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Introduction

"Distribution of Squares in Arithmetic Progressions over Number Fields” — two
objects appear in the title of this thesis that are fundamentally different in their
number theoretical nature. On the one hand, we have arithmetic progressions — a
sequence of numbers obtained by repeatedly adding the same number to its prede-
cessor. Therefore, arithmetic progressions are objects carrying an additive structure.
On the other hand, squares are purely multiplicative objects.

In general, whenever one considers the interplay of addition and multiplication many
questions arise that turn out to be very hard. This is illustrated by the fact that
various conjectures in number theory that have resisted proof for a very long time
do combine additive and multiplicative structures. Goldbach’s problem or the twin
prime conjecture are prominent examples.

If we stick to arithmetic progressions as the additive object and combine it with some
multiplicative object or set S, it becomes natural to ask the following questions:

Question 1: What is the maximal length of an arithmetic progression in &7
In more mathematical terms this amounts to the following task: Deter-
mine the largest n such that there exist ¢ and d with the property that
d,q+d,2q+d,3qg+d,...,ng+ d are elements of S.

Question 2: How are the elements of S distributed among or in arithmetic progres-
sions?
For instance, this includes questions on how often elements of S occur
in an arithmetic progression (¢gn + d),en. If they occur finitely many
often, one can pose the question for an explicit bound on the num-
ber of elements of S lying in the arithmetic progression. If they occur
infinitely many often, one may wish to determine the density or the rel-
ative number of occurrences of elements from S in a specific arithmetic
progression (gn + d),en-
Furthermore, one can ask whether the distribution of elements of S in
an arithmetic progression (¢gn + d),ey is independent of the choice of ¢
and d. If this is not the case, the questions arises how we can classify
the distribution by properties of ¢ and d.
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These questions were probably asked for the first time in history in the context
where § is the set of prime numbers, and their answers are now famous theorems.
For example, the answer to the first question is given by the following theorem.

Theorem. There are arbitrarily long progressions of primes.

This is a result due to Ben Green and Terence Tao that has only been proved in
2004. In order to measure the significance of this work it suffices to mention that
Terence Tao received the Fields Medal in 2006 partly also for his contribution to
this theorem.

The second question on the distribution of primes in arithmetic progression has
already been studied in the 19th century. The first progress in this direction was
made by Dirichlet.

Theorem. Let q and d be coprime natural numbers. Then there are infinitely many
primes contained in the arithmetic progression (gn + d),en.

When Dirichlet proved this result in 1837, he revolutionized number theory by the
introduction of analytical methods — such as L-functions and characters. The im-
portance of this result can be described by noting that Dirichlet’s theorem marked
the birth of analytical number theory.

Further research finally culminated in the complete resolution of the distribution of
primes in arithmetic progressions.

Theorem (Prime number theorem for arithmetic progressions). Let ¢ and d be in
natural numbers.

1. If g and d are not coprime, then there is at most one prime in (qgn + d),en.

2. If q and d are coprime, then the distribution of primes in (qgn + d),en s given
by the following formula

1
{p < z|p prime and p = qn + d for some n € N}| ~ ——m(x),

©(q)

where  1s the prime counting function.

These advances in number theory that have been stimulated by the study of primes
in arithmetic progressions may serve as a motivation to consider as well other mul-
tiplicative sets S and their interaction with arithmetic progressions. In fact, in this
thesis we will be concerned with the case where § is the set of squares in a number
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field K. Before getting down to the topic of this thesis, we give an overview over
the yet existing results.

It has long been known that three-term arithmetic progressions of rational squares
indeed do exist, for example 1,25,49 or 49,169,289. Then, the first question is
answered satisfactorily by the following theorem of Fermat:

Theorem (Fermat). There are no four rational squares in arithmetic progression.

The second question about the distribution of squares in arithmetic progressions is
much more involved. It can be proved that for any ¢,d € Z

[{n < N|gn + d = 2* for some z € Q}| = O(V'N).

The implicit constant in this result, however, does depend on ¢ and d. A far-reaching
generalization was then proposed by Rudin in [Rud60], who conjectured a uniform
version of this result.

Conjecture (Rudin’s conjecture). For q,d € Z
[{n < N|gn +d = 2* for some z € Q}| = O(VN),
where the implicit constant does not depend on q and d.
This conjecture is still unproven but some partial answers have been found. Each
of them depends on a deep result in some other area of mathematics. The first

progress in this direction was achieved by Szemeredi in his 1974 paper [SzeT4].
Using his celebrated theorem on arithmetic progressions he was able to show that

[{n < N|qn + d = 2* for some x € Q}| = o(N)

holds uniformly in ¢ and d. In 1992 a significant improvement was obtained by
Bombieri, Granville and Pintz in [BGP92]. They showed

[{n < N|qn + d = 2* for some x € Q}| = O(Ng log® N)

uniformly in ¢ and d. The core of their argument is the application of a variant of
the theorem of Faltings on rational points on algebraic curves. Finally, the latest
improvement from 2002 is due to Bombieri and Zannier [ZB02]:

Theorem. For q,d € Z,
{n < Nlgn +d = 2* for some x € Q}| = O(N log® N),

where ¢ is some explicit constant, and the tmplicit constant does not depend on q
and d.
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This diploma thesis ties up to these results. We do not attempt to further improve
the bounds given in the above theorem. We rather analyze the methods employed
in the proofs of the results above in order to figure out whether these methods are
applicable in more general situations.

Our aim is to generalize these results to the case of number fields. More precisely,
given a number field K and ¢, d € Z we look for a bound for the size of the set

{n < N|gn + d = 2* for some = € K},
which does not depend on ¢ and d.

Unfortunately, we were not able to adapt the method used by Bombieri and Zannier
to the number field case. So we cannot hope that the theorem of Bombieri and
Zannier is a direct consequence of our results. However, the methods applied by
Bombieri, Granville and Pintz do admit a partial generalization to the case of number
fields, and we succeeded in proving bounds similar to those in their theorem for a
certain family of number fields.

We now briefly describe the organization of this thesis: In chapter 1 we present
technical preliminaries from different branches of mathematics that are needed for
the later chapters. In chapter 2 we state our two main theorems and explain the
strategy of proof in detail. The proof of the first theorem is divided into two cases.
The first case is treated in chapter 3, while the second one occupies chapter 4, 5
and 6. In chapter 7 we prove our second main result. We conclude with chapter 8,
where we discuss open problems and further generalizations.



Notations

We try to use only standard notation. However, in order to explain what ”standard”
means for us and in order to introduce some naming conventions, which we use
throughout this thesis, we include this brief summary of symbols and conventions.

We use the symbols N, Z, Q, R, C to denote the natural numbers, the integers, the
rational, the real and the complex numbers respectively.

Number fields are denoted by K. By K* we mean the non-zero elements of K, and

we write K2 for the set of non-zero squares in K. The ring of integers of a number
field K is denoted by Ok.

For a ring R the symbol R* stands for the set of invertible elements of R. By
R[Xy,...,X,] we mean the ring of polynomials in the variables Xj,..., X, over
some ring(field) R. In general, the capital letters Xy, ..., X, will represent variables,
whereas the lower case letters xy, . . ., x, refer to concrete elements of the ring(field),
which are substituted into the corresponding upper case letters.

The letters ¢, 7, k,m,n,l and M, N are reserved for natural numbers. We use the
letter p to indicate a prime number or a prime element of some ring. Prime ideals
will be denoted by p.

By ¢ and d we usually refer to rational numbers or integers which specify an arith-
metic progression. When referring to ¢ and d, we have in mind the arithmetic
progression (gn+d),en. In this case we implicitly assume that ¢ and d are non-zero.

The letters A, k, i stand for real positive constants. We also use ¢, ¢, ¢1, ¢o to denote
positive constants. Note that in this case these symbols might appear in many
results of this thesis, where they, however, need not represent the same value.

By v,w we usually refer to places of some number field.

The n-dimensional projective space over some field is denoted by P™. It will always
be clear from the context what the underlying field is. When talking about elements
of P in terms of homogenous coordinates we write them as (zo : ... : x,). For
(o :...:x,) we write x for short. If we consider points in the projective space but
do not explicitly use homogenous coordinates, we use the letters P or Q).
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Varieties are usually denoted by V', curves by the letter C' and elliptic curves by the
letter E. In order to distinguish the points on two varieties in the case when we are
dealing with a map between two varieties ¢ : Vi — V5, we denote the points on V;
by P and those on V5 by Q).

Theorems, propositions and lemmas are numbered by section and then in progressive
order. The numbering restarts in every chapter. When referencing to a result inside
of the same chapter we only use two numbers indicating the section and the running
number inside of the section. If we refer to a statement outside of the current chapter
we use three numbers. The first one indicates the chapter and the second and third
one refer to the section and the running number inside of the section.



Chapter 1

Preliminaries

In this chapter we introduce definitions and results we need for the main part of this
thesis. Since we use results from several different areas of mathematics, a thorough
exposition of every single area would make this preliminary chapter very lengthy.
Therefore, we drop the wish to make this thesis self-contained. Instead, we treat
the particular fields rather informally and concentrate only on those aspects which
are essential for the later chapters. To compensate this lack of formality, we give
references for the in-depth treatment of the particular theory.

Furthermore, we skip those proofs that are also available in the literature. In those
cases, however, where we were not able to find a suitable reference we do provide
the proofs, but we do not claim originality for any result stated in this chapter.

1 Classical number theory

Two prominent number theoretical functions are of some importance in this thesis:
The w-function and the w-function. We briefly review their definition and study
their asymptotic behavior.

Let R be a unique factorization domain. We define the function wg : R — N by
wg(r) = |{ distinct prime factors of r up to units}|.
For wz we simply write w.

The asymptotic behavior of the w-function is well known (See [HW79], 22.10). How-
ever, we later encounter the problem to determine the average size of an expression
where the w-function occurs in the exponent. The statement of the following lemma
already appears in [BGP92] but the authors neither prove this result nor refer to
the literature. We present a proof of this particular result since we were not able to
find a reference for it either.
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Lemma 1.1. Let uw > 1. Then, for x — oo,

Z u™ = O(xlog" z).

n<x
Proof:
For any ny,ns € N the w-function satisfies the following relation
w(ning) < w(ny) + w(ns).

Using this property, we now manipulate ) <z u“™ in the following way:

n<z n<lz p<zx k=0

k
I.lOg xJ w(p p< 10g< Eo% | u“’(: ) )
z = P

The exponent can be examined more closely. At first, we split up the interior sum
and use that w(p®) = 1 for any prime p and any k& > 1. Then, by using Taylor
expansion, we obtain

[log z] s [log z] [log z]
Zlog Z Zlog 14 Z <ZZ
p<x k=0 p<z p<lx k=1
We write
|log x| [log z]
IDBEEND SRR B S
p<z k=1 p<:): p<z k=2

and investigate both summands separately.
For the first summand we get

1
Z— <loglogz + ¢

p<z

with a suitable constant ¢ from [HW79], 22.7, theorem 427. For the second one we
extend both summations to infinity and obtain

UogZJl 00001_00 1 11_00 1 Iy

Recombining the summands again, we conclude

u
E uw(n) < xeu(1+c+loglogaz) < xequuceuloglogx _ C/xeloglog T _ log“x

n<x

if we choose ¢ = e¥“tue, O
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We now come to the prime counting function 7 : R — N, which is defined by

m(x) = [{p < z|p is prime}|
The asymptotic behavior of 7 is described in the following well-known theorem.

Theorem 1.2 (Prime number theorem).

1
i T logT
T—00 €T
Proof:
See [HW79], chapter 1, theorem 6. The proof is given in chapter 22. ]

2 The large sieve

In this thesis need some results from sieve theory, however, we do not require signif-
icant knowledge of this subject. The main theorem of the large sieve can be stated
without having to go deeper into the theory, and so we use this theorem as a black-
box result. For a full account of sieve theory see for example the textbook [CMOG6].
The following variant of the main theorem of the large sieve appears in [Dav00].

Theorem 2.1 (Main theorem of the large sieve). Let S be a set of integers with
S C[1, N] for some N € N. Let further P be a set of primes and let M be a natural
number.

Suppose that all primes in P are less than or equal to M and that there exists some
0 <7 <1 such that for any p € P at least Tp of the residue classes n + pZ have
empty intersection with S. Then

N + 3M?

S| <
o=

Proof:
See [Dav00], chapter 27, theorem 3. ]

3 Number fields

We assume familiarity with the standard results from algebraic number theory and
refer to [Neu07] for a comprehensive account of this topic. We, however, do recall
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some definitions and results of this theory in the first subsection but only to fix
definitions and notations.

In the second subsection we present a not widely known construction in algebraic
number theory due to [Kna92] which establishes the existence of a unique factor-
ization domain R in every number field K with certain properties similar to those
of the ring Z. In a later part of this thesis it turns out to more convenient to work
with this ring inside of a number field instead of using the ring of algebraic integers.

Finally, we introduce valuations on number fields and heights of points in projective
space.

3.1 Algebraic integers, decomposition into prime ideals and
the Chebotarev density theorem

A number field K is a finite field extension of Q. An analogue to the rational integers
Z in a number field K is the ring of algebraic integers:

Ok = {z € K|f(z) = 0 for a monic polynomial f(X) € Z[X]}.

Some fundamental properties of Ok are summarized in the next proposition.

Proposition 3.1. Let K be a number field. Then the following statements about
Ok hold.

i) Ok is a subring of K.
it) K s the quotient field of Of.

i11) The following diagram of embeddings is commutative.

Q——K

7 — 0 K
iv) The group of units of Ok is finitely generated.
Proof:
See [NeuO7], chapter I, proposition 2.2 for the first statement. The second and third

statement are easy consequences of the definition. The fourth assertion is proved in
[NeuO7], chapter I, theorem 7.4. ]

10
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Although O shares many properties with Z, there are also significant differences
to the ring of rational integers. The most striking one is maybe the fact that Ok
may fail to be a unique factorization domain.

While elements of O may not have unique factorization into prime elements, ideals
do uniquely decompose into prime ideals. That means, given some ideal i of Ok,
there is a decomposition of i into prime ideals p; of the following type

T €1 €n
1_p1...pn7

where e; € Ny. This decomposition is uniquely determined up to the order of the
factors.

The case, when i is the ideal generated by some rational prime, is of special interest.
Note that the ideal generated by a rational prime is a prime ideal in Z but not
necessarily in Og. Consider a prime p € Z and its decomposition into prime ideals

PO = By’ Pl

in Og. A prime ideal p that occurs in this decomposition of pOy is said to lie
above p. In this case it holds pZ = Z N p, and we have the following commuting
diagram

Z Ok

7)pl.——— > Ok /p

where the vertical maps are projections and the horizontal maps are embeddings.
Furthermore, Z/pZ and Ok /p are both fields, and the field extension induced by
the embedding Z/pZ — Ok /p is finite. This allows the following definitions:

Let p € Z be a prime having the following decomposition
pOK — p‘il A Zn

into prime ideals over Ok. Then the exponents e; are called ramification indices
and the degree of the extension O /p;|Z/pZ is called inertia degree and is denoted
by f;. These quantities are connected as follows.

11
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Proposition 3.2 (The fundamental equality). Let K be a number field. Let p be a
prime in Z and let

be its decomposition in Og. Then

n

Zeifi =[K : Q).

=1

Proof:
See [Neu07], chapter I, proposition 8.2. ]

The next question that can be asked about the decomposition of primes is the
following: For "how many” primes occurs a certain ”type of decomposition”? In the
case when K is Galois over Q, this question is answered by the Chebotarav density
theorem. However, the statement of this theorem is quite complicated because it
involves some technical notions. Since we do not need the general framework of
Chebotarav’s density theorem in the course of this thesis, we settle for the answer
only in a very special case, which, however, suffices for our purposes.

Definition. Let K be a number field. A rational prime p is called completely
split over K if it holds

PO =¥y
with n = [K : Q] and (therefore) ¢; = f; = 1.

In this case the Chebotarev density theorem implies the following theorem.
Theorem 3.3. Let K be a number field which is Galois over Q. Then

|{p < N|p is prime and splits completely over K}| nooo 1
. . % T A~
{p < N|p is prime}| K : Q]

Proof:
This is corollary 13.6 in chapter VII of [Neu07]. O

3.2 Unique factorization in number fields

We already noted that we cannot expect to have unique factorization in the ring
of integers Ok for every number field K. In fact, it is even possible to measure to
what extent O fails to be a unique factorization domain. We briefly explain how
this can be done.

12
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Let K be a number field. A subset of Ok is called a fractional (principal) ideal
if is of the form xI for some x € K* and some (principal) ideal I of Ok. It can
be shown that the set of all fractional ideals carries the structure of a commutative
group with the group law given by the multiplication of ideals. Furthermore, the set
of fractional principal ideals forms a normal subgroup. The resulting quotient group
is called the ideal class group Clg, and its elements are called ideal classes. Now
we have the following result.

Clg is trivial <= Ok is a unique factorization domain

This shows that the size of Clg can be seen as an indicator of how far Ok is away
from being a unique factorization domain. Hence, the order of Clk is an important
parameter associated to a number field. It is called the class number and is denoted
by hx. One can show that hy is finite for any number field K.

Since Ok, in general, does not have unique factorization, the question comes up,
whether there are other rings inside of K, which in contrast to O are unique
factorization domains. Of course, this approach can only be useful if these rings
reflect in some sense arithmetical properties of K in a way like Ok does.

It is indeed possible to construct such rings and we show how this construction
can be carried out. The main role is played by the technique of localizing rings at
multiplicative sets. This is a method similar to the construction of the quotient field
with the single exception that only the elements of a certain set are made invertible,
and not all non-zero elements of the ring. The formal definition is as follows:

Let S be a multiplicative set of a ring R, i.e. 1 €.S,0¢ S and S is multiplicatively
closed. We define an addition and a multiplication on the (formal) fractions = with
r € Rand s € S by

T1+7°2_7'1$2+7"281 7’17’2_7“17'2

S1 52 5152 ’ 51 82 5182
Additionally, we define an equivalence relation on these formal fractions by

oz and only if 7189 — 1951 = 0.

