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Chapter 1

Preface

Estimating the size of objects of interest is one of many key themes in analytic number theory. A particular
type of inequalities is summarised under the label of "large sieves”, which provides upper bounds for certain
sums. Indeed in the context of large sieve inequalities we aim to bound for a finite collection of functions
u € U, usually referred to as the harmonics, the sum

2

ST Y. ambu(m)| (1.1)

weld |M<m<2M

where to every harmonic u we attach a complex vector ©(u) = (6,,(m))men. As we range over the whole
of U, we assume that the m" entries of the vectors ©(u) may be estimated from above on average by a
constant. In the above sum the entries of ©(u) are summed against the corresponding entries of an arbitrary
vector « of complex numbers, that has support in the interval (M, 2M], for an M > 1. For the latter we are
going to denote the set of all such vectors by

ar = {a = (am)men € C [ supp(a) € (M, 2M]}.

When we arrive at a bound for the sum in (I.T), we want to be able to judge the quality of the estimate
obtained. In some sense a large upper bound is obtained by an application of the Cauchy Schwarz inequality,
which yields

Sl DD ambulm)| < lalZMP#U, (1.2)

uel |[M<m<2M
with the vector « being estimated by the infinity nor defined by

lalloo ;== max  |am].
M<m<2M

However in general we hope to do much better than the Cauchy Schwarz bound. After opening the square
in (1.1) we may identify the diagonal terms of the resulting m, n-summations, for which we cannot expect
any cancellation, to see that a sum of this type does not exceed

l|e||2 M#U + off-diagonal terms. (1.3)

(DThe following considerations may also be undertaken by using the 2-norm, given by [la|| := (}_,, |am|2)1/ 2. to bound the
vector . However for consistency with the result derived in this thesis, we choose to work with the infinity norm instead.
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Then for the off-diagonal terms in the latter we hope for square root cancellation in the m, n-summation,
so that the diagonal terms in (1.3) dominate. Furthermore when we investigate the sum in (I.1)) we desire a
possible bound to be valid for every vector « € C37, in particular it therefore should hold for the specific

choice
o(u’) = (0“* (m)) M<m<2M

as well, where we single out one element u* from the set of harmonics I/. Then, facilitated by the Cauchy
Schwarz inequality, we easily find that an upper bound for the sum in (1.1) should be at least

|a||%, M? + additional terms,

for every a € C37 and with the “additional terms” here being dominated by (I.3). Hence combining
our considerations and assuming square root cancellation in the off-diagonal terms in (I.3), we expect an
estimate

NI Y anbulm)| < U+ M) |al2 M. (14)

uel |M<m<2M

This bound is clearly much more desirable that the Cauchy Schwarz bound introduced in (I.2)), which, ex-
cluding trivial scenarios, will always dominate the bound (I.4). In conclusion in the context of large sieves
we always hope to achieve an upper bound of the latter type and indeed in many instances an estimate of
comparable quality as in (T.4) may be established.

As we will frequently employ it, we state an example in which the harmonics are a set of exponentials
e(*) := exp(2mix). Since those are periodic on Z, it is clear that it suffices to split up the unit interval R/Z
in order to characterise the family of harmonics in this case. We do this by using Farey fractions with a
denominator not exceeding Y > 1. Then we see easily that there are at most < Y2 harmonics and from
[14, Theorem 7.11] we know that in the context of our setup we have

2

> Y| X e (S)] <) ol

y<Y hmody |[M<m<2M

for every vector v € C33. The latter large sieve inequality for the described particular family of expo-
nentials, which we will in the following sometimes interpret as additive characters on the integers, is of
the quality we hoped for in (I.4). There are many more examples for large sieves in many different con-
texts, which we will not focus on here and refer to [14, Chapter 7, p.169-195] for a more extended overview.

We will now discuss large sieves in relation to modular forms and state results for holomorphic- and for
Maal cusp forms. In both scenarios we begin by considering an orthonormal basis for the spaces of such
function for a Dirichlet character x of modulus /N for the Hecke congruence subgroup

Lo(N):={(2}) | (2}) €SL2(Z) & ¢=0(modN)}

of SLy(Z) of level N. After that we are going to enlarge the number of harmonics by averaging over
certain Dirichlet characters as well. To each such function we associate the vector having as entries the
corresponding Fourier coefficient from the Fourier expansion of the particular harmoni

(D A Fourier expansion for those functions does always exist, since it is easy to show that they are periodic, as functions on the upper
half plane H := {z = z + iy | * + iy € C & y > 0}, and the group I'o (V) has cusps, with an expansion at each inequivalent one.



CHAPTER 1. PREFACE 10

We begin by considering holomorphic modular forms. The space Si(T'o(N) \ H; x) contains the holomor-
phic cusp forms of weight k& > 2 for the Hecke congruence subgroup of level NV, and for the Dirichlet
character x of modulus N. Since these are periodic functions, at the cusp a ~ oo we can express them in
terms of the Fourier expansion

u(z) = Z Yy (m)e(mz),

meN

where we rescale the arising coefficients via

B 1/2
ity = vtm) ()

These renormalised Fourier coefficients are assumed to be bounded by a constant on average over the whole
family. For the space Sy (I'o(N)\H; x) we will consider any orthonormal basis and denote it by /*°!, which
is going to be the set of harmonics in this context. Now to each member of this basis we associate a vector
having the normalised Fourier coefficient 1 (m) as the m™ entry and sum them against the corresponding
places of any chosen v € C%5 in the style of . Then for instance for the trivial character y = lm we
know from [14), Theorem 7.26] that

S DD amti(m)| < (N + M)|al2,M, (1.5)

ueune!| | M<m<2M

where the bound holds for any a € C$;. Now we would like to know how many elements the set of func-
tions in question roughly contains. Indeed for a basis of holomorphic cusp forms for a Dirichlet character
x of modulus IV one may establish for instance from [S, Théoréme 1, p.71], that for large enough weight %
we have

#UX =< NE] | (1 + 1) , (1.6)

p|N p

which we interpret in the way that we average over about N different harmonics. With this in mind we
observe that indeed the bound in (I.3) is of the desired quality as in (I.4). As described we will now turn
our attention to an enlarged set of harmonics. To do this we additionally average the left had side of (I.5)
over the Dirichlet characters of modulus N, that satisfy x(—1) = (—1)¥, in order to avoid spaces only
containing the zero function. As a result we may now think about a large sieve inequality with respect to
the set of harmonics being
uhol — U u>}<1017
xmod N
x(~1)=(-1)k

which is much larger than the previously considered single U2, since summing over the relevant
characters shows that we should expect about N2 functions in /"°!. Indeed in [[15] Iwaniec and Li establish
a large sieve for precisely this family. Adapting their result [[15, Corollary 12.1] to our notation, they show
with the latter for prime level N with M > N that

2

S awvitm)| < (VM) 4 M) el (1.7)

ueyhol | M<m<2M

(D This means we consider the space of cusp forms S (T'o(XN) \ H; x = 1) and an orthonormal basis M;‘%ll for it.



CHAPTER 1. PREFACE 11

for every o € C%5. This result is in a way unexpected. When we increased the size of the set of harmonics,
we average over more objects, which we expect to behave independent of each other. Stronger cancellation
effects should be the consequence. However the upper bound in does not fall in line with this predic-
tion. In fact it fails to achieve the quality we hope for in the context of large sieves as stated in (1.4), as we
would expect a factor (N2 + M) in the estimate rather than the always larger ((N3M)Y/2 + M

In a next step we are now going to compare the holomorphic case with the scenario of Maal} cusp forms. To
this end we start again by looking at the space of such forms for the Hecke congruence subgroup of level N
and for the Dirichlet character x of modulus N, which we denote by Cy /24 (I'o (V) \ H; x). Any function
u in the latter space is an eigenfunction of the hyperbolic Laplace operator

02 0?
ALaplacc = _y2 <8l‘2 + 8yQ> )

with Laplace eigenvalue \,, = 1/4 + t2, for some ¢,, € (—i/2,i/2) UR. An orthonormal basis of the space
C(To(N) \ H; x) is described by L{}z/[aaﬁ. MaaB cusp forms are periodic functions and at the cusp a ~ oo
therefore admit the Fourier expansion

u(z) =y"* Y7 pu(m)Ki, 2n|mly)e(ma), (1.8)
mez\{0}

where we renormalise the Fourier coefficients by defining

pim) = pulm) (o) "

cosh(rt,

for which we believe that they are on average bounded above by a constant. We define the set of Maal3 cusp
forms with a spectral parameter ¢ € [0, T] by

Uy = {u e UM |t € [0,7] & x=1}.

Then by Weyl’s law we expect roughly #UM*8 ~ NT? (cp. [13} (11.5), p.176] or [14, p.391]). Now,
again adapting the result to our setup, we have from [[14, Theorem 7.24] the inequality

2

> > ampi(m)| < (NT? + Mlog M) [|a||% M, (1.9)
weUMaab | M<m<2M

forall « € C3y With the comments made earlier about the rough size of L{%/Iaaﬁ this large sieve provides
an upper bound again essentially of the optimal quality as in the spirit of (I.4). The latter is only missed
by a factor of log M, which we consider to be not significant in this context. As before in the case of
holomorphic modular forms we now want to investigate the situation that arises provided we consider a
larger family of MaaB3 cusp forms. To this end we deal with the set

uMaaB — U 1/{)12/[&&137
xmod N
x(—1)=1

(V)1n the setup using the 2-norm to estimate the vector , Iwaniec and Li identify in [15] also vectors, for which they show that this
unusually large sieve bound cannot be improved (cp. [15} Corollary 13.1]).

In [6] Deshouillers and Iwaniec show a large sieve inequality very much in the same fashion as in . They estimate essentially
the same sum as on the left hand side in (T.9) with an upper bound, that, for N prime and translated into the notation chosen in this
thesis, reads (NT2 + M*¢)|a||%, M (cp. [6 Theorem 2]).
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where we sum of such Dirichlet characters of modulus N, for which the corresponding spaces do not solely
contain the zero function. The subject of this thesis is to establish a large sieve inequality for the family
of harmonics being /M?28 in some sense weighted with some function A, to be specified in due course.
Indeed we will provide a full proof for the following result.

Theorem 1.1. Suppose the Riemann hypothesis (in the form: The Riemann hypothesis[2.7} see Section[2.5))
is true. Let h be a Schwartz function satisfying the assumptions made in Section[2.4) We assume the Hecke
congruence subgroup has odd prime level N. Then for every vector o € CS3, with M > N, we have

2

3 S ampi(m)| hit,) < ((N3M)1/2+M) o] 2 M, (1.10)
wEUMaas | M <m<2M

for any small € > 0. The implied constant depends on the Schwartz function h.

As before we want to discuss the quality of the obtained upper bound. To be able to do this we need to
have an approximate understanding of the number of harmonics weighted by the function h, over which we
average. In fact again facilitated by Weyl’s law (again cp. [13l (11.5), p.176] or [14} p.391]) we infer for N
a prime that

> h(tu)zNQ/oozh(x)dx, (1.11)

ueul\daaﬁ 0

where the involved integral converges, since we assume decay properties for the function h as specified in
Section[2.4] As the implied constant in the inequality in is allowed to be a function of the Schwartz
function h, the integral in may be absorbed thereof and we would hope for the factor (N2 + M).
Instead we establish the larger ((N3M)'/2 + M), since we operate under the assumption that M > N’; in
particular if M and the level NV of the group are not of the same size, the bound we find might significantly
exceed the expectation from the general setup of the large sieve, as explained earlier. This somewhat
unexpected phenomenon resembles similar observations, as made in the holomorphic scenario by Iwaniec
and Li in [15] and indeed a related speculation as therein (cp. [LS, 1. Introduction; p. 543]) may hint
towards an explanation for it. The inner sum on the left hand side in @I), which is

> ampl(m), (1.12)

M<m<2M

can be interpreted as the inner product of the two vectors o and ©M238(v) = (p* (m)) associated to each
member u € UM of the family of harmonics that we consider. The inner product measures in some
sense the extent to which these two vectors are orthogonal and parallel respectively to each other. Precisely
the closer they are to being parallel the larger the product is, with a maximum when they are perfectly
parallel, and on the other hand the closer they are to being orthogonal the smaller the product is, with it
attaining the value zero for them being perfectly orthogonal. If the vectors {©Ma38(y) | u € ¢Ma28} were
to point into different directions arbitrarily, no matter how an « is chosen, the absolute value of the inner
product (T.12) can only be large for a small number of vectors from this family, as « can only resemble
the direction of a few of them at the same time. For most of the vectors in {OMaaB(y) | € yMaaBy
the vector « should then be to some extent orthogonal to them, resulting in each case in a smaller absolute
contribution from the inner product (I.12). Such a random distribution of the directions in which the vectors
from the family {©M238(y) | u € UM228} point, would therefore make it plausible that on average over
UMa28 the total contribution from all the possible inner products, that is essentially what we aim to bound
on the left hand side in (I.1I0), should not be too large. Hence it may be reasonable to hope for an upper
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bound in the inequality in Theorem [I.T|of the same quality as the theoretical setup of the large sieve predicts.

However, the larger bound we obtain in reality in Theorem suggests that we in fact encounter a slightly
different situation. The inequality stated therein is supposed to hold for any choice of o € C%5. In particular
if the vectors {OMa38(y) | u € YMa3B} were to favour a common direction the bound in has to hold
for vectors « aligning with it as well. This would result in the absolute value of the inner product (T.12) for
such an « to be relatively large for many v € YM228 at the same time, which has to be accounted for in
the estimate in (I.10), potentially resulting in it being larger than the expectation. Since this is in fact the
case here, the inequality in Theorem seems to indicate that the vectors {@M225(y,) | u € UMa28} do not
point in different directions completely randomly, but are rather slightly oriented toward a mutual one.

Remark 1.2 (Structure of the proof). The argument we present in this thesis in support of Theorem |I.1
follows largely the structure and layout of the proof given by Iwaniec and Li in [15)] to establish their equiv-
alent results in the context of holomorphic modular forms (cp. and [15| Corollary 12.1]). A number of
the strategies and methods employed in [|I5)] can be adapted to our situation of Maaf3 cusp forms. However
a few aspects are also quite different and require additional attention.

Instead of the Petersson formula (cp. [U14, Proposition 14.5]) in the holomorphic case the starting point,
upon which the whole proof of Theorem is built on, is the Bruggeman-Kuznetsov formula (see Section
2.3). In Chapter[3|the arithmetic side of the Bruggeman-Kuznetsov formula is developed into an asymptotic
formula. After an application of Poisson summation the resulting integral is translated via Lemma
depending on the values of one parameter involved, into integrals over various Bessel functions and the
Schwartz function h (cp. Section arising from the use of the Bruggeman-Kuznetsov formula. For the
case of this particular parameter being equal to zero, Lemma|/.6| provides an integral of particular inter-
est, those role we are going to interpret in due course. The transformation of terms facilitated by Lemma
is a key step in order to be able to obtain estimates for the corresponding terms of the desired quality.
Although the same approach is used in [[15]], the resulting terms after the transformation are really quite
different in our case. Not only do the terms corresponding to the holomorphic case look different, but also
there is a whole range of nontrivial terms in the Maaf; case that vanishes, once we operate in the context
of holomorphic modular cusp forms. These additional terms are consequently featured in the results of the
remaining chapters, derived from the material in Chapter[3| and require some careful treatment.

The Bruggeman-Kuznetsov formula equates to the arithmetic side a combination of two groups of terms on
the spectral side. Those are terms containing the Fourier coefficients of Maaf3 cusp forms summed together
with terms featuring the Fourier coefficients of Eisenstein series. These two parts of the spectral side are
reminiscent respectively of the discrete and the continuous spectrum, resulting from spectral decomposition
of the space L?(To(N) \ H; x) (cp. for primitive characters with the combination of [7) Proposition 4.1])
and [7) Proposition 4.2]) and with [14} Theorem 15.5] in case of the principal character x ) with respect to
the hyperbolic Laplace operator Ay aplace, being a key ingredient in establishing the Bruggeman-Kuznetsov
formula. The terms coming from the discrete spectrum are ultimately the object of our investigations.
However the part being the representative of the continuous spectrum slightly gets in the way. It has a
corresponding term on the arithmetic side of the formula, which is the one featuring the integral given by
Lemma for one of the parameters being equal to zero. Both terms on either side of the Bruggeman-
Kuznetsov formula can be shown to coincide up to an error term of acceptable magnitude for our purposes.
Establishing this link between the two terms is essentially subject of ChapterP|and has no correspondence
whatsoever with the procedure used in the holomorphic case in [l15l], since the Petersson formula (cp. [14)
Proposition 14.5]) being the staring point in the latter scenario does not feature any terms resembling the
ones containing Fourier coefficients of Eisenstein series as the Bruggeman-Kuznetsov formula does.

Finally in Chapter [6| we establish an asymptotic formula for terms containing the Fourier coefficients of
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Maaf3 cusp forms. The particular asymptotic expansion we derive therein has its correspondence in the
holomorphic case in [|15] Theorem 1.1]. Both results share the same feature that the number of terms in the
main term may be increased or decreases according to the choice of some parameter, causing respectively a
smaller/larger error term. Following the same strategy as in [l15|], from the asymptotic expansion we show
in Chapter[B] we immediately conclude the large sieve inequality stated in Theorem [} the main result of
this thesis.

Remark 1.3 (The Riemann hypothesis). In the proof of Theorem we rely at a certain point on the
validity of the Riemann hypothesis (RH) in the form we are going to specify in two equivalent formulations
in Section 2.3 As this famous conjecture is unproven, our result is therefore conditional thereof. However
since it is widely assumed for the statement to hold up eventually, we go forward employing it without proof,
as it has become common practice in the field. It is probably worth pointing out that even in the absence of
the Riemann hypothesis most of the arguments presented in this thesis remain true. It is only in Chapter ]
that we give arguments that employ RH. Since this chapter is an integral part in the process of deriving our
main result, Theorem [} all subsequent conclusions relying on this part of the thesis thus depend on the
conjecture.






Chapter 2

Introductory remarks

This chapter does not contain any original work of us. Its purpose is merely to introduce some notation,
conventions, and obvious observations, which we will use frequently throughout this thesis and to collect
some standard facts about certain objects from the literature. Furthermore we are also going to introduce the
Bruggeman-Kuznetsov formula (cp. Section[2.3). A result of this type was first established by Kuznetsov
and independently by Bruggeman, the mathematicians the formula is named after. This formula is a stan-
dard result from the literature, on which our considerations in subsequent chapters entirely hinge on. We
conclude this chapter with some remarks about the famous and so far unproven Riemann hypothesis.

2.1 Notational conventions

In this thesis we will follow in general the standard notational conventions common in analytic number
theory. However in this section we will highlight few points of particular importance in our context. A sum
over residue classes with an asterisk as superscript, i.e. for instance

>

xmodt
denotes the summation over such residue classes, which are invertible with respect to the indicated modulus.
When we sum Dirichlet characters of modulus NV, by writing

>

xmod N
with a plus as superscript we only consider those that satisfy x(—1) = 1. We write
Ryo:={x € R |z >0}.

Similar notation is meant to be understood with a definition in the same spirit in mind. Quite frequently we
will make use of the symbols ¢, J or alterations thereof. These will, even if not explicitly indicated, denote
arbitrarily small numbers in R . Occasionally we will also implicitly assume that such € or ¢ are in fact
small enough for our purposes, in order to ensure the validity of the claimed calculations. Of particular
importance is furthermore the fact that the actual value, which such ¢ or § represent might not be the same
from one appearance to the next. In our estimates the implicit constants often depend on € or §, which we
omit to point out when this is the case. The ¢ introduced above should not be confused however with the

16
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Kronecker delta, which is defined by

1, if m=n

6mn:: .
' 0, if m #n,

unless explicitly specified otherwise in a particular context. In quite a few instances we are going to talk
about the support of certain objects. If we consider a complex vector & = (@, )men € C* we define its
support by

supp(a) := {m € N | a,, # 0}.

On the other hand we understand the support of a function f: R — R to be
supp(f) := {f(z) e R | f(z) # O}.

For functions mapping different domains (other than R) into some other space (again not necessarily R), its
support is given accordingly in a similar fashion.

2.2 Maabl forms

The object of this thesis is to establish Theorem It provides an upper bound for sums involving the
Fourier coefficients of a certain family of Maal} cusp forms. In order to put this into perspective we are
going to give in this section a brief exposition of these functions. This is fairly standard in the literature
and we follow to some extent the layout of the presentation chosen in [[13, Chapter 3] and [[14, Chapter 15]
(cp. the latter two sources for additional details, extending beyond the scope of the exposition given here).
Although the setup to follow could be in principle done for any Fuchsian group of the first kind, for the
relevance to this thesis we restrict to considering the Hecke congruence subgroup of level NV, given by

Lo(N)={(24) | (¢4) € SLa(Z) & c=0(modN)},

only. The group SL2(R), and therefore any subgroup thereof, acts on the upper half plane H = {z =
x+1iy |  +iy € C & y > 0} by Mobius transformations, described by

vz = %, for any v = (‘Zf’i) € SLy(R). 2.1
A point a on the boundary of H, that satisfies ya = a for some parabolic element v € T'g(NV), is defined
to be a cusp of the Hecke congruence subgroup, with the stabiliser of any such cusp being given by the
cyclic group T'y := {y € T'o(N) | va = a}. Two cusps are said to be equivalent, denoted by a ~ b, if for
some v € I'g(IV) we have ya = b, which gives rise to the matter of identifying the equivalence classes
of cusps for this group. In order to do so we define the set L(k), for every k dividing the level IV of the
group, in the following manner: First it needs to be a subset of NU{0}, for which all of its elements [ satisfy
ged(l, k) = 1. Secondly this set has to precisely stand for the residue classes {0,1,2,...,ged(k, N/k)—1}
of the modulus ged(k, N/k). With this notation in place, the Hecke congruence subgroup of level N
possesses the set

{l/k | KIN & le L(k)}

of representatives of inequivalent cusps, which means there are

> ((k, N/R))

k|N
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many equivalence classes of inequivalent cusps for I'g(N'), where ¢ denotes the Euler function (for details
about the cusps of I'g(IV) cp. for instance [2] 5. Proof of Lemma 1, p. 64] and also [[6, Lemma 2.3]). Now
in the context of the Hecke congruence subgroup we may define the space of automorphic functions to be

u(v2) = x(7)u(z), forevery v € Lo(N) }

ATo(N)\H; ) ;=< u: H — C
(To(N) \ H; x) { - & u(z) = o(exp(273(2))), as S(z) = oo

where we define for any Dirichlet character of modulus N that x(v) := x(d), with v € I'o(N) having
entries as in (2.1). We highlight the fact that since —I € T'g(N) the space A(T'o(N) \ Hj; x) only contains
the zero function in case of xy(—1) = —1. Hence for the remainder of this thesis we will exclude this
trivial case and only consider Maaf} forms satisfying a transformation behaviour with a character having
the correct parity, i.e Dirichlet characters that admit x(—1) = 1. We want to consider eigenfunctions of the

hyperbolic Laplace operator
5 [ O0? 0?
ALaplace =Y <8$2 + ay2> 5
for with we define the space of (automorphic) Maal} forms given by
As(To(N) \VH; x) := {u € ATo(N) \ H; x) | Avaplacets = s(1 — s)u},

for some s € C. Then for instance from [13| Proposition 1.5] we know that any u € A (To(NV) \ H; x) we
have the Fourier expansion

u(z) = ey’ + ey + 6ange -y P logy) + 47 Y pum)K_1p(2n|mly)e(ma),  (2.2)
meZ\{0}

for ¢1,co € C and where K denotes the K-Bessel function (cp. [[13} (1.26)]). For automorphic functions,
such that the following integral makes sense, we introduce the inner product

(fq) == / T,

for the SLy(R), and therefore also I'o(V), invariant measure dy(z) := dxdy/y?. Based on the latter inner
product we now define the Hilbert space

LA(To(N) \ Hs x) := {u € ACo(N) \ H; %) | [lull = (u,u)"/? < o0},

Now if a is any cusp of the Hecke congruence subgroup, we may find a scaling matrix o, € SLs(R),
defined as the matrix admitting 0,00 = a as well as the conjugation o, 'T'yo, = I'oP} From these
definitions we observe immediately that for any u € A (To(N) \ H; x) the function uq(2) := u(o4z)
satisfies uq(z + h) = uq(2), for any h € N, and therefore has a Fourier expansion

Uq(z) = Z Pu,m (y; a)e(ma). (2.3)
mEeEZ
Finally, we are in a position to give the definition of the objects we are mainly interested in. Indeed we
denote the space of Maaf3 cusp forms with a Laplace eigenvalue A = s(1 — s) by
Cs(Do(N)\ H; x) := {u € L*(To(N) \ H; x) N As(To(N) \ H; x) | puo(y;a) =0forall cuspsa},

where p,, o(y; a) are the zeroth coefficients in the Fourier expansion as in (2.3) for any cusp a of I'o(N). The
space of all MaaB cusp forms in L?(T'o(N) \ Hj y) is defined to be C(I'o(N) \ H; x), which is a countable
and disjoint union of spaces C;(I'o(N) \ Hj x), as just introduced.

(MFor details about scaling matrices as just introduced cp. [14, Chapter 14, p.355] and [[7] p.504].
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Remark 2.1. From this point onwards, for the remainder of this thesis, we are going to assume that the level
N of the Hecke congruence subgroup T'o(N) is always an odd prime number. An important consequence of
this assumption is that it immediately implies that all Dirichlet characters of modulus N, with the exception
of the principal character X, are primitive.

