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Abstract

This thesis presents the classical theory of modular forms and modular symbols
and explains the relations between these mathematical objects.

Modular forms are holomorphic functions defined on the complex upper
half-plane which transform in a certain way under the action of some group
of matrices. The orbit space of this action on the upper half-plane admits a
structure of Riemann surface and so is called a modular curve. The spaces
of modular forms are finite-dimensional complex vector spaces which can be
identified with certain spaces of differential forms on the corresponding modular
curve.

There is a very important family of operators acting on the space of modular
forms, the Hecke operators. One of their main properties is that there exist
bases of modular forms consisting of eigenvectors of most Hecke operators; these
modular forms are known as eigenforms.

Finally, modular symbols can be thought of as formal symbols satisfying
certain algebraic relations and which provide a simple way to represent elements
of the first homology group of modular curves (regarded as compact surfaces).
The pairing given by integration of a form along a path provides a duality
between modular forms and modular symbols. Therefore, Hecke operators also
act on the space of modular symbols. One can recover information about the
modular forms from the action of Hecke operators on the modular symbols.
In conclusion, modular symbols constitute an appropriate setting to perform

computations with modular forms and Hecke operators.

Keywords: Hecke operators, modular curves, modular forms, modular sym-

bols, number theory
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Preface

This thesis covers the classical theory of modular forms and introduces modular
symbols with an emphasis on their computational aspects.

Many areas of mathematics come together in the theory of modular forms:
complex analysis, algebraic topology, algebraic geometry and representation
theory, to name just a few. Thus, modular forms arise naturally in many problems
originating from a wide range of contexts in mathematics (and even in some
branches of modern physics such as string theory). My interest, however, lies
in the numerous applications of modular forms to number theory, a very active
field of research in which this topic has gained much attention over the last
decades.

Modular forms are analytic functions in the complex upper half-plane which
transform in a certain way under the action of a group of matrices. Therefore,
modular forms satisfy many symmetries which endow them with a very rich
structure. In particular, modular forms have a Fourier series expansion. The
Fourier coefficients of certain modular forms carry a large amount of arithmetic
information. For instance, modular forms occur as generating functions of num-
bers of representations of integers by positive definite quadratic forms, special
values of L-functions or invariants in algebraic number theory such as class
numbers. But, without a doubt, one of the most celebrated arithmetic results
involving modular forms is the modularity theorem, which states that every
elliptic curve is associated with a modular form in some sense and illustrates a
strong connection between modular forms and Galois representations. The proof
by Wiles of this theorem for a large class of elliptic curves led to the conclusion
of the proof of Fermat’s last theorem after more than three centuries. All these
are but a few examples of why modular forms play an essential role in modern
number theory.

Despite their utmost importance, modular forms appear to be rather abstract
objects and seem difficult to construct considering only their definition. Modular
symbols are much more concrete objects which can be described algebraically.
Thus, modular symbols provide a simple presentation of the space of modular
forms with which one can perform all kinds of computations with ease. Also,
modular symbols offer greater insight into the structure of modular forms,

so they have been used to obtain some difficult results concerning modular

ix



PREFACE

forms. Nevertheless, the theory of modular symbols is relatively unknown (in

comparison with the theory of modular forms).

Professor Jordi Quer introduced me to this subject and proposed it as a topic
for my Bachelor’s degree thesis, arguing that it would be a great opportunity to
learn at least some elementary aspects of a very active field of current research.
As a matter of fact, the ultimate goal he had in mind was an open problem:
finding an explicit way to express twists of modular forms by characters in the
language of modular symbols in order to perform this kind of computations
efficiently. Admittedly, this was too ambitious for a Bachelor’s degree thesis, but
the initial idea was to pose the problem and start thinking about it. In the end, I
took a different approach and decided to study the subject of modular forms in
greater detail, even at the cost of not getting that far in the theory of modular
symbols.

In writing this thesis, I have made an effort to keep the prerequisites to a
minimum. However, the knowledge which can be acquired in the Bachelor’s
degree (including the elective subjects) is assumed. In particular, a certain degree
of understanding of complex analysis, abstract algebra, algebraic geometry and
general and algebraic topology is required. In contrast, the theory of modular

forms and modular symbols is explained from scratch.

Chapter 1 introduces the modular group and its action on the Poincaré upper
half-plane in order to define modular forms. After giving the basic definitions,
modular forms of level 1 are studied in detail: this case is so simple that modular
symbols are not needed at all.

Chapter 2 describes the structure of Riemann surfaces of modular curves.
This chapter involves a lot of geometry and topology but little arithmetic.
Moreover, the proofs are quite technical (in fact, most of the references in
the bibliography skip these proofs).

Chapter 3 explains Hecke operators from two different viewpoints: using
modular points and using double cosets. In both approaches, Hecke operators
are presented as very concrete objects by restricting the definitions to certain
subgroups of matrices instead of explaining a much more general but abstract
theory. This chapter plays a prominent role in the thesis because Hecke operators
are the most important nexus between modular forms and modular symbols: a
certain space of modular symbols constitutes a Hecke module which is dual to

some space of modular forms.

In chapter 4, modular symbols are finally defined. The structure of the space
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of modular symbols is completely determined with an algebraic presentation
of the homology of the corresponding modular curve: this is the central result
contained in this thesis. All this theory to characterise modular symbols and
find the relations which they satisfy corresponds essentially to the first part of
Manin’s original paper [5] (although some explanations have been extended and
reorganised here). Actually, most of the other references dealing with modular
symbols do not include the proofs of the main facts (which are quite technical
and involve, again, a lot of topology) and just cite this paper.

Finally, chapter 5 serves as a brief summary of the theory of modular symbols,
greatly emphasising the computational aspects. Most of this chapter is devoted
to the explanation of algorithms to compute the Fourier series of modular forms
using modular symbols. These algorithms, along with the properties of modular
symbols, are further illustrated with the detailed analysis of some examples
computed using Sage [15].

I am indebted to Professor Jordi Quer for many things. First, for having
introduced me to the fascinating subject of number theory in general and, more
specifically, for the choice of the topic of this thesis. Second, for all the time he
spent explaining things which I had not had the opportunity to learn before to
me, even about topics which are not strictly related to the thesis. And last, but
not least, for his careful reading of all this work and his valuable suggestions
and comments, many of which have been incorporated in the final version of
the thesis. Even so, needless to say, I alone am responsible for any deficiencies
which may remain. These humble words cannot do justice to his indefatigable
dedication, for which I am extremely grateful.

I would also like to express my gratitude to CFIS, its sponsors and all the
people who make this project possible, for I have been able to study for two
Bachelor’s degrees at UPC for the last four years at essentially no cost (thanks to

its excellence scholarships).

FRANCESC GISPERT

Barcelona, Catalonia
April 2016
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Chapter 1

Modular forms (of level 1)

This chapter introduces the central objects of the thesis: modular forms. The
basic definitions which appear in the classical theory of modular forms are
introduced in general. Then, we study in more detail the situation for modular
forms of level 1 (the easiest case in some sense) in order to provide the necessary
motivation for the more technical constructions developed in further chapters.

The presentation of the material in this chapter follows closely Serre’s ex-
cellent exposition in the last chapter of his book [11], complemented with the
relevant parts of the books [3] by Koblitz, [4] by Lang and [2] by Diamond and

Shurman. The motivation for certain definitions is based on Milne’s notes [8].

1.1 The modular group

In this section, we explain the concepts which will lead to the definition of
modular forms. Modular forms are a kind of analytic functions with a certain
“invariance” condition (up to some factor). We focus first on their domain of
definition and develop the language used in the proper definition of classical

modular forms.

Definition 1.1. The complex upper half-plane or Poincaré half-plane is the set H of

complex numbers with positive imaginary part:
H={zeC:Im(z)>0}.

The extended upper half-plane is the union of H with the set of cusps IP’%2 =QU{o0},

and we refer to it as H".

We observe that H admits a natural structure of Riemann surface. Actually, it
is one of the only three simply connected Riemann surfaces, up to biholomorphic
isomorphism (the other two being the complex plane and the Riemann sphere).

Our interest at the moment, though, resides in the structure given by the

action of certain multiplicative groups of matrices on these domains.

1



MODULAR FORMS (OF LEVEL 1)

Several groups of matrices (sometimes regarded as groups of automorphisms
of certain Riemann surfaces) are going to appear throughout this work, so we
introduce some notation here. Let A be a commutative ring with identity (in
this work, A will be one of Z, Q, R and C) and let n € N. The general linear
group GL,(A) is the group of n x n invertible matrices with entries in A with
the operation of matrix multiplication. The special linear group SL,,(A) is the
subgroup of GL,(A) consisting of those matrices with determinant 1. We also
consider the projective general linear group PGL,,(A) and the projective special
linear group PSL,(A): these groups are obtained as quotients of GL,(A) and
SL,(A), respectively, by the subgroups consisting of the scalar matrices contained
in their respective groups. That is, PGL,,(A) = GL,(A)/{A-1 € GL,(A): A € A*}
and, similarly, PSL,,(A) =SL,,(A)/{A-1€SL,(A): A€ AX and A" =1}. (Notice
that we use the symbol 1 to refer to both the identity element in A and to the
identity matrix in GL,,(A): the context should make clear the intended meaning.)
Moreover, if A CR, we write GL};(A) for the subgroup of GL,(A) consisting of
those matrices with positive determinant. In this case as well, the orthogonal
group O,,(A) is the subgroup of GL,,(A) consisting of orthogonal matrices (i.e.,
matrices whose transposes are equal to their inverses) and the special orthogonal
group SO,,(A) is SL,(A) N O, (A).

Definition 1.2. The group GL,(C) acts on ]P’(lC = CU{oo} (which we identify with
the Riemann sphere as a Riemann surface) by linear fractional transformations

(also known as Mobius transformations) in the following way:

GLy(C)xPp ——— Pg

az+b

(V,2) —— y(2) = p—

wherey:(‘clg).

In the preceding definition, we adopt the convention that

aco+b . az+b a

_ w_ 1
Coo+d_zl—>n;>CZ+d_C and O—mforallweIP’C.

Now one checks easily that this indeed defines a left action. That is to say,

1(2):((1)(1))222



1.1. The modular group

and

b
ﬁ(?ﬁiidi ) 01 (ayay+bycy)z+ (arby + by dy)

yl(Y2(z)) = Cl(azz+b2)+d1 - (C1a2+d1C2)Z+(C1b2+d1d2) = (Y1YZ)(Z)

C22+d2

forall ze Pt and all y = (2 J),y2 = (£ ;7 ) € GLy(C).

We can consider the induced action of subgroups of GL,(C) or quotients of
GL,(C) by normal subgroups which act trivially. Similarly, there is an action of
such groups on stable subsets of ]P’%: too. In particular, we observe that a matrix
y € GLy(C) acts on Pf. in the same way as Ay for any A € C*. Therefore, there is
an induced action of PGL,(C) on IP’}C (these are precisely the automorphisms of
the Riemann sphere).

We want to obtain an action on H. In this case, we restrict the coefficients of
the matrices to real numbers. That is, we consider the action of GL,(R) on IF’%:
given by linear fractional transformations. As before, the action of a matrix is
invariant under multiplication of the matrix by a non-zero scalar. In particular,
for all y € GL,(R) we can consider the matrix det(y)_% -y which acts in the same
way as y but has determinant +1. This means that we can focus solely on the
action of matrices with determinant +1. Finally, a straight-forward computation

yields the following result.

Lemma 1.3. Ify = (” Z) € GLy(R) and if z=x+ iy € C where x,p € R, then

c

(aclzl® + bd + (ad + be)x) + i(ad — be)y

|z +d|?

Y(z) =

and, in particular,

Tm(z)
|cz +d|? .

Im(y(z)) = det(y) -

The second assertion in lemma 1.3 tells us that H is stable under the action
of GL;(R) by linear fractional transformations and that, contrariwise, matrices
with negative determinant map the upper half-plane to the lower half-plane.
Thus, the (left) action of SL,(R) on H by linear fractional transformations is
well-defined.

Furthermore, the element —1 € SL,(R) acts trivially on H, and no elements
of SL,(R) other than +1 do so. Indeed, if y = (‘Cl Z) € SL,(R) acts trivially on Hi,

we have that cz? + (d —a)z — b = 0 for all z € H, which implies that b = ¢ = 0 and
a=d =+1. Also, for every z = x + iy € H (where x,y € R and y > 0) there is a
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matrix y = y‘% : (36 ’f) € SL,(R) which maps i to z. We can then consider that it is
the group PSL,(R) = SL,(R)/{+£1} which operates, and this action is faithful and
transitive (in fact, this is precisely the group of analytic automorphisms of H).
Hence, we usually identify the elements of SL,(R) with their images in PSL,(R)
under the canonical projection. When we want to make this explicit, we will use
a bar to denote the projection in PSL,(R): we will write y for the image of an
element y € SL,(R) in PSL,(R) and T for the image of a subgroup I C SL,(R).

The classical theory of modular forms concerns itself with the action of
certain subgroups of SL,(R) and their images in PSL,(R). Let us be more precise.
SL,(R) is a Lie group and, in particular, it is equipped with a topology (which
coincides with the induced topology when we identify it with a subset of R* in
the obvious way). Therefore, SL,(R) and PSL,(R) are topological groups. The
interesting groups in our context are certain discrete subgroups of SL,(R) which
are called Fuchsian groups of the first kind. Nevertheless, we restrict our study
even further to some subgroups arising in number theory (although there are
others).

Definition 1.4. The group SL,(Z) is called the full modular group.

SL,(Z) is obviously a discrete subgroup of SL,(R), and so are all its subgroups
as a consequence.

In the next section, we will be interested in the behaviour of certain functions
“at infinity” (we visualise co as a point at the end of the imaginary axis and
sometimes write ico to make it explicit). But the elements of SL,(Z) map oo to
rational numbers. Even more is true: every rational number can be expressed as
% with a,c € Z such that (a4,c) = 1, and in this situation there exist b,d € Z such
that ad — bc = 1 (Bézout’s identity); then, (? Z)-oo = 2. That is why the extended
upper half-plane was defined to include the rational numbers Q as well as the
point co. This means that SL,(Z) acts on H".

The subgroups studied in this work are subgroups of finite index of the

modular group.

Definition 1.5. For any positive integer N, we define

b b 1
I(N) = {(g‘ d) €SL,(Z): (‘Cl d) - (0 (1’) (mod N)}
and call it the principal congruence subgroup of level N. A congruence subgroup

of SL,(Z) is a subgroup I' containing I'(N) for some N: the minimum such N is
called the level of T'.



1.1. The modular group

Example 1.6. The most important families of congruence subgroups treated in

this work are

rO(N):{(Z Z)eSLz(Z>:(§ Z)E(O *) (mod N)}

and

N

Fl(N):{(? Z)GSLZ(Z):(C Z)s(}) {) (mod N)}

for any positive integer N, which is the level of both subgroups. (Here, * means
any integer entry.)

I'(1)=TIu(1) =T;(1) = SL,(Z) is the only congruence subgroup of level 1.

Proposition 1.7. Let N be a positive integer. The principal congruence subgroup
[(N) is a normal subgroup of SL,(Z) of finite index.

Proof. By definition, I'(N) is the kernel of the morphism SL,(Z) — SL,(Z/NZ)
obtained by reducing entries modulo N. Therefore, I'(N) is normal. Moreover,

this morphism gives an exact sequence
1 —— I'(N) —— SL,(Z) —— SL,(Z/NZ)

and the quotient group SL,(Z)/I'(N) must be isomorphic to some subgroup of
SL,(Z/NZ). We conclude that [SL,(Z) : T(N)] < [SL,(Z/NZ)| < N < co. O

We obtain as an immediate corollary that all congruence subgroups have
finite index in SL,(Z).

As a matter of fact, the exact sequence in the proof of proposition 1.7 can
be extended to a short exact sequence (the morphism SL,(Z) — SL,(Z/NZ) is
surjective). This provides a method of computing explicitly the index of I'(N) in
SL,(Z) (we can just count the number of elements in SL,(Z/NZ)), but we only
need to know that it is finite.

Definition 1.8. Let I be a discrete subgroup of SL,(R). A fundamental domain
for the action of I on H is a closed subset D of H such that every orbit of I has
an element in D and two points in D are in the same orbit only if they lie on the
boundary dD. That is, every point z € H is [-equivalent to a point in D, but no

two distinct points z, z, in the interior D of D are I'-equivalent.

Even if we do not require it in the definition, we usually want simply connec-

ted (or at least connected) fundamental domains. Thus, the fundamental domain
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for a group I' is “almost” a set of representatives of I' \ H which, moreover, has
a “reasonable” topological structure. Let us find fundamental domains for the

congruence subgroups of SL,(Z).

Theorem 1.9. Let F = {z eH:|z| > 1 and |Re(z)| < %} and consider the matrices

S = ((1) _01) and T= ((1) %)
(1) Fis a fundamental domain for SL,(Z). Moreover, two distinct points z and z’
of F are equivalent under SLy(Z) if and only if
(i) Re(z)= J_r% and z =z"+ 1, in which case z = T(z") or 2’ = T(2), or
(ii) |z|=1and z’ = —% =5(z).
(2) Let z € E. The stabiliser of z is {1} except in the following three cases:
(i) z =1, with SLy(Z); =(S), so PSL,(Z); has order 2;
(ii) z=p=e™/3, with SLy(Z), = (TS), so PSLy(Z), has order 3;
(iii) z = p? = €?™/3, with SLy(Z)y2 =(ST), so PSLy(Z) 2 has order 3.
(3) SL,(Z) is generated by S and T.

Proof. Let I be the subgroup of SL,(Z) generated by S and T, and let z € H.
We shall show that there exists some y € I such that y(z) € F. Recall that, if
a:(?s)er, then

Im(z)
Tzt dP

Since ¢ and d are both integers, the number of pairs (c,d) such that |cz + d| is less

Im(a(2))

than a given number is finite. Consequently, there exists some « € I such that
Im(a(z)) is maximum among elements in the orbit I'z. Choose now some integer
n such that z’ = T"(«(z)) satisfies that —% < Re(z’) < L. I claim that z’ belongs to
F. Indeed, if that were not the case, we would have |z’| < 1 and

Tm(S(z)) = Im(_—l) _ Im(z)
2’2

z/

> Im(z) = Im(a(z)),

which contradicts our choice of a. Therefore, the element y = T" - « has the
desired property.

Now consider z € F and a = (‘; Z) € SL,(Z) such that a(z) € F as well. Assume
that Im(a(z)) > Im(z) (up to replacing (z, &) by (a(z),a”!)). This means that

lcz+d)? = (cRe(z) +d)* + (cIm(z))> < 1
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and this is impossible if |c| > 2 (because Im(z) > %) This leaves only the cases
c=0,1,-1.

e Ifc=0,thend =+1and a = (iol ibl ), so a(z) = z+b. Since both z and «(z)
are in F, this implies that either b = 0 (and o = #1) or b = +1. In this last
case, one of the numbers Re(z) and Re(a(z)) must be equal to —% and the
other to %

* If c =1, the fact that |z + d| < 1 implies that d = 0 unless z = p, in which
case d = 0 or —1, or z = p?, in which case d = 0 or 1. If d = 0, we have that
|z| <1 and, therefore, |z| = 1; on the other hand, o = (1 0 ) and a(z)=a- %
In this 31tuat10n, the first part of the discussion proves that a = 0 unless
Re(z) = _2, which is to say, z=p (and a= 0 or 1) or z = p? (and a = 0 or —1).
Ifd=-1and z=p,then —a-b=1and a(z) = aorh =a--L-=a+p; thisis

p-1 p-1
only possible for a = 0 or —1. Similarly, if d =1 and z = p?, thena—-b =1

ap®+b .. .
and a(z) = ppzﬂ =a-— 921“ = a+ p?; this is only possible for a =0 or 1.
* Finally, the case ¢ = —1 is reduced to the case c = 1 by changing the signs of

a, b, c and d (this does not change «(z)).

This completes the proof of (1) and (2) of the theorem.

It remains to prove that I' = SL,(Z). Let a € SL,(Z) and choose a point z,
interior to F (for instance, z; = 2i). Consider z = a(z;). We proved that there
exists some y € I' such that y(z) € F. Now zj and y(z) = (y - a)(z() are equivalent
under the action of SL,(Z) and z, € F, so (1) tells us that z, = (v a)(zg) and

Y- a €SLy(Z),, ={£1} by (2). That is, a and y~! are equal in PSL,(Z). O

In fact, one can show that (S, T | (S)?,(ST)3) is a presentation of PSL,(Z). That
is to say, PSL,(Z) is the free product of (S) (cyclic of order 2) and (ST) (cyclic of
order 3).

Figure 1.1 shows F and its transforms by the elements 1, T, TS, ST!S, S,
ST, STS, T~'S and T~! of PSL,(Z). This kind of pictures become a useful tool
for computing explicitly fundamental domains for congruence subgroups. The

following result tells us how.

Proposition 1.10. Let I' = SL,(Z) and let F be the fundamental domain for I' de-
scribed in theorem 1.9. Let I'” be a congruence subgroup of I and choose a set of

representatives ay,...,a, of the left cosets of T/ in T, so that

r| Js7 UF?-

j=1
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100

STS | ST ST-1|ST-!S

-1 _ ‘O

=

1
2

Figure 1.1: The fundamental domain F for SL,(Z) described in theorem 1.9 and
some of its transforms.

(Recall that a bar denotes the image in PSL,(R).) Then

n

F = Uogl(F)

j=1

is a fundamental domain for I'” (possibly non-connected).

Proof. Let z € H. Since F is a fundamental domain for T, there exist z’ € F and
y € I' such that z” = y(z), and we can write y = +a; -y’ for some y’ € I’ and some
j. Therefore, y'(z) € a;l(F) CF.

If z; = y/(z,) for some z; € ochl(F) CF and z; € oc,:l(F) C F and some y' €I,
then a(z) = (oc]- -y a;l)(ak(zz)) and a;(z1), ax(z;) € F. Since F is a fundamental
domain for I, either o -y’ ;! =+1 (in which case j =k, y' =+l and z; = z,) or
aj(21), ax(22) € JF. In the latter case, we have that z; € 8(0(1-_113) and z, € 8(0(,;113)
because the elements of SL,(R) are diffeomorphisms of H. We must prove that
both z; and z; are in the boundary of F’ except if z; = z,. To this aim, suppose
that z; is interior to F’. Then there is an open neighbourhood U of z, in F” and,
as a consequence, y’(U) is an open neighbourhood of z; which might not be
contained in F’. But at least we know that y'(U)N oc;l (F) # 0. Therefore, we can
choose z; € F such that a;l(zo) €y’ (U), so a;l(zo) = y’((xl—l(zé)) for some z) € F
and some [/ (here al_l(z(')) € U C F’). Again, since F is a fundamental domain,

Zp = z(’), oc,;l Y- ocl_l =-1,k=1and y’ = +1. In particular, z; = z,. O
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The result of proposition 1.10 can be improved: one can choose «y,...,a;, so
that F’ is also connected. This gives an explicit way to compute a fundamental
domain F’ for I/, as long as we can compute a set of representatives for SL,(Z)/I".
Fundamental domains are useful for visualising the geometric structure of the
quotient I'"\ H. This is further formalised in chapter 2, where this set of orbits is

given the structure of a Riemann surface.

1.2 Modular forms

Throughout this section, I will be a congruence subgroup of level N and k will
be an integer. After introducing the action of I' on H* and having obtained a
special set of representatives of the set of orbits I'\ H, the next natural step is to
study functions which are invariant under the action of I'. However, it is difficult
to construct them directly. It is easier to construct functions which transform in
a certain way under the action of I'. Then, the quotient of two functions which
transform in the same way will be invariant under the action of I'.

This situation is analogous to how one might proceed in order to define
functions on projective spaces. For example, let K be an infinite field and
consider the projective line Pt = ((KxK)\ {0})/K*. Let K(X,Y) be the field of
fractions of K[X,Y]. An element f € K(X,Y) defines a function (a,b) — f(a,b)
on some subset of K x K (where the denominator does not vanish), and this
function passes to the quotient Py if and only if f(AX,\Y) = f(X,Y) for all
A € K*. We can obtain one such function if we consider first two homogeneous
polynomials g,/ € K[X,Y] of the same degree d, so that g(AX,AY) = A%g(X,Y)
and h(AX,AY) = A%h(X,Y). In this case, f = g/h satisfies the desired condition.

The previous discussion motivates the definitions in this section.

Definition 1.11. We define a right action of weight k of GL(Q) on functions
f: H* — P{ in the following way:

N>

FIz) = det(y)j(y,2) 7 F(v(2))

where y = (‘Cl Z) e GL;(Q) and j(y,z) = cz+d is called the automorphy factor.
This indeed defines a right action: for all y;,y, €T,

J(v1v2,2) = j(v1, v2(2)j (V2. 2)
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and so

(A dwmvmwm%memﬂﬂmw*ﬂwmmm

= det(?lhﬁj(%?p ) F(1172)(2) = f] ym](

Definition 1.12. We say that a function f: H — IP}C is weakly modular for I' of
weight k if £/ = f for all yeT.

The functions we will be studying should have some desirable properties.
Hence, we will impose two kinds of conditions: conditions in H and conditions
at the cusps. Let us see what that means.

Observe that, since I'(N) C I', there exists a positive integer h such that
T = ((1) ﬁl) € {+1}-T (namely, h = N). We can choose the minimum such #, which
is called the width of the cusp co. Therefore, a meromorphic weakly modular
function f: H — P¢. for I is periodic with period  (that is, invariant under Th).

Consequently, f admits a Fourier series expansion

f(Z) — Z aneZTLinz/h.
n=—co
We can then define .
ﬁo(qh) = Z aan

Zniz/h)

(where we have made the change q;, = e and we call it the g;,—expansion

of f at infinity. This is because the map z > g, = e>™#/"

induces an analytic
isomorphism between (T")\H and the punctured disc of radius 1, and we can
extend it to an isomorphism from (T")\H* to the whole disc in such a way
that ico is mapped to 0. Now we say that f satisfies a certain property (is
meromorphic or holomorphic, or vanishes) at oo if f,, satisfies it at 0.

For a cusp s # 0o, we know that there exists a € SL,(Z) such that s = a(c0). Let

g= f|£{°‘], which is weakly modular for a™!T« (a congruence subgroup) because

gl = (A= el = ([ = gl -

k

for all a~!ya € a~'Ta. We say that f satisfies a certain property (is meromorphic
or holomorphic, or vanishes) at s if g satisfies the same property at co (in the

above sense). We define the width of s to be the minimum positive integer / such
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that T" € {#1}- o 'Ta. We call g, the gj,—expansion of f at s and write ]/C;: Too-

Actually, we will only need to study the behaviour of functions in a set of
representatives for the I'-equivalence classes of cusps (and there are finitely
many of them).

Proposition 1.13. Let f be a weakly modular function for I'. If a1 (oco0) = (ya;)(c0)
for some oy, ) € SLy(Z) and y €T, then the smallest power of q, which occurs in the
Fourier expansions of flgcal] and flkaz] is the same.

Proof. Since o (o0) = (yap)(e0), necessarily oquaz € SLy(Z)s = (T). That is,
oy = +y~ Loy T/ for some integer j. Therefore,

(T/] j
= (), = el

where g = f|£{a1]. If the g,—expansion of g at o0 is g(z) = }_, a,4;, the g,—expansion

@) = @ D)rgz + ) = ()} ) a,e?™niNgy

n

has the same non-zero coefficients (because the coefficients of the two series
differ only by roots of unity). [

Definition 1.14. A modular function for I is a function f: H* — P, satisfying
the following conditions:

(i) f is invariant under the action of I'on H", i.e.,, foy=f forall yeT;

(ii) f is meromorphic in H;

(iii) f is meromorphic at the cusps.

Definition 1.15. A modular form for I' of weight k is a function f: H* — IP’}C
satisfying the following conditions:
(i) f is weakly modular for I' of weight k;
(ii) f is holomorphic in Hj
(iii) f is holomorphic at the cusps.
If, in addition, f vanishes at all the cusps, we call it a cusp form for I' of weight k.
We refer to a function which satisfies (i) and also (ii) and (iii) with “holomorphic”

replaced by “meromorphic” as a meromorphic modular form for I' of weight k.

Despite the fact that we motivated the definition of modular forms as a means
to obtain modular functions (through a relaxation of the required conditions),
modular forms are interesting on their own right and have many interesting

applications in number theory and several other areas of mathematics.
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1.3 Eisenstein series, the modular discriminant and

the modular invariant

In the remainder of this chapter, we focus on modular forms for the full modular
group SL,(Z).

The existence of (non-zero) modular forms is not obvious from definition 1.15.
In this section we study some examples of modular forms of level 1. We observe
that, since —1 € SL,(Z), there are no non-zero modular forms of odd weight (in
that case, the condition of weak modularity for SL,(Z) implies in particular that
f(z) = f(=1(z)) = —f(2)). Therefore, we consider only modular forms of even
weight 2k (for some integer k).

