Vector-valued Modular Forms

Computational Considerations

Tobias Magnusson

A thesis presented for the degree of
Licentiate of Engineering

CHALMERS

Mathematical Sciences
Chalmers University of Technology
Gothenburg, Sweden
August 2020



Vector-valued Modular Forms
Computational Considerations
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Abstract

In the following thesis we give a thorough self-contained introduction to vector-valued modular
forms with an eye to representation theoretic aspects. We also examine the mathematical details
of an implementation that we provide for an algorithm that computes bases of certain spaces of
vector-valued modular forms in terms of a theorem due to Raum and Xia.

Our argument consists of the following key steps. Firstly, we compute Fourier series for vector-
valued Eisenstein series, including the case of quasi-modular Eisenstein series of weight 2 (chapter
3.1-3.2). Secondly, we connect the spaces that occur in work of Raum and Xia in a precise and
computable way to the spaces of vector-valued modular forms under consideration. This is done by
means of tracing out all relevant mappings in a large commutative diagram which also showcases
the effective complexity of our approach.

We provide an implementation ModularForms.jl in the programming language Julia that
incorporates the algorithms described in this thesis to determine spaces of vector-valued modular
forms. This package includes related auxiliary functionality, thus extending the Hecke. j1/Nemo. j1
ecosystem, which we built our work upon.
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Notation

H — the upper half plane, consisting of points z € C with J(z) > 0.

SL2(Z) — the special linear group of degree 2, consisting of matrices with integer entries and
determinant equal to one. It is assumed that the reader knows that SLo(Z) = (S,T) where

0 -1 1 1
S_(l O)andT—(O 1).
For v € SLa(Z) we write a(y) =711, b(7) = 1,2, () = 2,1 and d(7) = 72,2

Mp, (Z) — the metaplectic group, or double cover of SLy(Z), consisting of elements (y,w) where
v € SLy(Z) and w : H — C is a function with w(7)? = ¢(y)7 + d(v) for 7 € H. The metaplectic
group surjects onto SLy(Z) and is generated by T = (T, 1) and S = (S, 7 — /7) where /- is the
principal square root.

GL(V) — the general linear group of the vector space V', consisting of linear automorphisms
V — V. For vector spaces V over C, we identify GL(V) with the corresponding matrices in a
basis, the choice of which will be clear from the context.

I'(N) — the subgroup of SLy(Z) consisting of matrices that are congruent to the identity matrix
modulo N.

['o(N) — the subgroup G of SLy(Z) satisfying ¢(v) =n 0 for every v € G.
I'1(N) — the subgroup G of SLa(Z) satisfying c(v) =n 0 and a(y) =n d(v) =n 1 for every v € G.

['(N), To(N), and I'y (N) — the preimages of I'(N), Iy(N), and T'y (IN), respectively, with respect
to the canonical projection Mp, (Z) — SLa(Z).

', — the subgroup G of SLy(Z) generated by +T.

Q?* — the universal cyclotomic field, that is the maximal abelian extension of Q.



Chapter 1

Introduction

1.1 What are you reading?

This is an expository thesis on vector-valued modular forms with a focus on computational aspects.
It consists of four interdependent parts.

The first part contains the basic definitions and fundamental results of vector-valued modular
forms. In particular we define arithmetic types, permutation types, and Weil types, which are finite-
dimensional complex representations of the special linear group of degree 2, SLy(Z) (in the case of
integral weight), or its double cover Mp,(Z) (in the case of half-integral weight). We also restate
some definitions coming from representation theory, such as for example induced representations,
which we use to define certain crucially important permutation types that feature heavily in the
second part. We also give a formula for the dimension and a Sturm bound for spaces of vector-
valued modular forms. Both of these already existed in the literature, but are of vital importance
when computing bases for any space of modular forms, vector-valued modular forms being no
exception, and thus deserve to be restated in the context of computational aspects.

The second part contains results on vector-valued Eisenstein series, and in particular the Fourier
series expansions for all vector-valued Eisenstein series of positive integer weights. This builds on
previous work by Xia in his licentiate thesis [Xial9], Raum in his paper [Wesl7], and the last
chapter of Miyake’s book [Miy89]. In the case of weight 2, one obtains a quasi-modular vector-
valued modular form, and therefore some extra work is carried out to remove the non-modular
part.

The third part contains the most significant contribution of this thesis. It describes, by way of
many interdependent commutative diagrams, how to leverage a theorem by Raum and Xia [RX19]
computationally. Specifically, it describes how one can translate computations of invariant spaces of
tensor products of generic arithmetic types and permutation types into corresponding computations
on spaces of modular forms. The theorem by Raum and Xia, states precisely that the latter spaces
in fact span the entire space of vector-valued modular forms with a given weight.

The fourth part is devoted to invariant theory, and shows how the aforementioned invariant
spaces are computed in practice. They turn out to be isomorphic to the zeroth cohomology groups
of tensor products of generic arithmetic types with two or more permutation types. We show how
one can combine standard methods from linear algebra, such as row reduction, together with an
orbit-stabilizer algorithm to obtain bases for these spaces. It deserves to be mentioned that there
is room for improvement on how to more effectively compute these spaces.

Raum and the author of this thesis provide an implementation called ModularForms. jl in
the programming language Julia that incorporates the algorithms laid out in this thesis to de-
termine bases of spaces of vector-valued modular forms. This package includes related auxiliary
functionality, thus extending the Hecke.j1l/Nemo.jl ecosystem, which the work was built upon.

1.2 Why does this thesis have to exist?

Computational aspects are of considerable influence in the study of modular forms in general and
vector-valued modular forms in particular. While the author has been fascinated by this impact
of explicit methods, there are numerous, intrinsic reasons to examine the theory of vector-valued
modular forms.



For instance, the well-explored realm of modular forms for congruence subgroups can profit
from contributions made to the theory of vector-valued modular forms. The L-functions and
Modular Forms Database [LMFDB] is a sizeable project funded by, among others, the National
Science Foundation of the USA and the Simons Foundation. It collects data around L-functions
and all related objects, usually obtained through expansive computational efforts. However, as
Assaf pointed out in a recent preprint [Ass20], there is a significant gap in this data, connected
to modular forms for congruence subgroups that correspond to non-split Cartan subgroups of
GL2(Z/nZ). While he suggested to mitigate the situation by an approach that is based on the
theory of modular symbols, vector-valued modular forms provide an alternative path to follow.

One of the key contributions of this thesis is therefore to explore vector-valued modular forms
as a computational device for modular forms for arbitrary congruence subgroups, including the
ones corresponding to non-split Cartan subgroups that challenged Assaf.

Assaf’s approach relies on generalizing the theory of modular symbols to the case of an arbitrary
congruence subgroup. This is a natural idea, as the theory of modular symbols is well-explored,
having been initiated in the 1970s by Birch, and later developed by Manin and Mazur, and then
yet later by Merel (see [Ste07]). Most of Assaf’s results are connected to the work of Merel. Merel’s
work is explained thoroughly in chapters 8 and 9 in Stein’s book [Ste07], but he restricts to the
congruence subgroups I'(V), T'g(N), and I'y (V). From a mathematical point of view, modular
symbols (or to be more accurate, cuspidal modular symbols) are natural to consider in the sense
that they are the Hecke module dual to the space of cusp forms. They also have a geometric
interpretation in connection with the compactified modular curve X (T') where I is an arbitrary
congruence subgroup, especially in the case of weight 2 in which case they represent homology
classes of paths between the cusps.

This thesis shows that modular forms for arbitrary congruence subgroups occur as the special
case of vector-valued modular forms with respect to an induced type. To give the reader a feeling
for the difference of the approach between vector-valued modular forms and modular symbols, we
briefly explain how the space of cusp forms of weight 2 and level I',s(11) can be computed using
the two different methods.

With the method of vector-valued modular forms, we first rely on the elementary but crucial
fact that My (I") = My, (Ind§L2(Z)1) for any finite-index subgroup I' € SLy(Z). This can be seen by
defining the map

Ind : My(T) — M, (Ind?™>®)1)

by Ind(f) = X i er\sr.z)(flky)ey.  Here, the e, are a basis for the representation space

V(IndlsﬂLz’(Z)l)7 which will be defined in full detail later. An inverse to the map Ind is given
by extracting the coefficient of the basis vector ey, where I is the identity matrix. In our imple-
mentation, this coefficient will always be the first entry in an array representing the modular form.
As we shall see when we define the induced representation, the index of the chosen entry is in fact
unimportant, as long as it remains fixed.

To compute S5(T'5(11)) using ModularForms. j1, we run the following code.

using ModularForms

rho = induction(TrivialArithmeticType (GammaNS (11)))
wgt = SL2RCoverWeight (2)
mfs = ModularFormsSpace (wgt, rho, QQab)

SL2(Z)
Tos(11)
basis(mfs). To find the cusp space Sa(I'ys(11)), we compute the kernel of the map

At this point we have computed a basis for Ms(Ind 1) and it can be viewed by running

S S
¢ : M(Indi(P)1) 5 f = [¢°]f € V(Indp2 1),

where [¢"]g extracts the coefficient of ¢" in every component of g. Indeed, by virtue of Ind being
a bijection, we have that

{(frer) : f € ker(¢)} = S2(Tus(11)).

where (f,e;) denotes the coefficient of e¢;. This follows from the fact that the components of the
Fourier series expansion® of Ind(f,e;) are exactly the cusp expansions of (f, er).
Computing the kernel of ¢ is just a linear algebra problem. We solve it in Julia as follows:

1We identify Puiseux series with coefficients in a vector space with vectors of Puiseux series with scalar coefficients.




vvB = basis(mfs)
fs = [twist_fourier_expansion(vvB[i].fourier_expansion,translation_orbits(rho),
cyclotomic_tower (QQab)) for i=1:length(vvB)]

M = zero_matrix(QQab, dim(rho), length(vvB))
for j=1:1length(vvB)

for i=1:dim(rho)

M[i,j] = coeff(fs[jI1[i],0)

end
end
nullspace (M)

Specifically, we represent ¢ as a matrix and compute its nullspace. We find that So(I',s(11)) is of
dimension 4, which following Assaf [Ass20] gives yet another verification of the result from Dose,
Ferndndez, Gonzélez, and Schoof concerning the compactified modular curve X,,5(11) [Dos+14].

Our method is in fact more powerful than computing Fourier series expansions, and for example
also returns a polynomial expression in terms of Eisenstein series for every modular form.

With Assaf’s approach, one first decomposes the space So(I'y5(11)) of cuspidal modular sym-
bols of weight 2 associated to I'ys(11) into so-called irreducible Hecke-modules. It will however be
beyond the scope of this thesis to go into details on Hecke-module theory. Assaf then provides an
algorithm that can be used to obtain a Fourier series expansion of a so-called eigenform for each
of these irreducible modules. By virtue of the duality of symbols and forms, the eigenforms are
modular forms belonging to the space S2(I'ys(11)). The decomposition into irreducible submod-
ules also means that the eigenforms form a basis for Sa(I'ys(11)). As Assaf has implemented his
algorithms in MAGMA, which is proprietary, we refer to his paper for details on how to carry out
the above method using his package.

Other than being a computational device for studying classical modular forms, vector-valued
modular forms also appear in the context of Jacobi modular forms. As Raum points out in [Raulf],
there is a bijective correspondence between weakly holomorphic Jacobi forms of weight k£ and index
L and weakly holomorphic vector-valued modular forms of the dual of the Weil type associated
to L. The correspondence goes by way of #-series, and is currently being developed to be a part
of ModularForms. j1.

Finally, while outside the scope of this thesis, it deserves to be mentioned that vector-valued
modular forms are at the foundation of contemporary study for noncongruence subgroups, initi-
ated by Atkin and Swinnerton-Dyer in experimental work from the 1960’s, see [AS71]. Of central
importance in their work is a conjecture often known as the unbounded denominator conjecture,
stating that the denominators of the Fourier coefficients of modular forms with respect to a non-
congruence subgroup, grow without bound. Mason, Gottesman, Marks, and Franc, (see [Got2(]
and references therein) have studied vector-valued modular forms in this context, but would benefit
from having more computational tools at their disposal. To satisfy this need, ModularForms. j1 is
planned to have noncongruence subgroup functionality in a much later release.

1.3 How do we do what we do?

Let us briefly describe how the results of the second and third parts are obtained. In what follows,
p and o will denote arithmetic types with finite index kernels, k and [ will denote positive integers,
and 1 will denote the 1-dimensional trivial representation.

In the second part of the thesis, the end goal is to describe the following space

A= H°(Epx] @ p) + HO(&lpy,] - Ex—ilpN,] © p),

where Ny is an integer bounded by some large number, in a way that is suitable for implementa-
tion. The spaces £;[o] are components of vector-valued Eisenstein series of type o and weight k,
treated as finite-dimensional complex representations of SLy(Z) through the slash-action |, and
the representations py; are the induced types Ind?l;f%)l. For a representation p, the space H%(p)
denotes the space of invariants, that is the vectors v € V(p) satisfying p(v)v = v for every +.

The reason for considering this space is that the aforementioned theorem by Raum and Xia,
states exactly that A is equal to the space of vector-valued modular forms of type p and weight k.
We note that it is easy to see that A C My(p) and thus the main result of Raum and Xia is that
A D Mg(p).




Equipped with a description of A that is suitable for implementation, or as will turn out to
be more appropriate, a space that surjects onto A, we can formulate the algorithm that we have
implemented in ModularForms. j1 to compute a basis for My(p).

Making the space suitable for implementation consists of two parts:

(i) Obtaining Fourier series expansions of elements of the spaces Ex[o].

(ii) Finding a "nice” space that surjects onto A, and use this surjection together with the Fourier
series expansions to span A.

Since we can, due to the existence of a Sturm bound for vector-valued modular forms in My (p),
truncate Fourier series expansions without losing information, we can treat the elements in A as
elements in K4™() where s is the Sturm bound, and where K is the coefficient field (in this
thesis, we will have K = Q®, but the approach can be generalized to handle other fields as well).
This is the raison d’étre behind part (i).

Given that we can find modular forms that span A, we can reduce them to a basis using row
reduction. Since the bound Ny is large, it will from the perspective of space complexity be necessary
to have a decomposition of A into smaller pieces, that can be used to construct A iteratively. We
use the following decomposition:

A=H(Elpxl@p)+ > H((&lpX,] EilpX,]) @ ),
N[Ny <No
N2|Ny
1<I<k
Part (ii) is rather intricate, and requires an argument that spans several commutative diagrams
to be carried out in full detail. What follows is a condensed version. Firstly, we notice that the
spaces HO() are as the notation suggests nothing else than the zeroth cohomology groups where
we identify complex SLqo(Z)-representations with C[SLy(Z)]-modules. Next we use the fact that
there is a surjection

(px)" = Eklpy]

for any integer k. From group cohomology we then know that there is an induced surjection

H((px)Y @ p) — H°(Eklpx] @ p)

Similarly, we have for any pair of positive integers (I, k) with [ —k > 1, a surjection of the form

HO((px,)" @ (p3,)Y @ p) = HO(Elp}, ] @ Ex—ilpx,] © p).

From this we obtain the following monster of a surjection

bH ((px) @p) e @B H(px,)" @ (px,)" @p)
N|N1<Ny
Nz‘Nl
1<i<k
— H(Elpyl@p) o P H(EIpR,] @ Exilok,]) ® p),
N[Ny <No
N2|Ny
1<I<k
whose co-domain surjects onto A. The key point here is that we can use tools from invariant theory
to compute bases of the spaces

H((px)" @ p) and H°((p},)" @ (px,)" ® p),

and thus also a basis of the domain of .

Therefore, the algorithm, roughly speaking, consists of iteratively constructing a basis of the
domain of ¥, in every step mapping it through 1, computing Fourier series expansions of the
results, and then performing row reduction on the truncated Fourier series expansions. Since 1 is
a surjection, we eventually obtain a spanning set of A. We know when in the iteration we have a
spanning set, and therefore a basis, by comparing the rank with the dimension of My/(p), which is
known a priori.
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In third part of the thesis, we consider the problem of how to compute the spaces H%((py)" ®p)
and H((px, )" @ (px,)Y ©p). Specifically we modify the standard orbit-stabilizer theorem to show
that we can compute bases of spaces on the form

H(p1 ® p2)

where p; is a generic arithmetic type, and py is a twisted permutation type, by computing orbits
of an SLy(Z)-action. In the case of trivially twisted permutation types, the correspondence is easy
to see. Indeed, say that we have trivially twisted permutation type p and a basis B = {e1,...,eq}
of V(p). Then SLy(Z) acts on B by 7.e; = p(y)e; and thus we obtain a partition

B=||SLy(Z)h;
j=1

for some representatives h;. Write now SLa(Z)h; = {€q;(1);- -5 €a;(n,)} for every j, where a; is a
subsequence of (1,2,...,n). It is now easy to see that the set

n
{;e%’(i) 1<y < n}

forms a basis for H%(p).

