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UNIVERSITAT DIOPHANTINE ANALYSIS
WURZBURG Summer School, 21- 26 July 2014

The Department of Mathematics at the University of Wirzburg invites to a
summer school on number theory with focus on diophantine analysis!

A Geometric Face of Linear Forms in Logarithms
Diophantine Analysis o BN
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Tapani Matala-aho University ol Rijeka
University of Oulu
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The Summer School is addressed to Master and PhD-Students and all those interested in
these four faces of Number Theory. Deadline for application wil be May 16, 2014. For
registration and further information including scholarships please visit our webpage
http/www.mathematik.uni-wuerzburg.de/ ~steuding/start2014.htm.

We are looking forward 1o seaing you in Wirzburg! Jém Steuding, Rasa Sieuding, Teerapat Srichan, Nicola Oswald



Preface

Number theory is one of the oldest mathematical disciplines. Often enough number
theoretical problems are easy to understand but difficult to solve, typically only by
using advanced methods from other mathematical disciplines; a prominent example
is Fermat’s last theorem. This is probably one of the reasons why number theory is
considered to be such an attractive field that has intrigued mathematicians and math
lovers for over 2000 years.

The subdiscipline called Diophantine analysis may be defined as the combina-
tion of the theories of Diophantine approximation and Diophantine equations. In
both areas, the nature of numbers plays a central role. For instance, a celebrated
theorem of Klaus Roth (worth a Fields Medal) states that, roughly speaking,
algebraic numbers cannot be approximated by rationals too well (see
Theorem 1.4.21 in Chapter “Linear Forms in Logarithms”). As a consequence of
Roth’s theorem, one can show that certain cubic equations have only finitely many
integer solutions, e.g.

aX>+bY3=c¢

with arbitrary, but fixed nonzero integers a, b, c.

In July 2014, the number theory group of the Department of Mathematics at
Wiirzburg University organised an international summer school on Diophantine
analysis. In the frame of this event, about fifty participants, mostly Ph.D. students
from all over the world, but also a few local participants, and even undergraduate
students, learned in three courses about different topics from Diophantine analysis;
a fourth course gave in addition some historical background of some aspects of the
early research in this direction.

e Sanda Bujaci¢ (University of Rijeka, Croatia) lectured on Linear Forms in
Logarithms. Starting with some classical Diophantine approximation theorems,
her course focuses on Alan Baker’s celebrated results from 1966 on effective
lower bounds for the absolute value of a nonzero linear form in logarithms of
algebraic numbers (another Fields Medal). His pathbreaking approach goes

vii
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beyond the classical results and allows many interesting applications. In the
course notes, which is joint work with Alan Filipin (University of Zagreb,
Croatia), it is shown how to solve the system of two simultaneous Pellian
equations (a classical application due to Baker and Davenport), how to find all
repdigit Fibonacci numbers (a theorem by Florian Luca from 2000), how to
determine the bound of the number of perfect powers in a binary recurrence
sequence, etc.

In the course of Simon Kristensen (Aarhus University, Denmark) on Metric
Diophantine Approximation—From Continued Fractions to Fractals, the clas-
sical Khintchine theorems on metric Diophantine approximation are considered
(by studying continued fractions by means of a dynamical system). After a crash
course in fractal geometry, the notes outline the major topics of recent research
as, e.g., Schmidt’s game, the question whether the Cantor middle third set
contains an algebraic irrational, and a discussion of badly approximable num-
bers. One of the highlights is the proof that the set of badly approximable /3 for
which the pair («, 3) satisfies the Littlewood conjecture has Hausdorff dimen-
sion one; here, @ may even be substituted by any countable set of badly
approximable numbers (which is a new result due to Haynes, Jensen, and
Kristensen).

Tapani Matala-aho (University of Oulu, Finland) examines in A Geometric Face
of Diophantine Analysis the so-called geometry of numbers. Building on the
notions of convex sets and lattices as well as Hermann Minkowski’s funda-
mental theorems, classical Diophantine inequalities are deduced. Also, some
Diophantine inequalities over complex numbers are discussed. Then, he presents
some variations of Siegel’s lemma over rational and imaginary quadratic fields
supplementing Enrico Bombieri’s works. Moreover, building on Wolfgang
Schmidt’s work, it is proved that the heights of a rational subspace and its
orthogonal complement are equal (by the use of Grassmann algebras). His
lectures end with a proof of the Bombieri—Vaaler version of Siegel’s lemma.
In her course Historical Face of Number Theory(ists) at the Turn of the 19th
Century, Nicola Oswald (University of Wiirzburg, Germany) describes the lives
and mathematical works of the famous Adolf Hurwitz and his unknown elder
brother Julius around the turn of the nineteenth/twentieth century. A careful
discussion of the mathematical diaries of Adolf Hurwitz (or at least some of its
aspects) provides an understanding of his mathematics on behalf of historical
documents; a particular emphasis is put on his relation to David Hilbert.
Moreover, Julius Hurwitz’ work on complex continued fractions is investigated
and further analysed with modern tools from ergodic theory.

This volume presents the lecture notes of these four summer school courses

(some of them with additional material). Each of these notes serves as an essentially
self-contained introduction. (Of course, a background in number theory might be
useful.) Altogether, the reader gets a thorough impression of Diophantine analysis

by

its central results, relevant applications, and big open problems. The notes are
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complemented with many references and an extensive register which makes it easy
to navigate through the book.

The authors and the editor are grateful to the anonymous referees for their
valuable suggestions and remarks that have improved the book. They also thank
Springer for making the collection of lecture notes a book and, in particular,
Clemens Heine for his encouragement.

When turning the pages, it is impressive to see how one can approach frontiers
of current research in this direction of number theory quickly by only elementary
and basic analytic methods. We wish to take much pleasure in reading.

Wiirzburg, Germany Jorn Steuding
July 2016
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Linear Forms in Logarithms

Sanda Bujaci¢ and Alan Filipin

2000 Mathematics Subject Classification 11J13 - 11J81 - 11J86 - 11K60

Introduction

These lecture notes cover the course Linear Forms in Logarithms created for the
Summer School Diophantine Analysis organized in Wiirzburg, Germany in 2014.
The notes intend to be an introduction to Diophantine approximation and linear
forms in logarithms.

We begin with the theory of Diophantine approximation which has an extremely
important application in the study of Diophantine equations. One of the main topics
is the question how well a given real number « can be approximated by rational
numbers. By placing certain constraints on the rational numbers used in the approxi-
mation, we are able to classify the real number « as either a rational or an irrational
number, or as an algebraic or a transcendental number. Diophantine approximation
and transcendence theory are very close areas that share many theorems and methods
which will be useful in the second part of these lecture notes.

There, we introduce linear forms in logarithms and provide lower bounds for linear
forms in logarithms of algebraic numbers due to Alan Baker, one of the most famous
mathematician in this field of mathematics. Baker was awarded the Fields Medal
in 1970 because of his profound and significant contributions to number theory. To
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2 S. Bujaci¢ and A. Filipin

illustrate the importance of his machinery, many useful and interesting applications
of the introduced concepts are presented.

1 Diophantine Approximation

Rational numbers are in every interval of the real line, no matter how small that
interval is because the set of rational numbers is dense in the set of real numbers. As
a consequence, for any given real number «, we are able to find a rational number
as close as we like to a.

Approximating areal number by rational numbers helps us to better understand the
set of real numbers and gives us a surprising insight in the properties of real numbers.
By placing certain constraints on the rational numbers used in the approximation of
the real number «, properties of the real number « can be observed such that classify
it as either a rational or an irrational number, or as an algebraic or a transcendental
number.

As rational numbers approach a fixed real number, their denominators grow arbi-
trarily large. We study how closely real numbers can be approximated by rational
numbers that have a fixed bound on the growth of their denominators.

1.1 Dirichlet’s Theorem

One of the main questions in Diophantine approximation is whether there exists any
rational number g satisfying the inequality

The affirmative answer follows from the fundamental result due to Dirichlet! on
rational approximation of real numbers.

Theorem 1.1.1 (Dirichlet 1842) Let o be a real number and n a positive integer.
There exists a rational number 5, 0 < g < n, satisfying the inequality

p 1
a-Pl< (1.1)
gl (n+1Dg
Proof Forn =1, g = % or g = # satisfies

IPeter Gustav Lejeune Dirichlet (1805-1859), a German mathematician.
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where | | stands for floor function. For n > 2, we consider n + 2 elements
0, a—|a], 2a— |2«], ..., na— |nal, 1,

of the interval [0, 1].
Assume first that these elements are distinct as they are in the case « is an irrational

number. The interval [0, 1] can be subdivided into n + 1 subintervals of the length
1

-1 and the pigeonhole principle guarantees that two of these numbers differ in

absolute value by at most nlﬁ If one of the numbers is 0 and the otherisiae — |icv],

theni <n, lia — liaJ| < =7 and

1
<

‘ Lia]
o — _—.
~ (n+Di

i

After # isreduced to lowest terms g, the rational number g satisfies (1.1). Similarly,
if the two numbers in question are jo — | jar| and 1, then j < n and reducing %

to lowest terms £, we have that g satisfies (1.1). Finally, if the two numbers are
ia— lia] and jo — | jo| withi < j, then

1
lja—Lja] —(a—liaD| =1 —Da—(ja] = lia])] £ —.
n+1

Consequently, j —i < n and

Ljal — Lia] 1
a— < .
J—i T+ D —0)

Thus, after Lj”” is reduced to lowest terms g, the rational number g satisfies
(1.1).

If the n + 2 numbers from the beginning are not distinct, then « itself is a rational
number with denominator at most n. In this case, there existi < j so that « is equal
to one of the following fractions

lia] Ljal — lia]
i =i

reduced to lowest terms. If the numbers are not distinct, the required inequality (1.1)
is trivially satisfied by « itself.

Corollary 1.1.2 For « irrational, there exist infinitely many relatively prime num-
bers p, q such that
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<. 1.2)

Proof Suppose there are only finitely many rationals

PP P
o’ @ gk
satisfying (1.2). In this case,
‘a _Pils o
qi

for 1 <i < k. Consequently, since « is irrational, there exists a positive integer n

such that the inequality
1

n—+1

Pi
a——| >

qi

holds for 1 <i < k. However, this contradicts Dirichlet’s Theorem 1.1.1 which
asserts that, for this n, there exists a rational number g with g < n such that

1 1
o — 4 < — <.
gl m+Dqg ¢
Remark 1.1.3 Corollary 1.1.2 does not hold for « rational. Assume o = %. For g #
«, we have

so (1.1) implies ¢ < v, hence the inequality (1.1) can be satisfied only for finitely
many relatively prime integers p, g.

Corollary 1.1.4 A real number « is irrational if and only if there are infinitely many
rational numbers g such that

P
a__

q

1
< —.
=7

A proof can be found in [44]. It appears that irrational numbers can be distinguished
from rational numbers by the fact that they can be approximated by infinitely many
rational numbers g with an error less than q%.

We may ask for the best possible value C > 0 such that the statement of the
Corollary 1.1.4 holds with ﬁ in place of - ? The answer will be given in Hurwitz’s’

Theorem 1.3.5 which characterizes the best Dirichlet-type inequality.

2 Adolf Hurwitz (1859-1919), a German mathematician.



Linear Forms in Logarithms 5

1.2 Continued Fractions

Definition 1.2.1 e An infinite generalized continued fraction is an expression of
the form

by
ag+ —, (1.3)
T
a+ ———
a) + b
where ag, a1, a, ... and by, by, ... are either rational, real or complex numbers

or functions of such variables.
e For b, =1, i € N, (1.3) is called an infinite simple continued fraction. Its abbre-

viated notation is
[ap, a1, az, .. .].

e An expression

[a07 al5"'7ail] =a0+

ay +
a+---+ |
ap-1 + —

an

is called a finite simple continued fraction witha; > 1, i =1,...,nand a, > 2
integers that are called partial quotients. The rational numbers

Po P1 P2 P
= =lagl, — =lao, a1, — =lag, a1, azl, ..., — = lao, a1, as, ..., a,]

q0 q1 92 qn
are called the convergents of g and n is its length.
Remark 1.2.2 Wesetp_,:=0, p_;:=1, g :=1, g_1 =0.
Lemma 1.2.3 (Law of formation of the convergents) For n > 0,
Pn = @nPp—1 + Pu-2, Gn = anGn-1+ Gn—2. (1.4)

Proof The equalities (1.4) are satisfied for n = 0. We assume that (1.4) is satisfied
forn — 1, i.e.,

Pn—1 = ap—1Pn-2 + Pn-3, 4n—1 = AQn—19n—2 + qn-3.

Then we get
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Pn

n

== [Cl(), a, ...,0p—1 + l/an]

_ (ap—1 + a%l)pn—l + pu—2

B (an—l + i)Qn—l +Qn—2
_ (ananfl + 1)pn72 + Ap Pn—1 _ Ap Pn—1 + Pn-2

N (anan—] + I)Qn—2 + andn—1 anqn—1 + qn-2 ’

Lemma 1.2.4 Forn > —1,

qnPn—-1 — Pnqn—-1 = (_1)n~ (15)

Proof Let n = —1. We observe that g_1p_» — p_1qg—» = (=D~'. We assume that
(1.5) is satisfied for n — 1. Using Lemma 1.2.3, we find

GnPn—-1 = Pndn—1 = (@nGn-1 + Gn-2)Pn—1 — @ Pn-1 + Pn-2)qn-1 =
- _(anlpn72 - pnflqn72) - (_1)71.

Lemma 1.2.5 Forn > 0,

qnPn—2 — Pnqn-2 = (_1)n71an.

Proof 1Tt follows from Lemmas 1.2.3 and 1.2.4 that

nPn=2 = Pndn=2 = (anQn—l + q”—Z)pn—Z - (anpn—l + pn—Z)Qn—Z =
= an(gn—1Pn—2 — Pn-19n-2) = (—1)”7151,1.

Theorem 1.2.6 The convergents % satisfy the following inequalities:

(i) %<%<%<..
(i) &> B 5B
q1 93 4qs

(iii) for n even and m odd,

.

4qn dm

Pn Pm
— <

Proof Using Lemma 1.2.5, we find

P2 Pa_ (=D"'a,
qn-2 qn qn—24n '

For n > 2 and n even, we obtain Z”*Zz < %, while % > ?, for n > 3 and n odd.
e n e n
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It remains to prove the last inequality. Let n < m. Since ? < Iq””—:l‘, it is sufficient

to prove ﬁ < f;— which is satisfied by Lemma 1.2.4,

gmPm—1 — Pmgm—1 = ()" =—-1 < 0.

The proof for n > m follows analogously.

Lemma 1.2.7 For an integer ay and positive integers ay, az, . . ., a,, the continued
fraction [ay, ay, ..., a,] is rational. Conversely, for every rational number % there
exist n > 0, an integer ay and positive integers ay, ay, . . . , 4, such that

u

— = lap, ay, ..., ay].

v

For £ > 1, we have ay > 1.

Proof Using Lemma 1.2.3, we find

Pr—1"k + Pk—2

lao, a1, ..., a,] =lao, a1, ..., a1, [ak, Gr+1, - .., apl]l = ,
qr—1Tk + gr—2

where ry = [ak, dgs1, - - ., Al

Conversely, let v > 0 and gcd(u, v) = 1. Forv = 1, clearly % € Z, hence, setting
ap = %, we obtain 7 = [ao].

If v > 1, then there exist ¢, r € Z such thatu = vg +r, 1 <r < v. We assume
L =Jay,...,a,]. Since % > 1, we conclude that ay, ..., a, € N. Hence,

r

1
=q+——=1q.,a1,...,a,],

Sog+
—
v [ai, ..., a,]

S| =

where ay = ¢. Clearly, if% > 1,thenagy =¢q > 1.

Remark 1.2.8 There is a one-to-one correspondence between rational numbers and
finite simple continued fractions.

Remark 1.2.9 Let % be rational, gcd(u,v) =1 and u > v > 0. It follows from
Euclid’s algorithm that

u=vgqy+ry, v=rigag+ry, ..., rj-1 =rjqji1,

hence

—=qt =g+ ——=- =g, gl
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Example 1.2.10

l=0+i=0+ ! =0+ : =
11 11 1
- l+? 1+7
4
1 1 1
=0+ —=0+ — =0+ —
1+—3 1+—1 1+ 1
1+Z 1+Z 1+—]
3 13

which can be written as
— =1[0,1,1,1,3].
T [ 1

Example 1.2.11 The number e is irrational.

The proof goes as follows: if we assume that e is rational, then it can be represented
as

Let n be an integer such that n > v. We define £ =" L. with ¢ = n!. Using
q 1=0 j!
Remark 1.2.9, we get

o0
e__‘z Z n+J)'

1
- <gq
v_

o0

1 1 1 1 1
< n!z < = —,
k:()(n+l)!(n+1)k n+l1l1—-L n
a contradiction to n > v.

Lemma 1.2.12 Foreveryinteger r, there exist exactly two different simple continued
fraction expansions representing r, namelyr = [r]andr = [r — 1, 1]. Forr rational,
there exist exactly two different simple continued fraction expansions representing
r, namely [ag, a1, . .., a,] witha, > 2 and [ag, a1, ..., ay—1,a, — 1, 1].

Proof Every r € Q can be represented as a finite simple continued fraction, namely
r =lag,ai,...,a,), ap €Z, ay,az,...,a, € N,

Ifr € Z,thenn = 0 and r = [ap] = ay, resp. r = [r]. Otherwise, when n > 0, then
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1
r=a+ ——,
lai, ..., an]
with [ay, ..., a,] > 1. In view of r — ay € Z, we conclude that [ay, ..., a,] = 1.
Sincea; > 1, wegeta; =1,n=1,s0ay=r —landr =[r — 1, 1].
Now consider r = %, ged(u, v) =1, v > 0. We use induction on v in order

to prove the second claim. The case when v = 1 has already been considered.
If v>1, we get & =ap+ “*, where u; < v. Let o := “'. Using the hypothe-
sis of the induction, we conclude that «; has two continued fraction expansions
lar,az, ...,a,-1,a,], a, > 2 and [ay, a2, ...,a, — 1, 1].

Lemma 1.2.13 Let ay be an integer and ay, ay, ..., be positive integers. Then,

the limit lim,,_, o Z—" exists and its value is irrational. Conversely, for o irrational,
8

there exist a unique integer ay and unique positive integers ap, das, ... such that
o = lim,_ o f;—

)2

Proof In view of &£ <
90 q2

<. < %, it is clear that both limits

. DPn . Dn
lim —  and lim —
n—>0o0 g n—>00 g
n even 17 n odd 17

exist, and it is easily shown that both limits are equal. We put a = lim,,_, % and

compute
1 1
qnqn+1 U

Pn+1 B &
qn+1 qn

<

‘ P
a —_——
In

Since p,, g, are relatively prime, there exist infinitely many rational numbers g such
that o — §| < qiz, SO « is irrational.
Conversely, let a be irrational, ap = |, and let o) := ag + all We notice that

«aq > 1 isirrational. For k > 1 let a; = |y | and oy = a; + ﬁ We observe that
ar > 1, agy1 > 1, and ag4 is irrational. Our goal is to show

a = [ag, a1, a,...].
Using Lemmas 1.2.3 and 1.2.4 with « = [ag, ay, - . . , ®y+1], we find
Op1Pn + Pn—1
Gn® — Pn =4qn—————— — DPn
Qnt19n + Gn—1
_ gn(ng1Pn + Pu—1) — Pu(Qngign + gn-1) (=D"
an+lQn + Qn—l an+1Qn + Qn—l .
Hence,

1
< ;, (1.6)
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which implies lim,_, o ;’i = «. Finally, it remains to prove that the integers
ap,a; > 1,a, > 1, ... are uniquely determined. In view of

a=lay,a1,a,...1=ay + ——,
[ai,az,...]

and 0 < a —ag < 1, we find ap = |a] which implies that ay is unique and o =
[a1, ay, ... ]1is uniquely determined by «.. Because a; = |« ], a; is unique, etc. This
proves the lemma.

1.3 Hurwity’s Theorem

In the sequel we assume « to be irrational. According to (1.6), we conclude that each
convergent of « satisfies the inequality

Vahlen? and Borel* have proved the following theorems that deal with approximation
properties of two and three consecutive convergents, respectively.

Theorem 1.3.1 (Vahlen 1895, [48]) Let  be an irrational number and denote by

%, % two consecutive convergents of a. Then, at least one of them satisfies
1

p 1
a——| < —=.
ql 2q°
Proof We observe that
_ _ 1 1 1
'Oé_& +‘a__pn1 :&_—pn] = <—2+ ) .
qn qn—1 qn qn—1 qndn—1 26],, 2(/]",1
Thus,
Pn 1 Pn—-1 1
a—— | < —2 or o — 5 .
qn 2%, qn—1 2C]n_1

Theorem 1.3.2 (Borel 1903, [9]) Let o be an irrational number and denote by

%, %, % three consecutive convergents of a.. Then at least one of them satisfies
the inequality
p ‘ 1
a—=|< .
q NETE

3Theodor Vahlen (1869-1945), an Austrian mathematician.
4Emile Borel (1871-1956), a French mathematician.
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Proof Leta = [ag, ay, ...], o; = [a;, aiq1,...]), B = %, g > 1.1tisnotdifficult
to deduce that .

Pn
a——|l=—=—.
' Qr%(an-&-l + Bus1)

qn

We show that there does not exist a positive integer n satisfying
i + B <5 (1.7)

fori =n —1,n,n 4+ 1. Our reasoning is indirect. We assume that (1.7) is satisfied
fori =n — 1, n. It follows from

1 1 - -
Qp1 =0y—1 + —, — = dn-1 =ay-1+ dn=3
ap P qn—2 qn-2

=ap-1+ ﬂn—l

that

1 1
— + = au +ﬁn—l 5«/5
Qy ﬂn

Hence, 1 = v, - + < (\/5 — /6’,,)(\/_ — ﬂl) or, equivalently, 6,% — «/gﬂn +1<0

Qp
which implies (3, > @ For (3, rational, we conclude that 3, > % Now, if

(1.7) is satisfied for i = n, n 4 1, then again 5,1 > @, so we deduce

T 2 V51
- = =B < - <1,
qn—1 qn-1 ﬂthl

Vi-1 2

1<a,=

the desired contradiction.

Legendre’ proved with the following important theorem a converse to the previous
results.

Theorem 1.3.3 (Legendre, [32]) Let p, q be integers such that ¢ > 1 and

Then g is a convergent of a.

Proof Leta— 2 = &% with0 < v < % and € = £1. In view of Lemma 1.2.12 there
exists a simple continued fraction

L [bo, by, ..., bu_i]
q

5 Adrien-Marie Legendre (1752-1833), a French matheamtician.
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satisfying (—1)"~! = . We define w by

WPn—1 + Pn-2
a=

wWlqn—1 + qn-2 ’
such that o = [bg, by, ..., b,_1, w]. Hence,
ev p 1 (=1
S =a—-—= (Gn—1 — pn-1) = : ,
q q qn—1 dn—-1 Wqn-1 + qn-2
giving v = # andw = % — Z”—j > 1. Next we consider the finite or infinite

continued fraction of w,
w = [by, byy1, byt .. 1.

Since w > 1, weconclude b; € N, j=n,n+1,n+2,.... Consequently,
o = [b09 bh ceey bn—lv bn’ bVH—lr .. ]
which is the continued fraction expansion for «v and

P Dn-
S =2 boby, . by]

q B qn—1

is indeed a convergent to a.

Lemma 1.3.4 Assume the continued fraction expansion for « is given by

a=lag,ay,...,an,1,1,...]. (1.8)
Then
lim ¢ |a — P _ L
n—oo qn \/g

A proof can be found in [45].

Theorem 1.3.5 (Hurwitz, [31]) Let o be an irrational number.

(i) Then there are infinitely many rational numbers g such that

1
V3q?

(ii) If /5 is replaced by C > /5, then there are irrational numbers o for which
statement (i) does not hold.

.
a——| <
q

Proof Claim (i) follows directly from Theorem 1.3.2, while claim (ii) follows from
Theorem 1.3.3 and Lemma 1.3.4. Namely, if « is irrational and of the form (1.8),
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then according to Theorem 1.3.3, all solutions of |« — §| < C+]2 with C > /5 canbe

found among the convergents to o, however, in view of Lemma 1.3.4 this inequality
is satisfied by only finitely many convergents to «.

Definition 1.3.6 An irrational number « is said to be a quadratic irrational number
if it is the solution of some quadratic equation with rational coefficients.

Definition 1.3.7 The continued fraction expansion [ag, aj, . .. ] of a real number o
is said to be eventually periodic if there exist integers m > 0 and & > 0 such that

a, = ayyy, forall n > m.

In this case the continued fraction expansion is denoted by

[a()a Aly ooy Am—1,Ams A1y -« -y am+h—]J-
The continued fraction expansion is said to be periodic if it is eventually periodic
withm = 0.

Euler® and Lagrange’ have proved an important characterization of quadratic
irrationals in terms of their continued fraction expansion:

Theorem 1.3.8 (Euler 1737; Lagrange 1770) A real number « is quadratic irra-
tional if and only if its continued fraction expansion is eventually periodic.

A proof can be found in [46].

Theorem 1.3.9 Let d > 1 be an integer which is not a perfect square. Then the
continued fraction expansion of \/d is of the form

[ag, a1, ..., a,—1,2a0]

withay = |Vd], a1 = ay_1, a0 = Gy, ...
A proof can be found in [41].

Remark 1.3.10 Let E > 1 be an integer which is not a perfect square. Let

So+\/f

ap =
Io

be a quadratic irrational with s, g € Z, to # 0 such that 7y | (E — sg). Then the
partial quotients a; are given by the recursion

E —s? siv1 +VE
+1 i+1
a = [|Jail, siy1=aiti —si, tiy1 = — i —J

6Leonhard Euler (1707-1783), a Swiss mathematician.
7Joseph-Louis Lagrange (1736-1813), an Italian-French mathematician.
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Example 1.3.11 Ford € N,
V2d(2d — 1) = [2d — 1;2,4d = 2],
V2d8d — 1) =[4d — 11,2, 1, 8d — 2.

Definition 1.3.12 An irrational number « is said to be badly approximable if there
is a real number c(a) > 0, depending only on «, such that

for all rational numbers f.

Proposition 1.3.13 [f an irrational number o is badly approximable, then for every
€ > 0, there are only finitely many rational numbers g satisfying

p‘i 1
q2+5

Proof Let c(«) be a positive real number such that

for all rational numbers 5. Now suppose that there are infinitely many rational num-
bers g satisfying

1
€ [
91 ()
holds. It follows that
’ pi 1 c(a)
= 2 2
q1 91491 qi

which is a contradiction.

Corollary 1.3.14 For quadratic irrational numbers o and any € > 0, there are only
finitely many rational numbers g satisfying
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A proof can be found in [44]. Hence, the exponent in the upper bound qlz in Dirichlet’s
Theorem 1.1.1 cannot be improved for real quadratic irrational numbers.
More on Diophantine approximation can be found in [13, 19, 20, 44, 45].

1.4 Algebraic and Transcendental Numbers

1.4.1 Basic Theorems and Definitions

Definition 1.4.1 Givenfields F and E suchthat F C E,then E is called an extension
of F,denoted by F' < E or E/F. The dimension of the extension is called the degree
of the extension and it is abbreviated by [E : F]. If [E : F] =n < oo, E is said to
be a finite extension of F.

Remark 1.4.2 1t can be shown that, if f is a nonconstant polynomial over the field
F, then there is an extension E of the field F and «« € E such that

f(a) =0.

Hence, the field extension of the initial field F is often obtained from the field F' by
adjoining a root o of a nonconstant polynomial f over the field F'; in this case the
minimal field containing «v and F is denoted by F'(c).

Definition 1.4.3 A real number « is called algebraic over Q if it is a root of a
polynomial equation with coefficients in Q. A real number is said to be transcendental
if it is not algebraic.

Definition 1.4.4 The minimal polynomial p of an algebraic number o over Q is the
uniquely determined irreducible monic polynomial of minimal degree with rational
coefficients satisfying

p(a) =0.
Elements that are algebraic over (Q and have the same minimal polynomial are called

conjugates over Q.

Definition 1.4.5 Let o be an algebraic number. Then the degree of « is the degree
of the minimal polynomial of a over Q.

Remark 1.4.6 1If
X g X o X+

is the minimal polynomial of an algebraic number « over Q, then multiplication by
the least common multiple of the denominators of the coefficients r;, i =0, ...,
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d — 1, produces a unique polynomial P with P(a) = 0 having the form

P(X) =a; X" +as 1 X'+ + a1 X +ap,
where the coefficients a;, i =0, ..., d, are relatively prime integers and a; > 0.

We will call this polynomial the minimal polynomial of o over Z.

Example 1.4.7 A real number is rational if and only if it is an algebraic number of
degree 1.

Example 1.4.8 We shall show that

2

105 — 1
=

X =

is an algebraic number.

To see that, we write v/—3x + 1 = 10*3 and get (v/—3x + 1)3 = 100. Expanding
the left-hand side, it follows that

37 =3x3 +9x% — 3/ =3x +99 = 0.
Dividing by 3+/—3, we get
2= /=3xP—x —11/=-3=0.

From this we deduce the minimal polynomial of x as

P(x):(x —x) = /B2 +11))((x3—x)+\/—_3(x2+11))=
= x4+ x* + 67x2 + 363.

1.4.2 Liouville’s Theorem

The main task in Diophantine approximation is to figure out how well a real number
a can be approximated by rational numbers. In view of this problem, as we have
mentioned earlier, a rational number g is considered to be a “good” approximation
of a real number « if the absolute value of the difference between g and o may not
decrease when g is replaced by another rational number with a smaller denominator.
This problem was solved during the 18th century by means of continued fractions.

Knowing the “best” approximation of a given number, the main problem is to find
sharp upper and lower bounds of the mentioned difference, expressed as a function
of the denominator.

It appears that these bounds depend on the nature of the real numbers to be
approximated: the lower bound for the approximation of a rational number by another
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rational number is larger than the lower bound for algebraic numbers, which is itself
larger than the lower bound for all real numbers. Thus, a real number that may be
better approximated than an algebraic number is certainly a transcendental number.
This statement had been proved by Liouville® in 1844, and it produced the first
explicit transcendental numbers. The later proofs on the transcendency of 7 and e
were obtained by a similar idea.

Theorem 1.4.9 (Liouville 1844) Let o be a real algebraic number of degree d > 2.
Then there exists a constant c(a) > 0, depending only on «, such that

for all rational numbers g.

There are a few ways of proving Liouville’s Theorem 1.4.9: one can be found in
[12]; a second, and maybe the most familiar one, uses the mean value theorem, an
interesting variant concerning the constant c(«) is given in [45].

Corollary 1.4.10 Let abe areal algebraic number of degreed > 2. Forevery§ > 0,
there are only finitely many rational numbers g satisfying the inequality

A proof can be found in [44].

We observe that the denominators of rational numbers which are getting closer
and closer to a fixed real number o grow arbitrarily large. Liouville’s Theorem
1.4.9 proves that this is indeed the case for real algebraic numbers «. For example,
Liouville’s Theorem 1.4.9 implies that, if g is within a distance 10% of «, then

g% > 10"(w).
Remark 1.4.11 Consider the rational numbers s and 5—: satisfying

/

p
a——.

q/

p /
q|a——|<4q

The theory of continued fractions provides an efficient algorithm for constructing
the best approximations to « in this case.

Liouville’s Theorem 1.4.9 can be used to find transcendental numbers explicitly.
His construction of transcendental numbers (1844) predates Cantor’s” proof (1874)
of their existence.

8Joseph Liouville (1809-1882), a French mathematician.
Georg Ferdinand Ludwig Philipp Cantor (1845-1918), a German mathematician.
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Example 1.4.12 Let

o0

1

a= z —— = 0.1100010000000000000000001000....
10/1!

n=1

The digit 1 appears in the 1st, 2nd, 6th, 24th, ..., (n!)th,... decimal place. For k > 1, let

q(k) = 10*" and p(k) =k10k’ th:l 1(;“ . We notice that p(k) and g (k) are relatively
i

prime integers, 2t =37, | 5 and

pl)| o~ 1
’Q_M - Z lOn!'

n=k+1

Comparing with a geometric series, we find

o0 o0
1 1 1 10 1
z TS To0FD! Z = [
4= 1070 T 10WE 10T T 9 g (R

and o
‘ )
q (k) g (k)1

Finally, we observe that o does not satisfy Liouville’s Theorem 1.4.9. It follows
from the calculations above that for any ¢ > 0 and any d > 0, selecting k such that

19—0 < c¢-q(k)kt1=4 leads to

28] e
qgk)y|  qlk)

for large k. Thus, o must be a transcendental number.

In 1873, Charles Hermite'? proved that e is transcendental and nine years later
Ferdinand von Lindemann'' proved the transcendence of 7. Hermite even showed
that e is transcendental when a is algebraic and nonzero. This approach was gener-
alized by Weierstrass'? to the Lindemann-Weierstrass theorem.

Theorem 1.4.13 (Hermite) e is transcendental.

A proof can be found in [4, 28].

10Charles Hermite (1822-1901), a French mathematician.
1 Ferdinand von Lindemann (1852-1939), a German mathematician.
12K arl Weierstrass (1815-1897), a German mathematician.
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Theorem 1.4.14 (Lindemann) 7 is transcendental.
A proof can be found in [34].

Theorem 1.4.15 (Lindemann, Weierstrass) Let (i, ..., 3, be nonzero algebraic
numbers and o, . . ., oy, distinct algebraic numbers. Then

ﬂleal +--- 4+ 6}160" # 0.
A proof can be found in [4].

Corollary 1.4.16 If v is a nonzero algebraic integer, then

e”, sina, cosa

are transcendental numbers.

Definition 1.4.17 A real number « is a Liouville number if for every positive integer
n, there exist integers p, g with ¢ > 1 such that

0< oz—£

<_n'
q

Remark 1.4.18 1t is known that 7w and e are not Liouville numbers (see [37, 41],
respectively). Mahler [38] found conditions on the expansion of a real number «
in base g that imply that « is transcendental but not a Liouville number. One such
example is the decimal number called Champernowne’s constant (Mahler’s number).

Theorem 1.4.19 All Liouville numbers are transcendental.
A proof can be found in [46].

Example 1.4.20 We show that

is a Liouville number.

First, we observe that the binary expansion of « has arbitrarily long strings of 0’s,
S0 it canno.t be rational. Fix a positive integer n and consider g = Z;:O zi, with p
and ¢ = 2/' > 1 integers. Then

p — 1 = 1 1 1 1
a—;‘z 2 27 S 2. 21 = 2G0T = qah g
Jj=n+1 j=(n+1)!

0<

which proves that « is indeed a Liouville number.
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1.4.3 Roth’s Theorem

It is natural to ask for stronger versions of Liouville’s Theorem 1.4.9. First improve-
ments were made by Thue,'? Siegel'* and Dyson.'> In 1955, K.F. Roth'® proved the
most far-reaching extension, now known as the Thue-Siegel-Roth theorem, but also
just as Roth’s theorem, for which he was awarded a Fields Medal in 1958. We quote
from Roth’s paper [43].

Theorem 1.4.21 (Roth 1955) Let v be a real algebraic number of degree d > 2.
Then, for every § > 0, the inequality

has only finitely many rational solutions g.

A complete proof of Roth’s Theorem 1.4.21 can be found in [45], and for a generalized
version we refer to [30].

Corollary 1.4.22 Let o be an algebraic number of degree d > 2. Then, for every
0 > 0, there is a constant c¢(c«v, 6) > 0 such that

p| _ cla,d)
I

for all rational numbers g.

A proof can be found in [44]. Note that, if « is a real algebraic number of degree
2, then Liouville’s Theorem 1.4.9 is stronger than Roth’s Theorem 1.4.21. Whereas
the latter one gives the estimate

p| _ cla,d)
)a_g‘ = g+

for every 6 > 0, Liouville’s Theorem 1.4.9 states that there is a constant c(a) > 0
such that

for all rational numbers £. The analogous result for real algebraic numbers « of

degree >3, namely, that there is a constant c(«) > 0 such that an inequality of the
form

13 Axel Thue (1863-1922), a Norwegian mathematician.

14Carl Ludwig Siegel (1896-1981), a German mathematician.

I5Freeman Dyson (1923), an English-born American mathematician.

16K Jaus Friedrich Roth (1925-2015), a German-born British mathematician.
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p
a__

q

Z_

c(a)
PE

holds for all rational numbers f, is conjectured to be false for all such «. However,
this is not known at the present time to be false for a single real algebraic number.

Champernowne’s Constant

The transcendental numbers (except e and m) we have encountered so far are tran-
scendental because their decimal (or dyadic) expansions have infinitely many runs
of zeros whose lengths grow so quickly that the simple truncation of the decimal
(or dyadic) expansion before each run of zeros leads to amazingly good approxima-
tions. However, for most numbers a collection of best rational approximations is not
so easily detected from their decimal expansions. For most numbers even the best
rational approximations are not close enough to allow us to conclude transcendency.
As an illustration of the difficulty of finding suitable rational approximations in
general, we consider Champernowne’s constant (resp. Mahler’s'” number).

Definition 1.4.23 Champernowne’s constant (Mahler’s number)
M =0.123456789101112131415161718192021 ...

is'® the number obtained by concatenating the positive integers in base 10 and inter-
preting them as decimal digits to the right of a the decimal point.

We mention a method worked out in detail in [11]. Firstly, rational approximations
created by long runs of zeros are used, and M is truncated just after the 1 that appears
whenever a power of 10 is reached. Following this truncation procedure, we see that
the number of decimal digits before each run of zeros exceeds the length of that run
by far. For example, to get a run of just one zero, M has to be truncated after 10 digits,
i.e., 0.123456789. In general, if we want to come across a run of k zeros, we have to
travel on the order of k - 10* digits from the previous run of k — 1 zeros. Thus, this
truncation method cannot generate rational approximations having relatively small
denominators that are sufficiently close to M in order to prove transcendence via
Liouville’s Theorem 1.4.9.

Using a more clever construction to build rational approximations to M, described
in [11], one can find approximations all having relatively small denominators that
allow to apply Liouville’s Theorem 1.4.9 to derive the following partial result.

Theorem 1.4.24 (Mahler 1937) The number
M =0.123456789101112131415161718192021 . ..

is either a transcendental number or an algebraic number of a degree at least 5.

17Kurt Mahler (1903-1988), a German/British mathematician.
3OEIS A033307.
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A proof can be found in [11, 38]. Theorem 1.4.24 does not guarantee that M is tran-
scendental, however, it does imply that M is neither a quadratic irrational, nor a cubic
or even quartic algebraic number. A more advanced analysis building on Liouville’s
Theorem 1.4.9 and Roth’s Theorem 1.4.21 would ensure that M is transcendental.

Theorem 1.4.25 (Mabhler 1937) Champernowne’s constant M is a transcendental
number.

A proof can be found in [11, 38].

1.4.4 Thue’s Theorem

Thue’s work was already a major breakthrough for those kind of questions:

Theorem 1.4.26 (Thue) Let o be a real algebraic number of degree d. Then, for
every § > 0, the inequality

I
g a1+

has only finitely many rational solutions g.
A proof can be found in [44].

Corollary 1.4.27 Let o be a real algebraic number of degree d. Then, for every
6 > 0, there is a constant c(«, 6) > 0 such that

pl_ cld)
oa— —| >

q|~ q%d+1+5
for all rational numbers g.

A proof can be found in [44].

The proof of Roth’s Theorem 1.4.21 is immensely more complex than those for
the theorems of Liouville and Thue, even though, the framework is in essence the
same. The proof of Roth’s Theorem 1.4.21 is not effective, that is, as noted in [30],
for a given «, the proof does not provide a method that guarantees to find the finitely
many rational numbers g satisfying

In other words, the proof does not give a lower bound on c¢(«, ). It is with respect
to the work of Thue and Siegel that Roth’s Theorem 1.4.21 is often named the Thue-
Siegel-Roth theorem.

We give an application of the Thue—Siegel-Roth theorem to Diophantine equa-
tions. It follows from the fact that the approximation exponent of an algebraic
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number « of degree d > 3 is strictly less than d. It appears that the full force of
Roth’s Theorem 1.4.21 is not needed, Thue’s Theorem 1.4.26 is sufficient.

Theorem 1.4.28 Let
ai X' +as X+ a1 X +ap € Z[X] (1.9)

be an irreducible polynomial over Q of degree d > 3. Then, for every nonzero integer
m, the Diophantine equation

ai X'+ ag XY+ @ XY 4 aY = m (1.10)

has only finitely many integer solutions (p, q).

A proof can be found in [47]. An equation of the form (1.10) is called a Thue
equation. It is interesting to note that equations of the form X?> — dY? = 1, where d
is a positive and a square free integer, the so called Pellian equations, have infinitely
many integer solutions, but equations of the form X* — dY? = 1 with an arbitrary
integer d have at most finitely many integer solutions. The books [11, 46] provide
nice introductions to various aspects of Diophantine approximation, transcendence
theory and Diophantine equations.

2 Linear Forms in Logarithms

2.1 Introduction

Hilbert’s problems form a list of twenty-three major problems in mathematics col-
lected, proposed and published by D. Hilbert'” in 1900. The problems were all
unsolved at the time and several of them turned out to be very influential for 20th
century mathematics. Hilbert believed that new machinery and methods were needed
for solving these problems. He presented ten of them at the International Congress
of Mathematicians in Paris in 1900. The complete list of his 23 problems was pub-
lished later, most notably an English translation appeared 1902 in the Bulletin of the
American Mathematical Society.

Hilbert’s seventh problem, entitled “irrationality and transcendence of certain
numbers”, is dealing with the transcendence of the number

o
for algebraic o # 0, 1 and irrational algebraic (3. He believed that the proof of this

problem would only be given in more distant future than proofs of Riemann’s hypoth-
esis or Fermat’s last theorem. Even though Hilbert was mistaken, he was correct when

YDavid Hilbert (1862-1943), a German mathematician.
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he expressed his belief that the proof of that problem would be extremely intriguing
and influential for 20th century mathematics. The seventh problem was solved inde-
pendently by Gelfond?® and Schneider?! in 1935. They proved that, if ay, an # 0
are algebraic numbers such that log a1, log o are linearly independent over Q, then

Brlogay + By logas #0

for all algebraic numbers 3}, 3.
In 1935, Gelfond found a lower bound for the absolute value of the linear form

A = pBiloga; + Balogas # 0.

He proved that
log |A] > —h(A)",

where h(A) is the logarithmic height of the linear form A, x> 5 and > is
Vinogradov’s notation for an inequality that is valid up to an unspecified constant
factor. Gelfond also noticed that generalization of his results would lead to a pow-
erful new analytic method by which mathematicians could prove a huge amount of
unsolved problems in number theory.

2.2 Basic Theorems and Definitions

In 1966 in 1967, A. Baker®’> gave in his papers “Linear forms in logarithms of
algebraic numbers I, II, IIT”, [1-3] an effective lower bound on the absolute value
of a nonzero linear form in logarithms of algebraic numbers, that is, for a nonzero

expression of the form
Z b,‘ log Q;,
i=1

where ay, . .., a, are algebraic numbers and by, .. ., b, are integers. This result ini-
tiated the era of effective resolution of Diophantine equations that can be reduced to
exponential ones (where the unknown variables are in the exponents). The general-
ization of the Gelfond-Schneider theorem was only the beginning of a new and very
interesting branch in number theory called Baker’s theory.

Definition 2.2.1 Let aj, a,...,a, be n (real or complex) numbers. We call
aiy, Qg, ..., ay linearly dependent over the rationals (equivalently integers) if there
are rational numbers (integer numbers) ry, 75, . . ., r,,, not all zero, such that

20 Alexander Osipovich Gelfond (1906-1968), a Soviet mathematician.
2lTheodor Schneider (1911-1988), a German mathematician.
22 Alan Baker (1939), an English mathematician.
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riay +ron+ -+ o =0.

If a1, ay, ..., a, are not linearly dependent over the rationals (integers), they are

linearly independent over the rationals (integers).

Definition 2.2.2 A linear form in logarithms of algebraic numbers is an expression
of the form
A= [+ bPilogas + Bhlogas + -+ + By log ay,

where o, i =1,...,nand §;, i =0, ..., n are complex algebraic numbers and

log denotes any determination of the logarithm.

Remark 2.2.3 We are interested in the degenerate case when 5y = Oand 3; € Z, i =
1, ..., n.Inthe sequel we write 3; = b;, i = 1, ..., n and log always represents the
principal value of the complex logarithm.

A generalization of the Gelfond-Schneider theorem to arbitrarily many logarithms
was obtained by Baker in 1966 [1]. In 1970, he was awarded the Fields Medal for
his work in number theory, especially in the areas of transcendence and Diophantine
geometry. One of his major contributions is the following

Theorem 2.2.4 (Baker 1966) If oy, aa, ..., o, # 0, 1 are algebraic numbers such
thatlog ay, log an, ..., log ay,, 27i are linearly independent over the rationals, then

Go+ Bilogay + -+ + By loga,, #0

for any algebraic numbers By, 1, . .., B, that are not all zero.
A proof can be found in [1].

Remark 2.2.5 Linear independence over the rationals implies linear independence
over the algebraic numbers (see [4]).

Theorem 2.2.6 (Baker 1967) The number e‘aoa? b af” is transcendental for all
nonzero algebraic numbers «;, i =1,...,nand B;, i =0, ..., n. Furthermore,
the number a“f‘ . af” is transcendental if 1, B, ..., B, are linearly independent
over the rationals.

A proof can be found in [3].
Definition 2.2.7 The height H of a rational number f is defined by

- (2) — max{|pl. Iq]}.
q

Definition 2.2.8 LetIL be anumber field of the degree D, o € IL an algebraic number
ofdegreed | Dandlet > ), _, ax X ¥ be its minimal polynomial in Z[ X ] with ay # 0.
We define the absolute logarithmic height h(a) by
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h —1 1 1 0 2.1
(@) = — | log(lah + > max{log(las, 0)} ), .1)

l<i<d
where «; are the conjugates of a.

Example 2.2.9 The absolute logarithmic height % of a rational number g is

p
h (;) = log max{|pl. lg[}.
Example 2.2.10 Let a = +/2. The absolute logarithmic height of « is

h(a) = h(\/i) = % <log |\/§| +log| — ﬁ|) = %logl

Example 2.2.11 Let
1

T3S

Before calculating the absolute logarithmic height of «;, we compute the degree of

o

the field extension Q (ﬁg) over QQ as

o(rt) -+

so the degree of the algebraic number o = ﬁ@ over Qis 4.
The minimal polynomial of «; is given by

o= (= ) (=)

(i) )
:x4—4x2+%,

over the rationals, and
P, (x) = 4x* — 16x + 1

over the integers. The conjugates of o are

1 1 1 1
TG T BrSs T BB YT A

Hence, using (2.1), the absolute logarithmic height of «; is equal to

o
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wor0(517)

1( 1 1
= - 10g|4|+rnax[log —_— ,0]+max[log —',0}+
4 V3+4/5 —V3+45
1 1
+ max § log | ———= ,0] +max[log —',0})
Kl ems VRN
= 0.689146.
Let L. be a number field of degree D, oy, ay, ..., o, nonzero elements of L and

let by, by, ..., b, be integers. We define
B = max{|bi|, |ba], ..., |bul}

and

b b
A*=alay .ol — 1.

We wish to bound | A*| from below, assuming that it is nonzero.
Sincelog(1 + x) is asymptotically equal to x as |x| tends to 0, our problem consists
of finding a lower bound for the linear form in logarithms

A=bilogay +---+b,loga, + by log(—1),

where b, ; = 0if L is real and |b,+1| < nB, otherwise.

Definition 2.2.12 Let Ay, A,, ..., A, be real numbers such that
A > h/(aj) :=max{Dh(ca;), |logaj|, 0.16}, 1 <j <n.

