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Abstract

We study elliptic curves and modular forms with the aim to state and understand the Taniyama-
Shimura Conjecture, now known as the Modularity Theorem. We illustrate the theorem on two

examples using an approach with modular symbols.
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Introduction

The aim of this work is to state and understand the Taniyama-Shimura Conjecture. This conjecture,

known since 2001 as the Modularity Theorem, states that:
All rational elliptic curves arise from modular forms.

Understanding this statement requires the study of elliptic curves and modular forms. The link
provided by the Modularity Theorem between these two completely unrelated areas in mathematics

is far from being trivial.

In the first chapter we study elliptic curves and their fundamental properties. We follow an
approach similar to the one in | |. After having defined elliptic curves over a field K and looked
at birational equivalence between algebraic curves, we introduce Weierstrass equations and show that
every rational elliptic curve may be represented by an equation of this type. We study the reduction
modulo a prime p of elliptic curves. As we will see, the characterization of these reductions depends
on the chosen Weierstrass equation of the curve and this motivates the introduction of minimal
Weierstrass equations and proving Néron’s theorem which states that every rational elliptic curve
is isomorphic to a curve given by a minimal Weierstrass equation. We then declare that the type of
reduction modulo p of an elliptic curve is the type of reduction of a minimal Weierstrass equation
representing the curve. This enables us to define the conductor N of an elliptic curve. Up to
isomorphism, there is only a finite number of elliptic curves for a given conductor N and thus
elliptic curves may be ordered using this conductor. We end the first chapter by defining the Hasse-
Weil L-function of a rational elliptic curve and expressing it as a Dirichlet series. This series, called
the L-series of the elliptic curve, contains information about the reduction modulo p prime of the
curve. We will see that its coefficients are related to the conductor of the curve and the number of
points of the same curve viewed over I, for p prime. The conductor and the L-series are the two

major concepts related to rational elliptic curves that are needed to state the Conjecture.

The second chapter is dedicated to the study of modular forms. In the first part of this chapter
we mainly follow the approaches of | | and | |. We introduce the modular group SLy(Z) and
congruence subgroups of SLs(Z) with special emphasis on I'g(/N) which is the subgroup considered
in the Conjecture. Then we define several actions of the modular group on different sets and
finish this preliminary part of the chapter with the notion of fundamental domains for congruence
subgroups. We characterize this first part as a preliminary part because the concepts introduced are
needed in order to understand and define modular forms, which are the real object of study of this
chapter. Following the approach of | | we define modular forms of weight k for any congruence
subgroup of SLa(Z), keeping in mind that our main focus is on I'g(N') and the weight 2. We follow
up with some examples of modular forms on SLy(Z), which are not needed for the Conjecture
but still interesting as they enable us to get a better grasp of the rather abstract definition of
modular forms. Furthermore, some interesting properties related to Eisenstein series are exposed
here. Mainly following | | we introduce Hecke operators for SLa(Z) and then for I'g(N). This



results in the definition of Hecke forms that is needed in the Conjecture.

After the two first chapters we are ready to state the Taniyama-Shimura Conjecture and this is
what we do in the third chapter after a brief history of the Conjecture. In a short paragraph we

relate the Modularity Theorem with Fermat’s Last Theorem.

The fourth and final chapter is dedicated to the computational illustration of the Conjecture.
Following | |, we choose the modular symbol approach to do these computations. After a brief
definition of these symbols, we expose a trick due to Manin that enables us to express every modular
symbol as a Q-linear combination of a finite number of specific symbols. We state a theorem due
to Manin that allows us to compute a basis for the space of modular symbols for I'g(N). We then
define Hecke operators on this same space and introduce a pairing of modular symbols for I'o(NV)
with modular forms for I'g(/NV). We show that this pairing is compatible with the Hecke operators
and thus the eigenvalues of the Hecke operators on modular forms may be computed through the
operators on modular symbols. Putting all this together we finally compute two explicit examples

verifying the Conjecture, the first one computed by hand and the second using SAGE.

The prerequisites for a good understanding of this work is knowledge of complex analysis, linear
algebra and basic abstract algebra with special emphasis on group actions. Familiarity with differ-
entiable manifolds may be helpful but not crucial since this part of the theory is not really treated

in this work.



1 Elliptic curves

In this chapter, we define elliptic curves and study some of their important properties. These
properties will be needed later for understanding the Taniyama-Shimura Conjecture. We start with

the definition of elliptic curves.

1.1 Definition

We need to define elliptic curves over a given field K. In order to do this, we need a couple
of definitions. First, recall that a polynomial f € K[X,Y] is said to be homogeneous if all of
its monomials have the same total degree, which we call then the degree of the polynomial. For
example the polynomial Y2 — Y X is homogeneous, but the polynomial Y? — X3 + X is not.

Now, it comes naturally that if we are given a non-homogeneous polynomial we would like to

homogenize it. The following definition gives the answer to this question.

Definition 1.1. Let K be a field and f € K[X,Y] be a non-zero polynomial of positive degree
d. The homogenization of f is the unique homogeneous polynomial F' € K[X,Y, Z] of degree d
satisfying F(X,Y,1) = f(X,Y).

For example, the homogenization of the polynomial f(X,Y) = Y2 — X3 + X is the polynomial
F(X,Y,Z)=Y?Z — X3+ XZ?. We now define plane projective curves.

Definition 1.2. Let d € N\ {0}. A plane projective curve of degree d defined over a field K is an
element of P(K}[X,Y, Z];4), where Kj,[X,Y, Z]; is the K-vector space of homogeneous polynomials
of degree d defined in the variables X, Y and Z and P(K,[X,Y, Z];) is the associated projective

space.

So a plane projective curve C'is given by a non-zero polynomial F' € K;[X,Y, Z]; up to non-zero
scalar multiples. We speak of the curve C given by the equation F(X,Y, Z) = 0. For any field K’

that contains K, we set
C(K') = {(a,b,c) € P2(K') : F(a,b,c) = 0},

and this makes sense since F' is homogeneous. In fact, recall that the projective plane of a field K

can be viewed as K3\ {(0,0,0)} quotiented by the homothetic equivalence relation:
(a,b,c) ~ (a',V,c) <= I\ € K* such that (a,V,c) = (Aa, b, Xc).
So a point in P2(K) is a homothetic equivalence class. Furthermore, it is easy to see that

FOAX,\Y,A\Z) =0 < F(X,Y,Z) =0,



since F' is homogeneous. Note that if F' is homogeneous of degree d, then its partial derivatives
are also homogeneous polynomials but of degree d — 1. We now introduce the concept of singular

points.

Definition 1.3. Let K be an algebraic closure of K and P = (a,b,c) € C(K). The point P is said
to be a singular point of C' if:
grad(F)(a, b, c) = (0,0,0).

Otherwise, P is said to be non-singular. A curve that has no singular points is said to be smooth.

Example 1.4. Consider the curve C defined over Q by F(X,Y,Z) =Y2Z — X3 = 0. We have
grad(F)(X,Y,Z) = (-3X%,2Y Z,Y?)

and thus the point (0,0, 1) is clearly a singular point of C' and we conclude that C' is singular.
Consider the curve C’ defined over any field K with characteristic different from 2 by the
equation F(X,Y,Z) = X2 4+ Y? 4+ Z? = 0. We compute that

grad(F)(X,Y, Z) = (2X,2Y,22)

and notice that it only vanishes at the point (X,Y,Z) = (0,0,0). But this point is not in P?(K),

thus C' is smooth. Note that if K has characteristic 2, then every point in C' is singular.

Finally, we need to speak about the genus of a projective algebraic curve. When C' is a smooth
algebraic curve defined over C, its genus is equal to the number of “holes" of the corresponding
Riemann surface. We will not need this definition. There is a simple formula to compute the genus
g of a smooth plane projective curve. It depends only on the degree d of the polynomial that defines
the curve and it is given by:

1
g=5(d—1)(d~2).
Thus, a smooth plane projective curve of genus 1 is defined by a polynomial of degree 3. We have

now defined all the concepts needed to introduce elliptic curves defined over any field K.

Definition 1.5. Let K be any field. An elliptic curve over K is a pair (F,O) consisting of a plane
projective smooth curve E of genus 1 and a point O € E(K).

For example, the curve given by the polynomial X3+ Y3+ Z3 together with O = (1, —1,0) is an
elliptic curve over any field with characteristic different from three, but the curve given by X2+ Y?
is not an elliptic curve since it is not smooth (and the genus of this curve is 0).

For simplicity, we will most of the time speak of an elliptic curve E instead of (E,O). The point
O will be implicit.



1.6. In practice, when we speak about elliptic curves, we always have in mind a specific equation
f(X,Y,Z) = 0 for it. But there is no such thing as a unique equation that defines the curve. An
elliptic curve F is a geometrical object for which we may choose a projective embedding such that
E C P2. Then FE is given by an equation up to non-zero scalar multiples and from there on we may
choose an actual f € K[X,Y, Z] to “represent” E. It follows that properties of the elliptic curve E

must be distinguished from those of the chosen equation f = 0.

1.2 Birational maps between algebraic curves

Now that we have defined elliptic curves we will see that some of them are isomorphic. It is in
fact more appropriate to speak about isomorphism classes of elliptic curves rather than just elliptic
curves. Elliptic curves are particular cases of algebraic curves and this section is about this larger

class of curves. We start with the notion of rational maps.

Definition 1.7. Let F and G be two plane projective curves defined over a field K and let A, B,C €
Kn[X,Y, Z]4. The polynomials A, B and C are said to define a rational map ¢ from F to G defined

over K if for all points (z,y, z) in F(K), except for a finite number,
o(x,y,2) = (Alz,y,2), B(z,y,2),C(x,y, 2))
is well defined, in other words not equal to zero, and lies in G(K).

For example, let F(X,Y,Z) = Z and G(X,Y,Z) = Y? — XZ. Then ¢(x,y,2) = (22, zy,y?) is

a rational map from F' to G defined over any field.

Definition 1.8. Let F' and G be two plane projective curves and ¢ : F' — G be a rational map
defined over K. Then ¢ is said to be birational if there exists a rational map v : G — F such that
for all points of F(K) and G(K), except for a finite number, the composition maps

Pogp and o

are well defined and equal to the identity map. The curves F and G are said to be birationally

equivalent over K if there exists a birational map between them.

Definition 1.9. Two plane projective curves are said to be isomorphic over K if there exists a

birational map between them defined over K.

Let C be a smooth plane projective curve over a field K given by f(X,Y, Z) = 0. We denote by
K(C) the function field of the curve C that we will now construct. Since K is a field, K[X,Y] is



an integral ring. Consider the ring Ac = K[X,Y]/(f(X,Y,1)). We need the following lemma and

proposition in our construction.

Lemma 1.10. If A is a unique factorization domain, then every irreducible element of A is prime.

Proof. Let a € A be an irreducible element of A. Then a is non-zero and not a unit. Since A is
a unique factorization domain, we may write a as a finite product of prime elements of A. Thus,
there exists a positive integer n and prime elements p; € A for 1 < ¢ < n such that a = pips...p,.

If n > 1, this contradicts the fact that a is irreducible. Thus n =1 and a is prime. O

Proposition 1.11. Let C be a plane projective curve over K given by the equation f(X,Y,Z) = 0.
If f(X,Y,1) is irreducible in K[X,Y], then K[X,Y]/(f(X,Y,1)) is an integral domain.

Proof. By basic abstract algebra, we know that K[X,Y] is a unique factorization domain. Since
f(X,Y,1) is irreducible in K[X,Y], we know by Lemma 1.10 that f(X,Y,1) is also prime. Thus the
ideal generated by f(X,Y,1) is a prime ideal and this is equivalent to K[X,Y]/(f(X,Y,1)) being

an integral domain. ]

1.12. Let D and E be two plane projective curves defined over K and given respectively by the
polynomials f and g. Suppose D # E, ged(f,g9) = ¢ € K and let deg(f) = dp and deg(g) = dg.
Then DUF is a plane projective curve given by the polynomial fg. Bézout ’s Theorem concerning the
number of intersection points of two plane projective curves, tells us that #D(K)NE(K) = dpdg.
Also, all points of this intersection are singular points. In fact, an intersection between the two
curves is either a “cross” intersection or a “tangent” intersection. In the first case, there are two
distinct tangent lines to D U E at the intersection point. In the second, there is one tangent line,

but with multiplicity two.

Suppose that f is reducible. Then we may write C' = D U E where D and E are two plane
projective curves. Using the above remark, the intersection between D and E is non-empty and
contains only singular points. This contradicts our assumption of C' being smooth. Hence f is
irreducible and Proposition 1.11 applies. Thus A¢ is an integral ring and we may consider the
fraction field of Ac. We set

K(FE) = Frac(Ac),

where Frac(A¢) denotes the fraction field of Ac.

1.13. The function field is a birational invariant.



1.3 Weierstrass equations

We define elliptic curves via Weierstrass equations. This definition is less restrictive than one would
think as we will see. We then define the discriminant of these equations and look at singular cubic

curves. We start with the definition of Weierstrass equations.

1.3.1 Long and short Weierstrass equations

Definition 1.14. Let K be a field. A long Weierstrass equation defined over K is an equation of
the form:
Y24+ a1 XY +azY = X2+ aaX? + ay X + ag, (1.14.1)

where a1, a2, a3,a4,06 € K.

Theorem 1.15. Let (E,O) be an elliptic curve defined over a field K.

(i) There exist functions x,y in K(E) and elements ay,as2,as,as,a¢ of K such that the map
Y E — P?(K) sending P € E to (x(P),y(P),1) is a birational map from (E,O) to the

projective curve defined over K given by
Y2Z + a1 XYZ 4 asYZ? = X3 + 4o X%Z + as X Z? + aZ° (1.15.1)
and such that ¥(0) = (0,1,0).
(i1) Every other couple (x',y") that suits the same conditions as above can be written:
r__ .2 /.3
T =uxz+r Yy =u’y+ s +t,
where u,r, s,t € K andu is non-zero. We say that (u,r, s, t) is a feasible change of coordinates.
Proof. We refer to | | Chapter 4, Section 4.12 p. 211 — 212. O

Let E be an elliptic curve. Using Theorem 1.15, it may be assumed that the projective equation
for F is of the form:

Y2Z +anXYZ +a3YZ* = X? + a9 X?Z + as X 7% + a6 Z°. (1.15.2)

We search for points at infinity, in other words points of the form (a,b,0) with (a,b) # (0,0), by
setting Z = 0. This yields the equation X3 = 0, which is solved by X = 0. We see that E has
exactly one point at infinity and its projective coordinates are @ = (0,1,0). In other words, E
only intersects the projective line Z = 0 in one point. Thus, we can set Z = 1 and work with the
equation Y2 + a1 XY +azY = X3+ a2 X? + a4 X + ag, which happens to be a Weierstrass equation.
It follows that

E(K) = {(z,y) € K* : y* + a1vy + azy = 2° + as2® + asx + ag} U {O}.



If we start with a long Weierstrass equation of type 1.14.1 over a field K with char(K) # 2,3

we can transform it into what we call a short Weierstrass equation.

Definition 1.16. A short Weierstrass equation defined over a field K is an equation of the form:
Y?=X?+ AX + B, (1.16.1)

with A, B € K.

Consider the long Weierstrass equation 42 + ayzy + azy = x> + asx? + ayx + ag. We set

by = a% + 4ay
by = ajaz+2a4
bg = a% + 4ag
bg = a%a@; — aiazaq + 4dasag + agag — ai
Cq4 = b% — 24[)4
cg = —b% + 36boby — 216bg.
Since char(K) # 2, we get
b b b
2 _ 3,92 2 Y4 6
Y —x+4x+2x+4.
Finally, since char(K) # 2,3, we get
2_,3_“.
T T

which is the short Weierstrass equation we were looking for.

1.3.2 The discriminant

Definition 1.17. The quantity:

03 _ 62
A = —b2bg — 8b3 — 27b2 + bobybg = %

is called the discriminant of the cubic 1.14.1.

It is easy to see that the discriminant of the cubic 1.16.1 is A = —16(4A3 + 27B?). In fact, if
we consider this equation and compare it with the cubic 1.14.1, we see that a1 = a3 = a2 = 0,a4 =
A,ag = B. Then by = 0,by = 2A,bg = 4B,bgs = —A? and it follows that

A = —8.8A43 —27.16B* = —16(4A° + 27B?). (1.17.1)

A calculation shows that the curve defined by the cubic 1.14.1 is singular (or non-smooth) if and
only if A = 0. Hence, a Weierstrass equation defines an elliptic curve if and only if the discriminant

1S non-zero.
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It is important to note that the discriminant is not attached to the isomorphism class of an
elliptic curve. In fact, if we make a feasible change of coordinates using Theorem 1.15, we get
uld) = ¢4, ulcy = c and thus A = u!?A’. We now define a quantity that has the property of being

invariant under feasible change of coordinates.

Definition 1.18. The quantity:
G
J= A
is called the modular invariant of the elliptic curve E. We shall denote it j(E).

Theorem 1.19. Let E and E’ be two elliptic curves defined over an algebraically closed field K.

We then have the following assertion:
E and E' are isomorphic <= j(E) = j(E').

Proof. The direct implication is easy since E' and E’ are isomorphic and thus have the same Weier-
strass equation up to a feasible change of coordinates, which does not affect j.
For the converse, suppose that the characteristic of K is different form 2 and 3. Then E and E’

have short Weierstrass equations of the form:

E: ¢ = 22+ Az +B
E': y? = 234 A2 + B

It is easy to see that ¢4 = —48A4, ¢ = —48A’ and thus

i(E) =j(F) < 172847143 = 1728i — A®B%?=A3B"?
JNE)=J AA3 +21B2 ~ '“%4AB yorBR - ‘

We are confronted with several cases.

If j =0,then A= A"=0and B,B’ # 0. Let u € K such that u% = (B’/B). The existence of
such a u is guaranteed since K is supposed algebraically closed. Then (u,0,0,0) is a feasible change
of coordinates from E’ to E.

If j = 1728, then B = B’ = 0 and A, A’ # 0. Let u € K such that u* = (A’/A). Then (u,0,0,0)
is a feasible change of coordinates from E’ to E.

If j # 0,1728, then (B'/B)? = (A'JA)3. Thus, (B'/B)* = (A’/A)S. Let u € K such that
ut = (A/A") and ub = (B/B’). Then (u,0,0,0) is a feasible change of coordinates from E’ to E.

In fact,

y? =2+ A2’ + B = uSy? =082 +uPA e + B = uSuty? = Ot + S Ae + ut B
B'A 5 BA , B’ A
_— —— = — Alf Blf - 3= g A B
BAy BAJU+ Bx—i-A Y r° + Ar + B,
which is the equation of E.
If char(K) = 2 or 3, we have to do the computations with long Weierstrass equations, a thing

that we will not do here. O

11



Example 1.20. This example will serve as an illustration of the concepts covered in the last two
sections. Provided two equivalent elliptic curves, we will expose a feasible change of coordinates
and compute both the discriminant and the modular invariant of these curves.

Let E and E’ be two elliptic curves over Q given by the following equations:
E: y? = 28+ 2242
{ E - y’2+%y’x’ — 1'/34—%1'/24‘1%33/4-6%-
A calculation shows that (2,1,2,0) is a feasible change of coordinates from E to E’. Thus the two
curves are isomorphic. We now compute the discriminant of the two curves.

(E) We have defined the elliptic curve E using a short Weierstrass equation. Identifying with
Equation 1.16.1 we get: A = B = 2. Using Equation 1.17.1, we compute:

Ap = —16(4.2° +27.2%) = —2240.

