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Eicoywyn

O ocuvniéotepog TpodTog Vo emdellel xavelc Tic egappoyéc e Modular yedddou
otic Awgavuxég ellodoelg eivon avopgBora 1o Teheutalo Oeddpnuo tou Fer-
mat(FLT). H anédeln tou and tov Wiles anotehel évo and tor 0pdonua twv
cUYYPOVOY LodnUoTiXdy Xt anotehel mpdypatt éva oSl Tou nepvdel amd TOl-
holc xhddoug, cuvdEovTos avahuTixd avTixeipevo (SoUOCTOLEIWTES LOPPES) e
ohyeBpxd (Galois avonapactdoeic) o yYewueTpxd avixelyeva (eMetnuxée xo-
prOAec). Mio Sopos TOLELTH LOP@T TEPLYPAPETOL CLUY VAL (S «LLol Iy adixy) cUVEp-
o ue e&éyovoa ouupeTteio xon xdmoteg emimhéov cuvifixes ohouoppliocy. Kdle
Bopoo TOYELWTT Hop®n €xel B0 apiduolc Tou cuvdEovTal Ue AUTHY, To «ERITESOY
N xou o «Bdpocy k. And tnv & peptd av ewprioouue xuPuée eElotaelc g
wopphc y* = 43 — gox — g3, 92,93 € Z pe A = g3 — 2793 # 0 t61e autée opilouy
opohés xaumOReC TOU Ovoudloude «EMAELTTIXES xopunUAESy. To avdioyo Tou e-
munédou oe auTH) TN TEp(nTwon elval Yot TOGOTNTA OV OVOUALOUUE «OBNYOY» TN
xopunUANG. H oOvbeon autdv twv 800 aviixeyévmy eivar anotéheopa tou Modula-
rity Theorem mou Aroav tadoudtepa Yvewo 16 we euxacto Taniyama—Shimura—Weil.
Avtn 1 exooio unipye avegdetnta and to FLT and tn dexaetia tov 1960. H
axpBrc Blatinwon eltvau:

«Kdde elhermtin xopmbdAn ndvew and toug pntolg eivo modulary

To Seltepo Brpa mpoc TNy anddelln €ytve Tepinou eixoot ypdvia apyodtepa GTay
o Gerhard Frey elxoaoce 6tu av emtpédoupe wio un tetpipuévn unodetnr Abon otny
ellowon 2" +y" = 2", 161 N eAetmTnd xoumOn y? = z(z — a™)(z — b") dev Vo
elvow modular. Metd and pla pepur anddelln tou Serre, to TeAxd OO deyUNXE
ané Ttov Ribet pe to Yewpnuo mou €uewve yYvwotd we «Ribet’s Level Lowering
theoremy. H woy0¢ tng uedddou éyxeitan oto 6Tl o o xounvAn énwe tou Frey
ve Ap = 278(abe)™ xou 0dnyé Np = rad(abe) pnopolue vo aviiotoly{coupe o
CUYXEXEWEVOL TOTIOU BOPOCTOLYEIWTT LopPY) YVKoTH w¢ newform ue eninedo Ny
mou Sev e€optdton and T a,b,c. XNy nepintwon tov FLT, Ny = 2 xou €youue
dtomo Bi6TL dev undpyouv newforms e Bdpog 2 xou eninedo 2.

H Modular pédodog etvon o yevixeuon autol Tou amoTEAEGUATOS TNV oTold
avtiotolylouue wa Frey xoumOAn otn dedopévn Sogavtint| e€iowor, unohoyilou-
e Ti¢ duvatég newforms xau eite Ti¢ anoppinToupe elte TIC YENOWWOTOIOVUE Yol Vol
pedEoupe xdmola and TG Y VWO TES TOPOUETEOUS YIS

To mpdTo %EPEANO 0Popd TS EANEITTIXEG XaUTUAES. Zextvdue e Booixolc
oploolc, 1o mpooletxd vopo, v eEloworn Weierstrass xow emypodlortind oo
(pEPOUKE TIC LooYEVIES. Buveyilouye e Tov oplopd Tou mpotutou tou Tate xou Tnv
avtiotolynorn Tou Weil dote vo wAooupe Yo £—adinéc avamopao TUoELS EANELTTL-
OV XUUTUAGY %ol TN 6UVdeDT Toug ue L—ouvaptrioelg. Kdvouue axdurn Aéyo yia
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VALY WYEG EMAELTTIXOY XOUUTUADY 0L VLot EAAELTTIXES HOUTUAES TV b TOTUXS
OOPOTA.

Y10 8eUTEPO AEPIAAO EPYOVTOL OTO TEOGXNVIO Ol BOUOGC TOLYELIXESC LOPPEC.
Eexwvdye mdhl pe toug Paonols oplopole xon ETEENYOVUE TWE Ol SOUOC TOLYELXES
HOPQEC CUYXEXEIIEVOL ETUTEDOL ot Bdpoug amoTeAOUY TEMEQUOUEVNS BIAOTAOTG
BLAVUCHATING Y WEO. LT1 CUVEYELX xdvoupe Aoyo yia teheotéc Hecke xou tov ypo
twv newforms Si(T'1 (V)™ nou elvon 0 xuplapyo avtixeipevo mou Yo pog amo-
oyohioet. Ilepvdpe xatomy otig loxwPlavéc mou tpoépyovtal and SoUoc TOLYELUXES
xoumOAeS xou e€etdlovue mweg auTtég mpofdihovial looyevng ot eudd ddpoloua a-
Behovidv todamhotitwy Ay and newforms Bdpouc 2. H «yégupoy pac and v
yvewpetpla xau to C, oto Q xou 0 Yewplo apriuwy etvar 1 oyxéon Eichler-Shimura
%o 1) OAYEBPO-YEWUETPXT TROGEYYLON TV AVNYUEVGDY XOUTUAGY pag. ‘Olo autd
tehxd Yo poc emttpédouy va cuoyeticovye oe wa newform f wo Galois avoma-
pdotaom we dpdon tne Go oto Tate npdtuno Tp(Ay).

To teheutaio xepdiaio eivon agiepwpévo oty Modular pddodo xoun Tic eapuo-
véc Tne. Ou yenowonotiooupe 1o Modularity Theorem and tn oxomid twv Galois
OVAUTTOPAC TACEWY YA VoL GXLAYeopioOUUE TN u€Vodo xau vor avadelEouue Ty omo-
TENEOUOTIXOTNTA TNG. AUTO ETUTUYYAVETOL UE CUYXEXPLUEVYL TIoROdElYaTOL 0d TNV
elloworn x? + d? = 2y" pe N yprion xddxa o SageMath yia o uTOhOYIOTIXG
oxéhoc.

Adiva Xentéuferog 2021.



Introduction

One cannot start an introductory discussion on the Modular Approach without
mentioning Fermat’s Last Theorem (FLT'). Wile’s proof of the FLT is one of the
most celebrated results of our time and serves indeed as an excellent starting
point for what is essentially a journey around all the realms of mathematics,
linking analytic objects (modular forms) to algebraic objects (Galois represen-
tations) and through that correspondance to geometric objects (elliptic curves).
A modular form is often described as “a complex function with exceeding sym-
metry satisfying certain holomorphy conditions”. Each modular form has two
numbers associated with it: a level N and a weight k. On the other hand if
we consider cubic equations of the form y? = 423 — gox — g3, 92,93 € Z with
A = g3 —27g2 # 0, then these equations define smooth curves which we call “el-
liptic curves”. The analogue of the level in this case is a quantity called the “con-
ductor” of the curve. The connection between these objects is the result of the
famous Modularity Theorem previously known as the Taniyama—Shimura—Weil
conjecture. This conjecture existed independently from FLT from the 1960s.
The exact conjecture is:

“Every rational elliptic curve is modular.”

The second step towards the proof happened 2 decades later when Ger-
hard Frey conjectured that if we allow a hypothetical solution non-trivial of the
Fermat equation a™ 4+ b" = ¢ to exist, then the elliptic curve with equation
y? = x(x — a™)(z + b") will not be modular. After a partial proof by Serre, the
last part known as the “e-conjecture” was proved by Ribet by a method known
as “Level Lowering”. The strength of the method lies in the fact that given our
Frey curve with discriminant Ap = 278(abe)” and conductor Ng = rad(abe) it
attaches to it a specific type of modular form f called a “newform” with level
Ny independent of the unkowns a,b,c. In the case of FLT Ny = 2 and the
contradiction is immediate since it turns out there are no newforms of weight 2
and level 2.

The Modular Approach is a generalization of this method where one finds a
way to attach a Frey curve to a Diophantine equation, calculates all the possible
newforms and proceeds to eliminate them or use them in clever ways to bound
our unknown parameters.

Chapter 1 is devoted to the theory of elliptic curves. We begin with the
definitions, discuss the group law, the Weierstrass equation and briefly touch
on isogenies. Afterwards we define the Tate module and the Weil pairing so
we can talk about the ¢-adic Galois representations associated to elliptic curves
and discuss the connection with L—functions of elliptic curves. We also briefly
address elliptic curves over local fields and their reduction properties.
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Chapter 2 is where we introduce modular forms. Again we start with the
definitions and establish that modular forms of a certain level make up a finite
dimensional vector space. We also discuss Hecke operators and the space of
newforms Sy (I'1 (V)™ which is the kind of forms we are primarily interested
in. Next we will briefly look at Jacobians of modular curves and how these
decompose into a direct sum of abelian varieties Ay of weight 2 eigenforms.
Then our aim is to shift from complex numbers to Q and view the curves
we established from the perspective of algebraic geometry using the Eichler-
Shimura relation. Finally this will allow us to associate to an eigenform f a
Galois representation as the action of Gg on the Tate module Tp(Ay) .

The last chapter is specifically dedicated to the Modular Approach and it’s
applications. We will use the Galois representation form of the Modularity
Theorem to provide an overview of the method and illustrate it’s effectiveness
on specific instances of the diophantine equation z? 4+ d?> = 2y" backed by
SageMath code.

Athens September 2021.



Chapter 1

Elliptic Curves

1.1 Basic Definitions

Elliptic curves are at the heart of the Modular Approach as we will see in Section
3. So the first natural question is what is an elliptic curve? Suppose k is a field,
then:

Definition 1.1.1. An elliptic curve over k is a smooth, projective plane curve
of genus 1 with an additional k-rational point O. This distinguished point is
also referred to as the “base point” or the “point at infinity” of the curve.

