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Abstract

Several aspects connecting the topics of analytic number theory and special functions are studied

in this thesis. These include:
1. new analogues of the Selberg-Chowla formula for the Epstein zeta function;
2. upper bounds for the gaps between consecutive critical zeros of certain Dirichlet series;
3. new results on the number of critical zeros of combinations of completed Dirichlet series;
4. new summation formulas attached to products of Bessel functions;

5. the use of the Kontorovich-Lebedev transform to understand the structure of some classical

summation formulas;
6. the use of Koshliakov zeta function theory to generalize formulas from Ramanujan’s notebooks.

Keywords: Dirichlet series, Selberg-Chowla formula, Epstein zeta function, Hardy’s theorem,

Koshliakov zeta function, Bessel functions, Summation formulas, Index transforms.






Resumo

Nesta tese sao abordados diversos topicos que conectam a teoria analitica de nimeros com a teoria

das fungoes especiais. Alguns destes topicos sdo:
1. novos andlogos da férmula de Selberg-Chowla para a funcio zeta de Epstein;
2. estimativas para a distancia entre zeros criticos consecutivos de certas séries de Dirichlet;

3. novos resultados sobre o niimero de zeros criticos de combinagoes de séries de Dirichlet

completas;
4. novas formulas de somacao associadas a produtos de funcgoes de Bessel;
5. aplicagdo da transformada de Kontorovich-Lebedev no estudo de férmulas de somagao classicas;

6. aplicacao da teoria da fungao zeta de Koshliakov no estudo de generalizagoes de férmulas

devidas a Ramanujan.

Palavras-chave: Séries de Dirichlet, Férmula de Selberg-Chowla, Funcao zeta de Epstein, Teo-
rema de Hardy, Funcao zeta de Koshliakov, Funcoes de Bessel, Formulas de somacao, Transformadas

de indice.
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Chapter 0

An Informal Introduction and

Motivation

Let Q(m,n) = am? 4+ bmn + cn? be a positive definite quadratic form. The classical Epstein zeta

function is defined as the Dirichlet series

Re(s) > 1, (0.0.1)

where the notation given in the subscript, m, n # 0, here means that only the term m =n =0 is
omitted from the infinite series in (0.0.1). From a formula due to Chowla and Selberg [201], ((s, Q)

admits the following Fourier expansion

a*T(s) C(s,Q) = 2I'(s)¢(2s) + 2k ~2571/2D (s - ;) ¢(2s —1)

1 8k or® Z ~301_9s(n) cos (nwb/a) K _1 (2mkn), (0.0.2)

where A := 4ac — b? is the discriminant of the quadratic form Q, k? := A/4a? and 0, (n) = Ddn d”
denotes the divisor function of index v. Also, ((s) and K, (z) represent respectively the Riemann

zeta function and the modified Bessel function of the second kind.

Given that ((s, Q) is expressed as an infinite series involving the Bessel function K, (x), we refer
to formulas of the form (0.0.2) as Bessel expansions. The primary objective of this thesis is to
explore analogues of (0.0.2) in various contexts, using them to investigate new classes of summation

formulas and to analyze the zero distribution of certain Dirichlet series.

To briefly explain our main goals and the content of each chapter, in this informal introduction

we will write

Z , ) > 04, 0< Ay /00, (0.0.3)



2 An Informal Introduction and Motivation

as a Dirichlet series with a finite abscissa of absolute convergence, o, and whose analytic continuation

satisfies the functional equation
[(s)p(s) =T(r —s)o(r —s), r>0, (0.0.4)

which we will encounter several times later and refer to repeatedly as Hecke’s functional equation.
It is clear from the reflection present in (0.0.4) that the line of symmetry of ¢(s) is the vertical line
Re(s) = §, which will be referred throughout our work as the critical line.

It comes as no surprise that the most important zeros of a Dirichlet series ¢(s) are those
located on this line of symmetry. These critical zeros are fundamental to many problems in
number theory, especially when the Dirichlet series ¢(s) is specified as the Riemann ¢—function or
a Dirichlet L—function.

Starting only with some general assumptions, such as the functional equation (0.0.4), the

primary questions that arose during the course of this investigation were the following.
1. If we define No(T) = # {t € [0,T] : ¢ (§ +it) = 0}, what is the asymptotic order of No(T')?

2. Given T sufficiently large, what is the upper bound for H = H(T) so that the interval
[T, T + H] contains the ordinate of a critical zero of ¢(s)?

3. What kind of information does an identity like (0.0.2) provide about the zero distribution of
a general Dirichlet series like ¢(s)?

4. What kind of summation formulas are relevant from the point of view of the Fourier expansion
(0.0.2)?

5. What is the connection between the Selberg-Chowla formula (0.0.2) and the theory of Index

transforms?

To a large extent, the content of this thesis can be found in some of the papers produced during
the last three years. Each chapter aligns with the corresponding article, although we have extended
some discussions and modified the exposition at some points. The Selberg-Chowla formula (0.0.2)
remains as the leitmotiv of all the chapters of this thesis. Every chapter begins with a detailed
introduction, providing both context and motivation for the study of its respective topic. Below is

a summary of the chapters included in this work.

¢ Chapter 1. Taking a general point of view, in the first chapter of this thesis we essentially
prove that several Dirichlet series admit a Fourier expansion involving the modified Bessel
function K,(z). For example, the Dirichlet series ((s)((s — 7) can be expressed via the

formula

2(2m) 7T (s) C(s) C(s = 7) = (2m) " T(s) C(s) C(s = 3) + (2m) " °T(s = 4) ¢(s = 4) C(s = 7)

s—4

1480 S oy(m)os(n) <7:) T Ko (rymn).  (0.05)

m,n=1




Some curious applications of expressions like (0.0.5) concern estimates for the gaps between
consecutive critical zeros of certain Dirichlet series. To illustrate one of our results, let (x(s)
be the zeta function attached to the sum of k—squares. Siegel [202] proved very sharp results
about the zero distribution of (;(s) when k£ > 4, including exact estimates for the number of
its critical zeros, i.e., zeros located on the line Re(s) = k . Siegel admitted that his method
did not work in the study of the zeros of (3(s),

1
Ga(s) 1= Z (m? +m +md)”’

mi,me,m3z#0

3
R —.
e(s) > 5

Combining some of Siegel’s arguments with a general Bessel expansion of the form (0.0.5),
we are able to establish the first quantitative estimate for a gap between consecutive zeros of
(s (% + it). In fact, as we shall prove later, for any € > 0, there is some Ty(¢e) such that, if
T > Ty(e), we can always find a critical zero of (3(s), s = 2 +ir, with 7 € [T, T + /24
This chapter is based on the publication [194].

Chapters 2 and 3. Using a general analogue of the transformation formula for Jacobi’s
f#—function, in the second and third chapters of this thesis we prove estimates for the number
of zeros of shifted combinations of completed Dirichlet series. A very special case of one
of the main results given in Chapter 3 is the following. Let (c;);en be a sequence of real
numbers such that 3272, |¢;| < 00 and (A;) .y be a bounded sequence of distinct real numbers
attaining its bounds. If No(T') denotes the number of critical zeros, s = T+it, 0<t<T,of

the shifted combination

A(s) =3 ¢ {W—é(sﬂ‘kj)r (‘H;)\’) ((s+iNj) + 267D (S —21/\ ) C(s - Mj)},
j=1
(0.0.6)

then there exists some ¢ > 0 such that

No(T
lim inf o(T)

it T > c (0.0.7)

The key takeaway from this result is that, regardless of how the bounded shifts ()\j)jeN
and the sequence (cj)jGN are chosen, one can always find at least > v/T/log(T) zeros of
F. o (§ +it) within the interval ¢ € [0,T7, for a sufficiently large T". The estimate (0.0.7) can
be seen as a quantitative analogue of a result due to Dixit, Robles, Roy and Zaharescu [74].
Besides studying zeros of shifted combinations of the form (0.0.6), in the second chapter we

also establish new summation formulas. A particular case of a general identity given there is

oo

Z 7(n)

11
1=\ an (2 R+ (a2 4 gR) (n Fat g \fu? o (e~ )+ (024 g2

= i Z 11 JH (4mv/ny) Ko (d4nv/nzx), xz,y >0,

-1 N2



An Informal Introduction and Motivation

where 7(n) denotes Ramanujan’s 7—function and .J,(x) represents the Bessel function of the
first kind. These chapters are respectively based on the publication [191] and in the preprint
[185].

Chapter 4. Motivated by some of the results deduced in the second chapter, the fourth
chapter of our thesis consists in proving several transformation formulas. The driving force
behind this chapter is a final remark given by Berndt, Dixit, Kim and Zaharescu in [43],

which motivates the study of infinite series of the type
Z I, 2mv/ny) K, (2my/nz), Re(v) >0, Re(u) > -1, x>y >0, (0.0.8)

where ri(n) denotes the number of ways in which n can be expressed as the sum of k squares.
Also, I,,(x) represents the modified Bessel function of the first kind. One particular case of

the general results obtained in this chapter is the transformation formula

o - ro(n) (n+ 2% — y?)
Z 7"2( )f[o(Qw\fy) Kl (27T\/7;.%' = T Z 3
n=0 n=0 (n2+2n(m2+y) (2—1/2)2)2

where it is assumed that x > y > 0. This chapter is based on the preprint [186].

Chapter 5. Inspired by the Fourier-Whittaker expansion in the theory of Maass forms, our

fifth chapter is devoted to find new summation formulas for infinite series of the type

e}

Z ion (), a,z>0, peR,

where W), ,(z) denotes the Whittaker function. We have been able to obtain several new

results concerning infinite series of this kind, such as the formula

W,%’O(CL‘) Wi,O(x) + 2 Z Wfi,iom( ) Wl zom( )

n=1

€T 7rn ™
= 5K +2§ — 5 cosh(%) g, ( h( )) ’
2a {6 0( ) (& 0 COS o

which connects two different classes of special functions. This chapter is based on the preprint
[195].

Chapter 6. The Russian Mathematician N. S. Koshliakov, famous for his contributions
to the fields of differential equations, special functions and number theory, was sent to a
labor camp during the siege of Leningrad. During his time as prisoner, Koshliakov wrote two
long memoirs on a general theory of the Riemann zeta function. Motivated by a problem
concerning heat conduction, Koshliakov introduced the zeta function [132]

> p? 4+ N2 1

SN i AT ) 1, 0.0.9
WO =2 Ty R (0.0.9)



where p > 0 and (A,),,cy is the sequence defined by the positive roots of the transcendental
equation
psin(my) +y cos(my) =0, p> 0. (0.0.10)

A simple analysis of the equation (0.0.10) shows that the following limiting cases hold

lim Cp(s) = ¢(s), Hm Gp(s) = (2° = 1) ((s).

p—00 p—0t

Thus, if one studies the theory of the Dirichlet series (0.0.9), one certainly obtains, as a
particular case, new results about ((s). The sixth and last chapter of our thesis consists in
studying summation formulas in Koshliakov’s setting. For example, as a corollary of one of

our results, we have been able to deduce the following transformation formula

©* —a {cos(7r 2a) — sin(m 2a)} — e V2 (p2 —V2ap+ a) —V2ap {cos(w 2a) + sin(m 2a)}

p? (cosh(w 2a) — cos(m 2a)) +v2ap (sinh(w 2a) + sin(7 2a)) +a (cosh(w 2a) + cos(m 2a))
S 2V2a & pP+ A2 A2

oo n:1p<p+%>+>\% a? + Ay

-1

)

where, recall, \,, := A\, (p) is the sequence of positive solutions of (0.0.10). When p — oo, the

previous formula reduces to the elegant identity

i n*  w sinh(7v2a) — sin(7v2a)
“—a?+n*  2y2a cosh(rv/2a) — cos(mv/2a)’

a> 0,

which is due to Glaisher [94] but also shows up in Ramanujan’s second notebook [28]. This
chapter is based on the publication [193] and is deeply influenced by a paper of Dixit and
Gupta [68], which first introduced us to this topic.

Additional work done during the period of this degree but not covered in this thesis can be
found in [183, 184, 187-189].






Chapter 1

On the Epstein zeta function and the

zeros of a class of Dirichlet series

1.1 Introduction and preliminary definitions

Let Q(x,y) = ax? + bwy + cy? be a real and positive definite quadratic form. As indicated in the

brief introduction above, the classical Epstein zeta function is defined as the Dirichlet series

Re(s) > 1, (1.1.1)

where the notation given in the subscript, m, n # 0, here means that only the term m =n =0 is
omitted from the infinite series.
In 1949, S. Chowla and A. Selberg [56] announced the following formula for (1.1.1), valid in the

entire complex plane,

a*T(s) (s, Q) = 2D(s)C(2s) + 2k 257 1/21 (s — ;) ¢(2s—1)

)
+ 8k2 ot Z ns_%al,gs(n) cos (nmb/a) KS*% (2mkn), (1.1.2)
n=1
where A := 4ac — b? is the discriminant of the quadratic form, k? := A/4a? and o, (n) = P d” s
the divisor function of index v. Also, ((s) denotes the classical Riemann zeta function and K, (z)
is the modified Bessel function of the second kind.

According to Berndt’s revision [25] and the more recent survey [39], after its first announcement,
(1.1.2) was proved by Rankin [180], Bateman and Grosswald [15], Chowla and Selberg [201] (in a
paper which appeared 18 years after the statement of (1.1.2)) and Motohashi [158], although the
latter author had the main goal of proving directly the first Kronecker limit formula. As it should
be expected, all these proofs used the theory of Fourier series and the Poisson summation formula.
Additionally, Anfertieva [4] provided a proof using the theory of Mellin transforms.

Berndt himself [25] gave a very interesting proof of (1.1.2), which was based on a previous

theorem due to him regarding the Bessel expansion of the so-called generalized Dirichlet series [21].

7



8 On the Epstein zeta function and the zeros of a class of Dirichlet series

In fact, Berndt’s proof of (1.1.2) was considered for a more general Epstein zeta function of the

form
62m‘(h1m+h2n)

C(Sv Q; g, h) = Z

,  Re(s) > 1,
—h Q(m+ g1, n+ g2)° (=)

where g1, g2, h1 and he are certain real parameters. Although only written for the particular
case (1.1.2), a simplified version of Berndt’s argument was later given by Kuzumaki [136]. It
is remarkable that Kuzumaki’s proof, as well as Berndt’s, depends explicitly on the functional
equation for the Hurwitz zeta function, ((s, a). Although this functional equation can be derived

immediately from the theta transformation formula [92]

1 oo
i—l—nzzjle* " cos (Bn) = \/7 Z a(m+g ) (1.1.3)

it can nevertheless be established in strikingly different ways !, suggesting a connection between
(1.1.2) and other lesser-known summation formulas.

The generalization of (1.1.2) for Epstein zeta functions attached to quadratic forms with n > 3
variables was given by Terras [222], whose proof employed a multidimensional version of the Poisson
summation formula. Suzuki [218] provided analogues of (1.1.2) for other Dirichlet series which
apriori have nothing to do with (1.1.1). The set of Dirichlet series studied by Suzuki includes
the Riemann (—function, Dirichlet L—functions attached to primitive characters and L—functions
associated with holomorphic cusp forms.

The idea behind a Bessel expansion of a Dirichlet series of the form (1.1.1) seems to have
been firstly motivated by a formula discovered by Watson [[233], p. 99, eq. (4)] (see (1.2.29)
below) and perhaps the first explicit appearance of (1.1.2) in the literature is contained in a paper
written by Taylor [219]. Although Taylor himself attributed (1.1.2) to Kober [129], it is in Taylor’s
paper where the continuation of the Epstein zeta function via (1.1.2) is made explicit for the
first time. Taylor’s proof employed an elegant Mellin-Barnes representation involving the Gauss
hypergeometric function?, o Fy(a, b; ¢; z). Although Taylor did not prove the functional equation for
((s, Q) directly from (1.1.2), as Selberg and Chowla did, his paper appears to provide the first

indication of a connection between (1.1.2) and the functional properties of ((s, Q).

The Selberg-Chowla formula has found many applications in Number Theory. By using it,
Selberg and Chowla [201] proved the existence of a real zero of ((s, @) in the open interval (%, 1),
when the quadratic form is Q(x, y) = x? + cy? and c is large enough. This result was later
improved by Bateman and Grosswald [[15], p. 367, Theorem 3], who have shown that, for a general
positive definite and real quadratic form @, {(s, Q) has always real zero between % and 1, provided
k :=v/A/2a > 7.0556. A generalization of this argument to Epstein zeta functions attached to

!see, for instance, a very recent paper by A. Dixit and R. Kumar [69], in which the functional equation for {(s, a)
is proved via its Hermite integral representation.

2Although fairly unknown, Taylor’s approach has found interesting applications in some aspects of spectral
theory. Although unaware of Taylor’s earlier representation, this way of using Mellin-Barnes integrals containing
the Gauss hypergeometric function is crucial in [[83], p. 120, eq. (4.3)], where it is used to establish an analogue of
Hardy-Littlewood’s Theorem to L—functions attached to Maass cusp forms. We have also used some of Taylor’s
ideas to prove a new formula of Popov type in [183].
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ternary quadratic forms was furnished by Terras [223], who employed prior results due to her

concerning a multidimensional version of (1.1.2) [[222], p. 480, eq. (2.3)].
With the aid of (1.1.2), Stark [212] and Fujii [93] gave very detailed descriptions about the

distribution of the complex zeros of ((s, ) in bounded regions. Building on the work of many
previous authors, H. Ki [126] established a remarkable result regarding the zeros of each finite
truncation of the right-hand side of (1.1.2), showing that all but finitely many of them lie on the
critical line Re(s) = 1/2. The idea of studying the zeros of the Epstein zeta function ((s, Q) via
equivalent representations to (1.1.2) appears to trace back to Deuring’s work [62], which strongly

influenced Stark’s research on the zeros of ((s, Q).

In another interesting paper [61], Deuring connected the Fourier expansion for the simple
Epstein ¢ —function (s, Qo) (where Qo(z,y) = 2 + y?)3 with the existence of infinitely many zeros
of ((s) on the critical line Re(s) = 3. Using this relation between two drastically different Dirichlet
series, he was able to give a new proof of Hardy’s Theorem. Hardy’s theorem [106] remains one
of the most significant breakthroughs in the theory of the Riemann zeta function. In a brief but
remarkable note, Hardy demonstrated that infinitely many zeros of ((s) lie on the critical line
Re(s) = 1.

Although Deuring’s proof of this famous result of Hardy requires more motivation than the
proofs written earlier by Hardy himself [106], Landau [140] or Fekete [88], it is nevertheless an
interesting proof. Like Hardy’s original argument, Deuring’s proof works by reductio ad absurdum

and the way it seeks the contradiction is through the subconvexity estimate

¢ (; +it, Qo> =0 (|t5*), (1.1.4)
due to Titchmarsh [225]. This stands in sharp contrast with the classical proofs of Hardy’s Theorem,
in which one arrives at a contradiction by using the transformation formula for Jacobi’s §—function
[106, 140].# Although much more difficult to establish than the vanishing of the f—function itself, a
condition like (1.1.4) is deep, since it connects two fundamental properties of two distinct Dirichlet
series, i.e., the zeros of ((s) and the magnitude of ((s, Q). This correspondence, driven by the
Selberg-Chowla formula (1.1.2), introduces an additional degree of freedom in the study of the
zeros of ((s). This degree of freedom corresponds precisely to the independent study of the Epstein
zeta function ((s, Qo).

Our goal in this chapter is to study analogues of the expansion (1.1.2) in a sufficiently general
framework and, by appealing to its symmetries, deduce new identities and novel results about zero
distribution of a given Dirichlet series at its critical line. We start by making a distinction between

the two main sections of this chapter:

3this Epstein zeta function will appear several times in this thesis but with a different symbol to represent it,
namely “(2(s)”, because (s, Qo) is none other than the zeta function attached to the sum of two squares.

“In the next chapter, we shall study a massive generalization of Hardy’s classical method, working for a very large
set of zeta functions.
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1. The analytic continuation of a “diagonal” Epstein zeta function: for Re(s) sufficiently

large, one of the goals of our first chapter is to study an infinite series of the form

o~ a1(m) az(n)
m%éo Am + A)s (1.1.5)

5 was also studied

where aj(m), az(n), Ay, and A, will be specified later. This double series
in Berndt’s paper [25] and a formula of Selberg-Chowla type for it has been indicated there.
Under additional assumptions, in section 1.2 we give two formulas analogous to (1.1.2) and
use them to arrive at a functional equation for this double infinite series. We also extend the
scope of these formulas to treat a generalization of (1.1.5) with the summation taken over an
arbitrary number of indices (see (1.1.18) below). The methods employed in this section are not
unrelated in spirit to the ones used by Suzuki [218], who proved analogues of (1.1.2) for other
Dirichlet series which apriori have nothing to do with (1.1.1), including Dirichlet L—functions
and L—functions attached to holomorphic cusp forms. Using the formulas obtained in this
section, we write three examples concerning a generalization of a famous identity due to

Ramanujan and Guinand [37].

2. The zeros of a class of Dirichlet series: In section 1.3, we use the Selberg-Chowla
formulas derived to extend a beautiful argument due to Deuring [61] for a large class of
Dirichlet series. As mentioned above, Deuring connected the Fourier expansion (1.1.2) for
the simple Epstein (—function (s, Qo) (where Qo(z,y) = 22 + »?) with the existence of
infinitely many zeros of ((s) on the critical line Re(s) = . Using this relation between two
drastically different Dirichlet series, he was able to deduce Hardy’s theorem for ((s). In
our Theorem 1.3.1, we extend the analogy pointed out by Deuring and we prove that, in a
sense, the existence of infinitely many zeros of the double series (1.1.5) at its critical line
implies the existence of infinitely many zeros, also on their critical lines, of the auxiliary series
constructing it, namely Y aj(n)/\ or 3" az(n)/N?. Following the method of the proof of
this general theorem, we furnish, as an example, quantitative results concerning a family
of zeta functions whose critical zeros have not been considered before. To the best of our
knowledge, the results obtained as Example 1.3.3 and Corollary 1.3.5 are novel and they

cannot be established by the alternative methods appearing in the literature.

Although written in the formal setting of generalized Dirichlet series, the method used by us to
prove the existence of infinitely many zeros of ¢(s) on the line Re(s) = § seems to possess certain
advantages.

The first of these is its uniform applicability to a broad class of Dirichlet series, allowing to
generalize certain results due to Berndt and Hecke [27, 113] (see Corollaries 1.3.1, 1.3.2 and 1.3.3
below). The method also permits the establishment of a quantitative estimate concerning gaps

between the zeros that a Dirichlet series possesses at its critical line (see Corollary 1.3.4 below).

SThroughout this chapter and overall thesis we shall use the term “double series” or “multiple series” to denote
Dirichlet series attached to more than one arithmetical function. This slightly contrasts with the standard terminology,
in which these terms are applied to Dirichlet series with more than one complex variable.
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The second advantage is the fact that it provides a certain degree of freedom in applications,
since in order to check that Hardy’s theorem is valid for a particular Dirichlet series, it suffices
to verify (independently) that it holds for at least one (out of the infinitely many!) Epstein zeta
functions attached to it. As proved by Suzuki [218], it is possible to obtain analogues of the
Selberg-Chowla formula for ((s) (or L(s, x) and L(s, f)), so that we can find Dirichlet series to
which ((s) (or L(s, x) and L(s, f)) plays the same role as the Epstein zeta function (1.1.1) does
with ((s). Thus, the results described by Theorem 1.3.1 and Corollary 1.3.4 can be employed, for

example, to study the zeros of the Dirichlet series appearing in Suzuki’s paper.

This is certainly explored in one of the examples given in our contribution (see Example 1.3.3
below), which gives a uniform result for the gap between the zeros of a family of Dirichlet series

which we now introduce. If 8(x) denotes the classical Jacobi §#—function,

neZ

then, for any o > 0, one can define the arithmetical function r(n) by [[218], p. 481, eq. (1.6)]
0%z) —1:= Z ro(n)e ™. (1.1.6)
n=1

These powers of Jacobi’s theta function seem to have been introduced in a paper by Lagarias
and Rains [137], who studied the properties of their coefficients, r,(n), with considerable detail.
Suzuki [[218], p. 481, eq. (1.6)] studied the Dirichlet series associated with (1.1.6), when 0 < « < 1,
and he succeeded in proving a formula similar to (1.1.2) for Riemann’s zeta function [[218], p. 481,
Theorem 1]. For Re(s) large enough, we can consider the formal Dirichlet series (for a rigorous

treatment of the analytic continuation of this series, see Step 1 in Example 1.3.3),

o~ Ta(n)
Cals) =Y TZS : (1.1.7)
n=1

and motivate the study of the distribution of its nontrivial zeros on the line Re(s) = a/4. Of course,
when « is an integer, (,(s) reduces to the zeta function attached to the sum of « squares (note
that (1(s) := 2((2s)) and, for this case, there already exist very sharp results due to Siegel [[202],
p. 170, Theorem 14]. For a« = k € N and k > 12, Siegel proved that all the zeros of the function
Ck(s) in the strip 2 < Re(s) < & — 2 are simple and lie on the line Re(s) = %, with at most a finite
number of exceptions. Furthermore, the interval 0 < t < T' contains exactly %log(Z) + O(1) zeros
of ¢ (& +it).

By invoking our general construction of the Epstein zeta functions given in section 1.2, we show
that, if @ > 4 is a rational number, then there exists a zero of (, (§ + it) for ¢ in any interval of the
form [T, T + T%“'e], for a sufficiently large 7" and fixed € > 0. In particular, if No(T, (,(s)) denotes
the number of zeros of {, (§ +it) for 0 < ¢t < T, then No(T, (a(s)) > T3 € as T — oo, for any
fixed € > 0 and any rational o > 4. In Corollary 1.3.5, we extend this result for irrational values

of a and improve slightly the associated estimate for No(T, (4(s)). Even though the exponent of
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the gap 1/2 can be regarded as classical, as far as we know this kind of results cannot be achieved
by any of the other methods usually employed to study gaps between nontrivial zeros of certain
Dirichlet series (see our Introduction or the third chapter below for a brief description of these).

Although far from being as sharp as Siegel’s results in [202] (valid for integral o > 12), it seems
that this method gives a quantitative estimate not covered by the techniques employed in [202].
Siegel writes [[202], p. 363]

“

. it is possible to discuss the remaining cases for 3 < k < 12, but this requires some numerical
computations and we omit it. For the function (3(s), however, our method does not lead to any

result.”.

Since the underlying reasoning of example 1.3.3 also works for & = 3 (see Remark 1.3.9), the
result there obtained gives, as T' — oo, No(T', (3(s)) > T%_E, for any given € > 0. As far as we know,
this seems to be the first quantitative estimate regarding the number of zeros of (3(s) on the line
Re(s) = 3. Although we omit the full proof, (see Remark 1.3.10 below), we can obtain a slight sharp-
ening of this asymptotic estimate and deduce instead that No(T, (3(s)) > T2 /log(T), T — o.

Finally, we should remark that some of the formalism exposed in this contribution can be
applied in a plethora of contexts. For instance, we have been able to extend our formulas (1.2.1)
and (1.2.2) to the case where the arithmetical functions a;(m) and az(n), appearing in (1.1.5),
are also functions of s. The study of this general case, together with some consequences to the
study of zeros of certain functions, will be one of the topics of Chapters 2 and 4 below (see, for
instance, Corollary 2.2.4 of Chapter 2). In an independent investigation [184], we have also seen
how introducing a generalized Macdonald function in an expansion like (1.1.2) leads to a theory

that can be naturally approached by the methods of this chapter.

We now give the main definitions of the objects studied in this chapter. We employ the setting
from Chandrasekharan and Narasimhan’s papers [53, 54|, as well as from the subsequent extensions
given by Berndt [19, 21, 23, 25-27].

Definition 1.1.1. Let (), and (pn),,cry be two sequences of positive numbers strictly increasing
to oo and (a(n)), ¢y and (b(n)),cn two sequences of complex numbers not identically zero. Consider

the functions ¢(s) and v (s) representable as Dirichlet series

b(n)

L)

hE

and (s) =

o) =3 aiz) (1.1.8)
n=1 n

n

with finite abscissas of absolute convergence o, and o}, respectively. We say that ¢(s) and ¢(s)

satisfy the functional equation
L(s)¢(s) =L(r—s)¢(r—s), r>0, (1.1.9)

if there exists a meromorphic function y(s) with the following properties:
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1. x(s) =T(s) ¢(s) for Re(s) > o, and x(s) =I'(r — s) (r — s) for Re(s) < r — op;

[\]

- limim (s)| 00 X(8) = 0 uniformly in every interval —oco < o1 < Re(s) < 02 < oo.

w

. ¢(s) and 9 (s) have analytic continuations to the entire complex plane and are analytic on C

except for possible simple poles located at s = r with residues p and p*, respectively.

N

. The sequences a(n), A, and b(n), p, can be extended to n = 0 by the values
a(0) = —=¢(0), b(0) = =1(0), Ao = po =0.

Remark 1.1.1. By the functional equation (1.1.9) and condition 3. on the previous definition, we
have that ¢(0) = —p*I'(r), while ¥)(0) = —p'(r). In particular, if ¥)(s) is an entire Dirichlet series,
then ¢(0) = 0. The purpose of introducing this class is to mimic as much as possible the class of
Dirichlet series with a given signature. A similar class is also considered in [[19], p. 221], where

interesting generalizations of identities due to Landau are given.

Before proceeding further, let us enumerate some simple conventions that will permeate this

chapter.

Notation and Conventions A:

» We shall denote }_,, .+ as the infinite sum over all integers m, n not simultaneously zero. If

we assume that m and n are non-negative, we shall write > 372, . instead.
o« We will always use the convention A\g = pg = 0.

o We will always write 0, := max {0q,, 04, } and, analogously, o}, := max {oy,, o3, }. Here, g,

will always represent the abscissa of absolute convergence of the Dirichlet series ¢;(s).

We will now define a double Dirichlet series which exhibits a similar behavior as the classical

Epstein zeta function (1.1.1). We will often call it by the name “diagonal Epstein zeta function”.

Definition 1.1.2. Let (A,, A},),cn be a pair of sequences of positive numbers strictly increasing
to oo and (a1(n), az(n)),cy be a pair of sequences of complex numbers not identically zero. Also,

let ¢1(s) and ¢2(s) be two functions representable as Dirichlet series

o= @) g =S~ 2 1.1.10
#1(s) nz::l YR P2(s) 2y ( )

with finite abscissas of absolute convergence o,, and o,,, respectively. For the pair (¢1, ¢2), we

define the generalized diagonal Epstein zeta function as the double Dirichlet series

ai(m) as(n)

Za(ssan, az A N) = 3 e

m,n#0

Re(s) > 2 max {0g,, 04, } := 2 0,. (1.1.11)
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It is easily seen that the double series (1.1.11) is absolutely convergent if Re(s) > 2 max {04, , 04, }

20,. Examples of (1.1.11) include the classical Dirichlet series associated with the sum of two

squares,
— 72(n) ad 1 )
SL e T L Gy T Q) Rel> Lo (L)

which can be constructed if we take ¢1(s) = ¢a(s) = 2((2s).

Just as (1.1.12), we may represent a general diagonal Epstein zeta function Z5 (s; a1, az; A, \)

via the single Dirichlet series

= ar(m)az(n) X Ua(n)
Z5 (85 a1, ag; A\, \) = Z —_— = —, Re(s) > 20,, (1.1.13)
D P P SR

where 4s(n) generalizes the arithmetical function ro(n),

Ua(n) = Z ai(j1) a2(j2), (1.1.14)

Jr.gz Ay N, =An

and the sequence (Ay,)nen is taken as A, := <)‘j1 + )\92) . and then rearranged in increasing
J1,J2 0
order.

In section 1.2 we study the analytic continuation and explore a functional equation for the
series (1.1.13). In particular, we prove that, if ¢1(s) and ¢2(s) satisfy definition 1.1.1 with the

functional equations

T(s)g1(s) =T(r1 —s)91(r1 —s), T(s)pa(s) = (ra —s)ha(ra —s), 71, 72>0, (1.1.15)

with 11 (s) and ¢2(s) representing the Dirichlet series

) > o, dals) = b2(,’j), Re(s) > ov,, (1.1.16)

then it is possible to write two distinct Selberg-Chowla formulas for (1.1.11). The combination of
both representations appearing in (1.2.1) and (1.2.2) below will allow to write a functional equation

for Z5(s; a1,a9; A, \'). This functional equation will also take the form (1.1.9).

We will end section 1.2 with the study of the analytic continuation of certain analogues of

(1.1.11) containing more variables of summation, now defined as follows.

Definition 1.1.3. Let {¢(s)},—; ; denote a k-tuple of Dirichlet series given by

Re(s) > 04, (1.1.17)

_ nz::l aj\gn)
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where, for each i € {1,...,k}, (An,i)nen is a sequence of positive numbers strictly increasing to oco.

We define the multidimensional Epstein zeta function as the infinite series

= al(nl) ak(nk)
Zr (85 a1y ey Qs A1y ooy A) = s, Re(s) > kog, (1.1.18)
2 Bt A

where 0, := maxi<j<i 0q,;-

As in representation (1.1.13), we can write Z(s; -) as the Dirichlet series
o0
Up.(n
Zk (85 A1y vey Qs ALy ooy Ag) = Z A(s)’ Re(s) > ko, (1.1.19)
n=1 n

where, in analogy with 4s(n) given in (1.1.14), the arithmetical function 4 (n) is described by

Uy (n) = > ar(j1) - . - a(jr)- (1.1.20)
Ajpate A k=An

In Corollary 1.2.2 we will establish that, if {@'(5)}@':1,..., i are Dirichlet series satisfying Hecke’s
functional equation
I'(s) ¢i(s) =T(ri — s)hi(ri —s), 1 >0, (1.1.21)

with 1);(s) being represented as

Yi(s) = Z R Re(s) > oy,, (1.1.22)
n=1 N0
then Zj (s; ai, ..., ak; A1, ..., A\g) will also obey to Hecke’s functional equation (1.1.9).

For notation purposes, when the Dirichlet series (1.1.17) building the multidimensional Epstein
zeta function (1.1.18) are all the same, say ¢1(s) = ¢2(s) = ... = ¢r(s) := ¢(s), we will always write
(1.1.18) as Zk(s; a; A), this is,

[e%e] a(nl) e a(nk)
Zi(sia )= ) Do T ) Be® > koo (1.1.23)
N1y, 70 1 N

For example, when k = 2,

= a(m)a(n)
Zo(s; a; A) = s, Re(s 20,. 1.1.24

In several occasions throughout this text, we shall need to estimate the asymptotic order of
certain integrals involving a combination of Gamma functions and certain Dirichlet series satisfying

Definition 1.1.1. To justify most of the steps, we will often invoke the following version of Stirling’s
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formula

mt

— o+it—s —Tt— it (0—1) 1 (1)>
(o +it) (27()2 t 3 e 2 2 2 <1+ 1200 + i) + 0 e , (1.1.25)

as t — oo, uniformly for —oo < 01 < 0 < g9 < co. A similar formula can be written for ¢ tending
to —oo by using the fact that I'(s) = I'(s).

To estimate the order of ¢(s) at a general vertical line Re(s) = o, we shall need a version
of the classical Phragmén-Lindel6f theorem given in [[227], p. 180, 5.65]. Since, for o > oy,
(o +it) = O(1) as |t| — oo, it follows from the functional equation (1.1.9) and Stirling’s formula
(1.1.25) that, for o < r — oy,

oo +it) =0 (F 1=

(1 — s)|> =0 (|tI>), |t oo, (1.1.26)
Since ¢(s) = O(1) for o := Re(s) > gy, it follows from property 2. in Definition 1.1.1 that, for any
d>0and r—o0,—0 <o:=Re(s) <o, +9,

(o +it) = O (Jt7+=7), [t] - oo. (1.1.27)

Ever since the publication of Hardy’s short note [106] and the subsequent quantitative proofs
given by Landau, Fekete, Hardy and Littlewood [88, 109, 139], as well as later adaptations to other
Dirichlet series by Kober [128] and Hecke [113], the study of the zeros of ((s) and other general
Dirichlet series is often dependent on the asymptotic behavior of the associated Jacobi #—function
as a function in the upper half-plane. From now on, if ¢(s) satisfies Hecke’s functional equation
(1.1.9) in the sense of Definition 1.1.1 and it is representable by the first Dirichlet series in (1.1.8),

we shall use O(z; a; A) to denote the generalized §—function

o0

(25 a; \) Z ye % Re(z) > 0. (1.1.28)

Following Bochner [45], let us consider, for Re(z) > 0, the residual function
PE) =5 [x(s)=d (1.1.20)
2)=— s) 2" %ds 1.
2mi J X ’

where C' denotes a curve, or curves, encircling the singularities of x(s) given in Definition 1.1.1. It
was established in [45] that Hecke’s functional equation for ¢(s) and ¥ (s), (1.1.9), and the “modular

relation”

o0

(505 ) = 3 a0 0 = 7 3 b)) —=70(Sibiu) + Pl (1L30)
z
n=1

are equivalent. It is interesting to note that the observation of this equivalence had its genesis in
B. Riemann’s revolutionary memoir, where one of the implications was proved for the first time.

There, a second proof of the functional equation for 77¢(2s) (which satisfies (1.1.9) with r = 3)
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was given by invoking the transformation formula for the classical Jacobi §—function, which itself
is a particular case of (1.1.30).

The converse is, of course, obtained upon the use of the Cahen-Mellin integral [[109], p. 120, eq.
(1.II)]

1 c+1i00
e * = v / I'(s) z~%ds, (1.1.31)
C—100

valid for ¢ > 0, Re(z) > 0 and z~* having its principal value.
In analogy with (1.1.28), we can introduce the generalized §—function attached to the Epstein
zeta function Z5(s; ai,az; A, \'), (1.1.11), as the series
o0

O2 (25 a1, a2; A\, \') = Z ai(m) az(n) e~ (Am+An)z Re(z) > 0. (1.1.32)
m,n#0

Thus, if we prove that Z3(s; a1, az; A\, \') has a functional equation of the form (1.1.9), we may
expect a “modular relation” for (1.1.32) in the same lines as Bochner’s identity (1.1.30). This will
be stated in Remark 1.2.2.

In the sequel, we will employ several times well-known integral representations for the modified
Bessel function K, (z). For a matter of clarity in our exposition, we will invoke them solely when
they are needed. Before presenting our main results, we remark that throughout this chapter we

need to adopt some conventions and notations that we now specify.

Notation and Conventions B:

o In order to make our general formulas resemble the original formulation (1.1.2), we will
use the symbol o, (v;; b1, az; i, ') to denote a generalized version of the divisor function
(see Remark 1.2.1). At some points (see, for example, Example 1.2.1), we will simplify the

notation and represent this divisor function by o, (v;; b1, ag).

o Whenever we use the term critical line for a given Dirichlet series ¢(s) satisfying Definition
1.1.1, we will be referring to the line of symmetry induced by the functional equation (1.1.9),
this is, the vertical line Re(s) = 5. Moreover, whenever we use the term critical zeros of
¢(s) we will be referring to the zeros of ¢(s) that are located on the critical line. Furthermore,
the property “¢(s) has infinitely many zeros at its critical line” will sometimes be informally

formulated as “¢(s) satisfies Hardy’s Theorem”.

o We will write H,, (s; b1, az; u, \') and H,,(s; ba, a1; ¢/, A) to denote the entire complex
functions (1.2.11) and (1.2.14) appearing in the Selberg-Chowla representations for the
diagonal Epstein zeta function, (1.2.1) and (1.2.2).

o If, in Definition 1.1.2, the Dirichlet series are the same, i.e., ¢1(s) = pa(s) = ¢(s), we will
write Za(s; a; A) to denote (1.1.11). See (1.1.23) and (1.1.24) above. This notation will be

important in Remark 1.2.3 below.
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o Throughout this chapter and thesis, we name the product “I'(s) ¢(s)” as completed Dirichlet

series.

o We shall use Ry(s) and Ry (s) to respectively denote the completed Dirichlet series I'(s) ¢(s)
and I'(s) ¥ (s). This notation will be employed mainly during the proof of Theorem 1.3.1.
Under some conditions given there, Ry(s) and Ry(s) will represent real functions on the
critical line Re(s) = r/2.

e Throughout the proof of Theorem 1.3.1, ¢ will represent the least positive integer such
that a(c) # 0, where a(n) is the arithmetical function attached to a Dirichlet series, say ¢(s),
satisfying Definition 1.1.1. This integer also appears in the statements of Corollaries 1.3.1
and 1.3.2.

1.2 The Selberg-Chowla formula and the analytic continuation of

analogues of the Epstein zeta function

Theorem 1.2.1 (A general Selberg-Chowla formula). Let ¢1(s) and ¢2(s) be the pair of Dirichlet
series (1.1.10) satisfying definition 1.1.1 and obeying to Hecke’s functional equation (1.1.15). Also,
let s be a complex number such that Re(s) > v > max {2%, 200, %/} , where 0, = max{o,,, 0a, },
op = max{oy,, op,} and ' = max{ry, ro}. Then, for Re(s) > ~, the following identity for the
generalized Epstein zeta function, (1.1.11), holds

['(s) Z2 (s; a1, az; A, N) = —¢2(0) T'(s) ¢1(s) + p1T(r1) T(s — 1) g2 (s — 1)

—rq

+2 i b1(m) az(n) (‘ij:)g Ky (2@) (1.2.1)

m,n=1

where by(m) is the arithmetical function associated to the Dirichlet series 11 (s) given in (1.1.16).

Analogously, whenever Re(s) > v, 2o (s; a1, az; A\, X') can also be described by the formula

[(s) Z2 (s; a1, az; A, N) = —¢1(0) T'(s) ¢pa(s) + p2l'(r2) T(s — 12) ¢1 (s — 12)

/

+2 i ba(m) a1 (n) (‘;’2)22 Ky <2 \/m> (1.2.2)

m,n=1

Proof. The idea of the proof follows [[21], p. 311] and its sketched version given in [25]. Throughout
our argument we shall use H,, (s; b1, ag; p, \') (vesp. H,, (s; ba, a1; i/, \)) to denote the double
series involving the modified Bessel function appearing on the right-hand side of (1.2.1) (resp.
(1.2.2)). We will also let v > max {20'&, 20y, %} as in the statement and consider a fixed s € C
such that Re(s) > . Under this condition, the following integral representation holds [[85], p. 349,

7.3.15]
y+ico
1
- () T(s — “Zdy =
57 / ()T (s — z)x™*dz
~y—ioo

x> 0. (1.2.3)
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Since our Epstein series (1.1.11) is defined as a double infinite series which converges absolutely

for Re(s) > v > 20,, we may write it as
o
Z9 (S; ai, ag; A\, )\,) = a1(0)¢2(s) + a2 Z S al) (1.2.4)
where, for a fixed n € N, ¢,,(s, a1) denotes the generalized Dirichlet series
— _ai(m)
ly (s, a1) = Z ————, Re(s) > oq,.

By the Mellin representation (1.2.3), we see that we can write £, (s, a;) as the contour integral

y+ioco

L(z)T(s—2) <))\\Z> B dz, (1.2.5)

NST(s) b (5, ar) = i?l“) i

y—t00

valid whenever Re(s) > o4,, which is the case as Re(s) > v > 20, > 20,,. From the definition of -,

it is clear that Y aj(m) A, converges absolutely. Moreover, from a corollary of Stirling’s formula,
D(y + i) D(s — 5 — it)] = 2 |¢[ReE L=t (1 +0 (| |)) VN, (1.2.6)

we are allowed to interchange the orders of integration and summation in (1.2.5). This gives the

integral representation

y+ioco

AnL(s) ln(s, a1) / P1(2 )T(s —2) N7 dz, > max {Ua, o, 7;} )

'yzoo

Let us now move the line of integration to Re(z) = r; — v (which is located at the left of
Re(z) = 7, because v > %/ > 5 by hypothesis) and integrate along a positively oriented rectangular
contour Rq(y) containing the vertices v + 4T and r; — vy £ T, where T' > 0. By Cauchy’s residue

theorem, we have the equality

y+iT 1 ri—y+il
/ ()T ()T(s — ) Nids = 5 / 61(2)T () T(s — 2) N7 dz
y—iT r1—y—iT
1 r1—yxiT
Fos / p1(2) D (2)T(s —2)Nfdz+ . Ressep (01(2) D (2)T(s —2) N7),  (1.2.7)
i
yEiT PER1(Y)

where the second integral on the right-hand side represents (in abbreviated notation) the integrals
over the horizontal segments [y — iT, r1 — v —iT] and [ry — v + ¢T, v + iT]. By condition 2 in
Definition 1.1.1, it is clear that these integrals tend to zero® as T — co. Therefore, by letting

5Despite this imposition, we should note that this could be obtained from a weaker condition of the form
o(s) = O (exp |5\K), for some K > 0, as |s| — oo, replacing condition 2 in Definition 1.1.1. In this case, the
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T — oo in (1.2.7), we obtain

r1—"y+100
NP s, a) = 5= [ 6T ()T —2) X, ds
r1—7Y—1%00
+ Y Resi—p (1(2)T(2) (s — 2) A, 7). (1.2.8)
PER1(7)

It is now easy to check from (1.1.15) and the definition of 7 that all the poles of x1(2) := I'(2) ¢1(2)
are on the interior of Ri(vy). Moreover, since Re(s) > v by hypothesis, we clearly have that
Re(s — z) > 0 for any z € R1(y). This shows that I'(s — z) has no poles inside R1(y) and the only
poles taken into account in the sum in (1.2.8) are precisely the ones coming from the function

I'(z) ¢1(z). Thus, from the considerations given in definition 1.1.1, the previous equality reduces to

NST(s) b (s, a1) = % Tl_]Jrioogi)l(z) I (2)T(s - 2) (Al,n)_ i

71 —7Y—100

+ ¢1(0)T(s) + pr D(r)T(s — 1) Ay

Let us now invoke the functional equation for the Dirichlet series ¢;(z), (1.1.15), and use it in
the contour integral given above. Doing this and employing the change of variables z <> r; — z, we

see that the right-hand side of the previous equality is

s y+ioco
X glbég) [ TG4 (1)) dzt a1 O)T() + TN =) X, (129)
Y—i00

where we have invoked the absolute convergence of the Dirichlet series ¢ (2) for Re(z) = v > o5 >
oy, , together with Stirling’s formula (1.2.6).
Recalling the Mellin representation for the Modified Bessel function [[85], p. 349, 7.3 (17)],

iy A+ioco x2 —z
Ky (z) = (2> 4}%/ T(z — ) T(2) (4) dz, A > max{0, Re(v)}, (1.2.10)

we see that, since v > max {0, 71 — Re(s)}, the following representation of 4, (s, a1) takes place

NEE(s) ol 1) = 20 3 bam) ()™ Ko (2, )

m=1

+ $1(0)T(s) + p1 T(r)T(s —71) AL,

We can easily check that the double series on the right side of (1.2.4) converges absolutely if
Re(s) > 04, + 04, and so it must converge absolutely for Re(s) > 7. Let us now denote the residual

terms in the previous equality by Ri(s, A1) (note that, if ¢1(s) is entire, these terms are both

vanishing of the integrals along the horizontal segments would follow from Stirling’s formula (1.2.6), together with
the Phragmén-Lindelof estimate (1.1.27) (cf. [21, 26, 27]).
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zero). Since ¢1(s) is analytic in the region Re(s) > oq,, it is clear from the expression for Ri(s, x)
that the series " az(n) A.7* Ry(s, \-1) converges absolutely whenever Re(s) > o4, + 04,. Hence,
recalling that Re(s) > v > 04, + 04, and summing as(n) ¢, (s, a1) with respect to n as in (1.2.4),
we arrive at the representation (1.2.1). To finish, we only need to argue that, under the assumption

Re(s) > =, the double series which we have obtained by summing over the summation variable n,

—rq

Nz
Hy,(s; b1, as; g, A Z bi(m (i,> Ky s (21/%%), (1.2.11)

m,n=1

converges absolutely. This is possible to prove due to the asymptotic estimate for the modified
Bessel function [[232], pp. 199-202],

K,(x)= \/Ze_x(l +0(1/x)), =z — o0, (1.2.12)

valid for any fixed v € C. Thus, for some positive constant C depending only on s,

Re(s)—ry

i b1 0 V)] <€ 5 aomllaat] ()5 uay) e VIR (1213)
m,n=1 n

From the absolute convergence of ¢5(s) and 11 (s) for Re(s) > max {o,, 05}, we immediately
see from (1.2.13) that the series defining H,, (s; -), (1.2.11), converges absolutely for Re(s) > ~. The
bound (1.2.13) also shows that this series, as a function of s, is uniformly convergent on bounded
subsets of the complex plane. Since the summands of H,, (s; b1, ag; p; A') are analytic functions of
s, a standard application of Weierstrass’ theorem on analytic functions shows that H,, (s; -) defines
an entire function of s € C.

