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Abstract

The infrastructure is a group-like structure inside the equivalence class of the unit element of the class group
of a real quadratic number field. It induces an algorithm that can compute the regulator of the real quadratic
number field. Among other things, this thesis explores the potential of giving an Arakelov theoretical
description of the infrastructure for so-called fake real quadratic orders; a specific type of S-integers in an
imaginary quadratic number field. To see the utility of Arakelov theory, this thesis describes the Arakelov
theoretical description of the original infrastructure. Moreover, it extends Arakelov theory to S-integers. This
includes the study of the Arakelov S-class group. Two isomorphic groups are constructed, and the topology is
examined. Furthermore, two definitions for reduced Arakelov S-divisors are suggested. To support Arakelov
theory for S-integers, also Minkowski theory has been studied for these rings. Namely, this thesis shows how
non-zero fractional ideals of S-integers can be viewed as lattices in the S-Minkowski space. Furthermore,
it includes an analogue of Minkowski’s Convex Body Theorem for the S-Minkowski space. To talk about
lattices in this space, the structure of lattices in locally compact groups is examined. This includes the full
description of fundamental regions and covolumes of lattices.
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Introduction

Let K be a quadratic number field and Clg its class group. If K is imaginary, every equivalence class in Clg
contains a unique reduced integral ideal. If K is real, this is no longer the case. Then every equivalence class
in Clg contains a finite number of reduced integral ideals, called a cycle. In 1972, Daniel Shanks noted that
the cycle corresponding to the unit element of Clg attains a group-like structure (see [Sha72]). This is known
as the infrastructure of K. A possible failure of the associative law prevents the infrastructure from being
an abelian group. Using a distance formula and his Baby-Step Giant-Step Algorithm on the infrastructure,
Shanks was able to design an algorithm that can compute the regulator of the real quadratic number field.
While Shanks described this phenomenon also using binary quadratic forms, it was Hendrik Lenstra who
introduced a group on binary quadratic forms, that could be used to make Shanks’ observations precise
(see |[Len82]). The ideas were generalized to any number field by Johannes Buchmann in 1990 (see [Buc90]).
Buchmann’s algorithm can compute the class group and regulator of any number field in subexponential
running time, under reasonable assumptions. Now, Shanks’ and Buchmann’s algorithms were examined using
Arakelov theory for number fields by René Schoof in 2008 (see [Sch08]).

This is one part of the historical and motivational background. On the other hand, we have the fake real
quadratic orders. To introduce them, consider the rings of S-integers. These are subrings of a number field
K defined by

Ok,s :={z € K :ordy(z) > 0 for all p ¢ S},

for some finite set S of non-zero prime ideals of Ok. Now, consider an imaginary quadratic number field of
discriminant d € Z. Furthermore, take an odd prime g € Z such that d is a square modulo g. Then it follows
that

90Kk = qq,

for some non-zero prime ideal q C Og. If we take S = {q}, we obtain a subring of K by Qg4 := Ok 5. Henri
Cohen observed that these subrings behave similarly to the ring of integers of a real quadratic number field.
For that reason, Cohen called these types of S-integers fake real quadratic orders. They are studied in great
detail by Richard Micheal Oh and Hongyan Wang (see [Oh14], [Wanl7]). Oh discusses the potential of an
analogue of the infrastructure for fake real quadratic orders. It was Wang that was able to describe such an
infrastructure. However, it did not lead to a faster algorithm that could compute the regulator of a fake real
quadratic order. In this case, the regulator is defined as Rq , := log |e4|eo, Where g4 is the generator of the
unit group of Og 4. Equivalently, the element ¢, is the generator of the principal ideal q", where n € Zq is
the order of q in the class group of K.

The goal of this thesis is to combine these two concepts. Schoof successfully described the infrastructure
using Arakelov theory. Therefore, this might be the right setting to design the infrastructure for fake real
quadratic orders. However, this thesis does not include such a description. Instead, it gives all the ingredients
that are needed for a description. Moreover, it explains the obstacles that come along.

While Schoof describes the infrastructure using Arakelov theory, his paper mostly focuses on the Arakelov
theoretical description of Buchmann’s algorithm. Therefore, the first step is to give a full Arakelov theoretical
description of the original infrastructure that is built on the ideas of Schoof. This is given in Chapter [4] of this
thesis. It includes a short overview of Arakelov theory for any number field as described in Schoof’s paper.
Arakelov theory for number fields makes use of Arakelov divisors. They are an analogue of divisors on a
complete projective curve. Instead of points on the curve, it uses the places of the number field. One can give
an analogue of the Picard group, which is called the Arakelov class group. So-called reduced Arakelov divisors
play a major role in the description of the infrastructure. They are the analogue of reduced integral ideals.
One of the key outcomes of this chapter is the development of a reduction algorithm for Arakelov divisors in
a real quadratic number field (see Algorithm . Given an Arakelov divisor, it returns a reduced Arakelov
divisor that is ideal equivalent. This equivalence relationship is the same as saying that two Arakelov divisors
lie on the same connected component of the Arakelov class group. Using the ideas of the reduction algorithm,

Page 4 of



we can prove that any reduced Arakelov divisor induces a complete set of distinct reduced Arakelov divisors
that are ideal equivalent (see Theorem . This is the analogue of a cycle of the class group, which we
will call an Arakelov cycle. We describe a distance formula that gives the notion of distance between ideal
equivalent Arakelov divisors. Moreover, it recovers Lenstra’s distance formula (see Corollary . We
end this chapter by constructing a group-like structure on the Arakelov cycle induced by the zero Arakelov
divisor. This is the Arakelov theoretical description of the infrastructure of a real quadratic number field.
Finally, applying the ideas of the Baby-Step Giant-Step Algorithm to the infrastructure, we were able to
design an algorithm that can compute the regulator of a real quadratic number field (see Algorithm .

We aim to give an Arakelov theoretical description of the infrastructure for fake real quadratic orders.
Therefore, we first have to define Arakelov theory for these subrings. But, why not generalize it immediately
to any ring of S-integers of any number field? This is what happens in Chapter [5| of this thesis. We extend
the notion of Arakelov divisors to so-called Arakelov S-divisors. One can define principal Arakelov S-divisors
that depend on the elements in the number field. They form a subgroup of the group of Arakelov S-divisors.
They induce a quotient group, called the Arakelov S-class group. This is the extension of the Arakelov class
group. The main part of this chapter is spent on the analysis of this last group. We show how the group is
isomorphic to the group of metrized S-line bundles (see Theorem . These are projective O g-modules
of rank 1 with some additional structure given by a Kgr-metric. Moreover, we construct a group of ideal
S-lattices that is also isomorphic to the Arakelov S-class group (see Theorem . Ideal S-lattices are
structures that behave like fractional ideals and lattices simultaneously. Furthermore, we investigate the
topology of the Arakelov S-class group. We show how its connected components are metrizable (see Theorem
. Lastly, we propose two generalizations of reduced Arakelov divisors. Moreover, we show how in both
cases there are only a finite number of reduced Arakelov S-divisors (see Theorem [5.4.10[ and [5.4.17]).

While trying to generalize reduced Arakelov divisors, some problems came into play. Reduced Arakelov
divisors depend on the notion of minimal elements in a fractional ideal. The existence of a minimal element
is guaranteed since any fractional ideal of Ok forms a lattice in the Minkowski space K := K ®g R. This
was the motivation to study Minkowski theory for the rings of S-integers. We aimed to find a space where
fractional ideals of Ok g can be viewed as lattices. In contrast to the space K, the desired space was no
longer a Euclidean space. Therefore, we could not use the classical theory of lattices in Euclidean spaces. We
had to extend the theory of lattices to locally compact groups. This is done in Chapter 2] of this thesis. While
this theory can be found in the literature, it is often incomplete. We aim to give the full theory of lattices
in locally compact groups. From the formal definition of lattices to discrete and co-compact subgroups in
abelian L-groups (see Theorem , from fundamental regions to its existence, and from Haar measures to
covolumes.

After the general theory of lattices in locally compact groups was examined, we could finally investigate
Minkowski theory for the rings of S-integers. This is given in Chapter [3| It starts with a short overview of
some results on S-integers that are important along the way. This includes their structure, prime ideals,
fractional ideals, and units. Then we show that any non-zero fractional ideal of Ok g can be viewed as
a lattice in the S-Minkowski space Kg (see Theorem . This space is an extension of Ky that takes
the completions of K with respect to the prime ideals (finite places) of S into account. The covolume of
a lattice corresponding to a fractional ideal can be related to the covolume of the lattice implied by Ok s
itself. Therefore, we describe a fundamental region of Ok ¢ and compute its covolume (see Theorem .
Furthermore, we prove an analogue of the Heine-Borel Theorem and Minkowski’s Convex Body Theorem for
the space Kg (see Theorem [3.3.12| and [3.3.23).

We start this thesis with some preliminaries in Chapter [I They make sure that terminology and notation
are consistent throughout this thesis, and known to the reader. We end this thesis with a more specific
description of fake real quadratic orders in Chapter [6] Furthermore, we describe some ideas and obstacles of
a potential Arakelov theoretical description of the infrastructure for fake real quadratic orders.

Page 5 of



Acknowledgements

Before we dive into mathematics, I would like to take a moment to thank my first supervisor Professor Steffen
Miiller. First of all, he was the one who noticed that it could be interesting to combine the infrastructure,
Arakelov theory, and fake real quadratic orders. It turns out, he was certainly right about this. This research
has been a great journey with beautiful mathematics. Within my research, he allowed me to study the things
I found interesting. This was a great pleasure. Moreover, he always gave me the feeling that I was going in
the right direction. He supported this research with many suggestions to overcome certain issues. I like the
way we had our meetings, and I look forward to the possibility of working together again in the future.

I also would like to thank my second supervisor Professor Jaap Top. While he was not much involved during
the research, he was always approachable and ready to help. He also supported me with physical literature
that could not be found on the internet. This has helped progress in several parts of this research.

I thank Professor Florian Hess and Professor René Schoof for the useful meetings that we had at the University

of Groningen. Lastly, I would like to thank Professor Koen de Boer. He clarified some parts of his work,
which helped me to solve some problems in the theory of ideal S-lattices.

Page 6 of



1 Preliminaries

In this chapter, we gave a brief overview of basic definitions and results from (algebraic) number theory,
commutative algebra, and measure theory. This ensures consistent notation and terminology throughout this
thesis. Furthermore, it gives the reader the necessary background to understand this thesis. Except for the
notation, the content of Sections and are known to those that are familiar with (algebraic)
number theory and commutative algebra. Therefore, those readers are safe to skip these sections. However,
we advise the reader to read Section and [.§ as they are the motivation to study Chapter and [

Remark 1.0.1. Throughout this thesis, the Axiom of Choice is assumed to hold. ¢

1.1 Dedekind Domains

The definitions and results stated in this section are basics in (algebraic) number theory. Therefore, they can
be found in any book or lecture notes in this area. We will mostly be using the convention from [Neu99].

Throughout this section, let O be a Dedekind domain and F' its field of fractions.

Definition 1.1.1. An additive subgroup J C O is called an integral ideal of O if ax € J for all x € J and
a € O. An O-submodule I of F is called a fractional ideal of O if there exists some a € O such that al is
an integral ideal of O. The set of fractional ideals of O is denoted by Idp. A principal fractional ideal is a
fractional ideal of the form xO for some = € F'.

Any integral ideal is a fractional ideal but the converse is not true. The following definition will be used later
in this thesis.

Definition 1.1.2. Let I be a fractional ideal of O. An element x € I is called primitive if there does not
exist an m € Z~1 such that x € mI.

Since O is a Dedekind domain, the set Idp forms an abelian group under multiplication. More precisely, the
unit element is given by O itself, and for any fractional ideal I of O the inverse is given by

I'"'={zcF:2l CO}. (1)

One can find this result in Proposition 3.8 of Chapter I in [Neu99]. The subset of principal fractional ideals
form a subgroup of this abelian group.

Definition 1.1.3. The quotient group of Idp by its subgroup of principal fractional ideals is called the class
group of O. Fractional ideals of O are said to be equivalent if they define the same equivalence class in the
class group of O. For I € Idp we denote its equivalence class in the class group by [I].

Fractional ideals I and J of O are equivalent if there exists some x € F™* such that I = zJ. Another
consequence of O being a Dedekind domain is that any fractional ideal of O can be uniquely written as a
finite product of non-zero prime ideals of O (see [Neu99, Corollary 3.9, Chapter I]). We denote the set of
prime ideals of O by Spec(O). So for any I € Idp and non-zero prime ideal p of O there exists an n, € Z

such that
I = H pe. (2)
pESpec(ON\{(0)}

If I is an integral ideal of O, then n, € Z>( for all non-zero prime ideals p of O (see [Neu99, Theorem 3.3,
Chapter I]).

Proposition 1.1.4. Any prime ideal of O is maximal.

Proof. This is a consequence from the fact that a Dedekind domain is a domain of dimension 1 (see [AM69]
Theorem 9.3]). O
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Remark 1.1.5. We denote the integer n, for I, corresponding to the non-zero prime ideal p, by ord,(I). So
for any non-zero prime ideal p of O we get a group homomorphism ord,: Idp — Z. ¢

Definition 1.1.6. Let S be a finite set of non-zero prime ideals of O and I € Idp. Then [ is said to be
coprime to S if ord,(I) =0 for all p € S.

The analogue of this definition for the rationals numbers is saying that a rational number 7 € Q is coprime
to a set S of prime numbers if pta and ptb for all p € S.

A consequence of the unique factorization of fractional ideals is that we can speak about division.
Definition 1.1.7. Let I,J € Idp. Then [ is said to divide J if J C I. If I divides J, this is denoted by I|.J.
Proposition 1.1.8. Let I, J € Idp.

i.) Then I|J if and only if there exists some integral ideal A of O such that IA = J.

ii.) Then I|J if and only if ord, (1) < ord,(J) for all non-zero prime ideal p of O.

Proof. To show Statement (i.), assume that I|J. Then J C I, and so JI"' C II=' = O. Then A := JI~ ! is
an integral ideal and A = I(JI~') = J. Conversely, suppose that there exists some integral ideal A of O
such that JA=J. Then J=IACIO C 1, and so I|J.

Now, for any non-zero prime ideal p of O, we have the group homomorphism ord,. Then IA = J if and only
if ord,(J) = ord, (I A) = ord,(I) + ord,(A) > ord,([), using the fact that A is an integral ideal. Therefore,
Statement (ii.) follows directly from Statement (i.). O

Definition 1.1.9. For any integral ideal I of O, the (absolute) norm of I is defined by
No(I) i= #(0/1) € Zo U {oo}.
Proposition 1.1.10. Let I, J be integral ideals of O.
i.) Then No(IJ) = No(I)No(J).
ii.) Let k € Zso. Then the number of integral ideals I of O such that No(I) < k is finite.

This result can be found in Theorem 3.29 of [Kha22]. Due to Proposition [1.1.10] (i.), we can extend the
notion of the norm to any fractional ideal of O.

Definition 1.1.11. For any I € Idp with unique factorization as in , we define the (absolute) norm of I
by No(I) := [Tyespecion (0} No(#)"™-

The norm defines a group homomorphism Ne: Idp — Q*.
Let L|F be a finite field extension. Moreover, we assume that this extension is separable.

Definition 1.1.12. For any = € L, the trace, denoted by Trz p(x), and norm, denoted by N p(x), are
respectively defined by the trace and determinant of the F-linear transformation 7, : L — L given by y — xy.

Remark 1.1.13. Notice that Tryp(z), Nz p(z) € F for all z € L, since the trace and determinant of an
F-linear transformation is always in F'. ¢

Let F denote an algebraic closure of F.

Definition 1.1.14. A map f: L — F is called an F-embedding of L if it is an injective ring homomorphism
and the identity map on F' C L.

The following result is Proposition 2.6 of Chapter I in [Neu99].
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Proposition 1.1.15. For any x € L, one has

TrL|F(x) = ZU(iE), NL|F('I) = HO’((E),

where the sum (resp. product) runs over all F-embeddings o of L.

Until now, we have considered a Dedekind domain O and its field of fractions F'. Now, suppose that L|F' is a
separable finite field extension and O the integral closure of @ in L. Then by Proposition 8.1 in Chapter I of
[Neu99], the ring O is also a Dedekind domain. We denote this construction of Dedekind domains by O|O.

Definition 1.1.16. The fractional ideal
Cojo i={z € L: Tryp(zO) C O}
of O is called the inverse different of O]0. Its inverse Dy 1= 035‘10 is called the different of O|O.

For any = € O, one has Try p(z) € O (see [Neu99, Page 12]). Therefore, we have O C €p|p. Consequently,
the different of O|O is an integral ideal of O. By Remark [1.1.13] we know that the image of the norm of any
element in L is in F. Therefore, the following definition makes sense.

Definition 1.1.17. For any fractional ideal I of 9, the relative norm of I is defined by the fractional
ideal Npjo(I) of O generated by the images of the norm of the elements in I. More precisely, one has
ND|O(I) = {NL\F(m) X [}O

One can show that the relative norm is a group homomorphism Ny |p: Idy — Idp (see [Sut24, Proposition
6.7]). The lecture notes [Sut24] also study some equivalent representations of the relative norm. Since we are
not interested in them, we refer to these lecture notes.

Definition 1.1.18. The fractional ideal Ny |o(Dp|p) of O is called the relative discriminant of O|O.

1.2 Number Fields

Like the previous section, the definitions and results stated in this section are basics in (algebraic) number
theory. We will mostly be using the convention from [Neu99].

Throughout this section, consider the field extension K|Q, that is, the field K is an (algebraic) number field.
Throughout this thesis, let the degree of K be denoted by n € Z~g, unless stated otherwise. By applying
the Primitive Element Theorem, we know that there exists some v € K such that K = Ky(7) (see [Kha22l
Theorem A.28]). Let f € Q[t] be the minimal polynomial of . One can show that deg(f) = n (see [Kha22|
Proposition A.2]). The minimal polynomial f is a product of linear polynomials over Q. Hence, there exists
vi € C for all 0 < i <n — 1 such that f(¢t) = H:-!Ol (t — 7). Equivalently, the elements ; € Q for integer
0 <i<n-—1, are all the roots of polynomial f. We denote by r; the number of roots that are real and by ry
the number of roots that are complex. As complex roots come in pairs, with their complex conjugate, we
have n = 1| + 2ry. Every root of f defines a Q-embedding into Q. Namely, we have the Q-embedding defined
by v — ~; for all integers 0 < i < n — 1. It can be shown that these are all the Q-embeddings of K (see
[Xial6, Theorem 1, Section 1.3]). From now on, we will call a Q-embedding of K simply a field embedding of
K. Tt follows that the field embeddings of K are in bijection with the roots of f. Therefore, throughout this
thesis, we will refer to field embeddings of K instead of roots of the minimal polynomial f. If ; is real, the
image of K, under the corresponding field embedding, is in R. If v; is complex, this is not the case.

Definition 1.2.1. The field embeddings coming from a real (resp. complex) root are called real (resp.
complezx) field embeddings. The set of all field embeddings of the number field K is denoted by Y.

Remark 1.2.2. Throughout this thesis, let the complex conjugation of z € C be denoted by Z. Furthermore,
we denote the real part of a complex number by  and the imaginary part by J. Lastly, the absolute value
on C (or on R) will be denoted by |.|oo. ¢
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Just like roots, the complex field embeddings come in pairs. Namely, for any complex field embedding
o: K — Q, we also have the complex field embedding 7: K — Q. It comes with the relation that 7(z) = o(x)
for any =z € K.

Definition 1.2.3. Let 0, ¢’ be two field embeddings of K. Then o and ¢’ are called conjugate field embeddings
if o(x) = o'(z) for all z € K. Otherwise, the field embeddings are called non-conjugate.

The following definition will be used throughout this thesis.
Definition 1.2.4. The degree of a field embedding o € ¥ is defined by

deg(r) = 1, if o is a real field embedding,
Bl7) = 2, if o is a complex field embedding.

We move on to the ring of integers of K, denoted by Ok. The ring Ok contains all elements of K that are
roots of a monic polynomial with integer coefficients. It is known that O is a Dedekind domain (see [Neu99,
Theorem 3.1, Chapter I]). The set of non-zero prime ideals of O will be denoted by PBY% := Spec(Ox)\{(0)}.
The group of fractional ideals will be denoted by Idx := Idp, and the subgroup of principal fractional ideals
by Pg. The class group of O, defined in Definition is denoted by Clg. The order of the class group
Clk is known to be finite and will be denoted by the hy € Z~( (see [Neu99, Theorem 6.3, Chapter I}).

Definition 1.2.5. The integer hg is called the class number of the number field K.
In the ring of integers of K, the norm of an element in Ok can be related to the norm of fractional ideals.
Proposition 1.2.6. Let » € K*, then |[Ngg()|oc = Noy (20k).

Proof. We know that No, : Idx — Q" is a group homomorphism and Ngg(zy) = Ng|o(z)Nkg(y) for any
z,y € K. The latter is a consequence of Proposition [1.1.15] Since K is the field of fractions of Ok, the result
is true if it holds for a non-zero element in O. This was proven on page 35 in [Neu99). O

The ring of integers O is a free Z-module of rank n. Moreover, any finitely generated Og-submodule of K
is a free Z-module of rank n (see [Neu99, Proposition 2.10, Chapter I]). Let {ay,...,a,} be any Z-basis of
Ok . Furthermore, let o1, ...,0, denote all field embeddings of K. Then the quantity

det((i(a;))1<ij<n)? (3)
is independent of the choice of basis (see [Neu99, Page 15]).

Definition 1.2.7. The quantity (3] is called the (absolute) discriminant of the number field K and is denoted
by dK.

The following result relates the discriminant of K to the different of Ok|Z.
Proposition 1.2.8. The absolute value of the discriminant d of K equals No, (Do, (z)-

Proof. The relative discriminant No, |z(D o, |z) of Ok|Z equals the fractional ideal of Z generated by dx (see
[Kha22, Theorem 7.8]). Furthermore, one has No, 1z(Do,|z) = Nox (Do, |z)Z. This result is Proposition
6.11 in [Kha22]. Combining these results, we obtain that

dxZ = Noyz(Doxz) = Nox (Doyz)Z.
Since Z* = {£1}, we obtain that +dx = No, (Do, z), and 50 |dk | = No, (Do |z)- O

Now, let O3 denote the group of units of Ok . Let ux denote the subgroup of Oj containing the elements
of finite order, i.e. the roots of unity of K. By Dirichlet’s Unit Theorem, the group O} is a direct product of
px and a free abelian group of rank 71 + 173 — 1 (see [Neu99, Theorem 7.4, Chapter I]). Let {e1,...,&r, 4rp,—1}
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be any set of generators of the free group of Oj,. Furthermore, let o4,..., 0y, 4,, denote all field embeddings
of K that are pairwise distinct and non-conjugate. Then the quantity

et ((deg(0s) og [075(25) o)y < o 47y 1) (4)

oo

is independent of the choice of basis. Furthermore, note that o,,,, is not used in this quantity. But it turns
out that this quantity is also independent of the choice of the order of the pairwise distinct and non-conjugate
field embeddings. This is explained in Proposition 7.5 of [Neu99].

Definition 1.2.9. The quantity is called the regulator of the number field K and is denoted by Ry.

1.3 Infrastructure

In this section, we will look into some specific number fields.

Definition 1.3.1. An integer d € Z is called a fundamental discriminant if d # 1 is square-free and
d=1mod 4, or d =4D, where D € Z is square-free and D = 2,3 mod 4.

Throughout this section, we consider the quadratic number field K = Q(\/&) for some fundamental discriminant
d € Z. The element v/d has minimal polynomial t> — d € Q[t]. The roots of this polynomial are given by Vd
and —v/d. This implies that 7; = 2 and 7 = 0 if d > 0. Furthermore, if d < 0, we have r; = 0 and ro = 1.

Definition 1.3.2. If d > 0, the number field K is called a real quadratic number field. If d < 0, the number
field K is called a imaginary quadratic number field.

In the previous section, we saw that the roots of the minimal polynomial are in bijection with the field
embeddings of K. Consequently, the number field K has 2 field embeddings. One trivial field embedding
that is given by v/d — v/d and one non-trivial field embedding, denoted by o, given by vd — —v/d. Using
Proposition we know that the norm of x € K is given by Nk g(7) = zo(x). Set w = d%\/a, then the
ring of integers is given by Ok = Z|w]. Moreover, the discriminant of K equals d. These results are found in
[Coh93, Section 5.1]. For the units of O, one has

{£1} x (ex), if d >0,
o {£1,£(, £ 1+ ¢+ 2 =0}, ifd=-3, (5)
K {£1,+i:1+4* =0}, if d=—4,
{£1}, if d < —4,

where ek denotes a fundamental unit of Ok if d > 0. One can find this result in [JW09, Section 4.3].

Remark 1.3.3. There are certain choices for the fundamental unit. Throughout this paper, we restrict to
the fundamental unit such that ex € R<1. The fundamental unit is related to the fundamental solution of
the Pell equation. For more information on the fundamental solution and the fundamental unit, we refer to
[JW09]. ¢

If d > 0, the regulator of K is given by Rx = log |ek|co. We have Rg = log(e k) since e > 1. The regulator
of an imaginary quadratic number field is defined to be 1 by convention. This convention makes sure that the
Class Number Formula holds (see [Neu99, Page 467]).

Now, the infrastructure is a group-like structure inside the equivalence class of the unit element of Clg. It
induces an algorithm that computes the regulator for a real quadratic number field. In this section, we will
give a short recap of the construction of this algorithm. We use the description of this as described in [JWQ9].
Firstly, we focus on any quadratic number field and recall some extra results on these number fields. This
consists of some information on the ring of integers and the representation of its integral ideals. Thereafter,
we describe a reduction algorithm and explain how this can be used to study the infrastructure.
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Proposition 1.3.4. Any integral ideal I of Ok can be written as

Ia(iZJr <C+r‘/g> Z),

i 2, if d =1 mod 4,
"1 1, otherwise,

where a,b,c € Z and

such that r|b and rb|d — ¢2. Vice versa, any such representation must be an integral ideal of O. Such
representation is denoted by I = (a)[b, ].

This result is Equation (4.9) in [JW09].

Definition 1.3.5. An integral ideal I of Ok is called primitive if it cannot be written as I = mJ for some
other integral ideal J of Ok and m € Z with |m|s > 1.

In terms of the representation of Proposition [I.3.4] this means that we can take a = 1. In this case, we write
I=b,¢.

Definition 1.3.6. An integral ideal I of O is called reduced if it is primitive and there does not exist a
non-zero a € I such that |a|e < No, () and |o(a)|e < No, ().

Example 1.3.7. We can view Ok as an integral ideal. For any integral ideal J of Og and m € Z with
|m|eo > 1, the integral ideal m.J is strictly contained in Of. Thus, we see that O is primitive. Furthermore,
we have No, (Ok) = 1. Suppose that there exists a non-zero a € O such that |a|e < 1 and |o(a)|e < 1.
Then using Proposition and we have

Noy (a0k) = |Ngjg(a)|eo = lac(a)]e < 1.
This contradicts the fact that No, (aOk) € Z~¢. Hence, we know that Ok is also reduced. |

Corollary 5.5.1 and Corollary 5.8.1 in [JW09] tell us that if I is a reduced integral ideal, its norm is bounded
by v/|d|o. Therefore, by Proposition [1.1.10] (ii.), there can only exist finitely many reduced integral ideals in

Ok.

Given any fractional ideal I of O, it is possible to find a reduced integral ideal equivalent to I.

Algorithm 1.3.8. (Reduction Algorithm for Fractional Ideals)
Input: Any fractional ideal I of Of.
Output: A reduced integral ideal J of Ok such that I and J are equivalent.

i.) Compute a € Ok such that ol is an integral ideal of Ok.
Find the integral ideal representation of Proposition for al, i.e. I = (a)lb,c| for some a,b,c € Z.

ii

)
iii.) If [b, ¢] is reduced, then return J = [b, c]. Else, set by := b, ¢y := ¢, and i = 0.
)

iv.) Set i =4+ 1 and compute the integral ideal [b;, ¢;], where
Ci—1 3
biiw, if d <0, d— c2
8i 1= o v , €= sibio1 — i, b= *
libliflJ 5 if d > 07 i—1

vi.) If [b;, ¢;] is reduced, then return J = [b;, ¢;]. Else, return to step (iv.).
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The algorithm is investigated in Section 5.1 of [JWQ9]. More explicitly, on pages 100 and 103 of that book, one
can find the reason why the algorithm terminates in a finite number of steps. One should notice that this book
uses a different representation of integral ideals. Therefore, the algorithm is a little bit different. However, by
transforming to the representation of Proposition [I.3.4] one finds Algorithm [1.3:8] The description of this
algorithm using this transformation was also used on pages 15 and 16 in [Wanl1'].

Algorithm [T.3.8] is not deterministic. This means that the output might differ when one uses the same input
several times. Namely, the o computed in step (i.) is not unique. Therefore, the integral ol might differ.
However, if we focus on integral ideals, we can always take a = 1 in step (i.). Hence, the algorithm is
deterministic when integral ideals are the input.

Remark 1.3.9. If d < 0, it can be proven that any equivalence class in Clx contains a unique reduced
integral ideal, up to conjugation. This result is [JW09, Theorem 5.17]. ¢

In the remainder of this section, we will restrict to d > 0. Let I = [b, ] be a primitive integral ideal in Ok.

Let p denote the operator that sends [b, ¢] to I’ := [, /], where

{c +d d—c?
;o

S =

5 J, di=sb—c, bV :=

Note that this is the same as step (iv.) in Algorithm m Then these integral ideals are equivalent by the

relation Y
/
d
r=er g= Y0 (6)

It can be shown that if I is reduced, then so is p(I) (see [JW09L Theorem 5.12]). Now, we would like
to apply p recursively. So for any i € Z~q, denote I; := p‘(I), where p’ denote i compositions of p. We
use the convention that Iy := I. There exists a minimal m € Z~ such that I, = Iy. Moreover, the set

{Ip, I1,...,Im—1} is a complete set of distinct reduced integral ideals equivalent to I. This result is proven in
Section 5.3 of [JW09).

Definition 1.3.10. Let I be a reduced integral ideal of Ok . The complete set of distinct reduced integral
ideals equivalent to I is called the cycle of I. The cycle of Ok is called the principal cycle of K.

Consider the representation I; = [b;, ¢;] for b;,¢; € Z for all i € Z>. In Equation (@, we saw that I;11 = &1,
where §; := w. Set 6; := H;;%) &;, then

i—1
Li=& 1l 1 =& 18 2 0=...= H§j Iy = 0; 1.
=0

We use the convention that 6y := 1. One can show that 6,, = ex (see [JW09, page 113 ].

The main discovery of Shanks was a group-like structure inside the principal cycle of K. So let I = Ok.
With the same notation, we have I, = 0,1y = 6,0k . Hence, the principal cycle is given by

C = {I(),Il, e aIm—l} = {900[{, 910}(, ceey Gm_l(QK}.
Definition 1.3.11. For any i € Z>¢, the distance of I; is defined by d(1;) := log (6;).

The distance of I,,, is given by
d(In) =log (0,,) =log(ex) = Rk

Since I,,, = Io, the value of §(1,,) can be seen as the ’entire distance’ of the principal cycle C. Thus, the
entire distance equals the regulator of K. Therefore, if there exists some k € Z such that 6(1;) = 6(I;) + kRx
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for some i,j € Z>o, then I; = I;. Furthermore, one can show that 6(Z;) ~ i (see [JW09, Theorem 3.17]).
It follows that Rx = 6(I,,) = m. Hence, the regulator estimates the number of reduced integral ideals
equivalent to Ok

Take I;,I; in the principal cycle C. Then these integral ideals are principal, and so is their product
I;1; = 0,0;0k. We can apply Algorithm to this product. This gives us a reduced integral ideal
equivalent to I;I;. Consequently, this reduced integral ideal must be contained in the principle cycle. Let
I, € C be this reduced integral ideal. Because the algorithm is deterministic on integral ideals, the reduced
integral ideal Ij is uniquely determined from I; and I;. We define this operation by *: C x C — C, i.e.
I x I := Ij,. Since I}, and I;I; are equivalent, there exists some 6 € K* such that I}, = 61;1;. Notice that
this 6 is determined from Algorithm m Then we also have 8,0k = 00,0;0k. Hence, there exists some
a € O} such that 8, = af0,;0;. One can take a = £1 such that 0 = |0].0,0; (see [JTW09 Page 174]). Set

k(I;;1;) :=10g 0] oo, (7)
then
0(I; % I;) = 6(Ir) = log(0) = log(x6,0;) = log(x) + log(0;) + log(0;) = w(I;; I;) + 6(L;) + 6(1;).

It can be shown that
—log(d) < k(Is; 1;) < log(2) (8)

for all 0 < 4,5 <m —1 (see [TW09, Page 175]).
Definition 1.3.12. The principal cycle C, together with the operation x, is called the infrastructure of K.

The operation * is closed in C. Furthermore, it is also commutative since the product of ideals is commutative.
Moreover, for any I € C, we have Ok x I = I. This follows from the fact that Ol = I and I is reduced.
Thus, we see that Ok € C plays the role of the unit element in C. Furthermore, it is possible to define an
inverse for any element in C. Now, for any I;, I;, I;, € C we get

O((Li + 1) * Iy) = 6(1;) + 6(1;) + 0(Lx) + KL * L5 I) + (135 1),

and
§(I; * (Ij % Ii,)) = 8(L) + 6(1;) + 6 (Ix) + w(Ii; I * I) + w(I; Ix).

If k(L * 15 ) + k(13 1) # k(1i; I« Ii) 4+ k(155 Iy), then 6((1;  I;) * 1) # 6(I; * (I; * I1,)). By injectivity of
d on C, this would imply that (I; * I;) % I, # I; % (I; * It;). This means that the associative law does not need
to hold for *. This prevents C from being an abelian group.

However, due to its group-like structure, Shanks was able to apply some ideas of his Baby-Step Giant-Step
Algorithm on C. This helped to compute the entire distance of the principal cycle, i.e. the regulator. The
Baby-Step Giant-Step Algorithm is used to compute the order of an element in a finite abelian group. For an
explanation of the Baby-Step Giant-Step Algorithm we refer to Section 5.4.1 in [Coh93]. But shortly, for
a finite abelian group G and an element g € G, the baby-steps consist of multiplication (under the group
operation) by g. In the principal cycle C, this can be seen as applying the operator p. Furthermore, in the
cyclic group G, the giant-steps consist of multiplication by g* for some i € Z;~1. This is where the operation *
comes into play for C. Namely, one can multiply by I; for some i € Z>( to take 'bigger’ steps in the principal
cycle. This can be worked out in an algorithm that computes the regulator of K.

Algorithm 1.3.13. (Infrastructure Algorithm)
Input: Any fundamental discriminant d € Z~.
Output: The regulator Ry of the number field K = Q(v/d).

i.) Baby-Steps
Set Iy := Ok, and compute A := {Io, I1,...,1;,Ij41,112}, where I}, = pF(Io) for all 0 < k < j + 2.
Furthermore, take j € Z~q such that §(I;) > Vd > §(I;_1).
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ii.) Set i =0 and J; :=I;.

iii.) Giant-Steps
Set ¢ =i+ 1 and compute J; := J;_1 * ;.

iv.) If J; € A, find I}, € A such that J; = I. Then return Rx = 6(J;) — §(I). Else, return to step (iii.).

For investigation and the correctness of this algorithm we refer to Section 7.4 in [JWQ9]. It even gives a
more explicit description of the infrastructure. However, the results used in that book rely on the theory
of continued fractions. Namely, the principal cycle can be related to the continued fraction of w.
Continued fractions are not needed in this thesis and the ideas of the infrastructure can be explained without
them. Therefore, we choose to not discuss them. For a more expansive treatment of the infrastructure we

refer to Chapter 3, 6, and Section 7.4 of [JWQ9].

Remark 1.3.14. After Shanks had discovered the infrastructure, Lenstra gave another way to describe
this phenomenon (see [Len82]). Lenstra used reduced binary quadratic forms of discriminant d rather than
reduced integral ideals of O . This construction is closely related to the description of the infrastructure
using Arakelov theory. The latter will be seen in Section [£:3] That is why we do not dive into the theory
developed by Lenstra. See also Remark ¢

1.4 Valuations and Absolute Values

In this section, we will introduce valuations and absolute values. This section is mostly based on the first
four sections of Chapter IT in [Neu99]. However, to prevent confusion, in this book absolute values are called
valuations, and valuations are called exponential valuations.

For now, let K be any field.
Definition 1.4.1. A waluation of field K is a function v: K — RU {oo} such that for all z,y € K
i.) v(x) = oo if and only if z = 0,
i) v(zy) = v(z) +o(y),
iii.) v(z +y) > min{v(x),v(y)}.

An element x € K is said to have valuation v(x). A valuation is called discrete if there exists some ¢ € R
such that v(K*) = tZ. Moreover, a discrete valuation is normalized if t = 1.

[

One can always transfer a discrete valuation into a normalized one, by dividing by the element t. So we will
always assume that our discrete valuations are normalized. Let v be any valuation of field K. As shown in

Proposition 3.8 of Chapter I in [Neu99], the elements of K with a non-negative valuation form a subring of
K.

Definition 1.4.2. Let v be a valuation of field K. The set of elements of K with a non-negative valuation
is called the wvaluation ring of K with respect to v. If v is discrete, the valuation ring is called a discrete
valuation ring (abbreviated as DVR).

Proposition 3.8 of Chapter IT in [Neu99] shows some other facts as well. The units of a valuation ring are
given by the elements of K with a zero valuation. Furthermore, the ring has a unique maximal ideal given by
the elements of K with a positive valuation. Consequently, any valuation ring is a local ring.

Remark 1.4.3. Some special properties of DVRs are listed in Proposition 9.2 in [AM69]. We list the
properties that will be important throughout this thesis.

i.) Any DVR is a principal ideal domain and therefore a Dedekind domain.
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ii.) Every non-zero fractional ideal is a power of the maximal ideal.

iii.) Let K be any field that attains a discrete valuation ring @. Then any element z of K can be written as
x = t*a, for some a € O, generator t of the maximal ideal of O (called a uniformizer of ©), and k € Z.

¢
Definition 1.4.4. An absolute value of field K is a function |.|: K — R such that for all z,y € K
i.) |z| >0, and |z| = 0 if and only if z =0,
i) [zy| = |=[lyl,
iil.) |z +y| <|z|+ |y| (triangle inequality).

An absolute value is called non-Archimedean if |z + y| < max{|x|, |y|} (strong triangle inequality). Otherwise,
the absolute value is called Archimedean.

For any valuation v of K, a non-Archimedean absolute value |.| of K is created by setting |z| = =) for
some r € Rs. This is a direct verification of the conditions from the definitions. For the rest of this section,
let K be a number field.

Example 1.4.5. In Remark we have seen the group homomorphism ord,: Idg — Z for any p € BY%.
We can define a discrete valuation on K by setting ordy(x) := ord, (zOk) for any € K* and ord,(0) = oco.
This discrete valuation is called the p-adic valuation. Since No, (p) € Rs1, we have a non-Archimedean
absolute value, which we denote by |.|,, given by |z, = No, (p)~ "% @), This is called the p-adic absolute
value.

For any field embedding o € X, we can define an absolute value |z|, := |0(2)|c. This defines an Archimedean
absolute value. There are only 1 + r such absolute values on K as |.|, = |.|5 [ |

Due to the notion of absolute values, we can speak about convergence.

Definition 1.4.6. Let |.| be an absolute value of K. Then K is called complete with respect to the absolute
value |.|, if all Cauchy sequences in K converge.

Definition 1.4.7. Let |.| be an absolute value of K. A field L with absolute value |.|" is called a completion
of K with respect to |.| if

i.) K is a subfield of L and the absolute value |.|" restricted to K gives [.|,
ii.) L is complete with respect to |.|’,
iii.) K is dense in L.

Completions of K with respect to any absolute value |.| are unique up to isomorphism of fields (see [Neu99,
Section 4, Chapter II]). To find one, we can proceed as follows. Consider the ring R of all Cauchy sequences
on K, and its maximal ideal m containing all Cauchy sequences converging to zero. The absolute value |[.|
can be extended to the field R/m. Namely, for any € R/m, which is represented by Cauchy sequence
(x;)i>1, we define the absolute value of = by |z| := lim;_, |2;|. Then the field R/m is complete with respect
to |.]. The field K can be embedded into R/m by sending every x € K to the equivalence class of the Cauchy
sequence given by (z);>1.

Consider the absolute value |.|, for any o € ¥ . The completion of K with respect to |.|, is denoted by K,.

Theorem 1.4.8. Let 0 € Y. Then the completion K, is topologically isomorphic as field to R or C. Given
such an isomorphism f, one has |z|, = |f(x)|t, for all z € K,, and some ¢ € (0,1]. More precisely, the
completion is isomorphic to R if ¢ is a real field embedding. Otherwise, the completion is isomorphic to C.
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Proof. Since |.|, is an Archimedean absolute value, Ostrowski’s Theorem tells that K, is isomorphic to either
R or C (see [Neu99, Theorem 4.2, Chapter II]). Moreover, the theorem tells us that given such isomorphism
f, one has |z|, = |f(2)|L, for all z € K,, and some t € (0,1]. Suppose that o corresponds to a real field
embedding of K. We know that ¢ induces an isomorphism between K and a subfield L of R. Since o is a
field embedding, it fixes Q. Hence, we know that L contains the subfield Q. Moreover, the absolute value
|.|o on K is transferred to the absolute value |.|oo on L. Since R is the completion of Q with respect to ||,
and Q C L C R, the completion of L with respect to |.|oc must be R. Then the completion K, must be
isomorphic to R. If o corresponds to a complex field embedding, then ¢ induces an isomorphism between K
and a subfield of C containing a non-real number. It follows that the completion of this subfield cannot equal
R. By Ostrowski’s Theorem, it must be isomorphic to C. Consequently, the completion K, is isomorphic to
C. O

Now, consider the absolute value |.|, for any p € PBY%. The completion of K with respect to ||, is denoted
by K,. We can also extend the discrete valuation ord, from K to K,. Namely, for any x € K, which is
represented by Cauchy sequence (z;);>1, we define the valuation of z by v(z) := lim;_, o v(x;). By verifying
the conditions of Definition we get a discrete valuation on K. The DVR of K with respect to ord, is
given by

Okp={z € K : ordy(z) > 0}, (9)

and has unique maximal ideal mg , := { € K : ordy(x) > 0}. The ring Ok , is also known as the localization
of Ok with respect to p. Now, the DVR of K, with respect to ord, is given by

O, :={z € K, : ordy(x) > 0},

and has unique maximal ideal m,, := {z € K, : ord,(z) > 0}. By Remark [L.4.3] we know that Ok, and O,
are Dedekind domains. So we can use the norm that we saw in Definition [LT.11]

Lemma 1.4.9. For any k € Z~ one has
Oxc/p" = O ml, = Oy /.
Consequently, one has No, (p*) = No,., (m’;(’p) = No, (mf).

This result is a combined consequence of Corollary 11.2 of Chapter I and Proposition 4.3 of Chapter II in
[Neu99).

Take any p € B%. It follows directly from the definition of a prime ideal that p N Z is a prime ideal of Z.
Hence, there exists a prime number p such that pZ = p N Z. So we have the p-adic absolute value for K
and the p-adic absolute value for Q. One can show that the completion K, of K with respect to the p-adic
absolute value is a field extension of Q,,, the completion of Q with respect to the p-adic absolute value. This
fact is proven in a more general setting in Section 8 of Chapter II in [Neu99]. Moreover, by Proposition 5.2 in
Chapter II of [Neu99] this extension is finite. Since the characteristic of Q, equals zero, it is even a separable
finite field extension. Now, the DVR O, is the integral closure of Z, (the DVR of Q, with respect to ord,)
in K,. This fact is proven inside the proof of Theorem 4.8 in Chapter II in [Neu99]. Moreover, the field of
fractions of O, (resp. Z,) equals K, (resp. Q,).

So in summary, we have the Dedekind domain Z, with its field of fractions @Q,. Moreover, we have a finite
separable field extension K,|Q,, with the integral closure O, of Z, in K,. Thus, by the construction of the
different in Definition [1.1.16] we can speak of the different of Oy|Z, for any p € PBY%.

Proposition 1.4.10. For any number field K, one has |dx|c = Hpe‘l&(}( No,(®o0,|z,)-

Proof. In Proposition we saw that |dx | = Nog (Do, |z). Corollary 2.3 in Chapter IIT of [Neu99]
states that

:DOKIZ = H (QO”ZP OOK).
PEPY
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Hence, we obtain that

ldi|oo = Noy H (D0,1z,NOK) | = H No,(®Do,z, N Ok),
PEPL pPeEPY

using that N, is a group homomorphism. So it remains to show that No, (Do, |z, N Ok) = No, (Do, |z,)
for any p € PY%. By definition of the different, we have that Do,|z, is an integral ideal of Op. Thus, by
Remark we know that there exists some k € Zx>q such that Do, |z = mf. By definition, we have

my = {z € K, : ordy(z) > k}.

Then
mF N Ok = {z € Ok : ordy(z) > k} = p*.

So we see that
No,(Do,|z, NOk) = No, (mf N Ok) = No, (p*) = No, (m§) = No, (Do, z,),

where we made use of Lemma [[.4.9] O

1.5 Places of Number Fields

This section builds on the previous section. Throughout this section let K be a number field.

Let |.| be an absolute value of K. Then [.| determines a metric of K by d(z,y) := | — y|. This metric
determines a topology on K.

Definition 1.5.1. Two absolute values of K are called equivalent when they define the same topology on K.

It can be shown that two absolute values |.|; and |.|2 of K are equivalent if and only if there exists some
t € R>g such that |z|; = |z|} for all z € K (see [Neu99, Proposition 3.3, Chapter II]). It follows that an
Archimedean absolute value cannot be equivalent to a non-Archimedean absolute value, and vice versa.

Definition 1.5.2. A place for K is a class of equivalent absolute values. Equivalence classes of non-
Archimedean absolute values are called finite places, and equivalence classes of Archimedean absolute values
are infinite places. The set of all places of K is denoted by Vi.

These places can be related to the absolute values that we have seen in Example [I.4.5] The following result
is given by Theorem 3.3 in [Con24d].

Theorem 1.5.3. Each non-Archimedean absolute value of K is equivalent to a p-adic absolute value for a
unique non-zero prime ideal p in Og. Each Archimedean absolute value of K is equivalent to an absolute
value induced from a real or complex field embedding of K.

It follows from uniqueness that the finite places are in bijection with the non-zero prime ideals of Og.
Therefore, we will use finite places and non-zero prime ideals of Ok interchangeably. Moreover, the set of
non-zero prime ideals of O and the set of finite places of K are both denoted by B%,. For any z € K, we
have |z|, = |z|7 for some complex field embedding o € ¥ . Therefore, a complex pair of field embeddings
defines the same infinite place. Furthermore, non-conjugate field embeddings define non-equivalent absolute
values. Hence, we see that the infinite places are in bijection with the field embeddings of K that are pairwise
distinct and non-conjugate. Consequently, we have in total 1 + ro infinite places. Because of this bijection,
we will use infinite places and field embeddings of K interchangeably. The set of infinite places will be denoted
by £%. Set theoretically we have
Vi =P U %,
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Whenever we take an arbitrary place from Vg, we will denote this by v. Moreover, it makes sense to talk
about |.|,, using the absolute value we have seen in Example If we specifically talk about finite places,
we will denote a place by p. If we specifically talk about infinite places, we will denote a place by o.

There is an interesting result relating the roots of unity with the absolute values corresponding to the infinite
places of K. This result is stated in [Xial6l, Corollary 1, Section 6.5].

Proposition 1.5.4. Let a € O}. Then a € uk if and only if |a|, =1 for all o € LY.

Definition 1.5.5. For any v € Vi, the function ||.||,: K, — R defined by

2l = |z|,, if v is finite or corresponds to a real field embedding of K,
v |z|2, if v corresponds to a complex field embedding of K,

is called the normalized absolute value.

So the only difference between normalized absolute values and the absolute values we have seen in Example
1.4.5] is that we take the square if v corresponds to a complex field embedding of K. In this case, the
normalized absolute value ||.||, is not an absolute value as defined in Definition Namely, it fails to
satisfy the triangle inequality. We will see that for notation it is sufficiently great to make this distinction.
The importance of considering places is seen through Proposition 1.3 of Chapter III in [Neu99].

Theorem 1.5.6 (Product Formula). Let z € K*. Then ||z, = 1 for almost all v € Vi and [], ¢y, 2], = 1.

1.6 Measure Theory

Throughout this thesis, we will need some measure theory. In this section, we will recall the basics of measure
theory. We want to keep it as short as possible but still include all theory needed throughout this thesis.
Someone familiar with measure theory is safe to skip this section. This section is based on [Cohl3] and
[Bog07].

Throughout this thesis, let | | denote the disjoint union. Let us now recall the most important structures in
measure theory.

Definition 1.6.1. Let 2 be any set. A collection A of subsets of 2 is called a o-algebra on 2 if
i) Ae A,
ii.) if A€ A, then A°:=2A\A € A,
iil.) if A; € A for all i € Z>, then {J;5, A; € A.
The elements of A are called measurable sets.

Definition 1.6.2. Let A be a o-algebra on set 2. A function p: A — [0, 00] is called a measure on A if
i) u(0) =0,
i) p (|_|Z.21 Ai) =) ;51 H(Ai) (countable additive).

An element A € A is said to have measure p(A). The measure p is called finite if u(2A) < co. If there exist
measurable sets A4; such that % = {J,5, A; and p(A;) < oo for all i € Zxo, then p is called o-finite.

Definition 1.6.3. A triple (2, A, u) is called a measure space if A is a o-algebra on set 2 and p is a measure
on A. If p is o-finite, then the measure space is called o-finite.

The following result will be used several times throughout this thesis.
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Proposition 1.6.4. Let (2, A, 1) be a measure space. Let A, B € A such that A C B, then p(A) < u(B).
Moreover, if p(A) < oo, then p(B\A) = u(B) — p(A).

For a proof of this result see the proof of Proposition 1.2.2 in [Coh13].

Let 2 be any set. One can show that the intersection of any collection of o-algebras on 2 forms a o-algebra
on 2 itself. Consequently, for any collection £ of subsets of 2, there exists a smallest (with respect to the
inclusion of sets) o-algebra containing £. The proof of these results can be found in the proofs of [Cohl3l
Proposition 1.1.2 and Corollary 1.1.3].

