 ... a,4s. Since {¢} and &, s have their first
r + (£ + 1)s digits in common, we get

1
‘{g} - gr,sl S m

139
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The height (see Definition E.4) H(&,s) of & s being at most equal to
b"(b° — 1), we deduce that

1

{&} — &l < H(5T7s)(r+(e+1)s)/(r+s)'

(7.3)

If there exist a real number p > 1 and triples (r, ¢, s) satisfying (7.3)
with 7 + s arbitrarily large and (r + (¢ + 1)s)/(r + s) > pu, then the
irrationality exponent of & is at least equal to p. In view of Theorem
E.2, this gives non-trivial information only when p > 2.

These considerations motivate the introduction in Section 7.1 of new
exponents of Diophantine approximation which express what can be said
on rational approximation to a real number by simply looking at its b-ary
expansion. As can be expected, for almost all real numbers these expo-
nents are strictly less than the irrationality exponent. This is discussed
in Sections 7.1 and 7.2. Section 7.3 is devoted to Schmidt’s («, 5)-games.
The next sections are concerned with Diophantine approximation on the
middle third Cantor set. Section 7.7 gathers several results on normal
numbers with prescribed Diophantine properties. We end this chapter
with classical results on the Hausdorff dimension of sets of real numbers
with missing digits (or whose digits occur with a prescribed frequency).

7.1 Exponents of Diophantine approximation

Let £ be a real number given by its expansion in an integer base b > 2
as in (7.1). If there are positive integers r and s such that ||b"¢|| < b~%,
then a,41,...,a,45 are all equal and their common value is either 0 or
b — 1. This and the discussion below (7.2) motivate the introduction of
new exponents of Diophantine approximation [50].

DEFINITION 7.1. Let £ be an irrational real number. Let b > 2 be an
integer. We denote by v,(§) the supremum of the real numbers v for
which the inequality

o7&l < (0") ™"

has infinitely many solutions in positive integers n. We denote by vj (€)
the supremum of the real numbers v for which the inequality

17 (0" = 1)g]| < (b7F) " (7.4)

has infinitely many solutions in positive integers r and s.
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The value vy (§) coincides with the Diophantine exponent of the infinite
word @ = ajas .. .; see Definition A.2.

Let £ be an irrational real number and b > 2 be an integer. Since we
can choose s = 1 in (7.4), we see that

v (&) > wp(§) >0
and
w(€) > max{v, (&) + 1,2} > max{v,(€) + 1,2} (7.5)

Furthermore, we check (see Exercise 7.1) that

vp(§) = vpe(§) and vy (€) = vpe(§), fort > 1. (7.6)

The exponent v, (resp. v;) measures how a given real number is ap-
proximable by rational numbers whose denominators are powers of b
(resp. have the form b"(b° — 1) for some positive integers r and s). These
rational numbers are not supposed to be written under their lowest form.
In particular, if b; and by are integers at least equal to 2 and such that
the set of prime factors of by is a subset of the set of prime factors of bo,
then vy, (£) cannot be too small when vy, (£) is large. This observation is
made more precise in the following lemma.

LEMMA 7.2. Let by and bs be integers at least equal to 2 and such that
every prime factor of by divides by. Write

e

by =pit ... pf", by = pi*...plt b,
where p1,...,pe are distinct prime numbers, e;, f; are positive integers
and bl is coprime to p1...ps. Define

p(b1,b2) == min —. (7.7)

Then, for any real irrational number &, we have

log by

Vo (§) + 1 = p(ba, ba) 107 - (00, () + 1),

PROOF. Let m; and ms be positive integers such that b7 divides by*?.
Set v = vp, (£). Let e =0 if v = 0 and let € be in (0, v) otherwise. Let n
be a positive integer such that

|prell < (b7) 7.
Setting n = (k — 1)my + r with 0 <r < m; and k > 1, we have

L O R A R
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which implies that

mq log by

vp, (§) +1 2> (vp, (§) + 1),

meo log b2

since n (hence, k) can be taken arbitrarily large. Hence, we have

mq\ logby
1> 7) 1),
vp, (§) +1 2> ml,mi?wbw my) Tog b (vp, (§) +1)

where, as indicated, the supremum ranges over all positive integers
m1, me such that b7"* divides by, Since b7"* divides b3"? if, and only if,

mye; <mof; for i =1,... ¢, we deduce that
my . fi
sup — = min —.
myman oy M2 SIS €
This proves the lemma. O

Lemma C.1 implies that almost every real number & satisfies vy(§) =
vy (§) = 0 for every integer b > 2. Furthermore, for any given b > 2, any
positive real number v, and any bounded sequence (d;);>1 of positive

vb(z Mﬁ) = . (7.8)

=1

integers, we have

To construct real numbers ¢ with a prescribed value for v;(£) is much
more difficult, since we know only very little on the divisors of integers
of the form b° — 1. Indeed, the good rational approximations of the form
(7.2) may not be written under their lowest form, thus we only have an
upper bound for their heights, and, consequently, only a lower bound
for vy (§). To establish that this lower bound is actually the exact value
seems to be very difficult.

In view of Lemma 7.2, we propose the following problem. We denote
by B the set consisting of all positive integers which are not perfect
powers, thus B = {2,3,5,6,7,10,...}, and we set By = {1} UB. It is
convenient to define the function v; by

v1(§) = pu(§) — 1,
for every irrational number &.

PROBLEM 7.3. Let (vp)peB, and (vy)pen be sequences of real numbers or
+oo satisfying

v > 1, 0<wv, <wv, <wy, foreverybeB,
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and
log by
log bs

b, +1 2> p(b1,b2) (ve, +1),

for every by, by € B such that every prime factor of by divides ba. Prove
that there exist real numbers £ such that

vi(&) =v1, v(€)=v, and v, (§) =v,, for everybe B.

Problem 7.3 can be compared with the Main Problem studied in [146],
where, besides rational approximation, the quality of approximation by
algebraic numbers of bounded degree measured by the exponents w,,
and w? (see Definition E.12) is also considered.

We end this section with a connection between the exponents v, and
normality. We use an argument already seen in the proof of Theorem 5.7.

PROPOSITION 7.4. Let £ be an irrational real number and b > 2 an

integer. If vy(§) is positive, then & is not simply normal to base b.

Proor. If v,(€) is positive, then there exist an integer m > 4, a digit
d equal to 0 or b— 1, and arbitrarily large integers N such that, recalling
that

Ap(d,n, &) :=Card{k :1 <k <n,ar, =d}, forn>1,
we have
Ap(d, (m + 1)N, &) — Ap(d,mN,§) = N,
thus,

Ab(d7 (m+ 1)Na 5) m Ab(da mN,g) 1

(m+1)N m+1 mN m+1
If (Ay(d,n,&)/n)n>1 tends to a limit ¢, then ¢ must satisfy

m 1

T m+1 m+1

thus ¢ = 1. Consequently, the digit d does not occur with frequency 1/b
in the b-ary expansion of £. This shows that £ is not simply normal to
base b. O

Note that there exist real numbers ¢ satisfying v;(£) > 0 that are
normal to base b; see Exercise 7.2.
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7.2 Prescribing simultaneously the values of all the
exponents v

The purpose of this section is to establish a general result, proved by
Amou and Bugeaud [50], which solves partially Problem 7.3.

THEOREM 7.5. Let (vp)pep, be a sequence of elements of R U {400}
satisfying

14+5
2

<wv, <wy, foreverybe B, (7.9)

and

Vpy, +1 2> p(bl,b2> vy, + 1), (7.10)

g by
~(v
log b
for every by, ba € B such that every prime factor of by divides by. There
exist uncountably many real numbers & such that

vp(&) = vp, for every b € By.

The lower bound (1 ++/5)/2 in (7.9) is typical of proofs whose main
argument is the triangle inequality; see [425] or [146, Section 7.7].

To prove Theorem 7.5, we construct inductively the continued fraction
expansion of a suitable real number £, in such a way that we know all
the rational numbers p/q for which |£ — p/q| is comparable to or smaller
than ¢~ B3+V5)/2. We begin with an auxiliary lemma.

LEMMA 7.6. Let b > 2 be an integer and v > (3++/5)/2 be a real num-
ber. Let m be a positive integer. Let P/Q and R/S be reduced fractions
with positive denominators such that

SY < Q< bSY (7.11)
and
1
S P 12
- E (7.12)
Then, for any reduced fmction A/B with S < B < Q, we have

P A 1
’——§>aﬁﬁﬂﬁ (7.13)

PROOF. Assume first that S < B < S§”~!/(2m). Since this with (7.11)
gives BS < 8¥/(2m) < Q/(2m), using

5-3l2la-2-15-2
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together with (7.12), we obtain
1 m 1 1
’7 o> —_—Z>__—_>
BS Q ~ 2BS ~ 2B2°

Assume next that S*~!/(2m) < B < Q. Since this with (7.11) gives
Q < b(2mB)¥/(v= 1), we obtain

1
Q B *BQ ~ bBEmB) /-1

which implies (7.13), since v/(v — 1) < 1.7 and 1 + v/(v — 1) < v. This
proves the lemma. O

PROOF OF THEOREM 7.5. Let (b;);>1 be a sequence of integers from
Bi such that by =1, b; < j for j > 1, and, for every b € By, there are
infinitely many j satisfying b; = b. Let Ry/Sy be a reduced fraction with
So > 100. Assume that we have already constructed reduced fractions
P,/Q; and R;/S; for i =1,...,7 — 1 with j > 1. (Note that we do not
have Py/Qo.) Then we construct inductively reduced fractions P;/Q;
and R;/S; as follows.

We first take Q; = b;-” with n; > 1 (resp. Q; prime) if b; > 2
(resp. if b; = 1) such that the triple (S,Q,b) = (Sj-1,Q;,b;) (resp.
(S,Q,b) = (Sj_1,Q;,2)) satisfies (7.11) with v = (3 + /5)/2, and next
take an integer P; such that P;/Q); is reduced and the pair (R/S, P/Q) =
(Rj—1/Sj-1,P;/Q;) satisfies (7.12) with m = m(b) := 2b + 2. Denoting

the continued fraction expansion of P;/Q; by [ao; a1, ..., a] with a;, > 2,
we define a reduced fraction R;/S; by
R; .
S—J = [ags a1, ..., ak, [QF 1,
J

where v = vy, if vy, < 400 and v = j if vy, = +00.
By construction, we can define a real number £ by

£:= lim 5
j—+o0 Q]
whose continued fraction expansion has P;/Q; and R;/S; (j > 1) among
its convergents. We claim that this & satisfies the conditions given in the
theorem. To this end we consider rational approximations to &.
Let j be a positive integer and set v = vp,. Under the above notation,
since

[ao; a1, ..., ak, LQ;’*lJ —1]
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is the only possible convergent to  between P;/Q; and R;/S;, we have

L YIS P
Qj(sj + QJ) Q Q]( Q])
which implies
2
Qv+1 ‘g ‘ < (7.14)

For the same reason, for any reduced fraction A/B with Q; < B <
S; (j € Zx1), we have

‘5 a *‘ = 232
Let A/B be a reduced fraction with S;_1 < B < Q; (j > 1). Since
TR N T
Q_] B BQJ QJ Q
and since BQ; < Q;H/AL, we have
; 1P A
-3l 531 21 -4
21Q;, ~ BI
We then infer from Lemma 7.6 that
e~ 31> :
2b(2m(b))1-7 BB+V5)/2’

where b = b; and m(b) = 2b + 2. Consequently, on recalling that b; < j
for j > 1, these estimates prove our claim.

In each step of the inductive procedure, there are at least two choices of
P;/Q; having the same denominator ();; one is less than R;_1/5;_1, and
the other is greater than R;_1/5;_1. Hence, we have an infinite directed
binary tree of reduced fractions whose infinite paths correspond to real
numbers &, which are different from each other and have the conditions
given in the assertion. This ensures the uncountability of the desired
numbers, and completes the proof of the theorem.

For the sake of clarity, we add a few words on (7.10). Let b and b’
be distinct elements of B such that each prime divisor of b’ also divides
b. Then, for any Q) = (¥)"" with some positive integer n’, we have to
estimate from below

o

Qj

P
-
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with Q; = b" and P; = P}(Q;/Q) provided that @’ divides @;. Since,
by (7.14),

/

’74
/
Q@

1
AR
we have

Pj 1 N—(vyr+1)(n logb’)/(nlogb)
-5l 5@ .

On noting that n’/n < p(b',b) with p(-,-) defined in (7.7), we get
Pj‘l —p(b', b 1)(log ')/ (log b
- 1> 2(Q,; p(b’; b) (v +1)(log b”)/(log b)
In view of the assumption (7.10), this shows that vp(£) = vp. To see this,
one should add that, if j is such that b; = 1, then, by assumption, Q;

is a prime number and there are at most finitely many such j for which
each prime divisor of ¢); also divides b. [

To conclude this section, we briefly explain why the approach followed
in the proof of Theorem 7.5 cannot be applied to construct real numbers
& with prescribed values for vy (§), where b is in 5. The point is that we do
not control all the rational approximations that give the value of vy (§).
Indeed, with the above notation, let us consider the fractions P;/Q; for
the indices j with b; = 1. Let b be in B. Then, there exist integers 7},
r; and s; such that

p; T}

TR
where the latter fraction may not be written in reduced form. It may
happen that 0™ (b% — 1) is not much greater than @;. If this is the case
for infinitely many j, we may even get that v,(§) = v1(£). Since there
are no ways to control 7; and s;, we cannot get the exact value of vy (£).
Additional explicit examples of real numbers with prescribed expo-
nents v, and vy are given in [50].

7.3 Badly approximable numbers to integer bases

Similarly to the classical notion of badly approximable real numbers (see
Definition D.8), we introduce the notion of badly approximable numbers
to a given integer base.
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DEFINITION 7.7. Let b > 2 be an integer. A real number ¢ is b-badly
approzimable if

inf Jlgv" ] > 0.

Clearly, for an integer b > 2, a real number is b-badly approximable
if, and only if, the blocks of the digit 0 and the blocks of the digit b — 1
occurring in its b-ary expansion have bounded length.

Although one can easily construct real numbers which are b-badly
approximable for some integer b > 2, it does not seem obvious to confirm
the existence of numbers that are b-badly approximable for every integer
b > 2. This was shown in 1966 by Schmidt [631] as one of the many
applications of his («, 8)-game. We slightly modify the exposition from
[635], taking into account the works of Akhunzhanov [28, 29].

Let S be a set of real numbers, called the target set. Let a, 3 and p
be given positive numbers with o < 1 and 8 < 1. Consider the following
game played by players Black and White. First, Black chooses a closed
interval By of length A(By) = |B1| = 2p on the real line. Next, White
picks a closed interval W, contained in By and of length |[W1| = «|By].
Then, Black chooses a closed interval Bs contained in W and of length
| B2| = B|W1], etc. In this way, a nested sequence of closed intervals

BiOW; DBy, DWy D ...
is constructed, with lengths
|Br| = 2p(af)*"t and |Wi|=2pa(aB)t (k>1).

Clearly, the intersection

mBk:an

k>1 k>1

consists of a single point. If this point lies in S, then we say that White
wins the game. Furthermore, if White is able to win the game no matter
how Black plays, then S is called an (a, 3, p)-winning set. A set S which
is (a, B, p)-winning for every positive p is called an («, §)-winning set. A
set S which is («, 8)-winning for every § in (0, 1) is called an a-winning
set. A set is termed winning if it is a-winning for some positive real
number a.

Any (a, 8, p)-winning set is uncountable. Moreover, Schmidt [631]
proved that a winning set has full Hausdorff dimension and that a count-
able intersection of winning sets is a winning set.
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Throughout this section, we make the additional assumption that « is
less than 1/3 since this allows some simplification. Our aim is to establish
the following statement, essentially proved by Akhunzhanov [28, 29].

THEOREM 7.8. There are uncountably many real numbers £ such that

1

‘f — g‘ > W, for all integers p,q with ¢ > 1, (7.15)

and
||€b™|| > b~ 11000008 30)  for all integers b > 2 and n > 1. (7.16)

Consequently, there are uncountably many badly approzimable real num-
bers that are b-badly approximable for every integer b > 2.

We keep the notation from Section 4.4. In order to deduce from The-
orem 7.8 the existence of real numbers having maximal entropy to base
b for no integer b > 2, we first claim that, for a real number &, an integer
b > 2, and positive integers n and t, we always have

p(tn, &,b) < tb'p(n, &, b"). (7.17)

To see this, observe that any block of tn consecutive digits of £ to base b
is composed of t; digits of £ to base b followed by n—1 digits of £ to base
b' and by t—t; digits of £ to base b, for some integer t; with 0 < t; < t—1.
If the real number ¢ satisfies (7.16), then, putting ¢ = [1100b(log 3b)], it
has (at least) one missing digit in its expansion to base b?, yielding that

p(n, &) < (b —1)", forn > 1.
We deduce from (7.17) that
p(tn, &,b) < ' (b — 1)",

and, by taking the logarithm, dividing by ¢n and letting n tend to infin-
ity, it then follows that

1
<logh— —.
= 0BT

We have established the following consequence of Theorem 7.8.

log(b! — 1)
B(e.p) < B0 -1

COROLLARY 7.9. There exist uncountably many badly approximable real
numbers & such that

E(&,b) <logb— for every b > 2.

p1110b(log 3b) ’
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With some additional effort, it is possible to show that the set of
badly approximable real numbers which are b-badly approximable for
every integer b > 2 has Hausdorff dimension one. The same result holds
for the set of real numbers having maximal entropy to base b for no
integer b > 2; see [29].

We split the proof of Theorem 7.8 into five auxiliary lemmas. Through-
out this section, for given positive real numbers «, 3, p and for every
positive integer k, we set

pr. = plaB)*™1 and  pj = pa(aB)* " = ap.

Furthermore, B(z,p) denotes the open interval centred at z and of
radius p.

LEMMA 7.10. Let o be such that 0 < o < 1/3. Let p > 0. Let B(x, p) be
an open real interval and I be a closed subinterval of B(x, p) of length at
most 2ap. Then, there exists ©’ in B(x, p) such that B(z', ap) C B(x, p)
and B(z', ap) has empty intersection with I.

PrOOF. Our assumption on « implies that a < 1 — 2a.. Consequently,
if the centre of I is less than or equal to z, then I is included in the
interval (z — p,x + (1 — 2a)p) and =’ := = + p — ap has the required
property. Likewise, if the centre of I is greater than x, then we take
i =x—p+ap. O

LEMMA 7.11. Let o, be such that 0 < a < 1/3, 0 < 8 < 1. Sup-
pose that Black begins his play with an interval of length 2p. Set ¢ =
min{ap, a®3%/2}. Then, the set of real numbers & such that |€ —p/q| >
cq=? for all integers p and q > 1 is (c, 3, p)-winning.

PrOOF. Set R = (af)~ /2. 1If 2p < (af)?, then put ko = 1, otherwise,
let ko be the integer defined by the inequalities (3)? < 2pk, < af.
White chooses Wi, ..., Wy,_1 arbitrarily. Fix an arbitrary non-negative
integer k. We describe White’s strategy for choosing Wiy, such that

’E — g‘ > q% for all £ € Wi, 4x, R¥ < g < RFL ged(p, q) = 1.

Note that, for any distinct py/qi,p2/q2 with RF < q1,¢2 < RF1, we
have

]2712’:1016]2—1?2(11’ 1
Q@ 7192 R2k+2
Since 2pg, < af, we get

2pkotk = 2p(aB)OTF T = 29, RT2F < RTP2
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thus Byt contains at most one point p/q with RF < ¢ < RF*! and
White has to worry only over an interval I of length 2¢/q?, thus, of length
at most 2cR~2F. Our choices of ¢ and kg imply that 2cR~2¥ < 2api, 1,
since we have 2¢ < o?83? < 200pp, if kg > 2 and 2¢ < 2ap if ky =
1. Consequently, by Lemma 7.10, White can choose an interval Wy, i
included in By, 1, of length 2p;€0 1> and having empty intersection with
I. Thus, for every ¢ € Wy, 41, and for every integer p,q with RF < ¢ <
RF1 we have |¢€ — p/q| > c/q?. Since k is arbitrary, we deduce that,
for every € € Nk>o Wiy+k, and every integer p,q with ¢ > 1, we have
|¢ —p/q| > ¢/q?. This proves the lemma. O

LEMMA 7.12. Let o, be such that 0 < o < 1/3, 0 < 8 < 1. Let
p > af/4. Let b be an integer satisfying

b>4(a?p) (7.18)

Then, the set of real numbers having no digit 0 and no digit b—1 in the
b-ary expansion of their fractional part is («, 3, p)-winning.

ProOF. Let Black begin with the ball By of length 2p. Since p > /4,
there exists a positive integer ng such that

1/4 > pn, = (af)™ 1o > (af) /4. (7.19)
For j > 1, define the positive integer n; by
1/(467) > po, 1= (aB)"51p = (aB)/(45)), (7.20)

Since af > 1/b, the sequence (n;);>o is strictly increasing. We will
describe White’s strategy to select the balls Wy, W,,, ...

Let 7 > 1 be an integer. The real numbers whose jth digit is equal to
0 or to b— 1 are lying in intervals of length 2b=7, which are distant from
each other by at least

BT —2/b) = B /2> 20,

using (7.19) and (7.20). Hence, White has to worry over at most one
interval I included in Bn,_, and of length at most 2b6=7. We infer from
(7.19) and (7.20) that b'~7 < 4p, _ (B3)!, hence

b < 4(aﬁb)_1pn]-,1 < app; 4,

by (7.18) and (7.20). By Lemma 7.10, White can select an interval W, _,

included in By, _, and having empty intersection with I. This describes

—1

the winning strategy of White when the target set is the set of real
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numbers having no digit 0 and no digit b — 1 in the b-ary expansion of
their fractional part. O

LEMMA 7.13. Let U2, P; be a partition of the set of positive integers
into disjoint arithmetic progressions P; with first term m; and common
differences d;. Given real numbers 0 < a < 1/3,0< <1 and p > 0,
let B; = B(aB) =1 and p; = p(aB)™i =1, for j > 1. If, for every j > 1,
the set S; is an (a, B;, pj)-winning set, then the intersection N2,S; is
an (a, B, p)-winning set.

PROOF. Note that, for n > 1, the radius of By, 4 (n—1)q, is

pla)+ BT = (affy)"p;.

White has an (a, 83, p)-winning strategy Wi, Wa, ... for the target set
N52,8;. Namely, for j > 1, he has to play according to the (o, By, pj)-
winning strategy for the target set S; on his m;, m; +d;, m; +2d;,. ..
turns. Then, for every j > 1, the intersection N$2; W; belongs to S;. The
lemma follows. O

LEMMA 7.14. The set of even positive integers can be represented as
the disjoint union U2, P; of arithmetic progressions P; with first terms
m; and common differences d; such that

m; < d; <1005(log3j)?, forj > 2. (7.21)

PROOF. For j > 2, put v; = 1005(log 35)? and let d; be the power of 2
defined by the inequalities

Uj
1§§<dj§vj-

Observe that the sequence (d;);>1 satisfies >, clj_1 < 1/2 and is non-
decreasing. Let P» be the arithmetic progression of even integers starting
with ms = 2 and with common difference ds. Let &£ > 2 be such that the
disjoint arithmetic progressions of even integers P, ..., Py have already
been constructed. Since the density of the union P, U...U Py is equal
tody' +dy' + - +d; ", which is less than 1/2, there exists an even
positive integer m outside this union. Let my41 be the smallest positive
integer with this property. Since myj; is not congruent to m; modulo

d; and d; divides dj41 for j =1,...,k, the arithmetic progression
Py = {mk+1 + hdgy1 - h > 0}

is disjoint from the union P, U ... U Pg. Furthermore, we deduce from
the minimality of myy1 that mgy1 < dgy1. This proves the lemma. O
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PROOF OF THEOREM 7.8. Set a = 1/4, f = 1/2 and p = 1. Let
(mj)j>2, (dj)j>2 and (Pj)j>2 be as in Lemma 7.14. Set 3 = a3?
and p; = af. By Lemma 7.11 the set S; of real numbers £ such that
|€ —p/q| > 2715¢72 for every p/q with ¢ > 1 is («, 81, p1)-winning.
Put dy = 2 and m; = 1. Denote by P; the set of odd integers and ob-
serve that Py U P, U. .. is a partition of the set of positive integers into
arithmetic progressions.

For b > 2, set 3, = BlaB)® ™ and p, = (aB)™ 1. Since d, > my,
we get that p, > afy/4. Let s, be the positive integer defined by the
inequalities

<bH% < 4 .

azfy ~ a3y

By Lemma 7.12, the set Sy of real numbers having no digit 0 and no

digit b** — 1 in their b -ary expansion is (o, By, pp)-winning. Note that

any element & of this set satisfies ||£b™¢|| > b~ for every n > 0, thus

|67 | > b2 for every n > 0. Further, it follows from (7.21) and (7.22)
that

(7.22)

b < 128 . 81006(log3)* < 550b(log 3b)

Lemma 7.13 implies that the set N;>1S; is (o, 3, 1)-winning and we have
shown that every element ¢ in this set satisfies (7.15) and (7.16). This
proves the theorem. O

We end this section by pointing out that Lemma 7.11 immediately
implies that the set of badly approximable numbers is a winning set, a
result established in [631].

7.4 Almost no element of the middle third Cantor set is very
well approximable

We have already mentioned that a covering argument shows that v,(£) =
v; (&) = 0 for almost every real number £ and all bases b > 2. Further-
more, Theorem E.3 asserts that almost every real number ¢ satisfies
v1(€) = 1. Weiss [728] (see also [576, 729]) established that the latter
result also holds for almost every real number £ in the middle third Can-
tor set K, where ‘almost all’ and ‘almost no’ now refer to the standard
measure ux supported on K; see Definition C.7. Note that the measure
pr was used for establishing Theorem 6.1, whose proof actually gives
the following statement.
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THEOREM 7.15.  Almost every real number in the middle third Cantor
set K is normal to every integer base which is not a power of 3. Conse-
quently, the set of real numbers in K which are normal to every integer
base which is not a power of 3 has the same Hausdorff dimension as K,
namely (log2)/(log3).

By Proposition 7.4 and Theorem 7.15, we have v,(§) = 0 for pg-
almost every element ¢ of K and every integer b > 2 which is not a
power of 3. Following the method of [728], we slightly extend this result.

THEOREM 7.16. With respect to the standard measure g on the middle
third Cantor set, we have

(@) =1 w()=v()=0 (b=2),

for px-almost all € in the middle third Cantor set.