The examples exhibited in this section also play a fundamental role in the

study of the spaces of modular forms for SL,(Z).

Definition 1.16. Let k > 1. We define the Eisenstein series of index 2k as

;o
Gok(z) = Z iz + )%

m,nez

for z € H. (The symbol Y ' means that the summation runs over all values for
which the corresponding addends “make sense”; in this case, over all pairs (m, n)
distinct from (0, 0).)

Proposition 1.17. If k > 1, the Eisenstein series G,y converges to a holomorphic
function on H which can be extended to a modular form for SL,(Z) of weight 2k with
Gy (00) = 2C(2k), where C denotes the Riemann zeta function.

Proof. LetzeHandletL, = {mz+ n:(mmn)eZ?\ {(0,0)}}. For every N e N, we
consider the parallelogram Py whose four vertices are the points +Nz + N. If
r =min{|w|: w € P; }, then |[w| > Nr for all w € Py. Since Py N L, contains exactly
8N points for each N and L, = | |yen(Pn N L),

Yz =3 N <y SN(Nr) K =g )TN

m,nez N>0wePyNL, N>0 N>0

and this last series converges because —2k+1 < —1. This proves that Gy, converges
absolutely.
Now we check that G,; defines a weakly modular function of weight 2k.
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Indeed, we recall that S = (0 o ) and T = (6 1 ) generate SL,(Z) and compute

Goyl(z+1)= Z,(mz +m+ n)_Zk = Z’(mz + n)_Zk = Gyi(2),

m,nez m,nez
-1 (m 72k ’ .
G2k(—): Z (—+n) ZZZkZ (m +nz) "2k = 225G, (2).
z y4
m,nez m,nez

Let F be the fundamental domain for SL,(Z) defined in theorem 1.9. If z € F,
we have that
2|Z|2

|mz +n)* = m +2mnRe(z) +n? > m? —mn +n* = |mp — n|?

where p = e?™/3_ But we have already proved that Gy (p) = Y /(mp — n)~2k con-
verges absolutely. This means that Gy,(z) converges uniformly in F, and thus
also in each of the transforms yF (applying the result to G,(y~!(z))). Since these
cover H, we conclude that G,x(z) converges uniformly absolutely on compact
subsets of H. In particular, Gy, defines a weakly modular function which is
holomorphic in H.

It remains to see that Gy is holomorphic at infinity. To this aim, we need to
prove that Gy, has a limit for Iim(z) — co. But one may suppose that z remains
in F. Since G, converges uniformly in F, we can make the passage to the limit

term by term:

. a2 1 1 o 1
Jim Garlz) = ) Mmoo = > T 22@ = 20(2k)
m,nez neZ\{0} n=1
(here, we used that the terms with m = 0 tend to 0). ]

Proposition 1.18. For every integer k > 1, the g—expansion of the Eisenstein series

sz is
Gux(2) = 20200+ 25y )
where
oj(m) =) dI

is the sum of j—th powers of positive divisors of n and q = q(z) = e*™=.
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Proof. We start with the well-known formula

[o¢]

1 1 1 2
—+Z( + ):ncot(nz):ncf)s(nz) ni—li—m ZTUZ‘%

z z+n z—n sin(mz)

n=

which can be obtained taking the logarithmic derivative of the expression of
sin(mz) as an infinite product. By successive differentiations, we obtain the

formula
o0

1 1 i i1y
Z(z+n)j - (j—1)!(‘27”)]Z’] '

nez r=1

for j > 2. After replacing z with mz, this becomes

(o)

1 1 N i—1 _mr
Z(mz+n)f - (j—1)!(_2m)]zr] -

nez r=1

Finally, we use this to expand

Carl(2) = Z’ (mz+n) C(2k) +2ZZ (mz +n)?

m,nez
B —2mi)? 2k—1 g = 2(2mi)?k &
= 20(2k) + 2k 7 ZZ = 2002k + oy Zﬁzk !
m=1r= n=1
as required. ]

These explicit g—expansions can be used to derive identities relating the
arithmetic functions o;(n).

We have seen that there exists a family of non-zero modular forms, and we
have even computed their g—expansions. We next use Eisenstein series to define

a cusp form and a modular function.

Definition 1.19. We define the functions g4(z) = 60G4(z) and g¢(z) = 140G4(z)
(it is convenient to choose these multiples of the corresponding Eisensten series

because of their relation to the theory of elliptic curves).

Definition 1.20. The modular discriminant is the cusp form for SL,(Z) of weight
12 defined by

A(z) = ga(z)* — 27g6(2)*.

One checks that the constants in this definition are chosen so that A(co) = 0.

In addition, A(z) is a modular form of weight 12 because the product of modular
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forms is a modular form (and its weight is the sum of weights). In conclusion,
A(z) is a cusp form of weight 12.

The modular discriminant has also been studied for its arithmetic properties
(the coefficients of its g—expansion define the Ramanujan t—function up to a
constant factor). We shall see that it is in fact the (non-zero) cusp form of least
possible weight. Its g—expansion can be computed using the following result,
which we state without proof (see theorem 6 of chapter VII of Serre’s book [11]

for an elementary proof).

Theorem 1.21 (Jacobi). The modular discriminant’s can be expressed as
Az) = (20| |19, q=q(z) ="
n=1

Corollary 1.22. A(z) does not vanish in H and has a simple zero at ico.

We shall give a different proof of this corollary later.
As commented before, modular functions can be obtained as quotients of

modular forms.
Definition 1.23. The modular invariant is the modular function for SL,(Z)

g4(2)° _ 1728 94(z)°

J&)= 172870 G2 —27g5(2)7

It is clear from the definition that j(z) is a modular function for SL,(Z). In
particular, it is holomorphic in H and has a simple pole at ico. The coefficient
1728 = 2533 has been introduced in order that j(z) has a residue equal to 1 at
infinity. Furthermore, an interesting property of j is that it defines an analytic

isomorphism between SL,(Z)\H* and the Riemann sphere CU {c0}.

1.4 Structure theorem

After seeing the examples of the previous section, we are in a position to describe

explicitly the structure of the space of modular forms for SL,(Z).

Lemma 1.24. Let T be a congruence subgroup of SL,(Z) and let k be an integer. The
set My (') of modular forms for T of weight k is a vector space over C. Furthermore,
the set Si(I') of cusp forms for I of weight k is a subspace of finite codimension in
My (T).
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Proof. On the one hand, sums and scalar multiples of holomorphic functions are
again holomorphic. Moreover, the right action of GL,(R) on functions defined
on H* commutes with linear combinations and, consequently, the condition of
being weakly modular of weight k is also satisfied by sums and scalar multiples
of weakly modular functions of weight k. The zero function is a modular form
of weight k too. In conclusion, My(I') is a vector space over C.

On the other hand, consider a set C of representatives of the '-equivalence
classes of cusps. The kernel of the linear map f — (f(5))ec : Mi(I') — clcl
is precisely Si(I'). Therefore, Si(I') is a subspace of My(I') and, by the first
isomorphism theorem, codim(S(I')) < dim(CI®l) = |C| < co. O

Proposition 1.25. Let k > 1. The subspace Syi(SL,(Z)) has codimension 1 in
Mok (SL2(Z)) and Moy (SL2(Z)) = Spx(SL2(Z)) & CGy.

Proof. This is a consequence of lemma 1.24. Indeed, all the cusps are equival-
ent under SL,(Z) and the Eisenstein series G, is an element of M, such that
Gy (ico) # 0. Therefore, M, (SLy(Z)) = Sor(SLy(Z)) ® CGyy. O

The last result gives us the structure of the space of modular forms for SL,(Z)
of a given weight. We shall find explicit bases of these vector spaces, but first we

study how they relate to each other.

Proposition 1.26. Let I' be a congruence subgroup of SL,(Z). The set of modular

forms for I is an associative, commutative and unital graded algebra over C:

M(T) = EH My (T).

keZ

Proof. This result follows from lemma 1.24 and the fact that, if f and g are
modular forms for I' of weights k and /, respectively, the product f g is a modular
form for I' of weight k + /. Indeed, the product of holomorphic functions is
holomorphic and

(f9)(¥(2) = f(¥(2)g(¥(2)) = (cz + d)* f(z)(cz + d)'g(2) = (cz + d)* (fg)(2)
forall y=(2%)el and all z € H". O

We can now state and prove the main results, which allow us to make explicit
computations with modular forms for SL,(Z). That is to say, our aim is to find a

basis of these vector spaces.
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Definition 1.27. Let f be a meromorphic modular form for a congruence sub-
group I, not identically zero. The order of f at a point p € H is the integer ord,(f)
such that f(z)(z - p)~°"%") is holomorphic and non-zero at p. The order of f ata

ds(f

cusp s is the integer ord(f) such that ]/(s\(qh)qlzor U is holomorphic and non-zero

at 0, where ]/[;is the gy—expansion of f at s (and h is the width of s).

Theorem 1.28 (valence formula). Let k be an integer and let f be a meromorphic

modular form for SL,(Z) of weight k, not identically zero. Then,

ord(f)+ %ordi(f)+ %ordp(f)+ ;*ordp(f) =17

where Y means a summation over the points of SL,(Z)\H distinct from the classes
P p 2

of i and p.

Proof. Let F be the fundamental domain for SL,(Z) described in theorem 1.9.
Observe that the sum we want to compute “makes sense” (i.e., that f has a
finite number of zeros and poles modulo SL,(Z)). Indeed, since f is meromorphic
at infinity, there exists some R > 0 such that f has neither zeros nor poles in
{z €H: Im(z) > R}. That is, the g—expansion f,, of f at infinity is meromorphic
at 0 and so there exists some r > 0 such that ]/‘;, has neither zeros nor poles in
the punctured disc {g: 0 < |g| < r}. Here, r = ¢">™®, And Fy = {z € F: Im(z) <R}
contains only a finite number of zeros and poles because it is compact and f is

meromorphic in H.

1
1
2

Figure 1.2: Contour for the proof of theorem 1.28.
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The zeros and poles of f are all equivalent to either some point in F or to
oo. The main idea of the proof is to integrate the logarithmic derivative of f
round a contour (which is similar to the boundary of F). More precisely, let C be
the contour depicted in figure 1.2: we are going to integrate the meromorphic
function fT/ round C. The top of C is a horizontal line from I = %+iR to A= —%+iR.
The rest of the contour follows round the boundary of the fundamental domain
F, except that it detours round any zero or pole on the boundary along circular
arcs of small radius € (we are going to take the limit as € approaches 0). This is
done in such a way as to include every equivalence class of zero or pole exactly
once inside C other than i and p (and so p? = S(p)), which are left outside of C if
they are zeros or poles.

Figure 1.2 illustrates the case in which the zeros and poles on the boundary
of F (i.e., the points which have to be avoided when defining the contour C) are
precisely the points i, p and p?, one point P on the vertical boundary (and its
equivalent point on the opposite line) and one point Q on the unit circle (and its
equivalent point also on the unit circle).

By the residue theorem,

f'(2)
2mi Je f(2) 4z

Z*ordp(f).
p

We evaluate this integral dividing the contour C in parts. (See figure 1.2 for the
points used in the division of the contour.)

First of all, the integral from A to B cancels the integral from H to I because
f(z+1) = f(z) (and the lines go in opposite directions).

To evaluate the integral from I to A, we consider the change of variables

q = ™. This section of the integral is thus equal to the integral

1
27U

2mR

fola)
o) !

along the circle of radius r = e~
Therefore, the value of this integral is —ord(f) (i.e., —ordo(]/[;,)).

centred at the origin with negative orientation.

The integral along the circle which contains DE, oriented negatively, has the
value —ord;(f). And, as ¢ tends to 0, the angle /DiE tends to 1. Hence,

1 (Ff(2) . ord;(f)
ZKiJ; £ dz - '

z) e—0" 2
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Similarly,

L (“f , _orde(f) 1 (") , _orde(f)
27'(iL il dz - and 2“iL 2) dz — .

z) e—0*" 6 e—0" 6

Finally, we observe that S = ((1) o ) transforms the path from C to D into the

path from G to E. Since f(S(z)) = z"f(z),

G , ,
%m(f: Z)d“fE f(Z)dZ)_ ! Jle <Z)_f(s<z>>]dz-i P dz

f( ’
f(z) f(2) 2mi Je | fz)  f(S(2)) i e oz
and this last integral tends to 1]‘—2 as ¢ tends to 0 because /COD tends to . O

We can use this theorem to prove a result which was stated before and which

we are going to need.

Corollary 1.22. A(z) does not vanish in H and has a simple zero at ico.

Proof. Since A is a cusp form of weight 12, ord,(A) > 0 for all p € H'\SL,(Z) and
ord.(A) > 1. By theorem 1.28, these numbers add up to 1: this is only possible

if all the inequalities are equalities. ]

Proposition 1.29. Let k be an integer. Multiplication by A defines an isomorphism
0f My-12(SLo(Z)) onto Sy (SLy(Z)).

Proof. Clearly, if f € My_1,(SL,(Z)), then fA € Sg(SL,(Z)). For the converse, let
f € Sk(SLy(Z)). We set g = %, which is a meromorphic modular form of weight
k —12. Using the previous result, we obtain that ord,(g) = ord,(f) > 0 for every
p € Hand ord(g) =ord.(f)—1 > 0. In conclusion, g € My_1,(SL,(Z)).

This proves that multiplication by A gives a bijection between Mj_1,(SL,(Z))
and Si(SL,(Z)), and it is obviously a linear transformation. O

Proposition 1.30. Let k be an integer.
(1) My(SLo(Z))=01ifk <0, k is odd or k = 2.
(2) My(SLy(Z)) = C (that is, the only modular forms for SL,(Z) of weight 0 are the
constants).
(3) My(SL,(Z)) has dimension 1 and Gy, is a basis if k = 4,6,8,10 or 14.
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Proof. Recall that, if f is a non-zero modular form of weight k, then

ord,(f) + %ordi(f) + %ordp(f) + ;*ordp(f) -

Since f is holomorphic, this means that 1k—2 > 0. Moreover, k must be even because
the least common denominator of the left-hand side is 6 and k # 2 because %
cannot be written in the form a + % + % with a,b,¢c > 0.

If k <10, we have that k—12 < 0 and S;(SL,(Z)) = {0} by proposition 1.29.
Therefore, dim(My(SL,(Z))) < 1. But we already know that 1, Gy, G¢, Gg, G are
non-zero modular forms for SL,(Z) of weights 0,4,6,8,10, respectively; this

concludes the proof. O
Corollary 1.31. For any integer k,

0 ifk <0, kisoddork=2,
dim (M (SL,(Z))) = {%J ifk>0,kisevenand £ =1 (mod 6),
[%J +1 ifk>0, kis even and % z1 (mod 6).

Proof. The result follows by induction on k (the inductive step is performed by
increasing k to k + 12 using proposition 1.29). [

Theorem 1.32. Let k > 0. The vector space M, (SL,(Z)) admits as a basis the family
of monomials Gi‘GE with o and p non-negative integers such that 2o+ 3p =k. Asa
consequence, M(SL,(Z)) = C[Gy, Gg].

Proof. First, we show that these monomials generate M,;(SL,(Z)) by induction
on k. This is clear for k < 3, so suppose that k > 4. Choose a pair («g, ) of
non-negative integers such that 2a + 3pg = k (this is possible for k > 2). The
modular form g = G;° GEO, of weight 2k, is not a cusp form. Let f € M, (SL,(Z)).
Now f — %g is a cusp form and, in particular, is of the form Ah for some
h € My_12(SL,(Z)). We can apply the induction hypothesis to # and obtain thus
f as a linear combination of the desired monomials.

Now we see that these monomials are linearly independent. Suppose, for the

sake of contradiction, that there exists a non-trivial linear combination

Y AapGiGe=0.
2a+3p=k
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Up to multiplying this linear relation by suitable powers of G4 and of Gg4, we
may assume that 2k is a multiple of 12. Dividing by Glg/3, we obtain that

Y oA Si) o
o,p Gg -

2a+3p=k

(where % is an integer because 2a = k — 3p is a multiple of 3). That is, the

meromorphic function GZ/ Gg satisfies a non-trivial algebraic equation over C
and, therefore, is constant. But this is not the case: G4(p) = 0 # G4(p) whereas
G4(l)¢0:G6(l) [

Hence, we know a basis of each space of modular forms for SL,(Z) and we
can compute the g—expansions of the elements of this basis explicitly. There is a

similar result for modular functions for SL,(Z).

Proposition 1.33. The modular invariant j defines by passage to quotient a bijection
of SL,(Z)\ H* onto IP’}C.

Proof. We already know that j has a simple pole at infinity and is holomorphic in
H. Thus, we have to prove that the modular form f, = 1728g5 — AA has a unique
zero modulo SL,(Z) for all A € C (recall that j = 1728¢5/A). By theorem 1.28,

ordeo(fi) + 5 0rd;(f) + 5 ord(fi) + ; ordy(fy) = 1

and the only decompositions of 1 in the form a + % +5 with a,b,¢ > 0 correspond

to(a,b,¢)=(1,0,0),(0,2,0) or (0,0,3). In all three cases f, vanishes at exactly one
point of SL,(Z) \ H. O]

Actually, this bijection is an isomorphism of Riemann surfaces (with the
structure of SL,(Z)\ H"* defined in the next chapter).

Theorem 1.34. Let f be a meromorphic function on H*. The following properties
are equivalent:

(a) f is a modular function for SL,(Z);

(b) f is a quotient of two modular forms for SL,(Z) of the same weight;

(c) f is a rational function of j.

Proof. The implications (c) = (b) = (a) are immediate.
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Now we prove that (a) = (c). After multiplying f by a suitable polynomial
in j, we may assume that f is holomorphic in H. Since A is a cusp form, there
exists an integer n > 0 such that g = A" f is holomorphic at infinity as well. Thus
g is a modular form of weight 127 and can be expressed as a linear combination
of monomials GZ‘GE with 2+ 3p = 6n. By linearity, we are reduced to the case
g= GZ‘GE. That is,

e ATeATTeAT g - |
(318 ) b
A T\a ) o) 17287603 \1728727 1407 7 271402

and we observe that both § and % are integers. O

[
2




Chapter 2

Modular curves as Riemann surfaces

The set of orbits of H under the action of a congruence subgroup can be endowed
with the structure of a Riemann surface. This chapter describes the construction
of this Riemann surface, which is called modular curve, and explains how it can
be compactified by adding a finite number of points. In some sense, some of the
facts presented in chapter 1 in relation to the fundamental domain for SL,(Z)
are generalised here using results from the theory of Riemann surfaces.

The exposition of this chapter is based principally on some sections of the
first half of Milne’s notes [8] as well as on the relevant chapters of the books
[12] by Shimura, [4] by Lang and [2] by Diamond and Shurman. (The first
chapter of Shimura’s book [12] gives a complete description of modular curves
for more general types of groups.) Also, Reyssat’s book [10] develops the theory
of Riemann surfaces and devotes a whole chapter to examples related to modular

curves.

2.1 Classification of Mobius transformations

Consider the action of GL,(C) on IP’%: given by linear fractional transformations.
The scalar matrices (6‘ 9\) act as the identity transformation. Let a € GL,(C) and
suppose that it is not a scalar matrix. By the theory of Jordan canonical forms, «

is conjugate to a matrix of one of the following two forms:
Al A0
(O }\) or (0 P‘)’ A#

In the first case, a is conjugate to a transformation z — z + AL in the second

case, to a transformation z — cz, c = 1.

Definition 2.1. A non-scalar matrix o« € GL,(C) (or the corresponding non-
trivial linear fractional transformation) is called
(1) parabolic if it is conjugate to a transformation of the form z > z + A71,

(2) elliptic if it is conjugate to a transformation of the form z + cz with |c| =1,

23
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(3) hyperbolic if it is conjugate to a transformation of the form z — cz with
ceR*, and

(4) loxodromic otherwise.

A non-scalar a € GL,(C) has one or two fixed points in P} depending on
whether it is parabolic or not. We will be interested in the fixed points of the
elements of SL,(R). In this case, the classification of linear fractional transform-

ations becomes simpler.

Proposition 2.2. Let o € SL,(C)\ {£1}.
(1) o is parabolic if and only if tr(o) = £2.
(2) «is elliptic if and only if tr(«) is real and |tr(a)| < 2.
(3) ais hyperbolic if and only if tr(«) is real and |tr(a)| > 2.
(4

) o is loxodromic if and only if tr(«) is not real.

Proof. Since det(a) = 1, the Jordan canonical form for « is either (J—bl ill ) or (é‘ )\(_)1 ),
A= =x1. (1) follows immediately from this.

If « is elliptic, then ¢ = A\? and |c| = 1, so tr(a) = A+ A~ = 2Re(}) is real and
its absolute value is < 2 (because A # +1). Similarly, if « is hyperbolic, then
c =X €Rt, s0 A €R"\{0,+1}; consequently, tr(a) = A + A1 is real and its
absolute value is > 2.

Conversely, suppose that « is conjugate to (6‘ )‘91 ) and that tr(a) = A+ A71 is
real. If A is real, since A # +1, we obtain that |tr(a)| > 2 and a must be hyperbolic
because ¢ = A2 € R*. Otherwise, A and A are the roots of X2 — tr(e)X +1 = 0;

therefore, A\X = 1 and a must be elliptic. O

It is clear that there are no loxodromic elements in SL,(R). Let us study the
behaviour of the other types of transformations.
If a = (‘Cl 2) € SL,(R) \ {+1} is parabolic, it has exactly one eigenvector (up

to scalar multiplication), which is real. Let (Je[) be this eigenvector. If f =0, a

has a fixed point z = % in R which is actually the double root of (‘Z‘:s =z. If,

contrariwise, f =0, thenc=0and a = i((l) El’); thus, its only fixed point is co.

If o = (? Z) € SL,(R) \ {£1} is elliptic, its characteristic polynomial is given
by X% - (a+d)X + 1 with |a+d| < 2. Therefore, a has two complex conjugate
eigenvectors (fr) and (%) which correspond to two complex conjugate fixed

£
f
If a = (‘Cl 2) € SL,(R) \ {£1} is hyperbolic, its characteristic polynomial is

points z = % and z = £ (one of them in H).

X2 —(a+d)X +1 with |a+d| > 2. Therefore, a has two linearly independent real

eigenvectors which correspond to two distinct fixed points in RU {co}.
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Proposition 2.3. Let o € SLo(R)\ {£1}.
(1) o is parabolic if and only if it has exactly one fixed point in R U {oo}.
(2) « is elliptic if and only if it has exactly one fixed point z in H (and the other
fixed point is z).
(3) o is hyperbolic if and only if it has two distinct fixed points in R U {oo}.

Corollary 2.4. Let o € SL,(R)\{+1}and let m € Z such that o' # +1. a is parabolic
(resp. elliptic or hyperbolic) if and only if o’ is parabolic (resp. elliptic or hyperbolic).

We now classify the points of H and P}, with respect to the action of a fixed
discrete subgroup I' of SL,(R).

Definition 2.5. Consider the action of I' given by Mobius transformations.
(1) A point z € H is called an elliptic point for I if it is the fixed point of an
elliptic element y of T
(2) A points e }P’%R =RU{co}is called a cusp for I if it is the fixed point of a

parabolic element y of I'.
Proposition 2.6. If z is an elliptic point for I, then T, is a cyclic group.
Proof. If a = (‘CZ 2) € SL,(R), a(i) = i if and only if ai + b = di — c. Therefore,

SL,(R); = {(‘; Z)GSLZ(R) ca=d b=—cand a®+b’ = 1}:502(R).

Since SL,(R) acts transitively on H, there exists some o € SL,(R) such that
o(i) = z. In this case, SL,(R), = 6SO,(R)o~!. Hence, I, = 6SO,(R)o" ' NT and
this group is finite because I’ is discrete and SO,(R) is compact. Finally, we
observe that SO, (RR) is isomorphic to R/Z and every finite subgroup of R/Z is
cyclic (in fact, every finite subgroup of R/Z is of the form n~1Z/7Z where n is the

least common denominator of the elements of the subgroup). N

Proposition 2.7. The elements of I of finite order are precisely the elliptic elements
of I and +1.

Proof. Let o € SL,(R) and suppose that it has finite order. By the theory of Jordan
canonical forms, « is conjugate in SL,(C) to a matrix of the form ((() g), where C
is a root of unity. In this case, tr(a) = C+ C = 2Re(C). Therefore, |tr(a)| < 2 and «

is elliptic unless C = £1. The converse is a consequence of proposition 2.6. [
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Proposition 2.8. Let I and I, be two discrete subgroups of SLy(R). If [y NI, isa
subgroup of finite index in both I and T, then I and T, have the same set of cusps.

Proof. Up to replacing I, with I} NI, we may assume that I, CI3. It is clear that
a cusp for I is also a cusp for I} because the parabolic elements of I, are also
parabolic elements of I;.

If s is a cusp for I3, then y(s) = s for some parabolic element of I}. Since
[I7 : ;] is finite, yI; has finite order in I3 /T,. That is to say, there exists a positive
integer n such that y" € I,. But y"(s) = s and y" is also parabolic by corollary 2.4.
(Note that proposition 2.7 ensures that y" = +1.) ]

Example 2.9. The cusps for the full modular group SL,(Z) are exactly the ele-
ments of IP’}@ (therefore, the notions of cusp given in definition 1.1 and in defini-
tion 2.5 coincide for congruence subgroups). On the one hand, o is the fixed
point of the parabolic element T = <(1) ! ) € SL,(Z). And we already know that, for
each s = % € Q (with (p,q) = 1), there exists y = (’; z) € SL,(Z) such that y(c0) =s;
therefore, s is the only fixed point of yTy~! (which must be parabolic). On the
other hand, a cusp s € R satisfies cs® + (a + d)s — b = 0 for some parabolic element
(g 2) € SL,(Z) with a+d = +2 and ¢ # 0. But the discriminant of this equation
vanishes: this means that its solution must be rational.

If y is an elliptic element of SL,(Z), |tr(y)| is an integer and is < 2. Therefore,
the characteristic polynomial of 7y is either X? + 1 or X? + X + 1 and its roots are
roots of unity lying in a quadratic field extension of Q: the only such roots of
unity have order dividing 4 or 6. In conclusion, the elliptic points for SL,(Z)
are the points of H which are SL,(Z)-equivalent to either i or p = # (by
theorem 1.9).

2.2 The topology of I'\ H"

In the remainder of this chapter, I' will be a congruence subgroup (we could
develop this theory for general discrete subgroups of SL,(R), as in Shimura’s
book [12], but we are only interested in congruence subgroups and in this case
some proofs are simpler).

Our objective is to endow I'\ H* with the structure of a compact Riemann
surface. We started in the previous section classifying the points which will
present a special behaviour. In this section, we define the topology of I' \ H* and

study its main properties.
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Definition 2.10. We extend the usual topology on H (as a subspace of R?) to a
topology on H* in the following way:
(i) a fundamental system of open neighbourhoods of oo is formed of the sets
Nc={zeH:Im(z)>C}U{oo} for all C> 0;
(ii) if s € Q is a finite cusp, there exists o € SL,(Z) such that a(c0) = s and a
fundamental system of open neighbourhoods of s is formed of the sets
a(Nc¢) for all C> 0 (a(N¢)\ {s} is an open disc in H tangent to the real axis

at s).

Figure 2.1: Neighbourhoods of cusps described in definition 2.10.

Proposition 2.11. H* (with the topology described in definition 2.10) is Hausdorff,

connected and second-countable.

Proof. One checks easily that H" is Hausdorff (one can choose “small enough”
open neighbourhoods of any two points) and second-countable (a countable base
consists of open balls of rational radius centred at the points of (Q x Q) NH and
neighbourhoods N and a(N¢) of the cusps as described in definition 2.10 for
C e Q7). To prove that it is connected, we argue by contradiction. Suppose that
H*=UUV for two disjoint non-empty open sets U and V. Since H is connected,
either HNU or HN'V is empty: we may assume that H C U and, consequently,
VC IP}@. But, in this situation, V cannot be open unless it is empty (because P(l@

contains no neighbourhoods of cusps). O]
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We observe that SL,(RR) is a topological group with the subspace topology
(viewed as the closed subspace {(a,b,c,d) € R*:ad-bc=1 } of R4). In particular,
it is Hausdorff, locally compact and second-countable. And it is easy to see that
SL,(RR) acts continuously on H (the map defined by this action can be seen as a
rational function with non-vanishing denominators from a subset of R* x R? to a
subset of R?).

Lemma 2.12 (Baire’s theorem). Let X be a non-empty, Hausdorff and locally com-
pact topological space. If {V,},en is a countable family of closed subsets such that

X = U, en Vs then at least one of the sets V,, has an interior point.