S1 82
It is possible to demonstrate that addition and multiplication are compatible with
this equivalence relation. Moreover, the set of equivalence classes of these formal
fractions forms a ring Rg. The ring Rg is called the localization of R at S. The
ring R itself can be seen as a subring of Rg by identifying r € R with 7.

The next proposition shows that localizing Ok by a suitable multiplicative set yields
a unique factorization domain which shares important properties with Og.

13
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Proposition 3.4. Let K be a number field and let Ok be its ring of integers. Let hi
be the class number of K and let sy, ..., sy, be nonzero elements each representing
an ideal class in Clg. Set s = sq1...s, and define

S={1,s5*..}.
We write R for the localization of Ok by S. Then the following statements hold.
1. K is the quotient field of R.
2. R is a principal ideal domain.
3. R* 1is finitely generated.

Proof:
This is theorem 4.10 in [Kna92] on page 94. The proof is given on page 127. O

As in the case of algebraic integers we are interested in the behavior of primes p € Z
in the larger ring R. Our goal is to determine how wg behaves on Z. We first recall
a lemma form commutative algebra.

Lemma 3.5. Let R be a ring, S a multiplicative set and Rg the localization of R at
S. Then the maps

Rs — R : I—INR
R — Ry : I— IR

give a one-to-one correspondence between the prime ideals of Rs and the prime ideals

of R not intersecting S.

Proof:
See [Eis95], chapter 2, proposition 2.2. O

The next proposition shows that any prime p € Z decomposes into at most [K : Q]
different primes in R, where R is the unique factorization domain from proposition
3.4.

Proposition 3.6. Let K be a number field and let R be constructed like in the
proposition above. Then for any prime p € 7Z,

wr(p) < [K: Q.

14
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Proof:

The statement is obvious if p is a unit in R. So, suppose that p is not invertible
in R. Consider the decomposition of p into prime ideals pOx = p;---p,, over O.
Then it holds pR =py---p, R.

Since p is not invertible, we have pR # R and therefore p; R # R for at least one
index ¢. We drop those indices with p; R = R and write

pR:p“psz:p“szkR

This product of ideals is in fact a product of prime ideals by lemma 3.5. Since R
is a principal ideal domain, all ideals p;, R, ..., p;, I? are generated by some primes
Diys - - - Di, € R. We obtain

PR =p; - pi R
and this in turn implies p = up;, - - - p;, with some unit v € R*. Thus, we have
found a decomposition of p into at most n different primes in R. The proposition is
proved because n < [K : Q] by proposition 3.2. ]

Assembling all these results together, we obtain the following theorem.

Theorem 3.7. Let K be a number field. Then there exists a unique factorization
domain R with the following properties.

1. K is the quotient field of R.
2. R* is finitely generated.
3. wr(n) < [K :Qlw(n) for alln € N.

4 Valuations and heights

We review the basic properties of valuations on fields. Furthermore, we introduce
the notion of the height of a point in projective space. This short exposition is
extracted from the first chapter in [BG06].

15
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4.1 Valuations
A valuation | | on a field K is a function | | : K — R that satisfies the following
three properties.

1. |z] > 0 and |z| = 0 if and only if z = 0.

2. |zy| = |z||y| for all z,y € K.

3. |z +y| <|z|+|y| for all z,y € K.

A valuation is called non-archimedean if the following strengthening of the triangle
inequality is satisfied.

3. |z +y| < max{|z|, |y|} for all z,y € K

In this case we even have |z + y| = max{|z|, |y|} if |x| # |y|. Valuations that do not
satisfy the strong triangle inequality are called archimedean.

Every valuation of a field K defines a metric on K by setting d(z,y) = |z — y|,
and this metric induces a topology. Two valuations on K are called equivalent if
they induce the same topology on K. The equivalence classes corresponding to this
relation are called places.

The following theorem classifies all possible places on Q.

Theorem 4.1. Let | | be a valuation on Q and suppose that it is not trivial (i.e
|z| =1 for all x € Q* and |z| =0).

1. If | | is archimedean, then | | is equivalent to the ordinary absolute value.
2. If | | is non-archimedean, then there exists a prime p, such that | | is equivalent

to the p-adic valuation.

Proof:
See [Neu07], chapter 2, proposition 3.9. O

The topologies induced by two valuations belonging to the same place do coincide by
definition. For many applications, however, it is reasonable to choose distinguished
representatives. For the places on Q we do this as follows.

For the representative | |, for the archimedean place we choose the ordinary absolute
value. The representative | |, for the p-adic place is defined by

’$|p =p "’
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for any non-zero x € Q written as = §p” with p{a,b.

This choice of representatives for the places of Q has the property that all places of
Q are connected by the product formula: For for any non-zero x € Q

H|x|y =1,

where the product ranges over all places of Q and | |, is the distinguished represen-
tative for the place v defined above. Note that in this product only finitely many
factors attain a value different from 1.

We now turn to number fields. It is clear that any valuation on a number field K
induces a valuation on QQ by restriction. Let w be a place on K and v the place on
@ such that the valuations of w induce the same topology on Q as v. Then we say
that w lies above v and we write w|v.

Let K be a number field and v a place of Q. It can be proved that there exist
|K : Q| different places of K lying above v. Furthermore, it is possible to choose
representatives | |, for every place w of K in such a way that the following relations
are satisfied.

i) The product formula holds in K: For any non-zero x € K we have
Izl =1.

where the product ranges over all places of K.

ii) Let v be a place of Q and consider all valuations w of a number field K lying
above v. Then for any x € Q it holds

H 2| =[],

wlv

If not stated otherwise, we always assume that the valuations | |, corresponding to
the places v of a number field are chosen in such a way that these formulas hold.

4.2 Heights

Let K be a number field and let x be a point in the projective space P" over K.
The height of x = (1 : ... : x,) is defined by

h(x) = Z max log |,

17
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where the sum ranges over all valuations of K.

Using the product formula, it can be proved that h(x) is well defined, i.e. that it
does not depend on the actual choice of the representative (z; : ... : z,) for x.

If x has a representative whose coordinates are in Q, it also has a representative
with all coordinates being integers without common divisor. If x = (21 : ... : x,) is
such a representative, then

h(x) = maxlog |z; ...

We define the height of an element = of a number field K by identifying = with the
point (x : 1) in projective space P2. Then we obtain

h(z) = zzlog+ |z,

where the sum ranges over all valuations of K and log™ = max{0,log}. In the case
where z € Q, we simply have h(z) = max{log |a|, [b|} if x = § and gcd(a,b) = 1.

Let f(Xo,...,X,) € K[Xo,...,X,] be a polynomial. If

f(XO? cee 7Xn) = Z aiOv"’vinXéO e X’ff’

then height of f is defined as

h(f) = max loglai....lv.

205500

where the sum ranges over all valuations of K.

5 Algebraic varieties

We now introduce some basic concepts from algebraic geometry that are associated
to algebraic varieties: the tangent space, the dimension of a variety, smoothness,
the degree of a variety and maps on varieties. In later stages, however, we will not
be concerned with the actual nature of these notions but only have to be able to
calculate them. Therefore, we treat this topic very informally and restrict to what
is necessary for the applications later in this thesis. In particular, we only consider
projective varieties and we only work over the algebraic closures of number fields
instead of algebraically closed fields in general.

18
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The material for this section is adopted from the textbooks [Har92], [Per08] and
[Sil86].

In this section K always denotes a number field and K ~a fixed algebraic closure of
K. P" denotes the n-dimensional projective space over K.

The fundamental objects in algebraic geometry are algebraic sets. Loosely speaking,
these are sets that occur as a zero locus of some family of polynomials. More
formally, a projective algebraic set is a subset of P" that can be written as

{x € P"|f(x) = 0 for all homogenous f € I},
where I is some family of polynomials from K[Xy, ..., X,].

For a projective algebraic set V' we define the vanishing ideal I(V') to be the ideal
of K[Xy,...,X,] generated by the set

{f € K[Xy,...,X,]|f homogenous, f(x) = 0 for all x € V}.

A projective algebraic set is called a projective variety if its vanishing ideal is a
prime ideal.

5.1 Tangent space, dimension and smoothness

Instead of using the algebraic closure K, we could work over the field of complex
numbers C, which also contains K and is algebraically closed. From the geometrical
point of view, algebraic varieties over C are just objects like curves, surfaces or
hypersurfaces in projective space. The definition of the tangent space, the notion of
smoothness or dimension then arise quite naturally.

For K or other algebraically closed fields it does also make sense to define these
notions. However, then their formal definition is of algebraic rather than of geometric
nature. Unfortunately, the exact definitions are rather complicated. Since it is more
important for us to have a way to calculate the tangent space or check smoothness
than to know the precise algebraic definitions, we omit the formal introduction of
these notions.

However, it may be a bit unpleasant to work with undefined objects. In order
to overcome this inconvenience we decided to turn things around and to use the
subsequent propositions as the definitions for the respective objects. I.e. the tangent
space is defined by the way how it can be calculated. The dimension is defined by
a formula by which it can be computed. Finally, for the definition of smooth points
we employ Jacobi’s criterion.
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At first, we describe the tangent space of a variety in one of its points.

Proposition 5.1. Let V' be a variety in P™ and fi1(Xo,..., Xpn), -, fu(Xo,. .., Xn)
be homogenous polynomials that generate the vanishing ideal of V. The tangent

space in a point X = (xg : ...: x,) is the zero locus of the polynomials
~ 0fi(Xo, ..., Xn)
> 5 (%)X
=0 ’
fori=1,... k.
Proof:
See [Har92|, page 181 and 182. O
We observe that the tangent space is exactly the set of points (zo : ... : z,) € P,
such that (xg,...,7,)T is an element of the kernel of following matrix.
X0, Xn X0, Xn
fi( gxo )(X) ... Al é}X” )(x)
Xoy X Xo,eXon
Ii( SXO )(x) 1 gxn )(X)

There is a relation between the rank of this matrix My (V') and the (yet not defined)
dimension of the variety V. One shows that n — rankM, (V) > dimV and that
equality always occurs for some point x on V. This statement is expressed in the
next proposition, which serves as the definition of the dimension of a variety as well.

Proposition 5.2. Let V' be a variety in P*. Then the dimension of V' is given by
the following formula.

dimV = mi‘l;l dimker My (V') = n — maxrank M, (V)
xXe

xeV

Any point, for which equality occurs, is of particular interest and is called smooth.
If every point of a variety is smooth, the variety itself is called smooth. The next
proposition shows how we can determine whether this is the case.

Proposition 5.3 (Jacobi’s Criterion). Let V' be a variety in P" and suppose that its
vanishing ideal is generated by homogenous polynomials fi(Xo, ..., Xyn), ..., fx(Xo, ..

Then V' is smooth a point x = (xq : ... : x,) if the Jacobi matric
X0y Xn X0y Xn
fi( gXO )(X) o Al (‘an )(X)
XooonXin XooonXin
Ii( gXO )(X) i1 an )(X)

has rank (at least) n — dim V.

20
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Proof:
See [Per(08], chapter V, proposition 2.6. O

5.2 The degree of a variety

Another important property of a variety V is its degree, which we denote by deg V.
Again, we omit the formal definition and refer to [Har92|, chapter 18, as the source
for a proper definition. We settle for calculating the degree in some special cases.

Proposition 5.4. Let V' be a variety in P™.
1. If V is a finite set, then degV = |V/|.
2. If V is a hyperplane, i.e. V is the zero locus of a single homogenous linear

polynomial, then degV = 1.

Proof:
See [Har92], page 224 and 225. O

The following theorem turns out to be particularly useful for calculating the degree
of certain varieties.

Theorem 5.5 (Bezout’s Theorem). Let Vi and Vy be varieties in P" and suppose
that dim V; + dim Vo > n. Furthermore, assume that the tangent spaces of Vi and
Va in every point of the intersection Vi NV, span P*. Then

deg(V1 N'V2) = deg V1 deg Va.

If dim Vj 4+ dim Vo = n, then Vi N'V5 is finite.

Proof:
See [Har92|, page 227. O

5.3 Functions on varieties and the local ring

After having defined fundamental properties of varieties we turn to functions defined
on varieties. Of course, we do not consider arbitrary functions on varieties but only
those which are in some sense "natural functions”. The definitions are taken from
[Sil86] chapter I section 2.
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Definition. Let V' be a variety in P". A rational function f on a variety is a
equivalence class of the set

{?ﬂ
D2

with respect to the equivalence relation given by

p1,p2 € K[ Xy, ..., X,] homogenous of the same degree and p, ¢ I(V)}

/

LY p—,l if and only if p1p, — pip2 = 0.

b2 D
The set of all rational functions on V' is called the rational function field of V.
We denote it by K (V). In fact, rational functions on V' are not functions in the
classical sense. This is due to the fact that it may not be possible to evaluate a

rational function f at certain points of V| so that f does not represent a function
f:V — K defined at all points of V.

Definition. Let V' be a variety and let x = (2o : ... : z,) be a point lying on V. A
rational function f on V is called regular at x if there exists a representative of f
of the form z—; such that ps(zo,...,x,) # 0.

The set of all functions regular at a point x is called the local ring of V' at x and
denoted by Oyx. If a rational function is regular at a point x, it does make sense

to evaluate f at x = (x¢ : ... : z,) in the following way
p(To, ..., xp)
f(x) = —""-—"7"—.
(x) po(Tg, ..., xy)

Note that f(x) is defined and independent of the choice of the representative for x.

5.4 Maps between varieties

It is natural to consider maps between two varieties as well. Our presentation follows
[Sil86], chapter I, section 2.

Definition. A rational map from a variety V; C P™ to a variety Vo C P” is a map
of the form

¢:<f0fn)
where fo,..., f, € K(V1).

Again, it is not in general possible to evaluate ¢ at every point x € V; but only in
the case when certain regularity conditions are satisfied.
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Definition. Let ¢ = (fp : ... : f,) be a rational map from a variety V; C P™ to a
variety Vo C P". Then ¢ is said to be regular at a point x € Vj, if there exists a
rational function g € K(V}) such that

1. each gf; is regular at x;
2. for some gf; it holds g f;(x) # 0.

If a rational map ¢ : Vi — V5 is regular at every point of Vj, then it is said to be a
morphism.

6 Algebraic curves

In this section we study fundamental properties of algebraic curves. Thereby, an
algebraic curve or projective curve is a projective variety of dimension 1.

The theory of algebraic curves is rich of new notions that only exist in this context
and cannot be generalized to varieties of greater dimension. The most prominent
example is maybe the genus of a curve. One of our primary goals in this section is to
develop methods to compute this arithmetical quantity. Furthermore, we introduce
the notions of the degree of a map and of ramification points. Finally, we study
divisors on curves. Our main reference for this section is [Sil86], chapter II.

Throughout this section we assume K to be a number ﬁeld,_F a fixed algebraic
closure of K and P" the n-dimensional projective space over K.

6.1 Maps on and between curves

We gather some results about functions on projective curves and maps between
projective curves.

Proposition 6.1. Let ¢ : C7 — C5 be a rational map between projective curves. If
C1 is a smooth curve, then ¢ is a morphism.

Proof:
See [Sil86], chapter II, proposition 2.1. ]
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Proposition 6.2. Let ¢ : Cy — Cy be a morphism between projective curves. Then
¢ 1s either constant or surjective.

Proof:

See [Sil86], chapter II, theorem 2.3. ]
The next proposition describes the local ring of a projective curve.

Proposition 6.3. Let C' be a smooth projective curve and P a point on C. Then

the local ring Oc p is a discrete valuation ring.

Proof:
See [Sil86], chapter II, proposition 1.1. ]
This implies that there exists a surjective function

ordp : Ocp — {0,1,..., } U{o0},

which counts the multiplicity of the zero of f at the point P. Note that ordp(f) = 0
means that f does not have a zero at P, while ordp(f) = oo means that f = 0.
The function ordp extends naturally to a function on the rational function field

ordp : K(C) — Z U {o0}.

In this case ordp describes the multiplicity of zeros or poles of a rational function
in K(C) at P. A uniformizer ¢p at P is a rational function with ordp(tp) = 1.

6.2 Degree of a rational map

For a rational map ¢ : €1 — Cy between two projective curves Cy and Cy we find
an associated homomorphism between their function fields ¢* : K (Cy) — K(Ch) by
defining ¢*(f) = f o ¢ for any f € K(Cs).

Proposition 6.4. Let ¢ : 1 — C3 be a non-constant rational map between pro-
jective curves. Then ¢* @ K(Cy) — K(Ch) is an injection and the field extension
K(Cy)|p*(K(Cy)) is finite.

Proof:
See [Sil86], chapter II, theorem 2.4. O

This result allows the following definition.
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Definition. Let ¢ : 5 — C5 be a non-constant rational map between projective
curves. The degree of ¢ is defined by

deg ¢ = [K(C1) : W(F(Cz))]-

For maps between smooth curves the degree counts the number of preimages of a
point in C5 under ¢. For certain points this is only true when the preimages are
counted with "multiplicities”. In a precise manner this is expressed in the next
proposition.

Proposition 6.5. Let ¢ : C7 — Cy be a non-constant rational map of smooth
projective curves. Then

1. For any @ € Cy
Y eg(P) =dego,

Ped=1(Q)
where ey (P) = ordp(¢*(tg)) and tq is a uniformizer at the point Q).

2. For a generic point (i.e. for all but finitely many points) @ € Cy we have

[0~ 1(Q)] = deg ¢.

Proof:
See [Sil86], chapter II, proposition 2.6. ]

For any ) € Cy we have e4(P) > 1 for all P € ¢~!(Q). The proposition then implies
that only for finitely many points Q € C5 it may happen that e,(P) > 1 for some
P € ¢71(Q). This occurs if and only if @ has less than deg ¢ different preimages.
In this case @ is called a ramification point of ¢.

