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Abstract

We study the family of L-functions attached to Hecke newforms of weight k& and
level N and their low-lying zeroes. First, we recall the Density Conjecture of Katz
and Sarnak and how it predicts the behaviour of the low-lying zeroes of any natural
family of L-functions. Then, we review some basic theory of modular forms as
an appropriate background to the subsequent investigations. Next, we follow the
article [ILS00] by Iwaniec, Luo and Sarnak in their treatment of the 1-level density
of our family at hand. From them we recover that the Density Conjecture holds
for bounded support of QAS when kN — oo and N is squarefree, conditional on the
Generalized Riemann Hypothesis. Also, following Miller [Mil09] we find a term of
lower order when k is fixed and N — oo through the primes. Lastly, we study
the 1-level density through the Ratios Conjecture. The prediction of the Ratios
Conjecture allows any compact support of <E, as well as agreeing with the explicit
calculations down to a power-saving error term.

Keywords: Number theory, L-functions, Modular forms, Newforms, Low-lying zeros,
1-level density, Density Conjecture, Ratios Conjecture.
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Introduction

In this chapter, we outline the subject landscape which the report belongs to. Start-
ing with standard topics from number theory, we recall the Riemann zeta function
and examples of more general L-functions, their properties and applications. We also
introduce the idea of families of L-functions, i.e. certain collections of L-functions
with similar characteristics. Since our report will have a special focus on L-functions
attached to modular forms, we devote a section of this chapter to them as well.

1.1 The Riemann zeta function and L-functions

A central topic in number theory, both today and historically, is the study of prime
numbers. Being the multiplicative building blocks of the positive integers, much
effort has been spent on investigating how prime numbers behave. A basic obser-
vation is that, as we count upwards from 1, roughly every other positive integer
will be composite, since 2 is a prime number. Similarly, every third positive integer
will be composite since 3 is prime, and so on. Hence one might suspect that the
probability that a positive integer N is prime becomes smaller as N grows larger.
Is it possible to quantify this behaviour more precisely? To a certain extent this
question is answered by the prime number theorem (PNT), which was first shown
independently by Hadamard and de la Valle Poussin in 1896. We define the prime
counting function w(z) as the number of primes less than or equal to z, i.e.

w(2) == #{p:p < 7).

Then, the PNT states that [Dav00, Ch. 18]

7(x) = Li(z) + O (:Ee_c\/loga:) ,  where Li(x):= /JC I;Edt (1.1)
2 lo

and c is some positive constant.

Most proofs of the PNT involve a fair amount of complex analysis. In particular,
the ones by Hadamard and de la Valle Poussin involves the study of the Riemann
zeta function, defined by

((s) == i ;S, R(s) > 1. (1.2)
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This is our first example of an L-function, and it was studied already by Euler when
s > 1 is real. He computed ¢(2) = 7?/6 and more generally the numbers ¢(2k) for
k =1,2,... in terms of Bernoulli numbers. He also showed that one may write ((s)
as a product over primes.

Additional fundamental facts about ((s) were discovered by Riemann and published
in his famous memoir [Rie59]. It was he who first regarded ((s) as a function of
a complex variable as indicated in (1.2). The argument of Euler extends to this
situation and shows that

¢(s) =11 (1 — 1>_1, R(s) > 1.

P P

Riemann showed that ((s) has a meromorphic continuation to C, which is analytic
everywhere except at s = 1, where there is a simple pole with residue 1. He also
found a functional equation relating ((s) to (1 — s). To state it, we define the
Riemann &-function by

1
€(5) = (s — D "I(s/2)(s).
Riemann showed that this is entire and satisfies

§s) = €1 —s).

From this one may deduce that & has only zeroes in the critical strip {s € C: 0 <
R(s) < 1}. These are also the zeroes of (, except for the so-called trivial zeroes
at the negative even integers, which arise due to I'(s/2) having poles there. The
Riemann Hypothesis (RH) states that all nontrivial zeroes of ((s) lies on the critical
line {s € C: R(s) = 1/2}. To this day, the RH remains unproven. Numerical
investigations, on the other hand, has yet to find a single counterexample to the RH
among the (very many) known nontrivial zeroes.

Let us return to the PNT. A key step in the proofs by Hadamard and de la Valle
Poussin is the fact that (1 + it) # 0 for t # 0. As a rule of thumb, the larger
the region for which we can establish that ((s) do not vanish, the smaller the error
term in the prime number theorem becomes. By the functional equation and since
¢(3) = ((s), the nontrivial zeroes of ((s) are located at mirroring positions through
the critical line. That is, if 1/2 4+ a + it is a zero of ((s) where a and ¢ are real
numbers, then 1/2 — a + it also is. Therefore the RH asserts the best possible zero-
free region of ((s), and consequently the best possible error term in the PNT, in a
sense. In 1901, von Koch proved that this error term would be of size O(x'/?log z)
[Koc01], which is a significant improvement of (1.1).

The Riemann zeta function is an example of an L-function. L-functions is a large
and checkered multitude of functions arising in various situations, and which are
central to many topics in modern number theory. We consider some other examples
in order to illustrate this. As a second one, let x(n) be a Dirichlet character modulo
N. That is, x : Z — C is a periodic, completely multiplicative function which

2
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satisfies x(n) = 0 if and only if (n, N) > 1. Then the Dirichlet L-function L(s, x) is
defined by

[e.9]

L(s,x):=Y_ X<n), R(s) > 1.

S

n=1
The only Dirichlet character of modulus N = 1 is the function which is constant and
equal to 1 for all n. By letting N = 1, we thus recover ((s) as a particular case of
a Dirichlet L-function. Since y(n) is completely multiplicative, we may show that
L(s,x) has an Euler product

L(s,x) = rp[ (1 - X(f)>1, R(s) > 1.

p

in the same way as for ((s). Other properties of ((s) that translates to the setting
of Dirichlet L-functions is the meromorphic continuation of L(s, x) to C (which may
or may not be entire), and functional equations. Also in this context the location of
zeroes do matter. Indeed, one may show that for certain Dirichlet characters y the
L-function L(s, x) do not vanish at s = 1. This can be used to show the existence
of infinitely many primes in arithmetic progressions. In [Dav00] Davenport provides
an excellent exposition of the subject.

As a third and final example, we may attach L-functions to number fields, that is,
field extensions of QQ of finite degree. If K is a number field, then the Dedekind zeta
function of K is defined as

N(a)’ R(s) > 1.

aCOg
Here, the summation ranges over all nonzero ideals a of the ring of integers Oy of
K, and N(a) is the ideal norm defined by N(a) := |Ok/al. When K = Q, we have
Og = Z and so any nonzero ideal is of the form nZ where n is a positive integer.
Its norm is given by |Z/nZ| = n, so by letting K = Q, we recover (gp(s) = ((s).
Following the unique factorization of ideals and complete multiplicativity of the
norm N, we have the Euler product

Cr(s) =11 (1 - N(lp)8>_1, R(s) > 1

p

where the product ranges over all non-zero prime ideals p of Og. The meromorphic
continuation to C except the simple pole at s = 1 and the functional equation of
Ck(s) was established by Hecke in 1917 (see also [Bom10, p. 30]). The general
theory of Dedekind zeta functions and related subjects may be found in [Neu99].

We have now seen three different examples of how L-functions may arise. There are
many more still. Their diversity begs the question whether there is any clear-cut
definition of what an L-function is. An attempt to axiomatize the theory of L-
functions was made by Selberg, when he introduced the class of L-functions bearing
his name (see [Sel91]). The most important properties of such L-functions are
summarized in [Per05], including having a Dirichlet series representation for R(s) >

3
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1, an analytic continuation, an Euler product representation for ®(s) > 1 and a
functional equation relating the value at s to the value at 1 —s. As we have seen, all
of the above examples have these properties. General conjectures of Langlands assert
that all L-functions are finite products of so-called principal L-functions attached to
cuspidial automorphic representations; these conjectures are very far reaching and
far from proven in many cases. We will not delve into this, but we mention that the
Langlands program is the the subject of much research.

1.2 Families of L-functions and random matrices

We have seen that L-functions may arise in many different situations. If a collection
of L-functions arise from the same situation (such as being attached to Dirichlet
characters or number fields) it may make sense to consider them as members of
the same family, which we denote by F. The underlying idea is that the average
behaviour of the L-functions may reveal something intrinsic to the family at hand.
There is no exhaustive account of families of L-functions, nor a universally accepted
definition of what a family of L-functions is. However, numerous concrete examples
have been found and investigated. One of the most well understood families is the
family of Dirichlet L-functions attached to real primitive Dirichlet characters. It has
been studied in [Rub01; Mil08; Gao05; FPS17] and [FPS18], for instance. Families
of L-functions attached to field extensions and elliptic curves have been studied in
[You06; FPS16] and [SST19], for instance.

Much interest lies in understanding the zeroes of various kinds of L-functions. Again,
even though individual L-functions may be interesting in and of themselves, it is
often hard to understand their zeroes. Thus a common approach is to consider a
whole family F and study how the zeroes behave on average. Even though many of
the fundamental problems such as the RH and its generalisation remain unanswered,
we are not entirely left in the dark. A method that has turned out fruitful is to model
the zeroes of L-functions after the behaviour of random matrices, conditional on the
GRH for the relevant L-functions. The eigenvalues of random N x N matrices follow
certain distributions as N tend to infinity, and these turn out to be the same as the
distributions of the zeroes of L-functions as the size of the family F tend to infinity.

In this report, we study a particular family of L-functions and try to show that it
fits into the larger framework outlined above. The family at hand is the family of
L-functions L(s, f), where f is a modular cusp forms of weight k& and level N. All
these concepts will be introduced in due time. The weight and level govern the size
of the family in this situation. The study of this family was initialized in [ILS00], and
we will review some of the classical results from there. Serving as a starting point,
the subject has since been expanded and many results refined. In particular, we will
show how to obtain lower order terms of the 1-level density as outlined in [Mil09],
and how to refine the results even further by means of the Ratios Conjecture.

4
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1.3 Modular forms

In this report we are interested in L-functions attached to a modular cusp form f.
We are going to develop the necessary terminology and tools to define and study
them below, but for now it suffices to think of a modular form as a holomorphic
function defined on the upper half plane which satisfies some additional properties.
A modular form f has a Fourier series expansion

[e.9]

fz) = 2" ag(n)e™™™,
n=0
where the Fourier coefficients with negative indices vanish. Two important quantities
associated with a modular form f are its weight and its level. These are denoted by
k and N, respectively, and will be introduced below. The set of modular forms with
fixed weight and level turn out to be a finite dimensional vector space over C.

A relatively concrete class of modular forms are called Eisenstein series. Eisenstein
series may be defined as certain series over pairs of integers where not both integers
are 0. Even though they play no significant role in this report, we briefly review
Eisenstein series for the sake of illustration and completeness in the next chapter.
After suitable renormalization, these Eisenstein series have Fourier coefficients equal
to known arithmetic functions, such as the sum of divisors function o(n).

Let us for simplicity fix the level to be equal to 1. The modular forms for which
af(0) = 0 in the Fourier expansion occupy a special position. Such forms are called
cusp forms, and in the space of modular forms of fixed weight they constitute a
subspace. The condition on af(0) implies that they decay rapidly as J(z) tends to
infinity. This has many consequences, one of which is that we may endow the space
of cusp forms with fixed weight with an inner product. This allows us to use results
from linear algebra when we analyze the structure of this space. The notion of cusp
forms can be generalized to higher levels with the same consequences, although the
definition is slightly more technical.

Given a vector space of modular forms with fixed weight and level, we can decompose
it into the two subspaces of Eisenstein series and cusp forms. A natural thing to do
is to try to find a basis for the space, and this decomposes into the parallel tasks of
finding bases for the spaces of Eisenstein series and cusp forms, respectively. Doing
so for the space of Eisenstein series is relatively straightforward, while the situation
is more involved in the case of cusp forms.

The task of finding a basis for the space of cusp forms is an important motivation
behind the introduction of so-called Hecke operators and newforms. A Hecke oper-
ator Tv(n) is a linear operator on the space of modular forms of fixed weight & and
level N, indexed by the positive integers. Hecke operators preserve the subspace of
cusp forms. A newform can be described roughly as a cusp form of level N which
does not arise from a cusp form of lower level M|N, and thus can be seen as “new”
in a sense.

It turns out that newforms are eigenvectors of all the Hecke operators Ty (n). The
eigenvalues turn out to be multiplicative, considered as an arithmetic function of the
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index n. The eigenvalues encode arithmetic information about f, and are used to de-
fine an attached L-function L(s, f). This L-function satisfy the standard properties
of having a Dirichlet series representation, an FEuler product, an analytic continua-
tion and a functional equation.

1.4 Outline of the report

The main objective of this report is to study the low-lying zeroes of L-functions
attached to modular forms, more precisely newforms. In Chapter 2 we outline the
background to this objective. In particular, we introduce the Katz-Sarnak heuristic
of modelling the distributions of zeroes of L-functions after eigenvalues of random
matrices. The main tool to study the low-lying zeroes is the 1-level density, which is
defined in Section 2.2. The Density Conjecture predicts the asymptotical behaviour
of the 1-level density, and all the main results of the report are related to verifying
this conjecture under certain conditions. We also introduce the Ratios Conjecture,
another tool by which the 1-level density may be studied.

In Chapter 3 we review some basic theory about modular forms. Our aim here is
to introduce all the necessary concepts and results in preparation of the rest of the
report. In Chapter 4 we perform many of the technical computations necessary to
study the 1-level density, the focus being sums of Hecke eigenvalues of newforms.
The computations of the 1-level density is performed in Chapter 5, where we first
deduce the main term of the Katz-Sarnak heuristic for bounded support. We then
extend the result down to a power-saving error term. In Chapter 6 we study the
1-level density through the Ratios Conjecture, and verify that it correctly predicts
the shape of the 1-level density down to an error term of power-saving size.

1.5 Notation

Here we gather some notation (which may or may not be familiar to the reader).
For any z € C, we denote
z 2miz

exp(z):=¢e* and e(z):=e

This notation will mostly be used when the exponent is too cumbersome for the
right hand sides to be readable.

The Fourier transform of a function f : R — R is defined as
F©) = | flayesdn.

The greatest common divisor and least common multiple of the integers mq, mo, ..., my
are denoted by
(my,ma,....,my) and [my,mo,...,myl,

respectively. We shall only be interested in the case when k£ = 2 or 3.

6
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The Mobius function u(n) is the multiplicative function defined on prime powers as

1, m =0,
:u(pm) = _1a m = 1a
0, m > 2

The Euler ¢-function ¢(n) is the arithmetic function defined by

on)=#{meZ:1<m<n,(m,n)=1}.

m

The Euler p-function is multiplicative, and satisfies p(p™) = p™ — p™~! for prime

powers.
The sum of divisors function is the arithmetic function
o(n):=> d
dn
d>0
This is the particular case k = 1 of the more general
or(n) =" d~.

dln
d>0

The case k = 0 is the number of divisors function, and is denoted by 7(n)*. Another
generalisation of 7(n) is 7 (n), which is the number of ways of writing n as a product
of k positive integer factors. In this language, 7(n) = 7(n); apart from this, only
73(n) will be relevant for us.

The first Chebyshev function is

6(z) == logp.
p<w
We define the integral along a vertical line {s € C: R(s) = ¢} by
c+i0o c+it
/()f(s)ds ::/ f(s)ds = lim f(s)ds.

c—i00 t—00 Je—it

Of course, we only use the notation provided that the integral exists.

Not to be confused with the Ramanujan 7-function, which is a prominent function in the
subject of modular forms, but not relevant in this report.
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Preliminaries

In this chapter, we outline the framework in which the subject of the report should
be understood. We start by recalling some random matrix theory and how it is
employed to understand the theory of (families of) L-functions. Next, we introduce
the main object of study, namely the 1-level density. The 1-level density views the
low-lying zeroes of a family of L-functions through the lens of an even Schwartz test
function. The expected asymptotical behaviour of the 1-level density is the content
of the Density Conjecture, due to Katz and Sarnak [KS99b| and refined by Sarnak,
Shin and Templier in [SST16]. Finally, we introduce the Ratios Conjecture, which
is a tool for studying the 1-level density from another perspective.

2.1 Random matrix theory

We recall some of the theory of random matrices necessary to understand and predict
the behaviour of (low-lying) zeroes of families of L-functions. The reviewed material
follows the presentation in [KS99b] and [Con+05]. A thorough exposition of the
subject, its origins and applications can be found in [Meh04].

An N x N matrix A is said to be unitary if AA* = I, where A* is the conjugate
transpose of A. The set of unitary N x N matrices is denoted by U(N). A unitary
matrix A has n eigenvalues (counted with multiplicity) which all have absolute value
1. We write them as €', e ... e~ where we order the arguments 0 < 0; < 6, <
... <0y < 27m. Somewhat abusively, by the term eigenvalue we sometimes mean the
argument 6 of the eigenvalue €. The exact meaning in each particular situation
will hopefully be clear from the context.

The characteristic polynomial of a matrix A € U(N) is

Py(s) :=det (I —sA*) = [[(1 — se™),

—

1

J

and it has many properties mirroring those of L-functions. These have been elab-
orated upon in e.g. [Con+405, Section 1.2]. The following is a sample from there.
Denoting

N
det A = H i = ¢

J=1
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for 0 = 3, 0; a real number, we may write
Py(s) = (=1)Ne sV Py (1/s).

This relates the value of P4 at s to the value of P4+ at 1/s. The point s = 1 is fixed
under the change of variables s — 1/s, suggesting a special importance.

The motivation behind introducing random matrices in this report lies in the fact
that their eigenvalues may be used to model the zeroes of L-functions belonging
to various families. The eigenvalue distributions may depend on certain properties
of the matrices, and it therefore makes sense to identify certain subsets of U(V)
defined by these properties. The subsets of interest to us are the orthogonal (with the
subdivision according to parity) and symplectic matrices, defined in table Table 2.1.
These subsets are associated with their respective so-called symmetry types. When
studying families of L-functions, we assign to them a symmetry type depending on
what distributions their zeroes obey. It is believed that the zeroes of any natural
family of L-functions can be modeled after one of the symmetry types of table
Table 2.1 in this way.

Symmetry type G Random matrix realization G(N)

U The group U(N) of unitary N x N matrices A, satisfying
AA* =1,

O The group O(N) of orthogonal N x N matrices, that is, real
matrices satisfying ATA = 1.

SO(even) The group SO(2N) of orthogonal 2N x 2N matrices with
determinant equal to 1.

SO(odd) The group SO(2N + 1) of orthogonal (2N + 1) x (2N + 1)
matrices with determinant equal to 1.

Sp The group USp(2N) of symplectic unitary 2N x 2N matrices,

that is unitary matrices satisfying A'’JA = J where J =
0 Iy
—In 0 )

Table 2.1: Symmetry types and their realizations as sets of random matrices.

The distributions associated with each symmetry type GG are revealed when investi-
gating how the eigenvalues of a typical matrix A € G(N) becomes distributed as N
tend to infinity. There are many different aspects one can investigate, some of which
do not depend on the specific symmetry type G and some that do. As an example of
the former, one may consider spacings between appropriately re-scaled eigenvalues.
These were investigated by Katz and Sarnak in [KS99a] and were found to follow
the so-called GUE distributions (see [KS99b, pp. 7-8]). As the analysis does not
give any priority to eigenvalues depending on their distance from the central point
s = 1, we may speak of high-lying eigenvalues. In short, the high-lying eigenvalues
have a well-understood behaviour which is independent of the symmetry type.

Another aspect is how eigenvalues close to the point s = 1 behaves. Contrary to the
above, this will indeed depend on the specific symmetry type. These eigenvalues are

10
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referred to as low-lying, since s = 1 is the central point of the functional equation.
For this we can study the distribution of the eigenvalue (whose argument is) nearest,
second nearest etc. to 1. Again these quantities were investigated in [KS99al, and
the results summarized in [KS99b|. Precisely, one may count the number of scaled
eigenvalues

A(A)[a,b] := # {0 . € is an eigenvalue of A and 02N € [a, b]}

e

contained in intervals [a, b]. Since the average spacing between the eigenvalues 6 is
27 /N, the re-scaled eigenvalues have average spacing equal to 1. Integrating A(A)
over G(N), we obtain the average

W(G(N)) = /G oy DA

Here, dA denotes a volume measure, also known as a Haar measure, which is invari-
ant under conjugation by unitary, orthogonal or symplectic matrices, respectively
(see [Meh04, Sections 2.3-2.5]). The interpretation of W(G(N)) is that it looks at
the frequency of a typical eigenvalue occurring in a given interval. In other words,
this is the random matrix analogue to the 1-level density to be introduced in the
next section. The asymptotical behaviour of W(G(N)) as N tend to infinity will
thus constitute our basic intuition about the corresponding behaviour of families
of L-functions. In [KS99a], Katz and Sarnak showed the existence of distributions
w(@) such that
b

lim W(G(N))[a,b] = / w(@)d, (2.1)

N—o0

where w depend on the symmetry type G according to

1, G=U
1+ %, G =0,
w(G) = {14 B2 G = SO(even) (2.2)
140y — 2272 G = SO(odd),
1 — sh2me G = Sp.

Intuitively, the term dy occurring in w(SO(odd)) is due to the fact that one eigen-
value of orthogonal matrices of odd dimension always is equal to 1 (the eigenvalues
come in conjugate pairs and their product is equal to 1). The density w(O) can be
obtained by averaging the densities w(SO(even)) and w(SO(odd)).

2.2 Families of L-functions and the 1-level density

Having introduced random matrices and distributions of their eigenvalues, we now
turn our attention to families of L-functions. We will restrict ourselves to L-functions
of the form L(s, f), where f € F. In the end we shall be interested in when f is a
cusp form, but for the sake of generality, it now suffices to think of f abstractly as
an interesting arithmetic object. For any f we may define a certain positive integer

11



2. Preliminaries

cy, called the analytical conductor of f. The analytical conductor serves as a way
to order the objects f € F. Precisely, following the notation in [KS99b], we let X
be a positive real number and define

in:{fGFZCfSX}.

The point is that we would like to analyze the average behaviour of the functions
L(s, f) where f € F. However, in many cases the family F is infinite, and so it
is not clear what this should mean. Therefore, we are going to assume that |Fx|
is finite and tends to infinity as X tends to infinity. We can then investigate the
average behaviour of the functions L(s, f) where f € Fx, and let X tend to infinity.
As a rule, this will require us to know the asymptotical behaviour of |Fx|.

Recall that the local re-scaled spacings of eigenvalues were distributed independently
of symmetry type. It turns out that the same laws applies to zeroes of L-functions.
Indeed, after appropriate rescaling, Rudnick and Sarnak showed in [RS96] that the
n-level correlations, which determine the local spacing laws, follow the GUE pre-
dictions. Rudnick and Sarnak considered principal L-functions, which according to
the Langlands conjectures are the multiplicative building blocks of all L-functions.
Thus the high-lying zeroes of L-functions are distributed independently of symmetry
type, in analogy with high-lying eigenvalues.