Definition 1.6.5. Let £ be a collection of subsets of set 2. The smallest o-algebra containing & is called the
o-algebra generated by £ and is denoted by o(E).

We use the notion of generating o-algebras in a special case.

Definition 1.6.6. Let X be a topological space, and £ be the collection of open sets with respect to the
topology. Then the o-algebra generated by &£ is called the Borel o-algebra on X and is denoted by B(X).
The elements of B(X) are called Borel measurable sets. Furthermore, any measure on B(X) is called a Borel
measure on B(X).

Proposition 1.6.7. Let X be a Hausdorff topological space. Then any compact subset of X is a Borel
measurable set.

Proof. Let C' C X be a compact subset. Since X is Hausdorff, we know that C' must be closed (see [Sin19]
Theorem 5.1.8]). Therefore, we know that C° is open, and so C° € B(X). Since B(X) is a o-algebra, we have
C = (C%° € B(X). O

Definition 1.6.8. Let X be a Hausdorff topological space and p: B(X) — [0, 00] a Borel measure on B(X).
Then (4 is called a regular Borel measure on B(X) if

i.) p(A) < oo for all compact A € B(X),
ii.) p(A) =inf{u(B): A C B, B open} for all A € B(X),
iii.) u(A) =sup{u(B): B C A, B compact}, for all open sets A C X.

Remark 1.6.9. If we have everything the same as in Definition but we require that the third condition
holds for all Borel measurable sets, the measure is called a Radon measure. So any Radon measure is a regular
Borel measure. However, it has to be said that sometimes this distinction between Radon measures and
regular Borel measures fades away in the literature. This is due to its small difference in conditions, which in
certain cases are equivalent. Therefore, in some literature, regular Borel measures are called Radon measures
and vice versa. So to make things precise in this thesis, we will work with the convention as described in
Section 7.2 of [Cohl3]. So we only work with regular Borel measures as defined in Definition We will
ignore the notion of Radon measures. ¢

Example 1.6.10. Consider R™ for some m € Zso. We endow R™ with the Euclidean topology. The
o-algebra B(R™) admits a special measure, called the Lebesgue measure. This measure is constructed as
follows. We define an m-dimensional interval to be an open and bounded set B C R™ of the form

B=1L x...x1I,,

for some interval I; in R for 1 <14i < m. The volume of an m-dimensional interval B is the product of the
lengths of the interval I; for 1 < i < m and is denoted by vol(B). For any A € B(R™), let C4 denote all
sequences (B;);>1 of m-dimensional intervals such that A C Ui>1 B;. Then the Lebesgue measure, denoted
by tm, is given by

tm (A) == inf Zvol(Bi) 1 (Bi)i>1 €Ca
i>1
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Now, the Lebesgue measure is a regular Borel measure on B(R). Namely, the measure p,,, is finite on compact
sets by construction. Furthermore, Proposition 1.4.1 of [Cohl3|] proves condition (ii.) and (iii.) of Definition

L68 [ ]

Proposition 1.6.11. Let T: R™ — R™ be a linear transformation. Then for any A € B(R™) the set T'(A)
is Borel measurable. Moreover, the equality p,,(T(A4)) = | det(T")|oottm (A) holds.

This result can be found in [Bog07), Corollary 3.6.4].

Enough on the Lebesgue measure. For the rest of this section, let (A, A;, 11;) be a measure space for i = 1,2.
Furthermore, we endow R with the Euclidean topology and let R denote the extended real line, i.e. the real
line together with Foo.

Definition 1.6.12. A map f: 2; — 2y is called (A;, Az)-measurable if F7HA) € Ay for all A € As.
Moreover, a function g: 2; — R is called A; -measurable if f~1(A) € A; for all A € B(R).

Proposition 1.6.13. Let Ay be the o-algebra generated by £. Then f: 201 — s is (Aj, . As)-measurable if
FTYUE)e Ay forall E € €.

This result is Proposition 2.6.2 of [Cohl13].

Definition 1.6.14. Let f: 2; — R be an A -measurable function. The integral of f over 2; with respect to
w is formally defined by

fla)u(da).

Ay

Whenever this integral is finite, the function f is called integrable with respect to .

The definition and construction of this integral relies on simple and non-negative functions. Because this is
quite expensive to write down, we refer to Section 2.3 of [Cohl3]. Next, we look at the Change of Variables
analogue for these measure integrals.

Theorem 1.6.15. Let f: 2; — A be an (Aj;, As)-measurable map, and g: 2, — R an As-measurable
function. Suppose that j is non-zero. Then f*p; := puj o f~! is a measure on A,. Furthermore, the function
g o f is integrable with respect to pp if and only if g is integrable with respect to f*u;. Moreover, one has

/ 9(b)(f* ) (db) = / o(f (@) (da).
Asp

Ay
Proof. See the proof of Theorem 3.6.1 in [Bog07]. O

Suppose that (2;,.4;, u;) are o-finite measure spaces for ¢ = 1,2. Then there is a way to create a o-algebra
on the Cartesian product 20y x 2s.

Definition 1.6.16. The o-algebra on 20y x 2y, generated by £ := {A; X A3|A; € Ay, Ay € Az}, is called
the product o-algebra on Ay and 2, and is denoted by A; ® As.

We have 0(€) = A; ® As. Now, let A be a subset of 2y x 2. For a € Ay we define
Ay ={beUs: (a,b) € A}. (10)

Similarly, for b € 2y we define
Ab = {a e : (a,b) € A}.

Proposition 1.6.17. For all a € 2; one has A, € A, and the function a — p2(A,) is A;-measurable.
Likewise, for all b € 2, one has A® € A; and the function b~ p;(A®) is Ay-measurable.
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These results can be found in Lemma 5.1.2 and Proposition 5.1.3 of [Cohl3]. Now, as stated in Theorem
5.1.4 in [Coh13], there is a unique measure on .4; ® As, denoted by 11 ® po, that satisfies

(11 @ p2) (A1 x Ag) = p1(A1)p2(As2),

for any A; € A; and Ay € Ay. For any set A € A; ® As the measure is given by

(@ pa)(4) = |

pa(Aa)pn(da) = [ (A" ). (1)
Ay

Ao

Definition 1.6.18. The unique measure p; ® ps is called the product measure of 1 and ps.

Definition 1.6.19. The measure space (2; X 2z, 41 ® Ag, 111 ® pe) is called the product measure space of
(th Ala ,LL1) and (Q[Q, A27 MQ)

1.7 Classical Theory of Lattices

In this section, we will introduce lattices in Euclidean spaces and see Minkowski’s Convex Body Theorem.
This section is based on Section 4 of Chapter I in [Neu99].

Let V be a Euclidean space, that is, a finite-dimensional R-vector space equipped with a positive definite,
symmetric, and bilinear map, i.e. an inner product. Throughout this section we set dimg V' = m, and denote
the inner product by (-,-): V x V — R. We endow V with the topology induced from the inner product.
Therefore, the space V induces the Borel o-algebra B(V).

Definition 1.7.1. A lattice in V is a subgroup of the form
IF'=wZ+ ...+ uipZ,
for linearly independent vectors wuq,...,u; € V. Whenever k equals m, the lattice I is called complete.

Remark 1.7.2. A subgroup I' in V' is a lattice if and only if T" is discrete. That is to say that for all u € T’
there exists some open set A in V' such that u € A and I' N A = {u} (see [Neu99l Proposition 4.2, Chapter
I]). We will see a generalization of this notion in Definition [2.3.1] ¢

Let T be a lattice in V. Consider the quotient group V/T'. We endow this space with the quotient topology
(see [Sinl9, Definition 6.1.1]).

Proposition 1.7.3. Let I" be a lattice in V. Then the following statements are equivalent.
i.) T is complete.
ii.) There exists a bounded subset B C V' such that V' = J,,p(u + B).
iii.) V/T' is compact with respect to the quotient topology.

Proof. The fact that Statement (i.) is equivalent to Statement (ii.) is given by Lemma 4.3 of Chapter I in
[INeu99]. So we only need to show that Statement (ii.) and (iii.) are equivalent. Now, suppose that there
exists a bounded subset B C V such that V = |J,,cr(u + B). Then the closure of B, denoted by B, is closed
and bounded. By the Heine-Borel Theorem (see [Sut09, Theorem 13.22]) it follows that B is compact in
V. Consider the canonical map ¢: V' — V/T'. This map is continuous and an open mapping (see [Sin19]
Proposition 12.3.1]). Then ¢ is surjective once restricted to B. Hence, we see that V/I" is the image of a
compact space under a continuous map. Therefore, it is compact itself (see [Sinl9l Theorem 5.1.11]).

Page 22 of



Conversely, suppose that V/T" is compact. Let I be an index set and {A;};cr an open cover of bounded
subsets of V. Since ¢ is an open mapping, the set {¢(A;)}ies forms an open covering of V/T'. By compactness,
there exists a finite index set J C I such that {¢(A;)},es forms an open covering of V/I'. Thus

VT =] o4)) = o' (V/T)=¢"" | | 8(4))
jeJ jeJ
= V=] o (6(4)))

jeJ

= V=4 |+
jeJ

Since each A; is bounded, we have that B := (UjeJ Aj) is bounded. So we get
V=B+T=|]J(B+u),
uel
with a bounded subset B of V. O

Definition 1.7.4. Let T" be a complete lattice in V. A fundamental region of the lattice ' is a Borel
measurable set A C V' such that V = | |, (A +u).

For a complete lattice I' we can explicitly describe a fundamental region of the lattice I'. Namely, let " be of
the form u1Z + . .. 4+ u,,Z, for linearly independent vectors uy,...,u, € V. Then a fundamental region is
given by

i=1

m
A= {Ztiuizogti<l, for alli}. (12)

For Euclidean spaces, the inner product gives us a notion of volume. More generally, it gives us a Haar
measure. But this will only be introduced later on (see Definition [2.2.3]). For any set of the form

{Ztiui :0<t; <1, for all i},

i=1

for linearly independent vectors vy, ..., v, € V, we set the volume to be

\/Idet([@i» vill1<i <)oo

The set
{Ztiei :0<t; <1, forall z} ,
i=1
for an orthonormal basis eq, ..., e, € V has volume 1.

Definition 1.7.5. Let I' be a complete lattice in V' and A a fundamental region of I". The covolume of T',
denoted by covol(T'), is defined to be the volume of the fundamental region (12).

One of the main results of complete lattices in Euclidean spaces is Minkowski’s Convex Body Theorem. The
proof of this theorem can be found in the proof of Theorem 4.4 of Chapter I in [Neu99].

Definition 1.7.6. Let A be a subset of V. The set A is said to be symmetric if for all u € A also —u € A.
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Definition 1.7.7. Let A be a subset of V. The set A is said to be convez if tu+ (1 —t)v € A for all u,v € A
and ¢ € [0, 1].

Theorem 1.7.8 (Minkowski’s Convex Body Theorem). Let T be a complete lattice in V, and A CV a
symmetric and convex Borel measurable set. If the volume of A is strictly bigger than 2™ covol(T"), then A
contains at least one non-zero lattice point of T'.

Remark 1.7.9. If one analyzes the proof of Minkowski’s Convex Body Theorem, one notices that the
assumption of convexity can be weakened. One only has to assume that %u + %v € A for all u,v € A. So
that is to say that Definition only needs to hold for ¢ = % This observation will be useful later on. ¢

1.8 Minkowski Theory

In this section, we will construct the Minkowski space. This is an example of a Euclidean space. Therefore,
we can use the theory from the last section. It can be shown that the fractional ideals of Ok are complete
lattices in this space. This section is based on Section 5 of Chapter I in [Neu99].

The following results on tensor products will be used throughout this thesis.

Proposition 1.8.1. Let R be a domain and M a free R-module of rank r. For any ring R’, that can be
viewed as an R-module, the R’-module R’ @ M is free of rank r.

Proof. Use bilinearity over R to show that {1 ® m;}1<i<, is a basis of R’ @ g M, for a given basis {m; }1<i<r
of R-module M. O

Proposition 1.8.2. Let R be a domain and F its field of fractions. Moreover, let V' be an F-vector space.
For any non-zero R-module M inside F' we have M ® g V = V', as R-modules. In particular, for any non-zero
fractional ideal I of R, we have I ® g V 2 V.

Proof. The R-module isomorphism is given by the linear extension of the map M ®r V — V defined by
m® v — mu. O

Let K be a number field of degree n = r; + 2rq, and set K¢ :=[]
through the embedding ¥U: K — K¢ defined by z +— (0(2))resy-

C = C™. We can embed K into K¢

oEYX K

Definition 1.8.3. The embedding ¥ is called the Minkowski embedding of K.

The Minkowski embedding is not surjective. Therefore, it is common to take a different codomain for it.
Recall that ¥k contains real and complex field embeddings (see Definition . Denote any real field
embedding by p: K — R (in total r; field embeddings), and the set of all real field embeddings by ¥%. Any
pair of complex field embeddings that are conjugate is denoted by 7,7: K — C (in total ry pairs). Take one
choice of every pair and put them together in the set ¥% . Recall that the infinite places of K are in bijection
with the field embeddings of K that are pairwise distinct and non-conjugate. Therefore, we have

2 =R uxt.

For any 7 € X%, we have 7(z) = 7(x) for all z € K. Therefore, the codomain of ¥ is commonly restricted to

Kg := {(ug)gezK € H C:u,€Rforall pe X, @ =ur €Cforall 7€ E%} ~R™ xC™=. (13)
oEX K

There are various ways to describe Kg. We have the R-vector space isomorphisms given by

Kg @ R"™ x C™ = R™ x R¥? >~ R".
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It follows that Kg is an n-dimensional R-vector space. Recall that K = Q(y) for some primitive element
v € K. Let f be the minimal polynomial of v. Then K = Q[t]/f(t). So K is also isomorphic as R-vector
space to K ®qg R.
K @oR = Qlt]/f(t) ®o R = R[i]/f() = R",

where the last ring isomorphism follows from the fact that deg(f) = n. Furthermore, we also have the
isomorphism of R-vector space given by Kr = O ®z R. Namely, we know that O is a free Z-module of
rank n. So using Proposition [1.8.1} we have that Ox ®z R is an n-dimensional R-vector space. Lastly, and
maybe the most convenient one, we have by Theorem that K, 2 R for any p € X%, and K, 2 C for
any 7 € %. Hence, we obtain

Kgp @R x C = H K, x H K, = H K,.

pESE rest cexe
We change between the different representations of Kr whenever one is more convenient to work within a
given setting.
Remark 1.8.4. Since Kr = [], .5 Ko, we have the inclusion [] .y Rsg € Kr. Furthermore, for any
K K
u € Kg, there exists some u, € K, for all 0 € ¥ such that u = (us)sexn, . Moreover, we set U := (Uy )pes -

We use these conventions throughout this thesis. ¢

The C-vector space K¢ comes with a Hermitian inner product given by

(w,0)c =Y g,
cEX K
for any u,v € K¢. Now, view Kg as in . Then we can restrict (-,-)c to Kg. Take any u,v € Kg. If
pE E%, we have u,,v, € R. It follows that u,v, = u,v, = R(u,v,). If we take 7 € E%, then w; = u= and
v, = vy. Hence
Ur VU7 + UFUF = UrVU7r + UrVr = U Ur + U U7 = 2§R(u‘rﬁ)a
using that in general z +z = 2R(z) for any z € C. So using Definition |1.2.4] we have

(o) = (v)e = 3wty = Y deg(0)R(uoT).

oEX K oELR

Notice, in the last summation we run over X% instead of X k. This is because we combined the conjugate
complex field embeddings. Since this is a real-valued map, we see that (u,v)gr = (v, u)r. Consequently, we
obtain an inner product on Kg. Since Kp is a finite-dimensional R-vector space, it is a Euclidean space.

Remark 1.8.5. The Minkowski space is an n-dimensional R-vector space, and therefore isomorphic as
R-vector space to R™. Viewing K as R™ x C"2, one can define an isomorphism f: Kg — R"™ given by

(Uly ooy Uy s Uy 1y e e ey Upy) > (U, ooy Uy, R (U 1), S (U 1), R(Ury42), Sty 42), -+ Rwg, ), S, ).

Due to this isomorphism, one can transform the inner product (-,-)g to an inner product on R™. For
(Ug)oesys (Vo)oesy € [lsex, R =R", this inner product is given by

(u,v) = Y deg(0)uqvs. (14)
oEX K
If ro > 0, this transformation is different from the dot product on R™. In Section we saw that the inner
product on Euclidean spaces gives us a notion of volume. Therefore, we can induce a volume on R" using the
dot product. This equals the Lebesgue measure as seen in Example [[.6.10} On the other hand, we can induce
a volume on R™ using the inner product . Set the later to be volg, then for any Borel measurable set A,
we have
volg(A) = 2" u, (A),

where p, is the Lebesgue measure on B(R™). For more information, see Proposition 5.1 in Chapter I of
[Neu99). ¢
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Theorem 1.8.6. Let I be a non-zero fractional ideal of O . Then ¥([) is a complete lattice in Kg. Moreover,
the covolume of ¥(I) is given by

covol(¥ (1)) = No, (I)V|dk|so,
where dg is the discriminant of K.

The proof for non-zero integral ideals is given by the proof of Proposition 5.2 of Chapter I in [Neu99]. For
any fractional ideal I of O there exists some a € Ok such that al is an integral ideal. Using this fact, one
can extend this theorem to any fractional ideal. We will not prove this explicitly, because in Theorem [3.4.6]
and Proposition we will prove a generalization.
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2 General Theory of Lattices

In Section we have seen the construction of lattices in Euclidean spaces. A Euclidean space is locally
compact and Hausdorff as topological space. Moreover, a Euclidean space has an underlying additive group
structure. Therefore, a Fuclidean space is an example of what we will define to be a locally compact group
(see Definition . We will define a generalization of lattices in these types of groups. This construction is
not new and can be found in the literature. However, it happens many times that the literature is incomplete.
Often, the literature defines lattices for locally compact groups but does not examine the existence of
fundamental regions and the notion of covolumes. This is because one needs some extra structure on locally
compact groups to show existence. These groups will be called L-groups. On the other hand, sometimes
lattices are considered in L-groups in the literature. But in that case, the general notion of lattices in locally
compact groups is often avoided. In this chapter, we want to derive the complete story. All the proofs of the
results obtained in this chapter are self-written.

2.1 Topological Groups

In this section, we give a brief summary of the theory of topological groups. Throughout this thesis, we will
write the group operation of any arbitrary group (not necessarily abelian) additively and denote its unit
element by 0.

Let G be a group (not necessarily abelian) and endow G with any topology. In the following definition, we
take the product topology on G x G. For the definition of the product topology, see Section 2.2 in [SinI9].

Definition 2.1.1. The group G is called a topological group if the maps G — G given by g — —g and
G x G — G given by (g,h) — g + h are continuous with respect to the respective topologies.

Recall that a map f: X — Y of topological spaces X,Y is called a homeomorphism if it is bijective and f
and its inverse is continuous. In that case, we say that X and Y are homeomorphic.

Proposition 2.1.2. Let G be a topological group and h € G. Then the maps defined by g — h+g, g — g+h,
and g — —g are homeomorphisms of G onto G.

This result is Proposition 9.1.2 of [Cohl13].

Corollary 2.1.3. Let G be a topological group and h € G. Then the maps defined by g — h+ g, g — g+ h,
and g — —g are (B(G), B(G))-measurable.

Proof. By Proposition [2.1.2] the maps are homeomorphisms. Hence, for any open subset in GG, the pre-images
of these maps are open in G. Since B(G) is generated by the open sets of G, it follows from Proposition
1.6.13| that these maps are (B(G), B(G))-measurable. O

Corollary 2.1.4. Let G be a topological group, h € G, and A any subset of G. If A is open (resp. measurable),
then the sets h + A, A+ h, and —A are open (resp. measurable).

Proof. The set h + A is the pre-image of A under the map given by g — g — h. If A is open, it follows from
Proposition [2.1.2 that h+ A is open. If A is measurable, it follows by Corollary 2.1.3] that 2+ A is measurable.
By symmetry, we can show that the same argument works for A + h. Moreover, a similar argument, with the
map given by g — —g, works for the set —A. O

Proposition 2.1.5. Let G be a topological group. Every open neighborhood A of 0 contains an open
neighborhood B such that B=—B and B+ B C A.

For a proof of this result see the proof of [Sinl9, Lemma 12.1.5].
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2.2 Locally Compact Groups and Haar Measures

In this section, we introduce a specific type of measure on topological groups, so-called left/right Haar
measures. There is a fundamental result for these left /right Haar measures on locally compact groups.

All properties of topological spaces, e.g. Hausdorfl, compact, complete, locally compact, second-countable,
etc. carry over to a topological group.

Definition 2.2.1. A topological group is called a locally compact group if it is locally compact and Hausdorf.

Let G be a topological group and H a subgroup of G. Denote the set of all left cosets g + H for g € G
by G/H. Let ¢ : G — G/H be the canonical map given by g — g+ H. We endow the set G/H with the
quotient topology, that is, a set A C G/H is open if $71(A) is open in G. Therefore, the map ¢ is also
continuous. Similarly, one can create a topology on the set of right cosets H + g for g € G, denoted by H\G.
One can show that the map f : G/H — H\G defined by g + H — H — g is a homeomorphism. We will
mostly be focused on G/H, but because of this homeomorphism, everything can be carried over to H\G.
If the subgroup H is normal then the set G/H forms a group. Since G is a topological group, the map
f: G — G defined by g — —g¢ is continuous. The map f': G/H — G/H defined by g + H — —g + H is the
composition of ¢ and f. Since ¢ and f are continuous, so is f’. A similar argument shows that the map
G/H x G/H — G/H defined by (9+ H,h+ H) — (g+ h) + H is continuous. Hence, by Definition 2.1.1] the
group G/H is a topological group. But remember this is only the case if H is normal.

Proposition 2.2.2. Let H be a closed subgroup of locally compact group G. Then G/H is a locally compact
Hausdorff space. Moreover, if H is normal, then G/H is a locally compact group.

Proof. Proposition 12.3.2 of [Sinl9] tells us that G/H must be Hausdorff since H is closed. Take any
g+ H € G/H for some g € G. Since G is locally compact, there exists a compact subset C' C G such that
g € C. Consider the canonical map ¢: G — G/H. Since ¢ is continuous, Theorem 15.1.11 in [SinT9] tells us
that ¢(C) C G/H is compact. Hence, the set w(C') is a compact neighborhood of g + H. This says precisely
that G/H must be locally compact as well. As a result of this, we know that G/H is a locally compact
Hausdorff space. If H is normal, then G/H becomes a topological group. In that case, the group G/H is a
locally compact group. O

The following definition is an important type of measure on Hausdorff topological groups.

Definition 2.2.3. Let G be a Hausdorff topological group and p: B(G) — [0, c0] a non-zero regular Borel
measure on B(G). Then p is called a left Haar measure on B(G) if for any g € G and A € B(G) one has

u(g + A) = p(A).

The Euclidean space R™ is a locally compact group for any m € Z~g. In Example we have seen that
the Lebesgue measure on B(R™) is a regular Borel measure. It turns out that the Lebesgue measure is even
a left Haar measure. This is shown in Proposition 1.4.4 of [Cohl13]. The following theorem is a fundamental
result of locally compact groups.

Theorem 2.2.4. Let G be a locally compact group. Then B(G) attains a unique left Haar measure up to
scalar multiple.

Theorem 9.2.2 in [Cohl13] proves the existence, and Theorem 9.2.6 in [Cohl3] proves the uniqueness.

Remark 2.2.5. We conclude that a locally compact group G induces a measure space (G, B(G), ig), where
pe is a left Haar measure on B(G). ¢

By symmetry, one can define right Haar measures.

Definition 2.2.6. Let G be a Hausdorff topological group and p: B(G) — [0, c0] a non-zero regular Borel
measure on B(G). Then pu is called a right Haar measure on B(G) if for any g € G and A € B(G) one has

(A +g) = u(A).
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Theorem holds for right Haar measures (see [Cohl3, Corollary 9.3.2]). We want to study when the
collection of left Haar measures coincides with the collection of right Haar measures.

Let G be a locally compact group and p a left Haar measure on B(G). In Proposition [2.1.2) we saw that the
map fq: G — G defined by h +— h + g is a homeomorphism for any g € G. By verifying the conditions of

Definition we have that p, := po f; is a regular Borel measure on B(G). Furthermore, for any h € G
and A € B(G), we have

pg(h+ A) = p(fg(h+ A)) = p(h + A+ g) = u(A+ g) = py(A),

using that p is a left Haar measure. Hence, also p, is a left Haar measure on B(G). We will use the
construction of this left Haar measure throughout this section. By Theorem this means that there
exists a A(g) € Rsq, depending on g € G, such that p, = A(g)p. In this way, we create a map A: G — Rsq.
Notice, the map A is defined from the choice of left Haar measure p on B(G). However, it turns out that this
is independent of this choice.

Proposition 2.2.7. Let G be a locally compact group. The map A: G — R+ is independent of the choice
of left Haar measure on B(G).

Proof. Let A: G — R be the map such that p, = A(g)p for some left Haar measure p on B(G). Now,
let x be another left Haar measure on B(G). Then by Theorem there exists some A € Ry such that
X = Au. Set xg = x © fy, then for any A € B(G), we have

Xg(A) = x(fg(A)) = Au(fg(A)) = Aug(A) = A(g)Au(A) = A(g)x(A).
Hence, we see that x, = A(g)x. O

By Proposition we see that the map A : G — R-( depends only on the group G. Therefore, the
following definition makes sense.

Definition 2.2.8. Let G be a locally compact group. The map A : G — Ry is called the modular map of G.
Definition 2.2.9. A locally compact group G is called unimodular if A(g) =1 for all g € G.

Proposition 2.2.10. Let G be a locally compact group. The group G is unimodular if and only if the
collection of left Haar measure on B(G) coincides with the collection of right Haar measures on B(G).

Proof. Suppose that G is unimodular. Let p be a left Haar measure on B(G). Since G is unimodular, we
have A(g) = 1 for all g € G. Thus, for any g € G and A € B(G), we have

WA+ g) = u(fg(A) = pg(A) = A(g)u(A) = n(A).

Hence, the measure p is a right Haar measure on B(G). Conversely, let p be a right Haar measure on
B(G). For any A € B(G), we have seen in Corollary [2.1.4] that —A € B(G). Define x(A) := pu(—A). Then
Proposition 9.3.1 in [Cohl13] shows that x: B(G) — [0, 0] is a left Haar measure on B(G). As a result of our
earlier observation, we have that x is also a right Haar measure on B(G). Since p(A) = x(—A), Proposition
9.3.1 in [Cohl13| says as well that u is a left Haar measure.

Conversely, suppose that the collection of left Haar measure on B(G) coincides with the collection of right
Haar measures on B(G). Suppose that p is a left and right Haar measure on B(G). Then for any g € G and
A € B(G), we have

pg(A) = u(fo(A)) = p(A+g) = p(A) = p(A).
It follows that A(g) =1 for all g € G. Consequently, the group G is unimodular by definition. O

If we consider unimodular groups, we will simply speak about Haar measures, rather than left or right Haar
measures. We can look into a few examples of unimodular locally compact groups.
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Proposition 2.2.11. Let G be a locally compact group. If G is abelian or has the discrete topology, then it
is unimodular.

Proof. Suppose that G is abelian. Then any left Haar measure on B(G) is a right Haar measure on B(G)
and vice versa. One simply uses the fact that G is abelian. It follows from Proposition [2:2.10] that G is
unimodular.

Suppose that the topology on G is discrete. Example 9.2.1 in [Coh13] tells us that the counting measure is a
left Haar measure on B(G). For any A € B(G), the counting measure is given by

a(A) :_{ #A, if #A < oo,

0, otherwise.
For any g € G and A € B(G), we have #(A + g) = #A. Then

pg(A) = p(fg(A)) = w(A+ g) = u(A).

So we see that A(g) =1 for all g € G. Consequently, the group G is unimodular by definition. O

2.3 Discrete Subgroups

In Remark we saw that a subgroup in a Euclidean space is a lattice if and only if it is discrete. It
turns out that this notion is also important if we want to define lattices in locally compact groups. So in this
section, we will introduce this notion. Throughout this section, let G be a topological group.

Definition 2.3.1. A subset A of G is called discrete if for all a € A there exists some open set B in G such
that « € B and AN B = {a}.

We provide some useful results on discrete subsets in G.
Proposition 2.3.2. Let A be a subset in G.
i.) The subset A is discrete if and only if the subspace topology of A is discrete.
ii.) If A is discrete, then so is any subset B C A.
iii.) If A is discrete and compact, then A is a finite set.

Proof. To show Statement (i.), let A be a discrete subset of G. Then for all a € A there exists some open set
B in G such that @« € B and AN B = {a}. By the subspace topology, this means that all singletons are open
in A. Since any subset of A is an arbitrary union of singletons, any subset of A is open. It follows that the
subspace topology of A is discrete. Conversely, suppose that the subspace topology of A is discrete. Then
for any a € A the singleton {a} is open. By the subspace topology, this means that there exists some open
subset B C G such that AN B = {a}. In other words, the subset A is discrete.

To show Statement (ii.), take any subset B in A. Then for any b € B one has b € A. Since A is discrete,
there exists some open set C' in G such that b € C' and ANC = {b}. Then also BN C = {b}, since B C A.
Hence, the subset B is discrete by definition.

To show Statement (iii.), let A be a discrete and compact subset of G. By Statement (i.), it follows that the
subspace topology on A is discrete. As a result of this, all singletons in A are open. Moreover, the singletons
form an open cover of A. By compactness of A, this open cover has a finite subcover. Thus, the subset A can
be covered by a finite number of singletons. It follows that A must be a finite set. O

The following result is Proposition 3.1.17 of [ADGB22].

Proposition 2.3.3. If GG is Hausdorff and H is a discrete subgroup in G, then H is closed in G.
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2.4 Definition of Lattices

In this section, we will define lattices in locally compact groups. This section is based on Chapter I in [Rag72].
However, the definition of lattices is used in many other literature, in particular, when one looks into the
theory of Lie groups. For example, see Chapter 4 in [Morl5]. Throughout this section, let G be a locally
compact group and H a closed subgroup of G.

Consider the set of left cosets G/H. In Section we have seen that we can endow the set G/H with the
quotient topology. Furthermore, the group G acts on G/H by (g,h+ H) — (g + h) + H. So whenever we
write g + A for any g € G and A C G/H, we use this group action.

Definition 2.4.1. Let u be a Borel measure on B(G/H). Then p is called G-invariant if p(A) = p(g + A)
for all g € G and A € B(G/H).

Let Ag denote the modular map of G, and Ay the modular map of H that we have seen in Definition [2.2.8]

Proposition 2.4.2. There exists a G-invariant Borel measure on B(G/H) if and only if Ag(h) = Ag(h) for
all h € H. Moreover, if such a Borel measure exists, it is unique up to scalar multiple.

These results can be found on pages 18 and 19 in [Rag72]. The subgroup H is assumed to be closed. By
Proposition we know that any discrete subgroup of G is closed. Hence, from now on, we can assume H
to be discrete.

Corollary 2.4.3. Let H be a discrete subgroup of G. Then there exists a G-invariant Borel measure on
B(G/H) if and only if Ag(h) =1for all h € H.

Proof. Since H is discrete it has the discrete topology (see Proposition [2.3.2] (i.)). It follows from Proposition
2.2.11| that H is unimodular. Thus, we know that Ag(h) =1 for all h € H. Now, apply Proposition to
obtain the desired result. O

In Definition we have seen the definition of a finite measure. Now, we have all the ingredients to define
a lattice in a locally compact group.

Definition 2.4.4. A subset I' of G is called a lattice if it is a discrete subgroup and there exists a G-invariant
finite Borel measure on B(G/T).

Proposition 2.4.5. If G contains a lattice, then it is unimodular.

This result is stated by Remark 1.9 on page 21 in [Rag72], and depends on the classification of the subgroups
of the multiplicative group Rsg.

It is hard to see that Definition generalizes Definition Besides this problem, the next step is to
generalize the notions of a fundamental region (Definition and the covolume (Definition of a
lattice. If G contains a lattice, we know that it is unimodular, and we speak about Haar measures, rather
than left or right Haar measures. The unique Haar measure on a locally compact group can be used to define
the covolume. It remains to attach a fundamental region to a lattice. The natural generalization of Definition

is given as follows.

Definition 2.4.6. Let I" be a lattice in locally compact group G. A fundamental region of the lattice ' is a
Borel measurable set A C G such that G = [ | (A +7).

In the classical setting, we have constructed an explicit fundamental region for a lattice (see ) Therefore,
the existence of a fundamental region is guaranteed. However, to show existence in this setting, one must
assume that the locally compact group is second-countable. Because locally compact groups that are second-
countable will be used throughout this thesis, we will study them in the next section. Once we assume that
these groups are abelian, it becomes easier to see why Definition [2.4.4] generalizes Definition We will
study this at the end of this chapter.
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2.5 L-groups

In this section, we investigate a smaller class of locally compact groups. We study some properties and the
behavior of lattices in these groups. We can fully extend the notion of a fundamental region and the covolume
of a lattice in these groups.

To avoid lengthy terminology, we propose the following definition.
Definition 2.5.1. A group G is called a L-group if it is a locally compact group that is second-countable.

We define these types of groups, as they have the required conditions to build up the rest of the theory for
lattices. This is also the reason why we call them L-groups. Namely, the "L’ refers to lattices. In the rest of
this thesis, we will mostly be using L-groups. However, whenever it is possible, we will try to prove results as
general as possible.

Before we dive into lattices in L-groups, we provide some useful results on these groups. By Remark
any L-group G induces a measure space (G, B(G), ), where pg is a left Haar measure on B(G).

Proposition 2.5.2. Let (G, B(G), ug) be a measure space induced by an L-group G, where ug is a left
Haar measure on B(G). Then (G, B(G), ug) is a o-finite measure space.

Proof. By Definition it is enough to show that the left Haar measure on B(G) is o-finite. Proposition
7.1.6 in [Coh13] tells us that any locally compact Hausdorff space that is second-countable is a countable
union of compact sets. In particular, this is true for an L-group. Hence, there exists compact subset C; C G
for all i € Zsq such that G = J,5, C;. By Proposition we have C; € B(G) for all i € Z~q. Since g is
a left Haar measure, so in particular a regular Borel measure, we have ug(C;) < oo for all i € Z~q. It follows
from Definition that the left Haar measure pg is o-finite. O

In Definition [1.6.19, we have seen the product measure space. For the construction, we needed o-finite
measure spaces. Hence, the proposition allows us to investigate the product measure space of the measure
spaces induced by some abelian L-groups.

Proposition 2.5.3. Let G; be an abelian L-group for ¢ = 1,2. Furthermore, let (G;, B(G;), u;) be the
measure space induced by G;, where p; is a Haar measure on B(G;). Then G; x G3 is an abelian L-group.
Furthermore, the Borel o-algebra on the topological group G; x G5 equals the product o-algebra on G; and
G2. In other words, one has B(G1 x G2) = B(G1) ® B(G2). Moreover, the product measure p1 ® g is a Haar
measure on B(G1 x Ga).

Proof. We endow G x G5 with the product topology. In that way, we turn it into a topological group (see
[Sin19, Section 12.4]). Abelianness, locally compactness (see [Sinl9, Theorem 5.4.6]), Hausdorfiness (see
[Sin19, Theorem 4.4.4]), and second-countability (see [Sinl9, Theorem 7.1.7]) are preserved under finite
products of groups. Therefore, the group G; X Gs is an abelian L-group as well.

Since G; and G are locally compact groups that have a countable base with respect to their respective
typologies, Proposition 7.6.2 in [Cohl13] tells us that B(G; x G3) = B(G1) ® B(G2). Moreover, it tells us that
H1 ® pe is a regular Borel measure on B(Gy x G2).

It remains to show that 3 ® po is a Haar measure on B(Gy x G3). Take any (g1,92) € G1 x G2 and any
A € B(Gy x G3). Using the construction of Equation , for any g € G; one has
((91,92) + A), ={h € G2: (g,h) € (91,92) + A}
={heG2:(9—9g1,h—g2) € A}
=g +{he€Gy:(9—g1,h) € A}
=92+ Ag-g1)-
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Now, using Equation , we have

(11 ® p12) (g1, 92) + A) = /

[ (91,920 + 4, ) ()

- /G p2 (92 + Ag—gy)) 11 (dg)

= /G 12 (Agg—gn) 11(dg),

where in the last step we used that uo is a Haar measure. Next, let f: Gi — R be the function given by
g — t2(Ay). In Proposition [1.6.17] we saw that this is B(G;)-measurable. Furthermore, let k: G; — G be
the map given by g — g — ¢g1. By Corollary the map k is (B(G1), B(G1))-measurable. Moreover, we

can write

/ iz (Agg—gey) ir(dg) = | F(k(9))smr (dg).
Gy Gy

Now, applying Theorem [1.6.15| we get

f(k(g))pa(dg) = [ f(g)(k* pa)(dg).
G1 G1

Now, for any B € B(G1), we have
ko pn(B) = pa (k71 (B)) = pa (B + g1) = pa(B),

where in the last step we used that p; is a Haar measure. Hence, we have k * 11 = 7. Therefore

[ o)k e ) de) = [ o) = /G i2(Ag)pa(dg) = (i1 ® piz)(A).
Combining all equalities, we obtain that

(11 ® p2)((91, 92) + A) = (11 ® p2)(A).
This shows that 1 ® ps is a Haar measure on B(G1 x Gy). O

Now that we have studied L-groups a little bit, we can go back to lattices. Since L-groups are locally compact
groups, we can use Definition 2.4.4] In Definition [2:4.6] we have seen the definition of a fundamental region
of a lattice. In an L-group we can prove its existence.

Proposition 2.5.4. Let I' be a lattice in an L-group . Then there exists a fundamental region for I'.
Moreover, it has non-zero measure with respect to any Haar measure on B(G).

Proof. Consider the canonical map ¢: G — G/I'. Since I' is a subgroup, it contains the unit element 0 of G.
As T is discrete, there exists some open subset A C G such that ' A = {0}. Then by Proposition m
there exists an open neighborhood B of 0 such that B = —B and B + B C A. Hence, we know that

I'n(B+B)CTI'nA={0}.

Now, consider the left cosets g + B for any g € G. We claim that ¢ is injective on any such left coset.
Therefore, take any b,b’ € B such that ¢(g + b) = ¢(g + V’). This means that there exist 7,7’ € T" such that
g+b+~v=g+b ++'. This implies that ¥’ —b=1+" —~. We have b —b € B — B = B + B. On the other
hand, since I is a subgroup, we have v/ —v € T'. So v/ —b € (B+ B)NT C {0}. We may conclude that b =¥’.
This shows that ¢ is injective on the left coset g + B for all g € G.

By Corollary we know that g + B is open for any g € G. Therefore, the set {g + B}gee is an open
cover for G. Since G is second-countable there exists a countable subcovering (see [Sin19, Theorem 7.2.6]),
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which we denote by {4;};>1. Any Haar measure on B(G) is a non-zero measure, and so the group G has
non-zero measure. Therefore, without loss of generality, we can assume that A; has non-zero measure. We
know that ¢ is injective on any A;. Set By := A;, and define

B; =4\ (Ain¢ (p(A1U...U A1),
for i € Z>5. Then B; C A, for all ¢ € Z~o. Hence, the map ¢ is also injective on any B;. We have

O(Bi) = p(A)\ (P(A;) NPp(A1 U ... UA; 1)),

where we used that ¢(¢p~1(A)) = A for any A C G/T, as ¢ is surjective. We can see from the construction of
@(B;) that ¢(B;) N ¢(B;) =0 for all i,j € Z~o. Hence, the map ¢ is also injective on the set A :={J,~; B;.
We have A C |J,>, A;, and therefore -

s(A) Co | |JA
i>1

We will also show the other inclusion. So take any a € |J,~,; Ai. Then a € A; for some i € Z~o. If a € B;,
then ¢(a) € ¢(A). If a ¢ B;, then by construction of B;, we have a € A; N ¢~ (p(A; U...UA;_1)). Thus, we
know a € ¢ H(d(A1 U...UA;_1)), and so ¢(a) € ¢(A; U...U A;_1). Consequently, there exists a minimal
integer 1 < j <i— 1 such that ¢(a) € ¢(4;). Then

¢(a) € o(A5)\ (9(A;) NP(A1U... UA; 1)) = ¢(B;).
Therefore, we know that ¢(a) € ¢(A). So in all cases, we have ¢(a) € ¢p(A). We obtain that

o(0) 26 | |J A

i>1

Since {A;};>1 is an open covering of G, we conclude that

oA =¢ [ |JAi | =¢(G).

i>1
As a result of this, the map ¢ is surjective and injective if it is restricted to A. Therefore, the subset A of G
satisfies G = | ], cp (A +7).
All the sets A; are open. This means that for any i € Z~¢, the union A := A; U...U A;_1 is open. Then

o7 o) =A+T = [J(A+).

el

By Corollary [2.1.4] the sets v + A are open for all 4 € T'. Tt follows that ¢~!(4(A)) is open since it is the
union of open sets. Then A; N¢~1(4(A)) is open, and so it is Borel measurable. Then also (A4; N ¢~ (A(A)))¢
is Borel measurable. Since A; is Borel measurable, we get that

B, = A4;N (AN g (p(A)))"

is Borel measurable. Then A is Borel measurable since it is the union of Borel measurable sets. Therefore, we
conclude that A is a fundamental region of I' as defined in Definition [2.4.6

We saw that the Borel measurable set A contains the set A; = B; with non-zero measure with respect to any

Haar measure. Hence, by Proposition the measure of A must be non-zero with respect to any Haar
measure on B(G). O
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In principle, the proof of Proposition gives a way to construct a fundamental region. Moreover, the
proof does not use that there exists a G-invariant finite Borel measure on B(G/I'). This means that the
proposition would hold for any discrete subgroup rather than a lattice. However, this condition is used in the
following result.

Proposition 2.5.5. Let I" be a lattice in an L-group G and A a fundamental region of I". Then A has finite
measure with respect to any Haar measure on B(G).

Proof. Let pug be any Haar measure on B(G) and ¢: G — G/T the canonical map. Since I is a lattice, there
exists a G-invariant finite Borel measure x on B(G/H). For any A € B(G/T) set u(A) := uc(AN¢~1(A)).
We claim that p is also a G-invariant Borel measure on B(G/T'). If so, by Proposition there exists some
A € Ry such that g = Ax. Since x is a finite measure, we would get that u(G/H) = Ax(G/T) < co. So
w(G/H) = ug(AN¢~1(G/T)) = uc(A N G) = ug(A) has finite measure.

So we must show the claim. Firstly, we will show that p is a Borel measure on B(G/T"). We have
w(0) = pe(0) = 0, using that ug is a measure. Using that ug is countable additive we can prove that pu is
countable additive. Namely, let A; € B(G/I") be pairwise disjoint sets for all i € Z>, then

pl L4 | =ne (Ao |4

i>1 i>1

= e [ (Ao (4),

i>1

=Y na(Ane ' (4)

i>1

= ZN(Az‘)'

i>1

Hence, we get that p is a Borel measure on B(G/T"). Let us show that it is also G-invariant. Take any g € G
and A € B(G/T'), then

g+ A) =peAno g+ A) =pe (AN (g+ ¢ (A) = pe ((—g) + M) No~ ' (A)),

where in the last step we used that ug is a Haar measure. Specifically, we used that ug is translation
invariant. Now, since A is a fundamental region of I", we have

pe (((=9) +8) N¢7H(A)) = pg (G N ((—g) + M) N~ (4))

= pe |_|(A+7) N((-g)+A)Neé~'(A)

yel’

= e | [ ] (A+7) N ((—g) + M) no1(A))

~yel

=Y ne (A+7)N((=g) + M) N o 1(A)),

yel’

where we used that pug is countable additive. Now, set A’ := (—g) + A. Then A’ is also a fundamental
region of I'. Since I' is a subgroup, we also have G = |_|,Y€F(A’ — 7). Furthermore, since v € I', we have

¢~ H(A) =y =0"1(A).
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So using that pg is translation invariant, we get that

Y one (A +9)N0((=g) +A0) N (A) = pe (AN =7) N (671 (A) =)

yel el

=pa (AN | W =) | ne ' (4)

y€er
= pa(ANGN ¢~ (A4)
= pc(An¢~1(4))
= u(A).
Combining all the results, we obtain that u(g + A) = u(A). Consequently, the measure p is G-invariant. [

Combining Proposition and we know that any fundamental region of a lattice has non-zero and
finite measure. However, there can exist more than one fundamental region. We have the following result.

Proposition 2.5.6. Let I' be a lattice in an L-group G. Then all fundamental regions of I have the same
measure with respect to any Haar measure on B(G).

Proof. Let A, A’ be two fundamental regions of I' and p1¢ a Haar measure on B(G). Then

pa(A) = pe(ANG)

=pe AN @A +79) (15)
~yel’

=pe || ]ANMK +9)

yel
=Y e (AN (A +7)) (16)
yel’
=D na((A=y)nA) (17)
=pe | | ] @A n@A—=9) (18)
~yel
=pa (AN ](A+7) (19)
yell
= e (A NG) (20)
= pg (),

where in Equation and we used that A, A’ are fundamental regions, in Equation and the
fact that ug is countable additive, in Equation that ug is a Haar measure, and in Equation that T’
is closed under inverses. O

Definition 2.5.7. Let I" be a lattice in an L-group G and A a fundamental region of I". Moreover, let pg be
any Haar measure on B(G). The covolume of T is defined by covol(T") := pg(A).

By Proposition the covolume is well-defined and does not depend on the choice of fundamental region.
However, the covolume depends on the normalization of the Haar measure pg. In contrast, ratios of covolumes
are independent of the normalization.
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Proposition 2.5.8. Let IV C T be lattices in an L-group G. Then [[': T'] := #I'/TY < oo and
covol(I'") = [I': T'] covol(T).

Proof. Consider the set of left cosets I'/T” and the canonical map ¢ : I' — T'/TY. We endow I'/T” with the
quotient topology. Now, take any subset A C I'/T”. Then ¢~ !(A4) C I is open, since I' has the discrete
topology (see Proposition m (i.)). The quotient topology implies that A is open in I'/T”. Since we took A
arbitrarily, this shows that all subsets of I'/T” are open. Hence, the group I'/T" has the discrete topology and
is therefore a discrete subset of G/I" (see Proposition [2.3.2] (i.)). Moreover, we that I'/I"” a subgroup of G/I",
since I' is a subgroup of G. By Proposition u we know that the discrete subgroup I" is closed in the
1ocally compact group G. By Proposition it follows that G/I" is a Hausdorff space. By Proposition
2.3.3] we see that I'/T” must be closed in G/F' We know, since I' is a lattice, that G/T" is compact with
respect to the quotient topology. Closed subsets in compact spaces are compact itself (see [Sin19, Theorem
5.1.7]). Therefore, we have shown that I'/T” is compact and discrete. It follows from Proposition (iii.)
that T'/TY must be a finite set.

Let A be a fundamental domain of T'. Set A to be a set of representatives of the left cosets in I'/I”. By the
previous result we have that A is a finite set and equals [I': T”]. We know A C T, and since A is a fundamental
region of T, it follows that the sets A + a are pairwise disjoint for all a € A. So consider the disjoint union

: |_]a€A(A + a). Now, consider the map f: G — G defined by g — g — a for any a € A. By Corollary
- the set f~1(A) = a+ A is Borel measurable, since A is. Hence, the set A’ is Borel measurable since it is
the union of Borel measurable sets. Furthermore, the sets A’ + v for v € T are pairwise disjoint. Otherwise,
the sets A + v for v € I would not be pairwise disjoint, contradicting the fact that A is a fundamental region
of I'. Moreover, we have

L= ((|_|<A+a>) +7> -6
~yel” ~yel” a€A yel’

using that A is a set of representatives of the left cosets in T'/T”, and that A is a fundamental region of T'. Tt
follows from Definition that A’ is a fundamental region of I'V. Now, let ug be any Haar measure on
B(G). Since pg is countable additive, we get

covol(T") = pug(N') = pa <|_| A +a) ) Z pa(A+a) Z pug(A) = #A - covol(T') = [[': '] covol(T),
acA acA

where we used that ug is a Haar measure. O

2.6 Co-compact Subgroups

In Proposition we saw that a lattice in a Euclidean space is complete if and only if the quotient space is
compact. If we assume that an L-group is abelian, any lattice satisfies this characterization as well. Therefore,
we will start by defining a general notion for this property.

Throughout this section, let G be a topological group.

Definition 2.6.1. A subgroup H in G is called co-compact if the set of left cosets G/H is compact with
respect to the quotient topology.

We provide some useful results on co-compact subgroups in G.

Proposition 2.6.2. Let H be a subgroup in G. If H is co-compact in G, then so is any subgroup H' O H.
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Proof. Take any normal subgroup H’ such that H C H’'. Consider the map f: G/H — G/H’ defined by
g+ H — g+ H'. Since H C H', this map is well-defined and surjective. Take any open set A in G/H'. The
quotient topology implies that the set {g € G : g+ H’ € A} is open in G. Now, the pre-image of A under f
is given by

YA ={9+H:g+H € A} CG/H.

With respect to the quotient topology, this is open since {g € G : g+ H' € A} is open in G. This shows
that f is continuous. Since f is continuous and G/H is compact, then also the image of f is compact (see
[Sin19, Theorem 5.1.11]). Since f is surjective, this means that G/H’ is compact. Hence, the subgroup H' is
co-compact. O

Proposition 2.6.3. Let G, G2 be topological groups and f: G; — G2 a homeomorphism of topological
groups and a group homomorphism. If H C G is co-compact, then f(H) is co-compact.

Proof. Since H is co-compact, it is a subgroup of G;. Since f is a group homomorphism, the set f(H)
is a subgroup of G3. It remains to show that Ga/f(H) is compact with respect to the quotient topology.
Therefore, consider the map k: G1/H — Go/ f(H) defined by g + H — f(g) + f(H). Since f is a group
homomorphism, the map k is well-defined. Furthermore, the map k is surjective since f is. Now, consider
an open subset A C Gy/f(H). The quotient topology implies that the set B:={g € Go: g+ f(H) € A} is
open in G. Since f is a homeomorphism, it is continuous. Therefore, the set f~1(B) is open in G;. This set
is given by
JNB)={g€ G fl9) € BY = {g € Gu: flg) + f(H) € A}.

Now, the pre-image of A under k is given by
kY (A)={g+H:k(g+H)e Ay ={g+H: f(g9)+ f(H) € A}.