6.3 Genus and the Hurwitz genus formula

To every smooth projective curve C' we can attribute a natural number called the
genus of C. Many properties of a curve are reflected in its genus. Furthermore,
it plays an important role in the classification of curves — for example, conics are
exactly those projective curves which have genus 0. Unfortunately, the technical
definition of the genus is rather involved (See [Sil86], chapter II, section 5), and for
our purposes it suffices to know how to calculate it in certain cases. This is achieved
by the Hurwitz genus formula.

25



Chapter 1 Preliminaries

Theorem 6.6 (Hurwitz Genus Formula). Let Cy and Cy be smooth projective curves
and ¢ : C7 — Cy be a non-constant rational map. Let g1 and go denote the genera
of Cy and Cy respectively. Then

201 — 2= (200 — 2)degp+ > (es(P) — 1).

PeCq

Proof:
See [Sil86], chapter II, theorem 5.9. O

6.4 Divisors

A divisor D on a projective curve C' is finite formal sum of points on C' weighted by
integers. It can be written as D = > npP, where the sum ranges over all P € C,
np € Z and np = 0 for all but finitely many P € C'. The formal definition is as
follows and indicates that the set of all divisors carries the structure of an abelian
group.

Definition. Let C' be a projective curve.

1. The group of divisors Div(C' is the free abelian group generated by the points
of C.

2. The degree of a divisor D = ) npP is defined as
deg D = Z np.

Let C' be a smooth projective curve and let f be a rational function on C'. It can
be proved that f has only finitely many zeros and poles (See [Sil86], chapter II,
proposition 1.2). Therefore the formal sum

Zordp(f)P

is finite and hence a divisor on C'. This divisor is denoted by divf. Any divisor
D that can be written as D = divf for some rational function f on C'is called
principal divisor. For any principal divisor divf it holds degdivf = 0 (See [Sil86],
chapter I, proposition 3.1).

A non-constant rational map ¢ : C; — Cy between smooth projective curves induces
a homomorphism between the divisors of C5 and those of C';. This homomorphism
is called pullback and is defined by

ZnQQHZnQ Z es(P)P.

Peop—1(Q)
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By abuse of notation we write gzi : Div(Csy = Div(C; for the pullback. This will not
lead to any confusion with ¢* : K(C3) — K(Ch). In contrast, the second statement
of the next proposition shows that this notation is quite natural.

The following result implies that the pullback respects principal divisors and maps
divisors of degree 0 to divisors of degree 0.

Proposition 6.7. Let ¢ : C; — Cy be a non-constant rational map between smooth
projective curves. Then

1. deg(¢*D) = deg ¢ - deg D for all D € DivCs.
2. ¢*(divf) = dive*(f) for all rational functions f on Cs.

Proof:
See [Sil86], chapter II, proposition 3.6. O

7 Algebraic geometry over number fields

Thus far we developed algebraic geometry only over the algebraic closure K of a
number field K. We did this because most theorems do in fact only hold if the base
field is algebraically closed. Actually, we are interested in varieties over number
fields, i.e. zero loci of polynomials in the projective space over a number field.

Suppose [ is a family of polynomials from K[Xj,..., X,]. Then the zero locus of I
in the projective space over K can be described as the intersection of the variety

V={xeP"|f(x)=0forall fel}
in the projective space P" over K and the projective space over K. We write
V(K)={xeP"(K)|f(x)=0forall fel}

and call V(K) a variety over K. With regard to this fact we consider a variety
over a number field as the subset of a ”variety in the usual sense” whose coordinates
lie in the projective space over K. However, we note that it is essential that the
polynomials defining V' are elements of K[X1,...,X,], so that V(K) is defined. In
this case we say that V' is defined over K.

If we refer to the dimension of a variety or the genus of a curve over a number field,
we always mean the dimension or the genus of the underlying variety over K.
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Let V4 and V, be varieties over K and let ¢ : V; — Vi be a rational map between
them. Then ¢ is a map that is given through polynomials. We say that ¢ is defined
over K if we can choose representatives for the polynomials defining ¢ to be elements
of K[Xy,...,X,].

Let ¢ : Vi — V5 be a rational map between two varieties V; and V5 defined over
some number field K, and suppose that ¢ is defined over K as well. Then the
image of the restricted map ¢ : Vi(K) — V5 lies in Vo(K), hence, we have a map
¢ i(K) — Vy(K).

We note that all maps appearing in this thesis are always defined over the underlying
number field.

8 Abelian varieties and Jacobians

Later in this thesis we work with varieties that carry an algebraic structure addi-
tionally to their geometric structure. We only outline the basic properties of these
varieties. A thorough treatment of this topic can be found in [Gri89] or [BLO04].

8.1 Abelian varieties

An abelian variety V is a projective variety together with a group structure on V'
such that the group law can be expressed by regular functions. The name abelian is
justified by the fact that the group law of an abelian variety is always commutative.

In the case of abelian varieties over number fields it is possible to describe the group
structure.

Theorem 8.1 (Mordell-Weil Theorem). Let V' be a abelian variety defined over a
number field K. Then V(K) is a finitely generated abelian group.

Proof:
See [Ser97], page 52. O

8.2 Jacobians

For every curve C' of genus g it is possible to construct an abelian variety J(C') —
the so called Jacobian of C' — having the following properties.
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- J(C) has dimension g.

- The curve C is contained in J(C) as a subvariety.

- For every point C there is an embedding morphism « : C' — J(C).
- In the sense of groups, J(C') is generated by C.

We do not carry out an explicit construction of the Jacobian. Instead we refer to
[Gri89], chapter 5, or [BLO4], chapter 11, where Jacobians are introduced formally.

Theorem 8.2 (Abel-Jacobi Theorem). Let C' be a smooth projective curve. Then
there is a canonical (group) isomorphism

Pic’C' — J(C),

where Pic’C' denotes the quotient group of Div°C' (the divisors of degree zero on C)
by the normal subgroup of principal divisors of Div°C.

Proof:
See [Gri89], page 156 or [BL04], chapter 11, theorem 11.13. O

This means that one can identify Pic’C' and J(C) in the sense of groups. Although
we did not define J(C) formally, we could interpret J(C) as Pic’C. This approach
has the disadvantage that there is no natural geometric structure on Pic’C, while it is
of course possible to endow Pic’C with a geometric structure due to the isomorphism
Pic’C' = J(C). However, there is also the advantage that the group structure of
Pic’C is immediately visible. This is especially useful for the next proposition. Here
and in the sequel of this thesis we denote the elements of Pic” as cl(Y_npP), i.e. as
the equivalence class of the divisor Y npP with respect to the equivalence relation
induced by the principal divisors.

Proposition 8.3. Let C and Cy be smooth projective curves and let ¢ : C7 — Cy
be a morphism. Then ¢ induces a map ¢, : J(Cy) — J(Cs) being a morphism and a
group homomorphism. If the Jacobians are interpreted as Pic’Cy and Pic°Cy, then
the map ¢. is given by

() npP) = (> _npe(P)).

Proof:
See [BLO04], page 331. O
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9 Elliptic curves

A smooth projective curve is called elliptic curve if it has genus 1. It is a remarkable
fact that elliptic curves admit a group structure thus making it an abelian variety.
This can be explained as follows.

The Jacobian of an elliptic curve E is an abelian variety of dimension 1, thus a
curve. Every embedding « : E — J(FE) relative to some base points has to be an
isomorphism by proposition 6.2. Note that this means that one can identify £ with
its Jacobian. Furthermore, in the sense of groups J(FE) is canonically isomorphic to
Pic’E. This means that there is a bijection F = Pic’E, and, therefore, E can be
equipped with the group structure induced by Pic"E.

However, this bijection is not canonical, but depends on the base point chosen for
the embedding o : E — J(FE). So, if we want to talk about elliptic curves not only
as geometric objects but also algebraic objects, we have to specify the isomorphism
E — J(F). This is done by distinguishing a point of E, which we call the base
point and denote by ©. With this choice E %8 J(F) = Pic’E induces a group
structure on E with the property that O is the neutral element.

The natural notion of a mapping that preserves the structure of elliptic curves is
that of an isogeny:

Definition. A morphism ¢ : E; — FE, between two elliptic curves F; and FEs is
called isogeny if ¢ fixes the neutral elements.
In fact, then one can prove that isogenies do not only preserve the neutral elements

but the entire group structure.

Proposition 9.1. Let E; and Ey be elliptic curves and let ¢ : E1 — FEs be an
1sogeny. Then

1. ¢ is a group homomorphism.

2. If ¢ is non-constant, then ker ¢ is a finite subgroup of E.

Proof:

1. See [Sil86], chapter III, theorem 4.8.

2. See [Sil86], chapter III, corollary 4.9.
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For computational purposes it is often convenient or even inevitable to have the
elliptic curve in a more manageable form — i.e. as zero set of some polynomial and
not as abstract variety. The following proposition shows that every elliptic curve is
isomorphic to the zero locus of a single polynomial in P2

Proposition 9.2. Let E be an elliptic curve. Then E is isomorphic over K to a
curve in P? given by an equation of the form

Y2Z +a XY Z+a3YZ? = X + @y X?Z + ay X 7% + ag Z°,
where a; € K and the base point is [0: 1 : 0].

Proof:
See [Sil86], chapter III, proposition 3.1. ]

The proof of this proposition does not give an explicit method for constructing an
isomorphic elliptic curve of this form. Moreover, the isomorphism may only be
defined over K and not over K. However, since we know that such a isomorphism
exists, we are encouraged to search for one by hand. Indeed, it is often possible to
exhibit an isomorphism explicitly, which additionally is defined over K.

Note that we can consider the elliptic curve as the zero locus of
Y24+ XY +a3Y = X3+ aoX? 4+ ay X + ag

in the affine space over K and the additional point [0 : 1 : 0], which we call the point
at infinity. In this case we say that the elliptic curve is given in Weierstrass form.

Suppose an elliptic curve F is given in the form
V2= (X —y)(X — %) (X —13) = X + as X? + as X + as.
Then the discriminant of £ is defined as
A = —16(4ajas — ajay +4a’ + 2702 — 18azasas) = —16(v1 —72)* (72 — 73)* (11 — 13)°.

(In [Sil86] chapter III the discriminant is defined for any curve in Weierstrass form,
but we do not need this generality here.)

Proposition 9.3. Let C' be a curve that is given in Weierstrass form. Then C' is
an elliptic curve if and only if A # 0.

Proof:
See [Sil86], chapter III, proposition 3.1 and proposition 1.4. ]
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The addition on an elliptic curve in Weierstrass form can be described geometrically.
In the affine part this roughly works as follows:

Let P, and P, be two points of affine parte of the elliptic curve and consider the
line through these two points. This line intersects with the elliptic curve in a third
point P3. For these points it holds P, + P, + P3 = O, hence P, + P, = —P5. It can
be shown that P3 and —P; only differ by the sign in the y-coordinate. Therefore,
the point P, + P has coordinates (z,y), if P3 = (z, —y).

For a precise description of the addition including the point at infinity and special
cases such as P, = P, we refer to [Sil86], chapter III, section 2. In [Sil86], chapter
I1I, proposition 3.4 (e) it is proved that this geometric construction gives the same
group law as defined on the elliptic curve by E = Pic’E.

32



Chapter 2

Distribution of squares in
arithmetic progressions

In this chapter we give an overview of the topic of this diploma thesis.

At first, we illustrate the distribution of squares in arithmetic progressions over
number fields by considering a concrete example. We will discover that the distribu-
tion of squares in a fixed arithmetic progression may vary as we vary the underlying
number field.

Then, we discuss reasonable possibilities how the results of Bombieri, Granville and
Pintz might be generalized to number fields. This leads us directly to the statement
of the main theorems of this diploma thesis.

In the remaining sections of this chapter we outline the proofs of the main theorems.

1 Introduction and statement of our results

We start off with an example of an arithmetic progression (¢gn + d),ey with ¢ = 2
and d = 2. At first, we consider this sequence over the rationals. Those numbers
which are squares in Q are put in bold:

4, 6, 8 10, 12, 14, 16, 18, 20,  22,...

We now examine the same arithmetic progression as above for different number
fields. For example, over Q(+/2) we obtain:

4, 6, 8 10, 12, 14, 16, 18, 20,  22,...
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b

In this case no "new” squares appear. We get a quite different behavior for the
number field Q(v/2), where the same arithmetic progression now has many more
squares:

4, 6, 8 10, 12, 14, 16, 18, 20,  22,...

Over @(\/§ + \/5) "new” squares turn up as well, but in other positions as in the
case of Q(v/2):

4, 6, 8 10, 12, 14, 16, 18, 20,  22,...

This shows that the distribution of squares might differ significantly between differ-
ent number fields. Hence, we come to the conclusion that we should work with a
fixed number field if we seek to understand the behavior of squares in arithmetic pro-
gressions. We might still expect that for any number field the qualitative behavior
of the distribution of squares in arithmetic progressions remains the same. However,
we cannot expect to obtain results that hold uniformly for all number fields, i.e. the
implicit constants in our theorems will depend on the underlying number field.

A prototype for a theorem that describes the distribution of squares in arithmetic
progressions is the theorem of Bombieri, Granville and Pintz in [BGP92|, which we
have already mentioned in the introduction.

Theorem. For q,d € Z,
[{n < N|gn +d = 22 for some z € Q}| = O(Ni log® N),

where ¢ 1s some explicit constant, and the tmplicit constant does not depend on q
and d.

Our aim is to find a suitable generalization of this statement over a number field K.
The most natural approach may be to study

max [{n < Nl|gn + d = 2* for some z € K}|
q,deK

for some number field K and try to describe its behavior as a function of N. However,
several problems arise, when ¢ and d are allowed to be elements of the number field
itself. Unfortunately, we were not able to solve these problems. Hence, we decided
to study a weaker statement, where ¢ and d are restricted to the rational numbers.
We wish to determine the order of magnitude of

max [{n < N|gn + d = 2* for some z € K}
9,d€Q
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for number fields K.

To shorten our notation, we use the following abbreviations. For ¢,d € Q and N € N
we set
Syan = {n < N|gn+ d = 2* for some z € K}

and
Syan = [{n < Nlgn + d = 2* for some = € K}|.

In order to comprise also the dependence of these quantities on K we should write
Span(K) or S, 4n(K). However, it is more convenient to simplify the notation by
not expressing the dependence on K explicitly. This will cause no confusion because
at any time it will be clear which number field K we are working over.

Even in this restricted case, where ¢ and d are only allowed to be elements of QQ, we
were not able to find a bound for S, 4 5 for an arbitrary number field K. However,
we achieved this goal for number fields satisfying a certain technical condition, which
we call MHU condition. Assuming the MHU condition for a number field K, we
can show that squares over K are distributed in arithmetic progressions in the same
manner as in the theorem of Bombieri, Granville and Pintz. This is our main result.

Theorem 1. Let K be a number field that is Galois over Q and that satisfies the
MHU condition. Then

2
max Sqan = O(N3log N),

q,de

where ¢ is some positive constant.

In chapter 7 we investigate more closely the MHU condition and we exhibit a class
of number fields which fulfill this condition. We prove that number fields of the
form Q(,/p), where p is a prime number, do in fact meet this condition. Together
with the theorem just stated this yields the following generalization of the theorem
of Bombieri, Granville and Pintz.

Theorem II. Let p be a prime. Then over Q(,/p) we have

max Sy aN = O(Ng log® N),

q,deQ

where ¢ is some positive constant.

Before we proceed, we should mention two important remarks.

Let ¢,d be rational numbers and write them as fractions ¢ = g—; and d = % with

¢1,d1 € Z and ¢qa,dy € N. Thenn € S, 4 if and only if gn+d = 2% for some x € K.
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This can be rewritten as qiqadan + dideqs = digix? for the same z € K. This is
clearly equivalent to ¢dan + dyq3 = x'* for some 2’ € K. Hence, we have

Sg.a,N = Sqyq2d2,d1dogd N~

This shows

max Sq,d,N = Imax Sq,d,N-

Therefore, in our investigations we can restrict ourselves to ¢ and d being integers.

The second remark concerns a convention that we already have mentioned in the
chapter on notations. However, we want to stress it one more time since it is
very important: Everywhere in this thesis the parameters ¢ and d associated to an
arithmetic progression (qgn + d),en are used with the tacit understanding that ¢ and
d are non-zero.

Note that without this assumption the above stated theorems cannot hold. To see
this, consider ¢ = 0 and d being a square.

2 Strategy of proof

The rest of this diploma thesis is devoted to the proofs of Theorem I and II. The
final results emerge from the interplay of some numerous intermediate steps that
may not seem to be interconnected at first sight. Furthermore, each of these steps
is carried out in a different area of mathematics requiring its own techniques and
methods. Therefore, it might be difficult to see the general idea connecting all the
different results appearing in the course of this thesis.

In this section we seize the chance to look at the entire proof from a higher point
of view. We try to highlight the main ideas, thus giving a consistent general frame
for the whole proof. On the other hand, we try to keep quite many details in this
short exposition. We present it in such a way that every chapter or section in the
following can be found to form an intermediate step in achieving the final goal.

As this work is mainly based on the article [BGP92] of Bombieri, Granville and
Pintz, both the organization of the proof and the principal ideas used in this thesis
are very similar to those appearing in the original paper. In view of this, we also
use this section to describe the original approach in the case of rational numbers
and contrast it to our contribution in the case of number fields.

We hope that this overview helps to facilitate the understanding of this thesis and
to make it more readable.
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2.1 Theorem I: First case

In the first case we wish to find a bound for S, 4 x over a number field K assuming
that ¢ has small height relative to N. From this assumption it follows that ¢ is
divided by only "few” primes that are less than or equal to N. By an elementary
argument Bombieri, Granville and Pintz showed that for all the other primes p, which
do not divide ¢, at least half of the residue classes mod p cannot contain elements of
S,a.n- Then, an application of the large sieve gives a bound S, 4n = O(V/N log N)
uniformly in ¢ and d.