In a completely analogous way, the second formula (1.2.2) may be obtained, by reversing the
order of summation in the previous argument (which is a possible operation for Re(s) > ). Since
the first summation in this second case is performed with respect to the index n, the comments

made above can be rephrased to describe the double infinite series

S—T9

/ 2
Hy,(s: by, a1; 1/y A) Z ba(m (‘F) Ky, (2,/MmA ) (1.2.14)

m,n=1

O]

7

Remark 1.2.1 (A generalized divisor function). Let {v;} en represent the “product sequence
{vi}ien = {tm - A} ney and then arrange this product in increasing order. For any z € C, we

define the generalized divisor function as

o (vj; by, ag; p, N') = > bi(m) az(n) ps,. (1.2.15)
(m,n)EN? : um N, =v;

Note that, since (tim)men and (X, )pen are strictly increasing and tend to oo (see definition 1.1.1),

the previous sum is finite. It is clear the analogy with the usual divisor function, o.(n) = 34, d*
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In the example concerning Ramanujan-Guinand’s formula (Example 1.2.1 below), we will simplify

this notation and reduce it to o,(v;; b1, a2), i.e., taking the shortened version
o.(vj; bi, az) := o (vj; br, ag; p, N, (1.2.16)

but always bearing in mind the order of the sequences (i )men and (A))nen in the definition
(1.2.15). With the definition (1.2.15) at our disposal, we may rewrite H,, (s; -), given in (1.2.11), as

the infinite series

T1—S8

[e.e]
H’I’l(s; b17 az; W, )\/) = Zas—’ﬁ (Vj7 b17 az; W, )‘/) V]'T Krl—s (2@)) (1217)
j=1
which strongly resembles the entire function appearing on the right-hand side of the familiar
Selberg-Chowla formula (1.1.2). Analogously, if we take the sequence {v/};en = {1, An }mmen, it
is also evident that we can describe H,,(s; -), appearing in (1.2.14), by the analogous series

rT9—S$

(o]
Hyo(s3 b, ar; (/s A) = Y 05, (V}; b, ar; i, /\) V; > Ky (2 v;-) :
j=1

Taking z = 0 in (1.2.15), one obtains a generalization of the standard divisor function d(n) = Zd‘n 1,

d (vj; bi, ag; p, N') = Z b1(m) az(n). (1.2.18)

(m,n)eEN?: um A\, =v;

Having proved two formulas (1.2.1) and (1.2.2) that allow to study the analytic continuation
of the Epstein zeta function Z5(s; aj, ag; A, X'), the next corollary shows that this new Dirichlet

series also satisfies the conditions of Definition 1.1.1, thus possessing a suitable functional equation.

Corollary 1.2.1. Let ¢1(s) and ¢a(s) be two Dirichlet series satisfying the conditions of Definition
1.1.1 and having residues p1 and pa at s = r1 and s = ro, respectively. Then the Selberg-
Chowla formula (1.2.1) provides the analytic continuation of the Epstein (—function (1.1.11) as a

meromorphic function having at most one simple pole located at s = r1 + ro, with residue given by

F(”)F(”)) 1p2. (1.2.19)

Ress—y 11, 22 (87 a1, as; A, N) = m

Moreover, the continuation of Z2(s; a1, ag; A\, X') satisfies the functional equation
[ (s) 23 (s; a1, az; A, N') =T(r1 + 12— 8) Z2 (r1 + 12 — 85 by, bas p, 1) (1.2.20)

Proof. We have seen at the end of the previous proof that the double series (1.2.11) and (1.2.14)
represent entire functions of s, so that the “meromorphic part” of the Epstein (—function
Z5 (s; a1, ag; A\, ') comes exclusively from the first two terms in (1.2.1), i.e., from the mero-

morphic function

[(s—mr)

Gry (5 a1, ag; A\, X') = =2(0) ¢1(s) + pil'(r1) T(s)

gbg (S*T’l). (1221)
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Clearly, from a standard verification, G, (s; -) has removable singularities at s = r; — k, k € Np.
Since, by the conditions given in definition 1.1.1, ¢1(s) and I" (s — r1) are analytic in a neighbourhood
of s = r1+ry, Gy, (s; -) has at most one pole located at s = rj +ry coming from the factor ¢a(s—11).

The residue is easily seen to be % p1p2, proving (1.2.19).

To prove the functional equation (1.2.20), let us use both representations (1.2.1) and (1.2.2)
for Z,(s; -), and replace s by 11 + 79 — s on (1.2.1). It is clear from the reflection property of the
Modified Bessel function, K, (z) = K_,(z), that the following relation holds

H, (r1 +7rg —s; b1, ag; p, N) = Hy, (s; ag, by N, ). (1.2.22)

Thus, in order to describe Zs(r; 4+ ro — s; +), we need to see how the right-hand side of (1.2.21)
behaves under the reflection s <+ r; + 73 — s. Since ¢;(0) = —p;T'(r;) and ¥;(0) = —p; I'(r;) (see
Remark 1.1.1), we have that

L(r1+ro—8) Gry (r1+ 72— 8; a1, ag; A\, N) = —¢2(0) T (s — r2) ¥y (s — 12)
+o1(r1) D(s) 2(s) = p5 T(r2) ' (s — r2) ¥1 (s — r2) — ¥1(0) T'(s) ¥2(s). (1.2.23)

Now, by equations (1.2.1), (1.2.22) and (1.2.23), we see that

D(ri 479 —5) Za (11 + 712 — 85 a1, ag; A, N) = =1(0) T(s) tha(s) + p5 T(r2) T (s — r2) 91 (s —72)
+ 2 H,, (s; az, bi; N, p) . (1.2.24)

Using the second representation of the Selberg-Chowla formula (1.2.2), replacing there the
arithmetical functions a;(m) and aa(n) by b1(m) and ba(n), respectively, and, finally, applying the

work done in Theorem 1.2.1 for the Epstein (—function,

. bi(m) ba(n
Zy (85 b1, boy i, ) = Y bi(m) ba(n)

=, Re(s) > 20y, 1.2.25
S G i) N 22)

we find immediately that the right-hand side of (1.2.24) is precisely the same as the analogue of
(1.2.2) under the aforementioned substitutions. This establishes the functional equation (1.2.20)

and completes the proof. ]

Remark 1.2.2. By the well-known equivalence between Hecke’s functional equation (1.1.9) and
Bochner’s modular relation (1.1.30), we can derive from the previous result a transformation formula

for the generalized theta function (1.1.32). This transformation can be explicitly stated in the form

O2(z; a1, ag; A\, N) = 27720, (zfl; b1, ba; p, ,u') +T(r1)C(re) p1pez~ 17"

—I(r1)L(r2) pips, (1.2.26)
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valid for any Re(z) > 0. Note that, for i = 1,2, pJ represents the residue of the Dirichlet series
¥;(s) at the simple pole s = r;. By Remark 1.1.1 and (1.2.19), we know that

Z9(0; a1, az; A\, X') = =T(r1 4 72) ReSs—py 11y 22 (8; b1, b2; A\, N) = —T'(r1) T'(r2) p p5.
Therefore, for Re(z) > 0, we can also write (1.2.26) as

O2(2; a1, az; A, X) = 271720, (271; b1, ba; p, M’) +L(r)L(r2) prp2z=" 7"
+ 2Z5(0; ar,az; A, ). (1.2.27)

Example 1.2.1 (A generalized Ramanujan-Guinand formula and an analogue of Koshliakov’s
formula). On page 253 of his Lost Notebook [2, 37, 179], Ramanujan recorded the following formula,
which we now quote from [[2], p. 94]. Let s € C and assume that o, 8 > 0 are such that a3 = 72.
Then the following identity holds

fZa 3/2K (2n«) BZU 5/2K (2nﬁ)

- ir (_2) ((—s) {B0+9/2  q(1+9/2) 4 ir (2) () {8092 —al=/2) . (12.98)

This formula was rediscovered by Guinand in 1955 [37, 100], who employed a formula due to G. N.

Watson [233] in order to derive it. This formula of Watson is

> 1 Vmal=2s 1 a2 2psgrs & a1
Z (n2 + 22)° = 9T (s) r (5 - ) - + Zn 2 K57%(27mx), (1.2.29)

n=1 n=1

which is valid for > 0 and Re(s) > 3. This formula of Watson, (1.2.29), serves as the first
“one dimensional” analogue of the Selberg-Chowla formula (1.1.2) applied to diagonal quadratic
forms. Ramanujan completes page 253 with two corollaries of (1.2.28). The first of these consists
in an identity which is equivalent to the transformation formula for the logarithm of Dedekind’s
n—function (see (1.2.48) below). In the second corollary, Ramanujan derives one of the most famous
formulas attributed to Koshliakov [134]. Preceding Koshliakov’s work by more than a decade,

Ramanujan states the beautiful formula

va (Z 08D S ) K0(2na)> — VP <Z ~ Lole)  $* i) Ko<2n5>> L (12:30)
n=1 n=1

where a and /3 are two positive numbers such that a8 = 72.

By comparing the formulas obtained for the study of the analytic continuation of the Epstein
zeta function (1.1.11), we now give generalizations of (1.2.28) and (1.2.30) with respect to the
divisor functions, (1.2.15) and (1.2.18), introduced in Remark 1.2.1. The method used in this

example will be employed several times throughout this text. To do so, for a given £ > 0, we write
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Z5(s; a1, ag; A, EX') as the generalized Epstein zeta function

o

Zy(s; a1, ag; A, EX) = Y
m,n#0

ai(m) az(n)

m, RG(S) > 20_(1- (1231)

By virtue of Hecke’s functional equation (1.1.9), if we want to apply formulas (1.2.1) and (1.2.2) to
(1.2.31), we just need to replace u, by pl, /&, ba(n) by £"2ba(n) and py by £ "2py in the formulation
of Theorem 1.2.1. Invoking (1.2.1) and appealing to the notation introduced in Remark 1.2.1,
namely the shortened version (1.2.16), the following Selberg-Chowla formula holds

) 3 S = 0T i) + T T )& (s =)

r{—s r1—S8

+2677 Y 0o (i by a2) vy 7 Koy (24/5€), €>0. (1.2.32)

Jj=1

Analogously, by (1.2.2), we can write a second Selberg-Chowla formula for (1.2.31)

o) 3 6 PR = € AT 6a(0) + €T T~ )61 - 72)

r2

ro+s e r2—s I//
126 Yo, (y]’.; bs, al) VT Koy (2 gj) . £>0. (1.2.33)
j=1

A comparison between (1.2.32) and (1.2.33) yields a generalization of the Ramanujan-Guinand
formula (1.2.28), valid for all s € C. Stated in a clear way, let ¢;(s), i = 1, 2, represent the pair of
Dirichlet series given in (1.1.10) and satisfying Hecke’s functional equation (1.1.9). Denote also by
pi the residue that ¢;(s) possesses at the simple pole s = r;. Then, for all s € C and x > 0, the

following generalization of the Ramanujan-Guinand formula holds

2270 205_7«1 (vj; b1, a2) V;%S Ky s (2z\/v5) — ﬁ Z Ts—ry (1/]’-; b, al) V;?Km_s (32: y;)
j=1 J=1
=T'(s) {¢2(0)¢1(s) — ¢1(0)¢2(s)x_28} + po 22 D (rg) D(s — 19) p1(s — 12)
— pla:Q’"l*ZSF(rl) ['(s—11) ¢2(s —11), (1.2.34)

where o,(-) represents the generalized divisor functions described by (1.2.15), which are respectively

attached to the sequences {v;}jen = {tm - Ay} and {vj}ien = {1, - At nen.

Letting ¢1(s) = ¢2(s) = ¢(s) (so that r1 = ro = r and p; = pa = p) and replacing s by r — s in

(1.2.34), we obtain a more symmetric identity

a:TZU_S (vj; b, a) 1/]-% K, 2z \/vj) —a™" Za_s (vj; b, a) I/j% K, <i ﬁ)
= i=1
= ¢(20) L(s)y(s){a"* =2} + pFQ(r) ['(—s)¢(—s) {af“s - x‘g”} , (1.2.35)
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which closely resembles the classical case” (1.2.28). For example, if ¢1(s) = ¢2(s) = 775¢(2s), an

application of (1.2.35) gives (1.2.28) after one takes x = 2, a > 0.

™

From (1.2.34) it is possible to derive generalizations of the classical Koshliakov formula (1.2.30).

Writing the Laurent series for ¢;(s) around s = r; = r as

¢i(s) = séir +p0i+O0(s—r), i=1,2, (1.2.36)

assuming the same conditions as in (1.2.34), and taking r = r2 = r, we have the formula

o0 [o¢] 2
2 Zd(l/j; bi, as) Ko (2z /7;) — 22" Zd (yj’»; b, a1> Ky <$ yj’)
=1

j=1
Tk = {63 ) + 000} + 2 05(2) (01
')
T

=T(r) {(;52(0)/)0,1 + ¢2(0) p1

—

+ 2log(z) ¢1(0) pg} , x>0.
(1.2.37)

+a 20 {{AT0) + 55T} o2 = 61(0) poa = 62(0) o

Here, p; and pg; denote the coefficients of the meromorphic expansion (1.2.36) for v;(s) and
d(vj; by, az) is defined by (1.2.18). Of course, (1.2.37) is obtained by letting s — r in (1.2.34),
invoking the uniform and absolute convergence of the series via (1.2.12), and finally using the

meromorphic expansions for I'(s) and ¢;(s) around s = 0,

I(s) = é — v+ O(s), (1.2.38)

oi(s) = ¢i(0) + (pﬂ“’(ri) + pg,if(ri) + ’Y(ﬁz(())) s+ 0(82), (1.2.39)

where v is Euler’s constant.

In the examples that follow, we give some new identities that can be derived from our general
formulas (1.2.35) and (1.2.37). We refer to the preprint version of the present chapter, [194], for
additional results, including extensions of an identity due to Soni [207], which also appears in
Ramanujan’s Lost Notebook [[37], p. 30, eq. (4.1)].

Example 1.2.2. For i = 1,2, let F;(n) denote, as usual, the number of integral ideals of norm n in
an imaginary quadratic number field with discriminant D;, K; = Q (v/—D;). Then it is well-known

that the associated Dirichlet series is the classical Dedekind zeta function

() =3 1
n=1

Tf") Re(s) > 1, (1.2.40)

"Berndt [[23], p. 343, eq. (9.1)] (see also [[37], pp. 37-40]) established other analogues of (1.2.28). But these
formulas of Berndt are only valid for arithmetical functions whose Dirichlet series satisfy Hecke’s functional equation,
while in general the divisor function c.(j) := 0. (v;; b1, az2) is not attached to a Dirichlet series obeying to (1.1.9). In
fact, this Dirichlet series is nothing but ¢.(s) := 11(s — 2) ¢2(s) and (1.2.34) is actually equivalent to the functional
equation satisfied by ¢.(s) (cf. [[23], p. 324]). In Corollary 4.2.7 below, we will see that analogues of Berndt’s formula
are connected to the theory of the Kontorovich-Lebedev transform.
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which satisfies Hecke’s functional equation

(25) rerae = (o) T -9 -9 (1241
S)CK,;\S) = — S)0K; — S). L.
D; D;

Since (g, (s) has a continuation to the entire complex plane as an analytic function except at a
simple pole located at s = 1, we see that, for i =1, 2, (k,(s) satisfies the conditions given by our
Definition 1.1.1 with parameter r; = 1. Hence, we may take ¢;(s) := (k,(s). In order to apply

Corollary 1.2.1, we need to employ the following substitutions,

27 47 21 h(K;)R(K;
04() = Fi(n), bin) = ZZ=Fu0), Mg =1, s = Foms i ¢z(7u3<f§>)

where h(K;), R(K;) and w(K;) denote, respectively, the class number of K;, the regulator of K; and
the number of roots of unity in K;. Recall that, by our convention (see condition 4 on Definition
1.1.1), F;(0) := —(k,(0) = h(K;) R(K;)/w(K;), and we can consider the diagonal Epstein zeta

function attached to K7 and K as follows

Fi(m) Fy(n)

Zy (S; K, KQ) = i (m+n)s

m,n#0

,  Re(s) >2. (1.2.42)

Under the aforementioned substitutions, we have from the Selberg-Chowla formula (1.2.1) that
(1.2.42) has the expansion

() 22 55 K. ) = "2 ) 100 G, 94 ) s 1) G 1)

2 (5)

giving the analytic continuation of Z5(s; K, K3) as a meromorphic function with one simple pole

£ oo (2)7 s (2457).

located at s = 2, whose residue is precisely (compare with (1.2.19)

472 h(K1)h(K2) R(K1)R(K?3)
vD1Dy w(Ky)w(K2)

By Corollary 1.2.1, we also have the functional equation,

Ress—225(s; K1, K2) =

—(2-9)
) ['(2—5) 22 (2 - s; Ipy,p,, K1, K2),

. i 2w
(m) L(s) 22 (s; K, K2) = VD1De <\/m

where Z5 (s; Ip, p,, K1, K2) denotes the Dirichlet series

Fl(m) Fz(n)

o0
Z5 (s; Ip,,py, K1, K2) := Z W’

m,n#0

Re(s) > 2. (1.2.43)
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If, for the imaginary quadratic fields K; and K5, we define an analogue of the divisor function,

oy(n; K1, Ks), in the following way

o (n; K1, Ko) =S Fi(d) B () @, (1.2.44)
1 2 dzrg 1 2<d)

then, for any « > 0, the following identity of Ramanujan-Guinand type holds

2 § s —s 4
( d ) z'™ Z os—1 (n; K1, Ka) n'T K, ( v 96)

VD1 VD1

n=1

21 \° s — 1-s 4mt\/n
_ 1 (n; Ko, K1) 0’7 K
<\/D2> ! 712::105 1 n; Ky, K m = VDo x

_ h(Kp) R(Ky) % Ot 12
a 2w(K;) {F(S) Cra(s) — ﬁf(s 1) (e (s — 1)}

h(K2) R(K2) 27
2 w(K>) {\/Dj:gz P(s = 1) Crey (s = 1) = T'(s) Crey (s)} , (1.2.45)

which seems to be new (cf. [38]). Taking the quadratic fields as the same, say K; = Ky := K, and

replacing s by 1 — s in (1.2.45), we can obtain a more appealing formula,

e s 47'['\/ﬁ 1 s s 477\/ﬁ
T E o_s(n; K,K)nz K x| — — E o_s(n; K, K)n2 K
n=1 8( ) S(‘/D ) xnzl 8( ) S<VD$

h(K)R(K 2\ 7F s— —s
ML (O5) e ot - o)

e (75) TeImea e = s 0240

From the Kronecker limit formula for imaginary quadratic fields, it is also possible to take the

limit s — 0 on (1.2.46) in order to derive new analogues of Koshliakov’s formula for the divisor
function (1.2.44). A special case of this procedure, where we can replace each ¢;(s) by an Epstein
zeta function attached to a binary, real and positive-definite quadratic form, seems to be worthy of
note. For j =1, 2, consider the positive-definite quadratic form Q;(z, y) = aij +bjry + cjy2,
with a; > 0 and A; = 4a;¢; — b?. From Kronecker’s first limit formula [201, 222], the Laurent

J
expansion of ( (s, Q;), defined by (1.1.1), reads

C(s, Qj) = \jZ—] S i 1 + ;%] <2’y —log <§j> - 4log(\77(7j)])> +0(s—1), (1.2.47)

. bi+i/Aj . . .
where «y is Euler’s constant, 7; = ﬁ;a_ 2 € H and n(7) is Dedekind’s n—function,
J

™

n(r) =2 11 (1 — 62””"7) , Im(7) > 0. (1.2.48)
m=1
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Using (1.2.47) in Koshliakov’s formula (1.2.37), we arrive at the curious identity
> 4m\/n 1 > 4m\/n
d ) ) K, - d ) ’ K,
NS, nz::l (n; Q1,Q2) Ko < \/Ex> A, 2 nz; (n; Q1,Q2) Ko (@x)

- \/%{lg[% af;mm)nm)F] } r{ log{%m/ () n(m) ”

(1.2.49)

valid for all x > 0. Here, d(n; Q1, Q2) denotes the analogue of the divisor function,

n; Qr, Q2) = > g, (0)rQ, (z) :

Ln

where 7¢(n) denotes the number of representations of n by the quadratic form Q. When Q1(z, y) =
Qa(z, y) := Q(z, y) := ax® + bry + cy? (and so A; = Ay := A), a particular case of (1.2.49) is

> 4m/n 1 & 4m\/n
Zd@(n)KQ< V\ZFm)—ﬂ;dQ(”)Ko(ﬁ\/;)
~ log [Q“Fw ) ] v+ 5 {7 - tog | ZEVE I},

where dg(n) = d(n; Q, Q) == Xg, rQ(f) rq(n/f). An alternative way of writing the previous

identity is via two double infinite series, i.e.,

> 4/m 1 & dmt\/mn
> ralmrato) o (YEs) < 5 3 ratmi ot s (T4

m,n=1

~ log [zﬂaf |n(7)\4] PV % {7 ~log [Z"“VZ mmﬂ } L >0 (1.2.50)

If we take the quadratic form Q(z,y) = Qo(w,y) := 2% + y2, (1.2.50) reduces to the formula

> ralm) o) Ko (i) = 2 Y ralm)ra(n) Ko <W>
myn=1 m,n=1
= o [4; "(ﬂ ot % {7 —log [4rzn(i)']}, (1.2.51)

which will be generalized in the fourth chapter. It is also important to note that we can use the

following evaluation (coming from Euler’s pentagonal theorem),

n(i) = L G‘) (1.2.52)
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in order to rewrite (1.2.51) as

> ralmyran) Ko (2ryimna) - - > ralm) o) Ko (W)
m,n=1 el

= log [F4 <%> -7+ % {7 — log [Fim(;l)x] } , x>0, (1.2.53)

4l
Example 1.2.3 (Dirichlet series attached to Eisenstein Series). Let &k > 3 be an odd positive

integer and consider the divisor function og(n) := > djn d*. We know that the associated Dirichlet

series is given by the product of zeta functions

C(s)C(s — k) = fj 7 Re(s) > k41, (1.2.54)
n=1

nS
and that ¢(s) = (2m)7%((s) ((s — k) obeys to Hecke’s functional equation [[53], p. 17, eq. (57)]
(2m)7°T(s)((s)C(s — k) = (—1)%(27T)7(k+178)1_‘(]€ +1—-9)C(k+1—-5)C(1—s). (1.2.55)

Moreover, since ((1 — k) = 0, we know that ¢(s) satisfies the conditions of definition 1.1.1, and we

may take the convention oy (0) := —Bj4+1/2k + 2.

Let k1, k2 > 3 be two odd positive integers and consider two Dirichlet series ¢;(s), i = 1, 2,
given by ¢;(s) = (2m)75((s) ((s — k;). We construct the diagonal Epstein zeta function (1.1.11) as

Tk, (M) O3y (1)

Zy(s; b, ko) = (2m) 7% Y = (2m) 7% Zy(s; k1, ko), Re(s) > 2 max {ky, ko} + 2.

m,n#0 (m + n)s
(1.2.56)
In order to apply directly Theorem 1.2.1 and its Corollary 1.2.1, we take the substitutions
To;+1
a;(n) = ok, (n), bi(n)=(=1)"2 ox,(n), A\i= pni=2mn. (1.2.57)
Using Euler’s formula for {(2n), it is very simple to find that
( 1) ki—1 B
-4z ki+1
Pi 2(k3i+1)! ki+1, le( ) C( )C( z) 2]{}1'—1—2’ ( )

where (By,), oy denotes the sequence of Bernoulli numbers. Applying these computations to the
first Selberg-Chowla formula (1.2.1), we arrive at the representation

_ By (2m)7°

(2m) " D(s) Za(s; k1, k2) = ['(s) ¢(s) C(s — k1)

2ko + 2
ky—1
(—=1)"2 By, 41 (gﬁ)—s+k1+1
T 2k + 2 IM(s—ki—1)((s—ki—1)C(s— k1 —ka—1)
o0 s—k1—1
kq1+1 m 3
+2 30 (=17 0w, (m) oy (n) (n> Ky p—1 (dmv/mn) (1.2.59)

m,n=1
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which gives the analytic continuation of Zs(s; k1, k2) as a meromorphic function with one simple

pole located at s = k1 + k2 + 2, whose residue is given by

k Jrk
(—1)7 7 remhthet2 By By,

4(ky+1) (ke +1) (k1 + ko + 1)1

ReSs:k1+k2+2 ZQ(S; kl, kg) = (1.2.60)
The second Selberg-Chowla formula can be analogously written and an application of Corollary

1.2.1 shows that Za(s; ki, k2) must satisfy the functional equation

(271')75 F(S) ZQ(S; k1, kg)

k1 +ko+2

= (1) 2 (2n)" AR 2= Dy 4 ko + 2 — 8) Zo(ky + ko + 2 — 5 ki, ko). (1.2.61)

We now combine the Bessel expansion (1.2.59) with some celebrated formulas of Ramanujan [178]
in order to derive new identities involving the Riemann zeta function. By a very famous paper of

Ramanujan [178], we have a formula for the convolution of divisor functions of the form,

ZO’k O'k m): k‘llkz! C(kl—i-l)C(kQ—l-l) —_—— 1(n)
! 2 (k1 +ha+ 1) C (k1 + ko +2) R

(1.2.62)

where k1 > 3 and ky > 3 are odd integers such that k; + ko € {6,8,12}. Using (1.2.62), we can
rewrite the Epstein zeta function (1.2.56) in the region Re(s) > 2 max {ki, k2} + 2 as

Zy(s: k1, ko) = (2m) 7 {%(0) C(s)C(s — k1) + i

n=1,m=0

o1, (1) 71,y () }

(m+n)s

oo n—1 —m
= (2m)~° {_2?;2112 () C(s— k) + > 2m=0 Tk (TZ)S Ty (1 )}

B 1! ko! (k1 +1)C (k2 +1)
(ki kD) C(ky ko +2)

n=1

(2m)75¢(s) C(s — k1 — ko — 1), (1.2.63)

By employing Euler’s formula for {(2n), n € N, and combining the representations (1.2.59) and

(1.2.63), we are able to obtain the following formula

(k1 + ko +2) By 1By, 1 (2m)°L(s)
2(k1+1) (k2 + 1) Biy4ky+2
(=)™ By (2m) M1 T (s — ky — 1)
21{21 + 2

Byt (2m) " T'(s)
2ko + 2

C(s)C(s =k —ha—1) = — C(s)¢(s — k)

+

C(S—kl—l)g(s—kl—]@—l)

s—k1—1
m 2
+2 Z 2 Jkl )0k2(n) <n> Kok —1 (471—\/ mn) )

m,n=1

(1.2.64)
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which is valid for all s € C and odd ki, ks > 3 such that k1 + ko € {6,8,12}. This result seems to
be new. Take, for example, k1 = ko = 3: then (1.2.64) reads

C(s)C(s=7) (2m)~* (2m)4 5 T(s —4) ((s —4) (s = 7)

i) SO = T T dlo )+ n
123 os(m)osn) (Z’:) Ky () (1.2.65)
m,n=1

for any complex number s. Putting s = 9/2 in the formula above gives the curious relation

7 9 3 9 o0
105¢ (2) ¢ (2) _ 7¢ (2) ¢ (2) +C(;> ¢ (;) n 1024W3m%;1 ag(m\)/gg(n) N

128 4 4dr

There is an extensive bibliography concerning divisor convolutions of the form (1.2.62). See,
for instance, [116] for several evaluations. The interested reader may combine our formulas of
Selberg-Chowla type with other known convolutions of divisor functions to reach new identities
akin to (1.2.64).

Example 1.2.4 (Dirichlet series attached to Cusp Forms). Let f(7) be a cusp form with weight
k > 12 for the full modular group and L(s, f) be the associated L—function,

L(s, f)= i a’;f?), (1.2.66)
n=1

where the arithmetical function a¢(n) represents the Fourier coefficients of f(7). The Dirichlet

series (1.2.66) is known to be absolutely convergent in the half-plane Re(s) > L and can be
analytically continued to an entire function [[6], Theorem 6.20]. Furthermore, it obeys to Hecke’s

functional equation

(2m)7°T(s) L(s, f) = (=1)*2@2n)"* 9D (k — ) L(k — s, f). (1.2.67)

Let us now consider two holomorphic cusp forms fi(7) and fo(7) with weights k1 and ks, respec-
tively, and the pairs of Dirichlet series ¢;(s) = (2rr) °L(s, f;) and ;(s) = (—1)%/2(2m)~5L(s, fi),
i =1, 2, associated with them. Since each ¢;(s) is entire, it follows from Corollary 1.2.1 that the

analogue of Epstein’s zeta function,

Zy(s; f1, f2) = (2m)7° > W = (2m)"Zs(s; f1, f2), Re(s) > max{ki, ko} +1,
m,n#0

(1.2.68)

is also entire and its analytic continuation can be established through the formulas

s—kq

(27)~T(s) Za (s fr, f2) =2(-1)F 3 ay, (m)ag,(n) <m> T Ky (dm/m)

m,n=1 n
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and
(2m)°L(s) Za (53 f1, f2) = 2(—1)%2 Z af (m)ag,(n) (7:) ’ Kjy—s (4my/mn) .
m,n=1

It also follows from Corollary 1.2.1 that (1.2.68) satisfies the functional equation

k1+ko

(2m)*T(s) Z2 (53 f1, fo) = (=) 7 2m)" "I (kg + ey = 5) Zo (k1 + k2 = 55 fu, fo)-
(1.2.69)
Due to the fact that ¢1(s) and ¢2(s) are entire, it is now very easy to write analogues of the
Ramanujan-Guinand or Koshliakov’s formulas. In particular, for the case k1 = ko = 12, ¢1(s) =

¢2(s) = ¢(s), we may consider the Dirichlet series associated to the Ramanujan 7—function,

)>7>

o(s) = (2m) " L(s, 1) i 5

which naturally is the Dirichlet series attached to the cusp form f(7) = n(7)?*, where n(7) denotes
Dedekind’s n—function (1.2.48). It follows from the previous analysis that the resulting diagonal
Epstein zeta function (1.2.68) will satisfy Hecke’s functional equation (1.2.69) with r := kj +ky = 24.

Also, a curious formula of Koshliakov type takes place, namely,

> 4
Z n) Ko (4nvnz) =z~ Zd ( Wf) x>0, (1.2.70)

where d;(n) denotes the divisor function associated with 7(n),

A different proof of (1.2.70) is given in [[22], p. 357, Example 2]. This result is obtained from a
generalization of Bochner’s modular relation (1.1.30) for Dirichlet series satisfying a functional
equation with a factor of the form A(s) = I'V(s).

In analogy to (1.2.20), one should expect a functional equation connecting (1.1.19) and the
multidimensional extrapolation of (1.2.25). In fact, it will be simple to show, via an inductive

argument, that the following corollary takes place.

Corollary 1.2.2 (The Analytic Continuation of the Multidimensional diagonal Epstein zeta
function). Assume that {¢i(s)};_; _ are Dirichlet series satisfying Hecke’s functional equation
(1.1.21) in the sense of definition 1.1.1, each of these having a residue at s = r; equal to p;. Then
the multidimensional Epstein zeta function (1.1.18) has an analytic continuation as a meromorphic

function having at most a simple pole located at s = S°K_

j=1T3, with residue given by

H?:l L(rj) p;

- (22?21 Tj) : (1.2.71)

R685=Zf:11”j Zk (85 A1y eeey Qs ALy ooy A) =
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Moreover, it satisfies the functional equation

[ () 2k (85 a1y eoey Qs ALy ooy Ag)
= F(T’l + . T — 8) Z (7"1 4+ ..+ 71 —8; b1, ., i p, ,,uk) . (1272)

Proof. Let us first introduce some notation: in analogy with (1.1.19), we start by writing

mk(sn), Re(s) > koy, (1.2.73)

Zy (87 b1, .oy b; K1y ey :uk) = Z 9
n=1

where Uy (n) plays the same role as i (n) in (1.1.20) and 0, = max;<;<x op,. Also, according to the
notation introduced in (1.1.19) and (1.2.73), we shall represent Z;_1 (s; a1, ..., ag—1; A1y ooy Ap—1)
and Z;_1(s; by, ..., bg—1; p1, -, tk—1) as the Dirichlet series

o
k—1(1
Zp1 (83 a1, ooy Q13 ALy oo Apm1) = D Si()’
n=1 n,k—l
o0
mk_l n
Z—1 (83 b1y ey bp—15 pi1, oony pp—1) = QS()’
n=1 n,k—l

where the index k — 1 here denotes the “dimension” of the Epstein zeta function Zj_1(s; -).

The proof of the corollary follows now by induction. For the inductive hypothesis, let us assume

that Z;_1 (s; a1, ..., ak—1; A1, ..., \p—1) satisfies the functional equation

F(S)Zk_l (8; A1y eeey Qf—1; )\1, ceey /\k—l)
=T(ri+..+75-1—8) 25 (r1 4+ oo +7k—1 — 8 b1, eey D15 f1y ooy 1) (1.2.74)

and its continuation to the entire complex plane has at most one simple pole located at s = Z;“;ll rj,
whose residue is

[1521 0 (r) pj
ReSS_Zk—lr_ Zk—l (S; Aly.eey Af—13 )\1, ceey )\k—l) = %
St r (Zj;1 rj)

When we combine this hypothesis with the fact that ¢g(s) satisfies (1.1.21), we can apply the first
Selberg-Chowla formula (1.2.1) and replace there ¢1(s) by Zx_1 (s; a1, ..., ag—1; A1, ..., Ag—1) and
¢2(s) by ¢r(s). Invoking the representation (1.2.73), we see that Z(s; a1, ..., ak; A1, ..., A\x) can be

written as

Zi(85 a1, ooy Qs ALy ooy M) = —05(0) Zi_1(85 a1, ...y @15 A1, ooy Aj—1)

kol — 7] — . — T
+ [[ ') p; L 1F(s) k1) (s =11 — . —Th_1)
j=1

S—=r]—...—Tp_1

2 - Qm k— 2
+ (s) > By_1(m) ax(n) (lel) Koyt —s (2 m) (1.2.75)

m,n=1
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Using a similar argument to the one given at the end of the proof of Theorem 1.2.1, one sees that
the double series appearing in the previous formula represents an entire function of s. Thus, the
only possible poles that Zi(s; ai, ..., ag; A1, ..., A\x) possesses must come from the sum of the first
two terms in (1.2.75). However, from the functional equation for ¢ (s) and the induction hypothesis
on Zi_1(s; -), it is clear that Zj(s; -) has removable singularities at s = r; +... +r_1 —n, ¥n € Np.
Thus, the only possible pole of Zj(s; -) remaining comes from the factor ¢ (s —r; — ... —7x_1) on
the second term of (1.2.75) and it is located at s = r; + ... + 1. The computation of its residue
gives immediately (1.2.71).

Finally, in order to prove the functional equation (1.2.72), it suffices to compare (1.2.75) with
the second Selberg-Chowla formula for Zi(s; ay, ..., ax; A1, ..., Ax) (analogous to (1.2.2)),

Zi(s; a1, ooy s Aty ey Ap) = = 252100501, ooy @13 A1y ooy A1) D1 (5)
pkr(T‘k)F(S — T‘k)

Zp 1 (8 =Tk a1y ey Qp—13 A1y ooy A1)

['(s)
S-’V‘k
2
—l— — Z b (m) Ly—1(n) (A'un:k1> Ky s (2\/Nm,kAn,k71) ;
m,n=1 n,k—

and use the induction hypothesis (1.2.74). By adapting the argument given in the proof of Corollary
1.2.1 and replacing there the roles of ¢;(s) and ¢a(s) by ¢x(s) and Zj_1(s; -), respectively, we
arrive at (1.2.72). O

Remark 1.2.3 (The dyadic Epstein zeta function). When combined with Theorem 1.2.1, the
previous result allows the construction of Selberg-Chowla formulas for a family of multidimensional
Epstein zeta functions.

Before moving to the next section, in this remark we will introduce a fairly symmetric class of
multidimensional Epstein zeta functions, which we shall call “dyadic Epstein zeta functions”, and
write useful representations for each one of its elements. These formulas will be very important for
the inductive argument presented in the proof of Theorem 1.3.1.

Let k > 0 and consider the case where ¢1(s) = ¢a(s) = ... = dar(s) := ¢(s), with ¢(s) satisfying
Hecke’s functional equation (1.1.9) with parameter r and abscissa of absolute convergence o,. One
of the 2¥*1 — 1 ways of constructing the Epstein zeta function Zori1(s; a; A) (1.1.23) is by taking

the symmetric pairing,

=4 U
Zok (85 a5 A) , Zoky1 (s; a5 N) = Z W, (1.2.76)
m=1 m, n#0 ( m n)

with each series converging absolutely for Re(s) > 2¥g,, 2F+!

Z0(s; a; A) = ¢(s)).

04, respectively (note the convention

From Corollary 1.2.2, each Z4(s; a; A) plays in (1.2.76) the same role as ¢1(s) and ¢2(s) play
in Theorem 1.2.1 and Corollary 1.2.1. By an application of (1.2.1), it is clear that we can write a
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Selberg-Chowla formula in the form
[(s) Zoe41 (85 a5 A) = =25k (05 a; X) T'(s) 25 (55 a3 A) + r2* (r) o ['(s — 2%r) 2, (s — 2% q; )\)

Ky (2V/2mhs) (1.2.77)

s _ok—1
5 2 T

123 Vye(m) () (ﬁ?:)

m,n=1

with the arithmetical functions sk (n) and Uy (n) appearing respectively in (1.1.19) and (1.2.73).
We know from (1.2.72) that the multidimensional Epstein zeta function Z,x (s; a; ) satisfies Hecke’s
functional equation (1.1.9) with parameter 2€r, and so its critical line must be Re(s) = 2¢~!r. Using
this information, we can give a convex estimate (of the form (1.1.27)) for the order of Z,x(s; a; A).
Indeed, for any 6 > 0 and 2Fr — 2%¢, — § < 0 < 2%0, + 6, we have that

Zow (0 +it; a; A) = O (\th%—m) |t = . (1.2.78)

Remark 1.2.4. By the equivalence between Bochner’s modular relation (1.1.30) and Hecke’s

functional equation (1.1.9), one sees that (1.2.72) is equivalent to the transformation formula

@k(z’ A1y o0y Ak )‘17 "'a)‘k) = TR 9[4:(2_1; b17 7bk7 M, Huk‘)
k k

+ H L(rj)pjz """ — H L(r;) pj, Re(z) >0, (1.2.79)
J=1 J=1

where O(z; ai, ..., ax; A1, ..., \p) denotes a further extension of the theta functions (1.1.28) and
(1.1.32),

00 k
Ok(z; a1y ey g A1y ey M) 1= Z ai(my) - ... - ag(my) exp {— Z)\mmz} , Re(z) > 0.
mi,...,mip7#0 i=1

1.3 The zeros of a general Class of Dirichlet series

It is immediate to check from the Selberg-Chowla formula (1.2.1) that Z5(s; a1, ag; A, \') has
trivial zeros located at the negative integers, this is, s = —n, n € N. It is also not difficult to show
that there exists some N € N such that, for every n > N, all trivial zeros of the form s = —n will
be simple. Moreover, in a completely analogous way to the results given in [[15], p. 367, Theorem
3] and [223], one can exhibit subclasses of the Epstein zeta function (1.2.31) (given that ¢ is a large
parameter) which do not obey to a generalized Riemann hypothesis, thus having a real zero on the

open interval (ry,71 4 r2), for ro < rq.

More can be said about the distribution of the nontrivial zeros of a given Dirichlet series ¢(s)
and the Epstein zeta functions attached to it: let (¢(s), 1¥(s)) be the pair of Dirichlet series (1.1.8)
satisfying Definition 1.1.1. Further, let ¢ and d be the least positive integers such that a(c) # 0 and
b(d) # 0. By using a method of Levinson and Montgomery [144], adapting the main steps given by
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Berndt in [[26], p. 246, Theorem 10]%, and invoking Littlewood’s lemma [146]%, one can show that,

if w = B + iy denotes a nontrivial zero of ¢(s), then, as T tends to infinity,

= (=8) = F (et (2)) owsmn s

[T

This asymptotic formula can be helpful in detecting the existence of nontrivial zeros of ¢(s) off
the critical line Re(s) = §, as well as to study how the distribution of these zeros behaves with
respect to this line. If we apply (1.3.1) to Za(s; a1, ag; A, X') and denote by w®) = 32 4 42 the

nontrivial zeros of this Dirichlet series, we obtain, under the assumption that A\, < A, and pq < pl,

(-2 (12 ()

ly@|<T
Note that this formula provides a very simple method to find Epstein zeta functions with infinitely

r1+7r9

05

P2

) + 0 (log(T)) . (1.3.2)

many zeros off their critical lines, since it is possible to pick Dirichlet series whose properties make

the logarithmic factor in (1.3.2) different from zero 1°.

Despite the fact that, in general, most particular cases of the Epstein zeta functions studied
above have infinitely many zeros off their critical lines, a large class of them will certainly admit

infinitely many zeros on the critical line, even under our general setting.

In the next theorem, we show that the presence of infinitely many zeros of ¢(s) at its critical
line Re(s) = 5 is, in a sense, influenced by the presence of infinitely many zeros of Zi(s; a; \) at
the critical line Re(s) = %, along with the asymptotic order of Zj(s; a; \).

As we shall see now, the Selberg-Chowla formula (1.2.77) resides at the core of the connection
between the truth of Hardy’s theorem for ¢(s) and for any one of the Epstein zeta functions
attached it. However, to make this connection precise, we need to reformulate the Selberg-Chowla
formula (1.2.77) in a way which incorporates a contour integral of ¢(s) along the line Re(s) = r/2.

The following lemma does precisely this.

Lemma 1.3.1. Let Z5:(s; a; \) be the dyadic Epstein zeta function defined by (1.2.76). Then the

following representation of Zoui1(s; a; N) at the critical line, Re(s) = 2*r, holds
(27 + 2it) Zyeir (27 + 205 03 \) = =225 (0; a3 A) D(2Fr + 2it) 2y (2¥7 + 2it; a; A)

1 [e.e]
4217 (1) 2 T(2it) Ze Qits s N+ o [ T (27 iy = 1) 2y (271 +ily - 0 5 )

x I (2k_1r +i(y + t)) Zok (Qk_lr +i(y +1); a; /\) dy.
(1.3.3)

8or by Lekkerkerker in [142].

%a detailed statement and proof of this result can be found in [[228], section 9.9, pps. 220, 221].

10Although the size of these asymmetric zeros is quite small when compared to the total number of zeros of
Z5(s; a1, az; A, \'), which is AT log(T) + O(T) as T — oo (see [[26], p. 246, eq. (2.2)]).
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Proof. Start with the Selberg-Chowla formula (1.2.77) and take s = 2¥r 4 2it, t € R (note that

these values of s lie on the critical line of Z5k11(s; a; A)). We obtain the following representation

L(28r 4 2it) Zoiia (2"’7“ + 2it; a; )\) = —Zoi (0; a; \) T(2%r + 2it) Zon (2 T+ 2it; a; )\)
e} Qm it

m,n=1

where the definitions of the arithmetical functions $yx(n) and Lyr(m) are given in (1.1.20) and
(1.2.73). To proceed further, we need to give an integral representation for the double series
appearing on the right-hand side of (1.3.4). Our idea is then to return to the formula (1.2.10) and

rewrite it in a more symmetric form

p+ioco
1 —
Kyfw) = 5 / gu2r (w ; ”) r (“’ 5 ”) ¥ dw, > |Re(v). (1.3.5)
H—100

Replacing v by 2it in (1.3.5) and letting ;1 > max {2k+10a, 2k gy, 2’““7"}, we can write 2 Hor,. (25 7+
2it; a; \) as

it bt Y W

m,n=1

p+ioco

1 w — 24t w — 2t w + 2it w + 2it

H—100

since this choice of p allows to interchange the double series and the Mellin integral, a valid step due
to absolute convergence (see the proof of Theorem 1.2.1). Let us now shift the line of integration
n (1.3.6) to Re(w) = 2¥r which, by the choice of y, is located on the left of the line Re(w) = pu.
Doing this requires once more to integrate along a positively oriented rectangular contour R ()
with vertices p & 4T and 2Fr 4+ ¢T, T > 0. The application of the Phragmén-Lindel6f principle
(1.2.78), as well as Stirling’s formula (1.1.25) shows that the integrals along the horizontal segments
of R(p) vanish when 7' — oo. By shifting the line of integration, we note that the integrand has
two simple poles on the interior of R(u), which are located at w = 2k+1y 4 2it. Denoting their

respective residues by Rok+1,.49;, we find that

Rort1, 9y =2 r2* (r) p*QkF(2kT + 2it) Zox (ri + 2it; a; A)
= —2 2, (0; a; \) T(2Fr + 2it) Zo (2’%« 1 2it; a; )\) : (1.3.7)

where we have used the functional equation for Z,x(s; a; ) (see Corollary 1.2.2), and

Rop1,_gy = 212" (1) p2° T(2it) Zox (2it; a; ) . (1.3.8)
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Using Cauchy’s residue theorem and adding (1.3.7) and (1.3.8) to (1.3.4), we obtain the formula

D27 + 2it) Zyerr (267 +2it; a; A) = =225 (0; a3 A) T(2"r + 2it) Zp0 (287 + 2it; a5 ))

e 2it 2it
1212 (r) ka ['(2it) Zor (2it; a; N) + — / r <w ! > Zok (w ! ; b; >\>
47 2 2
2kr—joo
2it 2it
><F<w+z>22k<w+z;a;)\>dw,
2 2
which finally yields (1.3.3), once we write w = 2¥r + 2iy on the contour integral. O

Remark 1.3.1. When &k = 0, the previous lemma gives an integral representation of Zs(s; a; A) in
terms of ¢(s), the unique Dirichlet series in its decomposition (due to the convention Zyo(s; a; \) :=
¢(s)). If, however, we have two distinct Dirichlet series ¢1(s) and ¢a(s), then, due to the functional
equation (1.2.20), the critical line for Z5(s; a1, ag; A, X') will be Re(s) = ™42, In this case, the
modification of (1.3.3) for k£ = 0 reads

r1+ 71

Rz, (m ;m + 2it; ay, as; A, /\’> = —2(0) Ry, ( 5 + 2it) — $1(0) Ry, (7“1 —2H’2 i 2it)

LoiT(r) R, (

(57 430
(G (G0 o)

where, for any Dirichlet series ¢(s), R,(s) := I'(s) p(s) denotes its completed version (see the

L 4 2it) + paT(re R¢1< _ +2¢t> (1.3.9)

Notation Remarks B above).

With the extremely useful representation provided by Lemma 1.3.1, we can now prove the

following theorem.

Theorem 1.3.1. Let ¢(s) be a Dirichlet series satisfying Hecke’s functional equation (1.1.9) in the
sense of Definition 1.1.1. Suppose also that @(n) = b(n) and \, = pn,. Moreover, assume that its
abscissa of absolute convergence, o,, satisfies o, < min{l,r} + % max{1,r}.

Additionally, if one of the following conditions holds:

1. For some k > 0, the diagonal Epstein zeta function Zori1(s; a; N), (1.2.76), has infinitely

many zeros on the critical line Re(s) = 2Fr.

2. For some k > 0, the diagonal Epstein zeta function Zox11(s; a; X) obeys to a subconvexity

estimate of the form

Zyr (27 it a; 0) = o (|H277), [t > oo (1.3.10)

Then ¢(s) has infinitely many zeros on the critical line Re(s) = 5.
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Proof. We start by writing the integral representation (1.3.3) with k£ = 0,
D(r + 2it) 25 (r + 2it; a; \) = —26(0) T(r + 2it) ¢ (r + 2it) + 2T (r) pT'(2it) ¢ (2it)

oo
1 T T T T
— I'({=+iy—t —+iy—t) ) T =+ t —+1 t) ) dy. 1.3.11
tor [T(G+itv-0)e(5+iw-0) T (F+iv+n)o(5+iw+0)d (311

The idea of the forthcoming proof is to estimate both sides of the previous equality when |t| — oc.
We shall give an estimate for the right-hand side of (1.3.11) assuming that ¢(s) does not possess
infinitely many zeros on the line Re(s) = &, which, after some natural steps, will eventually
contradict one of the assumptions of our theorem.