We show that the same approach works for the case H%(p; ® po) as well, but with the caveat
that one needs to keep track of the twists of elements in the stabilizers.

But that is it for an introduction. We hope that the reader will find the reading experience
pleasurable.
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Chapter 2

Preliminaries

2.1 Introductory examples

To start on familiar grounds, let us recall what a classical scalar-valued modular form with respect
to a Dirichlet character is.

In this chapter we will not only work with the special linear group SLo(Z) of degree 2, but also
with its double cover, the metaplectic group Mp, (Z), so that it makes sense to talk about modular
forms with half-integral weight. Readers unfamiliar with this are advised to consult appendix |Al.

First we recall the slash action.

Definition 2.1 (Slash action). Let k be a half-integer, and let f : HH — C be a function. Then,
for (v,w) € Mp,(Z) we define

(fle(y,w)) (1) = w(r) "> f(7.7),
where the dot . denotes the Mobius action, so v.7 = (a(y)7 + b(7))/(c(y)T + d(7)).

Definition 2.2 (Scalar-valued modular form with respect to a Dirichlet character). Let N be a
positive integer, let x be a Dirichlet character modulo N, and let k£ be a half-integer. Then a
function f : H — C is said to be a modular form of weight k and character x on I'g(N) if the
following conditions are satisfied:

(a) fli7 = x(d(7))f for every 7 = (7,w) € To(N)
(b) f|x¥ extends to a holomorphic function on HU {ico} for all ¥ € Mp,(Z).

For vector-valued modular forms we want to mimic this definition. Since a character is nothing
else but a 1-dimensional representation, a natural generalization is to replace x, which can be seen
as a character x : I'g(N) — C*, with a representation p : T'o(N) — GL(V(p)). Or more generally,
with a representation p : G — GL(V(p)) for some sufficiently nice subgroup G C Mp, (Z).

To make our investigations meaningful, we put a few sensible restrictions on the kind of repre-
sentations that we are interested in.

Definition 2.3 (Arithmetic type, congruence type, level). Let G be a finite index subgroup of
Mp,(Z) or SLa(Z). Then an arithmetic type p of G is a finite-dimensional complex representation
p:G— GL(V(p)).

Furthermore, if in addition p satisfies that I'(N) C ker(p) for some positive integer N, it is
called a congruence type. The smallest such NV is called the level of p.

For convenience, we modify the slash action.

Definition 2.4 (Slash action for vector-valued functions). Let G C Mp,(Z) be a subgroup, and
let k& be a half-integer. Let p be an arithmetic type of G. Let f: H — V(p) be a function.
For 4 = (y,w) € G we put

(fleoD) (1) = (1) "2 p(7) 7 f (7).

The definition of a vector-valued modular form (vvmf) is now a natural generalization of scalar-
valued modular forms with a character.

12



Definition 2.5 (Vector-valued modular form). Let G C Mp,(Z) be a subgroup, and let p be an
arithmetic type of G. Let k be a half-integer, and let f : H — V(p) be a function. We say that f
is a modular form of type p and weight k if the following conditions are satisfied:
(@) flg,py = f for every v € G,
(b) flk,p7y extends to a holomorphic function on HU {ico} for all v € Mp, (Z).
The set of all vector-valued modular forms of type p and weight k forms a C-vector space, denoted
by My (p).

Here are a few concrete examples.

Example 2.1 (A 1-dimensional vector-valued modular form). As said before, vector-valued mod-
ular forms constitute a generalization of scalar-valued modular forms with respect to a character,
such as for instance Dedekind’s n-function.

As a vector-valued modular form, we can describe it as follows: let p, : Mp,(Z) — C* be the
representation defined by its images

pn(g) — e7m'/4’ and p77<T) — em‘/lQ.
Then
77|1/2,p7,5/ =1,

for all ¥ € Mp,(Z), and it is well-known that 7 extends to a holomorphic function on H U {icc}.
Hence 7 is a weight 1/2 modular form of type p,,.

Example 2.2 (Jacobi’s f-functions). Let us recall Jacobi’s theta functions. For 7 € H we put

Ooo(r) = g2,

neL
Oo1(1) = (~1)"¢""/2, and
neZ
bralr) = 3
nez
Let now pg : Mp,(Z) — GL(V) be the representation defined by V(ps) = C? and
~ 4 1 00 ~ 0 1 0
po(S)=e ™40 0 1|, ,and pp(T)={1 0 0
010 0 0 em/4

Then the vector-valued function 6 = (6p.0,00.1,61,0)7 is a vvmf of type py and weight 1/2. For a
proof see for example [CS17, p. 39].

Example 2.3. Vector-valued modular forms features prominently in the study of vertex operator
algebras (VOA).

For example, the characters of C?-cofinite vertex operator algebras form a weight 0 vvmf of
SLo(Z)-type, conformal blocks on the sphere can be interpreted as vvmfs with respect to a I'(2)-
type, and 1-point functions on a torus can be identified with vvmfs of SLy(Z)-type.

It is beyond the scope of this thesis to delve further into VOAs, and thus we refer the interested
reader to [Ganl4], [Miy04], and [Zhu96].

The next example is crucial. We will use products of components of vector-valued Eisenstein
series to span the spaces of vvimfs that we are interested in.

Example 2.4 (Vector-valued Eisenstein series). Let p be an arithmetic type with a finite index
kernel and let k£ > 2 be an even integer. For v € V(p) we define

Stab(v) = {y € Mp,(Z) : p(v)v = v}, and I's(v) = Stab(v) NT'w.

We now define the Eisenstein series of weight k and type p associated to v as the series

oo P ——— 3 (0], (7),

[Foo T (U)]
Foo (v)v€l oo (v)\Mpy (Z)

where the sum runs over the cosets of I'o, (v)\Mp; (Z).
It holds, see for example [Wes17], that

13



(i) T'so(v) has finite index in ',

(ii) the series does not depend on the choice of representatives,
(iii) the series converges absolutely and locally uniformly on H,
(iv)

This formulation of the definition of a vector-valued Eisenstein series is due to Raum, see [Wes17].

v) and that consequently Fj , is a modular form of weight k and type p.

Let us now focus on developing the representation-theoretic tools that we need to compute with
vvmfs.

2.2 A trichotomy of arithmetic types

In this thesis we will mainly look at three differents kinds of arithmetic types. Namely:
1. Trivially twisted permutation types,
2. Non-trivially twisted permutation types, and
3. Weil types.

Of these E is the same as representations whose image consist of permutation matrices, P. is the
same as representations whose image consist of generalized permutation matrices, and j. is the
same as the Weil representation. Tensor products of these types will also feature prominently, but
they can be studied through their factors.

Types [I| and B can be constructed from “simple” representations of I'(n), I'1(n) and Ty(n),
or more generally an arbitrary congruence subgroup, using the so-called induced representation.
Type B on the other hand, is constructed by means of the discriminant form of a lattice.

To familiarize the reader with permutation types, we create one without using induction.

Example 2.5. Let G be a congruence subgroup of SLa(Z) (or Mp,(Z)). Put for convenience
d = [SLy(Z) : G]. Find coset-representatives for G\SL2(Z) and fix an ordering of them, so that we
have

G\SLQ(Z) = {G’Yla G’)/Qa LR G7d}7

for some representatives ;. Now, SLy(Z) acts on this quotient from the right, and in particular if
« € SLy(Z) is arbitrary, then there is a permutation o, € Sy depending on «, such that

(G, Gyaa, ..., Gyaa) = (GYou (1)) GVon(2)s -+ - » GVou())-

Hence, we can define a representation p : SLa(Z) — GL4(C) by

p(a) =F,,,

where P, denotes the (column) permutation matrix associated to a permutation 7.
It remains to verify that p indeed is a representation. To this end, select «, 8 € SLy(Z) and
consider o,3. We have that

(GrYlaﬂa ERRR) G')/dOé,B) = (G,YO'Q(I)57 R Gaa(d)ﬁ)
= (GVog(oa(r))s s GVos(oa(d))

and so 0,3 = 0g 0 0o. We conclude that

p(aB) = Pys00, = Py, Psy = pla)p(B).

The above example can be carried out for any subgroup G of finite index, but explicit consid-
erations rely on being able to compute coset representatives of G\SL>(Z) in an effective way. This
can be done using Farey symbols, for details we refer the reader to [Ste07].

We will always work under the assumption that arithmetic types under our consideration are
unitary. The following proposition shows that this incurs no loss of generality.
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Proposition 2.1 (Weyl’s unitaritﬁ trick). Let p be an arithmetic type with finite index kernel.
Then there exists an inner product? (-, -), such that p is unitary with respect to (-, -),.

Proof. Let (-,-) be any inner product on V(p). Let v, w € V(p) be arbitrary and put

(v,w), = > (p(y)v, p(7)w).

ker(p)y€ker(p)\SLa (2)

Let us first verify that this is well-defined. To this end, select 1,72 € SLa(Z) with ker(p)y =
ker(p)y2. This means that for some o € ker(p) we have that 71 = arys, but then

p(71) = play2) = p(a)p(12) = Ip(y2) = p(72),

and well-definedness follows. It is immediate that it is an inner product.
Let now /8 € SLa(Z) be arbitrary. Then we have that

(p(B)v, p(B)w), = > (p(vB)v, p(vB)w).

ker(p)y€ker(p)\SLa(2)

Evidently ker(p)y — ker(p)vf is a well-defined and bijective map on cosets, and hence

> (p(vB)v, p(1B)w) = > (p(y)v, p(y)w) = (v,w),,

ker(p)y€ker(p)\SL2(Z) ker(p)y€ker(p)\SL2(Z)
and so since § was arbitrary, we conclude that p is unitary with respect to (v, w),. O

As stated above, we hereafter assume for every arithmetic type p under consideration that V'(p)
is equipped with an inner product making p unitary. We shall denote this inner product by (-, -),
and the corresponding norm by || - ||,

Now we bring in the induced representation.

Definition 2.6 (Induced representation). Let I''TV C SLy(Z) (or Mp,(Z)), with T' C T” and
IT\I"| < o0, be subgroups. Let p: I' — GL(V) be a representation. We then define the induced

representation of p from I" to I, denoted by Indll:/ p, by

. V(Indg,(p)) =V ® C[B], where B is a system of coset representatives of I'\I" containing I,
and

« (Indp p) (N ® e) = pLs(y ™) ™) (¥) @ ey,
where v € I and 8 € B,
¢g = 15 when € B and ¢; = eg with 8’ € B being the representative of I'§, for § € I”,
and Ig is defined below.

o For other vectors w € V ® C[B] we define Ind?p by linearity.

To define Ig, write first IV = |_|5€B I'. Pick then 8 € B and v € I arbitrary. Evidently gy € '8
for some unique 8’ € B. Thus we have that 8y = g8’ for some unique element g € I'. As our
definition, we put Iz(y) = g.

For 6 € I'' we put Is = I3 where 8 € B is the (necessarily unique) element satisfying I'd = I'.

It is not obvious that the above definition indeed gives a representation. That is the content
of the following proposition.

Proposition 2.2 (Definition @ yields a representation). Let p, T', I, and B be as above. Then
IndF p is a representation.

IThat is, a conjugate-symmetric and positive definite bilinear form V(p) x V(p) — C.
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Proof. Let v € TV be arbitrary, and write for convenience o = Ind? p. Since o is defined by
linearity, and since p(d) for ¢ € I is linear, it is immediate that o(y) is a linear map.

Since o(7) is an endomorphism, it is enough to show that it is injective to show that it is an
isomorphism. This too is almost immediate — let (v;); be a basis for V, and let B = {8;};, with
the 8; all different.

Notice that (es,,-1); is a basis for C[B]. Therefore (v; @e¢g,,-1); ; is a basis for V@ C[B]. Since
for each j, we have that (p(Ig,(7™")"")(v:))i = (vr,(s)): for some permutation 7 depending on j,
we have that

(p(Is, (v ") (vi) @ eg,4-1)i g,
is a basis for V ® C[B]. We then have that if

a(’y)(z cijvi @ eg,) =0,
,J

we must have that
S einls, (7)) () ® 4,01 = 0.
%,

However, because of the basis argument above, we must have that c¢;; = 0 for all 7, j. Injectivity
follows.

We now show that o is a homomorphism. Let therefore v1,72 € IV, 8 € B, and v € V be
arbitrary. We see that

o(112) (v ® ¢5) = p(I(1 )W) © ep 1.1,

and

o(1)o(12)(v ® e5) = p(Ly,+ (1) pIs (") )W) @ €1,

=PIy (1) () () @eg 1

Thus we are done if we can show that
—1_-1 —1 —1
Is(vy i) = Is(7z )157;1('71 ).
Since 1 and -y, are arbitrary, it is equivalent to prove

Is(v172) = Ig(71) 1, (72)-

To this end, we let 8/ € B be the element satisfying 8(7172) € '’ and then observe that
Ip(1172)8" = B(my2). We let 8”7 € B be the element satisfying Sy; € I'8” and then observe
that Ig(y1)B"” = By. For Ig,, notice that I'8y; = I'8” and so Ig,, = Ig». Furthermore, we
have that I’y = I'8y1v2 = I'8’. Since I € I, this means that 5"y, € I'8’. Thus we have that
Ign(2)B = B"2.

In conclusion we have that

Is(1) 1y, (v2) = Tg(m) I (v2) = BB~ 8772 B'~" = By~ = Ig(ni2), (2.1)
and so o is indeed a representation. O

Observation 2.1. The property in equation (@) is referred to as a 1-cocycle property, and we
say that I4(e) is a 1-cocycle. This terminology originates in cohomology.

With this definition we will see that the permutation representation created in example @ is
isomorphic to an induced representation. But first, let us agree on what we mean by an isomor-
phism, or more generally a homomorphism, between representations.

Definition 2.7 (Homomorphisms of representations). Let G be a group and let Vi, V5 be vector
spaces. Let p; : G — GL(V1) and ps : G — GL(V3) be representations. A homomorphism of
representations from p; to ps is a linear map f : V3 — V5 such that for all v € G it holds that

fopi(y) =pa(y)o f.

Furthermore, if f is invertible, we say that it is an isomorphism of representations.
The set of all homomorphisms from p; to ps is a vector space, and is denoted by Hom(p1, p2)
or Homeg(p1, p2) if the underlying group needs to be recalled.
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When we later consider spans of products of Eisenstein series, the Hom-spaces will fill the
crucial role of preserving modular invariance (that is, invariance with respect to the slash-action).

As one expects from the name, inducing an arithmetic type p to a larger subgroup of SLy(Z)
(or Mp;(Z)) essentially preserves the structure of p, in the following sense.

Proposition 2.3. Let I', I be subgroups of SLy(Z) (or Mp,(Z)), and let p : I' — GL(V(p)) be

an arithmetic type. Let o0 = Indgl p. Then the restriction o|r is isomorphic to p. Furthermore, if
p is a congruence type of level N, then so is o.

Proof. For the first part, let v € I'. Then

c(V(w@er) =pIr(v"H) (W) @ ery-1 = p(7)(v) ey,

whence the isomorphism is clear.
As for the second part, let V' (p) have the basis {e1,...,eq} for some integer d. Then we have
that

ker(o) = {y €I : p(I3(y ") ")(ei) ® eg,-1 = e; ®eg forall B eI and 1 <4 < d}.
Hence, if v € ker(o) we have for all § € I” that

Iy~ =T8,

and p(Ig(y~1)~1) = I. The former yields that Ig(y~1) = By~!371, so that by picking 8 = I we
have that p(y) = I. This means precisely that v € ker(p).
Let now v € V(p) and 8 € B. Then we have for v € ker(p) that

o(BB) (v @ eg) = p(Ig(B~'77'8) ") (v) @ egg-14-15 = p(7)(v) ® e = v @ ¢p.

Thus we have that 3~ ker(p)8 C Stab(v ® ¢g). Taking intersections, we find that

ﬂ B~ ker(p)B C ﬂ Stab(e; ® eg) = ker(o).
BeB 1<i<d
peB
We now make use of the fact that I'(IV) is a normal subgroup. Take an arbitrary element v € T'(N).
Then for any 3 € B there is an element v5 € I'(N) satisfying v = 371y38. We have however that
v5 € ker(p) for all B, so v € B~ 1ker(p)B for all 3. Hence I'(N) C ker (o).
This N is minimal because if it were not, then there would exist a positive integer M < N
satisfying T'(M) C ker(o). As shown above, we have that ker(c) C ker(p), and therefore we would
have that T'(M) C ker(p), contradicting the minimality of N. O

Example 2.6 (Induced representations can be used to define permutation representations). De-

note the representation from example by pg, but keep the rest of the notation.

