INSTITUTO NACIONAL DE MATEMATICA PURA
E APLICADA

DOCTORAL THESIS

On the Geometry of Semi-Arithmetic
Riemann Surfaces

Gregory Cosac

impa ;

Rio de Janeiro
November, 2021



http://w3.impa.br/~cosac/




INSTITUTO NACIONAL DE MATEMATICA PURA
E APLICADA

On the Geometry of Semi-Arithmetic
Riemann Surfaces

Author: Advisor:
Gregory Cosac Mikhail Belolipetskiy

A thesis submitted in fulfillment of the requirements
for the degree of Doctor in Philosophy in Mathematics to the Posgraduate
Program in Mathematics at Instituto Nacional de Matemdtica Pura e
Aplicada.

impa :

Rio de Janeiro
November, 2021



http://w3.impa.br/~cosac/
http://w3.impa.br/~mbel/




To my mother, Lais Cosac.






CONTENTS

Abstract xi
Acknowleadgements xiii
1 Introduction 1
1.1 Thesetting . . . .. ... ... ... ... .. ... 1

1.2 TheresultsinthisThesis . . . . ... ... ... ... ... ..... 4
1.2.1 Constructing semi-arithmetic Fuchsian groups . . . . . . .. 4

1.2.2 Surfaces with integral traces . . . . . .. ... ... ... ... 5

1.2.3  Automorphism group of surfaces with non-integral traces . 6

1.3 OutlineoftheThesis . . . ... ... ... ............... 6

2 Number Theory 9
21 Integrality . ... ... ... ... .. .. ... 9
22 Theringofintegers . . . . .. ... .. ... ... .. .. .. ... 12
221 Thering of integers of a number field . . .. ... ... ... 12

2.2.2 Factorisation into primeideals . . ... ... ... ... ... 14

223 Discriminant . ... ... oL 0oL 19

2.24 Extensions of Dedekind domains . . . . . ... ... .. ... 24

22,5 Dirichlet’s Unit Theorem . . ... ............... 26

23 Valuations . ... ... ... .. ... . 31
2.3.1 Definition and basic properties . . . ... ... ... ... .. 31

vii



232 Topology . . . ... . . 35

233 Completions . . . . ... ... ..o oo 36

2.3.4 Chinese Remainder Theorem and Weak Approximation . . 37

23.5 Ostrowski’'s Theorems . . ... ... ... ........... 39

2.3.6 Valuation ring, uniformiser and residue field . . . . . . . .. 42

2.3.7 Haar measure on locally compact fields . . . ... ... ... 46

23.8 Localand globalfields . . ... ... .............. 49

239 Extension of valuations . .. .................. 51

3 Quaternion Algebras 61
3.1 Centralsimplealgebras. . . . . ... ... ............... 61
3.2 Abrief review of quadraticspaces . . ... ... ... .. ... ... 64
3.3 Quaternionalgebras . ... ... ... ... ... ... ... ... 67
33.1 Definition . ... .. ... ... ... .. . 00 L 67

332 Traceandnorm . . ... ... . ... .............. 71

3.4 C(lassification of quaternion algebras . . . . . ... ... ... .... 75
3.4.1 Quaternion algebras over local fields . . . ... ... .. .. 75

3.4.2 Quaternion algebras over number fields . . . . ... ... .. 80

3.5 Orders in quaternionalgebras . . . . ... ............... 82
4 Fuchsian Groups 85
41 Mobius transformations and automorphisms of the Riemann sphere 85
41.1 Mbbius transformations . . . . .. ... .. L0 85

412 Conformalmaps . ........................ 86

413 Thehyperbolicplane . . . ... ............ ... .. 87

414 Thehyperbolic3-space . . . ... ... ............. 89

4.2 Fuchsian and Kleinian groups . . . . . ... ... ... ....... 91
421 Types of transformations . . . ... ... .. ... . ... 91

422 Continuous group actions and homogeneous spaces . . .. 93

43 The geometry of Fuchsiangroups . . . . ... .. ... ........ 99
43.1 Fundamentaldomains . . ... ... ... ..... ... .. 99



4.3.2 The hyperbolic area of a fundamental domain . . . ... ..
4.3.3 Poincaré’s Theorem and presentation of Fuchsian groups . .
434 The Teichmiiller space of a Fuchsiangroup . . . .. ... ..
5 The Arithmetic of Kleinian and Fuchsian Groups
5.1 Trace field and associated quaternion algebra . . . . . . ... .. ..
5.2 Invariant trace field and quaternion algebra . . . . . . ... ... ..
53 Arithmeticgroups. . . . . ... ... . Lo Lo
5.3.1 Definition of arithmetic Kleinian and Fuchsian groups
53.2 Takeuchi’s characterisation . . ... ... ...........
5.4 Semi-arithmetic Fuchsiangroups . . . . ... ... ... ... ....
54.1 Fuchsian groups with prescribed algebraicdata . . . . . ..
5.4.2 Definition of semi-arithmetic groups . . . . . ... ... ...
5.4.3 Properties of semi-arithmetic groups . . . . . ... ... ...
6 Proofs of Theorems A and B
6.1 Construction . . . . ... ... ... L
6.2 Reidemeister-Schreier rewriting process . . . . ... ... ... ...
Appendices
A A Brief Introduction to Krull Valuations
Bibliography
Index

ix

106
113

115
115
119
123

. 123

126
131
131
132
135

143
145
149

153

155

165

169






ABSTRACT

In this thesis, we study geometric aspects of semi-arithmetic Riemann surfaces by
means of number theory and hyperbolic geometry. First, we show the existence of
infinitely many semi-arithmetic Riemann surfaces with arbitrarily small systole.
Furthermore, this leads to a construction, for each genus g > 2, of infinite families
of semi-arithmetic surfaces with pairwise distinct invariant trace fields, giving a
negative answer to a conjecture of B. Jeon. Finally, we produce a bound on the
number of automorphisms of non-semi-arithmetic surfaces and, in particular, of
surfaces with non-integral traces.
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CHAPTER 1

INTRODUCTION

1.1 The setting

Let I' be a Kleinian group, i.e, a discrete subgroup of PSL(2,C). The group I
acts on the hyperbolic 3-space H? by isometries, and so the quotient I'\H? is a
hyperbolic 3-orbifold. In particular, there is a well-defined notion of (hyperbolic)
volume in the quotient.

We associate to I' a number theoretic object, Q(tr I'), called the trace field of T". It
consists of the field of rational numbers Q with the traces of all elements of I"
adjoined. Already, an interplay between hyperbolic geometry and number theory
can be observed: if I'\H? has finite volume, then the trace field Q(tr ') is a number
field (i.e., a finite field-extension of Q).

The proof of this fact is a consequence of Mostow’s Rigidity Theorem, which
makes it essentially a phenomenon in dimension at least 3. Indeed, the situation is
drastically different in dimension 2.

Let I be now a Fuchsian group, i.e, a discrete subgroup of PSL(2, R), so that it acts
on H?. Assume, for simplicity, that I" is free of torsion and cocompact, so I'\H? is a
closed hyperbolic surface of genus g > 2. In other words, the group I" determines a
hyperbolic structure on the underlying topological surface S,. The main difference
in dimension 2 is that this structure can be continuously deformed. Indeed, if we
perturb the inclusion homomorphism ¢ : I' — PSL(2, R), we obtain non-equivalent
hyperbolic structures on S,. The space T, of all (marked) hyperbolic structures on
S, up to isometries (isotopic to the identity), is known as the Teichmiiller space of S,.
Similarly, the space of all conjugacy classes of representations of I" into PSL(2, R)
is called the Teichmiiller space of I', and is denoted by Teich(I"). These two spaces
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are in one-to-one correspondence with each other and are often considered as two
different points of view of the same space. They are, in fact, homeomorphic, when
endowed with the appropriate topology.

The Teichmdiller space Teich(I") is a manifold of real dimension 6g — 6 (homeomor-
phic to an open ball). One may associate to each point in Teich(I") a well-defined
trace field since traces are invariant under conjugation. At most countably many
points in Teich(I') can have a trace field that is a finite extension of Q (a number
field), as may be seen after parametrising Teich(I") by finitely many trace functions.
In particular, most points in Teich(I") have transcendental trace fields. All of these
points, however, have the same finite coarea 47(g — 1), in contrast with the case of
cofinite Kleinian groups mentioned above.

Among the most studied invariants used in order to understand the hyperbolic
structure of a generic surface X € T, one finds the diameter diam(X'), the spectral
gap A (X) of the Laplace-Beltrami operator defined on X, the isometry group
Isom(X), and the systole sys(X ), defined as the minimal length of a closed geodesic
of S.

Points of T, that satisfy some arithmetic property tend to respond to a greater
range of techniques due to their extra structure. This makes them somewhat
easier to understand, as well as a plentiful source of examples. Besides, they often

manifest extremal properties. To mention a few:

* The cofinite Fuchsian group of minimal coarea is the triangular group (2, 3, 7)
which is arithmetic by [51]. The closed Riemann surfaces of genus g whose
automorphism group attains the maximal cardinality of 84(g — 1) are, there-
fore, also arithmetic. Moreover, for non-arithmetic surfaces, the cardinality of
the automorphism group is at most £2%(g — 1), as proved in [3].

¢ For any Riemann surface 5, a simple geometric argument gives that:
sys(S) < 2log(g(9)) + A, (1.1.1)

where ¢(5) denotes the genus of S and A > 0 is some absolute constant ([8,
Lemma 5.2.1]). Buser-Sarnak [9] and Katz-Schaps-Vishne [29] proved that a
sequence of congruence coverings of any closed arithmetic Riemann surface
satisfy the following logarithmic systolic growth:

() 2 5 loa(9(5),

In particular, the logarithmic upper bound (1.1.1) is optimal (up to a constant).



* While systoles of arithmetic surfaces can be very large, there exists an explicit
lower bound in terms of the area. Indeed, Belolipetsky proved in [4] the
following inequality:

log log log area(S)®? ’
log log area(S)®? ’

sys(S) > C (

for any arithmetic Riemann surface S, where C, Cy > 0 are universal con-
stants. In fact, the short geodesic conjecture predicts the existence of a universal
lower bound for the systole of any arithmetic Riemann surface.

* The commensurability class of an arithmetic Riemann surface is determined
by its Laplace-Beltrami spectrum [46].

It becomes clear the desirability to research arithmetic properties on Fuchsian
groups and to better understand their geometrical implications.

In addition to the trace field already introduced, another important arithmetic
object often associated to a Fuchsian group I is the quaternion algebra Ayl' defined
over Q(trI') as:

2

Aol = {Z aivi | a; € Q(trT), v; € T} ,

where the sums are all finite. The algebra Ayl" is a central simple algebra of

dimension 4.

Before we continue, let us make a technical adjustment. Two groups I'; and I'; are
said to be commensurable if I'1 N T’y has finite index both in I'; and in I'. The trace
tield and associated quaternion algebra are not invariant under commensurability,
so we make a small adjustment: given a Fuchsian group T, let I'® be the (finite
index) subgroup generated by the square of every element in I'. We then define the
invariant trace field of T to be kT := Q(tr ['?), and the invariant quaternion algebra
of I' to be AT := A,I'®. These are now, as their names suggest, invariants of the
commensurability class of I'.

We list the three most common arithmetic properties that one may require of a
Fuchsian group I':

(i) The invariant trace field kI is a totally real number field;

(ii) The invariant quaternion algebra Al is admissible, meaning that AT’ ®g R =
M;(R) x K where M;(R) is the algebra of 2 x 2 matrices with real coefficients
and K is compact;

(iif) The traces of elements of I" are algebraic integers.

3



Definition 1.1.1. We say a Fuchsian group I' is:

e arithmetic if it satisfies (i)-(iii) (see Theorem 5.3.11);
* quasi-arithmetic if it satisties (ii) (note that (ii) implies (i));

e semi-arithmetic if it satisfies (i) and (iii).

Note that each of these definitions are invariant under conjugacy and therefore it
makes sense to say that a point in Teich(I") is (semi-, quasi-) arithmetic. Also, we
say that a Riemann surface X = I'\H? is (semi-, quasi-) arithmetic according as to
I' is (semi-, quasi-) arithmetic, respectively.

Arithmetic Fuchsian groups have been extensively studied since the 1970s and
are known to enjoy several interesting properties, as indicated by the list above.
However, they are somewhat rigid in the sense that there are at most finitely many
arithmetic points in each Teich(I") ([7, Theorem 8.2]).

Quasi-arithmetic groups are more often studied in higher dimensions (for example,
[5] and [16]), although recently some interesting examples of quasi-arithmetic
groups of isometries of H? where described in [15].

Finally, semi-arithmetic groups were formally introduced around the year 2000
by Schmutz Schaller and Wolfart ([49]). These Fuchsian groups satisfty weaker
properties than arithmetic groups do but, on the other hand, they are much
more abundant. Also, they can be embedded as infinite index subgroups of
arithmetic lattices in semi-simple Lie groups of higher rank (PSL(2,R)"). Either
as cofinite Fuchsian groups or as infinite index subgroups of arithmetic lattices,
semi-arithmetic groups have demonstrated to be a pertinent topic of investigation.
They are the main object of interest of the present thesis.

1.2 The results in this Thesis

1.2.1 Constructing semi-arithmetic Fuchsian groups

We generate semi-arithmetic Fuchsian groups from reflections across the sides of
certain hyperbolic polygons, namely, the trirectangle and the right-angled hexagon.
The main result of this thesis is the following:

Theorem A. For any g > 2 there exists a length function {,, : T, — R such that
{€.(S) | S € T, is semi-arithmetic}

is dense on the set of positive real numbers.



Here a length function is a function that associates to each hyperbolic structure
X € T, the length of the unique geodesic contained in the free homotopy class of
a fixed non-trivial closed curve on the underlying topological surface.

We recall that, for a hyperbolic element v € PSL(2, R), its translation length ¢() is
related to its trace by the elementary formula:

((7)

try| = 2 cosh —=.
|tr | cosh —

With this in mind, we generate a reflection group from the right-angled hyperbolic
hexagons with three non-adjacent sides of length a > 0. Its index 2 subgroup I', of
orientation-preserving isometries contains an element 7, with [tr 7;,| = 2 cosh a. By
picking the appropriate parameter a, we can guarantee that I', is semi-arithmetic.
Moreover, a can be chosen from a dense subset in [0, +00).

Finally, we use group theoretic tools (the Reidemeister-Schreier rewriting process)
to find, for each g > 2, a surface group of genus g contained in I',, that still contains
the distinguished element 7.

As a consequence of Theorem A, we see that there exist infinitely many semi-
arithmetic surfaces in each genus g > 2, unlike the arithmetic case. Also, for
any fixed genus g > 2, there are semi-arithmetic surfaces with arbitrarily small
systole. In particular, the short geodesic conjecture, which is an open conjecture
about arithmetic surfaces, could not possibly hold for semi-arithmetic surfaces.
Moreover, as proved in [14], it also follows from Theorem A that the set {sys(X) |
X is a closed semi-arithmetic Riemann surface} is dense in [0, +00).

1.2.2 Surfaces with integral traces

When X = I'\H? and the traces of elements of T" are algebraic integers, we say that
X has integral traces. One application of Theorem A is as follows:

Theorem B. Every totally real number field of prime degree at least 3 is realised as the

invariant trace field of a genus g semi-arithmetic Riemann surface, for any g > 2.

Theorem B settles the question as to whether only finitely many trace fields (and
quaternion algebras) could be realised as the invariant trace field of a surface with
integral traces of a fixed genus g > 2.

In particular, for each genus g > 2, there are semi-arithmetic surfaces with invari-
ant trace fields of arbitrarily large degree.
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1.2.3 Automorphism group of surfaces with non-integral traces

The classical Hurwitz bound states that, for a closed Riemann surface X, of

genus g, the order of its automorphism group Aut(X,) is at most 84(¢g — 1). In
156
T
surfaces, and that this number is attained for infinitely many g¢. Finally, for non-

[3], Belolipetsky proves that this bound drops to (g — 1) for non-arithmetic
semi-arithmetic Riemann surfaces and, in particular, for surfaces with non-integral
traces, we have the following;:

Theorem C. The order of the automorphism group of a non-semi-arithmetic Riemann
surface X, of genus g > 2 satisfies the following bound:

Aut(X,)] < 12(g — 1).

Moreover, this bound is attained in every genus g > 2.

1.3 Qutline of the Thesis

This thesis is organised as follows:

Chapter 2 comprises the background material on Number Theory. We begin with
a description of the ring of integers of a number field: unique factorisation into
prime ideals, integral basis and the structure of its group of units (Dirichlet’s Unit
Theorem). Next, we introduce valuations and study valued fields and local and
global fields. The topic of extending of valuations to field extensions is discussed
in §§2.3.9 and is complemented by Appendix A, on Krull valuations.

In Chapter 3, we introduce quaternion algebras, building up on the material
presented in the previous chapter. Quaternion algebras over local fields are fully
described (Propositions 3.4.1 and 3.4.2 and Theorem 3.4.5) and the general theorem
on classification of quaternion algebras (Theorem 3.4.11) is stated (without proof).
Finally, we introduce orders in quaternion algebras. One could say that orders
play the role of the ring of integers in number fields. They are fundamental in the
definition of our main object of study.

Chapter 4 studies Fuchsian groups acting on the hyperbolic 2-space, where certain
fundamental domains for these actions are described. We discuss Poincaré’s
Theorem and the presentation of finitely generated Fuchsian groups. Finally, the
concept of the space of deformation of a Fuchsian group (its Teichmdiller space) is
introduced.

Chapter 5 is where the arithmetic of Chapters 2 and 3 is combined with the geom-
etry of Chapter 4. The invariant trace field and quaternion algebra associated to a
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Kleinian group are introduced. Arithmetic groups are defined and characterised
by Takeuchi’s theorem (Theorem 5.3.12). The invariant trace field and quaternion
algebra are proved to be complete commensurability invariants for arithmetic
groups (Theorem 5.3.13). At last, the central object of this thesis is defined: semi-
arithmetic Fuchsian groups. Subsection §§5.4.3 comprises a list of properties of
these groups that have been researched in recent years, including the contribution
of the present thesis.

In Chapter 6, Theorems A and B are restated and proved.

Chapters 2, 3 and 4 were designed to be as self-contained as possible and might be
somewhat too inclusive for our purposes. Nevertheless, they were kept unaltered
in the spirit of exposition. None of the material therein is original (except the
typos).

Theorems A and B appear in the following article:

Closed geodesics on semi-arithmetic Riemann surfaces (with C. Déria), to appear
in Mathematical Research Letters. arXiv:2004.13683 (2020). 32 pages.


https://arxiv.org/abs/2004.13683




CHAPTER 2

NUMBER THEORY

2.1 Integrality

Definition 2.1.1. Let A C B be an extension of rings. An element b of B is said to
be integral over A if it is the root of a monic polynomial with coefficients in 4, i.e.,
if there exist elements ag, . . ., a,,_1 in A such that:

b + a0+ arb4ap = 0.

We say that B is integral over A in case every element of B is integral over A.

The integral closure of A in B, denoted A, is the set of all elements in B that
are integral over A. The fact that A is a ring is a consequence of the following
characterisation of integrality, analogous to the field-theoretic notion of being
algebraic over a field:

Proposition 2.1.2. The elements by, ...,b,, € B are integral over A if and only if the
ring Alby, . .., by viewed as an A-module is finitely generated.

Proof. We first prove necessity: for m = 1, let b € B be integral over A, so that b
satisfies:

b = —(an_ 10"+ -+ arb + ag). (2.1.1)

Multiplying by b on both sides and inserting the expression for b given by (2.1.1),
one obtains an expression for v"*! in terms of {1,b,...,b" '}. By repeating this
argument, we see that any power of b may be written as a linear combination
of {1,b,...,b" '} with coefficients in A4, and thus A[b] is finitely generated. The
argument is then concluded by induction on m.

9



Conversely, suppose A[by, ..., b, is finitely generated by the set {«, ..., ax} and
let b be an element in Aby, ..., b,). Foreachi =1,... k, there exist a;1,...,a;x € A
such that

k
bozi: E Q0.
Jj=1

This system of equations can be written in the form of matrices as follows:
0 o ayp - Qg aq
= . (2.1.2)
00 --- b (673 Q1 - Ak (073

So, if we let Id;, denote de k x k identity matrix (with coefficients in A) and « the
k-vector (v, ..., ax), then (2.1.2) can be rewritten as:

(bldk - (aij))a =0.
Multiplying both sides by the classical adjoint of (bId), — (a;;)) yields
det(bldk - (aij))ozi = 07 1= 1, ce ,k.

The elements a, . .., a, generate Aby, ..., b,] and, in particular, 1. It follows that
det(bld, — (ai;)) = 0, which gives a monic polynomial of degree %k and coefficients
in A that has b as one of its roots. O

Corollary 2.1.3. The integral closure of Ain B, A = {b € B | bis integral over A}, is a
subring of B.

Proof. Given by, by € A, it follows from the proof of Proposition 2.1.2 that any
b € A[by, by] is integral over A and, in particular, so are b; —b, and b, b,. Alternatively,
one can conclude that b € A[by, b,] is integral over A directly from the statement of
Proposition 2.1.2, since A[by, by, b] = A[by, bo] is finitely generated over A. O

Corollary 2.1.4. Let A C B C C be ring extensions such that C'is integral over B and
B is integral over A. Then C'is integral over A.

Definition 2.1.5. As mentioned before, the set A defined above is called the integral
closure of Ain B. If A = A then A is said to be integrally closed in B.

If A is an integral domain, we say that A is integrally closed when it is integrally
closed in its field of fractions.

10



For instance, it is an elementary fact that the ring Z is integrally closed. Indeed,
its field of fractions is Q and if a/b is a rational number in its reduced form that is
integral over Z then, after clearing denominators, a and b satisfy:

A+ ap_1ba™ 4 @b a4 agh”™ = 0,

which implies that any divisor of b must also be a divisor of a. Since we assumed
a/b to be reduced, it follows that b = +1 and a/b € Z. Note that the same argument
applies to any unique factorisation domain.

In what follows, we will be dealing mostly with the case where A is an integrally
closed integral domain with field of fractions K, and L | K is a finite field extension.
Let B denote the integral closure of A in L. The following may be easily verified:

(i) Any element of L can be written in the form b/a, where b € Band a € A. In
particular, L can be recovered from B as its field of fractions.

(ii) An element of L is integral over A if and only if its minimal polynomial has
coefficients in A.

We briefly recall that the trace and norm of an element « € L, denoted respectively
by Tr 1k (x) and Ny (x), are defined to be the trace and determinant of the K-
linear transformation 7, : L — L, a — za. These objects satisfy the following
well-known properties:

Proposition 2.1.6 (Properties of the Trace and Norm).
1. The maps Tr i : L — K and Ny i : L* — K* are (group) homomorphisms.
2. For extensions K C L C M one has that:
Tr M|K = Tr LK © Tr M]|L NM\K = NL\K © NM|L

3. If L | K is separable, let o : L — K run over all the K-embeddings of L into the
algebraic closure of K. Then the following equalities hold:

(a) fo =11, (t —ox)where f, is the characteristic polynomial of T,;
(b) Tryx(x) =), ox;
(C) NL|K([L') = HU ox.

Proof. See, for example, [42]. O

It is worth noting that Tr 1 () and Nk (z) appear as coefficients of the charac-
teristic polynomial f, of T}, namely, if

fo(t) = det(tld — T,,) = t" — ap 1 t" ' 4 -+ + (=1)"aq,
then Tr |k () = a,—1 and Nk (z) = ao. In particular, equalities (3b) and (3¢) in

the proposition above follow directly from (3a) in the light of this observation.
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2.2 The ring of integers

2.21 The ring of integers of a number field

The framework of integral extension introduced in the previous section will now
be applied to the case where the integral domain A is Z. As pointed out before,
the ring Z is integrally closed in its field of fractions Q. If we consider a finite field
extension of Q, say K, then, by taking the integral closure of Z in K, we obtain
a larger ring O, which will be the object of study of this section. First, let us

introduce some terminology.

Definition 2.2.1. We say that a complex number a € C is an algebraic number if it is
a root of a polynomial with rational coefficients. We say it is an algebraic integer,
if it is integral over Z according to Definition 2.1.1, i.e., if it is a root of a monic
polynomial with integer coefficients. Note that, by eliminating denominators,
every algebraic number is the root of a polynomial with integer coefficients, but

this polynomial is not necessarily monic.

A number field K is a finite field extension of Q. In particular, K is an algebraic
extension of Q. The ring of integers of K is the integral closure of Z in K, and is
denoted by O. In other words, Ok is the ring of all algebraic integers that lie in K.

The set of all algebraic integers is the integral closure of Z in C and, by Corollary
2.1.3, it is a subring of C. The elements of Z are sometimes referred to as rational
integers, in order to be distinguished from general algebraic integers.

The ring Ok enjoys some very interesting properties that are extensively studied in
the field of Algebraic Number Theory. In this section, we will only explore some
of its most basic features.

Firstly, note that Oy is clearly integrally closed, being the integral closure of Z in
K. Indeed, it follows from Corollary 2.1.4 that the subring formed by the elements
of K that are integral over Ok, must also be integral over Z, and are therefore

contained in Of.

We know from Proposition 2.1.2 that the Z-module Z[b,, . . ., b;] is finitely generated
for any finite collection of elements by, ..., b; € Ok. In fact, as we shall see next,
the whole ring Oy is finitely generated as a Z-module and, moreover, O admits a
Z-basis.

Definition 2.2.2. An integral basis of Ok is a Z-basis for the Z-module (equivalently,
abelian group) O. It is sometimes referred to as an integral basis for /. Note that
an integral basis is always finite since it is also a Q-basis for K.

Proposition 2.2.3. O has an integral basis of cardinality [K : Q.
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Proof. Let{ay,...,a,} be a Q-basis for K. For any ¢ € Ok, there exists a rational
integer N = N(c) such that Nc € Zay + - - - + Zov,. For example, one can take NV to
be the least common multiple of the denominators of the coefficients of ¢ when
expressed in the basis {1, ..., a,}. The key observation here is that, if the a; are
algebraic integers (which we may assume without loss of generality, simply by
eliminating denominators) we can choose a rational integer that works for every c.
In other words, there exists an integer d such that d - Ox C Zay + - - - + Zay,. This
will be proved in Proposition 2.2.19. For now, let us assume it to be true. Then, as
a subgroup of a finitely generated free abelian group, it follows that d - Ok is a free
abelian group of rank < [K : ], and thus so is Ok. On the other hand, as observed
before, a Z-basis for Oy generates K over Q and so rank(Ok) > [K : Q. O

Corollary 2.2.4. Let a C Ok be a non-zero ideal. Then a admits an integral basis of
cardinality n = [K : QJ.

Proof. If {w1, ... ,wy,} is an integral basis for Ok, let a € a, a # 0. Then

Zaw + -+ - + Zaw, C a C Zwi + - + wy,.

Following the same reasoning as in the proof of the previous proposition, we
conclude that a is a free abelian group of rank n. O

Remark 2.2.5. More generally, any finitely generated Ox-module M C K, is a free
Z-module of rank n. Indeed, take a generating set {1, ..., i, } of M. Since every
element of K is of the form a/b where a € Ok and b € Z, one can find a rational
integer N such that Ny; € Ok foreveryi = 1,...,mand then N - M C O. It
followsthat N -d- M C d- Og C Zoy + - - - + Za,, Where oy, . . ., «,, are as in the
proof of Proposition 2.2.3. We conclude by using the same theorem for subgroups
of finitely generated abelian groups as before.

Another important property of O is that, for any non-zero ideal a, the quotient
Ok /a is finite. Indeed, let a € a, a # 0, and m = Ngg(a). Let t" + a,_1t" ' +
-+ + ait + ap € Z[t] be the minimal polynomial of a. Note that m = ay =
—(a"+a,_1a" '+ -+aja) € aso that, in particular, nOx C a. Then Ox /mOy is a
finitely generated abelian group and, moreover, since m € Z, every element of this
quotient must be of finite order. It follows that Ok /mOk is finite and, consequently,
s0 is Ok /a.

Definition 2.2.6. The (absolute) norm of a non-zero ideal a C Ok, N(a), is defined
to be the index of ain Ok, i.e.,

N(a) = [0k : a],
By convention, the norm of the zero ideal is taken to be 0.
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The properties enjoyed by Ok described so far, when put together, turn out to be
quite fruitful. For this reason, a special denomination is given to integral domains
bearing such qualities, according to the following definition:

Definition 2.2.7. An integral domain D is said to be a Dedekind domain if it satisfies
the following properties:

(i) D isintegrally closed;
(i) D is Noetherian;
(iii) Every non-zero prime ideal of D is maximal.

Proposition 2.2.8. Oy is a Dedekind domain.

Proof. We have already showed that Ok is integrally closed. It follows from
Corollary 2.2.4 that Ok is Noetherian. Finally, if p is a non-zero prime ideal, the
quotient Ok /p will not only be finite but also an integral domain, due to primality
of p and commutativity of Ok. A finite integral domain is easily seen to be a field,
whence it follows that p is maximal. O

2.2.2 Factorisation into prime ideals

The ring of integers Ok of a number field K is not, in general, a unique factorisation
domain. In other words, there may be more than one way to factor an element of
Ok into irreducible elements, which makes the arithmetic in O fundamentally
different from that of the rational integers. According to [42], Ernst Kummer’s
idea to overcome this failure in unique factorisation was to embed the ring O
into a larger domain of “ideal numbers” where unique factorisation should hold.
Something in the same spirit as the embedding of the real numbers in the larger
tield of complex numbers. Richard Dedekind then reinterpreted Kummer’s ideas
replacing the ideal numbers by ideals of Ok, as we know them today. We will
now briefly explore the factorisation of ideals of O into prime ideals. Let A be an
integral domain with field of fractions K. In this section, D will always denote a
Dedekind domain, unless otherwise stated.

Given ideals a, b C A, we say that a divides b when b C a. This definition is quite
natural when one thinks of ideals of Z.

Sum and product of ideals are defined in the customary way, namely:

k
a+b={a+bla€a beb} and ab:{ZainaiEu, bieb,k>0}

=1
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Note that a + b and ab are also ideals. Furthermore, a + b is the smallest ideal
containing both a and b. In other words, any ideal that divides a and b, must
also divide a + b. Therefore, it is only natural to say that a + b is the greatest
common divisor a and b: ged(a, b). In the same way, a N b = lem(a, b). Observe
that ab C a N b. We are now ready to state the main result of this subsection:

Theorem 2.2.9 (Unique factorisation). Every non-zero proper ideal J of Ok may be
factored into prime ideals of Ok,

3 =i,

in a unique way up to the order of the factors.

The proof of this theorem involves an interesting arithmetic in the ring Ok, using,
in particular, fractional ideals, which we now introduce:

Definition 2.2.10. Let D be a Dedekind domain with field of fractions K. We say
that a D-submodule J of K is a fractional ideal of D if there exists a € D such that
aj C D, 1i. e, such that aJ is an ideal of D. When there may be risk of confusion,
we refer to ideals of D as ordinary ideals. A principal fractional ideal is a fractional
ideal of the form Dx for some = € K.

Obviously, ordinary ideals are fractional ideals. Note that, even though we refer to
fractional ideals of D, they are not actually subsets of D, unless they are ordinary
ideals. The multiplication of ideals defined above can be extended to fractional
ideals in the obvious way. The resulting operation is commutative, associative and
admits a neutral element, namely, D (indeed, DJ = JD = J for every fractional
ideal J C K). A fractional ideal J is said to be invertible when there exists another
fractional ideal JJ' such that JJ' = J'J = D. It is paramount to observe that every
non-zero prime ideal is invertible:

Proposition 2.2.11 (Inverse of prime ideals). Let p be a non-zero prime ideal of D.
Define p~! to be
p'={a€ K|ap C D}.

Then p~" is a fractional ideal and D & p~'. Moreover, pp~ = D.

Proof. Tt is clear from the definitions that p~' is a fractional ideal and that D C p~'.
We will show that this inclusion is proper. Take a € p, a # 0. Then Da contains
a product of non-zero prime ideals. Indeed, if not, let S be the set of all ideals of
D failing to contain a product of non-zero prime ideals and let ¢ be its maximal
element (in a Noetherian ring, a non-empty collection of ideals, partially ordered
by inclusion, always has a maximal element, since ascending chains of ideals are
stable). The ideal ¢ cannot be prime, so there exist u,v € D such that uwv € ¢ but
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u ¢ cand v ¢ ¢. Note that ¢ & ¢+ Duand ¢ & ¢+ Dv so, by maximality of ¢,
each of these ideals must contain some product of prime ideals. However, since
(¢+ Du)(c+ Dv) C ¢, ¢ must also contain a product of prime ideals, contrary to our
hypothesis. This proves there exist prime ideals p;, ..., p, such that Da contains
p1 - - - p,. Assume, furthermore, that r is minimal with this property. In particular,
p1---p, C pand so p; C p for some i which we will assume to be 1, without loss
of generality. Then p; = p, since p; is maximal and p is a proper ideal. For any
b € py---p, it follows that bp C pps---p, = p1---p, C Da, and therefore that
(b/a)p C D so, by definition, b/a € p~*. Now, by minimality of r, we have that
po - p. ¢ Da so there exists some b € ps - - - p, such that b ¢ Da, which means that
(b/a) ¢ D. This proves D G p~'.

Now, since pp~! is an ordinary ideal of D (indeed, pp~! C D) and pp~! contains
the prime ideal p, if we show that pp~' # p, then it will follow that pp~! = D, by
maximality of p. We already know that D ¢ p~'. Note, however, that this does not
immediately imply that p ¢ pp~'. In order to prove this we first need to observe
that, for any fractional ideal J of D, if x € K is such that zJ C J, then x € D.
This is the content of Lemma 2.2.12, which we state and prove below. Having
observed this, assume p = pp~'. So, in particular, for any = € p~! we have that
xp C pp~! = p and then z € D. This implies that p~! C D and, consequently, that
p~! = D, contradicting what we have established above. Therefore, p # pp~' and
the proof is complete. O

Lemma 2.2.12. Let J be a fractional ideal of D. If x € K is such that xJ C J, then
reD.

Proof. Let {a,...,a,} be a generating set for J (recall that D is Noetherian). Since
3 C J, we have

n

IL‘O{]‘: E CLZ‘jO{i,

1=1
for j =1,...,n. This means that (Id,x — A)a = 0, where 1d,, is the n x n identity
matrix (with coefficients in D), A = (a;;) and a = (ay, ..., o,). Multiplying both
sides by the classical adjoint of (Id,z — A) gives that det(Id,z — A) =0. So zis a
root of a monic polynomial with coefficients in D and thus integral over D. Since
D is integrally closed, we conclude that z € D. O

We are finally ready to prove the unique factorisation into prime ideals:

Proof of unique factorization. We prove the theorem for a general Dedekind domain
D, since the reasoning is the same.

Let M be the set of proper ideals of D that do not admit factorization into prime
ideals and suppose M # (). Since D is Noetherian, M has a maximal element.
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Take a to be a maximal element in M. As any ideal is contained in a maximal
ideal, a is contained in a maximal ideal m, which is, in particular, a prime ideal. It

1

follows that am™' C mm™! = D, meaning am™' is an ordinary ideal of D. Just as

in Proposition 2.2.11, D ¢ m~! implies that a & am™'. Indeed, if a = am™, then,

by applying Lemma 2.2.12, we conclude that m™!

= D, contradicting Proposition
2.2.11. Now, a & am™! implies that am™" ¢ M. Hence, there exist non-zero prime

ideals py, ..., p, such thatam™" = p; - -p, and, finally, a = am™'m = p; - - - p,m.

For uniqueness, the reasoning follows the exact same lines as the proof of unique
factorization for integers: suppose p;---p, = q;---qs where py,...,q, are non-
zero prime ideals. Then p; divides q; - - - g5 (meaning p; D q; - - - q,) and thus p;
divides (contains) one of the ideals qq, . . . , g, which we will assume, without loss
of generality, to be q;. Since non-zero prime ideals are maximal, we have that
p1 = ¢ and then py---p, = q2- - - q5. Continuing inductively, we conclude that
r=sandp;,=q;fori=1,...,r. ]

Corollary 2.2.13 (Unique factorization for fractional ideals). Let J be a fractional
ideal of a Dedekind domain D. Then J is expressible as

3=+ (2.2.1)
1=1

in a unique way up to the order of the factors, where p; are pairwise distinct prime ideals
of Dand v, € Z,fori =1,...,r.

Proof. By definition, there is some a € D such that aJ C D. In particular, a = aJ
is an ordinary ideal of D and a = (Da)J. It follows from Theorem 2.2.9 that a
and Da can be uniquely factored into prime ideals and so, by inverting the prime
factors of Da (Proposition 2.2.11), we obtain an expression for J of the form (2.2.1).
Uniqueness follows naturally from the uniqueness statement in the theorem. [

Corollary 2.2.14 (Group structure in the set of non-zero ideals.). Let F be the set of
non-zero fractional ideals of a Dedekind domain D. Then &, endowed with multiplication
of ideals, is an abelian group.

Proof. It has already been observed that multiplication of (fractional) ideals is com-
mutative, associative and has D as a neutral element. Moreover, Proposition 2.2.11
tells us how to invert a prime element. Given any non-zero fractional ideal J, we
know it to be of the form J = [[p.". Then, clearly, J is invertible with inverse

3 =1Te ™ O
Corollary 2.2.15 (Equivalent notions of divisibility for ideals). Let a, b be two ordi-

nary ideals of D. Then a divides b if and only if there exists an ordinary ideal ¢ such that
b= ac.
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Proof. Sufficiency is straightforward. For necessity, we begin by factoring a and
b into prime ideals. We have that q;---q; = b C a = p;---p,. In particular,
q1---qs C p; and it follows from primality that q; C p;. We may assume without
losses that ¢ = 1 and, by maximality of prime ideals, we have that q; = p;, so
g2+ qs = P2 - - - p,. We continue inductively to find that q; =p,, j =2,...,r and
r < s (otherwise we would have D C pg,q---p, C p,, a contradiction). Take
¢ =gyt s ]

As another application of unique factorisation, we prove that the ideal norm
(Definition 2.2.6) is multiplicative.

Proposition 2.2.16. For ordinary ideals a,b of D, one has that:

1. N(ab) = N(a)N(b);
2. N(a) € a;

3. if K is a number field, for any non-zero a € Ok, N(Oga) = |Ngg(a)|.

Proof. (1) Note that it suffices to prove the case where b is a prime ideal p. Since
ap C a C D we have that |D/ap| = |D/a| - |a/ap|. We show that D/p and a/ap are
isomorphic as abelian groups which concludes the argument. Take a € a\ap which
exists since a # ap and consider the ideal Da + ap. Note that ap C Da + ap C a,
so by unique factorisation, we have that either Da 4 ap = a or Da + ap = ap, but
the latter would imply that a € ap, contrary to our assumptions. Consider the
homomorphism ¢ : D/p — a/ap given by z + p — ax + ap. It is well-defined
since, for 2’ € D such that 2’ — = € p, we note that az’ — ax € ap. Now, given
an element v + ap € a/ap, because u € a = Da + ap, one may write u + ap
as ad + ap = ¢(d + p), for some d € D. This proves that ¢ is surjective. It is
also injective since ¢(x + p) = ap implies that ax € ap or, in other terms, that
ap | (Da)(Dx). Since a was chosen in a\ap, we observe that the power of p that
divides Da is the same that divides a and thus p | Dz, which is the same as saying
that x € p proving that ¢ is injective.

(2) By definition, N(a) is the order of the abelian group D/a and hence a multiple
of the order of any element of D/a. In particular, N(a)d € a for any d € D. Take
d=1.

(3) This is Corollary 2.2.24. ]
Proposition 2.2.16 (1) allows us to extend the notion of ideal norm to fractional

ideals of Ok in a natural way, namely, if the non-zero fractional ideal J is given
by J =[[._, p;’, where v; € Z, we define N(J) = [[;_; N(p;)"". Note that the norm
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thus defined is still multiplicative. As a matter fact, if # denotes the group of all
non-zero (fractional) ideals of O, then one has a homomorphism N : & — R .

Following P. Ribenboim, we conclude this subsection by recording a theorem that
collects results from different mathematicians over the decades. It is a character-
isation of Dedekind domains and most of its content has already been exposed
here.

Theorem 2.2.17 (see [47, p.104]). Let A be an integral domain. The following are
equivalent:

1. The domain A is a Dedekind domain.

2. Every non-zero proper ideal of A can be factored into prime ideals in a unique way
(up to the order of the factors).

3. Every non-zero proper ideal of A can be factored into prime ideals.

4. The set of non-zero fractional ideals of A form a multiplicative group.

2.2.3 Discriminant

We have yet to prove the assertion, used in Proposition 2.2.3, that, for any number
field K with a Q-basis of algebraic integers {c, ..., ®,}, there exists a rational
integer d such that dOx C Zoy + --- + Za,,. This is the content of Proposition
2.2.19, below. But first, let us take this opportunity to introduce an important

isomorphism invariant for number fields.

Definition 2.2.18. Let {7y, ..., 7,} be a K-basis of the separable extension L | K.
We define the discriminant of this basis to be

A1y, ..., 1) = det(Tr g (7,75)), (2.2.2)

which lies in K, being the determinant of a matrix with coefficients in K.

Letoy,...,0, : L — K denote the K -embeddings (i.e., embeddings that leave K
tixed) of L into the algebraic closure of K. The following is a useful identity:

A1y, ..., 1) = (det(oimy))?. (2.2.3)

Indeed, if we define 6(7y, ..., 7,) = (0;7;) then we get the matrix equation

(Tr gy (1i75)) = (71, ..., ) (T, ... o)t

)

where ()7 indicates the transpose matrix. Identity (2.2.3) then follows by taking
determinants on both sides.
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Now, let {wy, . ..,w,} be another K-basis for L and let C' = (c¢;;) be defined by

n
Wj: E Cz’jTi, ]:1,...,7’L,
i=1

i.e., C'is the change of basis from {w, ... ,w,} to {7,..., 7,}. Since each ¢;; belongs
to K, it follows that

oww; =Y cylowm) kj=1,...n, (2.2.4)
=1

which, in matrix form is but
Swiy . ywn) =0(11,..., 1) C,
whence we conclude that

Awy, ... wy) = (det OV A7, .., 7). (2.2.5)

We observe that A(wy, . ..,w,) # 0 for any basis {wy, ... ,w, }. Indeed, since det C' #
0, it follows from (2.2.5) that it is sufficient to check this assertion for a specific
basis. The extension L | K is assumed to be separable so, by the Primitive
Element Theorem, there exists some 6 € L such that L = K (). We take the basis
{1,60,...,0"'}. Note that (1,0, ...,0"1) is a Vandermonde matrix, and thus:

A(LG,....07") = (det5(1,0,....6" ")) = [ (0,0 —0:i0)>#0, (226)

1<i<j<n

where the last passage is due to the fact that the K-embeddings o4, ..., 0, are
pairwise distinct and hence so are 0;0 and o6 for i # j.

Now we are ready to prove what was promised. We will do so in a slightly more
general setting, since the proof remains the same. Let K be the field of fractions of
an integrally closed integral domain A and let B denote the integral closure of A
in the finite separable extension L | K. Keep in mind that the case of interest for
us will be the one where A = Z, K = QQ and L is any number field (which, beware,
is often denoted by K in this context).