Let us break down the definition a bit more: A projective plane curve Cy/k
is a homogeneous polynomial f(x,y, z) with coefficients in k. If K D k then the
k—rational points of C; are the set C¢(K) = {(z:y: 2) € P*(K) : f(x,y,2) =
0}. By Jacobian criteria, a point P is singular if %|p = %5|P = %\p = 0.
A smooth curve is one that has no singular points. Let E/k denote an elliptic
curve over k. A very important tool that will also come into play later is the
divisor group of the curve. The divisor group is the free abelian group generated
by the points of £. In more detail:

Definition 1.1.2. We denote Div(E) the divisor group of the elliptic curve E.
The elements of Div(E) are the sums D =) p.pnpP wherenp € Z and np =
0 for all but finitely many P. The degree of the divisor is deg(D) = Y pcpnp.
The elements of degree 0 form a subgroup DiVO(E) called the “group of zero
divisors of 7.

The divisor group is very important as it allows us to track the zeroes and
poles of rational functions over our curve. In particular if k(F) is the func-
tion field of E/k as a projective variety then if f € k(E) we define div(f) =
> pep ordpP. This leads us to consider the Picard group of the curve. We will
always have deg(div(f)) = 0 (our functions have the same number of zeroes
andopoles counting multiplicity) and thus the principal divisors are always in
Div’(E).

Definition 1.1.3. A divisor D is called “principal” if D = div(f) for some
f € k(E). We also define an equivalence relation Dy ~ Dy <= Dj — Dy
is principal. The Picard group is then the quotient group Pic(E) = Div(E)/ ~
and similarly the 0-Picard group Pic(E) = Div'(E)/ ~
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The motivation for the above definition will become clear once we discuss
the group law of an elliptic curve.
One more useful notion is the vector space L(D) = {f € k(E) : div(f)+D > 0},
where the divisor D > 0 <= D = > npP and every np > 0 . If we denote
the corresponding dimension by ¢(D) then we have that:

Lemma 1.1.4. For every D € Div(E) : deg(D) > 1 = {(D) = deg(D)

Proof. The proof is an easy application of Corollary 5.5 [3.3]. O

1.2 Weierstrass Equations and the group law

The most common way to describe an elliptic curve is through it’s Weierstrass
equation, that is the polynomial it satisfies as a plane curve in dehomogenized
form.

Theorem 1.2.1. Let E/k be an elliptic curve, then there exist a1, as, as, aq, ag €
k and (coordinate) functions x,y € k(E) such that ¢ : E — P?(k) with ¢ : P —
[(P),y(P),1] is an isomorphism between E and y? + a1xy + a3y = x> + agx? +
asz+ag (1) and $(0O) = [0,1,0]. Moreover if there exist two such equation these
are equivalent under a change of variables x = v?x’ + r,y = vy’ + su?2’ + t.
Conversely any smooth cubic of this form corresponds to an elliptic curve.

Proof. Notice that £(60) = 6 and a basis of £(60) consists of the 7 functions
1,z,y,zy, 22, y2, 23, y? which implies they are linearly dependent over k which
connects z,y with an equality of the form (1). For the complete detailed proof
see Proposition 3.1 [3.3]. O

Since we have described elliptic curves via their corresponding Weierstrass
equations we now proceed to look at some important invariants based on this
equation. The most important ones are the j invariant and the discriminant A
of the curve. Using the same notation for the a; as above we also define the
quantities:

by = a%+4a4, by = 2a4+aqaz, bg = a§—|—4a6, Cy = b§—24b4, Ccg = —bg+36b2b4—216b4
And using those we define:
A= (- @)/17s, j= A

The discriminant is an extremely useful invariant as it tells us exactly when our
equation describes a non singular curve. The j invariant on the other hand tells
us when two elliptic curves are isomorphic. The situation is summarized in the
following Proposition:

Proposition 1.2.2. A curve given by a Weierstrass equation:
(i) is nonsingular if A #0
(ii) has a nodal singularity if A =0 and c4 #0
(iil) has a cusp if A=c4 =0

Furthermore two elliptic curves Eq, Ey both over k are isomorphic if and only
if j(E1) = j(E2).
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Proof. See Proposition 1.4 [3.3]. O

The major interest in elliptic curves emerged from a really strong property
they possess: elliptic curves are abelian varieties meaning that the points on the
curve form an abelian group under some operation. In particular there is a way
to add any two points on the curve and get a third point. The construction is
the following: take two points P,Q € F and find the third point R where the
curve intersects the line formed by P and ). Reflect the point R around the
x-axis and you get the point P + ). The point O is the identity of our group
and in the case P = @ we can consider the tangent and proceed similarly. With
this construction it is obvious that P+ @ 4+ R = 0 as opposite points sum to O.

This group might seem familiar with something we already defined and in-
deed it is! There is an isomorphism & : E — Pic’(E) identifying the 0 Picard
group with the points on the curve. The construction of x follows from the
following proposition.

Proposition 1.2.3. Let E be an elliptic curve then:

(i) For every D € Div’(E) there exists a unique P € E: D ~ P — O and we
define o : Div’(E) — E with o(D) = P,

(ii) o is 1-1 in Pic®(E),
(iii) There exists an isomorphism r : E — Pic’(E).

Proof. (i) Observe that £(D + O) = deg(D + O) = 1 and thus 3f € k(E) :
—D — O < div(f) with div(f) =0 = div(f)=P—-D—-0 = D~
P-0

(11) O'(Dl):O'(Dg) <— PP-0=P2-0 < P =P
(iii) Simply set k = o1
O

We sum up this section with a quantity defined on an elliptic curve which is
the invariant differential
dx

w=-——
2y +ai1x + as

written in the usual Weierstrass form notation. It is a straightforward calcula-
tion to show that this differential is invariant under the group action 7o(P) =
P+Q.

1.3 Isogenies

We have so far discussed the basic notions of elliptic curves and concluded that
a curve can be naturally identified with it’s Picard group as a group of points.
The next step is to discuss the morphisms between these curves and specifically
those that preserve the group structure. Let ¢ be a morphism of elliptic curves
¢ : By — E5 and denote by ¢* : k(E1) — k(E:) the pullback map induced on
function fields by sending f — f o ¢.
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Definition 1.3.1. An isogeny between two elliptic curves E1/k and Es/k is
a morphism of curves ¢ : E1 — Es such that ¢(O) = O. The degree of the
isogeny is the degree of the extension [K(Ey) : ¢*(K(E1))] with K = k. We
denote Homy (F1, Es) the additive group of isogenies between Ey and Es over k.

An isogeny is actually a group homomorphism of elliptic curves. This can be
seen by noting that the pushforward map between the Picard groups is either
trivial or a homomorphism. This is immediate from I1.3.7 [3.3].

The first useful fact on isogenies is that their kernel is finite.

Proposition 1.3.2. Let ¢ : E; — E be an isogeny, then |ker(¢)| = deg (@)
which is equal to the degree of the seperable part of the extension [K(FEi) :
¢* (K (E1))]. In fact |ker(¢)| = |¢~1(Q)|,YQ € E and in particular ker(¢) is
finite.

Proof. See Theorem 4.10, p. 72 [3.3]. O

Another important fact on isogenies is that the notion of “being isogenous
to” is an equivalence relation. This is established by the existence of the dual
isogeny.

Theorem 1.3.3. Let ¢ : E1 — Es be an isogeny of elliptic curves over k. Then
there exists an isogeny ¢ : Ey — Ey such that ¢ o ¢ = [m]g, and ¢ o ¢ = [m]g,
where m is the degree of ¢.

One can show that if ¢,v € Hom(F1, E3) then m = q§—|— @[AJ As we will

later see there are many properties that are shared between curves in the same
isogeny class.
There is an interesting class of isogenies ¢ : E — E. Those are the multiplication
by m maps on the curve which are defined as [m| : E — E with [m]P =
P + ...+ P =mP. This is trivially seen to be an isogeny. Below we will discuss
~——

m times
the kernel of these isogenies and we will use them in constructing the Tate

module. We denote E[m] = {P € E : mP = 0} that is the kernel of the [m]
isogeny.

Proposition 1.3.4. Set p = char(k),p t m then Elm] = Z/mZ x Z/mZ.
Otherwise:

(i) E[p¢] =0 or
(i) Elp*] =2/p°Z

1.4 Tate Module

Let K = k and consider the Galois group G Kk/k- As we mentioned in the
introduction, our goal is to aquire a representation of Gk that is related to
our elliptic curve. We can start by observing that for every P € E[m] and
o € Ggy we have mP? = (mP)? = O and thus a natural candidate would
be to consider a representation G/, — Aut(E[m]). In the case char(k) { m
we can pick a basis for E[m] = Z/mZ x Z/mZ and identify Aut(E[m]) with
GL2(Z/mZ) obtaining thus a representation G g/, — GL2(Z/mZ). If we repeat
this construction with m = ¢¢ for all values e € N with ¢ prime, then the
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intuition is to mimic the construction of the p-adics by showing that these
homomorphisms are compatible under the [I] map.

Definition 1.4.1. Let ¢ be a prime and E an elliptic curve, the {—adic Tate
module of E is Ty(E) = I&HE[EH] where the inverse limit is taken with respect

n

to the maps E[("H1] 4 E[e™].

In more detail if P € E : "1 P = 0 then /P € E[{"] and thus multiplication
by ¢ is the same as reducing each point to it’s representative in F[¢"]. Since
each of the E[¢"] is a Z/¢"Z module the inverse limit inherits the structure of
a Zy module. This leads us to:

Proposition 1.4.2. [t holds:
(i) Te(E) = Zy x Zyg if €1 char(k)
(ii) Te(E) = Z¢ or {0} otherwise

Proof. The proof follows in both cases from Prop. 1.3.4. Pick generators P, Q)
for each E[¢"] such that ¢P;;1 = P; and similarly for Q; (this can always be

done by picking a preimage of E[¢"1] 4 E[¢"]), then the elements of T;(E) are
of the form P = (a1 Py, ...,an Py, ...),Q = (01Q1, ..., bpQn, ...) with a;, b; € Z/l'Z
and a; 40Py, = a;P; = a1 P, = a;P; <= a;41 = a; mod ¢ and
similarly b; 11 = b; mod ¢ proving that a = (a, ..., an,..) and b = (by, ..., by, ..)
are in Zy. The required isomorphism is the one sending (P, Q) — (a,b). Case 2
is similar. O

The Galois group G'i/j acts on Ty as it commutes with the maps B[t 4
E[¢"]. With this settled we can now define the /—adic representation of Gy,
associated to F.

Definition 1.4.3. The {—adic representation is the homomorphism
PEL: GK/k — Aut(T[(E)) = GLQ(Z[) C GLQ(@Z)

1.5 Weil Pairing

A key ingredient in order to further examine these representations is the Weil
pairing. It is a bilinear, alternating pairing between points of E[m]. The easiest
pairing with this property is simply to pick two basis points P, and for any
two points S = aP +bQ,T = c¢P + dQ to consider the discriminant det(S,T) =
ad — be. This however is not Galois invariant in the sense that det(S,T)7 #
det(S?,T7) in general. The situation can be turned around however if instead
we consider a pairing of the form (?*(5:T) with ¢ a primitive m—th root of unity.
The constuction is rather technical.