We now see that p¢ is isomorphic as a representation to p’ = IndSGLQ(Z)l. Indeed, for o € SL2(Z)

arbitrary we have that
pl(a)(c ® e"/i) = 1(1’)’1 (a_l)_l)(c) ® Cyia-1 =C & €yt

Let €; = 1®e¢,, for 1 <i < d, and e; be the canonical basis for C?. We then see that P, e = €osl ()
and p'(@) (&) =&, (i) = €,5135)-

This leads us to define f : C® Clyy,...,7v4) — C¢ via f(é;) = e; and elsewhere by linearity. It
is clear that f is invertible, so we only have to verify compatiblity. But obviously we have that

f(P/(a)(éi)) = f(ég(;l(i)) =Coil) T P, e; = pa(e)f(é),
and so we are done.

Notation 1. When there is no risk of misunderstanding we will denote pure tensors in tensor
products of the form W = C® V where V is a C-vector space by juxtaposition. That is, we make
the identification ¢ ® v = cv for arbitrary ¢ € C and v € V.

For the sake of demonstration, let us also compute a space of homomorphisms of representations.
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Example 2.7. Put p = Indlsj;fé)z)l and o = p ® p with the same identifications as in example @

Using one’s favorite algorithm to compute coset representatives, one sees that V(p) = C3 and
p(S) = P331, and p(T') = Pi3z.
This yields that V(o) = C3 ® C3?, and
0(S5) = P321 ® Ps21 = Posresa321-

and
o(T) = Pi32 ® Pi32 = Pi3a798465-

Since every element v € SLy(Z) can be written v = T*1 ST 2 STk . ST*» for some integers k;,
we see that every f € Hom(p, o) is completely determined by the constraints

Fop(S)=a(S)o f,and fop(T) = o(T)o f.

In other words, we just have to find all matrices f € Matgx3(C) satisfying

fPs21 = Pogresasor f,
fP132 = Pi32798465 -

This is a simple, if tedious, linear algebra problem. Using one’s favorite linear algebra system, one
easily finds that

f=n 611|622|633)
+ ro(eaz + e3zle1r + esslerr + e22)
+ 73(e23 + es2le1s + esilen + ea1)
+ra(e12 + e13lear + easless + e3z)
( )

+ r5(e21 + es1]e12 + eszle1s + eas),

where e;; = e; ® e; and the r; € C are arbitrary coefficients. For future reference, we denote the
matrix with coefficient r; by R;. Evidently the R; are linearly independent and so form a basis
and Hom(p, o) = spanc{R1, R2, R3, R4, R5}.

For computational purposes, the above method is too inefficient, and instead we later translate
the problem of computing Hom(1, p) for an arithmetic type p into the problem of computing orbits
of a basis for V(p) under the action of p(S) and p(T'). We will elaborate on this in chapter p.

Using the so-called dual representation, we can compute all spaces of homomorphisms in es-
sentially the same way.

Definition 2.8 (Dual representation). Let p : G — GL(V) be a linear representation. Then the
dual representation p¥ : G — GL(VV) is defined by

p*(9)="p(g™"),
where ! denotes transpose as a linear map.
Proposition 2.4. Let p and o be linear representations of a group G. Then
Hom(p, o) = Hom(1,0 ® p").
Proof. Let {e;}"_; be a basis for V(p) and {e)}?_; be the corresponding dual basis for V(p)V.
Similarly, let {f;}", be a basis for V(o).

Consider now the right hand side. Select an element ¢ € Hom(1,0® p¥). Then ¢ is completely
determined by ¢(1), and we have

(1))=Y cifi®ey.

i=1 j=1
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This can be identified with a linear map from V(p) — V(o) by the mapping

B(e)=V(p)dvm> Y. cijfi@e)(v HZZC”] )fi € V(o).

i=1 j=1 i=1 j=1

We claim that this mapping is a linear isomorphism. The linearity is clear, and hence we only have
to show that @ is injective and surjective. Since the dimensions of the domain and the co-domain
of ® are equal, it suffices to show injectivity.

To this end, let ¢ € ker(®). Then for every v € V(p) and for every 1 < i < m, we have that

n
>_cizef (v) =
j=1

In particular, this is true for v = e, with k arbitrary, and hence for all 1 <i<mand 1 <j<n
we have that ¢;; = 0. Therefore ¢(1) = 0, so that by linearity ¢ = 0.

It remains to verify that ® preserves the homomorphism property. Select ¢ € Hom(1,0 ® pV),
then by definition we have for g € G arbitrary, that

ZZ% ® () o pg™")).

1=1 j=1

Since o(g) and p(g~*) are invertible, we obtain

m n

v) =YD eief (g™ (@)a(9)(fi),

i=1 j=1

and thus the property of ¢ being a homomorphism can be restated as

ZZ ey W)fi = > eisel (plg™)()a(9)(fi),

i=1 j=1
for all v € V(p) and g € G. We want to use this to show that for all v € V(p), it holds that
®(¢) € Hom(p, o), or in other words that

(0)(p(9)(v)) = a(9)(®(¢)(v)),

for all v € V(p) and g € G. This is clear, because indeed it holds that

®(¢)(p(9) ZZ% ey (v)o(9)(fi)

i=1 j=1

() (DD el )fi) = o(9)(@(6)(v)),

i=1 j=1
and we are done. O

Now that we have a firm grasp of induced representations, let us introduce notation for some
of the most commonly occuring arithmetic types.

Notation 2. For a positive integer N > 1, and a Dirichlet character x modulo N, we use the
notation

SL2(Z) SL2(Z)
py = Ind} (ZN) 1, and p3 = Indp (2N)

Here x is defined under definition @

In essence, py can be viewed as the archetypical trivially twisted permutation type, and p; as
the archetypical twisted permutation type.

Using the orthogonality relations of Dirichlet characters, we can in fact decompose py as a
direct sum of py for appropriate characters x.

But before we do so, let us define what is meant by a direct sum of representations.
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Definition 2.9 (Direct sum of representations). Let G be a group, and let Vi, V5 be vector spaces.
Let p1 : G — GL(V1) and ps : G — GL(V2) be representations. Then p; @ p2 is defined by

(i) V(p1 ® p2) = Vi @ Vi, and

(ii) for each g € G and (vy,v2) € V1 & Vo we put
(1 ® p2)(9)(v1,v2) = (p1(9)(v1), p2(9)(v2))-

Proposition 2.5 (Decomposition of px;). Let N be a positive integer. Then

= P »

x mod N

where the direct sum goes through all Dirichlet characters modulo N.
Note: Just as in definition R.9, we treat this as an external direct sum.

Proof. The following proof is a compact rewriting of lemmas 3.9, 8.19, 8.21, 8.22, and 8.23,
of [Xialg].

As stated before, the decomposition follows from the orthogonality relations of Dirichlet char-
acters. They can be stated as follows:

5 X(d){qs(zv) ifd=y 1 22)

X mod N 0 otherwise,

where ¢ is Euler’s totient function. Similarly, we have that

) maz{ﬂN’ =1 (2.3

Pl 0 otherwise,

where 1 denotes the trivial Dirichlet character modulo N B

For convenience, we let By and B denote a set of representatives of I'y(IN)\SLy(Z) and
To(N)\SL2(Z), respectively. Both including the identity.

We now define a function

Vi) = D Ve,

x mod N

5 s (A1) )e3)x o

and elsewhere by linearity. Similarly, put

B VD) = ViR,

x mod N

(6xe,8x)x mod N \/7 Z Z X(II(’Y))Q’Y
x mod N YEB1
To(N)y=To(N)pBx

where 0, € C, and elsewhere by linearity. In both of these definitions, I,(e) is the 1-cocycle
coming from I'y(IN)\SLy(Z). Notice also that if v € T'o(IV), then ged(d(v), N) = 1, and hence ()
is non-zero.

We now claim that

(i) f € Hom(py, @, moa v X )> that
(ii) g € Hom(ED, oa v Px PN ), that
(iii) fog=id, and that
(iv) go f = id.

2That is, 1(d) = 1 for d coprime with N, and 1(d) = 0 otherwise.
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Of these (i) and (ii) follow from the cocycle property of I4(e). Indeed, since f and g are linear, we
only have to prove that they intertwine with the action. To this end, let v € SL2(Z) be arbitrary.
In the case of claim (i), we want to show that

fFopk(M =0 @ rHMeT

x mod N

By linearity, it is sufficient to verify that this holds on a basis {es} s,
As for the left-hand side, we obtain for § € By the following

forn(ep) = flegy—1)

= o (BT e mon
The right-hand side becomes in turn
( B rWeflep)=( B rHON . (x(I1(B)™")es)x moa )

x mod N x mod N ¢(N)

Now we use the co-cycle property of I,(e). We have that

Ii(B)Is(v™") = Li(By™Y),

and therefore

XIr(B) xUIs(v )™ = xIs(y ) Hxr(B)™H)
X((Lr(B)Is(yv~")™h)
=xIr(By~H™H.

Now we consider claim (ii). Consider, as above, an arbitrary basis vector v = (dyes, )y mod N,
where d, € C and 8, € By for every x. Then we have that the left-hand side equals

go( D PO = g(ExUs, (7)) egr-1)x mod v)

x mod N

- N Z Ox Z x(Ir(Y)xTs, (1) ey
(b( ) x mod N ~'€By
Po(N )y =To(N) By

And similarly, we obtain for the right-hand side

1
x og(v) = Oy I~ .
px(7) 0 g(v) ¢(N)Xn§1v 721 XUIr(v))e

Lo (N)y'=To(N)Bx

In the innermost sum of the right-hand side, we let 4/ € B; be the representative of 4'y~!. Then
we have that Io(N)y' = To(N)B, if and only if I'o(N)y" = I'o(N)Byy~!. Furthermore, we have
that v = gy"v for some g € T'1 (), and this leads to

Ir(y") = Ir(g7"y) = I (9) I;(v"7)-

But I;(g) = g since g € I'1(N) C T'o(N). Hence, since x(g) = 1, we obtain

xX(I1(7") = x(914(v"7)) = x(Ty(v"7)) = x(I1(v"7)),

where the step follows from the definition of I,(e). Now, let 3 be the representative of v in By.
Then I;(7") =~"(8,)" and I (yv~') = By '(B;) ", and consequently

(Y Is (v =98 = Li(v"™),
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where the last equality follows from I'g(N)y"y = I'o(N)Sy and 3, € By.
Putting all this together, we obtain

> X(I1 (7)) eyry1t = > XU (Y"7) ey
y'€B; y'eBy
To(N)y'=To(N)Bx Do (N)y"'=To(N)Byy ™"
= > XU (") g (Y1) ey
v €By

To(N)y"'=To(N)Bxy ™"

= > X )X () ey,
Y'eBy
To(N)y' =To(N)Byy~*

and so the left-hand and right-hand sides are equal. This concludes the proof.

Concerning (iii) and (iv), it is on account of linearity, enough to prove that the statements hold
on a basis.

As for (iii), we have

1 X
f(g((éxeﬁx)x mod N)) = QS(]\T)XH%Néx( z}; ?(II(PY))QV>X' mod N

YyEB1
Lo (N)y=T'0(N)Bx
One can easily show that for B € SLo(Z) that the map
{I;(y) : v € B1,y87 ' € To(N)} 3 a v rem(d(a), N) € {1 <d < N : ged(d, N) = 1},

where rem(a, b) denotes the remainder modulo b of a, is a bijection and thus we conclude that

1
) > 5x( > %(II(V))%)X, .

x mod N yE€B1
To(N)y=To(N)Bx

o DT GHED S TACHTS I

x mod N YEB1
To(N)y=T0(N)Bx

ol ST ), e

x mod N ged(d,N)=1

<

= ﬁ (¢(N)5X’QBX/)

= (0y¢ )
(X B X’modN’

where in the last step we used equation @
As for (iv), we have that

x’ mod N

)= S xTeXEE) e

¢( ) x mod N YyEB:
Lo(N)y=To(N)B

= Y Y mEE)

YEB1
Lo(N)y=L0o(N)B

o Y (X xmone ™)

yEB1 x mod N
Lo(N)y=To(N)B

©-

3Since I7(y) = 7,8,?1 for the representative 8, € Bg of 3, we have that injectivity is immediate. As for surjectivity
let 1 < d < N be coprime with N. Then for some integers a, k we have that ad — kN =1 and so a = (a, k; N,d) €
T'o(N). Let now v € By satisfy I'1(N)y = 'y (N)aB. Then v3~! = Aa for some A € I'1(N). Then d(y8~1!) =
d(Aa) = d and also 787! € To(IN), so we are done.
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Now since T'o(N)y = I'o(N)B in the sum, we have that there exists some g € By for which
I7(y) = vg~! and I;(B) = Bg~*, and so I;(y)I;(8)~t = vyB~1. This yields that

{¢<N> if d(y8~1) =n 1

0 otherwise.

S o™= Y x(8 =

x mod N x mod N

Now, if d(y87!) =x5 1 and v8~1 € T'o(IN), we immediately have that y3~1 € T';(IV). But then,
since v, 8 € By, we have that v = 5. From this we conclude that

1 _
() Z ( Z x(vB 1))% =5
YEB, x mod N
Do(N)y=T0o(N)B
as desired. 0

Since we have yet to look at a concrete example of a non-trivially twisted permutation type,
let us do so now.

Example 2.8 (Non-trivially twisted permutation type). Let x be the Dirichlet character modulo 5
given by
x(0) =0,x(1) =1,x(2) =4, x(3) = —i, and x(4) = —1.

Using one’s favorite algorithm to find (right) coset-representatives of I'g(5), one obtains

RACRICHICH IEHREEO)

For convenience, we denote the elements of B by v, through g, with the same order as above.
After some computation, one finds that

p; (S) = diag(—l, —’i, —]., i, ]., ].).Pg,264137 and
px (T) = diag(1,1,1,4,1, —1) Pi35264-
Which again, completely determines the representation.

We now introduce Weil types. They are more intricate to define than twisted permutation
types, and therefore we devote a subsection to the definition.

2.2.1 Discriminant forms and the Weil type

A Weil representation is a representation of Mp,(Z) associated to an object referred to as a finite
quadratic module, that in the following sense captures every irreducible congruence type.

Theorem 1 (Skoruppa). Let p be an irreducible congruence type with respect to Mp,(Z) or
SLo(Z), then p is isomorphic to an irreducible component of a Weil type.

Proof. See [CS117, p. 580]. O
Let us begin by defining what a finite quadratic module is.

Definition 2.10. Let D be a finite abelian group and let @ : D — Q/Z be a quadratic form such
that with B(z,y) = Q(x +vy) — Q(z) — Q(y) we have that Q(ax) = a>Q(x) for all a € Z and x € D
and such that D 5 z — B(z,-) € Hom(D,Q/Z) is a linear isomorphism. Then we call (D, Q) a
finite quadratic module.

An important special case of a finite quadratic module is a discriminant form, which we define
in terms of lattices.

Definition 2.11. Let A be an m-by-n matrix with entries in R and let ¢ : AZ™ — R be a quadratic
form. Then the pair (AZ™, q) is called a lattice.

Lattices carry a natural notion of isomorphism.

Definition 2.12. Let (A, ¢1) and (B, ¢g2) be two lattices, and let ¢ : A — B be a group homomor-
phism. Then ¢ is a homomorphism of lattices if in addition it holds that g; = g2 o ¢.
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The same notion of isomorphism is appropriate also for finite quadratic modules. In the sequel
we shall often identify lattices and finite quadratic modules with their first component.

Since any quadratic form ¢ : A — R where A is a torsion-free abelian group can be written
as q(z) = 2T Qx for some square matrix @, we can for sufficiently nice quadratic forms, choose a
canonical way of representing a lattice.

Proposition 2.6. Let L = (AZ"™,q) be a lattice, with ¢ a non-degenerate quadratic form. Then
there exists a matrix @ such that

1
L=(Z" xw— ngQx)
Proof. Express ¢ in terms of a matrix, and make the appropriate change of variables. O

In the sequel, we refer to the matrix ) above as the Gram matrix of the lattice.
We now define a few technical notions that are needed to introduce discriminant forms.

Definition 2.13. Let L = (4, q) be a lattice. We say that L is even if ¢(z) € Z for every z € A.
And we say that L is non-singular if its Gram matrix is non-singular.

Definition 2.14 (Dual lattice). Let L = (A, ¢) be a lattice and write b(x, y) = q(z+y)—q(z)—q(y).
Define
B={yeR":b(z,y) € Z for all x € A},

then L* = (B, q) is called the dual lattice of L.
A discriminant form can now be defined as follows.

