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ABSTRACT

In this thesis we extend the work of Dummigan and Fretwell on congruences
of “local origin”. Such a congruence is one whose modulus is a divisor of
a missing Euler factor of an L-function. The main congruences we will
investigate are between the Hecke eigenvalues of a level N Eisenstein series
of weight £ and the Hecke eigenvalues of a level Np cusp form of weight k.

We first prove the existence of a congruence for weights k£ > 2. The proof
will be an adaptation of the one used by Dummigan and Fretwell. We then
show how the result can be further extended to the case of weight 1. The
same method of proof cannot be used here and so we utilise the theory of
Galois representations and make use of class field theory in order to prove
the existence of a congruence in this case.

Inspired by an analogy with the weight 1 case, we prove the existence of a
congruence between the Hecke eigenvalues of a weight k&, level N cusp form
and the Hecke eigenvalues of a paramodular Siegel newform of a particular
level and weight. We will show how when k& = 2 we end up with a scalar
valued Siegel modular form and when k£ > 2 we end up with a vector valued
Siegel modular form.

We will also consider the link with the Bloch-Kato conjecture in each case.
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Introduction

There have been many interesting examples of congruences between modular forms
studied over the years. Probably the first of such congruences that spring to mind is
found in the work of Ramanujan. Ramanujan was among the first to begin studying
modular forms in detail. He became quite interested in the discriminant function A(z)
and spent a great deal of time studying its Fourier coefficients. These coefficients are
denoted by 7(n). He stated many different results involving these coefficients, among
which were certain congruences. The most famous in the literature is the following:

7(n) = o11(n) (mod 691).

Here o11(n) = > 4, d" is a power divisor sum. We therefore have values of a well
known number theoretic function congruent to the coefficients of a rather mysterious
function.

Naturally one might want to know why the modulus is 691 and also why o11(n) ap-
pears. If, rather than simply studying A, we move to the larger space of all weight
12 modular forms we can explain both of these points. We see that the weight 12
Eisenstein series has the answer in its Fourier coefficients. We see both o11(n) and
By = —% appearing.

Of course there is actually something a little deeper going on here. The appearance of
the Bernoulli number Bjs is actually via the Riemann zeta function ((n). We see that
691 is a prime dividing the “rational part” of {(12). That is 691|% € Q.

After the work of Ramanujan, many others became interested in congruences such as
the Ramanujan 691 congruence. There are many generalisations of this congruence.
Since a prime dividing the numerator of Bis gave a congruence between a weight 12
cusp form and a weight 12 Eisenstein series, one might naturally wonder whether, in
general, a prime divisor of the numerator of By could be the modulus of a congruence
between an Eisenstein series and a cusp form both of weight k& and level 1. This is
indeed the case.

We can also obtain congruences of “local origin”. These are congruences between the
Hecke eigenvalues of higher level cusp forms and the Hecke eigenvalues of level 1 Eisen-
stein series. What do we mean by “local origin”? Earlier we saw that a prime divisor
of the numerator of the Bernoulli number Bj became the modulus of a congruence.

vii
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We can consider this as a divisor of the global Riemann zeta value. Recall that the
Riemann zeta function has an Euler product and can be written as

C(k) = H 1 _1p_k'

p

If we fix a particular prime p and omit the factor (1 — p~*)~' and denote this new
product by (g, (k) then

(1= p F) ¢y (k) = C(k),
that is
Py (k) = (0" = 1)¢(k).

We already know that primes dividing (k) give level 1 congruences and it turns out
that we should expect primes dividing p*¥ — 1 to give level p congruences. This is
exactly the result of Dummigan and Fretwell [DE].

Theorem 0.0.1. Let p be prime and let k > 4 be an even integer. Suppose that
¢ >3 is a prime such that ordy((p* — 1)(By/2k)) > 0, where By, is the k-th Bernoulli
number. Then there exists a normalised eigenform (for all T, for primes q # p)
f=>r"1anq" € Sk(To(p)), and some prime ideal A\|¢ in the field of definition Qf =
Q{an}) such that

ag=1+¢"1 (mod \)

for all primes q # p

If ¢ divides By/2k we may take f € Si(SL2(Z)) and the congruence just becomes a
generalisation of Ramanujan’s congruence. The interesting case is when ord,(By/2k) =
0 and ¢|(p* —1); this is when, in general, we get a level p congruence. Such an ¢ occurs
in the value at s = k of the partial zeta function precisely because of the missing Fuler
factor. Following work of Harder [Har|, using methods in Eisenstein cohomology, these
congruences are known as congruences of local origin. We also note that the value
1+ ¢* ' appears since this is the Hecke eigenvalue when T; is applied to Ej, and so
we have a congruence between a level p cusp form and a level 1 Eisenstein series.

One thing to note here is that we were starting at level 1 and then raising the level to
level p. What about starting at level N7 This is precisely the main work involved in
this thesis. We first of all note that there is an analogue of Ramanujan’s congruence at
level N. That is, a congruence between the Hecke eigenvalues of a level N Eisenstein
series and the Hecke eigenvalues of a level N cusp form. This is work of Dummigan
in [D]. In this thesis we will be interested in the “local origin” analogue at higher levels.
That is we wish to obtain a congruence between the Hecke eigenvalues of a level IV
Eisenstein series and the Hecke eigenvalues of a level Np cusp form. One difference now
is that the Euler factors and moduli of congruences come from Dirichlet L-functions
rather than the Riemann zeta function. In proving the congruence, we will adapt the
proof used in [DF]. Thus we produce a linear combination of level Np Eisenstein series
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that is a cusp form modulo ¢ and we will make use of the Deligne-Serre Lemma, among
other results, to obtain a genuine characteristic zero cusp form of level Np congruent to
a level N Eisenstein series. The main difficulty is obtaining a formula for the constant
term at each cusp. In [DF] this is quite straightforward as there are only two cusps to
consider. In the higher level case however there are many cusps. We note that Billerey
and Menares prove a similar but weaker result to our main theorem in [BM]. In this
paper they prove a formula for the constant term of the Eisenstein series at any cusp
but one character is taken to be trivial. In this thesis we generalise this argument to
the case where both characters can be non-trivial. They later proved the same constant
term formula in [BM2] using a different method to the one in this thesis.

Once we have dealt with the case of weight £ > 2 we move onto the more exotic case
of weight 1. A lot of standard results about modular forms fail to hold in the case
of weight 1. For example, there are no longer formulas for the dimensions of spaces
of modular forms of a particular level. Also the usual Riemann-Roch theory fails and
therefore we cannot apply the Deligne-Serre lemma in the same way that we will for
weights & > 2. This forces a different approach. The one we will take is via Galois
representations and class field theory. The results given in this section will be very
similar to those of higher weight, however there will be certain restrictions.

One of the main results that we will rely on in this thesis is the case of Serre’s modularity
conjecture proven by Khare and Wintenberger. This result tells us how, given an odd,
irreducible two-dimensional complex linear representation of Gal(Q/Q), we have an
associated weight 1 cusp form. We note that, although we use this approach, the f
that we will construct is an explicit theta series. Such series are known to be modular
forms and so we actually didn’t need the result of Khare and Wintenberger. Our
main task will be to try to cook up a particular two-dimensional representation whose
associated cusp form satisfies a congruence with a weight 1 Eisenstein series. In the
case of weight 1 this basically boils down to the Hecke eigenvalue at g of the cusp form
f being congruent to a sum of character values 1(q) and ¢(¢) modulo some A. It turns
out that ¢ and ¢ must be related to the character associated to an imaginary quadratic
field K. The results are separated into three theorems. Firstly we consider the case
where one character is trivial since this turns out to be more straightforward whilst
also laying out most of the groundwork for the more general result. We then look at
the general case where both characters could be non-trivial. This case is similar but we
make an adjustment in the method. This adjustment will have the effect of increasing
the level of the cusp form by the conductor of a particular character. We will then go
on to prove a theorem stating that these are the only such local origin congruences in
the case of weight 1. This will involve carefully considering the remaining cases and
showing that any possible congruence actually leads to a contradiction.

In order to produce the two-dimensional representation required to prove our theorems,
we will induce a one-dimensional representation of Gal(Q/K). We note that one way
we could get the desired congruence (in the case where one character is trivial) is by
inducing the trivial representation. This would give a representation with trace 1+n(q)



when evaluated at a Frobenius element at g. Note that this is exactly what we want
on the right hand side of the congruence. This however would give a reducible two-
dimensional representation and we therefore would not be able to utilise the result of
Khare-Wintenberger. We will instead end up inducing a non-trivial ray class character
that is congruent to the trivial character modulo A. Note that this induction is actually
level raising for GL(1).

We then finish off the thesis by generalising this argument. By instead inducing a two-
dimensional representation we will obtain a Siegel paramodular newform. This will
then, via a chain of results, satisfy a congruence with a weight &£ cusp form of level N.
We will first consider the scalar valued case. The method will involve beginning with
a weight 2 classical cusp form of level N with associated Galois representation, p say,
of Gal(Q/Q). We then consider the restriction, that is we view it as a representation
of Gal(Q/K) where K is a real quadratic field. This is analogous to considering
the trivial representation in the weight 1 case. Likewise, because this is obtained by
restriction, inducing would give a reducible representation. We therefore replace this
with a congruent representation that is trivial modulo A. This representation will
then be induced to give a Siegel paramodular newform. If we instead consider this
process purely in terms of what is happening to the modular forms, we first begin with
a classical cusp form and take a base change to a Hilbert modular form. We then use
a level raising result proven by Taylor which is a generalisation of Ribet’s result for
classical forms. Finally we take a theta lift to get the Siegel paramodular newform. In
the case where we begin with a weight k& (k > 2) classical cusp form, we will actually
end up producing a vector valued Siegel modular form that satisfies a congruence. The
method is largely the same. When we raise the level of the Hilbert modular form
however, we can no longer use the same theta lifting result. At this stage we have to
generalise the argument.

Notice that these results involve a congruence between two cusp forms rather than a
cusp form and an Eisenstein series. Although this is quite different to the previous
results, and involves a lot of new material, we will in fact see quite a few similarities
between the two cases. For example we will see how the correct L-function to be
considering here is a symmetric square L-function. We will also see how there is an
analogue of the Euler factor in this case.

In each case that we consider, we will show that our results agree with the Bloch-Kato
conjecture. In particular we will look in detail at what the Bloch-Kato conjecture says
for the weight k > 2 case and the Siegel case. In the weight 1 case, although much of
the theory about modular forms is more difficult, the Bloch-Kato conjecture is actually
more straightforward. The Bloch-Kato conjecture is a far-reaching generalisation of
results such as the analytic class number formula and the Birch and Swinnerton-Dyer
conjecture. The Bloch-Kato conjecture gives us information about values at integer
points of L-functions associated to motives. In this thesis we won’t consider the full
generality of the conjecture, in particular, we will not cover material on motives. In the
case of our main theorem, it will involve Dirichlet L-functions and in the Siegel case,
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as mentioned, it will involve symmetric square L-functions. The conjecture relates
divisibility of certain L-values to divisibility of the order of certain Bloch-Kato Selmer
groups. The existence of congruences such as the ones in this thesis allow us to construct
non-trivial elements in these Bloch-Kato Selmer groups (or Tate-Shafarevich groups).
In general this is quite interesting since not much is known about these groups. We
note that the conjecture is known in the case of Dirichlet L-functions; it was proven
by Huber and Kings.

Chapter 1 contains an overview of the theory of classical (elliptic) modular forms.
Here we will see definitions of all the necessary objects including: Eisenstein series,
cusp forms, Hecke operators, congruence subgroups, etc.

Chapter 2 contains a brief overview of (global) class field theory. We begin with a brief
recap of the basics from algebraic number theory that are required. We then move
on to discuss inertia groups, decomposition subgroups and Frobenius elements. We
then state the main theorems of global class field theory: Artin Reciprocity and the
Existence Theorem. We finish off with a discussion of ray class fields and the Hilbert
class field as this will be essential in the work on weight 1.

Chapter 3 contains the work on local origin congruences for weights k > 2. As pre-
viously mentioned the main bulk of work in this section is proving a formula for the
constant term of an Eisenstein series at any cusp. The method used is an adaptation of
the method used to prove a simpler case in [BM]. Although Billerey and Menares later
generalised the result in [BM2], they use a different method of proof to the one we use.
They also go a little further and show that the formula holds in the case of weight 2.
A discussion of this work is included. We then move on to prove the main theorem for
weights k > 2. A discussion of Katz modular forms is required for this. The section is
finished off with a comparison with the Bloch-Kato formula for a partial L-value.

Chapter 4 contains the weight 1 case. We begin by stating a simplified result whose
proof will lay the groundwork for a generalisation. This simplified result is also most
analogous to the higher weight case. We also state the generalised version of this result
along with a statement that there are no other such congruences for weight 1. We then
move onto background material on Galois representations and the modularity results
necessary to link these representations with modular forms. We next discuss results
on dihedral representations as these are the ones that lead to a congruence. Once we
have all the necessary results we discuss comparisons with the higher weight case while
proving various different cases of the simplified theorem. We then give a sketch proof of
the generalised theorem pointing out the minor differences in the proof. We finish the
chapter by discussing the remaining classes of projective representations. We use Schur
covers to instead consider linear representations and then show that these could not be
reducible modulo p for any p. Hence there are no other possibilities for a congruence.

Chapter 5 contains the generalisation of the method used in the weight 1 case. We
begin with background material on Hilbert modular forms and Siegel modular forms.
We then discuss base change from a classical weight 2 cusp form to a Hilbert modular
form of parallel weight 2 over a real quadratic field K. This section involves a result
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about the level of such a base change along with a conjecture about a certain case. We
then discuss level raising congruences in both the classical case, as studied by Ribet,
and the Hilbert case, as studied by Taylor. Next we discuss a theta lifting result of
Johnson-Leung and Roberts that can be used to lift a Hilbert modular form to a Siegel
paramodular newform. We then show that each of these results can be combined to
give the existence of a congruence between a classical cusp form of weight 2 and a
Siegel paramodular newform of weight 2. We also give an example using this method.
We compare this with the Bloch-Kato conjecture in a similar way as in chapter 3.
After this we consider the symmetric square L-function and show that in fact you can
consider an Euler factor of this L-function in the same way as in chapter 3. That is,
a prime dividing the Euler factor should give the modulus of a congruence. We also
give an alternate argument for constructing a non-zero element in a Bloch-Kato Selmer
group. This argument is similar to ones used in the theory of Galois deformations.
Finally, to close out the chapter, we generalise the method to obtain a congruence
between a weight k classical cusp form and a vector valued Siegel modular form. This
involves introducing background material on L-parameters and L-packets along with
the notion of a limit of discrete series representation. We then make use of the Satake
isomorphism and Satake parameters in order to determine the Hecke eigenvalues of our
Siegel modular form.
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Chapter 1

Classical Modular Forms

In this section we will see an overview of the results we will need from the theory
of classical (elliptic) modular forms. We will see various definitions, examples and
important results along the way. Many standard references will be used with [DiSh]
being a primary source.

Although modular forms are objects belonging to the world of analysis, they still have
significant uses in number theory. They are functions, defined on the upper half plane
H, which are “almost” invariant under an action by the matrix group SLg(Z) and
satisfy certain holomorphy conditions. By studying modular forms we can often find
identities and congruences of number theoretical significance. They also played a part
in the proof of Fermat’s Last Theorem as there is a connection between elliptic curves
and modular forms (The Modularity Theorem). We will briefly mention some of the
links between modular forms and Elliptic curves but this is not a primary focus. There
are many different types of modular form, such as Hilbert modular forms, Maass forms,
Siegel modular forms and automorphic forms, but here we will only be concerned with
classical modular forms. For more details on Hilbert modular forms see Section and
for details on Siegel modular forms see Section [5.2]

§1.1 First Definitions and Examples

Recall H = {a +ib € C|b > 0}, the upper half plane. We may define an action by
SLo(R) on H. Take 7 € H and v = < CCL Z ) € SLo(R). The matrix v then acts on
7 by a fractional linear transformation

a b at+b
<c d>(7—)_CT+d’ TEMH.

Lemma 1.1.1. The group SLa(R) = {A € Ma(R) |det(A) = 1} acts transitively on
the upper half plane H.



Proof. We consider the orbit of the element i € H. We will show that ¢ has full

-1
b 0
orbit. Let 7 = a + bi. Let'y:<(1) iL)(\O[ \/61):<? a\\//Bgl >.Then

(i) = 7‘/&%_\/1571 =a+bi=rT. O

Suppose we try to consider functions invariant under this action. So we are after
functions f : H — C such that f(yz) = f(z) for all v € SLo(R). The transitivity of
this action tells us that the only such functions are the constant functions. In order to
obtain results of number theoretical importance it makes sense to instead restrict to
an action by the so called modular group, a subgroup of SLs(R). The modular group
is the group of 2 x 2 matrices with integer entries and determinant 1,

SLy(Z) = {( ‘C” Z) :a,b,c,dEZ,ad—bc:l}.

This group is generated by the matrices

(01) = (V75)

We will see shortly that these matrices give some important properties that a modular
form must satisfy. Now that we have an action on the upper half plane H, it makes
sense to ask what it means to be modular.

Definition 1.1.2. Let k£ be an integer. A meromorphic function f: H — C is weakly
modular of weight k if

PO = e+ o o= (80 ) esla@ ad rer ()

Notice that we are no longer asking for invariance but are only interested in invariance
up to a factor of (cr + d)¥. Note that weak modularity of weight 0 is exactly SLa(Z)
invariance. We will not be interested in the theory of weakly modular functions (those
invariant under the action of SLo(Z)) but we make a brief remark about the history of
these functions. The first example of a weakly modular function arose in the theory of
elliptic curves. Recall that an elliptic curve over a field K is a non-singular projective
curve E/K of genus 1 over K together with a point O € F(K).

Suppose K C C. Then E(C) is a Lie group and has the structure of a torus, i.e., there
is an isomorphism of Lie groups E(C) = C/A for some lattice A. The details of this
can be found in chapter 6 of Silverman [Sil]. It is well known that the isomorphism
classes of elliptic curves are determined by the j-invariant of the curve. Suppose we
have a curve with A = Z @ 2Z = (1,z). If we define j(z) to be the j-invariant of
the curve then it turns out that j(z) is actually a weakly modular function. This
shows that there are non-trivial examples of weakly modular functions, however this is
actually the only interesting one.
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Theorem 1.1.3. The C-algebra of weakly modular functions is isomorphic to C(j).

A proof of this result is given on page 73 of [DiSh].

We therefore look for functions which are weakly modular of weight £ > 0. We may
consider the action of —I where I is the identity matrix. Letting v = —I in
we see that f(7) = (—1)¥f(7), showing that there are no weakly modular functions of
odd weight except the zero function. By considering the action of the generators of the
modular group we obtain two properties that any weakly modular function for SLo(Z)
must satisfy. We have

<(1) 1)(7’)27—1-1 and <(1) 7]1)(7):—1/7,

fr+1)=f(r) and f(=1/7)=7"f(7).

The first of these conditions tells us that f is Z-periodic. If in addition we know that
f is holomorphic on H and also at co, it follows that f must have a Fourier expansion.
This expansion, often referred to as the g-expansion, is given by

so in particular

@) =) an(f)d", g=€"".
n=0

Before giving the full definition of a modular form we introduce some standard notation
that will become useful later.

Definition 1.1.4. For « € SLy(Z) define the factor of automorphy j(v,7) € C for
7 € H to be j(v,7) = et +d. For v € SLy(Z) and any integer k define the weight-k
slash operator [y], on functions f:H — C by

(flk) =i Ff((r), TeH.
Remark 1.1.5. The condition of being weakly modular can now be written as f[y]x = f.

We are now ready to give the full definition of a modular form.

Definition 1.1.6. Let k be an integer. A function f:H — C is a modular form of
weight k if

(1) f is holomorphic on #,
(2) f is weakly modular of weight k,

(3) f is holomorphic at oo.

The set of modular forms of weight & is denoted by Mj(SL2(Z)). Note that being
holomorphic at oo means that limpy, -y, f(7) exists and is finite.



The first thing we might ask about this definition is whether such a thing even exists.
Note that the j-invariant is not a modular form of weight 0 as it is not holomorphic
at oo; it has a simple pole there (it has g-expansion j(z) = % + 744 + 196884q +
21493760q% + 864299970¢> + 20245856356¢* + ... ). In fact the condition of being a
modular form of weight 0 is so nice that there are no interesting examples.

Corollary 1.1.7. The C-algebra of modular forms of weight 0 is isomorphic to C,
i.e., the only modular forms of weight 0 are the constant functions.

We may also exclude a number of possible weights at this point.

Lemma 1.1.8. If k <0 or k is odd then we have M} (SLa(Z)) = {0}.

Proof. 1t is clear that if kK < 0 then f would not be a holomorphic function. We also
know that since —I € SLy(Z) the function f would have to satisfy f(r) = (—1)*f(7).
Hence k cannot be odd. O

Fortunately there are many examples of modular forms; those functions which are only
invariant up to a factor of (c¢7 + d)* and satisfy the necessary holomorphy conditions.
The simplest of these is the Eisenstein series.

Definition 1.1.9. Let £ > 2 be an even integer and define the Fisenstein series of
weight k to be

1
Gr(r)= Y CEvia TEH.
c,d€Z

(c,d)#(0,0)

Notice that this is a 2-dimensional analogue of the Riemann zeta function ((k) =
Yoo 1/ n¥. Tt is fairly easy to show that this series satisfies the necessary conditions
to be a modular form and that its ¢-expansion is given by

i)k
Gr(1) = 2¢(k) + 2 f_ )1)! nzlakl(n)q"

(

where the coefficient oj_1(n) is the power divisor function

or—1(n) = Z mFT

mln
m>0

The details of this can be found on pages 4-5 of [DiSh].

Notice that the coefficients of this g-expansion contain many things of number theoretic
interest. This occurrence is not isolated, there are many examples of modular forms
with interesting information contained in the Fourier coefficients.
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This g-expansion motivates the following normalised Eisenstein series

By () = Gr(7)/2¢().

We may do this since ((k) # 0 for k& > 2. This normalised Eisenstein series has the
following simpler looking ¢-expansion:

2k
Bi(r) =1— 5> ora(n)g",
n=1
where By, is the k-th Bernoulli number. Here we have used the fact that for even k,

(=1)2+1By(2m)"
2(k!)

(k) =

Notice how we have been avoiding the case of k = 2. The reason for this is that
although we can define the same series when k = 2, it doesn’t transform in the correct
way to be a modular form. In particular, the series is not absolutely convergent. We
can however organise the terms in a specific way in order to get conditional convergence.

If we consider the sum .
Caor) =2 2 (er + d)?2
c€Z deT),

where Z! = Z/{0} if ¢ = 0 and Z, = Z otherwise. This series does converge con-
ditionally and the terms are organised in such a way that we still obtain the same
g-expansion, i.e.,

Ga(r) = 20(2) = 872" o(n)a", g = ¥, o(n) = 3 d.
n=1 dln
a>0

The problem now however, is that the conditional convergence prevents this series from
being weakly modular. It can be shown (through a non-trivial calculation) that

(Gabla)(r) = Ga(r) = 22 fory = (£ ) ) €81a@)

This can be corrected, but it again comes with a drawback. The function Ga(1) —
7m/Im(7) is weight-2 invariant under SLo(Z) but it is not holomorphic. It is clear that
the case of weight 2 is not an easy one to deal with and there are many obstacles to
overcome. We will see later that in the case of level N, we can use methods simi-
lar to these in order to obtain a weight 2 Eisenstein series. This will be covered in

Section [L4.3l

These Eisenstein series allow us to obtain many different relations between power divisor
sums that would be very difficult to deduce using another method. Before we see an
example of this we need to know more about the structure of the space My(SLa(Z)).



This space forms a vector space over C, so addition and scalar multiplication is well-
defined. Further we can actually multiply two modular forms and get another, this
means that the set of all modular forms, denoted M (SL3(Z)) = ®2 Mi(SL2(Z)), is
a structure known as a graded algebra. Essentially if we have f € My (SLa(Z)) and
g € M;(SL2(Z)) then fg € My, ;(SLa(Z)). This is important because it allows us to
create new modular forms from ones we already know. In fact it turns out that the
only modular forms we really need to know are £, and FEg.

Theorem 1.1.10. There exists an isomorphism of C-algebras:
M (SLy(Z)) = C[Ey, Eg).

In particular:

M(SL2(Z)) = €P CE{EE.
4a+6b=k

There is also an important subspace within M} (SL2(Z)).

Definition 1.1.11. A cusp form of weight k is a modular form of weight k whose
Fourier expansion has leading coefficient ag = 0, i.e.,

[e's)

n 2miT

= E anq , q=E¢€ .
n=1

The set of cusp forms is denoted Si(SLa(Z)) and is a subspace of My (SLo(Z)).

By Theorem [1.1.10| we see that each of the spaces My(SL2(Z)) has a basis. In fact this
basis is finite (non-obvious) and we have formulas for the dimension when k > 2 is an
even integer:

ifk#2 (mod 12)

L13) +
dim(My(SL2(Z))) = Ly if k=2 (mod 12)

I

Let us consider the space Mg(SL2(Z)). By the dimension formulas we see that this
space is 1-dimensional. If we consider E% and Fg, these are both modular forms of
weight 8. This means they must be linearly dependent but since they both have ag =1
they must actually be equal. So

[e%¢] 2 00
(1 + 240 Z a;:,(n)q") =1+ 480 Z or(n)g"

n=1 n=1

Equating coefficients of ¢" on both sides gives the identity

o7(n) = +120203 m)os(n —m), n>1.
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Here we see that we have something entirely number theoretical arising from an object
belonging to the world of complex analysis. There are many more examples of identi-
ties such as this, arising in a similar manner. We can also obtain various interesting
congruences including the famous Ramanujan 691 congruence:

7(n) = o11(n) (mod 691),

where 7(n) is the Ramanujan tau function, whose values are the coefficients of the
weight 12 cusp form

A(z) =q (1 =gm*
n=1

This function is known as the discriminant function and has important connections
with elliptic curves. Ramanujan conjectured that the 7 function should satisfy certain
properties, including:

T(mn) = 7(m)7(n) if m,n are coprime
(p") = 7(p)T(p" ) — pir(p"2) for any prime p and integer r > 2.
This conjecture was correct and was originally proved by Mordell. This result can also

be proved using the theory of Hecke operators. We will look at the Hecke operators
later in Section [L5

§1.2 Congruence Subgroups

We can extend our study of modular forms to those with SL(Z) replaced by a con-
gruence subgroup.

Definition 1.2.1. Let N be a positive integer. The principal congruence subgroup of
level N is

FUW:{(Z 2>€SL2(Z):<Z 2):<é ‘1)) (modN)}.

We can extend this definition to a general congruence subgroup.

Definition 1.2.2. A subgroup I' of SLy(Z) is a congruence subgroup if I'(N) C T' for
some N € Z*, in which case I' is a congruence subgroup of level N .

If we consider the map SLo(Z) — SL2(Z/NZ) it is clear that the kernel of this map is
exactly I'(IV) since this is exactly the definition of the matrices in I'(N). Hence it is
clear that I'(N) is a normal subgroup of SLy(Z) and that it has finite index. We have
[SL2(Z) : T'(N)] = |SL2(Z/NZ)| by the first isomorphism theorem. Since we know
|SL2(Z/NZ)| we have

sta(z) st = M T (1- ).

p|N



where the product is over all prime divisors of N. From this it follows that every
congruence subgroup has finite index in SLy(Z).

Although there are many different congruence subgroups that we could work with, there
are two standard congruence subgroups that are of particular interest in the theory of
modular forms. These congruence subgroups are as follows:

FO(N):{<CCL Z)eSM(Z):(Z Z)z((’; :) (modN)}

Wy

(where “x” means “unspecified”) and

Fl(N):{<Z Z)eSM(Z):(Z Z)z(é ’{) (modN)}.

These congruence subgroups satisfy the following inclusions:

I'(N) C I1(N) C To(N) C SLy(Z).

Now consider the map

a b

I'y(N) > Z/NZ, ( o > b (mod N).

It is clear that this map is a surjection since the upper right entry of a matrix in I'; (V)
is arbitrary. It is also clear, by considering the above inclusions, that it has kernel
['(N). Hence T'(N) is normal in T';(N) and we have [['1(N) : T(N)] = N. It follows
that

SLa(Z) : T (V)] = N2 ] | <1 _ ;) ,

p|N

[SLa(Z) : T(N)]

S12(2) : i (V)] = =0T o

Now consider the map

a b

To(N) — (Z/NZ)*, <C d>ﬁ>d (mod N).

We see that it is a surjection by a similar argument to the previous case. Also it is clear
that the kernel is I'1(/V) as we need the lower right entry to be 1 (mod N). Hence
I'1(N) is normal in I'g(N) and we have [['o(N) : T'1(N)] = ¢(N), where ¢ is the Euler
totient function. This is a little less straightforward; for details see page 14 of [DiSh].
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Using the same argument as before we have

[SLa(Z) : T1(N)]
[To(N) : T1(N)]

_ NQHP\N (1_1%>

[SL2(Z) : To(N)] =

Note that I'(1) = I'g(1) = I'1(1) = SL2(Z) and so level 1 modular forms are exactly
those we have considered.

1 1 .
01 )2 particular congruence subgroup
may not contain this matrix. Therefore a modular form for a congruence subgroup I'
is no longer necessarily Z-periodic. Instead, any congruence subgroup I' contains a

translation matrix of the form
1 h
( 0 1 > T T+h

for some minimal h € Z*. This follows because I' contains I'(N) for some N, but
h may properly divide N. Every function f : H — C that is weakly modular with
respect to I' is therefore hZ periodic. If f is holomorphic on H and at oo it therefore
has a g-expansion given by

Although SL9(Z) contains the matrix

(o)
) =" angy, qn = ™M,

n=0

Since congruence subgroups are smaller than SLo(Z) it is easier for a function f : H —
C to satisfy the transformation property and therefore you would expect more modular
forms to be in the vector space My(I'). Note that My (") is standard notation to be



10

introduced in definition The first thing we might ask is whether these spaces are
still finite. Fortunately this is still the case and we do in general still have formulas
for the dimensions of these spaces. This is covered in detail in Sections 3.5 and 3.6
of [DiSh]. In order to keep these vector spaces finite-dimensional, we might expect
to have to impose more strict conditions for a function f : H — C to be a modular
form. In fact, modular forms for congruence subgroups need to be holomorphic not
only on H but at all cusps. In other words we no longer only have holomorphy at oo
as a condition; there are other points that the function must be holomorphic at. These
points are known as the cusps. The idea now is to adjoin not only oo to H but also Q.
We therefore define the extended upper half plane to be H* = HUQU {oco}. We then
consider the I'-equivalence classes of points in Q U {co} C H*. Such an equivalence
class is called a cusp. Note that when I' = SLo(Z), there is only a single equivalence
class (represented by oo) and so this is well-defined. We will briefly discuss cusps in
the next section when we talk about modular curves. For a more thorough description
of cusps, see chapter 2 of [DiSh]. If we write any cusp s € QU {oo} as s = a(o0) for
some « € ', holomorphy at s is naturally defined in terms of holomorphy at oo via
the [a]x operator. Note that s here is simply a representative for the equivalence class
of s under the action of T.

Before moving on to define a modular form for the congruence subgroup I' we will
briefly discuss the action of a congruence subgroup on H*. We already know how
SL2(Z) acts on H (by fractional linear transformations) and similarly any congruence
subgroup I' acts in the same way. The question we might ask is how SLy(Z) or any
congruence subgroup I' acts on Q U {oo}. We can consider Q U {oo} as P}(Q), the
projective line with rational coordinates. We call P}(Q) the set of (rational) cusps. It
turns out that this view allows us to extend our definition and we may use the usual
formula. In other words, a congruence subgroup I' acts on H* in the same way as it
acts on H. As we mentioned, there is only a single cusp in the case I' = SLy(Z). We
have the following result of which the proof may illuminate the situation.

Lemma 1.2.3. SLy(Z) acts transitively on the set of cusps. In particular, oo is a
representative of the single I'-equivalence class of cusps.

Proof. Write any given rational number as a/c with a, ¢ coprime. We may use Euclid’s

algorithm to complete a and ¢ to a matrix v = ( CCL Z > € SLy(Z). Then

Y(o0) = %

This follows by considering the projective coordinates of co. We have

o= (2 a) o] =[]
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We now define weakly modular of weight k with respect to I' to mean meromorphic
and weight-k invariant under I', that is, a meromorphic function f on H is weakly
modular of weight k if

fIvlk=f forallyeTl.

The definition of a modular form with respect to a congruence subgroup is now very
similar to that of a modular form for SLy(Z) but we have the extra cusps to consider.

Definition 1.2.4. Let I" be a congruence subgroup of SLy(Z) and let k& be an integer.
A function f:H — C is a modular form of weight k with respect to I" if

(1) f is holomorphic,
(2) f is weight-k invariant under T',
(3) fla]k is holomorphic at oo for all « € SLy(Z).

If in addition,
(4) ag = 0 in the Fourier expansion of f[a]; for all o € SLo(Z),

then f is a cusp form of weight k with respect to I'. The modular forms of weight &
with respect to I' are denoted My(T"), the cusp forms Si(T').

We also note that whenever I'y C I'y we have My(I's) C M(T';1). In other words
any modular form for the larger congruence subgroup is also a modular form for the
smaller congruence subgroup. However there could be modular forms for the smaller
congruence subgroup that are not modular forms for the larger congruence subgroup.
This gives us the notion of oldforms and newforms. We will see more about these later
when we discuss Hecke operators.

Since the easiest example of a modular form at level 1 was that of an Eisenstein series,
we might wonder whether there is a generalisation to level N. By the above, it is
clear that any modular form for SLa(Z) is also a modular form for I'(/V) (or any other
congruence subgroup I'). Hence the level 1 Eisenstein series “is” a level N Eisenstein
series. As you may have guessed from the suggestive notation, this is regarded as an
oldform. So the question is whether there is anything genuinely new at level N, i.e., are
there any newforms? There is a generalisation, only the definition is somewhat more
complicated. Before giving the details of this, we will take a brief detour and discuss
modular curves.

§1.3 Modular Curves

Given a congruence subgroup I' of SLa(Z) we can form a quotient known as a modular
curve. A modular curve is defined as the quotient space of orbits under I",

YI)=DI\H={r:7€H}



12

The modular curves for I'g(N), I'1(V), and T'(IV) are denoted

Yo(N) =To(N)\H, Yi(N)=T1(N\H, Y(N)=T(N)\H.

These modular curves are in fact Riemann surfaces but they are not compact. The
problem is the cusps that we mentioned in the previous section. We can however
compactify the curves by adding the cusps. We then obtain compact Riemann surfaces.
So we now have a quotient of the extended upper half plane H*. Recall that this was
defined as HU QU {oo}. This quotient is defined by X (I') = I'\H*. We have similar
definitions as before for each of the congruence subgroups:

Xo(N) =To(N)\H*, Xi1(N)=T1(N)\H*, X(N)=T(N)\H"

In order to understand these modular curves it is necessary to understand the orbits
{I'r : 7 € H}. It is therefore necessary to introduce the notion of a fundamental domain
for the congruence subgroup I'. This is essentially a region of the upper half plane for
which any point in H can be identified with one inside the region. In other words, there
is some v € I' such that v = ™ with 7, 7% € H and o € D where D represents
a fundamental domain. Also the only points within the domain to be identified with
each other lie on the boundary of the domain.

The simplest example of a fundamental domain comes in the case when I' = SLo(Z).
In this case we have

D={reH:[Re(r)| <1/2, |7] >1}.

If we consider the modular curve Y (1) = SLy(Z)\H and a map from D to this curve
we have the following result.

Lemma 1.3.1. The map 7 : D — Y (1) surjects, where 7 is the natural projection
(1) = SLa(Z)T.

Proof. See page 53 of [DiShl. O

We know that this map cannot be injective since we have some identifications at the
boundary of D. However, as we previously mentioned, these are the only identifications.

Lemma 1.3.2. Suppose 1 and 1o are distinct points in D and that 7o = 11 for some
v € SLa(Z). Then either

(1) Re(m) ==£1/2 and o =11 F 1, or

(2) |1l =1 and o = —1/71.

Proof. See pages 53-54 of [DiSh]. O



CHAPTER 1. CLASSICAL MODULAR FORMS 13

If we map the fundamental domain D of SLo(Z) via stereographic projection to the
Riemann sphere this gives a triangle with a single vertex missing. This vertex is pre-
cisely the “cusp” at oco. It becomes clear looking at this that adding in this single cusp
will make the curve compact. In general, for a congruence subgroup I', there will be a
number of cusps like this that need to be added to make the curve compact. In fact,
this process will always be possible since the number of such cusps is always finite.

Lemma 1.3.3. The modular curve X (1) = SLa(Z)\H* has one cusp. For any con-
gruence subgroup T' of SLa(Z) the modular curve X (T') has finitely many cusps.

Proof. This proof was left as Exercise 2.4.1 in [DiSh|. We have proved the first part
of the statement in Lemma By the previous section we know that a congruence
subgroup I' has finite index in SLy(Z). In other words SLa(Z) is a finite union of
cosets with U?Zlffyj = SL9(Z). If there were infinitely many cusps, then there would
be infinitely many elements of QU {oco} not in the same coset. This is a contradiction.
So there are finitely many cusps. O

This fact will be very useful in our later work as it will be necessary to know the
constant term of a particular Eisenstein series at each cusp. If there were infinitely
many cusps then the method we use would not be possible. For those interested in the
finer details of modular curves, see chapter 2 of [DiSh].

§1.4 Level N Eisenstein Series

Here we only give a detailed description of the Eisenstein series for I'g(/N) and I'1 (V).
Although we give the definition of an Eisenstein series for I'(N) we will not look too
deeply at the Fourier expansion (or the relevant proofs). The reason for this is that we
simply need the Eisenstein series for I'(NV) as a building block for the Eisenstein series
we will be interested in. For those interested in seeing more about the Eisenstein series
for T'(N), see Section 4.2 of [DiSh|. We can in fact view the space of Eisenstein series
as a quotient of the full space of modular forms. For a congruence subgroup I' and any
integer k, we define the weight k FEisenstein space of I' to be the quotient space of the
modular forms by the cusp forms,

Er(T) = Mp(I)/S(T).