In the case of number fields this approach is obstructed by the fact that it is no
longer valid that for all primes p 1 ¢ at least half of the residue classes mod p do not
contain elements of S, 4 v.

However, it is not hopeless to try to adapt their method to the case of number fields.
The following idea may be used to resolve the above stated problem:

If we cannot prove that for all primes p 1 g at least half of the residue classes mod p
cannot contain elements of S, 4 v, maybe we can find a certain subset P of primes
not dividing ¢ for which this conclusion remains true. However, we have to take
care that P is not too small since the application of the large sieve only yields good
bounds for S, 4 n if P is large enough.

Indeed, we were able to put this idea into practice. In chapter 2 we define P to be the
set of primes which do not divide ¢ and are completely split over K. Then, we prove
that in fact half of the residue classes mod p cannot contain elements of S, 4 5 and
we use the Chebotarev density theorem to determine the size of P. This allows us to
apply the large sieve in order to obtain a bound of the form S, 4 n = O(\/N log N)
uniformly in ¢ and d.

2.2 Theorem I: Second case

The second case covers all ¢ that do not have a small height relative to N. The
idea to obtain a bound for S, 4n over a number field K is to make a detour via
algebraic curves in three steps. At first, we associate algebraic curves Cj(g) to
squares in arithmetic progression. Then, we prove a bound for the number of K-
rational points on the curves C3(g). In the last step we bound the size of S, 4 n
uniformly in ¢ and d under the assumption of the MHU condition.

Again, this idea goes back to the work of Bombieri, Granville and Pintz. In chapter
5 we follow their approach and introduce a certain family of algebraic curves Ci(g).
The algebro-geometric properties of these curves are already given in [BGP92] but
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mainly without proofs. For the sake of completeness we include detailed proofs for
all the relevant assertions about the curves Cj(g).

In the next step we are concerned with bounding the number of K-rational points
on the curves C3(g). The most important ingredient is a deep theorem by Bombieri
that gives us the possibility of determining the number of points on C3(g) over K
if we have sufficient knowledge about the rank of the Jacobian of C5(g). Using the
same idea as in [BGP92|, we obtain information about the rank of the Jacobian of
C3(g) by relating it to the ranks of some associated elliptic curves. Up to this point
there is only little to be altered in the proofs of [BGP92] in order to make them
work over number fields. However, we are faced now with the problem of finding
the rank of an elliptic curve over a number field, which requires considerably more
effort than in the rational case. We devote chapter 4 to the solution of this problem.
Essentially, this is achieved by combining the method from [BGP92| for obtaining
bounds for the rank of elliptic curves over Q with a result from [Kna92] about unique
factorization domains in number fields.

Finally, we have to take the step back from the algebraic curves and return to squares
in arithmetic progression. However, we were not able to prove that it is possible to
perform this transition over all number fields.

This led us to the introduction of the MHU condition. In this condition we comprise
the technical requirements which are needed for taking the step back from algebraic
curves to squares in arithmetic progressions. The abbreviation MHU stands for
majorizing, height and uniqueness. The reason for choosing this name is as follows.

If q, d € Z satisfy a certain height condition and uniqueness condition, we can derive
a bound for the number of squares in K lying in the progression (qn + d),en from
the bounds obtained for the number of K-rational points on the curves C5(g).
Although these conditions are not satisfied for every ¢, d € Z, we can obtain a bound
for the number of squares in (¢gn + d),en over K involving all ¢,d € Z under the
following hypothesis:

For any ¢,d € Z there exist ¢/, d € Z such that ¢/, d’ satisfy the height
and the uniqueness condition, and we have

SedN < Sqa N
for all N € N.

In other words, all pairs ¢, d € Z are majorized by some ¢, d" € 7Z satisfying a height
and a uniqueness condition. This explains the term MHU condition.

Assuming the MHU condition for a number field K, we proceed analogously to
[BGP92] and prove a bound of the form

S,an = O(N log® N)
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uniformly in ¢ and d, thus establishing Theorem I.

2.3 Theorem II: The MHU condition

Although the term MHU condition does not appear in [BGP92], this condition is
used implicitly. Using our terminology, we can say that Bombieri, Granville and
Pintz in fact prove that the field Q fulfills the MHU condition.

More precisely, they prove that ¢,d € Z satisfy the height and the uniqueness
condition if ¢ and d are coprime. Furthermore, they show that for any ¢,d € Z
there exist ¢/, d’" € Z coprime such that

SedN < Sya N
for all N € N, hence, establishing the MHU condition for the field Q.

In chapter 7 we extend these results to number fields showing that coprime integers
q and d also satisfy the height and the uniqueness condition over any number field
K. Secondly, we use an explicit description of the squares in Q(,/p) to show that
for any ¢, d € Z there exist ¢',d" € Z coprime such that over K we have

SgdN < Sq.ar N

for all N € N. This leads to a proof of Theorem II.
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Chapter 3

First case: The case of ¢ having
small height

In this chapter our purpose is to show that the size of S, 4 x5 can be bounded uni-
formly in ¢ and d for all ¢ that have a small height relative to N (more precisely, if
h(q) < Alog N for some fixed constant A > 0).

The principal idea is adopted from [BGP92]. We intend to prove that for "many”
primes p and for "many” residue classes mod p no element n of these residue classes
can give rise to a square of the form gn + d = 2% with € K. Then, applying the
large sieve gives the desired bound uniformly in ¢ and d.

In the brief outline of the entire proof we have already mentioned the problems
arising when working over number fields instead of over (. We overcome these ob-
structions only by employing rather deep theorems. For example, we could not avoid
using the prime number theorem and the Chebotarev density theorem. However,
these are not too deep if compared with Faltings’ theorem, which will be used in the
proof of the second case.

1 Residue classes that do not give rise to squares

Lemma 1.1. Let K be a number field an let p be a prime. Suppose that p is
completely split in K and let p be a prime ideal lying above p. Then a full system
of residues of Ok /p is given by n+p, wheren =0,...,p— 1.

Proof:
By definition, the inertia degree of p is 1 since p is completely split. This is equivalent
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to the statement that the field extension Ok /p|Z/pZ has degree 1. We have the
following commutative diagram

Z Ok

Z/pZ—— > Ok /p
where the vertical maps are projections and the horizontal maps are embeddings.
The map Z/pZ — Ok /p is given by n + pZ — n + p. Now the assertion follows
because this map is an isomorphism. O]

This lemma enables us to show that in certain residue classes mod p there cannot
exist natural numbers n that satisfy qn + d = 22 for some = € K.

Proposition 1.2. Let ¢ and d be integers and let p 1 q be a prime that splits
completely over K. Then there are ’%1 resitdue classes mod p such that gn+d is not
a square in K for any element n from these classes.

Proof:
Let p be a prime ideal lying above p. Suppose that r + p is a quadratic non-residue
mod p. Then no natural number n contained in (d —r)g~" +p can satisfy a relation
qn + d = z* for some x € K since this would imply

r=qn+d=2*> modp,
contradicting the fact that r» + p is a quadratic non-residue.

As p is completely split, we have |Ok/p| = p, and this implies that there are
’%1 quadratic non-residues mod p. By lemma 1.1 these classes can be written as
ni+p, ... s Moot + p, where N, Npt € N. Using p N Z = pZ, it now follows
immediately that no natural number n which is an element of one of the residue
classes ny + pZ, . .. SIS pZ can satisfy a relation qn + d = 2% with x € K. This
proves the proposition. ]

2 An application of the large sieve
Lemma 2.1. Let A > 0 and let € > 0. For all sufficiently large N and for all q

satisfying h(q) < Alog N we have
[{p < V'N|p is prime and p does not divide ¢}| > (1 — e)x(V/N).
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Proof:

Since ¢ has height bounded by Alog N, the number of prime factors of ¢ is O(log N)
uniformly in q. On the other hand, the prime number theorem states that there are
means that the ratio

[{p < V/N|p is prime and p divides ¢}|
[{p < V/N|p is prime}|

becomes arbitrarily small for sufficiently large V. O]

Now we are in the position to prove an estimate for S, 4 x using sieve theory.

Theorem 2.2. Let K be a number field which is Galois over Q and let A > 0. There
exists a constant c, such that for all N, for all q satisfying h(q) < Alog N and for
all d, we have the following estimate

SqdnN < C\/Nlog N.

Proof:
We define P = {p < VN Ip t g, p prime and splits completely over K}. This can be
rewritten as

P = {p < V'N|p prime and p { ¢}N{p < V'N|p prime and splits completely over K}.

Now we choose N such that

1
{p < V'N|p prime and splits completely over K} > Q—W(\/N ).

Note that this is possible by the Cheboratev density theorem 1.3.3. By lemma 2.1
we can assume

[ < VFlp s prime and p )] > 22 (V)

for sufficiently large N. Thus, if we choose N large enough, we can write P as inter-
section of two subsets of {p < v/ N|p prime}, which have relative density m and

45&?}@} L. This implies that P has density at least 4[K g and so [P| > 4[K g 7(vV'N).

According to lemma 1.2, the intersection of S, 4y with at least half of the residue
classes mod p is empty for all p € P. In terms of the main theorem of the large
sieve this means that we can set 7 = l and M =+ N. Then we obtain

N N
|Sg.an| < +—3§0\/N10g]\7,
sma (V)

where the last inequality results from the prime number theorem for large N and
and appropriate constant c. By enlarging c¢ sufficiently, the theorem follows. O]
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Chapter 4

Second case: Estimating the rank
of elliptic curves

At a later stage of this diploma thesis we are concerned with the problem of finding
good bounds for the rank of elliptic curves F(K) over a number field K in terms
of the coefficients of a defining equation (e.g. Weierstrass form). This chapter is
devoted to the study of this problem.

At first, we see how the problem of computing the rank can be reduced to a ques-
tion on the order of the group E(K)/mE(K). Subsequently, we seek to find ade-
quate bounds for the size of E(K)/mE(K). Basically, this means proving the weak
Mordell-Weil theorem in an effective way, i.e. bounding E(K)/mE(K) explicitly in
the terms of the coefficients of a defining equation.

Classical proofs of the weak Mordell-Weil theorem over Q are indeed effective. In
their paper [BGP92] Bombieri, Granville and Pintz use this fact to obtain explicit
bounds for the rank of elliptic curves over Q. The authors mention that they adopted
their proof from [Lan78|. Actually, in [Lan78] it is shown that the proof for elliptic
curves in the rational case can be extended to the case of number fields as well,
however, only at the cost of no longer obtaining explicit bounds.

Modern proofs of the weak Mordell-Weil theorem work over arbitrary number fields,
but have the same disadvantage of not giving explicit bounds.

We pursue another approach which is inspired by [Kna92]. The idea is similar to

the approach in [Lan78], but this time it can be modified to yield explicit bounds
for F(K)/mFE(K) even in the case of number fields.
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1 Estimating the rank of finitely generated groups

First of all, we relate E(K)/mE(K) to the rank of the elliptic curve E(K). In fact,
this argument applies to all finitely generated abelian groups.

Proposition 1.1. Let A be a finitely generated abelian group. Suppose we have an
estimate for |A: mA| of the form

|A:mA| < mF.
Then k is an upper bound for the rank of A.
Proof:
By the structure theorem of finitely generated abelian groups there is an isomor-

phism A = Z" x GG, where r is the rank of A and G some finite abelian group. Then

we have
|A:mA|=|Z" : mZ"|-|G : mG| > m".
—_——

=m"

If there is a k such that |A : mA| < mF*, we obtain k > r by taking logarithms, and
the assertion follows. O

In the following, we describe how to find inequalities of the form
|E(K) : 2B(K)| < 2",

This is achieved by introducing a homomorphism « from E(K) to the group of
squares in a number field. We investigate the kernel and the image of this homo-
morphism and derive the desired estimates from that.

2 Homomorphisms from F(K) to the group of
squares in a number field

Let K be a number field and let E(K') be an elliptic curve given by a Weierstrass
equation of the form

v? = (X —71)(X —72)(X —73)-

For i = 1,2,3, we define the map «; : E(K) — K*/K*? by
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1, if P is the point at infinity
a;(P)=1¢ x—, if P=(z,y) and z #
(vi =) (v =), if P = (7,0)

In the next proposition we prove that these maps are actually homomorphisms. Our
argument is a modification of the proof of proposition 4.6 in chapter 4 of [Kna92].

Proposition 2.1. Let K be a number field and let E(K) be an elliptic curve given
by a Weierstrass equation of the form

v? = (X = 71)(X = 72)(X —3)

Then the map «; defined above is a homomorphism for every i = 1,2, 3.

Proof:
Let P, P», P3 be points on the curve such that P, + P, = Ps.

We have to show that a;(Py)o;(P) = a;(P3) in K*/K*2. This is equivalent to
proving that o;(P))a;(Pe)a;(Ps) is a square in K *.

At first, we treat the case that one of the points is the point at infinity. Then, either
the other two points are the point at infinity as well (because it is the neutral element
of the group) or the two other points are elements of the affine part of the elliptic
curve. In the first case the assertion is obvious. In the latter case the addition law
on E(K) implies that the line through the two affine points is a vertical line forcing
the z-coordinates of these two points to be equal. Looking at the definition of «;
we immediately conclude that «;(P;)o;(Py)o;(Ps) is a square.

Suppose now that none of the points is the point at infinity. Then all points are
affine and have coordinates P, = (z,yx). Recall that addition on an elliptic curve
P, + P, = P; implies that Py, P, —P3 are points lying on one line.

Let Y = mX 4+t be the line connecting the three points P;, P, and —P;. Then we
have

(7 — 1) Tk — 72) (T — 3) = Y} = (may, + )

for k =1,2,3. This means that z1, x5 and x3 are the roots of the polynomial
(X =) (X = 72)(X —73) — (mX +1)%.
Since this polynomial has degree 3, we conclude

(X = 1) (X = 92)(X —73) — (mX +1)> = (X — 1) (X — 22)(X — x3).

Now we distinguish two cases:
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1. None of the points Py is equal to (v;,0).
Setting X = v, in the above equation yields
(my; + )% = (21 — ) (22 — %) (23 — %)
Looking at the definition of a; we conclude that the right hand side of the

equation is simply «;(P;)a;(Ps)a;(Ps) and the assertion is proved in this case.

2. One of the points Py is equal to (;,0).
Without loss of generality we can assume P; to be that point. The y-coordinate
is non-zero for both the other points since otherwise the third point had to be
the point at infinity.

Looking at the equation
(X =X = 72)(X —93) = (mX +18)* = (X — 7)) (X — 22)(X — 3)
we see that (X — ;) divides the right hand side and the first term on the left
hand side. Therefore (X — ;) also divides (mX + t)? and we can conclude
mX 4+t = m(X — ;). Substituting mX + ¢t by m(X — 7;) in the equation
above yields
(X =) (X = 72)(X = 93) = (m(X = %))* = (X = 7) (X = 22)(X — ).
We divide by (X — +;) and obtain
(X =) (X =) = m*(X =) = (X — 22) (X — ).
Finally, we replace X by ~; and obtain

(Vi =) (i = W) = (% = 22) (s — x3)-
A look at the definition of «; now shows
Oéi(P1> = Oéi(PQ)Oéi(P:g).
This immediately implies the assertion in this case.

[]

The three homomorphisms «; can be put together in a way such that they form
a homomorphism to a larger set. This simple observation is recorded in the next
proposition.

Proposition 2.2. Let o; : E(K) — K*/K*? be the homomorphism defined above.
Then the map

a:B(K)— K*/K** x K*/K** x K*]K**
defined by

o= 01 X gy X Q3

s also a homomorphism. O]
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3 Investigation of the kernel

Our next objective is to determine the kernel of a. Here, the multiplication-by-two
lemma plays a crucial role. This lemma characterizes the elements of an elliptic
curve E(K) which lie in the image of the map [2] : E(K) — FE(K) defined by
P~ 2P.

Lemma 3.1 (Multiplication-by-two lemma). Let K be a number field and let E(K)
be an elliptic curve given by a Weierstrass equation of the form

Y? = (X = )(X = 72)(X = 7).
A point (x,y) lying on E(K) is contained in the image of the multiplication-by-two
map [2] : E(K) — E(K) if and only if x — ~; are squares in K fori=1,2,3.

Proof:
See [Kna92], chapter IV, theorem 4.2 or [Lan78|, pages 104,105. ]

The following proposition describes the kernel of a. See [Kna92], corollary 4.7 in
chapter 4 or [Lan78], page 104ff for similar results and proofs.

Proposition 3.2. The homomorphism
a:B(K)— K*/K** x K*/K** x K*|K**

has kernel 2E(K).

Proof:
We first note that
kera = ﬂker Q;.

Obviously, the point at infinity is contained in both ker o and 2E(K).

A point (;,0) is in the kernel of « if and only if (74, 0), as(7:,0) and as(+;,0) are
squares in K*. From the definition of the homomorphisms this is easily seen to be
equivalent to (v; —~;) and (y; — ) being squares in K for j, k # i. Furthermore,
v — 7 trivially is a square in K. Hence, (7;,0) € kera is equivalent to (7;,0) €
2E(K) by lemma 3.1.

Similarly, let (x,y) be a point different from the ones above. Then (z,y) is an
element of the kernel if and only if o;(z,y) is a square in K* for ¢ = 1,2,3. Since
a;(x,y) = x —~; for i = 1,23, we see that this is equivalent to (z,y) € 2E(K) by
lemma 3.1. O]
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4 Investigation of the image

While the results of the last section can be proved also over arbitrary fields of
characteristic zero, the description of the image of a is much more involved.

It is also this part where passing from Q to number fields causes additional obstruc-
tions. The description of the image in the case of elliptic curves over Q relies heavily
on unique factorization of the integers. In order to transfer the proof of the rational
case over to number fields, it would be desirable to have unique factorization also
in number fields. However, as we mentioned before, the ring of integers Ok in a
number field K need not be a unique factorization domain. At this point it seems
to be more promising to use the construction of a unique factorization domain given
in proposition 1.3.4, rather than to work with algebraic integers.