Let T € E and take a function f € k(E) : div(f) = mT — mO as well as the
preimage of T' under [m], that is 7" € E : [m|T" = T. In a similar manner there
is g € k(E) : div(g) = >_geppm (T + R) — R. Notice that div(f o[m]) = div(g™)
so we can assume equality up to a constant. Then if S € E[m], for any X € E we

have g(X + 8)™ = f([m]X + [m]S) = f([m]X) = g(X)" = (L) =1.

Definition 1.5.1. The Weil pairing (with the above notation) is defined as

em(S,T) = g(;&))(),X € E:g(X) # 0 and it is a pairing e,, : Elm]x E[m] — C.
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From the construction above it is immediate that e, is a root of unity. The
following proposition establishes the pairing’s main properties.

Proposition 1.5.2. The Weil pairing has the following properties:
(i) bilinearity: €m(S1+ S2,T) = €m(S1,T)em(S2, T) and similarly for T,
(ii) it is alternating: €, (S,T) = ey (T,S)™1,

(iil) Galois invariance: ey, (S,T)7 = en(S7,T7),

(iv) Compatibility: e,,m’(S,T) = en([m']S,T).

We will now extend this to a pairing of Tate modules. The only thing we
need to show is compatibility with the maps E[¢"+1] ) ["]. We thus need
to show that esm+1(S,T)¢ = e ([¢]S,[¢]T). But linearity already gives us that
em+1(S,T)" = emi1(S,[T) oz e ([€)S,[€]T). We have thus established
that:

Theorem 1.5.3. There exists an alternating, bilinear, non degenerate, Galois
invariant pairing e : To(E) x Ty(E) — Ty(p) where p is an £ root of unity and
the Tate module on the right hand side is Ty(u) = @Mn with respect to the

n
£

maps [yn+1 <:)>< Men .

1.6 Local fields and reduction properties

In this section we will examine elliptic curves over local fields and the different
reduction types modulo a prime. We will first look at elliptic curves over finite
fields. The most important morphism that comes into play here is the Frobenius
endomorphism, that is 0, : E — E with o,(z,y) = (a,yP). If we define our
curve over a finite field F), then 2” = z,Vz € [F,, so the points in [F,, are exactly
those in the kernel of the map o, —[1]. This isogeny is easily seen to be seperable
and thus #E(F,) = deg(o, — [1]). A famous result due to Hasse is the following
inequality:

Theorem 1.6.1. (Hasse) With the above notation:

|#E(Fp) 2 1| < 2\/15

The quantity a,(E) = p+ 1 — #E(F,) is often referred to as the “trace of
Frobenius” for reasons that will become apparent in the next section. Thinking
of elliptic curves over finite fields is essentially the same as reducing the curve
defined over a local field mod 7, where 7 is a uniformizer. Sometimes this
approach does not provide us with an elliptic curve however as the resulting
reduced curve E can be singular. For example, the curve 3% = 22 — p is easily
seen to be singular mod p but nonsingular over Q. Throughout the rest of this
section let:

(i) K be a local field complete with respect to a valuation v,
(ii) R be the ring of integers of K,

(iii) R* be the group of units,
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(iv) 7 be a uniformizer for R,
(v) k is the residue field R/7R.

Suppose now that we are given a Weierstrass equation for the curve F/K.
Since i : (z,y) — (u=2x,u3y) leads to a new equation with u appearing in the
coefficients we end up with a situation where we cannot talk about properties
of the curve like if the discriminant in £ is 0 or not unless we pick a specific
equation. Since our isomorphism i scales the coefficients of our Weierstrass
equation by a factor of u, we can assume a; € R and v(A) > 0. We thus use
a Weierstrass model with minimal discriminant with respect to the constraint
a; € R and call it the “Minimal Weierstrass equation”. If we pick a discrete
valuation then v(A) is discrete and thus there exists a minimal equation for
E/K. This equation is unique up to a change of coordinates like ¢ with v € R*.

Let 42 + ayry + asy = 2° + axx? + asx + ag be a minimal Weierstrass
equation of E/K, then we define the reduction of E over k denoted E as the
curve defined by 42 + dizy + dzy = x> + dox? + dux + dg over the residue field
k. This defines a reduction map E(K) — E(k) which can be shown to be
surjective using Hensel’s Lemma. Let E~n5(k‘) denote the non singular points of
the reduced curve E(k). We define two sets Eqg(K) = {P € E(K): P € Ens(k)}
and Ey(K) = {P € E(K) : P = O}. We can prove that Fy(K) is actually a
group and then deduce that:

Proposition 1.6.2. There is an exact sequence:
0— E1(K) = Eo(K) = Eps — 0.

There is also a key property in the reduction of the torsion subgroup E[m].

Proposition 1.6.3. Let E/K be an elliptic curve and m relatively prime to
char(k). Then:

(i) E1(K) contains no non-trivial points of order m,

(i) if the reduced curve is non singular then the reduction E(K)[m] — E(k)
18 1njective.
This is a weak version of one direction of the criterion of Néron—Ogg—Shafarevich
which we will see later.

We will now shift our attention to the possible reduction types of an elliptic
curve.

Definition 1.6.4. Let E/K be an elliptic curve and E it’s reduction over k =
R/(w). We say that E has:

(i) good reduction mod = if E is non singular <= v(A) =0

(i) multiplicative reduction if E(k) has a nodal singularity <= v(A) > 0
and v(cq) =0

(iil) additive reduction if E(k) has a cuspidal singularity <= v(A) > 0 and
v(cy) >0

There is also another type of reduction we will be referring to and that is
potentially good reduction.
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Definition 1.6.5. We say E/K has potentially good reduction if there exists
an extension F' O K such that E/F has good reduction in the corresponding
residue field.

A property we will be using is the following;:
Proposition 1.6.6. E/K has potentially good reduction if and only if j(E) € R.

In the rational case, given all the local information it is possible to minimize
the discriminant with respect to every valuation v, simultaneously giving us the
“global minimal discriminant” of E over Q. So given the minimal discriminant
of an elliptic curve A(E) =[], p{* we can immediately tell the primes of good
and bad reduction by looking at which primes divide the discriminant. We also
define a really important quantity which will later be our way to identify the
space of eigenforms of an elliptic curve.

Definition 1.6.7. We define the conductor N of an elliptic curve defined over
a number field K as the prime ideal that is divisible by exactly the prime ideals
where E has bad reduction. We write N = [[;_, pi* where ¢; = 1 if E has
multiplicative reduction over p;, ¢; = 2 if E has additive reduction and p; { 2
or 3. The cases 2,3 are treated seperately and ¢; is given by Tate’s algorithm

(p.364 [3.3]).

Tate’s Algorithm will be used to compute the minimal discriminant and
conductor of our specific Frey curves in Chapter 3. It takes as input an elliptic
curve over a local field with a uniformizer 7 (in our case Q, and p) in the form
of a Weierstrass equation and outputs v,(Apn ), vp(N) where Dy, N are the
global minimal discriminant and the conductor. The conductor thus encodes all
the places of bad reduction of our curve and the reduction type specifically.
We will now conclude this section with a result more about the Frobenius au-
tomorphism in the case of good reduction.

Proposition 1.6.8. Let E/Q be an elliptic curve with good reduction at p. If
o, is the dual of the Forbenius endomorphism o, then [a,(E)] = o) + 0.

Proof. We already established that #E(F,) = deg(l—o0,) = (1— ap)(l/—?p)
l1—0p =0, +0p00,=1+deg(op) —0p—0p =1+p—0, =0, = ap(E) =
op+0p

O

1.7 L-functions of elliptic curves

In the previous section we examined elliptic curves over finite fields and pre-
sented Hasse’s result on bounds of a,(E). Attaching an L-function to an elliptic
curve is mainly about obtaining information about the curve as a variety defined
over progressively larger fields. More specifically, the idea is to attach a series
that depends on the number of solutions in Fyn.

Definition 1.7.1. Let E be an elliptic curve over Q. The zeta function of E
over Fy, is defined to be the power series:

2(E[F,,T) = eop(y (#E(Fy) )
n=0
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Notice that from this definition we can obtain the number of elements over
each finite field extension by:

1 ar

H#EE) = o g

log(Z(E/Fy,T))|r=0

A famous conjecture by Weil asserts several facts that should be true for such
functions for a general projective variety. In the case of elliptic curves we have
that:

Theorem 1.7.2. If E/F, is an elliptic curve, then it holds:

_ Ly(T)
where L,(T) =1 — a,(E)T + pT*?

We expand the definition of this term L, in the case of F not having good
reduction at p:

1 —a,(E)T +pT?, E has good reduction at p

I 1-T, E has split multiplicative reduction at p
P14+ E has non-split multiplicative reduction at p
1, E has additive reduction at p.

Definition 1.7.3. The L-series of an elliptic curve E/F), is defined as:

1
L(E,s) = H m,

for all primes p.

From Hasse’s inequality it follows that this product converges and defines
an analytic function for all Re(s) > 3. We will see in the next chapter a
result linking this function to the L—function of a modular form which will

immediately imply the following result:

Theorem 1.7.4. (Hasse-Weil Conjecture) Let E/Q be an elliptic curve,
then the function L(E,s) satisfies a functional equation linking A(E,s) and

A(E,2 — s). The same theorem also allows us to analytically continue L(E,s)
on all of C.

1.8 Elliptic Curve Representations

Equipped with the Weil pairing we can now actually calculate the action of the
Galois group explicitly if we know how it acts on a basis as the next proposition
suggests. We set Gg = Gal(Q/Q), the absolute Galois group of the rationals.

Proposition 1.8.1. Let pg : Gg — Aut(T;(E)) be a representation as before

and denote with py, : Gg — Aut(Z/{"Z) it’s n—th entry. Then for every o € G

we have pg, = MZ:t(Pn(o))7vn > 1.
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Proof. Let P,,Q, be a basis for Aut(Z/¢"Z). Then [P?,Q%] = pn(0) [g} =

[Can + an, CPn + dQn] for some a, b’ c, d e Z/gnZ From Galois invariance we
have that een(P7, Q%) = eon(Pa, Qn)” = pifu. But eon(Pg,Q5) = eon(aPn +
bQn, cPy + dQy) = epm(aPy, cPp)em (aP,,dQn)em (bQy, cPy)em (bQy, dQy) =
eon (P, Qy) et (pn(@)) = M;l:t(pn(a-)). -

We now look a bit deeper at the structure of Gg. For every number field
extension F/Q we have a surjection Gg — Gal(F/Q) called the restriction of
an automorphism at F' and denoted 0,0 € Gg. Let p € Z be a prime and p a
maximal ideal over it in Z. We then have the following short exact sequence

0 — Iy = Dy = Gal((Z/(p))/(Z/(p))) = 0

where D, = {0 € Gg : p? = p} the decomposition group and I, = {o € Gg :
a’® = a mod p} is the inertia group of the extension. In this way we obtain an
isomorphism D, — Gal(F,/F,).