We turn our attention to the low-lying zeroes. To analyze them, we let ¢ be an even
Schwartz function whose Fourier transform has compact support. As we shall see,
the quality of the results one can obtain often depend explicitly on the exact size
of the support of gb We will therefore assume that <;§ is supported in an interval of
the form (—o,0). The 1-level density for a single function L(s, f) where f € F is

defined by N
ool D E)

271

where £ :=logcy and py ranges over the non-trivial zeroes of L(s, f) counted with
multiplicity (we always assume these lie in the critical strip). We often denote

1\ 1 L.
(,0 —>i:7f, so that  py = = +i7y.

2 2

The Generalized Riemann Hypothesis (GRH) states that all v are real, and we will
assume it for all the relevant L-functions throughout the report. Then it makes
sense to order the zeroes according to height, and by the rapid decay of ¢, only the
low-lying zeroes contribute to the 1-level density. However, even without assuming
the GRH the sum (2.3) makes sense, as ¢ may be extended to an entire function
which decays rapidly if ¢ is compactly supported, see e.g. [Rud87, Section 19.1] and
[Cho+22, eq. 4.17].

The factor £/2m in (2.3) re-scales the height v, so that the spacings are approx-
imately equal to 1. Morally, this means that if we consider test functions ¢ for
which the contribution of zeroes larger than some fixed constant is negligible, then
D(f,¢) measures the occurrence of zeroes whose height is of order 1/L£. We shall

12
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see in Chapter 5, when we compute the 1-level density, that this is an appropriate
re-scaling to make.

Although it is possible to obtain some information about D(f, ¢) for a single function
L(s, f), the real interest lies when one considers an average or weighted average of
several densities D(f, ¢), where f ranges over some natural family F. We thus define

D(X,F.¢):= = . D(f,9). (2.4)

ceFx

’FX’f

which is investigated as X tends to infinity. The definition (2.4) is quite general and
can be applied to a variety of situations. The family which we will investigate in
the Chapters 4-6 is the set of newforms. For any newform, and more generally any
modular form of weight &k and N, we define its analytical conductor by ¢; := k*N.
The set of newforms of weight k and level N is denoted by H}(N) (all these concepts
will be carefully explained in due time). The 1-level density of a single newform
f € Hj(N) is then defined as in (2.3). However, in this case the family H}(N) turns
out to be finite, which allows us to define the 1-level density over the whole family
Hi(N) by

DH;(N)(¢) = Z D(¢ f) (2-5)

1
BN bt

This is not exactly the same setting as in (2.4). However, as kN tends to infinity, so
does |H(N)|, and we can compute the asymptotic behaviour of how fast the growth
is. Thus it is meaningful to investigate the asymptotic behaviour of Dy (n)(¢) as
kN tend to infinity. This is the analogue to when X tends to infinity in the general
setting. The Density Conjecture elaborated upon in the next section makes precise
predictions about the behaviour of the 1-level density for different families F.

2.3 The Density Conjecture

Recall that in the random matrix setting, the distribution of eigenvalues close to
the central point s = 1 was investigated and found to depend on the symmetry type
according to (2.2). In the L-function setting, the central point of the functional
equation is s = 1/2. The natural analogy would therefore be to understand the
distribution of zeroes near this point, which indeed is the purpose of the 1-level
density. The Density Conjecture of Katz and Sarnak [KKS99b, p. 20] states that

DX, F.0) = [ dla)w(G)(x)da (2.6)

for any natural family F and even Schwartz test function ¢, where $ has compact
support, as X — oo. Here, w(G) may be any of the distributions in (2.2). This is the
L-function analogy of (2.1) in the random matrix theory setting. The distribution
w(@) for a particular family F determines its symmetry type.

The full Density Conjecture is not proven, but one can obtain partial results condi-
tional on the GRH. Typically, one then need to place some restrictions on ¢ in order

13
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to make rigorous proofs. The usual requirement is that ¢ is supported in (—o,0) for
some o > 0, such as 0 = 1 or 2. Katz and Sarnak [KS99b, Section 4] have compiled
a list of families that have been studied, which symmetry they have, and some values
of o for which (2.6) holds (although many new results have been reached since they
published it). Examples from there include the family of Dirichlet L-functions with
real primitive characters, which has symplectic symmetry, and L-functions attached
to newforms of weight k£ and level N, which has orthogonal symmetry. Furthermore,
one may divide the latter family into two subfamilies F* depending on the sign
in the functional equation of f. It can then be shown that F*t follows the even
orthogonal symmetry and that F~ follows the odd orthogonal symmetry.

When encountering a new family of L-functions, one may of course wonder what
ways there are to determine its symmetry type. Sometimes, the family may have a
function field analogue. In this case there are certain geometrical tools to determine
the symmetry type of function field families. The symmetry type of the number
field family is generally expected to agree with that of its function fields analogue.

Besides searching for function field analogues, analytic number theorists have had
few methods of determining the symmetry type of a given family. In the paper
[SST16] by Sarnak, Shin and Templier, they revised and updated the original Density
Conjecture, and also introduced some indicators of how to decide the symmetry
group of a particular family (see [SST16, p. 538]). These are given by integrating
certain conjugate-invariant maps on an n-dimensional torus against the so-called
Sato-Tate measure. We will not investigate this further.

2.4 The Ratios Conjecture

When analyzing the 1-level density the first step is to use the argument principle to
write the sum (2.3) as a contour integral. The integrand will then naturally involve
the logarithmic derivative L'/L, so we are interested in sums of the shape

1 3 L(1/2+a, f)
|-;EX|f€}‘X L(1/2+77f)7

which upon differentiation with respect to a and evaluation at a = v = r turns into

L'(1/2+rf)
L1247 f)

1
Al

eFx

The Ratios Conjecture is a conjecture, or rather a family of closely related con-
jectures, which predict the behaviour of these types of sums. We are primarily
interested in applying the Ratios Conjecture to the analysis of the 1-level density.
Several other applications are presented in [CS07].

The formulation of a Ratios Conjecture follows a relatively fixed recipe, first given by
Conrey, Farmer and Zirnbauer in [CFZ08]. We are going to adapt it to our situation
when studying L-functions attached to newforms, following [Mil09]. In some compu-
tations we diverge from his approach, but we reach essentially the same conclusions.

14
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We emphasize that many of the steps involved are heuristical in nature. One such
is to use an approximate functional equation for the attached L-function L(s, f),
where the error term is simply ignored. Another is to replace various quantities,
such as sums of eigenvalues by their expected value when averaged over the family.
Despite this, we will see that the Ratios Conjecture accurately predicts not only the
main term of the 1-level density, but also lower order terms down to a power-saving
error term. The accuracy of the Ratios Conjecture has been documented in other

instances as well (see e.g. [CS07; FPS16; FPS18]), which given its heuristic nature
is quite remarkable.
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Basic theory of modular forms

In this chapter we gather definitions, notation and results from the theory of modular
forms in order to create an appropriate foundation for the computations in later
chapters. We start by introducing the modular group and its congruence subgroups
in Section 3.1. These objects are essential to define some properties, such as weight-
k invariance, which in turn are used when defining what a modular form is. This is
carried out in Section 3.2. We also distinguish two different types of modular forms,
namely Fisenstein series and cusp forms. The latter will receive more attention,
both since cusp forms are more elusive than Eisenstein series, but also since the
so-called mewforms, which is the type of form to which we will attach L-functions,
are cusp forms. Cusp forms can be studied by tools from linear algebra due to the
Petersson inner product, which is introduced in Section 3.3. Another ingredient in
our analysis of cusp forms are the Hecke operators, which are introduced in Section
3.4. We are particularly interested in finding cusp forms which are simultaneous
eigenvectors to all Hecke operators at a given level. For this purpose we review the
subspaces of old- and newforms in Section 3.5. With all this in place we can attach
an L-function to any newform f by defining a Dirichlet series whose terms contain
the Hecke eigenvalues of f. This is done in Section 3.6. In the last section we
introduce two auxiliary L-functions whose properties also come in handy in Chapter
4.

The main source of the contents of this chapter is [DS05], and we will try to refer
to it when possible. Another good reference is [CS17]. Much of the material in the
last two sections comes from [ILS00, Section 3].

3.1 The modular group and congruence subgroups

The general linear group GL3 (Q) is the group of 2 x 2 matrices with rational entries
and positive determinant. The modular group SLy(7Z) is the group of 2 x 2-matrices
with integer entries and determinant 1, that is

SLe(Z) = {(Z 2) :a,b,c,dEZ,ad—bc:l}.
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3. Basic theory of modular forms

We may define an action of a matrix & € GLJ(Q) on the Riemann sphere C =
C U {00} through the linear fractional transformation

az+0b a b
v(z) = where = (c d> :

cz+d’

This means, and one may check, that the action of the identity matrix I is that of
the identity transformation and that any two matrices «, 5 € GL3 (Q) satisfy

a(f(z)) = (af)(2)

for any z € C. Two matrices a, B € GL3(Q) correspond to the same linear fractional
transformation if and only if @ = af for some rational number a; if a, f € SLy(Z),
then they correspond to the same linear fractional transformation if and only if
a==£0.

The upper half plane H is the set of complex numbers with positive imaginary part,

H={zeC:3J(z) >0}

If z € H, then
(&Y
S(a(z)) = detaycj( £Z|2’ where a = <CCL Z) € GL; (Q). (3.1)

This implies that linear fractional transformations map H into itself.

Let N be a positive integer. The principal congruence subgroup of level N is the set

T(N) = {(CC‘ g) € SLy(Z) - (i Z) = (é 2) (mod N)}.

Here and from now on, we interpret congruence of matrices entrywise, so in this
case we have a = d =1 (mod N) and b = ¢ =0 (mod N). A congruence subgroup
is a subgroup I' C SLy(Z) such that I' O I'(N) for some N. Moreover, we say that
I' is a congruence subgroup of level N. The most important examples of congruence
subgroups besides I'(V) are

To(N) = {(‘C” Z) € SLy(Z) - (i Z) _ (; I) (mod N)} and
T\ (N) = {(C Z) € SLy(Z) : (C Z) = (é *{) (mod N)},

where the stars are placeholders for any admissible integer.

The index [SLy(Z) : I'(N)] turns out be finite; indeed, it is outlined on [DS05, p. 21]
how one may show that

Q
Q

SLy(Z)/T(N) = SLy(Z/nZ)
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3. Basic theory of modular forms

and subsequently

[SLy(Z) : T(N)] = | SLo(Z/nZ)| = N* [ (1 . 12) .

pIN p
Hence, the index [SLy(Z) : T'] is finite for any congruence subgroup I, since
[SLy(Z) : T'(N)] = [SLo(Z) : I'][I" : T'(N)].

We may thus write

SLy(Z) = U Loy, (3.2)

where {a;} C SLy(Z) is a finite set of coset representatives of I' in SLy(Z). In
particular, we have (see [DS05, p. 21] again)

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

pIN
This is a multiplicative function of N, which we will denote by v(N).

A congruence subgroup I' C SLy(Z) acts on C in the same way as the full modular
group, and by (3.1) also on H. It therefore partitions H into cosets

MH={Tz:2z€H}

consisting of ['-equivalent points. A fundamental domain for the action of I' on H is
a connected set D C H, such that it contains exactly one point z from each of the
cosets ['z. A common choice for a fundamental domain when I' = SLy(Z) is the set

D:={zeH:|R(2)| <1/2,|z| > 1}. (3.3)

Strictly speaking, this is not a fundamental domain since there are distinct points on
its boundary belonging to the same coset. This will not cause any problems in our

computations since the boundary has measure 0. For details, see [DS05, Lemmas
2.3.1 and 2.3.2].

We are interested in adjoining oo (or rather I'oo) to the quotient I'\'H. However,
since co may be mapped to any rational number by a matrix o € SLy(Z) we cannot
only adjoin oo to H, but also have to adjoin all of Q as well. Doing so gives us the
extended upper half plane
H*:=HUQU {o0},
on which T" acts. More precisely, I" acts on the set Q U {oo}, partitioning it into
equivalence classes. These are called the cusps of I' and there are always finitely
many of them, since the index [SLy(Z) : I'] is finite. Indeed, we saw how oo may
be mapped to any rational number by a matrix v € SLy(Z). This means that the
full modular group SLs(Z) has a single cusp. Then, from the decomposition (3.2)
we may conclude that the cusps of any congruence subgroup I' is a subset of the set
(not necessarily equal to)
{Taj(o0)},

where {a;} is the chosen set of coset representatives of I' in SLo(Z). If D is a
fundamental domain for the action of I' on H, then a fundamental domain for the
action of I' on H* is obtained by adjoining the cusps of I' to D.
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3. Basic theory of modular forms

3.2 Modular forms

A modular form is a holomorphic function defined on ‘H with some additional con-
ditions imposed. Before we describe these conditions, we need to introduce some
concepts and notation. Let o € GLJ (Q) and 2z € H. Define the factor of automorphy
of a at z by

jla, z) == cz + d,

where « has bottom row (¢ d). Also, let k € Z and define the weight-k operator [o/]y
on the set of functions f : H — C by

(det o)1

flod(z) == WL

fla(2)). (3.4)

Commonly, we have a € SLy(Z) and so the determinant is 1. We shall be exclusively
interested in the case when k is positive and even. Some of the basic facts of the
factor of automorphy and the weight-k operator are collected in the following result.

Proposition 3.1 ([DS05, Lemma 1.2.2]). For all a,a’ € SLo(Z) and z € H, we
have

/

1. j(aalv Z) - j(a, O/(Z))j(Oé 72):

2. (o] = [a]k[a]k,

3. dj‘l(zz) = j(a, 2)72.

Remark 3.2. All three properties generalizes to when a, o’ € GLJ (Q), provided
that we multiply the right hand side by det v in the third one.

Remark 3.3. In the literature, one sometimes encounter the alternative definition

et o k/2
Flalu(z) = 9O ), (3.5)

Jla, 2)k

We shall not make use of this ourselves, but note that some sources use this con-
vention. Property 2 extended to a € GL; (Q) in Proposition 3.1 remains valid with
this convention.

A meromorphic function f : H — C is said to be weakly modular of weight k with
respect to a congruence subgroup I" if

flalg = f forall ael. (3.6)

Explicitly, this means that

az+b\ X fa b
f<cz+d>—(02+d)f(2) foralloz—(c d)el“ and z € H.

The property (3.6) is referred to as weight-k invariance with respect to I'.

The last notion we need to introduce before we can define modular forms is holo-
morphicity at the cusps of I'. This is defined in terms of holomorphicity at co. To
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understand what holomorphicity at oo is, we have the following (see [DS05, pp. 3
and 16]). If f is weakly modular with respect to I', then f is periodic with some
period h, since I' contains a matrix «; of the form

(1 h
“h =10 1

for some minimal h € ZT. Precisely, f(z) = (flan]x)(2) = f(z + h) from weak
modularity. With D = {z € C : |z| < 1} being the open unit disc and D" = D \ {0}
the punctured open unit disc, the map z — *™*/* maps H holomorphically into D’.
We define the map g : D" — C by

9(q) == f(h(log q)/2mi); (3.7)
this makes sense, since the value of the right hand side is independent of which
branch of log ¢ we choose. As f is holomorphic on H, the function ¢ is holomorphic
on D’ and has a Laurent expansion

9(a) = Y as(n)q" (3.8)
neZ
around the origin. Now, if ¢ = >/ then as 3(z) tends to infinity, ¢ tends to 0.
Hence, we define f to be holomorphic at oo if the function g extends holomorphically
to D, that is if the coefficients af(n) = 0 for all n < 0. If this is the case, combining
(3.7) and (3.8) gives us

[e.9]

f(z) = g(e*m=/h)y = 3 af(n>627rinz/h

n=0

for any z € ‘H, giving us a Fourier series of f.

Now, for any s € Q U {oo} there is some o € SLy(Z) such that a(co) = s. Hence,
we would like to say that f is holomorphic at the cusp s if f(a(z)) is holomorphic at
0o. However, we have not formally defined what this means. Therefore, we instead
require that the closely related function f[a]y is holomorphic at infinity. This notion
makes sense with the tools we have introduced; if f is holomorphic on H and weakly
modular of weight k£ with respect to I', then f|a], is holomorphic on ‘H and weakly
modular of weight & with respect to the congruence subgroup o 'T'a. Indeed, to
check that o 'Ta is a congruence subgroup, note that if ' O I'(N), v € T'(N) and
a € SLy(Z), then aya™' € T(N) C T'. Hence v = a {aya™)a € a 'Ta, and
['(N) C a 'Ta. To check that f[a]x is weight-k invariant, we have

(flede) o yal, = flvale = flolk

for any v € I' by weak modularity. Thus all notions are in place in order for the
holomorphicity of f[a] at co to make sense.

If we already know that a holomorphic function f is weakly modular, then its holo-
morphicity at oo follows if f(z) has a limit, or even is bounded, as ¥(z) tends to
infinity. This will rule out the existence of any nonzero Fourier coefficients with
negative indices, since such terms would blow up as (z) tend to infinity.

We summarize all the properties of modular forms and cusp forms into the following
definition.
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Definition 3.4. Let I' C SLy(Z) be a congruence subgroup and & an (even positive)
integer. A modular form of weight k with respect to I' is a function f : H — C
satisfying:

1. f is holomorphic on H,
2. f is weakly modular of weight k& with respect to I,
3. fla]k is holomorphic at oo for all v € SLy(Z).

If in addition to the above three conditions, we have that
4. a,(0) = 0 for all a € SLy(Z), where g = fla],

then we say that f is a cusp form of weight k with respect to I'. The sets of modular
forms and cusp forms of weight k& with respect to I' are denoted by My(I") and
Sk(T), respectively.

If there can be no misunderstanding of the intended weight or congruence subgroup,
we will naturally speak of a modular form or cusp form, respectively. The set M (T")
constitute a vector space over C with Si(I") being a subspace. Also, if f € My(T")
and g € My(T") then fg € My (T'). We shall mainly be occupied with the case
' = T'o(V), for which we use the shorthand notation My (Tg(N)) = My(N) and
Si(Co(N)) = Sk(N). Our main source [DS05] focuses instead on the more general
case when I' = I'; (V). For the most part, the results we cite are transferable by
restricting to I'o(N).

It is enough to check condition 3 and 4 for «; running through a set of coset rep-
resentatives of the space I'\ SLy(Z). This is the case since if a € SLy(Z), then by
(3.2) we have av = ya; where v € I' and «; is an coset representative. The claim
now follows since

flale = flveylk = flagle
by weak modularity of f.

With the definition of modular forms in place, it is natural to look for examples. We
will provide a few in the next subsection.

3.2.1 Eisenstein series

The space of modular forms M(I") has a natural decomposition into the cusp forms
Sk(I') and the space of Eisenstein series of weight k, denoted by & (I"). Eisenstein
series can be defined quite explicitly in many cases. As a first example, if I' = SLy(7Z)
we may define the series

1
Gr(z) == —_—
(67%222 (cz + d)*
(¢,d)#(0,0)

where k£ > 4 to ensure absolute convergence. We may also assume that k is even,
since otherwise the series vanishes due to the terms belonging to pairs (c,d) and
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—C, —d) cancel each other out. By reordering terms according to greatest common
(liViS()l", we have

S 1
=2 X Z > (k) Y
n=1 (¢,d)cz> (CZ + d d)€Z2 CZ + d) (ed)ez? (CZ + d)

(e.d)=n (C d)= (c,d)=1

We may define the normalized Eisenstein series by

1 1 1
Ei(z) == WGk(Z) =3 > rdF

(c,d)€Z?
(c,d)=1

(3.9)

For each pair (¢, d) of two relatively prime integers, we may form a matrix v € SLy(7Z)
with (¢ d) as its lower row. This matrix is unique up to multiplication from the left

by a matrix a € P, where
1 n
o {(1 ) mes)

is the group of translational matrices. Hence, we may regard v as an element of the
quotient P\ SLy(Z). Finally, we note that the two matrices £ give the same term
when £ is even, so if we regard ~ as a linear fractional transformation rather than a
matrix, we see that the normalized Eisenstein series may be written as

En(z)= ) !

sepsa@ 1002

(3.10)

We will shortly present variations of this type of sum. In all instances we regard the
sum as being over linear fractional transformation rather than matrices. Sometimes
(3.10) is taken as the definition of an Fisenstein series rather than G. An advantage
is that showing weight-k invariance involves less tedious calculations.

To see that Ej is a modular form, we note first that it is holomorphic on H as an ab-
solutely and locally uniformly convergent series of holomorphic functions. Secondly,
for any o € SLy(Z) we have that j(v, a(z2)) = j(va, 2)/j(a, 2), whence

1

1 jla, )"
Exlalk(z) = - > = = > - = Ey(2),
2 ep \Fa TV 2 ep (Sa@a 101 2)

since P\ SLy(Z)a = P\ SLy(Z). The steps to prove that Ej(z) is holomorphic at
oo are outlined on [DS05, p. 8] (where they consider Gy), and so Fj(z) is indeed a
modular form.

The representation (3.10) allows for variations which will yield other kinds of Eisen-
stein series. For instance, we can obtain modular forms with respect to the congru-
ence subgroup I'g(NV), if we replace P, \ SLa(Z) by Py \I'¢(V) in (3.10). This makes
sense, as P, acts on I'g(IV) in the same way as on SLy(Z) for any N. The resulting
series 1s
Z 1
YEP\Lo(N) 302"

(3.11)
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and it has an explicit representation similar to the right hand side of (3.9), where
we in addition restrict the summation to N|c. The verification that (3.11) is holo-
morphic and weight-k invariant with respect to I'g(N) is similar to Ej(z). Holomor-
phicity at the cusps can be shown by computing the Fourier series.

Another variation of (3.10) is the non-holomorphic Eisenstein series of weight 0

Blev= X 966r- T (25 e

YEP\To(N) sepifoe \(7:2)

This is not holomorphic in z because of the appearance of ¥(z) in the right hand
side. However, for z € H fixed it is holomorphic in s for R(s) > 1 [CS17, Proposition
5.2.12]. It can be shown that E(z,s) has a meromorphic continuation to C in the
variable s, with the only pole in the half plane {s : R(s) > 1/2} being simple
and located at s = 1. Its residue is equal to 3/(7v(N)) independently of z [CS17,
Corollary 8.5.9], which stems from a certain volume computation (see (3.19) for
definitions). Being weight-0 invariant simply means that E(a(z),s) = E(z,s) for
all a € I'o(N), which can be swiftly deduced from the middle of (3.12).