The key tool for the proofs of the results established in the present
section is the fact, established in Lemma C.8, that, setting

v=(log2)/(log3) and C=4-3",
the measure px satisfies

pr(B(z,ep)) < Ce¥ug(B(z,p)), (7.23)
for every x in [0, 1] and every e,p with 0 < e <1l and 0 < p < 1.

PROOF. Observe first that for every non-negative integer @, every gq, qo
in {29,...,29%1 — 1} and every integer p, py such that p/q # po/qo, we
have

‘B _ @‘ > 1 o020+ 5 9 9-2Q42)
q Qo

q90

Consequently, the intervals B(p/q,2~2(@*2)) and B(po/qo, 2 2(@+?)) are
disjoint. This implies that the ux-measure of the union of the intervals
B(p/q,272(@*+2) over all the rational numbers p/q with p and ¢ coprime,
0 <p/qg<1and 29 < q< 29t is bounded by 1, independently of Q.

Let w > 1 be a real number. Let Qg be a positive integer such that
g 17w < 272(@Q+2) holds for all Q and ¢ with Q > Qo and 29 < ¢ <
20+1,
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Using (7.23) with & = ¢~ 17%22(Q+2) we get

> px(B(p/g,qa7 "))

0<p/q<1,(p,q)=1,¢>2%0

= > > ux(Bp/ag ")

Q>Qo *
q—l—w ~ 2(0+2)
<> Zc<m) px (B(p/q, 272 9?)) (7.24)
Q>Qo *
< Z O 27(~QU+w)+2Q+4) ZMK (p/q,2~ Q+2)))
Q>Qo
< Z C 274+ Q-w))
Q>Qo

where Y. means that the summation is taken over the rationals p/q
such that 0 < p/q < 1,gcd(p,q) = 1 and 29 < ¢ < 29F!. The final sum
in (7.24) is finite since w > 1. Consequently, the sum

> px(B(p/a,qa "))

0<p/q<1,(p,q)=1,g>1

converges, and we apply Lemma C.1 to establish the claimed result on v;.

Let b > 2 be an integer and v be a real number with 0 < v < 1/2.
Let r,s be integers with » > 0 and s > 1. For every integer p with
0<p<b(b®—1), we have

P 1 D 3
B(br(bs _ 1)’ (br(bs _ 1))1+v) C B(br(bs _ 1)’ b(r+s)(1+v))'
It follows from (7.23) applied with e = 95~ ("+9)¥ and p = 1/(3b"+*) that

“K<B( br(bsp— 1) o (b —1 1))+ ))

<4. 33’Yb_(T+5)”'Y/1K (B(br(bsp, 1)’ 3br1+s) )

Since, for fixed r, s and for p varying from 0 to b"(b* — 1), the intervals

B(bT(bSp— 0 3b}+s)

are disjoint, the sum of their px-measures is at most equal to 1. Conse-
quently,

Z 'uK(B< br(bf— 1)’ (br(b® _1 1))i+e )) < 4.337 p(rts)vy

0<p<br(bs—1)
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and, since v is positive, the sum

)IDIEEDD MK(B(bT(bspfl)’(bf’(bsfll))“r“)) (7.25)

r>0 s>1 0<p<br(bs—1)

converges. Restricting the second sum in (7.25) to s = 1, Lemma C.1
implies that px-almost every element £ in K satisfies vp((b — 1)§) = 0,
hence also v,(€) = 0. A further application of Lemma C.1, this time to
the converging sum (7.25), yields that px-almost every £ in K satisfies
vp(€) = v;(§) = 0. This completes the proof of the theorem. O

7.5 Playing games on the middle third Cantor set

In Section 7.3, the Schmidt game is played on closed intervals contained
in [0, 1]. As was first observed by Fishman [306], it can be played as well
on other closed subsets K of [0,1]. We say that a subset S of [0,1] is
(ar, B)-winning on K if SNK is («, B)-winning for Schmidt’s game played
on the metric space K with the metric induced from [0, 1]. Playing the
game on K amounts to choosing balls in [0, 1] according to the rules of a
game played on [0, 1], but with the additional constraint that the centres
of all the balls have to lie in .

We are able to refine Theorem 7.8 as follows. We prove that there are
elements on the middle third Cantor set K which are b-badly approx-
imable for every base b > 2. The key property of K needed for the proof
is that the standard measure py enjoys a decay property (Lemma C.9)
which allows us to play Schmidt’s game on it.

THEOREM 7.17. There exist a positive real number ¢ and uncountably
many real numbers £ in the middle third Cantor set which are badly
approzimable and, for all integers b > 2 and n > 1, satisfy

| |€bn| | > b—cb(log b).

Since the analogue of Theorem 7.17 holds with the middle third Cantor
set replaced by any set of numbers with missing digits, we can deduce
the following result, pointed out in [155].

THEOREM 7.18. Let € be a positive real number and by > 2 be an
integer. There exist a positive real number ¢, depending only on € and
bo, and uncountably many real numbers & such that

E(€7b0) <e€
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and

E(£,b) <logh— for every b > 2.

peb(logb)

Before establishing (a more general result than) Theorem 7.17, we
introduce the notion of an absolutely decaying measure [131, 383].

DEFINITION 7.19. Let p be a locally finite Borel measure on R. Let C,~
be positive real numbers. We say that p is (C,~)-absolutely decaying if
there exists pg > 0 such that for all 0 < p < pg, = in the support of u,
y € R and € > 0, we have

1(B(z,p) N B(y,ep)) < Ce'u(B(z,p)). (7.26)

We say that p is absolutely decaying if it is (C,y)-absolutely decaying
for some positive C, 7.

Fishman [306] proved that the Schmidt game can be played on sets
which are the supports of absolutely decaying measures. Note that (7.26)
clearly holds with C'= v = 1 when g is the Lebesgue measure. Further-
more, it follows from Lemma C.9 that the standard measure px on
the middle third Cantor set (Definition C.7) is (27,7)-decaying, with

7 = (log2)/(log 3).
LEMMA 7.20. Let K be the support of a (C,~)-absolutely decaying mea-
sure on R, and let a be such that

1/ 1\
S ) 7.27
0<asy(50) (7.27)
Then for every 0 < p < pg, x € K and z € R, there exists ¥’ € K with
B(a',ap) C B(z,p) (7.28)
and

B(z',ap) N B(z,ap) = 0. (7.29)

PrROOF. If z does not belong to B(x,2ap), then it is sufficient to take
x' = x. Otherwise, let 21 and x5 be the endpoints of B(z, p) with 21 <
Z9. By (7.26) applied successively with y = 1 and y = z2, we have

u(B(z,p))

(B(ar, ap)) < Ca™u(B(z,p)) < ——

and

n(B(z,p)

n(Blwz, ap)) < Ca™u(B(x,p)) < ——
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Furthermore, again by (7.26) with y = z, we get

11(B(x, 4ap)) < C(4a) u(B(z, p)) < M7

so there is a point 2’ in KN B(z, p) which does not belong to B(x, 4ap)U

B(x1, ap)U B(z2, ap). Hence, B(x', ap) satisfies (7.28) and (7.29), since
z belongs to B(z,2ap). O

To establish Theorem 7.17, we follow the proof of Theorem 7.8, re-
placing the use of Lemma 7.10 by that of Lemma 7.20. This shows that,
at every step, White can choose a suitable ball whose centre lies in the
support of the absolutely decaying measure. A minor further change is
needed. Namely, because of (7.27), we cannot select « = 1/4 any more.
In the case of the middle third Cantor set, we can take o = 27 '8, We
omit the details and refer the reader to [131].

7.6 Elements of the middle third Cantor set with prescribed
irrationality exponent

In this section, following [148], we construct real numbers whose ternary
expansion and continued fraction expansion are explicitly given, in or-
der to establish that there are points in the middle third Cantor set
K with any prescribed irrationality exponent and that there are badly
approximable numbers in K.

THEOREM 7.21. Let p be a real number with p > 2. The middle third
Cantor set K contains uncountably many elements whose irrationality
exponent is equal to p. For any A\ > 2, the real number

2
€2 1= 2 3

jz1

is an element of K with
() = p and wv3(€un) = v5(€un) =p— 1. (7.30)
Furthermore, for any X\ > 2, the real number &3 » is badly approzimable.

The key ingredient of the proof is an elementary lemma from the
theory of continued fractions, the so-called Folding Lemma, quoted as
Theorem D.3.

PROOF OF THEOREM 7.21. Let A and p be real numbers at least equal
to 2. Set v = | Au|. Since v > 4, the open real interval with endpoints
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[0;1,1,1,2] =5/8 and [0;1,1,1,4] = 9/14 contains at least one reduced
rational number whose denominator is equal to 3V. Consequently, there
exists a positive integer r, with 1 < r < 3" and r coprime with 3, such
that the continued fraction of r/3" reads

3% = [0;1,1,as,...,an_1,an),
where h > 4 and a;, > 2.
For k > 1, set
up = (A =2 A"
and

Ve = up 4+ 2up_1 + -+ 25wy + 280 = wp + 205 = L)\ukﬂj,

with vg = v. Applying Theorem D.3 to r/3Y with ¢ = 3%, then to
7/3Y + (—1)" /31 +2? with t = 3“2, and so on, we get a sequence (dj)x>1
of integers such that the real number

o (=D 1
Su = v " 3uit2v  uat+2(uit+v)
1
 Gurt2(up_1t+A2F2ug2ETe)
= [O, 1, 1,a3, ceeyQp—1,0Qp, Sul — 1, 1,ah — 1,
ap—1,-..,0a3, 2,3”2 - 1, 1, 1,0,37 . .]7

associated to the sequence u = (uy)k>1, satisfies
1 dy 2
u +2v < 5“ - — 2vg ?
JUk+1 k 3vk JUk+1+2Vk

Here, dj, is the nearest integer to £,3"%, for k£ > 1, and is not divisible
by 3. We show now that the sequence (dy/3"*)x>1 comprises all the best
rational approximations to &,. Write

for k > 1. (7.31)

bj _ [
q;
for the continued fraction expansion of &, and for its convergents, respec-
tively. It follows from Theorem D.1 that
1
(aj + 2)‘132'71

Let m > 2 be an integer. By construction, we have

&u = [0;a1,az,...], 0;a1,as9,...,a], j>1,

<

Pj—1
fu_ J ‘<

, forj>2. (7.32)
qj—1

ajq; 1

agm (1) = 3" =1, Pom(ng1)—1 = dmy Gom(ng1y—1 = 3™, (7.33)
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and we deduce from (7.31) that
1 <lew — Pam(hin)-1] _ 2

24U +1/Vm T 24U 1 /Vm
Qom (h+1)—1 Qom (h+1)—1

(7.34)
q2m(h+1)—1

Let j satisfy 27~ 1(h + 1) < j < 2™(h + 1). Again by construction, the
partial quotient a; is less than or equal to 3“7-1 — 1 and ¢;_; exceeds
3vm-1 by (7.33). Then, (7.32) yields

fu— Pj—1 ‘ 1
Yol T (a5 +2)g7
1 1 (7.35)
> >
= (3um-— 2 = Um—1/Vm—1"
(3 14 1)qj_1 2%2'1_1 1/Um—1

Since (ug)r>1 is non-decreasing, it follows from (7.34) and (7.35) that

pl€u) = limsup = (7.36)

The ternary expansion of the real number

2 L+ (=D" &) - 2 (7.37)

v w1 +2v - Vg
3 3 s 3

contains only the digits 0 and 2. Let v’ = (u})x>1 be a sequence defined
from the above sequence u by setting uy = 1, uy, = ugx and uh, | €
{1,2} for k¥ > 1. Then, a similar proof yields that the real number
2(r37v + (—1)h3*“/1’2“ — &) has the same irrationality exponent as &y
and its ternary expansion contains only the digits 0 and 2. If 4 = 2 and
k >0, then [Apft1]| —2[Ap*] is in {0,1}. In that case, the real number
&4 is badly approximable. Thus, we have constructed uncountably many
real numbers with the requested property. Furthermore, (7.30) follows
from (7.36), (7.37), (7.5) and (7.8). This completes the proof of the
theorem. O

We describe below another class of real numbers having the prop-
erty that both their b-ary expansion (for some integer b > 2) and their
continued fraction expansion are explicitly determined. It was found by
Bohmer [110] in 1927 and rediscovered nearly 50 years later by Danilov
[213] and, independently, by Adams and Davison [21], who extended a
result of Davison [218]; see also Bundschuh [169] and the references given
on [46, p.297).
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THEOREM 7.22. For a positive real irrational number a = [0; a1, ag, . . ]
in (0,1) and an integer b > 2, define

+o0 1
gb(a) = (b_ 1) Z pli/al
j=1

Forn > 1, let p,/qn denote the nth convergent to o and set
an — an—2
ban—1 — 1’

where g—1 = 0 and qo = 1. Then, we have

fb(Ol) - [Oa t17 t27 t37 .. ] (738)

ty =

and the irrationality exponent of & () is given by

#(E()) = 1+ limsup [an: an_1, .., au). (7.39)

n—-+o0o

Taking b = 3 in Theorem 7.22, we get elements of the Cantor set
with prescribed irrationality exponent. Note that the set of exponents
obtained is included in [(3 4 v/5)/2, +00). We omit the proof of (7.38)
and leave the proof of (7.39) as Exercise 7.5. This computation was

3

done in [2].

7.7 Normal and non-normal numbers with prescribed
Diophantine properties

In the present section, we gather various results on the existence of
(absolutely) normal numbers with specific Diophantine properties.

THEOREM 7.23. Let b > 2 be an integer and pn > 2 be a real number.
There exist real numbers that are normal to base b and whose irrational-
ity exponent is equal to .

We omit the proof of Theorem 7.23, established in [50]. We only men-
tion that it is constructive and rests on Theorem 5.2 and on an extension
of Theorem D.3 worked out by Amou [49]. Namely, for an integer b > 3
and a real number p > 2, the real number

1
> T (7.40)
i>1

is normal to base b and its irrationality exponent is equal to u. Likewise,
for p > 2, the real number
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1
> S Ta (7.41)

Jj=1

is normal to base b and its irrationality exponent is equal to u. Replacing
w/ by j27 in (7.40) and (7.41), we get real numbers with irrationality
exponent 2, which are, respectively, normal to base b and to base 2.

On [517, p. 203], Montgomery asked for ‘a normal number whose con-
tinued fraction coefficients are bounded’. No explicit example of such
a number has been exhibited yet. It is written in [517] that, when
Kaufman’s paper [374] appeared, Roger Baker observed that Kaufman’s
result combined with Lemma 1.8 and Jarnik’s estimates [353] for the
Hausdorff dimension of the set Syi 5 . ary of real numbers with par-
tial quotients at most equal to some integer M > 9 (this dimension is at
least equal to 1— (M (log2)/4)~! and does not exceed 1—(8M log M)~1)
implies the existence of badly approximable real numbers which are ab-
solutely normal.

In view of Lemma 1.8 (see Exercise 7.6), in order to prove that a
given real set S contains absolutely normal numbers, it is sufficient to
construct a probability measure on .S whose Fourier transform does not
decrease too slowly at infinity. This is precisely what Kaufman [374, 375]
did, first when S is the set of badly approximable numbers and second
when S is the set of real numbers whose irrationality exponent is equal
to or exceeds u, where y > 2 is an arbitrary real number. The first
statement of the next theorem has been proved in [599].

THEOREM 7.24. Let A be a finite set of positive integers. Let S, be
the set of real numbers with partial quotients in A. If the Hausdorff
dimension of Sy exceeds 1/2, then there are real numbers in S 4 which
are absolutely normal. Moreover, these numbers form a set of Hausdorff
dimension dim S 4. In particular, the set of badly approximable numbers
which are absolutely normal has Hausdorff dimension one.

Under the assumption of the theorem, for every positive real number
§ with 1/2 < § < dim S 4, Queffélec and Ramaré [596, 599], inspired by
[374], have constructed a measure p 4 supported by the set S 4 with the
following properties. There exist positive real numbers ¢, ¢1, ¢ such that

pa(B) < ¢|B|°, for every Borelian real set B, (7.42)
and the Fourier transform of u 4 satisfies |fi4(z)| < ca(1+]|z|) ¢ for every

real number x. The dimension result follows from (7.42) and Lemma C.5.
This has been pointed out to me by Sanju Velani.
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A similar strategy implies the following result, proved by Kaufman
[375]; see also [738].

THEOREM 7.25. Let u > 2 be given. The set of real numbers with
irrationality exponent at least equal to p and which are absolutely nor-
mal has the same Hausdorff dimension as the set of real numbers with
irrationality exponent at least equal to p, namely 2/ .

A suitable adaptation of the results proved in Chapter 9 of [738] shows
that one can replace ‘at least equal to i’ by ‘equal to p’ in Theorem 7.25.

A little more work is required to apply this strategy to the set of
Liouville numbers [144].

THEOREM 7.26. There are uncountably many Liouville numbers which
are absolutely normal.

The proof of Theorem 7.26 makes use of a result of Bluhm [107, 108],
very much inspired by [375].

We conclude this section by two results on numbers normal to no base
proved by Pollington [569] and Bugeaud [144], respectively.

THEOREM 7.27. Let p > 2 be given. The set of real numbers with
wrrationality exponent at least equal to p and which are absolutely non-
normal has Hausdorff dimension 2/p.

Like in Theorem 7.25, one can replace ‘at least equal to u’ by ‘equal
to p’ in the above statement.

THEOREM 7.28. There are uncountably many Liouville numbers which
are absolutely non-normal.

7.8 Hausdorff dimension of sets with missing digits

We state and prove two results on the size of sets of real numbers with
missing digits or whose digits have prescribed frequencies.

THEOREM 7.29. Let b > 2 be an integer. Let S be a subset of {0,1,--- |
b— 1} with s > 2 elements. Then, the Hausdorff dimension of the set
Ey.s of real numbers in [0,1] having only digits from S in their b-ary
expansion is equal to (log s)/(logb).

PrOOF. For k > 1, denote by E}, the union of the so-called basic inter-
vals [a/b¥, (a + 1)/b*], where a runs through the integers from {0, 1,...,
b* — 1} whose digits in their representation in base b all belong to S.
The covering of Ej, s consisting of the s* basic intervals of Ej of length
b=k gives that
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H(log s)/(log b) (Eb S) < Sk (b—k)(log s)/(logb) _ 1’

thus the Hausdorff dimension of E} s is at most equal to (logs)/(logb).

Note that Ep s and its closure differ from at most countably many
elements, so they have the same Hausdorff dimension. Let Uy,..., Uy,
be closed, proper subintervals of [0, 1], whose union covers E} s (since
E@S is compact, we can restrict ourselves to finite coverings). For i =
1,...,m, let h; be the integer such that b=~ < |U;| < b=hi. Let k be
an integer greater than hq, ..., h,. Then U; intersects at most

Sk*hz‘ _ Skbfhi(log s)/(log b) < Skb(log s)/(log b) |UZ | (log s)/(logb)

basic intervals of Ejy. However, by assumption, the union Uy U... U U,
intersects all s* basic intervals of length b=*. We then get that

Sk < Z Sk+1|Ui|(logs)/(logb)7
=1

thus
Z |U; | (e =)/ (logd) > 1/,

i=1
This gives the requested lower bound for the Hausdorff dimension of
Eb,g. O

COROLLARY 7.30. Let b > 2 be an integer. The set of real numbers
which are not normal to base b has Hausdorff dimension one.

PrROOF. For r > 1, the set of real numbers having only the digits
1,2,...,b0" — 1 in their expansion to base b” has Hausdorff dimension
(log(b" —1))/(logb™). By Theorem 4.4, these numbers are not normal to
base b. As r can be taken arbitrarily large, this proves the corollary. [J

We end this section with a metric result of Eggleston [272] on sets
of real numbers with prescribed frequencies of digits. In the sequel it is
understood that 0log0 = 0.

THEOREM 7.31. Let b > 2 be an integer. Let pg,p1,...,Pp—1 be Teal
numbers such that po +p1+ - +pp—1 = 1 and 0 < p; < 1 fori =
0,...,b—1. Denote by F(po,...,pp—1) the set of real numbers & in [0, 1]
such that, ford =0,...,b—1, the digit d occurs with frequency pq in the
b-ary expansion of £&. Then, the Hausdor(f dimension of F(pg,...,pp—1)
s equal to

1
—— Zpd log pa. (7.43)
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PROOF. Let k be a positive integer and dy, ..., d; bein {0,1,...,b—1}.
Define the measure p on [0,1] by putting

M([O'dl...dkfldk,o-dl...dkfl(dk + 1)]) = Dd, ---Pdy,»

where 0 - dq ...dp_1d; means 2221 dp/b". Tt follows from Lemma 1.8
that, for d = 0,...,b — 1, the digit d occurs with frequency pg in
the b-ary expansion of p-almost all real numbers . This shows that
w(E(po, - ...pp-1)) = 1.

Let ¢ be in [0, 1] and write I;,(¢) for the interval of the form [a/b", (a+
1)/b*] to which ¢ belongs, where a is a rational integer. Note that

log p(Ix(€)) = no,klogpo + - - + ny—_1,1 log py—1,

where ng denotes the number of digits d among the first £ digits in
the b-ary expansion of £, for d = 0,...,b — 1. Let s be a positive real
number. If € is in F(pg,...,pp—1), then

1 p(Ix(&))  nox Np—1,k

1
= = 1 v 2R 100y log b
PR A T T

P logpo + - - - + py—1log py—1 + slogb.

k

This shows that

w(Ik(§))

=0 or oo,
k—too | Ik(§)]°

according as s is smaller or greater than the value (7.43). We conclude
by applying Lemma C.5. O

Observe that if in Theorem 7.31 we choose pg = ... = ps_1 = 1/s, for
some integer s with 2 < s < b, then the Hausdorff dimension of the set
F(po,...,ps—1,0,...,0) is equal to that of the set Fj, 101,... s—1}, namely
to (log s)/(logb).

7.9 Exercises
EXERCISE 7.1. Prove (7.6).

EXERCISE 7.2. Let b > 2 be an integer. By suitably modifying the b-ary
expansion of a number normal to base b and with low discrepancy, prove
that there exist real numbers £ which are normal to base b and satisfy

vp(§) > 0.
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EXERCISE 7.3 (cf. [131, 526, 528]). Let (¢;),>1 be a lacunary sequence of
positive real numbers greater than 1. Prove that the set of real numbers
¢ such that inf;>q ||&t;]| is positive is a winning set.

EXERCISE 7.4 (cf. [132]). Set v = (log 2)/(log 3). Prove that for every
¢ in the middle third Cantor set K, there exists a rational number p/q
in K such that |¢ — p/q| < 1/(¢Q) and ¢ < 3%9". Deduce that for every
irrational number £ in K there are infinitely many rational numbers p/q
in K such that

bl (o)

EXERCISE 7.5. Apply Exercise E.1 to prove equality (7.39).

EXERCISE 7.6. Let u be a probability measure supported on a set S of
real numbers and such that there exists a positive constant ¢ with

la(z)] < (log(3+ |2])) ¢, forz eR.

Prove that p-almost all elements of S are normal to every integer base
b>2.

EXERCISE 7.7. Use the properties of the measure p 4 introduced below
Theorem 7.24 to show that the set of badly approximable real numbers
¢ for which (2.34) holds for every prime number p has full Hausdorff
dimension.

EXERCISE 7.8. Let v be a positive real number and b > 2 be an integer.
Prove that the Hausdorff dimension of the set of real numbers £ such
that vp(§) > v is equal to 1/(v + 1).

EXERCISE 7.9. Let ;1 > 2 be a real number. Prove that the Hausdorff
dimension of the set of real numbers £ such that u(€) > p is equal to 2/p.

7.10 Notes

> For every integer b > 2 and every real number v > 1, Dubickas
[258] constructed explicitly a real number £ such that v;(§) = v.

> By means of the metric number theory, and more precisely of the
theory of intersective sets [268, 289, 290], it is proved in [50] that, for
every v > 0, the set of real numbers ¢ such that v;(§) = 2v + 1 and
vp(§) = v for every b in B has Hausdorff dimension 1/(v +1). Combined
with Proposition 7.4, this implies that the set of absolutely non-normal



7.10 Notes 167

real numbers has Hausdorff dimension one. The theory of winning sets
and that of intersective sets are two powerful tools to estimate the Haus-
dorff dimension of countable intersections of sets.

> Nilsson [541, 542] studied the sets
F(c):={¢€10,1] : ||£2"|| > ¢, for every n > 0},

where ¢ is a positive real number. Among other results, he proved that
the Hausdorff dimension of F(c) depends continuously on ¢, is constant
on intervals which form a set of full Lebesgue measure, and is self-similar;
see also [354, 416].

> An alternative proof of the existence of real numbers which are b-
badly approximable for every integer b > 2 was obtained by Farm in his
doctoral thesis [294]. It does not depend on the theory of (o, §)-games.

> Let (¢n)n>1 be alacunary sequence of positive real numbers grea-
ter than 1. The set of real numbers & such that inf, > ||ty || is positive
is a winning set [526, 528] (see also [131] and Exercise 7.3). In partic-
ular, for every real number o« > 1, the set of real numbers ¢ such that
inf,,>1 ||€a™]| is positive is a winning set.

> McMullen [456] introduced the notions of strong and absolute
winning sets. Other types of games are described in [550, 715].

> The main result of [425] implies that the Hausdorff dimension of
the set of real numbers ¢ in the middle third Cantor set K for which
v3(§) = v is equal to v/(v+1), where v = (log 2)/(log 3) is the Hausdorff
dimension of K; see also [297]. Kristensen [408] (see also [425]) estab-
lished that, for any given real number w > 1, the Hausdorff dimension
of the set of ¢ in K such that wy(£) > w is at most equal to 2v/(w +1).

> It was proved in [383, 384, 409] that the set of badly approx-
imable numbers lying in the middle third Cantor set K has the same
Hausdorff dimension as K. However, ux-almost no element of K is badly
approximable. This follows from a nice result from [276] asserting that
the sequence of partial quotients of almost every element of K contains
all finite words on {1,2,...}.

> Kleinbock, Lindenstrauss and Weiss [383] established that pug-
almost every element ¢ in the middle third Cantor set satisfies w,(§) =
wi (&) = n for every positive integer n; see also Kristensen [108]. Let
n > 2 be an integer and w > (2n — 1+ v4n? + 1)/2 be a real number.
Set n; = [(w+1)7] for j > 1 and &, = 23 ;51 37" . Then, the same
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proof as that of Theorem 7.8 from [146] shows that wy, (&) = wi (&) =
wi (€w) = w.

> It follows from results of Urbariski [700, 701] and arguments from
Section 7.5 that, for any (finite or infinite) set A of at least two positive
integers, there exist real numbers which are b-badly approximable for
every integer b > 2 and all of whose partial quotients belong to N.
Furthermore, the set of these numbers has the same Hausdorff dimension
as the set of real numbers all of whose partial quotients belong to N.