Definition 2.15 (Discriminant form). Let L = (A,q) be a non-singular even lattice, and let
L* = (B, q) be its dual. Then the lattice

L*/L=(B/A,x+ B~ q(x) + 2Z),
is a finite quadratic module, called the discriminant form of L.

By virtue of the following proposition, no loss of generality is incurred by restricting ourselves
to discriminant forms.

Proposition 2.7. Let A be a finite quadratic module, then there exists a lattice L such that
Ax=L*/L.
Proof. See [CS17, p. 581]. O

Before we can introduce Weil representations we need to define another property of lattices and
discriminant forms — the signature.

Proposition-Definition 1 (Signature). Let £ = (L, ¢) be a nonsingular even lattice. Then there
exists a unique integer 0 < k < 8 such that

Y ela() = VIL/Lle(k/8).

YEL* /L

We write k = sign(£) and refer to this as the signature of L.
If A is a finite quadratic module, then we define the signature of A as the signature of any
lattice whose discriminant form is isomorphic to A.

Proof. This is referred to as Milgram’s formula. See [Bor00, p. 323] or [CS17, p. 581]. O

We can now define the Weil representation associated to a discriminant form, or equivalently,
the Weil representation associated to a lattice.

Definition 2.16 (Weil representation). Let A be a finite quadratic module, say isomorphic to the
discriminant form of the lattice £ = (L, q). Write as usual b(x,y) = ¢(x+y) —q(x) —q(y). Let C[A]
be the group ring of A, with standard basis e, for v € A. We then define the Weil representation
associated to A, denoted by pa : Mp,(Z) — GL(C[A4]), by

e(—sign(A)/8) (b5
\/W % ( (’77 ))65

pa(8)(e,) =



As for the Weil representation actually being a representation, see [CS17, p. 548]. The weight
that a modular form of type p4 can have is connected to the signature of A.

Proposition 2.8. Let A be a finite quadratic module. Then if sign(A) is even, we have that pa
restricts to a representation of SLy(Z).

Proof. See [CS117, p. 584]. O

2.3 Dimensions of spaces of modular forms and the Sturm
bound

Note that we can by using induced representations restrict ourselves to arithmetic types associated
to Mp4(Z) or SLy(Z).
The following theorem is a corollary of a theorem of Borcherds, see [Bor00, p. 335].

Theorem 2. Let p be an arithmetic type associated to Mp,(Z) and let k € 37Z with k > 2. Then

3
1
dim(M;(p :526]14/2 (k, p, ),

Jj=0

where

BT, (29) 4 85(e1/6)p(R), (7))
+ 82(e(1/4)p(S), p(Z7))
+ 80 (p(T™4), p(Z7)),

V(k,p,j) =

where R =TS, and
N—1

1 Tr(X
ow N2
le 1—ef ]/N
for N > 0 and
Tr( Xig
2M M 1—€j/M

50(X7 g) -

where M is the smallest positive integer such that X = Id.

Proof. The result follows by noting that there are two elliptic fixed points in Mp, (Z)\H, namely
i and e™/3 with order 2 and 3, respectively. Their corresponding primitive elliptic elements
are S and TS, respectively. Since the genus of Mp,(Z)\H is zero, we furthermore get that
w(Mp, (Z)\H) = /3.

Inserting this into Borcherds’ corollary 7.4 [Bor00, p. 335], we obtain the theorem. O

Knowing the dimension a priori is a crucial ingredient in what allows us to compute a basis for
My (p) given a spanning set with a sufficiently nice decomposition and whose elements have known
Fourier series expansions.

Another vital ingredient is the property of vector-valued modular forms having a Sturm bound,
which tells us that only a finite number of Fourier coeflicients are needed to fully characterize a
vector-valued modular form.

Proposition 2.9 (Sturm bound). Let k be a positive integer and let p be an arithmetic type of
level N. Let F' € My(p). Put b = |k/12] + 1. Then if for all v € V(p) and all n € Q with
0 <n <bN —1 it holds that

c(v¥ o Fyn) =0,

we have that F' is identically zero.

Proof. This follows from proposition 1.4 of [BW15] by setting g = 1. O
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Chapter 3

Vector-valued Eisensteln series

The goal of this chapter is to introduce the necessary theory about vector-valued Eisenstein series
needed to use the following theorem by Raum and Xia.

Theorem 3. Let k,l and N be positive integers. Then there exists a positive integer Ny such that
M1 (T(N)) € Exqt(N) + E(No) - E(No).

Here &, (N) denotes the space of Fourier series expansions at any cusp of all Eisenstein series of
weight k and level N. We omit the precise definition, as we will only need to use their vector-valued
counterparts.

Reformulated to the setting of vector-valued modular forms, the theorem instead becomes the
following.

Theorem 4. Let k,l and N be positive integers, and let p be a congruence type of level N. Then
there exists a positive integer Ny such that

Mi.11(p) = Hom(1, E[py] @ p) +Hom(1, (&ilpy,] - Exlon,]) @ p)- (3.1)

Let us start by understanding the unfamiliar components in the right-hand side of equa-
tion (B.1]). Namely the &[p] for an arithmetic type p.

3.1 Vector-valued Eisenstein series

Let k& > 1 be an integer, and p be an arithmetic type. Then by £[p] we mean components of
a space of vector-valued Eisenstein series, which we denote by Ex(p), treated as a representation
through the slash action .

Given that we understand the space Fj(p), it is relatively easy to grasp Ex[p], especially when
p=py-

In order to have a definition of Ej(p) that is valid for all positive integral weights, we need to
define the elements as limits of real-analytic Eisenstein series. Specifically, we use the following
definition.

Definition 3.1. Let & > 1 be an integer, and let p be an arithmetic type. Then for v € V(p) we
define for 7 € H and s € C with k + 2Re(s) > 2, the real-analytic Eisenstein series by

1
B o(1,8) = m Z Y|k, p Y (3.2)
7T €T (v)\SL2(2)

where y = Im(7), as in the introduction I'no(v) = I'sc N Stab(v), and Stab(v) = {y € SLa(Z) :
p(y)v = v}. It holds that Ej (7, s) has a meromorphic continuation in s to the whole s-plane,
holomorphic at s = 0. For_s satisfying k 4+ 2Re(s) < 2, we define Ej (7, s) as the meromorphic
continuation of the series (B.9).
On account of Fy, (7, s) being holomorphic at s = 0, we define
Ei(p,s) =spanc{Ek:v € V(p)}, and

Ex(p) = My(p) N éh_% Ex(p, s), (33)

where the limit is taken for every element.
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When k > 3, the above definition of Ej(p) coincides with the definition in the introduction. As
we shall see later, the intersection with My (p) in (B.3) is only necessary when k = 2.

Notice that for s satisfying k + 2Re(s) > 2 we have that Ej ,(7,s) converges absolutely and
locally uniformly. From this we see that for fixed s it holds that Ej,|x,y = FEk. for every
v € SLy(Z), and so the elements in Fy(p, s) are modular invariant in 7. By analytic continuation,
the modular invariance extends to all s for which Ej, , (7, s) is holomorphic.

In the next section we will show how to find the meromorphic continuation alluded to in
definition B.1|, in the special case of p = py.

As for the space of components, we use the following notation.

Notation 3. Let p be an arithmetic type. Then we write
Eklp,s] =spanc{fo E: f € V(p)Y,E € Ex(p,s)},
and similarly for Ex[p].
In the case of v € V(py ), the expression for Ej , simplifies considerably.
Proposition 3.1. For s with k& + 2Re(s) > 2, it holds that
Eklpn, s) = spanc{Ex Nca: ¢, d € Z/NZ,ged(c,d, N) = 1},

where

S

Eenea(rs)= > Y

(cm + d)*ler + d)?s”
(!,d")ez?
ged(c’,d)=1
CIENC,d/ENd

The proof of proposition Ell depends on the following lemma.

Lemma 3.1. The right cosets I'no\SLa(Z) are in bijection with the set {(c,d) € Z?
ged(e,d) = 1;¢ > 0 or (¢,d) = (0,1)}. The coset containing a matrix (a,b;c,d) corresponds to
(sgn(c)e, sgn(c)d) where sgn(0) = sgn(d).

Proof. Recall that if ged(e, d) = 1 then there exists zg, yo € Z such that cxo+dyy = 1 and all other
solutions (z,y) to cx 4+ dy = 1 are on the form = x¢ — kd and y = yo + kc for some k € Z. Hence
we conclude that T}y, = 'l 7s if and only if ¢(71) = ¢(72) and d(y1) = d(72). Since —1 € T, we
get Dooy1 = Tooe if and only if ¢(y1) = £e(v2) and d(v1) = £d(7y2)-

The map is given explicitly by ¢(I'w(a,b;¢,d)) = (sgn(c)c,sgn(c)d). From the above, it is
immediate that ¢ is well-defined, injective, and surjective. O

Proof of proposition @ This proof is only a slight generalization of lemma 5.10 in [Xia19)].

Let us first show that for every ¢,d € Z/NZ with ged(c,d,N) = 1, we have that
EiNed € Eklpy.s]. To this end, let vy = ¢(g1) + (—1)’“2(0’,1), where ¢(. q) is shorthand no-
tation for

Clab)-
(¢8)

We remind the reader that the choice of a and b does not matter. To save space, we shall use the
notation (a, b; ¢, d) for the matrix (¢ 4).

We have that px(T)(vo) = px(=I)(vo) = wvo, and so I'(vg) = T'e. This, together with
lemma @ yields that

Y (eea) + (=D Fe(e-a)
Ey (7, 8) = Yool x = : : .
o (7 (6%222 bk (})é (cr + d)Ffer & dPP>
gcd7(c,d):1 gcd,(c,d):1
c>0 or ¢=0,d=1 ¢>0 or ¢=0,d=1

We next inspect Ej ,,. To this end, fix 0 < ¢/,d’ < N with ged(¢/,d’, N) = 1 and consider
eE/c’,d’) o B v, We have that

ez/c,’d,) 0 Bk (T, 8)

s

> :
- d)k d|2s
ez (e + d)*|er 4+ d
ged(e,d)=1
c¢>0 or ¢=0,d=1

([(e,d) =n (¢, d)] + (=1)*[(~¢, ~d) =n (¢, d")]),
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where (a1,b1) =n (ag,bs) if and only if a1 =x as and by =§ be, and where [-] denotes Iverson’s
bracket. That is, [P] = 1 if the proposition P is true, and [P] = 0 otherwise.

Let us first assume that N > 3. Then the congruence conditions are mutally exclusive, and we
obtain

\/l ’ E v, == y
C(er,ar) © Lk, o(T ) ( %G:ZQ (er + d)*|er + d|?s

ged(e,d)=1
¢>0 or ¢=0,d=1
(e d)=n(c,d") or (—¢,~d)=n(c",d")
s

S

S

- Y _ _ Yy
B Z (CT+d)k\CT+d|25+( D* Z ( 1)16(07'4—d)k|67’—|—d|2S

(c,d)ez? (c,d)ez?
ged(e,d)=1 ged(e,d)=1
c¢>0 or ¢=0,d=1 c<0 or ¢=0,d=—1
(c,d)=n(c’,d") (c,d)=n(c',d")

= Ep N a(T,5).

For N = 2 the same result follows by letting vg = ¢(o,1), and for N = 1 it follows by noting that
any two numbers are congruent modulo 1.
By linearity, we now conclude that

spanc{Er Ncd: ¢, d € Z/NZ,ged(c,d, N) =1} C E[p%, s].
C Ve, N

For the other direction, we first apply a technique to eliminate the I'w(v). Essentially we apply
the third isomorphism theorem (the “freshman” theorem) in the following sense.
Given v € V(p}), then there exists a bijection

Foo(0)\SL2(Z) = (Too(v)\I'so) X (I'c\SL2(Z)).

The proof goes by way of constructing maps in both directions and showing that they are inverse
to each other. Fix first a set of representatives for I'oo (v)\SL2(Z), T'so (v)\I'eo and I'sc\SL2(Z), call
them R;, Ry and Rg, respectively. Then define

f:Rlaﬁi—)(a/7ﬁl)€R2XR3,

where 8’ € Rs is the representative of 'y, 3, so that 8 = af’ for a unique o € I's,, and where
o' € Ry is the representative of I'oo (v)a. Define similarly

g: Ry x Rg> (a,8) = B’ € Ry,

where 8 is the representative of I's(v)af. It is straightforward to show that f o g and go f are
identity maps, and thus the bijection follows.
Since |, % is an action, we now obtain

1 S
Epw(r,8) = m Z Im(7)’ U‘k,p;\(,ry
[v]€T o (v)
- 3 ([roozroo(v)]—l > Im(T)Svlk,p;Vv”) koY
[v']€T o6 \SL2(Z) [7""]1€T o0 (v)\T'oo

Notice now that because c¢(+7%) = 0 and d(+T*) = £1, we get
Im(T)SU|k,p;\<f’yH = TIm(7)*[d(7") " px (v " o).
Therefore, we define

w = [T : Too(v)] 7! Z d(”Y//)ikP;\(r(’YH)ilvv
['Y”}eroo (U)\Foo

so that
Ek,'u (7') 3) = Z Im(T)Sw|k,pJ>\<],y/’
[v]€T \SL2(Z)
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and we have eliminated I' (v).

Let now v € V(py) and (¢/,d') € Z/NZ with ged(c’,d’,N) = 1, be arbitrary. Let also w be
as above. By linearity, it suffices to show that ez/c’ ) © Ey (T, s) is a linear combination of the
Ek7N,c’,d’ (7-7 5)

We obtain

Ey »(1,8) = Z IIIl(T)Sw\IWJJXV (a,b;¢,d).
(c,d)ezZ?

ged(e,d)=1
c>0 or ¢=0,d=1

To simplify this further, notice that

Z Im(T)Sw|k,p§(a»b§Cad)=( Z + Z + Z )Im(7)3w|k’p§,(a,b;c7d).

(c,d)ez? (c,d)ez? (c,d)ez? c=0

gcz(qd):l gCZ(C,d):l gcg(c),d):l de{1,—-1}

c>0 c<0
Since
s Im(7)®
Im(7)*wly, x (=@, =b; —¢, —d) = m(wlk,p;V (—a, —b;—c,d))
Im(7)*®
= W(Mk’p;’ (a,b;c,d))

- Im(’r)sw‘k‘p;r (a7 ba ) d)a

we obtain
( o+ > o+ > )Im(7)5w|k7p§ (a,bie,d) =2 > Im(r)*w|, «(a,bic,d),
c,d)EZ? ¢,d)ez? c=0 (c,d)€ged(c,d)=1
ggd(c),d):l ggd(c),d):l de{l,—-1} 20 or c=0,d=1
c>0 c<0
which means that
1 Im(T)S X —1
Ey »(7,5) = 3 Z (c7+d)’“|c7'—|—d|2$pN((a’b;C’d) Jw.
(c,d)ez?
ged(e,d)=1

It is now straightforward to find the components of this sum. Indeed, write

w= Z Cle,f)%(e.f)s

(e.f)€(Z/NZ)*

ged(e,f,N)=1
then
prl@bicd)™ W)= Y e abed1Eeh)
(e,f)€(z/NZ)*
ged(e,f,N)=1
so that

e(er an (P ((a,b;¢,d) 1) (W) = € ar)(a,bse,a) -
Since py (v)w = w for v € T'1(N), we get that ¢(o a)(s,mier,d)-1 = C(e/,d')(x,5:09,d3)~1 Whenever

(c1,d1) =N (c2,d2) and ged(c;,d;, N) = 1. Therefore we have that

1
o) 0 Bro(ms) =5 D0 e d)imen) Benes(T9),
(e,f)€(z/NZ)*
ged(e,f,N)=1
whence we are done. O

To ease further discussion, we define a variant Gy n.ca(7,8) of Eg n.cq(7,s) that does not
require ¢ and d to be coprime.
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Proposition 3.2. Let k and N be positive integers. Let ¢/, d’ € Z/NZ satisfy ged(¢/,d’, N) = 1.
Define for s with k& + 2Re(s) > 2 the series

S

Y

G c,d'\T, = :

k,N,c’,d (7,5) ; (e + d)k|CT+d|25
(¢,d)€Z7\{(0,0)}

(e, d)=n(c,d")
Then we have for k + 2Re(s) > 2 that

span{Ey Ncd : ¢,d € Z/NZ,ged(c,d, N) = 1}
= span{Gi,nNcd: ¢, d € Z/NZ,ged(c,d, N) = 1}.