There is one particular type of Maal} form that will also play an important role in the course of our investi-
gations of this thesis. These functions are called Eisenstein series and are defined as

Eq(z,8) = Z x(7) (%(05172))3, for R(s) > 1. 24)
V€T \I'o(N)

In the described half plane the series defining E(z, s) converges absolutely. The Eisenstein series Fy(z, s)
is seen to be an element of A, (T'o(N) \ H; x) and admits a meromorphic continuation to C, which may be
seen from [12, Theorem 11.6, p.128] and the generalisation of the theorem just quoted, from its treatment
of groups with one cusp to the case of any finite number of cusps, given on [12| p.295-296]. The Eisenstein
series does not possess any poles on the line % (s) = 1/2 (cp. [12, Theorem 11.8, p.130]), for groups with
one cusp, in combination with its generalisation to group with any finite number of cusp, given on [12}
P-296-298]). Furthermore it may be developed into a Fourier expansio of the type

Eq(z,8) = 0a,00y° + TB,X(s)ylfs + y1/? Z Ta,x (M, 8) Ks_1/2(2m|m|y)e(mz), 2.5)
meZ\{0}

with the complex Fourier coefficients 7 (s), 7a,x (1, s) € C. For s = 1/2 the expansion in (2.5), as well
as similar expressions in the remainder of this thesis, are to be interpreted as the limit as s — 1/2.

2.3 The Bruggeman-Kuznetsov formula

In this section we are going to present a version of the well known Bruggeman-Kuznetsov formula. Broadly
speaking it provides a link between a spectral side, featuring the Fourier coefficients of Eisenstein series,
taken for instance from the expansion

EU(Z, 5) = 5a,ooys + TS,X(S)ylis + y1/2 Z Ta,x(mv s)KS_1/2(27T|m|y)e(m9:),
meZ\{0}

as stated in (2.3, and the Fourier coefficients of MaaB cusp forms, from the space C(I'o(N) \ H; x), and
an arithmetic side, essentially consisting of a sum over Kloosterman sums. For elements of the space of
MaaB cusps forms, we may write their Laplace eigenvalue as A = (1 — s)s, for a complex s = 1/2 + it
with t € R U (—i/2,i/2). Let U}"*** be an orthonormal basis for the space C(I'o(N) \ H; x), where every
member thereof admits a Fourier expansion of the type

u(z) =y"* > pulm)Ki, 2nmly)e(ma),
meZ\{0}

(cp. (I.8) and 2.2)). A formula in the described spirit, connecting such a spectral side in the context
of Maaf} forms and an arithmetic side, was originally shown by Kuznetsov (cp. [16]) and independently
Bruggeman (cp. [4]]) for the first time. Over the years the Bruggeman-Kuznetsov formula has become very
standard and in fact has been adapted to many different scenarios such as for instance different groups,
mixed equivalence classes of cusps or general weight. The versions of the Bruggeman-Kuznetsov formula,
that we are going to employ in this thesis, will be stated in the following.

Dep. for To(N) for instance for the character xo with the even more explicit form of the Fourier expansion as given in [13]
Theorem 3.4] and for all other remaining (primitive) characters with [7, (5.3)] + Lemma
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Theorem 2.2 (Bruggeman-Kuznetsov formula). Let h: C — C be an even function which
1. admits at least the bound h(z) < (1 + |z|)~?+%) and

2. is holomorphic in the strip |3(2)] < 1/2 + &

For all positive integers m,n € Z~ it is true that

im(m n) + ;Ont(m, n) = 6mn /R h(w)dspecw + ¢y (m, 1), (2.6)

where we consider the integration with respect to the spectral measure defined as dspecw = w tanh(rw)dw /72,
The two terms :dlsc(m n) and = ”Cont (m,n) on the spectral side of the formula denote respectively

ﬁu(m)pu( tu and Z 471-/ 7—aX m,w Tﬂ X(n w)h(w)dw

ey cosh(7t,,) cosh(mw)

and on the arithmetic side of the formula we define

d(m,n) = > Sx(m,n;c)j <4W\£ﬁ>-

C
c=0mod N

In the latter term we sum the integral transform

J2iw (CL’)

= 2mi h(w)dspecw, 2.7
/(CU) 1 R 51nh(7rw) (w) P w ( )
where we integrate the product of the function h, a hyperbolic sine and the J-Bessel function, against the

Kloosterman sum defined by

* am + an
Sy(mmic)i= Y x(age ().
amodc

for a Dirichlet character x of modulus N.

Proof. The following argument is mainly a collection of results from the literature, that upon combining
will give a proof in support of the theorem. Since we assume that the level N of the Hecke congruence
subgroup, with respect to which we consider the Maal} forms in this context, is an odd prime number, as
stated before any Dirichlet character modulo N is thus primitive, unless we deal with the principal charac-
ter. We will therefore treat in the following these two different cases separately, i.e. distinguishing whether
the Dirichlet character x is the principal character or a primitive one.

We start by dealing with the principal character xg first. In this case it is not hard to show that for any
~v € T'o(N) we have that xo(y) = 1. Also we see easily that for any invertible residue class a(mod N1),
for some [ € Z~(, we calculate that xo(a) = 1. Thus for the character x( the statement of Theoremis
the same as for the character y = 1 and hence [14, Theorem 16.3] gives the statement of Theorem@] in
this case.

We are left to consider the case of the Dirichlet character x being primitive. Form [10, 8.332.3] we know
that |T'(1—ix)|? = 7z / sinh(rwz), for z € R. Using the latter identity we quickly infer from [[7, Proposition
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5.2] that for all z € R, all m,n € Z~, and every primitive Dirichlet character x of odd prime modulus N
we have for weight & = 0 that

Pu(m)pu(n) Tax m w)Ta x(n,w)
Z cosh(m(x — t,)) cosh(m(z + t,,)) Z 477/ cosh(m w)) cosh (7 (x +w))dw

MaaB
u€eUy

— L <5m7n + 8imv/mn Z Mén,c)/ Koiy <47T v mn ~t> dt) (2.8)
2 C t

72 sinh(7x) N c

where we integrate in the clockwise direction along the contour %, which connects with a circle of radius
one centred at the origin the points —i and i and where K denotes the corresponding Bessel function. In
order to obtain (2.8) from [[7, Proposition 5.2] we have employed Lemma[7.10|to be able to renormalise the
Fourier coefficients of the Maal3 cusp forms and the Eisenstein series to our setup as introduced in Section
(cp. [Z, (5.1) and (5.3)] with and respectively). Thus we now arrive at Theorem [2.2] with the
same argument given in support of [[14, Theorem 16.3; see p.409 for the statement and p.409-410 for its
proof], where we use @) instead of [[14} (16.32)]. Upon merging the two described cases we obtain the
result. O

In the introduction we announced that in this thesis we will consider a family of Maal} cusp forms with
more elements than in an orthonormal basis for C(T'g(N) \ H; x). We do this by dealing with several of
these spaces for different Dirichlet characters y simultaneously. In particular our new enlarged family is
going to be

uMaaB — U u}lz/laaﬁ.

xmod N
x(—1)=1

We point out that the condition that we only consider even characters prevents us from taking into account
such spaces that merely contain the zero function. For the set of harmonics /™28 we need a suitable version
of the Bruggeman-Kuznetsov formula. The following presentation is a direct consequence of Theorem [2.2}
derived by simply summing over all even characters and then normalising both sides by dividing by
their total number, which is (V) /2.

Theorem 2.3. Let h: C — C be a function satisfying the same conditions as imposed on it in Theorem[2.2]
Then again for m,n € Z~q we find that

mdisc (m, n) 4 Zeont (m7 n) = 6m,n / h(w)dspecw + ¢(ma n) (2.9)
R

In this context the spectral side of the formula features the two components Z45¢(m, n) and Z°°"* (m, n)

representing respectively the two sums

2 Mh(tu) and Z Z 47r/ Feal et w)h(w)dm

»(N) s cosh(rt,) cosh(mw)

whereas on the arithmetic side we encounter now the term

¢(m,n) = > S(m’n;c)/<4wiﬁ), (2.10)

c
c=0mod N

XIIlOdN a

In the latter sum the integral transform _Z is just as in @) which is in this case summed against a
Kloosterman sum, containing more terms than before and that we define by

S(m,n;c): T Z Sy (m,n;c) (2.11)
XmodN
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The latter result given as Theorem [2.3]is the staring point of our considerations in the upcoming chapters,
upon which all of our results hinge. We remark that there is a set of requirements the functions h, as
introduced in Theorem has to fulfil in order for the two theorems given in this section to be valid, we
are in fact going to refine the class of functions we will work with in subsequent chapters. Giving a precise
description of this particular family of functions is going to be the subject of the next section.

2.4 Schwartz functions

From now on in this thesis we will consider only such functions h: C — C, required by the Bruggeman-
Kuznetsov formulae as introduced in Section[2.3] that are of the form

h(z) = (2* +1/4)h*(z), where h* € S(C)
is a Schwartz function, such that
1. h is holomorphic in the strip |S(z)| < 1/2 + ¢, for e > 0,
2. h satisfies h|g = h|r
3. his an even function
4. and we have a bound h(z) < exp(—100|z]).

Thus in particular we have that the function h € S(C) is also a Schwartz function and clearly fulfils the
requirements demanded for functions in the Bruggeman-Kuznetsov formulae, specified in Theorem [2.2]

Remark 2.4. We point out that since h is a Schwartz function, as specified above, shifting the contour of
integration in the integral (2.7), the decay properties of the function ensure that for x € R~ we may always
write

2i / JQizic(x)(Z = 16/2) h(z + iC/Q)dZ,
R

(@) = P cosh(m(z £ic/2))
where we shifted the contour to |3(z)| = ¢/2, for some 0 < ¢ < 1+ 2e.

Remark 2.5. Furthermore in particular the bound demanded above for the function h guarantees that an
integral of the form

/ exp(Cl2)|h(2)|dz < 1,
R

converges absolutely, for any fixed choice of a constant 0 < C' < 100. The implied constant of course
depends always on the function h itself.

2.5 The Riemann hypothesis

We are briefly going to discuss the Riemann hypothesis (RH) for the Riemann zeta function and Dirichlet
L-functions. The Riemann zeta function is defined by
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For instance from [14, Theorem 4.15] we know that the Riemann zeta function admits a meromorphic
continuation to C and possesses at s = 1 a pole of order one. It does not have any further poles. For any
Dirichlet character x of modulus N we define the Dirichlet L-function corresponding to it by

Lis,) =Y X g Rs) > 1. (2.12)
n=1

ns ’

Now if we consider the principal character xo of modulus N, then, again for R(s) > 1, we have the
relationship

L(s,x0) = ¢(s) [ | (1 - 1) (2.13)

p|N

between the corresponding L-function and the Riemann zeta function (cp. [3, p.35]). Since the finite
product in (2.13)) is an entire function of the variable s, from the meromorphic continuation of ¢ to C,
we have that L(s, xo) has also meromorphic continuation to the complex plane, with the same pole as the
Riemann zeta function. Now if we exclude the principal character, i.e x # xo, we further know for instance
with [3, Satz 1.6.1] that the corresponding Dirichlet L-functions defined by the series in (2.12)) converges
even for R(s) > 0. A typical formulation of the RH makes a prediction about the location of zeros of the
functions L(s, x) and {(s) in the strip 0 < R(s) < 1.

The Riemann hypothesis 2.6 (Version I). Let ((s) be the Riemann zeta function and L(s, x) be a Dirichlet
series for any Dirichlet character x of modulus N. If we encounter that in the strip 0 < R(s) < 1 any of
the two functions has a zero, i.e.

C(s*)=0 or L(s*,x)=0,
then this implies that R(s*) = 1/2.

By a standard Perron style argument one can show that Version I of the RH is in fact equivalent to the
following formulation.

The Riemann hypothesis 2.7 (Version Il). Let x be any Dirichlet character of modulus N and p denotes
the Mobius function. Then we have the bounds

Z u(k) < X1/ and Z u(k)x (k) < NeX1/2+e
k<X k<X

forany e > 0.

Up to this day the Riemann hypothesis remains unproven. However it is widely believed to be true.



Chapter 3

An asymptotic expansion for the
Bruggeman-Kuznetsov formula

3.1 The main theorem

The goal of this chapter is to develop an asymptotic formula for the sum of Z45¢(1m, n) and Z°"* (m, n) as
introduced in Theorem To this end will investigate the term ¢(m, n) and split it into appropriate main
and error term. As a result the following theorem will be established.

Theorem 3.1. Assume N is an odd prime. Let m,n € N and Z)(m,n) be as in Theorem Fur-
thermore consider any smooth even function f: R — Rxo with supp(f) C [—2,2], which equals one on
[—1, 1]. Now for any choice of € [0,1) we have

. 1 N 0
Edlsc(m,n) + Econt(mﬂfl) = 6m,n /]R h(w)dspecw + ¢f(m, n) — (b?c(m, TL) + O (N ( ) ) 5

with the two main terms being defined respectively as

— 1 h n h
¢p(m,n) ::%Zt—z Z f(H) Z S(a,m,t)S(a,n,t)S (J?t’]\ﬁf’t)

aN=hmodt

and

o = 3 [ () 7 (i 4o

In the latter two main terms the cut-off parameter H, which we use in the smooth truncation of the h-
summation and the y integral respectively, is considered to be a function of the summation variable t.
Furthermore we require for it that H > max {2t +81(m +n)/N,t?}, fora B > 3/(1 — 0). The
function . is defined as follows. Let its first and second argument be as is the statement above and assume
the third argument is r [t, for any v € R. Then in the case of r > 0 the function % is

) 472 h(z) 4 frm dr [rn
- . 19, < ix - AT ix - AT ds ecs -
l/ﬂgsinh2(mc)J2 ( t N>\9<J2 < t N>) pec

24
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If in the third variable we encounter r < 0, it is

. 8mh(z) 4w [|r|max{m,n} 47 [|r| min{m,n}
7}/ ix - - Ar K iz ) - Ar dS ec/ 3
I/R tanh(rz) ( t N 2 t N pect

and if the last variable equals zero, i.e. r = 0, then .& becomes

% /Rh(x) (%)M dz.

Here we denote by J,Y and K the corresponding Bessel functions. We highlight the fact that the function
h is assumed to admit the conditions as introduced in Section

The theorem provides in some sense an asymptotic Kuznestov formula for a larger family of Maal} cusp
forms. Theoremis the non-holomorphic equivalent of [[15, Theorem 3.1] and indeed both results share
some similarities. The main terms in both theorems are in fact fairly similar in style, however mild dif-
ferences occur due to the fact that we are working with the non-holomorphic set up of the Bruggeman-
Kuznetsov formula that equates the sum of sums over Fourier coefficients of a family of Maal} forms and
Fourier coefficients of Eisenstein series to a sum over Kloosterman sums. Before we turn our attention
in the following chapters towards developing an asymptotic expansion further in the context of quadratic
forms, we will devote the rest of this chapter to giving a proof of the result just stated. As a byproduct of
these considerations we will also develop a preliminary result, Theorem[3.2] which is going to turn out to be
very useful and in fact our arguments in subsequent chapters will hinge on this theorem. On the other hand
the sole purpose of Theorem[3.1]is to give a description of the Bruggeman-Kuznetsov formula, however we
won’t have to rely on it showing the results of the following chapters.

3.2 Proof of the main theorem

In the remainder of this chapter we are going to give a proof of Theorem [3.1] Our whole argument follows
closely the details and structure of the argument presented in [15, Chapters 2 & 3 (p. 543-550)], however
for the sake of a coherent account of our results in this thesis and maybe more importantly the fact that we
have to adapt the argument slightly to our situation in the context of Maal} cusp forms we retrace the steps
of the proof here carefully.

For the remainder of this chapter we assume that N is an odd prime number. In order to establish Theorem
[.1] we begin by considering the right hand side of (2.9) in the Bruggeman-Kuznetsov formula as given in
Theorem [2.3] In particular we will start to manipulate

dmm) = Y S(m’";c)/<4ﬂ*ﬁ%)7 G

c
c=0mod N

the sum over Kloosterman sums, and develop it into an asymptotic expansion. We want to simplify the
notation and thus introduce the operator P(g) = 2%#(g), acting on functions g: C — C, which immediately
allows us to express the Kloosterman sum in (2.11]) as

S(m,n;c) =P E e (am—|— an) . (3.2)
(&
amodec
a=1mod N

We highlight the fact that we only sum over such residue classes for which ¢ = 1(mod '), which resonates
the orthogonality condition

Z (@) = {(p(N), if a =1(modN)

oA N 0, otherwise,
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for Dirichlet characters x of modulus /V, that we used to obtain the Kloosterman sum in the described form.
We proceed by rewriting the summation over the residue classes in (3.2)). The resulting description will be
more feasible to work with and is exactly the same as introduced in [15, Chapter 2: A trace formula for
the Fourier coefficients of cusp forms, p.545]: To this end let c = Nr, a = 1 + Ng, where ¢ is a residue
class of modulus r and call ged(q,r) = y and r = yt, for an appropriate ¢. Then for a residue class z
of modulus ¢ we arrive at the formulation @ = 1 + Nyz with ged(z(1 + Nyzx),t) = 1. The latter gcd
condition is satisfied since we consider only invertible residue classes a of modulus ¢ to begin with. We
define the exponential sum

Fnylmn,t)i= Y e (mm — n(f = Ny)) , (3.3)

xzmodt

(x(1+Nyz),t)=1

and then, using the new formulation just introduced, the Kloosterman sum becomes

S(myn;c) = P e(m+”> S Fwylmon,t)

C
Nyt=c

By a change of variables we see that the integral in 1) satisfies #|r = ?\R. This enables us to
move it past the operator P, for which we highlight the simple observation that by its definition it admits
P(rg) = rP(g), whenever r € R. Thus inserting the latest formulation of the Kloosterman sum into (3.1)
gives us

Iny(myn,t) (m+n 4m/mn
=P Y . 3.4
;; Nyt €<Nyt)/( Nyt Gb
This is an important formulation that will be useful in certain situations in upcoming chapters to estimate

parts of ¢(m,n). At this point however we simplify the notation slightly further and continue our consider-
ations by first treating the sums without the ¢-summation. To this end we let

> t
$(m,n) = 7(;5(771]\,:, ), (3.5)
t=1
with the definition
o Iny(man,t) (m+n 4\/mn
d(m,n,t) ._Py; " e< ot )/( Nt ) (3.6)

Keeping the split in (3.5) for ¢(m,n) in mind, we at once establish Theorem upon combining the
Bruggeman-Kuznestov formula as stated in Theorem [2.3| with the following result.

Theorem 3.2. Let m,n € N. For a cut-off parameter H > 2t 4+ 81(m + n)/N, for N an odd prime, we
find that

¢(m7 n7 t) = d)f <m7 n? t) - ¢(J)c (m7 n? t) + ¢error (m7 n7 t))
where the two main terms are given respectively by

by (o) = Z f< ) 3 S(a,m,t)S(a,n,t)fG\Z,;t,?)

amodt
aN=hmodt
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and

S(0,m —n,t) Yy m n y

0 ’ 5

gy SOmImD) [ vy o m Ry,

$r(m,n.?) / /RfH Nt' Nt 1)

In both terms f: R — Rxg is any smooth even cut-off function with supp(f) C [—2, 2], that takes the value
one on the interval [—1, 1]. The error term satisfies

¢ J
error ) vt tH | — ’
bonor(mnt) < 11 (77

for any j > 2. For completeness we highlight that the function % is just as specified in Theorem 3.1
varying significantly in its shape depending on the values of third variable.

The result we just introduced will also prove useful later, since by the split in (3.5)) the theorem provides in
some sense almost an asymptotic for the term ¢(m, n), however without yet taking the ¢-summation into
consideration. This particular feature will allow for the necessary flexibility in Chapter ] where we are
going to estimate the terms for certain ranges of the ¢-summation. The remainder of this chapter is devoted
to proving Theorem [3.2] which in turn will then directly settle Theorem [3.1} upon employing the inequality

max{A, B} > A'7?B?

forany A, B € R and any 4 € [0, 1], to lower bound the cut-off parameter H, when establishing the error
term. The argument supporting Theorem will essentially be divided into two parts. First we are going
to cut smoothly the h-summation, corresponding to the y sum in (3.6). This will give rise to a main term,
essentially containing the terms for which the values of h are in a way small, and an error term for large h.
The error term resulting from separating the h-summation already reflects the right magnitude as the bound
for derror (M, n,t) in Theorem In a second step we will then modify the main term we encounter for
small h. Removing a smoothing function, introduced for technical reasons, we are going to end up with two
main terms finally resulting in ¢ (m, n,t) and ¢?c (m,n,t), as given in the theorem. We will now execute
this strategy in more detail in the following.

3.2.1 A preliminary asymptotic

As previously described in the plan for the rest of the argument for Theorem [3.2] in this subsection we are
going to establish a first asymptotic for ¢(m,n,t) and then specify the size of its error term. The starting
point here is of course (3.6). We introduce a smooth function o: R~ — [0, 1], with supp(o) C [1/3, 00)
and that equals one on (1/2,00), which, with argument y, we simply insert into (3.6) without changing
¢(m, n,t) in any way. We observe that the exponential sum ., (m, n,t) depends in the y variable only
on residue classes of modulus ¢. Thus reordering the y-summation in ¢(m,n,t) into such residue classes,
we see that the latter becomes

PN Fva(mont) Y Q(ywe <mN+yt”> 7 (W) (3.7)

zmodt y=zmodt

Now we apply Poisson summation to the y sum, after which the previous expression equals

p i Y (h,m,n,t) /OOO o(s)e (hs+ m*”) 7 (W> ds (3.8)

t t Nst Nst s

h=—o0



CHAPTER 3. AN ASYMPTOTIC EXPANSION FOR THE BRUGGEMAN-KUZNETSOV FORMULA?28

where we simplify notation by denoting

W (h,m,n,t) = Z Inz(m,n,t)e <_ch> . (3.9)

zmodt

Since # is an exponential sum, where the summation runs over residue classes of modulus ¢, by a reordering
of the summation we see that in fact #/ = %/, the property that in a moment will again enable us to move
it past the operator P. This will become useful, when splitting the h-summation in (3.8) into a part of
large absolute summation index and a part of small one. This is achieved by introducing a smooth even
cut-off function f: R — Rx¢ with supp(f) C [—2,2] and that equals one on the whole interval [—1, 1].
Abbreviating

W (h,m,n,t) e hs m-+n 4m/mn\ ds
h t)y ;= ——P — —
G(hm.n. 1 e [T ae (B ) () 2

we now divide the h-summation essentially at some cut-off parameter H, whose size we are going to specify
shortly, and thus obtain

oo

omnt) = 3 Glhmn 0 (g7 )+ bunona (.0, 310

h=—oc0
where the part of the sum for large absolute summation index is given by
h
Gorror1(myn,t) = Y G(h,m,n,t) (1 —f (H)> + Y G(hym,n,t). (3.11)
H<|h|<2H 2H<|h]

To establish as a first version of some sort of an asymptotic formula for ¢(m, n, t) we have to identify
the error and respectively main term herein. It turns out that the term ¢error.1(m, 1, t) is indeed relatively
small and the terms of the ~A-summation for small absolute summation index will make up the main term.
This behaviour is explained be the following lemma, which characterises the size of the integral in (3.8).

Lemma 3.3. Let |h| > 81(m + n)/N, then we have

o0 hs m+n 4my/mn ds b\
/0 o(s)e (t+ Vet )f (Nst >s < <1+ t) , (3.12)

for every j > 0. The bound is uniform in m,n, N, t.

We are going to provide a full proof supporting this result in Section However we still point out that
introducing the smooth function g earlier in this section is necessary for technical reasons to be able to show
this lemma (cp. Remark [3.4); With this ansatz we follow the one used in [I5| Chapter 3: An asymptotic
trace formula]. A discussion of the details and implications will follow at a later stage. For now we focus
on employing the lemma in the course of our current argument. We proceed by highlighting several aspects
of it. First of all the condition || > 81(m +n)/N is necessary to avoid that the first derivative of the phase
function of the exponential in is equal to zero. This includes the oscillating part of the J-Bessel
function, contained in the integral ¢, which we will identify and extract by means of Lemma Having
no stationary phase the integral can now be estimated using integration by parts repeatedly, exploiting the
oscillation of the function we integrate. Thus for ||/t > 1 from Lemma we get an estimate of the
oscillatory integral described therein, whose magnitude may be controlled to our liking. In particular we
choose

H > 2t + 81(m +n)/N, (3.13)
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which means that in both of the h-summations in ¢eyor.1(m,n,t) we find ourselves in a scenario where
Lemma tells us that the integrals contained herein are small, causing the whole error term to be of
moderate size. Indeed, using that the cut-off function f is uniformly bounded from above by a constant,
from we conclude with Lemma that @error.1(m, n, t) is dominated by

h
Z |G(h,m,n,t)| < Z Z |5’sznt)<t|)
H<|h| H<|h| zmodt
Recalling the definition of the exponential sum .x . (m,n,t) in , we find further that
Gerror.1 (M, 1) KD Ry t]+1z > h<tH Y (3.14)
error. 19 t H ’ N
H<h i=1 {H<h<(i+1)H

where we require that j > 2, in order to ensure convergence of the ¢ sum involved.