With respect to the quotient topology, this is open since {g € G;1 : f(g) + f(H) € A} is open in G. This
shows that k is continuous. Since k is continuous and G1/H is compact, then also the image of & is compact
(see [Sinl9, Theorem 5.1.11]). Since k is surjective, this means that Go/f(H) is compact. We conclude that
f(H) is co-compact. O

We will use these results later in this thesis. However, for now, we give an equivalent characterization of
lattices in an abelian L-group.

Theorem 2.6.4. Let G be an abelian L-group. A subset I in G is a lattice if and only if T is a discrete and
co-compact subgroup of G.

Proof. Suppose that I' is a discrete and co-compact subgroup of G. Then T is a lattice if there exists a
G-invariant finite Borel measure on B(G/H). We assumed G to be abelian. Hence, by Proposition we
know that G is unimodular, i.e. Ag(g) =1 for all g € G. Then by Corollary there exists a G-invariant
Borel measure p on B(G/T'). It remains to show that u(G/T") < co. By Proposition we know that I is
closed in G. Since G is abelian, we know that I' is a normal subgroup. It follows from Proposition that
G/T is a locally compact group. Therefore, there exists a unique, up to scalar multiple, Haar measure x on
B(G/T) (see Theorem [2.2.4)). Since x is a Haar measure, it is also G-invariant as defined in Definition [2.4.1]
Thus, by Proposition 2.4.2] there exists a A € R5 such that g = Ax. Since x is a regular Borel measure on
B(G/T), it is finite on compact sets. The subgroup I' is co-compact, and thus is G/T" compact. It implies
that x(G/T") < oco. We get that u(G/T') = Ax(G/T') < oco.

Conversely, let I' be a lattice in G. Then by Definition it is a discrete subgroup and there exists a
G-invariant finite Borel measure 1 on B(G/T'). In particular, the measure p is finite on any compact set in
G/T'. For the same reason as above, we know that G/T" is a locally compact group. Moreover, the group G
is second-countable, since it is an L-group. These conditions imply that p is a regular Borel measure (see
[Cohl13l Proposition 7.2.3]). Together with the fact that p is G-invariant and finite, we know that p is a
finite Haar measure on B(G/I'). Proposition 9.3.3 in [Cohl13] tells us that G/I" is compact since p is finite.
Consequently, the subset I' is co-compact. O
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Remark 2.6.5. Due to this result, we see that the notion of lattices in an abelian L-group is a generalization
of complete lattices in a Fuclidean space. Therefore, we can reason that Definition generalizes complete
lattices. This means that we have found a reasonable theory of lattices in locally compact groups that extends
the classical theory of lattices in Euclidean spaces. In the rest of this thesis, we will only consider abelian
L-groups. So we are safe to define a lattice in such a group to be a discrete and co-compact subgroup. ¢
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3 Rings of S-Integers

In this chapter, we will study the rings of S-integers of a number field. In Chapter [6] we will see that this
generalizes fake real quadratic orders. Section [3.1] and are known to the literature. However, in the
literature, either the proofs of these results are skipped or it cannot be found in one place. Therefore, we
include this in the thesis. The proofs within these sections are self-written. Furthermore, we derive some new
results for the rings of S-integers. This includes an analogue of Minkowski’s Convex Body Theorem (see
Theorem and an extension of Theorem We will study this in the last two sections of this chapter.
Throughout this chapter, let K be a number field.

3.1 Structure

From now on, unless stated otherwise, we assume S to be a finite subset of 3%. Moreover, whenever we
write p ¢ S, we mean p € P%\S. Consider the subset of K given by

Ogs={reK:|z|, <1forallp¢S}.

Recall that for any « € K, the p-adic valuation and p-adic absolute value are related by |z|, = No, (p)~ ordy (z)
Therefore, saying that |z|, <1 is equivalent to saying ord,(z) > 0. Therefore, we also have

Ok,s ={x € K :ordy(x) >0 forallp ¢S} (21)
By properties of the p-adic absolute value, the set O g is a subring of K.
Definition 3.1.1. The ring Ok s is called the ring of S-integers of K.

This notation is different from the notation of the valuation ring O , we have seen in ([9)). Actually, one has
to consider S = PR \{p} to receive Ok ,. But since we only allow S to be a finite set, there should be no
confusion.

Proposition 3.1.2. If S = (), then O s = Ok. Furthermore, if S C S’ are finite sets of PY%, then
Ok,s COk.s.

Proof. These two facts are consequences of the definition. O
Lemma 3.1.3. One has p™ Ok, s = Ok g for all p € S and non-zero m € Z.

Proof. Throughout this proof, take p € S arbitrarily. Suppose that m € Z~(. Then it suffices to prove it for
m = 1. The general case follows by applying it inductively. We know that Ox C Ok s by Proposition
Thus, we see that pOg ¢ C Ok 5. For the converse, take any x € Ok g. Since the class group Clg is finite,
there exists some k € Z( such that p* is principal. Let ¢ be a choice of generator of p*. Then e 1Ox = p=F.
This means that ordy(¢~!) = 0 for all non-zero prime ideals q # p, and ord,(¢~!) = —k. Since p € S, we
have that e~! € Ok 5. Consequently, we get that e 12 € Ok s. Then z = e(¢'z) € pO 5. Consequently,
we have Ok g C pOg . s. Inclusion from both sides gives us the desired result.

So we have p" Ok s = Ok, g for all m € Z~o. So we have Og s = p~ " Ok s. We see that the case in which
m is negative follows directly. O

There are several alternatives to view the rings of S-integers. We will treat two of them.

Proposition 3.1.4. For a € Og\{0}, one has Og s = Ok [a™'] if and only if the finite places p for which
|(f1|p > 1 are exactly equal to S. Equivalently, the prime ideals in the unique factorization of aOg are
exactly the prime ideals from S.
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For the proof, we refer to the proof of Lemma 1.1 in [Con24b]. Such a can always be found. Namely, since
the class number hy, is finite, we have that p”* is principal for all p € S. Also, the product of these principal

ideals is principal. Therefore,
hx

Hp = a0k

peS

for some a € Ok. We have that plaOk if and only if p € S. It follows by the lemma that Ok s = Ok [a‘l}.
An alternative way of defining S-integers, is to view them as a ring of fractions of Ok.

Proposition 3.1.5. Let P := O\ UMZS p. Then P is a multiplicatively closed set. Furthermore, the ring of
fractions of O with respect to P equals Ok s.

Proof. In this proof, we will repeatedly use Definition [I.1.7] and Proposition [1.1.8] Firstly, the set P is
multiplicatively closed if 1 € P and z,y € P imply that zy € P. If 1 € UP¢S p, then there exists some p ¢ S
such that 1 € p. This contradicts the fact that p is a prime ideal, and so 1 € P. Now, take x,y € P. Suppose
that zy € Upng p, then there exists some p ¢ S such that xy € p. Using that p is a prime ideal we have x € p
or y € p. Hence, at least one of z,y is contained in Upes p. This contradicts the fact that x,y € P. Thus, we
must have zy ¢ Upes p, which implies that zy € P.

Next, we have to show that OxP~! = Ok 5. We have
OxP~! = {% La€ O,z eP}.

So take any ¢ € OgP~'. Then z ¢ Upgs b, and so « ¢ p for all p ¢ S. Since z € O, this implies that

ordy(z) = 0 for all p ¢ S. As a € Ok, we have that ordy(a) > 0 for all p € PB%. Hence, for any p ¢ S, we
have a
ord, (;) = ordp(a) — ordy(z) = ord,(a) > 0.

By construction one has ¢ € Ok 5. Conversely, take x € O 5. Then ordp(xz) > 0 for all p ¢ S. If there
exists some y € P such that zy € Ok, then there exists some a € Ok such that xy = a. This would imply
that z = % € OgP~1. It follows from inclusion on both sides that O P~ = Ok,s. Such y € P can always
be constructed. Let S” C S contain exactly the prime ideals p € S such that ord,(z) < 0. Since Clg is a
finite group, there exists some k, € Z~ such that p*» is principal for all p € S’. Denote a choice of generator
by ep. Then, we can find an my, € Zs such that ord, (e, " x) > 0. We just need to take m, sufficiently large.
Then for y = HpeS' gp " one has ord,(zy) > 0 for all p € PY. We get that zy € Ok. It remains to show
that y € P. We know that y € Ok since it is a product of integral ideals of O . Suppose y € Upgs p, then
y € p for some p ¢ S. This means that p|lyOx = qus, gFa™a. This contradicts the unique factorization of
fractional ideals in Og. We conclude that y € P. O

Corollary 3.1.6. The ring of S-integer O s of K is a Dedekind domain

Proof. We know that Ok is a Dedekind domain. This property is preserved under any ring of fractions (see
[Neu99, Proposition 11.4, Chapter I]). It follows from Proposition that Ok s is a Dedekind domain. [

This Corollary allows us to apply the theory from Section to Og,s. We will study this a little bit more
precisely in the next section.
3.2 Fractional Ideals and Class Group

We know that Ok g is a Dedekind domain. Let Idg s := Ido, ; denote the abelian group formed by the
fractional ideals of Ok g. Furthermore, we denote its subgroup of principal fractional ideals by Px g. The
class group of Ok s (see Definition is denoted by Clg,g. The order of the class group is denoted by the
hi,s € Zso U {oo}. We will see at the end of this section that this order is finite.
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In Section we saw that any fractional ideal of Ok g can be uniquely written as a finite product of non-zero
prime ideals of Ok g. Let us study the prime ideals of O g.

Proposition 3.2.1. The prime ideals of Ok g are in bijection with the prime ideals of Og not contained in
S. This map is given by

p—pOks, PPNk, (22)
for prime ideal p C Ok and prime ideal 8 C Ok g. The set of prime ideals of O g is denoted by Spec(Ok ).
Proof. In Proposition we have seen that O g = OxgP~1 for P = Ok\ Upgs p- Then Proposition 11.1
in [Neu99] tells us that the prime ideals of Ok g are in bijection with the prime ideals of Ok contained in

Ox\P = Upg g p. Moreover, the proposition gives us the corresponding maps . So it remains to show
that p C Upgsp if and only if p ¢ S. Any p ¢ S is contained in Up¢sp.

For the converse, we use that Corollary 2.4 in [RV70] states that O is compactly packed. This property states

that for any set A C B% and integral ideal I C O such that I C UpeA p implies that I C p for some p € A.

So suppose that q C |J, .4 b, for any q € S. Then by compactly compactness of O, we have that q C p for
PES T . . o : .

some p ¢ S. Hence, p|q, which contradicts the fact that q is a prime ideal and every integral ideal has a

unique factorization of non-zero prime ideals. Consequently, the converse is also true. O

From this proposition, we see that Spec(Ok s) = {pOx,s : p ¢ S} U{(0)}. Hence, any I € Idg s can be

written as
I=]](wOxks)™,
p¢s

for some n, € Z for all p ¢ S. Moreover, we get the group homomorphism ord,e, ¢: Idx,s — Z for any
p € S, that we have seen in Remark If S = ), we transferred this map to a valuation of K (see Example
. We can do this here as well. For any x € K*, we set ordyo, () = ordpo, s (*Ok s). By convention,
we set ordpo, ¢ (0) = 0o. One can show by verification of Definition that this is a discrete valuation of
K. Next, we can show that the discrete valuations ord, and ord,o, s are equal for any p ¢ S.

Proposition 3.2.2. Let x € K*, then
20k.s = [[ (0Ox 5)°" ).
p¢S

Consequently, one has ordyo, s () = ordy(x) for all p ¢ S.

Proof. We have xOg = HPE‘IS‘}{ po' 4 (@) for any x € K*. So

l‘OK,S — (on)OK7S — H pord,,(ac) 0K7S — H pordy (z) H pordp(x)OK7S’
PEPL p¢S pes

where we used the fact that Ox Ok, s = Ok 5. Using Lemma , we have that HpeS pordn(l’)OKyg =0Ok.s.
Then

ZZ?OK,S _ H pord,, (z) H pordp (z) OK,S — H pordp(z) OK,S — H (pOK,S)Ordp(I)-
pEs pes p¢s pé¢S

Therefore, we have ordyo, () = ordpo, s (¢Ok s) = ord,(x) for all p ¢ S. O

Recall Definition for the definition of coprime fractional ideals. We know that the fractional ideals of
Ok (resp. Ok,s) have a unique factorization of non-zero prime ideals of Ok (resp. Ok g). Therefore, by
the bijection given in Proposition we have that the fractional ideals of Ok s are in bijection with the
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fractional ideals of O that are coprime to S. Let Id%o denote the fractional ideals of Ok that are coprime
to S. Then this bijection is given by

vildgs = 1450, [[(0Ok.s)™ = T p™. (23)
p¢sS p¢s

Let (S) (resp. ([S])) denote the subgroup of Idx (resp. Cli) generated by the prime ideals in S.
Proposition 3.2.3. There exist group isomorphisms Idx s = Idg /(S) and Clg s = Clg /{[S]).

Proof. Consider the map ¢ : Idg — Idg g defined by I — IOk s. Note that the image of ¢ is in Idg s.
Namely, if I € Idx has some p € S in its factorization, then it is canceled by multiplication with Ok s (see
Lemma. As a result of this, the fractional ideal /O g is precisely given by a product of prime ideals
of Ok, s. It follows that IOk 5 € Idk, 5. Since we have that the fractional ideals of Ok s are in bijection
with the fractional ideals of O that are coprime to S, the map ¢ defines a surjective group homomorphism.
Moreover, we have I € ker(y) if and only if n, = 0 for all p ¢ S. Equivalently, we know I € ker(y) if and
only if I € (S). It follows that ¢ induces a group isomorphism Idx ¢ = Idg /(S).

Consider the map v : Clxy — Clg,g defined by [I] — [IOk,s]|. Notice that for any z € K*, we have
(xO0Kk)Ok,s = xOk,s. Thus, the map 1 is a well-defined group homomorphism. Since ¢ is surjective, so is 1.
If [I] € ker(¢)) then [IOk g] = [Ok,s]. Then there exists some x € K* such that IOk g = Ok g. Then for
any p ¢ S

ordy (I) = ordyo, s (IO0k,s) = ordyo, s (zOK,s) = ordpo, s () = ordy (),

where we used Proposition We see that I = zJ, with J € (S). It follows that
1] = [zJ] = [J] € {[S])-

Conversely, for any [I] € ([S]), we have ¢([I]) = [IOk s| = [Ok,s], using Lemma and so [I] € ker(¢).
This shows that ker(¢) = ([S]). Consequently, the group homomorphism ¢ induces a group isomorphism
Clg,s = Clk /([S])- O

The following convention is used throughout this thesis.

Definition 3.2.4. Let I € Idg g. We denote the fractional ideal «(I) of Ok by Is. Equivalently, let C' be
the equivalence class in Idg /(S) that corresponds to I under the isomorphism from Proposition Then
the fractional ideal I is the unique representative of C' that is coprime to S.

One has I = IsoKﬂ for any I € IdK7s.
Lemma 3.2.5. Let I € Idg g and « € I. Then z € Ig if and only if |z|, <1 for all p € S.

Proof. In this proof, we will repeatedly use Definition [I.1.7] and Proposition Suppose that = € Ig.
Then Is|zOf, and so ordy(Is) < ord,(x) for all p € P%. Since Ig is coprime to S, we have ordy(Is) = 0 for
all p € S. Hence, we see that ord,(z) > 0 for all p € S. Or equivalently, we have |z|, <1 for all p € S.

Conversely, suppose that |z|, <1 for all p € S. Since z € I we have 2Ok g C I, and so I|zOg,s. This means
that ordpo, ;(1) < ordpo, () for all p ¢ S. By the definition of I, we have ordpo, s (1) = ord,(Is) for all
p ¢S, and ordy(Is) = 0 for all p € S. In Proposition [3.2.2} we have seen that ordyo, s(x) = ord,(z) for all
p ¢ S. Since |z|, <1, we have ord,(z) > 0 for all p € S. Thus, we have ord,(Is) < ord,(z) for all p € BY%.
Thus, we get that Ig|zOk, and so Ok C Ig. Since 1 € O, we get x € Ig. O

In Definition [1.1.11] we have seen the construction of the norm for any fractional ideal of Ok s. It induced a
group homomorphism No, ;: Idx,s — Q*. The norm of a fractional ideal I of Ok s can be related to the
norm of the fractional ideal Ig of Of.
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Proposition 3.2.6. Let p ¢ S, then No,. (p) = Noy s (#Ok,s). Moreover, the equality No, (1) = No, (Is)
holds for any I € Idg 5.

Proof. Throughout this proof, take p ¢ S arbitrarily. Consider the ring homomorphism f: Ox — Ok s/pOk.s
given by a + [a] (where [.] denotes the equivalence classes in the quotient ring). Now, for any y € Ox\U, ¢s b
we have the equality O = p + yOg. This can be seen as follows. We know that p + yOx is an integral ideal
containing p. In a Dedekind domain, all prime ideals are maximal (see Proposition . Therefore, we
either have p = p + yOk or O = p + yOgk. The former is impossible as it would imply that y € p C UMZS p.
This contradicts the choice of y.

Take any = € Ok g. It follows from Proposition [3.1.5 that there exist some a € Ok and y € P = O\ Upaés p
such that =z = % Since y € P, we know, by the above reasoning, that Ox = p + yOg. Then there exist

some b € Ok and ¢ € p such that a = ¢+ yb, and so = = % = 5 + b. Since ¢ € p and i € Ok,s, we have
v €pOk,s. It follows that [b] = [z]. So there exists some b € Ok such that f(b) = [b] = [z]. It allows us to
conclude that f is surjective.

We claim that ker(f) = p. Take any a € p, then a € pOg s. Equivalently, we have f(a) = [a] = [0], so
p C ker(f). For the converse, take any a € ker(f). This means that [a] = f(a) = [0], and so a € pOk s.
Therefore, we know that a € Oxg NpOk g = p, where the last equality follows from the bijection given in
Proposition It follows that ker(f) C p. Thus, we showed the claim. Therefore, the ring homomorphism
f induces a ring isomorphism O /p = Ok 5/pOk 5. We conclude that both rings have the same order. By
Definition we deduce that No, (p) = Noy s (pOk,s).

Take any I € Idg, s written as Hpgs(pOK’s)"P for some n, € Z for all p ¢ S. Then by definition, we have
the fractional ideal Is =[], ¢4 p"*. In Proposition|1.1.10| (i.), we have seen that No, and No, s are group
homomorphisms. Then

Nows | [T0O0xs)™ | = [ Nows(#0k.s)™ = [[ Nox(®)™ = No. | [ »™ |,
pES pg¢s p¢S pES

where we used the result obtained earlier in this proof. Consequently, we get that No, ;(I) = No, (Is). O

The units of ring Ok 5 is denoted by O 5. An element = € Ok s is a unit if and only if 27" € Ok 5. Hence,
we have that |z|, <1 and |#7!|, <1 for all p ¢ S. Therefore

Oks={r€ K :|z[, =1forall p ¢ S},

or equivalently
Ok.s=1{r € K :ordy(x) =0 for all p ¢ S}. (24)

We can obtain the following results.

Proposition 3.2.7. There exists an exact sequence

0— Ok = Oks— @Z% Clg — Clg,s = 0.
pes

Consequently, there exists an isomorphism (9}‘(7 g S pg X Z#S+ritr2=1 “and the order h ks of the class group
is finite.

These results are given in [Neu99, Section 11, Chapter I].
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3.3 S-Minkowski Space

The next step is to see if it is possible to generalize Theorem [I.8:6] In other words, we aim to view non-zero
fractional ideals of Ok s as lattices in a certain topological space. In this section, we will construct this space.
Moreover, we study some properties of this space. Among other things, this includes the analogue of the
Heine-Borel Theorem and Minkowski’s Convex Body Theorem (see Theorem [1.7.8)).

3.3.1 Components: Completions of Number Fields

The space we want to construct is a product of completions of our number field K. Therefore, we first
investigate these completions a little bit. This is not new and can be found in the literature. However, the
proofs of the results are self-written.

Throughout this thesis, for a metric space (M, d), let B%(u,¢) := {v € M : d(u,v) < €} denote the open ball
of radius € € Rs( with center u in M. Furthermore, let B[u,¢] := {v € M : d(u,v) < £} denote the closed
ball of radius € € Ry with center v in M.

Consider the completion K, for any v € V. We have seen its construction in Section The absolute
value |.|, induces a metric d, (z,y) := | — y|, for z,y € K. We denote this metric space by (K,,d,).

Lemma 3.3.1. Let p € B%, 2 € K, and € € Roq. If y € B (x,¢), then B% (z,¢) = B% (y, ). Similarly, if
y € B% [z, €], then B%[z,e] = B[y, ].

Proof. Suppose that y € B% (z,¢), and take any z € B% (y,e). Then both the values |z — y|p, |y — 2|, are
strictly less than . So the strong triangle inequality implies that

|2 —zfp = [(z = y) + (y = 2)|p < max{|z =yl [y —z[p} <e.

This means that z € B% (x,¢), and so we get B% (y,e) C B% (x,¢). The other inclusion has a similar
argument. We conclude that B% (x,e) = B% (y,¢). In this proof, the strict inequality < could easily be
replaced by <. Consequently, the statement for closed balls follows as well. O

For any v € Vi, the metric space (K,,d,) induces a topological structure on K,. Furthermore, we know
that K, is endowed with an abelian additive group structure since it is a field. The topology is compatible
with these additive operations. Hence, for any v € Vi, the additive group K, is a topological group.

Proposition 3.3.2. Let v € V. Then K, is an abelian L-group.

Proof. Since K, is a field, the additive group structure is abelian for any v € V. By Theorem [T.4.8] we
know that the topology on K, is equivalent to the Euclidean topology on R and C for any o € ¥%¥. Since
these are locally compact, Hausdorff, and second-countable topological spaces, so is K,. Hence, we see that
K, is an abelian L-group for any o € X%. Now, consider K, for any p € BY. This is locally compact as
well. This is stated in Proposition 5.1 in Chapter IT of [Neu99]. The group K, is Hausdorff since its topology
is induced from a metric (see [Sut09, Proposition 11.5]). It remains to show that the topological group K,
is second-countable for any p € PBY%. For the rest of the proof, consider any p € P9 arbitrarily. We have
to find a countable collection of open subsets of K, such that any other open subset of K, is a union of a
subcollection. We claim that the collection

B:={B%(z,No, (p)"):x € K,k eZ}

does the job. Let A be an open subset of K, and take any a € A. Since A is open, there exists some €, € Ry,
depending on a € A, such that B% (a,e,) C A. Now, there exists a k, € Z, depending on a € A, such that
Noy (p)¥s < &,. Consequently, we get the inclusions given by {a} C B% (a, No, (p)*+) C B¥ (a,e,) C A for
any a € A. Then

A= J{a} € | B (a, Nox (p)*) € | B*(a,20) C A.

a€A acA a€A
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It follows that
A= B®(a, Noy(p)*).
a€A
Now, Theorem 4.2 of Chapter 2 in [Cas86] tells us that K is dense in K. Therefore, for any a € A, there
exists some z, € K, such that z, € B% (a, No, (p)*¥*). Note that x, depends on k,, and therefore depends
on a. By Lemma we have

B% (a, No, (p)**) = B (4, No, (p)*).

As a result of this, we get

A= B (a,Now(®)") = |J B (@a, Now (0)").
acA acA

Note that B% (z,, No (p)*s) € B for all a € A. This means that A can be written as a union of a subcollection
of B. It remains to show that B is countable. We can write

B=J U {B" (@ No.(m")}.

€K kEZ

We see that B is a union of singletons over K and Z. Number fields are countable and Z is countable. Thus,
the collection B is countable. O

As stated in Remark any locally compact group induces a measure space. Hence, for any v € Vg,
the locally compact group K, induces a measure space (K,,B(K,), i, ), where p, is some Haar measure on
B(K,). Notice that we can consider Haar measures rather than left or right Haar measures since the group
is abelian. We can make appropriate choices for the normalization of this Haar measure. For any infinite
place o € 3%, corresponding to a real field embedding, we know K, 2 R by Theorem [T.4.8] We have seen
that the Lebesgue measure p; is a Haar measure on B(R) (see Example [1.6.10). Therefore, we can take
the Lebesgue measure as the Haar measure on B(K,). We denote this choice by u,. For any infinite place
o € X%, corresponding to a complex field embedding, we know K, = C by Theorem Furthermore, we
have C = R?, and therefore, we can take the Lebesgue measure o on B(R?) as the Haar measure on B(K,).
However, we chose a different normalization. Namely, we take twice the Lebesgue measure. We denote this
choice by .

For a finite place p € P9, we have to reason a bit different. By Proposition we know that compact
subsets are Borel measurable. Moreover, we know that compact subsets have finite measure for any Haar
measure. By Theorem we know that Haar measures are unique up to scalar multiple. Therefore, if we
chose the measure for a certain compact subset, the Haar measure is uniquely determined. Proposition 5.1 of
Chapter IT of [Neu99) tells us that the DVR O, is compact for any p € B Therefore, we can make a unique
choice for the measure on O,. For any p € P, we choose 1, (0Op) := No,(®o,|z )~1/2, where Do, z, 18
the different of O,|Z,,. The different of O,|Z, was treated at the end of Section We denote this Haar
measure by p, for any p € BY%.

Remark 3.3.3. The choices of p, for any v € Vi, will be used throughout the rest of this thesis. The choice
of these Haar measures is not arbitrary. They agree with the choices described in Tate’s thesis. They make
sure that the Haar measures are self-dual. Since this notion is not part of this thesis, we refer to Tate’s thesis
for an explanation. For example, this thesis can be found in Chapter XV of [CFGT]. ¢

Since K, is a field for any v € Vg, we have a multiplicative operation K, x K, — K,,, which we will denote
by (z,y) — zy.

Lemma 3.3.4. Let v € Vg and z € K.

i.) If A C K, is an open subset, then so is zA.
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ii.) If A C K, is a Borel measurable subset, then so is zA.

Proof. To show Statement (i.), take any open subset A C K, and any y € xA. Then there exists some a € A
such that y = za. Since A is open, there exists some ¢ € R+ such that B% (a,e) C A. Let \ := |z|,&, and
take any z € B% (y, \). Note that
z
= |z|,d, (f,a) .
v x

dy(z,xza) = |z — zal, = ||,

z
- —a
x
This means that

A
dy(z,y) <A = dy(z,2a) <A = |z|,d, (2,0,) <A = d, (2,61) < = =ec.

We get = € B%(a,e) C A, and so z € xA. This implies that B (y,\) C xA, and therefore zA is open.

To show Statement (ii.), consider the map f: K, — K, given by y + x~!y. For any open subset A C K,
we know by Statement (i.) that f~1(A) = zA is open. It follows that f~!(A) € B(K,). Since B(K,) is
generated by the open sets of K, it follows from Proposition that f is (K, K, )-measurable. This
means that for any A € B(K,) the set f~1(A) = A is Borel measurable. O

Lemma 3.3.5. Let p € P% and a € Op. Then No, (aOp) = No, (p)°rd#(@.

Proof. Since O, is a DVR, every non-zero ideal of O, is a power of m,, (see Remark[1.4.3). In fact, for any
ordy, (a)

a € Oy, we have a0y = m, (see page 69 in [Neu99]). Therefore, using Lemma we have

Op /a0y = Op/mgrdp(a) ~ O /pordr (@),

This means that No, (aOy) = No, (p4 (@) = No, (p)°rde» (@), ]

Now, there is an interesting result if we compare the measure of A € B(K,) with A for any = € K and
v E Vk.

Proposition 3.3.6. Let v € Vi. For any € K and A € B(K,) one has p,(xA) = ||z||, 1. (A).

Proof. Firstly, note that by Lemma m (ii.), it makes sense to take the measure of xA. Now, let v be
an infinite place o € ¥®. If o corresponds to a real field embedding, then p, is the Lebesgue measure on
B(R), and ||.||, is the absolute value of R. If o corresponds to a complex field embedding, then p, is twice
the Lebesgue measure of B(R?), and ||.||, is the square of the absolute value on C. Therefore, the property
follows directly from Proposition

Now, let v be a finite place p € P%. Consider the map f,: K, — K, given by y — zy. It is not hard to
verify that f, is an automorphism of the additive group K, for all x € K. For any A € B(K,), we have that
f1(A) = 7 'A. By Lemma[3.3.4] (ii.), we know that this is contained in B(K). It follows that f, is also
(B(Ky), B(K,))-measurable. Theorem tells us that i, := pp o f, is a measure on B(K,). Moreover,
since it is an automorphism, the conditions of Definition [I.6.8] are preserved. Thus, it is also a Borel regular

measure. For A € B(K,) and y € K, we have

pa(y + A) = pp(fa(y + A)) = pp(2y + 2A) = pp(2A) = pa(A),

using that p, is a Haar measure on B(K,). Hence, also i, is a Haar measure on B(Kj,). So by Theorem
2.2.4} there must exists some A\, € R, depending on z, such that p, = Azpy. Define the function A: K; =R
such that A(z) = A,. For any A € B(K,), we have

pp(TA) = pp(fz(A)) = pa(A) = Aepip(A) = Mx) pp (A).
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Take any z,y € Ky, and A € B(K,) that has non-zero measure with respect to j,. Then we have

) ) A@ud) M) _ A@Am)
Ao =20~ @) ) iy (A) wp(d) AW

We conclude that the function A is multiplicative. Now, consider a € O,\{0}, and the quotient ring O, /aO,.
Let R denote a set of representatives of O,/aQ,. Using that a measure is countable additive, we get

1ip(Op) = pip <|_| (r+a(’)p)> = Zup(r+a(’)p).

reR reR

Now, using that 1, is a Haar measure, we obtain that

Dt +a0y) =Y pp(a0y) = #R - pp(aOy) = #R - A(a)1p(Op).

reR reR

Note that we have #R = No, (p)°" % (®). Since p1,7(O,) is finite and non-zero, we get that A(a) = #R~'. By
Lemmal3.3.5] we have that #R = No, (a0,) = No, (p)°"¥»(9). We obtain that A(a) = No, (p)~ 4@ = [all,
for all a € O,\{0}. Now, take a uniformizer ¢ € m, (see Remark . Then for any x € Ky, there exists a
k € Z and a € O} such that x = at®. Since a,t € O,\{0}, we have A(a) = ||a]l, and A(t) = ||t]l,. Since X is
multiplicative, it follows that

pp (@A) = pp(at® A) = At a)uy (A) = MO Na)p(A) = [1t]l5 lallprn (A) = [t*allprp(A) = |z ]ppp(A). O

In the next section, we are interested in the product of completions of a number field. Now, we briefly discuss
what happens if we only consider the completions with respect to the infinite places of K. In Section [1.8] we
constructed the space Kg, and saw that Kr = HUGE? K,. Now, by Proposition |3.3.2, we know that K, is
an abelian L-group, for any o € £%. By applying Proposition recursively, we get that Kr is an abelian
L-group as well. Moreover, a Haar measure on Kp is given by the product measure of the Haar measures
on B(K,) for ¢ € £%2. Because we have unique choices for y,, we get a unique Haar measure on B(Kg),
which we denote by ug.

Definition 3.3.7. The measure space (Kg, B(KR), ur) is called the Minkowski space of K.

Remark 3.3.8. We have ur = ®UGE?<o lto. For any infinite place o € X%, corresponding to a real field

embedding, we took the Lebesgue measure on B(R). For any infinite place o € X%, corresponding to a
complex field embedding, we took twice the Lebesgue measure on B(R?). It follows that for any A € B(Kg),
we have

pir(A) = 2" (A),

using that we have ry complex field embeddings and p,, is the Lebesgue measure on B(R™). We see that the
normalization of ug is the same as the volume volg that we introduced in Remark So we see that volg
equals the Haar measure ug. Using Theorem we see that the covolume of the lattice ¥(Ok) equals

V|dk | with respect to ug. ¢

In the next section, we add completions with respect to finite places into the product of Kx.

3.3.2 Structure

Set
S*:=S5SUX%,
and consider
Kg:= ] K. = [] Ko x[] K»-
vesoe cexe pes
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For any u € Kg, there exists some u, € K, for all v € S such that u = (u,),es~. Sometimes we consider
the infinite and finite places separately. In that case, we always consider the infinite places first. Moreover,
we write u = ((ug)oexse, (Up)pes). We will use this convention throughout this thesis.

The set Kg attains a commutative ring structure by entry-wise addition and multiplication.
Proposition 3.3.9. The additive group Kg is an abelian L-group with respect to the product topology.

Proof. By Proposition |3.3.2] we know that K, is an abelian L-group for any v € Vg . By applying Proposition
recursively, we get that Kg is an abelian L-group as well. From its proof, we can see that the topology
on K is induced from the product topology. O

Recall that for any v € Vi, the topology on K, is induced from the metric d,,. We can take the product
metric

ds(u,v) == Z dy(uy,v,) (25)

ves

with u,v € Kg.
Proposition 3.3.10. The product topology on Ky is induced from the metric dg: Kg x Kg — R.

Proof. Proposition 10.17 [Sut09] tells us that the product topology is compatible with the product metric
). O

So we have obtained a metric space (Kg,dg). Let us investigate some properties of this metric space.

Let (M, d) be a metric space. At the beginning of Section we defined the open and closed balls. Note
that B¥(u,e) C B%[u,¢] for any u € M and ¢ € Rsg. Since B%[u,¢] is closed, the closure of the open ball

B4(u,¢), denoted by Bé(u,¢), is also contained in B%[u,¢]. It is not always true that
Ba(u,e) = Bu,e]. (26)

Namely, let M be any set, and consider the metric

d(u, v) _{ 0, ifu=nwv,

1, otherwise,
for u,v € M. Then for any u € M, we have B%(u,1) = {u}, B(u,1) = {u}, and B?[u,1] = M. Hence, the
equality is not true. However, the equality is true in a Euclidean space. It follows from Theorem m
that it is true in the metric space (K,,d,) for any o € X%. It turns out to be true in the metric space
(Kg,dg) as well.

Proposition 3.3.11. For any u € Kg and € € R+ one has Bds (u,¢) = B¥s[u,¢].

Proof. Tt remains to show that B9s[u,e] C Bds(u,e). Take any v € B9[u,¢], and any A € Rsg. Set

oy, = dy(uy,,v,) for any v € §°. Then for any o € %, one has v, € B%[u,,a,| = B (u,,a,), where

we used that equality is true in Euclidean spaces. Equivalently, the element v, is a point of closure of
A

B9 (u,,a,). Therefore, for s := 7= € Rso, there exists some w, such that w, € B% (v,,s) N B (u,, ag)
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for all 0 € X%. Set wp := v, for all p € ’B?{ and w := (w,)yeg € Kg. Then

dg(w,v) = Z dy(wy,v,)

veS>®

= Z dy(We, Vo) + Zdl/(wpvvp)
TEDSE peS

= Z dy(We,v5) + Zdl/(z)pvvp)
ocEXR pesS

= Y dy(ws,v,)
cEXE

<HEE s = A,

and

ds(u,w) = > dy(w,wy) = Y dy(to,we) + Y dpup,vp) < Y o, =ds(u,v) <.

veES™>® oELR pE‘ﬁ(}{ veS>®

This allows us to conclude that w € B4s (v, \) N B% (u, ). Hence, since A € R+ was taken arbitrary, it follows
that v is a point of closure of B4s(u,¢), i.e. v € B9s(u,e). We conclude that B [u,e] C Bds(u,¢). O

Since Kg is Hausdorff, we have that a compact subset A C Ky is closed in Kg (see [Sinl9, Theorem 5.1.8]).
Furthermore, Proposition 13.10 in [Sut09] tells us that a compact subset A C Kg is bounded. In a Euclidean
space, the converse is also true, i.e. a closed and bounded subset is compact. This result is known as the
Heine-Borel Theorem (see [Sut09, Theorem 13.22]). In general, the converse is not true. However, there is an
analogue of the Heine-Borel Theorem for the space Kg.

Theorem 3.3.12. Let A C Kg. Then A is compact if and only if A is closed and bounded.

Proof. Tt suffices to show that a closed and bounded subset is compact since we already saw the converse.
So let A be a closed and bounded subset in Kg. Since A is bounded, there exist some u € A and ¢ € Ry
such that A C Bs[u,¢]. For any v € B4 [u,¢] we have ds(u,v) < e. By construction of dg, we also have
dy,(uy,v,) < e for any v € S°°. Hence, wee see that v, € B [uy, €] for all v € §°°. Therefore, we see that
Bs[u,e] C ], cqe B™[uy,c]. We claim that B% [u,,e] is compact in K, for all v € $>. Since the product
of compact sets is compact, it would follow that [], . gec B%[u,,é€] is compact. Theorem 5.1.7 in [Sin19] tells
us that closed sets in compact sets are compact itself. Since BYS[u, ¢] is closed, it follows that it is compact.
In its turn A is closed and contained in compact set B%s [u, €], so it must be compact itself.

So it remains to show the claim. For any o € X%, by Theorem @ the completion K, is isomorphic to R
or C. It follows that B% [u,,¢] is compact in K, by the Heine-Borel Theorem for R™ (take m = 1,2). So
take any p € S. We know that the image of the absolute value |.|, consists only of powers of No, (p). So
there exists some k € Z such that B% [uy,e] = B% [uy, No, (p)~*]. Let By := B%[u,, No, (p) "], and take
any x € By. Then
| —uply = dy(2,up) < Noy (p) ™.

Take any a € p*\pk*1. We know that ord,(a) = k, or equivalently |a|, = No, (p)~*. So with this result, we
can reason that

" = Nok )z —uply <1

|z — uplp < Noy(p)~
— a7 plo —uply <1

= Ja™ (@ —up)lp < 1.
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By definition, we have a ™! (z —uy,) € Oy. Let R be a set of representatives of O, /m,. Then there exists some
r € R such that a=*(z — up) — r € m,. Therefore, we have ord,(a™*(z — up) —r) > 0. Then

1 1

= |a*1|p|x —up —arl, < Nog(p)™
—k—1

la™ (2 — up) — 7]y < Noy (p)~
= |z —up —arly < Noy(p)

We see that z € B% [uy, + ar, No, (p)~¥~1]. Since we took x € By arbitrarily, we can say that

By C | ) B%[up +ar, No, (p)*1].
reR

We will show the other inclusion as well. Take any x € |J, ¢ B% [up + ar, No, (p) %7']. Then there exists

an r € R such that |z — up + ar|, < No, (p)~¥~1. We have that r € Oy, so |r|, < 1. Therefore, we get that
lar|, < Noy (p)~*. Using the strong triangle inequality, we get

|z — uplp = |z —up + ar — ar|, < max{|z —uy, +arly, |ar|y} < No, (p)_k.

It follows that € By. So by inclusion from both sides, we can say that

By = | J B%[up +ar, No, (p) 1.
reR

Now, suppose that By is not compact in K,. Then there exists an open cover {4;};c; of By that has no
finite subcover, where I is some index set. Since R is a finite set, there exists some r € R such that

By := B% [up + ar, No, (p)_k_l]

cannot be covered by finitely many open sets from the open cover. Now, replace By by Bj, to find a closed
ball By in B; of radius No, (p)~%~2 that cannot be covered by finitely many open sets from the open
cover. Continuing this argument, we find an infinite sequence of closed balls (B;);>o such that B; C B;_q,
B; has radius No, (p)~*77, and B, cannot be covered by finitely many open sets from the open cover.
For j € Z>¢ chose any z; € B;. In this way, we create a sequence (z;);>0. By Lemma we have
Bj = B%z;,No, (p)*77]. For j,l € Z>¢ we have B; C B, or vice versa. This implies that

|z; — 21|y < Nog (p)_k_min{j’l} — 0, if 5,1 — oo.

Since K, is complete, there exists a limit 2 € K, of the sequence (z;);>0. Moreover, for any j € Z>( we have

|z —z;]p = ll_lglo 2 — 2]y < Noy (p) 7.

Therefore, we have z € B%[x;, No, (p)~*7] = B, for all j € Z>¢. By Lemma it follows that
Bj = B% [z, No, (p)~*79]. Now, since {4;}ic1 covers By, there exists some m € I such that x € A,,. Since
A, is open, there exists some j € Z>q such that z € B; and B; C A,,. But then B; can be covered by

finitely many open sets from the open cover. Thus, we reach a contradiction. From our assumptions, we
conclude that By must be compact. O

Remark 3.3.13. If K = Q, then this result is Theorem 4.1 of [Evell]. We used the ideas of the proof in
these lecture notes to generalize it to any number field. ¢

The topology on Kg, induced from the metric dg, allows us to create the Borel o-algebra B(Kg). Besides
stating that Kg is an abelian L-group, Proposition constructs a Haar measure on B(Kg). Specifically,
it is the product measure of the Haar measures y, on B(K,) for v € S*°. We denote this Haar measure on
B(Ks) by ds, and notation wise we have ps = @), cgoo Ho-

Definition 3.3.14. The measure space (Kg, B(Kg), ps) is called the S-Minkowski space of K.
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The S-Minkowski space of K can be seen as an extension of the Minkowski space as described in Definition
Namely, if we take S = (), we recover the Minkowski space. In the rest of this thesis, we will use Kg to
denote the Minkowski space, rather than Ky. Furthermore, we can embed K into Kg. For any v € Vg, the
completion K, comes with a field embedding K — K. Using these field embeddings diagonally, we get a
way to embed K into Kg. We denote this field embedding by Vg: K — Kg.

Definition 3.3.15. The field embedding Vg: K — Kg is called the S-Minkowski embedding of K.

If we take S = ), we recover the Minkowski embedding ¥ (see Definition [1.8.3]). We rather denote the
Minkowski embedding by ¥ than ¥y.

Proposition 3.3.16. The S-Minkowski field embedding ¥ is a ring homomorphism and ¥Ug(K) is dense in
Kg.

Proof. The map Vg is a ring homomorphism since all the field embeddings at all places are ring homomor-
phisms. Theorem 4.2 in Chapter 2 of [Cas86| states that Ug(K) is dense in Kg. O

Remark 3.3.17. Whenever we take x € K, and consider the element Ug(z) € Kg, we use the convention
that Ug(x) = (z),es0. So we ignore the embeddings from K into a completion K, for v € S*°. ¢

3.3.3 Analogue of Minkowski’s Convex Body Theorem

The space Kg contains completions with respect to finite places if S # (). In that case, it is not a Euclidean
space. Namely, it is not an R-vector space. This is different from Kp, as we saw in Section We know
that Minkowski’s Convex Body Theorem only holds for Euclidean spaces. We were interested to see if it
is possible to extend this theorem to Kg. Namely, we have a notion of volume and lattices on Kg. So all
ingredients are available. In this section, we will show that there is a way to get an analogue of Minkowski’s
Convex Body Theorem for Kg.

The first step is to generalize Lemma [3.:3.4] and Proposition [3.3.6]

Remark 3.3.18. Throughout this thesis, we denote the multiplicative units of the ring Kg by K§. They
are given by all the elements in Kg with non-zero entries. ¢

Lemma 3.3.19. Let u € K75,
i.) If A C Ky is an open subset, then so is uA.
ii.) If A C Kg is a Borel measurable subset, then so is uA.

Proof. To show Statement (i.), let A C Kg be open, and take any v € uA. Then there exists some a € A such
that v = ua. Since A is open, there exists some € € R~ such that B (a,e) C A. Set o := min,ego {|uy ], },
A := ae, and take any w € B (v, \). Note that

w w w
ds(w,ua) = Z |lw, —upayl, = Z [uw | u—:fal, >« Z u—:fa,, = adg (E,CL>.
veS>® veS>® v veS>® v
So
w w A
ds(w,v) < A = dg(w,ua) <A = adg (—,a) <A = ds (—,a) <—=e.
U U o

We obtain that ¥ € Bis(a,e) C A, and so w € uA. This implies that B9s (v, \) C uA, and therefore uA is
open.

To show Statement (ii.), consider the map f: Kg — Kg given by v — u~tv. For any open subset A C Kg, we
know from Statement (i.) that f~!(A) = uA is open. It follows that uA € B(Kg). Since B(Ky) is generated
by the open sets of Kg, it follows from Proposition that f is (Kg, Kg)-measurable. This means that
for any A € B(Kg) the set f~1(A) = uA is Borel measurable. O
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Take any A € B(Ks) such that A =[], g A, for some and A, € B(K,). For any v € K, Lemma 3.3.19
(ii.) tells us that uA € B(Kg). So we can take the measure of this set. We get

S ( H uuAu> = <® /~LL/> ( H ul/Al/> = H NV(UVA )
veS™>® veS™>® veS™>® veS™>®

where we used the construction of the product measure. Using Proposition [3:3.6] we obtain that
H o (upAy) H (1w |lvp (Ar) < H ||UV|V> s ( H AV> = ( H |uu||V> fs(A).
vese> vese vese> vese vesee

So we obtain that ps(uA) = (I],cge [luvllv) ps(A). This result can be extended to any A € B(Kg). The
proof of this result is self-written.

Proposition 3.3.20. For any v € K} and A € B(Kg) one has

uA) = ( H Uu”u) ps(A).
vesee

Proof. Take any v,n € S, any A € B(K, x K,) and v = (u,, u,) € K, x K,. Consider the product measure
W=y @ piy on B(K, x K,). We will show that

p(uA) = [l [yl [l 1n(A).

Using Equation we know that

p(ud) = [ () (o).

KV

Using the construction of Equation (10)), for any z € K, one has

(wA), ={y € K, : (z,y) € uA}
={yeK,: (xu;l,yugl) € A}
= uy{y € Ky« (wu;,y) € A}
= u,,A(mu;1).

So we get
p(ud) = [ (@A (d) = [ iy (A s = lanlly [ sin (A ot
K, K, K,

where in the last step we used Proposition for p,. Next, let f: K, — R be the function given by
x — pin(Az). In Proposition we saw that this is B(K,)-measurable. Furthermore, let g: K, — K, be
the map given by x — zu, . For any B € B(K,), we have g~ !(B) = u, B. This pre-image is in B(K,) by
Lemma (ii.). Hence, the map g is (B(K,), B(K,))-measurable. Moreover, we can write

/ Hn (A(mu o (dz) / f(g(x))p (dz).
K,

Now, applying Theorem [1.6.15| we get

/f )i (dz) = /f (g ) (d).

Page 53 of



Now, for any B € B(K,), we have

9" 1(B) = (97 (B)) = pu (uy B) = |luy || pi (B),

using Proposition for p,. Thus, we have g*u; = ||uy ||, 1. Therefore

/ (@) (0" 1) (@) = / F@)p () = [ful / (A () = [ ] 4).
K, K, K,

Combining all equalities, we obtain that u(uAd) = ||uy||,||wy|l1(A). Now, applying the argument recursively,
gives the desired result. O

Minkowski’s Convex Body Theorem makes use of symmetric and convex subsets of a Euclidean space (see
Definition and Definition [1.7.7)). We have to extend these notions to Kg.

Definition 3.3.21. Let A be a subset of Kg. The set A is said to be symmetric if for all u € A also —u € A.

Definition 3.3.22. Let A be a subset of Kg and w € K¥. The set A is said to be w-convezr if w(u +v) € A
for all u,v € A.

Definition [3:3:21] is a natural extension of Definition [[.7.6] It is not immediately clear why w-convexity is an
extension of convexity in Euclidean spaces. Therefore, we will explain the reasoning behind the definition. In
Remark we saw that one does not need convexity in Minkowski’s Convex Body Theorem. One needs
that

1u + }v €A, u,v€eA, (27)
2 2
for some symmetric Borel measurable set A of the Euclidean space. We know that Wg(1) € K. Therefore,
we see that ¥ S(%)—convexity, as described in Definition is an extension of condition . So the first
idea was to use ¥ S(%)—convexity in the analogue of Minkowski’s Convex Body Theorem. But we noticed that
it could be generalized to w-convexity for any w € K3§.

The following result is an analogue of Minkowski’s Convex Body Theorem.

Theorem 3.3.23. Let I" be a lattice in Kg and A a symmetric Borel measurable set of Kg. Moreover, let A
be w-convex for some w € K. If ug(A) > (], cge llw,|lv) covol(T'), then A contains at least one non-zero
lattice point of I'.

Proof. Suppose that the sets wA + u, for uw € T' are pairwise disjoint. Let A be a fundamental region of T', as
described in Definition [2.4.6 Then also the sets A N (wA + u), for u € I' are pairwise disjoint. Moreover, by
Corollary and Lemma [3.3.19 (ii.), the sets AN (wA + u), for u € T' are Borel measurable. We have

|_|Aﬁ(wA+u)gA.

uel

Therefore, by Proposition and, we have

MS(A)ZMS<|_| Aﬁ(wA+u)> = ps (AN (wA+u)), (28)

uel uel

where we used that pg is countable additive. We know by Definition that pg is invariant under
translations. Therefore

ps (AN (wA+wu)) = ps (AN (wA+u)) —u) = ps (A —u) NwA). (29)
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Since A is a fundamental region of T', we know that Kg =| |, .(A — u). Therefore, we have

uel

wAszﬂwA:<|_|(A )ﬁwA |_| —u) NwA. (30)

uel uel

Combining equations , and we obtain

fs Zus (AN (wA+u)) Z,ug —u ﬂwA),us<|_|(Au)ﬂwA>uS(wA).

uel’ uel uel

By Proposition [3.3.20] we get that

- ( 11 wy|u> s (A).

veSsee

So we have
covol(T') = pug(A) > ps (wA) < H |w||y> ps(A),
veSe

contradicting the hypothesis. So by contradiction, the sets wA + u, for u € I are not pairwise disjoint. In
particular, there exist distinct u,v € I" such that

(WA +u) N (wA+v) #0.

Hence, there exist a,b € A such that wa + v = wb+v. Set o := u — v = wb — wa. Since A is symmetric we
have —a € A. Moreover, the set A is w-convex, so we have o = wb — wa € A. Since T is a subgroup of Kg,
we also have a« = a — b € T'. As a result of this, we know o € ' A. Since u, v were distinct, the element « is
non-zero. O

While this proof is new to the literature, it is very much based on the proof of Minkowski’s Convex Body
Theorem in [Neu99, Theorem 4.4, Chapter I].

Remark 3.3.24. Theorem could be generalized to any abelian L-group. Let G be an abelian L-group,
and consider the measure space (G, B(G), ug), where pg is some Haar measure on B(G). Moreover, let G be
an R-module for some ring R (in the case of Kg, we could view Kg as a Kg-module). Suppose that A € B(G)
is a set such that

i.) —u € A for all u € A (analogue of Definition |3.3.21)),
ii.) there exists an r € R such that rA € B(G) (analogue of Lemma [3.3.19| (ii.)),
iii.) and for all a,b € A we have r(a + b) € A (analogue of Definition [3.3.22)).