By the hypotheses b(n) = @(n) and X\, = p,, we first claim that the integrand on the right-hand
side of (1.3.11) must be a real function of y € R. Indeed, under these assumptions, let us first

observe that

Wb(s) = n; b;(;:) = n; “;g) = n; “ig), Re(s) > 04 = 0p- (1.3.12)

Therefore, by analytic continuation, we have ¥ (s) = ¢(3) for all s € C. Also, by Hecke’s functional
equation (1.1.9), we have

(oo o) 55 o5
:F(g+it)¢<;+it>,

which implies that the function I'(s) ¢(s) is real-valued on the critical line Re(s) = §. The same

reasoning evidently applies to I'(s) ¢(s) and, as a consequence, to the function inside the integral
in (1.3.11).

For convenience, from this point on we shall write I'(s) ¢(s) as Rg(s) and I'(s) 1(s) as Ry(s).
Supposing that ¢ (s) has finitely many zeros on the line Re(s) = %, there exists some Ty > 0 such
that, if |y — t| > Ty and |y + t| > Tp, the integrand in (1.3.11) has a constant sign. Hence, the
following equality holds

t—To

/ Ry (g—l—i(y—t)) Ry (g+i(y+t)> dy
t+To
t—To

- / ’Rd, (; iy — t)) Ry (; iy +t))‘ dy. (1.3.13)

—t+Tp

The idea now is to see that the right-hand side of (1.3.13) will provide a lower bound for the integral

on the right-hand side of (1.3.11) which, in its turn, will contradict items 1 and 2 of our statement.
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If we take a partition of the integral in (1.3.11) of the form

00 —t+To t—To
t_éo [O _t!TO R¢( +ily —’f)> Rqs( +Z(y+t)> dy, (1.3.14)

we see that, in the third integral, we can apply the contradiction hypothesis (1.3.13). Let us denote
each integral in the previous partition by A;(t), i = 1,2,3. We first check that, for any > 0, the

first two integrals have the asymptotic behavior
Av(t), As(t) = O (Jt|7=3 0 e} | [t = oo, (1.3.15)

with the above constant only depending on §. The estimate (1.3.15) comes directly from Stirling’s
formula and a simple application of the Phragmén-Lindel6f principle (1.1.27) for ¢(s) and ¥(s). It
suffices to verify (1.3.15) only for A;(¢), as A;(t) = As2(t). From the fact that ¢(s) and ¥(s) have
the same abscissa of absolute convergence, o, (because @(n) = b(n) and A\, = p, by hypothesis),
Ry(s) and Ry(s) satisfy the estimate

R¢( —Ht) R¢< +zt> O (Jt|7e=3 051 | |t - oo, (1.3.16)

which can be used inside the integral for A;(¢), after noticing that

[ o () m (i) a0 /\Rw( o)

1 s
’u + 2t|aa—§+5€—§|u+2t| du

—To
= (\t\c’”_EM e M), (1.3.17)
while, analogously,
o0 oo
/R¢ (; + zu) Ry (; +ilu+ 2t)> du = O | |t[27+20 =t / (u? + u)7a 2 ¢ 2mut gy
T To/2t
= O (=20 e (1.3.18)

proving (1.3.15). We will now find a lower bound for the third integral, A3(¢). To do this we need
to invoke Stirling’s formula once more, because we are under the assumption that Ty is a large
parameter and, in the range of integration of As(t), |y —t| > Tp and |y +t| > Tp. Let ¢ be the least
positive integer such that a(c) # 0: invoking (1.1.25) on the right-hand side of (1.3.13), we deduce
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the inequality

t—To
o T
/ ‘Rw (2+z(y—t)> Ry <2+z(y+t)>’ dy
—t+TyH
t—To
—x [ g (i) R (5 i+ 0)|dy
—t+Tp
L 4i(t—Ty) N
> 27 A el / 22 <t2 n (Z - ;) ) ¥(z—it) o(z +it)dz {1+ 0 (|t})}].
5—i(t=To)

(1.3.19)

Applying Cauchy’s theorem to the positively oriented rectangular contour with vertices 5 i (¢t —Tp)
and o, + 1 £ (t — Tp), we see that the contour integral on the right-hand side of (1.3.19) can be

written as

Ta+1—i(t—Tp) ocat+1+i(t—Tp) £4i(t—To) r—1

/ + / + / 22 (tz n (z - ;)2> W — it) oz + it) d=.

L—i(t-To)  oatl—i(t—To) oq+1+i(t—T0)

(1.3.20)
The first and third integrals (along the horizontal segments) in the above partition can be easily
evaluated with the aid of (1.1.27). Note that, in the first of these integrals, the factor ¢(z + it) does
not depend on ¢, since Tj is some fixed parameter. Hence, we apply (1.1.27) solely to ¢ (z — it).
By symmetry, the same happens on the third integral of (1.3.20), with the roles of ¢(z + it) and
(2 — it) being reversed. Denoting each integral on (1.3.20) by As;(t), j = 1,2, 3, we find that, for
any 0 > 0,
Agi(t), Aga(t) = O (Jt7er27147). (1.3.21)

To estimate the integral in the middle, As2(t), we can use the Dirichlet series representation of
the product ¢ (z —it) ¢(z + it), which involves the generalized divisor function o2 (v;; @, a; A, \)

(recall (1.2.15) above). We arrive at the equality

oa+1+i(t—To) r—1 Cat1—L+i(t—Tp)
r 2 2 %1
A2 <t2 + <z - 2) ) W(z —it) p(z + it) dz = |a(c)|? / (2+22) 7 dz

oa+1—i(t—Tp) oat1—L—i(t—Tp)

r Gatl—5+i(t—Tp)

+ i a(m) a(n) (i:)n <A2§n> ’ / <t2 + 22) £l <)\:§n>z dz

n=c+1 oa+1—5—i(t—Tp)

= 2ila(e) P [t]" + O (1t), (1.3.22)
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where the error term comes from an integration by parts'!. Since o, < min{1,r} + %max{l, r} by

hypothesis, (1.3.19) gives

t—To
[ | (G+iw=0) R (5 i) ay
—t+TyH
> 27r/\c_re_”|t‘

22"(1(0”2 |t|7“ + O(|t|r—1) +0 (|t|aa+§_1+5)’
=47 ’CL(C)P)\C_T ‘t‘re—ﬂ'ltl +0 (‘t‘r—l e—w\t|) ) <’t"’a+§—1 e_”m) . (1.3.23)

It is well-known that the second O term in (1.3.23) always bounds the first one, as o, > 5 + % [[54],
p. 111]. From the contradiction hypothesis (1.3.13), we see that (1.3.23) yields the lower bound

|As(t)] = 4 |a()PAS7 [t e ™1 + 0 (|t|"“+%*1 e*ﬂlt\) ot > To. (1.3.24)

Returning to the Selberg-Chowla formula (1.3.11), the lower bound (1.3.24), the contradiction
hypothesis (1.3.13) and the definition of the integrals A;(¢), we realize that all the information that

we have collected leads to the inequality

‘F (r +it) Zo(r +it; a; \) — 26(0) T(r + 2it) ¢ (r + 2it)
1 1 r
+20(r) pT(2it) ¢ (2it) — 5 - Au(t) — Q—Ag(t)\ > 2a(c)PAI |t e ™ + O (|t|”a+§—1 e—ﬂtl) :
™ m
(1.3.25)
Finally, in order to contradict one of the hypotheses 1 or 2 for £ = 0, we just need to estimate the
remaining terms appearing on the left-hand side of (1.3.25). We have already seen that .4;(¢) and

Ay (t) satisfy (1.3.15), so we just need to deal with the remaining two. The desired estimate easily
follows from (1.1.25) and (1.1.26), giving

21(r) pT(2it) ¢ (2it) — 26(0) T(r + 2it) ¢ (r + 2it) = O (|t~ 2+7 =) | |t] - 00, (1.3.26)

Using (1.3.25) and the hypothesis that o, < r + %, we obtain the lower bound for the Epstein zeta

function,

D+ 2it) 2o (r+2it; a5 N)| = 2[a()2A;7 [t e+ O (7ot 51 =)
+O (Jtfremato e, (1.3.27)

which is valid for all ¢ such that [¢t| > Tp. Using Stirling’s formula and enlarging Ty if needed,
(1.3.27) immediately implies that

125 (r + 2it; a3 \) | > Blt]2, |t > T, (1.3.28)

1 Although we have used the explicit representation of a Dirichlet series which is dependent on t, (2 — it) ¢(z + it),
the constant obtained from the application of Cauchy’s theorem above only depends on a(c) and A.. Therefore, the
lower bound obtained in (1.3.22) is exactly the same as the one that one gets when the Dirichlet series ¢(z —it) ¢(z +it)
is replaced by any other, say ¢(z), not depending on ¢.
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for some B > 0. It is now clear that Z5(s; a; A) cannot have infinitely many zeros on the critical
line Re(s) = r since, by (1.3.28), its absolute value is always greater than a positive function
whenever [Im(s)| > 27p. This also contradicts (1.3.10) for k = 0.

To prove the theorem for a general £ € N, we shall use Lemma 1.3.1 and prove by induction
that (1.3.28) implies the negation of (1.3.10). The following claim contains the necessary assertion
to finish our proof.

Claim 1.3.1. Suppose that, for some Ty > 0, the 28 —th (dyadic) Epstein zeta function (1.2.76)
satisfies the following lower bound on its critical line,

ok

=, |t|>T, B>0. (1.3.29)

| Zox (28" Y +it; a; N)| > Bt

Then Zok+1(s; a; N) satisfies a similar bound of the form

2kt1l_y

| Zorr1 (287 +it; a; \)| > B'|t| =2, |t| > 2T, B’ >0. (1.3.30)

Proof of Claim 1.3.1. The idea is to mimic the argument previously outlined. Use (1.3.3) and
estimate the residual terms as in (1.3.26). From (1.2.78) and Stirling’s formula, we see that these
are bounded as < |t|2k”°‘_%+5 e~ ™. To estimate the integral appearing in (1.3.3), we take once
more a partition similar to that of (1.3.14). As before, if we denote each integral on the partition
by Al(»k) (t), i =1, 2, 3, we can mimic the proof of (1.3.15) to obtain Agk) (1) <5 |t|2k da—5+3 o=mlt|
i = 1, 2. To deal with the third integral, .Agk) (t), we proceed as in (1.3.13): by the inductive
hypothesis (1.3.29), we know that Zox(s; a; \) has constant sign on the line Re(s) = 2¥~'r when
|Im(s)| > T} and so, employing directly (1.3.29) on the third integral Agk) (t) we obtain,

t—T;
‘Ag’“)(t)‘ - /k ‘F (2k_1r+i(y —~ t)) Zoi (2’“_17“ +i(y —t); b; /\>
4T

x T <2k_1r +i(y+ t)) Zok <2k_lr +i(y +1); a; )\)‘ dy
=Ty, -
> B€—7r|t| / (t2 _ y2>2k Hr+1)-1 dy| = D |t|2k(r+1)—1 e—7r|t\ +0 (|t|2k(r+1)—2 e—7r|t\)
4Ty,

for all |t| > T} and some D > 0. Therefore, recalling once more (1.3.3) and the steps leading to

(1.3.27), one sees that there exists some positive constant for some positive constant D’ such that
D27 + 2it) Zpesr (257 + 2it; a; A)| > D #2011 > 73, (1.3.31)
giving (1.3.30). O

O

Remark 1.3.2. Let Zj(s; a; \) denote the k" —dimensional Epstein zeta function (1.1.23). Al-
though it was easier to write the previous proof in terms of the dyadic Epstein zeta functions

(1.2.76), note that the integral representation (1.3.3) can be given for any pair of Epstein zeta



1.3 The zeros of a general Class of Dirichlet series 45

functions Z,,, (s; a; \) and Z,,,(s; a; A\) such that m; + mg = k. For example, when m; = 1
and mo = k — 1, a suitable integral representation for Zi(s; a; \) at the critical line Re(s) = %
holds, resulting from applying (1.3.9) with ¢1(s) = ¢(s) and ¢2(s) = Zx_1(s; a; A). This integral

representation assumes the following form

k k k
Rz, (; + 2it; a: A) =2, 1(0; a3 \) Ry <2T n 2¢t> — $(0) Rz, _, (; + 2it>

k—2 k—2
+p11(r1) Rz, | ((2)7“ + 2it; a; )\) + p2T'(rg) Ry (—(2)7‘ + 2it>

00
+% / Ry, <; +i(y — t)> Rz, _, <(k—21)7" +i(y +t); a; )\) dy.
~o0
By using inductively an analogue of the hypothesis (1.3.29), we can replace the statement of Claim
1.3.1 (involving the powers of 2) by a statement involving the index k. Furthermore, the conditions
1 and 2 of our Theorem 1.3.1 can be rewritten by using Zj(s; a; ) instead of Z4x(s; a; A). Indeed,
if at least one of the multidimensional Epstein zeta functions Z(s; a; A) possesses infinitely many
zeros on its critical line Re(s) = %, then the same will happen to ¢(s). In a similar way, if the order
of Zy(kr/2 4 it; a; \) satisfies o (\t\%} |t| — oo, the same conclusion can be derived. Similar
comments can be made about the lower bounds that we shall obtain below in (1.3.55). This simple

remark will be helpful in order to explain some steps in Example 1.3.3 below.

Remark 1.3.3. Note that the condition o, < 1+ § was essential to move the line of integration on
the integral A3(t) from the critical line Re(s) = § to Re(s) = o4 + 1 (recall (1.3.20) and (1.3.21)).
This condition was important to prove that the O-term in (1.3.20) (an asymptotic estimate of
the horizontal integrals) was actually bounded by [¢|", thus allowing to establish the lower bound
(1.3.24). If, however, we disregard such generality and assume that the generalized Dirichlet series
¢(s) is a Titchmarsh series [[175], Chapter 2, p. 39], then a theorem of Ramachandra (see [[11], p.
570, Theorem 3|, [[120], p. 23, Theorem 2.4] or Lemma 1.3.2 below) would still allow us to have
a lower bound of the form (1.3.28). Examples of “Titchmarsh series” include the class of Hecke
Dirichlet series with signature (A, r, ), and so the condition o, < 1+ § in the statement of the
previous theorem can be removed for this class. In any case, the imposition o, < r + % needs to be
kept, as it assures that |t|" exceeds the estimates of the integrals A;(t) and A2(t) (1.3.15), as well
as the estimates for the residual terms (1.3.26). For an interesting application of Ramachandra’s
result, see [160]. In this reference, Ramachandra’s theorem is combined with the Potter-Titchmarsh
method [170] in order to establish Hardy’s theorem for certain Dirichlet series in the Selberg class.

We will also employ Ramachandra’s result in Example 1.3.3 below.

Remark 1.3.4. Condition (1.3.10) on Theorem 1.3.1 was, in a sense, invoked by Deuring [[61],
p. 592] to prove the infinitude of zeros of ((s) on Re(s) = 3. This argument reduces the proof of
Hardy’s theorem for ((s) to establishing the order of magnitude of a Dirichlet series (in this case,
C2(s)) on its critical line. Although this may be extraordinarily difficult to study for general Dirichlet
series, note that, in order to apply our method, we do not need explicitly (1.3.10). What is actually
required is to verify that at least one lower bound of the form (1.3.30) cannot hold, i.e., to find

one dimension k for which the absolute value of the Epstein zeta function, |2y (28~1r + it; a; )|,
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“oscillates” along a curve of the form C[t|%, 0 < a < 2F1 — % This is why the first condition on
the statement of Theorem 1.3.1 may add simplicity to it, since the aforementioned behavior of
Zo(s; a; \) can be established independently.!?

The previous result has several corollaries which are slight generalizations of the results given in
[26, 27, 113, 142]. Like Hardy’s original proof, these results concern the behavior of the generalized
0—functions attached to ¢(s) and to Z;(s; a; A). The following corollary appears to be new.

Corollary 1.3.1. Let ¢(s) be a Dirichlet series satisfying Hecke’s functional equation (1.1.9) in
the sense of Definition 1.1.1. Suppose also that a(n) = b(n) and A\, = p,. Moreover, assume that
its abscissa of absolute convergence, o,, satisfies o, < min{l,r} + % max{1l,r} and let O(z; a; \)
denote its generalized 0— function (1.1.28). If

C] (ei(g_e); a; /\) =0 (e*%) , e— 0T, (1.3.32)
then ¢(s) has infinitely many zeros on the critical line Re(s) = 5.

Proof. Assume that ¢(s) only has finitely many zeros on the critical line Re(s) = 5. It follows
from the proof of Theorem 1.3.1 that, at the line Re(s) = r, the Epstein zeta function Z5(s; a; \)
satisfies the inequality (see eq. (1.3.27) above)

[T (r +2it) 25 (r+2it; a5 \) | = 2|a(e) PA;" [t e ™40 ([t t2 =1 =) .0 (Jt7e 210 e,
(1.3.33)
whenever [t| > Ty. For Re(z) > 0 and p > 20y, it follows from (1.1.31) and (1.1.32) that ©2(z; a; \)

admits the representation via the contour integrals

p+ioco
1
Oa(z; a; A) = 3 / I'(s) Za(s; a; N\) 2z~ °ds
HU—100

1 1
= — /F(s) Zo(s; a; N\) 2z %ds + 5 /F(s) Zo(s; a; \) 2z~ %ds, (1.3.34)
™
C1 Ca

2w
where C and Csy are the paths given by
C1 = (r —ioco, r — 2iTy) U (r + 2Ty, v + i00)

and
Cy = (r — 2Ty, pu— 2iTo) U (1 — 2iTp, p+ 20Tp) U (u + 2iTo, v + 2iTp) .

12For example, a direct application of the o-condition (1.3.10) in the case ¢(s) = 7~ *C2(s) does not lead to anywhere.
This is because the general Epstein zeta function constructed from this Dirichlet series is Z2(s) = 77 ° (4(s). From
Jacobi’s four-square theorem, (4(s) = 8 (1 — 2272%)((s) ¢(s — 1). Furthermore, since ¢(1 4+ it) = Q(1), we have that
Z5(14it) = Q(|t\%)7 which is the negation of (1.3.10). However, as stated in Remark 1.3.4, there is no need to invoke
the condition (1.3.10) to reach a conclusion here, because (4(s) has already infinitely many zeros at its critical line
Re(s) = 1, being of the form 1+ %I@ k € N (see Examples 1.3.1 and 1.3.3 below for more details). This means
that Z2(1 + it) has infinitely many zeros, thus satisfying hypothesis 1 of Theorem 1.3.1.
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If we now take z = exp {i (§ —¢€)} in (1.3.34), we see that

O9 (e"(%*); a; )\) = L /F(s) Zo(s; a; ) e (5955 + o(1). (1.3.35)

The functional equation for Zs(s; a; A), (1.2.20), and the assumption that b(n) = @(n) ensure that
I'(s) Z2(s; a; A) is a real-valued function on the line Re(s) = r (see the beginning of the proof
of Theorem 1.3.1). From this observation, together with (1.3.35) and (1.3.33), we see that the
inequality,

‘@2 (ei(%*); a; )\)’ = — / T (r +iy) Zo(r +iy; a; N)| e57%dy + 0(1)

2T
ly|>2T0

la(e))22A)" T . . T mapin
>—/yeydy—i—0 /y“ 2 e Ydy

- s

2T0 2TO
2 —r
_ a@P@A) T D) iy, (Ea“‘é”) , (1.3.36)

™

must be valid for any € > 0. However, if we recall the definition of O2(z; a; A) (1.1.32),

O2 (z; a; \) = Z a(m) a(n) e P2 = 24(0) O(2; a; A) + O%(z; a; \), (1.3.37)
m,n#0

we find that (1.3.32) implies O (ei(%%); a; )\) = o(e " ') as e — 0". This last assertion
contradicts (1.3.36) and finishes our proof. O

Remark 1.3.5. Note that, when restricted to the class of Dirichlet series satisfying Definition
1.1.1, the previous corollary extends a result of Berndt [[27], p. 679, Theorem 1]. Furthermore,

under the constraints of the previous corollary, (1.3.32) improves the assumption

0 (59 4 \) =0(c ), 0<p< 7”‘2“, (1.3.38)

which was taken by Hecke in order to establish Hardy’s Theorem to certain Dirichlet series (see
[[113], p. 74, Satz 1]).

Corollary 1.3.2. Let ¢(s) be a Dirichlet series satisfying Hecke’s functional equation (1.1.9)

in the sense of Definition 1.1.1 with 0 < r < 1 and also satisfying the conditions of Corollary

1.3.1. Instead of (1.8.32), assume that a(n) is such that arg{a(n)}, .y = constant. Then ¢(s) has
T

infinitely many zeros on the critical line Re(s) = 5.

Moreover, if r =1 and a(n) satisfies the condition

la(c)] > v2mAc|pl, (1.3.39)

where p denotes the residue of ¢ at s =r =1 and c represents the least positive integer for which

a(c) # 0. Then ¢(s) has infinitely many zeros on the critical line Re(s) = 5.
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Proof. Assume first that 0 < r < 1 and that ¢(s) does not have infinitely many zeros on the critical
line Re(s) = 5. Then an application of (1.3.36) gives

et ‘@2 (ei(g%); a; )\)’ >C, (1.3.40)

for some positive constant C. On the other hand, using Bochner’s “modular” relation for ©y(z; a; A)
(1.2.27), as well as the hypothesis b(n) = @(n), we may write the transformation formula
o

G2 (25 a; A) =272 Y a(m)a(n) e TAI/E L T2(r) p22 72 4 25(0, @, A), Re(z) > 0. (1.3.41)

m,n=1

Using the fact that arg, cny{a(n)} is constant, the previous relation gives

‘@2 (ei(g—e); a: )\)‘ < Z ’a(m) a(n) e*(Am+)\n)Sin(€) _ Z a(m) a(n) e*()\er/\n)sin(e)
m,n#0 m,n#0
= [sin"*(e) > a(m)a(n) e~ QmHtAn)/sin(0) L P21y p25in=2"(€) + 25(0, a, )
m,n=1
=T2%(r) |p|? sin=%"(¢) + O(1). (1.3.42)

Since, by hypothesis, (1.3.40) holds, then we must have

_

0<C <Oy (37 a5 \)| = T T2(r) | sin =2 () + O ) (1.3.43)

for any € > 0. However, since 0 < r < 1, we see that the right-hand side of (1.3.43) tends to zero as
e — 0T, contradicting (1.3.40). This concludes the proof for the first case.

Assume now that r = 1: from (1.3.36) with » = 1, we know that the constant C' given above
can be explicitly written as C' = |a(c)|?/27 )¢, and so (1.3.43) contradicts (1.3.39). O

Remark 1.3.6. By a theorem of Fekete [87], which in its turn extends a classical theorem of
Landau on Dirichlet series [[5], p. 237, Theorem 11.13], the condition that arg,y {a(n)} is constant
implies that ¢(s) cannot be entire (cf. [[54], p. 111, remark A.2.]). Moreover, under the conditions
of Definition 1.1.1, the previous corollary is only valid for o0, = r. In any case, it is not strictly
necessary for arg, -y {a(n)} to be a constant if we wish to arrive at the conclusion of Corollary 1.3.2.
In fact, it suffices to suppose that |a(n)| < ¢(n) Vn € N, with ¢(n) being such that the Dirichlet
series p(s) = > ¢(n) A, ® satisfies Hecke’s functional equation with r < 1, as well as the conditions of
Theorem 1.3.1. For example, Dirichlet L-functions attached to even primitive Dirichlet characters
satisfy this condition. On the other hand, Dirichlet L—functions attached to odd primitive Dirichlet

characters have their #—function automatically satisfying (1.3.32).

Under our general setting, it seems very difficult to ensure the subconvexity estimates (1.3.10)
for the Epstein zeta functions Zyx(s; a; A) on their critical lines, as most of the information in this
regard comes exclusively from the Phragmén-Lindeldf principle (1.2.78). However, in our next result

we impose an additional condition which will help establishing a generalization of Hardy’s theorem
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by the way of contradicting (1.3.29) for large values of k. We remark that the next corollary was
already proved by Berndt [26] under a different setting. Since our proof is drastically different from
his and it has the advantage of avoiding the evaluation of certain exponential integrals, typically

13

present in several proofs of Hardy’s theorem, > we offer our alternative short proof.

Corollary 1.3.3. Let ¢(s) be a Dirichlet series satisfying Hecke’s functional equation (1.1.9) in
the sense of Definition 1.1.1. Suppose also that a(n) = b(n) and A, = p,. Moreover, assume that

its abscissa of absolute convergence, 0., satisfies

r+1
5

Oq <

(1.3.44)

Then ¢(s) has infinitely many zeros on the critical line Re(s) = 5.
Proof. By the Phragmén-Lindel6f principle applied to the Dirichlet series Zyx+1(s; a; A), we have,
for any § > 0,

Zyn (27 4 20t; a3 A) = O ([ 240) e oo, (1.3.45)

However, if ¢(s) only possesses a finite number of zeros on the line Re(s) = 5, we can be sure that
there is some T > 0 such that, for every k& € Ny (see Claim 1.3.1),

Skl _

| Zyes1 (28 + 2it; a3 \)| > Byt ™=, |t| > T =28 To, (1.3.46)

for some By, > 0 depending on k. If we compare (1.3.45) with (1.3.46) and let |¢| tend to infinity,

we deduce that the inequality o, > 7“5—1 — 2k1+2 — ¢’ must hold for every k € Ny and any & > 0.

This, however, contradicts (1.3.44) and our corollary follows. O

As an application of the method described in Theorem 1.3.1, we now give a quantitative result
regarding the distribution of the zeros of ¢(s) on the critical line. This means that, for a sufficiently
large T', we find H = H(T') such that the interval [T, T'+ H| contains the ordinate of a zero of ¢(s)
located at Re(s) = 5. To the best of our knowledge, this seems to be the first quantitative result

concerning the critical zeros of a general Dirichlet series.

Corollary 1.3.4. Let ¢(s) be a Dirichlet series satisfying Hecke’s functional equation (1.1.9) in
the sense of Definition 1.1.1. Suppose also that a(n) = b(n) and A, = p,. Moreover, assume that

its abscissa of absolute convergence, o, satisfies

r+1
5

Oq <

(1.3.47)
Then, for any fized € > 0, there exists a positive number Ty(€) such that, for all T > Ty(€), there is
a zero s = 5 + 17 of ¢(s) with

1—

7t (1.3.48)

T =T <T7*

Bsee, for instance, [65, 139, 160, 170]. In these papers, explicit estimates of exponential integrals are used to
deduce analogues of Hardy’s result.
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Proof. The proof is quite similar to the proof of Theorem 1.3.1, so we shall only indicate the main
steps. Instead of taking a fixed parameter Ty as in the proof of Theorem 1.3.1, we will take a
sufficiently large 7', which now has the same order as the free parameter ¢ in the argument of
Theorem 1.3.1.

If one assumes that ¢(5+14y) does not possess a zero whenever y € [T, T+ H], then the integrand
on (1.3.11) does not possess a zero when y € [t — T — H, t —T]. If welet T+ & <t < T+ & say
t=T+nH, i <n< %, and take a partition of the integral exactly as in (1.3.14), we will now be
able to write the integral in (1.3.11) as

nZ+ZH+ZII Ry (; +i(y - t)> Ry (; +i(y+ t)> dy, (1.3.49)

where, as we have noted, % <n< % Estimates of the first two integrals will be similar to the ones
already given in (1.3.15), and both will be of the form < Toa=3+6 e ™ as t and T now have the
same order. By the contradiction hypothesis, we are allowed to take the modulus inside the third
integral as in (1.3.13) and then, just as we have done in the steps (1.3.19), (1.3.20) and (1.3.22), we
can invoke Stirling’s formula and Cauchy’s theorem to arrive at a lower bound. Since ¢ is of the

same order as T, we can write the third integral appearing in the partition (1.3.49) as

I inH
As(t) > T e / (2 — it) b (= + it)| d= (1.3.50)
T inH
Cat1tinH
> 771 el / (= — it) ¢(z + it) dz + O (T277+7) (1.3.51)
ot 1—inH
s =1 ol {H L0 (T2orr+5>} : (1.3.52)

so that H(T') needs to be chosen in order to be greater than the estimates of the integrals along
the horizontal segments, which are <5 72779 An immediate adaptation of the steps leading to
(1.3.27) will give a lower bound for Z5(r + 2it; a; \) of the form

|25 (r+2it; 03 \) | > T72H 4 O (T2777240) 4. O (T77") > B'T73 H, (1.3.53)
for some positive B’ and T + % <t<T+ % In particular, this shows that

H
12y (r +it; a3 )| > B'T~3 H, 2T + - <t<2T+H. (1.3.54)

An inductive reasoning similar to the one given in Claim 1.3.1 will also yield, for every k € Ng,

ok+1l_g

‘Z%H (ri +it; a; )\)‘ >CrT™ 2 H2k+1—1, okt | 2k+l 1

9k+1

H <t <2M'T 1 H, (1.3.55)
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where Cy > 0. If our Dirichlet series is such that (1.3.47) holds, then the choice H(T') = Toet gt e
satisfies all the requirements of the above reasoning. In fact, under the hypothesis (1.3.47), the
inequality (1.3.55) contradicts, for large values of k, the convex estimate (1.2.78) obtained for

Zok+1(s; a; A). This completes the proof. O

Remark 1.3.7. Like in Remark 1.3.2, we note that it is possible to rewrite the previous proof in
terms of any multidimensional Epstein zeta function, Zx(s; a; A), and not just for dyadic ones. For
example, assuming that ¢(s) has no zeros in the interval [T, T'+ H|, one may find that, analogously
to (1.3.55),

k
’Zk+1 (

for some sequence (o)pcn-

1
r+ 2it; a; )\)‘ SDyT 2 HY, (k+ DT +asH <t<(k+1)T+H, (1.3.56)

Remark 1.3.8. Although (1.3.48) is valid under the general conditions of the previous corollary,
it may be seen from our next example and Example 1.3.3 that direct adaptations of the method
developed in Theorem 1.3.1 yield better estimates for H(7"). This happens when we have enough
information regarding the Epstein zeta functions attached to ¢(s), besides only knowing that they
obey to (1.2.78). Once we have such information, the condition (1.3.47) used in Corollary 1.3.3 may
be discarded, since we can find a lower bound for A3(7") in (1.3.50) by invoking Ramachandra’s

theorem (see Lemma 1.3.2 below).

Example 1.3.1 (Hardy’s theorem and the four-square theorem). Based upon Theorem 1.3.1, this
example gives a new proof of Hardy’s theorem for ((s), which is curious as its conclusion is derived
from presumably independent properties of the arithmetical function r4(n). Let us invoke Theorem
1.3.1 to ¢(s) = 27 *((2s), which satisfies Hecke’s functional equation with r = 4. If ¢(s) does not
have infinitely many zeros on the critical line Re(s) = %, then, according to the argument given in
Theorem 1.3.1, all of its dyadic Epstein zeta functions (1.2.76) will only have finitely many zeros
on their critical lines. Consider, for instance, Z4(s): it comes immediately from the definition of
multidimensional Epstein zeta functions (1.1.18) that, for Re(s) > 2,

> 1

Zy(s)=167"° >

mi,...,ma7#0

nS

— a5 i T4(n) _ 7['73C4(8).
n=1

(m3 +m3 +m3 +mj3)°

Hence, according with our assumption, (4(s) cannot have infinitely many zeros at its critical line
Re(s) = 1. On the other hand, by the celebrated Jacobi’s four-square theorem, (4(s) can be
described by

Cals) =8 (1= 2272) () (s — 1). (1.3.57)
Note that the right-hand side of (1.3.57) has infinitely many zeros on the line Re(s) = 1, all of
them being of the form 1 & ﬁ k, k € N. This means that Z4(s) has infinitely many zeros on its

critical line Re(s) = 1 and a contradiction is derived, proving Hardy’s theorem in its classical form.
This observation can also be used to improve the quantitative result given in Corollary 1.3.4.

As it is clear from the proof, the condition H(T') = Toat e s only necessary in order to
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contrast (1.3.55) with the Phragmén-Lindelof estimate (1.3.45). However, for the present case
where ¢(s) = 277°((2s), it suffices to assume that H(T) = T3+ until the point where we arrive
at the condition (1.3.55) (in fact, it is enough to assume H(T) = c¢T'/? log(T)). In this particular
case, (1.3.55) says that the inequality

H 3

C(1+it)] > B () B >0, (1.3.58)
2

must be valid for all ¢ satisfying 4T + % <t < 4T+ H. This obviously contradicts (1.3.57), which

says that there is always a zero of (4(1 + it) in any interval of length greater than log7T(2)' This

observation is extended in Example 1.3.3 below.

Example 1.3.2. An application of Theorem 1.3.1 also allows to prove lower bounds (at the critical
line) for some Epstein zeta functions. In [113] it is constructed an octonary quadratic form whose
Epstein zeta function does not possess a single zero at its critical line. Indeed, if I, denotes the

n—dimensional identity matrix and Q(z1,...,xg) is the octonary quadratic form represented by

2.1 -1 -1 1

Q= 1S with S := 0 ,
-S 2.1 -1 1 0 -1
-1 -1 1 0

then its associated Epstein zeta function, Zs(s, Q), can be written explicitly as
Zg(s, Q) =240-27°((s) ((s — 3). (1.3.59)

It is clear that Zg(s, Q) does not possess any zero at the critical line Re(s) = 2. Thus, if we

construct the quadratic form in sixteen variables with a matrix representation of the form

-(22)

0s Q
we see by a simple application of item 2 of Theorem 1.3.1 that the associated Epstein zeta function
satisfies |Z16 (4 + it, P)| > C |t|%7 C > 0, whenever |t| is sufficiently large.'* This proves that, at
most, Z16(s, P) has a finite number of zeros in the line Re(s) = 4. Hence, besides violating the
Riemann hypothesis quite badly, as the construction (1.3.59) shows, Epstein zeta functions with a

high number of variables do not satisfy the Lindel6f hypothesis. Some particular cases covered by

this example can also be established as consequences of Ramanujan’s formula (1.2.62).

Analogues of Stark’s and Fujii’s results [93, 212] are similarly subject to generalizations within

this context. Consider, for instance, the Dirichlet series ¢(s) := ((s){(s — 3): then the analogue of

1By the functional equation for the Riemann zeta-function and Stirling’s formula, we have that |Zs(2+it, Q)| > |t| %,
|t| > 1. Applying this to the Selberg-Chowla formula (1.3.3) and proceeding just as in the proof of Claim 1.3.1, we

can derive the lower bound |Z16(4 + it, P)| > \t|%, [t] > 1.



1.3 The zeros of a general Class of Dirichlet series 53

Epstein’s zeta function Zs(s; 3, 3) attached to ¢(s) is the double Dirichlet series (see (1.2.56))

Zo(s; 3,3) = i W, Re(s) > 8.

m,n=1

Using the convolution formulas of Ramanujan, we have seen in Example 1.2.3 that Zs(s; 3,3)

admits the simple representation!'®

Zy (85 3,3) := Z W = %20 (s)C(s—=1T), Re(s)>8,

m,n=1

which shows that Zs (s; 3,3) does not have a single zero at its critical line Re(s) = 4. However, if

we construct a parametric Epstein zeta function of the form

, _ =~ 03(m)as(n)
Zog(8;3,3) := m%O (1 En) £>0, Re(s)>8, (1.3.60)

then it is possible to show that, for £ large enough, all but two of the zeros of Z5(s; &) in the
rectangle R¢ := {z € C : —1 < Re(z) <9, [Im(z)| < 2£} are on the critical line Re(s) = 4. This
observation can be interpreted as an analogue of a theorem of Stark [212] about Epstein zeta
functions associated with quadratic forms of large discriminants. The key takeaway of these last
lines is that, although (1.3.60) does not have critical zeros when £ = 1, there are certainly very large
values of ¢ for which the first O(£log(€)) non-real zeros on the critical strip are all on the critical
line. Further properties of these Dirichlet series attached to convolutions of divisor functions are
studied in [189].

To introduce our final results, we need to briefly comment on the proof of Corollary 1.3.4. The
condition (1.3.47), which implies that ¢(s) has a fairly narrow critical strip, was necessary in two
occasions of the proof. First, to allow that the term involving H(T") was the dominant one on
the right-hand side of (1.3.53). Second, it was required in order to deduce a contradiction upon a
combination of (1.3.55) and the estimate (1.3.45).

Thus, if one wants to avoid a condition like (1.3.47), one needs to have more information
concerning the dyadic Epstein zeta functions Z,x(s; a; A) and the lower bound for the integral
(1.3.50). Actually, this lower bound needs to be sharp enough in order to dominate the contributions
of the horizontal segments in (1.3.52).

Thanks to a general result of K. Ramachandra, such lower bound for the integral (1.3.50) is
possible, yet for its application we will consider a slightly less general class of Dirichlet series.
We now give the following weaker version of Ramachandra’s theorem appearing in [[160], p. 126,
Lemma 3]. For a proof of this useful theorem, we refer to Balasubramanian’s paper [[11], Theorem
3, p. 570] (see also [[120], p. 24, Theorem 2.4] for a nice application to the case where the Dirichlet

series is ¢*(s)).

Lemma 1.3.2 (Ramachandra’s theorem). Let F(s) = Y .2, a(n)n™° be any Dirichlet series

satisfying the following conditions:

15just use (1.2.63) with k1 = ko = 3.
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1. The sequence a(n) is not the zero sequence;

2. F(s) can be analytically continued to a region of the form o > og, |t| > tg and in this region
F(o+1it)=0 ((\t\ + 10)A> , for some A > 1.

Then, for any € > 0, there exists some Ty(€) > 0 such that, for all T > Ty(e) and o > o9, we have

T+H
/ \F(o +it)| dt > H (1.3.61)
T—H

for all H > log®(T).

In the next example we will apply the work done in the proofs of Theorem 1.3.1 and Corollary
1.3.4 to the Dirichlet series ((s), @ € Qs4, formally introduced in (1.1.7). But to do so it will be
required to apply (1.3.61) on the integral appearing in (1.3.50),

nH
H

where % <n< % and T3+ < H <T. Since t was taken in such a way that T+% <t§T+%,

we can see that the previous integral has the lower bound

G ($+i=0) o (§+itw )|

T+4

H
T—5

Ca (Z +i(y — 2t)> Ca (Z - zy)‘ dy > H, (1.3.62)

once we use (1.3.61) with F(s) := (u(s — 2it) (4(s). Note that, just as in (1.3.27), the implied

constant does not depend!® on t.

Example 1.3.3 (Dirichlet series attached to the powers of the §—function). In this example we
prove that, if o € Q4 is fixed, then, for any € > 0, there is some Ty(¢e) (which also depends on «)
such that, if 7> Tpy(e), there is a zero o /4 + it of (,(s) with 7 € [T, T + T'/?%¢]. In particular,
this implies the estimate No(T, (y) > T3¢ given at the introduction of this chapter. We should
note that the simple qualitative result limy_, No(7, (,) = oo could easily be derived from the
works of Hecke [[113], p. 74, Satz 1] and Landau [[140], p. 240, section 6], as well as from our
Corollary 1.3.1 above. Nevertheless, the higher precision of the statement in this example does not
seem to be covered by any of the existing methods.

In the argument that follows, we will assume that o is some dyadic rational, say o = p27~7
with p, j € N. This assumption is only taken in order to match the reasoning given in Theorems
1.3.1 and Corollary 1.3.4. For a modification to any « € Qq~4, we refer to the indications given in
Remarks 1.3.2 and 1.3.7.

We divide our argument in four steps:

Step 1: Analytic continuation of (,(s). First, in order to apply the ideas from Corollary

1.3.4, we need to study the analytic continuation of the Dirichlet series attached to ro(n), (a(s).

16T see this, we draw the reader’s attention to the steps leading to (1.3.22) and to the footnote n.7 following it.
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To do this, an estimate for 7, (n) is needed. The theta function J3(7) := 3, cz €™"°T is a modular
form of weight % with a multiplier system with respect to the theta group I'y (see [[137], pp. 15-16]).
Therefore, for any a > 0, ¥§(7) is a modular form of weight /2 with a multiplier system on the

same group.

By definition, r,(n) are the Fourier coefficients of the expansion of J3(7) at the cusp ‘oo, this is,
o

U5 (iz) = 0%x) =1+ Z ro(n)e ™% x> 0. (1.3.63)
n=1

The order of growth of r4(n) is now determined by classical estimates due to Petersson and
Lehner [137, 141, 218] for the Fourier coefficients of arbitrary modular forms of positive real weight

with multiplier systems. These estimates show that r,(n) grows polynomially, more precisely in

the form
na/?—l o > 4’
ra(n) €a § n®?"1log(n) o =4, (1.3.64)
no/4 0<a<d.

The bounds above displayed determine the existence of a finite abscissa of absolute convergence

for (4 (s) given in (1.1.7). In particular, due to the estimate
Fa(n) <o n27Y, a >4, (1.3.65)

the formal zeta function (1.1.7) can be rigorously studied as a Dirichlet series

a>4

Cals) = Z 7“0;1(;1)7 Re(s) > 04 = {12
n=1

+2 O<a<d

By mimicking Riemann’s second proof of the functional equation for ((s) [[228], p. 21] (observe

once more that (i(s) := 2(¢(2s)), it is a very simple matter to prove that (,(s) can be continued as

/2

5, whose residue Res,_,/2Ca(s) = o/

PR
Moreover, if we define 7,(s) as the completed Dirichlet series,

a meromorphic function with a simple pole located at s =

Na(s) = m°I'(s) Ca(s), (1.3.66)

then we can show (& la Riemann) that n,(s) satisfies Hecke’s functional equation
Na(s) =1 °T(s) (a(s) = = (5=9)p ((; — s> Ca <§ - s) = Mo (3 - s> . (1.3.67)

Thus, the Dirichlet series ¢q(s) := m7%(4(s) satisfies all the conditions of Definition 1.1.1 and
our results can be invoked in the next steps.

Step 2: Identifying the analogues of Zi(s; a; A). Secondly, we note that the multidi-
mensional Epstein zeta function Z(s; ) attached to ¢o(s) is 77 %(,.x(s). Since « is rational by

hypothesis, we know that there exists some k € N for which Zj(s; «) is equal to 77(y(s), with
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¢ = « -k being an integer. Thus, using known results concerning the zeros of (y(s), the zeta function

attached to the sum of ¢ squares, we can extract information regarding the zeros of (,(s).

Step 3: Useful properties of (y(s). Thirdly, we use some formulas due to Siegel to
independently study the zeros of (¢(s), £ € N. Let fo(1) = Y02 af(n) €™ € Sy/5(T'y) denote
the orthogonal projection of 19% (1) onto the space of cusp forms. By a famous result originally due
to Rankin [181], the cuspidal contribution is zero unless £ > 9. Assume now that / =0 mod 4: it
is well-known [[202], pp. 165, 166] that the Dirichlet series attached to fe(z), say L(s, f¢), satisfies
the convex estimate L (% + it, fg) <5 (1+ |t|)%+5 .

We now consider the Eisenstein series contribution to ¥4(7), whose Dirichlet series is, by
definition, Ey(s) := (s(s) — L(s, fe). It follows from a Formula due to Siegel [[202], p. 169] that

Ey(s) can be explicitly written as

Eyls) = ¢ {1-27% + (-1)"/* (2572 —27*) } ((s)¢ <s +1-— g) , (1.3.68)

where ¢y > 0. Note that, when ¢ = 4, (1.3.68) reduces to Jacobi’s result (1.3.57). It is clear from

this comparison that Ey(s) has infinitely many zeros on the line Re(s) = %, all of them of the form

J4 in _
{wn:4:tlog(2), neN {=4 mod 8§, (13.69)

wn:%—F@{2n7riarctan<\/2€/2—1)}, neZ (=0 mod 8.

Step 4: Finishing the Proof. Fix e > 0andlet o = p277, p € N. Assume also that (, (% + it)
does not have a zero between T and T + H(T'). The idea is to apply the inductive process in
Corollary 1.3.4 a high number of times in order to reach a contradiction. Since o, =r = /2 (see
(1.3.65 and (1.3.67) above), an application of Ramachandra’s lower bound (1.3.62) at the step
(1.3.50) gives, for T+ & <t <T 4+ &,

‘ZQ(T + 2it; a)| ==

(20 (3 + 2it>’ ST 2H+0 (Tf/z) > B'T 3 H, (1.3.70)

as T2 < H<T by hypothesis (and also taking § = €/2 in (1.3.53)). Let k be an integer so
large that 281 > max {2 + 3, 2j+1}: from this choice, we know that 2*t1a = ¢ for some ¢ = 0

mod 4. Following the argument exposed in Theorem 1.3.1 and in Corollary 1.3.4, we know that

(1.3.69) must imply
’ZQk+l <i + it CM)’ = |(p (i + Zt)‘ = |k (i + it) +L <fi + it, fz) > Cy, (i) ,
(1.3.71)
for all ¢ such that 2817 + 2021 H < ¢+ < 25417 4 H and Cy > 0. Since L (g + it, fg) <. T2+
(as t has the same order as T') and H(T') > T3t by hypothesis, it follows from our choice of k£ and
(1.3.71) that, for some C}. > 0,

2k+1_1

2k+1 -1

o H<t< T L H. (1.3.72)

E, <i + zt>’ > T e o (Tate) 2R
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Finally, since we can choose Typ(e(k)) so large that H2 %=1 > 27/log(2) is valid for all
T > To(k(e)), our result follows. This is because (1.3.71) implies that Ej (g + it) does not vanish
on an interval whose length is greater than 27/ log(2). This constitutes an immediate contradiction

to (1.3.69), which says that the spacing between consecutive zeros of Fj (g + it) is less than
27/ log(2).

Remark 1.3.9. One can extend the previous example to any rational a such that 2 < a < 4,
although the available estimates for 7o (n) (1.3.64) (cf. [[141], p. 603, eq. (5)]) will not allow us to
take H(T) =T 3+ as before. However, for o = 3, the previous steps hold, as it is known that the

abscissa of absolute convergence of (3(s) is equal to 3/2.

As a slight sharpening, we can show a stronger result concerning the gap between the zeros
of (,(s) for intervals of the type [T, T+ cTY? log(T)}, for some ¢ > 0. Although the proof is the
same as the one outlined in Example 1.3.3 (modulo estimates), one may be able to extend it to the
case where « is irrational as well. We state our final result. To follow the proof, we refer the reader
to the published version of this chapter [194].17

Corollary 1.3.5. Let o > 4 and (,(s) be the Dirichlet series defined by (1.1.7). There exist Ty
and ¢ > 0 (depending on «) such that, for any T > Ty, there is a zero p = a/4 + i1 of (u(s) with
7€ [T, T+ cT"?log(T)).

Remark 1.3.10. The proof of the previous corollary is also valid for (3(s). Sankaranarayanan [197]
derived a similar bound for H(T') when the Dirichlet series is the classical Epstein zeta function
¢(s, Q) or the Dedekind zeta function attached to a real quadratic field. However, a modification
of Sankaranarayanan’s method to the ternary Epstein zeta function (3(s) does not give anything
better than H(T) = ¢T%/*log(T). It is certainly feasible to combine Sankaranarayanan’s argument
with the methods of the paper [176] to prove that No(T',(3(s)) > T2 /log(T) as T — co. However,
this does not provide a better result than the one obtained following the ideas of this chapter.
Besides, in Chapter 3 below we will prove a much stronger result than this by using a forgotten
method of Fekete [88].

"We do not present the proof because in the third chapter we will be able to get a massive generalization of a
result analogous to this one. See Remark 3.1.2 below.






Chapter 2

Certain Extensions of results of Siegel,
Wilton and Hardy

2.1 Introduction and main results

Let ((s) denote the Riemann zeta function and define!

n(s) =n 3T (;) C(s). (2.1.1)

A. Dixit, N. Robles, A. Roy and A. Zaharescu [74] proved the following theorem.

Theorem 2.1.1. Let (cj)jen be a sequence of non-zero real numbers such that 3232, [c;| < oo.
Also, let (/\J)jeN be a bounded sequence of distinct real numbers that attains its bounds. Then the

function

s+2)\ )\
Zc]n (s +1iX)) ch z (s—i—; J) C(s+1iN))

7=1

has infinitely many zeros on the critical line Re(s) = %

Based on an integral representation of Jacobi’s transformation formula due to Dixit [[63], p. 374,
eq. (1.13)], A. Dixit, R. Kumar, B. Maji and A. Zaharescu [73] later generalized the aforementioned
result and proved a much more general theorem. This new theorem, stated below, involves the
combination of Riemann’s completed function 7(s) with Kummer’s confluent hypergeometric

function, 1 F(a; ¢; z), which is usually defined by the power series [[164], p. 322, 13.2.2],

1F1 (a;¢;2) Z—

P
. (2.1.2)
P o) k!’
where (a); denotes Pochhammer’s symbol,
r k
(a)g :==ala+1)---(a+k—1)= (1?«_:)) (2.1.3)

'"We warn the reader to not mistake the completed Dirichlet series n(s) with Dedekind’s n—function (1.2.48)
introduced in Example 1.2.2 of the previous chapter. Note that 7(s) is defined for any s € C while Dedekind’s
n—function is only defined for a variable belonging to the upper half-plane H.