Proof. Suppose, for the sake of contradiction, that no V,, has an interior point.
Let U; be any non-empty open subset of X whose closure U; is compact. Since
V) has no interior points, U; € V;. Therefore, U; N V; is a proper relatively
compact subset of the locally compact space U; and there exists a non-empty
open subset U, of U; such that U, C U; \ (U; N'V;). In this way, inductively, we
obtain a sequence of non-empty open sets { U, },,cy such that U, is compact and
U,11 €U, \ (U,NV,) for all n e N. The sets U, form a decreasing sequence of
non-empty compact sets and, by Cantor’s intersection theorem, (), U, # 0.
This contradicts the fact that X = |J,,cx V- O

Proposition 2.13. Let G be a topological group acting continuously and transitively
on a topological space X. If G is Hausdorff, locally compact and second-countable and
X is Hausdorff and locally compact, then the map

fr: G/Gy — X
gG, — gx

is a homeomorphism for all x € X.

Proof. f, is clearly a bijection and is continuous by definition (because the action
is continuous). We only have to show that it is open. Let U be an open subset of
G and let g € U. We want to prove that gx is an interior point of Ux.

The map (h,k) — ghk : Gx G — G is continuous and maps (1,1) to g € U.
Therefore, there exists a neighbourhood V of 1, which we can take to be compact,
such that V x V is mapped into U. In particular, gVV C U and, after replacing V
with VN V™!, we can assume that V7! =V (where V-1 = (k7! : h e V})).

We can express G as the union of the interiors of the sets gV for g € G. Now,

we fix a countable base {W,, },,cy of G. The sets W; contained in the interior of
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some gV form a countable cover of G and we only need to take enough sets of
the form gV to cover each of these W; at least once. We obtain thus a sequence
{2, }uen such that the interiors of the sets g,V for n € N form an open cover of G.
Since, for each n € N, g,V is compact, its image g, Vx is a compact subset of the
Hausdorff space X and, in particular, g,Vx is closed. Now, by Baire’s theorem,
there exists some n € N such that g, Vx has an interior point. But multiplication
by g, defines a homeomorphism between Vx and g, Vx, which means that Vx
has an interior point too. That is, there exist a point hx € Vx and an open subset
W of X such that hx € W C Vx. But we can write

gx=gh™' -hxe gh™'W C gVVx C Ux

and this proves that gx is an interior point of Ux. ]

Proposition 2.14. Let G be a Hausdorff and locally compact topological group acting
continuously and transitively on a topological space X. Suppose in addition that, for
one (hence, for every) point xy € X, the stabiliser K of xq in G is compact and the map
gK - gxo: G/K — X is a homeomorphism. The following conditions on a subgroup
H of G are equivalent:

(a) for all compact subsets A and B of X, {he H: hANB = 0} is finite;

(b) His a discrete subgroup of G.

Proof. First we prove that (a) = (b). We consider the continuous map

p:G—-X

g 8%o

and we will prove that p~!(A) is compact for any compact subset A of X. Consider
an open cover G = | J;; V; where the sets V; are open with compact closures V.
Observe that p is an open map because it is the composition of the projection
7: G - G/K (which is open: for every open subset U of G, ! (1(U)) = Ujex Uk
is open) and the homeomorphism ¢gK — gx; : G/K — X. Since {p(V;)}ie1 is an
open cover of the compact set A, there is a finite subcover {p(V;)};e; and we
obtain that p~}(A) C Ujer ViK€ Ujg VjK, but this is a finite union of compact
sets (V;K is the image of V; x K under the multiplication map). In conclusion,
p~(A) is a closed subset of a compact set and so is compact as well.

Let A and B be two compact subsets of X and let h € H such that AN B = 0.
Then p~'(hANB) = h-p~ (A) N p~!(B) = 0, whence h e HN [p71(B)- (p~!(A)!].
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But, since p~!(A) and p~!(B) are compact, p~'(B)- (p~'(A))~! is also compact (it
is the image of p~!(B) x (p™}(A))~! under the multiplication map). In conclusion,
HnN [p‘l(B) . (p‘l(A))‘l] is the intersection of a discrete set with a compact set
and it must be finite.

Now we prove that (b) = (a). Let V be an open neighbourhood of 1 in
G whose closure V is compact. For all x € X, {x} and Vx are compact and,
consequently, {h € H: {hx} N Vx = 0} is finite. And, since HNV C{he H:
hx € Vx}, we conclude that HN 'V is also finite. This means that 1 is an isolated

point of H (because G is Hausdorff) and, therefore, H is discrete. O]

Proposition 2.15. Let G be a Hausdorff and locally compact topological group acting
continuously and transitively on a topological space X. Suppose in addition that, for
one (hence, for every) point xy € X, the stabiliser K of xy in G is compact and the
map gK — gxo: G/K — X is a homeomorphism (as in proposition 2.14). Let H be a
discrete subgroup of G.
(1) Forevery x e X, {heH:hx=x}is finite.
(2) For each x € X, there exists a neighbourhood U of x with the following property:
ifhe Hand UNhU =0, then hx = x.
(3) For every two points x and y of X which are not H—equivalent, there exist
neighbourhoods U of x and V of y such that hUNV =0 for all h € H.

Proof. Since H is discrete, we can use the condition (a) of proposition 2.14.

(1) Consider the map p defined by g — gx : G — X. Since {x} is compact,
p~!(x) is also compact (see the proof of proposition 2.14). Now it is clear
that {h € H: hx = x} = HNp~!(x) is finite (it is the intersection of a discrete
set and a compact set).

(2) Let V be any compact neighbourhood of x. Consider the (finite) subset
H ={hy,....,h,} ={he H: VNhV =0} of H and suppose that hy,...,h, are
the elements of H” which fix x. For each i > r, we choose neighbourhoods
V; of x and W; of h;x such that V; "W, = 0 (X is Hausdorff).

U=Vl Vink'w)

i>r

satisfies the required property: for i > r, h;U C W; but W;NV; = 0 and
UcVv,.

(3) Let A and B be compact neighbourhoods of x and y, respectively. Consider
the (finite) subset {hy,...,h,} ={he H: hANB = 0} of H. We know that,
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for each i, hjx # y (because x and y are not H-equivalent), so we can
choose neighbourhoods U; of h;x and V; of y such that U; NV, = 0. The
neighbourhoods U=ANh'U Nn---Nh, U, of xand V=BNV, N---NV,
of y satisfy the required property. O

Now we find ourselves in a position to characterise the topology of the

quotient space I' \ HL.

Theorem 2.16. The orbit space I' \H (with the quotient topology) is Hausdorff,
second-countable and connected.

Proof. Let : H — I' \ H be the projection map. Observe that m is continuous by
definition of the quotient topology and is open because 7! (7 (U)) = Uyer v(U)
for any open subset U of H. Since I'\H = m(H), it is connected and second-
countable (because so is H).

Since SL,(R); = SO,(R) is compact, the action of SL,(R) on H satisfies all
the hypotheses of propositions 2.13 to 2.15. And we know that I' is a discrete
subgroup of SL,(R). Thus, by proposition 2.15, if I'x and I'y are two distinct
points of I'\ H, there exist neighbourhoods (in H) U of x and V of p such that
YUNV =0 for all y €I': then m(U) and 1(V) are disjoint neighbourhoods of I'x
and I'y, respectively. In conclusion, I' \ H is Hausdorff. O

The kind of arguments which we have used can be extended to study the

topology of I'\ H".

Proposition 2.17. Let s be a cusp.
(1) There exists a neighbourhood U of s in H* with the following property: if y €T
and UNy(U) =0, then y(s) =s.
(2) For every compact subset K of H, there exists a neighbourhood V of s such that
VNy(K)=0forall yeT.

Proof. Recall that there exists o € SL,(Z) such that a(oo) = s. Furthermore,
SLy(Z). = {-_i-((l) ’11) he Z}

and, in particular, every f = (? 2) € SL,(Z) \ SLy(Z), satisfies that |c| > 1 and so

because Im(z) < |c|[Im(z) < |cz +d]|.
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(1) Let Ny ={zeH: Im(z) >1}U{oo}. I claim that U = a(N;) has the required
property. If UNny(U) = 0, then N; N(a~ ! ya)(Ny) = 0. But, for all z € Ny \{ oo},
Im(z) > 1 implies that Im((a~!ya)(z)) < 1; thus, (a~!ya)(z) € N; and also
Y(a(z)) € U.

(2) Since K is compact, 0 < A < Im(a!(z)) < B for all z € K for some constants
Aand B. Let C = max{B,%} and let Nc ={z e H: Im(z) > C}U{oo}. We can
choose V = a(N¢). Let z e K.

e If yel, =ala!, a”lya €T, and thus

Tm((a™'y)(2) = Im((a™ ya)(a ! (2))) = Im(a'(2)) < B< C.

Consequently, (a"1y)(z) € Nc and y(z) ¢ V.

e If yeT'\T;, we know that Im((a™!ya)(at(z)))- Im(a~!(z)) < 1. There-
fore, Im((a~1y)(z)) < % < C, which implies that (a~'y)(z) € N¢ and
Y(z) ¢ V. O

Theorem 2.18. The quotient space I' \H" is second-countable, Hausdorff, connected

and compact.

Proof. Observe that the quotient map m: H* - I' \H" is continuous and open, as
in the proof of theorem 2.16. Since I' \ H* = t(H"), I'\ H" is second-countable and
connected (because so is H").

Let us prove that I'\H"* is Hausdorff. Theorem 2.16 asserts that I'\H is
Hausdorff, so we have to prove that an equivalence class of cusps can be separated
from an equivalence class of points in H and also from another equivalence class
of cusps.

IfzeHandse ]P’(l@, let K be a compact neighbourhood of z in H and there
exists a neighbourhood U of s such that UN y(K) = 0 for all y €T, by proposi-
tion 2.17. In this situation, (U) and 1t(K) are disjoint neighbourhoods of I's and
I'z, respectively.

Let s and t be two cusps in different orbits under the action of I and let
o, p € SL,(Z) such that a(co) = s and p(oo) = t. We take U = a(N;) and V = B(N,),
where N ={z e H: Im(z) > 2}U{o0}, and claim that 7((U) and m(V) are disjoint
neighbourhoods of I's and I't, respectively. Suppose, for the sake of contradiction,
that (ya)(z) = p(w) for some z,w € N, \ {c0} and some y € T. Then p~!ya maps
z to w. Let F be the fundamental domain for SL,(Z) described in theorem 1.9.
Observe that N, \ {co} is tessellated by the integer translates of F. Furthermore,
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N, \ {oo} contains no elliptic points (the only points of H whose stabilisers under
the action of SL,(Z) are non-trivial). Therefore, f~!ya must be of the form J_r( d él)
for some h € Z. In particular, (B! ya)(co) = co and so y(s) = ¢t, contradicting thus
our choice of s and t.

Finally, we prove that I' \ H" is compact. To this aim, we have to prove that
F=FU{co}isa compact subset of H"*. Let {U; };c; be an open cover of F. Since
oo € F, there is some igp € I such that oo € Ui, And, by definition 2.10, there exists
some C > 0 such that N¢ = {z € H: Im(z) > C} U {co} C U; . Now it is clear that
F\Ncis compact (since it is a closed and bounded subset of R?) and, therefore,
- Ui }. As aresult, FC U, uu; U---uy; .

Let ay,...,a, be a set of representatives of the left cosets of I' in SL,(Z). By

it has a finite subcover {U;

proposition 1.10, we know that D = U?:l a;lﬁ contains at least one representat-
ive of each I'-orbit. And, since ajfl is a homeomorphism for each j, D is compact.

In conclusion, I' \H* = (D) and this is compact. O]
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Figure 2.2: The topology of SL,(Z)\ H".

Example 2.19. The fundamental domain F for SL,(Z) described in theorem 1.9
may be visualised as a triangle with a vertex removed in the Riemann sphere.
That is why we need to add a point (the cusp oo) to compactify it: let F = FU{oo}.
As we saw in the last part of the proof of theorem 2.18, SL,(Z)\ H* = 1(F), where
1t: H* - SL,(Z) \ H" is the quotient map. Therefore, SL,(Z)\ H"* is homeomorphic
to the triangle F with its sides identified according to 1. Figure 2.2 illustrates
that SL,(Z)\ H* is homeomorphic to a sphere using a translate of F. Thus, I\ H*

is also homeomorphic to a polygon with sides identified.

2.3 The complex structure on I' \ H"

A Riemann surface is a Hausdorff and connected topological space endowed with

a complex structure. In this section, we describe explicitly an atlas of coordinate
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charts on I' \ H* whose changes of coordinates are analytic. The same charts also
give I'\H a complex structure (restricting the domains and codomains when
necessary).

For any r ¢ R*, let D, = {z € C : |z| < r}. We recall some results which are

going to be useful in order to define a set of charts.

Lemma 2.20 (Schwarz). Let f: D; — Dy be a holomorphic map such that f(0) = 0.
Then |f(z)| < |z| for all z € Dy and f’(0) < 1. Moreover, if |f(zo)| = |zo| for some
zo€ D1\ {0} or |f'(0)| =1, f(z) = Az for some A € C with |A\| = 1.

Proof. Consider g: D; — C defined by

B ifzz0,

g(z) = .
f'(0) ifz=0,

which is holomorphic because f(0) = 0. For all 0 < r <1, the maximum modulus
principle asserts that there exists z, € dD, such that
_fz)l 1

< = - VzeD,.
8(2)l <lg(z)| 2] <7 7EeD

Thus, taking the limit as ¥ — 17, we obtain that |g(z)| < 1 for all z € D;. Moreover,
if |g(z)| = 1 for some z € Dy, g(z) must be equal to a constant A (again by the

maximum modulus principle) with [A| = 1. O

Lemma 2.21. The analytic automorphisms of Dy fixing 0 are the maps of the form
z> Az with |A] = 1.

Proof. If f: D; — Dy is an analytic automorphism of D; with f(0) = 0, Schwarz’s
lemma implies that |f(z)| < |z| and |f~!(z)| < |z for all z € D;. Hence, |f(z)| = |z|
and, consequently, f(z) = Az for some A € dD;. [

Proposition 2.22. For all v € H", there exists an open neighbourhood U of v such
that T, ={y el :y(U)NnU =0}.

Proof. It is immediate from propositions 2.15 and 2.17. O

Let 7: H* - I'\H" be the quotient map. Recall that w is continuous (by
definition of the quotient topology) and open (because 7! (m(U)) = Uyer v(U)
for every open set U and each y €T is a diffeomorphism). Let p € I'\H" and
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consider v € H* such that m(v) = p. Consider an open neighbourhood U of
v with the property that I, = {y e I': y(U)NU = 0} (proposition 2.22 asserts
the existence of such U). Assume further that U is a domain (i.e., open and
connected), up to replacing it with some fundamental open neighbourhood of v
contained in it. Now we write T, = ({£1}-T,)/{+1} (this is the associated group
of transformations of H"). Observe that t(U) =I'\ U is an open neighbourhood
of p. Next, we are going to define a chart of X(I') given by amap ¢: T'\U -V
for some open subset V of C. To do so, we must distinguish three cases.

(1) If v is neither an elliptic point nor a cusp, T, is trivial. In particular, no two
distinct points of U are ['-equivalent, so the restricted map m|;: U —->T\U
is a homeomorphism. Let ¢: I'\ U — U be its inverse. We can take (I'\ U, ¢)
as a chart at p.

(2) If v is an elliptic point, we know that T, is a cyclic group of order d by
proposition 2.6 (in fact, we even know that d is 2 if v is SL,(Z)-equivalent
to i and 3 if it is SL,(Z)-equivalent to p, by theorem 1.9).

The linear fractional transformation corresponding to o = (% :%) € GL,(C)
defines an analytic isomorphism from H to D; which maps v to 0. Thus,
8T,57! is a cyclic subgroup of automorphisms of D; of order d: lemma 2.21
implies that its elements are of the form z — C;z where Cj is a d-th root of

unity.

Figure 2.3: Definition of local coordinates at an elliptic point.

Let 1 denote the holomorphic map z - 8(z)? : U — C, which is open by
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the open mapping theorem, and let V = {(U). Figure 2.3 illustrates the
situation for d = 3: the neighbourhood U is homeomorphic to a disc whose
points are grouped in [, \ U in orbits of d elements; the map o “straightens”
the disc and the map z - z? folds it identifying the points in the same way
as T, as we shall see.

For any two points z,z’ € U, we have that 7(z) = 7t(z’) if and only if z’ = y(z)
or, equivalently, 8(z’) = (5y571)(8(z)) = T40(z) (where Ty is a d—th root of
unity) for some y € I,. That is, t(z’) = 1(z) if and only if {(z’) = P(z). In
conclusion, P descends to the quotient (universal property of the quotient
topology): there exists a continuous bijection ¢ making the diagram

U—Ysv

R
T e
L

ryu

commutative. Furthermore, ¢ is open because { is. Thus, we take (I'\ U, ¢)
as a chart at p.
If v is a cusp, there exists some 0 € SL,(Z) such that d(v) = co. Then

(21)-80,07 0 ={ (1 ™). ez
0 1
for some positive integer h because this is a subgroup of
1
SL,(Z)., = {i(o ’f) e Z}.

In particular, h = [SLy(Z)s, : ({+1}-0I,87)]. In this case, the order of the
stabiliser I}, is infinite; that is why we need to “measure” its size looking at
this index. Let 1 denote the holomorphic map z - ¢2™°(@/" . U — C, which
is open by the open mapping theorem, and let V = {(U). Figure 2.4 illus-
trates the situation in the case in which U is a fundamental neighbourhood
of v: the points of U are grouped in [}, \ U in orbits containing infinitely
many elements; the map 0 translates the disc to a half plane (in which
equivalent points differ by a horizontal offset) and the map z > ¢*>™#"
folds it identifying the points in the same way as 1, as we shall see.

For any two points z,z” € U, we have that 1(z) = t(z’) if and only if z’ = y(z)
or, equivalently, 8(z’) = (6y571)(8(z)) = 8(z) + mh (where m € Z) for some
y € I,. That is to say, (z") = (z) if and only if {(z’) = P(z). In conclusion,
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e

h

Figure 2.4: Definition of local coordinates at a cusp.

1 descends to the quotient (universal property of the quotient topology):
there exists a continuous bijection ¢ making the diagram

U—Ysv

A
TU s
L

ryu

commutative. Furthermore, ¢ is open because ¢ is. Thus, we take (I'\ U, ¢)

as a chart at p.

Theorem 2.23. The charts described above endow I' \H* (and also I' \H by restric-

tion) with a complex structure.

Proof. Since the domains of the given charts form an open cover of I' \ ", we
only have to check that the transition maps are holomorphic.

Let v € H" and consider an open neighbourhood U of v with the property that
I[,={yel:y(U)NU = 0}. Observe that, by definition, U contains no elliptic
points or cusps apart from possibly v. Now consider two distinct points p; and
p, of T\H*. Let v; € w!(p;) and v, € 7w !(p,). Let U; and U, be two domains
such that v; € U; and I,, = {y eI : y(U;))NnU; = 0} for i = 1 and 2. Consider
the two corresponding charts @;: I'\U; — V; and @,: I'\U, — V, (as defined
above). Write W =T'\U; NI'\ U;. Our goal is to prove that the transition map
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b= (o0 (p51)|(p2(w): @2(W) = @1(W) is holomorphic. To do so, we are going
to prove that ¢ is holomorphic at every point of ¢,(W). Let x € W and write
x = 1(z1) = (2z,) with z; € U; and z;, € U,. Then z; = y(z;) for some y €I and
U = y1(U;) N U, is an open neighbourhood of z, with 7(U) € W. Now we
distinguish several cases.
* If v; and v, are not elliptic points or cusps, V; = U; and V, = U,. Each of
these two domains contains exactly one representative of every element of
W: ¢ maps the representative in U, to the representative in U;. Therefore,
¢(z) = y(z) for all z € U and, in particular, ¢ is holomorphic in U.
* If vy is an elliptic point (and so v, is neither an elliptic point nor a cusp),
@, coincides with 7. In this case,

d(2) = @1(1(2)) = @1 (T(Y(2))) = Y1 (Y(2)) = (81 (y(2)))™

for all z € U, where 9; = (i :%) and d, = [T,|. Thus, ¢ is holomorphic in U.
* If v, is an elliptic point (and so v is neither an elliptic point nor a cusp), ¢
is holomorphic because it is a bijection between open subsets of C and its
inverse ¢! is holomorphic (by the previous case).
« If v is a cusp (and so v, is neither an elliptic point nor a cusp), ¢,'

coincides with 1. Thus, for all z € U,

d(2) = @1(1(2)) = @1 (T((2))) = ¥y (Y(2)) = 2™ VEV A

where 8, € SLy(Z) with 8;(v;) = 00 and hy = [SLy(Z), : ({£1}-8;T,,8;1)]-
Hence, ¢ is holomorphic in U.

* If v, is a cusp (and so vy is neither an elliptic point nor a cusp), ¢ is
holomorphic because it is a bijection between open subsets of C and its
inverse ¢! is holomorphic (by the previous case).

* In all the other cases, W = (. O

Definition 2.24. The modular curve Y(I') is the Riemann surface I'\H. The com-
pactified modular curve X(I') is the Riemann surface I' \ H".

For all N € N, we abbreviate Y(I'(N)) to Y(N), X(I'(N)) to X(N), Y(I3(N)) to
Yo(N), X(Ip(N)) to Xo(N), Y(T7(N)) to Y; (N) and X(T; (N)) to X; (N).

Observe that the charts at the cusps resemble the changes of variables used to
define the conditions at the cusps in section 1.2. Later we shall see that modular

forms for I' of weight 2k can be seen as k—fold differential forms on X(I').
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2.4 Dimension formulae

Since X(I') is a compact Riemann surface, we can deduce important facts about
X(I') and even about modular forms for I' using results from the theory of
Riemann surfaces.

We have studied modular forms for I'(1) = SL,(Z) in chapter 1. We are going
to use these results in order to study modular forms for I'. One checks easily

that the natural projection

¢: X(I') — X(1)
vi—T(1)v

is holomorphic (the arguments are analogous to those of the proof of the-
orem 2.23) and, in fact, it is a covering of degree [PSL,(Z) : T]. (Recall that the
linear fractional transformations do not depend on the sign of the corresponding
matrix: as in chapter 1, a bar denotes the image of elements and subgroups of
SL,(R) in PSL,(R).) Indeed, if PSL,(Z) = |_|’-”:1foc_]-, then ¢~ 1(T(1)v) = {Taj(v) ;”:1
for all v € H" (and the elements ['a;(v) are all distinct if v is neither an elliptic

element nor a cusp). Hence, we can apply the Riemann-Hurwitz formula to ¢.

Theorem 2.25. Let m = [PSL,(Z) : T]. Let v, be the number of inequivalent elliptic

points for I which are SL,(Z)—equivalent to i, let v be the number of inequivalent

elliptic points for T which are SL,(Z)-equivalent to p = e™/3 and let v, be the number

of inequivalent cusps for I'. The genus of X(I') is

Proof. Since X(1) has genus 0, the Riemann-Hurwitz formula states that

2¢-2=m(2-0-2)+ Z (ep(d)— 1),

peX(T)
where e,(¢) is the ramification index of ¢ at p. That is,
_ ep(p) -1
g=1ome Y 2L
peX(T)

Let t: H* — X(I') and m; : H* — X(1) be the quotient maps. Since the ramific-
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ation indices are multiplicative and 1; = ¢ o 1, we have that

e;(1) = e,(m) - en(z)(q))

for all z € H". If z is a cusp, this formula is not useful because e,(1;) = e,(1) = o0;
assume, thus, that z € H. We know that there exists some open neighbourhood
U of z such that SL,(Z), = {a € SLy(Z) : «(U)NU = @}. Thus, e,(11) = [PSLy(Z),].
Similarly, e, (1) = |T,|.

If z is not an elliptic point for SL;(Z), e,(1;) = 1 and s0 e,(Tt) = ey ;) () = 1.
Therefore, the points of the form p = m(z) for such z do not contribute to the sum
¥ (ep()—1).

If z is SL,(Z)—equivalent to i, e,(1y) = 2. Therefore, either e,(n) = 2 and
er(z)(P) =1 or e;(1) = 1 and ey(;)($p) = 2. In the first case, z is an elliptic point for
I' and ¢ is unramified at 1(z); in the second case, z is not an elliptic point for I
and the ramification index of ¢ at m(z) is 2. Hence, there are exactly =52 points
of the form p = 1(z) such that e,(¢$) = 2.

If z is SL,(Z)—equivalent to p, e,(1;) = 3. Therefore, either ¢,(n) = 3 and
er(z)(P) =1 or e;(1) = 1 and ey(;)($p) = 3. In the first case, z is an elliptic point for
I' and ¢ is unramified at 1(z); in the second case, z is not an elliptic point for I
and the ramification index of ¢ at m(z) is 3. Hence, there are exactly =5~ points

of the form p = 1(z) such that e,(¢$) = 3.

Finally, there are exactly v, inequivalent cusps for I, and these correspond
to the elements of ¢p~!(SL,(Z)oo). Therefore, ), €p(P) = m, where the sum is over
the v, points p of X(I') \ Y(I').

In conclusion,

2 3

1 m
g:1—m+§ 0+1

Next we relate (meromorphic) modular forms for I' with the modular curve
X(T') as a Riemann surface. Consider the restriction T = 7|y of the quotient map
1.: H* — X(I'). Observe that H is an open subset of C and T is holomorphic: its
expressions in local coordinates are of the form z — 6(z)” for some 6 € GL,(C)

with 0(z) # co and some a € N.

Proposition 2.26. The field of modular functions for I and the field of meromorphic

functions on X(I') are isomorphic.
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Proof. If F is a meromorphic function on X(I'), its pull-back f = (F) =Fomis
also meromorphic in H. And, by definition, it is clear that f oy = f for all yeT.
Finally, let s be a cusp and let (I'\ U, @) be the chart of X(I') at 1t(s) defined in
section 2.3. We can assume, up to replacing s with y(s) for some y €T, that s € U.
The local expression A(q) = (Fo ¢1)(q) is meromorphic and, in a neighbourhood
of s, f(z) = F(e2™%=)V/h) for some & € SL,(Z) such that 8(s) = co and some h € N;
that is, f is meromorphic at s. All in all, f is a modular function for I'.

Conversely, suppose that f is a modular function for I'. Since f oy = f for all
vy €T, f induces a function F on X(I') such that Fo 1t = f (this is well-defined).
Consider a chart (I'\U, ¢) of X(I') at a point p as defined in section 2.3 and let
v € U such that t(v) = p. We must check that F is meromorphic at p.

* If v is neither an elliptic point nor a cusp, Fo ¢! = f|;; (because ¢ is a
local inverse of ) and F is clearly meromorphic at p.

» If v is an elliptic point, the local expression of F at p is f(T) = f(5 (/%))
where 0 = ( 1 :%) and d =T, |. But, since f 06! is meromorphic and satisfies
that (f 0 871)(Cyz) = (f 0 87!)(2) for any d—th root of unity (4, we deduce
that f 0 5! has a Laurent series expansion containing only powers of z%.
Therefore, f(”(:) is meromorphic.

* If v is a cusp, then (¢ o 10)(z) = e*™¥@)/" for all z € U, with & € SL,(Z) such
that 8(v) = co and h = [SL(Z)s, : {£1}-8L,07!]. Since f is meromorphic at
v, we have that (f 0 87!)(z) = ﬁ(ezniZ/h), where ]/‘; is meromorphic at 0. In
turn, the local expression of F at p is F(q) = f(z) = (f 0 6 1)(8(z)) = E(q),
where g = ¢2™%@/"_Therefore, F(q) is meromorphic at @(p).

In conclusion, F is meromorphic.

Furthermore, this correspondence preserves sums and products. ]

If M is a Riemann surface, it is also a smooth manifold of (real) dimension
2. Hence, for every point p € M, we can consider the cotangent space (i.e., the
dual space of the tangent space) at p, T, M, which is a real vector space with
a basis {dx,dy} (where x and y are the local coordinates at p). By extension of
scalars, we obtain the complex vector space T, M®g C. The complex structure
given by multiplication of the local coordinates by i induces a decomposition of
this space as the direct sum of the eigenspaces generated by dz = dx+idy and
by dz =dx—idy (we write z=x+iy and z =x - ip).

A differential form w on M is a map assigning to each point p € M (except
for possibly a discrete set of points) an element of T, M ®g C. Hence, w can be

expressed in local coordinates as f(z)dz + g(z) dz. We say that w is meromorphic
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(resp. holomorphic) if g(z) = 0 and f(z) is meromorphic (resp. holomorphic).
Let k € N. A k—fold differential form w on M is a map assigning to each point
p € M (except for possibly a discrete set of points) an element of the tensor space
(T5 Mg C) @ ¥
can be expressed in local coordinates as f(z)(dz)¥, where f(z) is a meromorphic

“®c (T* M ®g C). If w is meromorphic (resp. holomorphic), it

(resp. holomorphic) function.

