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Introduction

“There’s a saying attributed to Fichler that
there are five fundamental operations of arithmetic:

addition, subtraction, multiplication, division, and modular forms.”
Andrew Wiles

Modular forms have a captivating history with thousands of applications across the sci-
ences. Specifically, they are! analytic maps on the complex upper half plane H satisfying
certain modular transformation properties under the action of a congruence subgroup of
I'(1). Although this definition might seem purely analytic, this does not turn out to be

the case.

Indeed, the word modular refers to the moduli space of complex tori C/€, for given
lattices 2. We consider a modular function F' as a map assigning a complex number to each
lattice, such that F' takes the same values on lattices which define isomorphic tori. Since
for any lattice we can find a basis given by {7,1} for some 7 € H, the map F' is completely
determined by its value F(Z7+Z) =: f(7), specifying a function f on H. As the space of all
oriented lattices is given by I'(1)\ GL*, the function f should satisfy the modular property
(=LY = £(7), for (Z Z) eT(1), that is, f is invariant under the action of I'(1) on H.

ct+d/

However, the maps of our interest are usually holomorphic and satisfy a specific growth
condition at infinity. Therefore, as the above modular invariance property turns out to
be restrictive to do interesting arithmetic, we consider a slightly different definition of the
function F', giving rise to a more general class of functions: for any lattices €21, {29 defining
isomorphic complex tori, we request that the function F' satisfies F'(Q1) = A*F(y), for
a non negative fixed integer k, called the weight. As a result, the modular property of f

becomes

f(r) = (CT+d)kf(L+b).

cT+d
The consequence is the analytic definition of a holomorphic modular form. It is a holomor-
phic map f: H — C satisfying the modular invariance property and a growth condition.
There are at least two reasons for which modular forms are relevant: they appear naturally
in a variety of areas in mathematics, and their space My (T", C) is finite dimensional. Re-

garding the latter, for the full modular group I'(1), the finite dimensional of the C—vector

'The literature is wide. For a first glance at this field we refer to [Diamond, 2000] [Lang, 1976], [Lang,
1987], [Miyake, 1989] and [Schoeneberg, 1974].



space M (T'(1),C) is quite trivial. However, for arbitrary congruence subgroups of I'(1)
having only regular cusps, the result requires some more effort. One possible way to reach
the outcome is presenting modular forms as sections of a bundle over a compact Riemann
surface, and then applying Riemann-Roch theorem. As for the former, the modular invari-
ance property together with the holomorphicity condition, leads to a Fourier expansion of
any holomorphic modular forms. Furthermore, quoting Zagier [Bruinier, 2008|, “the fact
that all of these different objects land in the little space My (T, C) forces the existence of
relations amongst their coefficients”. As it turns out, these Fourier coeflicients encode
arithmetically interesting information, such as sums over divisors of integers or numbers of

solutions to Diophantine equations.

The history of modular forms dates back to the first half of the nineteenth century, the
era of Jacobi and Eisenstein, and began with elliptic functions, which are doubly periodic
meromorphic complex maps. Partly because of Hitler and the war, modular forms were
ignored by most mathematicians for about 30 years after the thirties, with the exception
of Eichler, Maass and Petersson. After this interruption, they eventually came back into
fashion thanks to Taniyama and Shimura and their well known conjecture, which asserts
that the L—function of any elliptic curve over Q comes from a modular form. The proof of
this conjecture is due to Andrew Wiles, and was crucial to prove Fermat’s Last Theorem

in the nineties.

Throughout this time, many generalizations of the classical notion of modular forms
were defined. Amongst them all, we discuss nearly holomorphic modular forms.
In a collection of influential papers? Shimura introduced and extensively studied this notion,
which was independently described by Kaneko and Zagier, in [Kaneko, 1995]. Shimura’s
definition is of an analytic nature, though he also proved different algebraicity results.
Roughly speaking, a nearly holomorphic modular form is a polynomial of functions over
the ring of all holomorphic maps, transforming like a modular form of fixed weight with re-
spect to some congruence subgroup of I'(1). The classical examples of nearly holomorphic
modular forms are provided by special values of Eisenstein series, which link this arithmetic

theory to the theory of L—functions.

The objective of this paper is to address the theory of nearly holomorphic modular
forms from their analytic description to their geometric characterization as global sections
of an algebraic vector bundle, which arises from the De Rham bundle related to univer-
sal elliptic curves over the compact modular curve X (I'). The main reference is [Urban,
2013], who introduces in this article a sheaf-theoretic formulation of Shimura’s theory of
modular forms, which later leads him to define and study some basic properties of nearly

overconvergent modular forms.

This thesis consists of four chapters. The first one introduces the notations and the

2[Shimura, 1986], [Shimura, 1987], [Shimura, 1987b], [Shimura, 1990], [Shimura, 1994], [Shimura, 2003].
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geometric background needed throughout this work, namely involving the theory of bun-
dles. The second part recalls the setting of holomorphic modular forms, and then deals with
nearly holomorphic modular forms presenting Shimura’s analytic definitions and Eisenstein
series as examples. The third part constructs the vector bundles which play a fundamental
role in the geometric representation of nearly holomorphic modular forms, deeply focusing
on the De Rham bundle. The fourth and last one aims to prove the following isomorphism
I'(X(I),H(X(I))) = N.(I', C), after enlarging the whole picture to the compactification
of the modular curve Y (I").
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§1. Geometric Background

The first chapter aims to present the geometric notions needed throughout this work. As
the final goal is to characterize nearly holomorphic modular forms as sections of a specific
bundle, we start introducing the theory of bundles. Importance is given to the special class
of associated vector bundles and their sections, since the fundamental vector bundle over
Y (T") presented in Chapter 3 is of this form. For a quick introduction to bundles we refer

to [Sontz, 2010].

1.1 Principal and Fibre Bundles

In this section we define principal and fibre bundles and recall some constructions we need
later. While fibre bundles came from the 1930’s, a period in which topology developed
some of its important tools; principal bundles were introduced by Serre in 1958. Bundles
are used to enlarge the notion of topological product: spaces that globally are not products

but locally are.

Principal G-bundles

In the following, let G be a complex Lie group and let M be a complex manifold.

Definition 1.1.1. A G-bundle over M is a complex manifold 7" with a free right action

of G and a morphism 7 : 7" - M such that 7 induces an isomorphism of complex manifold

m:T|G - M.

T is usually referred as the total space, M as the base space and 7 as the structure map,
while for every m € M the submanifold 771(m) c T is called the fibre over m. We obtain
that the action of G preserves fibres, that is t € 7-1(m) implies tg € 71 (m) for all g € G.
Therefore the Lie group action on the total space T acts transitively on the fibres.

The easiest example is given by pry : M x G - M with canonical right action given by

multiplication in G in the second entry. It is called the trivial G—bundle.

Definition 1.1.2. A morphism of G-bundles 7p: T - M and 7 : L > M is given by a
G—-equivariant map f: T — L
TxG——T

]

LxG——1L



such that 7y, o f = 7.

f is an isomorphism if it has right and left inverse.

The above data are now subjected to the condition of local triviality, giving rise to the

construction of principal G-bundles.

Definition 1.1.3. A principal G-bundle over M is a G-bundle 7w : T - M such that T
is locally trivial, i.e. for all m € M there exists U 3> m an open neighbourhood with an

isomorphism of G-bundle ® : 771(U) = U x G, called trivialization.

We point out that a morphism of trivial bundle f : M x G - M x G is of the form
f(m,g) = (m,h(m)g) for h: M - G holomorphic.
Indeed let h(m) := pryof(m,1g). Then

f(m,g) = f(m,1c)g = (m, h(m))g = (m, h(m)g).

Let 7 : T — M be a principal G-bundle, (U;); be a covering of M such that T can be
trivialized on it, let ®; : 7-1(U;) = U; x G be the trivializations and define Uij =U;nUj.

Then the morphisms of trivial bundles
(I)io@jfleinG%UinG

are, for what we have remarked before, of the form (u, g) = (u, ¢;j(w)g), for the holomor-

phic maps ¢;; : Ui = G.

Definition 1.1.4. The holomorphic maps ;; : U;; - G are called transition functions and

they take value in what is called the structure group of the bundle.

Examples of principal G-bundles

7: C"1 < {0} - P*(C) is a principal C*~bundle.

Indeed, for the canonical open U; := {(2g: ... : 2,,) € P"(C) : z; # 0} € P"(C) the preimage
under 7 is given by 7 1(U;) = {(20, .., 2n) € C"™ N {0} : 2z; # 0}. Therefore we easily get
the desired isomorphism 771 (U;) = U; x C* given by (20, ..., 2,) ~ (il 20) %)
with inverse (woA, ...,wpA) < ((wo @ ... s wp), A).

Consider the complex upper half plane
H:={r=x+iyeC: y>0},

and, for J(-) the imaginary part of a complex number,

QL* = {(Z;) e (C~{0})?: 3(:—;) > 0},

the set of all oriented R basis in C. The restriction of the previous bundle for n = 1 to

GL" is again a principal C*~bundle denoted by

P:GL" > H,

which maps (w1,ws) — g—; Moreover it is isomorphic to the trivial C*~bundle, GL* =

H x C* where (wy,w2) = &L and (w2, w2) < (7, w2).