3.2.2 Calculating the main terms

This section is devoted to dealing with the main term in (3:10), given by

R h o hs m+n dmy/mn\ ds
- > of (H) V/(h,m,n,t)P/O o(s)e (t+ N )/ (w) — (3.15)

The main objective is to remove the smooth function g in the integral of the above expression. The necessity
for introducing this function is of technical nature and will become more apparent in Section [3.3] where
we are going to provide further explanations. The reason for removing this function lies in the fact that the

resulting integral
*® (hs m+n 4dmy/mn\ ds
P ad =
/0 e(tJrNst)/( Nst>s

is essentially an integral over the Hankel transform of the cosine functionm with the transform being
computable explicitly, depending on the value of h. As a result we are going to obtain integrals over
Bessel functions, which will prove useful in subsequent estimations, and an oscillatory integral which in
some sense is an echo of the term Z°"*(m, n), as defined in Theorem on the arithmetic side of the
Bruggeman-Kuznetsov formula. We will treat and highlight these connections in more detail as we proceed
in the following chapters. At this point we are actually going to remove g To do this we define \(x) :=
1 — o(z), which satisfies supp(A\) C [0, 1/2]. Thus the expression in is actually equal to

a}?(mﬂ%t) - (rb?f(manat)v (316)
where we define

~ 1 & i hs m+n 4m/mn\ ds
df(m,n,t) = n _2: ( > (h m,n,t)P/O e(t—l— Nal )/ (Nst) ’ (3.17)

h=—o00

and

) 1/2 h + dry/mn )\ d
@b?c(m,n,t) - } f( ) (h m,n,t)P/O A(s)e (ts + n;\fg:) 7 <N;:m) ?s
(3.18)

(Essentially using that P(e(z)) = 2 cos(27mz).
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The goal is now to rearrange the above terms and extract the two main terms ¢ ¢(m, n,t) and qb(} (m,n,t)
respectively from them. The latter are then the main terms in the asymptotic claimed in Theorem We
remark that these considerations show us, that essentially the price we have to pay for introducing p in the
first place is the second main term qﬁ(} (m,m, t), which is the result of our attempts to remove this function

again. Since manipulating qAb;c (m, n,t) into the desired form is relatively simple we begin with it. From [[15}
Lemma 3.1] we know that

#(hm,n,t) = Y S(a,m,1)S(a,n,1),

amodt
aN=hmodt

form,n,h € Zandt € Thus working towards the form of the first main term defined in ¢ (m, n, t),
after replacing the function % in by the sum over a product of Kloosterman sums as just stated above,
it remains to treat the integral in the expression we are currently working with. Employing the definition in
this integral is then equal to the function .# (m/Nt,n/Nt, h/t), for which Lemma 7.6 tells us that
this integral over a Hankel transform is explicitly

472 h(x) A [hm 4w [hn
_j ———— oz | —1\/ — RE . iz | —1\/ = dspec ’
I/]R sinh?(7a) ? ( t Vv ) o7 t VN pectt

provided the summation variable & is positive, it is equal to

) 8mh(x) 47 [hmax{m,n} 47 [hmin{m,n}
I/R tanh(7x) Yaio ( t N Kzio t N dopect

in the case of h < 0, and it takes for A = 0 the form

%/Rh(x) (%)M dz.

Thus we conclude indeed that 5; (m,n,t) = ¢5(m,n,t). After having sorted out the first main term of the

asymptotic expansion in Theorem , we now turn our attention to the second one, which is (;S‘}(m, n,t).
Applying Poisson summation to the & sum, (3.18)) becomes

5 yNz@nvt)p/o”QH 3 P (0 550) e (M) 7 ()

zmodt k=—o0

(3.19)

where we have inserted the original definition of the function # as an exponential sum as in (3.9). In the
last expression the involved Fourier transform is seen by a repeated integration by parts argument to admit
for every j > 0 the bounds f(z) < (1 + |2|)~7. This in turn tells us that as soon as we encounter |z| > 1
the Fourier transform is going to be very small, and is bounded by a constant otherwise. In our scenario for
most of the terms we face z # 0(modt), which means z/t ¢ Z and so there is no summation index in the &
sum adding together with the term z/t up to zero. Indeed we can then show that uniformly for all variables

involved we have
‘H(lwz;s)’ >1,

(DWith the above notation the Kloosterman sum S(a, m, t) = Sy=1(a, m, t).
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in light of the lower bound (3.13) for the parameter H. As explained above, in that case the Fourier
transform is then small. We extract such terms in (3.19), by splitting the latter into

75(0’”1‘ n’t)P/01/2 Hf (I?) A(s)e (”},;") s (47;}/?) ad

+ ¢error.2(m; n, t) + ¢error.3(m7 n, t)v (320)

where we have used that the Fourier transform f is an even function, since f is assumed to be an even func-
tion itself. The terms Gerror.2(M, 1, t) and @error.3(m, n, t) represent cases in which the Fourier transform
is small. The first error term @error.2(m, 1, t) is given by

> yNZ(T’”’t)P/Ol/QHk_iOOf <H (k+ = S)) A(s)e (mN;n> I <W> %,

zmodt
220modt

whereas @error.3(m, n,t) denotes

sy £ s(n(ee 7)o (5) - (5%

k:—oo

—z/t

Recalling its definition in (3.3)), in the above we have used the observation that in the case of z = 0(modt)
we simplify easily the exponential sum .5 (m, n, t) to the Kloosterman sum S(0, m — n,t). We are going
to give an upper bound for the two error terms just introduced above. Indeed one establishes that

¢error.2(m7 n, t)7 ¢error.3(ma n, t) < tH (H) ) (321)

for any j > 2, which is the same upper bound as found earlier for ¢e,ror.1(m, 1, t). Justifying both bounds
can be done by a very similar argument and so we will only give more details for the slightly harder one,
which is estimating ¢epror.2(m, n,t). We obtain immediately that the error term @eyror.2(m, n, t) does not

exceed
n 2 [0 () 2 ()

zmodt k=—o00
z#0modt

)

S

where we recall that from its definition we have that A(x) < 1, for all z € R>(. Now using the upper

bound for the Fourier transform f , as stated earlier, and bounding the sum over the residue classes by ¢, we
estimate the last expression by

(i) Z () [ ()

k=

=, (3.22)
S

for any choice of 7 > 2. In the integral we can perform a change of variables (47\/mn)/(Nst) — 1/y, as
a result of which the integral is seen to be independent from all m, n, N, t. From Lemma([7.5]we then know
that _#(1/y) € L' (R>¢,dy/y) , which immediately leads to the conclusion that

(berror.Q(m»nvt) < tH <H> 9
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for any j > 2. Now what is left to do is removing the function A in the main term of the asymptotic
expansion derived in (3.20). To this end we may rewrite its main term as

S(0,m —n,t) *© _.(Hs m+n 4m\/mn
fp/o Hi <t>e( Nst >f< Nst ) S F Gerror.a(m,m, 1) (323)

where the error term @eypor.4(m, 1, t) represents the integral

oty [ () o - e (Bt ) ()

We point out that, recalling the definition of )\, we avoid integrating the Fourier transform f over an interval
close to zero. As explained earlier for small argument the bound given for f only tells us that it is bounded
by a constant. We do not know that it is small here. However since the range of integration in the integral
in ¢error.a(m, n, t) is bounded below by 1/3, we see that the latter error term is dominated by

o H )
() ()
13\ ¢

Nst
employing again the bound for the Fourier transform f . We estimate this, first by dropping the one in the
denominator, which we can do since s is not too small, and then bound the resulting polynomial in s by a
constant depending on j. Now we can extend the range of integration to all of R, and proceed bounding
the integral just as we did before, when we estimated (3.22)). Thus after the appropriate change of variables
and an application of Lemma([7.5| we arrive at

)
S

J
¢error.4 (m7 n, t) <tH (;) . (324)

Finally, before we can put everything together to conclude the theorem, we alter the main term in (3.23)
slightly. From the definition of the Fourier transform we have

»( Hs Y ys
1 () = o Gg)e () an
f ( t ) /R ) e\ )W
by the change of variables — Hy > y and the assumption that f is an even function. Now having inserting
the latter integral for the multiple of the Fourier transform in the main term in (3.23), we interchange the
order of integration of the s integral and the one coming from f This is allowed by Fubini’s Theorem since

this double integral converges absolutely. An observation which is easily justified by pointing out that, after
the appropriate change of variables, Lemma([7.5|ensures

ol O[5 =

and that the cut-off function f admits supp( f) € [—2,2]. Hence the main term in (3.23) is then equal to

S(0,m —n,t) Yy ) © (ys m+n dmy/mn\ ds
e =P = —)d
t /R / ( H /0 “\ 1 * Nst 4 Nst s )Y
The operator P acting on the s integral is again an integral over a Hankel transform, which we evaluate
explicitly using Lemma[7.6] Now, with the so rewritten main term in (3.23), we can combine this asymptotic

with (3.20) and via (3.19) with (3.18) conclude that

@(m, n,t) = ¢$(m, n,t) + derror.5(m, n, t), (3.25)
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where q[)?(rm n,t) is the desired second main term, as claimed in Theorem The error term in the latter
is combined

J
Perror.5(m,, 1) 2;¢ (m,n,t) < tH ( H) , (3.26)
for any j > 2 The last estimation is the result of invoking (3.21) and (3.24). Employing the asymptotic
just found in (3.25) and that we have shown previously qbf (m n, t) ¢f(m,n,t), we conclude via (3.16)

and (3.10) that

¢(m7 n7 t) = d)f (m7 n? t) - ¢(} (m7 n? t) + ¢error (m7 n7 t)a

where the error, for any j > 2, is estimated through

¢ J
¢error(m7 n, t) = (berror.l(ma n, t) - ¢error.5(m7 n, t) < tH (H) )

as a result of the bounds found in (3.14) and (3.26). This almost finishes our considerations regarding
Theorem [3.2] En route to giving a complete argument supporting the claims of the theorem, the last piece
is to prove Lemma [3.3] which we are going to do now.

3.3 Controlling an oscillatory integral

In this section we will give a proof for Lemma [3.3] This result essentially tells us, that, in the absence of
stationary phase of the phase function of the exponential in the integrand, the integral in (3.12)) is very small
as soon as we have |h| > ¢ and is bounded by a constant otherwise. It is in the same spirit as the bound
given for the oscillatory integral at the bottom of [[15] p.546] and we employ essentially the same strategy
as in [15]], which is repeated integration by parts, to obtain our result.

Proof of Lemma[3.3] We start our argument by simplifying the notation in this section a little and thus
denote in the following

k = k(m,n, N,t) := 4m/mn/(Nt).

Now we assume that || < ¢. Then after performing the change of variables k/s — 1/s in the s integral in
(3.12), with Lemma[7.5| we obtain directly that

& hs m-+n k\ ds
/0 o(s)e (t + Vet ) 7 (s) S < 1. (3.27)

We are left to consider the case of |h| > ¢ and show that here the integral in is indeed small. In
order to make progress we write the integral in question as a sum of integrals that have a shorter range
of integration and in which the integrand has compact support in each of them. We follow this plan by
introducing a partition of unity of R+, being the family of smooth functions p;: Ryo — R, that have
supp(p;) € [3'71, 3], satisfy

Zpl(x) =1, forevery z € Ry,
lez

and admit the bounds p(] )( ) < 37, for any choice of I € Z and j > 0. We swap the order of integration
in the double integral (3.12] , 3.12), recalling the definition of _# from (2.7). This is allowed by Fubini’s Theorem,
since the double integral converges absolutely, which is seen quickly by performing the change of variables
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k/s + 1/s and then applying Lemma Thus bringing the partition of unity into the picture, we use it
to dissect the s-summation into intervals of length 8 - 3'~!, and find that the double integral just described
equals in fact

2i wh(w
d 2
T cosh Z‘Bw (3.28)
leZ
where we define
3 h T k\ d
s m-+n s
) = — t+ — | o | = ] —. 3.29
Bust)i= [ wogotele (5 ) e (£) (3.29)

We have to consider two scenarios. The function k& may exceed 1/3 or not. In the argument to follow
we will only present estimates for the case of k& > 1/3, since if this is not the case the desired bounds
actually follow by the same ansatz as chosen for the situation when we encounter in the integral (3.29) that
s > k > 1/3. Thus we assume that k£ > 1/3 and then split the [ sum in according to k to see that it
equals

> P+ D Blw), (3.30)

—2<i<[ g 41 121355+

where the first (finite) sum is relatively short with about log k& terms and the second (infinite) sum satisfies
that in in the integral 3 (w; [) we always have s > k. We deal with the short sum first. In this case almost in
the whole range of integration of we encounter s < k, which means that the argument of the J-Bessel
function in the integrand of this integral is bigger than one, when this happens. Hence the function oscillates
there and estimating P (w; 1) by integrating by parts multiple times we can exploit that. Employing Lemma
[7.7|we may extract and identify this oscillation by replacing the J-Bessel function by a sum of products of
functions, of which one oscillates and the other one and its derivatives are easy to estimate. Thus in order
to control the integral 3(w; [), we see that it suffices to control the two integrals

3z+1

$)Qt (2wi k/(2ms)) (hs  m4+n+2y/mn
%k ST Z/S 72 el T+—Fa  )ds (3.31)

We are going to integrate by parts multiple times and bound them by means of [1, Lemma 8.1], which gives
an estimate for certain oscillatory integrals. Choosing a similar notation as in the lemma we set

pi(s)o(s)Q+ (2wi, k/(27s)) and Jou(s) = 2m <h: L m +nt 2W> 7

wa(s) = s1/2 Nst
the latter being the phase function of the exponential. By assumption we demand that
|h| > 81(m +n)/N, (3.32)

which allows us to deduce easily the necessary bounds for the derivatives of the phase function of the
exponential given by

| AL(s)| > |h|/t and 2 (s) < |h|/t, forall j > 1. (3.33)

In particular the lower bound for the first derivative tells us that we do not experience any stationary phase
in the integrals (3.3T). We have to bound the remaining function and its derivatives in the integrand of
(3.31). Indeed we obtain for them quickly that

w (s) < ¥l forall j >0, (3.34)
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where we use ((7.23) to estimate 21 and its derivatives and the fact that s > 1/3. Furthermore be observe
that supp(w+ ) C supp(p;) N (1/3,00). Thus in light of (3.33) and (3.34) we have from [1} Lemma 8.1]
that (3.31) is dominated by

3[637T|w| |h‘ —J )
RYE o , forany j > 1.

Thus with this upper bound for 3(w; ) in the case of [ < logk in place, we bound this part of (3.28),
recalling the finite sum in (3.30), by

. —(j+1)
2o s e (W)L S

7w Jgr cosh(mw) ‘ t
—2<i<[ 125k +1 —2<i<[ 1k +1
b —(J+1) h —J
< <t|> BT <« <|t|> : (3.35)

adjusting the number of times j we integrate by parts appropriately, since assuming ensures k <
|h|/t. We are left with handling the part of the [-summation in (3.28), for which all integrals B (w; !)
considered therein have a range of integration, that is bounded below by % (cp. the infinite sum in (3.30)).
This results in s > k, meaning that the argument of the J-Bessel function is always less than one, i.e. the
Bessel function does not oscillate here. Following the same strategy as before, trying to obtain a good bound
by integrating by parts repeatedly, any saving has to come solely from the oscillation of the exponential
contained in the integrand of (3.29). We begin by shifting the contour in the w integral in to S(w) =
—¢/2, for ae > 0 small enough so that we avoid all poles. That leaves us with estimating the integral

3l+1

pi(s)o(s) Jaiwte (k/5) hs m+mn
/3171 S ¢ <t T N st ) ds. (3.36)

Similarly to our previous considerations for the bounded ! sum we aim to use [1, Lemma 8.1]. Hence as
before we define in a similar fashion to the notation in this lemma

wi(s) = Pi(s)e(s) Joiw-e (k/s) and A (s) =2 (hs ot n>
’ s W= A Nst )°

For the derivatives of the phase function of the exponential we easily see, under the assumption of (3.32),
the estimates

|7 (s)| > |hl/t and Y (s) < (|h]/t)-3710FY, forall j > 2, (3.37)

where again the lower bound for the first derivative guarantees that the integral we try to estimate does not
have stationary phase. To obtain the bound we use that in the relevant range of integration we have s =< 3!
and s > 1/3. For the remaining integrand we obtain the bounds

wP(s) < ke 371049 forall j > 0, (3.38)

again noticing that s < 3! and where we combine Lemmata and|7.2|to bound the J-Bessel function and
its derivatives by
o7

@Jin+5 (k/s) < e™v! (1+ |w)) (k/s)?, forall j >0,
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in light of s > k > 1/3. Furthermore we have supp(w4) C supp(p;). Thus with the bounds from (3.37)
and (3.38) we now conclude from [I}, Lemma 8.1] that the integral (3.36) does not exceed

27| w| h —J
¢ (||> , forany j > 1.

3le ¢
Thus we now obtain with this bound for the unbounded part of the /-summation in (3.28) (cp. (3:30)) that

31+1

21 [ (w—ig/2)h(w —ie/2) /
3

pi(5)0(5) Joiwte (k/S)e hs m+n wdu
7w Jg  cosh(m(w —ig/2)) ( + )d d

-1 S

t Nst

log k
lZI’loéS Jrl

-j o0 i
< ('T) 23% < ('T) , (3.39)

=1

with the implied constant depending on the Schwartz function k. We combine the bounds of (3.33) and
(3.39) to conclude via (3.28)) that for |h| > ¢ we have

o hs m+n k\ ds b\ ™ )
el i — f > 1. 4
/0 g(s)e(t + Nst)j(s> s<<<t) , forany j > (3.40)

Finally upon merging the bounds given in (3:27) and (3.40) we conclude the lemma. O

Remark 3.4. We conclude this section with a remark. Previously in the beginning of Subsection[3.2.1| we
have introduced the function o. In the sum (3.7), that first features this function, inserting it at first seems
obsolete. However after having applied Poisson summation to it, the resulting expression (3.8) contains
an integral, with a range of integration starting on the lower end slightly away from zero. We recall here
that supp(o) C [1/3,00). Without having at our disposal that in the integral in (3.12)), we may invoke the
lower bound s > 1/3 for the integration variable s, many essential estimates in this section would not be
possible. Hence introducing the function o is de rigueur in order to establish Lemma[3.3] This described
tool for getting rid of a short interval next to zero in the range of integration in the mentioned integral, is
Jjust as employed in [lI5| Chapter 3: An asymptotic trace formula].






Chapter 4

An asymptotic for quadratic forms for
the full spectrum

4.1 The Bruggeman-Kuznetsov formula for quadratic forms

In this chapter we are going to develop results in the context of quadratic forms. These are based and
derived from the results given in the previous Chapter 3] The theorems therein deal with the case of some
fixed m,n € N. In this chapter we are going to average m, n over the interval (M, 2M], summing against
complex numbers. To make this plan more concrete we introduce some notation. The space of complex
vectors with support in the interval (M, 2M], for some M > 1, be given by

i = {a = (am)men € C* | supp(a) € (M,2M]},

for which we may now consider functions mapping this space into the complex numbers. With this setup
in place we may now convert the Bruggeman-Kuznetsov formula into the lineup of quadratic forms. To
this end we recall the version from (2.9) in Theorem [2.3] multiply both side with @,,a,,, for any choice of
ap, € C, and sum for both summation indices over the interval (M, 2M]. We describe the spectral side of
the resulting formula in terms of the quadratic forms

f(a) = fdisc(a) + fcont(a), (4'1)
where
2
disc . 2 + h(tu)
£ (O() L s0( ) Z Z Z a'rnpu (m) COSh(ﬂ'tu) (42)
xmod N uel,{)lz’fﬂaf" M<m<2M
and

2

nt 1 h w
£t (@) ::W Z+Z/R Z A T,y (M0, W) cos}g(w)w)dw' 4.3)

xmodN a M<m<2M

The arithmetic side features two terms. Reminiscent of the diagonal term we see the 2-norm of the vector
« multiplied by a constant depending on the function h, and the remaining terms are given by

D(a) := Z Amanp(m,n),

M<m,n<2M

with ¢(m, n) as defined in (2.10). We summarise the obtained formula in the following lemma.

38
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Lemma 4.1 (Bruggeman-Kuznetsov formula for quadratic forms). For any o € C$3 and with the notation
and assumptions of Theorem[2.3|we have

£(0) = [lal? / h(w)depects + B(a).

Again the Schwartz function h is assumed to admit the properties specified in Section 2.4

The goal of this chapter is to derive an asymptotic formula for the quadratic form £: C$; — C, with an error
term proportional to the 2-norm of the vector considered. The point of origin for this expansion will be the
Bruggeman-Kuznetsov formula for quadratic forms in the version which we just introduced with Lemma
We give a precise formulation of the asymptotic formula for £(«), that we are going to establish in this
chapter, in the next section.

4.2 The main theorem

We are going to state here the main result of this chapter. It is an asymptotic expansion of the quadratic form
&(). The main term resembles certain parts of ®(«) and the error is obtained by estimating the remaining
bits thereof. It is proportional to the 2-norm of the vector o.. The precise statement is the following.

Theorem 4.2. We consider any smooth even cut-off function f: R — Rx, which equals one on [—1,1]
and satisfies supp(f) C [~2,2]. For an odd prime level N we choose H = 327T'*° and T = M/N > 1.
Then, for any o € C33, we find the asymptotic formula

fa) =M (a)+ 0O (oz||2 (1 + ]]\\[42) Mf) : (4.4)

where the main term () is given by

1 1 h B _ — m n h
N Z = Z f(H) Z amanS(hN,m,t)S(hN,n,t)/(Nt7Nt,t)- 4.5)

1<t<T 0<|h|<2H M<mn<2M
(t,N)=1 - =

The function .Z, for the first two variables being m/Nt and n/Nt respectively, is given as follows. If the
third variable h/t is positive, it is the integral

. [ 4n%h(x) dr [hm\ L 4 [hn
_/}1(7r)J (t\/N S\ e | TV R ) Dovect

Provided the third variable h/t takes negative values it is

) 8mh(x) 47 [|h|max{m,n} 47 [|h| min{m,n}
I/R tanh(ﬁx)ymz (t N Koo t N Gapec?

and if the third variable is equal to zero it becomes

% /Rh(a:) (%)M dz.

As before J,Y and K denote the corresponding Bessel functions.
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4.3 Proof of the main theorem

In this section we will now give a full proof of Theorem The structure and layout of our argument
is similar to the one used to prove [15, Theorem 10.1] and we follow their ansatz and strategy, as well as
some individual steps, in [[15]] adapting it to our situation. The argument we are going to present is based
on several intermediate results, that will be just stated here and only justified at a later stage in this chapter.

Proof. The goal here is to find an asymptotic expansion of ®(«). Having found one via Lemma we
may then directly translated it into one for £(«). We point out again that we work under the assumption that
N is an odd prime number. Then by recalling the formula in (3.5) we may write

- t
o(m,n) = ¢ (m, n) Z glm.m ) (4.6)
(t1)=
with ¢(m, n, t) as given in (3.6) and where in light of (3.4) we define
> INy(m,n,Nt) (m+n 4m\/mn
thm NZ/
):=P — . 4.7
=Py e () 2 () e

The split into two terms in (4.6) allows us to thin out in some sense the term ®(«), estimating its component
for which in the above ¢-summation we have ¢ = 0(mod V), collected in the term "' (m, n), and leaving
us to consider the terms for which (¢, N) = 1. Indeed we can show the following.

Lemma 4.3. For any o € C$; we have

X M1He
(1) < ol iy

where we define coherent with the previous notation in this chapter
d™hin(q) = Z Ty, ™ (M, ).
M<m,n<2M

As a consequence of this lemma we obtain, with the split in in mind, the preliminary expansion of
®(«) given by

M1+E
P(a) = (I)th(a) + Our(a)+ O (HCMH2 N2 ) . 4.8)

In the asymptotic formula just stated we have separated the main term according to the size of the summation
index t, relative to some cut-off parameter 7', which we will make more precise in due course. In particular
in this formula we define the terms ®;<7(«) and ®;~ 7 () respectively by

Y aman Y W and Y Gnan Y W (4.9)

M<mn<2M t<T M<m,n<2M t>T
(t,N)=1 (t,N)=1

The characteristic size of the error term in the asymptotic given in Theorem is due to the bound we
obtain for ®;~7(«). The following result makes this precise.

Lemma4.4. Let T > M/N > 1. Then for any o € CS3 we find the bound

M
(I)t>T(a) < ||OéH2 <]. + sz) .
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Going forward we will from now on choose in fact T = M/N. Thus with Lemma the asymptotic
formula from (4.8)) becomes

M
P(a) = Py<r(a) + O <||oé2 (1 + N2> ME> , (4.10)
for T = M/N. As stated before, we already see therein an error term of the size claimed in Theorem 4.2
To establish the statement of the main result of this chapter, we are left to transform the main term ®; <7 («)
in (4.10) into the desired form. We do just that by using Theorem to write ¢(m, n, t) as a sum of three
terms and via its definition in (4.9) we therefore arrive directly at

‘I)tST(a) = '/%(O‘) - %O(O‘) + q)error(a); “4.11)

where the first main term .# («) is as in (4.5)), upon recalling that the condition (¢, N) = 1 allows us to
employ [15| Corollary 3.1] to simplify the sum over Kloosterman sums in the definition of ¢ (m, n,t). The
remaining terms of the asymptotic formula are given by

A ::% Z t% Z EmanS(O,m—n,t)/

t<T M<m,n<2M R
(t,N)=1

13)7 G

and

q)error(a) = Z Tmln Z M.

Nt
M<m,n<2M t<T
- (t,N)=1

We have used Theorem which means we have to meet its requirements under which it is valid. In
particular this means we have to use a cut-off parameter

H > 2t+81(m+n)/N. (4.13)
By the restriction on the summation indices m,n and ¢ in ®;<r(«) and with T = M /N upon choosing
H =327T'+°

the condition in (#.13) is always satisfied and thus so is the application of Theorem [3.2] From this result,
which provides an upper bound for the error ¢error (m, n, t), we then quickly infer the estimate

Perror(@) < |||, (4.14)

using the Cauchy Schwarz inequality and choosing j large enough. What is left is to determine the max-
imum size of the second main term .#°(«) in (4.11). A suitable upper bound is stated in the following
result.

Lemma 4.5, Let H = 3277 with T = M/N > 1. Then again for every o € C53 we bound the term

N2

Now we are very close to concluding Theorem 4.2} With the last lemma and the bound in (4.14) in mind,
we combine the two expressions in (4.10) and (4.11) to obtain

®(a) = .M (a)+ O (a||2 (1 + %) M6> .

Indeed from the Bruggeman-Kuznetsov formula for quadratic forms, as stated in Lemma 4.1} we finally
derive the statement of Theorem [4.2] noticing the diagonal term in this Bruggeman-Kuznetsov formula is
in fact absorbed into the error term of the asymptotic just established for ®(a). O

MO (a) < ||ef|? (1 + M> Me.
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The above proof relies on the three Lemmata [4.3] .4 and [4.5] which we still have to justify. A detailed
presentation of their proofs is going to be the subject of the remaining sections of this chapter.