We will see later that this space can actually be redefined as a subspace of M (T")
complementary to Si(I"). That is, the space of modular forms is made up precisely of
Eisenstein series and cusp forms.

In order to define level N Eisenstein series we will need to consider modular forms with
character. We therefore introduce the necessary character theory in order to do this.
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1.4.1 DIRICHLET CHARACTERS, GAUSS SUMS, AND EIGENSPACES

In order to ease notation, let G denote the multiplicative group (Z/NZ)* for any
positive integer N .

Definition 1.4.1. A Dirichlet character modulo N is a homomorphism of multiplica-
tive groups,
x: Gy — C.

Recall that |G| = ¢(N) where ¢ is the Euler totient function. Given any two Dirichlet
characters x and v modulo NN, we can consider the product character defined by
(x¥)(n) = x(n)y(n) for n € Gn. This is again a Dirichlet character modulo N. We
can also consider the set of Dirichlet characters modulo N; this forms a multiplicative
group known as the dual group of Gy, denoted G, whose identity is the trivial
character modulo N . This character simply maps every element to 1 and is usually
denoted by 1 or 1y if N needs to be emphasized. The values taken by a Dirichlet
character are roots of unity. This follows since Gy is a finite group. It therefore
follows that the inverse of such a character is simply the complex conjugate, defined by
X(n) = x(n) for every n € Gy.

It turns out that in fact there is a close link between these two groups.

Proposition 1.4.2. Let @N be the dual group of Gn. Then @N is isomorphic to
Gn . In particular, the number of Dirichlet characters modulo N is o(N).

This isomorphism is noncanonical and involves arbitrary choices of which elements map
to which characters. However we now know exactly how many Dirichlet characters there
are modulo N. We also have certain orthogonality relations that are satisfied. We have
_ [ eV)  ifx=1, _[eN) ifn=1,
ZX(")_{ 0 if \ # 1, ZX(”)_ 0 if n # 1.

neGn x€G

Another important operation we can do with Dirichlet characters is lifting to a larger
modulus. This will be something that we need to do in most of our main theorems.
Consider any positive integer N and suppose d|N. Every Dirichlet character y mod-
ulo d lifts to a Dirichlet character yny modulo N. This is simply defined by xn(n
(mod N)) = x(n (mod d)). In other words for each n € Gy you look at its reduction
n modulo d and then xx(n) is given the same value as is taken by x(7).

One might wonder whether it is possible to go the other way; from a Dirichlet character
modulo N to a Dirichlet character modulo d. This isn’t always possible and so we
assign a value to each character called the conductor. This is the smallest positive
divisor such that a Dirichlet character modulo N factors through a character of smaller
modulus.

We know that (Z/NZ)* is the invertible elements of (Z/NZ) and that a Dirichlet
character can be defined as a function on this group. We might wonder if we can
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extend the definition to include the non-invertible elements as well. That is, can we
extend to a function x : Z/NZ — C? The answer is yes: we simply set x(n) = 0 for all
non-invertible elements n € Z/NZ. This can then be extended further to the whole of
the integers. We can let x : Z — C by given by x(n) = x(n (mod N)) for all n € Z.
It is then clear that for any n with ged(n, N) > 1, we have x(n (mod N)) = x(0) = 0.
Although this function is no longer a homomorphism, it is completely multiplicative,
ie., x(nm) = x(n)x(m) for all n,m.

We may now modify the orthogonality relations slightly. If we sum over n =0 to N —1
in the first relation and take n € Z in the second we get

N-1
B (N) if x =1, B (N) ifn=1 (mod N),
ZX(”)—{(PO if§¢1, ZX(")—{wo itn#1 (mod N).

X€GN

We are now in a position to define a Gauss sum. The Gauss sum of a Dirichlet character
x modulo N is the complex number

N-1
900 =Y x(n)uf,  py =N,
n=0
If x is primitive modulo N then for any integer m,
N—-1
D xR = x(m)g(x)-
n=0

It therefore follows that the Gauss sum of a primitive character is non-zero. In fact the
square of the absolute value works out to be N, the details of which are on page 118
of [DiSh]. Gauss sums will appear at several points throughout this thesis, particularly
when we calculate the constant term of the Eisenstein series at other cusps.

We finish with a remark about the distribution of certain types of Dirichlet character.

Definition 1.4.3. Let y be a Dirichlet character modulo N. If y(—1) = 1, we say
that x is an even Dirichlet character. If x(—1) = —1 we say that x is odd.

Lemma 1.4.4. Let N be a positive integer. If N =1 or N =2 then every Dirichlet
character x modulo N is even. If N > 2 then the number of Dirichlet characters
modulo N is even, half of them being even, the other half being odd.

Proof. See page 118 of [DiSh]. O

The reason we are interested in Dirichlet characters, and in particular modular forms
with character, is because they decompose the space My (I'1(/V)) into a direct sum
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of subspaces. For a Dirichlet character x modulo N we define the y-eigenspace of
M (T1(N)),

My(N,x) = {f € Mp(T'1(N)) : flvlk = x(dy)f forall ~€To(N)},

where d, denotes the lower right entry of 7. The eigenspace corresponding to the trivial
character is My(I'o(NN)). That is M(N,1) = My(To(N)). Also the space M (N, x)
is just {0} unless x(—1) = (—1)¥. We then have

My(T1(N)) = €D My(N, ).

This result also holds for the cusp forms, and therefore also for the quotients (the space
of Eisenstein series) as well,

E(T1(N)) = D &V, x).
X

Consider the Riemann zeta function ((s) = > 7, # We could instead view this as

essentially ((s) = > 07, 172751) where 1(n) is the trivial Dirichlet character. We might
wonder what happens if we had a different Dirichlet character. This in fact gives us
what is known as the Dirichlet L-function. Given any Dirichlet character x modulo

N, there is an associated Dirichlet L -function,

Lo = 3 M T x)p) ™ Rels) > 1,
n=1 pEP

where P is the set of primes. This L-function extends to a meromorphic function
on the whole s-plane and the extension is entire unless the character is trivial. If
the character is trivial then as we discussed above, the L-function is essentially the
Riemann zeta function. The L-function satisfies a functional equation and its form
depends on the value of x(—1). If x(—1) =1, the functional equation is

1—s

7820 (g) NSL(s,y) = 7~ 4=9/2p ( ) g(X)L(1 = 5,%),

and when y(—1) = —1 it is

wreniep (251) N = im0 (257 0021 - s,

where I'(s) is the gamma function from complex analysis, defined by

I(s) = / e’tts%, s €C, Re(s) > 0.
t

=0
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1.4.2 LEVEL N EISENSTEIN SERIES WHEN k > 3

The definition of Eisenstein series for I'(/V) isn’t too far away from that of the Eisenstein
series for level 1. We now simply look at a sum over certain congruence classes rather
than over all integers. Let N be a positive integer and let ¥ € (Z/NZ)? be a row vector

of order N. Here the overline denotes reduction modulo N. Let § = [ Ca ; ] IS
v v

SLy(Z) with (cy,d,) a lift of T to Z%, and let k > 3 be an integer. Let ey be 1/2 if
N € {1,2} and 1 if N > 2. Define the weight k Eisenstein series for I'(N) by

E} (1) =en Z (er +d)7*.
(e,d)=v (mod N)
ged(e,d)=1

Note that if N = 1, then every pair of integers (¢,d) = v (mod 1). Hence this definition
reduces exactly to the level 1 (normalised) Eisenstein series when we set N = 1. We
also have the non-normalised series

am= 3 (et

(e,d)=v (mod N)

!/
where g means we sum over non-zero pairs (c,d).

We are now in a position to define the Eisenstein series for I'o(N) and T';(N). First
of all we note that vectors modulo N of the form v = (0,d) satisfy

(0,d)y = (0,dd,) for all v € T'o(N),

where d, is the lower right entry of v. If we take a sum over all d € (Z/NZ)*, this
gives a sum of Eisenstein series
> o

de(Z/NZ)x

lying in My (T'o(N)). We can also introduce a character modulo N into the sum to get
something in My (N, x), namely

_ 0,d
S x@G>?.
de(Z/NZ)>
This kind of process can be generalised to get a basis for the space of Eisenstein series

Given any two primitive Dirichlet characters ¥ modulo u and ¢ modulo v such that
wv = N and ¢p(—1) = (=1)* (note that the characters are both raised to level uwv
here so that the product makes sense), we can consider a linear combination of the
Eisenstein series for I'(V),

u—1lv—1u—1

Gre(r) =3 3 D v(@R(d)G T (7).

¢=0 d=0 e=0
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ay b,

If we take ~v = ( > € I'o(N), it is fairly easy to show that

Y dV
(GL2Iy]R) () = (V) (dy)GL# (7),

from which it follows that Gf’“"(T) € My(N,vp). The details of this are given on
page 127 of [DiSh]. The main thing that we will be interested in is what the Fourier
(—2mi)k

1)

expansion of this series looks like. To ease notation, let Cj =

Theorem 1.4.5. The Eisenstein series G;f"p takes the form

.
apo(r) = D9 o),

k

where E}f’“& has Fourier expansion
e .
EZ’QD(T) =6(P)L(1 =k, p) +2 Z Jg’_‘q(n)q", q= e,
n=1

Here 6(v) is 1 if ¥ = 11, and is 0 otherwise, and the generalised power sum in the
Fourier coefficient is
oy (n) = Y dln/m)p(m)m*.

mln
m>0

Proof. See pages 127-129 of [DiSh|. O

Now that we know what the Eisenstein series look like at level IV, we might be interested
in which Eisenstein series we need in order to form a basis. Recall that at level one
we simply needed FE4 and FEg. Given any positive integer N and any k > 3, let
An i be the set of triples (¢, ¢,t) with 1) and ¢ primitive Dirichlet characters modulo
u and v with p(—1) = (=1)*, and t a positive integer such that tuv|N. Then
|An | = dim(E(T'1(N))). For any triple (1, ¢, t) € Any define

EP9Nr) = EPF(tr).

Note that E{"#" € M (T'1(tuv)) and since tuv|N we have Ef#" € My(T1(N)). In
fact these Eisenstein series are enough to form a basis.

Theorem 1.4.6. Let N be a positive integer and let k > 3. The set
{EP": (,p,t) € Ana)

represents a basis of E,(L'1(N)). For any character x modulo N, the set

(B (Y, 0,1) € ANy Y = X}

represents a basis of Ex(N,x) .
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Note that as it stands the Eisenstein space is defined as a quotient and not as a subspace.
Hence at the moment this set only represents a basis. When we redefine the Eisenstein
space as a subspace, we will be able to take the span of these elements giving us a basis.
If we take our character x to be trivial this gives a basis for & (Ig(V)).

1.4.3 EISENSTEIN SERIES OF WEIGHT 2

Recall that the level 1 Eisenstein series had to be modified in the case of weight 2.
Since the level N Eisenstein series reduce to the level 1 Eisenstein series when we set
N =1, it is clear that we will also need to modify our level N Eisenstein series. In a
similar way to that of the level 1 Eisenstein series it isn’t too hard to obtain a series
that is weakly modular. It is slightly harder to obtain a series that is holomorphic.
Consider the following series:

= T

95(7—) - Gg(’r) — W’ v E (Z/NZ)2 Of order N

This series is weight-2 invariant with respect to I'(N) but the term _ﬁm(ﬂ obviously
causes the series to be non-holomorphic. One way of getting rid of this problem would
be to take a difference of two such series. Differences such as ggT — 97272 where wv;
and vy are cusps of I'(INV) are modular forms since they are holomorphic and weakly
modular and their Fourier coefficients are small enough. It follows that a basis for the
Eisenstein space &(I'(N)) is given by the linear combinations of these series such that

the coeflicients sum to zero.

Theorem 1.4.7.
E(L(N)) = {Z 593 : Z% = 0} ;
where the sums are taken over vectors v of order N in (Z/NZ)?.

For more details about this construction see Section 4.6 of [DiSh].

What about the Eisenstein series for I'1 (V) and its eigenspaces? Well it turns out that
in this case not much is different to the higher weight Eisenstein series. Let ¢ and ¢ be
Dirichlet characters modulo u and v respectively with uv = N and 9@(—1) = (—1)*
and ¢ primitive. Consider the sums

u—1lv—1u—1

Gy (r) =SSN w(E@p@Gs e (),

c=0 d=0 e=0

EY¥(r) = S L(~1.9) +23 o #(n)q", g = &7
n=1
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These are the same series as before with k = 2. If either of ¢ or ¢ is non-trivial then
the coefficients sum to 0 in G;p"p(r), and so we have

Cha(B
Gy° € (V. vg), GY(r) = U ey,

When both ¢ and ¢ are trivial no sum Gz1,,1,(7) is a modular form. However this

can be modified in a similar way to the level 1 weight 2 case. For any positive integer

t,

1
Go111,(7) = tG2,1,1, (17) = 575 G2,(7)

where G € Ma(T'o(t)) is the series given by Ga(7) — tGa(tT).

We can again ask which of these series are required for a basis. Let Ay be the set
of triples (¢, ¢, t) such that ¢ and ¢ are primitive Dirichlet characters modulo u and
v with ¥p(—1) = 1, and ¢ is an integer such that 1 < tuv|N. Note that the triple
(11,14,1) is excluded here. For any triple in Ay define

Ew’@’t(T) - E;/}"p(tT) unless ¥ = ¢ = 14,
2 Byt (r) —tEy M (i) ify = =1y,

Theorem 1.4.8. Let N be a positive integer. The set

{E;M)’t D, 0,t) € AN}

represents a basis of E2(I'1(N)). For any character x modulo N, the set

(EY9: (1, 0,1) € Ang, Yo = X}

represents a basis of Eo(N,Xx).

1.4.4 FEISENSTEIN SERIES OF WEIGHT 1 AND BERNOULLI NUMBERS

Now that we are working with Eisenstein series at level IV, we can actually consider
modular forms of weight 1. Although there were no modular forms of odd weight
at level 1, we already know there are modular forms of odd weight at level N. The
question is whether there are any modular forms of weight 1. In fact, there are. We
just have to be clever about the functions we use. If we tried to use the same Eisenstein
series as before with k = 1 we would immediately run into problems. At weight 2 we
only managed to get conditional convergence. At weight 1 there is no convergence at
all, no matter how we arrange the terms. We can however use a modified function such
that we obtain a modular form of weight 1 satisfying the properties that we would like
an Eisenstein series of weight 1 to satisfy. In particular, it lies in the correct vector
space and has a similar g-expansion to that of an Eisenstein series. In order to do this
we will first define a generalisation of the Bernoulli numbers. These will both be useful
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in defining the weight 1 Eisenstein series and will also appear in our later work. If we
consider the computation of power sums

19420+ 400 =n,
1
11+21+---+n1:§(n2+n),

1
12—1—22—1—"-—1—712:6(2n3+3n2+n),

ete,

then the Bernoulli numbers arise naturally. In order to study these, let n be a positive
integer and let the k-th power sum up to n — 1 be

n—1
Sk(n) = Z mF, ke N.
m=0
The power series with these sums as coefficients is their generating function
S(n,t) =) Se(n) 37
k=0

This can also be written as

et —1 ¢t
t et—1

S(n,t) =

The second term here is independent of n and actually contains the Bernoulli numbers.

We have
t ¢k
b —1 Z BkH’
k=0

where By, is the k-th Bernoulli number.

The k-th Bernoulli polynomial is defined by

Bi(X) = Zk: < I; > B; X",

J=0

These Bernoulli polynomials then have a generating function given by

tetX 0 tk‘
1 I;)Bk(X)k!‘

We can use this generating function to define a generalised Bernoulli number, a special
case of which involves Dirichlet characters.



22

Definition 1.4.9. Let x be a Dirichlet character modulo w. The generalised Bernoulli
numbers attached to x are defined by

u—1 teCt 00 tk
DX =D Bragy
c=0 k=0

Note that if x = 17, then By, = B;. We also note that there is an explicit formula
for the generalised Bernoulli numbers. We have

u—1

By = b1 Z x(¢)Bg(c/u).

c=0

Recall that there was a relation between the standard Bernoulli numbers and the Rie-
mann zeta function. This can be generalised to obtain a relation between the gener-
alised Bernoulli numbers and the L-function attached to the character y. We have the
following for all £ > 1:

By,

This will become extremely important in our later work as it will appear as the constant
term of an Eisenstein series whose Fourier coefficients satisfy a congruence.

We are now in a position to define the weight 1 Eisenstein series. Although we didn’t
go too deeply into the details of the weight 2 Eisenstein series we note that in fact the
Weierstrass p-function defines a weight 2 Eisenstein series. Recall that this function
arises in the theory of elliptic curves. In particular, every elliptic curve is a rational
linear combination of p and p’. These functions are associated to a lattice A. There
is another function, also related to a lattice A which leads naturally to series of weight
1. The function in question is the Weierstrass o -function

op(z) =2 H/ (1 - 5) ez/“”r%(z/”)z, z € C.

Taking the logarithmic derivative o’ /o gives the Weierstrass zeta function, denoted by
Z in order to avoid confusion with the Riemann zeta function,

Z(2) =%+ Z/<

weA

1 1 z
++2>,Z€C.
Z— W w w

This function has simple poles with residue 1 at the lattice points. It isn’t periodic
with respect to A, instead, since Z)\ = —p, is periodic, if A = wiZ @ woZ then the
quantities

Mm(A) = Za(z +wi1) — Za(2) and ma(A) = Zp(z + we) — Za(2)
are lattice constants such that

Zp(z + niwt + nowa) = Zx(2) + naim(A) + nama(A), n1,ng € Z.
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Under the normalising convention w; /we € H the lattice constants satisfy the Legendre
relation na2(A)w;—n1(A)we = 2mi. The second lattice constant appears in the g-product
expansion of o specialised to A = A,

et 27rzz n)(l _ —2miz n)

z ’TI'ZZ 77’('@2 € q
o (2) = ged R (e H (g2 |

where ¢ = e?™7 . The logarithmic derivative is therefore

271'12 n —2miz n >

1 _|_62mz e q
ZAT (z) = 772(AT)Z - 7T21 — e2miz — 2mi Z (1 _ esz n 1 — e—27rizqn

For any vector v € (Z/NZ)? of order N, the function of modular points

FY(C/A, (w1/N + A, wa/N+A))
7 <va1 + de2) comi (D) + dymz(A)
= A —_—

N N

is well-defined and degree-1 homogeneous with respect to I'(INV). The corresponding

function
5(7_) _ i CyT + dy G (AT) + dv772(A7—)
N =N \TN N2

is weakly modular of weight 1 with respect to I'(N). It can be shown (see page 139

of [DiSh]) that

T U cw 1
- S (&% ) 0<e, < N

Here the series G} is analogous to G} for k > 3. Since ¢} is holomorphic and weakly
modular with respect to I'(V) and its n-th Fourier coefficient grows as Cn, it is a
weight 1 modular form with respect to I'(IV).

We can extend this to I'1 (V) and T'g(/N) in a similar way as in the weight 2 case. Let
1 and ¢ be Dirichlet characters modulo v and v with uv = N and ¢ primitive and
(Yp)(—1) = —1. As before, consider the sums

) =3 33 wle)p(d)gl ) (),
EY#(r) = 8()L(0,%) + 6()L(0, ) +2 Z o (n

Notice the difference in the constant term of Eib’“p. The details of the calculation are
given on page 140 of [DiSh|. As before we get

GV? € Mi(N,pp), GV¥(r)= Clg( )EW ).
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Using the same techniques as the previous basis theorems we may obtain a basis for
the weight 1 Eisenstein subspace. There are however slight differences in this case. Let
An 1 be the set of triples ({1, ¢},t) such that ¢ and ¢, taken this time as an unordered
pair, are primitive Dirichlet characters modulo u and v satisfying the parity condition
(Yp)(—1) = —1, and ¢ is a positive integer such that tuv|N. Suppose such a triple
contained the same character ¢ twice. If ¢ was even then ¥(—1)¥(—1) = 1.1 = 1.
If 7 was odd then ¢ (—1)1)(—1) = (—1).(—1) = 1. Hence the parity condition shows
that An 1 contains no triples ({1, p},t) with the same character twice, so taking the
characters in unordered pairs means that Ay ; contains half as many elements as it
would otherwise, and we have [Ay 1| = dim(&(I'1(N)). Since the Fourier coefficients
of E;/’ ¥ are symmetric in v and ¢, the series depends on the two characters only as
an unordered pair, and it makes sense to define for each triple ({1, ¢},t) € An

B! (r) = E{*(tr).
Theorem 1.4.10. Let N be a positive integer. The set

(EPP! ({4, 0},1) € Ana}

represents a basis of E1(I'1(N)). For any character x modulo N, the set

{EVO": ({0, 0}, t) € An, Yo = X}

represents a basis of E1(N,x).

§1.5 Hecke Operators

The main aim of this section is to give a canonical basis for the space Si(I'1(V)).
One particularly useful way of learning more about the Fourier coefficients of modular
forms is by making use of Hecke operators. The idea is to create some linear operators
for which certain modular forms will be eigenforms and the Fourier coefficients will
be precisely the Hecke eigenvalues. This rather clever idea came about while trying
to prove various relations such as the Ramanujan congruence. In this section we will
describe the theory of Hecke operators.

1.5.1 THE DOUBLE COSET OPERATOR

First, we fix congruence subgroups I'; and I'y of SLg(Z). We can therefore view
these congruence subgroups as subgroups of GL;(Q), the group of 2-by-2 matrices
with positive determinant and rational entries. Our aim is to construct certain maps
between M (I'1) and Mg(T'2). That is we would like maps that turn modular forms
for I'; into modular forms for I's. We can do this by making use of a particular type
of coset. For any a € GL§ (Q), the set

I'al'y = {yiavy2 : y1 €1, 72 € T'a}
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is a double coset in GL3 (Q).

We can act on such a double coset by left multiplication by I'y. This action partitions
the double coset into orbits. These orbits have the form I'18 with representative
= y1ay2. Hence the orbit space I'1\I'y oI’z is a disjoint union |JI'15; for some choice
of representatives ;. This is a finite union, the proof of which can be found on page
164 of [DiSh].

Now that we are working with elements of GLJ (Q) it makes sense to extend our
definition of the weight-k slash operator. For any 8 € GLj (Q) and k € Z, the
weight-k [ operator on functions f : H — C is given by

(f1Bk)(r) = (detB)*15(B,7) " f(B(r)), T € H.
We may now use this extended operator to define the double coset operators.

Definition 1.5.1. For congruence subgroups I'y and I's of SLy(Z) and « € GLj (Q),
the weight-k I'ial's operator takes functions f € My(I'1) to

flT1als)y = Zf[ﬁj]k

where {§;} are orbit representatives, i.e., I'yal's = Uj I'1 8 is a disjoint union.

We might wonder what happens when we choose different representatives {f;}. In
fact, this is not an issue at all. The double coset operators are well-defined and are
independent of how the representatives {3;} are chosen. As mentioned briefly we want
maps that transform modular forms for I'; into modular forms for I'y. These maps
are exactly the right ones.

Theorem 1.5.2. For any o € GL] (Q), the weight-k double coset operator [['1al'sy
defines a linear map My(T'1) — Mp(T'2). This map induces a linear map Si(I'1) —
Sk(Ty).

Proof. A proof of this result is given on pages 165-166 of [DiSh]. O

There are a few interesting examples we can consider. Suppose that 'y D I's and
we take o = I. Here the double coset operator is f[['1al'e]p = f. This gives us the
natural inclusion of My(T'1) into M(T'2). Suppose instead that a~'T'ya = I'y. Then
the double coset operator is simply f[['1al's]x = flax, giving the natural translation
from My (T1) to My(T'2).

1.5.2 THE (d) AND T, OPERATORS

Suppose we take I'y = I's = I'. Then Theorem says we have an endomorphism of
M;(T"). This is the kind of map we will be most interested in. We will now introduce
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two operators on the space My(I'1(N)). Take I'y = T's = T'1(N), let a € T'p(N) and
consider the double coset operator [['1(N)al'1(N)]i. Recall that I'1(N) is normal in
['o(N). This followed by considering the map

To(N)/T1(N) =5 (Z/NZ)* where ( Z Z > —d (mod N).
Since I'1(N) <Tg(N), we have o !'T';(N)a = T'1(N) for all a € To(N). By the above
property, we have for each f € M (T'1(V)),
fIC1(N)al'1(N)]i = fladk, a € To(N),

again in My (I'1(N)). It follows that the group I'o(N) acts on My(I'1(N)), and since
the subgroup I'1(IN) acts trivially, its really an action of the quotient (Z/NZ)*. The

S

action of o = < . Z ) , determined by d (mod N) and denoted by (d), is

given by

(d)f = fla]g for any a = ( . g > €o(N) with 6 =d (mod N).

This operator is known as a diamond operator and is the first type of Hecke op-
erator. These operators have an immediately useful property. For any character
X : (Z/NZ)* — C, the space My(N, x) is precisely the x-eigenspace of the diamond
operators,

My(N, x) = {f € My(T'1(N)) : (d)f = x(d)f for all d € (Z/NZ)"}.
The second type of Hecke operator will again have I'y = I's = I'1(IN), but this time we

let o = ( (1) 2 ) , with p prime. This operator is denoted by T,,. We have

Tp : Mi(I'1(N)) = My(I'1(N)), p prime

given by

T = A0 (g 0 ) TaVle

The double coset here is given by

Fl(N)<(1) 2>F1(N):{76M2(Z):75<(1) ;) (modN),dew:p}.

The two types of Hecke operator here commute and the proof of this can be found
on pages 169-170 in [DiSh]. Of the two operators here, the T}, operator is the one
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we will be most interested in as this is the one that will appear in our main theorem.
The following results will give us more information about how the 7}, operator acts on
modular forms. The required orbit representatives needed for the action are calculated
on page 170 of [DiSh|. Here we just state the results.

Proposition 1.5.3. Let € Z1, let Iy =T =T'1(N), and let a = ( (1) ](3 > where p

is prime. The operator T, = [I'1al's] on Mi(T'1(N)) is given by

S A1(65 ) if pIN,

1
T,f = 0
" Zf;é [(()p)]k-}-f[(%g)(g?)]k if pt N, where mp —nN = 1.

A similar result holds for the action on modular forms for I'g(N) although the final

orbit representative is replaced by foo = (4 ?). This follows since (% p) € To(NN) (We

know that mp—nN =1 so (N p) € SL2(Z) and the bottom left entry is 0 (mod N)).
Therefore f[(N )k = f as f is weakly modular with respect to T'o(N). The next
result gives us the action on Fourier coefficients.

Proposition 1.5.4. Let f € M(T'1(N)). Since (§1) € T1(N), f has period 1 and
hence has a Fourier expansion

7) =Y an(f)q", g ="
n=0
Then:

(1) Let 1n : (Z/NZ)* — C be the trivial character modulo N. Then T,f has Fourier
expansion

[e.e]
T)Zzanp( q" + 1In(p)p"~ 1Zan

Z anp(f) + 1 ()P as () 1))

That is,

an(Tpf) = anp(f) + In (D)D" ), (D) f) for f € My(T1(N)).
(Here ay/, =0 when n/p ¢ N, 15(p) =1 when pt N,1y(p) =0 when p|N .

(2) Let x : (Z/NZ)* — C be a character. If f € My(N,x) then also T,f € My(N,x),
and now its Fourier expansion is

oo
T):Zanp( Hd" +x P 1Zan
n=0

= Z(anp(f) + X(p)pk_lan/p(f))qn~
n=0
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That s,
an(Tpf) = anp(f) + x(P)P" 'y, (f) for f € Mp(N,X).

Proof. See page 172 of [DiSh]. O

Double coset operators take modular forms to modular forms and they also respect the
subspace of cusp forms. That is, they take cusp forms to cusp forms. It follows that we
may restrict 7}, to Si(I'1(IV)). Recall that the space S12(SL2(Z)) was 1-dimensional
with the discriminant function A lying in this space. This tells us that in fact A must
be an eigenform for the T, operator. In fact the Hecke eigenvalues are exactly the
Fourier coefficients, i.e., the values of the Ramanujan 7 function. This is enough to
prove the conjectured relations that the 7 function should satisfy.

It also turns out that the Eisenstein series are eigenvectors of the Hecke operators. By
definition of My(N, x) as an eigenspace, (d)E}f’@’t = X(d)E}f"p’t. Also if we apply the
Hecke operator T, to this series we see the following

Theorem 1.5.5. Let x : (Z/NZ)* — C be a Dirichlet character modulo N . Let 1)
and ¢ be primitive Dirichlet characters modulo u and v, let t be a positive integer
with tuv|N and (Yp)(—1) = (=1)*. Let p be prime and k > 1. Ezxcluding the case
k=2, Tﬂ =p=1,

T,E? = (¥(p) + o(p)p* VEY? if ww=N orif pt N.
Also,

if t is prime and N is a power of t

T,E} M = (1+ 1 (p)p) B3 ey

Proof. This proof is Exercise 5.2.5 in [DiSh]. We omit the proof of the case k = 2.

We start by showing that the generalised divisor sum a}f’fl (n) is multiplicative, i.e.,

af’_‘ﬁ (nm) = UZ’_“; (n)a}fﬁ (m) when ged(m,n) = 1.

If we let f be the function sending m to m*~!, then we have

ol (n) = (of * ).

Since ¢ and ¢ are Dirichlet characters, it follows that ¢ and ¢f are multiplicative.
It then follows that the Dirichlet convolution is also multiplicative. Therefore a}f’_‘ﬁ is
multiplicative.
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We now let p be prime and let n > 1. Write n = n/p® with ptn’ and e > 0. Then

ol % (np) = o % (Yo% (p°TT)

(w<pe“> + o)) ) + @(pe“)(pe“)k_l)
(n) + (™) (P a4 ().

So

X(P)P* Lo (n/p) = Y (p)e(p)p* Lo (n/p)

= o oA ) (VT + e ) ) ) ).

If we add and subtract (p“™)(p*!)*~! in the sum, this can be written as

X" o (n/p) = e(p)p* ol % (n) — (P (P e (n).

Hence when e > 0 and p{f N we have

ol % (np) + x(p)p" L op % (n/p) = (¥ (p) + ¢ (p)p a5 (n).

But this precisely says that
an(T,B?) = ((p) + @ () )an(E ).

O

This result holds more generally for T,, where n € N, but we won’t prove that here.

We now state the result saying that these Hecke operators commute.

Proposition 1.5.6. Let d and e be elements of (Z/NZ)*, and let p and q be prime.
Then

(1) {d)Tp = Tp(d),
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(2) {d){e) = (e)(d) = (de),
(3) T,T, =T,T,.

Proof. See page 172 of [DiSh]. O

These results can all be extended to work with general n. In other words, we have
operators (n) and T, which still commute and still act on modular forms in similar
ways. The following section will give the details.

1.5.3 THE (n) AND T,, OPERATORS

Up to this point we have only considered (d) for d € (Z/dZ)* and T}, for p prime.
These definitions can be extended in a natural way.

For n € Z* with (n,N) = 1, (n) is determined by n (mod N). If (n,N) > 1 then
we simply define (n) = 0, the zero operator on My (T'1(N)). For n,m € Z* we have
(nm) = (n)(m). In other words the diamond operator (n) is totally multiplicative.

In order to define 7T,, we use the T},’s as building blocks. Set T7 = 1. We already have
T, defined for primes p; for prime powers, define inductively

Tyr = TyTyr—1 — p"H(p) Ty, for r > 2.

Note it can be shown that T)»Tys = T,sT,r for distinct primes p and ¢q. We then
extend this definition multiplicatively to T, for all n,

T, = H T i where n = H Pyt
It follows by Proposition that the T}, all commute and
Tom =TT if (n,m) =1.

The formulas for the Fourier coefficients can be generalised in a fairly obvious way for

these new operators. For a statement of the result, along with a proof, see page 179
of [DiSh].

1.5.4 THE PETERSSON INNER PRODUCT AND ADJOINTS OF THE HECKE
OPERATORS

Often we are interested in knowing about the space Si(I'1(N)). In order to learn more
about this space we can turn it into an inner product space. The inner product, known
as the Petersson inner product, will be defined as an integral. This integral however
only converges on the space of cusp forms, not on the larger space My (I'1(V)).
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We define the hyperbolic measure on the upper half plane,

dxd
dM(T):ﬂ,T:x+iy€H.

Y2

It turns out that this measure is invariant under the automorphism group GLj (R) of
H. This means that for all « € GLj (R) and 7 € H we have du(a(r)) = du(r). It
therefore follows, since SLg(Z) is a subgroup of GLJ (R), that du is SLo(Z)-invariant.
Since the set Q U oo is countable and has measure zero, the measure du suffices for
integrating over the extended upper half plane H* = HUQU oo. Using what we know
about the fundamental domain for the action of SLg(Z) on H, we can easily extend to
a fundamental domain for the action of SLg(Z) on H*. This is given by

D* = {r € H: Re(r) < 1/2, |7 > 1} U {0}

For any continuous bounded function ¢ : H — C and any a € SLy(Z), the integral
Jp o(a(7))dp(r) converges. We therefore need to come up with a function with these
properties. We omit the details here (they can be found in Section 5.4 of [DiSh]) but
state the definition of the Petersson inner product.

Definition 1.5.7. Let I' C SLy(Z) be a congruence subgroup. The Petersson inner
product,

() Sk(I) x Si(l) — C,
is given by

(1) = = [ 1af)Imm)) dtr).

Here X(I') is the modular curve and Vi is the volume of the modular curve given by

VF = / d,u(T).
X(T)

It is clear that this inner product is linear in f, conjugate linear in g, Hermitian-
symmetric, and positive definite. Even though this inner product is defined on Si(I")
and doesn’t converge on the larger space My(I'), the argument showing this actually
only requires the product fg to vanish at each cusp. Therefore it suffices that only
one of f and g be a cusp form. In particular we could consider one of f and g as
an Kisenstein series and the other as a cusp form. This in fact always gives 0 and so
in some sense we can consider the Eisenstein series and the cusp forms as orthogonal.
This is exactly what we would like as we wish to define the Eisenstein space as the
orthogonal complement of the cusp forms. We see this shortly in Section [1.5.6]

As with any inner product we might be interested in knowing about the adjoints of our
Hecke operators using this inner product. Recall that if V' is an inner product space
and T is a linear operator on V', then the adjoint 7™ is a linear operator on V defined
by the condition

(Tv,w) = (v, T*w), for all v,we V.
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Also if an operator T' commutes with its adjoint it is called normal. Finding the
adjoints of the Hecke operators makes up the bulk of Section 5.5 of [DiSh|. Here we
simply state the main result.

Theorem 1.5.8. In the inner product space Si(I'1(N)), the Hecke operators (p) and
T, for p{ N have adjoints

(p)* = (p)_l and T; = (p>_1Tp.

Thus the Hecke operators (n) and T, for n relatively prime to N are normal.
Proof. See page 186 of [DiSh]| O

We are now able to make use of the Spectral Theorem of linear algebra. We have
a commuting family of normal operators on a finite-dimensional inner product space,
therefore there is an orthogonal basis of simultaneous eigenvectors for the operators.
Since such vectors are modular forms in this case, we call them eigenforms. The result
is the following.

Theorem 1.5.9. The space Si(I'1(N)) has an orthogonal basis of simultaneous eigen-
forms for the Hecke operators {(n), T, : (n,N)=1}.

1.5.5 OLDFORMS AND NEWFORMS

As mentioned previously at any given level N, we have the notion of oldforms and
newforms. As can be guessed from the name, an oldform is a modular form that comes
from a level M|N with M < N. A newform is a modular form that is in M (I'1(V))
(Or any other space at level N) but does not come from a lower level. We now make
this notion more precise.

The most trivial way we can view an oldform is by the observation that for M|N we
have Sk(I'1(M)) C Sk(I'1(N)), i.e., the inclusion of Si(I'1(M)) into Si(I'1(N)). This
isn’t the only way of embedding Sy (I'1(M)) into Si(I'1(IV)) however. We can compose
with the multiply-by-d map, where d is any factor of N/M . For any such d, let

_(do

‘= o1
so that (flaglx)(r) = d*~1f(dr) for f: H — C. The linear map [ag]; is injective
and takes Si(I'1(M)) to Sk(I'1(N)). Naturally we need some way of distinguishing

between the oldforms and genuine newforms. To do this we make use of a collection of
maps.

Definition 1.5.10. For each divisor d of N, let 74 be the map

i+ (S(PL(Nd™)))? = Sp(TL(N))
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given by
(f7g) = f + g[ad]k‘-
The subspace of oldforms at level N is

SN =D ip(SuTi(Np™1))?).
pIN

The subspace of newforms at level N is the orthogonal complement with respect to the
Petersson inner product,

Sk(D1(N))™Y = (Sp(T1(N)))E.

As one would hope, the Hecke operators respect this decomposition of the space

Sk(T1(N)).

Proposition 1.5.11. The subspaces Si(I'1(N))° and Si(T'1(N))"" are stable under
the Hecke operators T,, and (n) for all n € Z*.

Proof. See pages 188-189 of [DiSh] O

Corollary 1.5.12. The spaces Sp(I'1(N))° and Si(T'1(N))™* have orthogonal bases
of eigenforms for the Hecke operators away from the level, {T,,,(n) : (n,N) = 1}.

1.5.6 EIGENFORMS AND EISENSTEIN SERIES

Since eigenforms are a central part of the theory of modular forms it would be nice to
know a little more about them. Corollary told us that the spaces Sy, (I'1(NV))°
and Sk(I'1 (V)" have orthogonal bases of eigenforms for the Hecke operators. Let f
be such an eigenform. It can be shown that if f € Si(I'1(V))™" then in fact f is an
eigenform for all 7,, and (n). The details of this can be found in Section 5.8 of [DiSh].

Definition 1.5.13. A non-zero modular form f € M(I'1(N)) that is an eigenform
for the Hecke operators T, and (n) for all n € Z* is a Hecke eigenform or simply
an eigenform. The eigenform f(7) =Y 07 an(f)q™ is normalised when ai(f) =1. a
newform is a normalised eigenform in Sy (I'1 (IV))™V.

Theorem 1.5.14. Let f € Sip(T'1(N))™" be a non-zero eigenform for the Hecke oper-
ators T,, and (n) for all n with (n,N)=1. Then

(1) f is a Hecke eigenform, i.e., an eigenform for T, and (n) for all n € Z*. A
sustable scalar multiple of f is a newform.