Remark Recall that a right action by G corresponds precisely to the same action by the
opposite group!, where composition works in the reverse order. Indeed, suppose G acts on
a set X on the right and on the left. By the right action convention, acting by g and then
by h is equivalent to acting by gh; while by the left action convention the action of gh is
equivalent by acting by h first and then by g. In the definition of G-bundle we assume
the action of G on the total space T" to be right by convention. Indeed, we want the action
to commute with transition functions, and these are usually assumed to act on the left.

Therefore we point out that left and right is mostly just a matter of convention.

Examples for the left case

Recall that the group GL2(R)* acts on the complex upper half plane H through the left

action defined by
at +b (a b)
T = 7 for v = .

CcT + c d

It is easy to see that the action is well defined as the denominator is non-zero and H is
map to itself as

~ J(7

J(yr) = ﬁ
Let ¢ : H —» T'\H be the projection on the discrete subgroup I' € SLs(Z), such that the
left action of I' on H has no fixed point. Then ¢ : H - I'\H is a principal left I'-bundle.
Indeed, as the stabilizer of each point is trivial, then for each 7 € H there exists an open
neighbourhood U 3 7 such that v(U) nU = @ for all non trivial v € T'. This result is
not trivial, and it is a consequence of the fact that the action of I' on H is properly

discontinuous. For this reason we recall the following.

Proposition 1.1.5. Let G be a locally compact group, K € G a compact subgroup and
let the quotient G/K be Hausdorff. Further let I" € G be a discrete subgroup. For each
x € G/K there exists a neighbourhood U 3 z such that

{vel:v(U)nU # @} = Stabr(z).

PROOF. AsT isdiscrete, by the characterization of discrete subgroups, for each x € G/K we
get a neighbourhood U, such that the intersection v(U,) nU, is not empty for only finitely
many v € I'. The same property still holds if we replace U, with a smaller neighbourhood
containing x. We want to find a neighbourhood U ¢ U, of x, such that v(U) meets U
if and only if y(z) = x, that is if v is in the stabilizer of?> z. Let 71,...,7 € I' be the
elements satisfying v;(U,) N U, # @. For any other V ¢ U, we can have v(V)nV # @

only if v =, for some i € {1,...,n}. Therefore it suffices to show that for each i such that

!The opposite group of a group is the group with the same underlying elements set endowed with a new

multiplication corresponding to the old multiplication with the order of elements reversed.
?We remark that if the action is also free then (U) is disjoint from U for all non trivial € T



vi(x) € Uy \ {x} there exists U; € U, such that ~;(U;) nU; = @, so that we define U to be
the intersection of these finitely many U; for which v;(z) # . As the space is Hausdorff,
when ;(z) € U, ~ {2}, there exist disjoint neighbourhoods V; and V; around z and ~;(x)
respectively. Choose W; ¢ U, around x such that ~;(W;) ¢ V; and define U; := W; nV;. By
construction Uj is disjoint from V; and vi(U;) € V;, whence vi(U;) nU; = @. Therefore the
neighbourhood U := n;U; of = has the desired property. O

Note that we can apply proposition 1.1.5 as H = SLy(R)/SO(2). Further, as I'\H has the
quotient topology, then ¢(U) is an open neighbourhood of [7] € I'\H and by definition of
the projection, ¢~ (q(U)) = Uyery(U). The trivializations are then given by I' x ¢(U) -
¢ ' (qg(U)) where (v,[7]) = 7.

Fibre bundles

Let F' be a manifold.

Definition 1.1.6. A holomorphic map 7 : T — M is a fibre bundle with typical fibre F'
if there exist a covering (U;); of M and trivializations ®; : 771 (U;) = U; x F such that
T = pry o®;.

We now put more structure on the fibres to get vector bundles. Vector bundles are the
most important special class of bundles with given structure group, where the fibre is a
vector space and the structure group is a group of linear automorphism of the vector space.
The construction supports the idea of a collection of vector spaces parametrized by another
space (which is in our setting a manifold) M: to each point m € M we attach a vector
space in such a way that these vector spaces glue together to form another space, namely
T.

Definition 1.1.7. A fibre bundle is a complex vector bundle if the typical fibre is C™ and

if for all m € M the isomorphisms ®; o <I>;-1 :{m} x C" 5 {m} x C" are C-linear.

The idea is that on the overlaps of two open subsets there exists a continuous map to GL,,.
Further, differently from the principal bundles situation, there is in general no Lie group
action on the total space acting freely on the fibres. Of course all fibres are Lie groups, but
this does not imply that there exists a Lie group that acts on the whole space and such
that its restriction to each fibre has a simply transitive action.

We call n the rank of the bundle, and for n = 1 the complex vector bundle is called a line
bundle.

Let wp : T — M and 7y, : L - M be vector bundles with transition functions ®; and ¥;

respectively.

Definition 1.1.8. A homomorphism of vector bundles f : T" — L is a holomorphic map
such that 77 o f =77 and ¥; 0 fo ®71: {m} x C" - {m} x C" is C-linear.

Let m: T — M be a vector bundle with ®; : W_I(Ui) 5 U; xC™. Similarly as before, the
maps ®; o <I>]_-1 :Ujj x C" - U;j x C™ are of the form (u,v) = (u,;j(uw)v). But this time



the holomorphic transition functions are given by ;; : U;; = GL,(C). Further, while in
principal G-bundle the fibre coincides with the structure group G, in the case of vector
bundles, the fibre C™ is not the structure group, GL,,(C).

Examples of vector bundles

m:0(-1) > P*(C) is a line bundle, called the tautological line bundle over P"(C).

Indeed O(-1) := {((20 : ... * 2n),(A20,...,A2,)) € P?(C) x C**! : X\ € C} assigns a one
dimensional vector space to each point (zg : ... : z,) € P"(C); as (2o : ... : 2z,,) defines a
complex line in C™*! passing through the origin and (\zo, ..., Az,) is a point on this line.

The map 7 corresponds to the projection on the first component.

The associated vector bundle

There exists a canonical way to obtain a fibre bundle with specific fibre starting from a
given principal bundle. Indeed let 7 : T - M be a principal G-bundle and let F' be a
complex manifold with a left G—action o : G x F' - F. Let G acts on the right on T x F' by

(t,f)g:=(tg.g~" f).

Definition 1.1.9. The associated fibre bundle 7 : E(T, F,0) - M with typical fibre F
is the quotient T x& F := (T x F)/G, with wg[(t, f)] := 7(t).

It is easy to see that the above construction actually gives rise to a fibre bundle. Indeed,
let ® : 7 1(U) = U x G be the trivialization of T then by definition of 7, we get the
isomorphism ® xId : 71 (U) = (771(U) x F')/G = (U x G x F') |G where the right action of
G on UxG x F is described as (u, h, f)g = (u,hg,g~ ' f). Further © : (UxGxF)/G = UxF
where [(u, g, f)] ~ (u,gf) and [(u,1q, f)] < (u, ). Therefore © o ® x Id gives the desired

trivializations.

Definition 1.1.10. In case F = C" and o : G - GL,(C) is a morphism of complex Lie
groups®, where the action of GL,(C) on C" is canonically given by left matrix multipli-
cation, E(T, F,o) defines a vector bundle.

Examples of the associated fibre bundle

Consider the principal C*~bundle 7 : C"*1\ {0} - P"(C), presented before as an instance
of principal bundle. Let o* : C* - GL;(C) be the representation given by X = \¥ and let
" : C* > GL1(C) be the representation given by \ — Xk. We point out that usually we
require the representation to be a morphism of complex Lie groups, but in this case @* is
not holomorphic. The associated line bundle E(C™*! \ {0}, C, ") is denoted by O(-k).

Note that for k£ =1 we get the vector bundle presented in the previous section.

3Recall that, as usual, every representation ¢ : G = GL,(C) defines an action G x C™ — C™ given by

(g,v) = a(g)v.



Further, for n = 1, we consider again the restriction of 7 : C? \ {0} - P(C) to GL*,

namely P : GL* - H. The associated vector bundles are

why = E(GL*,C,o") = (GL* xC)/C*
and the non-holomorphic bundle

@i = E(GL*,C,7") = (GL* xC)/C*,

which correspond to the restriction of E(C?\ {0},C,¢"*) and E(C?\ {0},C,7") to GL*

respectively.

Summary with the main bundles

Amongst the bundles seen above, the following diagram summarizes the ones more relevant
for our work. Again, the action of I' on H is assumed to be free; note that this is indeed
the case for N >3 for the discrete subgroup of SLa(Z):

I(N) := ker(SLQ(Z) - SLQ(Z/NZ)) :{(a Z) €SLo(Z):a=d=1modN, b= CEOmodN,},

where we define T'(1) := SLy(Z) the full modular group*.

L —2 L H

o |

P and ¢ are the structure maps defining a principal C*-bundle and a principal left
I'-bundle respectively; the action of I' on GL™ is given by the standard matrix multi-
plication and so p and @) are the structure maps defining again a principal C*-bundle and

a principal left I'-bundle respectively.

1.2 Sections of Bundles

This section deals with some basic notions of sections and their properties. A section of
a bundle might be considered as a right inverse of the structure map 7 defining the given
bundle, endowed with some additional structures. Sections can be seen as generalized
functions on our manifold M.

Let m:T — M be a principal or fibre bundles.

Definition 1.2.1. A (global) section of 7 : T"— M is a holomorphic map s: M — T such
that 7o s =1idy,.

“The name comes from the fact that the elements of I'(1)\H are moduli, that is parameters, for the

isomorphism classes of elliptic curves over C.