Proof. Recall that y*1 = e where e(n) = 61, for positive integers n, and where * denotes Dirichlet
convolution. Inserting this into Ey n o 4/ (T, s) yields

S

Y
Ek,N,c’,d’(Tv 5) - Z Zu(n> (CT+d)k|CT+d‘28

(c,d)ez?  nlc
(c,d)=n(c,d") nld

S

_ p(n) y
B Z nk+2s Z (kT + D)k|kT +1]28

nzl (k,DEZ*\{(0,0)}
ged(n,N)=1 (nk,nl)=n(c’,d")
3 p(n)
= nk+2s Gk:,N,n_lc’,n_ld’ (7—78)
n>1
ged(n,N)=1
3 p(n)
= Gk,N,mflc’,mfld/ (T,S) nk+25.
1<m<N n>1
ged(m,N)=1 n=Nm

We note that we could deduce that ged(n, N) =1 from n being a common divisor of ¢ and d, and
that ged(c,d, N) = ged(¢/,d', N) = 1.
We now conclude that for k + 2Re(s) > 2 it holds that

¢(er.dr) © Bkvy (7, 8) € spanc{G n.c,a(7, ) : ¢,d € Z/NZ,ged(c,d, N) = 1},

and so we are done with the first inclusion.
As for the second inclusion, we have that

S

Y
G e .d 5 =
k,N,c’.d (T 8) Z Z (nle + nkz)k|nk17 + nk2|23
n>1 (k1,k2)€Z?
ged(n,N)=1 ged(k1,k2)=1
n(k,l)=n(c’,d)

1
= E 7nk+25Ek,N,n_lc/,n_ld’(T7S)
n>1
ged(n,N)=1
1
= E Ek,N,m’lc/,mfld’ (T7 S) E W
1<m<N n>1
ged(m,N)=1 n=Nm

We have that > -, — nF=28 = ((k + 2s,m/N)N %25 where ( is the Hurwitz (-function.
Note that this function has a simple pole of order 1 at k + 2s = 1, and is holomorphic everywhere
else. O

We now endow & [py, s] with the structure of a representation through the slash action.

Proposition 3.3. Let p be an arithmetic type. Then | acts on &[p, s] and

(Eklp,s],SLa(Z) 5 v = (f = fley™"),

is a linear representation.
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Proof. Follows since the slash action is linear. O

Proposition @ and @ show that finding a meromorphic continuation in s of the Ej (7, s)
for v € V(py) is equivalent to finding a meromorphic continuation of G e .a (7, s) in s, for any
¢,d € Z/NZ with ged(e,d, N) = 1. As expected, it is a fact that such a meromorphic continuation
exists.

Theorem 5. Let k and N be positive integers, and let ¢,d € Z/NZ. Then the series defining
Gk, N,c,a(T, s) has a meromorphic continuation in s to the whole s-plane, holomorphic at s = 0.

On account of this theorem, we extend our definition of Gy n,c.qa(T,s) and Ey n,ca(7, s) to all
seC.

Definition 3.2. Let k, N, ¢, and d be as in theorem B Then for s satisfying k + 2Re(s) < 2, we
define G n,c,d(7,s) and Ey n c.a(T, s) by the meromorphic continuation alluded to in theorem [
When G n,c,q(T,s) is holomorphic at s = 0, we define the function

GrNye,d(T) = ilg(l) Gr,N,e,d(T, ),

and likewise for Ej v ¢.d(7T).

In the next section we will show how theorem a follows from work of Shimura, retold in [Miy89,
Chapter 7], and simultaneously find a Fourier series expansion of Gy n ¢.q(7,$) in 7.

It is important to note that for s satisfying that the elements in Ej[p, s] are holomorphic in s,
we have a surjection (px)Y — EklpN, S-

Proposition 3.4. Let k be a positive integer and s be a complex number at which the Ey n ¢.q(T, s)
are holomorphic s. Let also

E}“N(T, s) = Z Ek,N,c,d(Ty S)Q(C,d)-
(¢,d)el1(N)\SL2(Z)

Then
¢:(pN)Y 2 [ foEwn 3 &Elpy.sl,

is a surjection.

Proof. For an arbitrary (c,d) € I'1 (IV)\SL2(Z), we have that

A(¢(c.a) = Er.N.c.a(T, 5).

Since ¢ is linear, the result follows. O

3.2 From congruences to characters

Let L and M be positive integers, and let x and 1 be Dirichlet characters modulo L and modulo
M, respectively. Following Miyake we define for s satisfying k& 4+ 2Re(s) > 2 the series

x(m)y(n)

(mT 4+ n)klmr + n|2s’

Ex(rsixw)= )]

(m,n)€Z2\{(0,0)}

Using the M-test, we see that Ei (T, s; x, %) converges absolutely and locally uniformly for s satis-
fying k + 2Re(s) > 2 and thus defines a holomorphic function in that half-plane.

Miyake shows in [Miy89, Chapter 7] how to analytically continue Ey (7, s; x, %) to a meromorphic
function in s, holomorphic at s = 0. He also provides the Fourier series expansion. Hence, all we
need to do is relate our series Gy n .4/ (7, 8) to Miyake’s Ey (7, s; x, ¥).

On [Miy89, p. 289], Miyake defines a series which is nearly identical to our Gy n ¢ ¢ (T, s). For
k + 2Re(s) > 2, and integers 0 < p,v < N he gives the definition

1
By(r s v5 N) = Z (mT + n)klmr + n|2s’
(m,n)€Z°\{(0,0)}

(mn)=n (1,v)
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Clearly we have, for k + 2Re(s) > 2, that Gine.a(7,8) = y°Ep(r,s;¢,d'; N), where we
identify a class a € Z/NZ with its unique representative 0 < a < N. Clearly, if we
have a meromorphic continuation of Ey(r,s;c’,d’; N), holomorphic at s = 0, it holds that
G N (1) = limgy0 Ex(7,8;¢,d’; N). For brevity, we shall henceforth write Ey(7;¢,d’; N)
for limg_,o Ex(7;s;¢',d’; N), when the limit exists.

The answer to the question on how to relate Gi n.a/(7,s) to Ex(T,s;x,%) is thus given
by [Miy89, Theorem 7.2.15], which shows how Ej (7, s;c’,d’; N) relates to E (7, s; x,%). The proof
of the theorem omits details that are necessary for our exposition, and thus we recreate the proof
below.

Proposition 3.5. Let £ and N be positive integers. Let
A={(xv,u,v): x € D(L),v» € D(M),0 <uL|N,0<vM | N for some L | N and M | N},

where for R a positive integer D(R) denotes the set of Dirichlet characters modulo R.
Then

u
SpanC{Ek(Tas;May; N) :0 g H, v < N} = SpanC{Ek(;Ta 5§X>¢) : (X,”(/J,ILL,I/) € A}’

for k + 2Re(s) > 2.

Proof. We first show the right-hand side is included in the left-hand side. It follows by a clever
arrangement of the summands. Let (x, ¢, u,v) € A, we then have that

-1 k -1 2s
(m,n)€Z2\{(0,0)} (muv=tT +n)¥muvtT + n

_ ,k+2s X(“’Wﬁ(”)
= Z (mut + nv)*|mut + no|?s

(m;n)€Z2\{(0,0)}

k 2s
0<p,v<N (m,n)ez?\{(0,0)} (mT + n) |mT + n|

(m,n)=n(p,v)

ulm
v|n
1
— o k+2s 3.5
D D L O D S e e N G
0<p,v<N (m,n)€Z*\{(0,0)}
ulp (m,n)=n(p,v)
v|v
=" N X (/) (v /v) Ex(7, 5,03 N).
0<p,v<N
ulp
v|v

Step (@) to (@) follows from the fact that given that m =n p then uw | m if and only if w | y,
and likewise for n, v, and v.

Indeed, say u | m, then m = um’ but also m = Nk + p for some integer k and therefore
w=um’ — Nk so that p/v = m' — Nk/u. However, it holds that uL | N so N = uLk’ for some
integer k', and thus pu/v = m’ — Nkk’. The other direction is almost identical, and of course the
same argument works for n, v, and v.

From the above argument we also see that m/u =y, u/u and n/v =y, v/v, which is what allows
to factor out the character product to the outermost sum.

We now show that the left-hand side is included in the right-hand side. Let first 0 < p,v < N
and define v = ged(p, N) and v = ged(v, N). Define also ¢/ = p/u, v/ = v/v, L = N/u, and
M = N/v. Recall now that

> x()x(m) = ¢(L)lm =g, ).

X€D(L)

We remind the reader that Iverson’s bracket is defined by [P] = 1 if P is true and [P] = 0 otherwise.
Consequently it holds that

ST XU x(m)y(n) = ¢(L)¢(M)m =g, i’ and n =y /).

XE€D(L),peD(M)
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We now obtain

1
Ek(T,S;,U/,V;N) = Z (mT+n)k|mT+n|2S (36)
(m,n)€Z?\{(0,0)}

(m,n)=n(p,v)

_ Z [m/ = 0" =p V'] (3.7)

(m/'ut + n'v)k|m/ur + n'v|?s
(m/,n")€Z2\{(0,0)}

1 N () x(mH(n/
Z Z ( X)) (v )x(m')(n')

d(L)p(M) YT ((0.0)) XCDL) m'ut + n'v)k|m/ur + n'v|?s
’ "7 beD(M)
vk—2s — x(m)p(n')
= x(1)y () - — :
d(L)p(M) XE;(L) (o n')E;\{(O o) (m'uv=1r 4+ n/ )k |m/uv—17 + n’/|?
YeD(M) ' '
—k—2s
= o XYV BL(S 755X ).
A0 2 g
YeD(M)

Step (@) to (@) follows, analogous to the argument from the inclusion of the right-hand side
into the left-hand side, from m =y p implying that « | m and m’ = m/u = p/u = 1/, and vice
versa. O

Notice now that Ey (7, s; x, %) is entire in s when k > 3, and in that case no analytic continuation
is necessary. Miyake provides through [Miy89, Theorem 7.1.3] the Fourier series expansion of
Ey(15x, %) = lims_o Ex(7,8;x,9) for x € D(L) and ¢ € D(M) satisfying x(—1)y(—1) = (=1)*.
The latter is no restriction because if x(—1)y(—1) # (=1)* then Ex(t,s;x,%) = 0, see [Miy89, p.
269].

When k < 2, Miyake provides through [Miy89, Theorem 7.2.9] a meromorphic continuation of
Ey(1,5;x,v) for x € D(L) and ¢ € D(M) satisfying x(—1)1(—1) = (—1)* to the whole s-plane,
together with its Fourier series expansion. Miyake shows with [Miy89, Corollary 7.2.10] that the
meromorphic continuation is holomorphic at s = 0.

Proposition B.j therefore gives us a meromorphic continuation of Ey (7, s; ¢, d’; N'), holomorphic
at s = 0, and thus a proof of theorem . After some work, it also gives us Fourier series expansions
of Gy N . (T, s) for any positive integer weight k.

When k # 2, it holds that Ex(7;x,%) is a modular form, and when k = 2 it is potentially a
non-holomorphic function. In the following sections we give all the Fourier series expansions, and
show how to recover holomorphicity in the case of k = 2.

3.3 Fourier series expansion

For any Dirichlet character x, we let m, be its conductor, and x° be the primitive character
inducing x. We let

my—1
W) = Y x(ae(a/my),
a=0
be the GauBl sum of y. We also let L(s, x) be the Dirichlet L-function associated to y. We recall
that for R a positive integer D(R) denotes the set of Dirichlet characters modulo R.

We now restate Miyake’s results [Miy89, Theorem 7.1.3, 7.2.9, Corollary 7.2.10, Corollary
7.2.14] on the meromorphic continuation of Ej(7,s;x,%) and the Fourier series expansions of
Ey(1;x,9) for x € D(L) and ¢ € D(M) satisfying x(—1)1(—1) = (=1)¥, and then specialize the
Fourier series expansions to the case of Gy n,c.qa(T).

Theorem 6 (Miyake [Miy89], following Shimura [Shi82; Shi83; Shi85a; Shi85b]). Let k be a
positive integer. Let L and M be positive integers. Let x € D(L) and ¢ € D(M) be Dirichlet
characters satisfying x(—1)¢(—1) = (—=1)¥. Then Ej(r,s;,) has a meromorphic continuation
in s, holomorphic at s = 0.
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In particular, for £ > 3 it holds that Ey(7;x, %) has the following Fourier series expansion

E(;x, %) = C’+A2an

where
2(—2mi)FW (1)
MFE(k—1)!
C =2L(k,¥)[x = xol:
=> x(n/e)d™t " du(l/d)y°(1/d)¢0(c/d),

cln d|ged(l,c)

A=

and where xo denotes the principal Characterﬂ, and where | = M /my.
For k = 2 it holds that

D
By(mixo) = C o+ + A Y anel3p),
n>1

where A, C, and a,, are as above, and where

:(—wH (1—p Hl— ))[XilLandz/J:lM]a

p|M p|L

where for R a positive integer 1r denotes the trivial character modulo R, and where p denotes
prime numbers.
For k =1 it holds that

By(7ix, ) = C+ D+ Ay ane(0),
n>1

where A, C, and a,, are as above, and where

D = (= 27iL(0,0) [T =p™)) [ = 1ar].

p|M
In all cases, the series ) -, ane(%F) converges absolutely and locally uniformly for 7 € H.

Since 1/Im(7) is not holomorphic, we see that Fo(7;1y,15s) is not holomorphic. As we shall
see in the next section, Eo(7;1y,15) — D/y is in fact a so-called quasi-modular form of depth 1,
see [Bru+08, p. 58].

We now sum over pairs of characters to obtain Fourier series expansions of Gy n,cq(T), or
equivalently of Ey(7;¢,d; N).

Theorem 7. Let k and N be positive integers and let 0 < p,v < N. Let also u = ged(u, N),
v=ged(v,N), ' =p/u, v =v/v, L=N/u,and M = N/v.
Then for £ > 3 it holds that

n>1
where /
(L=1]  [Clh, %)+ (—1)RC(k, M=) if o/ > 0
C= X ]
N* C(R)(1+ (=1)%) if v/ = 0.
and where
-2 ! )
o = e ,Z S = o) + (DM =2 —w (o)

Mn this section, we use Miyake’s terminology, in which the principal character is the unique element of D(1).
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For k = 2 it holds that

Go N (1) =C + =+ ane(—),

n>1

where C' and a,, are as above, and where

w2LM’
For k =1 it holds that

GiNpuv(T)=C+D+ Z ane(

n>1

where a,, is as above, and where

_[L=Tland?v >0] /" M—-v' T
¢= N (7 - TGD)
and ori I — 94
—2mi L =2/
D= 0l.
N >0

In all cases, it holds that »_, -, ane(") converges absolutely and locally uniformly for 7 € H.

Proof. From the proof of proposition @ we obtain

—k

Ey(t;pm,v;N) = WXGD(L%GD(M)X(M Y (v )Ek( T X )

Since the sum is finite, the above equality shows immediately that the last statement of theorem
is true.
When k > 3, we obtain

—k
B (7 - N) = 7 N C. . A ao? nT 3.8
(7 N) = ¢<M>X6D<L),ZM<M>X(“WV)( ot 3 Ave) (D). 68
xi(=1)=(-1)*

where C) 4, Ay, and aX'¥ are the same coefficients as in theorem E but with the dependence on
the characters x and v emphasized. We also used the fact that ur/(vM) = 7/(vM /u) = 7/L.

We focus first on the sum of the terms C\, ,, which we see corresponds to the constant term in
the Fourier series expansion.