4.4 Thinning out the main term

In this section we will show that it is enough in Section [4.3]to work with a thinned out version of the term
®(a). Concretely this means we establish Lemma which provides the bound

1+
oM

B (0) < [Ja*~ s

for any o € C33. Given the error term in Theorem that is of exceptable size for us, the latter estimate
is consumed thereof. Thus in light of of the split in (4.6) and recalling the definition

la)= Y Gmand(m,n),

M<mmn<2M

it suffices to consider only those terms of the ¢-summation, where its index is coprime with the prime level
N. Being left to consider this thinned out version of ®(«/), we see that via and this leads us to
consider a thinned out version of the main term .# (), as featured in Theorem 4.2] too. The proof we are
going to present in support of Lemma [.3]in this section follows the strategy and outline of the argument
proving [15, Lemma 10.1 (statement and proof on p. 557)].

Proof. In the following we will show the estimate for ®*""(a) as claimed in Lemma We recall the
definition of " (m, n) in (4.7) and by the definition of the operator P therein we have P(g) = g+3 < |g|.
Hence in order to be able to control the term @' (), it is clearly enough to bound only the sum

} : N E Z A Ay € ( Nt e N2yt S N2yt )’
y,t=1 zmod Nt M<m,n<2M
(x(14+Nyz),Nt)=1

(4.15)

where we exchanged . (m, n, Nt) with its definition as a sum given in . Essentially we obtain good
bounds for ®th"(m, n) by shifting the contour in # conveniently and exploiting oscillation that comes
form the exponential functions we sum over in ., (m, n, Nt). The latter is going to be facilitated via the
use of large sieve inequalities for additive characters, which we will explain in full detail in due course. For
now we need to set the stage, so that these inequalities can be put in play. Hence as a first step we need to
separate variables in the J-Bessel function in the integral transform _¢. We will use different approaches
depending on whether its argument exceeds one or is uniformly bounded by a constant. To distinguish
which case we are dealing with, we split the summation in (#.15) into

f: > +§: >, (4.16)

=1 ar M ar M
y=l1<t<4x <t

where we interpret the ¢-summation as zero, if it is empty. We begin to deal with the summation in which ¢
has a lower bound depending on y. In this case the argument of the Bessel function is bounded. Therefore
we may use its power series representation to separate variables, without losing control over the size of the
function. Before we continue in this direction we further need to assess which terms is the ¢-summation
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exceed M /N and the ones that don’t. To make this distinction we first split the y-summation and obtain

EZ: = > URED DD DT S S 4.17)

< % 4]1\77\'2]\/1 <t Am <y 47\'1\1 <t< M 4W7f<y %St
—_——
=:S; =:Ss =:S3

where again we interpret S; and Ss as zero, should the summation be empty. In S; we have M/N <
4 M/N 2y < t, for all y considered here. When we consider the sums Sy, S3 we shift the contour in F to

S(w) = —(e +1)/2, and for S to I(w) = —e/2. Now for all three sums the following considerations are
in fact the same. From [10, 8.402] for z € R+ we have
J ( 1)k 2k+v
k'l" (v+k+1) ( ) ’

which we rewrite the J-Bessel function in (4.15) with. Therefore we observe that every sum in is
bounded by

J

with ¢ = € + 1 for sums Sy and S3, and ¢. = ¢ for Sy and where the y, t-summation run according
to the case we consider; via the Cauchy Schwarz inequality, and afterwards enlarging by positivity the
corresponding sums to run over all residue classes, we have that Gy, ,, . («; w) is dominated by

h(w — ice/2)(w — ic./2) \gk,y,t(a;wﬂ 1\ 2kt i “.18)
cosh(m(w — ic. /2))T(2iw + c. + 1) 4k(k!)2N2yt N2yt ’ '

o\ 1/2 o\ 1/2

> Y At () >3 e () |

zmodNt | M<m<2M zmod Nt | M<n<2M

where
anyt(w) = @, mFHiwte/2e (m/NQyt) and Aﬁ’y’t(w) = q,nltiwte/2¢ (n/N2yt) .

Each factor in the bound for Gj , +(a; w) is now estimated with the large sieve inequality for additive
characters as given in [14, Theorem 7.7]. We apply the latter large sieve inequality for the family of
harmonics {e(xm/(Nt))}, for points /(Nt) in the unit interval, where x is a residue class of modulus
Nt. Any such two distinct points are easily seen to be at least (Nt) ™! apart. Hence with [14, Theorem 7.7]
we obtain

Gy w) < [|ad] P (N + M)MF+ee,

Using the latter bound we find that (4.18) does not exceed

/ h(w — e /2)(w — ic./2) ‘dw Nt+M ( M ) e (4.19)
R

cosh(m(w —ic./2))T (2w + ¢ + 1) N2yt \ N2yt
where we employ the fact that the argument of the Bessel function is uniformly bounded by a constant, for
the ranges of summation of y and ¢ which we treat here. Stirling approximation provides the upper bound

I'(2iw + ¢ + 1)_1 < e”lw‘(l + |w|)—c5—1/2.
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Thus the integral in (4.19) converges, since h is a Schwartz function satisfying appropriate decay properties
as specified in Section[2.4] and we conclude the following bounds

[e%s} 1+e 1+e
Nt+M [ M M
suss<lalS S () < el @20

=1 M
y=1 M <y

where the implied constants depend on the function h. Also via (4.19) we see that the remaining sum is
dominated by

Nt Nt+M [ M \° Mte
s < al? Y. Y Mt () < lall e @an

= M
y=li< M

again with implied constants depending on the Schwartz function h. This finishes the considerations of the
part of the sum in (4.16) for which ¢ has no upper bound. It remains to deal with the part of the sum for
which the summation index ¢ cannot become too large, in which case the argument of the Bessel function
is indeed bigger than one. As a consequence employing the approach we used above, relying on the power
series expansion of the J-Bessel function to separate variables in its argument, is no longer an option, since
this would lead to estimates of unsuitable size for our purposes. Therefore we are going to write the J-
Bessel function as its inverse Mellin transform to separate variables, which will allow us to overcome this
issue. Indeed from [8l 6.8 (1), p.326] we know that via the inverse Mellin transform we may rewrite the
J-Bessel function as

1 s—1 r SJQFV) —s
Jy(l’) = % /(g) 2 WI’ dS, for — Rv < Rs=o0 < 3/2 (422)

In the following we adapt an approach to control the size of the inverse Mellin transforms of the Y- and
K-Bessel functions, presented in the proof of [[11, Proposition 9, (see for the proof p. 650-652 therein)] to
the present situation. We assume we have v = 3/4 and observe that for —3/4 < o < 3/2 the integrand
in (4.22) is holomorphic. Hence instead of integrating along the vertical line at o we may integrate along
the contour + connecting —¢ — ico, — — i(2 + 2|Sv|), e + 1 — i(2 + 2|Sv|), e + 1 +i(2 + 2|Sv)),
—e +1(2 + 2|Sv|) and —¢ + ico, for a small € > 0. This contour is essentially the same as the one used in
the proof in [[L1]. By Stirling approximation we see that

D(str) AR (14 g ()R8
v 2 s+v

I (=5%2) e%|g(V§S)|(1+‘%(VTﬂ)’)%_§R( £

For the exponential part of this bound it is not hard to show that it can be estimated by exp(7|Sv|/2). As for
the polynomial component of the latter bound we remark that it is exactly the same as the polynomial part
of the Stirling estimate of the gamma factors present in the Mellin transform of the Y- and K'-Bessel func-
tio As a consequence with essentially the same argument as executed in the proof of [11, Proposition
9, (see for the proof p. 650-652 therein)], for z > 1 on every segment of ~ the integral in (#.22)), where of
course we integrate along v now instead of the line stated therein, is bounded by e™!S¥1/2(1 + |Sv|e)aE,
and hence so is J,,(z). Now we are in a position to determine the size of the sum in with small £.
First we shift the contour in _# to (w) = —3/8. Now writing the Bessel function as

- 2mi

[ (st2wits/a s
PN (. W Sy (PR G e 27 R
2wi+3/4 Ngyt . r (w) N2yt S

(DFor the latter compare for instance with (7.32).
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in ¢, where v is the contour introduced above, we may estimate the sum in (4.16) we want to treat by
s+2w1+3 / 4

h(w — 31/8 w — 3i/8) ) |Fy,t (s s)
/JR cosh (7 (w — 3i/8)) ‘Z/ 2w1 s+11/4> (N2yt)1—§Rs|d5|dwa (4.23)

where the y, t-summations are as described for the case we deal with at the moment; we set the stage for an
application of a large sieve for additive characters as before, by applying the Cauchy Schwarz inequality to
Fy.t(a; s) and afterwards again enlarge the resulting sums in each factor to all residue classes: Then with
the large sieve estimate for additive characters from [14, Theorem 7.7], for the same family of harmonics
as the ones which we used earlier in this proof, we see

Fyilogs) < Ha||2(Nt + M)M_ERS.

Hence by the remarks made previously about bounding the contour integral representing the J-Bessel func-
tion we therefore find that {.23) is dominated by

Nt+ M M \° 9
W NTyt [l

/R h(w — 31/8)[ (1 -+ [w]>+)d

y,t

for a small € > 0. Again the integral converges, since the function h is a Schwartz function that decays very
fast, as described in Section [QZf], and thus we further estimate the latter bound by

1+e

Nt+M [ M \° S M
Jol?y Z Yo () <lelP*

y= 1t< dm M

Finally we combine the last estimate with the ones we found in (4.20) and (.21)) to conclude via (4.17) that
the sum in (.16), and therefore the expression in {.15)), is dominated by

M1+6
o] :
N2

Thus as explained in the beginning of the proof this is enough to control ®*"" () with the very same upper
bound and hence this finishes the argument. O

4.5 The size of the error term

This section is dedicated to proving Lemma4.4] This means we want to show the bound

M
q)t>T(Oé) < ||OéH2 (1 + ]V2> .
under the assumption that T > M/N > 1 and for an arbitrary @ € C33. For the following argument
supporting this statement we are going to follow the same strategy and outline as used in the proof of [[15}
Lemma 6.1, (proof and statement on p.553)].

Proof. We begin be estimating the term ®;~ () directly. Inserting into its definition in (4.9) the expression
for ¢(m, n, t) from (3.6), we find that

<. P (a3 )
Bror(a) <> %yy (4.24)
y=1
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where the function ®;~ 7 («; y) is given by

1 _ <mm—n(m+yN) m—l—n) (471’«/77’”%)
> X D, Gmane + S :
t>T ¢ (z(mi?x;;,tt):l M<mmn<2M t yNt yNt

where by positivity we have enlarged the {-summation to run over all ¢ > T', regardless of the index being
devisible by N or not. Furthermore the bound in relies on the fact that we know P(g) = 2R(g) < |g|.
Now for technical reasons we need the J-Bessel function appearing in this formula to have an index with
a real part bigger than one. Hence we shift the contour in _# to $(w) = —(e + 1)/2. We can do this
without picking up the residue of the pole of the spectral measure dgpecw at z = —i/2 since we demand
that the function h in the integral transform _# has a zero at at this point to precisely counteract that
pole (see Section for the requirements of the function h). In the present scenario we encounter that
t > T > M/N, which implies that

m+n 4my/mn
1 d —— 1.
yNt < an yNt <

These two bounds say that the arguments of the J-Bessel function and of the exponential, that does not
involve residue classes in its argument, are uniformly bounded by a constant and therefore we may rely
in both cases on their expansion as a power series to separate variables, without increasing the upcoming
estimates by more than a constant, which is desirable in our situation. For the Bessel function we know
from [10, 8.402] that

BN e
W) =3 g ey (3)

for x € R>o. Employing this series and the well known series representing the exponential function we
separate variables in @, («; y) and, after using the functional equation of the gamma function, obtain for
it the bound

i (Qﬂ)2k+1+a /
ilheo GUENE + 1)I(Ny)itit2ktive [o

k(o w)h(w —i(1 +¢)/2)(1 + [w])
cosh(m(w —i(1+4¢)/2))T (2w + 1 +¢)

‘ dw; (4.25)

by the Cauchy Schwarz inequality and then enlarging both resulting summations over the residue classes
by positivity to all invertible ones, we see the bound

20 1/2
& ; 1 i Ak m
jun(esw) < Do Do | D m(w)e(T) :
t>T xmodt |M<m<2M
2

1/2
1 *
(th+l+2k+2+ Sl D Ab(w)e (%) ) ,(4.26)

t>T zmodt |[M<n<2M

where we define

AR (w) i= @pymF T/ 20w g ARL(y) = g, pk it/ 24w

The next task is to estimate both factors in the bound (4.26) further. Both may be treated by the same
means and we will therefore only demonstrate one case. The idea is to split the range of the ¢-summation
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into intervals of increasing length and apply a large sieve estimate for additive characters to each interval.
Concretely we rewrite for instance the square of the first factor in (4.26) as

2
= 1 * ki m
Z Z titl+2k+2+e Z Z Ay (w)e (T)
u=02uvT<t<2ut1T zmodt | M<m<2M
and apply the large sieve inequality from [[14, Theorem 7.11] to find for it the upper bound

oo

2u2 2(k+7)+1+e
M2(k+j)+1+e||a”22 ( 2T+ M MA(k+I)
u=0

QuT)iHi+2k+2+e < Tj+l+2k+2+e(

7% + M)|la*.

One establishes a similar bound for the second factor in (.26 and thus we conclude for the whole expres-
sion

M2k+iti+1+e

. 22

Ejpp (o w) < o *(T7 + M)m~

We employ the latter bound in (4.25)). Since the arguments of the described exponentials and the Bessel
function are bounded uniformly by a constant, so are their series expansions. Hence the sums in (4.25)) are
absorbed into the implied constant. By Stirling approximation we have

(2w +1+¢)~! < e™I(1 4 [w])~(1/2+)

and thus recalling that & is a Schwartz function satisfying the properties specified in Section [2.4] via (4.23)
we immediately conclude the upper bound

MY (M |lo]®
Ppsr(asy) < (N+ N) <NT) R

using that we assume 7" > M /N. The implied constant depends of course on the function h. Inserting
the latter estimate in (4.24) we immediately arrive at the desired bound for ®;~7(«), which finishes the
proof. O

4.6 Estimating the second main term .7° ()

In this section we want to estimate the second main term .#°(«), which we defined earlier in this chapter
in (4.12). This term originates from the asymptotic established in Theorem for ¢(m,n,t) and is the
result of our efforts to remove the cut-off function g, which was necessary to introduce in the first place for
technical reasons (see Remark . Via and the term .#°(c) is then in principle featured in
the asymptotic formula for ®(a)). However Lemma tells us that in fact this term is not too large and
thus is consumed by the error term we have already established in (4.10). Precisely the lemma says that for
H = 32779 where we set T = M/N > 1, we can show that

M
%O(Oé) < Ha||2 (1 + ]\/,2> ]\467
for any o € C$3. The implied constant in this estimate depends on the Schwartz function h. We will now
give a detailed proof in support of Lemma This argument which we are going to present is based on
the strategy and outline of the proof showing [15, Corollary 9.1, (for statement and proof see p. 555-556)].
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We proceed towards our aim of establishing the above estimate for the second main term by writing it as
the sum

///0((1) = //llo(oz) + ./[20((1), (4.27)
where we define the two terms by
Z Z a S(0 t)/2Hf<y)j<m n y)d
1 : Ay Ay, , M —n, Z — — =2 dy
N SV Mcmm<an 0 H Nt'Nt™ t
and
1 1 B 2H y m n oy
_723 Z amanS(07m—n,t)/ f(f)j<7’7,,) dy
N t<T t M<m,n<2M 0 o Nt Nt t

We recall that we assume that f is an even function. For convenience we recall the definition of the function
#, as for instance stated in Theorem[#.2] We have for negative last argument

mon -y 8i [ 4r Jymax{m,n} [ 4r [ymin{m, n}
]<Nt’Nt’ t ) 7T/]R$h( )Yaio (t V N Koio | 7 7 d

and if the last argument is positive

m n oy ) xh(x) A7 [ym 47 [yn
~ o) =4 iw | /7 ) S| 2w | 0\~ .
7 (Nt’ Nt’ t) I/R sinh(mx) cosh(rz) J2 ( t\V v )° J2 t VN de

We remark that we also know that the function .# (x, x, 0) takes a form different from the ones just stated
for negative/positive last argument. The precise evaluation is also given in Theorem {.2] In the following
considerations of this chapter we may however disregard this, since we integrate over the last argument
of the function .# in the definitions of .#(«) and .#3 () and one discrete value is a measure zero set,
that may be excluded from the range of integration without changing the value of the integral itself in the
Lebesgue sense. Now, in order to determine the size of .#°(«), we will treat both of its parts, .#;(«) and
MY (), separately and establish the upper bounds

M
M), MY () < ||ef|?ME <1 + N2) (4.28)

showing that .#°(«) via indeed admits the estimate, which we claimed in Lemma 4.5} - A key step
towards establishing the latter estimates is a sieve inequality for some Bessel functions in the style of [[15}
Lemma 9.1]. For the Y and the J-Bessel function of certain complex index v we obtain the following.

Lemma 4.6. Consider 1 < Z < T/2and A < R < H, for A = (32n*T)~ !, where T = M/N > 1 and
H = 327T™9 just as in the conditions ofLemman For any o € CS5 define

2

Mp(Z Riv):= 3 / 3y ane(xtn>B,,<4:\/%) dy.

Z<t<2Z zmodt JV[<n<2]VI

Then we have

Z2R /2 N
Mp(Z, Ryv) < |lo|PNM*Z? (1 * (w) (14 [Sw[?)es i,

The function B, (x) denotes either the Y - or the J-Bessel function with index v € C with |[Rv| < 1/2 and
of argument x € R+.
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We will justify this result in Section For now we will employ it to make progress with bounding
A#°(c). As announced this is going to be a result of the separate estimates for .#;(«) and .Z3 (), as
claimed in (4.28), which we present in detail now.

4.6.1 The size of .7 ()

In the following we will bound .#;(c). For technical reasons we split the y integral in its definition at
A = (327*T)~" and estimate the resulting two sums .y, (@) and .#, 5 A (), i.e. respectively

2H
Z t2/ dy and Z t2/
t<T t<T

that sum together to . (), individually. We will treat the case of small y first. To get rid of the max / min
functions in the arguments of the Bessel functions, we define a smooth function x;: R — R>( supported
on (—1,00) with k1(0) = 1/2 and k;(x) = 1 for > 1. Inserting this function into ///ﬂy<A(a) shows
that by symmetry it suffices to bound

N Z 2 / / wh(w) Z k1 (m — n)ay,a,S(0,m —n,t)-

M<m,n<2M
AT [ym i |y
. Y721w (t N) K21w ( n N) dw dy

In the latter we estimate the Kloosterman sum and k; trivially. Furthermore we recall that the cut-off
function satisfies f(z) = 1, for —1 <z < 1. Hence J//loy<A(a) is dominated by

4 4
72 / /|wh Gomtin Yains (:,/%”> me( :MN)‘d dy  (4.29)

t<T M <m, n<2M
We observe that for y < A the arguments of the Bessel functions both do not exceed one. Thus from [11}
Proposition 9] we find

5
4 [ym 4T |Jyn 5, 2N
Voiur ( 1/ 5 ) Koom ( =1/ % 1 —
2 (t N) 2 (t N)<<<(+|w|)y —

for any small § > 0. Applying this bound in (4.29) quickly gives

MY yon (@) < ME|al|. (4.30)

The implied constant depends on the Schwartz function h. Now we need to focus on estimating the part

of ./ (), where y in the integration is at least A away from zero. More precisely we aim to bound
MY s (), which is

Z 2 /2H /wh(w) S @naS0,m—n,t)-

t<T M<m,n<2M

- (4m Jymax{m,n} _ M\/m
Yoiw ( 720 AR > Koiy ( T dwdy. (4.31)
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In order to be able to work with the above expression more easily, as a first step we want to get rid of
the max / min functions in the arguments of the Bessel functions. We facilitate this task by introducing a
smooth function

k: R —= Rso with supp(k) C [-1/M,3/2], (4.32)

which satisfies x(0) = 1/2 and equals one on [1/M, 1]. Furthermore the function and its derivatives admit
the bounds ) (z) < M7, on [-1/M,1/M], and k) (x) < 1, 0n [1,3/2], both for any j > 0. Ultimately
we want to be able to separate variables in the argument of the function « by means of the Fourier transform
without adding too much to the general size of the bound of the whole term, which we try to estimate.
Thus we need the inverse Fourier transform to converge absolutely with a bound that is small enough in this
context. To see this we have to investigate the size of the Fourier transform & of x. Performing integration
by parts and also estimating trivially we find the upper bound

R(y) < '{11 M}<< '{1 ME}
Ky min , T, T min s T
lyl” lyl? ly|t+e

where we used that min{A4, B} < A*B'~%, forany A, B > 0 and 0 < x < 1. This guarantees that the
inverse Fourier transform converges absolutely with the bound

/]R |5 (y)|dy < M®, (4.33)

which means that the price of separating variables in & is only an epsilon power of M, i.e. for our purposes
acceptable. Equipped with this function we may now rewrite the summations over m and n in ., y>A (),
as stated in (4.3}, in the form

_ m-—n T [ym T |yn
Z a’ma”S(Oam - n7t)’{ ( M > Y2iw (t\/?) Kin <t N>

M<m,n<2M

- 4 4
+ Y @uanS0,m —n.t)x <an> Yaiu (:V%) Ko <:, /?{gb) . (434

M<mn<2M

As already announced we now separate variables in the argument of x by means of the Fourier transform.
Furthermore we express the K -Bessel function via its inverse Mellin transform (cp. Subsection and

in particular (7.31)) in the form

1 o s — 2iw s + 2iw s
Kin(l‘) == 271_1/( )2 2F < D) > I < B > X dS7

which converges absolutely for any o > 0 (cp. Lemma([7.9). We will justify the appropriate choice of the
parameter o at a later stage. For now we proceed with our estimation and observe that by symmetry of the
two terms added together in (#.34) the expression (#.31) is thus dominated by

zlv/R|wh<w>/R|fa(z>|/(g) r<522iw>r<5+22iW) /:HZ; T

t<T rmodt
Tm 47 [ym - —an\ (27 [yn\ °
‘ S e (T (F%) | Boe(F) (FVF)
M<m<2M M<n<2M

dylds|dldw,

(4.35)
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both relying on the abbreviation by, (1) := ane(lh/M) and where & denotes again the Fourier transform of
k. To obtain the latter estimate we opened the Kloosterman sum and point out that by definition the cut-off
function satisfies

f(z) <1 for zeR.

At this stage we will begin to bring the large sieve type inequality as provided by Lemma [.6] into the
picture. For this result to become applicable we have to consider a scenario where the y variable in the
integration as well as the summation in ¢ run in intervals. Hence we estimate the last bound for E///f" y>A (@)
by summing intervals of decreasing length up to the full range of the y-integration and the ¢-summation.
Then applying the Cauchy Schwarz inequality we see that (4.35)) does not exceed

log T _ (log(H/A)

— 2% ym“ oW /lCly] o; )2 dy|ds|dldw,  (4.36)
N Sy b b 2 P o) (0:.5)"/2dyds|

where we define

2

l,y,J L * Trn ' 47 yn
A= 83| Y () v ()
2]+1 <t< T. rmodt |[M<n<2M

and

Kt (ess) = > > > bn@e(_fn) (T\/‘Zn)

T T <
YES! <t§2_7‘ zmodt |M<n<2M

We will proceed with bounding (4.36) further by turning our attention first towards the term Kf;fé’] (i 8).
Based on the large sieve inequality for additive characters as given in [14, Theorem 7.11] we establish

quickly that the integral
J

T2N o/2 T ) 1+ |w|max{3(071)/2,0}
il /2
ol <22jMy) (2] M > 7 : 4.37)

2 2

is dominated by

where Lemma provides the upper bound for the contour integral, uniform in the imaginary part of the
index of the K-Bessel function. Inserting the estimate from (4.37) into (4.36) and once more employing
the Cauchy Schwarz inequality we find that ./ y>a (@) is bounded by

||| 2 T2N |h | (j] + [ Go=D/2041y)
[ k)

NT2 67r|w\/2

s ] [

, T T H 1/2
Sy ety (2] n M1/2> My (2J+1’ 2u,21w> dldw, (4.38)
j=0 =0
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where the function My is as defined in Lemma[4.6] Although not specifically highlighted here we note that
it depends on the integration variable [. Now we utilise the large sieve type bound as provided by Lemma

[.6]to see that (@.38) is at most

lal2Me [H (T2N\°"? s o H \*
lled" M= [ H 3 3 20 Toane) (14 (8
T N \MH = ~ 27 22i+u N M ’

where we exploit that h is a Schwartz function satisfying the decay properties as explained in Section [2.4]
which ensure absolute convergence of the w integral, and the estimate given in to control the integral
over the absolute value of the Fourier transform 4. Now, with the choice 0 = 1 — ¢, for any small € > 0,
we derive for the previous bound the estimate

logT
Tog 2 1/2
M1/ M
23 ré e(j—u/2)
l|ee||? M §j § 2 (QJN +1> (”(wu/zm) )

where we recall that 7 = M /N and H = 327T"+9. From the latter upper bound we then finally conclude
that

M M1/2
Ay n () < a7 M (1 tt N ) .

Combining this result with the estimate obtained in (4.30), we see that the whole of .#;(«) admits the
bound as claimed in (4.28). This finishes the treatment of the first part of the term .#°(c).