Proposition 2.2.19. Let {cy, ..., o, } be a K-basis for L consisting of elements of B. Let
d be the discriminant of {a, ..., o, }, then
dB C Aoy + -+ + Aoy,
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Proof. Let b € B, then we may write b = bja; + - - - + b,cv, where by, ..., b, € K.
Multiplying both sides by «; and taking traces, for : = 1,...,n, we obtain the
following linear system:

Tr L|K(ba1) =Tr L\K(alal)bl + - Tr L|K(a1an)bn

Tr 1k (bay) = Tr g (anon)by + - -+ Tr g (0gan ) by,

which we want to solve for the unknowns b, . . ., b,. Note that the traces appearing
in this system all lie in A since they are traces of elements of 5. Moreover, the de-
terminant of the matrix of coefficients is precisely A(ay, ..., a,) which, according
to (2.2.6) and the discussion preceding it, is non-zero. We may therefore apply
Cramer’s Rule and obtain that each b;, for j = 1,...,n, satisfies db; € A where
d=A(ag,...,a). O

This concludes, at last, the proof of Proposition 2.2.3. Before moving on, we point
out that the concept of integral basis is perfectly suitable for being defined in
greater generality. Indeed, let A, K, B and L be as above.

Definition 2.2.20. An integral basis of B over A is an A-basis for B, i.e., a set
{w1,...,w,} C B such that any element of B can be uniquely written as a linear
combination of wy, . . ., w, with coefficients in A. When there is no risk of confusion,
this is simply referred to as an integral basis of L | K or even an integral basis of L.

If such an integral basis exists, B is then a free A-module of finite rank. This means
that B is an A-module that admits a finite basis. Moreover, it is immediate that
this basis must also be a K-basis for L, whence n = [L : K].

In view of this definition, Proposition 2.2.3 and Corollary 2.2.4 may be generalised
as follows:

Proposition 2.2.21. When A is a principal ideal domain, B admits an integral basis over
A of cardinality [L : K].

Moreover, any finitely generated B-module M C L is a free A-module of rank [L : K].

Proof. The proof follows the same lines as the proof of Proposition 2.2.3, with one
minor difference: in order to obtain that B is a free A-module of rank at most
[L : K], one needs to make use now of the fundamental theorem for free modules
over principal ideal domains (hence the additional hypothesis that A is principal):
any submodule of the free A-module A* is free of rank < k. Note that, when
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A = Z, then this is just the result for free abelian groups that was evoked in the
proof of Proposition 2.2.3.

The second part is a direct generalisation or Remark 2.2.5, obtained by performing
the same adaptation as above. O

Let {w1,...,w,}and {r, ..., 7,} be two integral basis of Ok and let C be the change
of basis matrix. Note that C' is invertible. Moreover, C has coefficients in Z. This
means that det C' = £1 and, by equation (2.2.3), we conclude that

A(wy, ... ,wp) = A(71,. .., 7,). The following definition is therefore justified:

Definition 2.2.22. Let K be a number field. We define the discriminant of K,
denoted Ak, to be the discriminant of any integral basis of K.

Note that the discriminant of any basis consisting of algebraic integers is a rational
integer. In particular, the discriminant of a number field is a rational integer.
Furthermore, being defined in terms of Galois embeddings, the discriminant of
a number field is an invariant of its isomorphism class. There exist, however,
examples of non-isomorphic number fields with the same discriminant (see, for
instance, [36, Example 0.2.11 (4)]).

Proposition 2.2.23. Let a be a non-zero ideal of Oy with Z-basis {ax, ..., a,}. Then
Alay,. .., o) = m*Ag,

where m is the index of a in Ok.

Proof. Let {wy,...,w,} be an integral basis of Ok in K, and leta € aNZ, a # 0
(take, for example, the norm of any non-zero element of a). We have that

Zawy + -+ + Zaw,, C a C Zwy + - + Zw,,.

Define, for each j = 1,...,n, theset B; = {a;w; +--- + a,w, € a | a;,...,a, € Z}.
Each B; is non-empty since aw; € B;. Pick 7; in B; such that the coefficient of
wj is positive and minimal. Let us write 7; = a;;w; + aj41, w41 + -+ + ayjwy, for
j =1,...,n. We claim that {7, ..., 7,} generates a over Z: let z € a be written
as ¢ = rywy + - - + xpwy, Where 24, ..., 2, € Z. By the division algorithm, there
exists ¢; and 0 < ry < ay; such that 1 = ay19; + 1. Note thatz — ¢y 7 € a = B;.
Minimality of a;; implies that r must be equal to zero and thus that v — ¢;7 € Bs.
By the same argument, we find an integer ¢, such that + — ¢4 — 272 € DBs.
Proceeding inductively, we obtain integers ¢4, . . ., ¢, such that v — 17— - - — ¢, 7, =
0, as we wanted. Note also that 7y, ..., 7, are linearly independent over Z. This
can be derived from the linear independency of wy, ..., w, and from the change of
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basis matrix. This shows, in a more constructive manner, that a admits an integral

basis, which had already been proved in Corollary 2.2.4.

Moreover, if we repeat the algorithm described above, starting with an element
r = r1wi+- - 2w, of O, we find that z may be written as © = 2'+rjwi+- - -+1r,wy,
where 2/ € aand 0 < r; < ay;. Therefore, we have that + € a if and only if
r =---=mr, =0,ie, if and only if a;; divides z; for i = 1...n. This proves that
the set {ryw; + -+ + 1w, | 0 <7 < a;} is a complete residue system modulo a.
Its cardinality, which is easily seen to be ay; - - - @y, is therefore equal to the index
of ain Ok, denoted here by m.

Let A = (a;;) denote the change of basis matrix from {w;,...,w,} to {m,..., 7, }.
Note that A is upper triangular and that det A = a4, - - - a,,,, = m. It then follows
from (2.2.5) that

O

Corollary 2.2.24. For any non-zero a € Ok,
N(Oka) = |Ngjg(a)|. (2.2.7)
Proof. Let {wy,...,w,} be an integral basis for Ox. Then {aw;, ..., aw,} is an inte-

gral basis for Oxa and
Alawr, . . ., awy,) = [det(o;(aw;))]* = [det(oi(a)d;;)]*[det o;w;]* = Ngjg(a)* A,

where the o,’s denote, as usual, the embeddings of K into its algebraic closure,
and (6;;) denotes the identity matrix (Kronecker delta).

This observation together with the proposition yields equation (2.2.7). O

We point out that, for a Q-basis of K, {1, ..., a,}, consisting of algebraic integers
(not necessarily an integral basis), it holds that

A(O[l, c ,O./n) = k?2AK, (228)

for some k € Z. Indeed, every «;, when expressed as a linear combination of some
integral basis, has rational integer coefficients. The change of basis matrix, from
this integral basis to {as, . .., o, }, will then have rational integer coefficients and
thus (2.2.8) follows from (2.2.5). As a consequence, we get the following simple
criteria:
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Proposition 2.2.25. Let {c, ..., a,} be a Q-basis for K consisting of algebraic integers.
If Aoy, . .., «p) is square-free, then A(ay, . .., o) = Agand {ay, . . ., oy, } s an integral
basis.

Proof. From the previous paragraph it is clear that A(oy,...,o,) = Ag. It re-
mains to observe that {«, ..., ®,} is an integral basis. Choose an integral basis
{wi,...,w,} and let C be the change of basis matrix from {c, ..., a,} to this basis.
Clearly, C has coefficients in Z. From (2.2.5) and the fact that the discriminant of
{a1,...,a,} equals the field discriminant, we obtain that det C' = £+1, meaning
that C' has an inverse with coefficients in Z. Therefore, {1, ..., a,} is also a Z-basis
of O. O

2.2.4 Extensions of Dedekind domains

In this subsection, we show that the integral closure of a Dedekind domain in
a finite separable extension is also a Dedekind domain (Theorem 2.2.30). This
fact will be used in Section 2.3 to prove, in some particular cases, the existence of
extensions of valuations.

Before we prove Theorem 2.2.30, we need to address the problem of finding finitely
generated submodules in a given finitely generated module. Unlike the case of
vector spaces, it is not true in general that a submodule of a finitely generated
module will also admit a finite generating set. In fact, this property deserves a
special distinction and inspires the following definition:

Definition 2.2.26. A module for which every submodule is finitely generated is
called a Noetherian module.

Since the ideals of a ring A are precisely its A-submodule, we point out that every
Noetherian ring is in particular a Noetherian module. Next, we list some of the
basic properties of Noetherian modules. For more details, see [47, Chapter 6].

Proposition 2.2.27. 1. A module M is Noetherian if and only if every ascending
chain of submodules eventually stabilises.

2. Every submodule or quotient of a Noetherian module is again Noetherian.

3. Let N be a Noetherian submodule of M such that M /N is also Noetherian. Then
M is Noetherian.

4. If My, ..., M, are Noetherian then so is My x - -- x M,.
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Sketch of proof. (1) is proved in the exact same way as in the case of Noetherian
rings.
(2) follows easily from the characterisation given in (1).

In order to prove (3), let M’ be a submodule of M and let x4, ..., z, € M’ be such
that ¢(x1), ..., ¢(z,) span ¢(M') C M /N, where ¢ is the projection of M onto M /N.
Pick a set {yi, ..., ys} generating the submodule N N M’ of N. It is easy to see that
{z1,..., 2,41, ...,ys} generates M'.

For r = 2 in (4), note that (M; x M,)/M, = M, is Noetherian and use (3). The
general case follows by induction. O

These properties put together show us that modules defined over Noetherian
rings behave “nicely”, which is the content of the next theorem.

Theorem 2.2.28. A finitely generated module over a Noetherian ring is Noetherian.

Proof. Let M be a finitely generated A-module where A is a Noetherian ring. If

{z1,...,2,} generates M, there is an epimorphism ¢ : A" — M taking (a1, ..., a,)
to >, a;z;, which implies that M = A"/ker ¢. The result now follows from
Proposition 2.2.27 (4) and (2). O

Remark 2.2.29. We have encountered once before another aspect in which modules
can be different from vector spaces, namely, that submodules of free modules
of finite rank need not be free. In the occasion, we remedied this adversity by
restricting to modules defined over principal ideal domains (see the proof of
Proposition 2.2.21). If, however, we are only interested in the quality of being
finitely generated, then it suffices to restrict to modules over Noetherian ring, as
Theorem 2.2.28 demonstrates.

Theorem 2.2.30. Let D be a Dedekind domain with field of fractions K. If L | K is a finite
separable extension, let E be the integral closure of D in L. Then E is also a Dedekind
domain.

Moreover, for any prime ideal y of D, there exists a prime ideal 3 of E such that BN D = p.
We say that °B lies over p.

Proof. E is integrally closed by construction.

By Theorem 2.2.19, E is a submodule of a free D-module M of rank n = [L : K].
Every ideal J of E, being a D-submodule of F, is also a submodule of M and,
since D is Noetherian, Theorem 2.2.28 implies that J is a finitely generated D-
module, hence a fortiori a finitely generated £-module. This means that the ring £
is Noetherian. Alternatively, one can use Proposition 2.2.27 (4) and (2) to prove
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that E is a Noetherian D-module, whence every ideal in E is a finitely generated
D-module and consequently a finitely generated £-module.

Finally, if °B is a prime ideal of £, note first that p = N D is non-trivial. Indeed,
take = € B. Since z is integral over D, there are dy, ...,d,—1 € D, dy # 0, such that
" +d, 12" + -+ dy = 0, so in particular dy € p. Moreover, it is immediate
that p is a prime ideal of D, and therefore maximal. So D/p is a field, which
is naturally embedded in the domain E/%B. Let e be a non-zero element of the
domain E /9. By the same reasoning as above, the ideal generated by e in E /B
intersects D/p non-trivially (note that £/ is integral over D/p) which means
there exists a non-zero d in D /p such that d = ye for some y € E/B. Let d’ be the
inverse of d in D/p, then d'y is the inverse of e in E /B which proves that £/B
is a field and, therefore, that 3 is maximal. This concludes the proof that E' is a
Dedekind domain.

Now, let p be a prime ideal of D. We denote by Ep the ideal generated by p in the
ring F, that is, all finite sums

Z a;x;, fora; € F and z; € p. (2.2.9)
This is in accordance with the notation for product of ideals introduced earlier.
Note that Fp & E. Indeed, suppose Ep = E. Then, in particular, 1 € F could be
written in the form (2.2.9) and, for any = € p~*, one would have thatz = 1-x € E.
This would imply that p~* € FN K = D, contradicting Proposition 2.2.11. So Ep
is a proper ideal and can thus be factored into prime ideals of E. Let 13 be one
of its prime factors. Then clearly p C P N D. In the previous paragraph we saw
that B N D is a non-empty prime ideal of D and hence proper. It follows from the
maximality of p thatp =B N D. O]

2.2.5 Dirichlet’s Unit Theorem

In this subsection, we describe the structure of the multiplicative group of units of
the ring of integers in a number field.

Let K be a number field of degree n. Since any finite extension of Q is separable,
there exist n Galois embeddings of K into C. We say a Galois embedding is real
when its image lies in R. Otherwise we say the embedding is complex. Note
that if 0 : K — C is a complex embedding, its complex-conjugate & is also
an embedding (different from o). So the complex embeddings of K come in
pairs. Let r; be the number of real embeddings and 7, the number of pairs of
complex embeddings, so that n = r; + 2r,. We denote these embeddings by
Oy sOpys Ori41, Opi41, - - - 5 Oryrgs Ory4+1p- 1IN this notation, we state the following;:
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Theorem 2.2.31 (Dirichlet’s Unit Theorem). The group of units O} of O is a finitely
generated group of rank ry + ro — 1. The torsion part is the (finite) cyclic subgroup formed
by the roots of unity contained in K.

In other words, there are elements ay, . .., ay, (; in O, where N = r; + 715 — 1 and
(+ is a tth root of unity, such that, any a € 0} can be uniquely written as

__ /€0 €1 EN
a=C(lar--ayY, ey €L/t eq,... ex € L.

The rest of this subsection is dedicated to proving this theorem.

By a lattice A in R" we mean a subset of the form
Zwy + -+ + Lwy, = {arwy + - - apn, | a; € Z}, (2.2.10)

where {wy, ..., w,} are linearly independent vectors in R” (cf. Definition 3.5.1).
The set {wy,...,wn,} is called a basis of A and the subset

P={ziw+ 42w, |0<z,<1,i=1,...,m}

is called the fundamental parallelepiped of A with respect to this basis. A lattice is
said to be complete when m = n.

Lattices and complete lattices can be characterised topologically, as the next two
propositions show.

Proposition 2.2.32. A subgroup A C R" is a lattice if and only if A is discrete.

Proof. 1f A is given by 2.2.10, then discreteness follows. Conversely, suppose A
is discrete. Let V' be the subspace of R" spanned by A and let m < n be the
dimension of V. Choose a basis {v1, ..., v,,} for V such that each v; is in A and
consider the group Ay = Zv; + - - - Zv,,. We claim that A, has finite index in A.
Indeed, let Py = {z1v1 + - 2pvp | 0 < x; < 1, = 1,...,m} be the fundamental
parallelepiped of A in V with respect to the basis {v1, ..., v, }. Let {)\;},c; be a set
of representatives of the cosets of A in A. Each );, as a point in V, can be written
as aj + \; where a; € Py and X € Ag (note that a;, # aj, if j1 # j2). In particular,
forevery, j € J,a; = \j— \; € AN Fy. Here is where the hypothesis of discreteness
comes into play. Since A is a discrete subgroup of R", it is closed (assume, by way
of contradiction, that {cy}; is a Cauchy sequence of pairwise distinct elements
of A, then {a; — a1} is a sequence in A converging to 0, which violates the
discreteness of A). As F, is compact, the intersection A N F, is a compact and
discrete subset, thus finite. It follows that .J is finite, of cardinality, say, N. This
is precisely the index of Aj in A, proving our claim. In particular, NA C Agso A
is a subgroup of a free abelian group of rank m. By the fundamental theorem for
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finitely generated abelian groups, A is free abelian of rank at most m. On the other
hand, by the same theorem, A has rank at least m since Ay C A. The proposition
follows. O

Proposition 2.2.33. A lattice A is complete if and only if it there exists a bounded set
B C R™ such that {\ + B} ea covers R™.

Proof. If A is complete, the fundamental parallelepiped P satisfies all the properties
required.

Conversely, let A = Zv, + - - - Zv,, where m < n. Let V be the subspace of R"
spanned by A, ie, V = Rv; + - -+ 4+ Ru,,. In particular, dim V' < m < n. If we are
able to prove that V' = R” then it would follow that m = n and that {vy,...,v,}is
linearly independent, thus a basis for R™. So let z € R™. For each positive integer
k, there exists some a;, € B and )\, € A such that kx = a;, + \.. Since B is bounded,
& — 0as k — oo. It follows that ’\’“ — x as k — 00 so, aseach Lisin V and V is
closed in R", we find that x € V. O

The volume'of A is, by definition, the volume of P, that is:
vol(A) = |det(wy, ..., wy)|-

Note that this definition does not depend on the choice of basis for A since a basis
change, in this case, must have determinant +1.

Minkowski’s famous theorem on the geometry of numbers asserts that a symmetric
convex subset V' € R" of volume sufficiently large must contain a point of A \ {0}.

Theorem 2.2.34 (Minkowski). Let A C R™ be a complete lattice and V- C R" a
measurable subset. Suppose also that V is symmetric (i.e., that V = —V') and convex. If
vol(V') > 2™vol(A) then V' contains a point of A\ {0}.

Proof. Suppose all translates {\ + 3V} ca were pairwise disjoint. Then, in particu-
lar, their intersection with the fundamental parallelepiped P of A would also be
pairwise disjoint. Each (A + 1V') N P, when translated by —), results in the set
sV N (P — ), of same volume. Since the translates {(P — )} xca cover R", we have
the following sequence of inequalities:

vol(A) = vol(P >ZV01<(A+ V) ) Zvol(VﬂP )\))

AEA AEA

> vol (%v) _ 2invol(x/) > vol(A),

'Regarding A as a group of isometries acting on R, this number should actually be called the
covolume of A. However, we shall maintain this more classical terminology for the present section.
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a contradiction. Therefore, the translates {\ + %V} reA cannot be pairwise disjoint,
meaning there exist v,w € V, v # w, and A\, A\, € A such that (v — w)/2 =
A2 — A1 € A. Since V is symmetric and convex, we have that v, —w € V and thus
(v—w)/2€V. O

Now, let us define the map ¢ : K — R" as:

x> (o1x,...,0n2,Re(0p17), Im(0,, 112), ..., Re(0p 1), Im(0p 4y ).

Note that 7 is an injective homomorphism of groups. Moreover, if wy, . .., w, is an
integral basis of O (Proposition 2.2.3), then ¢)(w1), ..., ¥(w,) are linearly indepen-
dent vectors in R", proving that /(O ) is a lattice in R". Indeed, by performing
elementary transformations on the rows of (¢)(w;), ..., ¥ (w,)), one can easily see
that det(¢)(wy), . .., ¥ (wy,)) equals the determinant of the n x n matrix whose jth
column is given by (o1wj, ... 0mWj, Or 41W), =50 1195, - - - 5 Opyr5Wj, — 50 41305 )-

Therefore:

det((en) ven)) = (=3 ) detlon)

where the right-hand side is known to be non-zero (see the discussion after Defini-
tion 2.2.18). It also follows that:

vol(1(Ok)) = 275/ |Awy, . .., wy)|. (2.2.11)

In order to study the group O, we will need a homomorphism that maps product
to sum. Let i : K* — R""* be defined as:

z— (logloyx|, ..., log|os x|, 21og |0y 112, . . ., 210g |0y 11y x]).

Note first that, for any a € Of, log|oya| + - - - + log |0, x| + 2log |0y, 112 + -+ +
2log |0y, 4r,a| = log|Ngjg(a)| = 0, since Nkg(a) = %1, being a a unit of Of. It
follows that ;(Op; ) is a subgroup of the hyperplane H = {(z1, ..., %y 4s,) € R |
1+ -+ T 4, = 0}. We aim to show that ;(0;) is a complete lattice in H.

To prove completeness, we must find a bounded set B C H such that H is covered
by {u(a) + B} ,epx- For that purpose, let us bring back the map ¢ : K — R",
except this time we make the identification R" = R™+?2 = R™ x C"2. In other
words, ¢ maps z to (o12,...,0,,%, 0,417, ...,0,47,7). Note that R™ x C™ is a
ring with coordinate-wise multiplication. Define the norm of an element y =
(Y15 Yritrs) € R X C2 tobe N (y) = [ya| -« |y, [[Yri 411 - [Yry 40, > motivated
by the fact that, in this way, /(¢ (x)) is precisely Ng|g(x). In particular, for
a € O, /(¢Y(a)) = 1. Also, it follows immediately from the definition that ./ is
multiplicative and that, if ./ (y) # 0, then y is invertible in R™ x C".
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Consider the hypersurface S = {y € R x C™ | #(y) = 1} and observe that the
restriction y : 0 — H factors through + in the following manner:

05 %+ 8 2 H C R,

where A here represents the “logarithmic” map, i.e., the map taking (y1, ..., Yr,4+r,)
to (log |y1]s - - -, 1og |yr |, 2108 |yry +1]; - - -, 2108 |Yry 41, |)- The map A is surjective. Then
it suffices to find B’ C S, such that S is covered by the translates {t)(a)B’},cox and
the coordinates of B’ are bounded away from 0 and from co. Indeed, we just set
B = A\(B'). In the rest of the argument we will need the following:

Lemma 2.2.35. For M > 0, there are only finitely many ideals a C Ok with norm
N(a) < M.

Proof. The norm of a is the index of a as a subgroup of the additive group Ok.
Since Ok is finitely generated, there are only finitely many subgroups of index m
form=1,2,..., M.

Alternatively, let m be the norm of a, then m € a (Proposition 2.2.16 (2)), whence
a | mOk. Since, for each m, 1 < m < M, there are only finitely many prime
divisors of m0Ok, it follows from unique factorisation that mOx has finitely many
divisors. Therefore, there are only finitely many possibilities for a. O

For y € S, observe that yi(Ok) is still a lattice, where the product here denotes
multiplication in the ring R™ x C™ (which, we recall, is just coordinate-wise
multiplication). The same computations used to obtain (2.2.11), can be used to
show that

If we choose a bounded subset V' C R™ x C", convex and symmetric, with vol(V)
sufficiently large, it follows from Minkowski’s Theorem 2.2.34 that, for any y € 5,
there exists a in Ok, a # 0, for which yy(a) € V. The coordinates of yi(a) are
bounded, whence ./ (yi(a)) < C, for some constant C' > 0 depending only on V.
But 4 (yy(a)) = ¥ (y) N (¢(a)) = Ngjg(a), so the norm of the ideal a0k must be
bounded by C. Lemma 2.2.35 implies that there are only finitely many principal
ideals with norm bounded by C'. That is to say, there are a4, ..., a; € Ok such that
any principal ideal of Ox with norm at most C' must be equal to some @;0x. In
particular, a0k = a;0k, for some i. This means there is a unit u; € 0;; for which
a = a;u;. Note that /(¢ (a)) = Ng|g(a) # 0s0 ¢(a) is invertible in R™ x C™. It
follows that y € ¥(u; ')(a;)~'V. By defining B’ = SN (¥(ay) 'V U- - -U(ag)~1V),
we obtain that y € ¢(u; ') B". Moreover, every x in ¢(a;) "'V U - - U1 (a;) "'V has
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bounded coordinates in R™ x C". So, if z is in B’, no coordinate of x can approach
0 nor oo, since //(x) = 1. This concludes the proof that ;(0;;) is a complete lattice
in H and, therefore, has rank r; + o — 1.

Now we must describe the kernel of i : 0 — H. Let a in Ok be such that p(a) = 0.
This means that |oya| = - - - = |0,,4r,a| = 1. As we shall see, this implies that a is a
root of unity. Indeed, recall the following:

Lemma 2.2.36. There are only finitely many algebraic integers a of degree at most d and
such that a and all of its conjugates are bounded.

Proof. Let a be one such algebraic integer and let P(X) = X" +¢, 1 X" '+ + ¢
be its minimal polynomial, so n < d. As a is an algebraic integer, we know
P € Z[X]. On the other hand, P can be factored over C as [["_, (X — 0;a). Since
every |o;a| is bounded by, say, M, every coefficient of P must be bounded by a
constant M/’ depending only on M. Indeed, the coefficients of P are symmetric
functions on the 0;a. There are only finitely many integral monic polynomials
of degree at most d and coefficients bounded by M’, and therefore finitely many
roots of such polynomials. The result follows. O

This lemma implies, in particular, that the kernel of j is finite. Furthermore, if a is
in the kernel of i then 1,a,a?, ... are also in the kernel of 11, whence a' = a™ for
some [ > m and thus a is a root of unity, as claimed. The kernel of 1 is thus a finite
subgroup of the circle S! C C and, as such, must be cyclic (this can be deduced,
for example, from the fact that subgroups of the real line are either infinite cyclic
or dense).

This concludes the proof of Theorem 2.2.31.

2.3 Valuations

In this section we introduce valuations, along with global and local fields. These
objects are fundamental for the study of quaternion algebras in the next chapters.
The material here can be complemented by the Appendix A, which comprises a
brief introduction to Krull valuations. For more information on the vast theory of
valuations and its applications, the reader may refer to [11], [10], [17], [48] or even
to the fine set of notes [12].

2.3.1 Definition and basic properties

Definition 2.3.1. A valuation v on a field K is a non-negative function v : K — R,
that satisfies
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(i) v(x) = 01if and only if z = 0;
(i) (Multiplicativity) v(zy) = v(z)v(y) forall z,y € K;

(iii) There is a constant C' > 0 such that v(1 + =) < C whenever v(z) < 1.
One may also refer to the pair (KX, v) as a valued field.

Note that v*, a > 0, is a valuation whenever v is. Two valuations v, v, on K are
said to be equivalent if v; = v§ for some positive number a € R. A place of K is
an equivalence class of valuations on K. It is immediate that any valuation on
K is equivalent to a valuation satisfying condition (iii) with C' = 2. Moreover,
a valuation satisfies (iii) with C' = 2 if and only if it is sub-additive, i.e., if and
only if it satisfies the triangle inequality. Sufficiency is straightforward (note that
v(£1) = 1, by (ii)). Necessity, however, demands some computation: let x,y
be in K, non-zero, and assume v(z) > v(y). Then v(z + y) = v(z)v(l + y/z) <
2v(z) = 2max{v(z),v(y)}. By induction, we have that U(Zfil 7;) < 28 max{v(x;)}
so, for any integer n > 0, choosing k such that 27! <n < 2* yields v(}>_ | z;) <
28 max{v(z;)} < 2nmax{v(z;)}. In particular, v(n) = v(1+---+1) < 2n. It follows

that
v(r+y)" =v (2:; (Z) a:y”‘)

< 2(n +1) max {v ((?)) v(x)iv(y)"i}

< 4(n+1) max { G) “(x)i“(y)m}

< 4(n+1)(v(x) +v(y)"

Taking the nth root on both sides and letting n go to infinity gives v(z + y) <
v(@) +u(y).

Definition 2.3.2. A valuation is said to be non-Archimedean if it satisfies (iii) with
C = 1. If that is the case, note that any valuation equivalent to it is also non-
Archimedean. A valuation is Archimedean when it is not non-Archimedean.

Equivalently, a valuation v is non-Archimedean if it satisfies the ultrametric inequal-
ity
v(z +y) < max{o(z), v(y)},

for every z,y € K.

A non-Archimedean valuation may be characterised as follows:
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Lemma 2.3.3. A valuation v on K is non-Archimedean if and only if v is bounded on the
subgroup generated by 1 of the additive group (K, +).

Proof. Necessity is clear. For sufficiency, suppose there is some A > 0 such that
v(l+---4+ 1) < M for any number of summands 1. Let z € K be such that
v(z) < 1. As pointed out earlier, v is equivalent to a valuation satisfying the
triangle inequality, and it is non-Archimedean if and only if the latter is. Therefore,
we may assume without loss of generality that v satisfies the triangle inequality.
Then

Taking the nth roots on both sides and letting n go to infinity concludes the
argument. O

Corollary 2.3.4. If K has positive characteristic then every valuation on K is non-
Archimedean.

Corollary 2.3.5. If L | K is a field extension then a valuation on L is non-Archimedean
if and only if its restriction to K is non-Archimedean.

The following is a simple but quite useful observation about non-Archimedean
valuations that follows directly from the definitions. It is commonly expressed by
saying that, in a non-Archimedean metric, every triangle is isosceles.

Proposition 2.3.6. If v is a non-Archimedean valuation and v(a) < v(b), then v(a+0b) =
v(b).

Example 2.3.7. Let us see the model examples of valuations:

(i) Let 0 : K — C be a Galois embedding and define v,(z) = |o(z)|, Vz € K,
where | - | is the usual norm in C. Then v,, is an Archimedean valuation and,
as we shall see, two such valuations, v, and v,, are equivalent if and only
if o’ is the complex conjugate of 0. An infinite place of K is the equivalence
class of some Archimedean valuation on K. Every such v, thus defines an
infinite place of K.

(ii) Letpbe any primeideal in Ok and let cbe a real number larger than 1. For any
non-zero r € O, define v,(z) = ¢4, where ord, (z) is the largest integer
k such that p* divides the ideal O . It is natural to extend these functions to
0 as ord,(0) = +oo0 and v,(0) = 0. Finally, since K is the field of fractions of
Ok, and v, is multiplicative, we may extend it to K as vy(x/y) := vp(z)/vp(y).
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It is easy to check that v, defines a non-Archimedean valuation, known as
the p-adic valuation, on K. A finite place of K is the equivalence class of
some non-Archimedean valuation on K. Each p-adic valuation thus defines
a finite place on K.

(iif) A particular case of example (ii) above is the p-adic valuations v, on Q, where
p > 0 is a prime integer.

(iv) Let K be the field of fractions of F,[X], i.e.,, K = F,(X), where F, is a
finite field. For a polynomial P(X) € F,[X], define |P|,, = ¢*&” and,
for P(X)/Q(X) € F,(X), define |P/Q|, = ¢!®F~4%€CQ Then | - |, defines
a valuation on F,(X). Its equivalence class is usually referred to as the
infinite place of F,(X'). Note that, unlike the the case of number fields, | - |
receives the name “infinite place” even though it is non-Archimedean (by
Corollary 2.3.4). The finite places of IF,(X) are determined in an analogous
tashion as those of a number field, namely, given an irreducible polynomial
P(X) € F,[X], any f(X) € F,[X] may be (uniquely) factored as f = P"Q
where () is prime to P. Set vp(f) = ¢" for some 0 < ¢ < 1, and extend vp to
F,(X) in the usual manner.

It is an important result that (i) and (ii) comprise all valuations on a number
field K, up to equivalence. In other words, any Archimedean valuation on K is
equivalent to v, for some Galois embedding o : K — C (Corollary 2.3.53), and any
non-Archimedean valuation on K is equivalent to v, for some prime ideal p C Ok
(Proposition 2.3.54).

Remark 2.3.8. The function v(z) = 1 for all non-zero x € K is clearly a (not very
interesting) valuation on K, known as the trivial valuation. Henceforth we will
tacitly assume that valuations are non-trivial whenever needed.

In the non-Archimedean case, it is often convenient to consider the logarithmic
counterpart of a valuation, what we call an additive valuation. Bear in mind that any
statement in terms of valuations has an analogue for additive valuations which
will not always be made explicit here.

Definition 2.3.9. A (rank one) additive valuation is a function v : K — R U {occ}
satisfying

(i) u(z) = oo if and only if x = 0;
(i) u(zy) = u(z) +uly);
(i) u(z +y) > min{u(z), u(y)};
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where we make the customary conventions that + < oo and x + co = oo for all
x € R. Two additive valuations u; and u, are said to be equivalent if there exists a
real number a > 0 such that u; = au,. The additive valuation defined by u(z) = 0,
for all non-zero x € K, is called trivial.

Note that v is a valuation if and only if —log(v) is an additive valuation (equiva-
lently, u is an additive valuation if and only if exp(—u) is a valuation).

Remark 2.3.10. Some authors prefer to call the object defined in Definition 2.3.1
an absolute value, reserving the term valuation for the functions defined in Defini-
tion 2.3.9.

2.3.2 Topology

Just as in the case of norms on a vector space, a valuation v satisfying the triangle
inequality provides a metric on K by means of a distance function defined as
d(z,y) = v(zr — y), for every z,y € K. More generally, let v be an arbitrary
valuation on K and consider the collection of sets B.(p) := {z € K | v(z — p) < €}
forevery p € K and every € > 0. This collection is clearly a basis for a topology. We
will see next that two equivalent valuations induce the same topology, and since
any valuation is equivalent to one satisfying the triangle inequality, the topology
just described is always a metric topology.

Proposition 2.3.11. Two valuations K are equivalent if and only if they induce the same
topology.

Proof. Let v, and v, be two valuations on K and let 7; and 7, be the corresponding
induced topologies. Necessity is clear, so suppose 71 = 7. Let x € K be any
element. We claim that v;(z) < 1 if and only if v;(z) < 1. Since the hypothesis
is of a topological nature, in order to prove the claim we translate the statement
v;(z) < 1 into topological terms, namely: v;(z) < 1 if and only if 2™ — 0in 7; as
n — 0o, i = 1,2. Now, the sequence (z,),>1 converges to 0 in 7, if and only if it
converges to 0 in 7. The claim follows.

By taking inverses, we see that v;(z) < 1, = 1or > 1if and only if vy(z) < 1, =
1 or > 1, respectively.

=1
< 7
for any integers n, m. Using multiplicativity of valuations and taking logarithms,

Take any non-zero elements =,y € K. Then v, (2"y™) % lif and only if vy (z™y™)

we obtain that

log va()
log v2(y)

log vy ()

> ) :
+1=0 ifandonlyif
log v1(y) < y 9

+1

AV
o
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for every rational number ¢. This is only possible if

logvi(z) _ logu(y)
logva(x)  logva(y)

Since z, y were taken arbitrarily, we conclude that, for every non-zero z € K,

1

log v () =a>0,
log ve(x)

whence v, = 5. ]

In the course of the proof of Proposition 2.3.11 a characterisation for equivalent
valuations was derived, which is of independent interest. We state this characteri-
sation separately, with a small adjustment.

Proposition 2.3.12. Let vy and vy be valuations on K such that
v(r) <1 = va(x) <1, forallz e K. (2.3.1)

Then vy and v are equivalent.

Proof. Taking reciprocals, we also have that v;(z) > 1 = wvy(z) > 1forallz € K.

Suppose there exists « € K such that v1(a) = 1 and vy(a) # 1, say, va(a) > 1.
Take b € K non-zero such that v, (b) < 1 (which is possible once we assume v, is
non-trivial. See Remark 2.3.8). Then v;(ba™) < 1 while, for sufficiently large n,
v9(ba™) > 1, contradicting (2.3.1).

Thus vy(z) < 1if and only if v1(x) < 1 and the rest follows as in the proof of
Proposition 2.3.11. [

Finally, we observe that the operations of addition, multiplication and inversion
are continuous in the topology induced by the valuation; i.e., K, endowed with
this topology, is a topological field.

2.3.3 Completions

Since a valuation v on K induces a metric topology, we may complete K in the
metric sense and obtain the metric space K, which is easily seen to be a field with
a valuation ¢ that extends v.

More precisely, we may assume, without loss of generality, that v satisfies the
triangle inequality and thus induces a metric d on K. Consider the set of Cauchy
sequences in (K, d) equipped with pointwise addition and multiplication. Mod-
ding out by the subset (ideal) n of Cauchy sequences converging to 0, we ob-
tain the completion (X, d), where the metric d is defined in the usual way: for
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= (2p)ns1 +nand y = (Yn)p>1 + nin K, define d(z,y) = lim, 0 d(zn, yn). At
this stage, (K, d) is a complete metric space with K embedded in it as a dense sub-
set. Indeed, the elements of K are naturally identified with the constant Cauchy
sequences. Since K, is a quotient ring, addition and multiplication on K, are
already defined. If = (x,,),>1 + n is non-zero, then z,, is bounded away from
0, for every sufficiently large index n, and we define 27! to be (z,'),>1 + n. It
is straightforward to check that inversion is well-defined and that all the field
axioms hold. This makes K, into a field. Now, for an arbitrary = = (z,,),>1 + 1
in K, note that (v(z,)),>1 is a Cauchy sequence in the real line and therefore
converges. We define the valuation ¢ as 0(z) = lim, ,«{v(z,)}. Note that
0, defined in this way, is indeed a valuation that extends v. Moreover, since
CZ(I, y) = lim, o0 d(xp, yn) = lim, o v(z, — yn) = 0(z — y), it follows that v in-
duces the complete metric d that extends d. It is a customary abuse of notation to

continue to write v instead of 7.

The completion described is unique up to isomorphism: suppose the field L is
complete with respect to a valuation v" and ¢ : K — L is a field embedding
preserving the valuations, i.e., such that v' o 0 = v. Then ¢ can naturally be
extended to K, and o(K,) is clearly going to be the closure of o(K) in L, o(K,). In
particular, if K is densely embedded in L, than o(K,) = L.

As a consequence of Lemma 2.3.3, we see that ¢ is non-Archimedean if and only if

v is non-Archimedean.

Finally, if v is non-Archimedean, the image of the function v on K coincides with
that of v on K,; ie., {v(z) | z € K} = {v(z) | = € K,}. Indeed, let z € K,.
By definition, there exists ' € K such that v(z’ — ) < v(z). It follows from
Proposition 2.3.6 that v(z') = v(x).

2.3.4 Chinese Remainder Theorem and Weak Approximation

In this subsection, we prove an approximation result (Theorem 2.3.14) due to
E. Artin and G. Whaples. This theorem might be seen as a metric version of
the Chinese Remainder Theorem for rings. It is sometimes referred to as Weak
Approximation Theorem, on account of deeper results existing in this direction. But
first, let us recall the Chinese Remainder Theorem.

Theorem 2.3.13 (Chinese Remainder Theorem for Rings). Let A be a ring and let
Ji, ..., J; be (two-sided) ideals in A that are pairwise coprime, i.e., such that J;+J; = A
fori # j. Let J = (,_, Ji. Then there exists an isomorphism

AT QB A/ J;,
=1
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where x + J — (z + Jy,...,x + J,). In other words, given any elements ay, ..., a, € A,
there exists some x € A such that x — a, € J; fori =1, ..., r and, moreover, if y is any
other element of A satisfying this then x —y € J.

Proof. First, we note that pairwise coprimality is equivalent to the condition that

Ji + ﬂ Jij=A forevery i=1,... 7 (2.3.2)
JF

Indeed, (2.3.2) clearly implies that the ideals are pairwise coprime. Conversely,
for each j # i, since J; + J; = A, we may write 1 = a; + b; where a; € J; and
bj € J;. Then1—a; € J; for every j #i. So,if weseta = (1 —ay)--- (1 —a;_1)(1 —
aj1) -+ (1 —a,), thena € (), J;. Furthermore, by the distributive property, one
can easily see that a = 1 + o’ wherea’ € J;,s01 € J; + ﬂ#i J; and (2.3.2) follows.
This is where we used the assumption that the ideals involved are two-sided. This
theorem is often stated with (2.3.2) in lieu of pairwise coprimality.

Let us assume (2.3.2). Consider the ring homomorphism ¢ from A to @._, A/J;
given by z — (z + Ji,...,x + J,). The kernel of ¢ is clearly .J, so all we have
to show is that ¢ is surjective. Note that @;_, A/J; is generated by elements
of the form (a; + Ji,...,a, + J;) such that a; € J; for all j but one, say, j = i.
So if we prove that every such element is in the image of ¢, being that ¢ is a
homomorphism, surjectivity will follow at once. Assume, for simplicity, that: =1,
that is, assume that a; € J; for j = 2,...,r. Write a; = = + y where z € J; and
y € (.1 J;, which is possible, according to (2.3.2). Then a; — x is clearly mapped
to (ay + Ji,...,a. + Jp). O

As a particular case of the Chinese Remainder Theorem we see that, given r

(pairwise distinct) rational primes py, . . ., p,, along with positive integers ny, ..., n,,
and integers ay, . . . , a,, there exists some = € Z that simultaneously satisfies = = a;
(mod p?j ), for j = 1,...,r. Since, in the p-adic metric, two integers are close to

each other precisely when their difference is divisible by a high power of p, we
may reinterpret this conclusion as saying that one may find = € Z arbitrarily close
to a; with respect to the p;-adic metric for every j = 1,...,r simultaneously.

Theorem 2.3.14 (Weak Approximation). Let K be a field and let v, . .., v,, be non-
equivalent valuations on K. Denote by K., the completion of K with respect to the
valuation v;. The diagonal embedding

K <[] K.,
j=1
has a dense image. Alternatively, for any choice of points x; € K;, j = 1,...,m, and for
any € > 0 there exists © € K such that vj(x — x;) <€ forall j =1,...,m(ie., x is
simultaneously e-close to x;, with respect to v;, for j =1,...,m).
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Proof. We may assume, without loss of generality, that each z; is in K. Indeed, by
the definition of completion, we can find, for each j = 1,...,m, an element 2, € K
such that v;(z; — 27;) < €/2.

The crucial step in this proof is to note that, for any i between 1 and m, there exists
some «; € K such that v;(«;) > 1 while v;(a;) < 1 for every j # . This is proved
by induction on m. For simplicity, we assume i = 1.

For m = 2, since the valuations are non-equivalent, there exists, by Proposition
2.3.12, ¢ € K such that vy(¢) > 1 and v5(¢) < 1. Likewise, there exists 1) € K such
that v (¢)) < 1and vy(¢0) > 1. Take ay = ¢,

Assume this is true for m — 1. Choose ¢ € K such that v1(¢) > 1 and v;(¢) < 1

for 2 < j < m — 1. By what we have already proved, there exists ¢ € K such that

v1(¢) > 1 and v, (1) < 1. We define oy according to whether v,,(¢) is <,= or > 1.

Namely, if v,,(¢) < 1, pick a3 = ¢ and we are done. If v,,(¢) = 1, pick g = ¢"¢
o

for sufficiently large r. Finally, for v;,(a1) > 1, define oy = 7574, for sufficiently

large r. It is easy to see that, in every situation, o; has the required properties.
Now, let o; € K be such that v;(a;) > 1 and v;(a;) < 1 for every j # i. Then pick

T

"«
v Z 1 +]oz’"xj’
=1 J

for sufficiently large . O

2.3.5 Ostrowski’s Theorems

We have seen in Example 2.3.7 that the usual absolute value on QQ, denoted here
by | - |, is an Archimedean valuation and that the p-adic valuations v, on Q are
non-Archimedean. A. Ostrowski proved in 1916 that, up to equivalence, these are
the only valuations on Q.

Theorem 2.3.15 (Ostrowski). Any non-trivial valuation v on Q is equivalent either
to the usual absolute value on Q or to some p-adic valuation, according to whether v is
Archimedean or non-Archimedean.

Proof. Let a,b € Z be such that a > 1 and b > 0. Write b in base a expansion; i.e.,
write

b=0b,a™ +by_1a™ "+ + by, (2.3.3)

where b; € Z,0 < b; < aforj=1,...,m,and b,, > 0. Note that, since a™ < b, we
have that m < logb/ log a.