The next object we will study is the Frobenius elements of our extension as
they will turn out to be of significant importance in the study of the asso-
ciated represenations. In the context of a finite extension we have similarly:
i: Dy/I, = Gal(F,/fp) where F,, f, are the corresponding residue fields. We
then have that Gal(F,/fp) = (0p) where op(z) = 2P is the Frobenius automor-
phism. A Frobenius element is then any representative of this element in D,.
In more detail:

Definition 1.8.2. Let F/Q be a Galois extension, p € Z a prime and p a
corresponding mazimal ideal in Op. The Frobenius element of Gal(F/Q) is an
element Frob, satisfying the condition xFmb = 2P mod p. Up to conjugation
the Frobenius element is independant of p and can be written Frob,.

Similarly in the case of Gg the absolute Frobenius element is a preimage
of the Frobenius automorphism o, € Gal(F,/F,). Observe that the absolute
Frobenius element is again specified up to the inertia group as o1,. We are only
interested in pg, (Frob,) however so in order for this to make sense we naturally
need I, C ker(pg,). This motivates the following:

Definition 1.8.3. Let p be a Galois representation and p a prime. Then we
say p is unramified at p if I, C ker(p) for every mazimal ideal p C p.

Notice that we defined /—adic representations but now we talk about repre-
sentations Gg. This is were our next definition emerges from as it is a way to
write down automorphisms in the £—adic setting of Ty(u).

Definition 1.8.4. Let pugpm be an £"—th root of unity. Then we define the
{—adic cyclotomic character as the one dimensional represenation x¢ : Go — Qj
defined by o — (my, ..., myp) : u7n = pyn",Vn.

As an immdiate result one gets the following:

Proposition 1.8.5. With the previous notation if pt ¢ then x¢(Frob,) = p.

Proof. From the definition of a Frobenius element we have that MZLT oby _ o,

mod p = p|uf. (LLZITObP “P—1) but if Frob,—p # 0 mod ¢" then taking norms
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we have that N(u;mb" “P_1) = ¢ (by the cyclotomic polynomial (X 4+1)¢" = 1)

and N(uf,) = 1 implying that N(p) = p|¢ which is a contradiction. We thus
obtain that Frob, —p =0 mod ¢",VYn = x¢(Froby,) = (p,p,p,...) =p. O

We will finally use a well known result that connects the reduction properties
of an elliptic curve with the ramification properties of the associated Galois
representation. We call a module unramified at the uniformizer = if the action
of the inertia group Ir of G g on it is trivial.

Theorem 1.8.6. (Criterion of Néron—Ogg—Shafarevich) Let E/K be an
elliptic curve then the following statements are equivalent:

(i) E has good reduction at K,
(ii) E[m] is unramified at 7 for every m coprime to char(k),
(iii) Ty(E) is unramified at 7 for every ¢ # char(k).

The above combine with the preview section’s results to give the following
description of the characteristic polynomial of a Frobenius element. When we
discuss modular curves and their attached representations this theorem will al-
low us to transition from the representation similarity version of the Modularity
Theorem to that of g— expansions.

Theorem 1.8.7. Let £ be a prime and E an elliptic curve with conductor N.
The Galois representation pg e is then unramified at all primes p { {N and
for any such p if p is a maximal ideal of 7. lying over p, then the characteristic
polynomial of pg ¢(Froby) is x2—a,(E)z+p. Moreover the Galois representation
1s irreducible.

Proof. The extension is unramified by ii) of the above criterion if and only if it
has good reduction at p, that is p { N and £ # char(k) = p <= pt{N. We
now observe that the characteristic polynomial is simply z? —tr(pg ¢(Froby))z+
det(pg(Froby)). Let p, : Gg — GL2(Z/€"Z) be the restriction of the action
of pg as before. We have already established by Proposition 1.8.1 that uj, =
u?ﬁt(a) = u}‘f’"(g) as by definition the action is to raise pg» to the n—th term
of it’s cyclotomic character x¢(c). We thus obtain det(p,(c)) = xe,n for every
n which implies det(pg¢(Froby)) = xe(Froby) = p. Let A = pg (Froby).
Substituing in the characteristic polynomial (every 2 x 2 matrix satisfies it’s
characteristic equation) we get tr(A)I = A + pA~! and thus it is enough to
show that a,(E)] = A+pA~'. But pge(0,0,) = pr.e(p) = pl as we are simply
multiplying by p. Then pp¢(0p)pp.e(0p) = pI = pp.(0p) = ppe.e(op) ™"
Now from Proposition 1.6.8 we get [a,(E)] = 0, + 0, and applying pg ¢ to both
sides we get a,(E)] = A+pA~1 = tr(A)I as desired. The proof of irreducibility
is out of the scope of this thesis. O






Chapter 2

Modular Forms

This chapter is devoted to the study of modular forms as they ply a key role in
the modular method. Modular forms are essentially functions on the complex
plane that exhibit several remarkable properties of symmetry, so many in fact
that many mathematicians consider it almost a “welcome coincidence” that they
even exist! We will naturally begin with the basic definitions.

2.1 Basic Definitions

The first question that probably comes to mind when we consistently talk about
the outstanding symmetry properties of modular forms is “what are they sym-
metric with respect to?”. There are different classes of modular forms that can
be defined using different subgroups of SLo(Z).

Definition 2.1.1. Let N be a positive integer. We define the principal con-

gruence subgroup of level N as: T'(N) = {[CCL Z} € SLy(Z) - [CCL Z] = Ll) ﬂ

mod N}. We call a subgroup of T a congruence subgroup of level N if AN € N
such that T(N) CT.

There are two important cases of congruence subgroups:

(i) To(N) = {[‘; Z} € SLy(Z) : [‘CL 2} = [S j mod N}

(i) T1(N) = {[Z Z} € SL(7Z) : {‘C‘ Z} — [é ﬂ mod N}

where the * means that we can have any number in that place.

Remark 2.1.2. Notice that any congruence subgroup T' contains some T'(N)
and thus |SLy(Z) : T| < |SLa(Z) : T'(N)| which is finite. The same holds for
the index of any two congruence subgroups.

Definition 2.1.3. Let H = {7 € C: Im(7) > 0} be the upper half plane. For

~ € SLy(Z) with v = {Ccl we define the factor of automorphy j(v,7) = ct+d

b
d
and the weight k operator [v]x on a function f : H — C to be (f[y]x)T) =
J(y, )7 F(((7))) and 5(7) = ¢
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We can now finally define what a modular form is:

Definition 2.1.4. Let T be a congruence subgroup of SLa(Z). A function f :
H — C is a modular form of weight k with respect to I" if:

(i) f is holomorphic
(ii) Vy € T we have f[y]x = f
(iii) fla]k is holomorphic at co,Va € SLa(Z)

We denote the vector space over C of modular forms of weight k£ with respect
to I as My (I"). We also define M(I") = @, ., My (I') the graded ring formed by
these vector spaces of functions. Notice that since every congruence subgroup
contains I'(IV), then it must contain a translation element of the form h =

0 1

a Fourier expansion f(7) = ZZOZO anq) where g, = e2™7/h - Thus f can be
viewed as a holomorphic function with the punctured unit disc D\{0} (where
D ={z € C:|z| <1}) as it’s domain. The third condition now implies that f
can be extended to a holomorphic function on all of D.

We now define a subspace of modular forms that contains the objects we will
actually attach to elliptic curves called newforms. This space is the space of
cuspforms.

[1 h] . This means that if f is a modular form with respect to I', then it has

Definition 2.1.5. A cusp form of weight k with respect to I' is a modular form
with the same weight and congruent subgroup such that the Fourier expansion
of flalx has ag = 0,Va € SLa(Z). We similarly denote the set of cuspforms of
weight k defined over I' as S(T') and the graded space S(T') = @B, Sk(T)

2.2 Modular curves and Dimension

Let T be a congruence subgroup of SLy(Z). Then the quotient space obtain via
the action of I' on H denoted I'\H is the modular curve Y/(I') = {I'r,7 € H}.
This space can be shown to be Hausdorff. This space is indeed a Riemann
surface. There are certain points that need to be addressed specifically on this
space called elliptic points.

Definition 2.2.1. An elliptic point is a point T € Y (I") such that the isotropy
group of T denoted by T, = {~v € T : y(7) = 7} is non trivial, that is T'- # {I}.
If m: H — Y(T') is the projection map, then 7w(7) is also called elliptic.

Thankfully the set of elliptic points is discrete as can be seen in Corollary
2.2.3 [3.3]. Also T'; is finite cyclic by Corollary 2.2.5 [3.3]. These points deter-
mine (along with the cusps which we will see) below the dimenion of the space
of modular forms. We thus try to identify them: Let v7 = 7, then in matrix
form we get ar +b=cr?+dr = cr?*+ (a+d)T+b=0and |a+d| < 2 since
Im(7) > 0. The characteristic polynomial of + is then 22 + 1 or 22 + x + 1 or
22 — x + 1 which implies that ~ has order 1,2,3,4 or 6 where only 3,4 and 6
correspond to v # +1.

We now look at the second set of points that allow us to compute the di-
mension of a modular curve and these are the cusps. These points are used in
order to compactify Y (I') to a Riemann surface X (I') which we can study with
the known theory. We are specifically interested in the genus of X (T).
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Definition 2.2.2. The cusps of I' are the I' equivalence classes of Q U {oco}.

Since s € Q takes the form s = a(o0),a € SLy(Z), an upper bound for
the number of cusps is [SLg(Z) : T'] which is finite. To compute the com-
pactification of the modular curve we add these points to our curve to get
X([T) = Y() uT'\(QU {oo}). In a similar way we can define the curves
Xo(I'), X1 (T") corresponding to I'g(N) and T'1(N).

We can now specify the genus of X (T") for a level N congruence subgroup.The
standard proof uses the Riemann-Hurwitz formula.

Theorem 2.2.3. (Riemann-Hurwitz) Let f : X — Y be a non-constant
holomorphic map of Riemann surfaces and suppose e, denotes the ramification
degree of f at the point x. Then we have:

29x —2=d(2gy —2)+ > _(e" — 1),
zeX
where gx is the genus of X and similarly for gy .
Let I'y C I'y be congruence subgroups and consider the natural projection
map f: X(I'1) = X(I2) given by I'y7 — I'y7. Consider now the corresponding

isotropic groups I'1 -,y ; and define h; = [{£I}T'; +|/2 to be the periods of the
elliptic point 7. Then h; = 1,2 or 3 and we get the following result:

Theorem 2.2.4. Let f: X(I') — X(1) be the natural projection with degree d
and eq, e3 be the number of elliptic points with period 2 and 3 respectively and
€co the number of cusps. Then the genus of X (I') is

=1+ d
9= Ty T3 2
This finally leads us to the complete characterization of the dimension of the

space My (T).