(E') We have defined the elliptic curve E’ using a long Weierstrass equation. Identifying with
Equation 1.14.1 we get: a} = 1/2,a5 = 11/16,a% = 0,a}, = 5/16,a; = 5/64. We now compute
that b, = 3,b, = 5/8,bf = 5/16. Further computations give ¢ = —6,cy = —27. Finally, by using
Definition 1.17, we compute the discriminant Ag: = —g—i. Note that u'?Ap = —212.% = —2240 =
Ap, just as expected. We now show that the modular invariants of E and E’ are equal.

(E) By comparing the equation of E with the long Weierstrass Equation 1.14.1 we get: a4 =
ag = 2,a; = 0,5 = 1,2,3. Thus bs = 0,by = 4,bg = 8. Using this, we find that ¢4 = —96. Using

Definition 1.18, we compute:
i 96° 13824

J(E) Ap 2240 35

(E') Recall that ¢, = —6. Using Definition 1.18, we compute:

cf 64 13824
(B) = 4 =68 o = =
IE) =3, =%~ 5
We see that j(E) = j(E'), just as expected.

1.3.3 Singular cubic curves
Let C : f(x,y) = 0 be a cubic curve defined over a field K by a long Weierstrass equation with
fz,y) =92 + arzy + asy — 2° — aox® — auz — ag, (1.20.1)

where a; € K, i =1,2,3,4,6. Suppose F is singular. Then there exists a point P = (zg, yp) such
that grad(f)(xo,yo) = 0. We compute the Taylor expansion of f in a neighborhood of P up till the
third order:

flx,y) = —(3xo + az)(z — 20)* + ar(z — z0)(y — o) + (y — %0)* — (z — x0)*

= [(y — y0) — alz — 20)][(y — o) — Bz — x0)] — (z — x0)°,

12



where a and 3 lie in an algebraic closure of K.

Definition 1.21. If o # 3, then P is said to be a node (or double point). In this case there are

two distinct tangent lines to C' at P, namely
Y —yo = a(z — ) and y — yo = B(z — 20).

If a = B, then P is said to be a cusp. In this case there is a unique tangent line to C at P with

multiplicity two.

There is an easy way to identify cusps and nodes of an singular curve given by a Weierstrass
equation as we see in the following proposition that we give without proof since this one is a simple

computation.

Proposition 1.22. Let C be a curve defined over a field K by a long Weierstrass Equation 1.20.1.
(i) The curve C' admits a cusp if and only if A = ¢4 = 0.

(i) The curve C admits a node if and only if A =0 and cq4 # 0.

1.23. Note that the condition A = 0 is equivalent to the curve C being singular as we have already

seen.

1.4 Weierstrass equations over Z

We study the reduction modulo a prime p of elliptic curves. We start by characterizing the reduction
of Weierstrass equations and then introduce minimal Weierstrass equations in order to characterize

the reduction of elliptic curves which is the aim of this section.

1.4.1 Reduction modulo p

Now that we have got a better grasp of elliptic curves and some of their properties, we will turn
our attention towards elliptic curves defined over Q and the reduction modulo a prime number p of
the defining equations.

Consider an elliptic curve E defined over Q by the short Weierstrass equation:
y? =2° + Az + B, (1.23.1)

where A, B € Q. If we define a feasible change of coordinates as follows 2’ = A2z, 1y’ = A3y, where
A € Q*, then we obtain the equation 32 = 23 + A Az’ + A\ B. We see that choosing A wisely yields
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an equation with integer coefficients. Thus, up to a feasible change of coordinates, we may assume
that A, B € Z.

Let p be a prime and consider the equation
Ep:y2 :x3+Ap:z:+Bp,

where A, and B,, are respectively the classes of A and B modulo p.

Definition 1.24. Let E : y? = 23 + Az + B be a short Weierstrass equation with A, B € Z and let
p be a prime. We say that

(i) E has good reduction at p if the equation E,, defines a smooth curve.

(ii) £ admits multiplicative reduction at p if the curve defined by the equation E, admits a node
in P?(F,). There are two types of multiplicative reduction. If the slopes of the tangent lines («
and f in Section 1.3.3) are in [F,,, we say that the reduction is split multiplicative. Otherwise,

we say that the reduction is non-split multiplicative.

(iii) £ admits additive reduction at p if the curve defined by the equation E, admits a cusp in
P2(F,).

We see that if E has good reduction at p, then A # 0 (mod p). In the opposite case, we say
that F has bad reduction at p. So the bigger the discriminant, the more places of bad reduction

there exist for E.

Example 1.25. Let p > 3 be a prime and consider the two elliptic curves E and E’ defined over
Q by:

E:y?=23+1 and E:y?=2"+p%
It is easy to see that (%, 0,0,0) is a feasible change of coordinates form E to E’, thus the two elliptic

curves are isomorphic over Q. If we compute their discriminants, we get:
Ap=—-432=-23% and Ap = —432p'? = —21.33 p'2.

Since p > 3, E has good reduction at p while E’ has bad reduction at p. Hence Definition 1.24

concerns the equation of the curve and not the curve as a geometrical object.

We want to be able to choose one particular representative Weierstrass equation from the iso-
morphism class of an elliptic curve and determine the reduction modulo p of the curve using this
equation. The goal is for the curve to have a minimal number of places of bad reduction and this
motivates the introduction of minimal Weierstrass equations. We state and prove a theorem due to
Néron that states that every elliptic curve may be represented by such a minimal equation and we
deduce the reduction of the curve using the reduction of such a representative equation. In order
to introduce minimal Weierstrass equations, we first need the definition of the p-adic absolute value

on Q of a prime number p.
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1.4.2 The p-adic absolute value on Q

An absolute value on an integral ring A is a map A — R defined by = — |z|, that satisfies the

following conditions:
(i) |z| > 0 for all z € A and |z| = 0 if and only if x = 0.
(ii) |zy| = |z|.|ly| for all z,y € A.
(iii) |z 4+ y| < ||+ |y|, for all z,y € A (triangle inequality).

For example, the usual absolute value |-| on R is an absolute value in this sense, but also z +— 2|x|.

Definition 1.26. The p-adic absolute value on Q is the map from Q to R defined by = +— |z|,,
where |0, =0 and |z[, = p~" if x = p"§ withn € Z and a,b € Z \ pZ.

The function « +— |z|, is indeed an absolute value. It satisfies the inequality |z + y|, <
sup{|z|p, [ylp}, for all x,y € Q, which is stronger than the triangle inequality. Because of this,
we say it is an ultrametric or non-archimedean absolute value on Q.

Now that we have defined the p-adic absolute value we may consider the following set:
Z(p):{xe(@:mpgl}:{g:rGZ, qEZ\pZ}.

This is a subring of Q and is referred to as the valuation ring of |- |,. If x € Q is an element of Z),

then we say that x is a p-integer, or that x is p-integral.

1.4.3 Minimal Weierstrass equations

Let F be an elliptic curve defined over Q. In Section 1.3.1 we saw that such a curve can be defined

by a long Weierstrass equation with integer coefficients:
2 _ .3 2
y“ + a1xy + asy = x° + asx” + asx + ag. (1.26.1)

Let p be a prime. If the coefficients of this equation are all p-integers, then it is said to be p-integral.

Definition 1.27. Equation 1.26.1 is said to be p-minimal if the following conditions hold:
(i) The equation is p-integral.

(ii) |Al, cannot increase if we perform a feasible change of coordinates in Q resulting in a new

p-integral equation.

The last condition tells us that if we perform a feasible change of coordinates and the new
equation is p-integral, then we must have |A|, > |A’[,. In other words, the discriminant of a

p-minimal Weierstrass equation is maximal in terms of the p-adic absolute value.
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From now on we shall write a feasible change of coordinates
— 2,20 N 2.1
r=u‘x +r y=u’y +sux +1t (1.27.1)

with u,r,s,t € Q. We then have:

ua) = a1+ 2s
u?ay = az—sa;+3r—s?
uday = asz+rag+2t
4./ 2
u*a = a4 — saz+ 2raz — (t +rs)a; + 3r° — 2st
o oo (3 )12 (1.27.2)
ulag = ag+ras+riag+1° —taz —t° —rtay
uld, = ¢
ubcy = g
u2A = A,

We now state and prove two lemmas that we will use in the proof of Néron’s Theorem on the

existence of minimal Weierstrass equations..

Lemma 1.28. Let p be a prime and suppose that the coefficients of Equation 1.26.1 are p-integers.
Then:

(i) If |Alp, > p~'2 or|calp > p~* or|cslp > p~C, then the equation is p-minimal.
(i) If p > 3 and if |Al, < p~12 and |es|, < p~?, then the equation is not p-minimal.

Proof. To prove (i), assume that |A[, > p~!2. Suppose, by contradiction, that the equation is not
p-minimal. Then there exists a feasible change of coordinates (u,r, s,t) such that the new equation
is p-integral and

A, > |Ap. (1.28.1)

Let |ul, = p~™, with n an integer. Since u'?A’ = A we see that [A|, = |A'|,.Ju[;?. Using Inequality

1.28.1, we see that |A'|, > |A'|,.u[;?, and thus |ul, < 1. Furthermore, A" € Z,) since Z,) is a ring

and a; € Zy),i = 1,2,3,4,6 by hypothesis. This implies that |A’|, < 1. From this it follows that
Al _p7" —12 —12n _ 12

' = AL T A 2 = e — P21 = <l

But |u|, < 1, and therefore we must have n > 0. Finally this gives us 0 < n < 1 and this is a
contradiction. The cases where |cy|, > p~* and |cg|, > p~ can be proved in a similar way.

12 and

In order to prove (ii) we let p > 3 be a prime number and suppose that |A[, < p~
leal, < p~*. Using Definition 1.17, we see that 1728A = cj — c2. Note that the prime factor
decomposition of 1728 is 2633, Since p > 3, p does not enter this decomposition and therefore

|1728|, = 1. Using the fact that | - |, is ultrametric, we compute:

ol = Ici — 1728A, < sup{|cly, | — 1728A,} = sup{|cjl,, [1728A],}.
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But |cf|, = |C4|;’7 < (p™)3 = p712 and [1728A|, = [1728|,.|Al, = |A|, < p~'2. This shows that
sup{|c3|p, |1728A[,} < p~!2, which implies that |cg|, < p~¢. Similarly,

Al < p 12 leslp < pt = |calp < p4,
lcalp <p~heelp, <p7¢ = |A <pI2

We have seen before that transforming, via a feasible change of coordinates, Equation 1.26.1 into a
short Weierstrass equation yields the equation:
2 3_c, %
48 864
On this equation we now perform the feasible change of coordinates (p,0,0,0). This yields the
equation:
C4 4y

2 3 C6 _¢
_ _ _ 0 . 1.28.2
yr=at = T o ( )

The coeflicients of this new equation are p-integers. In fact,

=

481)74’10 = |C4|p~|p74’p = ’64’p-p4 < p74.p4 =1

This computation can only be done because p > 3 and therefore [48|, = 1. A similar calculation
shows that |8%p_6|p < 1. Thus Equation 1.28.2 is p-integral. From System 1.27.2, we know that
A’ = p~12A and thus

A", = [p~ || Al = P2 Al > A

So the initial Equation 1.26.1 is not minimal. O

Lemma 1.29. Let E be an elliptic curve defined over Q and p be a prime.

(i) Any equation for E can be made p-minimal via a feasible change of coordinates with coefficients

mn Q.

(i1) If an equation for E is already p-integral, then the resulting equation of this change of coordi-

nates is also p-integral.

(i1i) Two minimal equations at p for E are related by a feasible change of coordinates for which

lulp =1 and r,s,t are p-integers.

Proof. For this proof, we will suppose that p > 3. We start by proving (i). We may suppose that E
is given by a Weierstrass equation with integer coefficients. Thus |A[, < 1. Since A # 0 (because
otherwise £ would not be an elliptic curve), we have |A|, > 0. So there is only a finite number of
|A’|, between |Al, and 1, and this proves the existence of a p-minimal equation.

We prove statement (iz). If the resulting equation is p-minimal, then the eighth equation of
System 1.27.2 tells us that |u|, < 1. Since a;,a] € Ly, i =1,2,3,4,6, the first three equations of
System 1.27.2 tell us that r,s,t € Z,).
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Finally we prove the last statement. If a given equation for F is p-minimal, then we have already

seen in (i) that |u|, < 1. The u-parameter of the inverse transformation is u=1.

So, by (ii), we
also have [u™![, < 1. But [u™!|, = [u], !, so |ul, > 1 and therefore |u], = 1. We already know from

(44) that r,s,t € Z,) and thus the proof is complete. O

Definition 1.30. Equation 1.26.1 is said to be globally minimal if:
(i) Its coefficients are integers.

(ii) The equation is p-minimal for all prime numbers p.

Example 1.31. Let E be an elliptic curve defined over Q and given by the equation E : y? = 23 +1.
Clearly, the coefficients of this equation are integers. We saw in Example 1.25 that A = —432 =
—2133. If p > 3 is a prime number, then |Al, = 1 and the equation is p-minimal. Otherwise,
we compute that |[Als = 274 > 2712 and |A|3 = 373 > 37!2. By Lemma 1.28, the equation is

2-minimal and 3-minimal. Thus the equation is globally minimal.

In order to prove that all elliptic curves possess a globally minimal equation we need this next

lemma.

Lemma 1.32. Let py, ..., pn be a finite set of prime numbers and €1, ..., €, be positive real numbers.
For alli € {1,...,n} take p;-integers x; € Zpy)- Then there exists x € Z such that, for all1 <i <n,

we have |z — xi|p, < €.

Proof. Let p be prime and notice that Z,) C Z, = {r € Q) : |z[, < 1}, where Q, is the p-adic field,
that is, the completion of Q with respect to | - [,. Actually, one can show that Z, is the completion
of Z with respect to | - |,. By construction of this completion, Z is dense in Z,,.

Considering the above remark, we may choose integers x; € Z such that |z; — 2}[,, < § for all
1 < i < n. Let m be an arbitrary positive integer. By the classic Chinese Remainder Theorem,
the system of linear congruences z = z/(mod p}") for 1 < i < n has a unique solution z (mod
(p1p2-.-pn)™). But then, for all ¢, there exists ¢; € Z \ p;Z and a positive integer k; such that
r—x = cipfim. Thus |z — x|, = pi_kim — 0, when m — oo. Hence, there exists a positive integer
N; such that |z — xﬂpi < %’ whenever m > N;. Let N be the maximum of all N;. If we choose
m > N, then we obtain

|:L‘ - l'i|pi < |l’ - x”pz + |‘T; - l'i|pi <€
for all 1 <17 < n, as desired. O

1.33. Lemma 1.32 is actually equivalent to the Chinese Remainder Theorem. We do not prove
the other implication since we do not need it but it is worth noting. This lemma is therefore often

directly referred to as the Chinese Remainder Theorem.

18



Theorem 1.34 (Néron). Let E be an elliptic curve defined over Q and given by a Weierstrass

equation.

(i) There exists a change of coordinates 1.27.1, with coefficients in Q, such that the resulting

equation is globally minimal.

(i) Two globally minimal equations for the same curve E are related by a change of coordinates

1.27.1 such that u = +1 and r,s,t are integers.

Proof. We do not need to prove (ii) since it is a direct consequence of Lemma 1.29. So we only
need to prove part (i), that is, the existence of a globally minimal equation.

Let E be an elliptic curve defined over Q by a Weierstrass equation. As seen already, up to
feasible change of coordinates we may suppose that the coefficients of this equation are all integers.
This implies that A is also an integer.

Let p be a prime that divides A. Then, by Lemma 1.29, there exists a feasible change of
coordinates (up,7p, Sp,t,) such that the resulting equation is p-minimal. This same lemma also
tells us that uy,,7p, sp,tp € Z,). From System 1.27.2 we know that [uy|;?|Apl, = |Al,, where A,
is the discriminant of the new equation. Let us write u, = p/\Pﬁp, where 0, € Zp), |0plp = 1 and
Ap > 0 (point (i) of Lemma 1.29). Then |up|, = p~*» < 1. Now, we perform a feasible change of
coordinates with

U = H p* eN.
plA
Then
-12

‘A/‘p = ‘U|;12’A|p = H M/\é lp Al = |p)\p|;12’A|p = p12)\p|A’p = ’Up|;12’A|p = |Aplp-

oA

So this new equation is minimal at all primes that divide A.

Since |A’|; = 1 if £ is a prime that does not divide A, the equation is p-minimal for all p, where
p is prime. The only thing we need to do now is to show that the coefficients of this equation are
integers. Then by definition it is globally minimal.

We need to choose 7, s,t wisely and we will do this using Lemma 1.32. We shall take r,s,t € Z
such that, for all primes p that divide A, we have

‘T_Tp‘p Sp_6/\p ’3_312‘13 SP_GAP ‘t_tp‘p Sp_mp-

This is possible since there is only a finite number of primes dividing the discriminant. To prove
that af, i = 1,2,3,4,6 are integers we need to show that |a}[, < 1 for all i = 1,2,3,4,6 and all p
prime. If £ does not divide A, then there is no problem since a;, 7, s,t are integers.

For ¢ =1, if £ = p does divide A, then write

ual = a1+ 2s = a1 +2(s — sp) + 25, = upa + 2(s — sp).
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It follows that

Ap Ap

,p Mt =p~

|uatlp < max{|upar plp, |2(s — sp)|p} < max{‘“p|pap_6)\p} = max{p~ = [uplp-
But [up[p = |ulp, so [uailp, = |ulplailp < |ulp, thus |aj], < 1.
For i = 2, if £ = p does divide A, then write
20 _ 2 2 _ _ 2 2
uay = ag — say +3r — 8° = az — spa1 + 3rp — 5, + (sp — s)ar + 3(r —rp) + (s, — 57)

= “Zalp + (sp = 8)(a1 + 5+ 5p) +3(r — 1) [uazly < max{’“pﬁvpiw\p} = ’Up‘?m

thus |af], < 1.

The other cases for ¢ can be proved in a similar way using System 1.27.2. 0

We may now characterize the reduction modulo a prime p of an elliptic curve. The following

definition does not depend on the choice of the minimal Weierstrass equation.

Definition 1.35. Let p be a prime, E be an elliptic curve defined over Q and let W be a minimal
Weierstrass equation for E£. We say that

(i) E admits good reduction at p if W admits good reduction at p.

(ii) E admits split (respectively non-split) multiplicative reduction at p if W admits split (respec-

tively non-split) multiplicative reduction at p.

(iii) F admits additive reduction at p if W admits additive reduction at p.

We now introduce the conductor of an elliptic curve E. It is a positive integer Ng, which
contains information about the reduction of E. The conductor will be of major importance in what

will follow. In the case of additive reduction at 2 or 3, we refer to | |.

Definition 1.36. Let E be an elliptic curve defined over Q. The conductor Ng is the product

NE: H pfpv

p prime
where
0 if £ has good reduction at p,
=11 if F admits multiplicative reduction at p,

2+ 0, if E admits additive reduction at p.

where ¢, > 0 is a certain integer whose precise definition we omit, except for saying that 6, = 0 if
p > 3.
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Example 1.37. In this example we compute the conductor of a well-known elliptic curve. Let E

be an elliptic curve defined over Q and given by the equation E : y? —y = 23 — 22. Comparing with
Definition 1.14.1, we see that a1 = a4 = ag = 0 as well as as = a3 = —1. A computation shows that
c4 = 16 and cg = —152, thus
A= 12
123

The coefficients of the equation are integers and if p # 11 is prime, then |A|, = 1 and thus

1—12

the equation is p-minimal. Note that |Al;; = 1171 > 1 and by Lemma 1.28, the equation is

11-minimal. Thus the equation is globally minimal.

If p # 11 is a prime number, then f, = 0. If p = 11, then ¢4 # 0 mod 11. So E admits a double
point and the reduction modulo 11 is multiplicative, hence fi; = 1. This leads to Ng = 11.