The ideas for the proofs of the following results have its source in the proofs of similar
statements in the rational case. See for example [Kna92], chapter 4, proposition 4.8.
The general strategy of proof remains the same in the case of number fields. However,
quite some work has to be done in order to transfer the proof in rational case into
the context of number fields. First of all, the rational integers have to be replaced
by an appropriate ring inside of K. This role is played by the unique factorization
domain constructed in 1.3.4. Furthermore, we use valuations on the number field K
to replace divisibility arguments which are employed in the rational case.

Before we proceed like indicated, we observe that for any prime p of a unique factor-
ization domain R we can construct a non-archimedean valuation | |, on its quotient
field K analogously to the construction of non-archimedean valuations on Q:
Let x € K and write z as a fraction x = ¢p", with a,b € R, p{a,band r € Z. Then
define

|z, =277

The values attained by this valuation are exactly the elements of the following set
11

B={ .57

1

3 1,2,4,8,...} U{0}.

Obviously, 8 is multiplicatively closed. An element of 28 is called a square in B if
it is the square of some element of B. It is easy to see that |z|, is a square in B if
and only if z = 0 or # = {p" with a,b € R, p{a,b and r is even.

If the quotient field of R is a number field, | |, is also a valuation on K. Of course,
| |, belongs to some place of K. However, in general, | |, does not coincide with the
normalized valuations on K discussed in the first chapter.
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Chapter 4 Second case: Estimating the rank of elliptic curves

Proposition 4.1. Let K be a number field and let R be a unique factorization
domain that has K as its quotient field. Let E(K) be an elliptic curve given by a
Weierstrass equation of the form

V2= (X =) (X —2)(X —73)
with v; € R.
The image of the homomorphism o : BE(K) — K*/K** x K*/K*? x K*/K*? is

contained in
{(r K*% ryK*2 r3K*?)|r; € R only contains prime factors of A},

where A = —16(y1 —72)%(72 —73)% (71 — 13)? 4s the discriminant of the elliptic curve.

Proof:

Obviously, the image of the point at infinity is (1,1,1). Looking at the definition
of o, we also see that (v;,0) is mapped to an element of the proposed set for all
1=1,2,3.

Let p be a prime in R that does not divide 7; — «;. This means |y; — v;|, = 1.

Let us now consider some other point (z,y) different from those above. Then the
image of (z,y) under « is (x — 1, 2 — 2, x —y3). To prove the proposition it suffices
to show that for all ¢ the prime p occurs as a factor in z — 7; only in squared form.
Obviously, this is equivalent to proving that |z — |, is a square in 9B for all 1.

At first, we observe that (z —1)(z —72)(x — 3) is a square in K because (z,y) lies
on the curve F(K). This implies that the following product

3

H |z = ilp

=1

is also a square in B because of the multiplicativity of | |,. Now we distinguish two
cases

1. There is some k such that |z — 4|, > 1:
Then we have

2], = |7 — v + lp = max{|z — Velp, [lp} = 7 — Yelp-
<1

For i # k we get

|z = il = max{|zlp, |vilp} = |2 — Yxlp-
~—

<1
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Chapter 4 Second case: Estimating the rank of elliptic curves

This shows ;
[Tz —ilp = o =l
i=1

. 3 : : 3
Since [[;_, |z — Y&, is a square in B, [z — ;|2 and then |z — 44|, are squares
in B as well. Therefore, |z — 7|, is a square in B for any i.

2. For all k it holds |z — |, < 1:
If all valuations are 1, there is nothing to prove. Suppose that |z — |, < 1
for some k. Since p does not divide 7, — 7;, we obtain for k # 7:

L= |y — vilp < max{|z — Yilp, [z — Vilp} = |2 —lp <1
1
<

We conclude that |z — ~;|, = 1 and, therefore, |z — 7|, is a square in B for
k # i. Finally, the product relation above implies that |z — |, is also a square
in 8.

[
Now we have a quite explicit way to describe the image of a. We use this to give a
bound for |E(K) : 2E(K)| solely in terms of the coefficients of the defining equation.

Proposition 4.2. Let K be a number field and let R be a unique factorization
domain that has K as its quotient field. Additionally, suppose that R* 1is finitely
generated. Let E(K) be an elliptic curve given by a Weierstrass equation of the form

Y2 = (X = m)(X = 7)(X —7)
with v; € R. Then we have
B(K) : 2B(K)| < 270 r(®),
where A is the discriminant of E, and c is a positive constant depending only on R.
Proof:
Suppose wr(A) = n and let pq,...,p, be the primes in R dividing A. Then, any

element from
{rK*?|r € R only contains prime factors of A}

can be written uniquely as up{* ...pe» K*2?, where u € R*/R*? and the exponents
e; attain the values 0 or 1. Since R* is finitely generated, the group R*/R*? is finite
of some order c. Hence,

[{rK*?|r € R only contains prime factors of A}| < ¢29r(4),

92



Chapter 4 Second case: Estimating the rank of elliptic curves

By proposition 4.1 the image of the homomorphism « is contained in
{(ri K*% 7y K2 73K *?)|r; € R only contains prime factors of A}

Therefore, the image of o has cardinality at most ¢*23“7(2) This can be seen to be
less than or equal to 2€*“r(2) provided that ¢ > 10. If ¢ < 10, we redefine ¢ to be
equal to 10. n

Combining all the results in this section with theorem 1.3.7, we obtain our final
result:

Theorem 4.3. Let K be a number field and let E(K) be an elliptic curve given by
a Weierstrass equation of the form

V2= (X = m)(X = 72)(X — 1)
and y; € Z. Then there exists a constant ¢ depending only on K such that
|B(K) : 2B(K)| < 28]

where A denotes the discriminant of E. In particular, the rank of E(K) is bounded
by cw(A).

Proof:

By theorem 1.3.4 we can find a unique factorization domain R such that K is the
quotient field of R, R* is finitely generated and wg(z) < c;w(z) for some constant
c1 > 0. With this choice of R proposition 4.2 can be applied, and we conclude

|E(K) : 2B(K)| < 2¢2(H+wr(A)) < gea(i+arw(a)

for some constant ¢co > 0. Since A is an integer and A # +1, we have w(A) > 1.
Hence, we can find a constant ¢ depending on ¢; and ¢y such that

|E(K) : 2B(K)| < 2%(4®),

The assertion for the rank follows from proposition 1.1. ]
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Chapter 5

Second case: Curves associated to
squares in arithmetic progressions

This chapter deals with the core part of the second case. The principal idea is to
introduce a certain type of curves C)(g) which represent squares in an arithmetic
progression.

We shall investigate these curves using methods from arithmetic geometry. Our
focus lies on the curves C5(g) and their relation to elliptic curves of similar type.
This enables us to gather information about C3(g) and allows us to employ a deep
theorem by Bombieri ([Bom90], explicit version in [BGP92]) to estimate the number
of K-rational points on these curves for a number field K. This will be used in the
next chapter to bound the number of squares in K lying in an arithmetic progression.

The ideas and the proofs originate from the article by Bombieri, Granville and Pintz,
and there is only little to be altered to make the proofs work when switching from
Q to an arbitrary number field. The organization is also similar to [BGP92|. For
the sake of completeness we additionally fill in some details that had been left out
in the original article.

In this chapter K denotes a number field and K an algebraic closure of K. All
varieties that appear are assumed to be varieties over K if not indicated otherwise.

1 Definition of Cj(g)

Let ¢ and d be integers and consider a 3-tuple (ng, ny,n2) such that gn; +d = x? for
some x; € K. Simply by multiplying out, we get the following equation.

(01 = @3)5 + (25 — )t + (w5 — 21)75 = 0.
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Chapter 5 Second case: Curves associated to squares in arithmetic progressions

Using the relation ¢n; + d = 2? and dividing by ¢, we obtain

(mn = ng)a? + (my —no)a? + (mg — 1)} = 0.

This means that (zo : 1 : 22) is a point on the projective curve given by

(n1 — n2)Xg + (n2 — no) X3 + (no — n1) X3 = 0.

We observe that the parameters ¢ and d do not appear in the defining equation of
this curve. This is crucial since it means that we can prove statements about squares
in arithmetic progressions (¢gn+d),cy uniformly in ¢ and d by studying such curves.

However, this type of curves will not suffice for our purposes. Rather, we have to
consider a generalized class of curves which arises from considering not only three
squares in an arithmetic progression. It will turn out to be more convenient to
define these curves a bit more abstractly. In order to do this we have to introduce
the following notation.

Definition. A tuple g consisting of non-zero integers g;; for every ¢ # j with
0 <1,7 <1+ 1 satisfying the relations

9ij + 95 =0

9ij T ik = Gik
is called an [-gap tuple.
The gap tuples provide the coefficients for certain projective curves, which we now
define.

Definition. Let g be an [-gap tuple. The curve Cj(g) associated to g is the curve
that is described by the [ equations

Girriv2X] + giv2i X1 + giin XFp =0
fori=0,...,01—1in P*! over K.
Note that these curves are defined over K since the defining polynomials having
integer coefficients.

We chose the name gap tuple because gap tuples represent the gaps i.e. differences
between the elements of a set containing (I + 2) natural numbers. Most gap tuples
in this thesis will arise from the following situation:
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Chapter 5 Second case: Curves associated to squares in arithmetic progressions

Let n = (ng,...,n41) be an (I+2)-tuple of natural numbers and let x = (zo, ..., 2;11)
be an (I + 2)-tuple of elements of K having the property qn; + d = z? for i =
0,...,l+ 1. By doing the same computations as at the beginning of this chapter, it
is easy to see that the projective point (xo : ... : xy41) is a point on the projective
curve described by the equations

(Mig1 — Nig2) X7 + (Nigo — ) X7y + (0 — i) X7, = 0

fori =0,...,1 — 1. Note, that this is exactly the curve C)(g) if we define an I-gap
tuple by gi;; = n; — n;.

At a later stage we will need the following definition.
Definition. Let g be an [-gap tuple g and let 0 < k <[+ 1. For 0 <1,j <1 define

Gijs ifi<k,j<k;
Git1,5, ifi>k g <k
Gij+1, i<k, j=>Fk
Git1j+1, ifi >k, j >k

/ p—
Yij =

Then, these numbers form an (I — 1)-gap tuple, which we denote by g*).

Roughly speaking, g*) arises from g by omitting all entries with index k and ”shrink-
ing” it, so that it fits into the definition of gap tuples.

2 Properties of the curves Cj(g)

In this section we study geometric properties of the curves Cj(g). Actually, up to
this point we have not verified that Cj(g) are in fact curves. This will be our first
task. Then, we calculate the genus of Cj(g) and determine the degree of Ci(g).
These parameters of the curves Ci(g) are needed later when we want to apply the
theorem of Bombieri.

To carry out this program we will later need the following two lemmas.

Lemma 2.1. Let g be an l-gap tuple and let x = (xg : ... : x141) be a point on
Ci(g). Then at most one coordinate of X is zero.

Proof:
If all coordinates are non-zero, there is nothing to prove. If this is not the case, let
k be the index of the first entry of (g : ... : 2;41) such that x = 0. If k =1+ 1,
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Chapter 5 Second case: Curves associated to squares in arithmetic progressions

there is nothing to prove either. So we can assume k& < [. Then, x4,; cannot be
zero because v, = 2y = 0 would imply x; = 0 for all 0 < ¢ < [+ 1, which is a
contradiction. Since we work in projective space, we may suppose that z;.; = 1.

We now show by induction that for any k+1 <7 < [+1 the value of z; is determined

via 22 = -2 Then, the definition of gap tuples yields that -2~ is non-zero and
9k, k+1 Ik, k+1

this proves the lemma.
For i = k 4 1 the assertion is certainly true. For ¢ = k + 2 we look at the equation
Irirkr2Xf + Ger2xXipr + Gepr1 Xipo = 0.

Using that the coordinates of x satisfy this equation, we immediately conclude from
xr = 0 and xp; = 1 that we have
2 Ykt+2k  Gkk+2
Thio = — = .
Gk, k+1 Gk k+1

This shows the truth of our assertion in the case i = k + 2.
Now suppose that this assertion is true for some i —1 and ¢ and consider the equation
gi,i+1Xi2_1 + gi+1,i71Xi2 + gifl,iXi2+1 = 0.

Since x is a point on Cj(g), this equation is satisfied by the coordinates of x. Using
the induction hypothesis, we get

Iki—1 ki 9
Giit1 + Git1,i-1 = —0i-1,iTitq-
kk+1 Gk, k+1
This yields
2 Gii+19k,i—1 T Git+1,i—19k,i
Tiy1 = — '
9i—1,i9k k+1

Since g is a gap tuple, we conclude g; ;11 = ¢ix + gri+1 and giy1i-1 = Git1,k + Gr,i-1-
Replacing these terms in the above equations and using the properties of gap tuples,
we obtain

2 (Gik + Grit1)Grio1 + (Gis1k + Gri—1)Ghi
Liv1 = —
9i—-1,i9k k+1
_ ki1 Gki1 F Gt kGki Gr,i+1(—Gri—1 + Gr.i) _ kit
9i—1,i9k,k+1 9i—1,i9k,k+1 Gk, k+1
This shows the truth of the assertion for ¢ + 1 and concludes the proof. [

This lemma can be used to count the number of points in the intersection of Cj(g)
with the hyperplane X;,; = 0.
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Chapter 5 Second case: Curves associated to squares in arithmetic progressions

Lemma 2.2. Let g be an l-gap tuple. Then the intersection of Cy(g) with the
hyperplane defined by X4, = 0 consists of exactly 2 points.

Proof:

We describe how these 2! points can be obtained. To that end let x = (¢ : ... : T41)
be a point lying in this intersection. Then it is obvious that x;,; = 0. This implies
that x; has to be non-zero. If it were zero, we would get x; = 0 inductively for all
1 by looking at the defining equations — a contradiction. Working projectively, we
may additionally assume that x; = 1.

Therefore, for any point in the intersection we have z;,1 = 0 and x; = 1. Suppose
we have already found the coordinates xy,...,x;y1, then the coordinate z,_; is
determined by the quadratic equation

2 2 2
Gi+1,i+2X; + Gi+2,iTis1 + Giit1Ti40 =0

for : = k—1 up to the sign. This means that once chosen xy, ..., x;,1 the coordinate
Tr_1 attains exactly two values, at least, under the hypothesis that x;_; # 0. But
this is assured by the preceding lemma which implies that none of the coordinates
X, ..., x; can be zero because we already have x;,; = 0. O

2.1 Ci(g) is a smooth curve

We now describe the tangent space of Cj(g). Subsequently, this allows us to prove
that Cj(g) is a smooth curve.

Proposition 2.3. Let g be an l-gap tuple and let x = (zg,...,z141) be a point on
Ci(g)-

1. The tangent space of Ci(g) in x is given by the equations
Git1,i12%i Xi + Git2iTiv1Xit1 + Giit1Tiy2Xip2 = 0
fori=0,...,1—1.
2. For any point x on Ci(g) the Jacobi matriz has rank .

3. Ci(g) is a smooth curve.
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Proof:

1. The defining equations for Cj(g) are
Girriv2X] + Giv2,i X1 + Giin1 Xip =0

for i = 0,...,1 — 1. Differentiating the i-th equation with respect to the
variable X; we obtain 2g;41,i42X; if j =4, 240, X411 i J =04+ 1, ;511X 40 if
j =142 and 0 in all other cases. Now the assertion follows directly from the
characterization of the tangent space in proposition 1.5.1.

2. Using the calculations in 1., we conclude that the Jacobi matrix (defined in
proposition 1.5.3) in the point x is given by

20100 202101 20002 0 0

0 292,311 293,1@_ 291,2303. .

e 20110122011 —2%1-1 2G1—2,1-17) 0

O ................................. 0 29[,[+1x171 2914»17[711’[ 29171,l$l+1

This is a diagonal matrix of dimension [ x (I +2). We obtain from lemma 2.1
that at most one coordinate of x is zero. From this fact we can easily conclude
that the Jacobi matrix has full rank .

3. We apply 2. to the situation of proposition 1.5.2 and proposition 1.5.3. This
shows that any point of Cj(g) is smooth and that C;(g) is a curve.

]

2.2 A projection morphism

Our next goal is to determine the genus of the curves Cj(g). In the preliminary
chapter we only mentioned one tool for computing the genus of a curve: Hurwitz
genus formula. However, using this formula one cannot expect to compute the genus
of a curve directly but only relate it to the genus of another curve by a map between
the two curves. In our case we will relate the genera of the curves Cj4(g) and
Ci(g"?). In order to do that we first have to study a suitable morphism between
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these two curves:
Let g be an (I 4+ 1)-gap tuple and consider a point x = (xg : ... : 2y49) lying on
C14+1(g). Then, the coordinates of x satisfy the equations

2 2 2
Git1,i+2X; + Giv2,i X1 + i1 Xip =0

fori =0,1,...,0. If we simply omit the last equation, it is clear that (zg: ... : z;1)
satisfies the equations

2 2 2
Gi+1,i+2X; + Giv2, X1 + Giit1 Xiip =0

for i = 0,...,1 — 1. It is easy to check, that then (x¢ : ... : x;41) is a point on
Cl(g(l+2))‘
This implies that the projection (xq : ... : xj12) — (2o : ... : zy41) induces a

map 7 : Cpy1(g) — Ci(g'*?). Obviously, this is a rational map, and since Cj,(g)
and C;(g(*?) are smooth curves, it follows from proposition 1.6.1 that 7 is even a
morphism.

The next lemma gives a description of the ramification points of the projection
morphism 7 : Ci11(g) — C(gt+?).