Then /' is called the modified height with respect to the field L.
A. Baker, E.M. Matveev?® and G. Wiistholz>* proved the following theorems.
Theorem 2.2.13 (Baker—Wiistholz 1993) Assume that

A=bloga;+---+byloga, #0
for algebraic o; and integers b;, i =1, ..., n. Then
log |A| > —18(n + D!In" T (32D)" " log(2nD)h" (ov1) . . . h" (v, log B,

where D is the degree of the extension Q(ay, ..., a,), B=max{|b;|, i =1,...,n}
and h" (o)) = max{h(a), 5|log(a)l, 5}.

23 Eugene Mikhailovich Mateveev (1955), a Russian mathematician.
24Gisbert Wiistholz (1948), a German mathematician.
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A proof can be found in [6].
Theorem 2.2.14 (Matveev 2001) Assume that A* is nonzero. Then

A > —=3-30""(n 4+ 1)°>°D?*A, ... A, (1 +log D)(1 + lognB).
If L is real, then

log |[A*| > —1.4-30"3(m + D**D?A, ... A,(1 +log D)(1 + log B).
Theorem 2.2.15 (Matveev 2001) Assume that
A=bloga;+---+b,loga, #0

for algebraic o; and integers b;, i = 1, ..., n. Then

log|Al > —2-30""(n + 1)°D?A, ... A,(1 4+ log D)(1 + log B),

where B = max{|b;|, 1 <i < n}.

Proofs for Matveev’s theorems can be found in [39].

2.3 A Variation of Baker—Davenport Lemma

For a real number x we introduce the notation
||x]| = min{|x —n|:n € Z}
for the distance from x to the nearest integer.

The following result is a variation of a lemma of Baker and Davenport? [5], it is
due to Dujella®® and Pethd,?” [22].

Lemma 2.3.1 Let N be a positive integer, g a convergent of the continued fraction

expansion of an irrational number k such that g > 6N and let | be some real number.

Let € = ||ug|| — N||kql||. If € > O, then there is no solution to the inequality
O<mk—n+pu<AB™"

in positive integers m and n with

25Harold Davenport (1907-1969), an English mathematician.
26 Andrej Dujella (1966), a Croatian mathematician.
27 Attila Pethd (1950), a Hungarian mathematician.
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log(Ag /<)

<m <N.
logB — —

Proof Suppose that 0 < m < N. Then
m(kq — p) +mp —nq + pqg < qAB™".
Thus,

gqAB™ > |ug — (nq — mp)| — ml|kq|| > ||luqll — Nllkq|| == ¢,

from where we deduce that
log(Ag/¢)
m< ———.
log B

Remark 2.3.2 The method from Lemma 2.3.1 is called Baker—Davenport reduction.

Example 2.3.3 Find all nonnegative integers that satisfy
0 < |x1log2 — xylog3 +1log5| < 40e X, 2.2)

where X = max{x;, x,} < 10%.
Let
x1log2 — x;log3 +1log5 > 0.

First, we divide (2.2) by log 3, in order to get inequalities of the form as in Lemma

2.3.1. We get
log2 log 5 40

log3 Tt log3 = log3e

Now, we define

log?2 log 5 40

, U= , A=——, B=e.
log3 log3

KR =
log3

We observe that the inequalities A > 0, B > 1 are satisfied.

We shall try to find a convergent g of the continued fraction expansion of x that
satisfies the condition ¢ > 6N. Since x does not have a finite or periodic continued
fraction expansion, we give only the first 25 terms of its continued fraction expansion:

k=10,1,1,1,2,2,3,1,5,2,23,2,2,1,1,55,1,4,3,1,1,15,1,9,2, ... 1].
The first convergent ’3’ that satisfies the inequality ¢ > 6N is

p _ 35270892459770675836042178475339

g 55903041915705101922536695520222 "
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We therefore obtain
[lkg||N ~ 0.007651391, [lugll = 0.466714899.

Hence,
e =|lpuqll — llkg|IN = 0.4590635078 > O.

The given inequality does not have any solution in integers m such that

40 i
In (]0g3 4 0.4590635)

Ine

<m<N.

We observe that m < 77.4746, so N = 77. Repeating Baker—Davenport reduction
one more time, but now with N = 77, we find convergents g of the continued fraction
expansion of x that satisfies the condition > 6 N, N = 77. The first such convergent
is

P 306

g 485

We get
[lkg|IN =~ 0.071647126, [lng]] =~ 0.487842451.

Finally, we obtain
e~ 0.4161953257.

After applying Baker—Davenport reduction, we get m < 10.6556, resp. N = 10.
Therefore, we can find pairs (xi, x7) satisfying the introduced inequalities. Using a
simple computer algorithm, it turns out that the following pairs

0,0),(0,1),(1,0), (1, 1), (1,2),(2,0), (2, 1), (2,2),(3,0), (3,1), (3,2), (3,3), 4, 3)

satisfy (2.2).

For
x1log2 — xplog3 +log5 < 0,
we have
log3 log5 40 _y
O<xp— —x1—— < ——e .
log2 log2 log2
We define
log 3 log 5 40
/ﬁj:—7/,[,=——’ = —, B=€.
log2 log2 log?2

Then the inequalities A > 0, B > 1 are satisfied. The next step is to find a convergent
g of the continued fraction expansion of x satisfying ¢ > 6/N. For
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p _ 1522076097743333607781100045449522888
g 960323097266207036440783078900790949

we get
e = 0.124406274 > 0.

Analogously, we find N = 89 after the first reduction and N = 13 after the second
one. Finally, we get that the following pairs

0,2),(0,3),(1,3),(2,3),(2,4),3,4), 4,4, (5,5).

that satisfy (2.2), as well.

2.4 Applications

For the applications of linear forms in logarithms to Diophantine equations, the
strategy is as follows: first, we use various algebraic manipulations to associate
“relatively big” solutions of the equations to a “very small” value of the specific
linear form in logarithms which implies that we are able to find upper bound for
values of the linear form in the logarithms that corresponds to a solution of the
equation. If we compare that upper bound with the lower bound (using the Baker—
Wiistholz Theorem 2.2.13 or Matveev’s Theorems 2.2.14 and 2.2.15), we get an
absolute upper bound M for the absolute values of the unknowns of the equations.

It often happens that the upper bound M is not too large and using various methods,
including reductions and sieves, we can find the complete set of solutions below
M. In order to realize this, it is crucial to get a reasonably small value for M.
Its size is directly related to the size of the “numerical constant” that appears in
Matveev’s Theorem 2.2.14 which is 1.4 - 30"+3n*>, Many celebrated Diophantine
equations lead to estimates of linear forms in two or three logarithms and in these
cases Matveev’s Theorem 2.2.14 gives numerical constants around 10'2 and 104,
respectively.

2.4.1 A Lower Bound for |2 — 3"|
One of the simplest applications of linear forms in logarithms is to prove that
|2™ — 3"| tends to infinity with m + n; in addition one can even get an explicit
lower bound for this quantity. The following material is presented in detail in [14].
Let n > 2 be an integer and m and m’ are defined by the conditions
2" < 3" < 23" — 2" = min{3" — 2", 2" — 3",

Then
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2" —3" < 2™, (m —1)log2 < nlog3 < (m+ 1)log?2,
and the problem of finding a lower bound for |2 — 3"| clearly reduces to this special
case.
Consider the linear form
A=3"27"—1.
Applying Matveev’s Theorem 2.2.14, we get
log|A| > —co(1 + logm).

It is easy to verify that we can take co = 5.87 - 108. Hence, the following theorem is
proved.

Theorem 2.4.1 Let m, n be positive integers. Then
|2m _ 3n| > 2m (en/l)75.87~108

This theorem enables us to find the list of all powers of 3 that increased by 5 give
a power of 2.

Corollary 2.4.2 The only integer solutions to the Diophantine equation
2" —3"=5
are (m,n) = (3, 1), (5, 3).
Applying Theorem 2.4.1, we get
5> 2m(em)_5'87']08,

which implies
log5 > mlog2 —5.87 - 108(1 + logm),

log2
log3

so that m < 2.1-10'° and n < m2% < 1.4-10'°. Moreover, the equality 2" —

3" =5 implies

—n

‘ log 3 5
m-—n—-1|<

log?2 log?2
Since
5 n 1
log2 2n

for n > 4, we observe that, if (m, n) is a solution to our problem with n > 4, then %

. . . . 1
is a convergent of the continued fraction expansion of £ = 1333- Also, forn < N =
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1.4 - 10'° the smallest value of [m — n&| is obtained for the largest convergent of the
continued fraction expansion of ¢ with the denominator less then N. We thus get

5
log2

. ‘ log3
3" > |m—n
log2

‘ >107"", 0<n<14-10".

Hence, n < 24. Now, it is very easy to prove the initial statement.
More generally, the following result can be obtained.

Theorem 2.4.3 (Bennett, [7]) For given nonzero integers a, b, ¢ the equation
a” —b"=c

has at most two integer solutions.

2.4.2 Rep-Digit of Fibonacci Numbers
The Fibonacci sequence (F},),>o is given by
Fb=0 F=1, ..., Fuo=F+ F, n>0.
Its characteristic equation is
fO=X-X-1=X-a)(X-p),
where a = ”Tﬁ and 0 = %g We can also write

o' — ﬂn
a—0
In this subsection we are concerned with those Fibonacci numbers F,, that have

equal digits in base 10. Putting d for the repeated digit and assuming that F, has m
digits, the problem reduces to finding all solutions of the Diophantine equation

F, =

, n>0.

10" — 1

F,=dd...dyy=d10" "' +d10" '+ ... +d=d T

,defl,2,...9).
2.3)

Theorem 2.4.4 The largest solution of Eq. (2.3) is Fip = 55.

Proof Suppose that n > 1000. We start by proving something weaker. Our goal is
to obtain some bound on n. We rewrite Eq. (2.3) as

an_ﬂ'l_dlom_l
N
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Next we separate large and small terms on both sides of the equation. It is easy to
obtain o = _?l orf3 = %‘ which implies

d/5

o — —10m =|g" - < 8"+ a4 5225 (24

f
9

Our goal is to get some estimates for m in terms of n. By induction on #, it is easy

to prove that
—1

"< F,<a !, n>3.
Thus,
log 10
Q"2 <F,<10" or n <m o8 +2,
oga
and
10" ' < F, <™.
On the other hand,
log 10 log 10 log 10 log 10
n>0g (m_1)+1:Og m — 08 —1 >0g m —
log o log o log o log v
‘We deduce that
log 10
nelcom—4, cym+ 2], cl = =4.78497..
log v
Since ¢; > 4, for n > 1000, we have n > m. Hence,
2.5 1

a0 = 1| < —

d~/5
4= |25 <
9 an an—2

which leads to

d~/'5
log | A| =logé —nloga+mlogl10 < —(n —2)loga.

Let

d/5

011=T, Qy = Q, 043210, b1=], b2=—n, b3=l’)’l,

as well as L = Q(ovy, a2, a3) = Q(+/5), so D = 2 and B = n. The minimal poly-
nomial of «; over Z is
P, (X) = 81X* — 5d°.
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Hence,
1
h(ag) < = (10g81 +210g«/_) = 510g405 < 3.01,
and ’
h(ap) = E(loga + 1) <0.75, h(a3) =logl0 < 2.31.
We may take

A1 =6.02, Ay =15, A3 =4.62.
Then Matveev’s Theorem 2.2.14 gives us a lower bound for A, namely
log A > —1.4-30%-3%.4(1 +10g4)6.02 - 1.5 - 4.62(1 + logn).
Comparing the above inequality with
logA < —(n —2)loga,

we get

(n —2)loga < 1.41-30%-3*5 . 4(1 +10g4)6.02 - 1.5 - 4.62(1 + logn),

and
n<4.5-10".

Reducing the bound. Observe that the right-hand side of the inequality

is negative. Writing
z =loga; —nloga; + mlogas,

we get that

2.5
—— <1—-¢"<0.
an

In particular, z > 0. Furthermore, we have e* < 1.5 for n > 1000. Thus,

2.5¢* 4

0<et—1< .
an an

Since e — 1 > z, we get

35
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1 1 4
O<m 0893 —n+ o < <i.
log ay log a; a"loga, o

We notice that
( 10™d \/3 )
— <2
an

. 10mdV/5
« >—2 >

and therefore

10™.

log aj log o 9
O<m|{——)—n+ < —.
log vy log 10m

Since n < 4.5 - 10'3, the previous inequality implies m < 9.5 - 10'4. With

Hence,

_logas log o

T logas’ r= logas’

we get
O<km—n+p< TR
where m < N := 10'5. Observe that
P35 ~970939497358931987
g 202914354378543655

and g35 > 202914354378543655 > 2 - 10'7 > 6N.
For each one of the values of d € {1, ..., 9}, we compute ||g35u||. The minimal
value of this expression is obtained when d = 5 and is

0.029... > 0.02.

Thus, we can take ¢ = 0.01 < 0.02 — 0.01 < ||gssu|| — Nllgssx]||. Since

M =21.2313...,

log B
we observe that there is no solution in the range m € [22, 1015]. Thus, m < 21,
and n < 102. However, we have assumed that n > 1000. To finish, we compute the
values of all Fibonacci numbers modulo 10000 (their last four digits) and convince
ourselves that there are no Fibonacci numbers with the desired pattern in the range
11 < n < 1000. This example stems from [25, 36].
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2.4.3 Simultaneous Pellian Equations

The following result is due to Baker and Davenport and was historically the first
example of a successful use of lower bounds for linear forms in logarithms of alge-
braic numbers; it actually allowed the effective computation of all common members
of two binary recurrent sequences with real roots; for more details see [19, 25, 36].

Theorem 2.4.5 The only positive integer d such thatd + 1, 3d + 1, 8d + 1 are all
perfect squares is d = 120.

Proof Ifd + 1, 3d 4+ 1, 8d + 1 are all perfect squares, then we write
d+1=x% 3d+1=y> 8d+1=7".
Eliminating d from the above equations, we get
3x2—y2=2, 8x2—Z2=7,

which is a system of simultaneous Pellian equations since it consists of two Pellian
equations with a component in common. If we want x to be positive, the solutions
of the above system are

y4+xv3=(1+V3)2+V3)",

2+ xV/8 = (£1 +V8) 3 +V8)",
where m, n are nonnegative integers. Let the sequence (v,,) be given by the recursion
formula

vo=1, vi =3, vpio =4Vt — Vs

and putx = w;f’_, for some n > 0, where the sequences (w:[), (w,) are defined by

+ _ +_ + Gt +
wy =1, wi =4, w ,=6w,, , —w,, neN,
wy =1, wy =2, w,, =6w,,, —w,, neN.

We want to solve the equation

+—
Uy =W,

For this aim we shall use the following lemmas.

Lemma 2.4.6 [fv, = w/~, m,n > 2, then
0 < |A] <7.3Q2+~3)7",

where A is
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24/2(1 4+ 4/3)

. T
Proof The expression v,, = w, "~ implies

(1+/3)2+V3)" — (1 —V/3)(2 = V/3)"
2.3
(2«/_:i:1)(3+2x/_)"+(2«/—:|c1)(3—2«/_)”
42

(2.5)

Obviously,

o s 4 +/3)2+V3)"
m 2\/§ ’

b V2 +1)(3+2v2)"
n 2\/§ 4

hence

(14++/3)2+/3)" - V2 + D3 +2v2)"
23 22 ’

V32V2+1)
32/t <« X2V 2T
( e V234 1)

(2 —V3)" < 1.7163(2 — v/3)".

Dividing (2.5) by 2‘/}1 3+ 232 2)", we obtain

2V2(+V3)  2+V3)”
V32V2+1) (B+2V2)
272+ 1 2V2(/3-1)
3-2V2)" + 2—V/3)"(3 - 2v2)"
2[—1( 2 «/_(2«/_—1)( K ?
22+ 1 5 o 2V2(/3-1)
—-1.7163 PIEDVAL ) R S AE——
RV @-3) +f3(2f—1)
<7292 —/3)¥",

1171632 — /3)*"

which proves Lemma 2.4.6.

Lemma 2.4.7 Leta € R\{0},a > 1. If |x| < a, then

|log(1 +x)| < WM. (2.6)

Proof We observe that the function
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log(1 + x)
X

is positive and strictly decreasing for |x| < 1. Consequently, for |x| < a, Inequality
(2.6) holds for x = —a.

We shall investigate the following linear form in three logarithms:

2V2(V3+1)
A =mlog2 ++/3) —nlog(2v/2 +3) +log ——*—— .
mog(+«/_) nog(\/_+ )+Ogﬁ(2ﬁil)
Let \/_ \/_
2/2(1 +/3)
=243, a;=3+2V2, a3 =" _ """,
@ =2+V3, 0 =3+2V2, a3 V3V2+ 1)

by=m, by=—-n, b3 =1, D=[Q(ay, a2, a3) : Q] =4.
The minimal polynomials over Z are

Py, (x) = x* —4x + 1,
P,,(x) = x2—6x +1,
P, (x) = 441x* — 2016x> + 2880x? — 1536x + 256,

hence
1
h () = 5 log@+ V3) < 0.6585,
1
W' () = 5 log( + 2+/2) < 0.8814,

and

h'(0s) = l1og 44128 VDG +V3) 24 = VDG +V3) < 1.7836.
4 21 21

Applying the Baker—Wiistholz Theorem 2.2.13, we get a lower bound for A, namely
log|A| > —3.96 - 10'° log m.
According to Lemma 2.4.6, we may conclude that
m < 6-10'.

This upper bound is rather big so we reduce it using Baker—Davenport reduction.
Applying Lemma 2.4.6, we get the upper bound
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2423+ 1
A =mlog(2 + «/§) —n 10g(2\/§ + 3) + log V234 1)

m < 729(2 + ﬁ)_zm.
Let

1 1 .
N =610, 5= 08x  _logas 73
log a; log ay

, B=Q2++3)7%

- log a;

The next step is to find a convergent g of the continued fraction expansion of kK =
}Og %L such that ¢ > 6N. The first such convergent is
0g a2

p _ 742265900639684111
g 993522360732597120°

Before calculating e, we observe that

llkg||N ~ 0.0187822,  [|uql|| ~ 0.00762577.

Unfortunately,
€ =|lugll — [lkq|IN < 0.

If we want to use Baker—Davenport reduction, we have to find another convergent £
of the continued fraction expansion for which the condition € > 0 is satisfied.
The next convergent g of k that satisfies condition g > 6N is

p _ 2297570640187354392

g 3075296607888933649

It follows that
e =|lpqll — |lkgq||N =~ 0.296651 > 0.
The given inequality does not have any solutions in integers m such that

log (%)

<m<N.
log B

Thus, the new upper bound for m is 17. Repeating the procedure once again, we get
m < 4, and there are only two solutions, namely

v=wy =1,
which is the trivial solutions of our Diophantine equation with d = 0, and
v, =w, =11,

which suits the case when d = 120.
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2.4.4 Fibonacci Numbers and the Property of Diophantus

The next result is due to Dujella [17]. He proved that, if k and d are positive integers
such that the set

{Faks Fakt2, Forya, d}
is a D(1)-quadruple, then d = 4 Fj1 For42 For+3, Where Fy is k-th Fibonacci num-
ber. This is a generalization of the Theorem 2.4.5 of Baker and Davenport for k = 1.

Here a set {a, a», a3, a4} of distinct positive integers is called a D(1)-quadruple, if
a;a; + n is a perfect square for every i, j with 1 <i < j < 4.

Proof (Sketch) Let k > 2 be a positive integer and
a= Fy, b= Fyi, ¢ = Fya.
Then ¢ = 3b — a. Furthermore,
ab+1=b—a)?, ac+1=>b% bc+1=(a+b)>.

If we assume that d is a positive number such that {a, b, c, d} has the property D(1)
of Diophantus, it implies that there exist positive integers x, y, z such that

ad+1=x* bd+1=y* Bb—a)d+1=27%
Eliminating d, we get a system of Pellian equations
ay* —bx*>=a —b, az*>— 3b—a)x® =2a — 3b. (2.7)
Dujella proved the following lemmas.

Lemma 2.4.8 Let x, y, z be positive integer solutions of the system of Pellian equa-
tions (2.7). Then there exist integers m and n such that

X = Uy = W,
where (v,,) is given by

vo=1, vy =b, V12 =20 —a)vys1 — Vy, m € Z,
and the two-sided sequence (w,) is defined by

wo=1, wy=a+b, w,y o =2bw,y 1 —w,, n €.
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In order to apply Baker’s method, it is convenient to consider the two-sided
sequence as two ordinary sequences. Therefore, instead of the sequence (v;;)mez,
Dujella considered two sequences (Vy, )m=0 and (v, )m <o and applied the same method
for the sequence (wy,),cz. Thus, four equations of the form

Uy = Wy

have to be considered.

Lemma 2.4.9 Ifv,, = w,, and m # 0, then

0 <mlog(b —a+ ~ab) —nlog(b + +ac) +

+ b
+ log M < 4(b —a + Vab)™".
Vb(£/a + /c)
In the present situation, [ = 3,d = 4, B = m and
+ b
oy =b—a+ab, oy =b+ Jac, a3 = M’
Vb(£a + J/¢)

1 1
h (o) = 3 logay < 1.051og, W' () = Elog ay < 1.271oga,

h (a3) = %log(bc(c —a)(va +vb)?) < 2.5210ga,

log4(b — a + ab)™" <loga™*" = —2mloga.

Hence,
2mloga < 3.822- 10" .3.3611og> alogm,

and

< 6.423 - 10" log? a. (2.8)
logm

Applying Lemma 2.4.8, we get
|m| >2b—2 > 4a. (2.9)

Comparing (2.8) and (2.9), we obtain

— < 6.423-10",

log’m
which implies m < 8 - 10%°, a = Fp; < 2 - 10%°. The author has proved the theorem
for k > 49.
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It remains to prove the theorem for 2 < k < 48. Dujella used Lemma 2.3.1 with

1 1 4
p= et = D8, B = (b—a+ vab)?

o logan’ " logan’ T logas’

as well as N = 8 - 10%° and gets a new bound m < Ny, where Ny < 12. Repeating
the method one more time, he obtained a new upper bound m < 2 which completes
the proof.

2.4.5 The Non-extendibility of Some Parametric Families
of D(—1)-Triples

Definition 2.1 Let n be a nonzero integer. A set {ay, ..., a,} of m distinct positive
integers is called a Diophantine m-tuple with the property D(n), or simply a D(n)-
m-tuple, if a;a; + n is a perfect square for any 7, j with 1 <i < j <m.

The set {1, 3, 8, 120} considered in the previous Sect.2.4.3 is known as the first
example of a D(1)-quadruple found by Fermat.?® In 1969, Baker and Davenport
proved that {1, 3, 8} cannot be extended to a D(1)-quintuple (see [5]). This result
was generalized by Dujella [15], who showed that the D(1)-triple {k — 1, k + 1, 4k}
for an integer k cannot be extended to a D(1)-quintuple, and by Dujella and Peth6
[22], who proved that the D (1)-pair {1, 3} cannot be extended to a D (1)-quintuple. It
is a conjectured that there does not exist a D (1)-quintuple. The most general results
on this conjecture are due to Dujella [ 18] who proved that there does not exista D(1)-
sextuple and that there exist at most finitely many D (1)-quintuples. There have been
some improvements on those results recently, but the conjecture still remains open.

In contrast to the case n = 1, it is conjectured that there does not exist a
D(—1)-quadruple (see [16]). The first important step in this direction was done by
Dujella and Fuchs [21] who showed that, if {a, b, ¢, d} is a D(—1)-quadruple with
a < b < c <d,thena = 1. Later Dujella, Filipin and Fuchs [23] showed that there
exist at most finitely many D(—1)-quadruples. The number of D(—1)-quadruples
is now known to be bounded by 5 - 109 (see [24]). However, this bound is too
large for verifying the conjecture by present day computers. Recently, He and Togbé
[29] proved that the D(—1)-triple {1, k> 4 1, k* 4 2k + 2} cannot be extended to a
D(—1)-quadruple. Their result and the proof appears to be very important because
of their use of a linear form in two logarithms (instead of three) for the first time; this
leads to a much better upper bound for the solutions which shortens the reduction
time significantly. In this subsection, we extend their method and apply it to several
other families of D(—1)-triples. Let us also mention that it is not always possible to
use linear forms in two logarithms. In the sequel we only explain the idea and give
a sketch of the proofs; more details can be found in [26].

28Pierre de Fermat (1601-1665), a French mathematician.
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Introduction
Let {1, b, ¢} be a D(—1)-triple with b < c¢. We define positive integers r, s and ¢ by
b—1=r> c—1=5> bc—1=1%
Then, s and ¢ satisfy
12 — bs? = r. (2.10)

It can be proven that Diophantine equation (2.10) has at least three classes of solutions
belonging to
(t0, 50) = (r,0), (b—r,£(r — 1))

(see [27, p. 111]). We call a positive solution (¢, s) of (2.10) regular if (¢, s) belongs
to one of these three classes. However, it is possible for a solution (¢, s) not to be
regular. In general, we do not know in advance how many classes of solutions we
have, except for some special type of b.

Remark 2.4.10 An example having non-regular solutions can be found in the case of
r = 2¢?%, where g is a positive integer. Then (2.10) has two more classes of solutions
belonging to

(5. 56) = (24° + q. £).

Our goal is to prove the following theorem.

Theorem 2.2 Let (t, s) be a regular solution of (2.10) and let c = s* + 1. Then, the
system of Diophantine equations
y? —bx? =r?,

ZZ—C)CZZSZ

has only trivial solutions (x, v, 7) = (0, &r, £s). Furthermore, if r = 2q° for some
positive integer q, then the same is true for any positive solution (t, s) of (2.10)
belonging to the same class as one of 2q> + q, £q).

By [23, Theorem 1] we have that ¢ < 115° (using the hyper-geometric method),
hence the above-mentioned result of He and Togbé shows that it is enough to prove
Theorem 2.2 for ¢ = ¢; with 2 < i < 7, where
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c=4r* +1,

c3=(@r =4 +3r —1)" + 1,

ca =@ +47 +3r + 1) 41,

cs = (8rt +4rH)? + 1,

ce = (16r° — 16r* +20r° — 127 +5r — 1)* + 1,
c7 = (16r° +16r* +20r° + 12r2 +5r + )2 + 1

(see [27, p. 111]), and in the case of r = 2q2, additionally for ¢ = cl/. withl <i <5,
where

i =g’ =) +1,

ch=(16¢° +4¢> +¢)* + 1,

cy = (64q" — 16¢° + 84> — q)* + 1,

¢, = (256¢° 4 649" +48¢° + 84> + ¢)* + 1,

¢t = (1024q"" — 256¢° +2569" — 48¢° + 12¢° — ¢)* + 1.

It is easy to see that Theorem 2.2 immediately implies

Corollary 2.4.11 Let (t, s) be either a regular solution of (2.10) or, in the case of
r = 2q* for some positive integer q, a regular solution or a positive solution of
(2.10) belonging to the same class as one of 2q> + q, £q). Let ¢ = s> + 1. Then,
the D(—1)-triple {1, b, ¢} cannot be extended to a D(—1)-quadruple.

It was proven in [27, p.111], that if r is prime, then (2.10) has only regular
solutions. We can generalize this to find that, if » = p* or 2p* for an odd prime p
and a positive integer k, then (2.10) has only regular solutions, except in the case of
r=2 pk with k even. In the latter case, there are exactly five classes of solutions.
Furthermore, if b = p or 2p*, then (2.10) has only regular solutions (b = p* can
occur only if k = 1, since b = r? + 1; [35]). Hence, we get another corollary of the
Theorem 2.2.

Corollary 2.4.12 Let r be a positive integer and let b = r* + 1. Suppose that one
of the following assumptions holds for an odd prime p and a positive integer k:
()b =p; (i) b=2pk (ii)r =p*; (v)r =2pt

Then, the system of Diophantine equations

y: —bx? =r2,

2 —ex? =2
has only the trivial solutions (x, y, 7) = (0, £r, £s), where (¢, s) is a positive solu-
tion of (2.10) and ¢ = s* 4+ 1. Moreover, the D(—1)-pair {1, b} cannot be extended
to a D(—1)-quadruple.



46 S. Bujaci¢ and A. Filipin
The System of Pellian Equations

Let{l, b, c}bea D(—1)-triplewithd < c,andletr, s, t be positive integers defined by
b—1=r%c—1=s2 bc—1=1t% Suppose that we can extend the triple {1, b, c}
to a D(—1)-quadruple with element d. Then, there exist integers x, y, z such that

d—1=x* bd—1=y> cd—1=7.

Eliminating d, we obtain the system of simultaneous Diophantine equations

2?2 —cxt =52, 2.11)
bz —cy*=c—b, (2.12)
y2 — bx? =r. (2.13)

We may assume that ¢ < 11b° (according to Theorem 1, [23]). The positive solutions
(z,x) of Eq. (2.11) and (z, y) of Eq. (2.12) are respectively given by

2+ x/e =5+ /0" (m=0),
Vb + yJe = (Vb £/t + Vb)) (n > 0)
(see Lemmas 1 and 5 in [23]). Using that y is a common solution of Egs. (2.12) and
(2.13), He and Togbé proved that the positive solutions (y, x) of Eq. (2.13) are given

by
y+xvb=rr+vb)?, 1>0,

and, moreover, they proved the following proposition.

Proposition 2.4.13 ([29, Proposition 2.1]) The D(—1)-triple {1,b,c} can be
extended to a D(—1)-quadruple if and only if the system of simultaneous Pellian
equations

(@/9)® —c(x/s)’ =1,
»/r)? = bx/r)? =1
has a positive integer solution (x, y, z).

Proposition 2.4.13 implies that we can write x = sv,, = ru;, where

a2m _ a—2m ﬁZl _ ﬁ—Zl

and Uy = —
2c ! 2/b

are positive solutions of the Pellian equations Z> — cX?> =1 and Y> — bW?2 =1,
respectively, where o« = s + /¢ and 3 = r + +/b. We have mentioned before that
we cannot always use linear forms in two logarithms. More precisely, for our approach

Uy =
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« and (3 should be near to each other or one of them has to be near to a power of the
other one.

Gap Principles
We next consider the extension of D(—1)-triples {1, b, ¢} with
/ / U / /
¢ = (3, (3, C4, C5, C6, C7, Cp, Cy, C3, Cy, Cq

from above. We shall establish gap principles for these special cases.
Let us define the linear form A in three logarithms

svb

ryc’

The proofs of the following lemmas can be found in [29]; the results rely on Baker’s
theory of linear forms in logarithms.

A =2mloga —2llog 5 + log

Lemma 2.4.14 ([29, Lemma 3.1]) If sv,, = ru; has a solution with m # 0, then
b
0<A<—— 74
<A< Py Jé]

Lemma 2.4.15 ([29, Lemma 3.3]) If sv,, = ru; has a solution with m # 0, then
mloga < llog 3.

The proofs of the following lemmas can be found in [26]; these results are based
on the property that an algebraic number « is close to some power of (3.

Lemma 2.4.16 Letc = ¢, = 4r* + 1. If the equation sv,, = ru; has a solution with
m # 0, then

A
m > E~alogﬁ,

where A is a positive integer.

Lemma 2.4.17 Letc =c3 = (4r> —4r* +3r — 1)> + lorc = ¢4 = (4r° +4r* +
3r + 1)? + 1. If the equation sv,, = ru; has a solution with m # 0, then

3A—-1 8r

1 ,
3 5 og 3

m >

where A is a positive integer.

Lemma 2.4.18 Letc = ¢ = (4> — q)* + 1. If the equation sv,, = ru; has a solu-
tion with m # 0, then

A
m > g~alogﬁ,
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where A is a positive integer.

Similar lemmas for other choices of ¢ can be obtained. The following table contains
information how to choose A and a lower bound for m.

c ‘ A ‘ a lower bound for m

T
C5‘ 4m — 1 ‘ m>A~4r82’ﬁlog[)’

06‘ Sm—1 ‘ m>%%1~32’10gﬂ

07‘ [ —5m ‘ m>5A5—*1-32’10g5
c/z‘ 21 — 5m ‘ m > IOA 4. q%log 3
cg‘ Tm — 21 ‘ m>— q*log 3
cﬂ 21 — 9m ‘ m > ISA 4. q%log 3
cg‘ 11m—21‘ m>7~q 2log 8

Linear Forms in Two Logarithms

Next we shall apply the following result due to Laurent,” M. Mignotte*® and
Y. Nesterenko®! to our linear form A.

Lemma 2.4.19 ([33, Corollary 2]) Let v, and ~y, be multiplicatively independent,
positive algebraic numbers, by, b, € 7 and

A = by logvyi + by logs.

Let D := [Q(y1,7) : Ql, fori = 1,2 let

D 'D

1 i1
hy zmaxih(w), [ log 3| D],

where h(7) is the absolute logarithmic height of v, and
b b
b > |51 n ] _
Dhy, = Dhy

If A # 0, then

21 1
log |A| > —24.34 - D4(max[logb/+014 5]) hyhs.

29Michel Laurent, a French mathematician.
30Maurice Mignotte, a French mathematician.
31yuri Valentinovich Nesterenko (1946), a Soviet and Russian mathematician.
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This lemma has also been used by He and Togbé in [29]. We are dealing with the
same linear form, but only with a different c. Using the same method to trans-
form our form to a linear form in two logarithms, then applying Lemma 2.4.19 for
c=c¢,03,...,07,¢), ..., cs, and combining the lower bound for | A| together with
the gap principles, we can prove Theorem 2.2 for large values of r. That v, and v, are
multiplicatively independent follows from the fact that o and [ are multiplicatively

independent algebraic units and :*TFE is not an algebraic unit.
As an example we consider the case ¢ = ¢, = 4r* + 1. We can write

() (7).

where A = 2m — [ is defined as in Lemma 2.4.16. In the notation of Lemma 2.4.19
we have

2a TNC

« _
D=47bl=2m,b2=_1,7]=E,72=ﬁ S\/E'

Furthermore,
«Q 1 1
h(y) <h 3 +h(ﬂ)=§loga+zlogﬁ<loga,

hence, for i, we can take h; = log o. Moreover,

h (%) - %log((c — )b < %log 35 = 3log

which yields
h(y2) < (A+3)logB =: hy.

For r > 10, we find
bl 1

Dh, 4loga

< 0.042,

and then
m

~ 2(A+3)log

/

+ 0.042.
Now Lemma 2.4.16 implies

m A o
> ca> — > 169
2(A+3)logB  4(A+3) 16

for r > 26. Thus, for r > 26, we getlogd’ + 0.14 > % and applying Lemma 2.4.19
we conclude
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log |A| > —24.34 - 4* . (logh' 4+ 0.14)> - log a - (A + 3) log 5.
On the other hand, Lemma 2.4.14 yields
log|A| < 0.002 — 4l 1og 5.

Combining these lower and upper bounds for A, we obtain

l 0.002

< +24.34 - 64(log b’ + 0.14)%(A + 3).
loga  4logalog

Furthermore, m log a < [ log 3 gives us

m

—  <0.0001 4+ 24.34-32(log b’ + 0.14)?
2(A+3)logf + (log b +0.14)

and finally
b < 0.042 4 778.88(log b’ + 0.14),

which implies b’ < 106996. It furthermore gives m < 213992(A + 3) log 3 and

A+3
< 427983 - + < 1.72 - 108,

= Alog 3

from which we deduce r < 656. Thus, we have proved Theorem 2.2 for ¢ = ¢; and
r > 656.

The cases ¢ = c3,c4 = (4r3 F4r? + 3r F 1)? + 1 are described in details in [26].
The upper bounds for 7 and ¢ in the remaining cases are given in the following table.

¢ | an upper bound for r or ¢
c3| r<1.81-10°

cs| r<1.81-10°

cs| r <802

c6| r<1.94.100

c7| r<1.94.10°

cy| g < 846

ch| g < 846

" og <949

| g < 1000

The Reduction Method and the Proof of Theorem 2.2

We have just proven Theorem 2.2 for large parameters r and g. We are left to consider
the cases of small r and g. Using Baker—Davenport reduction, it turns out that in all
remaining cases there is no extension of the triple {1, b, c} to a quadruple {1, b, ¢, d}.
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Some useful results from [23] can be used. We know that, if we have the extension
of our triple with the element d, then cd — 1 = 72, where 7 = V,, = W, such that

Vo=s, Vi=Qc—=Ds, Vo =@c—=2)Vui1 — Va

and
Wo=s, Wi = (2bc — 1)s £ 2rtc, Wyyo = (4bc — )W,y — W,,.

We use the following lemmas.

Lemma 2.4.20 ([23, Lemma 11]) If V,, = W,,, n # 0, then

b+
S‘/—Z—I:‘/E < (3.96bc) !

7

From the proofs of Propositions 2, 3, 4 in [23] we know thatn < 10% in all cases.
Applying Baker-Davenport reduction with

0 < 2nlog(t + v/bc) — 2mlog(s + +/c) + log

s\/E:I:r c
log(t + ~/bc) log =———== ﬁf 3.96b¢
= pu=—" =—— B =396bc
log(s + /) 2log(s + +/c) 2log(s + +/c)

and N = 10%!' with any choice of  and c left, we get after two steps that n < 2. Here,
one may also use that D(—1)-triples {1, b, ¢} cannot be extended to a quadruple for
r < 143000, which was verified by computer. Hence, in some cases one can avoid
to use reduction at all.

We are still left to deal with the cases of small indices m and n in the equation
z =V, = W,. From [21] we know that n > 3; otherwise we have only the trivial
solution (corresponding with an extension with d = 1, which is no real extension,
because we ask for elements in D (n)-m-tuple to be distinct).

The following lemma, which was proved in [26], and which examines the fun-
damental solutions of (2.10) in the cases of b = p, 2p* and r = p¥, 2p¥, together
with Theorem 2.2 implies Corollary 2.4.12.

Lemma 2.4.21

(1) Ifb = p or 2p* for an odd prime p and a positive integer k, then Diophantine
Equation (2.10) has only regular solutions.

(2) Ifr = p* or 2p* for an odd prime p and a positive integer k, then Diophantine
Equation (2.10) has only regular solutions, except in the case of r = 2p* with
i a positive integer, where it in addition has exactly two classes of solutions
belonging to 2p3 + p', £p").

2.4.6 Pure Powers in Binary Recurrent Sequences

The Lucas numbers (L,),>¢ are given by
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Lo=2, L, =1, ..., Lywo=L, 1+ Ly, n > 0.

Recall that Fibonacci numbers (F),) as well as Lucas numbers (L,) are defined by

1++5 ﬂ_l—ﬁ
2 T

ot — ("
Fnz 5,Ln=oz”+ﬂ”,a=

V5

respectively. Now suppose

is a pure power. Since
o — «/gyp = 0(™),

we find
A=nloga—plogy — logx/g =0@™) =0(y"").

There exist integers k, r such that n = kp + r with |r| < g, hence we have

k
A:plog(a—)—i—rloga—logx/g
y

which is a linear form in three logarithms. If we apply Matveev’s Theorem 2.2.14,
we get
log|A| > —c*log ylog p.

Comparing both estimates of | A|, we see that the exponent p is bounded. Matveev’s
Theorem 2.2.14 implies p < 3 - 102, but a special estimate for linear forms in three
logarithms implies the sharper upper bound is p < 2 - 10% which is suitable for
computer calculations.

For Lucas numbers a similar study leads to a linear form in two logarithms and
p < 300 provided that L, = y”. By this reasoning, it can be proved [10] that all
perfect powers in the Fibonacci and Lucas sequences are

Fo=0, Fi=F =1, Fg=8=2% F,, =144 = 12%;
Li=1 Ly=4=2%
Using this method we can solve many similar problems, for example, all Pell
numbers for which P, + 4 is a perfect square are given by Py =0, P; =5 and

P, = 12. Recall that the Pell numbers are given by the recursion

Ph=0,P=1,..., Pbyp =2P,11 + P,, n>0.
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2.4.7 Lucas Numbers and the Biggest Prime Factor

Next we are interested in finding all Lucas numbers for which the biggest prime
factor is less than or equal to 5.
We may express Lucas numbers as

1+5Y (1-Y)
an( 2 )+( ) ),I’IEN.

For Lucas numbers the length of the period of the sequence (L, mod 5) is equal to
4 with the cycle {1, 3, 4, 2}; therefore 5 can never be a divisor of any Lucas number.
We want to find all Lucas numbers such that

n n
1445 1 -5
2k3l:( +2‘/_) +( 2*[) Cnk.d.meN.

Leta = # so the previous expression can be rewritten as

23 =a"—a™", kil neN
Thus the corresponding linear form in logarithms is
A =2nloga —klog2 —llog3.
Now, applying Matveev’s Theorem 2.2.14, we have n = 3, D = 2, and
A > h'(2) = max{2log2, |log2|,0.16} = 1.38 < 2,

Ay > W' (3) = max{2log3, |log3|,0.16} = 2.19 < 3,

1 5 1 5 1 5
Az > h/( + \/_) = max {2 log +2\/—, +2\/_

log ,0.16} =0.48 < 1.

2

We get
log |A| > —7.28022 - 10" (1 4 log 2n).

After finding the upper bound from the expression

L,
_ _ " 2n
o l=—a ",

and

1 5
log|A| < —2nlog +2\/_,
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we find that n < 3.17654 - 107, After applying Baker—Davenport reduction, we get
n < 14, so we may conclude that the Lucas numbers for which the biggest prime

factors are less or equal to 5 are

Lo=2, L,=3, Ly=4=2% L¢=18=2.3%

2.4.8 Pillai’s Equation

Given positive integers a > b > 1, Pillai*? [42] proved that there are only finitely
many integers ¢ 7 0 admitting more than one representation of the form

c=a"-b’
in nonnegative integers x, y. In particular, the equation
a* —b’=a" - b, with (x,y) # (x1, y1) (2.14)

has only finitely many integer solutions. We shall apply the technique of lower bounds
for linear forms in logarithms of algebraic numbers to find all the solutions for

(a,b) =(3,2).
Proposition 2.4.22 The only nontrivial solutions of Eq. (2.14) with (a, b) = (3, 2)
" 31—22=30_2! 3 _2t=30_2% 32_2'=3"_2
3 —29=3"-2%, 33 _28=3"_2%
Proof The initial equation can be rewritten as
3 -39 =2" -2,
After relabeling the variables, we may assume that x > x;. Consequently, y > y;.
Since
2.3 =30 -3 <3 3 =2 2 < 2,
we getx < y.Let B = y. Now,

3X1 | (2}' — 2)’1) — 2)’1 (2}'*}‘1 _ 1).

We observe that 3 | (2* — 1) if and only if 2 - 3"~! | n. In particular,

32Subbayya Sivasankaranarayana Pillai (1901-1950), an Indian mathematician.
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log((y —yn)/2) _ 10g3B/2)

<1 , 2.15
=it log3 —  log3 ( )
therefore,
3B
3 < — < 2B.
2
Similarly,
29 (3 =3 =313 — ).
Analogously, if m > 3, then 2 | (3" — 1) if and only if 2"=2 | p. Thus,
1 — log(4B
by <2 g mx)  loglB) .16
log?2 log?2
and therefore
27 < 4B.

The original equation may be rewritten in such a way that the large parts are on one
side and the small parts are on the other, namely

|3¥ — 27| = |3 —2”| < 2B,

which in turn gives an inequality of the form

_,, 2B
Il — 3x2 y| < 2_8
Thus the linear form A to study is given by

A =xlog3 — ylog2.

If A > 0, then

If A < 0, assuming that B > 10, we find i—f < % and therefore, |1 — e| < 1, which

implies e/ < 2. In particular,
4B
A < 25 (2.17)
The last inequality holds independent of the sign of A. We observe that A # 0, since
in the opposite case, we would get 3* = 2¥ which, by unique factorization, implies
x = y = 0, a contradiction. Put

a1=2, a2=3, b1=y, b2=x, B=y, A1=1, A2=10g3
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and

y 1
b= Bl—+1 2B.
log?a—i_x< (10g3+ )<

Since log 2 and log 3 are linearly independent, real and positive, Lemma 2.4.19 yields
the estimate

log|A| > —23.34(max{log(2B) + 0.14, 21})2 -log 3.
Comparing the last inequality with (2.17), we get
Blog2 —log(4B) < 23.34 -3 - (max{log(2B) + 0.14, 21hH)2.
If the above maximum is 21, we get
Blog2 —log(4B) < 25.7 - 212,
hence B < 17000. Otherwise, we have
Blog2 —log(4B) < 25.7(log(2B) + 0.14)?,

yielding B < 2900. Thus, we consider the inequality B < 17000. From (2.15) and
(2.16), we get x; <9 and y; < 16. Hence,

log?2 log?2
x—1<(y—D8Z - B%= _ 11000.
log3 log 3

Now, we reduce this bound. Suppose that B > 30, then we get
3> 30 -3 =2 - 2" =281 > 2%,
which implies x > 19. We check that the congruence
3 —3% 2" =0 (mod 2°°)
does not hold for any triple (x, x;, y;) with 11 <x <1100,0 <x; <9, and 0 <
y1 < 16. This gives B < 29.Since 3*~! < 297! < 22 we getx < 18. Now, itis easy

to show that there are no solutions beyond those in the statement of the proposition.
For details see [36].

2.4.9 The Diophantine Equation ax” — by" = ¢

We consider

ax" —by" =c,
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where a, b are strictly positive and x, y, n are unknowns. If for some exponent n
there exists a solution (x, y) with |y| > 1, then

A= log‘%‘ _nlog ‘ — 0(yI™).

X

y

In the other direction, Matveev’s Theorem 2.2.14 implies
log|A| > —c,log|y|logn.

Comparing both estimates, we get n < ¢y, Where c,, depends only on a, b, c.
The following theorems give us explicit results.

Theorem 2.4.23 (Mignotte, [40]) Assume that the exponential Diophantine inequal-
ity

lax® — by"| <c, a,b,c€Zy, a#b

has a solution in positive integers x, y with max{x, y} > 1. Then

log A
log(1 + (log A)/ log |a/b|)

n < max [310g(1.5|c/b|), 7400 } , A =max{a, b, 3}.

Bennett obtained the following definitive result for ¢ = +1.

Theorem 2.4.24 (Bennett, [8]) For n > 3, the equation
lax™ — by"| =1, a,b € Z,

has at most one solution in positive integers x, y.

For more examples of applications of linear forms in logarithms we refer to
[25, 36] which are highly recommended for this purpose.
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Metric Diophantine Approximation—From
Continued Fractions to Fractals

Simon Kristensen
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Introduction

How does one prove the existence of a real number with certain desired Diophantine
properties without knowing a procedure to construct it? And if one also requires the
digits in the decimal expansion, say, of this number to be special in some way, is
the task then completely impossible? The present notes aim at introducing a number
of methods for accomplishing this. Our main tools will be methods from classical
Diophantine approximation, from dynamical systems and not least from measure
theory. We will assume an acquaintance with basic measure and probability theory
and some elementary number theory, but otherwise the notes aim at being self-
contained.

The notes are structured as followed. We begin in Sect.1 with some first and
elementary observations on Diophantine approximation and recall some results on
continued fractions. Here, we set the scene for the following sections and deduce
some first metrical results. In Sect. 2, we relate the machinery of continued fractions
to that of ergodic theory. We will use this machinery to deduce Khintchine’s the-
orem in metric Diophantine approximation, which can be seen as a starting point
for the metric theory of Diophantine approximation. In Sect. 3, we introduce several
notions from fractal geometry. We will discuss Hausdorff measures and Hausdorff
dimension, box counting dimension and Fourier dimension. We relate these to sets
of arithmetical interest arising both from Diophantine approximation and from rep-
resentations of real numbers in some integer base. In Sect.4, we turn our attention
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to higher dimensional problems. The underlying reason for this is two-fold. In a
first instance, approximation of real numbers by real algebraic numbers is a higher
dimensional problem. A full description of this is unfortunately beyond the scope
of these notes, but we briefly outline some results and dwell a little on a conjecture
on digit distribution for algebraic irrational numbers. We then turn to our second
objective. Here, we study simultaneous and dual approximation of vectors of real
numbers and their relation. We will also outline a proof of a higher dimensional
variant of Khintchine’s theorem. This will be used as a stepping stone for discussing
some famous open problems in Diophantine approximation: the Duffin—Schaeffer
conjecture and the Littlewood conjecture.