4.6.2 The size of .7 ()

In order to establish the desired bound for .#°(«) it remains to show that .2 () satisfies the upper bound
in (4.28)), too. As in the previous case we split the y-integration in .Z3 («) again at A = (32727)~! and
consider the two resulting integrals

2H
S [ wma L[
t<T t<T

individually. Similarly to the case of .#} (), treated in the previous subsection, we denote those integrals
by ///20,3,<A(0¢) and ///£y>A( ) respectively. We will deal with the term . y<a (@) for small y, not ex-
ceeding A, first. To this end we shift the contour in .# to (w) = —1/8. Hence estimating the Kloosterman
sum trivially, we immediately obtain for it the bound

;[;1/0%(};)/]1@ (w—i/8)h(w—i/8)’_

sinh (27 (w —i/8))
> [@mandriwia (4: \/>> > Fliviwti/a (47r \/})

M<m,n<2M
For clarity we have stated the cut-off function f here again, however in this particular scenario it is in fact
obsolete since it satisfies f(x) = 1, for —1 < z < 1. Furthermore with Lemmawe estimate

Am dm [yn rlw
J21w+1/4< 7 \/?) Ji?lwi1/4< ; N) < vl

dwdy. (4.39)
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again observing that for y < A the arguments of the Bessel functions are both bounded by one. Now it is
easy to see that sinh(2m(w — i/8)) > exp(2w|w]), for all w € R, and recalling from Section [2.4] that the
function A is assumed to decay rapidly for large argument, based on (4.39) we conclude

MG (o) < ME|a]f?, (4.40)

where the implied constant once more is influenced by the choice of h. We turn our attention to ///20 y>A ().
In a first step we shift the contour in the w integral to (w) = —1/8. Now inserting the definition of the
Kloosterman sum and applying the Cauchy Schwarz inequality appropriately, we find that this term under
investigation is bounded by

v,

where we highlight the fact that the cut-off function admits the bound
flz) <1, for zeR.

From the latter estimate in (4.41) we would like to deduce the bound for .23 - A () of desired quality by
an application of Lemma.6] In order to be able to apply the large sieve type inequality given therein for
the J-Bessel function, we have to break down the range the y-integration and the ¢-summation into smaller

intervals of decreasing length and sum over those to the full range in each case. Precisely we obtain that
#-4T) does not exceed

2

smhl/S 1/;/8 ‘/QHZ S ane(xt )ng,+1/4 (4:\/;> dydw,

t<T zmodt (M <n<2M
4.41)

1 ( | D|h( /8)‘ llzgg—l] |'10g1(0H/2A)_‘ T H
S g 25N o
NT? /R e2mw] Z;) 2 Z} My <2j+1,2u,21w+1/4) dw,
7= u=
where once more we employ the lower bound sinh (27 (w — i/8)) > exp(27|w]), for all w € R. Here the

function M j, here in case for the J-Bessel function, is as defined in Lemma [4.6] the result from which we
further deduce the upper bound

1{;272" *ﬂ "log(H/A)

log 2 M
L Y S ]

7=0

upon invoking that 7 = M /N and H = 327T'+? and where the w integral converges due to the properties
of the function h specified in Section[2.4] Thus based on the latter upper bound we conclude at once that

M
My (@) < laf?Me (1 + N?>

with an implied constant being a function of h. Merging the latter bound with (4.40) indeed confirms the
estimate in (4.28)) for .73 (o), which ends our considerations of this term.
4.7 Large sieve inequalities for Bessel functions |

In the previous two subsections we have established the bounds in (#.28). Since we have the split of the
second main term .#°(«) in (4.27), we immediately know now that

M
MO () < |leof|?ME <1 + N2)
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The results of the previous two subsections however depend on the verification of Lemma4.6] As already
mentioned it is much in the style of the the large sieve inequality given in [15, Lemma 9.1]. Proving Lemma
is at the core of this section and for convenience we restate the statement of our result for the Y- and
the J-Bessel function here. Let H and T be as in conditions of Lemma then with 1 < Z < T'/2 and
A < R < H we seek to bound

2

Mp(Z,Riv) = Y /}:R DY ane(T)Bycf\/%) dy  (4.42)

Z<t<2Z zmodt |M<n<2M
with
Z2R\ M? N
||| N MeE Z? (1 + (NM> (14 |Sv|*)emISvI (4.43)

valid for any o € C$3. This provides us in fact with two large sieve inequalities, since B,, (x) may represent
both the Y- or the J-Bessel function of complex index v € C with |®v| < 1/2. An important feature of
this inequality is that it is uniform in the imaginary part of the index. The proof of Lemma [4.6 follows
closely the argument supporting [15, Lemma 9.1, (see for statement and proof p. 555-556)] and although
the strategy and outline of the following argument are similar to the proof in [[15] just mentioned, we will
retrace its steps here carefully to adjust it to the present situation.

Proof of Lemma[.6] The desired upper bound in (4.43), which we aim for when estimating Mz (Z, R; v)
in the following, relies on two sources. In a sense the contribution of the y-integration in (4.42) is controlled
exploiting the oscillation from the Bessel functions via integration by parts. Furthermore the oscillation of
the exponential in the definition of {#.42) will be employed via a large sieve inequality to facilitate the
desired bound for M g(Z, R; v). With these two intentions in mind we begin to manipulate the expression
in and first define Q := (RM/4Z>N)'/2. Now with a change of variables in the integration of this
term, we immediately obtain that

2

MB(Z,R;V)<<g 3 /:Q DY ane(?)Bu (47rq\/E> dg,

Z<t<2Z zmodt | M<n<2M

where we let ¢ = (yM/Nt?)'/2, With Lemma we separate the Bessel function into a sum of products
of functions of which one part is smooth and the other one oscillates. Concretely we see that M 5(Z, R; v)
is bounded further by

2

SZ > /Qacz vy Ane<x::|:2q\/E)Qi(u,2q\/E) %

+ Z<t<2Z rmodt | M<n<2M

where A,, := a,(M/n)'/*. For the functions Q2 we recall the bound given in (7.23). Furthermore its
support is in [(9M )™, 77M*'*¢] and hence we may employ Lemma (7.8 to separate variables in the real
argument of {24 via the inverse Mellin transform. In the notation of Lemma 7.8 we obtain from it

2

%Z > /Q3Q Z* Gls) S Augs)e (J’Zlizq\/E> ds| dg, (4.44)

+ Z<t<2Z zmodt | (0) M<n<2M
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where A4,,(q, s) := A, - (M / qzn) */? We will now proceed by considering the complex vector in intervals
of length 2" = M/Q. Introducing 2 = M + m2Z, with 0 < m < @, and recalling the support of the
vector a, we may rewrite the sum over n in (#.44) as

Z e (:I:Qqﬁ) Z An(q, s)e <xtn + 2q\/ﬁ\/_M\/§> .

M<Q2<M 2<n< 2+ X

We point out that this split is valid regardless of () being bigger than or smaller than one. Also it is worth
noticing that the argument of the corresponding exponentials in the inner sum is bounded as

Vn—vZ2
2g—— <K 1
vM
This will allow us later to separate variables in the exponential, by means of the power series expansion
for it, without increasing the estimate by more than a constant. In order to bound (4.44) further we insert a

smooth function 7: R — Rx¢, such that supp(7) C [1/2, 4] with the function being equal to one on [1, 3],
to find the estimate

2

Q2Z > / (> * Gi(s) > -+ > .ds| dq

+ z<t<2Z amodt |7 (0) M<2<M  9<n<9+%&

Opening the square and using the power series expansion to separate variables, then swapping the order of
integration, the latter equals

FL X, X, T, f, Ol 3 1 (2 i)

+ 1,k=0 Z<t<2Z wxmodt 21,25

Z A (s1,1,21)e (xtn> Z AF (s2,k, 2o)e <—zcn) ds1dss, (4.45)

21<n<2:1+% 2o<n<2o4+ %

with

st = () (w7 (- v20)

and where we define

I (2, Dy: 61, 52) = /

R

q —(s1+53), 4 29 _
- (Q) g+, (im (\/El @)) dg. (4.46)

In order to progress we need to estimate the integral (4.46). For 21 = 25 we bound it trivially and obtain
immediately

1Y (21, 2551, 50) < Q(AQ)HF. (4.47)

Provided we encounter 2; # 25 we want to integrate by parts. We label the phase function of the

exponential
4
Holg) = iﬂ( (2 /2s).
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for which we quickly see that

V21 - V2| ¢ i
M, | . and triviall H(j) < ( ) 7
H.(q) s ivially (9) 1+14+E+(S(s1 — s2)]
for j > 2 and ¢ € supp(7). Furthermore let 75, ,,(q) := gt (r¥2)7 (¢/Q), for which we obtain easily
( ) I+k Q B
7;] ) < (4 ’
9 () < (4Q) <1+l+k+|3(81—52)|>

for j > 0 and again for ¢ € supp(7). Then with [1, Lemma 8.1] we conclude the bound

21— 2|\ ?
1 (21, Zrisns0) < QUQ (2 20) 1 a2 4 o 4 (9P

Combining this estimate with (.47) we see that is dominated by

o i, ], o

+ 1,k=0

w(52)| (L 12 4 B2 4512 + (S [2):

Y <1+F@1ﬁ>2 >3 Y S | [dsidsa]. (4.48)

21,25 Z<t<2Z zmodt |21<n<2:+% 2,<n<2:+ %

We want to use a large sieve inequality for additive characters. For this tool to become applicable we first
employ the Cauchy Schwarz inequality in the summation over the residue classes. Now we may estimate
both of the factors resulting from the application of the Cauchy Schwarz inequality using the large sieve
from [14) Theorem 7.11], which gives us

R
2+ 2)QogBVERM )1+ [3?)e27 .
5 1/2 1/2
21— Do|\
Y <1+'1%“") > lal Y. @l . 449
21,25 2:<n<21+Z 2o<n<25+ %

where Lemma [7.8] in particular (7.30) with j = 4, provides an upper bound for the integrals involved and
we used

A,,:i: (S, u, e@z) < ‘an‘ : (2/@)“

since we have n < 2; + 2 with M < 2; <« M. It remains to estimate the sums over 2, and 25 in
(4.49) and recover the norm of the original vector « in the process. For the diagonal terms 2 = 2, we
immediately see that this part of the sum contributes

S> T anl=al*. (4.50)
2 2<n<24 %

Now we need to handle the off-diagonal terms for which 27 # 2. First we observe that this sum does not
exceed

Z<1+L‘%ﬂ)zz S el

21,2, i=1,2 2, <n< 2+ X
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Both of the resulting sums are treated by a symmetric argument. We will therefore restrict to demonstrating
only one. From the definition of the 2;’s we see that 2; — 25 = 0(mod Z") and hence we obtain for the
first sum the estimate

o0

> lan* > m < |lai?, (4.51)

21 2:<n<21+ X 23=0

where we introduced the variable 25 := (21 — 25)/2 € Z. Combining (4.50) and the bounds derived
in the style of (#.51)) to control the size of the sums in (#.49) we conclude that

Mp(Z, Ryv) < g(Z2 + 2) (log(3v2r M) (1 + |Sw|?)e2™I9vI,

Recalling the definition of @ and that 2° = M /(Q), from the latter bound we quickly see the lemma. O



Chapter 5

An asymptotic formula for the discrete
spectrum

5.1 The main theorem

The final goal of this thesis is to establish a large sieve estimating £45¢(a), as defined in . This
inequality will follow from an asymptotic expansion of the sum £%45¢(q), in a form we will establish in
Chapter [f] En route of proving this result we continue to work with the asymptotic expansion given in
Theorem The asymptotic formula described in this theorem expands in fact the term £(«). Recalling
its definition in (4.1) we see that this term, in addition to the desired £45¢(«), also features £€°°™* (), defined
in (4.3). This chapter is therefore devoted to taking care of the latter term, a task during which we are going
to rely on the validity of the Riemann Hypothesis (RH), as introduced in Section which from now on
for the rest of this thesis we assume to be true. We are going to show the following result.

Theorem 5.1. We assume the validity of RH, as in The Riemann hypothesis[2.7](cp. Section|2.5)). Just as in
Theoremn 4.2|let the level N be an odd prime and where we set H = 327T'*° and T = M/N > 1. Then
we find for any o € CS5 that

: M
€dlSC(a) = J/h;go(oz) + O <oz||§o <1 + ]W) M1+€> ’ 5.1
for any € > 0. The main term here .#},+o(c) is given by

B _ — m n h
N Z > f< > > amanS(hN,m,t)S(hN,n,t)ﬂ(Nt,Nt,t),

1<t<T 1<|h|<2H M<m,n<2M
(t,N)=1

where in the latter term f: R — Rx>( may be again any smooth even function, admitting supp(f) C [—2, 2]
and that takes the value one on [—1, 1]. We recall once more the function ¥, as for instance described before
in Theorem In the following J,Y and K denote as before the corresponding Bessel functions and we
have for summation index h > 0 that

m n h 472h(z) 4w [hm 4 [hn
I —=,—, - =i —J. iz | 7\ Q) iz | 7\ 7 ds ecd,
(Nt’Nt’t) l/Rsinh2(m) 2 (t VN ) P2 VN pec®

58
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and for h < 0 we find

m n h ) 8mh(z) 47 [|h| max{m,n} 47 [|h| min{m,n}
L L [y - CORS A Ry (L L ULED o) 7o By LS CIELE ) I A
7 (Nt’ Nt’ t) 1/R tanh(rz) > ( t N e\t N Gapoc®

This result is a direct consequence of Theorem and Proposition which we will give in the next
section. Before we move on to do so, we make some remarks about the asymptotic expansion given in
(5.1). For technical reasons from this point onwards the vector a will be estimated with the infinity norm
ll||oo, for which we trivially have that ||a||* < M||«||%,. Thus all the previous results in terms of the
2-norm, may simply be converted into statements reflecting the infinity norm. Furthermore we point out
that the main term of the asymptotic in (5.1)), in contrast to the main term .# (c) in (@.4), does not contain
the term with summation index » = 0 any more. Indeed we separate the zeroth term in the A-summation of
the main term in (@.4) from the rest and reflect this split by writing

///(OL) = /fh;ﬁo(a) + //hzo(oz),
where the latter term for i = 0 is given by

2 1 _
we 2 E, 2 el |

1<t<T © M<m,n<2M R
(t,N)=1 -

h(z) (mfx dz. (5.2)

max{m,n}

This follows at once from the expression given for the function .# (%, *,0), as for instance specified in
Theorem recalling that the cut-off function satisfies f(0) = 1, and the fact that a Kloosterman sum
with first argument equal to zero is simply a Ramanujan sum, which we denote by c¢;(k). The importance
of the term .#},—o(«) and its further treatment is subject to the next section.

5.2 Matching Eisenstein terms

As announced previously in this section we are going to investigate the role of the term .#,—o(«), as
part of the main term of the asymptotic formula established in Theorem It turns out the this part of
A («) cannot just easily be estimated to satisfactory quality for it to be absorbed by the error term in (4.4).
However we can still get rid of this term; we deal with it in the following manner.

Proposition 5.2. We suppose that RH holds, as given in The Riemann hypothesis[2.7](cp. Section[2.3). For
any o € CS3, odd prime level N and T = M /N > 1 we find that

M
gcont(a) _ %hzo(a) + 0 (|04||§o (1 + ]\]’2> Ml-‘rE) ) (5.3)

Sor any small & > 0. The main term #y— () is just as defined in .

This proposition offers an interesting interpretation of the term .#},—q(«). It tells us that, up to a for our
purposes sufficiently small error, this part of the main term reflects the term £°™ (), on the left hand side
of the asymptotic from Theorem The term £ () is reminiscent of the continuous spectrum of the
hyperbolic Laplace operator Apapiace. Indeed this connection may be observed by recalling the spectral
decomposition of L?(T'g(N) \ H; ) for Apaplace (cp. for instance [14, Theorem 15.5] for the principal
character o and the combination of [[7, Proposition 4.1]) and [7, Proposition 4.2]) in case of the character
x being primitive.) featuring both, functions for which the hyperbolic Laplace operator has discrete and
continuous spectrum. In turn this decomposition is an essential ingredient when it comes to establishing the
Bruggeman-Kuznetsov formula, as in Theorem [2.2] and thus for the larger family in Theorem [2.3] giving
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rise to the term £°°** (), which is introduced when we move to deal with quadratic forms as explained in
Section Thus in some sense the Bruggeman-Kuznetsov formula transfers information from the contin-
uous spectrum from the spectral side to the arithmetics side, into the term which, by means of Proposition
we identify to be .#},—o(«). We will now spend the remainder of this chapter presenting a rigorous ar-
gument in support of this connection. Indeed Proposition[5.2]is an immediate consequence of the following
two Lemmata, which upon combining will at once prove (5.3).

Lemma 5.3. Under the assumption that RH holds, as given in The Riemann hypothesis (cp. Section
, we consider any odd prime level N and let as usual T = M /N > 1. Then for an arbitrary o € C$3
we find for any small € > 0 that

cont 00 2 M2+€
g0 () = M24(0) + O (llal% s )

where

oo

o 2 _ ct(m)eg(n) / vmn 2w
M2 (o) == N ; | Z G O, 2 lRh(x) " dzx.
o, M<mn<aM

This lemma already almost gives the statement we claimed in Proposition [5.2] What is left to fully obtain
the latter result, is a minor manipulation of the main term of the asymptotic in the previous lemma, causing
an acceptable alteration of the error term as well. The desired change is provided by the upcoming lemma.

Lemma 5.4. Let T = M/N > 1, for odd prime level N and M the length of the interval of support of any
o € C35. Then, for any € > 0, we find that

Mo (00) = Mn—o(0) + O (|lol3 M)
where again the main term of the asymptotic is specified in ([5.2).

The proof of Lemma[5.3]is long and somewhat technical, so we postpone a full account thereof to the next
section. Lemmal[5.4/however is rather immediate and thus we will finish this section by giving a short proof
of it.

Proof of Lemmal[5.4} In order to show the asymptotic expansion given in the lemma, we will estimate the
contribution to .#;° ,(«) of the ¢ sum with large summation index. Indeed we separate at the parameter 7'
to obtain

2
M () = Myp—o(0) + = D ., (5.4)

and begin to bound the latter term in which we encounter ¢ > 7". We control the sum in question directly,
using the standard well known bound that for any ¢,k € N we have

lee(R)| < (t, k) (5.5)

(cp. for instance [14, (3.5), p.45]) for a Ramanujan sum. The resulting inner m, n-summations are seen to
admit each an upper bound

(t,m) < M -d(t) < M - 1%,
M<m<2M
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where d(-) denotes the divisor function. With the latter estimate we then obtain

2 vl 2,01 1 [Jov] |2, M1 2 a1
PR — < — < a2 M,
(¢t,N)=1 (t,N)=1

where we employ partial summation to bound the ¢ sum. The implied constant depends on the Schwartz
function h, for which we recall its decay properties as stated in Section These in turn guarantee
absolute convergence of the involved integral over this function. Finally, using the latter estimate in (5.4),
we conclude the statement of the lemma. O

5.3 An asymptotic formula for £ ()

The purpose of this section is to establish the asymptotic formula for £%°" (), as given in Lemma For
convenience we recall the definition of the term we try to approximate as given in Section[d.1] Therein we
introduced

2

t 1 h(w
£ (o) = W Z+ Z/]R Z AmTa,x (M, W) COS}E(W)w)dw, (5.6)

xmodN a M<m<2M

where we recall that coherent with the presentation of the Bruggeman-Kuznetsov formula, we employ
as Theorem as the starting point of our considerations, 7 , (m,x) are the Fourier coefficients of the
Eisenstein series at s = 1/2 + iw, coming from its Fourier expansio

Eq(2,1/2 + iw)

= G 0oyt 4 TS’X(l/Q + iw)y /2 4y t/2 Z Tax (M, W) Kiy (27|m|y)e(mzx). (5.7)
meZ\{0}

In the above we use the Kronecker-Delta, by which we mean in this context that

5 _J1, ifa~oco
moe 0, otherwise.

In the summation in we sum the Fourier coefficients against the K -Bessel function and an exponential.
Given the description in , in order to analyse £°°™ () it makes sense to consider the Fourier coefficients
of the Eisenstein series in explicit form and then extract from the resulting expression the appropriate main
term and estimate the remainder as error term. The outcome will be summarised as Lemma [3.3] We are
now going to execute the outline of the strategy of the proof.

5.3.1 Fourier coefficients of Eisenstein series

We will give an explicit descriptions for the Fourier coefficients of the Eisenstein series, for all possible
Dirichlet characters x of modulus N and every cusp. The congruence subgroup I'o(N) of prime level N
has exactly two inequivalent cusps, which are a ~ oo and a ~ 0 (cp. Section 2.2). We will show the
following lemma.

Mep. for instance [14] (16.22), p.407] for the principal character xo and [7} (5.3), p.514] for weight k = 0 together with Lemma

[7-10|for primitive characters.
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Lemma 5.5. Let N be an odd prime. For m > 0 and w € R we denote by 1, ,(m,w) the Fourier
coefficients of the Eisenstein series with Fourier expansion as given in ([5.7) and we suppose that RH is true,
as given in The Riemann hypothesis (cp. Section[2.3). Then for any primitive Dirichlet character x of
modulus N we have

Too,x (M W) Too (N, W) =

feoshiru) ()i Z: KOxR)tmietn) <1;)

and

?07)( (ma w)TO,X(n7 w) =

N Z

4 cosh(rw) (%)iw lél X(l)x(k)fl:;(m)%(n) (é) 7

where in both expressions ci(h) represents again a Ramanujan sum. Now, for the only non-primitive char-
acter of prime modulus N, the principal character x, we obtain

oo

fw c(m)ex(n iw
Tooxo (M W) Too o (M, w) = 4 cosh(mw) (%) Z % (li)

l,k=1
1, k=0mod N

and

T0,x0 (mvw)TO,Xo (n,w) = 2

4cosjhv<7rw> <%>iw Z: m(%(k;?(m)ck(n) ( l ) .

As before we sum over Ramanujan sums.

Proof. We begin by showing the two expressions for the two cusps in case of any primitive character y
modulo N. In [7] we find explicit calculations for the Fourier coefficients of Eisenstein series. The scenario
fits our purposes upon choosing the weight k¥ = 0. In this case in [[7, (4.72)] the authors give for w € R the
Fourier expansion

Eo(2,1/2 4 iw) = 8q.00y™ 2 + 0q (1/2 + iw)y'/2 71V 4 Z Pa(m, w)Wo i (47 |m|y)e(ma)
meZ\{0}
(5.8)

for a Eisenstein series E/; with respect to the cusp a. The term ¢, is for instance given explicitly in [7,
(7.12)], however will be unimportant in our case. For a coherent presentation with the rest of the chapter
we have made some minor adjustments to the notation of the presentation in (5.8). The expansion is given
in terms of the Whittaker function W) ;,,, which by means of [7, (4.20)@ may be written as the integral

6727r\m|y 0 . 12 iw—1/2d
Wo.iw (4 == it — t.
0,i ( 7T|m|y) F(1/2 ¥ 1w) /O € < + 47T|m|y>

We adjust now the normalisation of the Fourier coefficients. Using Lemma [7.10] we may write the Fourier
expansion in in terms of the K-Bessel function and compare it to the expansion in (5.7) to find for
m # 0 that

1/2

Ta (M, w) = 2|m|"/ % pa(m, w).

(DIn (7] (4.20)] the second factor in the integrand should read th—a=1/2, compare for instance with [10} 9.222.2].
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Now employing the latter renormalisation of the Fourier coefficients 7, ,, we combine [[7, (6.19), (6.23)
and Proposition 7.1], which provide an explicit formula for products p,(m, w)pq(n,w), to conclude for
m,n > 0 that

47 N g (m, w)Ag(n, w)
N |T(1/2 + iw) L(1 + 2iw, X, x,)|”

Tax (M, w)Ta x (1, w) = , (5.9)

where in the denominator of the last expression we encounter a Dirichlet L-function and from [7, (6.17)]
we have iw
Nalhyw) = 3" (@) (5) -

ab=h
The moduli p and ¢ of the Dirichlet characters in the above are found as follows. Coherent with the
formulation in [[7, Proposition 7.1] we consider this for cusps a ~ 1/p, where pg = N with ged(p, q) = 1.
Furthermore we have the decomposition x = XxpXg, i.6. wWe write the Dirichlet character  of modulus N
as the product of the primitive Dirichlet characters x, and , of moduli respectively being p and g. As we
mentioned before since NV is prime there are only the two cusp, which are easily seentobe a ~ 1 ~ 0
and a ~ 1/N ~ oo, i.e. for the pairs (p,q) = (1, N) and (N, 1) respectively. Since the remainder of the
argument is rather similar for the two cusps, going forward we will only present the case of a ~ oo. Thus
for this cusp we immediately obtain from (5.9) that

T o0, (1MW) Too x (1, W)
_ 4cosh(rw) miv n~iw

_ —2iw 2iw
- TN L(1 + 2iw, ¥) %X(d)d L(1 — 2iw, x) %X(d)d 610

using that [T'(1/2 + iw)|=? = cosh(ww)/m, which is given for instance by [10, 8.332.2]. We want to
analyse each of the factors, involving an L-function and a finite sum, further. Indeed we have that

# 1—s __ = M s
L(&X)le(d)d _kZ:l T for R(s) > 1, (5.11)

where ci(n) denotes again a Ramanujan sum. This is easily observed by noticing that in the described
half-plane both sides converge absolutely, recalling for the right hand side that we know for the Ramanujan
sum the bound (5.3)). It is a well known fact that we may write the Ramanujan sum for every k,n € N as

ck(m)= Y p(k/d)d, (5.12)

d|(k,n)

(cp. [14, (3.2), p.44]), and thus employing the latter identiy we can for instance quickly move from the
right hand side of (5.11) to the left, by swapping the sums, which is allowed in the region of absolute
convergence. However for the identity in to be useful in we need it to hold for R(s) = 1, as
well. In order to do this we will show that

ZW < (1+Ss))(IV -n)?, for R(s) =1—4, (5.13)
k=1

which gives us that this sum is convergent in the half plane $(s) > 1—0 and is furthermore also holomorphic
therein. The function L(s, ) is holomorphic for R(s) > 0, and since we assume RH (see Section[2.5), we
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therefore know that the function L(s, x)~" is then holomorphid™|in the half plane R(s) > 1/2 and hence
both sides of the equality in (5.11] - ) describe holomorphic functions in R(s) > 1 — ¢, for some § > 0. Thus,
since (5.11)) already holds for R(s) > 1, as a simple consequence of the Identity Theorem we conclude that
this equahty must then also hold for (s) = 1. We are left to prove . Recalling that we have the
representation in and may employ this in the sum in running over the interval [1, B], for some
large B. Swapping the order of summation we find

x(k)er(n) _ 5-i%s x(k)p(k)
El—o+iSs >_x(d)d El-o+iSs
k<B dn k<B/d
Executing the last sum, featuring as coefficients a product of a Dirichlet character and the M&bius function,
by partial summation, using RH as in Version II (see Section[2.5)) giving, for any X > 0, the bound

S x(k)u(k) < NeX/2F,
k<X

and afterwards letting B — oo, we quickly arrive at (5.13). We know now that the identity in in fact
holds for R(s) > 1, and thus we may use it in , which immediately leads to the desired statement
given in the lemma for the cusp a ~ oo for any primitive Dirichlet character y. As we mentioned before
the case of the cusp a ~ 0 and any primitive Dirichlet character x follows by a similar argument, which we
will omit here.