Proposition 2.27. Let k be a positive integer. There is an isomorphism between the
space of meromorphic modular forms for I of weight 2k and the space of meromorphic
k—fold differential forms on X(T').

Proof. Let w be a meromorphic k—fold differential form on X(I'). Its pull-back
T*(w) is a meromorphic k—fold differential form on H which can be written as

f(z)(dz)*. By definition, T*(w) is invariant under T; that is,

k
f@)dz) = f(y(2)dy(2)) = f(v(Z))(%v(Z)) (dz)" = f(y(2))(cz +d)*(d2)*

for all y = ( ) el. Hence, f is weakly modular for I of weight 2k. Finally, let s
be a cusp and let (I'\ U, @) be the chart of X(I') at 1t(s) defined in section 2.3. As-
sume, up to replacing s with y(s) for some y €T, that s € U. The local expression
of w with respect to this chart is F(g)(dq)¥, where F is a meromorphic function.
And recall that, in a neighbourhood of s, @(1t(z)) = ™2 for some & € SL,(Z)
such that o(s) = co and some h € N. Therefore, for all z in a neighbourhood of s,

k
f(Z)(dZ)k — F(eZT(if)(Z)/h)(deZT(if)(Z)/h)k — F( 27id(z )/h)(z;;(l 27id(z /h6 ( )dZ)

k
—F( 2mid(z )/h)(z;lU 2mid(z /h) ](6 Z) Zk(dz)

Equivalently, for all z in a neighbourhood of oo,

51 L 27 . k
fl[zk ](Z)— Zkf ( 2nzz/h)( ; 21'(1 /h) )

which is to say that f is meromorphic at s. Allin all, f is a meromorphic modular
form for I' of weight 2k.

Conversely, suppose that f is a meromorphic modular form for I' of weight
2k. We have to give expressions in local coordinates of a meromorphic k—fold
differential form w on X(T') which pulls back to f(z)(dz). Let (T'\ U, @) be a chart
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of X(I') at a point p as defined in section 2.3 and let v € U such that w(v) = p.

« If v is neither an elliptic point nor a cusp, w can be written as f(z)(dz)* for
z in a neighbourhood of v. In particular, w is meromorphic at p.
 If v is an elliptic point, consider ¢ = (% :%) and d = [T,|. Thus, the local

coordinate at 7t(z) is T = §(z)¢. Write w = &(z). We can express

f(2)d2)* = f(& (w))(do (w))
= det(6")j(571,w) 2K (f o5 ) (w)(dw)* = FI w)(dw)k,

-1

and we have that f|[;;( ](w)(dw)k is a meromorphic k—fold differential form
defined in the unit disc which is invariant under oT,& ! (because f(z)(dz)*
is invariant under T}). Since the elements of oI,,6~! correspond to the maps

w — Cyw (where Cy is a d—th root of unity), we deduce that
[671] [6” ] )(d
flo (w) = floy ) dCw)t =8 o (Caw)(dw)*.

Therefore, f |[25;; (, i f | y (,dw) for every d-th root of unity C;, which

means that w* f |2k w) has a Laurent series expansion containing only

powers of w?. Now we can write
f flzk l/d l/d) —d k'[_k 1/d f|[6 1 1/d)(d’lf)k,

and this last expression is well-defined and meromorphic at 0 by the
previous discussion: we take this to be the local expression of w at p with
respect to ¢.

* If v is a cusp, then (¢ o 1)(z) = e>™@)/h for all z € U, with & € SL,(Z) such
that 6(v) =coand h = [SLy(Z)e : {#£1}-8T,67!]. Since f is meromorphic at

v, we can write fl[zélg ](z) = ]";(ez"iZ/h), where fis meromorphic at 0. Now,

if g = e?™@)/h we obtain that
k
f@)d2)" = (f o 6—1><6<z>>j<6,z>2"( Tria dq)
oV
(m q) 75 o())dq)* = (qu) fol@)(da)*

because dq = 24 (5,z)"2e>™¥=V 4z Therefore, we take (2m) a7 F(q)(dg)*

(which is meromorphic) as the local expression of w at p with respect to ¢.



44

MODULAR CURVES AS RIEMANN SURFACES

These local expressions are compatible because they are defined so that they pull
back to f(z)(dz)k; therefore, w is well-defined.
One checks easily that the exhibited correspondence preserves linear trans-

formations. O]

Definition 2.28. Let k be a positive integer and let w be a meromorphic k—fold
differential form on a Riemann surface M, not identically zero. Let p € M and
express w as f(z)(dz)* in a neighbourhood of p, where z is a local coordinate

such that p corresponds to zy. The order of w at p is the order of f at z:
ord,(w) = ord, (f).

(This definition is independent of the choice of the local coordinate.)

Lemma 2.29. Let k be a positive integer. Let f be a meromorphic modular form for
I of weight 2k and let w be the corresponding meromorphic k—fold differential form
on X(I'). Let z € H* and let p = 1(z).

(1) If z is neither an elliptic point nor a cusp, ord,(f) = ord,(w).

(2) If z is an elliptic point, ord,(f) = d, ord,(w) + k(d, — 1), where d, = |I,|.

(3) If zis a cusp, ord,(f) = ord,(w) + k.

Proof. Let (I'\'U, @) be the chart of X(I') at p defined in section 2.3 and consider
y €I such that y(z) € U. We have computed explicitly the expression of w in this
local coordinate in the proof of proposition 2.27.

(1) If z is neither an elliptic point nor a cusp, the local coordinate at p is just
T=@(p) = y(z) and w can be expressed as f(1)(dt)*. Since y €T and f is
weakly modular for I', we deduce that ord,(w) = ord,)(f) = ord,(f).

(2) If z is an elliptic point, the local coordinate at p is T = @(p) = 5(y(z))* and
w can be written as d;¥k1+1/d:) £[0 )17k ) gk Since = (1 ‘V‘Z)) maps

-v(2)
¥(z) to 0 and j(571,0) = (2iIm(y(z)))~! {0, 0}, we conclude that

ord,(w) =

[67']
ordyl f| d
Lﬂ{)_’_k i_l :w_’_k i_l
d, d, d, d,

ord 1 1
= dzz(f)+k(d—z—1):d—z[ordz(f)—k(dz—l)].
(3) If z is a cusp, the local coordinate at p is g = @(p) = e>™°VEV/" and w can
k —
be expressed as (%) q‘kfy(z)(q)(dq)k. Again, since y € I' and f is weakly

modular for I', we conclude that ord,(w) = ord,;)(f) —k = ord,(f)—k. [
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Lemma 2.30. For every positive integer k, there exists a meromorphic modular form
for I of weight 2k. Moreover, if g, is a meromorphic modular form for I of weight
2k which is not identically zero, all the others are of the form f g,, where f is some

modular function for I.

Proof. Since X(I') is a compact Riemann surface, there exists a non-constant
meromorphic function Fy defined on X(I') (this is a fundamental and non-trivial
theorem from the theory of compact Riemann surfaces), and this corresponds
to a modular function for I, say hg. In fact, in our case we can take f, = j (the
modular invariant; see definition 1.23).

Now let f; = f;, which is clearly meromorphic in H. By the chain rule, f; is
also weakly modular for I' of weight 2. Finally, if s is a cusp, let a € SL,(Z) such
that a(co) = s and consider the g;,—expansion ]/(;of fo ats. That s, fo(a(z)) = ]/(;(qh),
where g, = e?miz/h Then,

Fil ) = f(a(e)a’(2) = Flan) 2,

which means that f; is also meromorphic at s. All in all, f; is a meromorphic
modular form for T’ of weight 2. Therefore, one checks easily that f, = (f;)* is
a meromorphic modular form for I' of weight 2k (this is analogous to proposi-
tion 1.26).

Let gy be a meromorphic modular form for I' of weight 2k, not identically
zero. If f is a modular function for T, it is clear that f g is also a meromorphic
modular form for I' of weight 2k. Conversely, let g be another meromorphic
modular form for I' of weight 2k and define f = ‘%. Again, f is meromorphic
both in H and at the cusps (because it is a quotient of meromorphic functions)
and f oy = f for all y € I (because g and g, transform in the same way under T').

Therefore, f is a modular function for I'. O]

Theorem 2.31. Let g be the genus of X(I'). Let v, be the number of inequivalent
elliptic points for I which are SL,(Z)—equivalent to i, let v5 be the number of inequi-
valent elliptic points for T which are SL,(Z)—equivalent to p = e™/3 and let v, be the

number of inequivalent cusps for I'. The dimension of M, (T') is

0 ifk<0,
dim(My(I)) = 1 ifk=0,
(2k=1)(g-1)+|4]vo+|Z|vs +kve  ifk>0;
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and the dimension of Sy (I') is

0 ifk<0,
dim(Sx(T)) =4 ¢ ifk=1,
(2k=1)(g=1)+ |5 oo+ | Z]vs+ (k=1 ifk22.

Proof. Since X(I') is a compact Riemann surface, a non-constant meromorphic
function on X(I') takes each value in IED(%j the same number of times (counting
multiplicities). But every f € M(I') corresponds to a holomorphic function on
X(T') (by proposition 2.26) which does not take the value co and so f must be
constant. That is, My(I') = C and So(I') ={0}.

Suppose that f € M, (T) for some k < 0. Then, f1?A% € Sy(T) = {0}, which
means that f = 0. (A is the modular discriminant; see definition 1.20.) Hence,
My (T) = Sox(T') = {0} whenever k < 0.

In the remainder of the proof, assume that k > 0. We compute dim(M(I'))
and dim(S,,(T')) by applying the Riemann—Roch theorem to X(I'). The divisor of
a meromorphic function F: X(I') — IP’}C is

div(F) = Z ord,(F)p;

peX(I)

similarly, the divisor of a meromorphic k—fold differential form w on X(I') is

div(w) = Z ord,(w)p.

peX(T)

For every divisor D =) ,cxr)n,p (Where n, € Z for all p € X(I') and n, = 0 for
all but finitely many p € X(I')), let

L(D)={0}U{F: X(T') —» IP’}C non-zero and meromorphic : div(F)+ D > 0}.

Define /(D) to be the dimension of L(D) (as a complex vector space) and write
deg(D) = }_,ex(r)p (this number is called the degree of D).

It is well-known that a canonical divisor K (i.e., the divisor of a non-zero
meromorphic differential form) satisfies that /(K) = ¢ and deg(K) =2g -2 (itis a
consequence of the Riemann—Roch theorem). Therefore, the degree of a non-zero
meromorphic k—fold differential form is k(2g — 2) (because it corresponds to the

product of k meromorphic differential forms, by proposition 2.27). We fix a
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(non-zero) meromorphic k—fold differential form wq (lemma 2.30 guarantees its
existence).

Let f € My (I') and let w be the corresponding k—fold differential form on
X(T). Write w = hwg, where h is a meromorphic function on X(I'). By lemma 2.29,
for all z € H* with m(z) = p,

d,ord,(w)+k(d, —1) if z is an elliptic point,
0 <ord,(f) = ord,(w) +k if z is a cusp,
ord,(w) otherwise,
or, equivalently (using that ord,(w) = ord,(h) + ord,(wy)),
ord,(h)+ord,(wg) + k(l - dl) if z is an elliptic point,
0 <Jord,(h)+ord,(wg) +k if z is a cusp,

ord,(h) +ord,(wy) otherwise.

All the terms appearing in these inequalities are integers except for possibly
k(l - dlz) and so we can replace it with its floor. Adding up the inequalities
corresponding to a set of representatives of I' \ H*, we obtain that div(h)+D > 0,
where D = div(wg) + X, kp + }_plk(1 - 1/d,)Jp (here, the first sum is over the
images of the cusps and the second sum is over the images of the elliptic points;
moreover, d, = d, = IL,| for z € ! (p)). Conversely, if h € L(D), the meromorphic
modular form corresponding to hwy is, in fact, holomorphic. Therefore, M, (')
and L(D) are isomorphic (as complex vector spaces). Since deg(D) > 2g -2, we
have that L(K—D) ={0}. Thus, by the Riemann—-Roch theorem,

dim(M,(T)) = (D) = deg(D) + 1 — g + [(K - D)

=(2k-1)(g—-1)+ kv, + F|v2 + F|v3.
2 3

The dimension of S,;(I') can be computed in a similar way. In this case, we
have that S, (I') is isomorphic to L(D), where D=D— )_, p (here, the sum is over
the images of the cusps). Indeed, the only inequalities that have changed are
those corresponding to cusps, which have become ord, () + ord,(wg) + k-1 > 0.
If k > 2, then deg(D) > 2¢g—2 and L(K-D) = {0}, so we can compute /(D) directly
using the Riemann-Roch theorem (as before). Finally, for k =1, D = div(wg) and
this is a canonical divisor; thus, dim(S,(I')) = (D) = I(K) = g. O
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There are similar formulae for the dimensions of My (I') and Si(T') when k is

odd. However, the proofs are a bit more involved and, therefore, we omit them.

Proposition 2.32. Let g be the genus of X(I') and let v, be the number of inequival-
ent cusps for I'. If f is a meromorphic modular form for I of weight 2k, not identically

d
Z[or dzz(f) —k(l _diz)] =k(2g-2)+ kv,

z

zero, then

where the sum is over a set of representatives of T \H* and either d, = |T,| if z € H or

d,=11ifzis a cusp.

Proof. Let w be the meromorphic k—fold differential form on X(I') associated

with f. By lemma 2.29, we know that

d;

ord,(f) —k(l 1 ) _ ord(z)(w) if zeH,
d,

ordy;(w)+k ifzisa cusp.

Therefore, summing over a set of representatives of I' \ H*, we obtain that

Z[Ordz(f) _ k(l _ i)‘l = deg(dlv(u))) + kvoo = k(2g - 2) + k'l)oo.
d, d, O

z

All these formulae generalise results which were proved in a more elementary

way for SL,(Z) in chapter 1.



Chapter 3

Hecke operators

Hecke operators are averaging operators acting on the space of modular forms.
They are multiplicative and satisfy certain recurrence relations. These properties
can be summarised in certain formal Euler products. One can then show that
the coefficients of the Fourier expansions of Hecke eigenforms (i.e., eigenvectors
of the Hecke operators) satisfy similar relations.

This chapter presents the basic theory of Hecke operators for some special
congruence subgroups (including those of interest to us). We prove that Hecke
operators are self-adjoint with respect to a certain Hermitian inner product on
the spaces of cusp forms and, consequently, there are bases of Hecke eigenforms
for these spaces.

The contents of this chapter are based principally on the sections dedicated
to Hecke operators of Koblitz’s book [3] and Milne’s notes [8].

3.1 The Petersson inner product

The upper half-plane H can be regarded as a model for hyperbolic plane geometry.
The corresponding metric (called the Poincaré metric) is given by the tensor

2 (dx)* + (dy)2 _dzdz
y? y?

s

(ds)
where we write z = x + iy with x,y € R. This metric induces a volume form
Q=y2dxAdy= %(Im(z))‘z dz AdZ,
which is invariant under GL3(R). Indeed, for all a = (‘; 2) € GL3(R), a straight-

forward computation yields

det(a) — det(a)

det(a)
mdz, dOC(Z):m e

ez +d|?

QU
N

da(z) = and Im(a(z)) m(z);

49
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hence, %(Il’rl(oc(z)))_2 da(z) Ada(z) = %(Im(z))_2 dz Adz. On the other hand, since
the set of cusps ]P’(%2 is a countable set, it has measure zero and so Q) can be used
to integrate over subsets of the extended upper half-plane H".

Let I be a congruence subgroup of SL,(Z). Consider the fundamental domain
F = {z €H:|z|>1 and |Re(z)| < %} for SL,(Z). Also, let ay,...,«, € SL,y(Z) be
representatives of the left cosets of I in PSL,(Z) so that

Fr={_Ja;'(F)
j=1

is a fundamental domain for I' (by proposition 1.10).

dxNd
)= [ 52
Fr Y

(1) The integral which defines w(I') converges and is independent of the choice of

Proposition 3.1. Define

the fundamental domain Fr.
(2) n=[PSLy(Z):T] = p(I)/W(SLo(Z)).
(3) If a € GL}(Q) and a~'Ta C SL,(Z), then [PSLy(Z) : T] = [PSL,(Z) : a~'Ta].

Proof. First, observe that

1 1

2 (™ 2 dx T
(SL,(Z) :J 2dxAd :j J- 24 dx:j = — <o
W(SL,(Z)) Y Al I e V23

1 1
2 2

(where the last integral can be evaluated using the change of variables x = sin(t)).

Now, for each j €{1,...,n}, we make the change of variables z - «a;(z):

]
Pdxndy= | y?dxnd
Yy TaxNdy= |y “dxAay.
a71(F) F

]

Therefore, the integral which defines p(I') converges and, if p is well-defined, we
have that u(I') = npu(SL,(Z)).

Moreover, if Fr’ is another fundamental domain for I', we can divide it into
regions R; such that $;(R;) C Fy for some p; € I'. In this situation, the invariance
of y=2dx A dy implies that the integrals over R; and over f;(R;) coincide. This
proves that u(I') is well-defined.

Finally, observe that oc_l(Fr) is a fundamental domain for a 1Ta. Therefore,
(a1 Ta) = w(T). O
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Let k be a positive integer and let f, g € Mg(I).

Lemma 3.2. Let H(f, g)(z) = f(2)g(z)(Im(z))¥. For all a € GL;(Q),

H(f,g)oa = H(fI") gl}).

Proof. A straight-forward computation yields

k
H(f, 8)(a(2)) = f (a(2))g(a(z))(Im (a(2))) = f(a(z))g(a(z))[l ;f:f;fz Im(z)]
- @)l @) )t = H{ £, gl @),

as claimed. O

Lemma 3.3. If at least one of f and g is a cusp form, then the integral
J e dx A dy

converges absolutely and does not depend on the choice of the fundamental domain

Fr. (Here, we write z = x + iy with x,y € R.)

Proof. In each region ochl(F), we make the change of variables z - ochl(z) and,

by lemma 3.2, the integral becomes

Xfﬂk A )y"dx;dy

[aj'] [a7']

Since f],’ ', gl Mk(ocjfll’ocj),wecanexpress
RN o RN oM
fly <z>=;anth and gl <z>=;bnth,

2miz/h;

where an; = e 7, for some h; € N. These qn;—expansions are holomorphic at 0

and, by hypothesis, ay = 0 or bo = 0. Hence,

@2k @) = i, wi(an)

for some function ¥; holomorphic at 0, which implies that |th q)j(th)| < e %Y for
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—C

some constant ¢ > 0 (if y is sufficiently large). But fF e Yy*2dxdy < oo, so the
integral in the statement of the lemma is absolutely convergent.

Now suppose that F/ is another fundamental domain for I'. We can divide F;
into regions R; such that p;(R;) CF, with p; € I and, since f(z) g(z)v*y~2dx A dy
is invariant under I', the integrals over R; and over §;(R;) c01nc1de. That is, the

integral in the statement of the lemma is independent of the choice of Fr. [

From here on, assume further that at least one of f and g is a cusp form.

Definition 3.4. The Petersson inner product of f and g is defined to be

B 1 kdx/\dy
R [PSL,(Z) : T] Jr f y?

where z = x + iy. It is immediate from this definition that

(5 s SK(l) x§(I) — C
(fi, f2) = (fio forr

is a Hermitian inner product on Si(I'); that is to say, (-, - )r is:
(i) linear in the first variable and antilinear in the second;
(ii) antisymmetric;

(iii) positive definite.

Since y~2dx A dy is invariant under ', we could use it to define a measure on
X(T) (see section 2.5 of Shimura’s book [12] for the details). Lemma 3.2 shows
that f(z)g(z)(Im(z))¥ induces a function on X(T); thus, {f,g)r corresponds (up to
the constant factor [PSL,(Z) : T]) to the integral of this function over X(T). That

is why we may write

kdx A dy
(f,g)r = [PSLz f f(2)

when we do not want to make the choice of the fundamental domain explicit.
This notation is justified by lemma 3.3.

In the following sections, we are going to define operators T(n) for all n e N
acting on My (I'). We are going to prove that (most of) these operators are self-
adjoint with respect to the Petersson inner product. Our interest will then
lie in the computation of a basis of Si(I') consisting of cusp forms which are

eigenvectors (eigenforms) of all these operators.
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Lemma 3.5. Let V be a finite-dimensional vector space over C with a Hermitian
inner product (-, - ).
(1) If ¢: V — V is a self-adjoint linear map, then V has a basis consisting of
mutually orthogonal eigenvectors of .
(2) Let @1,¢y,... be a sequence of commuting self-adjoint endomorphisms. There
is a basis of V consisting of vectors which are eigenvectors of every ¢, (n € N).

(That is, @1, @y,... are simultaneously diagonalisable.)

Proof. 1f V ={0}, the result is trivial. Hence, assume that dim(V)=4d > 1.

Every endomorphism of V has at least one eigenvalue because C is algebraic-
ally closed (and so the characteristic polynomial has at least one root). Therefore,
¢ has an eigenvector ey. If d = 1, we are done. Otherwise, let V; = (Ceq)*. Since
¢ is self-adjoint, V; is stable under ¢ and we can apply the same argument to
(plv1 to obtain another eigenvector e¢,. Now let V, = (Ce; + Ce,)* and we can
continue in this manner until we obtain a basis ey, e5,...,e; of V.

If ¢1,¢y,... are commuting self-adjoint endomorphisms, we can express
V= @iV(XZ-), where the A; are the distinct eigenvalues of ¢; and the V(};) are
the corresponding eigenspaces. For all n € N, since ¢, commutes with ¢q, ¢,
preserves each V(};): if v € V(;), then @1 (¢, (v)) = @,(¢1(v)) = Aj¢p,(v) and so
@,(v) € V(A;) as well. Therefore, we can decompose each V(};) further into a
sum of eigenspaces of ¢,; then, we decompose the resulting spaces into a sum of
eigenspaces of @3, and so on. Since V is finite-dimensional, after finitely many
steps this process must stop giving us any new smaller spaces. The resulting
decomposition is V = EDI. V; such that each ¢,, acts as a scalar on each V;. Now

choose a basis for each V; and take their union. O

Finally, we study some properties of (-, - )r which are going to be useful after

we define the Hecke operators.

Proposition 3.6. If I is another congruence subgroup of SLy(Z) and f,g € My(I")
as well, then (f,O)r ={f, Or-

Proof. First assume that I CT'. In this case, consider a set of representatives
B1,...,Pm of the left cosets of I’ in T and choose

Bo=| B! (Fp)
j=1
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=
as a fundamental domain for I'’. Since f,g € My(I'), we have that f|k = f and
glk[5 ' = g for all j. Therefore,

3 dx/\dy
Jogi= PSL2 : ]ZJ- s

kdx dy
" [PSL,(Z r] [T:T] ZJ /) =8

In general, we define I'” = I' N T’ and, by the case proved in the previous

paragraph, (f,&)r = (f,&)r" = {f,&)r- O

Since (f, g)r is independent of the choice of I', we can omit the subgroup

from the notation and write (f, g) = (f,¢)r as long as there is a sufficiently small
congruence subgroup I so that f,g € My (D).

Lemma 3.7. Let a € GLY(Q) and set I'" = a TaNSLy(Z). Then, I" is a congruence
subgroup of SL,(Z) and the map f — f|k takes My (T) to My (I”") and Si(T) to Si(I'’).

Proof. Observe that a can be multiplied by a positive scalar without affecting
the action of |E{“]. Therefore, we may assume that « has integer entries.

Let D = det(«) and suppose that I'(N) C T for some N € N. We are going to
prove that I(ND) CI". Indeed, for all y e I(ND), we can write y =1+ NDp for
some matrix p with integer coefficients. Hence, aya™ =1+ Nap(Da™!) € T(N)
(note that det(aya~!) = det(a) = 1), which implies that y € a 'T(N)a € o 'T«
and so y € I'” too.

It is clear that, if f € M(I'), then f|£(a] is weakly modular for I'" of weight
k and holomorphic in H. For all p € SL,(Z), it is possible to put af into upper
triangular form by using elementary operations of the following types: adding a
multiple of one row to another and swapping two rows. Therefore, there exists

Yo € SL,(Z) such that yaloc[% = (g Z), where a and d are positive. If

] o0
fl [vo Z xneZmnz/h’

n=ny

then we have a Fourier expansion of f |E{a] at p(oo0) given by

()]

o o0

Z 21'(111 az+b)/(dh) _ Z v eZT(inz/(dh)
n ’

n=an

[B]

l\)\?\“‘
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where
0 if a J[ n,

yn: a %
(E) Xn/a €

Thus, if f € My(T) (resp. f € S¢(I')), then flk EMk( ) (resp. flk eSp(I’)). O

2nibn/(adh) ¢ a | n.

Proposition 3.8. Let a € GL}(Q) and let o’ = det(a)a L.

) (fI 8 = ()
<f|k ,g> f gl
(flk ,g} depends only on the double coset Tol'. That is to say, for all y,,y, €T,

(FIrerd gy = (pled gy,

Proof. Assume (up to multiplication by a suitable integer) that « has integer
entries (and so a’ too).

Let I’ =T Nnala™!. T’ is a congruence subgroup of SL,(Z) because it is the
intersection of the congruence subgroups I and SL,(Z) N al'a~!. We also know
that f,g € M(T) € M(T”") and f[\*), g € My (@' Ta N SL,(Z)) € My(a~'T" ), by
lemma 3.7. On the other hand, if F’ is a fundamental domain for I/, « ! (F’) is a

fundamental domain for a 'T’«. Therefore,

[@] ey _ 1 kdxAdy
I8 = e _1F]f PR{ACTRETE

1 3’
- e f f(2) = (f,9)

because [PSL,(Z) : a~'T’a] = [PSL,(Z) : T’] (by proposmon 3.1).
1
Applying the prev10us result with g replaced by glk (whlch is the same as

¢l™), we obtain that (f|[° ,g>—<f gl ) =<8l And, since f,g € M(T),
[a]
e = (A e ) = (I g forall g et .

3.2 Hecke operators for SL,(Z)

Hecke operators play a fundamental role in the theory of modular forms. In this
section, we introduce Hecke operators for the full modular group and briefly
explain some basic facts.

Hecke operators were first introduced in order to study some properties of

the Ramanujan t—function, which is related to the g-expansion of the modular
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discriminant A(z). These results, which are omitted from this work, are explained
in detail in Serre’s book [11] and in Milne’s notes [8], for instance.

Recall that a lattice in C is a subgroup of the form A = A(wy, w;) = Zw; ® Zw,
where w; and w, are complex numbers which are linearly independent over R.
We shall always assume (up to interchanging w; and w,;) that Im(z—;) > 0. Let
L denote the set of lattices in C. One checks easily that A(w;, w;) = A(w], w)) if
and only if w] = aw; + bw; and w) = cw; + dw; for some (? Z) € SL,(Z).

Every lattice A has associated with it an elliptic curve E, = C/A. One
can show that two elliptic curves C/A and C/A’ are isomorphic if and only if
A = AN’ for some A € C*. Therefore, we consider the (left) action of C* on £
by homotheties and a lattice A(w;,w;) is equivalent to A(t,1) in C*\ £, where
T= 3—; € H. Thus, we write A(t) = A(t, 1) for all T € H. We see that A(t) and A(T’)
coincide in C*\ £ if and only if there exists (‘C’ Z) € SL,(Z) such that v = £=b,

ct+d
Hence, there is a bijective correspondence between the elements of SL,(Z)\H

and the isomorphism classes of elliptic curves. SL,(Z)\H is said to be a moduli

space of elliptic curves.

Throughout this section, k will be an integer.

Lemma 3.9. Let F: £ — IP’(IC be a homogeneous function of degree —2k (that is, such
that F(AA) = A"2*F(A) for all A € C* and all A € L). The function

f:H—PL
z+— f(z) = F(A(z,1))

is weakly modular for SL,(Z) of weight 2k. Moreover, the map F +— f is a bijection
between functions of lattices which are homogeneous of degree —2k and weakly
modular functions for SL,(Z) of weight 2k.

Proof. We write F(w;,w,) = F(A(w;,w,)). Note that F(Aw;, Aw,) = AKF(wy, w,)
for all A € C* and F(aw; +bw,, cw; +dw,) = F(wy, w,) for all (? Z) € SL,(Z). We see
thus that the product w%k F(w;,w,) depends only on z—; and, consequently, there
is a function f(z) such that F(w, w;) = wEZkf(i—;). Thus, for all (‘g Z) € SL,(Z),

k[ awy Hbwy) oy fwy
(cwy +dw,) f(cw1+dw2)_w2 f(wz)

or, equivalently, (cz + d)_zkf(w) = f(z2).
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Conversely, given a weakly modular function f for SL,(Z) of weight 2k, we

can define F(wq, wy) = wgzkf(z—;), which is homogeneous of degree —2k. ]

We are going to use this interpretation of modular forms to define Hecke
operators. To this aim, we first define operators on £, which define operators on
functions on L.