In other words, a section is a holomorphic assignment to each point in the base M of a
point in the fibre over it. For instance, when T is a vector bundle, a section assigns to each
point of the base a vector from the attached vector space in a holomorphic way.

When a map with the same properties is defined only on an open subset of M, then it is
said to be a local section. One of the main goal in studying sections, is to prove whether
or not global sections do exist. The idea is that the space might be too twisted to admit
global sections. For instance, a principal G-bundle admits a global section if and only if
it is isomorphic to the trivial bundle. On the other hand, every vector bundle admits at
least one global section, namely the zero section, which maps every element of the base to
the zero element of the vector space lying over that point.

In the following, when referring to sections, global sections are meant.

We define sections also for complex manifolds not endowed with the structure of a bundle.

Definition 1.2.2. Let T,V be complex manifolds with right G-action, and let f:7T -V

be a G-equivariant map. Then
I(V,T):={s:V >T: fos=1Idy, s holomorphic}
is the set of holomorphic sections, and
L(V.T)% = {s e T(V.T) : s(vg) = s(v)g Vg € G},
is the set of G—equivariant sections.

The following proposition defines a correspondence between sections on the total spaces

and sections on the bases respectively.

Proposition 1.2.3. Let 7 : T" > M and nn : V - N be principal G-bundles and let

f:T =V be a G—equivariant map, such that the following diagram commutes

T—5M=T/|G

| |7

V— N2V/G.
Then T'(V,T)% 2 T'(N, M).

PROOF. Define a map I'(V,T)% - I'(N, M) by sending s — 5, where 5(n) := 7(s(v)) for
n(v) = n. The map is well defined as v = vg € N and 7(s(vg)) = 7(s(v)g) = 7(s(v)), also
fos(n) = f(x(s(v))) = n(v) =n and s is holomorphic as it is defined as composition of
holomorphic maps. The inverse map is given by assigning § — s where s(v) = (5(n(v)),v) €
M xn V = T. The last isomorphism is given by ¢ : T' - V xy M = {(v,m) € V x
M : f(m) = n(v)} where t — (f(t),7(t)) with inverse tg < (v,m) for w(tg) = m and
f(tg) =v. As f(3(n(v))) = n(v), the map is well defined and as before is holomorphic by
construction. Further s(vg) = (5(n(vg)),vg) = (3(n(v))g,vg) = s(v)g, and foptos(v)=
fo™ (3(n(v)),v) =v. O



The above proposition is useful to have an explicit characterization of the sections of the

associated vector bundle.

Proposition 1.2.4. Let 7 : T — M be a principal G-bundle and o : G - GL(F) be a

representation for a vector space F. Then

I'(M,E(P,F,0)) = Mor(T, F),
for Mor(T, F)% := {f : T — F : f is holomorphic, f(tg) =o(g7')f(t)}.
PROOF. Applying proposition 1.2.3 to the following diagram

T xF—"5%FE(T,F,o)

PHJ{ lﬁﬁ

T—— M=TJG,

we obtain I'(M, E(T,F,0)) = T(T,T x F)%, and I'(T,T x F)¢ = Mor(T, F)¢ where we
map s — pryos and {t — (¢, f(t))} < f. O

10



§2. Nearly Holomorphic Modular Forms

We want to introduce and discuss the notion of nearly holomorphic modular forms, the ob-
jects that we will characterize in the main result. This chapter is divided into two sections.
First, we give a quick review of the classical concept of modular forms. This allows us to
set up the appropriate setting that leads to the definition of nearly holomorphic modular
forms. Next, we switch to a more computational part, in which we present some con-
crete examples of nearly holomorphic modular forms obtained by applying Maass-Shimura

operator to a specific class of functions.

2.1 Definitions

Starting from the first half of the nineteenth century, many generalizations of the classical
notion of modular forms have been given, together with their applications in several area
of mathematics. Regardless all of these generalizations, there exist some ingredients in
common: an upper half space, a congruence subgroup acting on this upper half space, a
functional equation, and a Fourier expansion. As all of these constituents are essential for
rigorous definitions, we devote the next pages to outline these tools.

The main reference for this section is [Diamond, 2000|, from where the notation is taken.

Moreover we will use some definitions and notations introduced in the previous chapter.

Upper half space

The fundamental space is the complex upper half plane H.

Congruence subgroup

Definition 2.1.1. A congruence subgroup of I'(1) is a subgroup I" ¢ T'(1) such that
I'(N) c T for some N. The smallest N satisfying this condition is called the level of the

congruence subgroup.

Let T’ be a fixed congruence subgroup. The left action of I' on H comes from the one

defined previously, while naming few examples of principal bundles. It is given by

at+b . a b
= or v = )
it cr+d’ " c d

11



Functional equation

b
For a fixed integer k and for each v = (a d) €', we define the weight-k operator [v]r on

c
the set of functions f: H - C, by

FIk(r) = (er + d) ™ f (7).

Definition 2.1.2. For a fixed integer k, a meromorphic function f : H -» C is weakly

modular of weight k with respect to I' if

for all y el

We underline that while weak modularity does not make a function f fully I'-invariant,
at least f(7) and f(y7) always have the same zeroes and poles, as the factor (¢7 +d) on
H has neither. Hence its zeros and poles are I'—invariant as sets. Also, if a function is
weakly modular of weight k with respect to some set of matrices then f is weakly modular

of weight k with respect to the group of matrices the set generates.

Fourier expansion

Holomorphic modular forms are weakly modular functions that satisfy a holomorphy con-
dition described through a Fourier expansion. We start by dealing with the case when I'
is the full modular group I'(1) and then switching to the case of smaller subgroups.

We recall that the full modular group is generated by the matrices

T::1 L andS::O _1.
01 1 0

Therefore, if f[y] = f for all v € I'(1), in particular the relation holds for the translation
matrix 7', whence f(7+ 1) = f(7), that is f is Z—periodic. Let D :={qe C:|q| <1} be
the complex unit disk and let D’ := D ~ {0} be the punctured complex unit disk. Also,

consider the Z—periodic holomorphic map 7 — €*™7

:= ¢ mapping H — D’. Then the
function g : D’ - C which maps ¢ ~ f(log(q)/(27i)) is well defined and f(7) = g(e?™).
Furthermore, if f is holomorphic on the complex upper half plane then g is holomorphic
on the punctured disk. Therefore g admits the Laurent expansion
9(q) =Y, ang".
neZ

As |g| = e2™(T) | then for J(7) - o0, ¢ - 0. We think of co as a point lying far in the
imaginary direction on the complex upper half plane. The idea is that for y > 1, the image
in I'(1)\H of the part of H lying above the line J(7) = y can be identified via ¢ with
the punctured disk 0 < ¢ < e 2™. The resulting Fourier expansion of f tells us that f is
not only a well defined function on this punctured disk, but extends holomorphically to
the point ¢ = 0. This is the reason for which we will introduce later the compactification

I'(1)\(Hu {oo}), where the point oo corresponds to g = 0, with ¢ as a local parameter.

12



Definition 2.1.3. A weakly modular function f with respect to I'(1) is holomorphic at
oo if g extends holomorphically to the removed point ¢ = 0, that is the Laurent expansion

sums over n € N.

Therefore f has a Fourier expansion’

[ee]

f(T) = Z an(f)qna

n=0
for ¢ = 2™,
It is relevant to remark that as ¢ — 0 if and only if J(7) — oo, consequently it is sufficient to
show that f(7) is bounded as J(7) — oo to say that a weakly modular function f: H - C
with respect to I'(1), is holomorphic at co.
We now enlarge the picture by making the subgroup smaller. By definition any congruence

subgroup contains I'( V') for some N, therefore it contains a translation matrix of the form
1 h

Ty = ) for some positive integer h, hence each weakly modular function f: H - C

0
is hZ—periodic. So, similarly as in the previous case, there exists a corresponding function

g: D' - C, such that f(7) = g(qn) where this time gy := ™7/ Again, if f is holomorphic

on H then g is holomorphic on D’ and therefore it admits a Laurent expansion.

Definition 2.1.4. A weakly modular function f with respect to I' is holomorphic at oo if
g extends holomorphically to the removed point ¢ = 0, that is the Laurent expansion sums

over n € N.

Hence f has a Fourier expansion, which is this time given by

[ee]

f(r) =3 an(f)ar,
n=0
for g = e>™7/".
We require holomorphic modular forms to be holomorphic not only on H but also at limit
points. For a congruence subgroup I' we adjoin to the complex upper half plane not only

oo but also other elements of P(Q), identified under the I'-action. Indeed recall that
P!(C)=Cu{co:=(1:0)} =H*URU {0} = H* UP'(R),

and P'(Q) c P}(R). Further there exists an action of I' on P*(C) given by
a b
( d) (20:21) = (azg + bzy : ez + dz1),
c

which can be restricted to P*(Q) and which matches the action of I" on H.

Definition 2.1.5. A TI'-equivalence class of points in P1(Q) is called a cusp of T.

Tt is this Fourier expansion which is responsible for the enormous importance of modular forms, as it
pops up that there are many examples of modular forms f for which the Fourier coefficients a,(f) are

numbers that are of extreme interest in other areas of mathematics.
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Proposition 2.1.6. For the full modular group I'(1), all elements of P*(Q) are I'(1)—equivalent

to oo.