(2) If f satisfies the same conditions as f and has the same T, -eigenvalues, then
f =cf for some constant c.
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The set of newforms in the space Si(I'1(N))™" is an orthogonal basis of the space.
Each such newform lies in an eigenspace Sk(N,x) and satisfies Ty, f = an(f)f for all
n € Z" . That is, its Fourier coefficients are its T, -eigenvalues.

Proof. See pages 195-196 of [DiSh] O

Now that we have considered the theory of Hecke operators and the Petersson inner
product we are in a position to redefine the Eisenstein subspace. We redefine

EW(T(N)) = {f € span({E}(7) : v € (Z/NZ)*})|f is holomorphic}.

So now &,(I'(N)) is a subspace of My(I'(N)) linearly disjoint from the cusp forms
Sk(T(N)), replacing the earlier definition as the quotient space My (T'(N))/Sg(T'(N)).
That is

M(T(N)) = Sp(T(N)) & EL(T(N)).

This decomposition is orthogonal, the details of this can be found on pages 206-207
of [DiSh]. For any congruence subgroup I' at level N we define

Ex(D) = E(T(IN)) N My(L),

and this applies in particular when I' = T'; (V). Redefine for any Dirichlet character x
modulo N

For any congruence subgroup I' the Eisenstein space is linearly disjoint from the cusp
forms and similarly for the eigenspaces, we thus have a direct sum,

My(T') = Sp(T') ® & (T) and M (N, x) = Sk(N, x) ® E(N, x),

and the decompositions are orthogonal. The sets of Eisenstein series specified earlier
as coset representatives for bases of the Eisenstein spaces as quotients are now actual
bases of the Eisenstein spaces as complements.



Chapter 2

Class Field Theory

Class field theory is one of the most ground breaking areas of modern algebraic number
theory. It gave the answers to some very important questions. Given a number field
K, is there a way to classify all possible finite extensions of K purely in terms of the
arithmetic in K7 This question is very broad in scope and is not yet fully answered.
A well known result concerning abelian extensions is the Kronecker-Weber Theorem.
This theorem states that the abelian extensions of @ are all subfields within some
cyclotomic extension of QQ, therefore they are expressible in terms of roots of unity.
This therefore characterises all possible abelian extensions of Q. We could then ask
about all abelian extensions of any number field K . If we restrict to this case, then this
question is answered by class field theory. Along the way many interesting questions
will be answered. For example: Given a number field K and a finite extension L,
in what way does the prime ideal p € K factorise in L? Further, which primes of
K ramify in L? Given a number field K, what are all the abelian extensions of K?
Suppose we want a particular prime to ramify in an abelian extension of K, what
should this extension be? All of these questions can be answered by using (global)
class field theory.

Ultimately class field theory is about the intricate link between the so called generalised
ideal class groups and the Galois groups of abelian extensions of a number field, i.e.,
Gal(L/K). We will see, via a special map known as the Artin map, a tight correspon-
dence known as the Artin reciprocity law. In fact this relation will be an isomorphism.
This result is very broad and can be used to prove all previously known reciprocity
laws such as Gauss’ quadratic reciprocity law. The Artin reciprocity law tells us pre-
cisely how primes factorise in abelian extensions via mod m behaviour for a particular
modulus to be defined later. In other words, we know exactly how primes behave in an
extension, purely by information from the base field. We will also see that we can in
fact go the other way. We can choose our modulus in such a way that we are fixing the
primes we would like to ramify; this then completely determines the abelian extension
L/K!

35
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Given this close relationship between the generalised ideal class groups and the Galois
groups of abelian extensions, we might also wonder whether it is possible to determine
the maximal abelian extension with given ramification. This is in fact possible and these
fields are known as ray class fields. We could also consider the case of determining the
maximal unramified abelian extension; the corresponding field is known as the Hilbert
class field. Once we have described the main results of class field theory we will see
more about these fields.

The following background material follows the structure of some notes by Fretwell [Fret].
For some motivation on why class field theory can be useful, see the introduction of
these notes. There are many well known sources that can be used for class field theory
such as [Mil], [Ch], [N] and [Cox]. Of course there are also many other useful sources.

§2.1 Recap of Basic Algebraic Number Theory

2.1.1 NuUMBER FIELDS

For a more thorough background any good text in algebraic number theory will suffice.
For example [J] or [StTa] cover all of the necessary algebraic number theory. We begin
with the definition of a number field.

Definition 2.1.1. A number field is a field Q C K C C such that the extension K/Q
has finite degree.

It is easy to show that any such extension must be algebraic. It follows that any
element o € K must satisfy a minimal polynomial over Q. Clearing denominators,
this polynomial has coefficients in Z.

Definition 2.1.2. The ring of integers of a number field K is:

Ok = {a € K|f(a) = 0 for some monic f(x) € Z[x]}.

The ring of integers is a Dedekind domain and is therefore Noetherian. This means
that we always have a factorisation into irreducibles; although this need not be unique.
We can however get unique factorisation if we consider factorisation of ideals into prime
ideals.

Theorem 2.1.3. Given a proper ideal a € Ok , there exist prime ideals p1,p2,...,pqg
of Ok and positive integers ei, ez, ...,eq such that

€
a=p'ps?...pg°.
Further, this factorisation is unique up to reordering.

Given a non-zero ideal a € Ok we can consider the quotient ring O /a. We get the
following result:
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Proposition 2.1.4. If K is a number field and a is a non-zero ideal of O , then the
quotient ring Ok /a is finite.

Another benefit of Ok being a Dedekind domain is that every non-zero prime ideal is
also maximal. This tells us that the quotient O /p is a field. Proposition then
tells us that this is a finite field. In fact it is a finite field of characteristic p and so must
contain p’i elements for some f;. Now consider one such p; from the factorisation of

Theorem 2.1.31

Definition 2.1.5. The finite field O /p; is called the residue field of p;. This is
denoted by Fp,. The positive integer f; is known as the inertia degree. The positive
integer e; is called the ramification degree of p;. We say that a ramifies in Og (or
simply in K) if some ¢; > 1.

As we previously mentioned, there is a nice relation between each of these numbers.

Theorem 2.1.6. Let K be a number field with ring of integers O . Then for any
prime ideal factorisation

__ (4€1,€2 €g
a—pl p2 ...pg

we have Y 9_ eifi = [K : Q].

This is quite a useful result as it tells us a lot about how certain ideals can factorise. In
general there are three types of behaviour that can occur. We say an ideal a is inert if
it is already a prime ideal of Ok . We say that a splits if a is a product of two or more
prime ideals. Further we say that a splits completely if e; = f; = 1 for each i. Finally,
as already mentioned, we say that a ramifies if some e; > 1. In general it is possible
to see a combination of splitting and ramification together. However consider the case
of K being a quadratic extension of Q. Then there are only three possibilities for the
factorisation type of an ideal a. We have either:

1l a=pisinert. Sog=e=1,f=2.
2 a=pi1po splits. So g=2,e1 =e2 = f1 = fo=1.
3 a=p? ramifies. So g=1,e=2,f=1.

It turns out, as we will see later, that this result will give even fewer possibilities for
possible factorisation types when working in a Galois extension.

For any ideal a we define the norm to be N(a) = |Ok /a|. This norm is multiplicative
and always gives integer values. Note that for a prime ideal p we have N(p) = p/
where f is the inertia degree.
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2.1.2 RELATIVE EXTENSIONS OF NUMBER FIELDS

So far we have purely been considering the factorisation of ideals in K for some number
field K. What about if we consider a (finite) extension L/K? We could still ask how
ideals factorise further in L. In particular, given a prime ideal p of Ok, what does pOp,
look like? Given a prime ideal p of Ox we get an ideal pOp of O with factorisation

pOL = q5'q5% ... qy’.

Each q; defines a prime ideal p = q; 1 Og of Ok . Hence the finite field Fy, = Or/q;
contains I, as a subfield. It follows that Fg,/IF, is a finite extension of finite fields.
This extension has degree pfi where p is the rational prime lying below g;. In other
words we have q; NZ =pNZ =p.

As before we define the various numerical quantities in a similar fashion.
Definition 2.1.7. The positive integer f; is called the inertia degree of q; in K. The

positive integer e; is called the ramification index of a in L. We say that a ramifies
in Op, (or simply in L) if some e; > 1.

Again, we end up with a similar relation as before.

Theorem 2.1.8. Let L/K be a finite extension of number fields. For any prime ideal
p of Ox we have a factorisation

PO =a7'ag’ ...y’
satisfying > 9 ;e fi = [L: K].

Similarly to the way we defined the norm earlier we can define a norm relative to the
extension L/K .

Definition 2.1.9. Given a proper prime ideal q of O we define the relative norm to
be Np/k(q) = p/ where qN Ok =p.

This definition can be extended multiplicatively to define a relative norm for any non-
zero proper ideal of Op,. This norm will turn out to be very important as it will appear
in the statement of the Artin reciprocity law.

2.1.3 THE IDEAL CLASS GROUP

Given that certain number fields do not have unique factorisation, it was a natural
question to wonder how far away from having unique factorisation a particular number
field was. The reason a number field can fail to have unique factorisation is because
certain ideals are not principal. This is because, in some sense, you are trying to
consider multiples of elements that shouldn’t be in whichever ring you are working
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with. However if you were to work with an extension of that ring, the elements would
genuinely exist there and you would end up with unique factorisation. If all ideals of
your ring were principal, then you would obtain unique factorisation. This led to the
idea of trying to consider when two ideals were different (in the sense of not being
the same upto a multiple of a principal ideal). This can be achieved by considering a
particular quotient group known as the ideal class group.

For a number field K, the ideals of Ok almost form a group under multiplication. The
only issue is that we do not have inverses. The way to solve this is by introducing the
notion of a fractional ideal.

Definition 2.1.10. A fractional ideal of a number field K is a non-zero Ok -submodule
of K.

For any o € K* we write a fractional ideal in the form a~'a. We then have the
following:

Theorem 2.1.11. Every fractional ideal of K 1is invertible. Hence the set Ik of
fractional ideals of K is an abelian group under multiplication. The principal fractional
ideals form a subgroup denoted Py .

We note that the unique factorisation of an ideal a of K into prime ideals of Ok can
be extended to the fractional ideals. In other words, every fractional ideal has a unique
factorisation into prime fractional ideals. We may now define the ideal class group.

Definition 2.1.12. The ideal class group Ck of a number field K is the abelian group
I /P . The order of this group is called the class number of K denoted hx or simply
h.

A number field K has unique factorisation precisely when hx = 1, in other words, all
ideals are principal. We might wonder what the possibilities are for hg ; in particular,
can it be infinite? Fortunately, it is always finite. This is due to the fact that the ideal
class group is a finite abelian group (non-obvious). There are methods of determining
the class number for a given number field K but we will not go into that here.

§2.2 The Main Theorems of Global Class Field Theory

Now that we have covered the necessary background on basic algebraic number theory
we are ready to work our way towards the Artin Reciprocity Theorem and the Existence
Theorem. In doing so we will restrict our attention to Galois extensions of number
fields. This makes the results much nicer while not really restricting us too much as
the problems we are often interested in involve Galois extensions.
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2.2.1 THE ACTION OF THE GALOIS GROUP AND FROBENIUS ELEMENTS

Consider a Galois extension L/K of number fields. Given a prime ideal p of Ox we
have the following factorisation:

pOr =q7'q5% . .. ng.

As we have already stated, we don’t really need to know each q;, we simply want to
know the value of each e;, f; and g. This will tell us precisely the behaviour of the
factorisation, i.e., does the prime split? Is it inert? Does it ramify? One way that we
can do this is by considering the primes ¢; as a set. We can then study that set by
using a group action. The particular group we will use is the Galois group Gal(L/K).

Lemma 2.2.1. The Galois group Gal(L/K) acts on each of the sets X, =
{a1,92,...,94} of prime ideal divisors of pOy,. Further, this action is transitive.

Consider an element ¢ € Gal(L/K). It is easy to see that the set o(q;) is again a
prime ideal of Op,. Also we have that

pOL =0(p)o(Or) = o(pOr) = o(dq1)“ o (a2)7 ... o(qq)™.

We then see, by unique factorisation, that o(q;) = q; € X, for some j. This shows that
the operation on X, is well-defined. The other group action axioms can be checked
easily. The proof of transitivity can be found in any good book on algebraic number
theory.

This group action will tell us a lot about the various factorisation types. Another result
which helps make things easier involves the relation between the e;’s, f;’s and g. By
the previous lemma, we see that in the case of a Galois extension, things become much
simpler.

Corollary 2.2.2. If L/K is a Galois extension then for any factorisation of a prime
ideal p C O in O we have that ey = e3 = --- = eg4 (call the common value e) and
fi=fa=---=fy (call the common value f). Hence efg = [L : K].

In particular our factorisation now looks much simpler; we have
pOL = (9192 ..49)".

One way we might think to study the set X, is via the stabilizer subgroups. From now
on, we fix a p € Og.

Definition 2.2.3. Let L/K be a Galois extension of number fields. Given a prime
ideal p of O and a prime ideal q of O, such that q|pOr we define the decomposition
group to be:

Dq := Stab(q) = {0 € Gal(L/K)|o(q) = q}.
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One of the first questions we might ask about this group is about the size of the group.
Fortunately, since the group is defined as a stabilizer, we can make use of the Orbit-
Stabilizer Theorem.

Lemma 2.2.4. We have |Dq| =ef for all q|pOy,.

Proof. Since the action is transitive, there is a single orbit. Namely X, containing g
elements. The Orbit-Stabilizer Theorem then tells us that

B |Gal(L/K)| B [L: K] B @ .
Dl =l = ¢~ g

Here we have used the assumption that L/K is a Galois extension. O

Notice that this result gives us a way of finding the value of g. If we can determine any
of the decomposition groups, we will be able to calculate its size. We can then simply
calculate g by working out [‘LL;KH . The question now is how to calculate e and f. This
turns out to be a little harder;qbut not too much harder.

The idea is to try and cook up a map from D, into the Galois group of residue fields.
This map will be created in such a way that the kernel will have size e.

First of all, notice that for any o € Gal(L/K), there is an induced isomorphism:
o: Fq — Fa(q)

x4+ q— o(x)+o(q).

Since Dy is a subgroup of Gal(L/K) it makes sense to restrict this map to elements
o € Dy. It is clear that if we do this, the induced isomorphism will be an automorphism
of Fy. Further, these automorphisms will fix elements of the subfield F,. Hence & is
a well-defined element of Gal(Fq/F,).

We therefore obtain the following:

Theorem 2.2.5. The map
Dy — Gal(IFy/Fy)

o0

1s an epimorphism of groups inducing an isomorphism:
Dq/Iq = Gal(Fq/Fy),
where Iy = {0 € Dyl o(z) =z (mod q) for all x € Or}.

Definition 2.2.6. The group I; above is called the inertia group of q.

We are now in a position to finally get our hands on the values of e¢ and f.
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Corollary 2.2.7. We have that |Ij| = e and |Dq/I4| = f for each qlpOy .

Proof. The right hand side of the above isomorphism has order f by definition. We
already know that |Dy| = ef, therefore the isomorphism gives |I4| = e. O

We now have two subgroups of the Galois group Gal(L/K) whose sizes give us informa-
tion about the factorisation types of ideals in the extension L/K . Although we know
a lot from these subgroups, there is actually more information that we can extract.

A finite extension of finite fields has a cyclic Galois group whose canonical generator
is the Frobenius automorphism 2 + z/&!. In other words Gal(F,/F,) is cyclic with
generator being the Frobenius automorphism. However, we already know that this
group is isomorphic to Dy/I;. There must therefore be a unique element of Dy /I that
corresponds to the Frobenius automorphism. Recall that N(p) = |Og/p| = |Fy|. It
therefore follows that this map is given by z + q — zN®) + q. Since the group Dy/1
is a quotient, this element will in general be a coset.

Theorem 2.2.8. Let p be a fixed prime ideal of O and let q be a fized prime ideal
of Or, dividing pOr,. Then there exists an element o € Dy that satisfies o(z) = 2N ®)
(mod q) for all x € Or. The set of such elements forms a coset of Iy in Dq. If p is
unramified in L then o is a unique element of Dy.

Definition 2.2.9. The coset o(I;) € Dq/1, in the above theorem is called the Frobenius
coset of q in L/K . For an unramified prime p, we call the unique element the Frobenius
L/K

element of q. We denote this element by (T) or simply Froby when the extension

is understood.

Since this Frobenius element is related to the Frobenius automorphism which is a
canonical generator for Gal(F,/F,) we can easily determine the order of this element.

Lemma 2.2.10. Let p be unramified in L. The Frobenius element (L/TK> has order

f in Dy for all q dividing pOyp,.

Further, the Frobenius element is the identity automorphism if and only if p splits
completely in L.

Proof. Since we assume p is unramified, it follows that I is trivial and we have Dq =
Gal(Fq/Fy). Since the right hand side of this isomorphism is cyclic of order f, we
conclude that Dy is cyclic of order f. Since this is generated by the Frobenius element,

we conclude that (L/TK) has order f.

The second claim follows since p is unramified (i.e. we have e = 1) and an element of
a group is the identity if and only if it has order 1.

O
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We now know that each of the Frobenius elements for a given q has the same order
when p is unramified. We might wonder whether each of the Frobenius elements are
actually equal. In general, they won’t be. We have the following result:

Theorem 2.2.11. Let p be unramified in L and let q divide pOr. Then for all
o € Gal(L/K) we have that
(5o (25)
o(q) q

This tells us that in fact Frobenius elements have more structure to them than it first
appears. They in fact form a conjugacy class in Gal(L/K). This result will be quite
important in our later work on modular forms of weight 1. For now we state a result
which explains why our extensions being abelian is so important.

Corollary 2.2.12. If Gal(L/K) is abelian then the Frobenius elements are all equal
for a given unramified p .

Proof. We know that conjugacy classes of abelian groups consist of single elements.
Hence Theorem [2.2.11] tells us that the Frobenius elements are equal, since they lie in
the same conjugacy class. O

Definition 2.2.13. We call L/K an abelian extension if L/K is Galois and Gal(L/K)
is abelian. In such an extension, we may denote the single Frobenius element attached

to all q|pOr, by (L/TK> , where p is unramified.

We now notice that, in the case of an abelian extension, the Frobenius elements depend
only on p, not on the q’s. In other words, there is only a dependence on an ideal coming
from the base field. It turns out that we will be able describe the Frobenius elements
in terms of congruence conditions.

2.2.2 THE ARTIN MAP FOR ABELIAN EXTENSIONS

Our main aim will be to construct a group homomorphism between a certain set of ideals
(which will actually have a group structure) and the Galois group Gal(L/K). We know
that the nicest type of situation is when we are considering unramified prime ideals
p C Ok of an abelian extension L/K . We therefore restrict to this case. Consider the
following map:

{unramified prime ideals p C O} — Gal(L/K)
L/K)
== .
- (5

Considering this set alone will not get us very far since there is no group structure on
the left hand side. We somehow need to come up with a set of ideals, not containing
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any ramified primes, with a group structure. We obviously can’t just take the set of
fractional ideals I . We therefore need some way of modifying this set to cut out all
of the ramified primes. This is where we need the notion of a modulus. The reason for
this notation is because this will be the modulus of our congruence conditions.

Recall that a number field may be viewed as a subfield of the complex numbers. Each
such number field has a number of embeddings into C (corresponding to the degree
of the extension). If the embedding is genuinely contained in C it is called a complex
embedding and if it is contained in R it is called a real embedding. We can extend the
embeddings of K — C to embeddings L — C. It is now possible that a real embedding
of K can extend to give two conjugate embeddings of C.

The importance of the real embeddings here is that they give us a notion of positivity.
Consider the quadratic field Q(v/3). Here there are two real embeddings:

01:a+b\/§'—>a+b\/§,

o9 a+bV3 a—bV3.

How might we define positivity here? Consider 1+ /3. We have o1(1 + v/3) > 0,
02(1 4+ /3) < 0. Notice that this element is positive under one embedding but not
the other. Consider however the element o = 19 4+ 2v/3. We now have o () > 0,
o2(a) > 0. Hence « is positive under all real embeddings. Such elements are called
totally positive. This behaviour extends to other number fields. We now define a
modulus for a general number field.

Definition 2.2.14. A modulus of a number field K is a formal product m = mgme,
where mg is an ideal of Ok and my is a collection of real embeddings K — R.

We may now use a given modulus m to create a nice subgroup of Ix. We note that two
fractional ideals a and b are said to be coprime if they share no prime ideal factors.

Theorem 2.2.15. Given a modulus wm of K, the set Ix(m) =
{a € Ix|a coprime to mg} is a subgroup of I . It contains the set Py x(m) = {(a) €
Prla=1 (mod mp) and o(a) > 0 for all 0 € my} as a subgroup.

Now consider an abelian extension L/K . This extension has a finite set of ramified
primes (which may include infinite primes, i.e., real embeddings that extend to give
conjugate complex embeddings). We may therefore put each of these ramified primes
together to form a modulus m. We will then be able to define the Frobenius element
on Ix(m). We have a map:

By : Irc(m) — Gal(L/K).

Definition 2.2.16. Given an abelian extension of number fields L/K and a modulus
m of K divisible by all ramified primes of K in L the map ®,, is called the Artin map
of L/K with respect to m.
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This map contains all of the information we would like to know on the splitting be-
haviour of ideals. It is clear that the map is a homomorphism, but it would be beneficial
if we could form an isomorphism. This would immediately tell us that the Frobenius
elements were completely determined by classes of ideals in K. In other words, we
would know about the splitting of primes in the extension L purely from arithmetic
information coming from K. This is exactly what the Artin Reciprocity Theorem tells
us.

2.2.3 ARTIN RECIPROCITY

Since we wish to create an isomorphism, we are going to have to quotient Ix(m) by
some subgroup. Recall that the ideal class group was defined as Ix/Pg. The first
thing you might think of as a generalisation of this would be Ix(m)/Pg(m). However
Pg (m) would not satisfy the correct positivity criteria under each real embedding. This
is where the subgroup P g(m) comes in. We would expect this subgroup to lie in the
kernel of a suitable Artin map. In fact, this won’t in general be the full kernel, but the
Artin Reciprocity Theorem tells us precisely what the kernel is.

Theorem 2.2.17 (Artin Reciprocity Law). Let L/K be an abelian extension of number
fields. Suppose m is a modulus of K divisible only by primes of K that ramify in L.
Then:

(1) The Artin map Py is a surjective homomorphism.

(2) If the powers of the prime ideals in m are big enough then we are able to guarantee
that ker(®y) is a congruence subgroup for m, meaning that:

Pl,K(m) Q ker(@m) Q IK(m)

so that Ix(m)/ker(®n) is a generalised ideal class group for m (the definition of
this is a quotient I (m)/H where H contains Py i (m) ).

(3) Further, for such an m we have that ker(®n) = Py x(m)Np i (I (m)), giving an
isomorphism:

I (m)/Pr g (m)Np (IL(m)) = Gal(L/K).

This theorem is very powerful and is one of the most important results of modern
number theory. It tells us precisely how primes split in an extension L/K based purely
on congruence conditions coming from the arithmetic of K. We can in fact give a
rough converse to this result. We may first fix a modulus containing primes we would
like to ramify in an extension L/K, this then completely determines the extension.
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2.2.4 THE EXISTENCE THEOREM

We let K be a number field. Given a modulus m, can we find a number field L
such that L/K is an abelian extension satisfying the behaviour contained in the Artin
reciprocity law? As we have previously stated, the answer to this question is yes.

Theorem 2.2.18 (Existence Theorem). Let K be a number field and m be any modulus
of K. Then for each congruence subgroup H of m, there exists a unique number field
L such that L/K s abelian, m is divisible by the ramified primes of this extension and
the Artin map induces an isomorphism:

Ix(m)/H = Gal(L/K).

This theorem together with the Artin Reciprocity Theorem gives a correspondence
between finite abelian extensions of K and generalised ideal class groups, with the
choice of modulus corresponding to the choice of ramified primes. Now that we have
this correspondence we might be interested in further questions. For example: Given
a number field K, what is the maximal unramified abelian extension? What is the
maximal abelian extension with given ramification? This leads to the theory of the
Hilbert class field and ray class fields.

2.2.5 RAY CLASS FIELDS AND THE HILBERT CLASS FIELD

The Existence Theorem tells us that we are free to choose our modulus m and also
the congruence subgroup producing a number field with given properties. Fix a mod-
ulus m and choose the congruence subgroup H = P; x(m). The Existence Theorem
then tells us that there is a unique number field K, such that K /K is an abelian
extension whose ramified primes are exactly those appearing in m and is such that
Ix(m)/ P g(m) = Gal(Kn/K). In fact, this field is unique (non-obvious).

Definition 2.2.19. The field K, is called the ray class field of K with respect to m.
The group Cy = Ig(m)/P; g(m) is called the ray class group.

Ray class groups (in particular, characters of this group) will become important in our
later work on modular forms of weight 1.

It is clear that any other congruence subgroup H for m will correspond to a field lying
inside Ky, by Galois theory. Hence these fields really are the maximal abelian extensions
with given ramification. We might wonder what the maximal abelian extension is
without any ramified primes. This is the Hilbert class field. Recall that the primes
appearing in the modulus m are precisely those to ramify in the abelian extension.
Therefore in order to guarantee that our abelian extension is unramified, we must take
m to be the trivial modulus 1. The Existence Theorem then guarantees that we can
find a field K, such that K,/K is the maximal unramified abelian extension of K.
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Definition 2.2.20. The Hilbert class field of a number field K is the field K, defined
above.

Using the Artin reciprocity law we have the following isomorphism:

The fact that the left hand side is now the classical ideal class group is due to the fact
that our extra conditions on coprimality and positivity have effectively been dropped
by using the trivial modulus. This gives some very nice results.

Lemma 2.2.21. The Hilbert class field is a degree hi extension of K. Also a prime
ideal p € O splits completely in the Hilbert class field if and only if p is principal.

Corollary 2.2.22. The following are equivalent:

(1) K =K,.
(2) hix=1.

(3) Ok is a principal ideal domain (or equivalently a unique factorisation domain).

One may wonder how to actually construct ray class fields and Hilbert class fields.
Unfortunately this is not always an easy task and not much is known beyond some
of the more basic cases. For example, as previously mentioned, the Kronecker-Weber
Theorem tells us about the maximal abelian extensions of Q. In the case of an imag-
inary quadratic field Q(v/—d), we know how to construct these fields. We begin by
constructing an elliptic curve with complex multiplication by the ring of integers of
Q(v/—d). The j-invariant of this curve is adjoined to Q(v/—d) to get the Hilbert class
field and we also adjoin certain torsion points related to Weber functions in order to
construct the ray class fields. Details of this can be found in chapter 2 of [Sil2]. Beyond
these two cases, not much is known.



Chapter 3

Congruences of Local Origin for
Weights £ > 2

As we have already mentioned, our aim is to make a generalisation of the congruence
given in [DF]. This congruence itself is a generalisation of the famous Ramanujan
691 congruence. Recall that the Ramanujan congruence is one between the Hecke
eigenvalues of a level 1 Kisenstein series and a level 1 cusp form with the modulus
being a prime dividing ((12)/7'2. The congruence in [DF] is then one between the
Hecke eigenvalues of a level 1 Eisenstein series and a level p cusp form with modulus
being a prime dividing an “Euler factor”, i.e., a partial zeta value. There is then the
level N generalisation of Ramanujan’s congruence proven by Dummigan [D]. This is
a congruence between the Hecke eigenvalues of a level N Eisenstein series and a level
N cusp form. Here the modulus is now a prime dividing a certain Dirichlet L-value.
We aim to prove the next logical step in these results. We prove the existence of a
congruence between the Hecke eigenvalues of a level N Eisenstein series and a level
Np cusp form, the modulus being a divisor of an Euler factor of a Dirichlet L-value.

Choose a weight k£ > 2, alevel N = wv > 1 (with w and v coprime), and a Dirichlet
character y of conductor N. Let @ and ¢ be primitive Dirichlet characters of con-
ductors u, v respectively, with 9o = x, uv = N, and x(—1) = (=1)*. Then we have
E;f’w new at level V.

Theorem 3.0.1. Let p be a prime with pt N and let k > 2 be an integer. Let X' { 6N

be a prime of the ring of integers of Q[t, @] such that ordy ((¢(p)p* — ¥(p))(By.y-1,/k)) >
0. Then there exists a normalised Hecke eigenform f € Sp(T'1(Np),x') (where x' is x

raised to level Np) such that for all n with n{ Np,
an(f) = o5 (n)  (mod \),

where AN is a prime of the ring of integers of the extension of Q(1, ) generated by
the a,,.

48
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There are a few things to notice immediately about this result. One important feature
is that we are including the case of weight 2. At level 1 this was an issue as it only
worked in certain cases. A famous theorem of Mazur [M), Prop. 5.12(iii)] states that the
congruence holds for some cuspidal eigenform f € Sy(I'g(p)) if and only if ¢ divides
the numerator of (p — 1)/12. But p?> — 1 = (p — 1)(p + 1), so £ can divide p? — 1
(by dividing (p + 1)) without there being a congruence. Note that the factor of 1/12
comes from the value ((—1). However if we take N = 1 and change the weight range
to k > 3 we would have exactly Theorem 1.1 of [DE]. In particular the characters v
and ¢ would be trivial giving p* — 1 as the Euler factor. The generalised Bernoulli
number By, -1, would also reduce to By.

We might wonder in what way each part of the theorem has been generalised. The
first question we might ask would be regarding how the Euler factor has been obtained.
Since we are now working with level N Eisenstein series, the moduli of our congruence
will come from a prime dividing the value of a particular Dirichlet L-function. The
particular L-function is L(1— k,1~1¢). The reason for this is that this L-value is the
constant term of the level N Eisenstein series. Recall that Theorem gave us the
following Fourier expansion:

(o]
EZ)’QD(T) = (S(w)L(l — ]{, SO) +2 Z UZL‘PI(n)qn7 qg= 627”T.
n=1
This is in fact equivalent to

oo
EP(r) = 6() L — k¢t 0) +2> ol F (n)g", g = ¥

n=1
This follows since 6(¢)) = 1 if ) = 11, in which case L(1—k, ) = L(1 —k,¢~'¢), and
d(¢)) = 0 otherwise, in which case the constant term vanishes. We now make use of the
functional equation given in Section to work with L(k,e~1). In the same way
as in [DF|] we consider the missing Euler factor coming from this L-function. Recall
from Section that this L-function has the following Fuler product expansion:

- 1
sk = I (=g

p

If we fix a particular prime p and pull out the factor (1 — (1o ™1)(p)p~*)~! and denote

this product by Ly, (k,v¢~!) then

(1= (e )@ ") Ly (k") = Lk, o),
that is
eI Lipy (k0™ ") = (0()p* — 4 (0)) Lk, v 1),
We can now use the functional equation to go back to the original L-function appearing

as the constant term of the Eisenstein series. Ignoring various small factors and signs,
the right hand side becomes

(e(P)p" — ¥(P))L(1L — ki~ ).
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B, .,
Recall also from Section [1.4.1| that L(1 — k,¢ " 1p) = ——% 2 where By, -1, is the
generalised Bernoulli number defined by

N

1 t@at oo tk
Z(T/) SO)(a)eNt 1 = ZBk,w_lapH'
k=0

a=1 o

Just like before we might expect that dividing L(1 — k,¢~1p) will give a level N
congruence, whereas dividing o(p)p* — 1(p) should give a level Np congruence. This
also addresses the appearance of the generalised Bernoulli numbers. The remaining
generalisations in the theorem are the obvious choices for a generalisation.

The method we will use to prove Theorem will be a generalisation of the proof
of Theorem 1.1 of [DE]. We aim to produce a linear combination of Eisenstein series
which vanishes modulo a prime divisor of ¢(p)p* —1(p) at each cusp. This would then
be lifted to a cusp form in characteristic 0 and replaced by a Hecke eigenform using
the Deligne-Serre Lemma. In the level 1 case this proof was rather straightforward as
there were only two cusps to consider and a particular Atkin-Lehner involution could
be used to determine the constant term of the Eisenstein series at each cusp. At a
general level NV, there are more cusps to consider. It is therefore necessary to try and
obtain a formula for the constant term of the level N Eisenstein series at any cusp.
Once we have this information it will be possible to find the correct combination of
FEisenstein series.

A similar result to Theorem [3.0.1] was proven by N. Billerey and R. Menares [BM]. Their
work focused on proving that certain reducible Galois representations are modular. As
a consequence this in fact proves a weaker version of Theorem for kK > 3. We
state Theorem 2.1 from [BM].

Theorem 3.0.2. FEvery odd representation which is the direct sum of two characters
arises from a cuspidal eigenform.

This result is essentially a translation of Theorem [3.0.1] into the language of Galois
representations. However in proving this theorem, the level of the cusp form is not
guaranteed to be Np, it could be at a higher level. Hence the result proven is weaker
than Theorem [B.0.11

We now look towards proving Theorem [3.0.1] The first step of which is proving a
formula for the constant term of the level N Eisenstein series at any cusp.

§3.1 A Formula for the Constant Term of the Level N Eisenstein Series

In the process of proving Theorem [3.0.2] Billerey and Menares compute a formula for
the constant term of a level N FEisenstein series with one of the two characters being
trivial. The reason being that they could use a clever trick on the Galois representation
side to consider the case where both characters are non-trivial. This therefore made
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the computation of the constant term much simpler. The same method they use can
however be applied in the general case. We therefore generalise the method to the
case where both characters could be non-trivial. One thing to note however is that
they are only working with the case k > 3. Recall that the weight 2 Eisenstein series
only converges conditionally, in other words the order of summation matters. Since the
calculation we will use involves working with the sums making up the Eisenstein series,
and in particular, manipulating those sums, we will need to consider the case of weight
2 separately.

3.1.1 THE WEIGHT k£ > 3 CASE

The constant term of the Eisenstein series at any given cusp is calculated by determining
the action of the slash operator by an arbitrary matrix v € SLo(Z). Recall that there
is only one equivalence class of cusps under the action of SLa(Z). We will therefore be
able to move from a given cusp to any other cusp via the slash operator with a matrix
v € SLy(Z). The proof of the formula however will require us to work with a matrix =y
with top left entry coprime to N. This may sound like we are restricting the generality
of the result; this is not the case however. First we state and prove the result; we then
explain why this is not a restriction.

b

Lemma 3.1.1. Let N > 1 and let 7 = ( (z J

> € SLy(Z). Then we can choose

Yo = ( é g > € I'1(N) such that voy1 has top left entry coprime to N .

m
Proof. Suppose N = pi'p5?...p% . Consider the matrix ~,, = ( (1) } ) e I't(N).

m
Then v, = ( (1) i ) < Z Z ) = < a+cmc b+dmd ) By Dirichlet’s Theorem,

as m varies, there are infinitely many primes in the arithmetic progression a+mc since
a and c¢ are coprime. Since N only contains finitely many primes we may choose m
such that a 4+ mc is a prime not appearing in N. Hence the top left entry of v, 71 is
coprime to N. Hence we may take vo = v, .

O

Since the Eisenstein series we will be using is a modular form for I'y(V), it is invariant
under the action of matrices v € I'1(N). In particular, if we have v; € SLy(Z) and
72 € Ty(N), then flomlk = (fhale)lils = flwilk since flls = f. Hence there is
actually no restriction. We are now in a position to prove a formula for the constant
term. The proof we are adapting is that of Proposition 1.2 of [BM]. In the following
we use the notation @ instead of ¢! in order to keep the notation cleaner. From now
on we may use either interchangeably.
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Proposition 3.1.2. Let N = uv with u and v coprime, and let k > 2 be an integer.
Let ¥ and ¢ be primitive Dirichlet characters of conductors u,v respectively. Let M >

1 be an integer coprime to N and v = < Z ?

acting on complez-valued functions on the upper half plane H by an(f)(z) = f(M=z).

) € SLy(Z). Let aps be the operator

Then the constant term of the q-expansion of (aMEZ“O)[’y}k i

0 ifvtb,
A
_gg(zzg)) SD(MTL:J)\%C v )Bk,;w otherwise,
_ b _ M
where b = FEONT) and M' = Jed(b3T) -

Proof. Recall from Section we have

where
—27T’L k - U*li 2mwin
Cy = ((k — 1)), and g(@) =Y P(n)e "
n=0

We also have
u—1lv—1u—1

Gw ‘P Z Z Z 1/1 (cv,d+ev) (7_)’

c=0 d=0 e=0
where )
cv,d+ev
S D =2
(f.9)€Z*\{(0,0)}
(f,9)=(cv,d+ev) (mod N)
Then
Tev.drev) 1
(an (G MIk(r) = > .
Ma + gb)T + fMpB + gd)*k
)P 00} (fMa+ gb)T + fMB + go)
(f,9)=(cv,d4+ev) (mod N)
Hence the constant term of (« M(G,(Ccv’dJreU)))[’y] k is given by
1
Tcde = Z YRR
. MpB+ gd)k
gocmqooy  TMATI)
(f,9)=(cv,d+ev) (mod N)
fMa+gb=0

We first consider the case a = 0. If a = 0, then for fMa + gb to be 0 we must have
g =0 as b must be non-zero (since v € SLy(Z)). This means d+ev =0 (mod N), or
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in other words Y. 4, = 0 unless d+ ev =0 (mod N). But

d+ev=0 (mod N)=d+ev=0 (mod v)
=d=0 (mod v)
=d=0 (since 0<d<wv-—1)
=ev=0 (mod N)
=e=0 (since 0<e<wu-—1).

Hence Y. 4. = 0 unless d = e = 0. But now we must have ¢ = 0 and N = 1 otherwise

the contribution to the constant term of G;f’“p is 0. Hence

1 1 1
Tooo= 2 (E T QI 2 T

fEZ\{0} fez\{o}
f=0 (mod N) f=0 (mod 1)
1 1
~ (MB* Z +k
(MB) teZ\{O}t
2
=)

since § = £1 (this follows since a = 0) and k is even (Here N = 1). Therefore the

constant term Y of (aMG;f’@)[fy]k is 0 if N > 1 and is _Aﬂ“% when N =1.