As a final variation, we let m > 0 be an integer and consider the Poincaré series

— e(my(2))
P () == veﬂ%w) o (3.13)

Holomorphicity and weak modularity is proved in a manner similar to the Eisenstein
series (3.11), which also is what we recover if we let m = 0. If m > 0, the Poincaré
series is a cusp form with respect to I'o(/V) (despite the title of this section). This
can be shown by computing its Fourier series of P, [a]i(z) for any o € SLy(Z). We
will compute the Fourier series of P,,(z) in Section 4.2 as a part of the proof of the
Petersson trace formula.

3.2.2 Dimension of the space of modular forms

Recall that M (T") is a vector space over C. A natural question would be whether
its dimension is finite, and if one can compute it in that case. The answers to both
these questions are in the affirmative, and we will describe formulas for dim M/(T")
and dim S(I") in this section. A connection to the next chapter is that the formulas
provide expressions for the number of terms when we sum over bases of My(I") or
Sk(I"). We will not delve too deep into the details of the proofs here, since it would
interfere with the scope of the report.

Let T' C SLy(Z) be a congruence subgroup. The quotient I'\H* may be viewed as a
compact Riemann surface with a Hausdorff topology. As a topological surface, we
can associate a certain nonnegative integer g to it, called the genus of the surface.
When supplying the surface with local coordinates, one runs into some issues if
a point 'z € I'\'H has nontrivial isotropy subgroup, i.e. if there are matrices o €
SLy(Z), o« # £1, such that a(z) = z. If this is the case, then z and the corresponding
point 'z, are called elliptic points. It turns out that for each elliptic point z its
isotropy subgroup is finite and cyclic [DS05, Corollary 2.3.5]. The period of an
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elliptic point z is defined as the size of its isotropy subgroup, possibly divided by
2 if the isotropy subgroup contains —I. As an example, if I' = SLy(Z), then there
are two elliptic points, namely i and e?™/3. Their periods are 2 and 3, respectively
[DS05, Corollary 2.3.4]. For a general congruence subgroup I', these are the only
periods an elliptic point can have [DS05, p. 67]. We denote the number of elliptic
points of order 2 and 3 by €5 and e3, respectively. Together with the number of
cusps of I', which we denote by e, these will make an explicit appearance in the
dimension formulas to follow.

If I'y C T’y are two congruence subgroups, there is a natural map
f : Fl\H* — FQ\H*
given by
'z I'sz.

To the map f (and more generally to any nonconstant holomorphic map between
two compact Riemann surfaces) we may associate a number d called the degree of
f. The degree satisfies | f~!(T92)| = d for all Tyz € T\ H* except finitely many (see
[DS05, pp. 65-66] for details). With this at our disposal, the genus g of T'\'H* may
be computed by the formula

d & €3 £
4 223 el
9=t T T3

(see [DS05, Theorem 3.1.1]).
In the special case when I'y = I'g(N) and I'y = SLy(Z), we have

d = [SLy(Z) : To(N)] = v(N) (3.14)

(cf. [DS05, p. 66]).

The dimensions of M (I") and Si(I") are computed in [DS05, Section 3.5]. They are
summarized in the theorem [DS05, Theorem 3.5.1], which we now quote.

Theorem 3.5. Let k be an even integer and I be a congruence subgroup. Let g, e, €3
and €., denote the genus of T\'H*, the number of elliptic points of I with period 2
and 3, and the number of cusps of I'\'H*, respectively. Then,

(k=1)(g—1)+ |5 e+ |&] es+ bewer K >2,

dim M, (T) = {1, k=0, (3.15)
0, k <0,
and
(k=1g—1)+ |4 et [b]es+ (5 —1)ew, k>4,
dim S,(I) = { g, k=2 (3.16)
0, k

25
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As an example, when I' = SLy(Z) is the full modular group, then the genus g is
equal to 0. We have already seen that e = €3 = 1. Finally, ¢,, = 1 since for any
s € Q there is a matrix a € SLy(Z) such that s = a(o0). Inserting these values in
(3.15) and (3.16) gives us the dimension of My (SLy(Z)) and Si(SL2(Z)).

In Chapter 4-6 we shall be exclusively interested in the case when I' = I'o(NV). In
this instance, the numbers d, £9,e3 and ., can be computed explicitly. The case
N =1 is covered by the previous example, and the remaining cases are given by the
following:

d= V(N)7
W (1 () N =24,
> o, N >3, 4|N,
W (1 (3) N =391,
> o, N >3, 9|N,
o = )_p((d, N/d))
dN
Here, (5) is the Legendre symbol if p is odd, (‘73> = —1 and (‘71) = 0. The

expression for d is from (3.14), and the remaining equations are quoted from [DS05,
Corollary 3.7.2 and p. 103]. Together, these formulas give an explicit description of
the dimensions of dim My (N) and dim Si(N).

3.3 The Petersson inner product

Let I be a congruence subgroup. Much of the analysis of the vector space Si(I)
relies on endowing it with an inner product, called the Petersson inner product. This
is defined as

(f,9)r = e F(2)g(2)3(2) dp(=), (3.17)

where we understand the integral as being over a fundamental domain for the action
of I' on H, and du(z) is the hyperbolic measure

dzd
du(z) = zQy, z=x+1iy € H.

There are several ingredients in showing that the definition (3.17) makes sense. In-
deed, we may define

Joy 22V (2)

for any continuous, bounded and I'-invariant function ¢ : H — C (I'-invariance is
simply weight-0 invariance with respect to I'). To see that such a definition makes
sense, note that the hyperbolic measure is invariant under the action of GL3 (Q) on
H (see [DS05, p. 182]), hence under the action of SLy(Z). Hence, we may define

Jrn M = [ el@dnle) = 2 [ plos(Dduta) (319
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where {o;} is a set of coset representatives such that

SLy(2Z) = ({£}Ta;,

and D is a fundamental domain for the action of SLy(Z) on H. The definition is
independent of the choice of coset representatives, by the I'-invariance of ¢ and
dp. The individual integrals on the right hand side converges since the integrand is
bounded and the total volume of SLy(Z)\H,

T

1/2 i~ 1 _
vol(SLo(Z)\H) = /SLQ(Z)\H du(z) = /;;;:1/2 /y:m Edydx = [arcsin ;U]l_/f/Q =3

is finite. In general, the volume of I'\H is given by
vol(T\H) := /F () = [STa(Z) - T vol(SLy(Z)\H) = g[SLQ(Z) T, (3.19)

Now we wish to ensure that all relevant criteria are satisfied for the choice ¢(z) =
f(2)9(2)S(2)*, where f,g € Sp(I'). Continuity is immediate, and I'-invariance fol-
lows from (3.1) and the weak modularity of f and g. This also means that to check
that ¢ is bounded on H, it is enough to check that ¢ o« is bounded on a fundamen-
tal domain D for any a € SLy(Z). The crucial point then is the rapid decay of the

factor
627riz/h — 0(6—27r%(z)/h)’

which can be factored out in the Fourier expansions of f and g due to a;(0) =
a,(0) = 0. The exponential decay dominates any power (2)* and ensures that ¢ is
bounded (see [DS05, p. 183] for details). This is also the reason why the Petersson
inner product cannot be defined on the whole space My(I"). However, (f,g)r can
be defined if one of f and g is a cusp form and the other an Eisenstein series.

Once we have verified that the integral (3.17) is well defined, we may check that
the Petersson inner product is indeed an inner product with relative ease. We shall
chiefly be interested in the case when I' = T'o(N), for which we write (-, )ryn) =

<‘,'>N-

3.4 Hecke theory

Now that we have endowed Si(I") with the Petersson inner product, we are interested
in linear operators on this space. We restrict our focus to Si(N). An important
class of such operators, and the main object of study of this section, is formed by the
Hecke operators. Each Hecke operator is indexed by a positive integer n. The Hecke
operator T (n) of level N and index n is the linear operator on My (N) defined by

1 a\ /2 az+b>
Twn(n z) = — - . 3.20
(T () F() ﬁ(Nz)(d) P (3.20)

These operators are normal, and when (n, N) = 1 we shall see that they are self-
adjoint. To analyze them, we begin by introducing an alternative interpretation of
this seemingly intricate definition.
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3. Basic theory of modular forms

3.4.1 Double coset operators

When n = p is prime, then the re-scaled Hecke operator p*~1/2Ty(p) may be
expressed more concisely by means of a so-called double coset operator. This is
the route taken in [DS05, Ch. 5|, and is advantageous when showing that Hecke
operators are normal. For this reason, we recall the basic facts about double coset
operators, and cite the necessary results.

Let I';,T'y C SLy(Z) be two congruence subgroups and o € GL; (Q). A double coset
is a set of the form

Fyaly = {yaye i 71 €T, 70 € T}
There is an action of I'; on I'yal'y given by v (y1a72) = (7171)ay2, where 7] € T';.
This partitions the double coset into orbits I'1 8, with 5 € I'yal's. If {8;} C T'1al's
is a set of orbit representatives, that is

[aly = T8,
J

then we define the weight-k I'yal'y operator
[Flafg]k : /\/lk(Fl) — Mk(rz)

by
fI01alo)k := > fIBilk- (3.21)

j
The definition is independent of the choice of coset representatives. Indeed, if I'1 =
'8 then 3/ = ~p for some v € I'y, and f[f']y = f[B]x by weak modularity of f.
To see that f[I'jal's], € Mg(T's), we note first that f[['yal's]g is holomorphic on H.
Secondly, if {f;} is a set of coset representatives and v € I'y, then {5;7} is a set of
coset, representatives as well. Hence

f[FloéFQ]kMk = Z f[ﬁﬂ]k = f[rlarﬂk,

showing weak modularity with respect to I's. Finally, we note that for any a €
SLy(Z), when applying the weight-k operator [a], to f[I'ials]k, each term on the
right hand side of (3.21) is holomorphic at oo since f is (see [DS05, p. 24| for
details). Hence f[['al's]g[a]x is holomorphic at oo as well, being a sum of functions
which are. This claim can be proven by considering the Fourier expansions of the
individual terms.

If T is a congruence subgroup, o € GL3 (Q) and a™'T'ae C SLy(Z), then the weight-k
operator [a]y is a linear operator from Si(T') to Si(a 'T'a). The following result
determines its adjoint and the adjoint of [['al'|; with respect to the Petersson inner
product.

Lemma 3.6 ([DS05, Proposition 5.5.2]). Let I' C SLo(Z) be a congruence subgroup,
a € GLF (Q) and o/ = (deta)a™t. Suppose a 'Ta C SLy(Z) and f € Sp(T'),g €
Si(a™'Ta). Then

(flalk 9)a-1ra = ([, gla/ k)T, (3.22)
(flLally, g)r = (f, g[La'T])r. (3.23)
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3. Basic theory of modular forms

That is, the adjoint of [a|y is ['], and the adjoint of [Laly is [Ta/T]y.

The proof of the first assertion relies on the definition of the Petersson inner product
and the properties of the weight-k operator. The proof of the second assertion relies
on some technical results about finding coset representatives which we have not
included, hence we omit it (for details, see [DS05, Lemma 5.5.1]).

We shall primarily be interested in the case when I'y = I'y = I'g(N). For

oy = <1 O) , (3.24)

0 p

it turns out that a set of coset representatives of I'g(N)\I'o(N)al'z(N) is (see [DS05,
Proposition 5.2.1] and the subsequent remark)

L g\ . .
ﬂj: :]20717"'7]7_1 ) p|N7
0 p
1 . (3.25)
J . p
- L i=0,1,..p—1%U{B, = . ptN.

From this and the definition of the weight-k operator, we may now “translate” the
Hecke operator Ty (p) as follows.

Lemma 3.7. The re-scaled operator p*=V/2Ty(p) satisfies
p* 2Ty (p) = [Lo(N) e Lo(N)

where oy, s given by (3.24).

With the connection to between double coset operators and Hecke operators estab-
lished, we turn our attention to the properties of the latter.

3.4.2 Hecke operators

Our first goal is to understand how Hecke operators affect the shape of the Fourier
coefficients of a given modular form. This is the content of the next result.

Lemma 3.8. Let f € My(N) and suppose the Fourier series of f is

©0 .
Z le (m)627rzmz.

m=0

Then the Fourier series of Ty(n)f is

Z pf (m’ n)e2m'mz

m=0
where ) -
pr(m,n) = D) d|(%:n) dk_laf <d2> )
(d,N)=1
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Proof. This is a straightforward calculation. Inserting the Fourier series of f into
the definition of Ty (n)f give us

;ﬁ@%z @mgnioaf(m)e (m <az; b))

d—1
k+1)/2 Z Z eQTrz az (m) Z eQm%b‘
b=0

ad= n
(a,N)=

(Tn(n))f(2) =

The innermost sum on the second row is equal to d if d|m, and 0 otherwise. We
thus write m = df and get

Z ak: 1 Z 627rz€az

ad=n
(a,N)=1
mn 2mimz
ka(l(Z)a o () )
(dN)=1

In the last step, we wrote al = m, from which it follows that a|(m,n). After
changing the order of summation we relabel a — d to achieve concordance with the
notation of the statement. [

From Lemma 3.8 it follows that the Hecke operators map the space Si(I") into itself,
since pr(0,n) = 0 if as(0) = 0. It also allows us to find a relation between Hecke
operators of different indices. Precisely, we have the following result.

Corollary 3.9. The Hecke operators Ty(m) and Tn(n) satisfy

T (m) _ m(#). (3.26)

d\nm)
(d,N)=

Proof. We apply both sides of (3.26) to an arbitrary f € My(N) and check that the
Fourier coefficients agree. We use Lemma 3.8 on several occasions. Starting with
the Fourier expansion

Z ay 27rz€z

we have that .
Tn(n)f(z) =D psl,n)e™,
=0

where the Fourier coefficients are given by

1 e In
psll,n) = P (k—1)/2 Z € 1af <62> :
el(¢,n
(e,‘g\f):)l
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Applying T (m) gives

Ty (m)Ty(n) (=) = ;;qf(ﬂ, m, n)e?mie,

with Fourier coefficients

1 o1 m
o(bimm) = Sam 2 d pf(w’”)
d|(¢,m)

(d,N)=1
1

Imn
k—1 _k—1
T kD2 (k-1)/ Z Z d" e ay <d2€2> (3.27)
d|(f m) e|(¢m/d?n)
(d7N):1 (6 N)_l

Applying an individual operator Ty (mn/d?) to f give us

(5 00 S ()

and applying the whole right hand side of (3.26) to f give us

( d;m Tn ( > )f(Z) = g{:)rf(é, m,n)e2 i,

N)_l

with coeflicients

mn
ﬁ m, n Z pf( 7 )
d|(m,n)
(d,N)=1
Imn
= dk—lek—laf< ) . (3.28)
(m”) (b= d%n) ew%/d% d*e?

(dN)=1 (e,N)=

To finalize the proof, we argue along the following lines. For a positive integer E
such that (E, N) =1, let

B(t,m,n, E) = {(d,€) € (Z*)? : de = E, d|(6,m), e|(tm/d?,n)}.
Then, the sums on the right hand sides of (3.27) and (3.28) are
_ {mn _ {mn
> E* 1(Zf<E2> and > E* laf<E2>,

(EvN):l (E,N)Zl
(d,e)eB(¢,m,n,E) (d,e)eB(n,m,E)

respectively. The set B(¢,m,n, E) is treated by Cohen and Stromberg in [CS17,
Lemma 10.2.8]. They show that its cardinality is independent of permutations in
the arguments ¢,m and n (and in particular that the cardinality is 0 for E large
enough). Thus there is a bijection between B(¢,m,n, F) and B(n,m, ¢, F), and we
may conclude that ¢¢(¢,m,n) = rg(¢,m,n). This finishes the proof. O
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It immediately follows from Corollary 3.9 that all Hecke operators at the same
level commute. Also, if m and n are relatively prime, then (3.26) reduces to
Ty(m)Tn(n) = Ty(mn), i.e. Hecke operators are multiplicative with respect to
the index. The following recursive property

Tn(p') = Tn(p)In(pPt) — Tn(p™2), ptN,
Tn(p)Tn(p) =...=Tn(p)", p|N,

where r > 2, also follows directly from (3.26). This allow us to reduce many results
about Hecke operators to the case when n = p” is a prime power, or even a prime.

(3.29)

We are interested in determining the adjoint of T (n) with respect to the Petersson
inner product. In fact, when (n, N) = 1 then Tx(n) is self-adjoint. By (3.29) and
the commutativity of Hecke operators, it is enough to show that Ty (p) is self-adjoint
when p is a prime with pt N. We recall that the re-scaled operator p*=\/2Ty(p) is
the double coset operator [I'o(N)a,I'o(N)]k, where

10
ap:Op.

By Lemma 3.6, the adjoint is [['o(N)a;,I'o(N)]z. Observing that o, = 3, from the
set of coset representatives (3.25), we conclude that

CY;) S Fo(N)CYpFO(N)
Hence, we have that
F()(N)Oépro(N) = Fo(N)Oé;F()(N>,
finishing the claim that T (p) is self-adjoint when pt N.

A cusp form f € Sg(N) which is an eigenvector for a Hecke operator Ty (n) is
called an eigenform for the operator Ty(n). If f is an eigenform for the Hecke
operator Ty (n), then we denote its eigenvalue by Af(n). With this in place we
can draw several conclusions when T (n) is self-adjoint. First, one observes that
the eigenvalue Af(n) is real. Moreover, by a standard spectral theorem from linear
algebra, there exists an orthogonal basis of the space Si(NV), consisting of eigenforms
for all the Hecke operators Ty (n) where (n, N) = 1 (see [CS17, Lemma 10.2.10] for
a proof). This observation is the first step towards finding a basis for Sg(V).

If f is an eigenform for all the relevant Hecke operators, then (3.26) translates into
a relation for the corresponding eigenvalues, namely

Ap(n)A s (m) = A (=) (3.30)
f ! Z) f(d )

d|(n,m
(d,N)=1

In particular, As(n) is multiplicative when considered as an arithmetic function of
n. The consequence of (3.30) corresponding to (3.29) is

A0 ) = A (07?), ptN,

M)A () = = Ap(p)", pIN, (3.31)

Ar(p") = {
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when r > 2.

If N is squarefree and p|N, then

Xa(p) = ]19 (3.32)

(see [ILS00, p. 72]). This will be used in the calculations on several occasions.

3.5 The subspaces of oldforms and newforms

If N > 1, it turns out that some cusp forms at level N arises from cusp forms
of lower level. The notions of subspaces of oldforms and newforms is intended to
capture this intuition. The subject is treated in [DS05, Section 5.4], although they
do it slightly more generally, considering the space Si(I';(N)). However, most of
the results are translatable into our setting by restriction.

There are two natural ways in which a cusp form can be regarded as “old”, i.e.
arising from lower levels. To specify these, let M, N be positive integers with M|N
and M < N. As I'o(N) C I'o(M) we have the reverse inclusion Si(M) C Sg(N).
Secondly, if f(z) € Sk(IN) and r is a positive integer with r|N/M, then f(rz) €
Sp(rM) C Si(N). The oldforms at level N are defined as the linear subspace of
Sk(N) spanned by all the cusp forms arising from cusp forms of lower level in these
two ways. We denote this space by SP!4(N). The space of newforms at level N is
defined as the orthogonal complement of the SP!4(N) with respect to the Petersson
inner product. We denote this space by Sp®¥(N). For the sake of completeness, we
also define
SM(1) :={0} and Sp(1) := Sp(1)

for the level N = 1.

To facilitate computations, we may describe the space of oldforms at level N as
follows (see [DS05, Section 5.6]). If d|N with d > 1, then any f € Sk(NN/d) belongs

to SPM(N). Also, if we let
d 0

then if g € S,(N/d), we have that g[ag], € SP4(N). Thus upon letting
ia: SK(N/d)* = Sp(N),  (f,9) = f + gladls,

we may write

SRAUN) =D ip(Se(N/p)?). (3.34)

pIN
One could suspect that the sum should range over all divisors d|N, but it turns
out this does not add anything new to the space, compared to if we restrict prime
divisors. Indeed, for a composite divisor pd|N where p is prime and d > 1, we let
Z.p : Sk(N/p>2 — Sk<N)7
ipd : Sk(N/pd)2 — Sk(N),
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and consider the pair (f, g) € Sk(N/pd)?. It is mapped to f + glapalr by ipe. On the
other hand, the pair (0, g) is mapped to g[ag|x by i4, and then the pair (f, glax) is
mapped to f + g[aa)r by ip, since agoy, = ayq. Thus

ipa (Se(N/pd)*) C iy (Sk(N/p) X ia(S(N/pd)*)) C ip(Sk(N/p)?),

since i4(Sk(N/pd)?) C Sp(N/p). Hence the space of oldforms at level N is obtained
by restricting the sum (3.34) to prime divisors of N.

A natural question is how Hecke operators act on the spaces of old- and newforms.
We claim that they are preserved, i.e. that any Hecke operator Tiy(n) map Sgd(N)
and SpV(N) into themselves. The claim holds for all n, but we will only prove it
for when (n, N) = 1, since we have not discussed the adjoint of Ty (n) for (n, N) > 1
(see [DSO05, Proposition 5.6.2] for the full proof). Again, it is then enough to show
the claim when T (q) has prime index ¢t N. We turn to the case of S4(N). If p is
a prime with p|N, we have that T/,(q) = Tn(q) from the definition. Also, we have
that T (q) commute with [ay,]. This follows from

656696

g = S f|(59) (o 7)] e

so that we have

Jj (mod g)
= 3 oo Y (5 0] + ek = d @b
j (mod q) k

From this it follows that whenever f, g € Sk(N/p), we have

Tn(9)(ip(f, 9)) = ip(Tnp(@) [ Tivyn(@)g)

and as a consequence T (g) maps any of the subspaces i,(Sk(N/p)?) into SPI4(N).
Hence it preserves S¢4(N). Since Tiy(q) is self-adjoint, it also preserves SPeV(N),
finishing our claim.

Since both SP4(V) and S2°¥(N) are preserved, we may conclude that they each have
orthogonal bases consisting of eigenforms for the Hecke operators {Ty(n) : (n, N) =
1}. In the next section we will pursue this idea further and see what it means for
SET(N).

3.5.1 Newforms and a partially orthogonal decomposition
of Sk(N)

We now focus on the space of newforms at level N. A central result due to Atkin and
Lehner is the following result, often referred to as the main lemma in the literature.
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Theorem 3.10 (Main lemma, [DS05, Theorem 5.7.1]). Let f € Sp(N) have Fourier
eTpansion

f(z) =2 ag(n)e’™.
n=1
If ag(n) = 0 whenever (n,N) =1, then
f - prfpa

p|N

where f, € Sp(N/p) and 1,f(2) : f(pz) for all p.

In particular, this means that a cusp form f € Si(N) with af(n) = 0 whenever
(n, N) =1 lies in SY4(N).

