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Introduction

One of the main problems in number theory are diophantine equations. They
are perhaps some of the oldest problems in the history of mathematics and they
have fascinated mathematicians of all periods. They are the object of study of
the Diophantine geometry, which is a more recent term that involves the use of
tecniques from Algebraic Geometry and Number Theory. Diophantine equations
are systems of equations of the type

Fl((L'l,{L'Q, ,{L’n) =0
Fg(xl,l’g, ,xn) =0

Fm(xlax% 7xn> =0

where F; € Z[xy, ..., xy] are polynomials with coefficients in Z. One of the possible
question that naturally arises is whether that system has solutions of the type
(x1,...,zpn) € Z™, or even over Q. This system also defines an algebraic set over
the field Q or even the field Q. Hence though we are studying a problem from the
number theory point of view, we can use the language and the tools of the algebraic
and arithmetic geometry to obtain useful properties.

The easiest diophantine equations are the linear ones:
aX +bY =c, a,b,ceZ, a#0orb#0.

By using the Euclidean Algorithm, it is easy to write all the possible solutions
of pairs (z,y) € Z2. In fact, the equation will have integer solutions if and only
if (a,b)|c, and for the rational solutions, it is even more easy to describe all the
solutions. This results have been known since Greek times. Increasing by one the
degree of the equation, we have the quadratic equations:

aX? 4+ bXY + Y2 4+dX +eY +f=0 a,borc#0.
These equations are much more interesting both from the point of view of the

arithmetic and the geometry. It was not until 1921 that mathematicians reached a
satisfactory answer for the existence of rational points.



Theorem 0.0.1. (Hasse-Minkowski) Let f(X,Y) € Q[X,Y] be a quadratic poly-
nomial. Then, f(X,Y) has a solution (z,y) € Q* if and only if it has a solution
(z,y) € R? and it has a solution (x,y) € Q, for all primes p € Z.

Checking that a quadratic polynomial has solutions in @, is much easier than
cheking it in Q, Therefore, answering whether an equation has rational solutions is
not so difficult.

These two example of families of curves represent the case when the genus of
the curve ! is 0. The Hasse-Minkowski theorem was proven at the beginning of
the twentieth century, and since then mathematicians tried to search for similar
answers to the cases of positive genus.

Finally, in 1983, Gerard Faltings proved that when the genus is bigger than 1
then the curve can only have a finite number of solutions over the rational numbers.
This result does not give an easy condition that ensures if there are rational solutions
or not, which was something that could be done with the other cases. Nevertheless,
it is satisfactory enough. In fact, this result is also true for curves of genus 2 over
number fields.

However, there is no satisfactory method that ensures the existence of a finite
(or an infinite) number of solutions for curves of genus 1. For this reason (and for
many other reasons) these curves have been studied so much in comparison with
curves of other genus. They are also called elliptic curves?, and they are the central
object of study of this work.

As we mentioned before, we can also think of the points of the elliptic curve
in @2. There is an interesting operation that can be defined in the Q-points of the
elliptic curve which is based on a geometrical definition that provides the elliptic
curve with a group structure. It was introduced by Poincare, though Fermat prob-
ably knew it before. Furthermore, this operation, when restricted to the rational
points, defines a subgroup of that group. By the general theory of modules over
principal domains, this means that if E(Q) are the rational points of the elliptic
curve, then

E(Q) = E(Q)tor 2 E(Q)f'ree;

where E(Q)or are the torsion points of F(Q) and E(Q)fyec is a free Z-module. In
1923, Mordell proved that E(Q) is finitely generated, which implied that

E(Q) = E(Q)tm‘s S ZT)

where r > 0 is a positive integer and the subgroup E(Q)rs is finite. Aparently, this
theorem partially answers our question, because F(Q) will be infinite if and only if
r > 1. Nagell-Lutz theorem says that the points in E(Q)srs are integral, and they
verify an easy property that makes them very easy to be computed. The problem is

!Chek [43] for the definition of genus.
2See Chapter 2 for a more precise definition of elliptic curve.



that the rank is much more difficult to calculate, even for particular curves, and it
is not even known whether there are curves with arbitrary large rank. Mordell-Weil
theorem can also be proven for number fields.

There is a well-known conjecture that relates the rank of the elliptic curve with
the order at s = 1 of an L-function whose coefficients depend on the elliptic curve.
If it is true, it would provide an effective method to determine relatively easily if
given an elliptic curve it has an infinite number of rational solutions or not. This
is because computing the order of a zero of an L-function is in general easier than
computing the rank of an elliptic curve. This conjecture is known as the Birch and
Swinnerton-Dyer conjecture and it can also be formulated for elliptic curves over
number fields.

In addition to the theoretical interest that the study of the properties of elliptic
curves has itself, many people work on them because it has some applications to
other problems and/or fields such as:

e The study of the class number for quadratic number fields (in relation with
the Birch-Swinnerton-Dyer conjecture) ([19]).

e Applications to criptography ([23]):
-Factorization of integers as a product of prime numbers.
-Primality tests.

-Encryption based on elliptic curves.
e Fermat’s Last Theorem and a prove of it using elliptic curves and modularity.

e Congruent number problem.

The main goal of this work is to review some basic definitions and concepts about
algebraic number theory and elliptic curves, to give an overview of the proof of
some classic theorems about elliptic curves, such as the Mordell-Weil theorem, to
learn a few of the main conjectures in this topic and to get familiar with some
modern techniques, such as Galois representations and other analytical tools that
are nowadays being used for solving a lot of problems in the theory of elliptic curves.

Generally speaking, the first two chapters are just an introduction to algebraic
number theory and elliptic curves, while chapters 3, 4 and 6 cover some more recent
topics. In this work I focus mainly on 4 big theorems. For the first one, which is
the Mordell-Weil Theorem over number fields, I give all the details and I study all
the preliminaries to be able to complete it and understand it. For the other three,
which are the estimation of the analytic rank of elliptic curves, a theorem of Serre
about Galois representations and Fermat’s Last Theorem, I enumerate all the steps
of the proof and I explain some of them, but I don’t give all the details because of
the difficulty of it.



In chapter 1, I try to cover all the preliminaries about algebraic number theory,
mainly focusing on number fields, the study of the ring of integers and the class
number. Since I have not taken any course on these topics, I have included the
proof of many of the propositions that are written.

Chapter 2 just pretends to be a brief summary of the basic aspects of ellip-
tic curves. There are perhaps some more elementary constructions that are not
included in this section because I have tried to write only the things that I am
going to need for the following ones. In contraposition with chapter 1, there are
almost no proofs in this section, and this is because I did take a course on algebraic
curves which covered all the contents of this chapter, so it did not make much sense
repeating everything.

Chapter 3 is dedicated to the study of Mordell-Weil Theorem. It covers the
proof of the Weak Mordell-Weil theorem, the Mordell-Weil theorem for the case
K = Q, an overview about height functions in proyective spaces and in elliptic
curves and the application of these functions to prove the Mordell-Weil Theorem
for number fields.

Chapter 4 is perhaps the most analytical part of the work. In the first part,
some of the main known theorems about the torsion subgroup of elliptic curves
over Q and number fields are mentioned. The second part is mainly about the
L-fuctions of elliptic curves, the definition of them, some conjectures about the
analytic extension of these functions and other conjectures that relate the algebraic
rank of the curves with the order of the zero at s = 1. This last section ends with a
deeper study of some theorems that give bounds the analytic rank of elliptic curves.

Chapter 5 is just a brief introduction to modular forms. The objective of this
chapter is to give all the definitions that are going to appear in the previous and
in the following chapter. It also includes a version of the modularity theorem.
Therefore, there are many basic concepts, such as the modular curves, the Petterson
inner product or the computation of dimensions of the different subspaces that are
not mentioned.

Chapter 6 is probably the main chapter of this work. It is dedicated to Ga-
lois representations attached to elliptic curves over number fields, mainly focusing
on the mod p case, though there are some comments about the [-adic represen-
tations. It begins with some definitions about the subgroups of GLy(F,) and it
contains a very deep study due to Dickson of all the possibilities for the subgroups
of GLy(Fp)(c.f.[11]). It also contains the proof of a theorem about the possible sim-
ple groups of 60 elements, which I thought it was worth including it. The second
part of this chapter gives an overview of one of the main theorems about Galois
representations of elliptic curves without complex multiplication, which was proved
by Serre and that declares that for almost all primes, the representation is surjec-
tive. Then it also includes some other theorems, such as the one that was proven by
many mathematicians and that ensures that the integer IV such that for all p > N
the representation mod p is surjective does not depend on the elliptic curve for the



case of Q. In addition, a summary of the possible images of the representations for
small primes, and another summary of the case when the elliptic curve has complex
multiplication is included.

To conclude this last chapter, there is a small section about Galois modular
forms in which another version of modularity is mentioned (the version concerning
Galois representations). Finally, there is a quick overview of the main steps to
prove the Last Fermat’s Theorem.

All the results and theorems that are included in this work are well-known
and are not original. However, most of the proofs that are included here contain
details and steps which are not included in the books. The main theorems which
are worth reading them because of that reason are Proposition 1.4.18, whose proof
is entirely original and not based on any text book (in fact I did not find any
proof of it in any book), Theorem 4.2.13 and Theorem 6.1.7. Proposition 1.5.17
also contains some interesting details that are not found in [43]. Theorems 6.2.4
and 6.5.1 are also worth reading them because they are a good summary of the
main steps of big theorems, but they do not contain original details. In Theorem
4.2.13, which is about the bounding of the average analytic rank of elliptic curves,
the details that are added are mainly focused of the explanation of some formulas
applying some complex analysis methods such as the Cauchy’s residue theorem.
In Theorem 6.1.7, which is about the classification of the subgroups of GLa(IF,),
the explanations that are given on [24] are really poor, so what I basically do is to
complete it. Furthermore, I also include an original proof which is not based on
any text of the fact that if a subgroup of GLy(F,) contains two specific matrices,
then it contains SLa(F)).

The content of this work, as well as the tools and the arguments used are
mainly algebraic, and many mathematicians that work on elliptic curves focus on
the algebra beneath them. However, there are many number theorists that study
the properties of elliptic curves from the point of view of the analysis. For that
reason | decided to include a deep overview of the proof of Theorem 4.2.13 in
Chapter 4.
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Chapter 1

Algebraic Number Theory

1.1 Norm, trace and discriminant.

In this section we will introduce some basic tools about finite extensions of fields
and we will study some properties of number fields.

Let L/K be a finite field extension and z € L. We define the linear application
T,: L — L by T,(a) = za, and the following quantities

TT‘L/K(I‘) = TT(TQ;), NL/K(J") = det(Tx)
Denote f,(t) = det(tId —T,), hence

Proposition 1.1.1. If L/K is separable and o : L — K are the different embed-
dings that fix K then:

i) fo(t) =11,(t — o(2)),
it) Trp x(x) =32, 0(),
iti) Npjk(x) =[], o).

Proof. Let m = [K(z) : K] and d = [L : K(x)] and let p,(t) be the minimal
polynomial of z over K,

Pe(t) = t™ + o1 t™ 4+ it + co.

Let aq, aa, ...aq be a basis of L/K(x), so

m m—1

—1. m—1,
a1, 1T, ...,1T 2, T, ..., 2T Oy Ty ooy XGT

11



is a basis of L/K. The matrix representing 7, is diagonal by blocks (it has d
blocks), and each block is

0 0 0 —co

1 0 0 —C1
B—|0 1 0 - |,

00 -+ 1 —ecma

so if j(t) = det(B — tId) then f,(t) = j(t)% and we obtain that j(t) = p,(t), hence

Since L/ K is separable, p,(t) has m distinct roots, and for each root «; (i = 1, ..., m)
there are exactly d embeddings such that o(x) = «;. Let {o1,...,0mn} be a set of
representatives of such embeddings. Then

pa(t) = [](t = 0s(2)),
i=1
and consequently
fo() = pa()? = T [(t = 0i(2))" = T [ (t = o).
=1 o

Next, using that —T'rp /g and (—1)"NL/K are the coefficients of p,(t) we obtain
that

Trpj(e) =Y o(x)
and

NL/K HO'
0

Suppose L/K is again a finite separable extension, [L : K] = n, {a1, g, ...,an}
is a basis and 0; : L — K, i = 1,2, ...,n are the different embeddings of L over K.
Define the discriminant as follows:

d=d(a1,a, ..., an) = det(a;(a;))>

Since
T?"L/K azaj g or(;)og 04]

denoting A = (0i(ey))i;j and M = (T'rpx (icrj))i j, we have that M = A*A so

d(ar, g, ..., an) = det(Trr ).

12



Let the basis of L/K be 1,0,62,...,6"~1. Writing 0;(0) = 6;, the matrix A has
the following expression:

1 6, --- 9?*1

1 6y --- o771
A= 0 7

1 6, - o1t

so it is a Vandermonde matrix and its determinant is [],_;(c; — a;). Therefore,
d=];c;(0i — a;)* #0.

Consider the bilinear form (z,y) — Trp/k(7y). Let z and y be column vec-
tors whose entries are the coefficients over the base 1,6, 62...,6" 1. Consequently,
(x,y) = ' My, and if a1, a9, ..., o, is another base with change of basis matrix P
and M'" = (Trp g (ciaj))ij, then M’ = M P. Thus, as the determinant of P and M
are not zero, det(M’) # 0 and the bilinear form is non-degenerate. Next, let A be
an integrally closed domain over its quotient field K, let L/K be a finite separable
extension and let B be the integral closure of A in L. By Proposition 1.1.1, if & € B
then as its conjugates are also integral over A, T'rp, k() and Ny, k(z) are integral
over A because they are a sum (resp. a product) of integral elements. Since they
also lie in K, they lie in A because A is integrally closed over K.

Lemma 1.1.2. Let oy, ag, ..., ap be a basis of L/K contained in B. Then

dB C Aoy + Aag + ... + Ay,

Given 8 € L, there exist ¢ € K such that ¢S € A because as K is the quotient
field of A and g is algebraic over K,

Ay — a Q
e R =}
Qa Q,

m—1 1 0

with a;,a; € A, soif c =apa)---al,_q,
(cB)™ + am-100a) @y g, (cB)™ " + .. + ao(ag)™ " (] -+~ ay,)™ = 0,

which proves our assertion. Therefore, we can always find a basis of L/ K contained
in B.

Proof. Let o € B and o = a1y + ... + apay, with a; € K. We have the linear
system

n
Tryy(oo) = Trylojoi)ag,
j=1
so using the previous observation, ac; € B and o, € B, hence TTL/K(aai) €A

and Trp g (oja;) € A. Since the matrix F' = (Trp/k(aja;))i; has determinant
d=d(ay,ae,...,ap) # 0, denoting b = (TTL/K(aai))i, and a = (aj);,

Adj(F)b = da.

13



Therefore, as the elements of Adj(F') are sums and multiplications of elements in
A, da; € Afori=1,2,...,n and consequently da € Aay + Aag + ... + Aay,. O

1.2 Modules and number fields.

We will give now some basic properties about modules and modules over principal
domains.

Definition 1.2.1. Let R be a ring and M be a R—module. We say that (z;);er is
a basis when it is linearly independent and it generates M. We say that M is a
free-module if it admits a basis.

Lemma 1.2.2. Let R be a principal ring and F a free R—module. Then the car-
dinality of a basis is unique and is called the dimension or the rank.

Proof. First suppose we have the finite case (the infinite one is very similar). Let
Z1,...,Zn be a basis of F. Let p be a prime in R. Then F/pF is a R/pR-vector
space ((p) is a maximal ideal, so R/pR is a field), 77, ..., T, obviously generates
F/pF and if

MTL+ o 4 AT = 0,
then

M2+ o+ Ay € PF

SO M1 + ... + Ay = pAjw1 + pN,xy,. Therefore, \; = ... = \, = 0, because
T1,..., Ty is a basis. This implies that the cardinality of each basis x1, ..., z, is the
same as the dimension of the vectorial space F/pF, which is a constant number,
hence all basis in F' have the same cardinality. O

Now we will prove a useful lemma about the dimension of submodules.

Lemma 1.2.3. Let R be a principal ring, F a free R—module and M o R—submodule
of F'. Then M is a free module of dimension less than or equal to the dimension of
M.

Proof. We will do just the finite case (the infinite one is again similar). Let (x;);,
i =1,...,n be the basis of ' and consider the submodule M, = M N (z1, ..., z,) for
each r = 1,...,n, where (x1,x2, ..., x,) is the R—module generated by 1, ..., z,. We
will prove it by induction of r. For r = 1, M; C (z1) and {a € R : az1 € M} is
clearly an ideal, so since R is principal, {a € R : az1 € M;} = (b) and M; = (bzxy),
which is a free submodule of dimension 1. Assume that it is true for » and let A be
the set of elements a € R for which there exists x € M, 1 that can be written as

x=0bixy + boxas + ... + bpxy + axpy1.

14



Then A is obviously an ideal, so let A = (ay41). Suppose a,+1 = 0. Then M, =
M,., hence applying induction we obtain the result. If a,41 # 0, let w € R be the
element such that the coefficient of x,41 is a,11. Consequently, for all x € M, 1,
there exists ¢ € R such that x —cw € M,, so M,y = M, + (w). Applying induction
we obtain that M, is free and its dimension is less than or equal to r 4+ 1, as we
wanted to prove. ]

The following lemma is similar but instead of taking a principal ring we take a
Noetherian one.

Lemma 1.2.4. Let R be a Noetherian ring, F a finitely generated R—module and
M a R—submodule of F. Then M is also finitely generated.

Proof. Let x1,...x, be a set that generates I, and consider the submodule M, =
Mn(z,...,z,) for each r = 1,...,n, where (1, x2, ..., ;) is the R—module generated
by z1,...,x,. If M1 = M N (z1), {a € R: axry € M} is clearly an ideal, so as R
is Noetherian, {a € R : ax; € My} = (by,...,b) and My = (bix1,...,bxx1), which
is finitely generated. Assume that it is true for r» and let A be the set of elements
a € R for which there exists x € M, that can be written in the form

x=bix1 + boxo + ... + by + aTpy1.

Then A is obviously an ideal, so let A = (aq,...,a;). Let wi,...,w; be the elements
of M1 with x,;1-coeflicient a;. Consequently, for z € M, 1, there exists cy, ..., ¢
such that x — cqw; — ... — qqw; € M,., so applying induction we obtain that M, is
finitely generated, as we wanted to prove. O

Definition 1.2.5. Let R be aring and E be a R—module. The torsion submodule
Eiors is the set of elements © € E such that there exists a € R, a # 0 for which

ax = 0.

Finally, we will just formulate the following lemma.

Lemma 1.2.6. Let R a principal ring and E a R-module. Then there exists a free
submodule F' C E such that
E=FEi,s®F.

We will apply all this theory to the case of number fields.

Definition 1.2.7. By a number field we mean a finite algebraic extension K of

Q.
The ring Z is a principal domain and it is therefore integrally closed over its

quotient field Q. If K is a number field, we will call O the integral closure of Z
in K. It is also known as the ring of integers of K.

15



Corollary 1.2.8. Let K be a number field and [K : Q] = n. Then Ok is a free
module of rank n.

Proof. Let [K : Q] = n. By 1.1.2, we know that there exists a basis aq, ..., @, such
that Ox C Z% + ... + Z5¢. Since this last module is free of rank n, applying
Lemma 1.2.3 we obtain that Ok is a free module of rank less than or equal to n.
As Zaq + ... + Za, C Ok, using again the lemma we obtain that the rank of Ok is
n. O

1.3 Dedekind rings

In this section, instead of working just with number fields and ring of integers of
them, we will work in a more general context.

Definition 1.3.1. Let A be a ring and K its quotient ring. We say that [ is a
fractional ideal if [ is an A—module such that there exists ¢ # 0, ¢ € A for which
cl C A.

Definition 1.3.2. A Dedekind ring is a ring which is Noetherian, integrally
closed in its quotient field and such that every non-zero prime ideal is maximal.

Next we will prove the main theorem about Dedekind domains, but first we will
deal with the following technical lemma.

Lemma 1.3.3. Let A be a ring, L a field containing A and x € L. If there exists
a finitely generated A-module M such that tM C M, then x is integral over A.

Proof. Let oy, ..., o, be the elements that generate M. We have that
Ty = a1101 + 61202 + ...+ A1 n O,

Top = a2101 + ag2002 + ... + a2 nn,

TQp = Ap,100 + Ap 202 + ... + Gp pOn,

with all the coefficients belonging to A. Let

a1 —T a2 Glp-1  G1p
a1 A2 —T -0 G2p—1 as
A= .
Gn,1 an,2 vt App—1 OGpn — X

16



and
aq

a2

Qp

Then Ab = 0, and therefore det(A)b = Adj(A)Ab = 0, which implies that det(A)a; =
0 for each i. If 1 = a1 + ... + apan,

det(A) = det(A)araq + ... + det(A)anan =0,
so x is the zero of a monic polynomial with coefficients in A. O

Theorem 1.3.4. Let A be a Dedekind ring. Every ideal of A can be uniquely
factored into prime ideals. Furthermore, the set of non-zero fracional ideals form a
group under multiplication.

Proof. We will first prove the second assertion. We will do it in several steps.

i) Every non-zero ideal I contains a product of prime ideals:

Suppose that there exists an ideal for which it doesn’t happen. Then the
set of ideals for which that condition does not occur is not empty, so as A
is Noetherian, there exists an ideal I which is maximal with respect to that
hypothesis. In particular, I is not prime, and therefore there exists a, b such
that a ¢ I, b ¢ I but ab € I. If a1 = I + (a), ag = I + (b) then I C ay,
I C a2 and a1 # I # as, hence since I is maximal, a; = p1---py, and
as = q1 - qQn, with p;, q; prime ideals. As ab € I, ajas C I. Consequently,
D1 Pmdl- - qn = a1ae C I, which is a contradiction.

ii) Every prime ideal p is invertible, i.e. Bp = A for some fractional ideal B:

Let K be the quotient field of A. We define p~! = {x € K : 2p € A}. Clearly
A Cp ! Let a # 0 with a € p. Then by the first step there exist pi, ..., pm
primes such that
pip2--pm C(a) Cp

and m is minimal. If there exist a; € p; and a; ¢ p, since p is prime, [[; a; ¢ p
but [[;a; € pip2---pm C p, which is a contradiction. Therefore, one of the
primes is contained in p (we can assume that it is p1), p1 C p, and since p; is
maximal, p; = p. Now, as m is minimal,

P2+ pm ¢ (),

so there exists b € pa---py, such that b ¢ (a) and pb = p1b C (a), hence
a~lbp C A, which means that a='b € p~!. Since b ¢ (a), a='b ¢ A, and
consequently A # p~1.

17



Using the definition of p~' and the fact that A C p~! we have that p C
p~lp C A. Let 3, pix; with p; € p and x; € p~'. Then > 5T+ 0 pix s
again a sum of the same type, so it belongs to p~1p. If r € A, >, pirz; € p~'p
because rz;p C A, so p~!p is an ideal, and since p is maximal, it must be
either p or A. Suppose p~'p = p. Consequently, as p is a finitely generated
A module because A is Noetherian, using Lemma 1.3.3 we have that p~! is
integral over A. This is a contradiction because A C p~!, A # p~!, and the

fact that A is integrally closed. Therefore p~1p = A.

iii) Every non-zero ideal is invertible:

Suppose that is not true. Then there exists an ideal I maximal with respect
to that condition, so by the previous step it cannot be maximal. Therefore,
there exists p maximal such that I C p and I # p. Consequently,

IcIptcIitcA,
where in the first inclusion we have used that A C p~!, in the second that
since I C p, p~' € I"! and in the third one the definition of I~!. Applying
a similar argument than in the previous step, we have that Ip~' is an ideal.
Again, using Lemma 1.3.3 and the fact that A is a Dedekind ring, I # Ip~1.
Therefore, by the maximality of I, there exists a fractional ideal B such that
Ip~'B = A, which implies that I has an inverse, which is a contradiction.

iv) Let a be a non-zero ideal and ¢ a fractional ideal such that ac = A. Then
1

c=a "
First of all, ¢ C a~! by definition of a~! and if za C A, zac C ¢ because c is
a A-module, and since ac = A, = € ¢, as we wanted to prove.

Finally, we conclude that every fractional ideal is invertible. Let a a fractional
ideal and ¢ € K such that ca C A. Then using a similar argument than in the
previous steps, ca is an ideal, so it is invertible, and therefore there exists b such
that cab = A. Hence using the fourth step, cb = a~'. In addition, for any fractional
ideal a, Aa C a because a is an A—module, and a C Aa because 1 xa = a. Moreover,
let a’ be another fractional ideal, hence there exist ¢ such that ca € A, and thus
caa’ C A because a’ is an A—module. This proves that the non-zero fractional
ideals form a group (the associativity is obvious).

For the existence of a factorization, suppose it does not occur. Then there exists
I maximal with respect to that property, so there exists a prime p such that I C p
and as I cannot be a prime, p # I. Therefore I C Ip~!' C A, and again by Lemma
1.3.3 we have that I # Ip~!, which implies by maximality that Ip~' = py---p,,

hence I = pp; - - - p,, which is a contradiction.

For the uniqueness, let a,b be ideals and p a prime. Then ab C p implies that
one of them is contained in p (if not there would exist @’ € a, ¥/ € b with a’ ¢ p,
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b’ ¢ p such that a'b’ € p, which is a contradiction). If

P1-Ps=4q1"""Qqr,

using that argument we have that since ¢ - - - ¢, C p1 the inclusion ¢; C p; holds for
some 7. In addition, as g; is also maximal, ¢; = p1, and multiplying on both sides
by pl_1 we have an expression with s — 1 and r» — 1 terms, so by induction we have
the uniqueness. ]

Let I be a fractional ideal. There exists ¢ € A such that ¢I C A. Since ¢l is an
ideal, ¢cI = py---py and (¢) = q1 - - - ¢s, so using that the set of fractional ideals is

a group,
I:pl"‘pm

ql .« e qs ’
After cancellation, uniqueness follows from the uniqueness of the factorization of
non-zero ideals.

We will now show several easy lemmas related to conmmutative algebra that
will be left without proof.

Lemma 1.3.5. (Chinese remainder Theorem) Let A be a ring and Iy, ..., I, ideals
such that I; +1; = A for alli # j. Then if a = N;I;,

Ala = @A/Ii.

Lemma 1.3.6. Let A be a ring and Iy, ..., I, ideals such that I; + I; = A for all

1# j. Then
NL=]]%

Lemma 1.3.7. Suppose A C B and B C C are integral extensions. Then A C C
s again an integral extension.

Lemma 1.3.8. Let A C B be an integral extension of domains. Then A is a field
if and only if B is a field.

Lemma 1.3.9. Let A C B be an integral extension of rings and J C B an ideal.
We have that
A/(JNA)C B/J

s an integral extension of rings.
Corollary 1.3.10. Let A be a Dedekind ring, B an integral extension of A and 3

a prime ideal of B. Then B is mazimal.

Proof. The extension A C B is a homomorphism of rings, so 8N A is the preimage
of a prime and is therefore a prime. Using that A is a Dedekind ring, 5N A is
maximal, and applying the previous lemmas we have that § is maximal. O
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Next we are going to study Dedekind rings in extensions of fields.

Proposition 1.3.11. Let A be a Dedekind domain and K its field of fractions. Let
L/K be a separable extension of fields. If B is the integral closure of A in L, B is
again a Dedekind domain.

Proof. Let z € L be integral over B. Then B[z] is obviously finitely generated
and hence by Lemma 1.3.3 it is integral, so A C B[z] is integral and therefore
is integral over A. Consequently, x € B. This proves that B is integrally closed.
Corollary 1.3.10 shows that every non-zero prime is maximal. To prove that it is
Noetherian, by Lemma 1.1.2 we have that B C A} + ... + A“2. Thus, by Lemma
1.2.4 we have that B is a finitely generated A-module (A is Noetherian). Using
that B is isomorphic to Alzy,...,2;]/J, where J is an ideal of the polynomial ring,
and using Hilbert’s basis Theorem, we have that B is Noetherian. O

Corollary 1.3.12. If K is a number field then Ok is a Dedekind domain.

Proof. K/Q is a separable extension, Z is obviously Noetherian and Q is its quotient
field. From the previous proposition it follows that O is a Dedekind domain. [

Lemma 1.3.13. Let A be a Dedekind ring and S a multiplicative set. Then S™'A
is a Dedekind ring.

Now given p € A a prime ideal, it is not difficult to see that pB # B. Therefore,
as B is a Dedekind domain,

pB:ﬁfl €m

m

and for each i, since pB C f;, p C B;, so p = 5; N A. We say that each e; is the
ramification index, and we define

fi=1[B/Bi: A/p]

as the residual degree ((B/f3;)/(A/p) is an extension of fields because p € ;). In
addition, if 8; # B;, B; C B; + B and B; C B; + ;. Since both are maximal and
different, 3; + B; = B. Therefore, there exist a € 3;, b € 3; such that a +b = 1.
Consider 37" + ﬁjj. Then 1 = (a+b)“*% € B + 5? because when we expand that
expression, either the exponent of a is bigger than or equal to e; or the exponent
of a is bigger than or equal to e;, hence applying Lemma 1.3.6, we obtain that

I15 = ()

Lemma 1.3.14. Let O be a dedekind ring and I an ideal with I = p{*--- B5r.
Then I C B* if and only if 8 = B; for some i and k < e;.
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Proof. The second assertion implies the first is obvious. Suppose 8 # ; for any i.
Then using the previous remark we have that [[, 35" = ", 87, soif ), 85" = I C B*,

(e =18 c (N8 nst 6

Therefore

(2

(5 ns" =57

and since ( is coprime with the rest of primes,
T8 =8 n g =87 =8

which contradicts the uniqueness of the factorization. Suppose 3 = 3; and k > e;.
Then using a similar argument,

(87 =87 ()85,
i i#j
and applying that intersections are the same as products we have a contradiction.

O]

We will prove the following result about the numerical relation of the ramifica-
tion indexes and the residual degrees.

Theorem 1.3.15. Let L/K be separable and [L : K] = n. Then we have
Z eifi = n.
i
Proof. Applying the previous observation and the Chinese Remainder Theorem,
B/pB ~ P B/p;".
i

It will suffice to show that dim,/,(B/pB) = n and dimy,,(B/B;") = eifi. The
number dimy,(B/pB) is finite because B is a finitely generated A module, so
B = Alay, ..., a5 and clearly @; generates (B/pB) over A/p. Let wy, ...,wy, be a set
of representatives in B of a basis of B/pB. If there is a non trivial combination of
them with coefficients in K, then there is a non-trivial combination of them over
A, and thus

a1wi + ... + amwmy = 0. (1.3.1)

Let A = (a1,...,am) # 0, so there exists A~! and as the factorization is unique,
A1 #£ A (A7 1p € A1), hence there exists a € A~ with a ¢ A~ !p. Therefore,
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aA ¢ p and consequently at least for one ¢, aa; ¢ p. Multiplying 1.3.1 by a we have
that

aa] w1 + ... + aa,, W, =0
is a non trivial combination, which is a contradiction, hence wy, ..., wy, is linearly
independent over K.

Now we consider the finitely generated A—modules M = Aw;j + ... + Aw,, and
N = B/M. Then B = M + pB because if b € B, b = b1y + ... + by, S0
b—biwi + ... + bpywy, € pB. Therefore, N = pN. Suppose aq, ..., a, are generators
of N.

r
o = ping + ... +pgng = Zai,jaj
j=1
with a;; € p. Let A = (a;; — Id). Thus det(A) # 0 because det(A) = (—1)"
mod p. Let o = (;);. We have that Aa; = 0, so det(A)a = Adj(A)Aa = 0, which
implies that dN = 0. Therefore, dB € Awi + ... + Awy,, and since every x € L can
be expressed as x = bk with b € B and k € K, then L C K|wy,...,wp] C L, hence
W1, ., W is a basis of L over K and n = dim,,,(B/pB).