> The use of the Folding Lemma to describe the continued fraction
expansion of some real numbers defined by their b-ary expansion was
first discovered by Shallit [644, 645]. As noted in [395], the continued
fraction expansions of the Korobov’s numbers, defined in Corollary 5.3,
can be given explicitly by repeated use of the Folding Lemma.

> Real sets of Lebesgue measure zero can be classified by means of
Fourier—Stieltjes transforms. We denote by My(T) the set of probabil-
ity measures on the torus T whose Fourier coefficients tend to zero at
infinity. A closed set of real numbers in T is called an Mjy-set if it car-
ries a probability measure from My(T). Kahane and Salem [358] asked
whether, for any measure p in My(T), it is true that p-almost all ele-
ments of T are normal to base 2. A negative answer was given by Lyons
[453, 454], who showed the existence of measures p in My(T) such that
the set of real numbers which are not normal to base 2 has positive u-
measure. He further gave a lower bound for the speed of convergence of
|i(n)| to 0; see also [551, 596].

> Let b > 2 be an integer and D be a finite word on {0,1,...,b—1}.
Volkmann [712] computed the Hausdorff dimension of the set of real
numbers £ in the b-ary expansion of which the block D does not occur.

> Starting with the seminal papers of Eggleston [272, 273], there
is a broad literature on Hausdorff dimension of sets of real numbers
with special digit properties. Barreira, Saussol and Schmeling [63, 64]
used multifractal analysis to calculate the Hausdorff dimension of sets
of real numbers defined by linear or even non-linear relations between
the frequencies of their digits; see also [65, 66, 546].

> In a series of papers, Volkmann [713, 714] computed the Haus-
dorff dimension of sets of real numbers whose b-ary expansion enjoys
special properties. Li and Dekking [441] generalized Eggleston’s result
[272] to the situation where the relative frequencies of groups of dig-
its in the expansion are prescribed. Further extensions have been given
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in [442; 547]. In the latter paper, the authors computed the Hausdorff
dimension of the set of real numbers in [0, 1] whose decimal expansion
enjoys the following property: a certain group of digits occurs with a cer-
tain prescribed frequency and another group of digits also occurs with a
(possibly different) prescribed frequency. We emphasize that the groups
need not be disjoint, unlike in previous works.

> Real numbers € such that all the finite blocks occur in their b-ary
expansion with prescribed frequencies given by a probability measure p
and such that the sequence (£b™),>1 has a low discrepancy with respect
to the measure p have been constructed in [432].

> Féarm [296] considered the set of real numbers £ such that, for
every integer b > 2 and every d = 0,1,...,b — 1, the frequency of the
digit d in the b-ary expansion of £ does not exist. He proved that this
set has Hausdorff dimension one. This solves a question of Olsen, who
obtained partial results in [548, 549]. Further metrical results on non-
normal numbers are given in [35, 36].

> Kotova [404] proved that there exist uncountably many real num-
bers £ such that the digit 1 occurs in their ternary expansion with fre-
quency equal to &.

> Knichal [385] studied from the metric point of view the set of real
numbers ¢ whose binary expansion 0-ajas . .. satisfies |Card{k : 1 < k <
n:ap =0} —n/2| = O(n?) for some real number ¢ with 0 < § < 1/2.

> Barral and Seuret [61] considered sets of real numbers that are
approximated at a certain rate by rational numbers which are selected
according to the asymptotic frequencies of their digits in some fixed
integer base.

> Cesaretto and Vallée [183] studied the Hausdorff dimension of
real numbers with bounded digit averages.
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Digital expansion of algebraic numbers

In 1950, at the end of his paper [116] Emile Borel wrote:

En définitive, le probléme de savoir si les chiffres d’un nombre tel que
V2 satisfont ou non a toutes les lois que l'on peut énoncer pour des
chiffres choisis au hasard me parait toujours étre un des probléemes les
plus importants qui se posent aux mathématiciens. [Finally, the problem
of knowing whether the digits of a number such as v/2 satisfy all laws
that can be stated for randomly chosen digits seems to me to be one of
the most important of mathematical problems.]

Not very much has been proved since the publication of Emile Borel’s
note, and his problem is very far from being solved. There have been
some numerical experiments, according to which the binary digits (or
the decimal digits) of classical constants like e, 7, log 2 and v/2 are more
or less randomly distributed; see e.g. [95, 96, 120, 270, 668].

Throughout the present chapter, b denotes an integer at least equal
to 2 and £ is a real number. There exists a unique infinite sequence
a = (ar)k>1 of integers in {0,1,...,b — 1} such that

£:L§J+Z%:O~ala2..., (8'1)

k>1

and infinitely many aj are different from b — 1. The sequence a is ul-
timately periodic if, and only if, £ is rational. With a slight abuse of
notation, we also denote by a the infinite word aias ...

We present three results showing that, in various senses, the b-ary
expansion of an algebraic irrational number is not ‘too simple’. Then,
we explain how precise information on the combinatorial structure of
Sturmian sequences implies some information on the b-ary expansion of
certain real numbers, including e and the badly approximable numbers.

170
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In Section 8.6, we investigate an apparently innocent problem posed and
solved by Mahler, concerning the existence of multiples of an irrational
number containing infinitely many occurrences of a given finite block of
digits.

8.1 A transcendence criterion

Let b > 2 be an integer. Let £ be a real algebraic irrational number of
degree d. It follows from Liouville’s Theorem E.5 that there exists an
integer m, depending only on &, such that, for any positive integer r, we
have

e = by,

This implies that the rth digit of the b-ary expansion of ¢ cannot be
followed by (d—1)r+m digits 0. By contraposition, we have established
the following transcendence criterion.

THEOREM 8.1. Let b > 2 be an integer and & be an irrational number
whose b-ary expansion is given by (8.1). Let (n;);>1 be the increasing
sequence of positive integers composed of the indices k for which ai > 1.
If (nj41/nj);>1 is unbounded, then & is transcendental.

The above discussion shows how a Diophantine inequality can be
translated into a combinatorial transcendence criterion involving expan-
sions to an integer base. Replacing the use of Liouville’s Theorem E.5
by that of Roth’s Theorem E.7 (resp., of Ridout’s Theorem E.8), one
sees that the same conclusion holds under the weaker assumption that

limsupnjti/n; >2 (resp., limsupn,ii/n; > 1).

j—+oo j—+oo
Using the exponent of approximation v introduced in Section 7.1, we
have explained above that Liouville’s theorem (resp., Roth’s theorem,
Ridout’s theorem) implies that £ is transcendental if v, (§) = +oo (resp.,
if 'Ub(f) > 1, if Ub(f) > 0)

This has been formulated in [637, Section I.6] and, in a more gen-
eral form, in [303, Theorem 1.31]. As is shown in the next theorem, a
stronger statement follows from a deep extension of the Roth Theorem
E.7, namely from the Schmidt Subspace Theorem E.10.

We begin with a transcendence criterion proved in [15]; see also [6].

THEOREM 8.2. Let b > 2 be an integer and & be an irrational, real
number. If vy (€) or vy (€) is positive, then & is transcendental.
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The statement of Theorem 8.2 is redundant since vy (&) is always at
least equal to v(&).

PrROOF. If vp(€) is positive, then there are a positive real number &
and infinitely many positive integers r such that

o€l < (07)~*.

It then follows from Ridout’s Theorem E.8 that £ is transcendental.
If vy () is positive, then there are a positive real number ¢ and in-
finitely many pairs of positive integers (r, s) such that

[[b7(6* = 1)g|| < (b)) 7=

Thus, there is an infinite sequence of distinct integer triples (1}, s, p;j)j>1
such that (s;);>1 is non-decreasing, s; > 1 and

britoag —brig — py| < (Bt E (8.2)

for every j > 1. If (s;);>1 is bounded, then there exists a positive integer
s such that v, (&(b° — 1)) is positive, and we conclude that £(b* — 1),
hence also £, are transcendental. Consequently, we can assume that the
sequence (s;);>1 is strictly increasing.

We argue by contradiction and assume that ¢ is algebraic. Consider the
three linearly independent linear forms with real algebraic coefficients:

Li(X1, Xo, X3) =X,
Ly(X1, Xo, X3) =Xo,
L3(X1, X2, X3) =6X1 — {Xo — X3,
Fix 7 > 1 and observe that
LT b lelvsle ¢ T ILar 0,07, p)| < (077+%) 7%,
olb 1<i<3

where the first product is taken over all the prime divisors of b and,
for a prime ¢, the absolute value | - |, is normalized such that ||, =
¢!, By Theorem E.10, all the triples (b"7% b7, p;) with j > 1 lie in
finitely many proper rational subspaces of Q3. Thus, there exist a non-
zero integer triple (21, 22,23) and an infinite set of positive integers J
such that

Zlbrj+sj + Zgbrj + z23P; = 0,

for every j in J. Since (s;);>1 is strictly increasing, z3 must be non-zero
and p;/b™ 7% then tends to the rational number —z;/z3 when j tends
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to infinity along J. However, (8.2) implies that p;/b™ "% tends to &
as j tends to infinity along J. Since £ is assumed to be irrational, we
get a contradiction. We conclude that £ is transcendental. The proof is
complete. O

8.2 Block complexity of algebraic numbers

As already mentioned in Section 4.4, a natural way to measure the com-
plexity of a real number & whose b-ary expansion is given by (8.1) is to
count the number p(n, £,b) := p(n, a,b) of distinct blocks of given length
n in the infinite word a = aiaqas. ..

A first step towards a proof of the normality of irrational algebraic
numbers would be a good lower bound for p(n, £, b) when £ is irrational
algebraic. The first result of this type, proved in 1997 by Ferenczi and
Mauduit [305], asserts that, if £ is algebraic irrational, then the tail of the
expansion of ¢ to base b cannot be a Sturmian sequence. Since the Stur-
mian sequences can be viewed as the ‘simplest’ non-periodic sequences,
this shows that the b-ary expansion of every algebraic irrational number
cannot be ‘too simple’.

Actually, as pointed out by Allouche [38], the approach of [305] com-
bined with the combinatorial Theorem A.8 of Cassaigne [179] yields a
slightly stronger result, namely that

lim (p(n,& b) —n) = +oo, (8.3)

n—-+oo

for any algebraic irrational number &.

The estimate (8.3) follows from a good understanding of the combi-
natorial structure of Sturmian sequences combined with a combinatorial
translation of Ridout’s Theorem E.8. The transcendence criterion given
in Theorem 8.2, established in [7], yields an improvement of (8.3).

THEOREM 8.3. For any irrational algebraic number & and any integer
b > 2, we have

b

i P€:0)

n—-+4oo n

Although (8.4) considerably strengthens (8.3), it is still very far from
what is commonly expected, that is, from confirming that p(n, ¢, b) = b™
holds for every positive n when £ is algebraic irrational.

Besides Theorem 8.2, the key tool for the proof of Theorem 8.3 is the
following combinatorial lemma.
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LEMMA 8.4. Letb > 2 be an integer. Let w = wyiws ... be an infinite
word on the alphabet {0,1,...,b — 1} which is not ultimately periodic,
and set

If there exists an integer C' such that
(n, w,b)

lim inf P
n—-+o0o n

then vy (§) > 1/(3C + 2).

<c,

PROOF. By assumption, there exists an infinite set A/ of positive inte-
gers such that

p(n,w,b) < Cn, for every n in N. (8.5)

Let n be in N. By (8.5) and the Schubfachprinzip, there exists (at least)
one block B,, of length n having (at least) two occurrences in the prefix
of length (C' + 1)n of w. Thus, there are words Uy, U},, V,, and V,! such
that |U,| < |U,,| and

w1y ... w(c+1)n = UanVn = U,llB»,LV,:

If |U,By,| < |U}|, then define X,, such that U, B,X,, = U},. Observe
that

Wi .. W) = Un(Ban)HIBn\/IBHX,LIVA (8.6)
and
| B, X | |Uyp, Bn Xy | Cn — C

Set W, := B, X,, and ¢, := |By|/|BnXnl-

If |U)| < |U,By|, then, recalling that |U,| < |U},|, we define B}, by
U], = U,B,,. Since B,V,, = B, B,V,, and |B},| < |B,|, the word Bj, is a
strict prefix of B,, and B, is a rational power of B],. Thus, there are a
positive integer x,, and a rational number y,, such that 0 < y,, < 2 and

B B. =B 1+[Bnl/1B,| _ B 2ty _ (B! wn)2B/ YUn
Observe that
22| By, |+ 2|By| > |B;, B,
thus
0= Bal < (20, + DIB| < 32.4|B,).
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Consequently, U, (B.,"")? is a prefix of w such that

B,™| = n/3
and
| B n 1 1
> . > . 8.8
U, B, — 3 (C+1)n—|B.*| ~ (3C+2) (8:8)

Set W,, := B.*" and ¢, = 1.
It then follows from (8.6), (8.7) and (8.8) that, for every n in N,

U, Witen s a prefix of w
and
w1

U Wal = (3C+2) (8.9)

Thus, £ is very close to the rational number £, whose b-ary expansion is
given by U, W°, namely, £ and &, have at least their first r,, + (14+¢p)sp
(note that this number is an integer) digits in common, where r,, and
spn, denote the lengths of U, and W,,, respectively. Observe that there is
an integer p, such that

L Pn
o o 1)

We then deduce from (8.9) that

Dn < 1 1
§— brn(bsn — 1) | = prot(ten)sn = plrntsn)(141/(3C+2))°

This implies that vy () is at least 1/(3C + 2), which proves the lemma.
O

Combining Theorem 8.2 and Lemma 8.4, we prove that the block
complexity of an irrational algebraic number cannot be too small.

PrROOF OF THEOREM 8.3. Let & be an irrational algebraic number and
b > 2 be an integer. Theorem 8.2 implies that vy (§) = 0, which, in turn,
yields (8.4) by Lemma 8.4. O

If we were able to prove that an integer b > 2 and a real number
¢ satisfy v (§) = 0, then we would immediately get (8.4) by Lemma
8.4. However, we have no single example of a ‘classical’ transcendental
number with this property.

The basic strategy for proving Theorem 8.3 can be summarized as
follows: to find a Diophantine property P shared by the real numbers
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having small block complexity, but not by the algebraic numbers. At
present, any Diophantine property shown to be true for algebraic num-
bers holds for almost all real numbers. Consequently, the property P is
necessarily satisfied only by almost no numbers. Thus, keeping in mind
that almost all real numbers are normal to every integer base, the present
strategy cannot be applied to show that algebraic irrational numbers are
normal to every integer base.

Theorem 8.3 is too weak for confirming a conjecture of Mahler [473]
asserting that there are no algebraic irrational numbers in the middle
third Cantor set.

8.3 Zeros in the b-ary expansion of algebraic numbers

As in Section 6.3, for an integer b > 2, an irrational real number £ whose
b-ary expansion is given by (8.1), and a positive integer n, set

NZ(n, & b) :=Card{k:1 <k <n,a # 0}

The function n — NZ(n,¢, b) counts the number of non-zero digits
among the first n digits of the b-ary expansion of &.
It follows from Ridout’s Theorem E.8 that

Z b
m NEOEY (8.10)
n—+o0 logn

for every irrational algebraic number &; see Exercise 8.4. For the base
b = 2, this was considerably improved by Bailey, Borwein, Crandall and
Pomerance [53], using elementary considerations and ideas from additive
number theory. A minor modification of their method allows us to get a
similar result for expansions to an arbitrary integer base; see Definition
E.4 for the definition of the height of an algebraic number.

THEOREM 8.5. Let b > 2 be an integer and & an irrational real algebraic
number of degree d. Denote by Ay the leading coefficient of the minimal
polynomial of 1+ {£} over Z and by H its height. Then, for any integer
n exceeding (20b9d?H)??, we have

1 n 1/d
NEm.&b) 2 37— (2(d—|— 1)Ad) '

A similar statement was independently proved in [18]. The idea behind
the proof of Theorem 8.5 is quite simple and was inspired by a new proof
by Knight [386] of the transcendence of the real number .- 2% see
Exercise 8.6. If an irrational real number ¢ has only few non-zero digits,
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then its integer powers £2,£2,..., and any finite linear combination of
them, cannot have too many non-zero digits. In particular, & cannot be
a root of an integer polynomial of small degree. This is not at all so
simple, since we have to take much care of the carries.

Unlike [53, Theorem 7.1], which depends on Roth’s Theorem E.7,
Theorem 8.5 above is effective. Using in the proof below Ridout’s The-
orem E.8 instead of Liouville’s Theorem E.5 allows one to show that,
under the assumption of Theorem 8.5 and for every positive real num-
ber ¢, we have

1—e /n\1/d
./\/Z(n,f,b)z b—1 (Id) )
provided that n is larger than some integer ng. This method of proof
yields no explicit value for ng, however.

It immediately follows from Theorem 8.5 that, if N > 10'? is an
integer, then, among the first N digits in the binary expansion of v/2,
there are at least (N/6)'/2 digits 1.

We introduce below several quantities that will be used for establishing
Theorem 8.5. Let £ be an irrational real number in (1,2) whose b-ary
expansion is given by (8.1) and set ap = |£] = 1. For a positive integer
¢ and non-negative integers n and R, set

(b—1)°
T@(naf7b) = Z kcard{<j17"'7j€) :jl ++]Z :n’a’jl ”.aj/. = k}
k=1

and

Tg(R,f,b) _ Z m(m—i—Rf,b) _ Z 7‘€<m7§7b). (811)

pm m—R
m>1 m>R+1

Observe that

re(n, &,0) < (b—1)* > 1

0<g1,--sje<niji+-+je=n

—(b-1)" ("‘;511)

&= re(m&,b) (8.13)

bm
m>0

(8.12)

and

but note that, for £ > 2, the sequence (r¢(m, &, b))m>0 is not, in general,
the b-ary expansion of &°.
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LEMMA 8.6. For &, ¢ and R as above, we have
(R+0)(b—1)*
({=DUR+1)
PRrROOF. For £ > 1, setting

1 [R+m+/{¢-1
Ue(R,b) = Z bm( 01 )

m>1

1 [R+m+£-2 1 (R+m+40-2
- bm< 02 )+me( (1 )

m>1
- 1 (Rtm+L-2 +1 R+(-1
- b 0—2 b\ -1

1 1 (R+m+¥¢—-1
> bm< -1 )

m>1

Ti(R,€,b) < <2b—1DYR+ 0.

(8.14)

where we agree that ( fl) =
and (8.12) that Ty(R,&,b) <

tion

0 for every integer h, it follows from (8.11)
(b—1)*U,(R,b). Using the recurrence rela-

b 1 (R+(¢-1
Ue(R,b) = b—1U£1(R’b)+b—1( /1 )

deduced from (8.14), we see that

Ui(R,b) < 2Up_1(R,b) + (R o= 1).

-1

Since U (R,b) < 1, an induction on £ gives

LS (),

i=o N J
hence,
Te(R,&,D
G < UR
(R+ )1 Z(f—l)”_ (R+0)* <€(R+€)5_1
(-1 Z\R+e/ — ((-D(R+1) ~ (-1
This proves the lemma. [

We are now in a position to establish Theorem 8.5.
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PROOF OF THEOREM 8.5. Let £ in (1,2) be an algebraic number of
degree d > 2 and denote by AgX%+---4+ A1 X + Ay its minimal defining
polynomial over Z with Ay > 1. Let R > 0 and b > 2 be integers. Set

d
T(R,&,0) = A/Tu(R,,b). (8.15)

(=1

Tt follows from (8.11), (8.13) and (8.15) that

- re(m, €,0)
—bfAg=0b" ) A 2
=03 A 3

m>0

d d
BTN Agre(m, 60) + Y Ac Y b rg(m, 6,b)

1 =1 m>R+1

bem A@T@(m,§7b) + T(Ra§7b)

Consequently, T(R, &, b) is a rational integer and, for R > 1,

d
DT(R—1,6,b) =T(R&D) + ) Are(RED).  (8.16)
(=1
Set

~1/d

cr=(b—1)""(2(d+1)Ay) and co = (b—1)cq.

Let N be a positive integer such that N Z(N,&,b) < ¢; N'/4. Since
> raan &) < b - DT WEWED) T <IN
0<n<N

the number M of integers R in [0, N — 1] for which rq_1(R,&,b) > 1
does not exceed cglel_l/d. Let us denote these integers by 0 = R; <
Ry < ... < Ry, and set Ry = N.

Let I be the subset of {1,..., M} consisting of the integers ¢ with
Riy1—R; > cédel/d/?). Observe that

> (Rit1— Ri) > N —cy *N'YIM/3 > 2N/3. (8.17)
il
Let i be in I. Since N exceeds (20b%d>H)?, we get

b(Ri+1—Ri—dlogN)/(d+1) > 3d—1d2HbdlogN
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and it follows from Liouville’s Theorem E.5 that ¢ cannot have too long
blocks of zeros in its b-ary expansion. More precisely, there is an integer

Ji € [(Rit1 — Ry —dlog N)/(d + 1), Ri11 — R; — 2dlog N]
such that aj, > 1, hence r(j;,£,b) > 1 and
ra(Ri + ji, §,0) 2 ra—1(Ri, §,b)r1(ji, €, b) = 1.
We deduce from (8.11) and (8.15) that

T(Ritji — 1,6,b) > Adrd(Ri +Ji §:b)

b
— ro(R; + ji — 14+ m, &,b)
~Y a3 MRS
=1 m>1 b
d—1 .
Ay ro(Ri + i — 14+ m,€,b)
>4
>4 > =
£=1 m>R; 1 —R;—j;+1
A d—1
:‘??__ |Ag| bT i Bt Ty (R q — 1,€,)
=1

d—1
1 2 _
Z 3 T padiosN > A (R + 01 (b - 1),
=1

by Lemma 8.6. This gives that

since N exceeds (20b%d? H)2?. Note that, for R = R; +1, R;+2,..., R;+
ji — 1, we have r4_1(R,£,b) = 0, and, consequently, (R, &, b) = ... =
ra—2(R, &, b) = 0. For such an integer R, we get from (8.16) that

BT(R — 1,6,b) = T(R,€,b) + Aqra(R, £,b),

and it follows by induction that T'(R,&,b) is positive for R = R;, R; +
1,...,R; + j; — 1, hence for at least j; > (R;41 — R; — dlog N)/(d+ 1)
values of R in [R;, R;+1 — 1]. Recalling that T'(R, &, b) is an integer and
setting K = [2dlog N'|, we get

Ri+ji—1<Riy1—2dlogN —-1< N —-K.
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Thus, we have proved that

Ri —Ri—dION
S TRy 2 S 2

1<R<N-K iel d+1 (8.18)
> 2N M log N
= 3(d+1) &
by (8.17). On the other hand, for £ =1,...,d, we have
S TRED) =D 0 Y r(R+m, D)
1<R<N-K m>1 R<N-K
< Z b~ Z T((Ra 57 b)
0<R<N
H67 T N (R+m, € b)
m>K+1 R<N-K
< D m(RED) VDT Tu(RED),
0<R<N K<R<N

thus, by Lemma 8.6 and since N exceeds (206%d>H)?¢

S TR ED) < (01D (NVEWN,ED)

1<R<N-K
+ N—2d008b) (j _ 1)E(N 4 )
< (-1 (WEWN,E) +1).

Consequently, recalling that Ty(R,£,b) > 0 for R > 1, we obtain

U

Y ITRED) <D A (b DI((NE(NED) +1)

1§R§N—K =1
< Ag(b—1)? (NZ(N.€,b)°
+bAH (N Z(N,€,6)" " + dHb

< + 26tdH N1/,

2(d+ 1)

This gives a contradiction to (8.18), since N exceeds (206%d?H)?¢. [
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8.4 Number of digit changes in the b-ary expansion of
algebraic numbers

As in Section 6.3, for an integer b > 2, an irrational real number £ whose
b-ary expansion is given by (8.1), and a positive integer n, we set

DC(n,&,b) :=Card{k:1 <k <n,ar # axy1},

which counts the number of digits followed by a different digit, among
the first n digits in the b-ary expansion of £. Using this notion for measur-
ing the complexity of a real number, Theorem 8.7 shows that algebraic
irrational numbers are ‘not too simple’.

THEOREM 8.7. Let b > 2 be an integer. For every irrational, real alge-
braic number £, there exists an effectively computable constant ng(&,b),
depending only on & and b, such that

DC(n,&,b) > (logn)®*, (8.19)
for every integer n > ng(&,b).
A weaker result than (8.19), namely that

= 8.20
n—>+oo  logn +o0, (8.20)

follows quite easily from Ridout’s Theorem E.8. Here, we use the quan-
titative version of Ridout’s theorem given in Theorem E.9 to improve
(8.20). We point out that the lower bound in (8.19) does not depend on

b. It can be slightly refined by using the same trick as in the proof of
Theorem 9.9; see [163].

PROOF. Let the b-ary expansion of £ be given by (8.1). Assume without
loss of generality that a; = b — 1, that is, (b — 1)/b < £ < 1. Define
the increasing sequence of positive integers (n;);>1 by a1 = -+ = an,,
Uny # Apyg1 a0d Qp 11 = -+ = Apjy, Gnyyy 7# Gyl for j o> 1
Observe that

DC(n,&,b) = max{j : n; < n}

for n > ny, and that n; > j for j > 1. For j > 1, set

nj too nj
é‘,-f %+ Z S %+M
i b b o -1
k=1 k=n;+1 k=1

and observe that
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where Pj(X) := a1 X"+ -+ (an, —an,—1) X +(an,;+1—0an,) is an integer
polynomial of degree n; whose constant coeflicient is not divisible by b.
Consequently, b does not divide P;(b). We have

1

bni+1

and this can be rewritten as
P;(b b—1
i ( )‘ <

‘(b — D& bri+1”

By Liouville’s Theorem E.5, denoting by H the height of (b — 1)¢ and
by d its degree, we have

(8.21)

P;(b) 1
—1)¢— > .
’(b 1)¢ b ‘ ~ d2Hbd—1pnid

So, if
n; >U:=1+2H,
then
njy1 < 2dn;. (8.22)
Let 0 < ¢ < 1 and let j; denote the smallest j such that n; >

max{U,5/¢e}. Let j be an integer such that j > j; and nj41/n; > 1+2¢.
We have

b > max{2H7 24/5}.
Furthermore, it follows from (8.21) and the inequality en; > 5 that

P;(b b—1 1
(b—1)¢ - g7i)‘ < (bni)i+2e = (pns)lt+e’

Since b does not divide P;(b), Theorem E.9 applied to (8.23) implies
that the number T of such integers j with j > j; satisfies

T < 10" 1og(6d)(1 + e *)log ((1 + ') log(6d)).