Theorem 2.2.5. For k an even integer, with notation as in the previous theo-
rem we have that:

(k=1)(g—1+ 2]+ [Eles + beao, ifk>2

dime(Mp(T) =<1 ifk=0
0 , ifk <0
and
(k=1)(g—1)+ |5]ea+ [5les + (5 — Ve, ifk >4
dsz(Sk(F)) = 1, ka =2

0, ifk < 0.

In particular the space of modular forms of weight k has finite dimension.
In the odd case we can observe that if —7 € T then M (T") = {0}.

2.3 Hecke Operators

The first instances of Hecke operators were used by Mordell in his resolution of
the Ramanujan conjecture and the exact objects were later studied by Hecke.
The importance of Hecke operators lies in the fact that Si(I") has a basis com-
prised of simultaneous eigenfunctions for these operators.
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2.3a Double coset operators

The standard way to define Hecke operators is with the use of double coset
operators which are characterized by the action of GL3 (Q) on modular forms.
The action on H is the same as that of SLy(Q) and the same holds true for
the factor of automorphy j. This time however we also need to acount for the
discriminant so we define the [v], operator as:

(F()(T) = (dety)* (v, 7) 7" F((7))

It is straightforward to show the following.
Lemma 2.3.1. It holds:
(i) JO'sm) =30 (7)i(5 ),
(i) »y'(r) =((v"(7)),
(iil) [vv'Tk = k[ ]k-

With this in mind we can now define a double coset of two congruence
subgroups.

Definition 2.3.2. For congruence subgroups I'1 5 of SLa(Z) and a € GL3 (Q)
we define the double coset as T1al's = {y1a7y2,71 € T'1,72 € ['a}.

Observe that the group I'y acts by left multiplication on I'yal's thus par-
titioning it into orbits as I'yal'y = UI'1 B; with representatives 8; = yiavys for
each orbit. We will show below that in fact this is a finite partition using the
following two lemmas:

Lemma 2.3.3. IfT is a congruence subgroup of SLo(Z) and a € GL3 (Q) then
a~'TaNSLy(Z) is also a congruence subroup of SLo(Z).

Lemma 2.3.4. Let I'y and Ty be congrence subgroups and a € GLg (Q). Set
I's = a 'TyanTy. Then there is a natural bijection from I3\ to the orbit
space T1\I'1al'y defined by v2 — aye which takes T's — T'ials.

Proof. Immediate since for o, 75 € T'y are taken to same orbit T'yayy = Tiaye <
Y2(75) 7! € a7 'Ta. O

From the above lemma it is immediately observed that it suffices to show
that |I's : I'y| is finite which always holds as long as we can show that I's is
a congruence subgroup which is established by Lemma 2.3.3 and the fact that
if (n) C Ty and T'(m) C T’y then T'(lem(m,n)) € I'y NTe making Ty NTy a
congruence subgroup. We thus proved that:

Proposition 2.3.5. The action of I'y on I'yal's partitions it into finitely many
orbits I‘laI‘Q = U?:l]-—‘lﬂj-

We wil now define the double coset operator.

Definition 2.3.6. Let 'y and 'y be congruence subgroups and a € GL3 (Q) with
T'ial'y = U;‘:II‘lﬂj. We define the k-weight double coset operator as [T'1al's]y :

Mk(rl) — Mk(rg) with f[FlaI‘g]k = Z?:l f[ﬁj]k‘
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Observe that the reason this is indeed a map My (I'1) — My (T'2) is because
if 8; are the orbit representatives and v2 € I'y then 3,7, are also orbit represen-
tatives and thus (f[T1al2]k)([v2]k) = fIT1als]k. Holomorphy is also immediate
as it is the finite sum of holomorphic functions. Specifically if these functions
vanish at infinity then so does f[I';al'2]; giving us a map Sg(I'1) — Si(T'2).

2.3b Diamond and 7, operators

We now focus on modular forms on I'1 (V) and give two types of Hecke operators
that are of central importance to us.

Definition 2.3.7. For d € Z and o € T'o(N) with a = [Zl’l 21’2 such that
2,1 022

d = as2 mod N define the Diamond operator (d) : My (T'1(N)) —>7/\/lk(1"1(N))
as (d) f = fla.

Notice that we have an isomorphism T'g(N)/T1(N) & (Z/NZ)* given by

{Z Z] — d mod N. This means that the operator (d) is well defined.

Definition 2.3.8. The second type of Hecke operator is defined as T, : Mp(T'1(N)) —

Mu(TL(N) with T,f = f[T1(N) [é 2] T4 (V)]s

Considering different divisibility cases we can find an explicit formula for
this double coset operator by identifying the orbit representatives in each case.

Proposition 2.3.9. For T, as above, we have:
. - 1 g5 .
O T =51 |y 3] el
Py

.. - 1 g m n 1 0 .
i) T,f =Y et + { } [ ] { N and mp —nN =1
@) 1o =izt e |y 3| o[ o] o o] et andm

There is more that can be said about the way a Hecke operator acts on the
Fourier expansions of modular forms.

Definition 2.3.10. Let x : (Z/NZ)* — C* be a character and denote My (N, x) =
{f € Mp(T'1(N)) : (d) = x(d)f,Vd € Z/NZ)"}

Proposition 2.3.11. T, preserves My(N, x) and if f € My(N,x), it’s Fourier

ezpansion is (T, f)(1) = 3207 (anp(f) + x(0)P" " ansp(f))a" with ayy, = 0 if
pin. In particularl for f € Sp(N) we get that T, f € Si(N).

So what this proposition tells us is that applying 7T}, to f causes the Fourier
coefficients to change as an(Tpf) = anp(f) + X(p)pkflan/p(f). Another really
important property of these Hecke operators is that they commute. This will
allow us to use spectral type theorems on the complex vector spaces of modular
forms.

Proposition 2.3.12. For the Diamond operator (d) and T, we have that:
(i) AT, = Tp(d),
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(i) (d){e) = (e){d),
(iii) T,T, = T,T,.

Using the above, there is a way to define T;, for any n € N: we first define
it for powers of primes: Tpr = T,T},r—1 — PPN p)Te—2 and T,, = H;—;l Tprj by
3

P
commutativity, where we simply take the prime decomposition n = H?:l p;j.

Definition 2.3.13. The C—algebra generated by the Hecke operators (n) and
T, is called the Hecke algebra over C and denoted T¢.

2.3c  Petersson Inner Product

In this section we will examine more in depth the space Sk (I'1 (IV)) of cuspforms.
We will equip this space with an inner product which will allow us to treat it
as an inner product space with Hermitian operators and thus show that there
is a basis that is also a simultaneous eigenvalue for all these Hecke operators we
saw.

Let 7 = x4y lie in H and consider the measure du(7) = d;gly This measure

is easily observed to be not just SLy(Z) invariant but GL3 (Q) invariant. A
fundamental domain of H* under the action of SLo(Z) is D = {r € H: R(7) <
%,|7] = 1}. For a congruence subgroup I' we write SLy(Z) = U;{£I}Ta; as a
finite set of cosets. Observe that I'\H = I'\(U;Da;) and thus we get that up to
boundary identification X (I') can be represented as U;jDa;. We thus obtain by
integrating and noticing that Vf € Si(T"), f is I' invariant that fX(F) fdu(r) =
fujDaj fdu(r). For example for f = 1 we get that Vr = [SLy(Z) : {1} Vs, (z).-
We are now ready to define the Petersson inner product.

Definition 2.3.14. We define the Petersson inner product as

()1 SuD) x S(T) = C with (f.g)r = & [0 F@)gT) (Im(r) du(r).

One can prove as in p.183 of [3.3] that this is indeed convergent and well
defined and then a couple of other properties immediately emerge by the defi-
nition. In particular the Petersson inner product is:

(i) linear in f,

(ii) conjugate linear in g,
(iii) Hermitian symmetric,
(iv) positive definite.

The most useful property however is that the Petersson inner product is normal
in the sense that it commutes with it’s adjoint. In particular we can compute
the adjoint operators for the Hecke algebra we defined earlier. Before that we
need to define the inverse of a Diamond operator.

Definition 2.3.15. Let a € SLy(Z) be any a such that (d)f = fla]x. Then de-
note (d)~' as the operator (d)f = fla™1|x. It follows that (d)(d)~* = (d)~(d) =
1.
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Proposition 2.3.16. Consider Sp(I'1(N)) as an inner product space with the
Petersson product. Then the adjoint of (p) is (p)~' and the adjoint of T,
is (p)~'T, assuming p { N. In particular both (n) and T, are normal for
ged(n,N) = 1.

Now we can use the Spectral Theorem of linear algebra on a finite dimen-
sional inner product space with the Hecke algebra as a family of commuting,
normal operators to obtain that:

Theorem 2.3.17. The space of cusp forms Sk(T'1(N)) has an orthonormal basis
of simultaneous eigenforms for all Hecke operators {(n),T,,gcd(n, N) = 1}.

2.3d Oldforms and Newforms

We will now decompose the space of cuspforms into two spaces: a space of func-
tions that arise from a form of lower level and brought up to a higher one with
the use of an operator and those that are “genuinely new” and appear for the
very first time at this specific level. Observe that M|N means S(I'1(M)) C
Sk(T'1(N)). We can move from Si(T'1(M)) to Sp(I'1(N)) by applying the mul-
g (1) thus allowing us to define
flaa)k(t) = d*~1f(dr). This map is an injection Si(I'1(M)) — Sk(T'1(N)). We
will try to distinguish the forms that come from lower levels.

tiplication by d map which is simply aq =

Definition 2.3.18. Define the map iq : Sp(T'1(N/d))xSk(I'1(N/d)) — Sk(T'1(N))
with iq(f, 9) = f+glaadlx, the space of oldforms of level N then is Sy, (T'1(N))°ld =
> v ip(Sk(T'1(N/p)), Sk(I'1(N/p))) and the space of newforms Si(I't (V)" =

prime
(Sk(T1(N))°' )L where the complement is taken with respect to the Petersson
inner product.

Quite notably the Hecke algebra preserves these spaces:

Proposition 2.3.19. The spaces Sy,(T'1(N))° S (T1(N))" are stable un-
der the Hecke operators {(n),T,,ged(n,N) = 1} and both have orthonormal
bases that are simultaneous eigenvectors for all these elements. Specifically
Sk(T1(N))™™ has such a basis even when ged(n, N) > 1.

We will call an element f € Mg(T'1(N)) that is an eigenvector for all ele-
ments of the Hecke algebra an eigenform. A newform is a normalized eigenform
(a1 = 1 in the Fourier expansion) in Sg(I'1(N))™**. Since a1(Tyf) = cna1(f)
where ¢, is the corresponding eigenvalue such that T, f = ¢, f, we have that
an(f) = cpai(f) away from the level.