> X)W 2Lk, ) x =xol =[L=1] > %()2L(k,v)

XED(L),speD(M) YeD(M)
XY (—1)=(-1)" P(=1)=(-1)"
> o)A+ (—1)Fp(-1) L(k, ¥).
YeD(M)

The last sum equals

> )Lk, ) PN (=) Lk, ).

weD(M) peD(M)

Since k£ > 3 > 1, the L-functions converge absolutely and we can move in the sums over the
characters to obtain for any integer a coprime with M

mewa ¢k, %) ifa>0
> w(a) Z(b =l _ o) (k) ifa=0

weD(M) n>1 C(k, M=2) if g < 0.
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Hence we obtain for the constant term of the Fourier series expansion

o= B2 (e T+ e M),

when v’ > 0 and L1
o= Uewa+ (-1,

when v/ = 0.
We now consider the sum of the terms >° -, AyaX¥e(n7/L). By absolute convergence, we can
move in the sum over the characters and thus we consider the sum

> X)) Apal. (3.9)
X€D(L),»€D(M)
xp(—1)=(-1)*

Similar to what we used above, we observe that

1
51+ (=Dxw(=1)) = e (=1) = (-1)").
Therefore, we have that (@) equals
1 S 0ah (1) X5 (_1)k v — 1NV (—17) X
5 XA+ Y e A,
X€D(L)peD(M) XE€D(L),eD(M)
Let us consider the first of these sums. It is equal to
27m 505
CY L wW ) > x Zx LY du 1/} (5 )~ (3.10)
wGD (M) x€D(L) d|ged(l,c)

We interchange the sum over characters x € D(L) and the sum over divisors ¢ | n to obtain
that () equals

L) 27” S W) R =t Y (D). (3)
V,ZJGD(M cln d|ged(l,c)

We factor in the Gaufl sum and move the sum over characters ¢» € D(M) inside the sum over
divisors ¢ \ n to obtain that () equals

277@
L) 3= 11 Z = ) ST wywE) Y du wo( ) (312)
YpeD(M) d|gcd(l c)
By [Miy89, Lemma 3.1.3], we have that

M-1

0 ac
)Y (S = Y w9,
d|ged(l,c) a=0
Whence we obtain
l l c N ac
S AWE) Y A e0(G) = o) 3 la=u Ve(5).
YeED(M) d|ged(l,c) a=0
We now notice that since 0 < v/ < M, we obtain
N ac Ve
= 4 - ) = -
Z[a _My]e(M> e(M)'

a=0

Hence () is equal to
Ve

(—2mi)k n ke
¢(L)¢(M)m Z[E =5 ue e(ﬁ).
c|n
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From this we obtain that (@) is equal to

(—2mi)* k-1
ALY gy S
" cln

n

L = e(50) + (CDME =1~ e(—0)):

Therefore we can conclude that the positive Fourier indices are equal to

vk [ —
Un = TS X (V) AgaX”
SO 2=
xb(-1)=(-1)"
_ (_27Ti)k k=17 _ v'e 1)k n _ . —V'e
—Am@lﬂggc ([ =2 wle(57) + CUT =0 —wle(—7).

Let us now consider the case of k = 2. Since the L-function value L(2,1)) is still given by the
series which converges absolutely for k = 2, and since the Fourier series converges absolutely and
locally uniformly, we see_that C' and a,, remains unchanged, as claimed. Let D, 4 be the same
coefficient as in theorem E, with the dependence on x and 1 emphasized. Then we obtain that the
coefficient of 1/y in the Fourier series expansion of Gy n ., (7) is equal to

) .
p__ YV~ E X(W)P(V') Dy -
SLYAM) | b svenan '
x¥(=1)=1

But D,  is non-zero only when x and 1 are trivial. Hence we obtain

-2

D= s ) - wp]UIMa vl -p).

However, for R a positive integer it holds [, (1 — p~1) = ¢(R)/R. Therefore we obtain
B T
v2LM’
Let us now consider the case of k = 1. Just as for k = 2, the Fourier coefficients a,, remain
unchanged, but the L-function value L(1, ) is no longer given by the series, and instead by analytic

continuation. This requires us to change our approach slightly.
Let Cy,y be given as in the theorem. Just as before we obtain for the constant term C

b1 - v = -
C=omean | 2 Oy = 2 S s,

’l/}(L)Qﬁ( ) XE€D(L), €D (M) (b(M) YeD(M)
xY(—1)=-1 P(—1)=—1
Notice that if ¢)(—1) = —1, we have that ¢ is a non-trivial character, and then L(s,) is non-zero
and finite at s = 1.
We now obtain
v L =1] .
o=l o (0 BOOLe) - Y BEALs)
¢(M s—1t
YED(M) YeD(M)
[L=1 |0 if v/ =0
TN lim, e (G5 57) = Cls. 252)) i v >0

_[L=Tlandv >0] /" M—v' T v
B N (?( M )_f(ﬁ))'

where the limit is taken along the real axis from the right.
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As for D, we let D, be given as in the theorem. We then obtain

DoV X()i(v) Dy,
d(L)p(M) XGD(L%;ED(M) '
xY(-1)=-1
—2m N
- (1) L(0, x)
¢(L)N )((e%(_m w '
:%( > XGILOX) = Y X(=HLO.Y)). 19
x€D(L) X€ED(L)

We see that if y/ = 0, then () is equal to zero. From [Apo76, p. 249], we have that L(0, x) =
Z7L:1 x(r)¢(0,7/L). Inserting this relation into (), we obtain

!

D=2 (0.5 - c0. B ) > 0l

However, from [Apo76, p. 268], we have that ¢(0,a) = (1 — 2a)/2 for real numbers 0 < a < 1, and

thus we obtain
—2mi L — 24/

N L

D= W > 0.
O

When k > 2, the term C can be simplified by using the discrete Fourier transform and the
functional equation for the Hurwitz (-function.

Proposition 3.6. Let k > 2 be an integer and let M be a positive integer. Then for 1 < v/ < M
it holds that

% oo M=V @E) ML SNk M
C(ka7)+(71) C(k7 M )*7T; E— Bk TZIG M d/M)
and for k even it holds that ( )k

_ 271 Bk

where By, is the kth Bernoulli number.

Proof. The latter statement is well-known, see for example [Apo76, p. 266]. Therefore we focus on
the former.
We have that for 1 < d < M it holds that

M
d T'(k + 2s) ZZR k+25 dr

”
((1—]{:—28,M) Gl T hies — M))C(k+287M)’

see for example [Apo76, Theorem 12.8]. Applying the discrete Fourier transform to the sequence
f=00—-k—2s L)), we now find

M , d
F{f}w Ze 1—]6—28,M)
d=1
T'(k + 2s) ii k+25_d(1/+r))+ (—k—Qs_d(V’—r)) (et 25, 1)
" (@nM )R L 2 el M 4Ty M R
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We interchange the order of summation and get

M M ., AW +1) M /M i i
33 b e e = 535 (S s gt ) e
+7

d=1r=1 n>0d=1 \r=1
M M . ; !’
X3 (3 ) e
n>0d=1 \r=1
r S
=Y MF YF{n+ ) PN (M )
n>0
M- M-
=M (n+ i )R = MC(k + 2s, )
n>0

and similarly

M M
D>l + 25,1 )el(- d ~r) ZZ(Z = “geg"“>e—2“ﬁ”

d=1r=1 n>0d=1 \r=1
r S
= Y FMFH{(n+ 57N
n>0
V/
=M 9s. 7
(ki +25,20),
and therefore we have that
M
dv’ d
L=k=2s 7 14
> (=3I k=25 3p) .14)
MT (k + 2s) k+ 2s M- —k—2s v
= EmaE <e( Tk 425, =) +e(— )¢k + 25,57 ) (3.15)

Since k > 2, we can without any issue let s — 0, whence we obtain

(I = k) = s (6l ) + (ke ) )

M

d=1

From [Apo76, Theorem 12.13] we recall that ((—n,z) = —B,y1(x)/(n + 1), where n > 0 is an
integer, and B, (z) denotes the nth Bernoulli polynomial, which we recall satisfies

By(z) = zn: (Z) Bya™*

k=0

Combining all of this, we conclude that when 1 < ¢/ < M, it holds that

V' _ i)k k-1 M —d
(kL + (ke Mo = @ g(g > e d (B,
o emMt KRE (K .
= 7(121; M <k_ )Bk_r(d/M)
C@m)PMEI ISk Me '

3.4 The weight 2 case

The function Go n,cq is as we have remarked earlier, an almost holomorphic modular form,
see [Bru+08, p. 58]. Specifically, since G, px = Z(c,d)GFl(N)\SLQ(Z) G2,N,c,d%(c,qa) is invariant with
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respect to |, p% it holds that G, % is vector-valued almost holomorphic modular form of weight 2

and depth 1 with respect to the type py. Here we use the same definition as in the scalar valued
case [Bru+08, p. 58], but with the action |, P instead of |.

Notation 4. The space of almost holomorphic vector-valued modular forms of depth p and type
p is denoted by M,Ep] (p).

With the following decomposition of py;, we can describe M; Ml ]( ~) along the lines of [Bru+0§,
p. 59, Proposition 20].

Proposition 3.7. There exists an arithmetic type p’ such that

py =17,
and Hom(1,p’) = 0. Here V(1) and V(p’) are subspaces of V(py), and 1 is a one-dimensional
trivial representation.

Proof. This is a twist on a standard exercise in representation theory. We begin by labeling the
basis (€(c,d))(c,d)er; (N)\SLy(z) With numbered indices as (e;)j_;. We then define p’ by V(p') =
spanc{e; — e2,...,¢,—1 — ¢, }, and p/(y) = py () for every v € SLy(Z). Similarly, we define 1 by
V(1) = spang{es +--- + ¢, } and 1(y)(v) = px(7)v for every v € V(1) and y € SLa(Z). Note that
since pyx is a trivially twisted permutation type, it holds that py (y)v = v for every v € V(1) and
every v € SLy(Z), so that 1 is indeed a trivial representation.

Let us also verify that p’ is well-defined. We have that px (e; —¢;41) = Cr. (i) — Cr,(i+1) for some
permutation m, € S,. Without loss of generality we can assume that 7, (i) < 7, (i + 1), say with
k=my(i+1)—m(i). Then

€r, (i) ~ m(i41) = Cn, (i) ~ Cr ()41 T Cr ()41 — Cn (42 T Cn () 4k—1 — er ()+k € V(0).

It is clear that {e; + - -+ ¢.,e1 —eg,00 —€3,...,¢._1 — ¢, } is a linearly independent set and
that V(1) + V(p') = V(py) whence V(py) = V(1) ® V(p'). Since 1 and p’ are just restrictions of
py it follows that py =1 p'.

As for the space of homomorphisms, we have by Frobenius reciprocity, see [Eti+11, p. 107],
that SLa(2)

Hom(1, py,) = Hom(1,Ind}. (QN) 1) = Hom(1|p,(n), 1),
whence dim(Hom(1, py;)) = 1. However, it also holds that
Hom(1, px) = Hom(1,1) & Hom(1, p'),
and therefore we must have that dim(Hom(1, p’)) = 0. We thus conclude that Hom(1, p’) = {0},
as claimed.
Using [Xial9, Lemma 3.13], we get
M3 o) = M3 (1) @ A ().

Since elements in M, Ml ]( 1) are component-wise equal at every 7 € H., and the components are weight
2 almost holomorphlc modular forms of depth 1, we get by [Bru+08&, p. 59, Proposition 20] that

. *
Ml =c 3 ¢e.) B,

(c,d)€T1(N)\SL2(Z)

where E3 (1) = £ E2(7; X0, X0), that is E2(7; X0, Xo) normalized to have its constant term equal to
1.

As for Mz[l]( '), we employ the weight lowering operator & = 2iy>-2 = 2 {0 establish a correspon-
dence with My(p’), see [Bri+17, p. 74].

It is easily verified that & maps M; Ml ]( ") to My(p’). By the maximum modulus principleE,

~

we have that Mo (p’) consists of constant functions invariant with respect to o/, and so Mo(p') =
Hom(1, p’) = Hom(1, p’) = {0}. It follows that

ker & = M3 (¢).

2Stating that holomorphic functions with a local maximum in the domain are constant. The components of
elements in Mq(p’) are holomorphic on a compact Riemann surface of the form I'\H U Q U {ico}, and thus attain
a maximum in the domain. Hence the maximum modulus principle gives that the elements in Mg(p’) must be
constant.
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Notice now that f € ker &; if and only if df = 0 if and only if f is holomorphic. Hence Mél} (p) =
Ms(p'). Hence we have the decomposition

M (p%) = CeEy @ Ma(p),

where ¢ = Z(c,d)eFl(N)\SLg(Z) C(e,d)-
With this decomposition in mind, it is straightforward to obtain a full description of & [px].

We take G, px € Z,\\l;m (px), remove the contribution coming from CeEj, and then extract the

components as we did before.
By the decomposition, we have that

G x:AQES"‘F,

2,0N
with F' modular and A € C constant. We wish to determine A.
Applying 3 . qer, (N)\SL» (2 e(vgd), we obtain
> GaNea=AE;T1(N)\SLy(Z)| + F',
(c,d)€r'1(N)\SL2(Z)

where F' € M5(SLo(Z)) and so F' = 0. Hence, by extracting constant coefficients, we find

A (X (eayer (V\SLa(z) G2,V ,e,d5 0)
[Tt (N)\SL2(Z)|

(3.16)

We conclude that & [py] is equal to the span of the components of the weight 2 and py-type
vector valued modular form

G — AeE;.

2,0%

We end this section by explicitly computing A. For convenience, we use the notation from theorem H
and the notation C, 4 n for the constant coefficient of Go n ¢.a(7). We also identify classes in Z/NZ
with their unique representatives in the interval [0, N).
Notice first that L =1 if and only if w = N if and only if ¢ = 0. So if ¢ # 0, then C. 4y = 0.
As for Cy 4, v we split into the cases N =1 and N > 1. We notice that

7T2

2
Cod,N = WC(Q) = N2

only when d = 0, and on account of the criterion ged(e,d, N) = 1, this happens only when
N = 1. Since all integers are congruent to 0 modulo 1, this is the only term in the sum

Z(c,d)eFl(l)\SLz(Z) Ced,1-
In the case of N > 1, proposition @ gives us that

22 ISh  dd. SN dd . d N dd . d
Z Cc,d,N—W Z <6ZG(N)ZG(N)N+Z€(N)(N) ;
(¢,d)eT'1 (N)\SL2(Z) 0<d'<N-1 d=1 d=1 d=1

ged(d',N)=1

(3.17)

Let us assume that N > 1 and simplify () Noticing that Zfivzle(—dd’ /N) = 0 and
exchanging the order of summation, we obtain that () is equal to

2?2 & —dd'
—ﬁ;d(N—d) > e(—)

0<d’'<N—1
ged(d',N)=1

The inner sum is sometimes known as a Ramanujan sum and it satisfies, see for example [[Apo76,
p. 164], the following identity

S T2 V)V ged(d, N)) (N feed(d, ).
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Thus () is equal to

2w2¢ N
Zd $(N /ged(d, N)) " (N /ged(d, N)),
=1

and it is well-known (see for example [Kill5, pp. 22-24]) that

T (N)\SLe(2)] = N* [J(1 = p 2

p|N

A

whence the A from (B.16) is explicitly determined.
Before ending this chapter, we make the following important remark.

Remark 3.1. After normalization of the elements in & [p}/] by (27i)* the Fourier coefficients lie
in Q2.

The natural question to ask at this stage is precisely how the right hand side of @ relates
to the space of modular forms My(p). The following chapter answers this question in complete
detail.
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Chapter 4

Computing spaces of vector-valued
modular forms

4.1 Background

In this section we will work extensively with spaces of homomorphisms between representations,
and in order to easily use results from category theory and homological algebra we make the
following remark.

Remark 4.1. The category of linear representations of a group G over a field K, denoted by
Repy (@), is isomorphic to the category of left K[G]-modules, denoted by K[G]-mod.
Specifically, we define a functor F : Repy (G) — K[G]-mod as follows.
We let F(p) = V(p), and define the action by

> aggv =" agp(g)v,

geG geG

where a, € K, and v € V(p), and all but finitely many a, are zero. If p L oisa morphism,
then we define F(f) = f. The latter is valid since morphims in Rep (G) correspond exactly to
equivariant maps.

Inspired by the above remark, we make the following definition.
Definition 4.1. Let p be an arithmetic type. Then we define
H(p) = Hom(1, p),
where identify f € Hom(1, p) with f(1).

Remark 4.2. The above definition is motivated by group cohomology. Indeed, let F
Repe(SLae(Z)) — C[SL2(Z)]-mod be the isomorphism from remark @, T(p) = Hom(1, p), and
R™FT be the right-derived functors of FT.

Then for a non-negative integer n we define

H"(p) = (R"FT)(p).
We then have that
H%p) =RFT = FT(p) = F(Hom(1, p)) = Hom(1, p).

Proposition 4.1. Let p, p1,p2 be arithmetic types and let ¢ : p1 — p2 be an injective (or
surjective) homomorphism. Then there exists an injection (or surjection)

H'(p1 @ p) = H(p2 @ p).
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Proof. Without loss of generality, we assume ¢ to be injective.

Let F : Repe(SL2(Z)) — C[SL2(Z)]-mod be the isomorphism from remark @, and let G be
its inverse.

Since the trivial C[SLy(Z)]-module C has basis {1}, it is free, and therefore also projective.
By [Jac89, Proposition 3.9], we therefore have that the functor Homg(sr,z)(C, —) is exact.

We have an exact sequence of linear representations

0—=p1®@p— p2®p,
which yields an exact sequence of C[SLy(Z)]-modules
0— F(p1®p) = F(p2 @ p),
which yields an exact sequence of abelian groups
0 — Hom(C, F((p1 ® p)) — Hom(C, F(p2 ® p))),
which finally yields another exact sequence of abelian groups
0 — G(Hom(C, F(p: © p))) — G(Hom(C, F(ps @ p)))).
But G(Hom(C, F(p; ® p))) = Hom(1, p; ® p) for i € {1,2}, so we are done. O
We have previously shown that
(px)Y = Eklpx], where w — w o By,

is a surjective homomorphism for any positive integer k, and thus there is a surjection

H((px)Y @ p) = H°(Ek[px] @ p).