(8.23)

Let J be an integer satisfying
J > max{n?l, (4d)°}
and jo be the largest integer with
nj, < 6dJ 1/3,
Then j; < jo < J and, since n;, > U, we have

)
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by (8.22). Observe that

ny ny nj-1 Njyt1

= 2 X =~ X ... X yatl

Nj,  NJj-1  Nj-2 Mg
< (14 2¢)” (2d)7.

By taking logarithms and choosing ¢ := J~2/9, we get
2logny < 10*2J7/9(log 6d)? < J*/°,

when J is large enough. This implies the theorem. U

8.5 On the b-ary expansion of e and some other
transcendental numbers

The combinatorial structure of Sturmian sequences leads us to introduce
the following exponents of approximation, which measure the initial rep-
etitions occurring in the expansions of a real number to an integer base.

DEFINITION 8.8. Let £ be an irrational real number. Let b be an integer
with b > 2. We denote by v}/ (§) the supremum of the real numbers v for
which the inequality

16" = 1)Ef] < (o)~

has infinitely many solutions in positive integers 7.

The exponent vy measures whether the b-ary expansion of £ possesses
large initial repetitions. It corresponds to the notion of initial critical
erponent from combinatorics on words, introduced by Berthé, Holton
and Zamboni [79].

Clearly, for every b > 2 and every irrational real number £, we have

p(§) = 1+ vy(6). (8.24)

We establish the following extension on the results of Ferenczi and
Mauduit [305] and Allouche [38] on the b-ary expansion of algebraic
numbers (recall that the irrationality exponent of these numbers is equal
to 2, by Roth’s Theorem E.T7).

THEOREM 8.9. For any real number £ with irrationality exponent equal
to 2 and for any integer b > 2, we have

lim (p(n,f, b) — n) = 4o0.

n—-+4oo
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Besides algebraic irrationals, the set of ‘classical’ real numbers whose
irrationality exponent is 2 includes e, e?/9, tan(1/q), for non-zero integers
p,q with ¢ > 1.

Theorem 8.9, which was first published in [1], is an almost immediate
consequence of a deep result of Berthé, Holton and Zamboni [79] on the
combinatorial structure of Sturmian sequences.

PRrROOF. Let b > 2 be an integer. Let £ be a real number for which
there is an integer k such that p(n,&,b) < n + k for every positive
integer n. It follows from Theorem A.8 that there are a non-negative
integer s, a Sturmian sequence s on {0, 1}, and two finite words Wy, W1
on {0,1,...,b—1} such that the b-ary expansion of (the fractional part
of) b°¢ is the infinite word obtained from s by replacing 0 (resp. 1)
by Wy (resp. Wh). If the slope of s is a badly approximable number,
then it follows from Theorem A.6 that vy (b°¢) exceeds 1, consequently
vy (€) > 1. If the slope of s is not a badly approximable number, then,
by Theorem A.7, the real number £ is a Liouville number. Consequently,
in any case, we have p(§) > 2, by (8.24). This completes the proof of
the theorem. O

It follows from Theorem 8.9 that a real irrational number cannot have
simultaneously a ‘simple’ continued fraction expansion and a ‘simple’
expansion in some integer base.

COROLLARY 8.10. For any badly approzimable number £ and any inte-
ger b > 2, we have
lim (p(n,§7 b) — n) = 4o00.

n—-+oo

Corollary 8.10 is near to best possible, since there exist badly approx-
imable numbers of low complexity. For instance, for b > 2, the number
G =5 i>1 b=2 is badly approximable (by adapting the proof of The-
orem 7.21) and it has sublinear complexity, namely p(n,(,b) < (2 +
log3)n + 4 for n > 1, as follows from the proof of [320, Lemma 2.4].

8.6 On the digits of the multiples of an irrational number

Let b > 2 be an integer. Weyl’s Theorem 1.3 asserts that, for any
irrational number &, the sequence (m¢);,>1 is uniformly distributed
modulo one. This implies that for any finite block D of digits from
{0,1,...,b— 1}, there exist arbitrarily large integers m such that D oc-
curs at least once in the b-ary expansion of m&. This does not, however,
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provide any information regarding the number of occurrences of D in the
b-ary expansion of m&. The question whether there is a positive integer
m such that D occurs infinitely often in the b-ary expansion of m& was
addressed by Mahler [469]. He showed that there is at least one such
m below an explicit bound depending on b and on the length of D, but
independent of £; see Exercise 8.8. His result was subsequently improved
by Sziisz and Volkmann [681] and by Berend and Boshernitzan [73].

THEOREM 8.11. Let b > 2 and n > 1 be integers. Let D be a block of
digits of length m on {0,1,...,b—1}. For any irrational number £, there
exists an integer m, depending on &,b,n, such that

1<m <" 4" —1 (8.25)

and the block of digits D appears infinitely often in the b-ary expansion
of m&.

Theorem 8.11 slightly improves [73, Theorem 1.1], where the upper
bound for m is 267 *! — 1.

DEFINITION 8.12. For integers b > 2 and n > 1, let M (b,n) denote the
smallest integer M such that, for every irrational real number £ and
every block D of length n on {0,1,...,b — 1}, there exists a positive
integer m at most equal to M with the property that D has infinitely
many occurrences in the b-ary expansion of mé&.

Theorem 8.11 asserts that M (b,n) < b"t1 4+ " — 1 for every integer
b > 2 and n > 1. The next result, extracted from [73], shows that
Theorem 8.11 is not far from being best possible.

THEOREM 8.13. For every integer b > 2 and n > 1, we have
M(b,n) >b" — 1.

If b is not a prime power, then, for every positive real number €, there
exists a positive integer ny such that

M(b,n) > (1 —e)b" ™Y, forn > ny.

PROOF. For the first assertion, simply take the number £ = Zj21 b=2
and a block D consisting of n consecutive digits (b — 1). Then, the b-ary
expansion of m& contains at most finitely many occurrences of D for
1<m<bor—2.

The second assertion is slightly more difficult to prove. Let p be a
prime divisor of b. Let € be a real number with 0 < & < 1/4. Since b
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is not a prime power, (logp)/(logb) is irrational and, by Theorem D.1,
there are arbitrarily large positive integers s,t such that
logp s 1

- < =
logh ¢ 2

0<

Consequently, there exist positive integers ¢ and r such that b < p" <
(1+ )b, We first claim that the representation in base b of no positive
multiple of p” contains the block D, consisting of r — ¢ consecutive digits
(b — 1), within its r lowest digits. Indeed, if this were the case, then by
multiplying this multiple of p” by an appropriate power of b, we would
then get a number of the form mp” whose block of r lowest digits starts
with the block D. The remainder m’ in the Euclidean division of mp"
by 6" would satisfy

bt <m <.

As m/ and b" are multiples of p”, this would contradict the fact that p”
exceeds b’. Thus, the smallest multiple of p” containing a block consisting
of n > r — £ consecutive digits (b — 1) is at least equal to

l+n

> (-1 = b - 1),

i=0+1

Now set

()

Jj=1

For n > r — ¢, the foregoing discussion implies that the smallest m for
which m& contains the block consisting of n consecutive digits (b — 1)
infinitely often is at least b*T!(b™ — 1)/p", thus greater than (1 —&)b" 1,
if n is large enough. O

PrOOF OF THEOREM 8.11. Let Ay(§) denote the set of all limit points
in T of the sequence ({£b7}),>1. We distinguish between several (some-
what overlapping) cases.

Case I. Assume that A, (&) contains a rational r = p/q with ged(p, ¢) =
1 and b" < ¢ < b™*HL. Since every interval of length b=" (on the torus T)
meets the set {0,1/q,...,(¢—1)/q} composed of the integer multiples of
r modulo 1, there exists an integer m with 1 < m < ¢ — 1 such that the
expansion of {mr} begins with 0- D and differs from 0 - D0* and from
0-D(b—1). Using that the sets Ap(m&) and {{mA} : A € Ap(&)} are
equal, we deduce that {mr} is a limit point of the sequence ({£b7m});>1.
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Consequently, there are infinitely many occurrences of the block D in
the b-ary expansion of mé&.

Case II. Assume that 0 is in A(€). Replacing £ by —¢, we may assume
that the b-ary expansion of £ contains arbitrarily long blocks of 0. Let
(mj);>1 be an increasing sequence of integers such that the b-ary ex-
pansion of {£b™i} begins with 07, but that of {£6™i 71} does not begin
with 0. For any positive integer d, let rq = pa/qq be a limit point of
({&€b™i=4}) ;51 written under its reduced form. For d > 2, we select 74
in such a way that there exists a in {0,1,...,b— 1} such that

Pa_ @ 1 pa-1 _ aga—1+pi

@ b b qi bqa—1
Consequently, we have qg_1 < ¢4 < bgq_1 and there exists a suitable d
such that b" < gq < b"*L. Since ry is in Ay(€), we conclude as in Case .

Case III. Assume that A,(€) contains a reduced rational number p/q
with ¢ < b"t!. Then we carry out the construction of Case II with &
replaced by ¢¢§.

Case IV. Let ¢ be a real number with 1 < ¢ < 2. Assume that Ap(&)
contains no rational point p/q with ¢ < tb™. We first claim that there
exist a point 8 in Ap(€) and a rational r = p/q written in its reduced
form such that

1B —p/q| < (t"Trg)™, " < g < th" T (8.26)

Indeed, starting with any Gy in A,(€), we can find a reduced rational
Po/qo such that By — po/qo| < (tb""'go)~" and go < tb™*'. Choose
inductively points §; in Ay(€), i = 1,2,..., with b3;11 = f; for each i.
Next choose reduced rationals r; = p;/q;, i = 1,2,..., with bripqy = r;
and |3; — 7| = b7%|By — ro| for each i. Observe that ¢; < giy1 < bg;
for each ¢. If the sequence (g;);>1 is bounded from above by tb", then
some reduced rational ' = p’ /¢’ with ¢ < tb™ appears infinitely often in
the sequence (1;);>1, in which case r’ is in Ap(&), in contradiction with
our assumption. Consequently, there exists ¢ such that the rational p;/g;
satisfies (8.26). This proves our claim.

Instead of choosing ¢ = 2 in (8.26) as in [73], we take ¢ = 1 + 1/b.
We then observe that every interval of length 1/(b™ + b"~1) (on the
torus T) meets the set {0,1/q,...,(qg — 1)/q} of integer multiples of r
taken modulo 1. Since |m3 —mr| < 1/(" ! +b") form = 1,...,q, we
deduce that every interval of length =" (on the torus T) meets the set
{B,{28},...,{qB}}. Arguing now as in Case I, we get that there exists
an integer m, with 1 < m < g — 1, such that the b-ary expansion of m¢&
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contains the block D infinitely often. The upper bound for ¢ given by
(8.26) implies our statement. O

8.7 Exercises

EXERCISE 8.1 (c¢f. [19]). Combine Theorem A.11 and Theorem 8.2 to
establish that the binary expansion of an algebraic number contains
infinitely many occurrences of 7/3-powers.

EXERCISE 8.2. The complement of a finite word W = w;...w, on
{0,1,...,b—1} is the word W' = w] ... w], such that w; +w} = b—1 for
i = 1,...,n. Prove that the b-ary expansion of an irrational algebraic
number does not begin with arbitrarily large words of the form WW’.

EXERCISE 8.3 (¢f. [4]). Let @ = (ax)r>1 and @’ = (a},)x>1 be sequences
of elements from an alphabet 4, that we identify with the infinite words
ajag ... and ajal ..., respectively. We say that the pair (a, a’) satisfies
Condition (x) if there exist three sequences of finite words (Up,)n>1,
(U})n>1 and (V,)n>1 such that:

(i) for any n > 1, the word U,V,, is a prefix of the word a and the
word U/ V,, is a prefix of the word a’;
(i) the sequences (|Un|/|Val)n>1 and (|U}|/|Va|)n>1 are bounded from
above;
(iii) the sequence (|V,|)n>1 is increasing.

If, moreover, we add the condition
(iv) the sequence (|U,| — |U}|)n>1 is unbounded,

then, we say that the pair (a, a’) satisfies Condition (*x).

Let b > 2 be an integer and take A = {0,1,...,b— 1}. Assume that
the pair (a, a’) satisfies Condition (%) and apply Theorem E.10 with
m = 4 to prove that at least one of the real numbers

—+oo —+o00 ’
€= il ¢ = A
bk’ bk

k=1 k=1

is transcendental, or the b-ary expansions of £ and £ have the same tail.
If, furthermore, the pair (a, a’) satisfies Condition (*x), then show that
at least one of the real numbers &, £’ is transcendental, or £ and &’ are
both rational and their b-ary expansions have the same tail.

EXERCISE 8.4. Prove (8.10) and (8.20).
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EXERCISE 8.5 (¢f. [611]). For an integer b > 2 and a non-negative in-
teger x, let N'Z(z,b) denote the number of non-zero digits in the b-ary
representation of x. Prove that, for all positive integers x and y, we have

NZ(x+y,b) <NZ(z,b) + NZ(y,b)
and
NZ(zy,b) <min{2,b — 1} N Z(x,b) N Z(y,b).

Let & and n be positive irrational numbers and n be a sufficiently large
integer. If £ 4 n is irrational, prove that

NZ(n,&n,b) < NZ(n,&b) + NZ(n,n,b) + 1.
If ¢n is irrational, prove that
NZ(n,&n,b) <2-NZ(n,£,b) - NZ(n,n,b) +log(E+n+1)+ 1.

For every positive integer A, prove that
1

Let £ be an irrational real algebraic number of degree d whose minimal
defining polynomial over the integers AgX? + --- + A; X + Ay satisfies
Ap < 0and Aq,...,Aq > 0. Establish that

NZ(n,6,6) > (27N E(Ag,b) "0/ 4(1 + (1)),
where 297! can be replaced by 1 if b= 2.

EXERCISE 8.6 (cf. [380]). Prove that the real number £ := 3, 272 is
transcendental. For k& > 1, let a(r, k) denote the number of ways that the
integer r > 0 can be written as a sum of exactly k powers of 2, where
different orderings of the sum are counted as distinct. Let d > 1 and
m > 1 be integers, and set N := (2¢ — 1)2™. Prove that a(r, k) = 0 for
every integer 7, k with 1 <k <dand N— (2" 1 —-1) <r < N+(2™-1),
except for (r, k) = (N,d), in which case a(N,d) = d!. Prove that, if m is
large, then, for k =1,...,d, we have

+oo

Z a(r, k)27 <27 N1
r=N-+2m
Deduce that the binary expansions of 1,¢,...,£%1 have a common,

arbitrarily long block of 0, while the same block for ¢% has an isolated
non-zero ‘island’. Conclude that ¢ is transcendental.
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EXERCISE 8.7. Prove that M(3,1) = 2.

EXERCISE 8.8 (cf. [469]). Let £ be an irrational real number with 0 <
& < 1and b > 2 be an integer. Let n be a positive integer. For an integer
m so large that ¥™¢ > 1, prove that there exist integers z:(m,n) and
y(m,n) such that

b Ex(m,n) —y(m,n)| <", 1 <x(m,n) <b", y(m,n)>1.

Deduce that there exist an infinite set Sy of positive integers and an
integer xg such that, for every m in Sy there is an integer y(m) with

" Exo —y(m)| <b™", 1< a0 <V", y(m) > 1.

Deduce furthermore that there exist an infinite set Sy of positive integers
and an integer x1 such that, for every m in S; there is an integer y'(m)
with

[ Exy—y'(m)] < b7, 1 < <b"—1, b does not divide z1, y'(m) > 1.

Denote by a := ajas... the b-ary expansion of £ and, for a positive
integer X, let ax := axaxy2... be that of {X¢&}. Set & =1 —¢.
Establish that a,, or @} contains infinitely many blocks of n consecutive
digits 0. Denote by a;, that one of the numbers a,, or a; with the
latter property.

Let H be a large integer. Let ho(H) be the smallest integer greater
than H such that a; , = 0for h = ho(H),..., ho(N)+n—1.Let hi(H)
be the smallest integer greater than ho(H) such that a:hhl(H) > 0. Put

t=t(H)= Y _ a =1
h>hi (H)

and prove that 1/b < t < 1. Let bg...b,_1 be a block of digits from
{0,1,...,b — 1} other than the block 00...00, and put B = byb"~* +
-+« +by_1. Prove that there exists an integer xo = xo(H) such that B <
29t < B+1. Show that 1 < x5 < b"*! — 1 and that the block of n digits
a;1x27h1(H)_n .. a;1x27h1(H)—1 is identical with the block by ... b,,—1. De-
duce that there exists X with 1 < X < (b" —1)(b"*! — 1) such that the
b-ary expansion of at least one of the two numbers X¢ or X&* contains
infinitely many copies of a given block of length n. Conclude.
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8.8 Notes

> Let b > 2 be an integer. Mahler [462] investigated how many
times a given block of k digits on {0,1,...,b — 1} can repeat after the
nth digit in the b-ary expansion of an irrational number which is not a
Liouville number.

> Theorem 8.2 implies that the real number >0 2*2j, sometimes
called the Fredholm number, is transcendental. This result was first
proved by Kempner [377] in 1916.

> Mabhler [473] suggested explicitly to apply the Schmidt Subspace
Theorem E.10 exactly as in the proof of Theorem 8.2 to investigate
whether the middle third Cantor set contains irrational algebraic ele-
ments or not.

> An application of the Schmidt Subspace Theorem E.10 similar to
that in Theorem 8.2 was used in 1999 by Troi and Zannier [688] to prove
the transcendence of the number Y 27, where the summation is over
the set of integers m which can be represented as sums of distinct terms
of the form 2¢ 4 1 with ¢ being a positive integer.

> Alternative expositions of the proof of Theorem 8.3 are given in
[12, 99].
> By means of a subtle use of the Quantitative Subspace Theorem,

it has been proved in [163] that, for any irrational algebraic number £
and any integer b > 2, we have

b
Jim sup p(n,§,b)

e nlogn)oos ~ T

> Since its proof ultimately depends on the Schmidt Subspace The-
orem, Theorem 8.3 is ineffective. Let b > 2 be an integer and £ be an
irrational algebraic number. Using a suitable version of the Quantitative
Subspace Theorem, Bugeaud [149] gave explicitly a (very small) positive
real number 4, expressed only in terms of the degree and the height of
&, such that p(n,&,b) > (1 + §)n for every positive integer n.

> An automatic number is a real number £ whose expansion in some
integer base b > 2 can be generated by a finite automaton (see [46] for a
precise definition of a finite automaton). By a result of Cobham [198], its
complexity function satisfies p(n,&,b) = O(n). It then straightforwardly
follows from Theorem 8.3 that every irrational automatic number is tran-
scendental, confirming a conjecture of Cobham [197], also formulated in
[505]. As a particular case, we get that the Thue-Morse-Mahler numbers
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Zk>0 tb~* are transcendental, where tot ... is the Thue-Morse word
(Definition A.9) written on {0,1}. The latter result was first proved
by Mabhler [460]. Dekking [225] found an alternative proof, reproduced
in [46].

> Adamczewski and Cassaigne [17] established that the irrational-
ity exponent of an automatic number is finite; see also [70]. Furthermore,
Adamczewski and Bugeaud [13] proved that an automatic number can-
not be a U-number. Bugeaud [148] used the construction given in the
proof of Theorem 7.21 to show that there are automatic real numbers
with any prescribed rational irrationality exponent. Conversely, it may
be the case that the irrationality exponent of an automatic real num-
ber is always rational. In this direction, improving earlier results from
[20], Bugeaud [154] established that the irrationality exponent of every
Thue—-Morse—Mahler number is equal to 2. Furthermore, it is proved in
[165, 620] that the exponents v, and v take rational values at every
real number whose expansion to base b can be generated by a finite
automaton.

> Let f : Z>1 — Z>1 be an increasing function. A pair (,¢’) of
real numbers is called f-independent if there exist only finitely many
integers n for which the prefixes of length f(n) of their b-ary expansions
have a block of length n in common. Let f : Z>1 — Z>; be an increasing
function such that n — f(n)/n is bounded. Let £ and £’ be two algebraic
numbers in (0, 1). It was proved in [4] that either the b-ary expansions
of € and £ have the same tail, or the pair (£,¢’) is f-independent. Put
another way, this shows that if one slightly perturbs the b-ary expansion
of an algebraic number £ and gets a number &', then £’ is transcendental,
except in the trivial case when the tails of the expansions of £ and &’
coincide; see Exercise 8.3.

> Diophantine properties of real numbers whose binary expansion
is a Sturmian word were studied in [13, 79, 595].

> Using a result of Thue [685] on the structure of ternary infinite
words, Adamczewski and Rampersad [19] established that the ternary
expansion of an algebraic number contains infinitely many occurrences
of squares or infinitely many occurrences of one of the blocks 010 or
02120.

> Let (n;);>1 be a lacunary sequence of positive integers such that

liminf; .4 njy1/n; > 1. Applying the Schmidt Subspace Theorem
E.10, Corvaja and Zannier [207] established that the function f defined
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on the open unit disc by f(z) = j>1 2" takes a transcendental value
at every non-zero algebraic point. See also [16] for a weaker conclu-
sion valid, however, for a larger class of functions. Alternative applica-
tions of the Subspace Theorem to transcendence results can be found in
[171, 513, 630, 750].

> Let b > 2 be an integer. Let f(X) be a quadratic polynomial with
rational coefficients and taking positive integer values at positive inte-
gers. Let (d;);>1 be a bounded sequence of non-zero integers. Inspired
by [53], Luca [452] established that the real number ., d;ib=10) s
neither rational nor quadratic. Neither his method, nor Theorem 8.2,
imply that the real number i>1 b=’ is transcendental, a statement
established in [92, 271] and which follows from deep results on the val-
ues of theta series at algebraic points.

> Kaneko [366, 368] established improved lower bounds for the num-
ber of digit changes of a class of algebraic numbers. They are similar to
the lower bounds for the number of non-zero digits. Inspired by the
method of [53], he [367] obtained algebraic independence results for cer-
tain real numbers having few non-zero digits.

> Let P(X) =ap+a1 X +---+aqX? be a real polynomial of degree
d > 1. Theorem 1.4 asserts that the sequence (P(n))n>1 is dense modulo
one if at least one coefficient among aq, ..., aq is irrational. If aq, ..., aq
are all rational numbers, denote by ¢(P) the least common multiple of
the denominators of aj,...,aq. Berend and Boshernitzan [73] proved
that, for every given positive real number ¢ and every d > 1, there
exists ¢o(d) such that for every polynomial P(X) in Q(X) of degree d
with ¢(P) > ¢g, the set {P(n) : n > 1} meets every interval of length e
(on the torus T). Further results related to Theorem 8.11 can be found
in [47, 71, 74, 75, 321].

> Set up = 1 and up,y1 = |[V2(u, +1/2)] for n > 1. Graham and
Pollak [328] proved that, for n > 1, the nth binary digit of v/2 is equal
t0 Ugpt+1 — 2uap,—1; see also [665, 666] and the references quoted therein.
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Continued fraction expansions and
(B-expansions

Beside b-ary expansions, there are many classical ways to represent a
real number, including by means of its continued fraction expansion, or
of its J-expansion. In the first section, we define the notion of normal
continued fraction and construct explicitly a real number having a nor-
mal continued fraction. In the next section, we present several results
on the continued fraction expansion of algebraic numbers. Section 9.3 is
devoted to a short survey on -expansions.

9.1 Normal continued fractions

The sequence of partial quotients of an irrational real number & in (0, 1)
can be obtained by iterations of the Gauss map Tg defined by Tg(0) = 0
and Tg(x) = {1/z} for z € (0,1). Namely, if [0;aq,as,...] denotes the
continued fraction expansion of &, then T (&) = [0;ant1,anq2,...] and
ay, = Ll/Tg_l(g)J for n > 1.

It is understood that £ is a real number in (0, 1), whose partial quo-
tients aq(§),az(§),... and convergents p1(§)/q1(€),p2(§)/q2(8), ... are
written ai,as,... and p1/q1,p2/qa, ... when there should be no confu-
sion.

The map Tg possesses an invariant ergodic probability measure, name-
ly the Gauss measure pg, which is absolutely continuous with respect
to the Lebesgue measure, with density

dz
o) T Togz

For every function f in L'(ug) and almost every & in (0,1), we have
([212, Theorem 3.5.1]; see also Section C.4)

195
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1S 1 (! S
lim = Tke) = d 1
nirilmnkz:()f( K13 g2 |, 132 (9.1)
and
. loggn(6)  w?
A T T T2log 2 (92)

For subsequent results in the metric theory of continued fractions, we
refer the reader to [380] and to [212].

DEFINITION 9.1. We say that [0;a1,as,...] is a normal continued frac-
tion, if, for every integer k > 1, every finite word d = d; ...dy on the
alphabet Z>1, we have

Card{j:OSjSN—k,aj_H :dl,...,aj_,_k:dk}

I
N—1>I-Ii-1<>o N
r' /s’ (93)
= // pg(dz) = pg(Aa),
where r/s and r’/s’ denote the rational numbers [0;dy, ..., dg_1,d]

and [0;dy,...,dg—1,dr + 1] ordered such that r/s < r'/s’, and Agq =
[r/s,r"/s'].

Let d = dy...dg be a finite word on the alphabet Z>; (we warn
the reader that, throughout this section, a and d always denote finite
words). It follows from Theorem D.1 that the set Aq of real numbers
¢ in (0,1) whose first k partial quotients are dy,...,d is an interval of
length

1
)= ———.
ar(qr + qr—1)
Applying (9.1) to the function f equal to 1 on Agq and to 0 everywhere
else, we get that for almost every & = [0;a1,as9,...] in (0,1) the limit
defined in (9.3) exists and is equal to pg(Aq). Thus, we have established
the following statement.

AMAg

THEOREM 9.2. Almost every € in (0,1) has a normal continued fraction
expansion.

As was shown in Section 4.2, for any integer b > 2, the number whose
b-ary expansion is the concatenation of the representation in base b of
the integers 1,2, ... is normal to base b. Adler, Keane and Smorodinsky
[23] have given a similar construction for a normal continued fraction.

THEOREM 9.3. Let 1/2,1/3,2/3,1/4,2/4,3/4,... be the infinite se-
quence (1;);>1 obtained in writing the rational numbers in (0,1) with
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denominator 2, then with denominator 3, denominator 4, etc., ordered
with numerators increasing. Let xixoxs ... be the sequence of positive
integers constructed by concatenating the partial quotients (we choose
the continued fraction expansion which does not end with the digit 1) of
this sequence of rational numbers. Then, the real number

Caks = [0;21,22,...] =1[0;2,3,1,2,4,2,1,3,5,...]
is a normal continued fraction.