Several null sets of interest arise from the Khintchine type results described. One
is the set of elements for which the simple approximation properties which may
be derived from variants of the pigeon hole principle cannot be improved beyond
a constant. In Sect.5, we will give a general framework for studying the fractal
structure of sets of such elements. In Sect. 6, we discuss the other interesting null
sets arising from the Khintchine type theorems. We will outline methods for getting
the Hausdorff dimension of these null sets, we will discuss approximation of elements
in the ternary Cantor set by algebraic numbers, and finally we will give some results
on Littlewood’s conjecture. In this final part, ideas from continued fractions, uniform
distribution theory, Hausdorff dimension and Fourier analysis come together in a nice
blend.

1 Beginnings

Any course on Diophantine approximation should begin with the celebrated result
of Dirichlet [18]:

Theorem 1.1 Let x € R and let N be a positive integer. There exist numbers p € 7
and g € N with g < N such that

Proof Let [x] denote the integer part of x and {x} its fractional part, so that x =
[x] + {x}. Divide the interval [0, 1) into N subintervals [k/N, (k + 1)/N), where
k=0,1,...,N — 1, of length 1/N. The N + 1 numbers {rx}, r =0, 1,..., N, fall
into the interval [0,1) and so two, {rx} and {r'x} say, must fall into the same subinterval,
[k/N, (k 4+ 1)/N) say. Suppose without loss of generality that r > r’. Then

1
|{rx} — {r’x}| = |rx —[rx] — ¥'x + [r’x]| =|gx—p| < N

where g =r —r',p = [rx] — [r'x] € Z and 1 < g < N. Dividing by ¢ finishes the
proof.
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As an immediate corollary of Dirichlet’s theorem, we obtain a non-uniform esti-
mate.

Corollary 1.2 Let x € R. For infinitely many pairs (p, q) withp € Z and q € N,

< —. (1.1)

Proof 1f x € Q, the result is trivial, as we do not require the rationals p/q to be on
lowest terms. Suppose now that x € R \ Q. Fix some N; € N and choose (p1, q1) as
in Dirichlet’s theorem. By this theorem,

1 1
<— =<

‘ P1
x—— <.
alN T qp

q1

As x is irrational, the left hand side must be non-zero. Consequently, it is possible to
choose an integer N, such that

1
—_ <<
N, q1

P1
x——.
q1

(1.2)

Taking this value for N in Dirichlet’s Theorem gives a pair of points (p», ¢») with the
desired approximation property. Furthermore, (pi, q1) # (p2, q2) since otherwise
(1.2) would contradict the choice of p,, g. Continuing in this way, we obtain a
sequence of pairs p,, g, satisfying (1.1).

A first natural question in view of the corollary of Dirichlet’s theorem is the
following: Can the rate of approximation on the right hand side be improved? In
general, the answer is negative due to a measure theoretical result. The following is
the easy half of Khintchine’s theorem, which is our first example of a metric result: it
gives a condition for a certain set to be a null-set, so that almost all numbers will lie
in its complement. Throughout these notes, for a Borel set £ C R”, we will denote
the Lebesgue measure of E by |E|. We will need the notion of a limsup-set. Recall
that given a sequence of sets E,, we define the associated limsup set,

limsupE, = m UE”'

k>1n>k

Theorem 1.3 Let ¢ : N — R. be some function with Z;il q(q) < oo. Then,

[xeR:

< (q) for infinitely many (p, q) € Z x N” =0,

p
x__
q

i.e. the set is a null-set with respect to the Lebesgue measure on the real line.
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Proof Note first that the set is invariant under translation by integers. Hence, it
suffices to prove that the set has Lebesgue measure 0 when intersected with the unit
interval [0, 1]. Now, note that this set may be expressed as a limsup-set as follows,

p
x—Z

< 1 (q) for infinitely many (p, q) € Z X N}

=N u U (— —h(q), —+¢(q)) N[0, 1].

N=>1g>N p=0

[xe [0,1]:

In other words, for each N € N, the set is covered by

U U (5 —1(g). = + wq))

g>N p=0

so using o-sub-additivity of the Lebesgue measure,

[x el0,1]: [x — g < 1(q) for infinitely many (p, q) € Z X N”
=|{U U(-—Wq) -+w<q>) 55> (——w@ —+w(q>)|
g=Np=0 N9 g>N p=0

=2 g+ (g <4 qu(@).

q=N q=N

The latter is the tail of a convergent series, and so will tend to zero as N tends to
infinity.

The connoisseur will recognise this as an application of the Borel-Cantelli lemma
from probability theory. Again, the result raises more questions. Are the null-sets in
fact empty? If not, what makes the elements of these sets so special? And how does
one generate the infinitely many good approximants?

The usual strategy is to go via continued fractions, see e.g. [49]. There are many
ways to get to these. We will go via an avenue inspired by dynamical systems (for
reasons which will become clearer as we progress).

Letx € R and define ay = [x] and ry = {x}. If ro = 0, we stop. Otherwise, we see
that 1/rg > 1. Letx; = 1/rp andleta; = [x;] and r; = {x;}. Continuing in this way,
we define a (possibly finite) sequence {a,}, where ay € Z and a; € N. We define a
sequence of rational numbers {p,/q,} by

Pn 1
_a0+—1=[a0;a1,...,an]. (13)

4n aj o

an
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We call the rationals p,, / g, the convergents to x and the integers a; the partial quotients
of x. We assume that the procedure and that the following elementary properties are
well-known. When gy = 0 so that x € [0, 1), we will omit this partial quotient and
the semi-colon from the latter notation and write x = [a;, da, ... ].

Proposition 1.4 The continued fraction algorithm has the following properties:

(i) The convergents may be calculated from the following recurrence formulae:
Letp_1=1,q9_1=0,pyo=apand gy = 1. Foranyn > 1,

Pn = QpPp—1 +Pp—2 and g, = apgn_1 + qu—2.

Consequently, g, > 2"=D/2,
(ii) Foranyn >0
GnPn—1 — gn—1Pn = (=1)",

and for any n > 1,
qnPn—2 — qn—2Pn = (_1)n_lan

(iii) For an irrational number x, x — p,/q, is positive if and only if n is even.

(iv) Any real irrational number x has an expansion as a continued fraction. The
sequence of convergents of x converges to x, with the even (resp. odd) order
convergents forming a strictly increasing (resp. decreasing) sequence. This
expansion is unique, and we write x = [ag; ay, . .. .

(v) Given a sequence {a,},>, with ay € Z and a; € N for i > 1, the sequence
[ao; a1, . .., a,] converges to a number having the sequence {a,} as its sequence
of partial quotients.

(vi) The convergents satisfy

1 1

< —.
qnqn+1 6]3

1 ’ Pn
—_— < |X
qn(qn + QtH-l)

From Proposition1.4 it is straightforward to construct numbers for which
Corollary 1.2 can be improved. Indeed, suppose that we have the a; for i < n given,
and let a,,1 = g, where g, is given by the recursion (i). By (vi), we get

1 1 1

qngn+1 Qn(QnCIn + ‘In—l) qn

'x _ D (1.4)

qn

By (v), the sequence {a,} defines an irrational number for which the exponent of
Corollary 1.2 can be improved to 3 by (1.4). It is easy to modify this construction to
produce an uncountable set numbers approximable with any given exponent on the
right hand side.

This gives a somewhat satisfactory answer to the questions posed about the null-
sets arising from Theorem 1.3. The null-sets are not empty, and the special feature of
the elements of the sets is the existence of large partial quotients. Of course, the term
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‘large partial quotients’ should now be quantified, which is where the metrical theory
and the use of dynamical systems kicks in. To quantify these notions, we should ask
whether there is a typical behaviour of the partial quotients, which is violated for the
exceptional numbers.

2 Dynamical Methods

We consider x € [0, 1) and formalise the continued fraction algorithm in the form of
a self-mapping of the unit interval.

Definition 2.1 The Gauss map T : [0, 1) — [0, 1) is defined by

[{l/x} for x # 0
Tx =
0 forx = 0.

In the notation of our description of the continued fraction algorithm, we note that
the Gauss map of anumber x € [0, 1) extracts exactly the number 1/r;. Applying the
Gauss map a second time, we get T2x = 1/r, and so on. It would seem that the Gauss
map is an appropriate dynamical description of the continued fractions expansion.
All we need is to get the partial quotients out of the r;. But this can easily be done
by defining the axillary function

a) [[l/x] forx £ 0 o
00 forx = 0.
We now see that
a,(x) = a(T" '), (2.2)

where a, (x) denotes the n’th partial quotient in the continued fraction expansion of
x, so iterates of the Gauss map are the natural object to study.

Having established that the Gauss map encodes the behaviour of the partial quo-
tients, it is natural to ask for the statistical behaviour of this map — especially as we
are interested in typical and a-typical behaviour of the sequence of partial quotients.
A tool for this is ergodic theory. We will say thatamap 7 : [0, 1) — [0, 1) preserves
the measure g if it is a measurable map such that for any measurable set B [0, 1),
1(T~'B) = u(B). The Birkhoff (or pointwise) ergodic theorem is the following result
(see e.g. [22]).

Theorem 2.2 (The pointwise ergodic theorem) Let (£2, 3, 1) be a probability space
and let T : 2 — Q2 be a measure preserving transformation. Let f € L'(2). Then

the limit
N—1

: 1 n 7
Jim ;m X)) =f)
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exists for almost every x € §2 as well as in Ll_(SZ). If the transformation is ergodic,
i.e. T7'B =B = n(B) € {0, 1}, the function f is constant and equal to ffdu.

We will not prove the theorem here, but we will apply it to the Gauss map. Our
approach is more or less that of [11]. The statement about the map T requires it to be
measure preserving, and it is more or less self-evident that the Gauss map does not
preserve the Lebesgue measure. However, there is a measure, which is absolutely
continuous with respect to Lebesgue measure and with which the Gauss map is
ergodic. There are good reasons why this is the correct measure, although it looks
slightly mysterious at first sight. For now, we will pull the measure out of a hat and
continue to work with it. Later on, we will give some indication of the origins of the
measure.

Definition 2.3 Let B be the Borel o-algebra in [0, 1). The Gauss measure is defined
to be the function p : B — [0, 1] defined by

A) = ! / 1a’t— ! /1 (1) ! dt
a Clog2 Ju 14+t log2 OXA 1+t

Theorem 2.4 The Gauss measure is preserved under the Gauss map, i.e. for any
measurable set A, we have ji(T~'A) = pu(A).

Proof We note that it is sufficient to prove that ;L(T’1 [0, y)) = u([0, y)), as we can
build any other set from basic set operations on these sets. If one considers the graph
of the Gauss map (try drawing it), it is easy to see that

B o 11
T71(0,y) ={x €[0,1): 0 < T(x) <y} :g [m %). (2.3)

Thus,

3'48

1 (7710, )

1 - 1/k 1
([ )) / i
 \Lk+y Tk ,;1 2ty 1+
L | —log {1+

(0] (0] —_—
log2 g g
l1 k+1 k+y
“log2 \Tk kwy+1)

This is completely incomprehensible, so we try to get to the same incomprehensible
expression from the other side. Cunningly, we make an appropriate partition and get

k

M2 T[Mz2
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1 Y1 1 y/k 1
0, = — dx = dx
(10, ) 10g2/0 1+x glogZ/y/(k+])l+x
— 1 y y

tog (1+2) —tog (14—
élogZ[Og Tk Og( +k+1)}
= 1 (k+1 k+y )
Z log . .
k:l]ogZ k k+y+1

Luckily, this is the same incomprehensible mess that we have before, so the proof is
complete.

Note that the density of the Gauss measure with respect to the Lebesgue mea-
sure is continuous, non-negative and in fact invertible. Hence, the two measures are
absolutely continuous with respect to each other, and the property of being null or
full with respect to one measure automatically implies the same for the other.

We have turned the study of the typical behaviour of continued fractions into a
matter of studying the measure preserving system ([0, 1), B, p, T), where B is the
Borel o-algebra, 1 is the Gauss measure and 7' is the Gauss map. We have also seen
that the pointwise ergodic theorem is a nice way of studying the almost everywhere
behaviour of such maps. It would be desirable if the measure preserving system we
have obtained turned out to be ergodic. It turns out that this is in fact the case. We
will prove this now.

First, let us see what the Gauss map does to a continued fraction.

Proposition 2.5 Let x = [ay,az,...] € [0, 1). Then

Tx:T[al,az,...] = [612,03,...].
Proof We see that
1
Tlai,az,...1=T I
a+—
@+ o
1 1
=1a + ; = — = laz, a3, ... ]
@+ or- @+ o=

This is of course obvious from the construction. But in the light of the measure
theoretic considerations, it does actually contain information. We define some sets
to make life easier.

Definition 2.6 Letay, ..., a, € N. Define the fundamental interval or fundamental
cylinder
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In((ll, ...,an) = {[611, ...,a,,,b,,+1,b,,+2, ] : bn+i e Nforalli e N}

Note that by Proposition 2.5, the n’th iterate under the Gauss map of any fundamental
cylinder 7, is in fact [0, 1) \ Q. This reflects the chaotic (or ergodic) nature of the
Gauss map. Also note that the cylinders do not include the rational points. This is
of little concern to us, as the rationals form a set of measure zero. It does however
mean that we have to be extra careful with our bookkeeping.

In the following, let n € N and ay, ..., a, € N be fixed. Denote by I, the funda-
mental interval I,,(ay, .. ., a,). We make a few preliminary observations.

Lemma 2.7 We have x € I, if and only if there exists 0,(x) € (0, 1) \ Q such that

1

a0, (x)

Proof By definition, x € [, if and only if x = [ay, ..., a,, by+1, - . . ]. Applying the
Gauss map n times, we get

on(x) =T"x = [bn+l’ bn+27 cee ]

But this is rational if and only if the sequence of partial quotients b,,; terminates.

The above lemma defines a function on the irrational points in the unit interval

0,10, DNQ — [0, D\ Q.

Lemma 2.8 Letu,v € [0,1)\ Q, u < v. Then
LN T "[u,v]| = |6, (v) — 0, (w)].
Proof We see that
LNTMu,vl={xe[0,D\Q:x=[ay,...,a, 0]}

where 0 € [u, v] and [ay, ..., a,; 0] denotes the continued fraction

1
2.4)

a,+0
That is, for any x € I, N T7"[u, v], 6,(x) € [u, v], so

LN T " [u, v] C 0, ' [u, v].
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Furthermore, any value of 6 in [u, v] inserted in (2.4) will give rise to an element in
I, N T7"[u, v], so the converse inclusion holds. Finally, it is an easy exercise left to
the reader to see that 0, ! is monotonic, so this proves the lemma.

It would seem a good idea to find a precise expression for 6! (x). This may be
done from the recursive formulae for the convergents of x.

Lemma 2.9 We have

Proof We prove this by induction in n. For n = 1, using Proposition 1.4

pr+xpo  aipo+p-1+xpp  O0+1+4+x-0 1
q1 +xq0 aiqo+gq-1+ xqo a+0+x a, +x

50 07 (¥) = (p1 +xp0)/ (g1 + xqo).
Now, we consider n + 1. We lety = 1/(a,+1 + x). We know that

- ! ! -
01 () = T = — =0,'0).
a+—— at—

.'-+ l1 '._+ 1

ayt——
S

By induction hypothesis and Proposition 1.4 again,

1

9”—1())) _ Pn + YPn—1 _ Pnt (m) Pn—1
4n +len—1 qn + (uwj-ﬂ) Gt

Gy iPpn FPoo1 +XP0 Pag Py

T GGt G FXGn Gup XG0

This completes the proof.

Note that 6, ' is continuous, so we may extend it to all of [0, 1] and still have
Lemma?2.8. We now introduce the so-called Vinogradov notation to make our nota-
tion less cumbersome.

Definition 2.10 For two real expressions x and y, we say that x < y if there exists
a constant ¢ > O such that x < cy. If x € yand y < x we write x < y.

Lemma 2.11 Letu,v € [0, 1) withu < v. Then

|T"[u, vIN1,|

= |[u, v]|,
1]

where the implied constants in < do not depend on the sequence (a,) defining the I,,.
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Proof We use Lemma?2.8 to obtain

_ _ — Pntpn— Pntupn—
[T, oI NG| 16, ) =6, w)| ‘ Gtvg ~ artuges
- —1 _ p—1 - DPntPn— Dn
7] 0,1(1) —6,1(0) s
_ (v _ I/l) Qn(Qn + qn—l)
(qn +vqu-1)(qn + ugn—1)

The last reduction requires substantial, but completely elementary calculations using
Proposition 1.4.

Now, the denominators of the convergents g, satisfy g,_1/q, < 1, so itis easy to
see by Proposition 1.4 (i) that

‘In(Qn + Qn—l) -
(Qn + Ufln—l)(% + MQn—l)

As |[u, v]| = v — u, the proof is completed.

Lemma 2.12 For every A € B,

T7"ANI,
i

Proof As the Borel o-algebra is generated by intervals, by Lemma2.11 for any
A e B,

LRCLT Y @.5)
L T ‘

Also, since 1/2 < 1/(1 +1t) < 1fort € [0, 1), we have for any A € B,

1 1 1
si= [t [ =
and 1
wA) = /A 1—+tdt < /A 1dt = |A].
Hence, 11(A) < |A|, so the Lemma follows from (2.5).
Theorem 2.13 The Gauss map is ergodic with respect to the Gauss measure.

Proof Suppose that T~'A = A and that ;1(A) > 0. It suffices to prove that u(A) = 1.
Any Borel set can be generated by the I, as these intervals are essentially disjoint
with lengths tending to zero. Hence, by generating a set B by I,,’s of the same level
(up to an arbitrarily small error), Lemma2.12 implies that

W(T~"ANB) = p(A)u(B)
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for any B € B. On the other hand, as T7'A = A,
W(T"ANB) = u(AN B)

Letting B = A°, we see that (A N B) = 0, so that u(B) < 0. This clearly implies
that u(B) = p(A€) = 0, so that u(A) = 1.

We specify the following corollary of the Pointwise Ergodic Theorem and
Theorem?2.13:

Corollary 2.14 Let f be an integrable function on [0, 1). Then

N-1 1

1 1 t
lim — > f(I"x) = RAGI
N—oo N = log2 Jo 1+t

for almost every x € [0, 1).

Many things follow from the ergodicity of the Gauss map. For instance, almost all
numbers have an unbounded sequence of partial quotients, and in fact the arithmetic
mean of the partial quotients is infinite almost surely. On the other hand, the geometric
mean does have a limiting value almost surely. Calculating the typical frequency of
any prescribed partial quotient is an easy exercise in integration, and combining these
results with the machinery of continued fractions give a unified way in which to prove
many of the classical metrical results in Diophantine approximation. An example is
Lévy’s theorem.

Theorem 2.15 For almost every x € [0, 1),

2

m
121og2’

1
lim —logg,(x) =
n—oo n

We will not derive this theorem here, although we will be appealing to it later.
Instead, let us derive a partial converse to Theorem 1.3 due to Khintchine [49].

Theorem 2.16 Let1) : N — R be some function with Z;OZI q(g) = oo and with
q(q) non-increasing. Then,

p
X—_

er [0,1]:

< Y (q) for infinitely many (p, q) € Z X NH =1.

This is the difficult half of Khintchine’s theorem, which in its totality consists
of Theorem 1.3 and Theorem2.16. It should be noted that there is an additional
assumption on the function . This is strictly needed. We will discuss this later in
these notes.

Lemma 2.17 Let (o,)nen be a sequence of positive numbers. Suppose that



Metric Diophantine Approximation ... 73

o0
2=
ay

n=1

Then,
Hx € [0, 1) : a,(x) > «y for infinitely many n € N}| = 1.

Proof We fix arbitrary ay, ..., a, € N and let I, denote the fundamental interval
corresponding to these partial quotients. We let E,, = {x € [0, 1) : a,(x) > «,}. We
first prove that

/'I’(E}1+1 N In) 1

M(In) Oyl + 1

(2.6)

In fact, all we need to do is to note that
Ey=T7" {x €[0,1):x = [@uy1,...] where a,, 1 > an+1}.
Thus, by Lemma2.12,

U(En+1 N In)
()

p({x €10, 1) : x = [ans1, ... ] Where @iy > Qi }) .

But since the Gauss measure and the Lebesgue measure are absolutely continuous
with respect to each other, the above quantity is

= |[{x €10, 1) : x = [@ys1, ... ] Where Qyp1 > vy ]

_21 1 S 1
B k k+1 A |

k>

Repeatedly using (2.6), we get for some universal C’ > 0,

ESN---NES < _—
#En ) = H( C’am+z+1)

This holds for any m, k € N. To see this, note that we can express the property of
being in E, as being in some union of disjoint fundamental intervals. We leave the
formalism as an exercise for the interested reader.

Finally,
= 1
(ﬂ m+l) — :!i!: (1 - C’Oler,' + 1) '

=m

As 1 —x < e * whenever 0 < x < 1, we have
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n

n 1
TT(:- H ¢ T = o 2 T
i1 C Oém_H + 1

But this tends to 0, as >_ 1/c; is assumed to diverge. Thus, the probability that
a, > a, only occurs finitely many times is zero, which proves the lemma.

We are now ready to prove Khintchine’s Theorem.

Proof (Part II (the divergence case)) We let N be a fixed integer such that logN >
72/121og 2 (N = 4 will do nicely). By Theorem 2.15, for all but finitely many values
of n,

1
—logg,(x) <logN 2.7
n

for almost all x € [0, 1).

Let f(g) = q¥(gq). Define a function ¢(n) = N"f(N"). Since f(q) = qi0(q) is
non-increasing,

N+

> fl@) < (N = NMFIN") = (N = Dg(n),

q=N"

so as Y f(q) diverges, this will also be the case for > ¢(n). Therefore, by
Lemma?2.17, for almost every x € [0, 1),

1
app1(X) > ——
T g
holds for infinitely many n.
Now, we apply our classical estimates:

1 1 o(n)
< < <
qn(X)Gny1(x) anJrICIn(x)2 Qn(x)z

Pn
an

X —

for infinitely many n for almost all x. But by (2.7), ¢g,(x) < N", and as ¢gf(q) is
non-increasing, we get

¢(n) = N"f(N") < g, (X)f (g (x)).
Hence, for infinitely many n,

_ (0)f (gn(x))

Pn
‘x - qn( )2 ’(/}(qn(x))

qn

This proves the theorem.
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We conclude the second section with an informal discussion of a different — and
somewhat more modern — view on the Gauss map. Let us ‘decompose’ the action of
the Gauss map into new maps. To apply the map x — {1/x}, we first apply the map
x > 1/x and continue to apply the map x +— x — 1 until we finally arrive in the unit
interval again. These maps are both Mobius maps given by the matrices

01 1 -1
(1 O) and (O 1).
Recall that the Mo6bius map associated to a matrix
ab
(&)

ax+b
ex+d’

is given by

X =

Composition of such maps corresponds to taking products of matrices.
For convenience, we make some sign changes here and there and consider instead

the matrices
0-—1 11
S:(1 0) andT:(Ol).

Together, these matrices generate the group SL;(Z).

It is tempting to look for a space on which this group acts naturally, and indeed
such a space exists. The hyperbolic plane is such an object. Consider the upper half
plane,

H={x+iyeC:y>0}

with the Riemannian metric
1 .
(v, w); = 5 (v-w)forz=x+iy.
y

The group SL, (R) /{=%!1} acts by isometries via Mobius maps on H. The group SL,(Z)
forms a lattice inside this group of isometries, and so we can consider the Riemann
surface M = H/ SL,(Z). This is a surface with three singularities: two points where
it is non-smooth and a cusp. Applying the above generators roughly corresponds to
crossing the sides of the fundamental domain of the group SL,(Z).

Considering the boundary of the hyperbolic plane, R U {oo}, we easily see that all
rational numbers are identified with the point at infinity under the action of SL,(Z).
This point in turn becomes the cusp of the surface M.

If one formalises the above discussion, one may prove that the continued fraction
of a number corresponds to a geodesic on the surface M. Formalising this is beyond
the scope of these notes, but the reader is referred to the paper [46] or the monograph
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[22]. The ergodicity of the Gauss map can be seen as an instance of the ergodicity
of the geodesic flow on M (or more generally on surfaces of constant negative
curvature). The geodesic flow on M is a flow in the unit tangent bundle of M, which
may be identified with SL,(R)/ SL,(Z). This can be seen as the starting point of the
use of homogeneous dynamics in Diophantine approximation, an approach which
has become tremendously important in recent years. It also gives an explanation for
the origins of the curious density of the Gauss measure, which can be induced on
the unit interval from the natural measure on M. In a sense, the hyperbolic measure
can be seen as an instance of the hat out of which we previously pulled the Gauss
measure.

3 Fractal Geometry — A Crash Course

As we saw in the last section, there is a nice zero—one dichotomy as far as the Lebesgue
measure of the set of real numbers with prescribed approximation properties is con-
cerned. However, the null sets obtained in the convergence case of Khintchine’s
theorem are not empty. One could easily use the machinery of continued fractions
to prove that a given set is uncountable, but in fact we may discriminate even more
precisely between the sizes of the null sets using the notion of Hausdorff dimension.

Hausdorff dimension was introduced by Felix Hausdorff [27], building on the
construction of the Lebesgue measure given by Carathéodory [15]. Carathéodory
constructed the Lebesgue measure by approximating a set £ by countable covers
of simple sets. The simple sets would have a volume, which could be calculated by
elementary means. On adding these countably many volumes, Carathéodory would
obtain an upper bound on the volume of the set E. To get the Lebesgue measure, one
takes the infimum over all such covers. This produces an outer measure for which
the Borel sets are measurable.

Hausdorff made the simple but far-reaching observation that if one replaces the
usual volume of the sets in the covers by an appropriate function of their diameter,
a different measure would be obtained. The usual volume of a hypercube in R” is a
constant multiple of its diameter raised to the power n, with the constant depending
only on 7, so this is an entirely natural thing to do. It turns out that an abundance of
sets supporting such a measure exist. In particular, with the added flexibility of using
different functions, one can discriminate between the sizes of Lebesgue null sets.

Let us be more concrete. For a given countable cover, C say, of E we consider the
following sum sometimes termed the s-length of the cover C, given by

oC) = Z(diam Uy,

veC

where diam U = sup{|x — y|: X,y € U} is the diameter of U and where s > 0 is
some real number. We will also consider yet another generalisation of the above,
also considered by Hausdorff. A dimension function f : R, — R, is a continuous,
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monotonic function withf(r) — 0asr — 0.Inthe above, we may replace (diam U)*
by f(diam U) for any such function to obtain the more general notion of f-length.

For clarity of exposition, in the following we consider the special case f(r) = r°
corresponding to the s-length as defined above. This is associated with what is now
usually called the Hausdorff dimension but also sometimes called the Hausdorff—
Besicovitch dimension. The possibly infinite number £*(C) gives an indication the
‘s-dimensional volume’ of the set E in much the same way Carathéodory would think
of it. Taking yet another hint from Carathéodory, the diameter of the sets U in the
cover is now restricted to be at most § > 0.

Let

H3(E) = igf UZC: (diam U)* = igf 2 (Co),
€Cs

where the infimum is taken over all covers Cs of E by sets U with diam U < §; such
covers are called d-covers. As d decreases, Hg can only increase as there are fewer
U’s available, i.e. if 0 < 6 < ¢/, then

Hy (E) < HY(E).

The set function 5 is an outer measure on R". The limit H* (which can be infinite)
as § — 0, given by

H(E) = lim H(E) = sup H3(E) € [0, ool 3.1)

is however nicer to work with, as itis aregular outer measure with respect to which the
Borel sets are measurable. It is usually called the Hausdorff s-dimensional measure.
Hausdorff 1-dimensional measure coincides with 1-dimensional Lebesgue measure
and in higher dimensions, Hausdorff n-dimensional measure is comparable to n-
dimensional Lebesgue measure, i.e.

H'(E) < |E],

where |E| is the Lebesgue measure of E and the implied constants depend only on
n and not on the set E. Thus a set of positive n-dimensional Lebesgue measure has
positive Hausdorff n-measure.

As the definition depends only on the diameter of the covering sets, there is no loss
of generality in restricting to considering only covers consisting of open, closed or
convex sets. Additionally, the resulting measure is clearly invariant under isometries,
and scaling affects the measure in a completely natural way: for any » > 0,

H(rE) = r*H*(E).
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As a function of s, the s-dimensional Hausdorff measure of a fixed set E exhibits
an interesting behaviour. For a set E, H*(E) is either O or oo, except for possibly one
value of s. To see this, the definition of }(E) implies that there is a §-cover Cs of E
such that

> (diam €)' < H3(E) + 1 < H'(E) + 1.
CeCs

Suppose that H* (E) is finite and s = 59 + €, € > 0. Then for each member C of the
cover Cg, (diam C)%* < §°(diam C)*, so that the sum

> (diam )"+ < 6° > (diam C)*.

CeCs CeCs

Hence

Hy P (E) = D (diam O)** < 6 > (diam €)" < 6°(H (E) + 1),
CEC(S CGC(;‘

and so
0 < H'(E) = K" (E) = lim Hy™(E) < lim 6"(H"(E) + 1) = 0.

On the other hand suppose H% (E) > 0. If for any € > 0, H% ~¢(E) were finite, then
by the above H% (E) = 0, a contradiction, whence H* ¢ (E) = oo.

To summarise, we have obtained a set function H* associating to each infinite set
E C R" an exponent sy > 0 for which

HY(E)Z[oov 0§S<50a

0, So < 8§ < 00.
The critical exponent
so = inf{s € [0, 00): H*(E) = 0} = sup{s € [0, 00): H*(E) = oo}, 3.2)

where the Hausdorff s-measure crashes is called the Hausdorff dimension of the set
E and is denoted by dimyE. It is clear that if H*(E) = 0 then dimgE < s; and if
‘H*(E) > 0 then dimgE > s. However, nothing is revealed from the definition about
the measure at the critical exponent, and indeed it can take any value in the interval
[0, co] with oo included.

The main properties of Hausdorff dimension for sets in R” are:

(i) If E C F then dimyE < dimygF.
(i) dimgE < n.
(iii) If |E| > 0, then dimyE = n.
(iv) The dimension of a point is 0.
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(v) If dimygE < n, then |E| = 0 (however dimgE = n does not imply |E| > 0).
(vi) dimg(E;, x E») > dimgE; + dimygE>.
(vii) dimy Uﬁl E; = sup{dimyE;: j € N}.

It easily follows from the above properties that the Hausdorff dimension of any
countable set is 0 and that of any open set in R” is n. The nature of the construction
of Hausdorff measure ensures that the Hausdorff dimension of a set is unchanged
by an invertible transformation which is bi-Lipschitz. This implies that for any set
S C R\ {0}, dimyS~! = dimyS, where S~! = {s~': s € S}. To see this, we split up
the positive real axis into intervals (%, n+1] for n > 2 together with the intervals
(m,m + 1] for m > 1. The negative real axis is similarly decomposed. On each
interval, the map s — s~ ! is bi-Lipschitz, and so the statement follows by appealing
to (vii) above.

Thus on the whole, Hausdorff dimension behaves as a dimension should, although
that the natural formula dimy (E; x E;) = dimyE| 4 dimyE; does not always hold
(it does hold for certain sets, e.g., cylinders, such as E x I, where I is an interval:
dimyg(E x I) = dimgE + dimyg/ = dimgE + 1 by (iii), see [24]).

It is often convenient to restrict the elements in the d-covers of a set to simpler
sets such as balls or cubes. For example, covers consisting of hypercubes

H={xeR" |x—aly <},

where |X|o, = max{|x;|: 1 <j < n} is the height of x € R", centred at a € R" and
with sides of length 2 are used extensively. While outer measures corresponding to
these more convenient restricted covers are not the same as Hausdorff measure, they
are comparable and so have the same critical exponent. Thus there is no loss as far
as dimension is concerned if the sets U are chosen to be balls or hypercubes.

Of course, the two measures are identical for sets with Hausdorff s-measure which
is either O or co. Such sets are said to obey a ‘0-00’ law, this being the appropriate
analogue of the more familiar ‘0 -1’ law in probability. Sets which do not satisfy a
0-00 law, i.e. sets which satisfy

0 < HYI™E(E) < 0o, (3.3)

are called s-sets; these occur surprisingly often and enjoy some nice properties. One
example is the Cantor set which has Hausdorff s-measure 1 when s = log 2/log 3.

However it seems that s-sets are of minor interest in Diophantine approximation
where the sets that arise naturally, such as the set of badly approximable numbers or
the set of numbers approximable to a given order (see next section), obey a 0-co law.
The first steps in this direction were taken by Jarnik, who proved that the Hausdorff
s-measure of the set of numbers rationally approximable to order v was 0 or co. This
result turns on an idea related to density of Hausdorff measure.

Lemma 3.1 Let E be a null set in R and let s € [0, 1]. Suppose that there exists a
constant K > 0 such that for any interval (a, b) and s € [0, 1],
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H(EN(a, b)) <Kb—aHE). (3.4)

Then H*(E) = 0 or oo.

Proof Suppose the contrary, i.e. suppose 0 < H*(E) < oo and let K be as in the
statement of the theorem. Since E is null, there exists a cover of E by open intervals
(aj, bj) such that

1
Z(bj —a) < .
J

By (3.4),

H(E) =H | | J@.b) NE | < KH'(E) D (b — aj) < H'(E).

J J

a contradiction.

The proof for a general outer measure is essentially the same. The sets we
encounter in Diophantine approximation are generally not s-sets and some satisfy
this ‘quasi-independence’ property. For instance, it was shown in [14], using a vari-
ant of the above lemma, that there is no dimension function such that the associated
Hausdorff measure of the set of Liouville numbers (defined below) in an interval is
positive and finite. Liouville numbers are those real numbers x for which we for any
v > 0 can find a rational p/g such that

p
X—_

q

0<

q

Note that in this case, the existence of a single rational p/q for each v > 0 implies the
existence of infinitly many. We prove below that this set has Hausdorff dimension
0. The result of [14] shows that even with a general Hausdorff measure H, we still
cannot get a positive and finite measure.

Unless some general result is available, the Hausdorff dimension dimyE of a
null set E is usually determined in two steps, with the correct upward inequality
dimygE < so and downward inequality dimyE > s being established separately.

For limsup sets, such as the one in Theorems 1.3 and 2.16, the Hausdorff measure
version of the Borel-Cantelli lemma is often useful.

Lemma 3.2 Let (E;) be some sequence of arbitrary sets in R" and let
E = {x € R": x € E} for infinitely many k£ € N}.

If for some s > 0,

> diam(Ey)* < oo, (3.5)
k=1
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then H*(E) = 0 and dimyE < s.

Proof From the definition, foreach N = 1,2, ...,

G

EC Ey,

k

Il
=

so that the family C™) = {E;: k > N} is a cover for E. By (3.5),
o0
li iam(Ey)* = 0.
Nymgdlam( %) 0

Hence lim_, o, diam(E;) = 0 and therefore given § > 0, C™) is a é-cover of E for
N sufficiently large. But

o0
s s : s sc (N . s
H(E) = 1gf Z (diam U)* < 2(C™)) = Zdlam(Ek) -0
UeC, k=N
as N — oo. Thus H§(E) = 0 and by (3.1), H*(E) = 0, whence dimyE < s.

This was essentially what we did in the last section to prove the easy half of
Khintchine’s theorem. It follows mutatis mutandis from that proof that the Hausdorff
dimension of the set

[xeR:

X — ld < 1(g) for infinitely many (p,q) € Z x Nt ,
q

is atmost s whenever Z;il q(q)* < oo,sothatif(q) = g7, the Hausdorff dimen-
sion would be at most 2/v. As with Khintchine’s theorem, this is sharp, but the
converse inequality is more difficult to prove. We return to it in the final section.

Various methods exist for establishing lower bounds on the Hausdorff dimension
of a set. Underlying most of these methods are variants of the so-called mass dis-
tribution principle. Of course, the key difficulty is the fact that to get lower bounds,
we need to consider all covers rather than just exhibiting a single cover. This is due
to the definition of the Hausdorff s-measure as the infimum over all covers of the
s-length. The mass distribution principle is the following simple result.

Lemma 3.3 Let i be a finite and positive measure supported on a bounded subset E
of R™. Suppose that for some s > 0, there are strictly positive constants c and § such
that j1(B) < ¢ (diam B)* for any ball B inR" withdiam B < §. Then H*(E) > u(E)/c.
In particular, dimgE > s.

Proof Let {B;} be a §-cover of E by balls B;. Then
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0 < u(E) < u(U Bk) <D uB) <c (diamB)'.
k k k

Taking infima over all such covers, we see that H5(E) > u(E)/c, whence on letting
6 — 0,

H(E) > HE .
C

Thus if E supports a probability measure p (u(E) = 1) with u(B) < (diam B)* for
all sufficiently small balls B, then dimyE > s.

We now briefly discuss two other notions of dimension, namely box counting
dimension and Fourier dimension. Box counting dimension (see e.g. [24]) is some-
what easier to calculate from the empirical side, although it has some serious draw-
backs. Given a set E C R" and a number § > 0, let Ns(E) denote the least number of
closed balls of radius ¢ needed to cover E. We then define the upper and lower box
counting dimensions of E as

dimg(E) = lim inf w, dimg(E) = lim sup w.
—~0 —logé 50 —logd
If the values agree, we call this the box counting dimension of E.

The definition is fairly flexible, and changing the counting function to any of a
number of related counting functions does not change the value. The above count-
ing function has been chosen as a similar quantity should be familiar to readers
experienced with the concept of entropy.

A major drawback of box counting dimension is that it is not associated with any
measure. As a consequence of this, it is easy to construct countable sets of positive
box counting dimension. In fact, one easily proves that the box counting dimension
is unchanged when taking the topological closure of the set in question. Hence, any
dense and countable subset of R has box counting dimension 1. This is problematic
if one would like to apply the notion to prove the existence of transcendental num-
bers with certain properties using metrical methods. Indeed, as the set of algebraic
numbers is countable and dense, the statement that a set has positive box counting
dimension does not imply that it must contain transcendental numbers. On the other
hand, proving that a set has box counting dimension zero is a much stronger statement
than the corresponding one for Hausdorff dimension.

We will define one more notion of dimension, namely the Fourier dimension of a
set (see [38]). For a measure p, denote by /i its Fourier transform, i.e.

At = / 2TER G E),

We are concerned with positive Radon probability measures, so we suppose that
is a positive, regular Borel measure with ;1 (R") = 1. A poor man’s version of the
uncertainty principle would state, that if the Fourier transform of p decays as |x|
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increases, the support of the measure would be ‘smeared out’, and so be somewhat
messy.

The technical definition of the Fourier dimension of a set is as follows: Let
dimg (E) be the unique number in [0, ] such that for any s € (0, dimp(E)), thereis a
non-zero Radon probability measure p with supp(u) € E and with |fi(x)| < |x] /2,
and such that for any s > dimg(E), no such measure exists.

The types of dimension mentioned here are related as follows for a set E C R™:

dimg(E) < dimy(E) < dimy(E) < dimg(E). (3.6)

Proving the last two inequalities is straightforward, but the first one is difficult,
and requires Frostman’s Lemma [25], a powerful converse to the mass distribution
principle of Lemma3.3.

We end this section by relating the fractal concepts discussed so far to arithmetical
issues. This will motivate the key problem considered when discussing Diophantine
approximation on fractal sets.

A classical theorem of Emile Borel [12] states that almost all real numbers with
respect to the Lebesgue measure are normal to any integer base b > 2 (or absolutely
normal). In other words, for almost all numbers x, any block of digits occurs in
the base b expansion of x with the expected frequency, independently of b. In fact,
with reference to the previous section, this can be deduced from the ergodicity of
the maps T} : [0, 1) — [0, 1) given by T (x) = {bx} with respect to the Lebesgue
measure. The ergodicity of these maps is much easier to prove than for the Gauss
map, and the deduction of Borel’s result is left as an exercise.

While almost all numbers are normal to any base, the only actual examples known
of such numbers are artificial and very technical to even write down (see e.g. [44]).
For well-known constants such at 7, log2 or even \/5, very little is known about
their distribution of digits. It is a long-standing conjecture that algebraic irrational
numbers should be absolutely normal. In view of this, it seems natural to study
which Diophantine properties a number which fails to be normal in some way can
enjoy. One could hope that this would shed light on the question of the normality (or
non-normality) of algebraic numbers.

With these remarks, let us consider a specific set of non-normal numbers which
is of interest. Any such set will have Lebesgue measure zero, but in order to get
anywhere with our analysis, we will take a particularly structured example. Let

C= [x €l0.1]:x=> a3 a; €0, 2}],

i=1

i.e. the set of numbers in [0, 1] which can be expressed in base 3 without using the
digit 1. Clearly, an element of C cannot be absolutely normal. Of course, this set is just
the well-known ternary Cantor set, and just looking at it would suggest approaching
the study of the set by using fractal geometry.

Proposition 3.4 The setC has dimy (C) = dimy(C) = log 2/log 3 and dimp (C) = 0.
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We will calculate the Hausdorff dimension and the box counting dimension here.
The result on the Fourier dimension is due to Kahane and Salem [31] and requires
more work. However, we will calculate the Fourier transform of a particular measure
on C and show that this does not decay.

For the upper bound on the upper box counting dimension, we will consider the
obvious coverings of C by intervals obtained by fixing the first n coordinates of
the elements in C. There are 2" such intervals, and each has length 37", Hence, for
37" < § < 37! we find that N5(C) < 2". It follows that

log N5 (©) _

_ log 2" log2
dimp(C) = lim sup ogs _log-

lim sup
0—0 - log 4

nooo log3n=1 " log3’

If we can get the same lower bound on the Hausdorff dimension, applying (3.6)
would give us the first two equalities immediately. For this, we will apply the mass
distribution principle, so we will need a probability measure.

Initially, we assign the mass 1 to the unit interval. We then divide the mass equally
between the two intervals [0, 1/3] and [2/3, 1], so that each has measure 1/2. We
continue in this way, at step k dividing the mass of each ‘parent’ interval equally
between the two ‘children’. The process converges to a measure supported on the
Cantor set (as a sequence of measures in the weak- topology, but we skip the details).
The resulting measure 4 is known as the Cantor measure.

To prove that the Cantor measure is good for applying the mass distribution
principle, we need an upper estimate on the measure of an interval. Let / be an interval
of length <1. Pick an integer n > 0 such that 3-"*+D < diam(I) < 37", In the n’th
step of the Cantor construction, the minimum gap size is 37". Hence, the interval
can intersect at most one of the level n intervals, and so, setting s = log 2/log 3,

) <27 =3"" <3 diam()* = 2 diam(/)*.

From the mass distribution principle of Lemma3.3, it immediately follows that
H*(C) > 1/2, whence dimy C > s = log2/log 3. This completes the proof of the
first part of the proposition.

To finish, we will calculate the Fourier transform of the specific Cantor measure
1 constructed above. Weak-# convergence of the auxiliary measures imply that for
any continuous function f on [0, 1],

1
/f(x)du(x):lim 2 > @3 a3,
0 n—o0

ap,...,a,€{0,2}

so in order to find the Fourier transform of the measure, we need to evaluate the
above expression for the function f;(x) = e~>™*_ On inserting, we find that

f(n) = lim 27" " grm@d et (3.7)

n—oo
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Recalling Euler’s formula for the cosine function,

i0 —if
e’ +e
cos(f) = ———,
©) 5
we find that
n n 2mi3 k¢ —2mi3 k¢t
[Teos@m3*n =T % J;e
k=1 k=1

=

n
— o [ 23 (8727Ti3_"2t + 1) .
k=1 k=1

Taking absolute values, the first product becomes of absolute value 1. Expanding the
latter product, whatever remains becomes a partial sum from (3.7), so that letting n
tend to infinity,

1) = Hcos(zw:r"t) .

k=1

It should be clear that this does not decay polynomially with #, so certainly the Cantor
measure is no good if we were to believe that the Cantor set had positive Fourier
dimension. Of course, this is not the case anyway.

We conclude this chapter with some remarks connecting dynamics, fractals, mea-
sures, Diophantine approximation and numeration systems. This requires a bit of
functional analysis. We refer the reader to [41] for an excellent textbook on the topic.

As we have seen, to both Diophantine properties and to base b expansions, we
may associate dynamical systems on the unit interval. In the former case, this was the
Gauss map, and in the latter the base b map. Both of these are ergodic with respect
to measures which are absolutely continuous with respect to the Lebesgue measure,
so almost all numbers are typical with respect to both of these measures. Our main
problem is to take an atypical property from one and prove that this forces the other
to be typical.

In terms of measures, invariant sets such as the ternary Cantor set give rise to
other preserved measures than the Lebesgue measure (and similarly for sets invariant
under the Gauss map). A quick-and-dirty way of constructing such measures is
to take a point, look at its backward orbit and take a weak limit of averages of
point measures along the orbit. By the Riesz representation theorem, these measures
correspond to linear functionals in the unit ball of C([0, 1])*, the dual space to the
continuous functions on the interval with the topology of uniform convergence. The
Banach-Alaoglu theorem ensures the existence of a limit point, which again by Riesz
corresponds to a measure with its support on the orbit closure of the initial point. In
this way, one may construct many invariant measures for a continuous transformation
of the interval.
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The set of invariant measures can easily be shown to be closed (hence compact) and
convex. As such, itis spanned by its extremal points, and it is again an easy exercise to
prove that these are exactly the measures with respect to which the transformation is
ergodic. It then follows from the pointwise ergodic theorem that such measures must
be mutually singular. In the cases considered above, the space of ergodic measures
has an element which is absolutely continuous with respect to Lebesgue and a whole
bunch of ‘fractal’ measures such as the Cantor measure.

In view of this, it would seem that our problems should boil down to considering
nice, convex subsets of the Banach space C([0, 1])*, and subsequently study the
support of elements in their intersections, when interpreted as measures by the Riesz
representation theorem. However easy this may sound, it really is horrible! Indeed,
one can construct a simplex in an infinite dimensional space whose extremal points
are dense within it (the Poulsen simplex [43]). Evidently, the existence of such
monstrous sets makes life harder for us, but it also puts the study of Diophantine
approximation into a much broader context with connections all over mathematics.

4 Higher Dimensional Problems

In the last section, we mentioned a major open problem in Diophantine approxi-
mation: Are algebraic irrational numbers absolutely normal? In order to approach
this problem, we should address the concept of approximation by algebraic num-
bers. This is a higher dimensional problem, and we will approach it by considering
rational approximation in higher dimensional spaces. The added flexibility of having
more than one variable allows us to come up with new problems as well as to state
analogues of old ones in higher dimension. As it turns out, some of the unsolved prob-
lems in one dimension can be resolved in higher dimension, while some problems
which naturally live in higher dimensions remain unsolved.

As our starting point, we will derive some elementary results from the geometry
of numbers (see [17, 39]). Let S € R” be a centrally symmetric convex set, i.e. a
set S such that if x, y € S then the line segment joining x and y is fully contained in
S, and so that if x € S, then —x € S. Of course, such sets need not be Borel, as is
easily seen by taking the open unit ball in R? together with a non-measurable subset
of the unit sphere. However convex sets do belong to the larger class of Lebesgue
measurable sets and so have a well defined volume. A first question is, how large
this volume can get before we are guaranteed the existence of a point different from
the origin with integer coordinates in S. Clearly, 2" is a lower bound, as is seen by
considering the cube. As it turns out, this is best possible.

Theorem 4.1 Let S be a convex, centrally symmetric body of volume strictly greater
than 2". Then, S contains a point from 7" \ {0}.

Proof First, consider the set S = %S, ie.

S ={xeR":2xeS}.
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This set has volume strictly greater than 1. We divide the set up into disjoint bits
S =xeR':uy<x;<u+1}NS, where u=(uy,...,u,) €Z".

Now, consider the sets S/ =S/, —u C [0, 1)". The sum of the volumes of the S
is strictly greater than 1, so two of the sets must overlap. Hence, there are distinct
points x’, x” € §” and distinct points /', u” € Z", such thatx’' —x" =u' — ' =u €
7" \ {0}. But by convexity and central symmetry,

/ 1.7

1 _1 r__ 1
X — X —zueS—zS,

sothatu € S.