Consider now a normalized version of [a4]. Let 14 = d'“*[ag]y. Then
we have that (14)f(7) = f(dr) and thus an action on the Fourier series as
ta t Yopey ang” = 307 ang™™. Notice that if f = 3 v ,(fp) with f, €
Sk(T'1(N/p)) then ged(n,N) =1 <= a, = 0. A notable result of Atkin-
Lehner asserts that the opposite direction is also valid:

Theorem 2.3.20. (Atkin-Lehner) If f € Si(I'1(N)) has Fourier expansion
f(r) =377 ang™ and a, = 0 whenever ged(n, N) = 1 then f = 2 opin to(fp)

n=1

with f, € Sk(T'1(N/p)).
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In the case of a1(f) = 0 implies that a,, = 0 away from the level and the
theorem above implies that f € Si(I'1(N))??. The above discussion indicates
that the eigenvalues of the Hecke algebra define these spaces completely.

Theorem 2.3.21. The set of newforms in the space Sk(T'1(N))"™ form an
orthogonal basis. Fach such newform lies in an eigenspace Sip(N,x) and sat-
isfies an(f) = cna1(f),¥n € N. Furthermore if f,g € Sp(T'1(N))"™ are both
eigenforms with the same eigenvalues then they are equal up to a scalar multiple

f=Ag.

Also based on the above characterization of the Fourier coefficients of an
eigenform we can further say that:

Proposition 2.3.22. Let f € Mp(N,x), then f is an eigenform if and only if:
(i) aa(f) =1,
(i) apr(f) = ap(Fap—(f) = x(@)P* " apr-2(f),
(iil) amn(f) = am(f)an(f) whenever ged(m,n) = 1.

2.4 L-functions associated to modular curves

Let f € Sp(T1(N)) with f(7) = >0, an(f)q". We define the corresponding L

series as L(s, f) = >~ a;—(f) In the case of cusp forms it can be shown that
this series converges for all s € C: Re(s) > k/2+ 1. In the case of an eigenform

we can also consider this as an Euler product by employing Prop. 2.3.22:

Proposition 2.4.1. Let f be a normalized eigenform then L(s, ) = Hp(l —

app~* + x(p)p*~172%) L. The inverse also holds.

A way to analytically extend an L series is with a functional equation that
allows us to “mirror” it’s behaviour on all of the complex plane. The way this
is achieved is with a Mellin transform.

Definition 2.4.2. Let f € Si(I'1(N)), the Mellin transform of f is defined as
g(s) = [Z, f(it)ts=1dt for s : L(s, f) converges absolutely.

The particular form of the Mellin transform of f in our case is:

9(s) = (2m)°T'(s)L(s, )

and we also set Ay (s) = N*/2g(s). We will find a functional equation for this
An.

Consider the operator Wy : Sp(T'1(N)) — Sp(T1(N)) with (Wy f)(r) =
i*N~=F/27=k f(—1/(NT)). This operator is self adjoint and idempotent. Defin-
ing Sp(T1(N))* = {f € Si(T'1(N)) : W,,.f = £f} gives an orthogonal decompo-
sition Sg(T'1(N)) = Sk(T'1(N))T @ Sp(T'1(N))~. For cuspforms in these spaces
it is now possible to determine a functional equation:

Theorem 2.4.3. Suppose f € Sp(T'1(N)). Then the function Ay extends to an
entire function satisfying the functional equation: An(s) = +An(k —s). This
implies L(s, f) has an analytic continuation on all of C.

If we assume the Modularity Theorem then this is in fact the result we
mentioned in Theorem 1.7.4.
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2.5 Jacobians

In this section we will use geometric tools to associate to a newform a corre-
sponding abelian variety. Consider a compact Riemann surface X of genus g
and view it as a sphere with g handles. Label the loops around each handle as A;
for the longtitudinal loops and B; for the latitudinal ones. The first homology
group of X is then Hy(X,Z) = 327, a; [, +b; [ = Z?9. The first homol-
ogy group is a subgroup of Q ,(X)* = Homc(Q2},,,(X),C), the dual space of
holomorphic differentials on X. The Jacobian is then defined as:

J(X) = Qo (X)"/Hi (X, Z)

and it is in fact a natural definition if we consider Q} ,(X)* as integrating on
X and want the integral to be independent from the specific path and to only
depend on the points. Now consider again the exact same definitions for the
divisors of an abelian variety as in the case of elliptic curves. In more detail the
divisor group is the free abelian group generated by the points of X. We can
then consider again Pic’(X) = Div’(X)/ ~ where the equivalence relation is
for functions on X this time. X can always be embedded in the Jacobian via
sending x — x — xy/ ~ where zg is a base point in X. Recall that we saw that
in elliptic curves vgith the base point being O and the map P — P — O. There
is also a map Div" (X) — J(X) given by NgT — ne [© and it is
well defined since t}(le i)ntegra(ls c)lepend onlyz();et)fle finite p%lgrclisx T € g%o such that
n, # 0. In fact we have the following:

Theorem 2.5.1. (Abel’s Theorem) The map Pic’(X) — J(X) given by
Dowex N2/ ~= Y cx Na f;; is an isomorphism.

We thus embedded X in it’s Picard group and by the theorem above in it’s
Jacobian with X — J(X) defined as ¢ — f;o By using the isomorphism in
Abel’s theorem we also see that Q7(X) = {3 n, fﬂ/ >, = 0} where v is a
path in X.

2.5a Maps between Jacobians

Let h : X — Y be a nonconstant holomorphic map of Riemann surfaces and
denote by h* : K(Y) — K(X) the pullback on function fields.

Definition 2.5.2. The forward map between Jacobians is the map hy : J(X) —
J(Y) given by hy(¢) = ¢ o h*/H (Y, Z).

h(z)
h(zo)"
There is a corresponding map of Picard groups hp : Pic’(X) — Pic’(Y) that
commutes with h; and Abel’s isomorphism, namely the map hp : > NgT —
ZIEX nzh(x)

The other direction requires some more technical tools and specifically the
trace. The first step is to remove all points of x € X, h(x) € Y with e, > 1 thus
obtaining a d—fold covering map h : X’ — Y'. Let w € Q}, ,;(X) and suppose
y € Y’ so there exist local inverses hi_1 Uy — Uj,i €{1,...,d}. Then the trace

= Z?Zl(hi_l)*(wM). The other direction is then:

Definition 2.5.3. The reverse map of Jacobians h' : J(Y) — J(X) is the
holomorphic homomorphism h” (1) = 1 o try,/H1(X,Z) where ¢ € Q) ,(Y).

In practice the effect of this map is hy : Y, cx e [o = D ,ex M

zeX

is defined as: (trpw)y
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The actual way this map acts on elements of the Jacobian is h‘](zyey Ny fyyo) =
Doyey My Doweh-1(y) € f;o There is also a reverse Picard group homomor-
phism corresponding similarly to this map h” : Pic®(Y') — Pic®(X) defined as
h(X ey My¥) = 2 yey My Dowen—1(y) €o®- We can show that hp o hY is actually
the same as multiplication by deg(h) in Pic’(Y) and thus by Abel’s Theorem
the same holds for hy o h? in J(Y). If this seems familiar it is because we have
seen a specific example of this before: an elliptic curve isogeny and it’s dual!

2.5b Jacobians of Modular Curves

We will now use Jacobians to formulate a geometric version of the Modularity
Theorem for complex varieties. First we apply our results on Jacobians on
modular curves. First denote J;(N) = J(X1(N)). Then the Hecke operators
act naturally on Ji(N). Going back to the double coset operators, let I';,T'y
be congruence subgroups of SLs(Z) with corresponding modular curves X7, Xo.
Then consider the configuration

Iy« a ' TianTy~T;Nalya™t = Ty
which gives a corresponding configuration:
X, B X(a 'TanTy) ~ X(T'1 Nala™ ') B X,y

with 75 ' (2) = {e,y : y € X (a~'T1aNly), m2(y) = =} and taking representatives
I'ial’s = U;IMN B we get amap I'om — Zj I'1 87 which can be linearly expanded
to a map [I'1al's]s : Div(X3) — Div(X;) and then it induces naturally a map
on Picard groups [['jal's]y : Pic®(Xy) — Pic®(X;). This is not just any map
of divisors but a composition of forward and reverse maps with [['jal’s]s =
(m1)pap(m2)T. So how can we make sense of the differentials here? How will
the geometry help us? Luckily we have the following:

Proposition 2.5.4. The map f(r) — f(7)dT is an isomorphism Sz(I') —
Yot (X (T))-

This allows us to re-write J(X(I')) = So(I')*/H1(X(T'),Z). Now we know
that [['1als]e : S2(T'1) — S2(T2) is the map taking f — Zj f1B;]2 which means
it’s pullback induces indeed a map on Jacobians taking [¢)] — [¢o[['1al'2]2], 9 €
S2(T'2)* where the brackets indicate up to homology equality. Setting I'y = T's =
I'1 (N) we can calculate the way a Hecke operator acts on Jacobians.

Proposition 2.5.5. Let T € {(d),T,,d € N,p prime} be a Hecke operator on
S2(T'1(N)). Then T acts on J1(N) as T : Ji(N) — Ji(N),[¢p] = [poT],¢ €
So(T1(N))”

2.6 Algebraic Eigenvalues

In the last section we examined the way the Jacobian acts on modular curves
and saw that the action of the Hecke operators T': So(I'1(N))* — Sa(T'1(N))*
descends on the Jacobian. This means it must respect the kernel which is
Hy,(X1(N),Z) thus acting as an endomorphism on it. Let f be it’s charac-
teristic polynomial in the homology group, then f(7,) = 0 in Hy(X1(N),Z)
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and f € Z[X]. By the C—linearity of T, we obtain that f(7,) = 0 in the
whole Sa(I'1 (IV))* which means that if g is the characteristic polynomial of T},
in So(T'1(N))* then g|f = every root of f € Z = all eigenvalues of T}, are
algebraic integers giving us that:

Proposition 2.6.1. For f € S3(I'1(N)) a normalized eigenform and every
n € N we have that a,(f) is an algebraic integer.

We now look at the Hecke operators as an algebra over Z which we denote
by Tz. We can view this Z-module as a ring of endomorphisms of the free
and finitely generated Z-module H;(X;(N),Z) which immediately implies it is
finitely generated. Define a map Ay : Tz — Z taking T' — A(T") which is simply
the eigenvalue of the normalized eigenform f and let Iy = ker(A;) ={T € Ty :
Tf =0}. We immediately see that

TZ/If = Z[{an(f)}]

. Where the image is inside a number field K. The rank of Tz /Iy is then equal
to the degree K : Q).

Definition 2.6.2. Let f € Si(I'1(N)) be a normalized eigenform with f(7) =
Yoo L an(f)g™. The field Ky = Q({an(f)}) is called the number field of f.

From what we saw above the name number field is indeed justified as it is a
finite degree extension of Q.