Now we consider the case a # 0. Given g = d+ev (mod N), g € Z,d # 0 the following
conditions are equivalent:

there exists f € Z, f =cv (mod N) such that fMa+ gb = 0; (3.1)
M'alg,v|b’ and u|cvM’a + gb', (3.2)
_ M _ b
where M’ = aed(0,7) and b = ed00) -

If the first condition holds, then fMa+gb=0. But fMa+gb=0< fM'a+ gl = 0.
Hence M'a|gh/ but M'a and b’ are coprime ((M’',b') =1 and v € SLy(Z)), so M'alg.
Now suppose f =cv+rN and g =d+ ev+ sN. Then we have (cv+rN)M'a+ (d+
ev + sN)VY = 0 and rearranging gives (coM'a + db’ + evd’) + (rM’'a + sb’)N = 0. For
this to be 0 we must have coM’a + db/ + evd) = 0 (mod N). In particular db/ = 0
(mod v) and so either v[b’ or d = 0. But we assumed d # 0, so v[b'. Also we have
coM'a + db' + evd =0 (mod u) , i.e., ulcvM'a + gb'.

On the other hand, if the second condition holds, put f = X;’Z € Z. Then f € Z
satisfies fM'a + gb' =0 and further ulcvM'a + gt/ = cv = X/[g,i (mod u), i.e., f=cv
(mod u). Here we have used the assumption that (a, N) = 1, which we can do due to

Lemma Also f =0 (mod v), since v[t/, so f=cv (mod N).

If these equivalent conditions are satisfied, then we have

FMB 4 g5 = ~(FMaf + gad) =~ (gad — gb3) = 2.

a
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Therefore the constant term Y of (« MGZ’"‘D)M & is 0 when v 1 ¥’ and is otherwise given
by

v—1u—1 k u—1
a
vy > (5) % we
d=0 e=0 g=d+ev (mod N) J\C/IZ’O ,
g0 ulcvM'a+gb
M'alg

Let g = M'at. Then

Ma(cv+tt)=0 (modu)=cv+th =0 (mod u)
—tv’

=c= (mod w).

Note that here we use the fact that v and v are coprime.

Hence

v—1u—1 1 k u—1
=Yy e0 Y (m) X v

d=0 e=0 t=94EE2 (mod N) Y
t£0 c==> (mod u)
v—1u—1 _ u—1
- > X w
- M/k: tk ¢
d=0 e=0 y— ria-lev (mod N) /c:O
. #0 = _Zb (mod u)

’ v—1u—1 _
= ( M/k ZZ Z So(t]);f(t)

d=0 e=0 4= d+
e=Vt=5Fr (mod N)

t£0
P(M'a)y PH)v(t)
= M/k Z
teZ\{0}
M'a)p(=¢
=P L v

We may now use the functional equation to get the desired form of the constant term.
O

We must now consider the case of weight 2 separately.

3.1.2 THE WEIGHT 2 CASE

The proof of Proposition makes it clear that the conditional convergence of the
weight 2 Eisenstein series will mean that this case needs careful consideration. In fact it
requires quite a bit of analysis in order to prove, but luckily enough, the same formula
still holds. Another paper by Billerey and Menares [BM2], submitted a couple of
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months after the completion of the proof of Proposition actually proves the same
formula (See Proposition 4). They however prove the result in a similar but different
way. They essentially run through mostly the same steps as in [BM|, Proposition 1.2]
but they combine this with the method used in [BDl Proposition 2.8]. In doing so they
produced a unified and (slightly) simplified proof. In proving the formula however, they
also consider the weight 2 case. We now describe the necessary results needed in order
for Proposition to hold in the case of weight 2. The following is due to Billerey
and Menares and is not original material. We state the results without proof.

We first set some notation. For ¢ > 0, we let

2.e

w?® = w?|lw*, weC.

Let y > 0 be a positive real number. The notation g; <, go means that there exists
a positive constant C', depending only on yg, such that |gi(r)| < C|g2(r)| for all 7 in
the common domain of gi,gs.

Let )
Se(z) =) G e C\R.

2,¢e’
z n)<
ne”Z T )

We now state a series of lemmas which are required in order to prove that the constant
term formula still holds in the case of weight 2.

Lemma 3.1.3. Fiz yg > 0. Then, we have that

Se(z) <y T + 672”|y|, y=Im(2), |yl>w, 0<e<l,

(€)ly[*+2¢

where for any real number s > 0,1'(s) = fooo e tts1dt.

Lemma 3.1.4. For any ay,a2, D € Z with D # 0, set

1
. D) = '
oe(z;a1,a2,D) Z (z(a1 + Dm) + ag + Dn)?¢
(m,n)ez?
a1+Dm#0

Then we have that
lim lim oc(z;a1,a2, D) =0.
Im(z)—o00 e—0*1

Lemma 3.1.5. Proposition[3.1.3 holds in the case of weight 2.

For proofs of each of these results see pages 10-12 of [BM2]. Now that we have a
formula for the constant term of the level N Eisenstein series at any cusp, we are in
a position to construct a linear combination of Eisenstein series vanishing modulo a
prime divisor of the Euler factor at each cusp.
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§3.2 Proving the Main Theorem

Our aim was to try and generalise the proof used in [DF]. Now that we have a formula
for the constant term of the Eisenstein series at the cusps, we can try to find a particular
linear combination of Eisenstein series that vanishes modulo A" at each cusp. In [DF]
the combination used was Fj(z) — Fx(pz) where Eg(z) is the level 1 Eisenstein series.
Recall that Ej(pz) = o, Er(2). We would therefore hope that something similar would
work in the general case of level N. It isn’t exactly this but we only need to twist
by a character. The following lemma uses the same notation as Theorem and
Proposition (3.1.2

Lemma 3.2.1. Suppose N is a prime dividing % (gp(p)pl’C —w(p)). Here p is a
prime with (p, N) = 1. Then the linear combination of Eisenstein series

E=E'? —(p)ayE}Y?

vanishes modulo N at each cusp.

Proof. We compute the constant term, say Y, of the g-expansion of E[y]; for v =

[ Z g ] € SLy(Z). By Proposition |3.1.2| we have,

2) pla)y =y B, — — )
v _gg(zﬂg;) 7 )uk(v) ke (1_w<p;f(p>) if v]b’ and p1b,

0 otherwise.

To see this, we consider various cases. Firstly, if v 1 ' then the constant term is
0. Now suppose v|b and p|b. For the part of the constant term of F contributed
by E;f’w we have M = 1 and therefore M’ = 1 and b = b, so the constant term
_9(wp) P(@Y(3?) Bz,
9(®) uk k
and therefore M’ = 1 and ¥ = £, so the constant term is

P
9(4%) P@¥(S) Br g ¥(p) in thi i
e P e R Hence the constant term of E in this case is 0. Now suppose

is . For the part contributed by —w(p)apE;f’“’ we have M =p

%) Pa)Y(52) B, 7
gg(z/g)) has: kl;w W(p) =

v|b/ and p{b. For the part of the constant term of E contributed by E}f’“’ we have

. —b _
M =1 and therefore M’ =1 and b/ = b, so the constant term is —ggg%) So(a);/)k( i )Bk]%W .

For the part contributed by —w(p)apE;f"p we have M = p and therefore M’ = p and

—\ —= —b _ —
b = b (since p { b), so the constant term is gg(ng;) CP(Q)ZJ,C(T) B'“,’CW w@zzf(p ) Hence the

L S(a)( =) B, — > o
_gézbg;) &( );l}k( ) ke <1 _ ¢(p;f(p)> in this case.

constant term of FE is

Therefore, under the assumption that )\ divides @ (cp(p)pk — w(p)), FE vanishes
modulo )\ at each cusp. O
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We have now done most of the hard work in proving Theorem [3.0.1] The rest of the
proof relies on some well known results which we now explain.

First of all, we will need to introduce the notion of Katz modular forms. Katz modular
forms are a geometric formulation of modular forms whose properties agree with those
of the classical modular forms. Rather than view a modular form as a holomorphic
function on the upper half plane satisfying certain transformation properties, Katz
instead considered them as a particular type of rule associated to elliptic curves and
their invariant differentials. He also went a little further and considered them purely in
terms of modular varieties. This is beyond the scope of what we need here. For precise
details of Katz modular forms and some of the basic properties see [Ka, §1] or [E, §1].
Here we will just give a broad overview following the outline of [Kal] covering only the
material required for the proof of Theorem [3.0.1]

The notion of an elliptic curve defined over a field can be extended to the notion of
an elliptic curve defined over a commutative ring. In order to do this we first give the
definition of an elliptic curve over a scheme. Although we won’t need the full generality
of the definition we include it for completeness.

Definition 3.2.2. By an elliptic curve over a scheme S, we mean a proper smooth
morphism p : £ — S, whose geometric fibres are connected curves of genus one,
together with a section e: S — FE.

E

S

We denote by wp/g the invertible sheaf P« (9, /S) on S, which is canonically dual
(Serre duality) to the invertible sheaf R'p.(Og) on S.

Most of this definition is outside the scope of what we need for the purposes of this
thesis. However we note that if we take S = Spec(R), then this gives us the notion of
an elliptic curve defined over a commutative ring R. Here Spec(R) is the spectrum of
the ring R. The spectrum of R is the set of prime ideals of R. For more details of
this construction, see [Kal.

The basic idea of Katz modular forms is that for an elliptic curve E over a commutative
ring R we can consider a modular form f to be a particular kind of rule on the pair
(E/R,w) where w is an “invariant differential”. We use inverted commas here since
this is slightly looser language than that used by Katz. Katz defined a modular form
of weight k£ and level 1 to be a rule f which assigns to the pair (E/R,w) an element
f(E/R,w) € R, such that the following conditions hold
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(1) f(E/R,w) depends only on the R-isomorphism class of the pair (E/R,w),

(2) f is homogeneous of degree —k in the second variable; for any A € R*, f(E, \w) =
A FF(E,w),

(3) The formation of f(E/R,w) commutes with arbitrary extension of scalars g : R —
R (meaning f(ER'/R/a WR/) - g(f(E/Raw)))

If we consider a ring R lying over a fixed ground ring Ry in the previous definition, and
only base changes by Rg-morphisms, this gives the notion of a modular form of weight
k and level one defined over Ry, the Rp-module of which is denoted My (SL2(Z), Ry).
Notice how there is no condition on holomorphy of these forms, hence the unusual
notation. We also note that Katz uses slightly different notation but we have opted to
stick with notation that resembles that used in this thesis.

Since we have no condition on holomorphy yet it would be nice to try and incorporate
this. In order to do this in this new setup we have to consider the ¢-expansion. This
involves using the Tate curve. The Tate curve is a projective plane curve defined over
the ring Z[[g]] of formal power series. Note that although the Tate curve is defined over
Z[[q]], it is only an elliptic curve over Z((gq)). For more details see [Sil2, Chapter V,
§3]. A modular form f of weight k defined over Ry can then be evaluated on the pair
(Tate(q),wecan)R, consisting of the Tate curve and its canonical differential, viewed as
an elliptic curve with differential over Z((¢q)) ®z Ro (and not just over Ry((¢q))). The
g-expansion of the modular form f is then given by the finite-tailed Laurent series

f((Tate(q),wean) ry) € Z((q)) ®z Ro.

The modular form f is said to be holomorphic at oo if its g-expansion lies in the
subring Z[[q]] ®z Ro; we now denote these modular forms with the familiar notation
My (SLa(Z), Rp). The submodule of cusp forms Si(SL2(Z), Ry) comprises of those
modular forms whose g-expansion has constant term zero.

As we have previously mentioned, this notion of a Katz modular form in fact coincides
with the notion of a classical modular form when we take R = C. Although the
language is more technical here, hopefully it is clear that the notions of g-expansion,
holomorphicity and the transformation property all reduce to the same thing on both
sides.

Similar definitions hold in the case of level IV except now it involves a level N struc-
ture on the elliptic curve E. Although Katz uses a more general notion of level N
structure, we will only consider the case which gives Katz modular forms for I'i(NV)
since these are the forms we will consider in our proof. For details of the more general
case, see |[Kal, §1.2]. For our purposes, the level N structure will consist of an isomor-
phism ¢ : Z/NZ——C where C is a cyclic subgroup of E[N]. This is determined by
¢(1) = P where P is a point of order N. In this case we will obtain the Ry-module
M (T'1(N), Ro). Recall these are the modular forms without holomorphicity. To con-
sider the g-expansion in the level N case we have some extra conditions on the ring
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Ry. In particular we require Ry to contain % and a primitive N-th root of unity (u.

We may then evaluate the modular form f on triples (Tate(¢"),wean, P)r, Where P
is a point of order V. The g-expansions of the modular form f are then the finitely
many finite-tailed Laurent series

f((Tate(¢"), wean, P)r,) € Z((q)) ®z Ro

obtained by varying P over all points of order N. A modular form f defined over a ring
Ry containing % and a primitive N-th root of unity ( is said to be holomorphic at oo
if all of the g-expansions lie in Z[[q]]®z Ro. This gives the Rp-module My (I'1(N), Rp).
Again, the submodule of cusp forms is denoted Si(I'1(NN), Rp). Note that each of these
g-expansions corresponds to an expansion around a different cusp and a cusp form
is one such that the constant term of each of these expansions is zero. In particular
since we are considering all level N structures here (corresponding to I'1(/N)) we have
g-expansions at all cusps. In the case when R = C this will correspond to the ¢-
expansions at each of the cusps of X (V).

Our main proof will involve viewing classical modular forms as Katz modular forms.
We wish to consider our Eisenstein series F as a Katz modular form whose reduction
modulo )\ lies in the module Si(I';(Np),F;). In order to do this however, we will
need to make use of the g-expansion principle. The principle was first introduced by
Katz in 1972 and was later published in 1973. Corollaries 1.6.2 and 1.12.2 of [Kal
give the precise statements. The principle basically states that a modular form f is a
Katz modular form over a ring R as long as its g-expansion at sufficiently many cusps
has coefficients in the ring R. Clearly in our case this will mean that we have a Katz
modular form with coefficients in Fy/, which we can then view as lying inside F,; see
the proof of Theorem for more details.

Now that we have defined Katz modular forms we might wonder whether there is still a
notion of Hecke operators acting on the spaces My (I'1(Np), R). In the classical case we
had double coset operators acting on holomorphic functions. Here our modular forms
are no longer holomorphic functions. However, it turns out that we can still define
Hecke operators acting on the spaces of Katz modular forms. These Hecke operators
are defined in such a way that when we take R = C, they agree with the Hecke operators
in the classical case. For details see [Kal, §1.11].

We have now covered sufficient background material on Katz modular forms necessary
to prove Theorem [3.0.1

Proof of Theorem [3.0.1] Recall that we have the linear combination of Eisenstein series
E = E}?(2)—(p)ayEL P (2) = EV?(2)— ¢ (p) EL ¥ (p2). We know that E is a classical
modular form. We can view this as a Katz modular form in the module My (I'1(Np),C).
Consider the Z[1/N]-algebra R, with R = Z[(np, 1V, ¢] where () is a primitive Np-
th root of unity. Then, by an application of the g-expansion principle, we have E &€

M (T'1(Np), R). This follows since the coefficients of the g-expansion of E at each
cusp lie in R.
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By Lemma we know that the holomorphic function E vanishes modulo X\ at
each of the cusps (viewed as a classical modular form). It follows by the properties of
Katz modular forms that this still holds when we view E € My (I'1(Np), R). That is,
each of the g-expansions at different cusps has constant term divisible by \'. It follows
from the g-expansion principle that the reduction of E gives rise to an element E €
Si(I'1(Np),Fy). Note that this can be viewed as a base change by a homomorphism
from R to Fy . The element E is a common eigenvector for each of the Hecke operators
T, for ¢ t Np. Note that we now have Hecke operators acting on a space of Katz
modular forms. These Hecke operators behave in a way compatible with the classical
Hecke operators acting on E viewed as a classical modular form. Since Fy C Fy (since
N1¢), we can view E € Si(T'1(Np),Fy).

We know by [E, Lemma 1.9] that the reduction map from Sy(T'1(Np),Zs) to
Sk(T1(Np),Fy), where X|¢, is surjective. Hence E is the reduction of some element
g € Sp(I'1(Np),Ox), with Oyr the ring of integers of some finite extension Ky~ of
Q¢. That is E is the reduction of a characteristic 0 cusp form. This cusp form how-
ever may not be an eigenvector for each of the Hecke operators. Let F denote the
residue field of Oy». Each of the Hecke operators T, for ¢ { Np then commute and
act on Si(T'1(Np),F) with E a common eigenvector, eigenvalue v(q) + (q)¢*~! for
T,. By the Deligne-Serre lifting lemma [DeSe, Lemme 6.11], there exists a common
eigenvector f’ € Si(T'1(Np),O,) with Oy the ring of integers in some finite extension
Ky of Ky, with eigenvalues congruent to 1(q) + ¢(q)¢"*~' (mod \), where AN . As
a consequence of Carayol’s lemma (Proposition 1.10 of [E]) we see that f’ arises from
an f € Sk(I'1(Np),x') (rather than f € Si(T'1(Np),x) with x = x' (mod X)) with y’
as in the Theorem. This f is an eigenform for the Hecke operators T; when ¢ { Np
with corresponding eigenvalues a, satisfying

ag =1(q) +¢(g)¢" ' (mod N),

for all ¢ Np.

Remark 3.2.3. There are many ways that this work could be further generalised. For
example we could try raising the level by a power of a prime, or a product of primes.
Another way that we could generalise is by changing the modular forms that we are
working with. Although it will not be covered in this thesis, it is worth noting that
I am currently working with Daniel Fretwell and Catherine Hsu to try and generalise
this work to the case of Hilbert modular forms. In the process of this work it has been
brought to my attention that a constant term formula in the Hilbert case (see [Q]) is
proven without the condition that u and v be coprime. It should be possible to drop
this condition also in my case, however I have not had the time to try and prove this.
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§3.3 Comparison with the Bloch-Kato Formula for a Partial L-Value

The Bloch-Kato conjecture is a far reaching generalisation of the Birch and Swinnerton-
Dyer conjecture for elliptic curves. Whereas the Birch and Swinnerton-Dyer conjecture
relates arithmetic information associated to an elliptic curve and the behaviour of the
Hasse-Weil L-function at s = 1, the Bloch-Kato conjecture goes further and gives us
information about values at integer points of L-functions associated to motives. This
thesis will not deal with the general conjecture; in particular we will not cover material
on motives.

The aim of this section is to make use of the congruence we have found in Theorem [3.0.1]
and construct a non-zero element in a Bloch-Kato Selmer group. This then gives the
divisibility of the partial L-value by the modulus of the congruence. Although the case
of the Bloch-Kato conjecture that we will be considering has already been proven, we
can show that what we obtain agrees with the result. Naturally we would also like to
go the other way. That is, given a non-zero element of a Bloch-Kato Selmer group, we
would like divisibility of the partial L-value to give the existence of a congruence. In the
case of the L-function being a Dirichlet L-function, this is exactly what we have proved
in Theorem [3.0.1] Recall from the discussion after the statement of Theorem [3.0.1] that
we interpreted ordy(¢(p)p*F — ¢(p)) > 0 as there being a A dividing the missing Euler
factor at p of the Dirichlet L-function L(1 — k,1~'¢). This is exactly the L-function
that will appear in the Bloch-Kato conjecture. This condition implies the existence of a
non-zero element in the A\ part of the Bloch-Kato Selmer group. In more general cases
however, divisibility of an L-function by A need not imply the existence of a mod A
congruence.

Let k,p, 0, X and f =37 ang" € Sp(I'1(Np),x) be as in Theorem on page
Suppose that p # ¢ and let L = Q({ay}). There exists a continuous representation
attached to f given by:

Pf=PfAr: GQ — GLQ(L)\),

unramified outside Npf, such that if ¢ { Npl is a prime, and Frob, is an arithmetic
Frobenius element, then

Tr(py(Frob, ")) = ag(f), det(py(Froby ")) = x(q)g" .

We may conjugate so that p; takes values in GL2(O,) and reduce modulo A to get a
continuous representation

ﬁf = pf,)\ : GQ — GLQ(]F)\)

This depends in general on a choice of invariant O)-lattice. However the irreducible
composition factors are well-defined.

In order to determine these composition factors we will need a couple of results. The
first is the Cebotarev density theorem.
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Theorem 3.3.1 (Cebotarev density theorem). The (lifts of ) Frobenius elements are
dense in the absolute Galois group Gg.

What this result is really telling us is that we can completely determine a representation
by considering the image of all the Frobenius elements. In fact, we don’t actually need
all of them; we may remove finitely many Frobenius elements and we can still determine
the representation. This is useful since we only consider Frobenius elements Frob, such
that ¢t Npl here.

The second result that we require is the Brauer-Nesbitt theorem.

Theorem 3.3.2 (Brauer-Nesbitt). Let p1, p2 be semisimple n-dimensional Galois rep-
resentations over a field K of characteristic 0 or £ > n. Then p1 ~ po if and only if

Tr(p1) = Tr(p2)-

This theorem is essentially saying that we can determine when two Galois representa-
tions are equivalent purely by considering the character values. We note that the full
theorem is a little stronger as the case £ < n is also considered but we do not require
the full generality as we always have £ > n.

Since we know the character values of p; at all but finitely many Frobenius elements,
we may combine the Cebotarev density theorem with the Brauer-Nesbitt theorem in
order to fully determine the irreducible composition factors. Since Tr(ﬁf(Frob(;l)) =
@, = ¥(q)+9(q)g* ! in Fy we see that the composition factors are the one-dimensional
modules Fy(v)) and Fy(1 — k)(y). Note that Fy(¢) is simply ¢ viewed as a Galois
representation (via Class Field Theory) on an Fy vector space. Similarly Fy(1 —k)(p)
is the (1 — k)-th Tate twist of ¢ viewed as a Galois representation on an F) vector
space. The Tate twist here is simply multiplying ¢ by Xé_k where yy is the f-adic
cyclotomic character.

Without loss of generality we may choose our invariant Oy -lattice such that

— @X;_k *

Moreover an argument of Ribet [Rib3l, Proposition 2.1] says that we may also choose
our invariant Oy-lattice in such a way that p; is realised on a space V' such that

0 —TFr\(1—k)(p) =V 5 Fy(yp) —0

is a non-split extension of Fy[Gg|-modules. Choose a map s : Fy(y)) — V that is Fy
linear and z € F)(v)). For g € Gg consider g(s(g7!(x))) — s(z). Note that

w(9(s(g™" (2))) — s(@)) = g(n(s(g~"(@)))) — 7(s(x)) = g9~ (&)) —x =z — & = 0.

Hence g(s(¢7(z))) — s(z) € ker(m). Since the sequence is exact we see that
g(s(g7(z))) — s(z) € im(¢). We therefore have a map C : Gg — Hom(Fy (1), Fy(1 —
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k)()) defined by C(g)(x) = ¢ *(g(s(¢g7(z))) — s(x)). Note that g acts on =z
by ¢g(z) = 9(g)r and the action of g on C(h) in Hom(Fy(¢),Fx(1 — k)(p)) is
by g on the codomain and by ¢g~! on the domain. We also note that C(g)(z) =
P(g)tg(s(x)) — s(z) = g(s(g7(x))) — s(x). We omit the :~! to ease notation. We
have

We therefore see that C' defines a cocycle as it satisfies the necessary condition.

We note that choosing a different map s would result in a different cocycle, but this
would only differ by a coboundary. We therefore obtain a unique class ¢ := [C] €
HY(Gg,Hom(F (1), Fx(1 — k)()) independent of the choice of z. This class is non-
zero since the extension is non-split. The fact that ¢ must be non-zero is proven by
contradiction. If C' were a coboundary (so the class ¢ would be zero), we could adjust
s in such a way that we have Galois equivariance, thus producing a splitting. Therefore
since the extension is non-split, the class ¢ must be non-zero.

We note that we may simplify Hom(F(¢), FA(1 — k)(¢)). We have

Hom(Fx(v),FA(1 — k)(¢)) = (FA(¥))" @ FA(1 — k)(¢)
~Fr(p") @ FA(L — k) (¢)
~Fa(1 - k) (')

We therefore have ¢ € HY(Gg,Fa(1 — k)(¥1p)). Let Vi = Ly(1 — k)(v "), let
M)\ = O/\(l — k)(i/)flgo), let A)\ = V)\/M)\ = (L)\/O,\)(l — ]C)(wfl(p) and let A[/\] be
the kernel of multiplication by A in Ay. Consider the inclusion i : A[]\] = Ay and let
d:=i.(c) € H'(Gq, A)). Consider the following short exact sequence:

9

0— AP -5 Ay 25 Ay — 0.

Here “\” means multiplication by some uniformiser for A. This short exact sequence
gives rise to a long exact sequence in cohomology. We consider a piece of this sequence:

H(Gg, Ay) -5 HY (G, AN]) -5 H' (G, Ay).

We wish to know when ¢, is injective. Since the sequence is exact, this is equivalent
to knowing when the image of § is trivial. This will be the case when H°(Gg, A))
is trivial. Since we can multiply by an appropriate power of A, this is equivalent to
HY%(Gg, A[N]) being trivial. Consider 0 # x € Fx(1 — k)(¢"'¢). Then for ¢ t Np,
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Frob;l(:c) = (¢""~'p(q))(z). Since £{ N we may choose ¢ such that

_J¢ (mod¢)
7)1 (mod V),

where ( is a primitive root modulo ¢. Now if (I — 1) (k — 1) then ¥ ~1p(q) = 1 since
¢ =1 (mod N) and ¢*~' = ¢*! (mod ¢). But then ¢*' # 1 (mod ¢). It follows
that Frob;l(x) # x in F). For example, this condition is satisfied when ¢ > k. Hence
HY%(Gg, A) is trivial, so we see that i, is injective and d # 0.

We would like d to belong to a Bloch-Kato Selmer group. We therefore now define
these groups. Following [BIKal, §3], for ¢ # ¢ let

H}(G@q, Vi) == ker (H'(Gg,, Va) = H' (I, V) .

Here G, has been identified with some decomposition subgroup at a prime above ¢, I
is the inertia subgroup and the cohomology is for continuous cocycles and coboundaries.
For g =10 let

H}(G@ea V)\) := ker (Hl(GQea V)\) — Hl(DZ) V)\) XQ, Bcrys) .

For a definition of Fontaine’s ring Berys see [BlKal, §1]. Let H}(G@, V) be the subspace
of those elements of H!(Gg,Vy) which, for all primes ¢, have local restriction lying in
H}(GQq, V). We have the natural exact sequence

0—>M)\—>V)\L>A)\—>O.

Let H}(GQq,A,\) = W*H}(GQq,V,\). Define the Selmer group H}(GQ,AA) to be the
subgroup of elements of H'(Gg, A)) whose local restrictions lie in H}(GQq,A/\) for
all primes ¢. Since we have ¢ { 6N, in particular ¢ # 2, we may omit ¢ = co. More
generally, given a finite set ¥ of primes with ¢ ¢ X, we define H(Gg, Ay) to be the
subgroup of elements of H!(Gg, A)) whose local restrictions lie in H}(GQq, Ay) for all
primes ¢ ¢ X.

Proposition 3.3.3. Let ¥ = {q: q|N}. Then d € Hy, Gg, Ay).

Ui
Proof. For q t Npt(with A|{) we have p; unramified at ¢, that is pg[s, is trivial. It
follows that the restriction of d to H'(I;, Ay) is 0 for such ¢. It follows from [Br]
Lemma 7.4] that d € H}(GQq, A)). If we assume that ¢ > k the representation ps at
¢ is crystalline, we see that it satisfies the necessary local condition at ¢; that is d €
H }(GQZ, Ay). This is a consequence of the second part of [DEG| Proposition 2.2]. Since
the necessary local conditions are satisfied it follows that d € Héu {p}(G@, Ay). O

We now give a different way of producing a non-zero element of Héu ) (G, Ay) =
ng{p}(a@, (Lx/OX)(L = k) (¥ 'p)). Let Ly (k,ve~!) be the partial Dirichlet L-
function with Euler factors at primes ¢ € ¥ U {p} omitted. We now reformulate the
A-part of the Bloch-Kato conjecture, as in (59) of [DEG], similarly using the exact
sequence as in their Lemma 2.1.
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Conjecture 3.3.4 (Case of A-part of Bloch-Kato).

ord Lygpy (k™)
Mgl ) (2mi)k

o Tam())\((LA/OA)(k)w‘ro_l)#Hzl;U{p}(GQ> (LA/OXN) (L= k) (1))
o #HO(Gg, (Lr/ON) (1 — k) (1)) '

Note that here the period g(y~'y)(2mi)* follows from the calculation at the end
of [DFG, §1.1.3]. Recall that g()"!¢) is the Gauss sum of ¥ ~l¢. We omit the
definition of the Tamagawa factor Tam$((Ly/O))(k)yp~1), but note that (assuming
¢ > k+1, recall that A|¢ here), its triviality is a direct consequence of [BIKal Theorem
4.1(7i7)]. In their notation we have i = —k and j = 1. This case of the Bloch-Kato
conjecture is actually known to be true. It was proven by Huber and Kings [HK]
Theorem 5.4.1].

Recall that we have already shown that HY(Gg,(Lr/O\)(1 — k)(¥71p)) =
HO(GQ,AA) is trivial. Since the Tamagawa factor is also trivial, we see that if

L Kot _
ordy (%) > 0, then ordy (#Héu{p}(GQ7 (Lx/ON) (1 —k)(¢ 1@)) > 0 and
vice versa. Therefore if we can guarantee divisibility of the partial L-value by A then

we know that there must be a non-zero element in the Bloch-Kato Selmer group.

—1
Proposition 3.3.5. ord) (%) > 0.

-1
Proof. We will show that ordy (%) > 0. Since A|N this will imply that

-1
ordy (%) > 0. Concentrating on the {p} part of Ly g,y (k, 1o~ !) here (re-

call £ # p), we see that (p)p* Ly, (k,ve~") = (p(p)p" —¥(p)) Lk, "). Note that
if X|¢(p)p* then we cannot have X'| (¢(p)p” — ¢(p)). Also a generalisation of the Von
Staudt-Clausen theorem, proven by Carlitz [Carl| tells us that the denominator of L(1—
k,v 1) will not cancel any potential divisors of the Euler factor (see below for more

details). Therefore if £ > k+1 and N|(¢(p)p* —1(p)), then ordy (%) > 0.

So the formula implies that Héu{p}(G@, (Lx/O\)(1 — k)(¢p"1p)) contains a non-zero
element. Of course here we are assuming that the factors in ¥ do not cause any
cancellation. O

We may use the functional equation of the Dirichlet L-function to consider L(1 —

k1) instead of L(k,1p~1). We then have L(1 — k,¢p~'p) = ——%e  The

generalisation of the Von Staudt-Clausen theorem proven by Carlitz then gives us

B, ., _
conditions on this being an algebraic integer. Suppose we write %1“’ = % with
('B,®) = 1. If the conductor of 1)~l¢, in this case N, contains at least two distinct

Byt
%

primes then £ is an algebraic integer as © is the unit ideal. If instead N = p®
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for some a, then © contains only prime ideal factors of p. In this case we have
B, ,_
5 = = kLNCk(d}_l@) (mod 1) where

N
Cu(™hp) =Y v ()t
r=1

Recall that since £1 6N there will be no cancellation in this case either.



Chapter 4

The Weight 1 Case

Now that we have proved our main result we wish to extend this to the case of weight
1 modular forms. This is not straightforward however, as there are several differences
in this case as we have already seen partially in Section One such difference
is that we no longer have formulas for the dimensions of the spaces M;(I'1(N), x)
and S1(I'1(N),x). This is down to certain terms in the Riemann-Roch formula not
necessarily canceling each other out anymore. There are however some conjectured
formulas for the dimension of S1(I'1(¢), x) by Trotabas; See conjecture 2.1 of [Tt]. In
fact, this same issue means we will not be able to make use of the same method of
proof as we used for T heorem The Deligne-Serre Lemma [DeSe] is not applicable
in the case of weight 1. This is because the reduction map from S;(I'1(Np),Zy) to
S1(T'1(Np),F,) is no longer surjective. Evidence of this was found by Buzzard [Bul.
In this paper he finds a mod 199 weight 1 cusp form of level 82 which does not lift
to a cusp form of characteristic zero. There are many more examples of these kinds of
modular forms in Schaeffer’s thesis [Sch]. He refers to these particular modular forms
as ethereal forms.

Although there are differences we still have methods for trying to generalise our main
statement. Recall the construction of the weight 1 Eisenstein series from Section [I.4.4]
Although this construction is rather different, we still end up with something that is
very similar to the Eisenstein series of higher weight. In particular it is a modular
form inside the correct vector space, has a similar Fourier expansion to higher weight
Eisenstein series, and also has the Hecke eigenvalues you would expect of a weight 1
Eisenstein series. One difference now is that the constant term has a slightly different
form, namely §(¢)L(1 — k,v¢) 4+ 6(¢p)L(1 — k, ) instead of §(¢p)L(1 — k,p), where k
is the weight of the corresponding Eisenstein series. We can naively work in the same
way as before and ask the question: If a prime ¢ divides ¢(p)p — ¥ (p), does there exist
a congruence modulo \ (with A|¢), of Hecke eigenvalues, between a level N Eisenstein
series and a level Np cusp form?

We will be looking first at the simplified case where we take one character to be trivial.
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First assume that ¢ is trivial, i.e., we are looking at the series Eip’l. Hence we are
interested in the Euler factor associated to L(k, ¢ ~!) = L(k,). In exactly the same
way as before we obtain the factor p—1(p) (note that k£ = 1 and ¢ is trivial). Similarly
if we take 1 to be trivial we obtain the factor ¢(p)p — 1. We might expect divisors of
these factors to be moduli of congruences. Also note that the Hecke eigenvalues (at a
prime q) of these Eisenstein series are now simply v (¢q) + 1 and 1+ ¢(q) respectively.
We may expect to have to place some restrictions on our characters given the differences
of the weight 1 case. But how can we decide on these restrictions? It turns out that
the construction of a particular weight 1 cusp form will give us the answer to this. A
special case of the result we will prove is the following:

Theorem 4.0.1. Let K = Q(v/—d) be an imaginary quadratic field with discriminant
N and associated quadratic character n : (Z/NZ)* — C*. Let p be a prime such
that pt N. Let £ { 6N be a prime such that ordy ((p —n(p))h) > 0 where h is the
class number of K. If p splits in K then there is a normalised Hecke eigenform
[ € Si(T1(Np),n') (where 0’ is congruent to n modulo X\) such that for all ¢ with q
prime,

aq(f) =1+n(q

)
where M is a prime of Q({an(f)} Q(¢e
normalised Hecke eigenform f € Si( p?),
A ) such that for all ¢ with q prime,

ag(f) =1+n(g) (mod A),

where A/{ is a prime of Q({an(f)}) = Q({r).

(mod A),

). If p is inert in K then there is a
n') (where 1’ is congruent to n modulo

):
Iy(N

Notice the very similar structure of this result to Theorem [3.0.1] The Euler factor
©(p)p* =1 (p) now simplifies to p—n(p); this follows because we are considering ¢ = 11,
¢ =mn and k = 1. The class number of K is now the simplification of By, ,,-1,/k, both
of which come from L(1 — k,9~'¢). Note that this is because L(1 — k,1~1¢) is
now L(0,7) which gives the class number. The Hecke eigenvalues of the Eisenstein
series are now much simpler due to the fact that one character is trivial and k£ = 1;
V(q)+¢*1p(q) is simply 7(g)+1. The main difference with this result is the second half
where we consider an inert prime in K. In this case the level of the cusp form is Np?
and so we have raised the level by p?. Although this isn’t something we considered in
the higher weight case it is a special consequence of the particular construction that we
use. This is the simplest case and its proof will serve as a template for the more general
result. As long as we have primitive Dirichlet characters ¥ and ¢, of conductors u
and v respectively, with uv = N and ¥ = np (mod \), then we obtain a congruence.

Theorem 4.0.2. Let K = Q(v/—d) be an imaginary quadratic field with discriminant
N and associated quadratic character n : (Z/NZ)* — C*. Suppose ¢ and ¢ are
primitive Dirichlet characters of conductors w and v respectively with uwv = N . Let p
be a prime such that p{ N. Let 16N be a prime such that ord; ((¢(p)p — ¥ (p))h) > 0
where h is the class number of K. Assume that v = np (mod ). If p splits in K
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then there is a normalised Hecke eigenform f € Si(I'1(Nvp),€) (where € is congruent
to e modulo \) such that for all q with q prime,

aq(f) =¥(q) +¢(g) (mod N),

where M is a prime of Q({an(f)}) = Q(¢¢). If p is inert in K then there is a
normalised Hecke eigenform f € S1(I'1(Nvp?),€) (where € is congruent to 1 modulo
A ) such that for all ¢ with q prime,

aq(f) = ¥(q) +¢(g) (mod N),
where N|¢ is a prime of Q({an(f)}) = Q((r)-

Notice how Theorem [£.0.1]is a special case of this result. The differences here are that
n is now related to two Dirichlet characters ¥ and ¢ via a congruence condition and
the level of the cusp forms have now been raised by an additional factor of v. This
choice is arbitrary however, we could have just as easily raised the level by u instead.
The details of this will become clear when we work through the proof.

We will later show that these two results cover everything that is happening in the
weight 1 case. Basically if we have any Dirichlet character that isn’t associated to a
quadratic field then there isn’t a congruence.

Theorem 4.0.3. Suppose ¥ and ¢ are primitive Dirichlet characters of conductors
u and v respectively with uv = N, so Eim’ € Mi(T1(N),vp). Let f € S1(T1(M),e¢)
have associated Galois representation py. There exists a congruence between the Hecke

eigenvalues of E;Z)’“D and f only if pr(Gg) = D,, for some n.

In order to prove these results we will need some background on the theory of Galois
representations. Once we have the necessary background we will combine this with some
class field theory in order to prove Theorem The proof of Theorem [4.0.2] will then
be a fairly straightforward adaptation of the method used to prove Theorem We
will then need to consider Schur covers of certain groups in order to complete the proof
of Theorem [£.0.3

§4.1 Galois Representations and Weight One Modular Forms

As with the higher weight cases we aim to try and construct a weight 1 cusp form
whose Hecke eigenvalues satisfy a congruence. We already know that we will not be
able to apply the same method as before. We therefore need to come up with a new
construction without using the Deligne-Serre Lemma. Our aim is to use the theory of
Galois representations. We will make use of the work of Khare-Wintenberger [KhWij]
proving that a certain type of Galois representation is modular; that is, it gives rise to
a newform of weight 1. This will be made precise once we have some basic definitions
regarding (Galois representations.
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Let Q/Q be an algebraic closure of Q and let Gg = Gal(Q/Q) denote the absolute
Galois group. Let p: Gg — GL2(C) be a two dimensional continuous complex linear
representation of Gg. Such a representation is called a Galois representation. Note
that we will assume our representations are continuous from now on. This essentially
corresponds to having open kernel, and hence, finite image. It then follows that p
factors through Gal(K/Q) for some finite Galois extension K/Q. We let € = det(p),
which is a one dimensional representation of Gg.