Note that if we further assume that S is closed, the inequality of the above theorem
can be weakened to vol(S) > 2" by a simple compactness argument. We can use
Theorem4.1 to provide solutions to systems of Diophantine inequalities.

Theorem 4.2 Let (a;) € GL(n, R) be some invertible matrix, let cy,...,c, > 0,
and consider the system of inequalities

n
E apxj| < ci
j=1

n
E agxj| <c, 2=<i<n.
Jj=1

Ifcy- - cp > |det(a[j)

, this system has a non-trivial integer solution.

Proof 1t is straightforward to verify that the system of inequalities define a cen-
trally symmetric convex set of volume 2"c; - - - ¢, |det(a,-j)|_1. Thus, if ¢; - - ¢, >
|det(a,j) , the theorem is immediately implied by Theorem4.1.

To get the full theorem, we first replace c; by c¢; + € for some arbitrary € €
(0, 1). By the above argument, there is an integer solution x© € Z" for each ¢, and
furthermore, the corresponding convex sets are all bounded by a constant independent
of e. Consequently, there are only finitely many possible integer solutions to the
system of equations, so one must occur for all ¢ in some sequence with ¢, — 0.
This is the point we are looking for.

Now, let xq, ..., x, € R, let N € N and define the matrix
00---0 1
10---0 —x;
(aij)z 01"'0_X2

00---1—x,
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Taking ¢; = N" and ¢; = --- = ¢,41 = 1/N, the conditions of Theorem4.2 are
clearly satisfied. We have shown the following extension of Dirichlet’s theorem.
Corollary 4.3 Let x|, ...,x, € R, let N € N. There are integers py, ..., p, and gq,
0 < g < N" such that
i 1
xi—&' <—, 1<i<n.
q| gN

Just as we did in the case of Dirichlet’s theorem, we can derive a non-uniform
version.

Corollary 4.4 Let xy, ...,x, € R. There are infinitely many tuples (py, ...,py) €
Z" and integers q € 7.\ {0}, such that
Pi 1 .
xi—; <W, 1<i<n.

Considering instead the transpose of the above matrix,

o1 ---0 0
@=100 -1 0
00 --- 0 1
I —x, - —x2 —x;
withc; = ---¢, = N and ¢,4; = N7", we get another corollary.

Corollary 4.5 Let x1,...,x, € R, let N € N. There are integers p and qy, . . ., qn,
0 < max{|q;|} < N such that

1
lq-x—pl < T
Here and elsewhere, X denotes the vector with coordinates (xi, . . ., X,).
Writing, as is usual in number theory, | - || for the distance to the nearest integer

(or nearest vector with integer coordinates in sup-norm in higher dimension) and
letting |q| = max{|g;|}, the L*°-norm of the vector q, we get the following corollary.

Corollary 4.6 Let x € R". There are infinitely many q € 7" \ {0}, such that

la- x|l < lql™".

Several things stand out here. One is the duality between the two forms of
Diophantine approximation, the simultaneous approximation and the ‘linear form’
approximation. Another is a little better hidden. Let £ € R and consider the vector
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x = (& €2, ..., &Y. Feeding this vector into Corollary 4.6 gives us infinitely many
integer polynomials taking small values at £.

The curve given by I' = {(x1,...,x,) € R" : x; = ¢/, ¢ € R} is known as a
Veronese curve, and much of the field known as Diophantine approximation on
manifolds has its genesis in an attempt to understand the Diophantine properties
of points on these curves and so the approximation properties of real numbers by
algebraic numbers. This is a natural extension of the usual approximation by rational
numbers, which is the case n = 1. Indeed, here a linear form has just one variable,
so that one considers the quantity [|g&||, which on dividing by ¢ gives a rational
approximation to the real number &.

For completeness, we should mention the two alternative ways of studying alge-
braic approximation (the book of Bugeaud [13] is an excellent resource). For this
purpose, we introduce a little notation. Let A, denote the set of real, algebraic num-
bers of degree at most n. For an integer polynomial P, let H(P) denote the naive
height of P, i.e. the maximum among the absolute values of the coefficients of P.
Finally, for « € A, let H(«) denote the height of the minimal integer polynomial of
a. With these definitions, we introduce two families of Diophantine exponents,

w, (&) = sup{w > 0:0 < |P(§)| < H(P)™" for infinitely many
P € Z[X], deg P < n},

and
wi(€) =supfw >0:0< [ —al < H(a)~*~! for infinitely many o € A,}.

The two exponents were introduced in order to classify the transcendental num-
bers, a topic which we will not discuss in these notes. The first should be compared
with Corollary 4.6, which almost immediately tells us that unless ¢ is algebraic,
wy,(€) > n for all £ € R. Indeed, we just apply the corollary directly to the vector
(€, €%,...,€"). The only additional thing to take care of is the fact that |q| is not
equal to H(P), as the latter takes the constant term of P into account where the for-
mer does not. However, with £ restricted to some bounded subset of R, the two are
comparable, and the resulting difference in definitions is absorbed by the supremum
in the definition of w, (). The two exponents are related, which is to be expected: if
a polynomial takes a small value at &, it is not too unlikely that there is a root nearby,
and conversely if « is an algebraic number close to £, then the minimal polynomial
of « probably takes a small value at £.

We summarise some relations due to Wirsing [48] between the exponents in the
following proposition.

Proposition 4.7 For any n and any &, w,(§) > w;: (§). Furthermore, if  is not alge-
braic of degree at most n, the following inequalities hold:
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w,(§) = w,(§) —n+1

wie = O
. w, (&)
w,(§) = m 4.1)
Vn?4+16n -8

Wi = 7+ g

The two exponents need not be the same.

We will not prove the proposition here. However, there is an interesting point to
be made. The relation between the exponents takes us into the world of transfer-
ence theorems, which underlies the duality between simultaneous and linear forms
approximation. We give a very general transference principle, from which many
others can be derived (see [16]).

Theorem 4.8 Consider two systems of [ linearly independent linear forms, (fy(z))
and (g(w)), all in l variables. Let d = |det(gy)|. Suppose the function

Dz, W) =D fi(@g(W),
k

has integer coefficients in all products of variables z;w;. If the system of inequalities
max [fi(z)| < A
can be solved with z € 7' \ {0}, then so can the system of inequalities
max (W) < ({ = DD, 42

Proof As the forms (f;) are linearly independent, the associated homogeneous sys-
tem of equations only has the zero solution. Hence, for any solution to the first system,
z € 7"\ {0},

0 < max [fi ()] < A.

Since the right hand side of (4.2) decreases with A, we may suppose that the last
inequality above is actually an equality. Finally, we can permute the forms in order
to make sure that the maximum is attained for the last form and change signs to
remove the absolute value. In other words, we suppose without loss of generality
that z € Z! \ {0} is a solution to the initial system of inequalities with

max [ (2)] = fi(@) = \.

Filling these numbers into the expression for @, we get a linear form in the
variables w, which together with the first / — 1 forms of the system (g;(w)) forms
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a system of linear forms. We may calculate its determinant, which turns out to be
fi(z)d = )\d. Using Theorem4.2, the system

@@z w| <1, lgW <)V 1<k<i-1,

has a non-zero integer solution w. This certainly gives us the first / — 1 inequalities
of (4.2).

To get the final inequality, |g;(w)| < (I — 1)(Ad)"/¢~?, note that @ (z, w) is an
integer by assumption, and so must be = 0. Hence,

-1

MMMHWMMWN=+Zﬁ®wW)

k=1

< A= DDV,

by the triangle inequality. This completes the proof.

This theorem explains why there is a relation between a system of inequalities
given by a matrix and that given by its transpose, as seen in the following theorem.

Theorem 4.9 Let (L;) denote a system of n linear forms in m variables and let (M)
denote the transposed system of m linear forms in n variables. Suppose that there is
an integer solution X # 0 to the inequalities

IL&®I <C, |5 <X,
where 0 < C < 1 < X. Then the system

M| <D, |ul<U,
has a non-zero integer solution, where

D= (- I)X(l—n)/(l—l)cn/(l—l)’ U=(- 1)Xm/(l—1)c(1—m)/(1—1)’ l=m-+n.

Proof We introduce new variablesy = (y;, ..., y,) and v = (vy, ..., v,) to capture

the nearest integers in the systems. Hence, we define two new systems of / linear
forms in [ variables

C LX) +y) 1<k=<n
X,y) =
fex.y) [Xlxk_n n<k<l
and
Cuy, 1<k<n
g(u,v) =
X(—Mi_,(w) +vx_,) nk <<l

It is easily checked that the conditions of Theorem4.8 hold true with d = C"X™.
Applying this theorem gives a non-zero integer solution ((u), (v)).
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It remains for us to check that u # 0, but this is easy: If D < 1 and u = 0, the
inequalities resulting from Theorem4.8 would force v = 0, which contradicts the
initial conclusion. Hence, u # 0 as required or D > 1, in which case it is trivial to
solve the inequalities.

At this point, let us define some sets which will be of great importance in the next
section. The set of badly approximable numbers is the set

C
)c—l—7 z@foralll—)e(@}.
q q

Bad = [x € R : For some C(x) > 0,
q

From Khintchine’s theorem, this set is Lebesgue null. From the theory of continued
fractions, it is also the set of numbers with bounded partial quotients, so the same
conclusion follows immediately from the ergodicity of the Gauss map.

Similarly to the one dimensional case, one can define the sets (also denoted Bad
by abuse of notation),

C
Bad = Ix € R" : for some C(x) > 0, [lgx|| > % forall g € Z\{O}] .
q n

Or the corresponding linear forms version,

B * n. C(X) n
ad* = {x € R" : for some C(x) > 0, ||q - x|| > forallq € Z" \ {0} { .

lql"
Corollary 4.10 The sets Bad and Bad* are the same.

Proof The proof is just an application of Theorem4.9. For x € R", define the linear
form M (t) = x - t in n variables, and let L;(#) = #;u denote the transposed system of
n linear forms in 1 variable. Clearly, x € Bad* if and only if

1M (t) max{|z;]|}" = c*, (4.3)

where ¢* > 0 depends only on x for all non-zero integer vectors t. Similarly, x € Bad
if and only if
max{[|L; w)[|}*u] > c,

where ¢ > 0 depends only on x for all non-zero integers u.
Suppose x € Bad*. We will prove thatx € Bad, soletu # Obe aninteger. LetX =
U and C > max{||L;(u)||} with 0 < C < 1, as otherwise there is nothing to prove.
As x € Bad*, the values of D and U of Theorem4.9 must satisfy that DU" > c*, as
otherwise we would have a contradiction to (4.3). However, with the relations of the
theorem,
DU" = nX(l—n)/nC (nXl/n)” — I’ln+]CX]/n,
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so that
C'X = (nf(nJrl)DUn)" > n—n(nJrl)C*n.

This shows that if ¢* is positive and exists, then ¢ = n™""+D¢*" will work as a
constant to prove that x € Bad. The converse is symmetrical.

Many other nice results follow from the transference technique. It is of interest
to note that the above transference inequalities become equalities only at the critical
exponent derived from the Dirichlet type theorems, as seen from the above corol-
lary. This is also the case for the inequalities between the exponents of algebraic
approximation, where the critical exponent for both variants is n (see (4.1)), where
the inequalities become again become equalities. Transference theorems generally
reveal less information away from the critical exponent.

It would be natural to conjecture that results similar to the Khintchine theorem
should hold true for algebraic approximation or at least in some form for the ambient
space containing a given Veronese curve. This is in fact the case, but the lack of
a good analogue of continued fractions in higher dimensions is an obstacle for the
methods already used to be applicable. We will give a sketch of a geometrical proof
of a Khintchine type theorem for a single linear form, which is in a sense stronger
than its one-dimensional analogue, as it does not assume the approximation function
to be monotonic when the number of variables is at least 3. We will then discuss the
monotonicity assumption in one dimension.

For the purposes of the proof, we will need a converse to the Borel-Cantelli
lemma, which we state without proof. A lower bound on the measure of such a set
may be found using the following lemma (see e.g. [47])

Lemma 4.11 Let (82, B, 1) be a probability space and let E, be a sequence of
events. Suppose that Y, j1(E,) = 0o. Then,

0 2
(=2 nE)
p(lim sup E,,) > lim sup .
Q—o0 ngzl /’L(Em ﬂ En)

In particular, if the events E, are pairwise independent, u(limsup E,) = 1.

‘We will consider the set
W,() = {x € R": ||q - x|| < ¥(|q|) for infinitely many q € Z"}.
In this notation, the set originally considered in the first section would be
Wi () = {x € R : |lgx]| < ¥(|q]|) for infinitely many g € Z},
so it is a natural generalisation. In the case of W (1)), we showed that the set is full

provided > 1(g) = oo (note the change in condition due to the change in definition),
and provided the function qi(q) was monotonic.
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Theorem 4.12 Let i) : N — R be some function, with qi(q) monotonic if m =
1, 2. Then, the set W,, (1) is full if >_ q"~'1)(q) = oo. If the series converges, the set
W, (1)) is null.

We will follow a proof given by Dodson [19]. As in the case of Khintchine’s
theorem, we will make some restrictions. We will consider only points in the unit
square [0, 1)™, which we will think of as a torus by identifying the edges. We will
think of W,,(y)) N[0, 1)™ as a limsup-set, so for a fixed q € Z™ let

Eq={xeR":llq-x|l < ¢(qD},

so that
W,, () = limsup Eq.

We call the sets Eq resonant sets due to a connection with physics, which we will not
explore here.

Lemma 4.13 For each q € Z", |Eq| < 9¥(|q]).

Sketch of proof. We sketch the argument for m = 2. This is a simple geometric
argument. The set E, consists of a bunch of parallel strips. Considering only the
central lines of these, i.e. the solution curves to ¢;x + g>y = p in the unit square, and
matching up the sides of the square to form a torus, we obtain a closed geodesic curve
on the torus. The set Eq forms a tubular neighbourhood of this geodesic. Calculating
the length (roughly |q|) and width of this strip (roughly % (|q|)|q|~"), we arrive at
the conclusion.

Lemma 4.14 Suppose the vectors q, ' € Z™ are linearly independent over R. Then
the corresponding resonant sets are independent in the sense of probability, i.e.
|Eq NEy| = |Eql|Eq].

Sketch of proof. Once more, we give a sketch for m = 2. Consider again the central
geodesics of the two resonant sets. As the vectors  and q’ are linearly indepen-
dent, these tesselate the torus into parallelograms. There will be | det(q, q')| such
parallelograms, where (q, q') denotes the matrix with columns q and q'.

Consider now the tubular neighbourhoods and their intersections. These will con-
sist of a union of scaled copies of the parallelograms of the tessellation. Calculating
their individual sizes as before will give the required result.

Proof of Theorem4.12. The convergence statement is easy. The set W, (1)) is covered

by the set
U U £,

nzk |q|=k

so as there are roughly Q™! vectors q € Z" with |q| = Q, Lemma4.13 immediately
gives us that
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U U Ed <« 2 n" e,

n>k |q|>k n=k

which is a tail of a convergent series.

To get the divergence half of the statement, we show that a subset has full measure.
The key is to pick a sufficiently rich collection of integer vectors for which the thinned
out series (the volume sum) still diverges, but for which any pair of vectors is linearly
independent. Define the sets

Sy = {q € Z™ : qis primitive, g, > 1, |q| = k}.

We will consider only vectors in P = USy.

If q, ' € P satisfy a linear dependence, then for some integer v, we must have
q = vq’ (or the converse). It follows that v divides all the coordinates of ¢, so by
primitivity, v = £1. But since the last coordinates are positive, we must have v = 1,
whence q = ¢'. In other words, any pair of vectors q, q' € P are linearly independent,
and so by Lemma4.14 we have |Eq N Ey| = |Eq||Eq]|.

To apply Lemma4.11, we must ensure that the volume sum still diverges when
restricted to a sum over P. In order to accomplish this, we require an asymptotic
formula for the number of elements in Sj. But this is not difficult.

#Sk = 2 lai=kgn=1 1 = 2 laimkaguz1 2ap H(d) = 22 11(d) 2 jri=k/a 1

(G1,-gm)=1 (q15-wsqm)=h . rm>1
m—
=2""22m—1) Zdlk w(d) (%) + error term.

Here, 1 denotes the Mobius function, and we have used the classical fact that
24 1(d) is equal to one for n = 1 and equal to zero otherwise. For m = 2, the
main term is = 3¢(k), where ¢ denotes the Euler ¢-function. For m > 3, we have

s ()10 )

m
dlk P

which lies between ¢(m — 1)~! and 1, where ¢ denotes the Riemann ¢-function.

The upshot is that for m > 3, Sy contains a constant times k=1 elements, and
the divergence of the original series implies the divergence of the restricted series
without further work. For m = 2 we need to average out the irregularities of the
Euler function, but using the classical estimate > <N o(n) = %N 24+ 0N logN),
we may apply Cauchy condensation over 2-adic blocks to get the divergence of the
new series. This however requires the monotonicity of the function.

Quite a few remarks should be made at this point. Firstly, the result is valid
even more generally than the one stated here. The full Khintchine—Groshev theorem
concerns systems of linear forms, and states the set of matrices
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Winn (1) = {A € Matyx,(R) : [IqAll < 1(|q]) for infinitely many q € Z™},

is null or full according to the convergence or divergence of the series >_ ¢" ' (q)".

Secondly, the divergence assumption is not needed except for in one case. Namely,
in the case m = n = 1, an explicit counterexample to the classical Khintchine the-
orem without assumption of monotonicity can be given. However, conjectures do
exists, which tell us what to expect. It is natural in this context to impose the restric-
tion that the approximating rationals should be on lowest terms. The Duffin—Schaeffer
conjecture [21] states that the set

{xeR:

X — d < 1(g) for infinitely many coprime (p, g) € Z x N ] ,
q

should be null or full according to the convergence or divergence of the series
> d@)(@).

The convergence half is easy, and in the case of an appropriately monotonic
approximation function, the result follows immediately from condensation and
Khintchine’s theorem. The difficulty is in getting the result for non-monotonic error
functions. However, it is known that the set must be either null or full. It is hence
tempting to try to apply Lemma4.11 to get positive measure and proceed to deduce
full measure from this law. However, controlling the intersections appears to be
beyond the reach of current methods. What is clear is that it is hopeless to control
the individual intersections, and the entire sum must be considered at least in very
long blocks at a time.

Thirdly, as in the case when the above results give a null set, it is natural to
ask what the Hausdorff dimension should be. As in the case of a single number,
it is easy to get an upper bound, at least in the case ¥ (g) = ¢~". Just applying a
covering argument in the spirit of the convergence case, one finds that in this case,
dimg(Wy,.(q = g7 %) < (m — 1)n+ (m + n)/(1 + v). The initial integer comes
from the hyperplanes central to the resonant sets, with the fraction at the end being
the really interesting component. In fact, this is sharp, and we will return to these
types of estimates in the final section of the notes.

Fourthly, we did not answer the question we originally asked. Namely, we were
interested in points on the Veronese curves and in a final instance in points in a fractal
subset of the Veronese curve. For the full Veronese curves, these things can be done,
but with considerably more difficulty. Even the convergence case was not settled
before 1989 by Bernik [9] with the divergence case taking another 10 years before
being settled by Beresnevich [4]. By contrast, the above results about the ambient
space date back to 1938.

As a final remark on the Khintchine—Groshev theorem, in the case when one
considers simultaneous approximation or more than one linear form, similar ques-
tions can be asked when different rates of approximation are required in the different
variables. Again, the questions can be answered under some assumptions on the
approximating functions, and whether sets arising in this way are null or full depend
once again on the convergence or divergence of a certain series.



Metric Diophantine Approximation ... 97

We dwell a little on this last point. Consider again Corollary 4.4, this time with
n = 2. Littlewood suggested multiplying the two inequalities instead of considering
them separately, and so to consider

P1 ‘ 2] 1
R M
q q q
or more concisely,
qllgxlligyll < 1. 4.4)

By Corollary 4.4, this inequality always has infinitely many solutions for any pair
(x, y), but it is a little more flexible than the original one. Indeed, one approximation
could be pretty bad indeed, just as long as the other one is very good, and the inequality
would still hold.

From the theory of continued fractions, we know that many numbers x exist which
have ¢ |lgx|| > C > 0 for all g (the badly approximable numbers, or equivalently
those with bounded partial quotients), and similarly we know that there are badly
approximable pairs, i.e. pairs for which Corollary 4.4 cannot be improved beyond a
positive constant (we will prove this and much more in the next section). Littlewood
asked whether there are pairs such that (4.4) cannot be improved beyond a constant.
Due to the added flexibility, he conjectured that this should not be the case, so that
for any pair (x, y),

lim inf x| gyl = 0. (4.5)

where the liminf is taken over positive integers g.

Equation (4.5) is the Littlewood conjecture. Littlewood apparently did not think
that it should be too difficult, and set it as an exercise to his students in the thirties.
To date, it is an important unsolved problem in Diophantine approximation. This is a
case, where many of the known results are metric. Probably the most famous among
them is the result of Einsiedler, Katok and Lindenstrauss [23], which states that the
set of exceptions (x, y) to (4.5) must lie in a countable union of sets of box counting
dimension zero. From the elementary properties of Hausdorff dimension together
with (3.6), it follows that both the Hausdorff dimension and the Fourier dimension
are also equal to zero.

In fact, their approach follows the approach to continued fractions via the geodesic
flow outlined in the first section. There is no good analogue of continued fractions
in higher dimension, but an analogue of the geodesic flow on SL,(R)/SL,(Z) is
certainly constructible. In the classical, one-dimensional case, the geodesic flow is
given by the action of the diagonal subgroup of SL,(R), and badly approximable
numbers correspond to geodesics which remain in a compact subset of the space
SL,(R)/ SL,(Z). The approach of Einsiedler, Katok and Lindenstrauss works instead
with the diagonal subgroup of SL3(R), acting on SL3(R)/ SL3(Z).

This action is a two-parameter flow and its dynamics is very complicated.
Nonetheless, the three authors manage to prove many things about the simplex of
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preserved measures described in the final section, and in particular about the extremal
points. They show that the only possible ergodic measures are the Haar measure and
measures with respect to which every one-parameter subgroup of the diagonal group
acts with zero entropy. Readers acquainted with the notion of entropy should be able
to see how this will have an impact on the box counting dimension of the support of
the measure.

The relation between the flow and the Littlewood conjecture is a little technical,
but briefly the pair (x, y) satisfies the Littlewood conjecture if and only if the orbit
of the point

100
x 10 ] SL3(Z)
yO0l1

is unbounded under the action of the semigroup

e 00
AT = 0 e0):s,teR,
0 0¢é

Hence, the set of exceptions can be embedded into a set of points in SL3(R)/ SL3(Z)
with bounded A*-orbits, and the result can be deduced from the dynamical statement.
It is very impressive work. We will say something non-trivial but somewhat easier
in the final section of these notes.

5 Badly Approximable Elements

In this section, we will discuss badly approximable numbers, and in fact do so in
higher dimensions. A consequence of our main result is Jarnik’s theorem [29]: the
set of badly approximable numbers has maximal Hausdorff dimension. However
we will prove much more, including the result that badly approximable numbers
form a set of maximal dimension inside the Cantor set. The latter relates digital
properties with Diophantine properties, and although it does not resolve the question
of absolute normality of algebraic irrational numbers, it does provide information
on which Diophantine properties a number failing spectacularly at being normal to
some base can have.

The work presented in this section originated in an unfortunately failed attempt
to resolve the Schmidt conjecture with Thorn and Velani [36]. We did solve other
problems in the process, though. In order to present this, we need some new sets. For
i,j > 0withi+ j = 1, denote by Bad(i, j) the set of (i, j)—badly approximable pairs
(x1, x2) € R?; that is (x;, xo) € Bad(i, j) if there exists a positive constant c(x;, x)
such that for all g € N

max{flgx; I, lgx2|I'7} > e(x1, x2) g7
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In the case i =j = 1/2, the set is simply the standard set of badly approximable
pairs or equivalently as we saw in the last section the set of badly approximable
linear forms in two variables. If i = O we identify the set Bad(0, 1) with R x Bad
where Bad is the set of badly approximable numbers. That is, Bad(0, 1) consists of
pairs (x, xp) with x; € R and x, € Bad. The roles of x| and x; are reversed if j = 0.
In full generality, Schmidt’s conjecture states that Bad(i, j)) N Bad(i’, j') # @. Itis a
simple exercise to show that if Schmidt’s conjecture is false for some pairs (i, j) and
(7, ') then Littlewood’s conjecture in simultaneous Diophantine approximation is
true.

The Schmidt conjecture was recently settled in the affirmative by Badziahin,
Pollington and Velani [3], who established a stronger version. An [1] subsequently
proved an even stronger result, which we remark on towards the end of this section.

We will set up a scary generalisation of the sets Bad(i, j). For the purposes of
these notes, we will consider general metric spaces. The examples to keep in mind
are nice fractal subsets of Euclidean space, such as the Cantor set or the Sierpinski
gasket. Let (X, d) be the product space of t metric spaces (X;, d;) and let (£2, d) be
a compact subspace of X which contains the support of a non-atomic finite measure
m.

Let R = {R, € X : o € J} be a family of subsets R, of X indexed by an infinite,
countable set J. Thus, each resonant set R, can be split into its  components R, ; C
(X;,d;).Let 3 :J — R, : a — (3, be a positive function on J and assume that the
number of o € J with 3, bounded from above is finite. We think of these as the
resonant sets similar to the central lines of the resonant neighbourhoods considered
in the last section.

Foreachl <i <t,letp; : Ry — Ry : r — p;(r) beareal, positive function such
that p;(r) — 0 as r — oo and that p; is decreasing for r large enough. Furthermore,
assume that p; (r) > pa(r) > --- > p,(r) for r large — the ordering is irrelevant. Given
a resonant set R, let

Fo(prs ..., p) = {x € X0 di(xi, Ro)) < pi(B,) forall 1 <i<t}

denote the ‘rectangular’ (py, ..., p;)—neighbourhood of R,,. For a real number ¢ > 0,
we will define the scaled rectangle,

cFo(prs ..., p) ={x € X:di(xi, Rai) < cpi(Ba) forall 1 =i =<1},
and similarly for other rectangular regions throughout this section. Consider the set

Bad*(R’ﬂap]"”7pl)
={xe2:cx) >0 s.t.x ¢ c(x) Fo(p1,...,p;) forall a € J}.

Thus, x € Bad*(R, 3, p1, . .., p;) if there exists a constant ¢(x) > 0 such that for all
ael,
d;i(xi, Ro;) = c(k) pi(Bs) forsomel <i<t.
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We wish to find a suitably general framework which gives a lower bound for the
Hausdorff dimension of Bad*(R, 3, p1, . . ., p;). Without loss of generality we shall
assume that sup,,.; p;(3,) is finite for each i — otherwise Bad*(R, 3, p1, ..., p1) =9
and there is nothing to prove.

Givenlj,...,l; e Ry and c € 2 let
F;l,....L)={xeX : di(xi,c;) <I; forall 1 <i<t}
denote the closed ‘rectangle’ centred at ¢ with ‘sidelengths’ determined by [y, . .., /,.

Also, for any k > 1 and n € N, let F,, denote any generic rectangle intersected with
£2, i.e. a set of the form F(c; p1(k"), ..., p:(k™)) N £2 in 2 centred at a point ¢ in
£2. As before, B(c, r) is a closed ball with centre ¢ and radius r. The following
conditions on the measure m and the functions p; will play a central role in our
general framework.

(A) There exists a strictly positive constant ¢ such that for any ¢ € £2

.. logm(B(c,r))
liminf ——— =
r—0 logr

0.

It is easily verified from the Mass distribution principle of Lemma 3.3 that if the
measure m supported on §2 is of this type, then dim 2 > § and so dim X > §.

(B) For k > 1 sufficiently large, any integer n > 1 and any i € {1, ..., t},
pi(k")
M) < < \i(k),
(O = iy SN

where )\5 and X! are lower and upper bounds depending only on k but not on
n,such that /\ﬁ(k) — oo as k — oo.
(C) There exist constants 0 < a <1 < b and ly > 0 such that

m(F(c; 1y, ..., 1))
-~ m(F( L, L) T

foranyc,c € Q2 andanyly, ..., < ly. This condition implies that rectangles
of the same size centred at points of 2 have comparable m-measure.
(D) There exist strictly positive constants D and Ly such that

mQ2F(cl, ..., L)) <D
m(F(c; Ly, ..., 1))
foranyc € 2 andanyly, ..., 1, <ly. This condition simply says that the mea-

sure m is ‘doubling’ with respect to rectangles.
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(E) Fork > 1 sufficiently large and any integer n > 1

m(Fn+l)

where X is a function depending only on k such that A\(k) — oo as k — oo.

In terms of achieving a lower bound for dim Bad*(R, (3, py, . . . p;), the above four
conditions are rather natural. The following final condition is in some sense the only
genuine technical condition and is not particularly restrictive.

We should state at this point that if m is a product measure of measures satisfying
the decay condition that there exist strictly positive constants § and ry such that for
ceRandr <r

ar’ < mB(c,r) <br’, (5.1)

where 0 < a < 1 < b are constants independent of the ball, then the product measure
satisfies all conditions above. This is extremely useful, and missing digit sets have
this property, as do all regular Cantor sets.

Theorem 5.1 Ler (X,d) be the Cartesian product space of the metric spaces
X1,d1), ..., (X, dy) and let ($2,d, m) be a compact measure subspace of X. Let
the measure m and the functions p; satisfy conditions (A) to (E). For k > ko > 1,
suppose there exists some 0 € R so that for n > 1 and any rectangle F, there exists
a disjoint collection C(OF,) of rectangles 20F, .| contained within OF, satisfying

m(0F,)

#C(OF,) > Ky m(Tn-H)

5.2)
and

# [20Fn+1 c C(OF,) : rJI}in ) di(ci,Ra) < 20p:(k"Y) forany 1 <i<t
ael(n+

m(0F,)
< Ky ———. (5.3)
m(OF 1)
where 0 < Ky < K1 are absolute constants independent of k and n. Furthermore,
suppose dimy (UpesRy) < 6. Then

dimg Bad*(R, B, p1, ..., p1) = 6.

The statement of the theorem with all its assumptions is pretty bad, and the proofis
in fact a rather dull affair. We give a short sketch. Fixing k > ko, the conditions of the
theorem give us a way to construct a Cantor type set inside Bad*(R, 0, p1, .- -, pr)-
Namely, we begin with a rectangle 6F. In this and any subsequent step, we take out
the collection C(6F,), which is pretty big due to (5.2). The points in the rectangles
from (5.3) will have some difficulties lying in the set Bad*(R, 3, p1, . . ., p), as they
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are fairly close to a resonant set from J(n + 1). Hence, we discard them and retain
a collection F,.1(0F,) of closed rectangles. The assumption (5.3) tells us that a
positive proportion of the collection will remain, and we continue in this way to get
a Cantor set constructed from rectangles. From the construction, this set is contained

in Bad*(R, 3, p1, ..., p1), and in fact the unspecified constant in the definition of
the set can in all cases be chosen to be c(k) = min;<;<(6/\/(k)). We call the set
Kc(k)-

We now construct a probability measure on the Cantor set recursively. For any
rectangle OF), in F, we attach a weight (6 F,) which is defined recursively as follows:
forn=1,

1
0F) = —=1
w(OF) 7,

and forn > 2,

0F,) = ! OF F, F,
i n)—mﬂ( 1) (F, C F,_1).

This procedure thus defines inductively a mass on any rectangle used in the construc-
tion of K. In fact a lot more is true: u can be further extended to all Borel subsets
A of £2 to determine 1(A) so that 1 constructed as above actually defines a measure
supported on K. ). The probability measure p constructed above is supported on
K. and for any Borel subset A of £2

p(A) = inf > u(F),

FeF

where the infimum is taken over all coverings F of A by rectangles F € {F, : n > 1}.

The mass distribution principle of Lemma 3.3 can then be applied to this measure
to find that dim K x) > 6 — 2¢(k), where e(k) tends to zero as k tends to infinity. To
conclude, we let k do this, and so have constructed a subset of Bad* (R, 3, p1, . .., 1)
whose dimension is lower bounded by §. All the technical assumptions occur natu-
rally in the process of constructing the set and applying the mass distribution princi-
ple.

The remarks preceding the statement of Theorem 5.1 immediately gives us the
following version, which is of more use to us.

Theorem 5.2 For 1 <i <t, let (X;,d;) be a metric space and (§2;,d;, m;) be a
compact measure subspace of X; where the measure m; satisfies (5.1) with exponent
6;. Let (X, d) be the product space of the spaces (X;, d;) and let ($2,d, m) be the
product measure space of the measure spaces (82;, d;, m;). Let the functions p; satisfy
condition (B). For k > ko > 1, suppose there exists some 6 € R so that forn > 1
and any rectangle F, there exists a disjoint collection C(0F,) of rectangles 20F,
contained within 0F, satisfying
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#C(OF,) > Pi(k") i
ki H YT (5.4)

and

#{ZHF,,H c C(OF,) : rjr}inl)d,-(ci,Ra,,-) < 20p;(K"™") forany 1 <i < t}
aeJ(n+

pik") \"
—ZH&MMJ’ e

where 0 < Ky < K| are absolute constants independent of k and n. Furthermore,
suppose dimpy (UyesRy) < D i_, 0i. Then

t
dimy Bad"(R. . p1....p1) = D 6.

Note that while Theorem5.1 will only give the lower bound on the Hausdorff
dimension in the last equation, the upper bound is a consequence of the assumptions.
Indeed, any set satisfying (5.1) will have Hausdorff dimension equal to J, and for
these particular nice sets, the Cartesian product satisfies the expected dimensional
relation, so that the ambient space in the above result is of Hausdorff dimension
i1 0

The interest in Theorem 5.1 is not in its proof, but in its applications. In the
original paper, in addition to the study of Bad(i,j) and similar sets, the theorem
was applied to approximation of complex numbers by ratios of Gaussian integers, to
approximation of p-adic numbers, to function fields over a finite field, to problems
in complex dynamics and to limit sets of Kleinian groups. More applications have
occurred since then.

Initially, we use it to prove Jarnik’s theorem. Let I = [0, 1] and consider the set

Bad; = [x e[0,1]:

X — P > ¢(x)/q? for all rationals I—)] .
q q

This is the classical set Bad of badly approximable numbers restricted to the unit
interval. Clearly, it can be expressed in the form Bad*(R, 3, p) with p(r) = r~2and

X=82=[0,1], J={(p, 9 e NxN\{0}: p < g},

p
a:(p,q)e], ﬁa=q, Ruza

The metric d is of course the standard Euclidean metric; d(x, y) := |x — y|. Thus in
this basic example, the resonant sets R,, are simply rational points p/q. With reference
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to our framework, let the measure m be one—dimensional Lebesgue measure on /.
Thus, 6 = 1 and all the many conditions are easily checked.

We show that the conditions of Theorem 5.1 are satisfied for this basic example.
The existence of the collection C(6B,,), where B, is an arbitrary closed interval of
length 2 k=2 follows immediately from the following simple observation. For any
two distinct rationals p/g and p’/q’ with k" < g, ¢’ < k"*! we have that

S > k=22, (5.6)
T qq

Thus, any interval 6B, with 0 := %k‘z contains at most one rational p/q with
k" < g < k"', Let C(6B,) denote the collection of intervals 20B, ., obtained by
subdividing @B, into intervals of length 2k~%"~* starting from the left hand side of
0B,. Clearly

#C(0B,) > [k*/2] > k*/4 = r.h.s. of (5.2) with k, = 1/4.
Also, in view of the above observation, for k sufficiently large
Lhs.of (5.3) < 1 < k*/8 = r.h.s. of (5.3) with k, = 1/8.

The upshot of this is that Theorem 5.1 implies that dimy Bad; > 1. In turn, since
Bad, is a subset of R, this implies that dimy Bad; = 1.

The key feature exploited to check the conditions on the collection is the fact that
rational numbers are well spaced. In higher dimensions, the appropriate analogue is
the following lemma, the idea of which goes back to Davenport.

Lemma 5.3 Letn > 1 be an integer and k > 1 be a real number. Let E C R" be a
convex set of n—dimensional Lebesgue measure

< -
|E| — n!k—(iH—l) .

Suppose that E contains n + 1 rational points (pfl)/qi, .. ,p?")/qi) withl < q; <k,
where O < i < n. Then these rational points lie in some hyperplane.

Proof Suppose to the contrary that this is not the case. In that case, the rational points
(pgl) /Gis -, pl(-") /qi) where 0 < i < n are distinct. Consider the n—dimensional sim-
plex A subtended by them, i.e. an interval when n = 1, a triangle when n = 2, a
tetrahedron when n = 3 and so on. Clearly, A is a subset of E since E is convex.
The volume | A| of the simplex times n factorial is equal to the absolute value of the
determinant
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(1 (n)
Lpo /40 ~-~p(()”)/qo
n
Lpy'/av - v /4
det=| | ) .

1p1/q, - p™ /gy

As this determinant is not zero, it follows from the assumption made on the ¢g; that

1
n! x |A] = |det| > —— > kD
qoql qn

Consequently, |A| > (n!)~'k="+D > |E|. This contradicts the fact that A C E.

Of course, in one dimension this is exactly the spacing estimate used in the proof
of Jarnik’s result above.

Lemma 5.3 serves to ensure that not too many rectangles are bad for the application
of Theorem 5.1, but we need some way of ensuring that there are enough rectangles
to begin with. Lemma 5.5 below accomplishes this and is proved using the following
simple covering lemma.

Lemma 5.4 Let (X, d) be the Cartesian product space of the metric spaces (X1, dy),
.., Xy, dy) and F be a finite collection of ‘rectangles’ F = F(c; 1y, ..., 1) with
ceXandly, ..., fixed Then there exists a disjoint sub-collection {F,,} such that

U F c Y 3Fn

FeF m

Proof Let S denote the set of centres ¢ of the rectangles in . Choose ¢(1) € S and
fork > 1,

k
ctk+1) € S\ [ J2F(cm):b,....1)

m=1

aslongas S\ Ul;:l 2F(c(m); 1y, ..., 1) # 0. Since #S is finite, the process termi-
nates and there exists k; < #S such that

ki
S C U 2F(c(m): 1y, ..., 1) .

m=1
By construction, any rectangle F(c; [, ..., [;) in the original collection F is con-
tained in some rectangle 3 F(c(m); I, ..., ;) and since d;(c;(m), c;(n)) > 2I; for
each 1 < i <t the chosen rectangles F'(c(m); [, ..., ;) are clearly disjoint.

Lemma 5.5 Let (X, d) be the Cartesian product of the metric spaces (X, dy), ...,
Xy, d;) and let (52, d, m) be a compact measure subspace of X. Let the measure m
and the functions p; satisfy conditions (B) to (D). Let k be sufficiently large. Then
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for any 0 € R and for any rectangle F, (n > 1) there exists a disjoint collection
C(OF,) of rectangles 20F, | contained within 0F, satisfying (5.2) of Theorem5.1.

Proof Begin by choosing k large enough so that for any i € {1, ..., 1},

pi(k")
pikntty —

(5.7)

That this is possible follows from the fact that /\f(k) — o0 as k — oo (condi-
tion (B)). Take an arbitrary rectangle F, and let [;(n) := 0p;(k"). Thus 0F, :=
F(c; 1(n), ..., ;(n)). Consider the rectangle 7,, C 6F, where

T, =F(; i(n) =2Li(n+ 1), ..., [,(n) —2[,(n+ 1)) .

Note that in view of (5.7) we have that T, D %GFH. Now, cover T, by rectangles
20F,,, with centres in £2 N T,. By construction, these rectangles are contained in
0F, and in view of the Lemma5.4 there exists a disjoint sub-collection C(6F,) such
that

T, C U 69F,,+1 .
20F ;41 CC(OF,)

Using the fact that rectangles of the same size centred at points of £2 have com-
parable m measure (condition (C)), it follows that

am(%epn) < m(T,) < #C(OF,) bm(60F, 1) .

Using the fact that the measure m is doubling on rectangles (condition (D)), so
that m(%@Fn) > D~ 'm(F,) and m(60F, ;) < m(80F,.,) < D*m(0F,,,), it fol-
lows that

0F,
scF,) = & MO0
bD* m(0F 1)
With Theorem 5.1 and the lemmas, we can intersect the sets Bad(iy, . . ., i,) with
nice fractals. We begin with the case wheni; = --- =1, = 1/n.

Let £2 be a compact subset of R” which supports a non-atomic, finite measure m.
Let £ denote a generic hyperplane of R” and let £© denote its e-neighbourhood. We
say that m is absolutely a—decaying if there exist strictly positive constants C, «, rg
such that for any hyperplane £, any € > 0, any x € £2 and any r < ry,

m (BN L) = € (5) mBen).

This is a quantitative way of saying that the support of the measure does not con-
centrate on any hyperplane, and so a way of quantifying the statement that the set £2
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is sufficiently spread out in R”. If £2 C R is supporting a measure m which satisfies
(5.1), then it is relatively straightforward to show that m is absolutely é—decaying.
However, in higher dimensions one need not imply the other.

Inside the set £2, we will define sets of weighted badly approximable numbers as
follows. For 0 <iy,...,i, < 1withi; +---4+1i,=1,let

Badg (iy, ..., i)

=1xe€: 1rnax{||qx,-||1/if > c(x)q’1 for some c(x) > 0, forallg € x .
<j<n

When i} = --- =i, = 1/n, we will for brevity denote this set by Bad, (n).

Theorem 5.6 Let 2 be a compact subset of R" which supports a measure m satisfy-
ing condition (5.1) and which in addition is absolutely a—decaying for some o > 0.
Then

dimy Badg (n) = dimy £2 .

Proof] The set Badp () can be expressed in the form Bad* (R, 3, p) with p(r) =
=+ and

X=R"d), J={((p1,...,pn),q) € N" x N\{0}},

a=p1,.-sp)q@Q €J, Ba=q, Ro=P1/q---,Pn/q) -

Here d is standard sup metric on R”; d(x, y) = max{d(x, y1), ..., d(x,, y»)}. Thus
balls B(c, r) in R" are genuinely cubes of sidelength 2r.

We show that the conditions of Theorem 5.1 are satisfied. Clearly the function p
satisfies condition (B) and we are given that the measure m supported on §2 satisfies
condition (A) Conditions (C), (D) and (E) also follow from (5.1). Since the resonant
sets R, are all points, the condition dimg (U,csR,) < 9 is satisfied by properties (iv)
and (vii) of Hausdorff dimension. We need to establish the existence of the disjoint
collection C(#B,) of balls (cubes) 20B,; where B, is an arbitrary ball of radius
k~"0+3) with centre in £2. In view of Lemma 5.5, there exists a disjoint collection
C(6B,) such that

#C(0B,) > ry kIH9; (5.8)

i.e. (5.2) of Theorem5.1 holds. We now verify that (5.3) is satisfied for any such
collection.
‘We consider two cases.

Case 1: n = 1. The trivial spacing argument of (5.6) shows that any interval 6B, with
0= %k’z contains at most one rational p/q with k" < g < tlie.aedJn+1).
Thus, for k sufficiently large
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1
Lhs.of (5.3) <1 < 3 x r.h.s. of (5.8) .

Hence (5.3) is trivially satisfied and Theorem5.1 implies the desired result. As a
special case, we have shown that the badly approximable numbers in the ternary
Cantor set form a set of maximal dimension.

Case 2: n > 2. We will prove the theorem in the case that n = 2. There are no
difficulties and no new ideas are required in extending the proof to higher dimensions.
One just needs to apply Lemma 5.3 in higher dimensions.

Suppose that there are three or more rational points (p;/q, p2/q) with k" < g <
k"*! lying within the ball/square 6B,. Now put § = 2~!(2k*)~!/2. Then Lemma 5.3
implies that the rational points must lie on a line £ passing through 6B,. Setting
¢ = 80k~ "tV3 it follows that

Lh.s. of (5.3) < #{20B,1 C C(6B,) : 20B,1 N L # 0}
<#{20B,+1 C C(6B,) : 2B, C L}.

Using that the balls 26,,; are disjoint and that the measure m is absolutely
a-decaying, this is

(e) .
- m(6B, N L) < a~'pC8ge2—Ik 3 06—a)
m(293n+1) -

On choosing k large enough, this becomes < % x r.h.s. of (5.8). Hence (5.3) is

satisfied and Theorem 5.1 implies the desired result.

We now prove the result for general values of #;, but under a more restrictive
assumption on the underlying fractal.

Theorem 5.7 For 1 <j <n, let £2; be a compact subset of R which supports a
measure m; satisfying (5.1) with exponent 0;. Let §2 denote the product set §2; x
-+ x 82,. Then, for any n—tuple (i, ..., i,) withi; > 0 and er-'zl ij=1,

dimH Badg (il, ey ln) = dlmH 2.
A simple application of the above theorem leads to following result.
Corollary 5.8 Let K| and K, be regular Cantor subsets of R. Then

dim].[ ((K] X Kz) ﬂBad(z,])) = dlmH(K] X Kz) = dlm].[ K] + dimHKz .

Proof of Theorem5.7. We shall restrict our attention to the case n = 2 and leave it
for the reader to extend this to higher dimensions.

A relatively straightforward argument shows that m := m; x m, is absolutely
a—decaying on £2 with o := min{dy, d,}. In fact, more generally for 2 < j < n, if
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each m; is absolutely coj—decaying on £2;, then m :=my x ... x m, is absolutely
a—decaying on 2 = £2 X --- x §2, with @ = min{a;, - - - , o, }.

Now let us write Bad(i, j) for Bad(ij, i) and without loss of generality assume
that i < j. The case i = is already covered by Theorem 4 since m is absolutely
a—decaying on 2 and clearly satisfies (5.1). The set Bady, (7, j) can be expressed in
the form Bad* (R, 3, p1, p2) with p1 () = r~9D, p, () = =0+ and

X=R*, 2=2,x2, J={((p1,p2),q) € N* x N\{0}},

a=(pnLp).9) e, Ba=q, Ro=Pi1/q.p2/9) .

The functions p;, p, satisfy condition (B) and the measures m;, m, satisfy (5.1).
Also note that dimgy (U,c;R,) = 0 since the union in question is countable. We need
to establish the existence of the collection C(0F,), where each F, is an arbitrary
closed rectangle of size 2k~"(1+) x 2k="(0+) with centre ¢ in £2. By Lemma5.5,
there exists a disjoint collection C(6F,) of rectangles 20F,.; C 0F, such that

#C(OF,) > ky kUFD0 102, (5.9)

i.e. (5.4) of Theorem 5.2 is satisfied. We now verify that (5.5) is satisfied for any such
collection. With # = 27'(2k*)~'/2, the Lemma 5.3 implies that

Lh.s. of (5.5) < #{20F,.; C C(OF,) : 20F,.i N L # @}, (5.10)

where L is a line passing through 6F),. Consider the thickening 7'(£) of £ obtained
by placing rectangles 40F,; centred at points of £; that is, by ‘sliding” a rectangle
40F, ., centred at a point of £, along L. Then, since the rectangles 26F, | C C(6F,)
are disjoint,

#{20F .1 C C(OF,) : 20F 11 N L # B} 5.11)
< #{20F,,, C C(0F,) : 20F,,, C T(L)}
_ m(T(L) N6F,)
m20F, 1)

Without loss of generality we can assume that £ passes through the centre of
0F,. To see this, suppose that m(T(L£) N 0F,) # 0 since otherwise there is nothing
to prove. Then, there exists a point x € T'(L£) N OF, N §2 such that

T(L) NOF, C 20F, N T'(L) .