We will show that E has split multiplicative reduction at 11. We shall use the notation E for
the curve E modulo 11. We have

Ell : f(xay> = Oa

where f(z,y) = y?+ 10y + 1023 + 22. We look for the singular point P = (zg, o) of E1; by forcing
the equality between the gradient of f at P and 0:

grad(f)(xo,yo) = (856(2) + 2x9,2yp + 10) = (0,0).

A calculation shows that P = (8,6). We take the third order Taylor expansion of f in a neighborhood
of P:

flzy)=(@y—6)°—9(x—8)*—(z—8)>=[(y —6) — 3(x — 8)][(y — 6) — 8(x — 8)] — (x — 8)°.

Thus, the tangent lines of E1; at P are y = 3z + 7 and y = 8z + 8. Both of these lines have slopes

in Fy1, hence E admits split multiplicative reduction at 11.

1.5 The L-series of elliptic curves over QQ

We define and study the L-series of elliptic curves over Q. These series will constitute the link
that we will establish between elliptic curves and modular forms. We start with some important

theorems and results on elliptic curves over finite fields, mostly without proof.

1.5.1 Results concerning elliptic curves over finite fields

Let p be a prime and n a positive integer. The following theorem was first conjectured by E. Artin

in 1924 in his thesis and proved in 1934 by the German mathematician H. Hasse.

Theorem 1.38 (Hasse). Let E be an elliptic curve over Fpn. Then the order of E(Fyn) satisfies
[#E([Fpn) — (p" + 1) < 2"
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Proof. For the original article by Hasse we refer to | |. For a modern proof, see Theorem 1.1 of

[5186] Section V.I. O

This result gives an approximation of the order of E(F,») and tells us that it does not differ

very much from p™ 4+ 1. We state the following theorem without proof.

Theorem 1.39. Let E be an elliptic curve over F,, and define a =p+1— #E(F)).
Write X? —aX +p= (X —a)(X — B). Then, the equality

#E[Fpn) =1—a" =" +p"

holds for all n > 1.

1.40. The numbers «, 8 in Theorem 1.39 are two conjugate complex numbers that satisfy |o| =
|8] = \/p- In fact, we have

a—+/a% — 4p a -+ +/a?— 4p

o= =7

Since |a| < 2,/p, we have a? — 4p < 0. Hence o and S are complex conjugates. Since 2a =
a—iy\/4p — a?, we have 2|a| = \/a? + 4p — a® = 2,/p. Since a and 3 are conjugates, we know that
laf = |8] = /p.

Example 1.41. In this example, we compute #FE(FFg) for an elliptic curve E over F3 in two different
ways. We numerically illustrate the above theorems. Let E be the elliptic curve of Example 1.37
viewed over Fs:

E:y?—y=2a%—2%

Since A = —11, we know that E has good reduction at 3. A short computation shows that F(F3) =
{0,(0,0),(0,1),(1,0),(1,1)}, thus #E(F3) = 5. By definition, we then have a =3+ 1—-5 = —1.
Then

5 ) = (x —a)x - ).

X2 aX tp=X’+X+3= <X—_1_“/ﬁ> <X—M>
Using Theorem 1.39, #E(Fg) =1+5+9 = 13.

We now compute # F(Fg) by hand. Consider the irreducible polynomial X2 — 2 € F3[X]. Let ¢
be a root of this polynomial. Then we may identify Fg with F3(§) = {0,1,2,&, £+ 1,& 4+ 2,2¢,2¢ +
1,2¢ + 2}

Using Table 1, we can count the order of E(Fg). Remember to add the point O to the list, since
it is not represented in this table. Doing this, we find that #FE(Fg) = 13.
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’ x ‘xQ‘ x> ‘x3—x2‘xQ—x‘#y\yQ—y:w?’—xQ
0 0 0 0 0
1 1 1 0 0
2 1 2 1 2
¢ | 2] 2 | 241 |26+42
41 |26 2e+1] 1 £+2

E+2 | € |26+2| €42 | €+1
20 | 2 3 E+1 | €42

2+1| €| €41 1 26 + 2

26+2 |2 | €42 | 2642 1

N = =N = O NN

Table 1: Computations in Fy

1.5.2 The zeta function of elliptic curves over finite fields

We define the zeta function of an elliptic curve and study some of its properties.

Definition 1.42. Let p be a prime and let E be an elliptic curve over F),. Let N, = #E(F,m),
for all m > 1 integer. The Z-function of E and the local zeta-function (, of E are respectively the

formal power series and the function defined by:

o0

Z(E,T) = exp <Z A;;”T’”) G(E,s)=Z(E,p ),
m=1

where s € C.

Proposition 1.43. Let E be an elliptic curve over F), and let a =p+ 1 — #E(F,). Then

pT2 —al'+1 1-2s

(1-=T)(1 = pT)

l—ap™@+p
(L—p=5)(1—p'=s)

Z(E7T): CP(E7S):

Proof. In this proof we use the fact that,

> Co)™ g1 - gn),

m

m=1

where the term on the left is a formal series. Since #E(F,) = p+ 1 — a, we know by Theorem

1.39 that #E(Fym) =1 — o™ — g™ + p™, where o and 3 are the complex roots of the polynomial
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X? — aX + p. Knowing this we compute:

m=1 m
::em<§:ij+@2m_«gfﬁ_wgm>
m=1

= exp(—log(1—T)—log(1l—pT)+log(l — aT) + log(1 — 5T))
(1 —oT)(1 - BT)
(1-T)(1 —pT)
pT? —aT +1
(—T)(1—pT)

To prove the equality concerning the function (,, one only needs to substitute 7" with p~*. ]
1.44. Notice that Proposition 1.43 implies Theorem 1.39. Hence, the two are equivalent.

We can experiment a little with this Z-function. Let p be a prime, m > 1 and C' be the curve
defined over [F,m by the equation xy = 0. The curve C' is obviously not an elliptic curve. However,
let us define the Z-function of C' as in Definition 1.42 by

Z(C,T) =exp (i ]j:Tm> ,

m=1

where N,,, = #C(Fpm). It is easy to see that N, = 2p™ — 1. We now compute that

Z2(C,T) = exp (3 MT?%)

m=1 m
= exp 2221 “’Qm + (pz;)m o %)
= exp(—2log(l —pT) +log(1 —T))
(1-T)
(1-pT)?"

So the Z-function of C' is again rational. This is not a coincidence. In fact, a result by Dwork and
Grothendieck states that we can define a Z-function for any finite system of equations over F,, by

counting solutions and this function will always be rational.

1.5.3 The L-series

We start by defining the L-function of an elliptic curve and then we show that this function takes
the form of a Dirichlet series.

Let E be an elliptic curve over Q and let p be a prime.

Definition 1.45. The L-function of E at p is defined, for s € C, by

1—a,p~®+p'=2%)"! if E has good reduction at p,
L(F.s) = (I—ap™®+p =) g p

(1—app=®)~t if F admits bad reduction at p,
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where

p+1—#E(F,) if E has good reduction at p,
B 1 if F admits split multiplicative reduction at p,
K -1 if F admits non-split multiplicative reduction at p,
0 if F admits additive reduction at p.

1.46. If E admits good reduction at p, then L,(E,s) is exactly the numerator of the local zeta

function of FE.

Definition 1.47. The Hasse- Weil L-function of F is defined by

L(E,s)= ] Ly(E.s),

p prime

where s € C.

The Hasse-Weil L-function of E has analogous properties to the ones of the Riemann zeta

function

OEDI

ns’
n=1

We recall that the Riemann zeta function converges for Re(s) > 1 and that it can be expressed as

=T 7=

p prime

an Euler product:

1
l—p—s~

The local L,-functions of E correspond by analogy to the terms

1.48. We may write the Hasse-Weil L-function under the form

L(E7 S) = H (1 — appis)fl H (1 _ app*s +p1725)71’

bad p good p

where the first product is finite since it only concerns primes p that induce bad reduction and the

second product is infinite.

Proposition 1.49. The Hasse-Weil L-function of E converges for Re(s) > %

Proof. Suppose that Re(s) > 3/2. By Remark 1.48, we only need to show the result for

TT (1= +pi=2), (1.49.1)
good p

since the product over the bad primes is finite.
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For any good prime p, consider the polynomial 1 — a,T" + pT? and let 0, be any one of its two

complex roots. Then product 1.49.1 becomes

IT a=6p=) '@ —bp)~"

good p
Since |6,| = p2, we see that |0pp°| = pzRe() | Thys, 1 —6pp~°| > [1—|6pp~°|| = |1 —p%_Re(s)].

The same arguments hold for the conjugate of 6,. Now,

I 1a-agpe+p)7 < I |
good p good p I—p

We state that |1 — p%_Re(s)\_l > 1. In fact, since Re(s) > 3/2, we have

1
1-pr RO < L -pr i =1 S| <1
p
This implies that
-5 1-2s\—1 1 2 1 2
H (I—ap™+p ) < H |m| = |C(Re(5)—§)| -
good p p prime p

We have Re(s) > 3 <= Re(s) — 3 > 1 <= Re(Re(s) — 3) > 1. Thus |[((Re(s) — 3)|* is finite.
Furthermore, the product 1.49.1 is non-zero and this proves the absolute convergence of 1.49.1 and

finishes the proof.

An alternative way to prove this is to use the following result of real analysis: for real numbers
ap >0,

o0 o0
Z Qu, converges <= H(l + ay,) converges.

n=1 n=1

Thus, we need only to verify that }_ | —a,p™ + pl=2%| < +o0. But
D l=app <D app T+ ).
P P P

We start by dealing with the second term:
o0
Z pl=2s| = Zp1—2Re(s) < Zp—z < Z”_2 < 400,
p p p n=1
For the other term, we notice that |a,| < Zp% by Theorem 1.38. We then get:

oS
S a1 = 3 laplp 0 <237 <0 370 <03 0l < o,
p p n=1

p p

where € > 0 and 6 =1 — € < 1. This ends the alternative proof. O
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Definition 1.50. We can expand the Hasse-Weil function of an elliptic curve £ and transform it

into a Dirichlet series:
o

L(E,s) =
m=1

an

ns’

where s € C. This is called the L-series of E.

This definition does not give us the coefficients of the L-series. We now show how to obtain
these. Recall that

LE,s)= ] Q=awp )" [] @ —aw*+p"7>)"
bad p good p

and recall the formula for the infinite geometric series:

=N am (1.50.1)

Let p be a good prime, in other words a prime such that £ has good reduction at p. Then, by
using Equation 1.50.1, we see that

o0

1
- — Z (app—s - pl—ZS)m

_ -5 1-2s
1 apP + p m=0

Using the Newton binomial, we compute that

(app—s _ p1—25)2 — 1271)—25 _ 2appp—3s _|_p2p—4s

(app—s _p1—28)3 — gp—&s 3a12)pp—45 4 3a p2p—5s p3p—6s

(appfs _p1728)4 — pp —4q pp75s —|—6CL2 2 —6s 4app D —Ts _"_p4p788

Thus,
1 B ap ag —-p af; — 2app af; — 3a]23p + p? 3app2 — 4agp
1—a D s —I—pl 2s E + p2s p33 p4s + p55
6(12]92 _ p3 4a p p 0
1 2
+ . 65 o ?5 T + Z app S)m'
p p 5

1.51. The definition of a, is that it is the coefficient of p~*s. So we can set

_ 2 L 3 _ 4 a2 2
Ap2 = A, = P, Ap3 =, — 2app, aps = a, — 3a,p + p°.

Generalizing this, we find that ayapn = apnt1 + payn—1 if p is prime, n > 1.

P

Let p be a bad prime, that is, a prime such that E has bad reduction at p. Then, by using
Equation 1.50.1, we get

1 > a a? >
— apfsm_l_i_ip 717_’_ apfsm
T = 2 @) b )

27



1.52. By multiplying out these infinite series for various p to get terms in the Dirichlet series we

see that:
(i) If n = ij;j, then a, = []; Gl

(ii) If n = p with p prime, then a, is the same as a, of Definition 1.45.

Example 1.53. We will compute the first terms of the L-series of the elliptic curve F defined over

Q by

E:y?—y=2a%—22

We have already seen in Example 1.37 that A = —11, that this equation is globally minimal
and that E admits split multiplicative reduction at 11. Now, since E admits split multiplicative
reduction at 11, we use Definition 1.45 to set a;; = 1. A quick calculation shows that #FE(Fy) = 5.
Thus, by definition, ay = 2+ 1 —5 = —2. We already saw in Example 1.41 that #F(F3) = 5
and thus a3 = 34+ 1 —5 = —1. Similar calculations show that a5 = 1 and a; = —2. With this

information, we compute

ag = ap=a3—-2=4-2=2,

ag = ax3 = a.az =2,

ag = a23:a%—2a2.2:—8+8:0,
ag = as=a3—3= -2,

ajg = Qa2x5 — a2.a5 = —2.

Hence the Hasse-Weil L-series of E up till the eleventh term is:
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2 Modular forms

In this chapter we radically change the subject from elliptic curves to modular forms. As we will
see, modular forms are functions of the complex upper half plane that behave in a certain manner
under the action of the matrix group SLe(Z), which we call the modular group. Elliptic curves and
modular forms emerge from two completely unrelated areas of mathematics but by the end of this

chapter we shall have constructed a link between the two notions.

2.1 The modular group

A general theory of modular forms can be developed around SLg(Z) and some of its particular
subgroups called congruence subgroups. We shall not do this here since, as we will see, we will
only work with the congruence subgroup I'g(/V). For a more general approach we refer to | |
Chapters 1 and 2.

2.1.1 Congruence subgroups

Let N be a positive integer and consider the group homomorphism

Iy : SL2 (Z) — SL2 (Z/NZ)
a a b

Definition 2.1. The kernel of Iy is called the principal congruence subgroup of level N and is

denoted I'(N). Explicitly, that is
10
= ( ) (mod N)} .
01

T(N) = {(Z Z) € SLy(Z) - (Z Z)

Definition 2.2. A subgroup I' of SLg(Z) is said to be a congruence subgroup if there exists N a
positive integer such that I' O T'(N). The smallest such N is called the level of the congruence
subgroup.

We may now introduce the particular congruence subgroup of level N mentioned above

To(N) = {(“ Z) € SLy(Z) : ¢ = 0 (mod N)} .

C

Notice that I'g(1) = SLa(Z).
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2.3. We verify that T'o()V) is indeed a subgroup of SLa(Z). Let M = (24) € To(N) and M' =
(4%) € To(N). Clearly det(MM') = 1 since det(M) = 1 = det(M’). Furthermore (MM')y; =
ca' +dc = 0 (mod N) since both ¢ and ¢ are zero modulo N. So MM’ € T'o(N). By definition,
M is invertible and M~1 = (4 7?). Thus det(M~') = 1 and (M~1)y; = —c = 0 (mod N). So

—C a
M~ € Ty(N).

2.1.2 Results on indices

We state some results concerning the indices of I'o(N) and I'(V) in SLa(Z).

Proposition 2.4. Let N be a positive integer. Then I'(N) is a normal subgroup of SLa(Z) and the
quotient group SLa(Z) /T'(N) is isomorphic to SLa(Z/NZ).

Proof. Since, by definition, I'(/V) is the kernel of 11y we know by basic algebra that it is a normal
subgroup of SLy(Z), and we only need to show that Iy is surjective to prove the isomorphism.
Let v € SLy(Z/NZ) and lift it to obtain a matrix M = (¢}%) € My(Z) such that M =~ (mod
N). Then det(M) =1 (mod N). There exist matrices U, V' € SLa(Z) such that UMV is diagonal.
We write UMV = (4 2 ). Then det(UMV) = det(U) det(M) det(V) = det(M). Thus ajaz = 1
(mod N). Define W = (2, 1) and X = (}~2). Note that det(W) = 1 = det(X), thus both

these matrices are in SLo(Z). We have

WUMVX = ( a2 1) (al 0 ) ((1) —112) _ ( aiaz az(1—aiaz) )

as—11 0 as araz—ai az(l—aiaz)+aiaz

(1—1a1 (1)) (mOd N)v

since ajag = 1 (mod N). Write A = (!, 9). The determinant of A is 1 and therefore A € SLy(Z).
Finally set M’ = (WU) tA(VX)~!. Then M’ = M (mod N) = v (mod N). Since M’ € SLy(7Z),

we have proved that Iy is surjective.

2.5. A calculation that we do not expose here shows that

#SLy(Z/NZ) = N* [ | (1 — 12> .

pIN p

Note that if N = p is prime this is easy. Start by noticing that the sequence
det
1 — SLyp(Fp) < GLy(Fp) —» F, — 1

is exact. The group GL,(Fp) is the set of all n by n matrices with coefficients in [F,, for which the
columns are linearly independent. For the first column, there are p™ — 1 possibilities (the all zero
column is not valid). For the second column, there are p™ — p possibilities since there are p multiples
of the first column. Proceeding like this, we find that there are p™ — p"~! possibilities for the nt®

column. Combining this, we have
#GLu(Fp) = (0" = )(@" —p)--- (0" —p" ) = [[ (" = ")
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Thus (p — 1)# SLy(Fp,) = # GLy(Fp,) = [[7Zs (" — p¥). Setting n = 2, we get
1

2 2
v pl)_(pl Pl pp? — 1) = p(1 - 2
Then one needs to show the result for p™ and that # SLa(Z/nineZ) = # SLa(Z/n1Z)# SLa(Z/n2Z)
for ny, no relatively prime. Then the general result follows.
By Proposition 2.4, we know that SLy(Z) /T(N) — SLa(Z/NZ) and thus [SLy(Z) : T'(N)] =
#SLy(Z/NZ).

#SLo(Z) =

Proposition 2.6. Let N be a positive integer. The index of I'o(N) in SLa(Z) is

[SLa(Z) : To(N)] = N[] (1 + ;) .

pIN

Proof. In order to compute the index of I'g(N) in SLg(Z) we introduce the congruence subgroup

I (N) = {(Z Z) € SLy(Z) : (Z Z) (é i) (mod N)},

where * means unspecified. We have the inclusions
I'(N) Cc Ty (V) CTo(N) C SLa(Z) .

Consider the group homomorphism I'y(N) — Z/NZ given by (‘cl 3) +—> [b]n. This map is
surjective. In fact, let n € Z/NZ and consider the matrix ({ 7). This matrix is an element of

I'1(N) and its image by the homomorphism is [n]y = n. The kernel of this map is

a b a b a b\ (1 0 B
{(c d>€F1(N):[b]N—O}—{<C d)ESLg(Z):<C d>:<0 1) (modN)}—F(N).

Hence, we have an isomorphism I'y(N)/T'(N) — Z/NZ and thus [['1(N) : T(N)] = N.

Consider the group homomorphism I'g(N) — (Z/NZ)* given by (2%) — [d]y. This map
is surjective. In fact, since [d|y € (Z/NZ)*, there exists an element [d'|y of (Z/NZ)* such that
[dn[d]y = 1. Consider the matrix <[dg’\’ [ d(])N ) It is an element of T'o(NN) and its image by the
map is [d]n. The kernel of this map is

{(j Z) € To(N) : [d]y = 1} - {(‘C‘ Z) € SLy(Z) : (z Z) = ((1) i) (mod N)} = T1(N).

So we have an isomorphism I'g(N)/T1(N) — (Z/NZ)* and [['o(N) : T1(N)] = ¢(N), where ¢ is
the Euler totient function.
We know that [SLy(Z) : T'(N)] = [SL2(Z) : To(N)][Lo(N) : Ty (N)][T'1(N) : T(NV)]. Thus

3
(SLa(Z) : To(N)] = N;Y(N) 11 (1 _ p12> .
pIN
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Recall that the Euler totient function can be expressed as an Euler product:

Using this we finally get

N3 AN 1
[SLy(Z) : To(N)] = ﬁpw ( — ) =N]] <1+p>.