In the statement of Theorem 9.3 and in its proof, the denominator of
a rational number p/m is the integer m, even if p and m are not coprime.

PRrROOF. We follow the proof of [23]. Set g = 7%/(12log2). Let & be a
positive real number with § < 1/3. Let 1 be a positive real number. Let
m > 3 be an integer and set

n = [(1 - 26)(logm)/g. (9.4)

Let d = d; ...d; be a finite word on the alphabet Z>;. Let Iy, 5.a,, be
the set of all finite words a = a; ...a, on Z>; satisfying

e(lfzi)gn < Kn(ala R an) < e(1+6)gn
and
Card{j:0<j<n—k,aj11aj42...a;1p =d}
— ’ — pg(Aa)| <.
Here, K, (a1, ..., a,) denotes the continuant of ay, ..., a,; see Definition

D 4. Keeping this notation, we say that the rational r; = [0;a;1,a; 2, .. .,
ain,) is (m,d,d,n)-good if we have

(l) K’I’LI (a”i,17 ai,27 ... Ja”i,’ﬂi) < m,

(’LZ) n; >n and ;1052 ...05n € rm,&d,n- O

LEMMA 94. Leta = ay...a, be in 'y 54, and define pp_1/¢n—1 =
[0;a1,...,an—1] and Py /g, = [0;a1,...,a,]. Then we have

Card{i: 7, =[0;ai1,0i2,-sQin,--,Qin;) s (M,d,d,n)-good

m? 4m

and a;1G;2...0;, =a} > ————— .
. o } 2Qn(Qn + anl) dn

PrOOF. For positive integers s and ¢ with s < ¢, set

(b(sv t) = (tpn + Spn—1,tqn + SQn—l)-
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Since ppgn-1 — Pn—19n = £1, the map ¢ is injective. By Theorem D.1,
the continued fraction expansion of the rational

tpn + 5pn—1 o (t/s)pn + Pn—1

tgn + Sqn—1  (t/8)qn + gn-1

is given by [0;a1,a9,...,an, Gnit1, ..., ak], where [ant1; anta, ..., ak is
the continued fraction expansion of ¢/s. By construction, this rational is
(m,d,d,n)-good as soon as its denominator is less than or equal to m,
that is, as soon as

tgn + Sqn_1 < m. (9.5)

Since different pairs (s,t) yield different images ¢(s,t), a lower bound
for the cardinality of the set defined in the lemma is the number of
pairs (s,t) with 1 < s < ¢ and satisfying (9.5). In the (s,t)-plane, the
inequality (9.5) with the extra condition 0 < s < t defines a triangle of
area A = m?/(2¢,(gn+¢n—1)). This triangle contains at least A—4m/q,
lattice points with positive coordinates. This proves the lemma. O

By definition, the denominator of every (m, d, d, n)-good rational num-
ber is at most m. The next lemma shows that most of the rational num-
bers of denominator at most m are (m,d,d, n)-good rational numbers.
Observe that, for m > 2, there are exactly m — 1 rational numbers in
(0,1) of denominator m, hence, there are i(m) := m(m — 1)/2 rational
numbers in (0,1) of denominator at most equal to m.

LEMMA 9.5. Let m,d,n and d be as above. For every positive real num-
ber €, there exists an integer mq, depending on d,m and d, such that

Card{i : r; is (m,d,d,n)-good}
Card{i : the denominator of r; is at most m}

>1—¢ (9.6)

holds for every m exceeding my.

PrOOF. Let C,, denote the left-hand side of (9.6). It follows from
Lemma 9.4 that

2 m2 4m
Cos— 2 __m__dmy
m(m - 1) Z QQn(Qn + Qn—l) An

a€ly, s,d,n

1 1
L e — (1_ 67‘1)

a€lm, s5,d,n

v

4716qn)

m ~
=—)\T . (1
m—1 A m’é’d’n) m
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where fm’(;ydm denotes the set of real numbers in (0,1) whose first n
partial quotients ay, ..., a, are such that the word a; ... a, isin 'y, s.4,7-

We deduce from (9.2) that A(I'y,,6.4,) tends to 1 as m tends to infinity.
Furthermore, since the rational is assumed to be (m,d,d,n)-good, we
have

(14+8)gn (146)(1—26) (log m)
16, _ 16e _ 16e < 16—

m m o m
which tends to zero as m tends to infinity. This proves the lemma. [J
LEMMA 9.6. Let m,d,n and d be as above. If the rational number r; =

[05a1,...,Qn, Qnil,---,an,] 18 an (m,d,d,n)-good rational number, then
we have
n; —n < 32gén
for every m exceeding e39t1)/9
PrOOF. Write s/t = [0;an+1,-..,an,]. Then, the denominator ¢, of
r; satisfies
m 2 Qn, = tdn + SGn—1 > tqn,
thus,
m m 35

m g
b< o S ci=ari—2nogmg) ="

We get from (D.5) that

n; —n <1+4+3logt <1439+ 9dlogm < 104 logm,
if m exceeds e(®9+t1)/9. By (9.4), this proves the lemma. O

PROOF OF THEOREM 9.3 (CONTINUED). Let {aks = [0;21,22,...] be
the number defined in the theorem. For a positive integer j and a finite
word d = d; ...dj on the alphabet Zx, set

pj(dagaks) = Card{l :0<e <y, Tig1 .. -Titk = d}

For a positive integer m, recall that i(m) = m(m — 1)/2 is the index
of the last rational with denominator m and let j(m) be the index cor-
responding to the partial quotient a;(m)n, () in &aks- This means that
Tj(m) = Fi(m),ni(m) -

Observe that there are m rationals with denominator m + 1 and each
of them has an expansion of length at most equal to 3log(m + 1). This
implies that

jlm+1)—j(m) < 3mlog(m + 1)
imy = i)

3
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which tends to zero as m tends to infinity. Consequently, to establish
the theorem, it is sufficient to show that

i (m d>as
fiy Pitm) (4 Gaks)

L e tg(Aa). (9.7)

We estimate pjn,)(d, &aks) and, to this end, the number of occurrences
of d in r1xro ... xj(m)+k~

Let €,d,n7 be positive real numbers. By Lemma 9.5, there exists an
integer mg, depending only on 4, 7 and d such that, for every m exceeding
mo, at least (1 — €)i(m) rational numbers are (m,d, d,n)-good. Then,
we have

j(m) > (1 — e)ni(m), (9.8)
while it follows from Lemma 9.6 that
j(m) < n(1+ 32¢6)i(m) + 3ei(m) log m.

We know that, by definition, every (m, d,d, n)-good rational contains
at least n(ug(Aa) —n) occurrences of d. Consequently,

piem (4 &aks) - ni(m)(1 — €)(ng(Aa) — 1)
j(m) ~ n(1+ 32¢0)i(m) + 3ei(m)logm’

which implies that

; d
lim inf pj(m).( ,Eaks)
W )

> (u5080) =) (T sy) (09

On the other hand, the finite word composed of the first n partial quo-
tients of an (m,d,d,n)-good rational contains at most n(ug(Ag) + 7)
occurrences of d. The number N of other possible occurrences of d is
bounded by the sum of the lengths of the continued fraction expansions
of the rational numbers that are not (m,d,d,n)-good plus the sum of
the lengths of the tails of the (m,d,d, n)-good rationals. Thus, we have

N < €i(m)(3logm) + 32gdni(m).
Consequently, by (9.8),

Pjem)(d; Eaks) < ni(m)(pug(Aa) +n) + €i(m)(3logm) + 32goni(m)
jlm) — — (1 —e)ni(m) ’
and we get that

j(m da
i sup 22 )(d Saks) < ko(Ba) ¥ 3290 +¢)
M—s—+00 j(m) 1-—¢ 1-—¢
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Combined with (9.9), this gives (9.7) since €,n and ¢ can be taken arbi-
trarily small. This completes the proof of Theorem 9.3. O

9.2 On the continued fraction expansion of an
algebraic number

By Theorem D.6, a real number & has a periodic (resp. finite) continued
fraction expansion if, and only if, £ is a quadratic algebraic number (resp.
a rational number). Very little is known about the continued fraction
expansion of an algebraic number & = [ag; a1, as,...] of degree at least
three. On the one hand, it follows from Liouville’s Theorem E.5 that the
sequence (an)n,>1 cannot increase too rapidly (see (9.10) and Theorem
9.9 below), but, on the other hand, we do not even know whether (a,,)n>1
is unbounded.

A much easier question was posed by Andrzej Schinzel to Harold Dav-
enport. He asked whether, for any given integer IV, there exist algebraic
numbers of degree at least three which have infinitely many partial quo-
tients greater than V. A positive answer follows from the next theorem,
established by Davenport [214] and valid for every irrational number.

THEOREM 9.7. Let & be an irrational number and let p be a prime
number. Then, at least one of the numbers

§7£+1/p7a§+ (p_ 1)/p
has infinitely many partial quotients greater than p — 2.

PROOF. Let (p,/gn)n>1 denote the sequence of convergents to the real
number p€. Since, by (D.2), ¢, and g,41 are coprime for n > 1, there
exists an infinite set N of positive integers such that g, is relatively
prime to p for every n in N.

For n in N, let £,, be the integer defined by

Pn = Lngn (mOd p)v 0<4, <p—1.

There exist an integer £ satisfying 0 < £ < p — 1, an infinite subset A/}
of M/, and a sequence of integers (ry,)nen; such that

Pn = Lqy + pry, for nin Nj.

Consequently, for n in N7, we get
< 1
2

Tn

qn

pn

-1 e

1
Z*‘pﬁ—
P
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and it follows from inequalities (D.3) that infinitely many partial quo-
tients of the real number £ — ¢/p are greater than p — 2. O

Pass [553] established that, for any given integer N, there exist al-
gebraic integers of arbitrarily large degree which have infinitely many
partial quotients greater than N; see Exercise 9.3. It follows from The-
orem 1.11 of Einsiedler, Fishman and Shapira [276] that for any given
integer N, every irrational real number has a multiple having infinitely
many partial quotients greater than N. Consequently, there exist alge-
braic integers of every degree > 2 which have infinitely many partial quo-
tients greater than N. We reproduce [276, Theorem 5.5], which should
be compared to Theorem 8.11.

THEOREM 9.8. For any positive integer N there exists a real number
M such that, for any irrational number £, there exists an integer m
between 1 and M for which m& has infinitely many partial quotients
greater than N.

When the algebraic number £ := [0; a1, as, . ..] is a quadratic number,
the sequence (a,)n>1 is ultimately periodic and the sequence (gy)n>1
of the denominators of its convergents is ultimately a linear recurrence
sequence. This implies that (q}/ n)n21 is bounded and, even, converges
(use Theorem D.5 or see [283, Section 2.4]). When the degree of ¢ is
greater than two, one generally believes that (q,l/ ")n>1 also converges
or, at least, remains bounded. It is even likely that (g, ),>1 satisfies (9.2).
However, we seem to be very far away from a proof (or a disproof).

The first general upper estimate for the rate of increase of (¢n)n>1
when £ is an algebraic number of degree d > 3 follows by combining
Theorem D.1 with Liouville’s Theorem E.5. This easily yields that

loglog ¢, < (logd)n, (9.10)

for every n large enough. A slight sharpening, namely the estimate
loglog g, = o(n), can be deduced from Roth’s Theorem E.7. Sharper
upper bounds follow from the quantitative form of Roth’s theorem given
in Theorem E.9.

THEOREM 9.9. Let & be an irrational, real algebraic number and let
(Pn/qn)n>1 denote the sequence of its convergents. Then, for any € > 0,
there exists a constant c, depending only on & and €, such that

loglog g, < cn?/3t=.

Theorem 9.9 is the analogue for continued fraction expansions of
Theorem 8.7. Slightly sharper versions of it are proved in [8, 150].
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PRrROOF. For § > 0, let NV (£,8) denote the cardinality of the set of
solutions to the inequality

1
-t 7
in integers p, ¢ with ged(p,¢) = 1 and ¢ > 0. Let k > 2 be an integer and
01,...,0 be real numbers satisfying 0 < §; < ... < dp < 1. Let N be a
(sufficiently large) integer and put Sy = {1,2,...,N}. For j =1,...,k,
let S; denote the set of positive integers n in Sy such that gn41 > ¢n'
Observe that Sg D 81 D ... D Si. It follows from Theorem D.1 that, for

any n in S;, the convergent p,, /¢, gives a solution to
D 1
- ol< m=

Consequently, the cardinality of S; is at most N(&, ;).
Write

Sy = (So\sl)U(Sl \SQ)U...U (Sk,1 \Sk)USk.
Let j be an integer with 1 < j < k. The cardinality of S\ S; is bounded
by N and, if j > 2, the cardinality of S;_; \ S; is at most N (&, d;_1).
Furthermore, for any n in S;_1 \ S;, we get
log gn11
log gn

Denoting by d the degree of €, we infer from Theorem D.1 and Liouville’s
Theorem E.5 that there exists an integer ng such that

<1+94;. (9.11)

log gny1
log g»,

for every integer n > mng. Assume that N exceeds ng. Since Si has at
most N (&, dy) elements, we deduce from (9.11) and (9.12) that

<d, (9.12)

1 1 - log qn,
log gy — 28I logav—1 108t
loggn-1  logqn—2 10g gn,
k
< (108 gny) (1 4 61)N H (1 +6j)N(§76j71)dN(£76k).
j=2

Taking the logarithm of both sides, we get
loglog gy < loglog qn, + N log(1 + 61)

k
+ZN(§,5j_1)10g(1+5j) + (log A)N(€, 6r). (9.13)

=2
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We now select d1,...,0,. We may assume that ¢ < 1/3. Set v =
3/(1—¢) and, for j =1,...,k, set

5, = N~W v TH/eA )

We check that 0 < §; < ... < 8, < N~1/6 and deduce from Theorem
E.9 that N(£,d) < 67 for every § with 0 < § < §g, if ¢ is sufficiently
small and N sufficiently large. We then infer from (9.13) that

loglog gy < 2k N =H/0 =1 — o N=D/(r—v75) (9 14)
Choosing then k equal to [loge 1], we get from (9.14) that
loglog gy < 3(loge™') Ne+2/3,
if N is large enough. This proves the theorem. O

Since very little is known on the continued fraction expansion of al-
gebraic numbers of degree greater than or equal to three, there is some
interest in proving various transcendence criteria for continued fraction
expansions. The first results of this type were established by Maillet [475]
and A. Baker [58]. The next theorem is extracted from [42]. Sturmian
sequences are defined in Theorem A.5.

THEOREM 9.10. Let a and b be distinct positive integers. Let (sp)n>1
be a Sturmian sequence on {a,b}. Then, the continued fraction & :=
[0; 81, 82, ...] is transcendental.

PROOF. Let (pn/gn)n>1 be the sequence of convergents to . By The-
orem A.6, there are arbitrarily large integers m such that s,,y; = s;
fori =1,...,m. Let ap, = [0;81,...,5m,S1,...] be the quadratic real
number in (0,1) with purely periodic continued fraction expansion of
period s1,...,S,. Since the first 2m partial quotients of £ and a, co-
incide, it follows from Theorem D.1 that |§ — a;| < qgn%. A rapid cal-
culation shows that a,, is a root of the integer polynomial P, (X) =
Gm-1X2 4+ (@m — pm—1)X — Pm, thus its height H(a,,) is less than q,,.
Since gom > ¢2,, by Theorem D.5, we get that

€ — aum| < H(am) ™,
and the transcendence of ¢ follows from Corollary E.11. O

The key ingredient for the proof of Theorem 9.10 is a result of Schmidt
(actually, a special case of the Schmidt Subspace Theorem) asserting
that algebraic numbers of degree greater than two cannot be well
approximated by quadratic numbers. This result is also crucial in
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M. Queffélec’s proof [594] of the transcendence of the continued frac-
tion whose sequence of partial quotients is the Thue—Morse sequence on
{1,2}; see Exercise 9.4 for a (different) proof.

Further combinatorial transcendence criteria for continued fractions
have been established in [3, 5, 8, 9, 14]. Their proofs rest on the Schmidt
Subspace Theorem E.10, and not only on Corollary E.11. A much stron-
ger result was subsequently obtained in [158]. Let £ be an irrational real
number and write

5 = vaj =+ [0;(117(12,...].

Let a denote the infinite word ajas ... over the alphabet Z>;. A natural
way to measure the intrinsic complexity of £ is to count the number
p(n,&) := p(n,a) of distinct blocks of given length n in the word a.
Exactly as in Definition 4.18, we introduce the notion of entropy of a
real number. If ¢ is a rational number, we agree that p(n,§) = 1 for
n > 1.

DEFINITION 9.11. The entropy of a real number £ is the quantity

BE) = lim 1082ME)

n—-+oo n

Let £ be a real algebraic number of degree at least three. A first step
towards a proof that £ has unbounded partial quotients would be to get
a good lower bound for p(n,&). The first result of this type is Theorem
9.10, which gives that p(n,£) > n + 2 holds for every sufficiently large
integer n. This is considerably improved in the next statement.

THEOREM 9.12. For any algebraic number £ of degree at least three, we
have

i P8
n—-+oo n

= +4o00.

Theorem 9.12, established in [158], is the exact analogue for continued
fraction expansions of Theorem 8.3. Its proof, beyond the scope of the
present monograph, rests as well on the Schmidt Subspace Theorem.

Actually, Theorem 9.12 is a consequence of the following combinato-
rial transcendence criterion and of the analogue for continued fraction
expansions of Lemma 8.4.

For an irrational and not quadratic real number £ = [0;a1,as,.. ],
define the exponent v/-(§) as the Diophantine exponent (Definition A.2)
of the infinite word @ = ajaz ... Denoting by (p,/gn)n>1 the sequence
of convergents to &, the following statement is established in [158].
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THEOREM 9.13.  With the above notation, if (q,lz/")nzl 1s bounded and
vin(§) is positive, then & is transcendental.

This is the analogue for continued fraction expansions of Theorem 8.2.
We note that Theorem 9.13 applies to a large class of continued fraction
expansions with unbounded partial quotients.

9.3 On (-expansions

Recall that if b > 2 is an integer and if the b-ary expansion of the
irrational number ¢ in (0,1) is given by £ = Y, a, /b, then {b"¢} =
> jsni1 ak/b" for n > 0. Denoting by Tp the map defined on [0,1] by
Ty(z) = {bx}, we observe that a, = [bT}' ' (¢)] for n > 1. This shows
that, like for the continued fraction expansion, the b-ary expansion of an
irrational number is obtained by iterating a suitable map. This point of
view is used to define expansions to a non-integer base.

Throughout this section, 8 denotes a real number greater than 1 and
| 8] is equal to B—1if 3 is an integer and to | 8| otherwise. We may con-
sider writing any positive real number as a series ) -, a, /3", where the
an, are non-negative integers. The notion of S-expansion was introduced
by Rényi [608] in 1957. We denote by T the transformation defined on
0,1] by Ty(z) = {fa}.

DEFINITION 9.14. The expansion of a number z in [0, 1] to base 3, also
called the (-ezpansion of z, is the sequence (ay)n>1 of integers from
{0,1,..., 8]} such that

and defined by one of the following equivalent properties:

1
Ziﬁ<7, for all n > 0;
k>n/8 ﬁ

ar = [Pz}, a2 = [B{Br}], a5 = [ B{B{Bz}}], ...

an = LﬁTgfl(:v)J, for all n > 1.

We then write

dg(x) = araz...ap ...
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For z < 1, the f-expansion coincides with the representation of x
computed by the ‘greedy algorithm’. If 3 is an integer, then the digits
a; of x lie in the set {0,1,...,0 — 1} and dg(z) corresponds, for = # 1,
to the usual (-ary expansion of x.

Rényi [608] proved that the transformation T has a unique invariant
probability measure vg which is absolutely continuous with respect to
the Lebesgue measure on [0, 1]. This measure is ergodic [608] and it is
the unique measure of maximal entropy [347].

We endow the set {0,1,...,|3]}%>" with the lexicographic order de-
noted by <jex, the product topology and the one-sided shift operator
o defined by o((sp)n>1) = (Spt+1)n>1, for any sequence (s,),>1 in
{0,1,...,[B]}%=1.

DEFINITION 9.15. The closure of the set of all 8-expansions of z in [0, 1]
is called the (-shift and denoted by Sg.

Parry [552] proved that the shift Sg is fully determined by dg(1).

THEOREM 9.16. Ifdg(l) = a1...am00...0..., then s = (sp)n>1 be-
longs to Sg if, and only if,

ok(s) <lex @1 ---ap—1(ap — Dag ...ap—1(apr — ag ..., fork>1.

If d3(1) does not terminate with zeros only, then s = (sp)n>1 belongs to
Sg if, and only if,

oF(s) <iex dg(1), for k> 1.

It follows from Theorem 9.16 that Sg is contained in S if, and only
if, 8 < 3'. The next definition is motivated by Theorem 9.16.

DEFINITION 9.17. A block dy ...d,, on {0,1,...,|5]} is admissible if
of(dy ... dp) <iex dg(1), for k=0,1,...,m — 1.

Blanchard [103] classified the 3-shifts into five disjoint classes C; to
Cs, as follows:

— [ belongs to Cy if dg(1) terminates with zeros only;

— (3 belongs to Cs if dg(1) is eventually periodic but does not terminate
with zeros only;

— (3 belongs to Cs if dg(1) does not contain arbitrarily large strings of
0’s and if dg(1) is not eventually periodic;

— (3 belongs to Cy if dg(1) does not contain some admissible blocks, but
contains arbitrarily large strings of 0’s;

— 3 belongs to Cs if dg(1) contains all admissible blocks.
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Elements of Class C7 UCy are called Parry numbers. The term simple
Parry numbers usually denotes elements of Class C';. Classes C and Cy
are both countable and all their elements are algebraic integers. Fur-
thermore, every Pisot number is a Parry number [83, 626]. The fact that
all Salem numbers would be Parry numbers is a particular instance of
a conjecture of K. Schmidt [626]. This was proved by Boyd [128] for
all Salem numbers of degree 4. However, the same author considered in
[129] a heuristic suggesting the existence of Salem numbers of degree 8
that are not Parry numbers.

Schmeling [625] proved that Cs has Hausdorff dimension one and that
C5 has full Lebesgue measure. Explicit natural examples of transcen-
dental numbers in C3 were given by Allouche and Cosnard [40], and by
Chi and Kwon [186]. Explicit examples of transcendental numbers in Cy
were given in [6].

Let g : [0,1] — Sp denote the map assigning to each x in [0, 1] its §-
expansion. For a block D,,, =d;...d,, on {0,1,...,[5]}, a real number
x in [0, 1] with dg(z) = a1az ... and an integer N > 1, set

Aﬁ(Dm,N,.’E) = Card{j :0 S j S N—m,aj+1 = dl,...,aj+m = dm}

DEFINITION 9.18. A real number z in [0, 1] is S-normal if, for every finite
block D on {0,1,..., 8]}, the limit imy_, 400 Ag(D, N, x)/N exists and
is equal to Vg(ﬂng).

It follows from Rényi’s result mentioned above that, for any real num-
ber 3 > 1, almost every real number z in [0, 1] is S-normal. Explicit con-
structions of S-normal numbers have been given in [84, 352] by means
of a Champernowne-type construction.

The next definition was formulated by Schmeling [625].

DEFINITION 9.19. A real number  in (1, 4+00) is self-normal if dg(1) is
(B-normal.

Schmeling [625] established that almost all (with respect to the Lebes-
gue measure) real numbers [ in (1,400) are self-normal. By means of a
method inspired by Chapernowne’s construction, Bertrand-Mathis [90]
constructed uncountably many self-normal numbers.

Unlike for expansions to an integer base, it generally remains open to
decide whether an algebraic number has or does not have an eventually
periodic -expansion when the base [ is algebraic. Moreover, it seems to
be very difficult to describe the G-expansion of an algebraic number when
this expansion is neither finite, nor eventually periodic. In particular,
very little is known on the [-expansion of 1 for an algebraic number 3
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greater than 1 which is not in the union of the classes C; and Cs. Some
partial results are given in [6, 262].

Recall that the set N(3), introduced in Definition 6.4, denotes the
set of real numbers £ such that (£6"),>1 is uniformly distributed mod-
ulo one.

DEFINITION 9.20. For every real number 3 > 1, we denote by D(3) the
set of real numbers whose (-expansion is S-normal.

There is no reason for the sets D(3) and N(8) to be equal. Bertrand
[81] proved that if 3 is a Pisot number, then D(f3) is contained in N(83).
We do not know whether or not both sets coincide.

Bertrand [82, 85, 86] established that, if 3 > 1 is such that (8"),>1 is
uniformly distributed modulo one, then the set A/(3) is strictly contained
in D(B).

Schmeling [625] proved that every z in (0, 1] is S-normal for almost
all 8 in (1,400).

We extend as follows the notion of b-badly approximable numbers,
introduced in Section 7.3.

DEFINITION 9.21. Let 8 > 1 be a real number which is not a rational
integer. A real number x in [0, 1] is called 8-badly approximable if the
blocks of the digit 0 occurring in its S-expansion have bounded length.

Using a suitable modification of Schmidt’s game, Féarm, Persson and
Schmeling [299] proved that, for any real number § with 1 < 8 < 2, the
set of B-badly approximable numbers is a-winning for any real number
a with 0 < o < 1/64. This was previously established by Farm [295]
when dg(1) is finite.

9.4 Exercises

EXERCISE 9.1. Study the rate of approximation of ks by rational
numbers.

EXERCISE 9.2. Prove that there exist real numbers having a normal
continued fraction expansion and an arbitrarily prescribed irrationality
exponent.

EXERCISE 9.3 (¢f. [553]). Let p be a large prime number. For n > 1, set
gn(X)=X(X+1)...(X+n—-1). Put f(X)=pg,(X)—1.
(1) Prove that f(X) is irreducible and has a real root .
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(2) Use Theorem 9.1 to prove that there is ¢ in {0,1,...,p — 1} such
that p/(a + ¢) is an algebraic integer of degree p with infinitely many
partial quotients at least equal to p — 2.

EXERCISE 9.4. Let (ay,)n>1 be a non-ultimately periodic sequence of pos-
itive integers. Assume that there are arbitrarily large integers m such
that ay ... a,, is a square (resp., a palindrome). Use Theorem E.10 (resp.,
Exercise E.3) to prove that [0;aq,as,...] is transcendental. Deduce that
the real number [0;1,2,2,1,2,1,1,2,...], whose sequence of partial quo-
tients is given by the Thue-Morse infinite word on {1,2}, is transcen-
dental.