Here F! is the rectangle of size k"1 x k=) centred at x, £’ is the line parallel
to £ passing through x and 7’(L’) is the thickening obtained by ‘sliding’ a rectangle
80F, centred at x, along £'. Then the following argument works just as well on
20F, NT'(L).
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Let A denote the slope of the line £ and assume that A > 0. The case A < 0 can
be dealt with similarly. By moving the rectangle 6F, to the origin, straightforward
geometric considerations lead to the following facts:

(FI)
40 (k*<n+l>(1+j) + Ak*(n+l)(1+i))

V1 + A2 '

(F2) T(L)NOF, C F(c; Iy, ) where F(c; I, 1) is the rectangle with the same cen-
tre ¢ as F,, and of size 2/, x 2/, with

T(L) = £ where ¢ =

ll — % (kfn(1+j) + 4k7(i‘l+1)(1+j) + Ak*(ﬂ+1)(l+i)) and 12 — 0k7n(1+j)'

The asymmetrical shape of the sliding rectangle adds tremendously to the techni-
cal calculations from now on. However, we can in fact estimate the right hand side
of (5.11) by considering two cases, depending on the magnitude of A. Throughout,
let a;, b; denote the constants associated with the measure m; and condition (5.1) and

let
; 4biby  \'"
w = _ .
K1 (1161225‘+52
Case 1: A > wk™"UH) /k=0+D  In view of (F2) above, we trivially have that

m(OF, NT(L)) < m(F(c:l. 1)) < byby [ 1.

It follows that

m(T(L) NOF,) _ byby 10 13
m(ZGFnJrl) - a1a2(29)51+52 J— D A+)01 f— D) (14062
5
LU B S SR T K IHDO+ (145
T a1a20t2 \w  wk!'t kI

5
b1by 3\ KD +A+s B apo+a+is
- a1a22‘51+52 w 4

Case2:0 < A < wk "0+ /—"0+) By Lemma 5.4, there exists a collection 3, of
disjoint balls B, with centres in §F, N £2 and radii 0k~""*) such that

OF, N2 C U 3B, .
B,eB,

Since i < j, it is easily verified that the disjoint collection 13, is contained in 20F,
and thus #5, < m(20F,)/m(B,,). It follows that
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m(0F, N T(L)) < m (Up,ep,3B, N T(L)) < #B, m(3B, N T(L)).
Applying (F1) and subsequently the fact that m is absolutely a-decaying, this is

- m(20F,)
m(B,)

m(3B,,) ( € )a

(e)
m (3Bn NnL ) < m(zan) m(B,) 30k —nGi+)

Now notice that

€ 4 . .
_ (1~ +D —(1+10)
YT < 3 (k + wk ).

Hence, for k sufficiently large we have

m(T (L) NOF,) < BU s atin
m(29F11+1) 4

On combining the above two cases, we have

T(L)N6OF, . . 1
Lhs. of 5.5) < "TE NOF) K1 paspsaan — Loy of 5.9,
m(20F 1) 4 4

Hence (5.5) is satisfied and Theorem 5.2 implies the desired result.

We give a few remarks on the results above. Firstly, an alternative approach
using homogeneous dynamics is also known due to Kleinbock and Weiss [33]. This
approach is less versatile, as it only works in real, Euclidean space, but the conditions
on the measure are slightly less restrictive, so in this respect their result is stronger.

Secondly, it would be really nice if the approach could give a result on num-
bers badly approximable by algebraic numbers. Unfortunately, the known spacing
estimates for algebraic numbers are not good enough to get the naive approach to
work (more on this in the next section). One could hope that proving a result on
badly approximable vectors on the Veronese curves would work, but unfortunately
Lemma5.3 does not allow us to control the direction of the hyperplane containing
the rational points. If this hyperplane is close to tangential to the curve, the approach
used above will not work, so more input is needed. In fact, the problem has now been
resolved for the full Veronese curve in 2 dimensions by Badziahin and Velani [2]
and in higher dimensions by Beresnevich [5]. To the knowledge of the author, the
problem of intersecting the sets with fractals remain unsolved.

Thirdly, our failure in proving Schmidt’s conjecture with this approach was due to
the fact that we could not construct a measure on Bad (i, j) satisfying the conditions
of Theorem 5.1. Since the publication of the paper, the conjecture has been settled,
and in fact An [1] proved that the sets Bad(i, j) are winning for the so-called Schmidt
game [45]. This implies that they are stable under countable intersection. We proceed
with a discussion of Schmidt games in one dimension and leave it as an exercise to
extend this to higher dimensions.
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Definition 5.9 Let F C R,andlet«, 5 € (0, 1). The Schmidt game is played by two
players, Black and White, according to the following rules:

1. Black picks a closed interval B of length r.

2. White picks a closed interval W; € B; of length ar.
3. Black picks a closed interval B, € W, of length Sar.
4. And soon...

By Banach’s fixpoint theorem, N;B; consists of a single point, x say. If x € F, White
wins the game. Otherwise, Black wins.

By requiring that the initial ball is chosen in a particular way, we can use the
above for bounded sets without breaking the game.

We are concerned with winning strategies for the game. In particular, we will
prove that if White has a winning strategy, then the set F' is large.

Definition 5.10 A set F is said to be («, §)-winning if White can always win the
Schmidt game with these parameters. A set F' is said to be a-winning if it is (a, 3)-
winning for any 3 € (0, 1).

We will prove the following theorems.
Theorem 5.11 An a-winning set F has Hausdorff dimension 1.
Theorem 5.12 [f (F;) is a sequence of a-winning sets, then N;F; is also a-winning.

Proof of Theorem5.11. We suppose without loss of generality that r = 1. For ease
of computation, we will also assume that 5 = 1/N for an integer N > 1. Given
an interval W; in the game, we may partition this set into N (essentially) disjoint
intervals. We will restrict the possible choices that Black can make by requiring that
she picks one of these. By requiring that 3 was slightly smaller than 1/N, we could
ensure that the intervals were properly disjoint. We will continue our calculations
with this assumption, even though we should strictly speaking add a little more
technicality to the setup.

Given that White plays according to a winning strategy, we find disjoint paths
through the game depending on the choices made by Black. In other words, for
each possible resulting element in F, we find a unique sequence with elements in
{0, ..., N — 1} and vice versa, for each such sequence, we obtain a resulting element.
Hence, this particular subset of F may be mapped onto the unit interval by thinking
of the sequence from the game as a sequence of digits in the base N-expansion of a
number between 0 and 1. To sum up, we have constructed a surjective function

g:F* = [0,1],

where F* C F. We extend this to a function on arbitrary subsets of R by setting
g(A) = gANF*).

Now, let {U;} be a cover of F* with U; having diameter p;. Then, with £ denoting
the outer Lebesgue measure,



Metric Diophantine Approximation ... 113

> LigU) = ﬁ(U g(Uo) > L0, 1]) = 1.

i=1 i=1

Let w > 0 be so small that any interval of length w(a/3)* intersects at most two
of the generation k intervals chosen by Black, i.e. any of the intervals By (ji, . . ., jk)
wherej; € {0, ..., N — 1}. Eveninhigher dimensions, w = 2/\/5 — 1 will donicely.
Finally, define integers
L log(Rw ™" p))
o [ log a3 } '

If p; is sufficiently small, then k; > 0 and p; < w(aP)%. Hence, the interval U;
intersects at most two of the generation k;-intervals chosen by Black. The image of
such an interval under ¢ is evidently an interval of length N, so since there are no
more than two of them, £(g(U;)) < 2Nk, Summing up over i, we find that

log N

= iE(Q(Ui)) < iZN""’ < I(ipw’
= =1 i=1

where K > 0 is explicitly computable in terms of N, a, # and w. Nonetheless, we
have obtained a positive lower bound on the %-length of an arbitrary cover of
F* with small enough sets. It follows that

log N 1
dimy(F) > og _ | log O .
[log(aB)|  |logal + |log 3|

The result now follows on letting 5 — 0.

Proofof Theorem 5.12. White plays according to different strategies at different stages
of the game. Explicitly, for o« and 3 fixed, in the first, third, fifth etc. move, White plays
according to a (o, afB«; Ey)-winning strategy, i.e. a strategy for the («, afSa; E,) for
which White is guaranteed to win the game. Since p(B;y1) = afap(B;_1), this is
a valid strategy, and hence the resulting x € E;. Along the second, sixth, tenth etc.
move, White plays according to a (o, a(Bar)?; E»)-winning strategy. This is equally
valid, and ensures that x € E.

In general, in the k’th move with k = 2/=1 (mod 2)!, White moves as if he was
playing the («, a(ﬂa)zl’l; E))-game. This ensures that the resulting element x is an
element of E; for any .

A positional strategy is a strategy which may be chosen by looking only at the
present state of the game without taking previous moves into account. In An’s proof,
the strategy chosen by White is not positional (at least it appears not to be). This
is a little annoying, as it was shown by Schmidt that any winning set admits a
positional strategy. Of course, this proof depends on the well-ordering principle, and
so ultimately on the axiom of choice. Describing a positional winning strategy may
hence not be that easy.
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6 Well Approximable Elements

In this section, we return to where we started, namely to Khintchine’s theorem and
to fractals arising from continued fractions. We will address three problems. The
first is the problem of the size of the exceptional sets in Khintchine’s theorem. This
will be resolved using a technique due to Beresnevich and Velani known as the mass
transference principle. The second is concerned with the ternary Cantor set and the
Diophantine properties of elements in it. We will discuss the possibility of getting a
Khintchine type theorem for this set and also give a quick-and-dirty argument, stating
that most numbers in the set are not ridiculously well approximable by algebraic
numbers. Finally, we will remark on some fractal properties which can be used in
the study of Littlewood’s conjecture.

Initially, we begin with a discussion of the exceptional sets arising from Khint-
chine’s theorem. The Hausdorff dimension of the null sets in the case of convergence
was originally calculated by Jarnik [30] and independently by Besicovitch [10].
Various new methods were introduced during the last century, with the notion of
ubiquitous systems being a key concept in recent years. Ubiquity was introduced
(or at least named) by Dodson, Rynne and Vickers [20] and put in a very general
form by Beresnevich, Dickinson and Velani [8]. A complete discussion of ubiquity
will not be given here, but the reader is strongly encouraged to look up the paper
Beresnevich, Dickinson and Velani.

Even more recently (this century), it was observed by Beresnevich and Velani [7]
that under relatively mild assumptions on a limsup set, one may transfer a zero—one
law for such a set to a zero—infinity law for Hausdorff measures, at least in the case
of full measure. In the cases considered in these notes, the converse case of measure
zero is easy. Note that the measure zero case is not always the easiest! One can cook
up problems where the convergence case of a Khintchine type theorem is the difficult
part. The sets considered in these notes however all fall within the category where
divergence is the difficult problem.

Atthe heart of the observation of Beresnevich and Velani is the following theorem,
usually called the mass transference principle. To state it, we will need a little notation.
For a ball B = B(x, r) € R" and a dimension function f, we define

B = B(x.f(n'"),
the ball with the same centre but with its radius adjusted according to the dimension

function and the dimension of the ambient space. As usual, for f(r) = r*, we denote
B by B*.

Theorem 6.1 Let {B;} be a sequence of balls in R" with r(B;) — 0 asi — oo. Let
f be a dimension function such that r~"*f (r) is monotonic. Suppose that

H"(B N limsup B)) = H"(B),

for any ball B C R". Then, for any ball B C R",
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H (B Nlim sup BY) = H/ (B),

Notice that the first requirement just says that the set lim sup B{ is full with respect
to Lebesgue measure, as H" is comparable with the Lebesgue measure. Note also,
that if r'f(r) — oo as r — 0, H/(B) = o0, so a re-statement of the conclusion
of the theorem would be as follows: Suppose that a limsup set of balls is full with
respect to Lebesgue measure. Then a limsup set of appropriately scaled balls is of
infinite Hausdorff measure.

The mass transference principle is valid in a more general setting of certain metric
spaces. As was the case in the framework of badly approximable sets, the metric
space must support a natural measure, which in this case should be a Hausdorff
measure. This is the case for the Cantor set with the Hausdorff log 2/log 3-measure,
and the mass transference principle is exactly the same if one reads log 2/log 3 for n
everywhere.

Finally, the reader will note that the mass transference principle in the present form
only works for limsup sets of balls. If one were to consider linear forms approximation
as we did in Sect.4, the limsup set would be built from tubular neighbourhoods of
hyperplanes, and for the more general setting of systems of linear forms from tubular
neighbourhoods of lower dimensional affine subspaces. This can be overcome by a
slicing technique, also developed by Beresnevich and Velani [6].

We will not go into details on the higher dimensional variant here, nor will we
prove the mass transference principle. Instead, we will deduce the original Jarnik—
Besicovitch theorem from Khintchine’s theorem.

Theorem 6.2 Let f be a dimension function and let 1) : N — R be some function
with ¢*f (0(q)) decreasing. Then,

H [x e0,1]:

< Y(q) for infinitely many (p, q) € 7 x N] ,

p
x-—
q

is zero or infinity according to whether the series Y, qf (1)(q)) converges or diverges.

Proof The convergence half is the usual covering argument, which we omit. For
the divergence part, we apply the mass transference principle. The balls are indexed
by rational numbers, with B,,,, = B(p/q, (gq)) and k = 1, so the limsup set of the
conclusion of Theorem 6.1 is just the set from the statement of the theorem. Hence,
it suffices to prove that lim sup Bf, /4 18 full with respect to Lebesgue measure, pro-
vided the series in question diverges. But this is just the statement of the original
Khintchine’s theorem.

An easy corollary of this statement tells us, that for 1)(q) = ¢~, the upper bound
of 2/v obtained on the Hausdorff dimension of the above set in Sect. 3 is sharp. In fact,
in Khintchine’s theorem, the requirement that g>¢)(g) is monotonic can be relaxed
substantially to the requirement that ¢)(g) is monotonic, which in turn gives us the
Hausdorff measure at the critical dimension (it is infinite) by the above argument.
The latter result could be deduced directly from Dirichlet’s theorem, as the set of all
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numbers evidently is full, but only for the special case of the approximating function
Plg) =q7"

We leave it for the reader to explore applications of the mass transference principle
(there are many). The point we want to make is that once a zero—one law for a
natural measure is known (Lebesgue in the case of the real numbers), it is usually a
straightforward matter of applying the mass transference principle to get a Hausdorff
measure variant of the known result. In other words, it is natural to look for a zero—
one law for the natural measure and deduce the remainder of the metrical theory
from this result.

We now consider the ternary Cantor set. Recall that the natural measure ; con-
structed in Sect. 3 on this set has the nice decay property, that for § = log 2/log 3 and
C1,Cy > 0,

clr5 <u(lc—r,c+r]) < czr<S (6.1)

forall ¢ € C and r > 0 small enough. We used this property in the preceeding section
as well. It is easy to see that any non-atomic measure supported on C satisfying
hypothesis (6.1) must also satisfy

w(lc —er,c+er]) < 6'365/1,([6‘ —r,c+r), (6.2)

for some c3 > 0, whenever r and e are small and ¢ € R. The inequality in (6.2)
is the statement that the measure is absolutely J-decaying, which was also used in
the preceeding section. In fact, this measure can also be seen to be the restriction
of the Hausdorff d-measure to C, so we are within the framework where the mass
transference principle can be applied.

Levesley, Salp and Velani [37] proved a zero—one law (and deduced the corre-
sponding statement for Hausdorff measures) for the set

We = {x eC: ‘x — :f—n‘ < ¢ (3") for infinitely many (p, n) € Z x N} .

Note the restriction on the approximating rationals. They are all rationals whose
denominator is a power of 3, and so are the endpoints in the usual construction of the
set. This is of course not satisfactory, as there are other rationals in the Cantor set, e.g.
1/4. Nevertheless, we do not at present know a full zero—one law for approximation of
elements in the Cantor set by rationals in the Cantor set. Their result is the following.

Theorem 6.3
0, 202, (3"w(3M)° < oo,
pWey = 2ozt TN
LY, (@) = .

We make a few comments on the proof, as it is a good model for many proofs of
zero—one laws for limsup sets. The convergence part is usually proved by a covering
argument as we have seen. For the divergence part, we give an outline of the method
used by Levesley, Salp and Velani. From Sect. 4, recall the converse to the Borel—
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Cantelli lemma given in Lemma4.11. By this lemma, it would suffice to prove that the
sets forming the /imsup set are pairwise independent to ensure full measure. However
in general, we have no reason to suspect that these sets are pairwise independent,
which is always a problem. However, if they satisfy the weaker condition of quasi-
pairwise independence (see below), the first part of the lemma will give positive
measure. This can subsequently be inflated in a number of ways. One possibility
is to look for an underlying invariance for an ergodic transformation. Another is to
apply the following local density condition.

Lemma 6.4 Let p be a finite, doubling Borel measure supported on a compact set
X C R¥ and let E C X be a Borel set. Suppose that there are constants rg, ¢ > 0,
such that for any ball B = B(x, r) withx € X and r < ry,

p(ENB) = cu(B).

Then E is full in X with respect to L.

This result is a consequence of the Lebesgue density theorem.

In order to prove a zero—one law, one now attempts to verify the conditions of
Lemma 6.4, with E being the limsup set, using Lemma4.11. In other words, for the
limsup set

A =limsupE,,

there is a constant ¢ > 0, such that for any sufficiently small ball B centred in X,

n(EnNB) N (E,NB)) _ . p(En N B) p(E, NB)
1(B) B 1(B) 1(B)

(6.3)

whenever m # n. The probability measure used in Lemma4.11 is the normalised
restriction of p to B. Just inserting the above estimate proves that (A N B) >
¢ 'u(B), whence A is full within X. In other words, it suffices to prove local pairwise
quasi-independence of events in the above sense.

For the result of Levesley, Salp and Velani, one considers the subset of We (1))
which is the limsup set of the sets

E.= |J B (35 w(3")) ne.
0<p<3"
3tp

After making some preliminary reductions, it is then possible to prove (6.3) by
splitting up into the cases when m and n are pretty close (in which case intersection
on the left hand side is empty) and the case when they are pretty far apart, where
some clever counting arguments and the specific form of the measure is needed. The
point we want to make is not in the details, but rather in the methods applied.

Of course, applying the mass transference principle immediately gives a condition
for the Hausdorff measure of the set W, to be infinite. Combining this with a covering
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argument for the convergence case, Levesley, Salp and Velani obtained the following
theorem in full.

Theorem 6.5 Let f be a dimension function with r—°f (r) monotonic. Then,

: 0, 3% 3 (1h(3")) < oo.
H (We) = n=l
Vo) [wa), i 37f((3") = oo

We now consider the approximation of elements of C by elements of A, where
the quality of approximation is measured in terms of the height of the approximating
number. The present argument is from [35]. Of course, we cannot hope to get a
Khintchine type result by the methods above, as we do not expect there to be any
algebraic irrational elements in C. In fact, we can say very little, and we are only able
to get a convergence result. We proceed to give a quick argument, which is not best
possible, but relatively short.

Let ¢ : R5; — Ry. We define the set

Kr(p; C) = {x € C: |x — a| < (H(w)) for infinitely many o € A,}.  (6.4)

Theorem 6.6 Let C be the ternary Cantor set and let 6 = log 2/ log 3. Suppose that
Y Rs1 — Ry satisfies either

oo oo
Z "= 1(r)? < 0o and v is non-increasing or Z r"(r)° < oo.
r=1 r=1

Then
1 (K, (1: ©)) = 0.

The result is almost surely not sharp. We first prove that the convergence of the
first series ensures that the measure is zero. This is by far the most difficult part of
the proof. We will use a bound on the distance between algebraic numbers, which is
in a sense best possible. If « and [ are distinct real algebraic numbers of degree at
most 7, then

lov = B = caH () "H(B) ™", (6.5)

where the constant ¢4 > 0 depends solely on n. The result can be found in Bugeaud’s
book [13] as a special case of corollary A.2, where the explicit form of the constant
c4 is also given. It generalises (5.6), which is the same estimate for rational numbers
between 0 and 1. In the case of rational numbers, the spacing distribution is much
more well-behaved than for real algebraic numbers of higher degree, and for this
reason, Theorem 6.6 is almost certainly not as sharp as it could be. Nonetheless, as
remarked in [13], the estimate in (5.6) is in some sense best possible.
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If for some k € N, 28 < H(a), H(B) < 2K*!, (6.5) implies that |o — 3] >
1¢4272"®+D - Consequently, for distinct real algebraic numbers o; with 2% <
H (o) < 2K the intervals [o; — %C42’2”(k“), a; + %642’2"("“)] are disjoint.

Let k£ € N. We will show that as k — oo,

Y(r)

sy = o). (6.6)

In other words, the ratio tends to 0 as k tends to infinity. Indeed, suppose to the
contrary that there is a ¢s > 0 and a strictly increasing sequence {k;}7°; € N such

that for any i € N
Y(r)

— Y > 5.
2ki <p<2kitl 47164272'l(k’+1)

By the convergence assumption of the theorem together with Cauchy’s condensation

criterion and the monotonicity of 1),

[e¢]

&0 o
Z 22n(k+1)15w(2k)15 — 22}1(5 Z (22knw(2k))0 < .
k=1 k=1
On the other hand, as ) is non-increasing,

- (1) ’
2015,/ (kNG < =5 .6
Z 2 (25 > 47 Z (2&5}?2%‘-“ 4—1042—2n(k;+l))

k=1 =1

we,

o0
> 475cic E 1 =00,
i=1

which is the desired contradiction.
Consider the sets

Ec= |J [lo—¢H@), a+dH@)]

a€h,
2k <H (o) <2kt!

Clearly, for k large enough

p(Ey) < Z plla = p(H (), o+ P (H()])
2k gs(iﬁzk“

< 36547022+ DIg ok
> nlla— 527 a4 o272,

a€h,
2k <H () <2k+!
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where we have used (6.2) and (6.6). The intervals in the final sum are disjoint. Hence,
the sum of their measure is bounded from above by the measure of K, which is equal
to 1. We have shown that for k > ko,

pE) < c3cgd ™02 D025

To complete the proof of this case, we note that [C¥(¢; K) is the set of points
falling in infinitely many of the E}. But

[o¢] [0¢] oo
z ,LL(Ek) < 03624_6 z 22n(k+l)5,(/}(2k)5 — 63024—52%15 Z 22nk(5w(2k)(5.
k=ko k=ko k=ko

Using Cauchy’s condensation criterion and the convergence assumption of the the-
orem, the latter series converges. Hence, the Borel-Cantelli lemma implies the the-
orem.

To show that the convergence of the second series is sufficient to ensure zero
measure, we note that

#HaehA,:ael0,1],Ha)=H} <nn+1)2H + 1)". (6.7)

By (6.1), for any such o, we have pu([ov — ¢(H); a + (H)]) < cep(H)® for some
ce > 0. Elements of [C} (; K) fall in infinitely many of these intervals, and as

z z pllo =Y (H); o+ p(H)]) < n(n+ 1)ce E QH + 1)"p(H)°,
H=1 aecA, H=1

ael0,1]

H(o)=H

which converges by assumption, the measure of K (1; K) is zero by the Borel—
Cantelli lemma. O

It is possible to prove a stronger result using homogeneous dynamics. This was
done by Kleinbock, Lindenstrauss and Weiss [34], but the present result has the
advantage of being relatively simple to prove.

The final thing, which we will touch upon in these notes, is a result on the Lit-
tlewood conjecture, which uses the Fourier dimension, which we defined in Sect. 3,
but did not use for anything. We will sketch a proof of the following result, which is
a partial result of [28].

Theorem 6.7 Let {«;} C Bad be a countable set of badly approximable numbers.
The set of 3 € Bad for which all pairs (o, 3) satisfy the Littlewood conjecture is of
Hausdorff dimension 1.

For a single «;, this result was also proven by Pollington and Velani [42] by a
similar, but slightly more complicated method. It could also be deduced from homo-
geneous dynamics, but the present method is different, and in fact gives a stronger
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result. However, it falls short of anything near the seminal result of Einsiedler, Katok
and Lindenstrauss [23].

Note that unless both v and (3 are badly approximable, the Littlewood conjecture
is trivially satisfied. Indeed, if « is not badly approximable, there is a sequence g,

such that

Dn
o — —

n

anllgnell = 2 - 0.

Brutally estimating ||g, /3] < 1/2, we find that

dnllgnlllign Il — O,

so that the pair («, 3) satisfies the Littlewood conjecture. Hence, this problem natu-
rally lives on a set of measure zero, namely Bad x Bad.

The key tool in proving Theorem6.7 is a result on the discrepancy of certain
sequences, which holds true for almost all o« with respect to a certain measure intro-
duced by Kaufman [32].

Kaufman’s measure jy, is a measure supported on the set of real numbers with
partial quotients bounded above by M. To be explicit, for each real number o € [0, 1),

let
1

1
a +

a2+%

a=la,a,...]1=

be the simple continued fraction expansion of «. For M > 3, let
Fy={ael0,1):a;(a) <M foralli € N}. (6.8)

Recall that the set of badly approximable numbers consists exactly of the numbers
for which the partial quotients form a bounded sequence, so that

o0
Bad = U Fy.
M=1

Kaufman proved that the set F; supports a measure fiy, satisfying a number of
nice properties. For our purposes, we need the following two properties.

(1) For any s < dimg (F),), there are positive constants ¢, [ > 0 such that for any
interval I C [0, 1) of length |I| < [,

() = clIf.

(i1) For any M, there are positive constants ¢, 7 > 0 such that the Fourier transform
1y of the Kaufman measure ), satisfies

o () < clul™".
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The first property allows us to connect the Kaufman measure with the Hausdorff
dimension of the set F, via the mass distribution principle of Lemma 3.3. The second
property provides a positive lower bound on the Fourier dimension of the set F);, but
for our purposes the property is used only in computations.

The second key tool is the notion of discrepancy from the theory of uniform distri-
bution. The discrepancy of a sequence in [0, 1) measures how uniformly distributed
a sequence is in the interval. Specifically, the discrepancy of the sequence (x,) is
defined as

N
> xile) = NI

n=1

DN(-xn) = Ssup
1<€[0,1]

bl

where [ is an interval and x; is the corresponding characteristic function. A sequence
(x,,) is uniformly distributed if Dy (x,) = o(N).
Our key result is the following discrepancy estimate, which implies Theorem 6.7

Theorem 6.8 Let 11y be a Kaufiman measure and assume that for positive integers
u < v we have

1

v v
_ =N
> lan — anl <<10gvéwn

n,m=u

where (1) is a sequence of non-negative numbers and 1 > 0 is the constant from
property (ii) of the Kaufman measure. Then for py-almost every x € [0, 1] we have

Dy (anx) < (N log(N)* + ¥y)!/2 log(N log(N)? + ¥y)*/*** + max v,

where Wy = ) + - - - + Yn.
We will need a probabilistic lemma which can be found in [26].

Lemma 6.9 Let (X, u) be a measure space with j1(X) < oo. Let F(n, m, x), n,m >
0 be p-measurable functions and let ¢, be a sequence of real numbers such that
|[F(n—1,n,x)| < ¢, forn e N. Let Oy = ¢ + - - - + ¢y and assume that Oy —
oo. Suppose that for 0 < u < v we have

[P dn < o
X n=u

Then for p-almost all x, we have

F(0,N,x) < @\ log(@y)*/** + max .

We will also need the classical Erdés—Turdn inequality which can be found
in [40].
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Theorem 6.10 For any positive integer K and any sequence (x,) < [0, 1),

N

> elkxy)

n=1

k]

N £
Dy(i) < ——+3> -
NOw) S g Lk

where as usual e(x) = exp(2mix).

Proof of Theorem 6.8. Suppose M > 3 and for integers 0 < u < v let

v

F(u,v,x):Z%

h=1

v

Z e(ha,x)

n=u

Theorem 6.10 with K = N tells us that
Dy (anx) < F(0,N, x).

Integrating with respect to dyy,(x) and applying the Cauchy—Schwarz inequality
gives

2
dpm

Zv: e(hanx)

n=u

v
1
Fu,v,x) > duy < —
/|(uvx>| uM_h%hk/

v ] v .
= E_Ll o |v—utt +n§:juuM(h<an — ay))

n#m

Finally using property (ii) of the Kaufman measure we have

v

v
1 ,
/|F<u, v dpy < D0 o | v —ut LA 3 an—anl

h,k=1 n,m=u
n#m
v
< D Mlog(n)* + 4.

Since F(n — 1, n, x) < log(n)2 + 1), for all n > 1, the theorem then follows from
Lemma6.9.

For sequences which grow sufficiently rapidly, the theorem has a corollary with a
much cleaner statement. We will say that an increasing sequence of positive integers
(ay) is lacunary if there is a ¢ > 1 such that for any n, a,1;/a, > c. Applying this
inductively, we see that the sequence must grow at least as fast as some geometric
sequence.
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Corollary 6.11 Let v > 0, let v be a Kaufman measure and (a,) a lacunary
sequence of integers. For p-almost every x € [0, 1] we have Dy(a,x) < N'/2
(IOgN)S/erV.

Proof We apply again Theorem 6.8. Using lacunarity of the sequence (a,), we see
that

o0
Z la, — a,|™" < oo.

n,m=1

Consequently, we can absorb all occurrences of ¥y as well as the final term
max,<y ¥, in the discrepancy estimate of Theorem 6.8 into the implied constant.
It follows that

Dy (a,x) < (N log(N)*)?log(N log(N)*)**™ « N'/?(log N)>/*t"
for p-almost every x, where v can be made as small as desired by picking ¢ small

enough.

Proof of Theorem6.7. Let G denote the set of numbers 3 € Bad for which there is
an i, such that
liminf g [|goyll lg31 > 0. (6.9)

Suppose, contrary to what we are to prove, that dimy G < 1. Pick an M > 3 such
that dimy F); > dimy G (this can be done in light of Jarnik’s theorem). Let p1 =
denote the Kaufman measure on Fy,.

Consider first one of the ay, and let (g;) denote the sequence of denominators of
convergents in the simple continued fraction expansion of «;. In the following, we
will use the various parts of Proposition 1.4 many times to deduce results about this
sequence and its relation to ;.

The sequence gy is lacunary. Hence, by Corollary 6.11, for y—almost every x,

Dy (gnx) < N'*(log N)>/**.
Let ¢)(N) = N~!/2*¢ for some ¢ > 0 and consider the interval
Iy = [ (N), p(N)].
By the definition of discrepancy, for every v € [0, 1] and p-almost every (3
[#{k < N : {q) € Iv} = 2NY(N)| < N'2(log )2+
Hence,

#{k <N : {qB} € Iy} > 2N (N) — KN'*(log N)* />
— 2N1/2+e _ KNI/Z(IOgN)5/2+V’
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where K > 0 is the implied constant from Corollary 6.11. Next let N, denote the
increasing sequences defined by

Ny =min{N € N:#{k <N : {q3} € Iy} = h}.
Since each gy, is a denominator of a convergent to «;,

qn, ||QN,,Oéi || <1

Hence, e
av, lameil law ] = Jan, 8] = (v7) 7.

This establishes our claim and shows that the exceptional set E; C F), for which
(6.9) holds has u(E;) = 0.

To conclude, let E be the set of 3 € F); for which there is an i or a j such that
either (6.4) or (6.5) is not satisfied. Then,

E=UEUUE,
i j

and therefore u(E) = 0.

Finally 1£(G) is maximal, so consider the trace measure fi of u on G, defined
by i(X) = p(X N G). It follows from property (i) of Kaufman’s measures that p
is a mass distribution on [0, 1), and since G is full, /i inherits the decay property
of (i) from p. By the mass distribution principle it then follows that dimy(G) =
dimpy (F)) > dimg (G), which contradicts our original assumption. Therefore we
conclude that dimy (G) = 1.

The proof of Theorem 6.7 in fact tells us that something stronger than the Little-
wood conjecture holds for the pairs (o, 3). Indeed, we can work a little more with
the inequalities obtained and get a speed of convergence along the sequence (g, ).
Further results using the full force of the uniform distribution of the sequence (g,,(3)
can be found in the original paper [28], where we also prove similar results for the
related p-adic and mixed Littlewood conjectures. However, it is beyond the scope
of these notes to discuss these topics, and for the clarity of the exposition we have
restricted ourselves to results on the original conjecture.

7 Concluding Remarks

These notes are far from being a complete description of the state-of-the-art in metric
Diophantine approximation. Recent developments in metric Diophantine approxima-
tion on manifolds has barely been touched upon, and the relation with homogeneous
dynamics which has led to spectacular advances in the theory has only been superfi-
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cially described. The selection of results reflect the tastes and expertises of the author,
and much is left out.

Nonetheless, it is hoped that the reader has caught a glimpse of the richness and
beauty of the metric theory of Diophantine approximation and has acquired a taste
for more. Certainly, there are problems and literature enough to last a lifetime of
research.

Acknowledgements I acknowledge the support of the Danish Natural Science Research Council.
I am grateful to the organisers and participants of the Summer School ‘Diophantine Analysis’ in
Wiirzburg 2014. Finally, I warmly thank Kalle Leppild, Steffen Hgjris Pedersen and Morten Hein
Tiljeset for their comments on various drafts of this manuscript.

References

1. J. An, Badziahin-Pollington-Velani’s theorem and Schmidt’s game. Bull. Lond. Math. Soc.
45(4), 721-733 (2013)
2. D. Badziahin, S. Velani, Badly approximable points on planar curves and a problem of Dav-
enport. Math. Ann. 359(3-4), 969-1023 (2014)
3. D. Badziahin, A. Pollington, S. Velani, On a problem in simultaneous Diophantine approxi-
mation: Schmidt’s conjecture. Ann. of Math. (2) 174(3), 1837-1883 (2011)
4. V. Beresnevich, On approximation of real numbers by real algebraic numbers. Acta Arith.
90(2), 97-112 (1999)
5. V. Beresnevich, Badly approximable points on manifolds. Invent. Math. 202(3), 1199-1240
(2015)
6. V.Beresnevich, S. Velani, Schmidt’s theorem, Hausdorff measures, and slicing. Int. Math. Res.
Not. 24 (2006). (Art. ID 48794)
7. V. Beresnevich, S. Velani, A mass transference principle and the Duffin-Schaeffer conjecture
for Hausdorff measures. Ann. Math. (2) 164(3), 971-992 (2006)
8. V. Beresnevich, D. Dickinson, S. Velani, Measure theoretic laws for lim sup sets. Mem. Amer.
Math. Soc. 179(846) (2006). (x+91)
9. V.I. Bernik, The exact order of approximating zero by values of integral polynomials. Acta
Arith. 53(1), 17-28 (1989)
10. A.S. Besicovitch, Sets of fractional dimension (IV); on rational approximation to real numbers.
J. Lond. Math. Soc. 9, 126-131 (1934)
11. P.Billingsley, Ergodic Theory and Information (Robert E. Krieger Publishing Co., Huntington,
1978)
12. E. Borel, Les probabilités dénombrables et leurs applications arithmétiques. Rend. Circ. Math.
Palermo 27, 247-271 (1909)
13. Y. Bugeaud, Approximation by Algebraic Numbers (Cambridge University Press, Cambridge,
2004)
14. Y. Bugeaud, M.M. Dodson, S. Kristensen, Zero-infinity laws in Diophantine approximation.
Q. J. Math. 56(3), 311-320 (2005)
15. C. Carathéodory, Uber das lineare Mass von Punktmengen, eine Verallgemeinerung des Liin-
genbegriffs, Gott. Nachr. 404-426 (2014)
16. J.W.S. Cassels, An Introduction to Diophantine Approximation (Cambridge University Press,
New York, 1957)
17. J.W.S. Cassels, An Introduction to the Geometry of Numbers (Springer-Verlag, Berlin, 1997)
18. L.G.P. Dirichlet, Verallgemeinerung eines Satzes aus der Lehre von den Kettenbriichen nebst
einige Anwendungen auf die Theorie der Zahlen, S.-B. Preuss. Akad Wiss. 93-95 (1842)



Metric Diophantine Approximation ... 127

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.
48.

49.

M.M. Dodson, Geometric and probabilistic ideas in the metric theory of Diophantine approx-
imations. Uspekhi Mat. Nauk 48(5)(293), 77-106 (1993)

M.M. Dodson, B.P. Rynne, J.A.G. Vickers, Diophantine approximation and a lower bound for
Hausdorff dimension. Mathematika 37(1), 59-73 (1990)

R.J. Duffin, A.C. Schaeffer, Khintchine’s problem in metric Diophantine approximation. Duke
Math. J. 8, 243-255 (1941)

M. Einsiedler, T. Ward, Ergodic Theory with a View Towards Number Theory (Springer, Lon-
don, 2011)

M. Einsiedler, A. Katok, E. Lindenstrauss, Invariant measures and the set of exceptions to
Littlewood’s conjecture. Ann. Math. (2) 164(2), 513-560 (2006)

K. Falconer, Fractal Geometry, Mathematical Foundations and Applications (Wiley, Hoboken,
2003)

O. Frostman, Potentiel d’équilibre et capacité des ensembles avec quelques applications a la
théorie des fonctions. Meddel. Lunds Univ. Math. Sem 3, 1-118 (1935)

G. Harman, Metric Number Theory (The Clarendon Press, Oxford University Press, New York,
1998)

F. Hausdorff, Dimension und dusseres Mass. Math. Ann. 79, 157-179 (1919)

A.Haynes, J.L. Jensen, S. Kristensen, Metrical musings on Littlewood and friends. Proc. Amer.
Math. Soc. 142(2), 457-466 (2014)

V. Jarnik, Zur metrischen Theorie der diophantischen Approximationen, Prace Mat.-Fiz. 91—
106 (1928-1929)

. V. Jarnik, Diophantischen Approximationen und Hausdorffsches Mass. Mat. Sbornik 36, 91—

106 (1929)

. J.-P. Kahane, R. Salem, Ensembles parfaits et séries trigonométriques (Hermann, Paris, 1994)
. R. Kaufman, Continued fractions and Fourier transforms. Mathematika 27(2), 262-267 (1980)
. D. Kleinbock, B. Weiss, Badly approximable vectors on fractals. Israel J. Math. 149, 137-170

(2005)

. D. Kleinbock, E. Lindenstrauss, B. Weiss, On fractal measures and Diophantine approxima-

tion, Selecta Math. (N.S.) 10(4), 479-523 (2004)

S. Kristensen, Approximating numbers with missing digits by algebraic numbers. Proc. Edinb.
Math. Soc. (2) 49(3), 657-666 (2006)

S. Kristensen, R. Thorn, S. Velani, Diophantine approximation and badly approximable sets.
Adv. Math. 203(1), 132-169 (2006)

J. Levesley, C. Salp, S. Velani, On a problem of K. Mahler: Diophantine approximation and
Cantor sets. Math. Ann. 338(1), 97-118 (2007)

P. Mattila, Geometry of Sets and Measures in Euclidean Spaces (Cambridge University Press,
Cambridge, 1995)

H. Minkowski, Geometrie der Zahlen, Leipzig and Berlin (1896)

H. Montgomery, Ten Lectures on the Interface Between Analytic Number Theory and Harmonic
Analysis (American Mathematical Society, Providence, 1994)

G.K. Pedersen, Analysis Now (Springer, New York, 1989)

A.D. Pollington, S. Velani, On a problem in simultaneous Diophantine approximation: Little-
wood’s conjecture. Acta Math. 185(2), 287-306 (2000)

E.T. Poulsen, A simplex with dense extreme points. Ann. Inst. Fourier. Grenoble 11, 83-87
(1961)

W.M. Schmidt, Uber die Normalitiit von Zahlen zu verschiedenen Basen. Acta Arith. 7, 299—
309 (1961/1962)

W.M. Schmidt, On badly approximable numbers and certain games. Trans. Am. Math. Soc.
123, 178-199 (1966)

C. Series, The modular surface and continued fractions. J. London Math. Soc. (2) 31(1), 69-80
(1985)

V.G. Sprindzuk, Metric Theory of Diophantine Approximations (Wiley, London, 1979)

E. Wirsing, Approximation mit Algebraischen Zahlen beschrinkten Grades. J. Reine Angew.
Math. 206, 67-77 (1961)

A. Ya, Khintchine (Dover Publications Inc, Mineola, NY, Continued fractions, 1997)



A Geometric Face of Diophantine Analysis

Tapani Matala-aho

2000 Mathematics Subject Classification 11HO06 - 11J25 - 11J81 - 11J82

1 Targets

Our first target is to prove some Diophantine inequalities over real numbers by using
Minkowski’s first convex body theorem. Also some generalizations over complex
numbers are discussed.

Next we give an elementary proof of Siegel’s lemma over rational numbers. Then
we present without proof a version of Siegel’s lemma over an arbitrary imaginary
quadratic field which slightly improves the existing versions.

Our following target is to give a proof to the equality of heights of a rational
subspace and its orthogonal complement. The proof is based on Grassmann algebra.
Therefore, quite an amount of basics of exterior algebras will be presented in the
framework of rational subspaces. An important tool will be the primitive Grassmann
coordinate vector of the corresponding rational subspace. Lastly, we are ready to
prove the Bombieri—Vaaler [3] version of Siegel’s lemma.

2 Convex Bodies and Lattices
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Throughout these notes the column vectors are denoted by x = (xq, ..., x,)" €
R", where the coordinates belong to a ring (or a field) R specified later.

For the different norms of the vector X = (x1, ..., x,)" € C" we shall use the
notations

n n 1/2
- - - - 2
1¥lloo = max el 1Tl = 2 el IF]2 = I =(Z m-l) :

""" k=1 k=1

where the first is so-called maximum norm and the last is the usual Euclidean norm.

2.1 Convex Bodies

A non-empty subset C C R” is convex, if for any pair of points @, b € C holds
{sa+(1—s)b0<s<1}CC.

A bounded convex subset C C R” is called a convex body. In these notes we don’t
expect that a convex body is necessarily closed. A subset C is central symmetric
(symmetric wrt origin) if C = —C.

Example 2.1 Let A € R™ and assume that C is a central symmetric convex body.
Then the dilation
AC :={)\a|a e C}

is also a central symmetric convex body.

By a volume V(C) of a subset C € R” we mean the Riemann (or Lebesgue) integral,
if it exists.

2.2 Rings and Modules

In the following, a ring, say (R, X, +), is a non-empty set R with ring product x
and addition +. The ring is not necessarily commutative but it has zero and identity
elements 0,1 € R, 0 # 1.

Let R be a commutative ring. Then (M, +, -) is an R-module, if (M, +) is an
Abelian group and the scalar product - : R x M — M satisfies the following axioms

l-m=m, 1eR; (rs)-m=r-(s-m);

r+s)-m=r-m+s-m,r-im+n)=r-m—+r-n VYr,seER, mneM.
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The elements of R are called scalars. Let M be an R-module, S a subring of R and

B C M, then
(B)s = BﬂNN, N is a S-submodule of M,
<

is called a linear hull over S generated by B. In particular,
(my,...,my) = (my,...,mp)s :=Smy+ .-+ Smy,

is called a linear hull over S generated by my, ..., mj € M.

Example 2.2 1f K is a field, then the K-vector space M = K" is a K-module. We
may write
K” = (Elv'~-aEW)K = KEI ++KE}’I’

where e; = (1,0,...,0),...,¢,=(0,...,0,1)" denote the standard (column)
base vectors.

2.3 Lattices

In these lectures we consider lattices which are free additive subgroups of (R", +).

Letn e Z* and letly,...,I, € R" be linearly independent over R, then the linear
hull ~ ~ ~ ~

A=y, .. D)y =7l 4+ 7I, CR"
over Z forms a lattice. The set {/,, ..., [,} is called a base of A with rank A = r. If

rank A = n, then A is called a full lattice. The determinant of A is defined by

det(A) :=/detll; - 1;li<i j<r = v/det(L'L), L=1[Iy,...,1].

where the columns of the matrix L are the base vectors [y, ..., I, of A.In particular,
for the full lattice we have

det(A) = |det L| = |det[l}, ..., 1,]|.

Example 2.3 The integer lattice
7" =Ze + -+ Ze,

has determinant det(A) = 1.
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3 Minkowski’s Convex Body Theorems

3.1 The First Minkowski’s Convex Body Theorem

Theorem 3.1 The first Minkowski’s convex body theorem. Let n € 7. Assume that
A C R" is alattice with rank A = n and C C R" is a central symmetric convex body
with

V() >2"det A or

V(C) =2"det A, if C iscompact.

Then, there exists a non-zero lattice point in C. In fact, then #C N A > 3.

3.2 The Second Minkowski’s Convex Body Theorem

3.2.1 Successive Minima

Definition 3.2 Let n € Z" and let C be a non-empty subset of R”. The successive
minima A, ... A, of C with respect to a lattice A C R” are given by

Aj = inf{\ > 0] rank((A\C) N A)z > j}.

Lemma 3.3
O< A< <\, <00

Example 3.4 Forn € Z* let
B, :={x e R"| Xl < 1}
denote the unit ball in R” and let Ay, ...\, be the successive minima of 3, with
respect to a lattice A € R”. Then, by the definition of sucgessive minima there exist
n linearly independent integer vectors X1, ..., x, € A \ {0} such that
IX1ll2 < Ats ooy Xl < A (3.1
Example 3.5 Forn € Z* let

Op = {x e R [[X]loc < 1}

denote the n-dimensional “unit” cube in R”. Let A1, ... A, be the successive minima
of [, with respect to a lattice A € R”. Then, there exist n linearly independent
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integer vectors Xq, ..., X, € A\ {(_)} such that

[Xilloo = Aty eeny [Xnlloo < An (3.2)

3.2.2 The Second Minkowski’s Convex Body Theorem

Theorem 3.6 Let n € Z*. Assume that A C R" is a lattice with rank A = n and
C C R" is a central symmetric convex body. Then

n

2
—'detA <A1 AV(IC) <2"det A.
n!

4 Diophantine Inequalities Over R

In this chapter we present some selected Diophantine inequalities over R. For further
studies we recommend, Cassels [5, 11, 12], Shidlovskii [12] and Steuding [14].

We start from Theorem 4.1, which is a typical example from the theory of linear
forms.

Theorem 4.1 Let
ag,...,q, €R

and

hy,...,h, € Z"
be given. Then there exist p, q1, ..., qm € Z with a qi, # 0, satisfying
lgil <h;, i=1,...,m,
and
lp+qrar + -+ gman| < P

Proof Write
Lox == xo + a1x1 + - + X,

L;J::xk., k:l,...,m
and put
1
Lox| < - i= ——, 4.1
ILo¥] < 3= (@.1)

ILix| <hi+1/2, k=1,...,m. 4.2)
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Then
(Lo, Ly,...,Ly):Z"" — R

defines a full lattice

A=TZ0+ 7 + -+ 7, =

7(1,0,...,0)" + Z(a;,1,0,...,0) + - 4+ Z(y, 0, ..., 1) € R"!

with determinant

loagay ... ap
- 01 0...
det A = |det(lp € ...¢,)|=1{00 1 ... 0|=1.

(=)

000 .. 1
Now the conditions (4.1) and (4.2) determine a convex set
C:= {0, - ym)'| Iyol < 1/h, |yil < by +1/2} S R™
with volume

2 () + 1/2) -+ (b + 1/2)
hy - hy,

V() = > mtl

By the first Minkowski’s convex body there exists a non-zero vector
6#?: (P+111041 +"'+qmaqulvc~-’Qm)t eCnNA.

such that
lgil < hi, Yi=1,...,m,

and
.« m <—’
Ip+qioq + -+ guo]| hy -y

where by (4.3) we have

(ps qi1, ~-~,51m)l € Zm+l \{6}

Finally, ifall g; = - -- = g,, = 0 in (4.4), then also p = 0. A contradiction.

(4.3)

4.4)
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4.1 Primitive Vector

An integer vector
1 +1
(ro,rl,...,rm) ez

is primitive, if the greatest common divisor satisfies
ged(ro, iy .. ty) = 1.