39



Let d = max{v(2),...,v(a — 1)}. Then, it follows from (2.3.3) and the triangle
inequality (which we may assume v satisfies, without loss of generality) that

v(b) <d Y v(a) (2.3.4)
j=0

<d(m+ 1) max{1l,v(a)"} (2.3.5)

<d (11252 + 1) max{1, v(a)8?/ 1052}, (2.3.6)

where the penultimate inequality is just the observation that if v(a) < 1 then
v(a)) < 1 =max{l,v(a)™}, and if v(a) > 1 then v(a)’ < v(a)™ = max{1,v(a)™}.
Either way, v(a)? < max{1,v(a)™}, for j =0,...,m.

Choose b = ¢ in (2.3.4), for any ¢ > 0 and n = 0, 1, .... Taking the nth root and
letting n — oo, one obtains

v(c) < max{1,v(a) &/ 8} (2.3.7)

If v is Archimedean, then there exists some integer ¢ > 0 such that v(c) > 1. For any
integer a > 1, since v(c) > 1, (2.3.7) implies that v(a)'°¢/1°¢¢ > 1 and consequently
that v(a) > 1. We may thus exchange a and c in (2.3.7) to find that

U(C)l/logc _ U(a)l/loga’

for every integer a > 1. In particular, if we let A = log (v(c)"/°8¢) > 0, then
v(a)t/ 8% = ¢* and, finally

v(a) = a* = |a|*, for every integer a > 1. (2.3.8)

One can easily check that (2.3.8) extends to every a € Q, proving that v is equiva-
lentto | - |.

If v is non-Archimedean, then v(c) < 1 for every integer c. Then there exists some
integer ¢ > 1 such that v(c) < 1, otherwise v would be trivial. Let p > 1 be the
smallest integer such that v(p) < 1. Note that p is prime, by minimality. Any
integer a such that p { a may be written as a = pg + r, where 0 < r < p. By
minimality of p, we must have v(r) = 1. Since v(pg) = v(p)v(q) < 1, it follows
from Proposition 2.3.6 that v(a) = v(pg + 1) = 1.

Let A = —logv(p)/logp > 0. For any integer b, if we define ord, (b) to be the largest
integer k such that p* divides b, then we may write b = p°*¥()q where p { a. Then

0(b) = ()" = (P = (1)

Just as before, one can easily extend the previous equality to all b € Q, showing
that v is equivalent to v,,. O
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Using weak approximation (Theorem 2.3.14) we derive, as a corollary, that the
usual absolute value on C is, up to equivalence, the only Archimedean valuation
on C. This is a very particular case of another celebrated theorem due to Ostrowski
(Theorem 2.3.17).

Corollary 2.3.16. Any Archimedean valuation on C must be equivalent to the usual
absolute value.

Proof. Let v be an Archimedean valuation on C and let | - | denote the usual
absolute value. We may assume without loss of generality that v satisfies the
triangle inequality.

By Theorem 2.3.15, the restriction of v to the field Q must be equivalent to the
absolute value on QQ and, since R is the completion of Q with respect to | - |, the
same holds for the restrictions of v and | - | to R; i.e., there exists A > 0 such that
v=_-*onR.

Now, let z = z 4 iy € C, where z,y € R. Clearly |z| < |z| and |y| < |z|. Since i is a
root of unity, we have that v(i) = 1, from where it follows that

v(z) < v(@) +o(y) = |2 + [y* < 20z (2.3.9)

In other word, we cannot have v(z) very large and |z| very small. Thus, if v is not
equivalent to | - | then we can use weak approximation and derive a contradiction.
Indeed, let a € C be such that v(a) > 100 and let ¢ > 0. Weak approximation then
provides us with a b € C such that |b| = |b — 0] < e while v(b — a) < e. Together
with (2.3.9), these imply that 100 — ¢ < v(b) < 2|b]* < 2¢*, a contradiction since
€ > 0 was arbitrary. O

Theorem 2.3.17 (Ostrowski). If K is a complete field with respect to some Archimedean
valuation then K is isomorphic either to R or to C and this valuation is equivalent to the
usual absolute value.

Although we will not prove Ostrowski’s Theorem 2.3.17 here, we point out that
it can be derived as a particular case of a more general result concerning real
Banach algebras (i.e., unital algebras over R endowed with a complete norm that
is submultiplicative and that takes the value 1 on the multiplicative unit).

Theorem 2.3.18 (Gelfand). If a real Banach algebra (A, | - |) is a field then (A, |- |) is
isomorphic either to (R, | - |) or to (C, | - |s)-

Proof. See, for example, [12, Theorem 1.48]. O

For the sake of completeness, we mention that a result analogous to Ostrowski’s
Theorem 2.3.15 also holds for the field F,(.X'), namely, that the valuations described
in Example 2.3.7(iv) are the only valuations on F,(X), up to equivalence.
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Proposition 2.3.19. Using the notation of Example 2.3.7(iv), any valuation v on the field
F,(X) is equivalent either to | - | or to vp for some irreducible polynomial P € F,[X].

Proof. See [44, Theorem 4-30]. ]

2.3.6 Valuation ring, uniformiser and residue field

Throughout this subsection, v will denote a non-Archimedean valuation while
u: K — RU{oo} will denote an additive valuation. A non-Archimedean valuation
v on a field K naturally induces the following objects:

Definition 2.3.20.

(i) Theseto = {x € K | v(z) < 1} is a ring called the ring of (valuation) integers.
It is a valuation ring in the sense that, for any = in its field of fractions K, we
have that z € o or ! € o. For this reason, o is sometimes referred to as the
valuation ring of K with respect to v.

(i) p = {z € K | v(z) < 1} is the unique maximal ideal in o.
(iii) Theseto \ p = {z € K | v(x) = 1} is the group of units of o.

(iv) The quotient o/p is a field called the residue field. It is, in fact, a field since the

ideal p is maximal in o.

For the additive valuation v, the valuation ring o and its unique maximal ideal p
are given, respectively,by o = {x € K | u(zx) > 0} and p = {z € K | u(x) > 0}.

Note, first, that the ring of integers determines the valuation up to equivalence. In
other words, two valuations are equivalent if and only if they have the same valu-
ation ring. Indeed, necessity is obvious and sufficiency follows from Proposition
2.3.12.

For the completion K, of K with respect to v, we will denote the corresponding
ring of integers and maximal ideal respectively by o and p when the valuation in
question is clear and there is no risk of confusion. Note that o = o N K and that
p = p N K. Therefore, there is a well-defined field embedding ¢ : 0/p — 0/p taking
x + p to x + p. The monomorphism ¢ is actually a field isomorphism:

o/p=70/p

Indeed, surjectivity of ¢ follows from the fact that, for any = € K, there exists
2" € K suchthatv(z—z') < 1,i.e., suchthatxz—a’ € p. Then ¢(2'+p) = 2'+p = z+p.
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At the end of §§2.3.3, we noted that v takes on the the same values whether defined
over K or over its completion K. Let us look into this set with more attention.
Denote by K* the group of non-zero elements of K under multiplication. Then
{v(z) | * € K*} is a subgroup of the multiplicative group of positive reals, called
the value group of v. For the p-valuation on Q, for example, the value group will
be {¢" | n € Z}, for some ¢ > 0. Note that this is a discrete subset of R. . In fact,
this is the case for most of the valuations we will be concerned with, and it has
fundamental consequences, which motivate the next definition.

Definition 2.3.21. We say that a valuation v is discrete when its value group is
discrete. Equivalently, v is discrete when there exists > 0 such that

l-d<v(r)<1+0 = v(x)=1, (2.3.10)

for every z € K.

Analogously, in the case of the additive valuation u, the value group u(K*) is a
subgroup of the additive group of real numbers (R, +). Then v is discrete precisely
when its value group is a discrete subgroup of (R, +). In this case, u(K*) is an
infinite cyclic group of the form aZ, for some real number a > 0. It follows that u
is equivalent to an additive valuation with value group Z (such discrete valuations
are said to be normalised).

Example 2.3.22. In this example we observe the existence of several non-discrete
valuations. Recall that a division group is an abelian group (G, +) satisfying the
property that for every g € G and every positive integer n, g may be “divided by
n”,i.e, there exists h € G such that g = nh. Let u : K — R U {co} be an additive
valuation. Note that if K is algebraically closed, then the value group u(K*) is a
division group. Indeed, given g such that g = u(z) and a positive integer n, let
y € K be a root of the polynomial X" —x € K[X]and set h = u(y). Clearly g = nh.
Now, it is easy to see that a discrete subgroup of (R, +) cannot be a division group.
We conclude from this that a non-trivial valuation (additive or otherwise) on an
algebraically closed field is never discrete.

In particular, we obtain that Q, is not algebraically closed.

Proposition 2.3.23. The valuation v is discrete if and only if p is principal.

Proof. Suppose p = (7). If v(x) < 1 then 2 € p which mean that = ar for some
a € 0. So v(z) < v(rm). On the other hand, if v(z) > 1 than v(z~!) < 1 and, by what
we have just established, v(z) > v(7r)~!. Condition (2.3.10) follows.

Conversely, suppose v is discrete. In particular, the set {v(z) | v(z) < 1} attains

its maximum. Let 7 € p be such that v(7) = max,;)<1 v(z). If v € p, then v(z) < 1

1

and v(z) <wv(m). So zw~! = a € o whence x = ar € (7). O
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Definition 2.3.24. An element 7 such that p = () is called a uniformiser for v. Note
that a uniformiser is not necessarily unique. If, however, 7’ is another uniformiser,
then v(m) = v(n’).

There are, in fact, a few more properties that characterise a discrete valuation. We
expand Proposition 2.3.23 and collect these properties below.

Proposition 2.3.25. In the above notation, the following are equivalent:

1. v is discrete;
2. p is principal;
3. o is a principal ideal domain (PID);

4. o is Noetherian.

Proof. (1) <= (2) is precisely the content of Proposition 2.3.23.

(1) = (3): Any proper ideal J of o is contained in p = {z € o | v(z) < 1}.
Discreteness implies that v attains its maximum in J, and the proof follows just as
in Proposition 2.3.23.

(3) = (4) is immediate.

(4) = (2): Letay,...,a, be such that p = (ay,...,a,) and 0 < v(a;) < v(az) <
- <w(a,). Fori=1,...,n—1,v(a;a,') < 1sothata;a,' =a € 0and a; € (a,).
It follows that p = (a,,). O

When the valuation group is discrete, the underlying set must be of the form
{c" | n € Z} for some 0 < ¢ < 1, since it is isomorphic to a discrete subgroup
of the additive group of real numbers (via the logarithmic function). Since the
uniformiser is characterised by maximising v(x) for z € p, we see that v(7) = cand
thus, for every non-zero z € K, there exists an integer n such that v(z) = v(m)".
As in the example of p-adic valuations, this integer n is called the order of x and is
denoted ord,(z). It is clearly independent of the choice of uniformiser 7 since it
only depends on v(r). In particular, every non-zero z is of the form x = en™ for

some e such that v(e) = 1. One can be even more precise:

Proposition 2.3.26. Suppose v is a discrete valuation on K, let  be a uniformiser and
let A be a set of representatives for the cosets of o/p. Any non-zero element a € K, can be
uniquely written as

—+o00
a=m" Z anm", (2.3.11)
n=0
where a,, € A, and m = ord,(a) € Z.
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Proof. If m = ord,(a) then 7~™a € 0. Since o/p = o/p, A is also a set of rep-
resentatives for the cosets in o/p. Let ay be the unique element in A such that
7 "a € ag + p. Then 7~™a — ag € p and so it must be of the form b;7 for some
b1 € 0. Repeating this argument with b, instead of 77"a, we find a; € A (also
uniquely determined) such that 7~"a = ag + a17 + be7? for some by, € 5. We
define a,, inductively for every n = 0,1,2,... and the series 3"

a,T" converges
_ . . N
to 77" a since v (7r o=y anwn) = v(by V) = 0as N — oo. O

Remark 2.3.27. If we assume 0 € A in the proposition above, then m = ord,(a)
in (2.3.11) if and only if ay # 0. If we do not assume 0 € A and only require that
ag # 0, then uniqueness does not hold in general.

Until now, we have not made any assumption on the residue field o/p. We will
see next that finiteness of o/p has fruitful topological implications that enable us
to pick a Haar measure on K.

Proposition 2.3.28. Let v be a non-Archimedean valuation of K. Then K is locally
compact if and only if all of the following hold:

1. v is discrete;
2. K is complete with respect to v;

3. The residue field is finite.

Proof. Assume K satisfy conditions (1), (2) and (3). The ring of integers o is a
neighbourhood of 1. We will show that, any open cover {U,} of 0 admits a finite
subcover. Suppose not. Let ™ be a uniformiser element, which exists since v is
discrete, and let A be a set of representatives of the cosets in o/p. Since o cannot
be covered by finitely many sets in {U,} and, on the other hand, o is the disjoint
union of finitely many cosets, there exists a( in A such that ay + o7 is not finitely
covered by the sets in {U, }. Note that o7 is but the maximal ideal p. For the same
reason. There exists a; € A for which ay + a;7 + o7? is not finitely covered by
the sets in {U,}. If we proceed inductively, we define a sequence of elements
a, € A with the property that ag + - - - + a,, 7™ + on™*! is not finitely covered
by the sets in {U,}, for every m = 0,1,2,.... Note that v(a,7") < v(m)" — 0 as
n — +o00, so the series ZZ:(’) a,m™" converges to some element a € K since K is
complete with respect to v. Moreover, v(a) < max, v(a,)v(m)" < 1, which means
that a belongs to 0 and therefore to some U,,. But U,, is open and {o7"},>¢ is a
neighbourhood basis for 1, so, for some N > 0, we have that a + or¥ C U),. It
follows that ag + - -+ + ay_ 17V~ + o™ = a + o™ C U,,, a contradiction.

Conversely, suppose K is locally compact.
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There exists a compact neighbourhood C of 1. For a sufficiently large n, o™ C C.
Since o is closed, o™ is a closed subset of a compact set and is therefore compact,
which implies that o is compact as well. Since the topology of o is metrizable, o
is sequentially compact. Now, given a Cauchy sequence (z,,),>1, there exists n,
such that z,, € z,,, + o for every n > ny. It follows that (z,,),>; has a converging
subsequence and therefore converges, proving that K is complete.

Let A be a set of representatives for the cosets in 0/p. Then {a+p}.c4 is a collection
of open sets covering o such that no subcollection still covers 0. By compactness of
0, this collection must then be finite, which means that A is finite and thus so is
the residue field.

Finally, note that p is compact being a closed subset of the compact set o (indeed,
since p is open, its complement is also open being the union of translates of p,
which makes p closed). The collection of open sets B,, = {x € 0 | v(z) < 1 —1/n},
forn = 1,2,3,..., cover p. By compactness, there must be some n, for which
p = B,,. This means that v(z) <1 = 2z € B,, = v(x) < 1—1/ng and,
by taking inverses, that v(z) > 1 = wv(z) > 1+ 1/(1 + ng). Consequently,
1—1/np <v(z)<1+1/(1+ny) = v(x) =1, proving that v is discrete. O

2.3.7 Haar measure on locally compact fields

Let us recall that a Borel measure 1 on a topological space 1" is a measure defined
on the o-algebra generated by the open subsets of T (the Borel o-algebra). We say
that s is reqular when

1. u(E) =inf{u(U) | U is open and E C U} for every measurable set £ C T;

2. u(V) =sup{u(K) | K is compact and K C V'} for every openset V C T.

If a regular Borel measure 1 also satisfies
p(K) < oo, for ever measurable compact set K C T,

then . is called a Radon measure.

Suppose G is a topological group. A left Haar measure on G is a Radon measure 1
that is also left-invariant, meaning that, for every g € G and for every measurable
subset A C G, one has that

1(gA) = u(A).

Alternatively, let L, denote the left translation by g, which is the mapping defined
by h — gh. Then p is left-invariant if (L,).. = p for every g € G, where (L,).
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denotes the push-forward by L,, i.e, the measure defined by A — pu(g~A), for
every measurable set A C G.

These measures are named after Alfréd Haar who introduced them in 1933 and
proved his well known theorem:

Theorem 2.3.29 (Haar’s Theorem). Let G be a locally compact Hausdorff topological
group. There exists a left Haar measure (1 on G that is unique up to scaling.

A right Haar measure is defined analogously and the same result holds for right
Haar measures. Indeed, let i denote inversion in G' and consider the push-forward
ixpt. Then p is left-invariant if and only if i, is right-invariant.

Now, let 1 be a left Haar measure on G. For each g € G, denote by R, the right
translations by g, i.e, the mapping defined by  — hg. Then (R,).u is also a
left Haar measure since right translations and and left translations commute.
By the uniqueness up to scaling, there exists a real number A(g) > 0 such that
(Ry)spt = A(g)p. In this way, we may define a function A : G — R, called
the modular function of G. Note that A does not depend on the choice of the
left invariant Haar measure p. It easy to see from the definition that A is a
homomorphism from G to the multiplicative group of positive reals.

When A is constant equal to 1, the group G is said to be unimodular. In this case,

every left-invariant measure is also right-invariant.

Remark 2.3.30. In the above discussion we have used the notation of a multi-
plicative group whereas, in the sequence, Haar’s Theorem will be often applied
to the additive group of a topological field. In any case, the group structure in
consideration will always be made explicit and shall not lead to any confusion.

Suppose now that v is a discrete non-Archimedean valuation on a (non-discrete)
field K, complete with respect to v, and such that the residue field o/p is finite.
Note that K is discrete if and only if v is trivial, which we tacitly assume not to be
the case. By Proposition 2.3.28, we know that, in this case, K is a locally compact
field.

Let K" denote the the topological group obtained from K with addition. It follows
form Haar’s Theorem that there exists a Haar measure x in K*. The group K+ is
unimodular since it is abelian, thus p is bi-invariant. Let 7 be a uniformiser for
v and let P be the cardinality of the residue field o/p. For any o € K" and any
integer n, one has that

P
a+ 7" = H a+ ;" + 7o,
Jj=1
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where ¢y, . .., ¢; are a set of representatives of the elements of the quotient o/p, and
[ indicates disjoint union. Since y is translation invariant, it follows in particular
that

P

(o) = Z pe;m" + 7" o)

j=1
= Pu(r"*o),

whence p(7"0) = Pu(r"t'o). Using this relation inductively, one obtains that
p(r"0) = P~"p(0).

We normalise i such that (o) = 1 and therefore

p(r"o) =P, foralln € Z.

More generally, if § € K, 3 # 0, we know that § = "¢, where n = ord, (/) and ¢ is
such that v(e) = 1 (in particular, € € 0). Then, So = "0 and p(fo) = P~".

Definition 2.3.31. We say that a discrete non-Archimedean valuation v on K, with
residue field of finite cardinality P, is normalised if v(7) = P~'. Note that in the

case of Q,, this convention implies that v,(p) = p~*.

We have just proved the following:

Proposition 2.3.32. Let K be a complete field with respect to a normalised valuation v,
and let 1 be the normalised Haar measure on K (i.e., such that ji(o) = 1). Then, for
every B € K, we have that

1(Bo) = v(p).

Alternatively, if we define the measure ps as A — p(5A), then pp is still a Haar
measure on K and, by uniqueness it should be a rescaling of ;.. The proposition
says that

s = v(B)m, (2.3.12)

forevery g € K.

When K is complete with respect to the Archimedean valuation v, it follows from
Theorem 2.3.17 that K = R or C and that v is equivalent to the usual absolute
value. In either case, the usual Lebesgue measure may be taken to be the Haar
measure on K. In order for equation (2.3.12) to hold in this setting we make the

following convention:

Definition 2.3.33. Let v be an Archimedean valuation on K = R or C. We know
that v is equivalent to the usual absolute value on K, thatis, v = | - |* for some
A > 0, where | - | denote the usual absolute value. Then v is said to be normalised if
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e \=1,ie,v(z)=|z|for K =R, or

e \=2ie,v(r) = |z’ for K =C.

2.3.8 Local and global fields

Definition 2.3.34. A global field is either one of the following:

(i) anumber field, i.e., a finite (algebraic) extension of Q;

(ii) a function field in one variable over a finite field, i.e., F,(X) where ¢ is a

prime power?.

The motivation for the above definition is the parallel treatment of number fields
and function fields, which has been a beneficial analogy in the development of
Algebraic Number Theory.

At this point, we have a good understanding of all the valuations that can be
defined on a global field. This knowledge will allow us to fully characterise the
completion of global fields with respect to such valuations, leading to the so called
local fields. By the end of this subsection, we will have given three equivalent
characterisations of local fields, any of which can be chosen as a definition. We
start with ours:

Definition 2.3.35. A local field is one of the following:

(i) RorC;
(ii) any finite (algebraic) extension of Q,;

(iii) the field of Laurent series F,((X)) over a finite field.

Note that every field in Definition 2.3.35 is locally compact. Indeed, R and C are
clearly locally compact, while the fields in (ii) and (iii) are locally compact by
Proposition 2.3.28 (recall that F,((X)) is the completion of F,(X) with respect to
its infinite place). This topological property, in fact, turns out to be an alternative
characterisation of local fields.

Theorem 2.3.36. A (non-discrete) locally compact topological field is a local field.

21t is worth noting that one may always assume that a finite extension K | F,(X) is separable.
The reason for this is that, since I, is a perfect field, there exists an element Y € K (a separating
transcendence basis), such that K | F,(Y) is a separable extension (cf. [39, Theorem 26.3]).
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Sketch of proof. There exists a Haar measure ;. on the locally compact field K. For
every automorphism ¢ of the additive group K™, note that ¢. . is also left-invariant
and therefore must be a multiple of ;.. The positive real number modx (¢) defined

by
dupr = modg (@) 1,

is called the module of ¢. In particular, for a non-zero element a € K, let modx (a)
be the module of the automorphism induced by multiplication by a. This gives
a homomorphism modg : K — R. (extended to 0 as 0). One easily checks that
modg is a valuation on K.

It is important to note that the function mody : K — R is continuous (see, for
example, [44, Proposition 4-1]) so that the topology on K induced by mod is also
locally compact (it actually coincides with the original topology on K).

Local compactness of K implies completeness of the metric defined by the valua-
tion modg, so K must contain the completion (with respect to modx) of its prime
field.

If charK = 0, the prime field of K is Q and, according to Ostrowski’s Theorem
(Theorem 2.3.15), the restriction of mody to Q must be either the usual absolute
value on Q or a p-adic absolute value, whence K must contain either a copy of R
or of Q,, respectively. Finally, local compactness also implies that & must be finite
dimensional over this complete subfield.

If charK' > 0, we first observe that modk is non-Archimedean (Corollary 2.3.4)
and non-trivial (otherwise K would be discrete). By Proposition 2.3.28, mody is
discrete and o/p is a finite field with, say, ¢ elements, so o/p = F,. It follows from
Proposition 2.3.26 that K is isomorphic to F,((X)), the field of formal Laurent
series with coefficients in F,, just by mapping the element 7 to X.

]

Remark 2.3.37. The valuation modg for K equal to R, C or Q, coincides with our
convention for a normalised valuation adopted earlier in Definitions 2.3.31 and
2.3.33.

As mentioned before, the completion of a global field with respect to some val-
uation is a local field. Indeed, the case of Archimedean valuations on number
field clearly leads either to R or C. In the remaining cases, one has a discrete
non-Archimedean valuation v on a global field K. Both of these properties are
transmitted to (the unique extension of) v on the completion K,. By Proposition
2.3.28, K, is locally compact, whence Theorem 2.3.36 implies that /,, must be one
of the fields listed in Definition 2.3.35. Conversely, every local field arises as the
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completion of a global field, which brings us to the third characterisation of local
tields. The proof of said equivalence is a neat application of Krasner’s Lemma. We
will sketch the proof of the equivalence without formally stating the lemma. For a
more detailed exposition, we refer the reader to [35, Chapter 25].

Proposition 2.3.38. Local fields are precisely the completion of global fields.

Sketch of Proof. We have already established that the completion of global fields
are local fields and shall now sketch the converse implication. The cases of R, C or
F,((X)) are clear and the only case that requires some justification is that of a finite
extension of Q,. Let K be one such extension. We shall see in §§2.3.9 that there
exists a unique extension of the p-adic valuation on Q, to K, let us denote this
extension by v,. By the Primitive Element Theorem, K may be written as Q,(«) for
some a. Let f be the minimal polynomial of a over Q,. By Krasner’s Lemma, any
g € Q,[X] with coefficients sufficiently close to the coefficients of f (in the p-adic
metric) is separable, irreducible and of the same degree as f. Moreover, g has a
root 3 such that Q,(5) = Q,(a) = K. Since Q is dense in Q,, we may choose g in
Q[X], so that 3 is algebraic over Q. It follows that Q(/3) is a number field which is
clearly dense in Q,(3) = K with respect to v,, whence its completion yields K. [

2.3.9 Extension of valuations

In this subsection, we study the situation of a field extension L | K when a
valuation v is defined in K. In what ways, if any, can we extend v to L? We begin
with the case of a finite separable extension, which cover most of the cases we are

interested in and can be seen as a model for more general contexts.

Theorem 2.3.39. Let v be a discrete non-Archimedean valuation on a field K and let
L | K be a finite separable extension. There exists a valuation w on L extending v, i.e.,
such that w|x = v.

Proof. As usual, let us denote by o the ring of integers of v. Then K is the fraction
tield of 0. Note that o is a Dedekind domain. Indeed, given that v is discrete and
non-Archimedean, it follows that o is a principal ideal domain. It is a general fact
that principal ideal domains are Dedekind domains and we will omit the proof
of this statement (in fact, a ring is a principal ideal domain if and only if it is a
Dedekind domain and a unique factorisation domain). It follows from Theorem
2.2.30 that the integral closure O of o in L is also a Dedekind domain and that
there exists a non-zero prime ideal ‘33 in © (lying over p). Consider the valuation
w' on L given by w'(z) = > ®) where 0 < ¢ < 1 and ordy(z) is the order of =
with respect to B, i.e, ordg(u) is the largest integer & for which u € P* when u is
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an element of the ring O and ordyg(u/v) = ordy(u) — ordg(v). The restriction w'|x
is a valuation on K that satisfies

wWlg(r) <1 <= z€ONK=o.

It follows that w'|x and v have the same ring of integers and must then be equiv-
alent (see the paragraph after Definition 2.3.20) so there exists A > 0 such that
(w'|g)* = v. Define the valuation w(z) = (¢*)*%®) for all z € L. Then w extends

v, as required. ]

The previous result can be strengthened to include all valuations and all algebraic
extensions, finite or otherwise. We state this generalisation next. A proof is given
in the end of Appendix A.

Theorem 2.3.40. Let v : K — R be any (rank one) valuation on K. If L | K is an
algebraic field extension, then there exists an extension of v to L.

In this setting, if the field K is complete with respect to v, the extension of v to L
is unique. In order to prove this, we make use of a basic lemma in Real Analysis
which we present here, adapted to our framework:

Lemma 2.3.41. Let K be complete with respect to the valuation v and let V' be a finite
dimensional vector space over K. Any two norms on V are equivalent.

Before we prove the lemma, let us recall, for the sake of clarity, some terminology.

Definition 2.3.42. Let V' be be a vector space over the field K and let v be a
valuation on K. A norm on V' is a nonnegative real function ||-|| on V' satisfying,
forall{,n e Vandalla € K

(i) |&|| = 0if and only if £ = 0;
(i) [1€+nll < gl =+ [nll;

(iii) [lag]l = v(a) [[£]]-

Any two norms ||-||, and ||-||, on V" are said to be equivalent if there are constants
¢,C' > 0 such that

cllélly < i€l < Cliélly, forall € V.

In particular, ||-||, and ||-||, induce the same topology on V.
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Proof of Lemma 2.3.41. Letey,--- , e, be a basis for V and denote by | - | the max-
imum norm, i.e., the norm given by | . &e;| = maxwv(§;). It is clearly sufficient

to prove that any norm ||-|| is equivalent to | - |. Put C = ), ||e;||, then for any
¢ =>,&e; € V wehave that

i€

< 3 o6 lleil < Clel.
=1

Now, suppose there is no ¢ > 0 such that ¢| - | < |||, then, for every £k = 1,2, ...
there exists {, = ) . & ie; € V such that

0 <&l < 7lél 2313)

Without loss of generality, we may assume that |;| = v(&,,) for every k. Indeed, by
restricting ourselves to a subsequence, if necessary, there exists an index 1 < i, <n
such that |&;| = v(&,) forall k = 1,2, ..., and then we relabel the basis so that
ip = n. For each k, define n, = ({in)” 1£k so that it may be written as 7, =
S i€ + en. It follows from (2.3.13) that ||| < 1/k for every k = 0,1,2, ...
that

-1

—mael =l —mll -0 as kI — oo (2.3.14)

1

We then finish by induction on n. The lemma is trivial for n = 1. Suppose this is
true for n — 1. Then (2.3.14) implies that

n—1
Z(nk,i —mi)el =0 as k,l— oo,
=1
and, consequently, that (1;;)r~1 is a Cauchy sequence in K fori =1,...,n — 1.

Since we are assuming that K is complete with respect to v, there exists 7 € K
such that n,; — n; foreachi =1,...,n — 1. But then

n—1 n—1
0 < anei +en|| < [l + Z(nj —nki)eil| >0 as k — oo,
=1 =1
a contradiction. ]

Theorem 2.3.43. Let K be a complete field with respect to the valuation v and let L | K
be an algebraic extension. There exists a unique way of extending v to a valuation w on L.

Moreover, if L | K is a finite extension of degree [L : K| = n, then w is given by the
formula

w(a) =v (Nygr(a) ™", (2.3.15)

forall o € L.
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Remark 2.3.44. Although the proof of uniqueness given below works for both
Archimedean and non-Archimedean v, we remark that existence and uniqueness
in the Archimedean case are immediate consequences of Ostrowski’s Theorem
2.3.17. Indeed, the theorem implies that either L = C and K = R, in case L
is strictly larger than K, or L = K = R or C otherwise, with v being the usual
valuation (up to equivalence). The result follows.

Proof of Theorem 2.3.43.
Existence. Follows from Theorem 2.3.40.

Uniqueness. Suppose first that L | K is finite. Let w; and w, be two extensions of
v to L. Pick A\, and )\, such that w)" satisfies the triangle inequality, for i = 1, 2.
Regarding L as a finite dimensional vector space over K, note that each w;" defines
a norm on L, according to definition 2.3.42. It follows from Lemma 2.3.41 that
w}' and w)” are equivalent as norms, and thus induce the same topology on L.
Clearly, the topology induced by a valuation is the same topology induced by said
valuation seen as a norm. It follows that the valuations w;' and w;,? induce the
same topology on L and, by Proposition 2.3.11, they are equivalent as valuations,

so there exists a > 0 such that wi\l = wQAQ. Since w; and wy coincide when restricted
to K, we find that \; = a)\,, thus w; = w».

For the general case, if w and w’ are distinct extensions of v to L, there must be some
x € L for which w(z) # w'(x). Set K’ = K(x), then w |k and v’ |k are distinct
extensions of v to the finite-dimensional field extension K’ | K, contradicting our
previous argument.

Formula. Assuming existence and uniqueness, we derive formula (2.3.15). Note
that even without the proof of existence, the reasoning that follows provides an
educated guess for what the extended valuation should look like, if it exists. And
then one can proceed to verify that (2.3.15) indeed defines a valuation, as done by
Cassels in [10, Chapter 7].

Suppose first that L | K is normal. Let w be an extension of v to L. For an
automorphism ¢ of L fixing K, note that w,(a) = w(oa) defines an extension of
v and thus, by uniqueness, it must be equal to w, i.e., w(ca) = w(a) foralla € L
and all o € Aut(L | K). Since Nk (o) =[]
have that

reAut(L|K) T and since w extends v, we

v (Nyjg(e)) = w(a),
from where the formula follows. For a general finite extension L | &, let L' | K be
the smallest normal extension containing L | K as a subextension. Then (2.3.15)
provides an extension of v to L’

w'(x) = (NL/|K([L'>)1/[L/:K]

forallz € L/,
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and its restriction to L provides an extension of v to L. Note, however, that for
o € L, one has that

[L":K ()]

Npjg(a) = (NK(Q)\K(a))[L/:K(a)} = (NL\K(O_/))W _ (NL|K(04))[L/:L],

and so

[L':L] 1

w'(a) = v (N (@) 5 = v (Npjg(a)) BF.
[

Corollary 2.3.45. Let L, K, v, w be as in the theorem, with L | K finite. Suppose further
that K is locally compact, so it makes sense to consider a normalised valuation on K (see
Definition 2.3.31). If v is assumed to be normalised, then the normalised valuation w' in
the equivalence class of w is given by

w' (o) = v(Npjk () (2.3.16)

Proof. By (2.3.15), we know that w'(a) = v(Nyx(a))” for some A > 0. Let y be a
Haar measure on K*. The product measure i ® - - - ® p is clearly a Haar measure
on @, , K = L. Let A C K be a measurable subset with non-zero measure and
let b € K. It follows that

u®---®u<b@A> :Hu(bA):v(b)"u@U---@u(EBA).

On the otherhand, p® --- @ p(bP_, A) = ' (b)p @ --- ® p(P;_, A), and thus
w'(b) = v(b)™ = v(Npk(b)), so that A = 1. O

Let (K, v) be a non-Archimedean valued field. There is a standard way of extend-
ing v to the field K (X) of rational functions in one variable X and coefficients
in K. Given a non-zero polynomial in P € K[X] such that P(X) = " ,a; X",
ai,...,a, € K, define w(P) := Inax v(a;), known as the Gaufs norm. It is easy
to check that w satisfies the properties of a valuation on the ring K[X] \ {0}.
For instance, let us check multiplicativity of w: Let P(X) = >_1" ja; X", Q(X) =
Yoo biX, let apn,, by, be such that w(P) = v(a,,) and w(Q) = v(by,), where
no and m, are minimal with this property. We then, look at the coefficient of

the X0 term of PQ, namely, Z?ﬁgmo ;bng+mg—i- FOT every i # ng, note that

no+mo

V(@ibngtmo—i) < V(Angbmg), Whence v(d 20" aibngtmo—i) = V(Angbm,) = w(P)w(Q)
and, consequently, w(P)w(Q) < w(PQ). On the other hand, it follows from the
triangle inequality (of v) that w(PQ) < w(P)w(Q). Now, since K (X) is the field of
fractions of K[X], we may extend w to K (X) by defining w(P/Q) = w(P)/w(Q).
Then w is a valuation on K (X) extending v. One can develop this even further
in the following manner: suppose L | K is a purely transcendental extension.
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Consider the collection of all valued fields (£, ') such that £ | K is a subextension
and v’ extends v, partially ordered by extension ((E,v") < (F, ') if and only if
F | E'| K and w’ extends v’). This collection is non-empty since (K (X), w) is in it,
and it is easily seen to satisfy the chain condition. By Zorn’s Lemma, there exist
a maximal element (M, u). We claim that M = L. If not, we could use the Gaufs
norm construction, as described above, to extend u to M (7T') (for some indetermi-
nate 7" € L not in M), which violates maximality of (M, u). We have just proved
the following:

Proposition 2.3.46. Let (K, v) be a non-Archimedean valued field. If L | K is a purely
transcendental extension, then the valuation v can be extended to L.

Combining Theorem 2.3.40 and Proposition 2.3.46 together, we obtain the follow-
ing extension theorem:

Theorem 2.3.47 (Extension of non-Archimedean valuations). Let (K, v) be a non-
Archimedean valued field. For any field extension L | K, there exits a valuation w on L
extending v.

Proof. Field theory says there exists a transcendence basis S of L | K, so that
K(S) | K is purely transcendental while L | K(S) is algebraic. It follows from
Theorem 2.3.40 and Proposition 2.3.46 that v can be extended first to K(S) and
then to L. H

Example 2.3.48. In the case where L | K is not algebraic and the base field K
is endowed with an Archimedean valuation v, the existence of extension is not
guaranteed:

(i) Take, for instance, R | Q. The usual absolute value | - |, on Q is an
Archimedean valuation that can obviously be extended to R (as the usual
absolute value on R). In particular, it can also be extended to any purely
transcendental field extension of Q that is intermediate to R | Q.

(ii) Let L = R(X) and consider the purely transcendental field extension L | R.
Take v to be the absolute value on R. We claim that v cannot be extended
to a valuation on L. Indeed, suppose w on L extends v. Then w can be
naturally extended to a valuation (which we will keep denoting by w) on the
completion L of L with respect to w. So (L, w) is a complete Archimedean
valued field and, by Ostrowski’s Theorem 2.3.17, must be isomorphic to R
or C with its usual absolute value. In particular, L | R must be algebraic,
contrary to our assumptions.
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When K is not complete with respect to v, there might exist multiple ways of
extending v. We analyse the case of a finite separable extension L | K. Regarding L
as a vector space over the field K, we may extend scalars to the completion X,
and simultaneously produce all (the finitely many) completions of L with respect
to the different possible extensions of v.

Theorem 2.3.49. Let L | K be a finite separable extension of degree [L : K| = n and let v

be a valuation on K. There exist N extensions vy, ...,vy of v to L, for nome 1 < N < n.
Moreover,
N
K,k L= P L (2.3.17)
j=1

where each L; is the completion of L with respect to v;, and both sides are regarded as
topological K,-vector spaces.

In particular, Z;V:l[Lj K, =[L: K]

Proof. Since L | K is assumed to be finite and separable, it follows from the
Primitive Element Theorem that L = K(«) for some « € L. Let f(X) € K[X] be
the minimal polynomial of « over K. Over K,, f factors as

f(X) = ¢1(X) - on(X),

where ¢4, ..., ¢y are irreducible in K, [X] and pairwise distinct (since L is separa-
ble over K). Foreach j =1,..., N, let a; be a root of ¢; (in the algebraic closure of
K,)and put L; = K,(«;). We have, from the Chinese Remainder Theorem, that

N

K, [X]/(f(X)) = D K, [X]/(6;(X)),

j=1

as rings. Now, since ¢; is the minimal polynomial of «;, each K,(X)/(¢;(X)) is
field-isomorphic to K,(c;) = L;. On the other hand, K, ® x K[X]/(f(X)) is easily
seen to be ring-isomorphic to K, [X]|/(f(X)), and the former is but K, ® x L, which
gives us the desired isomorphism of the algebraic structures in (2.3.17). Note that,
at this point, each L; is merely K, («;), as defined above. We have yet to prove
that these are completions of K with respect to different valuations extending v.

Note that L is canonically embedded into each L;. Indeed, L is naturally identified
with a subset of K, ®x L and we define a ring homomorphism p; : K, @ L — L;
by mapping any polynomial expression g(a) € K, ®k L to g(c;). Let us denote by
A, the homomorphism thus defined:

N L K, @k L L. (2.3.18)
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Since every L; is a finite (separable) extension of the complete field K,, it follows
from Theorem 2.3.43 that there exists a unique extension of v (defined on K,) to
the valuation v} on L;, and then (2.3.18) induces a valuation v; on L extending K.
Moreover, L; is the completion of L with respect to v;. Indeed, L = K ®x L is dense
in K, ®k L, and 11, being a surjective K,-linear map between finite-dimensional
normed K,-vector spaces, is a surjective continuous map. It follows that L = \;(L)
is a dense subset of L; (with the topology induced from v7).

We must show next that the valuations v; defined above are all the valuations
on L extending v and that they are pairwise distinct, producing, in this way, N
different extensions for v on L. Let w be any valuation on L extending v. Note that
w is defined on the dense subset K @ L C K, ®k L and thus we may extend w
continuously to a nonnegative function w on K, ®x L satisfying

1) w(zy) =w(z)w(y);

(i) w(z +y) < Cmax{w(x),w(y)};

for every z,y € K, ®k L where C is a positive constant. Suppose there exists
some = € L; such that w(z) # 0. Then w(y) # Oforally € L;, y # 0, since
w(z) = w(y)w(y 'z). It follows that the restriction of w to Kj, w|,, is either
identically 0 or it defines a valuation on L; extending v, in which case it must be
equal to U3, by uniqueness, and therefore it restricts to L as v;. Furthermore, w
cannot induce a valuation on L; and L; (¢ # j) simultaneously since, for z € L; and
y € Lj, one has that zy = (0,...,0,2,0,...,0)-(0,...,0,4,0,...,0) = (0,...,0),
where z occupies the i-th position and y occupies the j-position in their respective
vector representation, and thus w(z)w(y) = 0. This implies that, for i # j, v; and
v; are different (and therefore non-equivalent, since they both extend v). O

Corollary 2.3.50. With the same notation as in the theorem, let x € L. Then
Tr (@ Z Trp, (), and  Npg(z H Ny (x (2.3.19)

Proof. Indeed, Tr ;| and Ny x are respectively the trace and determinant of the
K-linear transformation on L (seen as a /{-vector space) induced by multiplication
by x. Note that these are the same trace and determinant of the K,-linear transfor-
mation on K, ®g L corresponding to multiplications by x. Given the isomorphism
(2.3.17), the result follows. O

Corollary 2.3.51. With the same notation as in the theorem, let x € L. Then

LKv

,’:]z

NL|K Uj

Jj=1
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Proof. This is a direct consequence of relation (2.3.19) and formula (2.3.15). O

Corollary 2.3.52. With the same notation as in the theorem, suppose v is normalised and
let v’ denote the normalised valuation extending v to L;. Then, for every x € L,

N
v(Npx () = [ [ vj(@).
j=1
Proof. 1t follows straight from (2.3.19) and formula (2.3.16). O

In the particular case of a finite extension of Q, i.e., of a number field L, Theorem
2.3.49 allows us to characterise all possible Archimedean valuations on L. The
number of such valuations is related to the nature of the embeddings of L into
C. Let r; denote the number of those embeddings whose images are contained
in R, i.e., real embeddings. All the other embeddings of L into C are complex
embeddings. Recall that, for a complex embedding o : L — C, one can define
another embedding 7 as 7(x) = o(z) for every 2 € L. Then ¢ and 7 are said to be
complex-conjugate embeddings. The complex embeddings of L come in pairs of
complex-conjugate embeddings. Let r, denote the number of these pairs and note
that [L : Q] = 71 + 2r,. With this notation, we state the following:

Corollary 2.3.53 (Characterisation of Archimedean valutions on number fields).
If L = Q(«v) is a number field of degree [L : Q] = ry + 2ry, then every Archimedean
valuation on L is (up to equivalence) of the form v, (z) = |0%|, for x € L, where | - |
denotes the ordinary absolute value on C and o is an embedding of L into C.

Furthermore, for o # 1), v, is equivalent to v, if and only if o and 1 are complex-conjugates.
In particular, the number of equivalence classes of Archimedean valuations on L is 1y + 5.

Proof. We apply Theorem 2.3.49 (more precisely, its proof) with K = Q and
v = | - |oo, iIn which case K, = R. Let f be the minimal polynomial of a over Q. We
see that there are IV extensions of | - |, to L, where N is the number of irreducible
factors of f over R. Let v; be one of these extensions. We know that the completion
of L with respect to v;, denoted in the proof of the theorem by L;, must be R(«;)
where o is some root of the factor ¢; of f. So L; is either R or C. In either case,
since L is naturally embedded in L, it is then naturally embedded in C by some
embedding, say, c. Moreover, v; was given in the theorem by the restriction to L
of the valuation on L; extending the one on R (= K,,). Note that, in this case, said
valuation on L; must be the usual absolute value of C (or its restriction to R). It
follows that v; is precisely v,,.