Lemma 2.4. Let g be an (I+1)-gap tuple. Let 7 : Cri1(g) — Ci(g™?) be the map

which is induced by the projection (xo: ... Tyo) — (To ... Ty1)-
1. The morphism 7 is of degree 2 and if (xo : ... : Tya) € T Hxo @ ... & T111),
then (g :...: —xp40) €T Yxo: ...t 2p41).
2. A point (xg:...: x41) 18 a ramification point if and only if we have x;,9 =0
for any (xo:...:xp0) €T oot 2p41).

3. There are 21 ramification points all having ramification index 2.

Proof:

At first, we show that a generic point on C;(g(*?) has two preimages under 7.
Fix a point (z¢ : ... : 241) on Cy(g!*?). Then the preimages under the projection
are of the form (zg:...: ;41 : 142). A point of this form lies on the curve Cp44(g)

if and only if the coordinates additionally satisfy the equation

2 2 2
gl+1,l+2Xz + gl+2,le+1 + gl,l+1Xl+2 =0.

Since (zo : ... : m41) is fixed, we conclude that this is the case when x5 is a
solution of the equation

2 2 2
Gi+1,1+2%] + Gi+21T14q T+ gl,z+1Xl+2 =0.
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In the generic case this quadratic equation in X; 5 has exactly two solutions which
only differ by the sign. Therefore, the degree of 7 is 2 by proposition 1.6.5.

We also observe that 7 is ramified at a point (xq : ... : x4q) if and only if

2 2 2
Gi41,01+2%] + Gi+21T141 + 91,1+1Xz+2 =0

has the only solution ;15 = 0. This happens if and only if (zg : ... : x4 : 0) lies
on Cp;1(g). So, every ramification point arises in a unique way from a point in the
intersection of Cj;1(g) with the hyperplane defined by X;,» = 0. By lemma 2.2
their number is 241

Since 7 is a map of degree 2, ramification indices can only attain the values 1 and
2. This means that the ramification points must have the ramification index 2 and
all statements of the lemma are proved. O]

This lemma is sufficient for calculating the genus of the curves C)(g). However, for
later applications we need a more general version of this result. Namely, we intend
to show that the projection deleting the k-th coordinate

(ot imppo) = (Tot oo i T S Tyl & - - Tpa2)

induces a morphism
.+ Cra(g) — Ci(g™).

In this case we need considerably more computational effort than before in order to
establish the assertion:

Let (zo : ... : x149) be a point on Cj1(g). In order to avoid confusion we write
(%0 S 1f T I/ 17 PR .fL'l+2) = <y07---7yl+1>7 ie x; = Y; if i < k and Yi = Tiq1
if i > k. Then, the point (yo : ... : y41) lies on Cy(g®) if an only if the coordinates
satisfy

/ 2 / 2 / 2
Giv1,i42Y; + GivoYit1 T 951 Yii0 =0

for i = 0,...,1 — 1, where the coefficients are those of g®). Using the definition

of the gap tuple g® we now retranslate these equations into the original variables.
We obtain that (xq :...: Tg_1 : Tpg1 : ... : Tyge) is a point on Cy(g®) if an only if
(ot .. Tp_1: Tpyr: ... Tyao) satisfies the following [ equations.

L giv1,i02X2 4 givoi X721 + giin1 Xfg =0fori=0,... k-3
IL ge—1 1 X5 o + Grt1h—2Xp_ 1 + G241 X5 =0
L g1 preXp g + gk+2,k—1X13+1 + 9k—1,k+1X;§+2 =0

IV. gi+1,i+2Xi2 + gi+2,iXZ-2+1 + gi,i+1Xl-2+2 =0 for: =%k + 1, . ,l
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Now, our aim is to show that for any point (zg : ... : 2;52) € Cj11(g) these equations
are in fact satisfied. First of all, we see that the equations in I. and IV. are trivially
satisfied since they are part of the defining equations of Cy,1(g). Therefore, we only
have to check that any point on Cjy;(g) additionally satisfies the equations II. and
I11.

We present the proof of this fact exemplarily for equation II. The other case one can
be handled analogously:
Let (zo:...: 242) € Cip1(g). From the defining equations of C41(g) we obtain
o1 kT o+ k21 + Gr—2k-127 = 0 and grp+125_1 + Gkt 1 k-1T% + Gr—1£T1sq = 0.
We multiply the first equation by gi41%-1 and the second one by —gi_2—1. Sum-
ming up yields
gk+1,k—19k—1,kl’i_2 + (gk+1,k—lgk,k—2 - gk—Q,k—lgk,k—i-l)xZ—l - gk—Q,k—lgk—l,kmz_H =0.
By using the properties of gap tuples, we know that gxi15-1 = Grt1,6-2 + Gr—24k-1
and gr k1 = Grk—2 + gr—2k+1. Hence,
ot 1,k—10k k-2 — Gh—2.k—1Gk k1 = (Ght1,k—2F Gk—2,k—1) Gk ho—2 — Gk—2,k—1 (Jk k—2+ Gk—2,k+1)

= Gk+1,k—29k,k—2 — Jk—2,k—19k—2,k+1 — gk+1,k—2(9k,k—2 + gk—Q,k—l) = Gk+1,k—29k k—1-
This yields

gk—&-l,k—lgk—l,kxi_g + gk+1,k—2gk,k—lxi—1 - gk—2,k—lgk—17k$z+1 =0.

Dividing by —gx—1 % and using gx—1 x+1 = —gk+1,k—1, We obtain

9k—1,k+1$i_2 + 9k+1,k—2l‘%_1 + 9k—2,k—1$2+1 = 0.
This shows that the equation II. is satisfied.

Hence, the projection (zg : ... : Z;2) — (To: ... Tp_1 : Tpa1 : ... : Tya2), which
deletes the k-th coordinate, induces a map 7 : Cpy1(g) — Ci(g®). This map is
a rational map and by proposition 1.6.1 it is even a morphism. Now we can state
the analogue of lemma 2.4 for the maps 7;. For the proof of this proposition we can
argue along the lines of the proof of lemma 2.4 as well.

Proposition 2.5. Let g be an (I+1)-gap tuple and let 7, : Ci11(g) — Ci(g™) be the

map induced by the projection (xq:...: xp2) — (To ...t Tp1: Tha1 © ... Tpgo).
1. The morphism my, is of degree 2 and if (o : ... Tp_1 : Tk : Tixg : -+ : Tyyo)
is a point in the preimage of (xo @ ... Tk_1 @ Tpy1 : ... : Tyso), then so is
(To t e @y T =T S Ty b e Tga).
2. A point (xo: ... Tp_1: Tp1: ... Tyy2) 1S a ramification point if and only if
we have v, =0 for any (xo: ... Tp0) €T (To ot Tpot P Thy1 - 5 Tig).
|

63



Chapter 5 Second case: Curves associated to squares in arithmetic progressions

2.3 Calculation of the genus

The knowledge about the morphism 7 : Cj,(g) — Ci(g!*?) provided in the previ-
ous subsection now allows us to determine the genus of the curves Ci(g).

Proposition 2.6. The curve Ci(g) has genus (I —2)2"1 + 1 for any l-gap tuple g.

Proof:
We prove the proposition by induction. For [ = 1 the curve Ci(g) is given by the
zero set of

G12X3 + g2.0X7 + 901 X3 =0

in P2. In this case the curve describes a conic and, hence, has genus 0 in accordance
with the proposed formula.

Now let 7 : Ci1(g) — Ci(g*?) be the morphism which is induced by the projection
(o ... xyo) — (To: ... x41). By lemma 2.4 this map has degree 2 and exactly
2+1 ramification points with ramification index 2. The Hurwitz genus formula 1.6.6
now gives

2011 =2 =229 = 2) + Y (ex(P) 1),
PGC[Jrl

where g; is genus of Cj(g*?) and g, that of the Cj,1(g). Using the induction
hypothesis for Cy(g*?), we get

2011 —2=(1—2)2"" 4+ > (ex(P)—1) = (I —2)2""" + 2.
PGCZ+1

Solving for g;41 proves the proposition. O]

It is important to remark that for [ = 2 the above formula yields genus 1 and this
means that Cy(g) are elliptic curves. This observation is used later in this thesis.

2.4 Calculation of the degree

The degree is the last arithmetical quantity of the curves Cj(g) we are interested in.
We calculate it by using Bezout’s theorem.

Proposition 2.7. Let g be an l-gap tuple. Then C)(g) has degree 2'.
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Proof:

We choose the hyperplane H given by X;,; = 0. By the description of the tangent
space of Cj(g) in proposition 2.3 and since H is its own tangent space, we see that
the tangent spaces of every point in the intersection Cj(g) N H span P!, This
allows us to apply Bezout’s theorem 1.5.5, and we conclude

deg H deg Ci(g) = deg(Ci(g) N H).

Now by lemma 2.2 the intersection C;(g)N H consists of 2! points. Then, proposition
1.5.4 yields
deg Cy(g) = 2'.

3 The Jacobian of Cs(g) and elliptic curves

The main objective of this chapter is to derive bounds for the number of rational
points on the curves C3(g) over a number field K using Bombieri’s theorem. We
have already computed the genus and the degree of the curves C5(g). However, in
order to apply Bombieri’s theorem a last important ingredient is still lacking.

In this section we are devoted to providing this ingredient: We obtain good bounds
for the rank of the Jacobian of the curves C5(g) over the number field K.

To this end we first study the Jacobian of Cy(g) over K. We prove that the curves
C3(g) are in some sense covered by elliptic curves of the form Cy(g’) and we use
this fact to relate the rank of the Jacobian J(Cs(g))(K) to the ranks of the elliptic
curves Cy(g')(K).

Finally, we employ the results of chapter 4 and obtain explicit bounds for the rank
of J(C3(g))(K) in terms of g.

3.1 A reduction to elliptic curves

In the following certain automorphisms of C3(g) play a crucial role. We observe
that C3(g) admits automorphisms of the form

(To:xy:wg:x3:xy) — (€0T0: €171 : €22 @ €3T3 © €4T4)

with €, = 1. We write ¢, for the automorphism which only switches the sign of
the k-th coordinate.

Automorphisms on C3(g) extend to automorphisms of J(C3(g)). This is a direct
consequence of proposition 1.8.3 and we record this fact in the next lemma.

65



Chapter 5 Second case: Curves associated to squares in arithmetic progressions

Lemma 3.1. Let t : C3(g) — Cs(g) be an automorphism. Then t extends to an
automorphism t : J(Cs(g)) — J(C5(g)), which is given by

() npP) () _npt(P)).
O

The next proposition relates the Jacobians of Cs(g) and Cy(g®)). Recall that g(*)
is the gap tuple arising from g by removing all entries with index containing k.

Proposition 3.2. Let
. - Ca(g) — Ca(g™)
be the projection morphism that deletes the k-th coordinate.

1. Then m; induces a map

Tt J(C3(g)) — J(Ca(g8™)),

which is a morphism and a group homomorphism. It is explicitly given by

cl(> - npP) — cl(>] npmp(P)).

2. For any element cl(>_ npP) of the kernel of 7. we have
(Y npP) = —d(>_nptp(P)).

Proof:

1. This follows from proposition 1.8.3.

2. Consider the pullback of divisors 7} : DivCy(g®)) — DivC3(g) associated to
the morphism 7 : Cs(g) — Ca(g™). For a divisor consisting of a single point
@ the pullback is given by

Q- Y e (P)P.

Per 1 (Q)

From proposition 2.5 we know that 7 is a morphism of degree 2. Additionally,
proposition 2.5 implies that in the generic case the two points in ’H'k_l(Q) only
differ by the sign in the k-th coordinate. Furthermore, proposition 2.5 shows
that the k-th coordinate of P € W;l(Q) is zero for any ramification point @),
and that the ramification index is equal to 2. This implies

Q= S en(P)P=P+i(P)

Per, Q)
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for some P € 7, '(Q) irrespective of whether () is a ramification point or not.

Now let D be a divisor of degree 0 on C3(g) and cl(D) its class in J(Cs(g)) =
Pic’C5(g) and suppose that cl(D) is in the kernel of my,. If weset D = > npP,
then we get cl(D>_ npmi(P)) = 0 by the explicit description of 7, in 1.

The pullback 7} : DivCy(g®) — DivCs(g) respects principal divisors and di-
visors of degree 0 by proposition 1.6.7. Therefore, we may apply it to elements
of J(Cy(g™)) as follows

0 = mi(c(Y_npmi(P))) = cl(mi(Y_npm(P))) = (Y npmi(mi(P))).
From the description of the pullback given above, we now obtain

0= (> npmi(P))) = el np(P + ty(P)))

and therefore,

() npti(P)) = —c(>_npP).

O

We combine the projections 7, ..., T, to a single morphism and investigate its
kernel.
Proposition 3.3. Let

4

p: Calg) — ] Co(e™)

k=0

be the morphism p = my X ... X my that is induced by the projection morphisms

TQye--,T4.

4
1. Then p induces a map p, : J(Cs(g)) — [ J(Ca(g™)), which is a morphism
k=0
and a group homomorphism.

2. All elements of the kernel of p. have order 2.

Proof:

1. This follows directly by combining the maps 7, for £ = 0,...,4 from the
above proposition 3.2.
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2. Consider the extension of the automorphism t; : C5(g) — C5(g) to the Jaco-
bian t; : J(C5(g)) — J(C3(g)). By lemma 3.1 this extension is given by

(Y npP) = (> npty(P

Now, if cl(>_npP) is in the kernel of p,, it is also in the kernel of 7, for any
1 =20,...,4. Then, from proposition 3.2 we obtain

CI(Z npP) = —CI(Z npty(P

for k =0,...,4. This equivalent to

te(cl) npP)) = —c(>_npP).

We concatenate the maps tg, ..., s and conclude

(too...oty)(cl)_npP)) = —c(>_npP).
On the other hand, ¢y o ... o, is the identity on C5(g) because of

(too...oty)(wo: @y Ty g :xy) = (—Tg: —Ty: —Tg: —T3: —Ty)

= (LU(]I.TI.Q?Q XT3 - I‘4)

Then, also the extension of ¢y o... oty to J(C3(g)) given by lemma 3.1 is the
identity map. This means —cl(>_ npP) = cl(>_npP) and the proposition is
proved.

[]

We now pass to number fields and investigate the points of the Jacobian J(C5(g))
of C3(g) over the number field K and no longer over its algebraic closure. Using the
results from above, we obtain the next proposition relating the rank of J(Cs(g))(K)
and the ranks of the elliptic curves Cy(g®))(K).

Proposition 3.4. The rank of J(C5(g))(K) is less than or equal to the sum of the
ranks of the elliptic curves Cy(g®)(K) for k =0,...,4.

Proof:

By the last proposition we obtain that the map p. : J(Cs(g)) — [Ti_q J(C ( "‘)))
results from combining the morphisms 7. : J(C3(g)) — J(Ca(g®™)) for k =0, ..., 4.
These maps are explicitly given by

CI(Z npP) — CI(Z npm(P
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Since the projection morphisms 7, are defined over K, it follows that also p, is
defined over K.

Hence, restricting the map p, to the rational points over K yields a group homo-

morphism
4

P J(Ca(@)(K) — [ J(Ca(g™))(K).

k=0

The Mordell-Weil Theorem 1.8.1 states that J(Cs(g))(K) and J(Cy(g®))(K) are
finitely generated groups. Then, from the first isomorphism theorem we conclude
that the image of J(Cs(g))(K) is a subgroup of [[,_, J(Ca(g™))(K) having the
same rank as J(C3(g))(K) because the kernel of p, only consists of elements of
finite order according to proposition 3.3. Therefore, the rank of J(C5(g))(K) is less
than or equal to the rank of [],_, J(Ca(g™))(K).

The rank of [[,_, J(Ca(g™))(K) can be computed as the sum of the ranks of
J(Cy(g®™)(K). Now the proposition follows because elliptic curves can be identified
with its Jacobians. O

3.2 Explicit bounds for the rank of the Jacobian of Cs(g)

We now want to derive bounds for the rank of the Jacobian Cs(g) over K only in
terms of g. Thus far we have reduced this question to the question of determining
the ranks of the elliptic curves Cs(g) over K. This is exactly the problem we
have discussed in chapter 4. However, the results from chapter 4 are not directly
applicable to the curves Cy(g) since they are not given in Weierstrass form.

The goal in this section is to associate to every elliptic curve Cy(g) another elliptic
curve in Weierstrass form in order to derive explicit bounds for Cy(g) in terms of g.
The construction of the associated elliptic curve originates from [ZB02].

A curve Cy(g) is given by the equations
912X5 + 920X7 + 901 X5 =0

923 X7+ 931 X3+ 912X =0

Now any point (zg, x1, 22, x3) on this curve satisfies the following relation.

(9120023)% = (92,077 + go,123) (2,327 + g3,123)

This can be seen directly by looking at the defining equations, moving the term with
the coefficient g; 5 to the right hand side and then multiplying both equations.
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Multiplying both sides by g2 g3 3% yields
) ) JEQ

y* = 2(x + go1923) (T + 931920),

Zo

2
where y = g1292,092,3% ;5 and © = 92,092,3%-
This motivates the following definition.

Definition. Let g be a 2-gap tuple. Then the curve in P? given by the Weierstrass
equation
V2 = X(X + 9019232)(X + g319202)

is called the elliptic curve associated to g and will be denoted by F(g).
This definition is justified by the following proposition which shows that F(g) is in
fact an elliptic curve.

Proposition 3.5. Let g be a 2-gap tuple. Then E(g) is an elliptic curve and has

discriminant
~16 [ ] 97,

i<j

Proof:
The curve E(g) is given in Weierstrass form. Hence, by proposition 1.9.3 it is an
elliptic curve if and only if A # 0. Therefore, we have to calculate the discriminant.