PROOF. Let (2o : z1) € PY(Q). We may assume 2,21 € Z coprime, by clearing the
denominator and dividing by their gcd. By the completion lemma, there exist b,d € Z such

that (ZO 2) eI'(1). Then (ZO Z) (1:0) =(20:21). O

<1 <1

The above proposition tells us that I'(1) has only one cusp, namely co. But when I' is a
smaller group then fewer points are I'-equivalent and so I" will have other cusps as well.
We require a holomorphic modular function with respect to a congruence subgroup I' to
be holomorphic at the cusps.

Following the above proof, it is clear that for each s € P}(Q) there exists a matrix a € I'(1)
such that s = a- c0o. Consequently being holomorphy at the cusp s is defined in terms
of being holomorphy at oo through the weight—k operator [a]. Indeed if f: H — C is
weakly modular of weight k& with respect to I' and holomorphic on H, then f[a]j is again
holomorphic on H, but now it is weakly modular with respect to?> a T, and for the above
discussion, the notion of its being holomorphy at oo is clear.

Let I" be a congruence subgroup.

Definition 2.1.7. A holomorphic modular form of weight k& with respect to I' is a holo-
morphic function f:H — C such that

(i) flv]k = f, for all y e I';

(i) the functions f[a]y are holomorphic at co for all a e I'(1).

The space of holomorphic modular form of weight k and level I' is usually denoted by
M (T, C).

The zero function on H is a holomorphic modular form of every weight and every constant
function on H is a holomorphic modular form of weight 0. Non-trivial examples of holo-
morphic modular forms are given by the Eisenstein series for even k > 2.

The generalized notion of holomorphic modular forms appealing us is given by nearly
holomorphic modular forms: they are polynomials in 1/J(7) with coefficients that are
holomorphic functions of 7, satisfying certain modular transformation and holomorphic

properties.

Definition 2.1.8. Let k,r € Zsg, and f: H - C. f is said to be a nearly holomorphic

modular form of weight k£ and order < r for a congruence subgroup I, if the following hold
(i) f is smooth;

(i) fl7]e =/ for all y €T,
(iii) there exist holomorphic functions f, ..., f, on H such that

() = i fi(r).

4=0 3(r)?’

2As flalela " yalk = f[v]k[alk = fla]k for all yeT.
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(iv) f has finite limit at the cusps.

The last property means that for each o € I'(1) we have
v & orin/Na
fladi(r) _Z;)Wr;)%’]’ne :
with asj, € C and a positive integer N,. Indeed, this property generalizes the second
property defining holomorphic modular forms. However, in this current situation, the
function f is only smooth and not holomorphic, therefore it makes no sense the request of
a special kind of Fourier expansion for f itself, on the other hand we can have a Fourier
expansion for the holomorphic maps f;.

The space of nearly holomorphic modular forms of weight k, order < r and level I is denoted
by Ni(I',C). It is clear that for = 0 we obtain the space of holomorphic modular forms

M;(T, C).

2.2 More than Examples

The purpose of the second part of this chapter is to study explicit examples of nearly holo-
morphic modular forms using the action of the Maass-Shimura raising differential operator
on holomorphic modular forms or generalized ones. We therefore start by introducing this
operator, showing it preserves modularity at the expense of holomorphicity, and that when
applying to nearly holomorphic modular form of weight k£ and degree < r the result again
turns out to be a nearly holomorphic modular form, but this time of weight k+2 and degree
increased by 1. In the last part, we run some explicit computations involving Eisenstein

series.

Maass-Shimura raising operator

As usual, I will be a congruence subgroup.

Definition 2.2.1. The Maass-Shimura raising differential operator on nearly holomorphic

modular forms of weight k is the operator

1 k
0 = —| O .
k 2m'( " 2@3(7))

Proposition 2.2.2. The Maass-Shimura raising differential operator J; takes value in

0 : NR(T', C) - NL5(T, C).

PROOF. We need to show that if f € N} (T',C) then &f ¢ Ni*3(T',C). Clearly the
resulting function d f is again smooth (by definition of the operator), has finite limit at
the cusps (as the resulting function preserves that the g—expansion sums over non negative
integers), and it can be written as a polynomial in 1/J(7) with holomorphic coefficients.

While it is clear by the presence of the factor that 0 f has degree increased by 1, it

_k__
23(7)
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is not straightforward to see that g f satisfies the modularity functional equation of weight
k+2.

Hence it remains to prove that 0y f[v]r2 = Opf for all v e T. As f € Nj(I',C), then
fl7v]k = f for all 4 € T, therefore the statement is equivalent to show that

Ok f [V ]kv2 = 0k (f[7]k)-

b
For ~ = (a d) the left hand side is given by?®
c

Ok flV]k+2 = ﬁ Orf + Qijk(T) f)[’y]lﬁz
= % (er +d) 520, f(y7) + 21.3]({77) FOyr)(er + d)kQ)
k

1 ke
=5 (et +d)* 20, f(y7) +

2307 f(ym)ler + d|2(c7' + d,)_k_2).

For 7 = x + 1y, the right hand side is given by

Sk (f[v1k) = Sk (f(y7)(er +d)7F)

1

=5 Or + %)(f('yr)(cr + d)_k)

- QLm 3Tf(’77')m(cr +d)F 4 f(y7) (=ck)(cr +d)F 1 + %f(’w)(cr . d)k)
- L O-f(ym)(er+d)™ 2+ i.f(’VT)(CT +d) "N (<2¢iy + cx + ciy + d))
27 22y

= L O f(yr)(er+d)F 2+ if(77)|c7. FdP(er+ d)k2)7
211 22y

which proves the equivalence and concludes the proof. O

As the application of Maass-Shimura operator increases the weight of 2, it makes sense to

define the following: (52 :=1d and 5,3 = Op42 0 0k, and in general for r > 1
0% = Ok42r—2 © ... © 042 © O

Furthermore, as the application of this differential operator increases the degree by 1, it is
clear that we never obtain holomorphic modular forms but only nearly holomorphic ones.
Also, we point out that not all nearly holomorphic modular forms are the results of Maass-
Shimura operator applied to some modular forms of some kind. A nice counterexample
is given in the following section in which we discuss some nearly holomorphic Eisenstein

series.

3(r)
leT+d|? "

3Note that J(y7) =
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Eisenstein series

To produce some examples of nearly holomorphic modular forms we apply Maass-Shimura
operator to the well known holomorphic modular forms given by the normalized Eisenstein

series in their analytic expressions

1
Ek(T) = = Z
2 (¢,d)eZ>~(0,0
(¢,d)=1

-
) (cT+d)k’

for even k > 2.
The resulting series, the non holomorphic Eisenstein series, are not only examples of nearly
holomorphic modular forms: they lead naturally to related subjects that are appealing
in their own right, such as zeta and L-functions, Bernoulli numbers, Fourier analysis,
theta functions, and Mellin transformation. Non holomorphic Eisenstein series came to
fashion thanks to the work of Hecke and Shimura, by augmenting the series with an extra
parameter.

A first exposure to Eisenstein series can be found in Chapter 1 but mostly in Chapter 4
of [Diamond, 2000|, while a more exciting reading is given in the article 83b by [Shimura,
2003|.

It is easier to divide the computation in two steps: in the former we apply the operator
only to the addend m,

For the moment we only state the following computational proposition.

while in the latter we deal with the whole series.

Proposition 2.2.3.

5 1 _ k cT+d
\er+d)k ) 2i)2ry (e + d)F1

and

T( 1 ) (k)» (GF+d)"

Nerva)F )~ @) gy (er + e

for r > 1, where (k), =k(k+1)-...-(k+r-1).

It is then a straightforward computation to obtain

(k) (c7 +d)"

> (TY)" (e 0.0) (€T + )t
(¢,d)=1

LB =

for even k > 2 and for r > 1.
We point out that the series found are related* to the following generalized Eisenstein series

S

Gi(T,s) = > y

(e.d)ZP(0.0) (cm +d)kler +d|?s’
(¢,d)=v mod N

for N a positive integer, v a vector in Z2, and k any integer®.

“Recall that for a complex number z we have |z]* = 27.
Note that here we do not have the condition (¢,d) = 1. This condition is due to the fact that Ej, it is

obtained from the non normalized Eisenstein series defined over a lattice.
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PROOF. The first result follows in the following way

1 1 k 1
5’“((m+d)k) - %(8 ' %)(wwd)k)

1 k —c N 1
C2mi (er+d)F\er+d  2iy
1 k
= (=9 v+ d
omi (or v dyFrizyy (2T er ey d)
k cT+d

- (2i)2my ' (cr +d)k+1"

The second one requires a bit more of computation and follows by induction on r > 1.

Therefore we start by computing 5,%.

1 1
5’%( (cr + d)k) = O 0 5’“( (cr + d)k)

5 k ' cT+d
T k2 (20)2my  (cr +d)k+!