Now, it follows from basic field theory that r; is the number of real roots of f
while 7, is the number of pairs of complex-conjugate roots of f. Note also that
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the number of factors of f is N = ry + ry. For each one of the N factors of f, we
obtained an extension v, of | - |, and the theorem says that these NV extensions
are pairwise non-equivalent. So if v, is equivalent to v,, for o # 7, then ¢ and
n must be two embeddings of L into C arising from the same (quadratic) factor
of f, in the process described above. It can only be the case that o and 7 are
complex-conjugates. Conversely, if they are complex-conjugates, then it follows
straight from the definition that v, = v,,. O

We finish by characterising all non-Archimedean valuations on number fields.
Just as every non-Archimedean valuation on Q is given by a p-adic valuation
(Ostrowski’s Theorem 2.3.15), the same holds for general number fields. We have
now developed more than enough tools to verify this.

Proposition 2.3.54 (Characterisation of non-Archimedean valuations on number
tields). On a number field L, every non-Archimedean valuation v is equivalent to a p-adic
valuation v, for some prime ideal p of the ring of integers Oy..

Proof. Let o be the valuation ring of v and let m denote its maximal ideal. Since
1 € o and o is integrally closed (Proposition A.0.2 1, in Appendix A), it follows
that O, C o. The intersection p = m N Oy, is a prime ideal of 0;. Consider the
p-adic valuation v,, as described in Example 2.3.6(ii). Its valuation ring is clearly
the localisation of O at p, i.e., thering {§ € L | a,b € Or, b ¢ p}. Given { in this
ring, since b € Oy, \ p and p = m N O, we see that b is a unit in o and therefore
7 € o. It follows that the valuation ring of v, is contained in o or, in other words,
that v,(z) <1 = v(z) < 1forz € L. This shows that v is equivalent to v (cf.
Proposition 2.3.12). O

The main extension theorems studied in this subsection are summarised in Table
2.1: the cases of Archimedean and non-Archimedean valuations are listed in the
rows, while columns discriminate the types of fields extension.

_ Purely
Algebraic Transcendental
Thm. 2.3.40
Archimedean (Ostrowski’s Example 2.3.48
Thm. 2.3.17)
non-
Archimedean Thm. 2.3.40 Prop. 2.3.46

Table 2.1: The green colour indicates that the valuation can be extended. The red
indicates cases in which an extension does not always exist.
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CHAPTER 3

QUATERNION ALGEBRAS

3.1 Central simple algebras

Definition 3.1.1. Let R be a commutative ring. An R-algebra A is a ring together
with a ring homomorphism f : R — Z(A), where, as usual, Z(A) denotes the
centre of A. Note that, for » € R and a € A, one may naturally define the scalar
product ra = f(r)a, giving A the structure of a module over R. Furthermore, the
R-module structure is compatible with the ring structure of A, namely

(ra)b = r(ab) = a(rd), foralla,be Aand r € R.

When R is a field K, the algebra is, in particular, a vector space over K. This is the
case with which we will be mostly concerned and, henceforth, every algebra will
be assumed to be defined over a field. The field of definition will often be omitted
when there is no risk of confusion.

Example 3.1.2. Some examples of algebras are:

(i) Every ring (with unity) A is a Z-algebra. The homomorphism f is, in this
case, the unique homomorphism mapping 1 to the unity in A.

(ii) The set of functions from a set X taking values in a field K is a ring where
addition and multiplication are defined pointwise. This ring can be made
into a K-algebra by considering the homomorphism that maps a € K to the
constant function g,(z) = a for all z € X.

(iii) The ring M,,(K') of n x n matrices with coefficients in a field K is a K-algebra,
with the homomorphism f : K — M, (K) given by £ — kId,, where 1d,,
denotes the identity matrix.
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(iv) Let A be a ring and let M be an A-module. Consider the set End 4 (M) of all
endomorphisms of M, i.e., all A-homomorphisms from M to M. This set
is clearly a ring, the ring of endomorphisms of M, where addition is defined
pointwise and multiplication is given by composition. If A is itself an algebra
over the field K, then End 4 () is also an algebra over K. Moreover, if A is
a division algebra (see Definition 3.1.3 below) and M is finitely generated
over A then, by choosing a basis, we see that End 4 (M) = M, (A).

Definition 3.1.3. A division ring is a ring in which every non-zero element has a
multiplicative inverse, i.e, where division can be carried out. An algebra D is said
to be a division algebra when the underlying ring structure is a division ring. For
finite-dimensional algebras, this is easily seen to be equivalent to not having zero
divisors (that is, ab = 0 implies that a = 0 or b = 0).

Definition 3.1.4. Let A be an algebra defined over the field K. Then

(i) Aiscentralif Z(A) = K
(ii) A is simple if it has no proper nontrivial two-sided ideals.

Remark 3.1.5. In the theory of modules it is also common to define a simple R-
module as one that has no nontrivial proper submodule. The reader is cautioned
that, for an R-algebra A, these two notions are not the same in general. Indeed, if
an R-algebra A is regarded as a left (or right) A-module, then a submodule of A is
just a left (or right) ideal, and not necessarily a two-sided ideal. For this reason, an
algebra A may be simple as an algebra but not simple as an A-module.

Example 3.1.6. (i) Every division algebra is simple;

(ii) Let D be a division algebra over K. Its centre, Z(D), is a field. Indeed, it is
commutative and closed under addition, multiplication and taking inverses.
Therefore, if we regard D as an algebra over Z(D), it becomes a central
simple algebra.

(iif) If D is a division algebra (over K) then M, (D) is a simple algebra (over
K). For 1 <,i,j < n, let E;; denote the elementary n x n matrix with
coefficient 1 in the entry (7, j) and coefficient zero elsewhere. For a non-
zero matrix M, denote by (M) the two-sided ideal of M, (D) generated by
M. There must be some entry (i, j) of M, say m, which is non-zero. Then
E;j =m 'E;ME;; € (M). Since Ey; = EyEijE; € (M), for1 < k,1 <n,and
since any matrix in M, (D) is a D-linear combination of elementary matrices,
it follows that (M) = M, (D).
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The reciprocal of Example 3.1.6 (iii) also holds, and it is one of the most important
results in the theory of central simple algebras. The reader may find a thorough
exposition of this theorem and its proof either in [23, Section 2.1] or in [35, Chapter
29]. We merely state it here:

Theorem 3.1.7 (Wedderburn’s Structure Theorem). For a finite-dimensional simple K-
algebra A, there exists a division algebra D over K and an integer n such that A = M,,(D).
Moreover, n is uniquely determined and so is D (up to isomorphism).

Corollary 3.1.8. If K is algebraically closed then a central simple algebra A over K is
isomorphic to M,,(K).

Proof. Let D be a division algebra over K. In particular, K C D. Suppose this
inclusion is strict and let d € D \ K. Since D is finite-dimensional over K, the set
{1,d,d? d,...} cannot be linearly independent and thus there exists a polynomial
F € K[X] such that F'(d) = 0. Now, D is a division algebra, so we may take an
irreducible factor f € K[X] of F such that f(d) = 0. It follows from irreducibility
that the ideal generated by f in K[X] is maximal, so that K[X]/(f) is a field.
Moreover, the K-algebra homomorphism K[X] — D taking X to d induces an
embedding of K[X]/(f) into D whose image contains d, proving that d is algebraic
over K. Being K algebraically complete, we have that d € K, contradicting our
assumption.

We conclude from the argument above that the only division algebra over an alge-
braically closed field K is K itself. The corollary then follows from the Wedderburn
Structure Theorem. [

Another fundamental result in the theory of central simple algebras is the Skolem-
Noether Theorem, which characterises automorphisms of central simple algebras.
A proof of this theorem may be found in [36, Theorem 2.9.8].

Theorem 3.1.9 (Skolem-Noether Theorem). Let A and B be finite-dimensional simple
algebras over K. Furthermore, suppose B is also central. If f,g : A — B are algebra
homomorphisms then there exists an invertible element b € B such that

f(a) = bg(a)b™?, forall a € A.

Corollary 3.1.10. If A is a finite-dimensional central simple algebra over K, then every
endomorphism of A is inner. This is to say that, for every endomorphism f : A — A, there
exists an invertible element ¢ € A such that

f(a) = cac™?, forall a € A.
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3.2 A brief review of quadratic spaces

Throughout this section we assume that the characteristic of K is # 2.

Definition 3.2.1. Let V' be a finite-dimensional K -vector space over a field K and
B :V x V — K a symmetric bilinear map. The pair (V, B) is said to be a quadratic
space. When the bilinear map is clear from the context, we abuse notation and refer
to the quadratic space V.

The map B determines a quadratic map q : V — K given by ¢(v) = B(v, v), which
immediately implies that ¢(av) = a?q(v) foralla € K and v € V.

Note that B and g are related by the polarisation identity:
2B(v,w) = q(v+w) — q(v) — q(w),

so one can also determine a quadratic space by the pair (V, ¢). Again, when it is
clear from the context, we may omit the quadratic map and simply refer to the
quadratic space by V.

Choosing a basis {v1, . .., v,} of V, we obtain a quadratic form on n variables, which
we also denote by ¢, given by

g1, ..., x,) = Z B(v;, vj)zz;,
Y]

with associated symmetric matrix M = (B(v;,v;));;- A change of basis gives rise
to a congruent symmetric matrix.

Two quadratic forms over K with associated matrices M and M’ are equivalent if
they are congruent, i.e, if there exists a non-singular matrix X € GL(n, K') such
that

M = X'MX. (3.2.1)

Motivated by the classical Euclidean space, we say that a K-isomorphism 7 :
(V.B) — (V', B") between quadratic spaces is an isometry if it preserves the bilinear
map, i.e., if B (7(v),7(w)) = B(v,w) for all v,w € V. Note that equivalence
of quadratic forms, as described in (3.2.1), is equivalent to the isometry of the
corresponding quadratic spaces.

Two vectors vy, vy € V are orthogonal if B(vy,v,) = 0. Similarly, two subspaces
Wy, W, of V are orthogonal when every vector in 1 is orthogonal to every vector
in Wy If, furthermore, V = W; & W,, then we say that (V, B) can be decomposed
into the orthogonal summands W, and W,, and write V' = W, @ W,
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For a subspace W C V, we denote by W+ the subspace of V consisting of all
vectors orthogonal to 1. The subspace V+ itself is called the radical of V, and is
denoted by rad(V). When rad(V') = {0}, then (V, B) is said to be reqular and the
map B, as well as the quadratic map g, are said to be non-degenerate. Equivalently,
(V, B) is regular if the dual map v — B(-,v), from V to V*, is an isomorphism.
This corresponds to a quadratic form whose matrix M is non-singular. Note that,
when V is not regular, then V' = rad(V') & W, where rad(V) is the kernel of the
dual map and W (with the quadratic map restricted to it) is a regular subspace.

A vector v # 0 is called isotropic if q(v) = 0, and anisotropic otherwise. Like-
wise, a subspace is called isotropic if it contains an isotropic vector and is called
anisotropic otherwise. More generally, when there exists a non-zero v € V' such
that ¢(v) = a, we say that (V, B) represents a € K.

Note that, when a regular quadratic space V represents a # 0 then it decomposes
as V = (v) @ (v)*, where v is such that ¢(v) = a. By repeating this we obtain the
following lemma:

Lemma 3.2.2. If (V, B) is a quadratic space over K, then V has an orthogonal basis
{v1, ..., v,} with respect to which the associated matrix M is diagonal, i.e., every quadratic
form is equivalent to a diagonal form dyx} + - - - + d,22.

Proof. First decompose V as rad(V') @ W, where W is regular. Then apply the
recurrence described above. ]

The set of all isometries from V' to itself form a group called the orthogonal group of
(V. B), denoted by O(V, B), or simply by O(V'), when there is no risk of confusion.
Given a vector v € V such that ¢(v) # 0, the reflection across the subspace
perpendicular to v is the isometry 7, defined by:

T(x) =0 — ———v. (3.2.2)

The famous Cartan-Dieudonné Theorem states that, for a regular quadratic space
(V, B) of dimension n over a field of characteristic # 2, the group O(V, B) is
generated by reflections. Moreover, every isometry is generated by at most n
reflections.

Being V' a vector space over K, given any field extension L | K, one may extend
scalars and obtain the L-vector space IV ® L. Naturally, the same B may now be
regarded as a symmetric bilinear form on V' ® L. In particular, when K is a number
field, we can take L to be a completion K, of K, with respect to a place w of K,
in which case we denote the resulting quadratic space by (V,,, B). The quadratic
spaces over all local fields, together, give information on the quadratic space over
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the global field. This is (an instance of) the local-global principle and we will content
ourselves with only stating the following central result:

Theorem 3.2.3 (Hafle-Minkowski Theorem). Let (V, B) be a vector space over the
number field K. Then V is isotropic over K if and only if V,, is isotropic over every
completion K,, of K.

The Hase-Minkowski Theorem says that a quadratic form represents 0 in X, i.e,
the equation ¢(x1, ..., x,) = 0 has a non-trivial solution over K, if and only if it has
a non-trivial solution over K, for every place w of K. The same result also holds
when representing any other element of K:

Corollary 3.2.4. Let (V,q) be a quadratic space over the number field K and let a € K.
Then V represents a if and only if V,, represents a for every place w of K.

Proof. If a = 0, this is but the Hafle-Minkowski Theorem. Suppose a # 0. Necessity
is immediate, so we need only prove sufficiency.

First, we reduce to the case where ¢ is non-degenerate. Recall that V' decomposes
as V = rad(V) @ W and that ¢ restricted to I is non-degenerate. The theorem
holds for V' if and only if it holds for (W, g|w ). Therefore, we may assume (V ¢) to
be a regular space.

Consider the vector space V@& K and define on it the quadratic map ¢/(v, ¢) = ¢(v)—
ac?. To say that a completion V,, represents a means that ¢ satisfies ¢(v) = a, for
some non-zero vector v € V,,, which, in turn, means that the vector (v, 1) € V,,® K,
is isotropic for ¢'. If this is the case for every place w of K, then, by the Hafse-
Minkowski Theorem, there exists a non-zero vector (u,c) € V @ K that is isotropic
for the map ¢'. If ¢ # 0, then ¢(u/c) = a and we are done. If ¢ = 0, this means v is
an isotropic vector in V' and we have to tweak it a little.

Since (V ¢) is assumed to be non-degenerate, there exists = € V such that B(u, z) =
1, where B represents the symmetric bilinear map associated to ¢q. Set Z = =z —
a(2)

£ and note that Z is a non-zero isotropic vector for which B(u,?) = 1. Now

q(u—i—%é):a. O

In the last part of the argument given above we could have represented any scalar.
We point this out in the next corollary.

Corollary 3.2.5. Let (V, q) be a reqular quadratic space. If V contains an isotropic vector
then q(V) = K.

In the spirit of the local-global principle, one can use the Hafse-Minkowski Theo-
rem (or, in fact, Corollary 3.2.4) to prove that two quadratic spaces over a number
tield K are isometric if and only they are locally isometric for every place w of K.
More precisely:
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Theorem 3.2.6 (Hafle-Minkowski for quadratic spaces). Let U and V' be two quadratic
spaces over the number field K. Then U is isometric to V' if and only if U, is isometric to
Vi for every place w of K.

Proof. Necessity is clear. We prove sufficiency by induction on the dimension of
U. If U is one-dimensional, let v € U be such that ¢(u) = a # 0. Every U,, then
represents a and, since each U,, is isometric to V,,, every V,, also represents a. By
Corollary 3.2.4, there exists some v € V' that represents a, so an isometry between
U and V can be defined simply by mapping v — v.

For the general case, let ¢ denote the quadratic map of U and () the quadratic
map of V. By the same construction as before there are vectors u, v such that
q(u) = Q(v) = a # 0. For each place w of K, there is an isometry f : U,, — V,, and,
in particular, Q(f(u)) = q(u) = Q(v) = a.

Claim: There exists an isometry p € O(V,,) mapping f(u) to v.

Proof of claim: writing the polarisation identity for the pairs (f(u),v) and (f(u), —v),
and adding them up leads to Q(f(u) + v) + Q(f(u) — v) = 4a # 0 (here we use
the assumption that characteristic of K # 2). This means that at least one of the
vectors f(u) &£ v is anisotropic. Suppose f(u) — v is anisotropic. Then let p be the
reflection across the plane perpendicular to f(u) — v, given by formula (3.2.2), and
note that p(f(u)) = v. This proves the claim.

Now, the isometry po f : U, — V,, maps u to v and thus it restricts to an isometry
between the orthogonal complement of (u) in U,, and the orthogonal complement
of (v) in V,,. This is clearly equivalent to ((u)*),, being isometric to ((v)*),,. Since
this is true for every place w of K, the induction hypothesis implies that (u)*
must be isometric to (v)! and this isometry can then be extended to an isometry
between U and V' in the obvious way. O

3.3 Quaternion algebras

We continue to assume that the characteristic of K is # 2.

3.3.1 Definition

Definition 3.3.1. A quaternion algebra A over K is a 4-dimensional K-vector space
with basis {1, 4, j, k} and a multiplication operation defined by:

i2:a, j2:b, i =—ji=Fk,
for some a,b € K*, and linearly extended to the whole space.
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The set {1, i, j, k} is called a standard basis. This quaternion algebra is denoted by
the Hilbert symbol (%2).

Note that a quaternion algebra A does not have a unique standard basis and, for
that reason, the Hilbert symbol is not uniquely determined.

The first examples of quaternion algebras are:

Example 3.3.2. (i) The Hamilton’s quaternions: # = (—1=);

(ii) My(K) = (%) with generatorsi = (§ %), j=(9¢);

(iii) More generally, M,(K) = () for any non-zero t € K and the isomorphism
is given by the map

r+y z+w>

¢<x+yz’+zj+wz‘j>=<t(z_w) L

with inverse

Pt ((Z Z)) = %[a+d+ (a—d)i+ (b+ttc)j+ (b—tte)ijl;

~Y

(iv) Itis easy to see that (42) = (%2).

If L | K is a field extension, then we may extend the scalars of the K -vector space
(%2) to L. Multiplication of elements in this new L-vector space is defined in the
natural way, turning it into a quaternion algebra over L. One clearly has that:

a,b a,b
&2 L~ (%2)
() x> (7)
More generally, if 0 : K — L is a field embedding, we may regard L with the
structure of a K-algebra induced by o (see Definition 3.1.1) and then consider the
tensor product of the K -algebras (%) and L. We denote this product by (%2) ®, L,

in order to indicate the dependence of this construction on the embedding o. Note
that one has the following isomorphism

(42) 6,1 (2L, a3

given by

(x +yi + 27 + wij) @, a — alo(x) +o(y)i’ +o(2)] + o(w)i'y’),

where {1,7, j/,7'j'} is a standard basis of ("(“)L’”(b)>.
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Proposition 3.3.3 (Basic Properties).

1. (%) = (‘”” by > forany a,b,z,y € K*;

2. Every quaternion algebra is a central simple algebra.

Proof. 1. Let {1,i,7,ij} and {1’ 7', j',7'j'} be standard basis for (%%) and (%)
respectively. The linear map taking 1 — 1, ¢ — zi, j/ — yj and i'j’ — zyij, is a
vector space isomorphism that respects multiplication and, therefore, an algebra
homomorphism.

2. Consider the quaternion algebra A = (%%) and let K be the algebraic closure
of K. Choose x and y in K such that 2> = o' and y? = b}, then it follows from
part 1 that (42) = (42) = (32) = My(K). The centre of (%2) is, on the one hand,
the centre of M,(K ), which is K, and, on the other hand, itis Z(A) ® K. Counting

dimensions over K shows that Z(A) = K.

We prove that A is simple in a similar way. Let I be a nontrivial two-sided ideal of
A. Then I ® K is a non-trivial two-sided ideal of the simple algebra M,(K) and,
as such, it must be all of M,(K). This can only be the case when I = A. O]

The classical example of an algebra which is not a division algebra is the algebra
of n X n matrices over a field. As a consequence of the Wedderburn Structure
Theorem, it turns out that this is the only way in which a 4-dimensional simple
algebra can fail to be a division algebra:

Proposition 3.3.4. If A is a 4-dimensional simple algebra over K, then either A is a
division algebra or A is isomorphic to My(K). In particular, quaternion algebras are either
a division algebra or they are isomorphic to My(K).

Proof. According to Wedderburn’s Structure Theorem 3.1.7, A must be isomorphic
to a matrix algebra M, (D), where D is a division algebra. The K-dimension of
M, (D) is then n? dimg D. Since A is 4-dimensional, there are only two possibilities:
dimg D =4, n=1ordimg D =1, n = 2. Thus A is isomorphic either to D or to
My (K). O

It is a remarkable fact that the properties of being central and simple characterise

quaternion algebras among all 4-dimensional algebras.

Theorem 3.3.5. Let A be a 4-dimensional central simple algebra over the field K (of
characteristic # 2). Then A is a quaternion algebra.
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Proof. According to Proposition 3.3.4 A is either a division algebra or it is isomor-
phic to M,(K'). We already know that M,(K) is a quaternion algebra, so assume A
is a division algebra.

Let x € A\ K and consider the the subalgebra L = K (x). Note that L is commuta-
tive and, since it is finite-dimensional, over K, = has a multiplicative inverse in L
(consider the linear transformation given by multiplication by z), so L is actually a
field extension of K. Moreover, we shall prove next that L | K is a quadratic field
extension. First, L, as an algebra over K, is not central (Z(L) = L # K) so the fact
that A is assumed to be central implies that A # L. Let y € A\ L and note that
{1, z,y, xzy} must be linearly independent. Indeed, {1, z, y} is linearly independent
by construction. If zy were a linear combination of the other three, than solving
for y would imply that y € L, a contradiction. It follows that {1, z, y, zy} is a basis
for A. In particular, there are cy, c1, ¢2, c3 € K such that

2% = co+ a1 + cy + caTy.

As before, if c¢; + cyx # 0, then y € L, contrary to our assumptions. Therefore we
actually have z* = ¢ + ¢;2, which proves that L is a quadratic extension of K. Let
i € L besuch that L = K(i) and i* = a € K (choose, for instance, i = x — ¢, /2
which is possible since the characteristic of K is # 2).

The construction so far (as well as the notation chosen) strongly suggests that 1
and ¢ should be part of a standard basis. Now we want to find j € A\ K such
that j* € K and ij = —ji. This can be achieved by means of the Skolem-Noether
Theorem 3.1.9. Let o denote the nontrivial field automorphism of L | K mapping
i — —i. By composing o with the inclusion of L in A we obtain a K-algebra
homomorphism ¢ : L — A (which we are also denoting by o). The Skolem-
Noether Theorem then gives an invertible element j € A such that o(z) = j'zj
for every z € L. In particular, j~'ij = o(i) = —i, which means ij = —ji. Note that
j ¢ L since it does not commute with i. Also if ij were a linear combination of
{1,4,j} then, as we have seen before, this would imply that j € L, contrary to what
we have just established. We conclude that {1, 7, j,ij} is a basis for A. Finally, we
show that j? = b € K. Since A is central, it suffices to prove that j? commutes with
i, for this will show that j? is in the centre of A. The relation ij = —ji immediately
implies that ij2 = —jij = j%. In other words, we have proved that A = (%). O
Embedded in the proof of Theorem 3.3.5, there is a construction of standard basis
for quaternion algebras which we single out in the following corollary.

Corollary 3.3.6. Let A be a quaternion division algebra over K. Foranyi € A\ K,
K (i) | K is a quadratic extension. Furthermore, if i> € K, then there exists j € A such
that {1,4, 7,17} is a standard basis for A.
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Corollary 3.3.7. Let A be a quaternion algebra over K and let L | K be a quadratic
extension that embeds into A. Then A @y L = Ms(L).

Proof. We may assume without loss of generality that L C A, so that L = K(z) for
some r € A\ K. Pick i = z + t for an appropriate ¢t € K that makes i* = a € K.
It follows from Corollary 3.3.6 that there exists a standard basis {1, 7, j,ij} for A.
With this basis in hand, we can find zero divisors in the algebra A ®x L: take, for
instance, z = i ® (ia~') and note that 2> = 1, where the 1 here really denotes the
unity in the algebra A ®x L. Since z is clearly different from 41, we find that « + 1
and = — 1 are zero divisors. It thus follows from Proposition 3.3.4 that A ®x L
must be isomorphic to My(L). O

3.3.2 Trace and norm

Let A be a quaternion algebra over some field K, with standard basis {1, 7, 7, 45 }.

For an element z = z¢ + x1¢ + 23j + 2317 in A, we make the following definitions:
Definition 3.3.8.
(i) The conjugate T of x is given by

T = To — .Z'li — .Igj — iIZ’gZ]

Conjugation defines an anti-involution of the algebra since (v +vy) =7 + 7,

Ty =y7%,T=xand 7z = rT forr € K.

(ii) The (reduced) trace and (reduced) norm of an element x € A are defined,
respectively, by tr(z) = x + 7 and n(x) = 27. Explicitly,

tr(z) = 2z (33.2)

n(z) = 25 — ax] — brj + abx;.

Note that they both lie in K. Furthermore, the invertible elements of A are
precisely those with non-zero norm. In this case, the inverse of x is 7 /n(x).

(iif) The elements with trace 0 are called the pure quaternions of A. They form the
subspace Ay = span{i, j,ij} of A.

It is important to note that none of the definitions above depend on the chosen
standard basis. Indeed, conjugation can be characterised in a purely algebraic
mannet, as the next proposition shows.

Proposition 3.3.9. A non-zero element x € A is a pure quaternion if and only if v ¢ Z(A)
and 2% € Z(A).
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Proof. For x = x¢ + 211 + x2j + x3ij, we calculate that

2? = (25 + ax? + bay — abx3) + 2xo(w1i + 29 + 1305) (3.3.3)

Since Z(A) = K, the result follows. O

So any = € A can be uniquely written in the form = a + a where a € K and « is
a pure quaternion.

From (3.3.3), we can also deduce that any element x € A satisfies a quadratic
equation, namely:

2% — tr(z)z +n(z) = 0. (3.3.4)

In particular, when A is a division algebra, it follows that, for any z € A\ K,
K(z) | K is a quadratic extension, confirming what we established in Corollary
3.3.6.

Note that, in a 2 x 2 matrix algebra, the norm and trace are, respectively, the
determinant and trace of a matrix. Indeed, considering the standard basis {1, 1=
(6 %).5=1(%%),ij} given in Example 3.3.2 (ii) any matrix M = (24) in M>(K)
can be written as

a+d (1 O a—d {1 0 b4+c (0 1 b—c({ 0 1
M = + + + .
2 01 2 0 -1 2 10 2 -1 0

Then the norm and trace of M, according to the equations in (3.3.2), are:
a+d\’ a—d\> b+c\’ b—c\’
M — _ — = — = M
n(M) ( 5 ) ( 5 ) ( 5 ) + ( 5 ) ad — bc = det(M),

a+d

tr(M):2( >:a+d:tr(M).

It is also worth noting the following addendum to Corollary 3.3.6:

Proposition 3.3.10. Let A be a quaternion division algebra over K. Forany w € A\ K,
K(w) | K is a quadratic extension, and the reduced norm of A, when restricted to K (w),
coincides with the extension norm N () k-

Proof. The part concerning the norms is the only one requiring explanation. Let
r € K(w) be written as © = zy + zyw. Note that 2, € K while z w is a pure
quaternion, so the observation following Proposition 3.3.9 shows that the conjugate
of x in the quaternion algebra is T = 2y — z;w, which coincides with the conjugate
of z in the field extension K (w) | K. The result follows. O
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The norm map n : A — K is multiplicative: n(zy) = (2y)(Ty) = zyyT = 2n(y)T =
zZn(y) = n(z)n(y). Moreover, the following expression defines on A a symmetric
bilinear form B whose associated quadratic map is n:

_xy+yxr

Bl,y) i= lnle +y) — n(a) — n(y)] = L

(3.3.5)
Then (A,n) becomes a quadratic space. The norm function n restricted to the
subspace A, is non-degenerate. Indeed, if x = 217 + 225 + z3ij € rad(A,) one has,
in particular, that 0 = B(z,i) = —axy, 0 = B(z,j) = —bzy and 0 = B(z,ij) = abzs,
soz = 0.

As we shall see later, it is often important to be able to determine whether a
quaternion algebra is isomorphic to a matrix algebra. We present a few criteria in
the language of quadratic spaces.

Theorem 3.3.11. Let A = (%2). The following are equivalent:

1. A= My(K);

2. Ais not a division algebra;

3. The quadratic space (A, n) is isotropic;

4. The quadratic space (Ao, n) is isotropic;

5. The quadratic form ax® + by® = 1 has a solution in K;

6. The element a is a norm from the field extension K(v/b) | K.

Proof. (1) <= (2) is just Proposition 3.3.4.

(2) = (3): If A contains a non-zero element x € A that is a zero divisor, x cannot
be invertible so then n(x) = 0, which mean z is an isotropic vector.

(3) = (4): Let v = xo + x1i + w2 + x3ij be an isotropic vector in (A, n). If o =0,
there is nothing to prove, so assume z, # 0. Then at least one of the z;, z9, z3 is
non-zero, which we will assume, without loss in generality, to be z;,. Suppose A,
is anisotropic and we will arrive at a contradiction. Let y = yo + y17 + y27 + y3ij be
an element in A whose coordinates are yet to be determined. If we find yo, y1, y2, 3
such that zy has vanishing first coordinate, then zy = 0. Indeed, a vanishing first
coordinate means zy € Ao, but n(ry) = n(x)n(y) = 0 and since we are assuming A,
to be anisotropic, it must be the case that zy = 0. Of course, if we choose y = £7,
the equation zy = 0 will not tell us anything that we do not already know, so we try
to stir away from this solution. Equating the expression for the first coordinate of
xy to zero gives xoyo + ar1y; +brays —abrsys = 0, and one can guess a few solutions
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by inspection. For instance, taking yo = —bx2/2, y1 = bx3/2, y2 = x0/2, y3 = x1/2
leads to the pure quaternion

ry = b(zox3 — T122)i + a(x] — brd)j + (zox1 — bToT3)i].

Now, zy = 0 so that, in particular, a(z? — bz3) = 0. But notice that a(z? — bz2) =
—n(z17 + x317) whence, using once again the assumption that A, is anisotropic, it
follows that z17 + 375 = 0 and, consequently, that z; = 0, a contradiction.

(4) = (5): Let z1i + 227 + x3ij be an isotropic vector. If 5 # 0 then one finds
the solution z = z3/ax3 and y = x/bxs. If, on the other hand, z3 = 0, then
az? +bxi = 0and 1, x5 # 0. Set f(r,q,7,¢') = a(rzy + q)* + b(r'z2 + ¢')%. Using
that £(0,0,0,0) = 0, it is (tedious but) not hard to vary the parameters , ¢,7’, ¢’
in K until we eventually find f(r,¢,7’,¢') = 1. For example, one can take ¢ =
1/2a, ¢ = —x9/2axy, v = r' = 1/2x,, leading to the solution = = (a + 1)/2a and
y = zo(a —1)/2ax;.

(5) = (6): Let 2,y € K be such that az? + by? = 1. If z = 0 then vb € K and
K(V/b) = K so the result is trivial. Now, if z # 0, dividing both sides by 22 gives
that

2

1 Yy Iy 1y Iy
a:——b—:(g—i-g\/l_?)<——E\/5>:NK(\/B)|K<;+E\/Z_?>.

T2 T2 T

(6) = (2): Again, we have to consider two cases: the extension K (v/0) | K has
either degree 1 or degree 2. In the former case, it means that vb € K so, in
particular, v/b = j # 0. But note that (Vb + j)(vVb — j) = b — j* = 0,s0 Ais not a
division algebra. Now, suppose a is a norm of the quadratic extension K (v/) | K,
so there are r,y € K for which a = z? — by?. It follows that n(z + i + yj) =
2?2 —a—by? =0. [

Corollary 3.3.12. The quaternion algebras (12), (2=%) and (“3=%) are isomorphic to
My (K.

Proof. The cases (%) and (%1=2) follow from criterion (5) in the above theorem.

In (%2%), we observe that the vector i + j is isotropic.

The fact that (%2) = M(K) had already been proved in Example 3.3.2 (iii), where
an explicit isomorphism was given. O

The next theorem shows that the regular quadratic space (A4, n) determines the
isomorphism class of the quaternion algebra A.

Theorem 3.3.13. Let A and A’ be two quaternion algebras with norm, respectively, n and
n'. Then A = A’ if and only if the quadratic spaces (Ao, n) and (Aj, n') are isometric.

74



Proof. Let f : A — A’ be an isomorphism. Since, by Proposition 3.3.9, pure
quaternions are algebraically characterised, the isomorphism maps A, onto Aj.
Equation (3.3.4) shows that the norm of a pure quaternion z is given by —z?.
Therefore n'(f(z)) = —f(x)* = f(n(z)) = n(z), which shows that f : Ay — Aj is
an isometry.

Conversely, if ¢ : Ay — Aj is an isometry, let A = (%) with standard basis
{1,4,7,17}. We aim to show that {1, ¢(i), #(j), ¢(i)¢(7) } is a standard basis for A’.
First note that ¢(i)? = —n/(¢(i)) = —n(i) = a and, similarly, that ¢(j)? = b. Then
we need to check that ¢(i)¢(j) is actually a pure quaternion of Ay. Note that the
relation ij = —ji implies that ¢ and j are orthogonal, which means that ¢(i) and
¢(j) are orthogonal. It is easy to see that, for any = € Ay, ¢(Z) = ¢(x), and so
(3.3.5) gives the relation 0 = 6(i)6(j) + 6()6(i). In particular, 6(7)[6(i)6(j)] =
—o()[0(j) ()] = —[o(i)o(4)]P(7)], which shows that ¢(i)¢p(j) is not in the centre
of A’. On the other hand, [¢(i)¢(j)]* = —ab € Z(A’) and so, by Proposition
3.3.9, ¢(i)o(j) € A} Finally, {¢(3), ¢(4), ¢(i)¢(j)} is linearly independent since, if
¢1,c2, 3 € K are such that c1¢(i) + c2¢(j) + c3¢9(i)¢(j) = 0, multiplying both sides
of the equation on the left by ¢(i) gives that ac; = —co¢(i)p(j) — acsp(j) € Aj. But
this can ony be the case if ¢c; = 0. Similarly, we see that ¢, = ¢3 = 0. Therefore
{1,0(i),9(j), p(i)$(j)} is a standard basis for A’ which shows that 4’ = (%) =

K
A. ]

Theorem 3.3.13 allows us to employ tools we have developed for quadratic spaces
over number fields in order to study the isomorphism class of a quaternion algebra
defined over a number field, as the following corollary exemplifies. Theorem 3.4.10
is another example of of this interplay.

Corollary 3.3.14. Two quaternion algebras A = (%) and A’ = (%), defined over the

number field K, are isomorphic if and only if the quadratic forms az® + by? — abz* and
a'z? + Vy* + 'V 2* are equivalent over K.

Proof. These two quadratic forms being equivalent means that the quadratic spaces
Ap and Aj, are isometric. O

3.4 Classification of quaternion algebras

3.4.1 Quaternion algebras over local fields

In this subsection we give a complete description of quaternion algebras over local
fields. This includes C, R and p-adic fields.
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Proposition 3.4.1 (Quaternion algebras over C). The only quaternion algebra over C
is the algebra M, (C).

Proof. This follows straight from Proposition 3.3.3 (1), or from the more general
Corollary 3.1.8, together with the fact that (1) = M, (K) (Example 3.3.2 (ii)). O

Proposition 3.4.2 (Quaternion algebras over R). Any quaternion algebra over R is
isomorphic either to M, (R) or, if it is a division algebra, to the Hamilton’s quaternions .

Proof. Proposition 3.3.3 (1) shows that any quaternion algebra (%) is isomorphic
to (¥%='), depending on the signs of a and b. It follows from Example 3.3.2 (iii)
and (iv), that (121) = M,(R) = (=2). By definition, (=%!) = %, which is a

division algebra. O

Similarly, over a non-Archimedean local field, a quaternion division algebra is
uniquely determined. The proof, however, is slightly more delicate and depends
on a number-theoretic machinery that has not been presented here. We will sketch
an argument following the proof in [32, Chapter VI. Proposition 2.10]. First, we

introduce some new objects.

Let (K, v) be a complete non-Archimedean valued field of characteristic # 2, where
v: K — ZU{oo} is an additive (non-Archimedean) valuation (see Definition 2.3.9)
with valuation ring o. Denote the unique maximal ideal of o by p, with uniformiser
7, so that the residue field is given by k& = o/p. For a quaternion division algebra A
we define the analogue of a discrete additive valuation on A: letw : A — Z U {oo}
be defined as w(x) = v(n(x)), for x € A. Recall that v(0) = oco. In this way, w
satisfies the following conditions, as an additive valuation should.

Lemma 3.4.3. Forany x,y € A, the following is true:

1. w(zy) = w(z) + w(y);

2. w(z +y) > min{w(z), w(y)}, with equality if and only if w(x) = w(y).

Proof. Both statements are trivial if either = or y is 0, so let us assume otherwise.
Property (1) follows from the multiplicativity of the norm together with the analo-
gous property for v. Now, take any z € A\ K. By Proposition 3.3.10, K (z) | K isa
quadratic extension and n restricts to the extension norm on K (z). It follows from
Theorem 2.3.43 that v o N,k is a valuation on K () and so property (2) is satis-
fied on K (z). For z,y € A*, it follows from (1) that w(z + y) — w(y) = w(zy~' +1).
So, using property (1) for K (zy~'), we get

w(z +y) > w(y) +minfw(zy "), 0},

with equality if and only if w(zy ') = w(1). The result now follows from (1). [
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Note that w(A*) is a subgroup of Z and, as such, it must be of the form dZ for some
uniquely determined positive integer d. Since w(w) = v(7?) = 2, it follows that
d = 1 or 2. We normalise w by taking w/d instead. This does not alter anything
that was done for w so far, so we might as well relabel w/d as w. Remember that
now w is surjective and w(z) = v(n(z))/d where d = 1 or 2.

From the properties derived in Lemma 3.4.3, we can easily see, just as in the case
of valued fields, that O = {x € A | w(x) > 0} is a subring of A with the (unique)
maximal two-sided ideal B = {x € A | w(x) > 0}.

Let L | K be a Galois extension of the non-Archimedean local fields K, with
residue fields respectively [ and k. There is a natural embedding of % into [ and
[l : k] is called the residual degree. Note that, in this context, the residual degree is
tinite (both residue fields are finite since L and K are locally compact). In fact we
have the inequality [I : k| < [L : K] (see, for example, [35, Chapter 24. F1]). The
extension L | K is said to be unramified when [l : k] = [L : K].

It is known in Algebraic Number Theory that unramified extensions of p-adic
tields of a specified degree exist and are uniquely determined ([10, Chapter 8. §2]).
In particular, there exists a unique quadratic extension of a p-adic field. This is
actually true for any local field, not necessarily p-adic ([32, Chapter VI. Proposition
2.8]). Furthermore, we will also need the following result, which we state here for

future reference:

Theorem 3.4.4 ([32, Chapter VI. Proposition 2.9]). Let L be the unique unramified
quadratic extension of the local field K. Then L = K (\/u) for some unit u € o* whose
square class in K* /(K*)? is uniquely determined. Moreover, every unit v’ € o* is a norm
of L | K.

We are now ready to prove the following theorem:

Theorem 3.4.5 (Quaternion division algebras over non-Archimedean local fields).
Ovwer the non-Archimedean local field K there is a unique (up to isomorphism) quaternion
division algebra. Moreover, it is isomorphic to (“Z) where m is a uniformiser of K and u
is such that K (\/u) is the unique unramified quadratic extension of K.

Proof. We first observe that (%) is indeed a division algebra. There is a unique
(up to equivalence) valuation on K (y/u) extending v, let us call it v'. If o denotes
the nontrivial automorphism of K (y/u) | K, then v’ o ¢ is another such valuation
and must differ from v’ by a scalar multiple. Since they coincide on K we conclude
that they are actually equal. Given any x € K (y/u), one has that v(N g m) k(7)) =
V'(x) + v'(ox) = 20'(x). On the other hand, v(7) = 1, which proves that = ¢
N (vanx (K) and so, according to Theorem 3.3.11 (6), (%F) is a division algebra.
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Let A be any division quaternion algebra over K. We must prove that it is isomor-
phic to (%7) and we will do so in several steps.

Step 1: O is a free o-module of rank 4.

Let {z1, x2, x5, x4} be a basis of A. For m sufficiently large, each 7™z; € 0. Indeed,
2m

n(r"x;) = 7"n(z;) and so w(n™x;) > 0 if m is large enough. We may therefore
assume, without loss of generality, that each x; € ©. Whence

o[z, Te, 13, 24] C O.

On the other hand, let B be (twice) the symmetric bilinear map associated to the
quadratic map n, i.e., B(z,y) = n(z + y) — n(z) — n(y) for z,y € A. Then B is
non-degenerate (since A is a division algebra), which means that the correspon-
dence v — B(-,v) is an isomorphism. We may select y1, ¥, y3, y4 € A such that
B(z;,y;) = 1ifi = j, or 0if i # j. Let z be any element in 6 and write it as
T = a1T1 + aa%2 + asxs + asz4. Note that n(0) C o and thus B maps 0 x 0 into o.
In particular, each a; = B(x, y;) is in 0. This proves that

O C o[z, xg, X3, T4].

Since o is a principal ideal domain (Proposition 2.3.25 (3)), it follows from the
fundamental theorem for free modules over principal ideal domains that 0 is a
free O-module of rank 4 (cf. proof of Proposition 2.2.21).

Step 2: dimy (0 /) > 1.

The o-module structure of 0 naturally induces an o-module structure on the
quotient O/p0O. Since the ideal p of o annihilates O /pO (the terminology is self-
explanatory), it descends to an o/p-module structure on 6/p0O. In other words,
O/p0 is a k-vector space. It is easy to see that its dimension over k is at most
4. On the other hand, o is a local ring with (unique) maximal ideal p and so,
from [1, Proposition 2.8], if {z1 + pO, ...z, + pO} is a basis for O/pO over k,
then {xy,...,z,} generates O, which means n is at least 4. We conclude that
dimy (0 /p6) = 4.

In the same way as before, the o-module structure on 0 /5 descends to a k-vector
space structure on 0 /3. In order to compare the dimension of these two k-vector
spaces, we first need to observe that p0® = 70 = 3*/¢, where the second equality
follows from the definitions. Indeed, note that 70 = {x € A | w(z) > 2/d}. If
d = 2, the right-hand side is precisely B. For d = 1, any = € J3? satisfies w(x) > 2
and so P? C 70. Conversely, if y € 70 then w(yn ™) = w(y) —w(r) >2-1=1
and y7—! € P, which implies that y = (y7—!)m € P> Moreover, in this case,
dimg (0 /B?) = 2dim, (6 /), as we prove next. Since we are assuming w to be
surjective, there exists some s € P for which w(s) = 1. Consider the k-linear
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transformation from 6 /B to 3 /P? defined by a + P +— as + P and notice that it
is injective and surjective. Finally, apply the rank-nullity theorem to the projection
O /B? — O/, whose kernel is 33 /3?. Therefore, in either case we have:

4 = dimy(6/70) — dimy (6 /H2) — %dimk(@/‘ﬁ),
In particular, dim, (0 /B) > 1.