For the other equality to prove,
(0) C BFY /B C BT B C ... C BB
Denote [; = 37 J/Bel, Iy =0 and I, = B/f;*. We have that

e;j—1 e;j—1
dim([, Zdlm j41) — dim (] Zdlm BT J— l/ﬁel )
7=0

Let 8; = 8, a € 8" — B! and define B — /8" by a — aa. The kernel of
that application is [ because if a ¢ § then (a) doesn’t have a power of J in its
representation. Therefore, in the representation of (a)(«), § is raised to a power less
than or equal to n, which implies that (aa) ¢ 87!, which means that aa ¢ g"F1.
We also have the equation

B = (a) + 6",
because using Lemma 1.3.14, no prime different to 5 appear in the factorization of
() 4+ B, s0 BF = (a) + ™! € B" and BF = (a) + g7+ ¢ g7, Consequently,
since B! C (a)+B"T! C B7, then (o) + 8" = 37, which implies the surjectivity
of the previous function. For that reason,

B/B~p"/g" T,
so if f; = [B/B; : A/p] then we have

e;—1

dim(B/Bf") = Z fi = eifs,

which concludes the proof.
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1.4 Valuations and some classical formulas

Definition 1.4.1. Let K be a field. We say that
‘-"U K — R+
is an absolute value or a valuation when

i) [z|y =0<=x=0.
ii) For all z,y € K, |zy|, = |x|v]y]o-

ili) For all z,y € K, |z + y|v < |z]y + |z|,. If instead of having property iii) we
have |z +y|, < max(|z|y, |y|,) we call it non-archimedean absolute value, and
if it is not non-archimedean, we call it just archimedean.

Definition 1.4.2. Let K be a field. We say that
v:K—=R
is an exponential valuation when
i) v(z) =00 <=2 =0.
ii) For all z,y € K, v(zy) = v(x) + v(y).

iii) For all z,y € K, v(x + y) > min(v(z),v(y)).

Using the above properties, it can be proved that theset R = {z € K : v(z) > 0}
is a local ring with maximal ideal m = {z € K : v(x) > 0}. We call it discrete
valuation ring.

Definition 1.4.3. Let K be a field and v an absolute value. We say that K is
complete if it is complete with respect to the topology induced by the absolute
value.

Now we will outline some lemmas about those fields and we will leave them
without proof.

Lemma 1.4.4. Let K be a complete field with respect to an absolute value |.|, and
L an algebraic extension. Then there is a unique absolute value in L that extends

o

With this lemma it can be deduced that if A is the discrete valuation ring of
K, and B is the integral closure of A in L, there is a unique maximal ideal 5 such
that SN A = p with p the unique maximal ideal of A. Suppose w|v extends v in L.
Then as v(K) is a subgroup of w(L), e = (w(L) : v(K)), makes sense and is called
the ramification index. Let f = [B/5: A/p].
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Lemma 1.4.5.
ef >[L: K]

and for the case L/K separable, ef = [L : K].

Definition 1.4.6. Suppose K is complete. We say that a finite extension L/K is
unramified if the extension (B/f3)/(A/p) is separable and

f=IL:K].

An arbitrary algebraic extension is unramified when it is a union of finite unramified
subextensions.

Proposition 1.4.7. Let L/K and K'/K be algebraic extensions. Then
L/K is unramified = L'/K' is unramified.
The composite of unramified extensions is unramified.

Definition 1.4.8. Let K be a complete field with respect to a valuation, with
Dedekind A and maximal ideal p. Let E be a finite extension, let B be the integral
closure and 3 its maximal ideal. We say that § (or F) is tamely ramified over p
if char(A/p) does not divide e, where e = e(8 : p) is the ramification index.

Let K, be the maximal unramified extension of K and F, the maximal tamely
ramified extension of K. Then we have the following inclusions:

K<~ K, —FE, — FE.

Let L/K be an extension of fields, let v be a valuation of K and w|v a valuation
in L. Let G = Gal(L/K) and o € G. Let p the prime associated to v and S the
prime associated to w, and let O the valuation ring of L. We define the following
valuation w o o as follows:

|Z]uwoo = [0(2) -
It is easy to prove that it is indeed a valuation that extends v.

Definition 1.4.9. The decomposition group of the extension w|v is defined as:
Go = Go(L/K) = {a € Q(L/K) i woo = w}.
The inertia group is defined as:
I,=1,L/K) = {O’ €EGu:o(x)=x modf forallzxe O}.
The ramification group is defined as:

R,=R,(L/K) = {0’ €Gy:0(x)/x=1 modf forall x e L*}.
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Obviously, we have the relations
R, Cl, C@G,.
From now on, we will quote some basic and useful results.

Proposition 1.4.10. In the above situation,
Gu(L/K) = G(L,/Ky),

L,(L/K) = I(Ly/Ky),

and
R,(L/K) = R(L,/Ky).

Proposition 1.4.11. Let Z,, be the fized field of G, T., the fized field of 1., and L,
the fized field of Ry. Then, T, /Z, is the maximal unramified extension of L/Z,,
and Ly, /Z, is the mazimal tamelly ramified extension of L/Z,,.

Proposition 1.4.12. In the above situation, the subgroup R, is the only p-Sylow
subgroup of G,. Therefore, the order of 1,,/R, = Gal(L,/T,,) is prime to p.

Proposition 1.4.13. Let K be the quotient field of a discrete valuation ring with
valuation v and let E be an algebraic extension of K. Let w be a valuation in FE
extending v. Denote E,,, K, as the completions of such fields with respect to those
valuations and ny, = [Ey, : Ky). Then we have the formula

> oy =[E: K].

w|v

Proposition 1.4.14. Let K be the quotient field of a discrete valuation ring and
E/K a finite extension. If vg is a valuation in K and a € E then

[ lali = INE(@)lu-

v|vg

Now we consider the set Mg of absolute values in Q that consist on the p-adic
valuations plus the usual norm; that is, for any prime p, any m € Q can be written
in the form a

m:png

with a,b € Z and (a,p) = (b,p) = 1. We define the p-adic valuation as
1

‘m|P =

and |m|s = |m| will denote the standard absolute value. In fact, there is a famous
theorem which says that these valuations are the only ones:
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Theorem 1.4.15 (Ostrowski). Consider the field Q. Then v is an absolute value
i Q if and only if there exists A > 0 and a prime number p € N such that for all

reQ,

Il = Irl

or
rlo = Il

Now, using this theorem we are going to prove the same with number fields.

Let A be a Dedekind ring and K its quotient field. As we saw in the previous
section, for each o € K,
()A=pi* - pf7,

where aA is a fractional ideal and the exponents could be negative. Let p be a
prime ideal of A. We define v, as

vp(a) = €
if p = p; for some 1 <14 < r, and
Up(a) =0

in other case. This function is a non-archimedean discrete (exponential) valuation:

Using the fact that the set of fractional ideals form a group under multiplication,
let 8 € K and

BA = (p)) -+ (p))".
Then
alBA — (p/l)el - (pg)elpil .. .pfjj

so if p; = pl; for some 4, j,
Upi(aﬁ) =€+ e;‘ = Upi(a) + Up; (6)7

and the rest of cases are done in the same way. The lower bound of the valuation of
a sum is also easy to check and is again a consequence of the unique factorization of
ideals and the definition of products of ideals. Since v is a non-archimedean discrete
(exponential) valuation, given any 7' > 1 then T—v»(®) js a non-archimedean discrete
absolute value.

Let’s now deal with the case of number fields. Let K be a number field and Og
its ring of integers. As we saw before, if § is a prime ideal in O, then there exists
a prime p € Z such that § N Z = pZ. Therefore,

POk = BBy -+ By,

with 8; prime ideals in O and e; > 0. Let N3 = plOx/BFo] — pfs
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Let m € O such that vg(7) = 1. Then p = 7°u with vg(u) = 0. For any v € K
we define

1 Len—
‘a|ﬁ = ’UB(O{) = (p /e) 'UB(OZ)’
p e
so by the previous observation |.|g is a non-archimedean absolute value and it
extends |.|, because [p|g = = and for the rest of prime numbers ¢ in Z, vg(q) = 0.

If not, qOg C B, so
qZ C BNZ = pZ,

which is a contradiction.

We also define
lalls = (<)@ = (ja]5)%s.
Ng

Next we will prove two easy lemmas.
Lemma 1.4.16. Let K be a number field, Ok its ring of integers, |.|, a non-

archimedean absolute value and o € O. Then, |a|, < 1. Furthermore, when o is
an invertible element in Ok, |al, = 1.

Proof. Let p(z) = 2" + a,_12" ! + ... + ag with a; € Z such that p(a) = 0. By
Ostrowski Theorem, |a;|, = ‘ai‘z)r\ < 1 because a; € Z. Then if |af, > 1, for all
1< n, ‘ A
laly > lal, = |alf|aslo,
SO
la” = |a" + ap_10™ 7t + .+ aroq |, = |aglo,

which is a contradiction because ||} > 1 and |ag|, < 1. Therefore, |a|, < 1, and
when « is invertible in O, by the same reasoning, as a~! € O,

o™, <1,

which implies that
lal, = 1.

O

Lemma 1.4.17. Let E/K be an extension of fields, let vo be a valuation in K
and let v|vg be a valuation in E. Suppose vy is non-archimedean. Then v is also
non-archimedean.

Proof. Let s,r € F.

n
n _
Ir 4 sly = | ( ) Jgn— ]|U<Z|< )|v0|7"|] s[n=d (1.4.1)
— \J
j
" (n
< |<]> oo Mmax(|7]y, |s]o)" < nmax(|r|y, |ss)", (1.4.2)
=0



where in the last step we have used that (;L) € K and that vy is non-archimedean,
SO

r+ sly < Ynmax(|rly, [s|),

for all n. Letting n tend to infinity,
r + sl < max(|r|y, [s],),

as we wished to prove. O

The following proposition is a generalization of the previous one in number
fields. Though many authors are constantly assuming it, I have not found a proof
of it in any book.

Proposition 1.4.18. Let |.|, be a non-archimedean valuation in K. Then it is of
the form Hg for some prime 5 and some A > 0.

Proof. Using Ostrowski theorem and the previous lemma, we have that |.|, re-
stricted to Q is a non-archimedean value, so it is of the form H;} for some prime

p € Z. Therefore, if we prove that ||11,/ A is of the form |.|s for some f prime in Ok
we will have finished.

It suffices to show the result for O because K is the quotient field of Og. We
can also suppose that |.|, restricted to Q is |.|,, so we must show that |.|, = |.|g for
some (3. Now, let

POK = B B

Suppose there is some o € Ok such that a ¢ S; for all i = 1,...,r. Then if « is
invertible in Ok, using Lemma 1.4.16 we have that |a|, = 1. Suppose « is not
invertible,

aOx = p -7y
and all of those primes are different from the 5; for all ¢ = 1,...,r. Let p; NZ = p;Z.
As

h h
"li — ~li
i=1 i=1
h h
(I#z c N+ N2z) = a0k N2,
=1 i=1

but since 5; and p; are all different and S; are the only ones for which 5, NZ = p
then we have that p; # p for all 7. If |a|, < 1, then using Lemma 1.4.16 we would
have that all elements belonging to aOx N Z would have absolute value less than
one. This is because they are a product of an element in Og, which has absolute
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value less than or equal to 1 and «, whose absolute value is less than 1. However,
as |.|, extends |.|, and H?:l pﬁi € a0k NZ,

h
l;
|le ‘v < 17
=1

so at least one of the p; must verify that |p;|, = |pil, < 1, which contradicts the
fact that p; # p. Therefore, ||, = 1.

If we are able to prove that there exists 7 such that for & € Og with a ¢ f3; then
la|y = 1, we would have finished, because taking 7 € Ok that verifies vg, (7) = 1
then for v € Ok with vg,(y) =n, 7"/y & i, so |7 /v|, = 1. Therefore

17" o = [Ylo,
and since p = 7u with u ¢ 3,
5 = |7l uly = 7[5

Consequently,
1
"Y|’U = ordﬁi(’Y) '

p e

As a consequence of the finiteness of the class number, which will be proved in
the next subsection, for each §; the set of ideals {3/ G2 18 infinite. Therefore, there
exist two numbers r, s such that 8 ~ 7, which means that for m =r —s > 0,
there exists & € Ok such that (§;) = 8;". Now imagine that {&; };=1 is the subset
of those elements for which [¢; ], < 1 and suppose! j > 2. Then

6+ [ &l <1
I#ix

because for each of the addends the non-archimedean absolute value is less than
one?. However,

G+ & ¢
I£i1
because if b; € §; with i # i1 and b; = &, + Hl#l & then
& =bi— ] &e€s
I#i1

which is a contradiction, and the same with i;. Hence by the observation we did
at the beginning of the proof,

6+ [T &l =1,
I#ix

!This means that for at least two of the prime ideals 3;, the elements &; verifiy |, < 1.
2Here the product is taking over all the indexes of the prime ideals 3; except f;,.
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which is again a contradiction, so j < 1. Imagine that j = 0. Then

P™)/(E" - 67) = ™)/ (B - B7) = Ok,

which implies that & = p™ /(! ---£7) is a unit of Og. Furthermore, by Lemma

1.4.16, using that it is a unit, |&|, = 1, and as |&|, = 1 for all 4, |p|, = 1, which
contradicts the fact that it extends the p-adic absolute value.

If j = 1, let’s say that the element for which its absolute value is not 1 has index
1. Using a similar reasoning, take a € Ox with a ¢ 3;. Let f; = ordg,(a). Then,

a™ /(&) ¢ B

for all 5 =1,...,r, and it belongs to O, since

(@™) /(€52 - &lry = (a™) /(B> - L™

is an ideal in Og. Therefore,

|a/(§22 o 'grr)|v =1,

which implies that |a|, = 1 as we wanted to prove. O

From now on, when we talk about the set M of absoulte values in K we would
refer to those values (the values whose restriction to K is either the p-adic value
or the standard norm in R). The set of non-archimedean values will be denoted by
M?{, and the set of archimedean values by Mz°. Returning to the l-adic absolute
values in Q, we obviously have that those absolute values are multiplicative and for
[ prime,

lp=1

if p#1 and
mp:1
p

ifp=1so

H|”p :%
p

and therefore,

H Uy = |loo H I, = 1. (1.4.3)

vEMg p

Corollary 1.4.19. Let K be a number field and o € K. Let Mg be the set of
absolute values of K,
IT lof =1.

veEMK
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Proof. By the definition of norm, N(g(a) € Q, hence using equation 1.4.3,
1= [ N (@)l
UEM@

Applying Proposition 1.4.14 we have that for fixed vy € Mg,
v _ |NE
[T ledi = INE(@)lu
v|vg
so putting together the two formulas,
K v — v
1= ] N @l = [ Il =TT laliv,
voEM@ UoGM@ v|vo vEME

as we wished to prove. Note that |a|, = 1 except for a finite number of v, so we can
rearrange the terms of the product without changing the result. This expression is
also known as the product formula. O

To end this section we present a classic result that will be used later on.

Proposition 1.4.20. Let K be a number field. Then there is a finite number of
primes p € Z for which (p) is ramified.

Though this result could be generalized, we will just need this version.

1.5 Three classic results of Galois theory and number
fields

In this subsection we will deal with a well-known result about Abelian Kummer
theory and we will also prove the Dirichlet unit-theorem and other propositions.

1.5.1 Abelian Kummer theory

We will prove a classic result used in the Mordell-Weill proof. But before we will
need some basic lemmas.

Lemma 1.5.1. Let k be a field and K a finite Galois extension with Galois group
G=G1 x Gy x -+ X Gp_1 X Gy, where G; are finite groups Vi and K; is the fized

field of
Hi:GlXGQX-“XGi_lX{l}XGH_l><~~-><Gn.

Then K; is Galois over k and K = K1 Ko+ K,
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Proof. For proving that K;/k is Galois it is enough to show that H; is normal,
but that is trivial because g € G, g = (91,92, ...,9n) With g; € G;, h € H;, h =
(hl, ...hi_l, 1, hz’—&—l, hn), then

(91,92 gn) - (R, iz, 1, higa,he) - (970 95 s gnt) =
(glhlgl_la "'7gi—1hi—1gr;117 1 7gi+1hi+1gi_+117 7gnhng7;1> S H’L

Let L = K1 Ky -- ‘Kn. NOW7 as Vi, Ki C KiKs- --Kn, ifg € G fixes KKy -- -Kn,
in particular it fixes K;, hence g € H; and consequently Gal(K/L) C (), H; = {1},
so Gal(K/L) is trivial and therefore K1 Ko --- K, = L = K.

O]

Lemma 1.5.2. Let K/k be a Galois extension of fields and let G be its Galois
group. Let {o1,09-+ ,0,} be a set of distinct embeddings from K to K, o; € G Vi,
and let a; € K. Then

a101 + ago9 + -+ + apo, =0
if and only if a;, =0Vi=1---n.
Proof. For n = 1 the result is trivial because o7 is an embedding. Suppose we have
a set of n embeddings in which there is a non-trivial linear combination of them.

We choose a combination in which not all the coefficients are zero and the number
k of embeddings is minimun, so k > 2 and 0; #0Vi=1---n,

aio1 + asoo + -+ - + arpop, = 0. (1.5.1)

As 01 # 09, there exists a € K for which o1(a) # 02(a), then since o; are homo-
morphisms, we have for all z € K

aro1(a)or(x) + agoz(a)oz(x) + - - - + agox(a)og(z) = 0. (1.5.2)

Therefore, multiplying 1.5.1 by o1(a) and subtracting that equation and 1.5.2 we
have

az(o1(a) — o2(a))or + - + ax(o1(a) — ox(a))or =0,
so as az(o1(a) — o2(a)) # 0 we have a relation with less terms in which not all the

coefficients are zero, which is a contradiction. ]

With this last lemma we can prove the following corollary.

Corollary 1.5.3. Let K/k be a cyclic extension of fields of degree n with Galois
group G and generator o. Suppose f € K. Then N,f((ﬂ) = 1 if and only if there
exists « € K for which 8 = a/o(a).
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Proof. Let = a/o(a). Then

HO’ )/To(a H /HO’

ceG geG

Conversely, if Nf(8) = 1, using Lemma 1.5.2 and the notation {7 = o(¢) and
£T7 = €77 we have that

B + l81+0'0_ 4a Bl+a+a2+~~+a”’10n—l 7& 0

because all the coefficients are non-zero and ¢ has order n, so all embeddings are
different. Therefore there exist a,y € K such that

a=By+ B0 (y) + B0 (7) 4 - 4 TR T gl () L,

hence

J(a) — 500(,}/) 4 ﬁ0+0202(’7) 4 BU+U2+JBU3(’Y) 4t 61+U+02+W+Jn71’y,

and since 1 = N (8) = Biete® 40" e have that a = Bo(«), which concludes
the proof. O

Definition 1.5.4. We say that a Galois extension of fields K /k is said to be of
exponent m if for all ¢ € G we have ¢™ = 1. We also say that a Galois extension
of fields K/k is abelian when its Galois group G is abelian.

With all those previous lemmas and definitions we are ready to prove the fol-
lowing proposition.

Proposition 1.5.5. Let m be an integer, k a field of characteristic prime to m
containing an m-primitive Toot and K its maximal abelian extension of exponent
m. Then K is Galois and is obtained by adjoining the m-roots of the elements of
k to k.

Proof. Let L be a subextension of K (a finite extension of k contained in K), and
let G be the Galois group of K/k. Then by assumption L/k is abelian and Galois
because G(K /L) is normal in G as G is abelian and any element of G(L/k) can be
obtained by retricting some o € G to L. Therefore, since G is abelian, G(L/k) will
also be abelian (by Galois Theory we know that G(K/k)/G(K/L) ~ G(L/k). The
group G(L/k) will be abelian because G(K/k)/G(K/L) is abelian). Since G(L/k)
is abelian and finite, it can be written as a direct product of cyclic groups:

G(L/k) =Cy x Cag x -+ X Cpq X -+ Cy.
Using Lemma 1.5.1 we have that if K; is the fixed group of H; = Cy x (3 X

- X Cj—1 x {1} x Cj41 x -+ x Cp, K; is Galois over k and its Galois group is
G(K;/k) ~ G(L/k)/H; ~ C;. Therefore, it is cyclic of exponent m, so if the order
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n; of its generator 7; is equal to the order of the group and 77" = 1, n;|m, and again
applying the lemma we know that L = K1 Ks - - - K.

Using the hypothesis that k£ contains an m-primitive root of the unit (, as
¢Thek,
NECH =) =1/Qm =1,
hence applying corollary 1.5.3, if o; is the generator of Gal(K;/k), there exists
a € K; such that (7! = a/oi(a), so oi(a) = Ca. Let n; = Gal(K;/k) = [K; : k.

Since o} (o) = (Ja, and (Yo are all distinct for all j = 0,1,...,m — 1, the minimal

polynomial of o over k has degree at least m, so [k(«) : k] > m, but as n;|m, in
particular n; < m, so we have

m < [k(a) : k]| < [K;: k] =n; <m,
which implies that k(a) = K;. In fact,
gi(a™) = gi(a)™ = ("™ = o™,
hence since o; generates Gal(K;/k), we conclude that a; = o™ € K, and then

K; = k(a;/m), so therefore, as L = K1 Ky -+ - Ky,

L= k(a}/m,aé/m at/™).

g eeey Uy

This implies that K C k(A), where A = {a'/™ : a € k}.

But now if G’ = Gal(k(A)/k), by the definition of k(A), every 8 € k(A) belongs
to k’(bi/m, b;/m, s bll/m) for some b; € k. Therefore, to prove that 7,7/ € G’ implies
that 77/(z) = 7/7(x) for all x € k(A) it suffices to prove it for the bil/m. Since
T(bi/m) must be a root of the polynomial equation ™ — b; = 0, then T(bil/m) =
¢mby™ and 7/(b}'™) = ¢ b}™, so

TT’(bil/m) _ T(Cj"/bil/m) _ CjT/Cijil/m _ qu—ch/bi/m
= 7(¢Tb™) = (),

which means that k(A) is abelian, hence k(A4) C K and k(A) = K, as we wanted
to prove. [

Remark 1.5.6. Indeed what we actually showed during the proof of the proposition
is that all abelian extensions of k of exponent m are contained in k(A), which is
something we will use later.

1.5.2 Class number and unit theorem

In this subsection we will prove two classic results concerning the class number of
the integer ring of a number field and the finiteness of a certain set in R?.
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Let K be a number field and O . As we saw in the last section, O is a Dedeking
ring, so the set Ix of its non-zero fractional ideals form a multiplicative group. By
a principal fracional ideal we shall mean the fractional ideal («) generated by a,
where a belongs to the quotient field of O (it is indeed a fractional ideal because if
a = aj/ag with ag, as € Ok then as(a) C Ok). The group of non-zero fractional
ideals modulo the principal fractional ideals will form a group (the group of non-
zero fractional ideals is abelian, so every subgroup is normal) and will be called the
ideal class group. The cardinal of that group is called the class number. Before
proving the main theorem about it, we will show a definition and a lemma which
can be found in [25].

Definition 1.5.7. Let K be a number field and a be an ideal of Og. Define Na
as the number of elements of O /a.

Lemma 1.5.8. Let K be a number field and let 5 € K, B # 0. Then
N(B) = N (B).

Proposition 1.5.9. Let K be a number field and Ok its integer ring. Then the
class number is finite.

Proof. Let a be an ideal of Ok . It suffices to show that there exists another ideal
b such that b~! belongs to the same ideal class and Nb < C where C is a constant
that only depends on K. This is because there is only a finite number of ideals for
which that inequality holds.

To prove this last assertion, suppose that Nb < C and let b = pi*---p/",
where p; are prime ideals in O for all i. We have that Og /b = [, Ox/p;", so
Nb = [[(Np;)™, and (Np;)™ = p?ifi, where the exponents f; > 1 are integers and
piZ. = p; N Z. As there is only a finite set P of primes p that satisfy p < C, and
since there is only a finite set of prime ideals in Ok lying above each pZ, there is
only a finite set @ of prime ideals in Og (which is in fact contained in the set of the
prime ideals lying above those in P) satisfying Nb < C. Therefore, each p; must
belong to @ and for each p;, since (Np;)™ < C, n; < m; where m; is a constant
that depends on the prime ideal. Let T" be the set of ideals for which the inequality
holds and |@| = k. Then

T C{B'B5 - By Bk, 0<ei<mi, BieQ, Bi#Bj<=i+#j},

and the size of that set is bounded by [[;(m; + 1), so in particular T is finite, as
we wanted to prove.

Let’s now prove the first affirmation. Let a be an ideal and let wy,wo, ...,wn be
the generators of Og. We consider the set S of elements of the form

a1w1 + Gw9o + ... + ANWN,
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where
0<a; < (Na)'/N +1,

and a; € Z. Then, clearly |S| > Na, so there exist z,y € S such that { =2 —y € a

and therefore if a = p{"' .- p"n we have that (§) = pTll = -p:?;l - ps'®, where
m; < m} which means that there is an ideal b with ab = (&).

Let £ = ajwi + ... + a/ywn. Then,

ING ()] =[] laro(w) + -+ ayo(wn)l,
oceG

where 0 < |a}| < (Na)'/N +1, so denoting O/ = 2N maxi<;<n, sec{lo(w)|},

INE(©)] < (©/2%) (N + )Y < (€/2%) (Na) + (Na)') " = O(Na).
Using Lemma 1.5.8 we obtain that
N(()) = NE(©).
Since the function N is (completely) multiplicative,
N(@)N(b) = N((¢)) < ON(a),

so N(b) < C, and a and b~! belong to the same class ideal, as we wanted to
prove. O

Next we are going to prove another result concerning the finiteness of a certain
group, but for doing so we need some previous definitions.

Definition 1.5.10. Let Mg be the set of all absolute values of the number field
K. We define a Mg —divisor ¢ to be a real function of the absolute values such
that

i) c¢(v) > 0 for all absolute values.
ii) ¢(v) =1 for all but a finite number of v.
iii) If v is a discrete valuation there exists o € K such that |a|, = ¢(v).
Sometimes we will also write |c|, instead of ¢(v).
Using that K can be uniquely factored as a (finite) product of prime ideals, we

have that for € K then |a|, = 1 for all but a finite number of v, hence |af, is
also a Mg —divisor and therefore

|acly = |alue(v)
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is again a Mg —divisor. We also define the following quantities:

llelly = e(v)™,

el =T llelle-
v

Let L(c) be the elements of K such that for each v,
|y < ¢(v),

and denote A(c) as the number of elements of L(c). By the product formula,
||acl|k = ||¢||k, and the function

T — Qx

is clearly a biyection from L(ac) to L(c), so A(ac) = A(c). Now we will prove a
useful lemma.

Lemma 1.5.11. There exist two constants, ci,co depending on K such that
allellx < Ale) < sup(L, eaffef| k).

Proof. Suppose there is one complex value vy in Mg, so we identify K,, with the
complex plane. Let’s take the square of side 2¢(vg) centered at the origin and let
m be an integer such that

m < Ac)Y? <m+1. (1.5.3)

If m = 0 then the right inequality is obvious, hence we can assume m # 0. Divide the
square into m? equal squares. Then by the inequality 1.5.3, there exists x,y € L(c)
such that both of them belong to the same square, so

[ = yloy < (2¢(v0)/m) V2.
Suppose v is another archimedean absolute value. Then
[z —ylo < |2lo + [yl < 2¢(v),

and if v is non-archimedean,
[z —ylo < c(v).
By the product formula,
L=[]lz = y™ < (8/m*)2|le|lx = calle||x/4m?,

v

where j is the number of archimedean values minus one and ¢y = 2772, Then since
(m+1)% < 4m?,
Ae) < (m+1)? <dm® < ool
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as we wanted to prove. Suppose My contains a real value vg. Then we consider
the interval of radius vg centered at the origin, we divide it in m equal subintervals
and we proceed in a similar way.

For the other inequality, let co = N sup; ,(Jwi|,) where v are the archimedean
values. Let t = comin,(c(v)™!). Take x, € Q such that (5/4)co/c(v) < x, <
(7/4)co/c(v). By the approximation theorem?® there exists o € K such that |o —
x| < t/4. If ¢ € Q, |q|, = |q|, then for each v, |al, < |a—xy|y + 2y < coc(v) /44
(7/4)coc(v) ™t = 2¢o/c(v), and |aly > 20 — | — 20| > (5/4)coc(v) ™! —coe(v) ™ = co,
so we have

co < |acly, < 2¢.

As there are only a finite number of non-archimedean valuations such that |ac|, # 1,
we multiply by an integer a € Z. This integer will be divisible by a big power of
the prime that belongs to each of the primes in O that correspond to each of
the valuations for which |ac|, # 1. Therefore, we get that |acal, < 1 for all
non-archimedean valuations, hence

colaly < |acaly, < 2¢plaly.

Using the fact that A(c) and [|c||x don’t change if ¢ is multiplied by a constant
in K, it suffices to prove the inequality for aac (we can call it just ¢), so we can
suppose

colaly, < lelv < 2¢olaly (1.5.4)

for the archimedean values. Let L be the set of elements belonging to Ok that can
be written
ajwi + ... + aNwn,

where 0 < a; < a, so the size of L is bigger than a”¥. As for each non-archimedean
v there exists o € K such that |a|, = ¢(v) < 1, we can consider n, = ord,(a) > 0,
where p is the prime associated with v. Therefore, considering the image of L under
the natural homomorphism from O into Ok /] , " there will be a subset L' of

L for which at least

av

[I(Np)™

elements will belong to the same class. Then, if we fix z € L’ and y belongs to L/,
|z =yl < ¢(v)

for each non-archimedean value, and for the archimedean values, using that the
absolute values (in Q) of the coefficients of z — y are smaller or equal than a, the
definition of ¢y and 1.5.4,

|z = ylo < |al(N sup(jwilv)) = lalco < [efo.

2,0

3Check [25] for a proof of this theorem.
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Therefore, at least

aNv

[I(Np)™

elements belong to L(c), which implies that

Ae) = aV []1/(Np)™, (1.5.5)

and as a = |a|, for all the archimedean values, using 1.5.4,

o =T lal™ = ex ] llello, (1.5.6)

V|Voo V|Voo

where ¢; = 1/(2¢9)". Finally, using that if p € p for a prime p, and ordy(p) = e,
O /p| = p/ then ef = N,,

1 1 1

=l = e = N Ny

1
lleflv = (Np)w (1.5.7)

Joining the formulas 1.5.5, 1.5.6 and 1.5.7,

Ae) > cllellk,

as we wanted to prove.

O]

Next, let S be a finite subset of Mg containing the archimedean values S,,. We
will call S — units the elements « of K for which

lal, =1

for all v ¢ S. We will denote it by Kg. Let v1,vs,...,vs the absolute values of S,
and consider the application

z — (log|[z[1, log||z[l2, ..., Jog [|]]s)

that goes from kg to R®. Let log(kg) be the image of this application and log the
name of the application.

Definition 1.5.12. A k-dimensional lattice is a discrete group of R® that gen-
erates a subspace of dimension k over R.

We are going to prove that log(kg) is a s — 1-dimensional lattice, but first we
will prove a technical lemma.
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Lemma 1.5.13. Given vy € Mg there exists a constant c(vy) for which for all
My — divisor c, there exists § € K such that

1< ||Belly < e(vo)

for all v # vy.