_ 1 k o+ k+2)\(1 cT+d
o 2027\ 2y J\y (et +d)k+
_L.Lg 1 ca+d +k+2 1 c7+d
C2mi (20)27\ " \y (et +d)kH 2iy \y (cr +d)F+!
1 k cT+d k+2(1 cT+d
omi @)\ 2P sy Cer +d) = 2yelk+ 1) + = (y (c7 + d)F+l ))
1 k cT+d . .
= omi @n 2 sy (2o d)wiler+d) = 2ye(k +1))
1 k T +d .
=5 @i . 22 (er + )2 (=) (et +d)(k+1) = 2yc(k + 1))
1 k T +d . .
=5 @i . 252 (e + ) (=ki(er +d) —i(er +d) = 2yc(k + 1))
1 k T +d . . , .
= o i 2 (or v A2 - (=kiczx + key — kid — 2yck —icx + cy — id — 2yc)
1 k cT +d . . . )
=5 e . 2 (e 1 ) (=ki(cx —icy+d) —i(cx — ciy + d))
1 k cT+d

" omi (2021 2y2(cr + d)k+2

_ 1 k(k+1) (c7 +d)?
2mi2 (20)2m 2y%(cr +d)k+2

_ (k)2 (cT+ d)?
(20)4(my)?  (er +d)k+2

(=i)(k+1)(cT +d)
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Next, suppose the statement is true for r — 1. We compute d; as dj2,-2 © 5};_1.

s L\ _s (K)rr  (Frd)
(er+d)F) ~ 2 20)20-D (zy)r1 (o7 + d)Fr-T

- L . (k)r-1 o+ k+2r-2 1 ‘ (cF+d)!
C2mi (20)20 Dt \T 2uy y™ 1 (et +d)k+r-1
R S ) W P N )l
S 2mi (20)20- DL\ g (e + d)Rrl

k+2r-2( 1 (c7+d)!
+ .

24y y1 (et +d)k+r-1

_ 1 (k)r-1 ( (7 +d)" !

=5 @2 DT\ 3y (or = d)F ((er+d)(r=1)i—2yc(k+r—-1))+

k+2r-2 1 (ct+d)"!
+ . .
2iy y 1 (er +d)k+r-l
o1 (k)ro1 (7 +d)rt
Comi (20)2-Dgr-1 24yr (et + d)kHT
+(k+2r-2)(cr+d))

(=(er+d)(r-1) = 2iye(k+r-1)+

1 k)r-1 T +d)"! ‘
= oo (22.)(2(7,)1)7_‘_7,1 . 2@'357”(@7- L ) ((er+d)(k+r-1)=2iyc(k+r-1))
1 (k)r-1 (cr+d)rt . |
" omi (@20 Va1 iy (er e P D er s iy +d = 2ciy)
_ 1 (k)r-1 (7 +d)" ! B
"m0 Dt iy(er v dyeer T D)
(k)r (cF+d)"

T @) (ry)r (o +d)FT

Which completes the proof. d

The Eisenstein series G5

In the above section we have considered the normalized Eisenstein series of even weight for
k > 2. Indeed the series are absolutely convergent for k > 2 and they define holomorphic
modular forms of weight k. For k = 2 we still get a holomorphic function, which is however

not modular. It is the non-normalized Eisenstein series

G () = ( 5 ;)

(2mi)? & dez~qoy (€T +d)?

Notice that, apart from some normalization factors, it is given by a similar expression
as before, if we carry out the summation over ¢ first and then over d. As we have a
non-absolute convergence series, the point is that now we can not interchange the order
of the summation which results in loosing modularity. Namely, as said before, to check
modularity we would only need to verify if the functional equations are satisfied for the two
generators S and T of I'(1), as we would like G2 to be an element of My(I'(1),C). But
while it is clear from the definition of Gy that G2[T']2 = G is invariant under translation,

G2[S]2 turns out to equals Go — 1/(27i7), whence modularity is lost.
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However the problem might be solved if we add the extra factor 1/(47J(7)), indeed

GQ(T) =Go(T) +

473(T)

is I'(1)~invariant and defines therefore an element® of A} (I'(1), C). The statement is not
trivial: as for holomorphicity of the addend Ga, the Fourier expansion of the Eisenstein
series G, converges rapidly and defines a holomorphic function of 7 also for k = 2, while
the modular invariance can be proved in several ways, but we recall the one due to Hecke,

which involves a slightly modification of the sum, given by

1
(cm +d)2|cT +d|*’

GQ,S(T) = % Z

(¢,d)eZ>~(0,0)

for 7 €e H and € > 0. The idea is to prove that G . converges absolutely, has some modular
properties and it admits a finite limit for ¢ — 0.
If G5 were the result of the application of Maass-Shimura operator to some modular form
f, then this function would come from a modular form of 0 degree and 0 weight, which
forces f to be an element in My(I'(1),C). However, an easy consequence of the Weight
Formula shows that My(I'(1),C) = C-1 is given by constant functions, and there does not
exist a constant function such that it transforms into Gg via the action of Maass-Shimura.
The Fourier expansion of the normalized and non holomorphic Eisenstein series Fs is given
by

Ey(r):=1-24 i o1(n)q" + % for o1(n):= > d.

n=1 Y dln,d>0

Further, this series appears in a specific decomposition as the only obstruction to a structure
theorem, as stated in the following proposition, which can be found in [Urban, 2013] and
[Rosso, 2014].

Proposition 2.2.4. Let f e NJ(T',C) and suppose that (k,r) # (2,1). If k is odd, or k is
even and k > 2 + 2r then” there exist g; € Mj,_9;(T',C) for i = 0,...,r such that

ﬂﬂ=2&%mﬁ)

If k is even and 2 < k < 2+ 2r then there exist g; € My_9;(I',C) for i =0, ...,r -1 and c € C*
such that

r=1

F(7) = % 01 gigi(r) + 0By (r).

i=0
The result is due to Shimura and states that all nearly holomorphic modular forms are
obtained by applying differential operators on classical holomorphic modular forms or on
FE», giving a direct sum decomposition. Interesting examples of nearly holomorphic modular

forms are therefore given by applying Maass-Shimura operator to® Go.

SFor more details about this series, we mention section 2 of Chapter 3 in [Schoeneberg, 1974].
"The hypothesis k > 2 + 2r implies that we never reach down to weight 2.
8We choose this representation of this Eisenstein series has it resembles the previous case.
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§3. More on Vector Bundles

The goal of this chapter is to exploit the tools defined in Chapter 1 to fashion the specific
vector bundle involved in the final geometric result. To obtain the bundle of our interest,

+(X(I')), which will be defined in 4.2.5, we start by introducing the fundamental vector
bundle w* on Y(T'). We then give an algebraic interpretation of ’HéR, whose Hodge de-
composition will be seen to be strictly related to the previous bundle. Lastly, we give a
quick recollection of the structure of symmetric bundle of a bundle. In addition, for each

of these bundles we will present some properties of the corresponding sections.

As usual, T" will be a congruence subgroup acting freely on H. As mentioned in Chapter
1, a general bundle 7w : T' - M requires a fixed manifold M, over which it is defined. For

our purpose, we are interested in the Riemann surface
Y(T'):=T\H,

called the modular curve. As there exist bijections between modular curves and moduli
spaces, which are equivalence classes of elliptic curves enhanced with some torsion data,
we can see each modular curve as an algebraic variety whose points classify isomorphism
classes of other algebraic varieties of some fixed type. We are also interested in the slightly

larger space X (I") which is a compactification of Y (T").

Definition 3.0.5. Let X(I') := I'\H* where H* := Hu P!(Q) is the complex upper half
plane together with the cusps.

3.1 Fundamental Vector Bundles

Recall the two associated line bundles glf_l and Q{“{ previously defined while naming few

examples of bundles in Chapter 1. Considering p : I'\ GL* — Y (T") instead of P : GL* - H,
we get the following bundles over Y (I") with typical fibre C:

e w¥:= E(T\CGL*,C,o") = (I'\GL" xC)/C*;
e W' := E(T'\GL*,C,5") = (T'\GL* xC)/C*.

To simplify the notation we write w and w for k = 1. We now see how weakly modular
functions of weight k come into play as sections of the fundamental vector bundle w*. We

will present how to get the same results in two ways: the former is based on a technical
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proposition stated in Chapter 1, while in the latter we give an explicit expression of the

sections of the pullback over H of the bundle w”, corresponding to glf_l.

First approach

Recalling proposition 1.2.4, which identifies the sections of the associated bundle with a
set of G—invariant functions, we represent weakly modular functions as sections of the

fundamental vector bundle w”.

Proposition 3.1.1. There exists a bijection between sections of the fundamental vector
bundle w* over Y(I') and the set of weakly modular functions of weight k with respect to
r

LY (T),w*)=2{fH->C: f[y]=f Vyel}.

PROOF. By proposition 1.2.4
I(Y(I'),&") = Mor(I'\ GL*, C)<",
where by definition

Mor(I'\ GL*,C)€" := {F :T\GL" - C: F is holomorphic, F(wl)\) = )\_kF(wl)}.

Wo A w9
It remains to show that the last set corresponds to the set of weakly modular functions
of weight k£ with respect to I'. Recall that a function F : GL* — C, satisfying F(Z;i) =
)\_kF(Z;) for all A € C*, is said to be of weight k. Moreover each F : GL* — C defines a
function f: H — C via f(7) := F(Q;:) Last, if a function F' of weight k is invariant under
I, that is there exists a well defined function F': T'\ GL* — C, then the corresponding map

f is weakly modular of weight k. Indeed for all v := (a

b
) we have
c d

o5
el

(5o )

o
- (c7+d)’kF( 7”77)
21

=(cr+d) " f(y7),

which concludes the proof that I'-invariant functions of weight & on GL™ correspond to

weakly modular functions of weight k with respect to I'. O

Second approach
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Let why := E(GL*,C,0%) = (GL* xC)/C*, the vector bundle corresponding to the pullback
of w* through ¢: H — Y(T'). The intention is now to construct sections for these bundle,
as they are deeply related to the ones of w*. We start by showing the relationship and

then give an explicit characterization.