If we take any embedding of Q in C then complex conjugation on C induces an auto-
morphism of Q. Any such automorphism is known as a Frobenius element at infinity
or simply a complex conjugation. Suppose x is a one dimensional linear representation
of Gg. If x(c) = —1, where ¢ is a complex conjugation, we say that x is odd. Note
that all such ¢ are conjugate, so the condition x(c) = —1 is independent of the choice
of embedding of Q into C.

Let N be the Artin conductor, and L(s, p) the Artin L-function, of the representation
p. The Artin L-function is defined by an Euler product over prime ideals p:

L(s. p) = [] detlI — N(p)~*p(Frob; )] "
p

For a definition of the Artin conductor and some basic properties of the L-function,
see [Cog|. The conductor of the representation ¢ = det(p) divides N and so it may be
viewed as a Dirichlet character mod N

€: (Z/NZ)* — C*.

Note that we may do this by using class field theory since (Z/NZ)* is the Galois group
of a cyclotomic quotient of Gg (namely Gal(Q¢,/Q)). The representation e is odd if
and only if this Dirichlet character satisfies e(—1) = —1.

Now that we have set up the basic notation we are in a position to discuss the work
of Khare-Wintenberger. The main result of the paper [KhWi| was a proof of Serre’s
modularity conjecture. This result involves mod p representations. Although we will
not be directly interested with these representations, we will consider them when prov-
ing Theorem We therefore give a basic overview of the conjecture. Suppose
p : Gg — GLa(F) is an absolutely irreducible, continuous, two-dimensional, odd, mod
p representation, with [ a finite field of characteristic p. Such a representation is said
to be of Serre type. Given a normalised eigenform

f=q+aq®+asq®+...

of some level N, weight k, and character x : Z/NZ — F*, a theorem of Deligne,
Eichler, Serre and Shimura attaches to f a representation py : Gg — GL2(O), where
O is the ring of integers in a finite extension of Q. For primes p t N¢, we have

Tr(pf(Frob, ")) = a,
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and
det(ps(Frob, 1)) = p"'x(p).

The reduction of this representation modulo the maximal ideal of O gives a mod ¢
representation py of Gg. Serre’s conjecture states that for p of Serre type, there is
an eigenform f of level N(p), weight k(p) and character x : Z/NZ — F* such that
py =~ p. In their paper, Khare and Wintenberger prove this conjecture and then go
on to deduce some results about representations in characteristic 0. These are the
representations we will be interested in while proving Theorem

The result that we are interested in, namely modularity of irreducible, two-dimensional,
complex, odd Galois representations, is intimately tied in with the problem of solving
Artin’s conjecture on L-functions. For any p: Gg — C* such that e is odd, define:

Als,p) = N*/2(2x) () L(s, p).

The function A then extends to a meromorphic function on the whole complex plane,
and satisfies the following functional equation:

A(s,p) = W(p).A(1 = s,p7).

Here W (p) is a certain complex number with absolute value 1 known as the Artin
root number and p* is the complex conjugate representation. The Artin conjecture
(in the two-dimensional case) states that the function A(s, p) actually has an analytic
continuation to the whole complex plane.

Over the years many different people have proven different cases of Artin’s conjec-
ture. Many of the two-dimensional cases were known by 1981. The final (odd) two-
dimensional case was proven in 2009 by Khare and Wintenberger. Langlands had made
a general conjecture, which in our case states that p arises from a cuspidal automorphic
representation m of GLa(Ag). From this we get that L(s,p) = L(s,m). It is known
that L(s,7) has an analytic continuation to the whole complex plane and therefore one
may deduce Artin’s conjecture from this. In fact Theorem 10.1(7) of [KhWi| implies
Langlands’ conjecture, and therefore Artin’s conjecture. This then provides a converse
to a theorem of Deligne-Serre which attaches a complex representation to a newform
of weight one. That is they proved the modularity of p and deduced Artin’s conjecture
from this. The result of Khare-Wintenberger is Corollary 10.2(i7) of [KhWi] and the
result of Deligne-Serre is Theorem 2 from Section 3 of [S]. We state both here.

Theorem 4.1.1 (Khare-Wintenberger). Let p be an irreducible two-dimensional com-
plex linear representation of Gg with conductor N and € = det(p) odd. Suppose
L(s,p) =3 2 jann™%, and let f(z) = 07 anq™. Then f € Si(T'1(N),€) is a nor-

malised newform.

Theorem 4.1.2 (Deligne-Serre). Let f € S1(I'1(N),€) be a normalised newform. Then
there exists an irreducible two-dimensional complex linear representation p of Gg such
that L¢(s) = L(s,p). Further, the conductor of p is N, and det(p) = €.
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Note that the even two-dimensional case is still an open problem but we only deal with
odd representations so this is not an issue. The case that Khare and Wintenberger
proved was the case when the projective image of p is non-solvable, that is, the projec-
tive image is As. The cases of solvable projective image were proven by various people.
The case when the projective image is S4 was proven by Tunnell [Tu] in 1981. The case
when the projective image is A4 was proven by Langlands [L] in 1980. The cases when
the projective image is dihedral or cyclic were proven by Artin and Hecke. We will see
more about the projective images of complex representations later, in particular, why
these are the only possible images.

Before these cases had been proven it was necessary to rely on a technical condition in
order to ensure that two-dimensional, odd, irreducible complex Galois representations
were modular. This condition can be found in [S] from 1977; we state the condition
here.

Condition 4.1.3. There exists a positive integer M such that, for all one dimen-
sional linear representations x of Gg with conductor coprime to M, A(s,p® x) is a
holomorphic function of s for s # 0, 1.

Notice that this condition is simply the Artin conjecture for p ® y. Since p is two-
dimensional, det(p ® x) = det(p)x?, so if p is odd, then so is p ® x. The repre-
sentation p was known to satisfy Condition if it was reducible or induced from
a one-dimensional representation. Assuming this condition was enough to give the
result proven by Khare-Wintenberger for this p. This was originally a result of Weil-
Langlands. Note that for this representation p we have that Tr(p(Frob, 1) = a, and

det(p(Frob, ")) = x(p).

The theorems of Khare-Wintenberger and Deligne-Serre are of great importance since
they give a concrete link between cusp forms of weight 1 and two-dimensional Galois
representations. Since we know quite a bit about Galois representations this will make
studying weight 1 cusp forms much easier. After looking at a little more theory we will
be in a position to construct a weight 1 cusp form whose Hecke eigenvalues will satisfy
a congruence as stated in Theorem This cusp form will be constructed from a
particular type of Galois representation making use of Theorem It turns out that
the existence of a congruence will depend on the projective image of the representation
p. We therefore need to know some background material on projective representations.

4.1.1 PROJECTIVE REPRESENTATIONS

Firstly we note that a two-dimensional representation p gives rise to a projective linear
representation, p, of Gg:
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GL(C)

™

PGL,(C)

where PGLy(C) = GL2(C)/C*. The image of f is a finite subgroup of PGL2(C), and
is therefore one of the following:

(1) Cy - cyclic of order n;
(2) D, - dihedral of order 2n,n > 2;

(3) the alternating groups A4, As, or the symmetric group Sy.

This classification is well known. A purely algebraic proof can be found in Section 1.1
of Dolgachev’s notes [Do]. Notice that these are exactly the cases that were checked
for the Artin conjecture.

First of all we consider the case that im(p) is cyclic. Suppose we have a,b € im(p).
Then 7(a),m(b) € im(p). Since im(p) is cyclic, we have w(a) = ¢" and 7(b) = ¢° for
some g € im(p) and r,s € Z. Hence under the preimage of m we see that a = \,g"
and b = M\yg® for some A, \p € C*. It therefore follows that ab = ba and im(p)
is abelian. From this we deduce that p is reducible. We therefore wouldn’t be able
to use Theorem to obtain a weight 1 cusp form. Hence we ignore this case.
The case we will be interested in to begin with is case , the representations whose
projective image is dihedral. It will turn out that this is the only case in which we can
obtain a congruence as stated in Theorem and Theorem The remaining
cases will all be considered when we prove Theorem [4.0.3] since none of these cases
lead to a congruence. We note that, as implied in the argument above, a projective
representation p can be lifted to a linear representation p. We defer the details of this
until Section where we will need to consider the liftings in proving Theorem
For the proof of Theorem and then the more general proof for Theorem [4.0.2] it
is simply enough to know that such a lift exists.

4.1.2 DIHEDRAL REPRESENTATIONS

Now that we know the basics of Galois representations and their projective image, we
can study the case that we are interested in. For now we simply assume results about
liftings, for those wanting to know the details, consult Section [4.2.3] The following
discussion, up to the statement of Proposition is largely based on [S, §7]. Let
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p be a two-dimensional projective representation of G, and let p be some lifting of
p. (This is possible by Theorem since Q is a global field.) We say that p (or
p) is dihedral if p(Gg) C PGL2(C) is isomorphic to the dihedral group D,, of order
2n, for some n > 2. If p is dihedral, then it is an irreducible representation. We
would therefore be able to use such a representation to construct a weight 1 cusp form
using Theorem [£.1.1] In constructing the dihedral representation p, there will be a few
technical details that need to be checked which we now discuss.

Let C, be a cyclic subgroup of D,, of order n; if n > 3, (), is uniquely determined.

Suppose p is a dihedral representation. Consider the composition

w:Gy —L . p, Dy /Cp = {£1}

This is again a representation of Gg. It is a one-dimensional linear representation of
order 2, which corresponds to some quadratic extension K/Q. Let Gx = Gal(Q/K) C
Gg. Then p(Gk) = Cy, and plg, is reducible:

Pl =X® X,

say, for some one-dimensional representations x, x of G . If o lies in the non-identity
coset of Gg/Gk , then X = Xo, where Xo(7) = x(6707 1),y € Gg. Further, p =
Indg/g(x), the representation of Gig induced by x.

Conversely, suppose we start with a quadratic number field K/Q, corresponding to
a character w of Gg, and a one-dimensional linear representation x of Gx. Let
p = Indg/g(x), and let 5 be the associated projective representation of Gg. If o
generates Gal(K/Q), let x, be as above. Let f be the conductor of x, and dx the
discriminant of K/Q.

Proposition 4.1.4. With the above notations

(1) The following are equivalent:
(1) p is irreducible;
(2) p is dihedral;
(3) X # Xo-
(2) The conductor of p is |dx|-Ng /() -
(3) The representation det(p) = wxq of Gg is odd if and only if either:
(1) K is imaginary
or

(2) K is real and x has signature +,— at infinity; that is, if c, ¢ € Gg are
Frobenius elements at the two real places of K, then x(c) # x(c). So

{x(c),x()} ={1,-1}.
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(4) If p(Gg) = D, then n is the order of X '.xo.

For a proof see page 239 of [S]. Note that the determinant of p has the form wyxq
where w is the quadratic character associated to the quadratic field K and xq is the
restriction of x to a character of Q. A detailed description of xq is given in the proof
by Serre [S, p.239]. We give a brief description in the following section when we choose
a particular x, see the map given in .

It therefore follows that if we use a one-dimensional representation x of G and induce
to a representation of Gg, we will obtain a dihedral representation providing that
X # Xo- This representation will then be irreducible and, combining Proposition [4.1.4
and Theorem we see that we are able to construct a weight 1 cusp form of level
|di|-Ngo(f) where § is the conductor of x. In detail, suppose p = Indg/g(x) is a
dihedral representation of Gg. If € = det(p) is odd, and we put

L(s,p) = Zann*S, f(z) = Z ang",
n=1 n=1

then, by Theorem f(z) € S(T1(N),e = wxg) where N = |dk| Ng/g(f). There
].

are several examples given in [S]. We are now in a position to tie all of the theory
together and prove Theorem

§4.2 Proving the Weight 1 Theorems

4.2.1 PROOF OF THEOREM m

Before moving on to construct a particular cusp form we take a brief pause to explain
the strategy. Although we are seeking an irreducible Galois representation in order to
make use of the modularity we are also seeking the existence of a congruence modulo /.
That is, we require the representation to be reducible modulo £. This will correspond
to the requirement that Tr(Frobq_l) = aq where a4 is the g-th Hecke eigenvalue of
the cusp form f, and det(Frob;l) = n(q) where 7 is the quadratic character given in
Theorem {4.0.1} Over the course of this section we will see exactly how to guarantee
that this occurs. We note that we will also be able to observe the congruence simply
by knowing the Hecke eigenvalues of the cusp form that we will construct.

Let us first consider an imaginary quadratic field, that is K = Q(v/—d) for some square-
free d > 0. Associated to this field, we have the quadratic character 7 : Gal(K/Q) —
{£1}, or equivalently 1 : (Z/|dk|)* — {£1}. Now take a Hecke (ray class) character
X : Ix(m)/P g(m) — C*, where m is a particular modulus. Later we will be inter-
ested in the case where m consists of a single prime ideal but for now we will work with
a general modulus. Note that, via class field theory, we may view y as a character of
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Gk . We then have

3 x(a) 1

L(S’ X) = s H —s’

o, N 25 1=x(p)N(p)
aintegral p prime

(a,m)=1 (p,m)=1

We would like p = Indg,g(x) to be an irreducible representation. We therefore, for
now, assume that x # x,. We will split the proof of Theorem into three separate
cases, each using a different ray class character, and we will check this condition in each
case. We then use a general result about Artin L-functions to tell us that L(s,p) =
L(s,Indggx) = L(s,x). It then follows (from Proposition and Theorem

that
F=Y x(a)"®

acOk
aintegral

is a modular form of weight 1, level |dx|.N(m) and character nxg. Here we note that
we have a map

Ig(m)/Prg(m) % I (m)/Py g (m) (4.1)

where m = ZNm. Here x is a character of the ray class group on the right and xq is
the restriction defined as a character of the group on the left. We will take a particular
character x such that xg becomes trivial modulo ¢. That is, the determinant of p,
and therefore the character of f becomes 7. This suggests that, as alluded to earlier,
we should consider the Eisenstein series Ell”7 of level |dg|. Unlike the higher weight
case, we may now observe the congruence at all primes ¢, including those that divide
N and p. Since 7 is the quadratic character associated to K, the Hecke eigenvalue of
the Eisenstein series Ell’" (or E{Il) at a prime ¢ is given by

0 if ¢ is inert in Ok,
1+n(g) =141 if ¢ ramifies in Ok,
2 if ¢ splits in Ok

We note that the Hecke eigenvalues for the cusp form f can simply be read off from
the Fourier expansion. The Hecke eigenvalue at a prime ¢ for the cusp form f is given
by

0 if ¢ is inert in O,
ar(q) = x(q) if ¢ = g? ramifies in O,
x(q1) + x(q2)  if ¢ = qu1q2 splits in Ok.
It is clear that at a prime ¢ which is inert in Ok both the Hecke eigenvalue of the

Eisenstein series and the cusp form f is 0. Therefore there will automatically be a
congruence at such a prime. Can we ensure that there is a congruence also at split
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or ramified primes? Note that for a ramified prime ¢ we are really considering the
extension of the Dirichlet character n: (Z/NZ)* — C* to n: (Z/NZ) — C*, where
n(q) = 0 for all ramified primes. We therefore want to ensure that x(q) = 1 (mod \)
or x(q1) + x(g2) = 2 (mod A) for some prime A. Here A will be a prime of a large
enough coefficient field (i.e. containing the values of x). Note that the Hecke character
takes its values in C*, in other words, the d-th roots of unity for some d which will
be a divisor of the order of the ray class group. It is known that for ¢ coprime to d,
these values will be inequivalent modulo A. It is clear that if we can guarantee that
the values taken by x are all congruent to 1 modulo A then the congruence will be
satisfied. If we have ¢ = d then this will be possible since we have zf — 1 = (z — 1)*
(mod ¢). That is, all £-th roots of unity will be congruent to 1 modulo \. Hence one
necessary condition is that we must have ¢ dividing the order of the ray class group

Cn = Ig(m)/ P g (m).

There is a known formula for the size of a ray class group. This formula holds for any
number field K, although it is not always easy to calculate. In our case (K being
imaginary quadratic) it is simple.

Recall the definition of a modulus m = mgm,,. We can write the finite part my as
p

where m(p) is 1 if p divides m and 0 otherwise.

Theorem 4.2.1. For every modulus m of K there is an exact sequence
0—=U/U;k(m) = Pg(m)/P g(m) - Cpy = C =0

and canonical isomorphisms

Pr(m)/Pyg(m) = [T{=} x [] (Or/p™®)< = T]{#} x (Ox/mo)*,
p real p finite p real
plm plm plm

where

U = Oy, the group of units in K,
Ul,K(m) =Un PLK(m).
Therefore Cy is a finite group of order

. .27 N(m0). TTyjmy (1= )
[U : ULK(m)]

where ro is the number of real places of m and hy is the class number of K.
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A proof of this formula is given on page 147 of [Mil]. The idea of the proof is to calculate
the order of the groups in the exact sequence and then use this to calculate the order
of Cy. Note that when K is imaginary quadratic there will be no real places in m.
Also the unit group U is either {£1},{£1,4i} or {£1,+(, £¢?} where ( is a cube
root of unity. Note that the last two cases only occur when K = Q(i) or K = Q(v/—3)
respectively. The factor [U : Uj g(m)] is therefore either 1,2,3,4 or 6. In each case
the only primes involved are 2 or 3 and these are exactly the primes we avoid. This
factor therefore does not cancel out any potential moduli.

We also note that our Eisenstein series El1 " has level |dx| and the cusp form will have
level |dg|.N(m). The level of the cusp form will depend on our choice of modulus.
If we take our modulus to be m = p for a prime p lying above a rational prime p
which splits in K, the cusp form will have level |dx|p. If we took the modulus to be
(m) = p with p lying above an inert prime p, then the level of the corresponding cusp
form would be |dx|p?. These statements follow because the conductor of p is given
by Proposition 4.1.4] and then Theorem [4.1.1] gives the level of the corresponding cusp
forms.

Let us now return to the Eisenstein series and consider the Euler factors which arise.
This should allow us to find some conditions for the modulus ¢. First of all considering
Ell’n, the corresponding Euler factor is n(p)p — 1. Since 7 is the quadratic character
we have associated to K

np)p—1= {

—(p+1) if p is inert in Ok,
p—1 if p splits in Ok.

If we now consider the series E’f’l we have p —n(p) as our Euler factor. We then have

p+1 if p is inert in Ok,
p—nlp) = . o
p—1 if p splits in Of.

Note that whether we consider E11 T or E{]’l, the primes dividing the Euler factor will
be the same. This suggests that we should expect to find a congruence with a cusp
form of higher level with modulus A|¢ if ¢ divides the Euler factor, in particular if
it divides either p+ 1 or p — 1. Also, as was mentioned in the discussion following
Theorem we now expect a prime dividing L(0,7) to give a congruence between
the Hecke eigenvalues of an Eisenstein series and a cusp form of the same level. As we
will see, this is where the class number appears. We now split the proof of Theorem [4.0.1]
into three separate propositions each dealing with a congruence at a different level.

We will first deal with the case that ¢|hx .

Proposition 4.2.2. Let K = Q(v/—d) be an imaginary quadratic field with discrimi-
nant N and associated quadratic character n: (Z/NZ)* — C*. Let {{6N be a prime
such that l|hg . Then there exists a normalised Hecke eigenform f € S1(I'1(N),n)
(where 1’ is congruent to n modulo \) such that for all ¢ with q prime,

ag(f) =1+mn(g) (mod N),
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where A€ s a prime of Q({an(f)}) = Q(G).

Proof. Since l|hg, the order of Cx ~ I /Pr, we may choose x : Cx — C* of exact
order /. Via the isomorphism Cg ~ Gal(H/K) where H is the Hilbert class field,
we may also view x as a character of Gal(H/K). Then for a prime ideal q we have
x([q]) = x(Frob,) since [q] — Froby via the Artin isomorphism. We write x(q) for
X([q]). We would like to show that x # x,. We have

Yo (d) = o (Frobg) ™ 2 y(Frobge ) ™ = BEE y (Frob, )

Now qo(q) € Px so x(qo(q)) = 1. So x(a)xo(a) = x(a)x(o(q)) = x(qo(q)) = 1. It
follows that y, = x~'. Since ¢ is odd and x has order ¢, x # x~!. Hence x # Xo,

as required. This argument is taken from Serre [S, p.241]. Hence by Proposition m
Indg/gx is irreducible. By Proposition and Theorem there is an associated
cusp form f € Si(T'1(N),n'). Here ¥ = nxg. Since x takes values in ¢-th roots of
unity that are all congruent to 1 (mod A), we see that the restriction xq is also trivial
modulo A. Hence 1’ reduces to n modulo . Recall that the Hecke eigenvalues of the
Eisenstein series El1 "I"at a prime ¢, are given by

0 if ¢ is inert in Ok,
1+n(g) =11 if ¢ ramifies in O,
2 if ¢ splits in Ok

Similarly the Hecke eigenvalue at a prime ¢ for the cusp form f is given by

0 if ¢ is inert in Ok,
af(Q) =< x(q) if ¢ = q2 ramifies in Ok,
x(q1) + x(q2)  if ¢ = quq2 splits in Ok.

Since the values of x are ¢-th roots of unity, which reduce to 1 (mod \), we have that
aq(f) =14 n(q) (mod \) for all primes g.

O

As we have previously mentioned, the appearance of hy is related to L(0,7n), that
is, we can explain this by looking at the Eisenstein side. In the higher weight cases,
dividing the constant term of the Fisenstein series, i.e., dividing the L-value, gave a
congruence between a level N Eisenstein series and a level N cusp form. It turns out
that the same is true here. The constant term now is given by L(0,7) or L(0,n7!)
depending on whether we are considering Ell’" or E717’1. But since n is a quadratic
character, L(0,n7) = L(0,n71). Since we are working with a quadratic field we have

L(0.7) = Cf(f)o)) )
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where (i is the Dedekind zeta function. We can calculate this value using the following
formula:

R _ hg.R(K)
EL%S CK(S)—_W»

where R(K) is the regulator of K, w(K) is the number of roots of unity contained
in K and r is the rank of the unit group. Since K is an imaginary quadratic field
R(K) =1 and r = 0. Hence

_hie

lim SiOCK(S) = ll_I}(l) CK(S) = _w(K)

s—0

We then have
e if K = Q)
L(0,n) = ¢ ¢ if K =Q(V=3),

hg otherwise.

This explains the appearance of the class number hx on the Eisenstein side. Again
since ¢ > 3, the denominators in the first two cases will not cancel out any potential
moduli.

We now consider the case ¢|(p — 1) for p a prime that splits in K.

Proposition 4.2.3. Let K = Q(v/—d) be an imaginary quadratic field with discrimi-
nant N and associated quadratic character n: (Z/NZ)* — C*. Let p be a prime that
splits in K such that pt N. Let £16N be a prime such that ¢|(p — 1). Then there is
a normalised Hecke eigenform f € S1(I'1(Np),n') (where 1 is congruent to n modulo
A ) such that for all q with q prime,

ag(f) =1+mn(g) (mod N),

where A€ s a prime of Q({an(f)}) = Q(G).

Proof. We follow the same strategy as for the proof of Proposition Our modulus
is now m = p where p € Ok is a prime lying above p. We see from the formula in
Theorem [4.2.7] that

. hic. 270 N(p). (1 . ﬁp))
P UUik(p)]
_ he(N(p) = 1)
[U: Uk (p)]
hg-(p—1)
[U: Uk (p)]
Since ¢|(p — 1), we see that ¢ divides the order of Ix(p)/P1 i (p). We therefore may

choose x : Ix(p)/Pik(p) — C* of exact order ¢. By Proposition we assume
the order does not divide the class number, i.e., it divides p — 1 but not hx. Recall
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that [U : Uy kx(p)] = 1,2,3,4 or 6 and so does not cancel out any potential moduli
(since £ 1 6N). We would like to show that x # x,. The character x factors through
a quotient of the ray class group, namely Pg(p)/P1x(p) ~ (Ok/p)* ~ F) since p
splits as say pp. We now consider the action of ¢ on this quotient. Recall that we
have Gal(K/Q) = {1,0}. It is clear that o maps p to p, therefore it maps (O /p)™
to (Ok/p)”*. It follows that x and y, are characters that factor through different
quotients, and have different conductors (one has conductor p, the other p). Hence
it follows that x # Xo. Therefore Indg/g(x) is irreducible. By Proposition and
Theorem there is an associated cusp form f € S;(I'1(Np),n’). Here 0" = nxq.
Since x takes values in /-th roots of unity that are all congruent to 1 (mod \), we
see that the restriction xg is also trivial modulo A. Hence 7’ reduces to n modulo
A. (Note that m = p here and N(p) = p). Recall that the Hecke eigenvalues of the
Eisenstein series El1 "I at a prime ¢, are given by

0 if ¢ is inert in Ok,
1+n(g) =<1 if ¢ ramifies in Ok,
2 if ¢ splits in Ok

Similarly the Hecke eigenvalue at a prime ¢ for the cusp form f is given by

0 if ¢ is inert in Ok,
ag(q) = { x(q) if ¢ = g ramifies in O,
x(q1) + x(a2) if ¢ = q1q2 splits in Ok

Since the values of y are £-th roots of unity, which reduce to 1 (mod \), we have that
aq(f) =14 n(q) (mod A) for all primes g. O

We now consider the case ¢|(p + 1) for p a prime that is inert in K.

Proposition 4.2.4. Let K = Q(v/—d) be an imaginary quadratic field with discrim-
inant N and associated quadratic character n : (Z/NZ)* — C*. Let p be a prime
that is inert in K such that pt N. Let £ 6N be a prime such that ¢|(p + 1). Then
there is a normalised Hecke eigenform f € S1(T1(Np?),n') (where ' is congruent to
n modulo \) such that for all q with q prime,

aq(f)=1+n(q) (mod A),

where A€ is a prime of Q({an(f)}) = Q(¢).

Proof. We follow the same strategy as for the proof of Proposition and Proposi-
tion Our modulus is now m = p where p € Ok is a prime lying above p. We
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see from the formula in Theorem [£.2.1] that

. hic. 27 N(p). (1 - ﬁ)
P [U : U,k (p)]
_ fi.(N(p) — 1)
(U : Uk (p)]
B hi.(p? —1)
(U : U1,x(p)]
_hr(p=1)(p+1)
[U : Uk (p)]

Since ¢|(p + 1) with ¢ > 3, we see that ¢ divides the order of Ix(p)/Pi k(p). We
therefore may choose x : Ix(p)/Pi,x(p) — C* of exact order £. By Proposition
we may assume the order does not divide the class number, i.e., it divides p+1 but not
hi . Recall that [U : Uy k(p)] = 1,2,3,4 or 6 and so does not cancel out any potential
moduli (since ¢ { 6N). We would like to show that y # x,. The character y again
factors through the same quotient as in the proof of Proposition but the modulus
has changed giving us a different finite field. We now factor through Pg(p)/Pi k(p) =~
(O /p)” ~ IF';Q . Again we consider the action of ¢ on this quotient. Since p is now an
inert prime, this quotient is fixed under the action of ¢, namely it acts as a non-trivial
automorphism on the quotient. The only non-trivial automorphism of IF;2 is the p-th

power Frobenius map. Hence if we consider some ideal q € Pg(p)/Pi k(p) we have
x(o(q)) = x(q”). Hence x(q) = x(o(q)) = x(q) = x(¢”). That is x(q)’~' = 1. Hence
X = Xo if and only if ¢ is a prime dividing (p—1). Since £|(p+ 1) we see that x # o -
Hence Indg gy is irreducible. By Proposition and Theorem @, there is an
associated cusp form f € S1(I1(Np?),n'). Here 7 = nxg. Since x takes values in
{-th roots of unity that are all congruent to 1 (mod A), we see that the restriction xq
is also trivial modulo A. Hence 7' reduces to n modulo A. (Note that m = p here and
N(p) = p?). Recall that the Hecke eigenvalues of the Eisenstein series E11 "I at a prime
q, are given by

0 if ¢ is inert in O,
1+n(g) =141 if ¢ ramifies in O,
2 if ¢ splits in Ok.

Similarly the Hecke eigenvalue at a prime ¢ for the cusp form f is given by
0 if ¢ is inert in Ok,

ar(q) = < x(a) if ¢ = g2 ramifies in O,
x(q1) + x(q2)  if ¢ = quq2 splits in Ok.

Since the values of x are ¢-th roots of unity, which reduce to 1 (mod \), we have that
aq(f) =14 n(q) (mod \) for all primes g. O
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Remark 4.2.5. Note that in the case where p is an inert prime, the Euler factor is p+1
but the order of the ray class group has (p?> —1) = (p+1)(p—1) in the numerator. We
would therefore expect that dividing p + 1 should give a congruence when considering
the Eisenstein side, and, as we have shown, this is indeed true. We could have asked
what would happen if ¢|(p—1) instead. In this case ¢ would still have divided the order
of the ray class group but not the Euler factor. Hence we shouldn’t have expected a
congruence. This is verified by the fact that x = x, in the case where ¢|(p —1). That
is Indg/gx is not irreducible in this case.

We have now proved Theorem Our next task will be to prove the generalisation
of this result where we no longer restrict ourselves to having a trivial character.

4.2.2 THE GENERALISATION OF THEOREM m

We now no longer want to assume that one of our characters is trivial and the other
quadratic. Suppose we have an Eisenstein series Efw € M(I'1(N),v¢). Here suppose
1 is primitive with conductor u, ¢ is primitive with conductor v and ¥ ¢ has conductor
N = uv. We know by Proposition that a dihedral representation comes from
the induction of a character y of Gx = Gal(Q/K) where K is a quadratic field.
Associated to this dihedral representation is a cusp form f. We will first show that in
order for a congruence to exist we must have ¢ = ny (mod \) where 7 is the character
associated to the quadratic field K.

Proposition 4.2.6. Let ¢ and ¢ be as above. Let K be an imaginary quadratic field
of discriminant N with associated quadratic character n: (Z/NZ)* — C*. Let x be
a ray class character for K and f, the associated cusp form. Then

aq(fy) = ¥(q) +¢(g) (mod A),

where A{ is a prime of Q({an(fy)}) if and only if ¥ = ne (mod A).

Proof. Recall that for an inert prime ¢ in K, the Hecke eigenvalue of f, is 0. We
therefore would need ¢(q) + ¢(¢) = 0 (mod A) at such a prime. We immediately see
that we must have ¥(q) = —p(q) (mod X). Hence we must have ¢ = ap for some «
such that a(q) = —1 (mod \) for all inert primes g. We may define « : (Z/NZ)* —
C* by a = % (where ¢ and ¢ are viewed as functions on (Z/NZ)*). Hence « is a
Dirichlet character modulo V.

Suppose we consider the reduction @ viewed as a character @ : Gg — EX . For any
T € Go\Gk we have a(r) = —1. For 0 € Gk we have 0 = (677 1)7. Hence a(o) =
a(or Ya(r) = (=1)(=1) = 1. Hence we see that @ is a character which takes the
values 1. Also since the character factors through the quotient Go/Gg = Gal(K/Q)
which is cyclic of order 2, we see that @ is in fact quadratic. In particular it is
exactly the quadratic character n associated to K. Hence we deduce that ¥ = np
(mod \). O
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Here we have proven that 1) = ne (mod \) is a necessary condition. We will now try
and construct a cusp form satisfying a congruence in a similar manner to the method
used to prove Theorem [4.0.1| using this condition. That is, we will prove that the
condition is sufficient. Rather than give separate results with proofs as we did when
proving Theorem we simply give a sketch proof detailing the differences. We first
investigate the new Euler factors. Associated to the Eisenstein series EIMO is the Euler
factor ¢(p)p — ¥ (p). We may consider the Euler factor modulo \.

Suppose first that p is an inert prime in Ok. Then n(p) = —1 and we see that
Y(p) = —p(p) (mod A). Hence

eP)p —¥(p) = w(p)p + »(p) (mod A)
=p()(p+1) (mod ).

Suppose instead we consider a prime p that splits in O . We now have 7(p) = 1 hence
¥(p) = ¢(p) (mod A). Hence

o) —¥(p) = ¢(p)p — p(p) (mod A)
o)(p—1).

Note that in both cases we see (p+ 1) and (p — 1) appearing as before. We therefore
see that ¢ divides (p+ 1) in the inert case and (p — 1) in the split case since \|[¢. We
could also consider the Eisenstein series Ef ¥ However since 1 and ¢ are related via a
congruence condition, we will end up with the same factors. We would therefore expect
that dividing p — 1 in the split case or dividing p + 1 in the inert case should give a
congruence just as in Theorem Whether there is a congruence will depend on our
choice of ray class character. It will turn out that we only need a slight modification.

If we again consider a potential congruence, now using what we know about the char-
acters ¥ and ¢, we will be able to determine which ray class character we will need
to use. In the proof of Proposition [£.2.6] we considered a potential congruence at inert
primes in order to determine conditions for the Dirichlet characters ¢ and ¢. We now
want to consider the split primes. For a ray class character x (i.e. a character of G )
we want

Y(q) +¢(q) = x(q1) + x(g2) (mod A) if ¢ = q1q2 splits in Ok.

We already know that ¢ = np (mod A). Hence at a split prime ¢ we have ¥(q) =
n(q)p(q) (mod N\) = ¢(q) (mod \). We therefore need

20(q) = x(q1) + x(q2) (mod X) if ¢ = qiq2 splits in O.

If we take x = x1X2, where X1 is the ray class character we use in Theorem [£.0.1] which
depends on which particular case we are in, we then need to determine ys. Note that
in all cases x1 =1 (mod ). We note that before we simply had 2 on the LHS of the
congruence so it was enough to guarantee that the £-th roots of unity were congruent
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to 1 (mod A) in order for the congruence to be satisfied. However, since ¢ is arbitrary,
we now have more possibilities for the LHS. If we take x2 = ¢ o N /g, where N g is
the norm map, then we see that the congruence will be satisfied. This follows since

x(a1) + x(a2) = x1(a1)x2(q1) + x1(92)x2(q2)
= (¢ o Ngyo)(a1) + (¢ o Ngjg)(q2)  (mod A)
=2p(q) (mod \).

Here the second line follows since x1(q1) = x1(q2) =1 (mod \) and the third follows
since Nk ,q(q1) = Nk g(q2) = ¢. The conductor of x2 will depend on the conductor of
¢. Assume the conductor of ¢ is given by v = py...p,. Since v|N, these are ramified
primes in K. In particular v factors as p2...p2 in Ok . The conductor of o will
then be v = p1...p,. Taking the norm of any factor we see that N q(pi) = p;. This
explains why we are adding a factor of v to the level of the cusp form in Theorem [4.0.2
since Ng/g(0) =p1...pn.

We can also consider the congruence at the ramified primes. Since uv = N, the ramified
primes are exactly those appearing in the prime factorisation of v and v. We again
use the extended definition of a Dirichlet character. That is we have ¢ : (Z/uZ) — C*
and ¢ : (Z/vZ) — C*. For any non-invertible element ¢ € (Z/uZ) we have ¥ (q) =0
and for any non-invertible element ¢ € (Z/vZ) we have ¢(q) = 0. We want to satisfy

() +o(q) = x(q) (mod \) if ¢ = q* ramifies in O .

Suppose first that glu. We have ¥(¢) = 0 but ¢(q) depends on whether glv We
therefore need to satisfy

¢(q) = x(q) (mod A).

Since x1(q) =1 (mod A) and Ng,q(q) = ¢, so x2(q) = ¢(q), we see that the congru-
ence is satisfied for such a ramified prime regardless of whether g|v.

Now suppose glv. We have ¢(q¢) = 0 and 1(q) depends on whether g|lu. By the
argument above the RHS of the congruence will be congruent to ¢(q) (mod \). Hence
the RHS is congruent to 0 (mod A). We therefore need

¥(g) =0 (mod \).

However we know that ¥ (q) = n(q)p(q) (mod A\) = 0 (mod X). It follows that the
congruence holds for these primes as well.

In conclusion we see that the only modification we have made is to the ray class char-
acter x. We have simply multiplied by another ray class character x2 = po Nk /g with
conductor v = p1...p,. This has the effect of raising the level of the cusp form f in
each case by v = p;1...p, since Ng/g(v) = v. Note that this choice is arbitrary, we
could just have easily had x2 = ¢ o N/,g due to the fact that ¢ = ny (mod \) as
well since 7 is quadratic. This would instead have the effect of raising the level by wu.
We note that in Theorem X2 was trivial since we had a trivial character (which
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we could choose to be ¢ arbitrarily and so v = 1 in this case). This choice of x2 for
Theorem was enough because we had already chosen a ray class character that
would guarantee the congruence held mod A. We also note that in each case we still
obtain the same conditions on when x = x,. This is because we can simply consider
what is happening to ;. This follows since we have y2 = x2, (This can be seen
by considering the norms of ideals in Ok). If x1 # x1,, then we see that x # xo.
We also note that modulo A the ray class character x reduces to x2 = ¢ o Ng/q.
It follows that in this case xg = ¢? (mod A). Hence the character of the induced
representation, and therefore the character of the cusp form, will be € = nyg = n¢?
(mod A) = ¢ (mod N). Other than these changes we could state results similar to
Propositions [4.2.2] [4.2.3] and |4.2.4] along with proofs following largely the same steps.
We have therefore given a (sketch) proof of Theorem

Although we will not cover the details of the Bloch-Kato conjecture in the case of
weight 1, we note that the exact same argument as in Section still applies in this
case. Although the standard results of modular forms break down in the case of weight
1, so in some sense the theory is harder, the Bloch-Kato conjecture is actually more
straightforward. Here the conjecture is basically a consequence of Dirichlet’s analytic
class number formula.

In order to prove Theorem [4.0.3] we will need to see some preliminaries on lifting
projective representations.

4.2.3 LIFTINGS OF PROJECTIVE REPRESENTATIONS

Let K be a global or local field. We assume throughout that our non-Archimedean
local fields have finite residue field. Let K /K be a separable closure of K, and let
Gk = Gal(K/K). Let p be a projective representation of G :

p: Gg — PGL,(C) = GL,(C)/C*.
We will assume throughout that all representations of G are continuous.