Proof. Let ¢; be the constant of Lemma 1.5.11. Then we choose ¢y = 1 if vy is
archimedean and ¢y = Npg if vg is non-archimedean. Let ¢ be a My — divisor
which differs from ¢ only at vy and such that

1/c1 <|Id||g < co/er.

To check that we there exists such divisor, suppose vy is archimedean. We can

take then |||y, = Ctlﬁlclﬁi( Suppose vy is non-archimedean. Since ||¢/||,, must be a
power of ¢y then multiplying ||c||x/||c||ls, by a suitable power of ¢y we will obtain
a number that satisfies the above inequality. Let c¢(vg) = ¢o/c1. Using Lemma
1.5.11 we obtain that A(¢/) > 1, hence there exists a such that ||a||, < ¢(v), so
||y < ¢(v) Vv # vy, and if B = 1/«, then 1 < ||B|], V v and consequently

1 <||Be|lv ¥ v # vg. For the other inequality,

18|l < 18|k =11BlIx Il = lle'l|x < e(vo),

where we have used the product formula and the fact that ||3c/||x is a product of
numbers greater or equal to one.

O]

We will now prove the theorem.

Theorem 1.5.14. log(ks) is a s — 1-dimensional lattice.

Proof. Let x € kg. As |a|, =1 for all v ¢ S, by the product formula we have that
llz|l1l|zl|2 - - - ||z|ls = 1, so log ||x||1 +1og ||z||2+ ... +1og ||z||s = 0. Therefore log(ks)
is contained in a s — 1 dimensional subspace. To show that it is discrete it suffices
to show that for any close ball centered at the origin there is only a finite number
of points of log(kg) contained on it.

Let M > 0 and By = {z : |z| < k} C R®. We must show that By, Nlog(kg) is
finite. Let o € kg such that log(z) € Bjs. Then

(log [lal1)? + (log [|a]]2)® + ... + (log]lal]s)* < M?,

so in particular |log||a||;| < M and e=™™ < ||a||; < eM for all i = 1,2, ..., s, and for
the rest of absolute values |||, =1, so

e M <lal, < eM (1.5.8)
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for all v € Mk.

It can be proven that in this situation there is only a finite number of « for
which that happens.

Now, given a valuation vy € S we have that as the constant ¢(vg) of Lemma
1.5.13 is fixed, there is only a finite number of primes of Ok such that Np < ¢(vp)
(because there is only a finite number of primes that lies above pZ for each p and
only a finite number of primes satisfies p < ¢(vg)). Therefore, denoting S’ as the
finite set of primes that satisfy the inequality plus S (S C S’), then using Lemma
1.5.13 we have that for each ¢ there exists g € K for which

L= |Bcll

for all v ¢ S’. This is because if p ¢ S’ then ||5¢||, must be a non-negative power
of Np, hence it must be 1 as Np > ¢(vo).

Now we only consider ¢ such that c(v) > 1 for all v and ¢(v) =1 for v ¢ S.
Then

1= [|Bello = [IB]]o
if v ¢S and
1 < [|Belly < ¢(vo)
if v # vg, so
1 < Bl < ¢(vo) (1.5.9)
ifvdgs.
Suppose B is the set of such 8 and consider the application

B = {lBllv}wes—s)-

The image then is finite because for each entry the possible values are powers of Np
with positive bounded exponent as a consequence of 1.5.9. Suppose S, Ba..., Bm is
a set whose image is precisely the image of B. Since V 3 € B, ||B]|, = 1 for all
v ¢ S, given f € B we have that there exists §; with 3/8; = ug, where ug is a
S—unit. Denoting

b= min ;
i _(18il.)
i=1,2..m

then given ¢ a Mg-divisor satisfying the previous hypothesis we have that there
exists § € B such that |||, =1 for all v ¢ S” and

[1Bellv < e(vo)
V v # vg. Consequently, as 3 = ugf3;, with ug a S-unit,
bllugells < [1Bcllv < c(vo),
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S0 (v0)
Cc(Vg
lugello < == (1.5.10)
for all v # vg, where b, c(vg) are constants that only depend on vg. Therefore, given
c(vg) we take ¢ with the above properties such that for all v € S, v # vy ¢(v) is big
enough so that ||ug||, < 1, and then by the product formula ||ug||s,, > 1.

If v1,v9, ..v5_1 € S are s—1 distinct absolute values in S we take x1, x2...,T5_1 €
K such that for each z;, ||z;[|,, > 1, and ||x;||y; <1, for each i # j. Denote

log(x1) = (log([[z1]]o, ), 1og(l|21]v,) - log(l[z1]lo,)) = (€115 €12, €135+ E1,s)
log(2) = (log(||z1/lv, ),10g(llz2[lv,)..-; log(l[z2]lv,)) = (2,1, 2.2, €235 -+ §2,5)),

log(zs—1) = (log(|[zs—1[lv, ), log(||zs—1llvs)---, log(|[#s—1]|u,))
= (5871,1; 5872,2; 5871,3; ceey 58*1,8)-

We are going to prove now that log(z1), log(z2)...,log(zs—1) are linearly independent
over R. Let M be the matrix

M = (&;) 1<i<s
1<j<s—1

and suppose we have a non-trivial combination of the first s — 1 columns:
AMYT+ Yo+ 4+ Ag1Ys-1 = 0.

Then, multiplying by —1 if necessary and rearranging the terms we can suppose
that Ay > 0 and Ay > A; for all j # 4. Since {11 > 0 and & ; < 0 for all ¢ # 1,

0=Xé&1+ X1+ ..+ Asm18s1 > Mg+ &1+ o+ 1) = M(—&1s) >0,

where in the last equality we have used the product formula, so we have a contra-
diction. As log(Kj) is contained (by the product formula) in a s — 1-dimensional
space, we conclude that log(Kj) is a s — 1-dimensional lattice.

O]

Next, we are going to prove a general result about k-dimensional lattices.

Lemma 1.5.15. Let I" be a m-dimensional lattice in R®. Then I is a free abelian
group of rank m.

Proof. We will do it by induction on m. Let &1, &, ...,&, be a set of independent

vectors in I" and T'g be the subgroup of I' included in the subspace generated by
&1,€2, ..., &m—1 (it is obviously discrete, so it is a m — 1-dimensional lattice). By
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induction, I'g is generated (as a Z-module) by &1, ...&m—1. Now we consider the set
T of all £ € T such that

§=a1&1 +ado + ... + amém

where 0 < a; < 1foralli=1,2,...m—1and 0 < a,, < 1. We can take &, whose
coefficient by, of &, is minimun and not 0, because if there was an infinite number of
elements in T with the a,, different from each other, |T'| = oo, but 7" is a bounded
set, so as I' is discrete, T must be finite. Suppose £ € T is arbitrary:

§=a1&1 + a2fo + ... + apm-

We can multiply &/, by a suitable integer ¢, and substract it to & so that the
coefficient al, of &, satisfies 0 < a),, < b,. Therefore, if we substract £ — ¢,,&), by
an appropiate integral combination of &1, .., &1, the resulting vector will be in T
and the coefficient of &,, will satisfy 0 < al,, < by, hence it must be 0 and therefore

f — Cméh;n — Cl§1 — .= Cm—lfm—l eT.
Consequently, by induction, there exists ¢}, c...c,,_; such that

§=ch&+ch& + o+ 1€m1 + embm,
which implies that I" is a free abelian group of rank m.
O

Corollary 1.5.16. The set log(Kg) is a free abelian group of rank s — 1, and Kg
modulo the roots of unity form a free abelian group of rank s — 1. In particular, if
m is a positive integer, Kg/(Kg)™ is finite.

Proof. The first assertion is an inmediate consequence of the previous lemma and
Theorem 1.5.14. For the second one, the elements of the kernel of log(x) (this
application is clearly a group homomorphism) have all absolute values bounded
(equal to 1) hence using a similar argument than the one we used in the proof of
Theorem 1.5.14, it must be finite. Since it is a group in Kg, all the elements must
have finite order, so they are the roots of unity belonging to K.

Let (1, B2...0s—1 be elements whose images are the generators of log(Kg). Then
for 5 € Kg,

log(B) = c110g(B1) + .. + co—110g(Bs—1) = log(By' 852 - - - B7'),

for some integers ¢;, i = 1,...s—1, so log(B8/B{* 85% - - - B:>1") = 0 and therefore there
exists a root of unit ug such that

8= upBy B - B3
as we wanted to prove. For the last assertion, since the group of roots of unity in

K is finite, and the coefficients ¢; in Kg/(Kg)™ are bounded by m, it follows that
Kgs/(Kg)™ is finite.

O]
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1.5.3 A theorem about the finiteness of a maximal abelian exten-
sion

The following proposition will also be very important for the proof of the Mordell-
Weil Theorem.

Proposition 1.5.17. Let K a number field, S a finite set of places such that
Mz C S and m a positive integer. If L is the mazimal extension of K having
exponent m which is unramified at all v ¢ S, L/K s finite.

Proof. First we note that when K’ is a finite extension of K for which the theorem
is valid then LK'/K' is unramified by Proposition 1.4.7. Furthermore, for z € LK’
then © = kily + ... + kyly so if 0,0’ € G(LK'/K') (LK'/K' is Galois because L/ K
is Galois and K C K'),

o(d'(z)) = o(kio’ () + ... + k.o'(l,)) = koo’ (1) + ... + koo’ (1)
=kio'o(lh) + ... + kyo'a(l,) = o' (o(x)),

where we have used that |z, 0’|, € G(L/K), which is an abelian group, and
o™(x) =kio™(ly) + ... + kpo™ (L) = k1ly + ... + Kyl = @,

Therefore, LK'/K' is also abelian and of exponent m, so LK’ is thus contained
in the maximal extension with respect to those properties, and it is finite. Conse-
quently, LK'/K is finite because K'/K is finite and for that reason L/K is finte.
Hence, we can suppose that K contains the m—roots of unity .

Suppose S7 C Sy. Let L; be the maximal extension unramified outside S; for
each i = 1,2. Then L; C Lo, and if we prove the finiteness for Lo, we will also have
it for Ly, so we can enlarge S a finite number of places. Consider the subset of K

Rs={ae K:v(a) >0 forall v ¢ S}.

Then Rg is obviously a ring because of the properties of the valuation, and O C K.
Therefore, Rg is the ring we obtain when we localize Ok at the elements b for
which v(b) = 0 for all v ¢ S and v(b) > 0 for v € S — M7?, which is obviously a
multiplicative set. We call that set P.

Indeed, we have that for all the elements x of the localized ring P~ 'O, the
inequality v(a) > 0 holds for all v ¢ S. Conversely, when y € Rg then using the
same argument than in the inequality 1.5.10, if voo € M7, there exists b € kg for
which v(b) is very large for all v # vy and v € S, and v (b) is (by the product
formula) very big. Then, yb € Ok because v(yb) > 0 for all v ¢ M7, hence y = %b
with yb € Ok and v(b) > 0 for v € S — M, soy € P10k

We have therefore that Rg = P~'Og, which by Lemma 1.3.13 implies that
Rg is a Dedekind ring and its prime ideals are in biyective correspondence with
those in O that does not contain any element of P. Using the same argument
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as in equation 1.5.10, it can be proven that for each v € S — Mp°, there exists
a, such that a, € P and v(a,) > 0. Thus the only primes in P10y are those
corresponding to v ¢ S. Applying Proposition 1.5.9, since the class number is finite,
the size of the quotient group of fractional ideals modulo principal ideals in P~'O
is also finite (and bounded by the class number of K). Let

_ €11 €lry
I = Piy, “.pilrl

_ €m1 eim ™m
Im - piml inlr'm

be the ideals in Ox such that P~'I,..., P71, are a set of representatives of
elements in the quotient group. Adding to S the valuations corresponding to all
the p; appearing in the decomposition of each of the ideals Iy, ..., I, (which is of
course a finite number of them) then the quotient group is trivial, so Rg = P~ 'O
is now a principal ring.

As v(m) # 0 for a finite number of valuations, we may also add those valuations
to the set S so that outside S, v(m) = 0.

Since L/K is the maximal abelian extension of exponent m unramified outside
S, by Kummer theory (Remark 1.5.6) we have that L is of the form K( t/a : a € F),
where F' € K is a certain set. As the subextensions of an unramified extension are
unramified, K( %/a)/K is unramified for all a € F, so if

F'={a€ K:K(%/a)/K is unramified},

K(®/a:a€F)C K(%/a:a € F'), and reciprocally, as the composite of unramified
extensions is unramified, K( t/a : a € F') is unramified, and thus

K(¥a:aeF')=K(%/a:a€F).

Let v'|v be a valuation in K ( %/a) that extends v. Since the valuation v is nor-
malized, (v(K*) = Z), if K( ¥/a)/K is unramified, then (v'(K( %/a)*) : v(K*)) = 1.
Hence v'(K( %/a)*) = Z and mv'( §/a) = v'(a) = v(a) € Z which implies that since
v'(%/a) € Z,

v(a) =0 mod (m).
Furthermore, let a = a/b™ with b € K. Then K( %/a) = K( V/a'), so each represen-
tative in the group K*/(K*)™ defines a unique extension, and v(a) mod (m) does
not depend on the representative, hence we can suppose that

FcTs={aec K*/(K*)":v(a) =0 mod (m),v¢ S}

(we can take F' so that there is just one representative of each element for each
class in the group K*/(K*)™. Therefore, there is an injection of F into T%s).
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Consequently, for proving the finiteness of L it suffices to prove that the set Tg
is finite. Consider the map
Ry — Tg,

which consists on taking classes. It is well defined because v(a) = 0 for all a € R
and v ¢ S. In fact, Rg = {a € K* : v(a) = 0 Vv ¢ S} because if v(a) > 0 for
some v ¢ S, then v(a™!) < 0, hence a=! ¢ Rg, and if v(a) = 0 for all v ¢ S then
U(a_l) =0so0a ' € Rg. We are going to prove that the map is surjective.

Indeed, let a € K be a representative of any class in Ts. Then
(a) =pi"" 0" Biy - By

where p;,,...,p;, ¢ S and 3; € S (1, may be negative). Therefore, when localizing
as before, aRg = (pi;"* -+ - i, *)"™. Furthermore, since Rg is principal, there exists
b € K* such that

bRs =pi, ' Di, *

Consequently, aRg = 0" Rg. Thus, there exists a unit u € Rg such that a = ub™,
so u = ab™"™, and therefore the image of u under the map is the class of a, as we
wished to prove. The map is of course a homomorphism, and the subgroup R is
included in the kernel of that map, so we have that

Ry/(R5)™ — Rg/Ker ~ Tg,
where the first map is surjective, hence
Rg/(Rs)™ - Ts

is surjective, and using Corollary 1.5.16, RE/(RS)™ is finite. Therefore, Ty is also
finite, as we wanted to prove. ]
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Chapter 2

The arithmetic and geometry of
elliptic curves.

The following section just pretends to be a very brief summary of basic definitions
and properties about elliptic curves. For more details, check Silverman [43].

Given a field K, an elliptic curve is a pair (F, O), where E is a smooth proyective
curve over K of genus 1 ! and O is a point of E. The elliptic curve is said to be
defined over K if the curve and O are defined over K. Thus it can be proven
(using Riemann-Roch) that an elliptic curve can be embedded in P?(K) and has
the following expression:

Y2Z +an XY Z+asYZ? = X3+ ay X?Z + ay X Z? + ag Z°

with ay,...,ag € K. The only point with Z = 0is O = [0 : 1 : 0], so taking non-
homogeneous coordinates x = X/Z and y = Y/Z and dehomogenizing the previous
equation,

y2 +a1xy + azy = >+ a2x2 + ayx + ag.

This last expression is called Weiestrass equation. Therefore, the points of E are
the points that satisfies this last equation plus the point O. We say that E/K is
defined over K when aq,...,ag € K. We always think of the elliptic curve as the
points E(K) in P?(K) satisfying the first equation, and if E/K is defined over K,

E(K) = BE(K)NP*K)

will be the points in E with coordinates in K. Suppose char(K) # 2. Then
applying the change of coordinates

1
Yy — §(y—a1x—a3)

'For basic information about the genus of a curve, check [43]
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we obtain the equation:
y2 = 42> + boa® + 2byx + be,

where
b2 = a% + 4a2,

b4 = 2a4 + aijas,
be = a3 + 4ag.

We also define
bg = a%a()- + dasag — ajazay + aga?)) — a?l,

cy = b3 — 24by,
ce = b3 + 36bgby — 216bg,
A = —b3bg — 8b — 272 + abybs.
j=ci/A.
Now, if char(K) # 2,3, then making the change of variables
(z,y) = ((z — 3b2)/36,y/216),
we obtain the following equation
E:y? =2 — 27cqx — Bdcg.

The only change of variables that preserves this equation is

z=ulz' +r, y = udy +usa’ +t,
with u, 7, s,t € K. With this change of variables,

d=utey, cg=uCc A =u2A.

Throughout most of the work we will deal with elliptic curves over number
fields, so we can always suppose that
E:y =24+ Az +B
for some A, B € K (char(K) = 0). With this notation,
A = —16(4A43 + 27B?).
The only change of variables that preserves this equation is
z = u’r y = udy,
for some u € K, and then the corresponding new coefficients will be

A =u*A, B =u°B, A =u'A.
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Definition 2.0.1. Let K be a field and E/K a curve given by a Weiestrass equa-
tion. We say that

e i) F is non-singular if A # 0 (and in particular (E, O) is an elliptic curve).
e ii) £ has a node if A =0 and ¢4 # 0.
e iii) £ has a cusp if A = ¢4 = 0.

Furthermore, the above conditions can also be characterized by the derivaties of
the function

flz,y) = 92 + a1y + azy — - az:):2 — a4x — ag-
More precisely,

e [ is singular if and only if there exists a point (zg,yo) for which
(0f/0X (x0,y0),0f/0Y (w0, y0)) = (0,0).

e [ has a node if and only if F is singular and the tangent lines of E at (z9, yo)
are different.

e [ has a cusp if and only if it F is singular and it has just one tangent line.

2.1 Definition and properties of the group law

Let E/K an elliptic curve. We can define a group law as follows: Let P,Q € E.
Take the line L joining them and let R be the intersection of that point with E (by
Bezout’s theorem, there will be three intersection points). Let L’ be the line that
joins R and O. Then, the third intersection point will be the definition of P + Q.
The following lemma, which will be left without proof, will assert that F with this
operation is a group.

Lemma 2.1.1. The operation + has the following properties:
e i) If the intersection points of a line L with E are P,Q and R, then

P+Q+R=0.

e i) P+O =P forall P€ E.
e iii) P+ Q=Q+ P forall P,Q € E.
e ) Let P € E. There exists a point denoted by —P such that

P+ (-P)=0.
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e v) Let P,Q,R € E. Then,

(P+Q)+R=P+(Q+R).

e vi) E(K) is a subgroup of E(K) with the same operation.

R = P+Q

Though we are not going to prove them, all of them are obvious except vi),
which will be clear when we show the explicit formulas of the operation, and the
associativity, because doing it by hand could be quite tedious. However, using
divisors, it can be proven that there is a biyection between a certain picard group
Pic®(E) 2 and the points of the elliptic curve that preserves the group operation,
so associativity then follows by the fact that it holds in that picard group.

From now on, if m € N and P € E, we will write
[m|P =mP = P+ ...+ P (m times),

and if m <0,
[m]P = (—P)+ ...+ (=P) ( —m times).

We also define E[m] as the torsion subgroup, that is,
E[m]={P € E: [m|P = 0}.

The following proposition contains all the explicit formulas for the group operation.

2For the definition and properties of this subgroup of the divisors, check [43].
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Proposition 2.1.2. Let E be an elliptic curve given by the Weiestrass equation:
E :y® 4+ a1zy + agy = x° + asx® + asx + ag.

Then
o i) Let Py = (vo,y0) € E. Then,
—Py = (20, —yo — a1wo — a3).

e ii) Let P, = (x1,y1), and Py = (x2,y2). Then by the previous case, if x1 = x2
and
Y2 = —¥Y1 —aixp —ag

then P, = —P,. Otherwise,

Y2 — U Y12 — Y21
)\: _ V= —-
T2 — X1 T2 — X1

if x1 # wo;

and )
_ 3z7 + 2a0x1 + aq — a1y1

A
2y1 + ary1 + as

_ —m‘(f + a4x + 2a6 — agzy;
2y1 + a171 + a3

if x1 =22, Y1 = Yo.

e iii) With the quantities defined before, Py = Py + Py has the following coordi-
nates
a;3:/\2+a1)\—a2—x1—x2,

ys = —(A+ai)rs — v —as.

Therefore, if P # +Ps, then
— 2 _
o(Put Py = (B20) g (B0 gy gy o,

T2 — T1 T2 — 1

and denoting P = (z,vy),

xt — byx? — 2bgx — by

2|P) = .
=([21P) 43 + boz? 4 2bax + bg

The fact that E(K) is a subgroup is now obvious because all the coefficients
involved in the formulas belong to K. Furthermore, let 0 € Gal(K/K) and Py, P, €
E(K) with Py = (z1,y1) and P» = (22, y2). Suppose x1 # z2 (the other case is done
the same way). Let \,v be the quantities involved in the sum of P; and P, and
N, v the quantities involved in the sum of o(P;) and o(P,). Then,

O'()\) _ U(yZ) — U(yl) — )\/

o(z2) — o(x1)
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and

hence
J(ZE3> = )\/2 + al)\' — a9 — J(.%'l) — U(l’g) = x(J(Pl) + U(Pg)),

and
o(ys) = —(N +ar)o(x3) — v — a3 = y(o(P1) + o(Pr)),

so we obtain that V P, Q) € F,

O'(Pl + PQ) = O'(Pl) + O'(PQ). (2.1.1)

In particular, using induction we have that for all m € Z and all P € E(K),

2.2 Morphisms, isogenies and torsion groups.

In ths subsection we will just present some definitions and properties of some objects
without proving them.

Definition 2.2.1. Let ¢ : ¢4 — (3 be a morphism of curves over K. If ¢ is
constant we define deg(¢) = 0, and if not,

deg(¢) = [K(Ch) : 9" K(Ca)],

where for f € K(Cs), ¢*(f) = fo¢ € K(C1). We say that ¢ is separable (resp.
inseparable, purely inseparable) when the above extension is separable (resp. in-
separable, purely inseparable). K(C4) and K(C2) are the function fields of C; and
Cs respectively.

Definition 2.2.2. Let ¢ : €1 — C5 be a morphism of curves and P € (. The
ramification index ey (P) is defined as

es(P) = ordp(d*typ)),

where t4(p) is a uniformizer at ¢(P) (which means that ordyp) (top)) = 1). We
recall that for each curve C' and P € C, the local ring K[C]p is a discrete valuation

ring, so ordp is well defined, and in fact it can be extended to the function field
K(O).

With the above notation, we have the following proposition relating all those
terms.

Proposition 2.2.3. Let ¢ : C1 — Cy be a non-constant map of non-singular
curves.
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e i) For every Q € Cy,

> ey(P) = deg(¢).
Pes1(Q)

e ii) In fact, for all Q € Cy except for a finite number of them,

#071(Q) = deg,(¢),

where deg,(¢) = deg,(K(C1)/¢p*K(Cs)) is the separable degree of that exten-

sion.

This last proposition implies that every mon-constant morphism of non-singular
curves 18 surjective.

Now, though there are some properties which can be extended to curves in
general, we will restrict to elliptic curves.

Definition 2.2.4. Let (E1,Og,) and (F2,Og,) be elliptic curves. We say that ¢
is an isogeny if ¢ is a morphism and

¢(OE1) = OEz'

Proposition 2.2.5. Let (E1,0g,) and (E2,Og,) be elliptic curves. Suppose ¢ is
an isogeny. Then for all P,Q € E1,

(P +Q) =o(P)+6(Q).

The proof of this theorem is again based on the biyection that preserves the
group law between Pic’(FE) and E. It is quite an impressive result, because just
assuming some 'regularity’ conditions and the fact that ¢(Og,) = Og, we obtain
that ¢ is a homomorphism of groups.

Definition 2.2.6. Let K a field and C/K a smooth curve defined over K. We say
that C'/K is a twist when it is a smooth curve defined over K and there is an
isomorphism

¢:C—=C'

which is defined over K. We say that C'/K is a quadratic twist if there is an
isomorphism

¢ C—=C
defined over a quadratic extension of K.

Proposition 2.2.7. Let ¢ : E1 — Eo an isogeny of elliptic curves. Then
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e i) For every Q € Es,
#671(Q) = deg,(9).

In fact, for every P € E,

ep(P) = deg; (),

which is something stronger since by Proposition 2.2.3,

#¢~1(Q)deg;(¢) = deg(¢),

which implies that
#¢1(Q) = deg,(9).

e i) If ¢ is separable, then using the above formula,

#ker(¢) = #6™ 1 (Op,) = deg,(¢) = deg(9),

and e4(P) = 1, which means that ¢ is unramified.

Now, using the above explicit formulas for addition of points, it can be proven
(by induction) that
[m]: E— E

is a morphism of (non-singular) elliptic curves because it can be expressed as a
quotient of polynomials and because we assume that F is a non-singular curve.
Thus, since [m|(O) = O, [m] is an isogeny, hence it is an endomorphism of E (we
already knew that it preserved the group operation since the group is commutative).
Using the duplication formula, it is easy to see that for almost all points, [2] P #
O, and it is also easy to see that there are points @) different from O such that
[2]Q = O, so for all m odd, [m]@Q = @ # O. This implies that as for all n integer,
[n] is the composition of isogenies of the previous forms, using Proposition 2.2.7
we have that since all of them are not constant, they are surjective. Therefore, the
composition of them is also surjective and consequently, [n] is surjective.

Definition 2.2.8. Let E be an elliptic curve and ¢, ¢ two isogenies. Then, (1) + ¢)
defined as

(@ +9)(P) = ¢(P) +(P)

is an isogeny (by the definition of isogeny and the explicit formulas). Furthermore,
¢ defined as

(@9)(P) = o(¥(P))

is also an isogeny. Therefore, denoting End(E) = {¢ : E — E, ¢ isogeny},
End(FE) has a ring structure.
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Definition 2.2.9. We say that an elliptic curve £ has no complex multiplication
if the following map:
[.]— End(E)

is an isomorphism, so in other words, the only isogenies of F are the multiplication
by an integer.

Example 2.2.10. Let K be a field with char(K) # 2 and E/K the elliptic curve
E:y?=a%—uz.

Take i an element of K such that
4
=1

but i2 # 1. Then
[Z] : (CC,y) — (—1’,iy)

is an isogeny which is not constant and such that

Therefore, [i] cannot be of the form [m] for any m € Z because [i] # [1], and if
[i] = [m] with m # 1 then
which is a contradiction. Hence E has complex multiplication.

Definition 2.2.11. Let K be an algebra finitely generated over Q. We say that
an order R of K is a subring of K finitely generated as a Z-module such that

RRQ =K.

Lemma 2.2.12. Let K = Q(v/D) be an imaginary quadratic field (D < 0). Then
if R is an order of K, there exists an integer d > 0 such that

Z+dO =R,
where O is the ring of integers of K.

Definition 2.2.13. A quaternion algebra is an algebra of the form

K=Q+Qa+ B+ Qap

with the properties

a?.32eQ, o?<0, B?°<0, Ba=-ap.

Through the next proposition, whose proof can be found in [43], we are going
to show all the possibilities for the ring End(E).
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Proposition 2.2.14. The endomorphism ring of an elliptic curve is either Z, an
order of a quadratic imaginary field or an order in a quaternion algebra. Besides, if
char(K) = 0 then End(FE) can only be either Z or an order of a quadratic imaginary
field.

The proof of this proposition uses the fact that the natural map
End(E) Q) Z, — End(T,(E)) = My(Z,)
is an injection (We will define later on the group T,,(E)) (See [43]).

Corollary 2.2.15. Let K a number field and E/K an elliptic curve with complex
multiplication. Then

End(E) = 7 + dO,

where d is an integer and O is the ring of integers of Q(v/D) with D < 0 for some
integer D.

Definition 2.2.16. Let ¢ = p" with p a prime number, K = F, and let E/K be
an elliptic curve. If P = [X : Yy : Zy| € E, we define

¢(P) = [Xg = Y : Zg].

As the coefficients of the elliptic curve lie in K, they are fixed when raised to the
power g, therefore ¢(P) € E, and so ¢ is a morphism (in fact it is an isogeny). We
will call it the Frobenius endomorphism.

Proposition 2.2.17. Let q = p", E an elliptic curve defined over Fy and ¢ : E — E
the Frobenius endomorphism. Then m + n¢ is separable if and only if p t m. In
particular, 1 — ¢ is separable.

This last result also holds when E is defined over K, where F, C K. We will
now present a certain type of isogeny that will allow us to compute E[m)].

Theorem 2.2.18. Let ¢ : E1 — FE5 be an isogeny of elliptic curves. Then there
exists a unique isogeny
(;5 By — By

such that ¢ o ¢ = [m] where m = deg(¢). This isogeny is called the Dual isogeny
Furthermore,

e 0) 0= m)
e b) If1): By — E3 is another isogeny,
O+ =+,

56



e ¢) Forallm € Z,

and
deg([m]) = m”.

o d) deg($) = deg(¢), 50 ¢ = ¢.

The ‘difficult’ items are the existence of such isogeny (it is proven using the
biyective correspondence between Pic’(E) and points in the curve), and section b).
Section three is a consequence of b) plus induction. Therefore,

[m*] = [m][m] = [deg([m])],
hence m? = deg(m).
Corollary 2.2.19. Let FE be an elliptic curve and m € Z, m # 0. Then
e a) If char(K) =0 or if (m,char(K)) =1,
E[m] = (Z/mZ) x (Z/mZ).
e b) If char(K) = p then either
E[p]={0}, or
E[p] = Z/p°L.

Proof. For the first case, using Proposition 2.2.17 we have that [m] is separable, so
#E[m] = deg([m]) = m?2. Using the classification of finite abelian groups, for each
prime g|m,

Blg) = 7/qZ x 2/q.

because F[q] does not contain any element of order ¢%. Applying induction, we
have the result for powers of ¢, and using that in both sides we can express both
groups as a direct product of p-Sylow groups, we conclude the result. For b), check
[43]. O

Corollary 2.2.20. The map deg : Hom(FE1, E2) — 7Z is a positive definite quadratic
form, which means that

e a) deg(¢) > 0 and deg(¢) = 0 if and only if ¢ = O.
e b) The pairing deg : Ey X Ey — 7 defined as

(¢,v) = deg(¢ + ¢) — deg(¢) — deg(¢))

1s bilinear.
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The proof of it can be found in [43]. It is just a consequence of the properties
of the dual isogeny.

Definition 2.2.21. Let F be an elliptic curve and [ a prime number. Then we
define the l-adic Tate module as the group

T,(E) = lim E["],

n

where we have taken the inverse limit with respect to the maps
[]: E[I"T] — E[I"].
These maps are obviously well defined because if P € E[I"*1] then [I"][]]P = O.

Since each E[I"] is a Z/I"Z-module, T;(E) is also a Z;-module with the following
operation:

Zan PQ,Pl, )) (aoPo, [a() + all Pl, Z an PN, ,

where (Py, Py, ..., Py, ...) € Ti(E). We have that [I[][>>"_ anl"|Pxi1 = [2N) anl™| Py,
SO

(CLOPO,[(I()"‘CHZ P1,... Zan PN,.. ET[(E)

and therefore the application is well defined and is linear. As with E[I"], we also
have a similar expression for T;[E].

Proposition 2.2.22. The Tate Module T;(E) has the following structure:

e T)(E) X7 xZ if l # char(K).
o T)(E)={0} or Z; if l=char(K)>0.