Let £ be the free abelian group generated by the elements of L.

Definition 3.10. For every n € N, the Hecke operator T(n): & — £ is the only
Z-linear operator which maps each lattice A to the sum of all of its sublattices

T(n)A = Z A

[A:A]=n

of index n:

(This sum is finite because any such sublattice A’ contains nA and A/nA is
finite.)

We also consider the homothety operators R(n): & — £, which are the
linear maps defined by R(n) A =nA forall A € L.

Proposition 3.11. The Hecke operators and the homothety operators (as endomorph-
isms of £) satisfy the following identities:

(1) R(m)oR(n) =R(n)oR(m)=R(mn) for all m,n e N;
(2) R(m)oT(n)="T(n)oR(m) for all m,n e N;
(3) T(m)oT(n)=T(n)oT(m)="T(mn) for all m,n € N such that (m,n)=1;
(4) T(p") o T(p)=T(p™")+pR(p)o T(p™?) for all primes p and all n € N.

Proof. The first two identities are trivial.

To prove the third identity, fix a lattice A. For every sublattice A” of A of
index mn, there exists a unique sublattice A’ of A containing A” and such that
[A:AN]=nand [A": A”] = m. Indeed, A/A” is an abelian group of order mn
which decomposes uniquely as the direct sum of a group of order m and a group
of order n (because (m,n) = 1). Therefore, T(mn) A = (T(m) o T(n))A.

Finally, we prove the last identity with a similar argument. Let A be a lattice.

We observe that (T(p") o T(p))A, T(p™*!)A and (R(p) o T(p""!)) A are all sums of
sublattices of A of index p*!. One such sublattice A” occurs exactly a times in
the first sum, exactly once in the second sum and exactly b times in the third
sum, so we have to prove that a = 1 + pb. To do so, we distinguish two cases.

If A” is not contained in pA, it is clear that b = 0. On the other hand, a is the

number of sublattices A’ of A containing A” and of index p in A. Such a lattice
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A’ contains pA, and its image in A/pA is of order p and contains the image of
A” (which is also of order p). Thus, there is exactly one possible A’ with these
properties, which means that a = 1.

If A” is contained in pA, we have that b = 1. But every sublattice A’ of A of
index p contains pA and so A” too. Therefore, a coincides with the number of
sublattices of A of index p (or, equivalently, with the number of subgroups of
A/pA ~(Z/pZ)?* of index p), and this is ’;2%11 =p+1. O

Corollary 3.12. The Z-algebra generated by the T(p) and R(p) for p prime is com-
mutative and contains all the T(n) for n € N.

Definition 3.13. There is an action of Hecke operators and homothety operators
on the set of functions F: £ — P{. which are homogeneous of degree —2k: for all
n € N, we define T(n)F and R(n)F to be the functions given by

T(mFA)=F(T(m)A)= ) F(A) and R(mF(A)=FR(n)A)=n*F(A)
[A:A]=n

forall A e L.

Proposition 3.14. Let F: £ — Pg. be a homogeneous function of degree —2k. For all
neN, T(n)F: L — ]P’}C is also homogeneous of degree —2k. Moreover,

(1) T(m)T(n)F =T(mn)F for all m,n € N such that (m,n) =1, and

(2) T(p)T(p™)F =T(p"*")F+p =2k T(p"~1)F for all primes p and all n € N.

Proof. It is immediate from the definition of T(n)F and proposition 3.11. N

Definition 3.15. Let f: H — P{ be a weakly modular function for SL,(Z) of
weight 2k and let F: £ — ]P’}C be the associated homogeneous function of degree
—2k (as in lemma 3.9). For every n € N, we define T(n) f: H — P, to be the
function associated with n?k~1 T(n)F:

T(n) f(z) = n®* ' T(n) F(A(z,1)).
(The factor n**~! is introduced so that some formulae have integer coefficients.)

Proposition 3.16. If f: H — IP’}C is weakly modular for SL,(Z) of weight 2k, then
T(n)f: H — P is also weakly modular for SLy(Z) of weight 2k for every n € N.
Moreover,

(1) T(m)T(n)f = T(mn) f for all m,n € N such that (m,n) =1, and
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(2) T(p)T(p™) f = T(p™) f + p* L T(p"Y) f for all primes p and all n € N.

Proof. It is immediate from the definition of T(n) f and proposition 3.14 (taking
into account the additional factor). ]

We have defined the action of Hecke operators on weakly modular functions

and so, in particular, on modular forms. Nevertheless, the definition is quite

abstract and the properties of the functions obtained in this way are not obvious.

The following results provide simpler descriptions of these functions and even

precise formulae to compute them.

Lemma 3.17. Let A be a 2 x 2 matrix with entries in 7 and det(A) = n > 0. There
exists U € SL,(Z) such that UA = (8 Z) withad =n,a>1and 0 < b <d. Moreover,

the integers a, b and d are uniquely determined.

Proof. It is possible to put A into upper triangular form by using elementary
operations of the following types: adding a multiple of one row to another and
swapping two rows. Since these operations are invertible, they correspond to
left multiplication by a matrix in SL,(Z). We can assume, up to multiplication
by —1 € SL,(Z), that the diagonal entries are positive. Finally, adding a suitable
multiple of the second row to the first one, we obtain a matrix UA = (8 Z) with
the required properties.

For the uniqueness, observe that a is the greatest common divisor of the
elements in the first column of A (the operations performed to obtain an upper
triangular form coincide with Euclid’s algorithm). Now, d = 7 and b is obviously

uniquely determined modulo 4. ]

Lemma 3.18. Let n € N and let M(n) be the set of 2 x 2 matrices with integer entries
and determinant n. Let X(n) be the subset of M(n) consisting of matrices of the form
(g Z) witha>1and 0 <b<d. If A = A(wy,w,), then the sublattices of A of index n
are precisely those of the form A(awy + bw,, dw,) for (g Z) € X(n).

Proof. If (g Z) € X(n), then A(aw; + bw;,,dw,) has index n in A because ad = n.
Conversely, if A’ is a sublattice of A of index n, then every basis of A’ must be of
the form (w, w}) = (awy + bw,, cwy + dw,) for some (‘C’ Z) € M(n). By lemma 3.17,
(‘; 2) is SL,(Z)—equivalent to exactly one element of X(7). On the other hand, if
there are two matrices o = (g 2) and p = (‘6’ Z’,) in X(n) giving rise to the same
sublattice (i.e., such that A(aw; + bwy, dw,) = A(a’w; + b'w,,d’w,)), then a = uf
for some u € SL,(Z) and so a = p (by lemma 3.17). [
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Proposition 3.19. Let n be a positive integer and let M(n) be the set of 2 x 2 matrices
with integer entries and determinant n. Let f: H — IP’(%: be a weakly modular function
for SL,(Z) of weight 2k. We have that

T(n) f(2) = n?*! Zd‘z"f(—az 0 ) =1y fh),
)

a,b,d
where the first sum is over the triples of integers a, b and d such thata>1, ad =n
and 0 < b < d and the last sum is over a set of representatives of SL,(Z)\ M(n).

Proof. The first equality is a direct consequence of lemma 3.18, while the second

is a consequence of lemma 3.17. O

Corollary 3.20. Let f: H — IP’%: be a weakly modular function for SL,(Z) of weight
2k. If f is holomorphic (resp. meromorphic) in H, then T(n) f is also holomorphic
(resp. meromorphic) in H for every n € N.

Proposition 3.21. Let f: H* — IP’}C be a meromorphic modular form (resp. modular
form or cusp form) for SL,(Z) of weight 2k and consider its g—expansion at co

fol@) =) emq™.

meZ

For all n €N, the function g = T(n) f : H* — P{. is also a meromorphic modular form

(resp. modular form or cusp form) for SL,(Z) of weight 2k with g—expansion at co

Tola)= ) _enlm)q™

meZ

where, for all m € Z, the m—th coefficient is given by

c,(m) = Z azk_lc(%)

a|(n,m)

(the last sum is over the positive divisors of (n,m)).

Proof. We already know that g is weakly modular of weight 2k and meromorphic
(resp. holomorphic) in H. Therefore, we need to prove that it is meromorphic
(resp. holomorphic or zero) at co: this will be immediate from the form of the

coefficients c,,(m). We can write

T(n)f(z) _ 2k-1 Z Z Z -2k Zc(m)€2nim(az+b)/d'

a>1 ad=n0<b<d me7Z
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But, for fixed a and d, the sum ¥, ., ?™""/4 is 0 unless d | m, in which case it

is d. Thus, setting m’ = %,

T(fl)f(Z) — n2k—1 Z d—2k+1c(mld)62niam'z )

a,d,m’

In the previous expression, we can collect powers of ™ to compute

o= ¥ e

a|(n,t)

(the sum is over the positive divisors of (1, t)). O

Corollary 3.22. Let f be a non-zero modular form for SL,(Z) of weight 2k with
g—expansion
fol@) =) emg™
m=0
If f is an eigenform of all the T(n), with T(n) f = X, f for each n € N, then ¢y # 0 and
Cm = A€y forall meN.

Proof. The coefficient of g in the g—expansion of T(n) f is c¢,, by proposition 3.21.
But, since T(n) f = A, f, it is also A, cy. Finally, if ¢; were zero, then c,, would be

zero for all m € N, thus contradicting the assumption that f is non-zero. ]

The previous result implies that the coefficients of the g—expansion of an

eigenform (of all the T(n)) satisfy the recurrence relations of proposition 3.16.

Lemma 3.23. Let p be a prime and let M(p) be the set of 2 x 2 matrices with integer
entries and determinant p. There exists a common set of representatives for the set of
left orbits SL,(Z)\M(p) and for the set of right orbits M(p)/SL,(Z).

Proof. Let o, p € M(p). Then,
SLa(Z)aSLy(Z) = SLy(Z)PSLa(Z) = SLo(Z)( g p | SL2(Z)

(this is the Smith normal form of every element of M(p)). In particular, f = uav
for some u,v € SL,(Z). Therefore, we can take y = ua = [51}‘1 and we obtain that
SL,(Z)y = SLy(Z)ow and ySL,(Z) = BSL,(Z).

Therefore, we can obtain representatives yi,...,yp.1 for both SLy(Z)\ M(p)
and M(p)/SLy(Z) from a set of representatives ay,...,a,,q for SLy(Z)\M(p) and
a set of representatives f1,..., B, for M(p)/SL,(Z). ]
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Theorem 3.24. Let f,g: H* — P be two modular forms for SL,(Z) of weight 2k
and suppose in addition that at least one of them is a cusp form. For all n € N, we
have that (T(n) f,g) = (. T(n)g)

Proof. Lemma 3.23 says that there exists a set of representatives yy,...,y,, for

both SL,(Z)\M(p) and M(p)/SL,(Z). For every j, write y]’ = pyj_l We have that

M(p) = LI;SL2(Z)y; = LI;¥;SL2(Z) and so M(p) = pM(p)™" = L|;SL,(Z)y; too.
Now, by proposition 3.19, we obtain that

p+1

P8 = p“Z(fl[Jj,@ p’”Z<f gy = (. Tp)g)

the general case follows from proposition 3.16. O

3.3 Hecke operators using double cosets

In the previous section, we described the action of Hecke operators on modular
forms for the full modular group by interpreting them as functions on lattices.
Our objective in this section is to generalise that construction and define oper-
ators T(n) on modular forms for congruence subgroups such as I'(N), [{}(N) or
I1(N) (for N € N). These Hecke operators should satisfy essentially the same
properties as Hecke operators for SL,(Z).

Nevertheless, for a general congruence subgroup I', the set I' \ Hl does not para-
metrise isomorphism classes of elliptic curves (or lattices modulo homothety)
any more. Thus, one possible approach is to use lattices in conjunction with
some additional torsion data (such as a subgroup of the lattice) in order to obtain
a bijection with I'\H. The downside of this strategy is that we should define
what are known as modular points (lattices plus some additional structure)
specifically for each kind of congruence subgroups we want to work with. The
details of this method for I} (N) can be found, for instance, in the books [3] by
Koblitz and [4] by Lang.

We follow a different approach which allows us to define Hecke operators
directly on modular forms. Let f be a modular form for SL,(Z) of weight 2k.
Proposmon 3.19 shows that T(n f is a linear combination of terms of the form
f|2k with & € GL7(Q) (in fact, f|2k depends only on the coset SL,(Z)d). Thus,
if w is the k—fold differential form on X(1) associated with f, then the k—fold
differential form on X(1) associated with T(n) f is somehow related to the k—fold
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differential forms 6"(w) (which are not defined on X(1) in general). We try to
understand and generalise this situation.

Let I be a congruence subgroup of SL,(Z). Let a € GL3(Q), which defines the
map z — o(z) : H* — H*. We would like to define a map a: X(I') — X(I'). But oI’z
is not an element of X(I') and I'at(z) depends on the choice of the representative

z. Therefore, we consider the union of the orbits meeting al'z, which is I'al'z.

Lemma 3.25. Let T’ =T N 'Ta. IfT = | |7, T'B;, then TaT = | |7, Tap; (which
means, in particular, that T ol is the disjoint union of [I' : I'’] right cosets). Conversely,
ifTal = |_|;Zl:1 Tap;, then T = |_|;7l:1 I'B;.

Proof. First, observe that I’ is a congruence subgroup of SL,(Z) (in particular, of
finite index), by lemma 3.7. This means that we can find a set of d representatives
of I'"\T, indeed.

Suppose that I' = |_|;-i:1 I[’B;. Consider an element y;ay, € ['al'. We can write
Y2 = V'Bj with y’ € I” for some j. Since y’ € a'Ta, we can write y' = a lya
for some y € I'. In this case, we have that y;ay, = y;yaf; € Tap;. Therefore,
[al’ = U?:l I'af;: we must check that these cosets are disjoint.

Suppose that y;af; = y,ap; for some y;,y, €I and some i,j € {1,...,d}. We
deduce that [3’,-[3]71 = a~y;'y,a € a”'Ta and, since [Siﬁjfl eI as well, [Siﬁ]fl el’,
which is to say that i = .

For the converse, assume that I'al’ = |_|}i:1 l“oc[&j. Thus, if y €', we can write
ay = yoap; with yy € I' for some j. Consequently, y = a‘lyoaﬁj € I"B;. Indeed,
this means that [3]711/ = a~lypa and so this element belongs to both T and a~'Ta.
In conclusion, I = U?:l I[’B;: we must check that these cosets are disjoint.

Suppose that y;; = y,p; for some y|,y, €[” and some i,j € {1,...,d }. We can
write y; = a”ly;a and v, = a ly,a with yy,y, € I. Therefore, y,'yiap; = aB;,
which implies that i = j. O]

Let[, =T'Na 'Ta and write I = |_|;-i:1 I[,B;- By lemma 3.25, the map induced
by « (or by the double coset I'al’) on the modular curve X(I') should be a “many-
valued map” sending I'z to the d points I'af;z (for 1 < j <d). This idea can be

formalised by means of the correspondence

X(T)
PN
X(T) X(T

)
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(where a(I,z) = T'a(z) and ((Iyz) = T'z). It is called the Hecke correspondence
because the action of Hecke operators on k—fold differential forms on X(I') can be
defined (using appropriate matrices «) as the pull-back by « followed by the trace
given by 1 in the above diagram. We could also interpret this correspondence as
a map on divisors given by I'z — Z}i:l I'(aB;)(z) : Div(X(T')) — Div(X(T')).

The previous discussion leads us to define an action of double cosets on

modular forms. In the remainder of this chapter, k will be an integer.

Definition 3.26. Let I be a congruence subgroup of SL,(Z). We define a right
action of weight k of double cosets of the form I'al’ with a € GLT(Q) on weakly

modular functions f: H — P{. for I' of weight k in the following way:

Focr] Zflk ,

where I'al’ = |_|;-i:1 la;.

This action is well-defined. Firstly, if «; is replaced by y;a; with y; € I, then
fli Rl f|k  because f is weakly modular for T of weight k. Secondly, if « is

replaced by o’ such that 'al' =T'a’T, we can still take the same decomposition
as a disjoint union of right cosets: ['a'T = |_|;-1:1 ['a;. Finally, by lemma 3.25, we
can take a; = ap; for all j so that I' = |_|;7l:1 [B;- Let y € T. Since multiplication
by y permutes the right cosets I},;, we conclude that

flkfocr ‘ Zflk ]Y Zflk _ FaF]

and so flgar] is weakly modular for I of weight k.

Proposition 3.27. Let I be a congruence subgroup of SL,(Z) and let o € GL3(Q). If
f € Mi(T), then f|[rar] € M (). Furthermore, if f € Si(I'), then f|, [Fal] Si(T).

Proof. We already know that f |E<rar] is weakly modular for I' of weight k. Fur-

Tal] . . - . s
thermore, f |L I holomorphic in H and satisfies the required conditions at the

cusps because each f|£{aj] appearing in its definition does (by lemma 3.7). N

Definition 3.28. Let N be a positive integer. Let S™ be a non-trivial subgroup of
Z (i.e., S* = MZ for some M € N) and let S* be a subgroup of (Z/NZ)* (which
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we identify with its inverse image in Z under the projection modulo N). Let n be

a positive integer. We define
A™(N,S*,S") = {(? Z) ca,b,c,d€Z,aeS*, beSt, N | c and ad —bc = n}.

Example 3.29. If N = 1 and S* = S* = Z, then A"(N,S*,S") is the set of 2 x 2
matrices with integer entries and determinant n.

In general, one checks easily that
A™(N,S*,S7)-A"(N,S*,ST) € A™"(N,S*,S7);

moreover, Al(N,SX,S+) is a group (actually, a congruence subgroup, since it con-
tains T'([M,N]) if St = MZ). In particular, we can express ['(N) = A}(N, {1},NZ),
IH(N) = AY(N,(Z/NZ)*,Z) and I} (N) = AY(N, {1}, Z).

Definition 3.30. Let T = A'(N,S*,S*) (with the notation of definition 3.28) and
let n € N. We define the action of the n—th Hecke operator on modular forms for I
of weight k, T(n): My(I') = My(I), as follows: for all f € My(T),

_ e Zfl [TaT] _ k-1 Zfl[ﬁl

where the first sum is over all the double cosets I'al’ contained in A"(N,S*,S*)
and the second sum is over the elements I'f of I'\ A"(N,S*,S™).

Now that we have defined Hecke operators for a large class of congruence
subgroups, we focus on the groups I[(N) for N € N. Fix N € N. The proofs of
the following results are adapted from Miyake’s book [9] and Koblitz’s book [3]
(which deals with the case of I3 (N)).

Lemma 3.31. We can express

AN @/NZYZ) = | R(§ 5)

a,b,d

where the (disjoint) union is over the triples of integers a, b and d such that a > 1,
(a,N)=1,ad =nand 0 <b < d. In addition,

A"(N, (Z/NZ), |_|1“0 (g g)rO(N)
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where the (disjoint) union is over the pairs of integers a and d such that a > 1,
(aN)=1,ad=nanda|d.

Proof. Let a = (‘Cl Z) € A"(N,(Z/NZ)*,Z). Let D = (a,c) and consider x,y € Z such
that ax + cy = D (Bézout’s identity). Write A = § and C = f, so that Ax+Cy = 1.
Since (a,N)=1and N

Y= (_XC fi) € IH(N). Now observe that ya = (]3 _Z’g:rdj’A). Hence, J_r((l) ’f)ya is of the
form (“' b ) witha’ > 1, (a’,N)=1,4’d’=nand 0 < b’ <d’ (for a suitable choice

¢, we obtain that N | Cand (D,N) = 1. As a consequence,

0d
of h).
Moreover, for any two matrices (8 Z) and (%’ Z’,) of the desired form, we have
1/, 1
that (g Z) (% Z,) = (“ é“ d—?d’) and this matrix is in Ij(N) if and only if a = 4,
d=d and b=10".

The proof of the first statement is complete. The second statement is analog-
ous to the existence and uniqueness of a Smith normal form.

Let a = (Z Z) € A"(N,(Z/NZ)*,Z). We have already seen that we can trans-
form a (multiplying on the left by a matrix of I)(N)) into a matrix of the form
(’6’ Z:) with |a’| <la| if ¢ # 0. Similarly, we can transform it (multiplying on the
right by a matrix of I)(N)) into a matrix of the form (Z,’ (?,) with |a’| <|a| if b = 0.
Indeed, let D = (a,b) and write A = {5 and B = %. Since (a,N) = 1, we obtain that
(D,N) = (A,N) = 1. Take x,p € Z such that Ax + By =1 (Bézout’s identity) and
N
multiples of A). Therefore, y = (; _11) eIH(N) and ay = (cx?dy CBPdA)-

y (we can do so because (A,N) = 1 and the possible choices of y differ by

Alternating between these two types of transformations, we can transform
any matrix a € A"(N,(Z/NZ)*,Z) into a matrix of the form (g 2) (because the
absolute value of the first entry of the matrix decreases at each step). Now,

multiplying on the right by (IlI (1)), we obtain the matrix (I\?d 9 ) This matrix turns

into ((“6d) Zi) with a transformation of the first kind (observe that (a,d) = (a,Nd)
because (a,N) = 1) and then into ((“(’)d) d&) with a transformation of the second

kind. And it is clear that (a,d) | dA.
The fact that these double cosets are disjoint follows from the uniqueness of

the Smith normal form of a matrix with integer coefficients. O]

Proposition 3.32. Let f: H* — P, be a meromorphic modular form (resp. modular

form or cusp form) for Iy(N) of weight k and consider its qg—expansion at co

faola) =) _emq™.

meZ
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For all n €N, the function g = T(n) f : H* — Pg. is also a meromorphic modular form

(resp. modular form or cusp form) for [)(N) of weight k with g—expansion at oo

Zol@) = ) _culm)q”

mez
where, for all m € Z, the m—th coefficient is given by
_1 (mn
= )l T7)
ﬂl n, m

(the last sum is over the positive divisors of (n,m) which are prime to N: here, xN

denotes the principal Dirichlet character modulo N).

Proof. This result is analogous to proposition 3.21. By lemma 3.31, we can write

T(I’l Z Z Z Z 2T(1m (az+b)/d

=1ad=n0<b<d meZ

(a is positive in this sum). Since, for fixed a and d, the sum Y o}, 2™ is 0

unless d | m, we set m’ = % and
T(n)f(z)=nk" ) A7 c(m'd)e?™ o=,
a,d,m’

Collecting powers of e?™/?

T I —
(Z]I(\:I«);l

in the previous expression, we obtain that

(the sum is over the positive divisors of (n,t) which are prime to N). ]

The previous results allow us to compute explicitly the action of Hecke
operators on modular forms for I[(N). Next, we are going to prove that there is a

basis of Si(Iy(N)) whose elements are eigenforms of many of the T(n).

Lemma 3.33. Let I be a congruence subgroup of SL,(Z) and let a € GL}(Q). There

exists a common set of representatives for I' \I'al' and for I'al'/T.

Proof. Write I'al’ = |_|d laj = |_| _1 ;I (observe that the number of left cosets

and the number of right cosets co1nc1de. itisd = [[: (CNa~'Ta)], by lemma 3.25).
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Fori,je{l,...,d}, Ta; N [SJT = (: if that were not the case, we would have that
Fal =TT C Ulij p;I', but this is impossible. Thus, we can choose an element
oj € lajNPB;I for each je{1,...,d}. Since 'a; =T'0; and B;T = ;I for every j, we

conclude that I'al’ = |_|d Toj = |_|;i 1 9;T O

Lemma 3.34. With the notation of definition 3.28, let T = A1(N,S*,S*) and consider
A =1],enA"(N,S*,S"). Assume that there exists a map a— o' : A — A satisfying
that
(i) (« [3) Bra’ and (a') = o for all o, p € A,
(ii) I'' =T, and
(iii) Fa'T =Tal forall a € A.
Then, for every weakly modular form f: H — IP’}C for I of weight k and for all m,n € N,

n)f =T(n)T(m)f.
Proof. Let a € A™(N,S*,S*)and p € A*(N,S*,S*). By lemma 3.33, we can express
Fal = |7 To; = |7_; ;T and TRl = |_|§?:1 IB; = |_|§7:1 B,[. Thus, the properties
of 1 imply that I'al’ = T'a'T = (Tal')' = [ i, a!T = | |{_; T} and, analogously,
T =2, piT = L4, IB:. Therefore,

b e
(s, ZZfIMJ and (AT A

j=1i= i=1 j=1

we want to check that each coset I'0 appears the same number of times in each
of these expressions. Indeed, a;B; € I'dl' if and only if ;B; € [dy for some yeT
(and there are |['\T'dI'| cosets of the form I'dy). Hence,

|((,j): Te;p;T =T8T} |{(i,j): TB}aiT =TT}
[T\TaT]| Bl IT\T&T|

(d) = [{(i,j): Tespj =To)| =

(i, j): TRl = Tar |

- TRVETY =|{(i,j): TB}a} =Td}| = ¢'(3)

(here, c(0) is the number of times I'0 appears in the first expression and ¢’(9) is
the number of times I'd appears in the second expression).

Since the action of Hecke operators is defined in terms of Z-linear combin-
ations of double cosets and we have proved that the actions of I'al’ and of T'pT’
commute, we conclude that T(m)T(n) f = T(n) T(m) f. O]

Proposition 3.35. Let f: H — IF’l be a weakly modular form for Iy(N) of weight k.
Forallm,neN, T(m)T(n) f =T(n)T(m)f.
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Proof. Let A= |,cyA™(N,(Z/NZ)*,Z). Observe that the map

A — A
(e &) — (6 &)

satisfies the three conditions of lemma 3.34. Indeed, conditions (i) and (ii)
are obvious by definition, and condition (iii) is immediate choosing diagonal
matrices as representatives of the double cosets (as in lemma 3.31). Therefore,

the proposition is a consequence of lemma 3.34. O

In fact, a stronger result holds. We state it without proof.

Proposition 3.36. Let f: H — IP’(lC be a weakly modular form for Iy(N) of weight k.
Then:
(1) T(m)T(n) f = T(mn) f for all m,n € N such that (m,n) = 1;
(2) T(p)T(p™) f = T(p"™) f + p* L T(p" ") f for all prime p such that p J[N and
allneN;
(3) T(p)T(p™) f = T(p™) f for all prime p such that p | Nand all n e N.

Theorem 3.37. Let f,ge H* — ]P’}C be two modular forms for [y(N) of weight k and

suppose in addition that at least one of them is a cusp form. For all n € N such that

(m,N) =1,(T(n) f,g) = (f,T(n

Proof For every ae GL+(Q) write o’ = det(a)a~!. Proposition 3.8 implies that
To( To(N)aTy (N

<f| N)alp(N > <f [O ) To( )])

Consider the set X( ) = {(8 2) tad =n and a | d}. By lemma 3.31, X(n) is
a set of representatives of the double cosets [[}(N)aly(N) in A(N, (Z/NZ)*,Z).
If a = (g 2) € X(n), then o = (g 2) € A"(N,(Z/NZ)*,Z) because (n,N) =1 and
ad = n. Moreover, the last part of the proof of lemma 3.31 shows that (g 2) can
be transformed into ((a(’)d) ad /?a’ d)) = (8 2) with operations which correspond to
multiplication by matrices of I})(N). That is, Iy (N)a'To(N) = IH(N)aly(N).

In conclusion,

nf,g)=n"" 2<f|”° ], gy = mi! Z<f e

aeX(n aeX(n
To( To(N
=t Z<f gl OITNy (£ Ty g)
aeX(n

as claimed. O
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Corollary 3.38. For every k € Z, there exists a basis of the complex vector space
Sk (Io(N)) whose elements are eigenforms of all the T(n) for n € N with (n,N) = 1.

We could also be interested in finding eigenforms of the T(n) with (n,N) > 1.
If the eigenspaces of the T(n) with (n,N) > 1 had dimension 1, then there would
be a basis of eigenforms for all the Hecke operators (because Hecke operators
commute and so preserve each eigenspace). However, this is not true in general.
To overcome this barrier, one must study which modular forms for I)(N) come
from lower levels. That is, if N = d;d, and f € My (Iy(d;)), then f(z) € My(IH(N))
and also g(z) = f(dyz) € M(IH(N)). The subspace of Si(I;)(N)) spanned by the
forms obtained in these two ways from elements of Si(I)(d)) for proper divisors
d of N is called the subspace of oldforms. Its orthogonal complement is called
the subspace of newforms. It can be shown that the spaces of newforms have
bases composed of eigenforms of all the T(n) (for n € N).

Another question is whether there is a basis of eigenforms of My (IH(N)). In
general, we cannot use the Petersson inner product (because at least one of the
two forms must be a cusp form in order to ensure convergence). Instead, one can
define explicitly generalised Eisenstein series which are eigenforms. In this case,
My (Ip(N)) can be decomposed as the orthogonal direct sum of Sy (I5(N)) and the
space spanned by these generalised Eisenstein series.