Let I' be a lattice in G. If
pa(rA) > covol(T), (31)

then A contains at least one non-zero lattice point of I". The proof is similar to the one we saw for Kg. In
the case of Kg, condition could be simplified with the use of Proposition [3.3.20 ¢
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3.4 Minkowski Theory for the Ring of S-Integers

As stated before, we constructed Kg to be able to generalize Theorem We will do this in this section.
All proofs are self-written. Throughout this section, we use Theorem [2.6.4] Namely, a subset in Kg is a
lattice if and only if it is a discrete and co-compact subgroup. Moreover, consider the real number

Dg = H (No,(@0,1z,)) - (32)
pes

To embed fractional ideals of O g into Kg, we use the S-Minkowski embedding ¥ (see Definition [3.3.15]).
Now, the first part of the extension of Theorem was proved by [Con24b| in Theorem 2.1.

Proposition 3.4.1. The image of O s under ¥y is a lattice in Kg.

If we take S = 0, we recover the fact that ¥(O) is a lattice in Kg. We saw that the covolume of ¥(O)
equals /|dx|s with respect to g (see Remark [3.3.8). A natural question is to ask for the covolume of the
lattice Us(Ok g) in Kg.

Lemma 3.4.2. Let p € P% and k € Z. For any x € m’; there exists an a € p* such that |z — al, < 1.

Proof. Since z € mf’, we have ordy(x) > k. So, if k > 0, we have ord,(z) > 0. Then we can take any a € p*.
Namely, one has ord,(a) > 0, and so ord,(z — a) > min{ord,(x),ord,(a)} > 0. This is equivalent to saying
|z —al, < 1. Suppose that & < 0. From Theorem 4.1 in Chapter 10 of [Cas86] we can deduce that for any
x € K, there exists an a € K such that

w —aly <1, |alqg <1, for all g € P \{p}.

So there exists also such a € K for x € m’;. It remains to show that such a lives in p*. This is the case if
p¥|aOf, or equivalently ord,(a) > k and ordg(a) > 0 for all q € P%\{p}. Suppose that ord,(a) < k. Then

ord, (z — a) > min{ord,(z), ord,(a)} = ord,(a).
Suppose, for the matter of contradiction, that ord,(z — a) > ord,(a), then
ordy(a) = ordp(—a) = ordy ((z — a) — =) > min{ord, (z — a), ord,(z)} > ord,(a).
We reach a contradiction. Therefore, we have ord,(z — a) = ord,(a). Equivalently, we have
|z —aly = laly = No, (p) " > 1,

using that £ < 0. But we had |z —al, < 1. So we have again a contradiction. Therefore, we obtain
ordy(a) > k. O

Theorem 3.4.3. Let A be a fundamental region of ¥(Of) in Kg. The set

:= A x H 0, C Kg
peS™>

is a fundamental region of Ug(Ok g) in Kg. Consequently, the covolume, with respect to the Haar measure

ps on B(Kg), of the lattice ¥5(Ok,s) in Kg equals 1/|dK|Oo®§1.

Proof. In Remark we have seen the Haar measure ug on B(Kg). By the same remark, we obtained
covol(¥(Ok)) = pr(A) = /|dk|so- Since ps = @, cgoo Hv, We have

ps=| & to | @ | Qup | =t | Rup | - (33)

oeELR peS peS
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If IT is a fundamental region of ¥g(Ok,g), then using we have that

covol(Vs(Ok,s)) = ps(Il) = pr(A) H 11p(Op) = \/ld | D5,

pes
where we used that 11,(Oy) = No, (Do, z,)~"/? for all p € BY.

So it remains to show that IT is a fundamental region of ¥g(Ok g). First notice that II is Borel measurable
since it is the product of Borel measurable sets. Suppose that the union Uue\IJS(OK,s)(“ + 1) is not disjoint.
Then there exist distinct Ug(z), Us(y) € ¥5(Ok,s) and distinct w, v € II such that Ug(z) +u = Tg(y) + v.
Looking at the entries, this means that x 4+ u, = y + v, for all v € §°°, where we used the convention of
Remark Set o := x — y, then @ = v, — u, for all v € §*°. Note that « is non-zero since z,y are
distinct. Since z,y € Ok,s, we have o € Ok g. This means that ord,(«) > 0 for all p ¢ S. On the other
hand, we have up,v, € O, for all p € §. Therefore, we have a € Oy, i.e. ordy(a) > 0 forallp € S. In
particular, we see that ord,(a) > 0 for all p € PBY%. Hence, we have that « € Ok. Then for all ¢ € X%, we
have v, — u, = @ € Ox. We obtain that (v,)sexe = (Us)sene + ¥(a), and so the sets 0+ A = ¥(a) + A
are not disjoint since « is non-zero. This contradicts the fact that A is a fundamental region of ¥(Ok), i.e. it
satisfies the disjoint union
Krp= || (u+A).

ue¥s(Ok)

Consequently, the union |_|u€‘1,s(0K S)(u +1I) is a disjoint union.

Now, take any u € Kg. For any p € S, we have u,0, = mgrd”(u") (see [Neu99, Page 69]). Thus, we also have
up € mgrd" (up) By Lemma , we know that there exists an a, € p°*@»(“») such that |u, — ap|, < 1. Since
ap € p°d» () we know that there exists some integral ideal I C O such that a,Ox = p°d» (“») . Hence,
we obtain that ordg(a,) > 0 for all q # p. Equivalently, we have |a,|q < 1 for all q # p. We do this for all

p € 5, and so we can set a 1= Zpesap € K. Then for any q € S, we get

Ug — Qlg = |Ug — a < max {lug —a a <1.
| q |q q 1; » peS\{q}{l q q|q»| p|q}
q

Equivalently, we know u, —a € O, for all p € S. This means that

u—Yg(a) € H Ky % HOP'

oeXY pes

Now, by subtracting another element of the form Wg(b) for some b € Ok, we can bring the infinite entries
into A. Since b € O,, for all p € S, this subtraction does not do anything to the finite places. Then we see
that
u—Vs(a) - Usb) e Ax [[Op =1L
peS
It follows that v € Wg(a — b) 4+ II. For any p € S, we know that ordq(a,) > 0 for all q ¢ S. Therefore, we

have ordq(a) > 0 for all q ¢ S. In particular, we have a € Ok, s. Since b € Ok, we get a —b € Ok 5. So
u € Wg(x) +II for some x € Ok g. Since u was taken arbitrary from Ky, it follows that

KS = |_| (’U + H)
vEVs(Ok,s)
According to Definition the subset II is a fundamental region of the lattice Us(Ok g). O
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Remark 3.4.4. The covolume depends on the normalization of the Haar measure on B(Kg). We took the
covolume with respect to the Haar measure g on B(Kg). The Haar measure pg is taken to be the product
measure of the Haar measures y, for v € Vi. In Section [3:3.1] we made choices for these Haar measures
on B(K,). They were also used in Tate’s thesis (see Remark [3.3.3). If one were to set p,(0y,) = 1 for all
p € PY%. one would get that covol(¥s(Ok,s)) = \/|dxk | With respect to ps. ¢

To fully extend Theorem we extend Proposition to non-zero fractional ideals of Ok g.

Lemma 3.4.5. Let I' be a lattice in Kg and take u € Kg. Then ul' is a lattice in Kg. Moreover, its
covolume is given by covol(ul') = (T, cge [t l») covol(T).

Proof. Since I' is an additive subgroup of Kg, also ul" is an additive subgroup of Kg. Now, take any v € ul'.
Then there exists some v € I' such that v = u7y. Since I' is a lattice, it is also discrete. Therefore, there
exists some open neighborhood A of v such that I'N A = {y}. Since u € K§ has no non-zero entries, we
have uI' N uA = {uy} = {v}. Note that v € uA, and by Lemma (i.) uA is open. It follows that for
any v € ul’ there exists an open neighborhood for v containing no other point from ul' than v itself. Hence,
we can say that ul' is discrete. It remains to show that uI" is co-compact. Consider the map f: Kg — Kg
defined by v — wv. This map is injective since v € K§ has no non-zero entries. For any v € Kg we can
take u~lv € Kg such that f(u~!v) = v. This means that f is surjective. This means that f is bijective,
and its inverse is given by multiplication by u~!. In Lemma (i.), we saw that open sets are preserved
under multiplication. Therefore, the map f and its inverse are continuous. In particular, the map f is a
homeomorphism of topological groups. Furthermore, the map f is a group homomorphism. Since I is a lattice,
it is also co-compact. By Proposition it follows that f(I") = ul is co-compact as well. Consequently,
we see that ul is a discrete and co-compact subgroup of Kg, i.e. a lattice.

Now, let A be a fundamental region of I'. Then by Lemma [3.3.19| (ii.), we know that uA is Borel measurable.
Furthermore, the sets v 4+ uA for v € ul are pairwise disjoint. Otherwise, the sets v + A for v € T would not
be pairwise disjoint, contradicting the fact that A is a fundamental region of I'. Furthermore, we have

|_| (v+ul) = |_|(uv+uA)—u<|_|(v+A)> =uKsg.

veul’ vell vel

Since u € K§, we get that uKg = Kg. It follows by Definition that A is a fundamental region of ul'.

Then
covol(uT") = jus (uA) = ( I1 ||uy||y> ps(A) = ( I1 |uy||u> covol(r)

veS> vesS>

where we used Proposition [3.3.20 O
Theorem 3.4.6. The image of any non-zero fractional ideal I of Ok g under Vg is a lattice in Kg.

Proof. First, we show that it is true for some principal fractional ideal. So let 2Ok s € P g for some x € K*.
By Proposition we know that Ug(Og s) is a lattice. Since x € K*, we know that Ug(z) € K§. By
applying Lemma [3.4.5] we get that Ug(z)¥s(Ok,s) = ¥s(xOk,s) is a lattice in Kg.

Now, let I be any fractional ideal of Ok g. Since I is an additive subgroup in K, and ¥g is a ring
homomorphism (see Proposition , its image under Wy is also an additive subgroup in Kg. Now, there
exists some non-zero x € Ok g such that =1 is an integral ideal of O g. Dividing by = we obtain I C ioK,S
Furthermore, take any non-zero y € /. Since = is an integral ideal, we have yOx s C xI, and so 2Ok s C I.
We obtain

1
gOK,S CIC —0Okgs.
xr xr
This implies that
1
Vg (%OK,S) CWUs(I) C Vg (xOK,S> :
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By the first result of this proof, we have that ¥g EOK,S) and Uy (%(’)K’S) are lattices. This means that
Pg (%OK’S) is discrete, and so by Proposition (ii.) Wg([) is also discrete. Furthermore, we have that
U (%OK,S) is co-compact, and so by Proposition Wg(I) is also co-compact. We see that Ug([l) is a
discrete and co-compact subgroup of Kg, i.e. a lattice. O

So we have shown that the image of any fractional ideal I of Ok g under ¥g in Ky is a lattice. This means
that we can speak about the covolume for such lattices. Just like Theorem [I.8.6] we can say something
explicit about its value.

Lemma 3.4.7. Let x € K*, then No, ;(20k,s) = No, (zO0k) [I,cs [1z]lp-

Proof. In Lemma we have seen that 2Ok g = Hpgs(poK,S)ord"@). By Proposition it follows
that

NOK,s(:EOK,S) = NOK,S H(poK,S)Ordp(I)
pES

— H NOK,S(IJOK,s)OTd‘“(g”)
pEs
= H No, (p)°rdr ()
pgEs
I, No (p)ord» @
 lpes Nog (p)ordr@)
= Now (20k) T 1z,

pes

where we used that ||z||, = |z, = Noy (p)~ %@ for all p € P . O

Proposition 3.4.8. Let I be a non-zero fractional ideal of O 5. Then the covolume, with respect to the
Haar measure pg on B(Kg), of the lattice Ug(I) in Kg equals

covol(Us(I)) = Noy s (I)\/|di|D3".

Proof. Let I be a non-zero integral ideal of Ok g. By Theorem we know that ¥g(I) and ¥5(Ok,s)
are lattices in Kg. Furthermore, since I C Ok g, we also have the inclusion Ug(I) C ¥s(Ok,s) of lattices. It
follows from Proposition that covol(¥s(I)) = [¥s(Ok,s) : Ts(I)] covol(Vs(Ok,s)). By injectivity of
Ug, we can create a ring isomorphism Ok /I =2 Ug(Ok,s)/Vs(I). It follows that

(Ws(Ok,s): Us(I)] = #Vs(Ok,s5)/Vs(I) = #Ok,s/1 = Noy s(I).

We obtain
covol(¥s(I)) = Noy s(I) covol(V5(Ok,s))-

Now, let I be any fractional ideal of Ok s. Then there exists some non-zero z € Ok g such that =/ is an
integral ideal of O s. Thus, by the previous result, we have

covol(¥s(z1)) = Noy s (zI) covol(¥s(Ok,s)). (34)
Since Wg(zl) = Yg(x)Pg(l), and ¥g(x) € K§, it follows by Lemma that

covol(¥g(xl)) = < H ||J;||,,> covol(¥g(I)).

ves>
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Using Propositions [1.1.15| and [1 we get that HUGEOO lz]ls = Noy (£Ok), and so we find

covol(¥s(z1)) = No, (0x) | [ Izlls | covol(¥s(D)). (35)
peS

Since No,, s is a group homomorphism, we have No, ;(2I) = No, ;(#Ok,s)Noy s(I). So using Lemma

B4 we get

Noy s (xI) covol(¥s(Ok,5)) = No, (20k) H lzllp | Nox s(I)covol(¥s(Ok,s)). (36)
pes

Substituting Equation and into Equation gives us

No, (z0k) Huxnp covol(¥s(I)) = No, (2O0k) H||x||p Noy s (I) covol(W s (O s).
pesS pes

This implies that
covol(Ws(I)) = Noy s(I) covol(V5(Ok,s))-

Using Theorem we obtain that

covol(Us(I)) = Noy s (I)1/|di|D3". O

3.5 Discussion on the Results

At the end of this chapter, we relate the results from the previous section to the existing literature. For this,
we have to introduce the adele ring of K. Moreover, we give a conjecture to extend the results from the
previous section.

We have seen the completion K, for all v € V. Furthermore, for any p € B%, we have the DVR O,. For
any 0 € X%, we set O, 1= K,.

Definition 3.5.1. The ring

Ag = {(xy)yevK € H K, 1z, € O, for all but finitely many v € VK}

veEVK
is called the adele ring of K.

The adele ring is a commutative ring by entry-wise addition and multiplication. The adele ring of K is
endowed with a topology. Namely, we give Ak the topology where the basis is given by the open sets in the
collection

B:= { H A, : A, CK,isopen for all v € Vg, and A, = O, for all but finitely many v € VK} .

veEVK

In this way, one can show that we create a locally compact group (see [CF6T, Section 13 & 14, Chapter IT]).
By Proposition [3:3.2] we know that K, is second-countable for every v € Vi. Moreover, the set of places
Vi is countable. It follows that B is a countable set. Therefore, the adele ring is also second-countable.
By definition, we get that Ak is an abelian L-group. Then we know by Theorem that Ax attains a
unique Haar measure on B(A), up to scalar multiple. In Section 3.3 in Chapter XV of [CFG7], a certain
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Haar measure is constructed. We denote this Haar measure by uy. It satisfies the following property. Let T
be a finite subset of Vk. Consider any Borel measurable set of the form B := A x (HUGVK\T (’)l,), where

AC HyeT K, is Borel measurable. For such a set, we have

pi(B) = pr(A) [ m(0p),

I/GV}(\T
where pr = @, cp Ho-

For any v € Vg, the completion K, comes with a field embedding K — K. Using these field embeddings
diagonally, we get a way to embed K in Ax. We denote this field embedding by Wg: K — Ag. This is
well-defined since for any = € K, there are only finitely many p € B9 such that = ¢ O,.

Theorem 3.5.2. The image of K under ¥V is a lattice in Ag.

Remark 3.5.3. Notice that it does not make sense to extend this result to non-zero fractional ideals of K.
Namely, viewing K as a Dedekind domain, the only non-zero fractional ideal of K is K itself. ¢

This result was proven in Tate’s thesis (see [CF67, Corollary 4.1.1, Chapter XV]). A natural question is to
ask for the covolume of the lattice ¥ (K) in Ag. This was also proven in Tate’s thesis (see [CF67, Theorem
4.1.3, Chapter XV]). Namely, let A be a fundamental region of ¥(Ok) in Kg. Then with a similar argument
as in the proof of Theorem [3.4.3] one can show that

:= A x H O, C Ak
pEPL

is a fundamental region of Uk (K) in Ag. In the construction of the Haar measure pix above, we set T' = X%2.
Then we get

—1/2

covol(W (K)) = prc (1) = p=(A) [T mp(0p) = Vidle T] (No,(®0,12,))" "

pEPY pEPY

where we used that p,(Op) = No, (5‘3(9‘,|Zp)_1/2 for all p € PY%. Using Proposition [1.4.10, we see that
dileo = o No, (Do, 1z ). Hence, we get that covol(V i (K)) = 1, with respect to the Haar measure px

pEmK P FI P g 12
on B(Ag).

Let us summarize what we have. Let K be any number field and S be a finite set of finite places. Then we
have OK g OK,S Q K.

i.) Any non-zero fractional ideal I of the ring of integers Ok forms a lattice in Kx and has covolume
No, (I)\/|dk|so, With respect to the Haar measure pyg on B(KRg).

ii.) Any non-zero fractional ideal I of the ring of S-integers Ok ¢ forms a lattice in Kg and has covolume

Noy s(I)1/|dk|xD5", with respect to the Haar measure g on B(Ks).

iii.) The number field K forms a lattice in Ax and has covolume 1, with respect to the Haar measure px

on B(Ag).

We can therefore conclude that we have been building the ’bridge’ from Minkowski theory, as described in
Section to the theory of adeles, as described in Tate’s thesis. But we have to notice that the bridge is
incomplete. Namely, we always assumed S to be a finite set. But if we allow S to be an infinite set, the set
Ok,s is still a subring of K. For example, if we take S = P%\{p} for some p € PY%, we get Ok s = Ok
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(see (9)). However, we cannot determine the rank of the unit group O} g if S is infinite. Therefore, it is
usually of less interest. However, one can copy the proof of Proposition to show that

OKP_l ZOK’s, P = O[{\ Up,
pg¢s
even if S is infinite. The proof of Corollary implies that Ok g is a Dedekind domain. Therefore, the
theory of Section applies to Ok s even if S is infinite. Therefore, one may still ask in what space the

non-zero fractional ideals of these subrings form a lattice. While this thesis has not studied this problem, we
can make a reasonable guess.

Conjecture 3.5.4. Let K be a number field and S be a set of finite places (possibly infinite), and set
S = X% US. Any non-zero fractional ideal of the ring

Orgs:={reK:|z|, <1lforallp¢gsS}

forms a lattice in the abelian L-group

AS = {(xy)yesoo € H K, :z, € O, for all but finitely many v € VK} .
veSe®

Moreover, its covolume equals

Noy s (D\/ldk|=D5",

with respect to a unique Haar measure on B(A?%.) that is constructed in a similar way as px on B(Ag).

This conjecture covers all the results. Namely, if S = ), we have Ok g = O and A3, = Kg. If S is a finite
set, we have A3 = Kg, since we have a finite product. If S = % it would recover the theory of adeles.

Remark 3.5.5. In Section we gave an analogue of Minkowski’s Convex Body Theorem for Kg.
Theorem 2.1 in [Con24a) states an analogue for the adele ring of K. Except, this theorem considered a
specific symmetric and convex subset of Ax and the lattice K. Using Remark [3:3:24] one might be able to
extend Theorem [3:3:23] to the adele ring of K. But this has to be studied in more detail to give a conclusive
answer. ¢
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4 Arakelov Theory for Rings of Integers

As we have seen in the introduction, we are interested in the infrastructure for fake real quadratic orders. In
particular, we want to use Arakelov theory to describe it. But what is Arakelov theory for number fields
in the first place, and how can it be used to describe the original infrastructure? These questions will be
answered in this chapter.

4.1 Definitions and Results

In this section, we give an overview of the definitions and results of Arakelov theory for number fields
as described in [Sch08]. We will not be specific and detailed as most of the theory will be covered in a
generalization in Chapter [5| Throughout this section, let K be a number field.

Definition 4.1.1. An Arakelov divisor D of K is given by a finite formal sum of the form

D= Z npp + Z Te0, Ny €ZL,x, €R. (37)
pEPY oEDR

The set of Arakelov divisors of K is denoted by Div.

Note that Divg attains an additive group structure. The unit element of Divg is the zero Arakelov divisor.
It is the Arakelov divisor where all coefficients are zero.

Definition 4.1.2. A principal Arakelov divisor of K is defined by
div(z) := Z npp + Z o0, Ny =ordy(z),r, = —loglz|s,
pEPY, ocesye
for some x € K*. The set of principal Arakelov divisors of K is denoted by Pring.
One can verify that Pring forms a subgroup of Divg.

Definition 4.1.3. The quotient group Divg /Pring is called the Arakelov class group of K and is denoted
by PiCK.

Throughout this thesis, for D € Divg we denote its equivalence class in Pick by [D].

Definition 4.1.4. Two Arakelov S-divisors D, D’ € Divg are called equivalent if [D] = [D’] in Pick.
Equivalently, there exists an « € K* such that D — D" = div(x).

The group Pick is an analogue of the Picard group of a complete projective curve. Just like for divisors on
such a curve, we can talk about the degree of an Arakelov divisor.

Definition 4.1.5. The degree of a finite place p € PBY% is defined by deg(p) := log(No (p)).

Recall the degree of a field embedding from Definition We can extend the degree of places linearly, to
get the degree of an Arakelov divisor.

Definition 4.1.6. For any Arakelov divisor D of K written as , the degree of D is defined by

deg(D) := Z ny deg(p) + Z zo deg(o).

pePL ocEXR
The subgroup of Arakelov divisors with degree zero is denoted by Div(})(.

We obtain a group homomorphism deg: Divg — R. A consequence of the product formula (see Theorem
1.5.6)) is that deg(div(z)) = 0 for all € K*, i.e. Pring C DivY.

Page 63 of



Definition 4.1.7. The quotient group Div% / Pring is called the degree-zero-Arakelov class group of K and
is denoted by Pic.

The group Pic?( is an analogue of the subgroup of the Picard group of a complete projective curve consisting
of divisors with degree 0.

Let us study the structure of the Arakelov class group a little bit. The principal Arakelov divisors come
with a group homomorphism div: K* — Divg. For any a € O}, we have ord,(a) = 0 for all p € PBY. It
follows from Proposition that div(a) = 0 if and only if a € pg. Thus, group homomorphism div induces
an injective group homomorphism div: K*/ux — Divk. Besides this, it makes sense to view Arakelov
divisors, for which the finite places have coefficients equal to zero, inside [], exne R. If we restrict div to O,

we can restrict its codomain to ngz;{o R. Therefore, the group homomorphism div induces an injective
group homomorphism 7 : O% /ux — HUGZ?{O R given by a + (—log|als)sexse. The cokernel of this group
homomorphism is denoted by Tk, and is given by

Tk = [ R/{(loglals)sess :a € Ok}
oceXR
Define the group homomorphism ¢: Tx — Pick by [(74)sexse] [ZGEZ? 2y0]. Furthermore, define group

homomorphism x: Picx — Clg by [D] — [Hpeq:ﬂ;( p~"], where D is given as in (37). Then we have a short
exact sequence

0 —— Tx —— Picg —X Clg 0. (38)

We will not prove this fact. However, we prove a commutative diagram of short exact sequences, containing
this short exact sequence (see Theorem [5.1.16)). Since principal Arakelov divisors have degree zero, we can

also restrict the codomain of 7 to (H062§ R) , the subgroup of Haezgg R containing Arakelov divisors of

degree zero. We can also obtain a short exact sequence given by

0 — T% —— Pick Clg 0,
where
0
Ti= | II B| /AGoglalo)resy a0k},
ocEXY

For a proof of this result, we refer to the proof of Proposition 2.2 in [Sch08].

Example 4.1.8. Let us take K = Q(\/ﬁ) for some fundamental discriminant d € Z~(. For terminology
and notation of this number field, we refer to the beginning of Section It is conjectured that there are
infinitely many values for d such that the class number hx equals 1 (see [Neu99l Page 37]). If this is the case,
the group Clg is trivial. Hence, by short exact sequence , we have Picg = Tk . Furthermore, if we look
in this case at T, we have

TY = {(t,t') e R? : t +t' = 0}/{(log |e¥: |0, log |0 (% )| o) : k € Z}
= {(t, )|t € R}/{(klog|ex|oo, —klogler]|oo) : k € Z}
=R/ log ek |ooZ
— R/RxZ.

It follows that Pic% = R/RZ. [ |

Example 4.1.9. Let us take K = Q(v/d) for some fundamental discriminant d € Z.g. In this case, we have
two complex field embeddings, which are conjugate to each other. Therefore, we have exactly one infinite
place. We get that ([],cs- R)? = RY = {0}. So, we obtain T% = 0. It follows that Pic% = Clg. [ ]
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There is a shorter way to encode Arakelov divisors. Namely, any Arakelov divisor given by , can be
mapped to

H pr (e )oeny
pEPY

That is, the Arakelov divisor D is mapped to a pair (I, u), where I is a non-zero fractional ideal of O and
u € HJEZ? Rso C Kg (see Remark . Conversely, any such pair is mapped to an Arakelov divisor by

IT »™ Wooesz | = D (—np)p+ Y (—log(us))o. (39)

pEPRY pEPRY oEXE

It is not hard to see that these maps create a bijection. Because of this bijection, we interchange the notations
freely.

Definition 4.1.10. Let D € Divg. The notation is called the additive notation of the Arakelov divisor
D. The notation D = (I,u) for some non-zero I € Idg and u € ]_[UEZ;.(o R<q, is called the multiplicative
notation of the Arakelov divisor D.

The group operation of the group Divg s in the multiplicative notation is given by
(Liu)+ (J,v) = (IJ,uv), (I,u),(J,v) € Divg.

The zero Arakelov divisor in the multiplicative notation is given by (O, (1)sexee). Any principal Arakelov
divisor divg(x) for some x € K*, is given by (27 'Ok, (|2]s)sexs) in the multiplicative notation.

Remark 4.1.11. In [Sch08] the multiplicative notation is introduced in Chapter 4. However, a pair (I, u),
where I is a non-zero fractional ideal of O and u € Hoemg Rso C K, is called a Hermitian line bundle.

In Section [5.2:2] we will introduce metrized S-line bundles, which have nothing to do with Hermitian line
bundles. Therefore, to prevent confusion, we avoid the name of Hermitian line bundles. ¢

We can construct a set that is in bijection with the Arakelov class group.

Definition 4.1.12. An ideal lattice of K is a pair (L, (-,-)1), where L is a projective O-module of rank 1
and (-, ), is an inner product on the R-vector space L ®z R satisfying

<O‘$7y>L = <x’ay>La

for z,y € L ®z R and o € Kg. Two ideal lattices (L, (-,-)), (L', {-,-) /) are called isometric if there exists
an Og-module isomorphism ¢: L — L’ such that

<x7y>L = <¢(w)a¢(y)>v7 z,y € Lz R,
where ¢¥: L ®z R — L’ ®z R is given by the tensor map ¢ ® idg.

The notion of rank for a projective module might be unfamiliar. In Section we introduce metrized
S-line bundles, which can be seen as a generalization of ideal lattices. However, this section starts with a
brief overview of the rank of projective modules. We refer to the first part of this section if one wants to
understand this notion right now.

Remark 4.1.13. In Definition we take an inner product on R-vector space L ®z R. However, this is
equivalent to taking an inner product on the R-vector space L ®o, Kg. Namely,

LozR=(L®o, Ok)®zR=L®o, (Ox ®zR) = L®o, Kr. ¢
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There is a natural way to associate an ideal lattice to an Arakelov divisor D = (I, u). Namely, one can show that
u¥(I) C Ky is a projective Ok module of rank 1, where ¥ denotes the Minkowski embedding (see Definition
1.8.3). We will prove this in a generalization in Section [5.2.2] Furthermore, we have u¥(I) ®o, Kr = Kg as
Ok-modules by Proposition [I.8:2] But this can also be seen as isomorphism of Kg-modules. Therefore, the
inner product (-, -)g from the Minkowski space Kg, gives u¥([) the structure of an ideal lattice. Furthermore,
in Theorem we have seen that W([]) is a lattice in Kg with covolume covol(¥ (1)) = No, (I)+v/]dK |oo-
Since u € K, it follows by Lemma that w¥(7) is also a lattice in Kg. Moreover, its covolume is given
by

covol(w¥(I)) = | [] luollo | covol(®(D) = | T lluolls | Nok (v ldx |-
ocEXR ocEXR
Proposition 4.1.14. Let K be a number field with discriminant d.

i.) The map that associates the ideal lattice (u¥(I), (-, )g) to an Arakelov divisor D = (I, u) induces a
bijection between Pick and the isometry classes of ideal lattices.

ii.) The map that associates the ideal lattice (u¥(I), (-,-)r) to an Arakelov divisor D = (I,u) induces a
bijection between Pic% and the isometry classes of ideal lattices of covolume +/|dk |oo-

Proof. See the proof of [Sch08, Proposition 4.3]. O

4.2 Reduced Arakelov Divisors

In this section, we introduce minimal elements and reduced Arakelov divisors. They play a major role in
the infrastructure description, which we will see in the next section. This section is based on Chapter 7 of
[Sch08]. Throughout this section, let K be a number field.

Definition 4.2.1. Let I € Idg. An element = € [ is called minimal in I if it is non-zero and if the only
element y € I for which |y|, < |z|, for all 0 € ¥¥ is y = 0.

In Section [5.4] we will see a generalization of minimal elements. The existence of a minimal element in
a fractional ideal is guaranteed from the fact that any fractional ideal of Ok forms a lattice in Kg. In
Proposition one can find a proof of this for the generalization of minimal elements.

Lemma 4.2.2. Let I € Idg. If z € I is minimal, then 1 is minimal in z='1.

Proof. One has 1 € x7 1. So it remains to check whether it is minimal. Suppose that there exists y € 2711
such that |y|, < 1 for all o € ¥%¢. Then y can be written as 2!z for some 2z € I. This implies that

272, <1 = |z[;M2le <1 = |2]o < |20,
for all o € £%. By the minimality of € I, this implies that z = 0, and so y = 0. O
Consider the map 7: Idg — DivY defined by
1
w(I):= Z (—ordy(1))p + Z (n log(N@K(I))) o. (40)
pePY ocEXR

One can restrict the codomain of 7 to Div} because one can show that deg(w(I)) = 0 for all I € Idg. In
terms of the multiplicative notation of Arakelov divisors, we have that 7w(I) = (I, (No, (I)_l/")geg?) for
any I € Idg. Note that for I, J € Idg we have IJ € Idg and

(1, (Now (1]) ™M) gesze) = (I, (Nok (1) ™) sesz) + (1, (Noyk (1) 7™ )senz),
where we used that Np, : Idg — Q is a group homomorphism. Hence
w(IJ)=n(I)+n(J). (41)

In other words, the map 7 is a group homomorphism.
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Definition 4.2.3. An Arakelov divisor D € Divg is called reduced if it is of the form D = n(I) for some
I € Idg such that 1 € I is minimal. The set of reduced Arakelov divisors is denoted by Redy.

Since deg(w(I)) = 0 for all I € Idg, we have Redg C Div%. It can be shown that Redx is a finite set. This
result can be found in Proposition 7.2 in [Sch08], or a generalization of this result in Theorem [5.4.17| of this
thesis.

Example 4.2.4. Note that the zero Arakelov divisor is given by (O, (1)sen) = 7(Ok). So the zero
Arakelov divisor is reduced if 1 € O is minimal. Suppose that there exists a non-zero a € O such that

la|s < 1 for all o € £¥. Then using Proposition [1.1.15| and we have

Noy(a0x) = [Nxig(@lee = | ] o(@| = ] lalr <.

oeEXNR oo oceX®

This contradicts the fact that No, (aOk) € Z~o. Consequently, the element 1 € O is minimal, and so the
zero Arakelov divisor is reduced. |

Similar to Algorithm we would like to describe a reduction algorithm that given an Arakelov divisor in
Divg returns a reduced Arakelov divisor. Algorithm returns an equivalent reduced integral ideal in
Clg. Therefore, one could reason that the reduction algorithm in Divg should return an equivalent reduced
Arakelov divisor (see Definition . However, from the short exact sequence , we know that Picx has
infinite order since Tk has infinite order. Thus, there are infinitely many equivalence classes in Picg. This
means, since Redg is finite, that we cannot always find a reduced Arakelov divisor equivalent to an arbitrary
Arakelov divisor from Divg. Therefore, we propose the following definition.

Definition 4.2.5. Two Arakelov divisors D = (I,u) and D’ = (I’, ') are called ideal equivalent if [I] = [I']
in CIK

Remark 4.2.6. If Picy is equipped with the common topological structure, the definition of ideal equivalent
Arakelov divisors coincides with lying on the same connected component of the topological space Pickx. We do
not discuss this any further at this point, but return to this once we introduce the topology on the Arakelov
class group for the rings of S-integers in Section [5.3] More precisely, see Remark [5.3.9] ¢

Now, the number of equivalence classes of this equivalence relation equals hy < co. Contrary to the earlier
observation, we can find a reduced Arakelov divisor ideal equivalent to any Arakelov divisor D € Div.

Algorithm 4.2.7. (Reduction Algorithm for Arakelov Divisors)
Input: Any Arakelov Divisor D of K.
Output: A reduced Arakelov divisor D’ such that D and D’ are ideal equivalent.

i.) Find I € Idg and u € Haezgg Rs¢ such that D = (I, u).
ii.) If 1 € I is minimal, then return D’ = 7(I). Else find a minimal element x € I.
iii.) Return D’ = w(z~11).

The correctness of this algorithm is an immediate consequence of Lemma Notice that the element
x € I in step (ii.) is not unique. Namely, there might exist more than one minimal element in I. Therefore,
the algorithm is not deterministic. This means that given the same input, the output might differ. To find a
minimal element, and check whether 1 € I is minimal, one can use Algorithm 10.3 of [Sch08]. However, this
algorithm takes divisors on Div%, rather than Divg. But this can probably be extended to Divyg. We will
not do this here since we will describe an explicit reduction algorithm for real quadratic number fields in the
next section. Often, it also suffices to only consider Arakelov divisors of degree zero. This can be seen in the
next example.

Page 67 of



Remark 4.2.8. If K = Q(v/d) for some fundamental discriminant d € Zq, we have that Pic% = Clg
(see Example . This means that Arakelov divisors are equivalent in Pic(}( if and only if they are ideal
equivalent. Hence, using Algorithm [£.2.7] we can find a reduced Arakelov divisor equivalent to any Arakelov
divisor in Pic(}(. Contrary to Remar there is no uniqueness statement about reduced Arakelov divisors
in an equivalence class. This is made more precise in Example 9.3 in [Sch08§]. ¢

4.3 Arakelov Theoretical Description of the Infrastructure

In Section [I.3] we have seen the infrastructure. The infrastructure yields an algorithm to compute the
regulator of a real quadratic number field. [Sch08] gives in Chapter 8 a short description of the infrastructure
using Arakelov theory. In this section, we work this out in more detail. Throughout this section, let K denote
a real quadratic number field, i.e. K = Q(v/d) for some fundamental discriminant d € Z-o. We use the same
convention about these types of number fields as explained at the beginning of Section [T.3]

4.3.1 Reduction Algorithm for Arakelov Divisors in Real Quadratic Number Fields

To investigate the infrastructure using Arakelov theory, we first want to make Algorithm more explicit
and less non-deterministic. Therefore, we have to dive into some ideal theory.

It is known that any fractional ideal I of O is a free Z-module of rank 2 (see [Neu99, Proposition 2.10,
Chapter I]). This means that I = 2Z + yZ for some z,y € I. Recall Definition of primitive elements in
a fractional ideal.

Lemma 4.3.1. Let I € Idg.
i.) An element x € T is primitive if and only if it is part of a Z-basis.
ii.) The fractional ideal I contains a primitive element.
iii.) If z € I is primitive, then 1 is primitive in z711.
iv.) If # € I is minimal, then x is primitive in I.

Proof. To show Statement (i.), let @ € I be part of a Z-basis. Say this Z-basis is given by the elements
x,y € I. Suppose that there exists some m € Z~; such that x € mI. Then = € I. Since I = 2Z + yZ, there
exist k,l € Z such that = = kx + ly. Since x,y form a basis of I, we can compare coefficients, i.e. k = %
Since k,m are integers, we must have m = 41, reaching a contradiction with the choice of m. Therefore, the
element x € I must be primitive. Conversely, let € I be primitive. Since [ is a free Z-module of rank 2,
there exist y, z € I such that I = yZ + zZ. Then there exist k,l € Z such that x = ky + lz. If ged(k,1) > 1,
then there exist a € Z~1 and b, ¢ € Z such that x = a(by + cz). Then = € al, contradicting the assumption
that x is primitive. Therefore, we have ged(k,l) = 1. By Bezout’s Identity, this means that there exist
a,b € Z such that ak + bl = 1. Consequently, one can verify that z and —by + az are linearly independent
and generate I. Consequently, they form a Z-basis for I. Hence, the element = € I is part of a Z-basis.

Statement (ii.) follows from Statement (i.) since a Z-basis can always be found.

To show Statement (iii.), let € I be primitive. Then by Statement (i.), we have that x is part of a Z-basis.
Let this Z-basis be given by z,y € I. Then

I=2Z+yZ = x 'I=a'(xZ+yZ)=7+z 'yZ.
Hence, the element 1 is part of a Z-basis of x71I. So by Statement (i.), we have that 1 € z71T is primitive.

To show Statement (iv.), assume that there exists m € Z-; such that x € mI. Then = € I is non-zero, and

a(z)

we have that ’%L}O < |7|e and “7 (%)’m =

< |o()|eo- We reach a contradiction by the minimality
oo

of x € I. Hence, the element x is primitive. O
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Now, Section 2 in [Len82] states that any fractional ideal Ok can be written in a specific form.

Proposition 4.3.2. Let I € Idg. Then I can be written as

I:a<Z+ (b—;;/a> Z),

where o € K*, a,b € Z with ¢ = Z’Z—;d € Z are such that ged(a,b,c) = 1, and Ngg(a)/a € Z~o which equals
No, (I).

In Proposition we saw a representation for integral ideals of Ok . The representation of Proposition
is for any fractional ideal of Og. For a given I, the element o« € K* and the integers a, b inside the
representation of Proposition £:3.2) are not guaranteed to be unique. One can take « as any primitive element
Ngio(a
o (7
integer b is unique modulo 2a. It is known how the representation changes when taking the product of
fractional ideals.

of I. Given I and «, the element a is uniquely determined due to the equality a =

Moreover, the

Proposition 4.3.3. Let I; € Idg for i = 1,2. Write
b; d
Qai
where o; € K* and a;,b; € Z with ¢; = biT_d € Z are such that ged(as, b;, ¢;) = 1. Then

11]2 =« <Z+ (b—;;/a> Z) s

where t = ged(aq, as, %(bl +by)), @ = 222 g = 222 and if k,1,m € Z are such that

t = kay + las + %(lh + ba),

then 1
b=1 (ka1b2 + laghy + %(blbz + d)) mod 2a.

For a proof of this result, we refer to Section 2 in [Len82).

Suppose that 1 is primitive in I. Then in the representation of Proposition [4.3.2] we can take « = 1. In
this case, we have a = No, (I"1). Since the norm of a fractional ideal is strictly positive, we have a € Z~.
Thereafter, we can take b uniquely in the interval

A.:{{tGRi—aétSa}, if a > Vd,

{tGR:\/g—2a§t§\/E}, if a < /d. (42)

It follows that the integers a, b, ¢ are uniquely determined. We set x(; 1) := %

1 is a primitive element of I, the element x(; 1) forms a Z-basis with 1.

with these choices. So when

Proposition 4.3.4. Let I € Idg such that 1 € I is primitive. Write z(; 1) = b'g;/g7 where a = No, (I71)
and b € A,. Then the following statements are equivalent.

i.) The Arakelov divisor 7 () is reduced.

ii.) The element 1 in I is minimal.
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iii.) =1 <o (z,1)) <0and x5 > 1.
iv.) [Vd —2a|e < b<Vd.
Proof. Definition implies that Statement (i.) and (ii.) are equivalent.

Set x := x(7,1) and assume that 1 € I is minimal. Then 7 (/) is reduced. Hence, by Proposition 7.2 in [Sch0§],

we have that No, (I7') < Vd. So we have a < v/d, which means that b € [v/d — 2a,/d]. Since a,b are
integers and v/d is non-rational, the integer b cannot equal the bounds of this interval. Equivalently, we have

b—+d
<

Vd—2a<b<Vd = -2a<b-Vd<0 = -1< 5
a

0.

Then these inequalities say that —1 < o(z) < 0. If £ = 0, then b = —/d. This leads to a contradiction as b

is an integer. Hence, the element x € I is non-zero and satisfies |0(z)|o < 1. By the minimality of 1 € I,

this means that we have |z|o > 1. Furthermore, we can write o(z) = z — @. This implies that o(z) < .

Therefore, the element  cannot be smaller than —1, so we must have > 1. This shows that Statement (ii.)
implies Statement (iii.).

Conversely, assume that —1 < o(x) < 0 and > 1. Suppose that there exists some non-zero y € I such
that |y|lec < 1 and |0(y)|eo < 1. Since y € I = Z + xZ, there exist k,l € Z such that y = k + lx. Then the
conditions say that

|+ 1z]o <1, |k+lo(z)|eo < 1.

Suppose that k& = 0, then y = lz. But there is no non-zero integer [ such that |lz|. < 1, since z > 1. So we
can assume k to be non-zero. Suppose now that & > 0, then the first condition holds only if lx < 0. Since
x > 1, this precisely says that | < 0. The second condition holds only if lo(x) < 0. Since o(z) < 0, this
precisely says that [ > 0. We conclude that [ = 0. Suppose now that k£ < 0. Then the first condition holds
only if lx > 0. Since x > 1, this precisely says that { > 0. The second condition holds only if lo(z) > 0. Since
o(z) < 0, this precisely says that < 0. We see that [ = 0. So from both cases, we get that I = 0. This means
that y = k € Z. But there is no non-zero integer such that |k|o, < 1. We conclude that such y € I cannot
exist. Consequently, the element 1 is minimal in I. This shows that Statement (iii.) implies Statement (ii.).

One has
<0 < Vd-2a<b<d.

b—d
2a

—l<o(z) <0 = -1<

Moreover, we have

b+Vd

>1 < b>2a—Vd
2a

z>1

Combining these results, we see that
“1<o(x) <0, £>1 <= |Vd—2a|l <b<Vd
Hence, Statement (iii.) and Statement (iv.) are equivalent. O

Remark 4.3.5. We want to show the relation between Lenstra’s work in [Len82] and the Arakelov theoretical
setting. Therefore, we have to introduce quadratic forms.

Definition 4.3.6. A (primitive integral binary) quadratic form of discriminant d is a polynomial
aX?+bXY +cY? € Z[X,Y]

such that ged(a,b,c) =1 and b*> — 4ac = d. A quadratic form of discriminant d is denoted by (a, b, c), and
the set of quadratic forms of discriminant d by Fj.
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Now, using the representation from Proposition we can construct a map f: Idg — Fy4. Namely, say we

have I € Idg represented as
I:a(Z—i— (b—l—ﬁ) Z),
2a

where o € K* and a,b € Z with ¢ = £=¢ -4 € Z are such that ged(a,b,c) = 1. Then we set
F(I) = (a,b,0).

Note that this map is not injective since the mapping is independent of a € K*. However, the map f induces
a bijection Clg = F4/SLa(Z), where the last set is given by the orbits induced by the group action of SLo(Z)
on Fy given by

( Z 1; > (a,b,¢) = (au? + bus + cs%, 2auv + but + bus + 2cst, av? + but + ct?),

for < Z 1; ) € SLy(Z),(a,b,c) € Fq.

Definition 4.3.7. A quadratic form (a,b,c) € F, is reduced if |v/d — 2|a|oc|oe < b < V/d.

Given a reduced quadratic form (a, b, c) € Fy, we also have the reduced quadratic form (—a,b,—c). If a = 0,
then we would need that b?> = d, contradicting the fact that d is square-free. Hence, the reduced quadratic
forms of discriminant d can be split into two sets of equal size. One set such that a € Z~y and one set
such that a € Z.(. Proposition [4.3.4] implies that Redx is in bijection with the reduced quadratic forms of
discriminant d with a € Z~q. We conclude that the Arakelov theoretical setting is closely related to the work
of Lenstra. This was also stated in Example 8.2 in [Sch08].

For the rest of this chapter, we will not deal with Lenstra’s work and focus on the Arakelov theoretical
setting. But, many aspects of his work will show up as these settings are closely related. This relation also
gave us the ideas to translate the reduction algorithm described in [Len82 Section 4] to the Arakelov setting.
Moreover, for the proof of Theorem we were inspired by the proof of Theorem 4.1 in [Lag80]. However,
all proofs in this chapter are self-written. ¢

Now, we describe a reduction algorithm that is a little bit more explicit than Algorithm This algorithm
is still non-deterministic. However, rather than depending on the choice of minimal element, it depends on
the choice of primitive element. It turns out that this is easier to control.

Algorithm 4.3.8. (Reduction Algorithm for Arakelov Divisors in Real Quadratic Number Fields)
Input: Any Arakelov Divisor D of K.
Output: A reduced Arakelov divisor D’ such that D and D’ are ideal equivalent.

i.) Find I € Idg and u € Haez<;§ R such that D = (I, u).
Find a primitive element o € I.

iii.) If « = 1, set I’ := I. Else, set I’ := o~ '1I.

V.

vi.

ii.)
)
iv.) If 1 € I’ is minimal, then return D’ = n(I’). Else, set Iy := I'.
)
) Set i =i+ 1 and compute I; = x(ll nli-1

)

vii.) If 1 € I; is minimal, then return D’ = 7 (I;). Else, return to step (vi.).
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Theorem 4.3.9. Algorithm is correct and terminates in a finite number of steps.

Proof. If the Arakelov divisor is given in the multiplicative notation, step (i.) can be skipped. If the Arakelov
divisor is given in the additive notation, one can use bijection to complete step (i.). Either way, one
will end up with I given in its unique factorization of non-zero prime ideals of Ok . Then we can find the
representation of Proposition [£:3.2] for 1. This can be done by finding the representation for the prime ideals
in the factorization of I, followed by Proposition For the representation of the prime ideals, one can
always take the norm of the prime ideal as the primitive element. We obtain a Z-basis of I in this way. Then
Lemma (i.) states that we found a primitive element. Hence step (ii.) is solvable in a finite number of
steps.

In step (iii.), we create a fractional ideal I’ such that 1 € I’ is primitive. Namely, either 1 € I is primitive, or
we make it primitive by dividing the fractional ideal I by «. The latter is true by Lemma m (iii.). Now,
using the equivalent statements of Proposition [4.3.4] one can verify whether 1 € I’ is minimal. If so, then
7(I") is reduced and ideal equivalent to D = (I,u) since I’ = I or I’ = a~ 1. Hence, the correctness of step
(iv.) follows. Otherwise, the element 1 € I’ = I is just primitive and not minimal. So we divide by z(z, 1) to
create a new fractional ideal I; for which 1 € I; is primitive. We can again check whether this is minimal
using the equivalent statements of Proposition If so, we can return m(I7) since this is reduced and ideal
equivalent to D = (I,u). It is ideal equivalent to I since we only divided I by elements of K to obtain 7. If
not, we proceed by dividing by z (7, 1).

It remains to show that in the sequence (I;);>¢ of fractional ideals, there exists some j € Z>( such that 1 € I;
is minimal. This will show that the algorithm is correct and terminates in a finite number of steps. We will
show this now. Set z; := (s, 1) for all i € Z>(. By construction of the element z(;, 1) in I;, we have

I, =7+ 2.7, xi:M,

Qai
2
where a; = No, (Ii_l) and b; € A,, are integers. Furthermore, we have the relation ¢; := bjl;d such that
ged(ag, by, ¢;) = 1. We claim that a;41 = |¢j|0o and b;11 = —b; mod 2a,41 for all ¢ € Z>(. This can be seen

as follows. Note that we have

Nko(z:) = zio(z) = <bi + ﬂ) (bi - \/&) _bi—d

5 .
2a; 2a; 4as a;

Now
aiv1 = No,(I7Y) = Noy (@:17') = No, (2:0k)No, (I ") = [Nk (i) |s@i = |¢iloo,

where we used that Np, is a group homomorphism and Proposition Next, we have

T VA i Vab - Va) B d 2

1 2a; 2a;(b; — Vd)  2a;(b; — Vd) _ b Vd

So

b; —Vd
Iy =27 i =07 @+ 2iZ) = 2427 2 =2+ ( f) Z

By multiplying by £1 € Z*, we get

Ly =7+ <M>ZZ+ <M> Z,

2|¢i] oo 2a;41
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where we used that a;11 = |¢;|oo. On the other hand, we have

b; d
ILiyw=Z+xZ=7Z+ <M> 7.
Qit1
The representation of Proposition tells us that the b; and b;; are uniquely determined modulo 2a; .
So we have b;11 = —b; mod 2a;41. Hence, the claim follows.

If |ciloo > V/d, then we claim that |ciy1]e < % Namely, we have b;y1 € Aq,,, = Aj,|., and so
bi+1 < |¢iloo. We obtain that 0 < be < c? and 0 < d < ¢2. Consequently, the value of |bf+1 — d|o is less

than 7. So

|b12+1 —d|so sz _ |ciloo

Citlloo = < =
e+l 41100 |4¢i oo 4

So after finitely many iterations, we will end up with |¢jle < Vd for some j € Z>p. Suppose that
|¢jloo < ]¢j+1|oo- Then we have

b2

b 2 —d

2
i —d
4aj+1

4le;12, < Alejiloolcjloe =4 ‘ |¢jloc = |¢jloe = 6541 — dloo-

J (o)

We know that bj11 € Au;,, = Al Since [cjloe < Vd, we have b; 11 € [Vd — 2|cj|o0, Vd]. We see that
0<b2,,<d,and so [b?,; —d|s = d —b?,, <d. Thus, we get

1 1 1
4o’ <d = 2|¢jloe < Vd. (43)
This implies that bj 1 > v/d — 2|cj|e > 0. Therefore
211 = 2|¢iloo < Vd < Vd+bj1 = 2a;41 —Vd < b
Hence, since b;y1 € [Vd — 2a;11,Vd], we get
|\/ﬁ_ 2a11]00 < bjy1 < V.