59
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Theorem 2.1.2. Let (cj)jen and (\j)jen be as in Theorem 2.1.1. Also, let # denote the region of
the complez plane defined® by # := {z € C : |Re(z)| < \/g, |[Im(z)| < \/g} Then, for any z € £,

the function
> , 1—(s+i);) 1 22 1—(3—1d\) 1 72
Fz(s):jz:lcjn(s-i-z)\j){lFl (2;2 1 +1F1 5 gy (2.1.4)
has infinitely many zeros on the critical line Re(s) = %

The proofs of both theorems used a very elegant generalization of Hardy’s method of studying
the moments of the real function 7 (% + it) [[106], [228], Chapter X]. One of the crucial steps in

Hardy’s proof is the transformation formula for Jacobi’s theta function, usually defined as

[o¢]
(z) = > ™ =29(x) + 1, (2.1.5)
n=-—o0o
with ¢ (z) = >02 e~™?%  This transformation formula can be explicitly written as
1
22 (14 20(x)) = 1+ 20 () . (2.1.6)
x

It was also established by Jacobi that, if we consider a two-variable generalization of 1(z) in the

form,

Ze mn’ Tcos (vmrnz), Re(x)>0, z€C, (2.1.7)

then the transformation formula takes place [[73], p. 312, eq. (2.6)]

V(14 2(x,2)) = e /4 (1 + 24 ( zz)) (2.1.8)

Dixit [[63], p. 374, eq. (1.13)] realized that (2.1.8) could be achieved through an integral

representation involving the Riemann zeta function, proving the elegant identity

2x1/4¢(x, z) — g VA=A = 26_22/4.T—1/41/) <1, iz) — /4
x

[eo]
1 L (1 it 1 1 ot 1 22 it
_ 1 ~t-wn (1l 0 IR (SR RSt 3 ) 2.1.9
27r/7r4 2 <4+2>C(2+Z>1 1<4+2,27 4>$ 2 ( )
—00

This formula played a fundamental role in proving Theorem 2.1.2 above (see also the very interesting
survey [65] for more integral representations of several transformation formulas). The purpose of
this contribution is to see how Theorem 2.1.2 can be extended to a class of Dirichlet series satisfying
Hecke’s functional equation, which we have already presented in the first chapter of this thesis.
Our method is an extension of the one employed in [73], but in order to use it we need to

develop a general formulation of the integral identity (2.1.9). Although we proceed by following the

2The region indicated in [73] is actually |[Re(z) — Im(z)| < \/j - \/7Re ), which contains Z, but in this
chapter we will only focus on rectangular regions as the one indicated in the above statement.
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setting of Chandrasekharan, Narasimhan and Berndt [22, 53], for the purpose of introducing the
main results of the present chapter, we now provide some examples.
For any a > 0, define r(n) as the arithmetical function [[218], p. 481, eq. (1.6)]

0%(x) —1:=> ra(n)e ™. (2.1.10)
n=1

As we have seen in Example 1.3.3 of the previous chapter, for Re(s) sufficiently large, we can

consider formally the Dirichlet series

— Ta(n)
Cals) == prt (2.1.11)
n=1

and motivate its study through the transformation formula for 6(x), (2.1.6). The zeta function
(2.1.11) seems to have been introduced in a paper by Lagarias and Rains [137] who studied, among
several other things, how the distribution of its zeros could vary with the index a. Suzuki proved
the analytic continuation and the functional equation for (,(s), with 0 < o < 1, and derived a
Selberg-Chowla formula involving r,(n). Motivated by Suzuki’s approach, and following a general
Fourier expansion resembling Selberg-Chowla’s formula, in the previous chapter of our thesis we
proved a zero density estimate for the zeta functions (,(s) on their critical lines (see Example 1.3.3
and the statement of Corollary 1.3.5 above).

When o = k € N, it is effortless to see that r(n) reduces to the arithmetical function counting
the number of representations of n as a sum of k£ squares. We have also seen in Example 1.3.3 of
the previous chapter that, when a = 1, (1 (s) reduces to 2¢(2s). Like (x(s) and ((2s), (4(s) satisfies
the functional equation (cf. (1.3.67) above)

Nals) = 7 °T(s) Cals) = 7 (579)T (‘; . s) Ca (; - s) = 1g (3‘ - s> : (2.1.12)

from which it is possible to conclude that 7,(s) is real on the critical line Re(s) = §.
One of the first results of the present chapter is the extension of Theorem 2.1.2 above to (4(s).

Its statement is as follows.

Theorem 2.1.3. Let (cj)jen be a sequence of non-zero real numbers such that 3, |c;| < oo and
()‘j)jeN be a bounded sequence of distinct real numbers attaining its bounds. Then, for any z

satisfying the condition

v Dpim {z €C : [Re(2)] < \/? | Im(2)] < \/?} (2.1.13)

the function

Foals) =Y c;m CFMID (s 4+0))) Ca(s + i)
j=1

o . o 2 o . o 22
x{lFl (2—5—1)\]-; X +1F1 5—8-{—2/\]'; 3T (2.1.14)

‘ N
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has infinitely many zeros on the critical line Re(s) = §.

In particular, for &« = 1 we can recover Theorem 2.1.2 above. For a = k£ € N, our result
generalizes a theorem of Siegel [202], discussed in the previous chapter, and Landau [140] (see also
[113]), which says that the completed Dirichlet series

ne(s) =7 °T(s) Ck(s)

—k
=2

One of the main ingredients in the proof Theorem 2.1.3 is a generalization of Dixit’s integral

possesses infinitely many zeros at its critical line® Re(s)

formula (2.1.9): as it will be seen in Example 2.2.1 of the present contribution, it is possible to

prove the transformation formula

1 g—5/8

Vit S nmntt e vme - (13) ferv

e F /8 & t-g -—m ™ 2\l Jre? /s
= T e () - () gy

21 2 0
» 2 e? /8 o - o ) o . (6% . o 22 .
_<@> s [T (G ) (Ga) (ﬂ“? i) 21
2
—0o0

where J,(z) and I,,(z) denote the Bessel functions of the first kind, usually defined by the power
series [[164], p. 217, eq. 10.2.2]

- o0 (_1)m E 2m+v
J,(z) = mgo T v £ 1) <2> : (2.1.16)

and [[164], p. 249, eq. (10.25.2)]

00 1 T 2m+v
I(z) = (> . (2.1.17)
v mz::()mll“(m+u+1) 2
As we will see below, formula (2.1.9) can be now recovered from (2.1.15) when we take there a = 1.

Since the proof of (2.1.15) will be achieved from a general point of view, identities akin to
(2.1.15) are also valid to other Dirichlet series. For example, another version of (2.1.15) holds for
Epstein zeta functions attached to binary quadratic forms: recalling the introduction of the previous
chapter, if Q(m,n) = Am? 4+ Bmn + Cn? is a binary, integral and positive definite quadratic form,

we can consider the Dirichlet series

((5,Q)= >

m,n#0

, Re(s) > 1, (2.1.18)

(m,n)®

which is already familiar to us, being known as the Epstein zeta function attached to Q). In 1934,
Potter and Titchmarsh [170] extended Hardy’s result to ((s, Q). Roughly one year later, Kober

3In fact, as we have discussed in the previous chapter, Siegel’s result is very sharp and provides detailed information
about the zeros of (i (s) on a fairly large strip of the complex plane.



2.1 Introduction and main results 63

[128] furnished a considerable simplification of their proof, more similar in spirit to Hardy’s own
argument.
In this contribution we are also able to extend the result given in Theorem 2.1.2 to a subclass

of the zeta functions (2.1.18). Its statement reads as follows.

Theorem 2.1.4. Let Q(x,y) = Az?+ Bay+Cy? be a binary, integral and positive definite quadratic
form and let A := 4AC — B%. Assume also that gcd(A, B, C) =1, VA =2 mod 4 and consider
the Epstein zeta function attached to Q,

1

(s, Q) = m%() (Am? + Bmn + Cn?)*’

Re(s) > 1. (2.1.19)

If (¢j)jen is a sequence of non-zero real numbers such that 372, |c;| < 00, (A;) ey is a bounded

sequence of distinct real numbers attaining its bounds and z satisfies the condition

2ym 2w
2 € Yg = {z € C : |Re(z)| < A\3//;7 [Im(z)| < A\:%//;}’ (2.1.20)

then the function

21t 7(S+i)\j)
> I (s+i)j) ((s+iAj, Q)

F.q(s) =) ¢ (\/Z
j=1

2'2 22
X {1F1 <1—s—i/\j; 1; 4) +1F (1—S+i/\j; 1; 4>}

has infinitely many zeros on the critical line Re(s) = %

Another natural extension of Theorem 2.1.2 has to be concerned with Dirichlet L-functions.
At the end of their paper, Dixit, Kumar, Maji and Zaharescu [73] state a character analogue of
the identity (2.1.9) and write that “it would be worthwhile (...) to find a character analogue of
Theorem 2 [Theorem 2.1.2 above]”.

Under certain restrictions on even characters, we have managed to prove a character analogue
of Theorem 2.1.2. In fact, motivated by the study of our Theorem 2.1.3, we establish something
more general than that. In order to clarify our next statement, note that, in analogy with (,(s),
we can define, just as Suzuki does [[218], p. 483, eq. (1.15)], a new Dirichlet series attached to the

powers of the theta function:

Oz, x) ==Y n'x(n)e @, 5= . (2.1.21)

nez

mn%s {o if x(—1) =1

However, in order to define 6% (z, x) for any a > 0, one would have to assure that y is real and
such that 6(x,x) > 0 for any > 0. Whether this condition holds or not, it is always possible to

take an arbitrary integer power of 0(z, x), which results in the following series

Hk . 5 5 _M
(,x) = > nix(m)..ngx(ng)e “

N1y...,NEEL
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Thus, in analogy to the Dirichlet series attached to the sum of k—squares, we study the zeros of

arbitrary combinations of the Dirichlet series?
6 )
Lp(s,x) = Y. 1X(2 1 ’”;(s’“), Re(s) > = (1 +4), (2.1.22)
(n? + ... + nj) 2
ni,...,nLEL 1 k

which is clearly attached to the powers of 6(x, x). Note that, if £ =1, Li(s,x) = 2 L(2s — 4, x).
Also, Lg (s,x) can be thought as a “character analogue” of (x(s). The reader is encouraged to
briefly jump to Lemma 2.1.3 below to see the functional equation satisfied by (2.1.22) and compare
it with (2.1.12).

Using a class of transformation formulas involving the Dirichlet series Ly (s, x), we will study

the analytic continuation of (2.1.22) and establish the following theorem.

Theorem 2.1.5. Let x be a primitive Dirichlet character modulo q and define § = 0 if x is even
and 6 =1 if x is odd. Furthermore, if x is even, assume that ¢ #0 mod 4.
If Ly (s,x) is the Dirichlet series given in (2.1.22), let ni(s,x) denote its completed version

™

m (5.0 = ()T s,

Assume that (cj)jen is a sequence of non-zero real numbers such that 3, |cj| < oo and ()‘j)jeN is

a bounded sequence of distinct real numbers attaining its bounds. Moreover, assume that z satisfies

ced, = {z €C : |Re(2)| < \/Z | Im(2)] < \/Z} (2.1.23)

Then the function F, 1 (s) given by

the condition

> 1 1 2
F.ry(s) = ch M (8 + N5, x) {1F1 (k (2 + 5) —s—i\; k (2 + 6) : Z4>

j=1
1 o 1 z2
+1F1 <k<2+5>—8+1)\],k(2+5),4>}

has infinitely many zeros on the critical line Re(s) = % (% + 5).

Finally, we consider an extension of Theorem 2.1.2 to Dirichlet series attached to cusp forms
for the full modular group, whose Fourier expansions we have dealt with in Example 1.2.4 of the
previous chapter. Wilton [237] used Hardy’s method to prove that, if p and ¢ are two integers such
that p> =1 mod ¢, then the twisted L—function,

(2.1.24)

h
3
A~
®
]
~_
Il
(e
2
2
o
=}
3
=
joi
&
\%
‘H
w

n=1

where 7(n) is Ramanujan’s 7—function, has infinitely many zeros on the line Re(s) = 6. Since 7(n)

defines the Fourier coefficients of a cusp form having weight k£ = 12, it is natural that Wilton’s

*Note that the zero term (n1, ..., nx) = (0, ..., 0) is not problematic in the expression of this Dirichlet series because
the non-principal characters vanish at zero.
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proof extends to L—functions attached to different cusp forms. Very recently, Meher, Pujahari and
Shankhadhar [156] employed Wilton’s argument to prove that L—functions attached to half-integral
weight cusp forms on I'g(4N?2) have infinitely many zeros on their critical lines. We have also
extended some ideas of de la Valleé Poussin and Lekkerkerker to prove estimates for the number
of critical zeros of such L—functions of half-integral weight cusp forms (see [187] and the next
chapter).

Since any Dirichlet series of the form (2.1.24) satisfies Hecke’s functional equation, our general

formalism allows to prove the following extension of Wilton’s result.

Theorem 2.1.6. Let f(7) be a cusp form of weight k for the full modular group with real Fourier

coefficients ay(n) and consider its L—function

2mip

L¢(s,p/q) = Z sz;q, Re(s) > i, p>=1 mod q. (2.1.25)
n=1

If (¢j)jen is a sequence of non-zero real numbers such that 372, |c;| < 00, (A;j) ¢y is a bounded

sequence of distinct real numbers attaining its bounds and z satisfies the condition

ced, = {zE(C | Re(2)| <2\/; | Im(2)| <2\/j}, (2.1.26)

then the function

00 9 —8—1iA;
ch <7T> ’ F(S—l—i)\j) Lf <S+i)\j,p>
=1 1 q

22 72
X e 1B | k—s—i\j; k; 1 +1F1 | k=3 +iN; K vy (2.1.27)

. . .. . ok
has infinitely many zeros on the critical line Re(s) = 5.

We would like to remark that it is possible to generalize Theorem 2.1.2 to even more Dirichlet
series. Although we do not give the details in this thesis, we have obtained similar results as the

ones stated above in the following cases:

1. Although Lg(s,x) is a nice analogue of the Dirichlet series (i(s), there are other ways of
constructing character analogues of Epstein zeta functions. One such way is due to H. M.
Stark [[210, 211]] (see also [29] for more constructions), who introduced the character analogue
of (2.1.18) in the form

(5,0Q) = 3 X )), Re(s) > 1, (2.1.28)

m,n#0

and studied its analytic properties when x is a primitive character modulo q. One can prove
an analogue of Theorem 2.1.4 for this Dirichlet series, under the additional assumption that

(¢,A) =1 and A satisfying the same conditions as in Theorem 2.1.4.
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2. Like in the case of (2.1.28), we could get similar results to different analogues of the Epstein

zeta function such as

Q)= Y MmIX0) g oy,

as well as

2 2
3 x (mi + ... + m3;) Re(s) > k.

2 2 S
mi,...,map7#0 (ml Tt ka)

3. There are also extensions of Theorem 2.1.6 to L—functions attached to cusp forms whose

coefficients are twisted by primitive Dirichlet characters.

4. Instead of considering an Epstein zeta function in Theorem 2.1.4, one may prove a similar
result for the Dirichlet series ((s) L(s, x), where x is an odd and primitive Dirichlet character

whose modulus is a perfect square.

This chapter is organized as follows. In the next subsections we introduce some general
definitions in the setting of Dirichlet series. We also give the functional equations of the main
L-functions here studied, as well as some background on special functions. Section 2.2 is devoted
to prove a general analogue of the theta transformation formula, from which (2.1.9) is derived as a
particular case. We also provide examples which will be helpful in establishing our main theorems.
Finally, in the remaining sections of the chapter we shall prove each particular theorem stated

above.

2.1.1 Definitions

To give a generalization of (2.1.9), we need the following definition, which is a slight generalization

of Definition 1.1.1 of the previous chapter.

Definition 2.1.1. Let (), and (pn),cry be two sequences of positive numbers strictly increasing
to oo and (a(n)),,cy and (b(n)),,c two sequences of complex numbers not identically zero. Consider

the functions ¢(s) and v (s) representable as Dirichlet series

o(s) = Zl a)(\g) and ¢(s) = Zl bl(g), (2.1.29)

with finite abscissas of absolute convergence o, and o}, respectively. Let A(s) denote one of the

following three gamma factors: I'(s), T’ (%) and I’ (%) and r be an arbitrary positive real number

in the first case and 1 in the other two.

We say that ¢(s) and 1 (s) satisfy the functional equation
A(s) ¢(s) = A(r — s)(r — s), (2.1.30)

if there exists a meromorphic function y/(s) with the following properties:

1. x(s) = A(s) ¢(s) for Re(s) > o, and x(s) = A(r — s)(r — s) for Re(s) < r — oyp;
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2. limi (s)|—o0 X () = 0 uniformly in every interval —oco < o1 < Re(s) < 02 < o0;
3. The singularities x(s) are at most poles and are confined to some compact set.

We say that the pair of functions (¢, 1) representable as Dirichlet series (2.1.29) satisfy Hecke’s
functional equation if they satisfy the conditions of the previous definition for A(s) = I'(s). This

particular case of (2.1.30) reads
L(s)p(s) =T(r—s)y(r—s), r>0. (2.1.31)

Similarly, we say that the pair of functions (¢, ¥) representable as (2.1.29) with finite abscissas

of absolute convergence o, and o}, satisfy Bochner’s functional equation if they satisfy the

r<5+5> (s) :r(”‘s_s> b(l—s), (2.1.32)

functional equation

2 2

in the sense of Definition 2.1.1.

Before proceeding further, we recall the “Notation and Convention” remarks A introduced at the
first chapter: we shall denote },, .+ as the infinite sum over all integers m, n not simultaneously
zero. The same notation is taken for multiple sums. Whenever we use the term critical line for a
given Dirichlet series ¢(s) satisfying Definition 2.1.1 and (2.1.31), we will be referring to Re(s) = 5,
which is the line of symmetry. To recall some notions and notation, we urge the reader to consult
the Notation remarks A and B of the previous chapter.

The Dirichlet series considered in all of our theorems have at most one simple pole as singularity.
Therefore, it will be more convenient for the analysis given in this chapter to consider subclasses of
the Dirichlet series defined above, with fewer singularities. We now give two definitions introducing

these: the first one is the same as Definition 1.1.1 of the previous chapter.

Definition 2.1.2. Let ¢(s) be a Dirichlet series satisfying Definition 2.1.1 with A(s) =T'(s). We
say that ¢(s) belongs to the class A if additionally:

1. ¢(s) and 9 (s) are analytic everywhere in C except for possible simple poles located at s = r,

with residues p and p* respectively.

Remark 2.1.1. As we have remarked in the previous chapter (see Remark 1.1.1 above), by the
functional equation (2.1.31) and the additional condition in the previous definition, ¢(0) = —p*T'(r),
while ¢(0) = —pIT'(r). In particular, if ¢(s) is an entire Dirichlet series, then ¢(0) = 0. It is also
clear that ¢(s) € A if and only if ¢(s) € A.

Remark 2.1.2. It is clear from the definition above and the functional equation (2.1.31) that
¢(—n) =0 for every n € N.

Another class of Dirichlet series related to the previous one is given in the following definition,

which is a reformulation of the previous definition for Bochner’s functional equation (2.1.32).

Definition 2.1.3. Let ¢(s) be a Dirichlet series satisfying Definition 2.1.1 with A(s) =T (#),
d € {0,1}, r =1 (Bochner class). We say that ¢(s) belongs to the class B if additionally:
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1. For § = 0, ¢(s) and (s) are analytic everywhere in C except for possible simple poles located

at s = 1 with residues p and p* respectively.

2. For 6 =1, ¢(s) and 1 (s) can be analytically continued as entire Dirichlet series.

Remark 2.1.3. Note that Definition 2.1.3 mimics in some way the properties that the Dirichlet
L—functions and the Riemann ¢—function have. Note that ¢(s) = 7~%/2((s) is a Dirichlet series
belonging to the class B with 6 = 0. By the functional equation for Bochner Dirichlet series (2.1.32),

*

it is effortless to see that ¢(0) = —&-\/7, while ¥(0) = —£+/7. In particular, if ¢(s) is entire then
¢(0) = 0.

Remark 2.1.4. If ¢(s) € B with § = 0 and its residue at the simple pole s = 1 is p, then
@' (s) := ¢(2s) € A, having a simple pole located at s = 1/2 with residue p/2. Moreover, ¢'(s)
satisfies Hecke’s functional equation (2.1.31) with parameter r = 1/2. If ¢(s) € B with § = 1, then
@' (s):=¢(2s — 1) € A. Since ¢(s) is entire when 0 = 1, ¢(s) will also be entire. Moreover, ¢'(s)

satisfies Hecke’s functional equation (2.1.31) with parameter r = 3/2.

The functional equations (2.1.31) and (2.1.32) can be translated into arithmetical identities
involving the sequences a(n) and b(n). From now on, if ¢(s) satisfies Hecke’s functional equation in
the sense of Definition 2.1.1 and it is representable by the first Dirichlet series in (2.1.29), we shall
use ®(x) and ¥(z) to denote the generalized §—functions (2.1.5)

O(z) := i a(n)e M W(z) = i b(n)e Fn* Re(z) > 0. (2.1.33)
n=1

n=1
Following Bochner, for Re(x) > 0, let P(x) denote the residual function

Pla) = / T(s) d(s) 2~*ds, (2.1.34)

27
C

where C' denotes a curve, or curves, encircling the singularities of x(s) given in Definition 2.1.1.
It was established in [45] that Hecke’s functional equation for ¢(s) and ¥(s), (2.1.31), and the
“modular relation”

O(x)=a""T (i) + P(x) (2.1.35)

are equivalent. It is interesting to note that the observation of this equivalence has its genesis in
Riemann’s revolutionary memoir [196], where one of the implications was proved for the first time.
Berndt [[21], [23]] established an expansion involving the modified Bessel function of the second

kind which is equivalent to (2.1.35). He proved that, if x > 0, the curious formula takes place

I'(s) Z::I ()\:4(—72:2)5 = R(s,z)+22""° Z b(n) u;? Ks—r (2y/pn ), Re(s) > oq, (2.1.36)

n=1

2225 at the poles of

where R(s,z) denotes the sum of residues of the function I'(w) ¢(w) I'(s — w)
I'(w) ¢(w). Since we will generalize (2.1.35) in the next section (see Theorem 2.2.1 and Corollary2.2.2
below), it will be natural to seek a generalization of (2.1.36), which will actually be given in Corollary

2.24.
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2.1.2 Preliminary results

In several occasions throughout this chapter, we shall need to estimate the asymptotic order of
certain integrals involving the Dirichlet series ¢(s) satisfying Definition 2.1.1. To justify most of

the steps, we will often invoke the following version of Stirling’s formula,

1 3 1 wt__ AT 1 1 ].
T(o+it) = (2m)2 17172 ¢~ 2 ~iH5(072) (1 ————+0 ()) 2.1.37
(o +it) = (27) e *herm OolE)) ( )
as t — oo, uniformly for —oo < 01 < 0 < 09 < co. A similar formula can be written for ¢ < 0, i.e.,
as t tends to —oo by using the fact that I'(5) = I'(s). Of course, a direct consequence of this exact

version is

(o +it)] = (2m)} |t]7~ 5 31 (1 +0 (’tl’)) > oo (2.1.38)

To estimate the order of ¢(s) at a generic line Re(s) = o, we shall need a version of the classical
Phragmén-Lindel6f theorem that was already explained in the previous chapter, (1.1.27): this
version states that, if ¢(s) satisfies Hecke’s functional equation (2.1.31) and has abscissa of absolute

convergence o, then, as [t| — oo,
¢(o+it) =0 (|t|"a+5_”) , r—oa—0<0<o0,+09. (2.1.39)

The next few lemmas are mainly concerned with the analytic continuation of the Dirichlet series
studied in this chapter. We start with (,(s). Although some basic properties of (,(s) were already
discussed as items in Example 1.3.3 of the previous chapter, here we need more detailed information
about this zeta function. The theta function ¥3(7) :== >, o7 €™"°T is a modular form of weight :
with a multiplier system with respect to the theta group I'y (see [[137], pp. 15-16]). Therefore, for
any o > 0, 95(7) is a modular form of weight «/2 with a multiplier system on the same group.

By definition, r,(n) are the Fourier coefficients of the expansion of ¥3(7) at the cusp ioo, this is,
o

95 (ix) == 0%x) =1+ Z ro(n)e ™ x> 0. (2.1.40)
n=1

It is helpful to see how these coefficients show up: these are computable by using the expansion

n=1

95(i) = 0°(2) = (1 23 e—m%> _ ZO( : ) . (Z e_mzx>
n= j=

j=1\J

ni,...,n;=1

Defining a new summation variable, say m = n? + ... + n?, we have that the number of (n;)1<i<;
decomposing n in this way is at most m. Therefore, the sum over j is finite (in fact, a polynomial

of degree m in «), so we may define r,(m) as

[e.9]

i < (;c ) 0 i o m(niAn)e 3 ra(m)e ™, (2.1.42)
j=1

ny,...,ni=1 m=1
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The order of growth of 7,(n) as n — oo is determined by classical estimates due to Petersson
and Lehner [137, 141, 218] for the Fourier coefficients of arbitrary modular forms of positive real
weight with multiplier systems. These estimates show that 7, (n) grows polynomially, more precisely

in the form

na/2—1 a>4
To(n) €a ¢n*?log(n) a=4 . (2.1.43)
no/4 0<a<4

See also [[137], p. 18, Theorem 3.3.] for estimates whose constants are independent of . These
bounds determine the existence of a finite abscissa of absolute convergence for (,(s) given in
(2.1.11). Our first lemma concerns the analytic continuation of (2.1.11), which should resemble the

analytic continuation of (;(s). For a proof see [[137], p. 11, Theorem 2.1.].

Lemma 2.1.1. Let ro(n) be the sequence defined by (2.1.40). Consider the Dirichlet series:

a>4
(2.1.44)

n O<a<d

Cals) = Z ra(sn)7 Re(s) > 04 := {2
n=1 1 + %

Then (q(s) can be analytically continued to the entire complex plane as a meromorphic function

with a simple pole located at s = 5 with residue ResSZ%Ca(s) = lf(r;g) Moreover, it satisfies Hecke’s

(;‘ - s) . (2.1.45)

Our next lemma is due to Paul Epstein [81, 82] and gives the analytic continuation and the

functional equation
7T (s) Cals) = 7

R

%
N~—

—
7N
[\ e}

|

[V
~__
é\

functional equation for the Epstein zeta function attached to any positive quadratic form. Before
stating it, let x denote a vector in R and Q(x) a positive definite quadratic form in n variables.
We write Q(x) in the matrix form

Q(x) = %XTAX, (2.1.46)

where A is a symmetric n X n matrix of real numbers. Define the discriminant of Q) to be
D(Q) = det(A),
and the adjoint quadratic form QT(x) by
i LT At
Q'(x) = X AT x, (2.1.47)

with A denoting the adjoint matrix of A. The Epstein zeta functions attached to Q are defined by

the series o b
((sgh Q= Y SRCTmb) g, >, (2.1.48)
meZ™, m+g#0 Q (m + g)

where the g and h are vectors in R™. The following lemma gives the analytic properties of (2.1.48)

(for an even more detailed statement, see [[203], p. 54, Theorem 3]).
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Lemma 2.1.2. The Epstein zeta function ¢ (s,g,h, Q) has an analytic continuation into the entire

complex plane as:
1. An entire function if h ¢ Z";

2. A meromorphic function with a simple pole at s = § if h € Z". The residue that  (s,g,h, Q)

n (@m)?

0ssesses at s = = s given by ——m—=——.
g 2 BT P@T(3)

Moreover, ( (s, g, h, Q) satisfies Hecke’s functional equation

(D(g;l/n) —s F(s){(s, g, h, Q) _ o 2migh (D(;T)l/n>_(n

|
|
&
—
R
|3
|
»

(5w

(2.1.49)

The previous functional equation will be very useful in studying our next result which, although
making its first appearance here as a lemma, will be proven in subsection 2.5.2. It concerns the

analytic continuation of the series (2.1.22).

Lemma 2.1.3. Let x be a primitive Dirichlet character modulo q and set § = 0 if x is even and
d =174f x is odd. If L(s,x) is the Dirichlet series given by

nd x(ni)...nd x(n
Ly (s,x) == Z 1(2(% 41_) +kn>f%§sk)’ Re(s) > g(l +9), (2.1.50)

N1y, NEEL

then Li(s,x) can be analytically continued as an entire function and it satisfies the functional

equation

(7) vt = R (O e (k5 00) o) a4 509) ).

where G(x) denotes the Gauss sum

G(x) =>_x(r) e2mir/a, (2.1.51)

We will prove this result on subsection 2.5.2 because we could not track any reference containing
it, namely when 6 = 1. Of course, when k = 1, (2.1.51) easily reduces to the functional equation
for Dirichlet L-functions and for the case 6 = 0 it actually comes from a more general result of
Berndt [29]. For § = 1, however, (2.1.51) seems to be absent in the literature.

To conclude our set of lemmas, let f(7) be a cusp form of weight k£ > 12 for SL(2,Z) on the
upper half-plane H := {7 € C : Im(7) > 0} with Fourier expansion given by

[e.9]

f(r) =Y ag(n)e*™. (2.1.52)

n=1



72 Certain Extensions of results of Siegel, Wilton and Hardy

Then, for all ( “
C

b
J ) € SL(2,Z) and 7 € H, f(7) satisfies

ar+b k .
= d 1 =0. 2.1.53
() = vt s, | Jimf) (21.53)
The following lemma, due to Wilton [237], gives the analytic continuation of a twisted Dirichlet
series attached to f(7). We quote Wilton’s result in the same form as exposed in Jutila’s text
[[122], p. 14, Lemma 1.2.].

Lemma 2.1.4. Let f(7) be a holomorphic cusp form of weight k for the full modular group and
let ag(n) be its Fourier coefficients. Also, assume that p,q are integers such that (p,q) = 1 and
consider the Dirichlet series

2mip

k+1
(s,p/q) : Z (ne s Re(s) > % (2.1.54)

Then L¢(s,p/q) can be analytically continued as an entire function satisfying Hecke’s functional

equation

() ey (s 2) = () rG o gm0, @159)

q q

where p is such that pp =1 mod gq.

Throughout this chapter we will also require the asymptotic formulas for the Bessel functions.
It can be seen in [[232], pp. 199-203] that J,(z), I,(z) and K, (z) satisfy the asymptotic expansions

e~ (2) " o (-5 -5) £ S0

n=0
. T\ e (—1)"(v,2n+1
— sin (z —5 = 4) 1; ( )(22)2n+1+ ) } ; (2.1.56)
e? X (=1)"(v,n) e FEVEDIT 2 (4 p)
L(z) ~ ——= ;::0 et e n}::o 2 (2.1.57)
T\ L& ()
K,(2) ~ (22> e nzzo >0 (2.1.58)

Formulas (2.1.56) and (2.1.58) are valid in the limit |z|] — oo, |arg(z)| < m. The asymptotic

s 3

expansion (2.1.57) is taken with the plus sign if —§ < arg(z) < < and with minus sign if

—3% < arg(z) < % (see also [[164], pp. 223, 249 and 252, relations 10.7.3, 10.25.3, 10.30.4, 10.30.5]).

Here, (v,n) stands for the Hankel symbol

(v,m) ::HWCWF(%—V%-n)F(;—V—{—n). (2.1.59)

mn!
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In the sequel, we will employ at some points well-known integral representations for the Bessel
functions given above, as well as some expressions involving Kummer’s and Gauss’ hypergeometric
functions. For a matter of clarity in our exposition, we will invoke them solely when they are

needed.

2.2 A general theta transformation formula involving Bessel func-

tions

To prove all the theorems given at the introduction, we need to develop a new summation formula
which generalizes Jacobi’s formula (2.1.8) with respect to the parameter r in the functional equation
(2.1.31). In the same way that the “modular relation” (2.1.35) acts as a generalization of (2.1.6), in
this section we will try to seek which kind of modular transformation generalizes (2.1.8).

We will restrict ourselves to Dirichlet series belonging to the class A (see Definition 2.1.2
above) although the study given in this section also works for Dirichlet series with a more general
distribution of singularities. We will need to find a way to study a summation formula for

1—r

i a(m) A\n® e J 1 (BVA), >0, (2.2.1)
n=1

where a(n) and A, are given in Definition 2.1.1. Here, r is the parameter appearing in Hecke’s
functional equation (2.1.31).

This study employs an integral representation, known as Hankel’s formula (see [[49], p. 8, eq.
(15)], [[48], p. 155, eq. (3.10.3.2)] and also [[3], pp. 221-222] for a brief proof),

o
I (%) a” s+v a’
—1_—p*t? _ 2 . .
[t Tat)dt = o (e i ) (222)
0

valid for Re(s) > —Re(v), Re(p) > 0, |arg(a)| < w. Clearly, for v = r — 1 and Re(s) > 1 —r,
Re(a) > 0 and |arg(B)| < 7, the following particular case of the previous formula holds

o0 T r—1 r—1 _
/ts_le_atjr_l(ﬁ\/%) dt = <S Al 2 ) ’ 1F1 (S + ! 1; T —IB2> . (2.2.3)

T—1
/ 271t I(r) 2 4o

This suggests the inversion formula, now valid for Re(a) > 0, 8 € C and o, x > 0,

1 (T 1 T r—1 r—1 B2

R i - I“ P, F T L= —Sd

T(r) <4a> omi / <8+ 2 )1 1<5+ 2 1 4a> (az)~"ds
g—100

— e 1 (BV), (2.2.4)

which might be proved by invoking directly the power series expansion of Kummer’s function and
using the power series for the Bessel function J,(z). To represent the series given in (2.2.1), we

need an asymptotic formula for the confluent hypergeometric function on the right-hand side of
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(2.2.4) which has to be valid when |s| — co. Following the reasoning in [[63], p. 379], recall that
the Whittaker function M) ,(z) has the asymptotic formula [[84], Vol. I, p. 279], [[164], p. 341, eq.
(13.21.1)]

1/4
M) . (z) = Zﬁ)ﬁﬂ*if (2u+ 1) cos <2v)\z — % — mr) +0 (|)\|*u*%) ,

as |A\| = oo and z such that | arg(Az)| < 27. Furthermore, by its definition,

M,\,u( z) = Z“Jr?e 2/21F1 (,u )\—l- 3 2u 4+ 1, z) (2.2.5)
we see that, once we replace A by 1 5 — 8, u by 5= L and z by —
Pl B\ e ST (B2 WP (BT x r
F . — = = ~ = ~ 0
1 <8+ 2 ' 4a> NG <4a (8 2)) Cos<a Tty 7T2>
+o(| =R %) (2.2.6)

as |s| — oo and |arg (4a (s - 7>) | < 27. For the purposes of this chapter, it will be enough to
invoke a simpler bound of the form,

_1 2 r
Fy <U+it+r;r; B) <ARIEEVITLO (Jf7571), (1] = oo, (2.2.7)

2 4o

where A and B are positive constants depending only on «, 5 and r and ¢ < o < d.

Since we will use the Mellin inverse representation (2.2.4), the confluent hypergeometric function
lying in its kernel will have to satisfy a transformation formula compatible with Hecke’s functional
equation (2.1.31). The following formula due to Kummer [[3], p. 191, eq. (4.1.11)] will be useful

1F1(a; ¢ ) =e*1F1 (c—a; ¢; —x). (2.2.8)

2.2.1 General identities for Dirichlet series

We are now ready to prove the following theorem, which has independent interest because it is an

identity concerning general Dirichlet series.

Theorem 2.2.1. Let ¢(s) and 1(s) be the pair of Dirichlet series satisfying the functional equation
(2.1.31). Furthermore, assume that ¢(s) € A and let us denote by p the residue that ¢(s) possesses
at its pole s = r.

Then, for Re(a) > 0 and 8 € C, the following transformation formula holds

0o _ r—1 r—1 2
5 —ahn ) 0)8 T p s
Z “ J ﬂ 27“ 11“( ) + 2r—1ar € Ao

n=1

=D b(n) pn® e e ) (2.2.9)
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Remark 2.2.1. The series on the left-hand side is obviously convergent under the conditions
established for the sequences a(n) and )\, in Definition 2.1.1. The convergence of the series on the

right-hand side comes from the Hankel expansion for the modified Bessel function (2.1.57), which
gives |I,(2)| <, e®G) /., 2n]z] as |z| = oo.

2 02
absolute convergence, we can write the series (2.2.1) as

> a(n

Proof. Pick p > max {aa -5+ %,O’b -5+ %, ril 3r _ %} By (2.2.6) and (2.2.4), and arguing by

77‘

e J_1(8 vV n)

3
—_

pitioco r—1\ pr—1
1 r—1 F<5+T>ﬁ r—1 8
=— F L d 2.2.10
2mi / ¢ (S + 2 ) or—1,5+55 (r) LA (s 2 ' T ) ( )
n—1ioco

We will now integrate along a positively oriented rectangular contour R containing the vertices
w=EiT and r — p+4T for T > 0. By the choice of u, we know that the line Re(s) = r — p is located
at the left of the line Re(s) = u. By using the residue theorem, we have

+iT 1\ or—
M/ gb(Hr—1>F(s+21)B 11F1<S+r—1;r;_ﬁ2> s

2 2T—10¢5+TT1F(?”)

/,L*’L'T

u4iT r—p+iIT r—p 'r 1 T (S + %) /87"71 r—1 BQ
/ / / =1 1F1 | s+ §Ty—o—
2 21"t T () 2 o

r—u+il  r—p—iT pn—iT

+2mZResS:p{¢<s+r—1> F(s+rgl_)5r—1 . <5—|—r_1§7"; _ﬁ2>
(

< 2 1ot T (1)

Clearly, by Stirling’s formula (2.1.38), the convex estimate (2.1.39) and the asymptotic formula
(2.2.6), the integrals over the horizontal segments [r — p £ T, p + 4T tend to zero as T — oc.
Also, we know that ¢(s) has a simple pole located at s = r and, by Remark 2.1.2, has zeros located
at the negative integers. Since |} (z' r; —%) is an entire function in the variable z, the only
poles that we need to take into account in the sum above are located at the points p = 2 T and
p= 7“5—1 Denoting the integrand in (2.2.10) by Z, g(s), we see that the residues at these poles are
respectively

Bl s ¢(0)5""!

W € 4o, Resszng {Ia’g(S)} = 2T_1F(7’) . (2212)

Res,_ri1 {Zop(s)} =
2

Letting T' — oo in (2.2.11), we now need to evaluate the integral
r— 4100

r—1
1 82\ 1 r—1 r—1 r—1 B2 _
- = _ 1—‘ . F e I S
T(r) <4a> omi / (H 2 )¢(‘9+ 2 )1 1(‘” SRR R

T—L—100
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which we do by appealing to the functional satisfied by ¢(s), (2.1.31), and to Kummer’s formula

(2.2.8),
-1 2 2 1 2
1Fy <s + —B> = ¢ Fy (r o B) : (2.2.13)

2 4o 2 4o

Performing such transformations and changing the variable back to the region of absolute convergence

of 1(s) (which is possible due to the fact that we have chosen p > o, — % + 1), we get

) 52 Tgl 1 r— 4100 1 1 1 IBQ
r— r— r—
L - T - F S e =5
T(r) <4a> omi / (H 2 >¢(‘9+ 2 >1 1(‘” 2 " 4a>a s

r—p—1i00
2 +i
e (B2 TM/ZOOF<T+1 >w<r—i—1 )F rl B\ ooy
= —s -5 — s — | ®ds
2mil(r) \ 4 , 2 2 M2 " da
r——1i00
52 r—1 p+-i00
e 1o g\ 1—r 1-— 1—r 2
- 2 r ) F o P ) atds. (2214
2mil () <4a> “ / (S+ 2 )d’(” 2 )1 1< i ) s (22.14)
H—1i00

We now use the expansion of ¥(s) as a Dirichlet series (2.1.29) together with the power series
expansion for the confluent hypergeometric function. Due to absolute convergence of both series,
we can write the right-hand side of (2.2.14) as®

82 (B2 = — = MHOOF( +1T) 1—r B2
S ) / i | s g | (@) ds

— 2w J I'(r) 2 da
H—100
r—1 /J,+ZOO l-r
YA R A NI Sl P
o <4a) ) ;b(n) / Z D(r+ bk drqr /)08
H 100 VT
ptioco
_ﬁ B r—1 _ o 0 1
_ 2 (B , Iz n
¢ (2) ¢ nz::lb(n)kz (7“+k)k< a2> 2mi / el
H—100
e (BT & —pin/ S 1 O/itn "
_ 2 (8 , o . (2.21
E(y) o 2 blnje ,;)r<r+k>k!< ) - 21

Recalling the definition of the modified Bessel function of the first kind (2.1.17) (cf. [[221], p. 233,

eq. (9.28)]), . 00 1 2m
(;C) I () :mz::O m!T(m+v+1) <§> ’

we see immediately that the latter infinite series in (2.2.15) is represented by the modified Bessel
function of the first kind. This proves (2.2.9). O

Remark 2.2.2. Using Voronoi’s summation formula, Berndt proved the summation formula (2.2.9)
for Dirichlet series with a more general distribution of singularities (cf. [[24], p. 154, eq. (6.12)]).
Our identity is also connected with an identity due to A. I. Popov [168], which was rigorously

5Note that, at the third step, the vertical line of integration is unchanged due to Cauchy’s theorem and the choice
of p.
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proved for the first time in [42]. The advantage of our method of establishing the transformation
formula (2.2.9) is that we can relate it with a contour integral involving I'(s)¢(s) on the critical
line Re(s) = 5 (see Corollary 2.2.2 below).

Since the class B can be included in the class A, i.e., if ¢(s) € B then ¢(2s—0) € A (see Remark

2.1.4), we can deduce the following formula.

Corollary 2.2.1. Let ¢(s) be a Dirichlet series representable as (2.1.29) and belonging to the class
B with 6 = 0. Then, for any x > 0 and Re(a) > 0, 5 € C, the following identity holds

2

- —aX2z? 7 e _:7512 B tin
nz::la(n) e cos (BApx) = \/7 \Fm 22:1 b(n)e cosh < o ) . (2.2.16)

Moreover, if ¢(s) belongs to the class B with § = 1, the analogous formula takes place

> 2.2 6_% > T Bin
nz::la(n) e~ gin (BApz) = o nZ::lb(n) e 2?2 sinh <M) . (2.2.17)
Proof. Let ¢/(s) = ¢(2s —§), 6 € {0,1}. Then ¢'(s) satisfies Hecke’s functional equation
, 1 /1
I'(s) ¢'(s)=T §—|—5—5 (0 §—|—5—S (2.2.18)

and belongs to the class A, with (at most) a simple pole located at s = % (if § = 0) with residue
p/2 (see Remark 2.1.4 above).
In general, if ¢(s) and (s) € B are representable as (2.1.29), ¢/(s) and ¢’(s) can be written in

the form

- = bn:u;;z Oqa
I RS T
= n n=1 Ky

From (2.2.18), we can apply the summation formula (2.2.9) replacing there a(n) by a(n) A2, A, by
A2 b(n) by b(n) ul, pun by p2 and finally p by p/2: this gives

i ey (BA) = \/g{mowg\/ze—ii} Lo ib bondfor é(ﬁzn

B (2.2.19)

Using now the particular values for the Bessel functions [[221], p. 248],

/= cos(z) ifd=0 2 cosh(z) if6=0
Js_1(z) = et , I 1(x) = ki , (2.2.20)
: 2 sin(z) ifo=1 : 2 sinh(z) ifé=1

T

we obtain immediately the identities (2.2.16) and (2.2.17) after replacing o and § in (2.2.19)
respectively by axz? and Sz, x > 0. ]

Remark 2.2.3. In particular, since ¢(s) := W_S/QC(S) € B by Remark 2.1.3, an application of
the identity (2.2.16) gives Jacobi’s formula (2.1.8). This seems to be the first indication that the
general formula (2.2.9) will prove to be the rightful analogue of (2.1.8).

).
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Identities (2.2.16) and (2.2.17) can be employed in order to derive generalizations of the Selberg-
Chowla formula for Dirichlet series in the class B (cf. Remark 2.2.5 below). Based on the “theta-like”
features of the series appearing in (2.2.16) and (2.2.17), we now give a definition which introduces

a new general analogue of the theta function.

Definition 2.2.1. Let Re(z) > 0, y € C and assume that ¢(s) is a Dirichlet series satisfying

Hecke’s functional equation (2.1.31). We define the generalized #—function as the following series

d(z,y) =2""'T(r i CeMT g (VAny). (2.2.21)

Our next corollary, which actually consists in rewriting (2.2.9) in a compact form, gives a
transformation formula for ®(x,y). Moreover, just like Dixit’s formula (2.1.9), we are able to

compare this modular relation with an integral involving ¢(s) and the confluent hypergeometric

function.

Corollary 2.2.2. Let Re(x) >0, y € C and assume that ¢(s) € A. Let us consider the generalized

0— functions

®(z,y) ==2""'T(r Z T M (V) (2.2.22)
and
> 1-r
U (z,y) :=2"""T(r) y' " D b(n) pn® e Ty (Vi y) - (2.2.23)

1

3
Il

Then ®(x,y) (resp. V(z,y)) has the following properties:
1. It is entire in y € C and analytic in Re(z) > 0;

2. It satisfies the transformation formula

2

v
P 2 e 4w 1 iy)
d =¢(0)+ =T @ U(—, =). 2.2.24
(@.9) =6(0) + LT e+ w1, 2 (2221

Moreover, (2.2.24) can be written in terms of an integral involving ¢(s) at its critical line, this is,

r 2 2 1
"2 (x,y) — P T(/g) e =e Ta /AU ( i ) + ¢(0) 2"/?
x z’

1 7 T . y2 it
- — [r( Y ity 2.
o / (2 +zt> ¢(2 —|—zt)1F1< + it; 7 433) "t dt (2.2.25)

Proof. We first show that ®(x,y) satisfies item 1., i.e., that is entire in y € C and analytic in the
half-plane Re(x) > 0. We divide this proof in two cases: r > % or 0 <r< % For the first case, if
Re(z) = 0 > 09 > 0 and y belongs to a bounded subset of C, contained in |y| < M say, then the
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series defining ®(x,y) is absolutely and uniformly convergent, since, for r > %,

<\//\;"y> o Jr—1 (\/Xy)

1

2 Ao r7§
= (ir)_ %) pa 1 Ando 0/ : cos (\/Eyt)‘ dt

< Z la(n)| exp (—)\nao + \/EM) < 00,
n=1

|@(z,y)| < T (r Zla )|eAne

where in the second inequality we have used the well-known Fourier representation (due to Poisson)
[[164], p. 224, eq. (10.9.4)]

1=

1
v 2 v— 1
<z> 0 pu—— / (1-2)" P cos(t)dt, Re(v) >3, z€C,  (2226)
2 /7l (1/ +3) 2
as well as the fact that the Dirichlet series ¢(s) converges in some half-plane. Note that (2.2.26)
can only be invoked for J,_;(z) if r > % To address the case where 0 < r < %, we just bound

trivially ®(x,y), which gives

00 1-r
@@, y)| <T(r) Y la(n)]e 0 (”ﬂ) e (Vany)
n=1
00 1-r
<T(r) Y la(n)e (“;””) L1 (Vo fy]) < oo
n=1

where we have used the well-known bound |J,(z)| < I,(]z]), valid for v € R. The finitude of the
last series comes from the asymptotic estimate (2.1.57) for I, (z) [[164], p. 252, eq. (10.30(ii))],

which gives

1—r
An 1_r 1
<¢;|y|> Lot (VAnlyl) < exp (VA M) M2 Jyl27, n— oo (2.2.27)

Therefore, for each fixed z in the half-plane Re(z) > 0, the function ®(z,-) is entire and for each
fixed y € C the function ®(-,y) is holomorphic in the right half-plane Re(x) > 0. This proves item
1. above. Now, we prove the integral representation (2.2.25), which immediately gives (2.2.24). We

start our proof with the integral on the right-hand side of (2.2.25), transforming it into a contour
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integral along the critical line Re(s) = %,

y g/ s r r y? .

y o r(" . T i) R AR

AT (r) / (2+zt> gb<2+zt>1 1( + it; r; 4:}0)96 dt
—00

yr—l y2
= 21T 27 2m / I'(s) ¢ (s)1F1 (8; r; —4x> =% ds
2 —100
L e—% gtieo o2
o —1T(r) 2mi / (s) ¢ ()1 51 <T 5 4;1:) v
L —ico

2

where we have used Kummer’s formula (2.2.13). We now change the line of integration to
Re(s) = o, + 9§, for some positive §. Doing so we integrate over a (positively oriented) rectangular
contour whose vertices are § i1 and 0, + 0 £ 47", where T' is a (sufficiently large) positive real
number. The integrals along the horizontal segments vanish as T — oo due to the asymptotic
formulas (2.1.38) and (2.2.6). Doing this shift and using the information that the simple pole of

¢(s) is located at s = r, we find the residue

y?
Ress—y {F (s) &(s)1F1 (T‘ — 8T 4x> $S} =T'(r)px™".