Proposition 2.7. Let N = p be a prime. Then the matrices

Y Y e (R B ey

form a system of right coset representatives of T'o(IN) in SLa(Z).

Proof. We prove that the union

To(N) ((1) (1)>UF0(N) (1 (1)>U...UP0(N) <N1_1 (1)>UF0(N) <§) _01>

is disjoint. This union is contained in SLy(Z) and by Proposition 2.6, [SLa(Z),I'0(N)] = N + 1.
Thus proving that the union is disjoint will end the proof.
Suppose there exists (¢ %) € To(N) and 0 < k, &’ < N such that

o) ()

Then b =0,d =1 and a = 1. This implies that ¢ + k = k’. But since (2%) € I'o()N) we have ¢ =0
(mod N). Thus k =k’ (mod N) and since 0 < k, k" < N this implies that k = £’
Suppose there exists (¢ %) € To(N) and 0 < k < N such that

a b\ (0 -1\ (1 0
c dj\1 0) \k 1)
Then b=1,a =0,d =k and ¢ = —1. But then ¢ # 0 (mod N) and this contradicts the assumption

that (254) € To(NV).
This proves that the union is disjoint and hereby ends the proof. ]
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2.1.3 Generators of SLy(Z)

We state and prove an important proposition concerning the structure of SLy(Z).

Proposition 2.8. The group SLa(Z) is generated by the matrices

S = 0 -1 and T = b )
1 0 0 1

Proof. Let T' be the subgroup of SLa(Z) generated by S and T. Note that 7" = (} %) € T for all
neZand S? =—I, €. Let A= (2%) be a matrix in SLy(Z). We perform an induction on |c|.

Note the identity
b/
At = | “° : (2.8.1)
c nc+d
where b’ = na + b.

If ¢ = 0, then ad = 1 which implies that a = d = +1. If a =d = 1, then A = ((1)(1’) =Tl el.
Otherwise, A = 52 ((1) _1”) = S?TbeT.

Now, suppose ¢ # 0 and that every (i,/ 2/,) € SLa(Z) with |/| < |¢| belongs to I'. Choose N € Z
such that —1/2 —d/c < N < 1/2 —d/c. Then, using Equation 2.8.1, we see that ATV = (¢ 2//)
with d = Nc+d and V) = Na + b. Hence

c |
2 ¢~ -2 c 2

— || <2 <l

Note that ATNS = (Zl, :‘é) Since |d'| < |¢| we can apply the induction hypothesis and state that
ATNS € T. Let B € T such that ATNS = B. Then A = BS™!'T~" €T and we have proved the

proposition. ]

2.2 Actions of the modular group

In this section we define and study several actions of the modular group. We will understand their
purpose in the next section when we introduce modular forms. Note that we define the actions of

SLa(Z) and thus I'g(N), being a subgroup of SLg(Z), naturally inherits these actions by restriction.

2.2.1 Action on the Poincaré half plane

We define the complex upper half plane H, also known as the Poincaré half plane, as follows
H ={ze€C:Im(z) > 0}.

We now consider the following group action

SLo(Z) xH — H

(r2) o yr=

cz+d’

33



where v = (2Y) € SLa(Z).

2.9. The above map is indeed a group action. To see this we first show that v - z is in fact in the
upper half plane. Let z € H and write z = = + iy, with x a real number and y a positive real
number. Then

a(z+iy)+b  (ax+b)+iay  ((az + b)(cx +d) + acy?) + iy(ad — cb)
clz+iy)+d  (cx+d)+icy (cx + d)2 + (cy)? ’

V2=

So the imaginary part of 7 - z is y/(cx + d)? + (cy)?, since v € SLy(Z) and therefore ad — bc = 1.
The denominator is positive and we already know that y > 0. Thus v-z € H.

We now verify that it is a group action. It is easy to see that Is - z = z for all z in the upper
half plane so we only need to show that v- (v -2) = (v9') - 2 for all 7,7 € SL2(Z) and z € H. We

compute that

() a b a v aa' + b ab + bd (aa’ 4+ bc)z + (ab + bd')
N Cz = .z = .
7 c d d d ca' +dc b +dd (ca’ +dc’)z + (cb/ + dd')

On the other hand,

(v 2) = a b a v (@ b az+b
Ty “\eod d d “\eod dz+d

L a(BEE) b (ad + b))z A+ (abf + bd)

- C(z;jj:s;) +d N (Ca/+dc’>z+ (Cb/‘i‘dd/)’

as desired.

2.2.2 Weight k right action

Let k be an integer. We define the weight k right action of SLa(Z) on the set of function f : H — C
as follows. For all v = (%) € SLy(Z),

(f1)(2) = (2 + )+ F(5 - 2)

2.10. The above map is indeed a group action. Note that (fl2lk)(2) = f(Iy - 2) = f(z) for all
z € H. We need to show that if 4 and 4/ are matrices in SLa(Z), then (fD718)(z) = ((fDI0)DTe)(2).
We compute
(P71 (2) = ((ca’ +d)z + (e +dd)* (7)) - 2)
= (e’ +de)z + (e +dd)) " f(y - (7 - 2)).

On the other hand,

((f[m)h’]k)(z) = (dz+ d/)—kf[m(,y/ - 2)
= (z+d) ety 2)+d)Ff(y- (7 2)
= ((ca' +dc)z + (e +dd')) F f(v- (7 - 2)) = (f071)(2).
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In this paragraph we shall consider an action of SLg(Z) on the set of holomorphic differential
forms of degree 1. For the reader who is unfamiliar with differential forms, we refer to | |
Chapters 1 and 2. What follows will be crucial when we introduce modular symbols later.

Consider the left action of SLa(Z) on the set of holomorphic differential forms on A defined by

v (f(2)dz) = f(y-2)d(y - 2),

where f : H — C is holomorphic and v € SLy(Z).
To see that this is indeed an action, note that I5 - (f(z)dz) = fdz and let ,~" € SLy(Z). Then

compute

Y (- (f(2)d2)) =" (f(v-2)d(y-2)) = fF(Y - (v-2)d(y - (v 2))
= f((Y'y) - 2)d((v'7) - 2) = (v') - (f(2)d2).

2.11. As we will see, modular forms satisfy a modularity condition which means that modular forms
are invariant under the weight k right action. Our main object of study are modular forms of weight

2 for I'g(IN) and this motivates the next observation that will prove to be of great importance.

A function f : H — C is a modular form of weight 2 for a congruence subgroup I if and only if

the differential form f(z)dz is invariant under the left action of T.

Let f be a modular form of weight 2. The above observation only relies on the modularity
condition that f must satisfy in order to be a modular form. This condition is exactly that f[2 = f

forall y € I'. Let v = (‘CZ g) € I'' We compute

o 2) = 2otz = o

dz = (cz + d)2dz.

az+b L ad — be
0z

cz+d ~ (cz +d)?

Thus, v- (f(2)dz) = f(v-2)d(y-2) = f(y-2)(cz +d)"2dz = fD12(2)dz = f(2)dz. The last equality

holds because of the modularity condition on f.

2.2.3 Action on P!(Q)

As we will see, modular forms are complex functions of the upper half plane H that satisfy a group
action condition and a holomorphicity condition. In order to define this last condition we introduce
the notion of cusps.

We consider P!(Q) that we have already defined. We may identify elements (s : t) of P1(Q) with
7 if t # 0 and with oo if ¢ = 0. It is therefore appropriate to write

PY(Q) = QU {c}.
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The modular group acts on this set in the following way: let v = (2%) € SLy(Z) and r € P*(Q).
Then

ar+b
oy o if r #£ o0,

a

. if r = 0.

Note that if the denominator ¢ or ¢r + d equal zero, then v - r = oo € P}(Q).

Definition 2.12. Let I" be a congruence subgroup of SLg(Z). We define
C(r) =T \P(Q)

to be the set of cusps of I
We prove that C(T") is of finite cardinality for all congruence subgroups of SLa(Z).

Proposition 2.13. Let G be a group, H < G a subgroup of G with finite index in G. Furthermore,
suppose X # () is a set for which we define a G-action and suppose G acts transitively on X. Then
the cardinal of the quotient H \ X satisfies

#(H\X)<|[G: H].
In particular, the quotient H \ X is finite.
Proof. Let g € X. We define the map

az,  H\G — H\X
Hg ~—— H(g-xo).

We show that this is a well defined map. Let g,¢' € G such that Hg = Hg'. Then there exists
I € H such that ¢’ = h/¢g and thus

H(g" -2z0) ={h-(¢"-wo)|he H} ={h-((Wg)-xo) | h € H} = {(hh')-(g-x0) | h € H}
={h-(g9-wo)|h€ H} = H(g" o).

Hence oy (Hg) = gy (Hy').

The map ay, is surjective. In fact, consider Hx € H \ X. Since G acts transitively on X,
there exists ¢ € G such that x = g - x9. Thus Hx = H(g - x0) = g, (Hg). It follows from the
surjectivity of ay, that # (H \ X) < [G : H] and since [G : H] is finite by assumption, H \ X is of
finite cardinality. O

Lemma 2.14. The group SLo(Z) acts transitively on P1(Q). In other words, for all o and B in
PY(Q) there exists v € SLa(Z) such that v -a = 3.

36



Proof. Let a € PY(Q). Either a = 0o or @ € Q. Suppose o = p/q € Q, with p, ¢ relatively prime.
Since ged(p, q) = 1, by Bézout’s Identity, there exist integers r, s such that rp + sqg = 1. Consider
the matrix y = (# °). It is an element of SLy(Z) since det(y) = rp+sq =1, and y-00 = p/q = a.
Let o, 8 be two arbitrary elements of P!(Q). Then there exist 7, € SLy(Z) such that o = - 00
and B =6-00. Then B = (077 !) -« and 6y~ € SLy(Z) since SLy(Z) is a group. O

Corollary 2.15. Let I" be a congruence subgroup of SLo(Z). Then the set of cusps C(I') is finite.

Proof. By the previous lemma, the group SLy(Z) acts transitively on P!(Q) and by Remark 2.5,
I’ has finite index in SLg(Z). Thus, applying Proposition 2.13 with G = SLy(Z), H = I' and
X =PYQ) yields # (I'\ P}(Q)) < [SL2(Z) : I'] as desired. O

2.16. Without proof we give a formula for the exact number of cusps of I'g(V):

#OTo(N) = 3 leed(d, )

d|N

where ¢ is the Euler totient function. This enables us to see that I'g(11) has exactly 2 cusps and

that T'g(39) for example has 4 cusps.

2.3 Fundamental domains

We describe a fundamental domain for the action of SLy(Z) on H. Fundamental domains are most

important if we want to consider quotients I' \ H, where I" is a congruence subgroup of SLg(Z).

Definition 2.17. A fundamental domain for the action of a subgroup I' of SLy(Z) on H is an open
subset D of H such that

(i) If z; and z3 are two equivalent points (under the action of I') contained in D, then z; = 2.

(ii) The closure D of D contains at least one point of each I'-orbit.

2.18. From this definition we can observe:
(i) The map D — H/SLa(Z) is surjective and its restriction to D is injective.

(ii) When v runs through T', the sets {yD} cover H.

Lemma 2.19. Let z € H and fix a,b € Z. Then there is only a finite number of integers c¢,d such
that Im(v - z) > Im(2), where v = (¢Y) € SLa(Z).
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Proof. Let v = (%) € SLa(Z) and 2’ = vz = (az + b)/(cz + d) such that Im(z’) > Im(z). A
calculation performed in Section 2.2.1 shows that
Im(z) _ Im(z)

() = TR T dP + @)~ Jez + P

The condition Im(2’) > Im(z) translates as |cz + d|> < 1. But (cIm(z))? < |cz + d|?> < 1 which
implies |¢| < 1/Im(z) and thus there is only a finite number of ¢ € Z. Then the condition (¢ Re(z)+
d)? + (cIm(2))? < 1 gives a finite number of d. O

Theorem 2.20. The subset D of H defined by

1
D:{26H2]2>1, |Re(z)|<2}

is a fundamental domain for the action of SLa(Z) on H. Furthermore, two distinct elements of
D can only be equivalent if they both lie on the boundary of D. We shall refer to this set as the

“standard” fundamental domain.

D
/3'&4
[N
-1 0 1

Figure 1: The standard fundamental domain
Proof. Define Dq to be the following subset of H:
1
D, = {z € H:|Re(z)| < 2 lcz +d| > 1if (¢,d) # (0,0) and (c,d) # (0,1)}.

The strategy of the proof is the following: (1) D = Dy; (2) D contains at least one element of each
orbit; (3) two distinct elements of D can only be equivalent if they both lie on the boundary of D.

(1) Clearly we have D; C D. In fact, one only needs to set (¢,d) = (1,0). For the other
inclusion, let z = 2 + iy € D, where z,y € R with |z| < 1/2, 22 + y?> > 1. Then

lcz +d)? = (cx + d)* + (cy)? = A (2 +y*) + 2cdx + d* > & — |cd| + d* > 1.

Thus D C D; and we have proved (1).
(2) Consider S = (9 7!). By Lemma 2.19, there exists z € # such that

Im(z) = max {Im((g _dl) . z)} ,
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where the maximum is taken over all (c,d) € Z? such that (2 ') € SLy(Z). We may translate z
into {z € H : |Re(z)| < 1/2}. Then we must have |z| > 1. In fact, suppose that |z| < 1. Then
Im(S - 2) = Im(2)/|2|* > Im(z) and this contradicts the maximality of Im(z). Thus z € D and D
contains at least one element of each orbit.

(3) Let 2,2’ € D such that 2/ = 2% Since D = Dy, we have that z, 2’ € D;. Thus

cz+d”
Im(z)
Im(?) = —=- <1
m(z) lez 4+ d|? — m(z)
because |cz + d| > 1. But we also have
Im(2) ,
Im(z2) = e 1aP < Im(z)

because | — ¢z’ + a] > 1. So Im(z) = Im(z’). Thus
l=lez+d? > —|ed|+d*>>1 = (¢,d) = (0,£1) or (¢,d) = (£1,0).
This implies that (¢%) =+ (§1)" or (¢5)=%(27').
In the first case, if n # 0, 2 = £(2 + n). But then n = 1 since the width of D is 1. Thus z, 2’
lie on the vertical boundaries of D.
In the second case, 2/ = S -z = —1/z and we know that |z| > 1 and |2/| > 1. But

1
=0 = <1 = || =2] =1,

]
hence z, 2’ lie on the unit circle.
Otherwise, 2/ =T - z = 2. O

sTs| sT sT—lsr—1

-2 -1 0 1 2
Figure 2: Transformations of the standard fundamental domain

Corollary 2.21. Let I' be a subgroup of finite index n in SLa(Z) and let T'gy,--- ,T'g, be a system
of left classes of SLa(Z) modulo T' such that SLa(Z) =Tg1 U---UTlg,. Then A:=gDU---Ug,D

1s a fundamental domain for T'.
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Proof. Basic topological properties show that A is open. Let z € H, then there exists o € SLa(Z)
such that o - 2z € D. Since o € SLy(Z), there exists i € {1,---,n} such that o € I'g;. Thus there
exists v € I' such that ¢ = vg;. Then o-2z = v (g; - 2) C ¥(¢;:D) C v(A). So the closure of A
contains at least one point of each I'-orbit.

Let z, 2’ be two I'-equivalent points of A. Then there exist 4,5 € {1,--- ,n} such that z € ;D
and 2’ € g;D. Then gi_1 -z € D and gj_1 -2 € D. Clearly gi_1 -z and gj_1 - 2" are I'-equivalent and
since D is a fundamental domain for SLo(Z) we must have gi_1 cz = gj_1 -2'. Hence i = j and z = 2.

So A contains at most one point of each I'-orbit. Thus A is a fundamental domain for I'. O

2.22. Let I' be a congruence subgroup of SLo(Z). Using the previous corollary we can choose
representatives for the classes of SLy(Z) modulo I' in a certain way and visualize the cusps of T’
as being the intersection points of A with the real axis. Since we have chosen the cusps to be
equivalence classes, this determination does not depend on the choice of the representatives. This

illustrates the result of Corollary 2.15 on the cardinality of C(T).

Example 2.23. We use the previous remark to visualize the cusps of T'g(11).

T
-0.904 0 1

Figure 3: A fundamental domain for T'p(11)*

Using Figure 3 we see that I'g(11) only has two cusps, namely the classes of 0 and oco.

2.4 Modular forms

We are now almost ready to define modular forms for congruence subgroups of SLy(Z). We start

by defining weakly modular functions and then, by using the actions introduced in Section 2.2, we

"Drawn with FPundamental Domain Drawer program developed by H.A. Verrill.
http://wuw.math.lsu.edu/ verrill/fundomain/index2.html accessed on 02/12/13.
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define modular forms. Again our main concern is the definition of modular forms for T'o(/N) but
in this section we construct a more general theory around congruence subgroups and thus we view

['y(N) as a particular case to which the theory applies.

2.4.1 Definition

Definition 2.24. Let k be an integer and I' be a congruence subgroup of level N. A weakly modular
function of weight k£ and level N for I' is a meromorphic function f : H — C that is I'-invariant

under the weight k right action. In other words,

fh]k — f

for all v € T.

Lemma 2.25. If f is a weakly modular function of weight k for a congruence subgroup I' and if

d € SLo(Z), then fUl s a weakly modular function of weight k for the congruence subgroup 6 'T'6.
Proof. Note that fl9% is meromorphic and has the same poles as f. Let v=06"tad € 67'I'5. Then

(f[ﬂk)[’ﬂk _ f[5’Y]k _ f[5571045]k _ f[a5]k _ f[‘;]k,

since o € I O

We define the extended upper half plane H* to be
H* = HUPY(Q).

Modular forms of weight k£ for a congruence subgroup I' are weakly modular functions that are
holomorphic on the extended upper half plane. In order to clarify the difference between the
different functions satisfying modularity conditions we introduce a table summarizing modularity
of a function f:H — C for I' and weight k.

Weakly modular .
) Modular function Modular form Cusp form
function
[k = and

fble = £ and f fhle = fand f ! ! ] !

Bl = fand f . - holomorphic on H
] meromorphic on H holomorphic on H

meromorphic on H and at cusps and f

and at cusps and at cusps .

is zero at all cusps

Table 2: Summary (modularity for I', weight k)

In order to properly define modular forms we need to clarify the meaning of this holomorphicity

condition.
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Fix a weakly modular function f of weight k£ for a congruence subgroup I' of level N. The
principal congruence subgroup of level N, I'(N), contains the matrix 7% = ({4"). Since T' is a
congruence subgroup of level N it also contains TV and thus there exists a positive integer h such
that f(z +h) = f(z) for all z in H. Note that h = N always works but there might exist a smaller
such h. Then f is hZ-periodic for some minimal A > 0. Let D be the open unit disc and let
D’ := D\ {0} be the punctured open unit disc. We consider the holomorphic map ¢, : H — D’
defined by g,(2) = ¢”%*. We define the function gn : D' — C such that gn(gn) = f(log(q)/%E).
This function is well defined and f(z) = gn(gn(2)). If f is holomorphic on #, then gy is holomorphic
on the punctured disc D’ by composition of holomorphic functions. Thus g;, has a Laurent expansion

in a neighborhood of 0:
+oo
gnlan) = D angj.

n=—oo

We say that f is meromorphic at oo if gj is meromorphic at 0, that is, if a,, = 0 for all sufficiently
oo n

small n. Then there exists m € Z such that gp(q) = > anq".

n=m 1

holomorphically to the puncture point 0 and we say that f is holomorphic at oco. In this case, f has

If m > 0, then g; extends

a Fourier expansion:
s s 2itnz
f(z) = Zanqﬁ(z) = Zane R
n=0 n=0

But we also have to deal with the rest of the cusps. Fix a € P1(Q). It follows from Lemma 2.14
that there exists § € SLy(Z) such that « = 0 - co. By Lemma 2.25, flk is a weakly modular
function of weight k for the congruence subgroup d~'I'§. We define f to be holomorphic at « if
f1lk is holomorphic at co. We say that f is holomorphic on the extended upper half plane H* if f
is holomorphic on H and at all a € P1(Q).