Let
ged(p, qi,y oo qm) =d € L

and suppose the integer vector

(Panwanm)t Zd(s7r|""7rm)l7 (Sarh"'arm)t EZm+17
satisfies the estimate .
lp+qion + -+ gmam| < W
Then {
Is +riog + -+ rpam| < Th < W
Thus we have also a primitive solution
($,71y vy 1) € 2!

for equation

|P+611041 +"'+qmam| <

Theorem 4.2 Let
ap,...,q, €R

and

hy,...,h, € Z"
be given. Then there exists a primitive vector
(P g1+ qn) € 2"\ {0}
with a g;, # 0, satisfying

|ql|§hls Vi:l,...,m,
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and

+qgiar + -+ gua| < ——.
P +q1n Gm Q| o

4.2 Infiniteness of Primitive Solutions

Theorem 4.3 Let
l,ap,...,0, €R

be linearly independent over Q. Then there exist infinitely many primitive vectors

O = (Phs Qi es -+ > Gm) € Z"1\ {0} (4.5)
with
hig i=max{l,|g;xl}, Vi=1,...,m,
satisfying
1 1
Ipr+qiron + -+ Gupp| < ————— = —. (4.6)

highmp hy

Proof Suppose on the contrary, that there exist only finitely many primitive solu-
tions for (4.6). Then by the linear independence and assumption (4.5) there exists a
minimum

. 1
min |pr + g1 r01 + -+ G p | = 2 0. 4.7)
Choose then
Lo A 1 1
hieZ", h:=hy---h,, =<-—.
h R
Now by Theorem 4.2 there exists a primitive solution
(13’ ‘}l’ D) ém)t € Zm+l \ {6}
with .
max{l, |g;[} <h;, Vi=1,....m,
satisfying
A A n 1 1
e — < —
|P+Q1041+ +(/Imam|< I:xl =R

which contradicts (4.7). O
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4.3 Corollaries

Theorem 4.4 Let
l,ap,...,a, €R

be linearly independent over Q. If there exist positive constants ¢, w € R such that

c
160 + Bran + -+ + Buam| = Gy (4.8)
holds for all
(Bos By -+ Bu) € Z"INAO), by, = max{1, | Byl},
then
w>1
Proof Assume on the contrary that
w < 1.

By Theorem 4.3 there exists an infinity of primitive vectors satisfying

1
Ipr +qrecn + -+ G| < —————
' hl,k"’hm,k
and by (4.8) we have
<Pkt s o Gl 1 49)
———— =Pt Q0+ F G| < T/ .
(g o ) : B hor

Choose now hj i, . .., hy i such that

log(hi g+ hup) > ———
1—w

log(1/c¢)
A contradiction with (4.9). [

Usually, in the existing literature, the above results are only given in terms of

H), := nllax |Gi k|-

i=1,..., m

Theorem 4.5 Let
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be linearly independent over Q. Then there exist infinitely many primitive vectors

O = (Ph» ks - Gm)' € Z"T\ {0}

satisfying
1
[pr +qrr0n + -+ Gurom| < —- (4.10)
Hj/

One may wonder, if the exponent in (4.10) could be improved? Theorem 4.6
shows that the upper bound in (4.10) is best possible up to a constant factor for an
arbitrary m-tuple (o, . . ., ay,) of real numbers.

Theorem 4.6 Let oo = oy be an algebraic integer of degree deggoe = m + 1 and

a; =0i(a), i =0,1,...,m, where o; are the field monomorphisms of the field
Q(@). Then
+qa+--F+gua"| > ———, A= max {1,]|o|}, 4.11
P+ a1 gm” | GmH)" A" _mnax A lail} (4.11)
for all
(Paqis.ogm) €Z™, 1 <H= max lgi|

.....

Proof We divide the proof in two cases. If |p +qgja+--- +¢g,a™| > 1, we are
done. From now on we suppose |p + g + - - - + g, | < 1. Immediately

Ipl < 1+lgia+ -+ gua™| < 1 +mH max{l, [a[}"
implying

lp+qirai + -+ gned'| < Ipl+lqios + -+ gua’|
< 14+ mH max{l, |a|}"" + mH max{1, |o;|}"

3mH ( {)nlax {1, |a[|})
=3mHA™

IA

Because o = « is an algebraic integer of degree degpa = m + 1, then
O:=p+qa+---+qua” € Zla]\ {0}

is a non-zero algebraic integer and its field norm is an integer. Hence
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1 < IN(@)] = [0gO; - - Oyl

m

= |@|H |p +QI041' + - +CImOé;"

i=I

< 10| GmH)"A™. 0O

Theorem 4.7 Let
l,a,...,0, €R

be linearly independent over Q. If there exist positive constants ¢, w € R such that

c
e+ qrecn + - -+ Gkl > —
Hy;

for all
U= (Phs Qs -+ > Gmp) € 2", 1 < Hy = max |q; il

then
w > m.

Finally, we note that by metrical considerations the upper bound in (4.10) may be
improved for almost all m-tuples («;, . . ., ay,) of real numbers.

Theorem 4.8 For almost all
ag,...,q, €R

wrt Lebesgue measure, there exist infinitely many primitive vectors
Uk = (P Qs -+ gmr)” € 271\ (0},
H,:=max|q x|, i=1,...,m,
satisfying

1

—_— (4.12)
H;" log H,

|Pk + q1,k0 +---+ Qm,kaml <

Further (4.12) is the best bound for a.a.

4.4 On Simultaneous Diophantine Inequalities

Theorem 4.9 is a variant of well-known simultaneous approximations.

Theorem 4.9 Let
Oé],...,OLmE]R, fl++fm=1a
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be given. Then there exist
qgeZt, pi,....pm €L

satisfying
lgoi + pil < —

Proof Define a set
C = {(x0. x1. ... xm)" € R™| |x0] < g+ 1/2, |xo0s + x| < P
The set C is a central symmetric convex body and its volume satisfies

2 2
VO =Qq+1)— - — > mtl
gl gl

The first Minkowski’s convex body theorem with the lattice
A= Zm+1

gives a vector 3
0#x=(p,q1,---,9m) €ECN A.

Hence we have _
(P, q1, - qm) € Z"T\ {0}

satisfying the inequalities (4.13). O

As immediate corollaries we get

Theorem 4.10 Let
ag,...,q, €R

be given. Then there exist
q eZ, pi,...,pm€Z

satisfying
1 .
|6]04;+pi|<m, Vi=1,...,m.

Theorem 4.11 Let at least one of the numbers

ap,...,q, €R

4.13)
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be irrational. Then there exist infinitely many primitive vectors

— 1 ~

Uk = (qks PLks - s Pmk)’ € Z"TIN{O}, qp € Z7,

satisfying

1 .
|qkai+p[,k| < W, Vi :l,...,m.
ay

5 On Diophantine Inequalities Over C

In the complex case Shidlovskii [12] studies linear forms over the ring of rational
integers and gives the following

Theorem 5.1 ([12]) Let @y =1,0,,...,0,, € C and H € Z>; be given_. Then
there exists a non-zero rational integer vector (8o, B1, ..., Bw)' € Z™ 1\ {0} with
IBjl < H, j=0,1,...,m, satisfying

m

C
B0+ BiO1 + -+ 4 BuOnl < ==, c=~2D_|0;].

= Hm-1/2’
Jj=0

While Theorem 5.1 considers linear forms over rational integers only, the next
result, see [8], is over the ring of integers Z;j in an imaginary quadratic field Q(+/— D),
D eZ", D #0 (mod 4).

Theorem 5.2 ([8]) Let ©,,...,0, € C and Hy, ..., Hy € Z>, l_ze given. Then
there exists a non-zero integer vector (3o, 81, ..., Bn)' € Z;I"“ \ {0}, with |B;] <
Hj, j=1,...,m, satisfying

2TD1/4 m+1 1
® i Om| < _ 5.1
1Bo+ 1O+ -+ | ( N ) H - H, (5.1

wheret = 1,if D=10r2 (mod 4) and T =1/2,if D =3 (mod 4).

6 Siegel’s Lemma

Siegel’s lemma or Thue—Siegel’s lemma is a powerful tool in transcendental number
theory, see e.g. [2, 12, 13]. We may say that most transcendence proofs are based on
Siegel’s lemma.

Letay, €Z im=1,...,M;n=1,...,N) be given. Suppose M < N, then
Siegel’s lemma gives an estimate for the size of an integer solution (xi, ..., xy) to
the system of equations
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ayx; +apx; + - +anxy =0,

ar x anx ot ayxy =0,

21X1 + axnx; + + arnxy 6.1)
ayixi +ayrxs + - +ayyxy =0.

Theorem 6.1 Let

N
L, ()= Zamn-xns m=1,..., M,
n=1

be M non-trivial linear forms with coefficients a,,, € Z in N variables xj,. We also
assume that

N
Api= laml €Zt, m=1,..., M. 6.2)
n=1

Suppose that
M < N,

then the system of equations

L,x)=0, m=1,...,M, (6.3)
has a non-zero integer solution7 = (z1, ..., zy)" € ZN \ {0} with
1< max |z < L(Al---AM)ﬁJ. (6.4)

Here and in the sequel | x| denotes the largest integer < x.
Note that the upper bound in (6.4) may further be estimated to give a solution
with

~ 1<n<N

N-M
1 < max |z,| < (N max |am.,,|) . (6.5)
1<m,n<N

6.1 Proof of Siegel’s Lemma

Let
A= [amn] € MMXN(Z)

be the matrix of the Z-module mapping

L=(Ly,....,Ly) : 2" - 7ZM, N> M. (6.6)
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The homomorphism (6.6) between additive groups (ZY, +) and (ZM, +) is not
injective and thus o
Ker L # {0}.

Thus there exists a non-zero integer solution 7 = (z1, ..., zy)" € ZV \ {0} to (6.3).
But we do not know its size.
In the following we shall prove the estimate given in (6.4). Denote

Zi=| (A A |

Then
Al Ay < (Z+ DV M, (6.7)

where Z, Ay, ..., Ay are positive integers. Consequently,
(AMZ+1D)- - (AyZ+ 1) <A Ay(Z+ DY < (Z+ DY, (68)

First we define a box
O, :={xeZ"0<x, <Z),

where the number of integer points is
#, = (Z + DV,
The linear mappings
N
Lu®) =D amxa, m=1,....M,
n=1
are bounded in the box [, by

D s < Ln(®) < D ana.

Ay <0 Ay >0

Define

_bm = E Amn, Cm = E AmnXn

Ay <0 Ay >0

and note
by +cn=A,.
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Thus we have the estimates
—bnZ < L,x) <cnZ.
Define the second box by
Oy :={l € ZM| —buZ <1y < cwZ},

where

The number of points in the second box [, is
#h=AZ+1D---(AuZ+1).

We have _
L) € U,

where
#Hh =(AZ+1D) - (AyZ+ 1) <#0,=Z+ DV

by (6.8). Hence _
L D] — ‘:lz

is not injective on [;. Therefore there exist two different vectors x|, x, € [J; such
that L(x|) = L(X,), which further gives

L(x,—%) =0, X —x»e=x0\{0}.

By denoting

we get a non-zero solution to (6.3) satisfying the estimates

—Z <z, <2, Z:L(Al-uAM)ﬁJ, n=1,....N. O

6.2 Siegel’s Lemma in Imaginary Quadratic Fields

There are several variations of Siegel’s lemma over algebraic number fields, see e.g.
[4]. Here we will mention a recent version, proved in [6], over imaginary quadratic
fields. Let I denote the field QQ of rational numbers or an imaginary quadratic field
Q(v/—D), where D € Z* and Zj its ring of integers.
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Theorem 6.2 ([6]) Let

N
Lm(z) = Zamnzna m = 17 ey M,
n=1

be M non-trivial linear forms with coefficients a,,, € Zy in N variables z,. Define
A, = Zflvzl |amn| € ZF form =1, ..., M. Suppose that M < N. Then there exist
positive constants sy, ty such that the system of equations

Ly =0, m=1,....M, (6.9)

has a solutionZ = (z1, ..., zy)" € Zi™ \ {0} with

M '
1 < max |z,| < st/ ™ (Ay--- Ay) V¥,
1<n<N

where sq = tg = 1 (see e.g. [7]) and sy, ty are suitable constants depending on the
field.

More precisely:

Lemma 6.3 ([6]) There exists a solution to the system (6.9) of equations with

M
I'< max |z,] < max Hzc«/ﬁ, sit] " (A ---AM)N‘M] ,
where
24/2D'* . 5 _ .
S/=D) = [ Vs D) = [ 2? p=lorz (modd;
- 2 /4. - 5 _ .
2D 25, D=3 (mod 4);
and

272, D=1lor2 (mod 4);
CcC =
2, D=3 (mod4).

6.2.1 An Application of Theorem 6.2

Theorem 6.2 is applied in [6] for studying Baker type lower bounds of linear forms
of exponential function values (see also Baker [1]). From [6] we mention a corollary
which gives a new generalised transcendence measure for e.

Theorem 6.4 Let m € Zs,. Then

1
|ﬂ0+/61€+/61€2+"'+6mem| >W’ h=hy - hy,
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is valid for all B = (o, ..., B)' € Z"\ {0}, h; = max{1, |3} with

_ (4+7Tm)/log(m + 1)
N JToglogh ’
logh > m2(41 10g(m +1)+ lo)emz(sllog(m-kl)-FZO)'

e(h)

7 Towards Height Theorem of Rational Subspaces

In the second part of our lectures our aim is to give a proof to the equality of heights
of a rational subspace and its orthogonal complement, compare Schmidt [11]. The
proofis based on Grassmann algebra. Therefore, quite an amount of basics of exterior
algebras will be presented in the framework of rational subspaces. An important tool
will be the primitive Grassmann coordinate vector of the corresponding rational
subspace.

8 Towards Exterior Algebras

For a full understanding of exterior (wedge) products one needs some formal under-
standing of tensor products of modules, see Rotman [9], Sect. 8.4. However, in the
following you may find a collection of necessary definitions and results which are
quite enough for our purpose.

8.1 Algebras

Let R be a commutative ring. Four-tuple
(M , X, +, )

is an R-algebra, if
(M, x,+)

isaring, 1 € M, 1 x m = m forallm € M, and
(M’ +’ )
is an R-module and moreover

a-mxn)=(@-m)xn=mx(a-n), Vae R, mne M.
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8.1.1 Exterior Algebra, Wedge Product
Definition 8.1 Let R be a commutative ring. An R-algebra

(Ea N, +7 ')

is an exterior algebra, if the ring-product A, the wedge-product, is alternating:

mAm=0, VmekE.

The following lemma characterizes the alternating property.

Lemma 8.2 Let M be an R-algebra. Then

mAm=0 VYmeM = mAn=-nAm Ym,ne M.

If charR # 2, then

mAn=—-nArm VmneM = mrm=0 VmeM.

Proof of (8.2) Let m, n € M, then by the assumption in (8.2) we get

O=@m+n)A(m+n)
=m/Am-+mAn+nAm-+nAn

=mAn-+nAm.

Hence m A n = —n A m follows. [
The proof of (8.3) is left as an exercise.

8.2 Tensor Product

147

(8.1)

8.2)

(8.3)

Definition 8.3 A tensor product of R-modules M and N is a pair formed by a group

M ®r N
with an R-bilinear function
h:MxN—> MQ@rN
satisfying: for every R-module G and every R-bilinear function

f:MxN-—G
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there exists a unique R-bilinear function such that
f:M®rN—>G, f=foh. (8.4)

As usual, the Definition 8.3 may shortly be given as a commutative diagram

R-bilinear h
M x N — MQr N
VIioN A f=foh
VG

Let R be a commutative ring. The elements of the tensor product M ®g N are
denoted by
mneMErN, meM,neN,
and they satisfy the following rules
m@mi+n)=mn +mQnay, (m+m)@n=m n+mn,
rr-mun=>F- mn=m(r-n), Yre Rme M,neN.
The above definition is quite general but it is not very illustrative in the beginning.

In the following we give a couple of examples which illustrate the idea of tensor
product very well.

8.2.1 Tensor Product of Free Modules M and N Over the Commutative
Ring R
If rankgk M = m, rankg N = n and
M = Ra;+ ---+ Ra,,, N = Rb; +---+ Rb,,

then
rankg M @ g N = mn

and
M®rN=Ra; ®b+Ra; ®b,+ -+ Ra,, @b,.

So, the tensor product M ®g N of modules is spanned by the tensor products of all
pairs of base vectors from M and N.
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8.2.2 Tensor Product of Vector Spaces M and N Over the Field K
If dimg M = m, dimg N = n and

M=Ka +---+Ka,, N=Kb +- ---+ Kb,

then
dim]( M Rk N =mn

and
Mk N=Ka &b, +Ka ®b,+---+ Ka,, ®b,.

Thus, the tensor product gives a formal way to multiply vector spaces.

8.2.3 Extending Scalars

Recall that an R-module M is free, if M = R™.
Let M be a free R-module and R be a subring of the ring S. Then

SQr M
gives a module extending the scalars from R to S. Namely, if rankg M = m, then

MZR", S®@xM=S".

8.2.4 Tensor Algebra

Let M be an R-module. The tensor algebra 7' (M) on M is defined by setting

T(M) = ZT”(M),

p=0
where
T(M) = R,
T'(M) = M,

T"M)=M®--- M=m @ ---@mylmy,...,m, M), p=>2.
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8.2.5 Construction of Exterior Algebra

Now we are ready to construct exterior algebra on an R-module M by using the
above tensor algebra on M. We get the exterior algebra on M by a quotient space

A =100/,
where J is an ideal generated by all m ® m withm € M. Let
me:--Q@my—>mgA---Amp
be the corresponding canonical map. Then the product A is alternating.
Example 8.4 Let M be an R-module, then

my Amy Amy =0,
m3 Amy ANmyp = —m|; \Nmy \Nms3,

for all mp,my, ms3 € M.

9 Grassmann Algebra

9.1 Basics

Assume that the R-module M has base
ey,...,e, € M, rankgM =n,
which allows us to write
M = (e,...,e,) = Re; +---+ Re,.

In the exterior algebra A (M) we have following properties.

Lemma 9.1 Let 7 be a permutation in a set {1,2, ..., n}, then
ET(])/\-”/\ET(n) =Sigl’l(T)E1 A ANey, 9.1)
where sign(T) is the signature of T. Moreover

E,-l/\n-/\E,-p;éﬁ, V1i<ii<i<---<ip=<n, 9.2)
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and

r-X=0, reR, Xe A\M) = r=0 or X=0. (9.3)

9.2 Exterior Base

For studying exterior products we introduce the concept of an increasing 0 < p < n-
list.

Definition 9.2 Letn € Z-. An increasing 0 < p < n-list ,, is a list

’a:ap =il .., 0 1Sl <ip<--<ip<n, if p>1;
oc:=0, if p=0.
Further, corresponding to a 0 < p < n-list o, we introduce a p-wedge-product
E,=¢, A A&, p=1,
Eg =1, p=0.
Thesetofall 0 < p < n-listsis denoted by C(n, p) := {0, }. Obviously, #C (n, p) =
(p)Now we suppose that R is an integral domain and put M = R" (a free R-module).

If R = K is a field, then M = R" is a vector space. Let 0 < p < n. Then we may
define a free R-module R’ by the linear hull

5l n
Ry = (E,,| 0, € Cn, ), ranky Ry = (p)

generated by all p-wedge-products Ea,, =e; A+ Ae;,. In particular
Ry = (Eg)r, rankg Ry = 1;

Rl =(E, €fer,...., e}k, rankgR} =n;
= - n
RS =(E, € {e; Nea,...})r, rankgR; = (2)

R'=(E,=¢ A& A---AN&_| Aey)r, rtankgR" =1.

Now we are ready to define Grassmann algebra.
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Definition 9.3 The Grassmann algebra is a graded R-algebra
G, =Ry®---®R),, rankiyG, =2".

Note that Grassmann algebra is an exterior algebra over R, hence an R-module, too.

10 Determinant

Let M be an R-module of rank (M) = n. A mapping

fiM—=M, fa-m)=a-fM), f(m+n)=fn)+ fim)

is called an R-homomorphism. By using the functor

N XA ATy = FED A A F(E),
we may define the determinant of f.

Definition 10.1 The determinant of f is an element det f € R satisfying

/n\(f)a AN--ANe, = fle)AN---A f(e,) :=det(f)-eg A---Ae,. (10.1)
Example 10.2 Letn = p =2 and let f be the R-homomorphism defined by
f(e1) = aner +aner, f[(e2) =ane +anes.
Then, by exterior algebra
(aner + aze) A (aner + aner) = (anaxn — anaz) - €1 A e

which implies
det(f) = ayjaxn — anas;.

By denoting
ay = Ae; =ane +axer, ay:=Ae; =ape +anes,
we get a matrix representation

A =lay,a], detA:=detf =ajan — anay,
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for the above R-homomorphism f and its determinant. More generally, we denote
EiZIAE,’ZLIUE]-F-'--Fam'En, i:l,...,l’l,

and hence
A=lay,...,a,l

10.1 Expansions

Let
H:szhl,...,hp, 1§h1<-~-<hp§n,

K=K,=ki,....ky, 1<k <---<ky=<n,
beincreasing0) < p <nand0 < g < n-lists, respectively. If the lists are disjoint and
0 < p+q < n,letTy g beapermutation which arranges hy, ..., hp, ki, ..., k; into

an increasing 0 < p + g < n-list

H+K:=ji,...,Jp4q, 1=5Jj1 << Jprqg <.

Lemma 10.3 Then

— — 0, if HNK #@;
EunEg =4 7 Kz (10.2)
sign(Th k) Ensx, if HNK =0.
In the following we use also the notation H = h| < --- < h,, for an increasing
liStHZhl,...,/’lp, 1§h1<...<hp§n.

Example 10.4 By (10.2) we get
(ey Nes) A (ex Neg Neg) =+e) Aexy Aeyg Aes A eg,

where
H=H,=1<5, K=K;=2<4<6,

HxK=1<2<4<5<6, n=6, p+qg=>5.
Now we consider certain submatrices of

A=layl=lai,...,a,] € Myy,.
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Corresponding to the increasing lists H = hy, ..., h,, K =ki,..., k, € C(n, p)
we define a p x p submatrix

Ayk = lay], (s,t) € Hx K.

The determinant det(A g ) is called a minor of A of order p.

Lemma 10.5 (Lemma 9.158 in [9]) Corresponding to the increasing list H = h; <
- < hp, there is an expansion

an Ao ATy, = > det(ALg)EL. (10.3)
LeC(n,p)

where the scalars det(Ap g) are so called Grassmann or Pliicker coordinates of
ﬁhl AR /\E},p.

Proof Write L =1 < --- < [, then we have

ap, N+ Nay, = (Aep ) N A (AEhp)

= ( E atl,h]Etl) ZANRERAN E at,,,hpztp
n

= E afl,hl"'al‘p,h,,'ztl/\"‘/\Etl

= Z ( Z Sign(T)Cl.,—l(]l),h] oo aTl(lp)’hp) . Ell VANKICIIVAN Elp

L=li<--<l,eC(n,p) \m:T—L

= Z det(Ap ) - Ep. O
LeC(n,p)

Example 10.6 Let p = 2, n = 3 and consider the wedge product a@; A a; of
ay =ane; +axe; +aszes,
a; = ape) +aney + axes.

After some rearrangement we may write

ap ap
ax| ax
=det(Az, m)Er, +det(A, p)EL, +det(Ar, n)EL,,

ap ap
asy as

azy ax
asy asp

ay Ndp = e Ney+ ey Nes+ erNes

where
Li=1<2, L,=1<3, L3=2<3, H=1<2.
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Hereafter, corresponding to the increasing lists I =i; < --- < i,, we write
Z[ :El‘] AR /\E,-p.

Lemma 10.7 (9.160G) in [9]) Let I =iy, ..., i, and J = ji, ..., j; be increasing
lists, where p,q € {1, ...,n}. Then

A NAy = > sign(rh k) det(Ap,) det(Ag ))E pax.
HeC(n,p),KeC(n,q)

Proof
Zl /\ZJ = Zdet(AH,I)EH A Zdet(AK“/)FK
H K

= > det(Ay,) det(Ag,)En A Eg
H,K

= ZSign(TH,K) det(Ay 1) det(Ax ) Epsx. O
H.K

IflIxJ=1<2<.--<n=p+ gq,then the above gives

Eil /\---/\Eip/\ﬁjl /\”'/\qu

= Z sign(7y. k) det(Ay ) det(Ax 1) E pak -
HeC(n,p),KeC(n,q)

Thus immediate corollaries are

det A = sign(n;)ZSign(TH,K) det(Ap 1) det(Ag ;)

H,K

and '
detlaplun = D (=D apdet(A;). i=1.....n,

Whereﬁ=1<2<a<h—1<h+1<-~-§n

10.2 Linear Independence

In this chapter we assume that R is a field and M is an n-dimensional vector space
over R. Note that most of the following results are still valid in R-modules, where R
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is a commutative ring with unity. The vectors of M are denoted by x;,y;, ... € M.
The notation S+ is used for the orthogonal complement of the subspace S € M.

Lemma 10.8 (Lemma 5Cin [11]) LetXy,...,X, € M. Then
X1,...,Xx, arelinearly dependent over R & X A---NX, = 0. (10.4)

Further, 3
2€X1,...,Xp) & ZAXIA---AX,=0. (10.5)

‘We shall use the notations

AX =F1 A ATy ATpp1 Ao AX, - (=DP7F

Readily
/A\kY A fj = 6k/ . /\Y.
p

Proof of Lemma 10.8 Suppose that X1, ..., X, are linearly dependent over R. Then
there exist a linear combination

"1'71+'~'+rk~)_ck+~-~+rp-)_cp:6, r,....rp €R, 1, 0. (10.6)
Operate (10.6) by A, X A, then

1l ~6+---+rk-AY+~-~+rp-6=0
P
implying
Suppose then 3
XiAN--AX,=0. (10.7)
Assume on the contrary that

dil’l’lR S=p, S = <)_C],...,XP>R.
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Then
dimpg SJ' =n-—p, SL = (Zl, -~-7Zl’l—p>7
with some Z, ..., Z,—p € M. Thus
dimg (X1,...,Xp, 215 .-, Zn—p)R = N.

Now by (10.7) we get

O=X1 A AXpAZIA - AZpep =det[X1, ..., Xp, 2y e Tnepl - CLA -+ ATy,
implying
det[Xy, ..., Xp, 21, ..., Zn—p]l = 0.
Then by linear algebra
dimp (X, ...,fp,Zh ...,Zn_p>R <n-—1.

A contradiction. This proves (10.4).
The case (10.5) is left as an exercise. [l

Lemma 10.9 (Lemma 5D in [11]) Suppose Xy, ..., X, are linearly independent
over Randy,...,y, are linearly independent over R. Then
X1,...,X,) = (71,...51]) S X /\~--/\f,,=)\-i1/\~--/\§p, A€ R.

Proof Suppose

Xy Xp) =01, ¥p) =N
where N is a p-dimensional R-vector space with abase X1, ..., X,. Now the vectors
Vi ...,ip may be written in the base X1, ...,Xx, and thus by the definition of
determinant
VN Ay, =detlyy, Y lpxp XA AX .
Assume

XIANAXp =AY A== AY,, A€ER.

The wedge-product with y; gives
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11 Inner Products

In the following we consider vector spaces M = R" over the real R = R or com-
plex field R = C. The complex conjugates of scalars r € R and vectors x € R" are
denoted by 7 € R and X € R", respectively.

The Hermitian inner product in R" is defined in a usual manner by

X-y=00 %) - ey =X+ X,V

Further, the Hermitian inner product in R’ is analogously given by

7®W: Z ZHEHQ Z WKEK = z ZHW_H
HeC(n,p) KeC(n,p) HeC(n,p)

In particular,
— — 1, H=K;
Ep © Ex =0k = .
0, otherwise;
hold for the Hermitian inner product with the properties

Y+2)OW=YOW4+ZOW; (@-Z2)OW=a-(ZOW).

Finally, the length (norm) || Z|| of Z = > ZyEpy € RY is given by
HeC(n,p)

1ZIP=Z0Z= > |Zul.
HeC(n,p)

11.1 Laplace Identities

Define a p-dimensional parallelepiped
F:=[0,1]x; +---+[0,1]x,
spanned by X1, ...,x, € R". Here we note that
V(F) =1[1x1 A AX

gives the volume of F.

Lemma 11.1 (Laplace identities, Lemma 5E in [11]) Let Xy, ..., Xp, ¥, ..., Vp €
R". Then
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XY X1y
LA AT O A AY) = . (11.1)
Xp Vi Xp Y,
and
X% ... x5,
X1 AL AXl = . . . . (11.2)
Xp Xl XpXp
Sketch of the proof Let ey, ..., e, € R" be an orthonormal base of R". On the left-

hand side of (11.1) we then have
S1y=E;OE; = (e, N NE) O (e N ANEj,),
and on the right-hand side of (11.1) we get
e, € ...e ¢ej,
=4yy.
e, €j ...e, €

Secondly, the left-hand and right-hand sides of (11.1) are multilinear. For example,
on the left-hand side

(@ +a) AXo A AXp) O A= AYp)

=@ AX2ANAXP) OGN AT H(@AT2LA - AXp) O A= ATp).

And on the right-hand side

(@i +az)-yy ... (@ +a2)-yp| |ar-yy+ax-yy...ar-y,+az2-y,

Xp- Y1 f,,-yp Xp- Y1 f,,ip

ar-yp ---ar-yp az-yp ... a2-yp
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11.2 Norm Inequality

Let I =iy, ...,ipand J = ji, ..., j, be increasing lists, where p,q € {1, ..., n}
and write o
Aj =£_l,'l /\--~/\5i,7 = Z det(Ag ) Ey,
HeC(n,p)

Ay =aj A AT, = Z det(Ag )Ek.
KeC(n,q)

Remember that Lemma 10.7 gives

ArNAy =Ei1/\~-~/\5,~p/\ﬁj]/\-~-/\qu

= Z sign(ty x ) det(Ay 1) det(Ax 1) E gk s
HeC(n,p),KeC(n,q)

where
0, if HNK # 0,

: . . (11.3)
sign(ty k) Envx, if HNK =0.

EH/\E](=[

The following le_mma proﬁdes an upper bound for the length ||Z, ANAy || in terms
of the lengths ||A;|| and || A /]|

Lemma 11.2 (Lemma 5F in [11]) Let I =iy, ...,ip, and J = ji, ..., j; be
increasing lists, where p,q € {1, ..., n}. Then
I[A; A A< [TALITA ] (11.4)
and if
aj,-aj, =0, Vicel, jseJ, (11.5)

then equality holds in (11.4).

Note that

AP = D Idet(An NP, [IA/IP= D |det(Ax ).

HeC(n,p) KeC(n,q)

11.3 Orthogonal Complement

Let I =iy,...,i,and J = ji, ..., j, be increasing lists, where p,q € {1, ..., n}
and let
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S=(i,....5,)r € R" (11.6)
be a p-dimensional subspace of R" spanned by s;,, ..., 5;,. Then the orthogonal
complement

T:=St={yeR'y-x=0,VxeS}, qg:=n—p, (11.7)
is a g-dimensional subspace

T=(t,....t;)r S R"
of R" spanned by 7, ..., 7, , say. It immediately follows that

(Eiw .. .,Eip,;j], . ,qu)R = Rn.
Write _ o
S =§,'1/\‘~'/\E,'p= Z det(SH,,)EH;
HeC(n,p)
TJ =;j] /\~-~/\;jq = Z det(TKJ)EK,
KeC(n,q)
where
I+J=1<2<---<n:=N.
Now denote

det[S;, T;1:=det[S1,...,5p. T1,....14]
which is an n x n determinant. Then

S ATy = sign(ry ) det[S;, T ;1 E s

= Z sign(7y, k) det(Sp 1) det(Tk ;) E nak -
HeC(n,p),KeC(n,q)

For H € C(n, p), we set H=N \ H, which implies
HNH=9, HeCh,q).

Thus we get a one to one correspondence between the sets C(n, p) and C(n, gq).
Note that we also have

P q
dimg \M = #C(n, p) = (”) = #C(n,q) = dimg A\M, M =R".
p
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It follows from

H+xH=N=1<2<---<n,
HNK #0, if K+#H,

that
SIAT, = > sign(ruk) det(Sy. ) det(Tx ) E ek
HeC(n,p),KeC(n,q)
= > sign(ry ;) det(Sp.) det(Ty ;) | Ercaecn.
HeC(n,p)
Thus
2
IS; AT P =] D sign(ry 4) det(Sy.p) det(Ty ;)
HeC(n,p)

We have T = S+ which, by Lemma 11.2, implies

ISt AT P = ISAPIT 17 = D Idet(Su.)l? D [det(Ty I

HeC(n,p) HeC(n,p)
Hence
2
> sign(ry ) det(Sy.) det(Ty )
HeC(n,p)

= > |det(Su)l D |det(Ty pIP. (11.8)

HeC(n,p) HeC(n,p)

Let us write _ ;
S¢ = (4et(S1.0)) yecny € RY,
Tg = (det(TﬁJ))Hec(n’p) e RO,
for the Grassmann coordinate vectors of
Sy A AT, = > det(Sy)En,
HeC(n,p)
tiy NNt = 2, det(Tg j))Ek.

KeC(n.q)

Then (11.8) may be written as an equality

—t — —t  —
IS¢ - Tal =1S6ITal. (11.9)
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where

_:|: . —_— n
5o = (Slgn(TH’ ,;)det(SH,,))Hec(n € RO,

12 Rational Subspace

Let K be a field containing the rational number field Q € K,e.g. K =Ror K = C.

Definition 12.1 Let

al,...,ﬁk E@"
be rational vectors, then the set
S=S.:=Ka, +- -+ Kay,
is an k-dimensional rational subspace of K", if dimg S = k.

Lemma 12.2 Let S, be a k-dimensional rational subspace of K". Then the orthog-
onal complement
SE={yeK"|y-x=0V¥e S}
is an (n — k)-dimensional rational subspace of K".
Proof By assumption we have

Sy =Ka,+---+ Kay, ai,...,a,€Q", dimgS, =k.

Thus
V:=Qa +---+ Qay

is a k-dimensional subspace of Q". The orthogonal complement V+ of V in Q" is a
subspace in Q" of dimension dimg V*+ = n — k. Hence

VL:QI_)]+"'+QEYL—]€’ Elv"'55n—ke(@n‘
Further,
W:=K®qV*=Kbj+---+ Kby, bi,...,b,y €Q",

is a rational subspace in K" of dimension dimg W = n — k and is the orthogonal
complement of S in K*.
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12.1 Lattices of Subspaces

Lemma 12.3 Let Sy, be a k-dimensional rational subspace of K". Then the set
A(Sy) =S NZ", rank A(Sy) =k,

of integer points in Sy forms a full lattice in the rational subspace S.

Letly,...,1; € Z" be a base of A(S;). Then we may write

ASE) = (1, ..., ly)z =7l +-- -+ ZI;, C R".

12.2 Height of Rational Subspace

Let S;. be a k-dimensional rational subspace of K”. Remember that the determinant
of A(Sy) is given by

det(A(Sy)) := /det[s, - 5i i<k i<p = Vdet(L'L), L= [Siysvnnsn 85,1
where the columns of the matrix L are the base vectors s;,, ..., 5.
Definition 12.4 Let Sy be a k-dimensional rational subspace of K”. Then
H(S)) := det A(Sy)
is the height of Sy. If £ = 0, then
H(Sy) = 1.

Vaaler [15] proved the following k-dimensional volume estimate for the inter-
section of a k-dimensional subspace with the n-dimensional unit cube [J, € R" of
volume V (LJ,) = 2".

Theorem 12.5 ([15]) Letn € Z* and let S be a k-dimensional subspace of R". Then

vV (@,n8;) > 2"
dim=*k

Lemma 12.6 Let S be a k-dimensional rational subspace of R" and let \y, ... \;
be the successive minima of U,, with respectto A = A(Sy) = S, N Z", the lattice of
integer points in Sy. Then

Ao A < det A = H(Sp). (12.1)
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Proof The set C := [0, N S} is a central symmetric convex body of volume V ((J,, N
Si) > 2F. Hence, by the Minkowski’s second theorem, Theorem 3.6, we get

Mo N2F < A N V(0) < 28 det A,

which implies
Al A <detA=H(Sp). O

12.3 Primitive Vector

Let A(S) = (5iy, ..., Eip>z be the integer lattice of a rational subspace S C K".
Denote by

EG = (det(SHJ))HeC(n,p) € Z(;) (12.2)

the Grassmann coordinate vector of the exterior product expansion

El’] VANEIIEIVAN E,‘p = Z det(SHJ)FH,
HeC(n,p)
where I =iy, ...,i, is an increasing 1 < p < n-list. We also say that the vector

(12.2) is a Grassmann coordinate vector of the integer lattice of a rational subspace S.

Lemma 12.7 (Lemma 5H in [11]) Let S be a rational subspace in K", Q C K.
Then the Grassmann coordinate vector

S¢ = (det(Su.0) yecnpy € 20
is primitive.
Proof Suppose on the contrary that there exists a prime £ € Z such that
So = (det(Sn.0) yecenpy =LV, V ezl

By reduction modulo £ we get

EG = 6 (S ng)
Therefore 3
E,‘I /\"'/\El'p =0¢e (Ze)’;’
By Lemma 10.8 there exists 7y, ..., 7, € Z¢, where say r; # 0, such that

Fc Sty S =0e (Zo)" .
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Hence
r]~§il+-~-—|—r,,~§,~p=Z~w, EGZ",
wherery,...,r, € Zand £ fry. Since § is a rational subspace, we find
— roo_ rp _
wZZ'SiI_’_"'"i_?'SiFESv
and thus

EESQZH=A(S)=Z§il~|—-~-+ZEip.

But ’7' ¢ 7, a contradiction. [J

By Lemma 12.7 we know that any Grassmann coordinate vector of the integer
lattice of a rational subspace is primitive.

13 Height Theorem

Theorem 13.1 (Lemma 4Cin [11])
H(SY) = H(S). (13.1)

The result (13.1) is deep.

Proof Let S and T be the subspaces given in (11.6) and (11.7), respectively. Then
we define the corresponding lattices

AS) ==8SNZ" = (s, ....Is;)z.
AT =TNZ" =(lt),....lt)z,
but for short we write
A(S) = (Siys -+, 80,2,
AT) =(tj,....t;)z
where
Ei]f""Ei,,v;jlv"'s;jq e 7".
Let I =iy,...,ipand J = ji, ..., j, be increasing lists, where p,q € {1, ..., n},
then

|det A(S)|* := | det[s;, - 51,1 px

(11.2) | — —
=5 A AT P = D0 [ det(Su )l (13.2)
HeC(n,p)
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and, similarly,

| det A(1 )|2 = ||;i| A AL ||2 = |det(2K,J)|2~
q
KeC(n.q)

By (11.9) we have
— — R —
IS¢ - Tl =1ScITgll

Here we use the Cauchy—Schwarz inequality, Lemma 14.6 with an equality, and thus
obtain

156176 = £S5
where Eé and T ¢ are primitive vectors and ||§§ I, IT G|l € N. Hence
IT6ll = IS5
and thus
Tg = 5.
Further we get

| det A(S)|?

- — 2
I5;, Ae-oAsill
)2

> Idet(Sunl

HeC(n,p)
> Isign(ry g)det(Sy.)I?
HeC(n,p)
— —
ISGIIF = IT6lII?
> ldet(Tx )P
KeC(n,q)
=i, Ao AT 1P = | det AT

Finally
H(Sh) :=|det A(T)| = |det A(S)| := H(S). O

In the following chapter we shall give an application of Theorem 13.1. Namely,
we shall prove a slightly refined version of Siegel’s lemma using Theorem 13.1.
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14 Bombieri—Vaaler Version of Siegel’s Lemma

In the last part of our lectures we shall present a simplified proof of the Bombieri—
Vaaler version of Siegel’s lemma, see Bombieri and Vaaler [3]. The proof is based on
the second Minkowski’s convex body theorem, the height theorem and some careful
analysis of primitive Grassmann coordinate vectors.

14.1 Rational Subspaces

So, again, our target is to study integer solutions of the Eq.(6.1). Let us write the
Eq.(6.1) as a single matrix equation

apy ... ay X1
wol o
asrt - | |
where
by
A= [an] = € Myxn(Z)
7,
andzt1 = (all,...,alN),...,Eiu = (ay1, ..., ayy) denote the rows of A.

However, now we assume w.l.0.g. that rank A = M. Thus we may consider A as
a mapping

A:QV - QM
of rank A = M. Hence the kernel
R:=kerACQ", dimgR=N - M,
is an (N — M)-dimensional rational subspace of Q". Further, the orthogonal com-
plement

R-cQY, dimgR =M

is an M-dimensional rational subspace of Q" .
Next we define the corresponding integer lattices
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A(R)=RNZN, rank A(R)=N — M;
ARY) = R+NZY, rank A(RY) =M,

where A(RT) = (71, ..., 7y)z is spanned by integer vectors 7, ..., 7y € Z". By
(13.1) we get

H(R) = H(RY) = det A(R") = /det[Fy, - Fuli<mn<m-
On the other hand
bi,....by e R*NZN =(F,,....,Fy)z, rank A(RY) = M.
Thus we may write b1, ..., Dby as linear combinations

b,':(,‘l,'Fl-f-"'-f-CM,'FM, Cj,'EZ, ],lzl,,M

in the base ry, ..., ¥ . Also we denote
CL1 - CLM
C:=[c1,...,cy]l =
M1 - CM.M
Then B B
byAN---Aby=detC-Ti A--- ATy, detCeZ\{0}. (14.1)

14.2 Grassmann Coordinates

Next we note that the transpose matrix
A =[by,....by] € Myxu(Z)

of A is determined by the column vectors by, ..., by. Further, we use the notation
R=I[r1,...,7u] € Mnxu(Z)

for the matrix determined by the column vectors 7y, ..., 7). Here the notations

M, =M, =1,2,..., M denote increasing lists 1 <2 < --- < M. By the wedge
product expansion rule (10.3) we get
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biA-Aby= 3 det(Agm)En.
HeC(N,M)

FIA - ATy = z det(RK,MZ)EK,

KeC(N,M)

where det(Ag p,) and det(Rg ) are M x M-minors of A and R, respectively.
Also we write . N
[AG = (det(AH’Ml))HeC(N,M) S Z(M)’

R = (det(Rk.11)) g o ap) € 20,

for the Grassmann coordinate vectors of by A --- A by and 7y A -+ - A Fay, respec-
tively.
In the following lemma we give a divisibility relation between the greatest com-
mon factor of the minors det(Ay y,) and detC.
Lemma 14.1 Let
D= gcd (det(Aym,)),
HeC(N,M)

then
D = |detC|. (14.2)

Proof By (14.1) we have
Ag =detC-Rg, detCeZ\ {0},
where by Lemma 12.7 the Grassmann coordinate vector
Ro = (det(Ric)) gecon an

of our lattice A(R*) = (F1,...,7u)z is primitive. The above immediately imply
(14.2). O

Lemma 14.2 With the above notations we have
IF1 A - ATHl < D7V/det(AAD. (14.3)
Proof Here we combine the results (14.1), (14.2) and Laplace identity (11.2). Thus

D-|Fy A ATyl < |detCl- [IFy A ATyl
= llbiA--- Abul

= \/det[z,,, Dulizmnen = V/det(AA). O
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14.3 A Simplified Proof of the Bombieri—Vaaler Version
of Siegel’s Lemma

Bombieri and Vaaler [3] presented the following improved version of Siegel’s lemma.

Theorem 14.3 Let
AeMyun(Z), rankA=M

Then the equation

Ax =0
has N — M linearly independent integer solutions X\, ..., Xy_y € ZN \ {0} such
that
X1 llo -+ 1¥n—-plloo < D™'/det(AAD), (14.4)

where D is the greatest common divisor of all M x M minors of A.

Proof Recall that R is an (N — M)-dimensional rational subspace in QV. Let
Al, ..., Ay—m be the successive minima of the unit cube [y with respect to
A = A(R) = RN ZN, the lattice of integer points in R. Then Lemma 12.6 applied
to the rational subspace R with the height Theorem 13.1 gives

A - Avey < H(R) = H(RY) = det A(RY). (14.5)

By Example 3.5 there exist N — M linearly independent integer vectors X, ...
Xn_m € ZN \ {0} from R such that

IXilloo < Aty v IXN=mlloo < An—m- (14.6)
Hence, by (14.5), (14.6) and (14.3), it follows that

IXi oo IX¥Nvemlloe < A1+ Avem
< H(R) = H(R")
= det A(R™)
= \/det[Fm “Tnlizmnzm

= |Fi A ATM| < D”Ndet(AA). O

Corollary 14.4 In Theorem 14.3 the estimate (14.4) can be replaced by (possibly a
weaker estimate)

N—M M
[T 1=ellee < [T 12mll2- (14.7)
k=1

m=1

There are several variants of Siegel’s lemma over (Q which follow from Corollary
14.4. In the following corollary we present two of them.
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Corollary 14.5 In Theorem 14.3 the estimate (14.4) can be replaced by (possibly
weaker estimates)

1

v\ =
X < < . 14.
110 < [[1||bm||1 _(lemévmm,u) (14.8)

In Corollary 14.5 the first upper bound is exactly the upper bound in the estimate
(6.4).

The above corollaries follow from estimate (14.12) for the well-known Gram
determinant det[b,, - b, ]1<m.n<m. Notice that our Gram determinant is positive.

In fact, Bombieri and Vaaler [3] proved more general results over algebraic num-
bers by using geometry of numbers over the adéles.

Appendix

Cauchy-Schwarz Inequality

Now we suppose that R is an integral domain with absolute value and the norm of

a € RY is defined by
lall =~a-a

via the inner product - in RV

Lemma 14.6 (Cauchy—Schwarz inequality)

la-b| < ||allbll forall a,be R"N. (14.9)
The equality 3 B
la- bl = |alllbl
implies B B
Iblla = wlallb, |wl=1, weR. (14.10)

In particular, when R = 7, then w = £1.

Proof Write B o
w := ||b||*a — (@ - b)b.

Then

g
S
[
(]

and consequently
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42 —12 = T121H12 — 21 HN2
o™ llal” = lwll® + |a - bI7[1b1I” = [a - bI7[1b]| (14.11)

which implies (14.9).
Suppose now

la-bl=lallbl < a-b=wlallbl, lwl=1, weR.

Then (14.11) reads B B
121" @N* = 1wl + llali*1o1*.

Hence,

[w|>=0 = w=|b|’a— (@ b)b=0
= |bl*a = (@- b)b = wlall|b|b,

which proves (14.10). O

14.4 Gram Determinant

The Gram determinant det[b,, - En]lfm,nf um satisfies the following estimates

VAt (AAT) = \[detlBy, - Byli<mnen
M — —_
H Do b = H 1B 12

m=1

H 1Bl < HN max [dy, |

m=1

IA

IA

IA

M
(N max |am,n|) . (14.12)

1<m,n<N
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Some Introductory Words

Of course, it is impossible to give here a complete overview of the many aspects of
number theory and its protagonists. Consequently, we focus mainly on one face of
its multifaceted history. The concrete program consists of the following four topics:

e Meeting the Hurwitz brothers.
The brothers Julius (1857-1919) and Adolf Hurwitz (1859—-1919) were both gifted
with a smart intellect and great curiosity in science. Already during their school-
days the two of them became acquainted with mathematical problems and both
started studies in mathematics. So far nothing extraordinary. While the younger
brother turned out to be extremely successful in his research, the elder brother and
his work, however, seem to be almost forgotten.

e Adolf Hurwitz’s mathematical diaries: an example of understanding mathe-
matics on behalf of historical documents.
The mathematical notebooks of Adolf Hurwitz are stored in the library of the
ETH Zurich [21]. Alongside a variety of publications, the zealous Hurwitz wrote
in a meticulous manner mathematical diaries from March 1882 to September 1919.
Mostly with an accurate writing and an impressive precision Adolf Hurwitz worked
on proofs of colleagues, made notes for future dissertation topics and developed
his own approaches to various mathematical problems. We will focus on a certain
entry in which Adolf Hurwitz refers to his elder brother’s dissertation. How do his
notes resemble Julius Hurwitz’s mathematical results?
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e A fruitful friendship: Adolf Hurwitz and David Hilbert.
We give a sketch of an approach to the relationship of two great mathematicians
on behalf of methods from history. For this purpose we define the mathematical
diaries as main corpus of the examination. Those highlight that the lifelong friend-
ship of Adolf Hurwitz with his former student and later colleague David Hilbert
was not only exceptionally fruitful, but also rather interesting. We shall consider
the question whether their relation had undergone a certain change between 1884
and 1919. It appeared that within this period the famous Hilbert completely eman-
cipated from his teacher Hurwitz.

e Julius Hurwitz and an ergodic theoretical view on his complex continued
fraction.
In his dissertation [30] Julius Hurwitz defined a certain continued fraction for
complex numbers. We consider his approach and derive an ergodic theoretical
result. More precisely, on behalf of characteristics which were worked out by
Shigeru Tanaka in [46] we shall sketch a proof of the analogue of the so called
Doeblin-Lenstra Conjecture for Julius Hurwitz’s continued fractions. Interestingly,
the Japanese mathematician published his results nearly one hundred years after
Julius, probably without knowing the old dissertation.