Since ¢(s) converges absolutely for Re(s) > o4, we have by absolute convergence that

.2 2—Hoo 9
Y Yy —s

_— I'(s F; LTy — d

2r=11(r) 2mi / )by < e 43:) voas
y2 ogt+d+ico

yrfl e 1z o y2 3 yrflp _ﬁ

= 51T () oni L' (s) ¢(s)1F} (7‘ — 87 4x> x%ds — T v
Oa+0—1i00

T x T

x _ _y_

= 5 () 2ni Z a(n) / I'(s)1F1 (r — 57 4:U> (2An) "5 ds — T €
n=1 oa+0—1i00

& rfl 2

_ o~ An /N P %

— Z CL( IJ r—1 < y) 27‘ 1337‘ 4z ,

where in the last step we have used the integral representation (2.2.4). This proves the formula

y g/ s r ” y? .
y e r(” s T i) F YT
AT () / <2+zt> gb<2+zt>1 1( + it; r; 43:)96 dt
—0o0
r 1 2

= ia( g (Vany) - = 1’1 e iz, (2.2.28)

n=1
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After multiplying both sides of (2.2.28) by the factor I'(r) 2"~'y'~"2"/2 and appealing to the

definition of the generalized theta function (2.2.22), we derive

o0
v/ _ P —yi_l/ ") o (F 4 T
x"4P (z,y) e 1 =5 r 2+zt 10) 2—|—zt 1F1 2+'Lt, T

y? it
—=— |z7"dt. (2.2.2
4$> x " dt. ( 9)

Let us now look at the integral on the right-hand side of (2.2.29): by the functional equation

for ¢(s), (2.1.31), and Kummer’s formula (2.2.8), we can rewrite it as

o0
1 r . T . r . y2 .
— [ I(=+it — it ) 1By | = +it;r; — 2 dt
o <2+z>¢<2+1>1 1<2+z,r, 4x>x
—0o
17 2
ro ro roo Yy "
= — | D= t _ t F gt = it ¢
o <2+Z>¢(2+1)“<2 AR 4x>x
—0o

_y? © 9
€ & T T T Y it
= /F<2+zt> ¢(2+zt> 1F1 <2+zt, T 4x>$ dt. (2.2.30)
—00

But the last integral in (2.2.30) is actually the same as the one on the right-hand side of (2.2.29) if
we replace there x by 1/z, y by iy/x and ¢(s) by ¥(s): hence, (2.2.29) implies

1 2
x—r/Q\I/ (7 iy) o p*F(’I”) xr/2 6%
xT T

o0

_ 1 ro. ro. oo y2 it

=5 / r (2 + zt) P (2 + zt) 1F1 (2 + it; r; 4$> ' dt, (2.2.31)
o

where p* is the residue that 1(s) possesses at its simple pole at s = r. From the simple properties
of the class A (see Remark 2.1.1 above), we know that p*T'(r) = —¢(0), which gives, after using
(2.2.31), (2.2.30) and (2.2.29),

2
e /2y (1, zy> + ¢(0)2"/?
' x

_y? o 2
e @ ro roo roo Yy i+
— N Tt (L4t it gt
o / (2+2)¢<2+Z>11<2+2’T’4x>m
o0

o
1 r r r AN
27r/ <2+z>¢<2+z)11<2+1,r, 4x>$

F 2
= 2"%® (z,y) — P T(/Z) e
x

)

completing our proof. O

Since the previous “modular” relation (2.2.24) is an analogue of Bochner’s “modular” relation
(2.1.35), in the next corollary we note that (2.1.35) can indeed be obtained from (2.2.9).
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Corollary 2.2.3. Assume that ¢(s) € A. Then, for any Re(x) > 0, Bochner’s formula (2.1.35)

takes place, this is,
Z a(n) e = ¢(0) + pL'(r)a" + 27" Z b(n) e/, (2.2.32)
n=1 n=1

Proof. The transformation formula (2.2.24) implies, for Re(z) > 0 and y € C,

D)2 3 alm) AE e g1 (VAny) = 6(0) + LT e

n=1
2

7% s 1—r b,
T 2T S b p® e L (V”)
s

T

n=1

We have seen above that the series on both sides converge absolutely and uniformly with respect
to y contained in any bounded subset of C. Therefore, we can take y — 0" and interchange the
orders of limit and summation on both sides. From the limiting relations for the Bessel functions
[[164], p. 223, eq. (10.7.3)],

il e

lim g~ J,(y) = ——— limy "I, (y) = ——— 2.2.33
Lim ™ (y) T 1) Amy (v) R ( )
(2.2.32) is immediately obtained. O

By the equivalence between the identities (2.1.35), (2.1.36) and Hecke’s functional equation,
the fact that (2.2.24) generalizes (2.1.35) now poses an interesting question: is it possible to find a
generalization of (2.1.36) in this context? The following corollary furnishes a positive answer to
this question. Before stating it, however, let us briefly explain which kind of generalization we shall
get. First, by analogy with the generalized #-function (2.2.23), one may foresee that the right-hand
side of (2.1.36),

r

S b)) i Kooy (2(/fima)
n=1

will be extended to a series of the form
[e'¢) sl
Sbn) pn® T Tt (v y) Koop (24/1in ) - (2.2.34)

n=1

In the same manner, the left-hand side of (2.1.36),
i a(n)
n=1 (An + x?)s’

will be generalized in our next result. In order to understand this generalization, however, we need
to introduce a basic special function that was not explicitly defined before in this thesis. Like

Kummer’s function (2.1.2), the Gauss hypergeometric function, 2 Fi(a, b; ¢; z), is usually encountered
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as the infinite series

i (a)k( _ I'(c) i I(a+Ek)(b+ k) Foe <1, (2.2.35)

oFy (a,b;¢; 2) ,
(c) kk‘ F(a)F(b) = Tlc+k)k!

where (a); denotes the Pochhammer symbol (2.1.3). The next corollary establishes a correspondence

between the series (2.2.34) and another infinite series involving the function 2 F(a, b; ¢; z).

Corollary 2.2.4. Let ¢(s) and 9 (s) be two Dirichlet series satisfying Definition 2.1.2 and let o,
be the abscissa of absolute convergence of ¢(s). Furthermore, let x, y be two positive real numbers
and s be any complex number such that Re(s) > 0.

Then the following identity holds

5T I(s)y T & a(n) s s+1 492\,
> s2f1| 5, P T
2 T Z0nta+yd) 2 2 (An+x2+y2>2
r—1 ,.r—s s—r r 1
py a" l(s—r) @ $(0)I'(s) -
= b r—1(2 ny) Ks—r (2 n )
5 +2F()($2+y +§ " T2/ y) (2y/kin )

(2.2.36)

where 9 F1(a,b; c; z) denotes Gauss’ hypergeometric function, (2.2.35).
Moreover, if x and y are two positive numbers such that x > y and Re(s) > o4, then the

analogous identity holds

5T F(S) yrfl i f N 4y2)\n
2 L(r) = (At 332 y2) 2’ 7 (M 22 —g2)2
r—1,.r—s s—r r 1 o0
py " T(s—r) = »(0)T'(s) sy
= n Ir— 2 n Ks—r 2 n .
5 LT )(xQ_yQ Z 12v/kn y) (2V/hin )

(2.2.37)

Proof. Since I,(z) = i7" J,(iz) for x > 0, it is simple to see that (2.2.37) can be derived from
(2.2.36) once we assure the convergence of both sides of (2.2.37). Indeed, the series on the right-hand
side of (2.2.37) converges absolutely for any s € C because of the fact that x > y > 0 and the
asymptotic formulas (2.1.57) and (2.1.58) [[232], pp. 199-203],

K,(x) = \/Ze_x (1 +0 (;)) , I(x) = \/% (1 +0 (i)) , T — 00. (2.2.38)

To justify the convergence of the series on the left-hand side of (2.2.37), note that, as n — oo,

1 s s+1 4q% \ 1
2 282F1 5 T o T T o 2 215
(An + 22 —y?) 27 2 (A + 22 — 32) (A + 22 — 32)

since the hypergeometric function factor tends to 1 as A, — oo, which is evident from the power
series (2.2.35). Thus, if Re(s) > o, the series on the left of (2.2.37) converges absolutely. Similar
comments can be made about the series on both sides of (2.2.36) without the additional hypothesis

that = > y.
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From the previous observation, we just need to prove the identity (2.2.36). To that end, we
look first at the infinite series on its right-hand side and invoke the well-known representation for
the modified Bessel function of the second kind [[95], p. 368, eq. (3.471.9)],

7$sleﬁx e % dy =2 <;>/ K, (2v/B7), Re(8), Re(3) > 0. (2.2.39)
0

Using (2.2.39) on the infinite series appearing on the right side of (2.2.36), we obtain

o s+1 27

Z 2 T—1(2\//Tny) Ko, (2\//77133)

n=1

e S 1—7r

r—1_—z2 2 =
/ e ST b(n) pn® e Sy (24 y) dt
0 n=1

where interchanging the orders of summation and integration is possible due to absolute convergence.

Now we invoke the transformation formula (2.2.9) with the roles of ¢(s) and 1(s) being reversed

and we get

S s+1—2r

Z b(n)pn > Jr—1(2y/tiny) Ks—r (2¢/in @)

=1

ns—r s w(o) r—1

T 1 2 y _ 2

_ 5T 1 _—x°t r—1 * 47 y°t dt
2 / ¢ { Ty Y Pt
0

gor—leme’t {t —ytz e, (2yt\ﬁ)} . (2.2.40)

+
8
DT

0\8

The computation of the first integral is simple and it is equal to®

0o
" /ts—r—le—xzt {w(o)yTl + yr 1p* t e—yQt} dt

2 / I'(r)
_ 1/)(0) yr—l s 1’\(5 _,r.) 5 ryr 1 *F( )
2I(r) 2 (22 4+ y2)°
_ ey tat T (s =) 27Ty 9(0) T(s) (2.2.41)
2 2U(r) (22 +y2)° "’ o
where we have used the simple properties of the class A, namely that ¢(0) = —pI'(r) and

= —¢(0)/T'(r) (see Remark 2.1.1). To evaluate the second integral, we use absolute convergence

Tn order to check the convergence of this integral, note that, if p # 0, then it comes from Definition 2.1.2 that
¢(s) possesses a simple pole located at s = r. This means that o, > r and so, since Re(s) > o, by hypothesis of
Corollary 2.2.4, then Re(s) > r. On the other hand, if ¢(s) is entire then it comes from Remark 2.1.1 that (0) = 0,

2
which shows that the term involving the integral fooo t57 " le ™ tdt is zero.



2.2 A general theta transformation formula involving Bessel functions 85

(assured by item 1. of Corollary 2.2.2 above) and the integral given in [[48], p. 191, eq. (3.13.2.1)],

oo
B\" T 1 B?
/xz—l e_AxI,,(BI) dpr — A=V <> M2Fl <Z+V7 Frvt v+ 1, > , (2.2.42)

2) T(w+1) 2 2 A?

valid for Re(A) > |Re(B)| and Re(z) > —Re(v). Invoking (2.2.42) on the last integral in (2.2.40),

we obtain

/ts r —x2t e—yQt ia )\ntI 1 (Qyt \/>)
n=

1

o0
=2 aln)
n=

r—1 o0 2
_ I'(s)y Z a(n) LR s s+ 1’ - 4y A ) (2.2.43)

o0
/ts e (@) (2yt \ﬁ)
0

—_

which is legitimate through (2.2.42) because Re(s) > g, > § > 0 by hypothesis and 22 + y* + A, >
y? + A\n > 2yyv/A,. Combining (2.2.43) with (2.2.40) and (2.2.41) proves our formula (2.2.36). [

Remark 2.2.4. A formula similar to (2.2.37) involving the product I,(y) K, (z) was found by
Berndt, Dixit, Kim and Zaharescu in [43] and later generalized to a class of Dirichlet series by
three of the authors and Gupta in [[41], Theorem 11.1]. Restricted to the case where the Dirichlet
series is attached to the sum of k—squares, ((s), their identity reads [[43], p. 315, Theorem 1.6.]

> it (2 (Vi - V) Ko (v (v + V)
r(s+v) i () <\/n+a—\/n+ﬂ>”
7k/22k—1T (v 4+ 1) \/n—i-a\/n—i-ﬁ vn+a++n+p

M\?r

(f—f) N
Va+ B

1 1 ko k k. (vVn+ta—yn+p ?
X<\/n+a+\/n+ﬁ> o1 (1—24—%1—271/4-1, <\/n+a+\/n+5> ), (2.2.44)

where Re(y/a) > Re(y/B) > 0 and Re(v) > 0. Compare formula (2.2.44) with (2.2.75) below.
Our identity (2.2.37) and its consequences are somewhat akin to (2.2.44) but they seem to be
independent because in (2.2.44) it is required that the indices of the Bessel functions are the same.
In our formula (2.2.37) we have a free complex parameter s, although the index of the modified
Bessel function I,(z) is fixed by the functional equation, being equal to » — 1. In the case of
(2.2.44) the indices of the Bessel functions are kept equal but they are independent of the functional
equation for (i (s), this is, they do not depend on k. In the fourth chapter of this thesis, we will
make this connection more precise, as we shall prove a general summation formula from which
(2.2.44) and (2.2.75) arise as corollaries (see Theorem 4.4.1 below).

The formula obtained by Berndt, Dixit, Kim and Zaharescu (2.2.44) can be used to extend
known formulas due to Dixon and Ferrar [75, 77, 78]. For example, by using (2.2.44), they were
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able to establish the beautiful identity due to Popov (see [[43], p. 329, Corollary 4.6.])

B0 (v+ §) i - i )n'l2K, (2my/nB) (2.2.45)

27‘('/Jrg n—0 (n + /3)

which is valid for any positive integer & > 1 and Re(v/3), Re(v) > 0. On the other hand, (2.2.45)
can be established immediately from Berndt’s general Bessel expansion (2.1.36) because ((s)
satisfies Hecke’s functional equation.

In a general context, we now prove that (2.2.36) implies (2.1.36) in the same way that the
similar formula (2.2.44) gives (2.2.45) (cf. [38]).

Corollary 2.2.5. Let Re(s) > o, and ¢(s) be a Dirichlet series belonging to the class A. Then,

for any x > 0, the following Bessel expansion takes place

S aln) _pT)e T =) |

—25 2
= b m Ks—r (2¢/tm T) -
(2.2.46)
Proof. Multiply both sides of (2.2.36) by I'(r) y'~": we obtain
> stl=2r L(r)a"*T(s—r) 7" P(0)T'(s)
1 r 4
b Hm 2 r— 2 m Ks—r 2 m s
2,0 BV Hn ) e (2 it ) ¢ 2 RETEEe)

[e.9]

5T a(n s s+1 4y )\,
= F(S)Z( () 32F1<7 3 T Y )

2 (A + a2 +y?) 2’ 2 (Ao + 22 + 32)?

We have argued at the beginning of the proof of Corollary 2.2.4 that both series above converge
absolutely and uniformly with respect to y for 0 < y < M. Thus, letting y — 0T, using the first
limiting relation in (2.2.33) and recalling that 2 F(a,b; ¢; 0) = 1, we obtain the identity

= a(n) pT(r)z? 25T (s — r) 2 s—r
Z 5 = *¢(0 m) i Ks—y (2y/pm ),
2 O ) () =
which is Berndt’s formula (2.1.36) restricted to the class A. O

Since (2.2.46) can be thought as a generalization of Watson’s formula [[233], p. 299, eq. (4)],

we now see that Corollary 2.2.4 also gives another analogue of Watson’s formula for the class B.

Corollary 2.2.6. Let Q(z,y) = Ax® + Bxy + Cy? be a positive definite and real quadratic form,
i.e., A :=4AC — B> >0 and A > 0. Also, define k := VA /2A.
If ¢(s) is a Dirichlet series belonging to the class B and s is a complex number such that

Re(s) > S, then the following formulas take place

L a(n) S a(n)
—2¢(0)C™" + Z (AX2 + BA, + O ﬂ; (AX2 — B X, +C)°

B ) s 12 4k§_sA_ s—1 B, B
_p\/?rWA k Zb n)pin cos( " )KS_;(W{/M), 5 =0, (2.2.47)

DO
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i a(n) i": (n)
= (AN + BN +C)° = (AN — B)\ +C)°

k:%*

= Zb sm(B
n=1

) 1 (2kp), 5=1. (2.2.48)

Proof. Starting with (2.2.47), we use the fact that if ¢(s) € B with é = 0, then ¢(2s) € A with
. Thus, to obtain (2.2.47), we start by using (2.2.36) with ¢(s) being replaced by ¢(2s) and

Appealing to the well-known particular case of Gauss’ hypergeometric function [[172], Vol.

r =

N D=

T =

11, p. 461, eq. (7.3.1.106)],
11 1 —2a —2a
o Fy (a,a+ 37 3 z> =3 {(1 +vz2) T+ (1= v7) } , (2.2.49)

the left-hand side of (2.2.36) can be simplified to

1
xz°732 > a(n) s s+1 1 4o N2
L(s) Y oo 2i| s 27 (N2 4 42 4 22)2
(A% + 22 +y?) 22 2 (A2 4 22 + 32)

2
=2 21(s) Y aln) {(/\i+2yAn+:c2+y2)s+ (r2 —2y/\n+x2+y2)s}, Re(s) > -2,

S— O,a
4 n=1 2
(2.2.50)
On the other hand, for any s € C, we can write the right-hand side of (2.2.36) as follows
1 1
S VApaiT(s— 1) a8 6(0)T(s)
mz::l b(m) pim * cos (2pmy) K, 1 (2Hme) + I + = i) (2.2.51)

where we have used the particular case J_j5(7) = /= cos(z), (2.2.20), and the fact that ¢(2s)
has a residue equal to p/2 at the simple pole s = 1/2 (see Remark 2.1.4). Comparing (2.2.50) with
(2.2.51) and assuming that Re(s) > % gives the formula

2 i —s —s

(m;iy) Z {(Ai+2yAn+x2+y2) + (A2 =2y h, + 2% +17) }
Il A VIR U SO

) ( mZ:1 b(m cos (2umy) KS_% (2 o )

X5

Multiplying both sides of the previous equality by A~% and defining y = % and z = =k, we

get immediately (2.2.47).

The proof of (2.2.48) is analogous: in this case, note that ¢(2s —1) € A with r = 3 (see Remark
2.1.4), so we just need to use (2.2.36) with r = % Appealing to the formula [[172], Vol. III, p. 461,
eq. (7.3.1.107)],

oFi (51 3i2) = M {a-va) ™ =+ v ],
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we see after some straightforward simplifications that the left-hand side of (2.2.36) is reduced to

3

S732

00 1 1
I'(s—1 a(n N
4Ty ( )n; ( ){(A%—QyAnJr:c?er?)“ (A2 +2yAn + 22 + %)

- } o (2.2.52)

for Re(s) > % + 1. In what concerns the right-hand side of (2.2.36), note that when J =1 in the
class B, we have p = ¢(0) = 0, so we just need to simplify the series involving the Bessel functions.
For any s € C, this series can be written as

3

o0 o0
Z -1 J1 Cuny) K,_ (2un = Z ) i 2 sin(2pin y) KS_%(Q,Un x), (2.2.53)

ﬁ\

where we have used the particular case Jy 5(7) = ‘/w% sin(x), (2.2.20). Comparing (2.2.52) and

(2.2.53), replacing in both expressions s by s+ 1 and defining y = % and ¢ = 2—‘/5 := k, we obtain

(2.2.48). O

Remark 2.2.5. The previous corollary is somewhat remindful of the classical Selberg-Chowla
formula for the Epstein zeta function [15, 201], studied with considerable detail in the previous
chapter. Being a generalization of Watson’s formula, it is expected that (2.2.36) can be used to
derive new analogues of Guinand and Koshliakov’s formulas [34, 35, 37, 100, 134, 163, 207], as well
as new extensions of the classical Epstein zeta function. This study will be given in Chapter 4 below.
Particularly, Theorem 4.5.1 will be one of many general analogues of the Ramanujan-Guinand

formula that one may get from the formula (2.2.36).

Like (2.2.44) (cf. [[43], p. 331]), our formulas (2.2.36) and (2.2.37) can be extended to a
larger region of the complex plane containing Re(s) > 0,. In the following corollary, we prove the
continuation of (2.2.36) to the region Re(s) > g, — 1.

Corollary 2.2.7. Let ¢(s) and 9(s) be two Dirichlet series satisfying Definition 2.1.2 and let o,
be the abscissa of absolute convergence of ¢(s). Furthermore, let x, y be two positive real numbers

and s be any complex number such that Re(s) > o, — 1. Then the following formula holds

¥ F( (n) s s+1 492\, a(n)
2 nz::l{ )\ +I2+y)82F1 (27 2 y T ()\n+$2+y2)2>_ )\% }
L)Y gy e s — ) 2y IR0 )

2 I(r) B 2 20(r) (22 +y?)°

S b e @y y) Koo (24 ) (2.2.54)
n=1

which constitutes the analytic continuation of (2.2.36) to the region Re(s) > o, — 1.

Proof. Note that, as n — oo, the terms on the infinite series at the left-hand side of (2.2.36) are of

the form

1 po(s st Ay° X\ L .o 1
CutaZ g 2\ 2 2 T ) )| T R At
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Therefore, for Re(s) > o4, we can add and subtract the first term of this asymptotic expansion and

have
2 D(s)y o a(n) s s+1 42\,
Fi|s, ;T

2 T(r) ;(An+x2+y2)“ S TR WY

_ Ty s a(n) b5 sl 4 a(n)
T2 T() S\ et T2 2 T a2 )’ N

A OF i

T st).

The previous expression is the analytic continuation of the first series to the region Re(s) > o4 — 1.
Thus, since the right-hand side of (2.2.54) already admits a continuation to all s € C, we conclude
that (2.2.54) holds when Re(s) > o, — 1. O

As a particular case of our previous result, one can extend Berndt’s formula (2.2.46) to the

half-plane Re(s) > o, — 1 in the following form.

Corollary 2.2.8. Let ¢(s) and ¥ (s) be two Dirichlet series satisfying Definition 2.1.2 and let o,
be the abscissa of absolute convergence of ¢(s). Furthermore, let x, y be two positive real numbers

and s be any complex number such that Re(s) > o, — 1. Then the following identity holds

o) 1 1 _ ,OF(T) x2r723 F(S _ ’I") B . x—Qs
2078 r
+ () mz::I b(m) pun? Ks—p (2y/1bm ) . (2.2.55)

Before concluding this section, we now prove summation formulas that can be derived from the
continuation given in Corollary 2.2.7. The first summation formula holds when one takes s = r in

Corollary 2.2.7, while the second results from setting s = 2r — 1.

Corollary 2.2.9. Let ¢(s) and ¥ (s) be two Dirichlet series satisfying Definition 2.1.2 and let o,
be the abscissa of absolute convergence of ¢(s). Assume that o4 < r+ 1. Moreover, suppose that

@(s) has the following expansion around its (possible) simple pole s =,
o(s) = % +po+ O(s — 7). (2.2.56)

If x, y are two positive real numbers, then the following identity holds
i 2" La(n) a(n)

r

r—1
n=1 \/(/\n + a2+ y2)% — 4y2\, (An + a2+ y? + \/(An + a2+ y2)? - 4y2)\n) "

0 I (r 92 X 1—r
ﬂfi sz —P (r(()) Tyt 210g<w>) —pot g b(n)pin® Jr1(24/fim y) Ko (2y/fin @) -

(2.2.57)
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Proof. Since o, < r+1 by hypothesis, (2.2.54) is valid for s = r. Taking the limit s — r in (2.2.54),

we have

_ 0y {@ +a(n) o, (r rel o P )_am)}

2(z% +y?) 2 — 22 + 2 272 T a2+ y2) AT
r—1,.r—s s—r r—1 o] _
L py T ra" T (s —r " T(s)y Lr
= lim { 5 ~ T o(s) ¢ + n§:1 b(n)pn® Jr—1(2v/bny) Ko (2¢/pin) -

Invoking the Laurent expansion for ¢(s) around the possible simple pole s = r, (2.2.56), together
with )
I's—r)=———-74+0(s—7)

and
11 T(r)
Ty Ty T2~ "+0 ((s=7).
we find that
r—1 S s —r 5T s r—1 r—1 '
;ig;{py 5 Heor) 5 P(F)(‘:{) ¢(8)} = —y2 {prr((r)) + py + 2plog(x) +po}-

(2.2.58)
In the meantime, let us use the following particular case of the hypergeometric function [[172], Vol.
III, p. 461, eq. (7.3.104)],

) I T k) W

1
Fila,a+ =;2a;z ,
2 1( T—

2

from which we obtain that

r or+1 4%\,
oF1 | 5, ;T 5
20 2 (An + 22 +12)
2r—1 A 2 2\"
_ (n + 27+ y7) . (2.259)
VO a2+ 92 — 420, <)\n +a? g2+ O a2+ y2) - 4y2An>
Combining (2.2.59) with (2.2.58) and (2.2.54) gives (2.2.57), completing our proof. O

Corollary 2.2.10. Let ¢(s) and ¢(s) be two Dirichlet series satisfying Definition 2.1.2 and let
04 be the abscissa of absolute convergence of ¢(s). Assume that o, < 2r and that ¢(s) admits the

expansion (2.2.56) around s = r.

1. If r =1 and z,y are two positive real numbers, then the following identity holds

) & { a(n) _a(n)}
P SR 2@ )+ @) M

— plog(e) — po+2 3 b(n) Jo(2yFiny) Ko @yima) . (2:2:60)
n=1
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2. If r #1 and x,y are two positive real numbers, one has that

) > a(n) _a(n) op _ 1
RS (X2 + 2 (xz — )+ (22 + yz)Q)T_% et (el
px? 2" T(r)D(r — 1) 20(r

- r(2r—1) * T(2r — 1)(zy) ! Z b(n)Jr—1(2v/pny) Kr—1 (2y/1in) -
(2.2.61)

Proof. We assume that r # 1 because for r = 1 the resulting formula is already given in the
Corollary 2.2.9. Taking s = 2r — 1 in formula (2.2.54) (which is a valid step, since o, < 2r by

hypothesis) and appealing to the elementary relation
2F1 ((I, ba a; Z) = (1 - Z)iba

one deduces immediately (2.2.61). O

Remark 2.2.6. In most of the examples below, we will have that 2r — 1 > ¢,. If this condition
holds and r # 1, then we can write (2.2.61) in the form

¢(0 a(n)
B r— + r—1
(2* +v%) 2 1 Z 1A+ 20 ( y2)+(x2+y2)2) i

2-2
px* " I(r)I'(r—1) 20 (r
= b
T(2r — 1) +F(2r—1 ) 12

) 1 (2B y) K1 (2¢/pn ) . (2.2.62)

2.2.2 Some useful examples

In their paper [[73], p. 312] Dixit, Kumar, Maji and Zaharescu use a variant of Jacobi’s {)—function

of the form .
= Z —mn’ “cos(vmaxnz), Re(z)>0, zeC. (2.2.63)

The parameter z in this consideration is exactly the same parameter that appears in the statement
of their theorem (see eq. (2.1.4) above). So, in order to extend their result, we need to convert the
generalized theta function (2.2.22) into the more symmetric version (2.2.63) depending on a new

parameter z. This is done in the following definition.

Definition 2.2.2. Let ¢(s) be any Dirichlet series belonging to the class A in the sense of Definition
(2.1.2). Then, for Re(x) > 0 and z € C, we define the generalized Jacobi’s 1)—function attached to

o(s) as

[e. 9]

Yg(w,2) :=27"1T(r) (Vo z)lfr > a(n) )\? e Mgy <\/)\,T:U z) = (z,vz2), (2.2.64)

n=1
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where the definition of ®(z,y) is given in (2.2.22). Analogously, one may also define the associated

1—function as follows

1—r

Yyl 2) = 27710 (r) i pn? e gy (VT z) = VU (z,y/x 2) (2.2.65)

where W(x,y) is defined by (2.2.23).

With this new parameter z € C, we note that the transformation formula (2.2.24) can be

rewritten as

o0

Yo(w,2) ==2""1T(r) p Z a(n) An?

o

e,y (Vi)

22 © ; H
Y Z n r_1< /[I;LZ>

)+ ) - T _—y ( zz) (2.2.66)

= ¢(0) + %F(T) 67§ + 2770 (r) 2T

»

Also, the integral formulation (2.2.25) takes the new form

r/2 AL 22 s (1 ) 0) 272

)y, 2) e T=e T Ve iz + ¢(0) x
_17F(T+'t)¢(r+'t)p f—i—'t' ._i —it It (2.2.67)
7271‘ 9 1 9 1L 5 (229 1 T s /N

which is valid for any z € C and Re(z) > 0.

Example 2.2.1. Let o > 0 and r,(n) be defined as the coefficients of the expansion (2.1.40).
Recall the Dirichlet series attached to it,

( — ]z ezt 2.2.68
5) > 04 = _ . (2.2.68)
1+9 if0<a<4

_ z::l ra(n)

We know by Lemma 2.1.1 that ¢(s) = 7 5(,(s) satisfies Hecke’s functional equation (2.1.31) with
parameter r = § and belongs to the class A. For this particular example, the analogue of Jacobi’s
1—function (2.2.64) is

Yoz, 2) :=2271T ((;) TLz) 7% Z TG Ja_1(Vmnz2), Re(z) >0, (2.2.69)

for any z € C. Note that we can recover the classical Jacobi’s function (2.2.63) from (2.2.69).

Indeed, using the particular cases

2 if n is a square
J_%(a:) =1/ — cos(z), ri(n)= ,

0 otherwise
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we obtain from (2.2.69) and (2.2.20)

Y1 (z, 2) == V2rz () Z \/ﬁe_m%t]f (Vrxznz)=2 Z e ™ cos (Vmanz)
n=1
=2Y(x, 2).
From the transformation formula (2.2.66), we see that the following identity holds

2
6z/4

e—z2/4 1 )
Yalz,2) = =1+ a2 + a2 Vo (a:’ zz) , (2.2.70)

from which we can recover (2.1.8) when o = 1. Furthermore, we can write (2.2.70) in the suitable
integral form (2.2.67). Note that the critical line for ¢(s) := m7°(4(s) is the line Re(s) = ¢, so that
(2.2.67) yields the representation

22 22 1
2 Mo, 2) — a7 e™ T = e T2y, (, iz) — /4
T
17 2
@ o a oz ;
= — — it )1y | = ity o = | Tt 2.2.71
Qw/ﬁa(4+l>1 1<4+Za2a 4>‘/E ) ( 7)
—o0
where
Na(s) =71 °T(s) Cals). (2.2.72)
From Corollary 2.2.4 we can derive the curious formula
1 > ro(n s s+1 « 4n y? w2 (s — &) g2
5 o+ Z oz2( ) R . 2. ) S| = ( 2)
(2 +y?)° 1 (nt+x +y) 272 72 (n+a?+y2) I'(s)

o (%) +1—%x‘; s 1—

I'(s) z::

_1(2my/ny) K a (2myvnz), (2.2.73)

valid for any pair of positive numbers z and y and s such that Re(s) > o4, with o, being given
by (2.2.68). When a = 1, (2.2.73) yields an extension of Watson’s formula due to Kober [[129], p
614]: since r1(n) = 2 only when n is a perfect square, we can use the steps leading to the proof of

Corollary 2.2.6 to obtain the formula

1 1-2s T'(s — 1 47S [e'¢)

Z 5 3 s = Ve (s = 3) + 17r Z n®"3 cos(2mny) K, 1 (2mnzx) ,
el (n? + 2yn + 22 + y?) I'(s) 72 T(s) o 2

(2.2.74)

which is valid for any Re(s) > % and z,y > 0. By letting y = 0 in (2.2.74), one can deduce Watson’s

formula [[233], p. 299, eq. (4)]. On the other hand, when oo = k € N>, (2.2.73) gives the identity

1 +i ri(n) (3 s+1 k 4ny? _ng“(s—%);vk_zs
s 2P\ T2 2 (a2 ) ['(s)

re(n) n =T e y(2mv/ny) K, i (2my/na),  (2.2.75)
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which is valid whenever Re(s) > & and z,y > 0. Compare this with formula (2.2.44) of Bernds
et al. [43]. Using the Laurent expansion of (x(s) around s = g due to Epstein [[81], p. 644], it is
possible to provide examples of the identities given in Corollaries 2.2.9 and 2.2.10. For instance,

according to Remark 2.2.6, if £ > 3 we can write (2.2.61) in the form

C- ri(n)
k 1 Z k—1
n=1

(@ +v%) (n2 +2n (@2 = 9?) + (@2 +97)%) ?
r(g—1)w§ zr(g)ﬁé oo
D= 2y nzzjl rr(n) Ji_y (2mv/ny) Ki_y (2my/na) (2.2.76)

which is also a particular case of (2.2.44) when v = % — 1, k > 3. The analogue of the summation
formula (2.2.76) for k = 2 will be given in the next example. Moreover, the analogue of (2.2.57) in

the case of (x(s) can be proved by using the Laurent expansion for (;(s) provided in Lemma 4.4.5
of the fourth chapter.

Note that, when k& = 1, it is actually easy (and without invoking the higher analogues of
Kronecker’s limit formula given in Terras’ paper [[222], p. 485]) to get a particular case of (2.2.57).
Indeed, recalling that (;(s) := 2{(2s) and using (2.2.57) with

-

p—\/lE, po = —= (2v —log (m)),

we obtain the following identity

1 < | \/n2+a:2+y2+\/n4+2n2(:c2—y2)+(x2+y2)2

1
+2 ) : - =
Va? +y? n—=1 V2 \/n4 +2n2 (22 — ) + (22 + y2)2 n

2 o0
= 2log () —2y+4) cos(2mny) Ko (2mnax),  (2.2.77)
x

n=1

which seems to be new. In particular, when we take y — 07 in (2.2.77), we are able to deduce
another formula due to Watson [[233], p. 301, eq. (6)]

= +2 Z {m ;} = 2log (i) —2y+4 iKO(Qme), (2.2.78)

n=1

which can be also obtained from (2.2.55) when ¢(s) := 7~ °((2s).

Example 2.2.2. Let @ be a real, binary and positive definite quadratic form and let A := 4AC — B?
be its discriminant. The Epstein zeta function attached to @, (2.1.18), satisfies Hecke’s functional
equation

no() = (%) 1665 = (j%)(”) T(1—5)¢(1— 5,Q) == (1 — 5).
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Thus, we can apply the previous formalism to the pair of Dirichlet series

é(s) = P(s) = (j%) h i TQn(f), Re(s) > 1, (2.2.79)
n=1

where 7g(n) denotes the representation number of n by Q. Since ((s, Q) has a simple pole at s =1
with residue 27/vVA, ¢(s) has a simple pole at s = 1 with residue p = 1. Moreover, ¢(0) = —1.

From (2.2.64), we can write the analogue of Jacobi’s ¥y —function (2.2.64) as follows

> _2nnx [2mnx
Yo(x, z) = nz::lrQ(n)e VA Jy ( Aﬂl/zz> , Re(z)>0, zeC. (2.2.80)

Using (2.2.24), the transformation formula for (2.2.80) reads

¥
N

z z

Y Y 1
1 S .
§+’Lt, ].,

17 1
- S 4it)F
o "Q(2H>11<
—00

2

nQ(s) = (VZ) h I'(s)¢(s, Q). (2.2.82)

22 :
T " dt, (2.2.81)

where

Further identities can be obtained. From a straightforward application of Corollary 2.2.4 we can

derive the formula

1 s ro(n s s+1 4ny? o 22
74_2% - .1, Y S| =
2 2 (n+ 22+ y2) VA s—1

+2F:c(1;)s (\2/% S:ol R ( \/Zy> K, 4 (47r\/ZJ:), Re(s) > 1,

which seems to be novel. We can also prove the continuation of the previous formula to the point

~

=

Q

S
3
X

S
S
3

s = 1. Since ((s, Q) satisfies Hecke’s functional equation (2.1.31) with » = 1, the results given
as Corollary 2.2.9 and Corollary 2.2.10 yield the same formula. Appealing to Kronecker’s limit
formula [201, 222], we know that

27 1 2 A
(0@ = =g+ (27 ~log <A> - 410g(]17(7)|)> +O(s—1), (2.2.83)

B+ivVA

where v is the Euler-Mascheroni constant, 7 := =5%= € H and n(7) denotes the Dedekind
n—function,
T e .
n(r) =¥ ] (1=, Tm(r) >0, (2.2.84)

m=1
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Hence, using the summation formula (2.2.60) for ¢(s) in (2.2.79) and appealing to the substitutions

271'\/5
p=1, po=27—10g< I )—410g(|77(7)l),

we obtain

VA VA & 1 1
2”(“52+92)+27Tn§::1 o ){\/n2+2n( y)+(:z:2+y) n}
log(A>+410g(|n( ) =2y —2log (=

Replacing y by iy in (2.2.85) and assuming that x > y > 0, we can also get the formula

) !
2m(x =

1
¢n2+2n<x2+y2>+<2—y2>2 "}

= log <i) +4log (In(T)]) — 2y — 2log (x) + 2 Z ro(n ( \/Zy> K <47[‘\/Zl‘> . (2.2.86)

Consider Q(m,n) =

2 + n? and take the change of variables x := ﬂ;ﬁ, Y= \/&5\/5, o, >0,
(2.2.85) and (2.2.86). We find the equivalent expression
1 1 & 1 1
— Z —
mla+ ) 2m i {\/n2—|-2n\/ B+L+p) n}
= 2log (2) + 2log (n(i)) — v — log (\/a+ \f)
+ Z 7'2(77,)
n=1

Jo (nvn (Va—vB)) Ko (rvin (vVa+ VB))

and, under the additional assumption that o > 3,

1

1 00 1 1
2wm+%;m(n){\/ﬁ%-n(a—i-ﬂ)-i-aﬁ_”}
= 2log (2) + 2log (n(i)) — v — log (\/5“@)
—i—ZTQ

) 1o (wv/n (Va = /B)) Ko (mv (Va + VB))

Our previous formula actually gives a particular case of the continuation of (2.2.44) (cf. [[43]
p. 333, eq. (5.9)]).

Note that (2.2.85) is the extension of the identity (2.2.76) to kK = 2 when
Q(m,n) = m? + n2.
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Example 2.2.3. Let x be a primitive Dirichlet character modulo ¢. If x is even, we define 6 =0

and if y is odd, we take 6 = 1. In this example we consider the Dirichlet series

716 n ...n5 n
Li(s,0) = 3 1&%3_.#2%5“/‘), Re(s)>g(1+5).

’I’Ll,...,ﬂkEZ

First, let us note that Ly (s, x) can be rewritten as

6 é [
ng x(n1) ... ny, x(nx) Tk (1) k
Lk (5,X) = L = X2 Re(s) > = (140),
n1,~§k62 (n% +ot n%) ngl n 2
where 75, (n) is the character analogue of r(n),
re(n) = Y nix(ny) - ..onf x(ng), (2.2.87)

2 2_
n1+.“+nk,—n

with the sum running over any decomposition of n as a sum of k£ squares.

It will be shown in Subsection 2.5.2 of this chapter that Lg(s,x) can be analytically continued

to an entire function satisfying Hecke’s functional equation

(3) roomen = SR () k() ) (1) o).
2.2.88

Therefore, we can apply the previous formulas to the pair of Dirichlet series

é(s) = (W> h i mea®) ) (_Z)Zzgk(’d (W> h i rex(n), (2.2.89)

s s
q n=1 n q n=1 n

From the definition (2.2.64), we can consider the analogue of Jacobi’s 1)—function attached to
Lk(S, X)a

k 1-£_ks o0 o
Uyk(T,2) 1= 95 tki—1p (2 + k5> (, /gaz z) ’ Z Tk (1) niiTE e J§+k571 (, /gnx z) .
=1

! (2.2.90)
When k = 1, (2.2.90) reduces to the character analogue of Jacobi’s ¢p—function given at the end of
the paper [[73], p. 321] and in [[71], Theorem 1.3.]. Indeed, since 71y (n) = Qﬁax(\/ﬁ) only if n is
a perfect square, we see that (2.2.90) gives

7T7L2
232 x(n)e” qxcos( Txnz =0

7r’n,2 N
\/m ne1 X(n qﬂ&sin(,/gzvnz) d=1
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Since ¢(0) = p = 0 for ¢(s) given by (2.2.89), we can deduce from our general formulas that

oo
: _1n T
Vi Z Tk,x(”)”%_%_% e 1 x‘]g—l-ké—l <\/ a”x Z>
n=1

22
O (=)RGR(y) e T & 1_k_ks _mn )
S g e V™)

which, by virtue of relation (2.2.67), can be rewritten as

o Ska —£ 1
$§+%§¢xx($,z)=:< J e x_i_§5ﬁkir<ayiz)

e
1 T [k kb ko ko k 2\
== —+ i Fi| =+ — +it; 5 ;= a7 2.2.91
2F/nk(4+2+lt,x>1 1<4—i-2—i—2t,2—i-k57 4)30 dt, (2.2.91)
where )
v
m(so0) = (5) T L), (2:2.02)

From Corollary 2.2.4, we may derive a character analogue of (2.2.73), namely

qF/2i0k 2 Tk (1) s s+1 k kS %
G*(x) n:l(”+$2+92)52 22 2 " (n+ a2+ y2)?

2I‘(§4—k6) N\ 15— E—ks
- F(S)ygﬂeé—lxs—g—ké ()

q
= stl-k _ 2m\/n 2m/n
X Z Tk,%(n)n 2 kaJ%+k671 <\/>y> stgfké < fl‘) , (2.2.93)
n=1

q q

which is valid for Re(s) > g(l +0) and z,y > 0. If K =1 and § = 0, we can also appeal to the

particular case (2.2.49) to obtain a character analogue of Watson’s formula, valid for Re(s) > %,

X e~ S (1) S e (M) i (22
Zrynra?ty?) | Deva \q) =X V) B ()

By letting y = 0 above, we rederive a formula due to Berndt, Dixit and Sohn [[34], p. 56, eq. (2.9.)].
On the other hand, when k =1 and § = 1, we see that L (s,x) =2 L(2s — 1, x), with x being an
odd Dirichlet character. In this case, (2.2.93) implies the identity

X g g = v (5) et () oy ()

neL n=1

M

valid for Re(s) > % and z,y > 0. This is another character analogue of Watson’s formula. If we
differentiate the latter expression with respect to y (a procedure valid in the region Re(s) > 1) and
then let y — 07, we can derive a formula due to Berndt given for the first time in [[34], p. 56, eq.
(2.10)]. Using Corollaries 2.2.9 and 2.2.10, we may also obtain the continuation of the formula

(2.2.93) to a larger domain of complex numbers.
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Example 2.2.4. Let f(7) be a holomorphic cusp form with weight £ > 12 for the full modular
group and L(s, f) the associated L—function,

L(s, f) = i af(n), Re(s) > %

n=1

2.2.94
;. (2299

From Lemma 2.1.4 we know that L(s, f) can be analytically continued as an entire function with

functional equation

(2m) T (s) L(s, f) = (=1)¥/? 2m) %) T(k — s) L(k — s, f). (2.2.95)

From the previous results we can conceive the analogue of Jacobi’s ¢—function, (2.2.64), in the

following form

1-k oo
Yy, 2) == (k—1)! ( 7;—:6 z) Z af(n)n% e~ ™M gy (\/ 2mnx z) , (2.2.96)
n=1

for Re(x) > 0 and any z € C. Moreover, we can establish the formula

P2, 2) = ()2 e T oM 2y (1 )

= % / ng (l; + it) 1F1 (k +it; k; :) z 7%, (2.2.97)
where
ny(s) := (2m)~°I(s) L(s, f). (2.2.98)

Also, for Re(s) > k“ and z,y > 0, the following particular case of Corollary 2.2.4 holds

o0

Z ar(n) JF) 5 s+1 e 4n y?
nzl(n—i—an—i-y)s 2 2 ’ ,(n—|—x2+y2)2

7_‘_s+1—k: — 1) (= k/2 oo s+1
e S e TN Y SN TAV E RCET)
n=1

For example, when L(s, f) is the Dirichlet series associated with Ramanujan’s 7—function,

_ = T(n) 13
_nz::l e Re(s) > 5

we obtain from (2.2.99)

Mg

o | 5  12;

n= n+x2 v 1<27 2 7 (n+a?+y?)’

_ 2x1x (2m) i & s=23
(s )yn(xs—)m Yo m(n)n 7 Ju@nyny) Ks12 (4nv/nz),

n=1

s s+1 4ngy? )




100 Certain Extensions of results of Siegel, Wilton and Hardy

whenever z,y > 0 and Re(s) > 2. This formula appears to be new (see [[41], eq. (13.1)] for a

companion formula). Finally, applying Corollary 2.2.9 gives the interesting formula

o0

Z ar(n)

kf
n=1 2 2 2 2 2\2 2 2 2 2 2 2 22 !
Vo2 (ot = y2) o+ @2 02 (ka4 g4t 20 (e - ) + (0 +42)°)
(—1)k/247 &

= T > ag(n) n'T Jp (4mv/ny) Ko (dnv/nz),

n=1
which also seems to be a new identity. Moreover, an application of Corollary 2.2.10 yields
i as(n) 1
k—1
n=1 (n2 +2n (22 — y?) + (22 + y2)2) ’

_1\k/2 T k(1. S
_2( (;;)k_(12(2)k(_/€2)!1)' z_:l ap(n) Jp—1 (dmv/ny) Kp_1 (4nvnz).

Example 2.2.5. Let f(7) be a holomorphic cusp form of weight % for the full modular group and
ar(n) its Fourier coefficients. Also, assume that p, ¢ are integers such that (p,q) = 1 and consider

the Dirichlet series

2mip
> ar(n)e « E+1
Lis.pfg) =Y PCT R > L
n=1

We know from Lemma 2.1.4 that Ls(s,p/q) is an entire function and satisfies the functional equation
21\ ~F P 27\ ~(k—s) _
(Z) teLs(s2) =02 (T) T 9Ly (k=5 /o).

where P is such that pp =1 mod ¢. From this, we can create the analogue of Jacobi’s 1)—function,
(2.2.64), as follows

1-k o0 - B 2mn 2
Vip/g(T,2) = (k—1)! (,/Zz) Zaf(n)equnn%e % T 1 (1/7;”;102 , (2.2.100)

n=1

defined for Re(z) > 0 and 2 € C. Clearly, the transformation formula for ¢, /,(, z) (2.2.66) is

0 27 — n 2
> ag(n)e R e R A <\/7 7m952>
n=1 9
(_1)k/26—22/4 & _2mip, 1-k _2mn 2mn
_\=hrre " = " e [ — 2z, 2.2.101
- n§:1af(n)e e 'n e @ I — ( )

explicitly given by
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and it admits the integral representation

722/4(_1)k/2 1
e .
P gga@,) = vy (5

1 ¥ ]{7 . p kj . 22 it
= o 5 — 1B 5 it ks —— ’ 2.2.102
o /Uf(z—l-zt,q)l 1<2+Zt,k, 4>x dt, ( 02)
where g s
2= (7)) o)
§,— )= — T'(s)L¢ls,—). 2.2.103

The integral formulas (2.2.71), (2.2.81), (2.2.91) and (2.2.102) will be instrumental in the

arguments that we shall present in the next sections of this chapter.

2.3 Zeros of combinations attached to (,(s)

2.3.1 Dirichlet series attached to powers of Jacobi’s theta functions

At the core of Hardy’s proof of his theorem is the fact that Jacobi’s §—function satisfies

dn .
lim ——0 (%) =0, vneN. (2.3.1)

w—4 7 dw™

If we replace the traditional role of §(z) in (2.3.1) by the analogue 1, (z, z), we will see below that
the study of the limit (2.3.1) can be made through the evaluation of

lim g (i + 0, 2).
i, Vol 0,2

However, to inspect 1,(i + d, z) is the same as to study the series

2%‘—1r(3> ( 7r(i—|—5)z>1_g S ra(m)ndE e e (Janli 1 0)2)  (232)

n=1

as 6 — 0%, For a = 1, this study was done in [[73], p. 314] and it represents an easier case because

ri(n) = 2 if n is a perfect square and it is zero otherwise. Indeed, the expression (2.3.2) reduces to
s 2
P(i+6,2) =2 (=1)e ™ 9 cos ( (i +0) nz) ,
n=1
which can be evaluated simply as (once we separate the previous series for n even and n odd)
. i+ i+
P1(i+9,2) =2y (45, 5 z) — ((5, 52) )

Thus, the study of the limit § — 07 is complete once we apply the transformation formula (2.2.70)
for ¢ (z, z)!
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By looking at (2.3.2), one can see that it may be difficult to employ the previous trick (i.e.,
to separate the sum for even and odd n) for an arbitrary a > 0, and so we need to have more
information about the coefficients (—1)"r,(n) and the Dirichlet series attached to them. This study

will be developed through a sequence of important lemmas.