Definition 4.2.7. A lifting of p is a (continuous) linear representation p : Gg —
GL,(C) such that the diagram

Gx GL,(C)

™

PGL,(C)

commutes.
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Note that although we have given a general definition here, we will only be interested
in the case K = Q and n = 2.

If p is a lifting of p, then so is a twist by any one dimensional linear representation
of Gk, i.e., x ® p is a lifting of p; further any lifting of p is of this form, for some .

We would like to know when a particular projective representation can be lifted. It
turns out that this is related to cohomology. We give the basic definitions that we will
need. In the following G is a group with A a G-module.

Definition 4.2.8. (1) The group of i-cochains of G with coefficients in A is the set
of functions from G* — A:

CHG,A) ={f:G" — A}.
(2) The i-th differential d' = d'y : C*(G, A) — C*1(G, A) is the map
d'(f)(90.91,---,9:) = 90-f (91, -, 90)

7
+ ) (=1 f (g0, 952, 95195 G415 90) + (=1 f (g0, -, gi)-
=1

Definition 4.2.9. (1) We set Z(G, A) = kerd’, the group of i-cocylces of G with
coefficients in A

(2) We set B°(G,A) =0 and BY(G,A) = imd~! for i > 1. We refer to B(G, A) as
the group of i-coboundaries of G with coefficients in A.

Definition 4.2.10. We define the i-th cohomology group of G with coefficients in A
to be 4 ' '
H'(G,A)=Z'(G,A)/B' (G, A).

These are the definitions for group cohomology. There are some technical differences
when working with profinite groups (as we will be doing) but the basic ideas still work.
Refer to [Sha] for the technical aspects of Galois cohomology. We may consider C* as
a G module, on which Gk acts trivially. Let H?(G,C*) denote the 2-cohomology
group of the profinite group G with coefficients in C*. Suppose for each g € Gk
we fix a lifted element P(g) where we have lifted from PGL2(C) to GL2(C). The lifts
then satisfy
P(gh) = a(g,h)P(g)P(h)

for some a(g,h) € C*. In fact the map o : Gx x Gxg — C* is a 2-cocycle and satisfies
the relation
a(g, hk)a(h, k) = a(g, h)a(gh, k)

for all g,h,k € Gx. The cocycle o depends on the choice of lift P; a different choice
Q(g) = 0(g9)P(g) will result in a different cocycle

B(g,h) = 6(gh)s " (9)0~ " (h)a(g, h).
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Hence P defines a unique class in H?(Gg,C*). If H*(Gg,C*) is non-trivial, this
may prevent the lifting process as it leads to an extension problem. Thankfully this is
not an issue in our case.

Theorem 4.2.11 (Tate). Let K be a global or local field. Then H*(Gg,C*) = 1.

Corollary 4.2.12. FEwvery projective representation of G has a lifting.

For a proof of Theorem 4.2.11] see Section 6.5 of [J].

4.2.4 PROOF OF THEOREM m

In this section we will prove Theorem that is, we will show that there are no
other congruences in the weight 1 case. Note that we have already covered all possible
congruences in the dihedral case in proving Theorem |4.0.2] We now consider the
remaining cases where our projective Galois representation p has image isomorphic
to one of A4, S4 or As. Since representation theory works much the same way in
characteristic p for p a prime unless p divides the order of the group, we expect there
to be only a handful of possible moduli for congruences. Namely 2 and 3 in the cases
of A4 and S4 and 2,3 and 5 for As. Note that earlier, we avoided 2 and 3 as they
were considered small primes. Here we won’t consider 2, but we will be interested in
potential congruences modulo 3 or 5.

Our first task is to consider the 2-dimensional, odd, irreducible (in characteristic 0)
projective representations of A4, Sy and As. It turns out that it is quite hard to come
up with these representations and in fact it is easier to consider certain linear repre-
sentations that are in one-to-one correspondence with these projective representations.
This leads us to the notion of a Schur cover.

In the early 20th century, Issai Schur began studying projective representations, de-
veloping the theory for finite groups. He wrote two papers, one in 1904, one in 1907,
laying the foundations of the theory. In his 1911 paper [Schur] he applied the work he
had been doing to the case of the symmetric and alternating groups. The basic idea
is that each of the symmetric and alternating groups have a corresponding covering
group of which linear representations give you the projective representations you want
to know about.

4.2.5 SCHUR MULTIPLIERS AND SCHUR COVERS

In this section we cover the basic material needed in order to study the projective
representations of A4, Sy and As. The following background material is from [HoHu].
In order to make the definition of the Schur multiplier more intuitive we first restate
our definition of a projective representation.



CHAPTER 4. THE WEIGHT 1 CASE 89

Definition 4.2.13. Let V be a finite dimensional complex vector space. A (complex)
projective representation of a group G on V is a function P from G into GL(V'), the
group of automorphisms of V', such that

(1) P(1¢) is the identity linear transformation of V'; and

(2) given elements x and y in G, there is a non-zero complex number «(z,y) such
that

P(z)P(y) = a(z,y)P(xy).

Suppose the dimension of V' is d. If we choose a basis for V', we obtain a projective
matrix representation P : G — GL4(C).

Each linear transformation P(g) is invertible. It therefore follows from that, for all
g in G,
a(g,1) =1=a(l,g). (4.2)

Using associativity of composition and of group multiplication to evaluate
P(x)P(y)P(z) gives that

oz, yz)a(y, z) = a(z,y)a(ry, 2) (4.3)

for all z,y and z in G. Any map a : Gx G — C* := C\{0} satisfying conditions (4.2])
and (4.3) is said to be a 2-cocycle. Notice that this is the same relation that came up
when we were considering cohomology.

Definition 4.2.14. A linear representation of a group G on a finite dimensional vector
space V' is a homomorphism R : G — GL(V). Thus a linear representation is a
projective representation with trivial 2-cocycle.

It is clear that this notion is another way of viewing the familiar notion that two
elements wu,v in a projective space P(V) are equivalent under the relation u ~ v if
and only if v = Av for some A € C*. An element f in GL(V) induces an action f*
on P(V) by

[l = 1f ()]

Thus f* may be regarded as an element of PGL(V) = GL(V)/C*I where I is the
identity matrix. In matrix terms, suppose V has dimension d, let Z(d) be the set
of non-zero multiples of the identity matrix, and define PGL4(C) to be the quotient
group GL4(C)/Z(d). The isomorphic groups PGL(V) and PGL4(C) are known as
projective linear groups. Given a projective representation P of degree d for the group
G, the map P’ : G — PGLy(C) which takes an element g of G to the coset P(g)Z(d)
is a homomorphism. Conversely, any such homomorphism P’ gives a projective repre-
sentation in the original sense, by choosing a representative P(g) for the coset P’(g)
(with the convention that P(1) = I). The homomorphism P’ determines a 2-cocycle
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a by this process, but the association to P’ of P and « is not unique. If we make a
different choice Q(g) for P(g), then

for all g in G, where 0(1) =1 and 6(g) isin C*. If 3 is the 2-cocycle associated with
Q, it is related to « by the rule:

Bz, y) = 6()d(y)(5(zy)) e, y)

for all z and y in G. Two 2-cocycles related in this way are said to be cohomologous.
Denote the cohomology class of a 2-cocycle a by [a]. The set of such classes forms an
abelian group, the Schur multiplier, denoted H?(G,C*) or M(G), under the operation

[a][8] = [ef],
where
(@B)(z,y) = a(z, y)B(z,y)
for all x and y in G.

Hopefully it is clear that the Schur multiplier is the second cohomology group of G
with coefficients in C* where we consider C* as a G-module with trivial G-action.
It would be nice if we knew a little more about the structure of the Schur multiplier.
Luckily the following theorem addresses this very issue.

Theorem 4.2.15. For any finite group G, the Schur multiplier has finite exponent
dividing the order of G. Furthermore, if a cohomology class has order e, then there is
a representative of that class which takes only e-th roots of unity as its values. Thus
M(G) is a finite group.

A proof of this result is given on pages 3 and 4 of [HoHu|. We can now produce a
central extension of M(G) by G containing M(G) as its commutator subgroup. In
other words we have a central extension

10A—-C—>G—1,

where C' is known as a representation group or Schur covering group of G.

Definition 4.2.16. A Schur covering group for G is any group C' satisfying the fol-
lowing conditions:

(1) C has central subgroup A contained in the commutator subgroup of C.
(2) C/A=G.
(3) A= M(G).
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Such a group always exists and can be constructed in a particular way as is proven
in [HoHul Theorem 1.2, p.5]. One thing to note from this construction is that we
choose a set of symbols 7(g) in bijective correspondence with the elements of G'. Now
that we have these covering groups we need to find a way to relate these to projective
representations. The next theorem will address this issue. Note that this result relies
on the choice of symbols 7(g).

Theorem 4.2.17. Let C be a Schur covering group of G. Given a projective repre-
sentation P of G, there is a function 6 : G — C* and a linear representation R of C
such that, for all g in G,

Proof. See pages 7 and 8 of [HoHul. O

We also have a converse to this result.
Theorem 4.2.18. Let C' be a Schur covering group for G and let X : A — C* be any
homomorphism with A as above. Suppose that R is a linear representation of C' such

that R(a) = X a)I for each a in A. Define P by P(g) = R(r(g)) for all g in G.
Then P 1is a projective representation whose associated cocycle is o, where

a(z,y) = A(®(z,y))

for all x and y in G.

Proof. The proof of the previous result can simply be reversed. O

The definition of ® here is not too important (it appears in Theorem 1.2 of [HoHul).
The most important thing is that we now have a bijective correspondence between
projective representations of a group G and linear representations of its Schur covering
group. This will allow us to more easily study the cases we are interested in.

4.2.6 COMPLETING THE PROOF

We are now in a position to prove Theorem We first show that considering the
linear representation associated to the Schur cover is in fact equivalent to considering
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the projective representation. Consider the following diagram:

Go G C

e}

GL2(Ok) PGL2(Ok) GL2(Ok)

GLa(F)) —— PGL2(Fy) «—— GLy(F))

If we had a congruence (¢ > 2) this would imply that 1 and ¢ would be the composition
factors of the residual representation in the lower left of the above diagram. We would
therefore have a line invariant under the GL9 action. This invariance would still hold
in PGLy. It follows that this line must also be invariant in the lower right of the above
diagram. In other words, the existence of a congruence implies that there exists a line
L C IF%\, which is a 1-dimensional subspace, satisfying

0(g)L=L forallgeGg=0(9)L=L forallge G=0(g)L=L forallgeC.

It therefore follows that we may consider reducibility of the linear representation asso-
ciated to the Schur cover in order to determine if a congruence exists.

We need to know what the Schur multipliers and Schur covers are for each of Ay, Sy
and As. It turns out that each of these groups has the same Schur multiplier, namely
Z/27. We then have the following Schur coverings:

1 — Z/27Z — SL(2,3) — PSL(2,3) = Ay — 1
1 — Z/27Z — GL(2,3) - PGL(2,3) 2 Sy — 1
1 — Z/27Z — SL(2,5) — PSL(2,5) = As — 1

Note that there is a second non-isomorphic Schur covering group for S; but we need
only work with one of them so we ignore this extra group. We therefore now need to
know about the irreducible 2-dimensional linear representations of SL(2,3), GL(2,3)
and SL(2,5). Character tables for each of these groups can be found online. We present
these below.

The character table given in Table is for SL(2,3) and can be found online at [2].
This group has size 24 and therefore we should only expect there to be potential con-
gruences modulo 2 or 3. Since we are looking for potential congruences we simply need
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to consider the traces (i.e. character values) modulo 2 and 3 of the two-dimensional
representations compared to a sum of two one-dimensional representations. This is sim-
ply because if a congruence exists, then the irreducible two-dimensional representation
will reduce to a sum of two characters (one-dimensional representations) and the traces
would have to match modulo p. Suppose we call the one-dimensional representations
X1, X2 and x3 respectively. We may then form a table comparing the traces of sums of

characters against the traces of the two-dimensional representations. These are given
in Table 2

It is fairly clear that there can be no possible congruence modulo 3 here. Also note
that we are avoiding congruences modulo 2. So we conclude that there can be no
congruences when our projective image is Ay.

The character table given in Table is for GL(2,3) and can be found online at [3].
We now use the same process as before. Let the one-dimensional representations be x1
and y2. The comparisons of traces are given in Table

Again we should only be expecting potential congruences modulo 2 or 3 here. However

it is clear, looking at the ( (1) 1

cannot match the possible traces modulo 2 (even though we are avoiding this any-
way). It is also fairly clear that the only match modulo 3 is between the second row
(x1 + x2) and the fourth row (the first two-dimensional representation). Therefore

X1
0
compare the character values of this particular two-dimensional representation with
the unique two-dimensional representation of S;, we notice that these values match
up. In particular, this representation must factor through S4. Now S; has a normal
subgroup of order 4, namely the Klein four-group. If we take the quotient of Sy by
this subgroup we get S3 and this particular two-dimensional representation descends
to a faithful representation of this group. Hence the two-dimensional representation
of GL(2,3) that we are interested in must factor through S3. We therefore cannot
possibly have full projective image S;. Hence we conclude that there are no possible
congruences when the projective image is Sy.

) column, that the two-dimensional representations

this two-dimensional representation reduces to < * ) modulo 3. However if we
2

It turns out that the only one-dimensional representation of SL(2,5) is the trivial
representation. Therefore there is no possibility for the reduction modulo p of a two-
dimensional representation leading to a congruence when we have projective image As.
We therefore do not give the character table for SL(2,5), but note that it can be found
here [4].

The only other possibility that we could have for a congruence is the so called “ethereal
forms”. These forms are mod p forms that cannot be lifted to characteristic 0 and are
the subject of Schaeffer’s thesis [Sch|. Since these forms are in characteristic p it would
only make sense to try and reduce a particular two-dimensional Galois representation
modulo p in order to try and find a congruence. However it turns out that this is not
possible. Proposition 8.1.3 of [Sch] says that these forms are cusp forms. We then have
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the following which is Theorem 2.4.1 of [Schl.

Theorem 4.2.19. Let k > 1 and f € Mi(N,x;F,) be a newform. There exists a
continuous semisimple representation

py + Gal(Q/Q) — GLs(Fy)
unramified outside Np, such that for all £4 Np and any Frobenius oy above ¢ we have
Trpp(o0) = a(f;Ty)  and  detpp(og) = x (0"

Furthermore, this representation is irreducible only if f is a cusp form.

We note that the case k > 2 follows from results of Eichler-Shimura and Deligne. Since
all ethereal forms are cusp forms, this implies that the associated Galois representation
is irreducible in characteristic p. Therefore there cannot be any congruences in this
case either.



Representation/conjugacy class <1 0> <_1 0 <O _1> <1 1> (1 _1> - -1 _1>

0 1 0 -1 1 0 0 1 0 1 0 -1 0 -1

representative and size (size 1) (size 1) (size 6) (size 4) (size 4) (size 4) (size 4)
trivial one-dimensional (x1) 1 1 1 1 1 1 1
non-trivial one-dimensional (x2) 1 1 1 w w? w? w
non-trivial one-dimensional (x3) 1 1 1 w? w w w?
two-dimensional 2 -2 0 -1 -1 1 1
two-dimensional 2 -2 0 —w —w? w? w
two-dimensional 2 -2 0 —w? —w w w?
three-dimensional 3 3 -1 0 0 0 0

Table 4.1: Character Table for SL(2,3)

Here w denotes a primitive cube root of unity.

HSVO T LHOTHM HHL 'V H4LdVHDO
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Sums of characters and

two-dimensional
representations/conjugacy class

o)

o)

representative and size (size 1) (size 1) (size 6) (size 4) (size 4) (size 4) (size 4)
X1+ X1 2 2 2 2 2 2 2
X1 + X2 2 2 2 1+w 1+ w? 1+ w? 1+w
X1+ X3 2 2 2 14+ w? 1+w 1+w 1+ w?
X2 + X2 2 2 2 2w 2w 2w 2w
X2 + X3 2 2 2 w+w? w+ w? w + w? w+ w?
X3+ X3 2 2 2 2w? 2w 2w 2w
two-dimensional 2 -2 0 -1 -1 1 1
two-dimensional 2 -2 0 —w —w? w? w
two-dimensional 2 -2 0 —w? —w w w?

Table 4.2: Comparison of traces of sums of characters of SL(2,3) and two-dimensional representations
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Representation/conjugacy class (1 O) (_1 0 ( 0 1) (0 1 ) (0 1> <1 1) (_1 1 (1 0 >
0 1 0 -1 -1 0 1 -1 1 1 0 1 0 -1 0 -1

representative and size (size 1 (size 1) (size 6) (size 6) (size 6) | (size 8) (size 8) (size 12)
trivial (1) 1 1 1 1 1 1 1 1
non-trivial one-dimensional (x2) 1 1 1 -1 -1 1 1 -1
two-dimensional 2 2 2 0 0 -1 -1 0
two-dimensional 2 -2 0 NE) —/=2 -1 1 0
two-dimensional 2 -2 0 —/=2 V-2 -1 1 0
three-dimensional 3 3 -1 -1 -1 0 0 1
three-dimensional 3 3 -1 1 1 0 0 -1
four-dimensional 4 -4 0 0 0 1 -1 0

Reduction/conjugacy class (1 0> -1 0 ( 0 1) <0 1 > <0 1) (1 1) PO ) (1 0 )
0 1 0 -1 -1 0 1 -1 1 1 0 1 0 -1 0 -1

representative and size (size 1) (size 1) (size 6) (size 6) (size 6) | (size 8) (size 8) (size 12)
X1+ x1 2 2 2 2 2 2 2 2
X1+ X2 2 2 2 0 0 2 2 0
X2 + X2 2 2 2 ) 2 2 2 2
two-dimensional 2 2 2 0 0 -1 -1 0
two-dimensional 2 -2 0 &) —v/=2 -1 1 0
two-dimensional 2 -2 0 —/—2 N&S) -1 1 0

Table 4.4: Comparison of traces of sums of characters of GL(2,3) and two-dimensional representations

HSVO T LHOTHM HHL 'V H4LdVHDO
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Chapter 5

Congruences Between (Genus 1
and Genus 2 Cusp Forms

Now that we have proven a congruence in the case of weight 1, the next step would be
to either consider similar congruences with prime powers as the moduli of a congruence,
or to consider congruences involving different types of modular forms. In attempting
to adapt the method used in the weight 1 case, it will turn out that we are considering
the latter case.

One of the main ingredients of the weight 1 case was the one-dimensional representation
of Gk (i.e. the Hecke character). This representation was induced to Gg to give a
two-dimensional representation whose associated modular form (a weight 1 cusp form)
satisfied a congruence. We now aim to start with a two-dimensional representation and
induce this to get a four-dimensional representation. The modular form attached to
this representation will be a Siegel cusp form. Again it will turn out that this modular
form will satisfy a congruence.

The first question we might be interested in asking is: Which two dimensional repre-
sentation should we induce? The correct representation will be the one attached to a
Hilbert modular form. The induction of the Galois representation will be equivalent to
taking a theta lift of the Hilbert modular form. Just as in the weight 1 case where we
needed x # X,, we will need the two-dimensional Galois representation associated to
the Hilbert modular form to be non Galois-invariant. We will first cover the case which
leads to a scalar valued Siegel cusp form before moving on to the more general case of
vector valued Siegel modular forms.

We start by choosing a weight 2 cusp form f € Sy(I'p(IN)). We will then take a base
change of this to get a Hilbert cusp form which, as we will show later, will usually
have level norm N?2. The level norm will only be lower if N contains primes that
ramify in the field K that we base change to. As a base change, this modular form
is Galois-invariant. We therefore use a result of Taylor, which is a generalisation of a
result of Ribet, to raise the level of the Hilbert modular form. If we raise the level by
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a prime that splits in K, then this step will ensure that the Hilbert modular form is
no longer Galois-invariant. We will then be able to use a result of Johnson-Leung and
Roberts to take a theta lift of this Hilbert modular form to obtain a Siegel paramodular
cusp form whose level and Hecke eigenvalues we will know. This cusp form will then
satisfy a congruence, moreover it will be compatible with the congruence satisfied by
the Hilbert modular forms involved in the level raising.

Before we move on to explaining this process we first need to cover some background
material. First we will discuss the more standard material on Hilbert modular forms
and Siegel modular forms. We then move on to discuss base change, level raising and
theta lifts.

§5.1 Hilbert Modular Forms

There are many references for the theory of Hilbert modular forms such as Freitag [Erei],
van der Geer [Geer], Goren [Goren| and The 1-2-3 of Modular Forms [1-2-3]. Here we
follow the treatment given by Dembélé and Voight [DemVoi].

When working with classical (elliptic) modular forms we often consider the action of
the modular group SLy(Z) on the upper half plane. Of course, SLy(Z) is a discrete
subgroup of SLa(R), which is itself a subgroup of GL2(R). Here we can consider Z as
the ring of integers of Q. Let K be a totally real field with [K : Q] = n and let Ok
be the ring of integers of K.

For simplicity we assume that the narrow class number of K is 1. Recall that the
class group was defined as Cx = Ix/Pk. The narrow class group is defined to be
C’j{ =1Ixg/ PE where P;g is the totally positive principal fractional ideals. The narrow
class number is then the order of this group.

When n = 1 we are in the case of classical modular forms. When n > 2, let
v1,V9,...,U, : K — R be the real places of K. Given an element =z € K,
write v;(x) = x; for the i-th embedding of x. Given a matrix v € My(K) write
vi(7) =7 € M2(R).

Consider the group
GLI (K) = {y € GLy(K) : dety; >0 for i = 1,...,n}.

Since we have n different embeddings it is natural to consider an action on H" (n
copies of the upper half plane H) by coordinatewise fractional linear transformations

z2 vz = (152); = (aizi i bi)
T Nazitdi )y

As one might expect, we could consider the action of the Hilbert modular group
SLa(Ok) € GLI (Ok) € GL] (K). We also have the notion of congruence subgroups
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in this new setting. Suppose I € Ok is a non-zero ideal. Then we define
b
Fo(m)—{"}/_ < CCL d ) EGL;(OK):CEQ’I} CGL;(OK)CGL;—(K)

We almost have the tools necessary to give the definition of a Hilbert modular form.
First however, we define the automorphy factors.

a b

Definition 5.1.1. For v = ( e d > € GL2(R) and z € H, define

j(v, 2) = det(y)"Y?(cz + d).

Definition 5.1.2. A Hilbert modular form of weight (ki,...,k,) and level M is a
holomorphic function f:H"™ — C such that

o alzlJFbl anszrbn _ - Nk
flyz) = <6121+d1,.--7cn2n+dn) = (i]:[lj(%,zz) f(z)

for all y € To(MN). If ky = ko =--- =k, = k, then f is said to be of parallel weight k.

We will be interested in the case where K = Q(v/d) is a real quadratic field and f is
of parallel weight 2. This will be the case from now on, unless otherwise stated. In
other words, we will consider functions f : H? — C such that

a1z1 + b1 agzzy + by
c171 +di’ coze +ds

() = ( ) — s 2% )2 (2)

_ (e1z1 + di)?(coze + dz)zf(z)

N det(y1)det(y2) '
In this case we denote the space of Hilbert modular forms of parallel weight 2 and
level 91 by M>2() and we denote the cusp forms by S3(91). For modular forms of
non-parallel weight, these spaces would be denoted My, k, (M) and Sk, x, (M). Again,
these spaces are finite dimensional C-vector spaces.

We note that the definition of a Hilbert modular form makes no reference to holomorphy
at the cusps. This is because it automatically follows from Koecher’s principle [Geerl,
§1] that we have holomorphy at the cusps. Just as in the classical case, there is an
orthogonal decomposition of My (1) = S3(M) & E2(MN) where E2(N) is spanned by the
Eisenstein series of level 1.

Hilbert modular forms, just like classical modular forms, have a Fourier expansion.
This expansion however, is a little more complicated. For a fractional ideal a of K let,

ay ={rca:xz; >0fori=1,...,n}.

In other words ay is all the elements of a that are positive under all real embeddings
of K. If 0 denotes the different ideal of K, then the inverse different 0! = {x € K :
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Tr(zy) € Z for all y € Ok} is a fractional ideal of K containing Ok . The different
ideal 0 is then the inverse of this ideal. A Hilbert modular form f € M3(IM) then
admits the following Fourier expansion

Notice how the Fourier coefficients are no longer simply indexed by integers, they are
now indexed by elements of an ideal. Suppose f € M2(M) and n is a non-zero ideal of
Ok . Since we assumed that K has narrow class number 1, we may write n = 0! for
some v € 04. If we define a, = a, then the transformation rule implies that a, does
not depend on the choice of v. We therefore call a, the Fourier coefficient of f at n.

Just as in the classical case there are Hecke operators acting on the spaces M2 (1) and
S2(). Again these operators are pairwise commuting diagonalisable operators. They
are now however indexed by ideals rather than integers. Given a prime ideal p { 91 and
a totally positive generator p of p we have

<nﬁ@>=va@a+m$”§jf(Z;“>,
a€lfy,

where Fy, = Og/p is the residue field of p. We could also write this in terms of the
usual double coset decomposition. We have

(L) = Y (flma)(z)

a€P(Fy)

1

Whereﬂoo:[g (1)] andﬂa:{o

@ ] for a € TFy.

p

As in the classical case, if f € S2(M) is an eigenform, normalised so that a(;) =1, then
Tof = anf, and each a, is an algebraic integer.

We can also easily generalise the notion of an L-function attached to f. Associated to
an eigenform f € Sp(N) is the L-function

L(fis) =Y NE‘;)S.

n

We also have an associated [-adic Galois representation
PrIL: Gal(F/K) — GLQ(@KJ)
for primes [ of Ok such that, for any prime p { 91, we have

Tr(pgi(Froby)) = ap(f)  and det(py(Froby)) = N(p).
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Note that in this section we have assumed that the narrow class number is 1. This
simply made it easy to consider the Fourier expansion of a Hilbert modular form and
also to define the Hecke operators. We however note that the definitions can be gen-
eralised to the case where the narrow class number is not 1. For those wishing to see
the details of this see [DemVoil, §7-9]. We also use this condition later when discussing
the level raising result for Hilbert modular forms.

§5.2 Siegel Modular Forms

As with Hilbert modular forms, there are many references for Siegel modular forms.
Among these are Andrianov [A], Kohnen [Ko|, Buzzard [Bu2] and [1-2-3]. Here we
broadly follow the outline given in Fretwell’s thesis [Fret2], omitting any details irrele-
vant to this thesis.

Siegel modular forms are a different kind of generalisation of classical modular forms.
Whereas Hilbert modular forms involved working over a totally real field and looking
at an action on H™, we instead consider an action of a different group on a higher
dimensional upper half plane. Consider the symplectic group of genus g

Spag(R) = {7 € May(R) : vJ7" = J},

_| 0
e
This group can be thought of as a higher dimensional version of SL,(R). Just as we

have SL,(R) € GL,(R), with SL,(R) the kernel of the determinant map of GL,(R),
we have Spy,(R) C GSpg,(R) where

where:

GSpyy(R) = {7 € Mag(R) : vJv" = p()J, u(y) € R*}.

The group GSpy,(R) is known as the group of similitudes of Spy,(R). The similitude
map f : GSpgy(R) — R* is analogous to the determinant map for GL,(R) and in
particular Spo,(R) is the kernel of this map. We note that u(y) is sometimes also
known as the multiplier of ~.

Now that we have a generalisation of the special linear and general linear groups, we
next generalise the upper half plane. The Siegel upper half space of genus ¢ is given
by

H, ={Z € M,(C): Z" = Z,Im(Z) > 0}.

Here Im(Z) > 0 means that Im(Z) is positive definite. Note that when g = 1,
this reduces to the usual upper half plane 7. In this case we already know that
Spy(R) = SLy(R) acts transitively on the upper half plane H by fractional linear
transformations. As one might expect, this result generalises.
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Lemma 5.2.1. The group Spy,(R) acts transitively on H, by fractional linear trans-

A B > € Spy,(R) is written in g x g blocks

formations, i.e., if Z € Hy and v = ( c D

then
AZ + B

Z z=22"12
(v, 2Z) = v CZ+D

defines a transitive group action.

This action is the obvious generalisation of the classical case to higher dimension. As
usual we define the automorphy factor by j(v,2) = (CZ + D).

Definition 5.2.2. A holomorphic function F': H, — C is a classical Siegel modular
form of genus g and weight k for Spy,(Z) if

(1) F(vZ) =det(j(v, 2))FF(Z) for all v € Spay(Z).

(2) If g =1 then F' is holomorphic at infinity.

As with Hilbert modular forms, we do not need to check holomorphicity at infinity
when g > 2 because of Koecher’s principle [Geerl, §1]. We note that this definition is
of scalar valued Siegel modular forms. We will see shortly a more general definition of
Siegel modular form known as a vector valued Siegel modular form.

We denote the space of classical Siegel modular forms of weight k£ and genus g for
SPoy(Z) by My(Spey(Z)). As usual, these spaces are finite dimensional. Just as with
classical modular forms, we require k£ > 0 in order for these spaces to be non-trivial.
We also require that kg be even in order for the spaces to be non-trivial. Note that
this fits with the classical case if we consider g = 1.

As mentioned earlier there is a more general notion of Siegel modular form known as a
vector valued Siegel modular form. Let

p: GLy(C) — GL(V)
be a finite dimensional irreducible complex representation.

Definition 5.2.3. A holomorphic function F': Hs, — V is a Siegel modular form of
genus g and weight p for Spy,(Z) if

(1) F(vZ) = p(i(v, 2))F(Z) for all v € Spy,(Z).
(2) If g =1 then F is holomorphic at infinity.

Remark 5.2.4. If we take p = det¥, then we obtain the scalar valued Siegel modular
forms defined above.
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Similarly to the classical Siegel modular forms we denote the C-vector space of Siegel
modular forms of genus g and weight p for Sp,,(Z) by M,(Spe,(Z)).

As would be expected, Siegel modular forms have a Fourier expansion. This expansion,
just like that of Hilbert modular forms, is more complicated than in the classical case.
First we fix a genus g. Let S; be the set of g x g half integral matrices with integral
diagonal elements. If F' € M,(Spy,(Z)) then the Fourier expansion of F is given by

F(Z) _ Z a(T)eQMTr(TZ).
TeS,

The first thing to notice about this expansion is that, like with Hilbert modular forms,
the coeflicients are no longer indexed by integers. They are now indexed by matrices
T € Sy. For T that are not positive semi definite, we have a(T) = 0. This is
analogous to a, = 0 for n < 0 in the classical case. We note that these matrices
actually parametrise quadratic forms in g variables with integer coefficients.

Now that we have the Fourier expansion we can consider what it means for a Siegel
modular form to be a cusp form.

Definition 5.2.5. A Siegel modular form F' € M,(Spy,(Z)) is a cusp form if a(T") =0
for all T'€ Sy such that T' is positive semi-definite, but not definite.

As in the classical case we can consider congruence subgroups of Sp2g(Z). For the
purposes of this thesis we will not be interested in Siegel modular forms for the standard
congruences subgroups. These are the obvious generalisations of the genus 1 congruence
subgroups, e.g., F(()g)(N) is the set of matrices in Sp,,(Z) with bottom left g x g block
congruent to 0 modulo N. For those wanting to know the details, see [Fret2].

5.2.1 GENUS 2 SIEGEL MODULAR FORMS

In this thesis we will only need to consider genus 2 Siegel modular forms, so from now
on we restrict to this case.

Suppose we have an irreducible representation p : GL2(C) — GL(V). We note that
it is enough to consider irreducible representations since the space M,(Spy(Z)) =
M,, (Sp4(Z)) ® M,,(Sps(Z)) if p is reducible (This also holds for higher genus). It
is known that the representation p is parametrised by its highest weight. It is known
that for integers j, k > 0, the irreducible representation of highest weight (j+k, k) has
an explicit description as the representation Symm?(C?) ® det”, where GLy(C) is act-
ing via matrix multiplication on C2. If p = Symm’(C?) ® det” we write M, 1(Sp4(Z))
and S 1(Spy(Z)) for the spaces of Siegel modular forms and Siegel cusp forms of genus
2.

We now consider the subgroup that we will be interested in working with; the paramod-
ular group.
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Definition 5.2.6. The paramodular group of level N is given by

Z NZ 7 Z

Z 7 7 +Z

Z NZ 7 Z
NZ NZ NZ Z

K(N) = N Spy(Q).

Although this group looks very different to the groups we are used to working with, it is
a very important one. This is the group that appears in the paramodularity conjecture;
the genus 2 analogue of the modularity theorem. This result was conjectured by Brumer
and Kramer [BrKr, Conjecture 1.1].

Although the theory is more complicated, there is a theory of newforms for the
paramodular group. We omit the details but refer the reader to [RS1].

As would be expected there is a family of Hecke operators acting on the spaces of
Siegel modular forms. Before defining these, we generalise the weight-% slash operator
to genus 2. If F': Hy — V and a € GSp; (Q), then the weight (j, k) slash operator is
defined by

(Flj5a)(Z) = p(a) ™ 3o(j(a, 2) ' F(aZ).

For each prime p we may define Hecke operators T}, and T),2. The process is similar
to the classical case. We decompose the double cosets

1000
0100

EWN) o o » 0 K(N) =[] E®N)u,
000 p ’
10 0 0
0p 0 0
00 0 p ’

Each of these decompositions has finitely many representatives.
If FeS;rK(N)) we set
Ty(F) =Y Fljkhi,
i

T2 (F) = Fljmi.
[

The operators Tj, and T2 are then the Hecke operators at the prime p. There are more
Hecke operators than this, but we only work with these operators. More specifically we
will mostly be interested with the 7}, operator. As with the classical case, we can find
bases for the spaces S (K (IN)) consisting of eigenforms for the Hecke operators. The
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Hecke operators also preserve the newspace and we can again find a basis consisting of
eigenforms for the Hecke operators.

We can also consider the Galois representation attached to such a modular form. This
will be important as this will be the representation obtained by inducing the representa-
tion attached to the level raised Hilbert modular form. The trace of this representation
will then correspond to the Hecke eigenvalues of the Siegel paramodular newform.
These eigenvalues will then satisfy a congruence. Part 1 of the following result is a re-
statement of part of Theorem 1 of [W]. Part 2 is a restatement of Theorem 2 of [W2].
Note that this was originally stated in [W, Theorem IV] with an additional assumption
that was later dropped.

Proposition 5.2.7. Suppose F is a newform in S;,(K(N)). Let L be a number field
containing all the Hecke eigenvalues \(p) for T, and u(p) for T2 for all primes pt N .

(1) For any prime X' of Or, there exists a finite extension E of L (and Ex of Ly ),
and a 4-dimensional semisimple Galois representation

pry s Gal(Q/Q) — GLa(Ey),
unramified outside {N,{} (where N'|), such that for each prime p ¢ {N,(},
det(l — pp .y (Frob;lpfs)) = Ly(s, F,spin) "
where Ly(s, F,spin) = P,(p~%)~t, with
Py(X) =1 = AD)X + (A(p)* - p(p) —p/ 27 X2 = Ap)p P22 X7 4 pP O,
the Euler factor at p in the (shifted) spinor L-function of F .

(2) Further, the representation pr y is symplectic. In particular the image of pp is
contained in GSpy(Ey).

For those wanting to know the details of the spinor L-function and other L-functions
associated to Siegel modular forms, see [1-2-3, §20-21].

§5.3 Base Change

In this section the main result will tell us the level and Hecke eigenvalues of the base
change Hilbert modular form given the level and Hecke eigenvalues of the classical
modular form we start with. Before we state this result however, we first need to know
that a base change actually exists. In fact we do always have a base change, and further,
it is unique; see the Theorem in Gelbart’s article on page 194 of [MFEFLT]. Although
this result is in the language of automorphic representations, all we need is the first
part of the theorem which is easy to translate into the language of modular forms. It
says that given a classical cusp form, there is a unique base change that is also cuspidal.
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We now consider the base change from a classical modular form to a Hilbert modular
form. As was mentioned at the beginning of this section, starting with a classical weight
2 modular form of level N and taking a base change will usually result in a Hilbert
modular form of level norm N2.

Theorem 5.3.1. Let f € So(To(N)) and let K = Q(v/d) with d > 0 and squarefree.
Assume that (N,dr) = 1 where di is the discriminant of K. Then the base change
of [ to K will be a Hilbert modular form [’ defined over K with f' € So(9) where
N = (N). Further the Hecke eigenvalues of f' at a prime p are given by

as(f) if = vB splits in O,
ap(fl) = ap(f)2 —2p if p=1p is inert in Ok,
ap(f) if p = p? ramifies in Ok.

Before we prove this result, there are a few definitions and results we will need which
we now state. Firstly, rather than considering the level of the Hilbert modular form, we
can instead consider the conductor of the associated Galois representation since these
will be equal. This is not a straightforward result. In fact it requires the combination
of two other results. It follows from Théoréme(A) of [Cara] and Theorem 1 of [Cas]
which makes use of the local Langlands correspondence.

We therefore need to know a little about the conductor of a Galois representation. We
first consider the case of a finite Galois extension L/K. The discriminant 9 of this
extension can be expressed by the following product decomposition

o=[]reV,

where x varies over the irreducible characters of the Galois group G = Gal(L/K).
Each of the f(x)’s are ideals given by

foo) = [ p?™
pfoo
with 1
flx) = Z fcodimVGi,
= [Go : G

where V' is a representation with character y and Gj is the i-th ramification group of
Ly /K, . Theideal f(p) is the Artin conductor and each f,(p) is a local Artin conductor.
We now define the ramification groups G;. For ¢ € G we define,

ig(o) =vp(ox — x),

where z is an element such that O = Oglz|, and vy, is the normalised valuation of
L. The i-th ramification group is then defined as

Gi ={o € Glig(o) > i+ 1}.
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We note that if L/K is unramified, then ig(c) =0 for all 0 € G,0 # 1.

In our case we are working with two-dimensional representations, p and p’ say, which
are representations of Gal(Q/Q) and Gal(Q/K) respectively. We can therefore use the
same process to calculate the conductor except we now need to take the appropriate
inverse limit over all such finite extensions. We now prove Theorem [5.3.1

Proof of Theorem [5.3.1. The Galois representation associated to f, p say, will be a
representation of Gg. The Galois representation associated to f’, p’ say, will be the
restriction of p to G . We therefore aim to find the conductor of p’ given the conductor
of p.