These notes deal with a combination of Diophantine number theory and history of
mathematics. On the first glimpse this might be unexpected, however, at a second
glance this can allow rather fruitful points of view. Doing research in mathematics,
it turns out to be very helpful to be aware of the early considerations and the devel-
opment of the corresponding subject. We want to work out how such an approach
could look like.

1 Meeting the Hurwitz Brothers

Reading the title of this section, the reader interested in Diophantine analysis might
ask the following question:

Why is it interesting to know more about the Hurwitz brothers at all?

Reading the name Hurwitz, probably most mathematicians think of Adolf Hurwitz
who was a great scientist in a broad range of mathematical disciplines. Here we are
mostly concerned about his work on complex continued fractions. Investigating the
scientific contributions of “Hurwitz”, one probably notices an article entitled “On a
certain kind of the continued fraction expansion of complex values™' [30] written by
J. Hurwitz. This can be a starting point of becoming curious: is there a typing error?
If Adolf Hurwitz is not the author, who else? In the following we give an insight into
the work with archive sources by reconstructing the biography of this other Hurwitz
(Fig. 1).

Y“Ueber eine besondere Art der Kettenbruch-Entwickelung complexer Grossen™.
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Fig. 1 Portraits of Adolf Hurwitz (1859-1919) (on the left) and Julius Hurwitz (1857-1919), taken
from Riesz’s register in Acta Mathematica from 1913 [42]

The fact that the two mathematicians were relatives becomes clear rather quickly
on behalf of documents stored in the municipal archive of Adolf Hurwitz’s birthplace.
According to them, Julius (born 14 July 1857) and Adolf Hurwitz (born 26 March
1859) were brothers and grew up in Hildesheim, a tranquil town near Hanover. They
were born into a Jewish merchant family and after the early death of their mother
Elise Wertheim-Hurwitz in 1862, their father Salomon Hurwitz (1813—1885) raised
them and their elder brother Max (1855-1910) with the help of his sister Rosette
Hurwitz. The latter information comes from a biographical dossier of Adolf’s wife
Ida Samuel-Hurwitz which can be found in the university archive of the ETH in
Zurich [45]. Following her description, Salomon was a hard working man, being the
manager of his own local textile manufactory, and even though the family lived in
modest surroundings, he was willing to provide his sons with a good education. In
their youth nothing indicated how different their lives would evolve. We can read that
both, Adolf as well as Julius, were sent to the Realgymnasium “Adreanum”,? both
sons “showed a particular talent for mathematics, which was documented at a very
early stage [...]” [45, p. 4] and both received extra lessons by their teacher Hermann
Caesar Hannibal Schubert (1848—1911) on Sunday afternoons. Since Schubert spent
only a few years in Hildesheim before he moved further to Hamburg [5, 6] where he
became a famous and influential geometer, the brothers were very lucky that their
times overlapped. In one of Julius’s school certificates, also stored in the municipal
archive of Hildesheim, the note “Julius visited a tavern without permission” indicates
that the elder brother seemed to have been a bit more open for distraction. Neverthe-
less, “Schubert took the trouble to visit the father to convince him to let both sons
take up the study of mathematics [...]. [Salomon] talked to a wealthy and childless

2 At that time this was a new kind of highschool with a focus on mathematics and natural sciences.
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friend, E. Edwards, who offered to bear the costs of the studies for one of the sons.
Dr. Schubert selected Adolf.” [45, p. 4] Consequently, “Max and Julius had to become
business men after the graduation of the upper secondary. The pecuniary situation as
well as the future plans of the father for his sons did not allow to even consider an aca-
demic profession.”? [45, p. 4] This decision separated at least the professional lives
of the brothers fundamentally. The younger enrolled at the University of Munich and
obtained a doctorate supervised by Felix Klein (1849-1925) in Leipzig. This was
the beginning of a meteoric career: Adolf Hurwitz got to know the academic soci-
ety in Berlin and, with the support of Karl Weierstrass (1815-1897) and Hermann
Amandus Schwarz (1843—1921), he did his habilitation in Gottingen. This enabled
him to receive a professorship at the University of Konigsberg in 1884 on promotion
of Ferdinand von Lindemann (1852-1939), another pupil of Felix Klein. What is
particularly noteworthy here is that Adolf Hurwitz got to know different schools of
mathematics, was supported by some of the most influencial mathematcians of his
time, and was on his way to become an integral part of the mathematical community
himself.*

This contrasts with a completely different career for Julius. The elder brother
had to postpone his academic ambitions, left school without a general higher edu-
cation entrance qualification and started a banking apprenticeship in Nordhausen, a
small village in what is nowadays Thuringia in Germany.’ Later Julius took over the
banking business from his uncle Adolph M. Wertheimer in Hanover. However, there
are some hints that Julius never broke with his mathematical interests. An evidence
therefore can be found in a letter from the collected letter exchange of Adolf Hurwitz
at the university archive in Gottingen. Here the Hanoveranian mathematician Hans
von Mangoldt (1854—1925) [48] mentioned the elder brother, which shows that Julius
Hurwitz maintained active contact with mathematicians from his place of residence.
Correspondingly, his sister-in-law remembered that he never got accustomed with
his profession as a banker. She wrote that he “[...] felt uncomfortable in this busi-
ness. Hence, [...] Julius left in order to return to school at the age of 33 and passed
the school examination [...]” [45, p. 8]. More precisely, Julius Hurwitz attended a
Realgymnasium in Quakenbriick, a small town in northern Germany. And again, we
can still find his school leaving certificate from September 9, 1890 in the archive of
the University of Halle.® It is rather impressive to read: he not only had to complete
an exam in mathematics but also in various subjects like geography, French and even
gymnastics and drawing. Furthermore, he was assessed in the category of “moral
behavior”, which was considered to be excellent in his case. A glance at the list of
graduates [1, p. 146] of the school illustrates how unusual and demanding Julius

3“Max und Julius mussten sich, nach Absolvierung der Ober-Secunda, dem Kaufmannsstand wid-
men. Sowohl die pekunire Lage, wie auch die Zukunftspline des Vaters fiir seine S6hne liessen
einen gelehrten Beruf gar nicht in Frage kommen.”

“For a more detailed biography see [38].

5Side remark: Nordhausen was also the place where the first congress of vegetarians had taken
place in 1869.

6 Archive of Halle University, Rep. 21 Nr. 162.
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Hurwitz’s late school days must have been. Between 1885 and 1895 the average age
of graduates was twenty, around thirteen years younger than him and, furthermore,
less than ten students finished school per year. We may conclude that Julius must
have had a big motivation to take the risk to change his life so drastically. Proba-
bly a certain financial independence arising from the banking business of his uncle
helped him with his decision. Another reason could have been the good integration
of his brother in Konigsberg. Adolf Hurwitz had the great luck to have Hermann
Minkowski (1864—1909) and David Hilbert (1862—1943) as students, two extremely
talented mathematicians who later became great personalities in mathematics of their
generation.

Having graduated from school, Julius Hurwitz moved to his brother and attended
lectures in Konigsberg. It is known that he edited a variety of lecture notes not only
from his brother, but also, among others, from Viktor Eberhard in 1890/91 [28] and
David Hilbert in 1892 [29]. On the first page of the second one can find Julius’
handwriting: “reviewed by Dr. Hilbert a. equipped with his personal sidenotes”.” In
general, we may assume that Julius Hurwitz was nicely integrated into the academic
circle of mathematicians in Kénigsberg, even though there had always been a strong
dependence of his successful brother. In consequence it is not surprising that when
Adolf Hurwitz was called for a full professorship to the ETH Zurich in 1892, Ida
noted “[Also] his brother Julius soon followed him to Zurich [...]”, and she continued:
“[to Zurich,] where he wrote his doctoral thesis, for which he had received the subject
from his brother.” [45, p. 9] In fact, it was not least a consequence of anti-Semitic
university-political decisions to Adolf Hurwitz’s disadvantage why he moved to
Switzerland. There are documents which show that he was considered for positions
in Rostock and Gottingen, which he could not receive being a Jew.® At that time,
professors of the ETH did not have the right to award doctorates and there was
consequently not an official option for Julius Hurwitz to proceed at the polytechnic.
However, it seems that once more he took a benefit from the good integration of
his brother in the mathematical community. In 1893 Julius officially enrolled at a
German university, namely the University of Halle-Wittenberg. There he wrote his
dissertation under the supervision of Albert Wangerin (1844—1933), who seems to
have been a very open-minded teacher. At the end of his career he had supervised
the impressive number of 53 doctoral candidates on various topics.” In his report
on Julius’ dissertation Wangerin declared, “J. Hurwitz examines a certain kind of
continued fraction expansion of complex numbers following work by his brother,
Prof. A. Hurwitz in Zurich, published in Acta Mathematica, volume XI.” [49]

After his doctorate, Julius Hurwitz worked for a few years at the University of
Basel, however, he only published one more scientific work [31], which included
and, in a certain way, extended his dissertation. His brother Adolf Hurwitz stayed in
Zurich for the rest of his life.

7<von Dr. Hilbert durchgesehen u. mit eigenhiindigen Randbemerkungen versehen.”, archive ETH,
HS 582: 154.

8For more information see [43, 44].
9 A list can be found on www.mathematikuni-halle.de/history.
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2 Adolf Hurwitz’s Mathematical Diaries: An Example
of Understanding Mathematics Development on the Basis
of Historical Documents

Since his habilitation in 1882, Hurwitz took notes of everything he spent time on with
uninterrupted regularity and in this way he left a series of 31 diaries, which provide a
true view of his constantly progressive development and at the same time they are a rich
treasure trove for interesting and further examination appropriate thoughts and problems.”!°
[17, p. 166]

With David Hilbert’s description, taken from his commemorative speech, he provided
a good picture of Adolf Hurwitz’s mathematical diaries. Those notebooks are filled
with interesting problems and inspiring mathematical ideas. After Adolf Hurwitz’s
death they were reviewed and registered in an additional notebook [21, No. 32] by
his confidant and colleague George Polya, who considered Hurwitz as “colleague
who he felt influenced the most.” [39, p. 25]

In his ninth diary we can find an entry entitled “Concerning Julius’ work.”
[21, No. 9, pp. 94] which refers to his brother’s dissertation on a certain complex
continued fraction. In fact, on the very first page of his work Julius Hurwitz wrote
that “the thesis follows in aim and method two publications due to Mr. A. Hurwitz
to whom I owe the encouragement for this investigation.”,!" which emphasizes that
Adolf supported him at certain points. In the two mentioned publications [22, 23]
Adolf Hurwitz presented a complex continued fraction allowing all Gaussian inte-
gers as possible partial quotients. Interestingly, it is also Adolf Hurwitz who wrote a
review in Zentralblatt [24] about Julius’ doctorate; it starts as follows:

The complex plane may be tiled by straight lines x + y = v, x — y = v into infinitely many

squares, where v ranges through all positive and negative odd integers. The centers of the

squares are complex integers divisible by 1 4 i. For an arbitrary complex number x, one may
develop the sequence of equations

1 1 1
(l) X=a— —, X1 =da1— —» ..., Xp=dn— >
X1 X2 Xn+1

following the rule that in general g; is the center of the square which contains x;. In the case
when x; is lying on the boundary of a square, some further rule has to be applied which we
ignore here for the sake of brevity. For x the sequence of equations (1) leads to a continued
fraction expansion x = (a, ay, . . ., an, X,+1) Which further investigation is the topic of this
work. 12

10«“Hurwitz hat seit seiner Habilitation 1882in ununterbrochenender RegelmiiBigkeit von allem,
was ihn wissenschaftlich beschiftigte, Aufzeichnungen gemacht und auf diese Weise eine Serie von
31 Tagebiichern hinterlassen, die ein getreues Bild seiner bestindig fortschreitenden Entwicklung
geben und zugleich eine reiche Fundgrube fiir interessante und zur weiteren Bearbeitung geeignete
Gedanken und Probleme sind.”

“Die Arbeit schliesst sich, nach Ziel und Methode, eng an die nachstehend genannten zwei
Abhandlungen des Herrn A. Hurwitz an, dem ich auch die Anregung zu dieser Untersuchung
verdanke.”

12¢Die complexe Zahlenebene werde durch die Geraden x +y = v,x —y = v, wo ? alle posi-
tiven und negativen ungeraden ganzen Zahlen durchléuft, in unendlich viele Quadrate eingeteilt. Die
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On the first view Julius’ expansion could be mistaken as a specification of the general
complex continued fraction investigated by his younger brother. The key difference
is a modification of the set of possible partial quotients. Julius restricted this set to the
ideal generated by o := 1 4 i. It shall be noticed that 1 is not an element of this ideal,
hence condition iii) of Adolf Hurwitz’s setting for his “system” S of partial quotients
is not fulfilled (see [22]). Julius’ approach results in a thinner lattice in C. This leads
to another tiling of the complex plane and enables consequently the definition of
a “nearest” partial quotient a, € () = (1 + i)Z[i] to each complex number z € C.
What turns up is an expansion of a complex continued fraction

1
=4ayg — )

o
! 1

ay — —————
a3+T3z

where each iteration is determined by a mapping 7', which will be defined in Sect. 4.
A specific characteristic of this continued fraction is the admissibility of sequences
of partial quotients:

What kind of partial quotients can occur?

Adolf Hurwitz’s diary entry from November 04, 1894, deals with exactly this ques-
tion. We find several pages filled with calculations on partial quotients from complex
continued fractions and a nice result (Fig. 2).
When compared with a certain paragraph of Julius Hurwitz’s doctoral thesis on page
12, we recognize a definite similarity:

We translate Hurwitz’s consequences concerning so called not admissible
sequences of partial quotients:

Lemma 2.1 ([30])

The following rules for consecutive partial quotients hold:

If a, is of the type 1 + i, then a,. is not of type 2, 1 — i or —2i.

If a, is of the type —1 + i, then a, is not of type —2i, —1 — i or —2.
If a, is of the type —1 — i, then a,; is not of type —2, —1 + i or 2i.
If a, is of the type 1 — i, then a, is not of type 2i, 1 + i or 2.

(Footnote 12 continued)
Mittelpunkte dieser Quadrate werden durch die durch 1+i teilbaren ganzen complexen Zahlen
besetzt. Wenn nun x eine beliebige complexe Zahl ist, so bilde man die Gleichungskette:

1 1 1
(n X=a——, X{=a1——, ..., Xp=0ay— ,
X1 X2 Xn+1

nach der Massgabe, dass allgemein a; den Mittelpunkt desjenigen Quadrates bezeichnet, in
welches der Punkt x; hineinfillt. Dabei sind noch beziiglich des Falles, wo x; auf den Rand eines
Quadrates fillt, besondere Festsetzungen getroffen, die wir der Kiirze halber iibergehen. Durch die
Gleichungskette (1) wird nun fiir x eine bestimmte Kettenbruchentwickelung x =
(a,ai, ..., an, x,+1) gegeben, deren nihere Untersuchung der Gegenstand der Arbeit ist.”
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Fig. 2 Excerpt from Adolf Hurwitz’s mathematical diary entry concerning Julius’ work. [21, No.

9, pp. 94]

12

Es besteht demnach folgendes Gesetz fiir die Aufeinander-
folge der Teilnenner:
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Fig. 3 Excerpt from Julius Hurwitz’s doctoral thesis [30, p. 12]

» llegen. von den iithricen oagandavt on hotrashtan

In the following we use Julius Hurwitz’s notation (see Fig. 3): firstly, he denotes
the half circle in the complex plane through the points i, 1 4+ i and 1 by the symbol
Bii. Accordingly, he defines B,_;, B_14;, and B_;_; in a similar way as half circles
with the end points 1 and —i, —1 and i, and —1 and —i, respectively. Furthermore,
he designates the four boundary lines of the fundamental domain. The symbol G|
represents the line in the third quadrant, G, the line in the second quadrant, G the
line in the first and G the line in the fourth quadrant.

Certainly, Adolf Hurwitz’s notes indicate his direct help and influence on his
brother’s work. However, here we want to focus on their mathematical result and
illustrate their approach to define which successor a certain partial quotients can not
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A Im

kl4+i);
k= Ti_,;;z,...

Fig. 4 Tllustration, taken from [36], of the types of partial quotients and the associated complete
tiling of the complex plane

have. In his table, Julius separated partial quotients into those of type +1 £ i and
those of type £2, respectively £i2. First we need to comprehend this notation. Partial
quotients are said to be of type 1 + i if they are of the form k(1 + i); k = +1, 42, ...,
they are of type 1 — iif they are of the form k(1 — i); k = +1, 42, .. ., they are of type
—1 + i if they are of the form k(1 — i); k = —1, —2, ..., and they are of type —1 — i
if they are of the form k(1 + i); k = —1, —2, . ... Furthermore, partial quotients are
of type 2 when they are located in between the angle bisector of the first and the
fourth quadrant, —2 when they are located between the second and third quadrant,
and so on.

Notice that this typification provides a complete tiling of the complex plane (see
Fig.4). Now we want to comprehend Hurwitz’s line of reasoning. Therefore we pick
out the first case of Julius’ Lemma 2.1: If a partial quotient equals a, = 1 + i, then
the next partial quotient a, . is different from 2, 1 — i, —2i.

The geometrical approach of the Hurwitz brothers to prove this statement can be
illustrated in three steps, based on the equation

1

Zn+1

in = dn —
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Fig. 5 Excerpt of the 2
workshop notes illustrating
the inversion /\

First we take a closer look at the inversion

1

1:X—>X’1, Zn_1 > —

:Zna

n—1

taking place in each iteration of the continued fraction algorithm. Here an element
Zyn—1 € X of the fundamental domain is mapped by a Mobius transformation to the
negative of its reciprocal (Fig.5).

The boundaries of X are represented by the line segments G;, G_,, GT and
G*, in the four quadrants. Those are mapped to arcs under the transformation /,
which form an inner boundary of the set of reciprocals X ~!. We illustrate this by the
example of the line G| in the third quadrant having end points —1 and —i. Those
are transformed as follows:

1
-l —-—=1land —it> —— = —i.

— —i

The arc arising from G is the half circle between the points —i and 1, which does
not pass through the origin. Merging all four half circles B y; through the points
+1 =4/, arising from the inversion / (Gi1 ), one can see that the set of reciprocals is
given by all complex numbers excluding a flower shaped area F located around the
origin: X~! = C\ F.

Now we focus on the above stated case a,, = 1 + i, which implies that z,, is element
of the fundamental domain shifted around 1 + i. We furthermore know that z,, is not
an element of F. The elementary translation
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Fig. 6 Illustration of the
translation

1

lnt=> Zp —ay =
Zn+1

performs a shift back to the fundamental domain X (see Fig. 6).
Notice that the domain of possible reciprocals ﬁ in X is bounded by G—,, G,

G*, and the half circle through the points —1, —i and zero. Since this arc is the
continuation of B_;_;, we denote it as B’ |_; in the sequel.
Now we complete our considerations by a second inversion performing

1

Zn+1

= —Znp+1.

To figure out the actually possible image domain, we need to focus on the transfor-
mation of B’ |_;. We know

-1l land — i+ —i.

Furthermore, the origin is mapped to infinity. This leads to a more limited set of
possible z,41, excluding not only F' but also that part of the Gaussian complex plane
which is bounded by the straight line through —i and 1 (see Fig.7).

Taking into account Julius Hurwitz’s typification of partial quotients, we come to
the same conclusion as he and his brother did: a,; can not be of the type 2, —2i or
11—

The diary entry of Adolf Hurwitz provides a nice example of how a mathematical
result and its reception can evolve. Based on the model of his younger brother’s
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Fig. 7 Illustration of the r
second inversion

approach, Julius Hurwitz’s line of argumentation is based on examining arcs occuring
by Mobius transformations. Therefore, he investigated a number of cases for all types
of partial quotients in a similar manner as the analyzed example above. Thanks to
Adolf Hurwitz’s notes we can comprehend the origins of Julius’ ideas.

3 A Fruitful Friendship: Adolf Hurwitz and David Hilbert

Examination of Adolf Hurwitz’s estate furthermore highlights that his lifelong friend-
ship to his former student and later colleague David Hilbert was not only exception-
ally fruitful, but also rather interesting. It seems that their relation had undergone
a certain change between 1884 and 1919. In this section we try to approach to a
research question from history of mathematics:

Can we identify indicators marking when the student-teacher relation transformed to a
collegial relation?

Hereby, it is important to make clear what “corpus” we use, which means, what
documents we take into account. The following analysis is mainly based on the
mentioned Hurwitz estate and its comparison to additional biographical informations
and mathematical details extracted from the Gesammelte Abhandlungen [20] and
from the fourth and fifth supplements of the Grundziige einer allgemeinen Theorie
der linearen Integralgleichungen. [13, 14] of David Hilbert. This emphasizes that
we will not provide a complete overview of the lifelong friendship between Hilbert
and Hurwitz or their extensive interdisciplinary exchange of mathematical ideas.
However, since most of the documents stored in Zurich have not been processed yet,
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their perception should nevertheless extend the well known facts of their relationship.
We will concentrate on the teacher—student aspect and in particular tackle the question
of their mutual influence, following [35].

3.1 The Beginning of a Friendship

In 1884, when Hurwitz received his first full professorship in Konigsberg, he and
David Hilbert met for the first time. The younger wrote later: “His friendly and
open nature won him, when he came to Konigsberg, quickly the hearts of all who
got to know him there [...]”"3 [17, p. 167]. Hilbert - born, grown up and study-
ing in Konigsberg'# - was an extraordinarily inquisitive young mathematician, who
craved for progressive mathematical knowledge. For him and his two-years younger
friend Hermann Minkowski, who was said to be an exceptional talent, it was defi-
nitely a very fortunate coincidence that Adolf Hurwitz became their teacher. Since
Hurwitz was not only familiar with the mathematical school created by Alfred
Clebsch (1833-1872) and Felix Klein, but also had learned in Berlin from
Leopold Kronecker and especially Karl Weierstrass (see Sect. 1), the contribution
of his knowledge was enormous.'> In fact, Hilbert himself mentioned in his obituary
for Adolf Hurwitz [17, p. 162],

Here I was, at that time still a student, soon asked for scientific exchange and had the luck by
being together with him to get to know in the easiest and most interesting way the directions of
thinking of the at time opposite however each other excellently complementing schools, the
geometrical school of Klein and the algebraic-analytical school of Berlin. [...] On numerous,
sometimes day by day undertaken walks at the time for eight years we have browsed through
probably all corners of mathematical knowledge, and Hurwitz with his as well wide and
multifaceted as also established and well-ordered knowledge was always our leader. '

Furthermore, in his colourful biography of David Hilbert, Otto Blumenthal'” (1876
1944) quoted, “We, Minkowski and me, were quite overwhelmed with his knowledge
and did not believe that we could ever get that far.”'® [3, p. 390]. However, Adolf

13«Sein freundliches und offenes Wesen gewann ihm, als er nach Kénigsberg kam, rasch die Herzen
aller, die ihn dort kennenlernten [...]”.

14With the exception of one year, 1881, at the University of Heidelberg (see [40]).

3Tn particular concerning both faces of complex analysis [3, p. 390].

16<Hier wurde ich, damals noch Student, bald von Hurwitz zu wissenschaftlichem Verkehr herange-
zogen und hatte das Gliick, durch das Zusammensein mit ihm in der miihelosesten und interessan-
testen Art die Gedankenrichtungen der beiden sich damals gegeniiberstehenden und doch einander
so vortrefflich ergidnzenden Schulen, der geometrischen Schule von Klein und der algebraisch-
analytischen Berliner Schule kennenzulernen. [...] Auf zahllosen, zeitweise Tag fiir Tag unter-
nommenen Spaziergdngen haben wir damals wihrend acht Jahren wohl alle Winkel mathema-
tischen Wissens durchstobert, und Hurwitz mit seinen ebenso ausgedehnten und vielseitigen wie
festbegriindeten und wohlgeordneten Kenntnissen war uns dabei immer der Fiihrer.”

"THilbert’s first doctoral student (in 1898).

18<«wir, Minkowski und ich, waren ganz erschlagen von seinem Wissen und glaubten nicht, dass
wir es jemals so weit bringen wiirden.”
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Hurwitz was also concerned about his students. “In the lessons he always took great
care by interesting exercises to motivate for participation, and it was characteristic,
how often one could find him in his thoughts searching for appropriate exercises
and problems.” [17, p. 166], remembered the former student Hilbert as well as,
“Inspirations were given by the mathematical Colloquium [...] in particular, however,
by the walks with Hurwitz “in the afternoon precisely at 5 o’clock next to the apple
tree”20 [3, p- 393]. This tradition of joint walks with students had been continued
by Hilbert for all of his academic life. We may conclude that in the beginning it was
naturally Hilbert who benefited a lot from his teacher Hurwitz. In 1892, he received
his first professorship as successor of Hurwitz in Konigsberg.

3.2 Two Productive Universal Mathematicians

Both mathematicians, Adolf Hurwitz as well as David Hilbert, belonged to a dying
species in their profession: They can be considered as universal mathematicians
having comprehensive knowledge and scientific results in various mathematical dis-
ciplines.?! Furthermore, both were extremely productive. We can get an impression
of their work by noticing that the Gesammelten Abhandlungen I - 111 of Hilbert [20]
consist of more than 1350 pages of mostly influential mathematics similar to the
Mathematisches Werk I + II of Adolf Hurwitz [27] having more than 1400 pages.

Without claiming to be exhaustive, we want to give a strongly shortened overview
of the mathematical work of David Hilbert following the biographical essay
Lebensgeschichte [3] written by his former doctoral student Otto Blumenthal. The
subsequent list sketches Hilbert’s wide scientific spectrum concerning all main math-
ematical disciplines, ordered by modern terms, highlighting some results, publica-
tions or speeches, which we want to analyze in respect to their connection to Hurwitz’s
work in the following subsection.

e 1885-1892 Algebra: theory of invariants

e 1890 Ueber die Theorie der algebraischen Formen [10]

e 1892 Ueber die Irrationalitit ganzer rationaler Funktionen mit ganzzahligen Koef-
fizienten [20, v1. II, No. 18] with “Irreduzibilititssatz” [3, p. 393]

e 1892-1899 Number Theory: theory of number fields

e 1893 Simplification of the Hermite-Lindemann proof of the transcendence of e
and 7 [20, vl. I, No. 1]

1941 den Ubungen war er stindig darauf bedacht, durch anregende Aufgaben zur Mitarbeit her-
anzuziehen, und es war charakteristisch, wie oft man ihn in seinen Gedanken auf der Suche nach
geeigneten Aufgaben und Problemstellungen fiir Schiiler antraf.”

20“Anregungen vermittelten das Mathematische Kolloquium [...], vor allem aber die Spazierginge

9993

mit Hurwitz “nachmittags prizise 5 Uhr nach dem Apfelbaum™”.

2ln view of the growth of the mathematical community and its insights around the turn to the
twentieth century, Hilbert and Henri Poincaré are said to be the last knowing almost everything
about the whole developments in mathematics.
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e 1894 Zwei neue Beweise fiir die Zerlegbarkeit der Zahlen eines Korpers in Prim-
ideale [20, V1. 1, No. 2]

e 1896 Die Theorie der algebraischen Zahlkorper [20, vl. I, No. 7], also called

“Zahlbericht” including ideal theory

1891-1902 Geometry: axiomatization of geometry

1895-1903 Grundlagen der Geometrie including complements [18]

1895 Uber die gerade Linie als kiirzeste Verbindung zweier Punkte [18, compl. I]

1900 Uber den Zahlbegriff [12]: axiomatization of arithmetic

1900 Hilbert stated his 23 mathematical problems at the International Congress of

Mathematicians in Paris [11]

1902-1910 Complex Analysis: variation problems, independence theorem

e 1904-1910 Linear Algebra, Functional Analysis: Grundziige einer allgemeinen
Theorie der linearen Integralgleichungen with supplements [13, 14] including
new terminology

e 1907 (published 1910) Analysis meets Geometry: analytical refounding of
Minkowski’s theory of volumes and surfaces of convex bodies in [16]

e 1907 Analysis meets Number Theory: Beweis der Darstellbarkeit der ganzen

Zahlen durch eine feste Anzahl nter Potenzen (Waringsches Problem) [15]

1902-1918 Axiomatization of Physics and Mechanics: theory of relativity

1904-1934 Mathematical Foundations

1904 A first talk in Heidelberg about Axiomatisierung der Zahlenlehre [3, p. 421]

1922-1934 Hilbert Program: formalism and proof theory

1931 Die Grundlegung der elementaren Zahlenlehre [19]

Although David Hilbert and Adolf Hurwitz were very similar with respect to their
extraordinary productivity, their different characters can be recognized in their acad-
emic behavior. Hilbert was noticed as extroverted and “became used to be a famous
man”?? [3, p. 407], whereas Hurwitz “avoided any personal being apparent in aca-
demic and public life”?3 [17, p. 167] and preferred to work continuously, however,
silently. This is particularly visible in his consequent, nearly peerless way of taking
notes of mathematical ideas in his diaries. In the following we take a glance at those
diaries in view of parallels to the above listed fields of research of David Hilbert.

3.3 Mathematical Exchange

Already here, anticipating, it shall be reported about the seldom harmonic and fruitful coop-
eration of those three mathematicians.?* [3, p- 390],

noted Otto Blumenthal and refered to the active mathematical exchange between
Minkowski, Hilbert and Hurwitz. In the mathematical diaries [21] various entries,

22«gewdohnte sich daran, ein beriihmter Mann zu sein”.

23“Mied jedes personliche Hervortreten im akademischen und &ffentlichen Leben”.

24<Es soll schon hier vorgreifend iiber das selten harmonische und fruchtbare Zusammenarbeiten
dieser drei Mathematiker berichtet werden.”
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Fig. 8 “Hilbert’s Fundamental Theorem. Let fi,f2,--- ,fr, ... be an infinite series of homo-
geneous functions of xj,x2,---x,. We claim that n can be determined in such a way that
fr =Ai1fi + Axfa + - - A,f, for any r, where Ay, As, -+ , A, are entire homogeneous functions
of x1,x2, -+ ,x,.” (“Hilbert’s Fundamentalsatz. Es seien fi, f>, ..., f;, . . . eine unendliche Reihe

von homogenen Funktionen von xy, x2, . . . x,,. Dann ist die Behauptung, daf3 n so bestimmt werden
kann, daB f, = A\f1 + Azfa + - - - Apnfy, fiir jedes r, wobei A1, Az, . .., A, ganze homogene Functio-
Nnen von Xy, xp, ..., Xp.")

directly or indirectly related to publications of Hilbert, can be found - those are
listed in Appendix “Appendix I: Links to Hilbert in the ETH Estate of Hurwitz”.
Furthermore, some ideas in selected diaries suggest to be inspired by Hilbert.

We already pointed out that without any doubt in their first years it was essentially
David Hilbert who benefited from his teacher. However, his teacher Hurwitz became
very soon aware of his talented student. In diary No. 62 [21, No. 6] on page 44 is a
first entry related to Hilbert, entitled “On Noether’s Theorem (concerning a message
of Hilbert)”.? Here Hurwitz familiarized himself with the nowadays called residual
intersection theorem, sometimes also fundamental theorem, of Max Noether (1844—
1921), dealing with a linear form associated with two algebraic curves. Interestingly
one page later follows the entry “Hilbert’s Fundamental Theorem”?’ dealing with a
linear form of homogeneous functions (Fig. 8).

On the one hand, this can be considered as continuation and extension of Noether’s
theorem, on the other hand, this is a previous version of Hilbert’s basis theorem.
Although Hurwitz was obviously interested perhaps even inspired from Hilbert’s
form and invariant theory, in his work Uber die Erzeugung der Invarianten durch
Integration®® Hurwitz discovered a “new generating principle for algebraic invari-
ants which allowed him to apply an [by Hilbert] introduced method [...].”%° [17, p.
164]. This nice formulation comes from Hilbert himself and can be interpreted in
such a way that Hurwitz kind of improved the use of one of Hilbert’s methods. At
least three more entries in the mathematical diaries (see Appendix II: No. 8, p. 207;

ZFrom 1888 IV. to 1889 XL.

26«Der Nother’sche Satz (nach einer Mitteilung von Hilbert)”.

?7«Hilberts Fundamentalsatz”.

28«On generating invariants by integration.”

29“Neues Erzeugungsprinzip fiir algebraische Invarianten, das es ihm erméglicht, ein [von Hilbert]
eingeschlagenes Verfahren [...] anzuwenden.”
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Fig.9 “The proof of Hilbert’s theorem (Ann 36. p. 485) seems to be the most easiest understandable
in such a way: [...]” (“Der Beweis des Hilbert’schen Theorems II (Ann 36. p. 485) ist wohl am
leichtesten so aufzufassen: [...]”)
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Fig. 10 “Hilbert’s theorem holds also for forms whose coeff. are integers of a finite number field.”
(“Der Hilbert’sche Satz gilt auch noch fiir Formen, deren Coeff. ganze Zahlen eines endlichen
Zahlkorpers sind.”)

No. 14, p. 204; No. 25, p. 77) are directly dedicated to Hilbert’s “Formensatz”,
nowadays called basis theorem. In the entry of the fourteenth diary®® [21, No. 14],
Hurwitz’s comments on Hilbert’s theorems have the tendency to sound like amend-
ments. In the beginning, he wrote (Fig.9)

Here Hurwitz sounds as if Hilbert’s ideas respectively the way Hilbert had put the
proof to language could be simplified. Another example is on the next page (Fig. 10):

This generalization of the theorem of Hilbert is remarkable, because it obviously
paved the way for one of the later known versions of Hilbert’s basis theorem: The
ring of polynomials K[X,, . .., X,] over a field K is Noetherian.?'

In 1891, Hurwitz and Hilbert published a first and last joint note [20, v1. II, Nr. 17]
in which they observed “that a certain, a number of parameters including irreducible
ternary form still is irreducible for general integral values of those parameters.”? [3,
p. 393] Otto Blumenthal considered this as foundation of Hilbert’s famous “Irreduz-
ibilitédtssatz” [20, v1. II, Nr. 18] from 1892.

In his first years being Privatdozent®® in Konigsberg, when Hilbert adressed him-
self to the theory of number fields, he reported from his and Adolf Hurwitz’s common
walks, discussing theories of Dedekind and Kronecker. “One considered Kronecker’s
proof for a unique decomposition of prime ideals, the other the one of Dedekind,
and we thought both were awful.”* [3, p. 397]. However, their cooperation turned
out to be successfull: Firstly, Hilbert began a publication building on his talk Zwei

30From 1896 I.1. to 1897 IL.1.

31We may assume that Hurwitz had meant “algebraic” instead of “finite”.

32¢«daB eine gewisse, eine Anzahl Parameter enthaltende irreduzible terndre Form auch fiir allge-
meine ganzzahlige Werte dieser Parameter irreduzibel bleibt.”

331In the German system habilitation granted the “venia legendi”, i.e., the permission to lecture as
Privatdozent which at that time meant to collectcourse fees from the students without any payment
from the university.

34“Einer nahm den Kroneckersches Beweis fiir die eindeutige Zerlegung in Primideale vor, der
andere den Dedekindschen, und beide fanden wir scheuB3lich.”
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Fig. 11 “Concerning Chapter V of Hilbert’s report the following is to remark.” (“Zum Capitel V
von Hilberts Bericht ist Folgendes zu bemerken.”)
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Fig. 12 “According to Hilbert p. 209 we have [...] and the equation vvj, = v, would lead to

”»

Vg Vky = Vi, (“Nach Hilbert p. 209 hat man [...] und die Gleichung vvi; = v v, wiirde liefern
Vi Vi = Vk[z”)

neue Beweise fiir die Zerlegbarkeit der Zahlen eines Korpers in Primideale.> Sec-
ondly, Hurwitz, also working on algebraic number fields, published another proof
later in his paper Der Euklidische Divisionssatz in einem endlichen algebraischen
Zahlkirper.3® Hilbert considered this work as “remarkable in view of the analogy
with the euclidean algorithm in number theory?’ [17, p. 165] and even preferred
Hurwitz’s proof in his famous Zahlbericht.*® It seems that even after Hurwitz’s mov-
ing to Zurich respectively Hilbert’s full professorship in Konigsberg starting from
1892, Hilbert was still slightly influenced by his former teacher. We investigate this
also on behalf of two entries from 1898 and 1899 in Hurwitz’s diaries No. 15 [21,
No. 15] and No. 16*° [21, No. 16] directly refering to Hilbert’s Zahlbericht (Fig. 11).
The first is listed as “Concerning Hilbert’s “Report on Number Fields™”.*!

The subsequent entry gives the impression that Hurwitz continued Hilbert’s work
using a result of Hilbert about composing ideals of subfields of number fields. Here-
after, number fields will be defined by K respectively k; and ideals by v respectively
v, i =1,2,12 (Fig. 12).

Then Hurwitz first verified this consequence vy, vy, = 14,, of Hilbert’s formula,
before he compared it with his conjecture (Fig. 13).

35 “Tivo new proofs of the decomposability of numbers of a number field in prime ideals”, given in
September 1893 at the meeting of the “Deutsche Mathematiker Vereinigung” in Munich.

36«“The Euclidean division theorem in a finite algebraic number field.”.

37“pemerkenswert durch die Analogie mit dem Euklidischen Algorithmus in der elementaren
Zahlentheorie”.

38 Actually Die Theorie der algebraischen Zahlkérper, report of algebraic number theory.
3From 1897 IL1. to 1898 IIL.19.

4OFrom 1898 II1.20. to 1899 I1.23.

4l«zy Hilbert’s “Korperbericht™.
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Fig. 13 “I assume that the theorem holds: Is K a composition of ky, ko, moreover k1, the greatest
common divisor of k; and k, then vuy,, = vy, v, Where v, vy, 1, v are Grundideale of the num-
ber fields K, k12, ki1, k2.” (The use of the notation “Grundideal” here is a bit confusing. According
to [41] it goes back to a work of Emmy Noether from 1923. However, this comment is misleading.
According to [20, VL. I, p. 90] the term “Grundideal” was already used by Dedekind and Hilbert him-
self invented the new term “Differente” which is still used today. Interestingly, Hurwitz refering to
Hilbert kept Dedekind’s notation. “Ich vermute, daf} der Satz gilt: Ist K aus k1, k» zusammengesetzt,
ferner ki, der groBte gemeinsame Divisor von ky und kp so ist vy, = Vg, Vi, WO v, V12, V1, V3 die
Grundideale der Korper K, k2, k1, k2.”)
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Fig. 14 “[...] consequently the general theorem holds: v = L2, with v a common divisor of

vy und ;. Or also: in the equation vy = vy -j is vy -j a common divisor of v and 1,.”
(probably v13 and v were interchanged “[...] folglich besteht allgemein der Satz: v = X722, wo v

ein gemeinsamer Divisor von vy und v». Oder auch: In der Gleichung vy = vvyp - jist vy - j ein
gemeinsamer Divisor von v und 1,.”)
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Fig. 15 Under the heading “Concerning Hilbert’s report pag. 287 the symbol (”U’J’"), where w is
a prime number, n and m are arbitrary numbers and m is not a square number is treated. (“Zum

Hilbert’schen Bericht pag. 287”)

Consequently, Hurwitz deduced a general new result on algebraic number fields
(Fig. 14).

Here Hurwitz used the Zahlbericht as a textbook, and the entry in No. 16 [21,
No. 16] emphasizes that the teacher Hurwitz reflects on Hilbert’s report (Fig. 15).

It is defined to be equal to +1 or —1, according to the property whether in the
field Q(4/m) the congruence



194 N. Oswald

’ r . o SRR AN

.‘l/(}:‘f Aoy wred ” y.59 AR $x. 59/ ‘r_é;f P xsafow” fard
Fig. 16 Excerpt of Hilbert’s Zahlbericht, page 289 respectively [20, v1. I, p. 164]

Primidenle.  Bozeichnot dann @ cine ganze Zahl in k()Ym), welche
durch w, aber weder durch w* noch durch w’ teilbar ist, so folgt:

— ';‘——-, m
(n. m_)=( n.n(a), m )__= Y = 41.

w w

Fig. 17 “Thusnn-sn = xn - sx - sn(w Y andn = x - sx(w2) q.e.d.” (“Also wird nn - sn = xn -
sx - sn(w* Y und n = x - sx(w*?) q.e.d.”)

n=NWw)=w-sw(modw")

has for any A a solution for an integer number w or not (here s and A are not defined
precisely).** Hurwitz stated, “So we have the theorem

-N(a), ,
(n wa m):(%)’

if o is an arbitrary entire number in the number field (\/m). and continued
“Therefore Hilbert lacks a proof.”* Indeed, we can find the stated equation some
pages later in Hilbert’s work without a sound verification (Fig. 16):

Within one page Hurwitz filled Hilbert’s gap proving this equation by use of a
clever case distinction (Fig. 17).

Obviously, Hurwitz worked not only with Hilbert’s Zahlbericht, moreover, he
obtained some improvements.

Another diary entry has to be mentioned for the sake of completeness, however any
conclusion would be rather speculative: In No. 23 [21, No. 23] from 1908 Hurwitz
dealed with a short exercise entitled Uber die kiirzeste Linie auf einem Parallelepiped.
Remarkably one of Hilbert’s papers from 1895 has the very similar title Uber die

»43,44

“2Hilbert characterized with his symbol so-called “Normenreste” respectively “Normennichtreste”
[20, v1. I, p. 164] of a number field. Today the symbol is known as “Hilbert symbol”.

43«Es gilt nun der Satz
n-N(a),m _(n,m)
w “\w )

wenn « eine beliebige ganze Zahl im Korper (y/m).”
4We may assume that an algebraic number field K (,/m) was meant here.
4>“Hierfiir fehlt Hilbert der Beweis.”
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Fig. 18 The entry is entitled “Hilbert’s axiomatic theory of quantities” (“Hilbert’s axiomatische
GroBenlehre™), where Hurwitz refered to Hilbert’s talk Uber den Zahlbegriff [12]

1. Aziome der Rechnung. 4

Wenn a, b, ¢ belichige Zahlen sind, so ge 7 a »(btc) &b
‘molnt 4 g
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Fig.19 Excerpts of Hilbert’s publication [12] and Hurwitz’s diary entry, “II. Axioms of Calculation.
[.]”

gerade Linie als kiirzeste Verbindung zweier Punkte. However, since these two topics
were examined with a distance of 13 years, we will not take this coincidence into
consideration (Fig. 18).

Instead, we go on chronologically and take a look at diary No. 19% [21, No. 19]
from 1902.

After his axiomatization of geometry, Hilbert continued working on developing
an axiomatic system for arithmetic. He was demanding for complete freedom from
contradictions in mathematics. Therewith, Hilbert became one of the founders of a
new philosophical movement in mathematics, the complete establishment of mathe-
matics on an axiomatic system, being the first advocate of the so-called formalism.*’
His above mentioned talk and subsequent publication [12] can be considered as mile-
stone. What makes Hurwitz’s entry so interesting, is that it contains nothing but a
nearly exact copy of Hilbert’s ideas (Fig. 19).

Here Hurwitz followed step by step, axiom by axiom, Hilbert’s rules for oper-
ations, calculations, order and continuity and even his consequences, as well as
Hilbert’s new terminology (Figs.20 and 21),

It seems that this concept was completely new for Hurwitz and, furthermore, that
he was willing to understand Hilbert’s axiomatization. Here we get a first idea that

46From 1901 XL.1. to 1904 1I1.16.

4TDue to inspirations of various mathematicians his attitude was in a steadily evolvement. For more
information we refer to [47].
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Fig.20 “Some remarks on the dependence of axioms were added by Hilbert:” (“Einige Bemerkun-
gen iiber die Abhéngigkeit der Axiome hat Hilbert hinzugefiigt:”)

Fig.21 “From them the existence of a “Verdichtungsstelle” follows (as Hilbert expresses himself.)”
(“Aus ihnen folgt die Existenz der “Verdichtungsstelle” (wie Hilbert sich ausdriickt.)”)

the status of their relation had become collegial. In any case, David Hilbert and Adolf
Hurwitz are on an equal footing at the turn of the century.

The year 1900 was also the year when Hilbert gave his talk about his famous 23
problems at the International Conference of Mathematicians in Paris [11]. It might
be interesting to notice that one entry in diary No. 22 [21, No. 22] concerning the
proof of the Theorem of Pythagoras could have been inspired by the third problem.

More obvious, however, is Hilbert’s influence on an entry in diary No. 214 [21,
No. 21] from August 09, 1906, which is entitled “D. Hilbert (Integralequ. V. Gott,
Nachr. 1906)* and refers to the fifth supplement of Hilbert’s article Grundziige einer
allgemeinen Theorie der linearen Integralgleichungen [14] from 1906. In this work
Hilbert defined a new terminology and presented an innovative concept of handling
linear algebra problems by applying integral equations. His method is based on the
symmetry of the coefficients which is equivalent to the symmetry of the kernel® of
the integral equation (see [3, p. 411]). The fourth [13] and fifth supplement, to which
Hurwitz refered, extend Hilbert’s previous results on bilinear forms with infinitely
many variables. The diary entry begins with the section “Bezeichungen”, which
means “notations”. One after the other Hurwitz reproduced Hilbert’s definitions of
the terms “Abschnitte” and “Faltung” as well as “Eigenwerte”, “Spektrum” and
“Resolvente” (Fig.22).%!

In fact, those terms were introduced by Hilbert himself. On page 459 of the
fifth supplement he wrote: “Values are significantly determined by the kernel(s,t);
I named them Eigenwerte resp. Eigenfunktionen [...].* It seems that Hurwitz was
not yet familiar with Hilbert’s concept. One indication is the special highlighting of
all those terms by double underlining, another indication is the placing of certain

48From 1906 I1.1. to 1906 XIL8.
49¢D, Hilbert (Integralgl. V. Gétt. Nachr. 1906)”.
SOHilbert’s term “Kern” became internationally used, in English it was transformed to “kernel”.

0w« LTS LIS LEIT3

5'“Segments , “convolution”, “eigenvalue”, “spectrum”, “resolvent”.

52¢Dje Werte [...] sind wesentlich durch den Kern (s,t) bestimmt; ich habe sie Eigenwerte bez.
Eigenfunktionen [...] genannt.” In English these objects are now called eigenvalues and eigenfunc-
tions.
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Fig. 22 Excerpt of Hurwitz’s diary entry. The important terms are double underlined
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terms in quotation marks on the second page, where Hurwitz became acquainted
with resulting equations (Fig. 23).

This shows the unfamiliar use of this term. Some days later, in an entry from
September 02, 1906, Hurwitz continued his analysis. He wrote,

Then Hurwitz defined again a variety of new terms. This is followed up through
an entry from September 16, 1906, where Hurwitz stated a theorem on quadratic
forms (Figs.24 and 25).

Hurwitz examined the theorem as well as the proof and found some reformula-
tions, noted on diary pages 170 and 171. Two pages later he stated a further theorem
(Fig.26).
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Fig. 24 “In Hilbert’s concept the following continuations are expediently to be used [...]” (“In
Hilberts Ideenbildung sind folgende Fortsetzungen zweckméBig zu benutzen [...]”)
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Fig. 25 “If Q=2 apxpxy for Zx[% <1 is a function, i.e. if for any system of values

(x1,x2, -+ ,Xp,---), which satisfies ng <1, Limp—co(p,q=1,2,..n) D, ApgXpXq €Xists, then Q is
a limited form. (notification of Hilbert, that students proved this, the proof is to be considered as
very difficult.)” (“Wenn Q = " apgx,x, fiir > x2 < 1 eine Funktion ist, d.h. wenn fiir jedes Wert-

system (x1,x2, -+ ,Xp,---), das ng < 1 erfiillt, Liny—co(p,g=1.2,..n) D, dpgXpX €Xistiert, so ist
Q eine beschriankte Form. (Mitteilung v. Hilbert, daf3 Schiiler dies bewiesen, den Beweis als sehr
schwer bezeichnen.)”)
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Fig. 26 “Proof either according to Hilbert or with the theorem on pag 170 [...]” (“Beweis entweder
nach Hilbert oder mit Hilfe des Satzes pag 170 [...]”.)