Similarly, there is a surjection

H((px,)" @ (p3,)Y @ p) = HO(Elp}, ] @ Ex—ilpx,] © p).

This ostensibly simple fact provides us with a computationally feasible way to compute a basis for
M (p).
Before going into specifics, let us state a few preliminaries.

Definition 4.2. Let N,k > 1 be integers. Then we define FE : My (T'(N)) — Q**[¢"/N] to be the
injective homomorphism which sends modular forms to their Fourier series expansions.
If p is a congruence type of level N with basis {¢;}?_,, and f € My(p), we define FE : My (p) —

Q*[¢"N] @ V(p) by §
FE(f) = S FE(Y o f) @i
=1

We emphasize that FE is injective.

Proposition 4.2. Let N1, No, k and I < k be positive integers and let p be an arithmetic type of
level N.
Let 7 : &pn,] ® Ex—ilon,] = Eilpn,] - Ex—ilpn,] be defined by (f ® g) = f - g and for all other
elements by linearity.
Then
FEom: H'(E[pR,] @ Exilpy,] ® p) = QP[¢ /N2 @ V(p),

restricts on the co-domain to Q**[¢*/N] @ V(p).

Proof. Let f € H(&Elpx,] ® Ex—ilpy,] © p), and let as before {e;}7-; be a basis for V(p). Then

[= E Acaed iGNy e,d @ G-t Ny otdr @ ¢,

/ ! g
c,d,c’,d i

where ¢,d and ¢,d’ traverses representatives of I'1 (N1)\SL2(Z) and I'1 (N2)\SL2(Z), respectively,
and where A, g, 4 € C are coeflicients.
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Hence we see that

()= Y. Acacai(Gincd GriNsea)® e € My(T(lem(Ny, N2))) @ V(p).

c,d,c’,d i
Computing Fourier series expansions, we get for each 4

i n/lem(Ny,N:
E Acaed iGNy ed Gh—i,Ny,o/\dr = E Fign/lem(NaN2)
c,d,c’,d’ n>0

for some Fourier coefficients F! € C.
Invariance now gives that

F=Y AcacaiGin ear 7 ®Choiny e aliay™ @ p(y)e

’ ! 5
c,d,c’,d’ i

In particular, this holds for v = T~~. It holds that p(7T~™)e; = ¢; and combining this with the
Fourier series expansions, we obtain for each n > 0 that

niN

———)F. =F!.
“Gem(Ny ) n

n

So, either F! =0 or n = k - lem(Ny, N2)/N for some non-negative integer k. It follows that

E 3 1 Ny,N: § 3 k/N
F,':qun/ Cm( b 2) = Fi~lcxrl(N1,N2) q / 9
n>0 k>0 N

and thus it is clear that FE(7(f)) € Q**[¢"/N] ® V(p), as claimed. O

For computational purposes it is beneficial to decompose the term

Hom(1, (&k[px,] - Eilpn,]) © p),

in equation (@) as a sum. Doing so, we obtain the following reformulation of the Raum-Xia
theorem.

Theorem 8. Let IV, k be positive integers and let p be a congruence type of level N. Then there
exists a positive integer Ny ax, divisible by N, such that

My(p) = H'(Elpyl@p)+ Y. H((Elpx,] - Exilok,) € p)-
N|N1<Nmax
N2|N1
1<i<k

Let us note that the right-hand side certainly is included in M (p). Indeed, we have thatE
&lpx,] - Ek—ilpn,] € Mi(T(lem(Ny, N2))) = Mi(T(N1)),

and thatE

Exlon] + E &ilpn, ] Ex—ilpn,] € My(T (Nimax))-
N|N: < Nipax
NQ‘Nl
1<i<k

1Say that N1, No, k are positive integers, and 1 < [ < k. Then we have that 5k[p]>\<,1] C Mp(T'(N1)). So if
fe Sl[p;f,l} and g € 8;6,1[/)1)@2], we get for v € I'(lem(N1, N2)) that v € I'(N1) and v € I'(N2), so
Frm)g(rr) = (M7 +dN) F (7)) +d(3) T g(r) = ()T +d()*(f - 9)(7),

so f-g € Mg(I'(lem(Ny, N2))).
2Say that N1, N2, k are positive integers with N1 | N2, and f € M(I'(N1)) and g € My(I'(N2)). Let v € T'(Na),
then also v € I'(N1), and so f + g € My (I'(N2)).
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Hence we have that

HEpylop + > HAElpX,] - EilpX,) @ p)
N|N1<Nmax
N3 |Ny
1<i<k
CHYElpN+ D &lex,) - Exailok,) @ p) € HY(My(T(Nmax)) @ p) € Mi(p),

N|N1<Nmax
N2 [N,
1<i<k

where the first inclusion comes from linearity, and the last inclusion comes from invariance and
the identification C ® V' (p) = V(p). Thus, the main content of the theorem is that the right-hand
side actually contains My/(p).

4.2 A large diagram

We are now in a position to state exactly how we compute bases for My (p) in terms of products
of components of vector-valued Eisenstein series. Let us begin by considering figure f. Note that
we use the letter s for the Sturm bound.

Let us analyze the columns separately. The second column is analogous to the first and the
fourth column can be studied together with the third. We will pay extra attention to the latter
two columns.

Note that we use asterisks *, as a shorthand notation for the corresponding objects in figure E

Column 1 and 2

* *
fre FEoT, al rung, ab gt/ N im
HO((p,)Y @ (p3,)" ® p) =% HOE[p),] @ ExcilpX,] @ p) F225 QP [q/N] @ V(p) 2% (LIl d)ydimte)

Figure 1: Column 1 and 2 of figure a

Here [ is an arbitrary integer in the interval 1 <[ < k, and Ny, Ny, N are positive integers satisfying
N | N1 and N2 | Nl.

The maps ¢; and ¢y are sections of the canonical projections, the map f; ; is the induced ma
coming from the surjection (py, )Y ® (pn,)" — Eilpn, 1 @ Er—i [pi@ that we saw in proposition 4.1,
the map FE o 7 is precisely the map discussed in proposition §.2, and finally the map trunc. is
component-wise projection

@ab[[ql/Nﬂ 535G — G-i—qSQab[[ql/N]],
(that is, truncation) together with the identification

Qabﬂql/N]] Qab[[ql/N]] )dim(p).
quaqul/N]] qs(@ab[[ql/Nﬂ

Column 2 is analogous to column 1, and thus we omit its analysis.

( )@ V(p) = (
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Columns 3 and 4

H((px)Y © ) & DNIN <N H((08)Y @ ()Y © p)
N3|Ny
1<I<k

I
HO(EklpN] © p) © DNIN, <N HO(E1lPR,] © Exilpi,] ® p) — +
N3|N-
1212k
FEO®D N| N, < Nya FEOT
l N2 |Ny
1<i<k

Q" [¢"N] @ V(p) ® D n|n, <Nuwar QP[0 V] @ V(p)
N
1212k

[

Q [N © V(p)

ltrunc,

abp 1/N .
(L o

Figure 2: Column 3 and 4 of figure E

Here the ¢ indicates an external direct sum.
The map f is given as follows

f=fe @ vk

N|N1<Nmax
Ng‘Nl
1<i<k

where f, and fn, n,,1% are the maps corresponding to the first arrow in column 2 and column 1,

respectively. The second and third map in the column are self-explanatory.
The map g factors as follows.

HO(Ek[pN] ® p) © D NNy < Nomax HO(EL 0N, ] ® Exipn,] © )
N3 |Ny
1<i<k
lidﬂ?EBN\ngme m
g1

N2|Ny
1<i<k

HO(Ek[on] ® p) ® DN |N, <Nmae HP (&L, ] - Ex—ilon,]) @ p)
Nz |Ny
1<i<k

92lTrace

Mi(p)

9=920091

Figure 3: Factoring of the map ¢ from figure E

The map = is the product described in the proof of proposition @, and the trace is surjective
on account of the Raum-Xia theorem. As we will use the product map again, we put

n=ide €
N|N1<Nmax
N2|Ny
1<i<k
We shall now show how the basis computation fits into the diagram. As we shall soon see, it is
possible to compute bases for the spaces

H((p})" @ p) and H((px,)" @ (px,)" @ p)-
Let therefore By be a basis for the first of these groups, and By, n, be a basis for the second one.
Then
B=Byo B By

N‘ngNmax
N2|N1
1<I<k

where for each (N1, N2) in the sum there are k copies of By, n,, is a basis for the first row.
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We now obtain the following extended diagram.

B ———— H%(py)" ® p) & DN N <N H'((03,)Y @ (p3)" @ p)

N2|Ny
1<I<k
i

Nol Ny
1<I<k
/ lh
ho f(B) . im(h) ‘ * N
L L lTr g =
Troho f(B) —————— Tr(im(h)) ‘ *

i i Jorune,

T . : ¢ Q*"[¢"N]_\dim(p) :
B’ = trunc. o Tro ho f(B) —— trunc. o Tr(im(h)) (quahﬂql/N]]) - im(¢)

/
reduced

Figure 4: Figure E together with basis inclusions.

Here ¢ = trunc. o FE, the ¢ are inclusion maps, and h = FE' o IT where FE' is component-wise
Fourier series expansion. Let us first note that

im(¢) = trunc. o Tr(im(h)).
Indeed, if F' € im(¢), then F' = trunc. o FE o g(G) for some
G e H'(Epxl @ p) @ @ HY(&lpN,] @ ErilpN,] @ p).
N|N1<Nmax
N3|N;
1<I<k
We recall that g = Tr o II, where II is the product map defined above, and so
F = trunc. o FE o Tr o II(G).
By uniqueness of Fourier series expansions and linearity, we obtain that
TroFE' = FEo Tr.
This means that

F = trunc. o FE o Tr o II(G) = trunc. o Tr o FE' o II(G) = trunc. o Tr o h(G).

So F' € trunc. o Tr(im(h)). The argument is reversible, and thus we obtain the desired equality.
Now since f is linear and surjective, we have that B’ = trunc. o Tro h o f(B) is a spanning set
for trunc. o Tr(im(k)), and thus a spanning set for im(¢).
Since the space
@ab [[ql/Nﬂ )dim(p)
qs(@ab [[ql/Nﬂ
can be identified with W = (Q2P)*Ndim(r) we can identify im(¢) as a subspace of W, and we obtain
a basis of im(¢), and therefore My/(p), by performing row reduction on B'.

)

4.3 Efficiency considerations

In this section we use the same notation as in the previous section. For convenience, we also define
1 =trunc.o Troho f.

From a computational perspective, it is inefficient to construct all of B’ at once. After all, we
might find a basis for My(p) already in a much smaller set.

In our implementation, we therefore construct an “accumulating submodule” spangas Bace of W
as follows.
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Algorithm 1: Computing a basis for My (p) using an accumulating submodule.

1 function SubmoduleAcc (k, p);
Input : k — an integer weight
p — an arithmetic type of level V
Output: A basis {f;}¢_, of My (p) as truncated Fourier series expansions.
2 M 1+k- 3N nen. AN1);

/* d(N7) is the number of positive divisors of Nj, so M is the number of
terms in the direct sum. */

t + (first term of B) @ @jj\iz{O};

Bacc — ¢(t)7

Bace < RowReduce(Bacc);

14 2;

while i < M and |Bge.| < dim(My(p) do
t + @;-1{0} @ (ith term of B) @ @JM:Z-H{O};
Bacc % Bacc U ¢(t);

10 Bace + RowReduce(Bacc);

11 141+ 1;

12 end

13 return B,.;

© 0 N O ok~ W

We record that it is easy to extend algorithm m to also keep track of the products of Eisenstein
series Gy, 1,.c,¢ Which generate the elements of B,... Instead of just applying 1 to the elements of B,
one can simultaneously map them, in the obvious way, to a module of Eisenstein series expressions

Qab [S]dim(p) ,
where S is the set of symbols defined as
S = {el’L)Qd : l,L S Z>0, (C7 d) S Fl(L>\SL2(Z)}.

One then obtains a corresponding set BSXP" in bijection with Bacc, to which one applies the same
transformations as one does to Bycc-

4.3.1 Compression through 7T-orbits

In this subsection we assume V(p) is given a basis {e;}% | where d = dim(p), such that p(T~1)
acts as a twisted permutation.
We can then use the term-wise invariance of the space

HOElpxlep e @ HElpX,]® Eilox,] @ p),
N|N1<Nmax

N2|N1

1<i<k
with respect to [xT @ p(T~1) or )T ® |x_1T ® p(T~') (depending on the term) to obtain a space
isomorphic as a Q*-vector space to Tr(im(h)) but which contains fewer coefficients.

To ease understanding, we refer to this process as deflation. The deflation map is defined as

follows.

Definition 4.3. Write p(T~1)(e;) = €;p(T~1)iriv(e;) where p(T 1)y is a permutation and e; is
a root of unity.
Let {e;, }7-, with m < d, be a complete set of representatives of p(T~")iv\{ei}{=;, so that

U P(T™ Meriv{es, } = {ei by

Let V(p)den = spangan{e;; }7;. We now define a map

defl : Q" [¢"/N] @ V(p) = Q" [¢" V] @ V(p)acnr,
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d m

deﬂ(Z(Z Fig"'Ny @ ¢;) Z Z Fiign/Ny @ ¢,

i=1 n>0 j=1 n>0

From here on we will refer to the orbits p(T1)uiv\{e;}&; as T-orbits. Note also that the
deflation map depends on a choice of orbit representatives e;;, so from here on we assume that
such a choice has been made.

Proposition 4.3. The restricted deflation map
deﬂ|Tr(im(h)) : Tr(im(h)) — defl o Tr(im(h)),
is an isomorphism of Q*P-vector spaces.

Proof. Evidently this map is linear and surjective, so we only have to construct a linear left inverse.
Let us call it inflation, and denote it by infl.
We first need to introduce some notation. Let L; = |p(T ™ )iv{es, }], and for 1 <1 < L; let eﬁj

and eg) be defined by
) HON;

Jlj

elx = p(T_l)trlv(el ) and p( )( €

5 J ’

and let e?j = ¢;,. Note that %’ij =e,.
Consider now an element F' € Tr(im(h)). Grouping by T-orbits, we obtain

Li—1

Fzzm: ZF“J n/N) % ,

7j=1 1=0 n>0

where F/' = (¢/N & eﬁj)V(F).

As mentioned before, the domain of h consists of elements that are component-wise invariant
with respect to [T @ p(T~1) or ;T @ |, T ® p(T~') (depending on the component). Taking
products (that is, applying the map g; from the section on columns 3 and 4 in the diagram) we
obtain elements that are component-wise invariant with respect to [, T ® p(T~!). Taking the trace,
we then obtain elements that are invariant with respect to [T ® p(T~1).

As we have seen before, FE commutes with taking the trace, and thus by uniqueness of the
Fourier series expansions, we finally conclude that

Lj—1

P33 (5 BN Ny gy (e ).

j=1 =0 n>0

By definition, we have that p(T‘l)(eéj) = e(-lH)lel. Comparing coefficients we obtain

vy

EE:)F;‘Lj,Tfle%rin/N _ F:‘lj,r7
for every n > 0 and for 1 <r < L;. Consequently, we have that

1 _(2) (r) 2wirn/N i;,0 _ pij,r
€, €, €€ Fit = Fp

This tells us how to define infl.
Let G € comp o Tr(im(h)). Then

We put

m 1
infl(@) =3 > NG (] e @,
j=1 1=0 n>0 s=1

where the the empty product is taken to be 1.
We have that infl is linear and it is a left inverse by construction, and thus we have the desired
isomorphism. O
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On account of the above isomorphism, we also have that
trunc. o Tr(im(h)) 2 trunc. o defl o Tr(im(h)),

which yields a reduction in space complexity of a factor equal to
d
|p(T_1)triv\{€i}El:1| ’
since we can perform all computations in the space

Qab[[ql/NH

Qab[[ql/N]]

(T e \etiol instead of (———at 1 yd,
( ) ’ (quab[[ql/N]])
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Chapter 5

Invariant spaces

5.1 Spaces of homomorphisms

From the previous chapter we see that one of the central computational challenges is to compute
bases for spaces of the form

H°((px,)" @ (py,)" @ p)
rapidly.

We note that (px)¥ = px by the orthogonality of permutation matrices, so we could just as
well compute

H(py, © px, © p)-
For the same reason, we have that the dual of a twisted permutation type remains a twisted
permutation type, though not necessarily with the same twists.