2.26. If f is holomorphic at a € P!(Q), then f is holomorphic at T'a =: @ € C(T'). In fact, let
v €T and consider 7 - . Then v - a = (70) - 0o and f0¥k = fllk is a weakly modular function of
weight k for the congruence subgroup (v§)~'I'(vd) = §'I'§. Thus, in order for f to be holomorphic
on H*, f only needs to be holomorphic at all @ € C(T"). By Corollary 2.15, the number of cusps is
finite so f only needs to be holomorphic at a finite number of o € P}(Q).

Definition 2.27. Let I' be a congruence subgroup of level N and let k be an integer. A function
f:H — Cis said to be a modular form (respectively a modular function) of weight k and level N
for T if

(i) The function f is a weakly modular function of weight & for I'.
(ii) The function f is holomorphic (respectively meromorphic) on H*.

We denote by M(T") the set of modular forms of weight & for T".
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2.28. Note that T' = (1) € ['o(N). Thus every modular form in I'o(N) is Z-periodic and

00
— § :ane2wmz.
n=0

Proposition 2.29. Let I' be a congruence subgroup of level N. The product of two modular forms
of weights k and I for I' is a modular form of weight k +1 for I,

Proof. Let f € My(T') and g € M;(T"). It follows from basic complex analysis that fg is holomorphic
on H since both f and g are holomorphic on H by definition. We show that fg is I-invariant under
the weight &k + [ right action. Let v = (‘Cl g) € I'. Then, for all z € H,

(f9) et (2) = (ez + d)" D (fg) (v - 2) = fFTI(2)gM(2) = (f9)(2),

since f and g are modular forms of weight k and [ respectively.
Finally, we check that fg is holomorphic on H*. Let a € P'(Q). There exists § € SLa(Z)
such that § - co = «. Since both f and g are holomorphic at a, we know that fl9% and ¢l are

holomorphic at oco. Thus there exist sequences {a,}, {b,} such that
2imnz e 23 e 2%
(F9)++1(z) = (10 g (Z ane ) (Z ") =3[ X by M
n=0 n=0 \i+j=n

Thus fg is holomorphic at «. Since « is arbitrary, we have shown that fg is holomorphic on H*
and this ends the proof. O

2.30. It can easily be checked that My (I") is a C-vector space. It follows from Proposition 2.29
that Mk(F)Ml(F) C Mk+l(r). Thus

T) = P M)

kEZ

is a graded C-algebra.

Proposition 2.31. Let k be an integer. If N’ divides N, then every modular form for To(N') is a

modular form of the same weight for To(N). In other words, we have the inclusion
Mi(Co(N')) < Mg(To(N)).
The image of this inclusion is called the set of “Oldforms”.

Proof. Let n be an integer. Since n = 0 (mod N) implies n = 0 (mod N’), we easily see that
Lo(N) C To(N'). Let f € My(I'o(N')). We need to show that f is holomorphic on C(I'g(N)) and
that f is invariant under the weight & right action restricted to I'o(NV).
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Let [a]r,(n) € C(I'o(N)). Then

[o]ryv) = {7+ aly € To(N)} € {y- aly € To(N')} = [alryvr,

since I'g(N) C To(N’). Thus C(I'g(N)) C C(I'y(N')) and it is then clear that f is holomorphic on

C(To(N)).
The fact that f is invariant under the weight k right action restricted to I'g(N) follows imme-
diately from the fact that T'o(N) C To(N'). O

2.4.2 Examples of modular forms of level 1

We are later interested in modular forms of weight 2 for I'o(N). In this section we give examples of
modular forms for SLy(Z) in order to get in touch with a concrete modular form. We will not need
this later. We start by making a few remarks on modular forms of level 1.

First, recall that by Proposition 2.8, SL(Z) is generated by the matrices S and T. Hence, in
order to show that a meromorphic function f : H — C is weakly modular of integer weight k it

suffices to show that

by = ),

z

f(z+1) = f(z) and f(

Next, recall that by Lemma 2.14, SLy(Z) only has one cusp and we may choose oo as a rep-
resentative. Thus, if f € M(SLa(Z)), then f is holomorphic at co and therefore has a Fourier

expansion
oo
f= E anq",
n=0

where ¢ : z — €%, Since q(z) — 0 when Im(z) — oo, we see that a weakly modular holomorphic
function f is holomorphic at oo if the limit of f(z) exists when Im(z) — oo.

We start with some trivial examples. The all-zero function is a modular form of level 1 of any
integer weight k. Note that the weight of a non-zero form is unique. Constant functions are modular

forms of level 1 and weight 0.

2.32. Note that this last observation can be extended. In fact, it is true that for any N, a function

f is a modular form of level N and weight 0 if and only if f is a constant function.

2.33. Let f be a weakly modular function of weight k for SLy(Z). Letting v = —I € SLo(Z) yields
the following equation

f(z) = (=1)Ff(2), Vz € H.
We see that if k is odd, then the only such function is the all-zero function.

To see non-trivial examples of modular forms we introduce Eisenstein series.
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Definition 2.34. Let k£ > 2 be an integer. The weight k Eisenstein series G, : H — C is defined
by
)= Y o
k(2) = ke
(c,d)eZ? (CZ + d)

for 2 € H. Here, ' means that the sum is over Z2?\ {(0,0)}.

Notice that if 7 € H is fixed, then the sum is taken over all non-zero elements of the lattice
A = A(1,7) = Z+ Z7. To see that the Eisenstein series defined above is indeed well-defined, we
need to show that the series is absolutely convergent and this is a consequence of this next lemma

as we will see.

Lemma 2.35. Let o be a real number. Then the series
1
Ta
weA

converges absolutely if and only if o > 2.
Proof. Consider the parallelogram P centered at the origin with vertices —1 — 7,1 — 7,1 + 7 and

—1+ 7. Let r and R respectively denote the minimal and the maximal distances from the origin to
P.

Figure 4: The first two layers of the lattice A

Consider the first layer of A. If w is any of the 8 non-zero lattice points of this layer (see Figure
4), then it holds that r < |w| < R by definition of r and R.
Consider the second layer of A. There are 16 new lattice points in this layer (see Figure 4). If

w is any of these 16 points, then the inequality 2r < |w| < 2R holds.
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In general, in the k'™ layer of A, there are 8k new lattice points and for each of these it holds
that kr < |w| < kR. Therefore, we have

1o _ 1 _ 1
(kR)* — Jwl|® = (kr)2

for all non-zero lattice points w in the first k& layers of A.
Let S(n) denote the sum over the 8 ) }_, k distinct non-zero lattice points w in the first n

layers of A of the terms ﬁ In other words, S(n) = > m where the sum is taken over

c,d=-n,...,—1,0,1,...,n with (¢,d) # (0,0). We then have
" 8k 8 w 1 " 8k 8 w— 1
2 : e « 2 : a—1 z : « « a—1
— (kR) R — k — (kr) (et k

Recall that the Riemann zeta-function ¢ converges for complex numbers with real part greater
than 1 and thus S(n) is bounded from above by £((a — 1) if > 2. This bound is independent of

n and therefore we may write

lim S(n) < %C(a —1)

n—oo

/
and this proves that the series Z " w% converges absolutely if o > 2.
w
On the other hand, if @ < 2, then {(ar — 1) does not converge. Combined with the inequality

8
S(n) = ﬁC(a -1)
!/
this shows that the series Z A w% does not converge if a < 2. O
w

Proposition 2.36. Let k > 1 be an integer. The Eisenstein series Gy, is a non-constant modular
form of weight 2k and level 1, that is, Goi € Mak(SLa(Z)). Furthermore, we have

Gop(o0) = 2¢(2k),
where ( is the Riemann zeta-function.

Proof. We start by showing that Ggy, is well defined and holomorphic on H and at co. Let z € D
where D = {z € H : |z] > 1 and |Re(2)| < 1/2} is the standard fundamental domain of SLq(Z)
described in Theorem 2.20. Let (c,d) € Z*\ {(0,0)}. Then

lcz + d* = (cRe(2) + d)* + (cIm(2))? = 22 + 2cdRe(z) + d*> > ? — cd + d* = |cp — d|?,

1
o c,d)ez? |ep—d|**
converges for k£ > 1. Hence, Go converges normally on D. This implies that G also converges

i !/
where p = e3. Since 2k > 2, we may apply Lemma 2.35 to see that the series Z (

uniformly on D and thus Gy is holomorphic on D since it is the uniform limit of a sequence of

holomorphic functions. This is also true for all yD with v € SLy(Z). In fact, it suffices to apply
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the previous result to Gox (7! -2). But Remark 2.18 (ii) states that H is covered by these subsets,
thus Gop, is well defined and holomorphic on H.

We show that Gg is holomorphic at co. It is sufficient to show that the limit of Gor(z) exists
when Im(z) — oo and we may suppose that z stays in D. Since the convergence is uniform on D
we can take the limit term by term. The terms 1/(cz + d)?* for which ¢ # 0, vanish. Those for
which ¢ = 0, become 1/d?*. Thus

: 11 1
lim G2k(2)22ﬁ:22ﬁ:

I
m(z) o0 ez d=1

It remains to show that Ggi is modular. By the remarks above, we only need to show this for
S and T. Let z € H. Since Go; converges absolutely for k > 1 it is permitted to change the order
of summation of the terms and this will not affect the convergence of the series. Thus, we may

compute that

’ 1 ’ 1
Gop(z +1) = Z (2 + (c+d))7F = Z (cz 1 d)* = Gop(2).

(c,d)ez? (c,d)ez?

The second equality holds because the map on Z2? defined by (c, ¢+ d) — (¢, d) is invertible. Thus
as (c,c+ d) runs through Z2\ {(0,0)}, so does (c, d).

1 ’ 1
()= ¥ =% Y 23 = PGy (2).
& (c,d)ez? ( c T d (c d)eZ2 dz N C) (c,d)ez? cz . d

The third equality holds because the map on Z? defined by (d, —c) ~ (¢, d) is invertible. This ends
the proof. O

2.37. It can be proved (see | | Chapter VII Section 3.2) that G4 and Gg are algebraically
independent over C and
{G4G% - a,b € N and 4a + 6b = k}

is a basis for the C-vector space My (SLa(Z)). This is equivalent to saying that € : C[X,Y] —
M(SL2(Z)) is an isomorphism, where e assigns G4 to X and Gg to Y. Thus, we can identify
M(SL2(Z)) with C[G4,Gg]. That means that every element of the graded C-algebra M (SLy(Z))
can be expressed as a polynomial in G4 and Gg with complex coefficients.

For example, every modular form of weight 30 can be expressed as
aG{Gs + bGGE + Gy,

for some unique a, b, c € C. It follows that the dimension of M3y(SL2(Z)) is 3. More generally the
dimension of My(SL2(Z)) is

dim(My,(SL2(Z))) = #{(a,b) € N*: 4a + 6b = k}.

Hence we see that if k = 0,4,6,8,10, then My (SL2(Z)) has dimension 1. Also, the dimension of
M3 (SLa(Z)) is 0 and since our object of study is modular forms of weight 2 for I'g(IV) we see that

the case N =1 is not relevant from our point of view.
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We proceed to computing the Taylor series of the Eisenstein series G with respect to ¢ =
q(z) = €?™%. We shall make the convention for the next part that
N
= li .
> = m >
neZ n=—N

This gives sense to the series we are about to consider, since it does not converge absolutely.

Proposition 2.38. Let z € C\ Z. We have the following formula

1
meot(mz) = Z .
neZ 2

Proof. The function x +— cos(zz) is even and thus its Fourier series only contains terms in cosine:

oo
2 s
cos(zx) = % + Z ancos(nz) with a, = 77/0 cos(zx) cos(nz)dx.
n=1

We compute that

2 [T 2 si
ap = / cos(zz)dr = 2sin(rz)
m™Jo Tz

and for n positive,
s
/ cos(zx) cos(nz)dx
0
_ = /“ i)z | milztn)z | iz—n)z  —i(z—n)z g,
0

% /Oﬂ cos((z +n)x) + cos((z — n)zx)dx
1 (sin((z +n)z) sin((z —n)z)
1 : )

z+n z—n
(=1)"2zsin(7z)
(22 —n2)

Thus, for z € [—m; 7],

cos(zz) = 2z sin(7z) (1 N Z (_1)ncos(nx)> .

s

Setting x = 7 yields

and thus
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Notice that

cos(mz) . €™ e ™ g(z)+1 2im

m cot(mz) = Tsin(rz) ~ Teim —e—imz () —1 i T—q(x) "~ QiW; ="
Combining this with Proposition 2.38 yields the equality
> L i oin f: q(2)"
zZ+n
nez n=1
and differentiating k — 1 times (k > 2), we see that
1 (=2im)* <~ hea n
> F = > " a(2)" (2.38.1)
= (z+mn) (k—1)! —

We introduce the following notation: op(n) =34, d™

Proposition 2.39. Let k > 2. The Taylor series of the Fisenstein series Gop with respect to q is

(2im)%F &

ook—1(n)q".

Proof. We already know from Proposition 2.36 that Gax(c0) = 2¢(2k) and thus the constant term
of the Taylor series with respect to ¢ is 2¢(2k). We compute

/ 1
Gon(z) = > 5 = 2((2k) +QZZ
ez (cz + d)?* pu s (cz+ d)
Using Equation 2.38.1 with z replaced by cz, we see that

1 2%k—1
Z(cz—i—d) de

deZ

Hence
G (2) = 20(28) + 2 izdz’f 1
2k (2k — 1)l &= £

We perform the change of variables n = dc. Then ¢ divides n and

sz%ldc ZZ( )2’“1 ZZkoln Z"le

c=1d=1 n=1 c|n n=1 d|n

We then have
(2im)%F &

Gaor(2) = 2¢(2k) + zm 2

oor—1(n)q(z)".
1
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We want to give an explicit formula for ((2k). In order to find this formula we consider the
Bernoulli numbers introduced by Jakob Bernoulli in his 1713 Ars Conjectandi (posthum). These
are denoted Bj and defined by the equality

=Y B . (2.39.1)

We give some of the first values of the Bernoulli numbers in the following table:

Lol 1 ]2 4 5] 6 8 [9]10
1 1 1 1 1 5
B ||[1] -3 15 -3 0| & —3 |0 %

Table 3: First values of the Bernoulli numbers

It can be shown that B,, = 0 for all odd n > 1.

Proposition 2.40. If k > 1 is integer, then

22k—1

C(2k) = (1) Gy Bar™
Proof. We start by noticing that
2
zeot(z) =1+ B Z) . (2.40.1)
k=2 )
In fact, we compute
cos(z) . eF4e 2iz
ZCOt(Z) = Zsin(z) = ZZ'W =1z + 627’27—1

Using Equation 2.39.1, with x is replaced by 2z, yields

z cot(z lZ+ZBk

Using Table 3, we see that

z cot(z —1+ZBk

Since all Bernoulli numbers of odd index greater than 1 is zero we may write this as

212 > 92k 2k
ZCOt( ) = 1+ZBQk(< = Z k+lB2k (2k)' s
k=1 k=1 )

since i2F = (—1)*.

Recall that the sine function can be written as an Euler product in the following way

=11 35)
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We take the logarithm of both sides of this equation and differentiate. We see that

d%: log(sin(z)) = cot(z)

and

n=1

dz &(~ n2m? - dz 8l & n2m2 2z — 22 —n2g2’

Combining these facts yields

zeot(z) =142 -5 =1—2 ——
(=) * ; 22 — n?n? ngln27r2 — 22

Notice that

k
n2k2k n272 1_ 22 n2n2 — 52
k=1 k=1
Using this, we find that

SO OO sz o ZQk
zeot(z) =1-2) D e =1-2) ((2k) 5.
k=1

n=1k=1

Finally, if we compare this last equation with Equation 2.40.1, we get

> ZQk: > Fl 22k22k
Z2C(2k)ﬁ = Z(_l) B%W
k=1 k=1
and thus
1 22571 2%k
C(2k) = (=1) Boym".

In the following table we give some values of ((2k):

k 1 2 3 4 5
7.‘.2 71.4 71_6 7T8 ﬂ.lo
C2k) || % | 50 | 955 | o450 | 98585

Table 4: Some values of the Riemann zeta function

Definition 2.41. Let k > 2. We define the normalized Eisenstein series E}, as

(k1)
B = 5 @imp O

Using this definition wee see that the Taylor series of the normalized Eisenstein series Foy, for

k>1is

B o

— 2k n

By =——+ Zlcfzk—1(”)q -
n—
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We do the computations for E4 and Fjg:
1
Ey= m+q+9q?+28(f’+73q4+126<f’+252qf°’+---
and

1
Eg= -z ta+ 33¢% + 244¢3 + 1057¢* + 3126¢° + 8052¢° + - - -

2.4.3 Cusp forms

Definition 2.42. Let I' be a congruence subgroup of level N and let k be an integer. A function
f:H — Cis said to be a cusp form of weight k and level N for I if it is zero at all cusps.
We denote by Si(I") the set of cusp forms of weight k for I'. It is a C-linear subspace of My (I").

Example 2.43. Consider the modular forms G4 and Gg. We set g2 = 60G4 and g3 = 140G¢. By
Proposition 2.36,

4 8
g2(00) = 120¢(4) = §W4 and  g3(oc0) = 280((6) = ﬁﬂe_
Consider the modular form A = g3 — 27¢g3. We compute that
64 64
_ 64y 64y

27" T o7 0-

A(0)

Thus A is a cusp form of weight 12 for SLa(Z).

2.5 Hecke operators on modular forms

In this section we introduce Hecke operators. We start by defining these on the space My(SLa(Z))
and then we extend this definition to My (Io(N)). We will see the action of Hecke operators on
the set My (SL2(Z)) and we will describe it via the Fourier series of the modular forms. We follow

an approach similar to the ones in both [ | Chapter VII Section 5 and | | Chapter 5 Section
5.7. A more geometrical approach can be found in | | Chapter 3 Section 3.1 but we will leave
this aside.

2.5.1 Hecke operators for SLy(Z)

Let n be a positive integer. Consider the set of matrices

An:{<a b) )a,b,c,dGZ,ad—bc:n}.
c d
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The group SLy(Z) acts on A,, by left multiplication:

SLo(Z) xA, —> A,
(v,0) — ~ya.

We decompose A, in orbits of this action and choose a system of representatives R for SLa(Z) \A,,.

The finiteness of this system is a consequence of this next proposition.

Proposition 2.44. For any positive integer n, we have the disjoint union

b
An:U{SLg(Z) <‘O‘ d) ’a>0,ad:n,0§b<d}.

Proof. Let a = (2%) € A,. We proceed to finding v = (£ %) € SLy(Z) such that ya = (%’ Z’,).
We need to have za + we = 0. We set z = ¢/(a,c) and w = —a/(a,c). To simplify notations we
shall write (-,-) instead of gcd(-,-). Then the condition is satisfied and (z,w) = 1. By Bézout’s
Identity, there exists integers z and y such that xw — yz = 1 and thus v = (% %) is in SLy(Z).
Note that a’d’ = det(ya) = det(y) det(or) = n. Without loss of generality, we may assume that
a’,d > 0 (otherwise just take —v). Finally, multiplying by ((1) }f) on the left with a suitable h gives
the condition 0 < ¥ < d'.