These lemmas concern the powers of certain variants of Jacobi’s theta function. Like in the

case of ¥3(7), (2.1.41), we can consider arbitrary powers of the remaining thetanulls,
. 2 .
9a(1) =2 3 ™) gy (r) = 142 3 (=)™, Im(r) > 0, (2.3.3)
and study their expansions at 100 by taking

O2(x) := Vo (ix —2Z€ﬂn+ x, 04()_194(zx)—1+22 YT
n=1
It follows from Jacobi’s formula (2.1.8) that #2(x) and 64(z) are connected via the transformation

formula

0, (;) — 764 (x). (2.3.4)

Arithmetical functions akin to r,(n) arise from the study of the powers of 2(x) and 4(x). For
example, modifying slightly the computations in (2.1.41) and (2.1.42), we can define the Fourier

coefficients of 69 (x) as follows

05 (iz) == 05 (z (2 S emmr(nts ) = (26—”4” +2 Ze—m<n+;>2>

n=

1
_ 2066_% (1 + Z eﬂx(n2+n)>a — 90— Tox io: ( CV > (i eﬂ.x(nQJrn))]
= n=1

j=0\ J

R (o]
= 3 Fa(m)e (), (2.3.5)
m=0

where we have taken the new variable of summation as m := nj(n1+1)+...4+n;(n;+1). Analogously
to r4(n), it is possible to show that the coefficients 7 (n) grow polynomially” with n. Note also
that 7, (0) := 2% by construction. Hence, it is meaningful to introduce a Dirichlet series attached

to the coefficients 7, (n), this is, for some finite &,, we define

als) = > (“(”a) Re(s) > . (2.3.6)

"We do not need a bound of the form (2.1.43) to proceed with our reasoning. It suffices to check that the argument
by Lagarias and Rains [[137], p. 18, Theorem 3.3] works for J2(7). See Lemma 2.3.1 below.
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We can also introduce a Dirichlet series attached to any positive power of 64(x). Proceed once

more as in (2.1.41) and write an arbitrary power of 64(x) in the form

99 (ix) = 0% (x (1 +2 Z Jre=mn r)
n=1

. ) 2J (i(_l)ne—nn%)
n=1

[e.e]

(e}
=1+ Z < O‘é ) 2J Z (=1)mtnettn ot A

ni,...,n;=1

I
-
_l_

<

gk

/N

<. Q

) )
=1+ Z < j ) 2j Z (_1)n%+n§+...+n]2. e—7r(n%+...+n?):c'

ni,...,n;=1

If we now define a new variable of summation m = n3 + ... + n2 then the finite sum over j is
exactly the same as we have obtained in defining (2.1.42) but with an extra factor containing (—1)™.

Following (2.1.42), we see that

o0 o0
= Z ( ) Z (_1)nf+ng+...+n? e*ﬂ'(n%+...+n?)x

ni,...,nj=1

=1+ Z (=)™ rq(m) e ™", (2.3.7)

The computations above show that (—1)"r,(n) are the coefficients of the Fourier expansion of

93 (7) at the cusp ico. The Dirichlet series attached to these coefficients is then given by

g ifa>4
4 (n)’ Re(s) > 04 : =4 * - : (2.3.8)
1+2 if0<a<4

_y &
n=1
In the following subsection, we connect the Dirichlet series (2.3.6) and (2.3.8) through a

functional equation and prove a new summation formula for their coeflicients.

2.3.2 Summation formulas

To establish the connection between the Dirichlet series ¢*(s) and Cq(s), we need to assure that the
latter is actually a Dirichlet series, i.e., that &, in (2.3.6) is a finite number. The next lemma gives

an estimate for 7, (n) similar in spirit to the bounds found in [137].

Lemma 2.3.1. Let o > 0 and 7o (n) be defined by (2.3.5). Then, for any n € N, 7o (n) satisfies
the inequality
|7 (n)] < 540 (2n)*/2 (2.3.9)

Therefore, the Dirichlet series defined by (2.3.6) converges absolutely in the half-plane Re(s) >
0o =5 +1.
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Proof. Our proof is nothing but a simple adaptation of [[137], p. 19, Thm 3.3, eq. (3.12)]. Write
w2(q) =230 q(”+%)2 for |¢q| < 1: invoking Cauchy’s integral formula, the following bound takes

place

<R™" max ‘902 (Re“i’)’

P€[—m,m]

= ;”L o (Re®) B ™ do

=R (qﬁen[l—a;fﬂ] ‘@2 (Rei‘z’) Da, 0<R<1,

since & > 0 by hypothesis. Clearly, for any ¢ € [—, 7],

o2 (R)| < 62 ().

which immediately gives
[Ta(n)| < R7" 93 (R), (2.3.10)

for any choice of R € (0,1). For each n, take R := R(n) = e~ /" for a fixed A > 1. Then (2.3.10)
yields

P 7t () =t () = (3)7 o (3)

o TA a2 2 o
1)k TG a2 o €1
A/Z {1+22 A} n S Aa/2 {1+6ﬂn/A_1}

TA

e 2 RN
< —an {1+W} n®/?, (2.3.11)

where we have used (2.3.4) together with elementary bounds on the series defining 64(z). The
desired estimate (2.3.9) now follows once we take A =2 in (2.3.11). O

Our next lemma gives a functional equation for the zeta functions ¢%(s) and (4 (s).

Lemma 2.3.2. Let ro(n) and 7o(n) be given by (2.1.40) and (2.3.5), respectively. Then the
Dirichlet series defined by (2.3.8) can be analytically continued as an entire function satisfying

Hecke’s functional equation
7 °T(s) (i (s) = (5= (;y - s) Ca (g — s) , (2.3.12)
where (o (s) is given by (2.3.6).

Proof. We have deduced above that (—1)"r,(n) are the coefficients of the Fourier expansion of

9¢(7) at the cusp ico. It is clear from this that the Mellin transform holds

[e.o]

77T (s) Ci(s) = / 21405 (z) — 1} dz, Re(s) > oa,

0
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where o, is explicitly given by (2.3.8). By following Riemann’s paper [196, 228], we study the

functional equation for }(s): indeed, for Re(s) > o4,

00 1 00
7T (s) ¢ (s) = /xs—l (69(2) — 1} do — /ms-l (09(2) — 1} do + /xs-l (65(2) — 1} da.
0 0 1
(2.3.13)
Using the particular case of Jacobi’s formula (2.1.8) given in (2.3.4),
03(1/) =1 =22 05 () - 1,
we see that the first integral on the right of (2.3.13) can be written as
1 o) 00 1
/xs—l (69(2) — 1} do — /x—s—l (05 (1/2) — 1} do = /x%—s—leg(x) dr——(2314)
0 1 1
Combining (2.3.13) and (2.3.14) leads to the representation
— r s—1 a S—s—1 pa 1
T (s / {03 (x) = 1} + 257105 (2)] do - - (2.3.15)
1

Since the integral on the right-hand side of (2.3.15) converges absolutely for any s € C, it represents
an entire function of s € C. Hence, the previous representation gives the analytic continuation of
(x(s) as an entire function. Furthermore, since I'(s) has a simple pole at s = 0, it is clear to see
that (}(0) = —1.

We can do the same kind of computations with (,(s). We find that, for Re(s) > &, = g+1
(see (2.3.6) above)

1 oo
7T(s) Cals) = [ 257105 (2) dx = /xsflﬁg‘(:z) dx + /a:sfleg‘(l‘) dx
0 1

o0

2109 (1/2) da + / 257169 (2) da
1

o0

o1 (xa/2 03 () — 1)+ azo‘/2> dx + /Cﬂs_leg(x) dx
1

I
me—g Ty Ty Ty O —3

(3771 (05 (@) — 1)+ 2* " 03(2)) dar + / 28 g

(25771 (05(2) = 1) + 27105 (x)) da + (2.3.16)

o
2

From the above expression we can see that (. (s) can be Contmued to the complex plane as a

meromorphic function having a simple pole at s = § with residue T (g) Furthermore, the right-hand
2
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sides of (2.3.15) and (2.3.16) can be turned into one another under the reflection s «+ § —s. This
implies the functional equation (2.3.12) and completes the proof. O

Since the functional equation (2.3.12) holds, we might expect that the summation formula
(2.2.9) must be valid for the coefficients (—1)"r,(n) and 74(n). The next lemma gives precisely
this.

Lemma 2.3.3. Let ro(n) and 7o(n) be given by (2.1.40) and (2.3.5), respectively. Then, for
Re(z) > 0 and any y € C, the following identity holds

o0 el

1_a _ . 2
Z(—l)" ro(n)n2=2e ™ J%_l(\/wny) = _Z%?
n=1

&
4

2 . mn+%)y
e i) (n+ & e ), [N 27 2.3.17
+ nz:% (n) < + 4> o ( ) ( )

NI

X

Proof. By the previous result, we have that the pair of Dirichlet series

¢(S) — 5 Z (_1)71:01(”)’ Q;Z)(S) — g5 Z fa(’fl)
n=1

n n=0 (rn/—i_%)s7

satisfies Hecke’s functional equation (2.1.31). Thus, by an application of our summation formulas
(2.2.9) or (2.2.24) to this pair, we just need to take the simple substitutions r = §, p = 0 (because
¢(s) is entire by the previous lemma) and ¢(0) = —1, thus obtaining (2.3.17). O

2.3.3 The behavior of 9,(z, z)

Using the previous Lemma 2.3.3, we are now able to show that ¢, (x,2) has the same kind of
behavior as the classical Jacobi’s theta function when x approaches the imaginary axis. We now

establish one of the most important results of the present chapter.

Lemma 2.3.4. Let a > 0 and ro(n) be defined as the coefficients of the Fourier expansion of
0% (x), (2.1.40). For Re(x) >0 and z € C, let 1o (z, z) denote the analogue of Jacobi’s 1— function
(2.2.69),

Yo(z,2) =221 (3) (\/ﬁz)l_% i ra(n)ni= e ™ Ja_1(Vmna z). (2.3.18)
n=1

Then, for any z satisfying the condition

2 Do im {z €C : |Re(2)| < \/? | Im(2)| < \/?} (2.3.19)

and every m € Ny, one has that

an
dw™

(1 + P (eziw,z» 50, as w— g . (2.3.20)



2.3 Zeros of combinations attached to ((s) 107

Proof. Note that e — i as w — 2~ along a circular path where Re(e**), Im(e**) > 0. Thus, we
can write €™ as i + &, where § — 0 along any path in the region | arg(d)| < 5. With this change

of variable and Faa di Bruno’s formula, we can write

bj  gb1+-+bm

am i o m! (P40 ,
gt (10) =@ B R I (5°) G valia2), oz
15-4,9m

where the sum is over all nonnegative integers b1, ..., b,, such that by 4+ 2by + ... + mb,, = m.

Therefore, to prove (2.3.20), we shall evaluate

Vo (i 49, 2) )
=231 (Z) ( (i +9) z) o gm(n) ns= % e~ m(i+9) Jaq ( (i 4+ 0) z)
=227I <§> (mz> o 2(—1)” ra(n) nz=% g™ Jaq <mz> .

Using the previous formula (2.3.17) with = ¢ and y = Vi + § z, we obtain

1+ a(i+6,z)

=1+227'T (3) ( (i +9) z) o i(—l)” ra(n)n%*% e~ ™0 Ja_1 (\/mz)

. (\/ﬂ(n i ?(i w0 Z) . (2.3.22)

Note that (2.3.20) is established once we prove that any derivative (with respect to ¢) of the
last expression on the right-hand side of (2.3.22) tends to zero as § — 0 along any path in the
region | arg(d)| < 5. We will prove first that (2.3.20) holds for m = 0 and the remaining cases will
follow. In order to check this, we use the fact that 1, (z, z) is analytic as a function of both = in

Re(r) > 0 and z € C,® so it suffices to bound each term of the series as § — 0%.

Like in Corollary 2.2.2, we divide the proof in two cases: o > 1 or 0 < a < 1. For the first case,
we use the integral representation for the modified Bessel function [[164], p. 252, eq. (10.32.2)],
connected to the Poisson integral (2.2.26),

1
2\ 7Y 1 v—1 1
= I(2) = —F——— / 1—t?) * e*dt, Re(v)>—=, z€C, (2.3.23)
(2> Vrl (1/4—%) k) ( ) 2

8The analyticity of 14 (z, z) is, of course, a direct consequence of the more general result given in Corollary 2.2.2.
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from which one can immediately obtain the bound (with real v > —1 and z € C)

—v [Re(2)|
(;) I(2)] < ¢

< m (2.3.24)

Using (2.3.24), Lemma 2.3.1 and the fact that 7,(0) = 2%, we can bound |1 + 1, (i + d, z)| simply
as follows

‘1 +¢a(i+57z)’

<o 5 _M i’fa(n”e*& by exp( n+ ‘Re( Z+5Z)’)

n=0

<2052 e‘w e T exp (éﬁ ‘Re (\/i + 52)‘)

—|—5405_%€_F{C((i+;5>22) i@n)aﬂe 5 (n+g exp(' it ’Re( Z+5Z>‘).

n=1

Thus, to prove (2.3.20) it is sufficient to show that, for every fixed n € Ny and z € Z,, (see condition
(2.3.19)),

lim 62 exp

5—0+ 46

( 5 <n+ j) + VW(T;HI) Re (Vitoz)|- Re((iJrM) 0. (2.3.25)

Using the fact that Re (\/i +0 z) — Re(Viz) = % (Re(z) — Im(z)) as 6 — 0" and Re ((i + 4) 2?) —
—2Re(z) Im(z) also in this limit, we get

N Re((i+6) z2) . AT n —|—
lim 0 2e” 43 e 5 (n+g) exp ( ‘Re( z+5z)‘)
6—0t
T a |Re(z) — Im(2)| a  Re(z) Im(z))}
= lim 6~ —— —) - - . 2.3.26
= jim 5% e |5 (o ) - B S e - S0 (2320
Note that the term in the exponential is a quadratic polynomial of variable X = |/n + ¢, with the

polynomial being explicitly given by

|Re(z) — Im(z)] Re(z) Im(z)
X

We know that, for a given Xy € Rsg, P(Xp) > 0if Xo > sup{y € R : P(y) =0}. It is an easy

task to compute the zeros of the polynomial P(X), so the previous condition on Xy reduces to

P(X)=X*-

(2.3.27)

|[Re(z) — Im(z)| = |Re(z) + Im(z)|
2V2m 221

P(Xg) >0 if < Xo. (2.3.28)
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Since the polynomial in the exponential is defined for X = ,/n + ¢, n € Ny, a sufficient condition

to assure that P (, /n + %) > 0 for every n € Ny is that z must satisfy
|Re(z) — Im(2)| + |Re(z) 4+ Im(2)| < V27ma, (2.3.29)

which actually is the case if z € 2, = {z € C : |Re(2)] < /%, Im(2)] < ,/%}. Therefore, under
this hypothesis one sees that the limit in (2.3.26) goes to zero as § — 0. Hence,

1+ 9o (eQi”,z) — 0, as w—)% and z € Z,.

Finally, since exp (—A/d), A > 0, tends to zero faster than any power 6"V as § — 0%, any derivative
(with respect to §) of ¥, (i + d, z) will also go to zero in this limit, proving (2.3.20) for every m > 1.
This concludes the proof of the lemma for the case where @ > 1. Assume now that 0 < o < 1:
then the same argument must follow but we cannot invoke the integral representation (2.3.23) for
Ia_1(z). Just like in (2.3.25), we need to evaluate the limit

22711 (3‘) ( (i +6) Z>1—‘; We—%’(%i‘)[g_l (\/ﬂ(njL ?(i +5)2)| (2.3.30)

lim
6—0+

J

for every fixed n € Ny. This can be done by appealing to the well-known Hankel expansion for the
modified Bessel function (see [[164], p. 255, eq. (10.40.5)] and (2.1.57) above),

e L
v(2) ~ oz 0w nz:% (2z)"n!
ez H(rtg)m icos (mv) -1 F(%—i—u—l—n)f‘(%—y—i-n)
+ — ; @2l : (2.3.31)

37”, |z| — oo. Alternatively, in the range —%77 < arg(z) < T

which is valid for —§ < arg(z) < 2

|z| = oo, we have the expansion

e*  cos(mv) P(3+v+n)T(5-v+n
o~ = Jnllag e

n=0

ezt os(mv) & (—1)"F<%+u+n)l‘(%—u+n)
\/7 7r Z:O (22)"n!

n—=

_.|_

(2.3.32)

In any case, from (2.3.31) and (2.3.32) and real v, one can obtain the simple bound

6Re(z) —Re(z) 8
|1, (2)| <2 NCTE \/27r\z| e exp (|Re(2)]), (2.3.33)
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which becomes valid for any |z| > M, with M being a sufficiently large number. We now apply
(2.3.33) to (2.3.30) and we obtain, for a sufficiently small ¢, some fixed n € Ny and z € Z,,

e (3) ( ”@+5V>kge(ﬁ%2€§@+ﬁkul<¢ﬂ”+i)“+®2>

o 2 4]

w—42‘;+1r§g);zyl? o (_n (n+ Z) N \/W(?;Jr 1) ’Re (mz)‘ ~ Re((i + 5)z2)) ‘

o 46

Note that there is no problem if z is arbitrarily close to the origin because we are supposing that
0 < a < 1. Thus, to prove that (2.3.30) tends to zero, we just follow the same logic as before,
because the term in the exponential is exactly the same as in the previous case (2.3.26) and it
involves the quadratic polynomial (2.3.27). Thus, the condition z € %, needs to be kept in this
range of o and this completes the proof of (2.3.20). O

2.3.4 Some additional lemmas

With Lemma 2.3.4 completely established, we are ready to prove Theorem 2.1.3. Before doing this

we provide two additional lemmas, one of which being an easy consequence of Lemma 2.3.4.

Lemma 2.3.5. Let h: C—— C be an analytic function. Then, for any z € Dy, (2.3.19), and

arbitrary m € Ng, we have

lim d” {h(w) (6722/8 +e¥ /3y, (eQi“,z))} = —2pm (Z) sinh (i) . (2.3.34)

w7 dw™

Proof. Applying the Leibniz formula for the derivative, we obtain

) (505 o, (e4,2)))

dw™

m k
_ Z < TZ > h(m—k)(w) % (6—22/8 + €z2/8 Vi (e2iw’z)) ) (2.3.35)
k=0

Letting w — 77, we see from Lemma 2.3.4 that any derivative of order k& > 1 of v, (e*™ 2)

tends to zero as w — 7. Thus, the only surviving term is when k£ = 0, which immediately gives
(2.3.34). O

Since our proof will follow very closely the argument in [73], we will also require Kronecker’s
lemma [111].

Lemma 2.3.6. If © ¢ Q, then the sequence of fractional parts ({nx})nen is dense in the interval

0,1).

2.3.5 Proof of Theorem 2.1.3

The proof that follows uses the previous lemmas and integral representations, but the main ideas

are due to Hardy and to a variation of his argument given by Dixit et al. in the papers [73, 74].
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We start by using the integral representation given in Example 2.2.1, (2.2.71), replacing there = by

e T < w< T,

o0
]. 2 iwa ; iwa z
G / Na (Z +it) 1F1 <Z + it; %; —1) e2ldt = e 2 g (eQ"”,z> —e 2 e 4.

—0o0

Using Kummer’s formula (2.2.8), we can get the more symmetric formulation

2

_z= 2 ) ) 2
° /na (Zﬂ‘t) 1Py (—z‘t; 2 Z) 2l dt = 5 e oy (e%,2) — e 5 e . (2.3.36)
—0o0

If we add and subtract the term e=*"/8 ¢/2 on the right-hand side of the previous equality, we

can rewrite (2.3.36) in the form

—22/8 % 2
e 5 / Na <j +Zt) 11 <j —it; %; Z4> 2wt 4
7T

—0o0

= —2¢ /8 cos <w2 ) te' (e_ZQ/S + e /B, (e%w, Z)) . (2.3.37)

After having an identity like (2.3.37), the structure of our proof follows [73] almost line by line.

Since we want to study the zeros of an infinite combination of 74(s + 1)) 1F1(s +iA;; §; 42) we
change the variable to get

—22/8 2
(& (0 [0 o z

o= Fit+ X)) )1 | = =it + X)) = = | e*tdt
o /77<4+Z(+J)>1 1<4 1’(—’_])7274)6

efz2/8672w)\j o a .
- o / Mo <4 * Zt) !
(e—z2/8 + o238 ban (e%w,z»}

2
R gy ( /8 4 228y (e%w,z)), (2.3.38)

B R

Proceeding now as in Hardy’s own proof [106], let us take the p'" derivative of both sides of (2.3.38)
with respect to w: since the integral on the left of (2.3.38) converges absolutely and uniformly with

respect to w € (=7 Z)’ one can apply the Leibniz rule and deduce the equality

4’

e/ Oop SN YOS R Y o e a 2 2wt g
S /t na(4+’t(t+ j)>1 1 Z_Z(t+ j),*,z e t

—0o0

2
—22/8 NP ot —22/8 N S W s
=—e —2)\j+z§ e it — e —2)\]-—15 e Tt

+%{ oA (o g oy, (2,2 ) (2.3.39)
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We can now consider the change of variables,

% —o2\ =1 0<0; <, (2.3.40)

and, using these new coordinates, we are able to write (2.3.39) in a more suitable form

i Xy a . a 22 "
/ﬂ”7a<4+Z(t+)\j)>1F1 <4_Z(t+)\j); 5,2 2wt 4

—00

N\ P
= —4n <T2]) e~ 2N cos (p@ +u12a>

N 22% o2 /8 % {eiga —2w; (e—z2/8 + 58y, (e2iw’ z))} . (2.3.41)

In order to apply Hardy’s method, we need to have a real integrand on the left-hand side of

(2.3.41) (to count its sign changes). This is done if we sum another integral

7 a a z w
/tqu/a<4+l(t+)\3)>1F1 <4+’L(t+)\) 5 Z 62 tdt,

—00

whose integrand is the complex conjugate of the integrand of (2.3.41). Taking the real part in
both sides of (2.3.41), multiplying by (c;);en € ¢! and summing over j, we can formally derive the

oo
/ trF, (Z + it) et dt

i A cos <p0 + )
+§:Re( 228 A {icj wa 2w ( —22/8+ez2/8,¢}a <e2iw’z)>}) 7 (2.3.42)

where F, ,(s) is the function given by (2.1.14),

a a2 « L oa 72
F (s ZCﬂ?a S‘H)\){ <2—3—’L>\j;2;4 +1F 5—§+’L}\j;§;Z ;

7j=1

relation

whose zeros we will now study.

But before this, we justify (2.3.42) by following a similar reasoning to that given in [[73], p. 316].
By Stirling’s formula and convex estimates for (,(s) (obtained from the general Phragmén-Lindel6f

principle (2.1.39), we know that

“ (j ”t)‘ <o [t @ e, t] = co.
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This, together with the asymptotic estimate for Kummer’s function (2.2.6),

2
o ) o Z 1 _a
F (4 ~it; 4> o [HFF exp (\zwm), 1] = oo,

yields
> o a 22
Z Cﬂ?a( +1(t+>‘ )) Re |11 Z—Z(’H‘)‘j); 5; 1
7=1
Loz O ]P0 = BHHENVITS (o)) < o0, (2.3.43)

j=1
where we have used the fact that ()‘j)jeN is a bounded sequence and (Cj)jeN € (*. The term C),
jeN: This

observation now allows the interchange of the orders of integration and summation in the process

only stands for a positive constant which depends on the bounds of the sequence (\;)

leading to the left-hand side of (2.3.42). The very same reasoning can be used to show the procedure
ic v {e"“’Ta—m»\j (efz2/8 12 /8 " (62iw z))}
— J dw? « )
]:
ab = fwa _ow\; (,—22/8 22/8 2iw
= o\ e N (T e B (¢, 2) ) o
j=1

The strategy now is to let w — %~ on both sides of (2.3.42). The previous lemmas are indispensable

to study the behavior of the right-hand side under this limit. Since (¢;);en € /', it is clear that the
function

o

wa .

w) = che 2 T
J=1

is analytic for any w € C. Hence, according to Lemma 2.3.5 and appealing to the polar coordinates
(2.3.40),

WLHIWI* dwP {Z cje “éa —2wA; ( 22/8+ez2/8 Yo (62iw’z>>}

= lim d—pp {ha(w) (e7/8 4+ e /By (e2,2))

wo T~ dw
2 s p 1T s
= —2 SlIlh (2:8) ch (Z;)é — 2A]> e 8 75)\7
j=1
22 s T S To
= —2 sinh (8) c; 7"? e 5N (5 Hp05), (2.3.44)
j=1
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Returning to the identity (2.3.42) and combining it with (2.3.44) gives

| ¥,

- _i% Zc;-r? em3N lcos (p@j + goa) + Re (ez2/8 sinh ( ) ei(?J“pej))]
__sm ic‘rpe_g&' cos (p8; + —a ) [ 1+ Re [ e”*/® sinh i
P = PP 8
2
— sin (pé?j + ga> Im <ez2/8 sinh (2))] . (2.3.45)

If we continue to follow [73] and set

2 2
uy =1+ Re (ezg/g sinh <Z8>> , Uy :=1Im (ez2/8 sinh (2)) , (2.3.46)

we are able to write the right-hand side of (2.3.45) in the appropriate form

ye:;

8 > 7r
_?sz > cjrg’e_a/\f cos <p9j +gt ﬁz> , for w, =/u2+0v2, B,:=arctan <vz> . (2.3.47)
i=1

Uz

Since all the parameters in the previous expression are fixed either by the Dirichlet series or by
the sequence taken in the statement, (6;);cn, the only free parameter is the integer p, which is the
number of times we have differentiated both sides of (2.3.38). Therefore, the previous expression
can be thought of as a sequence of real numbers, say (sp)peN. Under only some minor modifications
of the argument given in [[73], pp. 317-321], we now show that the sequence (sp)pen defined by
(2.3.47) changes its sign for infinitely many values of p. Since (};) .y attains its bounds and is

made of distinct elements, we know that there is some positive integer M such that
Anr| = max {[Ajl}, Aj # Awr for j# M. (2.3.48)
j€

We have now two possibilities: either there is an element of the sequence (\;);en, say Ay, such

that Ay = —Aps or does not. If such an element exists, our condition (2.3.48) implies that
rj <ry for j# M,N and ry = ry, (2.3.49)

where r3s and ry are the radial coordinates of Ay and Ay (see (2.3.40) above). On the other hand,
if Ay does not exist, then (2.3.48) implies that

Ty <TM for J 7& M. (2.3.50)

Let us suppose that the latter case is valid, i.e., that the element Ay does not exist. The case where

An exists will be addressed at the end of the proof. Observe that, under this assumption, we may
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write the series in (2.3.47) as

8 x
_2%: w, cprrhy e 2 cos (pQM + % + ,Bz) {1+E(X,2)+H(X,2)}, (2.3.51)
where -
E(X,z)i= Y ~LemE0w) (w>p cos (p + %' + f:)
| J#AM, j<x M ra /) cos (PO + g+ Bz)
and N
i .\ P . juge’
H(X,2)i= Y Lem50h) (w> cos (0 + 5 + P-)
i#M>x M ra/)  cos (piy + 7§+ B:)

with X being some large parameter that will be chosen at a later stage of the proof.

We will now see that, as a function of p, the sign of cos (pfrr + =+ f3.) will prevail in (2.3.51),
making the sign of the integral on the left of (2.3.45) to change infinitely often. We divide the proof
of this fact in two items: in the first item, we show it for 92% ¢ Q and in the second we argue that

the case 92%1{ € Q ultimately reduces to the former.

Om . ’ O i
1. Assume that F£ ¢ Q: by Kronecker’s lemma (see Lemma 2.3.6), ({n P })nGN is a dense
subset of (0,1). Hence,

(cos (n@M + % —i—ﬁz))neN = (cos (27r {712‘9711-\4} + % +ﬁz>>neN

is a dense subset of [—1, 1] due to continuity and surjectivity of the function f(X) = cos(X +a).

Therefore, we can find two sequences of integers (¢, ), oy and (ry),, oy such that, as n — oo,

an O o } TneM} T > _1
COS(?W{ 5 }+ 3 +,6’Z)—>2, COS(Q?T{ 5 + g +8.) — 5 (2.3.52)

Thus, for a sufficiently large No and p € (gn),,>n, Y (Tn) >N, We have the inequality

1
cos <p9M+7T8a+ﬂz)‘ > 2.

Since (M), is bounded and attains its bounds, under this choice of Ny we have the bound
for H(X, z),

3 1
[H(X,2)| < o€ maxieAe=rel N 0] < 3
oM JAM, 5> X

once we take X > X large enough. With the same choice of X, we bound E(X, z) as follows

3 p
BX,2)| < X efmeneed 57 )
M J#M, <X

where
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By (2.3.50), we know that px < 1 and so, for Ny sufficiently large and p > max {qn,,n, },
1
|E(X,2)| < =.
3
Therefore, under our choices of Ny and X, 1+ E(X,z) + H(X,z) > %, and so, for p €
(@n)n>ng Y () >, the limit
(o)
: o . 2wt
lim t’F, o ( + zt) et dt
w—3 " B 4
must have the same sign (as a sequence depending on p € (¢n), ey U (7n),en) as the sequence
of real numbers
(s/) = —8—7rw eyt e 3 cog (pGM + ™ + 5 )
P PE(an)n>NyYU(Tn)n> N 20 F M 8 =)
whose sign changes infinitely often by the construction (2.3.52).
2. We now deal with the case where 92—1‘7{ € Q making the same remark as in [[73], pp. 320-

321]. Note that, for a fixed small § > 0, Theorem 2.1.3 is equivalent to the statement that
F; o(s + i) has infinitely many zeros at the line Re(s) = §. However, throughout the course
of the previous argument we just need to replace the elements of the sequence ()\j)j en by

A} = Aj + 4. But now in this new analysis we need to rewrite (2.3.40) as o _ 20 =717 e

J
Since we have the freedom of choosing §, we may take it in such a way that 92%{ ¢ Q, due to
the density of the irrational numbers in the real line. Therefore, if we prove Theorem 2.1.3

under the hypothesis 62—1‘7{ ¢ Q, we can easily see that the same strategy will work for 92% € Q.

We are ready to finish the proof of Theorem 2.1.3. By contradiction, let us assume that F, ,(s)

has only a finite number of zeros located on the line Re(s) = §. Under this hypothesis, there exists

some Ty > 0 such that one of the following situations takes place:

1.

4.

F.o (% +it) >0 for [t| > Tp;
F.o($+it)>0fort>Tpand F. o (% +it) <0 for t < —Tp;

F.o(§+1it) <0fort>Tyand F,q (§ +it) >0 for t < —Tp.

But the second contradiction hypothesis easily reduces to the first if we carry out the proof with

(¢j) jeny replaced by (—¢;);cy. Analogously, the fourth hypothesis reduces to the third. Thus, for

the sake of completing the proof, we just need to deal with cases 1 and 3 above.

By hypotheses 1. and 3., we know that F; o (§ +it) > 0 for ¢ > Tp: this implies the inequality

T (%)
lim [ PF, (Z + it) *dt < lim [ PF. 4 (Z + it) e dt == L, ,(Ty), (2.3.53)
0 0
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where L, ,(Tp) exists and is finite, according to (2.3.45). Therefore, for any 7" > Tj, the following
inequality holds

/tp Fra (Z + it) estdt < L., (Tp). (2.3.54)
To

But since T > Tj is arbitrary, (2.3.54) implies that
o0
/tp F.a <j + z't) extdt < L.,(Ty). (2.3.55)
To

Using (2.3.55) and one of the contradiction hypotheses 1 or 3, we now prove that

00
« .
/tp Fz,a <4+Zt)

—00
In fact, since the hypotheses 1 and 3 imply that F, o (§ +it) = |F.o (§ +it)| for ¢ > Ty and
F.o(%+it) = £|F.n (§ +it)| for t < —Ty,

o0 o
/ tF, . <Z‘ + it) estdt = / {Fw (j + it> €5t 4 (—1)PF, 4 <Z‘ - it) e_gt} Pt
—o0 0
To
= / {Fw (Z + it) ert 4 (—1)PF. (Z — it) egt} tPdt
0

oo
o . o .
+/{FZ,O¢ (4+Zt> an (4—Zt>
To

If F., (% +it) > 0 for t < —Tp (condition 1 above), we take p as an even integer and, if

ezt dt < oco. (2.3.56)

ezl + (—1)P

egt} tPdt. (2.3.57)

F. o (% +it) < 0 for t < =T (condition 3 above), we assume p to be odd. In any case, the second

[e.o]

(0} . o .
/{ an (4 +Zt> Fz7a <4 — 'lt)
T

0
To
« . (0% .
Fz’a <4 + Zt) Fz’a <4 + Zt>

o0
_ / t]P 5t — / t|P

A —Ty

integral in (2.3.57) reduces to

s
e2! 4

e’ét} tPdt

ezldt, (2.3.58)

here, the + sign is under hypothesis 1. while the — sign is under hypothesis 3.
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and so, combining (2.3.57) and (2.3.58),

o0
o .
/ |t|p Fz,a <4 + zt)

eatdt

—o

o) To

o)) . jup « . ¢

- /thz,a <4—|—zt> eStdt + / 1t | Fs (4—|—zt> e3tdt

—00 —To

To

« . fus (&% . _ry

- / {FZ@ <4 + zt) ez’ + (—=1)P F, o (4 — zt) e 2 } tPdt < oo, (2.3.59)

0

establishing (2.3.56). We are now free to use the dominated convergence theorem: by (2.3.45),
(2.3.51) and (2.3.56),

o
/{tp Fro (j + it) e3t 4 (~1)PHPF., <Z - it> e_gt} P dt
0

8

=g W ey 3™ cos (pHM + % + BZ) {1+E(X,2)+H(X,2)}. (2.3.60)

But we have already seen that there are infinitely many integers p € (gn),,>n, U (n),>n, for which

the right-hand side of (2.3.60) is negative, this is, there are infinitely many p such that

(o]
/{Fz,a <Z + it) et 4 (=1)PF, 4 (Z - it) e—é’t} tPdt
To
To
< —/{Fw (j +z’t> et 4+ (=1)P F, 4 (j - it) e_gt}tpdt
0

To
< Tgf/ —it) e 3t
0

where K only depends on Ty but not on p. By our hypotheses (1 or 3) over F, o (§ +it) (and for

dt < K(Ty) 1Y, (2.3.61)

e~ e

Fio (Z + z't) Bt 4 (—1)P F, 4 (

the choice of p depending whether 1 or 3 takes place), we know that there exists some € := ¢(T) > 0
such that

F, . (O‘ + it) et 4+ (=1)P F,, (j — it> e 3t

4
« . « . —T¢
= |Fea (7 +it Fool g —it)[ 73" > e(T), Vte[2T, 2To +1].

jus
e2t+
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Under the existence of €(7p), we have the lower bound

o0
/{Fz,a (Z + z’t) et 4 (=1)PF, 4 (Z — it> e—St} tPdt

To
« . « .
F, (4 + zt) F. o (4 — zt)

2Ty +1
eat +
However, if we compare (2.3.61) with (2.3.62), we conclude that the inequality

> 2 T/ { e‘zt}tpdt > ¢ (Ty) (2T))" . (2.3.62)

0

K(To)
€(1p)

?¥ <

must hold for infinitely many values of p € (pn),,>n, U (¢n),>n,- This is absurd because we can

take p as large as desired.

It only remains to prove Theorem 2.1.3 in the case where there is some N € N such that
AN = —Ay. We reduce this case to the assumption treated above, this is, when there is no
integer N such that Ay = —Ap;. Without loss of generality, let us assume that Aj; constructed
by (2.3.48) is positive and, for a fixed positive real number § (smaller than Ajs), consider the
function F,, (s +1id). As we have seen in the case where 92%{ € Q, proving that F, ,(s) has
infinitely many zeros at the critical line Re(s) = § is equivalent to proving the same statement
for F, (s +4d). Since the function F ,(s + i) satisfies the conditions of our Theorem 2.1.3 with
the same z € %, and the same set of coefficients (c;) jen the only modification is that we need
to replace the sequence (\;)jen by Aj := A;j + 0. It is clear that max;en {\)\;\} =Ny =Amu+0
but [AN| = | — Ay + 6] = Ay — 6 < A}y Therefore, for the new sequence (A})jen we have that
77 <13y, (2.3.50), for every j # M. O

2.4 Zeros of combinations attached to ((s, Q)

In this section we apply all the previous work to prove a version of Theorem 2.1.3 where (,(s) is
replaced by the Epstein zeta function attached to a binary, integral and positive definite quadratic
form. To adapt the work done in the proof of Theorem 2.1.3, as well as to apply the summation
formula (2.2.9), we need some lemmas concerning twists of the Epstein zeta function by an additive
character e>™"P/4 p/q € Q.

The first lemma given in the next subsection is essentially given in [[51], Theorems 2 and 3] and
was used by Jutila to derive exponential sums attached to Epstein zeta functions in [123]. However,
to match the notation introduced in our thesis and to be easier to apply the next result to our

summation formula, we will give a brief proof of it.
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2.4.1 Exponential sums attached to quadratic forms

Lemma 2.4.1. Let (p, ¢) = 1 and Q(m, n) = Am? + Bmn + Cn? be a binary, positive and integral
quadratic form with discriminant A := 4AC — B2. Also, consider the periodic Epstein zeta function

exp (—? (Am? + Bmn + C’n2)>
(Am?2 + Bmn + Cn?)® ’

(a5

m,n#0

Re(s) > 1. (2.4.1)

Then ¢ <s, Q, %) can be analytically continued as a meromorphic function with (at most) one simple

pole located at s = 1, whose residue is

p —~ - 2mrg (k1 k2)
Ress— <s, , ) e 2.4.2
165 Q% f 5 (24.2)

k1 ,k2=0

under the convention that, if the previous value is zero, (s, Q, g) is an entire function. Moreover,

C(s, Q, g) satisfies the functional equation

<qi;£>s ()C( Q, ) (q?)(ls)F(l—s)§<l—s,Q, z), (2.4.3)

where ((s; Q; p/q) represents the Dirichlet series

= p bQ(m7 n7p/Q)
¢ (s, Q, > = —— =22 Re(s) > 1, 2.44
i) 2 Qo 240
with
1 — 2R O (ky ko) 2T (mky+nks)
bo(m,n,p/q) == — Z e P2 rg VIR (2.4.5)
k1,k2=0

Proof. For Re(s) > 1, we start by writing (2.4.1) as

» efQWng(m,n) q—1 w2 Qb1 k) 1
$5,Q,=|:= — = e g iR S
C( @ Q) 2 2 2 Q (l1q + k1, l2q + k2)

mao QM) 4y 01,6240
q—1
I 1
=g Y QR §n - - (2.4.6)
k1,ka=0 0 £2¢0Q<fl+ Lol + 2)

Note that the infinite series with respect to £1, fo is well defined because the denominator displayed
there cannot be zero. For Re(s) > 1, it represents a particular example of the Epstein zeta function

(2.1.48),

Z exp (2mim - h) n

((s, g h, Q)= Qmtg’ Re(s) > —, (2.4.7)

mezZn, m+g#0 2

when @ is binary and h = (0,0). We know from Lemma 2.1.2 that, for h ¢ Z", ( (s, g, h, Q) can

be analytically continued as an entire function. If, however, h € Z", ( (s, g, h, ) has an analytic

continuation into the complex plane as a meromorphic function possessing a simple pole located at
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s = n/2 with residue

n/
RGSSZ%C(S, g h, Q) = L (248)

VD@QT (3)
For n = 2, we know that D(Q) reduces to the discriminant A := 4AC — B? of the binary quadratic
form. Hence, for Re(s) > 1 and taking k := (k1, k2), we can reduce (2.4.6) to

q .
C(s, Q, Z) =¢* Y 62”’5Q(’“”“2)<(s, 1;, 0, Q) : (2.4.9)

which proves that ¢ (s, Q, %) has an analytic continuation as a meromorphic function with a simple

pole located at s = 1 with residue

-1
P 2 1 —MQ(kl ko)
Ress=1C (s, Q, ) = —— Z e «q 2
q VA k1, ka—=0

This proves the first part of the lemma. To prove the second part, we use the functional equation
for the Epstein zeta function (2.1.49)

(D(gl/n)_sr(s) (5,81 Q)

— exp (—2rig - h) (D(;f)l/n>g r <;‘ - s) ¢ <Z —sh, —g, QT) , (2.4.10)

where Q1 is the adjoint quadratic form (2.1.47). Since h = (0,0) and @ is binary, ¢ (s, 0, —%, QT> =
¢ (5, 0,k Q), so combining (2.4.6) and (2.4.10) with n = 2 and D(Q) = A, we obtain

(q%)_sws)c (s a?)

ar \ 7Y 1S i 2Ok k) k
_ (A P(1—s) > ¢~ 2mi Bk ko g(1 _s0, 5 Q). (2.4.11)
<q\/3> q ,ﬂ%:o q

Now, for Re(s) > 1, it is simple to see that

—-1 -1 2 (m ki 4n k
1 qz 67271‘1' ZQ(k‘l,kg)C<8 E 0 Q) :} qz 67271'7; %Q(kl,kg) Z e 4 (m 1T™Nn 2)
) ) ) S
9 ki k=0 q 9 1y ka=0 p— Q (m,n)
11 = p 27i
= Z m = Z exp (—271'2 =Q (k1, k) + — (mky + nk2)>
mazto BT 4 o q q

bo(m,n,p/q)
= X Qo

which proves (2.4.3). O
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Remark 2.4.1. Note that both ¢ (s, Q, %) and ¢ (s, Q, %) can be written as Dirichlet series over
one variable of summation. It is not hard to see that, if rg(n) denotes the number of representations
of n by @, then

P\ & ro(n) exp (—%n)
¢ <s, Q, q) = ngl = , Re(s) >1 (2.4.12)
" = ho(n,p/a)
= ]3 - Q nap q
C(s, Q, q). n; B Re(s) > 1, (2.4.13)
where

q—1 . .
bonp/a) =+ 3 exp (=T EQU k) + ks + Ba)) . (2.4.14)

1
D Q(ahy=n ki Fae0

In the expression above we are summing over pairs of integers (a, 3) such that Q(«, ) = n. Note
that |bg(n,p/q)| < ro(n), so the absolute convergence of the Dirichlet series on the right-hand side
of (2.4.13) is assured for Re(s) > 1.

From the previous lemma, it is natural to apply the summation formula given in Theorem 2.2.1
not only to ((s, Q) (as we have done in Example 2.2.2) but also to ((s,Q,p/q). The next result
gives one particular case of our summation formula which will be crucial in the proof of Theorem
2.1.4.

Lemma 2.4.2. Let Q(m,n) = Am? + Bmn + Cn? be an integral and positive definite quadratic
form and A := 4AC — B? be its discriminant. Then for Re(z) > 0, y € C and (p,q) = 1, the

following summation formula takes place

= 271 _2mne V2
1+ Z ro(n) exp (— mPn) e A Jy <W>
— q
n=1

2 2
_y q—1 ) _¥
e 4z _2mip oy (k & e 4z ~ _ 27n \/%y
= Z e q Q(F1,k2) + — Z bQ(TL,p/Q)6 gV Az I(] <A1/4 5 (2.4.15)
ql‘ k1,k‘2=0 z n=1 \/a x

where BQ(n,p/q) is explicitly given by (2.4.14).

Proof. Since the functional equation (2.4.3) holds and the analytic continuation of {(s, Q, p/q)

satisfies all the properties of the class A, we can invoke (2.2.9) for the pair of Dirichlet series

T p

[ 2n TP exp <_2Tn) rq(n) [ 2n X bo(n,p/q)
o(s) = (M) ngl e , P(s) = (M) ;7"5 :

both absolutely convergent in the region Re(s) > 1.
Under this template, from (2.4.2) we know that the residue of ¢(s) is p = ¢! ZZ;iFO
27,

e~ Ta Qleuke) compute ¢(0), it suffices to know ((0,Q,p/q). To this end, we use (2.4.11):
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multiplying both sides of this equation by s and letting s — 0, we obtain

s—1 q—1 '
c(o,Q,S):nms<2”q) ra-s- e—2mzc9<k1,kz>c(1_s70’l; )

s—0 \/Z q ky a0
27 - 1 ! 21 2Q(k1,k2) k
=lims|——= F'l—s)-4¢(1-s,0,0,Q)+ e 1’2((1—8,0,,62) .
=0 (qﬂ) q ,ﬁ%ﬂ) q

If ky # 0 or ko # 0, then k/q ¢ Z2, and so each Dirichlet series on the second sum ¢(1—s,0,k/q, Q)
is an entire function by Lemma 2.1.2. Therefore, the only singularity comes from ((1 —s,0,0,Q)

at s =0, giving

-1
PY_ (20 ) Lo _
((0, Q, q)_ < ) lim (s — 1) ¢ (s, 0, 0, Q) 1, (2.4.16)

where we have used (2.4.8). An application of the summation formula (2.2.9) yields (2.4.15)
immediately. O

2.4.2 The behavior of ¢g(z, 2)

Using the previous lemma, we can now study the behavior of the analogue of Jacobi’s ¢—function
attached to ((s,Q). Our next result essentially says the same as Lemma 2.3.4 in the present

situation.

Lemma 2.4.3. Let Q(m,n) = Am? + Bmn + Cn? be a binary, integral and positive definite
quadratic form and let A := 4AC — B%. Assume also that gcd(A, B, C) =1 and vA =2 mod 4.
Consider the generalized Jacobi’s 1—function attached to @Q, (2.2.80),

© _ 27mnz 2mnax
Yo(z, z) = nz::lrQ(n) e V& Jy (”Al/22> , Re(x) >0, zeC. (2.4.17)

Then, for any z satisfying the condition

2/ 2/
2 € Dg = {z € C : |Re(2)| < A\a//; |Im(2)| < Ag/;} (2.4.18)

every m € Ng and every analytic function h : C — C, the asymptotic formula holds

lim d” {h(w) (eiZz/S +e7/8 (78] (e%,z))} = —2p™ (Z) sinh (Z;) . (2.4.19)

w—TT dw™

Proof. We proceed as in the proof of Lemma 2.3.4. By Lemma 2.3.5 and Corollary 2.2.2, it suffices
to compute g (i + 9, z) as § — 07. Note that

Al/2

n=1

0 _2wni  _ 27nd 2 3 5
1+¢Q(i+5,z) ::1+ZTQ(71)6 2‘/Ze 2\/5 JO( 7m(z—|—)z)’
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and so, applying the previous summation formula (2.4.15) with p = 1, ¢ = VA, z = v/A§ and
y =i+ 0zAY* we obtain

L+ vgli+8,2) =1+ Y ro(n)e V& ¢ V& Jy ( Wz)

— Al/2
_ (i49)22 VA-1 (Z+<S)z o0 -
_ ﬁ Z e ?/EQ(kl,kQ) + Z bQ <n 1> e A2377;5I (W Z) .
AT A VAS = VA A 0

(2.4.20)

To have the conclusion (2.4.19), we need to show that the right-hand side of (2.4.20) tends to zero
exponentially fast as  — 0%. To do this, one needs to get rid of the residual term involving 6.
We now proceed to show that the residual term (2.4.2) is zero: by hypothesis, we know that v/A is
an integer and \/52 + B? = 4AC. Since the sum of two odd numbers is not divisible by 4, this
automatically shows that B and v/A must be even. Since (A, B, C) =1 and B is even, at least A
or C is odd and without any loss of generality we may suppose that A is odd. We now evaluate the

Gauss sum (2.4.2), restricting ourselves to the sum with respect to k1. We will see that this sum
vanishes if VA =2 mod 4: indeed

VA-1 2mi VA [VA/2-1 2mi VA-1 2mi
Z o = Q(k1, ko) _ Z Z —\/EQ(k1,k2)+ Z e VA (K1, k2)
k1,k2=0 ko=0 k1=0 kl:f/Q
VA (VA/2-1 iy VA/2-1 5, VA
_ Z Z e, LQ(k)l,k2 + Z e ﬁQ(kl“F B} 71432) .
ka=0 | k1=0 k1=0
However, one easily checks that
A A B
Q <k1 + \ZF k2> = Q (k1, ko) + VA (4\/Z+ Ak + 2k2> , (2.4.21)
and so,
271 VA 271 A B
exp| ——=Q [ k1 + ——, ko | | = ex ( ki, k —2m(\/E—|—Ak +k>)
p( \/KQ<1 5 2)) p \/ZQ(I 2) 1+ Sk
27rz e 27rz
= ex ki, ko) ) - ex —A\/Z>:—ex ( ki, k >

because A is odd and VA =2 mod 4. Thus, we have that

\/Z_l 27 k. k
Z 67 \/7Q( 1, 2) — 07
k1,k2=0
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and so the summation formula (2.4.20) is reduced to

(H—é)z
_ 2mn 2mn(i+9) z
14 4q(i + 6, 2) \Fé Z Q ( \/E> e a3/2s ]y <A3/4 6) . (2.4.22)

n=1

Concluding the proof of this lemma is now a matter of following the proof of Lemma 2.3.4: we

NGRS ) Ty e
%6*&4/25[0 (Wn(l—f_) ;) ‘ =0

need to show that

lim
6—0t

A3/4

for any fixed n € N. To do this, we just need to invoke the simple bound (2.3.24) and to recall that
Re (\/i + (52) — Re(Viz) = % (Re(z) — Im(z)) and Re ((i +6) 2?) — —2Re(z) Im(z) as § — 07,
so that the term in the previous equation is bounded by

- 2m A3/ Re(z) Im(z) A3/2
51_1>%1+56Xp<_A3/25< o7 IRe(s) = Im(e)] v - R ))

As before, the expression in the exponential is a quadratic polynomial with variable X = \/n of the

form
A3/4 Re(z) Im(z) A3/2
NG [Re(z) — Im(z)| X — ym :

After computing the zero of P(X) with highest value, we know that a sufficient condition for the
positivity of P(X) at a point X = X is that

P(X)=X?%—-

A3/4
NG [|[Re(z) — Im(2)| + |Re(2) + Im(2)|] < Xo. (2.4.23)
Thus, we want (2.4.23) to hold for every Xy = y/n, n € N: this is satisfied if

NG

[Re(z) — Tm(2)] + [Re(2) + Tm(z)| < 4.