This result is an immediate consequence of Corollary 2.2.19.

2.3 Reduction in elliptic curves

Let K be a local field with a normalized discrete valuation, and let

R:{aEK:U(a)ZO},

M:{CLEKZU(ZL')>O},

R*:{aEK:v(a)zo},

58



and k = R/M. Let m € R such that v(r) = 1, and denote  the image of the
application
R— R/M = k.

Let E/K an elliptic curve with equation
E: y2 + a12y + a3y = 3+ a2x2 + aqx + ag.

Definition 2.3.1. We say that a Weiestrass equation is minimal when v(A) is
minimun provided that ay,...,ag € R, that is, if we make any change of variables
then either v(A) is not smaller or any of the coefficients don’t belong to R.

As we saw before, the only possible changes of variable are
x = v’z + r, Y= u3y' + ulsaz’ +t.

Recall that with this change of variables, u'2A’ = A, so then it is easy to see that
when a; € R for all i = 1,...,6 and v(A) < 12, the equation is minimal. In fact, a
minimal equation is unique up to a change of coordinates of the form

z =u’2r + r, Y= u?’y/ + u?sz’ + t,

with u € R* and r,s,t € R.
Suppose that the equation

E y2+a1:zy+a3y:x3+a2x2+a4x+a6
is minimal, and consider
E : y2 + arxy + dsy = 3 + d2m2 + asx + ag,

which is called the reduction of E modulo 7, and has coefficients in k. For P €
E(K), multiplying by an adequate positive power of m we can suppose that

P=[Xy:Yy: Zl,

where Xy, Yy, Zp are homogeneous coordinates of P such that X, Yy, Zp € R and
at least one of them is in R*. Thus when taking classes modulo M we obtain a
proyective point B o

P = [Xo, Yo, Zo],

because at least one of the coordinates of P does not belong to M. Furthermore,
PeEFE , so we have an application

given by



which is in fact an homomorphism of groups because when taking classes the group
law is preserved. The curve E/k may be (or not) singular depending on the val-
uation of A. However, it can be proven that for any elliptic curve there can only
be one singular point, and the non-singular part E,s forms a group. Thus we can
define o
Eo(K) = {P € B(K):Pe Ens(k)},

Ey(K) = {P €E(K): P = (’)}.

Furthermore, if K is complete, there is an exact sequence

0— E1(K) — Eo(K) — Epns(k) = 0.

Definition 2.3.2. Let F/K an elliptic curve and let E the reduced curve of a
minimal equation. Then we say that

e i) E has a good reduction over K if FE is non-singular.
e ii) E has multiplicative (or semi-stable) reduction over K if E has a node.

e iii) E has additive (or unstable) reduction over K if E has a cusp.

We also say that E has bad reduction at K if either i) or iii) occur. When E
has multiplicative reduction we say that the reduction is split if the slopes of the
tangent lines at the node are in k, and we say that it is non-split if they are not in

k.
Equivalently,

e i) E has a good reduction over K if and only if v(A) = 0.

e i) F has multiplicative reduction over K if and only if v(A) > 0 and v(cq) =
0.

e iii) E has additive reduction over K if and only if v(A) > 0 and v(cq) > 0.

The proof of this equivalence is just based on the above study of the singularity of
general elliptic curves and the fact that

v(A)=0+= A =0,

and the same with c4.
The following definition was very important for the resolution of Fermat’s Last

Theorem.

Definition 2.3.3. Let K be a number field. We say that an elliptic curve E/K
is semistable if it only has good reduction or multiplicative reduction at all its
valuations.



Let L/K be an extension of fields, v a discrete non-archimedean valuation and
w|v a valuation in L. Then the subgroup G, acts on E(k). This is because if
P:[X():YYO:Z()] and

P’ =[Xo+x0: Yo +yo: Zo + 2]

with w(zg),w(yo),w(z0) > 0, then for o € Gy, and x € L,

Hence

and therefore

—~— Y~ — —_—— —_—— —_—— P

o(P) = [0(Xo),0(Yy),0(Z0)] = [0(Xo+ z0) : (Yo +v0) : 0(Zo + 20)] = o(P),

SO

is well defined.

2.4 Elliptic curves over finite fields.

In this section we are just going to mention an important estimation of the number
of points of an elliptic curve over a finite field. Let ¢ = p” with p a prime number
and K =[F,. Let ¢ be the Frobenius automorphism

Pq(z) = 21

with z € K. Then clearly ¢(x) = 2¢ = z if and only if 2 € K because taking the
polynomial f(t) = 29 — z, then f(x) = 0 and the g roots of f are precisely the
elements of F,. Therefore, if E/K is an elliptic curve over K then

P e E(K) < ¢(P) =P,

where ¢ is the Frobenius endomorphism. Now we will show a version of the Cauchy
-Schwarz inequality that will be useful for our estimation.

Lemma 2.4.1. Let A be an abelian group and
d:A—7Z

a positive definite quadratic form. Then, for all elements ¢, € A, the following
inequality holds:

|d(¢ = ¢) — d(¢) — d()| <23/ d(d)d(¥).
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Proof. If ¢ = 0 then the inequality is obvious. If not let
Ly, ¢) = d(¢ — ¢) — d(¢) — d(v)
be the bilinear form. Then, as d is definite positive, for all m,n € Z
0 < d(mi —ng) = d(ma) + mnL(, §) + d(ng). (2.4.1)

Now,

—2md(¢) = L(me,¢) = d((m —1)¢) — d(m¢) — d(¢),
and using the induction hypothesis, d((m — 1)¢) = (m — 1)2d(¢), so

—2md(¢) = (m — 1)%d(¢) — d(m¢) — d(¢),
and therefore rearranging the terms,
d(me) = m*d(9).
Returning to equation 2.4.1,
0 < d(my) + mnL(v, ¢) + d(ng) = m*d(y)) + mnL (1, ¢) + nd(¢),

and taking m = —L(v, ¢) and n = 2d(v),

0 < d(¥)(4d(¢)d(¥) — L(, 6)).

(¥, 9)| < 2+/d(¢)d(v),

Since d() > 0,

as we wanted to prove.

O]

With this technical lemma in mind, we are going to prove the following theorem.

Theorem 2.4.2. Let E/K be an elliptic curve defined ofver K with |K| = q. Then
[#E(K) —q—1] <24
Proof. 1t can be proven that deg(¢) = ¢ (check [43]). Then as
P e E(K) < ¢(P) =P,
E(K) =ker(1 — ¢).
Using Proposition 2.2.17, 1 — ¢ is separable, so by Proposition 2.2.7,
#E(K) = #tker(1 — ¢) = deg(1 - ¢),
and now applying Lemma 3.4.7,
[#E(K) — 1 — q| = |deg(1 — ¢) — deg(1) — deg(¢)| < 21/deg(¢) = 2,/3,

as we wanted to prove.
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This last theorem will be useful to define later on the L-functions and to for-
mulate the Birch and Swinnerton-Dyer conjecture .

Next, fix a prime [ which is prime to char(K) and recall the obvious map
End(E) — End(T;(E))

given by
Y = Yy,
where if (Py, P, ..., Py, ...) € T|(FE),
wl(P()?Pl? ey PN7 ) = (w(P0)7 w(Pl)a 71/}<PN)7 )

Since Tj(F) is a Z;-module of rank 2, End(T;(E)) can be seen as the matrices
M5(Zy), hence talking about det(t;) and ¢r(1;) makes sense. The following result
gives some information about those numbers.

Proposition 2.4.3. Let ¢ € End(E). Then

det(¢r) = deg(y), and  tr(yr) =1+ deg(y) — deg(1 — ¢),

so in particular det(¢y) and tr(¢y) belong to Z and don’t depend on l.

With this proposition we are able to prove the following lemma.

Lemma 2.4.4. Let E/K an elliptic curve. Then there exists a € C such that

la| = \/q and
#EK)=1—a—-a+q.

Proof. Let
¢o:F—>F
be the Frobenius endomorphism and recall that
B(K) = deg(1 - ).

The characteristic polynomial of ¢; has coefficients in Z and thus it has roots in C.
Consequently,

det(t — 1) = t* — tr(¢n)t + det(d) = (t — @)(t = B),
where «, 5 € C. For every rational number m/n, with m,n € Z,
det((m/n) — ¢;) = det(m — n¢y)/n* = deg(m — n¢)/n? > 0,

as deg(.) is a non-negative function. Thus, by density we have that the same
inequality holds for the real numbers, so either det(¢ — ¢;) has one double real root
or it has two complex conjugate roots. Anyway,

la| = |8] = /det(dr) = /deg(d) = Va1,
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and 8 = a.

Furthermore,

#E(K) =deg(l—d) =det(l—¢p) = (1—a)(1—B)=1—-a—B+q (242)

O]
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Chapter 3

Mordell-Weil Theorem

The main goal of this chapter is to prove the Mordell-Weil Theorem for elliptic
curves over number fields. Throughout this chapter K denotes a number field.

3.1 The descendent procedure

In this section we are going to introduce a common tool for proving that an abelian
group is finitely generated.

Proposition 3.1.1. Let A be an abelian group and h a function h : A — R with
the following properties:

i) If Q € A, then there exists a constant C1 = C1(Q) > 0 such that for all P € A
we have
h(P+ Q) < 2h(P) + C4,

ii) There exists an integer m > 2 and a constant Co > 0 depending on A such
that for all P € A,
h(mP) > m2h(P) — Cs.

ii1) For all constant Cs > 0 the set
{PeA:h(P)<C(C53}
1s finite.
If in addition A/mA is finite, A is finitely generated.

Proof. Let Q1,...,Qs be a set of representatives of all the elements of A/mA. Let
P € A. Then P = @, for some 1 < i; < s. Therefore

P:mPl—i—Qil
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for some P € A. Repeating the process,
Py =mPy + Qiy,

P2:mP3+Qi37

P, :mPn+an

Using the first and the second property of h,
m*h(P,) < h(mP,) + Cy = h(Po_1 — Qs,) + Ca < 2h(P_1) + C} + Cs,

where if C1(Q;) is the constant of the first property of h depending on @Q; then
Ci = maxlgigs(Cl(Qi)), SO

h(P,) < 1/m?(2h(P,_1) + C} + Ca).
Applying the same inequality for the rest of the P;,

on 1 2 22 on—1
h(P)+(W‘i‘j‘Fﬁ—F...ﬁ-WxC{—FCQ),

h(P,) < -

m?n

and as m > 2,

h(P,) <2 "h(P)+ (2724273 4+ ..+ 27" 1)(C] + Cy)

<27"h(P) + (C] + C) <1+ C1 + Cy

if we choose n sufficiently large. Now the set {P : h(P) < 1+ C] + Cs} is finite by
the third property, and P, € {P : h(P) < 1+ C{ + Ca}. Joining all the equalities
of the sums of points,

n
P=m"P, + kailQik.
k=1

Consequently, we have that all P € A can be written as an integral combination of
points in the finite set {P : h(P) < 1+C] 4+ Co}U{Q1, ..., Qs}. We conclude that A
is finitely generated with sets of generators {P : h(P) < 14+C]+C2}U{Q1, ..., Qs}.

O]

3.2 Weak Mordell-Weil Theorem

This part of the proof is perhaps the most difficult one because it involves the use of
valuations and completions and certain properties of number fields proven before.
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Theorem 3.2.1. Let m > 2 be an integer and E an elliptic curve over K. Then
the group
E(K)/mE(K)

s finite.
We will prove it through some lemmas and propositions.

Lemma 3.2.2. Let L/K be a finite Galois extension. Then if E(L)/mE(L) is
finite, E(K)/mE(K) is also finite.

Proof. Consider the natural application E(K)/mE(K) — E(L)/mE(L), which is
obviously well defined because E(K) C E(L) and mE(K) C mE(L). Let ® the
kernel of the application, thus

& = (E(K) NmE(L))/mE(K).

For each P € ® take one of its representant P € E(K)NmE(L), choose Qp € E(L)
so that [m]@Qp = P, and consider the application

)\P : GL/K — E[m]

defined by Ap(c) = Q% — Qp, which in general is not an homomorphism. The
image is in E[m] because

[M(Q7 - Q) = ([m]Q)” — [m]Q = P7 — P =0,
since P € E(K). If we had Ap = Aps for some P, P’ € E(K) N mE(L) then
(@ —Qp)" =Qp —Qp

for all o € Gk, which implies that Qp — Qp € FE(K), and thus P — P' =
[m]Qp — [m]Qp € E(K), hence P = P’. Therefore we have constructed a one-to-

one function
P — Map(GL/K,E[m])a P — A\p.

Note that this is not an homomorphism, and that the function depends on the choice
of P among those that belong to the same class, and also depends on the election
of Q. The groups G i and E[m] are finite. Consequently, Map(Gp,x, E[m]) is
also finite, so @ is finite, and since
(E(K)/mE(K))/® — E(L)/mE(L),
then as E(L)/mE(L) and ® are finite, E(K)/mE(K) is also finite. In fact,
[(E(K)/mE(K))|/|®] = (E(K)/mE(K))/®| <|E(L)/mE(L)|.

This proves our assertion. ]
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Since for each point P € E[m], z(P) is a root of a fixed polynomial &, (z)
with coefficients in K and the same for y(P), then the extension of K obtained
by adjoining those x(P) and y(P) is finite. In fact, it is Galois because it is the
decomposition field of the polynomial &,,(x) and the quadratic polynomial obtained
when evaluating at z(P) the Weiestras equation. Hence, using the Lemma, we can
suppose that E[m| C K.

Proposition 3.2.3. Let the Kummer pairing

K B(K) x Gge — Elm]

be defined as follows: Let P € E(K) and choose Q € E(K) such that [m]Q = P (we
can do that because the isogeny [m] is non-constant and hence surjective). Then

k(P,o) =Q° — Q.
The Kummer pairing has the following properties:
i) It is well defined.
i) It is bilinear.

ii1) The kernel on the left (the elements in E(K) whose image is zero for all o)
is mE(K).

iv) The kernel on the right is GF/L, where
L = K([m]™ B(K))
is the composite of all fields K(Q) where Q € E(K) and [m]Q € E(K).
Therefore, the Kummer pairing induces a perfect pairing
E(K)/mE(K) x Gr/x — E[m].

Proof. The Kummer pairing does not depend on the choice of @ because if [m]Q =
[m]Q" = P then

[m](Q - QI) = 07
which means that Q — Q' € E[m], hence Q — Q' € E(K), and therefore (Q —

Q) =(Q—-Q),s0 Q% —Q = Q7 — Q. Furthermore, Q7 — Q € E[m] because
m)(Q° — Q) = (Im]Q)” — [m]Q = P? — P =0 since P € B(K).

Let P,P' € E(K). As k does not depend on the choice of @), we can choose
Q + Q' for P+ P" where [m|Q = P and [m]Q" = P’, hence
KP+Po0)=(Q+Q) - (Q+Q)=Q-Q+Q" - Q =kr(P,0) +k(F,0),

68



as we wanted to prove. If 0,0’ € G5 /i then

/{(P, 0’0’) _ Qaa’ —Q= ((Qa’)a . Qa’) + Qa’ -Q
= ((Q7)” = Q%) + (P, 0") = k(P o) + r(P,0’),

where we have used that

/

mQ” = (mlQ)” =P” =P

because P € E(K), hence bilinearity holds.
For the third assertion, fixing P and @),

QG—QZOVUEGf7K<:>Q€E(K),

which happens if and only if P = [m]Q € mE(K); and fixing o, suppose o fixes all
Q for which [m]Q = P where P € E(K). Therefore, o fixes L = K([m] 'E(K))
and hence the kernel is G ;.

Consequently,
E(K)/mE(K) x G/ — E[m)]

is a bilinear form which is well-defined and is perfect because if an element is
on the kernel, then it must be zero since we have just taken the quotient group.
Furthermore, L/K is Galois because for 0 € G5 ;- and [m|Q = P with P € E(K),

P =0o(P)=0o(Im|Q) = [m]o(Q).

Hence o(Q) € L, and therefore o(L) = L, so L/K is Galois and

GK,K/GF,L ~ GL/K-
O

Corollary 3.2.4. The group E(K)/mE(K) is finite if and only if Gk is finite.

Proof. Suppose G,/ is finite (the other case is done the same way). Let G, /x =
{o1,...,on}, E[m] = {P1, ..., P2} and fixing P, there are at most m>" possibilities
for the function (P, —), which is a finite number, hence if |E(K)/mE(K)| > m?"
there exists P, P’ with P # P’ and x(P, —) = (P, —), so k(P —P’,—) = O, which
implies that P = P/, which is a contradiction. Therefore, |E(K)/mE(K)| < m?"
and hence it is finite. O

Thus, to prove the Weak Mordell-Weil theorem, it suffices to show that G /x
is finite. We will formulate now an important result whose proof can be found in
[43] and that uses the formal group.
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Proposition 3.2.5. Let K be a number field, v a valuation, k, the residue field of
its completion K,, E/K an elliptic curve, m an integer such that v(m) = 0, and
suppose that E has good reduction at v. Then the natural map

E(K)[m] = E(ky)
18 inyective.

Now we are going to give some properties of the extension of fields L/K from
proposition 3.2.3.

Proposition 3.2.6. The extension of fields L/ K where
L= (lm]"'E(K))

is abelian and of exponent m (i.e. all its elements have order which divides m).
Furthermore, if

S ={v € Mg : E has bad reduction at v} U{v € Mg :v(m) # 0} U Mg

then the extension L/K is unramified outside S.

Proof. By proposition 3.2.3 we have that E(K)/mE(K)x G, — E[m] is perfect,
hence the homomorphism

Gk — Hom(E(K)/mE(K), Elm])

given by
o — K(—,0)

is inyective. The group Hom(E(K)/mE(K), E[m]) is abelian because E[m] is
abelian and is of exponent m because E[m] is of exponent m, so L/K is abelian
and of exponent m.

To prove that L/K is unramified for each v ¢ S it suffices to prove it for
each K(Q)/K where [m|Q € E(K) as L is the composite of those fields and the
composite of unramified fields is again unramified. Hence it suffices to prove that if
v'|v is a valuation at K(Q) with v ¢ S then for o € Iy, where Iy, is the inertia
subgroup, Q7 = @. Since v(A) = 0 because E has good reduction at v, v'(A) =0
because A € K and v'|g = v. Therefore, E has good reduction at v/, and using the
definition of the inertia subgroup and taking classes mod the maximal ideal m,,

Q-Q=Q -Q=0.

But as [m]|Q € E(K),
Ml(Q7 — Q) = ([m]Q)” — [m]Q = [m]Q —m[Q] = O,

s0 Q7 — Q € E(K)[m] because E(K) contains the m-torsion points. Using Propo-
sition 3.2.5, since the reduction map from E(K)[m] is inyective and Q7 — @ is in
the kernel of that application, Q¢ — Q = 0, which proves our assertion. O
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To finish the proof of Theorem 3.2.1, we will prove that an extension of fields
with the properties of the previous one is finite (if we assume, of course, that K is
a number field). To do that we will use some of the work done at the introduction
section.

Proof of the Weak Mordell-Weil Theorem.

Let L/K be the extension of fields of Proposition 3.2.3. The composite of
two unramified fields of exponent m is again unramified, abelian and of exponent
m. Let L' be the maximal extension with respect to those two properties. Using
Proposition 1.5.17, L’ has those properties, and applying the previous remark, L'L
also has those properties. Therefore, by maximality L'L C L', hence L'L = L'.
Consequently,

KcLc L,

so L/K is finite, which concludes the proof.

3.3 Proof of the Mordell-Weil Theorem for the case
K =0Q.

We will use the following easy lemma.
Lemma 3.3.1. If (z,y) € E(Q), where E is given by the equation
=123+ Az+ B

with A, B € Z, then (z,y) can be written as (,y) = (2, d%) with (a,d) = (b,d) = 1.

Proof. Let (z,y) = (™, 22) with (my,n1) = (ma,n2) = 1. Then, substituting it

ny’ ng
into the equation of F,

2 3
m m mi
—2=—J+A—+B,

%)
2 2 2
an% = ng(m:{’ + Amin] + Bni’)

As (n1,m1) = 1then (n}, m3+Amin?+Bn?) = 1, hence n3|n2, and since (ng, my) =
1, m3|(m3 + Amqn? + Bn3), thus

nd = n3

and
m2 = m? + Amin? + Bn3.

Therefore, n:{’ = n% implies that the exponent of each prime in the descomposition

of n1 must be even, and the exponent of each prime in the descomposition of ng
must be divisible by 3. Consequently, n; = d? for d an integer, and hence ny = d°,
which proves our assertion. ]
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For each t € Q, t can be written as t = g where (p,q) = 1, and we define
H:Q — Nas
H(t) = max(|pl, |q|).

Therefore, for each P € E(Q),

he(P) = log(H (z(P)))
if P # O and
hy(P)=0
if P=0.
Then clearly h, is a non-negative function. We are going to prove now that it
satisfies the three conditions from above.

Proposition 3.3.2. a) Let Py € E(Q). Then there exists a constant C; > 0
depending on Py, A and B such that for all P € E(Q) we have

hI(P—}— P()) < 2h$(P) + C1,

b) There exists an integer m > 2 and a constant Co > 0 depending on A, B such
that for all P € E(Q),

ha([2)P) > 4ha(P) — Co.

¢) For all constant C3 > 0 the set
(P € B(Q) : ha(P) < C3}

1s finite.

Proof. Let Py = (z0,y0) € E(Q) and P = (z,y) € E(Q). By the previous lemma,
(z,y) = (3, dbg,) and (z9,y0) = ( ) where a, b, d, ag, by, do are like those in the
lemma. Taking Cy > max(h, (P ),hx([ 1Py)), we can suppose that P # O, +P,.
Therefore, we have that

Y —Yo\2

x(PJrPo):(x_mO) -z — o,

so eliminating denominators,

Y —|—y0—2yy0—:133+m :Uo+$x0—m8

(x — x0)?

z(P+ FRy) =

Using that both points belong to the curve,

A(z + mo) + 2B — 2yyo + 2220 + z23
(z — 20)?

_ (At zz0) (2 + 70) + 2B — 2yy0

a (z — 20)?

)
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and substituying,

A& + aag)(ad2 + agd?) + 2BdAd2 — 2bboddy
(ad3 — apd?)? '

We have that
|ad — aod®|* < [|aldg + |ao|d®|* < (d§ + |ao|) max(a®,d*) = C max(a?,d*),
and similarly,

[numerator of x(P + Po)| < ((|Ald§ + |ao|)(d§ + |ao|) + 2| Bldg) max(a®,d")
+ 2|bodo||bd| < C' max(a?, d*, |bd|),

where €' = max(((|A|d2 + |ao|)(d% + |ao|) + 2|B|d}), 2|bodo|) and C,C" > 0 are
constants that depend on A, B and Py. We also have that since (x,y) € F,

b* = a® + Aad* + Bd°.
Consequently,
b* < (1+ |A +|B|) max(lal, |d*)* = C" max(|al, |d]*)?,
which implies that
[bd] < VC" max(|al, d*)**\/max(|al, &2)
= V" max(|al,d?)? = VC" max(a?, d%).
Therefore,
lnumerator of x(P + Py)| < max(C’, C'VC") max(a?, d*),

and so if C"” = max(C’,C'v/C"), then H(z(P + Py)) < C" max(a?,d*), hence
taking logarithms,

he(P + Py) < log(C") + 2log(max(|a, d*)) = log(C") + 2h,(P).

Taking C1 = max(log(C"), hz(FPy), hx([2]P)), we have the first property of h,.
Now by choosing Cy > 4h,(T) where T € E(Q)[2], we can assume that 2[P] # O,
and then by the duplication formula, denoting P = (z,y),

2t — 2422 — 8Bx + A2

(AP = — s i d, B

Define the homogeneous polynomials,
F(X,Z)=X*-2A4X%7% —8BX 73+ A%Z*,

G(X,7) =4X37Z +4AX Z3 + ABZ*,
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and if we write + = x(P) = a/b where (a,b) = 1, then z([2]P) = F(a,b)/G(a,b).
We would like to give a lower bound for the amount of cancellation in that fraction.
For that reason, we apply the Euclides Algorithm to polynomials f(z) = z* —

2Ax? — 8Bx + A? and g(x) = 423 + 4Ax + 4B.

xt — 2A2? — 8Bx + A? = %(4:5’ + 4Az + 4B) + (—3Az* — 9Bx + A?),

4 4B B?
3 _ . 2 2
42° + 4Ax + 4B = ( —3A1‘—|——A2)( 3Az® —9Bx + A*) + ( A—|—36A2)
—9A3 27BA?

—3A2° — 9Bz + A% = ( )( 044365 ):c+A2,

A?

108B2 + 16A3 ~ 108B2% + 1643
so rearranging the equations,

—9A3 27BA?
_ 2 2 _ _ 3
842~ 9Ba + A = ({oepr 1o p® ~ Tosgr o) (40 + 44w +4B
4 4B
hence
3 /4A
94?2
_ A2 _
=A m (Az +3B)g(x).
Therefore,
4A 1
41( 5 — 3682 + 4A4%22) f () + E< — xA +27B%*r — 3A%2% + 9A%: + 27A2B)g(x)

— A?

and doing a little of algebra we obtain

43A ( 16?24 + 4A%22) f(z) + i( — 443z — 3A%2% 4+ 9A3x + 27A2B>g(:c)
= A2
SO
(164 +122%) f () + (542 — 32> + 27B ) g(x) = 4A. (3.3.1)
Homogenizing,

(16A22 + 12X2)F(X, Z) + (5AX22 —3X3 4+ 27BZ3)G(X, Z) = 4AZ", (3.3.2)
and applying the same method with F (1, z) and G(1, 2), if

f2(X,Z) = 4AX3 —4A’BX?Z + 4A(3A° + 22B*) X 7% 4+ 12B(A® + 8B*) Z°,
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92(X,Z) = A2BX3 + A(5A3 + 32B*) X?Z 4 2B(13A% 4 96 B*) X Z*
—3A%(A% -8B 73,
then
fo(X, 2)F(X,Z) 4+ g2(X, Z)G(X, Z) = 4AX". (3.3.3)

Let 6 = m.c.d.(F(a,b),G(a,b)). Using equations 3.3.2 and 3.3.3, 6|4Ab7 and
§|4Aa’, and as (a,b) = 1, §|4A, so § < [4A|. Consequently,

H(x([2]P)) = max(|F(a,b)|,|G(a,b)|)/6 > max(|F(a,b)|,|G(a,b)|)/4|Al. (3.3.4)
On the other hand, applying equations 3.3.2 and 3.3.3,
[4Aa’| < 2max(|f2(a,b)], |g2(a, b)|) max(|F(a,b)|, |G (a,b)]),
[4Ab7| < 2max(| fi(a,b)], |g1(a, b)]) max(|F(a,b)|, |G (a,b)]),

Using that the coefficients of polynomials f1, f2, g1, g2 only depend on A and B and
that they are homogeneous of degree 3,

max(|g1(a, )], | f1(a,b)]) < Cy max(|al?, [b*),
max(|g2(a, )], | f2(a, b)) < CF max(|al’, [b]),
Putting the four last equations together,
[4AaT| < 205 max(|af®, |b*) max(|F (a,b)|, |G(a, b)),
4Ab7| < 205 max(|af, |b*) max(|F(a, b)|, |G(a, )]),
Applying these two last equations and 3.3.4,

.11
min( 5, ) max(lal, [b)* < 1/(4]Af) max(|F(a,b)], |G(a, b)]) < H(x([2]P)),
2 2
hence if 3’ = maxpe ()2 (4h2(T)) and we take Cy = max(— log(min(Z,, %)), R
2 2
then we will have that taking logarithms on the last equation,

ha([21P) > 4hy(P) - Co.
For the third property of h,, first we observe that for a constant C3 > 0,
{a€Q: H(g) <™}
a

is finite because if ¢ = ¢ where (a,b) = 1, then |a, [b| < e“. Consequently, there
are at most 2¢3 + 1 possibilities for a and 2e“® possibilities for b, hence there are
at most 2¢“3(2e%* + 1) rational numbers in the set, so for

{PeEQ):he(P) < Cs}

the set of z-coordinates of points of that set is finite. Since for a given t there are
at most 2 possible points in E(Q) with ¢ as the z—coordinate, the set

{PeEQ):he(P) < Cs}

is finite, which concludes the proposition. ]
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If we join this last proposition, Theorem 3.2.1 and Proposition 3.1.1, we obtain
the Mordell-Weil Theorem for elliptic curves in Q.

3.4 Heights on Projective Space

The main goal of this section is to introduce some height functions on the proyective
space over number fields and to use them for constructing some height functions in
elliptic curves.

First we introduce a height function on P¥(Q). Let P € PN(Q). Then P
can be expressed uniquely as P = [z, ...,zy| where x; € Z for i = 0,..., N and
ged(zo, 1, ...,xn) = 1. We define

H(P) = max(|zo|, ..., |zn|),
and by the same reason as in the previous chapter,

{PeP¥(Q): H(P)<C}

has size bounded by (2C + 1)V +1,
Let K be a number field, consider PV (K) and let

P = [1‘0, ...,I'N]

with
zi,..,rN € K.

Recall that for a valuation v|p in K, n, = [K, : Qp]. Define

Hy(P)= [ max(jailo, ... lowl)™.
vEME

There are a few things that need to be checked if we want a consistent definition.

Lemma 3.4.1. With the above definition,
i) Hi (P) does not depend on the choice of the representative for P.
i) If L/K is finite, then for P € PN(K),
Hp(P) = Hy(P)IFE]
iii) Hg(P) > 1.
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Proof. Let P = [xg,...,xn]| and A € K*. Then

H max(])\:zl\v, S |>‘xN‘v)nv = H H |)“1T;LU ma’x(|x1|1}7 ey ’xN|v)nU

’UEMK UGMK ’UEMK

= H |A|ne H max(|z1]y, .., |[TN]o)" = H max(|z1]y, -y TN ]0)"7,

vEME vEME vEMK

where in the last line we have used Proposition 1.4.14.
For the second part, let P = [z, ...,zy] € PV (K). Then

H max (|1 |w, -y |TN|w)™ = H H max(|Z1|w, s |TN|w)™™

weMj, vEME w|v€ML

= H H max([z1], s [TN]0)™

vEM K wlveM,

= ] max(zifo, ..., o) =wle™

'UGMK

— H maX(|(E1‘U, ceey "TN|'U)HU[LK] — HK(P)[LK]7
veEMK

where in the second step we used that zg,...,zny € K and therefore |x;|, = |24y
for all 4, and in the last one we applied Proposition 1.4.13 and the fact that if

nl, = [Ly : K],
an = Znévnv = [L : K]n,.
wlv wlv

For the last part, taking some x; # 0 and dividing by it, we have that one of
the coordinates is 1, so

max (|1 |y, .oy 1, ooy [N ]0) > 1

O]

Considering the special case of Q for this definition and taking P = [z, ..., Z N]
with x; € Z for all i and gcd(xg, ...,xn) = 1, then

Ho(P) = [] max(|zolv, ..., len]o)™ = (3.4.1)
UGMQ
H max(|zolv, ..., |TN|») = max(|zo|, ..., |zN]). (3.4.2)
'UGMQ

This is because as ged(zg, ..., ) = 1, for each prime at least one of the components
is not divisible by p, thus its valuation is 1 and for the rest of components, |z;[, <1
because they are integers. Therefore, we have that for the special case of Q, this
height coincides with the one given at the beginning of the section.