9.5 Notes

> Numerical values and speculation for continued fraction expan-
sions of certain algebraic numbers can be found in [420, 609]. Computa-
tional problems connected with the calculation of the continued fraction
of algebraic numbers are discussed in [112, 130]. For statistics on the
continued fraction expansion of 7 and other classical numbers, see [228].

> Postnikov and Pyateckil [585] (see also [583, Chapter 27]) gave
another construction for a normal continued fraction. Postnikov [583]
formulated a sufficient condition for a number to have a normal contin-
ued fraction which is analogous to Theorem 4.6.

> Kraaikamp and Nakada [406] established that a number which is
normal with respect to its regular continued fraction expansion is also
normal with respect to its continued fraction expansion from below, and
that a number is normal with respect to its regular continued fraction
expansion if, and only if, it is normal with respect to its nearest integer
continued fraction expansion.

> Mendeés France [503] established that, under the assumptions of
Theorem 9.7, there exists j in {0,1,...,p — 1} such that ‘many’ partial
quotients of £ + j/p exceed p — 2.

> Berend and Boshernitzan [74] proved that there exist uncountably
many real numbers & with the property that the sequence of partial
quotients of each integer multiple né tends to infinity.

> It follows from Theorem 9.12 that an infinite continued fraction
whose sequence of partial quotients is generated by a finite automaton is
either quadratic, or transcendental. Transcendence measures for families
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of continued fractions including the continued fractions defined in The-
orem 9.10 are given in [11, 156], following a general method based on
the Quantitative Subspace Theorem and explained in [10].

> The continued fractions [0;1,2,3,4,...] and, much more gener-
ally, [0; a1, ag, as, . ..], where (ay,),>1 is an arithmetic progression of pos-
itive integers, are transcendental; see [637, p. 134].

> Let p and g be coprime integers with p > ¢ > 2. Mahler’s re-
sult [465] established in Exercise 3.9 implies that, for every ¢ > 0, the
first partial quotient of ||(p/q)™|| is less than 2™ when n is sufficiently
large. For a rational number r, let £(r) denote the length of the short-
est continued fraction equal to r. In 1973, Mendeés France [501] asked
whether

sup £((p/q)") = +o0
n>1

holds for all coprime integers p and ¢ with p > ¢ > 2. Choquet [193, 194]
gave an affirmative answer to this question. Independently, Pourchet
[587] applied Ridout’s Theorem E.8 to obtain a stronger statement. He
proved that, for all coprime integers p and ¢ with p > ¢ > 2, for any
positive real number ¢, the partial quotients of ||(p/q)™|| are all less than
2" when n is sufficiently large. Consequently, £((p/q)™) tends to infinity
with n. Pourchet never published his result. Some details of the proof
have been given by van der Poorten [579]; see also [209], [747, Exercise
IT.6] and [150]. Under the above hypotheses, it is proved in [150] that
there are arbitrarily large integers n such that £((p/q)™) > (logn)'/®.
Corvaja and Zannier [209] extended Pourchet’s theorem to quotients of
power sums.

> Mendes France [506] asked whether for every real quadratic ir-
rational £ and every positive M, there exist integers n such that the
length of the period of the continued fraction expansion of £" exceeds
M. This question was completely solved by Corvaja and Zannier [208].
Results on the length of the period of the continued fraction for values
of the square root of power sums have been given in [166, 639]. Further
questions on continued fraction expansions of real numbers in a fixed
quadratic field are considered in [27, 329, 455, 736].

> Mauduit and Moreira [489, 490] computed the generalized Haus-
dorff dimensions of sets of real numbers having zero entropy.

> For additional results on real numbers with bounded partial quo-
tients, see the survey [646].



212 Continued fraction expansions and [B-expansions

> Fan, Liao and Ma [292] determined the Hausdorff dimension, in
terms of a modified variational principle, of sets of real numbers having
prescribed frequencies of partial quotients in their continued fraction
expansion.

> Let £ be in (0,1) and &, be the rational number obtained by
truncating the decimal expansion of ¢ after n digits. The problem to
determine the largest integer k, () for which the first k,,(§) partial quo-
tients of the continued fraction expansions of £ and &, coincide has
been studied by Lochs [448]. He established the surprising result (com-
pare with Theorem D.7) that, for almost all real numbers £, the ratio
kn(€)/n tends to 672 (log 2)(log 10) = 0.9702. .. when n tends to infin-
ity; see also [124, 212, 285-287, 739, 740] and [62, 440] when the decimal
expansion is replaced by the (-expansion.

> Smorodinsky and Weiss [658] generalized the Champernowne con-
struction to obtain normal sequences for finite-state ergodic Markov
shifts and for subshifts with a unique measure maximizing the topo-
logical entropy (e.g., the S-shifts). Analogous results were obtained for
Markov shifts by Postnikov [583] and for 3-shifts by Ito and Shiokawa
[352]. Furthermore, Bertrand-Mathis [84] constructed so-called ‘Cham-
pernowne sequences’ for general coding systems. The result of Copeland
and Erdés (case m = 1 of Theorem 4.10) has been extended in [91] to
bases § which are Pisot numbers; see also [327].

> Bertrand-Mathis introduced and studied the notion of geometri-
cally normal numbers [85, 86, 89].

> Bertrand-Mathis [88] conjectured that, for real numbers 8 > 1,
B’ > 1 which are not integers, the Rényi measures vg and vg coincide if,
and only if, 4/ = 3+ 1 and there exist integers a, b such that 32 = a3+b
and 1 < b < a. She gave some partial results.

> Kwon [415] extended Theorem 3.1 to $-expansions.
> Durner [269] extended Colebrook’s results [200] to 3-expansions.

> For 6 > 1, set G(8) = 1/5(71'/51(0)). This quantity represents the
asymptotic proportion of zeros in the S-expansion of ¢ for almost every &.
Brown and Yin [142] considered analytic properties of the map 3 — G(0)
and proved, among other results, that if 5 is not an integer, then G(3)
exceeds 1/0.

> Let a in (0,1] and B > 1 be algebraic numbers. The asymptotic
behaviour of the function that counts the number of digit changes in the
B-expansion of « is studied in [151].
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> Let v > 0 and [y, 81 be such that 1 < By < (7 < 2. Denote
by D, (8o, 1) the set of real numbers § in (g, 31) for which there are
infinitely many integers n such that all the digits a,,any1,... up to
a|(14v)n| in the B-expansion of 1 are equal to 0. Persson and Schmeling
[558] proved that the Hausdorff dimension of D, (o, 31) equals 1/(1+v).

> For (o, 8) in [0,1) % (1, +00) and « in [0, 1] define T}, g by Ty gz =
{Bz + a}. Faller and Pfister [291] proved that, for every z, a not both 0,
the point z is Ty, g-normal (we omit the definition) for almost every
in (1,+00). This extends a result of Schmeling [625] who dealt with the
case z = 1 and oo = 0.

> Farm and Persson [298] (see also [299] for a slightly weaker result)
proved that, for every sequence (5;);>1 of real numbers greater than 1,
the set of real numbers z such that (Ag, (D, N,z)/N)n>1 converges
for no j > 1 and no finite block D on {0,1,...,[3;]} has Hausdorff
dimension one.

> Chaotic and topological properties of B-expansions are studied
in [439]. Simonsen [656] considered [-shifts from the point of view of
computability theory.

> Dubickas [255] obtained various results on sequences generated
by the map x +— [Bz + ] for real numbers § > 1 and ~. In particular, if
z1 =1 and z,41 = [32,/2] for n > 1, then, setting w, = 0 if x,, is even
and w, = 1 otherwise, the infinite word w = wyws ... on {0, 1} satisfies
p(n, w,{0,1}) > 1.709n for every sufficiently large integer n.

> An interesting discussion on generalizations of continued fractions
can be found in [479]. For (—f)-expansions, see [443] and the references
therein. For normality in the context of Q-Cantor series, see [48, 476]
and the references therein. Further representations of real numbers by
infinite series are studied in [318] and in [393].



10

Conjectures and open questions

We gather open problems encountered in the preceding chapters with
several new ones. Instead of formulating them in terms of questions,
we merely prefer to propose statements whose validity remains open. In
many cases there is no evidence for, or against, the assertion claimed.
We do not recall the partial results obtained towards these problems,
since they can be (hopefully) easily found in the present book.

A large list of open problems in the general theory of distribution
modulo one has been compiled by Strauch and Nair [677]; see also the
monograph [678].

The thematic ordering of the problems essentially follows Chapters 1
to 9.

The first problem was posed by Hardy [333] in 1919.

PROBLEM 10.1. Are there a transcendental number o and a positive real
number & such that ||£a™]|| tends to 0 as n tends to infinity?

Very little is known on the sequence of fractional parts of e.
PROBLEM 10.2. To prove that ||e™|| does not tend to 0 as n tends to
nfinity.

The next problem is usually attributed to Mahler although it does not
seem to have been stated explicitly in his papers.

PROBLEM 10.3. To prove that there exists a positive real number ¢ such
that ||e"|| > =", for every n > 1.

Waldschmidt [723] conjectured that a stronger result holds, namely
that there exists a positive real number ¢ such that ||e"|| > n~¢ for
every n > 1. This is supported by metrical results [391].

The spectrum of a sequence (z,)n>1 of real numbers is the set of
irrational real numbers 6 in (0, 1) such that the sequence (z, — nf),>1

214
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is not uniformly distributed modulo one. The next problem was posed
by Mendes France [502].

PROBLEM 10.4. Let & be a non-zero real number and o« > 1 be a real
number. The spectrum of the sequence (§a™)n>1 s at most countable.
The next problem was proposed and discussed by Dubickas as Con-

jecture 2 in [250].

PrROBLEM 10.5. Let K be a real number field. Then, for any € > 0, there
exists a lacunary sequence (tp)n>1 of positive numbers in K such that

limsup {&t,} > 1—¢, for any real number & not in K.

n—-+o0o

Moreover, each subinterval of [0,1] of length € contains a limit point of
the sequence ({&tn})n>1-

As was shown in Section 2.5, for every irrational number &, the sequence
(£2"3™)m n>1 is dense modulo one. On the other hand, if the sequence
(my)n>1 of positive integers is lacunary, then there exist uncountably
many real numbers £ such that (§my,),>1 is not dense modulo one.

PROBLEM 10.6. To find a very rapidly increasing sequence (My)n>1
of positive integers such that (§my)n>1 s dense modulo one for every
irrational number €.

The next problem was formulated in [168].
PROBLEM 10.7. Let € be a positive real number. Are there arbitrarily

large real numbers o such that o is not a Pisot number and all the
fractional parts {a™}, n > 1, are lying in an interval of length € /a?
We recall the conjecture of de Mathan and Teulié [483] discussed in
Section 2.6.
PROBLEM 10.8. For every real number & and every prime number p, we
have infg>1 q - [|¢]| - [l = 0.
We continue with a question of Mahler [468].
PROBLEM 10.9. There are no real numbers & such that 0 < {£(3/2)"} <
1/2 for every positive integer n.

We keep focusing on fractional parts of integral powers of 3/2.

PROBLEM 10.10. The sequence ((3/2)")n>1 is dense modulo one.

Since Problem 10.10 seems to be much too difficult, we highlight a
weaker question, which was posed by Mendes France [506].
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PROBLEM 10.11. The sequence ({(3/2)"})n>1 has an irrational limit
point.

PROBLEM 10.12. There does not exist a real number M such that, for
every n > 1, all the partial quotients of {(3/2)"} are less than M.

We continue with a question related to Waring’s problem; see Sec-
tion 3.7.

PrOBLEM 10.13. To find an upper bound for the number of positive
integers n such that ||(3/2)™]| < (3/4)™.

Levin [433] established the existence of normal numbers with small
discrepancy, but it is unclear whether his result is the best possible.

PROBLEM 10.14. Let b > 2 be an integer. To find a real number & and
a positive constant ¢ such that Dy ((€b™)n>1) < c(log2N)/N for every
N >1.

PrROBLEM 10.15. To find a simple construction of a real number nor-
mal both to base 2 and to base 3. To find a simple construction of an
absolutely normal real number.

PRrROBLEM 10.16. To prove the existence of a real number £ such that
Dn((€6™)n>1) < c(log2N)®/N for every N > 1 and every b > 2, where
c and Kk are positive constants depending only on b and &.

The next problems, suggested by Rivoal [611], are reproduced in [724].

PROBLEM 10.17. Let b > 2 be an integer. To give an explicit example of
a positive real number & which is simply normal (resp., normal) to base
b and for which 1/ is not simply normal (resp., not normal) to base b.

PrROBLEM 10.18. To give an explicit example of a positive real num-
ber & which is absolutely normal and for which 1/£ does not share this
property.

The next question is extracted from [25]. Recall that, for an integer
b > 2, the set of real numbers normal to base b is denoted by N (b).

PROBLEM 10.19. Do there exist irrational numbers v such that N'(b) +
v = N(b) for every integer b > 27

Only very little is known on the expansions of a given real number to
different bases. A general question, which was investigated in [155], can
be formulated as follows.

PrROBLEM 10.20. Are there irrational numbers having a ‘simple’ expan-
sion to base 2 and a ‘simple’ expansion to base 37
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By ‘simple’, we mean for instance with low block complexity, or with
few digit changes, or with few non-zero digits, etc. Of course, 2 and 3
do not play any particular role in Problem 10.20. From Problem 10.21
until Problem 10.29, we denote by r and s any two multiplicatively
independent positive integers.

The next problems make the question in Problem 10.20 a little more
precise.

PROBLEM 10.21. Find an increasing function f such that p(n,&,r) +
p(n, &, s) exceeds f(n) for every irrational number € and every sufficiently
large (in terms of &, 7, s) integer n.

PROBLEM 10.22. There exists a positive real number £ such that

lim NZ(n7€7T)+NZ(n7§7S)

n—-+o0o n

=0.

PRrROBLEM 10.23. Give an ezplicit example of a real irrational number
which is rich neither to base r, nor to base s.

PROBLEM 10.24. There are mo irrational numbers & such that the
sequences ({&r"})n>1 and ({£5"})n>1 both have only countably many
limit points.

Problem 10.24 is probably easier to solve than [316, Conjecture 2],
reproduced below as Problem 10.25. For an integer b > 2 and a real
number &, we denote by Ay(£) the set of limit points of the sequence

({&0" Pn>1-

PROBLEM 10.25. For every irrational number &, the sum of the Haus-
dorff dimensions of A.(§) and of As(§) is at least equal to 1.

Problem 10.25 is motivated by the following celebrated conjecture of
Furstenberg [315, 477].

PROBLEM 10.26. The Lebesgue measure is the unique non-atomic ergodic
measure on the torus which is invariant both under multiplication by 2
and under multiplication by 3.

Partial results can be found in [301, 346, 348, 349, 355, 356, 444, 495,
615].

We continue on the same topic with [316, Conjecture 2].
PROBLEM 10.27. In the representation of r™ in base rs every digit and
every combination of digits occur as soon as n is sufficiently large.

Problem 10.27 should be compared with the next problem, which was
raised by Schmidt [627].
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PrROBLEM 10.28. For any fized € and k, the number of n < N for which
the representation of ™ in base s is not (€, k)-normal (in the sense of
Besicovitch) is o(N) as N tends to infinity.

We display a further question on representations of integers in different
integer bases. A finite Sturmian word is any finite block of an infinite
Sturmian word.

PrROBLEM 10.29. Prove that there are only finitely many powers of r
whose representation in base s is a finite Sturmian word.

The next problem was proposed by Colebrook and Kemperman [201]
and extends a question of Volkmann [716]. For an integer b > 2 and a
real number ¢, the sets I(b) and V(&,b) are defined in Section 4.7.

PROBLEM 10.30. Let (sn)n>1 be a sequence of positive integers such
that s, and s, are multiplicatively independent for any distinct positive
integers m and n. For every n > 1, let V,, be a non-empty and closed
subset of 1(s,). There exists a real number & such that V(&,s,) = V,
for every n > 1.

Hertling [342] asked whether Schmidt’s Theorem 6.3 has an analogue
with normality replaced by richness.

PrROBLEM 10.31. Let R US be a partition of the set of integers greater
than or equal to 2 into two classes such that any two multiplicatively
dependent integers fall in the same class. There are real numbers which
are rich to every base from R but not rich to every base from S.

The next problem is a slightly modified form of an open problem given
on [46, p.403].

PROBLEM 10.32. Is there an irrational real number whose exrpansions in
two multiplicatively independent bases can both be generated by a finite
automaton?

We now radically change our point of view. Rather than looking at
the expansions of one given number to several integer bases, we take an
infinite word w on {0,1} which we use to define two real numbers, a
first one whose binary expansion is given by w and a second one whose
ternary expansion is given by w. The next problem appeared at the end
of a paper of Mendés France [504]; see also [505]. According to him (see
the discussion in [46, p. 403]) it was proposed by Mahler; however, we
were unable to find any mention of it in Mahler’s works.

PROBLEM 10.33. For an arbitrary infinite sequence (¢x)g>1 of 0’s and
1’s, the real numbers Z:j er/2% and ZZ_S /3% are algebraic if, and
only if, both are rational.
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The following more general question is discussed in [157].

PROBLEM 10.34. Let P be a property valid for almost all real numbers.
Let b > 2 be an integer. Let by and by be distinct integers, at least equal

tob. Let (ex)r>1 be a sequence taking its values in {0,1,...,b—1}, which
18 not ultimately periodic. Is it true that at least one among the numbers
Ek €k
& = Z o and &g = Z m (10.1)
E>1 1 E>1 2

satisfies property P?

By arguing as in Section 7.6, we see that the answer to Problem 10.34
is negative when P is the property ‘not being a Liouville number’ or ‘not
being badly approximable’. Theorem 1 from [157] gives explicit examples
of integers b > 2 and by > b with b; # b* and sequences (ej)>1 taking
their values in {0, 1,...,b—1} such that, setting by = b?, the irrationality
exponents of &; and &, defined by (10.1) are different.

We copy an open problem already discussed in Section 7.1, where the
notation used in its statement is introduced.

PROBLEM 10.35. Let (vp)pen, and (v,)ven be sequences of real numbers
or +0o satisfying

’l)1>17 0<’Ub<1}l/)<1}1, 107 €U€’beEB,
and
Vp, + 14 Vp, +
b2 - 1,92 1 l b1 ’

for every by, by € B such that every prime factor of by divides bs. Prove
that there exist real numbers & such that

v1(€) =v1, (&) =wv, and v, (&) =y, for everybe B.

By Theorem 7.8, there exist real numbers which are b-badly approx-
imable for every b > 2.

PROBLEM 10.36. There exist a real number £ and a positive real number
¢ such that ||b™E|| > b=° for every base b > 2 and every integer n > 0
(resp., every integer n sufficiently large in terms of b).

There exist Liouville numbers in the middle third Cantor set K and
there are Liouville numbers which are normal to base 2. Furthermore, K
contains numbers normal to base 2. But we do not know whether there
are real numbers with all these three properties.
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PROBLEM 10.37. Prove that the middle third Cantor set contains Liou-
ville numbers which are normal to base 2.

The above problem concerns the intersection of three sets, any two of
them having non-empty intersection.
The exponents w,, and w;, are introduced in Definition E.12.

PRrROBLEM 10.38. What can be said on the approximation of points in
the middle third Cantor set K by algebraic numbers? Are there points £
in K such that wy, (&) differs from w(§) for some integer n > 27

PrROBLEM 10.39. Are there elements of the middle third Cantor set with
a prescribed value for the exponent vo?

PROBLEM 10.40. Let (n;),;>1 be an increasing, lacunary sequence of pos-
itive integers. Find the irrationality exponent of the real number
> j>127M.

PrOBLEM 10.41. Determine the Hausdorff dimension of the set of badly
approzimable numbers with prescribed digit frequencies.

The next problem was proposed in [19] for b = 2.

PROBLEM 10.42. Let b > 2 be an integer. Is it true that the b-ary ex-
pansion of every irrational algebraic number contains arbitrarily large
squares? Is it true that the b-ary expansion of every irrational algebraic
number contains arbitrarily large palindromes?

PROBLEM 10.43. Let b > 2 be an integer. A real number whose b-ary
expansion begins in arbitrarily large palindromes is either rational or
transcendental.

A morphic number is a real number £ whose expansion in some integer
base b > 2 is a morphic sequence (see [46] for a precise definition).
As proved in [275], its complexity function satisfies p(n,&,b) = O(n?).
Furthermore, any automatic number is a morphic number.

PROBLEM 10.44. Irrational morphic numbers are transcendental.

PROBLEM 10.45. The real number e is not an automatic number.

The notion of deterministic sequence has been defined in [359, 604].
The next problem was posed by Mendes France [504].
PROBLEM 10.46. Let b > 2 be an integer. Is the b-ary expansion of an
irrational algebraic number deterministic?

Let b > 2 be an integer. Beside the block complexity of a real number
written in base b, we may define as well its infinite complezity. For an
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infinite word w on the alphabet {0,1,...,b — 1} and for any positive
integer n, we let poo(n, w,b) denote the number of distinct blocks of
n letters occurring infinitely often in w. Furthermore, for an irrational
number & whose b-ary expansion is given by & = [£] + 3,5, ax/b*, we
set Poo(1,€,b) = Poo(n, @, b) with @ = ajas ... Obviously, for n > 1, we
have 1 < poo(n,&,b) < b™, and poo(n,§,b) > n+ 1 if £ is irrational.

PROBLEM 10.47. Give a non-trivial lower bound for ps(n,&,b) when &
is an algebraic irrational number.

We cannot exclude that pe,(n,v/2,b) = n + 1 for every b > 2 and
every n > 1.

For integers b > 2 and ¢ > 2, let (¢), denote the sequence of digits
of ¢ in its representation in base b. Mahler [471] proved that the real
number 0 - (¢)10(¢?)10 ... is irrational. This was subsequently reproved
and extended to every base b > 2 by Bundschuh [170] and Niederreiter
[539]; see also [59, 172, 647, 652].

PROBLEM 10.48. With the above notation, prove that, for arbitrary
integers b > 2 and ¢ > 2, Mahler’s number 0 - (¢)y(c?)p ... is transcen-
dental and normal to base b.

The question of the normality of 0.248163264... to base ten was
already posed by Pillai [561].
The next two problems are extracted from [597].

PROBLEM 10.49. Construct a real number which is normal to some given
integer base and whose continued fraction erpansion is normal.

PROBLEM 10.50. Let b > 2 be an integer. There is a real number whose
continued fraction expansion is normal and whose b-ary expansion has
a low block complexity.

A real number £ being given, it is very rare that we can say something
at the same time on its continued fraction expansion and on its expansion
to some integer base (but see Section 7.6).

PrROBLEM 10.51. Is there a real number & whose continued fraction
expansion is normal and which is not normal to a given integer base
b > 22 which is absolutely non-normal?

PROBLEM 10.52. There are irrational numbers with a ‘simple’ expansion
in base 2 and a ‘simple’ continued fraction expansion.

PROBLEM 10.53. There is an irrational real number £ such that E(§) <
log2 and E(£,b) < logb for some integer b > 2 (resp., for every integer
b>2).
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Recall that px denotes the standard measure on the middle third
Cantor set.

PROBLEM 10.54. Are px-almost all elements of the middle third Cantor
set normal with respect to the Gauss measure?
Berend and Boshernitzan [74] formulated Problem 10.55 and gave a

positive answer to it when & is quadratic; see also [276, Question 5.7].

ProBLEM 10.55. Let & be a badly approximable real number. Prove that,
for any finite block D of positive integers, there exist arbitrarily large
integers n such that the block D appears infinitely often in the sequence
of partial quotients of n€ viewed as an infinite word.

The next problem was posed by Mendes France; see [487], where fur-
ther interesting open problems are proposed.
PROBLEM 10.56. If & has a mormal continued fraction expansion, then
g€ has the same property for every non-zero rational number q.

The following problems are motivated by results presented in

Chapter 9.

PROBLEM 10.57. For every integer N > 2 and d > 2, there exist algebraic

units of degree d which have infinitely many partial quotients greater
than N.

PROBLEM 10.58. An irrational real number whose sequence of partial
quotients is a morphic sequence is quadratic or transcendental.

PROBLEM 10.59. For a real number 3 > 1, compare the sets N(53)
and D(3).

PrOBLEM 10.60. For almost all B in the middle third Cantor set, the
real number 1 + 3 is self-normal.

We conclude with a problem proposed by Mendes France [498].

PROBLEM 10.61. Let oo > 2 be a Pisot number and set

Cla) == {(a— I)ZEka_k tep €{0,1}}.

k>1

For every & in C(a) the sequence (£a™),>1 is not uniformly distributed
modulo one.



Appendix A

Combinatorics on words

Taking a point of view from combinatorics on words has helped to ob-
tain several important theorems in Diophantine approximation, some
of which are discussed in the present book. In this appendix, we gather
various results, some are classical, others less well known. Standard text-
books on combinatorics on words include [46, 310, 450].

A.1 Definitions

Let A be a finite or infinite set. A finite word W on the alphabet A is
either the empty word ¢, or a finite block of elements from A. The set
of all finite words on A is a monoid for the concatenation. The length
of a finite word W on the alphabet 4, that is, the number of letters
composing W, is denoted by |W|. For any positive integer £, we write TW*
for the word W ... W (¢ times repeated concatenation of the word W)
and W for the infinite word constructed by concatenation of infinitely
many copies of W. More generally, for any positive real number z, we
denote by W* the word WL W’ where W is the prefix of W of length
[(z — |z])|W]]. In particular, we can write

aabaaaabacaa = (aabaa)'*® = (aabaaaabaa)®’®.
Any word W? with 2 > 1 and W finite is called an a-power (a square
when z = 2 and a cube when & = 3). An overlap is any finite word of
the form wWwWw, where w € A and W € A*.

A finite, non-empty word W = w;...w, is a palindrome if w; =
Wp_jy1 for j=1,...,n.

For a finite or infinite word w on the alphabet A and for any positive
integer n, we denote by p(n,w,.A) the number of distinct blocks (or

223
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subblocks, or factors) of length n occurring in w. Obviously, putting
CardA = +o0o if A is infinite, we have

1 < p(n,w, A) < (CardA)",

and both inequalities are sharp. Moreover, the function n +— p(n, w, A)
is non-decreasing. It measures the complexity of the word w.

DEFINITION A.1. An infinite word w = wyws ... is ultimately periodic
if there exist integers » > 0 and s > 1 such that

Wpts = Wy, for every n >r+ 1.

The word w,41Wy42 ... wrys is a period of w. If r can be chosen equal
to 0, then w is periodic, otherwise, wy ... w, is a preperiod of w.

If b > 2 is an integer and A is the alphabet {0,1,...,b — 1}, then we
write p(-, w, b) instead of p(-, w, A).