We are left with treating the case of the principal character, which we are going to do by explicitly calcu-
lating the Fourier coefficients of a Eisenstein series for the principal character for each of the two cusps of
['o(N) of prime level N. We begin with the cusp a ~ 0. The method we use is very similar to the one
in [7, 7. Explicit computations on Eisenstein series] and we follow their approach closely, modifying it
appropriately to fit our scenario. Indeed adapting the set up in [7, 7. Explicit computations on Eisenstein
series] to the situation of the principal character and weight & = 0, we find for a ~ 0 that the Eisenstein
series

Eo(z,5) = (%) > xo(h) Y ﬁ (5.14)

heZ\{0} (l,LhE)Z=1

N

which corresponds to [7, (7.4), p. 524]. In the above we have omitted the term h = 0, since x((0) = 0 it
vanishes anyway. Furthermore the contribution of any summation index # is an even function with respect
to that variable. Thus we have

EO(ZaS):(%)S h2a Z Z x+m+a/h) y?)°

h=1 amodh m€eZ

where we reparameterised the [-summation in (5.14) by writing [ = a + hm, for m € Z and with a an
invertible residue class of modulus A. In the latter expression we employ Poisson summation on the m sum
and after an appropriate change of variables we obtain

Eo(z,s):(%) 3 e(ma) ZXO h% A(S§+”;))sdu, (5.15)

mEZ

where cj,(n) denotes as usual a Ramanujan sum. We evaluate the integral in (5.15) with [10] 3.384.9] in
the case of n = 0 to write it in terms of the Whittaker function, as given for instance in [10} 9.222.2]. If we

(UDFor our purposes it suffices to know that L(s,x) ™! is holomorphic in an open neighbourhood of the line R(s) = 1. The

assertion that RH holds is for that in fact not necessary; the well known zero-free region in the critical strip for L(s, x) and the fact
that a possible Siegel zero does not occur at s = 1 (see for instance |14, Theorem 5.26]) is enough.
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encounter n = 0, we may employ [[10, 8.381.1 and 8.384.1] to calculate the integral in terms of the Gamma
function. After the computation, considering the resulting expression at s = 1/2 4 iw, we obtain from the
latter immediately

. /2T (iw) o Xo(M)e(h) \ 1o
Fole /2 i) = (F(1/2 + jw) N'1/2+w piaziw )Y A

h=1
27T1/2+1w|m|1w

1/2 xo(h :
by Y (WHM il o LY >Klw<2w|m|y>e<mw>,

meZ\{0} h=1

where we use Lemma [Z10] to rewrite the Whittaker function in terms of the K-Bessel function and the
well known functional equation I'(z + 1) = 2I'(z) and I'(1/2) = 7'/2 to simplify the zeroth Fourier
coefficient. We recall the meromorphic continuation of the Eisenstein series (cp. again [12} Theorem 11.6,
p.128] in combination with its generalisation to groups, having any finite number of cusps, as given on [12,
p-295-296]) to C and the fact that on the line R(s) = 1/2 one does not find any poles for it (cp. again [12}
Theorem 11.8, p.130]) in combination with its generalisation to groups, having any finite number of cusp,
as given on [12| p.296-298]). Now in light of (5.7), we read off directly from the last series expansion for
Eo(z,1/2 + iw) just given the desired Fourier coefficients g ,(m,w). Thus we also directly derive the
formula for the product of 7 , (m, w)7o y, (7, w), as claimed in the lemma, employing again that from
[10, 8.332.2] we know that

1 _ cosh(rw)
T(1/2+iw)]2 7
The same ansatz gives in a similar way the explicit Fourier coefficients for the Eisenstein series for the
principal character for the cusp a ~ co. With this remark we finish the proof. O

5.3.2 The primitive characters

With Lemmanow in place we can now commence with establishing an asymptotic formula for £°°% ().
We begin by dividing (5.6)) into the contribution of non-principal character and the principal characters, i.e.
we write

é-cont (a) _ )C(O;él)t(()( ) + 5;011;60( ) (516)

where we postpone the treatment of the principal character to the next subsection. In the following we are
gomg to prove that the term Econt (c) in fact admits the same asymptotic expansion as the one given for

€ («v) in Lemmal5.3]
Proof. We begin by restating the definition of 5;3?;0 (), which in light of 1} is

2

e L DL X antm|
()

X#XO M<m<2M

We proceed by opening the square and then invoke Lemma [5.3] to obtain an explicit description of the
Fourier coefficients at both cusps. Since the function h is even by assumption, by a change of variables in
the integral over one of the two resulting expressions, we may summarise the terms to

T a3 (2" f;? (miele) (EY g,

M<m n<2M XFX0
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We artificially introduce the principal character again in the character sum in the latter expression and thus
we have

ol = N / > o (@), (5.17)

xmod N
where we denote

Prola) := N/ Ty i, (%)iw i XO(Z)XO(k;;Z(m)Ck(n) (];)in -

M<m n<2M l,k=1

(5.18)

Our next goal is to precisely estimate the latter term. By virtually the same argument as outlined in Subsec-
tion[5.3.1to prove the bound given in (@) we show

Xo
Z W) < 1+ fulhdtm)N°,

where d(+) is the divisor function. With the latter bound applied to (5.18)), we quickly arrive at

e[ 3 Mr=+e

e (5.19)

‘@Xo (a) <

where the implied constant of course depends on the function h. Now we understand the term &, («),
which leaves us to analyse the second term in (5.17). Indeed we combine (5.17) with (5.19) to obtain

al|2 M2te
o (@) = Mo () + Z(e) + O (|”°z°v2> , (5.20)
where
2iw
— x( k
#(0) = —oy [ hw aan Y ()Y i) (6™,
JVI<m n<2M xmod N lll;kl
(5.21)

The first main term .#:° (<) in (5.20) is just the diagonal term of the [, k double sum in the term we
have left to investigate from (5.17) and is as introduced in Lemma[5.3] This may be seen by writing the
m, n-summation in the diagonal term of the [, k-double sum as

M<m<2M M<n<m M<m<2M m<n<2M

and then apply the change of variables ¢ +— —t in the integration over one of the resulting two sums,
recalling that the function & is even by assumption.

The remainder of the proof is now concerned with estimating the term Z(«), to show that it does not
contribute more than the current error term in (5.20). To this end we introduce a large cut-off parameter
Z > N, for which we state an appropriate choice at a later stage. With it we split the [, k-double sum in the

definition of Z(«) in (5.21)) into
D REEE S S RTEE S NETTE i) Y (5.22)

1<z 1<z -1 >z
k<Z k>Z k<Z k>Z
12k 1%k
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and name the corresponding terms %1 (o), %o (), Z3(c) and %Z4() respectively. We will handle the
situation when both & and [ are bounded first. Observing that

S RONR =5 S ROXE) + X)),

xmod N xmod N

we may in some sense complete the character sum to run over all Dirichlet characters of modulus N and
therefore are allowed to invoke orthogonality of such, to impose a congruence condition on the k, ! double
sum. After that, estimating directly, we find that

! a (,m)(k,n)
I () < i E |G an| E E — (5.23)
M<m,n<2M 7j=1,2 1,k<Z
I1=(—1)I kmod N
I#k

where again we bound a Ramanujan sum with (5.5). The implied constant depends on the function h. It is
easy to see that

> laml(hym) < JlalloM - d(h), (5.24)
M<m<2M

again with d(-) being the divisor function. Now swapping summations in (5.23)) with the latter bound in

(5:29) we conclude

vl |3, M2 DS 1
%1 (a) < T ‘ (lk)l_s . (525)
j=1,2 1Lk<Z
LE(—ll);l;;modN

We will treat each sum, i.e. each case of the congruence, in the previous estimate at a time. Since both
sums in (5.25]) are symmetric in [ and k it suffices to consider a sum in which we investigate the behaviour
for k£ > . Thus by partial summation we quickly see that we have the bound

1 A
—_— L — 5.26
2. 2 Gy < (526)
ISZ I<k<=
- k=lmod N
where we employ that
Z
E 1< —.
< N
I<k<Z
k=lmod N
We now have to take care of the second sum in (5.25)), which considers terms with [ = —k(modN). For

technical reasons it is helpful to write the summation as

> > (lk)ll_gzz Sooax N e+ Y YL 62)

I<Z I<k<Z I<N/2 N/2<k<N I<N/2 N<k<Z N/2<I<Z max{l,N}<k<Z
- k=—IlmodN k=—IlmodN k=—IlmodN - - k=—Ilmod N

which is seen easily, considering the congruence relation satisfied by the two non-equal summation indices.
As usual we interpret an empty sum as zero. We investigate each of the three sums in (5.27) after the split
at a time. For the first one we obtain directly

1 1 1 1
Z Z (k)—< — Z e Z (VN — 1)< < yime

I<N/2 N/2<k<N I<N/2 1/241/N<v<1+1/N
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with the v-summation containing exactly the term v = 1. For the second and third sum of (5.27) we see by
partial summation, very much in the same fashion as we obtained the bound in (5.26), the estimates

1 ze 1 ze
> X e Sy ) > i<W

I<N/2 N<k<z N/2<I<Z max{l,N}<k<Z
k=—Ilmod N - = k=—Ilmod N

respectively. Hence combing the bounds for the three sums, we split into in (5.27), the original sum therein
admits also the upper bound Z¢/N. Together with (5.26) we then conclude from (5.25)) that

lael|3 012 2°
N2 '

We have now taken care of the first sum of ([5.22)). Next we turn our attention towards the two double

sums which have one summation index bounded and one unbounded. Indeed the sums % () and %5(«)

can be controlled by the same technique, ultimately both having the same upper bound. Thus we will only
demonstrate how to estimate one of them. For the second sum we find

1 _ + (l,m)
K () <<%0(]V)]V/1Rh(w)| Z |@man| Z Z l

M<m,n<2M xmodN I<Z

%1 (0) < (5.28)

cx(n)x(k)

k1—2iw dw

. (529

k>Z

again bounding the Ramanujan sum with (5.5). We are now interested into estimating the k-summation in
the latter expression, aiming to save in the cut-off parameter Z. First we consider the summation running in
some interval (Z, B]. Rewriting the Ramanujan sum ¢ (n) using the identity in and after swapping
the order of summation we obtain

k ; kE)x(k
N
Z<k<B d|n Z/d<k<B/d

The last sum may now be approached by summation by parts. Assuming RH, as explained in Section
we have the bound

> x(k)ulk) < NEX2He,
k<X

for any X > 0, which allows us to conclude
w(k)x(k d A\
E 7< X )<<(1+|w|)1 E( )

L 1—2iw B 'z
Z/d<k<B/d

Hence using the latter bound in (5.30) and then letting B — oo, we arrive at

cr(mx(k) _ (1+ [w))n'/2N°
kl1—2iw Z1/2—¢

(5.31)
k>Z

The bound in (5.31), that we just derived, is an essential ingredient to control the sum %5 («). It ensures
that, extending from (5.29), we have

leel[2, M2
where we used the estimate (5.24). The implied constant again depends on the function h. It remains to

treat the sum %Z4(«), which is the case of both summation indices & and [ being unbounded. Starting from
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its definition given in ([5.22]), we see that it is again in fact enough to consider the case of & > [. The
situation in which [ < k will then follow by a symmetric argument. First investigating the scenario when
l € (Z,B], we find for such pieces of the [, & double sum the bound
Z (L, m) cr(n)x (k)
l

L1—2iw
Z<I<B

({,m)
[3/2—¢’

< (1+|w)n'/2NE Y-
Z<I<B

(5.33)

k>1

where we employ the upper bound given in (5.3T) to control the k£ sum and again (5.3) to estimate one of
the Ramanujan sums. Now in the [-summation we observe that we have

> l46217457
for any € > 0, and hence from (5.33) we estimate further by

l,m ce(n)x(k
Z(l) k(n)x(k)

12w
Z<I<B

(1 + |w|)n'/2N¢ (I, m)
< Z1/2-3¢ Z [1+e °
Z<ILB

k>1

The latter is now in fact an absolutely convergent sum and we can take B — oo. With this bound for all
[ > Z in place, it is easy to see that

[ e (O R 1 97

NZ1/2-3¢ l>Zl1+€ NZ/2-e 7

Ha(o) < (5.34)

again relying on (5.24) and where d(-) is as usual the divisor sum. Now we can put everything together.
Collecting the bounds from (5.28), (5.32), which as mentioned we have also as bound for #Z3(«), and

(5:349), we infer from (5.22)) that

%( )<< ||04HgoM2+€ <Zs M1/226>
a a7 leo”™ | =

N N Z1/2

Choosing Z = N2 M in the estimate we just obtained for Z (), we conclude with it from (5.20) the desired
asymptotic expansion

X#X0 (5.35)

2 2+e€
cont (a)%ﬁo(a)+0(”a”mM >’

N2

which finishes our argument. O

5.3.3 The contribution of the principal character

In the previous subsection we split £°°™(«) in (5.16)) into the contribution of the principal character and the
primitive characters of prime modulus N with correct parity. For the latter we then established in (5.35]) the
asymptotic expansion

OB (0) = M2o(a) + O (

o[ 3 M e
X#Xo :

N2

In order to fully prove Lemma [5.3] it remains to estimate the contribution of the principal character to
£°°"* (). Indeed in light of (5.16) we will be able to conclude the result if we establish that

|3 M2+

cont (a) < N2 ,

X=Xo

which is, what we are going to do now.



CHAPTER 5. AN ASYMPTOTIC FORMULA FOR THE DISCRETE SPECTRUM 70

Proof. First we recall the definition of the contribution of the principal character. Opening the square we
find that

h(w)
nt — —
)CCOZXO( 27T<,0 Z‘/RM<m oy AmAnTa,xo (m7w)7ﬂ’><o (n’w) COSh(ﬂw) dw

With Lemma [5.5] we may insert in the latter expression concrete formulae for the products of the Fourier
coefficients of the Eisenstein series for the principal character at each of the two cusps. We obtain

(o |
2 / _ n\iw o g(m)er(n) (1) Py ()
—— [ hw) Y Fnan (= oo aE (1) dw+ 2 (536
To(N) Jr Merricont (m) =1 lk k 2

where the contribution is, by a change of variables, just the term &, («), as defined in (5.18). From (5.19)
we know however already that

ool M+

Pro(@) € —7—

which is a bound of the desired quality. Hence what is left, is to estimate the contribution of the cusp
a ~ oo. Since the arguments, that produce suitable bounds for the contributions of the m and n sums in
(5.36), will be essentially the same we are only going to demonstrate how to estimate

—  c(n) 1 ckn(n) ckn(n)
iw k _ iw kN EN
Z annt Z ]{;1+2iw - N1+2iw Z anT k‘1+2iw + ]{,‘1+2iw ) (537)
M<n<2M =l M<n<2M k<y E>Y

where again we introduce some cut-off parameter ), to be specified later. We turn our attention to the sum
with bounded summation index. Using the estimate (5.5)) for the Ramanujan sum we obtain at once that this
part is dominated by

1 1 oo M T Ye
== > anl(kNn) < (5.38)
N k<Y k M<n<2M N

employlng again (5.24) to control the n-summation. For the infinite part of the k sum on the right hand side
in (5.37) we proceed by considering it in an interval (), B] first and after inserting the expression given in
(5.12)) for the Ramanujan sum ¢ (n) we quickly arrive at

1 ) i L k
e DR (Zﬁg@: dooanMy Ay ,ﬂigw

M<n<2M Y<k<B M<n<2M d|n NY/d<k<NB/d

The latter k-summation may now be estimated using summation by parts. Since we assume RH we may

employ the bound
Z U(k) <<X1/2+s
E<X

in the process (see Section [2.3). Letting B — oo we then find

e Y am Y o) (0 (]| ]| oo M3/2 2

N 1+2iw k1+21w (yN>1/2 (5.39)

M<n<2M k>Y
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Now we can finally bound £ (o). We choose )V = M N and combine the bounds derived in (5.38) and

X=Xo

(3.39) in (3.37) to conclude

wo N~ () (L |w])l|afec MM
Z ann k1+2iw<< N .

(5.40)

M<n<2M k=1
k=0mod N

As explained since the two are very similar, we can now employ the latter bound to control both the m and
n-summation in (5.36). Thus with (5.40) and recalling the upper bound for &, (), given in (5.19), we
obtain via (3.36) the desired estimate

|3 M2+

cont (a) < N2 ,

X=Xo

which finishes the proof. O



Chapter 6

A large sieve for Maal cusp forms

6.1 The main theorem

In this chapter we are finally going to present the main result. We derive an asymptotic formula for £45¢(q),
with a cut off parameter X that upon varying will allow us to reduce the number of terms in the main term
while increasing the error term and vice versa. From our result we will also deduce an upper bound for the
whole main term and thus obtain a large sieve inequality for Maal} cusp forms, estimating

2

fdisc(a) — (p(]\lf)N Z+ Z Z ampZ(m) h(tu)a

xmod N uGZ/{)Iz/Ia’dB M<m<2M

just as introduced in (4.2), but where we choose the normalisation for the Fourier coefficients given by

pim) = putm) (o2 ) "

cosh(7t,,

With this adjustment of the Fourier coefficients p};(m) of MaaB cusp forms we expect them to be bounded
on average by a constant. This estimate for £45¢() is the main result of this thesis. Before however we
proceed to stating the results just mentioned in more detail, we have to introduce some notation. For the
purpose of estimating some or even all of the terms of the main term .#},+o(cx), as stated in Theorem
it is useful to investigate what happens when the h-summation therein runs in an interval. Hence for
1 <X, <X, <2H, with H = 327(M/N)'*9, for an odd prime N and M > N as in Theorem 4.2} we
define the function Aﬁf (a) for any choice of o € C33 by

1 1 h _ — — m n h
N Z t72 Z f(H) Z ’ClmCLnS (hN,m,t)S(hN,n,t)j(M,M,t>, (61)
1<t<T X1<|h|< X2 M<mn<2M
(t,N)=1
where we recall that the function f: R — Rx¢ is smooth, even, admits supp(f) C [—2, 2], and takes the
value one throughout the interval [—1, 1]. The remaining objects in the definition of Aigf («) are understood
to be coherent with the ones present in the main term of the asymptotic formula given in Theorem|[5.1] With
this quadratic form in place we are now in a position to state the main theorem of this chapter.

72
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Theorem 6.1. Assume the validity of RH, as in The Riemann hypothesis [2.7] (cp. Section[2.5)). Consider
any a € C33. For an odd prime level N we choose T = M /N > 1 and let X € [1,T] NN. Then we find

1/2
Edisc(a) = Mx(a)+0O (IIallio ((]\%) + ;\‘é) M1+s> , (6.2)

with an implied constant depending on the choice of the Schwartz function h. The main term M x () is
given by

1 1 B _ — m n h
¥ Z = Z Z amanS(hN,m7t)S(hN7n,t)f(Nt,Nt,t>~ (6.3)

1<t<T 1<|h|<X M<m,n<2M
(t,N)=1 =

In order to give a complete description we recall the definition of the function .%. If we sum in the above
main term over positive h we have

m n h . 472 h(z) 4 [hm'\ 4w [hn
i ha) 2 | T — 9, Y2z | |/ \/ iz | T ds ecd,
j(Nt’Nt’t) l/Rsinh2(m)‘]2 (t Vv ) S\ e TV ) ) e

whereas if the h-summation takes negative values the function is

m n h\ . 8mh(x) 47 [|h| max{m,n} 47 [|h| min{m, n}
7 (o ws) = L (t\/N Ko | T T ) e

By J,Y and K we denote, coherent with the previous occurrences of .7, the corresponding Bessel functions.

The theorem just stated is the equivalent of [[15] Theorem 1.1] in the context of Maall cusp forms, and the
asymptotic formula shares with the one in [[15, Theorem 1.1] similar features, which we are going to discuss
in more detail in the following. First of all we observe that the asymptotic formula in (6.2) comprises an
interesting trade off between the number of terms of the main term .#x («) and the error term. As the
parameter X is chosen larger and larger, we increase the number of terms in the main term. The reward is
a smaller error. Vice versa we observe that for having a main term with fewer terms, i.e. choosing X closer
to one, we have to pay the price by accepting a larger error term.

Furthermore we point out that Theorem for the choice X = [T essentially just restates Theorem [5.1]
however with the smaller 7'— 1 as an upper bound for the interval over which we consider the h-summation.
The most interesting observation however is probably the statement that transpires for the choice X = 1.
This means that we estimate the whole main term ./}, o () essentially as stated in Theorem yet with
the slightly revised choice 7' — 1 as the upper bound for the h-summation, which becomes clearer after
pointing our that we have roughly

=///h7é0(04) ~ elfx((x) + A%(O&),

up to an error of the same size as the one in Theorem [5.1] We will provide more details justifying this in
due course. Now from the definition in it is clear that .# («) does not contain any terms and the error
term in (6.2) will result from estimating A% («), which in this scenario is A (a) & #),20(). Hence
estimating the whole main term, we can deduce a large sieve inequality for Maa8 cusp forms, very much
in a similar way as the equivalent result [[15, Corollary 12.1] is derived in the case of holomorphic modular
forms, and so by choosing the cut-off parameter as X = 1 from Theorem [6.I] we arrive immediately at the
estimate
2

ST | anettm)] it < ol ((V0M)F 4 M) e,

xmod N ueug}/laaﬁ M<m<2M
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which holds for every o € C; and odd prime level N and of course under the assumption that RH holds
true. We summarise this inequality as the main result of this thesis in Theorem It is a large sieve
inequality for Maal3 cusp forms taken from the family

Maafl __ Maaf
uMES = | )it
xmod N
x(—1)=1
Here, for the Hecke congruence subgroup I'g(IN) of odd prime level N, each of Uyaaﬁ represents an
orthonormal basis of the space C(T'o(N) \ Hj x). For a detailed discussion of this result we refer the reader
to the introduction of this thesis. We will now proceed by giving a proof of Theorem [6.1]

6.2 Proof of the main theorem

In this section we are going to present a proof justifying Theorem [6.1] which is in some sense a modified
version of Theorem [5.1] The overall strategy of the following proof is based on the argument and ansatz
establishing [[15, Theorem 1.1, (for statement see p. 543 and for the proof p.557-561)] and we follow their
approach and outline to some extent.

Proof. We make the same assumptions as in Theorem 5.1 Now the overall strategy is as follows: First
we are going to establish a slightly stronger version of Theorem [5.1]for 7" — 1 limiting the interval of the
|h|-summation. To this end we define 7% to be T, in case of T' ¢ N and to be T' + 1, provided T' € N, i.e.
T* =< T, and observe that

Myso(@) = (@) + A3 (),

where the term ./« () is defined coherent with the previous notation introduced in (6.3). It will turn out
that the part of the main term for which T* < |h| < 2H does not contribute more than the already existing
error term in Theorem[4.2] Indeed we have that

M
A () < |a)? (1 - NQ) Me. (6.4)

Furthermore for a cut off parameter X € [1,7] N N, we observe that
Mr-(a) = Mx () + Ak (a)

and as a result we deduce directly from Theorem [5.1] that
disc T 2 M 1+e
EPNa) = Mx (o) + Ax () + O | [lo]l5 1+ﬁ M . 6.5)

At this stage we are now very close to concluding the desired result. We point out that the cut-off function
satisfies f(z) = 1, for —1 < x < 1, which is always the case in the main term .#x («) in this context,
since X < T < 327T**° = H. It remains to gain some understanding of the size to the term A% (a),
which is provided by the next lemma.

Lemma 6.2. Let the quadratic form A% («) be defined coherently with the definition in , forT =
M/N > 1, where N is an odd prime, and for any X € [1,T] N N. Then for every choice of o € C$5 we

obtain
M\ M
T 2
A%(0) < ol ((NX) +N2>Mf, ©6)

where the implied constant of this bound is a function of the Schwartz function h.
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Now, if we estimate in (6.6) the norm of the vector trivially via
la* < Mljal, ©67)

the resulting bound for A%}(a) clearly always supersedes the error term in (6.5)). For this revised estimate
derived from Lemma we highlight the fact that as X increases the size of the bound decreases, with
the smallest possible one being of the same magnitude as the error in the asymptotic expansion in (6.5).
Thus with Lemmal6.2} in which we choose to estimate the vector using (6.7), applied to (6.3]), we conclude
Theorem[6.11 O

For a complete detailed argument supporting the main result, we have to justify Lemmal[6.2]and the inequal-
ity (6.4). The latter however holds true by a slightly simpler version of the argument supporting the Lemma
[6.2] The structure is very much similar in shape and applies the same intermediate results as tools. We will
therefore restrict to providing a full account of the proof of Lemmal6.2]only, and omit a detailed discussion
of an argument for (6.4). Establishing Lemmal6.2]is the subject of the next section.

6.3 The size of A% ()

In this section we will prove Lemma We recall the definition for A% (o) as given in (6.1) and therefore

want to show
MA\Y? M
T 2 £
Ax(a) < o <<NX) +—N2 Me,

where we impose the same conditions as in Theorem§.2] In the proof we are going to give in this section,
we will follow the same overall strategy, ansatz and outline as used in in [15]] to show that estimating parts
of the main term of the asymptotic expansion from [[15, Theorem 10.1] causes an error term of the size
present in the asymptotic formula in [[15, Theorem 1.1].