7



Definition 3.4.2. Let P € PV(Q). The (absolute) height of P is defined as follows.
Choose any K number field for which P € K (there is a representative whose
components belong to K). Then

H(P) = Hy(P)Y/IE:Q,

The height does not depend on the choice of K because if we choose L then denoting
LK as the minimal field containing L and K, using Lemma 3.4.1 we would have
that

HLK(P)I/[LK:Q] _ HL(P) [LK:L]/[LK:Q] _ HL(P)l/[L:Q],

and using the same argument,
Hyp g (P)VIEEQ = - (p)l/1K:Q]

SO
HK(P)l/[K:Q] _ HLK(P)l/[LK:Q] _ HL(P)l/[L:Q],

Definition 3.4.3. We say that
F:PY(@Q) — PY(Q)
is a morphism of degree d of proyective spaces if

F(P) = [fi(P), ..., fu(P)],

where fo, ..., fir € Q[zo, ..., zn] are homogeneous polynomials of degree d and the
only common zero that have those polynomials is zg = ... = xy = 0, hence evalu-
ating F' at P is well defined in PM(Q).

Proposition 3.4.4. Let F' a morphism of degree d of proyectives spaces as above.
Then there exist two constants Cp,Co that depend only on F such that for all
P e PN(Q),

CyH(P)! < H(F(P)) < C1H(P)%,

Proof. Let P =[xy, ..., zn]. Choose a number field K containing all the coordinates
of P and the coefficients of f; for each 7. Let v € Mg and define the following
quantities:

|Ply = orgniag)](\/(’xi‘v>’

P(P)], = max (1f(P)].)

and
|F'|, = max(|a|, where a is any coef ficient of any f;).

We also define

Hi(F)= 1] IFl
veEMK
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and
H(F) = Hy(F)YIEQ,

Hg (F) is well defined because there are only a finite number of coefficients, and
thus there are a finite number of absolute values that, when they are evaluated at
each coefficient, at least one of them is different from 1. Thus there is only a finite
number of terms different from 1 in that product. Then, with the above definitions,

Hig(P)= 1] 1Pl
veEMK

Hi(F(P)) =[] IF(PI.

’UGMK
For each v € My we define
e(v) =1,
if v is archimedean and
e(v) =0,
if v is non-archimedean.
Then, for each j and each v,
1Py < TV FL| P, (3.4.3)

where C is the maximun number of possible monomials in a homogeneous polyno-
mial of degree d (which in fact is (N JQ,L d)), because when v is non-archimedean,

115 (P)lo < [Flu|PI3,

while if v is archimedean,

£ (P)]y < CLF|o| P|S.
Taking the maximun over j in 3.4.3 we have that
[F(P)]y < G| FLIPIL,
and raising to the power n, this last equation and multiplying over all v € M,

~Zv|€]\{%° v

Hi(F(P)) < C} Hi(F)Hg(P)* = CE Y H (P H (P
Taking [K : Q]-roots we have that if C; = C1H(F),
H(F(P)) < C1H(P)?,

as we wanted to prove.
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For the other inequality, let I =< f1, ..., far >. Then by hypothesis, V(I) = {0},
so using the Nullstellensatz Theorem,

< X1,y Xy >=TI(V(I)) = V1,

which means that for each i there exists e; such that X;* € I, hence

M
Xit =) 0t
j=1

for some polynomials g;;. Since f; are homogenoeus of degree d, the homogeneous
part of degree [ for [ # e; is just the sum of the homogenous parts of degree [ — d
of the polynomials g;; multiplied by each f;, hence since the sum of all the terms
is 0, we can suppose that g;; are homogeneous of degree e; — d.

Again we take K such that all the coefficients are in K, and for v € Mg let
|G|, = max{|g|, : g is a coef ficient of any gi;},
and

Hi(G) = ] Il

vEMK

We also define
H(G) = Hg(G)V/19,

and using the same argument as in Lemma 3.4.1, if L/K is finite,
Hp(G) = Hg(G)FK],

Proceeding as in Definition 3.4.2, for any two fields L and K containing the coeffi-
cients of g;;,
HK(g)l/[K:Q] — HL(g)l/[L:Q]’

thus H(G) is well defined. Now, for each z;,
M
ilg <> 1gi (Pl f5(P)]o < MEVIF(P)], max(|gij (P)lo)-
j=1

Since g;; is homogeneous of degree e; — d,

N +e —d £(v) e
5Pl < (VTN T lehip

C e . . N+e;—d
and thus joining the last two equations, if C3 = M ( +§, ),
2l < G5 |GLLIF(P)L|Plg .
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Taking maximun over ¢,
1Po < C5G, | F(P)]| P,
hence
P2 < C57|GL | F(P)]o.

Now, raising to the power n,, multiplying over all v € My and taking [K : Q]-roots,
denoting Cy = m,

CoH(P)? < H(F(P)),
as we wanted to prove. Note that H(G), the g;;, e; and therefore C only depend

on the polynomials f; for i« = 1,..., M, though we don’t know how to estimate
them. =

Definition 3.4.5. For z € Q,
H(z) = H([z,1]),

and if r € K,
Hg(z) = Hi([z,1]).
Proposition 3.4.6. Let f(t) = apt? + a1t " + ... + ag_1t + aq
=ap(t —a1) - (t —ag) € Q[t]. Then

d d

27 T[] H(ay) < H(lao, ... aq)) <277 ] H(ay).
j=1 j=1

Proof. We can replace the polynomial by (1/ag)f(t) because the right and the left
side does not depend on ag, and the point [ag, ..., ay] is the same as [1, ..., an/ag]
in the projective space. We take K = Q[ay, ..., aq). Let

if v is non-archimedean and

if it is archimedean. We will prove
d d
<(o) [[mas(lolor) < e} < o(0)*" T[ ot 1
j= J=

and raising to the power n,, multiplying over all v € Mg and taking [K : Q]-
roots we obtain the desired result (using the same arguments as in the previous
proposition). We will do it by induction on d.
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First, if d =1, f(t) =t — « with a; = « and ap = 1, so
8(2})_1 max(|aly, 1) < max(|aly, 1) = max(|aq|y, |aoly) < max{|al,, 1}.

Assume that the result holds for d — 1. Let f(t) be as above and k such that

|ak|v > ’a‘v-

We define

g(t) =(t —a) - (t — ap—1)(t — hy1) -+~ (t — q)
= bt bt 4+ by,
hence
f(t) = (t = o)g(t).
Therefore, for all 0 < i < d,
a; = b; —agb;_1

(this also holds if i = 0 and we set b_; = 0). Consequently,

ma {lail,} = max {[bi — aubi-aly} < 2(0) max (bl max{laxl,, 1} fbi-al.}

<e(v) OI’I<1aX{’b o} max{|ag|y, 1} < e(v)?? Hmax{\a]\v, 1},
7j=1

where in the last step we have used the induction hypothesis applied to g. To prove
the other inequality, suppose |a|, < e(v). Then

d
[ max{lejlo. 1} < e(v)? < e(v)* max {|as, },

. 0<i<d
Jj=1

where we have used that maxo<;<q{|ailv} > 1.

If |agly > e(v),

max {|a;|y} = max{|b — agbi—1|v}

0<i<d
> e(v)~! bi 1}.
= e(v)™" max {[bifu } max{|aklv, 1}
To see that, suppose v is non-archimedean. Since |ag|, > €(v) = 1, denoting

b; as the number where the maximun is reached, when ¢ — 1 = j we have that

|bi—agbi—1]y = |k |v|bj|v, and for the rest of i the absolute value of all the differences
is bounded by that quantity, so

1
Orgzaxﬂb agbi—1]py} =17 0r2ax{|b\ } max{|ag|y, 1}
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Suppose v is archimedean. Then

0n<1a<xd{|b — agbi—1lv }>0H<1ax{’akbz 1o — [bilv}

> |O‘k|v|bj‘v - |bj+1‘v > (Jaglo — )Orgflgd{lbilv}

> e(v) ™! 01T<1&X{|b o ekl

because
|Oék |v

(el — 1) = 2

as |agl, > e =2.

Applying induction on g we have that

> -1 > —d
max {fail,} = ()™ max (b} max{laglu, 1} = <(0 Hmaxﬂam,l}

O

Lemma 3.4.7. Let K be a number field. For P €¢ PN(K), P = [xg,...,xz,] and

o € Gal(Q/Q),
H(P) = H(P°).

Proof. We have that o : K ~ K7, so [K : Q] = [K? : Q]. Furthermore, if v7 € Mgo,
for all x € K,

o (@)]or =[]

is a valuation in K and using a similar argument, we have that there is a 1-to-1
correspondence between My and Mgo. Then for each v, we can extend (by density)
the isomorphism o to

K, ~ Ky

since o respects valuations. Therefore, n, = nyo.

Hio(P7) = [ lo@e” = T =l

’UGMK ’UGMK

and taking [K : Q]—roots we obtain the result.
0

Now we will prove a theorem that will be one of the keys to prove Mordell-Weil.

Theorem 3.4.8. Let C,d constants. Then the set

{PeP¥@:H(P)<C and [QP): Q) < d}
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s finite. In particular, for any K number field
{PePY(K): Hg(P) < C}
and
{PePN(K): HP) < C}

are also finite.

Proof. For the last assertion, assume that the first one is true. Then P € K implies

[Q(P): Q] < [K:Q,
hence

{PePN(K): Hg(P) < C}
c{PePN@):HP) <YW gnd [Q(P): Q] <[K :Ql}.

As this last set is finite, the first one is also finite.
{PePN(K): HP)<C}={PePN(K): Hg(P) < ClFTy,

which is also finite.

Let’s prove now the first assertion. Let P = [xg,...,xx] with at least one
component equal to 1. Then Q(P) = Q|xo, ..., zn], and

Hor)(P) =[] Or_ga&{!wilu}”“zlgg( [T max{lal, 1)
vEMy(p) vEMq(p)

= max Hop) (),

where we have used that

. n i n
H max{|x|,, 1} < H Oglgﬁﬂfxﬂv} v
vEMo(p) veMy(p)

for each 1.

We have then that for each i, Hgpy(z;) < C and [Q(x;) : Q] < d, so if we
prove the result for N = 1 we would have that there would be a finite number of
possibilities for x;, hence there would be a finite number of P in that set.

Let
E={xcQ:H(z)<C, Qz)<d},
and let f;(t) be the minimal polynomial of degree e < d with roots z,aq, ..., @e—1

and coefficients 1, ay, ..., a. € Q. Using Proposition 3.4.6 and Lemma 3.4.7

e—1
H([L,a1,...al]) <227 H(z) [[ H(ey) = 2°7 H(2)* < (20)%,
j=1
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Therefore, using the observation at the beginning of the section, there is only a
finite number of e-tuples ay, ..., a. for which that inequality holds. Consequently,
there is a finite number of polynomials whose roots are in F, and as polynomials
have a finite number of roots, FE is finite.

O

3.4.1 Heights on Elliptic Curves

Using the definitions of heights over the proyective space and their properties we
are going to define heights on Elliptic Curves.

First, recall that for E an elliptic curve and f € K(FE) in the function field,
then

f:E—P!
defined by
f(p) = 1f(p),1]
if p is not a pole of f, and
f(p) =[1,0]

if p is a pole of f is a morphism.
Now, define h: P! — R as

h(P) = log(H(P)).
Let f € K(E). Define hy: E — R as
hg(P) = h(f(P))-

Proposition 3.4.9. Let E be an elliptic curve over K a number field and let C > 0
be a constant. Then
{PeE(K): hg(P)<C}

s a finite set.

From now on, if f is a real function taking values in a certain set E and there
exists a constant C' such that

If(P)<C
for all P € E then we will say that f = O(1).
Proof.
[PeB(K): hy(P)<Ch={PeB(K): H(f(P)) <},

so by Theorem 3.4.8, f(P) is contained in a finite set, and for each @, by Proposition
2.2.7 there are only a finite number of P such that f(P) = @, hence

{PeE(K): hi(P)<C}
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is finite.
O

Theorem 3.4.10. Let E be an elliptic curve and consider the function x € K(E).
Then, for all P,Q € E(K),

hx(P + Q) + hx(P - Q) = th(P) + 2hz(Q) + 0(1)
Proof. Let
E:y? =2+ Az + B.

Then, as z[—P] = x[P], the result is obvious for £Q,£P = O (and in fact it is an
equality). Given P, @,

z(P) = [z1,1] z(Q) = [z2, 1],
(P + Q) = [x3,1] (P — Q) = [z4,1],
2
and if P # £+Q then z(P + Q) = (%) — 11 — X3, SO
2 )29 2
23t 5g = (y1 +y2)° + (y2 — y1) (2961 + ) (22 — x1)
(w2 —21)
:2x§+Ax1+B+x§’+Ax2+B—xi’—x%—i—m%xg—i—x%xl
(w2 — 21)?
- 2(331 + Z'Q)(.%'lajg + A) +2B
(w2 — 21)? ’
and
e 2u1y2 + (z1 + x2) (122 + A) + 2B —2y192 + (21 + 22) (122 + A) + 2B
T (w2 — 1) (w2 — 21)?
4ytys + ((901 + x2)(z122 + A) + 23) (2129 — A)2 — AB(21 + x2)
a (w2 —21)* a (z1 — 22)? '

In fact this formula is also valid when P = 4@ because the result is co. Define
g:P? - P?as

g([t,u,v]) = [u® — 4tv, 2u(At + v) + 4Bt?, (v — At)? — 4Btu).

In order to verify that g is a morphism of degree 2 we have to check that the only
common zero of the three entries is (0,0,0). But first, if we define the following
functions: o : E x E — P! x P! as

o(P,Q) = (z(P),z(Q)),
7: Pl x P! - P? as

([, Bil, [z, B2]) = [B1B2, a1 B2 + 2B, aral,
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and G: Ex E— ExFE as
GPQ) =(P+Q P-Q),
then the following identity holds:
T(0(G(P,Q))) = g(1(a(P,Q))) (3.4.4)
The left side of that equation is
7([xs, 1], [x4,1]) = [1, 23 + 24, T324],
while the right side is

([1, 21 + x2, z122])
= [(."L‘l + IE2)2 — 4x129, 2(1’1 + :L'Q)(A + 1’11‘2) + 4B, (1’11‘2 — A)2 — 4B(:L’1 + :L‘g)]

Taking into account that (1 4 2)? — 4z129 = (21 — 22)? and using the above
formulas for z3z4 and x3 + x4, we obtain the desired result.

Next we are going to prove that the only common zero of the entries of g is
(0,0,0). If t =0,
u? — 4tv = 0,

hence v = 0 and v = 0. Therefore, we can suppose that ¢ # 0. Taking a new
variable z = u/2t, then since u? — 4vt = 0,

2 =v/t.
Dividing by ¢? the second and the third polynomial we have that
®(x) = 4B + 4x(A + 2%) = 43 + 4Azx + 4B,

and
U(z) = (1132 - A)2 — 8Bz = 2% — 2A42% — 8Bz + A2

Using equation 3.3.1 from the previous section,

(16A + 1222)¥(x) + <5Aa: ~ 323 4 27B)<I>(x) — 4A,

and as A # 0, this implies that ¥U(z) and ®(x) have no common zeros, which
finishes the proof.

Denote ¢’ = 7o. Then, taking h on each side of the equation 3.4.4 we have that
h(o'(P +Q,P - Q)) = h(g(d'(P,Q)).
Applying Proposition 3.4.4,
C1H(0'(P,Q))* < H(g(o'(P,Q))) < C2H (o' (P, Q))*.
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Taking logarithms,
log(C1) + 2h(0’(P,Q)) < h(g(c'(P,Q))) < log(Ca) + 2h(c” (P, Q)),

and therefore
h(g(o'(P,Q)) = 2h(d’(P,Q)) + O(1),

SO

ho'(P+Q, P —Q)) = 2h(c'(P,Q)) + O(1). (3.4.5)

Next we are going to prove that for any Rj, Ry € F(K),
h(O'/(Rl, RQ)) = hx(Rl) + hx(Rz) + O(l), (3.4.6)
and if we are able to do it, applying it two times in 3.4.5,

ha(P + Q) + ha(P — Q) + O(1) = h(¢o'(P + Q, P — Q)) = 2h(0'(P,Q)) + O(1)
= 2hs(P) 4 2h4(Q) + O(1),

which is the desired result we want to prove.
Let’s now prove 3.4.6. First, suppose R; = O (and Ry # O). Then,

h(al(07 RQ)) = h(T([lv 0]7 [‘r(RQ)v 1])) = h([()? 17$(R2)]) = h([l,l’(Rg)D = hﬂD(RQ)v
hence we can suppose that none of them is O. Let
l’(Rl) = [041, 1],

1’(R2) = [042, 1].

Then taking into account that h(o’(R1, R2)) = h([1, a1 + a2, a1as]), if we consider
the polynomial f(t) = (t + a1)(t + a2), applying Proposition 3.4.6,

(1/4)H(—a1)H(—a2) < H([l,a1 + 042,0410(2]) < QH(—Oq)H(—OéQ).

Since H(—«;) = H(ay) fori = 1,2, taking logarithms and using that h(a;) = hy(R;)
for each 1,

hy(R1) + hy(R2) —log(4) < h([1, 01 4+ o, a1as]) <log(2) + hy(R1) + he(R2),

which completes the proof. O

3.5 Proof of the Mordell-Weil Theorem for number
fields

The previous theorem allows us to prove the (sufficient) conditions that a height
function should verify to conclude the finiteness of the generators of a group.
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Corollary 3.5.1. Let E be an elliptic curve and h, the height as above. Then,
given P,Q € E(K) we have:

i) For fized Q € E(K) there exists a constant Cy > 0 depending on @ and the

curve E such that if P € E(K),

hy(P+ Q) < 2h,(P) + Cf.

ii) For allm > 2 and all P € E(K),

he([m]P) = m?h,(P) + O(1).

In particular this implies that there exists a constant Co > 0 depending only
on E such that
h([m]P) > m?h,(P) — Co.

Proof. We begin with the first part. Using Theorem 3.4.10,
hx(P + Q) < hx(P + Q) + hx(P - Q) = 2hw(P) + th(Q) + 0(1)7

so there exists C] such that O(1) < Cf. Let C; = C] +2h,(Q), which only depends
on the curve and on ). We have that

hw(P+ Q) < hx(P+ Q) + h:}c(P - Q) = 2h:}c(P) + 2hx(Q) + O(l) < 2hx(P) + Cl-

For the second part we will use induction. First if m = 0,1 the result is obvious.
Assume it is true for all numbers less than or equal to m. Using Theorem 3.4.10
for points P’,Q’, taking P’ = [m]P, Q' = P we have

ha([m +1]P) + he([m — 1]P) = 2he[m]P) 4 2he(P) + O(1).
Applying the induction hypothesis,
ha([m + 1]P) + (m — 1)*he(P) = 2(m® + 1)he(P) + O(1),
and rearranging the terms,
he([m + 1)P) = (m* + 1 4 2m)h,(P) + O(1) = (m + 1)*h,(P) + O(1).

From this equation, the existence of a constant Cs that only depends on the curve
such that
h([m]P) > m2h,(P) — Cy

is obvious. O

The following proposition gathers all this work.

89



Proposition 3.5.2. a) If Py € E(K), there exists a constant C; > 0 depending
on Py and the elliptic curve E such that for all P € E(K) we have

b) For all integers m > 2, there exists a constant Cy > 0 depending on A, B
such that for P € E(K),

he([m]P) > m?*hy(P) — Co.

¢) For all constant C3 > 0, the set
{P € E(K):hy(P) <C3}
18 finite.

Proof. The first two parts are a particular case of Corollary 3.5.1, because we are
now restricting to E(K), while there we had the same results for F(K), which is
more general. The third one is a consequence of Proposition 3.4.9 applied to the

case f = x. O

Theorem 3.5.3 (Mordell-Weil Theorem). Let K be a number field and E/K an
elliptic curve defined over K. Then E(K) is finitely generated.

Proof. Using this last proposition, Proposition 3.1.1 and the fact that for each
integer m > 2, E(K)/mE(K) is finite, which was the conclusion of Theorem 3.2.1
(Weak Mordell-Weil Theorem), we obtain that the group E(K) is finitely generated.

O

The group E(K) can be thought as a Z-module, so it is a module over a principal
ring, and thus using Lemma 1.2.6,

E(K) =2 E(K)ors X 2,

where r € Z and r > 0. Since E(K)¢rs is finitely generated and all its elements
have finite order, E(K )5 is also finite.

90



Chapter 4

Torsion and rank of elliptic
curves.

4.1 Torsion group of elliptic curves.

In this subsection we are just going to formulate a few well-known results about
the torsion group of elliptic curves over number fields.

Theorem 4.1.1. (Nagell-Lutz) Let E/Q an elliptic curve with Weiestrass equation
v’ =2+ Az + B
where A, B € Z. Then, if P = (x(P),y(P)) is a torsion point,
z(P),y(P) € Z,
and either 2[P] = O or
y(P)?|(4A3 4 27B?).

Though we are not going to show it, the proof of this theorem is relatively
simple. For the second part it suffices to make easy manipulations similar to the
ones we did during the Mordell-Weil theorem for the case of Q. The first part, which
is a bit difficult, can be done in a more general context (in fields with a discrete
non-archimedean valuation), and can be found in [43].

The next theorem shows that there are not many possibilities for the torsion
group of an elliptic curve over Q, and that it is indeed quite ‘small’.

Theorem 4.1.2. (Mazur) Let E/Q an elliptic curve. Then, there are only fifteen
possibilities for the subgroup E(Q)iors:

Z/NZ for 1< N<10 or N =12

7J2N7 x ZJ2NZ, 1< N < 4.
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The proof of this theorem can be found in [28] and [29].
However, the torsion subgroup of elliptic curves over arbitrary number fields is

not so well-known. The following theorem tries to approach to the previous one.

Theorem 4.1.3. Let K/Q a number field and p a prime number. Then there exists
a positive integer N = N (K, p) for which for all elliptic curves E/K over K, the
cardinality of the p-group of E(K )iors is bounded by p' .

Notice that in particular Theorem 4.1.2 implies that the cardinality of the tor-
sion subgroup of the elliptic curves over Q is uniformly bounded. In the same
way,

Theorem 4.1.4. Let K/Q a number field. Then there is a positive integer N =
N(K) such that for all elliptic curves E/K,

|E(K)tors‘ S N.

Of course, if we eliminate the restriction that N should depend on K then the
previous theorem is false. This is because for any elliptic curve over Q and any N
positive integer the subgroup

E[N] = {Pe@: [N]P:O}

has cardinality N2 and the coordinates of its points are algebraic over Q. Therefore,
there exists a number field K such that E[N] C E(K)trs, and thus there are
number fields with torsion subgroup arbitrary large.

To show how Theorem 4.1.4 has been solved, we will introduce some notation.

Notation 4.1.5. Let d > 1 an integer. Consider the set S(d) of prime numbers p
such that there exists a number field K with [K : Q] < d and an elliptic curve E/K
such that p||E(K)iors|.

Let ®(d) the set of possible groups E(K )iors up to isomorphism, where K runs
over all number fields such that |K : Q| < d and E/K is defined over K.

This first theorem was proven by Faltings and Frey ([13],[16]):
Theorem 4.1.6. If S(d) is finite, then ®(d) is finite.

The following theorem was proven by Merel ([30]).

Theorem 4.1.7. For all d > 1, the set S(d) is finite, hence by Theorem /.1.6,
®(d) is also finite. Moreover, when d > 1 and p € S(d), we have the bound

p < a3
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This last theorem shows that the number of possible subgroups of E(K)iors
with [K : Q] < d is finite, so in particular there exists N = N(d) such that

|E(K)to7"s| < N(d),

which is in fact stronger than Theorem 4.1.4.

Note that Theorem 4.1.2 implies that S(1) = {2,3,5,7} and |®(1)] = 15. In
a similar way, Kamienny and Mazur ([22]) proved that S(2) = {2,3,5,7,11,13}
and |®(d)| = 26, and Parent ([33]) proved that S(3) = S(2). Furthermore, Derickx,
Kamienny, Stein and Stoll ([8]) have also proven that

S(4) = SG3)U {17}, S(5) = S(4) U{19}, and S(6) C S(5)U {37,73}.

4.2 The rank of elliptic curves.

In this subsection we are going to define the L-functions of elliptic curves. We are
also going to mention and outline the proof of some results and conjectures relating
those L-functions with the (algebraic) rank of the elliptic curves.

4.2.1 L-function of an elliptic curve.

Let K be a number field with [K : Q] = n and M- the set of non-archimedean
absolute values. Let v € M}){, k, its residue field and ¢, = #k,. Define

ay = qy + 1 — #E(ky) = a + 0, (4.2.1)

where we have applied equation 2.4.2.

Define
Ly(T) =1 — a,T + q,T?

when E has good reduction at v and
L,T)=1-T
if F has split multiplicative reduction at v,
Ly(T)=1+T
if E has non-split multiplicative reduction at v and
L,(T)=1

if F has additive reduction at v.
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Definition 4.2.1. The L-series of E/K is defined by the following infinite product:

Lpk(s)= ] L
veMY
In fact,
H Lv(qv_s)_l = H 1—a s 4 1-2s H L ’
'UGM?( ’U(AE) ’Uq’U qv AE >0

and the second product is a finite product, hence for checking the convergence of
the product, it suffices to look at the first part.

Lemma 4.2.2. The expression Ly k(s) defines an analytic function in Re(s) >
3/2.

Proof. Tt suffices to show that

1
H 1-2s

v(Ap)=0 1—a,qy 54+ qv

defines an analytic function.

Take any compact subset C C T = {s € C: Re(s) > 3/2}. There exists § > 3/2
such that for z € C' then Re(z) > §, because the function Re(z) is continous, so it

reaches a minimun in C. If we show that there exist constants M, such that for all
s e,

=
1_(11)(.711 +q% 2

for each v with v(Ag) =0 and

1| <o,

Z M, < oo,

v(Ag)=0

then by the Weiestrass criterium

1
U(AI;I):O 1—auqy 54+ C_hlJ 2

will converge uniformly over compact sets of T'. Therefore it will converge pointwise
on T. Thus, let C C T a compact set and § = d¢c > 3/2. If ¢, = 2 then

|av| = |E(ky) — 3| <2
because as k, only has two elements, we have the trivial bound

1< #E(k,) <5.
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Therefore, by the (inverse) triangular inequality,

Hl — ayq, s 4 q11) 25“ >1— ‘av‘qv—Re(s) q11} 2Re(s)
1 [ay[2Rels) 91 -2Re(s) > | _91=0 _ 912 5 g _ \}5 B i _ Z

1
V2
If ¢, > 3, using Theorem 2.4.2,

Hl - avqu + Qi QSH > 1-— ‘GU‘(]U Re(s) _ qllj 2Re(s)

- _ _ 2 1 2
:1_2\/%qu6(8 C]}, 2Re(s):1_2qi/2 5_q11] 2621_§_§:§‘

This estimations ensure that the finite products make sense because the denomi-
nator is never 0. Let Cy = max(3, ). For s € C,
4

V2
1—auqy 4+ Cﬁl) 2 1—ayqy + Q'Ll) 2s
<C HGUQv 1 ZSH

< C1(2q11)/27Re(s)_’_ 1- 2Re(s))
< G120, + 4)7),

so we must prove that if
My = C1(2,/*7° +¢,7%),

then

Notice that ¢, = p” for some prime number p and some positive integer 7.
Denote 8 the prime ideal corresponding to v. We have that

ko /Ty

is a field extension, hence
BNZ = pL,

and therefore p|5. By Theorem 1.3.15, for each prime number p, the number of ideal
primes 3 of Ok such that p|3 is bounded by n. Therefore the number of valuations
v such that #k, = g, will also be bounded by n.
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Since 0 > 3/2, we can write it as 6 = 3/2 + ¢ where € > 0, hence

Z Mv < Cln Z (2q1/276+q1725)

vEMY q=p"
v(Ag)=0 p prime
—1— —2-2
=Cin Y (207" +q )
q=p"
p prime

< Clnz 2m~ 17 Mm% < oo,
m

as we wanted to prove. ]

Next we are going to define the conductor of an elliptic curve E/K. For all
ve MY,

if E has good reduction at v,

if £ has multiplicative reduction at v and
f v =2+ 51),

where &, > 0 is the dimension of a certain group of homomorphisms. It is a measure
of the ‘wild ramification’ of the action of the inertia subgroup in 7;(E) (for more
details, check [32]).

Definition 4.2.3. Define the conductor as the ideal

Ng/k = H Pl

vGM?{

where p, is the prime ideal in O corresponding to v.

It is well defined because v has bad reduction for a finite number of valuations,
so f, # 0 for a finite number of places.

Let K = Q. Then Ng = Npg/g can be thought as a number. Let E/Q be an
elliptic curve and p a prime for which E has split multiplicative reduction at p.
Define

ap = 1.

If F has non-split multiplicative reduction at p, define
ap = —1,

and if E has additive reduction at p, then

ap = 0.
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With all this notation,
p|NE <= p|Ag < v,(A) > 0.

Therefore, p| Ng if and only if E has bad reduction at p. Besides, when F has good
reduction at p then using equation 4.2.1 and the fact that o0y, = p,

_ My

Lv(pis) =1- appis +p1728 = ( )(1 )’

o p®

thus the L-function for F can be written in the following way:

Lis.B) = Lol = JT0 -7 [T -0~ JTa- 07 (22)

p
p|Ng PINE PINE

4.2.2 Conjectures and theorems about L-functions and the rank
of elliptic curves

The first conjecture we are going to talk about does not involve L-functions, it is
just about the rank, and nowadays is still an open problem.

Conjecture 4.2.4. There exist elliptic curves E/Q of arbitrary large rank.

The main evidence for this conjecture is found in the work of Tate and Shafare-
vich. They proved that the analogous theorem is true for elliptic curves over the
field Fy(T"), where ¢ is the power of a prime number.

Theorem 4.2.5. There ezist elliptic curves E/Fy(T') of arbitrary large rank.

Conjecture 4.2.6. For all K number field and all elliptic curves E/K , the function
Lg/k(s) has an analytic continuation to the entire compler plane, and it satisfies
a functional ecuation.

This conjecture is known to be true for the elliptic curves having complex mul-
tiplication (check [9] and [46]). Furthermore, for the case K = Q, if E is modular
(we will define this concept in the next section), Lg /g can be extended to the whole
complex plane.

Next, for any elliptic curve E/Q we define the following function

€5() = (U T(5)Li(s), (4.23)

where I' is the usual Gamma function of complex analysis. Conjecture 4.2.6 then
has another reformulation:
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Theorem 4.2.7. The function {g(s) has an analytic continuation to the whole
complex plane, and it satisfies the functional equation

¢p(s) = wlp(2 - s),

where w = *1.

We will discuss a bit more about this theorem (which was a conjecture till 2001)
later on.

The following conjecture is one of the Millennium Problems and it is still open.

Conjecture 4.2.8 (Birch and Swinnerton-Dyer). Let E/Q be an elliptic curve over
Q and let L(s, E) be its L-function. Then

rank(E(Q)) = ords—1L(s, E),
where ords—1 L(s, ) denotes the order of the zero of the function L(s, E) at s = 1.

This conjecture can also be formulated in curves defined over number fields. It
is of course based on some numerical and theoretical evidence. For some numerical
evidence, check [3]. For the theoretical ones,

Theorem 4.2.9. (Coates, Wiles). If E/Q has complex multiplication and E(Q) is
infinite (so r > 1) then
L(1,E) = 0.

For the proof, check [7]. Some other works of mathematicians such as Gross,
Zagier and Kolyvagin have shown that this conjecture holds for some special cases.

Theorem 4.2.10. (Gross-Zagier,1986). Let E/Q be a modular elliptic curve. If
Lg(s) has a simple zero at s =1 then E(Q) is inifinite.