(2.4.24)

which is the case whenever z € g = {z € C : |Re(2)| < Z}ﬁ, IIm(2)| < i}ﬁ } Now it is just a

matter of following the conclusion of Lemmas 2.3.4 and 2.3.5 to deduce (2.4.19). O

Remark 2.4.2. Note that the condition (2.4.24) is indicated to assure that (2.4.23) holds for every
Xo = +/n, n € N. But this condition can be relaxed and replaced by

4,/mmg
|[Re(2) — Im(z)| + |Re(z) + Im(2)| <

W7 (2.4-25)

where mg is the least integer for which bQ (mQ, f) # 0. For example, when Q(m,n) =
Qo(m,n) := m? +n?, A = 4, the condition (2.4.18) does not reduce to (2.1.13) for o = 2. This is

because

- 1 1
bao (172> :=% S exp(—mi (K +3) + mi(aki + Bka)) =0,

a2+52:1 ]Cl,k'Q:O
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while bg, ( ,2) # 0. Thus, mg, = 2, and then (2.4.25) now reduces to (2.1.13). It is a nice
exercise of notation and arrangement of variables to check that (2.4.22) reduces to (2.3.17) when
Q(m,n) = m? + n2.

2.4.3 Proof of Theorem 2.1.4

The proof of our Theorem 2.1.4 is almost the same (modulo different computations) as the proof of
Theorem 2.1.3. Therefore, we will brief and just indicate the main steps. Start with the integral

representation (2.2.81) given in Example 2.2.2 and take there z = % —7 <w < 7: this gives

2

()

1 1 1 ' 4 .

g / nQ <2 +it> 1 Fy <2 +it; 1; 4) QWtdt _ ezwa( 2M,Z> _ i o=
—00

By using Kummer’s formula (2.2.8) and adding and subtracting the term e=%/8 e™  the previous

expression reduces to

2 o0
e=%°/8 1 1 22
_ ot F ot 1 == 2wt dt
o /77Q<2+Z>1 1<2 ;5 13 4>€

—00

= 2¢77/8 cos (w) + e (6_22/8 + e /8 (%0) (ezi“’, z)) , (2.4.26)

which is analogous to (2.3.37) for o = 2. Therefore, we can use the same computations as in the
previous section: changing the variable ¢ to ¢t + \;, differentiating p times on both sides of (2.4.26)
and appealing to the notation (2.3.40), we deduce

0o 1 . ,
/ tan (4 +Z(t+)\J)> 1F1 (2 _i(t+Aj); 1; Z4> e?wtdt

Ty b —2w\;
= —4r <2) e "% cos(pb; +w)

+ 2m 022 /8 ﬁ {ez‘w—%,\j (6—z2/8 + 02218 e (62@’ z))}

2p dwP

Continuing to argue in the same manner, we can fully justify the equality (cf. (2.3.42) above)

7 1
/ t'F, o <2 + z’t> et dt

—0o0

Zc]rje “Xi cos (p B + w)

+Z;)['Re< 2 AP {i% Y ( =218 4 /8 g (€2wz)>}) (2.4.27)
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where

00 o’ —(s+i)\j)
F.o(s) = ci | — T(s+i\) C(s+1)j, Q)
Q ]szl J (\/Z) J J

22 z2
X {1F1 <1—s—i)\j; 1; 4> +1F1 (1—S+i)\j; L; 4>}

Letting w — %~ on both sides of (2.4.27), we see from Lemma 2.4.3 above (namely, relation (2.4.19))
that the right-hand side of (2.4.27) can be simplified to

8T o~  p _7y, T 28 . 22
o Jz:;cj'rje 2N [cos (p9j + 4) (1 + Re (e /8 ginh (8
. T 22/8 . Z2
— sin | pf; + 1 Im|e sinh 3 ,

which is exactly the same as the right-hand side of (2.3.45) with a = 2. From this point onwards,
the proof follows exactly the same steps as the proof of Theorem 2.1.3. 0
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2.5 Zeros of combinations attached to Lj(s, )

Similarly to the previous sections, in order to study the zeros of L(s,x) we need a lemma which
gives the analytic continuation of a periodic Dirichlet series containing information about the
behavior of ¥y, (x, 2), (2.2.90). Before proving such a result, we first need an auxiliary proposition,
which will be the first statement on this section.

Although the proof of our next result is quite standard and it is a known result for 6 = 0 (see
Lemma 2.1.2 above), we prove it bearing in mind the case where 6 = 1, because this might be
instructive to some readers. Although straightforward, we could not track any reference containing

explicitly its statement.

2.5.1 Exponential sums attached to Dirichlet characters

Lemma 2.5.1. Let § € {0,1} and 0 < a; < 1, fori e {1,...,k}. Consider the Dirichlet series

4 1
ora(sian, map) = 3 (u+a) - (meta) Re(s)>§(1—|—5). (2.5.1)

ni,....,nx €L ((nl + CL1>2 + ...+ (nk + ak)Q)

Then o 5(s; ai, ...,ai) has the following properties:

1. If 6 = 0, it can be continued as a meromorphic function with a simple pole located at s = %

with residue Ressz% ©r0(8; a1y .., ap) = TON
2. If 6 =1, it can be continued as an entire function.
Moreover, it satisfies the functional equation
W_SF(S) gOk‘ﬁ(S; ag, ..., ak)

= (=) 7= (k(z+9)=s)p (k (; n 5) - s) Prs (k (; n 5) — s at, .. ak> , (2.5.2)

where, for Re(s) > g(l +0), @Prs(s; ar,...,ar) can be written as the Dirichlet series

g . 0 2mi(na,...,ng ) (a1,...,ak)
_ ng-..-npe
ks \S;ay,...,ar) = E

Prs (55 a1,y ax) (n+...+n2)’

n1,...,nE 70

(2.5.3)

Furthermore, @5 (S; a1, ...,ay) can be analytically continued as an entire function no matter the

value of 6.

Proof. Note that the condition 0 < a; < 1 implies that the multiple series (2.5.1) is well-defined for
any (ny,...,ny) € Z*. Note also that when § = 0 this result is already known because the Dirichlet
series (2.5.1) is actually an Epstein zeta function (2.1.48), this is

Sok,O(S;al?"')ak) = C(Saaa 07 Ik)7
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where a = (ay,...,a;) and Iy denotes the diagonal quadratic form n? + ... + ni The pole of

©k,0(8; a1, ..., a) comes from the pole of the Epstein zeta function at s = % Furthermore,

@k’,o (57 arg, "'aak) = C(Sa 07 a, Ik) .

Since (a1, ...,ax) ¢ ZF, by the analytic continuation of Epstein’s zeta function we see that
QK0 (85 a1, ...,ar) must be entire. The functional equation (2.5.2) is an immediate corollary of
(2.1.49).

We now focus on the case where 6 = 1. We start by writing (2.5.1) as a Mellin transform

o0

k
7 °T(s) g a(s;ar,...,ar) = /:L‘S_l H Z (nj +aj) e~ m(nita;)’e dz, Re(s) >k, (2.5.4)
0 7j=1 TLjEZ

so that the proof of (2.5.2) relies on applying Poisson’s summation formula to each factor. This is

standard and we obtain for each j € {1,...,k},

Z (n; + a;) e~ m(njta;)’r —# Z nj exp (—;}ﬁ + 2min; aj> . (2.5.5)

n;EL n;€ZL
Hence, breaking the integral on (2.5.4) into (0,1) and (1,00) and applying (2.5.5) on the first

integral, we get the representation

7 °T(s) pr1(s; a1, ..., ak)

251 Z (n14+a1)-...- (ng + ag) exp(—ﬂ ((m + a1)2 + .o+ (ng + ak)Q):c) dx
N1yeesNE EL

_l’_

H\S ’—‘\8

xgk*sfl(—i)k Z ny @XMy @2k L exp (—ﬂx (n% +..+ ni)) dzr, (2.5.6)

which is invariant once we replace s by % —sand g 1(s;a1,...,ax) by @r1(s; a1, ..., ar). Moreover,
the uniform and absolute convergence of the integrals given in (2.5.6) assure that ¢y 1(s; a1, ..., ax)

and Q1 (s; ai, ..., a) are entire functions of s. O

The next lemma has a role similar to Lemmas 2.3.2 and 2.4.1 of the previous sections.

Lemma 2.5.2. Let x be a Dirichlet character modulo q and p be an integer such that (p,q) = 1. If
X 1s even, define 6 = 0. Otherwise, if x is odd, set § = 1. Consider the Dirichlet series

Z nd x(n1) ... ng x (1) o (nitAn})

k
(n? + ... +n?)° o Re(s)>5(1+46).  (257)

Li(s, x,p/q) :=

N1, 70

Then Ly (s,x,p/q) has the following properties:
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1. If x is even, it can be analytically continued as a meromorphic function with at most one

stmple pole located at s = g, whose residue is
7T§ 271 mip 2 g
Res_xLi(s,x,p/0) = — 75— d o x(re a7 . (2.5.8)
’ F(§ (2(]) r=1

In particular, if p,q are odd integers, Li(s,x,p/q) is entire.
2. If x is odd, Ly (s,x,p/q) can be analytically continued as an entire function.

Moreover, it satisfies the functional equation

(;;) T Ds) Lu(s, x, p/a)

= (—i)%k (;q)“eﬁh) r <k <; + 6> — s) Ly (k <; + 6> — s, x,p/Q> : (2.5.9)

where Ly, (s,x,p/q) is representable by the series

= by (N1, ..., NE; cnd e ond k
Loooplgy= 3 i /o) miceomg p o Ry (2.5.10)
(n3+...4+n3) 2
n1,...,nkp 70
with
2q—1
_k
by(n1s i /) = (20)"2 D x(r1) - e x(1r)
1y, =0
’iﬂ'p 2 9 . 1 Tk
Xexp(— r{+..+7r;) + 27 (ng,...,n (,,))
. (1 k;) (n1 k) 50" 2

(2.5.11)

Furthermore, Ly, (s,x,p/q) can be continued as an entire function no matter the parity of x.

iTp

2
Proof. Since the arithmetical function y(n)e” ¢ " has period 2¢, we may decompose the series

(2.5.7) into residue classes modulo 2¢. Assuming that Re(s) > (1 + 4), such decomposition gives

g 5 .
ny x\(n1) ... X(Ng) TP (p24  4p2
Lisxpfe)= 3 MMt S50t o)
Tll,...,nkio nl nk
2q71 iTp (2 2
=202 S (1) x(rg) e o UTEE)
T1,...,7’k:1

- (it 5) o (it 32)”

€T ((m1 + %)2 + ...+ (mk + 727(“1>2>S
2q—1

_ _dmp (24 4,2 r Tk
= (20777 Y () e x(r) e TR g (.92;2(]) (2.5.12)

14y T=1
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where @y, 5(s; a1, ..., ax) is defined by (2.5.1). We now apply the previous lemma: if 6 =1, i.e., if x
is an odd Dirichlet character, we have that Ly (s, x,p/q) is entire because ¢y 1(s; a1, ..., a) is entire.
On the other hand, if x is even, then L(s, x,p/q) must have a simple pole at s = % with residue
given explicitly given by (2.5.8), due to item 1. of Lemma 2.5.1. In particular, if x is even and p, ¢

are odd integers,

2971 imp (.2 2 291 mip .2 g
Y ) e x(m) e T T ST (e

1y, T=1 r=1
k
! mip,.2 201 mip,.2
— r — T
= 2xme T4 >0 x(r)e
r=1 r=q+1

a1 mip .2 a1 Tip .2 :
=D x(me « " =Y x(re @ | =0,
r=1 r=1

which shows that, under these conditions, Lg(s, x,p/q) must be entire.

The functional equation (2.5.9) now follows from (2.5.3): invoking (2.5.12) and (2.5.3), we see

that
(57) Tonr= G () (k(+0) )
X 2%31 x(r1) - oo x(rg) = (i) Pk, (k (; + 5) — s ;—;, vy g;) .

1,y T=1

However, appealing to the definition of @, 5(s; a1, ..., ax) as a Dirichlet series, (2.5.3), we have, for
Re(s) > §(1 + )

2q—1

1 —”—p(r2+...+r2) ~ ™ Tk
X(Tl)'...'X(Tk)B 1 ! k on‘,é S Ty T
(2q)k/2 rlrazl 2q 2q
) 5 2¢-1
ny-..-n _k
-2 ( 21+ + k?)s (20072 D> x(r1) o x(re)
N1, 70 e T 71,7k =0
TP [ o 2 . 1 T
X exp (— 4+ .oty ) + 2w (ng, ..., ngE) - (,,))
q (r ) ( ) 202
by(ni,..,ng; p/)nd - ...-ng -
= Z X (n2+ +n2)5 k :Lk (S7X7p/Q)
ni,...,nk 70 1 k

To conclude, we just need to show that Ek(s, X,P/q) is an entire function: this comes from the

previous expression of I}k(s, X,P/q) as the sum

2q—1 ]
! () ( n m)
(Qq)k/Q N -ZT:kzl x(r1) e x(ri) e a Prs | S; 5 2)
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Since 0 < 7;/(2q) < 1, we know that @y s (s; Tor e ;—’;) is always entire (no matter if § is 0 or 1)

and so Ly (s, x,p/q) must be entire as well. O

Remark 2.5.1. Note that we can write the multiple series defining (2.5.7) and (2.5.10) as Dirichlet

series involving a single variable of summation. In fact, we may express (2.5.7) as

(n)e” &

Ly (s, x;p/q) = i te ; Re(s) > g(l +19), (2.5.13)

s
n=1 n

where 75, (n) is explicitly given by (2.2.87). We can also put (2.5.10) in the form

Ly (s, x,p/q) = i W, Re(s) > g(l +9), (2.5.14)
n=1

with Bk’x(n,p/q) being defined as

2q—1
~ _k
bix(np/a)==29)72 Y ndoond D x(r) - x(rk)
n%—l—...—l—ni:n 14,7 =0
TP [ o 9 . 1 Tk
X - 2 =, ., = . 2.5.15
€xp < q (Tl + + Tk) + 2m (nla )nk) <2q7 ) 2q)> ( )

Remark 2.5.2. Note that we did not use the primitivity of the character x in the proof of Lemma
2.5.2. In the next subsection we will see that, under this additional hypothesis and by setting p = 0

in (2.5.9), we can recover the functional equation (2.1.50) given at the beginning of the chapter.

2.5.2 Proof of Lemma 2.1.3

Since, by hypothesis, x is a primitive character, we know that the Gauss sum splits in the form

1

G, %) = 3" X() 27/ = y(n) G(%), (2.5.16)
=1

5

<
Il

where G(x) := G(1, x). By the representations (2.5.7) and (2.1.50), we clearly have that Ly (s, x) =
Li(s,x,0). Since (2.5.8) is zero when p = 0, we conclude that Ly (s, x) is entire. To prove the
functional equation (2.1.51), we look at (2.5.9) and see that

(2)7 1)t = (=i (;q)‘“@*‘”‘s) (i (3 0) =) Zu (i (546) —sv0)
(2.5.17)
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Thus, it remains to simplify the expression for L (s, x,p/q), (2.5.10), when p = 0. By (2.5.11), we
know that

2q—1

L0 =297 3 3 x(r1) e x(ri)

N1y Z0 71,00, =0

1 1
. ™ Tk ny: -...-n
X exp (2m (N1, ..., ng) - <2q 2(])) G _1}_ - n]%)s’ (2.5.18)

for Re(s) > %(1 + 4). Now, for every pair (nj,r;), the resulting Gauss sum is

2q—

M

x(rj) exp (2772 n; ;J)
r;=0
q—

Z x(r;) exp <2m nj 5 > + ZX ;) exp <2m n; TJ2‘; Q>

q—1
r
= (14 (=1 ri)ex (27Tz'n-J)
(L (1) 3 ) esp (2min 57
2 ZT _1 x(7;) exp (27ri m; ?J) =2G(mj,x) nj=2m, . (2.5.19)
0 n; odd

Hence, the sum in (2.5.18) over (ni,...,n;) does not vanish only if each n; is an even integer:

writing n; = 2m;, we derive from (2.5.18) and (2.5.19),

Lk (5,x,0) = (2g)"F2-2+h(6+) 57 G(mhx)m‘f G(mk,x)mi

mi,...,mp7#0

G*(x) o 2stkoth y(ml)m‘lS . y(mk)mi
k)2 >
q

mi,...,mE7#0 (

Gk s koL k _
= qk(/’;) 27254k L (5, %) (2.5.20)

where in the second step we have used the fact that x is primitive, i.e., (2.5.16). Joining (2.5.20)
and (2.5.17) gives (2.1.51). O

Remark 2.5.3. Another way of proving the above lemma is by using Corollary 1.2.2, which
establishes the functional equation of a general class of multidimensional Epstein zeta functions.

See also the published version of the previous chapter, [194], for some complementary remarks.

2.5.3 The behavior of ¢, x(z, 2)

We finally prove that the analogue of Jacobi’s 1¥y—function given at (2.2.90) has the same vanishing
properties as the ones given in previous sections. Once again, this study starts with a summation

formula involving ry , (n).
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Lemma 2.5.3. Let x be a primitive Dirichlet character modulo q and let vy, (n) and by, (n, p/q)
be the arithmetical functions given in (2.2.87) and (2.5.15). Furthermore, suppose that q # 0
mod 4 when x s even.

Then, for Re(z) > 0 and any y € C, the following transformation formula takes place

o0 .
_imp 1 k(lig) _Tpg ™
Z%x(n)e i"n33(310) o Jk(%+6)71 (\/qu)
n=1
y2

_ e O~ ki 1_k(lis) —zn ™y
= S ) B, L) mE G e E L (1/2(1 x) (2.5.21)

x n=1

Proof. Assume that Re(s) > g(l + §) and apply the summation formula (2.2.9) to the pair of

Dirichlet series

o(s) = (27;>_ Li (s, x,1/q) == (;q) B i M (2.5.22)

s
n=1 n

and

w6 = () Tt = (1) 5 E0 bl a). (2.5.23)

?q 2q = ns

which, by Lemma 2.5.2, satisfy Hecke’s functional equation and belong to the class .A. This requires
to take the simple substitutions: A, = 521, i = 37, a(n) = rey(n) e_%n, b(n) = (—i)%bg , (n,1/q)
and 7 =k (3 +0) in (2.2.9).

We now claim that ¢(s), (2.5.22), is an entire function. First, if x is odd, this assertion follows
from our Lemma 2.5.2. On the other hand, if y is even, then ¢ must be odd due to our imposition
that ¢ # 0 mod 4 and the fact that there are no primitive characters (mod ¢) such that ¢ = 2
mod 4. Hence, by item 1. of Lemma 2.5.2, ¢(s) must be an entire function for even primitive x
and odd gq.

Thus, p = 0 regardless of x being even or odd. In order to apply (2.2.9), we need to find also
#(0). Since ¢(s) € A and ¢(s) given by (2.5.22) is an entire function (cf. Lemma 2.5.2), we know
by Remark 2.1.1 that ¢(0) must be zero. Finally, replacing p = ¢(0) = 0 in (2.2.9), we are able to
derive (2.5.21). O

We now prove the character analogue of Lemmas 2.3.4 and 2.4.3 given at the previous sections.

Lemma 2.5.4. Let x be a primitive Dirichlet character modulo g and ry, . (n) be defined by (2.2.87).
For Re(x) > 0 and z € C, consider the analogue of Jacobi’s 1p—function, (2.2.90),

k 1-k_ks
Uy k(w, 2) 1 = 935 thi=1 1 (2 + k(5> <, 1T z) ’
q
> 1_k_ k6 ™ ™
1_k_ko _ TN,
X nz::lrk%(n)n2 172 e 4 J%Jrk(;f1 <,/qnxz> .

Furthermore, let h : C+—— C be an analytic function and assume that z satisfies the condition

ce D, = {z €C : |Re(2)| < \/Z | Im(2)] < \/Z} (2.5.24)
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If we assume one of the conditions:
1. x is even with ¢ # 0 mod 4 or
2. x is odd with arbitrary q,

then the following limit holds

lim (@) gy (¢, 2)} =0, Ym e N, (2.5.25)

Proof. Following the proofs of Lemmas 2.3.4 and 2.3.5 (in particular, see (2.3.21) and (2.3.35))
and changing the —notation there to €, we just need to consider the behavior of 1, 1.(i + €, 2) as

¢ — 07. From (2.2.90), the expression for ¢, x(i + €, z) is

1-%_ks
95+ki—1p (k v k(S) ( g(i +e) z) :

2
X Zrkx 7_1_% e~ 7a (1F9) J§+k5_1 ( gn(i+e) z)
. 1% ks
221k 1F(2+k(5>< (z+6)z>
X Z Pea(m)na iR e < gn(i te) z) . (2.5.26)

We may apply the summation formula (2.5.21) to the right-hand side of (2.5.26) with x in (2.5.21)
being replaced by 2e and y by 1/2(i¢ + €) z. This gives the curious transformation

k (i+e)22

2€
1.6) —mn ™(i+€) z
(2+ )e 4qe Ik(%‘f’(;)*l ( T 26) . (2527)

beli+62) =28 (D s ([T +0)2)

MIE

e v 1
X Z(—z)‘;kbk,X (n, 1/q) n2
n=1

If we bound I,,(z) in the same way as before (see (2.3.24)), a sufficient condition ensuring that
(2.5.27) tends to zero as € — 07 is

.k m 1 [mn |Re(z) —Im(z)| Re(z)Im(z)
i e (T4 L )=
o & TP 4qe * o 2¢ V2 * 2¢ 0

By examining the quadratic polynomial (with variable \/n),

P(X X\/>|Re _Tm(z)| — 24Re(Z) mz)

™

one can see that P(y/n) > 0 for every n € N if

|[Re(z) —Im(z)| + |[Re(z) + Im(2)| < ﬁ, (2.5.28)
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which is satisfied whenever z satisfies the condition (2.5.24). O

Remark 2.5.4. In contrast with the statement of Theorem 2.1.3, the domain in (2.5.24) does not
depend on k. Like in Remark 2.4.2, enlarging this domain requires to get more information about
the arithmetical function b, (n, 1/q). As in (2.4.25), (2.5.28) can be replaced by

Re(z) = m(2)| + [Re(2) + ()] < [Tk,

where m, j is the least integer for which by, (n, 1/q) # 0.

2.5.4 Proof of Theorem 2.1.5

Since the Dirichlet series Ly (s, x) is entire, the argument in the proof of Theorem 2.1.3 becomes
easier, because we do not need to count the sign changes of the residual terms like in the expression
(2.3.45). We shall see how the proof in this case goes: start with the integral representation (2.2.91)
obtained in Example 2.2.3 and replace there z by e, - T <w<7,

17 (Bt an (i b 2
27T Nk 4 2 » X 141 4 2 72 ) 4

—00

) eZwt dt = eiwk(%—i-tg) wx,k (627Lw7 Z) ]
From Kummer’s formula (2.2.13), we can rewrite the previous equality in the symmetric form

17 (k ks k ké .k 2\
m /nk(4+2+2tax>lFl<4+2—Zt,2+k(5,4)@ dt

= k(a3 t0) /4y (622‘“’, z) , (2.5.29)

which is somewhat remindful of the previous steps given in (2.3.36) and (2.4.26). In the present case,
however, we are in a much easier situation because there are no residual terms on the right-hand
side of (2.5.29). After changing the variable t — t + A; and differentiating (2.5.29) p times with

respect to w, we are able to get the expression

7 kkS kokS i 9
/tp”k <4+2+i(t+>\j),x> 1F1 <4+2—z‘(t+/\j); §+k6; z> et gt

_ 21 s &g ak(Lre)—2wn 2ic
=% 0 {e 2 RN (e ,z)} . (2.5.30)

Now, let us make an important remark: in order to apply Hardy’s method, we need the integrand
on the left of (2.5.30) to be a real function of ¢. In the previous two cases, it was enough to take

the real part of the hypergeometric factor. In this case, however, we note that the function

<k—|—k(5+'t )
Nk 4 2 w, X
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is not real-valued. This can be easily seen from the asymmetry in the functional equation (2.1.51),

—)0 k
o) (sl o

However, since |G(x)/,/q| = 1, we can write (—i)° G(x)/\/q := € for some real v and then set

kE ko , kE ko
i | = + = +it, x | := e k/2 ( it ) : 2.5.32
nk(4+2+z,x) e | g+ Fitx ( )
It is now clear from (2.5.31) that 7 (% + k—; + it, X) is real-valued and its zeros are exactly the

same as the ones of (% + %5 + it x). Thus, we may multiply both sides of (2.5.30) by e~"/2

and have

T ko ko ko ko k 22
D > _ _ ; . v o A Y L2 2wt
/tnk(4+2+2(t+)\3),x) 1F1<4+2 Z(t+)\]),2+k5, 4)6 dt

—0o0

27?6_”’“/2 2270 AP [ ok(1as) 2w, ;
5 /4 @ T {ezwk(2+6) 2w ¢x,k (6220.1’ Z)} )

In the previous equality, take the real part of the hypergeometric factor, multiply by (c;) ey € £*
and sum over j: with the same kind of justifications as in the proof of Theorem 2.1.3, we can

deduce the expression

T ko ks
/ £ F o (4 + 5+ it) 2t di

—00

41
:ﬁ Re

O ;
—wk/2+z2/4 {ZC] ezwk +6 —2wA; wx’ ( 220.1’2) }] , (2533)

J=1

where

Fz,k,x(s) = e—ivk/Q Fz,k,x(s)y

with F) 1, ,(s) being
S . 1 z2
Zcﬂ?k (s+iXj,x) y1F1 | K 54—(5 — i\ k +(5 T

Jj=1
1 z2
+ 1 Fy k<2+(5>—5+1)\],k§< +5) 4 .

If we show that the function sz,x(s) has infinitely many zeros on the line Re(s) = g (% + 5), we
are done. This can be proved similarly as in Theorem 2.1.3: taking the limit w — 7~ on both sides
of (2.5.33) and recalling (2.5.25), we deduce that

0o
~ kE ko
lim [ 7 F.p, ( + 2 it) 2t gt = (. (2.5.34)
w—=gT Y 4 2
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Assuming that the integrand in (2.5.34) has only a finite number of zeros, we can use our previous
reasoning (cf. (2.3.57), (2.3.58) and (2.3.59) above) to show that

oo
/v

eztdt < 0,

. k kd |
P (545 i)

and so, by (2.5.34) and the dominated convergence theorem,

T ko ko .
/ thz,k,X (4+ 2+Zt) eftdt:().

—00

Mimicking (2.3.61) and (2.3.62), we find that

T - ko ko . _ ko ko i
/{Fz,k,x (4 + 5 + z‘t> e2t 4+ (—-1)P F. Ly (4 + 5 it) e2t} tPdt

To
T
= —/O{F (k +5+zt> et 4 (1P E (k+ Mo t) e—’ét} tPdt
_0 kX \g T kX \g T
< K(Tp) T? (2.5.35)

where Tj is a (sufficiently large) parameter such that Fz,k,x (% + % + it) # 0 when t > Ty. As in
(2.3.62), the contradiction hypothesis on the zeros of F j ,(s) yields the lower bound

To(- ko kb . N ko ko .
/{Fkx (4 +5 it) 5t 4 (—1)P Fl (4 +5 - it) ezt} #dt > e(Ty) (2Tp)P.  (2.5.36)

To
Comparing (2.5.35) and (2.5.36), we are led to the conclusion that the inequality

K(Th)
€(To)

2w <

must hold for every p € N, which is absurd. O

Remark 2.5.5. As it is clear from the proof, we need the condition that the sequence ()\j)j eN
is bounded, but we have not used the fact that it attains its bounds. Thus, we may relax this

condition in the statement of Theorem 2.1.5. Similar comments can be made for Theorem 2.1.6.
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2.6 Zeros of combinations attached to L¢(s,p/q)

In this final section we extend Wilton’s result by proving Theorem 2.1.6. We will be very brief
because, unlike in the previous sections, we do not need to develop “exponential summation formulas”

for the Dirichlet series under study. The basic Dirichlet series in this section is

27ip

[e.9]

Lyspfa) = Y 0T pe(e) > EEL g =1, (2.6.1)
n=1

where af(n) are the Fourier coefficients of the cusp form f(7) and are assumed to be real. From
the functional equation for L¢(s,p/q) (see (2.1.55) and (2.2.103) above)

p k/2 ( p)
s,— | =(—1 nelk—s, —= |,
77f( q) ( ) f q

one can check that 7n7(k/2 + it,p/q) is only real (or purely imaginary) when p> =1 mod q.

Henceforth, we shall assume that p> = 1 mod ¢. Since L #(s,p/q) is entire, we expect that
the proof of Theorem 2.1.6 will have exactly the same nature as the proof of our Theorem 2.1.5
and so we shall omit it. The only purpose of this section is to show that the analogue of Jacobi’s
y—function for L¢(s,p/q), (2.2.100), vanishes exponentially fast when « — i through the semicircle
|z] = 1, Re(x) > 0. This is the last result of this chapter. After showing it, Theorem 2.1.6 is

automatically proved once we follow the lines of the previous sections.

Lemma 2.6.1. Let f(7) be a cusp form of weight k for the full modular group. Consider the

Dirichlet series

27Tipn
ag(n)e ¢

o0

Li(s,p/q) =Y

n=1

> @) =1, p"=1 modg,

as well as its analogue of Jacobi’s 1— function,

1-k o0 2mip e 2mm 5
bppja(t;2) = (k=1)! <\/ZZ> Zaf(n)qu " e “ * k1 (mz> )
n=1

defined for Re(x) > 0 and z € C. Suppose further that z belongs to the region

2 € Yy = {z € C : |Re(2)] < 2\/j, [ Im(z)| < 2\/3} (2.6.2)

Then, for any z satisfying (2.6.2), every m € Ny and any analytic function h : C — C, the

following relation takes place

m

lim L {h(@) 1y (¢,2) } = 0. (2.6.3)

w=G T dw™



140 Certain Extensions of results of Siegel, Wilton and Hardy

Proof. The proof is instantaneous because we already have the transformation (2.2.101) in the right

template. Indeed,

1—k

Urpyali+8,2) = (k=112 (Vit 62)' 7 (2;) 2

> 2mi(p=1) ) 1k _27ngs 2mn .
xZaf(n)e a nze a° Jpq1|—(@+0)z].
— q
n=1

Applying (2.2.101) and replacing there = by ¢, z by %z and p by p — 1, we get
1—k (i+6)z2
2 —_— —_—
Urpali+0,2) = (k= 112" (Vit 5 2)1 (;) e

> _2niRn  1-k _2mn 2 i+ 0
0 Y gt g (A ),

n=1

where R is such that R (p—1) =1 mod ¢. From the bound (2.3.24) and the work done in Lemmas
2.3.4 and 2.3.5, the proof of (2.6.3) is complete once we prove that

. 2mn [2mn |Re(z) —Im(z)|  Re(z)Im(z)
1 =
511%1+ 0" " exp ( 7 + . 725 + 2% 0.

But a sufficient condition for this to hold is that z satisfies (2.6.2). O




Chapter 3

Estimates for the number of zeros of
shifted combinations of completed

Dirichlet series

3.1 Introduction and main results

Since Riemann established the connection between the analytic structure of an infinite series and
the distribution of the prime numbers, the investigation of the zeros of {(s) has emerged as the

main motivation driving some of the major breakthroughs in Number Theory.

As we had the opportunity to mention in previous chapters, one of the most astonishing results
towards addressing Riemann’s conjecture came from Hardy [106]. Hardy’s result establishes that
infinitely many nontrivial zeros of ((s) lie on the critical line, this is, on Re(s) = % Shortly after
Hardy’s proof, Landau [140] extended this theorem to include Dirichlet L—functions, as well as

diagonal Epstein zeta functions, usually defined as the Dirichlet series

uls) = 3. " egs) > %,
n=1

where, recall, 7;(n) denotes the number of ways in which n can be written as the sum of k squares.

Landau also proved an estimate for the number of critical zeros of {(s) up to a certain height. In
order to state precisely his result, let Ny(T") denote the number of nontrivial zeros on the critical line
whose imaginary parts are between 0 and 7'. Landau was able to show that No(7T') > Aloglog(T),
A >0, as T — oo. This estimate marked the beginning of a series of improvements in the lower
bounds for Ny(T'). Hardy and Littlewood indicate in their paper [[109], p. 125] that, in their first
attempt to improve on Landau’s result, they proved that, for a sufficiently large 7', there should
exist a zero of ((s) of the form s = % +ir with 7 € [T, T + T%*'E]. However, they had abandoned
this first result because, throughout their investigations, they had been able to establish the better
estimate

No(T) > T *. (3.1.1)

141
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As it is expected from Riemann’s conjecture, this lower bound still has a large margin for
improvements. First, it was surpassed by the same authors, i.e., by Hardy and Littlewood themselves,

who have shown that (3.1.1) can be improved to the more interesting result [110]
No(T) > T. (3.1.2)

A generalization of Hardy and Littlewood’s method, suited to include Dirichlet L—functions, was
quickly realized by Suetuna [217], who showed that the number of critical zeros of any Dirichlet
L—function, L(s, x) (with x being primitive), also satisfies (3.1.2).

Nearly a decade after the publication of Hardy and Littlewood’s result, significant progress was
made by C. L. Siegel, who introduced a novel method for deriving the estimate (3.1.2). Using the
now famous Riemann-Siegel formula, C. L. Siegel [204] proved in 1932 that it is possible to provide
an explicit numerical value for the constant appearing in Hardy-Littlewood’s result (3.1.2), leading
to the more precise estimate

No(T) > S%e*%T+o(T). (3.1.3)

Although (3.1.3) did not surpass the asymptotic nature of (3.1.2), Siegel’s approach would prove
to be highly influential in subsequent research on Ny(T'). Siegel made further progress on these
questions and employed a similar method to find an explicit constant for the number of critical
zeros of Dirichlet L—functions [202], thus extending Suetuna’s early findings [217]. Using the theory
of modular forms, Siegel also proved in [202] a precise estimate for the number of zeros of (;(s),
k > 4, that lie on the critical line Re(s) = %. The reader is encouraged to revise the introduction

of Chapter 1 to check the precise content of Siegel’s result.

Around the same time as this second paper of Siegel appeared, Selberg [200] remarkably
improved (3.1.2) and (3.1.3) to No(T") > T log(T"). The main point in Selberg’s approach is the
replacement of ((s) by ((s) M(s) in the method of Hardy and Littlewood. Here, the function M(s)
is called a mollifier and the fundamental idea behind Selberg’s proof is that some inequalities (such
as the Cauchy-Schwarz inequality) become sharper when used with ((s) M(s) instead of ((s).! If
N(T) denotes the number of zeros of the Riemann zeta function ((s) with imaginary part between

0 and T', we know from the Riemann Von-Mangoldt formula that

N(T) = % log (;;) — % + O (log(T)),

and so, according to Selberg’s result,

e No(T)
K= 11TIIi>loIéf N (D)

> 0. (3.1.4)

Hence, we may interpret Selberg’s theorem by saying that a positive proportion of the nontrivial
zeros of ((s) lie on the critical line. However, the lower bound for the proportion s, implicit in

Selberg’s argument, is very small.

'In fact, the idea behind the mollifier method can be found in a paper by Bohr and Landau [47], which precedes
Hardy’s note [106]. They used this method to prove the first zero density estimate for {(s).
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As we have mentioned above, Selberg’s main idea consisted in refining the proof by Hardy and
Littlewood. Levinson [143] combined Siegel’s alternative method with the mollifier approach to
prove the stronger bound x > 0.3474. Conrey [57] raised the value of k to at least 0.4088 by using
deep techniques involving Kloosterman sums. Currently the record for the best lower bound for
k is held by Pratt, Robles, Zaharescu and Zeindler [171], who showed that x > 5/12. For other
intermediate developments concerning the proportion of k, we refer to the papers [12, 73], as well as
to Chapter 10 of Ivié’s treatise [119]. The reader is also encouraged to read Rezvyakova’s wonderful
paper [182] that investigates analogues of Selberg’s result (3.1.4) for linear combinations of Dirichlet

series in the Selberg class, offering also a very nice historical overview of these results.

It may not come as a surprise knowing that the aforementioned results admit interesting
generalizations to various settings. For instance, as mentioned in the previous chapter, Wilton [237]
was the first mathematician to show that L—functions attached to holomorphic cusp forms have
infinitely many zeros on their critical lines. The underlying philosophy of Wilton’s proof mirrors
Hardy’s original argument [106]. An analogue of the estimate (3.1.2) for these L—functions was
provided by Lekkerkerker in his doctoral thesis [142]. This method was later adapted by Epstein,
Hafner and Sarnak [83] to establish the same estimate, i.e. (3.1.2), for L—functions associated with
Maass cusp forms. The first analogue of Selberg’s theorem for these automorphic L—functions was
proved by Hafner [102, 103]. Hafner was, therefore, the first mathematician to ever show that the
positive proportion result (3.1.4) was valid for some L—functions in the Selberg class with degree 2
(cf. [[182], p. 603]).

There are other proofs and arguments concerning estimates for Ny(7') that, while significant,
did not gain widespread recognition. For example, using Ingham’s result on the fourth moment
of ¢ (% + it) [118], Atkinson was able to demonstrate that No(7) > T'/log(T") [7]. Although this
estimate is less sharp than the one found by Hardy and Littlewood (3.1.2), the method employed by
Atkinson is somewhat easier to follow. More recently, Baluyot [12] combined Atkinson’s approach
with the mollifier method to give yet another proof of Selberg’s result (3.1.4).

Another approach to Hardy’s theorem is due to Deuring [61], who developed a beautiful
connection between the critical zeros of ¢(s) and the growth of [(2(s)| on the critical line Re(s) = 3.
In the first chapter of this thesis, we explored an inductive generalization of Deuring’s idea,
demonstrating that a variant of it works not only for ((s) but also for several Dirichlet series.
Later in this chapter, we will delve into two lesser-known methods for proving Hardy’s theorem,
respectively due to Fekete and to de la Vallée Poussin, which will play a crucial role in the proof of

the main results of this work.

In the previous chapter we have studied zeros of shifted combinations involving several Dirichlet
series. One of the main results obtained there, namely Theorem 2.1.3, concerned zeros of shifted
combinations involving the I'—function and (,(s) (see (2.1.10) above). For clarity in our exposition,

we shall restate it here.

Theorem 3.1.1 (see Theorem 2.1.3 above). Let (cj)jen be a sequence of real numbers such that

22 lejl < oo and (Aj) oy be a bounded sequence of distinct real numbers attaining its bounds. Then,
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for any z satisfying the condition

v Dpim {z €C : |Re(2)| < \/? | Im(2)] < \/?} (3.1.5)

the function

Foals) =Y c;m TR0 (s +i))) Cal(s + i)
j=1

o . 22 a . o 52
X {1F1 <2 —5— 1\ = 4> + 15 (2 — 5+ 1);; 5 4)} (3.1.6)

has infinitely many zeros on the critical line Re(s) = §.

| o

One of the main ingredients in the proof of this theorem is a generalization of Dixit’s integral

formula (2.1.9), obtained in the previous chapter. Recalling (2.2.71), this identity takes the form

xo‘/4¢a(x, z) — x4 e_é = e_ésv_o‘/4 Ve (1, iz) — /4
x

o0
1 a a o 22 .
= — 4 it |1 By = +it; = = a7 dt 3.1.7
27r/”°‘(4“>11<4+1’2’ 4):1: ’ (3.1.7)
—0o0

where 1,,(s) is the completed Dirichlet series (2.2.72) and ¥, (z, z) is the generalization of Jacobi’s
1—function (see (2.2.69) above),

« o3
— 2

2) (\/ﬁz)lf i ra(n)n%_% e ™" Ja_y(Vmnzz), Re(z)>0, z€C.
n=1
(3.1.8)

Yolz,z) =227'T <

As we proved in Corollary 2.2.2 of the previous chapter, the transformation formula (3.1.7)
can be also taken in a general setting, with (,(s) being replaced by any Dirichlet series satisfying
Definition 2.1.2. For example, let f(7) be a holomorphic cusp form with weight k£ > 12 for the full
modular group whose Fourier expansion is given by

00
f(r) = Z ap(n)e*™™ Tm(r) > 0. (3.1.9)

n=1

If we construct the Dirichlet series associated to f(7),

L) =3 “J;fs”), Re(s) > % (3.1.10)
n=1

we know that L(s, f) can be analytically continued to an entire function obeying Hecke’s functional
equation (see (1.2.67) and (2.2.95) above)

np(s) = (2m)T(s) L(s, f) = ()24 (k — s). (3.1.11)
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Analogously to the construction 1, (z, 2) (3.1.8), we can take a generalization of the cusp form f(7)

in the form?2

Tz \'F& 1k
Vi(z,2) == (k—1)! (1 3 z> Z ap(n)nz e 2™ Jp_4 (\/27rnacz) , Re(z) >0, z€C,
n=1
(3.1.12)

and show that it obeys to the transformation formula (see (2.2.97) above)
k /2 —Z k)2 1
x29p(x,2) = (—1)"“e Ta Yy =iz

1 _E_‘t ]{7 . IC . k . 22 it
2 / ( ) i (2 Zt) (2 Zt’ ) i (2 Zt7 k’ ) v dt

1 7 [k k 22 ,
= S dt) 1By | = 4t k=2 ) a7 %dt 3.1.13
o /77f(2+@)1 1<2+Za ) 4>.’B 5 ( )

where 7¢(s) is the completed Dirichlet series (3.1.11). Using (3.1.13), we have been able to give a
sketch of the proof of Theorem 2.1.6 in the final section of the previous chapter. We now state this

result of ours.

Theorem 3.1.2 (see Theorem 2.1.6 above). Let f(7) be a cusp form of weight k for the full

modular group with real Fourier coefficients ay(n). Consider the Dirichlet series,

L(s, f) = i a’;l(f), Re(s) > % (3.1.14)
n=1

If (¢j)jen is a sequence of non-zero real numbers such that 3772, [c;| < 00, (A;j);cy is a bounded

sequence of distinct real numbers® and z satisfies the condition
z€ 92 :={z€C : |Re(z)| < 2y/m, |Im(2)| < 2y/7}, (3.1.15)

then the function

Garp (5) = 365 (2m) N D5 + i) L (s + iy, f)

Jj=1
22 z?
X {1F1 (k —5—1\j; k; 4> + 1F <k¢ — 35+ 1) k; 4)} (3.1.16)

. . .- . _k
has infinitely many zeros at the critical line Re(s) = 3.

Since the previous chapter consisted in applications of Hardy’s well-known method to study
critical zeros of the cumbersome functions F. ,(s) and Gy .(s), respectively defined by (3.1.6) and

(3.1.16), one may pose the following natural question.

2Note that, when z = 0, 1 (z,0) = f(iz).

3At the previous chapter, the statement of Theorem 2.1.6 used the condition that the sequence ()\j)j ey attains
its bounds. However, in view of Remark 2.5.5, this hypothesis is not necessary when we work with combinations
involving entire Dirichlet series.
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Question 3.1.1. We know that the number of critical zeros of the functions (3.1.6) and (3.1.16) is
infinite. However, for a given T' > 1, can we estimate the number of critical zeros of F, o(s) and

Gy,.(s) whose imaginary parts lie between 0 and T'?

In this chapter, our primary objective is to answer to the previous question, this is, to establish
quantitative analogues of Theorems 3.1.1 and 3.1.2 for a particular subclass of shifted combinations.
This approach aims to deepen the understanding of the critical zeros in this context and to provide
new insights that may be applied to broader classes of functions (see Remarks 3.1.3 and 3.1.5
below). Specifically, we focus on determining lower bounds for the number of critical zeros of the
functions F. o(s) and G, f(s) under additional constraints on the sequence (\;);jen. To achieve

this, we shall work within a set of assumptions, which we now introduce.

1. Assumption 1: If the shift s — s+ i)\; is introduced in one of the combinations (3.1.6)
or (3.1.16), then the symmetric shift s — s — i\; needs to be introduced as well. Moreover,
this symmetric shift must be labeled with the same weight as \;, i.e., with ¢;. Concerning

Theorem 3.1.1, for example, this means that if the term

2
Cj Na (S+i)\j) Re{1F1 (3 —S—i)\j; %; Z)}

belongs to the combination (3.1.6), then the term

2
€j Nex (S—i)\j)Re{lFl (3 — 5+ i\ %; 24)}

also belongs to it. This assumption essentially says that we are enlarging the sequences
(Aj)jen in (3.1.6) and (3.1.16) in such a way that each element has a symmetric pair contained
in it. Therefore, we can write it as a sequence over Z \ {0} in the form (A;) jenor =
(Aj)jen Y (=Aj) jn, once we take the convention that A_j := —A;. The same can be done to

(¢j)jen once we take the convention c_; := c¢;.

2. Assumption 2: In each one of the cases (3.1.6) and (3.1.16), the parameter z in the
hypergeometric functions will be a real number belonging to an interval contained in the
regions (3.1.5) and (3.1.15).

Under these assumptions, we can rewrite the shifted combinations (3.1.6) and (3.1.16) in the

symmetric forms

FLo(s) = Z c; I (5 400g) Co (s +i))
J#0
2

« Loz a _ . oz
X {1F1 (2 — 5 —1i)\j; 5 4> + 17 <2 — 5+ i)\ 5 4)} (3.1.17)



3.1 Introduction and main results 147

and

G.p(s) == ¢ (2m) "N (s +iX;) L (s + i, f)

J#0
2'2 22
X {1F1 (k‘ — 5 —1Aj; k; 4> + 1F </€ —5+1Aj; k; 4) } (3.1.18)

In both cases, the sum is taken over Z \ {0}, which make sense because, according to Assumption
1, we are taking the conventions that c_; := ¢; and A_; := —A;.

Note also that F, 2,0 (% + it) is a real-valued and even function of ¢t € R. These properties come
immediately from the functional equation (2.1.12) and from the Assumptions 1 and 2. In the same

lines, one can easily check that, when af(n) € R, the function i_gézj f (g + it) is real-valued as

well. Additionally, i5C 2 f (% + z't) is an even function if K =0 mod 4 and it is an odd function
if k=2 mod 4.

Although the introduction of the Assumptions 1 and 2 may restrict some of the general aspects
of Theorems 3.1.1 and 3.1.2, they prove to be very helpful in the derivation of some estimates for
the number of zeros of the functions (3.1.17) and (3.1.18). We begin by stating a result about the

number of zeros of Fz,a (§ +it).

Theorem 3.1.3. Let (cj)jen be a sequence of real numbers such that 3232 |cj| < oo, and let
(Aj)jen be a bounded sequence of distinct real numbers that attains its bounds. Let us impose that
(¢j)jen and (Nj)jen can be extended to the set Z\ {0} with the properties c_j = cj and A_; = —\;.