The Diophantine exponent of an infinite word a, written over a finite
or an infinite alphabet, has been introduced in [6].

Let p > 1 be a real number. We say that a satisfies Condition (*),
if there exist two sequences of finite words (Up)n>1, (Vi)n>1 and a se-
quence of positive real numbers (wy,)n>1 such that:

(i) for any n > 1, the word U, V"’ is a prefix of the word a;
(i) for any n > 1, |U, V.| /| U Va| > p;
(iii) the sequence (|V;*"|),>1 is strictly increasing.
DEFINITION A.2. The Diophantine exponent of the infinite word a, de-

noted by Dio(a), is the supremum of the real numbers p for which a
satisfies Condition (*) .

It follows from its definition that the Diophantine exponent of every
ultimately periodic word is infinite.

A.2 Sturmian words
We begin this appendix with a seminal result from Morse and Hedlund
[524, 525].

THEOREM A.3. Let w be an infinite word over a finite or infinite alpha-
bet A. If w is ultimately periodic, then there exists a positive constant C
such that p(n,w, A) < C for every positive integer n. Otherwise, we
have p(n + 1, w, A) > p(n, w, A) + 1 for every n > 1, thus,

p(n,w, A) >n+ 1.
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PrOOF. Throughout the proof, we write w = wjws... and p(-, w)
instead of p(-, w, A).

Let w be an ultimately periodic infinite word, and assume that it has a
preperiod of length r and a period of length s. Fix h =1,...,s and let n
be a positive integer. For every j > 1, the block of length n starting at
Wy4js+h is the same as that starting at w,45. Consequently, there cannot
be more than r + s distinct blocks of length n, thus, p(n, w) <r +s.

Let w be an infinite word for which there exists an integer ng > 1 such
that p(ng, w) = p(ng + 1, w). This means that every block of length ng
extends uniquely to a block of length ng + 1. It implies that p(ng, w) =
p(ng + J, w) holds for every positive integer j. By definition of p(ng, w),
two among the words w; ... wno4j-1, j = 1,...,p(ng, w) + 1, are the
same. Consequently, there are integers k and £ with 0 < k < £ < p(ng, w)
and Wk4m = Wegm for m = 1,... ng. Since every block of length ng
extends uniquely to a block of length ng + 1, this gives wgim = werm
for every positive integer m. This proves that the word w is ultimately
periodic.

Consequently, if the infinite word w is not ultimately periodic, then
the inequality p(n + 1, w) > p(n, w) + 1 holds for every positive integer
n. Then, one has p(1,w) > 2 and an immediate induction shows that
p(n, w) > n+1 for every n > 1. The proof of the theorem is complete. [J

COROLLARY A.4. Let w be an infinite word over a finite alphabet A.
Let n be a positive integer. If w is not ultimately periodic, then there
exist letters a,a’,b,b" in A and finite words V,W of length n such that
a#a,b#b and each of the words aV,a'V,Wb, WU occurs infinitely
often in w.

Proor. For m > 0, let w,, be the word w deprived of its first m
letters. By Theorem A.3, since p(n+ 1, w,,, A) > 14 p(n, wpy,, A), there
exist finite words V;,,, W,,, of length n and letters a,,,a’,,bm, b, such
that a,, # al,, by # b, and am, Vi, @l Vin, Wb, Wi bl occur in w,y,.
Since the alphabet A is finite, there are finite words V, W of length n
and letters a,a’,b,b’ in A such that a # a’, b # V' and aV,d'V, Wb, WV’
occur infinitely often in w. U

The next theorem shows the existence of uncountably many infinite
words w on {0, 1} such that p(n, w,2) = n+1 for every positive integer n.

THEOREM A.5. Let 6 and p be real numbers with 0 < 6 < 1 and 6
irrational. For n > 1, set

sni=|(n+1)0+p| — [n+p|, s,:=[(n+1)0+p]— [nd+p],
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and define the infinite words
89,p = S15253..., Sy
Then we have
p(n, 860,0,2) =p(n,845 ,,2) =n+1, forn>1

The infinite words sg , and Sé,p are called the Sturmian words with slope
0 and intercept p. Conversely, for every infinite word w on {0,1} such
that p(n,w,2) = n+ 1 for n > 1, there exist real numbers 0y, and py,
with 0 < 0y < 1 and 0 irrational such that w = sg , or s’e,p,

For ¢ and p as in Theorem A.5, the words sp , and 3’97 , differ only by
their first letters. Classical references on Sturmian words include [310,
Chapter 6] and [450, Chapter 2].

The combinatorial structure of Sturmian words has been much stud-
ied. A first result was proved in [305], and the current state of the art is
summarized in the next two theorems.

THEOREM A.6. Let 0 be a real irrational number in (0,1) and s be a
Sturmian word of slope 6. There are arbitrarily long finite words W such
that s begins with W?2. Moreover, if the sequence of partial quotients of 0
is bounded, then there exist a positive real number € and arbitrarily long
finite words W such that s begins with W?2*¢.

The first statement of Theorem A.6 was proved in [42]; see also [256].
The last statement is more difficult. It was shown by Berthé, Holton and
Zamboni [79], but, since it is not pointed out there, we briefly explain
how it follows from the results proved in that paper.

PrROOF. Since the sequence ay, asg, ... of partial quotients of 6 is boun-
ded, there are positive integers s > 2 and ¢ such that either

ap =S, apy1 =t, for infinitely many k,
or
ar = a1 =1, agyo =1, for infinitely many k.
Setting € = (4(s+1)(t+ 1) + 1)~1, the combination of Propositions 5.1
and 5.2 from [79] asserts then that, whatever the value of the intercept

p, there are arbitrarily long finite words W such that the Sturmian word
Sp,, begins with W2te. O

Theorem A.6 does not cover the (easier) case of Sturmian words whose
slope has an unbounded sequence of partial quotients, which was treated
in [13].
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THEOREM A.7. Let 0 in (0,1) be a real number having an unbounded
sequence of partial quotients. Let s be a Sturmian word of slope 6. Then,
the Diophantine exponent of s is infinite.

PrOOF. This follows from the proof of [13, Proposition 11.1]. O

The next result, established by Cassaigne [179], describes the non-
ultimately periodic infinite words with very low complexity.

THEOREM A.8. Let b > 2 be an integer and w be an infinite word on
{0,1,...,b— 1}. Assume that there are positive integers k and ng such
that

p(n,w,b) =n+k, forn>ng.

Then there exist finite words W, Wy, Wy on {0,1,...,b—1} and a Stur-
mian word s on {0,1} such that

w = W¢(s)a
where ¢(s) denotes the infinite word obtained by replacing in s every 0
by Wy and every 1 by Wi.

A word w as in Theorem A.8 is sometimes called a quasi-Sturmian
word; see [42].

A.3 The Thue—Morse infinite word
The Thue-Morse word was introduced by Thue [685] and Morse [523],
independently; see [45, 488] and [46, pp. 208-209] for further references.

DEFINITION A.9. The Thue-Morse word ¢ = (¢,)n>0 on the alphabet
{a, b} is defined for n > 0 by ¢, = a if the sum of digits in the binary
representation of n is even and by ¢,, = b otherwise. Thus, we have

t = abbabaabbaababbabaababba . . .

Among the many definitions of ¢, we emphasize that t is the fixed point
starting with a of the morphism 7 defined by 7(a) = ab and 7(b) = ba.

THEOREM A.10. The Thue-Morse word t contains no overlap. In par-
ticular, it is not ultimately periodic.

This is an important property of the infinite word ¢. Although there
are uncountably many overlap-free words on {a, b}, the word ¢ is, roughly
speaking, the ‘canonical’ example.
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PRrROOF. This is Theorem 1.6.1 in [46]. An alternative proof is given in
[488]; see Exercise A.2. O

In this section, we are mainly interested in less classical properties of
the infinite word t and of infinite words related to it.

We begin with a structure theorem of Karhumaéki and Shallit [372] for
the infinite words having only short overlaps. Recall that e denotes the
empty word.

THEOREM A.11. Let x be an infinite word on {a,b} which does not
contain any 7/3-powers. Then, there exist W in {€,a,b,aa,bb} and an
infinite word y on {a,b} such that x = Wr(y) and y does not contain
any 7/3-powers.

We introduce an infinite word closely related to t.

DEFINITION A.12. Let z be the fixed point of the morphism o defined
by o(1) = 2 and o(2) = 211. Thus, we have

z = 211222112112112221122211 . ..

The infinite word z is not ultimately periodic; see Exercise A.3. Set
Ag = 2, A} = 211, and, for an integer k > 2, set Ay = o%(2). The
sequence of finite words (Aj)k>0 converges to the infinite word z. An
immediate induction shows that Ay = Ax_1Ax_2Ar_o for k > 2.

Let us define an ordering > for the (finite and infinite) words over the
alphabet {1,2}. Let v and v' be distinct words such that neither word
is a prefix of the other. Permuting v and v’ if necessary, there exists a
smallest positive integer k such that v and v’ have the same prefix of
length k —1 and their kth letters are 2 and 1, respectively. Then, we put
v v if kis odd and v’ = v if k is even.

As in the proof of Corollary A.4, for a non-negative integer m and an
infinite word v, we write v, for the word obtained from v by deleting
its first m letters.

THEOREM A.13. The word z is the smallest non-periodic infinite word
satisfying z = z,, for every integer m > 1.

PROOF. Let W be the set of all infinite non-periodic words v over the
alphabet {1,2} satisfying v > v, for every positive integer m. We need
to show that z is in W and that, for any v € W\ {z} we have v > z.
Let v be in W. Since v is non-periodic, it contains infinitely many
occurrences of 2, thus, it must begin with a 2. Similarly, it contains
infinitely many blocks 21, thus it must begin with 21. If v begins with 212
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or with 2111, then v > z. So, we can assume that v belongs to the subset
W; of W composed of the words beginning with 2112. In particular,
v contains no occurrence of 212 and of 2111. It must be obtained by
concatenation of the blocks

Ag=2 and A; =211.

Since v is non-periodic, it contains infinitely many occurrences of the
block A1A0 = 2112. If v begins with A1AOA1 or A1AOAOAOA0 or
A1 AgAgAgAy, then v = z, thus v begins with A; AgAgA; and it be-
longs to the subset W, of W composed of the words beginning with
A, and obtained by concatenation of the blocks A; and As. Since the
lengths of A and A; have the same parity, as do the lengths of A; and
Ap, we can repeat the same argument with A, and Ay in place of Ay
and A, respectively, and so on. We thus obtain a sequence of sets

- CW3 CWr C W C WL

Here, W is the subset of W composed of the words v beginning with
Ay and obtained by concatenation of the blocks A1 and Ay, and such
that v = z. But the intersection of all the sets W, is the word be-
ginning with Ay for every £ > 1, that is, the word z. We have also
established that z has no subword or the form 212, 2111, Ay Ar_1 A,
ApAp 1 Ap 1 A1 Ap—1, ApAp_1Ap_1Ap_1 Ay for k> 1. O

The next result follows from the proof of Theorem A.13.

THEOREM A.14. Let v be a non-periodic word and m > 2 be an integer.
Then, either A, occurs infinitely many times in v, or there exists a finite
word W such that W = z and W occurs infinitely many times in v.

PROOF. Assume that A,, appears in v only finitely many times. If
m = 2, then v contains infinitely many occurrences either of 212 or
of 2111. Otherwise, v contains infinitely many occurrences either of 212,
or of 2111, or, for some ¢ = 1,...,m — 1, of AyA,_1Ay, or, for some
{ = 1, ceey, M — 2, of AgAgflAgflAgflAgfl, or of AgAeflAgflAg,1Ag.
Since these words are all greater than z, the theorem is proved. O

LEMMA A.15.  With respect to the ordering =, the largest word of length
four which is a subblock of z is 2112 and the smallest word of lenth five
which is a subblock of z is 12112.

PROOF. The four largest words of length four are

2121 > 2122 > 2111 > 2112
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and the four smallest words of length five are
12121 < 12122 < 12111 < 12112.

The definition of z implies that 111 and 212 are not subblocks of z.
But 2112 and 12112 are. O

Let u = ujus ... = 12112221121 ... be the word formed by the number
of consecutive symbols in the Thue-Morse word ¢. The word w is not
ultimately periodic. It is written on the alphabet {1, 2}, since ¢ does not
contain cubes.

THEOREM A.16. The word z coincides with the infinite word usus . . .

Proor. This statement can be proved using the strategy described in
[39]. The details are left to the reader as Exercise A.4. O

A.4 Exercises

EXERCISE A.1l. Let v = vovyvz ... and v/ = vjvjv) ... be distinct infi-
nite words on the alphabet Z>. Establish that v = o' if, and only if,
[vo; v1,v2,...] > [vh; V1, V5, .. ]

EXERCISE A.2. Prove that every subblock W of length > 4 of t can
be factorized in a unique way under the form ¢1Weq = 7(W’), with
|[W’| < |W]. Assume that there exists a subblock of ¢ of the form
wy ... wewy ... wewy, where £ > 4 and ws,...,wp are in {a,b}. Prove
that the above property of unique facorization implies that ¢ must be
even. For £ even, show that there exists a word W' of first letter w’ and
of length |W’| < £ such that W/W’w’ is a subblock of t. Conclude.

EXERCISE A.3. Prove that the infinite word z is not ultimately periodic.

EXERCISE A.4. Prove Theorem A.16.



Appendix B

Some elementary lemmata

Several proofs require some classical lemmas from number theory, which
we state and establish below.

We use the following notation. For a non-zero integer a and a prime
number p, we write ord,(a) for the largest integer e such that p® di-
vides a. Furthermore, if p does not divide a and if & is a positive integer,
then ord(a,p”) denotes the smallest positive integer ¢ such that a’ is
congruent to 1 modulo p".

THEOREM B.1. Letn > 2 be an integer, and x, y be non-zero relatively
prime integers. Then we have

ged (ac -, ;z) = ged(x — y,n).

PROOF. Observe that the binomial theorem gives

"oyt (- ty)" -y
z—y

z—y
=(z—y)" "+ (T)y(w —y)"?

+ .. ( - >y +ny -1

=a(z—y)+ny" ",

for a suitable positive integer a. Since x — y and y are coprime, this
implies the theorem. O

LEMMA B.2. Let a and b be distinct non-zero integers. Let p be an odd
prime number which divides a — b but does not divide b. Then, for every
positive integer r, we have

ord,(a”" — ") = r 4 ord,(a — b). (B.1)

231
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If 2 divides a—b and b is odd, then, for every positive integer r, we have
ordy(a?” —b?") > r + ordy(a — b). (B.2)

PrROOF. Write a = b+ kp® with e > 1 and ged(k,p) = 1. By the
binomial theorem, we get that

ap—bp+2( )bp I(kp®)? + kPpPe.

Since p divides p(p — 1)/2, we see that
ord,(a? — b — pbP~kp®) > min{1 + 2e, 3e},
hence
ord,(a? — b”) = ord, (pb* 'kp®) =1 +e =1+ ord,(a —b).

This proves (B.1) when r = 1. An easy induction on r gives then (B.1).
If 2 divides @ — b and a is odd, then ords(a 4+ b) > 1 and

ordy(a? — b?) = ordy(a 4 b) + orda(a — b) > 14 ordy(a — b).

This proves (B.2) when r = 1. An easy induction on r gives then (B.2).
O

COROLLARY B.3. Letp be an odd prime and b be an integer not divisible
by p. For any positive integer e, we have

ord(b, p°) = p®~"ord(b, p),
with h = min{e, ord, (b°*4(*P) — 1)}.

PROOF. Set ¢ = ord(b, p). Let ¢ be a positive integer and write ¢ = p¢m,
with e > 0 and m not divisible by p. By Theorem B.1 applied with
n=m,z =>b"and y = 1, we get that p does not divide (b —1)/(b*—1),
since p divides b* — 1 but does not divide m. This implies that

ord, (b™ — 1) = ord, (b* — 1).
We then deduce from Lemma B.2 that
ord, (b"™P" — 1) = e + ord, (b*™ — 1),
hence
ord, (b*" — 1) = ord,(t) + ord, (b* — 1).

This proves the corollary. O
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COROLLARY B.4. Let a be a positive integer. For any positive integer
m, the integer (a + 1) — 1 is divisible by a™*1.

PROOF. Let p be a prime divisor of a and set v = ord,(a). Let m be a
positive integer. By Lemma B.2, we have

ord,((a + P — 1) > vm + ord,(a) = v(m + 1),
thus (a + 1)?"" — 1 is divisible by p*(™*+1). Since p*™ divides a™, the

integer (a 4+ 1)®" — 1 is divisible by (a + 1)?"" — 1, hence, by p*(™+1),
Letting p run through all the prime divisors of a, we get the lemma. [J

m
a



Appendix C

Measure theory

In this appendix we recall some basic facts from measure theory. We
begin with the easy half of the Borel-Cantelli lemma and the definition
of the Hausdorff dimension. Then, we define the standard measure on
the middle third Cantor set and establish some of its useful properties.
We conclude with a few words on ergodic theory.

C.1 The easy half of the Borel-Cantelli lemma

We start with an easy and well-known lemma, often referred to as the
(easy half of the) Borel-Cantelli lemma. Since Cantelli pointed out that
the total independence of the events was not needed in the proof of
Lemma C.1, the next lemma should perhaps be called the Cantelli
lemma.

LEMMA C.1. Let S be a set equipped with a measure pv. Let (Ej)j>1 be
a sequence of measurable sets in S and set

E. :={se€S:se€E; forinfinitely many j > 1}.
If the sum > <, p(Ej) converges, then we have p(Eo) = 0.

PROOF. By definition, the set E., is the limsup set
+oo +oo

Em:ﬂ U E;.

N=1 j=N
Consequently, for every positive integer IV, the set F, is included in the
infinite union Ey U Eny1 U. .. and
“+oo

1(Es) <> u(E)).

j=N

234
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By a suitable choice of N, the latter sum can be made arbitrarily small
since > i>1 1(E;) converges. This proves that the py-measure of E is
Z€ro. O

C.2 Hausdorff dimension

Hausdorfl’s idea [339] consists in measuring a set by covering it by an
infinite, countable family of sets of bounded diameter, and then in look-
ing at what happens when the maximal diameter of these covering sets
tends to 0. The reader interested in the theory of Hausdorff dimension is
directed, for example, to the books of Rogers [613], Falconer [288, 289]
and Mattila [484].

If U is a bounded subset of R, we denote by |U| the length of the
shortest interval containing U. Let J be a finite or infinite set of indices.
If for some positive real number § the sets £ and U; satisfy & C Uje, U;
and 0 < |U;| < 0 for any j in J, then {U; };c is called a 6-covering of E.

Let s be a positive real number. For any positive real number §, set

H3(E) :==1inf > |Uj|7,
jeJ
where the infimum is taken over all the countable d-coverings {U; }jes
of E. Clearly, the function § — H3(E) is non-increasing. Consequently,

H*(E) == ;i_r)r(leg(E) = ?uI()J Hs(E)

is well-defined and lies in [0,4o00]. If F; and Es are two real subsets
with E; included in Es, we then have H*(E;) < H®(Es). Furthermore,
‘H? is subadditive and is a regular outer measure for which the Borelian
sets are measurable (see [484, 613]), called the s-dimensional Hausdorff
measure.

LEMMA C.2. Let r,s,t be real numbers with 0 < r < s < t. If the set
E satisfies 0 < H*(E) < +oo (resp. 0 < H*(E) < +00), we then have
HY(E) =0 (resp. H"(E) = +00).

PROOF. Assume that F satisfies 0 < H*(E) < 400 and let € be a
positive real number. There exists § > 0 such that z* < ez®/(H*(E)+1)
for any = with 0 < z < 4. For any positive real number ¢’ less than 4,
there exists a countable ¢’-covering {U,},;>1 of E such that

> UIP < HY(E) +1,

Jj=1
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whence
DUt <e.
Jj=1
This means that H}, (E) < ¢ and yields H'(E) = 0. Replacing the real

numbers s and ¢ by r and s, respectively, we get by contraposition the
result asserted in brackets. O

We define H as the counting measure: H°(F) is equal to the cardinal-
ity of the set E. Furthermore, H' coincides with the Lebesgue measure
on R. We check that the function s — H?®(E) is non-increasing on R>.

We display an immediate consequence of Lemma C.2.

COROLLARY C.3. Let E be a real set. If there exists s > 0 such that
H*(E) < +o0, then H*T¢(E) = 0 for any ¢ > 0. If there exists s > 0
such that H*(E) > 0, then H*~¢(FE) = +oo for any € in |0, s].

Corollary C.3 shows that there is a critical value of s at which H*(E)
‘jumps’ from +o0o to 0. This value is called the Hausdorff dimension
of E.

DEFINITION C.4. The Hausdorff dimension of a real set F, denoted by
dim F, is the unique non-negative real number sy such that

H(E)=0 if s > s
and
H*(E) = +0 if 0 < s < sp.
In other words, with the notation of Definition C.4, we have
dim F = inf{s : H*(F) = 0} = sup{s : H*(E) = +oo}.

The main properties of Hausdorff dimension for real sets F, Eq,... are
(see e.g. [146, p. 93]):

(i) dmE < 1;
) if A(E) is positive, then dim E = 1;
) if B C Es, then dim By < dim Ey;
(iv) dim szo‘f E; =sup{dim E; : j > 1};
) the Hausdorff dimension of a finite or countable set of points is zero;
) two sets differing by a countable set of points have the same Haus-
dorff dimension.

Observe that there exist sets of Hausdorff dimension zero which are
uncountable (e.g. the set of Liouville numbers) as well as uncountable
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sets of Lebesgue measure zero and with Hausdorff dimension one (e.g.
the set of badly approximable real numbers).

By the property (iv), to determine the Hausdorff dimension of a real
subset F, it is enough to know the Hausdorff dimension of intersections
of F with bounded intervals.

The Hausdorff dimension is a useful tool to discriminate between sets
of zero Lebesgue measure. We can be even more precise by replacing the
functions x — z° in the definition of H* by general functions x — f(z)
which satisfy lim, o f(z) = 0 and are strictly increasing and continuous
on some open interval (0, t) with ¢ positive. This allows us to discriminate
between sets having the same Hausdorff dimension.

Different methods, more or less sophisticated, allow one to bound from
below and from above the Hausdorff dimension of a real set. It is often
possible to bound the Hausdorff dimension of a Cantor-type set from
below by using the so-called mass distribution principle (or the easy
half of the Frostman lemma [313]). This corresponds to the first part of
Lemma C.5.

LEMMA C.5. Let p be a probability measure with support in a bounded
real set KC. If there exist positive real numbers s,k and § such that

u(J) < slJI°

for any interval J with length |J| < 6, then we have dim KC > s. If there
exist positive real numbers s,k and § such that

u(J) = &l J|*
for any interval J with length |J| <6, then we have dim K < s.

Lemma C.5 is a consequence of [289, Proposition 4.9].

We are often in a position to apply the next theorem to bound from
below the Hausdorff dimension of sets arising in Diophantine approxi-
mation.

THEOREM C.6. Let & be a bounded real interval. Assume that, for
any positive integer k, there exists a finite family & of disjoint compact
intervals in & such that any interval belonging to & is contained in
exactly one of the intervals of ;1 and contains at least two intervals
belonging to Ex+1. We also suppose that the mazimum of the lengths
of the intervals in & tends to 0 when k tends to infinity. For k > 0,
we denote by Ey the union of the intervals belonging to the family &.
Assume further that there exists a positive integer ko such that, for any
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k > ko, each interval of Ex_1 contains at least my > 2 intervals of Ey,
these being separated by at least €y, where 0 < €41 < €. We then have

+oo

1 ce My
dim ﬂ E; > liminf og(ma - mi—1)
i k—+oo  —log(myer)
PROOF. See [289, Chapter 4] or [146, Section 5.3]. O

The combination of Lemma C.1 and Theorem C.6 shows that the
Hausdorff dimension of the middle third Cantor set equals (log 2)/(log 3).

C.3 The standard measure on the middle third Cantor set

In this section, we establish several classical results on the standard
measure on the middle third Cantor set. This measure is the restriction
of the (log 2)/(log 3)-dimensional Hausdorff measure to the middle third
Cantor set; see [288, Theorem 1.14] or [289, p. 55].

DEFINITION C.7. Set Eg = [0,1]. For k > 1, denote by Ej, the union of
the closed intervals

ar3F P+t a3+ ar a3+t ap 13+t ag + 1

[ 5 7 5 )
over as,...,ay in {0,2}. The middle third Cantor set K is the set

K::ﬂ Ej.

k>0

The standard measure on K, denoted by ug, is such that, for £ > 0,
each of the 2¥ intervals of length 37% in E}, carries a mass 27%.

It follows from Definition C.7 that, for a real number £ in Ey which
can be expressed as £ = a1371 + a3 2 + -+, with a; € {0,1,2} for

k > 1, we have
w(0,6)= > 27"

k:ap>1

Denoting by pu the measure on [0,1] giving to each interval of length
37 in E) a mass 27%, Definition C.7 asserts that px is the weak star
limit of the sequence of measures (py)r>1. In particular, the Fourier
transform of py is the pointwise limit of the Fourier transforms of the
1k, thus, for any continuous function f on [0, 1], we have

1
| H©au© = im 2% S s as ),

— 400
ai,...,ar€{0,2}
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Our first auxiliary lemma points out a decay property of the measure
pg. For a real number x and a positive real number p, we denote by
B(z, p) the open interval (z — p,z + p).

LEMMA C.8. For every x in K and every real number € and p with
O0<p<land0<e <1, we have

(4-3)7 "k (B(w,p)) < px(B(w,ep)) < 4-37"uk(B(z,p)), (C.1)
where v = (log2)/(log 3).

PROOF. Let k be the integer such that 37%~! < |B(x,ep)| < 37%.
Then, B(x, ep) intersects exactly one of the intervals of Ey, and, since x
is in K, it contains at least one of the intervals of Ex12. Consequently,
we have

pr(B(z,ep)) > 27572 >272.377% > 972(2¢p)? (C.2)
and
pic(B(z,ep)) <27F <377 < (6ep)”. (C3)
Since (C.2) and (C.3) hold for € = 1, we have

27%(2p)" < pux(B(z,p)) < (6p)7,
which, combined with (C.2) and (C.3), gives (C.1). O
The second auxiliary lemma shows that the measure ug is absolutely
decaying in the sense of [131]; see Definition 7.19.