2.7 Abelian Varieties and Newforms

Start with a newform f € Si(T'1 (V) which is as we already stated a normalized
eigenfunction for Ty. We established that Ty acts on J;(IN) which means we
have a subgroup Iy Ji(N) C J1(N).

Definition 2.7.1. The abelian variety associated to f with notation as above
is defined to be the quotient Ay = Jy(N)/I;Ji(N).

With this definition Tz/I; acts on Ay in a well defined way. Consider now
the following equivalence relation on newforms: f ~ f’ <= f’ = f¢ for some
automorphism ¢ : C — C and denote by [f] the equivalence class of f. Define
the space Vy = ([f]) € Sk(I'1(N) meaning the space spanned by these newforms
up to equivalence. Since [f] = {f?,0 € K;/Q} it has dimension equal to the
degree [Ky : Q. Consider also Ay = Hom; (X1(N),Z)|v,.

Proposition 2.7.2. With notation as above there is an isomorphism Ay =
Vi /Ay given by (@] + 1pJ1(N) — ¢v, + Ay, where Vi /Ay is a complex torus of
dimension [K; : Q].

We can extend the definition of an isogeny to complex tori of higher dimen-
sion.

Definition 2.7.3. A surjective holomorphic homomorphism of complex tori
with finite kernel is called an isogeny.

We can now phrase the central theorem of this section:
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Theorem 2.7.4. The Jacobian associated to 'y (N) is isogenous to a direct sum
of abelian varieties associated to equivalence classes of newforms,

J(N) — P AT
f

where the sum is taken over a set of representatives f € Sp(I'1(Ny)) with my
equal to the number of divisors of N/Ny € N.

We can now phrase the geometric version of the Modularity Theorem.

Theorem 2.7.5. (Modularity Theorem) Let E be a complex elliptic curve
with j(E) € Q. Then for some positive integer N there exists a newform f €
Sk(T1(N)) such that Ay — E is an isogeny.

2.8 From Geometry to Algebra

In order to pass from geometry to number theory we will need to move from C
to the integers and finite fields. To do so we will have to view modular curves
from the perspective of algebraic geometry via their function fields. We will use
the following definition form algebraic geometry:

Definition 2.8.1. Let C be a non-singular affine algebraic curve over the ratio-
nals defined by polynomials ¢1, ..., ¢m € Zp)[T1, ..., Tn] where Z,y denotes the
localization of Z over the prime p. Then C has good reduction if:

(i) the ideal (1, ..., m) is prime in Zy)[T1, ..., Tp].

(ii) the reduced polynomials define a nonsingular affine algebraic curve over
Fp

In the above definition the condition for a point to be singular is that the
Jacobian matrix of the first derivatives at that point has rank lower than that
of some other point of C'. This means that C is nonsingular if and only if the
Jacobian has constant rank at every point and so the above coincides with our
usual definition in the case of an elliptic curve. Now it remains to see what
happens with the morphism between reduced curves.

Theorem 2.8.2. Let C,C’ be nonsingular projective varieties over Q with good
reduction at p and assume that C' has positive genus. Then the diagram

c s

1

C L Cr
commutes and deg(h) = deg(h).
For divisors the situation is similar.

Theorem 2.8.3. Let C' be a nonsingular projective algebraic curve over Q with
good reduction at p. The natural map induced on divisors by reduction Y n,P —
> np]5 takes principal divisors to principal divisors and thus induces a bijection
Pic’(C) — Pic®(C). Moreover if C' satisfies the same conditions as C and has
positive genus, then for every morphism h : C — C' we have that the diagram
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Pic’(C) — Pic®(C")
Pic%(6) — Pic(CY)
commutes, where h, is the pushforward map of h on divisors.

This result is not obvious as the reduction map does not send div(f) —
div(f) in general. This theorem allows us to talk about reductions of Jacobians
as we identified them naturally with the zero Picard group. We will next need

a partial result of Igusa.

Theorem 2.8.4. The modular curve X1(N) and it’s Jacobian J,(N) have good
reduction for all pt N.

This means that X;(/N) defines a smooth algebraic curve over I, and the
corresponding Jacobian of this is the reduction of J;(N). We will now look at
the reductions of the Hecke operators on reduced modular Jacobians.

The result is easy in the case of the (d) operator as Theorem 2.8.3 gives us
a commutative diagram:

(d)«

J1(N) J1(N)

~ ~

Ay D 5y

The relation for T}, is given by the Eichler-Shimura relation. As X, (N) is defined
in characteristic p, there is a natural morphism (the Frobenius endomorphism)
defined as o, :  — 2P. We then have the following.

Theorem 2.8.5. (Eichler-Shimura) Let p 4 N, then the following diagram
commutes:

J(N) — 5 Ji(N)

~ ~

*

4 Up,*+<i’>*‘7p 5

Notice that in Xo(N) the operator <]~9>* acts trivially and we thus get T, =
Ops + a; in this case. If this seems familiar again remember the result on
elliptic curves where [a,(E)] = 0, + ,. Treating it as maps on divisors that
would simply take the form a,(E) = 0}, . + 0, as an endomorphism on Pic’(E).
This allows us to restate the geometric Modularity Theorem in a weaker but
more computationaly accessible form:

Theorem 2.8.6. Let E be an elliptic curve over Q with conductor Ng and
a: Xo(N) = E be a rational morphism, then there exists f € Si(I'o(Ny)) such
that N¢|N and a,(f) = ap(E), for all primes p{ NgN.

Proof. (Sketch) By Theorem 2.7.5 there exists Ay — E with Ay C Jy(N)
and ap(f) is T, as a map. When p { N we have good reduction implying
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T, = 0p«+0y,. By Theorem 2.8.2 since Xo(N), E have good reduction at p, we

have that @, exists and commutes with T}, giving us o, . + o, on Pic’(E) which
is just as we saw above a,(E). O

The following stronger version also holds:

Theorem 2.8.7. (Modularity Theorem (L-functions)) Let E(Q) be an
elliptic curve with conductor N. Then there exists f € Sp(To(N)) such that
L(s, f) = L(s, E).

The use of Falting’s Isogeny Theorem indicates that in fact this abelian
variety Ay with an isogeny Ay — E we obtained from the geometric version is
an elliptic curve.

2.9 Representations and Modularity

In this section we will showcase the connection between Galois representations
and modular forms in a way similar to what we did for elliptic curves. Let N be
a positive integer and ¢ be a prime. The modular curve X;(N) is a projective
non-singular algebraic curve of genus g. The Jacobian is an abelian variety
which means we can generalize our constructions on elliptic curves. Similar to
the genus 1 case, there is an inclusion of torsion i, : J1(INV)[{"]g — J1(N)[{"]¢c ~
(Z/07)29 which is actually an isomorphism. As we already saw, Igusa’s Theorem
implies that the Jacobian J;(N) has good reduction for all p 4 N, which gives
a surjection 7, : Jy(N)[¢"] — Jy(N)[¢"]. The map m, is also an isomorphism.
We can now generalize the construction of the Tate module.

Definition 2.9.1. The {-adic Tate module of X1(N) is To(J1(N)) = lim.Jy (N)[e]

n

and picking a basis we get that Ty(J1(N)) ~ 7,9

The Galois group Gg acts on divisors in the natural way:

(Z TLPP)U — anpo

and since (div(f))? = div(f?) this action descends to the Picard group and in
partcular it repsects the map [f] : Ji(N)[("*1] — J1(N)[¢"]. This means we
have a continuous representation

Px (N)e : Go — GLog(Zy)

which is the Galois representation associated to X;(N). The following result is
similar to the one we proved for elliptic curves but instead we use the Eichler-
Shimura relation on 7.

Theorem 2.9.2. Let ¢ be a prime and N a positive integer. The Galois rep-
resentation px,(ny,e s then unramified at all primes p t {N and for any such
p if p is a mazimal ideal of Z lying over p, then the characteristic polynomial
of px,(ny,e(Froby) is x? — Tpx + (p)p. Moreover the Galois representation is
irreducible.
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So far we saw the situation for X;(NN) but what about a newform f €
S2(N,x)? The geometric object linked to a newform in that case is Ay ~
Ji(N)/1;Ji(N) where Iy = {T € Tz : Tf = 0}. The dimension of A; as
a complex torus is d = [K; : Q]. We also have an isomorphism Tyz/I; =~
Z[{an(f) : n € N}] = Oy. With this assumption the action of a,(f) on Ay is
T, + Iy and the action of x(p) is (p) + Iy. We now define the Tate module for
a newform.

Definition 2.9.3. Let f € Sa(N,x), the l-adic Tate module of f is then
Te(Ayf) = T&nAf[fn] and picking a basis we get that Ty(Ay) ~ Z,**.

Now we have the following useful fact:

Lemma 2.9.4. The map Ji(N)[{"] — Af[("] is a surjection and it’s kernel is
stable under Gg.

Proof. The multiplication map [£"] : x — £"x is surjective on the d-torus which
implies it is also surjective on Iy Jy(N) sincey € Iy J1(N) = y=> Ty, T; €
Iy, y; € Ji(N) and thus y; = "z;,z; € Ji(N) which means y = ") T;x;. The
kernel is easily seen to be I;J;(N)[¢"] which is stable under the absolute Galois
group as the actions of Hecke operators commute with the Galois action on
Ji(N). O

This means that Gg acts on Af[¢"] and thus on Ty(Ay). Since it commutes
with the action of the Hecke operators on Ty(Ay), it also commutes with the
action of Of. We thus obtain a Galois representation:

PAs.e: GQ — GLgd(Zg)

which can be shown to be continuous. We denote py, = pa P2 The dimension
of this representation is 2d but we need a representation of dimension 2 in order
to associate an elliptic curve to our newform f. This is achieved via the lemma
below.

Lemma 2.9.5. The tensor product Ty(A;) @ Qq is a free module of rank 2 over
Ky ® Qy.

Using the fact that K ®@Q, =[] Al Ky ) and projecting gives us a represen-
tation
PfA - G@ — GLQ(K]"’)\)

which can also be shown to be continuous and ker(ps¢) C pra. Since we
identified the action T}, as a,(f) and of (p) as x(p) we have the following theorem.

Theorem 2.9.6. Let £ be a prime and [ € S3(N,x) a normalized eigenform
with number field Ky. Then for each mazimal ideal A 2 £ in Ok, there exists
a 2-dimensional Galois representation

PrA - GQ — GLQ(Kf’)\)

that is unramified at every prime p t £N. For any such p if p is a maximal
ideal of Z lying over p, then the characteristic polynomial of py¢(Frob,) is
22 — ap(f)x + x(p)p. In particular if f € Sa(Lo(N)) then the characteristic
polynomial is x* — a,(f)x + p.
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With this striking similarity between the Galois representations attached to
an elliptic curve and to a modular form we will restate the modularity theorem
in a representation theoretic version.