The proof of Theorem 3.10 is quite long, and we therefore omit it (see [DS05, Section
5.7] for a proof due to David Carlton). However, its consequences for the analysis
of Si(N) are many and important. One of them is [DS05, Theorem 5.8.2], which we
now present. Suppose f € Sk(NN) is an eigenform for all operators Ty (n) such that
(n, N) = 1. That is, we write

Tn(n)f = As(n)f (3.35)

for some numbers Af(n). Lemma 3.8 yields that the Fourier coefficient of index 1
on the left hand side of (3.35) is equal to

1
ps(lin) = —Goypar(n).

Hence, by comparing the Fourier coefficient of index 1 on both sides of (3.35), we

obtain

a(n) = n*" Y2\ p(n)as(1).
If af(1) = 0, then af(n) = 0 whenever (n, N) = 1, and therefore we have that
f € S24(N) by the main lemma. This means that if f € S2V(N) is as above with
ar(1) =0, then we have f = 0, since it lies in the orthogonal complement of Sp°¥ (V)
as well. Hence, if f # 0, then a(1) # 0 and we may normalize f so that as(1) = 1.
In this case, let m be any positive integer and consider the cusp form

1
gm = Tn(m)f — Waf(m)f.

This is an element of Sp°V(V), since all Hecke operators preserve Spe¥(N). It is also
an eigenform for all Ty(n) such that (n, N) = 1, since Hecke operators commute.
Finally, we have that

1
ag,, (1) = ps(1,m) — W@f(m)af(l) =0,

from which it follows that g,, = 0. All in all, we have that f is an eigenform for any
Hecke operator Ty (n), with eigenvalue
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A cusp form f € Si(N) which is an eigenform for all Hecke operators Ty (n) is
simply called an eigenform. If in addition a;(1) = 1, then f is called a normalized
etgenform. A normalized eigenform in the space of newforms at level N is called a
newform.

If f,g € SV (V) are nonzero eigenforms with Af(n) = A;(n) whenever (n, N) =1,
then g = \f for some complex number A. To see this, it is enough to show that if
both f and g are normalized, then they are equal. Indeed, then h = f—g € Sp°V(N)
with a(1) = 0, whence h = 0 by the main lemma. This is referred to as the
multiplicity one principle. In other words, if {\(n) : n € Z*} is a sequence of
complex numbers which are Hecke eigenvalues for a nonzero eigenform f, then the
eigenspace
{9 € Si™(N) : Tn(n)g = A(n)g, n€Z"}

is one-dimensional.

The multiplicity one principle have several consequences. Recall that SV (N) has a
basis of eigenforms, each with their own sequence of eigenvalues. Upon normalizing,
this basis is unique, since the eigenspace to each sequence of eigenvalues is one-
dimensional. Hence we may speak of the set of newforms at level N, which we
denote by Hj(N). Another consequence is that if H is a linear operator on Spe¥(N)
which commutes with all Hecke operators Ty (n) when (n, N) = 1 and f is a newform,
then Ty(n)Hf = A¢(n)H f, and so Hf € Sp°(IV) is an eigenform with the same
eigenvalues as f. Therefore, Hf = Af for some constant A. In short, the newform
f is an eigenform with respect to H as well.

There is also a Strong Multiplicity one principle, which says the following: suppose
M, M'|N and f € SpeV(M) and g € Sp¥(M'), f and g both nonzero. Suppose also
that Af(n) = Ayj(n) whenever (n, N) = 1. Then M = M’ and g = Af for some
complex number A. Strong multiplicity one plays a role in the semi-orthogonal
decomposirion (3.36) below. Its proof is well beyond the scope of this report; see
e.g. [Miy06, Theorem 4.6.19] for details.

Recall that the eigenvalues Af(n) for which (n, N) = 1 are real when f is a newform.
By the above, this holds for all Af(n). Indeed, the function ¢g(z) = f(—%) (which
acts by conjugating the Fourier coefficients of f) is also a newform (see [CS17,
Proposition 10.3.14 a)] for the proof of weak modularity), whose eigenvalues agree
with those of f whenever (n, N) = 1. By the multiplicity one principle they also
agree in general, and the claim follows.

In the next chapter, we will be interested in finding an orthogonal basis for Sk (V).
Since the newforms of level N constitute an orthogonal basis of the space of new-
forms, we are left to consider the space of oldforms. If N = 1 there is nothing to
prove, and if N = p is prime, then the space of oldforms at level N are spanned by
forms of the shape f(z) and f(pz), where f € Sk(1). Thus, for a general level N and
p|N a prime, assuming that the spaces Si(/N/p) are spanned by forms of the shape
f(2) and f(pz) where f is a newform of a level dividing N/p, the decomposition

Si(N) = Sp™(N) @ > ip(Se(N/p)?)

p|N
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shows by means of induction that Si (V) is spanned by the set

Q {f(lz): f e H;(M) where (|L}.

Linear independence follow from the Strong Multiplicity one principle, and so this
set in fact constitute a basis for Si(N). This is [DS05, Theorem 5.8.3].

This basis displays a semi-orthogonality which we now describe. Suppose f, g are
newforms at level M, M’, respectively, where M, M'|N. By the Strong Multiplicity
one principle, there is at least one index n with (n, N) = 1 such that As(n) # A, (n).
We now have

Ar(){f,g)n = (Tn(n) f, 9)n = (f, Tn(n)g)n = Ag(n)(f, 9)n-

Since Af(n) # Ay(n), we conclude that (f,g)y = 0. This extends to when we
consider forms f(¢z), g(¢'z), where f and g are as before and ¢|N/M, ¢'|N/M’, since
Tn(n) commute with [ay; and hence with . If f and g are distinct newforms of the
same level, we draw the same conclusions about f(¢z) and g(¢'z) since (f,g)n =0
by construction. All in all, we obtain that

SN = @ @ S (3.36)

LM=N feH; (M)

where

S(L; f) = span{fie : £|L} and fie(z) = (72 f(¢z).
The reason for re-scaling f(¢£z) by the factor ¢¥/2 is purely technical. We note that
fie = flow]r with the alternative convention (3.5) and

[t 0
015—01.

3.6 The L-function of a newform

Let f € H{(N). The L-function attached to f is defined as

L(s, f) = )\];L(Zl), R(s) > 1. (3.37)
n=1
The Hecke eigenvalues grow slowly in n; indeed, we have the bound |Af(n)| < 7(n).
This is not a trivial result, and was first proven by Pierre Deligne in [Del74] (our
formulation is [ILS00, eq. 2.4]). Now, since 7(n) = O(n®) for any € > 0 (see [HWO08,
p. 343]), the function L(s, f) converges absolutely for $(s) > 1. By multiplicativity
of A¢(n) and the fundamental theorem of arithmetic, one has by standard arguments

that

L(s, f) =1 Lu(s, /), R(s) > 1, (3.38)
where 0o (g0
L,(s, f):= 2_: J;Z )
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3. Basic theory of modular forms

is the local factor at p. If p|N, we have Af(p®) = A¢(p)® by (3.31), from which it

follows that

L) = (1- W)

pS
by geometric summation. If p ’[ N, we have

Ly(s, f)—1+ +Z

M0), ) A

pas
/\f( ) >\f( ) o= Ar (%) 1 As(p?)
ps ps az::l pas p2s (XZ::O pas
— 1 + >\f<p)Lp(57 f) _ LP(Sa f)
ps pQS )

by (3.31). Solving for L,(s, f), we obtain

L(s. ) = (1 M), 1)_1

ps p23

when p{ N. All in all, we can write

M) | xo®))
Ly(f,s) = (1— s )
where g is the trivial character modulo N.
The local factor at infinity is defined by

Lo(s. f) = (‘/N)SP <+’“‘1>

2 2

By the duplication formula for the Gamma function [Dav00, p. 73], we have

rion= ()" (2 o224

The competed L-function
A(S, f) = Loo<s7 f)L(Sa f)

has an analytic continuation to C, which satisfies the functional equation

A(S7f> :6fA(1_S7f)

(3.39)

(3.40)

(3.41)

(see [ILS00, Section 3]). In particular, there is no pole at s = 1. Here, g; = i*1y,

where 7 is the eigenvalue of the Fricke involution Wy, where

Wi f(2) = e ] (J_vi)
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3. Basic theory of modular forms

With the alternative convention (3.5), we have Wy = [an]g, where

(0 -1

an = N 0 .
For details about how 7, appears in the functional equation, see for instance [Iwa97,
Theorem 7.2 and eq. 7.17]. The fact that Wy is an involution follows from a3% =
—NI. Also, f is an eigenfunction to Wy by the multiplicity one principle, since
Wy commutes with every Hecke operator T (n), where (n, N) = 1 (see [Iwa97,
Theorem 6.27 and Section 6.8]). Since Wy is an involution, we must have ny = £1.
Moreover, 7y can be computed in terms of the Hecke eigenvalue (V) (see e.g.
[Iwa97, Theorem 6.29]), leading to the expression

ep =i = " u(N)A(N)NY? = +1 (3.42)

when N is squarefree (see [ILS00, eq. 2.23]). The number e is called the root
number of f. An alternative formulation of the functional equation is

L(s, f) = £;X0(s)L(1 — 5, f), (3.43)
where Lol 5
Xp(s) = TS,];) (3.44)

The Gamma function has its poles located at the nonpositive integers. This implies
that L(s, f) never has a pole at s = 1, and that X, has its poles located at positive
half-integers of the form n + (k + 1)/2 where n is a nonnegative integer.

The local factor at a finite prime p factors as
as®)\ (B
Ly(s, )= [1- =22 1- 288 (3.45)
p? D’

where ay(p) and S¢(p) are the local coefficients at p. They satisfy

{af(p) + Bs(p) = As(p), (3.46)

ay(p)Bs(p) = Xo(p).

In the case when p|N, we adopt the convention a(p) = Af(p) and SB(p) = 0. In

the case when p { N, we have (see [ILS00, p. 82]) that as(p) = S¢(p) (This is a
deep result known as the Ramanujan conjecture, and was proven by Pierre Deligne
in [Del74]). Consequently, we have

lay(p)] = [B¢(p)] = 1 (3.47)

In any case, with the convention that 0° = 1 we have

AM%=§w@%@W‘ (3.48)

39



3. Basic theory of modular forms

for any nonnegative integer m. This can be seen by expanding the right hand side of
(3.45) as two geometric series, and identify terms corresponding to the same prime
power p on both sides.

Recall that the Generalised Riemann Hypothesis (GRH) states that all zeroes of
an L-function lies on the critical line. A useful consequence in our setting is [IK04,
Theorem 5.17], which says that the logarithmic derivative L'(s, f)/L(s, f) grows
slowly in s as (z) tends to infinity, whenever 1/2 < R(s) < 5/4 is fixed. The
growth rate is of the order of log s.

3.7 Auxiliary L-functions

Let f € H{(N). For technical reasons we introduce the functions

2
f

s, f @ f):

As with L(s, f), these functions have meromorphic continuations to all of C, with
possibly a simple pole at s = 1. When R(s) > 1, then their Euler products are

s, f@f)= HL f®f),
:HZpS

where
0o 2 (o
(s, f®f) = A%ﬁ%
a=0 p
Zp(s, f) == i )\f(fja)
a=0 D

If p|N, then )\?c(pa) = A\r(p*) = A\p(p)*™ and

o= Ar(p)* M)\ A
Lp<s7f®f):Zp(Suf):Zf(az:<]—_fs =|1- S+1 ) (349>
a=0 p p p
where we used (3.32) in the last step. If p{ N, then
00 )\ (pa 00 2a 2y
sfof =3 L) s M
a=0 p a=0~=0
1\
= Z Z ﬁs—i—'ys = Z,(s, f) (1 - 8) , (3.50)
=0~v=0 p
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3. Basic theory of modular forms

where we used (3.30) in the second step, and substituted & — v = ( in the third
step. Hence,

IPNIGO
L(s, f® f)=Z( ’f)CN(s) (3.51)
where B
1 1
(n(s) = ), — = (1 - ) (3.52)
n|No° n p|N p

is the local zeta function (at N). It turns out that L(s, f ® f) has a simple pole
at s = 1, whose residue will be relevant in the proof of Lemma 4.7 below, and
further computations. This means that Z(1, f) is a finite number, although the series
representation of Z(s, f) only converges conditionally when s = 1. The number
Z(1, f) will be present in some of the sums over Hecke eigenvalues in the next
chapter.

Closely related to Z(s, f), we define the symmetric square L-function
¢(2s)

L(s,sym? =
(s.sm(f) = 2L

This L-function is not central to the report, but in Chapter 4 we will rely on es-
timations which follow from assuming the GRH for L(s,sym?(f)) on a couple of
occasions.

Z(s, f)-

We are interested in finding closed form expressions for L,(s, f ® f) and Z,(s, f).
By (3.49) and (3.50), it is enough to do so for Z,(s, f) when p{ N. Then, we have

L& A )

2.

o] )\f(an)
Zy(s, f)=1+> 2 —14
P( ) az::l pas ps = pas

By (3.31), the last series is

i Ar()Ar (1) = Ap (™) MNP)S = Zo(s, ).

= pozs
where
fe’e) 2a+1
oA
= pas
A A 2« -\ 200—1
— () + 1 (P)As(p )as ¥
a=1 p
1
= A (p)Zp(s, f) — ];5-

From this we deduce

14p—s
and )
Zy(5.0) = 1+ 2225, 1) — ~ 2 5.0)
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3. Basic theory of modular forms

Solving for Z,(s, f) yields
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4

The Petersson trace formula and
sums of Hecke eigenvalues

The overarching goal of this chapter is to prepare the ground for the computations
of the 1-level density in Chapter 5. The main focus is the study of various sums, the
first of which is Ay y(m,n) (defined in (4.10)). The main tool is the Petersson trace
formula, which we prove in Section 4.2. Before we do so, we need two prerequisites,
namely Kloosterman sums and Bessel functions, which are introduced in Section 4.1.
After we have proven the Petersson trace formula, we seek to obtain an orthogonal
basis for Si(/N) in Section 4.3. This will allow us to evaluate Ag y(m,n), which
serves as the starting point of our analysis. Lastly, we will also study the pure sum
of Hecke eigenvalues Aj y(n) (defined in (4.42)). Among other things, this yields
an asymptotical expression for the size |H; ()| of the family in consideration. The
proof of the Petersson trace formula follow the contents in [IK04, Section 14.2]. The
results in the last three sections are from [ILS00, Ch. 2], and we follow the exposition
there quite closely.

4.1 Kloosterman sums and Bessel functions

While Kloosterman sums and Bessel functions have a rich theory in and of them-
selves, here we will mostly be interested in the results relevant to the applications
in later sections. Most of the material on Kloosterman sums can be found in [IK04,
Section 1.4].

Let m,n,c € Z*. The Kloosterman sum S(m,n;c) is defined by
-1
Stmomcy= Y e (’"*”) , (1)
z (mod c¢) ¢

where the starred sum means that we sum over invertible congruence classes modulo
¢, and 7! is the inverse of # modulo c. If 2 runs through the invertible elements
modulo ¢, then so does 7. Hence, replacing = by 7! in each term of (4.1) gives

S(m,n;c) = S(n,m;c). (4.2)

Also, if x runs through the invertible elements modulo ¢ and ¢ is relatively prime to
¢, then fx also runs through the invertible elements, with ¢~'2~! being the inverse.
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4. The Petersson trace formula and sums of Hecke eigenvalues

From this observation we get

—1 —-1,.-1
S(mé, n; c) = Z* 6<m€x+nx ): Z* e<m€x+n€€ T >

z (mod c¢) ¢ z (mod c¢) ¢

-y e(W)zS(m,nf;C), (4.3)

z (mod ¢) ¢

where we made the change of variables fx +— x in the third step.

A third property of Kloosterman sums displays a multiplicative behaviour in the
modulus c¢. To state it, suppose that (¢,d) = 1. Then, we have

S(md~',nd*;¢)S(met, nc™t; d)

x (mdlx + nd1x1> x <mcly + ncly1>
- Y e e (et
y (

z (mod c¢) ¢ mod d)

m(dd~tz + cc™ly) + n(dd 'zt + CC_ly_1)>

We emphasize that 71, d~! denote inverses modulo ¢ and y~!, ¢! denote inverses
modulo d. From an elementary variant of the Chinese remainder theorem (see e.g.
[Ros14, Theorem 4.13]), we have that as x and y runs through the invertible elements
modulo ¢ and d, respectively, then a = dd~'x + cc'y runs through the invertible
elements modulo cd. We claim that b = dd~'z~!+cc~y~! is the inverse to @ modulo
cd. To see this, note that

a =z (mod c),

a =1y (mod d),
b=2"" (mod c),
b=y ' (mod d).

Hence ab =1 (mod ¢),ab =1 (mod d) and so ab =1 (mod cd). Thus

S(md ', nd*;¢)S(mec™ !, net; d) = S(m,n; cd). (4.4)

An important result, due to André Weil, is the bound (see [IK04, Corollary 11.12])
[S(m,n;e)] < (m,n,e) 227 (c), (4.5)

where 7 is the number of divisors function. Using this bound and the properties
(4.2), (4.3) and (4.4), Iwaniec, Luo and Sarnak obtain the slightly stronger bound

\S(m,n;c)\g(m,n,c)mm< c ¢ )UQT(c) (4.6)

(see [ILS00, eq. 2.13)).
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4. The Petersson trace formula and sums of Hecke eigenvalues

Now we turn to the second of the prerequisites of this chapter, namely Bessel func-
tions. The Bessel function of order v is defined by

SV X ZQk

JV(Z) = ?kz:% 22kF(V—|— k+ 1)7

|arg z| < .
Here, v may be a positive real number, or an integer. Bessel functions admit a
representation (see [GRO7, eq. 8.412.2])
SV (0+) 2
J,(2) = 7/ " Vexp (t+ = ) dt. 4.7
C) = ) eXp( * 4t> (4.7)

The notation means that the integral is over the contour C, which goes from —oo to
—e, moves around the origin in a positively oriented circle with radius €, and then
goes back to —oo.

There exist several upper bounds for J,(z) in various regions. The one we shall be
interested in is (see [ILS00, eq. 2.11"])

Je_1(r) < 27F2, (4.8)

which is valid for integers k > 2 and real numbers 0 < z < k/3.

4.2 The Petersson trace formula

Let f € Sg(N) have Fourier expansion

f(2) =3 ag(nyemine

=1

3

We define

Apn(m,n) = > Wr(m)¥y(n), (4.9)

where

o (T =D ag(n)
sl ”‘((m)kl) Hl

is the normalized Fourier coefficient, ||f||* = (f, f)n, and By(N) is any orthogonal
basis of Si(N). In the proof of Petersson’s trace formula, it will become clear that
the definition of Ay n(m,n) is independent of the choice of basis. In our case, all
the basis elements will come from a newform at some level M|N. We may then
reformulate (4.9) as follows. We define the harmonic weight (or Petersson weight)
wr(N) as
I'(k—1)
(4m)E= I fI1P

we have

we(N) =

Then, since af(n) = /\f(n)n(k—l)/z

Apn(m,n) = Z wr(N)Af(m)As(n), (4.10)
JFEBL(N)

where we also used that Hecke eigenvalues of newforms are real.

We now state this section’s central result.
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4. The Petersson trace formula and sums of Hecke eigenvalues

Proposition 4.1 (Petersson’s trace formula). For m,n > 1 and k > 2 and even,
we have

Apn(m,n) =68(m,n)+2m* > ¢ S(m,n;c)y (
¢=0 (mod N)
c>0

SN N

where 6(m,n) is the Kronecker delta symbol, S(m,n;c) is the Kloosterman sum and
Ji—1(z) is the Bessel function of order k — 1.

Showing the Petersson trace formula will require some steps, but the overarching
strategy is simple. Consider the Poincaré series P,,(z), introduced in Section 3.2.1.
Since P,,(z) is a cusp form, for any orthogonal basis Bi(N) of Sp(N) we have

Puz) = ¥ Emdingy (4.12)

s IR

The equality (4.11) follows from comparing Fourier coefficients on the left and the
right hand sides of (4.12).

Remark 4.2. With the tools we have introduced this strategy only works for k& > 4,
since otherwise P,,(z) does not converge absolutely. This makes weak modularity a
more intricate issue. The proof we present therefore excludes the case when k = 2,
although the trace formula remains valid also then. In this case, one needs to modify
the definition of P,,(z) to ensure weak modularity. This involves something called
Hecke’s trick, and we will not delve into it here.

First we compute the Fourier coefficients on the left hand side of (4.12) directly.
This is the content of the following result.

Lemma 4.3 ([IK04, Lemma 14.2]). For m > 1, the Poincaré series P,,(z) has the
Fourier expansion

Pn(z) = Zp(m,n)e%i”z (4.13)
n=1
where
(k—1)/2 A Smn
p(m,n) = <n) (6(m, n)+2mi® Y 'S(minse) i <7Tmn> )
m _ c
¢=0 (mod N)
c>0

Proof. We start with the definition (3.13). The first step is to find a set of coset
representatives of Py\I'o(N). Remember that, in this context, we regard the ele-
ments of I'g(N) as fractional linear transformations rather than matrices. That is,
we identify matrices with opposite sign. Hence, we may assume that the equivalence
class Py« is represented by a fractional linear transformation z — «(z), given by

a b
a= (C d) (4.14)

where ¢ > 0. If ¢ =0, then « € Py and P,a = P,. Thus the case ¢ = 0 is covered
by choosing the coset representative as the identity transformation I. Now suppose
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4. The Petersson trace formula and sums of Hecke eigenvalues

that ¢ > 0 and N|c. Let D be a complete residue system modulo ¢. We claim that
any transformation

/ b/
o = (‘Z d,) € Ty(N)

lies in the same coset modulo P, as a transformation of the form

af = (CCL Z) (é Tf) (4.15)

where d € D and n is an integer. Moreover, we claim that the choice of o is unique
up to the choice of the integers a and b, which may be chosen arbitrarily as long as
ad — bc = 1. Explicitly, this means that we can find integers m,n and a, b, d such
that ad — bc = 1 and

EDENEDEN-CDEn) wo

In particular, we must find d and n such that d = ¢n + d. But this can be done;
just pick d as the representative of the congruence class which d’ belongs to, and an
appropriate n so that the equation is satisfied. Thus we have reduced (4.16) to the

equation
a v\ (1 m\[fa an+b
(a0 () (417)

which must be solved in a,b and m. This can also be done, by picking any a, b such
that ad—bc = 1 (which is possible since (¢, d) = 1). Then, the last transformation on
the right hand side of (4.17) is an element in I'¢(/NV). But any two transformations
in I'g(N) with the same bottom row belongs to the same left coset modulo Pj.
Hence, we can find an m so that (4.17) is satisfied. In total, we have shown that
P.o/ = P.af for some af of the form (4.15).