Now, 0/ is a finite dimensional vector space over the finite field £ and thus it
must be finite. Furthermore, 0/ is a division ring: a non-zero element = + 3 is
represented by some z € 0 \ ‘B, which means that w(z) = 0 and thus w(z™!) =0,
so 7! + 9 is the inverse of = + B. It follows from the well known Wedderburn’s
Little Theorem that a finite division ring must be commutative and, therefore, a
field. In particular, the extension, being an extension of finite fields, is simple.

Choose a € 0 such that a + P} generates 6/ over k and let L = K («) . We know
that L | K is quadratic, and that the minimal polynomial of « has coefficients
(norm and trace of «) in 0. Reducing modulo p, we find that o + 8 is the root
of a polynomial of degree at most 2 and coefficients in k, which means that
dim (6/P) < 2. Together with the information we had before, this implies that
the dimension is precisely 2 (in particular, d = 1). The field L is a local field with
valuation ring L N O and residue field [ = L N 0/(L N*PB) which is a field extension
of o/p. Since the former contains the residue class of a, which generates 6/
over k, it follows that 2 < [l : k| < [L : K| = 2 and thus L | K is unramified. By
uniqueness of a quadratic unramified extension over the p-adic field K, we have
that a® = u € o (Theorem 3.4.4).

By Corollary 3.3.6, there exists § € A such that {1, o, 3, af} is a standard basis for
A, and we may rescale it in such a way that % € 0. We know that 3* = 7™’ where
v’ is a unit in o (see the discussion preceding Proposition 2.3.11). Eliminating

squares, we have that A = (%m“,) = (%) where e =0 or 1.

According to Theorem 3.4.4, v’ in a norm of K (1/u), so it follows from Theorem
3.3.11 (6) that <“7“l) splits, which means that e must be 1 and then A = <“”T“/>.

K
We also get from Theorem 3.3.11 (5) that there are a,b € K, b # 0, for which

ua® + v'b* = 1. Using this we can easily solve the equation diag[u, 7u/, —umru/] =
MTdiag[u, 7w, —umw| M for the 3 x 3 matrix M. Choose, for instance,

1 0 0
M=10 1/b wua/b
0 a/b 1/b
And this implies that A = (%I). O

We can now state the analogue dichotomy of Theorem 3.4.2 for quaternion algebras
over non-Archimedean local fields.
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Corollary 3.4.6 (Quaternion algebras over non-Archimedean local fields). In the
notation of Theorem 3.4.5, any quaternion algebra over K is isomorphic either to My(K)
or, if it is a division algebra, to (%Z).

Remark 3.4.7. Although we will only need Theorem 3.4.5 for p-adic fields, the
argument given above is valid for any non-Archimedean local field of characteristic
# 2. We have not defined quaternion algebras over fields of characteristic 2.

3.4.2 Quaternion algebras over number fields

We already know how to extend the scalars of a quaternion algebra A defined over
K toafield L | K. When K is a number field, we may take L to be a completion of
K, since the quaternion algebras over local fields have been successfully described
in §3.4.1.

Propositions 2.3.53 and 2.3.54 characterised all valuations on K, which, let us
recall, are either

e Archimedean: in this case the valuation is given by v, (z) = |ox| where o is
an embedding of K into C, and | - | = | - | here denotes the usual absolute
value in C;

¢ or non-Archimedean: in which case, the valuation is the p-adic valuation v,
where p is a prime ideal of the ring of integers of K.

If we denote by K, the completion of K with respect to the valuation v and by o
the embedding of K into K, then, as in (3.3.1), there is an isomorphism

() (52)

Note that the embedding o is canonically determined by the (equivalence class of
the) valuation v (see §§2.3.3) and so, once the valuation is indicated in the notation,
we may denote the tensor product just described simply by (“fb) ®r K, withno
risk of confusion. Both notations mean the same thing.

In particular, for the Archimedean case, we know that K, is either C or R. For a
complex embedding o : K — C, Proposition 3.4.1 gives that <%> = M,y(C).

Similarly, for a real embedding, Proposition 3.4.2 implies that (%

morphic either to M,(R) or to the division algebra # . For the non-Archimedean

) is iso-

case, there is also a dichotomy between the matrix algebra and a uniquely deter-
mined division algebra (Corollary 3.4.6). In order to distinguish between these
two situations, we make the following;:
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Definition 3.4.8. Let A be a quaternion algebra over a number field K. We say
that A splits over K if A = M,(K). More generally, let v be a place of K (i.e.,
a representative of an equivalence class of valuations). If A ®, K, is a division
algebra (which exists and is uniquely determined unless v is a complex place) we
say that A is ramified at v. Otherwise, A ®, K, = M,(K,) and we say that A is
unramified (or split) at v.

Denote by Ram(A) the set of places of K at which A is ramified. The subset of
Archimedean places at which A is ramified is denoted by Ram.,(A) while the
subset of non-Archimedean places are denoted by Ram/(A). With this notation,
Ram(A) = Ram..(A4) URam¢(A).

Clearly, M,(K) splits over every place of K. Conversely, it is a consequence of the
Hafse-Minkowski Theorem that if a quaternion algebra defined over K splits at
every place of K, then it must be the matrix algebra M, (K).

Theorem 3.4.9 (Albert-Brauer-HafSe-Noether Theorem). Let A be a quaternion algebra
over the number field K. Then A splits over K if and only if A ®, K, splits over K, for
every place v of K.

Proof. Let A = (%%). By Theorem 3.3.11 (5), A splits over K if and only if the
quadratic equation az? + by? = 1 has a solution in K. By the Hale-Minkowski
Theorem (more precisely, by Corollary 3.2.4), this is true if and only if az? + by* = 1
has a solution in K, for every place v, which is equivalent to the quaternion algebra
A ®, K, splitting over K,, again by Theorem 3.3.11 (5). O

Furthermore, the information encoded in Ram(A) uniquely determines the quater-
nion algebra A up to isomorphism, as the next theorem shows.

Theorem 3.4.10. Let A and A’ be two quaternion algebras defined over the number field
K. Then A = A’ if and only if Ram(A) = Ram(A").

Proof. We have the following sequence of equivalences, where the first follows
from Theorem 3.3.13, the second from the Hafse - Minkowski Theorem for quadratic
spaces, the third from the simple observation that (A4y), = (4 ®, K,)o and, finally,
the fourth is just Theorem 3.3.13 yet again:

A= A" < the quadratic spaces A, and Aj, are isometric
< (Ap), and (A4y), are isometric for every place v of K
— (A®, K,)oand (A’ ®, K, ), are isometric for every place v of K
— A®, K, = A" ®, K, for every place v of K
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Now, for each complex Archimedean place v, A ®, K, = A’ ®, K,. For every other
place, there are only two possibilities, depending on weather or not the algebra
is ramified at v (Theorems 3.3.3 and 3.4.5). Therefore, Ram(A) = Ram(A4’) if and
only if A ®, K, =2 A' ®, K, for all v. O

Theorem 3.4.11 (Classification of Quaternion Algebras). Let K be a number field. If A
is a quaternion algebra over K then Ram(A) is a finite set of even cardinality. Conversely,
for any finite set of (non-complex) places S of K, if S is of even cardinality, then there
exists a unique (up to isomorphism) quaternion algebra A over K such that Ram(A) = S.

Proof. See [36, Theorem 7.3.6]. O

3.5 Orders in quaternion algebras

Quaternion algebras are, in many aspects, similar to fields. In this section, we
briefly introduce orders, which are the quaternion algebra analogues of rings of
integers. These object will be fundamental for the definition of arithmetic and

semi-arithmetic groups later on.

Definition 3.5.1. In a vector space V' over a number field K, an O-lattice L is a
tinitely generated Ox-module contained in V. The lattice L is said to be complete if
L®e, K=V.

In order to extend the concept of an algebraic integer to elements of a quaternion
algebra A, we use the characterisation of algebraic integers given by Proposition
21.2:

Definition 3.5.2. An element « of a quaternion algebra A over K is an integer if
Ok o] is an Ok-lattice, i.e., if it is a finitely generated Ox-module.

Just as in the case of field extensions, it follows that:

Proposition 3.5.3. An element o € A is an integer if and only if tr(«) and n(«) are in
Ok.

Proof. Sufficiency follows from the fact that « satisfies the polynomial X?—tr(a)X +

n(«).

Conversely, let o be an integer in A. If a lies in the centre K of A, then o € O and
the result follows.

Suppose o € A\ K. We analyse two cases.
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If K (), the smallest subalgebra of A containing £, is not an integral domain, then
Ais not a division algebra and A = M;(K). Note that if X? — tr(«)X + n(«) were
irreducible over K, then K («) would be an integral domain, so we conclude that
the matrix o € M,(K) must have eigenvalues in K. Therefore, « is of the form
(¢?), fora,b,c € K (up to conjugation in M(K)). Since o™ = (4 %) and Ok|[a] is
an O-lattice, it follows that O [a] and Ok c| are finitely generated Ox-submodules
of K, which means that a, ¢ € Ok and hence that tr(«), n(«) € Og.

If K(«) is an integral domain, then L = K («) is a quadratic field extension of X,
and the conjugate @ of o in A coincides with the field conjugate of a (see proof of
Proposition 3.3.10). In particular, the reduced trace and reduced norm of  coincide
with its trace and norm with respect to L | K, respectively. Since O[] and Ok |[a]
are finitely generated Ox-modules, it follows that o and @ belong to the integral
closure of Ok in L, i.e., to Oy. So tr(«) and n(«) are both in 6, N K = O. O

Unlike the case of algebraic integers in number fields, the sum and product of two
integers in a quaternion algebra may not be an integer. For this reason, we have
the following:

Definition 3.5.4. An order O in a quaternion algebra A over K is a complete Ok-
lattice which is also a ring with unity. The order is said to be maximal when it is
maximal with respect to inclusion.

We then have the following characterisation.

Proposition 3.5.5. 1. O isan order in A if and only if O is a ring of integers in A that
contains O and such that O ®,, K = A;

2. Every order is contained in a maximal order.

Proof. Necessity in (1) is clear. Sufficiency follows from the same “determinant
trick" that was applied in the proof of Theorem 2.2.19. Let {1, 22, z3, x4} be a basis
of A such that each z; € 0. The reduced trace defines a non-singular symmetric
bilinear form on A: (z,y) — tr(zy). So d = det(tr(z;x;)) # 0. Let L = {>_ a;z; |
a; € Og} C 0, which is an Ok-lattice. Each 2 € 0 can be written as > b;z;, where
b; € K. Multiplying both sides by z; and taking traces, we obtain the system
of equations: tr(zx;) = Y bitr(z;x;), j = 1,...,4. Since tr(zx;), tr(x;z;) € O, it
follows from Cramer’s Rule that ©® C éL, so 0 is an Ok-lattice (see Theorem 2.2.28).
The other assumptions on O imply that it is indeed an order.

The second assertion follows form the characterisation in (1) and a Zorn’s Lemma
argument. O
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CHAPTER 4

FUCHSIAN GROUPS

4.1 Mobius transformations and automorphisms of

the Riemann sphere

4.1.1 Mobius transformations

The Riemann sphere, ¥, is the 2-dimensional sphere S? ¢ R? endowed with the
usual complex structure induced by stereographic projection, i.e., ¥ = C U {oo}.
An automorphism of ¥ is a bijective meromorphic function 7" : ¥ — ¥ (or, from
the Riemann surface point of view, a biholomorphic function from ¥ to itself). It is
well known from Complex Analysis that any such 7" must be a degree 1 rational
function:

T(z) = Zzz—j—_fl , a,b,c,d e Cand ad — bec # 0. 4.1.1)

These functions are called Mobius transformations or linear fractional transformations.

Let Aut(X) denote the group of automorphisms of ¥, under composition. Note
that there exists a homomorphism ¢ from the general linear group GL(2,C) to
Aut(X) given by means of Mobius transformations:

a b az+0b
¢3A=<C d)'—>¢A(Z):CZ+d~

Given the considerations above, this map is surjective. The kernel of ¢ is precisely
the scalar matrices A\Id where A € C* and Id denotes the two-by-two identity
matrix. This induces the isomorphism PGL(2, C) = Aut(X).
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Let SL(2, C) be the subgroup of GL(2, C) of matrices with determinant 1. Accord-
ingly, PSL(2, C) is the group SL(2, C) modulo the subgroup of scalar matrices with
determinant 1, i.e., {£Id}. For an automorphism of the form (4.1.1) we can always
factor out v/ad — be and write it as z — Z,’jjffli where o’d — V¢ = 1. It follows that
¢ restricts to a surjective homomorphism from SL(2, C) onto Aut(X), with kernel

{z1}. In this way, we obtain the following isomorphisms:
Theorem 4.1.1. PGL(2,C) = Aut(X) = PSL(2,C).

Remark 4.1.2. Note that we were able to obtain an isomorphism PSL(2,C) =
PGL(2,C) because any non-zero complex number has a square root in C. The
same is not true over R and, in fact, PSL(2, R) is not isomorphic to PGL(2, R).

4.1.2 Conformal maps

A conformal map is a map that preserves angles. More precisely, given two Rieman-
nian manifolds (), g) and (N, h),amap f : M — N is conformal if the pull-back
metric tensor f*h is a multiple of g, i.e, if there exists a positive function A on M
such that f*h = Ag. Alternatively, one can think of a conformal map as a map
sending any pair of intersecting curves to another pair of curves intersecting with
the same angle. For example, let U be a domain (i.e. connected open subset) of
C. Then a holomorphic map f : U — f(U) C C with non-zero derivative at every
point is conformal (here the metrics involved are understood to be the Euclidean
metric). Indeed, let ; and v, be two curves intersecting at p = v, (0) = 72(0) where
the angle of intersection is the argument of +{(0)/74(0). Then f o~ and f o ¥,
intersect at f(p) with the same angle, since (f o v1)"(0)/(f ©v2)"(0) = 71(0)/75(0).
The converse statement is also true (see Proposition 4.1.3 (2) below), which ex-
plains why complex structures and conformal structures on (orientable) surfaces
are often treated as the same.

Note that in the example given above, not only the measure of the angles were
preserved but also their orientation. This is not always the case. Complex conju-
gation, for instance, preserves angles but reverses orientation. We must therefore
distinguish between orientation-preserving conformal maps and orientation-reversing
conformal maps. Let us define an anti-automorphism of X to be the composi-
tion of an automorphism of ¥ with complex conjugation. In other words, an
anti-automorphism is a map of the form z — 7'(z), where 71" is a Mobius transfor-
mation. Denote the set of all anti-automorphisms by PGL(2, C) and observe that
PGL(2,C) UPGL(2,C) form a group, of which PGL(2, C) is an index 2 subgroup.

We list a few basic facts concerning conformal maps which can be found in most
textbooks and therefore shall not be proved here:
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Proposition 4.1.3. 1. The stereographic projection, as well as its inverse, are confor-
mal maps.

2. LetU C Cbeadomain. A function f : U — f(U) C Cisan orientation-preserving
conformal map if and only if f is holomorphic with non-zero derivative everywhere.

3. Every automorphism (resp. anti-automorphism) of ¥ is an orientation-preserving
(resp. orientation-reversing) conformal homeomorphism of ¥.

4. Every orientation-preserving (resp. orientation-reversing) conformal map from X to
¥ is an automorphism (resp. anti-automorphism) of ¥ (see [26, Theorem 2.11.4]).

Note that the set of all conformal homeomorphisms of ¥ form a group under
composition, which we denote by Conf(X). Proposition 4.1.3 (3) shows that
PGL(2,C) UPGL(2,C) < Conf(X). Conversely, (4) shows the reverse inclusion,
and together they describe the group of conformal homeomorphisms of ¥£. We
highlight this fact below:

Theorem 4.1.4. Conf(X) = PGL(2,C) U PGL(2,C).

4.1.3 The hyperbolic plane

Let H denote the hyperbolic plane, i.e., the upper half-plane
{z e C| Sz >0},

together with the Riemannian metric

g-(u,v) = <u,21)>7 (4.1.2)

Y
where u,v € C = T,H, z = 2 + iy € H and (:,-) denotes the Euclidean metric
on C. We recall that, with respect to the hyperbolic metric, the geodesics are the
vertical lines and semi-circles orthogonal to the boundary of H. Let Isom(H) denote
the group of isometries of H whereas Isom™ (H) denotes the index 2 subgroup of

isometries that preserve orientation.

Being an open subset of the Riemann surface 3, H naturally inherits a complex
structure, as does the unit disc D = {z € C | |z|] < 1}. As a matter of fact, they
are biholomorphic: the Cayley transform W : H — D given by W(z) = L isa

biholomorphism, with inverse W~!(z) = Z.(Z;[ll). In particular, an automorphism
S of H, fixing the element 7, induces an automorphism W o S o W-tofD tixing
the origin 0. The latter is completely described by the Schwarz Lemma, namely, it
is a rotation z — ¢z for some 6 € R, whence it follows that S must be a Mobius

transformation. If we consider now any automorphism 7" of H, let a,b € R, a > 0,
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be such that 7'(i) = ai + b and define U to be U(z) = az + b. The transformation
U is clearly an automorphism of H mapping i to T(i), so that U™ o T is an
automorphism of H fixing ¢ and thus must be a Mobius transformation. We have
showed that Aut(H) < PGL(2, C). In other words, the automorphisms of H are
precisely those Mobius transformations that stabilise the subset H C X. It is well
known that the subgroup of PGL(2, C) stabilising H is the group PSL(2, R) (indeed,
any automorphism of ¥ stabilising H must also stabilise the extended real line
R U {oo}. The stabiliser of R U {oo} is easily seen to be the subgroup of “matrices
with real coefficients”, i.e., PGL(2, R). Among these, the ones that stabilise H are
precisely those with positive determinant.). We have just established that:

Theorem 4.1.5. The group of automorphisms of the hyperbolic plane is Aut(H) =
PSL(2, R).

It follows from Proposition 4.1.3 (2) that the orientation-preserving conformal
homeomorphisms of H are precisely the automorphisms of H (i.e., biholomor-
phisms from H to itself). If we denote by Conf(H) the group of conformal homeo-
morphisms of H, and by Conf™ (H) the index 2 subgroup of orientation-preserving
homeomorphisms, we have that Conf™ (H) = PSL(2,R). Just as we described
the whole group of conformal homeomorphisms of ¥ in Theorem 4.1.1, we may
describe the group Conf(H) in a similar fashion. Now, conjugation is not a trans-
formation from H to itself, but z — —7Z is, and it is seen to be orientation revers-
ing. Given any orientation-reversing conformal homeomorphism S of H, then

z — —S(z) is an orientation-preserving conformal homeomorphism and so it
must equal some T' = (¢%) € PSL(2,R). This means that S(z) = =Z= where

cz+d
(* ) € PGL(2,R). Conversely, it is immediate thatany S = (¢ % ) € PGL(2,R),
for which a'd’ — /¢’ = —1, acts on H as an orientation-reversing conformal map in

the following way: z — Zgjgf We thus obtain:

Theorem 4.1.6. Conf(H) = PGL(2,R).
Moreover, PGL(2,R) acts on H as follows:
Each T € PSL(2,R) < PGL(2,R) acts on H as a Mobius transformation;

Each S € PGL(2,R) for which det S < 0 acts on H as z — S(Z).

Finally, we point out that the action of PGL(2, R) just described preserves the
metric tensor introduced in (4.1.2), meaning that every element of PGL(2, R) acts
on H as an isometry. Conversely, every isometry is a fortiori a conformal map,
whence we conclude that:

Theorem 4.1.7. Isom(H) = PGL(2, R) and Isom™ (H) = PSL(2, R).
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414 The hyperbolic 3-space

Although we will mostly work with 2-dimensional hyperbolic surfaces, for the
sake of completeness let us briefly recall the definition of the hyperbolic n-space H"
and, in particular, the action of PSL(2, C) on H?. The following is a short account
where formal statements, as well as their proofs, have been omitted. For a good
exposition about n-dimensional hyperbolic models, the reader is referred to [37,
Chapter 2].

We define the hyperbolic n-space! H" to be the set
{(x1,...,2,) € R" | 2, > 0},

together with the Riemannian metric

" - {u,v)
g:c (u7 U) - x% ’
where u,v € R* = T, H", x = (21,...,2,) and (-, -) denotes the Euclidean metric

on R" (compare with (4.1.2)). According to this notation, H? is just the hyperbolic
plane H as defined in the previous subsection.

As in the 2-dimensional case, the boundary at infinity of H" is the set OH" = {z €
R” | z,, = 0} U {00} and the compactification of H" is the space H = H" U §H".
Note that " is topologically an n-dimensional (closed) ball. The geodesics of H"
are the vertical lines and the semi-circles orthogonal to {z, = 0}. More generally,
the k-subspaces of H" are the k-spheres and k-planes orthogonal to the boundary
OH". We remark that every k-subspace is isometric to HF.

Let D" = {z € R" | (x,x) < 1} be the open unit ball of R". Equip D" with the
following metric tensor:
9 2
D . . — — . .
2= (=)

where x € D", (-, -) denotes the Euclidean metric. Let | - | denote the Euclidean
norm. The space (D", ¢”") is called the disc model or the Poincaré model and is
isometric to the half-space (H", ¢""). Indeed, the map taking D" to H" is the
inversion of R™ with centre (0, ...,0, —1) and radius v/2:

(221, ..., 22, 1,1 — |z|)
|z|? + 2z, + 1

Y(21,. .., 20) = (4.1.3)

Direct calculations show that ) preserves the metric tensor and is therefore an
isometry. The half-space model H" and the disc model D" are called conformal

!The reader should not confuse the hyperbolic n-space H" with the cartesian product of n
copies of the hyperbolic plane H. The latter will always be denoted by (H)".
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models of the hyperbolic space, since their metric tensors are conformal to the
Euclidean metric tensor.

In the disc model, the boundary at infinity of D" is the set ID" = S"! = {z €
R” | |z| = 1} and D" = D" U 9D". Note that ¢) takes 9H" to ID". Furthermore, the
geodesics in D" are the diameters together with the semi-circles orthogonal to the
boundary of D".

The map 1 described in (4.1.3) is a particular case of a type of transformation

called inversion: let S be a sphere in R" centered in z, with radius r. The inversion

along the sphere S is defined to be the map ¢ from R" U {oco} to R" U {cc0} given by
r — Tg

o(z) = xo + 7‘2—|x o2

$(00) = @, P(x9) = 00,

where | - | denotes the Euclidean norm. Inversions are orientation-reversing
conformal maps that send k-spheres and k-planes to k-spheres and k-planes. For
this reason, the k-subspaces in the disc model (i.e., the image of the k-subspaces
through the map ') are the k-spheres and k-planes orthogonal to the boundary
oD™.

Furthermore, every inversion along spheres orthogonal to the boundary are isome-
tries (in both models). We point out that inversions along spheres orthogonal
to the boundary together with reflections across Euclidean planes orthogonal to
the boundary generate the group of isometries, in the models H" and D" ([37,
Proposition 2.1.28]).

Every isometry f from H" to itself can be naturally extended to a homeomorphism
f of H'. Moreover, f is uniquely determined by its trace f|sm-. An analogous
statement holds for D".

In the particular case of n = 3, the group of isometries of D? is generated by inver-
sions along spheres orthogonal to the boundary 9D? = S? as well as by reflections
across planes orthogonal to S?. The trace of these transformations on the boundary
are inversions along circles in S2. Conversely, for an inversion 7" along a circle
C on the boundary S?, let S be a 2-space that intersects S* on C, and choose f
to be the inversion along S. The trace of f on the boundary is 7. The group of
isometries of D? (or H?) is thus naturally isomorphic to the group of automor-
phisms of S* generated by inversions along circles. Regarding S as the Riemann
Sphere ¥, every inversion is an element of Conf(X). So it happens that the group
generated by such inversions is the whole group of conformal homeomorphisms.
In particular, the subgroup of orientation-preserving isometries of H? is identified
with the subgroup of orientation-preserving conformal homeomorphisms of ¥,
that is PSL(2,C):
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Proposition 4.1.8. Isom(H?) 2 Conf(X) and Isom™ (H?) = PSL(2, C).

One way to picture the action of PSL(2, C) on H? is as follows: any point p € H?
is the intersection of two geodesics lines, say, 7, and 7. Each 7; has endpoints o;
and 3; on the boundary OH? = 3. A transformation 7' € PSL(2, C) then acts on «;
and ;. Consider the uniquely determined geodesics connecting 7'(«;) to 7(/)
and T'(az) to T'(52). They must intersect (in a single point). Their intersection
determines 7'(p).

4.2 Fuchsian and Kleinian groups

In this section we study in greater detail the action of PSL(2, R) on H as its group
of orientation-preserving isometries. Henceforth we shall abuse terminology
and refer to elements of PSL(2,R) as matrices, even though they are really only
matrices up to a sign. Also, we often identify an element of PSL(2,R) with its

correspondent Mobius transformation. As a consequence, we remark that any

az+b
cz+d’

may be regarded as an element of PSL(2, R). Indeed, 7" is unaltered when all of its

transformation 7" of the form z +— where a,b,c,d € R satisfy ad — be > 0,
coefficients are divided by vad — bc, and the resulting transformation is the one
induced by a matrix in PSL(2, R).

The first important thing to notice is the transitivity of the aforementioned action.
We refer to R U {00} as the boundary at infinity and denote it by OH.

Proposition 4.2.1. The action of PSL(2, R) is transitive on H and doubly transitive on
OH.

Proof. For any a + bi with a,b € R and b > 0, the transformation z — bz 4+ a maps
i to a + bi.

Now, let a,b € R, then z — 2=2 maps the pair (0, 00) to (a, b). Similarly, z — z + b
maps the pair (0, 00) to (b,00) and z — —1 takes (0, 00) to (00, 0). O]

4.2.1 Types of transformations

Since H U 0H is topologically a disc, we know that any automorphism of H
must have at least one fixed point, which could be in H or on the boundary
at infinity. More precisely, z is a fixed point of the nonidentity transformation
T = (%) € PSL(2,R) if and only if

az+b
cz+d’

91



which leads to the equation
>+ (d—a)z—b=0. (4.2.1)

Suppose first that c = 0, then ad = 1. If a = d = 1, then T'(2) = z + b and its only
fixed point is co. If, a # d then the fixed points of T" are z = b/(d — a) and z = oc.

When ¢ # 0 then (4.2.1) is a quadratic equation with discriminant
A= (d—a)*+4bc = (a+d)* — 4, (4.2.2)

where we have used that ad — bc = 1. If A < 0 then (4.2.1) has two conjugate
complex roots, which means that 7" has one fixed point in H. If A > 0, T has two
distinct fixed points in R C OH. Finally, when A = 0, 7" has only one fixed point in
R C OH. According to these three cases, we will classify the nonidentity elements
of PSL(2, R).

Let tr denote the trace of a matrix. The maps v — |try| and v — tr? vy on SL(2, R)
are constant on each equivalence class (i.e. on each coset of {£Id}) and thus they
both descend to well-defined functions on PSL(2, R).

Remark 4.2.2. Although the trace function is not defined on PSL(2,R), we will
often abuse terminology and refer to the trace of an element of PSL(2, R) meaning
the trace of any of its lifts to SL(2, R). This is a number defined only up to a sign,
so we shall employ this practice in situations where the sign is irrelevant. The
same is true, of course, for PSL(2, C).

The expression (4.2.2) for A shows that each class of elements of PSL(2, R) can be
characterised in terms of the trace of 7', as we next explain in more detail.

Elliptic elements. An element 7" of PSL(2, R) is called elliptic when |tr T'| < 2. In
this case, 1" has only one fixed point in H (and none in 0H). Let z;, € H be this fixed
point. Let S € PSL(2,R) be such that S(z9) = i. Then W = STS™! = (2})is an
elliptic element with fixed point <. It follows from direct calculation that @ = d and
b= —c. Since 1 = ad — bc = a* + ¢?, we may write a = cosf and ¢ = sin§. Thus,
T is conjugate in PSL(2, R) to the rotation matrix Ry = (<59 ~5f). Furthermore,
note that Ry . = Ry in PSL(2,R), so we need only to consider § € (0, 7). It can be
checked that if §, 6" € (0, 7) are two distinct angles then Ry is not conjugate to Ry

in PSL(2, R).

Hyperbolic Elements. An element 7" of PSL(2, R) is said to be a hyperbolic ele-
ment when [tr T'| > 2. In this case, T" has two fixed points «, 5 € 0H. According to
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Proposition 4.2.1, there exists S € PSL(2, R) such that S maps a to 0 and 3 to occ.
It is then easy to see that:

STS '(z) = Az, forsome \ >0, \ # 1.

Let Uy(z) = A%z for A > 0, A # 1. Note that if B(z) = —1/z, then BU\B™! = U,-1,
so that U, is conjugate to Uy,-: in PSL(2, R). Conversely, if U, is conjugate to U,
then tr? U, = tr* U, and a simple calculation shows that k = A or k = A"

We conclude that every hyperbolic element of PSL(2, R) is conjugate to a unique
transformation of the form U,, A > 1, i.e., to some

A0
Uy = , A> 1
0 1/X

Remark 4.2.3. More generally, when 7' € PSL(2,C) and |tr 7| > 2, we call T
loxodromic. If, moreover, tr T is real, then T is said to be hyperbolic. A hyperbolic
element is then a particular kind of loxodromic element with real trace.

Parabolic Elements. An element 7" of PSL(2,R) is said to be parabolic when
[tr T'| = 2. In this case, T has a single fixed point o € 0H. Let S € PSL(2,R) be
such that S(a) = co. Then ST'S™! is parabolic with fixed point oo and it is easy to
see that STS™!(2) = 2 + b. If V(2) = z/|b| then

(SV)T(SV) ™t =z +1.

Trying to solve A(}1) A~ = (§ ') for A € PSL(2,R), shows that z — z + 1
cannot be conjugate to z — z — 1in PSL(2, R).

Summarising, a non-identity transformation 7" € PSL(2, R) is conjugate to exactly
one of the following;:

§ —sin6 A 1 +1
Rt IR 6 e (0,m); ")t
sinf cos0 0 5 0 1

if it is, respectively, elliptic, hyperbolic or parabolic.

4.2.2 Continuous group actions and homogeneous spaces

PSL(2,R) and PSL(2, C) as Topological Groups. Consider the closed subspace X
of R* defined by:

X ={(a,b,¢c,d) € R | ad — bc = 1}.
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Once we identify SL(2, R) with the subspace X we may endow it with the subspace
topology, inherited from R*. In this way, it is easy to check that SL(2,R) becomes a
topological group. Furthermore, the quotient PSL(2, R) also becomes a topological
group with the quotient topology (a Lie Group, in fact). Note that we can also
induce from R* a metric on PSL(2, R). The function |tr| on PSL(2, R) is continuous
with respect to this topology.

It follows from Theorem 4.1.7 that the group of all isometries of H, Isom(H), may
be topologised similarly.

In an entirely analogous manner, we identify PSL(2, C) with a closed subspace of
C*, from where it inherits the subspace topology. The group PSL(2, C) becomes a
topological group endowed with a metric.

Definition 4.2.4. A Fuchsian group is a discrete subgroup of PSL(2,R). A Kleinian
group is a discrete subgroup of PSL(2.C).

Note that if T is a discrete subgroup of Isom(H) = PGL(2, R), then the subgroup
I' = I' N SL(2,R) is a Fuchsian group.

We know that PSL(2,R) acts on H by isometries (in particular, also by homeo-
morphisms), and therefore so does any Fuchsian group. We will next recall some
definitions in the general setting of a topological group G acting on a topological
space X by homeomorphism, and analyse which properties are then reflected on
the quotient space (the space of orbits).

A left action of a group G on a set X isamap from ¢ : G x X to X, (g, x) — ¢(g,2),
satisfying:

(i) ¢(e,x) =z, for every x € X, where e is the identity element of G;

(i) ©(g2,¢(g1,7)) = ¢(g9291, ), for every x € X and every ¢1, 92 € G.

It is customary to denote (g, x) simply by ¢ - = or even gz. Note that for each
g € G, the map = — gz is a bijection. Equivalently, one can define an action to be
a homomorphism p : G — Bij(X), where Bij(X') denotes the group of bijections
from X to itself.

A right action is defined analogously. When it is not relevant for the discussion or
when it is clear from the context, we will refer to an action without specitying if it
is on the left or on the right.

The action p is faithful if its kernel is trivial. A stronger condition would be that
every element of G different from the identity acts on X without fixed points, i.e.:
if g € G and there exists x € X such that p(¢)(z) = = then g = e. If this is the case,
we say that the action p is free.
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If z,y € X are such that there exists g € G satisfying gz = y, we say that z and
y are in the same orbit. The G-orbit (or just orbit, when it is clear which group
is acting) of an element z is the set Gz = {gz | ¢ € G}. Note that the set of all
G-orbits form a partition of the space X (in other words, being in the same orbit is
an equivalence relation), and we denote this set by G\ X. There exists a canonical
projection

m: X — G\X

(4.2.3)
z— Gz

When X is a topological space, the projection 7 becomes a quotient map once we
equip G\ X with the quotient topology as follows: U C G\ X is open if and only if
7~ !1(U) C X is open. Note that 7 is an open map. Indeed, let U C X be open, then
7 (m(U)) = U,eq U is open and so, by definition, 7 (U) is open.

The action is said to be transitive if the whole space X is a G-orbit, i.e,, if, for every
x,y € X, there exists g € GG such that gz = v.

The stabiliser (or isotropy group) of a point = € X is the subgroup G, = {g € G |
gr =z} of G.

An action by homeomorphisms is an action of G on the topological space X such that,
for every g € G, the map = — gz is continuous (and hence a homeomorphism of X
into itself). Just like before, this action can be regarded as a homomorphism p from
G to Bij(X), except now p takes values in a smaller subgroup of Bij(X), namely, the
group Homeo(X) of homeomorphisms of X, i.e., p : G — Homeo(X). Moreover,
we say that G acts continuously if the map from G x X — X, (g,z) — gz, is
continuous. This is equivalent to p being continuous when Homeo(.X) is endowed
with the compact-open topology.

Henceforth we assume that X is a topological space and that G is a topological
group acting continuously on X.

When X is assumed to be Hausdorff, the stabiliser GG, of any point x is a closed
subgroup G. Give G/G,, the quotient topology. Then there is a continuous bijection
between G/G, and the G-orbit of z, mapping a coset ¢gG, to the point gz. If
G and X are sufficiently well-behaved spaces, this bijection turns out to be a
homeomorphism:

Proposition 4.2.5. Let G be a second-countable locally compact topological group and
let X be a locally compact Hausdorff space. If G acts continuously and transitively on X,
then the map h : G/G, — X taking gG, to gz is a homeomorphism, where x is any point
in X.

Proof. The projection G — G /G, is continuous, so it suffices to show that the orbit
map G — X, g — gx is open. Let U be an open subset of G and let g be any element
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in U. We want to check that gz is an interior point of Uzx. Choose a compact
neighbourhood V of the identity element e € G such thatV =V ~'and gV? C U
(such a neighbourhood can easily be constructed in a topological group). Since
G is second-countable, there are countably many elements g, g»,... of G such
that G = |, 9,V. Then X = {J, g,V x, where each g,V z is compact and hence
closed in the Hausdorff space X. Moreover, X being a locally compact Hausdorff
space, it follows that some g,V z, and thus V=, must have nonempty interior (Baire
Category Theorem). Take v € V for which vz is an interior point of VVz. Now,
gr = gv~ vz so that gz is an interior point of gv~'Vx C Uz, given our choice of
V. O

The case we are most interested in is when G = PSL(2,R) or SL(2,R) and X = H.
These objects satisfy all the hypothesis in Proposition 4.2.5 and the action via
Mobius transformations is clearly continuos. When SL(2,R) acts on H, one can
check that the stabilizer of the element ¢ € H is isomorphic to the special orthogonal

group
SO(2,R) = {A € SL(2,R) | AAT =1d}.

Proposition 4.2.5 then gives us that H is homeomorphic to SL(2,R)/SO(2, R). Note
also that SO(2,R) is compact. Indeed, it is closed and bounded (as a subset of R*).

Let H be a subgroup of G. The quotient topology on GG/ H is Hausdorff if and only
if H is a closed subgroup. Furthermore, the natural projection p : G — G//H is an
open map, which can be proved with the same argument used for the projection 7
in (4.2.3) (as a matter of fact, H acts continuously on G via multiplication on the
right, so G/H may be regarded as the orbit space of this right action). If K is a
compact subgroup of the Hausdorff topological group G (so K is, in particular,
closed), then the projection p : G — G/ K is also closed: for a closed subset F' C G,
p ' (p(F)) = FK and the latter is closed, being the product of a closed subset and
a compact subset of a topological group; it follows that p(F’) is closed.

Moreover, when G is a locally compact Hausdorff topological group and K is a
compact subgroup, we claim that the projection map p is also proper. Indeed, let
C be a compact subset of G/ K. Cover the whole space G with pre-compact open
neighbourhoods {V;}, then {p(V;)} is a collection of open neighbourhoods covering
G//K and so C' is covered by finitely many such neighbourhoods; in particular,
p~(C) is a closed set covered by the finite union |Jp~*(p(V;)) = JKV; c UKV,
the latter being clearly a compact set.

Note that the group G itself acts continuously on the quotient G/K and, more
generally, so does any subgroup H < G. The next proposition characterises the
discrete subgroups in this setting.
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Proposition 4.2.6. Let G, K and p be as above. Let I" be a subgroup of G. Then I is
discrete if and only if it satisfies the following property:

For any two compact sets Cy,Cy C G/K theset {g € T' | gCy N Cy # 0} (4.2.4)
is finite.
Proof. Suppose I is discrete. If g € G is such that gC; N Cy # @) then gp~(Cy) N
p1(Cy) # 0. Let D; = p~1(C;). According to the discussion above, D; and D, are
compact and therefore so is D(D;)~*. Then g € I'N Dy(D;) " and this intersection
is finite.
Conversely, let I be a compact neighbourhood of the identity e € G. Ifany g € I’
is in V then, in particular, one would have gK N VK # (. So condition (4.2.4),
when (] is the point p(e) = K and C; = p(V), implies that there are only finitely
many elements of I' in V/, and the result follows. O

Corollary 4.2.7. If G and K are as above, let I be a discrete subgroup of G. Then every
x € G/K has a neighbourhood V such that {g € T | gV NV £ 0} ={g € T | gz =
x} = I';. Moreover, this set is finite.

Proof. Start with a compact neighbourhood U of x. By Proposition 4.2.6, there are
only finitely many ¢ € I' for which gU N U # 0. Then choose a neighbourhood
V that separates z from each of these (finitely many) gz that are actually distinct
from x. O

Corollary 4.2.8. If G, K and p are as above, let I be a discrete subgroup of G. If x and y
are two points in G /K that are not on the the same I'-orbit, then there are neighbourhoods
U and V of x and y, respectively, such that gU NV = ( for every g € G. In particular,
the quotient space I'\G/ K is Hausdorff.

Proof. This is simply an application of Proposition 4.2.6 with a similar adjustment
as the one made in the proof above: take compact neighbourhoods U’ of z and V"’
of y; there are only finitely many translates gU’ that intersect V’; separate each of
these gz from y by using the Hausdorff property of the space G/ K, then reduce U’
and V' accordingly.

Let 'z and I'y be two different points of I'\G/K. Then z,y € GG/K are not on
the same I'-orbit and we can construct neighbourhoods U and V' as above. If we
let p : G/K — I'\G/K denote the canonical projection, then p(U) and p(V) are
neighbourhoods of I'z and I'y that do not intersect. O

Property (4.2.4) is quite significant and, for this reason, an action satisfying this
property receives the special name of a properly discontinuous actions:
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Definition 4.2.9. The action of I' on X is properly discontinuous when, for every
compact set K C X, the number of elements v € I for which yK N K # () is finite.

When the action is properly discontinuous, assuming X is a locally compact
Hausdorff space, we conclude, just as we did in Corollary 4.2.8, that the quotient
space I'\ X is Hausdorff.

Another common property that is often required from a group action is given by
the next definition.

Definition 4.2.10. The action of a group G on a topological space X is said to be
wandering (following Thurston in [52, Definition 8.2.4]) if it satisfies the following:

Each point z € X has a neighbourhood V such that gV NV # () (4.2.5)

for only finitely many g € G.

Corollary 4.2.7 implies, in particular, that the action of a discrete subgroup I' of G
on the space G/ K is wandering.

When the action of G on a Hausdorff space X is free and wandering, the projection
map 7 : X — G\X is a covering map. The quotient G\ X, however, is not
necessarily Hausdorff (see Remark 4.2.11).

Together with the observation following Definition 4.2.9 we conclude that, if I’
acts freely and properly discontinuously on a locally compact Hausdorff space X,
then I\ X is Hausdorff and the natural projection 7 : X — I'\ X is a covering map.

Remark 4.2.11. It is worth remarking that Proposition 4.2.6 and its corollaries are
concerned with a particular type of spaces G/ K, known as a homogenous spaces. In
general, however, discreteness is not equivalent to proper discontinuity and the
quotient need not be Hausdorff. A well-known counterexample is the action of Z
on X =R?\ {0} givenby n - (z,y) = (2"z,27"y). This action is easily seen to be
free and wandering. Nevertheless, we observe that if U is any neighbourhood of
(0,1) and V is any neighbourhood of (1,0), then nU NV # () when n is sufficiently
large. This implies that, in Z\ X, the points 7((1,0)) and 7((0, 1)) (which are clearly
distinct) cannot be separated, i.e., they do not admit disjoint neighbourhoods. In
particular, the quotient space Z\ X is not Hausdorff. Note that this action is not
properly discontinuous (take, for example, C' = the line segment connecting (0, 1)
to (1,0)).

Finally, in the case of a Fuchsian group I" acting on H, a Riemann surface structure
passes on to the quotient, regardless of whether I' acts freely or not. Note, however,
that if I" has torsion (which, in this case, is equivalent to not acting freely), then
the projection map is not a covering map, but only a branched covering map. More
precisely, we have the following:
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Theorem 4.2.12. Let I be a Fuchsian group. The quotient space I'\H admits a Riemann
surface structure and, with this structure, the canonical projection = : H — I'\H is a
holomorphic map.

Proof. [26, Theorem 5.9.1]. ]

4.3 The geometry of Fuchsian groups

4.3.1 Fundamental domains

In this section we describe fundamental domains for the action of a Fuchsian group
on H. As we shall see, a lot of geometrical information on these fundamental
domains can be determined by the Fuchsian group, and vice versa.

Definition 4.3.1 (Fundamental domain). Let I" be a Fuchsian group acting on H. A
subset F' C H is said to be a fundamental domain for I if

(i) The union of all translates fo F' by elements of I" cover the entire plane H:

UrF =5

yer

(ii) Any two translates of F' by elements of I' have disjoint interiors.

A fundamental domain always exists and, as we shall see below, it is clearly not
unique.

Definition 4.3.2 (Dirichlet domain). Let I" be a Fuchsian group and let p € H be a
point that is not fixed by any element in I' other than the identity. We define the
Dirichlet domain for I' centered at p to be the set

Dy(T) = {z € H| d(2,p) < d(z,7p), forally € T'}.

From the description of D,(I') we see that it is the intersection of certain hyperbolic
half-planes (i.e. sets of all the points in H to one side of a geodesic line in H)
containing p so, in particular, D,(I") is connected and convex. Moreover, D,(I') is
a fundamental domain for I'.