In this case, set m := j 4+ 1. On the other hand, if |cj11]c < |¢j|oo, then we have |cji1]e < Vd. Since
bjr2 € Aa;y = Al 11]0> We get bjio € [Vd — 2|¢j 11|00, Vd]. Furthermore

2
b2, —d
Cj

b2, —d

oo = [b7 1 —d|oo < d.
daj |Cjloo =1 41 oo <

Alej1lZ, < Alejaloolcilos = 4

‘ lejloo =

oo

Then
4lejal’ <d = 2lejileo < V.

Now, repeat the argument starting from Equation , by replacing j by j 4+ 1. Consequently, we obtain that
Vd = 2aj12]00 < bjra < Vd.
In this case, set m := j + 2. From case distinction, we obtain
IVd = 20|00 < b < Vd

for some m € Zzo. Proposition .34 tells us that this is equivalent to saying that 1 is minimal in
I, =7+ x, 2. O
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Remark 4.3.10. Notice that the element o € I in step (ii.) is not unique. Namely, there might exist more
than one primitive element in I. Therefore, the algorithm is not deterministic. ¢

Remark 4.3.11. Given an Arakelov divisor D = (I, u), the Algorithm returns a reduced Arakelov
divisor D' = w(J) such that D and D’ are ideal equivalent. This means that there exists some x € K* such
that J = xI. Analyzing the proof of Theorem [1.3.9] we have constructed such z. Namely, with the same
notation as in the proof, we have J = (« H?:)l x;)"1I. The element H;’:)l z; is uniquely determined from D

and a. So, we set %, == [[/"" #;. Then we can say that J = (az%) L. ¢

4.3.2 The Infrastructure Operator and Arakelov Cycles

In Section we saw that a crucial step was to apply the ideas of the reduction algorithm to integral ideals
that were already reduced (see Equation (@) By doing this inductively, we obtained a complete set of
reduced integral ideals that are equivalent. We called such a set a cycle (see Definition . We would like
to get this situation in the Arakelov theoretical setting.

Let Red) C Divg denote all Arakelov divisors of the form (1), where I € Idg such that 1 € I is primitive.

Definition 4.3.12. The operator p: Redk — Redk defined by 7(I) — 7 (x(_lll)l) is called the infrastructure
operator of K.

If 1 € I is minimal, then by Lemma m (iv.), it is also primitive. Therefore, we have Redx C Red},.
Proposition 4.3.13. Let 7(I) € Redg, then we have p(7(I)) € Redk.

Proof. Since n(I) € Redg, we know that 1 € I is minimal. Set x := z(; ;). We claim that z is also
minimal in /. By Lemma this would mean that 1 is minimal in z7'I. Consequently, we have
p(m(I)) = w(z~'I) € Redg. So it remains to show the claim.

Since 1 € I is minimal, Proposition tells us that —1 < o(z) < 0 and = > 1. Suppose now that there
exists some non-zero y € I such that |y|e < |T]oo and |0(¥)|eo < |0(%)|co- Since y € I = Z + xZ, there exist
k,l € Z such that y = k + lx. Then the conditions say that

|k + 12l < |Zloo =2, |k +10(2)|oo < |0(2)]|oos

where we used in the first condition that > 1. Suppose that [ > 0. Since = > 1, we have that lx > = > 0.
Then the first condition holds only if k¥ < 0. Since o(x) < 0, we have lo(z) < o(z) < 0. Thus, the second
condition holds only if & > 0, reaching a contradiction, and so | ¢ Z~(. Suppose that [ < 0. Since z > 1,
we have that lx < —z < 0. Hence, the first condition holds only if & > 0. Since o(z) < 0, we have
lo(x) > —o(xz) > 0. Therefore, the second condition holds only if k¥ < 0, reaching a contradiction, and so
l ¢ Z<o. So we have that [ = 0 and y = k € Z. But there is no non-zero integer such that |k|oo < |0(2)]co < 1
(looking at the second condition). We may conclude that such y € I cannot exist. This says that  is minimal
in 1. O

Proposition tells us that if 1 € [ is minimal, then the element x(; ;) forms a Z-basis with 1 and satisfies
-1<o (gc(lyl) < 0 and z(; 1) > 1. While the choice of z(; 1) is unique, we never claimed that it is the unique
element with these properties. However, it turns out to be true. Moreover, we can also find the ’opposite’ of

.13(1’1).

Lemma 4.3.14. Let I € Idk such that 1 € I is minimal. Then z(; 1) is the unique element of I satisfying
Ty >land —1 <o (.Z'([’l)) < 0 such that 1, ;1) form a Z-basis for I. Furthermore, there exists a unique
element y in [ satisfying o(y) < —1 and 0 < y < 1 such that 1,y form a Z-basis for I. We denote this unique
element y by y(r,1). Moreover, the element y(;, 1) is minimal.
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Proof. Let x,2’ be two elements of I satisfying x,2’ > 1 and —1 < o(z),o(2’) < 0 such that 1,z and 1,2’
form a Z-basis for I. There exist j, k,l,m € Z such that x = j + kx’, and 2’ = [ + mx. Substitution gives

x=j+k(l+mz)=(5+kl) + kma.

Since 1,z form a basis of I, we can compare coefficients, implying km = 1. Since k, m are integers, we must
have kK = m = £1. Say £k = m = 1, then we have

r=j+2 = ox)=j+o().
Then
—-1<o(@)<0 = —1+j<o(z)<]y.

If j < 0, we have o(z) < j < —1, reaching a contradiction. If j > 0, we have 0 < —1 + j < o(x), reaching a
contradiction. Hence, we have that j = 0, i.e. x = 2’. So if k = m = 1, we have uniqueness. Say k =m = —1,
then we have
r=j—1 = ox)=j—o().
Then
—1<o(@)<0 = 0<—-0(@)<1 = j<o(z)<j+1l.

If j > 0, we have o(z) > j > 0, reaching a contradiction. If j < 0, then

¥>1 = a2 <-1 = zr<-1+j<-1,

reaching a contradiction. So if k = m = —1, it is impossible to have two such elements. By covering all cases,
we have shown uniqueness.

Now, let us look at the existence of y(;,1y. Since 1 € I is minimal, we know by Lemma m (iv.) that it is
also primitive. So using the representation of Proposition we can write

b++d

I1=7
+ 2a

A

where a = No,. (I71), and b is uniquely determined modulo 2a. So we can take b uniquely in the interval
[,\/g’ 2a — \/ﬁ] Since a, b are integers and v/d is non-rational, the integer b cannot equal the bounds of this
interval. Equivalently, we have

b d
—Vd<b<2a—Vd = 0<b+Vd<2a = 0< Z\[<1.
a
So set y(r,1) = b‘g(\ﬁ. Then these inequalities say that 0 < y(;,1) < 1. Therefore, the element y; 1) € I is

non-zero and satisfies [y(7,1)lco < 1. Minimality of 1 € I implies that |o(y;,1))| > 1. Furthermore, we can

write o (y(r,1)) = Y(1,1) — @, and 5o o(y(7,1)) < Y(1,1)- Therefore, the element o (y(7 1)) cannot be bigger than
1. So we have that o(y(;,1)) < —1. Thus, this choice of y(; 1) satisfies o(y(;,1)) < —1, 0 < y(;,1) < 1 and
forms a Z-basis with 1.

The proof that y(; 1) is the unique element with the claimed properties, is similar to the uniqueness proof of
x(1,1) that we saw at the beginning of this proof. Likewise, the fact that y(; ;) is minimal in I is similar to
the proof that z(; 1) is minimal in Proposition O

In what follows, the bounds on z(; 1) and y(; 1) will be used a lot. We will use them without reference.

Proposition [£.3.13] implies that the infrastructure operator induces a map p: Redx — Redg.

Proposition 4.3.15. The infrastructure operator p is a bijection on Redg.
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Proof. We will prove this by constructing an inverse of p: Redx — Redg. Take m(I) € Redg. Then 1 € I is
minimal. By Lemma it follows that y(;,1) is also minimal in I. By Lemma this means that 1 is

minimal in y&ll)l . Consequently, we have W(y( Ill)I ) € Redk. So consider the map p’ : Redx — Redf defined
by ©(I) — W(y(}h)I). We now show that the map p’ is the inverse of p. Namely, take any 7(I) € Redg.

Then 1 € I is minimal, and set @ := 2(;1). Since —1 < o(x) < 0 and x > 1, we have o(z™!) < —1 and
0 < 7! < 1. Furthermore, we have

I=2+272 = v ' =0YZ+22)=2Z+2"Z.

By Lemma |4.3.14} we have seen that y := y(,-17 1) is the unique element of 211 satisfying o(y) < —1 and
0 <y < 1 such that 1,y form a Z-basis for z=!I. We obtain that y = 2~'. So then

P p(r(1)) = p~ (r(a™' 1) =7 (y~" (27 '1)) = n(]).

Since Redg is a finite set, we have that p and p’ are each other’s inverses. In particular, the infrastructure
operator p: Redg — Redg is a bijection. O

Now that we have investigated the infrastructure operator, we are interested to see what happens if we apply
it inductively. Take any 7(I) € Redx. We can apply p inductively and have p*(7(I)) € Redg for all k € Zx.
We use the convention that p° = idRedy - Set & == x(r,1) and Io :=I. Define recursively the fractional ideals
and elements

L= Ly, &=,

for i € Z~o. We obtain p(m(Ix_1)) = 7(I)) or more generally p*(m(Iy)) = n(Ix) for any k € Z>q. Furthermore,
set B := 1 and for i € Z~( define the element

i—1
0, =] &-
j=0
Then we have
i—1
Iy = 52‘:11[1‘—1 = 51‘:115;12[1‘—2 =...= H fj_l Iy = 0{1]0.
§=0
Then for any k € Z>(, we have the relation
P (n(lo)) = m(Ly) = m(6; 1) (44)
We have [, = Z + &, Z for any k € Zg>o. So

I=1y=01; = ek(Z + ka) =07 + 9k+1Z. (45)

As a result of this, we can say that 6y, 6,41 form a Z-basis for I for all k£ € Z>o. Note that the sequence
(0;)i>0 is uniquely determined from the reduced Arakelov divisor 7(I).

Definition 4.3.16. Let 7(I) € Redk. The sequence (6;);>¢ is called the 6-sequence of m(I).

Lemma 4.3.17. Let n(I),n(J) € Redk. If there exists some v € R>q such that I = +.J, then there exists
some 6 in the §-sequence of 7(I) such that v = 0.

Proof. Consider the §-sequence (6;);>0 of m(I). Since §; > 1 for all j € Z>(, we have 0; > 1 for all i € Z~,.
Consequently, the sequence (6;);>¢ is monotone increasing and bounded from below by 6y = 1. Since vy > 1,
there exists some m € Z>¢ such that

0,, < v < 0m+1' (46)
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Assume, for the matter of contradiction, that v # 60,,11. Equivalently, we assume that we have strict
inequalities in . Since m(J) is reduced, we have 1 € J, so v € I. Then using , there exist k,l € Z
such that

Using , we obtain
0, < kO, + 19m+1 < 9m+1~ (48)

Since 7y is non-zero, not both k and [ are zero. Assume that k = 0. Then v =10,,,41. If [ > 0, then v exceeds
the upper bound, since 6,, > 0. If [ < 0, then v exceeds the lower bound. Therefore, we reach a contradiction.
So k must be non-zero. Furthermore, we know that 6; > 1 for all ¢ € Z~y. This means that not both £k,
can be negative, because then v will exceed the lower bound of . Furthermore, not both can be positive
because then  will exceed the upper bound of . So we can say that if k¥ > 0, we need [ < 0. Moreover, if
k < 0, then we need [ > 0.

From (45)), we also have 6, € I = ~J. Hence, there exists some non-zero z € J such that 6,, = ~z.
Substituting this into gives yx < «y. Since v > 1, we have < 1. So in particular |z|,, < 1. Since 7w (J)
is reduced, we have that 1 € J is minimal. So, we have that |o(z)|ec > 1. Then

0(0m)]oo = lo(Y2) |00 = [0(V)]oc|o(2)|oc > |0(7)]o0-
Using expression of 7, we obtain

0(Om)|oc > ko (Om) + 1o (Om+1)]oc- (49)

Now, we know that —1 < ¢(§;) < 0 for all j € Z>q, so |0(0;)| < 1 for all i € Z~y. Moreover, exactly one
out of 6(0,,),0(0m+1) can be positive. We saw that if & > 0, we need ! < 0. Moreover, if k < 0, then we
need [ > 0. We will use these facts in the following case distinction.

i.) If £ > 0 and o(6,,) > 0, then we must have lo(6,,+1) < 0 for to hold. However, we know that
[ <0 and 0(0,,,41) < 0, reaching a contradiction.

ii.) If £ > 0 and o(6,,) < 0, then we must have lg(0;,,41) > 0 for to hold. However, we know that
I <0 and o(0,,41) > 0, reaching a contradiction.

iii.) If ¥ < 0 and o(6,,) > 0, then we must have lo(6,,4+1) > 0 for to hold. However, we know that
[ >0 and 0(0,41) <0, reaching a contradiction.

iv.) If k < 0 and o(6,,) < 0, then we must have lo(6,,+1) < 0 for to hold. However, we know that
[ >0 and 0(0,+1) > 0, reaching a contradiction.

Since k and o (6,,+1) are non-zero, we have covered all cases. Thus, inequalities and are not solvable
at the same time for k,l € Z. Consequently, we reach a contradiction. Therefore, by our assumption, we
must have v = 0,,11. Now, set k =m + 1. O

Theorem 4.3.18. Let 7(I) € Redg. Then there exists a minimal m € Z~¢ such that p™(n(I)) = 7(I), and

the set

{m(D), p(x(D)),.... " (m (1)}
is a complete set of distinct reduced Arakelov divisors ideal equivalent to 7([).
Proof. Let m(J) be reduced for some J € Idk that is ideal equivalent to m(I). Hence, there exists some
v € K* such that I =~J. We can assume  to be positive, otherwise, we can multiply by —1 € OF. Then
there exists some [ € Z such that vel, > 1 (see Remark . Since et J = J, we have veb, J = vJ = I.

Thus, we can assume that I = ~.J for some v > 1. It follows from Lemma that there exists some 6 in
the #-sequence of m(I) such that v = 6. Then

I=0,] = 0,'1=1.
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It follows that
w(J) =m0, '1) = p*(n(I)). (50)

Therefore, the reduced Arakelov divisor 7(J) is contained in the set
B:= {x(I), p(x(I)), p*(x(3)),..., p"(=(I)),...}.

Now, the B contains only reduced Arakelov divisors. Since Redg is a finite set, there must exist integers
0 < j <l such that p?(7(I)) = p!(x(I)). By Proposition 4.3.15, we obtain that p'=7(7(I)) = m(I). Hence,
there exists an m € Zq such that p™(m(I)) = w(I). Then there exists a minimal such integer m. So

{n(D), p(x(D)),....p" M (m())} (51)

is a complete set of distinct reduced Arakelov divisors ideal equivalent to 7(I). Namely, by construction
of p, they are ideal equivalent to w(I). Furthermore, they are distinct, because if there existed integers
0 < k < I < m such that p*(n(I)) = p'(7(I)), then we would have p'~*(x(I)) = =(I) for | — k < m,
contradicting the minimality of m. Now, if any reduced Arakelov divisor is ideal equivalent to 7(I) and
is not contained in the set , we reach a contradiction with our earlier observation. Namely, any such
Arakelov divisor is the image of p¥ for some k € Zx( (see Equation (50))). We conclude that the set is
also complete. O

This result allows us to define the following things.

Definition 4.3.19. Let w(I) be a reduced Arakelov divisor of . The smallest integers m € Zx( such that
p"(m(I)) = w(I) is called the period of w(I), and is denoted by ord(w(I)). Moreover, the complete set

{pk(ﬂ'(l)) 11 <k <ord(r(I)) —1}

of distinct reduced Arakelov divisors ideal equivalent to 7 (I) is called the Arakelov cycle of w(I). The Arakelov
cycle of m(Ok) is called the principal Arakelov cycle of K.

The Arakelov cycle of a reduced Arakelov divisor of K is an analogue of the cycle of a reduced integral ideal
of Ok defined in Definition [I.3.10}

Proposition 4.3.20. Let (/) € Redg and (6;);>0 the 6-sequence of 7(I). Then Oyrq(x(1)) = €k

Proof. Since I = ex I with e > 1 (see Remark , we know by Lemma that there exists some
k € Z>¢ such that ex = 0. Therefore, we have

pF (D)) = 7(0; 1) = m(e D)) = (D).

Since ord(w(I)) € Zsg is minimal such that p°*d(*(D)(7(I)) = 7(I), we must have k > ord(n(I)). Since
(0i)i>1 is a monotone increasing sequence, we have 0y > 0,rq(x(1)). We also have

(1) = p7 "D (m (1)) = 7T(afl(w(z))—’) = 7(90211(#(1))01() +7(I),

ord

using Equation . It follows that 71'(90:1d(7r( 1))OK) is the zero Arakelov divisor. So by definition of 7, we
have that ordy (0ora(x(ry)) = 0 for all p € PY. We obtain that Oora(n(1)) € Ok - Together with the fact that
Oord(r(1)) > 1, there must exists some | € Z~¢ such that Oo.q(x (1)) = els. So we get that

ex = Ok 2 Oora(r(r)) = el
Since ex > 1 and [ € Z~, this only holds if / = 1. So we obtain that ex = Ogq(x(1))- O

This result gives us a way to determine the fundamental unit of Ok and the regulator of K.
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Example 4.3.21. Let d = 12. Consider the reduced Arakelov divisor 7(Of). We want to determine the
period of 7(Ok). Along the way, we keep track of the §-sequence. This data allows us to find the fundamental
unit by Proposition So let us start by computing p(7(Of)). This means that we have to divide Ok
by {0 = Z(0g,1)- So let us first determine §. We have

b+ Vd
50 = 2 )
a
where we have integers a = No, (O%') and b € A,. Since a = 1, we get b € [v/12—2,1/12]. The only integers

in this interval are 2,3. In Section we saw that O = Z[w] with w = 12"‘72‘/5 Now, if we take b = 3, we
cannot have w € Z + {yZ = Ok . Hence, we must have b = 2. So we get

2 4 /12
Ok =7 +&Z =7+ <+2\ﬁ> Z.

Now, we divide by &y to obtain

2+\/ﬁ> Z. (52)

2
;o :Z+<)Z:Z+
S O 2+/12 4

p(m(Ok)) =7(& ' Ok) = <Z + <2+4\/ﬁ> Z) .

Since this is not equal to 7(Of ), we need to compute p?(7(Of)). Therefore, we have to divide by the element
& = T(e1 0k 1) We have

Thus, we have

where we have integers a = No, (§,0F") and b € A,. Using Proposition [1.1.15 and [1.2.6] we have that
Noy (£00%") = INk|g(€0)lso = 1600 (€0)loc- So we have
=2.

{2+ V12) [2-V12
“= 2 2 _

It follows that b € [v/12 — 2,4/12]. Since b is uniquely determined in this interval, and we already had
representation 7 we can conclude that b = 2. So we get

2 12
G 0k =7+ 62 =T+ <+4‘F> Z.

Now, we divide 50_1(’);( by &; to obtain

—1g—1 _ 4 _
67 (’)K—Z+<2+\/ﬁ)Z_Z+<

PP (7(Ok)) = p(r(& ' Ok)) = (&7 16, Ok ) = m(Ok).
Thus, the period of 7(Ok) equals 2. By Theorem |4.3.20, we have that ex = Orq(r(0x)) = §0&1. Hence, we

get
o (59) (542

2 12
+2\ﬁ> 7 = Ok.

So we get

which is known to be the fundamental unit of Ok for d = 12. Furthermore, the regulator is given by

Ry = log(ex) = log(2 + V/3) ~ 0.57194754753. ]
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From this example, one may wonder what the importance is of the second entry of 7(1) = (I, (No, (1))oess),
for some I € Idg, because we did not consider it at all. We simply divide by the elements &;, and continue
until we get back to the original fractional ideal. So these ideas can purely happen ideal theoretically. There
is no need to consider Arakelov divisors. But if d is much larger, the number of divisions may grow. Therefore,
the method we saw in this example may be expensive. To solve this issue, we can define a distance between
two reduced Arakelov divisors that are ideal equivalent. This distance is dependent on the second entry of
m(I). With this distance, we still have a way to find the regulator, but not the fundamental unit. But in
certain situations, it is enough to compute the regulator. This is much more manageable since it is the log
of the ’size’ of the fundamental unit. The latter can grow rapidly if the fundamental discriminant d € Zx
grows.

4.3.3 Distance Formula

In Section [I.3] the next step was to define the distance between reduced integral ideals in the principal cycle
of K (see Definition [1.3.11]). We can do the same thing for the principal Arakelov cycle of K. However, we
can even define the distance between Arakelov divisors that are ideal equivalent.

Recall the group
Tx = R?/{(log|als, log|o(a)le) : a € O}
that we have seen in the short exact sequence . Moreover, we had the injective group homomorphism
(: Tk — Picg defined by [(75)sexnse] — [2062? z,0]. Using the group isomorphism log : R>g — R, we also
have
Tx = R%p/{(lalo; |0(a)|) : a € Ok} (53)

We will use this representation for Tk throughout this section. Whenever we take an arbitrary u € R, we
use the convention that u = (u1,us). Moreover, for u € R2,, we denote its equivalence class in Tk by [u].
The group homomorphism ( is given by [u] — [(Ok,u)], using the representation of Tk from . Consider
the function 8p,.: Tx — R/RkZ defined by

1
Sbilfu) = g 1og (22 ) mod A

Throughout this chapter, we will commonly ignore the notation of 'mod Rx’. But one has to keep in mind
that the image of o5, ([u]) is only uniquely determined modulo Rp.

Proposition 4.3.22. The function %, is well-defined.

Proof. Suppose that [u] = [v] in Tk. Then there exists some a € OF such that (u1,u2) = (|a|eov1, |0(a)|ov2)

and ) ) al
L =21 Uiy _ 21 _1®oct1 .
PIC([U]) 2 0og <u2> 2 og (lg(a)loov2

As a € Of, we have |Ng|g(a)|o = 1. Proposition |I.1.15|implies that |ao(a)|- = 1. Equivalently, we have
la|oo = |o(a)|zt. Therefore, we get

1 al® v 1 1 v
sbillu) = g 1og (1) = DoglalZ, + 1o (22 ) = ol + (D

Since a € O}, there exists some k € Z such that a = £¢%.. It follows that log|a|s = klog x| = kR,
and so 05, ([u]) = 6p;.([v]) mod Rg. This shows that d1,. is well-defined. O

Let D, D’ € Divg be two Arakelov divisors that are ideal equivalent. Write them in multiplicative notation
D = (I,u) and D’ = (J,v). Then there exists some « € K* such that I = zJ. We obtain that

D — D' +div(z) = (O, w),
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where w = (u1v] |00, Usvy o (2)|oo). This means that [D — D'] = [(Ok,w)] in the Arakelov class group
Pick. Note that [(Ok,w)] is the image of [w] € Tk under the group homomorphism . We claim that [w] is
the unique class in Tk such that its image under ¢ equals [D — D’]. Suppose that there exists some other
w' € RZ, such that [D — D' = [(Ok,w’)]. Then [(Ok,w)] = [(Ok,w')] in Pickx. Hence, there exists some
y € K* such that

(O, w) +div(y) = (Ok,w").

This means that Ox = yOx and W' = (|y]oc, |0(y)]oc)w. We get that y € O, and so [w] = [w'] in Tk.
Consequently, the class [w] in Tk is uniquely determined by [D — D’]. Therefore, the following definition is
well-defined.

Definition 4.3.23. The distance between two Arakelov divisors D, D’ € Divg that are ideal equivalent is
defined by
Spic(D, D) = Sps.([w]),

such that [D — D'] = [(Ok, w)].

Note that the distance is only defined for Arakelov divisors that are ideal equivalent. Furthermore, we will
always view the distance in R. But we have to keep in mind that the distance is only uniquely determined

modulo Ry (see Proposition |4.3.22]).

Suppose that [D — D'] = [(Og,w)] for ideal equivalent Arakelov divisors D, D’ € Divg and w € R%,. Then
[D' = D] = —[(Ok,w)] = [(Or,w™)].
This means that
(D, 1) = b ) = 1 () = 10w (15 ) = b (™) = ~6vi(D'. D)
2

This means that the distance is not symmetric. More precisely, the distance has a positive and negative
orientation.

The following result tells us that the distance is uniquely determined by the equivalence classes in Picg.
Proposition 4.3.24. Let Dy, Dy, D3 € Divg be ideal equivalent.

i.) If [D1] = [D2] in Pick, then dpic(D1, D2) = 0.

ii.) If [D1] = [Ds] in Pick, then dpic(D1, D3) = dpic(D2, D3).

Proof. To show Statement (i.), suppose that [D1] = [Ds]. Then [D; — Ds] equals the equivalence class of the
zero Arakelov divisor (Ok, (1,1)). So we get that

(D1, Dz) = 8o ([(1,1)]) = 5 log(1) = 0,

To show Statement (ii.), notice that [D; — D3] = [Dy — D3], since [D;] = [Ds] in Picg. Hence, it follows by
construction of dpic that dpic(D1, D3) = Opic(D2, D3). O

Proposition 4.3.25. Let I € Idg. Then the Arakelov divisors m(z~!I) and 7(y~'I) are ideal equivalent for
any x,y € K*. Moreover, the distance between them is given by

5pic(7r(:1:71]), ﬂ(yill)) = % log
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Proof. We have [x71I] = [y~!I] in Clg. Thus, the Arakelov divisors (2 ~1I) and 7(y~11I) are ideal equivalent.
So we can compute dpic(m(x 1), m(y~1I)). We have

w(@ ) = w(y ) + div(z T ly) = (O, u),  u= (W:Z \\;J]\\;(;Ki):z( )l )

We see that [m(z71) — w(y~1I)] = [(Ok,u)], and so dpic(m(z~11), m(y~ 1)) = 6p,.([u]). Using Proposition
1.1.15|and we have for any z € K* that

Noy (7'1) = No (271 Ok )No, (1) = |27 solo (27 1) s Noy (1).

Consequently, we have
o(y)x o 1
M W ) )

yo(z)
Corollary 4.3.26. Let 7(I) € Redg and (0;);>0 be the f-sequence of 7(I). Then for any k,! € Z>¢ one has

a(6r)0,
eka(ol) 0o

o(y)x
yo(z)

We obtain that

Spic(m(x ), w(y 1)) O

l\')\»—l

e (1 (1), ! (7(1))) = 5 log

If 0 <k <1< ord(m(I)), then this formula gives the representative in the interval [0, R ).

Proof. With the notation introduced in (4], we have p*(7(I)) = 7(0;, 1) for all k € Zsg, where p is the
infrastructure operator defined in Definition [£:3:12] It follows from Proposition [4.3.25] that

O’(ek)el
0k (01) | oo

dpic (" (m(1), p'(x(I))) = Spic(m (6,1 1), m(6; 1)) = %log

Now, let 0 < k < < ord(n(I)). For any i € Z~¢, we have the formula
i—1
02’ = H gja
3=0
with 0 < 0(&;) < —1 and &; > 1 for all integers 0 < j < i — 1. Moreover, we had the convention that 6y = 1.
In Proposition @, we saw that Oopq((1)) = €x. So we conclude that

1 <0k <0 <Oorann)) =K, |0(eK)|oo = [0(Oora(r()))loo < 10(01)]00 < |0(Ok)]co < 1.

We see that 6.1 .
o (0r) 00 1 K ’ . (54)

O
Slopo) | = 2% o(er) |

Since ex € O}, we have |NK‘Q(5K)|OO = 1. It follows from Proposition [1.1.15| that |exo(ex)|eo = 1.
Equivalently, we have |ex |0 = |0(eK )| - Therefore

0< 1

EK 1 2
= 71 :1 == R .
x) L 5 og ek, =loglek |0 = Ric

1
3 log
Thus, inequalities tell us that dpic (p* (7 (1)), p'(7(I))) € [0, Rx) using the formula
1

2 og U(@k)el

0k (01) | oo
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Recall the interval A, for some a € Z~ from .

Corollary 4.3.27. Let n(I) € Redg, and write x(7,1) = bg;/g , where a = No,. (I7!) and b € A,. Then

b+ Vd
b—ﬁoo

1

dpic (1(1), p(n(1))) = 5 log

Proof. Let (6;)i>0 be the #-sequence of w(/). We have §p = 1 by convention, and 0; = & = x(;,1) by
construction. Take k = 0 and [ = 1 in Corollary [4.3.26] Then we get

1

Opic (ﬂ'([),p(ﬂ'([))) = 5 log

1

B O,

1

L, |0tV

The distance formula from Corollary 4.3.27] coincides with the distance formula introduced by Lenstra for
the infrastructure using binary quadratic forms (see [Len82, Chapter 11]). Furthermore, Equation (11.2) of
[Len82) states that the distance, when p is applied twice, is bounded from below by log(2). We can recover
this as well.

0'(90)01

_ L(1,1)
900’(91) 00

_an 0
o (z(1,1))

Corollary 4.3.28. Let 7(I) € Redg. Suppose that the Arakelov cycle induced by mw(I) contains at least
three elements. If dpic (7(1), p?(m(I))) is given by its representative in [0, R), then

dpic (m(1), p*(m(I))) > log(2).

Proof. Let (6;)i>0 be the 8-sequence of 7(I). We have 6y = 1 by convention, and 85 = {,&; by construction.
Take k = 0 and [ = 2 in Corollary [£:3:26] Then we get

1 A G 1 &oé1

dpic (m(I), p2(n(I))) = = 1o == € [0,Rk), 55
i (=(0). (1) = 515 | TR | = 10w |8 e 0. (55)
where the interval inclusion follows from Corollary [£:3:26] as well. So it suffices to show that

1 S

- lo > log(2).

218 | Stee | 2(2)

By construction, we have Iy = I, {o = x (1,1, {1 = 551[0, and &1 = x (g, ,1)- Hence, by Lemma|4.3.14} we have
& >1land —1 <o(&) <0 for i =1,2. We know

_bi‘f'\/a

204

fi ’
where a; = No, (I;") and b; € A,,. The Arakelov divisor m(I;) is reduced. Tt follows from Proposition 7.2 in
[SchO8] that No, (I; ') < V/d. So we have a; < v/d, which means that b; € [v/d — 2a;,V/d]. Since & > 1, we
have b; + v/d > 2a;, so b; > 2a; — v/d. Consequently, we get

b; > |\/g—2ai|oo>0, ai<\/g,

for i =1,2. So

bi —Vd Vd 1
0>U(£l)— 20,1- >_27aZ >_§

This implies that

1 1
|0(£1)|oo < = - |0'(£0)0’(£1)|oo < Z e

1
> 4.
2 | oo

lo(€0)a (1)
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Using & > 1 for i = 1,2, we get
§oé1 - 1
o(§081) |o ~ lo(&0)a(&1)

Hence, substituting this into Equation , and using that log is an increasing function, we get

§oé1 1 -
a(§0é1) ‘Oo ~9 log(4) = log(2). .

Remark 4.3.29. Let m(I) be a reduced Arakelov divisor and (6;);>0 the #-sequence of m(I). Consider the
Arakelov cycle of w(I) given by

| > 4.

1

2%

{p*(n(I)): 1 <k <ord(n(I)) —1} = {m(6;'I) : 1 < k < ord(n(I)) — 1}.

For the rest of this section, put m := ord(w(I)). We know that p™(n(I)) = w(I). Therefore, Proposition
4.3.24) (i.) implies that
bpic (m(D), o™ (v(D))) = 0. (56)

We have 6y = 1 by convention, and 6,, = ex by Proposition [£:3:20] Take £ = 0 and I = m, then by Corollary

4.3.26 we have
1 O’(Qo)@m 1 €K
Op; I, p"(r(I))) = zlog|——| == — .
PC(Tr( ) P (77( ))) 2 og 900’(0777,) - 2 O, J(EK) -
Since e € OF, we have |[Ng|g(éx)|oc = 1. Hence, by Proposition [1.1.15, we have [exo(ck)|ec = 1.
Equivalently, we have |ex|s = |o(ex)|2t. Therefore

€K

o(ek) ‘oo

1 1
dpic (w(1), p™ (n(1))) = ; log = 5 loglex|% =loglex|oo = R (57)

Comparing and we see that the distance is inconsistent as a real number. However, recall that by
Proposition [£.3.22] the distance was only well-defined modulo Rg. Therefore, the distances are actually the
same. From this reasoning, we can visualize that the ’entire distance’ of the Arakelov cycle of w(I) equals the
regulator. So if we do not take the distances modulo R, we get a way to determine the regulator. This is
exactly what we will do in the next section. ¢

Remark 4.3.30. Schoof introduced a different distance function than dp;. in [Sch08, Chapter 6]. In Chapter
8 of the same paper, he states that its distance function recovers Lenstra’s distance formula as well. This
distance function is given through a different &5, function. We will denote this one by 62, : Tx — R. Only
for this remark, set @ := (|a|co, |0(a)|o) for any a € O}. Then this function is defined by

0pic([u]) == min [|log(au)||z,

where ||.||g := 1/(:, -)r is the norm on the Minkowski space Kg induced from the inner product (-, -)g that we
have seen in Section This function is well-defined. Namely, for [u] = [v] in Tk, there exists some a € OF
such that v = av. Then

SBie([u]) = min oz(bu)lz = min [[loz(biw) |z = min |0g(@0)llx = oBic([v).

where we had set ¢ = ab. Now, one can define an alternative distance between two Arakelov divisors
D, D’ € Divgk that are ideal equivalent given by

APic(l)a Dl) = 6%’1c([w])7

such that [D — D] = [(Ok,w)].
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There are a few reasons why we chose to introduce the §3, . function, and not to copy Schoof’s work. Firstly,
while Schoof’s distance can recover Lenstra’s distance formula, it cannot obtain Corollary Namely,

the analogue of Proposition would be given by
tog [ al J(x)y‘
20(y) o ) |

for any =,y € K*. So given any 7(I) € Redg, its #-sequence (6;);>0, and any k,! € Z>( one has

Now, the absolute value, and a possible translation by Ry, force this value to be in [0, Rk /2). Furthermore,
to compute Ap;c (p*(m(1)), p'(m(I))) one constantly needs to keep track of the minimum. This is different
from Corollary There we have an explicit formula for the distance. Since this Corollary will play a
major role in the next section, we noticed that the distance Ap;. is less practical.

Apie(n(z™ ), m(y 1)) = V2 m(ion
ae }}

U(ek)el
0ko(61)

Apic (p" (7 (1)), p'(w(1))) = Apic(m (0, 1), 7(6; 1)) = ‘/iarélgi

Using that log |a|o = kRk for some k € Z, this also equals

a(@k)ﬂl
9;47(9;)

Apic (P(x(1), ¢ (x(D))) = V2 1min

1
kRyk + §log <

Another reason is that in the next section, we want to design an algorithm, using the distance function, that
can compute the regulator of K. This value is unknown if the fundamental unit ex is unknown. Hence, it
does not make sense to use 03, in this algorithm as it relies on ex.

However, there was another reason for Schoof to introduce the function Ap;.. Namely, this function induces
the topology on Pick. Moreover, it does so for any number field. Therefore, the function dp;. cannot be
used for this, as it is only defined for a real quadratic number field. We do not discuss this any further at
this point, but return to this once we introduce the topology on the Arakelov class group for the rings of
S-integers in Section [5.3] ¢

4.3.4 Arakelov Infrastructure

In Definition we saw the infrastructure C of K with operation *. A possible failure of the associative
law prevented C from being an abelian group. However, due to its group-like structure, Shanks could still
apply some ideas of his Baby-Step Giant-Step Algorithm on C. In that way, he designed Algorithm to
compute the regulator of K. Let us try to recover this in the Arakelov setting.

Let (0;);>0 be the §-sequence of m(O). Set Ij, := 9;1(’);( for all k € Z>¢. Then we have
Pl (n(OK)) = (05 Ok) = m(Iy)
for all k € Z>o. Thus, the principal Arakelov cycle of K is given by
Cpic := {pk(w(I)) 11 <k <ord(n(Ok)) — 1} = {n(I}) : 1 <k < ord(n(Ok)) — 1}. (58)
We use this notation throughout this section.

Remark 4.3.31. Set xy 1= x(j, 1) for all k € Z>¢. By construction of the element x(;, 1y in I}, we have

_bk‘f'\/(j

I, =7+ x1 7, Tk
2ak
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—1 —d

where a = No, (I, ) and bj, € A,, are integers. Furthermore, we have the relation ¢, := bz"ak such that
ged(ag, b, cx) = 1. With a similar argument as in the proof of Theorem one shows that ag11 = |ck|co
and by41 = —br mod 2a,4; for all k € Z>¢. We conclude that if by is even, then so is by for all & € Z>.

Similarly, if by is odd, then so is by, for all k € Z>(. Note that

bo +Vd

L(Io,1) = 9

where by is 0 or 1 depending on the fundamental discriminant d € Z~o. We will use this observation later

on. ¢

Now, we can use Proposition to compose reduced Arakelov divisors from the principal Arakelov cycle of
K. Recall the interval A, for some a € Z~ from .

Algorithm 4.3.32. (Composition Algorithm for reduced Arakelov Divisors in Principal Arakelov Cycles)
Input: Any reduced Arakelov Divisors m(I;),n(I;) € Cpic.
Output: A reduced Arakelov divisor m(1Ij) € Cpic.

i.) Write

L =2Z+xq,1Z x(1,,1)=

with a; = No, (Ifl) and b € A,, for l =1, j.

1 b+Vd
LL=-(z AR
as described in Proposition [£:3.3]

iii.) Apply Algorithm [1.3.8]to m(I;) + m(I;) = w(I;1;). Use v =t~ in step (ii.) of Algorithm Return
the output.

ii.) Compute

Proposition 4.3.33. Algorithm [£.3:32]is correct and deterministic.

Proof. We need to verify that the algorithm returns a unique element 7(Ij) € Cpi.. We apply Algorithm
to m(1;1;) in step (iii.). In Remark [4.3.10} we have seen that the algorithm is non-deterministic since it
depends on the choice of the primitive element in step (ii.). However, the element ¢t~! is uniquely determined
from [; and I;, and is part of a Z-basis of I;I5. It follows from Lemma (i.) that the element ¢! is
primitive. So in step (ii.) of Algorithm we can take a = t~! uniquely. Consequently, the algorithm
becomes deterministic. So let 7(J) be the output of Algorithm with this choice in step (ii.). Then 7 (J)
is the reduced Arakelov divisor ideal equivalent to the sum of 7(I;) and m(I;). Note that I;I; is a principal
fractional ideal since I; and I; are principal. So J must be principal as well. Since 7(J) is reduced, and Cp;c
is a complete list of reduced Arakelov divisors ideal equivalent to (O ), we must have 7(J) € Cpic. So there
exists some integer 0 < k < m — 1 such that n(J) = m(I}). So from 7(I;) and n(I;) we went uniquely to

Remark 4.3.34. Let (1)) € Cpjc be the output of Algorithm with input 7 (I;), 7(I;) € Cpic. Precisely,
we know that m(I) is the output of 7(1;I;) from Algorithm hus, they are ideal equivalent, and so we
can compute their distance. So let us examine this distance. We know that there exists some y € K* such
that I = yI;I;. Then

m(L1;) — n(Iy) + div(y ™) = (Ok,w),

_ ~1 | Nok (k) —1 | Now ()
w= <|y|oo Noy (L) (¥l NOK(LIJ)> .
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So [n(1;I;) — m(Ii)] = [(Ok,w)] in Pick, and therefore

Spic(m(LiL;), m(Ix)) = Opic([w])

-1
1 ~1 | Nok(Ix) —1 | Now k)
~ 5 log ((Iyloo m> <|a(y)|°° JM)
(

Set D = 7(I;1;), then using Remark [4.3.11 we can take y = (ax$)~!. In Algorithm [4.3.32| we took a = ¢~.
So set xp = xgl, then we have y = thl. Hence, we obtain that

1
6Pic(7T(Iin)7 W(Ik)) = 5 log

trp
U(tl’D)

D

_11
=—-lo
gO(xD)

2

oo

where we used that o(t) =t as t € Z. So we conclude that the distance between 7(I;I;) and 7(I;) depends
on xp, which is determined by Algorithm [4.3.8] ¢

The distance examined in this remark will be of interest at the end of this chapter. Namely, a bound of this
distance ensures Algorithm to terminate.

Conjecture 4.3.35. Let 7(I)) € Cpic be the output of Algorithm |4.3.32| with input «(I;), 7(I;) € Cpic. Then

the formula .

2
9 %8

_Tb
o(zp)

o0

gives the representative in the interval [—RTK, RTK) for dpic(m(L;1;), m(I)). Moreover, the absolute value of

this value is bounded by log(d).

Remark 4.3.36. The analogue of this distance from Section is the distance x(I;; ;) given in Equation
(7). We saw in inequalities (8) that —log(d) < k(1;; I;) <log(2). So in particular |k(I;; ;)]s < log(d).

The analogue of this distance in Lenstra’s work is the distance given in Equation (12.1) of [Len82]. It states
that the distance is bounded by log(d). A more detailed analysis would even give the bound log(1 + 7\/&),
where v = 1+T\/§

An Arakelov theoretical bound does not exist in the literature. We have tried to prove the conjecture but
failed to do so. However, future work is in progress to verify the bound. ¢

Due to Algorithm [4.3.32) we can define an operator on Cpic, as we now explain. Let w(I) € Cpj. be the
output of Algorithm [4.3.32 with input 7(I;), 7(I;) € Cpic. Define the operation

®: Cpic X Cpic = Cpic, m(L;) ® w(1;) = w(1y).

Definition 4.3.37. The principal Arakelov cycle Cp;c, together with the operation ®, is called the Arakelov
infrastructure of K.

Proposition 4.3.38. The operation ® on Cp;. is closed and commutative. Furthermore, take any 7 (I;) € Cpic.

Then 7(I;) ® 7(Ox) = 7(I;). Moreover, write z(;, 1) = bi;;\i/g, where a; = No, (I; ') and b; € A,. Set

J =7+ 27, x::b—i_\/g,
2ai

where b = —b; mod 2a; and b € A,,. Then n(J) € Cpic and w(I;) ® 7(J) = 7(O).
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Proof. The operation ® is closed on Cp;. by construction. It is also commutative since the product of ideals
is commutative. Let 7(I;) € Cpic. Then 7(I;) is reduced, and Ok I; = I;. Therefore, the reduced Arakelov
divisor 7(I;) is the output of Algorithm |4.3.8| with input 7(I;O). This means that 7(I;) is the output of

Algorithm [4.3.32| with input 7(I;), 7(Ok). Thus, we get
m(L;) ® m(Ok) = 7(L;).

Next, we have the integers a; = No . (I YYand b € A,,. We know that 7(I;) is reduced. Hence, by Proposition
7.2 in [Sch08], we have that No,. (I;') < Vd. So we have a; < v/d, which means that b € [v/d—2a;,/d]. Since
ai, b are integers and v/d is non-rational, the integer b cannot equal the bounds of this interval. Equivalently,

we have
b—d

Vd—2a;<b<Vd = —2a;,<b—-Vd<0 = —1< o

< 0.

Then these inequalities say that —1 < o(z) < 0. We also have b; € A,_;, and so

—Vd<b<Vd = —Vd<—b;<Vd-2a,.

Since b = —b; mod 2a and b > V/d — 2a;, we have b > —b; + 2,a. Since —b> — /d, this also says that
b > 2a; — v/d. This is equivalent to saying that = > 1.

So we have J = Z + 2Z such that —1 < o(z) < 0 and x > 1. Proposition (rather its proof for Statement
(ili.) implies Statement (ii.)) shows that these conditions are sufficient to show that 1 € J is minimal. Hence,
the Arakelov divisor 7 (J) is reduced.

We know that % (b; +b) = ka; for some k € Z. Therefore, we have ged(a;, (b + b)) = a;. Using Proposition

33 we get
1 /
LJ=— <Z+ (b J”/g) Z)
a; 2

with ¥ = b; mod 2. Using Remark we know that if by = 0, then b; = 0 mod 2, and if by = 1, then
b; = 1 mod 2. So the same holds for ¥'. Hence, we see that I;J = %OK. Therefore, the fractional ideal J is
principal since I; is principal. Since 7(J) is reduced, and Cp;. is a complete list of reduced Arakelov divisors
ideal equivalent to m(Of), we must have 7(J) € Cpic.

Now we can apply ® to 7(I;) and 7(J). To this end, we use Algorithm Steps (i.) and (ii.) of this
algorithm are already done. So we only have to apply Algorithm to w(I;I). In step (ii.) of Algorithm
we need to take o = afl Thus, we obtain I’ = a;I;J = Ok in step (iii.). Since 1 € O is minimal, we
return 7(Of) in step (iv.). As a result of this, we get that n(I;) ® w(J) = 7(Ok). O

Remark 4.3.39. Throughout this section, we will denote the inverse of 7(I;) € Cp;i. with respect to & by
7(I;)~1. Note that this is not necessarily equal to the additive inverse —m(I;) in Div.

Note that with the notation of Remark [4.3.34|and the proof of Proposition [4.3.38} we have Ok = (a;zp) ' 1;J.
In this case, we have xp = 1. Using the same remark, we see that

xp
. ] = 0.
Soie(r(1]), W(Ox)) = glog| 25| =0
This essentially comes down to saying
Spic(m(L;) + w(1;) 71, 7(Ok)) = 0. ¢
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Proposition tells us that if the associative law holds, the Arakelov infrastructure is an abelian group.
So let us investigate the associative law.

Take w(I) = m(Ok), k =0, and [ = i in Corollary 4.3.26f We have 6y = 1, so for any 7(I;) € Cpic we get

Ipic (1(Ok), m(1;)) = Opic (W(OK), pi(ﬂ'(OK))) = %10

(6o)0;
g 900’(92)

1
T2

0;

% 156:)

€ [O7RK)7

o0 o0

where the interval inclusion follows from Corollary as well. It allows us to define the following function.
Definition 4.3.40. Consider the function 6%;.: Cpic — [0, Rx) given by

1

0;
5Br(1)) = Lo

Slo@)|.

Proposition 4.3.41. The function §2.. is injective.

Proof. If #Cpi. = 1, the statement is true. So we can assume that #Cpi. € Z~1. Equivalently, we can assume
that ord(m(Ok)) € Z=1. Suppose that for w(1;), 7(I;) € Cpic, we have 63, (m(I;)) = 62..(w(I;)). Without loss
of generality, we can assume that ¢ > j. By Definition [£:3:40] we have

1lo b = 1lo b
2 %1000, ~ 2 Blo)].
Set x := 9i9;1. Then we get
T x
log|—| =0 = |—| =1 = |Z|oec =|0(2)|co-
o(x) | o(z) |

For any k € Z~(, we have the formula
k—1
=]
1=0

with 0 < (&) < —1 and & > 1 for all integers 0 <[ < k — 1. Since i > j, we have

i—1
r = 0,0;1 = Hfl
I=j

So we get |z]o > 1. Moreover, we have 0 < 0(§;) < —1, so |o(x)]|s < 1. Consequently, it is impossible to
have |Z|oo = |0(2)|co. We reach a contradiction. Therefore, we have shown the injectivity of the function
6lgic' 0

Proposition 4.3.42. Let 7(l;),nw(I;) € Cpic, and set 7(Iy) := w(I;) ® w(I;). Then
Opic(m(I)) = 0pic(m (L)) + Opic (m(1))) + dpic(m(Li 1)), 7 (1)) mod Ry

In particular, one has 63, (m(Z;)~!) = —63,.(m(1;)) mod R

Proof. In Remark we saw that I = t:rl_)lIiI ;. Equivalently, we obtain

0, 'Ok = ta;'0; 10, O
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Consequently, there exists some a € O} such that 0 = at~'xp6;0;. Now, using Definition [4.3.40, we have

1 0
6%1C(7T(Ik7)) = ilog U(ek)
B 110 at™ xph;0
—3% (at=txpb;b;)
1 0; 1 0 1 rp
=1 i Z1 J =1 log | ——
2% |l 2 e, T2 a(xD>L+ 8 )‘

= OB (1) + 0% (1)) + G (T, (1) + 5 log

.

oa) s’

where we used Remark [4.3.34] for the distance &pic(m(1;1;), 7(I)). Since a € O, we know that a = +e’; for
some | € Z. We obtain that %log ‘ a?a) ‘ = [Rg. We conclude that

Opic(m(Ik)) = pic(m(15) + 0Bic(m(15)) + dpic(m(11;), m(1},)) mod Rpc.
For any 7(I;) € Cpic, we have 7(I;) ® m(I;)"! = 7(Of). Then
e (T(Ok)) = 0pic(w (L)) + ie (m (1) ™) + Opic (w (i) + 7(L;) ™", m(Ok)) mod Rp.
We know 69, (7(Of)) = 0 by Proposition (i.). By Remark we have
Spic(m(L;) + (L)1, 7(Ok)) =0

Hence, we obtain that
6gic(ﬂ-(li)_l) = —5&0(77([1-)) mod Rg. O

Proposition [4.3.42 tells us that 63, is not additive with respect to the operation ®. This prevents & from
being associative. Namely, for any arbitrary = (1;), 7(I;), 7(I) € Cpic we have

Opic((m(L) ® w(I;)) ® m(I1)) = Opie(m (L)) + Opic (m(1;)) + Opic(7(L:)) + k1 mod Ry,

and
pic(m(L;) ® (n(1;) @ m(Ix))) = pic(m (L)) + Opic(m(I;)) + pic(m (1)) + k2 mod R,

for some error terms k1, k2 € R. The error terms depend on the distance treated in Conjecture This
distance is difficult to control and behaves differently among the elements in Cpi.. So it might happen that
k1 # ke mod Ry. In that case, one has 03, ((7(L;) ® m(I;)) ® n(Ix)) # 6% (m(L;) ® (w(I;) ® w(I;))). By
Proposition we know that 6%, is injective. Thus, this would imply that

(w(L;) @ w(1;)) @ w(Ix) # 7(1:) ® (w(I;) ® 7(Ik))-

This means that the associative law does not need to hold for ®. This prevents Cpi. from being an abelian
group.

In conclusion, the Arakelov infrastructure Cpi. is not an abelian group with respect to the operation ®.
However, since only the associative law fails to hold, we can say that it has a group-like structure. This is
also what we saw in Section for the infrastructure C with the operation *. In that case, we could use the
Baby-Step Giant-Step Algorithm to obtain Algorithm Can we do this here as well?