To show uniqueness, suppose P af = P,o/', where

a b\ (1 m . a U\ (1l n
O‘B:<c d) (0 1) and 0‘6:<c d’) (0 1)

both are transformations of the form (4.15), where d,d’ € D. We need to show that
d = d and m = n. To see this, write out /3’ = yaf for some v € P, , and observe
that the equality between the lower right entries reads d’ = ¢(m—n)+d. Uniqueness
now follows, since if d = d’ (mod ¢), then d = d’ and m = n (remember that ¢ > 0).

All in all, we obtain that any fractional linear transformation o € I'o(N) with fixed
nonzero lower left entry is equivalent to precisely one transformation of the form
(4.15). Thus a set of coset representatives of Py \I'o(NN) is

{I}U{(Z 2) (é T):c>0,CEO(modN),(c,d)zl,nGZ}. (4.18)

Now, suppose v = «af is of the form in the right set in (4.18). That is, « is as in
(4.14) and B € P.. Then,

’y(z):a(zjtn):aji:
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Moreover, we have

1

j(’%Z) :j(a7ﬁ(2>)](ﬁaz) :j(a,z+n) - ma

by Proposition 3.1. The Poincaré series can therefore be explicitly written as
P el (2))
m .
vepatomy J12)F

26(m2)+_z > Z c(z+n +d) <m<i_c(0(2+”)+d))>'

¢=0 (mod N) d (mod c¢) nEZ
c>0

(4.19)

The term e(mz) will give rise to the Kronecker delta term in Lemma 4.3. Next, we
apply Poisson summation to the sum over n € Z. The Fourier transform of the

function
fn) = (c(z + 711) + d)ke (m (Z el +1n) + d>>>

evaluated at the integer n is equal to

fy = [ _swema= [ o

—0o0

Gt 11;) T+ d)F <am e —i—mv) ) ””) dv.

Hence, the inner sum in (4.19) is equal to

N CEIET <m_c(c(z+mv>+4>_m>dv
S ) [ e () et

ne”

Here, we wrote z = x + iy and used the substitution ¢(z + v) + d — cv. The next
step is to analyze the integral

ooty 1 m
- = dv. 4.20
/oo+iy (cv)’“6 ( c?v m;> ! (4.20)

We claim that it vanishes for n < 0. To see this, note that we are allowed to integrate
along any line parallel to the real axis by Cauchy’s theorem and the decay of v=*
as |R(v)| — co. When n < 0, the real part of 2mi(—m/c*v — nv) works out to be
negative, whence the integral is of the order of

/°° L4 <</°° L o= T
—o0 (33'2+y2)k/2 —o0 $2+y2 y7

which goes to 0 as y — co. Hence our claim follows.

We now consider (4.20) when n > 1. We claim that it is equal to

(k-1)/2 A ST
2mi~he! (;) Jk_1< T mn) (4.21)

C
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A direct evaluation of the representation (4.7) yields that (4.21) is equal to

R (SO R | 47 mn
(2min)* 1/_00 ) exp (t - C2t>dt. (4.22)

We want to transform (4.20) into this expression. We begin by moving the integral
downwards to the contour

(=00, —0] U {de ™ : -1 < 0 < 0} U [0, 00). (4.23)

The contour is oriented in the right direction, and § > 0 is thought of as small.
Now we make the substitution —2minv = ¢, which gives us the same integrand as in
(4.22). The difference is that we integrate along the contour

(—ioco, —id] U {de” : —m/2 < 0 < w/2} U[id, i00) (4.24)

instead, which is oriented upwards, so that the circular arc is a part of a positively
oriented circle (the radius 0 need not be the same as in (4.23)). We need to argue
why we may deform (4.24) into the one in (4.22). For this, consider the integral over
the positively oriented curve

[~R,—§|u{de™: -7 <0< —m/2}Uid,iR]U{Re” : 7/2 < 0 < 7}

Here, R > 0 is thought of as large. By Cauchy’s integral theorem, the integral over
this curve is 0. As the Section {Re? : 7/2 < 0 < 7} lies where R(¢) < 0, for R large
enough the real part of the exponent

A’ mn Am’mnx Am’mnx
Rlt—-—— | =2———— =0 — ————— <0,
222 + y?) 2R2

c2t
where t = z + iy (R > 2my/mn/c should suffice). This means that the integral over
the large circular arc is of order O(1/R), and hence goes to 0 as R — co. A similar

argument in the lower half plane shows that we indeed are allowed to deform the
contour, and finishes the claim that (4.20) is equal to (4.21).

We now reorder the sums in (4.19), and write out what we have learned. Thus, we
are at

Po(z) = e(m=) + i [ (;)('“‘l)/ * ot

x Y ey e<“m+dc”> Jier (“‘ﬁmﬂe(m).

¢=0 (mod N) d (mod c) ¢
c>0

Since ad — bc = 1, a is the inverse of d modulo ¢. Hence, the starred sum over d is
equal to the Kloosterman sum S(m,n;c). This finishes the proof. 0

Remark 4.4. To show that P,,(z) is a cusp form, one may compute the Fourier

series of
e(my(z))

Pplali(z) = ;
YEP\Io(N)a j(% Z)k
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4. The Petersson trace formula and sums of Hecke eigenvalues

for any a € SLy(Z). The procedure is similar to the above; one finds a set of coset
representatives analogous to (4.18), with the identity transformation I being present
if and only if @ € T'g(NV), and the requirement on the integers ¢, d be that

(Z Z) € Iy(N)a

(see [Iwa97, Proposition 2.7]). Then, one proceeds as above. The integral (4.20) is
still present in this new setting, and its vanishing for n < 0 is what implies that
P,.(z) is a cusp form. See [Iwa97, Section 3.2] for details.

Next, we seek to compute the Fourier coefficients on the right hand side of (4.12).
To do so we need to compute the Petersson inner product (f, P,,)y for any cusp
form f.

Lemma 4.5 ([IK04, Lemma 14.3)). Let f € Si(N) with

> .
— Z af(n>627rmz.
n=1

Then,
Pk — 1)
(fs Pn)n = )it ap(m).

Proof. Let F be a fundamental domain for the action of I'g(N) on ‘H. The weight-k
invariance of f and (3.1) implies that

L

FPan = [ () 3 0,2 emi(2)3(2) du(z)

YEP\Lo(N)
-/, > SO0 )
- ¥ / e(m2)S(2) du(z).
YEP\T'o(N)

Now we use an unfolding argument due to Rankin and Selberg. We choose a set of
coset representatives {a;} of P.\I'o(N). Then the integral turns into

S [ fEemSE) (),
j a;(F)
which can be viewed as an integration over the set
Ues(F
J

(cf. the definition (3.18)). This set can be identified with a fundamental domain
§ of the action of P, on H, up to some boundary identifications. This follows
since if z € H and o € T'o(IN) map zy € F to z, then v map «a;(2) € a;(F) to z,
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4. The Petersson trace formula and sums of Hecke eigenvalues

where o = ya; and v € P,. We choose to integrate over the fundamental domain
§ =10,1) x (0,00). This gives us

(f, Pm)v = / 1 / " f()e TRy 2y dy

_ / / Qm(nz mz) k— 2dydl’
i / 2mix(n— m)d.l’/ yk 2 727ry n+m)dy
—af / y 47rmydy

after inserting the Fourier expansion of f. The integral of e*™*("~™) i equal to
d(m,n) by simply evaluating the different cases. Finally, integrating by parts k — 2
times followed by a direct evaluation yields

S T(k—1) = _ T(k—1)
k—2 47rmyd _ / 47Tmyd —
/0 v Y (4mm)*=2 Jo ‘ Y (4rm)k—1"

finishing the proof. ]

Now we can see that the n:th Fourier coefficient on the right hand side of (4.12) is

I'(k—1) 3 ag(m)ay(n)

(ArmpT o T IE

and letting this be equal to the coefficient p(m,n) from lemma 4.3, we obtain
the Petersson trace formula after dividing by (n/m)*=1/2 (recall that a;(n) =

nF=1/2)\;(n)).

Having established Proposition 4.1, the next step is to estimate the sum of Klooster-
man sums and Bessel functions. The quality of results that one can obtain is often
directly correlated to the quality of these estimates. We cite a result from [ILS00,
Ch. 2].

Corollary 4.6 ([ILS00, Corollary 2.2]). For any m,n > 1 it holds that
A n(m,n) = d(m,n)

7(N) (m,n, N)s((m,n)) mn 1/2
+O<Nk5/6(( N) + (n, N))172 <\/_+kN> 10g2m”)‘

The interpretation is that when m,n are small, then Ay y(m,n) is approximately
equal to the Kronecker delta symbol. The proof involves the bound (4.6) as well as
a crude bound (see [ILS00, p. 2.11])

Jp—1(z) < min (1, i) k13,
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4. The Petersson trace formula and sums of Hecke eigenvalues

4.3 Obtaining an orthogonal basis of S;(N)

Recall the partially orthogonal decomposition (3.36). We wish to find an orthogonal
basis for Sg(NN) in order to evaluate Ag n(m,n). To do so, it is enough to find an
orthogonal basis for the subspace S(L; f), where LM = N and f € Hi(M). The
set of cusp forms { fi, : £|L} is a basis for S(L; f), but not necessarily an orthogonal
basis. We therefore wish to find an orthogonal basis by considering suitable linear
combinations of these forms. In order to evaluate whether these new cusp forms are
orthogonal or not, we need to investigate inner products of the shape (f,, fie,) n-

Lemma 4.7 ([ILS00, Lemma 2.4]). Let N = LM be squarefree, {1,ls|L and f €
Hi(M). Then

(firs frea) v = MO ()" VUL, f)n
where { = glgg/(gl, EQ)Q.

Proof. As on [ILS00, p. 72|, we introduce the inner product

F(s) = (E(z,5)f(l12), f(l22))n

where E(z,s) is the non-holomorphic Eisenstein series defined in (3.12). Explicitly,
we have

Fo) = [ X SOE)IH0)TG)SE) dulz),

YEP\To(N)

where F is a fundamental domain of the action of T'g(N) on H. The expression

f2) f(loz)S(2)"

is invariant under the change of variables z — ~(2), since f € H;(M). Indeed, if

= <Z 2) € Io(N),

Vi = (c?&- bc?) € Lo(M)

then

forv=1,2, and
fllir(2)) = f(nlliz)) = j(%fz‘z)kf(@z) = (7, Z)kf(giz)-
Combined with (3.1), we get

f(fl’Y(Z))f(gz’y(z))%(ﬂz))k = f(élz)f(@z)%(z)k

as claimed. Hence, we have

F(s) = /F > SOy f ey (2)S(v(2) du(z).

YEPH\I'o(NV)
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4. The Petersson trace formula and sums of Hecke eigenvalues

Now, we use the same unfolding argument as in the proof of Lemma 4.5, which gives
us

o rl -
- /y:o 0 Y f(02) f(ly2)dady.

The next step is to insert the Fourier expansions of f(¢1z) and f(¢sz). After reorder-
ing integration and summation, we have

0o oo 1 ‘
Z Z le ny le n2 ys+k—2e—2ﬂy(n1€1+n262)dy/ 0€27rzz(n1£1—n2€2)dx
r=

ni=1ngs=1

= Y apmar(ne) [y immtay,

ni1f1=nols =

After the variable substitution u = 47nf;y, we have

F(s) = (4m)'" " T (s + k- 1) Z af(nl)af(ng)(nlél)l_s_k. (4.25)
nili1=nolo
Now, ¢; and /5 are fixed. We can rewrite the integer nil; = ngly = [{1,ls]n, for
some integer n. Since
U1l
1, 0] =
[ 1 2] (62,62)’

this means that we have ny = ¢"n,ny = ¢'n, where ¢/ = {1 /({y,03) and " = ly/ (01, ls).
Thus the sum in (4.25) translates into a sum over n, which is equal to

(6162)(1—19)/2[617 52]_5 i )\f(@?”L))\f(f//n) .

n=1

nS

We denote the series by Ry(¢'¢";s); it depends only on ¢ = ¢¢" by (3.30) and
converges absolutely when ®(s) > 1. Now, for any

n=[[p",

pln

we may write n = n'n” where (n/,¢) = 1 and n”|¢> (that is, n’ contains all prime
factors of n not dividing ¢, and all prime factors of n” divide ¢). Then, any prime
p|n” divide exactly one of ¢ and ¢”, since ¢ is squarefree by assumption. This also
means that

Ar(€n)A H )\2 o) TT Ar (™) Ap(p™). (4.26)

pln”

Specifically, if p|n’, then the factor A;(p®?) is present in both factors on the left hand
side of (4.26). If p|n” divides ¢, then the left factor on the left hand side of (4.26)
contributes with the factor A;(p®*!) on the right hand side, and the right factor on
the left hand side contributes with the factor A;(p®?) on the right hand side. If p|¢”,
then the roles are reversed. This means that we may factor R¢(¢;s) as

HL FenTl (i /\f(P““)/\f(pa)> |

s
pl¢ \a=0 p
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4. The Petersson trace formula and sums of Hecke eigenvalues

where L,(s, f ® f) was defined in section 3.7. If p|¢, then p { M, and by (3.31) we
have

o i Ar(*)A () Mp) + i Ar(P)AF(P) = Ap(p®)Ar(p° )

(6% s
a=0 p a=1 p

=M@%@f®ﬁ—;&

implying that 3
s=at) (14 ) Ly(s. o0
and §
%%$=M@go+;>lﬁj®ﬁ

Gathering all factors, we now have

F(s) = (4m) FT (s + k — 1) (66) P2[00, 62, (O T (1 + ;) _ L(s, [ ® f).
ple

(4.27)
This holds a priori for R(s) > 1 and by analytical continuation also in a punctured

disc around s = 1. The final step of the proof consists of taking the residue at s =1
on both sides of (4.27). We multiply both sides with (¢,£5)%*~1/2 which on the left
hand side gives

Res,=1(E(2, 8) fioy, fle) v = (Rese=1 E(2, 8) floys fleo) v = (Ress=1 E(2, 8)) (fleys fiea) v

(4.28)
Now, if ¢1 = {5 = 1, then (4.27) reduces to
B (47T)s+k—1
L(Saf®f)_F<S+k_1)<E(Zas)f7f>N7 (429)
and from this it follows that
(4m)"
Ress—1 L(s, f® f) = k) (f, f)n Ress—1 E(z, s). (4.30)
Hence, the residue on the right hand side of (4.27) is
-1
1
(0102) 2100 057N (0) 1T (1 + p) (f, /)~ Ress=1 E(z, 5). (4.31)
ple

After we multiply (4.31) by (£1£5)*~1/2 we equate the expression with the right
hand side of (4.28). This finishes the proof. O

Recall that the residue of E(s,z) at s = 1 is 3/(nv(N)) independently of z, and

the residue of L(s, f® f) at s = 1is Z(1, f)/Cu (1), by (3.51). Equating the two in
(4.30), we obtain the following result.
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4. The Petersson trace formula and sums of Hecke eigenvalues

Lemma 4.8 ([ILS00, Lemma 2.5)). If f € H;(M) where M|N and N is squarefree,
then we have

v(N)p(M)

(f, Piv = iy A 7 gy

Now, we make an ansatz

fa= Zﬂﬁd ) fie, wa(€) € C,
(L
with the intention of making H;(L; f) := {fs : d|L} an orthogonal basis of S(L; f).
A priori, x4(¢) is only defined for ¢| L, but we can extend the definition to all integers
by letting x4(¢) = 0 otherwise. Consider now the number

<fd17fd2>
(f, Fin

Our goal is accomplished if this is equal to the Kronecker delta d(d;,ds). We thus
want to compute 07(dy,dz) and see what conditions we need to impose on z4(¢) in
order to achieve orthogonality. We proceed as in [ILS00, Proposition 2.6]. Sesquilin-
earity of (-,-)y and Lemma 4.7 gives

d¢(dy,dy) ==

5 (dds) = Y 3w (e T 5 S () (Ov(0) VA

0|L )L {f; ) G|L )L

We collect the common factors of ¢; and /5 in the factor a. Thus ¢, = al’,ly = al”
with (¢/,¢") = 1. Then, ¢ = ¢'¢" and we get

5(dy, dy) = 24, () Ta; (al" )y (C)Ap(E)— o
f(l 2) %5/;[/ d( )d( )f( )f( )V(E)V(E)
(@ =1

We use Mobius inversion in the form

Zmd):{éj "

din otherwise,

to remove the condition (¢, ¢”) = 1 and obtain

/! ! " v 6/6//
Op(di,do) =" >0 7 p(b)za, (al )Ty (al”)Ap ()N s (L")

a|lL ¢ 07| L b (¢ 0" vl (")

With the substitutions ¢ +— b’ and ¢” — b¢”, where b|L (to save notation), by
multiplicativity of Ay and v we get

i = 3o (7))

Ve V"
XY xg, (abl )\ () Tq, (abl" )\ (0"
%d JA£( V(g);id )f()(g)
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4. The Petersson trace formula and sums of Hecke eigenvalues

We now collect terms where ab = ¢. We only need to consider the case when c¢|L
since x4(cl) = 0 otherwise. This motivates the introduction of

o =S () T (1= (2 )

Vi
=) xd(cg))\f(f)m

oL

and

)

so that we currently are at

d1>d2 pr c)ya, (¢)Ya, (c). (4.32)

c|L

We have expressed the coefficients y4(c) by means of the coefficients x4(cf). Mdbius
inversion allows us to reverse this relation and write

= S wa(at (@) L5 3 ().

alL v(a) cla

Writing @ = ce and changing the order of summation yields

) = Zyd(cf)M(C)Af(C)Tc)- (4.33)
c|L

Remember that we want d¢(dy, ds) to be equal to the Kronecker delta d(d;,ds). If
we consider the matrix

Y = <yd(0) pf(c)>d|L’

c|L

then (4.32) tells us that we should require that YY* = I. We are free to choose
Y as long as this condition is satisfied, and we choose Y = I. This means that
ya(c) = p;(d)~/% if ¢ = d and 0 otherwise. Inserting in (4.33) gives

A Ve =/
zq(l) = {MC) f(C)V(C)VPf(d)’ ¢
0,

otherwise.

Finally, this means that

(4" 112
o) = (05) Tuontame et s

For this choice of f;, the set Hj(L; f) constitutes an orthogonal basis of S(L; f).

The union
U U =L (4.35)

LM=N feH; (M)

is an orthogonal basis for Si(N).
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4. The Petersson trace formula and sums of Hecke eigenvalues

4.4 Evaluation of Ay y(m,n)

Having obtained an orthogonal basis, the natural next step is to insert it into the
definition for Ay n(m,n). To do so, we seek the Fourier coefficients ay,(n). An
insertion of the Fourier series of f(¢z) into (4.34) reveals that these are equal to

- ()" e 2)

where as(n) are the Fourier coefficients of f, and the convention is that as(x) = 0
if ¢ Z. Equivalently, we require £|n. Division by n*~1/2 yields that

Agy(n) = (pffd))/ dgdﬁéfjww (%)

Ln

and a direct insertion into (4.10) (where Af,(m) = Ay, (m) since f is a newform at
some level) yields

(k

Apn(m,n) = (47) T ANE—1 LJ\;Nfe]; Hf|’2 dzL: pf
X ( > ZEZI;M(Q)M (Z))( > ZEZ;Af(cg))\f (Z)) (4.36)
i “an

It is difficult to proceed from here without further assumptions on m,n or N. Since
c1ly = coly, it would be convenient if (¢1,¢2) = 1. This is the case if (m,n, N) = 1,
since any prime dividing ¢; and /¢y need to divide both m,n and L. We write
d = bl1¢5 and obtain

(5 2o (2)) £ o (2))

colo
Li)m 2ln
)‘f(b)>2 (€105) ( ) ( )
= Ae(0105) A A . (4.37
bﬂl%d <V(b) y(€1€2) s(hake)ds 6) "\, (4:37)
L1lm,La|n
The conditions
d|L, 0](m, L),
blatz = d, are equivalent to la|(n, L),
€1|m, b|(L/£152),
la]n, blrly = d

(note that ¢,¢5|L automatically since the ¢;:s are relatively prime and both divide
L). We may reorder the sum on the right hand side of (4.37) and get
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4. The Petersson trace formula and sums of Hecke eigenvalues

As(b) 2#(5152) m n
2 *> Z o ( 20 ) e M (1) 4 (z)

Zel ) ew( ) Zzg

L) La](n,L)

Dt (2)

1 b Af(b)>
o018 |Z o ) - 4

We temporarily denote the inner sum on the right hand side of (4.38) by s(L/¢1(5).
It is a multiplicative function, and one can show that

v
pr(L/lits)

Indeed, it is enough to verify that s(p) = 1/pf(p) when p is prime, since L is
squarefree. Then, we have

s(L/0yls) = (4.39)

s(p) =1+

p (Af<p>>2 o) +1=ppp) 1

pr(p) \ v(p) p(p) ()
as claimed. We define the sum

p(£)
As(m, L) (Z ey(f)Af(E)AfQ)

and by (4.38) and (4.39), we arrive at the equality

% pfd@l) (C%:d 5&23)&(01)% (Z) ) (02%:(1 5223”(62)” (Z) )

L1|m La|n

1

We have

o () m»

5|(,m/0)

by (3.30) (the condition (0, M) = 1 is always satisfied in this context, since ¢|L, LM =
N and N is squarefree). Inserting this into the definition of Af(m, L), we observe
that the conditions ¢|(m, L), d|(¢,m/{) are equivalent to 62|(m, dL), ¢'|(m, L)/, 60 =
{. Hence, we may switch order of summation and get

6p(9) Cu(l)
Aglm. L) = Z A (52) V0) 2 (0]

2'\(m,L)/d

Similarly to before, we identify the inner sum as a multiplicative function of the
argument (m, L)/d, and denote it temporarily by ¢((m, L)/d). Here, one may check
that

ppp) _ p L 1

v(p) p+l p+1l  w(p)
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4. The Petersson trace formula and sums of Hecke eigenvalues

so that
Cp(l) 1

5/(7%)/5 v(€)  v((m, L)/d)

when L is squarefree. Hence, we obtain

1
~ u((m, L)) 52%5 B H)oAs <52>

The evaluation of ||f]|> from Lemma 4.8 and (4.36) now gives

Af(m, L)

12 M As(m,L)As(n, L)
Apn(m,n) = ———— — !
(o= DoV oy #00) 2y pr (D)2 F)
By (3.49) and (3.53), we have upon evaluation at s = 1 that
-1
L+2) o), ptM
Z,(1.f) = {( f)_1 AR (4.40)
(1+3) (1=3) - pint
Hence, the local factor Zy (1, f) satisfies
MN
Zp(1, ) = ,
= 1140-0 = Ca, 000,00

from which we obtain

AhN(m,n)(k_lQl)N S>> Ap(m, L)Af(n,L)m.