First we consider a prime p that splits in K, as say p = pp. We aim to show that
fo(p') = f5(p') = fp(p). We note that since K, and K are both one-dimensional
extensions of Q, we have Gal(Q,/Q,) = Gal(Q,/K,) = Gal(Qz/Kjp). It follows that
the whole chain of ramification groups is the same in both cases and therefore we have
fo(p") = f5(p') = fp(p) in the split case.

We now consider the inert case. We now aim to show that f,(p') = fp(p). Again we will
do this by showing that the whole chain of groups must in fact be equal. This time K,
is a degree two extension of Q, so we do not simply have Gal(Q,/Q,) = Gal(Q,/K}).
However the inertia groups are still the same in each case since K,/Q), is an unramified
extension. From this it follows that the whole chain must actually be the same since
we can replace ¢ € G with ¢ € Gq in the definition of the ramification groups. Hence
we conclude that f,(p') = fp(p).

It therefore follows that the base change is an element of S3(91) with 91 = (V) and
N(M) = N2.

For details of the Hecke eigenvalues, refer to [Cre]. O

Remark 5.3.2. The calculations carried out in [Cre] are for imaginary quadratic fields
and weight k& = 2. These results also hold in the case of real quadratic fields. We also
note that in the case of more general weights k, the Hecke eigenvalue at an inert prime
becomes a,(f)? — 2pF~1.

Notice that in the statement of Theorem [5.3.1] we avoid levels containing primes that
ramify in K. The reason for this is that the level of the base changed form is not so
straightforward in this case. If N contains ramified primes then the norm of 9 is in
fact smaller than N?2.

Conjecture 5.3.3. Let f € So(To(N)) with N = p|'p>...pln. Let K = Q(Vd) with
d > 0 and squarefree. Let I = {iy,io,...,im} be an indexing set for the primes that
ramify in K. Then the base change of f to K will be a Hilbert modular form f' defined
over K with f' € So(M) where

p%Tlpgm pQTn N2
N(9) = P )
[Lic; P’ [Lcrpi
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This conjecture has been tested in many cases and should hold. The proof however
would not be as straightforward as for Theorem In particular the chain of rami-
fication groups will not be the same in each case. Therefore a more in depth argument
would be required. It should be possible to prove on a case by case basis by so called
local-global arguments. We also note that although these results have been stated with
weight 2 classical cusp forms in mind, the results still hold in the case of weight k£ > 2.
This will be important when we consider the vector valued case later as the first part
of the method remains the same.

8§5.4 Level Raising Congruences

In this section we will look at congruences between modular forms of the same type
but different level. What we mean by this is that, rather than having a congruence
between a non cusp form and a cusp form like the congruences we have investigated
so far, these congruences will be between two cusp forms. The levels however will be
analogous to the congruences we have already considered. That is, one modular form
will have level N, for some NN, and the other will have level Np for some prime p.
We will first consider the case of classical modular forms as an introduction to the idea
of level raising as introduced by Ribet in 1990. We will then move on to look at the
case of Hilbert modular forms. Here we will make use of a result of Taylor in order to
raise the level of a Hilbert modular form. This will be the second step in our process
of producing a congruence involving a Siegel modular form.

5.4.1 CLASSICAL MODULAR FORMS

Ribet’s original paper [Rib] from 1990 only covers the case of weight 2 modular forms.
Although we will only be working with weight 2 forms at first, we will be considering
higher weights in the vector valued case. It is therefore worth noting that the result
can be extended to any weight k£ > 2. The result was generalised by Diamond and can
be found in another paper of Ribet. See [Rib2, §5]. The following is a restatement of
Theorem 1 of [Rib].

Theorem 5.4.1. Let f € So(I'o(N)) be a newform. Let p{{N be a prime satisfying
one or both of the identities

ap(f)=x(p+1) (mod¥).

Further, assume that the reduction py modulo € of the associated Galois representation
is irreducible. Then there exists a newform g € So(I'o(Np)) with Tr(ps(Froby)) =
Tr(pg(Froby)) (mod ¢) for all ¢ with (Npl,q) =1.

Remark 5.4.2. The identity to be satisfied can be viewed instead as a,(f)? = (p + 1)*
(mod ¢).
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Remark 5.4.3. The generalisation to higher weight only changes the identity that needs
k k

to be satisfied and adds a condition on ¢. The identity changes to a,(f) = +(p> +p> ')

(mod ¢) and we require 2 < k < ¢+ 1.

Let us now consider a couple of examples to see how this theorem works in practice.

Example 5.4.4. Consider f € S3(I'0(11)) with
f=a-2"-¢+2¢" + " +2¢° —2¢" —2¢" + ...
Suppose we choose p = 3. That is we wish to find g € S2(I'0(33)) with a,(f) = ap(9)
(mod ¢) for some £. The condition we must check is £|az(f)? — (3 + 1)2. This gives
0 ((-1)* = (3+1)?)
2(1—16)
0o - 15.
Hence £ =3 or £ =5. If we consider ¢ = 5, it turns out that the Galois representation
associated to f becomes reducible modulo ¢. Hence there is no congruence modulo

5 in this case. However we can find a congruence modulo 3. Consider the following
modular forms:

fE€STo(11), f=q-2¢"—¢"+2¢" +¢" +2¢° —2¢" —2¢° + ...,
g€ 5(To33), 9g=q+¢—¢"—q¢"-2¢" - " +4¢" -3¢+ +....
It is clear that the Hecke eigenvalues of these two modular forms are congruent modulo

3. Note that the congruence holds for those ¢ with 3|¢ even though the theorem
doesn’t cover these cases.

We will also consider an example of higher weight.

Example 5.4.5. Consider f € S4(T'o(7)) with
F=q—q*—2¢° —T¢* +16¢° +2¢° — 7¢" + 15¢° — 23¢° + . ...

Suppose we choose p = 2. That is we wish to find g € S4(I'9(14)) with a,(f) = ap(9)
(mod ¢) for some £. The condition we must check in this case is £|as(f)? — (22 + 2)2.
This gives
0 ((=1)% = (4+2)?)
£](1 —36)
¢ — 35.
Hence ¢ = 5 or £ = 7. If we consider ¢ = 7, then we see that /|N since N = 7.
Hence there is no congruence modulo 7 in this case. However we can find a congruence
modulo 5. Consider the following modular forms:
feSuTo(7), f=q-¢—2¢°—7¢"+16¢° +2¢° —7¢" +15¢° — 23¢° + . ..,
g€ 84(To(14)), g=q—2¢°>+8¢> +4¢* —14¢° —16¢° — 7¢" — 8¢° +37¢° + .. ..
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It is clear that the Hecke eigenvalues of these two modular forms are congruent modulo
5 except when 2|q. This is because p = 2 and so we shouldn’t expect a congruence at
these coefficients anyway.

Now that we have seen a couple of examples of the level raising result we move on to
look at an analogous result for Hilbert modular forms that was proven by Taylor.

5.4.2 HILBERT MODULAR FORMS

A very similar result exists for Hilbert modular forms. Here we will state the result
in the case we are currently looking at, the case of parallel weight 2 Hilbert modular
forms. The following is a restatement of Theorem 1 of [Ta].

Theorem 5.4.6. Let f € So(M) be a newform. Let p{IN be a prime ideal satisfying
the identity
ap(f)? = (N(p) +1)*  (mod X),

for some A|€. Further assume that the reduction p; modulo X is irreducible and that ¢ {
N(p)+1. Then there exists a newform g € Sa(Np) with Tr(ps(Frobg)) = Tr(py(Froby))
(mod A) for all q with (Npldk,q) =1, where di is the discriminant of K and A|{.

Remark 5.4.7. The assumption that ¢ N(p) + 1 allows us to ignore the error term in
Taylor’s result. For details of this error term, see Section 1 of [Ta].

Remark 5.4.8. This result of course holds for more general weights. We will need this
result for parallel weight £ > 2 when working in the vector valued case later. Just like
the result in the classical case, it generalises in the same way.

Recall that we need to raise the level of our Hilbert modular form by a prime p that
splits in K in order to guarantee that we have a Hilbert modular form that is not
Galois-invariant. Suppose we have p = pp. Note that since p splits we have N(p) = p
and ap(f’) = a,(f). Hence the condition required for there to exist a congruence raising
the level of f’ by p will be the same as the condition for there to exist a congruence
raising the level of f by p. This might imply that we could either base change and
then level raise, or first raise the level and then take a base change. However this is not
the case. Using our current method, taking a base change and then raising the level,
we end up with a Hilbert modular form with level (N)p that is not Galois-invariant.
This follows since its Galois conjugate will have level (N)p and hence be a different
form. If we however raised the level first and then took a base change, we would end up
with a Hilbert modular form of level (Np) that is Galois-invariant. This would cause
the induced four-dimensional representation to be reducible. Another incarnation of
the same problem is that we require non Galois invariance in order to apply the theta
lifting result that we give in the next section. Also note that in this case the level is
larger. In particular we could obtain this Hilbert modular form by first base changing
and then raising the level twice, once by p, and once by p. This explains why we must
first base change and then raise the level.
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We will now consider an example to illustrate how the level raising theorem for Hilbert
modular forms works in practice. The following data was obtained using the LMFDB’s
database on Hilbert modular forms [LMEFDB] and we use their notation. In particular,
an ideal M is given a label [N, m,a] where N is the norm of the ideal 9, m is the
smallest rational integer in the ideal, and « is an element chosen so that (m,a) = 9.

Example 5.4.9. Consider f of level [17,17,3+v/2 + 1]. This Hilbert modular form is
not a base change. The following list gives the norm of each prime ideal in the first

column, its label in the second, and the Hecke eigenvalue in the third.

Norm Prime

2
7

7
9

17
17
23

23
25

31
31
41
41

2,2, —V?2] 0

[

7,7, -2V2 +1] —4
(7,7, —2V2 — 1] 2
[9,3,3] —2
[17,17,3V2 + 1] -1
[17,17,3V2 — 1] 6
23,23, V2 + 5] -6
23,23, —V/2 + 5] 0
(25,5, 5] 2
31,31,4V2 + 1] 2
31,31, -4v2+1]  —4
[41,41,2v2 — 7] 6
[41,41,-2v2 -7 -6

Eigenvalue

Suppose we choose p to be a prime above 23 with label [23, 23, V2 + 5]. Then we have
ap(f) = —6 and N(p) = 23. Hence, ignoring the error term, the level raising condition

is

We find ¢ of level [391,391,

(| (ap(f)* = (N(p) +1)%)
0 ((=6)* = (23 +1)%)
?](36 — 576)

0] — 540 = —2% x 33 x 5.

—5v/2 + 21] that satisfies a congruence.

We now give

another list with the previous information along with a new column containing the

eigenvalues of g¢.
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Norm Prime Eigenvalues of f Eigenvalues of g
2 [2,2,—f ] 0 0
7 (7,7, —2v2 + 1] —4 1
7 7,7, -2v2 — 1] 2 -3
9 [9, 3 3] -2 -2
17 [17,17,3V2 + 1] -1 -1
17 [17,17,3V2 — 1] 6 —4
23 23,23,v/2 + 5] —6 1
23 23,23, —V/2 + 5] 0 5
25 25,5, 5] 2 -3
31 31,31,4v2 4 1] 2 -8
31 31,31, -4v2+1] -4 -9
11 [41,41,2v2 — 7] 6 —4
11 (41,41, -2v2 -7 -6 -1

It is clear that these two modular forms have Hecke eigenvalues that are congruent
modulo 5 except at the prime p. Note that we shouldn’t expect the congruence to
hold at the prime [17,17, 3v2+ 1] since this is the level of f. However the congruence
does hold in this case. We also shouldn’t expect a congruence at the prime [2,2, —v/2]
since this divides dg . Again, however, the congruence holds in this case.

We will see another example of level raising for Hilbert modular forms later when we
apply our method, see Example In that case we will be raising the level of a
Hilbert modular form that is a base change of a classical weight 2 modular form. In a
way this case may be viewed as a little harder for a congruence to exist. This is because
at primes ¢ that split in K, as say q = qq, the eigenvalues of f’ at q and g will be
the same. The level raised form however will not be a base change. So in general the
Hecke eigenvalues of this form at q and q will be different. Hence the differences will be
non-zero but we still require them to be divisible by ¢ for there to exist a congruence.
Since the differences are bounded by 2¢'/2, using small ¢ will in general force £ to be
small. In particular, the example we check will have ¢ = 2.

We now move on to explain the next step in our process. Once we have base changed
our classical weight 2 modular form to obtain a Hilbert modular form of parallel weight
2 and then raised the level of this form, we then want to take a theta lift to obtain a
Siegel paramodular cusp form.
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§5.5 Theta Lifts of Hilbert Modular Forms

There are many different results involving theta lifts, the result we will be interested
in is a result of Johnson-Leung and Roberts. This results takes a theta lift of a weight
(2,2n + 2) Hilbert modular form and gives a genus 2 weight n + 2 Siegel paramodular
newform. Since we are working with a parallel weight 2 Hilbert modular form (i.e.
n = 0) we will obtain a genus 2, weight 2 Siegel paramodular newform. The result
also gives us all the information we require about the Hecke eigenvalues of this Siegel
form.

The following is a restatement of (part of) the main theorem of [JLR].

Theorem 5.5.1. Let K be a real quadratic extension of Q. Let f € S22n42(90) be
a Hilbert cusp form whose associated Galois representation p is irreducible. Assume
that p is not Galois-invariant. Let M = d%Ng(‘ﬁo), where dg is the discriminant of
K/Q. Then there exists a non-zero Siegel paramodular newform F : Ho — C of weight
k =n—+ 2 and paramodular level M such that:

For every prime p,
TyF = ap(F)F and T2 F = by(F)F
with
ay(F) = p" 73X, and by(F) = PQ(kig)Mp

where A, and p, are determined by the Hecke eigenvalues of f as follows. If p splits,
let p and p be the places above p. If p does not split, let B be the place above p.

(1) If val, (M) =0,

\ = plap(f) +ap(f)) if p is split,
P 0 if p is not split.

_ )P pap(fag(f) =1 if p is split,
' —(p* +pag(f)+1) if p is not split.

(2) If valy(M) = 1, then p splits and val,(g) = 1, valz(No) = 0, and
Ap = pay + (p+ Dag(f),  pp = pap(f)ag(f)-

(3) If val,(M) > 2, then:
p inert:
)\p =0, Hp = —p2 _pam(f)§
p ramified:
0 if valp(No) =0,

Ap = pAp, =
At S {—p2 if valp(Mo) > 1;
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p split and valy(Mo) < valz(Mo) -

Ap = plap(f) +ag(f)s pp = {_p2 if valy(Mo) > 1.

For particular p, A\, and p,, see Proposition 4.2 of [ILR].

Since we are working with parallel weight 2 Hilbert modular forms, we are taking n = 0
in this theorem. Hence the theta lift will produce a Siegel paramodular cusp form of
weight 2. The Hecke operator we will be interested in is 7),; this is the generalisation
of the T, operator from the classical case. We are therefore interested in the a,(F)
eigenvalues. Also when checking for a congruence we would only expect to find one at
primes not dividing the level. So we will be in the case where val,(M) = 0.

§5.6 The Main Theorem

We have now covered each of the steps that we will need to prove the existence of a
congruence between the Hecke eigenvalues of a Siegel paramodular cusp form of weight
2 and the Hecke eigenvalues of a classical weight 2 cusp form. We now state the main
theorem.

Theorem 5.6.1. Let f € So(I'g(N)) and let K be a real quadratic field with discrim-
inant dg . Suppose (dg,N) = 1. Choose a prime p that splits in K. Suppose pt{N,
(t(p+1) and

ap(f)* = (p+1)* (mod X),

for some N{. Further assume that pfla, s irreducible modulo .

Then there exists a Siegel paramodular cusp form F € SQ(K(N2d%<p)) satisfying

aq(F) = aq(f) (1 + xx(q)) (mod A)

for qt NQd%p, where x g s the quadratic character associated to K .

The proof of this result will simply require us to apply the method we have described
in this section.

Proof. Let f = ajq+azq®>+azg®+--- € S2(To(N)). By Theorem 5.3.1] the base change
of f will be f’ € S3(M) with 9 = (N) and N(M) = N2. We note that at a prime ¢
that splits as say qq we have aq(f’') = ag(f') = aq(f) since f’ is a base change.

We now use the level raising result for Hilbert modular forms. Choose a prime p that
splits in K as say p = pp. Suppose p 1 ¢N and

ap(f)? = (N(p) +1)* (mod A).
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Further assume that the reduction p; modulo A is irreducible and £ { N(p) + 1. Note
that here N(p) = p and ap(f’) = a,(f), hence the congruence condition reduces to

ap(f)2 =(p+1)*> (mod \).

We also have ¢+ (N(p) + 1) reducing to £t (p+1).

By Theorem m there exists a newform g € So(9Mp) with Tr(ps(Froby)) =
Tr(pg(Frobg)) (mod A) for all q with (Mpldk,q) = 1 and A|¢. Further since p was
chosen to be a prime that splits in K, this newform will be non Galois-invariant so its
Galois conjugate will be different. This ensures that for a split prime ¢ = qq we have

aq(g9) # ag(g) in general.

By Theorem there exists a non-zero Siegel paramodular newform F €
So(K(N%d2.p)) whose Hecke eigenvalues are determined by those of g. We have

a,(F) = aq(9) + ag(g) if ¢ is split,
! 0 if ¢ is not split.

We now note that by the level raising congruence of Hilbert modular forms we have
aq(9) = aq(f’) (mod X). Since f’ is a base change, we have aq(f') = ag(f’') = aq(f)
for primes ¢ that split. We also note that the quadratic character yx associated to
the quadratic field K satisfies

(q) = 1 if g splits in K,
X = —1 otherwise.

It therefore follows that we have the congruence

aq(F) = aq(f) (1 +xx(q)) (mod A)

for gt N%d2%p.

We will now consider an example.

Example 5.6.2. We begin with a classical weight 2 cusp form. Consider f €
Sa(To(15)) with

F=g- =P =+ P+ 435+ — g0 —4g" 412 —2¢1 — g _ O 42\ T

Suppose we wish to take a base change to K = Q(v/2). We have dx = 8. Hence
the only prime to ramify in K is 2. Since 2 1 15, we know from Theorem
that there exists a Hilbert modular form f’ € S5(91) that is a base change of f with
N(M) = 152 = 225. Checking in the LMFDB we find a Hilbert modular form with
label [225,15,15] that is a base change of f. This form has the following eigenvalues:
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Norm Prime

17
17
23

23
25

31
31
41
41

2,2, V2
(7,7, —2V2 +1]
7,7, —2v2 — 1]
[9,3,3]
[17,17,3V2 + 1]
[17,17,3V2 — 1]
23,23, V2 + 5]
23,23, —V/2 + 5]
25,5, 5]
31,31,4v2 + 1]
31,31, —4v/2 + 1]
[41,41,2v/2 — 7]
41,41, —2v/2 — 7]

Eigenvalue

-1
0
0
1
2
2
0
0
1
0
0

10
10

Note that at the split primes 7 and 17, we see that f and f’ both have the same

eigenvalues as expected.

We now use Theorem to raise the level of this Hilbert modular form, and in
the process, we ensure that the associated Galois representation is no longer Galois-
invariant. Suppose we choose p to be a prime above 7 with label [7,7,—2v/2 + 1].
Note that this is a split prime, so the level raised form will be non Galois-invariant.
We have a,(f') =0 and N(p) = 7. Hence

O] (ap(f)* = (N(p) +1)°)

(0% — (7T+1)%)
(0 — 64)
(] —64 =20

We find g of level [1575,105, —304/2 + 15] that satisfies a congruence modulo 2
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Norm Prime Eigenvalues of f Eigenvalues of g
2 [2 2, -2 -1 0

7 7,7, —2v2 + 1] 0 -1
7 7, 2\f—1] 0 0

9 [9, 3 3] 1 -1
17 (17,17,3V2 + 1] 2 0

17 [17,17,3V2 — 1] 2 —4
23 23,23, V2 + 5] 0 0

23 23,23, —V/2 + 5] 0 8

25 25,5, 5] 1 1

31 31,31,4v2 + 1] 0 2

31 31,31, —4vV2+1] 0 —-10
41 [41,41,2v/2 — 7] 10 -2
41 [41,41,-2v2 -7 10 —2

We can see clearly that the Hecke eigenvalues are congruent modulo 2 at all primes
except 2 and 7. These primes are ones where we wouldn’t expect the congruence to
hold since 2|dx and we chose p = 7. We also note that at the split primes, the Hecke
eigenvalues of g are different in general. Hence the associated Galois representation pg
will not be Galois-invariant. We are therefore able to use Theorem to produce a
Siegel paramodular cusp form.

We know that N(M) = 1575 = 7 x 32 x 52 and that dx = 8. Hence Theorem
produces a Siegel paramodular newform F' : Ho — C of weight 2 and paramodular
level 100800 = 8% x 7 x 32 x 52. The theorem also tells us precisely what the Hecke
eigenvalues are in terms of those of the Hilbert modular form g. We are interested in
the T), eigenvalues. These are given by T,F = a,(F)F where

o (F) = [P @) +apl)) i pis split,
g 0 if p is not split.

Since we have k = 2, the eigenvalues at split primes are just the sum of the eigenvalues
ap(9) and ag(g). The following table shows the first few eigenvalues of F' along with
the RHS of the congruence and the difference between the two.
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P [ @) | ap() A+ xx®) | ap(F) — a(f) L+ x& (7))
2 0 0 0
7 -1 0 -1
9 0 0 0
17 -4 4 -8
23 8 0 8
25 0 0 0
31 -8 0 -8
41 -4 20 -24

We can see clearly from the right hand column that we have a congruence modulo 2
except at the prime 7. However as we have mentioned, this is the prime that we raised
the level of the Hilbert modular form by. Hence we wouldn’t expect there to be a
congruence at this prime.

Remark 5.6.3. Notice that this example had ¢ = 2. It therefore does not satisfy the
condition that £t (p+ 1) that is required in order for the error term of Taylor’s level
raising result to be ignored. The method however still works and illustrates the general
method.

§5.7 Comparison with the Bloch-Kato Formula

We have proved the existence of a congruence between the Hecke eigenvalues of a
classical cusp form of level N and a Siegel paramodular newform of level N?d%p in
Theorem We might be interested in how we could link this congruence with
the Bloch-Kato conjecture. In particular we might expect such a congruence to allow
us to construct a non-zero element in a Bloch-Kato Selmer group. This would in turn
hopefully give the divisibility of an incomplete L-value. The statement of Theorem5.6.1]
however, has no mention of the divisibility of an Euler factor arising from a partial
L-value but we do have a divisibility criterion. We might be interested in whether
this divisibility criterion can be linked with a particular L-value. In our main result
(Theorem the modulus came from a divisor of an Euler factor arising from a
Dirichlet L-function. This came about because the Dirichlet L-function appeared as
the constant term of the Eisenstein series appearing in the congruence. In this case, we
have no such analogy as we are now working with two cusp forms. We will see however,
that there is a particular L-function with an Euler factor that will be very familiar.
The modulus of the congruence will then be a divisor of this Euler factor.

5.7.1 REDUCTION OF THE FOUR-DIMENSIONAL REPRESENTATION

Just as in Section we consider the reduction of a Galois representation modulo
A. In this case it will be the four-dimensional Galois representation associated to the
Siegel paramodular newform.
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Let k,p, ¢, \,N,dg, f and F be as in Theorem Assume also that ¢ # p, and let
L = Q({an}). As in Section there exists a continuous representation attached to
f (note that we have a different f here) given by:

Pf=Pfx: Gal(@/(@) — GLQ(L)\),

unramified outside N/, such that if ¢ { N/ is a prime, and Frob, is an arithmetic
Frobenius element, then

Tr(pg(Frob, 1)) = ag(f), det(py(Froby ")) = ¢ .

We may conjugate so that p; takes values in GL2(O,) and reduce modulo A to get a
continuous representation

Py =pypx: Gal(Q/Q) — GLy(Fy).

We assume that this reduced representation is irreducible as this will appear as a
composition factor of our four-dimensional representation.

We can also do the same with the Siegel paramodular cusp form F'. As in Proposi-
tion we have an attached representation:

PF = PE : Gal(@/@) — GL4(L)\),

unramified outside Ndgpf, such that if ¢ f Ndgpl is a prime, and Frob, is an arith-
metic Frobenius element, then

Tr(pF(Frobq_l)) = aq4(F), det(pF(Frobgl)) = ¢*=6

We may assume that this representation is irreducible. We may again conjugate so
that this representation takes values in GL4(O,) and reduce modulo A to obtain a
continuous representation

Pr = Ppp : Gal(Q/Q) — GL4(Fy).

This depends in general on the choice of invariant O)-lattice but the composition
factors are well-defined. This representation is reducible with composition factors p;
and ps(xx) where yx is the quadratic character associated to K. This follows because
of the Cebotarev density theorem, the Brauer-Nesbitt theorem and the existence of the
congruence in Theorem as we have ap(F) = ap(f) (14 xx) (mod X).

Without loss of generality we may choose our invariant O)y-lattice in such a way that

pr has the form
B~ |:pf(XK) * } ‘
0 Py
Moreover, an argument of Ribet [Rib3|, Proposition 2.1] says that we can also choose
our invariant Oy -lattice such that pj is realised on a space V' such that

00— Wixg) —=V "W —0
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is a non-split extension of F[Gal(Q/Q)]-modules. Note that here W is the space of
the representation py. Choose a map s : W — V that is Fy linear and =z € W.
As in Section for ¢ € Gal(Q/Q) consider g(s(¢g~'(x))) — s(x). As before we
have g(s(g~%(z))) — s(x) € ker(w). Since the sequence is exact, we therefore see that
g9(s(g7'(2))) — s(x) € im(z). Then we define C : Gal(Q/Q) — Hom(p;, ps(xx)) such
that C(g)(z) := ¢ (9(s(¢~ (x))) — s(z)). As in Section this is a cocycle. The
same argument can be used to show this. Choosing a different map s here would result
in a different cocycle but it would only differ by a coboundary. We therefore see that
we get a unique class ¢ := [C] € H' (G, Hom(p;,p;(xx))) independent of the choice
of . Again this is non-zero since the extension is non-split.

Now we have a pairing py x py — Lx(1 — k). This pairing is similar to the Weil
pairing for elliptic curves. In particular, it satisfies the same kind of properties, i.e.,
it is bilinear, Galois-equivariant, non-degenerate and skew-symmetric. We see that
py ~ Hom(py, Lx(1 — k)) =~ p}(1 — k) where p} represents the dual representation.
From this it follows that p} ~ ps(k —1). We therefore see that

Hom(py, pr(xk)) = Py @ pr(xK) = (Pf @ ps)(k — 1)(xK)-

In fact, part 2 of Proposition tells us that pp actually lands inside GSp,(Ly).
We see that the class ¢ actually lands in Sym2(ﬁf)(k: — 1)(xx). Hence ¢ €
HY(Gy, Sym2(ﬁf)(k—1)(XK)). Similarly to Section let Vy = Sym?(W)(k—1)(xx),
My = Sym?*(M,)(k — 1)(xx), where M, is an invariant O,-lattice in W, and
let Ay = V\/M,. Also let A[\] be the kernel of multiplication by A in Ay. Let
i : A[\] = A\ be the inclusion and let d := i.(c) € H(Gg, Ay). In a similar manner
to Section we will show that i, is injective and therefore d # 0. As before we have
the short exact sequence

0 — AP -5 Ay 25 4y — 0.

Again, “\” means multiplication by some uniformiser for A. This sequence gives rise
to a long exact sequence in cohomology of which we consider the following piece:

H'(Gg, Ax) - HY (G, AN]) -5 H' (G, Ay).

Again knowing when i, is injective is the same as knowing when the image of § is trivial
since the sequence is exact. This is when H?(Gg, 4,) is trivial. Note that H%(Gg, A,)
consists of those elements of Ay fixed by Gg. Suppose that (dx,N) = 1,¢ 1 dx and
consider ¢|dx . We will restrict to the local Galois group and then take inertia in there.
That is we have I, C Gg, C Gg. Now I, acts trivially on Sym?(W)(k — 1) since
Sym?(W) is only ramified at ¢ and primes dividing N, and the (k — 1) twist is by
the ¢-adic character y, only ramified at ¢. However I, does not act trivially on the
character (xx). Take o € I, with xx(o) = —1. Then o(v) = —v Vv € V). Hence
o is an element of Gg which does not fix any non-zero element of Ay. It follows that
HY%(Gg, Ay) is trivial. Hence i, is injective and therefore d # 0.

We define the Bloch-Kato Selmer group in the same way as in Section
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Proposition 5.7.1. Let ¥ = {q: q|N}. Then d € H}  (Gg, Ay).

u{p}

We omit the proof here but note that it follows in exactly the same way as Proposi-
tion That is, the necessary local conditions all hold and so d € Hy, | {p}(G@, Ay).
Note that we now require ¢ > 2j + 3k — 2 in order for the local condition at ¢ to be
satisfied. This follows from Lemma 7.2 of [D2]. Note that here we have j = 0.

We now consider the A-part of the Bloch-Kato conjecture. This will give (conjec-
turally) a condition on there being a non-zero element of H, | ) (G, Sym?(W/ M) (k—

1)(xk))- Let Lzu{p}(sme(f)(XK), k) be the symmetric square L-function with Euler
factors at primes ¢ € ¥ U {p} omitted.

Conjecture 5.7.2 (Case of A-part of Bloch-Kato).

1 (LEU{p}(Sme(f)(XK)7 k)>
ordy

Q

o, (TR (Sym? (W/ M) (k) Oc))# Hs gy (G, Sym? (W/ M) (k — 1) (x0))
o #HO(Gg, Sym® (W/My)(k — 1)(xx)) '

Here €2 is an appropriately chosen period. We omit the definition of the Tamagawa
factor TamQ(Sym?(W/My)(k)(xx)), but note that (assuming ¢ > 2k — 1, see [D2]
§5](recall that A|¢)), its triviality is a direct consequence of [BIKal Theorem 4.1(7i7)].
Also note that H°(Gg,Sym?(W/My)(k — 1)(xk)) = H°(Gg, Ay), which we have
shown to be trivial. Since this factor and the Tamagawa factor are both trivial,
we see that divisibility of Leutn) (Syr?;(f)(XK)’k) by A is equivalent to divisibility of
#Héu{p}(G@, Sym?(W/My)(k — 1)(xx)) by A. In the same way as Section if we
(LEu{p}(SyI?;(f)(XK)vk)>

could show that ord) > 0, this would imply that

ord)y (#Héu{p}(GQ,Sme(W/M)\)(k — 1)(XK))> > 0. This would then imply there
was a non-zero element in the Bloch-Kato Selmer group.

Since we have already constructed a non-zero element in Hy, | v (G, Sym?*(W/ M) (k—

1)(xk)), we see that the Bloch-Kato conjecture predicts a A appearing in
2
LEU{p}(Syn;Z (NOx)k) Also, a similar Bloch-Kato formula holds if we drop the U{p},
however we wouldn’t be able to construct a non-zero element in the Bloch-Kato Selmer
group in this case. This suggests that we should expect A to appear in the p-part of
the L-value. This gives some evidence for the Bloch-Kato conjecture in this case. We
m2

would also like to go the other way. That is, if ord) (Lm{p}(sy a (f)(XK)’k)> > 0, with
A\ appearing in the p-part, we would like \ to divide #Héu{p}(GQv Sym?(W/My)(k —
D) (xx))-

As usual, since we are raising the level by p, we would like to deduce divisibility of the
Euler factor at p arising from the L-value. In fact, in this case since we chose a p that
splits in K, we in fact don’t actually need the xx here since xx(p) = 1. Since we
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expect the A to appear in the p-part we consider L,(Sym?(f), k). We therefore expect
that if we have A|L,(Sym?(f), k) then, since the other factors cause no cancellation, we
must also have /\|H§U{p}(G@, Sym?(W/My)(k—1)(xx)). We also note that the critical
values in this case are the odd integers 1,...,k —1 and the even integers k,...,2k —2,
which in this case gives 1 and 2 as critical values since k = 2.

Remark 5.7.3. Congruences such as those studied in [D2] and [U] give evidence for
Conjecture in the case of higher weights. Here we are dealing with the low weight
case of k = 2. In the higher weight cases there exist congruences between Siegel cusp
forms and Klingen Eisenstein series. In the case of weight 2 however, the weight is too
low for such a congruence to exist and we instead end up with a congruence between a
Siegel cusp form and a classical cusp form.

Now that we have linked our congruence with the Bloch-Kato conjecture, we see that
we should expect divisibility of an Euler factor arising from a symmetric square L-
function to give a congruence as in Theorem We will see in the next section that
this is exactly the case.

5.7.2 THE SYMMETRIC SQUARE L-FUNCTION

Suppose we have a normalised cuspidal Hecke eigenform f = > ang" € Si(T'o(N)).
Associated to this f is the usual L-function

= Z ann*S — H (1 _ appfs _i_pkflst)_
n=1 p
=TT = a1 =Bp)]

From this we can deduce that a, + 8, = a, and a,3, = p*~!. In a similar way we can

define the symmetric square L-function associated to f. This is given by

L(Sym?(f),s) = [] [(1 = a2p~)(1 = B2~*)(1 — apBop )] .

We will now expand out this expression and simplify using the expressions deduced for
ap, and f3,. We first note that a2 + 52 = (ap + Bp)? — 23, = a]% — 2pF~1. We have

L(Sym*(f),s) = [T [(1 = app™®)(1 = B7p™*)(1 — cypBpp )]

-1

-1

=TI 0= ep 0= 820 - 517

=TT [ - 02+ 82w + o222 (1 = p=1 )] B
p

— H (1 _ aIQ)pfs + 2pk7175 +p2k72725)(1 . pkflfs)]
P

-1




124

We now concentrate on the first factor in this expression for a particular choice of p.
Multiplying through by p® to clear denominators we get

ps<1 _ a}%p—s + 2pk—l—s +p2k—2—25) — ps . a}% + 2pk’—l +p2k—2—s
- [%23 _ (p2k—2—s + 2pk—1 +p5)] ]

Note that in our case we have f € S3(I'o(N)). Hence when k = 2 this factor reduces
to

— [ai — @ +2p+p%)].

Note now that if we take s = 2 we get the following:
—[ap = (1 +2p+p*)] =~ [a5 - (p+1)?].

Recall that it makes sense to consider s = 2 by our argument in the previous section.
Notice how if we assume there is an ¢ dividing this factor, we have exactly the con-
dition for there to exist a level raising congruence. The modulus of the congruence in
Theorem is then a prime A|¢. We could therefore say that we expect a congruence
to exist when we divide an Euler factor coming from the symmetric square L-function
associated to the cusp form f.

5.7.3 GALOIS DEFORMATIONS

There is actually another way that we could construct a non-zero element in a Bloch-
Kato Selmer group using the information we know about the congruence in Theo-
rem [5.6.1] Recall that in our case the condition for the existence of a level raising
congruence of Hilbert modular forms is the same as the condition for there to be such
a congruence between two classical cusp forms. This follows since we are working with
a quadratic field and N(p) = p where p = pp is a split prime in the quadratic field K.
However in order for our method to work we need to level raise after base changing to
a Hilbert modular form. Since the condition is the same in both cases however, we can
consider the case where we first level raise and see what happens when we consider the
Bloch-Kato formula. The argument we will use is similar to those used in the theory
of Galois deformations.

Take f € So(I'p(IV)). Assume this satisfies a level raising congruence with some g €
S2(To(Np)). That is we have a,(f) = a,(g) (mod A) for some A|¢ where £|(a,(f)? —
(p+1)%). Then we have Py =~ p, where these are the associated Galois representations
reduced modulo A. We assume that these representations are irreducible. Since we
know that a congruence exists we may choose a maximal r > 1 such that p; and p,
are the same modulo A". We then know that py and p4 differ modulo AL We have

pg(0) = ps(0) (I + X' 0g(0))  (mod N)™*,
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where 64(c) € My(F)) = Hom(F%,F3%). Here 6,(0) actually lies in the space of trace
0 matrices since det(p;) = det(p,). We now consider pg(o7) and show that we can
produce a non-trivial cocycle. We have

pg(a7) = pp(o7) (I + N0,(07)) (mod \)"
= p(0)ps(T) (I + X 04(07))  (mod A)™™

But we also have

pg(oT) = pg(0)pg(7)
= p(0) (I + X 0(0)) ps(7) (I + A6y(7))

We deduce that
Og(07) =Dy (1) " 0g(0)p(7)0y(7),
and so

0g(07) = 7(04(0))0g(T).

Here the action of 7 is the adjoint p; action Adg x This action is really the Adg
action by the above argument. This gives us a non-trivial cocycle which then leads to
a non-zero element lying in some Bloch-Kato Selmer group by a similar argument to
those we used in Sections [3.3] and (5.7

Although this argument was for a congruence between two classical cusp forms f €
Sp(To(N)) and g € Sk(I'o(Np)) with a,(f) = ap(g) (mod N), we still actually end
up with the same conditions arising in the Bloch-Kato formula as we would for the
congruence in Theorem This arises because of the level raising condition being
the same in both cases and the fact that it is analogue of the Euler factor of an L-
function.