The theories of oldforms and newforms and of generalised Eisenstein series

are introduced, for instance, in the book [2] by Diamond and Shurman.



Chapter 4

Modular symbols

We are finally in a position to describe explicitly a basis of cusp forms by means
of the theory of modular symbols. In particular, modular symbols provide a
method of computing the Fourier expansions of the elements of a basis of cusp
forms for congruence subgroups. Furthermore, the theory of modular symbols
is an important tool in some proofs of theoretical results. As a matter of fact, the
many applications of this theory make it a valuable tool in its own right.

In this chapter, we focus on the study of S,(I)(N)) for any N € N. This is
the simplest case, yet it exhibits the most important aspects of this theory. The
generalisation to cusp forms of weight k greater than 2 is based on the same ideas;
however, it involves the use of complex polynomials in two variables which are
homogeneous of degree k — 2, which makes the proofs more complicated.

The main ideas of this theory, with a special emphasis on computations, are
explained in the books [14] by Stein and [1] by Cremona. In a similar fashion,
Stein’s paper [13] summarises the most important results from a computational
viewpoint and Merel’s paper [6] finds simple sets of matrices which are sufficient
to perform all the computations. Also, Lang’s book [4] explains some results
related to modular symbols and some of their theoretical applications. Never-
theless, all these references skip many proofs. Thus, most of the proofs in this
chapter are adapted directly from the first half of Manin’s original paper [5].

4.1 Motivation

Throughout this chapter, let N be a positive integer. We are finally going to take
advantage of the theory explained in the previous chapters in order to find a
basis of S,(IH(N)).

Fix k € N (in fact, we are going to be interested in the case k = 2). Corol-
lary 3.38 ensures the existence of a basis of S;(I)(N)) formed of eigenforms of all
the T(n) with (n,N) = 1. Hence, the action of Hecke operators should give us a

fair amount of information about Sy (IH(IN)).
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Let n € N. By proposition 3.32, T(n) acts on the g—expansions (at infinity) of
modular forms for I[}(N) of weight k in the following way:

To0( ) _and”)= ) Y xn(@d apyg”,
m=0 m:0d|(n,m)

where Xy is the principal Dirichlet character modulo N and the last sum is only
over positive divisors d of (n, m). For every f € My(IH(N)) and all m € N, we write
a,,(f) for the coefficient of g in ]";,(q).

Lemma 4.1. Let n € N. For all f € My(IH(N)), a;(T(n) f) = a,(f).

Let T be the Z—-algebra generated by the operators T(n) for n € N acting on
Sk(Io(N)) (regarded as a subalgebra of End(S(I)(N))) and consider the complex

vector space T¢ = T ®y, C obtained by extension of scalars.

Proposition 4.2. There is a perfect pairing of complex vector spaces given by

() S(IH(N)) x Te — C
(f, T)—(f, T)y=ay(Tf)

and, thus, it defines an isomorphism between Sy(IH(N)) and Homg(T¢, C).

Proof. This pairing is bilinear because every T € T¢ belongs to End¢(Si(Iy(N)))
and a; is also a linear map.

Let f € Sg(IH(N)) such that (f,T) =0 for all T € T¢. By lemma 4.1, we have
that a,(f) = (f,T(n)) = 0 for all n € N, which means that f = 0.

Similarly, let T € T¢ such that (f,T) = 0 forall f € Si(Iy(N)). Fix f € Si(IH(N)).
By proposition 3.35, T¢ is commutative. In particular, for all n € N,

an(Tf)=a(T(m)T f)=a,(TT(n) f) =(T(n)f, T) = 0.

Thatis, T f = 0. Since f was arbitrary, we conclude that T is the 0 operator.
Finally, considering that Sy (Iy(N)) has finite dimension, the pairing must be
perfect and so induces an isomorphism between Sy (I)(N)) and Homg(T¢, C). [

Proposition 4.3. Consider the isomorphism of complex vector spaces

W: Si(IH(N)) — Homg(T¢, C)
fr— (T ay(Tf))
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induced by the perfect pairing described in proposition 4.2. For every C-linear map
¢@: Te — C, the power series

fol@) =) _@(T(m)q"

n=1

is the g—expansion at infinity of the cusp form W= (q).

Proof. Let g = W~!(¢). By definition, g is the only element of S;(I;(N)) such that
(g T)=¢(T) for all T € T¢. In particular, by lemma 4.1,

ay(g) =a1(T(n)g) =g, T(n)) = ¢(T(n)) = a,(f,)

forallneN. ]

Proposition 4.3 allows us to compute the g—expansions of the elements of
a basis of Sx(Iy(N)) as long as we know a basis of Hom¢(T¢,C). However, it
is impossible to describe explicitly the action of Hecke operators on Si(I{)(N))
without a precise description of Si(I;)(N)) (and this is our ultimate goal). Thus,
we are going to introduce another set of objects on which Hecke operators act
in the same way. That is to say, we are going to compute the action of T using a
space which contains an isomorphic copy of S (Iy(N)) and on which this action
can be explicitly described in a simpler way.

To this aim, we restrict ourselves to the case in which k = 2. Let I be a
congruence subgroup of SL,(Z). By proposition 2.27 and lemma 2.29, there
is an isomorphism (of complex vector spaces) between S,(I') and the space of
holomorphic differential 1-forms on X(I'), which we denote by Q!(X(T)). Since
X(T') is a compact Riemann surface, the complex dimension of Q! (X(T)) coincides
with g, the genus of X(I'). But the genus is a topological invariant: topologically,
X(I') is a g-holed torus. Therefore, its first homology group H;(X(T'),Z) is a free
abelian group of rank 2g (there are two generators for each hole). We can now
consider the real homology H; (X(I'),R) = H{(X(I'), Z) ®7 R, which is a real vector

space of dimension 2g. Consequently,
dimg(H; (X(I),R)) = 2g = 2dim¢(Q" (X(I'))) = dimp(Q" (X(I))).

In fact, the general theory of compact Riemann surfaces provides an explicit
relation between H; (X(T),R) and Q! (X(I')).
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Theorem 4.4. The integration pairing
I: H (X(T),R) x Q' (X(T)) — C
r r
(ZM[%],@)H ZMJ‘ &
i=1 i=1 Vi

is non-degenerate. Consequently, it induces an isomorphism between H;(X(I'),R)
and Homc(QY(X(T)), C) (both regarded as real vector spaces).

Idea of the proof. First, observe that the pairing is well-defined because integrals
over homologous paths coincide. (This result is a version of the Cauchy integral

theorem for compact Riemann surfaces.) Indeed, if w € Q'(X(T)), then dw =0

J w:jdw:O
JA A

for every 1-boundary dA. We always consider representatives of the homology

and so, by Stokes’s theorem,

classes which are (at least) rectifiable curves so that the integrals make sense.
Let ay,..., a4 be the fundamental cycles relative to a polygonal decomposition

of X(T'). The elements of H;(X(I'),R) are formal linear combinations

28

o= Z)\i[ai]

i=1

with A; € R for all i. Thus, the integration pairing is given by

28
I(o,w) = Z)\iJ‘ w.
i=1 a

Using the Abel-Jacobi theorem for compact Riemann surfaces, one can check
that the Z-span of the elements I([4;], -) (for 1 <i < 2g) is a lattice of maximal
rank 2¢ in Hom¢(Q!(X(T)),C) = C& = R?€ (the quotient of Hom¢(Q!(X(T)),C)
by this lattice is precisely the Jacobian of X(I')). In conclusion, the integration
pairing I induces an isomorphism (of real vector spaces) between H;(X(I'),R)
and Hom¢(Q!'(X(I)),C). O

In this sense, the first homology group of X(I') with real coefficients is dual
to S,(I'). That is why we are going to study the first homology group of X(I') (by
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means of what are known as modular symbols) and how the action of Hecke
operators translates to it. We explain the results involving Hecke operators only

for I)(N) because we have an explicit description of T(#) in this case.

Definition 4.5. Let n € N. The n—th Hecke operator acts on the first homology
group of Xy(N) with real coefficients, T(n): H;(Xy(N),R) — H;(Xo(N),R), in
the following way: for every o € H{(X((N),R), T(n)o is the only element of
H;(Xy(N),R) with the property that

[(T(n)o,w) =1(c, T(n)w)

for all w € Q1(Xy(N)), where I is the integration pairing described in theorem 4.4.
(Here, we identify Q! (Xo(N)) with S,(T5(N)).)

4.2 Homology and modular symbols

Throughout the remainder of this chapter, let I be a fixed congruence subgroup
of SL,(Z) and let t: H* — X(I') be the natural projection map. We would like to
obtain an explicit description of a simple set of generators of H;(X(I'), Z). Such
generators are (homology classes of) paths on X(I'). Since X(I') is defined as a
quotient of H*, we start by considering paths on H* (whose images under m are
paths on X(I')). Since we are going to integrate differential forms along these
paths, we impose some additional conditions. That is, we are always going to
choose “regular enough” representatives of the homology classes.

Let r,s € H*. By a path joining r and s in H*, we mean a piecewise smooth (i.e.,
piecewise continuously differentiable) path lying inside H except for possibly
the endpoints. Moreover, we require that the path be smooth at the endpoints
in the following sense. If s = co, the path leading to co should be contained in a
vertical strip of finite width and its image under the map z > e?™? should be a
piecewise smooth path leading to 0. If s is any other cusp, there is an element of
SL,(Z) which maps a neighbourhood of s to a neighbourhood of co and we can
define the condition of smoothness similarly. With this notion of path in H, its

projection on X(I') is also a piecewise smooth path.

Lemma 4.6. Let r,s € H". Any two paths on H* joining r with s are homotopic.

Consequently, the images of two such paths under T are also homotopic.
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Figure 4.1: Two homotopic paths joining r and s.

Proof. Since H is simply connected, we only need to study the case in which at
least one of r and s is a cusp. For instance, assume that r € Q and s = o0, as in
figure 4.1. The smoothness condition at the endpoints of the two paths ensures
the existence of fundamental neighbourhoods W, of r and W; of s which divide
each path into three portions, as illustrated in figure 4.1: there is one portion
lying in H, away from the endpoints, and the two tails leading to r and to s. Since
W, is simply connected, the pieces between r and u and between r and u’ are
homotopic in W,. Similarly, the pieces between v and s and between v’ and s are
homotopic in W; because W; is simply connected. And we have already observed
that H is also simply connected, so the remaining pieces are homotopic as well.
(In fact, all these open sets are not only simply connected, but also convex.)
Finally, since 7: H* — X(I') is continuous, the composition of  with a homo-
topy in H* is a homotopy in X(I'). ]

Let r,s € H* and consider a path P, ; from r to s in H*. Lemma 4.6 implies
that, for every w € Q!(X(T)), the integral

[t L ()

does not depend on the choice of the path P, ; (but only on its endpoints).

Definition 4.7. Let r,s € H*. The modular symbol {r,s} for I is the element of
H;(X(T'),R) corresponding to

((u — fn*(w)) € Hom¢(Q!(X(T)), C)
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under the integration pairing described in theorem 4.4.

Observe that the definition of modular symbol depends on the congruence
subgroup I'. For example, we could write {r, s}y instead of just {r,s} to make it
explicit. However, we are going to omit I' from the notation because we are not
going to mix modular symbols for different congruence subgroups.

In general, the modular symbol {r,s} is an element of Hy(X(I'),R). But, if
1(r) = 1(s), a path from r to s on H* becomes a closed path on X(I') and so
{r,s} can be regarded as an element of H;(X(I'),Z) (viewed as a submodule of
H;(X(T),R)). The modular symbols which belong to the integral homology group
are sometimes called integral modular symbols.

Actually, we will focus on the case in which r and s are cusps. Let C(I)
be the image of IP’}@ in X(I'): we call its elements the cusps of X(I'), since they
are the images of the cusps for I' under w. (Also, we write Cy(N) = C(IH(N)).)
Thus, if r,s € PL, {r,s} can be viewed as an element of H;(X(T),C(T),Z), the
first homology group of X(I') relative to the cusps. Consequently, we think
of {r,s} as (the homology class of) a geodesic path from r to s in the Poincaré
upper half-plane (regarded as a model of the hyperbolic plane), as illustrated in
figure 4.2.

ro0 S

Figure 4.2: Geodesic paths from r to s and from 0 to co in H".

Definition 4.8. We define a left action of GL3(Q) on the space of modular sym-

bols for I in the following way:

afr, s} = {a(r), a(s)}

for all r,s € H* and all « € GL}(Q) and this is extended by linearity.



78

MODULAR SYMBOLS

Proposition 4.9. Let r,s,t € H* and let y,y" € I. We have the following identities:
(1) {1’, T‘} =0;

Proof. (1) and (2) are immediate from the definition of modular symbols and the
properties of the integrals. For (3), observe that {r,s} + {s, ¢} + {t, r} corresponds
to integration of holomorphic functions along the boundary of a triangle with
vertices r, s and t: these integrals are always 0 by the Cauchy integral theorem.

Let P, ; be a path from r to s in H*. Then, y(P, ;) is a path from y(r) to y(s) and
the images of P, ; and y(P, ;) under 7 coincide because y € I'. This completes the
proof of (4).

Finally, (5) and (6) are a consequence of the previous identities. Indeed,

{ry(r)} = {r,sh+{s, v(s)} + {y(s), y(r)}) = {r,; s} +{s, y(s)} + {5, 7} = {s, ¥(s)}

and also

{r, (YY) ()} = {r, y()} + {y(r), y(¥' (1)} = {r, y(r)} + {1, ¥ (1)} O

Proposition 4.10. Let r € H*. The map

®: T — H{(X(T),2)
Y {r,y(r)}

is a surjective group morphism which does not depend on the choice of r. Moreover,
the kernel of © is generated by the images of the commutators, the elliptic elements
and the parabolic elements of I in T=({x1}-T)/{x1).

Proof. The identities (5) and (6) of proposition 4.9 imply that @ is a morphism
which does not depend on the choice of r. To prove the remaining assertions, we
must use a geometric interpretation of .

We can assume that r is neither an elliptic point nor a cusp. Let H’ be the
complement of the subset of elliptic points in H and let Y(T') = w(H°). Since the

ramification points of Tt are precisely the elliptic points and the cusps, H? is a
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(path-connected) covering space of Y(T') with covering map T o - H° — YO(T).
Therefore, 1|y, induces a morphism W from 7, (YY(T), 7t(r)) (the fundamental
group of YO(T') with base point 7t(r)) to T as follows. Every closed path P in
YO(T) starting at 1t(r) has a unique lift to a path P in H? starting at r. The other
endpoint of P must be of the form y(r) for some y € I' whose image ¥ in T is
uniquely determined. In this situation, W sends the homotopy class of P to 7.
This morphism is well-defined because a homotopy of paths starting at 1(r) in
Y?(T) has a unique lift to a homotopy of paths starting at r in H°. Furthermore,
W is surjective because H' is path-connected and so we can always find a path
from r to y(r) in HP.

The composite map F = ® oW : 7, (Y(T), 7(r)) — H;(X(T), Z) sends the homo-
topy class of a closed path P starting at 1t(r) in Y(T) to the first homology class
of P in X(T') (intuitively, W lifts P to a path P in H° and ® projects P on X(I')).
That is to say, F coincides with the canonical morphism from the fundamental
group of Y(T) to the first homology group of its compactification X(T'). Hence,
F factors through H;(Y(T), Z).

Since Y°(T) is path-connected (it is a g~holed torus minus a finite set of
points), the canonical map m;(Y’(T), m(r)) — H;(Y(T),Z) is surjective and its
kernel is the commutator subgroup of 7t; (Y(T), 7¢(r)). Likewise, the natural map
H,(Y(T),Z) — H,(X(T), Z) is surjective and its kernel is generated by the cycles
round the images of elliptic points and cusps under m (these cycles contract in
the compactification). In conclusion, F is surjective and its kernel is generated
by the commutator subgroup of 7t; (Y(I'), 7t(r)) and by the homotopy classes of
closed paths round the images of elliptic points and cusps under 7. Thus, @ is
also surjective and its kernel is the image under W of the kernel of F.

On the one hand, the image of the commutator subgroup of 7; (Y%(T), 7(r))
under W is generated by the image of the commutator subgroup of I' in T. On
the other hand, (homotopy classes of) cycles round elliptic points or cusps
correspond to the elements of I' which fix these elliptic points or cusps (that is,
the elliptic and parabolic elements of I'), as we saw when we defined the charts
of X(I') at these points. This completes the description of the kernel of ®. [

We are going to use the previous result, corresponding to proposition 1.4 of

Manin’s paper [5], to find a simple way to represent the elements of Hy (X(I), Z).

Definition 4.11. The distinguished modular symbols for T are those of the form
{(0), (c0)} for some a € SLy(Z). If = (2 }), then {a(0), a(o0)} = {4, 2},

c
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The following result, known in the literature as Manin’s trick, is proposition
1.6 of Manin’s paper [5].

Theorem 4.12 (Manin). Let ay,...,«,, be a set of representatives of the right cosets
of T in PSLy(Z). Every element [a] of Hy(X(T'),Z) can be represented as a Z-linear

combination of distinguished modular symbols of the form
[a] = ) Ajley(0), (o))
j=1

with the property that

(as a O—cycle on X(T')).

Proof. First, observe that a;{0,c0} is independent of the representative of the
right coset I'a;, by the assertion (4) of proposition 4.9.

By proposition 4.10, we can write [a] = {0,y(0)} for some y € T. If y(0) = oo,
this modular symbol is distinguished and m(co) — 1t(0) = 0. Otherwise, y(0) €
and we can write y(0) = 7 1n lowest terms, with g > 0. We expand

E:X()-f-
q
X1+

Xy +

) 1
T
x?’l

(as a finite continued fraction) and consider the successive convergents

Po_X P1_XX1tl Pun _P

1
-1 0 q 1 q x1 7 g, g

(all of them written in lowest terms and the first two included formally). In this

n
p Pk-1 Pk
0}_ = (>
{ q} k;{qk—l Qk}

situation, we can express
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by proposition 4.9. This representation satisfies the required property because
Pk-1 E&}

Tk-1" Gk

are distinguished. But it is well-known that pygi_; — pr_19x = (-1)¥"! and so

1(0) = (y(0)). Thus, we only need to prove that the modular symbols {

_1)k-
pelte (Cfpn) st

Consequently, we can express

pk__l ﬂ = D) = . - (0o
{Qk—l’Qk}_{ﬁk(O)'ﬁk( ) {Oé]k(O),oc]k( )}

for some j; € {1,...,m}. All these modular symbols (for k € {-1,0,...,n}) are
distinguished. O

Proposition 4.13. Every Z-linear combination of modular symbols of the form

n
c= Z’}L]{T],S]}
j=1

with the property that
n
dc = ij[n(sj) ~m(r)] =0
j=1

(as a O—cycle on X(T')) is an element of the first integral homology group H;(X(T'), Z).

Proof. We have to prove that c is a Z-linear combination of homology classes of
closed paths (i.e., of 1-cycles).

We may assume that A; = 1 for all j € {1,...,n} by allowing repetitions. In
fact, we may assume that A; =1 for all j € {1,...,n} because {s,r} = —{r,s}. Now,

we reorder the sum and express

u u n;

c=) =) ) s

i=1 i=1 j=n;_;+1

where 0 =ng <ny <---<n, =n, so that n(s;_) = n(r;) for all j € {n;_; +2,...,n;}
and dc; =0 forall i € {1,...,u}. We can do so inductively: at the I-th step, if

I-1

8( Z {r]-,s]-}) =0,

j=ni+1
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we set n; =1 —1 and choose {r;,s;} to be any of the remaining modular symbols;
otherwise, the coefficient of 7t(s;_;) in the preceding sum must be +1 and so we
can choose {r;,s;}, among the modular symbols which have not been selected in
the previous steps, satisfying that m(r;) = 1(s;_;).

In conclusion, for each i € {1,...,u}, ¢; is the homology class of a closed path
in X(I') obtained by concatenating the images under m of the geodesic paths (in
H) from r; to s; for j € {n;_y + 1,...,n;}. Therefore, c € H{(X(I'), Z). O

The previous results provide a way to represent the first homology classes of
X(T) in terms of a set of representatives for T \ PSL,(Z). We are going to simplify

this representation even more by means of what are known as Manin symbols.

4.3 Manin symbols

Consider the matrices
o= ((1) _01) and 1T= (% _01).

Observe that, with the notation of theorem 1.9, 6 =S and © = TS. In particular,
these two matrices generate SL,(Z). Moreover, 62 = 1> = —1.

Since {0, 0o} = {o0, 0} and T{0, 00} = {0, 1} and t{co, 1} = {1, 0},
a{0,00} + ac{0,00} =0 and  af0, 0} + at{0, 00} + at?{0,00} = 0

for every a € SL,(Z) (by proposition 4.9). We are going to see that this system of

relations is complete in some sense.

Definition 4.14. Let a7,..., @, be a set of representatives of the right cosets of T
in PSL,(Z). The formal symbols (a;) for j € {1,...,m} are called Manin symbols
for I'. We extend this notation and write (a) = (I'a;) = (a;) for all @ € I'a;. (There
is one Manin symbol for each right coset, but we identify these right cosets with

their representatives.)

Definition 4.15. We define a right action of SL,(Z) on the set of Manin symbols
for T in the following way: for all @ € PSL,(Z) and all p € SL,(Z), (&@)B = (ap)-

Definition 4.16. Let Man(I') be the free abelian group generated by the Manin
symbols («) for I'. The group of 1—chains of Manin symbols for I is the quotient



4.3. Manin symbols

83

C(Man(T')) of Man(I') by the subgroup generated by the elements of the form
() + («)o and by the elements («) such that (&) = (a)o. The boundary of a Manin
symbol (&) is the element 1t(a(o0)) — T((0)) of the free abelian group generated
by the cusps C(I'); we extend this boundary operator by Z-linearity to the entire
group C(Man(I')). Its kernel Z(Man(I')) is called the group of 1-cycles of Manin
symbols for I'. The group of 1-boundaries of Manin symbols for I' is the subgroup
B(Man(T)) of C(Man(T')) generated by the elements () + (&)t + (@)t> and by the
elements (a) such that (a) = (a)t.

In the previous definition, the boundary of a 1-chain of Manin symbols for T’

is well-defined because o interchanges 0 and oo and, in C(Man(I)), (&)o = —(@).

(We identify the elements of C(Man(I')) with their representatives.)

Lemma 4.17. B(Man(I')) is a subgroup of Z(Man(I')).

Proof. Let (a) be a Manin symbol. If (&) = (a)t, then I'a(0) = Ta(t(0)) = F'x(o0)

and so the boundary of (@) is Tt(at(c0)) — (ct(0)) = 0. Therefore, (o) € Z(Man(I')).

Also, the element (@) + (@)t + (@)t belongs to Z(Man(I')) because its boundary is
Tt(a(e0)) = T(a(0)) + (r(1)) = Tt(ex(00)) + T(x(0)) — T(ax(1)) = 0. O

Lemma 4.18. The morphism

£: Z(Man(T))/B(Man(T)) — H, (X(T), Z)

m

Z)\]( a;)+ B(Man(I' +—>Zk o0)}

j=1
is well-defined and surjective.

Proof. First, observe that proposition 4.13 implies that the image of £ is contained
in H;(X(T'),Z) (as long as & does not depend on the choice of the representative
of each element of the quotient Z(Man(I'))/B(Man(I'))). Second,

{0, 00} + at{0, oo} + at?{0, 0o} = {a(0), a(o0)} + {ar(c0), (1)} + {ar(1), x(0)} = 0.

Finally, if (@) = (@), then 3a{0, 0o} = a{0, 0o} + {0, 00} + aT?{0, 00} = 0 and, since
H;(X(T),R) is torsion-free, {®(0), a(co)} = 0. In conclusion,  is well-defined. The
surjectivity of & is a direct consequence of theorem 4.12. O

The following theorem is the main result of this chapter, as it gives an

algebraic presentation of the group H;(X(I'),Z) which is very convenient for
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computations. It corresponds to theorem 1.9 of Manin’s paper [5] (the proof here

is essentially the same, but some steps are explained in more detail).

Theorem 4.19 (Manin). The map
&: Z(Man(T'))/B(Man(I')) — H, (X(I'), Z)

ZAJ ) + B(Man(T)) —> ij{aj(O),aj(oo)}

=1 =1
is an isomorphism.

Proof. Lemma 4.18 asserts that & is surjective, so we have to prove that it is also
injective. To this aim, we are going to triangulate X(I') in order to obtain a cell
complex L with homology Z,(L)/B;(L) (the quotient of the 1-cycles of L by the
1-boundaries of L) coinciding with H;(X(T'),Z). Then, we are going to embed
Z(Man(I'))/B(Man(T')) in Z{(L)/B¢(L).

For any two points r,s € H", let (r,s) denote the segment joining r and s along
the geodesic in H oriented from r to s (regarding H as a model of the hyperbolic
plane: geodesics are thus semicircles and lines orthogonal to the real axis). The
polygons appearing in this proof are going to be formed by geodesic segments in
H"* joining the vertices of these figures; we also consider their images under the
projection Tt.

Let E be the interior of the triangle with vertices {0, 1,700}, shown in figure 4.3.
Let E’ be the union of the interior of the quadrilateral with vertices {7,p,1+1,ic0}
and the side (i, p) except for the vertex i. By theorem 1.9, the closure of E’is a
fundamental domain for SL,(Z). Moreover, none of the sides of this quadrilateral
contains two distinct points which are identified under the action of SL,(Z) (so
neither under the action of I'). Therefore, each of these sides can be embedded
in X(T).

In E, we have the three regions E’, ©(E’) and t?(E’) as illustrated in figure 4.3.
The closure of each of them is a fundamental domain for SL,(Z). For instance,
the closure of E’ can be obtained from F = {z €H:|z|>1 and |Re(z)| < %} (which
is a fundamental domain for SL,(Z), by theorem 1.9) by translating the left
half of F under (1 1) In addition, each of the 1-simplices appearing in the
boundaries of E/, t(E’) and t?(E’) (which are the half-sides and half-medians of
the triangle E) can be embedded in X(I') because there are no self-identifications.
In fact, no two distinct points of one of these half-sides and half-medians are

SL,(Z)-equivalent, as can be checked using theorem 1.9. Indeed, the half-side
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Figure 4.3: Triangulation of the region E.

(ico,) is contained in F (except for its endpoints) and the half-median (p,) is on
an edge of F with no self-identifications. The other half-sides and half-medians
are SL,(Z)—equivalent to these: on the one hand, the half-sides (0,i), (1,1 + i),
(ico,1+1), (0, 17+i> and (1,1%1) are the images of (ico,7) under the linear fractional
transformations associated with ¢ = ((1) o ), T= (% o ), 0 = (‘01 -l ), 2= ((1) -l )
and t?o = (j _01 ), respectively; on the other hand, the half-medians (p,1 + i)
and (p, 17“> are the images of (p,i) under the linear fractional transformations
associated with t= (% o ) and 1 = ((1) 1 ), respectively.

We are in a position to describe the cell complex L.

The 0—cells of L are the images in X(I') of the cusps and the points which are
SL,(Z)-equivalent to i; that is, the points of n(IP’(l@) U T(SL,(Z)i). Observe that
these are the images under 7 of the vertices and the midpoints of the sides of
the triangles a(E) for a € SL,(Z).

The 1-cells of L are the images under T of the half-sides of the triangles «(E)
for a € SL,(Z) oriented from the vertices to the midpoints (i.e., from the cusps
to the points of SL,(Z)i). For every right coset I'@ in PSL,(Z), we define ¢, (T @)
to be the image of the path («(o0), a(i)) under 1. Since all the half-sides of E are
of the form (a(c0), a(i)) for some o € SL,(Z), every 1—cell can be expressed as

e;(T@) for some right coset T@. By definition,
dey (T'@) = m(a(i)) — 1t(t(c0)).

Moreover, if T @ and fB are two right cosets such that e; Ta)=e (TB), then
TB =T . Indeed, since PSL,(Z); = {1,5} and T(B(7)) = T(eu(7)), either TB =Taor
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fB =T o (otherwise, the endpoints of e; (TB) and of e; (T@) would be different).
But, if T@ = [ ao, the images of a(F) and of ac(f*‘) under T are disjoint (see
the proof of proposition 1.10) and so the images of the paths (a(0), a(7)) and
(oo (00), a0 (1)) cannot coincide.

There are two types of 2—cells in L: those with 2 sides and those with 3. They
are defined as follows.