LM=N feH; (M)

Until now, we have assumed (m, n, N) = 1. The factors A; would simplify if only the
term corresponding to § = 1 occurred. This is the case if no prime factor of N occurs
in m or n with greater exponent than 1. A natural condition to impose is therefore
(mn, N*)|[N. Under this assumption, we have A;(m,L) = \;(m)/v((m,L)) and
consequently

Z 5 Ar(m)As(n) Zn(1, f)

Aka(m,n)
( LM NfeH* (M)

which is [ILS00, Lemma 2.7].

4.5 Sums of Hecke eigenvalues

In this section, we analyze sums of Hecke eigenvalues. From (4.41), we are motivated
to introduce the weighted mixed sum

AL n(m,n) = Z Ap(m )M(")T-

fEH:(N)
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4. The Petersson trace formula and sums of Hecke eigenvalues

Our goal is to make statements about the unweighted pure sum

Apn(n) = > A(n). (4.42)

feH;(N)

From the local factor computation (4.40), we have Zy(1, f) = (n(2). The next step
is to express the two sums in terms of the original sum Ay y(m,n). This is [ILS00,
Propositions 2.8 and 2.11], valid when (m, N) = 1 and (n, N?)|N. We start with
Ay n(m,n). We claim that

k—1 p(L)M

Ap n(m,n) = 12LM:NV(())K|§L; éAkM (ml?,n). (4.43)

A direct insertion of (4.41) in the right hand side of (4.43) gives

(L) A s(n) Zog(L, f)
> S Ty M i

LM=N £|L°° C gz M feH; (M)

The sum of \;(¢€%)/¢ over {|L> is Z.(1, f) by definition, and since LM = N, we get
Zn(1, f) in the numerator. Also, (n, L) and (n, K) are relatively prime since K and
L are, and their product equals (n, K'L). Hence, we have

WD) (m)As () Zn(1, f)
2 2 2 TUlnKLD) Z0Lf)

LM=N KM'=M feH; (M')

Now KLM' = N and KL = N/M’'. The conditions LM = N,KM' = M and
f € Hi(M') are equivalent to M'|N, f € Hi(M'), M|N and M’'|M. Reordering the

sum gives
Z Z Ap(m)Ap(n) Zn(1, f) Z“(N>
M'|N feH; (M) v((n, N/M")) Z(1, f) i M
M'|M
In the inner sum, we recall that KM’ = M and change the condition to K|N/M'.
Mobius inversion tells us that the sum is 1 if N = M’ and 0 otherwise. Hence, the

only term surviving is

S gm0

AZ N(mv n)’
feH;;(N) (Lf) 7

as we wished to show.

Turning to Aj y(n), the approach is similar. Here, we claim that

Ay =""1 v “ L))( ) ;Ak,M(man). (4.44)

cv=n Y\, m,M)=1

A direct insertion of (4.41) in the right hand side of (4.44) yields

WD) A (m2)As(n) Zus (L, )
2 D), o Cm((n K) 2L

(m,M)=1 KM'=M feH; (M)
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4. The Petersson trace formula and sums of Hecke eigenvalues

The sum of A\;(m?)/m over (m, M) = 1 is by definition Z(1, f)/Zn(1, f). Hence,
we get

1
LJ\;::NM(L) K]\;;M ((n, K'L)) fegz(:M/ M)
We denote KL = L’ so that L’M’ = N. Reordering the sum gives
> s X MY
virey V(1 L)) FEHT (M) %

The inner sum is 1 if L/ = 1 and 0 otherwise. Thus the only surviving term is when

M' = N, which is
Y. As(n) = Afy(n),
fEH(N)

as we wished to show.

We are now interested in estimating Aj y(n) with a main term and an error term.
This will, for instance, allow us to estimate the size of the family |H;(N)|. However,
in (4.44) terms with L and m large may cause some problems. We therefore follow
the procedure and notation in [ILS00, p. 79], where Iwaniec, Luo and Sarnak split
the sum as

Aj n(n) = A%,N(”) + Apn(n), (4.45)
where L1 ()M )
’ - /’L 2
A n)=—— _— —A m-,n), 4.46)
k,N( ) 12 L]\;_:N V((n, L)) (m%:):1 m k,M( ) (
L<X m<Y

and Ag%y(n) is the complementary sum. First, we want to estimate A%y (n). From
the GRH for L(s, f), Iwaniec, Luo and Sarnak deduce that

> M(@)ag < (nkN)F,

(g,nN)=1

where
logp/\/p:.  4=p=<Q,
ag =41, q=1,
0, otherwise

(see [ILS00, egs. 2.65 and 2.66]). Here, @ is a fixed upper bound satisfying log Q <
log kN. Then, it follows from the GRH for L(s, f) as well as L(s,sym?(f)) that

S ARN(ng)ag < (n, N)VPEN(X T+ Y V) (nkNXY), (4.47)

(g;nN)=1

where (n, N?)|N (there are several steps in this calculation. See [ILS00, Lemma
2.12] for details.). Looking at the first term ¢ = 1, we have the estimation

ARy (n) < (n, N)V2EN(X '+ Y ) (nkNXY)E. (4.48)

Next, we turn to the main sum A;c, ~(n). Here, we apply the Petersson trace formula
directly to every Ay ny(m?,n). We will then get a main term from the Kronecker
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4. The Petersson trace formula and sums of Hecke eigenvalues

delta §(m?,n), provided that n = m? < Y? and that (n, N) = 1. This term is equal
to

fQ?/% - M(L)M:;/%(go(]\f)— Z M(L)M)

NG —121\);%(N) (1 o <T(N)N>> |

where we used the equality

e(N)= > LM,

LM=N

and the fact that M = N/L < N/X when estimating the sum over L > X. Inserting
the sum of Klooserman sums and Bessel functions give

SRR E o (229)

v((n (mM)=1 " =0 (mod M) € ¢
<X m<y

where the main term exists only if n = m? < Y? and (n, N) = 1. We now bound
the second sum by the error in Corollary 4.6. We obtain the upper bound

1/2 1/2
L L (Z(n, L)' Y
’ ((n,N)N) L%(N v((n, L)) (m%zl (M)73((m, n))log2

1/2 1/2

—-1/3 n € (L(nv L)) / €
<+ (o) 7 X S S
L<x m<Y
where we used that 7(M) = M® < N¢ and (n,N) = (n,M)(n,L). The inner
sum over m < Y is bounded by Y'*¢ by an integral comparison. We estimate the
sum over L by the largest possible term, which is X'/2 since 1/v((n.L)) < 1/(n, L).
Multiplied by the number of terms, which is at most 7(/NV) < N¢, the end result is
that

Nyt = 52 (140 (20T

9\ 1/2
+O(l<:‘1/3 <(ZXAXN> (nkNXY)ff)

(c.f. [ILS00, eq. 2.70]).

Now, we choose values for the parameters X and Y. The presence of the factor
X' 4Y~Y2in ARy (n) suggest that we put X = Y12 to minimize it. We now
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4. The Petersson trace formula and sums of Hecke eigenvalues

choose this value to be equal to n=7k8/2!N3/7. Then, for ¢ small enough, we
obtain from (4.48) that

AZEy(n) < (n, N) 20 THEISIE AT o () N) 21 S( N2,

The main term comes from A;a n(n) and is unchanged. The first error term from
A;’N(n) is bounded by

fn V2N XL & (n, N)—1/2k13/21n1/7N4/7+e < (n,N)_l/in/G(kN)Q/S.
The second error term is
(n’N)—1/2n1/7+ak13/21+aN4/7+a < (n,N)_l/znl/G(k:N)Q/g

as well. This finishes the proof of the following result.

Proposition 4.9 ([ILS00, Proposition 2.13]). Let N be squarefree and (n, N*)|N.
Then

Aj () = W +0 ((n, N)‘l/in/ﬁ(kN)Q/?’) : (4.49)

where the main term exists only if n is square and (n, N) = 1.

When n = 1, the sum A} y(n) simply counts the number of newforms in the family

Hi(N). Thus

(k= Dp(N)
12

The asymptotic means that when we average by the cardinality of the family H; (),
we should divide by the main term. The error from doing so will as a rule be absorbed
into already existing error terms.

|H(N)| = +0 ((kN)?3) . (4.50)
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Computing the 1-level density

We now turn to one of this report’s main tasks, which is to compute the 1-level
density (2.5), introduced Chapter 2. First, we will show the explicit formula in
Section 5.1, where the 1-level density of a single newform is rewritten as an integral
and a sum over primes. We then follow the results from [ILS00], in which Iwaniec,
Luo and Sarnak show that the main term follow the orthogonal symmetry type for
limited support of ¢. That is, when inserting the density w(O) in the limit (2.6), we
expect the main term in the limit to be equal to &(O) +¢(0)/2. This is the subject of
Section 5.2, and the key is to identify which parts of the prime sum contribute to the
main term, and which do not, when we average over the family. In this investigation
the Petersson trace formla is crucial. Having obtained the main term, we turn to
the analysis of a lower order term of order 1/£ as done in [Mil09]. This is done in
Section 5.3, and will be compared with the Ratios Conjecture prediction in the next
chapter.

5.1 The explicit formula

Let f € H{(N). Recall the definition (2.3) of D(f, ¢), that is

D(f,¢) =;¢<(Pf—;) ﬁ)-

271

We wish to evaluate the sum using Cauchy’s residue theorem. To do so, we ob-
serve that if ps is a zero of L(s, f) with multiplicity m, then it is a simple pole of
N (s, f)/A(s, f) with residue m. Now let ¢ be such that all the zeroes of A lie in the
strip

{seC:1-c<R(s)<ch

unconditionally, by the Euler product and functional equation for A(s, f), all its
zeroes lie in the critical strip, and we may choose any ¢ > 1. Assuming the GRH
we may choose any ¢ > 1/2. We now integrate

wop?((-3) 320

over the positively oriented rectangle with corners at 1 — ¢ £ i7T, ¢ £ ¢T (recall that

L = log (k*N), and that A(s,f) = Lu(s, f)L(s, f) was defined in Section 3.6).
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5. Computing the 1-level density

Letting T" tend to infinity with the requirement that 7" is not the imaginary part for
a zero of A, we pick up all the terms of D(f, ¢) as residues, giving

- () Do D e

The functional equation (3.41) implies that

A,(1_57f> _ A/(57f>

A(1_57f)_ A(Svf)’

from which the substitution s — 1 — s in the second integral of (5.1) gives us

D(f,¢) = ! 2A/( f)¢(<s—1> L) ds.

2mi Jo “ A (s, f) 2) 2mi
Since A(s, f) = Loo(s, f)L(s, f), we get two terms
L'(s, f) 1\ £
D(f,¢) = 27 Jo) 2 L(s, f) ¢ ((S B 2) 2m> ds (5.2)
1 L (s, f) 1\ £ '
+ 2ri /(c) 2Loo(s,f)¢ ((S B 2) 27rz> s,

where we integrate the logarithmic derivative of each factor.

For the first term in (5.2), we let ¢ > 1, and may then use the factorization (3.45)

to obtain
log Ly(s, ) = —log (1 — Oéj;fp) —log (1 _ 5;@)

and

L(s.f) ([ as;p)/p Br®)/P° Ny — o D)+ 57 ()
Ly(s, f) (1 —as(p)/p® 1 ﬂf(p)/p5> togp = Z::l pre

From this, we get

log p.

) v=1

s, f) > af(p) + B7(p)
= — ——————"logp.
s, f) zp: 2 p” or
The first integral in (5.2) is therefore
1 N £\
2 S town (el + 5705 [ (5 3) 57) e

Assuming the GRH for L(s, f), we may shift the integral to (s) = 1/2 due to the
rapid decay of ¢. We then parametrize s = 1/2 + it and substitute t£/27 = u to
get
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5. Computing the 1-level density

_9 Z Z + Bf ) loip /:)O ¢<u)e—2m'uulogp/ﬁdu
p

1//2
v=1
,8 lo lo p

p v=1

We turn to the second term of (5.2). By (3.40), we have

L (s, f) VN 1 (s k+1 1 (s k-1
oo\S: J) v o2 o =4+ — A4
e el ) vt ) tavlea ) O
where ¥(z) = I"(2)/I'(z). We can also move the second integral of (5.2) to R(s) =
1/2 and apply the same parametrization and substitution as before. Doing so gives

1 oo VN 1 k+1  miu

— 21 — -4 — 4+ — du. .

ﬁ/_m[0g<ﬂ>+¢<4+ ; —I—Eﬂqb(u)u (5.5)
For brevity, we let + denote the presence of both 1-terms on the right hand side of
(5.4). In total, we have

D(f,) = o) BN L (1 + ’T+Q“) o)

2y Y Y j/ff( )ab(”lzgp) 1°§p. (5.6)

p v=1

This is referred to as the explicit formula. It serves as a first step for most of our
calculations.

5.2 The main term

In this section, we follow [ILS00, Sections 4 and 5] to obtain the main term of the 1-
level density in accordance with the Density Conjecture when (E has limited support.
In this context error terms of any size are allowed, as long as they tend to 0 when
kN tend to infinity, in particular errors of size 1/log (kN).

In the general context of the Katz-Sarnak Density Conjecture our family is predicted
to have orthogonal symmetry. This means that what we want to show is that

Dzl = 0) + 2,

as kN tends to infinity.

5.2.1 The 1-level density of a single newform D(f, ¢)

We wish to manipulate the integral on the right hand side of (5.6) in order to remove
the u-dependence of 1. For this purpose, we use the Stirling approximation

o) =tz 40 (1)
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5. Computing the 1-level density

(see e.g. [Dav00, Ch. 10]). The integrand now becomes

77/) 1_}_1{3:&1_’_@
4 4 L

=1 1_}_@_’_@ +1 1_}_&_}_@ _|_O<1)
e\t Ty T )T ATy T k
B 1 k+1 miu 1 k-1  miu 2
"log<4k+ 1k +_k£> 1Og<4k ik *‘k£>‘+()<k)*_bgk‘

The integral over the first three terms on the third row is bounded, since ¢ decays
rapidly, and yield error terms of size O(1/L). All in all, we have

FRICTE P

This implies that we have

- logkz2N p) + B%(p) ~ (vlogp)\ logp 1
D(f.6) = 6(0) —2;;; o ¢<£ )L:+0Q).@n

At this stage, the reason we re-scale v by £/2m becomes clear. The first term $(0)
will be a part of the main term as predicted by the Katz-Sarnak heuristic.

Next, we analyse the summation over primes, splitting it into terms where v = 1,2
and v > 3, respectively. Recall that by (3.46), (3.48) and (3.47), we get

ar(p) + Br(p) = As(p),
ﬁ@HﬂA>—M<> Xo(p),
o (p) + B(p)] <

respectively. When v > 3 the sum over primes converge absolutely, yielding an error
of size 1/£. When v = 1,2 we split the sum depending on whether p|N or p t N.

We have \ | | |
~ 1
3 qﬁ)¢<<%p> ogp 1 y~logp
p|N p L L £ p|N p

Ar(p?) ~ (2logp\ logp 1 ~logp
2 U ) e e

piv P

and

(here, we used (3.32)). By a Stieltjes integration, we have

1 z ] 0 z Q(t

ZOW:/ Zdo(t) = (@+/9ﬁ<1ﬂ%% (5.8)
<z P 1t T 1t

since 6(t) < t by the PNT. Here, 6(t) is the Chebyshev function. We now split the

sum on the right hand side depending on whether p < log 3N or not!. By (5.8), we

have

1 lo
Z ng<< Z gp<<1+loglog3N

v P p<log 3N
p<log 3N

T owe this idea to V. Ahlquist.
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and the remaining sum is bounded by

log p 1 log N
> < > logp< =O(1).
av P log 3N v log 3N
p>log 3N p>log 3N
Therefore, we have
1
> 8P <1+ loglog 3N, (5.9)

p|N

and the same of course holds if we replace p by p?. Introducing these error terms in
(5.7), we have

logp\ 2logp

D) =501~ Svid )fﬁ
2logp\ 2logp 1+ loglog 3N
vt -0 (B0 S o (PR

(cf. [ILS00, p. 87]). The second sum can be split into two terms, the second
of which involves no Hecke eigenvalues. In this sum, we may add back the terms
corresponding to p|N at a cost of the admissible error term loglog3N /L, by (5.9).
Doing so gives us

~(2logp\ 2logp 1 2logt
o (M) -2 e (M we

p

by a Stieltjes integration. Now,

2 o1~ (2logt < (0)
) ﬁb( i )dt:/o Plujdu = =5~

through the substitution 2logt/L = u. So we have

2 1~ (2logt 9(0) [ 2 1~ (2logt B
o ﬁ( i >d9<t>—2+cl ﬁb( i )dW 2

For the sake of showing that the main term of the 1-level density agrees with the
Katz-Sarnak prediction, we only care about ¢(0)/2 and wish to bound the remaining
integral by O(1/L). This is possible by the PNT, by which

O(t) —t < te Vit

for some ¢ > 0. By Stieltjes integration, we have

/1 1 <210gt> d(o(t) —t) = —/100(0(@ y (1@; <212gt>>

B (2. (2logt) ~(2logt)) 6(t) —t
A () o () e
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5. Computing the 1-level density

and by the PNT, the integral is bounded independently of L.
All in all, we have

D10 =60+ P = i(10) - g0+ 0 (FHEEEIN)

where

logp> 2logp
As( ,
=305 ()

2logp\ 2logp
E Ar( :
i ( c ) pL

Already in (5.10), we can discern the predicted main term of the Katz-Sarnak heuris-
tic. Before we can draw any conclusions, we need to handle the two sums P (f, ¢)
and Py(f,¢). We will do this by averaging over the family H}(N), and use the
Petersson trace formula.

5.2.2 Averaging D(f, ¢) over the family H}(N)

Now, we consider the averaged 1-level density

1
TV oy )

which we defined in (2.5). The term ¢(0)+¢(0)/2 of D(f, ¢), as well as the error term
O((1 + loglog3N)/L), is independent of f and stays unchanged through averaging.
What remains is to consider the average of the sums P;(f,¢) and P»(f,¢). The
sum Pi(f,¢) requires the most careful analysis, due to two reasons. Firstly, we
divide by ,/p rather than p in each term, and secondly, we also have the quantity

Du:vy)(9) =

log p/L rather than 2logp/L in the argument of a, leading to more terms than in
Py(f, ). Therefore the first sum will determine the conditions for which the Density
Conjecture is verified. The second sum is then handled similarly.

We thus start by considering the unaveraged sum
Pi@)= > Pu(f.9) (5.11)
fEH(N)
By definition of P;(f, ¢), we have

P(6) = Z Z)\f <logp> 2logp ZA <logp> 2logp‘ (5.12)

FEH;(N) pf VPL % VL

We are again interested in splitting A} y(p) as in (4.45), possibly with other values
for the parameters X and Y. This will split the sum on the right hand side of (5.12)
in two. The latter is equal to

logp) 2logp
APy .
Z ( VPL
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5. Computing the 1-level density

This can be estimated by (4.47), with n = 1, since the compact support of ¢ forces
logp < log kN. We get an upper bound

ZA <logp> 2log p < EN'"  ko(N)

JiL r ST

where we choose X =Y = (kN)® with £ such that N has exponent 1 — &’. The
estimation N'™¢" < (N) follows from [HWO08, Theorem 327]. What is left is to
consider (5.12) with A y(p) replaced by A y(p). Following the steps in [ILS00, p.
91-92], we reorder the sum as

ko1 1 k()
Py ="t s wom L LQimic)+ 0 ( ) |
; 12 LJ\;N (m,M)=1""" =0 (%d My € e log kN
L<X m<Y

(5.13)

where

. drm,/p\ ~ (logp\ 2logp
* . ::2 k 2 . —
Q. (m;c) i MZNS(m ;D3 ¢) 1( c >¢< L ) VPL

contains the Kloosterman sum, the Bessel function and gg It is at this stage that we
will see how the support of ¢ affects the size of Qf(m;c), and consequently Pk((b).
We will assume that gzﬁ is supported in (—o,0). We may then assume p < P = cf

where 0’ < 0. We bound the Kloosterman sums by the Weil bound (4.5). We would
like to use the bound (4.8) on the Bessel functions. This is allowed if

4mn/ P < E
c -3
since p < P. Recalling the conditions m <Y and ¢ > M = N/L > N/X, we

impose that

127 XY VP < kN. (5.14)
With this, we have that
47rm\/? ArXYVP _k
c N 3
as we wish to. We write out X,Y and P in terms of k and N and absorbing 127 XY
into kN, we get

(K*N)7? < (kN)'~
and we see that this is the case if we choose

log kN log N
=2 =1 . 5.15
7 log k2 N + log k2N (5.15)

Writing out the upper bounds (4.5) and (4.8), we get

Qi(mic) < 27k 12 Z m®, p, ) Pr(c)m < 2772 Y T m?,

pIN
p<P p<P
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Sincem <Y = (kN)* and ¢ > M > NX ! = k" °N'¢ we have N < k°c and
m < (kc)®. Estimating the sum over p < P by P gives us

Qi(m;c) < 27 kE P12 (5.16)

(cf. [ILS00, p. 92]). With ¢ = ¢M where ¢ € Z*, the inner sum over ¢ in the main
term of P (¢) in (5.13) is O(1). Hence, the main term itself is bounded by

2—l~ck,1+ap Z Ma—l/? Z l _ 2—k’k,1+aPNa—1/2 Z L1/2—a Z l
LM=N (m,M)=1 "1 LM=N (m,M)=1"T
L<X m<Y L<X m<Y

We bound each term by X and 1, respectively, and bound the sums by their number
of terms. All in all, we obtain

ke(N)

log kN~

If the former term can be absorbed into the latter, then the sum P;(¢) gives no
contribution to the main term when we average by |H;(N)| < kp(N). Since 27F
decays faster in k than any polynomial, we may ignore all k-dependencies. The

relevant factors in N from both terms are N ~'/2*¢ in the main term, and N'=' in
the second term. We thus see that we would need

N0/71/2+€ < N,
which is the case if 0 < 3/2. This finishes the analysis of P} (¢).

We now briefly describe the analysis when replacing Pi(f, ¢) by Ps(f,¢) in (5.11).
The factor A\;(p) is replaced by A;(p?), there is an extra factor 2 in the argument of

’P;;(Qﬁ) <<2—kk,1+spNa—1/2+

QAS, and the factor /p in the denominator is replaced by p. We reorder the sums and
split Ay n(p?) as before. The complementary sum APy (p?) is estimated by (4.47)
similarly to before, when replacing n = p by n = p>. The sum A} y(p®) may now
contain a main term not present in the previous case, due to the square p?>. However,
this will still leaves an error of size k¢(N)/L. The modified version of Qf(m;c) is

4 ~ (21 21
QZ(m;C) _ QWikZS(mz,pQ;C)Jk_l ( W:”Lp) & < ng> ogp
PN

L pL

which we estimate by the same bounds as before. The condition (5.14) is now
replaced by
127 XY P <EN,

where P = C?/ 2, the division by 2 being due to the extra factor 2 in the argument
of gg From here, we deduce the same requirement on o as in (5.15).