Before we dive into such an algorithm, let us summarize and visualize what we have done in this section. We

started by investigating the principal Arakelov cycle Cpi. of K (see . Thereafter, we defined the operation
® on Cpjc induced from Algorithm We saw that ® satisfies all group properties on Cp;. except for
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the associative law. To show this, we made use of a distance function 51(%1& Cpic — [0, Ri) (see Definition
[4.3.40). Moreover, this function is injective (see Proposition [£.3.41). In Remark we saw that the
‘entire distance’ of the principal Arakelov cycle equals the regulator. Together with the function 82, it makes
therefore sense to visualize Cpi. on a circle of circumference Ry . Then any point of 7w(I;) € Cpic is visualized
on the circle by its distance §2;.(m(I;)) € [0, Rk ). We place the unit element 7(Of) = 7(Iy) of Cpic at the
top of the circle and move clockwise along the circle (see Figure [1)).

m(Ok) = 7(1lo)

W(Il)_l = F(Im_l)

71'([2)71 = 7T([m,_2)

Figure 1: A wvisualization of Cpic on a circle of circumference Ry .

From Proposition [4.3.42] we concluded that for any 7(I;) € Cpic we have
5E’ic(7r(-[i)_1) = _58’13(77(-[@)) mod Rg.

With the visualization of Cp;j. on a circle of circumference Ry, we may conclude that the inverse of an element
is always depicted on the opposite on the circle with respect to a vertical line splitting the circle into two
equal semicircles. Specifically, we have 7(I;)~* = 7(I,,,—;) for all 0 < i < m — 1. This is also visualized in
Figure

Now, let us look into the analogue of Algorithm [I.3.13]

Algorithm 4.3.43. (Infrastructure Algorithm using Arakelov Theory)
Input: Any fundamental discriminant d € Z~.
Output: The regulator Ry of the number field K = Q(v/d).

i.) Baby-Steps
Set Iy := Ok, and compute

A= {(w(I), 0pie(m(Ix)) : 0 < b < j+ 1},
where (1) = (0, ' O) = p*(n(Iy)) for all 0 < k < j + 1. Take j € Z>¢ such that

Spie(m (L)) < log(d) < &pic(m(Ij+1))- (59)

ii.) Compute
A= {(n(Le) ™ = 0pie(m (k) s w(lk) € A}

Equivalently, compute the inverses of the reduced Arakelov divisors from A with respect to ®. Set

B:=AUA.
iii.) If there exists a (w(Iy), 0 (w(I)) € A such that m(I),) = w(I) "', then return Rx = 26D, (w(Ix)).
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iv.) Set ¢ =0 and J; := I;.
v.) Giant-Steps
Set i =i+ 1 and compute (7(J;), 83, (7(J;)), where m(J;) := m(J;—1) ® n(I;). To compute 63, (w(J;))
do not use Definition but use the formula
3pie(m(J3)) = Opie(m(Ji-1)) + Osc(m(15)) + Opic(m (i1 1;), w(J3)), (60)
where Opic(m(Ji—11;),7(J;)) is computed by the formula of Remark
vi.) If (7(J;), 00 (w(J;)) € B, find (7(Ii), 6% (7 (1x)) € B such that 7(J;) = 7(I},). Then return
R = 03 (m(J)) — Opic(m(Ik))-
Else, return to step (v.).

Theorem 4.3.44. Under the assumptions of Conjecture Algorithm is correct and terminates
in a finite number of steps.

Proof. Step (i.) and (ii.) are just finitely many computations. Moreover, one can use Definition [4.3.40] to
compute 62, .(m(Ix)) in step (i.), and Proposition [4.3.38| to compute the inverses in step (ii.). If there exists a
(7(Ix), 63 (7(Ix)) € A such that 7(I;) = m(I};) ", then by Proposition |4.3.42} we find

—0pic (1)) = 0sc(m(Ik) ™) = 0ic(m(Ik)) mod R

It follows that 269, (m(Ix)) = IRy for some [ € Z. Since Definition tells us that 6%, (7 (Ix)) € [0, Rk),
we actually must have 263, (m(I;)) = Rk. Hence, the correctness of step (iii.) has been proven. It remains
to show that there exists some i € Zq such that the giant-step (7 (J;), 83, (m(J;)) is included in B. The
distance traveled by a single giant-step is given by

Opic(m(J:)) = 0o (m(Ji-1)) (61)
for some i € Z>¢. Using Equation , we can see that the value of equals
pic(m(15)) + dpic(m(Ji1 1), w (i)
By the choice of j € Z>g, we know that 63;.(m(I;)) < log(d). By Conjecture we know that
|0pic(m(Jim11;), m(Ji))|oo < log(d),
where the formula of Remark [4.3.34]is used to calculate dpic(m(J;—11;),7(J;)). Consequently, we get that
pic(m(1))) + bpic(m(Jio11;), m(J;)) < 21og(d). (62)

This means that the distance traveled by a single giant-step is less than 2log(d). The entire distance covered
by A is bigger than log(d) (see step (i.)). Thus, the same is true for A’. So the set B covers a complete
distance of at least 2log(d). Hence, a single giant-step cannot cross B completely. As Ry is a finite number,
eventually we must find a giant-step in . Therefore, the algorithm terminates in a finite number of steps.
Given such a collision, we have two equal reduced Arakelov divisors, with different distances. They are
different by the values of 0D, assigned in this algorithm. Specifically, the values from step (v.). Since the
distances are unique modulo R, this means that their distance is a multiple of the regulator. But we do
hit B with the first rotation, so we have the regulator itself. This shows the correctness of step (vi.). We
conclude that the algorithm is correct and terminates in a finite number of steps. O

Remark 4.3.45. The choice of j € Z>( in inequalities depends on the bound log(d) in Conjecture
It ensures that the baby-steps set A is big enough for a collision with a giant-step (see inequality
(62). Say, the conjecture is verified with a different bound C' € R<. Then one can replace log(d) by C in
inequalities , and the algorithm would still terminate. ¢
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The algorithm is rather abstract, so let us try to visualize it. In step (i.) of the algorithm, we create a set A
by baby-steps. We cover at least a distance more than log(d). This is visualized in the left circle of Figure
Thereafter, the inverses of the reduced Arakelov divisors in A are computed. In that way, we cover the same
distance on the other side of the circle. This is visualized in the right circle of Figure [

Figure 2: A wisualization of the baby-steps (left picture) together with its inverses (right picture) of Algorithm
covering a total distance (orange arcs) of at least 2log(d).

Now, step (iii.) of the algorithm occurs when the baby-steps cover half of the circle and there exists a reduced
Arakelov divisor at the bottom of the circle. This is visualized in Figure [3| Lastly, the visualization of the
giant-steps and a collision is given in Figure

7(I) = m(I) !

Figure 3: A wvisualization of the occurrence of step (iii.) of Algorithm
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Figure 4: A wisualization of the baby-steps covering a certain distance (orange arc) together with their inverses
(blue arc). Furthermore, two giant-steps 7w(Jy), w(J2) are depicted. Moreover, a collision between the giant-step
w(J;) and the inverse of baby-step w(Iy) for some k,l € Z~q is shown with a red bullet.
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5 Arakelov Theory for Rings of S-Integers

The goal of this chapter is to create a framework for Arakelov theory for the rings of S-integers. We do this
by transferring the definitions of Chapter [4 in a reasonable way to the rings of S-integers. Furthermore, we
will examine some properties of this theory. All results in this chapter are self-written. However, the ones
from Section [5.2.3| are heavily based on ideas from existing literature. But we will come back to this in this
section. Throughout this section, let K denote any number field and S a finite set of finite places.

5.1 Arakelov S-Divisors

In Definition we have seen the definition of an Arakelov divisor of K. Simply said, an Arakelov divisor
is a finite formal sum over the places of K. The finite places of K are in bijection with the non-zero prime
ideals of Ok. In Proposition we have seen that the prime ideals of Ok g are in bijection with the prime
ideals of Ok that are not contained in S. Hence, we propose the following definition.

Definition 5.1.1. An Arakelov S-divisor D of K is given by a finite formal sum

D:anp+ Z Ts0, Np €L, 15 €R.
p¢sS oeXR

The set of Arakelov S-divisors of K is denoted by Divg s.

Notice that the set Divk s attains an abelian group structure, where the group operation is given by the
addition of formal sums. The unit element is given by the zero Arakelov S-divisor, that is, the Arakelov
S-divisor for which all coefficients are zero. If we take S = ), we recover Definition In this original
setting, we call them Arakelov divisors, instead of Arakelov (-divisors. Moreover, the set of Arakelov divisors
is denoted by Divg instead of Divg g. The following result is an immediate consequence of the definition.

Proposition 5.1.2. If S C S’ are finite sets of Y%, then Divy s C Divg s. Moreover, the set Divg g is a
subgroup of Divg s.

Let (S) denote the subgroup of Divg generated by the Arakelov divisors p for p € S.
Proposition 5.1.3. There exists a group isomorphism Divg g 2 Divg /(5).

Proof. Consider the map ¢g: Divg — Divg g that given an Arakelov divisor D written as

D= Z npp + Z o0,

pe&p‘}( cEXNY
sends it to
vs(D) = anp + Z Zo0.
p¢s oeXR

By the definition we have ¢g(D) € Divk g. Since Divig and Divg g have the same group structure, it
follows that ¢g is a group homomorphism. Surjectivity of ¢g follows from the fact that Divg g C Divg (see
Proposition. Finally, we have D € ker(ypg) if and only if n, =0 for all p ¢ S and z, = 0 for all o € X%.
Therefore, we know D € ker(ps) if and only if D is of the form D = 3 g nyp. This shows that ker(ps) = (S5).
Therefore, the group homomorphism ¢g induces a group isomorphism Divg ¢ = Divg /(S5). O

In Definition we have seen principal Arakelov divisors. Specifically, for a principal Arakelov divisor
div(x) for z € K*, we take the coefficients at p € P to be ordy(z). So, if we would like to define a principal
Arakelov S-divisor for x € K*, it is reasonable to say we take the coefficients at p ¢ S to be ordpo, s ().
However, in Proposition we saw that for any 2 € K* one has ord,(z) = ordyo, s(z) for all p ¢ S.
Therefore, we propose the following definition.
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Definition 5.1.4. A principal Arakelov S-divisor of K is defined by

divg(x) := anp + Z zo0, ny =ordy(z),r, = —loglz|s,
pé¢sS oeEXR

for some « € K*. The set of principal Arakelov S-divisors of K is denoted by Pring g.

If S = (), we recover Definition In this original setting, we just call them principal Arakelov divisors,
instead of principal Arakelov (-divisors. Moreover, the set of principal Arakelov divisors is denoted by Pring

instead of Pring . Furthermore, we simply write div instead of divy. Notice using the group homomorphism
g of the proof of Proposition we have

ps(div(z)) = divs(z). (63)
Proposition 5.1.5. The set Pring g forms a subgroup of Divg s.

Proof. For any xz € K*, we know that ord,(x) can only be non-zero at finitely many p € P%. Otherwise,
the fractional ideal xOk has infinitely many prime ideals in its factorization, which is impossible. Together
with the fact that there are only finitely many infinite places, we have that divg(z) must be a finite sum.
Therefore, we have that Pring ¢ C Divg g.

The zero Arakelov S-divisor is contained in Pring g by divg(l) = 0. Now, for any = € K*, we have
ordy(z7!) = —ordy(z) and log |z~!|, = —log|z|,. Therefore, for any divg(z) € Pring, g, we have the inverse
divg(z~1) € Pring g, since their sum equals zero. For any x,y € K*, we have ord,(zy) = ordy(z) + ord,(y)
and log |zy|, = log|z|s + log |y|s. Then we have

divs(xy) = diVS(SC) + diVS(y).

Therefore, for any divg(z),divs(y) € Pring g, we have divg(z) + divg(y) = divs(zy) € Pring g. It follows
that Pring s C Divg g forms a subgroup of Divg g. O

By Proposition it makes sense to take the quotient group of Divg s by its subgroup of principal
Arakelov S-divisors.

Definition 5.1.6. The quotient group Divg s /Pring g is called the Arakelov S-class group of K and is
denoted by Pick g.

If S = (), we recover Pick from Definition In this case, we write Picx instead of Pick ¢ and call it
the Arakelov class group instead of the Arakelov (-class group. Throughout this thesis, for D € Divk g we
denote its equivalence class in Picg s by [D].

Definition 5.1.7. Two Arakelov S-divisors D, D’ € Divk g are called equivalent if [D] = [D’] in Pick s.
Equivalently, there exists an x € K* such that D — D’ = divg(x).

Remark 5.1.8. In Definition we have seen the degree-zero-Arakelov class group Pic. However, there
is no natural way of translating the notion of degree to Arakelov S-divisors. With natural we mean that there
is not a clear translation to obtain Pring ¢ C Div% 5, if Div% 5 would denote the set of Arakelov S-divisors
of degree zero.

Looking at the geometric analogue, this becomes maybe more clear. We stated that Pic(}( is an analogue of
the subgroup of the Picard group of a complete projective curve consisting of divisors with degree zero. What
we are doing here, deleting finite places of the number field K, can be seen as deleting points on the projective
curve. Deleting points on a projective curve is the same as restricting to an affine subset of the projective
curve, i.e. an affine curve. There is no natural notion of the degree of divisors on an affine curve such that the
principal divisors have degree zero. Namely, we might be deleting poles or zeroes from a rational function. ¢
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Let ([S]) denote the subgroup of Pick generated by the elements [p] € Picgk for p € S.
Proposition 5.1.9. There exists a group isomorphism Picg, s = Pick /([S]).

Proof. Consider the map ¢g: Picx — Pick, g defined by [D] — [¢g(D)], where ¢g is the group homomor-
phism from the proof of Proposition Take [D], [D'] € Pick such that [D] = [D’]. This means that there
exists some z € K* such that D — D’ = div(z). Then using ps on both sides, we get

ps(D=D') =ps(div(z)) = ws(D) - ps(D') = divs(z),

where we used that ¢g is a group homomorphism and Equation (63). This means that [pg(D)] = [ps(D’)]
in Pick g. This shows that g is well-defined. Furthermore, Equation says that ¢¥¢ maps any [div(z)] to
[divs(z)]. We see that 1s sends the unit element of Pick to the unit element of Pick s. Moreover, since
s is a group homomorphism, the map g is also a group homomorphism. The map g is surjective since
Divg,s C Divg (see Proposition|5.1.2)). If [D] € ker(1g) then [ps(D)] = [0]. This says that ¢g(D) € Pring g,
i.e. there exists an x € K* such that

@S(D) = diVs(.’E). (64)
So write
D= Z npp + Z Ty0.
pe&p‘;{ cEXNY

Then Equation says that
Z npp + Z z,0 = divg(z). (65)
pésS oeLE

Notice that

divg(z) = div(z Z ordy (x (66)
peSs

So using Equation and , we get

D= Z npp + Z ToO

pe&p‘}{ ocEXR

=D mpt | Dmpt D w0
peS p¢S cEXR

= Z npp + divg(x)
peS

= Z npp + div(z Z ordy (z
pes pes

= Z —ordy (z))p + div(z).
peS

Then
D — Z —ordy(x))p = div(z).
pes
This shows that [D] = [}°,g(n, —ordy(2))p] in Pick, and so [D] € ([S]). Therefore, we have ker(ys) C ([S]).
Conversely, if [D] € ([S]), then ¥s([D]) = [¢s(D)] = [0]. Hence, we also have that ([S]) C ker(ig). We obtain
ker(¢g) = ([S]). Therefore, we conclude that the group homomorphism g induces a group isomorphism

PiCK’S gPlCK/<[S]> O

Next, we study the structure of Picg g a little bit closer. More precisely, we extend the commutative diagram
on page 450 in [Sch08] to the rings of S-integers. Firstly, we can associate a fractional ideal to an Arakelov
S-divisor.
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Definition 5.1.10. The fractional ideal I(D) of Ok g associated to the Arakelov S-divisor

D:anp+ Z To0, Np €L, x, €ER,
p¢sS oceEXR

is defined by I(D) = [],¢5(pOx,s) .

The map
L: Dhqgg—%IdKﬁ, I)Fﬁl(D), (GW

is a group homomorphism, i.e. for D, D’ € Divi we have
I(D+ D) =I1(D)I(D"). (68)

Definition 5.1.11. Consider the map ms: Idg g — Divg s given by

ms(1) =Y npp+ > <71L 1og(NOK,S(1))> 0.

p¢s oELR

for some I € Idk s written as [ = J[,.¢(pOk,s) "
The map 7g is a group homomorphism and a section of ¢. If S = (), we recover the group homomorphism 7

that we have seen in . Throughout this thesis, we will use the notation 7 rather than my.

In Proposition we saw that the subgroup px C O}, consisting roots of unity of K, is characterized by
the elements a € O such that |a|, = 1 for all ¢ € X®. One has O} C O g, and so ux C Ok g. In this
case, we do not have such characterization. There might exists a € O 5 such that |a|, =1 for all o € X%,
but a ¢ pg.

Example 5.1.12. Let K = Q(v/=7). By Equation (), we know that px = O = {+1}. Now, consider the
element x := % in K. Then

|z|o

‘3+\/—7‘ _
4 w

Now, let the factorization of ©Ok of non-zero prime ideals of O be given by

k
xOK:::IIp?”
=1

for distinct prime ideals p; C Ok, ny € Z, and some k € Zsg. Set S = {p; : 1 <4 < k}. Then ord,(z) =0
for all p ¢ S. Hence, tells us that € Ok g. Thus, the element x is a unit of Ox s and satisfies ||, = 1
for all o € X%, but is not contained in the group . |

Define
px,s ={a € Ok g |alo =1 for all o € X5 }.

If we take S = (), we recover ugx. We rather denote this by px than pg g.

In Definition [5.1.4] we have seen the definition of a principal Arakelov S-divisor. This definition induces a
map divg: K* — Divg g defined by x — divg(z).

Lemma 5.1.13. The map divg is a group homomorphism, and induces a group isomorphism K*/ug s =
Pring s.
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Proof. By the proof of Proposition [5.1.5] we know that divg is a group homomorphism. By construction,
we know that divg is surjective if its codomain is restricted to Pring g. We know that ord, (a) =0 for all
p ¢ S if and only if a € OF g (see (24)). By construction of u s, this means that divg(a) = 0 if and only if
a € uk,s. We obtain that ker(divsg) = px,s. Consequently, the group homomorphism divg induces a group
isomorphism K*/uk s = Pring s. O

Definition 5.1.14. For x € K™, define the tuple & € Haezgg R~o by & := (|z]s)sexse. Furthermore, for

u = (UU)UEE?? € ngz?{o R~ ¢ define IOg(u) = (log(u(r))er%“

Let us view Haezgg R in Divg s by being related to the Arakelov S-divisors with zero coefficients at the

finite places. The property that ordy(a) =0 for all p ¢ S and a € Oj ¢ (see (24))), implies that if we restrict
divg to O g, the codomain can be restricted to HUGE%o R C Divg,g. Explicitly, the group homomorphism
divg induces the group homomorphism

7: 0k s~ H R, aw~ —log(a).

ocEXY
Lemma 5.1.15. The group homomorphism 7 has kernel jix s.

Proof. Take any a € O g. By construction of pix s, we know that log(a) = 0 if and only if @ € uk, 5. We
see that ker(7) = ug. O

The cokernel of the group homomorphism 7 will be denoted by Tk . Specifically, we have

Txs= [] R/{log(a):a € Ok} (69)

cEXE

If S = (), we recover Tk from the short exact sequence . We will denote it simply by Tk rather than
Tk p. Throughout this thesis, for u € HUGE}){C R we denote its equivalence class in Tx,s by [u].

Next to the group homomorphisms ¢,divg, 7 introduced above, we need to construct some more group
homomorphisms. Consider the group homomorphisms

)\ZK*/,U/K’S%PK,SU [LL']HIL'_lOK}S7
(s: Tk,s — Pick g, [(xa)aezfé’] = [ Z xUU]’
oeEXY

and
X: PiCK7S — CIK,S, [D] — [I(D)]

The reason to take the inverse of x in A has to do with the communicativeness of the diagram in the next
theorem. Furthermore, let

¢1: [ R—=Tks, ¢2: Divis = Picks, ¢35 ldgs — Clg g

oeXy

be the canonical maps. Lastly, let

id: 0}75/MK7S — K*/,UzK,S, idR: H R — DiVK'7 idp: PK,S — IdK7S

ocEXE

be the inclusion maps. The fact that these maps are really well-defined group homomorphisms, is either easy
to verify or will be proved in the next theorem.
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Theorem 5.1.16. The diagram given by

0 0 0
0 » Ok s/1K,s —d K*/uk.s A Pk,s 0

J/T ldivs idp

0 — [lres= R — %, Divgg —— Idgg — 0

l(;&l Li’z b3

0 Ti.s —— Picx.s —— Clgg — 0
| | |
0 0 0

is commutative and consists of short exact sequences.

Proof. The exactness of the first column is given by Lemma and the definition of Tk 5. The exactness
of the second column is given by Lemma[5.1.13} and the definition of the Arakelov S-class group Pick g. The
exactness of the third column is given by the definition of the class group Clg s.

To show exactness for the first row, assume that [z] = [y]. Then there exists some z € g g such that zz = y.
Then y‘l(’)Kﬁ = J:_lz_l(’)K,s = m_l(’)Ks as z € O;(,s~ Hence, the group homomorphism A is well-defined.
The map is surjective by construction. Its kernel is given by the elements € K* such that 2 'Ok g = Ok s.
These are precisely the elements of O 5. Thus, the exactness of the first row follows. To show exactness for
the second row, notice that ¢ is surjective since it admits the section mg. Furthermore, its kernel is given by
the Arakelov S-divisors D such that I(D) = Ok g. Therefore, the coefficients of the finite places for D must
equal zero. It follows that Haezgg R must be its kernel. So the exactness of the second row follows.

We will explain the exactness of the last row a bit more explicitly since this will be used in some other parts
of this thesis. So focus on the sequence

(s

0 TK,S PiCK,S # ClK,S — 0.

Note that this generalizes the short exact sequence of Section We have

[(xd)GEE?} = [(ya)aeﬂiﬁ] g (xo)GEE? = (Yo — log |a‘0)062f§’ for some a € O;(,S

= Ty = Yo — log|al, for all ¢ € X and some a € O ¢

= Z To0 = Z YoO — Z log |a|y0 for some a € O ¢

ocEXY oeXy cEXR
— E Ty = g Yo0 + divg(a) for some a € O ¢
ocEXR oceXY
— E ToO0| = g Yo O
oEXR ocELR

Therefore, the map (g is a well-defined injective map. Furthermore, it is a group homomorphism as it respects
addition. Consequently, the sequence is exact at Tk g.

If [D] = [D'] for some D, D’ € Divk g, then D = D'+ divg(z) for some z € K*. Denote the coeflicients of the
finite places of D, D" by ny,ny, for all p ¢ S, respectively. Then the equality implies that n, = nj, + ordy(z)
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for all p ¢ S. Then we have
I(D) = H(p(’)K,s)fn” = H(poK,s)fni’ford“(I) = H(POK,S)%; H(POK,S)ford"(m) =I(D')(z~ ' Ok.s).
p¢s pé¢s pEsS p¢S

Hence, this means that [I(D)] = [[(D)’] in Clg. So the map x is well-defined. Furthermore, for any fractional
ideal [I] € Clg,s written as I =[], 5(pOk,s)"", we can take the Arakelov S-divisor

D= Z(*”p)P
pES
such that x([D]) = [I(D)] = [I]. This means that the map x is surjective. Furthermore, for [D], [D’] € Pick,s
X([D]+[D']) = x([D + D)) = [I(D + D')] = [[(D)][I(D")] = x([D])x([D']),
where we used Equation . As a result of this, we see that x is also a group homomorphism. Therefore,

exactness at Clg g follows.

It remains to show that im({s) = ker(x). Take any [D] € im((s). Then [D] is of the form [ZJGE?{C Zs0].
We get that x([D]) = X([Zaez;'g z,0]) = [Ok,s], i.e. [D] € ker(x). Conversely, take [D] € ker(x). Then

[Ok.s] = x([D]), and so [Ok,s] = [I(D)]. Hence, there exists some z € K* such that I(D) = 2Ok g. If we
denote the coefficients of the finite places of D by n, for all p ¢ S, then we get that n, = —ord,(z) for all

pé¢S. So
D=divs(z™ )+ Y z00

oeXY
for some z, € R. We obtain that [D] = [Zaezgg zs0] € im(Cs). By inclusion of both sides, we obtain
m((g) = ker()x). This proves the exactness at Picx g.

A careful check can verify, with the group homomorphism constructed above, that the diagram is commutative.
O

5.2 Alternative Structure of the Arakelov S-Class Group

In this section, we will introduce alternative structures of the Arakelov S-class group. This will contain a
different notation for Arakelov S-divisors, and two groups that are isomorphic to Pick g.

5.2.1 Multiplicative Notation

To work with Arakelov S-divisors, it is not always convenient to work with the current definition. In Definition
we introduced the multiplicative notation of an Arakelov divisor. In this section, we will generalize
this notation to Arakelov S-divisors.

Take I to be a non-zero fractional ideal of Ok s and u € Kr whose elements are all real and positive.
Equivalently, we can take u € HOEE}’? R<o (see Remark . We combine these two elements into a pair

written by (I,u)s. Now, any Arakelov S-divisor, given by

DzZn,,p—&— Z To0, Ny €L, 1, ER,
pésS oeELR

can be mapped to such a pair. Namely, we map D to (I(D),(e™""),exs)s, where I(D) is the associated
fractional ideal to D (see Definition [5.1.10|). This mapping is injective. Namely, consider another Arakelov

S-divisor defined as
D'=>"mp+ > yoo, my€Ly, R
pES ocELR
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If D, D' € Divg s map both to the same pair (I,u)g, then
I'=I1(D)=1(D), wu= (e_x”)aezgg = (e_ya)o—eE?-

By uniqueness of factorization of fractional ideals in non-zero prime ideals of Ok g, we have that n, = m, for
all p ¢ S. Furthermore, since the exponential function is injective and e™%¢ = e~¥% | we have that z, = y, for
all o € 2. Hence, we see that D and D’ have the same coeflicients, i.e. D = D’. Moreover, this mapping is
surjective. Namely, take any (I,u)g, for some non-zero I € Idg,s and u € Haezgg R+ . More specifically,
write
I=]]0ks)™, u=(us)oexs.
pés
We have that n, € Z for all p ¢ S. Since u € ngzgg R+, we have log(u,) € R for all ¢ € £. Then the

Arakelov S-divisor of the form
D=- Z npp — Z log(ug)o,
p¢s oEXR
is mapped to (I,u)s. In conclusion, we have a bijection between Divg g and the set of pairs (I, u)g, for some
non-zero I € Idg s and v € [], exe R~ . By this bijection, we interchange the notions of Arakelov S-divisors
and these pairs freely.

Definition 5.2.1. Let D € Divg,g. The notation

D:Znﬂa—&— Z To0, Ny € L,xs €R,
p¢s ocELR

is called the additive notation of the Arakelov S-divisor D. The notation D = (I,u)g for some non-zero
I'cldg,s and u € Haezfg R+, is called the multiplicative notation of the Arakelov S-divisor D.

If we take S = 0, this is just the multiplicative notation we introduced in Definition [4.1.10] In this case, we
denote an Arakelov divisor by (I, u) rather than (I,u)g. The group operation of the group Divk g, in the
multiplicative notation, is given by

(I,U)S + (J, ’U)S = (IJ, uv)s, (I, u)s, (J,U)S € Divg g.

Namely, the coefficients of D are mapped to powers of prime ideals and the exponential. Therefore, addition
turns into multiplication. The zero Arakelov S-divisor is given by (Ok s, (1)sexse) in the multiplicative
notation. Any principal Arakelov S-divisors divg(z) for some 2 € K*, is given by

(CL'_IOK’S,.”E')S (70)

in the multiplicative notation. Lastly, for some I € Idg g, the Arakelov S-divisor wg(I) is given by
(I7 (NOK,S (I)_l/")UEEE’? )S~

5.2.2 Metrized S-Line Bundles

In Definition [4.1.12], we have seen the definition of an ideal lattice of K. There was a natural way to associate
an ideal lattice with an Arakelov divisor (I, u). Namely, we considered the projective Ox-module u¥(I) of
rank 1 and took the inner product from Kgi. Here ¥: K — Ky denotes the Minkowski embedding. So, at
first sight, a natural extension would be given as follows. Given an Arakelov S-divisor (J,v)g, we create the
projective Ok g-module v¥(J) of rank 1 (these module properties will be shown in this section). Moreover,
we use the Euclidean structure of Ky to give some additional structure to this Ok g-module. However, in
comparison to u¥(I), the subgroup vW¥(J) no longer forms a lattice in Kg. Instead, in Theorem we have
seen that the non-zero fractional ideals of Ok g form a lattice in Kg, under the image of the S-Minkowski
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embedding Wg: K — Kg, rather than in K. So either the name of ideal lattice would be inconvenient in
this case, or we should consider ¥g rather than . However, the S-Minkowski space Kg is not a Euclidean
space. Therefore, we cannot consider an inner product on Kg. This would complicate the extension of the
definition of an ideal lattice. So to conclude, on one hand, we can map fractional ideals of Og g to Kgr. They
no longer form lattices in Kg but we can use the inner product on Kg. On the other hand, we can map
fractional ideals of Ok s to Kg. They form lattices in Kg, but we cannot use an inner product. So we have
to choose between these two options. However, it turns out that we can also study them separately. This is
exactly what we will do. In this section, we will consider the case where we embed everything into Kg, and
use the Euclidean structure of it. In the next section, we embed everything into Kg, where we use the lattice
properties.

More specifically, in this section, we will consider projective Ok s-modules of rank 1. To understand the
notion of rank of projective modules, we start with a short overview of this theory. Thereafter, we introduce
the notion of a metrized S-line bundle. This is a projective Ok, s-modules L of rank 1 supported by a
Kpg-metric on the Kr-module L ®¢,, ; Kr. We show how the set of metrized S-line bundles attains an abelian
group structure. This group structure uses the tensor product of modules. Therefore, throughout this section,
we will use standard tensor product rules for modules without reference. But one can find these in Chapter 2
in [AMG69] or Chapter 8 in [AK21] for example. Once the group structure is given, we show how this group is
isomorphic to Pick g.

Let R be a commutative ring. Let Spec(R) denote the set of all prime ideals of R. We endow Spec(R) with
the Zariski topology. The closed sets of this topology are given by

V(A) :={p € Spec(R) : A C p},

for some subset A C R. Recall that an R-module M is projective if there exists an R-module N such that
M@ N = R for some k € Z>o. From now on, assume that M is a projective R-module. We know that
the localization R, for any p € Spec(R) is a local ring (see [AM69, Example 1, Page 38]). Furthermore,
the projective property is a local property. So we have the projective Ry,-module M, for all p € Spec(R).
Kaplansky’s Theorem for projective modules says that any projective module over a local ring is free (see
[Kap58, Theorem 2]). Hence, we conclude that M, is a free R,-module for all p € Spec(R).

Definition 5.2.2. Let M be a projective R-module. The rank of M at p € Spec(R), denoted by rank, (M),
is defined to be the rank of the free Ry,-module M,. The module M has constant rank if the rank of M at p
is equal for all p € Spec(R). In this case, the constant rank of M is denoted by rank(M).

Lemma 5.2.3. Let M be a projective R-module. For any p € Spec(R) one has
rank, (M) = dim,, ) M ®r K(p),

where k(p) = Ry /pR,.

Proof. One can view k(p) as Ry-module. It follows that x(p) ®r, M, is a free x(p)-module of rank rank, (M),
by Proposition One has M, = R, ® M by Proposition 3.5 in [AM69]. So by associativeness of the
tensor product, we have that

K(p) ®r, My = (p) ®r, (Ry ©r M) = (k(p) ®r, Ry) @r M = r(p) @r M
is a free x(p)-module of rank rank, (M). Since x(p) is a field, we have rank, (M) = dim, ) M @g k(p). O
There is a way to find a relation between projective modules, finitely generated modules, and the rank.

Proposition 5.2.4. If a projective R-module has a constant rank, then it is finitely generated. Conversely,
if a projective R-module is finitely generated and Spec(R) is connected, then it has a constant rank.
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The first statement is proved by the proof of [Vas69, Proposition 1.3]. The second statement is derived in
Section 2 of Chapter 1 in [Weil3].

Corollary 5.2.5. Let M be a projective module over a domain R. Moreover, let F' be the field of fractions
of R. Then M is finitely generated if and only if it has a constant rank. Moreover, if M is finitely generated,
then the constant rank is given by rank(M) = dimp M ®pg F.

Proof. Since R is a domain, we know that the integral ideal (0) is a prime ideal. This prime ideal can only
be contained in the closed subset of Spec(R) given by

V({0}) = {p € Spec(R) : {0} € p}.

On the other hand, we have V({0}) = Spec(R). Therefore, if two disjoint closed subsets of Spec(R) cover
Spec(R), one of them must contain the prime ideal (0). This immediately implies that one of them must be
the whole space. This means that the topological space Spec(R) does not admit a partition, i.e. it is connected.
So, if M is a projective R-module, we know by Proposition that M is finitely generated if and only if it
has a constant rank. In case M is finitely generated, the constant rank is given by rank(M) = dimp M ®g F.
This is obtained by using the prime ideal (0) in Lemma[5.2.3] O

This will most commonly be used in the rest of this thesis since we will work with modules over domains.
Therefore, assume for the rest of the section that R is a domain.

Denote the set of projective R-modules of constant rank 1 by P. Consequently, if we take any M € P it is
automatically finitely generated by Corollary[5.2.5] For any R-module M, the set of R-module homomorphisms
from M to R is denoted by M* := Homp(M, R).

Proposition 5.2.6. The set P} contains the R-module R, and for any M € P}, one has M* € P}. Moreover,
for any My, Ms € Ph, one has My ®p My € Pp.

Proof. We know that R can be viewed as a free R-module itself. In particular, it is finitely generated and
projective. Therefore, by Corollary it has a constant rank. Moreover, the corollary tells us that its
constant rank is given by

rank(R) = dimp RQpr F = dimp F = 1.

We get that R € P}z. Now, take any M € P}%. Since M is finitely generated and projective, so is M* (see
[CRI5L Proposition 1.10]). In that case, Corollary tells us that it has a constant rank. Proposition 1.31
in [CRIH] tells us that

rank(M™) = rank(M) rank(R).

Therefore, we have rank(M*) = 1, and so M* € Pj. Take any M, My € P}. Then M; @r M is a finitely
generated and projective R-module since this is preserved under tensor products (see for projectiveness
Proposition 1.7 in [CR13]). It follows, by Corollary that it has a constant rank. Proposition 1.31 in
[CRIH] tells us that

rank(M; ® g Ms) = rank(M;) rank(Ms).

Therefore, we have rank(M; ®r M) = 1. We see that M; @ My € Pp. O
From now on, let O be a Dedekind domain and F' its field of fractions.

Lemma 5.2.7. One has I € P}, for any fractional ideal I of O. Moreover, for any M € P} there exists a
fractional ideal I of O that is isomorphic to M as O-module.

Proof. Recall that an O-module M is called torsion-free, if for any m € M there does not exist a non-zero
r € O such that rm = 0. Proposition 4.3 in Chapter IIT of [Neu99] states that M is projective if and only
if M is torsion-free. Any fractional ideal of O is torsion-free as an O-module, as it lives in the field F. In
particular, any fractional ideal is projective. Now, since O is a Dedekind domain, we have that all fractional
ideals of O are finitely generated as O-module. Hence, any fractional ideal of O is a finitely generated and

Page 104 of



projective O-module. It follows from Corollary that it has a constant rank. Moreover, the corollary
tells us that the constant rank of I € Idey is given by

dlmF(I R0k s F) =dimp F =1,
where we used Proposition m Thus, any fractional ideal of O is contained in P},.

Now, let M € P}. Since M has constant rank 1, we have that
1 =rank(M) = dimp(M @0 F),

using Corollary [5.2.5] Consequently, there exists a non-zero a € M ®o F that forms an F-basis of M ®¢ F.
Then for any u € M, there is a unique z,, € F' such that u® 1 = z,«a. For u € M and a € O, we have

T =au®1=alu®1l) =azx,q,
where we used bilinearity over O. We get that z,, = az,. Moreover, for u,v € M, we have
Ty =(u+0)@1=uR14+v®1=ra,a+ c,a = (T, + Ty)a.

We see that x4, = xy +x,. Therefore, the map f: M — F given by u — z, is an O-module homomorphism.
Moreover, the map f is injective by the uniqueness of z, for any u € M. The O-module M is finitely
generated. The image of a finitely generated O-module under an O-module homomorphism is a finitely
generated O-module. This means that f(M) C F is a finitely generated O-module. In particular, we know
that f(M) is a fractional ideal of O. By injectivity of f, it follows that M is isomorphic as O-module to a
fractional ideal of O. O

We are done investigating the rank of projective modules. Therefore, we are ready to look into the extension
of ideal lattices by embedding everything into Kg. For any o € X%, we have K C K,. Hence, we can view
K, as a K-module. Therefore, we can also view Kr = Hae2§ K, as a K-module. So in particular, we can
view Kgr as an Ok s-module. Hence, we can consider the tensor product

Lr:=1L ®OK15 Kp

for some L € PéK_S. Notice that we can view Lg as a Kg-module. Since K =[] K., we also have

ocEXR

Ly =L®o,s Kr=L®o,s | [[ Ko| = [] L®oxs Ko

ocEXR ocEXR

So setting L, := L ®o, s Ko for any o € £%, we get

Lp= [] Lo (71)

ocEXE
Definition 5.2.8. Let L € P(ng o+ A map (-,-): Lg x Lgr — Kx is called an Kg-metric on Ly if
i) (u,u) € Haezgg R for all u € Ly and (u,u) = 0 if and only if u = 0.

ii.) Let the decomposition through of u be given by (us)sense. If uy, # 0 for all o € X%, then
(u,u) € [Treng Roo-

iii.) (u,v) = (v,u) for all u,v € Lg.

iv.)) {au+ fv,w) = alu, w) + (v, w) for all u,v,w € Lg and «a, 8 € K.
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Definition 5.2.9. A metrized S-line bundle of K is a pair (L, (-,-)1), where L € P}, _ and (-,-)r, is a
Kgr-metric on Lr. The set of metrized S-line bundles is denoted by MLy s.

Remark 5.2.10. The notion of metrized S-line bundles is the extension of ideal lattices for this section.
Until now, we have always extended notions in such a way that if we take S = (), we recover the original
situation. So, in this case, we expect a metrized (-line bundle of K to be an ideal lattice of K. However, while
we still have a projective Og-module L of rank 1, we see that there is a difference. Namely, for metrized
()-line bundles we consider a Kg-metric on L ®¢, Kg, while for an ideal lattice, we consider an inner product
on L ®p,, Kg. So the notion of metrized S-line bundles is not a full extension of ideal lattices. However,
there is a reason why we take a Kg-metric. In Proposition (i.), we have seen that Pickx and the set of
isometry classes of ideal lattices are in bijection. Therefore, the set of isometry classes of ideal lattices attains
an abelian group structure induced from Picg. We would like to obtain such a result for metrized S-line
bundles. However, we would like to give a group structure on the set of metrized S-line bundles before the
bijection. It would mean that we can construct a group isomorphism rather than a bijection. It turns out, by
trying to accomplish this, that it is easier to work with a Kg-metric than an inner product.

The ideas for a Kg-metric are inspired by Section 4 of Chapter IIT of [Neu99], where metrized Ox-modules
are studied. ¢

In Proposition [5.2.6] we have seen that O s € Ph. .. Now, we can transform Ok s into a metrized
S-line bundle. Therefore, we have to endow (Ok,s)r with a Kg-metric. Notice that we have a Kg-module
isomorphism

(Or,s)r = Ok,s ®oy s Kr = Kg. (72)
So endowing (Ok g)r with a Kg-metric is equivalent to endowing Kg with a Kg-metric.

Proposition 5.2.11. Take any o € Haez? R<g. The map (-, )o: Kr x Kg — Kg defined by
(u,v)q = *uv
is a Kg-metric on Kg. Moreover, any Kg-metric on Kg is of the form (,-), for some a € HUGE?{C R<o.

Proof. The fact that (-, ), is a Kg-metric on Ky is a direct verification of the conditions from Definition

bZ3

Now, let (-,-) be any Kg-metric on Kg. Then (1,1) € Ho—ezf;g Rso. Therefore, we can define o := /{1, 1),
where we take the square root entry-wise. In its turn, we have o € Haezgg R<o. Then for any u,v € Kk,
using conditions (iii.) and (iv.) of Definition we have that

(u,v) = u(l,v) = uv,1) = uv(1,1) = *uv = (u,v)q.
We see that (-,-) = (-, )a. O

So we can take any Kg-metric on Ky from Proposition [5.2.11| to make Ok g a metrized S-line bundle.
Specifically, we choose aw = 1. We conclude that (Ok g, (-,-)1) € MLg,s.

Given (L, (-, )r), (L', {-,-)r) € MLk g, there is a way to create a new metrized S-line bundle. Namely,
since L, L' € P}, _ ., we have seen in Proposition that L ®o, s L' € Pj, .. So it remains to endow
(L ®0y s L')r with a Kg-metric. Notice that

(L®0xs L')r = (L®0x s L') ®04 s Kr
> L Qoxs (L' @0y s Kr)
=L ®0xs (Kr Oy (L' ®0,. s Kr))
= (L ®og.s Kr) @ky (L' @04 5 Kr)
= Lg ®K, Li.
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Thus, we have a Kr-module isomorphism
(L®0xs L')r & Lg @k, L. (73)

So endowing (L ®o, ¢ L')r with a Kg-metric is equivalent to endowing Lg ® g, Ly with a Kg-metric. For
uRu,v®v € Lgr ®k, Li, we define

<U/ &® ula (Y UI>L®L’ = <U/7 U>L<u/7 UI>L'7 (74)

and extend this by linearity over Kg. Recall that a tensor product M ®pr M’, for two R-modules M, M’ and
commutative ring R, is spanned by the symbols u ® v’ for u € M and u' € M’. These symbols satisfy the
rules

(u+v)@u =uxd +ved, ux W +v)=uxd +uxr,

rlu@u) = (ru) @u =u® (ru),

for u,v € M, v',v' € M’, and r € R. Hence, it needs to be checked that the Kr-metric is well-defined
on the tensor product. But this follows directly from the fact that we extend it by Kgr-linearity. Furthermore,
since (-,-)z and (-,-) 1 satisfy the conditions of Definition [5.2.8] it follows that (-, ) gL+ does too. As a result
of this, we know that (-,)rgr/ is a Kg-metric on Lg ®g; Ly (or equivalently (L ®o, ¢ L')r). In conclusion,
we can define the operation MLk ¢ x MLk s — MLk g, which we denote by o, given by

(L, () o (L () = (L®oks L5 () Lor)-
Remark 5.2.12. To complement Remark [5.2.10] if we had taken an inner product on Lg and Lg, we would
run into trouble by checking that an inner product on (L ®o, ¢ L')r is well-defined. Namely, the rule
rlu@u’) = (ru) @u' =u® (ru)

is easier to verify for a Kg-metric (because this is extended by Kg-linearity), than for an inner product
(because that would be extended by R-linearity). ¢

Given a single (L, (-,-)1) € MLk g, there is also a way to create a new metrized S-line bundle. Namely,
if L € Py, ., we have seen in Proposition that L* € P, .. So it remains to endow (L*)g with a
Kg-metric. Since L € PéK +» 1t is a projective Ok s-module of constant rank 1. It follows from Corollary
that it is finitely generated. Proposition 10.12 in [AK21] tells us that a projective and finitely generated
Ok, s-module is finitely presented. This means that there exists an exact sequence

M N L 0,

where M, N are free Ok s-modules of finite rank. The notion is not that important, but we can apply
Proposition 9.10 in [AK21]. It states, since L is finitely presented, that there exists an Ok, g-module
isomorphism given by

(L*)R = HomOK.s(L7 OK,S) R0k s Kgr = HomOK,s (Lv OK,S ®OK,S KR)'

Then we also have the Kg-module isomorphism (L*)r = Homoe, (L, Kr), viewing Home, (L, Kr) as
Kgr-module by value-wise multiplication (see [AK21, Bimodules 8.6]). On the other hand, we have Kg-module
isomorphisms

HOIIlKR (LR, KR) = HOIIlK]R (L ®(9K,S KR7 K]R) = HOHIOK,S (L, HOHIKR(KR, KR)) = HOIII(QK,S (L, KR),

where the first Kg-module isomorphism can be found in [AK21l Theorem 8.8]. These results can be combined
to a Kg-module isomorphism
(L*)R = HomKR (LR, KR) = L]E (75)
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So endowing (L*)g with a Kg-metric is equivalent to endowing L% with a Kr-metric. We will do this in a
bit. But we first need some analysis on L.

For u € Lg, set
u(v) == (v, u)L

for any v € L. Then u* € Lg.

Proposition 5.2.13. Let (L, (-,-)r) € MLk s. For any f € L% there exists a unique u € Lg such that
f=u"

Proof. Let us start by showing the existence. If f = 0, we can take u = 0. Namely, by condition (iv.) of
Definition one can conclude that (v,0); = 0 for all v € Lg. Now, suppose that f # 0. Then ker(f) is
strictly contained in Lg. Define

(ker(f))* :={u € Lg : (u,v);, = 0 for all v € ker(f)}.
By Lemma we know that there exists some I € Idg s such that I = L as O g-modules. Then also
Lr =L ®og s Kr =1Q0, s Kr = Kg,

where last O s-module isomorphism follows from Proposition We conclude that Ly is always a finite
dimensional R-vector space. Now, take any basis for the subspace ker(f). Then using the Gram-Schmidt
Process, we can extend it to a basis of Lg that is orthonormal with respect to the Kg-metric (-, ). Normally,
the Gram-Schmidt Process holds for inner products, but this can be extended to Kg-metrics. Then the
basis vectors not contained in ker(f), form a basis for (ker(f))*. Consequently, there exists a non-zero
w € (ker(f))t. Then f(w)v — f(v)w € ker(f) for any v € Lg. Namely, by linearity one has

f(f(w)o = f(v)w) = f(w)f(v) = f(v)f(w) = 0.
We obtain that {f(w)v — f(v)w,w)r = 0. By linearity of the map (-,-);, we have

f(w) (v, w)r

(w,w)p,

fw)(v,w)r, = f)(w,w)p =0 = f(v) =

9

where we used that (w,w)y, € Haezgg R.g, i.e. a unit of Kg. So setting u = ({,EUZU);Z € Lg, we obtain that
f(v) = (v,u)r, for all v € Lg. We see that f = u*.

To show uniqueness, suppose that f = u* = v* for some u,v € Lg. Then for any w € Lg, one has
fw) = (w,u)r = (w,v)r. Hence, we get that (w,u —v)y = 0 for all w € Lg. In particular, we have
(u—wv,u—v)r = 0. By condition (i.) of Definition we get that u — v = 0. So u = v, which shows
uniqueness. O

Proposition [5.2.13| implies that we can identity L} with the set {u*|u € Lg}. Now, for u*,v* € L%, we define

<U*7 U*>L* = <U7 U>L-
For any o € Kg and u € Lg, we have (au)* = au*. Namely, for any v € Lg, we have
(au)*(v) = (v, au), = alv,u), = au™(v).

With this rule and since (-, ), satisfies the conditions of Definition [5.2.8] it follows that (-, ).~ does too. This
means that (-,-)p~ is a Kg-metric on L (or equivalently (L*)g). In conclusion, for any (L, (-,-)r) € MLk s
we have the metrized S-line bundle (L*, (-,-)r+).
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Definition 5.2.14. Let (L, (-,")5), (L, {-,")rr) € MLk s. An Ok s-module isomorphism ¢: L — L’ is said
to be an isometry if

<U,U>L = W(U)W(U»L'a u,v € L,

where 1: Lr — L} is given by the tensor map ¢ ® idg,. The metrized S-line bundles (L, (-,-)r), (L', {-,-) ")
are called isometric if there exists an O g-module isomorphism ¢: L — L’ that is also an isometry.

The notion of isometric metrized S-line bundles defines an equivalence relation on the set of metrized S-line
bundles. The set of equivalence classes of metrized S-line bundles of K is denoted by ML g. Throughout
this thesis, for (L, (-,-)1) € MLk, s we denote its equivalence class in MLy s by [(L, (-,-)1)]-

Proposition 5.2.15. The set MLk g attains an abelian group structure.

Proof. We have seen that the operation o is closed on the set MLy g. Take [(L, (-,-)1)], (L', (,)r/)] € MLk s,
then the operation e, given by

[(L’ <'7 >L)] ° [(L/, <'7 '>L’)] = [(L7 <'7 >L) © (Ll» <'7 '>L’)] = [(L ®OK,S L/7 <'7 '>L®L’)]v

is closed on MLy g. However, since we deal with equivalence classes on ML g, it needs to be checked that
o is well-defined on MLk s. Solet [(L,(-,-)1)] = [(L, {-,-)r/)] in MLk g. Then there exists an Ok g-module
isomorphism ¢: L — L’ such that it is also an isometry, i.e.

<U,U>L = <1/)(U),1/)(U)>L/, u,v € LJR; (76)

where ¢: Lg — Lf is given by the tensor map ¢ ® idg,. Take any [(M, (-, )am)] € MLk s. Then e is

well-defined if
(L () p)] @ (M, b)) = (L () p)] @ (M € -han)]-

Or equivalently

[(L ®OK,S M’ <" '>L®1\/f)] = [(L/ ®OK,S M’ <" '>L’®M)]' (77)
So we need to construct an Ok, g-module isomorphism from L ®¢, ¢ M to L' ®o, ; M that is an isometry.
Consider the map ¢': L ®o, ¢ M — L' ®0, ¢ M given by ¢ := ¢ ®idjs. Since ¢ and idys are Ok, s-module
isomorphisms, so is ¢’ (see [Con24dl Theorem 2.11]). So it remains to show that ¢’ is an isometry. So consider
the tensor map ¢': (L®oy s M)r = (L' ®0, s M)r given by ¢’ := ¢’ ®idk;. This is under the isomorphism
transferred to ¢': Lr @k, Mr — Lk @k, Mg given by ¢ = ¢ ®idg,. Now, for u®z,vQy € Lr @k, Mg,
we have using the Kr-metric on Lr ® g, Mg that

<’LL T, v y>L®M = <’LL, U>L<xa y>M = W(“), 1/1(“)>L’ <£C, y>M7

where we used Equation . Hence, using the Kr-metric on Ly ®k, Mg, we have that

<¢(U)a¢(v)>L' <$,y>M = W(U) ®$a¢(v) ®y>L'®M = <¢/(U®$)7¢/(U ®y>>L’®M'

So we see that
(u@r,v@Yy)rom = Y (u@ ), (vRY)Lem-

By extending this over Kg, we can say that ¢ is an isometry. This means that (L ®o, s M, (-,-)Leonm) and
(L' ®0g.s M, {-,-)L'onm) are isometric. Thus, Equation holds.