For every right coset T« such that T'a = T at, we have a 2-sided 2—cell e, (T )
which is 7(a(E’)) with the usual orientation (induced by the positive orientation
of the complex plane). Since T & = I’ at, the image of the half-median (a(p), a(i))

is a line from the centre to the boundary of e, (T@). Thus,

1))+ (ali), ap)) + {a(p), (1 +1)) + (1 +1), a(0)))
c), a(i))) = m({a(o0), a1 +1))) = ey (T @) = (T (o), at?(1 +1)))

=n({a
= ¢ (T@) - (((0), a(i))) = €1 (T X) — T((x(00), a0 (7))
=¢(T@) - ¢, (Tao)

If T B is another right coset with the property that Tpt =T p and e,(T@) = e,(T ),
thenT @ = fB because E’ is a fundamental domain for SL,(Z) (see the proof of
proposition 1.10).

For every right coset T such that T« = T at, we have a 3-sided 2—cell e, (T )
which is m(a(E)) with the usual orientation (induced by the positive orientation
of the complex plane). In this case, the images of the three triangles a(E’), at(E’)

and at?(E’) are distinct and e,(T @) is their union. One checks easily that

2
de,(Ta) = Z[el(fw) —e;(Tato)].
=0

Since E’ is a fundamental domain for SL,(Z), ez(fﬁ) = ¢,(T @) is only possible for
Tp= T ot/ with j €1{0,1,2}: this is the only way to make B(E’) '-equivalent to
a(E’), at(E’) or at?(E’) (see the proof of proposition 1.10).

We have thus defined a cell complex L which is a triangulation of the surface
X(T). Indeed, by proposition 1.10, the translates of E’ by the right cosets of
T in PSL,(Z) form a fundamental domain for I'. Consequently, Hy(X(T),Z) is
isomorphic to the quotient of the group Z; (L) of 1-cycles of L by the group B;(L)

of 1-boundaries of L.

Let C;(L) be the group of 1-chains of the complex L. We are going to prove
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that the morphism

¢@: C(Man(T')) — C4(L)

(@) — e1(T@0) —e1 (T @)

induces an injective morphism from Z(Man(I'))/B(Man(I')) to Z;(L)/B; (L) which
coincides with €&.

First, observe that ¢ is well-defined. Indeed, for every Manin symbol («),
¢((@) + (a)o) = 0. Moreover, if (&) = (@), Ta = T'ao and so @((&)) = 0 = @((aa)).

Second, we prove that @ is injective. Consider a 1-chain of Manin symbols

c= Zﬂ(a) (&)

Ta

(where the sum is over the right cosets of T in PSL,(Z)) and assume further that
this expression is normalised in the sense that ng)ngs) = 0 for every Manin
symbol (a): we can do so in view of the relations (&) + (a6) = 0 and (&) = 0 if
T'a =Tao in C(Man(T)). Then,

P(c)= ) nmle1(Ta5)— e (Ta)].

Ta

If ¢ # 0, there is some I @ such that n(g # 0. In this case, T'a =T ao, which implies
that e, (T@) = e; (T Qo). Similarly, if fB is another right coset (distinct from Ta)
with ng = 0, the 1—cells ¢; (Ta), e1(Tac), ey (T B) and e, (T po) are all distinct. As
a consequence, @(c) = 0.

Third, ¢ preserves the boundaries. On the one hand, if () is a Manin symbol,
do((@)) = (a0 (i) = (o (e0)) = 1t(ax(i)) + T((00)) = T(ar(00)) — T(r(0)) = I(«). In
particular, this means that ¢(Z(Man(I'))) € Z;(L). On the other hand, B(Man(I'))
is generated by the elements («) for the right cosets T « such that T« = T at and by
the elements (a) + (at) + (E) for the right cosets T & such that T # F'at and, in
turn, B (L) is generated by the elements de,)(Ta) = —@((@)) for the right cosets ra
such that T'@ = T at and by the elements de,(T @) = —@((@) + (@T) + (at?)) for the

right cosets T« such that T'a # T at. Thus, By (L) = @(B(Man(T'))) C @(Z(Man(T))).

All in all, ¢ induces a monomorphism ¢ from Z(Man(I'))/B(Man(I')) to the
first homology group Z;(L)/B; (L) = H;(X(I'), Z). Finally, for every Manin symbol

(), the 1-chain ¢@((«)) is homologous to the path corresponding to {a(0), a(c0)}.

That is to say, the boundary of the image under 1 of the (degenerate) triangle with
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vertices a(0), a(7) and a(oo) is @((a)) + 1({cx(o0), (0))). From this, we deduce that
¢((a)) + B;(L) = {a(0), (o)} in C;(L)/B;(L). Extending this result by linearity,
we obtain that ¢ coincides with &. N

The last result provides a purely algebraic description of the first homology
group Hy(X(T'),Z) (in terms of generators and relations). If we focus on the case
in which I' = I;}(N), we can give an even simpler presentation.

Let A be a commutative ring with identity. Recall that the projective line P}
is the quotient of the set {(a,b) € Ax A:aA+bA = A} by the equivalence relation
~ defined by (a,b) ~ (Aa, Ab) for all A € A*. Thus, the elements of ]P’}% are of the
form (a: b) for a,b € A with the property that the ideal generated by a and b is
the whole ring A (and with the convention that (a: b) = (Aa: Ab) for all A € A*;

these are projective coordinates).

z] Zﬁ ) € SLy(Z). The following conditions are

Lemma 4.20. For j €{1,2}, let aj = (
]

equivalent:
(a) To(N)ay =Io(N)ay;
(b) ¢1d, =cyd; (mod N);
(c) there exists A € Z with (A\,N) = 1 such that ¢; = Ac, and d; = Ad, (mod N).

Proof. We compute the matrix

-1 _ ﬂldz—b1C2 blaz—albz
1% _(Cldz—dlcz dyay—c1by )’

Looking at its entries, we see that oclocgl

is an element of I}(N) if and only if
c1dy —dic, =0 (mod N), which means that (a) and (b) are equivalent.

Now we prove that (a) = (c). Since o agl € [H(N), the element A = dya,—c1 b,
which appears in the diagonal of aja;!

divides det(alagl) =1). Using (b), we deduce that

must be prime to N (because (A, N)

>\C2 = a2d1C2 — b2C162 = QZdzCl — b2C2C1 =C1 (mod N)
and, similarly,
}\dz = aZdle — szle = ﬂzdzdl — b2C2d1 = dl (mod N)

Finally, it is obvious that (c¢) = (b). O]
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Proposition 4.21. There is a bijection between the set of right cosets of Ij(N) in
SL,(Z) and PlZ/NZ given by

rO(N)(”Cl Z) — (c:d)

for all (? 2) € SL,(Z). (Equivalently, since —1 € Iy(N), this map gives a bijection
between the set of right cosets of Iy(N) in PSL,(Z) and IP’IZ/NZ.)

Proof. Lemma 4.20 implies that the map described in the statement of this
proposition is well-defined and injective, so we only need to prove that it is
surjective.

If (c:d) e ]P’%/NZ, the greatest common divisor of ¢, d and N is 1 (that is to
say, the ideal generated by c + NZ and d + NZ is the whole Z/NZ). Moreover,
the integers ¢ and d are only determined modulo N. Let M = (¢,d) and write
¢ =Mcg and d = Md,. Since (M, N) = 1, there exist x,y € Z such that xM+yN =1

(Bézout’s identity). In this situation,
(c:d)=(xc:xd)=(xc+yNcg:xd+yNdy) = (co:dp)

and (cg,dg) = 1 by definition. Again, there exist a,b € Z such that ady — bcy = 1
and so o = (C‘z dbo) € SL,(Z). In conclusion, Ij(N)a is mapped to (c: d). ]

One can now translate all the previous results expressed in terms of Manin

symbols to the set P, /nz and make all the computations there.

Definition 4.22. There is a right action of SL,(Z) on Plz/NZ given by
(c:d)a=(cp+dr:cq+ds)
forall (c:d) e Plz/NZ and all a = (£ 1) € SL,(Z).

The isomorphism described in theorem 4.19 can be expressed in terms of the

symbols (c: d) with the appropriate relations.






Chapter 5

Computations and examples

The previous chapter contains many allusions to the great importance of modular
symbols for computations related to the theory of modular forms and Hecke
operators. However, these computations have not been clearly exemplified, but
only briefly mentioned. This chapter addresses this gap by means of particular
examples and concrete computations.

In the first part of this chapter, we introduce an alternative presentation
of the spaces of modular symbols, which is more appropriate for practical
purposes, and relate it to the previous results. This leads to the discussion of
several algorithms to actually perform the theoretical constructions. Finally,
we compute the spaces of modular symbols for a couple of subgroups using
the Sage software [15], which implements more sophisticated versions of the
algorithms explained. The output of Sage is analysed in comparison with the
previous exposition in order to exemplify all the important constructions.

The exposition of the first part of this chapter is based mainly on Cremona’s
book [1]. In turn, the book [14] by Stein has been especially useful for the
examples and the concrete computations with Sage. (In fact, Stein is the lead

developer of Sage.)

5.1 Alternative presentation of modular symbols

In this section, we follow a different approach to define modular symbols in a way
which is more appropriate for computations. This offers a different perspective of
the theory of modular symbols and serves as a summary of the results developed

in chapter 4.

Definition 5.1. The space M of formal modular symbols is the free abelian group

generated by the formal symbols {r,s} for r,s € IP’(l@ modulo the relations

{r,s}+{s,t}+{t,r} =0

forall r,s,t € ]P’(l@ and modulo any torsion.

91
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Since we have defined M to be torsion-free, the relation {r,r}+{r,r}+{r,7} =0
implies that {r,r} =0 for all r € IP’%Q. Now, from the relation {r,r} + {r,s} +{s,r} =0,
we deduce that {r,s} +{s,7} =0 for all r,s € IP’(}Q.

The elements of M can be thought of as formal sums of paths between cusps
in H, by analogy with the definition of modular symbols given in chapter 4.
As a matter of fact, we are considering homotopy classes of paths and so, by
lemma 4.6, these are defined uniquely by their endpoints. The relations intro-

duced in the definition of M correspond to the concatenation of such paths.

Definition 5.2. We define a left action of GL}(Q) on M given by

afr, s} = {a(r), a(s)}

forall r,s € ]P’(l@ and all o« € GL}(Q) and extended linearly.

Let I be a congruence subgroup of SL,(Z).

Definition 5.3. The space M(T') of (formal) modular symbols for I is the quotient
of M by the subgroup generated by the elements {r,s} —y{r,s} for all r,s € IP’}@ and
all y €T and modulo any torsion.

Sometimes, the notation {r,s}r is used to refer to the image of a (formal)
modular symbol {r,s} in M(I'). However, we omit the subscript from the notation
as the context will make clear whether we are working with elements of M or
with elements of M(T').

The group M(T'), along with the action of GL}(Q) induced by the action of
the same group on M, satisfies all the properties of proposition 4.9. Hence, the
generators of M(I') behave essentially in the same way as the modular symbols

for I presented in definition 4.7.

Definition 5.4. The space B(I') of boundary symbols for I is the free abelian
group generated by C(I'). For each s € IP’}@, we write {s} for the generator of B(I')
corresponding to I's, so {s} = {y(s)} for all yeT.

Definition 5.5. The boundary map is the morphism
o: M(T) — B(T)

defined by d({r,s}) = {s} —{r} for all {r,s} € M(I') and extended linearly. The kernel
S(I') of & is the subspace of cuspidal modular symbols for I'.
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Proposition 5.6. Let a7,...,«,, be a set of representatives of the right cosets of T in

PSL,(Z). Every {r,s} € M(T') can be expressed as a Z—linear combination of the form
m
ij{ajm), aj(c0))
=1

Proof. We can write {r,s} = {0,s} — {0, r} and then proceed exactly as in the proof

of theorem 4.12 (using continued fractions). O

Lemma 5.7. The morphism

P: Man(I)
(@)

M(T)

> {(0), a(e0)}

induces an isomorphism between C(Man(I'))/B(Man(I')) and M(T') and also an iso-
morphism between Z(Man(I'))/B(Man(I')) and S(I).

Proof. First, we observe that 1 is well-defined. Let (a) be a Manin symbol. Since
in M(T') we have that {a(0), a(o0)} = {xya(0), +ya(co)} for all y € T, the modular
symbol P((«)) = {a(0), a(c0)} does not depend on the representative « of the right
coset I a. Furthermore, proposition 5.6 implies that 1 is surjective.

On the one hand, the quotient C(Man(I'))/B(Man(I')) is Man(I') modulo the
relations (@) + (a5) = 0, (@) = 0 if T@ = L &o, (@) + (@T) + (at?) = 0 and (@) = 0
if Ta = Tat. On the other hand, the analogous relations a{0, co} + a0 {0, 00} = 0,
a{0,00} = 0 if T = Tao, af0, 00} + at{0, 00} + at?{0,00} = 0 and {0, 00} = 0 if
T'a =T at hold in M(T) (see the beginning of section 4.3). Therefore, | induces
an epimorphism I;S: C(Man(I'))/B(Man(I')) — M(T'). Similarly, { induces an epi-
morphism Ili Z(Man(T'))/B(Man(I')) — S(I') because 1 preserves the boundaries,
in the sense that d({((@))) = d(«) for every Manin symbol ().

Recall that in the last part of the proof of theorem 4.19 we used a mono-
morphism ¢: C(Man(I')) — C;(L). We proved that ¢(B(Man(I'))) = B;(L) and so
¢ induces a monomorphism ¢: C(Man(T'))/B(Man(I')) - C;(L)/B;(L). And, for
every Manin symbol (@), @((«) + B(Man(I'))) coincides with the homology class
of the projection in X(I') of a path from «(0) to a(oo), which was represented as
{a(0), a(o0)} in chapter 4. Since those modular symbols (defined in terms of the
homology of X(I')) satisfy all the relations which are satisfied by the elements
of M(T') (by proposition 4.9), { factors over @. That is, we can express ¢ = f o 1,

where f is the natural morphism which maps (formal) modular symbols to
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homology classes of the corresponding paths. Therefore, P must be injective. As

a consequence, the restriction  of { is also injective. O]

Theorem 5.8. The natural morphism
¢: M(T') — H{(X(T'),C(T),Z),

which maps a (formal) modular symbol {r, s} to the homology class {r, s} (in the sense of
definition 4.7) of the projection in X(T') of a path from r to s in H", is an isomorphism.
Moreover, ¢ induces a canonical isomorphism &' between S(I') and Hy (X(T), Z).

Proof. As we observed in the proof of lemma 5.7, proposition 4.9 implies that ¢
is well-defined.

First we are going to prove that &’ is an isomorphism using theorem 4.19.
Then, we are going to use this fact in order to prove that ¢ is also an isomorphism.

Let 1: C(Man(T'))/B(Man(T')) — M(T) and {: Z(Man(T))/B(Man(T)) — S(I)
be the two isomorphisms described in lemma 5.7. The composition & o 1 is
precisely the isomorphism &: Z(Man(I'))/B(Man(I')) — H;(X(T'),Z) described in
theorem 4.19. Therefore, £’ is an isomorphism.

Recall that the relative homology is the homology of a quotient of chain

complexes and so there is a long exact sequence

oo —— H,(C(T),Z) — H,(X(I),Z) — H,(X(I),C(T),Z) —
—— H, ,(C([),Z) — -~ .o —— Hy(X(T),C(T),Z) —> 0

induced by the short exact sequence of chain complexes. We are only interested
in the last part of the long exact sequence. Since C(I') is a finite set of points
(with the discrete topology), H; (C(I'), Z) = 0 and Hy(C(T'), Z) = ZICIl In addition,
Hy(X(T),Z) = Z and Hy(X(I'),C(T'),Z) = 0 because X(I') is path-connected and
C(T') # 0. Hence, there is an exact sequence

)

0 —— H,(X(T),Z) —— H,(X(T),C(T),Z) —2 7ZIctl _X, 7

~
S

given by the previous long exact sequence. Here, 7; is the morphism induced by
the inclusion of C(I') in X(I'). The connecting morphism A maps the homology
class of a closed path or a path with endpoints in C(I') to its boundary; we
identify Hy(C(I'),Z) (which is the free abelian group generated by C(I')) with

ZICTl. Finally, the morphism ¥ maps a formal Z-linear combination of the
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elements of C(I') to the sum of its coefficients (i.e., its degree) because this
corresponds to the morphism induced by the inclusion of C(I') in X(I') (all the
points of X(I') are equivalent in Hy(X(T'), Z)).

In view of our definition of S(I'), we can define an exact sequence

resembling the previous one. Here, i is the inclusion morphism and deg is the
morphism which maps a formal Z-linear combination of the elements of C(I')
to the sum of its coefficients (i.e., its degree). We only need to check that deg is
surjective and that the image of 6 is precisely the kernel of deg. On the one hand,
for each n € Z, deg(n{oo}) = n. Thus, deg is surjective. On the other hand, for
every modular symbol {r,s}, deg(d({r,s})) = deg({s} —{r}) =1 -1 = 0. Conversely,
an element of the kernel of deg is of the form {s;}+---+{s,} —{r} —---—{r,,} and
this is the image of {ry,s1}+---+{r,,s,} under o.

Actually, those two exact sequences are roughly the same. Specifically, the

diagram
0 — 5 S(T) M) —2 s BI) -,z 0
& lq) ]inz
0 —— H,(X(T),Z) —— H(X(T),C(T),Z) 25 7ZICOl _ Xy 7 4 g

is commutative and has exact rows. Moreover, the morphisms in the columns
are all isomorphisms except for possibly ¢. Therefore, by the five lemma (from

homological algebra), we conclude that ¢ must be an isomorphism too. O]

As mentioned before, this presentation is very suitable for computations.
For instance, many algorithms to compute the short exact sequence of modular
symbols appearing in the proof of theorem 5.8 are implemented in Sage. The
importance of modular symbols lies in part in the fact that S(I') is a module
on which the Hecke algebra acts in a quite simple way. Thus, one can study
properties of the Hecke operators by means of their action on modular symbols
and then translate the results to the theory of modular forms.

From now on, we fix N € N and focus on the case in which I' = I;}(N), so that

we can use the results of chapter 3 as well.



96

COMPUTATIONS AND EXAMPLES

Definition 5.9. Let n € N. We define the action of the n—th Hecke operator on
M(TH(N)), T(n): M(IH(N)) = M(IH(N)), as follows: for all {r,s} € M(I[;}(N)),

Tnirsi= ) (G 5)ins),

a,b,d

where the sum is over the triples of integers a, b and d such thata>1, (a,N) =1,
ad =nand 0 < b <d, and this is extended by linearity.

We observe that this definition of Hecke operators on (formal) modular
symbols coincides with definition 4.5 (up to the isomorphism described in
theorem 5.8). Let f € S,(I;)(N)) and let r,s € IP’(l@. By lemma 3.31, we have that

T(n) f(2) = ng(“zd+ b)-

a,b,d

On the other hand, for every a € GL;(Q),

5 5 a(s)
J; f|[20<] dz = Jr f(a(z))da(z) = J;(T) f(z)dz.

That is why the action of T(n) on modular symbols is defined using the same
matrices as the action of T(n) on modular forms. Consequently, T(n) acts on
S(IH(N)) (because it acts on S, (IH(N))).

It is often useful to combine modular symbols and Manin symbols. On the
one hand, by proposition 4.21, every Manin symbol for [[}(N) can be identi-
fied with an element (c: d) of IP’%/NZ. On the other hand, lemma 5.7 gives us
an explicit isomorphism between M(I;}(N)) and C(Man(I(N)))/B(Man(IH(N))).
Combining these results, we can identify M(I{}(N)) with the free abelian group
generated by P}, /nz Mmodulo the relations

(c:d)+(-d:c)=0 and (c:d)+(c+d:—c)+(d:—c—-d)=0

forall (c:d) e PlZ/NZ (these are the relations given by the matrices ¢ and t) and
modulo any torsion.

With this interpretation, the boundary of a Manin symbol (c : d) can be
computed as follows: we build a matrix (C“O ;0 ) € SL,(Z) such that (c: d) = (cg : dy)

a
Co
we need a criterion to know whether two cusps are I)(N)-equivalent.

as in the proof of proposition 4.21 and then o((c: d)) = { }— {d%}' To compute o,
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Lemma 5.10. For j € {1,2}, let vj = %, where pj.4; € 7 with (pj,qj) =1. The
]

following conditions are equivalent:
(a) v2 = y(vy) for some y € Ty(N);
(b) there exists A € Z with (A\,N) =1 such that g, = Aqy and Ap, = p; (mod N);
(c) there exist s,s, € Z satisfying that syp; =1 (mod q), s,p, =1 (mod gq;) and
s192 = s2q1 (mod (4142, N)).

Proof. First we check that (a) = (b). Suppose that y = (I\‘]‘C Z) and y(vy) = v,.
Since (p1,41) = 1 and vy is invertible,

vy =y(v1) = —I\?f;libc(i];l
is written in lowest terms. Hence, p, = +(ap; + bg;) and g, = +(Ncp; +dgq;). In
particular, we can choose A = +d so that A\q; =g, and Ap, =p; (mod N).

Now we prove that (b) = (a). Let D = (q1,N) = (g, N) (the two greatest com-
mon divisors are the same because g, = Ag; (mod N)). Consider x1,y1,X,9, € Z
such that xp; —v191 = x,p2—v29> = 1 (Bézout’s identity). By hypothesis, we have
that Ap, = p; (mod D), so Ax; = Apyxyx1 = p1x1x; = x, (mod D). And, since
(A,N) =1, the equation >‘—1ng = % (mod %) has a solution, which implies
that there exists p € Z such that pAg; = Ax; —x, (mod N). Define s; = x1 — puqy,
" =31 —Wp1,S2 =Xy and rp = ¥, so that p;s; —g;r; = 1 for j € {1,2}. In particular,
(Z; g) € SL,(Z). Since Aqy = g, and As; =5, (mod N), lemma 4.20 asserts that
there exists a matrix y € [[(N) such that (55 b ) = y( Z} o ) Furthermore, observe
that (Z; ;; )oo =vj for j € {1,2}. Consequently, v, = y(vy).

Let us prove that (a) = (c). As before, we can choose ry,1;,51,5, € Z such
that py1sy —qiry =paso—qarp =1land y = oczoql € [H(N), where a; = (Zj g ) One
checks easily that y € IH(N) if and only if g,5; — 15, =0 (mod N).

Finally, we have to prove that (c) = (a). Again, consider r,7, € Z such
that pys; —qi7r1 = p2sy —qor, = 1. Define a; = (Z; :;) forje{l,2}and y = azoql,
which satisfies that y(vy) = v,. As before, y € [(N) if and only if g,51 — 15, =0
(mod N). This is not necessarily the case. But we can replace s; with a number
of the form s| = s; + xq; (and, similarly, r; with r{ = r; + xp;) and obtain thus
a matrix y’ with the same properties. In particular, y" € I)(N) if and only if
4251 — 4152 + X419, = 0 (mod N). And the equation g;4,X = g15, — 51 (mod N)
has a solution: if D = (9192,N), 4152 — 251 =0 (mod D) (by hypothesis) and the
equation ql—D‘”X = % (mod %) has a solution. [
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This technical lemma provides a way to verify if an element of M(I(N))
belongs to S(Iy(N)).

5.2 Ideas for the algorithms

This section explains some algorithms which are obtained adapting the proofs
of the previous results. The main objective of the section is neither to provide a
fully detailed description of these algorithms nor to study the implementation
details in depth, but to convey the idea that the constructions described before
can actually be implemented in a computer. In particular, we do not strive for
obtaining the best known algorithms and the algorithms are explained in a quite

informal way (with no pseudocode).

Conversions between modular symbols and Manin symbols. As explained
at the end of the previous section, lemma 5.7 allows us to identify the elements
of M(IH(N)) with the elements of the free abelian group generated by P%/NZ
modulo the relations (c:d)+(-d:c)=0and (c:d)+(c+d:—c)+(d:—-c—-d)=0
for all (c:d) e Plz INZ and modulo any torsion. What is more, the conversions
between the two representations (i.e., using modular symbols or using Manin
symbols) can be performed algorithmically.

On the one hand, an element of M(I)(N)) is a Z-linear combination of
modular symbols {r,s} with r,s € ]P’(l@. By proposition 5.6, each modular sym-
bol {r,s} € M(I)(N)) can be expressed as a Z-linear combination of modular
symbols of the form {0, co} with a € SL,(Z): to do so, one only has to write
{r,s} ={0,s} — {0, 7} and then compute the successive convergents of the (finite)
continued fraction representations of r and s in order to use Manin’s trick, as
in the proof of theorem 4.12. Finally, if a = (? Z), the modular symbol a{0, co}
corresponds to the Manin symbol (c: d), by lemma 5.7 and proposition 4.21.

On the other hand, given a Manin symbol (c : d) € P, /nz» We can find a matrix
a= (C‘:) fo) € SL,(Z) such that (cq : dy) = (c : d) by computing a greatest common
divisor and a pair of Bézout coefficients, as in the proof of proposition 4.21. In
this case, lemma 5.7 implies that the Manin symbol (c : d) corresponds to the

modular symbol {%, %}

Computing a basis of M(I{}(N)). The space M(I)(N)) is a free Z-module and so

it has a basis, which we can compute using Manin symbols.
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Lemma 4.20 gives a criterion to determine whether two Manin symbols are
the same. Using it, we can make a list of inequivalent Manin symbols for Ij;(N)
as follows. First, we list the symbols (c : 1) with 0 < ¢ < N; then, the symbols
(1:d)with 0 <d <N and (4,N) > 1; finally, a set of pairwise inequivalent
symbols (c: d) with ¢ | N, c¢{1,N}, (c,d) =1 and (d,N) > 1. By condition (b) of
lemma 4.20, it is clear that these Manin symbols are all inequivalent. Moreover,
one checks that every Manin symbol is of one of these forms. Indeed, every
Manin symbol has a representative (cg : dy) with (cq,dy) = 1. If (dy,N) = 1, there
is a multiplicative inverse dal of dy (mod N) and so (¢cq : dy) = (dalco 1), If
(dop,N) = 1 but (¢, N) = 1, there is a multiplicative inverse cal of ¢y (mod N) and
so (cg:dg)=(1: c(_)ldo). Otherwise, we consider ¢ = (¢g, N) and write ¢y = cx and
N = cn. Since (x,n) = 1, there exists y € Z such that xy =1 (mod n); in fact, we
can choose A € Z such that Ax =1 (mod n) and (A,N) =1 (because the projection
(Z/NZ)* - (Z/nZ)* is surjective). Therefore, we can define d = Ad; and we have
that (cq : dg) = (Aco : Adgy) = (c: d) with ¢ | N,ce{1,N}, (c,d)=1and (d,N) > 1.

Having a list of inequivalent Manin symbols, we take into account the rela-
tions of the forms (c:d)+(-d:c)=0and (c:d)+(c+d:—c)+(d:—-c—d)=0in
order to obtain a basis from this (finite) set of generators. For instance, this can
be done by representing these relations as the columns of a matrix whose rows
are indexed by the generators and then computing the Smith normal form of
that matrix (there is an algorithm, which is very similar to Gaussian elimination,

to compute the Smith normal form of a matrix).

Computing a basis of S(Iy(N)). The space S(Iy(N)) is the kernel of the boundary
map o: M(IH(N)) — B(IH(N)). Hence, we need to compute the images of the
elements of the previously obtained basis of M(I3(N)) under o.

Recall that lemma 5.10 gives a criterion to determine whether two cusps
are Iy(N)—equivalent. This is enough to compute the boundary map without
computing a basis of B(I{)(N)) in advance. Instead, we can keep a cumulative list
of the cusps found so far, so that each cusp encountered while computing o is
checked for equivalence with those already in the list and is added to the list if
it corresponds to a new equivalence class of cusps.

Using the previous trick to compute the [[}(N)-equivalence classes of cusps
while computing the image of a basis of M(I)(N)) under o, we can compute
a matrix with integer entries for the linear map 6. Then, we can compute its

Hermite normal form (with an algorithm which is very similar to Gaussian
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elimination) and obtain thus a basis of S(I(N)).

Computing a basis of S,(I{)(N)) using Hecke operators. Proposition 4.2 gives
an isomorphism of complex vector spaces between S,(I)(N)) and Homg(T¢, C),
where T is the complex vector space generated by the Hecke operators acting
on S,(IH(N)). We can use this isomorphism to compute a basis of S,(IH(N)).
Moreover, proposition 4.3 provides a method to obtain the g—expansion of a
cusp form from the corresponding element of Hom¢(T¢, C).

Hecke operators can be regarded as linear maps acting on S(IH(N)), which is
a free Z-module of rank 2g (where g is the genus of X((N)). Therefore, we can
compute a matrix giving the action of any Hecke operator with respect to the
previously computed basis of S(Iy(N)). To do so, we express an element of the
basis (computed using Manin symbols) as a sum of modular symbols, compute
the action of the Hecke operator on each of these modular symbols by definition
and express the resulting modular symbols in terms of Manin symbols. With
this procedure, we obtain the 2¢ x 2¢g matrix of the Hecke operator.