We obtain the same bound (5.16) on @} (m;c), and therefore the same bound on
Pi(¢) as before. However, P has a new meaning now, giving the requirement that
o < 3, rather than 3/2. The extra factor 2 essentially stems from occurring in the
argument of gg Hence, the requirements on o are laxer in this case, and are thus

determined by Pi(f, ¢).

In total, we have proved the following result, which is a part of [ILS00, Theorem
5.1] (slightly modified).
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Theorem 5.1. Let k > 2 be an even integer, N > 1 be a squarefree integer and ¢
be an even Schwartz function whose Fourier transform ¢ is supported in (—o, o) for

log N 3>

—_ — 1
log k2N’ 2 (5.17)

0 = min (1 +
Assuming the Riemann hypothesis for L(s, f) and L(s,sym?(f)), we have that

lim Dy (xv)(6) = / " o(2)w(0)(x)de

kN — o0 — 00

where

w(0) =1+ —.

Remark 5.2. There are several directions in which Iwaniec, Luo and Sarnak ex-
pands this result. One is that they split the family H;(N) into two families H(N)
depending on whether the root number €; = 1. The basic observation then is that

ki
Lep =1 Ep(N)A (NN =20, -
From this, we recognise that to sieve out the newforms with constant sign, we have
247 (. n) = Ay (m,n) £ Eu(N)NVEAL v (m,nN)

if (n, N) = 1. Here, Af’N(m, n) is defined similarly to Ay, 5 (m, n), with the difference
that we sum over Hif(N) rather than H;(N). Hence some of the analysis of H;F (V)
boils down to the corresponding analysis of H;(N), and this sometimes can be
carried out in parallel to the analysis conducted here. The end result is that the
1-level densities for the families H; (N) and H, (N) are equal to w(SO(even)) and
w(SO(odd)), respectively.

Another expansion of Theorem 5.1 is to possibly enlarge the support for QAS By a
more careful analysis of sums of Kloosterman sums, Iwaniec, Luo and Sarnak manage
to improve Theorem 5.1 to hold for ¢ = 2. Similar results hold when splitting the
family according to sign. See [ILS00, Sections 6 and 7| for details.

Remark 5.3. Theorem 5.1 is flexible in the sense that we have not made any
assumptions on k£ and N other than & being even and N being squarefree. It is not
uncommon to distinguish between the cases when k tends to infinity and N = 1,
and when k is fixed and N tends to infinity. These stronger conditions may lead to
stronger results. We will take this approach in the next section.

5.3 Lower order terms for the family H;(N)

Having arrived at Theorem 5.1, we now turn to a closer analysis of the terms oc-
curring in the explicit formula. We wish to find an expression with a power-saving
error term, which is significantly smaller than 1/log kN allowed in the main term
computation. The reason for this is that we want to make a prediction of the be-
haviour of the 1-level density using the Ratios Conjecture in the next chapter. As
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5. Computing the 1-level density

having an error term of size N~/2%¢ is a part of the Ratios Conjecture, we aim for
an error term of comparable size in our number-theoretical analysis.

As observed in Remark 5.3, when we aim for stronger results we might have to make
stricter assumptions to prove them. Indeed, in this section we will assume that k is
fixed and that N will tend to infinity through the primes. An advantage of this is
that the sums over p|N will now contain only one term. Another virtue is that all
dependencies on k in the error terms may be viewed as absolute.

In this section we follow the procedure of [Mil09, Section 5]. We start from the
explicit formula (5.6) as before, and turn to the analysis of the prime sum. As N
now is prime, we have |a%(N) + S4(N)| = [N4(N)| = 1/N*/? by (3.32) and the
convention directly after (3.46). Therefore, the term where p = N is of order

| 1
2w <y

For p{ N and v > 2, we have o4(p) + 87(p) = A(p") — A\s(p"~?), by (3.48). Splitting
the sum over primes into whether v = 1,2 or v > 3 with our new conditions imposed,

we get
1 oo N 1 k+1
D(f,6) = Z/_oo [QIOg ({:) ) <4 0+ ”Z“)] o(u)du
)‘f(p)A<10gP> log p
—9
p#EN VP ’ £

Ap(p?) =1~ (2logp) logp
—2
Z P ¢ L L

p#EN

_QZZ V/);f( )@(Vlocgp> loierO(Jif)'

p#N v=3

Now, we average over H;(N). Adopting the notation of Miller (see [Mil09, eq. 4.5]),
we have

Dpx(v ﬁ/ [2 log ( > + (i + ki:1 + T)] o(u)du
+%jﬁ<mfp>mfp—Sﬂ@—sx@—sww+O(;),61&
where
B 1 logp\ 2logp
Sl(¢) - ‘H (N)‘ fGZN)p;V \/— ( > E )
B 1 2logp\ 2logp
52(¢) - |H (N)| fEZN)p;V ( L > L’
1 )\f( v=2) <Vlogp> 2logp
M@uwwg%gﬁ 3 (“losr) 2loge

We will analyze each of these terms in turn, as done by Miller. The main tool is
Proposition 4.9.
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5.3.1 The sum S;(¢)

We turn our attention to the first sum S;(¢). As previously noted, this sum requires
the most careful analysis, due to its relatively many and large terms. After reordering
the sum, we get the inner sum Ay y(p). This is split into the two sums (4.45), with

the parameters X and Y restricting the sum A, y(p) as before. This splits S (¢)
into two terms

logp\ 2logp
A,
] 5 S0 )fﬁ

mﬁN
logp) 2logp
* (5.19)
T TE )] ( p;:v ( VPL

which we analyze in turn. For the first term, we observe that if X < N, then

Si(¢) =

, ko1 u(L)M 1 )
k,N( ) 12 L]\;::N V((p, L)) (m%:)_l m k7M( )
L<X m<Y
k—1N 1
= ( 12) Z 7Ak,N<m 7p)7
(m,N)=1
m<Y

since N is prime. Also, since p is not a square, from Ay N(m27p) we only get the
Bessel-Kloosterman sum in the Petersson trace formula. After reordering, we have
the first term of (5.19) being equal to

(k—1)N 1 1
PrE————— - 7Q*<m? C)a
12|H(N)| (m,%;zl m = (mzod Ny € '

m<Y

where similarly to before,

Qi (msc) = zm-kp;\fs(mzm; ) s (47TTTCL\/_> (g (logp> 2\1/0_ng

To proceed, we will reuse the bound (5.16), that is
Qi(m;c) < 27 kP12,

Recall that this holds when p < P = c;', o' < o and 4mmv/P/c < k/3 (where ¢ is
supported in (—o,0)). We deduce that the first term of (5.19) is bounded by

k (K*N)”
D S ) et
3/
(m,N)=1c¢=0 (mod N)
m<Y

We write ¢ = N{ and note that the resulting sum over £ € Z* converges. Estimating
the outer sum by its number of terms and removing all k-dependencies, we see that
we get a contribution of order

N =32ty (5.20)
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5. Computing the 1-level density

from the first term of (5.19).

We turn to the second term of (5.19). From the compact support of QAS, we may
restrict the sum to p < C?/, where ¢’ < . Recall (4.47), which gives

|
S AR D)L < EN(XT 4 Y VA (RN XY
p#EN \/ﬁ

p<cf
when n = 1. Writing the second term of (5.19) as a Stieltjes integral and using

partial integration, we have

logp> 2logp
APy
i 5, 0 ()

-1 et s s ylogp [~ (logt
= |H,;‘(N)|£/1 2 Z Ak,N(p)%d (Cb <£>>

p#N
p<t
-1 o logp -, (10gt>
= 2 A —dt
\H;;(N)\L/l p;v e (p) B\ )iz
p<t

1 e 1
< —— [ T EN(X T + Y V) (ENXY) —dt

ENL tL
< Né(X +Y~Y2),
In total, we therefore have the bound
Si(¢) < N7 =3/% ey L N9 (X~ L4y ~1/?), (5.21)

Since X only occurs with a negative exponent, we choose it as large as possible under
the requirement X < N, namely as N — 1. This means that the term involving X
will be of order N='*¢. There are two errors involving Y, one of which grows and
one of which shrinks as Y grows or shrinks. To balance them, we set them to be
equal. From this, we get Y = N©=20)/3 Inserting this in (5.21) yield

Sl((b) < N7(372o/)/6+5.

We see that the largest possible choice is ¢ = 3/2 in order for the error to be of
power-saving size. We also need the bound (5.15), in order to use the estimation
(5.16) of QF,(m;c). Hence, the conditions on o arising from the analysis of S;(¢)
are the same as in Theorem 5.1. We may assume that ¢ = 3/2, since in the end we
want N to tend to infinity.

5.3.2 The sums 53(¢) and S3(¢)

We turn to the analysis of the two remaining sums Sy(¢) and S3(¢). They are
handled similarly, and we start with Ss(¢). Here, the factor Ay y(p”) — A y(p"72)
appears after reordering. We recall the two contributions from (4.49), a main and
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5. Computing the 1-level density

an error term. A main term occurs only for those prime powers where the exponent
v is even. When we divide by |Hj ()|, we should replace A(p”) by 1/p*/?. Doing
so gives the main contribution

> Z (Vloﬁgp> 212gp. (5.22)

v>4 p#N
v=0 (mod 2)

The main term occur if p¥ < Y2, where Y is the second parameter restricting
r.n(n). We therefore need to estimate the tail of the sum (5.22), where p” > Y2,

or p > VY since v > 4. The tail is of order

Z Z (Vlng) 2logp
v>4 p#EN p” L L
v=0 (mod 2) p>VY

1
§ : 2 : v—1 2 : —
< >4 ‘ﬁn < >4 yv/2—1 <y
=0 (mod 2) VY v=0 (mod 2)

which with the choice of Y above will be absorbed into the other error terms.

Recall that the error term of A}, v (p¥) in (4.49) is of size p*/S(kN)?/®. To estimate the
contribution to S3(¢) arising from this error term, we need to specify the conditions
imposed on v and p from the compact support of gg The first observation is that
we must have

vlogp _
<.
7 <o

From this, we draw two conclusions. On the one hand, fixing p = 2 gives the
restriction v < ¢’L/log2 on the exponent v. On the other hand, we have

o' /v o'/3
p S cf S Cf )

since v > 3. Hence, we obtain the upper bound

(kN>2/3 Z Z V/G L Z 1 £2 —-1/3

S e K NS
kN 3<v<o’'L/log2 p<c ’/3 pu/2 kN>1/3 pgc;//S p (kN)1/3

In total, we have from S3(¢) a contribution

1 21
Si0)= X X LG (ML) 2R o ().
v>4 p#N L L
v=0 (mod 2)

We turn to the analysis of Sy(¢), which works similarly except that we have no sum
over indices ¥ > 3, but instead a single term corresponding to v = 2. The main

term is
5 ¢ (21ogp> 2logp
pséNp L
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5. Computing the 1-level density

Also here, to motivate the inclusion of all the terms, we need to bound the tail of
this series. In this case, the primes are bounded below by Y. The procedure is
similar to before, and the tail is again bounded by Y ~!. The error term from Sy (o)
is bounded by

(kN)2/3 1 1 e
o 7 < (kN)l/S/l t2/3dt<< N-

PSC;I/Q p

Hence, from Sy(¢) we have the contribution

210gp> 2logp —(2—0")/6
+ O (N )
D=3 cb( o )

Grouping together the main term in Sy(¢) with the term

2logp\ 2logp
gpqs( L ) £

n (5.18), we get a term of the same shape as in S3(¢), corresponding to the index
v = 2. After we collect the error terms, we arrive at the following result.

Proposition 5.4. For k fized and N tending to infinity through the primes, we have

[QIOg (\/N) + (i + kil + qu)] o(u)du
(Vlogp> 2logp

Duy (v

- - +0 (N7(372a’)/6+6 + N’1/3+5> (5.23)

+ 2 Z
v>2 p#N
v=0 (mod 2)

for any o' < o = 3/2.
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The 1-level density through the
Ratios Conjecture

In this chapter, we analyze the 1-level density through the Ratios Conjecture. We
will see that the Ratios Conjecture correctly predicts the shape of the 1-level density
as computed in Section 5.3, down to the power saving error term obtained there.
Indeed, the Ratios Conjecture goes further than that, and predicts an error term
of size N~1/?*¢ without any specific requirements on the support of 5 other than
compactness. From this, we may draw two conclusions. First, the agreement with
previous calculations support the claim that the Ratios Conjecture is a reasonable
heuristic. Second, we see that if the Ratios Conjectrue should turn out to be true,
then it would imply the full Density Conjecture.

The actual computations are carried out in Section 6.3. Before we do them, we
review the general Ratios Conjecture recipe in Section 6.1, and adapt it to our
specific setting in Section 6.2. The first ones to formulate the Ratios Conjecture
recipe were Conrey, Farmer and Zirnbauer in [CFZ08]. This chapter mostly follows
the material presented by Miller, in particular [Mil09, Section 5].

6.1 The Ratios Conjecture recipe

The Ratios Conjecture is a heuristic method of making conjectures about sums of
ratios of L-functions L(s, f), where f belongs to a natural family F. Recalling the
notation of Section 2.2, it is common to consider the truncated finite family Fx,
and then let X tend to infinity. We will restrict to the situation where the ratios
have precisely one factor in both the numerator and the denominator, although
more general situations are possible (see e.g. [CFZ08, Section 5.1]). For the sake of
concordance with the rest of the report, we will also only consider the case where
we take the unweighted averages over the family, although it is possible to consider
weighted averages as well. That is, we are studying sums of the form

1 L(1/2+ «a, f)

Rr(a,7) == T fezfx 02570 (6.1)
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6. The 1-level density through the Ratios Conjecture

The main reason for our interest in the sum in this report stems from its partial
derivative

_ 3 L'(1/2+s, f)
a=7y=s |fX’ feFx L(1/2+87f>7

which is useful when computing the 1-level density. The following conditions on «
and v are standard:

0 1

%R}—(a7 7)

—1/4 < R(a) < 1/4, (6.2)
1/log|F| < R(y) < 1/4, (6.3)
(), S(v) <. | F|' for any € > 0.

The requirement that the real parts of « and ~ lie in the interval (—1/4,1/4) ensures
that the products over the primes which we obtain in the computations below con-
verges absolutely. We also need to keep R(y) positive in order to avoid the zeroes

of L(1/2 + 1, f).

The process of making a conjecture about the asymptotic behaviour of a sum of the
form (6.1) follow a more or less established recipe, which we now outline.

1. Write down the approximate functional equation for L(s, f), and discard the
error term. This will give two finite sums whose length are governed by two
parameters x and y, where zy ~ cy.

2. Write the factor -
1 _ Z Nf(h>
L<S7 f) h=1 s

as a Dirichlet series for a suitable multiplicative function f.

3. Expand the sum (6.1) by using the representations of L(1/2 + a, f) and
1/L(1/2 4 v, f) from the steps 1 and 2, and replace the summands by their
expected values when averaging over the family Fx.

4. Complete the resulting expressions by letting the parameters x and y tend to
infinity.

5. The prediction of the Ratios Conjecture is that the original sum is equal to
the obtained expression, up to an error term of size |Fy|~Y/2*%.

We emphasize that the Ratios Conjecture is not an exact method, but a heuristic
tool to get an idea of what results one might expect. There are a lot of error
terms which we ignore in various steps, and the fact that the obtained conjectures
seem to be able to accurately predict the behaviour of ratios of L-functions is quite
remarkable.

In [CFZ08], the third step includes the act of replacing the root numbers ; with
their average over the family. This is not included here, and this modification was
consciously made by Miller. Recall that if N = 1, then ; = i* is constant over
the family. In this case, the average is equal to €; and does not change anything.
However, when N > 1, then around half of the newforms have ¢, = %1 each (see
[ILS00, Corollary 2.14]). Hence, the average would be equal to 0, and the term
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6. The 1-level density through the Ratios Conjecture

involving e would vanish. We will not apply this average, but we will see that the
term will be very small when N tends to infinity, namely of order 1/N. As noted by
Miller, this supports the claim that it is reasonable to take the average of the root
numbers as a part of the recipe.

6.2 Following the recipe

We wish to adapt the Ratios Conjecture to our specific setting. Recall that the
family of L-functions we investigate are those attached to newforms f € H;(N).
This family is finite, and the sum which we study is therefore

1 L(1/2+a, f)

] by D25, 0) (6:)

Ry vy (e, ) i=

and its partial derivative

0
R}{;;(N)(S,S) = %RH;(N)(CY»'Y)

1y DU2rs))
amims (N gt L2245, 1)

We follow the exposition in [Mil09, Section 5.3]. Miller’s main goal concerns the
setting where the sums are weighted by the (modified) harmonic weights ws(N).
However, the modifications needed for the unweighted setting do not change the
situation too much, and they are briefly outlined by Miller. Here, we will flesh out
the details of the unweighted computations. In concordance with Section 5.3, we
focus on the case where k is fixed and N tend to infinity through the primes.

6.2.1 The approximate functional equation

Let f € H{(N). Recall the functional equation (3.43), that is

L(s, f) = e Xp(s)L(1 = s, f),

where
e = FU(N)A (V)N

is the sign of the functional equation of f, and X (s) was defined in (3.44). More
precisely, we have

CLo(l-s ) (VN\TUD((-s)/2+ (k—1)/2)
Xuls) = Lols, f) < o ) T(s/2+ (k—1)/2)
_ (JN)“S L((1 = 8)/2+ (k= /AT(L — 5)/2+ (k +1)/4)

C((s/2+ (k—=1)/H)T((s/2 + (k+1)/4)

(6.6)

T

The last step is the duplication formula for the Gamma function. Differentiating
log X1 (s) yields

Xp(s) VNY 1 (1—s k+1\ 1 (s k+1
‘m—m)g(W)*zw( 2 +4>+2¢’<2+4>’ (6.7)
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6. The 1-level density through the Ratios Conjecture

where ¢(s) =T"(s)/I'(s).

The approzimate functional equation takes the shape

B =X A x () 3 20 (65)

m<zx n<ly

where z and y are parameters satisfying zy ~ ¢y (this version is from [Mil09, Lemma
2.3]. See [IK04, Theorem 5.3] for a smooth version.). Recall that ¢; = k*2N. It is
common to choose x =y ~ Vk2N, and we will follow this convention. As a part of
the recipe, we will discard the error term in our subsequent use of the approximate
functional equation.

6.2.2 Expanding the L-function in the denominator

Recall the Euler product

_ 1;[ (1 B /\J];(p N XO(p)>1

p23

of the L-function attached to f € H{(IN), where x is the trivial Dirichlet character
modulo N (see (3.38) and (3.39)). Inverting and expanding the resulting product

yields
1 A > h
L(s, f) % I p* -
where j17(n) is the multiplicative function defined on prime powers by
1, m =0,
m —A (p>a m = 17
™) =4 (6.10)
X0 (p)v m = 27
0, m > 3.

This holds a priori for ®(s) > 1, where the convergence is absolute. Assuming the
GRH for L(s, f), the series (6.9) converges conditionally for R(s) > 1/2 (due to
cancellations in pr(n); see [IK04, Proposition 5.14, part (3)]).

6.2.3 Averaging over the family

Inserting (6.8) (with the error term removed) and (6.9) into (6.5) gives us

1 Ap(m)
RHZ(N)(a77) |Hk( )| fez ( Z Z W

Hi(N) \ m<z h=1

n<y h=1

+if u(N)NV2X ( - a) Ty “fhl/zﬂnlzjfa( )). (6.11)
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6. The 1-level density through the Ratios Conjecture

In the computations to follow, it is useful to remember that (m, N) = 1 since N
is prime and m < z < /N, and similarly for n. We treat the two parts of (6.11)
separately, starting with the first. To be able to distinguish which terms have
significant contribution and which have not, we write the inner sum as an Euler
product. As factors, we get sums over prime powers p™, ph (to save notation). In
total, we write

Afr(m) Ar(P™)
> Z h1/2+fym1/2+a as HZ 1/2+’y h+ (1/2+a)ym "

m<x h=1

Here, we have suppressed the exact conditions on m. We have to be careful with
calling this an equality, since the sum over h only converges conditionally. However,
for our purposes of distinguishing significant contributions, it will give the correct
result.

We now consider a general factor in the Euler product for which p < x. By definition
of py, the only values of h for which u;(p") is nonzero are 0,1 and 2. Hence, we

have A () A (™)
AV 1 7™
H <1 - pl/2+ T p1+27> (%: p(1/2+a)m> (6.12)

p<z

(remember that xo(p) = 1, since p < z < v/N). The shape of the corresponding
factors when p > x could be investigated, but we are not interested in them since
we will let  tend to infinity anyway, per step 4 in the recipe. However, we may only
do so after we have replaced the summands by their expected values in step 3. This
is what we turn our attention towards now.

For us, the relevant quantities to be averaged are the Hecke eigenvalues Af(p™).
Thus, we use Proposition 4.9 to keep terms with significant contribution, and discard
negligible ones (see also Remark 6.2). To apply the formula, we need to ensure that
we are dealing with sums of pure eigenvalues. One such term is directly obtained

from (6.12), namely
1 Ar(p™)
11 (1 - p1+27> (; p(/2ta)m |-

p<w

In the remaining term

I Ar(p) (Z Ar(P™) )
Wi \ 2 pisam |
we have a product A;(p)A;(p™) = Ap(p™ 1) + A (p™+h) when m > 1, by (3.30). The

contribution from m = 0 is discarded, since p is not a square. Shifting the resulting
sum yields

A (0") + M)

o H pltaty Z p(1/2+a)m

p<m m=0

In Proposition (4.9), the main term occurs only if n is a square. Hence, we should
only keep the powers p™ where m = 2k is even, and discard the other terms. This
means that we get a total contribution of

LY & A7) L I 0%) + 2 (%)
H L+ plt2y Z p(L+20)k  pltaty Z pL+20)k
k=0

p<z p
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6. The 1-level density through the Ratios Conjecture

from the first term of (6.11). When dividing by |H;(N)|, As(n) is replaced by 1/y/n
when n is a square. This means that in our case, A;(p*) is replaced by 1/p*. This
leaves us with geometric sums. When these are computed, we may let the parameter
x tend to infinity and obtain the contribution

1\ 1 p+1 1
H(l_p2+2a> <1+p1+27 - P pl—l—a—l-’y) (6.13)

p

from the first term in (6.11).