Theorem 2.9.7. (Modularity Theorem for Representations) Let E be
an elliptic curve over Q with conductor N. Then there is f € So(To(N)) with
rational number field such that pg ¢ ~ pyr.e for all primes £.



Chapter 3

The Modular Approach

The modular approach is one of the strongest strategies in the study of Diophan-
tine equations. An almost trivial example of the method that showcases this
strength is Wiles’ proof of Fermat’s Lasts Theorem. In it’s core it is a technique
based on contradiction: namely we attach a Frey curve to a supposed solution
of a Diophantine equation, associate it to a space of newforms and either show
why none of these fit our original requirements or we obtain a bound for one of
our unkown parameters.

Before we begin to showcase the modular approach we note that some deep
results required will have to be taken on trust. This chapter will end up being
more computational and to fully utilise the method we will use SageMath.

3.1 Level Lowering

In this section we will present a collection of definitions and notable results on
Ribet’s Theorem (see [3.3]) which we will use in our approach. First of all,
every newform in this chapter is of weight k = 2. When we say ”the newforms
of level N” we mean a normalized (and as we already saw finite) eigenbasis for
Syev(N).

Definition 3.1.1. Let E be a rational elliptic curve and f = 3 -, cnq™ be
a newform with associated number field K¢/Q. We say that E arises mod p
from the newform f and write E X f if there is a prime ideal plp of Ky such
that Py ~ Pr.p-

In particular taking traces and applying the above relation to the Forbenius
element Frob, we get that a¢(E) = ¢, mod p for almost all prime . We can
get more precise however. One can in fact guess that the primes for which this
relation fails to hold is when one of the representations is ramified. Let Ng, N
be the conductors of E and f and use Theorems 1.8.7 and 2.9.6 to conclude the
following.

Corollary 3.1.2. Suppose E X f, then there is a prime ideal p|p of Ky such
that for every prime £:

(i) if £t pNENys then ae(E) = ¢, mod p
(ii) if €1 pNy and £|Ng then { +1 = £c, mod p.
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In the case of a rational newform (K = Q) there is a rational elliptic curve

F that is associated to f by the Modularity Theorem. We then say that £ X F.
In that case a result of Kraus and Oestrelé (see [3.3]) allows us to get rid of the
unkown p in the condition:

Proposition 3.1.3. If E, F are rational elliptic curves with conductors Ng, Np
such that E X F then for every prime (:

(i) if £1 NgNp then a¢(E) = ag(F) mod p
(ii) if €1 Np and || Ng then £+ 1= fae(F) mod p.

The first condition corresponds to the case when both elliptic curves have
good reduction at ¢ whereas the second amounts to the case of F' having good
reduction and E multiplicative reduction at ¢. We now define the following
constant associated to an elliptic curve E with conductor N and minimal dis-
criminant A,,;, and a prime p:

Np:N/ H q,

q|| N
plordg(Amin)

which is basically the conductor without the primes that are raised to a p-th
power in the minimal discriminant. We will use a simplified case of Ribet’s
Level Lowering Theorem:

Theorem 3.1.4. (Ribet) Suppose E is a rational elliptic curve with no p-
isogenies, where p > 3 prime. Let N, be as above, then there exists a newform

f such that EX f and f has level Np.

Ribet’s Theorem is a very strong tool: it introduces a mod p relation on
one hand and sacrifices the rationality condition for the newform but it allows us
to get rid of the part of the conductor that comes from the unkown variables in
our supposed solution that are raised to the p-th power. This makes it feasible
to test all possible newform spaces in some cases where N, only has constants
in it like in FLT.

We thus observe that in order to apply Ribet’s Theorem we must first show
that the curve in question has no p-isogenies. There are a couple of ways to do
this.

Definition 3.1.5. Let E/Q be an elliptic curve such that for every prime p, E
has either good or multiplicative reduction at p. We call such an elliptic curve
semi-stable.

If the conductor is squarefree, then the asociated elliptic curve is always
semi-stable. The following Theorem is a special case of Mazur’s work (see [3.3]):

Theorem 3.1.6. Let E/Q be a semi-stable elliptic curve with E[2] = 4 and
p > 5 prime. Then E has no p-isogenies.

The main Theorem we will be using however is the following.

Theorem 3.1.7. Suppose E/Q is an elliptic curve with conductor N such that
orda(N) = 3,5 or 7. Then E has no isogenies of odd degree.
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3.2 The Modular Approach

With everything settled we are finally able to describe the Modular Approach.
We will first start with an example, namely a direct application on Fermat’s
Last Theorem (for Wile’s original paper see [3.3]).

3.2a Fermat’s Last Theorem

Suppose we had a non trivial solution of the equation:
an + b'fL — CTL
for some prime n > 5. Consider now the elliptic curve:
E:Y?=X(X —a")(X +b") (3.1)

which is called a Frey curve. A Frey curve is an elliptic curve arising from
a hypothetical solution of a Diophantine equation. Using Tate’s algorithm as
presented in [3.3] we compute the minimal discriminant and the conductor of
E:
Apin = 278(abc)®™, N =2 H P,

plabe

p#2
as well as the conductor used in level lowering (noting that one of a, b, ¢ has to
be even):

N, =2.

Theorem 3.1.6 implies that the curve (3.1) has no n-isogenies and thus we can
use Ribet’s Theorem to conclude that there exists a level 2 newform f such that
E % f. Note however that from Proposition 2.5.4 we have that dim(S2(T'(2))) =
genus(X(2)) and using Theorem 2.2.4 one can show this genus is 0 (see ex. 3.1.4
[3.3]), meaning there can be no such newform f.

3.2b Generalizing the Method

The immediate question that emerges now is whether we can use this method to
tackle other similar problems and what structure should these problems have in
order for this approach to be useful? The most common type of such problems
in the area of Diophantine equations are problems where we have an equation
involving unkown exponents such that we can construct a Frey curve out of a
supposed solution. This curve needs to have a suitable discriminant and some
other properties in order for Ribet’s Level Lowering theorem to work. In case
we get a non-singular curve notice that we do not have an elliptic curve which
is the case for the trivial solution of the FLT for example. So in general we need
the following conditions to be met:

(i) A Frey curve with coefficients depending on a solution,

(ii) A minimal discriminant of the form A,,;, = C D™ where n is the unkown
exponent and C depends only on the equation and not on the solution,

(iii) E has multiplicative reduction at all primes p|D meaning that when we
take N,, then p{ N,,.
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After that finitely many newform of level N,, for which it is possible to have
E X f. Now this leaves us with two cases:

i indeed a = ¢, for every prime p then we have to find a way to
i) If indeed a,(E p L i th h to find t
eliminate this possibility or it could mean a solution actually exists.

(ii) If a,(E) # ¢, then recall that a,(E) = ¢, mod n where n is a prime ideal
over n in Ky and thus n = N(n)|N(a,(E) —¢,) # 0 which means we have
a bound for the unkown exponent!

Below we will discuss applications of this method to instances of a specific
Diophantine problem.

3.3 Applications to Diophantine Equations

Consider the equation:
2?4+ d* = 2y", (3.2)

where we assume x,y,d to be pairwise coprime. Notice that the coprimality
assumption forces d,y =1 mod 2 and similarly to the FLT case we can assume
without loss of generality that n > 5 is prime. We will use the signature recipes
in 13.2 of [3.3] to produce the Frey curve after we bring it to the suitable form:

2" 4+ d*(—1)" = 22,
which upon inspection leads us to case (ii) which is the Frey curve:
B(z,y):Y?= X3+ 22X +2y"X,

provided of coure that xy # 0. This is a perfect showcase of the first limitation
of the Modular Approach as presented here: in case d = 1 we get the equation:

2? +1=2y",

with the obvious solution x = y = 1 for every n € N. This means there
is actually a newform attached to our Frey curve in this case and thus any
attempt at a contradiction argument will always fail. We will use again Tate’s
algorithm to compute the invariants of this curve:

Dypin = —28d*y*" , N = 2" rad(d) rad(y)

Observing that ords(N) = 7 we can use Theorem 3.1.7 to conclude that our
Frey curve has no n-isogeny. Ribet’s Theorem then allows us to attach to this
curve a newform of level:

N, = 2" rad(d)

which depends on d.

We will now focus on the cases d = 3,7 and bound the exponent n. In
order to do that we will use SageMath to efficiently implement the following
algorithm:

(i) Set N,, = 27rad(d) define the parametric curve E(x,y) with A, = 28dy?",

(ii) find the newforms of level N,, and pick a specific newform f,
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(iii) pick from the first m primes P = {p1, ..., pm } such that p; ¥ N, Vi,

(iv) for each prime p € P compute B= [[ (ap(Eqp) — ap(f)), whenever
a,b mod p

E,p is non singular and a’>+d>=b mod p,

((p+1)? —a,(f)*)B, f rational
p((p+1)? —a,(f)?)B, f irrational
second case of Corollary 3.1.2 and the fact that we could have p = n,

(v) compute B, = , to account for the

(vi) Compute dy = ged(By,, ..., Bp,,) and note that n|dy

(vii) output the largest prime factor of d

The corresponding SageMath program is shown below:

def newform_elimination(d,bound):
Ex = lambda x, y: EllipticCurve ([0, 2*x, 0, 2xy, 0])
N_F = factor(d).radical_value () *2**7

newforms = Newforms(N_F, names=’a’)
newfsGCD = []
for fnew in newforms:

Bps = []

for p in [p for p in range(3, bound) if p in Primes()]:
if N_FY%p'!= O:
Bp =1
apfnew = fnewl[p]
for a in range(p):
for b in range(p):
dEx = 2%*bxd
if dEx%p !'= 0 and (ax*2 + d**2 - 2*b)%p ==
0:
w = (apfnew - (p + 1 - Ex(a, b).
reduction(p).order()))
Bp *= (apfnew - (p + 1 - Ex(a, b).
reduction(p) .order ()))
Bp *= ((p+1)**2 - apfnewx*%*2)
if fnew.base_ring() is not QQ:
Bp *= p
Bps.append (ZZ (Bp.norm()))
GCD = gcd(Bps)
if not GCD.is_zero():
if not GCD == 1:
newfsGCD.append (max (GCD.prime_factors()))
else:
newfsGCD. append (1)
else:
newfsGCD . append (0)
print ("newform bounds =", newfsGCD)

In the case d = 3 and m = 100 we get the following result:

d = 3
bound = 100
newform_elimination(d,bound)

Output

newform bounds = [5, 3, 3, 5, 5, 3, 3, 5]



34 - THE MODULAR APPROACH

The above means that using the Modular Approach we can conclude that if
d = 3 then equation 3.2 can only have a solution in the case n < 5.
Similarly for d = 7 and m = 100:

1 d =7
2 bound = 100
3 newform_elimination(d,bound)

Output

| newform bounds = [3, 3, 3, 3, 3, 3, 3, 3, 2, 2, 2, 2]

So in the case d = 7 we get an even lower bound of n < 3.
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