There are alternative approaches to compute these matrices directly with
Manin symbols. For instance, Cremona’s book [1] explains how to use what
are known as Heilbronn matrices to compute the action of Hecke operators on
Manin symbols and describes an algorithm to compute them: for each prime p
such that p J[ N, there is a set of Heilbronn matrices of level p which act (on the
right) on a Manin symbol in the same way as the Hecke operator T(p) acts on
the corresponding modular symbol. The proof of the fact that these Heilbronn
matrices correspond to the action of the Hecke operators is adapted from Merel’s
paper [6], where Heilbronn matrices are introduced in a more general setting. In
his paper [6], Merel also presents several other families of matrices which are
useful in more general contexts.

Since the action of a Hecke operator T(n) on S,(I;)(N)) is dual to the action
of T(n) on S(Iy(N)) ®z R (up to the isomorphisms described in theorem 4.4 and
in theorem 5.8), we can use the matrices of Hecke operators acting on S(I)(N)),
obtained with the procedure explained before, to describe T¢.

Let [T(n)] be the 2¢g x 2¢ matrix associated with T(n) (with respect to the
previously computed basis of S(Iy(N))). The operator [ -] defines a linear map
which embeds T¢ in the space of 2¢g x 2¢g matrices. If A is a 2¢g x 2¢ matrix,
we write a;;(A) for the entry in the i~th row and the j-th column of A for all
i,j €{1,...,2¢g}. Since the linear maps 4;;(-) fori,j € {1,...,2¢} form a basis of the
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dual space of the vector space of 2¢g x 2¢ matrices and we can view Hom¢(T¢, C)
as a subspace of this dual space, the induced linear maps 4;;(-) fori,j € {1,...,2g}
defined on T¢ (by restriction) generate Hom¢(T¢, C).

In conclusion, we can compute the g—expansions of the elements of a basis of
S,(IH(N)) to precision O(q®*1) for B € N as follows. By proposition 4.3, we can

define cusp forms f;; given by the g-expansions

B
()@ =) _a(IT(m]q"+O(g"")

n=1

foralli,je{1,...,2¢}. The arguments exposed in the previous paragraph imply
that these f;; for i,j € {1,...,2¢} generate S,(I3(N)). Hence, we only need to
choose g linearly independent cusp forms amongst these. We can use Gaussian
elimination with the first B coefficients of the g—expansions of these cusp forms in
order to obtain a basis (if B is large enough, we are going to be able to distinguish
when two of these cusp forms are distinct). Observe that, with this algorithm,
we obtain a basis of cusp forms of weight 2 for [[}(N) with integral Fourier
coefficients: this is just one example of a non-trivial result which can be obtained
as a direct consequence of the results from the theory of modular symbols.
Similarly, using the fact that the matrices [T(n)] for n € N have integer entries,
we deduce that the eigenvalues of the Hecke operators are algebraic integers
and that the g—expansions of the normalised Hecke eigenforms in S,(I{)(N)) are

algebraic over Q.

Theorem 5.11. There exists a basis of Sy(I)(N)) consisting of forms whose Fourier

coefficients are integers.

Theorem 5.12. For every n € N, the eigenvalues of the Hecke operator T(n) (regarded

as an endomorphism of S,(Iy(N))) are algebraic integers.

As a matter of fact, one could obtain a basis of S,(I{)(N)) consisting of Hecke
eigenforms with similar methods using modular symbols. In this case, though,
one needs to combine the theory of modular symbols with the theory of oldforms
and newforms (also known as Atkin-Lehner theory). One defines what are
known as degeneracy maps between S(I)(N)) and S(I;y(M)) for the divisors M of
N and uses them to identify the subspace of S(I)y(N)) formed of cuspidal modular
symbols arising from lower levels (i.e., the subspace corresponding to oldforms).

We do not go into further detail here.
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5.3 Modular symbols for I;;(23)

We exemplify the algorithms and computations explained before for I;}(23) using

Sage [15]. This is a quite simple example because, as we are going to see later,

the genus of X((23) is 2 and the dimension of all the relevant spaces is small.
We define the space M([j(23)) in Sage as follows:

sage: G=GammaO(23) ; G

Congruence Subgroup GammaO(23)

sage: M=ModularSymbols(G) ; M

Modular Symbols space of dimension 5 for
Gamma_0(23) of weight 2 with sign 0 over
Rational Field

In fact, Sage works with the rational vector space M(I(23)) ®7 Q by default. We
can compute the Manin symbols for I;;(23) (that is, the elements of P%/BZ) with

the following command:

sage: M.manin_generators()

[(0,1), (1,0), (1,1), (1,2), (1,3), (1,4),
(1,%5), (1,6), (1,7), (1,8), (1,9), (1,10),
(1 1), (1,12), (1,13), (1,14), (1,15),
(1,16), (1,17), (1,18), (1,19), (1,20),
(1,21), (1,22)]

Sage does not use the set of representatives which we described in the previous
section, but another one which is analogous. In this case, there are no Manin
symbols (c:d) with c =1 and d # 1 because 23 is prime.

We can express a Manin symbol as a modular symbol and vice versa as
explained in the previous section. We reproduce those computations for a

concrete case:

sage: mansymb=M.manin_generators()[10]

sage: mansymb.lift_to_s12z()

[0, -1, 1, 9]

sage: mansymb.modular_symbol_rep()
{-1/9, 0}

sage:

modsymb=sage .modular.modsym.modular_symbols.
ModularSymbol (M,0,0,2/5) ; modsymb
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{0, 2/5}

sage: convergents(2/5)

[0, 1/2, 2/5]

sage: modsymb.manin_symbol_rep()
(-5,2) + (2,1)

The first part shows that the Manin symbol (1 : 9) corresponds to the right coset
Hﬂ23xg‘})andsotothernoduhrsynﬁxﬂ{—%Jﬂ.Anakgouﬂytheconqnnaﬂon
of the second part implies (using Manin’s trick) that the modular symbol {O, %}
can be expressed as

1 L2y (10 -2 1
o3}+{z5)=(2 o.i+(F 2o
and so corresponds to (2:1)+(-5:2).
Nevertheless, we are only interested in expressing the elements of M(I[{}(23))
in terms of a fixed basis. The command M.manin_basis returns a list of indices

of the Manin symbols which form a basis of M(I}(23)) ®7 Q. Alternatively, one

can ask Sage to compute the basis directly.

sage: M.manin_basis|()

[1, 18, 20, 21, 22]

sage: [M.manin_generators()[i] for i in
M.manin_basis ()]

[(1,0), (1,17), (1,19), (1,20), (1,21)]

sage: M.basis()

((1,0), (1,17), (1,19), (1,20), (1,21))

We can also switch between Manin symbols and modular symbols and express a

Manin symbol in terms of the elements of the basis:

sage: set_modsym_print_mode( ' modular’)

sage: M.basis()

({Infinity, 0}, {-1/17, 0}, {-1/19, 0}, {-1/20,
0}y, {-1/21, 0})

sage: M((2,5))

-{-1/19, 0} + {-1/20, 0} - {-1/21, 0}

sage: set_modsym_print_mode( 'manin’)

sage: M.basis()

((1,0), (1,17), (1,19), (1,20), (1,21))
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sage: M((2,5))
-(1,19) + (1,20) - (1,21)

We can express an element of M(I[)(23)) as a linear combination of the elements
of the computed basis. Conversely, given a vector, we can compute easily the

corresponding element of M(I{(23)) in terms of Manin symbols.

sage: u=(4,2,1,0,5)

sage: z=M(sum(u[i]*M.basis()[i] for i in
xrange(5))) ; z

4%(1,0) + 2+(1,17) + (1,19) + 5%(1,21)

sage: M.coordinate_vector(z)

(4, 2, 1, 0, 5)

To find a basis of S(I{j(23)), we need to compute the boundary map o (and,
simultaneously, compute Cy(23) in order to study the image of ¢ in B(I)(23)), as

explained in the previous section).

sage: M.boundary_map()
Hecke module morphism boundary map defined by

the matrix

[ 1 -1]
[ 0 0]
[ 0 O]
[ 0 O]
[ 0 0]

Domain: Modular Symbols space of dimension 5
for Gamma_0(23) of weight

Codomain: Space of Boundary Modular Symbols for
Congruence Subgroup GammaO (23)

sage:
delta=M.boundary_map().matrix().transpose()
; delta

[ 1 0 0 0 0]

[-1 0 0 0 0]

By default, Sage outputs the transpose of the matrix of a linear map. In this
case, we see that the last four elements of the basis of M(I;;(23)) form a basis of
S(IH(23)) (which is the kernel of ). In general, we can compute it with Sage as

follows:
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sage: S=M.cuspidal_submodule ()
sage: S.basis()
((1,17), (1,19), (1,20), (1,21))

We obtain that the Manin symbols (1:17), (1:19), (1:20) and (1:21) form a
basis of S(I)(23)). In general, the elements of a basis of a subspace of cuspidal
modular symbols are not necessarily Manin symbols, but formal sums of Manin
symbols.

Now we can compute the action of some Hecke operators on S(I)(23)) and
use it to determine the first coefficients of the g—expansions of the elements of a
basis of S,(IH(23)).

The matrices of the Hecke operators with respect to the basis of S(I{)(23))

which we have computed can be obtained in the following way:

sage: S.T(2)

Hecke operator T_2 on Modular Symbols subspace
of dimension 4 of Modular Symbols space of
dimension 5 for Gamma_0(23) of weight 2 with
sign 0 over Rational Field

sage: T2=S.T(2).matrix().transpose() ; T2

[ O 0 -1 -1]

[ 1 1 2 1]

[-1 -1 -2 0]

[ O 1 1 -1]

sage: T3=S5.T(3).matrix().transpose() ; T3

[-1 0 2 2]

[-2 -3 -4 -2]
[ 2 2 3 0]
[0 -2 -2 1]

Let us check that these are in fact the desired matrices:

sage: e2=S.basis()[1] ; e2
(1,19)

sage: fe2=S5.T(2)(e2) ; fe2
(1,19) - (1,20) + (1,21)

sage: S.coordinate_vector(fe?2)
(0, 1, -1, 1)

sage: T2xS.coordinate_vector(e2)
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(0, 1, -1, 1)

sage: S.coordinate_vector(S.T(3)(e2))==
T3*S.coordinate_vector(e2)

True

sage: T2xT3-T3xT2==0

True

Now we compute the g—expansions of 2 linearly independent elements of
S,(IH(23)) up to precision O(g°) (this is going to be a basis) using the algorithm

explained in the previous section:

sage: R.<g>=PowerSeriesRing(QQ)

sage: f00=sum(S.T(n ) matrix()[0,0]*q~n for n in
xrange(1,6))+0(q~6) ; f00

q - g~3 - qA4 + 0(g~6)

T(n ) matrix()[1,0]*q~n for n in

0(g~6) ; f0T1

sage: fO0l1=sum(S
xrange (1 ))
0(a~6)
sage: f10=sum(S.T(n).matrix()[0,1]*g~n for n in
xrange(1,6))+0(g~6) ; f10
gr2 - 2+xg~3 - g™ + 2xg~5 + 0(g~6)
We have computed the first 5 coefficients of the g—expansions of the three ele-
ments foo, fo1, fio € S2(In(23)). Itis clear that fyy and f; are linearly independent
and, consequently, fy; = 0. In conclusion, the complex vector space S,(I(23))

has a basis consisting of the cusp forms fy, and f;y, whose g—expansions are

— —

(fo)eo@) =q-4a>—q*+0(q°) and (fi0)e(q) =*>—29° — q* +29° + O(q°).

Alternatively, the command S.q_expansion_cuspforms returns a function f
such that f(i,j) is the g-expansion of f;; to some precision. (In fact, Sage
uses the matrices of the Hecke operators acting on a basis of the dual space of
S(IH(23)) and so obtains another basis.)

sage: f=S.qg_expansion_cuspforms(6)

sage: f(0,0)

q - 2/3*xg~2 + 1/3*x9g~3 - 1/3*xg~4 - 4/3*xg~5 +
0(q~6)

sage: f(0,1)

0(q~6)
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sage: f(1,0)
-1/3xg~2 + 2/3*xgq~3 + 1/3xgq~4 - 2/3xg~5 + 0(q~6)

Another possibility is to use the command S.q_expansion_basis, which returns
a basis in echelon form:

sage: S.q_expansion_basis(6)

[

qQ - g~3 - g~4 + 0(g~6)

qr2 - 2xq~3 - g~4 + 2xg~5 + 0(g~6)
]

In this particular case, we can also use the structure of S,(I{)(23)) to compute
a different basis. Since 23 is prime, there are no oldforms (i.e., cusp forms
arising from lower levels dividing 23). Moreover, the space of newforms (which
is the whole S,(I)(23))) decomposes as the direct sum of two one-dimensional
eigenspaces: let us check it.

sage: T2.charpoly().factor()
(x~2 + x - 1)~2

J

The characteristic polynomial of [T(2)] is (X?+X~1)2. Its roots, _1;‘/5 and _1%6
are defined in the quadratic field K = Q(V5). Therefore, we can compute an

eigenvector with coefficients in K for each of these two eigenvalues:

sage: K.<sqrt5>=NumberField(x~2-5) ; K

Number Field in sqrt5 with defining polynomial
x~2 - 5

sage: T2ext=matrix(K,T2) ; T2ext

[ 0O 0 -1 -1]

[ 1 1 2 1]

[-1 -1 -2 0]

[ O 1 1 -1]

sage: T2ext.charpoly().factor()

(x - 1/2+sqrth + 1/2)~2 % (x + 1/2%*sqrtbh +
1/2)~2

sage: T2ext.eigenvectors_right()

[

(1/2%sqrth - 1/2, |
(1, 0, 1/2xsqrt5 - 3/2, -sqrtb + 2),
(0, 1, 1/2%sqrtb - 3/2, -1/2xsqrtbh + 3/2)
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1, 2),

(-1/2%sqrtbh - 1/2, |
(1, 0, -1/2+sqrtbh - 3/2, sqrtb + 2),
(0, 1, -1/2xsqrth - 3/2, 1/2xsqrtbh + 3/2)
1, 2)

]

sage: ul=T2ext.eigenvectors_right()[0][1][0] ;
ul

(1, 0, 1/2+sqrtd - 3/2, -sqrtd + 2)

sage: u2=T2ext.eigenvectors_right()[1][1][0] ;
u2

(1, 0, -1/2xsqrtbh - 3/2, sqrtbh + 2)

The two eigenvectors (with distinct eigenvalues) u; and u, of the matrix [T(2)]
correspond to eigenforms of the Hecke operator T(2) acting on S,(I{)(23)) (be-
cause Hecke operators are defined using the same set of matrices on S,(I(23))
and on S(IH(23))). Since the Hecke operators commute, every T(n) (for n € N)
preserves the eigenspaces of T(2). In particular, since the eigenspaces of T(2) are
one-dimensional, #; and u, correspond to eigenforms of all the Hecke operators.
Moreover, since the matrices [T(n)] have integer entries and the components of
uy and of u, are in K, the eigenvalues of T(n) are in K for all n € N. These eigen-
values are the Fourier coefficients of the corresponding eigenform. Indeed, since
the first component of both u#; and u, is 1, we can define for i € {1, 2} the element
u; of Hom¢(T¢,C) which maps a Hecke operator T(#n) to the first component
of [T(n)]u; (which is the corresponding eigenvalue of T(n)); by proposition 4.3,
the coefficients of the g—expansion of the associated cusp form are given by the
images of the Hecke operators under ;. Therefore, all the computations can be
performed in the field K. (A similar argument shows that, in general, the Fourier
coefficients of a normalised eigenform of all the Hecke operators are defined in a
finite extension of Q.)

Having argued that we can compute a basis of eigenforms with Fourier
coefficients in K, we can use Sage to actually perform all the computations. To
do so, we need to define M(I;)(23)) ®7 K and all the associated objects obtained

by extension of scalars:

sage: R.<g>=PowerSeriesRing(K)
sage: Mext=ModularSymbols(G,base_ring=K) ; Mext

Modular Symbols space of dimension 5 for
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Gamma_0(23) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5

sage: Sext=Mext.cuspidal_submodule ()

sage: Sext.basis()

((1,17), (1,19), (1,20), (1,21))

sage: Sext.T(2).matrix().transpose()==T2ext

True

Since K is a totally real field, not only are the cusp forms associated with u;
and u, eigenforms, but also #; and u, are eigenvectors of the matrices [T(n)] for
n € N (recall that the isomorphism between S(I(23)) ®7 R and S,(I(23)) is an

isomorphism of real vector spaces). We check it for some cases:

sage: T3ext=Sext.T(3).matrix().transpose()
sage: Tbext=Sext.T(5).matrix().transpose()
sage: T3extxul

(-sqrtb, 0, 3/2*sqrth - 5/2, -2xsqrtb + 5)
sage: T3ext*ul==-sqrtdx*ul

True

sage: T3ext*u2==(T3ext*u2)[0]x*u2

True

sage: TbSextxul==(TSext*ul)[0]x*ul

True

sage: Tbhextxu2==(THext*u2)[0]*u2

True

Finally, we compute the g—expansions of the associated cusp forms to precision
O(q"):

sage:
f1=sum((Sext.T(n).matrix().transpose()*ul)[0]
+q~n for n in xrange(1,11)) + 0(g~11)

sage: f1

q + (1/2+sqrtbh - 1/2)%q~2 - sqrtb5*q~3 +
(-1/2%sqrt5 - 1/2)xq~4 + (sqrth - 1)xg~5 +
(1/2+sqrt5 - 5/2)*q~6 + (sqrth + 1)xq~7 -
sqrt5+q~8 + 2xgq~9 + (-sqrtb + 3)xq~10 +
0(g~11)
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sage:
f2=sum((Sext.T(n).matrix().transpose()*u2)[0]
*q~n for n in xrange(1,11)) + 0(g~11)

sage: f2

q + (-1/2+sqrtb - 1/2)xgq~2 + sqrt5+gq~3 +
(1/2%sqrtbh - 1/2)*q~4 + (-sqrtbh - 1)xq~5 +
(-1/2xsqrth - 5/2)*q~6 + (-sqrth + 1)*xq~7 +
sqrt5*q~8 + 2xq~9 + (sqrtbh + 3)xg~10 +
0(g~11)

All in all, the complex vector space S,(I{)(23)) has a basis consisting of the two

eigenforms f; and f, of all the Hecke operators, whose g—expansions are

) =q- - _2\/5612 -V5¢° - %q“ ~(1-V5)g -2 _2\/5616 +0(q7)

and

TANTIETEES LI CAREES S WG P AR L)

Observe that the Fourier coefficients of these two g—expansions are Galois con-

jugates (that is, they only differ in the sign of the square root of 5).

5.4 Modular symbols for I;)(77)

In this section, we illustrate some of the computations for [;(77). However, we
focus on the results obtained using Sage [15] and do not discuss further the
algorithms (in contrast with the previous section).

First, we define our spaces of modular symbols and compute a basis:

sage: G=GammaO(77)
sage: M=ModularSymbols(G)
sage: S=M.cuspidal_submodule ()

sage' M.basis ()
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(7,5),

(7,6),

(7,8),

(7,9),

(7,10),

(11,1),

(11,2),

(11,3),

(11,4),

(11,5),

(11,6),

(11,7))

sage: S.basis()

((1,74),

(1,75),

(7,1) - (11,6) + (11,7),
(7,3) - (11,6) + (11,7),
(7,5) - (11,6) + (11,7),
(7,6) - (11,6) + (11,7),
(7,8) - (11,6) + (11,7),
(7,9) - (11,6) + (11,7),
(7,10) - (11,6) + (11,7),
(11,1) - (11,6),

(11,2) - (11,6),

(11,3) - (11,6),

(11,4) - (11,6),

(11,5) - (11,6))

Observe that, in this case, not all the elements of the basis of S(I)(77)) are Manin
symbols (there are sums of several Manin symbols as well).

The rank of S(I{)(77)) is 14, so the (complex) dimension of S,(IH(77)) must be
7. We can compute the g—expansions of the elements of a basis of S,(IH(77)) to

precision O(g!?) as follows:

sage: S.qg_expansion_basis(13)

[

q - 2/5+q~8 + 2/5+q~9 - 6/5+q~10 - 1/5xgq~11 -
2/5%xq~12 + 0(q~13),
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q~2 + 3/5xq~8 - 8/5%xgq~9 - 6/5%xq~10 - 1/5xg~11 -
12/5%q~12 + 0(q~13),

q~3 - 3/5xq~8 - 2/5%q~9 + 1/5xq~10 + 1/5%q~11 -
3/5+q~12 + 0(q~13),

q~4 + 2/5xq~8 - 7/5xgq~9 - 4/5xq~10 + 1/5xg~11 -
8/5xq~12 + 0(q~13),

q~5 + 3/5%q~8 - 8/5%q~9 - 1/5%q~10 - 1/5+q~11 -
7/5%xq~12 + 0(q~13),

q~6 - 1/5%q~8 - 4/5+q~9 - 3/5+q~10 + 2/5xq~11 -

6/5+q~12 + 0(q~13),
q~7 + 0(g~13)
]

In this case, though, we cannot find a basis of eigenforms as easily as in
the case of I[j(23). To do so, we would have to study the oldforms arising from
elements of S,(IH(7)) and of S,(I;)(11)), but we have not presented the required
theory. Instead, we use Sage to compute a basis of eigenforms of the new
subspace of S,(IH(77)) (that is, the subspace generated by the newforms).

We define the subspace S™"(I)(77)) of S(Iy(77)) corresponding to the new
subspace S5V (I{)(77)) of S(Iy(77)) and study its decomposition as a direct sum

of its eigenspaces:

sage: Sn=S.new_submodule ()

sage: Sn.basis()

((1,74) + (7,9) + (7,10) - (11,3) - (11,5) +

2% (11,7),
(1,75) + (7,9) - (11,5) + (11,7),
(7,1) + (7,9) + (7,10) - (11,3) - (11,5) -
(11,6) + 3=(11,7),

(7,3) + (7 ) - (11,5) - (11,6) + 2«(11,7),
(7,5) + (7 0) - (11,3) - (11,6) + 2%(11,7),
(7,6) - (7,9 ) - (7,10) + (11,5) - (11,7),
(7,8) + (7,9) - (11,3) - (11,5) + 2+(11,7),
(11,1) - (11,3),
(11,2) - (11,5),

(11,4) - (11,6))
sage: Sn.decomposition()

[
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Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Rational Field,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Rational Field,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Rational Field,

Modular Symbols subspace of dimension 4 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Rational Field

]

There is a subspace of dimension 4 of S™"(I;)(77)) ®7 Q which cannot be further
decomposed as a rational vector space. Hence, we cannot apply the reasoning
which we used to prove that S,(I;)(23)) decomposes as the direct sum of one-
dimensional eigenspaces in section 5.3: first, we need to find the appropriate
extension of scalars.

We can determine heuristically the (finite) field extension K of Q such that
S"eY(IH(77)) ®7 K can be decomposed as the direct sum of two-dimensional
eigenspaces (each of which corresponds to the subspace of S,(IH(77)) generated
by a newform which is an eigenform of all the Hecke operators). That is to say,
we compute the characteristic polynomial of some Hecke operator acting on
S"eW(Ty(77)) and determine its splitting field.

sage: Sn.T(2).charpoly().factor()
(x = 1)~2 *x x~ x (x~2 - 5)~2

Hence, we define K = Q(V/5) and check that S™¥(I(77)) ® K decomposes as the

direct sum of two-dimensional eigenspaces:

sage: K.<sqrt5>=NumberField(x~2-5)
sage: MK=ModularSymbols(G,base_ring=K)
sage: SK=MK.cuspidal_submodule ()
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sage: SnK=SK.new_subspace()

sage: SnK.decomposition()

[

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5,

Modular Symbols subspace of dimension 2 of
Modular Symbols space of dimension 17 for
Gamma_0(77) of weight 2 with sign 0 over
Number Field in sqrt5 with defining
polynomial x~2 - 5

]

Finally, we can compute the g—expansions of these eigenforms to precision
O(g'!) as follows:

sage: SnK[0].q_eigenform(11,’a”)

q - sqrt5*gq~2 + (sqrtb + 1)*g~3 + 3xq~4 - 2xq~5
+ (-sqrtb - 5)xq~6 + gq~7 - sqrt5*q~8 +
(2+sqrtb + 3)*g~9 + 2xsqrt5*xq~10 + 0(q~11)

sage: SnK[1].q_eigenform(11,’a”)
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qg - 3+xg~3 - 2xgq™4 - g~5 - g~7 + 6%xg9~9 + 0(q~11)

sage: SnK[2].q_eigenform(11,’a’)

g + q~3 - 2xq™4 + 3xq~5 + g7 - 2+g~9 + 0(q~11)

sage: SnK[3].q_eigenform(11,’a’)

q + gq*2 + 2xgq”3 - g4 - 2xgnd + 2%q~6 - qnT -
3xq~8 + g~9 - 2xq~10 + 0(g~11)

sage: SnK[4].q_eigenform(11,’a’)

g + sqrtb*q~2 + (-sqrtb + 1)*xg~3 + 3xq~4 -
2+*gq~5 + (sqrtb - 5)*q~6 + q~7 + sqrtb5*q~8 +
(-2+sqrth + 3)*gq~9 - 2xsqrtbxq~10 + 0(q~11)

As expected, all but 2 of these g—expansions have coefficients in Q.

Alternatively, we could have computed these g—expansions directly with Sage
without previously knowing the field of definition of the Fourier coefficients:

sage: Sn[0].q_eigenform(11,’a’)

q - 3+xg~3 - 2xgq™4 - gq~5 - g~7 + 69”9 + 0(q~11)

sage: Sn[1].q_eigenform(11,’a’)

g + q~3 - 2xq™4 + 3*xq~5 + g7 - 2+g~9 + 0(q~11)

sage: Sn[2].q_eigenform(11,’a’)

g + g2 + 2+g~3 - g™ - 2xq~5 + 2xgn~6 - g~T7 -
3xq~8 + g~9 - 2xq~10 + 0(g~11)

sage: Sn[3].q_eigenform(11,’a’)

qg + a*gq~2 + (-a + 1)*gq~3 + 3*xg~4 - 2%xg~5 + (a -
5)*q~6 + q~7 + a*q~8 + (-2+a + 3)*q~9 -
2+xaxgq~10 + O(g~11)

sage: f=Sn[3].q_eigenform(11, alpha’) ; £

q + alphax*q~2 + (-alpha + 1)*xgq~3 + 3xgq~4 -
2+q~5 + (alpha - 5)xq~6 + g~7 + alphax*q~8 +
(-2+alpha + 3)*q~9 - 2xalphaxq~10 + 0(q~11)

sage: f.base_ring()

Number Field in alpha with defining polynomial
x~2 - 5

These last lines indicate that there are two eigenforms whose g—expansions are
of the form

q+aq2+(1—wwq3+3q4—2q5+hx—5m6+q7+aq8+(3—2am9—2aqw443m15
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for the roots a of the polynomial X? -5 (that is, & = +V5, coinciding with our

previous computations).
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L
lattice, 56
left action
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of GL,(C) on IP’}C, see linear fractional transformation
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of SL,(R) on H, 3; see also linear fractional transformation
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linear fractional transformation, 2, 23
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M
Manin symbol, 82
1-boundary, 83
1—chain, 82
boundary, 83
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meromorphic modular form, 11; see also modular form
weight, 11
modular curve, 38
compactified, 38
modular discriminant, 14
modular form, 11
weight, 11
modular function, 11
modular group, see full modular group
modular invariant, 15
modular symbol, 76, 92
cuspidal, 92
distinguished, 79
formal, 91

Mobius transformation, see linear fractional transformation
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order of a meromorphic k—fold differential form at a point, 44

order of a meromorphic modular form at a point, 17

P
Petersson inner product, 52
Poincaré half-plane, see complex upper half-plane

principal congruence subgroup, 4

R
Ramanujan t-function, 15
Riemann sphere, 2, 15
right action
of GL3(Q) on functions, 9
of SL,(Z) on P}, ., 89
of SL,(Z) on Manin symbols, 82

of double cosets on weakly modular functions, 64

U
upper half-plane, see complex upper half-plane

A%

weakly modular function, 10
gn—expansion, 10
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c(r), 77
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Y;(N), 38
Z(Man(T')), 83
A(z), 14
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Man(I'), 82
Ql(xX(T)), 73
0,(A), 2
PGL,(A), 2
PSL,(A), 2
SL,(A), 2
SO, (A), 2
{s}, 92
5,92
(f,T), 72
(@), 82
B(T), 92

H, 1

H, 1
M(T), 92
M, 91
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Pg, 2

Py, 1

S(T), 92

T, 72

T, 72

L, 56

R(n), 57
T(n), 57, 58, 65, 75, 96
£, 57
{r,s}, 76
ordp(w), 44
ord,(f), 17
I, 4

v, 4
(f,&r, 52
(f,8), 54
au(f), 72
g4(z), 14
g6(2), 14
j(2), 15
q,13

qn, 10

V5, 39
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