We turn to the second term in (6.11). It is handled similarly and we do not need to
do the calculations from scratch. The essential differences are that the factor Af(V)
is present, and that we replace o by —a. When we wrote the first sum as an Euler
product, the factors where p > = where ignored. Now, there is one such factor which
we need to take into account, namely the one where p = N. In this case, there can
be no factors coming from A(n) since n <y and y ~ VN, but the factors coming
from ys(h) are present and equal to

Ar(N
e
P Y Pt p—N N Y

Multiplying this by A¢(V), we get two terms. The first involves A¢(N) and we there-
fore get Aj y(IN) when letting the sum range over Hy(N). This term is discarded,
since N is not a square. The other term involves a sum of the squared Hecke eigen-
value A\¢(N)? = 1/N (see (3.32)), which is independent of f. Averaging over H}(N)
therefore does not change the value of the summand. Replacing a by —a, we see
that the second part of (6.11) leaves a contribution

i (N 1 1\ 1 p+1 1
- N1ty X (2 + O‘) H 1 - p2-2a L+ plt2y o p plotr )’

p

In order to facilitate the differentiation computation in the next section, we factor
out ((1 + 27v), as well as 1/¢(1 — a+ 7). The first factor isolates a polar behaviour
at the origin, while the second makes the computations easier (cf. [CS07, eq. 2.55]).
We obtain

z”m(N)XL (1 ) (2= 20)C(1 +27) ,

— i —+ A—at7) (—a,7), (6.14)

2

where

-1
1 p+1 1 1 1
A(—a,v) = 1;[ (1 + plt2y - D pl—a+’y> (1 o p1+2v> (1 - pl—or‘r’Y)

14~ +p7 _ p1+3'y _ plfa

= 1;[ (1 42 e 1) > . (6.15)

Combining (6.13) and (6.14) finishes the deduction of the following conjecture.
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6. The 1-level density through the Ratios Conjecture

Conjecture 6.1. Let ¢ > 0 and suppose that o,y satisfies conditions (6.2)-(6.4).
Assuming the GRH for L(s, f), we have

1 p+1 1
RH}:(N) (Oé, fy) = C(2 + 20{) H (1 + 142~ B 1+Oé+’Y>
p p p D

1 C(2 —2a)C(1 4 27)
<+a> C(1—a+7) A

2
where A(—a,7y) is given by (6.15).

*u(N)

(—a,7) + O (IH{(N)[72) - (6.16)

Remark 6.1. Sometimes, one is interested in the asymptotical behaviour as k tends
to infinity, rather than N. In this setting it is common to choose N = 1, meaning
that we consider the full modular group. Then, the Ratios Conjecture is similar
except for the absence of the factor u(N)/N1+7.

Remark 6.2. The size of the error term is of order N=%/2*¢ and is a part of the
Ratios Conjecture recipe. However, when replacing the eigenvalues A¢(p™) by their
expected values, we simply discard the error term in Proposition 4.9. Since (p, N) =
1 and p < 2 =< VN, these could be as large as O(N~Y%), which is qualitatively
larger than the predicted error term. The interpretation is that there are significant
cancellations between terms that must occur in order for the Ratios Conjecture to
hold. At present, this phenomenon is not understood very well.

6.2.4 Computing the derivative

Next, we wish to differentiate the two sides of (6.16) with respect to a and evaluate
them at @« = v = s. This will be used in predicting the shape of the 1-level density
in the next section.

Lemma 6.3 ([Mil09, Lemma 2.9, modified]). Denoting

0
}1;;(1\7)(375) = %RH;(N)(Q77) —
and assuming Conjecture 6.1, we have

(p—1)logp
/HZ(N)(S’ s) = Z 2425 _ |
p D

N1+s 2
for R(s) > 0, where

B (54 5) €2 = 2900+ 29)A(-5,9) + O (I (W) (617)

A(=s,s)=]]

p

14+2s 2s _ o 1+4s
<1+p Ty =P p). (6.18)

p2+4s (p _ 1)

Proof. We differentiate the two terms of (6.16) separately. Turning to the first, the
product rule gives
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1 p+1 1
/
2¢ (2+204)1;[<1+p1+27 -, p1+a+7>

0 1 p+1 1
+C(2+ QQ)% I1 <1 + P p p1+a+’y> ’

p
where the second part deserves the most attention. By

@
flo)

dccl)z log f(a) (6.19)

the derivative of the product is
1 1 1 0 1 1 1
H<1+ 1+2'y_p+ 1+a+y>8210g<1+ 1+27—p+ 1+a+fy>
. p p p % p p p
1 p+1 1
1;[ < p1+2’Y D p1+06+7>
-1
1 p+1 1 p+1 logp

X Zp: <1 T plt2y B P p1+a+7> ( p pltaty )’
by (6.19). The first product in the right hand side equals 1/{(2+2s) when a = v = s.
Upon evaluation at @ = v = s, we thus obtain that the derivative of the first term
on the right hand side of (6.16) is

¢'(2 + 29) 1\ p+1llogp) _¢'(242s) (p+1)logp
2M+;<1_p2+25> < » p1+2s>—2c(2+25)+2p2+25_1‘

Here, the part 2¢'(2 + 2s)/((2 4 2s) is recognized as the derivative of log ((2 + 2«)
evaluated at a = s, which turns out to be

Z 2logp
5 p2+2s —1
In total, we see that the first term of Rj. y(s, s) is

3 (p—1)logp
” p2+2s -1 -

We now turn to the second term of R}{Z(N)(s, s). The presence of ((1 —a+7) in the
denominator of this expression allows us to use the following (cf. [CS07, eq. 2.13]).
If f(z,w) is analytic at (z,w) = (s, s), we have

0 flayy) faleen)d —at ) + fle)d(L—a+7)
dal(l—a+7) C(l—a+7)
The first term in the right hand side vanishes ar v = v = s, due to the pole of ((s)
at s = 1. A Laurent expansion of ((s) around s = 1 also reveals that
¢(l—a+7)
(1= a+7)la==s

. (6.20)

= 1.
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Hence, the right hand side in (6.20) is equal to — f(s, s) upon evaluation at & = v = s.
We let f be equal to (6.14), with 1/¢(1 — o + 7) removed. The derivative of the
second term on the right hand side of (6.16) is therefore equal to

AN (1 + s> (2 = 25)C(1 4 25)A(—s, s),

N1+s 2
where 142 2 1+4
e e A
A(—s,s) = 1+ ) )
(=55) 1;[ ( p*(p—1)
This finishes the proof. Il

Remark 6.4. In our calculations, the order of the error term stays unchanged
through differentiation. This is of course not true in general. In our case, however,
the error term in Conjecture 6.1 is an analytic function g(a, ), since the left hand
side and main term in Conjecture 6.1 both are. We can then use Cauchy’s integral
formula for ¢/, (a,7y) at @ = v = s to see that it is of the same order as g(a,7), by
integrating around a circle of small enough radius.

6.3 Computing the 1-level density from the Ratios
Conjecture
We now analyze the 1-level density by means of the Ratios Conjecture, the chief tool

of which is Lemma 6.3. Recall that by the argument principle and the functional
equation (3.41), we obtained (5.2), that is

Do) = o [ 25 oo ((s-5) o)
il (-2 )
(s, f)

Of these terms, the second was computed and found to be equal to (5.5). When
averaging over H}(N), we thus obtain

Dig(@) = i 3 o 270, <<S B 1) £> s

[HE(N)] feHﬁ(N)% © L(s, f) 2) 2mi
L oo N 1 k+1 7
+ Z [m [2 log <\/7T_> + w <4 + T + 7TZU)‘| ¢(u)du (6.21)

Here, we choose ¢ such that 1/2+1/log |H;(N)| < ¢ < 3/4, to satisfy the conditions
(6.2) and (6.3). This is allowed, as we assume the GRH.

6.3.1 The L'(s, f)/L(s, f)-term

We now treat the first sum in (6.21). It is here that our calculations will differ from
those in Chapter 5. After changing the order of integration and summation and
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performing the change of variables s — s — 1/2, we obtain

L1245, ( £
|K%@0Lam+s43¢sz>“'

=1
— 2
2mi Jie)  |Hj(N)

Here, ¢ = ¢ — 1/2 satisfies 1/log|H(N)| < ¢ < 1/4. Since we assume the GRH,
values of $(s) in this range are allowed. The averaged sum of ratios suggests using
Lemma 6.3, but this is only allowed when $(s) < |Hf(N)|'~¢, by condition (6.4).
Hence, we split the integral in two pieces according to this condition, replace the
averaged sum by the right hand side of (6.17) in the allowed region, and extend the
new integral to the whole line R(s) = ¢’. Doing so will produce two error terms,
consisting of tail integrals over the part where S(s) > |H}(N)[*~¢. We now estimate
these.

The first tail integral, where we integrate the averaged sum of logarithmic derivatives,

leaves an admissible error term due to the Riemann hypothesis for L(s, f). Indeed,

from [IK04, eq. 5.7 and Theorem 5.17], we have that the logarithmic derivative is
bounded by

L'(1/2+s, f) 1 2

log (N k| +3)7).

Lt o) < g7 =7 o8 (V(lsl + 1M +3))

In the other tail integral, it is enough to show that each of the terms of the right
hand side of (6.17) grow at most polynomially in |s|. First, we have

3 (p—1)logp _ o),

5 p2+25 —1

since $(s) = ¢ > 0. Second, the Stirling approximation
IT(0 + it)| ~ V2r|t|]o~1/2e 70/

(see [IKO4, eq. 5.113]) is valid in vertical stripes when o > 0 and [t| > 1. It implies
that

X, (; 4 s> —0(1) (6.22)

as well. Third, since
¢(s) = O([t]) (6.23)
1

for R(s) > 5 and s bounded away from the pole at 1 (see [Tit86, eq. 2.12.2]), the
factors ((1+ 2s) and ((2 — 2s) are both polynomially bounded. Finally, from (6.18)

we have
3p+1

|A(=s,s)| < fp[ (1 + p2(p_1)> = O(1). (6.24)

Hence, the tail of the integral is small due to the rapid decay of ¢. We obtain an
error term of size O(|H}j(N)|~1¢) = O(N~1*¢) from the two tail integrals, which is
absorbed into the error term O(N~'/2%¢) from the recipe. In total, we have
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1 1 L'(1/2+ s, f) L p—1)logp
2m/<c/>2\H,:<N>\er L<1/2+s,f>¢(32m~)d8 27rz/ [Z P2

H;(N) P

n 1(N)
NlJrs

X <; + s) C(2 —25)C(1 + 2s)A(—s, s)] ¢ (s;) ds + O(N Y2+,

™

(6.25)

6.3.2 The prime sum
Let us consider the first term of the right hand side of (6.25), that is

1 (p—1)logp ( E)
Y D N G b -V VY (el Y
i /<c/) Zp: pos s a A AR K

We note that | . .
p2t2s | - 221 p(2+29)j

j:
with convergence being absolute and uniform on compact subsets, since ¢ > 0.
Hence, it is justified to interchange the order of summation and integration, yielding

sy 2 Dloep 1 /( 1.¢( L)ds (6.26)

Pyt 2mi Sy p2s 27

We focus on the integral in (6.26). After the change of variables

L
il 6.27
“omi (6.27)
we get
1 1 L 1 o
= . = Vds = 7/ —2miu(2j logp/ﬁ)d :
27 /(c’) pQJS(b (82m'> T c dlu)e “
where C' is the horizontal line &(u) = —¢'L£/2r. We wish to move the contour of

integration to the real axis. Consider the positively oriented rectangle with corners
at £7,+T — i L/2m, where T' > 0 is large. By the residue theorem, the integral
over this rectangle is 0. We need to argue that the contribution on the vertical
segments tends to 0 as T tends to infinity. To do this, we follow the corresponding
computation in [FPS18, p. 1143]. Recall that since ¢ has compact support, the
function ¢ may be extended to an entire function

0z) = [ dw)em=da.

Integration by parts yields

~

6 =5 [ B

2miz J—

for z # 0. We have

'L
|€27rixz| S e’ ) L Z 07
1, x <0,
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uniformly for —¢/L/2m <t < 0. Hence,

(T + it)| < 13 @) max (1,7 )z = O(T] )

2n [T J-

in this range. We conclude that the vertical contributions indeed vanish as we let T'
tend to infinity. The shifted integral is equal to

Z/OO ¢(u)€72ﬂiu(2j logp/ﬁ)du _ l$ <2j 10gp> '

L L

In the end, we have that (6.26) is equal to the series

)1 21
sy 2 zwogpsb( ]ng>. (6.28)

p j=1

Identifying 2j with v, we see that this equals the last non-error term in (5.23).
This means that the Ratios Conjecture prediction agrees with the computations in
Section 5.3. provided that the second term from (6.25) can be absorbed into already
existing error terms. Moreover, the Ratios Conjecture does not assume any bound
on o, except that ¢ < oo. From our previous value ¢ = 3/2, this is a significant
improvement indeed. The remainder of Section 6.3 is devoted to show that the
remaining integral from (6.25) is of order O(1/N).

6.3.3 A singular integral
We now consider the second integral from the right hand side of (6.25), that is

| Fu(N) /1 c
- /@/) 2Z]<;1(+S)XL (2 + s) (2= 25)C(1 + 25)A(—s, )6 <52m> ds.  (6.29)

One would like to to move this integral to the imaginary axis. However, we cannot
do so directly, due to {(1 4+ 2s) having a pole at s = 0. In order to evaluate the
integral, we replace the factors of the integrand by their respective Taylor/Laurent
expansions around s = 0.

6.3.3.1 Taylor expansions

First, we approximate X(1/2 + s) by its first order Taylor polynomial. Since
X1 (1/2) =1, we have

X1 (; + s) =1+ X,(1/2)s+ 0O (|s|2) :

By (6.7), one may compute
vIN 1 kx1

C(2 - 25) = ¢(2) = 2¢'(2)s + O (|s]?).

Next, we expand
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The factor ((1 + 2s) has the standard Laurent expansion
1
C(1+2s) = ?8+7+O(|s|)

(see [Tit86, eq. 2.1.16]), where 7 is the Euler-Mascheroni constant. Finally, we turn
to the expansion of the product g(s) = A(—s, s). We aim for a Taylor polynomial of
the first order, and therefore need to compute the values ¢g(0) and ¢'(0). Evaluation

at s = 0 yields
1 1
0 =11{(1-3) = 5

To compute the derivative of A(—s, s), we differentiate log A(—s, s). This yields

j log A(— Z log <1 + P ;;fj:(; ff;s - p)
_ Z (1 N p1+2s _ZPQS N p1+4s o p)l 2(2p o p1+25 N p25) 1ng‘
p2His(p — 1) p2His(p — 1)
Inserting s = 0 yields the series
B Z 2logp
P p’ =1

which we recognize as

logp _ 2¢'(2)
2 = .

gkzl p* ¢(2)
Hence the derivative of A(—s, s) at s = 0 equals 7'/{(2), by (6.19). In total, A(—s, s)
is expanded as

A(=s,8) = = (14 Ts) + O (|s*) .

1
¢(2)
Now, it is at hand to multiply the expansions to obtain the expansion of the inte-
grand in (6.29). Doing so yields

Xr (; + s) C(2—28)C(1+2s)A(—s,s

)
= (L+X3(1/2)s+ 0 (IsI*)) (¢(2) = 2¢'(2)s + O (Is*))
1
¢

« (218+7+0<|s|)> <(2+§;+0(| | ))
+

)
- 215 (1 + (27 X, (1/2) — 42,((22))> s+ 0 (|S|2)> - (6.30)

6.3.3.2 Computing the integral

With the Taylor/Laurent expansions in place, we can proceed with our computation
of (6.29). We follow steps closely resembling those in [FPS18, Lemma 4.6]. First of
all, we use the substitution (6.27), which turns the integral (6.29) into
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iku(N) 2 1 1 2miu
il S G (e
N L Jo N2iv/c L<2+ L )
“ (2 47Tiu) ¢ (1 L 4m’u> A( 2miu 27m'u> o(u)du. (6.31)
— ——, — | ¢(u)du. (6.
L L L’ L
Here, C' is the same horizontal line (u) = —¢'L/27 as before. The goal would

be to move the integral to the real axis, but we have to avoid the singularity at 0.
Therefore, we move the integral (6.31) to the contour C = Cy U C; U Cy, where

Co={z€C:3(2) =0,|z| > L},
Ci={2€C:3(z2)=0,n< |z| < L},
Cy={2=ne €C:0¢€[-x0]},

and > 0 is small. The change of contours is justified by arguments similar to

those in Section 6.3.2. Indeed, on the vertical segments where ®(u) = £7" and
—dL/21 < (u) <0, we use the bounds

1  2mu
X, (=
L<2+ L)

2miu 2w
Al—, ——— ) =0(1
(7)) =ow

in addition to the bound (6.23). These follow from the corresponding bounds (6.22)
and (6.24), which are valid on vertical strips.

= 0(1),
(6.32)

With the change to the contour C complete, we begin by bounding the integral over
Co. We can reuse the bounds (6.23) and (6.32) when S(u) = 0. From this, we
obtain an upper bound of the integral over C of order

1 2 00 1
— 1)~/ du < / 1)-V/2g .
N (D7 du < [l )7 o <

On the contour segment C; U Cy, we replace the factors in the integrand of (6.31)
with their Taylor/Laurent expansions, since then s = 2miu/L is small. The integral
over C7 U (s thus is equal to

*u(N) 2 1 L
N L Jouc, N2mw/L 4y,

/ ¢'(2)\ 2miu
x (1 + (27 + X7(1/2) — 4 {2) ) 7 +0 (|u/£|2>> o(u)du
&
= M]E[N> (L+ L)+ 0 (N_1£_2+5) ,
where
Il = ;M/CIUCQ (bgjoe—Qﬂ'iulogN/Cdu
and

I, — 2’7 + X£(1/2)£— 4€’(2)/C(2) /Cluc2 (b(u)e—%riulogN/ﬁdu'
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The integral I; may be extended to the full contour C at the cost of an error term
of size
/ #w)
Co

u
We split the extended integral into

1,/¢(u)cos 27Tu10gN du — — o(u) sin 27TU10gN du.
2mi Je  wu L 2r Je wu L

o0

———du K

du < e w2/l 12/

The first integral has odd integrand, so the integral over Cy U C vanish. The
remaining integral
log N
¢< ) (27ru gﬁ >du

2wt Jo, u

converges to ¢(0)/2 as n tends to 0, by the Cauchy residue theorem. The integrand
in the second integral is entire when N > 1, so as 7 tends to 0 we obtain

/OO ¢( ) (2 ul gN)du:_logN 00 ¢(u)sin(27rulog]\//£)du
S or

o U L L J- 2nulog N/ L
1 foo ~ d 1 plogN/L p
=5/ (W) X[~ 1og N/£,log N/2] (1) du = "2 ) gne d(u)du,

where we used Plancherel’s theorem in the second step.

Similarly to I, we may also extend the second integral I, to Cy U C; U Cy at the
cost of an error of size £7%/¢, due to the rapid decay of ¢. Letting n tend to 0, we
see that the extended integral is equal to

2y + X1(1/2) — 4¢'(2)/¢(2 ) <1OgN>

L L
All in all, we have that (6.29) is equal to
Fu(N) (6(0) 1 pesNE 9yt X(1/2) —4C(2)/C(2) - (log N
N T B 5 —log N/L qb(U)du + L qb L
1
+0(5z=):

The term inside the parenthesis is bounded as N tends to infinity. Hence, the
whole expression is of order O(1/N). This agrees with the corresponding assertion
n [Mil09, Lemma 3.4], although we obtained the result through different means.
Collecting the term (6.28) and the various error terms and inserting into (6.21), we
have the following result.

Proposition 6.5. The Ratios conjecture predicts that

Du:vy(9) = 2/0:0 [2 log (\/N) + 1 (1 + ki:l + qu)] o(u)du

)1 271
+ZZ 2wog%( ngp> Lo (N,

p j=1

where k is fived and N — oo through the primes.
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6. The 1-level density through the Ratios Conjecture

Remark 6.6. We have observed that the Ratios Conjecture does not place any
assumptions on the support of ngS, other than compactness. We also observe that the
error term, which stems from the Ratios Conjecture recipe, has smaller size than in
Proposition 5.4. Thus, the Ratios Conjecture is a very strong assumption, and yield
correspondingly strong results.

Remark 6.7. We already observed that the main terms in Propositions 5.4 and
6.5 have identical shape. Thus, the Ratios Conjecture correctly predicts the 1-level
density down to an error of size O (N —(3-200)/6+= L N1/ 3“) for any o’ < o, provided

that o = 3/2.
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A

The Riemann-Stieltjes integral

We recall the construction of the Riemann-Stieltjes integral along with some of its

central properties. Most of the material, as well as the notation and the exposition,
is from [Rud76, Ch. 6].

The Riemann integral can be constructed as follows. First, we divide the interval
[a,b] into N subintervals [z;, ;1 1], where

a=xo<T1<..<xNny=0

We call the set of points {z;} a partition of [a, b], and denote it by P. For a bounded
function f : [a,b] = R, we let

M; .= sup{f(x):x € [x;_1, 7]},
m; = inf{f(z) : z € [z;_1, ]},
A=z — x4,

forv=1,...,N. Now, we consider the upper and lower Riemann sums

N
U(Paf> = ZMiAia

1;0

=0

The function f is called Riemann integrable if the values

ir}_;)f U(P,f) and supL(P,f)
P
both exist and are equal; the integral

/abf(x)d:c

is then defined as this value.

The Riemann-Stieltjes integral is a slight generalisation of this concept. Namely,
instead of considering the differences A;, we let g : R — R be an increasing function

I



A. The Riemann-Stieltjes integral

on [a,b] and consider the differences Ag; = g(x;—1) — g(x;). With M; and m; as
above, we define

N
U([zfzg):::2E3A4ﬂﬁgh

=0

N
[(}1f39)3::§:7nﬂﬁgu

i=0
and say that f is Riemann integrable with respect to g if the values

infU(P, f,g) and  sup L(P, f,g)
P
both exist and are equal. The Riemann integral of f against g is denoted by

[ sterdgta)

and is defined as this value.

By choosing g(z) = x, we recover the usual Riemann integral. However, g can
be chosen quite freely; in partiicular, it need not be continuous. For instance, if
g(x) = |x] is the floor function, then g has a discontinuity at each integer, where it
“jumps” a step of length 1. Hence, one can show that

[ f@alel = ¥ fn)

a<n<b

Slightly more generally, if

g(x) = an

n<lz
for some nonnegative real numbers a,,, then

[ f@ise) = ¥ aniio)

a<n<b

If g is differentiable, then we have the equality

/abf(x)dg(:v) = /bf(l‘)g'(x)dx;

a

in other words, the Riemann-Stieltjes integral reduces to an ordinary Riemann inte-
gral [Rud76, Theorem 6.17]. If f is Riemann integrable with respect to g, then g is
Riemann integrable with respect to f and we have the equality

b

[ $@)s(e) = flag(a) ~ F(Bo) ~ [ o(o)if @)

a

referred to as integration by parts (see e.g. [HP57, Theorem 3.3.1]).
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