Proof. Again just as at the end of the previous section we highlight the fact the the cut-off function admits
f(h/H) = 1, for every h € (—T,T), and thus in the following we always replace it by the constant
function begin one in A% («). Via the function .# we see that producing a good estimate depends heavily
on understanding the various Bessel functions involved. Thus we will study some large sieve estimates for
the J, Y and K-Bessel functions in intervals first, i.e. we restrict to the summations involved running in
t < Z and h < R. We have the following two lemmata.

Lemma 6.3. Let v € C, the level N be an odd prime and consider Z, R > 1. For any o € C$} define

2

2 v/2
M(Z Riv):= > Y > anS(£hN,n,t) (thfj>

Z<t<4Z R<h<2R |M<n<2M
(t,N)=1

Then we obtain the bound

Z:N
RM

Rv
N(Z,R;v) < ||a||2( ) (RZ* 4+ RM + Z3 + ZM).
The bound for N1 (Z, R;v) exploits random sign changes of the Kloosterman sum as i and ¢ run through
the indicated intervals to obtain some saving. This result is somehow connected to the K -Bessel function,
which we will discuss in more detail in Section [6.4] Furthermore for the J— and Y -Bessel function we
have the following large sieve.
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Lemma 6.4. Ler N be an odd prime and 1 < Z < T and1 < R < H, where T = M/N > 1 and
H = 32779 are as in Theorem For any oo € C$; define

2
No(Z Riv) = > ) > anS(*hN,n,t)B, <4: 7\7)

?t<t<2z R<h<2R |M<n<2M

Then we have

M M 1/2 N
No(Z, Ry v) < ||a|* N Z2 (1 + =+ (RN) ) MeeAISv]

The function B, (x) denotes either the Y — or the J-Bessel function with index v € iR and of argument
S R>O.

In addition to the sign changes of the Kloosterman sum the latter estimate exploits also oscillation of the
Bessel functions to get a saving. For the above result we remark that Lemma [6.4] treats a scenario in a
similar style as [15, Proposition 12.1]. Both Lemmata just introduced above, will play an integral part in
proving Lemma[6.2] For now we postpone their proofs to Section [6.4] and proceed with our investigation
of A% (). We distinguish the sign of the summation variable h and establish the bound given in ( . for
each of the two cases separately. We write

A¥(a) = At (a) + A (a), (6.8)

where the superscript indicates naturally the sign of the summation variable h and start to treat the part for
negative sign first, which is mildly more complicated than for the positive sign. We recall A% («) is given
by

8i o
TN /]R h( Z Z Z UG S (—hN, m, t) .

X<h<T (1<t<T M<m,n<2M

_ sr [k 4r [hmi
.8 (—=hN,n, 1) Yaiu (:\/ 7m”;f,m’”} ) Ko (:\/mlnz{vm’”} ) dw.  (6.9)

Just as in Subsection we would like to get rid of the max / min functions in the arguments of the
Bessel functions first. Thus we recall the function « as introduced in to assist with this task and as
before we separate variables in the argument of this function using the inverse Fourier transform, at the cost
of an epsilon power of M (cp. (#.33)). At this point we split the ¢-summation in (6.9) into

2. 2 ot )

X<h<T 1<t<VTh X<h<T VTh<t<T
(t,N)=1 (t,N)=1

which allows for more flexibility when estimating further by taking into account whether ¢ is somewhat
small or large. Next we replace the K -Bessel functions by their inverse Mellin transforms using

1 -2 P+ 2i
Koi(x) = 27r1/( )257_2I‘ ( s 1w> I (8; +2 1w> x5 ds;, (6.10)

as stated for instance in (7.31). Then Lemma[7.9]tells us that the integral in (6.10) converges absolutely for
o; > 0. For small ¢ a convenient choice is 01 = 3 /2, whereas for large ¢ taking oo = ¢ is more useful.
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After an application of the Cauchy Schwarz inequality we see that is suffices to understand

3 [l f 1
Jo

in order to control Ay («). Here we define

= 9] 2
: <8]21w) : (WU)‘ym a;w, )P (55, 1)1 2| dsgldldw,  (6.11)

2

1 - — 47 [hm
anforn)= k3T LS s (il v (53]
X<h<T (1,<t<T M<m<2M

where by positivity we extended the ¢-summation to the full range, and also

K™ (e 51,1) - Z >ooml X S (- hNnt)(t hﬁ) ,

X<h<T 1<t<VTh M<n<2M

(t,N)=1
and
—s52
. 1 1 — dn [hm
2 (g s2,0) = | 2 (DS (=hN.n.t) (t. / N) ,
X<h<T vTh<i<t  |M<n<2M
(t,N)=1
where again in all three cases we write b,,({) := ane(In/M) and & for the Fourier transform of x. Esti-

mating the latter two sums appropriately, provides more of a challenge and so we deal with it first. In both
of ICj-um(a; s;,1) we will continue by braking down the sums even further into appropriate intervals and
employ the bounds already introduced for those. For small values of ¢ we find that

B e

zc;um<a;51,z)<<% )SED VD D > %2

log(T2~4/2)

Rl B ;o

- 2j+u R S
< NT?2 2} 2 M (2j+u/2+2’ Qu+1’ Sl) :
u= 7=0

We recall that in the present situation we chose the contour in (6.10) to be o1 = 3/2 and thus with Lemma
we observe that the latter does not exceed

[557] o

M 1 M 1
2 u—yg (M -
||Oz|| Z 22 (22 (J+u) N2 Jr Jr 23j+3u/2 N2 + 2j+u/2) )
where we invoke that ' = M /N. From the previous bound we then deduce directly that

, M\ M
Ki“m<a;sl,1><<||a||2((m) +N2>M8, 6.1
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noticing that for 1 < X < T we have M/NX > 1. Now we turn our attention towards the situation for
large values of . We see that

’710g(m)—‘

Tog 2

s

/c;um(a;sz,z)<<% Z > Z > }2

<h<

2u+1 2J+1 <t<

[0/ [ut1]

1 : sy (LT
NT?2 Z 22] <2j+2’2u+1;32>'

u=0 7=0

<

For those values of ¢ we remark that the contour in (6.10) was chosen to be 02 = £. As before we apply
Lemma and upon using once again that T' = M /N we therefore bound the previous expression by

s [0

Tog 2

) . M 1 M 1
2 j : (u—25)+2 il _ _
o ; 2 T (22j+uN2 UETRIT R 2j> ’
U= Jj=

which, after estimating the contribution from the j-summation, is dominated by

[lo/x)]

Tog 2

2ule=b g 25U M
2 u/2
o UZ:O <N2 (1) + o+ (w12 )

The latter estimate provides us easily with the desired

, MA\Y? M
K;“m(a;52,1)<<||a||2<(m> +N2>M6, (6.13)

where we again tidy up the bound slightly, using that the term involving X always exceeds one. Now
it remains to bound the sum Y, (o; w, 1) appropriately. We proceed with a similar strategy as before.
Summing intervals we see directly that

2| a7 |

1 9 T
ysum(a;wal) < W Z Z 2 7N2 <2J+1, 2u+1,21w>
7=0

s

M
& ||e|eb Il nse Z (1 tye T 2“/2) ,
u=0

where the latter bound is a consequence of Lemma (6.4} Estimating the u-summation immediately yields

the upper bound
MAN\Y? M
2 _67m|w
Jale '((m) +N2> g

Combining this bound for Vsum (a; w, 1) with the previous estimates (6.12) and (6.13)) in (6.11), leads us

quickly to
_ M\ M
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with the implied constant being dependent on the function h. In order to ensure convergence of all the
integrals involved when we bound (6.11), we recall Lemma the bound to control the inverse
Fourier transform of « and once again the fact, that we assume the function h to satisfy decay properties as
stated in Section This finishes our treatment of the term A (), which in order to show Lemma
leaves us to handle A} (a). We recall that the latter is given by

4i h(w _ -~
N Jg sinh(rw) cosh (mw) Z Z Z Tman S (AN, m, )

X<h<T 1<13<T M<m,n<2M

— A [hm '\ hn
~S(hN,n7t) Jgiw <t N>\5<J2iw ( / N))dw

After an application of the Cauchy Schwarz inequality we realise that in order to bound the latter expression
it suffices to be able to bound sums of the type

2
1 _ 4 5
Z Z 72 Z anS (thn’ t) J2iw <tﬂ- Jz;)

X<h<T 1<f<T M<n<2M

well enough and uniformly in the index of the Bessel function. However we have estimated a similar expres-
sion when we dealt with Vsum (o; w, 1) and with essentially the same argument as for this sum, employing
again Lemmal6.4] we then quickly deduce that

M\ M
Af(a) < [|af? <<NX> + N2> Me, (6.15)

again with an absolutely convergent integral (see again Section [2.4)) over the Schwartz function h being
part of the implied constant. Hence bounding (6.8)), using (6.14) and (6.13)), we finally conclude Lemma
6.2] O

6.4 Large sieve inequalities for Bessel functions II

For a complete proof of Theorem [6.1] we still owe justifications for Lemmata[6.3]and [6.4] The purpose of
this section is to provide detailed proofs for both results. We begin with the first of those. When estimating
A% (a) in the form of (6.9) we encounter a term involving the K -Bessel function. We recall that from
(7.31) we know that we may write this function as

1 —
Ku(g;):%/()2"2r<”2“>r(”;“> aVdy, (6.16)

for every o > R > 0. In the context of the argument we then have to understand Lemma [6.3] which says
that for v € C, odd prime level NV and Z, R > 1 the sum

2
v/2
M(ZRvy= > Y | > S(ﬁ:hNnt)(Zj) (6.17)

?<&§4z R<h<2R |M<n<2M
t =

admits for every o € C3; the bound

Rv
9 72N 9 3
el i (RZ*+ MR+ Z°+ ZM). (6.18)
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In our setting there is a connection between the sum N7 (Z, R;v) and the K-Bessel function. Writing
the latter as its own inverse Mellin transform, as stated in , its argument z~" under the integral is
reflected in the additional term in the square in , which we sum against a Kloosterman sum an the
entries of the vector . Although the quality of the upper bound provided by Lemma [6.3] for the sum
Ni1(Z, R; v) originates from sign changes of the Kloosterman sums we consider in the square in ,
rather than the involvement of the K -Bessel function, one might argue that this large sieve inequality is one
for Kloosterman sums and not Bessel functions. However the K -Bessel function as given in (6.16)), which
we recall is absolutely convergent for any o > Ry > 0, (see Lemma [7.9)), offers some flexibility in the
estimate in (6.18). The choice of the contour along which we integrate in (6.16)) resonates in the exponent
of the middle factor in (6.18). We have already exploited this previously in this chapter when employing
Lemma|[6.3] The significance of the K'-Bessel function in this context is the reason, for establishing the
desired estimate of for N1(Z, R;v) in the course of this particular section. The general idea and
strategy for the proof of Lemma is based on the ansatz and strategy used in the argument establishing
[15, Lemma 11.1, (for statement and proof see p. 558)]. Although in many aspects similar, our proof of
Lemma [6.3]is designed to treat a slightly different situation than in the [15| proof of Lemma 11.1, p. 558]
and thus we retrace the argument to give a full proof in support of our lemma with adjustments to our
context.

Proof of Lemma(6.3] As discussed we want to exploit the sign changes of the Kloosterman sum in
in order to obtain a good bound for N7 (Z, R; v) for our purposes. We will employ a large sieve for additive
characters to help achieve this goal. Working in this direction, by positivity we enlarge the expression in
by letting the t-summation run over the full interval (Z,2Z]. Then opening the square shows that
Ni(Z, R;v) is at most

Z°N " T - — m\ iSv/2
<R> Y Y bubnSERN,nOSERN,m) (T)

Z<t<AZ R<h<2R M<m,n<2M

where we define b, := a,,n~"*/2. Plugging in the definition for the Kloosterman sums we realise that

the exponential, with the variable h in its argument, is periodic with period ¢. Thus it suffices to consider
one interval of length ¢, i.e. we will sum once over the residue classes h(modt), and then multiply by the
number of such intervals, for & running itself in an interval of length R. There are at most [R/t] 4+ 1 such
intervals and so we estimate the latter bound further by

<Z;N>%Z<§4Z (Jt%+1>.
S D e () G S (),

zymodt M <mn<2M hmodt
zymodt

where we used that the Kloosterman sums are real to be able to change the sign in one of the exponentials.

We point out that (N (x; — x2),t) = 1, for non-equal residue classes 1, 22 of modulus ¢. Thus using the

classic fact that B
Z e (iW) _ {t» if zy Z.xz
hmodt 0, otherwise,

we can reduce to the diagonal term of the summations of the residue classes and form again a square. We
obtain
2

NG < <Z;N>§Ru (R+2) Z Z* Z be (%) iV /2

Z<t<4Z zmodt |[M<n<2M
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Estimating the latter sum using the large sieve inequality for additive characters as given in [14, Theorem
7.11], we quickly arrive at the statement of the lemma. O

Now we turn our attention to Lemma[@} We recall the statement of the result, which provides for 1 <
Z < M/N and 1 < R < 327(M/N)'*9, with odd prime level N, and for every a € C35 for the sum

2
No(Z Riv)i= > >0 | > anS(+hN,n,t)B, (4: f;g)

f<t<2Z R<h<2R |M<n<2M

the upper bound

M MA\'? o
la*N 22 ( + 53t (RN> ) MeEESTISvL

We highlight the important fact that the function B, () may both denote the Y or the J-Bessel function,
each with index v € iR and argument z € R+ . Thus the statement of the lemma encompasses two large
sieve inequalities. Our proof of Lemma [6.4] follows closely the ansatz, overall strategy, oultine as well as
individual steps of the argument presented in [15, 12. Large sieve for absolute Kloosterman sums (dual
approach), p.558-561] proving [15| Proposition 12.1, p. 561]. However Lemma[6.4] describes a somewhat
different scenario compared to the one of the paper just quoted and thus we will retrace the steps of the
proof in detail, adapting it to our situation.

Proof of Lemmal6.4} There are several ways to approach an estimation of the sum N5(Z, R;v). By the
Duality Principle (cp. [14} p. 170]) we know that a bound of its dual sum

Na(Z, R;v) < QIBII%,
for any complex vector 8 and a quantity 2 > 0, immediately implies the bound
No(Z, Ryv) < Q|a?,

for any complex vector o and with the same 2. Thus, with this relationship between bounds for the original
sum and its dual sum in mind, instead of working with the sum N5(Z, R;v) as given in the statement, we
can make progress towards an estimate by choosing to consider its dual sum

2

- — 47 [hn
No(Z, Riv) o= Y Z > b(t,n)S ihN,n,t)Bl,<t N) (6.19)

M<n<2M Z<t<2Z R<h<2R

instead. In accordance with the statement of the Duality Principle we have to be able to control this sum for
any complex vector

BeCHT = {B= (bt ), oy € C* | supp(8) © Ziy x (R,2R]},

where we define the set Zy = {t € (Z,2Z] | (¢, N) = 1}. To do exactly that we will follow the strategy
where we, after multiplying out the square in the dual sum, replace the n-summation essentially with an
integral. Exploiting oscillation of the functions in the integrand, by an integration by parts argument we
may find estimates for the whole dual sum of the desired magnitude. Such an argument ideally requires
the integrand, of the integral we work with, to have compact support. In order to find ourselves in such a
scenario after transforming the n-summation in a corresponding integral, we therefore want a smooth cut
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off of the summation boundaries therein. To this end we introduce the smooth cut-off function v: R — R
with supp(v) C [3/4,9/4], which equals one on [1, 2]. Beginning to execute the general strategy just laid
out, we now estimate the dual sum by

oo

> v (37)

n=—oo

2 2.

2<1<2Z R<h<2R
(t,N)=1

which, after opening the square, is

— (T hoT
SN ST blta h)b(ta, ho)e (iN( ;1— ;2))%hl,m(tl,tz,xl,xz). (6.20)

t1,hy ta,ho T1modiy
g, (4™, [ln) g (4r [han )
tq N to N

zomodty
6.21)

Here we abbreviate

%hhhz(tlvt%xl,l?) = Z U(&)e(n

n=—oo

T xT9

t1 [2)

where it is enough to consider the distance to the nearest integer of the difference of the fractions in the
argument of the exponential. This can be seen, noticing that since the latter is periodic with period one,
it suffices to consider only the fractional part of the difference of the fractions. By changing the order of
summation of the two sums over the residue classes, respectively of moduli ¢; and to, indeed we see that it
suffices to consider the distance to the nearest integer. Now our goal becomes to replace the sum (6.21)) by
an integral at the cost of a small error. The statement we want to justify reads in precise terms as follows.

Lemma 6.5. For M > 96R/(Z?N) we have the asymptotic expansion

37|Sy|
By ,ho (1,2, 21, 22) = Tny hy (1, b2, 21, 22) + O < - ) ,

M
for every 3 > 1, where

Yy [h1y dm  [hay
I, ti,t2,21,22) = | v|—=)e B, B, [ —+/ =2 | dy.
hiho (P12, 1, 22) /R (M) (y > <t1 N) <t2 N) Y

Before we justify the lemma we highlight the fact that the implied constant in the asymptotic, given in
the latter lemma, does not depend on the index of the Bessel functions v. This is important since it is a
necessary feature for us to proceed with our goal to obtain bounds for the dual sum N5>(Z, R;v), which
are uniform in the index. The following argument supports the lemma. First we observe that by Poisson

summation the sum (6.21) is equal to
hl h2
B, B, — . 22
) (tl N) (tz N)e( bl (622)

> o) (o

For k = 0 we obtain the desired integral Jy,, n,(t1,t2, €1, z2), which is the main term in the asymptotic
claimed in the lemma. It remains to show that the rest of the summation

> k),

keZ\{0}

Mo T2

t1 ta

X1 i)

ty to
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where I(k) denotes the integral in , is indeed small. This will be accomplished by exploiting the oc-
curring oscillation via integrating by parts. We use Lemma(7.7]to dismember the Bessel functions involved
into oscillating parts and such, which are smooth and admit, as well as their derivatives, suitable bounds.
Precisely we find that I(k) is

SR BT () (-2 9)
2 [y = hoy \ dy
(40

L) (721

2 |h — hoy \ d
oM ARy koM 2V ) (6.23)
tl N t2 N \/g
where the symbol £ denotes a plus sign in the case of B,, being the .J-Bessel function and a minus sign if

B, is the Y-Bessel function. Since we know that M > 96 R/(Z?N) is large enough in comparison to the
other variables involved, we observe that the first derivative of the phase function of the exponentials

Hy i (y; k) == i477\/; (f = g) (

never equals zero, so there is no stationary phase. Notice that the definition of Hy 4 (y; k) represents all
four possible combinations of plus and minus signs. We see immediately

1 T2

t1 to

— k) (6.24)

0
“H k)| > k| — 5/6,
o Haslyi)] 2 Ik -5/
which of course is always positive, since |k| > 1. Furthermore for y € supp(v) we also find the bounds

99
—Hi 1 (y3k) <

for 7 > 2.
ayj .] -

1

Finally we define the function

. hiy 2 [h2y ) iy
Tis(y) = (M)QjE( 2y N)ﬂi <”’t2 N)y : (6.25)

where this function represents again all four possible combination of plus and minus signs. Employing
Lemma(7.7)to estimate the functions €2 and their conjugates, we obtain for j > 0 that

. 37|y

©)) €

Tis(y) < AR
also for y € supp(v). Now [} Lemma 8.1] provides the same upper bound for each integral in (6.23) and
thus this also gives us an estimate for I(k) upon invoking that Z < M/N and R, N > 1. Form there we
conclude the bound for the error term

37|Sv| 637"|g1"

) < S (1 .
2. b < 5= {1+ ) |k|—5/6) <o
keZ\{0} |k|>2
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for every j > 1. This finishes the argument establishing Lemmal6.5] Now we can continue with our original
estimation of (6.19). To this end we will distinguish the two scenarios when

22050 andwhen |22 -22| =0 (6.26)
t1 to t1 to
The latter case implies that
ty to

from which we conclude that in fact the only instance this can occur for invertible residue classes z; and
2o of moduli ¢; and ¢, respectively, is precisely for 1 = x5 and t; = to. We will begin by treating these
diagonal terms first and deal with the off-diagonal terms of (6.20) later. The diagonal term is given by

- 2
N2z, Ry = 3w ( ) > XYy b(t,h)e<ith)BV (4: ?3)

n=—oco ?<1<2Z rzmodt | R<h<2R
t

By positivity we may find an upper bound for the diagonal term by enlarging the latter sum by letting it run
over all residue classes, not only the invertible ones. Then we want to replace the n-summation by an inte-
gral. Thus Lemma comes into play and after opening the square we replace the sum B, , (¢, ¢, z, )
by the integral stated in the lemma. Since (IV,¢) = 1 we observe that

) (ixN(h—h)> _ {t, if hy = hy(modt)

t 0, otherwise
xmodt

and thus obtain for any j > 1 that

Nz, Rv) < >t Y > bt ha)b(t ha)Tn, m, (8)] + IBI7€*TISVIM T, (6.27)

7Z<t<2Z R<h1<2R R<h2<2R
ho=h]modt

where for brevity we write Jp, p, (¢, t, x, x) := Jp, », (t), since the integral does not depend on the residue
classes of modulus ¢ anymore and where we estimate the vector 5 € (COOXOO with the norm

1/2

Bl=1> >

teZ} R<h<2R

For this integral we now have to establish a useful bound for our purposes. We will do this in several steps.
First of all for any small € > 0 we estimate

/2
47T hly = h2 271,‘\”4 . Z2N !
BV(t“N>BV<t“N <e (14 |Sv[*)Memin < 1, i3i ,

for purely imaginary index v € iR and R, N > 1 and Z < M/N. In order to obtain the latter we used
Corollary [7.3]to treat the case of B, being the J-Bessel function and Lemma([7.4]in case it is the Y'-Bessel
function. As a direct consequence we now find the trivial estimate

N 72N\ '/?
T b (t) < 371Vl prite 1pin {1, ( 30 ) , (6.28)
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for any small £ > 0. Now, if we encounter that hy # ho we may integrate Jy, p, (t) by parts. To this end
we use Lemma[7.7]to decompose the Bessel functions into oscillating and only smooth parts, that possess
easily controllable derivatives. Thus we see that, similarly to ( , it suffices to bound

2N\ NI Iy 2 [hay\ ¢
() /v (i> o [ 42V = Vh) | o WAaL (0,227 ) 2 (629
Vhihs R M tvVN t ‘N tV N |y
in order to determine an estimate for J5,, 5, (t). As before we quickly find that for the phase function of the
exponential

VIV = Vha)

H = 47
we have the bound
I ()] > Y Vel
* ZVNM

which is never zero, unless h; = ho, which we have excluded in this situation. Furthermore we also have

the upper bounds
HY (y) < Vhi = |,/ M] for j > 0.

For the remaining integrand of Jy,, 5, (t) we define

2 [h — 2 |h _
ra (3 o (v 250 e (252

for which we recall the estimates

YT
eSﬂ"dlll

T(ij)(y) < for j > 0.

Mi+1/2°

Employing the above bounds for the derivatives of the phase function H. and for the function Y., inte-
grating (6.29) by parts twice we establish that

Ty (1) < 37197 (Z N) <|\ﬁ V| \/7> (6.30)

We observe that for Z2N/(RM) > 1 we have

Z V N ’

so the estimate (6.28) is more favourable in comparison to (6.30) and thus merging the two bounds we

conclude
N 2\ 1/2
37l A1+ L min {17 (% N) }

2
(o )

jhl,hg (t) <

)
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where we used that 7; = R to modify the denominator. Equipped with the latter estimate we may now
control the integral in (6.27)). This tells us that the diagonal term N;lag(Z , R; v) does not exceed

3m|Sv| ne 72 (NM\1/2 7 2,37 |Sv|
€ M7 (%) D 3 [b(t, h1)b(t, o) | L BlIFe (631

z2N\1/2 he_h 2 M
(1+ £ 2<t<2Z R<<2R R<ha<2R ] 4 (172, /%)

2=h1modt

It remains to bound the summations in the estimate just established. Since we only consider such terms in
the ho summation for which hy = hq(modt), we may write ho = hy + ft, for f € Ny, and sum over f
instead. Since ¢ < Z and after an application of the Cauchy Schwarz inequality we quickly see that the
terms that are summed in (6.3T) are bounded by

1/2
o0

S — [ S B+ th)

f=014+ (f %) Z<t<2Z R<h1<2R

Since we know for the vector that supp(3) C Zx x (R, 2R)], we in turn observe that the latter is dominated
via a change of variables by

1817 | 1 +/0°° m <8P (1 T ﬁ) .