Let area(-) denote the hyperbolic area on H. If D; and D, are two fundamental
domains for I with topological boundary of hyperbolic area zero, then area(D;) =
area(Ds). Define the coarea of T" to be the area of a fundamental domain for I with
boundary of area zero, which always exists (take a Dirichlet domain for instance).
We observe here that the metric structure of H descends to the Riemann surface
I'\H (see Theorem 4.2.12) making it a hyperbolic orbifold, whose area form we
continue to denote by area. It follows that area(I'\H) equals the coarea of T".
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Definition 4.3.3. We say I is cofinite or has finite coarea if area(I'\H) < oo.

Now, D,(I) is bounded by geodesic segments called sides and, possibly, segments
of the boundary at infinity, called free sides. When two sides intersect at a point
in H, this point is called an ordinary vertex of D,(I") or, sometimes, simply a vertex.
Ordinary vertices are isolated as a consequence of discreteness of I'p and, in
particular, D,(I") has at most countably many sides. The union of these sides and
ordinary vertices constitutes the boundary of D,(I") in H.

There is also the boundary of D, at infinity, that is: take the topological boundary
of D,(I") as a subset of the Riemann sphere ¥ and then intersect it with 0H. A
point w of the boundary of D,(I) at infinity falls into one of the following three

types:

(i) Two sides of D,(I") meet at w, in which case w is called a vertex at infinity of
Dy(T);

(ii) Only one side of D,(I') meets w. This could happen for two reasons: either
w is the endpoint of a free side, in which case it is called a real vertex of D,(I'),
or w is the accumulation point of an infinite sequence of sides of D,(I).

(iii) No side of D,(I') meets w. This, also, could happen for two reasons. The
point w might be the interior point of a free side. Or, w could be the accumu-
lation point of two sequences of sides of D, (I").

It is worth noting that, when a Fuchsian group I" has finite coarea, boundary points
of type (ii) and (iii) do not occur. Moreover, in this case, a Dirichlet domain for I
has finitely many vertices and sides, i.e., it is a hyperbolic polygon.

Theorem 4.3.4. If I' is a Fuchsian group of finite coarea, then D,(I") has finitely many
sides (and no free sides).

Proof. See [34, Theorem 1.5C]. ]

Henceforth, we shall only be concerned with Fuchsian groups of finite coarea.
Nevertheless, we point out that in the general case, although there may be infinitely
many sides, the geometry of D,(I") is always well behaved at least locally:

Theorem 4.3.5 (Dirichlet domains are locally finite). A Dirichlet domain D = D, (I)
for I is always locally finite, meaning that every z € D has a neighbourhood V' such that
V' N~D # ( for only finitely many elements v € T.

Proof. See [26, Theorem 5.8.5]. ]
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In the classical example of Z* acting on R?, it is intuitive that, instead of “folding up”
the entire plane, one only needs to fold up the fundamental domain [0, 1] x [0, 1].
In other words, it is sufficient to quotient the square [0, 1] x [0, 1]. Similarly, in the
case of a Fuchsian group I', we can also restrict to the quotient of a fundamental
domain D, which we assume to be locally finite (for instance, a Dirichlet domain).
Indeed, let 7 and II be the projections respectively from D onto I'\ D and from H
onto I'\H. If i : D — H denotes inclusion, we define f : I'\D — I'\H as the map
that makes the following diagram commute:

0

D H

T 11

T\D —--mmmeeeee > ["\H
\ i \

It is straightforward to check that f is bijective. Continuity of f follows from the
fact that IToi is continuous and 7 is open. Moreover, we show that f is an open map.
Let 7(2) € U C I'\D where U is open. Since D is assumed to be locally finite, the
preimage of 7(z) consists of finitely many points z, v, 2, ... v,z and we can find a
small neighbourhood V' of =z in H so that whenever a translate vV intersects D then
~ must be one of the elements 7o, 71, . . ., 7%, where 7 is the identity. In this way we
see that the image II(V) is contained in f(U): for w € V, there exists 7 € I such that
~yw € D, which means vV N D # () and  is one of the ;. If the neighbourhood V is
chosen sufficiently small, one can argue that v,V N D C 7= }(U) forany i = 0,..., k
and thus II(w) = II(v,w) = f(n(viw)) € f(U), proving that II(V') C f(U). The fact
that I is an open map shows that II(V) is an open neighbourhood of f(7(z)). We
have just proved that:

Theorem 4.3.6. Let D be any locally finite fundamental domain for T (in particular, D
could be a Dirichlet domain). Then I'\ D is homeomorphic to I"'\H.

Corollary 4.3.7. Let D be a locally finite fundamental domain for I'. Then I'\H is compact
if and only if D is compact. Moreover, if this is the case, then I" contains no parabolic
elements.

Proof. Compactness of D immediately implies the compactness of the quotient.
Conversely, using the fact that D is locally finite, (sequentially) compactness of D
easily follows.

For the second part, let

n(z) = inf{d(z,vz) | v € I', v not elliptic}.
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Then 7 is a continuous function of z and, since D is compact, n attains a positive
minimum on D:

n(z) >r >0, forallze D.

As D is a fundamental domain for I', we claim that r is a lower bound for 7(z)
when z varies in H. Indeed, let z be any point in H and let 7 € I" be such that
7z € D. For any v € I'\{Id} non-elliptic:

d(z,vz) =d(Tz,772) = d(Tz,T’yT’l(Tz)) >r >0,

which then implies that 7(z) > r > 0.

Now, if p € T is parabolic, then d(z, pz) approaches 0 as z approaches the fixed
point of p at infinity. Indeed, let { be a Mobius transformation such that (p¢ ™" :
w — w =+ 1. Then d(z, pz) = d(w,(p¢ ' (w)) where w = ((z) and the right-hand
side is bounded above by -, which tends to 0 as w — oo. O

Remark 4.3.8. The converse of the second part is also true, i.e., if I" is non-cocompact
then I' contains parabolic elements (see, for instance, [28, Theorem 4.2.5]).

Let s be a side of a Dirichlet region D for I'. If v € I is such that y(s) is a side
of D, then s and v(s) are said to be conjugate sides of D. Note that if 7/(s) is also
conjugate to s, then 7’ = ~. If a side is conjugate to itself, then the two halves of this
side are interchanged and, in this case, we consider the mid point to be a vertex
with internal angle 7. Thus, the sides of the Dirichlet domain fall into conjugate
pairs and we remark that I is generated by these side-pairing transformations:

Proposition 4.3.9. Let D be a Dirichlet domain for I' and let {~,} be the subset of I
consisting of all transformations that pair two sides of D. Then {~,,} generates I.

Proof. Let A < I" denote the subset generated by {,}. We have that

H=|JApu [J vD.

AEA ~eT\A

It follows from local finiteness that any union of translates of D is closed. Clearly,
U,ea AD is non-empty, so if we can prove that the two sets on the right-hand side
of 4.3.1 are disjoint, it will follow from connectedness of H that I'\A = 0.

Suppose 7D intersects some AD for A € A. If their interiors intersect then v = J,
so assume they only intersect on their boundary. They can either share a common
side or a common vertex. Suppose first that they share a common side s, where s
is a side of D. Let s’ be the side of D that is paired with s by the transformation ;.
Then ;7! pairs s’ with vs. It follows that yy;7~!(yD) and AD have intersecting
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interiors so, in particular, yy; = A and v € A. Now, let it be the case that vD share
a vertex yv with AD, where v is a vertex of D. We claim that there are finitely
many side-pairing transformations v, , ..., 7;, such that { = ~;, - - - v;, fixes v (this
will become clearer in the next paragraph. See also §§4.3.3). Due to discreteness
of I, the transformation ¢ must have finite order, so, for some k, the interiors of
y¢Ck~y~1(yD) and AD intersect. It then follows that v = \{ 7% € A. O

The vertices of a Dirichlet domain can also fall into the same I'-orbit. One subset
of vertices belonging to the same I'-orbit is called a cycle. Note that each cycle
must be finite, since D is locally finite. The stabilisers of the vertices in a cycle
are all conjugate to each other and, in particular, have the same order (recall that
the stabilisers are finite cyclic groups due to discreteness of I'). If one of these
vertices has non-trivial stabiliser, i.e., if one of these vertices is the fixed point
of an elliptic element of I', then its cycle is called an elliptic cycle. Note that the
stabiliser of one such vertex is a maximal finite cyclic group, since any element in
its centraliser must also fix that vertex. Conversely, a finite cyclic subgroup S of I
must fix some point in H (for instance, the centre of mass of a finite S-orbit), and
thus it corresponds to an elliptic vertex of D. The conjugacy class of S in I' is then
associated to an elliptic cycle of D. We have established the following;:

Proposition 4.3.10. The elliptic cycles of D are in one-to-one correspondence with
conjugacy classes of non-trivial maximal finite cyclic subgroups of I.

Since the translates of a Dirichlet domain form a tesselation of H, the angles of all
the translates meeting at the same vertex must sum 27. The next proposition is
then easily verified:

Proposition 4.3.11. Let {vy, ..., v} be an elliptic cycle of D such that the vertex v; has
internal angle 6;. Let m be the order of the stabiliser of each v;. Then 6, +- - -+ 6, = 2w /m.

Likewise, any vertex at infinity of D is a fixed point of a parabolic element in I
(see [28, Theorem 4.2.5 (i)]) and we can partition these vertices into congruence
cycles called parabolic cycles. Each of these cycles contain finitely many vertices
(Theorem 4.3.4). There is also a correspondence between parabolic cycles and
conjugacy classes of parabolic cyclic subgroups (cyclic subgroups constituted of
parabolic elements):

Proposition 4.3.12. The parabolic cycles of D are in one-to-one correspondence with
conjugacy classes of maximal parabolic cyclic subgroups of T".

Let I' be cofinite and let D be a Dirichlet domain for I'. Theorem 4.3.4 says that
D is a hyperbolic polygon, so there are finitely many vertices (including the ones
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at infinity). It follows from Propositions 4.3.10 and 4.3.12 that the number of
conjugacy classes of maximal finite cyclic subgroups and the number of conjugacy
classes of maximal parabolic cyclic subgroups are both finite. The following
definition conveys all this information into a string of integers.

Definition 4.3.13. Suppose there are r conjugacy classes of maximal finite cyclic
subgroups of I'. Let my,...,m, be the order of the subgroups in each of these
conjugacy classes. Let s be the number of conjugacy classes of maximal parabolic
cyclic subgroups of I'. If g is the genus of the surface I'\H, we say that I' has
signature (g;mq, ..., m;;s).

4.3.2 The hyperbolic area of a fundamental domain

Recall that the total area of I"\H equals the hyperbolic area of a Dirichlet domain
D for I, or of any other fundamental domain (as long as it has boundary of
hyperbolic area zero). In this context, I' could be a Fuchsian group as well as a
discrete subgroup of Isom(H).

Proposition 4.3.14. Let I < Isom(H) be a discrete group of isometries and let A < I" be
a finite index subgroup. Suppose

[= Ay U---UA,

is a decomposition of I' into A right cosets. If D is a fundamental domain for I' (with
boundary of hyperbolic area zero), then

D' =vDU---U~,D

is a fundamental domain for A.

Proof. 1t is easy to see that AD" = H. Now, following [26], suppose z and 7(z) are
two points in the interior of D'. Let € > 0 be such that a hyperbolic open ball of
radius € around z, as well as the one around ~(z), are both contained in D'. If we
denote the former by B, then the latter is yB. Let 1 < i; < --- < i < n be the
indices of all translates ~;int(D) intersecting B, where int(D) denotes the interior
of the set D. The ball vB must intersect some ~,int(D), which means B intersects
v~ 1v,int(D) and so v; = vv;, for some 7,. It follows that Avy; = Ayy;, = A~y;,, thus
v; = v, and v = Id, proving that D' is indeed a fundamental domain for A. O

Corollary 4.3.15 (Riemann-Hurwitz). Let I' be a discrete subgroup of Isom(H). If
A < T is of finite index, then

area(A\H) = [T : A] - area(I"\H).
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Remark 4.3.16. The Riemann-Hurwitz Theorem is a more general statement ac-
counting for branching points in the covering map. This version, however, will be
sufficient for our use.

The information contained in the signature of a Fuchsian group I' is sufficient for
us to calculate the area of I'\H. Let D be a Dirichlet domain for I' of signature
(g;ma, ..., m,;s). The analysis prior to Definition 4.3.13 shows that D has r elliptic
cycles, s parabolic cycles and, possibly, ' cycles made of vertices with trivial
stabiliser. Suppose D has n pairs of sides. Remember that the action of I' pairs
these sides together. Being a hyperbolic polygon with 2n sides, the area of D is
given by the Gauf3-Bonnet Theorem as:

area(D) = (2n — 2)7 — Z a;,

where ) «; is the sum of all the internal angles of D. This sum can be calculated
using Proposition 4.3.11. Indeed, the sum of all the angles at elliptic vertices
amounts to 27y ;_,(1/m;). Similarly, the sum of other vertices with trivial sta-
biliser gives 277’. Finally, the vertices at infinity have internal angles 0. By putting
all this together we obtain that:

area(D) = (2n — 2)7 — 27 <i mi + T’) : (4.3.1)

i=1

Now, we want to express n in terms of the information given in the signature
of I', which includes the genus ¢ of I'\H. This indicates that we should consider
the situation from a topological perspective. Recall that I'\H is homeomorphic to
I'\D. The n pairs of sides of D project to I'\ D as n edges. The elliptic cycles and
the cycles of vertices with trivial stabiliser project to r + r’ vertices of I'\ D. The
vertices at infinity “project” to s punctures. The sides of D going to infinity project
to edges with one end at these punctures. So we add s points to I'\ D in order to
obtain a CW structure with r + 7’ 4 s vertices, n edges and 1 face on a compact
orientable surface of genus g. The Euler formula then gives us:

2—29g=r+1r"+s—n+1

Substituting in (4.3.1) leads to:

r

1
area(D) = (49 — 4+ 2r + 21" + 2s)7 — 27 <Z — + 7"')

i=1
: 1
=27 [29—2%—2(1—%)—!—5

=1

We have just proved the following;:
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Theorem 4.3.17. Let I" be a Fuchsian group of signature (g;my, ..., m,;s). Then

(4.3.2)

- 1
area(I'\H) = 27 [29 -2+ E (1 — —) +5
my
i=1

4.3.3 Poincaré’s Theorem and presentation of Fuchsian groups

We have stated several properties satisfied by a Dirichlet domain of a Fuchsian
group I'. Poincaré’s Theorem goes in the opposite direction: starting from a
polygon P, Poincaré established sufficient conditions for the group generated by
the side-pairing transformations of P to be discrete.

Let us restrict ourselves to finite sided polygons, although the theorem is true for
more general polygons.

Suppose P satisfies the following conditions:

1. An identification on P is given, i.e., a function associating to each side s of P
another side s’ and an isometry ¢(s, s') of the hyperbolic plane so that:

(@) ¢(s,s’) maps s onto s' and takes the exterior of the circle containing s
(the half plane containing the interior of P) to the interior of the circle
containing s’;

(b) (s') =sand ¢(s,5) = ¢(s,s') 7

(c) if s = &' then ¢(s, s') is the reflection across the line containing s. In
particular, ¢(s, s’) then satisfies a reflection relation:

B(s,8)? = 1d; (4.3.3)

2. For each cycle of vertices {v1, ..., v, } in H there exists an integer m such that
the angles subtended at these vertices add up to 27/m;

3. For each cycle of vertices at infinity, the cycle transformation is parabolic.

Some of the terminology used requires further explanation. Start from a vertex
v; with s; being one of the sides of P that contain v;. The side s; is mapped
onto s; by the isometry A; = ¢(s1, s}), taking the vertex v; to v, = A;(v;). Let
sy be the other side of P that meets s at vy, then set v3 = Ay(v2), where Ay =
P(s2, sb). Continuing with this process leads to a sequence of vertices {vy, va, ... },
a sequence of isometries {A;, A,, ...} and, finally, a sequence of pairs of sides
{(s1, 1), (s2,5),...}. Since we are assuming there are only finitely many sides
(hence finitely many vertices), these sequences are all periodic. Let r be the
least integer such that these three sequences are periodic with period r. Then
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{v1,...,v,} is a cycle of vertices and A, --- A, is the cycle transformation. Notice
from this construction that the cycle transformation fixes v;. It thus follows from
condition (2) that A,, - - - A; is an elliptic transformation of order m (or the identity
in case m = 1), so it satisfies the following cycle relation:

(Ay -+ A)™ = 1d. (4.3.4)

For the case of vertices at infinity, the same construction may be carried out. In
this way we obtain a cycle of vertices at infinity and a cycle transformation that
condition (3) requires to be parabolic.

In the setting of Proposition 4.3.9, the side-pairing transformations of a fundamen-
tal polygon for I' constituted a generating set. Here, we have a polygon P whose
side-pairing transformations will generate a group of isometries that has P for a
fundamental domain. The point of Poincaré’s Theorem is precisely ensuring that
the group generated is discontinuous (and hence discrete):

Theorem 4.3.18 (Poincaré’s Theorem). Let P be a polygon satisfying conditions (1)-
(3). Then the group of isometries I generated by the side-pairing transformations is
discontinuous and P is a fundamental domain for I'. Moreover, the reflection relations
(4.3.3) and the cycle relations (4.3.4) form a complete set of relations of I

Proof. See [38]. ]

A direct application of Poincaré’s Theorem guarantees the existence of a Fuchsian
group of signature (g;my,...,m,;s) as long as the right-hand side of (4.3.2) is
positive. Sometimes, this result is also referred to as Poincaré’s Theorem:

Theorem 4.3.19. Let g,r,s > 0 and my, ..., m, > 1 be integers such that

: 1
o [29—2+Z(1——)+3
m4

i=1 v

>0, (4.3.5)

then there exists a Fuchsian group of signature (g;mq, ..., m.;s).

Sketch of proof. For the sake of this proof consider the disc model D. Divide D into
N = 4g + r + s circular sections of equal angles.

For ¢t > 0, mark, on each radius, the point v;(t) whose hyperbolic distance to
the origin is t. Connect each v;(t) to v;41(t) (Where, of course, vy(t) = v;) with
a geodesic arc and form, in this way, a geodesic polygon with N = 4g +r + s
sides. Now, for each j = 1,...,r, pick the unique point w;(¢) on the exterior
of this polygon such that v;(t), v,;+1(t) and w;(¢) form an isosceles triangle with
base on the side of the polygon and with angle 27/m; at w;(t). Label the two
congruent sides of each triangle d; and dj. For j = r +1,...,s, do the same
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thing by picking w;(¢) on the border at infinity, an endpoint of the geodesic line
bisecting the corresponding side of the original polygon, so that, in this case,
the angle subtended by the sides d; and d; is zero. Label the remaining 4g sides

of the original polygon ay, by, a, by, . .., ag, by, a;, by. The sides dy, dy, ..., drys, d)
together with the «a;, b;, a}, b; form a geodesic polygon we shall call M (t), as in
Figure 4.1.
wy(t)
d
—
'U5(t)
. ay
wo(t) :,:" , ay
&/ \ ,
wi () \; b
AN
al by ’

Figure 4.1

We pair the sides a; with a;, b; with b} and d; with d; through the unique isometries
of D taking each of these sides to its correspondent while mapping the exterior
of the circle supporting one side to the interior of the circle supporting the corre-
sponding side. In this way, almost all the conditions in Poincaré’s Theorem are
satisfied, except possibly one: the vertices v;(t), v2(%), ..., vn(t) form a cycle and
we need the sum of the internal angles of M (¢) at these vertices to be a submultiple
of 27. In fact, in order to obtain the desired signature, we need this sum to be
precisely 2m. In other words, we want this cycle to be accidental. This can be
achieved by varying the parameter ¢ continuously. Indeed, let ;(¢) denote the
hyperbolic area of M (t). When t — 0, u(t) also approaches zero. On the other
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hand, when ¢t — oo, by the Gaufi-Bonnet formula, we see that j(¢) approaches

2 g 1
(4g+2r+2s)—2%:27r [29—1—1—2(1—%)%—5

(4.3.6)

=1

Since ((t) varies continuously with ¢, there exists ¢, > 0 for which p(ty) is precisely
the area that we expect a group of such signature to have:

o) — 2 [z(ﬁ)

i=1

Once again, by the Gauf3-Bonnet formula, the area y(¢y) must be equal to the
right-hand side of (4.3.6) minus the sum of the angles at the vertices of the cycle
v1(to), va(to), - - ., vn(to). This immediately implies that, for ¢t = ¢, this sum is 27
and the cycle in question is accidental as we wanted.

Now we can apply Poincaré’s Theorem 4.3.18 and conclude that the group I' gen-
erated by the identifications of the sides of M (%y) has signature (h;m4,...,m,;s),
where h is the genus of the underlying topological surfaces of the quotient I'"\ D.
Just as in the discussion preceding Theorem 4.3.17, we see that I"\D admits a CW
structure with r + s + 1 vertices, 2g + r + s edges and 1 face, so the formula for its
Euler characteristic yields

2—2h=(r+s+1)—2g+r+s)+1=2-2g.

We conclude that i = g and thus I' has the desired signature. O]

Note that one can also describe a complete set of relations for the group I' con-
structed in the proof above. Using the same notation, let A; and B;,i =1,...,g,
be the hyperbolic transformations pairing a; to a; and b; to b}, respectively. For
j=1,...,r, let C; be the elliptic transformation with fixed point w;(t,), pairing
the sides d; and d;. Finally, for k = 1,.. ., s, let P, be the parabolic transformation
with fixed point w, (o), pairing the sides d,;, and d., .. By going around each
elliptic vertex one obtains the relations

Civ=1d, j=1,...,r

By going around the unique accidental cycle gives that

g
[[14.B1-C---C.Py--- Py =14,
=1

It follows from Poincaré’s Theorem 4.3.18 that these are all the relations we need,
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and thus I" has presentation

<fh,£ﬁ,.“,f%,f%,Cﬁ,”.,CL,fﬁ,”.,fg

g
(@:m:@%{ﬂ%MQmQHWH:§.@W)

i=1

We were only able to get this presentation by reading off the relations from the
very specific fundamental polygon that we constructed. We give this kind of
polygon a special name:

Definition 4.3.20. Let I" be a Fuchsian group of signature (g;m4,...,m,;s). A
fundamental polygon P for the action of I is said to be a canonical polygon if it is a
polygon with 4g + 2(r + s) analytic sides in the following order:

/ / / / U !
ar,bi,ay, by, ... ag,bg,a,, by, dv,dy, . dpys,

where each side is paired to the corresponding primed side.

The presentation (4.3.7) is called the standard presentation of I.

Note that, in this definition, the canonical polygon is not required to be geodesic,
i.e., to have geodesic arcs for sides, but merely to be bound by analytic arcs.

It is not hard to prove that, for a generic choice of p, the Dirichlet domain D,(I")
only has elliptic and parabolic cycles of length 1 (see [2, Theorem 9.4.5]). Nonethe-
less, it is still necessary to have the vertices and sides ordered as in the canonical
polygon in order to obtain a standard presentation.

Suppose P is a fundamental polygon for I' whose sides can be traveled in the
the sequence WaXYd'Z. Here, W, X,Y and Z represent blocks of letters (sides)
and (a,d’) is a pair of conjugate sides paired by the transformation 7. If & is
an analytic arc, connecting two vertices of P and splitting it into two regions
P, and P, such that a is in P, and d' is in P, (see Figure 4.2), then P, U T(P;) is
still a fundamental domain for I'. Also, we note that this process preserves the
total sum of internal angles as well as each angle subtended by two conjugate
sides meeting at a fixed points. This cutting and pasting process is called an
admissible modification. It is proved in [33, Chapter VII §4] that, after a finite number
of admissible modifications, one obtains a fundamental domain for I' with the
desired order of sides of a canonical polygon, thus every cofinite Fuchsian group
admits a canonical polygon. Moreover, it is known that every cofinite Fuchsian group
admits a convex geodesic canonical polygon. For this result, we reference the
reader to the foundational treatise by Fricke and Klein (pp. 240-260 of the English
translation [20]). Also, cf. [30].
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Figure 4.2: Example of an admissible modification.

In particular, it follows that every cofinite Fuchsian group admits a standard
presentation as in (4.3.7). More precisely,

Theorem 4.3.21. Suppose the integers g,r, mq, ..., m,, s satisfy (4.3.5) and let G be the
abstract group

Y

alabla"'7ag7bgvcla"'7c7“7 m m

Cll:"':CTT:H{ahbi}'Cl"'crpl"'pszl .
P, Ps i=1

Then any Fuchsian group T of signature (g;my, ..., m,;s) contains hyperbolic trans-
formations Ay, By, ..., Ay, By, elliptic transformations C, . . ., C, of order, respectively,
ma, ..., m, and parabolic transformations P, ..., Ps such that the homomorphism ¢ :
G — I mapping a; — A;, b; — B;, ¢; — C; and p; — P, is an isomorphism.

Example 4.3.22 (Reflection groups). Let P be a hyperbolic polygon with n sides
whose internal angles are submultiples of 7. Let us label the sides of P cyclically
as si, ..., s, and denote by o; the hyperbolic reflection across s;. It follows from
Poincaré’s Theorem that the group I of hyperbolic isometries of H, generated by
o1,...,0p, is a discrete subgroup of Isom(H) and P is a fundamental domain for
the action of T, Groups obtained in this way are called reflection groups.
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Note however that I is not a subgroup of PSL(2, R) as it contains among its ele-
ments orientation-reversing isometries (for instance, the hyperbolic reflections gen-
erating it). We may, however, consider the subgroup I' of orientation-preserving
isometries in T

I' = NPSL(2,R)

This group is called a Fuchsian group generated by reflections. We will sometimes
refer to it as the Fuchsian group generated by P. Despite this terminology, we
emphasise that I' does not contain any reflection, by definition.

It is immediate that I’ consists of all elements of I that can be expressed as the
product of an even number of generators oy, . . ., 0,. One may write r=Tu oy,
where Ll indicates disjoint union. In particular, [T : ] = 2. Moreover, it follows
from Proposition 4.3.14 that P U 0, P is a fundamental domain for I'.

While Poincaré’s Theorem gives a presentation for the group generated by the side-
pairing isometries of P U 0, P, Theorem 4.3.9 tells us that this group is precisely I'.
We are therefore able to produce a presentation for I" as follows. The side-pairing
isometries of P U 0P are 0,09 taking s, to s}, 0105 taking s3 to s;, and so on
and so forth, until 0,0,, taking s, to s/, (see Figure 4.3). Let the internal angle
of P at the vertex v; be m/m;. We see that the vertex v; of P U oy P is the fixed
point of an elliptic transformation rotating 27 /m; and so o005 satisfies the relation
(0102)™ = Id. Likewise, (010,)™" = Id. The other vertices are part of an elliptic
cycle of length 2, so each of these cycles contributes with a cycle relation

[(0103) Ho10041)]™ =1d, i=2,...,n—1, (4.3.8)

which comes from: starting at v; with incident side s, ; then s, is mapped to s;
by 010,41, taking v; to v; the other side incident to v; is s; and this side is mapped
to s; by (010;) !, which takes v} back to v;, thus completing the cycle.

This is sufficient to give a presentation of I'. We will, however, rewrite this
presentation in a more familiar form. Observe that

01041 = (UlUi)(Uz‘UiH) and so 0,04 = (0101')71(010#1),

If welet C; = 0,041 foreachi = 1,...,n — 1, each relation (4.3.8) can be expressed
as C}" = Id. Indeed, C; is the elliptic element fixing the vertex v; and rotating
27 /m; (from s;,; towards s;). Also, for i = 1, C{"* = Id. It remains to rewrite the
relation (0,0,,)™" = Id. Notice that

010 = (0102)(0203) cee (Un—10n) = 0102 cee Cn—b

giving that (C1C; - - - C,_1)™ = Id. Alternatively, add the generator C,, = 0,0,
that clearly satisfies C1C5 - - - C,, = Id.
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We therefore obtain the following presentation for the Fuchsian group I' generated
by P:

(Clyo Cu| O == O =y Cr = 1))

4.3.4 The Teichmiiller space of a Fuchsian group

In this subsection we assume I" to be cocompact of signature (g; m4, ..., m,).

By a representation of I' into PSL(2, R) we mean a group homomorphisms ¢ :
I' — PSL(2,R). Note that ¢ is determined by the image of any set generating
I'. Moreover, the representations of I" into PSL(2, R) are in one-to-one correspon-
dence with the elements (A, By, ..., A4,, By, Ch,...,C,) of PSL(2,R)?%"" whose
coordinates satisfy the relations

g
e =---=crm =[[l4 Bl G-+ C = 1d.

=1



Let 9R/(I") denote the set of all representations of I into PSL(2, R). Given the above
correspondence, we will identify 9R/(I") with a closed subset of PSL(2,R)?9*". This
identification induces a natural topology on R'(I"). Let SR(I") be the subset of R'(I")
consisting of injective representations ¢ such that ¢(I') is a discrete cocompact
subgroup of PSL(2, R).

A. Weil proved that R(I") is open in R'(I'). In fact, Weil’s result holds, more
generally, for cocompact lattices in connected Lie groups. This result was later
extended to the non-cocompact case by Garland and Raghunathan. For our
purposes, it is enough to know that:

Theorem 4.3.23 (Weil, [53]). Let ¢y : I' — PSL(2,R) be an injective representation
such that ¢o(I") is discrete and cocompact. Then any representation ¢ sufficiently close to
¢y is also injective with image ¢(I") discrete and cocompact.

Note that PGL(2, R), the group of all conformal and anti-conformal homeomor-
phisms of the upper half-plane H, acts on 9R(I") by conjugation. We make the
following definition:

Definition 4.3.24. The Teichmiiller space of T', Teich(I"), is defined to be the quotient
of R(I") by the action of PGL(2, R) by conjugation.

Remark 4.3.25. Let S, be a closed orientable surface of genus g. The Teichmiiller
space T(S,) of S, may be defined as the set of all hyperbolic metrics on S, up to
isometries isotopic to the identity. Alternatively, one may consider all pairs formed
by a genus g Riemann surface together with a marking, i.e, a choice of homotopy
classes for the canonical generators of its fundamental group. Two such pairs are
said to be equivalent when there exists a biholomorphism between the surfaces
that respects the corresponding markings. The space of equivalence classes is
called the Teichmiiller space of genus g, and is denoted by T,. We observe that the
spaces T(S,) and T, may be identified. Moreover, when S, = I'\ H, there exits a
natural correspondence between Teich(I') and T(S,) = T,. For further discussion
on this topic, one may refer to well known textbooks on the subject, such as [18]
and [24].

Finally, it is known that for a Fuchsian group of signature (g;m1,...,m,), the

Teichmiiller space Teich(I") is a manifold of real dimension 6g — 6 + 2 homeomor-
phic to a ball.
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CHAPTER 5

LTHE ARITHMETIC OF KLEINIAN AND FUCHSIAN
GROUPS

In this chapter, the arithmetic introduced in Chapters 2 and 3 is combined with the
geometry of Chapter 4. We will attach algebraic objects to Kleinian and Fuchsian
groups that turn out to be invariants of their commensurability classes. These
algebraic objects, the invariant trace field and quaternion algebra, often carry
geometric information about the orbifold uniformised by these groups. Arithmetic
Kleinian and Fuchsian groups will be defined, and also the object of interest of the
present thesis: semi-arithmetic Fuchsian groups.

5.1 Trace field and associated quaternion algebra

Let T' < PSL(2,C) be a Kleinian group. Denote by T the preimage of T in SL(2, C).
We define the following algebraic object associated to I".

Definition 5.1.1. The trace field of I', denoted Q(tr '), is defined as Q(tr¥ | ¥ € I).

The first interplay between geometry and algebra that we can observe in this
setting is the following;:

Theorem 5.1.2. Let I' be a Kleinian group. If I is cofinite then Q(tr I') is a number field.

Sketch of proof. Let us treat I' as a subgroup of SL(2,C) (look at its preimage in
SL(2,C)). If I' is cofinite then it is finitely generated (finitely presented even). Let
I’y be a torsion free subgroup of finite index, which exists, by Selberg’s Lemma.
Note that I'; is also cofinite and thus also finitely generated by, say, v1,...,7, in
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SL(2,C). Normalise I" such that v; fixes 0 and oo, and 7, fixes 1. In other words, if
vi = (% %), this normalisation means that y; = 2; = 0 and 23 + Yo = 23 + ws.

Consider the algebraic set of all representations of I'; into SL(2,C) (c.f. §4.3.4),
which is identified with a subset of SL(2, C)" (for an explicit description of this
subset, see [36, §1.6]). Consider then the subset of those representations satisfying
the normalisation imposed above and let V' (I'y) be an irreducible component of
this algebraic set, containing the inclusion ¢ : I'y — SL(2,C). It follows from
Mostow’s Rigidity Theorem that the variety V(I'y) is zero dimensional. Indeed,
if it had positive dimension, by perturbing the inclusion ¢ in V(I';), one would
obtain a continuous family of (distinct) subgroups of SL(2, C), all of which are
isomorphic to I'; (see Theorem 4.3.23 and the discussion preceding it). Mostow’s
Rigidity Theorem implies that each of these groups are conjugate to I'; in Isom(H?).
However if gI'g~" is to satisfy the normalisation imposed, then there are only
finitely many possibilities for g, a contradiction.

From the facts that V/(I') is defined over Q and is zero dimensional, one derives
that VV(I") must be a single point with algebraic coordinates ([36, Lemma 3.1.5]).
So, all the matrices in I'; have algebraic entries. We claim that the same is true for
I'. Indeed, if all the entries of the matrices in I'; are algebraic, then all the traces of
I'; are algebraic. This property is easily seen to be carried over to I', since the trace
of a power of an element of SL(2, C) is an integral (monic) polynomial of the trace
of that element. So Q(trI') is an algebraic field. We will see later in Corollary 5.1.7
that, up to conjugation, I' is a subgroup of SL(2, Q(tr I')(x1)) (recall that z; is the
tirst coordinate of ;) and since x; is algebraic, it follows that (up to conjugation)
the elements of I have algebraic entries. Since I' is finitely generated, all entries of
the matrices in I' lie in a finite extension of Q. In particular, so do all the traces and
we conclude that Q(trI') is a number field. O

For the remainder of this section, let us assume that I is non-elementary, i.e., that I
acting on H® = H*UOH? does not have any finite orbits. One important property of
non-elementary groups is that they contain infinitely many loxodromic elements
(see Remark 4.2.3) no two of which have a common fixed point ([2, Theorem 5.1.3]).
When all elements of a subgroup of PSL(2, C) have a common fixed point, we say
this group is reducible. Otherwise, the group is said to be irreducible. In particular, a
non-elementary group I' contains two elements g, h such that (g, h) is irreducible.
Now, a simple criterion for reducibility is that (g, ) is reducible if and only if
trg, h] = 2 ([2, Theorem 4.3.5]). Given two elements x,y € PSL(2,C), let X, Y
denote representatives in SL(2, C) and let m(z,y) denote the determinant of the
4 x 4 matrix with columns Id, X, Y and XY. Note that m(z, y) does not depend
on the choice of lifts X and Y and thus is well-defined. Direct computation shows
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that
m(z,y) =2 —trz,yl.
Putting all this together we obtain the following;:

Lemma 5.1.3. Let z,y € PSL(2,C). The group (x,y) is irreducible if and only if the
vectors Id, X, Y, XY are linearly independent in M(C).

In particular, for a non-elementary group I, there exist x,y € I" such that 1d, X, Y, XY
are linearly independent in Ms(C).

Remark 5.1.4. In what follows, we will sometimes consider I' to be a discrete
subgroup of PSL(2, F') and sometimes a discrete subgroup of SL(2, '), where
F = R,C. In most cases, one can either project or lift, if necessary, without
affecting the reasoning. Because of that, we will often abuse notation an treat
elements of PSL(2, F') simply as matrices without explicit warning.

Another algebraic object we associate to I' is the algebra A,I" defined over its trace
field. Denote by T the preimage of I" in SL(2, C).

Definition 5.1.5. The associated quaternion algebra Ayl is defined over Q(trI') as:

7

Aol = {Z ayi | a; € Q(trT), v; € 'f} , (5.1.1)
where the sums are all finite.
This terminology is justified by the next proposition, which proves that Ayl is
indeed a quaternion algebra over Q(trI').
Proposition 5.1.6. Ayl is a quaternion algebra over Q(trI'), where I is assumed to be
non-elementary.
Proof. According to Theorem 3.3.5, we must show that AyI' is 4-dimensional,

central and simple over Q(trI).

Let g, h € I"be such that (g, h) is irreducible (Lemma 5.1.3). Consider the trace form
T on M(C) defined by T'(X,Y) = tr (XY') and note that 7" is a non-degenerate
symmetric bilinear form. Let {Id*, g*, h*, (gh)*} be the dual basis with respect to 7.
Any v € I" can thus be written as a K-linear combination of this dual basis whose
coefficients will be of the form

T(y,7) = tr (vn),
where ~; is one of the elements {Id, g, h, gh}. But tr (yy;) € Q(trI'), whence

Q(trI')[Id, g, h, gh| C AT’ C Q(trI')[Id*, g*, h*, (gh)*].
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So, Aol is 4-dimensional over Q(tr I').

If c is in the centre of Al then it is in the centre of A" ®gr) C = My(C) and
thus ¢ must be a multiple of the identity. Similarly, if I is a two-sided ideal
of Agl', then I ®g.1) C is a two-sided ideal of M;(C). Since M,(C) is simple,
I ®q(ur) C = M;(C), which implies that / has dimension 4 over Q(tr I'). O

As a consequence of the proof above, we obtain that

Corollary 5.1.7. If g and h are two elements of the subgroup I' of SL(2,R) such that
(g, h) is irreducible, then Aol is a quaternion algebra over Q(trI') and

Aol' = @(tl‘ F)[Ida g, h, gh]

Corollary 5.1.8. Let I' be a non-elementary Kleinian group with trace field K = Q(trT")
and let g be a loxodromic element of I with eigenvalue \. Then T is conjugated to a
subgroup of SL(2, K (\)).

Proof. Let g,h € PSL(2,C) be such that (g, h) is irreducible and ¢ is loxodromic.
After conjugation, we can assume the fixed points of g are 0 and oo, that is

_)\O h_ab
9= A1) “\e a)

Note that b and ¢ are both non-zero. We can normalise so that b = 1 (conjugate by
a diagonal matrix of determinant 1).

Now, ) satisfies a quadratic equation over K, so that K (\) has degree at most 2
over K. Moreover, since a + d = tr h and \a + A\~'d = tr gh are both in K, it then
follows that a, d and ¢ = ad—1 also lie in K'(\). By Corollary 5.1.7, AoI' C Ms(K(N)).
The result follows. [

Corollary 5.1.9. If I is a non-elementary subgroup of SL(2, C) such that K = Q(tr ') is
real, then I is conjugated to a subgroup of SL(2, K (\)) where K(\) C R.

Proof. This is an immediate consequence of Corollary 5.1.8. Indeed, let g be
as before. If trg is real and |trg| > 2, then ) is a real root of the polynomial
X% — (trg)X + 1. O

When the traces of I" are all algebraic integers (a situation that will arise frequently
in the future), an order of A,I" can be described in a way similar to (5.1.1):

Proposition 5.1.10. Let I be a non-elementary subgroup of SL(2, C) whose elements all
have algebraic integral traces. Then

Ol = {Z a;vi | ai € Ogr), Vi € F} :

7
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is an order in Agl.

Proof. Let K denote the field of traces Q(trI). It is immediate that O is an O-
module and a ring with unity. Moreover, it follows from Corollary 5.1.7 that OT
contains a K-basis of AyI'. So we only need to check that OT is finitely generated
as a module over O.

Let g, h € T be such that (g, k) is irreducible. As in the proof of Theorem 5.1.6,
consider the trace form 7" and let {Id*, ¢*, h*, (gh)*} be the dual basis with respect
to 7. Any v € I' can thus be written as a K-linear combination of this dual basis
whose coefficients will be of the form

T(v, i) = tr (),

where 7, is one of the elements {Id, g, h, gh}. But tr (yv;) is, by hypothesis, an
algebraic integer, which means that 0T C Ok [Id", g*, h*, (gh)*]. Let M denote the
module Ok [Id*, g*, h*, (gh)*].

Now, every element in the basis {Id", g*, h*, (gh)*} is a K-linear combination of
{Id, g, h, gh} and so it follows that, for some appropriate integer a, aM C OI'. The
quotient M /aM is finite (since O /a0 is finite). Therefore, we can pick a finite
set of representatives for the lateral classes in M/aM (that intersect OI'), such
that, together with {Id*, g*, h*, (gh)*}, they constitute a finite generating set for OI'.
(Alternatively, see Theorem 2.2.28). O

5.2 Invariant trace field and quaternion algebra

Definition 5.2.1. Two groups are said to be commensurable when their intersection
has finite index in each of them. Two subgroups I'; and I'; of (P)SL(2, C) are said
to be commensurable in the wide sense if I'y is commensurable to a conjugate of I's.

Commensurability is clearly an equivalence relation. Geometrically, it means that
two surfaces have a common finite sheeted cover (possibly of different degrees).
More precisely, let I'; and I'; be two commensurable subgroups of PSL(2, R).
Assume, for simplicity, that they are torsion-free. Then (I'y N I';)\H is a cover of
[';\H of degree [I'; : Iy NIy < 00,7 =1,2.

The trace field defined in the previous section is not a commensurability invariant.
Indeed, we have the following counter-example given in [45]:

Example 5.2.2. Let I' be the Kleinian group generated by the image of the elements

A:117B:107
0 1 —w 1
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in PSL(2, C), where w = (—1 + v/—3)/2. Note that I' is a subgroup of PSL(2, Z[w])
and the latter is discrete, since Z[w] is a discrete subring of C. Moreover, Q(tr I")
= Q(v/=3). Now, let X = (§ ) and let X be its image in PSL(2,C). Then
I' is a subgroup of index 2 in A = (I', X). However, A contains the element
XBA=(;i, _;%,,) so that, in particular, i € Q(tr A).

In order to remedy this situation, we focus on a finite index subgroup of I' whose
trace field is an invariant of the commensurability class of I'.

For the remainder of this section, assume that I' is a finitely generated non-
elementary subgroup of (P)SL(2, C).

Definition 5.2.3. Let I'® = (42 | y € T).

Proposition 5.2.4. I'® is a finite index normal subgroup of ' and T'/T? is a finite
abelian torsion group.

Proof. Let a be any element in I'. Note that o normalises the set {7? | v € I'} and
therefore I'®. This proves that I'® is normal in T. Now, given that every element
of the quotient has order two, it follows that I'/ '@ is abelian. Moreover, since I is
finitely generated, I'/T'® is finite. O

Theorem 5.2.5 (Invariance of Q(tr I'®)). The field Q(tr I'®) is an invariant of the com-
mensurability class of T', for I a finitely generated non-elementary subgroup of SL(2, C).

Proof. We begin by asserting the following claim, that says that I'® has the mini-
mal trace field among all finite index subgroups of I'. More precisely:

Claim: If T is a finite index subgroup of T then Q(tr I'®) C Q(trI'y).