To see that the union is disjoint, suppose there exists v = (% ¥ ) € SLo(Z) and positive integers

a,d,a’,d',0<b<d, 0<V <d such that

oG-

Since the set of all invertible upper triangular matrices form a group, we must have z = 0 and thus
zw = 1. Then az = @’ and dw = d'. Since a,d’,d,d" are all positive by assumption, we must have
x =w=1. Then a = a’ and d = d’. Finally, b+ yd = b’ and thus b = b’ (mod d). But since
0 < b,V < d, we conclude that b = b'. This shows that the union is disjoint. O

Recall that we defined the weight k right action of SLy(Z) on the set of functions f : H — C.
One can extend this action, for k even, to GLy(Z) in the following way. For all v = (¢ %) € GL2(Z),

(f0I%)(2) = det(7)? (cz + d)* f (7 - 2).

Let k be an even integer and let f : H — C be a function which is SLy(Z)-invariant under the
weight k right action. Then the sum ) f [4lk taken over all 1 € R is independent of the choice of
the representatives. In fact, if 7 € SLy(Z) and p € R, then

fomle = (fh}k)[u]k = fli,

93



Definition 2.45. Let n be a positive integer. The n'" Hecke operator for SLy(Z) is a linear map
from the set of functions f : H — C to the same set. It is denoted 7;, and defined as

where R is a system of representatives for SLy(Z) \A,,.

Using Proposition 2.44, we may express the n'' Hecke operator in a more explicit way:

_ _ az+b
Tof(z)=n""1 > d7Ff( - (2.45.1)
ggbjd
a>1l,ad=n

Proposition 2.46. Let n be a positive integer. If f is a weakly modular function of weight k, then
sois Thf.

Proof. We start by verifying the modularity condition for T, f. If v € SLo(Z), then

(Tf [’Y]k—nz 12 f[l‘]k [’Yk—nQ IZ [N]k—ng 12 f[“]k Tk :Tn'ﬂ

HER HER HER
where the third equality follows from the fact that f is SLg(Z)-invariant under the weight k right
action.
Equation 2.45.1 shows that T, f is meromorphic on H if f is meromorphic on H. In fact, a finite

sum of meromorphic functions is meromorphic. The same argument applies if f is holomorphic and
thus if f is holomorphic on H, then so is T}, f. O

In the rest of this section we shall write ¢(m) instead of ¢, for the Fourier coefficients of f. This

is only done to make the proofs easier to read.

Proposition 2.47. Let n be a positive integer and let f =%, c(m)q™ be a modular function of
weight k. Then T, f is also a modular function of weight k. We have

T.f = Z v(m)q™ with ~y(m Z a” (—)

meZ al(n,m)
a>1

Proof. Using Equation 2.45.1, we see that

T f Z d- k Z 27rzaz+b

0<b<d mez
a>1,ad=n
Suppose d|m, and set m' = m/d. Then
d—1 . d—1 d—1
s mb !
e?m = eQmmb — § :1 —d.
b=0 b=0 b=0



Otherwise,

d-1 21N\ d 2mi
—~ 1— GQMF 1— 627”3
Thus
T Z o nk 1 Z d- k+1 Z 2Trzzam"
ﬂd>_1 m/E€L
Write 1 = am’. Then
n\ k-1 d
=Y Y (5) (%),
WEZ a>1 a
al(n,p)

Since f is meromorphic at oo, there exists a positive constant N such that ¢(m) = 0, Vm < —N.
Thus ¢(pd/a) = 0, Vu < —nN. From this, we see that T}, f is meromorphic at oo and this shows
that T}, f is a modular function of weight k. To finish the proof, remember that ad = n and therefore
a=n/d and d/a = n/a?. Thus

T.f = Z Z a" e ('Z—Z) q".

=\
O
Corollary 2.48. Let n and m be positive integers. Then
TTn= Y 4 'Tup =TT,
d|(n,m)
In particular, T, Ty, = Thm if n and m are relatively prime.
Proof. Let f =73, c(m)g™. Using the previous proposition, we compute that
S i lTnmf— AN DS ak_lc<mna) .
2,2
d|(n,m) d|(n,m) a€Z a\(%,a) da
Similarly, we compute that
_ no
=y [ (1)) o
a€Z \al|(n,a)
and
_ 4 /mna
TuTuf =) | > d" ) aklc(w> g
acZ \d|(m,a) al(n, ")
_ k—1 k—1  (Mno
=X Y| Y d () | o
d|(n,m) acZ \al(%5"a)
as desired. O
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Let f =) sa(m)q™ € My(SL2(Z)). Consider now the particular case when n = p is prime.
Then

o0 o0
Tpof =Y a(pm)q™ +p*1 Y a(m)g™™.
m=0 m=0
Furthermore consider two particular cases of Corollary 2.48:
(i) If p divides n once, then gcd(%,p) =land T, = T%Tp.

(ii) If p? divides n, then T, = T, — pk_lTp%.

Corollary 2.49. If f is a modular form (resp. a cusp form), then T, f is also a modular form

(resp. a cusp form).

Corollary 2.50. Consider the same notations as in Proposition 2.47. Then ~(0) = ox_1(n)c(0)
and y(1) = ¢(n).

Corollary 2.51. If n = p is prime, then

v(m) = c(pm) if ptm,
(pm) +p*te (%) if pm.

=

2
Il
o

Example 2.52. We compute the first terms of T5F,. Recall that we already computed the Taylor
series of F4 with respect to ¢ in the end of Section 2.4.2. We let ~,, denote the coefficients of
the series of ToFy4. Using the results of Corollary 2.50, we see that 79 = 3/80 and «; = 9. Using
Corollary 2.51, we compute v, for m =2,--- ;6. We can then write

3
DBy = o5 + 90+ 81¢% + 252¢° + 657¢" + 1134¢° + 2268¢5 + - - -

2.5.2 Hecke forms for SLy(Z)

Let f = 300 samq™ € Myp(SLa(Z)), not equal to the all-zero function, and suppose f is an
eigenfunction for all Hecke operators T;,. In other words, there exists a sequence {\,}5°; C C such

that T,, f = A\, f for all positive integer n.

Theorem 2.53. The coefficient a1 of f is non-zero. Furthermore, if f is normalized such that

a1 =1, then a, = A, for all positive integer n.
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Proof. Using Corollary 2.50, we see that the ¢ coefficient of T}, f is a,,. But since T,,f = A, f, this
coefficient is also A\pai. Thus a, = A\yaq for all n. So if a; = 0, then a, = 0 for all n. Hence, f is
the all-zero function and this contradicts our assumption. Thus a; # 0. If a1 = 1, then a, = A, for
all n. =

Definition 2.54. Let f € My(SLa(Z)). We say that f is a Hecke form (for SLa(Z)) if f is

normalized in the sense that a; = 1 and if f is an eigenfunction for all Hecke operators T,.
Corollary 2.55. Two Hecke forms of weight k which have the same eigenvalues coincide.

Corollary 2.56. Let f =" ,amq™ be a Hecke form of weight k. Then

CmGOn = Qmn, if ged(m,n) =1,

ApApn = Qpn+1 —|—pk_1apn_1 if p prime, n > 1.

Proof. Using Theorem 2.53 and Corollary 2.48, we get

TnTmf(z> = Tnamf( ) = amanf Z dk 1Tmn Z dk 1amnf )

d|(m,n) d|(m,n)

Thus, if m and n are relatively prime, a,,a, = am,. From the above computation we see that

E k—1 k—1
apapn = d apn+1 == apn+l +p a/pnfl.

d|(m,n) @

O

2.57. Observe that the function n — a, is multiplicative. That is, if m, n are relatively prime, then

Amn — AmAnp.

Theorem 2.58 (Hecke). Let k >4 be even and f =3 amq™ € Sp(SL2(Z)). Then

k
2

anp =0(n2) when n — +oo.

In other words, there exists a positive real constant C' such that |a,| < Cn3s for n sufficiently large.

Proof. Since f is a cusp form, ag = 0. We can then factorize f by ¢ and write

oo
= (Z amqm1> q
m=1

If we write z = x + 1y, then |f(z)| = O(|q(2)|) = O(e~?™) when ¢(z) — 0, that is, when y — +o0.
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Let ¢(z) = ]f(z)|y% Then ¢ is invariant under the action of SLy(Z). In fact, let v = (24) €
SLy(Z) and recall that Im(y - 2) = y/|cz + d|®. Thus

k

= lez + dPIf ) g = 602)

k
2

o(v-2) = |f(v-2)|Im(y-2)

Furthermore, ¢ is continuous on the standard fundamental domain D. Since |f(z)| = O(e=2™), we
see that ¢(z) — 0 when y — +o00. Thus ¢ is bounded and there exists a constant M such that

lf(2)] < My_% when y — +o0. (2.58.1)

Fix y and let 2 run through [0, 1]. Then ¢(z) = e?™(®+%) describes a circle of center 0 and radius
e~2™. We shall denote this circle Cy. Now consider the functions g, = fq~ D with n positive.
Observe that

[e.e] o (o)
—n— al a
In = Z amg™ " = Z ini1q" = — 4=+ Z@k+n+1qk-
m=1 k=—n 4 k=0
Thus g, has one pole at 0 of order n and Resy(g,) = a,,. Applying the Residue Theorem, we get

1

1
00 = 5 ) Sl - | @+ ivata+inan

Using Equation 2.58.1 we see that |a,| < M yfge%”y. This inequality holds for all positive y. In
particular, if y = 1, then |a,| < Me?™n% and thus an, = (’)(ng) O

n

2.5.3 Hecke operators for I'y(N)

We define Hecke operators for I'g(/V) and expose some of their main properties. These properties
and their proofs are analogous to those of Section 2.5.1 and 2.5.2.

Let N and n be positive integers and consider the set of matrices

c d

The group I'g(N) acts on AY by left multiplication

a,b,e,d € Z, (a,N) =1, ¢ =0 (mod N)}

[o(N) x AN — AN
(v, ) — ~va.

We decompose AY in orbits of this action and choose a system of representatives RY for To(N)\AY.

The finiteness of this system is a consequence of this next proposition.

o8



Proposition 2.59. For any positive integer n, we have the disjoint union

b
Affo{Po(N)(g d) \a>0, ad=n, 0 <b<d, (a7N)=1}-

Proof. The inclusion “2” is straightforward. For the other inclusion, consider o = (‘; 2) € AN, We
know by Proposition 2.44 that there exists v = (% ¥ ) € SLa(Z) such that

-0 )

where a'd’ =n, a’;d > 0 and 0 < ¥ < d'. Since a = ¢’z and (a, N) = 1, we have that (a/, N) = 1.
Then, since ¢ =0 (mod N) and ¢ = @'z, we find that z = 0 (mod N) and thus v € Ty(V). O

By analogy with Hecke operators for SL2(Z), we define Hecke operators for I'o(N), denoted 7.,

as follows:

TN f =t 3 fu,

HeERN

for f € My(T'o(N)).
2.60. If N is clear from the context, we shall write T}, instead of T},

Similarly, we get a more explicit formula for T, if we choose the system that follows from

Proposition 2.59. This yields,
+0b
Tof(z) = n*~! dr (0.
IEET D S A G

0<b<d,(a,N)=1
a>1l,ad=n

Note that since ({ 1) € To(N), every f € Mp(To(N)) can be written as

oo
f=2_ amd™
m=0

Thus Proposition 2.47 can be fitted for I'o(N). All other properties from Section 2.5.1 can be
derived for I'g(NN). We end this section by stating an important theorem.

Theorem 2.61. The Hecke forms form a basis for Ma(I'o(N)).

Proof. This is Theorem 5.7.2 of | ]. The proof is not technical but requires the Petersson scalar
product that we do not define. O
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3 The Taniyama-Shimura Conjecture

We now have all the elements in hand needed to state the famous conjecture, which is the objective
of our study. The statement was originally conjectured in 1955 by Yutaka Taniyama. His colleague
Goro Shimura gave a precise statement of the conjecture in the following year. In 1967, a paper of
André Weil provided strong evidence in favor of the conjecture. On September 19™" 1994, Andrew
Wiles, with help from Richard Taylor, obtained the full proof of the Taniyama-Shimura Conjecture
for a special class of elliptic curves defined over Q. This version of the conjecture sufficed to prove
Fermat’s Last Theorem. FExtending the methods developed by Wiles in his proof, Christophe Breuil,
Brian Conrad, Fred Diamond, and Richard Taylor obtained the proof of the full conjecture in 2001,

which then became known as the Modularity Theorem. We now state the theorem.

Theorem 3.1 (Breuil, Conrad, Diamond, Taylor, Wiles). Let E be an elliptic curve defined over
Q with conductor N and let L(E,s) be the L-series of E:

L(E,s)=Y a(f).
n=1

n

(See Section 1.5.3 for the definition of the coefficients of this L-series). Then the function f : H — C
defined by
f=> aln)q",
n=1

2imz

with q : z — €*'™ is a cusp form and a Hecke form for T'y(N).

In 1637, Pierre de Fermat famously claimed to have proved, in the margin of a copy of the
Arithmetica, what would become known as Fermat’s Last Theorem. He claimed to have found a quite
marvelous proof of this statement but that the margin was too small to contain it. Unfortunately,
no sign of this proof was ever found and this lead to a 358-year long search for the proof. The

statement is as follows.

Conjecture 3.2 (Fermat). Let n be a positive integer. The equation:

abc £ 0
a,b,ceZ

has no solutions for n > 3.

After the death of Fermat, mathematicians undertook the work of proving his many assertions
one by one. The famous conjecture was the last one that was attempted and that is why it became

known as Fermat’s Last Theorem. It eventually became one of the most famous unsolved problems
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in mathematics and its resolution stimulated the development of several areas in mathematics
during the many years of search. The conjecture was proved for several special cases of n and many
advances were made by Euler, Goldbach, Germain, Legendre, Dirichlet, Lamé, Liouville, Cauchy,
Kummer and many more famous mathematicians. But no one succeeded in proving the general
case.

Around 1955, Taniyama and Shimura noticed a possible link between elliptic curves and modular
forms. This was surprising since the two areas were completely unrelated. This resulted in the
Taniyama-Shimura Conjecture which was precisely formulated around 1956. It is sometimes referred
to as the Taniyama-Shimura-Weil Conjecture because of the contribution of Weil in 1967. In general,
the conjecture was believed inaccessible. In 1983, Gerhard Frey noticed a link between the conjecture
and Fermat’s Last Theorem. He asserted that if a solution existed to Fermat’s problem for n > 3,
then from this solution, one would be able to extract an elliptic curve with such bizarre properties
that its existence would contradict the Taniyama-Shimura Conjecture. It became clear that if this
statement was correct, then a proof of Taniyama-Shimura would imply Fermat’s Last Theorem.
But he did not succeed in proving his statement. The missing part was identified by Jean-Pierre
Serre and became known as the epsilon-conjecture. In 1986, Ken Ribet obtained a proof for this
conjecture, which became known as Ribet’s Theorem. The ground was then laid for Andrew Wiles
who embarked on a 7-year long lonely search which resulted in him obtaining the proof of the
Modularity Theorem in 1993 for elliptic curves that only admit good or multiplicative reduction
modulo a prime p. This special case of the theorem was enough to imply Fermat’s Last Theorem.
But a flaw was discovered in his proof. With help from Richard Taylor, he corrected this flaw
and the correct proof was submitted in 1995, making Wiles’ childhood dream of proving Fermat
come true. The methods used in his proof were extended by Breuil, Conrad, Diamond, and Taylor
between 1996 and 2001 and led to the full proof of the Modularity Theorem.

A nice description of the historical context surrounding Fermat’s Last Theorem and the Modu-

larity Theorem can be found throughout | |
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4 Computations

The aim of this section is to numerically illustrate the Modularity Theorem for some selected

examples. We choose an approach using modular symbols and follow | | Chapter 3.

4.1 Modular symbols

We introduce modular symbols with the aim of constructing a basis for the vector space Sa(IT'o(V)).
We then expose a trick due to Manin that gives a finite list of generators and relations for the space
of modular symbols. We then define Hecke operators on modular symbols and study the relation

between these and the Hecke operators for weight 2 modular forms for I'o(NV).

4.1.1 Definition

We consider homotopy classes of oriented paths in #* with endpoints belonging to P!(Q) and denote
them {a, 8}, where a, 3 € P1(Q). Note that the order of the pair matters. Consider the following

homology relations:
(1) {a, B} +{B. 7} + {7, 0} =0
(2) {a,a} =0
3) {a, 8} = —{B,a}

for a, 8,7 € P1(Q).

Definition 4.1. We define My to be the Q-vector space generated by symbols {«, S} quotiented
by the three homology relations. An element of this space is called a modular symbol. Modular

symbols of the form {«a, 5} are called elementary symbols.

a 0 B

Figure 5: The elementary symbols {«, 8} and {0, 00}
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4.2. Recall that an element s of a Q-vector space V' with basis B may be expressed in one and only

one way as a Q-linear combination of elements of B

S = i )\zbz,
=1

where each \; € Q and all but at most finitely many \; are 0. Elements of V' are formal sums over
B.

The group GL2(Q) acts from the right on the space of modular symbols My in the following
way: let v € GL2(Q) and s = >~°3 A\i{a, 8;} € M. Then

vos =3 Nv-{ai B =) Ay Bl
i=0 =0

Here, GL2(Q) acts on P1(Q) by linear fractional transformation. That means that this action
is the same as the one in Section 2.2.3 but extended to GL2(Q). Explicitly this corresponds to the
action

ar+b
cr+d if r 7& o0

a

. ifr=o00

where r € P1(Q) and (‘; Z) € GL2(Q). If the denominator ¢ or ¢r + d equal zero, then we declare
that v -7 = co € P1(Q). Seeing that the action of GL2(Q) on My is indeed an action and that it is

well defined is immediate.

Definition 4.3. We define the space of modular symbols for I'g(N) to be the space Ma(N) defined
as My quotiented by the sub-vector space of My that is generated by modular symbols of the form
{a, B} — v{a, B}, where {a, 5} € My and v € T'y(N). An element of this space is called a modular
symbol for I'g(V).

4.1.2 Cuspidal modular symbols

Let Bo(N) denote the Q-vector space with basis the finite set of cusps C(I'o(N)). We define the
boundary map

5]\[ : MQ(N) —>IB§2(N)

to be the linear map that sends {a, 8} € My(N) to {5} — {a}, where {3} denotes the basis element
of Bo(NN) corresponding to 3 € P1(Q). When the context is clear we shall write § instead of &y .

4.4. This is a well defined map. Let a, 3,7 € P}(Q). We verify that the four relations we declared
above hold in the image of . For the first one, we simply compute that 6({c, 8} +{8,7}+{v,a}) =

{8t —{e)+({}={BH+{a}—{r}) = 0. For thesecond, 6({, 8}) = {#} —{a} = —=({a} —{B}) =
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—0({B, a}). Finally, it is clear that 6({c, a}) = {a} — {a} = 0. For the last relation, let v € I'g(V).
Then for all a € P}(Q), {a} = {7 a} since @ and 7 - « represent the same cusp. Thus

6({e, B} =7 -{a, B}) ={B} —{a} = {v- B} +{y-a} =0.

Definition 4.5. The kernel of §y is called the space of cuspidal modular symbols and is denoted
Sa(N).

Thus, an element of S3(/V) can be thought of as a linear combination of paths in H* whose

endpoints are cusps.

4.1.3 Manin’s trick

We know by Proposition 2.6 that I'g(/V) has finite index in SLy(Z). Let ro,...,r, be a system of
right coset representatives for I'o(N) in SLa(Z). Then

SLy(Z) = | To(N)ri,
1=0

where the union is disjoint. Manin’s trick enables us to write every modular symbol as a Q-linear

combination of symbols of the form r;{0,00}. It shows that {r;{0,00} |7 = 0,---,m} generates
Ma(N).
Theorem 4.6 (Manin). Let rg,...,r, be a system of right coset representatives for To(N) in

SLa(Z). The linear map
(IO:Q[T()?"'JT‘W] — MQ(N)
2liso Airi — 2t Airi{0, 00}
18 surjective.
Proof. Let {a, B} € My(N). Using the first and the third homology relation, we notice that {«, 5} =
{0, 8} —{0,a} for all o, B € P}(Q). Thus it suffices to show that there exists {\;}/", C Z such that
Yoo Airi{0, 00} = {0,2 , where (a,b) = 1.