With the latter estimate applied in (6.31)) we arrive immediately at

1/2
o 1+ AL o
N31*8(Z, Ryv) < ||BII? M Z° N <§JJVV> SISl (6.32)
1+
RM
This finishes our considerations regarding the diagonal term. We are left with estimating the off-diagonal
terms in (6.20). Form (6.26) we know that for such terms the distance to the nearest integer of the difference
of the two fractions involved is positive. Hence, recalling that Z < t < 27, we have the lower bound

1

r
1 2| > .
472

tq to

(6.33)

Now we use Lemmato replace the n-summation in (6.20) with the integral Jy,, 5, (t1,t2, 21, 22). The
off-diagonal terms N"*8(Z, R; /) are therefore dominated by

Z Z Z |b(t1,h1)b(t2,hg)jhl’hz(tl,tg,,fhl'z)‘ + Hﬁ”263ﬂ—|$y‘M_], (634)

btk sl
for any choice of j > 1. Just as before in the case of the diagonal terms we proceed by estimating the
integral in the bound just established. By a repeated integration by parts argument we will see that this is
in fact small. Before we integrate we want to be able to take the oscillation of the Bessel functions into
account. Thus as before with Lemma [7.7] we can rewrite those, obtaining a result that is as in (6.23)), but
with k£ = 0. We encounter the phase function H. 4 (y; 0) of the exponentials and the function Y 4 (y) also
present under the integral sign, both functions as defined in (6.24) and (6.25) respectively. Again we need
appropriate bounds for both functions in order to be able to integrate by parts. We want to do this without
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having to deal with stationary phase in the integral. Thus for a quantity W > 1, which we will determine
more precisely at a later stage, we restrict to the case of

216R
M>7?=—4+wW).
> (N+)

(6.35)
We remark that the inequality in (6.35) automatically always implies the lower bound for M, which we
demanded in the conditions of Lemma Now, since with (6.35) we know that M is not too small,
together with the lower bound in (6.33), we find that

, ) T 1
M (50)] 2 22 5,

which is always positive and so indeed there is no stationary phase in the integral. Furthermore we have,
similarly as before in the argument supporting Lemma[6.5] the bounds

37|Sy|

e

<<W, fOI'jZO,

. M1 , '
HY), (4;,0) < 72w I YLt

where the estimate for the derivatives of Hy 4 (y;0) again relies on (6.35)). The just derived bounds enable
us to make use of [1, Lemma 8.1], from which we now find that

72N 1/2 M\ Y e3mISv| ) r3/2
) (&) «—w—

RM 72 Wi ’

for any j > 1 and under the assumption of (6.35). Applying the latter upper bound for the integral
Thy o (t1,t2, 21, 22) in (6.34) and after an application of the Cauchy Schwarz inequality, we immediately
arrive at

Thoho (1, ta, 1, 2) < T1VIM <

M*PZ3R 3n|S
for any 5 > 1 and where we summarise easily with the error arising form the application of Lemma
[6.3] upon using again (6.35). This finishes the bound for the dual sum, since from the latter estimate in
combination with the bound for the diagonal contribution as given in (6.32)) we finally see that

NG (Z, Ryv) < |1

vl
)

) . 1/2
~ M32Z°R 1+ A% S
No(Z, Bsv) < ||B* | =57 + MTZ°N | —5% eSS
RM

for any choice of 8 € COZOEX’?. From here we immediately obtain the same bound for the sum N5 (Z, R; v),

of course proportional to the 2-norm squared of the vector « instead of 3, which we originally set out to
estimate. As already mentioned at the beginning of the proof, this is a consequence of the duality principle.
The obtained bound however, is so far only valid under the obstruction that

216R
M>72=—4+wW).

Our final goal is now to remove this restriction. This will follow in exactly the same fashion as in [15}
p. 560/561, 12. Large sieve for absolute Kloosterman sums (dual approach)] and in light of only an
insignificant difference between our scenario and the one in the paper just quoted, we omit further details
here{ﬂ As in the paper [15] we choose W = M, for any small € > 0, and finally conclude the statement
of Lemma[6.4] which finishes this section. O

(MBecause our condition (6.35), which we aim to remove, differs in a constant, also the constants involved when choosing P, as in the
paper [15], have to be different. We require P to be a little bit larger than before, for instance P = W Z2 /M +18Z(R/(NM))'/? 4
log Z works in our situation.



Chapter 7

Appendix

In quite a few instances throughout this thesis, progress in the calculations depends on understanding the
behaviour of the J, Y and K-Bessel functions. Because of their significance we are going to give some
useful results about them for our purposes.

7.1 The J and Y -Bessel function

7.1.1 Bounds for the J and Y -Bessel function

Lemma 7.1. For x € Ry let J,(x) be the J-Bessel function for v € C with Rv > —1/2 + ¢, for any
small € > 0. Then we have

Rv
J, mSvl/2 (T '
(z) <e 1+ S0
Proof. From [10} 8.411.5] for v > —1/2 we have
(z/2)"
Jy =
@) =t T12)r

Stirling approximation yields

(1/2)/0 cos(z cos @) sin®” (¢)dep. (7.1

T +1/2) < e™Sv2(1 4 |Sw))~ %,

Furthermore, for R > 0 we immediately have the bound sin®”(¢) < 1, for all ¢ € [0, 7], and the integral
in (7.1) is bounded uniformly in by a constant. On the other hand in the case of —1/2 4+ ¢ < Rv < 0 we
have that the integral in is bounded uniformly in z by

T 1 1—2¢
/0 (Siw) do < 1. (7.2)

Once again the integral in (7.1) is bounded uniformly in 2 by a constant. Combining the estimates for the
gamma function and for the integral in (7.1)) leads directly to the desired bound for the Bessel function. [

Lemma 7.2. Let J,(k/x) be the J-Bessel function for a positive constant k > 0 and assume that v € C
with 0 < Rv < 1 and for x € Rq. Then for any j > 0 we have

j Rv j+1 ' ' j J
2 (£ (& L (5w (145) (s (4 (5)))
oxJ T T T T T T

88
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where the bound is uniform in k. In particular the bound becomes

j Rv .
a—.Jy (k> < emIsvI/z <k> {1 + v+ + (|V|) },
ox? x x T

provided that k < x.

Proof. We assume that ®v > 0. From [[11, Appendix: Bounds for Bessel functions, (100), p.649] we know
that differentiating the Bessel function as above j-times yields

ok e AN k

This formula for the derivative features polynomials in = of degree [, denoted by P,(z), with coefficients
that depend on the total number of differentiations we perform and the degree of the polynomial. In order to
bound this sum we need to know the size of each J,_;4;(k/x). However for Lemmato become appli-
cable in this context, first we need to bound the present Bessel functions in terms of such with index having
a large enough real part. Using the recursion formula [10, 8.471.1], by induction on m one establishes

&)< () ) ()]

The condition R < 1 ensures that |[v — m| > |[v — m + 1|, |v — m + 2|, for every m > 2 and the base
cases m = 0, 1 follow directly from the recursion formula just quoted. The latter two Bessel functions for
an index with Rv > 0 may therefore now be controlled using Lemma Then applying this bound in
(7.3)) results in

(%_JV (’;) < ¢ISvI2 (:)m (1 + ];) ;ZO |P;(]¢)| ((Iv - (- l-)l 1)l (i)”>

k
Jyt1 <> D , forevery m € Ny.
X

where we observed that
J
Yv=G =D+ <1+ vf,
1=0

Rearranging the bound in (7.4)) gives us the lemma. O

Corollary 7.3. Let J,(x) be the J-Bessel function with argument © € R~ and index v € C with |Rv| <
1/2 — ¢, for any small € > 0. Then we have

o 1
J,(z) < €31 4+ |Sv|H?) - min {x%”, — .
VT

Proof. The corollary is essentially just a summary of results established in this appendix. Form Lemma
we immediately conclude for z > 0 and |tv/| < 1/2 the bound

e™ISvI(1 4 |Sp|'/?)
a ’
The decay in z here is essentially optimal for large values of the argument. However for small 0 < x <1

one can do better. In this situation Lemmaprovides a better bound, for —1/2 + ¢ < Rv. Combining the
two estimates directly yields the result. O

Ju () <
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Lemma 7.4. Let Y, () be the Y -Bessel function with argument © € R~ and index v € C. Furthermore
consider any small 51,02 > 0, then for |Rv| < §; we have

o 1 1
Y, T|Sv|/2 1 14+2ey | :
(x)<e (14 |v|"™*) - min AR

where € := 61 + 0.

Proof. From [I1], Proposition 9] we have for the Y-Bessel function with |Rv| < §; the estimate

(14 |Sv|)ze, for 0 <z <1+ |y
e ™SVI2Y, (2) < (14 |Sv|) %2202, for 1+ |Sv| <z <1+ |v? (7.5)
=12, for 1+ |v|? < z.

Now for z > 1 + |v|? the bound claimed in the lemma dominates the estimate just quoted. In the interval
1+ |Sv| <z <1+ |v|* we observe that

Vi
from which we conclude immediately with the appropriate bound form (7.5)) that
2 1426
T ]. —+ |l/‘ 2
mSvl/2y, < ([ —2 _ . 7.6
; (@) < (le <t (7.6)
Finally, for the interval 1 < 2 < 1 + |Jv| we observe that
| < 1+ |Sp|1/?
Voo
which upon again combining with the appropriate bound form (7.5), yields
o 1 Cx € 1 gy, 1/2+¢
e mIMRY, () < ( +|w|> <« LB (7.7)
x VT

Summarising the bounds for 0 < # < 1 and z > 1 + |v|?, both from (7.5), with the bounds (7.6) and
(7.7) for the two intervals as described in between those ranges, we quickly arrive at the statement of the
lemma. J

7.1.2 The integral transform _¢ of the J-Bessel function

In the context of this thesis we also have to know a few properties of a certian integral transform of the
J-Bessel function. The transform in question is defined by

Joiw ()
r sinh(mrw)

S (y) = 2mi h(w)dspecw, (7.8)

as it appears in the Kuznetsov formula in (2.7). We analyse this in the following for y € R~ and Schwartz
functions h, satisfying the conditions specified in Section[2.4]

Lemma 7.5. We define the function ¢: R~q — Rsq to be the inversion 1)(z) := x~! and consider the
integral transform ¢ as defined in ([7.8), for functions h as in Section Then we find that

J o, F el <R>O,‘?>.
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Proof. In order to prove the lemma we first want to show that the limit

7 (3)

exists. It suffices to establish a positive upper bound for the latter as A — co. We do this by splitting the

integral therein into
1| dz A 1
|| — d I(A):= —
A @5 mo =)

and proceed by investigating their properties for growing A separately. We are going start with Io(A). After
shifting the contour in _# to $(w) = —1/16, we estimate the Bessel function with Lemma [7.1]to obtain

A .
dx lwh(w —1/16)]

(A : d 1-—

< [ g [ e

. o

xT

lim
A—o0 1/A

dx
x

it (7.9)

where we observe the lower bound cosh (7(w —1/16)) > exp(w|w|) and the decay properties of h. The
implied constant in (7.9) depends only on A. In order to bound I; (A) we shift the contour in ¢ to S(w) =
1/16 and as above bound the Bessel function employing Lemma Hence we find that

1
L(A) < / de (7.10)

[+ 310l + o) < 1 -
1/A L R

Al/87

where the implied constant is again only influenced by the choice of h. Once more we have used that
cosh (m(w —1/16)) > exp(w|w|) and that h is a Schwartz function. Combining (7.9) and (7.10) we
immediately observe that

A
lim
A—o0 1/A

1\| dz . 1
/ ($>‘$<< 1415{1)0 <1 A1/8) < 1, (7.11)
with the implied constant only depending on the function h. The latter estimate (7.11)) tells us that _# o) €
Lt (Rzm %’3) . However performing the change of variables = —+ 2! in the integral

| @i

we see immediately that in fact we have (_# o ¢)(z) = _# (), which of course also gives us that ¢ €
L' (RZO, dx—m) and this finishes the proof of the lemma. O

An integral role in our considerations is played by the following result. It provides a concrete evaluation of
an integral transform in which we integrate the transform _# from against a trigonometric function.
Lemma is in the very same style as the the formula [15| A.9] and we follow a very similar ansatz as
used in [[LS]] to prove our result.

Lemma 7.6. We define the operator P(g) := 2R(g), for functions g: C — C and let h be a Schwartz
function satisfying the properties as presented in Section The integral transform 7 be as defined in
(7-8). Now for any A, B € R~ and C € R we define

(A, B,C) := P/OOO e ((A + Bz + S) 7 (4rzV/AB) (7.12)

dx
—.
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Then we have that
2ix
2 VAB

Furthermore for C' > 0 we get that
h
J(A,B,C) = —4r% / #JM(M\/AC)S (Jm (4m/BC)) dypect (7.14)
r sinh”(7z)
and for C' < 0 that
: h(x) .

J(A,B,C) = 871'1/R mymx(@w |Clmax{A, B})Kaiz(4m+/|C|min{A, B})dspecz. (7.15)

Here J,Y and K denote the usual corresponding Bessel functions.

Proof. We begin the proof with a simple observation. Since the even function h is real valued for real
argument it is easy to see that _# |g € R, too. Thus we see that

o0
J(A,B,C) = 2/ cos (27r ((A + Bz + C)) J (4mzvV AB)
0 X
which, after inserting the definition of ¢, becomes

4 th(t)) /OO cos (27T ((A + B)z + i)) Joit (A v/ AB)dx—mdt, (7.16)
0

7 Jr cosh(mt

dx
)
X

where we interchange the order of integration of the ¢ and the x integral. Swapping the integrals is permitted
here due to Fubini’s Theorem: After moving the contour in the ¢-integration to I(¢) = —e/2 and employing
Corollary [7.3] it is easily observed that the double integral in (7.16) converges in fact absolutely (cp. the
decay properties of the function h as described in Section [2.4). From the latter expression we can now
quickly deduce the claimed formulae for the different values of C' under consideration. We start with the
case of C' > 0 and shift the contour in the ¢-integration in (7.16) to $(¢) = —e/2. Then with [17, Chapter
1; 1.6, 6.39, p.56 we evaluate the inner integral in hich therefore equals
—4ih ()t

/]R mJZit(‘lﬂ\/@) (Jzit (47V/BO) sin(rit) + Yoyt (47VBC) cos(wit)) dt,

(Here the function f should read f(z) = 2~3/2 cos(az + bz~ 1).

(D Adopting the notation from the source the formula from [17, Chapter 1; 1.6, 6.39, p.56] which we want to employ is only valid in
the case of y < a. However for our purposes we also need the formula to hold in the case of y = a, too. Thus we will give a short
argument showing that this is indeed the case. In our situation we have for the index of the J-Bessel function in fact Rv = 6 > 0.
Now we choose a = y + ¢ and since this always exceeds y, for any € > 0, we know from [17, Chapter 1; 1.6, 6.39, p.56] that

/000 cos ((y + &)z + b/z) Jy (zy)dx/z = —mJ, (c(e)) (JV (d(e)) sin(mv/2) + Yy, (d(e)) cos(7r1//2)>7 (7.17)

where
c(e) == b2 ((2y +e)/2 +£1/2) and d(e) := b1/2((2y +)'/? — £1/2).
Now by the Dominated Convergence Theorem and Coro]lary@we find that

lim Ooo cos ((y + &)z + b/x) J, (zy)dw/x = /Ooo cos (yz + b/z)J, (zy)de/z

e—0

and by continuity that
lim J, (c(e)) (J,, (d(e)) sin(mv/2) + Yy (d(2)) cos(7r1//2)) = J, (c(0)) (J,, (d(0)) sin(rv/2) + Y, (d(0)) cos(7rl//2)>.

Hence we conclude immediately that formula also has to hold for € = 0, which in turn tells us that [17, Chapter 1; 1.6, 6.39,
p-56] in fact is also true in the case of y = a. We recall that we have obtained this, using v = § > 0, which is essential for Corollary
@to produce useful bounds to enable the application of the Dominated Convergence Theorem.
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where, after substituting for the x integral, we moved the path of integration in the latter in the remaining ¢
integral back to 3(t) = /2. Shifting the contour is important here, since it allows us to work with a Bessel
function in (7.16) with an index that has a small positive real part. This is necessary for the transformation
we just executed via [17] to be valid in the case of A = B (cp. the second footnote in this argument). We
conclude after rewrite the Y'-Bessel function in the last integral in terms of .J-Bessel functions. This
is easily achieved by employing that for v € C \ Z and = € R+ from [10] 8.403.1] we have

Jy(x) cos(mv) — J_,(z) .

sin(7v)

Y, (x) =

We proceed to values C = —|C/| < 0. Similarly as before we evaluate the inner integral in (7.16)), this time
by means of [17, Chapter 1; 1.6, 6.38, p.56 from which we quickly conclude that (7.16) now equals

8U [t o it Vase (4 /[CT max{ A, BY) Kogs (4r/[CTmin A, B, (1.18)

7 Jg cosh(mt)

which immediately leads us to (7.15). We are left with the case of C' = 0. We shift the contour in _¢# to
3(t) = —e/2, noticing that the integrand is holomorphic here, and such that we avoid all the poles of the
spectral measure dgpect. As a result similarly to (7.16) we find that .# (A, B, 0) equals

4i [ (t—ei/2)h(t —€i/2
m Jr cosh(w(t —e€i/2))

) / " cos (2ra(A + B)) J21t+5(4m\/AB)dfdt. (7.19)
0

We changed the contour here in order to be able to evaluate the inner Integral further. This can be done
by means of [0, Chapter 8; 8.7: (27), p.36], employing that A + B > 2v/AB. We observe the equality
cosh(m(t — €i/2)) = cos(n (it + £/2)) and find after some elementary manipulations that (7.19) becomes

) | JAB 2it+e
T /R ht—ei/2) (maX{A, B}) dt.

Since the integrand of the above is holomorphic at least in a small strip, we may shift the contour again to
3(t) = £/2 and quickly arrive at (7.13)). O
7.1.3 Isolating the oscillation of the J and Y -Bessel function

Lemma 7.7. Let J,(x) and Y, (x) denote the usual Bessel functions for x € R~ and v € C with |Rv| <
1/2. Then we have

J,(2rx) = 27r1\/§ <e(x)Q+(1/, z) + e(—x)Q_(v, x)) (7.20)
and
Y, (2rx) = ﬁ (e(az)ﬂ+(1/, z) —e(—2)Q_(v, x)>, (7.21)

(D A5 in the case of the formula [17, Chapter 1; 1.6, 6.39, p.56] the present one ([17, Chapter 1; 1.6, 6.38, p.56]) is also valid in
the case of y = a, adopting again the notation of the source. This can be seen by a very similar argument as given for the case of
[17, Chapter 1; 1.6, 6.39, p.56] (cp. the second footnote in this argument). Just as in the case of C' > 0, we have to perform similar
shifts of the contour here in before applying [[17], for the transformation to be valid in the case of A = B, and then afterwards
moving the contour back to obtain the desired formula in the form in .
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where
0 eFilvm/24m/4)  poo . iy? v—1/2 ;
=— - + = . 7.22
+012) = T /0 ‘ (y 47rx) Y (7:22)
For the latter function and its derivatives we have the bounds
o7 1+ [Sp|itl/2)erISY

forany j > 0.
Proof. From [18], p.168] with 8 = 0 we have

1/2 i(z—vr/2—7/4) oS . o\ V—1/2
2 e _ 1y
HY(z)= | = 7/ Y = d
v (@) (m> ro+1/2) Jo © VT Y

1/2 _i(z—vr/2—7/4) poo . o\ v—1/2

2

1@ = (=) G | v n)
T I'(v+1/2) 0 2z

in both cases for any v € C with ®v > —1/2 and « > 0. Combining both these formulae in [10, 8.481 &
8.482], i.e respectively

and

1) = 3 (B + 8P @) ad V) = 5 (HO W) - HO@).

we obtain immediately (7.20) and (7.21)), as desired. It remains to establish the bounds for Q1 (v, ) and its
derivatives in (7.23). To this end we use Stirling approximation to see that
1—\71(1/ + 1/2) < eﬂ'|§u|/2(1 + |SV‘)7§RI/ < eﬂ\$u|/2(1 + |%I/|1/2).

Furthermore for v < 1/2 we have

29\ v—1/2 n|Sv|/2
+7Qr/2 1y ¢
e <y + > < NVEET (7.24)

Now differentiating with respect to « in (7.22)) under the integral j-times and employing (7.24) we obtain

; 9 v—1/2 w|Sv|/2 j
eiw%uﬂﬁ + <. 1 e U2 (Sv] + ‘%VP), (7.25)
drx J

xJ y1/279?1/

oz

Finally employing the bounds (7.24) and (7.23) together with the estimate for the gamma function we
conclude (7.23)), where we combine to one bound for Q4 (v, ) and its derivatives. O

Lemma 7.8. Let Q4 (v, x) be as in with support on [Y, Z), where 0 <Y < 1 and Z > e such that
1 < Y Z. Furthermore let G 1 be the functions as defined in . Then for any x € Y, Z] we have via
the inverse Mellin transform

1 ~ s
04 (v,2) = Gala) = s /( | Galopas,
where for any its = o > 0 and j > 2 we have

/ Gt (5)]ds| < (14 |Sv+2)e™I3 (27 4 10g 7).
(o)



CHAPTER 7. APPENDIX 95

Proof. Let g: R — R be a smooth function with support on [Y/2,3Z/2], which equals one on [V, Z]
and satisfies ¢/) (v) <; Y7 on [Y/2,Y] and g¥)(z) <; Z77 on [Z,3Z/2], both for j > 0. We define
functions G4+ : R — C via

Gi(z) :=g(x)Qx(v, ) (7.26)
and highlight the fact that clearly Q (v, -)|[y,z] = G+|[y,z]. Now we want to estimate the Mellin transform

~

Gi(s) = / h Gi(x)z*tda (7.27)
0

of the function just introduced. Bounding the latter integral directly, quickly leads to the bound
Gi(s) < (1+|Sv|V2)e™S% (27 +10g Z) (7.28)

for any o > 0. Here we employed (7.23) to control the function Q4 and the condition 1 < Y Z to obtain
the presented bound in the case of o = 0. On the other hand by repeated integration by parts of the integral
(7.27), we see that the Mellin transform equals

3z/2 )
R S (7.29)
Y/2

J .
(-1) Z J
S(S+1)...(S+j—1)k:0 k

where we used the Leibniz rule to differentiate the function G4 multiple times. Bounding this expression

for the Mellin transform requires us to treat several intervals within the range of integration separately, since

the function g and its derivatives have different growth properties therein. Again we use (7.23) to bound
Q. and its derivatives. On [Y/2, Y] we invoke 1 < Y Z and find

50) e

J Y
i Z YR+ |%1/|k+1/2)/ 27 IR e < (14 |QuP ) e og Z,
k=0 Y/2

where the last bound summarises the estimates one obtains considering both o = 0 and ¢ > 0 separately.
In a similar fashion we then also find that

> ()

37/2 '
/ codr < (14 ‘gV|J+1/2)eW|W\ZJ
z

and

J . z
> (2) / dr < (14 |SupPT2)em3v (727 4 1o0g 2),
Y

k=0

with the condition 1 < Y Z again proving essential in order to derive the estimate in the case of o = 0.
Combining the latter three estimates in (7.29) and furthermore summarising the resulting bound with (7.28)
yields

(1+ ‘%V|j+1/2)e7r|gu\
1+ |s|

Gi(s) < (Z° +log Z), forany o >0, (7.30)

from which, upon choosing j > 2, we immediately conclude the lemma. O
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7.2 The K-Bessel function

7.2.1 The inverse Mellin transform of the X -Bessel function

We denote by K, (z) be the K-Bessel function for index v € C with v > 0 and of argument z € R-q. A
classical tool is to write this Bessel function via its inverse Mellin transform as

1 s—v s+v
K, (z) = — 2572p r = 31
(x) 51 /(U) ( 5 ) ( 5 ) x~%ds, (7.31)

for any s = o > Rv > 0, a formula which is widely known. The latter integral representation follows at
once by plugging the Mellin transform of the /-Bessel function, for which for instance from [8} 6.8 (26) /
p-331] we know that it is given by

/ K, (z)z* tde = 2°7°T (S — V) r (S ha V) :
. 2 2

for all ¥s > R, into the inverse Mellin transform formula. The following result confirms, also providing
a concrete bound, absolute convergence of the integral in (7.31)).

Lemma 7.9. Let K, (x) be the K-Bessel function for v € C with Rv > 0 and of argument x € R,.
Writing the K -Bessel function as its own inverse Mellin transform as in , we find that for any Rs =
o > Rv > 0 the integral in the latter transform admits

/ 9s—2p <3 - l/) r (S + V)‘ |d5‘ < 6—#\%14/4 (1 + ‘%V|max{3(o’71)/2,o’}) )
(@)

2 2
Proof. We assume in the following that ¢ > Rv > 0 and recall the K-Bessel function in the integral
representation as given in (7.31). The task is now to prove absolute convergence of the integral therein, i.e.
the inverse Mellin transform of K, (x). To this end Stirling approximation provides the bound

AT ERRAWN (e 11| B (R 1G5 ) s
r( 2 >F< 2 ><< AR . a3

We deal with the exponential factor in the latter estimate first. Carefully examining all possible combina-
tions of Js and S, being less than, bigger than or equal to zero, individually leads to

1S (s/2 = v/2)[ +[S(s/2 + v/2)| = max {[Ss], [Sv|} = [Ss]/2 4 [Sv]/2.
Thus the exponential contribution in the bound for the gamma functions may be estimated by
exp (—7 (|Ss] + [Sv|) /4) .
For the polynomial part of we obtain the estimates

1+ |Ss2e-1/2 4 |Qy|3le=1/2] for o >1+4 Ry,
14+ ‘%S‘max{o,(a—l—&-%y)/Q} + |%V‘max{07(o’—1+ﬁy)/2}’ for o <1+ Rv

Summarising the bounds obtained above, from (7.32)) we find

s—vu s+uv 1+ |%S|max{3(o’—1)/2,a} + ‘%V|Inax{3(a'—1)/2,o'}
r ( ) r ( ) <

2 2 em(ISs|+[Sv]) /4 ’

from which we immediately deduce the lemma. O
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7.2.2 The Whittaker and the /K -Bessel function

Lemma 7.10. Lerw € Rand z € C\ (—o0, 0], then the K-Bessel function satisfies

Kiw(2) = (%)1/2 Wo iw(22),

where the Whittaker function is defined by

e—? o 2\ lw—1/2
RCT) e — L (- dy.
Wou(22) F(1/2+iw)/0 ‘ (3” 2z> Y

Proof. We can write every z € C\ (—o0,0] as z = zu, where z > 0 and | arg(u)| < 7, u # 0. Then for
w € R from [[10, 9.222.2] we obtain with A = 0 and p = iw for the Whittaker function

e Tu oo y2 iw—1/2
Wooiw(200) = —— o - A dy.
0w (220) F(1/2+iw)/0 ¢ <y+ 2xu) Y

With the change of variables y — xy in the above integral we see that the Whittaker function equals

e—Tugl/24iw oo . y? iw—1/2
_— Bt - dy. 7.33
T(1/2 + iw) /0 ¢ (y+ 2u) Y (7.33)

However by considering the integral representation of the K-Bessel function as given in [10, 8.432.8] we

find that (7.33) in fact equals
9 1/2
Ky (zu) <xu> ,

™

which gives us the statement of the lemma. O
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