Proof of claim: We may assume, without loss in generality, that I'; is a normal
subgroup of I'. Indeed, let C' = (), . 7T'17~!, which is clearly a normal subgroup
of I'. Since I'y has finite index in I', there exist 4, ..., v, such that any v € T’
may be written as v = ;7' for some 7' € I'; and some 1 < ¢ < n. In particular,
C =, vl17; ! has finite index in T.

Let v be any element in I'. We want to prove thaty? € Ayl';. Since I'; is normal, con-
jugation by v is an automorphism of I';, which, in turn, induces an automorphism
of the quaternion algebra AI';. By the Skolem-Noether Theorem (see Corollary

U= qza™! for

3.1.10), there exists an invertible element a € AyI'; such that vyx~y~
every z € Aol'y. It follows that y~'a commutes with every element of 4,T'; and,
consequently, with every element of A’y ® C = M, (C). It follows that v 'a = cId

for some complex number ¢ € C. We observe next that ¢* € Q(trI';):

¢ = det(cld) = det(y ') det(a) = det(a),
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and since a satisfies its own characteristic equation, det(a)Id = tr (a)a — a* € Ayl
and so det(a) € Q(trI'y). Then, v* = c?a~? is in Ay}, as we wanted to show.

Finally, if {72 | v € I'} is a subset of Al';, then I'® C AyT";, whence tr '® c Q(T')),
concluding the proof of the claim.

The theorem follows at once: let I" and A be commensurable groups. By transitivity,
I'® and A® are commensurable, which implies that I'® N A(?) also has finite index
both in I' and in A. From the claim we obtain

Q(trT@) c Q(tr (@ N A®Y),

where the latter is clearly a subfield of Q(tr A®). Similarly, Q(tr A®) C Q(tr '®).
[

By Corollary 5.1.7, the quaternion algebra A,I'® is generated over Q(tr I'®) with
basis {Id, g, h, gh}, for g, h in I'® satisfying certain properties. If A is commensu-
rable to T, by choosing g and h in I'® N A, we establish the following:

Corollary 5.2.6. For a finitely generated non-elementary group I' < SL(2,C), the
quaternion algebra AoT'?) is an invariant of the commensurability class of T.

These two algebraic invariants associated to a Kleinian group are central to this
study. They receive special names and notation according to the following defini-
tion:

Definition 5.2.7. The invariant trace field of I', denoted kT, is the trace field of re,
i.e., Q(tr ). The invariant quaternion algebra of T, denoted AT, is the quaternion
algebra AoI'®.

With what we already know about quaternion algebras, we can readily establish
the following:

Theorem 5.2.8. If I is a non-elementary subgroup of SL(2, C) that contains a parabolic
element, then Agl' = Mo(Q(trI)).

Proof. Let~y € I be parabolic. Its characteristic equation is v £ 2y 4 Id = 0, which
means that vy & Id is a zero divisor. The theorem then follows from Proposition
3.34. =

We shall see now some ways in which we can calculate the trace field and associ-
ated quaternion algebra of a given group I'. It turns out that one does not need all
the traces in order to determine the trace field. In fact, when I is finitely generated,
only finitely many traces are necessary. This is a consequence of the trace relations
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between elements of SL(2,C). A detailed exposition can be found in [36, §3.4].
Here we merely state the main results to be used later on.

Recall that, for any two n x n matrices X and Y, we have that tr XY = tr Y’ .X.
More generally, the trace is invariant under any cyclic permutation of the factors
of a product of matrices and, in particular, it is invariant under conjugation.

For X,Y € SL(2,C), one obtains, by direct calculation, the following identity:

tr (XY) = (tr X)(trY) — tr (XY ).

Note that making X =Y yields:
tr X% = (tr X)? — 2,

which may also be deduced from the characteristic equation of X € SL(2,C),
namely:

X2 —(tr X)X +Id=0.

It is also worth noting that, once we are working with matrices in SL(2,C), we
have that tr X = tr X .

Assume I' is finitely generated, say, by {71,...,7.}. Let @ and R denote the
following collections of elements of I':

Q={m v |1<k<n 1<i < - <i,<n}
and
R = {7is Y Vios Vs Voo Yis | 1 <0<y 1< gy <ja<m, 1 <ky <k <ks<n}.

Proposition 5.2.9 ([36, Lemma 3.5.2]). For v € T, its trace tr -y is an integer polynomial
in {trd | 6 € Q}. In particular, it follows that

Q(trI') =Q(trd |6 € Q) and Z[trT'| =Z[tro | 6 € Q]

Proposition 5.2.10 ([36, Lemma 3.5.3]). Fory € T, its trace tr -y is a rational polynomial
in {tré | 6 € R}. In particular, Q(trI') = Q(tré | § € R).

Given a finitely generated I' < SL(2, C), we may, in principle, calculate the invari-
ant trace field kI, applying the results stated above to the (also finitely generated)
group I'®. This may, however, present some technical difficulties as, for instance,
finding a generating set for I'®. Lemma 5.2.12 and Theorem 5.2.13 below are quite
useful in these situations.
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Definition 5.2.11. For I' < SL(2, C), with generators {74, ...,7,}, define the sub-
group '€ to be:

| - S

Lemma 5.2.12 ([36, Lemma 3.5.5]). For a non-elementary group I' generated by
{7V, Y}, such that tr; # 0, for i = 1,...,n, we have that kI' = Q(tr ['59).

Theorem 5.2.13 ([36, Lemma 3.5.6]). For a finitely generated non-elementary group
I' < SL(2, C), we have that

kT =Q(tr (v?) [y €T) = Q(tr?y |y € T).

We saw that AT is a quaternion algebra over £I', when I'® is a non-elementary
subgroup of SL(2, C). For the sake of completeness, we describe next the Hilbert
symbol of AT in terms of certain elements of I'?):

Proposition 5.2.14 ([36, Theorem 3.6.1]). Let g and h be elements of T'® such that g is
not parabolic and the group (g, h) is irreducible, then

tr2g — 4,tr[g, h] — 2
Al = :
< KT

Finally, we apply the previous result in order to obtain a description of AI" in terms
of elements of I instead of I'®):

Proposition 5.2.15 ([36, Theorem 3.6.2]). If g and h are elements of I" such that (g, h)
is irreducible, g and h do not have order 2 in PSL(2, C) and g is not parabolic, then

2 (402, 2,412 _
AT — (tr g (tr?g — 4), tr2g tr?h (tr [g, h) 2)) '

kI’

5.3 Arithmetic groups

5.3.1 Definition of arithmetic Kleinian and Fuchsian groups

Let K be a number field such that n = [K : Q] = r; + 2r, where r; is the number
of real places and 7, is the number of complex places of K. Denote by oy,...,0,
the n embeddings of K into C, and by v,, the valuation in K arising from the
embedding o;. For simplicity, we denote the completion of K with respect to the
valuation v,, as K,,.

We saw in Theorem 2.3.49 (see also Corollary 2.3.53) that, possibly after re-indexing
the embeddings:

ri1+ra

KogR= P K,

=1

123



where K, = R (resp. C) if 0; is a real (resp. complex) embedding. An analogous
isomorphism can be found in the non-commutative setting of algebraic groups,
through a construction known as restriction of scalars (see [36, §10.3] and references
therein).

Heuristically, if we think of A = (%) as an algebraic group defined over K (since
a,b € K), the R-rational points of the group obtained from A by restriction of
scalars should be isomorphic to the direct sum of <%;l(b)>, 1=1,...,r1 +ro.
Recall that a quaternion algebra over C is necessarily split and a quaternion algebra
over R is either isomorphic to M,(R) or to the Hamilton quaternions %. So, in
this case, it is reasonable to assume that A ®g R should be isomorphic to a direct
sum of factors # (as many as the real places of K over which A is ramified), as
well as factors M(R) and M,(C). This is indeed the case, as we see next. In the
reference given below, the proof is straightforward and makes no use of restriction

of scalars.

Theorem 5.3.1. If A is a quaternion algebra over the number field K, that is ramified
over s; real places, then

A®gR =2 I @ My(R)® =50 @ My(C)®2, (5.3.1)

where E™ denotes the direct sum of m copies of E.
Proof. [36, Theorem 8.1.1]. ]

Assume that A is unramified at at least one place in V. By considering the
projection of the right side of (5.3.1) onto its non-compact factors, we obtain an
embedding

VA= P MK (5.3.2)

vEVoo \Ramoo (A)

The composition of the isomorphism (5.3.1) with the projection onto the ith factor
gives an embedding p; of A into A; = %, M>(R) or M5(C), extending the embed-
ding o;, that preserves the trace and the norm of A. This means that, for a € 4,
n,(pi(a)) = pi(n(e)) = o;(n(a)) and, similarly, tr;(p;(a)) = o;(tr(e)). In particular,
the elements of A' = {a € A | n(«) = 1} are mapped by ¢ into the elements whose
coordinates are matrices in M;(K,) with determinant 1:

p:A'» P SL(2,K,)

vE Voo \Rameo (A)

The following is a theorem of vital importance for the definition of arithmetic
groups. Its proof relies on deeper tools that are beyond the scope of this thesis.
Items (1) and (2) can be seen as a version of the famous Borel-Harish-Chandra
Theorem in this specific setting.
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Theorem 5.3.2. Let A be a quaternion algebra which is unramified at at least one infinite
place. Let O be an order in A and denote by 6" the elements of norm 1 in ©. Then the
embedding 1) given in (5.3.2) is such that:

1. ¢(0") is discrete and of finite covolume in @y, \ram..(a) SL(2, Ky);
2. (0") is cocompact if A is a division algebra;

3. If T # 0 is a proper subset of V., \ Ramy,(A), then )(0O') projects to a dense set in
@’UGT SL(27 KU)

Proof. [36, Theorem 8.1.2]. H

Remark 5.3.3. Note that the group ¢(0') acts on a product of copies of H? and
H?* which have a natural volume form arising from the area/volume forms of its
factors. Therefore, for ¢)(0') to be of finite covolume simply means that it admits a
fundamental domain of finite volume.

Now we are finally ready to define arithmetic Kleinian and Fuchsian groups:

Definition 5.3.4 (Arithmetic Kleinian group). Let K be a number field with one
complex place and let A be a quaternion algebra over K which is ramified at all
real places of K. Let p be an embedding of A into M,(C) and let 6 be an order of A.
A subgroup I' of SL(2, C) is an arithmetic Kleinian group if there exist p and O as
above such that I is commensurable to p(6'). Similarly, a subgroup of PSL(2, C)
shall be called arithmetic when it is commensurable to Pp(6%).

The quotient I'\H? is said to be arithmetic when I' is an arithmetic Kleinian group.

If o' : A — M,(C) is any other embedding, it follows from the Skolem-Noether
Theorem that p and p’ differ by a conjugation by an element of GL(2, C). For this
reason, if I' is arithmetic, we may very well consider p to be the embedding 1
givenin (5.3.2).

Note also that being arithmetic is independent of the order 0. Indeed, if 9 is any
other order, then © N9 is also an order. By Theorem 5.3.2 (1), both p((6 N2)') and
p(21) are cofinite, so p((0 N D)!) has finite index in p(2'). Likewise, p((6 N D))
has finite index in p(6'), which means that p(6') and p(2') are commensurable.

Analogously, there is a definition for the case of Fuchsian groups. Recall that a
totally real number field K, is one for which every Galois embedding o : K — C
has its image o(K) lying in R.

Definition 5.3.5 (Arithmetic Fuchsian group). Let K be a totally real number field
and let A be a quaternion algebra over K which is ramified at all real places of
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K but one. Let p be an embedding of A into M>(R) and let © be an order of A. A
subgroup I' of SL(2, R) is an arithmetic Fuchsian group if there exist p and O as
above such that I" is commensurable to p(6'). Similarly, a subgroup of PSL(2, R)
shall be called arithmetic when it is commensurable to Pp(01).

A hyperbolic 2-orbifold (in particular, a hyperbolic surface) I'\H? is said to be
arithmetic when I is an arithmetic Fuchsian group.

Again this is independent of the embedding p and of the choice of the order 0.
Note that we can always assume that p is unramified at the identity ¢ : K’ — C.

Remark 5.3.6. More generally, for a connected semi-simple algebraic group G
defined over Q, a subgroup I' of the Q-rational points G(Q) is said to be arithmetic
if there exists an embedding p : G — GL,, defined over Q, such that p(I') is
commensurable to the integral points p(G)(Z).

The arithmetic subgroups of PGL;, according to this definition, are precisely the
Kleinian and Fuchsian groups given by definitions 5.3.4 and 5.3.5. For more details,
see [36, §10.3] and the references therein.

5.3.2 Takeuchi’s characterisation

Theorem 5.3.7. Let A be a quaternion algebra over the number field k and p a k-embedding
of Ainto My(C). If I is an arithmetic Kleinian (or Fuchsian) group commensurable with
p(O1), where O is an order in A, then kU = k and AT = p(A).

Proof. Commensurability implies that k' = kp(6'). Now, for every element z in
A, one has that tr p(z) = tr(z) € k, so then kI' C k. We claim that equality holds.
Let us assume that for the moment and finish the argument.

Pick g, h € T® N p(6) such that (g, h) is irreducible. From the characterisation of
the associated quaternion algebra given in Corollary 5.1.7, we see that A,(I'®) C
Ao(p(6h)). Also, as the trace set of p(6') is contained in k, we have that Ay(p(6')) C
p(A). These inclusions put together show that A" C p(A) are two quaternion
algebras over k, whence they must be equal.

Going back to the the equality k' = k, we divide the proof in two cases.

Case 1: When I is an arithmetic Kleinian group, the field k has only one complex
place. Then every proper subfield of £ must be totally real. Since kI' cannot be
real (otherwise I' would be conjugate to a subgroup of PSL(2, R) and could not
possibly have finite covolume acting on H?), it follows that kT" = k.

Case 2: When I' is an arithmetic Fuchsian group, k is a totally real field and A
is ramified at every real place of k different from the identity. This means that
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op = Id : k — R extends to a k-embedding p : A — M,(R), while every other
ok —=R,i=2,... n,extends to an embedding p, : A — #.

Suppose kp(0') is a proper subfield of k. Then there must be a non-trivial em-
bedding o; that restricts to the identity on kp(0'). Now, o;(tr(6")) = tr(p;(6")) C
tr(#') C [-2,2]. Since tr(0Y)® = tr(p(6')?), applying o; on both sides yields
tr(p(0Y)@) C [~2,2]. But this means that no element of p(6!)®? is hyperbolic,
which cannot be the case for a non-elementary Fuchsian group. This contradiction
proves that kp(6') = k, and therefore that k" = k. O

Theorem 5.3.8 (Characterisation of arithmetic Kleinian groups). A cofinite Kleinian
group I is arithmetic if and only if it satisfies the following three conditions:

1. kI is a number field with exactly one complex place;
2. For every v € T, tr vy is an algebraic integer;

3. AT is ramified at all real places of kT

Proof. If T is arithmetic, then it is commensurable to some p(6') where 0 is an
order in a quaternion algebra A over k, both satisfying the conditions in (1) and (3),
and p : A — M,(C) is a k-embedding. From Theorem 5.3.7, it follows that £I" and
AT also satisfy these two conditions. Moreover, every x € O is an integer (of A)
and therefore tr z is an integer of k (see Proposition 2.2.28). Since the trace of p(z)
equals the reduced trace of x, every element of p(0') has integral trace. For any
v € T, there exists an integer m such that ™ € p(6') and so tr (y™) is an algebraic
integer. Note that tr (y) = p(try), where p is a monic polynomial with integral
coefficients. It then follows that tr+ is also an algebraic integer.

Conversely, assume that I' is a cofinite Kleinian group satisfying conditions (1)-(3).
In this case, (5.3.1) gives an isomorphism between AI'®gR and My (C)eZ &- - -@#,
which, in turn, induces a kI'-homomorphism p : AI' — M,(C). Note that AT C
M,(C), so that, by the Skolem-Noether Theorem, there exists g € GL(2,R) for
which p(z) = gxg~! for all z € ATl. In particular, for any v € I'®, we have that
v = g~ p(7)g. If n denotes the reduced norm in AT, then it follows that

1 = det(y) = det(p(7)) = n(7). (5.3.3)

Recall that 0T = {Zl a7y | a; € Ogr, ;i € F(Q)} is an order of AI', according to
Proposition 5.1.10. Moreover, it follows from (5.3.3) that I'® C (OI')!. So, in
particular, I'® C g~'p((0T)')g. Now, by Theorem 5.3.2, we know that p((OT')!)
has finite covolume. The group I'® also has finite covolume since it is a finite
index subgroup of the cofinite group I (note that for I'® to have finite index in
I' it is necessary to assume that I' is finitely generated, which is the case since it
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is cofinite). Denote by p the kI-homomorphism of AI' into M,(C) obtained by
composing p with conjugation by g~*. Finite covolume then implies that I'® is a
finite index subgroup of 5((6I')!). The latter is therefore commensurable with T',
which is hence, by definition, arithmetic. ]

Definition 5.3.9. A Kleinian (resp. Fuchsian) group I' is said to be derived from
a quaternion algebra if it is a finite index subgroup of (P)p(6') for some order 6
in a quaternion algebra A over a number field k such that £ has precisely one
complex place and A is ramified over all of its real places (resp. k is totally real
and A ramifies at every real place except one).

It follows from the last paragraph in the proof of Theorem 5.3.8 that every arith-
metic Kleinian group is virtually derived from a quaternion algebra. More pre-
cisely:

Corollary 5.3.10. A cofinite Kleinian group T is arithmetic if and only if T'% is derived
from a quaternion algebra.

A completely analogous characterisation of arithmetic Fuchsian groups is available
with the same proof, mutatis mutandis.

Theorem 5.3.11 (Characterisation of arithmetic Fuchsian groups). A cofinite Fuch-
sian group I is arithmetic if and only if it satisfies the following three conditions:

1. kU is a totally real number field;
2. Forevery v € I, tr vy is an algebraic integer;

3. AT is ramified at all real places of kI" except one.

Similarly, it follows that a cofinite arithmetic Fuchsian group I' is arithmetic if and
only if I'® is derived from a quaternion algebra.

A characterisation of arithmetic Fuchsian groups was originally provided by K.
Takeuchi in 1975, solely in terms of the invariant trace field of the group. We
state a version of his theorem below, which will be the starting point for the
definition of semi-arithmeticity (see Definition 5.4.3). Some bits of the argument
have already appeared in this subsection, so we sketch the rest of the proof relying
on Theorem 5.3.11. It is worth noting that an analogous characterisation also holds
for arithmetic Kleinian groups.

Theorem 5.3.12 (Takeuchi, [50]). A Fuchsian group I is arithmetic if and only it satisfies
the following two conditions:

1. kT is an algebraic number field and tr I'® c Gyr;
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2. If ¢ : kI — C is any Galois embedding different from the identity then ¢(tr T') is
bounded in C.

Sketch of Proof. 1f I is arithmetic, then (1) and (2) follow from Theorem 5.3.11.

To prove the sufficiency of (1) and (2), we start by pointing out again that the
invariant trace field of I'® coincides with its trace field. Since I'® arithmetic
implies I" arithmetic, we may assume without loss in generality that I' is a Fuchsian
group for which Q(trI') = kI' =: k. Let us do so.

We note that conditions (1) and (2) together imply that kI is totally real. Indeed,
let v € I' have eigenvalues A and 1/\. Suppose o : k — C is a Galois embedding
different from the identity and extend it to an embedding ¢ : k(A) — C. Then
lo(tr (™) = |6(A\)™ + 1/5(A\)™|. If |6(A)| # 1, then clearly |o(tr (7™))| goes to
infinity as m goes to infinity, contradicting condition (2). It then follows that
1 -
ot (7)) = 50 + =735 = 5(3) +5(3) = 2Re(5(N) € [-2.2),

which, in particular, implies that o(tr ) is real for every Galois embedding ¢ and
every v € I'.

Next, we will argue that AI' is ramified at all infinite places of k different from the
identity, and then the theorem will follow from Theorem 5.3.11.

As in the proof of Corollary 5.1.8, let g and & be two elements of I' generating an
irreducible subgroup, and conjugate so that

:)\0’ h:al’
0 X! c d

Let K = k()). Since a + d and Aa + A~'d both lie in k = Q(tr '), a quick calculation
shows that d = n(a), where  : K — K is the nontrivial automorphism of K | k,

where \? # 1 and ¢ # 0.

sending A to A~!. For this, one needs to argue that K is a proper extension of
k. This is clear when £ is a proper extension of QQ (see the comments after (5.3.5)
below) and, for k = Q, notice that ) is a root of X2 — tr g + 1, which is irreducible
over QQ since tr g is, in this case, a rational integer greater than 2. Having said that,
we recall that AI" can be expressed as k[Id, g, h, gh|, whence

A B
AT = { (CH(B) n(A)> | A,B e K} . (5.3.4)



Let 0 : k — C be a Galois embedding different from the identity and extend it to
an embedding & from K = k() into C. We note that 5(c) < 0:
g(A""d) = a(A"a) + an(A™a) =

_|_
- (5.3.5)
_l’_

o(tr(g™h)) = a(\"a)
"a) + a(Ama) = 2Re(a(N) ™6 (a)).

= 5(\"a)

where the second to last equality follows from the fact that 7 o 7 is the same as &
composed with complex conjugation (indeed, by assuming that o is nontrivial, we
are tacitly assuming that & is a proper extension of Q, in which case |o(trg)| < 2,
so that 6(\) and 67(\) are complex roots of the real polynomial X? — o (tr g) X + 1,
and thus complex-conjugates). Now, () is not a root of unity, so {a(\)™ | m €
Z} is dense in the unit circle, and then (5.3.5) together with continuity and our
hypothesis on o implies that 2Re(z6(a)) < 2 for any z € C of norm 1. In particular,
|6(a)| < 1. Finally, since ¢ = ad — 1 and d = 7(a), applying & to both sides yields
g(c) =|o(a)* —1<0. Asc # 0, we get 5(c) < 0.

Leto;, : £k — C,i = 2,...,n be any of the nontrivial Galois embeddings of %,
and extend each of these to a k-homomorphism p; : AI' = M,(K) obtained by
applying g, to the coordinates of the elements of AI’, as in (5.3.4). We then obtain

that
A B
(AT @, R = _ 2)1A,Bect.

The quaternion algebra on the right admits the following standard basis:

10 i 0 0 1 0 i
12(0 1)’ I:(o —i)’ ‘]:(}(c) 0)’ IJ:(—@-(C)@' 0)’

—1,65(c)

so its Hilbert symbol can be written as ( = >, which is isomorphic to # since
di(c) < 0, as we had established before. O

We conclude this section by showing that the invariant trace field and invari-
ant quaternion algebras are complete commensurability invariants of a cofinite
arithmetic Kleinian or Fuchsian group.

Theorem 5.3.13 (Complete Commensurability Invariants). Let I'y and I'y be cofinite
arithmetic Kleinian (resp. Fuchsian) subgroups of PSL(2, C) (resp. PSL(2,R)). Then I'y
and I'y are commensurable in the wide sense in PSL(2, C) (resp. PSL(2,R)) if and only if
kT'y = kI'y = k and there exists a k-algebra isomorphism between AI'y and AT's.

Proof. Let I'y and I'y; be commensurable in the wide sense, so there exists g €
SL(2, C) such that gI';g~! and I'y are commensurable. This implies, as we know,
that A(gI'y¢g~") and AT'; are the same. Now the map taking Y, a;v; to >, a;(gvg™"),
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where a; € kI'y = kI'y = kand v; € F?), is clearly a k-isomorphism between AI'y

and A(gT g7 ') = ATl,.

Conversely, let ¢ : AI'y — Al'y be a k-isomorphism of algebras, where k = kI'; =
kI';. We want to prove commensurability in the wide sense of I'y and I',. By
transitivity, this is equivalent to commensurability in the wide sense of r'® and
I'”. The invariant trace field and quaternion algebra of these subgroups are
the same as before. There is, though, the additional benefit that the trace field
of FZ@) coincides with its invariant trace field (this follows from the invariance
under commensurability). Therefore we may assume from the beginning that
the trace field of I';, i = 1,2, coincides with its invariant trace field, i.e., that

k=Q(trT1) = Q(tr Ty).

From Corollaries 5.1.8 and 5.1.9, there exists a finite field extension K | k (a
finite real extension, in the case of Fuchsian groups) such that, up to conjugation,
I'y < PSL(2, K). Assume, then, without loss in generality, that I'; is in fact a
subgroup of SL(2, K'), in which case, the invariant quaternion algebra AI'; is a
subalgebra of M, (K). Considering then ¢ as a k-algebra homomorphism from AT’y
into M, (K'), we can apply the Skolem-Noether Theorem and obtain an invertible
element g € SL(2, K) (after normalising it), such that ¢(z) = gzg~' for any z €
AT';. Now, as in the proof of Theorem 5.3.8, each 0T} is commensurable with T';,
i = 1, 2. Since ¢ preserves norm, it follows, in particular, that ¢(0T;)! = ¢(OT'}) is
commensurable with ¢(I';). Note also that the unit subgroups 6T’} and ¢(OT';)*
are commensurable (see Theorem 5.3.2). Putting all these together, we find that I',
is commensurable with ¢(I';), and the latter is but gI"'; g~

]

5.4 Semi-arithmetic Fuchsian groups

5.4.1 Fuchsian groups with prescribed algebraic data

In this subsection we address the inverse problem of, given the quaternion algebra
A over a number field k, finding a Fuchsian group with invariant trace field £ and
invariant quaternion algebra A.

Using their work on the Ehrenpreis Conjecture, J. Kahn and V. Markovic proved
the following theorem:

Theorem 5.4.1 (Kahn-Markovic, [27]). Let K be a real number field and let A be a
quaternion algebra over K that splits over the identity and such that A 2 My(R). Then
there exists a cocompact Fuchsian group I such that kI' = K and A" = A.
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Moreover, in the construction of Theorem 5.4.1, the group I realising A and K
has integral traces, i.e., trI" is composed by algebraic integers. There is no control,
however, over the genus of I'. If we fix a genus g > 2, it is still possible to realise
quaternion algebras as before, though perhaps not with integral traces. This was
proved by B. Jeon in [25]:

Theorem 5.4.2. Let K be a real number field and let A be a quaternion algebra over K
that splits over the identity and such that A % My(R). Then, for any g > 2, there exists a
cocompact surface group I" of genus g such that kI’ = K and Al = A.

5.4.2 Definition of semi-arithmetic groups

Given the characterisation in Theorem 5.3.12, one possible way to define a class
of Fuchsian groups larger than that of arithmetic groups is to simply waive the
hypothesis on the boundedness of ¢(tr I'®). Note, however, that conditions (1)
and (2) together imply that kI is totally real. This property is retained in the
following definition:

Definition 5.4.3 ([49]). A cofinite Fuchsian group I' is said to be semi-arithmetic
when kI' = Q(tr ') is a totally real number field and tr '® C Oy

Equivalently, it follows from elementary trace relations that I" is semi-arithmetic if
kT is a totally real number field and, for every v € I', try is an algebraic integer.

As per usual, we say that a hyperbolic surface (or hyperbolic 2-orbifold) S is
semi-arithmetic when S = I'\H where I' < PSL(2, R) is semi-arithmetic.

We gather below the first examples of semi-arithmetic Fuchsian groups. Example
5.4.6 is going to be of particular importance in the proof of the main results.

Example 5.4.4 (Arithmetic groups). Every arithmetic Fuchsian group is, of course,
a semi-arithmetic group.

Example 5.4.5 (Triangle groups). Let I' be a triangle group (see Example 4.3.22),
i.e., a Fuchsian group generated by three elements 77, 15, T; satisfying:

" =Ty =T, = T\/ToTs = 1d,

where the integers m, n,l are such that2 < m,n,l <ococand 1/m+1/m+1/l <1
(if an integer equals oo it means that the corresponding 7; is parabolic).

Using Proposition 5.2.9, an explicit description of the (invariant) trace field and
quaternion algebra of I' can be given. In [51], Takeuchi shows that:

T T T
QtrI) =Q <cos - CO8 —, CO8 7) ,
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and

trI' =72 2(:081,2(:osz,2(:osZ .
m n [

In particular, kI is totally real, as a subfield of Q(trI'), and the trace of any element
of I is an algebraic integer. Therefore, every triangle groups is semi-arithmetic.

Furthermore, Takeuchi’s characterisation of arithmetic Fuchsian groups (see Theo-
rem 5.3.12) gives a criterion to determine whether triangle groups are arithmetic.
It turns out that only 85 triangle groups are arithmetic, as listed in [51]. Since there
are infinitely many triangle groups, one obtains in this way an infinite family of
strictly semi-arithmetic groups, i.e., non-arithmetic semi-arithmetic groups.

Example 5.4.6 (Trirectangle). The trirectangle is a geodesic quadrilateral with three
right angles and one acute angle . Let @ be a trirectangle with acute angle ¢ = /3
and vertices labeled F7,. .., Fy,, as shown in Figure 5.1.

Figure 5.1: Trirectangle

Consider the abstract group

A={(s1,....,80 |87 =53 =s5=25]=251--5,=1). (5.4.1)

Let 04, 05, 03, 04 denote the reflections across the geodesic lines supporting, respec-
tively, the sides F\ I, FyF5, F3F,, FyF;, and let R(@) be the group of isometries
of H generated by these reflections. According to Example 4.3.22, the index 2
subgroup of orientation-preserving isometries is a Fuchsian group with presenta-
tion given by (5.4.1). Moreover, the product of any two reflections across adjacent
sides of @ gives an elliptic element in PSL(2, R) fixing the intersection point be-
tween the respective sides. In particular, the isometries defined by S; = 00,41
for j = 1,2,3,4 (where indices are taken modulo 4) are elliptic isometries fixing
the vertex F;, and the map po : A — PSL(2,R) given by pg(s;) = S;, i = 1,2, 3,4,
induces an injective homomorphism onto the Fuchsian group in question.
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The length a can be arbitrarily chosen while keeping the angle 7/3 fixed. Fur-
thermore, this length determines the other three sides of the trirectangle (see [8,
Theorem 2.3.1]). Thus, we associate to each positive a a trirectangle @,, uniquely
determined up to isometry. The key fact is that the trace of the elements 5,5, (in-
dices mod 4) are given in terms of the lengths of the sides of @, which, in turn, are
a function of a. So the idea is to select this length in such a way that the resulting
group pg, (A) < PSL(2, R) will be semi-arithmetic. As we shall see later in more
detail (Theorem 6.1.2), this is not only possible, but there is actually a dense set

of parameters in [0, +00) from where we can pick a and obtain a semi-arithmetic

group pg, (A).

Arithmetic Fuchsian groups were defined from quaternion algebras (Definition
5.3.9) and then characterised in terms of their invariant trace field (Theorem
5.3.12). Semi-arithmetic Fuchsian groups, on the other hand, were defined based
on properties of their invariant trace field, and now we characterise them in the
language of quaternion algebras.

In the proof of Theorem 5.3.12 we observed that the real places of £I' at which AT’
is ramified are precisely those that map tr (I'®) to a bounded set. Which indicates
that, in order to define semi-arithmetic Fuchsian groups from quaternion algebras,
we must allow algebras that are split at multiple infinite real places.

Let A be a quaternion algebra defined over the totally real number field & of
degree n. Denote by 0, = id,09,...,0, the embeddings of k into R at which
A is split, and extend them to embeddings pi, ..., p, of A into My(R). Let O
be an order of A. From Theorem 5.3.2, we know that the k-homomorphism
p: A= My(R) X -+ x My(R) defined by = — (p1(z),...p.(z)) maps O' onto a
cofinite discrete subgroup p(6') of SL(2,R) x - - - x SL(2, R). In particular, it follows
that p(0') acts on (H)" by componentwise Mdbius transformations.

Definition 5.4.7. We say a subgroup A of (P)SL(2, R) is an arithmetic group acting
on (H)" if it is commensurable to some (P)p;(0') as above. A finite index subgroup
of (P)p1(0") is said to be derived from a quaternion algebra (cf. Definition 5.3.9).

A subgroup G of a group derived from a quaternion algebra, then acts on (H)" as
follows: for g = p1(x) € G,

g (21,5 20) = (p1(@) 21, ..., pr(T) 21).

Note that, when r = 1, A is just an arithmetic Fuchsian group. If » > 1, on the
other hand, then it follows from Theorem 5.3.2 that A is dense in SL(2, R).

Now, the traces of elements of p;(0'), being the reduced traces of elements of 6",
are, in particular, algebraic integers of k. Let S be any subgroup of an arithmetic
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group A acting on (H)". Since the invariant trace field and the property of having
integral traces are both commensurability invariants, it follows that k.S is totally
real and that every trace in tr S is an algebraic integer. In other words, if S is
a Fuchsian group, then S is semi-arithmetic. This is a characterisation of semi-
arithmetic Fuchsian groups, as the next theorem shows:

Theorem 5.4.8 ([49]). A cofinite Fuchsian group I is semi-arithmetic if and only if T is
commensurable to a subgroup S of an arithmetic group A acting on (H?)".

Proof. Sufficiency was just established above. Now suppose I' is a semi-arithmetic
Fuchsian group. We know that AI' is a quaternion algebra over kI' and, since
trI'® is contained in the ring of algebraic integers, it follows from Proposition
5.1.10 that O = {ZZ a7 | a; € Oyr,y € F(Z)} is an order in AI'. Furthermore,
the reduced norm of an element v of I'® equals to dety = 1, which means that
I'® is a subgroup of OT''. Since the inclusion of AT in M(R) is an embedding
extending the identity embedding of k into R, we find that T'® is the subgroup of
the arithmetic group OT'! acting on (H?)", and I is commensurable to T'®. O

Remark 5.4.9. When arithmetic subgroups of PSL(2,R) and PSL(2, C) were de-
fined, being discrete and cofinite came as a consequence of Theorem 5.3.2. In the
discussion above, we can see that discreteness and finite covolume does not al-
ways hold for subgroups of an arithmetic group acting on (H?)". Therefore, when
defining semi-arithmetic groups, we must explicitly require them to be Fuchsian
groups.

5.4.3 Properties of semi-arithmetic groups

In this subsection, we present some properties of semi-arithmetic Fuchsian groups
that were studied in recent research ([13], [14], [21], [31] and [49]). In the course of
this exposition, we also introduce the special subclass of semi-arithmetic groups
admitting modular embedding. The lettered theorems indicate the original contri-
butions of the present thesis. Chapter 6 will be devoted to proving Theorems A
and B.

Congruence subgroups and systolic growth

Consider a quaternion algebra A over the totally real number field k, splitting
over the identity embedding k£ — C, which gives the embedding of k-algebras
p1: A — My(R). Let O be a maximal order of A. In particular, p(0') C SL(2,R).
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For any ideal a C Ok, theseta -0 = {}_; ajw; | a; € a,w; € O} is an ideal of the
ring O. The principal congruence subgroup of ©* of level a is defined by

O0'(a)={z €0" |2 —1¢€ ab}.

We refer to [31] for a proof that 6'(a) is a normal subgroup of 6" of finite index.

Now let I' < PSL(2, R) be a semi-arithmetic Fuchsian group and denote by T its
preimage in SL(2,R). According to Theorem 5.4.8, there exist A, k, p; and O as
above such that Pp;(6") contains I'®. For an ideal a of ), we define:

Definition 5.4.10. The principal congruence subgroup I'(a) of level a of I is the
projection on PSL(2, R) of the intersection T N p(6(a)). A congruence subgroup of T
is any subgroup containing a principal congruence subgroup.

Moreover, I'(a) is a finite index subgroup of I'. Indeed, the natural map

L@ /1®(a) = Pp(6")/Pp(0' (),
is well-defined and injective. The quotient on the right-hand side is finite, so
I'®(a) has finite index in I'® and hence in T'. Since, I'® (a) < I'(a) < I it follows
that [I" : I'(a)] < oo.
Note that if I' is taken to be arithmetic, we can define congruence subgroups in the
same way. As a matter of fact, if the algebra A in the above discussion is ramified

over every non-trivial place of &, then any Fuchsian group that contains p;(0*(a))
as a finite index subgroup is automatically (discrete and) arithmetic.

Let S = I'\H?, where I is a torsion-free arithmetic group with trace field Q. P. Buser
and P. Sarnak showed in [9] that the principal congruence coverings S,,, = I'(m)\H of
S satisfy the following logarithmic systolic growth:

sys(Si) > 5 o(9(S,) — ¢

where ¢(5,,) denotes the genus of S,,, I'(m) denotes the principal congruence
subgroup of level (m) C Z and c is a constant independent of m.

In [29], M. Katz, M. Schaps and U. Vishne extended this result to congruence
coverings of any closed arithmetic Riemann surface.

Remark 5.4.11. For any closed Riemann surface S, a simple geometric argument
gives that:

sys(S) < 2log(g(S)) + A,

where A is independent of S. In particular, it follows from the results discussed
above that this logarithmic upper bound is optimal (up to the constants for arith-
metic Riemann surfaces).
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In [14], C. Doéria shows that, for semi-arithmetic orbifolds, there also exists a
sequence of congruence coverings with logarithmic systolic growth:

Theorem 5.4.12 ([14, Theorem 4.2]). Let I' < PSL(2, R) be a cocompact semi-arithmetic
Fuchsian group and let k be its invariant trace field. Then, for infinitely many prime ideals
p C Oy, the corresponding principal congruence subgroups I'(p) < I are torsion-free and
the closed Riemann surfaces S, = I'(p)\H satisfy

SYS(SP) = Clog(g(Sp)) -G

where C' > 0, c € R are constants that do not depend on p and g(S,) denotes the genus of
Sp-

The multiplicative constant can be made explicit if one requires I" to be in a more
restrictive class of semi-arithmetic groups, which we introduce next.

Groups addmitting modular embedding

Definition 5.4.13 (Groups admitting modular embedding). Let I' < PSL(2,R) be
a cofinite Fuchsian group such that I is contained in an arithmetic group A acting
on (H)" (in fact, assume for simplicity that A is derived from a quaternion algebra
as in Definition 5.4.7) and there exists an equivariant holomorphic embedding
F :H — (H)", i.e., a holomorphic embedding F satisfying

F(yz) = - F(2),

for all z € Hand all v € I. In this case, we say that I admits a modular embedding.

Note that a group admitting modular embedding is, in particular, semi-arithmetic.

In [13], P. Cohen and J. Wolfart proved that all triangle groups admit modular em-
bedding. In [49], Schaller and Wolfart describe infinite families of semi-arithmetic
groups not admitting modular embedding by generating Fuchsian reflection
groups from certain trirectangles and hyperbolic pentagons. In fact, they raise the
question (see [49, Problem 1]) as to whether the only groups admitting modular
embedding are arithmetic groups and finite index subgroups of triangle groups.
R. Kucharczyk answered this question negatively in [31] by pointing out that some
Veech groups are neither triangular nor arithmetic even though they do admit
modular embedding. These examples are non-cocompact and it appears that the
question remains open for cocompact semi-arithmetic groups admitting modular
embedding.

Furthermore, Déria proved the following version of Theorem 5.4.12 for the case of
surface-groups admitting modular embedding;:
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Theorem 5.4.14 ([14, Theorem 1.5]). If S = I'\H is a semi-arithmetic Riemann surface
such that I admits modular embedding (acting on (H)"), then S admits a sequence of
congruence coverings S; — S of degree arbitrarily large satisfying

sy8(S0) > = Toa(g(50) — ¢

where the constant c does not depend on the i.

Note that, for arithmetic surfaces, r = 1 and the multiplicative constant given
above reduces to the one previously known from [9] and [29].

Rigidity of semi-arithmetic groups

The famous Rigidity Theorem due to Mostow (cocompact case) and Prasad (non-
cocompact case) states that an abstract isomorphism between two cofinite sub-
groups of PSL(2, C) must extend to a conjugation of PSL(2, C). It also holds in
the isometry groups of higher dimensional hyperbolic spaces. In dimension 2,
however, the absence of such rigidity is exactly what enables the rich theory of
Teichmuiller spaces.

Surprisingly, for semi-arithmetic Fuchsian groups admitting modular embed-
dings, Kucharczyk proves that there exists some rigidity, as long as the abstract

isomorphism satisfies certain conditions:

Theorem 5.4.15 ([31, Theorem Al]). Let 'y, T’y < PSL(2,R) be two semi-arithmetic
Fuchsian groups which virtually admit modular embeddings (i.e., they each contain a finite
index subgroup admitting modular embedding) and let f : I'y — 'y be an isomorphism of
abstract groups such that, for every subgroup A < I'y of finite index, A is a congruence
subgroup if and only if f(A) is a congruence subgroup.

Then f is a conjugation by some element a € PGL(2,R). In particular, Ty = al'ya™.

Thinness

In [21], S. Geninska describes the limit set of semi-arithmetic groups when acting
on (H)". More generally, in [22], Geninska further investigates the limit set of
infinite covolume subgroups of irreducible arithmetic lattices of PSL(2,C)? x
PSL(2,R)". The results therein are beyond the scope of this thesis. We briefly
point out here that strictly semi-arithmetic groups are thin when embedded in
the appropriate ambient group ([31, Corollary 7.2]). Indeed, let I" be a strictly
semi-arithmetic group with invariant trace field £ = kI' and invariant quaternion
algebra A = AT. In the notation of the proof of Theorem 5.4.8, the group OT" is
derived from a quaternion algebra. The embedding p : 6I'' — SL(2,R)", r > 2,
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descends to an embedding of POT into PSL(2,R)" (which we shall also denote by
p). Note that I'® is a non-elementary subgroup of POT''. Moreover, k = Q(tr ')
coincides with the invariant trace field of POT", by construction. It then follows
from [21, Corollary 2.2] that the group p(I'?) is Zariski-dense in PSL(2,R)". On
the other hand, we know I'® to be of infinite covolume in PSL(2,R)" since it is
non-arithmetic (r > 2), proving that p(I'?) is thin.

Remark 5.4.16. Strictly speaking, we have not proved that I' is a thin subgroup of
PSL(2,R)" (or even a subgroup, for that matter). We leave this discussion slightly
informal and simply mention that p may be extended to an embedding of I" into
PSL(2,R)", although we shall not pursue this any further in here.

Semi-arithmetic points of Teichmiiller spaces

It has been observed before that a finite index subgroup I" < I' has integral
traces if and only if I' does. Since the invariant trace field is invariant under
commensurability, it follows from the definitions that being (semi-)arithmetic is
invariant under commensurability. It is also clearly invariant under conjugation,
and hence it is invariant under commensurability in the wide sense.

In particular, if ¢ € R(I") is a representation (see §§4.3.4) such that ¢(I") is an
arithmetic (resp. a semi-arithmetic) Fuchsian group, then this is also true for every
representation of I' that is equivalent to ¢ under the action of PGL(2, R) on R(I")
by conjugation. It thus makes sense to say that the point [¢] in the Teichmiiller
space Teich(I") is arithmetic (resp. semi-arithmetic).

In [7, Theorem 8.2], A. Borel proves that, for each C' > 0, there are at most finitely
many groups I'1, . .., ') in PSL(2, R) such that any arithmetic group in PSL(2, R)
with coarea < C'is conjugate to one of the I';, 1 < i < n(C). In particular, there are
at most finitely many arithmetic points in each Teichmiiller space. The situation is
drastically different for semi-arithmetic points, as will become clear from Theorem
A below.