Proposition 3.1.2. The sections of the fundamental vector bundle over Y (I") correspond

to the I'—invariant sections of gll‘il

D(Y(I),w*) 2 T(H,wip)"

PROOF. It suffices to apply proposition 1.2.3 to the following commutative diagram

We now give an explicit description of the elements of F(H,g’f_l)r.

Definition 3.1.3. The section w* e I'(H, w};) is given by

Proposition 3.1.4. Each section of c_u’f_l is of the form' f-w* for some f:H — C holo-

morphic.

PROOF. Note that the bundle gf{ is isomorphic to Hx C via ¢ : Hx C = g’f_l given by

(1,2) > z-w"(7) = [(71—),2]

(o) <[]

As sections of H x C are given by 7~ (7, f(7)) for some f: H — C holomorphic, we get

with inverse

the sections of the desired bundle as

~, Kk
H—>HXC=£H

P () )0 = | ([) 10|

By proposition 3.1.2, we are only interested in the I'-invariant sections of wgy.

Tt is meant component wise product.
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Proposition 3.1.5. f-w” is I—invariant if and only if f is a weakly modular function of
weight k with respect to I, that is vy fw*(7) = fw*(y7).

PROOF. For each v €' we need to show that
T T
[v(l),f(f)] = [( . ),f(w)]

b
if and only if f[v]x = f. For v = (a d)’ we have
c

][]

- :(cr + d)(”f),f(f)]

(7)o
and (cr + d)*f(7) = f(y7) if and only if f is a weakly modular form of weight & with
respect to I'. O

Combining the last results we obtain

frwf e D(Hwip)" = D(YV(D),w") < f[y]x=f Vyel.

3.2 De Rham Bundle

We present the De Rham vector bundle through a purely algebraic construction, using the
associated vector bundle. For this aim, consider the principal left I'-bundle ¢ : H - Y (T")
and the vector space C?. We define a right action p: C? xT' - C? given by inverse matrix
multiplication v-~~!, for v e C? and v € I'. Whence T acts on the left on H x C2 by

(7,) = (47, (p(1)) " '0) = (97,70).
The associated rank 2 vector bundle on Y (I") is therefore given by
Hip=E(H,C?p) =T\(Hx C?).

The structure of the De Rham vector bundle can be studied through its Hodge decompo-

sition, which relates ’HcllR to the fundamental vector bundles w and w.

Hodge decomposition

We proceed in the following way, by producing an explicit isomorphism at the H level and

then proving it is I'=invariant. The result will be the decomposition

112

wew = Hyg.
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Proposition 3.2.1. The map

¢:q"(wow) = (GL* xC® C)/C* > Hx C? = ¢"Hyp

w1 wp [w1 wi)(z w1 (wiz +wiw
yZ, W= —, _ = —> —
w2 w2 \w2 wo w w2 \W2z + waow

is a '—equivariant isomorphism of vector bundles, which induces the Hodge decomposition

defined by

c_uEBQEHCllR.

PROOF. Clearly the map is well defined as for each A € C* it holds

w1 wiA . ~1 w1 [wiA T (A2 w1 w1z +wiw
JZ,w| = AT w|e | —, — = =[—, _ .
w9 wo A w2 \wad WA\ w we \waz + wWaw
Further, it is I'- equivariant as the following diagram, in which the horizontal arrows are

given by the actions of I on ¢*(w ® w) and on q*(?—[[ll ) respectively, commutes.

'xg"(wow) — ¢"(wow)

s | |

I'x q*('H}iR) — q*(%}m)

b
Indeed For ~ = (a d) eI', we have
c

wi w1
(]} )z
w (wiztWiw awi+bws  [awi z+awi w+bws z+boow
(’7, (w2 ’ (wgz+w2w))) (cw1+dw2 ’ (cwlz+cwlw+duJ2z+dwzw) :

Last, it is an isomorphism of vector bundles as the following diagram commutes.

¢ (wew) —— q* (Hiyp)

H
Indeed
o _
)] == (2 cz2)

w1

w2
where 7 : ¢*(w ® W) > H is defined via P : GL* » H and 7 : ¢*(H}z) - H is the
projection into the first component. O
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Different bases

We present two different bases for the set of sections of the De Rham bundle: a combination
of them will play a fundamental role in the characterization theorem in Chapter 4. The
first one is given by the Hodge decomposition together with the previous results on the
sections of gf{, the second one involves the universal elliptic curves. These two approaches
allow to compare differential forms and paths on the space of the De Rham bundle, setting

the basis for the theory of periods.
First basis

The Hodge decomposition w & w & ”HéR together with proposition 3.1.4, gives us the basis
Criw © Cyw for the set of sections of q*’HéR ®Cy = H x C’® Co-

Second basis

We start with a short introduction in the theory of periods?, and then switch to the
construction of the universal elliptic curve. The result will be a new basis for the set of
sections of our bundle. For what follows, we assume some knowledge in algebraic geometry,
and we refer to [Hartshorne, 1977|, [Gortz, 2010] and [Mumford, 1970| for further details.
We only recall that under some assumptions, the right derived functors are just the sheaf
cohomology of F on X: R"f,F =H"(X,F), for f: X - S, a topological space X and a
sheaf F.

Let E; be an elliptic curve over C. Is it a well known result that there exists an isomorphism
of Riemann surfaces between E; and the specific torus C/S);, for the lattice Q, :=ZT @ Z
spanned by the complex numbers {7, 1}. The coordinate chart z : C — C over C defines the
holomorphic 1-form dz, which is an element in I'(C,Q!(C)) for the dual bundle Q!(C)
of the tangent bundle. This holomorphic form dz descends to the quotient C/Q, = E,
and defines a holomorphic 1-form® w on E;, which generates Q'(E;). Indeed each point
x € E; has a tangent space which is a copy of C, and the standard basis 0z can be taken
by translation. Its dual basis consists of the coordinate differential d,z, which still makes
sense as a basis? of (T, E;)*. Further, H,(E,,Z) = Z?, as we can consider as generators

the loops around the two copies of S!. We fix a basis 1,2 for the group Hi(E,,Z) and

(21’Z2):([71w’[ww)602’

which defines a point p = (21 : 22) € P(C). The De Rham cohomology H}(E;) corre-
sponds to H'(E;,R) and it is given by the exterior algebra on dz and dy, where z = x + iy,

consider

whence it is also generates by w = dz and @ = dz. The map which assigns vy~ |, ,w turns
out to be an isomorphism H!(E,,R) - C, so the point p lies in P*(C)\P!(R). So far the

2The idea is the integration along loops of 1-forms.
3Note that there exists indeed a unique 1-form up to scale, otherwise if w’ is another, then their quotient

would be a holomorphic function.
Tt is the standard notation for the dual of the tangent space of E, at the point .
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point p, called the period point, relies on the choice of the isomorphism Hy(E,,Z) = Z2.
’ ’ a b
If we choose another basis, say v, = ay; + by2 and 7, = ¢y1 + dvy2, then defines
c

an element in GLy(Z) and the point p becomes (az; + bzy : cz1 + dze). We have seen in
Chapter 2 that GLy(Z) acts on P'(C) by the fractional linear transformation z > 2

cz+d’

We call period the orbit of p under the action of GL2(Z). Thus the period is an element in
GLo(Z)\P!(C), which corresponds® to T'(1)\H. Moreover we can choose a basis (v1,72)
such that (7,1) = (/71 w,f72 w) for 7 € H, so that the period® is given by I'(1)7. Starting
from this orbit is now possible to construct the isomorphism classes of our elliptic curve,
by C/(Z7 +Z) for 7 e '(1)7.

Let f:e - S be a smooth family of elliptic curves over some variety S, endowed with a
holomorphic section, so that we can identify all fibres with complex tori, and let R' f,Z
be the right derived functor of the locally constant sheaf Z of abelian groups. From the
previous remark, R!f,Z corresponds to H'(es,Z), therefore its stalk at s, (R'f.Z)s is
given by the fibre H'(e,,Z). Locally, so over some sufficiently small open set U, we can
choose a basis of R! f,Z to define the period maps U - P1(C) \ P}(R) and U - I'(1)\H,
if we fix a basis or we consider the orbit respectively. This general procedure will now be

applied for the specific case in which S = Y(T'). The universal elliptic curve” ¢ is given by

£:= I‘\(ZQ\(C X H)),
for the left actions:

e Z? acts on Cx H by (m,n).(2,7) = (z + mr +n,7),

o T acts on Z°\(C x H) by v[(2,7)] := [(ﬁw)] for 7y = (CcL 2) el

The projection

e e = Y (T)
defines the universal family over Y (I'). We point out that the map 7. is induced by
Z?\(C x H) - H which is given by [(z,7)] = 7. It is clear that the fibre over 7 of the
latter map corresponds to E, x{7} = E,, therefore the fibre over [7] of the former is given
by isomorphism class of E,, which makes clear why the map ¢ — Y (I") defines a family of
elliptic curves over Y (I'). Moreover, for 7 € H we can associate the elliptic curve E; and

for v € I' as before, the isomorphism E,, — E; is induced by multiplication by (c7 +d), as

1
EW:C/(CHdQT):(CHd)ET.

5Indeed, note that PI(C) N Pl(R) corresponds to the complex upper and lower half plane, and the

latter is the image of the former via a matrix of GL2(Z) with determinant —1.
5The idea is that the generators of ), are exactly the periods of w.
"It is also possible to define e as (I' x Z?)\(C x H), where the action is defined by

a b 0\/[r
(ecr+d) e d off1]
m n 1/\z
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Therefore the definition of the action of T on Z?\(C x H) allows to identify corresponding

| ()|

By construction q*HfllR = Hx C? and for what we have recalled before, R'n.,Z = H'(¢,Z),
therefore its stalk of its pullback over H at 7 corresponds to H'((Z*\(C x H)),,Z) which

is, by the previous argument, H'(E,,Z). Again from what we have said before, we can

elements

find a basis of H'(E,,Z) such that the corresponding period is given by (7,1) and their
corresponding dual loops define the paths 7¥,1Y, which generates H'(E,,Z).