Theorem 4.2.11. (Kolyvagin) Let E/Q an elliptic curve either modular or with
complex multiplication. If ords—1Lg(s) <1, then

rank(E(Q)) = ords=1Lg(s).

The hypothesis of being modular can be eliminated® from the two last theorems.

For the rest of the section we are just going to focus on a certain problem
involving just the analytic rank, which will be denoted as r(E), so

r(E) = ords—1L(s, E).

Thus the following part is much more analytic. Before showing the results, we need
some definitions.

1See Chapter 5
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Recall that making a change of variables, each elliptic curve over Q has a unique
model

Em:y2:x3+r9:+s,

where 7, s € Z and verify that if there is a prime such that
plr

then p% does not divide s. We call this condition (1). It is a consequence of the fact

that for the change of variables x = u?a’, y = u3y/, then ' = v~*r and s’ = u 5.

We consider the family of elliptic curves
(1) = {Er,s e < T38| < Y2, E, s satisfies condition (1)}

Conjecture 4.2.12. Let E/Q be an elliptic curve over Q. Then the only zeros of
the L-function
L(s,E)

are found in Re(s) = 1. This conjecture is known as the generalized Riemann
Hypothesis.

Theorem 4.2.13. (Brumer) Assuming that all elliptic curves are modular and that
their L-function satisfy the gemeralized Riemann Hypothesis, the average analytic
rank is bounded. More precisely,

)] Ee;(T) r(E) <234 o(1),

where o(1) is a certain function that tends to 0 as T — oo.

The publication of this theorem was in 1992, so at that time the fact that all
curves are modular was a conjecture. This conjecture was proven in 2001 (we will
talk more about this later on), hence we can eliminate this hypothesis. Therefore,
the only hypothesis that we don’t know if it is true is the generalized Riemann
Hypothesis. Though we are not going to show all the details of the proof, we will
give a brief sketch of it. We will do it through some lemmas.

Lemma 4.2.14. Let F be a holomorphic function in {s €C: —c¢p < Re(s) < co}
for some cog > 0 such that

o F(s) = F(—s).
e [F(s) is real and positive when s is pure-imaginary.
o [IXIE)Islds| = 0(1).

c—100
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Then, the following identity holds:

— £ (1+s)F(s)ds = F(it). (4.2.4)
T J—ico gE tGZR
L(1+it,E)=0

Proof. Using Theorem 4.2.7,
kg~ Sk
92 9%

Let R > 0. Then, by the Isolated Zeros Theorem, £g can only have a finite number
of zeros in [—iR,iR]. Therefore, we can take a sequence of R,, such that

(s) = —L(2— s).

lim R, = o0
n—oo
and £g(R,) # 0. Take any £ > 0 and consider the region
Tep = {s €C: —e< Re(s)<e, —R,<Im(s)< Rn}.

By the residue theorem

L[ e gReas= Y Res(@(u—)F(—),a)
2mi Jor.,, SB et e
€1(a)=0
= Y ordse1yi(p)F(it)
—Rn<t<Rp,
Ep(14it)=0
= ) F(ib),
_RnStSRn
L(1+it,B)=0

where we have used that
¢pla) =0<= L(a,E)=0

because of the functional equation. In the second step we have applied the gener-
alized Riemann Hypothesis and the fact that if ords—,&g(s) = n then there exists
gr holomorphic in a disc around a with gg(a) # 0 such that

(2) = (2 — a)"gu(2),

% @ _ nF(2)  gp(2)F(2)
AT e R

In the last step expression we are counting multiplicities.
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On the other hand, by the definition of integral,

/ Ry ¢/
! SE(1 4 5)F(s)ds = — SE(1 — e 1 it)F(—e + it)idt

2mi Jor.,, & "~ 2mi ) og, B
1 —Ry ¢/
— 5—E(l + e+ it)F(e + it)idt
271 Rn €E
1 [°&y ) )
—_ 2= (1 R tHF(iR t)dt
o _EfE( +1 n+) (Z n+)
1 Iy ) )
—_— 22 (1 —1R tHF(—iR t)dt.
+2m,£ EE( iR, +t)F(—iR, + 1)

. . g
By the simetries of ¢£(s) and F(s),

1 [Bg . "N 1 [ g

: £ (1 —e+it)F(—e+it)idt = —— ==
2mi J_g, &6 2mi )R, €6
B 1 —-Ry é"E‘

T 2mi R, SE

(1+¢ — it)F(e — it)idt

(1+ e + it)F(e + it)idt,

where in this last step we have made a change of variables. Doing the same with
the other two integrals we obtain

1 £ 1 el . s
2 (1+s)F(s)ds =2— £ (1+e+it)F(e +it)idt

2mi Jor,.,, Ek 2mi Jg, &E
vo [TB( iRy, 1 ) F(R, + £t
— 2= i i .
2mi J_. &g " "
Furthermore, in the segment [—¢ +iR,,.c + iR,], {g does not have any zero, so the
function %(1 + s)F(s) is continous. Therefore, for fixed eg, it is bounded by M,
hence ) e ¢ 011
E . . €
— 2(1+iR, +t)F (iR, + t)dt]| < :
o _EgE( +1 n+)(l n+) ‘_27_‘_
As £ — 0, that integral tends to 0. Putting everything together,
Jim /_R” SE(1 4 & 1 it)F(e + it)idt — lim - / $E(1 4 )F(s)d
im — = e+ € +it)idt = lim — 2= s)F(s)ds
e=0mi Jp, ¢ e—0 27i oT: n, §E
= > F(i)
—Rn<t<Rp
L(1+it,E)=0
Consequently,
1 Ry flE 1 —Ry gl
— 2B (1 +it)F(it)idt = — 2B (1 +4t)F(it)idt
iR = — [ SEQ i)
= ) F(ib),
L(1+it,E)=0
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(passing the limit inside the integral is not trivial, something must be done to justify
it). Letting n tend to infinity, we obtain the expression 4.2.4.

O

Let F(t) be any continuous function of compact support F'. Define the Fourier
transform as

ﬁ(s) = /oo e F(z)dzx.

—00

In fact, since F' is continuous and has compact support, F (s) can be seen as an
holomorphic function, where s is a complex variable. For t € R, we have the
inversion formula:

F(t) = 27 F ().

If F is even, F(z) is also even.

With the previous formula, we are going to prove the following lemma, which
approaches a bit more to our theorem.

Lemma 4.2.15. Let F be an even continuous function of compact support and
assume the hypothesis of Theorem 4.2.13. Then,

~ ~ 1 o0 / .

r(E)F(0)+ Y F(r)=F(0)logNg + 77/ (f(l + it) — log 27T>F(t)dt
7#0 oo
Lg(1+im)=0
+2 Z cn(E)F(logn)logn,
n=1
where
en(E) = Wﬁ if n=p" and p divides Ng,
—(ak +« k
cn(E) = (pkkp) if n=p* and p does not divide Ng,
P
and

ca(E)=0 if n#p".
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Proof. Using the equation 4.2.3,

5 )45 T
B aplog(p)p™® p log(p)p‘s B aplog(p)p”*
plzN:E L= MZN:E G MZN:E - %
_ log(NEg) log(27) + (s) > log

a—l—ap ) log(p)
533 =,

pINg k=1

where in the second step we have used expression 4.2.2 and in the third one we
have expanded

1

a
L=5

for each p because when s = 1 + it, | 12| < 1).

Define the function G(z) = F(—iz), which is holomorphic and even. Putting

function G in equation 4.2.4 instead of F' and using the previous expression for
£p(s)

£u(s)’
1 100 SIE _ 1 i00 log(NE)
wi | G F9Gds= = | —Gls)ds
1 100 /
+E ' (f(l—i—s)—log(%r))G(s)ds
ar log (o +ap ) log(p)
P S S AT
100 p|Ng k=1 ptNg k=1
. 1 oo I‘/ A
- log;NE)/ F(t)dt—i—/ (T (1 +it) — log(2m)) F (¢)dt
s —00 —00
< a¥log(p Oé +Oép ) log(p)
/ » R ap log(p) M -y Z ) E(t)d
o " p|Ng k=1 PiNp k=1

= log(Ng)F(0) + % /_ h (?(1 + it) — log(2n))F(t)dt
i

B Z Z plo 7it10g(17k)ﬁ‘(t)dt
pINg k=1

S Z (ak +a,, ) log(p) / e~ t1os(") fr(4)dt,
PtNp k=1 -
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where we have used the fact that F(t) = 2rF(—t) and we have exchanged sums
and integrals in the third step (something should be justified about this step).
Therefore,

RV 5 (1 1 5)G(s)ds = log(Ng) F(0)
T J oo §E
n % /_ - (%(1 +it) — log(2m)) B (t)dt
-2y Z plog F(log(p"))
p|Ng k=1
0 Y IO )
pINg k=1
IR (O -
= 10g(Np)F(0) + /_ (5 (1 i) — log(2m)) (1)
ad —a’C log ) &
+2) > —L——F(log(p"))
p|Ng k=1
r2 0 3 IO
pINg k=1

1
:F(O)IOgNE+/
T

— 00

(f(l +it) —log 27r)ﬁ’(t)dt
+2 Z cn(E)F(logn)logn,

and thus using Lemma 4.2.14,

r(E)F(0) + > F(t) = > G
R
LE(ﬁ?t):o LE(ﬁz‘t):o

1
:F(O)logNE+/

—00

[e¢] /

(fu +it) — log 27T>F(t)dt
+220n F(logn)logn,

as we wanted to prove. ]

Next, suppose that h is an even continuous function with support contained in
[—1, 1] with piecewise derivative. Define




where X is a parameter that will be specified later on. Then,
ﬁx(u) = /};(ulogX) log X.
Taking F'(t) = hx(t) in the expression of Lemma 4.2.15, we obtain

~ ~ log Ng p logn
E = n(E 1
r(E)h(0) + t%éoj () =hO) 1o + 1o n§:1:c (B)h(jy ) losm
Lg(14it)=0
1 [~ R
+ - /Oo (fu +it) — log 27r)h(t log X)dt

o

log Ng 2 logn
=h n(E)h 1
(0) log X + log X Z en(E) (logX) osn
n<X

1o T n
n / (F(l +it) — log 27r>h(t log X)dt,

™ —00
where in the last step we have used that the support of h is contained in [—1, 1].
Next, we define the sums
Uk(Ea Xv h) = Z Cp’C (E) logpth(logpk),
pF<X

so with this notation,

Z cn(E)lognhx(logn) = Z U(E, X, h).

n<X E>1

Lemma 4.2.16. For 0 < Re(s) < 2 and t = Im(s) we have the following estimate:

= O(log(|t| + 2).

Define
LT) = —c Z log Ng,
EEQ

1
UL (&(T), X Z ¢p(E) log phy (log p),

and

Un(&(T), X, h) = ,Q(lm > e (B) logp?hs (logp?).
p2<X

Lemma 4.2.17. Suppose log(|u| + 2)ﬁ(u) € LY(R) and he LY(R). Then,
~ T
Z S ditlog X) = h(0)L(T)

log X
E6€ (T)  t€R
Lp(1+it)=0

n 2
log X

(Ul(Q(T), X, h) + Us(€(T), X, h)) n o(long).
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Proof. First of all,

S ULE X, h) <> Z longhHoo =2llhlle D > logf

k>3 E>3 pk<X ph<x k>3 P
log p logp 1 »p
<2hllo Y Z =2||hl[o Y _ -1
pex VP iz P pex VP PP
. log
<4lhlloe Y —5 = O(1),
p=2 p2

so that sum is bounded by a universal constant that only depends on h.

Next, using lemma 4.2.16, if X > 3,

F/
H (1+4t) —log 27T>h(tlogX)H dt < / log([t| + 2)[R(t log X)|dt
+1°g2”/ [i(t1og X)dt < — +2)[(s)|ds
T oo & X
log 2w log 27
I 2
IRl < MXLW%M+MWWSWI Al
C/
- log X’

where ~
log 2r|[A]|
T

Cc [ ~
¢’ =5 [ toglsl + D/hCs)lds +
is a constant.

Finally, adding over all the elliptic curves in €(T') the expression of Lemma
4.2.15 with F(t) = hx(t), and taking into account the estimations made before,

Z S _ h(0)£(T)
EE@ teR
LE(1+’Lt) 0
2 1
T), X T), X
where we have used that
E Uk(EaXv h)

k>3

and

1 [ T’ . 7
/ (f(l + it) _10g277)h(tlogX)dt

71——00

are bounded by constants that don’t depend on the elliptic curve.
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We are ready to show the most important lemma of the proof, but first we will
formulate another technical lemma whose proof can be found in [5].

Lemma 4.2.18. We have the following identity:

AT
¢(10)
Lemma 4.2.19. Assume that the L-functions of elliptic curves satisfy the Rie-
mann Hypothesis. Let h be an even, continous, piecewise ct function with compact
support on [—1,1]. Suppose that log(|u| + 2)h(u) € L*(R) and h(u) € L*(R). Then,
for any X < with ¢ = g,

Z Z /ﬂ(tlogX):M

&) =

+0(T )

TC
log? T

|e(T)| log X
Ee€ teR
L (1+it)=0
1(0) 1
+ 2 +0 (logX)‘

Proof. We are just going to outline the steps that are followed in [5]. In that article,
Brumer proves that

&(T)||[UL(€(T), X, h)| < X35T% logi Tlog™ 15 X
+ X207 logio Tlog1o X + T log X,

soif X < bg—;T and ¢ = 2, recalling Lemma 4.2.18,

©l|

UL (¢(T), X, h) = o(1).

In particular

UL(¢(T), X, h) = O(1).

Similarly,
h(0
Ux(€(T), X, h) = El)logX +o(1)
when X <7 Usmg this bounds and Lemma 4.2.17,
~ h T
Z Z h(tlog X) = hO)£(T)
log X
Eee teR
Lp(1+it)=0
E(O) 1
+ 2 +0 (log X )’
as we wished to prove. O
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We are almost ready to prove Theorem 4.2.13, but first we will formulate another
technical lemma of Fouvry, whose proof can be found in [14]:

Lemma 4.2.20. For any € > 0 the average £(T') of log Ng over €(T') verifies the
following estimation:

(1 —=e)logT +o(logT) < £(T) <logT + O(1).

Proof of Theorem 4.2.13.
Choose h(t) = g(t), where

Cf1-p i<t
g(t)_{o if [t >1

A tedious computation shows that

sin (u/2) .
TR S
0 ifu=0
The functlon h verifies the conditions of Lemma 4.2.19, so taking X = logiT with
¢ = 2, we have that O(logX) tends to zero as T' — oo. Using Lemma 4.2.20, for all
e> 0
log T h(0)&(T log T 1
(1-o)- og o(1) < ()()§5 og Lo )
glogT — 2loglogT log X glogT — 2loglogT log T’
When T — o0,
0)&(T
—(1 —¢) <liminf R ),
T—oo log X
and h(0)&(T 9
lim sup (0)£(T) <=,
T—00 IOg X b
which implies that
I h(O)L(T) 9
i -2
T—=oo logX 5
hence hO)S(T) 9
- 1).
log X 5 +o(l)

1 ~ Te
r(E) h(tlog —5—
e 2 "B S g E;u %ﬁ) 0 (1108 3 77)

9

1
= 54‘ 5 —|—0(1) —2.3+0(1),
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as we wanted to prove. This finishes the proof of Theorem 4.2.13. After this
theorem, some improvements have been made. To show them, we have to introduce
some notation.

Let
Em:y2 =22 +rr+s

a collection of curves with r, s € Z and let
C= {E,«’S ptr = p® s, Ap # 0}.

Let ) .
wr(E) =w (T 3r)wa (T 2s),

where w1, wy € C* are non-negative functions with compact support. Define

S(T)=> wr(E).

EeC
We have then the following result, whose proof can be found in [21]:
Theorem 4.2.21. (Heath-Brown, 2003) Assume that the L-functions of the curves
E, s satisfy the Riemann Hypothesis. Then
1
— E)yr(E) <2 1
STy 2T EIE) < 2+ (1),

as T — oo, where r(E) is the analytic rank of E.

The definition of average rank here is slightly different than the definition in
the paper of Brumer.
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Chapter 5

Modular forms

This section only pretends to be a brief summary of the basic aspects of modular
forms that we are going to use, so though there are many important things to say
about modular forms and modular curves, we will just focus on the few things that
we will need for our purposes.

5.1 Definitions and first examples

Definition 5.1.1. We call modular group to the group formed by the invertible
matrices 2 X 2 with coefficients in Z and such that its determinant is 1:

SLy(Z) = { (Z Z) ca,b,c,d €7, ad—bc:l}.

Z) with v € SLy(Z) and each element of the extended

complex plane, 7 € (ﬁ, we define

For each matrix, v = (Z

at +b

y(T) = o

where for ¢ # 0 then y(—d/c) = oo and y(c0) = a/c, while if ¢ = 0 then y(c0) = oo.
Consider the upper halfplane,

H:{TG(C:Im(T)>O}.

Next we are going to show two technical lemmas that will be used throughout all
the section.

Lemma 5.1.2. For each 7 € H and each v € SLy(Z) we have that (1) € H.
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Proof. Given 7 = x + iy with y > 0,

ar +b ac|7|* + bd + adr + beT

v(1) =

er+d ler + d?
_ac 7> 4 bd + (ad + be)z + iy(ad — be)
B ler + d?
B ac|t|* + bd + (ad + be)x iy
B ler + d? ler +d|*’

where in the last step we have used that det(y) = 1, and therefore

Im(y(r)) = m

0, (5.1.1)
which implies that v(7) € H. O
Lemma 5.1.3. If v,y € SLy(Z) and T € H then

(1)) = (' (7))

Definition 5.1.4. Let £ € N. A meromorphic function in the upper halfplane,
f:H — Cis weakly modular of weight k if:

FOy(1)) = (et + d)* f(7)

for all matrix v = (CCL b> € SLy(Z), T € H.

d

Lemma 5.1.2 implies that f(v(7)) makes sense because f is a function defined
in H. Thus weakly modular functions of weight k satisfiy that

flr+1)=f(r), f(=1/7)=7"f(7).

By the periodicity of f, using complex analysis arguments, it is not hard to see
that there exists a holomorphic function

g:D\{0} = C

such that for all T € H,
g(e*™™) = f(7).

The function g has a Laurent series



Let ¢ = €*™7. Then |q| = ¢ 2™™(") and ¢ — 0 when Im(7) — co. We will say
that f is holomorphic in oo if g can be extended in a holomorphic way in 0. This
is equivalent to saying that (by a complex analysis theorem) |g| is bounded in a
neighbourhood of zero. It is also equivalent to the fact that lim;,, ;) f(7) does
exist, or that in a neighbourhood of oo, |f| is bounded. Consequently, if g can be

o
extended in a holomorphic way in 0, g(q) = Z anq" for ¢ € D and thus

n=0
[eS)
f(T) — Z an€27rz7'n.
n=0

With all this discussion we are now ready to give the following definition of modular
form.

Definition 5.1.5. Let kK € N. We say that f : H — C is a modular form of weight
k if:

i) f is holomorphic in H;
ii) f is weakly modular of weight k.

iii) f is holomorphic at co.

The set of modular forms of weight k is denoted by My (SL2(Z)), and it can be
proven that it is a vectorial space. Next, we will introduce a new definition related
to the previous ones.

Definition 5.1.6. A cusp form of weight k is a modular form of weight & with 0
as the first term of the Fourier expansion. In other words, if

f(r)= Z anq"
n=0

with ¢ = €>™ then ap = 0. The set of cusp forms of weight %k is denoted by
Sk(SLa(Z)).

Definition 5.1.7. We will call principal congruent subgroup of level N to

T(N) = { (‘CL Z) € SLa(Z) - (‘CL Z) = <(1) ?) mod N}.

Consider the homomorphism SLg(Z) —SL2(Z/NZ) defined taking classes mod-
ulo N. Applying the First Isomorphism Theorem we obtain that, as the kernel of
that isomorphism is precisely I'(/NV) (which in turn implies that I'(/V) is normal),

SLy(Z)/T(N) ~ SLy(Z/NZ). (5.1.2)
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Definition 5.1.8. We say that the subgroup I' C SLy(Z) is a congruent subgroup
if there exists some N € N with I'(NV) C T".

Some of the most common subgroups are:

ron) = { (2 3) esta@s (1 )= (5 1) moan),
T (N) = { (Z Z) € SLy(Z) : <Cc‘ Z) = (é D mod N}.

Obviously both subgroups contain I'(NV), and besides this, again considering some
natural functions and using the first Isomorphism Theorem, we obtain some inter-
esting relations among these subgroups:

b

I'y(N) > Z/NZ, <‘C‘ y

>—>b mod N

is obviously surjective and has kernel I'(N).

a b

To(N) — (Z/NZ)*, <c d) —d mod N

is also surjective and has kernel I'y (V). In this way we obtain that
I'(N)/T(N)~Z/NZ

and
Io(N)/T1(N) ~(Z/NZ)*.

b

Definition 5.1.9. For each matrix v € SLy(Z), v = (i d

> , the function

jly,7)=cr+d

is an automorphic factor. Define the operator of weight k that acts over meromor-
phic functions in H as

(Fe)(T) =3y, 1) Ff(v(r), TeR.

Finally, we say that f is weakly modular of weight k with respect to I' if f is a
meromorphic function in H and satisfies that

fe=f
for all v € T

This last definition is a generalization of the weak modularity of weight k& (def-
inition 5.1.4). The next lemma lists some of the properties of this operator:
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Lemma 5.1.10. Given ,~" € SLy(Z) and 7 € H,

i) J(vy's ) =30 (7)Y 7)),
i) [vY 1k = [kl Tk

Going back to the congruent subgroup, we take the smaller h € N that verifies

that <(1) }f) € I'. Such h exists because for some N € N, T'(N) C T so <(1) ];[) €
I'(N) cT.

Therefore, we have that given I', if f is weakly modular of weight k£ then f
is h-periodic. Using a similar reasoning to the one we used for modular forms of
weight k, there exists a function ¢ : D\{0} — C which is holomorphic in the disc
minus the origin and such that f(7) = g(e*™7/"). We will say that f is holomorphic
in oo if g can be extended in a holomorphic way in 0, or equivalently, if

f(7'> _ Zanewri‘r/h.
n=0

The following definition is a generalization of modular forms.

Definition 5.1.11. Let I' be a congruent subgroup of SLy(Z). We will say that a
function f : H — C is a modular form of weight k with respect to T if

i) f is holomorphic in H.
ii) f is weakly modular of weight k with respect to T
iii) f[a]x is holomorphic at oo for all o € SLa(Z).

If besides this, ap = 0 in the Fourier expansion of f[a]; for all @ € SLy(Z), then f
is a cusp form of weight k with respect to I'. The space of modular forms of weight
k with respect to I', which is again a vectorial space, is denoted by My(I"), and the
space of cusp forms, Si(T").

5.2 Hecke operators

In this subsection we will briefly introduce the Hecke operators. In the last subsec-
tion we saw that
Lo(N)/T1(N) = (Z/NZ)",

and so I'1 (V) is normal in T'o(N).
Thus given d € (Z/NZ)*, for any representative d of d, there exists a € T'o(IV)

such that
_fa b
*=\e a)
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and for
,{d Y
=\

d=d mod N,

with

then a1 = o/a™t € I'1(N). Define

by
<d>(f) = flodk,
Then
fle'le = flonaly = flealelolr = flak,

hence < d > (f) does not depend on the election of o. By normality, given any
oy € T'1(N), there exists of € T'1(N) such that

AN/
ooy = o Q,

and thus
fladkled ]k = fladi i = flofaly = flaf]klalx = fla]g,

SO
<d> (f) € My(T1(N)).

Therefore, this Hecke operator is well defined. In fact, we have defined it for any

number d with the property (d, N) = 1. This operator can be extended to all Z.

In a similar way, for § € GLy(Q) we define the weight-k operator on functions
f:H—=>Cas

(FIBle) (1) = (det B)*~14(B,7) " £(B(7)),
with 7 € H. This definition is an extension of the definition we had for matrices in

SLy(7Z,).

Definition 5.2.1. Let I';, 'y be congruence subgroups of SLy(Z) and o € GL2(Q).
For f € My(T'1) we define the weight-k T'yal's operator

[Flarg] : /\/lk(Fl) — Mk(rz)

as

fIC10Ta)e =Y fIBjlk,

J

where {3;} are the orbit representatives of I'yal's, so I'ial'y = Uj I' 3.
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Of course there are some things to be checked, for example the fact that
f[FlO[FQ]k S Mk(rg).

Next, let p a prime number and N a positive integer. We define 7}, as
Tp : Mi(I'1(N)) = Mp(T1(N)),

where

T = A0 () Ta(V)L

In a similar way as before, the definition of 7}, can be extended to all integers.

Definition 5.2.2. A nonzero modular form f € My (I'1(V)) that is an eigenvector
for all the Hecke operators T, and < n > with n € Z* is a Hecke eigenform. For

f(r) = Zanqn7

2mT we say that f is normalized if a; = 1, and we say that f is a

new

where ¢ = €
newform of conductor N when it is a normalized eigenform in Si(I'1(N))

The vector space Si(I'1(N))™" is a subspace of Si(I'1(/V)) whose definition
involves an inner product (Petterson inner product) that we are not going to define.

Note that T'1(N) C To(N), so Sk(T'o(N)) C Sk(T'1(NV)) and the same with
modular forms, hence all the operators we are defining act on My (Io(N)).

5.3 L-functions and Modularity

Definition 5.3.1. Let N an integer. We define the character 1y as

and
1n(n) =0 if (N,n)>1.

Proposition 5.3.2. Let f € So(I'g(N)) be a newform. Then it has an associated
L-function that has the following expression

L(s, f) =Y an(fin* =[]0 = ap(Hp~* + In(p)p' )",
n=1

p

Note that this expression is very similar to the L-functions of the elliptic curves.
Now we are ready to define the concept of modularity.
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Definition 5.3.3. Let E/Q an elliptic curve of conductor Ng. We say that E is
modular if there exists a newform f € Sa(I'g(/Ng)) such that

L(s, f) = L(s, B),
where L(s, E') is the L-function of the elliptic curve we defined in the last section.

There are more equivalent definitions. We will mention one of them in the
following section.

We saw in the previous section that the condition for an elliptic curve of being
modular provides it with some important consequences, such as for example the
analytic continuation of its L-function that was mentioned in Conjecture 4.2.6.
Thus one of the main important questions that arise naturally is under which
hypothesis an elliptic curve is modular. One of the first affirmative answer to this
question supposed the key left to prove Fermat’s Last Theorem.

Theorem 5.3.4. (Wiles, 1995) Every semistable elliptic curve over Q is modular.

The proof of this theorem can be found in [47]. We will discuss more about it
later on. Finally, on 2001, C.Breuil, B.Conrad, F.Diamond and R.Taylor proved
modularity for all elliptic curves.

Theorem 5.3.5. (2001) Let E/Q be an elliptic curve. Then, E is modular.

The proof of this theorem can be found in [4]. As we saw in the previous
section, Conjectures 4.2.6 and 4.2.7 were true for modular elliptic curves over Q,
so the modularity theorem implies that those conjectures are true for all elliptic
curves over the rationals.

Corollary 5.3.6. Let E/Q be an elliptic curve. Then its L-function and the func-
tion &g of Conjecture 4.2.7 in the previous chapter are defined in all the complex
plane. Furthermore, the functional equation

{p(s) = wéEp(2 — )

holds for all elliptic curves over Q.
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Chapter 6

Galois representations

Let F/K be an elliptic curve and p a prime number. Consider the group G =
Gal(K/K) and the group E[p]. We saw in the second chapter that for ¢ € G then
when Q € E(K),

o([71Q) = [Pl (@),

hence in particular if @ € E[p], 0(Q) € E|[p|. Furthermore,
o : Elp] = Elp]

is an homomorphism of groups (because ¢ is a homomorphism of groups in F(K)),
and o~ ! is its inverse, so ¢ is in fact an isomorphism of groups.

Using Corollary 2.2.19 we have that (under the hypothesis that char(K) = 0 or
(char(K),p) = 1) E[p] is a free module of rank 2 over Z/pZ. In fact, as Z/pZ = F),
is a field, Ep] is a 2 dimensional vector space over F,. Let P, Q be a basis of E[p].
Then, since o is an isomorphism, o(P),o(Q) is another basis of E[p]. Therefore,

o(P) = a1 P+ a2Q,
0(Q) = b1 P+ b2Q,

with ay,as,b1,be € Fpy, and if P/ = (a/, ') (expressed with coordinates in the basis

P,Q) then
n_ (a1 b\ [d

aq .. . . . .
is invertible because o is an isomorphism, and (or)

az by
because {o(P),o(Q)} is a basis of E[p]. Thus we have created an aplication

The matrix pg ,(0) =
Pry: Gal(K/K) — GLy(F,)

_ (a1 by
pE,p(U)_ as b2 :
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In fact, this application is a homomorphism. It is also called a representation (mod
p)-

On the other way, Gal(K/K) acts over the Tate module T,(E), because if
(PQ, Py, ..., Py, ) S Tp(E) then

Plo(Pot1) = o([plPrs1) = o(Pn),

(0(Po),0(PL), s 0(Py), ...) € Ty(E).

Therefore, we could define
o : Tp(E) = TH(E),

which will be again an isomorphism. Since T},(E) is a free module of rank 2 over
Zy, then in a similar way, taking a basis P, (),

o(P) = a1 P + a2Q,

0(Q) = b1 P+ byP,

with a1, a2,b1,b2 € Z,. For P' = (a’,V') (expressed with coordinates in the basis

P,Q), ,
)=o) ()

a1 b1\ . .. ) . . .
is again invertible because ¢ is an isomorphism,

a9 bQ
so we have obtained another aplication

The matrix pg,(0) = <

pEp: Gal(K/K) — GLy(Zy)

al bl
pE,p(U) = (12 b2 9

which is in fact an homomorphism.

defined by

One of the main problems that arise naturally is to determine the possible
images of this application, and over the last decades, the study of these images
under certain hypothesis has been a tool to solve open problems in Number Theory.

6.1 Subgroups of GLy(F)).

In what follows we are going to make a classification of the possible subgroups of
GLy(F)p) in order to have a better idea about what could be the possible image of

PE,p-

120



Definition 6.1.1. A Borel subgroup of GLy(F,) is any subroup which is con-
jugate to the subgroup of the non-singular upper triangular matrices, that is, any
subroup of the form

{P (g i) Pt a,b,cE]Fp:ac;éO}

with P an arbitrary matrix in GLo(F)).

In other words, each Borel subgroup is completely determined by the one-
dimensional subspace that each of the elements of the subgroup fixes (the eigenspace).

Definition 6.1.2. A half Borel subgroup is any subgroup of the form

{P(S i’) Pl a,bGIFp:a;zéO}

with P an arbitrary matrix in € GLy(F,). It is obviously contained in a Borel
subgroup and it has order p(p — 1).

Definition 6.1.3. A quasi-half Borel subgroup is any subgroup generated by
T b -1
P ( ' 1) P
where P is an arbitrary matrix in € GLz(F,), x generates F;, and b € Ty,

Other subgroups that appear naturally are the Cartan subgroups. There are in
fact two types of them.

Definition 6.1.4. A split Cartan subgroup is a conjugate of any non-singular
diagonal matrix, so it is of the form

{P <g 2) Pl a,bEFp:ab#O}

with P an arbitrary matrix in € GLo(F)).
Again, each subgroup is completely determined by the two one-dimensional

spaces that each of the elements of the subgroup fixes. In fact, each subgroup is
isomorphic to Fj; x F with the isomorphism given by

z¢ 0 -1 e ..f
P(O xf>P — (2%, 27),
where z is the generator of the multiplicative group of F,. Thus, each split Cartan

subroup has order (p — 1)2. In a similar way as with the Borel subgroup, we have
the following subgroup of a Cartan subgroup.