Since g is a gap tuple, we have
92,3 = 92,0 T go;3 and 93,1 = 9o, — 9o,3-
This yields,
93,1920 — 90,1923 = (90,1 — 90,3)92,0 — 90,1(92,0 + 90,3) = — 92,0903 — 90,1903 = —G0,392,1-

By definition, the discriminant of an elliptic curve is -16 times the squared differences
of the roots. So we have

A(E(g)) = —16(90,192:3)°(91,390.2)* (913902 — Go,192.3)°
= _16(90,192,3)2(91,390,2)2(—90,392,1)2-

This is non-zero because the entries of a gap tuple are non-zero integers.

By using g; ; = —g;; from the properties of gap tuples we can write the discriminant
as follows which can be written as 16 [] g7 ;. O
i<j
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Now we see how E(g) and Cy(g) are related.
Proposition 3.6. Let g be a 2-gap tuple.
1. The map ¢ : Cy(g) — E(g), given by

(zo @11 a9 1 a3) (92,092,3$%$2 © 91,292,092,3T0L1L3 - x%’),
s an non-constant isogeny and is defined over K.
2. The rank of Cy(g)(K) is less than or equal to the rank of E(g)(K).

3. There exists a constant ¢ only depending on K such that the rank of Cy(g)(K)
is bounded by ¢y, _; w(gij)-

Proof:

ZoT1T3

1. If 25 # 0, then (zg : 1 : a9 : x3) — (927092,31‘%% D 912920923 1). The
calculation at the beginning of this subsection shows that the image lies in the
affine part of E(g). If 25 = 0, then (z¢ : 1 : 23 : x3) — (0 : 1 : 0) being the
point at infinity of F(g). Hence, ¢ is a map from Cs(g) to F(g). Additionally,
¢ is a rational map. Proposition 1.6.1 implies that ¢ even is a morphism. Since
Cy(g) is an elliptic curve but has no distinguished group law, we can define
the group law in a way that turns ¢ into an isogeny.

2. From proposition 1.9.1 we conclude that ¢ is group homomorphism and ker ¢
is a finite group. This is not changed when we restrict ¢ to the K-rational
points of Cy(g) because ¢ is defined over K. Now, the assertion on the ranks
follows because the image of Cy(g)(K) is a subgroup of F(g)(K) having the
same rank as Cy(g)(K) by the first isomorphism theorem.

3. By proposition 4.4.3 we find a constant ¢ depending only on K such that the
rank of F(g)(K) is bounded by

cw(—lGngj) <c(1+4 Zw(gij)).

1<j 1<J

Since g contains entries different from +1, we can redefine ¢ in such a way
that the rank of E(g)(K) is bounded by

Czw<gij)'

1<j
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Now we have gathered all the information which is necessary to obtain a bound for
the rank of the Jacobian of the curves C3(g) only in terms of g.

Proposition 3.7. Let g be a 3-gap tuple. Then there exists a constant ¢ only
depending on K such that the rank of the Jacobian of J(C5(g))(K) is bounded by

Czw(gij)'

i<j

Proof:

By proposition 3.4 the rank of J(C3(g))(K) is less than or equal to the sum of the
ranks of the elliptic curves Cy(g®)(K) for k = 0,...,4. Their ranks can be bounded
using proposition 3.6 above. So, we obtain that the rank of J(C3(g))(K) is less than

or equal to
4
k
>_ed_wlo)
0

k=0 i<j
By close inspection we see that this is just

Czw(gij)'

1<j

4 An effective version of Faltings’ theorem by
Bombieri

In his 1983 paper [Fal83| Faltings proved Mordell’s conjecture claiming that every
curve of genus greater than 1 defined over a number field has only finitely many
rational points. However, his proof does not provide explicit bounds for the number
of rational points.

By a completely different approach Vojta in [Voj91] was able to prove Faltings’
theorem. Based on this work, Bombieri in [Bom90| found a simplified proof of
Faltings’ theorem in which he replaced the usage of some deep theorems in the
proof of Vojta by more elementary considerations.

Although this proof is much more technical and not as elegant as the previous one
by Vojta, it has the undeniable advantage that it provides an explicit bound for the
number of rational points on the curve.
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In order to apply this theorem in the situation of [BGP92], Bombieri, Granville
and Pintz still had to generalize the result of [Bom90] slightly. We now state their
theorem (See [BGP92|, page 12) in a simplified version that suffices for our purposes.

Theorem 4.1. Let C' be a smooth projective curve of genus at least 2 defined over
a number field K and let h(C) be the lowest upper bound for the height of a set
of homogenous generators for the vanishing ideal of C' relative to the projective
embedding.

Then the number of K -rational points of C' with height greater than x(h(C) + 1) is
at most

12((log(deg C)) + 1)77,

where r is the rank of the Jacobian of C over K. Here, the constant parameter k
only depends on the degree and the embedding dimension of C'.

Using this deep theorem and all the results proved in this chapter, we obtain a
bound for the number of rational points on the curves Cs(g).

Theorem 4.2. Let K be a number field. Let g be a 3-gap tuple and H > 3 be
a number greater than or equal to the absolute value of all entries of g. Then the
number of points on Cs(g)(K) with height greater than rlog H is at most

with some constants Kk, c not depending on g.

Proof:

The coefficients of the defining equations of the curves C3(g) are the entries of g.
Since these integers have absolute value less than H, we obtain that the defining
equations have a height that is bounded by log H. Hence, an upper bound for a set
of generators of the homogenous ideal of C5(g) is given by log H.

The genus of C3(g) is 5 by proposition 2.6 and the degree is 8 by proposition 2.7.
Since the curves C3(g) have all the same degree and the same imbedding dimension,
the above theorem yields the existence of constants ¢ and s such that the number
of points on C3(g)(K) having height greater than x(log H + 1) is bounded by

12(log 8 + 1)7".

Since H > 3, we can redefine x such that there are at most 12(log8 + 1)7" points
on C3(g)(K) with height greater than or equal to xlog H.
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From proposition 3.7 we obtain that the rank of the Jacobian of C3(g) over K is
bounded by
c Z w (gl])v
i<j
where c is some constant only depending on K. Now the theorem follows by redefin-

ing ¢ appropriately. O]
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Chapter 6

Second Case: Proving the
asymptotics

In the last two chapters, dealing with the second case of the proof of Theorem I,
we studied rational points on the algebraic curves C5(g) rather than squares in
arithmetic progressions. This was motivated by the observation that squares in
arithmetic progressions are related to points on these curves.

Now we have to take the step back and return to squares in arithmetic progressions.
Unfortunately, the results obtained for the rational points on C5(g) cannot be trans-
ferred directly to the situation of squares in arithmetic progressions, since there is,
in general, no one-to-one correspondence between the squares in an arithmetic pro-
gression and the rational points on the associated curve Cs(g).

However, such a strong statement is not necessary for our purposes either. It suffices
to pursue a similar strategy as the one used by Bombieri, Granville and Pintz. They
proved that for arithmetic progressions (gn + d),en, where ¢ and d are coprime,
there is indeed something like a one-to-one correspondence between squares and the
rational points on C5(g). Furthermore, they showed that this is sufficient to capture
the general case.

We follow a similar approach. However, we first extract the precise technical con-
ditions which are necessary to transfer the bounds for the number of K-rational
points on the curves C3(g) to bounds for the number of squares in the arithmetic
progression over K. These technical requirements are comprised into the notion of
the MHU condition.

Then, assuming the truth of the MHU condition for a number field K, we can proceed
analogously to the original paper. We use the same combinatorial argument as in
[BGP92] in order to prove Theorem I.

The investigation of the MHU condition will be postponed to the next chapter.
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1 The MHU condition

The MHU condition consists of two parts. The first one is modeled to ensure that
there is a one-to-one correspondence between the elements in an arithmetic progres-
sion (gn+d),en, which are squares over a number field K, and the K-rational points
on the associated curve C5(g) having a big height.

Definition. Let K be a number field and let py, s > 0. We call a pair (¢,d) of
integers a (p1, 12)-HU pair over K if it satisfies the following conditions.

1. Height condition:
Suppose z; € K such that gn; + d = 7 for some n; € Nand i =0,...,1 + 1.
Let g be the [-gap tuple associated to n = (ng,...,n;+1). Then the point
x = (zg:...:x41) lying on Cj(g) satisfies

h(x) = ph(q) — po.

2. Uniqueness condition:
Let g be an [-gap tuple with entries that are smaller than some natural number
N and suppose that x is a point on Ci(g) over K.

If h(q) > 2log N, then there is at most one tuple n = (ng,...,n;41) of natural
numbers such that gn; +d = 22, where 1 < n; < N and x; € K satisfying

x = (zg:...:241), and g is the gap tuple corresponding to n.

It would be desirable that any pair (¢, d) were a (u, 12)-HU pair. However, this is
not true in general. Fortunately, for the purpose of this thesis it suffices to show
that there are many HU pairs such that they cover all other pairs in a certain sense.
This is the second part of the MHU condition.

Definition. We say that a number field satisfies the MHU condition if there exist
1, p2 > 0 such that for any ¢, d € Z there exists a (1, p2)-HU pair (¢/, d’) such that

Sq,d,N S Sq’,d’,N~
If this is the case, we say that the pair (¢, d) is majorized by the pair (¢',d’).

2 Relating squares and points

In this section we see how we can count the number of squares in certain arithmetic
progressions and relate this number to rational points on curves.
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More precisely, we show that 5-tuples of squares in some arithmetic progression
(gn + d)nen over a number field K are in a one-to-one correspondence with the K-
rational points of large height on the associated curves Cs(g), if ¢ and d form an
HU pair.

This could be done in a rather straightforward manner like indicated on page 2 of
[BGP92]. However, it has already been shown in [BGP92] that one can even obtain
a better bound for the number of squares in arithmetic progressions with only a
little more effort. We also pursue this way.

Definition. For ¢,d € Q and r,m, N € N we define

Sgan(r,m) ={n < N|gn+d = 2* for some x € K and n =r mod m}
and

Sqa.n(r,m) = [Sqan(r,m)|.

In order to simplify the notation we introduce the following abbreviation:
Definition. Let g be a 3-gap tuple. By N, (g) we denote the number of K-rational
points on C5(g) that have height greater than or equal to h.
Now we can state and prove the main proposition of this section.

Proposition 2.1. Let q,d € Z form a (uy, u2)-HU pair for some py, pua > 0. Then
for any N € N with h(q) > 2log N and for any M € N we have

> (Sl < 3 Nowairnl®)

= =1 N
m=M+1r /Sﬁ

Here and in the following g < 7; means that all entries of g’ have absolute value

less than or equal to %

Proof:
Obviously, the left hand side of this inequality is the cardinality of the set

o0 m
U U{(no,nl,nQ,ng,m,m)\O <ng<mng <...<ng <N,n; €Syan,ni =r modm},
m=M+1r=1

which can be rewritten as

{(no,n1,n2,ng,ng,m)lm > M,0 <ng<ny <...<ng <N,n; €Sgan,m|n; —n;}.
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We show that each tuple of this set corresponds to exactly one point on a curve
C3(g') with g’ having entries not exceeding %

For any tuple (ng,ny,ns, ng, ny, m) we have gn; + d = z? for some z; € K. There-
fore, x is a point on the curve Cs(g), where g is the gap tuple associated to
n = (nyg,...,nq). Recall that this curve is given by the equations

(Rig1 — Mig2) X7 + (igo — ) X2y + (0 — i) X7y = 0
fori=0,...,2.

Since all n; have the same residue modulo m, each coefficient is divisible by m.
Hence, we do not change the curve if we divide out m in every coefficient of the
defining equation. This implies that x is a point on the curve C3(g’), where g’
emerges form g by dividing every entry by m. This implies that all entries of g’ are
less than or equal to %

As (q,d) is a (u1, p2)-HU pair, it follows from the height condition that

X € N#lh(Q)—#z (g) = Nulh(fI)—M (g/)'

Finally, the uniqueness condition implies that no other tuple (ng, n1,ng, ns, ng, m)
can give rise to the same point x. O

We briefly review what we have achieved. From the last proposition it will be
possible to obtain bounds for S, 4 x. However, the far more important observation
is that the right hand side of the inequality in the last proposition does not depend
on the actual values of ¢ and d (as long as ¢ has sufficiently large height). Therefore,
any bound which we derive will be uniform in ¢ and d.

Now it is rather clear that the next step should be estimating the right hand side of

o m S
Z Z( q,d,N5(7“, m)) < Z N)‘Mlh(Q)_#2(g,)a
g

m=M+1 r=1 'S%

and then finding a bound for the size of §; 4. This is the objective of the next
(and last) two sections.
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3 Estimation of the number of rational points

Proposition 3.1. Let g be a 3-gap tuple and let H > 3 be a number greater than
or equal to the absolute values of the entries of g. Let k be the constant appearing
i theorem 5.4.2. Then

anogH(g) S Z 7CW(gij)7
1<j

where ¢ 1s a constant not depending on g.

Proof:

Theorem 5.4.2 shows
c > wlgij)
anogH(g) S 7 i<

for some constant ¢ not depending on g. Observe that the sum in the exponent has
exactly 10 summands since we are dealing with a 3-gap tuple. We obtain

anogH(g) < 7% Licj 10ew(gij) — 1\O/ 72 i< 10cw(gij)

1
_ /” 10cw(gs; E 10cw(gi5)
—10"7 (93)§10‘A7 17
1<j 1<)

where the last inequality is the inequality of the arithmetic and geometric mean.
Now the assertion follows by redefining ¢ to 10c. [

The next result gives a bound for the right hand side of the inequality in proposition
3.1. The main ingredient is an estimate for the sum in which the w-function occurs
as the exponent, which we proved in the first chapter.

Proposition 3.2. There exists a constant ¢ such that for any natural number N > 3
and any natural number M we have

> Newgn(g) < N Joge N
K log N = 5 )
g'<7r M

=M

where Kk is the constant appearing in theorem 5.4.2.

Proof:
Since the absolute values of the entries of the gap tuples that appear in the above
sum are bounded by NN, proposition 3.1 yields

Z Nf{logN<g/) S Z Z?C&)(g;k).

&' <% g/ <qp <k
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In the right sum any non-zero integer with absolute value less than or equal to %
might occur for some g;;. From the definition of [-gap tuples it follows that for any
index pair (7, j) of a gap tuple there are [ other index pairs such that the gap tuple is
completely determined by specifying the values of the entries at these indices. Since
there are 2% non-zero integers with absolute value less than or equal to %, and
since all these might occur at any of the 10 index pairs of the gap tuple, we conclude

that there are at most 10 (2%)3 gap tuples containing a specific integer value.

Using this fact, we obtain

3

1< N 1<j N
g'<qr n<ir

Now lemma 1.1.1 yields

=

N
cw(n) / 7°
E 7 <c U log" —

n<%
for some constant ¢’ > 0. This implies
, N\*
7%05) < 160¢ | — | log™ N.
Z Z i/ < 160c¢ (M) og
g/<4f i<J

Now the assertion follows by redefining ¢ appropriately. O

4 Proof of Theorem I

We now combine all results from the last sections in order to find a bound for S, 4
uniformly in ¢ and d. The details of the proof are rather technical. The main idea of
the proof is due to Bombieri, Granville and Pintz (See [BGP92], pages 15 and 16).
We have to modify it at some points in order to make it work in the more general
situation. However, these changes are only of technical nature.

Subsequently, we finally prove Theorem I.

Theorem 4.1. Let py, s > 0 and let k be the constant appearing in theorem 5.4.2.
Then there exists a constant ¢ such that for all natural numbers N > 3 and all
(1, po)-HU pairs (q,d) with h(q) > max{’“og%@, 2log N'} it holds

Span < N5 log® N.
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Proof:
For any M € N,

MSq,d,N = Z S AN = Z ZS ,d,N(Ta m)

M<m<2M M<m<2M r=1

For the inner sum we either have S, 4 y(r,m) < 5 0r Sy qn(r,m) < (Sq’d’%(r’m)). This

vields
MSpan< Y. Z<5+(‘”“V( m)))

M<m<2M r=1

The first sum can be estimated in the following way
i M(M +1)
= <5 ——
S Sie ¥ ames0D)
M<m<2M r=1 M<m<2M

while the second sum is less than or equal to
> 3 (),
m=M+1 r=1

All assumptions in proposition 2.1 are satisfied, and, hence, we derive

3 3 () < 3 N @) € X o)

m=M+1 r=1 /<N /<N

We are now able to apply proposition 3.2 and we get
N4
q,d, N
> 3 () < S s
m=M+1 r=1

for some constant c.

Combining the two estimates from above, we obtain

M+1 N4

Sq,d,N S 5 M5 log N.

Balancing this equation with M = N 3 yields
Span < N5log® N

if we redefine ¢ in an appropriate way. n
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We have found a uniform bound for S, 45 when ¢ has big height. This completes
the treatment of the second case. Together with the theorem in the case of ¢ having
small height we can prove Theorem I.

Theorem 1. Let K be a number field that is Galois over Q and that satisfies the
MHU condition. Then

2 c
g?fgé Sq,d,N - O(N3 IOg N)a

where the implicit constants depend only on K.

Proof:

Since K satisfies the MHU condition, there exist 1, s > 0 such that all pairs can be
majorized by (1, pue)-HU pairs. Let x be the constant appearing in theorem 5.4.2.
Choose A such that Alog N > max{’““g##, 2log N} for all N € N with N > 3.

Let N > 3 and consider ¢,d € Z. Then there exists a (p1, u2)-HU pair (¢, d") which
majorizes (q,d). We distinguish two cases

1. h(q') < Alog N:
Then by theorem 3.2.2 there exists a constant ¢, which only depends on A
and K, such that
S¢.an < c1V'Nlog N.

2. h(q") > Alog N:

In this case we can apply theorem 4.1 proved just before and we obtain
Syarn < Nilog® N
for some constant ¢y only depending on A and K.
Combining both cases, yields
SedN < Sy an < max{cl\/ﬁlog N, N3 log® N}.

By choosing suitable constants, the theorem follows. O
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Chapter 7

The MHU condition

This chapter is devoted to the problem of finding concrete examples of number fields
which satisfy the MHU condition.