Next, we will show that [(Og.s, (-,-)1)] € MLk s plays the role of the unit element. Take any metrized
S-line bundle [(L, (-,-)1)]. We have to show that

(L, () )] @ [(Ok.s (5 01)] = [(L () )]

Or equivalently
[(L ®OK,S OK’S7 <" '>L®@K,s)] = [(L7 <'> >L)] (78)
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So we need to construct an O s-module isomorphism from L ®o,. ; Ok s to L that is an isometry. We know
that there exists an O, g-module isomorphism ¢: L ®o,. s Ok,s — L given by a ® x + ax, and is extended
by Of,s-linearity. So it remains to show that ¢ is an isometry. The tensor map ¢: (L ®o, s Ok,s)r — Lr
given by 9 := ¢ ® idg, is under the isomorphisms and transferred to ¢: Lr ®k, Kr — Lr given
by u ® o — au, and is extended by Kg-linearity. Now, for u ® a,v ® f € Lr ®k, Kr, we have using the
Kg-metric on Lr ® g, Kr that

<u®avv®6>L®OK,s = <au®17ﬁv®1>L®0K,S = <O‘uaBU>L<1’ 1>1 = <au’5v>L = <’(/J(U®Oé),’(/1(v®ﬁ)>[,, (79)

where we used bilinearity over Kx and that (1,1); = 1. By extending Equation over Ky, we can say
that ¢ is an isometry. This means that (L ®o, ¢ Ok.s,(-,")Leoxs) and (L, (-,-)r) are isometric. Hence,
Equation holds.

Next, we will show that [(L*, (-,-)1-)] € MLk s is the inverse for any [(L, (-,-)1)] € MLk s. So we must

show that
(L, (e o (L7, ()] = [(Ok,s, (5 ))]-
Or equivalently
(L ®0k.s L™ () rer-)] = [(Ok,s, (-, )1)]- (80)

So we need to construct an O, s-module isomorphism from L ®o, ¢ L* to Ok s that is an isometry. We
know that there exists an O s-module isomorphism ¢: L ®o, s L* — Ok s given by a ® f +— f(a), and
is extended by Ok s-linearity. So it remains to show that ¢ is an isometry. Consider the tensor map
Y: (L®og s L*)r = (Ok s)r given by 1) := ¢ ® idg,. This is under the isomorphisms , , and
transferred to ¢: Lr @k, Ly — Kgr given by u @ z* — 2*(u) = (u, z)r, and is extended by Kg-linearity. For
z,y € Kg, consider the map (z,y) = (v "(x),v 1 (y)) oL+ Since p and idk, are O s-module isomorphisms,
so is 9 (see [Con24d, Theorem 2.11]). It can even be extended to a Kg-module isomorphism. Therefore, the
map (-, -) is a Kg-metric on Kg. By Proposition it must be of the form (-, )4 for some @ € P, ey Ro.
Then
@ H2). v W) rers = (2,y)a = a2y = a*(z,y)1.

Now, take z = ¥(u ® w*) and y = ¥ (v ® z*) for some arbitrarily u ® w*,v ® z* € Lr @k, L. Then we get

(u@w*, 0@ ") oL = & (PY(u®@w*), Y(v® )1 (81)
Take u ® u* € Lr ®k, Ly, then Equation tells us that

(weu' u@u)er =o*(WYu®u),Yueu)). (82)
Using the Kg-metric on Lg ®x, Ly and Lg, the left hand side is given by

(u@u' u@u ) rers = (u,u)p(w u)p = (u,u)r(u,u)L.
Using the construction of v, the right hand side of Equation is given by
a?(W(u® ), v(u@u)) = o ((u,u)r, (w,u))r = o (u,u)r (u, u)L.

Comparing the left and right hand sides, we see that a? = 1. Since a € Haezgg R+, we must have a = 1.
Hence, Equation becomes

(u@w*,v® 2" er = (Yu©w),d(v e "))

By extending this over Kg, we can say that ¢ is an isometry. This means that (L ®o, s L*, (-,")rer) and
(Ok.s, (-,-)1) are isometric. Thus, Equation holds.

Lastly, the group operation is abelian and associative since these are properties of the tensor product and the
product over Kx. O
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In the following arguments, we will work towards the result that Picg g is isomorphic to MLk s.

Recall the Minkowski embedding ¥: K — Kpg from Definition For u € Haezgg Rsg € Kg and
I € Idg, s, we define the Ok g-module u¥(I) by x - u¥(a) := u¥(za) for some u¥(a) € u¥(l) and z € Ok g.

Lemma 5.2.16. For any I € Idx,s and u € Hoe2§ Rsq, there exists an Ok g-module isomorphism

I = u¥(I). Moreover, one has u¥(I) € P} _.

Proof. Consider the map f: K — Kg defined by x — w¥(x). Since u is a unit of Kg and ¥ injective, the map
f is injective. Furthermore, since ¥ is a ring homomorphism, the map f is an O, g-module homomorphism.
Restricting f to I gives us the desired isomorphism.

In Lemma we saw that I € P4 __ for any I € Idks. Equivalently, the fractional ideal I is a
finitely generated and projective Ok s-module. Since these properties are preserved under isomorphism,

it follows that the Ok g-module u¥(I) has these properties as well. It follows from Corollary that
u¥(I) has a constant rank given by rank(uW(I)) = dimg v¥(I) ®o, s K. Since I = u¥(I), we also have
u¥(I) ®o, s Kr =2 1 ®0, s Kr. Then

rank(u¥ (7)) = dimg uw¥(I) ®o, s K = dimg [ ®o, s K =1,
where we used that I has a constant rank equal to 1. Consequently, we also have u¥(I) € PéK o O

To make uW¥(I), for any I € Idx g and u € HUEZ? R<0, a metrized S-line bundle, we need to endow (u¥(I))g
with a Kr-metric. Note that

(U\IJ(I))R = U\I’(I> ®(9K,s Kr = I®@K,S Kr & Kg, (83)

where we used Lemma and the last O, s-module isomorphism follows from Proposition This
is even a Kg-module isomorphism. So endowing (u¥(]))g with a Kg-metric is equivalent to endowing K
with a Kr-metric. Hence, we can take any Kg-metric that we have seen in Proposition We take the
Kg-metric given by (-, ). Hence, we have (u¥(I), (-, ),) € MLk g.

Lemma 5.2.17. Let [(w¥ (1), (-, Yo)], [(0V¥(J]), (-, )»)] € MLk s for some I, J € Idg g and u,v € Haez’;g Rso.
Then
[(w¥(T), (- )u)] @ [(0U (), (- )o)] = [(wo®(LT), (- -Juv)]-
Proof. We have
[(wO(I), (-5 )u)] @ [(0E(T), (-5 )o)] = [(W¥(I) @0k s VO (), (s Duw(D@ve())]-

Thus, we must show that

[(U\II(I) ®OK,S U\I/(J)’ <" '>u\I/(I)®v\I/(J))] = [(UU\II(I‘])v <'7 >uv)] (84)

So we need to construct an Og,s-module isomorphism from u¥(I) ®o, s v¥(J) to uvW¥(IJ) that is an
isometry. Extend ¢: u¥(I) ®o, s v¥(J) = uw¥(IJ) given by w ® w’ — ww’ over Ok 5 to an Ok s-module
homomorphism. The map ¢ is injective since u, v are units of Kx and ¥ is injective. Any element of I.J is of
the form >, z;y; for some x; € I, y; € J, and m € Zso. For any wo¥ (3" | z;y;) € uwv¥(1J), we can take

w = Z(U\I/(ﬂ?z)) ® (v¥(yi)),

such that p(w) = wv¥ (Y ;" ;y;). This means that ¢ is surjective. It follows that ¢ is an Ok g-module
isomorphism. So it remains to show that ¢ is an isometry.
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Consider the tensor map ¢: (u¥(I) ®o, s v¥(J))r — (Ok, s)r given by 9 := ¢ ® id,. This is under the
isomorphisms , , and , transferred to ¢: Kgr ®k, Kr — Kr given by z ® y — zy, and is extended
by Kg-linearity. Now, for w ® y,z ® z € Kr ®k, Kgr, we have using the Kr-metric on Kr ®k, Kgr that

<w Y, & Z>u\11(1)®oKﬁsv\I/(J) = <U}, x>u<yu Z>11 = (U’U)Qu}yﬁ = <wy7 x2>uv = <¢(w ® y)7 1/J(33 ® Z)>uv7 (85)

where we used the construction of (-,-), and (-, ),. By extending Equation over KR, we can say that ¢
is an isometry. This means that (u¥ () ®o, s V¥ (J), (-, )uww(Devw(r)) and (wo¥(1J), (-, -)uw) are isometric.
Consequently, Equation holds. O

Theorem 5.2.18. The map f: Picx g = MLk s given by [(I,u)s] — [(u¥(I),(-,-),)] is a group isomor-
phism.

Proof. Firstly, we need to check whether f is well-defined. So suppose that [(I,u)s] = [(J,v)s] in Pick s.

We must show that
[(w¥(I), (- )] = [(0E(T), (-, )o)]-

So we need to construct an Ok, s-module isomorphism from w¥(I) to v¥(J) that is an isometry. We know
that there exists some x € K* such that

(I,u)s = (J,v)s + divs(z) = (J,v)s + (27 Ok s5,2)s = (7], 4v)s. (86)

Hence, we have I = z~'J. Since u,v,¥(z) € K§, we have that the map ¢: u¥(I) — v¥(J) given by
w \P(u) w is an Ok g-module isomorphism. So it remains to show that ¢ is an isometry. Consider
the tensor map ¥: (u¥(I))r — (v¥(J))r given by ¢ := ¢ ® idg,. Under isomorphism (83) this map is
transformed to 1: Kg — Kg given by w + ¥(z)w. Note that |z|2 = |o(x)|%, = o(z)o(x) for all ¢ € E%.
So we have that (£)? = W(x)¥(x). Now, from Equation we can also conclude that u = #v. So for
w,w’ € K, we have

(w,w')y = vww’ = (2)*v*we’ = ¥(2)¥(@)v*ww’ = (T()w, ¥(z)w'), = (P(w),p(w))., (87)

where we used the construction of (-,-), and (-,-),. By extending Equation over Kr, we can say
that ¢ is an isometry. Thus, we see that (u¥(I), (-,-),) and (v¥(J), (-, -)») are isometric. We obtain that
FI,w)s]) = f([(J,v)s]), i.e. the map f is well-defined.

Next, we show that f is a group homomorphism. Using Lemma [5.2.16] and the strategy of the examples of
isometric metrized S-line bundles that we have seen up to now, it is not hard to check that

[(¥(Ok,s), (- )1)] = [(Ok,s, (-, )1)]-
So
f([Ok.s:(Doesz]) = [(¥(Ok,s), (- )1)] = [(Ok,s, (-, )1)]-

Hence, the unit element of Pick g is sent to the unit element of MLy g. Furthermore, for the elements
[(I,u)s],[(J,v)s] € Pick g, we have

FUTw)s] + [(J,0)s]) = F([(T, wv)s]) = [(woW (1), (-
= [(u¥(1), (-,
= f([(1,w)s])

»Juw)]
Ju)] @ [(0U(T); (- ))]
o f([(J;0)s]);

where we used Lemma 52,17
Now, suppose that f([(I,u)s]) = f([(J,v)s]) for some [(I,u)s], [(J,v)s] € Pick s. Then (w¥(I), (-, -),) and

(vU(J), (-, -)») are isometric. Thus, there exists an Ok, s-module isomorphism ¢: u¥ () — v¥(J). So given
x € I there exists a unique y € J such that p(u¥(x)) = v¥(y) and vice versa. We conclude that ¢ induces
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an O g-module isomorphism h: I — J. Now, take any non-zero z € I C K. Since K is the field of fractions
of Ok s, there exist non-zero a,b € Ok s such that x = . Then a = b} € Ok sI = I. Using that h is an
Ok,s-module homomorphism, we have
a a h(a)
n(a) = h (b3 ) =bh (%) h(z) = .
(@) =h (o5 D) = h@) ="

Now, since I is a fractional ideal of Ok g, there exists a non-zero o € Ok g such that af C Ok s NI. Hence,
there is a non-zero ¢ € Ok s N I. Since both a,c € I, we have

h h h

ch(z) = < é“) = <ZC) = b(c) =h(e)r = h(z)=(c"*h(c))z.

This means that the O s-module isomorphism h is given by multiplication by some z := ¢~ 1h(c) € K*, and
so J = zI. Since (w¥(I), (-, )y) and (v¥(J), (-, ),) are isometric, we also have that

(w, ')y = W(w),YW)), w,w € WUI))g, (88)

where ¢: (u¥(I))g — (v¥(J))r is given by the tensor map ¢ ® idg,. Under isomorphism (83), this map is
transformed to ¢: Kg — Kg given by 1(w) = ¥(2)w. For w,w’ € K, we have using Equation that

wrww’ = (w,w')y, = (Y(w), (W) = (¥(2)w, ¥(2)w'), = >V (2)¥(2)ww = v*(2)*ww’.
Since w,w’ € K, we have u? = v?(2)?. Or equivalently u = vZ. So we get that
(J,v)s = (21,uz™Y)s = (I,u)s + divs(z71).

We see that [(I,u)s]) = [(J,v)s] in Pick g. In conclusion, the group homomorphism f is injective.

Take any [(L, (-,-))] € MLk s. Since L € P}, __, there exists an Of s-module isomorphism ¢: L — I for some
I € Idg, s (see Lemma . Consider the tensor map ¥: Lr — Ir given by ¥ := ¢ ® idg,. By isomorphism
, we know that I = I ®0, ; Kr = Kg as Kg-modules. Hence, we have a map (-,-): Kr x Kr — Kg
given by (z,y) = ("1 (x),v¥ " (y)) 1. Since ¢ and idg, are Ok s-module isomorphisms, so is 1 (see [Con24d]
Theorem 2.11]). It can even be extended to a Kg-module isomorphism. Consequently, the map (-,-) is a
Kg-metric on Kg. By Proposition it must be of the form (-,-),, for some u € @aezgg R<g. Then we
have
(@), 0 = (@), 0()) = (2, 9) 1,

for v,w € Kr. By extending this over Ky, we can say that ¢ is an isometry with metrized S-line bundles
(L, (-,)) and (I, (-, -)u). We see that (L, (-,-)) and (I, (-,-),) are isometric. In its turn (I, (-,),) is isometric
to (wW([l),(:,)y). This follows directly from Lemma Then

T w)s]) = [(w¥(I), ()l = [ G )l = [ () L))

Therefore, the group homomorphism f is surjective.

It follows that the group homomorphism f induces a group isomorphism Picg g =2 MLk g. O

5.2.3 1Ideal S-Lattices

At the beginning of the previous section, we explained that in this section we will use the S-Minkowski
embedding Vg to view things in Kg. Just like metrized S-line bundles, the extension of ideal lattices that we
will see in this section is not a complete extension. So if we take S = (), we do not recover ideal lattices as
defined in Definition However, we use the ideas of being an ideal and lattice simultaneously. When
S = 0, this was also done by [DB22] in Sections 1.2 and 2.5. Therefore, we generalize those constructions.
The proof of Theorem [5.2.26] uses the ideas of the proof of [DB22, Lemma 2.21]. Furthermore, the proof of
Proposition [5.2.23| is based on the proof for S = () explained by De Boer in person.

Section 1.2 of [DB22] gives an alternative, more straightforward, definition of ideal lattices.
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Definition 5.2.19. An ideal lattice of K is defined as a complete lattice I' C Kg that satisfies U(Og)T' C T

Since Ky is a Euclidean space, we can use Definition for the definition of a complete lattice. There is a
natural way of extending the definition of ideal lattices to the rings of S-integers.

Definition 5.2.20. An ideal S-lattice of K is defined as a lattice I' C Kg that satisfies U(Og ¢)I' CT'. The
set of ideal S-lattices is denoted by IdLatg s.

Recall that Kg is an abelian L-group. Therefore, in this case, we use Theorem [2.6.4] to say that a lattice in
K is a discrete and co-compact subgroup. Recall the notation of ®g from Equation .

Proposition 5.2.21. Let I € Idx s be non-zero and v € K. Then uWg(I) is an ideal S-lattice. Moreover,

its covolume is given by
covol(uWg(I)) = < 11 ||u,,|l,> Now s (Dy/]dk|=D5"

vesee

Proof. In Theorem we have seen that ¥g(I) is a lattice for any non-zero I € Idk,g. Then in Lemma
[3:4.5] we have seen that u¥g([) is a lattice in Kg of covolume

covol(uWg(I)) = ( 11 ul,||,,> covol(Ug(I)).

vesee

In Proposition [3.4.8] we have seen that covol(¥s(I)) = No, (I)1/|dk|«Dg"'. We get

covol(u¥gs(I)) = < H ||UV|V> NOK,S(I)W'

vese>

It remains to show that ¥(Ok g)(u¥g(I)) C ulg(I). Proposition [3.3.16| tells us that ¥g is a ring homomor-
phism. Hence, we have
Us(Ok.s)(u¥s(I) CuVsg(IO0Ok,s) =¥s(I),

using that IOk s = 1. O]

In the classical work of lattices, we made a distinction between complete and not complete lattices (see
Definition . If a lattice T in R™ is not complete, then it might happen that I' N (R™)* = ). In this case,
we view R™ as a ring by entry-wise multiplication. For example, take m = 2 and T" the lattice spanned by
(0,1). Then T is not complete as it is only spanned by one vector. Moreover, we have I' = {(0,k) : k € Z}
and (R?)x = {(z,y) : #,y # 0}. Hence, we see that I'N (R?)* = . If a lattice is complete in R™, then it
will always contain a unit of R™. Namely, a complete lattice covers all directions of R™. So it must contain
an element that has non-zero entries. In Remark we saw that our definition of lattices in an abelian
L-group is an extension of complete lattices in a Euclidean space. Therefore, we would like to obtain a similar
result. Recall Remark for the multiplicative units of Kg denoted by K.

Lemma 5.2.22. Let I' be a lattice of Kg. Then I' N K} # 0.

Proof. Suppose, for the matter of contradiction, that I' N K% = (). Consider the projections from I' into K,
for all v € S°°. If the images of all projections are not equal to {0}, then you can construct an element with
all non-zero entries in I', since I' is closed under addition. This would contradict the assumption. Hence, there
exists some v € S such that the image of the projection of I" into K, equals {0}. Fix such a v € S, and let
p: Ks — K, be the corresponding projection. If A is open in K, then p~!(A) is open in Kg. This follows
from the fact that Kg is endowed with the product topology. Moreover, the map p is an open mapping
(see [Sinl9, Proposition 2.2.2]). For = € K,, let ¥ denote the element in Kg which has all zero entries
except for = at the entry of v. This notation will only be used throughout this proof. Consider the map
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f+ K, = Kg defined by f(z) = z¥. This is an injective map, and hence f induces a bijection f: K, — f(Ks).
We claim that f is a homeomorphism. Therefore, it remains to show that f and its inverse, denoted by
f': f(K,) = K,, are continuous. So take any open subset A C f(K,). Then f~1(A) = p(A). So this is open
since p is an open mapping. We conclude that f is continuous. Now, take any closed subset A C K,,. Then
(f)71(A) = {a¥ € Kg : x € A}. This set is given by the product of A at v and {0} at all n € S\ {v}. Since
A is closed in K, and {0} in K, for all S°\{v}, we have that (f’)'(A) is closed in Kg. So we can see that
f' is also continuous. Consequently, we know that K, and f(K,) are homeomorphic.

Now, consider the canonical map ¢: Kg — Kg/T'. Since we endow Kg/T" with the quotient topology, this
map is continuous. Take ¥,y € f(K,) for some z,y € K,. If ¢(z”) = ¢(y”), then ¥ —y” € T'. Since
the image of the projection of T into K, equals {0}, we must have z = y. Therefore, also ¥ = y”. Tt
follows that ¢ is injective on f(K,). Therefore, the map ¢ induces a bijection ¢ : f(K,) — ¢(f(K,)).
We claim that this is a homeomorphism. Since ¢ is already continuous, it remains to show that the
inverse, denoted by ¢’ : ¢(f(K,)) — f(K,) is continuous. So take any open subset A C f(K,). Then
(¢')"H(A) ={[a] € Ks/T : a € A}. With respect to the quotient topology, this is open in Kg /T if

¢ ({la] € Ks/T:ac A}) = A+T

is open in Kg. Write A+T = J,.p(A+u). By Corollary the set A+ u is open for all u € T'. Therefore,
the sum A + T is open in Kg since it is a union of open sets. This shows that ¢’ is continuous. Consequently,
we see that f(K,) and ¢(f(K,)) are homeomorphic.

In conclusion, we have that K, and f(K,) are homeomorphic, and f(K,) and C := ¢(f(K,)) are homeomor-
phic. It follows that K, and C are homeomorphic. We claim that C' is closed in Kg/T". Since I' is a lattice, it
is co-compact, i.e. Kg/T is compact. It would follow from the claim that C' is compact (see [Sin19, Theorem
5.1.7]). This means that K, is compact, reaching a contradiction. Hence, the assumption that T'N Kg = () is
not true.

It remains to show the claim. With respect to the quotient topology, the set C'is closed in Kg /T if ¢~1(C) is
closed in Kg. We have
(b_l(c) = ¢_1(¢(f(KV))) = f(KV) + I

So we must show that A := f(K,)+ T is closed in Kg. We will use the metric space (Kg,dg), introduced in
Proposition to show this. Let u € Kg be a limit point of A. This means that there exists a sequence
(u;)i>1 such that u; € B (u,i~1)\{u} N A for all i € Z~¢. In particular, this sequence converges to u in K.
Since u; € A = f(K,) + 7T, there exist z; € K, and v; € I" such that u; = z¥ + v; for all i € Zo. We know
that the entry of v; at v equals zero, and «? has only non-zero entry at v. Hence, for any 4, j € Z~(, we have
by construction of dg that

ds(us, u;) = dg(vi,v5) +dg(xy, z5).

R
Since u; € B (u,i~1) for all i € Z~, we have ds(u;,u;) < m So
v v 2
ds(vi,v;) = ds(us,uj) — dS($i7xj) < ds(ui,u;) < m

Hence, if 4, j — oo, we have dg(v;,v;) — 0. In conclusion, the sequence (v;);>1 is a Cauchy sequence in I".
In particular, the sequence (v;);>1 is a Cauchy sequence in Kg. The metric space (K,,d,) is complete for
all n € S°°. Proposition 17.11 in [Sut09] tells us that this property is preserved under finite products of
topological spaces. Thus, the metric space (Kg, ds) is complete. Therefore, the sequence (v;);>1 converges to
some v € Kg. Since I is a lattice in Kg, in particular a discrete subgroup of Kg, we know by Proposition
(233 that T is closed in Kg. Consequently, it must contain the limit v. Since T is discrete in Kg, there exists
some open set B in Kg such that v € B and ' B = {v}. For big enough k € Z, we have B (v,k~!) C B.
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Fix such a k € Z~(. Moreover, for big enough m € Z, the set B (v, k=) N T contains v; for all integers
i > m, so we see that v; = v for ¢ > m. Then for i, > m, we have

2

ds(xy,2%) = ds(ui, u;) — ds(vi,v5) = dg(us, uj) < m

PR
Thus, if i,j — oo, we have ds(z}, ) — 0. Using the construction of dg, we also have d, (z;,z;) — 0. This
means that the sequence (x;);>1 is a Cauchy sequence in K,. Since the metric space (K,,d,) is complete,
the sequence (x;);>1 converges to some z € K,. It follows that the sequence (z¥);>1 converges to z” in Kg.
Note that ¥ € f(K),).

In summary, we have a sequence (z¥);>1 converging to ¥ € f(K,) and a sequence (v;);>1 converging to some
v € I. Hence, we also have that the sequence (u; = =¥ + v;);>1 converges to ¥ + v € A. By the uniqueness
of limits in a Hausdorff space, we know that u = ¥ + v € A. We conclude that A contains all its limit points.
Thus, the set A is closed in Kg. O

We can use this result to prove that any ideal S-lattice has a specific form.

Proposition 5.2.23. Any ideal S-lattice of K is of the form u¥g(I), for some u € K§ and non-zero integral
ideal I Q OK75.

Proof. Let I € IdLatg s. By Lemma we can find some v € I' N K§. Since I is an ideal S-lattice,
we have Wg(Ok ¢)I' C T'. This means that u¥g(Ok,s) C I since v € I'. By Proposition we have
that u¥s(Ok,s) is an ideal S-lattice. Therefore, we can take the quotient of lattices I'/u¥s(Ok. s). By
Proposition this quotient group has a finite order. Denote this order by k € Z~¢. Then for any v € T,
we have ¥g(k)v € u¥s(Og.s). So

ulg(Or,s) CT C Us(Ok,s).

Vg (k)

Set w = Ysk) ¢ K. Then

u

wl' C

‘llsu(k) (\IJ:(k)\IJS(OK’S)) = VUg(Ok,s).

Since ¥y is injective, we have \Ilgl(wf) C Ok,s. Now, we know that w € K¢ and I is a lattice. It follows
from Lemma that wT is a lattice. Then we know that Wg'(wT') is a subgroup of Ok g as Vg is a ring
homomorphism (see Proposition . We claim that \Ilgl(wF) is even an integral ideal of Ok g. In that
case, since Wy is surjective on Wg(O g) and wl' C ¥5(Ok s), we have wl' = Wg(I), where I = ¥g'(wl).
We obtain that I' = w™1Wg(I), and the result follows.

It remains to show the claim. Take any z € Ok s and y € ¥g'(wI'). We must show that xy € ¥Ug'(wl).
Note that there exists some v € T" such that ¥g(y) = wv. Then

Ug(zy) = ¥s(2)Vs(y) = Us(z)wv € Ug(z)wr. (89)

Notice that
\Ifs(OK,S)(wF) = ’LU\Ifs(OK,S)F Cwl,

using that T is an ideal S-lattice. In particular, we have Ug(x)wI' C wI'. So tells us that ¥g(zy) € wl'.
We get that 2y € Ug'(wl'). This shows that Ug'(wT') is an integral ideal of O g. O

By Proposition [5.2.21] we know that uWg(I) is an ideal S-lattice for any non-zero I € Idg g and u € K.
This includes the ideal S-lattices u¥g(I) for some non-zero integral ideal I € Idk,s and u € K%. Hence,
Proposition [5.2.23] states we have a set equality given by

IdLatKVS = {U\Ils(f) NS K;, Ie Ides \{(O)}} (90)

We use this convention. So whenever we take u¥g(I) € IdLatk g, we take a non-zero I € Idg, s and u € K.
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Corollary 5.2.24. The set IdLatx ¢ attains an abelian group structure.

Proof. For u¥g(I),v¥g(J) € IdLatg g, we construct an operation, denoted by ¢, by
uUg(I)ovUg(J) :=uvWg(IJ).

This operation is closed by set equality . Moreover, this operation is associative and abelian, since these
are properties of the multiplication in K% and fractional ideals. The unit element is given by ¥g(Og,s).
Moreover, the element uWg(I) € IdLaty s has inverse u™1Wg(171). O

We would like to find a group isomorphism between Pick s and IdLatg s. Namely, we can associate an ideal
S-lattice to an Arakelov S-divisor. Let D = (I,u)g be an Arakelov S-divisor, where I € Idg s is non-zero
and u € HUEZ? R~o. Recall that Kg = HUGZ?{o K, and

Kg = H K, = H K, x HKPZKRX HKP.
veSe cex peS peS

So we can embed u into Kg by defining

#8 times

Since u has positive real entries, we have u € K§. Hence, to any Arakelov S-divisor D = (I,u)s we can
associate the ideal S-lattice uWg (7). Writing u = (uy)sexse, by Proposition [5.2.21} the covolume is given by

covol(@Ws(I)) = [ ] luolle [T I1le | Now.s(D/Idx|Ds"
ocEXR pes
= H ||u0||0 NOK,S(I)\/ |dK|00©§1'
oEXR

However, this association is not enough for a group isomorphism.

Definition 5.2.25. Let I',I” € IdLatk g, then we write I' ~ I" if and only if there exists u € K§ such that
ul' =T and |uy|, =1 for all o € .

It is a direct verification that the rule ~ defines an equivalence relation on IdLatg g. The quotient group

IdLatg, g / ~ will be denoted by IdLat k,s- For I' € IdLat g g, we denote its equivalence class in IdLatx s by
(7.

Theorem 5.2.26. The group homomorphism f: Divg ¢ — IdLatg g given by (I,u)s — [a¥g(])] induces a
group isomorphism Picg g = IdLatg s.

Proof. The map f sends (Ok s, (1)sexs2)s to [¥s(Ox,s)]. Equivalently, the map f sends the unit element
of Divg g to the unit element of IdLatx g. For (I,u)s, (J,v)s € Divk g we have

F((Lu)s + (J,0)s) = (IS, uwv)s) = [(wv)Us(1J)] = [u¥s ()] o pWs(J)] = f((L,u)s) o f((J,v)s).

This shows that f is a group homomorphism. Now, take any [u¥g(I)] € IdLatyk,g. We write

U= ((uo)aeEf(Cy (Up)pes) S K;7

and define the elements v, w € K¢ by

u
vi= ((lua‘)062?7 17"'71)’ w = ( . ) ,(Up)pes’ ’
—_—— |Uo|o cEDR

#S times
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Then wv¥g(I) = u¥g(I). Moreover, we have

Us

[t |

_ luolo

o |Uslo

|wa|cr = )

for all o € X. Therefore, we can conclude that vUg(I) ~ u¥g(I). We get that

(T, (luel)oexse)s) = [0Ps(D)] = [uPs(D)].

This shows that f is surjective.

Next, we claim that ker(f) = Pring g. Take any divg(z) € Pring g. We can write divs(z) = (z7'Ok s, u)s,
where u = (|2]6)ses € [[,exse R>o (see Equation (70)). Note that Ug(z7 'Ok s) = Ug(z~)Us(Ok,s).
Furthermore, define v € K¢ by

0= Wi = (('Z’)w ,<x1>pes> |

||

X

Then

Voo =

g

for all 0 € %. We have v¥g(Ok 5) = v¥s(Ok g), with |vs|, =1 for all 0 € ¥%. In particular, this means
that v¥g(Ok 5) ~ Us(Ok,s). With all these results, we obtain that

f (&7 Ok s,u)s) = [u¥s(z Ok s)] = [W¥s(z7")Us (O, 5)] = [v¥s(Ok,s)] = [¥s(Ox.s)].

This shows that divg(z) € ker(f). For the converse, take any (I,u)s € ker(f), i.e. f((I,u)s) = [a¥s(])]
equals [V5(Ok s)]. This means that there exists some v = (v,)sexse € Kg such that |v,|, = 1 for all 0 € X%,
and vWg(Ok s) = uVg(I). Since 1 € Ok, g, there exists some x € I such that v = u¥g(x). This implies that
v(u)~! = ¥g(z), and so

vUs(Ok,s) =uWs(l) = v 'Ws(Oks)=Vs(l) = Vs(aOks)=Vs(I) = 20xs=1,
where in the last step we used that g is injective. So
U‘Ds(@;gs) = ﬁ‘l’s([) = ams(xOK’s) = a\I/g;(:L‘)\Ifs(OK)S).

As u,v¥g(x) € K, there exists some a € O g such that v = Wg(az)u. Since [v,], =1 for all o € XE, we

also have |azu,|, = 1 (Here we use the convention of Remark [3.3.17). We obtain that |uy|, = |(az)™!|,. By
definition of (I,u)g, we have that u, is real positive for all o € X52. Therefore, we have u, = |(ax)~}|, for
all 0 € X%. We see that

(I,u)s = (20k.s, (|(az) "'s)o)s = (2aOk.s, (|(az) "]s)o)s = divs((za) ™),

where we used that a € O g, s0 aOk s = Ok s. This implies that (/,u)s € Pring s. Consequently, we
obtain that ker(f) = Pring g.

We conclude that f induces a group isomorphism

IdLatg s = Divg g / ker(f) = Divg,s / Pring g = Pick s . O
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5.3 Topological Structure of the Arakelov S-Class Group

In this section, we endow Picg s with a topological structure. This topology will be induced from the
topological structure on Divg g. Therefore, we first investigate the topology on Divg s. We will state some
general properties of these topological structures. Furthermore, we show how the topological structure on
Pick s can be induced from a metric.

Recall that any Arakelov S-divisor D in Divg g is given by a finite formal sum

D:anp+ Z Te0, Np €ZL,Ts €R.
p¢s oeXR

Therefore, the Arakelov S-divisor D is determined by the coefficients

(nP)P¢S € @27 (xU)UEE%O S H R.

p¢s oexY

Hence, we get

Divis =Pz x [[ R (91)

pés ceEXY

Note that we take the direct sum for the finite places since we want all entries to be zero except for a
finite number of entries. Throughout this section, we often change between writing Arakelov S-divisors in
the multiplicative notation and their coefficients. We give @pg g Z the discrete topology, i.e. all subsets
of GBMZS Z are open. Furthermore, we endow Haezgg R with the Euclidean topology on R™ 2. Now, we
can endow Divg ¢ with the product topology. If we take S = (), we also have a topology on Divg. This
topological structure for Divy was introduced on page 189 in [Neu99]. In Proposition we saw that
Divg,s € Divg. The topology on Divg s equals the subspace topology induced from the topology on Divg.
This is a direct consequence of the fact that we take the product topology on Divg and Divg g, and the
discrete topology on EBP¢S Z.

Proposition 5.3.1. The product topology on Divg g is locally compact and Hausdorff.

Proof. Since the discrete topology is Hausdorff, and any topology induced from a metric is Hausdorff (see
[Sut09l Proposition 11.5]), we know that the topological spaces @MES Z, HUGE?{C R are Hausdorff. Then the
topological space Divg s is also Hausdorff, as the Hausdorff property is preserved under finite products
of topological spaces (see [Sinl9, Theorem 4.4.4]). Similarly, the discrete topology is locally compact, so
GBP ¢s Z is locally compact (it is not compact as the set is infinite). Also, as a consequence of the Heine-Borel
Theorem, we know that HGGE},{C R is locally compact. Hence, we conclude that Divg g is locally compact as

this property is preserved under finite products of topological spaces (see [Sinl9, Theorem 5.4.6]). O

The product topology is compatible with the group structure on Divg g. This is a consequence of the
discrete topology on EBP¢ g Z, and the Euclidean topology on HUGE%o R, which are compatible with addition.

Therefore, the group Divg g becomes a topological group. Proposition implies that Divg g is a locally
compact group. We can endow Pring ¢ C Divg ¢ with the subspace topology.

Proposition 5.3.2. The subspace Pring s of Divg g is a discrete subgroup.
Proof. By Proposition [5.1.5] we know that Pring ¢ forms a subgroup of Divg, s. We know that
Pring s C Divg g € Divg .

Therefore, we may conclude that the topology on Pring g is the subspace topology induced from Divg. Since
we know that Pring ¢ C Pring, it suffices to show that Pring is discrete (see Proposition [2.3.2 (ii.)). This is
shown in Proposition 1.9 of Chapter III in [Neu99]. O
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Recall that for a topological space X, the connected component of z € X is given by the union of all the
connected sets containing . This unique component will be denoted by C(z). One can show that connected
components of two different elements are either identical or disjoint. Therefore, the space X is a disjoint
union of its connected components. These results can be found in Proposition 3.2.2 of [Sinl9]. In a discrete
space X, one has C(z) = {z} for all z € X.

Proposition 5.3.3. Let D € Divk g, and denote its coefficients for p ¢ S by n, € Z. Then

C(D) = {(”p)psés} X H R.

oeXN®

Proof. This follows directly from the fact that EBP ¢s Z has the discrete topology, and Haez;g R the Euclidean
topology. O

Now that we have explored the topological structure on Divg g, we can move to the topological structure on
Pick, 5. By definition, we have
Pick,s = Divg, s/ Prink s .

Therefore, we endow Pick s with the quotient topology induced from the topology on Divg s.

Definition 5.3.4. The quotient topology on Pick g induced from the product topology on Divg g is called
the natural topology on Pick s.

The natural topology on Pick g is not random. If we take S = (), the natural topology on Pick coincides with
the topological structure of Pick as introduced on page 190 in [Neu99]. Now, let us look at some properties
of this topology on Picg s.

Proposition 5.3.5. The natural topology turns Pick s into a locally compact group.

Proof. By Proposition we know that Pring g is a discrete subgroup of Divg g. It follows from
Proposition that it is closed in the locally compact group Divg g. It follows from Proposition that
Picg s is a locally compact group. O

We are going to examine the connected components of Picg s. We took the Euclidean topology on Haezgg R.
Specifically, it is induced by the metric

d(u,v) = Z (Ue — vs)?,
oceX®
for u,v € HUEZ%o R. In Section we have seen the inner product (-,-)g on Kg. We can take the norm on
Kg as ||.||g := +/(-, -)r. This induces a metric given by dg(u,v) := ||u — v||g. Since Haezgg R C Kg, we can
restrict this metric to Haezgg R. Specifically, we have

dg(u,v) = \/ Z deg(o)(uy — v4)?,

€xge

for u,v € HUEZ%o R. Using Definition of deg(o) for some o € £, we have
d(ua U) < dR(u7U) < Qd(uv U),

for u,v € Hoezgg R. Thus, the metrics d and dg are Lipschitz equivalent (see [Sut09, Definition 6.33]). This
means that d and dg induce the same topology on Haezfg R (see [Sut09, Proposition 6.34]). Hence, from

now and onward, we assume that the Euclidean topology on [] R is induced from the metric dg.

ocEXY
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Recall the group
Tk,s = H R/{log(a) : a € Ok s}

oeXY

that we have seen in (69). Furthermore, in Theorem [5.1.16| we say that Tk s can be embedded into Pick,s.
This was given by the map (s: Tk 5 — Pick s defined by [(ug)sexs2] = [(Ok, (€7 )sexns2)s]. We endow
Tk s with the quotient topology induced from the topology on HUEZ%o R.

Lemma 5.3.6. The group homomorphism (g: Tk s — Pick g is continuous.

Proof. Let ¢: Divg ¢ — Pick s denote the canonical map. Take any open subset B C Pick, g. With respect
to the natural topology, this means that ¢~!(B) is open in Divg s. By the product topology on Divk g,
there exist open sets Z; C ®P¢S Z and R; C Haez;c R for all 7 € I such that

¢ '(B)=J Z x Ri,
iel
where I is some index set. Now, since R; is open, it is the union of some open balls in HUEZ? R. Therefore,
there exist open balls B% (log(u;), ;) for some ¢; € Ry and u; € Haezgg R such that

o' (B)=|JZ xR =] | | Z x B=(log(u;),¢;) | ,

iel iel \jeJ
where J is some index set. Since ¢ is surjective, we have

B =¢(¢7'(B))

=¢ [ U | U 2z x B¥(log(u;), ;)

iel \jeJ

= [ U ¢(2i x B*(log(u;), ;)

icl \jeJ

Now to see how ¢ maps these sets, we have to notice that the sets Z; x B (log(u;),c;) defines a set of
Arakelov S-divisors through isomorphism . Writing these in multiplicative notation, we get

B={J | U (2 x B=(log(u;),¢;))
iel \jeJ

= U U 1) (I,v)s : (—ordy(I))pgs € Zi,v € H R.o and ||log(u;v)||r < €,

iel \jeJ cexse

= U U [(1,v)s] : (—ordp(]))pgs € Zi,v € H R-o and |[log(u;v)||r < €,
iel \jeJ cEN

By construction of (g, we have

(s(Tk,s) =S [(Ok.s,u)s] iue J] Rso

oeXY

Page 121 of



Let L contain all the elements € K* such that 2Ok g is represented in Z; for some ¢ € I. Then either
BN CS(TK,S) =0 or

Bn{(s(Tk,s) = U U (20K s,v)s] 1 v € H R.o and ||log(u;v)||r < €,
zel \jeJ ocELR

= U U [(Ok.s,2v)s] 1 v € H Rso and || log(u;v)|r < €;

zeL \jeJ cEDS
The last equality comes from the fact that [(zOk,s,v)s] = [(Ok,s,v)s] since
(Ok s,40)s — (£0k,5,0)s = (z7 'Ok 5,&)s = divs ().

Since (s is injective, we have (5'(B) = (5" (B N {s(Tk,s)). We obtain that (5'(B) = 0 or

1B = | U{&v): v € B (log(uy), )}

zeL \jeJ

Now, the group homomorphism (g is continuous if the latter is open with respect to the quotient topology on
Tk,s. Let f: Haezfg R — Tk g, be the canonical map. Then

£ B) = U | ULdv v e B=(log(uy),£5)} | + {log(a) : a € Ok s}

zel \jeJ

= U U 2B% (log(uy),¢;) | + {log(a) : a € O 5}

zel \jeJ

This is a union of translates of multiples of open balls. Therefore, this is open in [] R. O

ocEXR
The following result will be needed and is Theorem 3.1.5 of [Sin19].

Lemma 5.3.7. Let X,Y be topological spaces. If f: X — Y is a continuous map of topological spaces and
X is connected, then f(X) is connected with respect to the subspace topology.

Proposition 5.3.8. Let [D] € Picg,g, then C([D]) = [D]+({s(Tx,s). Consequently, the connected components
of Picg s are given by the cosets of (s(Tk,s) in Pick g.
Proof. Since a Euclidean space is connected, we have that [] .y R is connected. Hence, using the continuous

surjective canonical map f: [], eng R — Tk,s and Lemma we have that Tk g is connected. By Lemma

we know that (s: Tk s — Pick g is continuous. Again using Lemma [5.3.7] we know that (s(Tx s) is
connected with respect to the subspace topology on Pick s. Let ¢: Divi s — Pick g be the canonical map.
By construction of (g, we know that

(s(Ti,s) = S [(Oks,v)s] :ve [ Rso

ocEXY

Then

¢ (¢s(Tk,s)) = Pring s+ ¢ (Ok,s,v)s : v € H Rso p = U (xO0k.5,v)5 : v € H R+

cEDY €K~ oese
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Now, we use isomorphism [91] to write the last set in terms of coefficients. We obtain that

¢ (Cs(Tk,s)) = U {(ordy(x))pgs} ¥ H R

TEK* oESRE

This is open in Divg ¢ with respect to the product topology. Thus, with respect to the quotient topology,
the subgroup (s(Tk,s) must be open in Pick g. By Proposition 9.1.7 in [Cohl13], we see that (s(Tk,s) must
be closed as well.

Fix any [D] € Pick,s. The map f: Pickx g — Pick, s defined by f([D']) = [D] + [D'] is a homeomorphism by
Proposition It follows by Lemma that f((s(Tk,s)) = [D] + (s(Tk,s) is also connected. Hence, we
have

[D] + ¢s(Tk,s) € C([D]).

Suppose that [D] + (s(Tk,s) # C([D]). Then C([D]) is a connected subset of Pick g strictly containing
[D] + ¢s(Tk,s). We endow C([D]) with the subspace topology induced from Pick g. Since (s(Tk,s) is both
open and closed in Pick,g, then [D] + (s(Tk,s) is both open and closed in C([D]). As C([D]) contains
[D] + (s(Tk,s) strictly, we have B := C([D])\([D] + (s(Tk,s)) # 0. Moreover, the subset B is both open and
closed in C([D]), since it is the complement of [D] + (s(T'k,s). As a result of this, we see that C([D]) admits
the partition B, [D] + (s(Tk,s). So C([D]) must be disconnected. This is impossible by the definition of a
connected component. So we actually have the equality C([D]) = [D] + (s(Tk,s)- O

Remark 5.3.9. In Definition [4.2.5] we have defined the notion of ideal equivalent Arakelov divisors. One
could easily extend this notion to the rings of S-integers. Namely, two Arakelov S-divisors D = (I,u)g and
D = (J,u)g are called ideal equivalent if [I] = [I'] in Clk g. We have the short exact sequence

0 Tr.s —5 Picxs — Clgg —— 0,

with x: Pick g — Clg,s defined by [D] — [I(D)]. So, if two Arakelov S-divisors D, D" are ideal equivalent,
their image under x is the same. Then [D—D’] € ker(x) = im({s), and so [D] € [D']4+(s(Tk,s). The converse
is also true, if [D] € [D'] 4+ (s(Tk,s) then D and D’ are ideal equivalent. Hence, two Arakelov S-divisors are
ideal equivalent if and only if they belong to the same coset of (s(Tk,s) in Pick g. By Proposition
this means that two Arakelov S-divisors are ideal equivalent if and only if they lie on the same connected
component of Pick s. ¢

We can define a distance function on the connected components of Pick g. It turns out that this distance
function induces a metric on the connected components of Pick g.

Using the group isomorphism log : Rsg — R, the group Tk g is also given by

Tks = [[ Rso/{a:ac Ok s}

oeXY

We will use this representation for T g from now on. With this 'new’ way of viewing Tk g, the group
homomorphism (g is given by [u] — [(Ok,s,u)s]. Now, consider the function dx s: Tk, — R defined by

Oks([ul) == inf |log(au)|e, (92)
aGOK,S
where ||.||g := v/(,)r is the norm on the Minkowski space Kg. Since the norm is bounded from below by

the value zero, we know that the greatest lower bound (or infimum) exists. This follows from the Axiom of
Completeness for the real line.

Proposition 5.3.10. The function g s: Tk,s — R is well-defined.
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Proof. For [u] = [v] in Tk s, there exists some a € O} g such that u = av. Then

Ok.s([u]) =, dnf | log(bu)|lz = ot log(bav) |z = Jnf[log(év) ]z = 9k, s([v]),

K,S K, K,S
where we had set ¢ = ab. O

Let [D], [D] € Pick,s be two Arakelov S-divisors that lie on the same connected component of Picg . Since
they lie on the same connected component in Pick, s, we have [D — D'] € (s(Tk,s). Hence, there exists some
[(Ok,s,u)s] € {s(Tk,s) such that

[D — D' = [(Ok,s,u)s]-

By injectivity of the group homomorphism (g, we have that [(Ok g, u)s] corresponds to the class [u] in Tk g.
Therefore, the class [u] in Tk g is uniquely determined by [D — D’]. Therefore, the following definition is
well-defined.

Definition 5.3.11. The distance between two equivalence classes of Arakelov S-divisors [D], [D'] € Pick g
that lie on the same connected component is defined by

0k5([D), [D']) = ok s ([u]),
such that [D - D,] = [(OK757 U)S]

Note that the distance is only defined for equivalence classes of Arakelov S-divisors that lie on the same
connected component.

Remark 5.3.12. This distance function is not random. If one takes S = (), this distance was introduced
in Chapter 6 of [Sch08|. However, rather than using the infimum, it uses the minimum. It is not proven in
[Sch0§] that this minimum is attained. To show this, one might be able to use the fact that O} is a complete
lattice in the (r1 + ro — 1)-dimensional space given by

H:=<x¢€ H R: ZxU:O

ocEXR oceEXY

One can find this result in Theorem 7.3 of Chapter I in [Neu99]. But this is only a suggestion. One needs to
study this to see whether this idea works. For general S, this thesis has not studied whether a minimum is
attained in construction . However, since the theory works fine with the infimum, there is no need to
check for a minimum. ¢

Proposition 5.3.13. The function dx g restricts to a metric on every connected component of Pick s.

Proof. Let T be a connected component of Pick,g. Let us check the three conditions of a metric.

The output of 0k s is determined by the norm ||.||g on Kg. Therefore, the function dx g is always non-negative.
Note that dj ¢ is only zero at [(1)sexs)] € Tk,s. Hence, for [D],[D'] € T, we have

x.s([D],[D']) = 0 <= 6k s([D], [D']) = 6k s([(1)oensz)])
& [D—-D'=[(0Ok,s,(1)ses:x)s]
> [D] = [(Ok.s,(1)oexs)s] + [D]
< [D] = [D'].

Here we used that (Ok s, (1)sexse)s defines the zero Arakelov S-divisor. We conclude that g s satisfies the
first condition of a metric.

Page 124 of



Let [D],[D’] € T. Then there exists some [(Ok,s,v)s] € (s(Tk,s) such that [D — D'] = [(Ok.s,v)s]. So
[D' — D] = [~(Ok.s,v)s] = [(O,s5,v")s].
We obtain that

s (D), D) = Sk s(v ') = inf [log(av = inf |~ log(av)]Js,

K,S K,S

where in the last step, we can take out the —1 power since running over a € O} ¢ is the same as running
over a~! € Oy g. Then

Or,s([D'],[D]) = dnf |[log(av)llz = ks ([v]) = 0x,s([D], [D']).

K,S

So the function dx g is symmetric.
Let [D1],[Ds], [D3] € T. Then there exist [(Ok,s,u)s], [(Ok,s,v)s] € (s(Tk,s) such that
[D1 — D3] = [(Ok,s,u)s],

[D2 — D3] = [(Ok,s,v)s].

Adding these two equations, we get
[D1 - D3] = [(OK,&U’U)S].

We obtain that

<1 _ . ~ _ . [N
S (D1, D)) = O s(lvwl) = inf |log(avw)l =, inf |log(bévu) s,

K,S )

where in the last step, we use that running over a € Oj g is the same as running over b,c € Ok 5. So

Ox,s([D1] [Ds]) =, inf . I og(bv) + log(éw) |

,c€0%

< bei(gl;f;s 1 og(bv)|Ir + ce%lés [[log(éw)|x

= 05,5 ([0]) + 05 s ([w])
= 0 ,s([D1], [D2]) + 0k,5([D2], [D3]).

In these calculations, we used the triangle inequality for the norm ||.||z. Hence, the function dx g satisfies the
triangle inequality.

Since the function dx g: T x T' — R satisfies all conditions, we conclude that it is a metric on 7. O

Let T be a connected component of Picg s. Then Proposition [5.3.13| tells us that we have a metric space
(T, dk,s). Therefore, it makes sense to talk about the open balls.