121



Definition 6.1.5. A half split Cartan subgroup is any subgroup which can be

expressed as follows:
{r(5 ) p1 a€F,:a0}
0 1 ’ P

{P(é 2)131, beF,:b+0},

with P an arbitrary matrix in € GLg(F,). All subgroups of this type are isomorphic
to [, so they are cyclic of order p — 1, and they are thus the subgroups that fix
one of the vectors of the basis and fix the other eigenspace (but not necessarily the
eigenvector).

or

Consider 2 the field of p? elements, which is a quadratic extension of F,, and
Gal(F,2/F,) = {Id, ¢} with ¢(x) = xP. Consider the vector space V' = IF'IQDQ and for
each one-dimensional subspace

W =< (a,b) >
with a,b € 2, we take the conjugate W’ =< (¢(a), #(b)) >.

Definition 6.1.6. A non-split Cartan subgroup is the subgroup of the matrices
which fix any one-dimensional subspace W of IF ]232 that can’t be generated by a vector

of IF%. Therefore, the elements of the subgroup fix W’. Thus, it is of the form

{P (3 ¢(OA)> Pl NEFiA# o}

a ¢(a)>
P= ,
(b ¢(b)
where a,b € F)2 and the subspace < (a,b) > in V' cannot be generated by a vector

of IF'}%. This last condition ensures that P is non-singular because neither a nor b
can’t then be 0, and if a¢(b) = bp(a) then

with

¢(ba™") =ba',
which implies that ba=! € F,. Consequently, k € F),, b = ka, so
< (a,b) >=< (a,ak) >=< (1,k) >,
which is a contradiction. Furthermore, as ¢? = Id,
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=o((; %) ) ¢<OA>> a¢<b>ib¢<a> <¢—(? _qi(a)”
=(?2(<b3 b <¢(0A> 2) aqﬁ(b)ibqs(a) (aﬁ_(g) —5<a>>
1 6(a) a\ (—6(Nb  6(Na

ad(b) — b (a) <¢<b> b) < Ab(b) —Aqﬁ(a))
1 a 6(a)) [ A(D) —Ao(a)

a6 () — bo(a) (b ¢(b)> <—b¢><A> ¢<A>a>

- (3 ¢<OA>> P

which means that P <)\ 0

0 QS(A)) P_l S GLQ(]FP)

This implies that indeed if we fix a one dimensional subspace of V' and define
the subgroup of matrices which fix that subspace and its conjugate, then all of them
lie in GLy(Fp) (instead of just lying in G La(F2)).

Furthermore, each subgroup is isomorphic to IF;2 with isomorphism given by

i (3 ¢&>) Pr=

so each non-split Cartan subgroup is cyclic of order p? — 1.

Besides this, consider the normalizer N of each Cartan subgroup H (split and
non-split). Let W, W' be the subspaces which are fixed by H and g € Ny, and
U=g(W),U" =g(W’). Then for any h € H,

ghg~'(U) = ghg™'g(W) = gh(W) = g(W) =T,

and
ghg~'(U") = ghg™'g(W') = gh(W') = g(W') = U".

Thus ghg~! will be in H if and only if it fixes W and W’. Since ghg~! can only fix
two subspaces, either g(W) =U =W and g(W') =U" =W or gW') =U" =W
and g(W) = U = W’. The first case would correspond to the case when g € H
and the second one would correspond to a matrix that exchanges both subspaces.
Anyway, if g € Ny and g ¢ H then gH are the elements of Ny which does not
belong to H, because for each ¢’ ¢ H, g~'g’ fixes W and W’. This implies that for

all Cartan subgroups H,
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We also define PG La(Fp) as GLa(F,)/F,, which means that we identify the
matrices that differ by a constant scalar. Consider the natural homomorphism

¢ : GLa(Fp) — GLa(Fp) /Ty,

which consists on taking classes. The following theorem will give us a classification
of the possible subgroups of GLy(F)). It is due to Dickson [11]. However, this proof
is based on the few ideas gaven in [24].

Theorem 6.1.7. Let G be a subgroup of GLo(Fy). Then if the order of G is
divisible by p, either G is contained in a Borel subgroup or G contains SLa(IF,)

(which are the matrices with determinant 1). Suppose the order of G is prime to
p. Denoting H as the image of G in PGLy(F,),

e i) H is cyclic and G is contained in a Cartan subgroup.

e i) H is dihedral and G is contained in the normalizer of a Cartan subgroup
but not in the Cartan subgroup.

e iii) H is isomorphic to either Ay, Sy or As, where Sy, is the permutation group
and A, is the alternating group.

In i), p # 2 and in iii), p cannot be 2 or 3 in the first and second case, and
cannot be 2,3 or 5 in the third one.

Proof. First of all, suppose p divides the order of G. Choose ¢ to be an element of
order exactly p (we can do that by Sylow theorems). We write ¢ in its Jordan form,
and if the matrix was diagonalizable, taking the base formed by its eigenvectors,

o (@ 0
~\0 b))’
and a? = b” = 1, but the polynomial f(x) = 2P — 1 = (z — 1)? has just one
(multiple) root in Fp, so a = b = 1, which contradicts the fact that the order of o

is p. Similarly, if ¢ is not diagonalizable, then the elements of its diagonal must be
1 by the same reasoning, hence
(1 b
=1y 1)

The order of that matrix, provided that b # 0, is p. Therefore, o fixes one single
one-dimensional subspace W. If all the elements of G fixed that subspace then G
would be contained in a Borel subgroup. If not, let o1 be an element of G which does
not fix W. Then, o100] ! has order p because conjugation is an isomorphism, so it
preserves the order. Let W' = o1(W). Then W' is different to W by hypothesis,
and

o100 (W) = o007 oy (W) = a10(W) = oy (W) = W'.
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Therefore, taking the basis W, W' and writing both linear applications as matrices
over that basis, since o100 ! preserves W',

1 a 0
o100y =\ g4)

The matrix o100, ! has order p, hence by the same reasoning as before, ’ =1 = d'.
Consequently,
Ulaafl = (1 O> .
c 1

To conclude this case it suffices to prove that ¢ and o100, ! generate SLy (Fp).
Since both of them lie in G, then we would have that SLs(F,) C G. In other
words, we have to prove that if T' =< o, 01001_1 > then T' = SLy(F,). Obviously,
T C SL3(F,) because both elements have determinant 1. First of all,

v (10
(1007 1) :<nc 1>.

Since the order of 01007 Lis p, then ¢ # 0, hence T contains all the lower triangular
matrices with ones on their diagonals. In a similar way, it also contains all the
upper triangular matrices with ones on their diagonals.

. a b
Take any matrix M = (c d

Ty = < 1_1 O> lies in 7', and
—ca 1

1 0\ fa b a b
ToM = (—ca1 1) <c d) - (O a1>’

because this last matrix must have determinant 1. The matrix

n=( D=6 D)

belongs to T' because it is a product of elements of 1. Then,

0 a a b 0 1
TlTOM = <_a_1 1) <0 a_1> - <_1 —a‘lb—i—a_l) .

1
0

0 1\ /1 ¢—1 0 1
TITOMT2:<—1 c’> (0 1 >:<—1 1>’
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/ —
Let ¢ = —a~'b+a~ !, and take Tp = ( ¢ 1 1> € T. We have that



and this last matrix belongs to T" because it is a product of matrices of 1"

()= ) ()

Therefore, for T3 = (_01 D , A3 €T and M = ToflengT{1 € T, as we wished
to prove.
Suppose a = 0. Then M = <_£_1 d) because M must have determinant 1.

1 b(d—1)
0o 1

e ()

Therefore, MTy lies in T" because

n=(0 -6 D0 )

which is a product of matrices of T'. Consequently, MTy = Ts, so M = T5T, Ler,
as we wished to prove. Hence we have shown that 7" = SLy(F,) and therefore

SLQ(]FP) C G.

Suppose that the order of GG is prime to p. Then, the order of H, which is the
image of G in PGLy(F,) is also prime to p. Therefore, for @ € H with 0 € G, we
write the Jordan form of o. If it is not diagonalizable then its eigenvalues must be
in IF,, because the eigenvalues are conjugate to each other. Hence taking classes we
can suppose that both of them are 1, thus the order of @ would be 1 or p, which is
a contradiction. Consequently, o is diagonalizable. In fact, if two elements o1, o9
have just one eigenvector in common, they have both of them in common, because

if not,
_fa O
T=\0 d
(b ¢
g9 = 0 e )

with a # d because if not they would have more than just one eigenvector in
common, and a # 0. Compute

The matrix Ty = ( > lies in T, and

1
/|\
o“C:
-
—_ o
~_

and

—1.01 _ ,—1
01_102_10102 = <(1) b7l 1 “ d)) .

This last element lies in G' and has order p because 1 — a~'d # 0, which is a
contradiction.

126



The set of the eigenvectors of the elements of H is of course a finite set because
F,2 is finite. Let &1,...,& be the representatives of the orbits of them under the
action of H. For each i = 1,...,v, denote M; as the set of elements in H that fix
&. Then M; is clearly a subgroup of H and we have a biyective correspondence
between elements of H/M; and elements in the set HE;. Let pu; = |M;|. Obviously
p; > 1 and denoting h = |H|,

h/pi = |H/M;| = [HE|.

Furthermore, if we count the pairs formed by a non-trivial element of H and
one of its eigenvectors then we will count each element of H twice, so that number
would be 2(h — 1). On the other hand, for each vector in the coset H¢;, there are
exactly p; — 1 non-trivial elements that fix it. This is because for h € H, any
element of the group hM;h~! fixes h; since for m; € M; then

hm;h 1 (hE;) = hmy (&) = hé;.
Suppose g fixes h&;. Then
htgh(&) = W h(&) = &,

hence g € hM;h~! and therefore the subgroup of H which fixes h; is exactly
hM;h~!. Consequently, it has cardinality j;, and therefore there are p; — 1 non-
trivial elements that fix ;. Hence since every eigenvector is on some class (we have
made a partition), then adding the number of (non-trivial) elements of H which
have them as an eigenvector will give us 2(h — 1). Therefore, we have the formula

v

2= 1) =3 s = )
i=1 1"

which can also be written as

v

21—k =S (- ).

i=1

Of course, 1 < p; < h because p; is the cardinality of a subgroup of H, and in
fact p;|h. We are going to show now that there are not many possibilities for this
equation to occur.

First of all, if v = 1 then
20 —h Y =1-p7t,

hence
1+ pt=2n"1
and
I+ht<i4+pt=2n"1
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Therefore h < 1, which implies that A~ = 1 and so G will be a subgroup of the

matrices of the form
A0 N
{<0 >\> 'AEFP}’

which is cyclic because it is isomorphic to F). Consequently, G would also be cyclic
and contained in a Cartan subgroup.

If v = 2 then
2h™ =yt oy

By the estimation 1 < p; < h we have that
oh = gt > AT R

hence we have an equality and so p1 = h = us.
Suppose v > 4. Since p; > 2,

v

2-2n =) (1—ph) > ZU:(1/2) =v/2>2,
=1

i=1
that would imply that h < 0, which is a contradiction.

For the case v = 3, then if none of the pu; was 2,
2-2h =1yt gt > 1 -1/3 41 -1/34+1-1/3=2,

which implies that h < 0, which is again a contradiction. Then, at least one of
them must be 2. Suppose two of them are 2. Then

22t =1/2+1/2+1— 3,

SO
2h " = pzt,
which implies that 3 = h/2, which can only happen when h is even.

Suppose only one of them is 2. Then another one must be 3. Else,
22 =1/241—p; 1 —pz' >1/243/4+3/4=2,

which is a contradiction. Therefore, the only cases that remain to check are the
cases in which one of them is 2, and another one is 3. If the third one verifies u3 > 6
then

22t =1/242/34+1—pz" >1/24+2/3+5/6=2,

which is a contradiction. Thus us can only be 3,4 or 5. For us = 3, h = 12; for
w3 =4, h = 24; and for uz = 5, h = 60 (note that in all of them ps is a divisor of
h). Summarizing, we only have the following possibilities:

e i)v=2 and pu; = 2 = h.
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ii)v=3, hiseven and pu; = pus =2, uz = h/2.
i) v=3h=12, uy3y =2, 2 = 3 and ps = 3.
iv)v=3h=24, uyy =2, up =3 and u3z = 4.
v)v=3,h=060, ug =2, pu2 = 3 and pz = 5.

Now, let’s examine each case:

i) For the first one, since all the elements of H fix the two eigenvectors, all
the elements of G will also have the same eigenvectors. Therefore, G lies in a
Cartan subgroup, and H is cyclic because the image of any Cartan subgroup

in PGLo(F,) is
1 0 «
{(0 l‘) T € Fp}

in the case of the split Cartan subgroup. This is because as the matrices of

the form (8\ ?\) are the identity in PG Ly(F)), we can suppose that the first

element is 1. In the case of the non-split Cartan subgroup,

{(3 ¢(0$)),:B,y € IF;Z}.

Hence in the first case the image of the Cartan subgroup would be isomorphic
to ), which is cyclic. Therefore H would also be cyclic because it would be
a subgroup of a cyclic group. In the second case, since the non-split Cartan
subgroups are cyclic, their subgroups are also cyclic. The image under a
homomorphism of a cyclic subgroup is again cyclic, thus in both cases H
would be cyclic.

ii) In this case, half the elements of H fix the eigenvector &;. Consequently, as
we saw previously, these elements form a subgroup Hy of H, and all of them
have the same eigenvectors and fix the same subspaces W and W’. In fact, if
h ¢ Hy then h? € Hy because Hy has index 2 in H, hence

h(h(W)) =W
and
ho h(h(W)) = h(W),

which means that h o h fixes W and h(W), so W = h(W) and h(W') = W.
As we saw in the previous case, H is cyclic and the inverse image of Hy in G,
that is, o~ (H)NG, is contained in a Cartan subgroup G’. The inverse image
in G of the elements in H — Hy lie in the normalizer of the Cartan subgroup
because if ho ¢ Hy with g = p~1(hg), g € G and h € G with p(h) € H then

ghg~'g(W) = gh(W) = g(W)
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and

ghg ™ (W) = gh(W') = g(W') = W.
Hence ghg~! fixes W and g(W) = W', which implies that ghg~! € G'. Fur-
thermore, g ¢ G’ because g does not fix W. Therefore, G is contained in the

normalizer of a Cartan subgroup but is not contained in the Cartan subgroup,
as we wished to prove.

i71) For this case, the orbit of &3 contains 12/3 = 4 elements {vy,ve, v3,v4}.
Since each element of H is invertible, it permutes the eigenspaces, so there is
a natural group homomorphism

p:H— 5

that assigns to each element of H the permutation of the subspaces that it
induces. As each non-trivial matrix fixes only two eigenspaces then the kernel
of that application is trivial, hence the homomorphism is inyective. Thus it
suffices to prove that the image under that homomorphism is precisely Ajy.

In order to do that, {vy,va,v3,v4} can be written as

{57 h1§7 h2€7 h3§}7

where hi, ho, hs € H and all the eigenspaces are different. The order of the
subgroup A C H that fixes £ is 3, so it is a cyclic subgroup generated by an
element of order 3,

A=<o>.

Consider the subgroup
hy <o>hl.

Then it has order 3 and
hi < o> hit(hi(€) = h1 <o > (€) = h1(€),
so it fixes h1£. Furthermore,
(1 <o >hiHNn<o>={e}

because if that intersection was not trivial, it would have order 3 and therefore
both subgroups should be equal, but that cannot happen because o would
fix £ and h1€. The image p(o) then would be either the identity (which is
not possible as the order of o is 3) or a transposition, which has order 2.
Similarly,

(b <o >hi")[\(ha <o >hy") ={e},

(b <o >hi")[\(hs <o >h3") ={e},

(he <o >hy")[\(hs < o> h3') = {e},
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<o>(\ha <o >hy')={e}

and
<U>ﬂ(h3<a>h§1):{e}

because if not each of the elements of the groups would fix two elements,
which is impossible as they have order 3. Since each of the four subgroups
hi <o >h; ! has order 3 and they have trivial intersection, we have that H
contains 4 x 2 = 8 elements of order 3.

Sy is formed by the identity, single transpositions, 3— cycles, 4-cycles and
elements of the form

(a b)(c d),

where all the numbers a, b, ¢, d are different from each other. Thus the only
elements of order 3 are the 3-cycles, and in fact there are just ng =8 3-
cycles, so p(H) (which is isomorphic to H) contains all the 3-cycles. Suppose
p(H) contained any odd permutation ¢’. Then if T is the set of 3-cycles,

o (1T = {a’t: teT}ﬂT:@

because the permutations of ¢/(T) are odd and the permutations of T are
even. Therefore,

lp(H)| > 16,
which is a contradiction, hence

p(H) C Ay
and as |p(H)| = 12,

p(H) = Ay.

iv) In this case we have 8 elements in the orbit of £, thus they can be written
as

{57 hlga h2§7 ceey h7€}

with hy,...,h7 € H. Again, let A =< ¢ > be the subgroup of order 3 that
fixes £. Since each element of H is invertible, it permutes the eigenspaces, so
there is a natural homomorphism

p:H—>Sg

that assigns to each element of H the permutation of the subspaces that it
induces. As each non-trivial matrix fixes only two eigenspaces then the kernel
of that application is trivial, hence the homomorphism is inyective. For each
h; witht=1,...,7, hiahi_l has order 3. Thus when writting them as a product
of disjoint cycles, there can only be disjoint 3-cycles (either one or two of
them). Therefore, each element will fix two eigenspaces of the orbit of s,
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hence rearranging the elements we can suppose that (£, h1€) are eigenvectors
of <o >and hy < o > hl_l, (ha&, h3&) are eigenvectors of hy < o > h;l
and hz < o > hg 1 and so on. We are using here that if two elements have a
common eigenvector then they have two common eigenvectors, and thus the
pairs are unique.

Furthermore, suppose £ and h;& are the eigenspaces which are fixed by ¢ (and
hence by A). Then, given f € H,

f = hio?
with ¢ =10,1,...,7and 7 =0,1,2, and

hi <o >h'(f(€) = fo 7l <o > fLf(E) = f(&),

and in the same way

hi <o > (f(l€)) = f(m€).

This means that f sends the pair (£, h1§) to another pair of eigenvectors that
are fixed by two of the conjugates of < ¢ >. In a similar way, f sends the rest
of the pairs to other pairs, so as f is invertible, f permutes the eigenspaces.
Therefore, there is a natural group homomorphism

pl:H—>S4

that assigns to each element of H the corresponding permutation of pairs.
Suppose there was a non-trivial element g such that p'(g) = e. Then g would
fix each pair, and it would either fix or exchange the eigenspaces of the pair.
Therefore g? would fix all the eigenspaces, so g?> = Id. However, ¢g cannot fix
two eigenspaces because if g(h;§) = h;& and g(hj11€) = hj1§, then

htghi(€) = h ' (hi€) = €.
Consequently, hj_1 ghj €< o >, but
ord(hjflghj) =2,

which is a contradiction. Hence g exchanges the eigenspaces of each pair.

From now on we are going to consider the elements of H as elements of Sg.
In order to be able to write the permutations properly we assign the number
1+ 1 to each h;& for each 7 = 0,...,7. For each element ¢ we will denote the
other element of its pair as ¢/. Consider o, which is an element of order 3, so
it is of the form

(R 7K
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because it must be a product of disjoint 3-cycles and because o sends pairs of
eigenspaces to pairs of eigenspaces. Since g corresponds to the permutation

(i) 4" (k KT,

where
{’[:7 l?j? k7 ila l/7j/7 k/} = {17 27 37 47 57 67 77 8}7

gog™' = ()G k) )) (G5 RE 7)) (GG 70K
= (i j k)@ ' K),
which means that g and o conmutes. The order of the element og must be a

divisor of 6 because
ord(oc) =3, ord(g) =2.

As they conmute,
(09)® =0%¢5 =e.

However, og # e because o and g have different order, and

(09 =c’g> =g° =g #e,

and in a similar way,
(09)2 =0’ =0 #e.

Therefore, cg must have order 6 but that cannot be possible because any
of the two eigenvectors of 0g would be fixed by at least 6 elements. This is
impossible since the maximun size of a subgroup that fixes an eigenspace is 4
(recall that pq =2, uo = 3 and uz = 4).

This proves that the kernel of the application
o H— Sy
is trivial. Since |H| = 24 = |S4|, then p’ is an isomorphism and
H =9y,
as we wished to prove.

v) Note that u1 = 2, uo = 3 and pg = 5. Therefore, all the elements of H
must have order 2, 3 or 5 because all the elements of H are conjugate to an
element of the subgroup that fixes either &1, & or &3.

To prove this, let o/ € H and h¢; any of the two eigenspaces of it with j either
1,2, or 3 and h € H. Then,

h™a'h(&;) = h™h(g)) = &,
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so h™Yo’h € M;, as we wished to prove.

Hence, the order of the elements of H is a divisor of either py, pg or ps, which
are 2, 3 or 5. For each p = 2,3 or 5, consider any element g of order p. By the
above argument, g must be conjugate to an element of M; for some 4, thus
it must be conjugate to an element with the same order, and therefore there
exists h € H such that

h<g> ht= M;.

We have proven that all cyclic subgroups of order p are conjugate to the cor-
responding M;. As conjugacy is an equivalence relation, all cyclic subgroups
of the same order are conjugate. This means that if NV is a normal subgroup
of H then given a prime p, either N contains all the elements of order p or N
does not contain any element of order p.

Using the Sylow theorems, denoting ns by the number of 5-Sylow groups,
ns=1 modb5 and ns|l2.

Hence ns can be 6 or 1. Similarly, the number of 3-Sylow groups ns must
verify
ng=1 mod3 and ns|20,

so ng can be 1,4 or 10. The number of 2-Sylow groups no must verify

ng=1 mod2 and ngy|l5.

The intersection of subgroups of order 3 has order either 1 or 3, hence the
intersection of different 3-Sylow subgroups is the neutral element, and the
same happens with 5. Suppose H contains a non-trivial normal subgroup.
Let’s consider the different posibilities:

— ng = 10 and ns = 1. Then H would contain 4 elements of order 5, 20
elements of order 3 and 35 elements of order 2. The only possibility for
a normal subgroup would be the subgroup of order 5. But that could
not happen because if M3 =< ¢ > is normal, then taking h such that
h&s is not an eigenspace of o (which can be done because |H|/us = 12),

hoh™(hés) = h(&s),

and hoh~! would have the same eigenspaces as ¢, which is a contradic-
tion.

— n3 = 4 and nsg = 6. Then H would contain 8 elements of order 3, 24
elements of order 5 and 27 of order 2. Consider the sets

Ag = {a € H: ord(a) = 2},
Az = {aE H : ord(a) :3},
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Ay = {a € H: ord(a) = 5}.

If we add the identity to any of them, that set cannot be a subgroup
because the order would not be a divisor of 60 (it would be 9, 25 and
28). The union of two of the sets has more than 30 elements, so in this
case there cannot be any non-trivial normal subgroup.

— A similar argument as in the first point shows that ng # 1.

— The situation n3 = 4 and n5 = 1 cannot happen because no < 15, hence
the number of elements of order 2 is bounded by 45, and 45+ 8 + 5 =
58 < 60.

— ng = 10 and n5 = 6. Then H would contain 24 elements of order 5, 20
elements of order 3 and 15 of order 2. Again,

Ay = {a € H: ord(a) = 2},

3},

As = {a € H: ord(a) = 5},

Az = {a € H: ord(a)

and if we add the identity to any of them, that set cannot be a subgroup
because the order would not be a divisor of 60. The union of two of
the sets has more than 30 elements, so in this case there cannot be any
non-trivial normal subgroup.

As we have covered all the hypothesis, there cannot be any non-trivial normal
subgroup in H. Therefore, H is simple. The proof ends if we are able to prove
that when H is simple and |H| = 60 then

H = As.

We will prove it through the following lemma.

O

Lemma 6.1.8. Let H be a simple group (a group with no non-trivial normal sub-
groups) with |H| = 60. Then,
H = As.

Proof. We will prove if following some steps.

e Step 1. First of all we will prove that H has a subgroup of order 12. By the
Sylows theorems, using the previous notation,

no = 3,5 or 15,

135



ng =4 or 10,
ny = 6.
We have eliminated the cases when those numbers are one because H cannot

have non-trivial normal subgroups.

— Suppose ny = 5. Then we would have finished because by Sylow theo-
rems if 7" is a 2-Sylow group,

5=|H: Nu(T)|

so [Ny (T)| = 12.

— Suppose ng = 15. At least two 2-Sylow subgroups must have non-trivial
intersection that will be of order 2 because if not we would have 45
elements of order 2 or 4, and 45424 > 60. Let L; and Lo be 2-subgroups
such that

LiNLy = {6, g}

with ord(g) = 2. As all groups of order 4 are commutative, then Cg(g),
which are the elements of H that commute with g, will verify that

Ly C Cr(g)

and
L2 C CH(g).

Since L; and Ly are different, |Cr(g)| > 4 and

4[|Cr(9)]

because it contains subgroups of order 4. Thus |Cg(g)| can be either 12
or 20 because Cy(g) # H as H is simple. If |Cy(g)| = 20, then g would
have 3 conjugates:

A= {9, fafi, fzgfg_l},
with fi1, fo € H and f1, fo ¢ Cy(g). Furthermore,
Cu(fgfi") = HiCu(9)fi .
Clearly, f1Cr(g)fi' € Cu(figfy!) because if h € Cy(g) then
fib i (frgfr AR T = frhghT T = hgft

The equality follows from the fact that |Cy(figf; )| is bigger or equal
than 20 but cannot be 60 since H is simple. It cannot be 30 because
then

|H : Cu(fighi M) =2,
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so Cg(figf; ) would be normal.

The conjugation of any of those three elements by an element of H
induces a permutation of them because conjugation by g is an isomor-
phism. Therefore, there is a group homomorphism

p:H—)Sg.

The image is non-trivial because p(f1) sends g to figf; ! The kernel is
also non-trivial because if not we would have an inyection of H into a
subgroup of S, but that is impossible since |H| = 60 > |S3| = 6. Hence
as the kernel is not the identity and is not H, we have

ker(p) < H.

Since ker(p) is always normal and is not trivial, we have a contradiction
with the fact that H is simple.
Hence, |Cg(g)| = 12.

Suppose no = 3. Then by Sylow theorems, if T" is a 2-group, then
|H : Ng(T)| = 3.

The normalizer of G = Ng(T') contains G itself, so the order of that
group must be divisible by 20, must divide 60 and cannot be 60 because
H is simple, hence [Ny (G)| = 20 and hence

G = Ny (Q).
In a similar way as before, G has three conjugates. Therefore,
B= {G, hiGhiY, hQthl}
with hy, hy ¢ Ny (G) = G, and
Ng(hiGhi') = hyNg(G)ht.
Clearly, hi Ng(G)hi* € Ny (hiGhi') because if h € Ny (G) then
hihhi Y (hiGhi ) hh ™ hit = hihGh™ hit = hiGhy!.

Since NH(hlGhl_l) contains hlGhl_l, which is a subgroup of order 20,
then the order of Ny (hiGhy') must be divisible by 20 and a divisor of
60. As H is simple,
|N#(hiGhih)| = 20,
and then the equality follows. We have another group homomorphism
H — 53

that associates each element in H to the permutation of the elements of
B induced by conjugation of that element. The image is non-trivial and
the kernel is not the identity because of the size of H and S3, so ker(H)
is a non-trivial normal subgroup of H, which is a contradiction.
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Sumarizing, we have proved that the only possibility is either no = 5 or
ng = 15, and for both of them there is always a subgroup A of order 12, as
we wanted to prove.

Step 2. The subgroup A has exactly 5 conjugates and there is an inyective
homomorphism from H to Ss.

Using a similar argument as before, let Ng(A). Then A C Ng(A), so the
order of Ngy(A) must be divisible by 12 and must divide 60. Since H is
simple, the order cannot be 60, hence A = Ny (A) and therefore A has exactly
5 conjugates,

{A, g1 Agrt, gaAgy 93A951,94A911},

where e, g1,...,g4 € H and they all belong to a different equivalence class
under the relation
x~y <y 'ze Ny(A).

Again, conjugation by an element of H induces a permutation of the five
subgroups from above because

:UgiAg;%_l = mnggjlx_l <~ gi ~ gj-
Consequently, we have a group homomorphism
p:H — Ss.

Using the same argument as before, the image of that application is non-
trivial. Therefore, the kernel must be the identity because if not it would be
a normal group different from H and from the identity.

Step 3. p(H) and As contain the 3-cycles and 5-cycles.

First note that [S5 : p(H)] = 2, so for all g € S5, g> € p(H). Furthermore,
g% € As because it will be an even permutation. Let

{a7 ba Gy da 6} = {L 2a 37 47 5}

Then,
(abecde)=(adbec)?,
and if
{CL, b, C} = {1)2’3}3
then

(abc)=(acb)’

This implies that all 3-cycles and 5-cycles can be written as the square of an
element of S5, hence all of them lie in A5 and in p(H).
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e Step 4. A5 = p(H).

There are exactly % = 20 3-cycles and % = 24 5-cycles. Therefore,

Ip(H) () As| > 45,

and as p(H)() 45 is a subgroup of As, the order of p(H) () As must divide
60 = |H]|, so

[p(H) (] As| = 60.

Consequently,

Since p is inyective, this shows that A5 = H, as we wished to prove.
O

The following corollary of this theorem will be used in the proof of an important
theorem of Serre.

Corollary 6.1.9. Supposep > 7 and let G be a subgroup of GLo(IF,) which contains
either a half split Cartan subgroup, a split Cartan subgroup, a non-split Cartan
subgroup, a half Borel subgroup or a quasi-half Borel subgroup. Then, there are
only three possibilities for G:

e i) G is the whole space, so
G = GLy(Fp).

e ii) G is contained in a Borel subgroup.

e iii) G is contained in the normalizer Ny of a Cartan subgroup H.
Note that iii) includes the possibility that G is contained in a Cartan subgroup.

Proof. There are two possible cases:

e Case 1. The order of G is divisible by p.

By Theorem 6.1.7, either G is contained in a Borel group, which is one of
the possibilities of the corollary, or G contains SLy(FF,). For the second
case, suppose G contains SLy(F,). Then if we were able to prove that the
application

det : G — I,

is surjective, G = G'La(F)) because for any matrix A € GLy(Fp), there exists
B € G such that
det(A) = det(B),
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hence
det(AB™1) = 1.

Since SLy(F,) C G,
C = AB™! € SLy(F,) C G,

SO
A=CBecqd.

The only thing that remains is to prove that under the hypothesis that one
of the subgroups of the corollary is included in G, the application

det: G — F}

is surjective. But for all the cases it is obvious because the half split Cartan

subgroup has the form
1 0 —1 E3
{P(O a>P . acF}.

Since the determinat of each matrix is @ and a is arbitrary, det is surjective.
The split Cartan subgroup contains half spit Cartan subgroups, thus in par-
ticular the determinant application is surjective. A half Borel subgroup is of

the form
a b -1
{P(O 1>P , abeT,, a;éo}.

Therefore, the determinat of each matrix is again a, which can take any value
on F7, hence det is again surjective. For the non-split Cartan subgroup, which

is of the form
A0 _1 )
{P<O ¢(A)>P , )\G]sz./\;éo},

consider a € IF; such that there exists x € F;j with
a=1z°.