Spaces of the form H(p) where p is a twisted permutation type, or the tensor product of a
permutation type with an arbitrary arithmetic type, can be computed via the orbits of SLy(Z)
acting on a set that corresponds to a basis of V(p).

For trivially twisted permutation types, the following example shows how.

Example 5.1. Let p be any trivially twisted permutation type, such as for example p = py; for
some positive integer N, and let {e;}&; be a basis for V(p).
We have that v € H%(p) if and only if

v = p(S)v and v = p(T)v.
Let now SLo(Z) act on {e;}¢_, by (g,e;) — p(g)e; for g € SLa(Z).
Suppose that we have computed the orbits under this action. Then we have a partition
{ei¥y = | | SLa(Z)hy,
j=1

for some representatives h; € {e;}¢_ ;. Since the orbits SL2(Z)h; are disjoint, the vectors

vj = Z /s

FESL(Z)h,

are linearly independent. Now since all the elements f in the sum above lie in the same orbit, they
are simply permuted in the orbit by p(S) and p(T), and hence

p(S)v; = v;, and p(T)v; = vy,

for every j. Hence the span of the v; is contained in H%(p). We expect the reverse to also hold
true, and indeed it does. To see this, we take an arbitrary v € H%(p), and write

SLa(Z)hj = {ea;(1)s €a;(2)s - - - €ay(ny) }s
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for some subsequence «; of (i)%; of length n; > 0, then

m Ny

V=" Cijea (i)

j=11i=1

for some coefficients ¢;;. Let now j be arbitrary. Since all the e, ;) lie in the same orbit, we have
that for each 1 < k < n; there exists an element g, € SLa(Z) satisfying

p(gk)eaj(l) = eaj (k?)?

but we also have that p(gi)v = v, and this gives us that ¢; ; = ¢ ; for all k. Or in other words,

we can write v as
m 4
v=3"d; Y eay()s
j=1 =1

for some coefficients d;. But then v is in the span of the v;.
Thus we conclude that computing a basis for H%(p) is equivalent to computing the orbits of
{e;}_, with respect to the action (g,e;) — p(g)e;.

A similar correspondence holds for twisted permutation types, and tensor products of per-
mutation types with arbitrary arithmetic types, with the caveat that we need to keep track of
twists.

5.1.1 Invariants for twisted permutation types

In the setting of twisted permutation types p, we have that SLy(Z) acts on a set of the form
{ce; :c€ C,1<i<d},

for {e;}&, a basis of V(p). As we saw in example @, for trivially twisted permutation types
SLo(Z) instead acts just on the basis.
For the purposes of making upcoming duscission easier, we introduce some notation.

Notation 5. Let p be a twisted permutation type with basis V(p) = {e1,...,eq}. Then for
v € SLa(Z) we write

p(v)ei = pow(Y)(€:)poriv () (€3),

where pi € C and pygy is a trivially twisted permutation type.

When computing H%(p) we make the identification p = 1 ® p, where 1 is the 1-dimensional
trivial arithmetic type. Then we can compute H"(p) in the same way as H%(p; ® p2) where p; is
an arbitrary arithmetic type and ps is twisted permutation type.

5.1.2 Invariants for arbitrary arithmetic types

When p is an arbitrary arithmetic type, we can apply Gauflian elimination to the system

or equivalently, to the system

This is precisely what we did in example @ If p is a Weil type, there are fast methods for
computing H(p), see for example [ES17).
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5.1.3 Invariants for tensor products of twisted permutation types with
arbitrary arithmetic types

As we have hinted at, computing H°(p) for p a tensor product of a permutation type and an

arbitrary arithmetic type combines the approach of example and the previous section.

Specifically, let p; be an arithmetic type and py be a twisted permutation type, say with V(ps)
having the basis {e1,...,eq}. Recall that for an arbitrary v € V(p;) we have that

(p1 ® p2)(7) (v ® €3) = pa,ew(V)(€i)p1(V)V @ p2,triv(Y)e-

We recall that ps tiv(7)e; = €n., (i) where 7, is a permutation depending on +.
We see this as SLa(Z) acting on the linear transformations ; : V(p1) = V(p1 ® p2) defined by
vi(v) =v®e; by
v-0i = (p2,ew (V) (€i)p1(7) ®id) 0 o7 _(5)-

We can then compute the orbits of this action in the obvious way. Details will follow in the next
section.
Analogous to the case of scalar twists, this is an action on the set

{Ap;:1<i<d Ae GLy(C)}.

Hence we view 7.p; as an action induced by a permutation type twisted by matrices, instead of
complex numbers. To make the upcoming discussion less cumbersome, we introduce the following
notation.

Notation 6. Let p; be any arithmetic type type and ps a trivially twisted permutation type. Let
p=p1® pa. Let {e;}%_, be a basis for V(p2). Then we write

P (V) (9i) = p2,ew (V) (€1)p1(7),
and
ptriv(”)/) (<Pz) = Pr (i)

where the permutation 7 is defined as above.

The following proposition tells us how to compute H® in terms of the orbits of the aforemen-
tioned action and a criterion on some of the stabilizer subgroups.

Proposition 5.1. Let p = p; ® p2 be an arithmetic type, with p; any arithmetic type and ps a
twisted permutation type. Let {ej, ..., eq} be a basis of V(p3) and let ;(v) = v®e;. Let Stab(y;)
denote the stabilizer subgroup with respect to the action induced by piiy-

Let {h; };":1 be a system of representatives for the orbit space coming from the action of piy,
so that

{oi}Y, = | | SL2(Z)h;.

j=1

Select subsequences «; of (i)¢_; such that SLy(Z)h; = {€a;(1)s+++s€a;(n,)} for some integer n;.
Select also elements g;; € SLa(Z) such that pgﬁtriv(gjyi)eaj(l) = €q,(i). Let Nj for 1 < j <m
denote the following subspace of V'(p1)

{v e V(p1) : peow(7)(Pa,(1))v = v for all v € Stab(pa, (1)) }-
Let the subset J C {;j}72; be defined by
J = {j : dim(N;) > 0}.

Finally, for j € J, let {n1;,...,Ndim(n;,),;} be a basis for N;.
Then

By =1{>_ plg;i)fa;)(nk;)} 7

JjE
) 1<k<dim(N;)

forms a basis for H?(p).
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Proof. Since p(g;,i) is injective, and the elements ¢, (1)(nk,;) are linearly independent, it is clear
that the elements in B are linearly independent, so we are done if we can show that

span By = H%(p).
Let first v € H%(p), and write

m Ny

0= a0 (wij),

j=1i=1
for some vectors w;; € V(p1). Notice that

Pa; (1) (Wig) = p(g5.0)Pa; (1) (Prwe (950 ) (Pary (1) Wi )-
Hence, after letting u;; = ptw(gj_,il)(gaaj(i))wij, we obtain

m Ny

0= p(g).)Pa; ) ().

j=11i=1

Now we apply the invariance. Since p(g;,i)v = v for any k, injectivity gives that

Ukj = U1,j,
for any k. So we put u; = uyj = ug; =+ = uy, ; and write
m 1y
0= p(gji)Pa,1)(u;)-
j=11i=1

To obtain the inclusion of H%(p) into the span, we only need to show that u; € N;. To this end,
select an index 1 < j' < m and let o € Stab(¢, (1)) be arbitrary. Then p(o)v = v but also

nj/

P(0)0 = p(0) ey (1) () + P(0) D P(951.6) ey (1) (157)

+0(0) YD p(g5.0)Pa, 1) (1)
i i=1
However, it holds that
P(0)Pa, (1) (W) = pew(0)(Pa (1)) Ujr @ €q (1)
whence by injectivity we obtain that
th(U)(QDaj,(l))uj’ = Uy,

and therefore u; € Nj/, since o was arbitrary. If in addition j' ¢ J, then since N;» = {0}, we have
that u; = 0. Since j' was arbitrary, it follows that v € span Bj.
Let now v € span B;. By linearity, we can assume that

n
v =" p(gj.i)Pa, 1) (nks);

i=1

for some j and k. Select an arbitrary element v € SLy(Z), and a permutation 7., such that
ptriv(’ygj,i)(pa]‘(l) = ptriv(gj,fr,y(i))(paj(l)-
Then we have that g]_; @) V94,0 € Stab(¢q;(1)). This implies
Ty
P (9] - (197930 (Pay (1)) Tk = T

which is equivalent to

Pow (795.0) (Pa,; (1)) ki = Prww(Gj s (1)) Py (1)) k-

From this, we obtain
PN = p(195.)%a; 1) (ki) = D PG (1)) Py (1) () = 0.
i=1 i=1

Hence v € H%(p) and we are done. O
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5.2 Computing a basis of invariants through an orbit-
stabilizer algorithm

In this section we will retain the notation from the previous section.

Now that we understand the relation between orbits of the relevant action of SLa(Z) on {p; }L_,
and H(p), we can compute a basis for H%(p) by extending the standard orbit-stabilizer algorithm.
For details on algorithms of this sort and of related computational methods, the reader is advised
to consult for example [HEOO03, p. 79].

For completeness, we state the complete algorithm in pseudocode below.

Algorithm 2: Computing a basis through an orbit-stabilizer algorithm.

1 function BasisOrbStab (p, B);
Input : p = p; ® p2 — a tensor product of an arithmetic type p; with a trivially twisted
permutation type po
B — an ordered basis {e;}%_, for V(py)
Output: B — basis for H%(p)
2 U< [p1,-- -, pdl;
3 B+ 0;
1 A
5 while U # || do
6 @ <popU);
7 Stab <« [];
8 Oert < [¢];
9 Ogen(p) I
10 O, + [¢];
11 while O,, # [] do

12 @ pop(Oy);

13 for v € {S,T} do

14 ¢ — ptriv(’y)@;

15 if ¥ ¢ Ogy;, then

16 push(Oglt, V)

17 Ogen(¢) - Ogen(@);
18 push(O,, ¥);

19 delete (U, ¥);

20 else

21 | push(Stab, Ogen (1)) ™ - 7 Ogen());
22 end

23 end

24 end

25 N «—{v e V(p1) : ptw(y)v = v for all v € Stab};
26 if dim(N) > 0 then

27 Np < any basis of N;

28 B+ BU{Y,co., P(Ogen(9))g(n) : n € Np};
29 end

30 end

31 return B;

We now declare this thesis ended.

56



“(d)%py seoeds a1y pue sedA) orpetI)LIR JO SedRdS(NS JURLIRAUL U09MID( STUOIIIUUO0D SUIGLIISIP TWIRISRIP SATIRINUTIO)) G 9INST]

[ar/1PlqelsP
O o)
AQv\w ® mz\ﬁﬂrn@ AQV\V ® :Z\HE_@@@ AQv\w ® mz\ﬁﬂ_am@
oof,ﬁﬂ
H>IST
e L
3%@% Qé\» ® =2>@@@ ZVS,me &) Qé\» ® =2>§ pm@ ct Lo g
A>1>T
HH INIEN H
vogg "N>'NIN@ega
NWTWH w\w,wwﬁ
NN e NN i
(@ ® ((No)=13 - [Nd]13) o5 "N>NINT + (0 © [Y0]93) 1 «—— (¢ @ [No-03 @ [No)iz) g "™ N>"NIND & (0 @ [Yo)13) 5 +— (¢ © [¥d]13) 1 (0 © [No)1=13 © [Nd)iz) 1
4>1>1
xa..wZ\ﬁZ z T
(0 @ A(ND) @ \(WO)) o7 TNZNIND @ (0 @ \(Y0))oH ¢ (I ® A(30))oH (@@ AN @ (K9 oH

/|\\\



Appendix A

The metaplectic group

A.1 Half-integer weights

Recall that f € My(p) for some representation p : I' — V(p) where I' € SLo(Z) if and only if

fovr) = (e + d)Fp(y) f(7),

for every 7 € H and v € I'. Or, in terms of the slash action, that f|yy = f for every v € T
Obviously this definition is fine if k € Z but if say k € % + Z, then we run into problems.

Clearly, we need the slash action to actually be an action, and therefore we need (y,7) —
(c(y)T +d(7))* to be a co-cycle. That is; we need

(c(r2)7 +d(1172)" = (c(r1)(h2.7) + d(m1))"(c(r2)7 + d(72))",

for every 71,72 € I' and 7 € C. But this is not necessarily true if k& € % + Z, even if we agree on a
branch of the square root.
Indeed, consider the case k = 1/2 and recall that for example

1=(C1)2 £V T =1,

and if z = e(2/3) and w = e(3/4) then also \/zw # v/zy/w, and so on. More to the point, we make
the following trivial but important observation.

Observation A.1. Let z — 2z'/2 be the prinicipal square root and let z —+ Arg(z) be the principal
argument. Then if z1, 2o € C satisfy Arg(z1) + Arg(zz) € (—m, 7] we have that

1/2 1/2 _1/2
(2132)/ =21 22

and otherwise
(le2)1/2 _ _211/225/2.
Proof. Trivial. O

To circumvent this issue, we introduce the metaplectic group.

A.2 The metaplectic group

As a source for much of the basic theory of half-integer weight modular forms we use [Bor00], but
also [CS17].

Definition A.1. We define the metaplectic group (also known as the double cover of SLy(Z)) as

follows
Mp, (Z) = {(y,w) : 7 € SLa(Z),w : H — C,w(7)* = c(y)7 + d(7)},

together with the following multiplication

(71, w1) (y2, w2) = (M172, T = wi(y2.7)wa (7).
There is a canonical projection from Mp,(Z) to SLy(Z) given by

m: Mpy(Z) 3 (y,w) — v € SLa(Z).
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From here and in the sequel we let /- and (~)1/ 2 denote the principal square root.
Let us state some basic facts about the metaplectic group before we continue.

Proposition A.1. It holds that
(i) Mp,(Z) is generated by T = (T, 1) and S = (S, 7 — /7), and
(i) with Z = 82 it holds that Z(Mp, (Z)) = (Z), and Z* = Id, and
(i) SLa(Z) = Mp, (2)/(22).
Notation 7. Concerning subgroups of Mp, (Z), we write for a positive integer N
(i) To(N) =71 (T'o(N))
(it) Ti(N) = 71T (V)
(iii) D(NV) =71 (T(N))

In analogy with the definitions above, we say that a subgroup I' C Mp,(Z) is a congruence
subgroup if and only if 7(T") is a congruence subgroup.

We do the same for arithmetic types and congruence types. That is; an arithmetic type as-
sociated to a subgroup I' C Mp,(Z) is a complex finite-dimensional representation of I' and a
congruence type is an arithmetic type whose kernel contains f‘(N ) for some positive integer N.

Recall that w?(7) = er + d implies that w(7) = +v/c7 +d. So in order to do computations in
Mp, (Z) we only need to store tuples on the form (A, r) where r € {1} and A € SLy(Z), and then
figure out how the sign changes under multiplication. To help with this, we introduce a function
0 :SLy(Z) — {£1} defined implicitly as follows.

Definition A.2. Let (4, \/c(A)T + d(A )T+ d(B)) € Mp,(Z). We then let 0(A, B) €
{£1} be given by

(A, /e(A)T + d(A))(B,/c(B)T +d(B)) = (AB,0(A, B)\/c(AB)T + d(AB)).

Stromberg [Str13] shows that there exists an explicit formula for o(A, B), and more to the
point; a formula that is computationally efficient.
First we need some simplifying notation. We use the same as Stromberg [Str13].

Notation 8. Let M € SLy(Z) and a,b € Z. Then we write
if
(M) = {c ifc#0

d otherwise,

— ]fa jandb 0
(al) { < < 5

1 otherwise.
The latter of these is referred to as the Hilbert symbol at infinity.
We now have the following proposition.

Proposition A.2. Let A, B € SLy(Z). Then

(0(AB)o(A),0(AB)o(B))s if 0(A)o(B)o(AB) #0
(A B) = (0(A),0(B))xo if 0(A)o(B) # 0 and 0(AB) =0, or 0(A) =0(B) =0
’ (=0 (A),0(B))oo if o(A) 75 a(B) =0
(=0(B),0(A))o if 0(A) = 0,0(B) # 0.

It is now easy to compute arbitrary products. Indeed, say A = (a, (—=1)"+y/c(a)T + d(«)) and
B = (8,(-1)*y/c(B)T + d(B)) are arbitrary elements in Mp,(Z). Then

A= Z% (o, \/cla)T + d()),
and analogously for B. Hence, since Z is in the center, we have that

AB = Z*Ut) (B, o(a, B)V/c(af)r +d(aB)) = (af, (=1)o(a, B)v/c(af)T + d(aB)),

and thus, using o(a, 8) we can compute the sign of the second component of AB, as desired.
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