The first step is to write g as a stmple continued fraction. That is

1
P S B
¢ R —
a3+.4.
where a; for ¢ = 0,1,... are integers. We shall write this in the following way, which is more
compact:
1 1
a a1+ as+



We have written the continued fraction as if it is infinite but it is actually finite in our case since

we only consider rationals. Thus, there exists a positive integer N such that

b 1 1 1
—=qy+ ———.
a a1+ as+ an
The second step of the trick consists in considering the successive convergents of g. The nt®

convergent, for 0 < n < N, is denoted Z—: and defined as

Dn 1 1 1

— =aqyp+ ———- .
dn a1+ as+ an

In addition we also consider two formal convergents, namely the ones of order —2 and —1 defined

formally and respectively as 1;%; =9 and % =1

We notice that prqp_1 — pr—_1qx = (—1)*~! and thus the matrix defined by

- (=" '
G (1) gp
is in SL(Z). Furthermore, we see that
Pr—1 P
(0,00} = (o0, 00) = {2 P g0,
k-1 Gk
for a certain i € {0,--- ,m}. In fact, there exists 6 € I'o(N) and 0 < i < m such that dr; = .
Thus v,{0, 00} = §r;{0, 00} = r;{0, 00} since we quotiented by the relation {«, 8} —y{a, 5} = 0.
Finally, note that

b _ _ _ _
{0,}_{M,M}+{m’m}+_“+{m 1,pN}.
a qg—2 g-1 qd-1 4o gN-1 49N

This is a consequence of the homology relations we stated and the fact that p_o/¢q_o = 0 and

PN /qn = b/a by definition. Using our observation above, we know that for each —1 < k < N, there

exists 0 < 4 < m such that
Prk-1 Pk
{, } = r;{0,00}
dk—1 4k
and this completes the proof. O

Example 4.7. Let N = 11 and g = %. We use Manin’s trick to express the modular symbol {0,4/7}
as a Q-linear combination of r;{0,00}. We know from Proposition 2.6 that the index of I'g(11) in

SLo(Z) is 12. Using Proposition 2.7 we choose the following system of right coset representatives

for Fg(ll) \ SLQ(Z)
10 1 0 1 0 1 0 0 —1
o 1/ \1 1) \2 1) \10 1) \1 o)

We start by expanding % as a continued fraction. The algorithm is simple. Let ag be the integer

part of %, that is 0 and write



Let a1 be the integer part of %, that is 1. Repeat this process until you obtain the desired form.
Doing this yields

4 1
70t
+1+§
and we may write
4_0+ 1 11
77 14143

The convergents of % are

3
)

q—2

Thus {0,4/7} = {0,00} + {00,0} + {0,1} + {1,1/2} + {1/2,4/7} = {0,1} + (3 1) {0,00} +
(41){0,00}. We state that {0,1} = 0 for all N. To see why, note that T'= (1) € To(N) for all
N. Thus {00,0} = {T - 00,T -0} = {00, 1}. So

0 pr_1 po_0 _ _
1I” g1 0 q@ 1 g 17 ¢ 2 ¢

0 = {oo, 1} — {00, 0} = {00, 1} + {0, 00} = {0, 00} + {00, 1} = {0, 1}.
Also, notice that
1 -1 10 -1 10 4 1 -5 1 10
= and = .
2 -1 11 -1/\9 1 7 2 —-11 2 9 1
and (1] 71), (23 3) € Lo(11). Thus we may write

{0.4/7) =2| (; ?) 0,00}].

4.1.4 Manin symbols

Fix right coset representatives ro, ...,y for I'g(N) in SLa(Z). We introduce the following notation
ri{0,00} = [ry] for i = 0,...,m and we consider the formal symbols [r;]’, for i = 0,...,m. We

define the right action

SLo(Z) x{[ro)s-- -, [rml} — A{[rol,---s[rm]'}
(v, [ri]") — [y =[]

where I'g(N)rj = I'o(N)r;y. We extend the notion by setting
o] = [Co(N)a]" = [ri]',

where 7; is such that o € To(N)r;. Then the right action of T'o(N) is [a] - v = [a7]'.
Definition 4.8. The symbols [ro)’, ..., [ry,] are called Manin symbols.
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Note that this definition does not depend on the choice of the representatives r;. In fact, let
{90, --,9m} be another system of representatives. Then for each 0 < ¢ < m, there exists 0 < k =
ki < m such that T'o(N)g; = To(N)rg, and k; # kj for i # j. Thus, [¢;) = [Lo(N)gi)' = [ri,]. We
may reorder the g;’s in a way such that [g;]" = [r;]’ for all 4.

Recall from Proposition 2.8 that the modular group SLo(Z) is generated by the matrices S =
(23 and T = (1),

Theorem 4.9 (Manin). Let M denote the quotient of the Q-vector space generated by the Manin

symbols [ro]’, ..., [rm] by the sub-vector space generated by the relations (for alli=0,...,m)
[ri] +[ri) - S =0 and [r] +[r:] - (TS)+[rs] - (TS)*=0.

Then there is an isomorphism

U: M 5 My(N)
given by [r;]" v+ [r;] for alli.

Proof. The injectivity of ¥ requires a certain amount of work and therefore we refer to | |
Chapter 1 Section 7 for the proof of this part. The surjectivity of ¥ is a consequence of Theorem
4.6. We show that ¥ is well defined. We need to verify that the relations considered in the theorem
hold in the image. To prove that the first relation holds, we observe that

([ri] + [ri] - 8) = ©([rs] + [riS]') = [rs] + [riS] = 7i{0, 00} + 7:5{0, 00}
={ri-0,r;-00}+{r;-(S-0),r;-(S-00)} ={r;-0,r; 00} + {r; 00,7 -0} =0,

where we used the third homology relation for the last equality.
For the second relation, start by noticing that 7S = (1 3!) and (I'S)? = (§ Z{ ). Then

U([ri" + il (TS) + [ra - (T8)?) = U([ri] + [r(TS)] + [ri(TS)?)) = [ri] + [ri(TS)] + [ri(T'S)?]
= {ri-0,ri - 00} + {ri - (T'S) - 0),75 - (T'S) - 00)} + {rs - (T'S)* - 0), i - ((T'S)* - 00)}
={r;-0,7;-00} +{r;-o00,r; -1} +{r; - 1,7 -0} =0,

where we used the first homology relation for the last equality. O
4.10. This theorem provides a finite presentation for the space of modular symbols. In particular

dim(Ma(N)) = dim(M) < [SLa(Z) : To(N)].

4.2 Hecke operators on modular symbols

We define Hecke operators on modular symbols and then introduce a perfect pairing between these

and the Hecke operators for modular forms for I'g(N) and weight 2.
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4.2.1 Definition

Let N and n be positive integers and consider the set of matrices

c d

just as we did when we defined Hecke operators for modular forms for I'g(N). Recall from Propo-

sition 2.59, that
b
R, = {(g d) ‘ad:n,azl,(a,N):1,0§b<d}

is a system of right coset representatives of I'g(N) \ AN,

a,b,c,d€Z, (a,N)=1, c=0 (mod N)}

Definition 4.11. Let N and n be positive integers. We define the n'® Hecke operator on My (N)
to be the map from Ma(N) to My(N) defined by

It is easy to verify that this is a well defined map. We now consider the case where n = p is
prime. If p t N and g = ( ) € R, then since ad = p and a is positive we must have a = 1,d = p
or a = p,d = 1. In the first case, g = ( ) with 0 < b < p. In the second case, g = (811’)
with 0 < b < 1 and therefore g = (¥ 9). If p|N, then a # p because otherwise (a, N) # 1. Thus

g:( p)7W1th0§b<p Hence, lfp'fN

el o1 3)
e

It follows from these observations and our definition of Hecke operators that if N is a positive

Otherwise,

integer, p is prime and {a, 8} € My(NV), then the p'" Hecke operator on the elementary symbol
{a, B} is
(51 {a,5}+2 ) {a.f} ifpt N
TP{aHB} = p—1 r=0
Z ) - {a, 8} it p| N.

r=

Thus if s = zloio )\i{Oéi, ,31} € Mg( ) then

Tps = Zg 3—2/\ Zg {ei, Bi}.

gERy =0 gERy
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4.2.2 Pairing of modular symbols with modular forms

Consider the pairing (-,-) : Ma(N) x Ma(I'o(N)) — C that sends {«, 5} € My(N) and f €

M (To(N)) to
/ f(z)dz

a—f

that we extend Q-linearly in the first variable in the sense that if s = > 2, Ai{c, Bi} € Ma(N)
with {\;}5°, C Q, then

(5,1 =S A | F(2)dz.
>u f

a;—B;

We immediately notice that (-, -) is Q-bilinear and C-linear in the second variable. The integral
is taken over a path a — [ that represents the elementary symbol {a, 8}. Note that this pairing
makes sense since the integral is independent of the choice of the path a — 8. To see this, we adopt
the notation d; := o — ( and let Jo be another path that represents the symbol {«, 5}. Since f
is holomorphic on H, Cauchy’s theorem tells us that the integral of f on any closed path in H is
equal to zero. But this does not suffice to prove the independence of the choice of paths since the
closed path C' := §; — 63 contains two points that belong to P!(Q), namely the points o and 3. But
there is a way to avoid this problem. Let € > 0 and let C¢ and C? be the circles with radius € and

respective centers o and f3.

55

ca Y Y2 of
(L AN
o/ 2/
Figure 6: The closed path I' in ‘H

Let 1 = 51003,?;1 = 5200?,1‘2 = 51HC§ and yo = (SQQCEB. Define v, = (y1 — IL‘1) - (CgﬂC)
and v = (x2 — y2) C (Cf N C). Observe that the path I' := d; + 72 — d2 + 71 is closed in H (see

Figure 6). Thus by our previous discussion, the integral of f on I' is zero. Thus
fR)dz— | f(x)dz= [ f(z)dz+ | f(z)d=.
02 61 Y1 Y2

As e — 0, the path ~; “shrinks” towards zero. But does the integral of f of ~; also tend to zero?
The answer is yes. Since f is holomorphic at the cusps and holomorphicity at a cusp implies that

f is bounded in a close neighborhood of the cusp, we see that there exists M > 0 such that

|f(z)|dz<M | dz—0ase—0,
Vi i
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for i = 1,2. Hence

f()dz = [ f(z)de

o1 b2
as we set out to prove.

4.12. The above pairing is well defined. We need to verify that the pairing satisfies the three
homology relations from Section 4.1.1 and the relation defined in Definition 4.3. Let o, 3,7 € P1(Q)
and f € Ma(Ip(N)). In order to verify the three relations of Section 4.1.1, we need to show that

/ F(2)dz =0 / F(2)dz =0 / F(2)dz =0,

(a=B)+(B=7)+(r—a) a—a (a=B)+(B—a)

Note that all three paths (o — 8)+ (8 — v) + (v = a),a = a and (o — ) + (8 — «) form closed
loops in H*. Thus, the desired results follow from arguments similar to the ones already developed
above.

In order to show the result for the relation of Definition 4.3, let v € T'g(/N). We need to show
that

<7 : {O‘aﬁ}a f> = <{aaﬁ}7f>
By definition,

(v {o, B}, f) = /f’yz (y-2).

y-a—=y-B
Since f € Mo(I['o(N)), we know by Remark 2.11 that f(v - z)d(y - 2z) = f(z)dz. Furthermore,

v -{a, B} = {a, 5}. Thus
[ sadeen = [ e

ya—=y-B a—f3

as desired.

Proposition 4.13. The Hecke operators are compatible with the integration pairing (-,-) in the
sense that for all s € Ma(N), f € Mo(I'o(N)) and p prime, (Ips, f) = (s, Tpf).

Proof. Since the pairing is Q-linear in the first variable it suffices to prove the equality for an
elementary symbol {«a, 5} € Ma(N). Let p be a prime and f € Ma(I'g(N)). Then

(o 8L, Tpf) = Ha, 81,021 Y f1902) = ({a, 8, 3 £l

geERp geERp
b
= [ X = S [ pata(
a—pf 9€Ry 9€Ry a—f

We perform the change of variables w = %er. Then

(st tn=Y [ Sitwaw=Y [ Liwaw=Y [ swa.

9€Rp g.a—sg.8 9€Rp g.asg. ﬁ 9€Fp g.a=sg.8
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On the other hand,

(Tfen, B}, 1) = (D g-{a, BL ) =D / f(z)dz.

geERy geERy g-a—sg-B

Thus (Ty{a, 8}, f) = (v, B}, T f). -

Restricting the pairing as follows (-,-) : Sa(N) x Sa(I'o(N)) — C, it remains Q-bilinear and

C-linear in the second variable. Hence, the map
[ SQ(N) — HOIH([:(SQ(F()),C) = SQ(F()(N))*

that sends s € So(N) to (s, -) is well defined. Here, Sa(I'g(IV))* denotes the dual of Sa(I'o(N)). We

state the following theorem without proof.

Theorem 4.14. The map ar : So(N)®gR — S2(Lo(IN))* that sends s to (s, -) is an isomorphism.

In other words, our pairing is perfect.

Proof. See Theorem 3.4 of [St07]. O

Corollary 4.15.
dimQ SQ(N) =2 dim@ SQ(F()(N))

Proof. This is Proposition 3.8 of [St07]. O

Corollary 4.16. The Hecke operators for Sa(I'o(N)) and those for So(IN) have the same eigenval-

ues.

Proposition 4.17. The Hecke operators on So(N) commute. Moreover, the function n — T, is

multiplicative. Thus, T, for n composite is determined by the operators T, with p prime.

Proof. This proposition is a consequence of Corollary 2.48 which states the same result for Hecke
operator on Sz2(I'g(N)). Let s € So(N) and f € So(T'o(N)). Then (s, T,Tmf) = (s, T/ Tnf) and
using Proposition 4.13 we see that (T,,Ts, f) = (T,Tns, f) which implies that ar(T,,T,s) =
ar (T, T,,s) since f is arbitrary. Since ag is an injection, we must then have 1), T, s = T,,T),s.

If n and m are relatively prime, then T,,T,, f = Ty f. Thus

(s, TnTinf) = (8, Tum f) = (Tums, f)-

But we also have (s, T,,T,,f) = (TwTns, f) and thus ar(Thms) = ar(TmT,s) and since ag is an

injection, we see that T;,T,,s = T),ms. O
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4.18. If 2d = dim(S3(NV)) and {eq,...,eaq} is a basis for this space, then the series

fi =

are Hecke forms for I'g(V) for i = 1,...,2d. Here, (-,-) denotes the standard scalar product on
C. Thus, we may compute a basis for Sy(I'g(IV)) by looking only at the eigenvalues of the Hecke

operators T, on Sp(NN). It suffices to list the series f; until we have enough to form a basis for

[e.9]

Z<Tneia ei)q"”

n=0

S2(T'0(NN)) and this is possible since dim(S2(I'o(N))) = d by Corollary 4.15.

4.3 Computations

We have now covered the theory that is necessary and sufficient for us to numerically illustrate the

Modularity Theorem. We give a table of the dimension g of Sa(T'g(V)).
N 10 | 11 | 12 | 13
g0 0 ol1]o]o0
N |14 |15 |16 |17 |18 | 19|20 | 21 | 22 |23 |24 | 25| 26
g |1 110 1 0 1 1 1 2| 2 110 2
N | 2712812930 (3132|3334 |35]36|37]|38]|39
g | 1|22 3|2 |1 3|3 |3 |1]|2]|4]|3

Table 5: Dimension g of Sa(I'o(NV

We shall proceed in the following way.

(i) We compute a basis for the space M of Manin symbols. By Theorem 4.9, we already know
that the Manin symbols generate M. We compute the relations defined on M in this theorem
using the action of GL2(Z) on M defined in Section 4.1.4. Then, using linear algebra we study
the independence between these symbols by looking at the relations. This will give us a basis

for M. Once we have a basis for M, we also have one for My(N) by Theorem 4.9.

(ii) We compute the image of each basis element of this basis by the Hecke operator 7T,,. This

)-

allows us to express 7T, as a matrix. We compute its eigenvalues.

(iii) We compute the boundary map and find a basis for its kernel, which is the space Sa(IV). We

compute T, on Sy(N) and find its eigenvalues.

(iii) We construct a basis for Sa(I'g(/V)) using Remark 4.18.

(iv) We consider an elliptic curve with conductor N and compute the coefficients a,, of its L-series.
We then express the function f = )" a,¢" in the basis we constructed for Sa(I'g(V)).
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4.3.1 Illustration for N =3

We start by computing 75 on the space My(3). The strategy is to compute a basis for the space
M on Manin symbols. Then, using Theorem 4.9, we know that M = Mj(3), and thus we will also
have computed a basis for My(IN). We then apply T on this basis and express the operator as a
matrix.

Recall from Proposition 2.7 that the matrices

10 0 —1 10 10
rog = , T = , Ty = , T3 =
°“ o 1) \1 o "1 1) 21

form a system of right coset representatives of I'g(3) in SLa(Z).

We list the relations defined in Theorem 4.9. We do the computations of the first relations. The
first relation is [ro]" + [ro]’ - S = 0. Referring to the action defined in Section 4.1.4, we see that
[ro]" + [ro]’ - S = [ro] + [r0S]) = [ro]’ + [r:]’, where T9(3)(r9S) = T'o(3)r;. Notice that r0S =S = rq
and thus [roS]" = [r1]’. Hence, the relation is [ro]" + [r1]" = 0.

The second relation is [ro) + [ro]) - (T'S) + [ro) - (T'S)? = 0. First, compute that 7oT'S =
TS = (173') and notice that (1 ') = (§1)(%3') = (§1)r1 and that (§1) € To(3). Thus,
To(3)(roTS) = T'o(3)r1 and we may conclude that [roT'S]" = [r1]’. Similarly, we compute that
ro(TS)? = (T'S)? = (Y Z1). Notice that (Y2]) = (321) (39) = (321)r3 and that (377) €
Lo(3). Thus, To(3)(roT'S) = I'y(3)rs and we may conclude that [ro(T'S)?)" = [rs]’. Thus, the second

relation is [rg] + [r1]’ + [r3) = 0. By iterating this procedure we find the six remaining relations:

[ro] +[r1)" =0 [ro] + [r1]" =0 [ra] +[r3)]' =0 [ro] +[rs] =0
o] + [r1]) +[r3) =0  [ro] +[r] +[r3) =0 3[r) =0 [ro]’ + [r1] + [r3] = 0.

Recall that the aim is to find a basis for the space M. We already know that [rg]’, [r1]’, [r2]’
and [rs]” generate M but since we quotient by the above relations, we need to look at independence

between the Manin symbols modulo these relations. We express the above relations as a linear

system:
110 0\ [[ro) 0
1 1o 1f|m)| |o
00 1 1| |o
00 3 0/ \[rg) 0

Notice that we omit the recurrent relations. Taking the reduced row echelon form of this matrix

yields the equivalent system

110 0\ ([ro) 0
001 0[]|M)] o
000 1| |o
000 0/ \[rg) 0
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Thus, our complicated system of relations above simplifies to
[ro] +[r]' =0  [ro] =0  [rs] =0.