Lemma 5.3.14. Let T be a connected component of Pick s. Then for any € € Ry and any [(I,u)g] € T
one has

B<s([(Iu)s)e) = § [(T,v)s] i v € [ Rso and [[log(uv™)[|e < e

ocELR
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Proof. Set

A= [(Iv)s]:ve [ Rsoand [logluv™)|le <e

oceENR

The open ball of radius ¢ € R~ with center [(I,u)s] € T is given by
B3 ([(Lu)s),e) = {[(Jv)s] € T : 0x,s([(L,w)s), [(J,0)s]) < e}
Take any [(J,v)s] € BgK'S([(I, u)g]). By Remark there exists an « € K* such that J = z1. We get that
[(J,v)s] = [(21,v)s] = [(I,w)s],

for some w € HUEZ?{o R.o. It follows that [(1,w)s] € B%:s([(I,u)s],¢), and so
e > dr,s([(1,u)s], [(I,w)s]) = 05 s ([uw™]).
We obtain that

B°x:s([(I,u)s],e) =4 [(I,v)s] s v € H R<( and 5}(75([1%0*1]) <e€

oexy
Let [(I,v)s] € Bo%s([(I,u)s],&). Then

e > s ) = inf |loglaue )]s
K,S

By definition of the infimum, there exists an ag € O} g such that || log(douv™1)||r < e. Therefore, we get
that [(1, (do)v)s] € A. Since ag is a unit of Ok g, we have [(I, (do) 'v)s] = [(I,v)s]. Hence, we have
[(I,v)s] € A. Conversely, take any [(I,v)s] € A. Then

e > [log(w)llz > inf |[log(aun ™)z = k5[],

K,S
Thus, we see that [(I,v)s] € B%<s([(I,u)s],¢). By set inclusion from both sides, we get that
Bos([(1,u)s),€) = A. O

For any ¢ € R, the open ball B ([D], ¢) is contained in the connected component 7' of Picg s such that
[D] € T. But we can still use the group operation of Pick g on the open ball. So we can add any other
element of Pick . We get the following result.

Lemma 5.3.15. For any € € Ry and [D], [D’] € Pick, s one has
[D'] + B*<:5([D], ) = B*<#([D + D'}, e).

Proof. Let T be a connected component of Pick g and take [D1],[Ds] € T. Then for any [Ds] € Pick,g, we
have
0r,5([D1 + Ds], [Ds + Da) = 6x.s([D1], [D2])- (93)

This follows from the fact that
[(Dl + Dg) — (Dg + Dz)] = [Dl — DQ].

Now, take any
[D'] + [D"] € [D'] + B*<5([D], ¢).
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Then dg,s([D], [D"]) < €. So by Equation (93)), we get
dk,s([D+ D', [D"+ D"]) =k s([D],[D"]) < e
It follows that [D’] 4 [D"] € Bo%:s([D + D'],¢).
Conversely, take any [D"] € B%%:s([D + D'],e). Then 0k s([D + D'],[D"]) < e. Set D" := D" — D'. Then
by Equation , we get
0k,s([D], [D"]) = 0x,s([D + D'}, [D' + D"]) = b6k s(ID + D], [D"]) < €

Thus, we get that [D"'] € Bo%:s([D],¢). Since, D"’ := D" — D', we get that

D" € [D'] + B°%5([DJ,e). O

As in Proposition we endow the connected components of Picx g with the subspace topology induced
from the natural topology on Pick s.

Theorem 5.3.16. The metric 6k g induces the subspace topology on the connected components of Pick s.

Proof. Let T be a connected component of Pick g. Take any open subset A C T" with respect to the metric
dr,s on T. Since open balls form a basis of a metrizable topology, we know that A can be written as the
union of open balls. Hence, in order to show that A is open with respect to the subspace topology, it suffices
to show that an open ball is open with respect to the subspace topology. By the construction of the subspace
topology, it suffices to show that it is open in Picg g with respect to the natural topology. So consider an
open ball B := B%%<:s([(I,v)g],¢) for some ¢ € R~g and [(,v)s] € T. Now, let ¢: Divg s — Pick s be the
canonical map. Then B is open with respect to the natural topology if ¢~1(B) is open in Divg g. By Lemma

5.3.14] we have

B={[I,v)s]:ve [[ Rsoand |logluv")|la <e

oeXNE

Then

¢ '(B) =4 (Iv)s:ve [ Rsoand |log(uv)|g <& p + Pring,s

oceXNR
=S (ILv)s:ve J[ Rooand [[loguv™)e<ep+ |J {(@7'Oks,3)s},
cENY TeEK*

where in the last step we Equation Now, adding the two sets comes down to adding (I,v)s with
(r7'Ok 5,%)s. We obtain that

¢ 1(B) = U (x7 ', 3v)s v € H R and || log(uv ™) ||r < €
TEK* ces

Now, writing this in terms of the isomorphism , we have

U {(ordy(z) — ordy(I))pgs} x (—log(2) + B%(—log(u),¢)).

reK*

We know that {(ordy(z) — ordy(1))pgs} is open in the discrete topological space @, ¢ g Z. Furthermore, we
know that B9 (—log(u), €) is open in ng2§ R. Tt follows from Corollary that — log(#)+ B (—log(u), €)
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is open in Haezgg R. Tt follows by the product topology that ¢—1(B) is open in Divg g. As a result of this,
we see that B is open in Picg ¢ with respect to the natural topology.

Conversely, suppose that A C T is open with respect to the subspace topology on T. Then by the subspace
topology, there exists some open subset B C Pick g such that A = BNT. With the same argument as in the
proof of Lemma, there exist open subsets Z; C GBWES Z,e; € Ryg, and u; € Haez;'? R~ ¢ such that

B=J S dv)s]: (—ordy(1))pgs € Zi,v e [] Rsoand |[log(uw)|e <ej ¢ |,
iel \jeJ cENSE

for some index sets I, J. Since T is a connected component of Pick g, we know by Proposition that
T = [D] + ¢s(Tk,s) for some [D] € Pick g. Thus, write D = (I, u), then

T =D+ [(Oks,u)sl:ue [ Roop=S[Luw)sl:uec J] Rso

cEXR oEX®

Let L contain all the elements x € K* such that I is represented in Z; for some ¢ € I. Then either BNT = (
or

BNT = U U [(zI,v)g] ;v € H R and || log(u;v)||lr < €,
zeL \jeJ oeEXR

This follows from the fact that [(«],v)s] = [(I,Zv)s], so [(zI,v)s] € T. So we also have

BNnT = U U [(I,Zv)g] :v € H Rso and | log(u;v)|r < &,
zeL \jeJ ocex

= U U [(Ok,s,2)s]+ ¢ [(L,v)s] v € H Rso and || log(u;v)|r < & ;

zeL \jeJ oEDP

where in the last step one splits [(I, #v)s] into the sum [(Ok. s, %) s] + [({,v)s]. By Lemma [5.3.14] this latter
equals

BNT = J | UlOks, &)s] + B ([(T,u;)s], ;)
zeL \jeJ

By Lemma [5.3.15 we get that

BT =J [ B ((.du;")s) <))
zel \jeJ

It follows that A = BN T is either empty or given by the union of open balls. It follows that A is open with
respect to the metric. O

So let us summarize what we have seen in this section. We endowed Picg g with the natural topology. The
connected components, with respect to this topology, are given by the cosets of (s(Tx,s) in Pick s. Every
connected component admits a metric, given by dx,s. This metric induces the subspace topology on the
connected components. The question remains whether we can recover the natural topology on Pick g from
0x,s. This would mean that the natural topology is metrizable. But the function dx g is only defined for
equivalence classes of Arakelov S-divisors that lie on the same connected component. Hence, we cannot
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extend 0k s to a metric on Pick s. However, there is still a way to recover the natural topology on Pick g
from d s.

Let X be a topological space and {C;};cs a partition of X, for some index set I. We refer to the topology on
X as the natural topology. Suppose now that any C; is a topological space as well (so we do not endow it
necessarily with the subspace topology). Then we can create a new topology on X that is induced from the
partition. We say A C X is open if ANC; is open in C; for all ¢ € I. It is not hard to verify that this gives a
topology on X. We refer to this as the partition topology on X. So we now have two topologies on X; the
natural topology and the partition topology. Are there cases in which they are equal? What if we would
endow C; with the subspace topology induced from the natural topology? In that case, is it true that the
partition topology on X coincides with the natural topology on X?

Proposition 5.3.17. Endow any C; with the subspace topology induced from the natural topology on X.
Then the partition topology on X coincides with the natural topology on X.

Proof. Suppose that A is open in X with respect to the partition topology. Then A N C; is open in C; for all
i € I. By the subspace topology on Cj, this means that there exists some open subset B; in X, with respect
to the natural topology, such that B; N C; = ANC; for all i € I. Then using that {C;};cs forms a partition
of X, we have

ANX =AN <|_|ci> = |Aanc)=|]BnC)= <U3i> N <|_|Ci> = <U3i> NX = (UBZ).

i€l iel icl el el icl icl

Since A = AN X, we now know that A equals the union of open subsets with respect to the natural topology.
Hence, the subset A is open in X with respect to the natural topology.

Conversely, suppose that A is open in X with respect to the natural topology. Then A N C; is open in C; for
all 4 € I, by the subspace topology. This says exactly that A is also open in X with respect to the partition
topology. O

The result of this proposition might feel trivial. But we wanted to specify this explicitly because we know
that Pick g is the disjoint union of its connected components, which are also the cosets of (s(Tx,s) in Pick g.
Let R be a set of representatives for Pick, s /Cs(Tk,s). Then

Picks = | | ([D]+¢s(Tk.s))-
[DIER

By Theorem [5.3.16} the topology on the connected components is induced by df,s. Hence, also the partition
topology on Pick s is in some way induced by dx,s. We endowed the connected components with the subspace
topology induced from the natural topology on Picg g. It follows from Proposition that the partition
topology equals the natural topology on Pick s. It allows us to conclude that the natural topology on Pick s
is in some sense induced from dx g. This is stated in Chapter 6 of [SchO8| for S = ). So while the distance is
only defined on the connected components (therefore dx g is only a metric on the connected components) the
natural topology on Picg s is still in a certain sense metrizable.

5.4 Reduced Arakelov S-Divisors

In Definition [4.2.3] we defined reduced Arakelov divisors. We saw that they play a major role in the
infrastructure. Recall that an Arakelov divisor D € Divg is called reduced if it is of the form D = =(I) for
some I € Idg such that 1 € I is minimal. We can use the extension 7g of the group homomorphism 7 seen
in Definition It remains to generalize the notion of a minimal element in a fractional ideal of Ok s.
We want to obtain two things in the generalization. If we take S = (), we should recover the original setting.
Furthermore, only finitely many fractional ideals of Ok s may have 1 as a minimal element. This ensures
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that the number of reduced Arakelov S-divisors is finite. In this section, we propose two definitions that both
fulfill these wishes.

Trying to describe Definition 4.2.1]in words, we get that a minimal element of a fractional ideal of Ok is
minimal with respect to every infinite place. This can be seen as being minimal in Kr = HGGE? K,. With
the S-integers, we have seen that it is useful to consider Kg instead of K. So, if we want to be minimal in
Kg, we need to consider the finite places in .S as well. Therefore, we get the following definitions.

Definition 5.4.1. Let x,y € K*, we write z <g y if ||, < |y for all 0 € X% and |z|, < |y|, for all p € S.
Note that <g is not a partial order as x <5 vy and y < « does not imply that z = y.

Definition 5.4.2. Let I be a fractional ideal of Ok g. An element x € I is called strongly S-minimal in I if
it is non-zero and if the only element y € I for which y g = is y = 0.

When we take S = (), we simply recover Definition In this case, we still use the terminology of minimal
elements rather than strongly #-minimal elements. Furthermore, we use the notation < rather than <
from Definition In the general case, let us look into the existence of strongly S-minimal elements in a
fractional ideal.

Lemma 5.4.3. Let I" be a lattice in K¢ and C C Kg a compact subset. Then I' N C is a finite set.

Proof. Since T is a lattice, it is a discrete subgroup and therefore closed in Kg (see Proposition . It
follows by the subspace topology that I' N C' is closed in C. We obtain that I' N C' is also compact in C (see
[Sin19, Theorem 5.1.7]). Since ' N C C T, it follows from Proposition (ii.) that I'N C is discrete. We
see that I' N C' is discrete and compact. It follows from Proposition ) that I' N C' is a finite set. [

Proposition 5.4.4. Let I € Idg g be non-zero, then I contains at least one strongly S-minimal element.

Proof. Take any arbitrary non-zero xo € I. If xg is strongly S-minimal in I, then we are done. Otherwise,
there exists a non-zero x; € I such that 1 <g xg. In its turn, either z; is strongly S-minimal in I, or there
exists a non-zero x5 € I such that xo < z1. Continuing this process, we either terminate to an S-minimal
element of I, or we get an infinite sequence (z;);>¢ of distinct non-zero elements of I such that z;11 <g =i,
for all ¢ € Z>o. We will show that the latter case reaches a contradiction. Hence, the existence of a strongly
S-minimal element in [ is guaranteed. By the monotone convergence theorem in R, we have that the sequence
(|zi]v)i>0 convergences for all v € S*°. Set

ay, = lim |24,
71— 00

for all v € §°°. This means that for any v € S and for all ¢ € Ry there exist infinitely many ¢ such that
|z:|y € [an, n +€]. Let € € Ryg and s := #5°°. Then this means that there exist infinitely many ¢ such that

€
oy S |$’L|IJ S Qy + ;7
for all v € 5. Set 1=} oo @y, then for infinitely many i

a < Z |z:|, < a+e.

veSoo

Using the metric dg on Kg (see Equation (25)), we obtain that
a<dg(Us(z;),0) <a+e.
Thus, there are infinitely many ¢ such that ¥g(x;) € {v € Kg: a < dg(v,0) < a+¢e} =: A. Note that

A= (Ks\B%(0,a)) N B*[0,c + €],
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using the open and closed ball definition from the beginning of Section Since A is an intersection of
closed sets, we know that it is closed in Kg. Moreover, the set A is bounded by 2(« + ¢). It follows by
Theorem that A is compact in Kg. By Theorem we know that Ug(I) forms a lattice in Kg.
Since z; € I, we get that () N A is an infinite set. This contradicts Lemma [5.4.3] O

Example 5.4.5. Let K = Q, and so Ox = Z. We have, up to equivalence, one Archimedean absolute value
given by the absolute value |.|oo on Q. The prime ideals of Z are given by pZ for some prime number p € Z.
Since any fractional ideal of Z factors into the non-zero prime ideals of Z, we know that the fractional ideals
of Z are given by Z for a,b € Z. In a fractional ideal, given by $Z, the minimal elements are given by

(4

Namely, any other element in this fractional ideal is an integer multiple of one of these, hence bigger in
absolute value. Now, let S be the set only containing the prime ideal 2Z. By Proposition the ring of
S-integers is given by Z [%] Furthermore, in Proposition we saw that the prime ideals of Z [%] are
given by pZ [%] for any prime number p # 2. Consequently, the distinct fractional ideals of Z [%] are given
by $Z [%] for a,b € Z such that a,b =1 mod 2.

Let us determine the strongly S-minimal elements of any fractional ideal of Z [%] So consider the fractional
ideal I := $Z [%} for a,b € Z such that a,b =1 mod 2. We claim that the strongly S-minimal elements are
given by

{iQk% k eZ}. (94)

To show the claim, let x := :EQk% for some k € Z. Suppose there exists some non-zero y € I such that
lyl2 < ||z, i.e. orda(y) > orda(z) = k. Since y € I, there exists some z € Z [3] such that y = %2z. Moreover,
we have ords(z) = orda(y) since a,b = 1 mod 2. Set this integer equal to I € Z. Then there exists some
m € Z such that m = 1 mod 2 and z = 2m. We get that y = %21m, with { > k. Then

@5 a5 @ 5k
oo = [52m] 2 [52] 2 [52] =lolw
This means that there cannot exist a non-zero element y € I such that y <g =. It follows that x € I is
strongly S-minimal. Thus, all the elements of set are strongly S-minimal. Any non-zero element of 1
that is not included in this set is of the form %ka for some k, m € Z such that m =1 mod 2 and m # +1.
Then this cannot be strongly S-minimal since %2’“ <s %2’“m with %2’“ € I. Hence, we showed that the set
(94) contains exactly all strongly S-minimal elements of I.

Observe, if we take a,b =1 mod 2, then § is minimal in $7Z and strongly S-minimal in §7Z [%] ]

Now, the last observation of the example can be generalized. Recall Definition of the fractional ideal
Is € Idk for some I € Idg 5.

Proposition 5.4.6. Let I € Idg g. If z € I is minimal, then it is strongly S-minimal in I.

Proof. In this proof, we will repeatedly use Definition and Proposition Suppose that x € Ig is
minimal. Then « is also contained in I = IsOk g. Assume that there exists some y € I such that y <5 =.
Since y € I we have yOg,s C I, i.e. I|yOk, s. This means that ordpo, ;(I) < ordyo, (y) for all p ¢ S. By
the definition of I, we have ord,(Is) = ord,o, () for all p ¢ S. In Proposition we have seen that
ordyoy s (y) = ord,(y) for all p ¢ S. We get that

ordy(Is) <ordy(y), pé¢S. (95)

Since € Ig, we have 2Ok C Ig, i.e. Ig|lxOg. This means that ord,(Is) < ord,(x) for all p € DLy
Furthermore, since y <g x, we have |y|, < |z|,. Hence, we obtain that

ordy(y) > ordy(z) > ordy(Ig) p € S. (96)
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Combining and (96), we see that ord,(Is) < ordy(y) for all p € PB%. We conclude that Is|yOk, and so
yOg C Ig. Since 1 € O, we get y € Is. So we get y € Ig such that y <g x. But then also y < x. Thus, by
the minimality of x € Ig, we must have y = 0. This exactly shows that x € I is strongly S-minimal. O

The converse of this proposition is not true as we can see from Example Namely, take [ = $7Z [%] for
a,b=1mod 2. Then Is = $7Z. We have that 27 € $Z [%] is strongly S-minimal but it is not minimal in $Z.
However, notice that the only fractional ideal of Z [}] containing 1 as strongly S-minimal element is Z [1]
itself. Namely, the strongly S-minimal elements of I are given by :l:2k%. Such an element equals 1 if and
only if £ = 0 and a = b, using that a,b = 1 mod 2. Moreover, the fractional ideal Z contains 1 as a minimal
element. Consequently, in this example, we see that 1 is strongly S-minimal in [ if and only if it is minimal
is Is. This can also be generalized.

Lemma 5.4.7. Let I € Idg,s. Then 1 € I is strongly S-minimal if and only if 1 € I is minimal.

Proof. The if-statement is given by Proposition [5.4.6f For the converse, suppose that 1 € I is strongly
S-minimal. First, we must show that 1 € Is. We know by Equation that

I=(I"NY't'={reK: 2" COgs}.

Since 1 € I, we have I~ C O g. Therefore, we know that I~! is an integral ideal. Consequently, for all
p ¢ S there exists ny, € Zxo such that [~! = [1,¢s(POK, ). Then

I=[I6Oks)™ = Is=]]» ™.
pés p¢s

We have 1 € p¥ for all k € Z<o and p € PB%. Since —n, < 0, we obtain that 1 € Hpgspin‘“ = Is. Now, we
can show that 1 € Ig is minimal. Assume that there exists some x € Ig such that © < 1. Since z € Ig, we
have by Lemma that |z, <1 for all p € S. Together with the fact that « < 1, we obtain that z <5 1.
Since x € Ig, it is also contained in I = IgOk g. By the strongly S-minimality of 1 € I, we must have z = 0.
This exactly shows that 1 € Ig is minimal. O

Now, we can generalize the notion of reduced Arakelov divisors.

Definition 5.4.8. An Arakelov S-divisor D € Divg,g is called strongly reduced if it is of the form D = wg(I)
for some I € Idg g such that 1 € I is strongly S-minimal. The set of strongly reduced Arakelov S-divisors is
denoted by Redj g.

If we take S = (), we recover Definition In this case, we call an Arakelov divisor reduced instead of
strongly reduced. Moreover, we still denote the set of reduced Arakelov divisors by Red.

Example 5.4.9. Note that the zero Arakelov S-divisor is given by (O s, (1)sexs) = 75(Ok,s). So the
zero Arakelov S-divisor is strongly reduced if 1 € Ok g is strongly S-minimal. If I = Ok g, then Is = O.
So by Proposition [5.4.6] it is enough to show that 1 € Ok is minimal. This is exactly what we showed in
Example Hence, we know that 1 € Ok g is strongly S-minimal, and 75(Ok,g) is strongly reduced. W

Theorem 5.4.10. The set of strongly reduced Arakelov S-divisors is finite.

Proof. Recall the bijection between fractional ideals of Ok g with the fractional ideals of Ok coprime to S
from (23). Together with Lemma [5.4.7] we have a bijection between

{ms(I): I € Idk,s and 1 € I is strongly S-minimal}

and
{z(I): T €1d$? and 1 € I is minimal}.
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So we get
#Redy g = #{ns(I) : I € ldg s and 1 € I is strongly S-minimal}
=#{m(I): I € Idg coprime to S, and 1 € I is minimal}
< #{m(I): I €ldk and 1 € I is minimal}
We see that Redx s must be a finite set since Redy is finite (see [Sch08, Proposition 7.2]). O

Now, we propose a second extension of minimal elements and reduced Arakelov divisors. In Definition [5.4.1
we allowed equality at the finite places. But what if we remove those?

Definition 5.4.11. Let z,y € K, we write z <g y if |z|, < |y, for all v € S*.
Note that <g is not a partial order as * <g y and y <g « does not imply that x = y.

Definition 5.4.12. Let I be a fractional ideal of O g. An element z € I is called weakly S-minimal in I if
it is non-zero and if the only element y € I for which y <g z is y = 0.

When we take S = (), we simply recover Definition In this case, we still use the terminology of minimal
elements rather than weakly (-minimal elements. Now, let us look into the relation between weakly and
strongly S-minimal elements.

Proposition 5.4.13. Let I € Idg g. If « € I is strongly S-minimal, then it is weakly S-minimal.

Proof. Assume that x € I is strongly S-minimal. Suppose that there exists some non-zero y € I such that
y <s x. Then it follows by definition that y <g x. Thus, by the strongly S-minimality of z, it follows that
y = 0. Hence, the element z is weakly S-minimal. O

The result implies for any I € Idg g, we have
{strongly S-minimal elements of I} C { weakly S-minimal elements of I}.

The other set inclusion is not necessarily true.

Example 5.4.14. Let K = Q, and use the same convention as in Example Except, for this time,
we take S = {5Z}. By Proposition the ring of S-integers is given by Z [£]. Consider this ring as a
fractional ideal of itself. We will show that 2 € Z [%] is weakly S-minimal but not strongly S-minimal. The
latter is easy to see since ords(1) = ords(2) = 0, and so 1 s 2. Now, suppose that there exists some non-zero
@ € Z[1] such that |z|5 < [2]5. Equivalently, we have ords(z) > ords(2) = 0. So we have z € Z [%] and
ords(x) > 0. Consequently, we must have x = 5¥a for some k € Z~q and a € Z. But then it is impossible to
have |z|, < |2|,. Thus, there cannot exists a non-zero x € Z [£] such that  <g 2. We conclude that the
element 2 in Z [%] is weakly S-minimal but not strongly S-minimal. ]

Corollary 5.4.15. Let I € Idg,s be non-zero.
i.) Then I contains at least one weakly S-minimal element.

ii.) If x € Is is minimal, then it is weakly S-minimal in I.

Proof. Statement (i.) is a direct consequence of Proposition [5.4.4] and [5.4.13] Statement (ii.) is a direct

consequence of Proposition and [5.4.13 O

Lemma fails to hold for weakly S-minimal elements. To repeat the proof we would need that for any
I €Idg,s and x € I, one has = € Ig if and only if |z|, < 1 for all p € S. But this is not the case as we saw in
Lemma 13.2.9]

Now we can generalize the notion of reduced Arakelov divisors once again.
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Definition 5.4.16. An Arakelov S-divisor D € Divg g is called weakly reduced if it is of the form D = wg(I)
for some I € Idg g such that 1 € I is weakly S-minimal. The set of weakly reduced Arakelov S-divisors is
denoted by Redy s.

If we take S = (), we recover Definition In this case, we call an Arakelov divisor reduced instead of
weakly reduced. Moreover, we still denote the set of reduced Arakelov divisors by Redx. A similar argument
as in Example [5.4.9 shows that the zero Arakelov S-divisor is weakly reduced.

We would like to show that Redf g is finite, just like Redy 5. However, the proof of Theorem uses
Lemma [5.4.7] We just saw that this lemma does not hold for weakly S-minimal elements. Hence, we would
have to reason differently. But we can use our analogue of Minkowski’s Convex Body Theorem that we have
seen in Theorem [3.3.23

Theorem 5.4.17. The set of weakly reduced Arakelov S-divisors is finite.

Proof. Throughout this proof, we will use that a compact subset is Borel measurable (see Proposition .
Thus, we can take the measure of a compact subset.

Take any ¢ € [0, 3] such that ord,(t) = 0 for all p € S. This can always be found. Namely, since S is finite, you
can pick any prime number p € Z such that pOx does not have any p € S in its factorization. Then ¢t = p—!
does the job. Let D = 7g(I) be a weakly reduced Arakelov S-divisor. Set v := (NOK,S(I)fl/n)oezgg € Kg,
then D = (I,u)s. Recall the notation

#S8 times

We have u € Ki. We know by Theorem that Ug(l) is a lattice in Kg. Then by Lemma we
have seen that uWg([) is a lattice in Kg. Therefore, we can consider its covolume. Recall that the DVR
O, ={z € K, : |z|, <1} is compact in K, for all p € S (see [Neu99, Proposition 5.1, Chapter II]). Since
its maximal ideal m, is closed in Oy, it is also compact. In Section we gave O, a finite measure with
respect to py,. By Proposition @ it follows that m, has non-zero and finite measure with respect to p,.
So we can set

7€R>0

- <1> (Myes 114 11p) covol (@ws(1)
o=

2(r1+r2) HpES Lp (mp)
for some ¢ € Ry close to 1. Set A, = {z € K, : |z|, < a!/"} for any o € X%. This set is closed and
bounded in K,. By Theorem [[.4.8] we know that K, is isomorphic to R or C. It follows by the Heine-Borel

theorem that A, is compact in K, for all 0 € ¥%. For a real field embedding o € X%, we have that p, is
the Lebesgue measure on B(R). Then

™

o (Ag) = 204/,

For a complex field embedding o € ¥%, we have that 11, is twice the Lebesgue measure on B(R?). Then
to(Ay) = 202/

Consider the set

A= H A, X Hmp ={uc Ks:|uslo < /" for all o € £5°, Jup|, < 1 for all p € S}.
oesse pes

Then A is compact in Kg, since it is a product of compact sets. Recall that 15 = &), ¢ goo ftr- S0 its measure
with respect to pg is given by

ps(A) = H 1o (Ac) H pp(my) = (2a"/7)7 (202 ") H pp(my) = 2" 2120 H fip ().

oceLY pes pes pes
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From the definition of «, we get

us(A) =« H [t=Hlp | covol(@¥s(I)).
pes

Since € € Rs1, we have that

ps(A) > | TTIIE ) | covol(@Ws (D).
peS

For any u € A, we have —u € A by the property that |z|, = | — x|, for all v € Vk. Hence, the set A is
symmetric as defined in Definition |3.3.21} Furthermore, for any u,v € A, we have that ¥g(t)u + ¥g(t)v € A.
Namely, for any o € ¥%, we have

uO‘ (e + UU (o
tg + tg |0 < t(Jte]o + |Vale) < % < al/m

using that ¢ € [0, %] For any p € S, we have
[tup + tvplp = [tplup + vplp = |up + vplp < max{|uglp, [vplp} <1,

using that ord,(t) = 0 for all p € S. Thus, the set A is ¥g(t)-convex as defined in Definition [3.3.22] Hence,
we can apply Theorem [3.3.23] It states that there exists a non-zero v € u¥g(I) N A. So write v = uV¥g(a) for
some non-zero a € I. Then u¥g(a) € A, and so

|NOK,S(I)_1/na‘0' < al/n’ |G"P <1,

using the construction of . Suppose that No, ;(I™*) > o. Then [a|, < 1 for all ¢ € £%. Consequently, we
obtain that a <g 1. This contradicts the fact that 1 € I is weakly S-minimal. Therefore, we must have that
Noy s(I7') < a. Since I is a fractional ideal containing 1, we know that /="' is an integral ideal of Ok s. By
Proposition (ii.), there can only exist finitely many integral ideals with bounded norm. We conclude
that only finitely many weakly reduced Arakelov S-divisors exist. O

Remark 5.4.18. A consequence of Proposition is that Red} ¢ C Redf 5. Hence, Theorem is
also a consequence of Theorem Furthermore, in contrast to the proof of Theorem the proof of
Theorem is independent of the fact that Red is finite. Theorem is therefore also a proof for
the finiteness of Red. One needs to take S = 0. ¢

In conclusion, we have seen two extensions of minimal elements and reduced Arakelov divisors. In both cases,
we recovered the original setting by taking S = (). Moreover, the number of strongly/weakly reduced Arakelov
S-divisors is always finite.

Algorithm describes a reduction algorithm for Arakelov divisors. Given an Arakelov divisor of K it
returns a reduced Arakelov divisor that is ideal equivalent. In Remark we saw that this is the same as
returning a reduced Arakelov divisor that lies on the same connected component of Picg. This algorithm
translates easily to Arakelov S-divisors in Divg g.

Lemma 5.4.19. Let I € Idg g. If x € I is strongly (resp. weakly) S-minimal, then 1 is strongly (resp.
weakly) S-minimal in 1.

Proof. We have 1 € 711, so it remains to check whether it is strongly (resp. weakly) S-minimal. Suppose
that there exists y € 2711 such that y <s 1 (resp. y <s 1). Then y can be written as 2!z for some z € I,
which implies that 272 <5 1 (resp. 71z <g 1). Using the multiplicative property of absolute values, we get
z <5 = (resp. z <g x). By the strongly (resp. weakly) S-minimality of « € I, this implies that z = 0, and so
y = 0. We see that 1 € 711 is strongly (resp. weakly) S-minimal. O
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Algorithm 5.4.20. (Reduction Algorithm for Arakelov S-Divisors)

Input: Any Arakelov S-divisor D of K.

Output: A strongly (resp. weakly) reduced Arakelov S-divisor D’ such that D and D’ lie on the same
connected component of Pick g.

i.) Find I € Idg s and u € Haez;g R such that D = (I, u)s.

ii.) If 1 € I is strongly (resp. weakly) S-minimal, then return D’ = 7g(I). Else find a strongly (resp.
weakly) S-minimal element z € I.

iii.) Return D’ = 7g(z~11).

The correctness of the algorithm is an immediate consequence of Lemma [5.4.19] Note that « € I in step
(ii.) is not unique. Namely, there might exist more than one strongly (resp. weakly) S-minimal element in I.
Therefore, the algorithm is not deterministic.

Remark 5.4.21. To finish this chapter, we would like to mention the paper titled ’Arakelovtheorie fiir
Zahlkérper’. This German paper is written by Eduard Hiibschke in 1987 (see [Hiib87]). As the German title
suggests, this paper discusses Arakelov theory for number fields. It contains similar definitions and results as
seen in Section Besides this, it treats Arakelov theory for S-integers. Almost all results of Section [5.1
can be found in this paper. However, all results in this thesis have been proved independently. It has to be
said that it deals Arakelov theory for S-integers in a more general matter. Namely, rather than considering
S-integers over the ring of integers Ok, it looks into the rings of S-integers of any order of K. Furthermore,
it discusses Section [5.2.2)in a short manner. It shows how Theorem [5.2.1§| only holds for the ring of integers
(maximal order) and not for any arbitrary order. All other sections discussed in this thesis are not contained
in this paper by Hiibscke. ¢
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6 Fake Real Quadratic Orders

So far, we have built up Arakelov and Minkowski theory for the rings of S-integers of any number field. Now,
we want to apply this theory to a specific type of S-integers in an imaginary quadratic number field: fake
real quadratic orders. In particular, we want to give the Arakelov theoretical description of the infrastructure
for fake real quadratic orders. In this chapter, we will introduce fake real quadratic orders. We investigate its
structure and show some consequences of results that we have seen for the rings of S-integers. We end this
chapter by discussing the potential of an Arakelov theoretical description of the infrastructure. Throughout
this chapter, consider an imaginary quadratic number field K = Q(\/&) for some fundamental discriminant
d € Zo. We use the convention about these types of number fields as described at the beginning of Section

L3

6.1 Structure

Let ¢ € Z be an odd prime number such that d is a square module g. Next, we want to investigate the integral
ideal qOk. Recall that Og = Z|w], where w = d%ﬁ. One can verify that w is a root of the polynomial

2 _
ft:ﬁ—ﬁ+d 4
4

We know that d is a fundamental discriminant. So, by Definition [I.3.1} we know that d # 1 is square-free and
d=1mod 4, or d =4D, where D € Z is square-free and D = 2,3 mod 4. Hence, in all cases, we have that
4|d? — d. Consequently, the polynomial f is contained in Z[t]. This lets us conclude that f is the minimal
polynomial of w. Since d is a square modulo p, there exists some a € Z such that a? = d mod ¢. So taking f

modulo g gives rise to
- d* — a? a—d —a—d
=t> —dt = (t t .
ot = () ()

If ¢ = 2, we could not make this statement. That is why we restrict ourselves to odd primes. By the
Dedekind-Kummer Theorem (see [Sut24, Theorem 6.14]), we obtain that

o= (nr 5 (o2 579) - (1257) (1257

is the unique factorization of Ok in the non-zero prime ideals of Og. Set

[, Vdta).
q:-= (LT )

then we have shown that ¢Ox = qq. Set S = {q} and S’ = {q}. We obtain the rings of S-integers Ok s and
Ok, s of K. These rings are isomorphic by sending a € Ok s to its complex conjugate @ € Ok s-. Therefore,
up to isomorphism, it does not matter which prime ideal we take. Hence, the ring of S-integers obtained in
this way is completely determined by the prime number g € Z.

Definition 6.1.1. Let K = Q(v/d) for some fundamental discriminant d € Z . Let ¢ € Z be an odd prime
such that d is a square module g. Take S to be the set only containing the unique, up to conjugation, non-zero
prime ideal q lying above ¢g. Then the ring of S-integers Ok g, denoted by Og 4, is called a fake real quadratic
order of K.

We denote a fake real quadratic order by Oq4 4, because, up to isomorphism, it is completely determined by
the fundamental discriminant d € Z.y and an odd prime ¢ € Z such that d is a square module gq.

We state some results regarding these fake real quadratic orders. Firstly, throughout this section let n € Z>q
denote the order of q in Clg. Throughout this thesis, the integer n denoted the degree of the number field K.
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But since K is fixed to be an imaginary quadratic field, there is no confusion. Using that Np, is a group
homomorphism, Proposition [1.1.15| and imply that

Noy (@) Nog (@) = Noy (4@) = Nok (¢0k) = [Nkjg(@)l = ¢ = Nok(4) = No, (@) = q.

The set of fractional ideals, set of principal fractional ideals, and class group of Qg4 Will be denoted by
Idg,q,Pa,q, Cla,q, respectively. From Proposition it follows that

Idaq =1dk /{@),  Cla,g = Clx /([a])-

Therefore, denoting by hq 4 the order of Clg 4, we hqq = hTK A class number formula for fake real quadratic
orders is given in Theorem 1.9 of [Oh14].

There is something to say about the structure and units of Qg4 4. According to Proposition we can write
Og,q = O [a™!], for some a € Ok \{0}. Explicitly, this element a satisfies ordq(a) > 0 and ord,(a) = 0 for
all p # q. This means that a must be a generator of the principal integral ideal q". Any such generator is
unique up to units of Of. We have seen in Equation that Ok has only finitely many units. Let us denote
a generator by &,, and keep in mind that it is unique up to units of O. We obtain that Qg = Ok [e,].
Since g4 € 4" € Ok C Ogyq, and e, € Oy 4, we get that e, € 03 - More generally, we have ek e 0y, for all

k € Z. On top of this, we know by Proposition that
Od,q = 1 % (€),

for some unit ¢ € Oy . Note that in our case of an imaginary quadratic number field, we have px = Oj.
Ife, = e for some integer k # =41, then the prime ideal q would have a smaller order than n. Hence, we

actually have ¢, = etl. We get that
O = Ok X (gg)-

So a generator of the unit group Of g is equivalent to a generator of q".

Note that we only have one infinite place of K. This corresponds to a pair of conjugate complex field
embeddings. Therefore, the only Archimedean absolute value on K is the absolute value |.|o on C. Since
O3 = pk, we have by Proposition that |a|oo = 1 for all a € OF. As stated before, the element ¢, is
unique up to units of Of. So the value |g4] is independent of the choice of generator of q". Hence, the
following definition is well-defined.

Definition 6.1.2. The value log |e,| is called the regulator of O4 4 and is denoted by Rg,.

The regulator of a fake real quadratic order can be seen as an analogue of the regulator of a real quadratic
number field. Namely, in that case, the regulator is defined by the logarithm of the absolute value of the
fundamental unit (see Section . In Section we designed Algorithm that could compute the
regulator of a real quadratic number field using the Arakelov infrastructure. So we wish to extend this to the
regulator of a fake real quadratic order. We will discuss the possibilities in the next section. We keep all the
notation and terminology introduced in the present section.

Remark 6.1.3. Wang has designed an infrastructure for fake real quadratic orders using the ideas of Section
rather than the ideas of the Arakelov theoretical description (see [Wanl7, Section 3.4]). Firstly, she gives
an analogue of the principle cycle as seen in Definition Thereafter, she describes a distance function
that can be used, along the principle cycle, to compute n € Z>¢ (the order of q in Clg), rather than log |e4|oo-
However, Wang states that the designed Baby-Step Giant-Step infrastructure algorithm does not lead to any
faster way to determine n (or ), than just computing the order of q and a generator of q" directly. ¢
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6.2 Arakelov Theoretical Description of the Infrastructure: A Discussion

The first step is to develop Arakelov theory for fake real quadratic orders. But this has already been done in
Chapter [f] for the rings of S-integers. So we can use those constructions. Arakelov S-divisors will be called
Arakelov g-divisors. The group of Arakelov ¢-divisors and the subgroup of principal Arakelov g-divisors is
denoted by Divy 4, Pring 4, respectively. An Arakelov ¢-divisor D in multiplicative notation will be given
by D = (I,u), for some I € Idg, and u € Rso. The Arakelov S-class group is called the Arakelov g-class
group and is denoted by Picg ;. Concerning Section the strongly (resp. weakly) S-minimal elements of a
fractional ideal will be called strongly (resp. weakly) ¢g-minimal. The set of strongly reduced (resp. weakly
reduced) Arakelov g-divisors is denoted by Rediq (resp. Redfi‘iq). Lastly, the group homomorphism 7g is
denoted by m,.

Now that we have Arakelov theory for fake real quadratic orders, we can directly dive into the analogue
of Section [4:3] In this section, we will discuss the possibilities of this extension. But we also explain the
obstacles.

We have a reduction algorithm for Arakelov g-divisors as described in Algorithm This algorithm
is similar to Algorithm The first step in Section was to develop a better reduction algorithm.
From this, we got Algorithm [£.3:8] Therefore, the first task would be to find a similar algorithm for fake real
quadratic orders. The algorithm heavily relies on the representation of fractional ideals as seen in Proposition
We used the fact that any fractional ideal of the ring of integers in a real quadratic number field is a
free Z-module of rank 2. We do not have such a statement for fractional ideals of O44. In particular, a fake
real quadratic order Qg4 4 is not even a free Z-module. However, we will now prove that any fractional ideal
of Oq,q is a free Z [6;1}-module of rank 2.

Take any I € Idg 4. We denote by I, the fractional ideal of Ok corresponding to I as described in Definition
B24

Lemma 6.2.1. For each I € Idg 4, one has [ = I, [sq’l]. Consequently, any x € I can be written as as’q“ for
some k € Z.g and a € I,.

Proof. We know that I = 1,04 4. So any element x € I can be written as z = Zf:o a;b; with a; € I; and
bi € Og,q for all 0 < i < k, and some k € Z>¢. In its turn, since Oy 4 = O [E(;l}, the b;’s can be written as

for some b;; € Ok for all 0 < j <, and some | € Z>o. Combining these expressions, we obtain
k k Lp

O oL

i=0 i=0 =0 €a

Since a; € I; and b;; € Ok, we know that a;b;; € I, for all 7, j. Consequently, we can write

| &

m
ng o
i—0 4

(2

)

for some ¢; € I, for all 0 < ¢ < m, and some m € Z>g. Then
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Since ¢; € I, and 5’“ € Ok for all k € Z>p, we know that ciz:“;"_i € I, for all 0 < i < m. Moreover, the

element ¢ := Zz 0 clsm ' is contained in I,. Consequently, we see that x = ce,™, and so x € I [ ] So
we have I C I, [e;']. Conversely, since I, C I and e, € O q, we also have I, [ } CI104,C 1. So we see
that I = I, [6;1] O

Lemma 6.2.2. Let R be a domain and M an R-module. Then R[t] ® g M = M|t].
Proof. The isomorphism is given by extending the map f(t) ® m — mf(t) linearly over R. O
Proposition 6.2.3. Let I € Idg,q. Then I is a free Z [sq’l]—module of rank 2.

Proof. We have seen that the fractional ideal I; of Ok is a free Z- module of rank 2. The ring Z [s;l} can

be viewed as a Z-module. It follows from Prop051t10n 1| that Z ®Z 1, is a free Z [ ]-module of
rank 2. Lemma implies that Z [ ] ®z 1y 21, By Lemma 6 .1} we know that I, [ ] =1. We

conclude that I is a free Z [s;l]—module of rank 2. O
From this result we conclude that for any I € Idg 4 there exist =,y € I such that
I=aZle;'] +yZ[e,"].

Recall the definition of a primitive element from Definition [1.1.2
Lemma 6.2.4. Let I €Idg,,.

i.) An element = € I is primitive if and only if it is part of a Z [Eq_l]-basis.

ii.) The fractional ideal I contains a primitive element.

iii.) If x € I is primitive, then 1 is primitive in 2~ 11.

Proof. To show Statement (i.), let = € I be part of a Z [¢,*]-basis of I. Say this Z [e,!]-basis is given by
the elements x,y € I. Suppose that there exists some m € Z~1 such that € mI. Then = € I. Since
I =27 [s;l] + yZ [5;1}, there exist f,g € Z [E* } such that = = fr + gy. We know that x,y form a

basis of I, so we can compare coefficients, i.e. f = —. As m is an mteger the element f must be rational.
Consequently, we get that f € Z [ ] N Q Since Eq is not an integer, and is contamed in Ok, it must be
irrational. We conclude that Z [ ] Q =Z. So we have f,m € Z such that f = =-. Therefore, we must

have m = +1, reaching a contradlctlon with the choice of m. Thus, the element x is prlmltlve in I.

Conversely, let = € I be primitive. Since I is a free Z [5;1}—module of rank 2, there exist y, z € I such that
I =yZe;'] + 2Z [e;']. Hence, there exist f,g € Z [e; '] such that z = fy + gz. With a similar argument
as in the proof of Lemma (replacing Ok by Z), we find that there exist a,b € Z and k,l € Z-( such that
f= aslq“ and g = bafl. If ged(a,b) > 1, then there exist ¢ € Z~1 and d, e € Z such that = = c(ds’q“y + esf]z).
Then z € cl, contradicting the assumption that z is primitive. We conclude that ged(a,b) = 1. By Bezout’s
Identity, this means that there exist i,j € Z such that ai + bj = 1. Consequently, one can verify that x
and — jsq_ly + ie;kz are linearly independent and generate I. Consequently, they form a Z [6;1}—basis for I.
Thus, the element = € I is part of a Z [5;1]—basis.

Statement (ii.) follows from Statement (i.) since a Z [, ! ]-basis can always be found for I.

To show Statement (iii.), let € I be primitive. Then by Statement (i.), we have that x is part of a
Z [5;1]—basis. Let this Z [sq’l]—basis be given by z,y € I. Then

I =27 [5(;1] + yZ [5;1] = =z (:I:Z [ 71] + yZ [ ]) =7 [&:;1] +a Yz [5;1] .
We obtain that 1 is part of a Z [sq’l]—basis of x7!I. So by Statement (i.), we have that 1 € z7'I is

primitive. O
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Note that this lemma is an extension of Lemma Only Statement (iv.) of Lemma is excluded, but
we will return back to this. After Lemma we saw the representation of fractional ideals in Proposition

Using this representation, we uniquely determined element the w(; 1), if 1 was primitive in a fractional
ideal. This element was crucial in Algorithm [£:3:8] The analogue of this algorithm for fake real quadratic
orders is conjectured as follows.

Conjecture 6.2.5. Let I € Idg 4 such that 1 € I is primitive and D € Divg 4. Then there exists a unique
choice x(p) € I such that 1,z ;) form a Z [Eq_l]—basis of I. Moreover, this choice makes the following steps
return a strongly (resp. weakly) reduced Arakelov g-divisor D’, such that D and D’ lie on the same connected
component of Picg 4.

i.) Find I € Id4, and u € Rsq such that D = (I, u),.

ii.) Find a primitive element « € I.

iii.) fa =1, set I’ := I. Else, set I’ := o~ '1.

iv.) If 1 € I' is strongly (resp. weakly) g-minimal, then return D' = w,(I’). Else, set Iy :=I'.

v

vi.) Set i =i+ 1 and compute I; = x&ll)li,l.

)
)
)
) Set i =0.
)
)

If 1 € I; is strongly (resp. weakly) ¢g-minimal, then return D’ = 7 (1;). Else, return to step (vi.).
Moreover, the steps terminate in a finite number of steps.

We have studied this conjecture as part of this thesis but failed to verify it. The first step is to study the
representations for fractional ideals of Og4 as Z [e;']-module. Because then one could make choices for z(s).
One of the ideas was to relate it to the representation from Proposition Namely, we have the following
result.

Lemma 6.2.6. Let I € Idx,s and = € I;. Then the following statements are equivalent.

i.) The element z is primitive in I,.

ii.) The element z is part of a Z-basis of I,.

)
)
iii.) The element x is part of a Z [e,*]-basis of I.
iv.)

The element z is primitive in [.

Proof. Statement (i.) implies Statement (ii.). This follows from Lemma [4.3.1] (i.).

Suppose that z is part of a Z-basis of I;. Let this Z-basis be given by z,y € I,. Take any z € I. By
Lemma there exist a € I; and m € Z<o such that z = ae’. Since a € I, there exist k,l € Z such
that a = kx + ly. Then z = ae]" = (kx + ly)el* = (ke")x + (lel")y. Since kell',lel" € Z [e; ], we have that
x,y generate the Z [Eq_l]—module I. Since I has rank 2 as a Z [Eq_l]—module, the element x,y must form a
Z [s;l]—basis of I. This shows that Statement (ii.) implies Statement (iii.).

Statement (iii.) implies Statement (iv.). This follows from Lemma (i.).
Let z be primitive in I. Assume there exists m € Z such that x € mI,. We know I, C I, so mI, C ml.

Therefore, we have x € mI. This contradicts the fact that x is primitive in I. Hence, the element z is also
primitive in I,. This shows that Statement (iv.) implies Statement (i.). O
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This result gives us a way to find a Z [5;1]—basis for any fractional ideal of Oq4. To see this, take any
I € 1d4,. Proposition tells us that

Iq:a(Z—l— (b—;;/ﬁ) Z)7

where o € K*, a,b € Z with ¢ = Z’Z—;d € 7Z are such that gcd(a,b,c) = 1, and Nk g(a)/a € Z~o which equals
No, (I). By Lemma it follows that

I—a <z ] + (“;f) Z [gql]) |

Now, we attempted to set a = 1 and make unique choices for a,b to get a unique choice for z (7). With these
choices, we have tried to verify Conjecture [6.2.5] But no choices have proven this conjecture.

We leave this problem and look into the next steps of the Arakelov theoretical description of the infrastructure.
In Section we defined the infrastructure operator and obtained the Arakelov cycles. Let us see what we
can do here. Let Red}tq C Divy,4 denote all Arakelov ¢-divisors of the form m,(I), where I € Idg 4 such that
1 € I is primitive. Then the analogue of the infrastructure operator from Definition @ would be given

as follows. Consider the operator pg: Red,lm — Redévq defined by my(I) — m, (3:(_5[ , where x(py is the

element from Conjecture[6.2.5] One of the key points of Section [£:3.2]is that we could apply the infrastructure
operator to the set of reduced Arakelov divisors. Namely, in Lemma m (iv.), we saw that a minimal
element is also primitive. This is not the case in our setting for fake real quadratic orders. Let us explain
this.

Let I € Idg,q. Suppose that = € I is strongly ¢g-minimal. Assume that there exists m € Z~; such that € m1.
Then > € I is non-zero, and we have that ’% |oo < |%]so- So if we have that

x
’m‘q—m‘m ( )

we would get a contradiction with the fact that x is strongly g-minimal. Hence, we could conclude that z
must be primitive. But inequality fails if |m|q < 1. Equivalently, if ordq(m) > 0. This condition is true
for all integers that have ¢ in its factorization. Consequently, there are certain integers m for which inequality
(@ fails. Since we have to take m € Z~; arbitrarily, we cannot control this. It would not even be true if x
were 1. The same problem applies if we assume that = € I is weakly g-minimal.

Hence, neither Redz)q C Red}l,q nor Redzﬁq C Redé)q can be verified. Therefore, we cannot apply p, to the
sets Redy ,, Redy,. Consequently, we cannot translate Proposition to the fake real quadratic order
setting. However, this proposition allowed us to show that the infrastructure operator is a bijection on the
set of reduced Arakelov divisors (see Proposition . Moreover, we could examine Theorem which
led to the definition of Arakelov cycles (see Definition [.3.19). There have been no solutions to overcome
this problem. It also heavily relies on the previous problem of finding z (7). Maybe one can come up with an
operator that has the same properties as the infrastructure operator from Definition but does not
depend on z(y).

Looking at Section and there is not much to say for fake real quadratic orders if the above
problems do not get solved. The only thing we can say for now is that we have a short exact sequence given

by

0 Td7q PiCd7q Cld,q 0 ;
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where
Tyq:=R/{log(a):a € OF ,}.
This is taken from the last row of the commutative diagram of Theorem [5.1.16, Since O} , = O x (g4), we

obtain that
Taq=R/{loglel| : k € Z} 2 R/log |e4|Z = R/Rq 4Z,

using Definition There is a possibility that T; , could be used to define the distance between Arakelov
g-divisors that lie on the same connected components of Picg 4. Similar to the distance defined in Section
4.5.0)

In conclusion, there are several problems to overcome before an Arakelov theoretical description of the
infrastructure for fake real quadratic orders can be given. The most important step would be to solve
Conjecture However, there is hope that with the ingredients described in this thesis, future progress
can be made.
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