In this way we have two natural bases for HcllR: one given by {w,w}, where @ is not
holomorphic, the other one is holomorphic and given by {7",1"}.

The above argument can be summarized by

q*'HcllR = q*Rl’iTg*Z(X)OH = Hom(q*RNTg*Z, Z)®OH = Hom(q*Rlﬂg*Z, OH) = OHTV@OHlv.

b))

Action of " on the set of sections

Last, it follows that

We now proceed with a quick computation regarding the action of I' on the set of sections,

b

which will be used in the last theorem in Chapter 4. Let ~:= Z R The action of '

on the first basis of the sections is given by the pullbacks

* —
VW= e
VW= F

Whence

Vo= (FrY+1Y) = 2= (Fr¥ + 1Y),

{ Yw=7y(rTV +1Y) = CTler(TTV +1Y)

which implies
P T (7)Y
—\ % _(drV=clV)(r-T) -
(YT =TT = Sy
From the second equation we get, as ad — bc =1,
v Y =drY -cl.

Recalling that w = 77" + 1Y, we can rewrite the last equation as

vr¥=—aw+ (er +d) T,

e (et +d)7! 0 w
7 V) —-c (cr+ad)J\rV)

The last equation will imply that w and 7V, which are both holomorphic sections, constitute

and we obtain

the right basis to consider as they are both I'w,—invariant.
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§4. N;(I',C) as Sections

In this last chapter we discuss the main geometric result of this work, which corresponds
to proposition 2.2.3 of [Urban, 2013]: nearly holomorphic modular forms corresponds to
the set of sections of a purely arithmetic bundle defined over X (I"). This characterization
allows us to link these algebraic objects to a geometric definition, where we specify the
local conditions on X (I") so that they match the properties at the cusps. An analogous
result is known for holomorphic modular forms. In this case, the further application of
Riemann Roch!, justifiable as X (T') is a compact Riemann surface, leads to an explicit
formula for the finite dimension of M (T", C), which lays foundation for the existence of a
mechanical procedure to prove any given identity amongst holomorphic modular forms.

The first part of this chapter is devoted to introduce X (I") as a Riemann surface and then
enlarge the picture by extending the bundles to this manifold. In the second part we intro-
duce the bundle H} (X(I")), after recalling the extended Kodaira-Spencer isomorphism. In
the third and last part we finally prove the geometric theorem. The essential reference for
this unit, which was additionally the starting point of this entire work, is [Urban, 2013|.
The result is also presented with a more algebraic geometry flavour in the articles of [Rosso,

2014] and [Liu, 2015].

4.1 Enlarging the Picture to X (I")

The bundles discussed so far are defined over the non-compact modular curve Y (I'). This
section will adjoin cusps with appropriate local coordinate charts to the modular curve
Y (T'), completing it to a compact Riemann surface denoted X (I') and extending the bun-
dles over this compactification. The Hodge decomposition and proposition 2.1.6 will allow
us to reduce this extension problem to the study of only one cusp point, namely oo, and
only one bundle, namely w. We start by introducing irregular and regular cusps, then we

treat the extension of w to oo, and last we generalize the result to the other bundles.

Denote by I'. := Stabr(c) the stabilizer of the cups ¢, and recall that the stabilizer of the
conjugate is given by I'y. = ATyt

Proposition 4.1.1. The stabilizer of co = (1:0) in I'(1) is given by

I'(1)eo :={£T™ :m e Z}.

'We refer to [Diamond, 2000] and [Forster, 1981].
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PROOF. As
(j 2)<1:o>=<a:c>,

b
then (a d) € I'(1)wo if and only if? ¢ = 0. O
c

By proposition 2.1.6, for each cusp ¢ there exists o € I'(1) such that ac = co. Whence
al'ea™ =T's, € I'(1)e and therefore there exists a positive integer h., called the width
of the cusp, such that +£T7}_ generates the stabilizer of ac in I'. The cusp c is said to be
regular if T}, generates the stabilizer, irregular otherwise.

From now on, I will be a congruence subgroup acting freely on H and with only regular
cusps®. To extend the bundle w to the compactification of Y (I'), we need to consider the
structure of X (I') as a complex manifold. Therefore we recall the fundamental system of
open neighbourhoods defined on X (I') and the corresponding coordinate charts around

cusps.

X(T') as a Riemann surface

Topology on X(T)

The upper half plane H inherits the Euclidean topology as a subspace of C, and the
natural projection ¢ : H - Y(T") gives Y(I') the quotient topology. The key to putting
coordinate charts on Y (I') is the idea that any two points in H have neighbourhoods
small enough that every I' transformation, taking one point away from the other, also
takes its neighbourhood away from the other’s. We wish to reach the same construction
of a Riemann surface on X (T'), starting from realizing H* as a topological space. As the
topology on H* consisting of its intersection with canonical open complex disks contains
too many cusps in each neighbourhood to make the quotient X (I') Hausdorff, we proceed
as follows. For 7 € H the open neighbourhoods are the canonical ones we had previously.
For oo, the fundamental system of neighbourhoods consists of the part of H lying above

some horizontal line, namely for n >0
o Un) = {rcH:3(r)> n};
o Un)* = U(n) u{oo}.

For each other cusp c € P1(Q) we take for n >0, o *(U(n)*), where o € I'(1) is such that
ac = oo, which exists by proposition 2.1.6. Note that a }(U(n)*) = {r e H: J(ar) > n}

a
and for « := ( a4l the cusp ¢ can be written as ¢ = (—%l :1). Also, for 7:=x + iy, the set
c

2Note that ¢ = 0 and determinant equals 1 imply a = d = 1.
3Note that this is indeed the situation for I'(N) for N > 3. Further, we point out that in our case, the

existence of irregular cusps would make the isomorphism in 4.1.3 not well-defined.
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J(at) > n corresponds to a circle of radius 1/(2nc?) tangent to the real axis at o = —d/c,

indeed

J(at)>n
_9r
ler + d|?
Yy
(cx +d)? + (cy)? >

(e Y (o)
(2nc?)? c Y one)

We then give X (I") the quotient topology.

n

Charts around cusps on X (I")

In the same situation as before, ac = oo, therefore « transforms each open neighbourhood
of ¢ of our fundamental system into an open neighbourhood of oo. This reduces the
study of charts defined in some neighbourhood of some cusp into the study of charts
defined in a neighbourhood of oo. Indeed, let U = o 1 (U(2)) and U* := a 1 (U(2)*) be
open neighbourhoods of the cusp ¢. The projection ¢* : H* — I'\H* sends U ~ T'.\U,
as I'c = {y el : y(U*)nU* # @}, and « induces a homeomorphism which sends the

neighbourhood of ¢ into a neighbourhood of co

a:T\U - Tac\U(2).

2miT

We consider the hs—periodic wrapping map e : U(2) - C* which maps 7~ e s |, where

hs is the width of the cusp. The map factors through

U(2) —— C*

s

Toc\U(2)

Let p:=éoa:q*(U*) - T'a\U(2)" - V € C where co — 0 and V := é(Tp\U(2)*). We
take (¢*(U™), ) as a chart around c¢. Roughly speaking, the transformation « straightens
neighbourhoods of ¢ by making identified points differ by a horizontal set, and then the
map € wraps the upper half plane into a cylinder which becomes a disk with oo at its

center.

Proposition 4.1.2. X(T) is compact.

PROOF. We want to find a compact subset of H* which maps surjectively to X (I"). Recall
Fi={reH:-3 <R(r) < 3,|7| > 1;-1 <R(7) < 0,|r| > 1} the fundamental domain® for
I'(1), and define F* := Fu{co}. Let v1,...,7, be coset representatives for T'\I'(1). Then
Fyo= 0l v (F™) satisfies H* = Uyery(Ff7). The projection H* — X (I') restricted to F}: is

therefore still surjective, and by construction Fy is compact. O

“A fundamental domain for I'(1) is a subset of H such that every orbit of I'(1) has exactly one element
in F.
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Extensions
Extension of w

Proposition 4.1.3. There exists a canonical extension of w to X (I") such that for all cusps

¢, the local section w € I'(I'.\U,w) extends to a non-vanishing section w € I'(T'.\U*,w).

PROOF. As for each cusp ¢ there exists o € I'(1) such that ac = oo, using the isomorphism
a:T\GL" - T\ GL",

we are allowed to study only the case ¢ = oo.