In the first two sections we show that over any number field every pair (q,d) of
coprime integers ¢ and d satisfies the height condition and the uniqueness condition
in the definition of HU pairs.

In order to establish the MHU condition it remains to show that any pair (¢, d) is
majorized by a coprime pair (¢/,d"). However, we were not able to prove this for all
number fields.

Though, for a special class of number fields we can indeed prove the MHU condition
by generalizing an argument of Bombieri, Granville and Pintz from [BGP92]. This
is established in the third section and eventually leads to a proof of Theorem II.
Subsequently, we provide a counterexample which shows that this argument cannot
be extended further in order to demonstrate the validity of the MHU condition in a
more general setting.

1 The height condition

The purpose of this section is to show that over any number field K all the pairs
(q,d), where ¢ and d are coprime integers, satisfy the height condition in the defini-
tion of a (u1, u2)-HU pair for some gy, ua > 0. Actually, we even prove that gy, o
only depend on the number field K.

The principal idea is to mimic the proof given by Bombieri, Granville and Pintz in
the rational case (See lemma 4 in [BGP92]). Due to some additional difficulties,
which arise in the case of number fields, the proof is considerably more technical.
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Chapter 7 The MHU condition

Lemma 1.1. Let K be a number field and let q,d be coprime integers. Suppose
z; € K such that qn; +d = x? for some n; € N and i = 0,...,l+ 1. We define
f=ged(zf, ..., xf,). Then

|f| < max |n; —ny|.
i#£]

Proof:
For any i # j
T — :UJQ = q(n; — n;).
Here f divides the left hand side of the equation and, hence, also the right hand
side. Furthermore, f does not have any factor in common with ¢, since otherwise it
would follow from
qn; +d = a7}

that ¢ and d had also a factor in common.

This means that f divides n; — n; and the lemma is proved. O]

We now prove the height condition for pairs (g, d), where ¢ and d are coprime.

Proposition 1.2. Let K be a number field and let q,d be coprime integers. Suppose
r; € K such that qn; +d = z? for some n; € N and i = 0,...,1 + 1. Then
X = (x1 1 ... x41) s a point on Ci(g), where g is the gap tuple associated to
n = (ng,...,n41). For the height of x we have the estimate

h(x) > p1h(q) — po

with gy = % and ps = 3[K : Q]log 2.

Proof:

Let f be the greatest common divisor of #3,...,7,;. In order to determine h(x)
over K, we can equivalently determine it over K (/f). Furthermore, the height of x
is independent of its representative and, hence, we can work with the representative

(&% :... 0 237 ) instead of (o : ... 2y41).

We now calculate
X

h(x) = ;miaxlog ‘ 7

Y
v

where the sum ranges over all valuations of K (v/f).

We distinguish between the two types of valuations v on K (v/f). The non-archimedean
valuations, which arise from p-adic valuations on Q, and the archimedean ones aris-
ing from the ordinary absolute value.
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1. The non-archimedean case:
Let p be a prime and let 7, the index such that z; attains the maximum in

«?
max; log F
p

Consider all valuations v that lie above p in K (1/f). We obtain

Z max log Z max log Z log

vip vlp v
1 2
log —| = -logmax|—| >0.
f 7 o8
p
We shall explain the last inequality:
Since f is the greatest common divisor of «f,...,z7,;, there is some i such

that p does not divide x—; Therefore, the valuation of w—fz is greater than or
equal to 1. Taking the logarithm, yields this inequality.

2. The archimedean case:
First of all, we note that

max | —-

i
by the triangle inequality for all i # j.

v

Similar to the non-archimedean case, we consider all archimedean valuations
that lie above the ordinary absolute value. These are all the archimedean

valuations on K (1/f). We obtain

Z max log Z max log
v|oo
:—Zlog + = Zl

v|oo 1/|oo

f

14

for all i # j. As explained in the first chapter, there are exactly [K(v/f) : Q]
valuations lying above co. Since [K(v/f) : Q] < 2[K : Q], we find for all i # j

Zmaxlogﬁ >11gx—12—x—? — [K : Q]log 2.
2™ FlLo2 %
By observing , )
x; n; —n;
-
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for all i # j and applying lemma 1.1, we finally obtain

Z max log

v|oo

X4

vai

>

v

1
5 logla| — [K : QJlog2.

Combining the archimedean and non-archimedean valuations, we determine the
height of x as follows:

€

Tl = sl - 1€ : QJlo2 = Shlg) — K Q] log2.

h(x) = Z max log

>
12

2 The uniqueness condition

In this section we prove that a pair (¢,d), where ¢ and d are coprime integers,
satisfies the uniqueness condition over any number field. The proof is essentially the
same as in the rational case given in [BGP92] on page 4.

Proposition 2.1. Let K be a number field and let q,d be coprime integers. Let
g be an l-gap tuple with entries that are smaller than some natural number N and
suppose that x is a point on Ci(g) over K.

If h(q) > 2log N, then there exists at most one tuple n = (ng,...,ni41) of natural
numbers such that qn; + d = x? for some 1 < n; < N and z; € K satisfying

X = (xg:...:x41), and g is the gap tuple corresponding to n.
Proof:
Consider two tuples n = (ng,...,n;41) and n' = (ng,...,n;,,) such that for all

i=0,...,0+1 we have qn; + d = z? and gn, + d = 22, where z;, 7}, € K satisfying
X=(To:...:%41) = (TG0 1 X))

The proposition is proved if we can show that n = n’.

Since x = (zg : ... :x41) = () ¢ ... : 7],,), there is some § € K such that zj = fz;
fori=20,...,l4+ 1. Hence, for 0 < i <[+ 1 we obtain

qno +d _ xf  0%x5  qny+d

qni +d w2 222 qn)+d’

and we deduce
q(ning — ning) = d(ng + n; — ng — ny).

36



Chapter 7 The MHU condition

Since ¢ and d are coprime, ¢ divides (n{+n; —no—n;). However, (nj+n;—ny—n}) has
absolute value less than N and since h(q) > 2log N, we obtain n{+mn; —ng—n; = 0.
As d # 0, this also implies n;ny — njng = 0, which in turn is equivalent to = = 7.
0

i

We rewrite ng +n; —ng —n; =0 as

!/ !/
n, n
% 0
ni(l——)—mne(l——)=0.
n; o
From ng # n; we now conclude
Un) n
— = _j =1
ng 1y
This proves the assertion. O

3 Majorizing by coprime HU pairs

In the previous two sections we have seen that coprime pairs form HU pairs. In order
to establish the MHU condition for a concrete number field K we are supposed to
prove that all pairs (¢, d) are majorized by coprime pairs (¢’,d’) over K.

The proof of this result in the rational case is given in [BGP92]. It is mainly based
on the following fact:

If ¢ and d are not coprime, but ged(q, d) is squarefree, then the elements of S, 4 n
itself lie in an arithmetic progression mod ged(q, d).

In this case it is easy to show that any square in the arithmetic progression (gn+d),en
gives rise to a square in an arithmetic progression (¢'n+d'),en, where ¢’ = ged(q, d).
Then it follows S,qn < Syan. Since ¢ < ¢, the repeated application of this
argument has to terminate eventually. In this case ¢’ and d’ have to be coprime,
and this means that the MHU condition holds.

We now generalize this result of Bombieri, Granville and Pintz to the case where
the underlying number field is of the form Q(,/p) for some prime p. Subsequently,
this will permit us to prove Theorem II.

We finish this chapter with a counterexample. We show that the conclusion above
— namely that elements of S, 4 v itself lie in an arithmetic progression — is in general
not valid for all quadratic extensions of Q. Note that this fact is the reason which
keeps us from proving an analogue of Theorem II for any number field, although we
expect it to be true.
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3.1 Proof of Theorem I1

We start off with a reduction that lets us assume that ¢ and d have no common
square factor.

Lemma 3.1. Let K be a number field. For any q,d € Z there exist ¢',d' such that
Sgd,N =S¢ d.N

for all N € N, and ¢',d" do not have a common integer factor being a square in K.

Proof:

We write ¢ = ¢*ged(q, d) and d = d*ged(q,d). Then, we decompose ged(q,d) = rs
such that r, s € Z and r is not divided by an integer which is a square in K while s
is a square in K. Then we have

Syan = {n < N|gn + d = z* for some r € K}
= {n < N|q*rsn + d*rs = 2* for some v € K}
={n < N|¢*rn+ d*r = 2* for some v € K} = Sy o

for all N € N by setting ¢’ = ¢*r and d' = d*r. m

The next lemma is crucial in order to establish the MHU condition for the fields
Q(y/p), where p is prime. It shows that if gn 4+ d = 2* for some Q(,/p), then z?,
although it may not be the square of an integer, behaves in some way as if x indeed
were an integer.

Lemma 3.2. Let p be a prime. Suppose q,d € Z such that gcd(q, d) does not have
an integer factor being a square in Q(y/p).

If gqn+d = 2® for some n € N and some x € Q(,/p), then ged(q,d)? divides .,

Proof:
By an elementary computation we see that if 22 € Z for some x € Q(y/p), then z is
of the form x =t or x = ¢,/p for some ¢ € Z.

Hence, we have gn +d =t? or qn +d = (t\/]_))2 = t?p for some t € Z. Let r be some
prime dividing gcd(q, d). Then, by assumption, r is not a square in Q(,/p) and so
in particular r # p.

Since r divides gn + d, it also divides t* or t*p respectively. As r # p, it follows r|t.
Since ged(q, d) is squarefree, we obtain that ged(q, d) divides ¢. This in turn implies
that ged(q, d)? divides 2. O
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Now we can prove that over the field Q(,/p) all pairs (g, d) are majorized by coprime
pairs (¢',d’) in the sense of the MHU condition.

Proposition 3.3. Let p be a prime. Then for any q,d € Z there exist coprime
integers q',d’ such that over Q(,/p) we have

Sq7d7N < SqﬁdCN

for all N € N.

Proof:
By lemma 3.1 we can assume that ¢ and d do not have a common factor which is a
square in K.

We claim that all n in S, 4y lie in an arithmetic progression mod ged(q, d):
In order to prove this, let ny,ny be elements of S, 4 x and let r be a prime dividing
ged(q, d). Then, lemma 3.2 above yields

qni +d=1f and qne +d =1r2f,

for some fi, f» € Z. This implies 7 { ¢ because otherwise we had r%|d — a contra-
diction as ged(q, d) is squarefree. Now we obtain

q(m - n2) = 7“2(f1 - f2)7

and this implies 7|n; —ny. Since r is an arbitrary prime dividing ged(q, d), it follows
that ged(q,d)|ny — no.

Hence, all elements of S, 4 n lie in an arithmetic progression mod ged(q, d). There-
fore, they can be written as n = ged(q,d)n* + a for some fixed a € Z and some
1 <n* < N. We write ¢ = ¢*ged(q, d) and d = d*ged(q, d).

Consider some element n of S, ¢ 5. This means that we have gn + d = x? for some
r € Q(y/p). Then, we get

2 = q*ged(q, d)(a+n*ged(q, d) + d*ged(q, d) = q*ged(q, d)*n* +ged(q, d)(d* +¢*a).
Lemma 3.2 above yields that z? is divided by ged(q, d)?. Therefore, ged(q, d)(d* +
q*a) is divided by ged(q,d)?* as well.

This means that any n € S, 4 n gives rise to a square in the arithmetic progression

(¢n* + d)pren with ¢ = ged(q,d) and d' = g;;?g:; with n* < N. This implies

Sq7d7N S Sqlzd/7N'

If ¢ and d' are coprime, the proposition is proved. However, if this is not the case,
a iterated application of the reduction in 3.1 and the reduction in this proposition
yields the desired result. Note that this process will terminate eventually. [
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In fact, Theorem II is now a simple consequence of Theorem I and the results proved
above.

Theorem II. Let p be a prime. Then over Q(,/p) we have

max Sy qn = O(N5 log® N),

q,d€Q
where ¢ is some positive constant.
Proof:

From the propositions 1.2,2.1 and 3.3 we obtain that Q(,/p) satisfies the MHU
condition.

Since Q(,/p) is an extension of degree 2 of Q, it is a Galois extension. Now the
theorem follows from Theorem I. O

3.2 A counterexample

The key ingredient in the proof of Theorem II is lemma 3.2, which leads to the
conclusion that if ¢ and d are not coprime, but ged(q, d) is squarefree, then all
elements of S, 4 v lie in an arithmetic progression modulo ged(q, d).

We now show that this conclusion is false for the quadratic extension Q(v/6).

Consider the arithmetic progression (2n + 4),en over Q(v/6). This sequence starts
as follows

6, 8 10, 12, 14, 16, 18, 20, 24,  26,...

where the highlighted numbers are those which are squares in Q(v/6). The greatest
common divisor of ¢ and d is 2, which is not a square in Q(\/é) We observe that the
first elements of S, 4 n are 1,6 and 10, which obviously do not lie in an arithmetic
progression.

Although we have not verified it, it seems very likely that this behavior always occurs
over quadratic number fields which result from Q by adjoining the squareroot of a
composite number.
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Chapter 8

Open questions and
generalizations

At the end of this thesis we want to discuss some problems that remain open.
Furthermore, we propose some generalizations of the theorems of this thesis, which
let them appear as consequences of some wider conjectural statements.

Our primary objective was to generalize the theorem of Bombieri, Granville and
Pintz to the number field case. So far the only number fields for which we proved
this are those of the form Q(,/p) for a prime p. Besides, it is easy to see that all
number fields K which have odd degree over Q satisfy the same asymptotics for the
number of squares in arithmetic progressions simply because there do not appear
any new squares. Even though these two examples are very specific, we believe that
indeed one should expect that a theorem similar to Theorem II holds in fact for any
number field.

It is clear that this would follow if the MHU condition holds for an arbitrary number
field. As indicated in the last chapter we might not expect that proving the MHU
condition can be achieved by using coprime pairs. However, it is possible that other
pairs do, on the one hand, satisfy the height and the uniqueness condition and, on
the other hand, majorize all other pairs.

We tried to put this idea into practice by considering pairs which satisfied some
conditions involving all valuations of a number field. However, this approach did
not turn out to be successful. So we leave as our major open problem to prove the
MHU condition for other number fields.

In fact, we believe that an even stronger statement may be true. We think that
the order of the asymptotics appearing in Theorem I and II is not the true order.
Rather, we expect that the true order is indeed the order suggested by Rudin’s
conjecture.
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Conjecture (Rudin’s conjecture). It holds

rréaé\{n < Nlgn+d = 2* for some xz € K}| = O(VN).
q,a€

Rudin’s Conjecture can be seen as both the most natural and optimistic conjecture
on the distribution of squares in arithmetic progressions. On the one hand, it is
natural because a similar statement can be proven if we do not require uniformity
in ¢ and d. On the other hand, it is the most optimistic formulation of such a
conjecture because one can easily prove that it is not possible to replace O(\/N ) by
a stronger asymptotics.

Furthermore, Rudin’s conjecture reflects the opinion that arithmetic progression and
squares are not related and in some sense independent objects such that squares
should not occur more often inside of arithmetic progressions than they do inside of
the natural numbers.

If we subscribe to this view, we see no compelling reason why the situation should
change fundamentally if we consider the same problem over number fields instead
of over Q. This leads to the following conjecture.

Conjecture ("Rudin’s conjecture” over number fields). Let K be a number field.
Then

n}iaé|{n < Nlgn+d = 2? for some z € K}| = O(V'N).
q,ae

This is not the only possible generalization of Rudin’s conjecture to the number field
case. The following statement is both more natural and stronger at the same time.

Conjecture (Extended ”Rudin’s conjecture” over number fields, version 1). Let K
be a number field. Then

max |{n < N|gn +d = 22 for some z € K}| = O(V'N).

q,deK

Interestingly, this conjecture is related to a seemingly stronger statement. Indeed,
any asymptotical formula for

max |{n < N|qn + d = 2* for some z € K}|
q,deK

would lead to the same asymptotical formula for

max [{n < N|gn +d = f(z) for some x € K}|,
q,deK

where f is some quadratic polynomial in K[X]. Hence, the conjecture above can be
restated as follows.

92



Chapter 8 Open questions and generalizations

Conjecture (Extended ”Rudin’s conjecture” over number fields, version 2). Let K
be a number field and let f(X) € K[X] be a quadratic polynomial. Then

max [{n < N|gn +d = f(z) for some z € K}| = O(V'N),

q,de K

where the implicit constant does not depend on f.

In view of this statement, it is also natural to ask what happens with polynomials
of higher degree. Maybe the most optimistic guess is also the right one in this case.

Conjecture ("Rudin’s conjecture” for polynomials). Let K be a number field and
let f(X) € K[X] be a polynomial of degree deg f > 1. Then

r%a§|{n < Nlgn +d = f(x) for some z € K}| = O(Nﬁ),
q,ac

where the implicit constant does not depend on f.

For deg f = 1 the conjecture is trivially true, while for deg f = 2 this is exactly the
extended "Rudin’s conjecture” over number fields.

For the case deg f > 3 there is even less evidence supporting these conjectures than
in the case of quadratic polynomials. Although one can also show that O(N @)
cannot be replaced by a stronger asymptotic, we do not know of corresponding
non-uniform results in this case. Hence, we propose the following conjecture, which
would follow from ”Rudin’s conjecture” for polynomials.

Conjecture. Let K be a number field and let q,d € K. Suppose that f(X) € K[X]
s a polynomial of degree deg f > 3. Then

{n < N|gn +d = f(x) for some x € K}| = O(N@),

Note that in this non-uniform version the implicit constants might depend on ¢
and d, and on the polynomial f. Even though this conjecture is far more weaker
than the uniform version, it seems that there has not been done any research in
this direction. We have had a look into the literature but we did not encounter
any results related to this question, not even for special cases. Therefore, apart
from the general conjectures, it would be interesting to have results in the restricted
case. Maybe progress on these questions might also shed some light on the general
conjectures.
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