Given a closed topological surface S, of genus g > 2 and a homotopically nontrival
closed curve a C S,, we define the corresponding length function ¢, : T, — R,
that associates to each Riemann surface X in T, the length ¢,(X) of the unique
closed geodesic on X freely homotopic to a. Recall that T, is the space of all
equivalence classes of marked Riemann surfaces of genus g or, equivalently, the
space hyperbolic metrics on S, up to isometries isotopic to the identity (see Remark
4.3.25). We then have the following result:

Theorem A. For any g > 2 there exists a length function ¢, : T, — R such that

{la(S) | S € T, is semi-arithmetic}

139



is dense on the set of positive real numbers.

Recall that the systole of a closed hyperbolic surface S, denoted sys(.5), is defined
to be the minimum length of a closed geodesic on S. Note that sys(S) > 0.

It follows immediately from Theorem A that, for any genus ¢g > 2, one can find
a sequence of closed semi-arithmetic surfaces of genus g with systole approach-
ing 0. In particular, there are infinitely many semi-arithmetic surfaces in every
Teichmiiller space T,.

In fact, if we let the genus vary, the set of systoles of semi-arithmetic surfaces is
dense in the real line. Indeed, in [14, Theorem 1.2], the following result is proved:

Theorem 5.4.17. The set {sys(S) | S is a closed semi-arithmetic Riemann surface} is
dense in the positive real numbers.

Remark 5.4.18. The Teichmtuiller space Teich(I") is known to be parametrised by
finitely many trace functions (see, for example, [40], [41], [43]). More precisely, let
v € I' and define the trace function tr ., : Teich(I') — Ras tr,([¢]) = |tr (¢(7))|. Then
there exist N > 0 and 71,...,7y € I' such that (tr,,...,tr,,) : Teich(I') — RY
is an (real-analytic) embedding. It then follows from Definition 5.4.3 that the
semi-arithmetic points in Teich(I") are in one-to-one correspondence with a subset
of the N-tuples with algebraic integer coordinates. Therefore, we conclude that
there are at most countably many semi-arithmetic Fuchsian groups.

Another consequence of Theorem A shows that, for any fixed genus g > 2, in-
finitely many number fields are realised as the invariant trace field of a semi-
arithmetic Fuchsian group of genus g:

Theorem B. Every totally real number field of prime degree at least 3 is realised as the
invariant trace field of a genus g semi-arithmetic Riemann surface, for any g > 2.

Remark 5.4.19. In particular, there are semi-arithmetic Riemann surfaces of genus
g with invariant trace fields of arbitrarily large degree.

This gives a negative answer to a conjecture made by B. Jeon (see [25, Conjectrue

2]):

Conjecture (Jeon). For each g > 2 there exists only a finite number of real number
fields and quaternion algebras that are realised as the invariant trace field and invariant
quaternion algebra of a hyperbolic structure on S, with integral traces.
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Automorphisms of surfaces with non-integral traces

Let I be a irreducible Fuchsian group and let N(I') = {g € PSL(2,R) | gT'g~! =T}
be its normaliser. If N(I') is not discrete, we can find a sequence of elements {g, } in
N(I") approaching the identity Id. For any two elements +, and ~, of I', we have that
gnYign " approach v;, i = 1,2. Discreteness of I' implies that both sequences must
be constant eventually, which means that, for n sufficiently large, g,, commutes
with 7, and with v,. In particular, +, fixes the same points as g,, which are, in
turn, the same points fixed by v;. Since 74, 7, were arbitrary, we conclude that
every element in I' fixes the same point, contradicting the assumption that I is
irreducible. We thus conclude that N(I') must also be a Fuchsian group.

Theorem 4.3.17 implies that the smallest coarea of a Fuchsian group is 7/21,
realised by the triangle group of signature (0; 2,3, 7). As a consequence, we obtain
the famous Hurwitz bound on the cardinality of the automorphism group of a
compact Riemann surface X, of genus g. Indeed, let X, = I'\H. It is not hard to
see that the automorphism group Aut(X,) is isomorphic to N(I') /T". The Riemann-
Hurwitz Theorem (see Corollary 4.3.15) together with the above observation
yields:

area(I"\H) dr(g — 1)

IN(F)/F|=:[N(F)2IW:=zﬂea(N(F)\ED = T2l

= 84(g — 1). (5.4.2)

There are surfaces realising this bound with arbitrarily large genera.

In [3], M. Belolipetsky showed that, for non-arithmetic surfaces, the bound on their
156
T
minimal coarea of a non-arithmetic Fuchsian group, which is 77/39, the coarea of

automorphism groups drops to =2*(g — 1). This bound is obtained by founding the
the triangle group (0; 2, 3, 13). Moreover, this bound is attained in infinitely many
genera.

Following the same idea, we can ask what would be the maximal cardinality of
the automorphism group of a non-semi-arithmetic surface X, = I'\H of genus g.
To answer this, we must investigate the minimal coarea of a non-semi-arithmetic
Fuchsian group. We know that every triangle group is semi-arithmetic. Exclud-
ing those, the signature providing the smallest coarea would be the one of the
trirectangle group (0;2, 2, 2, 3), studied in Example 5.4.6. The Teichmdiller space
corresponding to this signature has real dimension 2 so, by a cardinality argument,
there must be non-semi-arithmetic groups with this signature (see Remark 5.4.18).
Alternatively, in the construction described in Example 5.4.6, one can pick a such
that cosh(a) is transcendental. Now, the coarea of one such group is 7/3 and
inserting this into (5.4.2) leads to the following bound:

N/ < T 12y - 1),
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Furthermore, this bound is attained for every genus g > 2. Indeed, fix a non-
semi-arithmetic trirectangular group A = A, by picking, for example, a such that
cosh(a) is transcendental, as suggested above. From the construction in the proof
of Theorem A, which will be presented in Chapter 6, it follows that, for every g > 2,
there exists a genus g surface group I', that is a normal subgroup of A. It follows
that A < N(I'y) so that area(N(I'y)\H) < area(A\H) = n/3. On the other hand,
since 7/3 is the minimal coarea for a non-semi-arithmetic group, we conclude
that area(N(I'y)\H) = 7 /3, N(I'y) = A and |N(T';)/T'y| = 12(g — 1). We have, thus,
proved that:

Theorem C. The order of the automorphism group of a non-semi-arithmetic Riemann
surface X, of genus g > 2 satisfies the following bound:

Aut(X,)] < 12(g - 1).

Moreover, this bound is attained in every genus g > 2.
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CHAPTER 6

PROOFS OF THEOREMS A AND B

This chapter is devoted to the proof of the main theorems of this thesis. We will
show that the set of numbers realised as the length of a closed geodesic in semi-
arithmetic surfaces of some fixed genus is dense in the positive real numbers.
More precisely, we describe a dense set & C [0, +00) such that, for any integer
g > 2and [ € Z, there exists a semi-arithmetic surface S of genus g and a closed
geodesic v in S with length /() = [. This leads to Theorem A. Theorem B is
derived as an application of Theorem A. Finally, in Section 6.2, we describe the
Reidemeister-Schreier rewriting process used in the proof of Theorem A.

Let us first recall some tools:

Lemma 6.0.1. Let G be a 1-dimensional Lie group with finitely many connected compo-
nents. If H < G has rank > 2 then H is dense in G

Proof. Assume, without loss of generality, that G is connected. If G is non-compact
then it is Lie group-isomorphic to (R, +) by an isomorphism, say, f. It is known
that additive subgroups of R are either cyclic infinite or dense. Since f(H) has
rank > 2, it must be dense in R in which case H is dense in G. If GG is compact, it
will be isomorphic to S*, where a similar dichotomy holds. O

Lemma 6.0.1 together with the Dirichlet’s Unit Theorem (Theorem 2.2.31) give us
the following corollary.

Corollary 6.0.2. Let K be a totally real number field such that [ : Q] > 3. Then Oy is
dense in R.

Next, we list some formulae in classical hyperbolic geometry that will be used
later on. For a systematic treatment of the subject, see, for example, [2], [8] or [19].
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Lemma 6.0.3 ([2, Theorems 7.11.1 and 7.17.1]). Consider a geodesic quadrilateral,
known as trirectangle, with three right angles and one acute angle ¢, with side lengths
indicated as in Figure 6.1. Then the following hold:

cos ¢ = sinh a sinh b; (6.0.1)
cosh d = cosh a coshb. (6.0.2)

Note that equation (6.0.2) is but the hyperbolic Pythagoras” Theorem.

Figure 6.1: Trirectangle

Lemma 6.0.4 ([2, Theorem 7.19.2]). For any three positive real numbers a, as, as, there
exists a convex right-angled hexagon with three non-adjacent sides of length ay, as, as.

Moreover, this hexagon is unique (up to isometry). Indeed, if the side of length a, is
opposed by a side of length, say, by, then the following equation holds:

cosh b; sinh ay sinh as = cosh a; + cosh ay cosh as.

In other words, the lengths of all sides of the hexagon are determined by the lengths of
three non-adjacent sides.

Finally, we recall the following (vital) relation between the displacement of a
hyperbolic element and its trace.

Proposition 6.0.5. Let v € PSL(2, R) be a hyperbolic element with translation length
U(7y). Then the following relation holds:

£(7)

try| = 2 cosh ——.
|tr | cosh —

Proof. Both sides are invariant under conjugation, so we can assume v to be
v(2) = Az, A > 1, translating along the imaginary axis. Then ¢(7) = du(i, \i) = In },
which gives [try| = VA + 1/V/\ = ¢/0)/2 - ¢=4)/2 and the result follows. O
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Corollary 6.0.6 (cf. [2, Theorem 7.38.2 ]). If 71,72 € PSL(2,R) are half-turns around
p1 and poy, then

try971 = 2 cosh du(p1, p2),

where dy is the hyperbolic distance.

Proof. Let L be the geodesic line connecting p; to p, and let L, be the geodesic line
orthogonal to L at p;, i« = 1,2. If 0,0; denote hyperbolic reflection across L, L;,
respectively, then v, = 0oy and 7, = 020, whence 7,7, = 0201, which is easily
seen to be a hyperbolic translation along L (in the direction from p; to p,) with
translation length 2dy(p;, p2). The result then follows from Proposition 6.0.5. [

6.1 Construction

Consider the abstract group

S =si=s1=5 -8 =1). (6.1.1)

A={(s1,...,5| 857 =5

Just as we did in Example 5.4.6, we will realise A as the Fuchsian group generated
by a trirectangle. We repeat the process here, for the convenience of the reader. Let
@ be a trirectangle with acute angle measuring ¢ = 7/3 and with vertices labeled
Fy, ..., Fy, as shown in Figure 6.1. Let 0y, 03, 03, 04 denote the reflections across
the geodesic lines supporting, respectively, the sides F\ F,, FyFs, F3Fy, FyF;, and
let R(@) be the group of isometries of H generated by these reflections. The
index 2 subgroup of orientation-preserving isometries is a Fuchsian group with
presentation given by (6.1.1) (cf. Example 4.3.22). Moreover, the product of any two
reflections across adjacent sides of @ gives an elliptic element in PSL(2, R) fixing
the intersection point between the respective sides. In particular, the isometries
defined by S; = 00,41 for j = 1,2, 3,4 (Where indices are taken modulo 4) are
elliptic isometries fixing the vertex Fj, and the map pq : A — PSL(2,R) given by
pa(si) = Si, i =1,2,3,4, induces an injective homomorphism onto the Fuchsian
group in question.

Consider the right-angled hexagon 7 that is tiled by six copies of one such
trirectangle, as in Figure 6.2. One may verify that the isometries

01, 02, 030103, (040304)02(040304), 04(030103)04, 0409204

are reflections across the geodesic lines supporting the respective sides of the
hexagon. It follows that the group R(%°), generated by reflections across the sides
of #, is a subgroup of R(@). Let C; denote the half-turn around the vertex E; of
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# ,i.e., the product of the reflections across the sides of # intersecting at ;. Let I'
be the abstract group with presentation

L={c,....c6|ci=-=ci=ci-csg=1). (6.1.2)

In the same spirit as before, we define a map py taking c; to C; and obtain an
injective representation of I" into PSL(2, R) such that

pae(I') < pa(A). (6.1.3)

Furthermore, we observe that ps(I') has index 6 in pg(A).

E4 E5

Ey=F Ey

Figure 6.2: Right-angled hexagon

Definition 6.1.1. We say that a real number ¢ > 0 is realised by the Fuchsian group
I if there exists some element y € I such that [tr 7| = ¢. Similarly, we say that [ > 0
is realised by the hyperbolic surface S if there exists some closed geodesic in S of
length [. Note that S = H/T realises [ > 0 if and only if I realises 2 cosh(l/2) > 2.
Indeed, recall that a closed geodesic in S is the projection of the axis of a hyperbolic
element of I' with translation length equal to the length this geodesic, then use
Proposition 6.0.5.

Theorem 6.1.2. The set T, of all real numbers that are realised by a semi-arithmetic
Fuchsian group of signature (0;2,2,2,2,2,2), is dense in the interval [2, +00).

Proof. Consider a trirectangle @, with angle 7/3 at the vertex F}, and side F; F; of
length a, as shown in Figure 6.1. Let 75, denote the corresponding right-angled
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hexagon tiled by @,, as constructed above, and note that the side £ E; has length
2a.

By Theorem 2.3.1 in [8], the length a determines the other three sides of the
trirectangle. Note that, by an argument of continuity, a can be arbitrarily chosen
while keeping the acute angle with a fixed measure of 7/3. We will select this
length in such a way that the resulting group pg,(A) < PSL(2,R) will be semi-
arithmetic and, as a consequence, so will be the finite index subgroup pg,, (I').

Let K be any totally real number field with [K : Q] > 3and let V = {v € R |
sinhv € Of}. So, in particular, for every v € V, sinh v is a totally real unit in the
ring of integers of K. It follows from Corollary 6.0.2 that V' is dense in [0, c0).
Choose a € V.

We first observe that cosh® a = sinh® a + 1 is a totally positive algebraic integer (i.e.,
an algebraic integer such that all its Galois conjugates are positive real numbers).
It then follows that cosh a is a totally real algebraic integer.

Equation (6.0.1) gives that sinh b = % and then

(sinha)™2 + 4

cosh?b = sinh?b+ 1 = 1

By the same reasoning as before, we obtain 2 cosh b = /(sinh a)~2 4 4 is a totally
real algebraic integer. Now, by the Pythagoras’ Theorem, we have that

2 cosh d = cosh a(2 cosh b)

is also a totally real algebraic integer.

Thus, by Corollary 6.0.6, the traces [tr (51.52)], |tr (S255)], and |tr (S1.55)| are all to-
tally real algebraic integers. Note also that the order 2 elements S}, S, S3 have trace

0, and that the order three element S, has trace 1 so, in view of Proposition 5.2.9
and (6.1.3):

tr (pas,, (I')) C tr(pg, (A)) C Z[tr (S1.52), tr (S253), tr (5153)]-

In particular, the invariant trace field of pg,, (I') is a subfield of
Q(tr (3132), tr (5253), tr (8153)),

which is, by construction, totally real. We therefore conclude that the Fuchsian
group pg,, (I') is semi-arithmetic. Since a was arbitrarily chosen among a dense
subset V of [0, +00), the group pg,, (I') realises ¢t = 2cosh2a = 2 + 4sinh*a as
tr pom,, (c102) for any ¢t = t(a) in 7 := 2cosh 2V, the latter being dense in [2, +00).

[l
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A surface-kernel epimorphism is an epimorphism 6: I' — G with torsion-free kernel.
This is the case, for example, if § preserves the order of the torsion elements of I'.
Note that it is sufficient to check if the orders of the generators of I' are preserved
(where I' is still the group defined in (6.1.2)).

Theorem 6.1.3. Let Z, be the set of real numbers that are realised by a semi-arithmetic
surface of genus g. Then ﬂ Z, is dense in [0, +00).

g>2

Proof. Let I be the set obtained in Theorem 6.1.2. For each t € J define I', =
pt(I') := pg,, (I') where a is such that 2 cosh 2a = t, as in the construction of the
previous theorem. From what was proved, it follows that the Fuchsian group I'; is
a semi-arithmetic group of signature (0; 2,2, 2, 2, 2, 2) with tr p;(c1¢) = t.

Case1l: g =2

Let 0 : I' — Z/2Z be a homomorphism defined by ¢; — 1,i=1,...,6. Itis
immediate that 0 is a surface-kernel epimorphism, since it preserves the order of
the generators of I'. It follows that # := ker 6 is a torsion-free index 2 subgroup of
I and, as such, it must be a surface group of genus g. From Theorem 4.3.17 and
the Riemann-Hurwitz formula (Corollary 4.3.15), we compute that

27(2g — 2) = area(p(F)\H) = [['y : po(K)] - area(I';\H) = 2 - 2,

and so g = 2. Moreover, 0(cic;) =1+ 1 = 0 and thus ¢;c; € #.

The quotient, p;(#)\H, is a closed hyperbolic surface of genus 2. The axis of the
hyperbolic element p;(cic2) projects onto a closed geodesic v in p,(#)\H that
satisfies 2 cosh(((v,)/2) = t. If we let t vary in the set 7, then /(v,) = 2 cosh™'(¢/2)
covers a dense subset of [0, +00).

Case 2: g > 2
For larger genera we proceed similarly. Using the Reidemeister-Schreier rewriting
process (see §6.2 for the details) we can find an isomorphism ® between (z, y, ',y |
[z, y][z',v']) and F such that ®(y) = ¢;co. We will mildly abuse notation and say
that

F = vy, 2"y | fz,y]le,y]) and y = crca.

For each n > 1 we define the homomorphism 7,,: # — Z/nZ given by

m(z) = Wn(fﬁ') = 77n<3//) =1,
0
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Therefore, for all n > 1 we have: 7, is an epimorphism, y € %, := kern, and %,
is a surface group of genus n + 1, since [# : #,] = n. Moreover, the geodesic v,
obtained in Case 1, lifts as a closed geodesic of the same length for all coverings
pi(Fn)\H of p,(F)\H. Thus, the same conclusion as in the genus 2 case holds for
any genus g > 2. [

Theorem A. For any g > 2 there exists a length function {,, : T, — R such that
{la(S) | S € T, is semi-arithmetic}

is dense on the set of positive real numbers.

Proof. This follows straight from (the proof of) Theorem 6.1.3 (see Remark 4.3.25).
Indeed, the axis of the hyperbolic element p,(c;c2) projects onto a closed geodesic
in p,(#,)\H, whose free homotopy class induces the length function ¢ with the
desired properties. O

Next, we show how to realise infinitely many number fields as the invariant trace
field of a semi-arithmetic Fuchsian group with a fixed genus g > 2. The idea is
essentially contained in Theorem 6.1.2 and Theorem 6.1.3.

Theorem B. Every totally real number field of prime degree at least 3 is realised as the
invariant trace field of a genus g semi-arithmetic Riemann surface, for any g > 2.

Proof. Let K be a totally real number field of prime degree p > 3 and a a pos-
itive real number such that sinha € 0;. For each g > 2, we can find a semi-
arithmetic genus ¢g Riemann surface whose uniformising Fuchsian group A re-
alises 2 cosh 2a = 2 + 4sinh® q, i.e., there exists some v € A with try = 2 4+ 4 sinh® a.
Note that a may be chosen in such a way that tr % is not a rational number so that
kA is strictly larger than Q. Since [kA : Q] divides the prime number [K : Q], we
conclude that kA = K. O

6.2 Reidemeister-Schreier rewriting process

In this section we use the Reidemeister-Schreier rewriting process in order to
give a standard presentation for the group % < T in terms of the generators of
I', as defined in Section 6.1. For more information on the Reidemeister-Schreier
rewriting process we refer the reader to [6, §2.9]. Recall that

F:<017-~-7CG|C%:-'~:c§:c1-~~06:1>_

Let 6: I' — Z/27Z be the epimorphism defined by ¢; — 1,7 = 1,...,6 and define
K =kerd 7.
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Let ¢: Fs = F(x1,...,26) — I be an epimorphism from the free group of rank 6
with generators {z1,...,z¢} onto I' given by ¢(z;) = ¢;, j = 1,...,6. Finally, let
K be the pre-image of % with respect to ¢. Since [I' : #| = 2 and ¢ is surjective,
it follows that & also has index 2 in Fs. We pick the set ¥ = {1, z;} as a Schreier
transversal for % in Fy. As usual, for any g € Fiz we denote by g the (unique)
element in T with the property that Hg = FHg. Then, by the Reidemeister-Schreier
rewriting process process, the following elements generate the free group K

Loy (Tom) P =aayt, i=2,...,6;

N\ —1 .
vz, - (Tix;) " =xw;, j=1,...,6.
Let us rename this generators as:

Y; = 012y, ]:1,,6 and y5+i:IiZL’1_1, 122,6 (621)

In order to find the defining relations we rewrite the words ¢rt !, where t € {1,2;}
andr € {z},...,22, x1---xz6}, in terms of {y1,...,y11 }:

~ Y1, if j =1;
a? = (xjay ) (eay) =

y5+jyj7 lf]:2,,6,
zy 26 = (2129) (2327 ) (2124) (2527 ) (2126) = Yo Ys Ya Y10 Ys ;

_ _ 1, it j = 1;
waiey ! = (ayx)(zart) =

Yj Y545, lf]:2776a

x1 (1 w6)ry = 23 (2oxy ) (z123) (s ) (2125) (261 ") = Y1 Y7 Y3 Yo Us Y-

Note that we may eliminate the generators y1, ¥z, ¥s, Y9, %10, y11 and obtain the
following presentation:

K = (Yo, Y3, Ya> U, Y6 | Yo Us * YaUs " Vs » Yo Y3 Ys s s )- (6.2.2)

In order to make it less cumbersome, let us once again rename the generators, now

as

Yo =: a, ygl =:b, ys =: ¢, y5_1 =:d.
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The two relations in (6.2.2) imply that

Yo =Ys Y3Ys Y5 = (U5 yays y2)
Y2 y3  yays tye = 1.

which, in terms of the new names introduced above, yield the following presenta-
tion

H = {a,b,c,d | abed(dcba)™").

Finally, we achieve the standard presentation by making one last change in the
generators of %

r:=ab? y:=0b, 2’ = bac, y = dc.
Note that {z,y, 2’ y'} generates % indeed, since
vy’ =a, y=by ety =,y () Tyayt =d.

With this new set of generators, the relation abed(dcba) ™! = 1 becomes [z, y][z', /] =
1,1.e.

H = (z,y, 2,y | [z,y][2",y]).

By the definition of the homomorphism ¢ and (6.2.1), we conclude this section by
pointing out that:

ci1cy = d(r122) = ¢(Y2) € K
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APPENDIX A

{A BRIEF INTRODUCTION TO KRULL VALUATIONS

In this appendix we introduce Krull valuations. By the end, we provide a proof of
Theorem 2.3.40.

Let us explore now another point of view when dealing with valuations: the
valuation ring. Recall that an integral domain B with field of fractions K is said
to be a valuation ring (of K) if, for every non-zero = € K, it holds that x € B or
! € B (see Definition 2.3.20).

We saw that a non-Archimedean valuation v on K induces a valuation ring,
namely, the ring 0, = {x € K | v(x) < 1}. It is then natural to ask whether every
valuation ring in K comes from some (non-Archimedean) valuation. The answer
is no, in general, unless we allow for a more comprehensive notion of valuation,
Krull valuations, to be introduced presently. First, let us state some of the basic
properties of valuation rings.

Definition A.0.1. A ring A is said to be a local ring if it has a unique maximal ideal.
It is immediate to check that A is a local ring with maximal ideal m if and only if
A\ mis comprised of units of A.

Proposition A.0.2. Let B be a valuation ring of K. Then

1. Bis alocal ring;

2. B is integrally closed.

Proof. The proof of this proposition is routine. See [1, Propositon 5.12]. O

Definition A.0.3. An ordered abelian group is an (additive) abelian group I', together
with a linear order, i.e., a binary relation < satisfying:
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(i) (Reflexivity) x <z, forall x € T;
(ii) (Antisymmetry) x <y, y <z = x =y, forallz,y €[}
(iii) (Transitivity) x <y, y <z = x <z forallz,y,z €[}

(iv) (Linearity) x <yory <z, forallz,y € I;
which also satisfies:
5. (Monotonicity) t <y = z+2<y+z forallz,y,z €.

A Krull valuation is much like an additive valuation, as defined in Definition 2.3.9,
except it takes values in an ordered abelian group. More precisely,

Definition A.0.4. Let I' be an ordered abelian group. A Krull valuation or I'-valuation
is a surjective function v : K — I' U {oo} satisfying:

(i) v(z) = oo if and only if z = 0;
(i) v(zy) = v(z) +v(y);

(iii) v(z +y) > min{v(x),v(y)}.

Asusual, r < oo and z + oo = oo for all x € I'. Note that a Krull valuation as
defined above is a direct generalisation of an additive valuation (see Definition
2.3.9). In an entirely analogous way, one can define an ordered multiplicative
abelian group (A, -) and consider functions v' : K — A satisfying:

(i) v'(z) =0if and only if x = 0;
(i) v'(zy) = v'(z) - V'(y);
(iii) v'(x 4+ y) < max{v'(z),v'(y)},

as to obtain a direct generalisation of valuations as defined in Definition 2.3.1.
Summarising, there are two equivalent notions: that of a valuation (Definition
2.3.1) and that of an additive valuation (Definition 2.3.9). Additive valuations
generalise to Krull valuations (Definition A.0.4) while valuations generalise to
the multiplicative version of Krull valuations explained above. These two more
general notions are also equivalent. Even though we have worked mostly with
valuations in this text (instead of additive valuations), we chose the additive
version of Krull valuations as a preferred generalisation. We stress this is purely a
matter of taste.
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In the same way that (additive) valuations induced valuation rings, a Krull valua-
tionv : K — I' U {oo} induces a valuation ring given by o, = {x € K | v(z) > 0}.
Conversely, a valuation ring of K comes from a Krull valuation, as the next theo-
rem shows.

Proposition A.0.5. For every valuation ring o of K there exists a valuation v : K —
I' U {oo} such that o = o,.

Proof. Take I' to be the abelian group K* /o™ with group law written additively,
i.e., xo* + yo* is defined to be xyo*.

Define an order < on I as: z0* < yo* if and only if y/x € 0*. The fact that o is a
valuation ring implies that the order thus defined is linear. Moreover, (I', <) is an
ordered abelian group.

The function v : K — I'U{oo} defined by v(z) = z0* for z € K\ {0} and v(0) = oo,
is easily seen to be a valuation. Finally, note that the neutral element 0 € I' is given
by 10*, and therefore z0* = v(z) > 0 = lo if and only if x = x/1 € o. It follows
that o, = 0. O

Definition A.0.6. Two valuations v; : K — I'y U {oo} and vy : K — 'y U {00} are
said to be equivalent when there exists an order-isomorphism f : I';y — I'y, i.e., a
group-isomorphism that preserves the order, and f is such that f o v; = vs.

The correspondence between valuation rings and Krull valuations, described by
Proposition A.0.5 and the discussion preceding it, respects the equivalence relation
just defined. This is precisely the content of the next proposition.

Proposition A.0.7. Two valuations are equivalent if and only if they have the same
associated valuation rings.

Proof. Letv; : K — I'y U{oo} and vy : K — I'y U {o0} be two valuations. If v; and
v, are equivalent then vy (z) > 0 if and only if vy(z) > 0 and thus it 0,, = 0,,.

Conversely, suppose 0,, = 0,,, which implies, in particular, that o)y = 0. . Now,
for i = 1,2, since v; : K* —» I is a group-homomorphism with kernel o}, it
induces an isomorphism V; : K* /oy — I';. Given that o), = o}, we may set

f=VooV':T| = I'yand itis clear that f satisfies f o v; = vs. O

A subgroup A of an ordered abelian group I' is said to be convex if it satisfies the
following condition: for all v € T, if there exists A € A such that 0 <~ < A then
v € A. In this context, the rank of I is the order type of the collection of proper
convex subgroups of I', which is linearly ordered, as one can easily check. Note
that, for a non-trivial I' < (R, +) (with the usual order), the only convex subgroup
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of I is the trivial subgroup {0} and, therefore, we say that I" has rank one. As it
turns out, being of rank one is a defining characteristic of subgroups of (R, +), as
the next proposition shows.

Proposition A.0.8. An ordered abelian group I is of rank one if and only if it is order-
isomorphic to a non-trivial subgroup of (R, +) with the usual order.

Proof. See [17, Proposition 2.1.1]. O

Proposition A.0.8 justifies the terminology introduced in Definition 2.3.9, in the
sense that the (Krull) valuations with a rank one value group are precisely the
additive valuations defined in Definition 2.3.9, up to equivalence (of Krull valua-
tions).

Moreover, if a valuation has value group of rank larger than one, than it cannot be
one of the valuations defined earlier in Definition 2.3.9. It is easy to find ordered
abelian groups with rank > 1, for example, the group Z x Z with the lexicographical
order has rank 2 (or, more generally, Z" with lexicographical order has rank n),
which begs the question: is this ordered abelian group the value group of some
valuation on some field? The answer is affirmative, every ordered abelian group I
is the value group of some valuation v ([12, Exercise 1.64]): take any field K and
consider the ring K[I']. An element of K[I']is of the formz =3,
but finitely many ., are 0, for which we define v(z) = min{y | z, # 0}, assuming

x~ -y where all

z is non-zero. Note that K[I'] is an integral domain and that v thus defined can
be extended to its field of fractions. The result is a valuation with value group
I'. This observation shows that one can produce many Krull valuations that are
not rank one valuations, which means that the class of Krull valuations is strictly
larger. For the field of rational numbers Q, however, we do not gain anything new
by considering Krull valuations, as the next proposition shows.

Proposition A.0.9. Every non-trivial (Krull) valuation on Q is equivalent to a p-adic
valuation.

Proof. Let v be a non-trivial Krull valuation on Q with valuation ring 0. Note that
Z C o since 1 € o. If every prime number was a unit in o then o would contain
every number of the form 1/n for n € Z and, consequently, every rational number.
But o ; Q (v is non-trivial) and hence there must be some rational prime p that is
not a unit in o. In other words, p is in the maximal ideal m C o. For every other
prime ¢ # p there exist integers a, b such that ap+bg = ged(p, ¢) = 1, whence ¢ ¢ m.
It follows that o is the ring Z localised at the ideal (p), i.e., the ring

{m/n € Q| ged(m,n) =1and p1{n},
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which is precisely the valuation ring of the p-adic valuation on Q. The result then
follows from Proposition A.0.7. O

Next is a theorem credited to Chevalley. We follow the proof in [17, Theorem
3.1.1].

Theorem A.0.10 (Chevalley). Let A be a subring of a field K and let p be a prime ideal
of A. There exists a valuation ring B C K, with maximal ideal w, such that:

ACB and mnNA=p. (A.0.1)

Proof. For B and m as in the statement of the theorem, condition (A.0.1) implies
that: if z € A\ p, then = ¢ m, which means that 2! € B. In particular, one must
have that A, C B, where A, denotes the localisation of A at p. Moreover, since
p = mN A, one must have pA, C m.

It is, therefore, reasonable to start looking for B and m among the subrings R C K
that contain A, and a proper ideal J which contains pA,. More precisely, consider
the collection € defined by

% ={(R,J) | Risaring, Jis a properideal of R, A, C R C K, pA, CJ C R}.

The collection € is non-empty since (A,,pA,) € €, and is partially ordered by
(componentwise) inclusion, i.e., (Ry,7J1) < (R2,J2) if and only if Ry C R, and
J1 C J,. This partial order is easily seen to satisfy the condition that every chain
has an upper bound and so, by Zorn’s Lemma, there exists a maximal element
(B,m) in €. It turns out that this maximal element is precisely what we were
looking for.

Firstly, since m N A, is a proper ideal of A, and pA, is maximal, it follows that
m N A, = pA,. Intersecting both sides with A yieldsmnN A = p.

To conclude the proof, we only need to show that B is a valuation ring. It follows
from the maximality of (B, m) that m is maximal in B. Moreover, since (B, m) <
(B, mBy,), maximality also implies that B,, = B, and consequently that B\ m =
B*, meaning that m is the only maximal ideal of B. In other words, we have
shown at this stage that B is a local ring.

Suppose B is not a valuation ring, so that there exists € K such that z ¢ B and
z~! ¢ B. In this case, B & Blz] and B & Blz!]. Maximality of (B, m) implies
that the ideal m[z] cannot be proper, so m[z] = Blz]. Similarly, m[z~!] = B[z7!]. In
particular, there are zo, ..., 2, y1, ..., Yn € msuch that

To+ziz+ - Frat=1l=yo+yr + o Fypr ™, (A.0.2)
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and assume, without any loss in generality, that m < n are minimal with this
property. Since 1 — yy ¢ m and B is a local ring, we have that 1 — yy € B\ m = B~
and thus that

1 U1 I_l 4ot Ym I—m‘

1y 1w
Multiplying both sides by 2™ allows us to express 2" in terms of lower powers of
x, namely
g I gty Ym nem (A.0.3)
L =yo 1 —yo

Substituting (A.0.3) into the left-hand side of (A.0.2) yields
2+ 204tz =1,
for some z, ..., 2,-1 € m, contradicting the minimality of n. O

Corollary A.0.11 (Characterisation of integral closure). Let A be a subring of the field
K. Then the integral closure of Ain K, A, is given by:

A= R (A.0.4)

ACRCK
R valaution ring

Moreover, let 9B denote the smaller collection consisting of those valuation rings B of K,
with maximal ideal m, such that A C B and m N A is a maximal ideal of A. Then it still
holds that

Proof. Since every valuation ring is integrally closed (Proposition A.0.2 (2)), it is
immediate that

Ac (Y Rc()B

ACRCK Bex
R valaution ring

It is therefore sufficient to check that (;_, B C A. We prove the contrapostive:
suppose ¥ ¢ A. Then = ¢ A[r~!], otherwise it would be integral over A. It follows
that 7! in not a unit of A[z~'] and, therefore, there exists a (maximal) prime ideal
p C A[z7!] that contains z~! (it is a consequence of Zorn’s Lemma that every
proper ideal is contained in a maximal ideal and, in particular, so is z7* € A[z™1)).
We apply Theorem A.0.10 to the pair p C A[z~'] and obtain a valuation ring
B D A[z~'] with maximal ideal m such that m N A[z!] = p, so z7! € m which
means that ! is a non-unit of B. In other words, = ¢ B.
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If we can show that B € 3, the proof is finished. So far, we have that B is a
valuation ring with maximal ideal m such that A C B. The only thing left to
verify is that m N A is a maximal ideal of A. Observe that the canonical projection
g: A — Alz~']/p is a surjective homomorphism since 2! € p. This implies that
A/ ker g is isomorphic to A[z~!]/p, which is a field since p is maximal in A[z™!].
So A/ ker g is also a field and, consequently, ker g is a maximal ideal of A. Since
m N Alz7!] = p, one sees thatkerg = ANp = ANm. O

In the case of number fields, Corollary A.0.11 gives us the following;:

Corollary A.0.12 (Characterisation of the ring of integers of a number field). Let K
be a number field and Oy its ring of integers. If V; denotes the set of all non-Archimedean
valuations on K, then

Ok = ({z € K |v(x) <1},

’UEVf

Proof. By definition, O is the integral closure of Z in K and thus, according to
Corollary A.0.11, it is the intersection of all valuation rings of K that contain Z.

Let B be one of these valuation rings of K. Then B is associated to a (Krull)
valuation w on K. Moreover, B N Q is a valuation ring associated to a Krull
valuation on QQ, which, by Proposition A.0.9, must be a p-adic valuation. Now,
since K | Q is algebraic, it follows from Proposition A.0.17 (1) below and from
Proposition A.0.8 that w is equivalent to a rank one additive valuation and thus
v = e~ " is a non-Archimedean valuation on K with ring of integers B. Conversely,
all non-Archimedean valuations on K contain Z in its ring of integers. O

Definition A.0.13. Let L | K be a field extension, let 0; C K and 0, C L be
valuation rings. We say o5 lies over 0, (or that o0, is an extension of 0,) if 0, N K = 0.
If this is the case, we write (K7, 01) C (L, 03).

If (Ky,01) C (L, 03), note that z € 0, N 0y is a non-unit in o, if and only if it is a
non-unit in 0;. In particular, if we let m; denote the maximal ideal of 0;, i = 1, 2, it
follows that

mgﬂKlzmgmﬂlzml,

oy N Ky =05 No; =o;.

Corollary A.0.14. If 0, C K is a valuation ring and L | K, then there exists a valuation
ring oy C L that lies over 0.

Proof. Regarding o, as a subring of L, with maximal ideal m;, it follows from
Theorem A.0.10 that there exists a valuation ring o, of L, with maximal ideal m,,
such that o; C oo and my No; = m;.
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All that is left to show now is that 05, N K = 0;. The inclusion D is immediate, so let
x € 05N K and suppose = ¢ o0;. Then 27! € my. It follows that 2! € m,, whence
x ¢ 0y, a contradiction.

]

With this terminology, we may apply Corollary A.0.11 to a valuation ring of K in
order to characterise its integral closure in a field extension L | K.

Corollary A.0.15. Let L | K and let o be a valuation ring of K. The integral closure of o
in L, denoted by EL, is the intersection of all valuation rings of L lying over o.

Proof. We claim that the collection of all valuation rings of L lying over o is
precisely 2 (in the notation of Corollary A.0.11). Indeed, let m denote the maximal
ideal of o. If B is a valuation ring of L, with maximal ideal mp, lying over o, then,
in particular, o C B and mp N 0o = m is maximal in 0, so B € . Conversely, let
B € &, then o C B and mp N o = m. Reasoning just as in the proof of Corollary
A.0.14, we obtain that B lies over o.

Now the result follows from Corollary A.0.11. O

Let (K1,01) C (K3, 02) with corresponding valuations

(%1 ZKl —»F1U{OO} and V2 KQ_»FQU{OO}
The homomorphism v; : K{* — I'; has kernel o, so that K /o = T';, i = 1,2.
The composition of homomorphisms K — K — K;/o; = T'y; has kernel

K noy = oy, whence 'y = K{ /o7 — K /o5 = TI'y and we may regard I'; as a
subgroup of I's.

Lemma A.0.16. Let (K;,0;) C (K3, 02) with corresponding valuations

U1 IKl —»F1U{OO} and V2 KQ—»FQU{OO}

Ifxy,... 2 € K5 are such that va(z1), ..., va(xy) represent different cosets in I'y /Iy,
then {xy, ..., xy} are linearly independent over K.

Proof. For Aq,...,\; € K; notall zero, let 1 < j < k be such that

Va(Ajz;) = min{vg(A121), . .., va(Apai) } < 00.

If there exists some i # j such that vo(\jz;) = v2(\z;) (note that, in this case,
i, A; # 0), then va(z;) — vo(x;) = va(N;) — v2(A;) € I'y, contrary to our hypothesis.
So va(Ajz;) < va(Ax;) for all i # j. It follows that vy (Zle /\iIEi) = va(\jz;) < o0.
In particular, Zle Aix; # 0. O
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Proposition A.0.17. Suppose K | K is algebraic and (K, 01) C (K3, 05). Let v; be the
corresponding valuations with value group I';, i = 1, 2. The following hold:

1. T'y/Ty is a torsion group;

2. 'y and T’y have the same rank.

Proof. For v € I'y, take x € K, such that vy(z) = 7. Let I' denote the subgroup
vo(K1(z)) < I's. It follows from Lemma A.0.16 that [I" : '] < [K;(x) : K] < +oo,
so that the group I'/T'; is finite. In particular, [I" : I'1]y € I'; and (1) follows.

Now, consider the correspondence that associates a convex subgroup A of I'; to the
subgroup A NI'; of I';. First, note that A NT'; is a proper convex subgroup of I';, so
what we really have is a correspondence, say ¢, between proper convex subgroups
of I'; and proper convex subgroups of I';. We use the knowledge that I';/T'; is a
torsion group to show that ® is an order-preserving bijection between these two
sets, which means that they have the same order type. Thus, by definition, I'; and
I'y have the same rank.

Injectivity of ®: let A and A’ be convex subgroups of I'y such that ANT; = A’ N T
If X € A, suppose A > 0. For some N, NA € ANT4,so NAisalsoin AN I and,
since 0 < A < N, convexity implies that A € A’. When A < 0, we apply the same
argument to —\. This shows that A C A’ and, by symmetry, we obtain that A = A’.

Surjectivity of ®: let A be a proper convex subgroup of I'; and define the “radical”
of A tobe VA := {y € Ty | Ny € A for some N}. It is straightforward to check
that v/A is a convex subgroup of T'y and that v/A N T; = A. The last equality also
shows that v/A is proper.

Finally, note that ® preserves inclusion. O

We are finally ready to prove that, for an algebraic field extension L | K, a valuation
on K can always be extended to L, as promised in §§2.3.9. We restate the theorem
for the convenience of the reader.

Theorem 2.3.40. Let L | K be an algebraic extension and let v : K — Rxq be a (rank
one) valuation on K.

There exists an extension of v to L.

Proof. We will treat the Archimedean and non-Archimedean cases separately. The
non-Archimedean case will be proved with the Krull valuation machinery we
have developed in this appendix, whereas the Archimedean case will follow from
Ostrowski’s Theorem 2.3.17.

Case 1: v is non-Archimedean.
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In this case, we prove the (obviously equivalent) extension for additive valuations.
Abusing notation slightly, we still denote by v the additive valuation v : K —
RU{oo} (as in Definition 2.3.9). It induces a valuation ring 0, = {x € K | v(z) > 0}
which, by Corollary A.0.14, extends to a valuation ring o C L, i.e., there exists a
valuation ring o of L such that o N K = 0,. By Proposition A.0.5, the ring o is the
valuation ring of some Krull valuation v’ : L — I' U {c0}.

Since L | K is algebraic, it follows from Proposition A.0.17 that I" has rank one and
thus, Proposition A.0.8 implies the existence of an order-isomorphism f between I
and some subgroup G of (R, +), whence w” = fow’' : L - RU {00} is an additive
valuation on L. Moreover, note that

{reK|w'(z)>0}={z€L|wx)>0}NnK=0NK=o0,.

So w"|k and v are two additive valuations on K with the same valuation ring and
therefore must be equivalent, again in the sense of Definition 2.3.9 (cf. Proposition
2.3.12). This means there exists a > 0 such that v = aw”|g. Then the valuation

w = aw” on L is the valuation we want.
Case 2: v is Archimedean.

This case is a consequence of Ostrowski’s Theorem 2.3.17. Indeed, suppose for
a moment that K is complete with respect to v. Then, by Ostrowski’s Theorem,
we either have that K = R and L = C or that K = L = R or C. In either case, v is
equivalent to the usual absolute value and can be extended to L.

Now, back to the general case, in which K is not necessarily complete with respect
to v, we may take K, to be the metric completion of K with respect to v and K, its
algebraic closure. We know that v extends uniquely to a valuation (which we keep
denoting by v) on K, thus we are in a position to apply the result of the previous
paragraph to the algebraic extension K, | K, and extend v to a valuation v’ on
K,. Note that, at this point, the extension v’ is still uniquely determined, up to
equivalence. Since the extension L|K is assumed to be algebraic, the embedding
of K into the algebraically closed field K, can be extended to an embedding
¢ : L — K, whence we may define the valuation w(z) = w'(¢(x)) for z € L, which
extends v.

The only choice made in this process was the embedding ¢. As a matter of fact,
(all) different extensions of v arise when we vary the embedding of L into K. A
sample of this fact was seen in Corollary 2.3.53. ]
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