For the cusp oo we consider the open neighbourhood U (n) in H*, for a fixed positive integer
n. The principal bundle defining the extended associated vector bundle w on X (I") is locally
given® by '\ GL* - ' ,\U(n) € X(T'). Further, for what we have said before, the local
coordinate chart around oo is given by the wrapping map ¢ := e2™/"e~ : T \U(n) - D~{0}.
On the other hand we have the isomorphism '\ GL* = D \ {0} x C* defined by

w1 21 W1
( ) P> [ eheo w2 , W2 |,
w2

which is well defined as long a I' has no irregular cusps, which is true by assumption. To
adjoin the cusp oo we therefore extends I'o,\GL" = D\ {0} x C* to D x C, by sending
oo = 0. The local section w: T'o\U(n) > w = (I'e\ GL* xC)/C* = (D x C x C)/C* is now
defined by ¢ ~ [(g,1,1)], for ¢ the local coordinate at co. O

Further extensions

The extension of w is done in a similar way, after recalling that it differs from w only by
the representation @, which makes it non-holomorphic. Namely we can define in the same
way the extended bundle® @ = (D x C x C)/C* over X(TI'). As for the De Rham bundle,
the extension is done considering the Hodge decomposition together with the extension of

the fundamental vector bundles, w & W = Hcll R

4.2 H(X(T))

Definition 4.2.1. With the previous notations, considering all the bundles over Y (I"), we
define on Y (T")
My 5= T @ Sy’ ().

To extend this bundle to X (T"), we first recall the Kodaira-Spencer isomorphism on Y (T'),
and after extending the cotangent bundle on X (I'), we proceed by presenting the K.S
isomorphism on X (I").

Lemma 4.2.2. The global section w2 ® dr of w2 ® Q%/(F) induces the isomorphism

KS:(L)Z - Q;(F)’

dq

which sends (27i)%w? L for g = e*™7.

®Recall the principal C*~bundle p: T\ GL* - Y (T).
5The difference here lies in the action of C* on C in the third component.
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The Kodaira-Spencer isomorphism gives an interpretation of the cotangent bundle of Y (T")
in terms of the fundamental bundle w?. It can be thought as a measurement of the defor-

mation of a family of manifolds.

Definition 4.2.3. Let Cr be the set of cusps” of I' and® C(T') := ¥ .ec. () € Div(X(I)).
Let L(C(TI")) be the associated line bundle. We define the cotangent bundle with logarithm
poles at the cusps as

QL 1y (C(D)) 1= Q1 @ L(C(T)).

We point out that the augmentation of the line bundle L(C(I")) is done only to take care

of the cusp points, indeed its restriction to Y (I') corresponds to the trivial bundle.

Proposition 4.2.4. The K.S isomorphism on Y (I") extends to X (I")

KS:w? = Qx iy (C(I)).

PROOF. Let s be a holomorphic section of I'(X(I"), L(C(I"))) such that div(s) = C(T).

Then the non vanishing section w2®dres e (Y (I),w?® Qﬁ((r)(C(F))\y(p)) extends to

a non vanishing global section of w2 ® Qﬁ((r)(C(F)). As usual, we just need to treat the

cusp oo. At that point we have the before mentioned chart given by €2 /= As the local
1/hoo

coordinate around oo is given by ql/ heo for g = €*™7, then ii:dv' corresponds to Cflql/—hw,
which has a pole of first order at ¢'/"=. At this point intervenes L(C(T)): as div(s) = (o0)

1/heo

around oo, s is given, locally around oo, by gq , which takes care of the pole. O

Definition 4.2.5. With the previous notations, and considering the extended version of

the aforementioned bundles, we define on X (I")

Hi (X (T)) = ™" ® Sym"(Hip).

4.3 Geometric Characterization

We are finally able to prove the following.

Theorem 4.3.1. There exists an isomorphism between the sections of the bundle Hj (X (T"))
on X(I') and the set N} (I', C) of nearly holomorphic modular forms of weight £ and order
<r,

P(X (D), H(X(T))) = Ny(T', C).

PROOF. We start by showing that each section gives rise to a nearly holomorphic modular
forms of N} (I',C). Using the result of Chapter 3 section 2, we recall that {r,1} form a
basis of H1(E;,Z), after the identification of Z? with Q,. Over H we therefore have the

"Note that they constitute a set of finitely many isolated points, as they correspond to I'\I'(1)/I'(1) .
8We refer to [Diamond, 2000] for the theory of divisors.
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global basis {7Y,1V} for the bundle ¢*H. 5, defined as 7¥(ar +b) = a and 1Y (ar +b) = b.
Also, after switching from holomorphicity to smoothness, the Hodge decomposition gives
us the basis {w,w} for ¢*H}p ® Ci. Point being, neither {r¥,1V} nor {w,w} gives rise to
an element of ¢*Hj. Indeed {7V,1V} is holomorphic, but while 7V is I'so—invariant and
therefore it extends to X (I'), 1V is not, as we have seen at the end of Chapter 3. On the
other hand @ is not holomorphic. However, {w, 7"} does define an element of ¢*#;, as both
element define holomorphic sections which extend to X (T).

Let n be a section of Hj(X(I")), and denote again by 7 its restriction to Y(I'), so that
n € (X (T)lyry, H,). Its pull-back ¢*n on H, is now an element of I'(H,¢*H};). From

what we have said, it can be written as
- !
an(r) = Zfl(T)wk_l T,
=0
for some f; : H - C holomorphic functions. As
w) (7 1\(7"
o) \7 1J\1v)

it follows that 7V = &=% = =% for 7 = 2 + 4y. Newton’s binomial implies that
T-T 22y

(W Z( >f( o 8.

Whence

T -7 —7 *qyr
1) =3 B Sy () 0w er o),
Note that for each [ we have to consider j = 0, which gives rise to the addend (j;l(T))lw

Whence the (k,0)—component, corresponding to the coefficient of w¥, is given by

= filT)
f(m) -—l;) Qip)"

which defines an element in N7 (I, C). Indeed, properties (i) and (iii) of the definition are

trivially satisfied. For the I'—invariant, we want to show that for each [ and v €T,

fi(yT) e ) 4 ) ()
(Qiy)l( AT+ d) = (2iy)!

holds®. But this property is already satisfied, as ¢*n comes from a I'-invariant section.

Indeed the action of T on the basis {w, 7"} is given by

e (ct+d)7! 0 w
7 V) —-c (cr+ad) | \7V)’

as computed in Chapter 3. This result, together with

50500

9We have used the usual formula for J(y7).

36



determines the action

*(w)z((c7'+d)_1 0 )(w)
7 —% 0 (et +d) —%’

from which we obtain the factors (c¢r +d)™** and (¢7 +d)!, and consequently, modularity.
It remains to show that f has finite limit at the cusps. As usual, it suffices to study the case
for the cusp oo. We first rewrite the bundle as w* "2 @ Q! (F)(C’(F)) ® Sym" (H}p), using
the Kodaira-Spencer isomorphism. For each [ € {0,...,r}, locally around oo, each addend
is of the form fi(7)w" 2 ® % ® s®7"'. As by assumption 7 defines a non vanishing
section over H} (X (I')), f; has to be holomorphic in ¢'/"> | therefore its g—expansion'? has
not negative term. As this holds for each [, the function f turns out to have finite limit at
the cusp oo. The other cusps are treated in the same way.
Next, suppose we have a nearly holomorphic modular form
r
fn =310 ¢

=0

(I, C).

We construct a section such that f corresponds to its projection on the (k,0)-component.
Let

Q*U(T) - i(2i)lfl(7')wk_l ® 7_\/l.

1=0
As f satisfies the modularity property with respect to I', the above section is I'-invariant,
and therefore it defines an element n in I'(Y(I'), H},). Further, as f has finite limit at
the cusps, the g—expansion of f/s have not negative term, therefore 7 defines a section of

#(X(T)). Using the same argument as before, we rewrite 7 as

Z( 2) (fzm))lz( WHESTES; l<7 i (Yot 0w

=0 =0

therefore its projection is given by >.j_, fl(T) = f(7).

We point out that the last map is well deﬁned as the projection on the (k,0)—component
is injective. Indeed, following the first part of the proof, consider the projection on the
coefficient of the (k,0)—component. For what has been proved in this first part, the pro-
jection 7 gy defines a map from the sections of the bundle H; to the space of nearly
holomorphic modular forms. Consider two sections, such that ¢*n and ¢*£ define elements
in I'(H, ¢*H},), and suppose that 7 0)(¢*1) = 7(1,0)(¢*§). We want to show 1 and § define
the same element.

As sections over H, they admit a representation as

() =3 filr)t e !
=0

and

q*é(r) = Zr:gz(T)wk_l o7,
=0

'"We mean the one appearing in the definition of a nearly holomorphic modular form having finite limit

at the cusps.
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for some holomorphic functions f;,g; : H - C, which we want to prove are equals f; = g

for each [ =0,...,7. From the previous computation

* ~ fi(7) * RS o (7)
T(k0) (@) (T) ;) Qi) and 0y (") () = 2 ig)t

and by assumption

" fi(r) -3 a1(7) ot is "~ (fi—a) (1) _
2 @iy &y T LG

As f; — g; is holomorphic for each j, the problem is now reduced to prove that if

s(7) = Z SZ(T)

zoy

for holomorphic s; then all the s; are zero. Indeed, if this is the case, then all f; —
are zero and so 7 = § It remains to prove the reduced problem. The idea is to apply the
differential operator 7~ +& and using induction on r. For r = 0 nothing needs to be proved,
as s =50 =0. Suppose it is true for  — 1 and let s:= Y] 0y 2% = (. Then ( +E%)s-

o= (5 o)

ZT: irs; z’": ils;
2yl+1 = 2yl+1
_irso . 7"221 i(r—1)s
2y = 2yl+1

ifrso "= (r-1s
555

(r- l)Sz
2yt

proof. O

By induction hypothesis ;7 ! = 0 implies that all the s; are zero, concluding the
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