LEMMA C.9. For every x in K, everyy in [0,1], and every real number
e and p with 0 < e <1 and 0 < p <1/3, we have

pux (B(x, p) N B(y, ep)) < (4-37)*(32)" ux (B(x, p))-

ProOOF. Without any loss of generality, we assume that ug (B(z,p) N
B(y, ep)) is positive and we let 3 be in K N B(z, p) N B(y, ep). Then,
we have

px (B(z, p) N B(y,ep)) <
<4-3"e"uk
<4. 3767,LLK

px (B(y',2¢p))
(B(y',2p))
(B(x,3p)) < (4-37)*(3¢) ux (B(z, p)),

by Lemma C.8, since B(y',2p) is contained in B(z, 3p). O
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C.4 Ergodic theory

We very briefly discuss certain basic notions from ergodic theory and
state several results without proof. Classical references include the mo-
nographs [212, 726].

Let (X, B, 1) be a probability space and T : X — X be a transforma-
tion. We say that 7' is measurable if T~!(B) is included in B for every
set B in B. If furthermore u(T~1(B)) = u(B) holds for every set B in
B, then T is measure-preserving.

Let T : (X, B, ) — (X, B, 1) be a measure-preserving transformation.
We say that T is ergodic with respect to p if, for every set B in B such
that T—1(B) = B, we have u(B) € {0,1}.

A fundamental result in ergodic theory, namely Birkhoff’s (pointwise)
ergodic theorem, can be stated as follows. We keep the above notation.

THEOREM C.10. Let T : (X, B,u) — (X, B, 1) be a measure-preserving
transformation. Let f be in L'(p). If T is ergodic with respect to u, then

n—-+oo M 4

n—1
1 .
lim — E f(THx)) = / fdu, for p-almost all x € X.
=0 X

Let b > 2 be an integer. Since the transformation 7} : [0,1] — [0, 1)
defined by Ty(z) = {bz} for x in [0,1] is ergodic with respect to the
Lebesgue measure, it follows from Theorem C.10 that, for almost all
real numbers &, the sequence (£b™),>1 is uniformly distributed modulo
one.

Since the Gauss map Ty defined by Tg(0) = 0 and Tg(z) = {1/z}
for z in (0,1) is ergodic with respect to the Gauss measure defined in
Section 9.1, it follows from Theorem C.10 that almost all real numbers
have a normal continued fraction expansion.



Appendix D

Continued fractions

In this appendix we review basic results on continued fractions and state
several slightly less-known theorems. We omit most of the proofs and
refer the reader to a text of Van der Poorten [580] and to the books of
Bugeaud [146], Cassels [181], Dajani and Kraaikamp [212], Hardy and
Wright [334], Iosifescu and Kraaikamp [351], Khintchine [380], Perron
[557], Schmidt [635] and Schweiger [641], among many others.

Let xg,x1, ... be real numbers with x1,z9,... positive. A finite con-
tinued fraction denotes any expression of the form

1

[To; 21,22 ..., 2n] = xo +
T+
(E2+

1
1
e —
Tp

We call any expression of the above form or of the form

1 .
[xo; 21, 29,...] =20+ ———————— = lm [zo;21,22...,2p

n—-+oo
X1 +
1

To + —

a continued fraction, provided that the limit exists. Throughout this
book, when we refer to a continued fraction expansion, we implicitly
mean that xg is an integer and 1, xs, ... are positive integers.

Any rational number r has exactly two different continued fraction
expansions. These are [r] and [r — 1;1] if r is an integer and, otherwise,
one of them reads [ag; a1, ..., an_1,a,] with a, > 2, and the other one is
[ap; a1, - .., an—-1,a,—1,1]. Any irrational number has a unique expansion
in continued fraction.

241
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THEOREM D.1. Let & = [ag;a1,as,...] be an irrational number. For
k> 1, set pr/qr = lao; a1, ae,...,ar] with px and q coprime. Let n be
a positive integer. Putting

p1=1, ¢q.1 =0, po=ag and gy =1,

we have
Pn = GpPn—1 1+ Pn—2, Qqn = @nQn—1 + gn—2, (Dl)
and
Pn—1Gn — PnGn—1 = (—=1)". (D.2)
Furthermore, setting £,11 = [an+1; Ant2, Gnts, - - .|, we have
DPrnént1 + Pn—1
=lag;ay,...,an, =
£ [ 0 " £n+1] Qn£n+l +(]n—l
thus
(_1)7L
qnG — =
ng P qngn—i-l + qn—1 ’
and
1 1
3 < < ‘ — &
(a"ﬂ-i‘l + Q)Qn dn (Qn + Qn-‘rl) dn
1 1 1 (D.3)

dndn+1 anJrlqu q'r21

Under the assumption of Theorem D.1, the rational number py /gy is
called the kth convergent to £ and the positive integers aq,as,... are
its partial quotients. The next result is sometimes termed the mirror

formula.
THEOREM D.2. Let n > 2 be an integer and aq,...,a, be positive
integers. For k=1,...,n, set px/qr = [0;a1,...,ax]. Then, we have
nt = [Oa Qn,y Ap—1, - .- 7(11].
an
PrOOF. We get from (D.1) that
qn —a, + C]n727

qn—1 dn—1

for n > 1. The theorem then follows by induction. O

The next theorem is a particular case of the Folding Lemma, first
proved by Mendes France [501] and later rediscovered by many authors;
see [157] for references.
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THEOREM D.3. Let a/m = [0;1,1,a3,...,an_1,a,], with n > 4 and
an > 2, be a rational number. Then we have
—1)"
M = [0;1317a3a'°'7an717an+1aan —1,(],”,1,...,(1,372]
m

and, for any integer t > 2,

t -nH"
%(2) = [0;1,1,a3,...,an_1,an,t—l,l,an—l,an_l,...,ag,ﬂ.

PrOOF. We treat only the case ¢t > 2 and leave the remaining case to
the reader. For k = 3,...,n, set pr/qx = [0;1,1,as,...,a;]. We deduce
from Theorem D.2 that

5!2 [O;t_lglyan_170'1'7,—1’--'70'3’2]

- 1 _ 1 _ n
B 1 L T A1 gy — gt
t—1+ b= o
A T
dn—1

By Theorem D.1, we have

pnfl(an + ﬂ) + Pn—2

Gn—1(an + B) + gn—2

_ PntBPa—1 _ Paltdn — Gn—1) + @uPn—1
Gt Ban—1 @n(tn — Gn-1) F Gnln-1

It then follows from (D.2) and the above equalities that

_ tpngn + (_1)n

[05a1,...,an-1,a, + 0] =

[0;&1,...,@71,1,0,”715 -1L,1a, — 1uan717"'aa372] - )
tqn
This proves the theorem. O
We continue with a useful result on continuants.
DEFINITION D.4. Let m > 1 and aq,...,a, be positive integers. The
continuant of ay, ..., an,, usually denoted by K,,(a1,...,an), is the de-
nominator of the rational number [0;aq, ..., amn].
THEOREM D.5. For any positive integers ay, ..., a,, and any integer k
with 1 <k <m —1, we have
Kn(at,...,am) = Kp(am,...,a1), (D.4)

2m=1/2 < K, (ay,... am) < (1 +max{ay,...,am})™, (D.5)



244 Continued fractions
and

Kk(al, e ,ak)~Km,k(ak+1, . .,am) S Km(ah e ,am)

(D.6)
<2Ki(ar,...,ax) Ky p(agss, ... am).

PROOF. The first statement is an immediate consequence of Theorem
D.2. For the second statement, letting a be the maximum of a1, ..., G,
it follows from the recursion (D.1) that

Kn(l,...,1) < Kp(ar,...,am) < Kp(a,...;a) < (a+1)™.

Since K1(1) =1, K5(1,1) = 2 and 2¢/2 < 206=1/2 1 2(6=2)/2 for ¢ > 2,
an immediate induction gives the first inequality of (D.5).
Combining

Kn(al,...;am) = amKpm—1(a1,...,am—1) + Km—2(a1,...,am—2)
with (D.4), we get
Kn(at,...,am) = a1 Kp_1(as,...,am) + Kn_o(as,...,amn),
which implies (D.6) for kK = 1. Let k be in {1,2,...,m — 2} such that

Ko =Ky (a1,...,an) = Ki(ay,...,a5) - Kjm—g(ags1, -5 am) D7)
+ Ki_1(ar, ..., ak-1) K—p—1(ag42, ..., am),

where we have set Ko = 1. We then have

K,, = Ki(ay,...,ax) - (CLk_;,_le_k_l(akJ,_Q, ey )
+ Kp—k—2(ags3,-- -, am))
+ Ki_1(a,...,a5—1) Km—g—1(aks2,. ., am)
= Km—k—1(ak12, -, Q) - (ak_HKk(al, coyag)
+ Ki—1(a1, ..., ax_1))
+ Ki(ay,...,a5) Kp—g—2(aks3, -, am),

giving (D.7) for the index k + 1. This shows that (D.7) and, a fortiori,
(D.6) hold for k=1,...,m — 1. O

We conclude this appendix with two classical results and one definition.

THEOREM D.6. The real irrational number & = [ap;a1,a2,...] has a
periodic continued fraction expansion (that is, there exist integers r > 0
and s > 1 such that anys = a, for all integers n > r) if, and only if, &
is a quadratic irrationality.
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The ‘only if’ part of Theorem D.6 is due to Euler [282], and the ‘if’
part was established by Lagrange [419] in 1770. Theorem D.7 was proved
by Legendre [422].

THEOREM D.7. Let £ be an irrational real number. If the rational num-
ber a/b satisfies |€ — a/b] < 1/(2b?), then a/b is a convergent to &.

Theorem D.7 gives a partial converse to the right inequalities of (D.3).

DEFINITION D.8. An irrational real number £ := [agp;a1,a2,...] is a
badly approximable number if there exists a positive constant ¢ such
that |¢ — p/q| > ¢/q* holds for every rational number p/q with ¢ > 1.

It follows from (D.3) that an irrational real number & := [ag; a1, ag, . . ]

is a badly approximable number if, and only if, the sequence (ay,)n>0 is
bounded.



Appendix E

Diophantine approximation

In this appendix, we survey classical results on approximation to real
(algebraic) numbers by rational numbers and, more generally, by alge-
braic numbers of bounded degree. For additional results (and proofs),
the reader is directed to the monographs [111, 466, 635].

E.1 Rational approximation

DEFINITION E.1. The irrationality exponent p(£) of the real number &
is the supremum of the real numbers p for which the inequality
1
0< ‘5 _P 2
q q*
has infinitely many solutions in non-zero integers p and gq.
We begin with an easy result.
THEOREM E.2. Let & be a real number. We have u(§) = 1 if € is
rational, and (&) > 2 otherwise.

PROOF. Since ||g€|| < 1 for every positive integer g, we get that p(§) >
1. If £ is the reduced rational a/b and if p/q differs from &, then |£ —p/q]
is at least equal to 1/|bg| and (&) < 1. If £ is irrational, then, by (D.3),
there are infinitely many rational numbers p/q such that |¢—p/q| < 1/¢?,
which shows that p(§) > 2. O

THEOREM E.3. With respect to the Lebesgue measure, almost all real
numbers have an irrationality exponent equal to 2.

PROOF. Let ¢ be a positive real number. Since the sum

2
ZQF

q>1

246
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converges, it follows from Theorem C.1 that the set of real numbers £ in
[0,1] such that
1

-l < 7=
holds for infinitely many rational numbers p/q with ¢ > 1 has zero
Lebesgue measure. This proves that the set of real numbers whose irra-
tionality exponent exceeds 2 has zero Lebesgue measure, as asserted. [

The irrationality exponent of a real number £ can be read on its con-
tinued fraction expansion; see Exercise E.1. When £ is given by its expan-
sion in an integer base or by some formula, it is in general very difficult
to determine the exact value of u(€). The case of algebraic numbers is
of special interest and has a long history.

DEFINITION E.4. The height of a polynomial with complex coefficients
P(X)=asX%+ -+ a1 X +a0=as(X —1)... (X — aq),

denoted by H(P), is the maximum of the moduli of its coefficients. The
height of an algebraic number «, denoted by H(«), is the height of its
minimal polynomial over Z (that is, of the integer polynomial of lowest
positive degree, with coprime coefficients and positive leading coefficient,
which vanishes at «).

We begin with a result of Liouville [445, 446] proved in 1844.

THEOREM E.5. The irrationality exponent of a real algebraic number

does not exceed its degree. More precisely, if & is an irrational, real al-

gebraic number of degree d and height at most H, then
P 1

e-2|>

‘ ql — d®H(1+[¢])4 "¢

for all rational numbers p/q with ¢ > 1.

(E.1)

PROOF. Inequality (E.1) is true when [ — p/q| > 1. Let p/q be a
rational number satisfying | —p/q| < 1. Denoting by P(X) the minimal
defining polynomial of ¢ over Z, we have P(p/q) # 0 and |¢?P(p/q)| > 1.
By Rolle’s theorem, there exists a real number ¢ lying between £ and p/q
such that

[P(p/a)| = |P(§) = P(p/q)l = |€ —p/al x [P'(t)].
Hence, we have [t — ¢ <1 and
|P'(t)] < d*H(1+ [¢))*.

This proves the theorem. O
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Liouville applied Theorem E.5 to prove the existence of transcendental
numbers by constructing explicit examples of such numbers. Indeed,
it follows from Theorem E.5 that any real number whose irrationality
exponent is infinite is transcendental.

DEFINITION E.6. A Liouville number is a real number whose irrational-
ity exponent is infinite.

Thue [684] established in 1909 the first significant improvement on
Liouville’s Theorem E.5. There was subsequent progress by Siegel, Dyson
and Gelfond, until Roth [614] proved in 1955 that, as far as the irra-
tionality exponent is concerned, the irrational, real numbers do behave
like almost all real numbers.

THEOREM E.7. The irrationality exponent of every irrational, real al-
gebraic number is equal to 2.

Theorem E.7 can be restated as follows. Let £ be a real algebraic
number of degree at least 2. Then, for any positive real number ¢, there
exists a positive constant ¢(, €) such that

e, ¢)

(
q2+s

-yl

for any rational number p/q with ¢ > 1.

For a prime number ¢ and a non-zero rational number x, we set || :=
{~*, where u € Z is the exponent of ¢ in the prime decomposition of .
Furthermore, we set |0|; = 0. The next theorem, proved by Ridout [610],
extends Theorem E.7.

THEOREM E.8. Let S be a finite set of prime numbers. Let £ be a real
algebraic number. Let € be a positive real number. The inequality

Illpqv-nﬂn{L
Les

has only finitely many solutions in non-zero integers p, q.

P 1
5—5}<q2+5 (E.2)

Theorems E.7 and E.8 are ineffective, in the sense that their proofs
do not allow us to compute explicitly either a suitable value for ¢(¢, £),
or an integer go such that (E.2) has no solution with ¢ greater than gy.
Nevertheless, we are able to bound explicitly the number of primitive
solutions to an inequality like (E.2). The first result in this direction
was proved in 1955 by Davenport and Roth [217]. Here, we quote a
consequence of [163, Theorem 5.1].
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THEOREM E.9. Let € be a real algebraic number of degree d > 1 and
height at most H. Let € be a positive real number. The inequality

’5_ 7‘ 2+z~:

has at most
101°(1 4 e 71)® log(6d) log((1 + £ 1) log(6d))

solutions in non-zero coprime integers p,q with q > max{2H(&),2*/¢}.
Let b > 2 be an integer. The inequality

101°(1 4 e 71)? log(6d) log((1 + ¢ ') log(6d))

1
< (bn)l—i—a

has at most

solutions in non-zero integers p,n with b" > max{2H(¢),2*/°} and p
not divisible by b.

E.2 The Schmidt Subspace Theorem

The Schmidt Subspace Theorem [632, 633, 635] is a powerful multi-
dimensional extension of the Roth Theorem, with many outstanding
applications [99, 153, 747]. We quote below a version of it (proved by
Schlickewei [624]) which is suitable for our purpose, but the reader should
keep in mind that there are more general formulations.

THEOREM E.10. Let m > 2 be an integer. Let S be a finite set of prime
numbers. Let Lq,..., Ly be m linearly independent linear forms with
real algebraic coefficients. Let € be a positive real number. Then, the set
of solutions = (x1,...,&y) tn Z™ to the inequality

II H |zile - H [Li(z)| < (max{fzy|,...[em[}) " (E.3)

LesS i=1

lies in the union of finitely many proper subspaces of Q™.

Note that Theorem E.10 is ineffective in the sense that its proof does
not yield an explicit upper bound for the heights of the subspaces con-
taining all the solutions to (E.3). However, Schmidt [636] was able to
bound the number of these subspaces; see [284] for a common generaliza-
tion of Theorems E.9 and E.10, usually called the Quantitative Subspace
Theorem.
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The next corollary extends Theorem E.7 to the approximation of real
algebraic numbers by real algebraic numbers of smaller degree.

COROLLARY E.11. Let £ be a real algebraic number of degree d > 2.
Let n be an integer with 1 <n < d — 1. For any positive real number ¢,
there exists a positive constant c(€,n,e) such that

€ —al > c(&n, e)H(a) "1,
for any algebraic number o of degree at most n.

Corollary E.11 shows that, as far as approximation by algebraic num-
bers of degree bounded by n is concerned, algebraic numbers of degree
greater than n do behave like almost all real numbers.

E.3 Approximation by algebraic numbers

The set of real numbers splits into algebraic and transcendental numbers.
These two subsets are far from having the same size, the former being
countable, while the latter has the power of continuum. Such a crude
classification of real numbers is rather unsatisfactory, and one aims to
find some way to classify the transcendental numbers. A possibility could
be to take their irrationality exponent into account; this would, however,
not meet a natural requirement asking that two algebraically dependent
real numbers should belong to the same class.

An attempt towards a ‘reasonable’ classification was made in 1932 by
Mahler [461], who proposed to subdivide the set of transcendental real
numbers into three classes according to, roughly speaking, their prop-
erties of approximation by algebraic numbers. In Mahler’s classification
any two algebraically dependent transcendental real numbers belong to
the same class. It has been widely studied, as well as the closely related
Koksma'’s classification, which was proposed a few years later [390]; see
[146, Chapter 3].

DEFINITION E.12. Let £ be a real number and n a positive integer. Let
wy, (€) denote the supremum of the real numbers w for which there exist
infinitely many integer polynomials P(X) of degree at most n satisfying

0 <[P <H(P)™™.

Let wZ (&) denote the supremum of the real numbers w* for which there
exist infinitely many real algebraic numbers a of degree at most n
satisfying
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0<|6—al <H(a) ™ 1 (E.4)

To justify the —1 occurring in (E.4), we recall that if P(X) is an integer
polynomial of degree n > 1 and if £ is a real number such that P(§) is
non-zero, then P(X) has a root « satisfying |£ — «| < n|P(&)|/|P'(§)].
Furthermore, |P’(£)| can be as large as H(P) and, when |P(&)] is small,
|P’(£)| has no reason to be small as well (unless P(X) has two or more
roots close to £). Consequently, |€ —a| is ‘often’ less than H(P)~t|P(£)].

According to Mahler, we classify the real numbers by means of the
exponents w,.

DEFINITION E.13. Let £ be a real number and set

w(§) = limsup wy(§)/n.

n—-+4+oo

We say that ¢ is an

A-number, if w(§) = 0;
S-number, if 0 < w(§) < +o0;
T-number, if w(€) = +o00 and w,(§) < +oo for any n > 1;

U-number, if w(§) = +oo and w, (§) = +oo from some n onwards.

Following Koksma, we define the classes A*, S*, T and U* exactly as
in Definition E.13, with, however, the functions w,, replaced everywhere
by the functions w;.

The next theorem gathers several basic and classical results on the
classifications of Mahler and Koksma.

THEOREM E.14. The classifications of Mahler and of Koksma coin-
cide, in the sense that any S-number (resp. T-number, U-number) is an
S*-number (resp. T*-number, U*-number). The A*-numbers (resp. A-
numbers) are exactly the algebraic numbers. If € is an algebraic number
of degree d, then

w (&) = wn(€) = min{n,d — 1}, forn > 1.
Every transcendental real number £ satisfies
wn (&) >n, forn>1.
Almost every real number £ is an S-number and satisfies

wy (&) =wn(§) =n, forn>1.
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The set of T-numbers (resp. of U-numbers) is non-empty and has Haus-
dorff dimension zero. For every n > 2, there exist real numbers & for

which wy, (§) # wk(&).

The reader is referred to Chapters 3 and 5 of [146] for the proof of
Theorem E.14 and for subsequent results on the functions w,, and w;;.

E.4 Exercises

EXERCISE E.1. Let £ = [ag; a1, as,...] be an irrational real number with
convergents po/qo, p1/4q1, - - - Prove that we have
loga,,

p(€) =2 + limsup ———,
n—-+oo 10gqn_1

if this limsup is finite, and p(§) = 400 otherwise.
EXERCISE E.2. Prove that Theorem E.10 implies Theorem E.8.

EXERCISE E.3. Let & be an algebraic number of degree at least three.
Let € > 0 be a real number. Apply Theorem E.10 to prove that there
are only finitely many triples (p1, p2, q) of integers such that ¢ > 1 and

max{|qé — p1|, |q€* — po|} < g1/ 7=,
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Recurrence sequences

In this appendix, we recall some basic facts on recurrence sequences.

A homogeneous linear recurrence sequence with constant coefficients
(recurrence sequence for short) is a sequence (uy,)n>0 of complex numbers
such that

Untk = Vk—1Untk—1 + Vk—2Untk—2 + -+ voun (n>0), (F.1)
for some complex numbers vg, v1, ..., vk_1 With vg # 0 and with initial
values uy, . . ., ux—1 not all zero. The positive integer k is called the order

of the recurrence.
The companion polynomial to a recurrence as above is given by

G(X):Xk—vk_leflf...fvo. (FQ)
Let
S
Gx) = [ = wy)® (F.3)
j=1
be its factorization over C, where the roots wy,...,ws are distinct and
ai,...,as are positive integers.

A recurrence sequence may satisfy different relations of the form (F.1),
however, for every recurrence sequence, there is a unique recurrence of
minimal order. In the sequel, the order, the recurrence coefficients, the
roots of a recurrence sequence are always all meant with respect to this
unique recurrence of minimal order.

The following theorem is fundamental in the theory of recurrence se-
quences.

THEOREM F.1. Let (un)n>0 be a sequence of complex numbers satisfy-
ing relation (F.1) with vy # 0. Let G(X), wy,...,ws and a1,...,as be
determined by (F.2) and (F.3). Let K be the field generated over Q by
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UQy -+ s Ufp—1,W1,...,Ws. Then there exist uniquely determined polynomi-
als f;(X) in K[X] of degree less than a; (j =1,...,s) such that

S
un =Y fi(n)w! (n>0). (F.4)
j=1
Furthermore, putting u(z) = ano upz"™, there exist uniquely deter-
mined complex numbers B;; in K and a polynomial P(X) with coeffi-
cients in Q(ug, ..., Uk—1,V0,-..,Vx—1) Such that
2=33 =
== 1—wj sz(l/z)
Conversely, let wy,...,ws be distinct complexr numbers and aq, ..., as be
positive integers. Set k = a1 + --- + as and define vg,v1,...,V-1 by

(F.3) and (F.2). For j = 1,...,s, let f;(X) be a polynomial of degree
less than aj;. Then the sequence (uy)n>o0 defined by (F.4) satisfies the
recurrence relation (F.1).

PROOF. See e.g. [651, Chapter C]. O

A recurrence is called algebraic (rational, integral) if all the initial
values and recurrence coefficients are algebraic (rational, integral, re-
spectively). The resulting sequence is then called an algebraic (rational,
integral, respectively) recurrence sequence.

THEOREM F.2. A recurrence sequence of algebraic (rational, integral)
numbers is an algebraic (rational, integral) recurrence sequence.

PROOF. The statement for an algebraic (rational) recurrence sequence
is an easy consequence of Cramer’s rule. A lemma of Fatou [300] implies
the requested result for a recurrence sequence of integers. Let us give
some more details. Assume that wu,, is a rational integer for n > 0 and
write

Zu X — P(X) _ pe+pe1 X+ +poXt
" QX)) @+ quaX+--+qXF

n>0

where the above rational function is irreducible. The coefficients py, . . .,
e, qo, - - -5 qx are rational numbers and are wholly determined up to a
constant factor. Without loss of generality, we assume that they are
integers and that they have no common divisor > 2. This implies that
the integer polynomial Q(X) is primitive.
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Since P(X) and Q(X) have no common divisor, there exist integer
polynomials A(X) and B(X) and a positive integer m such that

P(X)A(X) + Q(X)B(X) = m.

From m = Q(X)(A(X)u(X) + B(X)) and the fact that Q(X) is primi-
tive, we deduce that all the coefficients of the series A(X)u(X) + B(X)
are divisible by m. But m is equal to g times A(0)u(0) 4+ B(0). This
shows that ¢ = £1. O

THEOREM F.3. A sequence (up)n>0 of complex numbers is a recurrence
sequence if, and only if, the determinants A, of the Hankel matrices

(27} (5% . Unp,

(751 U oo Up+4a
M, =

Up  Up+1 - U2n

are zero for every sufficiently large integer n.

PrOOF. If the sequence (uy)n>o satisfies (F.1), then, for every integer
n > k+ 1, the (k + 1)th column of the Hankel matrix M,, is a linear
combination of the first & columns. Consequently, A,, = 0 for n > k+ 1.

Assume now that A, = 0 for every large integer n, and let k be the
largest integer such that Ay = Ag4; = 0 for i > 0. We have k > 1, since
otherwise u,, = 0 for n > 0. By assumption, the last column of My is a
linear combination of the first & columns. This implies that there exist
complex numbers vy, ..., v;_1 such that

VoUj + V1Uj41 + -+ Vp—1Ujqn—1 +Uj+r =0, 0< 5 < k.

For j > 0, set L1 = vou; +v1tjqp1 + -+ + Vp—1Ujqyp—1 + Ujyr. Let m

be an integer such that m > k and Ly = L1y = -+ = Lyp—141 = 0.
Since
Uk PN U,
M1
U2k—1 -+ Uk—14+m
Mm = )
UL . U2k —1 Uk oo Uk4m

Uy oo Uk—14m Uk+m - U2m
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adding to every column C, with ¢ > k + 1 the linear combination
VoCr— +v1Cp_gq1 + - +vp_1Cp_; gives

L ... L
Mi_1
A — Log—1 - Lik_1im
m =
Uk ce U2k —1 Lgk ce Lk+m
Um o Uk—14m Lk+m ce Lgm
0 0
o ... ... ... ... 0
=|u ... U2k —1 0 0 Lk+m
0 Lk+m coo Loma
Um oo Uk—14m Lk+m Lk:-‘rm—l v Lom

= 4+ Ay (L) ™ L

Since A, = 0 and Ag_; is non-zero, this shows that Lg,, = 0. Conse-
quently, the sequence (uy,)n>0 is a recurrence sequence. O
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