Hence, M has dimension 1 and its basis is the class of [r1]" (or [r2]"). We choose [r1]’. Notice that

by Theorem 4.9, these relations hold in the image. Thus
[ro] +[r1] =0 [ra=0  [r3] =0. (4.18.1)

This implies that dim(Msy(/N)) = 1 and we may choose as basis of My(V) the class of the modular

symbol [ri] =r1 - {0,00} = {00,0}. Now we compute T5[r1]:

Tofr1] = (3 2) (00,0} + (é 2) (00,0} + (; ;) {0,0}.

Note that (39) {00,0} = {00,0} = [r1}, (39) {00, 0} = {50,0} = [r1] and (}}) {o0,0} = {00, 3} =
{00,0} 4+ {0, 3} = [r1] + [r3], since [r3] = 73 - {0,00} = {0,%}. Using the relations 4.18.1, we see
that [r3] = 0 and thus

TQ[Tl] = 3[7’1].

Notice that this example is very easy and the computation of To[r;] is almost immediate but in
more complicated cases one might need to use the continued fraction method described in the proof
of Theorem 4.6 in order to compute the Hecke operator. We will see this in the next sections.

In conclusion, 75 is the 1 x 1 matrix with coefficient 3. Its characteristic polynomial is x — 3

and its only eigenvalue is 3.

Computing the boundary map only involves looking at the cusps of I'g(3). Using the formula of

Remark 2.16 we see that there are only two cusps.

T
-0.904 0

Figure 7: A fundamental domain for I'g(3)?

?Drawn with Pundamental Domain Drawer program developed by H.A. Verrill.
http://www.math.lsu.edu/ verrill/fundomain/index2.html accessed on 19/12/13.
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This is confirmed by Figure 7. We may choose 0 and oo as a basis for By(3). We compute that

d([r1]) = {0} — {oo} and thus
1
o=
)

The kernel of the boundary is the null space and thus S2(3) = (). Using Corollary 4.15, we see
that dim(S2(T'0(3))) = 0 as indicated in Table 5 and thus the Modularity Theorem is automatically
verified for N = 3.

4.3.2 TIllustration for N =11

Recall from Proposition 2.7 that the matrices

10 0 —1 10 10 10 1 0
T = , 1 = , T2 = , s = , T4 = y ey 11 =
°“ o 1) \1 o SR CEET R R R N "1 1

form a system of right coset representatives of I'g(11) in SLo(Z). Using the same technique as in

the previous example we compute the relations on the corresponding Manin symbols. Expressing

each relation as a vector in the basis [rg]’, ..., [r11]’, this gives us the following relation matrix:
1100 00 O0O0OO0O0OTOO
1100 00O0O0O0OO0OUO0OT1
001 00O0OO0OO0OO0OO0TQO0OT1
001 0O0O0OT1TUO0O0OO0OT1TO0
00010O01O0O0O0O0TGO0
000101O0O01O0O00
000O0O1O0O0O0T1O0O0°0O0
000O0OT1O0OO0OT1TTUO0OT1TO0TO0
00 0O0OO0OT1TO0OO0OTO0OT1TO0TO0
00 0O0O0OO0OO0OT1QO0O0T1TO0
where again we omit the recurrent relations. Then
1100 00 O0O0O0 O 0 0
001 00O0OO0OO0TO0D O 0 0
0O 0010O0O0OO0O0OTO0O -1 0
0O 0o0010O0O0O0OT1T —-120
000 O0O0O1O0O0O0 1 0 0
000 0OO0OO0OT1TUO0TO0O O 1 0
000 0OO0OO0OO0OT1TO0O O 1 0
000 0O0O0OO0OO0OT1 -1 1 0
000 O0O0O0OO0ODTO0ODTQO O 0 1
000 O0OO0OOO0OO OO O O 0 0

-
ot



is the reduced echelon form of this matrix. Thus we obtain the equivalent relations:

[ro] = =[r]"  [ra] =0 [r3]" = [r10)’ [ra]' = —[ro]" + [r10]’
[rs] = —[ro]’ [re] = —[r10]’ [r7] = —[r10]’ [rs]" = [ro]" — [r10]’ [rin)" = 0.

Hence, we see that every Manin symbol can be expressed as a linear combination of the symbols
[r1], [ro]’, [r10]” and therefore M has dimension 3 and basis {[r1]’, [r9], [r10]'}. Using Theorem 4.9
as before, M(11) has dimension 3 and basis {[r1], [ro], [r10]} = {{o0,0},{0, £},{0, §}}.

We compute some Hecke operators on M(11). In order to compute T}, on My(11) we need to
compute the image of each basis element and then we may express T}, as a matrix.

We start by computing the Hecke operator T on Mp(11). Thus, we need to compute T5[r1], T[ro]

and T5[r1p]. The first calculation is similar to the one we did in Section 4.3.1 and we get

T[r1] = 3[r1] + [r3] = 3[r1] + [r10]

We compute Ty[rg]:

ei-n ()= (2 ) () )il )i}

We do the calculation step by step. For the first term of the sum, (39){0,1/8} = {0,1/4} =
(19){0,00} = [r5] = —[rg]. The second term is (§9){0,1/8} = {0,1/16} = (4 9){0,00}. We
notice that (% 9) = (4 9)(19) and (49) € To(11). Hence, (39){0,1/8} = [r¢] = —[r10]. For the
third term, (§3){0,1/8} = {1/2,9/16} = {0,9/16} —{0,1/2} = {0,9/16} —[rs] = {0,9/16} — [r10].
We use the continued fraction method illustrated in Example 4.7 to find that {0,9/16} = 2[r1g]—[r].
Thus (§3){0,1/8} = [r10] — [ro]. Combining all these results, we finally get that

Ta[ro] = —[ro] — [r10] + [r10] — [re] = —2[ro].

We compute Th[r1o] step by step like we did for Th[rg]. Computing the first term of the sum,
we get (39){0,1/9} = {0,2/9}. Using the continued fraction method, we see that {0,2/9} =
—[rg] — [r10]. For the second term of the sum, (}9){0,1/9} = {0,1/18} = (%9){0,00} =
(49 (29){0,00} = [rs] = [ro] — [r10], since ({4 §) € To(11). Finally, for the third term,
(31){0,1/9} = {1/2,5/9} = {0,5/9} — [r3] = {0,5/9} — [r10]. Using the continued fraction
method, we see that {0,5/9} = [rio] and thus the third term of the sum is 0. Combining the three

terms gives us

Ta[r10] = —[ro] — [r10] + [r9] — [r10] = —2[r10]-

Having computed the Hecke operator T5 for all basis elements of My (V) we may now explicit
TQZ

3 0 0
Tho=(0 -2 0
1 0 -2



The characteristic polynomial of T is —(z — 3)(x + 2)? and its eigenvalues are 3 and —2.

Using the same method as above we compute 73 on M (11):

30 10 11 1 2
Ts{omﬁ}:(O 1) {a,ﬂ}+<o 3> {a,ﬁ}+(o 3> {a,ﬁ}+<0 3> {5}

Clearly, (39) [r1] = (§8)[r1] = [r1] and (§3) [r1] = [r1] + [ra] = [r] = [ro] + [r10]. For the last
term, we obtain (%) [r1] = {00,2/3} = [r1] + {0,2/3}. Using the continued fraction method, we
[r

find that {0,2/3} = [r9] and thus (§3) [r1] = [r1] + [r¢]. Combining the four terms, we get

Tg[?"l] = 4[7”1] =+ [?”10].

For the second basis element, compute that (39)[r9] = {0,3/8}. Using continued fractions, we
see that {0,3/8} = [ro] + [r1] + [r3] + [r5] + [r11] = —[re] + [r10]. The second term is easily com-
puted: (§9)[ro] = {0,1/24} = [rs] = [r10] by continued fractions. Next, (§3)[ro] = {1/3,3/8} =
{0,3/8}—{0,1/3} = —[ro]+[ri0]—[ra] = 0. Finally, (§ %) [ro] = {2/3,17/24} = {0,17/24} —[r9] and
by continued fractions we find that {0,17/24} = [ro]+2[r7] = [ro] —2[r10). Thus ({ %) [ro] = —2[r10).
Combining the four terms, we obtain

Ts[rg] = —[r9].

For the last basis element, we immediately see that (39)[r10] = [ra] = —[ro] + [r10]. It is
also easy to see that (§9)[ri0] = {0,1/27} = (% 9){0,00} = [rg] = —[r10]. The third term
becomes (§3)[r0] = {1/3,10/27} = {0,10/27} — [r4] and by the continued fraction method,
{0,10/27} = [ro] + [r1] + [rs] + [ra] — [rs] + [rua] + [r10] = [ra] + [rr0]. Thus (§3) [ri0] = [r10]-
The last terms is (§2) [r10] = {2/3,19/27} = {0,19/27} — [rg]. By the continued fraction method,

[

{0,19/27} = [ro] — [r10) + [ro] — [r10]. Thus (§3) [r10] = [re] — 2[r10]. Combining the four terms, we

obtain
T3[r10] = —[r10]-
We may finally write
4 0 O
IT35=(0 -1 0
1 0 -1

The characteristic polynomial of T3 is —(z — 4)(x + 1)? and its eigenvalues are 4 and —1.

We compute a basis for Sg(11). In order to do this we first need to compute the boundary map
defined in Section 4.1.2 and then compute its kernel. Recall that I'g(11) only has two cusps (see
Figure 3). We choose as representatives for C(I'g(11)) the elements 0 and co of P1(Q). Thus the
classes {0} and {oo} form a basis of By(11). Recall that {[r1], [ro], [r10]} is a basis for the space
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My (11) of modular symbols. We compute that d([r1]) = ({o0,0}) = {0} — {oo}. If we apply the
boundary map to [rg], we get d([rg]) = §({0,1/8}) = {1/8} — {0} = 0. In fact, ( 353)-0=1/8
and (35 5) € To(11) and thus {1/8} = {0}. Similarly, §([r10]) = 6({0,1/9}) = {1/9} — {0} =0,
since (¢)-0=1/9 and (§ §) € To(11). Hence the boundary map, with respect to our chosen

5:100'
-1 0 0

Now that we have expressed § as a matrix we can compute the kernel of §, which is the space

bases is

S2(11) of cuspidal modular symbols, by solving the linear system

a 0
1 00
( ) b - O ’
-1 0 0
& 0
where (a, b, c) with a,b,c € Q is an element of My(11) expressed in the basis {[r1], [ro], [r10]}. This
equation is solved by all elements of the form (0, b, ¢) and thus Sz(11) is a space of dimension 2 and

with basis {[ro], [r10]}-
We compute some Hecke operators on Sa(11). We start by computing T>. We already computed

that Th[rg] = —2[rg] and Ts[r19] = —2[r10] and thus T5 on the space S3(11) is the matrix
-2 0
Ty = .
We compute T3 on S(11). We already computed that T3[rg] = —[rg] and T3[r19] = —[r10] and

thus T3 on Sg(11) is
-1 0
T3 = .

Since dim(S2(11)) = 2 we know from Corollary 4.15 that dim(S2(I'p(11))) = 1 as indicated in
Table 5. Remark ?? tells us that the Hecke forms fi, fo defined by

[e.9] o0

fr =) (Tulrol [rol)a"  fo="> (Tulrio), [r0))g"

n=1 n=1

are candidates for a basis of Sa(I'g(11)). In this case (T}, [r9], [ro]) = (Th[r10], [r10]) and thus a basis
for S3(I'p(11)) is given by the form

[ = Z bnq",
n=1

where b, = (T,,[r9], [r9]). We compute the first coefficients. We must have by = 1 since f is a Hecke
form. The coefficient b is the eigenvalue of T5 and thus by = —2. Similarly, b3 = —1. It is clear that
since the eigenvalues of T;, are the same on Sz(11) and S2(I'g(11)), then the relations in Corollary
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2.56 holds for the eigenvalues of T;, on So(11). In particular, by = b% —2bp =4 -2 =2. We may
then write
f2)=q¢-2¢" -’ +2¢" + -

In Example 1.53, we considered the elliptic curve of conductor 11 given by

E:y?—y=2a®—2°

and computed its L-series up to the eleventh term :

o0

an 2 1 2 1 2 2 2 2 1
LEs)=) fi=l s 5 s 5 e = o 10 i

N

The Modularity Theorem asserts that g := "7 | ang"™ € S2(11). But this is a space of one dimension
and with basis the Hecke form f. Thus we must have g = Af for some scalar A\. But noticing that
b1 = a1 we may identify A = 1. We have verified the theorem for N = 11.

Notice that for p # 11 prime we have b, = p+1—#E(F,). We can therefore use Hecke operators
on modular symbols to compute the number of points of the reduced elliptic curve £ modulo p for

any p different from 11. We illustrate this for p = 101. Using SAGE, we compute 7791 on Sg(11):

20
Tio1 = .
101 (0 2)

Thus 2 = 101 + 1 — #E(F101) and therefore #E(F101) = 100.

4.3.3 Illustration for N = 35

Consider the elliptic curve E defined over Q by E : y?+y = 23+2?—2. Using the notations of Section
1.3, we identify a1 = 0,a2 = 1,a3 = 1,a4 = —1 and ag = 0. We compute that by = 4,b4y = —2 and
bg = 1. Thus

c4 = 64 and cg = —H68.

Using Definition 1.17, the discriminant of F is A = —35. Therefore, if p # 5,7 is prime, then
|Al, = 1 and thus the equation of E is p-minimal. Moreover, note that |Als = 571 > 5712 and
|Al7 = 771 > 7712 hence, by Lemma 1.28, the equation of E is 5-minimal and 7-minimal. Since the
coefficients of the equation are all integers, we may state that the equation of F is globally minimal.

We can therefore use this equation to study the reduction modulo p of E.

We compute the conductor of E. If p # 5,7 is prime, then E admits good reduction at p and
thus f, from Definition 1.36 is equal to zero. If p = 5, then A = 0 and ¢4 # 0 modulo 5. Hence,
the reduction modulo 5 of the elliptic curve £ admits a node and by Definition 1.24 the reduction
of E at 5 is multiplicative. Therefore f5 = 1. If p = 7, then A = 0 and ¢4 # 0 modulo 7. Hence,
the reduction modulo 7 of the elliptic curve E admits a node and again the reduction of E at 7 is

multiplicative. Therefore f; = 1. Hence the conductor of E is Np = 35.
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We now study the type of multiplicative reduction of the curve E at p = 5. Let E5 denote the
reduced curve. We have Ej : f(z,y) = 0 with f(z,y) = v> +y — 23 — 22 + 2. We look for the
singular point P = (zg,yo) of E5 by solving the equation grad(f)(zo,y0) = (0,0). Computing the
gradient in Fy, we get

grad(f)(z,y) = (=32 — 2z + 1,2y + 1).

Thus finding the point P is equivalent to solving the system

223 + 320+ 1=0
290+ 1 =0.

We see that yg = —27!, where this is the inverse of 2 in F%. Thus yo = 2. Solving the equation
in xg we get ©9 = 4 or g = 2. Thus P = (2,2) or P = (4,2). We verify that f(2,2) = 1 and
f(4,2) = 0 and therefore the only possibility is P = (4, 2). Following Section 1.3.3, the third order
Taylor series of f at a neighborhood of P is

flay) = =3 =4+ (y -2 = (¢ =4’ = [(y = 2) = V3z - D)][(y — 2) + V3(z — 4)] - (= — 4)*.

Thus the slopes of the tangent lines at P are v/3 and —+/3. Since v/3 & Fs, Definition 1.24 tells us
that the reduction of E at 5 is non-split multiplicative.

We study the type of multiplicative reduction of the curve E at p = 7. Let E7 denote this time
the reduced curve modulo 7. We have E7 : f(x,y) = 0 with f(z,y) = y*> +y — 23 — 22 + 2. We look
for the singular point P = (z,y9) and therefore compute the gradient of f in Fr:

grad(f)(z,y) = (42 + 52 + 1,2y + 1).
Finding the point P requires solving the system

42t 4+ 510+ 1=0
290+ 1 =0.

We see that yg = —2~! = 3 and solving the equation in x, we find that zy = 6 or g = 5. Thus
P = (6,3), or P = (5,3). But f(6,3) = 4 and f(5,3) = 0 and therefore the only possibility is
P = (5,3). Following Section 1.3.3, the third order Taylor series of f at a neighborhood of P is

fla,y) = =2(x =5+ (y = 3)° = (¢ = 5)* = [(y = 3) = V2(x = 5)][(y — 3) + V2(z = 5)] - (= — 5)".

Hence the slopes of the tangent lines at P are v/2 = 3 and —v/2 = 4, which are both elements of
F~. We may then conclude that the reduction of E at 7 is split multiplicative.

We now compute the L-series of E. A quick calculation shows that #E(F2) = 3 and #E(F3) = 3.
Thus, referring to Definition 1.45, the coefficients 2 and 3 of the L-series are ag = 0 and ag = 1.

Thus the L-series of E is given by
0 1

L(E,s) =1+ o+ 5+
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The Modularity Theorem states that the function

o0
=Y and" = q+0¢ + ¢*+ 277

n=1

is a Hecke form for I'g(Ng) = T'o(35).

We now compute a basis for Sa(I'g(35)) constituted by Hecke forms using modular symbols.
The goal is to express the function f in this basis and we will then have verified the statement of
the theorem.
Using SAGE we compute a basis for S(T'g(35)) to precision O(¢*?). See [St07] Section 3.6 for
the commands to use. We find that
=g =25 — 265 — "' + 4¢3 — "% +2¢"0 + 2¢"8 + 2620 + ¢ + 2¢%% — 4¢% + ¢® + 2¢°0 — 4¢”
—2gB 4 ¢® —2¢% — 23 — 2432 — 4% — 2% — 5 + 2650 + 467 + 467 — ¢ — 2410 — 6¢M!
+2¢" — 2¢% 1 24 1+ O(¢P)

o= =3¢  — P 280+ qT+ 3¢5 — © +q'0 — g — 4¢"2 +2¢"3 — g — 1% — ¢10 4 2417 — 18
+4q19 . q20 + q21 o 2q22 o 4q23 +4q24 + q28 o q29 + 2q30 o 2q31 +3q32 + 3q36 o 2q37 . 8q38
+3¢% + 3¢%0 — 8¢™ — 24" — 6¢" 4 6¢M + O(¢®)

fa=® —2¢* — P +2¢° + ¢ + 2% — 2¢° — 20" — 2¢"% + ¢"3 + 246 + 3¢'7 — 2¢"® + 249 — 242
202 207 — 7T 41962 + 2870 — 23" + 263 + & + 267 + 247 — 2657 — 4¢%® + 64
+ 2q40 _ 6q41 _ 2q42 _ 8q43 +4q44 + O(q45)

form a basis of S2(I'p(35)). Using Table 5, we see that indeed dim S»(T'9(35)) = 3.

We want to express f in this basis. We write f = A1 f1 + A2 fo+ A3 f3. Looking at the coefficients
of f, we see that

1=1A1 +0X2 + 03 0=0A1+1)Xs+0A3 1 =0A1 +0Xo + 1)3.
Hence A\1 = 1,2 =0 and A3 =1 and f = f1 + f3. We conclude that f is indeed a Hecke form for
'y(35).

With this information we can compute the unknown coefficients of f. For example, as =
1.0+ 1.(—1) = —1. Our previous computations for p = 5 show that the reduction of E at 5 is
non-split multiplicative and Definition 1.45 tells us that indeed a5 = —1. We may now express f to
precision O(g*):

Fegt+ @ =2 =+ ¢ —2¢° — 3¢" — 2¢"% +5¢"% — ¢1° + 4¢'0 + 3¢'7 + 24" + 2420 + ¢
— 602 4 g% — 567 — 2¢% + 3¢% — 467" — 3¢5 — ¢ + 4436 + 2¢°7 + 5¢% — 1241
_ 10q43 + 6q44 + O(q45)

For example, a43 = —10. Definition 1.45 tells us that as3 =43 + 1 — #FE(F43) and thus

#E(Fy3) = 54.
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