The next section continues with the consideration of linear and quadratic forms,
which we do not want to deepen here. However, what we remark is that Hurwitz was
not only dealing with Hilbert’s ideas, he was moreover adopting a completely new
theory from his colleague.

One year later the collegial relation became more apparent. In 1907, David Hilbert
solved the task of developing an analytical refounding of Minkowski’s theory of
volumes and surfaces of convex bodies in his sixth supplement® [16]. This task had
already been tackled by Hurwitz in 1901 and 1902. An entry in diary No. 18°* [21,
No. 18] about his colloquium talk from January 21, 1901 is entitled (Fig.27).

33Which was published three years later in 1910.
4From 1900 XILI. to 1901 X.
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Fig. 28 “It remains doubtful if simple results can be discovered here.” (“Es bleibt fraglich, ob man
hier zu einfachen Resultaten durchdringen kann.”)

Here Hurwitz discussed several questions on convex bodies. However, four pages
of calculations later, he stated (Fig. 28).

Obviously, he was not content with his considerations. One year later, Adolf
Hurwitz published the article [25] in which he tried a first attempt of an appropriate
refoundation “using his theory of spherical functions [...], however, he only had a
partial success. Hilbert, with his powerful tool on integral equations, replaces the
spherical function by more generalized ones and passes through.”> [3, p. 414].

Hilbert developed more and more as guidepost and unique mathematician. At the
latest, the year 1907 can be considered as final turnaround of the teacher—student
relation to Hurwitz. A therefore remarkable situaton is explained in detail by Otto
Blumenthal: in a short note [26] from November 20, 1907, Adolf Hurwitz proved a
variation of the so-called Waring problem. This number theoretical question, named
after the English mathematician Edward Waring (1736-1798) and published in his
work Meditationes algebraicae from 1770, claimed that for every exponent n € N
there exists a natural number m such that every natural number can be expressed
as a sum of at least m many n-th powers. Hurwitz showed, “[i]s the nth power
of x7 +x3 +x3 +x7 equal to a sum of 2nth powers of a linear rational form of
X1, X2, X3, X4, and does the Waring Conjecture hold for n, it is also valid for 2137 [3,
p. 415] According to Otto Blumenthal, “[t]his theorem gave Hilbert the inspiration

35“mit seiner Theorie der Kugelfunktionen [...], hatte aber nur einen Teilerfolg erzielt. Hilbert,

im Besitze der michtigen Hilfsmittel der Integralgleichungen, ersetzt die Kugelfunktionen durch
allgemeinere, und kommt durch.”

SOFirstly, it is remarkable that Hurwitz, studying Hilbert’s supplements, did not apply the integral
equation method. Secondly, notice that Hilbert’s dissertation thesis was about spherical functions.
Interestingly, the thesis is dedicated to Hurwitz.

S7<Ist die n-te Potenz von x% + x% + x% + x‘% identisch gleich einer Summe (2n)-ter Potenzen lin-
earer rationaler Formen der x1, x2, x3, x4, und gilt die Waringsche Behauptung fiir n, so gilt sie auch
fiir 2n.”
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and direction for his examinations. He found an unexpected way to state an identity
of the by Hurwitz demanded kind for arbitrary n.”>® Moreover, Hilbert deduced
“from a general principle which was used by Hurwitz in the theory of invariants in
1897, a formula [...]”>° and he managed “to transfer the by the integration demanded
taking the limits in the coefficients of the sum and finally, on behalf of another trick, to
replace those coefficients by positive rationals. Therewith the foundation for the proof
of Waring’s theorem is laid.”® [3, p. 415] Finally, Hilbert solved Waring’s Problem
[15] and presented a wonderful example for his mathematical skills: “[b]ecause he
fought together with a master of Hurwitz’s high level and won with the weapons from
Hurwitz’s armor chamber on a point, when [Hurwitz] had no prospect of success.”®!
[3, p. 416]

With this meaningful characterization we close the analysis of the diary entries
related to the mathematical exchange between those two great mathematicians with
some last significant words from Hilbert, expressing that Hurwitz was “[...] more
than willing to appreaciate the achievements of others and he was genuinely pleased
about any scientific progress: an idealist in the good old-fashioned meaning of the
word.”®? [17, p. 164]

3.3.1 Personal Relation: Lifelong and Even Longer

Besides the mathematical diaries there are some more hints on the multifaceted
relationship between David Hilbert and Adolf Hurwitz to be discovered in the ETH
estate in Zurich. Hurwitz, who suffered during all of his life from an unstable health,
was a very rare guest at conferences outside Zurich. Accordingly several greeting
cards®® sent from mathematical events can be found, from “Lutetia Parisiorum, le 12
aott 19007, the “Landau-Kommers 18. Jan. 1913” and from the “Dirichletkommers
am 13. Februar 1905”.

All of those were signed by a great number of mathematicians, the first two show
the handwriting of David Hilbert. On the card from Paris (see the left picture in

38«Dieser Satz gab Hilbert die Anregung und Richtung zu seinen Untersuchungen. Er fand nim-
lich einen ungeahnten Weg, um fiir beliebige n eine Identitidt der von Hurwitz geforderten Art
aufzustellen.”

59«qus einem allgemeinen Prinzip, das Hurwitz 1897 in der Invariantentheorie benutzt hatte, eine

Formel [...]”.

60«den durch die Integration geforderten Grenziibergang in die Koeffizienten der Summe zu verlegen
und schlieBlich durch einen weiteren Kunstgriff diese Koeffizienten durch positive rationale zu
ersetzen. Damit ist die Grundlage fiir den Beweis des Waringschen Satzes gelegt.”

61“Denn er kimpfte zusammen mit einem Meister von dem hohem Range Hurwitz’s und siegte
mit den Waffen aus Hurwitz’s Riistkammer an einem Punkte, wo dieser keine Aussicht auf Erfolg

gesehen hatte.”

62¢[ ] gern bereit zur Anerkennung der Leistungen anderer und von aufrichtiger Freude erfiillt iiber

jeden wissenschaftlichen Fortschritt an sich: ein Idealist im guten altmodischen Sinne des Wortes.”
63Under the directory HS 583: 52,53 and 57.
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Fig. 29 Greeting cards from the “Lutetia Parisiorum” and the “Landau-Kommers”

Fig.29) he wrote, “Sending warm greetings, wishing good recovery and hoping for
a soon reunion longer than the last time Hilbert”.%*

Furthermore, some documents testify that there had even been a close relation-
ship between the families Hurwitz and Hilbert. As already mentioned above, Adolf
Hurwitz’s elder brother Julius, who also studied mathematics in Kénigsberg, edited
several of Hilbert’s lectures. On some lecture notes®® comments of Hilbert himself
can be found and in the extensive collected correspondence of Adolf Hurwitz
letter exchange between Julius Hurwitz and Hilbert has been discovered.

In an additional notebook No. 32%7 Georg Pélya completed the mathematical
diaries with a register. Next to this list the notation “the first 9 volumes and table of
contents are for the purpose of editing temporarily at Prof. Hilbert in Gottingen”®® and
is written and later crossed out with a pencil. Obviously, Hilbert had lent the first nine
as well as the twentysecond diary and had returned them after a while. It is difficult to
reconstruct when exactly he borrowed the diaries, however, there are two hints. In the
beginning of this section we already stated Hilbert’s remarks about Hurwitz’s diaries.
He wrote that they “provide a true view of his constantly progressive development
and at the same time they are a rich treasure trove for interesting and for further
examination appropriate thoughts and problems.” [17, p. 166] Since this quotation is
taken from his commemorative speech, Hilbert had viewed the diaries before 1920
and considered them as a rich source of new mathematical inspirations (Fig. 30).

In a letter of condolence to Ida Samuel-Hurwitz® from December 15, 1919 - four
weeks after Adolf Hurwitz’s death - Hilbert wrote that for George Pélya (1887-1985)

64“Herzliche GriiBe sendend, gute Erholung wiinschend und baldiges Wiedersehen auf linger, wie
das letzte Mal erhoffend. Hilbert”.

%5 Under the directory HS 582: 154.

%Which is stored in the archive of Gottingen.

7In HS 582: 32.

68<die ersten 9 Biinde und Inhaltsverzeichnis sind zwecks Bearbeitung vorderhand bei Prof. Hilbert
in Gottingen”.

% Under the directory HS 583: 28.
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Fig.30 “22.forediting temporarily at Prof. Hilbert in Gottingen” (“22. zwecks Bearbeitung vorder-
hand bei Prof. Hilbert in Gottingen™)

and him the “matter of publishing the Hurwitz’s treatises [is] of utmost concern”.”%7!

He offered, “The negotiations could be done verbally with Springer by a local, very
skillful, math. colleague.””**"3 It took another few years before Hilbert’s and Pélya’s
support of their mathematical and personal friend finally turned out to be successfull.
Adolf Hurwitz’s Mathematische Werke [27] were published in 1932.

4 Julius Hurwitz and an Ergodic Theoretical View
on His Complex Continued Fraction

Reading Shigeru Tanaka’s article A complex continued fraction transformation and
its ergodic properties [46] with its modern terminology, one might get the impression
that his algorithm provides a typical recent, innovative approach to complex contin-
ued fractions. However, it turns out that Tanaka’s continued fraction expansion equals
the one of Julius Hurwitz [30]. In this section we adopt the modern perspective to
receive new tools for handling some characteristics concerning its approximation
quality.

4.1 Basics

Tanaka’s approach relies on the following representation of complex numbers z,
Z=xa+ya,

with x,y € R and o = 1 + i, respectively @ = 1 — i. Obviously, all complex num-
bers z have therewith a representation

z=x(1+)+y0 - =C&+y)+ilx —y), 4.1

70«“Angelegenheit der Herausgabe der Abhandlungen von Hurwitz [ist] unsere wichtigste Sorge”.
71p6lya himself remembered, “I played a large role in editing his collected works.” [39, p. 25].

72“Die Verhandlungen konnte ich durch einen hiesigen sehr gewandten math. Kollegen miindlich
mit Springer fiihren lassen.”

73Probably, Hilbert meant Richard Courant, his former student and at that time professor in G6t-
tingen, with whom he had created the “Gelbe Buchreihe” with publisher Springer.
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where x and y are uniquely determined by solving the system of linear equations
Rez=x+y and Imz = x — y. To facilitate the following calculations, we illus-
trate this representation of complex numbers. We have

Z=a+ib=(%(a+b))a+(%(u—b))a,

()=3G1) ()

Iy .= {na+ma : n,me 7},

which leads to

Accordingly, the sets

respectively
I:=1\1{0}

describe subsets of the set of Gaussian integers Z[i]. Since
n+m=n—mmod 2 4.2)

for any pair of integers n, m, it follows that /; contains exactly those numbers z whose
real part and imaginary part have even distance. Writing [ in the form

Iy={a+ibeZ[i] : a=bmod?2} =1+0Z[i] = (a),

it occurs that I is the principal ideal in the ring of integers Z[i] generated by «. In
fact, this ideal is identical to the set of possible partial quotients in Julius Hurwitz’s
case (Fig.31).

To construct a corresponding continued fraction expansion, firstly an appropriate
complex analogue to the Gaussian brackets is required. To identify the nearest integer
to z from Iy, we define

[.17:C— I,

[zl7 = {x+%Ja+{y+%Ja.

Furthermore, we specify a fundamental domain

—1 1
X = = a @ — < _
Hz xo + yo 5 _x,y<2],

and defineamap 7 : X — X by 70 = 0 and



204 N. Oswald

?Jm
v
/.
! Avizg
~ Re
& l4 | .
- T A >
//
rd
e
. L ) Vd .
p . A-( =%

Fig. 31 Illustration, taken from [36], of Tanaka’s change of coordinates {1, i} — {«, @} along the
angle bisectors of the first and third quadrant

1 1
Tz=——[—] forz # 0.
dr

Z
By iteration, we obtain the expansion

1 1 1

ar+Tz N 1 N 1
a _— a
a1 1 ) 1

a+ -+ —
: a, +T"z

with partial quotients a,, := a,(z) := [T,l1 ; ] . As in the real case, convergents 2 to
z are defined by “cutting” the continued fractlon after the nth partial quotient. Settlng

p-1=0«, po=0, andp,11 = @y 1Py +pu—i forn>1, (4.3)

as well as
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qg-1=0, go=a, and g,11 = ap11gn + g1 forn > 1, 4.4)

by the same reasoning as for regular continued fractions for real numbers, z can be

expressed as
_ Pt T

. 4.5
qn + T"Z‘]n—l ( )

4.1.1 Example

As illustrating example we choose x = %, y= % and receive
1 1 1 3 1
=-—(1+)—--1-)==-+i-=-(1-3i).
¢=504)—(l-i)=g+ic=c(-3)

For the first transformation 7%z, we calculate % and [l]T

1 8  8(1+3) 8

2 1-3i (-3)(1+3) 10

(1+3i) = g(l + 3i).

Following Tanaka, we obtain

()=302)(

respectively x = %, y= —‘51. Thus, we have

(1] 8+1 n 4+1 =_» T 1430
al—ZT—Sza Sza—aa— i

Consequently, we receive the continued fraction expansion with first partial quotient

Sl [=2IE

1 . 1
Z=§(1—3l)=I
z

1 1 1
C t2a-@ 20-a+iQa-a)-Qa-a) a+Tz

For the second partial quotient, we calculate

—

4 2 13 1
o= Qo—a)~ Q0 —m) = —cat @=—c — 2i=—2(1+30),

9]

I S501-3)  -5(1-3) 1 1
o asama—3 - 10 - 073 =30-2
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1 11 1
S A R e e

For the third partial quotient, we calculate

and

1
T2 = —(1+1),
z 2( +1)

I =21 =19 — l+i=—-a
% A+0)(1—i) e
and
1 1|_ .
az = T_ZZTZ —1+§ O[=—1+l
Since

T = — S G
Tr T,

it follows that the algorithm terminates and that the finite continued fraction is given
by
1—3i 1

1+3i+
2i +

—1+i

4.1.2 Some Considerations and Characteristics

To deepen the understanding of the behaviour of 7 we examine some of its charac-
teristics generating the complex continued fraction expansion. First of all, we verify
that 7 indeed maps X to X and determine the region in which % is located.

Lemma 4.1 Forz € X we have Tz € X.

Proof Considering 0 # z = a + ib = $(a + b)a + 3 (a — b)a € X, it follows that

1 (a—Db) (a+b) _

L 2@+ T 2@k

[1 {f+a—b+wJ {f+a+b+wJ_

- =|l—F7|a+| —————F75— | 2.

z 7 2(a® + b?) 2(a® + b?)

To show that 7z = 1 - [%]T lies in X one takes the difference of the respective x or
y-values. We receive

and
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1 (a £ b) La2+aib+b2J 1

2@ +b) | 2@+ b
which concludes the proof. g.e.d.

In view of Lemma 4.1 the continued fraction expansion follows from iterating T’
over and over again. Since Tz € X, we can localize ! by inverting the minimal and
maximal possible value of |z|. )

A natural question is:

For which numbers does the algorithm terminate?

To tackle this question we introduce a certain dissection of the set of Gaussian integers
on behalf of
J =14+ (a)={c+id € Z[i] : ¢ # d mod 2},

which leads to the disjoint decomposition
ZIil=1yUJ
with Iy as defined in Sect.4.1. Recall that I = Iy \ {0} (Fig.32).

Theorem 4.2 The algorithm terminates if, and only if,

u
zeQ::{z:— . eitheruel,v e]orve],ue]}.
)

In the sequel the set
M:={ze€C : T"z=0forsomen € N} C Q[i]

will be examined. Since the algorithm terminates if, and only if, z is equal to a
convergent ’f, M can also be written as

M = [z:&forsomeneN}.
qn

The proof of the theorem will be separated into two parts. After showing M C Q, we
verify the inverse inclusion Q C M. However, first some preliminary work needs to
be done.

By definition Iy = {nao+ma : m,n € Z} = (1 + i)Z[i] = («). Hence, for
z € M, we have

1
a, = = ab, with b, € ZJi].
Tz |,

In accordance with (4.3) and (4.4) the first convergents are of the form
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v

Fig. 32 Illustration taken from [36]: considerations from Sect.2 show that % is always located
in the infinite region outside the four semicircles B4 .; centered at i% + i% with radius % (see
Sect.4.1.3 for more details)

D1 a @ D2 ma a’b,

>

g1 aia  a2b; a " (ma + Da ably
with D), € Z[i] and so on. We observe that the parity of the c-parts of numerator and
denominator alternate in their exponents.
Lemma 4.3 We have

Irc & 2n & ¢,
0] @]

respectively
Prgy o 2tn o e,
«a o

Proof 1t is sufficient to consider the sequence of nominators (p,), since (¢g,) can be
treated analogously. According to the recursion formula (4.3) we may write

&_ npn—l +pn—2’
« « «

what leads to a simple proof by induction. We begin with
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en=—-1:2=2=1¢(a),and
en=0:2=0¢(a),

which satisfy the assertion. In the induction step we distinguish the two cases of n
being even or odd.

1. case :2|n
Since n — 2 is even as well, the induction hypothesis provides 22 € (a). More-
over, we observe a, € («), respectively a,,2 m L € («). On behalf of the recursion
formula follows % € («). Here we have used that («) is an ideal.

2. case:21n

This case can be treated similarly: 2=2 ¢ (), a, € (<) implies % ¢ ().

«

g.e.d.

Thus, we have verified M C Q and for the proof of Theorem 4.2 it remains to
prove the inverse inclusion.

Lemma 4.4 We have
QCM.

In particular, all z = 3 € Q(i) with eitheru € I,v € Jorv € I, u € J lead to a ter-
minating algorithm.

Proof We assume that O := Q \ M is not an empty set. Then there exists a number
z€ Ooftheformz =% € £ (respectively € 7) with 7"% 3 0, for which [u|* + [v|?
is minimal. Without loss of generality we may assume u € [ and v € J.

We have

u 1
Z_v_ 1
a +
1 . I
a
2 1
ay + 713
Furthermore, we put
, X 1
I =—=
y 1
a + 1
az +
’ !
a,+ 1"

Because of T”f =71 ;—f, it follows that 7’ is as well an element of the set Q and
satisfies the condition N
T"— #£0.
y
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Moreover, we have

1
— _ =7 (4.6)
a) + 3 ayy +x

u
v

and therewith u =y € I (respectively € J) and v = a;y + x € J (respectively € I).
To go on, we observe the multiplicative and additive structure of / and J by noting

JI=1-J=1,J-J=J,1-1=1,

and
J+I=I1+J=J,J+J=1,]+J=1J.

Of course, this is meant in the sense of Minkowski’s multiplication and addition of
sets, respectively, and can easily be shown on behalf of complex calculation.
With the constraint a; € I, the structure of ;—‘ occurs:

1. Foru =y e Iandv = a;y + x € J wehavethata;y + xisanelementof/ - I + x,
which is a subset of J, if, and only if, x € J.

2. Foru =y e Jandv = a;y + x €  wehavethata;y + xisanelementof/ - J 4 x,
which is a subset of 7, if, and only if, x € 1.

Obviously, the structure of z = ; changes for z’ = 7 in an alternating way. The

property of non-terminating as well as the observed structure above do also hold if
= ;—‘ is replaced by _i} With (4.6) we additionally obtain

lul = Iyl and |o| = |a1y + x|

what leads to
[ul® + [o]* = [y* + a1y + x|*.

Since |u|*> + |v|> was assumed to be minimal, the inequality
layy +x|* < |x|? 4.7)

follows. Since setting 7/ = ;—‘ orz7 = = will not change anything of our previous
observations, it is guaranteed that the case of real part and imaginary part of a;y
being positive can always be achieved. With x = a + ib, the inequality

layy + x> = (Re (a1y) + a)* + (Im (a1y) + b)* > a* + b* = |x|*

holds. This is a contradiction to (4.7), i.e., to the minimality of z = f, which proves
that there is no number satisfying the assumption. Consequently, O is an empty set.
q.ed

Concluding Lemmas 4.3 and 4.4, it follows that complex numbers z € C, having
a finite continued fraction, are either of the form z € § orz e §
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Remark In Julius Hurwitz’s doctoral thesis [30] a whole chapter is dedicated to the
question which complex numbers have a finite continued fraction expansion. There
it is described that the continued fraction is finite in any case of rational complex
numbers. This is because Hurwitz allowed a last partial quotient from Z[i] in those
cases when irregularities occur from rational complex numbers with numerator and
denominator divisible by (1 + 7). That Shigeru Tanaka [46] did not refer to those
difficulties is certainly due to the fact that under an ergodic theoretical point of view
those few irregularities are insignificant. The set Q(7) is countable and thus negligible
with respect to applications from ergodic theory. However, this could also indicate
that Julius Hurwitz’s thesis was unknown to Tanaka.

Next we examine some characteristics of the algorithm concerning its approxi-
mation property.

Lemma 4.5 Leta,,. #0. Fork, := % we have |k,| > 1.

Notice that for a,; = 0 the recursion formula leads to ¢,+; = ¢,—1 and that the
continued fraction is finite.

Proof We suppose that all previous ki, ..., k,_; are of absolute value > 1, here
certainly |k;| > V2 (because laj] > V2 for every a; € I). Thus,

k,,:a,H_]—I- G{ZGC: |Z_an|<1}'

knf 1

We assume |k,| < 1, hence,

1
kn -
k

n—1

|an+l| = < |kn| + <2

|kn71|

and consequently a,;+; = £1 % i. Without loss of generality we consider a,+; =
1 + i. By a backwards calculation we determine

ap_ox = —242i and a,_»_1 =2+72i

for all k € Ny with 2k < n. The following considerations are by induction:

For n = 1 we have k| = a, = 1 + i which leads to |k;| = v/2 > 1.

For n = 2 we have k, = a3 + ﬁ = %(1 + i) which leads to |k;| = %\/z > 1.

For n > 3 we have k; = £2 + 2i which leads to |k;| = /8 and ko =42 +2i + %

which leads to |ky| > +/8 — ‘,j—ll.

Therefore, we observe k; = &2 + 2i + = as well as |k;| > v/8 — |k1_l| =y, € R
ot o

We consider the recursion y; = V8 — )%1 with

1 7
i «/_,yz NG 7 4«/_<\/_+
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Under the assumption y; < y;_; < ... it follows by induction that
1 1
yj+1=\/§—— <«/———=yj
Yj Yi-1

as well as

1
yj+1=\/§—;>\/_— 1=\/§+1
J

1
V2 +
Hence, for all j < n the inequality

ki>vy>~2+1

holds. Consequently, with k, = a, + ¢~ this leads to

1
> /2 — =1
V2+1

1
knl = |1+
k| ' i

n—1

This is the desired inequality. g.e.d.

In the following, we shall use the previous lemma in order to show that the
continued fraction expansion actually converges.

4.1.3 Geometrical Approach to the Approximation Behaviour

We have already indicated that, following Tanaka’s line of argumentation, the approx-
imation properties of his algorithm can be illustrated geometrically. This happens
essentially on behalf of two tilings.

Firstly, the fundamental domain X is split into disjoint so-called T-cells. This is
done with respect to the first n partial quotients as follows. We define the set A(n) of
sequences of partial quotients by

An) ={a1(2), a2(2), ..., a,(z) : z € X}.

Such sequences are called T-admissible. One should notice that certain sequences
of numbers from (1 + ¢)Z[i] cannot appear as sequence of partial quotients, which
was examined by Julius Hurwitz (see Lemma 2.1).

Corresponding to each admissible sequence ay, ay, ..., a, € A(n) the subset
X(ay,a;...,a,) of X arises as

X(ay,ar...,ay) ={z€X:ar(z) = a; for 1 <k <n};
each such set is called a T-cell. We have

X = U X(ay,ay...,a,).

ay,az...,a,€A(n)
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In other words, T-cells describe a “close” neighborhood of a certain z € X.
The second tiling is corresponding to the set of reciprocals

1
X_lz[z:zeX,z;éO].

In each iteration of the continued fraction algorithm a complex number

T”Z — 1 _ [ 1 }
T"71Z Tnflt -

arises, which is split into an integral partial quotient and a remainder. The latter is
going to be iterated again. We thus receive a sequence of elements of X!, By taking
the reciprocals, the edges of X are transformed to arcs of discs. We define

. Z 22 2 .
1 \/_

Writing z = xa + ya, we have

1 . 1
(x—}-y-i—z)—i-l(x—y—i-z)‘
1\* 1\ 1
= (RC(Z)+§) +(Im(Z)+§) EE

including elements z € X, while excluding numbers which lie inside the disc of radius
% and center —%(1 +1i) = —%a (see Fig.32). Analogously, we define

+4l-

Uy =—ix U, Uy:=—ixUyand Uy := —i x Us.

Setting
U(a) = U1, U(a) = U2, U(—a) = U3, U(—a) = U4

and
U(a) =X, ifa #a,a, —a, —a,

we attach to each Gaussian integer a € I an area. With (4.2) there is always an even
integer distance between real part Re a and imaginary part Im a (Fig. 33).
Thus, the set of reciprocals X ! can be composed from translates of the sets U(a)
shifted by a, i.e.,
x'={J@+U@)).

ael
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Re

v

Fig. 33 Illustration taken from [36]: the numbers a € I are located on the angle bisectors of the
quadrants or on parallel lines shifted by a multiple of 2 excluding the origin

These geometrical observations are related to one another on behalf of the defined
transformation 7. We have

T"X(ay, ...,a,) = Ulay).

This implies that the nth iteration of the transformation applied to the remainder of
the n first partial quotients maps to the domain U, which is located around the nth
partial quotient. This is interesting in view of Eq. (4.5), from which the uniqueness
of the inverse map T" follows. We define @g,..,, := (T")~! by

¢a,-~a,, : U(an) - X(ala ] al’l)
with "
Pn T ZPn—1
a-a,\ &) = —————.
¢ 1 ® Gn + 2qn-1

The “forward” mapping to the non-integer remainder of ﬁ becomes a unique

inverse mapping “backwards” in the algorithm. Since ineachset U(a,) = X, Uy, ...,
U, the originis included, for all admissible sequences of partial quotients ay, ..., a, €
A(n) the nth convergent is located in the corresponding T'-cell, that is
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Pr o by, (0) € X(ay - ay).

n

Consequently, the algorithm indeed produces convergents approximating the initial
values better and better. The more partial quotients are chosen as fixed, the smaller
the T-cell becomes in X and therewith the closer the corresponding convergent is
located.

4.2 Ergodic Theory

In ergodic theory one examines so-called measure preserving dynamical systems. In
general such a dynamical system describes a mathematical concept which models a
certain time-process in a certain space on behalf of fixed mathematical regularities.

4.2.1 Transformations

We consider a probability space (X, X, 1) with non-empty set X, a o-algebra X' on
the set X, a probability measure ;2 on (X, 2') and a measure preserving transformation

T:X— X.

The above mentioned time-process is explained by assuming 7 as “shift into the
future”, whereas its inverse 7~! can be considered as “shift into the past”. Here T is
said to be measure preserving, if, and only if, for E € X,

w(T™'E) = u(E),

which means that the measure of E is preserved under 7. Furthermore, a measurable
set E is called T-invariant when

T'E=E.

The corresponding dynamical system is written as quadrupel (X, 2, u, T).
In addition, T is called ergodic when for each p-measurable, T-invariant set E
either
w(E)=0or u(E) = 1.

A very powerful result dealing with ergodic transformations was realized by Georg
David Birkhoff [2] and in the general form below by Aleksandr Jakovlevich Khin-
chine [33].74

T4For a comprehensive version see [7].
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Theorem 4.6 (Pointwise Ergodic Theorem, Birkhoff 1931)
Let T be a measure preserving ergodic transformation on a probability space
(X, 2, w). If f is integrable, then

1 n
Jim & % pm = [ g
0<n<N
for almost all x € X.

Here the nth transformation 7" is defined recursively as follows

T°=id, T'=TandT" =T 7" "

4.2.2 Continued Fraction Transformation

In this subsection we shortly introduce an ergodic approach to continued fractions.
Hereby, we follow a classical method” firstly explained for the real case.

We define a transformation 7T : [0, 1) — [0, 1) which serves as operator in the
well known regular continued fraction algorithm (similar to the map 7T introduced in
Tanaka’s complex approach in Sect.4.1). Choosing the unit interval as fundamental
set X, we define 70 = 0 and, for x € X,

Ix =T(x) := )lc — L%J if x £ 0.

For an irrational number x € R\ Q and ay := x| € Z we obviously have x — ag €
[0, 1). Setting

Tx :=x—ay, T'x:=Tx—ay), T*x:=T(T'%),...,
the definition above provides
T"'x € [0,1)\ Qforalln > 0.

With

ap, = ay(x) := { J forn > 1

Tn—1x

one receives the well-known regular continued fraction expansion

750nce more we refer to [7, p. 20].
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1 1
At T @ T
a1+a2+T2x
1
=ao+ N = lao; a1, az, - --
ap +

| + 7+ :

a ! E—

2 a, + T"x

The existence of the limit

x=lap;ai,ar--- ,a,,---1= lim[ag; ai,as---
n— 00

,an, + T"x].

,an, + T"x]
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follows on behalf of the representation related to the nth convergent ’% €Qtox.In

fact, we have
X = Pn + T"XPnfl

Gn + T"xqn-1

and p,_1qy — pugn—1 = (=1)" for n > 1. In view of T"x € [0, 1) the inequality

1

Ant1 615

Pn
X - —

qn

<

can be derived. Here (g,),>0 is a strictly increasing sequence of positive integers.
In the complex case, the fundamental set is naturally two-dimensional correspond-

ing to real and imaginary parts of the expanded complex number. Hence, in Shigeru

Tanaka’s, respectively Julius Hurwitz’s algorithm the transformation 7 : X — X

is defined on the fundamental domain X = {z = xa + y& :

a=14+i(anda=1—1i)by

2

1 1
Tz::——|:—] forz#0 and T0 =0,
T

Z

where

[zlr == {x+%J (1+i)+Ly+%J (1=1).

_—lfx,y<%}with

The analogy between the real and complex approach is obvious. However, for the
complex continued fractions some adjustments need to be done. In order to apply
ergodic methods a main challenge is to define an invariant measure for a given
transformation. In the real case, there is the so-called Gauss-measure,’® defined by

1 1
=i [
log2 Jo 1 +x

TDiscovered by Carl Friedrich Gauss.
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for all Lebesgue sets A C [0, 1). For complex algorithms some difficulties may

appear. Here a so-called natural extension of the underlying transformation can be
helpful.

4.2.3 Dual Transformation and Natural Extension
for Tanaka’s Algorithm
We have shown that Tanaka’s transformation 7 provides a complex continued fraction
expansion. Here we sketch another related transformation S : ¥ — Y, introduced by
Tanaka, where
Y={weC:|lw <1}
is the unit disc centered at the origin in the complex plane. We define subsets V; of
Y by
Vi={weY: |lw+al =1},
V2=—iXV], V3=—iXV2, V4=—iXV3, V5=V10V2,
V6:—iXV5, V7:—iXV6, VgZ—iXV7

and a partition of Iy = {na + ma : n,m € Z}, respectively I = I, \ {0} by

Ji=ha:n>0},,=—ixJ|, Jsz=—ixJy, Jy=—iX%xJ3,

Js={na+ma:m>0},Jg=—ixJs, Jj=—ixJg, Jg=—0xJ7.

Setting
Y, ifa=0,
me_[%JME@,

for 1 <j < 8, we obtain a new complete tiling of the complex plane

C=J@+ V.

acly

Furthermore, we define SO = 0 and

1 1
Sw:——[—] for w # 0
w w g

with [w]s = a if w € a + V (a). As above partial quotients arise through

1
S
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43m

Re

'\

-

Fig. 34 Illustration of the tiling of the complex plane with respect to §

This leads to an expansion of w € Y as
w = [b15b25”' ,bn+Snw]

with convergents V, := [by, by, - - - , b,]. Tanaka proved that the transformation S
satisfies a certain duality.

Lemma 4.7 (Duality)
Letay, ..., a, beasequence ofnumbersinl. Thena, ..., a, is T-admissible if, and
only if, the reverse sequence of partial quotients a,, . . ., a; is S-admissible.

The proof is based on geometrical constraints concerning a finely tiling of Y respec-
tively Y~! and can be found in [46, p. 200] (Fig.34).

By Lemma 4.7, we know that for each T-admissible sequence there exists an
associated sequence of convergents of a given w € Y, namely

qn—1
An

= [anaan—l;-.-:al] = Vn €Y.

This provides another proof of Lemma 4.5: the sequence (g,,),cx increases monoto-
nously in absolute value. Given this dual transformation S, one can construct the
so-called natural extension T containing information of T as well as information of
S, which can be regarded as “future” and “past” of the sequence of partial quotients.
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On behalf of Lemma 4.7, we define T : X x ¥ — X x Y by”’

T(z, w) = (Tz, (4.8)

1
ai(2) + w) ’
where a; = [%] T Tanaka [46] proved.

Theorem 4.8 (Natural Extension)
The transformation T is a natural extension; in particular T and S are ergodic and
the function h : X x Y — R defined by

1

h(z, w) = T+ 20l

is the density function of a finite absolutely continuous T-invariant measure.

4.2.4 Variation on the Doeblin-Lenstra Conjecture

In this section we give a proof of an analogue of the so-called Doeblin-Lenstra Con-
jecture for the complex case of Tanaka’s continued fraction algorithm [37]. Therefore,
we first state the original conjecture for the regular continued fraction algorithm for
real numbers.

Theorem 4.9 (Doeblin-Lenstra Conjecture)
Let x be any irrational number with continued fraction convergents 2. Define the
approximation coefficients by 6,, :== q,|q.x — pn|. Then for almost all x we have

lim L |G j<m 6,0 <c) = 4.9)

n—00 1 —c+log2c+1

c 1
[ fog2° forO<c=<s5,
log2 L.

fort <e<

Notice that 6;(x) < 1 for all j and all x.

Indeed, this conjecture is due to Hendrik W. Lenstra jr. and, implicitly, included in
an old paper of Wolfgang Doeblin [8]; it has been proven by Wieb Bosma, Hendrik
Jager and Freek Wiedijk [4] with ergodic methods, in particular by using the natural
extension T of the continued fraction transformation 7" as main tool. We shall follow
their approach and apply their machinery to Tanaka’s, respectively Julius Hurwitz’s
complex continued fraction. For this purpose we define, for some complex number z,

Pn

n

0, = 0,(2) := |qul* |z —

"TIn [46] a more exact, more finely, tiling of X resp. Y was given on behalf of sets U and V. For
our needs, it is sufficient to consider the whole sets X and Y.
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Notice that the absolute values of the denominators g, increase strictly with n. We

shall prove the almost sure existence of a limiting distribution function for this
quantity:

Theorem 4.10 For x > 0 we define
{(x) = li ! (n<N:0 < x}
(x) '_Nggoﬁﬂ n<N:0,2)<x}.
Then, for almost all z, the distribution function €(x) exists and is given by

o 1 " _ _ 1 dX(u,v)
t(x) = ngr;o IV ;XAX(T (z,0)) = u(Ay) = 5 //A.x m, (4.10)

where T is defined by (4.12) below, X is the Lebesgue measure, X 4, is the characteristic
function of the set

1

x b

A%

1
A, = I(u,v)eXxY : ’—+v
u

and the normalizing constant

_ d\(u, v) (=1)"
G:= //XXY|1+M1)|4 - Z(2n+1)2 “4.11)

equals 4 times the Catalan constant.

Interestingly, Catalan’s constant appears in various results in the ergodic theory of
continued fractions, see for example [34], [32, p. 1217] or [9, p. 2].

We shall briefly mention another interesting phenomenon: already in Julius
Hurwitz’s thesis [30] one can find the statement that the sequence of 6,,(z) has always
a finite limit point (p. 34), in general, however, the sequence of the 6, (z) appears to
have divergent subsequences. This is rather different from the real case where the
limiting distribution function is constant for x > 1 as follows from the classical esti-
mate |z — ’;—:I < % giving 6,(z) < 1. Indeed, there exist z for which 6, (z) diverges
to infinity. ’

Proof of Theorem 4.10. Recall that Tanaka showed thatthemapT : X x ¥ — X x Y
defined by
1
T w) =Tz, —— ), 4.12
&) ( ai(2) + w) (12

where a; = [%]T is a natural extension (Theorem 4.10); in particular 7" and S are
ergodic. Moreover, the function 2 : X x ¥ — R given by
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1

I’l(M, l)) = m

(4.13)

is the density function of a finite absolutely continuous T-invariant measure p. It thus

follows from the dual transformation that

_ qn—1
qn

n :[0; an;an—la-“;aZsal];

and hence we obtain the equivalence

TI'IZ

— | <x (4.14)
1+ V, Tz

0,2 <x <& ‘

By (4.12), we find
Tn(Z’ U)) = (T"Z’ [O? arH an—l LA 612, a] + U)]) 5

and, in particular, T"(z, 0) = (T"z, V,,). In view of (4.14) this shows that 0,(z) < x
if, and only if,

T"(z,0) € A, = {(u,v) € X x Y:‘

<x},

1
e
X
Comparing the quantities T"(z, w) = (T"z, [0; a,, ay—1, ..., a; + w]) and T"(z, 0)

= (T"z[0; ay, ap—1, . .., ap)), it follows that for every € > 0 there exists ny(¢) such
that, for all n > ny(¢) and all w € Y, we have

u
14 uo
respectively

1
T"(z,0) € A, = H(u,v)eXxY: ‘—+v
u

Tn(Zs U)) € Ax+€ = Tn(Za 0) € Axa

as well as
T"(z,0) € A, = T"(z, w) € A, ..

We define AY := {n < N : T"(z, w) € A,}. Since T is ergodic, the following limits
exist and the inequalities in between hold: for all ¢ > 0,

1 1 1 1

lim —$AY,  <liminf —fAY <limsup —AY < lim —4AY .
N—oo N N—oo N Nooo N N—oo N

Since the underlying dynamical system (X x Y, 2, u, T) with the corresponding

invariant probability measure p (with density given by (4.13)) and o-algebra X is
ergodic, application of Birkhoft’s pointwise ergodic theorem yields (4.10).
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In order to compute the normalizing factor G, we shall use the following derivation
of the geometric series expansion

- w)2 me ,

m>1

valid for |w| < 1. To prevent difficulties that could arise from singularities of & on
the boundary of X x Y we define, for0 < p < 1,

X,,::{z=x+iy:—£§x,y<—} and Y,:={weC: |w|l <p}

In view of (4.13) and |1 + uv|?> = (1 4+ uv)(1 + uv) we find

// dX(u,v)
Co = oy, 11+ uol*

= Z mn(—l)’"*”/

m,n>1 X,

u’"_lﬁn_ld/\(u)/ "1 AN ().
YP

P

We compute

/ oM l—n ld)\(l)) / |D|2(n 1) m— nd)\(l))
Y,

f
2
/ﬂ'/ m+n—1 zgp(m ")drdgo— n,lfm—n
0, otherwise.

Applying the derivation of the geometric series expansion once again, leads to

Wan /lulz(" Dd\(u)

n>1

_7r/ an2"|u|2(" Dd(u) = / %

/I n>1 /) p

Now with p — 1— we get G, — G| = G by Lebesgue’s theorem on monotone
convergence. Next, we use the symmetry of the fundamental domain and split it
along the axes into four parts of equal size. We consider the part located in the first
quadrant A :=={a+ib:0<a,b < 1;b—1 < a} and deduce

dadb ! 1-a db
— 4 — 4 N
Al —la+ib)? o Jo 1—(a®+5b?

where
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I=a db 1“( 1 1 ) 1
e — + db
/0 1 —a*—-b? /0 Vi—=a2-b J1=a+b) 2J/1=-4
- [—log|b— V1= @] +logb + /1 —aZ)]

1 l V1—a*4+1—a
= 0 .
21 —a? g«/l—az—l—i-a

1—a 1
=0 21— 2

Altogether this gives

! VJ1—a*4+1—a da
G =2 | log
0 VJ—a?—1+a+1—-a?

- [A B ii (—exp(i ag;sin(a)))k iy (exp(i ar;zsin(a)))":|l
k=l k=1 a=0

with

A = arcsin(a) log(1 — exp(i arcsin(a))),
B = arcsin(a) log(1 + exp(i arcsin(a))).

Hence, we obtain (4.11).

In contrast to the real case for the ordinary regular continued fraction expansion
[4] the analogous expressions for the complex situation are by far more complicated.
Using Tanaka’s results [46] one may compute £(x) in the latter case numerically,
however, it seems difficult to find an explicit expression for the limiting distribution
function. Another instance of this difficulty is given by Tanaka [46] himself and his
non-explicit respresentation of the entropy of 7" and S.

Appendix

The appendix contains two parts: a list of direct or indirect references to David Hilbert
in Hurwitz’s estate (see Sect.3) in the ETH Zurich library and a table of figures of
these notes.

Appendix I: Links to Hilbert in the ETH Estate of Hurwitz

In Sect.3 we consider the teacher—student relation of Adolf Hurwitz and David
Hilbert. Here we give a list of documents of Adolf Hurwitz’s estate in the ETH Zurich
library (in the directories HS 582 and HS 583) directly or indirectly connected to
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David Hilbert including a great number of diary entries [21] (HS 582 : 1-30) with
remarks related to Hilbert.

e Lectures of David Hilbert edited by Julius Hurwitz

No.

HS 582: 154, Die eindeutigen Funktionen mit linearen Transfor-
mationen in sich (Konigsberg 1892 SS) with handwritten remarks
of Hilbert (e.g. on pages —1, 34, 69, 80, 81, ...)

HS 582: 158, Geometrie der Lage (Konigsberg 1891 SS)

. 6: 1888 IV.—1889 XI.,

p. 44 “Der Nother’sche Satz (nach einer Mitteilung von Hilbert)”
p. 45 “Hilberts Fundamentalsatz”
p- 93 “Hilbert beweist die obigen Sitze so” (study on convergent series)

.7: 1890 1V.9.-1891 XI.,

p. 94 “[...] die Hilbert’schen Figuren” (“Lines on square”-figures)

. 8: 1891 X1.3.-1894 11,

p. 207 “Zweiter Hilbert’scher Formensatz” (Hilbert’s basis theorem)

.9: 1894 1V.4.-1895 1.6.,

loose sheet concerning “[...] von Hilbert, betreffend die Anzahl von
Covarianten”

. 13: 1895 VI.19.-XI1.31.,

p. 19 letter to Hilbert in stenography

. 14: 1896 1.1.-1897 1.1,

p. 204 “Hilberts 2tes Theorem” (related to [10, p. 485])

. 15: 1897 I1.1.-1898 II1.19.,

p. 175 “Zu Hilberts “Korperbericht™” (related to Hilbert’s Zahlbericht)

. 16: 1898 111.20.-1899 11.23.,

p. 129 “Zum Hilbertschen Bericht pag. 287" (related to Hilbert’s
Zahlbericht)

.19: 1901 XI.1.-1904 II1.16.,

p- 29 “Hilberts axiomatische GroBenlehre” (related to [12])

p- 114 “Abbildung einer Strecke auf ein Quadrat™,”’[..] die Hilbert’schen
geometrisch erklirten Funktionen sollen arithmetisch

charakterisiert werden.” (“Lines on square”-figures)

.20: 1904 1I1.16.-1906 11.1.,

p. 163 “Hilberts Beweis von Hadamards Determinantensatz”

.21: 1906 11.1.-1906 XII.8.,

p. 166 “Hilberts Vte Mitteilung iiber Integralgleichungen”
(related to [14])

.22: 1906 XII1.18.-1908 1.22.,

p. 36 “Convergenzsitze von Landau + Hilbert”
25: 1911 X.27.-1912 XI1.27.,
p. 77 “Zu Hilberts Formenarbeit (Charakt. Funktion eines Moduls)”

In the directory HS 582: 32 due to George Polya on page 4 and 6 there are remarks
“die ersten 9 Binde und Inhaltsverzeichnis sind zwecks Bearbeitung verderhand
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bei Prof. Hilbert in Gottingen™ and “22. zwecks Bearbeitung vorderhand bei Prof.
Hilbert in Gottingen”, crossed out with pencil

e HS 582: 28, Letter of condolences from David Hilbert to Ida Samuel-Hurwitz
(December 15, 1919)

e HS 583: 52, Greeting cards from conferences with Hilbert’s handwritting: “Lutetia
Parisiorum, le 12 aout 1900 and the “Landau-Kommers 18. Jan. 1913

e Remarks in the biographical dossier written by Ida Samuel-Hurwitz (HS 583a: 2).

Appendix II: Table of Figures

e Figure 1: Portraits of Adolf and Julius Hurwitz, taken from Riesz’s register in Acta

Mathematica from 1913 [42].

Figure 2: Excerpt of [21, No. 9, p. 100], ETH Zurich library, Hs 582:9, DOI:10.

7891/e-manuscripta- 12816.

e Figure3: Excerpt of [30, p. 12].

e Figure4: Illustration of Julius Hurwitz’s types of partial quotients, made by the
author.

e Figures5, 6 and 7: Excerpts from the workshop notes, made by the author.

e Figure8: Excerpt of [21, No. 6, p. 45], ETH Zurich library, Hs 582:6, DOI:10.
7891/e-manuscripta- 12821.

e Figures9 and 10: Excerpts of [21, No. 14] on pages 204 and 205, ETH Zurich
library, Hs 582:14, DOI:10.7891/e-manuscripta- 12840.

e Figure 11: Excerptof [21, No. 15, p. 175], ETH Zurich library, Hs 582:15, DOI: 10.
7891/e-manuscripta-12831.

e Figures 12 and 13: Excerpts of [21, No. 15, p. 177], ETH Zurich library, Hs 582:15,
DOI:10.7891/e-manuscripta-12831.

e Figure 14: Excerptof [21, No. 15, p. 178], ETH Zurich library, Hs 582:15, DOI:10.
7891/e-manuscripta-12831.

e Figures 15 and 17: Excerpts of [21, No. 16] on pages 129 and 130, ETH Zurich
library, Hs 582:16, DOI:10.7891/e-manuscripta- 12830.

e Figure 16: Excerpt of Hilbert’s "Zahlbericht’, page 289 respectively [20, vl. I, p.
164].

e Figure 18: Excerpt of [21, No. 19, p. 29], ETH Zurich library, Hs 582:19, DOI:10.
7891/e-manuscripta-12819.

e Figure 19: Excerpt of [12, p. 182] and [21, No. 19, p. 29], ETH Zurich library, Hs
582:19, DOI:10.7891/e-manuscripta-12819.

e Figures20 and 21: Excerpts of [21, No. 19, p. 30], ETH Zurich library, Hs 582:19,
DOI:10.7891/e-manuscripta- 12819.

e Figures22, 23, 24, 25 and 26: Excerpts from [21, No. 21] on pages 166, 167, 168,
169 and 172, ETH Zurich library, Hs 582:21, DOI:10.7891/e-manuscripta- 12836.

e Figures27 and 28: Excerpts of [21, No. 18, p. 75, p. 81], ETH Zurich library, Hs
582:18, DOI:10.7891/e-manuscripta- 12810.
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e Figure29: Greeting cards from “Lutetia Parisiorum, le 12 aout 1900 and the
“Landau-Kommers 18. Jan. 19137, in Hs 583:53 and 57, ETH Zurich library.

e Figure30: Excerpt of Georg Polya’s list [21, No. 32, p. 6], ETH Zurich library, Hs
582:32, DOI:10.7891/e-manuscripta- 16074.

e Figure31: Illustration of Tanaka’s change of coordinates {1, i} — {«, @}, made
by the author.

e Figure 32: Illustration of the set of reciprocals X ~!, made by the author.

e Figure33: Illustration of the numbers a € I, made by the author.

e Figure34: Illustration of the tiling of the complex plane in respect to the dual
transformation, made by the author.
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