Then, since x € Fy, ¢(z) = z, so taking A = =,

det (P <3 ¢?A)> P’l) —22=a.

If a ¢ (F})?, we take z € F, such that 22 = a. Then,
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Since z ¢ Ty,

P =1,
and as p+ 1 is even,
- 1,
SO x € IF%. Furthermore,
qb(x)Q —a= O’

thus ¢(z)z = a, and taking A = z,

det (P (3 ¢E)A)> P‘1> = ¢(x)z = a.

This proves that det can take any value in a non-split subgroup, hence
det : G — I,

is surjective. For the case of the quasi-half Borel subgroup, det is also sur-
jective since one of the members of the subgroup has determinant x, where
<z >=TF,.

Case 2. p does not divide the order of G.

Using Theorem 6.1.7, either G is contained in a Cartan subgroup, which would
correspond to iii), G is contained in the normalizer of a Cartan subgroup but
not in the Cartan subgroup itself, which would correspond to iii) again, or
the image H of G in PG Ly(FF,) is isomorphic to Ay, Sy or As. Thus, we only
have to show that this last situation cannot happen.

The order of the image C of a half split Cartan subgroup C is p — 1 because
C = F,, and there are no elements in C' that are related (there is a one in
the diagonal). The order of the image of a split Cartan subgroup is precisely
p — 1 because of a similar reasoning. The order of the image of a half Borel
subgroup is p(p — 1) (because of the one in the diagonal) and it contains

subgroups of the form
a 0 -1 *
{P(O 1>P . acF},

which have order p — 1 (they are half split Cartan subgroups). The following
quotient of abelian groups

P/

has p + 1 elements and is trivially isomorphic to the image of any non-split
Cartan subgroup. In fact, it is cyclic because it is a quotient of cyclic sub-
groups. The order of the image of a quasi-half Borel subgroup is also p — 1.
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Summarizing, we have that the image H of G in PG Ly (IF,) contains elements
of order either p+1orp—1. Asp>7,

p+1>8, p—12>6,

so H contains elements with order bigger than or equal to 6. Therefore, H
cannot be isomorphic to A4, A5 or S5 because the elements of those groups
have order less than or equal to 5.

Thus, if p does not divide the order of G, G is contained in the normalizer of
a Cartan subgroup, and when p divides the order of G, G = GLy(F,) or G is
contained in a Borel subgroup, as we wanted to prove.

O]

6.2 Some theorems about Galois representations.

Some of the most important theorems about Galois representations concerning the
“size” of the possible image of Gal(K/K) are due to Serre. The proofs of most of
them are very long and quite difficult to understand, mainly because they require
a big background in algebraic number theory and algebraic geometry. In addition,
most of the times the author omits a lot of previous steps. However, we are going
to sketch the proof of one of them. Before that, we need some definitions and
notations.

6.2.1 Semi-simplification representation.
Definition 6.2.1. Let V be a vector space, G a group and
p:G— GL(V)

a representation. We say that (p, V') is an irreducible representation if there
exists no subspace W C V with W # V|, W # 0, and such that for all g € G,

p(g)W C W.

Definition 6.2.2. In the previous situation, we say that W C V is p-invariant if
for all g € G,

p(g)W C W.
It is not very difficult to prove that there exists a chain of p-invariant subspaces

0=V,cVeiCc..cVicW=V,
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such that V;/V;11 is irreducible (that is, there are no intermediate p-invariant sub-
spaces between each of the subspaces of the chain). The action of G in V;/V;4; via
p is well defined because V;11 is p-invariant. The representation

q—1

p:G— GLE@DVi/Vis)
i=0

defined by the action of G on each component via p is called the semi-simplification.

6.2.2 The idele group

In this subsection we are going to define briefly some basic concepts about ideles
that will be mentioned in some proofs.

Let K a number field, O the integer ring of K and E = O the unit group
of Ok. Let Mg the set of absolute values of K and M7 the set of archimedean
absolute values, K, the completion with respect to a non-archimedean value and
U, the unit group of K,,.

We define the idele group I as the group whose members are
(av)UEMKa

where a, € K, and a, € U, for all v € My except for a finite number of valuations.
The operation in the group is just multiplication component by component. This
group is a subset of the product of all K.

Of course K* can be embedded in I because for each a € K*,
v(a) =0

except for a finite number of v € Mg. Therefore, a € U, for almost all v € Mg, so
it can be seen as a subgroup of I.

Definition 6.2.3. In the same situation, C' = I/K* is called the group of idele
classes of K.

Let S be a finite subset of My and a collection of positive integers

m = (mv)U657

where m,, > 1. Define U, ,, as 1 for v € M7, the group U, if v € Mk — S and the
subgroup of U, formed by elements x for which

v(l —x) >my

if v € S. We also define

Um: H Uv,ma
veEMK
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E,=EnU,

and
Cp = 1/K*Uy,.

In fact, denoting K as the maximal abelian extension of K, there is a surjective
canonical homomorphism

Gal(K®/K) — Cy,
(see [6]).

6.2.3 Serre’s theorem

Theorem 6.2.4. Let K be a number field and E /K an elliptic curve over K without
complex multiplication. Then there exists N = N(E) for which for all prime p > N,

Py Gal(K/K) = GLy(F))
18 surjective.

Proof. The following reasoning does not pretend to be a proof, it is just a summary
of the main steps of it.

e Step 1.

By Proposition 1.4.20, taking N = N(FE) big enough we can suppose that p
is unramified in K. Let v € Mk a valuation such that v|p. If 8 is the prime
in Ok associated to it, then

pOKk|p

and k = O /[ is a finite extension of F),. In particular it has characteristic p.
Let A be the discriminant of E. Then there is a finite number of valuations
v € Mg for which

v(A) >0,

and hence a finite number of prime numbers p for which v|p and
v(A) > 0.

Taking N = N(E) big enough we can suppose that F has good reduction at
all v|p. Note that the first election of N = N(FE) does not depend on the choice
of the elliptic curve, it only depends on K. However, this second election of
N depends on the discrimintant, and hence it depends on the elliptic curve
E. Of course this does not mean that the analogous theorem eliminating the
condition that N depends on the curve is false. We will discuss more about
this later on.
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Choose w a valuation in K such that wlv, let k the residual field and let K,
the maximal unramified extension of K, / Iiv, K; the maximal tagely ramified
extension, I the inertia subgroup of Gal(K/K) = G, I, = Gal(K /K};) and

I = I/I, = Gal(K;/Kp).
Let © € K,, such that v(z) = 1, let d € N with (d,p) = 1, and K4 =

Kpr(x'/%). The extension has ramification index d, so it is tamely ramified
and Ky C K;. For each s € Gal(Ky/Ky,) there is an isomorphism 6

04 : Gal(Kq/Kny) — 1,
where 4 are the d-unit roots, such that if s € Gal(K;/K,,),
s(@t) = 04(s)x/
Thus there is a surjective homomorphism

Qp_l Ky — Up—1 = F;

Step 2.
Returning to the proof, as k has characteristic p, by Corollary 2.2.19 the
group
Ep] = {P cE(R): [P = o}
can either be O or isomorphic to F,,.

Case 1: The torsion subgroup of the reduced curve is non-trivial, hence

Elp| = F,.

Then the surjective application

Elp] = Ep]

has (by the First Isomorphism Theorem) one dimensional kernel X,. The
subgroup G, of Gal(K, K) acts on E, so if o € G, and P € X,,,

—_— ~ ~ ~

o(P)=o0(P)=0(0) =0,

which implies that
o(X,) C Xp.

If we take as a basis of E[p] the pair (e1,ez) where < e; >= X, then the
image of GG, is contained in the Borel subgroup

b3

145



Since the subgroup I, C G, is a p-group, then its image should be contained

b 1)

It can be proven that for each s € I, its image is of the form

(75 3),

where e is the ramification index of v|p, or in other words,

in the subgroup

v(p) =e

(the proof can be found in [35]). In the first step we supposed that p is
unramified in K, so e = 1, and therefore we have two possibilities:

a) If I, acts trivially over E[p| then the image of I has order prime to p, and
therefore
im(I) = im(I/1,) = im(I).

In fact, as e = 1 and 6,_1 is surjective, we take o € I; such that
Op—1(0) =z

with F) =<z > . Let the image of o be
x b
(Y

A1 _ (mpo-l b(EEig? a”>> _ (é g) .

The order of A is p — 1 because F, =< x >. Besides, we have seen that the
image of I, which is the image of I;, must be contained in the subgroup

G 1)

which has order p(p — 1), and since the order of the image of I; is prime
to p, the image should be a subgroup of order less than or equal to p — 1.

Furthermore, as
z b .
<0 1) € im(Il),

the image of [ is the cyclic subgroup generated by

1)
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b) If I,, does not act trivially, then im(I) is again contained in

6 1)

but in this case p||im(I,)|, so making the same computation as before, there
is some o € I; such that im(c) = A and

()

By the same reason, |A| = p— 1, because if not 2 would not be a generator of
;. This means that p[|im(I)| and p— 1||im([)|, and since im([) is contained
in the previous half Borel subgroup, which has cardinality p(p — 1), then

im(I) = (3 ’{) .

Note that in both cases, either im(I) is a quasi-half Borel subgroup or a half
Borel subgroup, so either im(G) contains a quasi-half Borel subgroup or a
half Borel subgroup.

Case 2. The p-torsion subgroup of the reduced curve is trivial.

This means that the map B
Elp] — E[p]

is trivial and all the p-torsion elements are reduced to the origin. Then, if
e=1:
i) The action of I}, is trivial, and there exists a 2 structure in E[p] such that

the action of I; over E[p| is given by the character 6,2_;.

ii) Consequently, the image of I; and therefore the image of I is a cyclic
Cartan subgroup of order p? — 1.

The proof of this second case involves the use of the Neron model and the
formal group. It can be found in [35].

Summarizing, we have that in both situations, the image of the inertia sub-
group is either a quasi-half Borel subgroup, a half Borel subgroup or a non-
split Cartan subgroup. Therefore the image of G contains either a quasi-half
Borel subgroup, a half Borel subgroup or a non-split Cartan subgroup.

If the theorem does not hold, there is an infinite set of prime numbers L for
which when [ € L,

PE(G) # GLa(Fp).

On the other hand, im(G) is a subgroup of GLy(IF)) that meets the conditions
of Corollary 6.1.9, so either

— 1) im(G) is contained in a Borel or in a Cartan subgroup.
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— 1) im(G) is contained in the normalizer N; of a Cartan subgroup Cj,
but is not contained in the Cartan subgroup Cj.

e Step 3.
If we are in case i), the quotient N;/C; has order 2, hence the homomorphism
¢l G — N — Nl/Cl

is clearly surjective because pp;(G) is not contained in Cj. Therefore,

G/ ker(¢r)

has order 2, and thus denoting

—ker

K=K @) _ {x €eK: o(x)=zVoe ker(¢l)}
then
[Kl . K] = 2.

It can be proven that for any number field K the number of unramified
quadratic extensions is finite, and it can also be proven that for all primes
l € L satisfying i),

K /K

is unramified. Therefore, if K’ is the composite of all the unramified quadratic
extensions,
[K': K] < o0,

and
K; C K'.

We replace K by K', which is a number field. If we are able to prove that
Ppi(Gal(K/K')) =g (Gal(K'/K')) = GLy(F,)
then we will have finished as

Gal(K/K') C Gal(K /K).

But now, K; = Ko K’  so Gal(K /K') fixes K; and therefore
Gal(K/K') C Gal(K/K)) = ker(¢y),

which means that o
P(Cal(K/K) € O

Hence with this new number field K’ there are no primes in the case 7i). Thus
it suffices to show that i) cannot occur for an infinite number of primes.
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e Step 4.
We have now two possibilities:

i) Suppose pg ;(G) is contained in a Cartan subgroup Cj and the basis (e1, e2)
of GLy(F,) verifies that Cj fixes < e; > and < ez >. One of the possible
chain of pp ;(G)-invariant spaces such that the quotients are irreducible is the
following one:

0C<e >CF,

because pp ;(G) fixes < e; >, and because GLz(F,)/ < e; > and < e; > are
1-dimensional spaces, so they are irreducible. In fact,

2
B

<e>D
< e >

2o > @ <ep>=F,

hence the semi-simplification is exactly the same as the original representa-
tion. Anyway, we have that

pE1(G) = pEi(G),

which implies that pg;(G) is an abelian group.

i) Suppose pg;(G) is contained in a Borel subgroup B; (for an infinite family
of primes L) and the basis (eq,e2) of GLa(IF,) verifies that B; fixes < eq >.
Then the only possible chain of pg ;(G)-invariant spaces such that the quo-
tients are irreducible is the following one:

0C<e >CF2,
because again pg ;(G) fixes < e; >, and because GLa(Fp)/ < e1 > and < e; >

are 1-dimensional spaces, so they are irreducible. The aim is to prove that
the semi-simplification representation is abelian, i.e pg ;(G) is abelian.

Pei(o) = (g ZC))

_ a b
PE,1(92) = (0 Cz> .

so © = (aje1,azez). Then

Choose g1, g2 € G with

and

2
L
<e1>’

pei(g1)(x) = ( <8 i) <%1> ’m>

= (aajey, azbe; + ascey) = (aajer,azces),

Take x €< e; > P
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so proceeding in a similar way,

PE1(92)(PE1(91) (%) = PEi(g2) (a1, a5¢ez) = (d'aarer, azeces),

and in the same way,

PE1(91)(PE(92) (7)) = (d'aarer, azcc’es).
Therefore,
PE(91)(PE1(92)(2)) = PE1(92)(PE(91)())
for all x € IF]QD, which implies that pg;(G) is abelian, as we wished to prove.

Till now we have explained quite in detail all the steps of the proof. For the
rest of it we will just formulate the propositions involved.

e Step 5. Since the family of representations

(PEL )L
is abelian, we can think of the pg; as representations of the group of idele
classes C' = I/K* defined before. Studying the properties of this representa-
tions, it can be proven that the system of representations (ﬁl, ) comes from
a representation
Po - Sm — GLQ(IFP),

where S, is a certain algebraic group defined in [36] that depends on m and
K. Then using a theorem proved in [36], E has complex multiplication, which
is a contradiction.

O]

We have “proven” that given an elliptic curve F and a number field K, there is
a number N = N(E, K) that depends on E and K such that for all primes bigger
than NV, the representation is surjective. Some of the questions that arises naturally
are the following ones:

a) Can we determine explicitly the smallest N, or at least any N for which that
property holds given an elliptic curve and a number field?

b) If we fix K, does there exist a universal constant N that does not depend on
the elliptic curve E?

¢) Can N be a universal constant that does not depend on E and K?

The first question is known to be true. The second still remain open, but the
third one is false. However, the second one has been partially answered.

Theorem 6.2.5. Let E/Q an elliptic curve over the rational numbers without
complex multiplication. Then there exist a number N which does not depend on E
such that for all primes p > N,

Py i Gal(Q/Q) — GLs(F,)

18 surjective.
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This theorem proves question b) for the particular case of K = Q. Let G =
Gal(Q/Q). Doing something similar as we did in Theorem 6.2.4, it can be proven
that either

0 i) Pop(G) = GLa(F,).
® ii) pg ,(G) is contained in a Borel subgroup.

® iii) pp, is contained in the normalizer of a split Cartan subgroup.

® iv) pp,(G) is contained in the normalizer of a non-split Cartan subgroup.

® v) pg,(G) is contained in one of the ‘exceptional’ subgroups.

The exceptional subgroups are a collection of subgroups that we won’t define here.
However, Serre shows in [38] that these cases cannot occur for a large prime p. Case
i) is a consequence of the following theorem.

Theorem 6.2.6. (Mazur) Let E/Q an elliptic curve withouth complex multiplica-
tion. Then if p > 163, pg ,(G) cannot be contained in a Borel subgroup.

The proof of this theorem can be found in [29].

For the case iv) it has also been proven that (assuming the Birch and Swinnerton-
Dyer conjecture) there exists IV such that for all p > N, pg ,(G) cannot be contained
in the normalizer of a non-spit Cartan subgroup. However, at the moment there is
no proof that does not depend on a conjecture.

For the case ii1),

Theorem 6.2.7. (Bilu-Parent, 2009) Let E/Q be an elliptic curve without complex
multiplication. There exists po such that if p > po, pg ,(G) cannot be contained in
the normalizer of a split Cartan subgroup.

With this last theorem, we can deduce Theorem 6.2.5. In fact, Serre actually
acts whether N = 37. This problem is also called Serre’s uniformity problem (c.f.
[38]). Of course we are not going to prove any of these theorems, but it is worth
mentioning that some of them use analytic tools.

Till now, we have only spoken about the situation when the image of the rep-
resentation is the whole GL2(F,). We are going to talk about the cases when the
representation is not the whole space of matrices. Some of the relevant work that
have been made can be found in [48]. There, Zywina characterize all the possible
subgroups that can appear depending on the form of jg'. He does it for the primes
p=2,3,5711,13,17.

Now we are going to show with one theorem and one conjecture what is actually
known and what is still not known about the possible images of the representations

!The number jr denotes the j—invariant defined in Chapter 2.
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of elliptic curves E/Q without complex multiplication. Define the following matri-
ces in GLy(F)), for some a,b € Fy:

D(a,b):<8 2) Me(a,b):@ l:) T:<(1) é) and J:<(1) _01>

Let p be an odd prime and ¢ = —1 if p = 3 (mod 4) and otherwise let ¢ > 2

g

be the smallest integer such that (5) = —1. Define the following subgroups of
GLQ(]FP):

Cs(p) = {D(a,b) : a,b € ]F;} ,
Cns(p) = {M=(a,b) : (a,b) € Fp, (a,b) # (0,0)} .

_ . . be .
For C,s(p), the characteristic polynomial of the matrix (Z ae) is

p(x) = 2% — 2ax + a® — b,

so the eigenvalues are a + bi, where i2

kernels of the matrices

= ¢ and ¢ ¢ F,. The eigenspaces are the

—ib  €b
b —ib
b eb
b )’

which are generated by the vectors (i,1) and (¢, —1). These vectors don’t depend
on a and b. As the cardinality of Cys(p) is p? — 1, this proves that the subgroup
Chs(p) is a non-split Cartan subgroup.

We also write C(p) for the normalizer of Cs(p) in GLy(F,) and Cf;(p) for the
normalizer of Cps(p) in GLo(F)).

and

Notation 6.2.8. Let E/Q be an elliptic curve. From now on we will denote the
subgroup pr,(Gal(Q/Q)) by Gr(p).

The following theorem, due to Mazur, Serre, Bilu, Parent, Rebolledo and Zy-
wina (see [48],[2],[1] for more details) is a summary of what it is actually known
about the possible images of the representations.

Theorem 6.2.9. Let E/Q be an elliptic curve without complex multiplication and
p a prime. Then one the following possibilities occurs:

) GE(p) = GLQ(]FP)
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e pe{2,3,57,11,13,17,37}, and Gg(p) is conjugate in GLo(Fy) to one of the
groups in Tables 6.1 and 6.2.

e p =13 and Gg(13) is conjugate in GL2(F13) to a subgroup of Cs(13), Cps(13)
or 1384 (see Table 6.2).

e p>17:

— p=1(mod 3), and Gg(p) is conjugate in GLy(F},) to Cys(p).

— p =2 (mod 3), and Gg(p) is conjugate in GLo(Fp) to Cps(p) or to the
subgroup

Go(p) = {Mﬁ(a, b)3, J - Mc(a,b)? : (a,b) € IF]%, (a,b) # (0,0)} C Chs(p).

The following tables, which have been extracted from Table 3 of [45] and from
[20] show all the possibilities for the images when p < 11 and all the known images
for the cases p = 13,17 and p = 37. The first and the second columns include the
names of the subgroups. For the precise definition of those subgroups, check [45].
The numbers d and d,, which appear on the tables, are defined as follows:

e d, = |Gg(p)v|, for v € IFIQJ with v # (0,0), where Gg(p)v denotes the set
of all possible images when the elements of Gg(p) are applied to v. This is
equivalent to the degrees of the extensions Q(P) over Q for points P € E of
order? p.

e d = |GEg(p)|, or equivalently d = [Q(E[p]) : Q].

ZNote that the possible images when the elements of G (p) are applied to v are precisely the
number of embeddings of the extension Q(P)/Q.

153



Sutherland  Zywina dy d
2Cs G1 1 1
2B Go 1,2 2
2Cn Gs 3 3
3Cs.1.1 H1,1 172 2
3Cs G1 2.4 4
3B.1.1 Hs 1 1,6 6
3B.1.2 H3,2 2,3 6
3Ns Ga 4 8
3B G3 2,6 12
3Nn G4 8 16
5Cs.1.1 H1,1 1,4 4
5Cs.1.3 H1,2 2,4 4
5Cs.4.1 G1 2,4,8 8
5Ns.2.1 G3 8,16 16
5Cs G2 4,4 16
5B.1. He 1 1,20 20
5B.1.2 Hs 1 4.5 20
5B.1.4 H6,2 2,20 20
5B.1.3 Hs o 4,10 20
5Ns Gy 8,16 32
5B.4.1 Gs 2,20 40
5B.4.2 Gs 4,10 40
5Nn G 24 48
5B Gs 4,20 80
554 Gy 24 96

Sutherland Zywina do d
7Ns.2.1 Hi1 6,9,18 18
7Ns.3.1 Gy 12,18 36
7B.1.1 Hs 1,42 42
7B.1.3 H4’1 6,7 42
7B.1.2 Hs o 3,42 42
7B.1.5 Hs 6,21 42
7B.1.6 H3’2 2,21 42
7B.1.4 Hyp 3,14 42
7Ns G2 12, 36 72
7B.6.1 G3 2,42 84
7B.6.3 G4 6,14 84
7B.6.2 Gs 6,42 84
7Nn Gs 48 96
7B.2.1 H7 3,42 126
7B.2.3 Hr7, 6,21 126
7B Gr 6,42 252
11B.1.4 Hi, 5,110 110
11B.1.5 Hs 1 5,110 110
11B.1.6 Hs 10,55 110
11B.1.7 Hip» 10,55 110
11B.10.4 Gy 10,110 220
11B.10.5 G2 10,110 220
11Nn G3 120 240

Table 6.1: Possible images Gg(p) # GL2(Fp), for p < 11, for non-CM elliptic curves

E/Q.

Sutherland Zywina dy d

1354 G~ 72,96 288
13B.3.1 Hs 1 3,156 468
13B.3.2 Hiq 12,39 468
13B.3.4 Hs o 6,156 468
13B.3.7 Haypo 12,78 468
13B.5.1 G2 4,156 624
13B.5.2 Gy 12,52 624
13B.5.4 G 12,156 624
13B.4.1 Gs 6,156 936
13B.4.2 Gs 12,78 936
13B Gs 12,156 1872

Sutherland Zywina dy d

17B.4.2 G1 8, 272 1088
17B.4.6 G» 16, 136 1088
37B.8.1 G1 12, 1332 15984
37B.8.2 G2 36 , 444 15984

Table 6.2: Known images Gg(p) € GLa(F,), for p = 13,17 or 37, for non-CM
elliptic curves E/Q.
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The following conjecture, motivated by a question of Serre [38], is an improve-
ment of the previous theorem.

Conjecture 6.2.10. If E is an elliptic curve defined over Q without complex mul-
tiplication, p > 17 a prime and (p, jg) is not in the set

{(17,—17-373%/2'7), (17, —17% - 101°/2), (37, -7 - 11%), (37, =7 - 137° - 2083%) } ,
then Gg(p) = GLo(F)).

This conjecture would answer Serre’s uniformity problem.

In [43] there are more theorems which are quite similar to Theorem 6.2.4 and
that we are just going to mention.

Theorem 6.2.11. (Serre). Let K be a number field and E/K an elliptic curve
without complex multiplication. Then, if pp,; denotes the l-adic representation

pe: Gal(K/K) = Aut(Ti(E)),

we have that:
a) ppi(Gal(K/K)) is of finite index in Aut(T;(E)).
b) ppi(Gal(K/K)) = Aut(Ti(E)) for all but finitely many primes .

The proof of a) can be found in [36].

6.3 Galois representations of curves with complex mul-
tiplication

Till now we had only spoken about Galois representations of elliptic curves without
complex multiplication. In this section we are just going to mention some known
results about the case when the elliptic curve has complex multiplication.

Up to isomorphism over Q, there are just thirteen elliptic curves defined over Q
with complex multiplication, and they are uniquely determined by their endomor-
phism ring and thus by f and D, where

End(E)=7Z+ fO,

with O the ring of integers of the imaginary quadratic field with discriminant —D.
The complete table can be found in [48] or in [44]. In that table, D is always prime.

Proposition 6.3.1. Let E/Q be an elliptic curve with complex multiplication and
jg # 0. Then the ring End(E) is an order in the ring of integers of an imaginary
quadratic field of discriminant —D. Let p # 2 be a prime number. Then

155



If (%) = 1 (that is, if there exists x € Fp, x # 0 such that 22> = —D)
then pg ,(G) is conjugate (in GLa2(Fy)) to the normalizer of a split Cartan
subgroup.

If (%) = —1, then pg ,(G) is conjugate (in GL2(F,)) to the normalizer of
a non-split Cartan subgroup.

If =D =0 mod p, and so p = D, consider the groups

G/:{G)L :Ifa) :aEIF;,bEFp},
= { <g iba> tae (Fy)2beR,}

— +a b . X\2
HQ_{(O a>.a€(Fp),bEFp}.

Suppose E is isomorphic to Ep y, where Ep y is one of the thirteen elliptic
curves of the table. Then pg ,(G) is conjugate in GLa(Fp) to Hy.

and

If E is isomorphic to the quadratic twist of Ep y by —p then ﬁEp(G) 18 con-
jugate in GLo(F,) to Ha.

If E is not isomorphic to Ep y or its quadratic twist by —p, then ﬁEJD(G) 18
congjugate in GLy(Fp) to G'.

The cases p = 2 and jg = 0 can be found in [48].

6.4 Modular Galois representations and Fermat’s Last

Theorem

In this subsection we will give a brief survey about Fermat’s Last Theorem and
some of the tools that are involved.

6.4.1 Modular forms and Galois representations.

We begin first with some definitions.

Definition 6.4.1. Let A be a certain ring and Gg = Gal(Q/Q). Let

p:Gg — GLy(A)

be a representation, p a prime number and I, its inertia subgroup. We say that p
is unramified at a prime p if I, C ker p.

156



Recall that I, is the kernel of the natural application

Gal(Qp/Qp) = Gal(Fp/Fy),
and Gal(F,/F,) is generated by Frob,, so when p is unramified at p,
p(F'rob,) € GLy(A)

makes sense.

Definition 6.4.2. We say that a representation p is flat at p if for every ideal
I C A such that A/I is finite, the induced representation

p:Gq, = GL2(A/I)

extends to a finite flat group scheme over Z, (for our purposes we don’t need to
know and understand the exact definition of flat).

Notation 6.4.3. Let p : Gg — GLa(A) and p' : Gg — GL2(A) two representa-
tions. If there exists M € GLo(A) such that

p(a) = Mp'(o)M ™

for all 0 € Gg then we will write
~ ./
p=p

and we will say that both representations are conjugate.

Definition 6.4.4. Let A be a ring with a maximal ideal m 4 and let
p: Gal(Q/Q) — GLy(A)
be a representation. We define the residual representation as

p:Gal(Q/Q) — GLa(ka),

where k4 = A/m 4 by composing with the natural application

GLQ(A) — GLQ(kA).

Let p be a prime number. Let f € Sy(I'o(N)) be a newform of conductor N
with expression

f(q) = Z anq",

n>1

and let Ky be the number field generated by the coefficients a,. Let A be a prime
ideal of the ring of integers O; lying over p and Ky ) the completion of K; with
respect to A. Let Oy be the ring of integers in Ky ). Some theory made by
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Eichler and Shimura (check [41], [42] or [12]) asserts that there is a two dimensional
representation

Py GQ — GLQ(Oﬁ)\)
such that for all sufficiently large primes [, py is unramified at [ and
Tr(ps(Frob)) =a, and det(ps(Froby)) =1.

On some occasions we will write py; instead of p;. The following theorem of Ribet
([34]) will be very useful for the Fermat’s Theorem.

Theorem 6.4.5. Let f be a newform of weight two and conductor IN where | 1 N
and l is a prime number. Consider

Py : Gal(Q/Q) = GLy(Op /M)

the residual representation, and suppose that py is absolutely irreducible and that
either:

® py is unramified at l; or
e | =p and py is flat at p.
Then there exists another newform g € Sa(To(N)) such that

— o~ =

Py = Pg-

6.4.2 Another version of modularity.

Definition 6.4.6. Let E/Q be an elliptic curve with conductor N, and let [ be
a prime number. Then we say that pg; is modular if there exists a newform
f € S(To(N)) with number field K; = Q such that

PfL = PEL-

The following theorem asserts that all definitions of modularity are equivalent.
In fact,

Theorem 6.4.7. Let E/Q be an elliptic curve. The following affirmations are
equivalent.

o E is modular (as in Definition 5.5.3).
e For some prime p, pgp 18 modular.

e For all primes, pgp is modular.

There are in fact two more equivalent assertions that we are not going to men-
tion.
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6.5 Fermat’s Last Theorem

The original theorem, which was formulated by Fermat in 1637, was the following:

Theorem 6.5.1. Letn > 3. Then there are no triples of positive integers x,y,z € N
such that
" 4yt = 2" (6.5.1)

The case n = 4 and n = 3 were proven by Fermat. Therefore, it suffices to
prove the theorem for all primes with p > 5. Indeed, if there was any compound
number n > 3 such that there existed a triple (z,y, z) for which (6.5.1) held, then
for d|n with d either prime or d = 4,

(d)? + (ya) = (z0)4,
which is a contradiction. Thus, it suffices to prove that for any p > 5,
a’ + ¥+ =0= abc=0.

Suppose that there existed a prime number p > 5 and a triple (a, b, ¢) with abc # 0.
We can suppose that (a,b,c) = 1, so only one of them (say b) is even, and (without
loss of generality),

a=-—1 mod 4.

Let Egp pp o the elliptic curve with Weiestrass model
y? = x(z — aP)(z + bP).
This elliptic curve have some remarkable properties.

Proposition 6.5.2. The elliptic curve Egp pp v is semistable. Its minimal discrim-
inant and conductor are

CL) Aap,bp,cp = 2_8(abc)2p.

b) Napvbpvcp = Hl|abc l'

Let
pap,bp,cp : GQ - GLQ(]FP)

the Galois represetation of the elliptic curve Egp v ». Frey and Serre proved some
properties of this representation in [15], [16] and [38].

Theorem 6.5.3. With the above hypothesis,

® Dap ppcp 18 absolute irreducible.

® Do v 1S unramified outside 2p and flat at p.
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Therefore, either by Theorem 5.3.4 or Theorem 5.3.5, which is more general,
Eqap pp v is modular, so there exists a newform f € Sy(T'o(Ngp pr er)) such that

Pap bp cp = Pf-

Hence pgp pp o» = py. By the previous theorem p; is absolute irreducible, and it is
unramified outside 2p and flat at p. Next, choose [|Ngp pp c» with [ # 2,p. Using

Theorem 6.4.5, there exists another newform g; € S» (Fo(w)) such that

Py = Py,

Repeating this process, we obtain that there exists a newform g € S2(I'9(2)) such
that

pf = pg'
But the dimension of S2(T'g) is equal to the genus of X((2), which is zero (for the
definition and the proof of this last statement, check [10]). On the other hand,
g # 0 because ai(g) = 1, so we have found a contradiction, and thus we have
‘proved’ Fermat’s Last Theorem.
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