§5.8 The Vector Valued Case

Now that we have dealt with the scalar valued case, we move on to the more general
case of vector valued Siegel modular forms. This will mean that we can start with a
classical modular form f € Si(I'o(N)) with £ > 2. Running through our process, we
will base change to a Hilbert modular form of parallel weight &, which we will then level
raise to get a non Galois-invariant Hilbert modular form. This is the point at which we
need a different approach. We will no longer be able to make use of the theta lifting
result of [JLR] since the only parallel weight that is covered by the result is parallel
weight 2. As we know, this leads to a scalar valued Siegel modular form. We will
however be able to slightly modify the work of [JLR] in order to obtain a vector valued
Siegel modular form. In order to do this we will need to consider L-parameters and
L-packets. Before we do this however, we will explain the construction of the Siegel
modular form.
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5.8.1 CONSTRUCTING THE SIEGEL MODULAR FORM

In this section we will give an outline of the construction of the Siegel modular form.
There will be many new concepts introduced in this section, most of which will be
properly defined or explained in later sections. The method we will use is the same
as that of Johnson-Leung and Roberts from Section 3 of [JLR]. Let K be a real
quadratic field and 7y a cuspidal, irreducible, automorphic representation of GLga(A k)
with trivial central character, where A is the adeles of K. Note that this will be
the automorphic representation associated to our level raised Hilbert modular form. In
particular we will have taken a base change of our classical weight k cusp form to a
Hilbert cusp form over the field K. For every place v of Q we define mp, = @)y M0, -
In particular, for a prime v that is inert in K, moy = 7 (), for a prime v that splits
in K, moy = To,w; @ To,w, and for a prime v that ramifies in K, 7y, = mow -

Let ¢(m) : Wo, — GSpy(C) be the L-parameter associated to m,. Here Wy, is
the Weil group of Q,. This is a dense subgroup of Gal(Q,/Q,), and consists of all
elements whose image in the Galois group of the residue field is an integral power of the
Frobenius automorphism. Note that these L-parameters, along with the L-packets,
will be defined in Section [5.8.2] By the remark in Section 2.2 of [Blal, the represen-
tation mp,, is tempered for all finite places w of K. Let II (¢(m,)) be the L-packet
of tempered, irreducible, admissible representations of GSp,(Q,) with trivial central
character associated to ¢(mp,) as in [Rob]. For finite v = p, the packet II (¢(mop)) co-
incides with the packet associated to ¢(mp,) in |[GT]. This packet may contain several
representations but it contains a unique generic representation m, of GSp,(Q,). We
will show in Section that II (¢(mo,00)) contains the lowest weight representation
of GSp,(R) denoted by m[0]. This is a particular type of discrete series representation
where A is a vector since we are in the vector valued case.

We note that the Langlands correspondence between the L-parameters and the rep-
resentations of GSp,(R) means that the L-parameter, in a sense, labels the repre-
sentation. Now, GSp,(R) is not a compact group, however Sp,(R) C GSpy(R) is a
semisimple group whose maximal compact subgroup is a connected compact Lie group.
In order to understand the representations of GSp,(R), we may restrict to the subgroup
Sp4(R) and then further restrict to its maximal compact subgroup. The Lie algebra of
Sp4(R) is given by

g={X e MyR)XJ+JXT =0}

_ A B nT A AT 4 _ AT
_{(C D>6M4(R)\B_B,C’_C,A_ D }

The standard maximal compact subgroup K., of Spy(R) is

Koo = {( ok > € GLy(R)|ATA+ BTB=1,A"B = BTA}.

. A B .
We have Ko ~ U(2) via ( B A > — A+1B.
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If we consider the restriction of our representation to the maximal compact subgroup
Ko ~ U(2), we obtain a set of finite dimensional pieces. This restriction makes our
calculations easier as the representation theory of compact Lie groups is completely
understood and we do not lose any information about the larger group GSp,(R). If
we consider the maximal torus 7' inside K.,, we can determine the representations
of Ko, from those of T'. In general, such tori are isomorphic to several copies of the
circle S! and therefore the representations of 7' can be determined from the represen-
tations of the circle. Since T is commutative, Schur’s lemma says that each irreducible
representation p of T' is one-dimensional:

p: T — GLy(C) =C*.

It must also map into S' C C since T is compact. We let t be the Lie algebra of T’
and we let points h € T' be denoted

h=el Het

In these coordinates, p has the form

p(eH) — ei)\(H)

for some linear functional A on t. As it stands the linear functionals do not give a
well-defined map of T into S'. This is because the exponential map H — e is not
injective. We let I' denote the kernel of the exponential map:

I ={H c | =1d},

where Id is the identity element of t. Then for the linear functional A\ to give a
well-defined map p, it must satisfy

NH)eZ,HeT.

Such a linear functional is called an analytically integral element.

The irreducible representations of K, break up as a direct sum of irreducible represen-
tations of T'. As we have seen, these representations are described by linear functionals
A. Let ¥ be a finite-dimensional irreducible representation of K,. If a given functional
A appears in the restriction of ¥ to 7', we call A a weight of . These weights can then
be determined by considering a root system for K.,. When we restrict a representation
such as Y to T we have an ordering on the weights of the irreducible representations in
the direct sum. This ordering gives rise to a highest weight for each irreducible piece.
The representation with lowest highest weight is said to have minimal K., -type. The
irreducible representations of K., ~ U(2) are parametrised by elements in the weight
lattice A = Zey + Zey, modulo the action of the real Weyl group (to be defined later).
Since the Weyl group acts by permuting the e;, the irreducible representations of Ko,
are are in 1-1 correspondence with the weight

A =1rie1 + roeg, 11,79 € Z,r1 > 7ro.
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We denote the finite-dimensional irreducible representation of K., corresponding to
this A by 7. For us, A = (kK —1,0); so we have r; = k—1 and o = 0. We will
show this in Section [5.8.2 This will mean that we actually have a limit of discrete
series representation. There is an irreducible, admissible representation 7y of Sp,(R)
which is exactly this limit of discrete series representation. This representation has
minimal K, -type 7, for our choice of A. In other words, the piece with lowest highest
weight of the restriction of 7\ to K is 7,. We also note that ) is itself a piece
of the restriction of a larger limit of discrete series representation of GSp,(R). This
representation is denoted 7y[0]. We have m)\[0] = 7y @ 7). We set 1o, = m)[0].

5.8.1.1 Siegel to Automorphic

Our next step will be to produce an automorphic representation from which we can
extract the Siegel modular form that we are interested in as a particular vector. Before
we do this however we will describe the general process in the opposite direction. That
is, we will show how given a Siegel modular form, we can produce an automorphic
form. We will then be able to essentially run the argument backwards to determine
our Siegel modular form. Here we will describe the process for general Siegel modular
forms of genus n, but we note that for us n = 2.

Let (p, V) be a finite-dimensional rational representation of GL,,(C). As defined in Sec-
tion [5.2] a vector valued Siegel modular form of genus n and weight p is a holomorphic
function F' : H, — V such that

FO{Z) = slin )@ for il = (& ] ) €122 €

where T is some congruence subgroup of Spy, (R) and j(v,Z) = (CZ + D).

Assuming p is irreducible, we may associate a function ® on GSp,,,(A) to the modular
form F. Let m € R be the number such that p(s) = s>™idy, for each scalar matrix
s = diag(s,...,s) € GL,(C),s > 0.

Remark 5.8.1. In the scalar valued case p = det®. We therefore have p(s) = det(s)* =
(s™")F = s"* . Hence m must satisfy s™* = s?™. It follows that in this case m = nk/2.
Hence in the genus 2 case we have m = k.

Remark 5.8.2. We also note that the definition of the slash operator in [AS] differs
from the definition in this thesis. This therefore affects the choice of m. We will point
out the difference later when we define our Siegel modular form. The general theory
however remains the same.

Let G = GSp(2n). We note that using strong approximation (see [Kne|) we have

G(A) =GQGR)"T ] Ky,

p<oo



CHAPTER 5. CONGRUENCES BETWEEN GENUS 1 AND GENUS 2
CUSP FORMS 129

where G(R)" denotes the elements of G(R) with positive multiplier, and K, is G(Z,)
for all but finitely many p and G(K (p")) otherwise, where K (p™) is the local paramod-
ular group. We note that here K, could be any open compact subgroup of G(Q,) as
explained in [SS], but the local paramodular group is the one that we need for our case.
We write an element g € G(A) as

9 = gogeoko with gg € G(Q), goo € G(R)™, kg € Ko, (5.1)

where Ky =[] K,. We may now define

p<oo

®(9) = p(goo)"p(CI + D)~ F(g(D)),

with ¢ = gogocko as in (5.1)) and go = < é ZB; )

The factor p(geo)™ ensures that ® descends to a function on PGSp,,(A). Further,
O (ygko) = ®(g) for all v € G(Q) and ko € Ky, and

D (gkoo) = p(koo) 1 ®(g) for all ko € Koo =~ U(n).

As it stands, the function @ is vector valued, but we would like to obtain a scalar
valued function. We let L be any non-zero linear form on V', the space of p, and
define

D(g) = L(®(g)), g € G(A).

It can be shown that the map F +— & is a norm-preserving map of Hilbert spaces
from S,(I') to L*(Z(A)G(Q)\G(A)) whose image is contained in the space of cus-
pidal functions. That is ® can be realised as being inside the space of functions
L3(Z(A)G(Q)\G(A)). We then consider the subspace of this L space spanned by
all the right translates of ®. Note that this means the choice of linear form L above
is arbitrary. We let 7 be any irreducible constituent of this unitary representation.
Then 7 is an automorphic representation of G(A) which is trivial on Z(A). We may
therefore consider 7 as an automorphic representation of PGSp,,, (A). Let

=@
v

be the decomposition of 7 into local representations. For finite places, these are ir-
reducible representations 7, of the local groups G, = G(Q,). Note that this is a
restricted tensor product. Because ® is right Kj-invariant at each finite place p, the
representation , is spherical (to be defined later) for every such p. As we will see,
these representations take a particular form that tell us about the related Satake pa-
rameters. As explained in [AS] §4.5, p.196], 7 is the lowest weight representation of
G(R) with minimal K -type 7y for some weight \. The representation 7) contains a
vector vy that is annihilated by the compact positive root vectors. This vg is a highest
weight vector; further, we have ® = vy.
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5.8.1.2 Awutomorphic to Siegel

We have now discussed the process of going from a cuspidal Siegel modular form to
an automorphic representation. We now wish to go in the other direction. We note
that with some careful choices we can do this. We define 7 to be the restricted tensor

product
=@
v

where 7, is the unique generic representation inside II(yg,)) for finite v and 7o is the
lowest weight representation m[0]. Note that these are all representations of GSp4(R).
What we have done here is create a tensor product of local representations for each
place v of Q. It isn’t immediately obvious that this should create an automorphic
representation. However, by Theorem 8.6 of [Rob|, 7 is a cuspidal, irreducible, admis-
sible, automorphic representation of GSp,(Aqg) with trivial central character. We note
that for our case we take F' = Q and F = K, then part (1) gives us the result.

Now that we have the automorphic representation, we need to identify the correct vector
inside this representation. For each prime p of Q, let ®, be the local paramodular
newform in m,, and let ®o, € Mo = m)[0] be the highest weight vector vy lying in
7x. By [RS2], ®, exists and is unique up to scalars; we may assume that for almost
all p, ®, is the unramified vector used to define the tensor product. Note that the
L-packet is unramified for almost all primes and contains spherical representations (to
be defined in Section . We set

<I>:®<I>v.
v

This tensor product is now the Siegel modular form viewed as an automorphic form,
so we have ® : GSp,(A) — C. This ® is a scalar valued function that we can view as
lying inside the space of cuspidal functions LZ(Z(A)G(Q)\G(A)). We now wish to move
from the scalar valued @ to a vector valued function ®. As explained in the discussion
preceding Lemma 6.2 of [D2], this can be achieved in the vector valued case. The results
of the scalar valued case need some slight modifications. We do not go into the details
here. Given that we now have ® as defined in Section we will define the Siegel
modular form in classical notation. Let (p, V) be the representation Sym*~2(C?)®@det?.
We will see later in Section why this is the correct representation. Define F :

Ho — V by F(Z) = 1(9)~" 3 p((g,1))®(goo) Where g € GSpy(R)" is such that

gy =7 and I = (é ?) € Hs.

Remark 5.8.3. We note that in our definition of F' we have the factor u(g)™™ where
m = k — 3. This is in order to match our definition of slash operator so that we have
appropriate cancellation and therefore trivial central character. If we had instead used
the normalisation used in [AS] we would have ended up with m = (k+2)/2. Note that
for the representation Sym’(C?)det” we have m = j + x — 3 in our normalisation and
m = (j + 2k)/2 in the normalisation of [AS].
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By a generalisation of Lemma 7 of [AS|] to the vector valued case, F' is holomorphic.
Since we started with an automorphic form whose local pieces comprised of paramod-
ular newforms and have run through the argument of Section backwards, it
follows that F' € Spe™ (K (M)). Again, we will see in Section that M is the same
as in the scalar case; that is M = NQd%p.

Remark 5.8.4. We note that we could have chosen any representation at the finite places
and the restricted tensor product would still have given us an automorphic represen-
tation. Recall that the L-packet II(¢(mo,)) may contain several representations but
contains a unique generic representation for each prime p. Our choice of the unique
generic representation is what leads us to a Siegel paramodular newform.

Now that we have shown how we will construct the Siegel newform, we go into more
details on the local conditions. That is, we now consider the L-parameters and L-
packets that were critical in this construction. This will explain how we determined
both the level and weight of the Siegel paramodular form. They will also help us
determine the Hecke eigenvalues of F'. We will see exactly how in Section [5.8.4]

5.8.2 L-PARAMETERS AND L-PACKETS

As we have seen, the way to obtain the correct Siegel modular form together with its
Hecke eigenvalues is by considering the automorphic representation obtained by the
process outlined above. The Siegel modular form that we want is then associated to
a particular vector in this automorphic representation. We will need to consider the
local components at each finite place and at the infinite places. Each of these pieces
has an associated L-parameter. We then package together certain isomorphism classes
of these representations to form an L-packet. From this packet we can then extract
the necessary information. The L-parameters at the finite places will tell us about the
Hecke eigenvalues of the Siegel modular form, whereas the L-parameters at the infinite
places will tell us about the weight of the Siegel modular form. We also note that the
level of the modular form is determined by the local behaviour at finite places.

In constructing the representation of GSp,(R) we can use both the work in Section 4
of [JLR] and the examples on pages 206-207 of [Mor]. In order to determine the weight
of our Siegel modular form we must consider the infinite places. Here we are dealing
with discrete series representations; or rather, limit of discrete series representations as
it will turn out in our case.

Define two-dimensional representations ¢, n : Wr = GL2(C) (n € C,N € Z>q) as
follows:

0 2N —iNG 0 . 0 (-1
Pu,N (7"6 ) = 0 p2u—N iNO ) QO,u,N(]) = 1 0 :

Here Wg is the Weil group of R, defined by Wr = C* LU C* - j (jz = zj, j°2 = —1).
The representation ¢, y is irreducible if N > 0, which for us, will always be the case.
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Our main work will involve applying our case to two examples from [Morl, p 207]. In
order to do this however we first consider a simpler example to introduce some notation
that will be necessary in both these examples and in later work.

This is part of [Mor, §1, Ex1]. Consider G = SLy(R). Here we may fix an Iwasawa
decomposition G = NAK as follows:

v {3 e} {60
ko= (55 8 Yoex)

As a C-basis of the Lie algebra sla(C), we take

() et )

Then {H, X ,X_} is an sly-triplet. For each k € C, consider the Verma module

M(k)=U(g) @y Cr with b=C-HapC-X_.

Here C;, = C,, is a one-dimensional b-module characterised by H - v, = kv, and
X_ -vp = 0. It is well known that M (k) is unitarisable if k& € Z~¢. In other words,
there exists an irreducible unitary representation D,j of G such that its underlying
(g, K)-module is M (k). We denote by D, the contragredient representation of D} .
The representation D,f(k: > 2) is called the discrete series representation with Blattner
parameter +k (to be defined later). These representations are limit of discrete series
representations.

We now consider the two examples from [Mor, p 207]. We note that in the following
G denotes the Langlands dual of the reductive algebraic group G.

Example 5.8.5 (G = GLy(R)). In this case, G ~ GLy(C). We denote by © =
Dylc](k > 1,¢ € C) the irreducible admissible representation of GLg(R) characterised
by 7lsr,r) ~ Dy @ D, and w(zly) = 2° X id(z > 0). Then we have

M, v (GLa(R)) = {Dy[c]}, with u= (c+k—1)/2,N =k — 1.

Example 5.8.6 (G = GSp,(R)). In this case, G ~ GSp,(C). Let m[c] be the
representation of GSp,(R) with m[c||sp, r) = ™ © T and 7(z14) = 2¢ x id(z > 0).
Note that 7y is a particular discrete series representation of Sp,(R). For A\; > A > 0,
we consider the Langlands parameter ¢ : Wg — G = GSp4(C) defined by

al 0 bl 0

0 a 0 b . a; bl .
ey = | 0w D (80 ) ) (=12)

0 ()] 0 d2
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where we set
p1=(c+ A1 —A2)/2, Ny = A — Xaspe = (c+ A1+ A2)/2, No = Ay + Ao,

Then the corresponding L-packet consists of two elements:
Iy, (GSp4(R)) = {m(x, o) le], T(ar,=20) [l -

In our case we have a parallel weight k& Hilbert modular form which at each infinite
place, has an associated irreducible admissible representation of GLg2(R). For both
places, this is Dglc], where ¢ = 0 since we have trivial central character. Using ex-
ample we see the associated L-parameter has u = % and N =k —1. In
order to obtain the four-dimensional representation that we require we will be inducing
the two-dimensional representation associated to our Hilbert modular form. Strictly
speaking this is by automorphic induction from GL2(Ag) to GSp,(Ag) and amounts to
combining the two representations at the infinite places of K to get a four-dimensional
representation. Hence using example [5.8.6| we will have two copies of the representation

pun with =521 and N =k —1.

We note that

i0
k—1 re
PEZL o1 ( )

(k=)= (k=1) ,~i(k—1)0 0
0 (k1) (k—1) i(k—1)0

61‘(1*]4)9 0
0 et(k—1)0 :
Alternatively we can write

90%,/%_1@) = ( (2/20)2 (z/zo)k21 ) )

with z = re’?. Following example |5.8.6, we therefore have the L-parameter ¢ : Wg —
GSp,4(C) given by

z/2)' % 0 0 0

B 0 (2/2) 7 0 0

ole) = 0 0 (2/2)" 7 0
0 0 0 (2/2)" 7

We note that in the example we have u; = %, Ny =X — o, g = %,
and No = A1 + Ag. Since we know that ¢ =0, uy = ps = % and Ny =No=k—1,
we see that A\; = k — 1 and A2 = 0. Although example deals with the case
A1 > A9 > 0 this process is actually still applicable. We are working in the case of
limit of discrete series representations. See Section for more details. Hence the

L-packet consists of a single element:

I, (GSp4(R)) = {7 (r—1,0)[0]}-
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Now that we know what the L-parameters and L-packets look like in our case, we need
to consider Harish-Chandra parameters and Blattner parameters in order to determine
the weight that our Siegel modular form will have. In 1965-1966 Harish-Chandra
classified the discrete series representations of connected semisimple groups G. It
turns out that such a group G has discrete series representations if and only if the rank
of GG is equal to the rank of some maximal compact subgroup K. The Harish-Chandra
parameter is then a way to measure this. We also have some associated parameters
called Blattner parameters. If A denotes the Harish-Chandra parameter, then the
Blattner parameter is given by

A =X+ bpe — 6o,

where 0y (respectively d. ) is half of the sum of the non-compact (respectively compact)
positive roots. For more details see [Mor, Theorem 2.2].

In our case we have the Harish-Chandra parameter A = (A1, A2) = (k — 1,0). This
tells us that the Blattner parameter A is given by A = A+ (1,2) = (k,2). This follows
since A € 230 as defined in [Mor, p.205]. We note that we could have A\ € Z%! but
this would lead to a contradiction as we would end up with a Siegel modular form
with scalar weight 0. As we mentioned earlier, the representation 7, is the one of
minimal K. -type 7). This representation is then associated with the representation
of highest weight (j + &, k), this is the representation Sym?(C?) ® det®. In our case
we have (k,2) = (j + k,k). Hence it follows that the scalar part of the weight is
given by k = 2 and then 7 = k — 2. Therefore the representation of highest weight is
Sym*~2(C?) ® det?.

We note that the L-parameters at the finite places are constructed in a very similar
manner. These are constructed in the same way as in Section 4 of [JLR]. Due to the
special nature of our case, we end up with the split and non-split cases behaving in
the same way. In fact we end up with a four dimensional representation that has the
same form as the ones at the infinite places in both cases. In order to consider the
L-parameters at finite places we consider our quadratic field K tensored with Q, for
each prime p. We end up with the following

if lits in K
K®Q, = Qp, ® Qp 1'psp1 sin K,
K, otherwise.
We note that in the notation of [JLR] we have F' = Q, and £ = K ® Q,. For ease of
notation we will use F' and F in the following.

The split case is parametrised by pairs (71, m2) where m; and 7o are irreducible, ad-
missible representations of GLg2(F) having the same central character. In our case,
this will be trivial. The non-split case is parametrised by triples (F,m,n) where
FE is a quadratic extension of F', my is an irreducible, admissible representation of
GL2(E) with Galois-invariant central character wy,, and 7 a character of F'* such
that wr, = noNE.
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To define the parameter o(m,m2) : Wrp — GSp,(C) associated to a pair (m1,m2), let
p1 : Wrp — GLy(C) and ¢y : Wrp — GL2(C) be the L-parameters of m; and e,
respectively. We define

al 0 b1 0
0 ao 0 b

()0(71—1771_2)(:6) = c 02 dl 02 (52)
0 (&) 0 d2

b b
for ¢1(x) = < Zi dll >7 pa(z) = < Zi dz ) and z € Wpg.

The definition of the L-parameter in the non-split case is a little more involved. For
more details see Section 4 of |[JLR]. We note here however that we end up with a
very similar matrix. For y € Wg and gy a representative for the non-trivial coset of
We\WF,

a 0 n(go)~ b 0

0 a 0 b
0 d 0 d

a

b —1 Cl/ b/
for o(y) = . g ) and ©o(goygy ) = AR

Since the character n will be trivial in our case, we see that we end up with the same
kind of interleaved matrix.

Since the level of the Siegel modular form that we end up with is determined by what
happens at the finite places, we see that we still get a Siegel paramodular form of
level N 2d%dz). Here N is the level of the classical cusp form we start with, di is the
discriminant of K and p is the prime we raise the level of the Hilbert modular form by.
This follows because the local components at finite places are constructed in exactly
the same way as in [JLR]. The only change we have in the vector valued case is with
the local component at the infinite place, hence the change in weight.

5.8.3 LIMIT OF DISCRETE SERIES REPRESENTATION

As was mentioned in the previous section, we aren’t working exactly in the case of
Example from [Mor]. This is because we end up with Ay = 0. We therefore
are not working with a typical discrete series representation, rather a limit of discrete
series representation. Here we aim to give a rough description of such series. As
we know, Harish-Chandra classified the discrete series representations in 1965-1966.
Recall from Section that in order to study the representations of GSp,(R), we
instead consider the subgroup G = Sp,(R) which is a connected semisimple group.
Then K, is the maximal compact subgroup and we let T" denote the maximal torus in
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K. As described earlier the Z-lattice generated by the e; is called the weight lattice.
If we let L be the weight lattice, then we have a discrete series representation my for
every vector A of

L+ p,

which is not orthogonal to any root of G, where p is the Weyl vector (half sum of
the positive roots) of G. If we consider the hyperplane perpendicular to each root
in our system and consider the group generated by the set of reflections about these
hyperplanes, we get the Weyl group. The complement of the set of hyperplanes is
disconnected and each connected component is called a Weyl chamber. In the notation
of [Mor], the Weyl chambers are the ZP¢. Elements that lie inside these chambers, but
not on the walls of the chambers, parametrise the discrete series representations. All
discrete series representations occur in this way. Two vectors v correspond to the same
discrete series representation if and only if they are conjugate under the action of the
Weyl group of K.

The elements that lie on the walls of Weyl chambers are known as limit of discrete
series representations. These representations still behave very much like discrete series
representations, for example the character formulas still make sense but the parameter
that is plugged into such formulas has been allowed to move into the wall of a Weyl
chamber. Two limit of discrete series representations give the same representation
if they are conjugate under the action of the Weyl group of K. Recall that in our
case we have the Harish-Chandra parameter A\ = (k — 1,0) with A € =30, Now
230 .= {A = (A, A2) € T|A1 > Ay > 0}, where T is the character group of T'. Since
we have Ay = 0 we see that our Harish-Chandra parameter doesn’t quite satisfy the
correct inequalities. This amounts to our parameter lying in the wall of the Weyl
chamber since we actually have A1 > Ao = 0.

Since we are working with a slightly unusual case we might wonder whether we can
still carry out the process of moving from an automorphic representation to a Siegel
modular form as described in Section [5.8.1.2] Fortunately, this is still the case. Recall
that we are working at the infinite place here. The main result that is important to us
is Theorem 3.1 from [Mor]. We now state this result.

Theorem 5.8.7. Suppose that Ay > Ao > 3. If we set A = (A1 — 1, A2 — 2), then we
have

Homg (73, A(T\G)) =~ M}°°(T\G) =~ M, (T\X).

This result is essentially saying that from the representation in our L-packet we can
associate to it a modular form. Here A(I'\G) is the space of automorphic forms on G
with respect to I', with T a congruence subgroup of Sp,(R), and we identify X = G/K
with the Siegel upper half space Ho. This result is therefore saying that the infinite
dimensional representation 7y has an associated automorphic form. We then have an
associated vector valued Siegel modular form.

Now in our case we have Ay = 2 so we do not satisfy the conditions of the theorem.
However, by remark (ii) on page 210 of [Mor] the theorem still holds if we replace 7y
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with the generalised Verma module M (A). This is essentially a method of dealing with
the fact that we are in the case of limit of discrete series representations. In this case
we end up with

Homg x (M (A), A“P(I\G)) ~ Homyg i (L(A), AP(T\G)) =~ SE°(I\G) ~ Sp(T\X).

Here SRO°(T\G) (respectively Sp(I'\X)) is the space of cusp forms in MR°(I'\G)
(respectively Ma(I'\X)), and L(A) is isomorphic to the limit of discrete series repre-
sentation.

5.8.4 THE SATAKE ISOMORPHISM AND SATAKE PARAMETERS

Our process so far comprises of starting with a classical modular form f € Si(Io(V))
and base changing to a Hilbert modular form f’ say. We then raise the level of this
modular form to get another Hilbert modular form g say. We then induce the associ-
ated Galois representation in order to obtain a four-dimensional representation whose
associated modular form is a Siegel paramodular newform. We now wish to know, given
the L-parameters and L-packets that we have obtained, what the Hecke eigenvalues of
this Siegel paramodular newform are. This will be determined via Satake parameters
and the Satake isomorphism. There are many different sources that cover the Satake
isomorphism. We will stick mostly with the treatment given in [AS], however for a
more thorough treatment, the reader might like to consult [Gross].

We first set up some notation. The following is from [AS| §2 & §3]. Let G = GSpy,, -
Here we work with general n but note that we will be interested in the case n = 2. An
element ¢ of the standard maximal torus 7' is often written in the form

t = diag(uq, ..., un, ufluo, e ,ugluo), u; € GL(1); (5.4)

then ug = p(t), the multiplier homomorphism. We fix the following characters of the
maximal torus T C G. If ¢t € T is written in the form (5.4]), then let

ei(t) =u;,i=0,1,...,n.
These characters are a basis for the character lattice of G,
X =Zey®Ze1 ®--- B ZLe,.
We also fix the following cocharacters of 7'

fo(u) = diag(1,...,1,u,...,u),
——

N—_——
n n
fi(u) = diag(u,1,...,1,u"1,1,...,1),
n n
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These elements are a Z-basis for the cocharacter lattice of G,
XV =Zfo®ZHL1® - ®Lfy.
With the natural pairing (,): X x XV — Z, we have
(ei, i) = 0ij.
We now choose the following set of simple roots:

ay(t) = u;ilun, o anoq(t) = uf1u2, an(t) = u%ual;

here t is written in the form . In other words,
Q] =€y —€p_1,...,0n_1 = €2 — €1,Qy = 2€1 — €g.
The corresponding coroots are
af = fo— fat1,-- s an_1 = fo— fi.én = fi.
If welet R={ay,...,an} C X,RV ={a},...,aY} C X, then
(X,R, X", RY)

is the root datum of G'. The Cartan matrix is

2 -1
-1 2 -1

<aiv 04}/>

We have the Borel subgroup B = TN, where N consists of matrices of the form

( 13 tAo_l ) ( (1) f ), with A € GL(n) lower triangular unipotent and B sym-

metric. The torus T acts on the Lie-algebra n of N by the adjoint representation Ad.
The modular factor ép(t) = det(Ads(t)) is given by

op(t) = uan(nﬂ)ﬂu%ug Lo,
We note that for our purposes, we are dealing with G = GSp,(R) so n = 2. We are
now in a position to consider the Satake isomorphism.

In the following F' will denote a p-adic field, O will be its ring of integers, w € O
a generator of the maximal ideal and ¢ = |O/wO| the size of the residue field. Let
G = GSpy(F), let K = GSpy(O), and let T = T(F) be the maximal torus of G.
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Let H(G,K) be the unramified Hecke algebra of G, consisting of locally constant,
compactly supported functions f : G — C which are left and right K -invariant. The
product in H(G, K) is given by convolution

(f *g)(x) = /G gl z)dy.

Here we have used the definition from [Gross, §2] since it is slightly easier to work with.
We note that here dy is a particular (in fact unique) Haar measure on G giving K
volume 1. We note that functions f € H(G, K) are constant on double cosets Kz K
since f is left and right K -invariant. It also follows, since f has compact support, that
f must be a linear combination of the characteristic functions char(KzK) of double
cosets. It follows that these characteristic functions form a basis for H(G, K).

We also consider the Hecke algebra H (T, T(O)). Note that this Hecke algebra consists
of locally constant, compactly supported functions f : T — C which are left and right
T(O)-invariant. Recall that TC B=TN C G and T(O) =T N K. Again, it follows
that this Hecke algebra must be generated by characteristic functions. As in [Gross,
Proposition 2.6], we see that T' has a Cartan decomposition

where w is a uniformising element (prime) of F. We therefore have the following
special elements in this Hecke algebra:

Xy := char (diag(O*, ..., 0%, wO*,...,w0O")),
X1 := char (diag(wO*, 0%, ..., 0*,w™'0*, 0*,...,0%),

X,, := char (diag(0*,...,0*,wO*,0*,...,0%,w™'0")),

“ 7

where “char” stands for characteristic function. By considering the product in
H(T,T(O)), we see that

X; % X; (1) = /T Xi(y) X;(y~ L)y

= / X;(ya)dy
Fi(@)T(0)
/ Xi(y~Hdy
a1 £ (@)T(O)

= / . X;(y)dy
2f7 (@)T(0)

/ ) 1dy
zf; ()T (O)Nf;(w)T(O)

= X (z),
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where X; j has w in the i-th and j-th positions (and w™! in (n+i)-th and (n+ j)-th
positions). It follows that we have

XY = char (diag((’)*, N OANALIo ,wk(’)*)> , keZ,

and similarly for the other X;. This follows since X;; = Xf. It is fairly clear that the
C-algebra generated by these X; together with their inverses is therefore the Hecke
algebra H(T,T(0)). That is

H(T,T(0)) = C[XF', X, ... X,
For an element f € H(G, K), the Satake transform is defined by

(SH)(t) = 85(1)] 2 /N F(tn)dn = [85(t)] "/ /N f(nt)dn.

We note that the element Sf is an element of H(T,7(0)), and S actually defines an
isomorphism

S H(G, K) = H(T, T(0)Y,

where W denotes the Weyl group of G with respect to T'. This group is defined as
the quotient of the normaliser of the torus N(7') by the centraliser of the torus Z (7).
Note that

N(T):={z € Glata=' €T foralltec T},

and
Z(T):={z € Glatz™' =t foralltcT}.

We now consider spherical representations. An irreducible admissible representation of
G is called spherical if it contains a non-zero vector fixed by K. Let xq,...,Xn be
unramified characters of F*. Note that an unramified character of F* is one which
is trivial on O*. These characters then define an unramified character on the Borel
subgroup B = T'N which is trivial on N and which, on T, is given by

t— xo(uo)x1(u1) ... xn(un),

with ¢ = diag(uq,... ,un,ufluo, o untug) and u; € GL1(R) the parameters in the
standard maximal torus 7T'. If we use normalised induction (see [I] for a definition) to
G, we obtain a representation with a unique spherical constituent. This representation
is denoted by

W(XO)Xl? cee 7X’n)

The isomorphism class of this representation only depends on the unramified characters
modulo the action of the Weyl group. It is known that each spherical representation
is obtained in this way. We therefore have a bijection between unramified charac-
ters of T'" modulo the action of the Weyl group, and isomorphism classes of spherical
representations of G.
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Each of the unramified characters x; of F* are determined by their value on a prime
element w € F'. This value is known as a Satake parameter and may be any non-zero
complex number. We denote these Satake parameters by b; := x;(w). We therefore see
that the character of the Borel subgroup is determined by the vector (bg,b1,...,b,) €
(C*)"*+1. The Weyl group acts on this complex torus, and we see that the unramified
representations of G are parametrised by the orbit space (C*)"*1/W. Tt follows that
the Satake isomorphism

S:H(G,K) = Cxi, XiH . xEW

allows us to identify the Hecke algebra with the coordinate ring of (C*)"*!. Re-
call that this follows since H(T,T(O)"V = C[XF', X{F,..., X W . Each point
(bo,...,by) € (C*)"*1 determines a character, i.e., an algebra homomorphism
C[Xgﬂ, Xlﬂ7 .., XFUW — C, by mapping X; to b;. Via the Satake isomorphism, this
also defines a character of H(G, K). This character is simply the action of H(G, K)
on the one-dimensional space of spherical vectors in m(xo,...,xn). We therefore end
up with the following commutative diagram, in which all the maps are bijections:

{spherical representations} Hompis(H(G, K),C)

{unramified characters} /W (C*)ntl

The left arrow here is by normalised induction and taking the unique spherical con-
stituent. The top arrow is the action of H(G, K) on the space of spherical vectors.
The right arrow comes form the identification H(G, K) ~ C[Xgﬂ,Xlﬂ, L XEW
Finally the bottom arrow assigns to the Satake parameters (bg,...,b,) the unramified
character with y;(w) = b;.

Remark 5.8.8. Although it is not immediately obvious that this diagram should com-
mute, it turns out that it is a consequence of the way the process works as we move
from step to step.

5.8.5 THE GENERAL THEOREM

Since the Satake parameters are closely linked with the Hecke algebra, it is clear that
they contain information on the behaviour of the Hecke operators acting on Siegel
modular forms. In particular if we take a given Hecke operator, we see from the
above diagram, that there is an associated vector in (C*)"*! containing the Satake
parameters, from which we will be able to read off the Hecke eigenvalues of the Siegel
modular form that we construct.
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Recall that for each finite prime ¢, the generic representations m, were spherical repre-
sentations. By the above, and the discussion in the introduction of [Rob], it follows that
we can determine the Satake parameters from the L-parameters ¢(m4) by evaluation
at a Frobenius element at g. This process will give us a matrix with the Satake param-
eters along the diagonal. We will at this point need a way of determining the Hecke
eigenvalues from this matrix. For this, we turn to |[Gross, §6]. Here we see that each
element of the Hecke algebra has an associated semisimple conjugacy class, namely the
matrix containing the Satake parameters. It turns out that plugging this semisimple
conjugacy class into a particular representation of G determined by the choice of Hecke
operator, and taking the trace will, up to some normalisation factors, give us the Hecke
eigenvalues we want.

In our case the semisimple conjugacy classes will be exactly the interleaved matrices
( and ) defining the L-parameters ¢(m4) evaluated at a Frobenius element at
q. Since we are working with trivial central character, we can view our representation
of GSp,(F) as a representation of G = PGSp4(F). We may actually use the example
with G = SO(5) from |Gross, p. 233] as PGSp(4) = SO(5). The dual group in this case
is Sp4(C). Here we see that the standard representation is the one corresponding to the
T, Hecke operator. In the example of Gross, we see that by plugging the semisimple
conjugacy class, which we denote by s, into the standard representation V = C* and
taking the trace, we get the following:

3—j—2k

¢PPT(s|V) = ¢ 7 ag(F),

where a4 (F') is the Hecke eigenvalue of the T; operator applied to F'. We therefore

j+2k—3

multiply by ¢~ 2 in order to get the Hecke eigenvalue. This choice of normalisation
is in order to make the eigenvalues algebraic integers. The exponent # of q is
half the weight of a particular cohomology. We will therefore simply be able to read
off the Hecke eigenvalues from this trace.

In order to actually calculate these eigenvalues we use our knowledge of the GLo case.
Recall that for each finite place ¢, we defined g4 = ®|,M0,w- Since the L-parameters
for GSp,(F') come from the ones for GLa(F') associated to the Hilbert modular form,
it follows that we may use the known theory of the GLsy case to determine what is
happening in this case. For details of this, the reader might like to consult an as yet
unfinished book by Harder [Har2|, or the case of G = GL,, from |[Gross, §6]. In the
GL2(F) cases, evaluation of the L-parameters (g ,) and ¢(mow,) at a Frobenius
element gives matrices whose trace gives the Hecke eigenvalues of the Hilbert form at
each prime above ¢. This then tells us that when we plug the semisimple conjugacy
class associated to ¢(mp,) into the standard representation we simply get the sum of
these Hecke eigenvalues. It follows that we have

aq(g) + ag(g) if q is split,
aq(F) = I .
0 if q is not split,

where ¢ is the level raised Hilbert modular form. Hence, just as in the scalar valued
case, we have a congruence between the Hecke eigenvalues of f and those of F'.
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We have therefore proven the following theorem.

Theorem 5.8.9. Let f € Sk(Io(N)) with k > 2 and let K be a real quadratic field
with discriminant di . Suppose (dx,N) = 1. Choose a prime p that splits in K.
Suppose p4 N, L1 (p+1) and

2
ay(f)? = (pg +p§_1) (mod 2),
for some A€. Further assume that pflg, is irreducible modulo \. Let p =
Sym*~2(C?) @ det?.
Then there exists a Siegel paramodular cusp form F € Sp(K(N2d%<p)) satisfying

aq(F) = aq(f) (1 + xx(q)) (mod A)

for qt N2d§<p, where X s the quadratic character associated to K .

Notice how we now have the more general level raising condition a,(f)? =

2
(pg —i—pg_l) (mod A). We might wonder if this can also be viewed as an Euler

factor arising from the Symmetric square L-function like in the scalar valued case. It
turns out that this is indeed the case. Recall from Section that we ended up with
the factor

_ [%2) _ (p2s 4ogph +p5)} .

We also have )
k k
<p5 +p§—1> — b 2phl 4 ph2,
It is clear that if we take s = k in the Euler factor we get
P25 oph=l s g2 g k=l k.

We therefore see that the Euler factor matches the level raising condition in the vector
valued case as well. This is as would be expected as the argument of Section still
holds for weight k£ > 2. Note also that this agrees with our choice of s = 2 in the scalar
valued case.
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