Additionally, assume that the real parameter z satisfies the condition

1 /mra 1 [
—— =, == - 1.1
se -5/ 3 5/S] (3.1.19)
Let N, .(T) denote the number of zeros of the function

F.o(s) = Z ¢; m NI (5 400) Co (s + i))

J#0
141 2 S VA4S 27 A 141 2 S 1A43 27 1 oL

that lie on the critical line s = % +at, with 0 <t < T.

Then, there exists a constant ¢ > 0 such that

lim inf Na2(T)

minf > c. (3.1.21)

The quantitative estimate given in (3.1.21) is fairly general, and improving on the power of
T using the same method appears to be quite challenging. In the final section of this chapter,
we shall propose some conjectures regarding potential improvements of this exponent. The most

important takeaway from this result is that, regardless of how the bounded shifts (\;) the

JEN
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sequence (c;) jeny Or the bounded parameter z in the hypergeometric factor are chosen, one can
always find at least > v/T'/log(T) zeros of F, ,, (& + it) within the interval ¢ € [0, T7.

If we set z = 0 in Theorem 3.1.3, the following corollary naturally follows.
Corollary 3.1.1. Let (¢;)jen be a sequence of real numbers such that 37 [c;| < oo and (Aj) oy be
a bounded sequence of distinct real numbers attaining its bounds. If Noo(T') denotes the number of
zeros s = 7 +it, 0 <t < T, of the shifted combination

Fuls) = 3o {m "D (s 4idy) Ca(s i) + 7N D (s —idy) Ga (s —idy)}, (3.1.22)

j=1

then there exists some constant ¢ > 0 such that

liminf —20elT) o (3.1.23)

e VT log(T)
When the shifted combination in (3.1.22) is trivial (i.e., when ¢; = 0 for every j > 2 and A\; = 0),
our estimate (3.1.23) extends, for all @ > 0, Corollary 1.3.5 obtained at the first chapter (see
Remark 3.1.2 below). Furthermore, since (1(s) := 2¢(2s), we can specialize the previous corollary

to the following result.

Corollary 3.1.2. Let (cj)jen be a sequence of real numbers such that 3, |cj| < oo and (Aj)jeN be
a bounded sequence of distinct real numbers attaining its bounds. If NO(T) denotes the number of

2eros § = % +1t, 0 <t <T, of the shifted combination

F(s) := ch {W—é(sﬂ')\j)rw (‘9—"21)‘J> C(s+iXj) + a3 (=X (8_22)‘]) ¢(s— 2'/\3.)} ,
J#0
(3.1.24)
then there exists some constant ¢ > 0 such that
liminf 0@ 5 (3.1.25)
T=oo VT /log(T)

The generality of this result, with respect to the shifted combination and the explicit estimate
for the number of critical zeros, seems to be unnoticed in the literature. We should remark that
Selberg’s outstanding result about the positive proportion of combinations of L—functions with
degree one [199] does not seem to cover the case (3.1.24), because we are considering shifted
combinations of 7(s) and not combinations of distinct L—functions.

In our proof of Theorem 3.1.3, we draw upon a method originally developed by Fekete [88],
a technique that, to the best of our knowledge, has rarely been used for explicit zero counting
estimates, aside from Fekete’s own work. This approach is one of the many variants of Hardy’s
result that has largely been forgotten over the last century. Even in Titchmarsh’s text [[228], p.
259], only a portion of Fekete’s main argument is explained in detail. This portion (which only
corresponds to the first half of Fekete’s note) only establishes the infinitude of critical zeros of

¢(s) without offering insight into how to extract an estimate from the underlying idea. A very
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interesting paper by Berlowitz uses the same method [[18], p. 206, Lemma 2| but, again, only the
first half of Fekete’s paper is important in his argument.

The reasons why Fekete’s paper is not so well-known is because it was written in a rapidly
evolving period in the study of the Riemann zeta function. Fekete himself acknowledged that his
result did not add any new information about the zero distribution of {(s), as by the time of his
publication, Hardy and Littlewood had already established the estimate No(T) > T.4

In any case, we found out that Fekete’s main ideas are particularly well-suited for studying
zeros of shifted combinations of the form (3.1.20). Fekete’s argument is essentially inspired by a
lemma of Fejér [86] (see Lemma 3.3.1 below), which addresses the number of zeros of the sequence
of moments of a given continuous function. In order to apply Fejér’s lemma, however, it will be
crucial in our proof below to use the fact that (,(s) has a simple pole located at s = §.

This limits the scope of Fekete’s method, because it cannot be applied to extend Theorem 3.1.2.
Given that L(s, f) is an entire function of s, deriving a quantitative analogue of Theorem 3.1.2 will

require a different approach. In any case, we have succeeded in proving the following result.

Theorem 3.1.4. Let f(7) be a cusp form of weight k for the full modular group with real Fourier
coefficients ar(n) and let L(s, f) be the L—function attached to it. Let (cj)jen be a sequence of
non-zero real numbers such that 352, |cj| < 0o, and let (Aj)jen be a bounded sequence of distinct

real numbers. Let us impose that (¢j)jen and (Aj)jen can be extended to the set 7\ {0} with the

properties c_; = ¢;j and A_j = —\j. Additionally, assume that the real parameter z satisfies the
condition
ze [—\f \ﬂ . (3.1.26)

Let Ny .(T') denote the number of zeros of the function of the function

G.p(s) =D ¢ (2m) "N (s +iXj) L (s + i, f)
J#0
Z2 22
X {1F1 (k‘ — 8 —i)\j; k; 4> + 15 (k‘ —§+’i>\j; k; 4>} (3.1.27)

that lie on the critical line s = % +it, with 0 <t <T.
Then there exists a constant d > 0 such that

. Nfz(T)
lim sup —2==—= > d. 3.1.28
msup = 2 (3.1.28)

Analogously to Corollary 3.1.1, setting z = 0 in the previous result immediately implies the

following result.

It is worth noting, however, that Hardy and Littlewood alluded to a similar idea to Fekete’s on page 125 of their
paper [109]. They have never published the proof supporting this idea, because (3.1.2) quickly superseded it. Also,
the proof of (3.1.2) seemed to be more elementary and easier to expose, avoiding to handle with the properties of the
0—function and with the Cahen-Mellin integral (1.1.31). Quoting Hardy and Littlewood “Our proof of this result
[i.e., (3.1.2)] is now free from any reference either to the Cahen-Mellin integral or to the theory of elliptic functions.”.
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Corollary 3.1.3. Let f(1) be a cusp form of weight k for the full modular group with real Fourier
coefficients ar(n) and let L(s, f) be the L—function attached to it. Let (cj)jen be a sequence of
real numbers such that 3 |cj| < oo and ()‘j)jeN be a bounded sequence of distinct real numbers. If
No.#(T) denotes the number of zeros s = % +1it, 0 <t <T, of the shifted combination

Grls) =D ¢ {2m) TN (s +iy) L(s 4 iy, f) + (2m) PN T (s —idy) L(s = iXg, )

7j=1
(3.1.29)

then there exists a constant d > 0 such that

lim sup Nos(T) > d. (3.1.30)
T—o0 \/T

Our proof of Theorem 3.1.4 draws inspiration from a beautiful argument due to de la Vallée
Poussin [58], supplemented by some ideas from our paper [187]. The Belgian mathematician
Charles-Jean de la Valleé Poussin is mostly famous for his proof of the Prime Number Theorem.
However, his contributions to the study of the zeros of ((s) on the line Re(s) = 3 are not so
well-known. Shortly after the appearance of the papers by Hardy and Landau [106, 140] on this
topic, de la Vallée Poussin published two short notes. In one of them, he proved that the number of
zeros of ((s) of the form s = % +it, 0 < t < T, satisfies the estimate Ny(T') = 2 <T1/2), as T — oo.
However, as he remarks [[58], p. 421] “Cette méthode ne s’applique pas da toutes les fonctions qui
interviennent dans 1’étude de la progression arithmétique”. ® In order to circumvent this difficulty,
de la Vallée Poussin develops in a later note an argument providing estimates for the difference
No(T + H) — No(T), Tite < H(T) < T. His second note was the first improvement of the results
of Landau about the zeros of Dirichlet L—functions.

Although the arguments in these short notes were elegant, the contributions of de la Vallée
Poussin, like those of Fekete, quickly faded into obscurity [50]. The sharper estimates provided by
Hardy and Littlewood [109, 110] around the same time®, and later given by Selberg and Levinson
[143, 200] overshadowed his work. Even Titchmarsh’s renowned text on the zeta function, celebrated
for its meticulous historical background, overlooks de la Vallée Poussin’s contributions in this
regard, notwithstanding the fact that it exposes (just for the sake of historical interest) five different
proofs of Hardy’s theorem [[228], Chapter X]. 7

With the proof of Theorem 3.1.4, we hope to bring de la Vallée’s Poussin elegant arguments to
a modern mathematical audience, as we believe that the method employed in proving the result

(3.1.28) holds significant theoretical interest in its own right.

This chapter is organized as follows. We begin by presenting the essential technical lemmas

required for establishing Theorem 3.1.3. A particular emphasis shall be reserved for Lemma 3.2.2,

Sby other words, his method does not work for certain Dirichlet L—functions.

5The first improvements on the number of critical zeros of ¢ (s) by Hardy and Littlewood were in fact independent
of those of de la Vallée Poussin. An additional note to the paper [[109], p. 196] was written by Hardy and Littlewood
just to acknowledge de la Vallée Poussin’s contributions.

"It should be mentioned, however, that de la Vallée Poussin’s papers [58, 59] appear as references in Titchmarsh’s
book but they are not mentioned in the main text.
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which will be derived from a generalization of the theta transformation formula discussed in the
previous chapter, namely, in Lemma 2.3.3. Section 3.3 is devoted to a proof of Theorem 3.1.3. An
analogous structure is followed in sections 3.4 and 3.5. Finally, this chapter concludes with some
conjectures about potential extensions of our Theorems 3.1.3 and 3.1.4.

Before advancing further, we introduce a couple of remarks which describe some interesting
particular cases of our Theorems 3.1.3 and 3.1.4, as well as other results that can be proved using

the same methods.

Remark 3.1.1. The intervals (3.1.19) and (3.1.26) are respectively contained in the regions (3.1.5)
and (3.1.15) of Theorems 3.1.1 and 3.1.2. As we shall see below, it is possible to enlarge the length
of the interval (3.1.19) by a more careful choice of the parameter A in the proof of Lemma 3.2.2

and a more precise inequality for |I,(z)|. See Remark 3.2.1 below.

Remark 3.1.2. Using an inductive method involving generalized Epstein zeta functions, we have
proved in [194] and stated at the first chapter that, when a > 4, there always exist a sufficiently
large Ty() and ¢ := c(a) > 0 such that, for any T' > Ty(cv), there is a zero p = § + iy of (,(s)
with v € [T, T + ¢I''/?1og(T)] (see Corollary 1.3.5 above). In particular, if No(T', (,(s)) denotes
the number of zeros of (, (§ +it) with 0 < ¢ < T, then

g VT Gal)) o o sy, (3.1.31)

Our Theorem 3.1.3 above generalizes the estimate (3.1.31) to shifted combinations of (,(s).
Moreover, when z = 0 and ¢; = 1, A\; =0, ¢a = ¢3 = ... = 0, it actually extends (3.1.31) to the
range 0 < o < 4. As remarked in the first chapter above, when « is any integer greater than 3, it
is known that No(T, (4 (s)) < T, which is a sharp estimate due to C. L. Siegel [202]. Thus, when

a € N>y, (3.1.31) does not say anything new, but it seems to be a novel result when o ¢ N.

Remark 3.1.3. Analogues of our Theorem 3.1.3 can be proved when (,(s) is replaced by any of
the meromorphic Dirichlet series mentioned in the previous chapter. For example, it is still valid if
we replace (,(s) by an Epstein zeta function ((s, Q) attached to a binary and integral quadratic
form Q(m,n) = Am? 4+ Bmn + Cn? with the additional property that v4AC — B2 = 2 mod 4.
Of course, the admissible region for z in this case would have to depend on the discriminant of @
(see Theorem 2.1.4 above).

Remark 3.1.4. A lower bound for d appearing in (3.1.28) can be explicitly computed. A simple
numerical computation (see the proof of Lemma 3.4.2 below) shows that the value d = ﬁ is

admissible.

Remark 3.1.5. Since the method of proof of Theorem 3.1.4 works well for any entire Dirichlet
series, there is an analogue of this result for some Dirichlet L—functions. For the details, the
reader is encouraged to check the proof of Theorem 2.1.5 on the previous chapter. Furthermore, we
can use this method to prove (3.1.28) for a general combination involving shifts of (,(s). Since

s(s— %) Na(s) is an entire function of s, then our proof of Theorem 3.1.4 can be applied to study
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the number of zeros of the function

¢ (s +iAg) (s +idj — O‘) T (5 4 1A))
A 2
J#0

o a2 a 2°
X {1F1 (2—5—1)\j; CXIVE + 1F 5—3—1—2)\ -ty , (3.1.32)

whenever z satisfies (3.1.19). If NJ ,(T) denotes the number of zeros of the above combination

(3.1.32) that can be written in the form s = % +it, 0 <t < T, then the following estimate takes

place
Nx (T
lim sup —=2 (T)

T—o00 \/T
for some ¢é > 0. In particular, when we reduce the combination (3.1.32) to the case where \; =
and ¢; = 0 for any [j| > 2, we see that, besides (3.1.31), we also have No(T, (a(s)) = ( %)
any a > 0.

v

(3.1.33)

3.2 Lemmas for the proof of Theorem 3.1.3

As we have done in the previous two chapters, we start by recalling Stirling’s formula for the

Gamma function,
Do+ it) = (@b eritd ¥ E e (14 0 (5)) b
12(c + it) £2)) ’

valid whenever —co0 < 01 < 0 < 09 < 0. A similar formula can be written for ¢ < 0 as t tends to

—oo by using the fact that I'(5) = I'(s). Of course, a direct consequence of this exact version is

ID(o +it)| = (2m)2 |¢]7 2 e 51 <1+O<!t!))’ It = oo. (3.2.1)

As seen in earlier stages of this thesis, we can rigorously define the Dirichlet series attached to
Ca(s) in the following way (see (2.1.44) above)

' 5 a>4
e(s) > 04 = i (3.2.2)
1+¢

0<a<4

Besides, if one mimics Riemann’s seminal work, one is able to easily show that (,(s) can be

analytically continued to the entire complex plane as a meromorphic function with a simple pole

o/2

located at s = §, whose residue is Res,_,/2Ca(s) = Flasz)- Furthermore, Ca(s) satisfies Hecke’s

[0}
2
functional equation

Na(s) = 7°0(s) Gals) = 7 (579)T (3 - ) Ca ( - ) _— (g _ ) .
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According to the Phragmén-Lindelof principle (2.1.39), (4 (s) also adheres to the convex estimate
Co (0 +it) g [t|77F°, % —0q—0<0<0q+79, (3.2.3)

for any § > 0, where o, is defined by (3.2.2). For a more detailed discussion, we recommend the

reader to review Example 1.3.3 of the first chapter or Section 2.1.2 above.

In order for us to estimate the function F, o(s), (3.1.17), an asymptotic formula for the confluent
hypergeometric function valid when |s| — oo will be greatly needed. To state it, we have to recall
the introductory lines of Section 2.2 of the previous chapter. It is known that the Whittaker
function of the first kind, M) ,(z), has the asymptotic behavior [[164], p. 341, eq. (13.21.1)]

My, (2) = Z\ﬁl)\ o 41“(2,u+ 1) cos (2\/?— - — /m) +0 (|/\| o 4) , (3.2.4)

as |\ = oo and z being such that |arg(Az)| < 27. Furthermore, since M) ,(2) is connected to

Kummer’s hypergeometric function via the relation

1
My . (2) = M3 e/ 1Py (,u — A+ = 2u+1; z) , (3.2.5)

2

we see that, for any fixed z € R, the substitutions in (3.2.4) and (3.2.5) yield the useful bound

()| () {o (5) (B o () o0

(3.2.6)

as [t| — oo. This estimate shall be more than enough to justify most of the steps in this chapter,

as it was in the previous one. On the other hand, merging Stirling’s formula (3.2.1) with (3.2.3)

shows the bound

(3 *i’f)\ o [HA@ I 1] 5 o0, (3.2.7)

where A(a) = 0, — &, with o, being defined by (3.2.2). When combined with (3.2.6), the convex

estimate (3.2.7) yields
cjna(4+l(t+/\j))Re 1Fy Z—Z(t-l-/\) 5 —4

Fou (4+Zt)\ 3

J#0
Loz On S Jeg] [P eIV, (3.2.8)
j=1

where we have used the fact that (A;);.y is a bounded sequence and (¢;) ;o € ¢*. The term C on
the right-hand side of (3.2.8) only stands for a positive constant depending on the bounds of the

sequence (Aj) -
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Next, let us note that an explicit way of writing the first equality in (3.1.7) is

1423711 <(;> (Vmx z)l_% Z ro(n) ni=% e e Ja_1 (Vrnx z)

n=1

2
_zZ o 1_% e a n
- 7;/42 {1 +257T (2‘) ( Zz) > ra(m)n2 T eV I (\/ TZLZ)} (3:2.9)
1

which is valid whenever Re(z) > 0 and z € C. Since the summation formula (3.2.9) involves a
generalized 1 —function containing the Bessel functions of the first kind, it will be useful in our
next argument to find a bound for the modified Bessel function I,(z), v > —1. In the previous
chapter, we used the famous Hankel expansion for I,(z), |z| — oo, or an integral representation of
Poisson type (see (2.3.23) and (2.3.31) above). However, for our alternative argument we need a

bound for |I,(z)| that is somewhat uniform in v and z.

The following simple argument will be more than enough to find such a bound. First, let us
note that, if » > 0 and k € Ny,

Fk+v+1)=Trv+1)(v+1)...(v+k)>kT(v+1).

Using the power series expansion for the Modified Bessel function I,,(z), (2.1.17), the previous

elementary inequality shows that

e < ()Y g = () s s
“\2) FH22RIT(k+v+1) ~\2) Tv+1) = 22k(k!)?
2
rz\)” 1 SE (!z\)” e
< (A _ (& > 0. 3.2.10
= ( 2) T(+1) | & 28k 2) Tw+1) '~7 (3:2.10)

If, on the other hand, we want to extend (3.2.10) to the interval —1 < v < 0, we begin to note that,
for k > 1,
Nk+v+1)=Tw+2)(v+2)...(v+k)>(k—1DT(v+2).

Hence, if —1 < v <0,

v 00 2k v v+2 oo 2k
()] < || 21/2)" | ([2]/2) 2|

(
- ( 2 ) k;o 2KEIT(k+v+1) “T(v+1)  Tv+2) = 22k(k!)?

21\ el El
< ( 5 > O] <1+4>. (3.2.11)

2|

<

As stated at the introduction, the transformation formula for ¢ (z, 2), (3.1.8), given by the
summation formula (3.2.9) will play a major role in this chapter. We will also need some auxiliary
formulas already given in this thesis. Let us recall that, analogously to r4(n), one may also consider

the positive powers of the theta function ¥9(7),

da(r) =2 3" e T(r) >0, (3:212)
n=0
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by taking its Fourier expansion at the cusp 7 = ico. As such, we can define a new arithmetical

function, 7, (m), as the corresponding Fourier coefficients, i.e., (see Section 2.3.1 above)

93 (i) = 03 (v) = (2 Ze-”<”+%>2) - (2 2y e—m<n+;>2>
n=0

n=1
o0 @ oo (%9) J
S (1 T ) e 3 () (Semteen)
n=1 j=0 \ J n=1
=3 Fa(m)e ™ (™) Re(x) > 0. (3.2.13)

m=0

Analogously to 74(n), the coefficients 7, (n) grow polynomially with n, according to Lemma 2.3.1.
Moreover, by construction, 7,(0) := 2%. Using Jacobi’s transformation formula for J2(7), one can
derive a summation formula linking the arithmetical functions 7o (n) and r4(n). The next lemma,

which is a restatement of Lemma 2.3.3, establishes this in a precise form.

Lemma 3.2.1 (see Lemma 2.3.3). Let r,(n) be the coefficients of the series expansion of 6%(x) — 1,
(2.1.42), and 7o (n) be defined by (3.2.13). Then, for Re(x) >0 and y € C, the following identity
holds

o0 a_1 a_1
Y2 ma 2
—1D)"ro(n)n2"1e ™ Ja_(/Tny) = -
1 « [0}
e X a\27T1 _x(pie 7r(n—|—z)y
—+ T 7;]7’0[(77/) (n —+ 4) e =« ( +4>I%_1 (gj . (3214)

The previous transformation formula was necessary in the second chapter to prove that, for z
satisfying (3.1.5) and every m € Ny,
dm

o (1 + Yo (e%“,z)) -0, as w— % ) (3.2.15)

This key lemma will now be pivotal in refining (3.2.15). In our next result, we shall provide a

uniform estimate for the derivatives of the function 1, (ie_%“, z),0<u< I

Lemma 3.2.2. Let 1, (z, 2) be the generalized Jacobi’s 1—function defined by (3.1.8) and assume

that z € R satisfies the condition
1 /7« 1 /7a
— = <z < oy —. 2.1
6V 2 ="=6\ 2 (3.2.16)

Then there are two positive constants A and C (depending only on «) such that, for any 0 < u < 7,

W(Hwa (ze ,z))|<0u3+ke Vo> 2 (3.2.17)
and
d* kL 4

o (1+ v (z‘e‘”“,z))’ <Crpppe ®, 0Sa<2 (3.2.18)
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Proof. Let us fix 0 < up < . We shall prove (3.2.17) only, as the bound (3.2.18) can be similarly
deduced. At the end of the proof, we just outline briefly the main differences in the process of
obtaining (3.2.18). The derivative of the function 1, (ie 72", 2) at the point uy can be evaluated
by integrating along a positively oriented circle with center ug and radius Aug, 0 < A < 1,
which we shall denote by C),,(uo). Throughout the forthcoming proof, this parameter A\ will
be arbitrary up to the point where the condition (3.2.16) is finally used in the argument. Let
Dy (ug) = int (Chyy(ug)) = {w € C : |w—up| < Aug}. For any w € Dy, (up), it is simple to
check that Re (ie=2") > 0, and so, for any fixed 2, 1, (ie72™, 2) defines an analytic function inside
the circle Cyy,(u0), according to Lemma 2.2.2. Therefore, Cauchy’s integral formula is valid and it

gives the representation

[dk (1 + tpa (se2, z))] ks / Lt o (i, 2) b (3.2.19)

duk  2mi (w — ug)Ft!
u=to Cug (u0)

The core of the argument that follows consists in bounding the contour integral lying at the
right-hand side of (3.2.19). The transformation formula (3.2.14) will be instrumental in most of the

technical steps below. Indeed, since ie~ %% = i + 2~ sin(w) and, by definition (3.1.8),
; fe . . 1—2
Ublie 9 = 142310 (8) (Vieen)'

> Z(_l)nra(n) n%—% 6—27rnefiw sin(w) Jgfl ( I ei(%fw) Z) ’
n=1

an application of (3.2.14) with x = 2~ sin(w) and y = eili—w) , gives

) o . 1-g
1+ ¢a(i6_2“”, z) = 221 (g) (\ﬁr 61(1_“))2) 2
,L.Efiwz2

— 1_ o « in
8 sin(w) i 271 s a ™n + T)€4 2
c E Fa(n)e_f(mr%) (n + a) C O ermm (n+Z)I%_1 ( ( v ) )

" gemw sin(w) = 4 2sin(w)
(3.2.20)
We shall bound |1 + 1, (ie*%w, z) | by estimating the second expression on the right-hand side of

(3.2.20). Estimating this expression requires that we track each factor independently. Clearly, for

any w € Chy,(uo),

‘23‘—1r <j) (VreTerimz)' 2

< 2%_11—‘ <g> W%_%6%|17%’|Z|1_%,
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where we have used the condition Aug < . Next,

ie W, 2 7£7
e~ Ssim(w) e~ g ~Im(w) exp (%Im (m))
2e~ " sin(w) 2\/sin2 (Re(w)) + sinh? (Im(w))
6_%_Im(w) 2 sinh(2Im(w

exXp (_% ’ cosh(ZIm(w))—cos()%Re(w)))
24/sin? (Re(w)) + sinh? (Im(w))

L2
e_?—i-)\uo exp (_Z2 sinh(QIm(w))
) )

= 2sin (Re(w)) 8  cosh(2Im(w)) — cos(2Re(w))

where in the last step we just have used the fact that, for any w € Cyy,(uo), [Im(w)| < Aup.

Moreover, we have employed the elementary relation

1 sin(2Re(w)) — @ sinh(2Im(w))

tan(w)  cosh(2Im(w)) — cos(2Re(w))

(3.2.21)

Using now Jordan’s inequality sin(z) > 22, 0 < 2 < I, and the fact that (1 — A)ug < Re(w) <

(14 Mug < F, the previous set of inequalities implies

2-67in2 22
e Sem(w) - e~ § TAuo . _i sinh(2Im(w))
2e— sin(w) 4Re(w) AT cosh(2Im(w)) — cos(2Re(w))
2
me~ F TAuo 22 sinh(2Im(w))
LT T . . (3.2.22
41— MNug exp ( 8 cosh(2Im(w)) — cos(2Re(w)) )’ w € Chuo(u0)- (3 )

We now address each term of the series on the right-hand side of (3.2.20). Since, at this first
stage, we are aiming at a proof of (3.2.17), we may assume here that o > 2, i.e., that § —1 > 0.
Using the first uniform inequality for I,(z), (3.2.10), we have that the term involving the Bessel
function in (3.2.20) admits the bound

ay i o 1 a_1 a_ o3
o mmz s 2 (n+ )1 222 lexp m(n+9) 2l
2 2 sin(w) i
I ( Vit 9 )

V/cosh(2Im(w)) — cos(2Re(w))
rfE it Vil +9le

9% -3p (2)(1- A8 u()%*l v/cosh(2Im(w)) — cos(2Re(w)) | -
(3.2.23)

In the second inequality above we have used the fact that |sin(w)| > |sin (Re(w))|. Also, the
third inequality is a combination of Jordan’s result, sin(z) > 27:”, 0 <z < 7, and the fact that
(1 = XNup < Re(w) < (14 AMug < 5. Returning to (3.2.20) and recalling once more (3.2.21), we
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deduce from (3.2.22) and (3.2.23) that

’1 + o (ie™ 2, z)‘

22
—?'F)\'U‘O

) 2 (1-NFuf go Tt eXp{ gcosh (21;11(n ()Z)R_e(clsi)(me(w)) Pu (H)} (3.2.24)

where d,, is some constant depending on « and P, (X) is the real-valued polynomial

z 22 sin m(w
Pu(X) = X2 — \/jm@g“g(w)) \/cosh (2Im(w)) — cos (2Re(w)) X + - SM. (3.2.25)

The inequality (3.2.24) is valid for any w € Cyy,(up). Taking out the first term of the series on
(3.2.24) and using the fact that 7,(0) := 2%, we arrive at the inequality

‘ N}

d, m5eF+% o [ ™ sin (2Re(w)) B, (ﬁ)]

~)) 2 cosh (2Im(w)) — cos (2Re(w)) 2
Ta(n)|
201

‘1 + o (ie” 2, z)’ <

OR | o

(<3
2
Ug

(
Z [—Qu(n)], (3.2.26)

where P, (X) is the polynomial defined by (3.2.25) and the exponent @Q,,(n) is explicitly

o sin (2Re(w)) [« Va
Qun) = 2 cosh (2Im(w)) — cos (2Re(w)) lpw < n 4) ~ (2)] '

We will show below that there is a choice of A such that, for any z satisfying (3.2.16), Q. (n) >
0, Vn € N. After establishing this, the use of Lemma 2.3.1 ensures that the infinite series showing

up on the right-hand side of (3.2.26) must be convergent. The remaining part of our proof will
consist in finding a uniform bound for this series, whose constant only depends on A and «. Hence,
our main goal now is to make a good choice of A allowing us to find an upper bound for the

expression

T sin (2Re(w))
exp [~Quw(n)] _exp{ 2 cosh (2Im(w)) — cos (2Re( )

V/cosh 2Im(w)) — cos (2Re(w)) { [ a a
{n—\/> d sm(2Re( ) ( n+4—2>H.

Since (1 — A)up < Re(w) < (1 + A)ug, we know from Jordan’s inequality that

cosh(2Im(w)) — cos(2Re(w)) > 1 — cos (2(1 — A)uo)
2(1—=XN)uo 2(1—=XN)ug

2 4(1 — \)?
= / sin(t) dt > = / tdt = uug,
T T

0 0

implying

1 Vi
/cosh (2Im(w)) — cos (2Re(w)) < 30— N (3.2.27)
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On the other hand, we can also find an upper bound for the expression cosh(2Im(w)) — cos(2Re(w))
as follows

2Im(w) 2Re(w)
cosh(2Im(w)) — cos(2Re(w)) = / sinh(t) dt + / sin(t) dt
0
2Im(w) 2Re(w)
t2 2 2 222
< / tesdt+ / tdt < 2Im(w)?e3™®)° 4 9Re(w)? < 4e75 u 0 (14 M)l (3.2.28)
0

where we have employed the assumptions (1 — X)ug < Re(w) < (1+ ANup and —Aug < Im(w) < Aup.
At the second step of (3.2.28), we have also used the known inequality

22

sinh(z) <zes, z>0. (3.2.29)

Since (1 — A)up < Re(w) < (14 MNug < §, yet another variant of Jordan’s result gives

1Re(w), 0 < Re(w) <

(1 - A)uo, (3.2.30)
— 4Re(w), T < Re(w) <

sin (2Re(w)) > {

s
4>
us

2

SEIS

and so, combining (3.2.28) with (3.2.30) and recalling again the hypothesis 0 < up < 7, we are able
to find that

sin(2Re(w)) (1—=X) S (1 - )

. — . 3.2.31
cosh(2Im(w)) — cos(2Re(w)) =~ 2w 1+ N2 e = (1 +2)2u ( )

Therefore, the infinite series on the right-hand side of (3.2.26) satisfies

i ;Zig)) p [~Quw(n)]
Ta(m)| |1 (1 - m|z] [ o _ Yo
<Z Fal0)| © [ UO{Qe A (14 A)? 2\/5(1—A)< 7 2)}]

Using the condition (3.2.16), one sees that the exponential term within the infinite series is uniformly

bounded by
ERID SREUEPY wll(fa el
exp{ “0{26 A (14 )? M<1—A>< R >}
1 (1= N) a a Ja\ll
- {_“0{% (1) 24(1”)( n+4_2>}_

n 1—-A B 7
o | e (142 A0 -0 [

< exp
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where in the last inequality we have used the mean value theorem for the real function f(z) =

x + §. If we select the value A = 0.01 in the previous expression, it is easy to check that

Nlw

1—A T >1

and so, recalling again the hypothesis 0 < ug < 7, the following inequality must take place

) [ 1 0y xpl (@ Ja
fa<0>’exp[ uo{ge@f(lmz 2\/§<1—A><V i 2)}]

Ao & a
exp {_”] <223 0t exp {_”} < M, (3.2.32)
n=0

>

n=0

™

The penultimate step is, of course, justified by the inequality |7 (n)| < Aqn?2, which we proved
already in Lemma 2.3.1. Combining (3.2.32) with (3.2.26), we see that the following inequality is
true

22

e 8

7
P [_2cosh (2Im(w)) — cos (2Re(w)) = \ 2 ’
(3.2.33)
which is almost (3.2.17) with £ = 0. To conclude the proof in this direction, we just need to bound

doM,e5
<
(2up)

sin (2Re(w)) P Va

wlR| w|R

’1 + g (162 z)‘

uniformly the term

™ sin (2Re(w)) Ja
P l_Qcosh (2Im(w)) — cos (2Re(w)) Fu <2>1 o w € Chyg(uo)

under the hypothesis on z (3.2.16) and the choice A = 0.01. This can be done by appealing to
(3.2.29), (3.2.27) and (3.2.31), which provide the set of inequalities

[« sin (2Re(w)) < Va )]
| 2 cosh (2Im(w)) — cos (2Re(w)) Y

2
B 7222
e ! (1-X\) L fa_ || N 22 e 2
<o | =& @
P8 e a2 V2 A0 Nuo 1601 X)ug

exp

6ﬂ2
- 3 7_r2>\2
a 11—\ T2 7'('2)\6T
| B B - 3.2.34
=P uo{gewzmm 4801 =) 1152“—”2}] o

However, since we already took the choice A = 0.01, a numerical confirmation gives

1—\ - r3 e
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so that, if we return (3.2.33), we finally reach

N

z

doMoes T2e” 8
_ =
2 a/2

(2uo) U

‘1+—¢aﬁe‘”w,zﬂ < e o (3.2.35)

where C' := C(«a) and A := 0.04 « are two constants only depending on «. This proves (3.2.17)
when k = 0. For the remaining cases k > 1, we invoke Cauchy’s integral formula (3.2.19) and use
(3.2.35), which yields

k
Hiﬁm& ﬁm“ﬂ

k! . —2iw
S [ v (e ) |dw
0

u=to C)\uo(uﬂ)
k! _A
< Owe vo ., (3236)

2k

Since we chose A = 0.01, we know that + 3 < 27. Using this elementary inequality in (3.2.36), w
derive (3.2.17) in its final form.

To get the second formula (3.2.18), we use the bound (3.2.11) for I,(z), —1 < v < 0, and use

the same inequalities as in (3.2.23) to obtain

v/cosh(2Im(w)) — cos(2Re(w))

a_1 apl ey ™ a
miT2 (n4+§)4"2 |22 Vit )l
<A ( 1) 12 a7 €XPp 2 : , (3.2.37)
1)(1 ug

for some large constant A. The only formal difference between (3.2.37) and (3.2.23) lies in the
power of 1/ug. Thus, the same argument carries through with an extra factor of 1/ug. This gives
(3.2.18) and finishes the proof. O

Remark 3.2.1. It is evident from the preceding argument that the condition on the parameter
z given in (3.1.19) can be further refined by making a more careful selection of the parameter .
Additionally, when v > —32, the uniform bounds (3.2.10) and (3.2.11) can be replaced by the much
better expression (see (2.3.24) above),

2N elRe(2)]
I(H_(lg Nu+n’”>_;‘ (3.2.38)

By using (3.2.38) in place of (3.2.10) in the above proof, one may enlarge the interval

[—é\/? m in the condition (3.2.16) to [—f\/E \/%, at least when a > 1. Thus,

in some instances, technical refinements yield stronger results than those presented in our Theorems
3.1.3 and 3.1.4.

We now present another lemma that will be essential for proving our Theorem 3.1.3.
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ma 1 /ma
p € Ny, the following relation holds

Lemma 3.2.3. Let h: C+—— C be an analytic function. If z € {—%,/ 5551/ 32

then, for every
azr

where, for any 0 < u < %, Aap(u, 2) satisfies the inequalities

214p(2p)!67%

[Aap(u, 2)| < Dw ||h||L°°(C1(0)) ;> 2, (3.2.40)
214p(2p le™%

[Aaplin )] < D2 ) 05 @S2 3.2.41)

with A and D depending only on o. Moreover, C1(0) := 0D(0,1) denotes the unit circle in the
complex plane and [|h]| oo, (o)) = MaXwec, (o) [M(w)].

Proof. First observe that

(bt (7 4 o, (12 2) )}

2 2 d2p
= —2sinh (;) R (y) 4 €5

g (100 (14w (17, 2) )}
;= —2sinh (i) W) (u) + Agp(u, 2). (3.2.42)

By the well-known Cauchy estimates for the coefficients of analytic functions and (3.2.17), we
obtain

s 2 (2p—k) d* o~ 2iu
< e576 Z & ‘h (u)‘ W(l—l—lﬁa (ze ,Z))
k=0
ro (2 d
< €576 ||| oo (p(0,1) Z ( P > (2p — k) ‘du
A

k=0

7o 2p)le”
< Ces76 ||| oo (p(o,1) )

(128)%+1 — 2P H1

128 —u

/ (2p)le”
< C" [Pl oo ey o)) L%

214p(2p)!e_%
1
<C ||h||L°°(Cl(O)) W

with the Maximum Modulus principle having been invoked in the fourth inequality. This completes

the proof of (3.2.40). Establishing the inequality (3.2.41) is totally analogous, so we skip the
details.

O]
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To conclude this section, let us recall the useful notation introduced in the previous chapter. It

will be convenient to express the terms of the sequence (\; ) cn in polar coordinates as follows:

% —2) =re?, 0<6; <. (3.2.43)

In accordance with Assumption 1, we extend this definition to include negative indices. Given
that A_; = —\;, it follows that r_; = r; and 0_; = m — ;. With these polar coordinates, we
now present a straightforward lemma that provides an integral representation for the moments of
F. o (S +it), (3.1.17). Its proof closely mirrors the steps outlined in (2.3.38), (2.3.41) and (2.3.42),

so we will omit some of the details here.

Lemma 3.2.4. Let - <w < 7, p € Ng and 1*:'2704 (§ +1it) be the function defined by (3.1.20).
Then the following integral representation holds

/tQp F, o (Z + it) cosh (2wt) dt
0
22p Z o [cos 2pb;) cos (w2a> cosh (2wA;) + sin (2pb;) sin (w;) sinh (2w)\j)]

22/8 2 iwor ;
N %;T (dcigp {ZCJ 22 2w, ( —2%/8 4 o2%/8 Ve (621%3))}) 7 (3.2.44)

where o (x, 2) is the generalized Jacobi’s —function (3.1.8) and (rj,8;) are the polar coordinates
attached to (\;);cy, defined by (3.2.43).

Proof. We start by using the integral representation given at the introduction to this chapter,

(3.1.7), and by replacing there z by e?*, with —7 <w < 7. This easily gives the expression

2 : . iw o
2 /na( +Zt> 1P <Z+it; %; —Z4> = ¢ F o (9, 2) — e eI (3.2.45)

Recalling Kummer’s transformation formula,
1F1 (a5 ¢; ) =€ 1Fy (¢ —a; ¢; —x), (3.2.46)

an equivalent version of the integral representation (3.2.45) is

722/8 7 2 iwao . iw o
. 2 / Mo <j +it> v <j i Z Z4> At = ¢'F e/ (eQW,Z) —e e F
us

- (3.2.47)
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In the previous chapter (see (2.3.42) above), we made use of (3.2.47) and the estimates given in
(3.2.8), to find

oo
o . wa
/ 2P F, (4 + zt) 29t dt = Z Ty A cos (2p9j + 2)

where 0 < w < &

22p
1, 2 € C, 1o(x,z) is the generalized theta function (3.1.8) and F ,(s) is the
function defined by (cf. (3.1.6) above)

Frals) =3 +i\j) & i G ) R (G s &
za C;’Oas ¢ 9 s = B9y 1£1 B) S 2372 a1

7j=1

According to our Assumption 1, the symmetric shifted combination Fz,a(s) has the same expression
as F, o(s) with an additional extension to the negative integers (see (3.1.17) above). Thus, using

the additional hypothesis that z € R (Assumption 2), we immediately find the integral
oo
~ a wa
/ 2P F. o (4 + zt) et dt = 22p Zc] r; Pe=29N cos <2p 0; + 2)

+27p /8 R (dd22p {ZCJ wa 9, (7z /8 4 6284, (emz))}) (3.2.48)

£0

But it is clear that the first infinite series admits the expression

ch N cos (2p0 —1-2)
1750
= Z cjry { A cos (2]) 0; + W;) + 29 cog (2p9 W;H

=2 Z cjr?p [cos (2pb;) cos <w2a) cosh (2wA;) + sin (2pf;) sin <w2a> sinh (2w)\j)] . (3.2.49)
j=1

because A_; = —\j, 7_; = 7j and §_; = 7 — §; by hypothesis. Since F,, (% + it) is a real and

even function of ¢, using the previous expression allows to rewrite (3.2.48) in the form
(o]
/t2p F.a (Z + it) cosh (2wt) dt
0
= 22p Zc] . [cos (2pb;) cos ( 5 )cosh (2wAj) + sin (2ph;) sin <w2 ) sinh (2w, )}

+27T262;/8 (d(fjgp {ZC] o _2w; ( 722/8_’_622/81%6 (em,z»}) ’
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completing the proof. ]

To finish this section, we shall recall some notions about sequences of real numbers that are
uniformly distributed modulo one. A sequence of real numbers (7,)nen is said to be uniformly

distributed modulo 1 if, for any pair of real numbers 0 < a < b < 1, we have

lim #{nﬁN:aS{’yn}<b}:

- 2.
Jim ¥ b—a, (3.2.50)

where {x} denotes the fractional part of 2. A necessary and sufficient condition for a sequence to
be uniformly distributed modulo 1 is Weyl’s criterion [235]: it says that a sequence (v, )nen satisfies
(3.2.50) if and only if

N
> e = o(N), (3.2.51)
n=1

for every m € Z \ {0}. A consequence of Weyl’s criterion is that, if v is an irrational number,
then the sequence (ny)nen is uniformly distributed modulo one [[214], p. 107, Theorem 2.1]. In
particular, the sequence {(ny)nen} is dense in [0,1), which is essentially the content of Kronecker’s

lemma.

3.3 Proof of Theorem 3.1.3

3.3.1 Outline of the Proof

As explained in the previous sections, at the core of the method of this chapter is the following

lemma, which is an immediate consequence of a theorem of Fejér [86, 88, 228|.

Lemma 3.3.1. Let (pn)nGNO be a subsequence of Ng with pg := 0. Then the number of variations
of sign of a real continuous function f(z) in the interval [0,a] is not less than the number of

variations of sign of the following sequence

Fo (@) = {f(()) ) n=0
Jo f@)trn=tdt n>1.

Our proof of Theorem 3.1.3 is essentially divided in four parts: in the first of these, we employ
Lemmas 3.2.3 and 3.2.4 to rewrite (3.2.44) in a form which is useful to apply the zero counting
method suggested by the previous lemma. By the conditions of our Theorem 3.1.3, the sequence
()\j)j cny attains its bounds and is made of distinct elements. Hence, we know that there exists some
M € N such that

|AM’ = r]nEaIgI({’/\j‘}’ )\j 75 )\M for ] 7é M. (3.3.1)
Recalling the definition of the polar coordinates (3.2.43),
o

§_2Aj Z:T'jeiej, 0<9j<7T,
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we see that (3.3.1) implies r; < 7 for j # M. During the proof of our result, we will assume without
any loss of generality that A\y; < 0.8 According to the representation (3.2.43), this assumption
implies that 057 € (0, 7).

Using the existence of Ay given in (3.3.1), the first section of our proof is devoted to show that,

for 0 <u < 7,
[ i (4 it) cosn (T —2u) e) at = ST (14 o2 g (2 G, (0
0/ 2 Z—i—z cos 5~ 2u = +€* /®sin 5 » (00r)

o e’ /8
22p

o {1 n Ba,p(u) + B (X, Z) + H (X’ Z)} + Re [_Aa’p('[% z)], (3.3.2)

2cMr]2\§ Gp (0ar)

where A, p(u, 2) and the terms inside the braces will be specified later. Moreover, 6 is the angular
coordinate appearing in the expression % — 2\ := e’ according to the convention (3.2.43).

Finally, the term (G,(6ar))pen denotes the sequence defined by

A A
(Gp(00)) pery = cos(2pbir) cos (7r8a> cosh <7T2M> + sin(2pfys) sin <7T8a) sinh (7T2M) . (3.3.3)
In the second part of our proof, we construct a sequence of integers (¢, ),y such that, for every
n €N, G, (0r) and Gy, (0ar) have always different signs. In the third part of our proof, we show

that the terms
Ba,p(u)

’ QCM’F]Z\? Gp (QM)’

are very small once we pick u small and choose p as a very large integer. Finally, in the fourth part

Ao p(u, 2) E(X,2), H(X,z)

of our proof we combine our collected data with Lemma 3.3.1 to reach the desired conclusion.

We should remark that, throughout this proof, we will only work with the assumption that
a > 2, so the relevant bounds in this study will be (3.2.17) and (3.2.40). In the range 0 < av < 2
the proof is entirely analogous, but the set of inequalities will be slightly different in some technical
passages. We omit the proof for this case, but we certainly encourage the reader to check that the

argument presented below follows mutatis mutandis.

3.3.2 A suitable integral representation

Let 0 < u < 7§ and take w = § — u on the integral representation (3.2.44). If Zy,(u) denotes the

integral

[o¢]
Top(u) := /tQp sza (Z + it> cosh ((g — Qu) t) dt, 0<u< %,
0

8There is no loss of generality because we can interchange \; with —\; in the function £ , (s).
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then, according to (3.2.44), Zyp(u) can be explicitly given by

a7
Top(u) = 22p Z o {cos 2pb;) cos (2 <4 - u)) cosh <2)\ <4 - u))
. . o [T . ™
+ sin (2pd;) sin (2 <4 - u)) sinh <2)\j (4 - u))}
o 2 /8 a2 fa(x_y —2), —22/8 | 2%/8 ]
+ 2% Re (dqu’ { 4 Z cje (e /8 4 ¥ /84, (ze ,z)) . (3.34)
J#0
We shall rewrite (3.3.4) by appealing to Lemma 3.2.3. Consider the following function

ha(u) = % (i74) 3 e (z—u)

. (3.3.5)
J#0

Since Y |¢j| < o0, it is clear that ho(u) is an analytic function of w. Therefore, by (3.2.42) and the
notation (3.2.43),

d*v

du2p { (e_z2/8 + 622/8 Va (i€_2iu, Z)) e%’(%—u) Z cje_”‘i (Z_u)}

Jj#0
22
~2sinh | = W) (u) + Agp(u, 2)

2
—2sinh <z8) Z cjr; 2P 205 o =2(F-u)Ny 4 Ao p(u, 2). (3.3.6)
Jj#0

We will employ Lemma 3.2.3 with the precise aim to reach an appropriate bound for A, ,(u, 2)

P ? :
Since (\;) jen 18 bounded by hypothesis, there exists some p such that |A;| < p for every j € N
hence

1hall Lo o) <62Z|Ca!€ T el S o < M,

(3.3.7)
J#0 j#0
where M only depends on numerical the value of the convergent series 3,4 |c;| := 23252 [¢;].
Recalling (3.2.40), we arrive at the following bound
214P(2p)le™ 214p(2p)!e_%
[Aap(u, 2)| <D s+ Hh”LOO(Cl(O)) < @W’ (3.3.8)

for some Z depending only on the sequence (cj) ey and a. This suggests that we may represent
the second term of (3.3.4) in the following form

“*BRe (d(i:p {(ez2/8 18 Ve (iefziu7 )) ch (Z—u) J})

J7#0

_ e 2/8 R,e [./4 (U Z)] — 26 8 Slnh ( ) Z C] Z )Aj CcOS (2p0j —+ % — gu) . (339)
J#0
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We can rewrite the infinite series on the previous expression with the index j ranging over N instead
of Z\ {0}. This requires to repeat the somewhat tedious algebraic manipulations leading to (3.2.49),

from which one obtains

2 ZCJ {cos 2pb;) cos (g (Z — u)) cosh (2 <Z — u) )\j)
+sin (2pd;) sin ((; (Z = u)) sinh (2 (Z - u) /\j>}

= chrjz.peﬂ(%—u))v‘ cos (2;06’]- + % - gu) . (3.3.10)
J#0

Combining (3.3.10) with (3.3.4) yields the important formula for the integral Zy,(u),
o e?’/8 8 22/8 . 22
IQp(U) = QT Re [.Aa,p(u, Z)] — QTP 1+e /8 sinh g

S o on (3 () o))
+ sin (2p;) sin (g (Z — u)) sinh <2 (Z - u> Aj>} . (3.3.11)

Of course, by (3.3.9) and (3.3.4), an equivalent way of writing (3.3.11) also works the other way

around. A particularly compact version is

4
Zop(u) = 5% (1 + ¢**/Bginh < >> Z CjT (F-% cos <2p 0; + % - Zu)

J#0
2 e /8
22p

Re [Aqp(u, 2)], (3.3.12)

whose symmetric shape will be very helpful below.

We will now analyze the infinite series on the first term on the right side of (3.3.11) and
approximate it by its value for u = 0. For this analysis it will be easier to manipulate the more
compact alternative expression (3.3.12). By the mean value theorem and the existence of an element

Ay satisfying (3.3.1), we know that

< Cy rig u, (3.3.13)

Z cj r?peﬂ(%*“))‘j {cos (2p 0; + % — gu> — cos (2p 0; + ﬂ;)}

J#0
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where, by the definition (3.2.43), % — 2 \yr = ry€e® . Thus, we can write the infinite series in

(3.3.12) in the approximate form

Z ¢ 7"32~p€72(%7u)/\j COS <2p9 + — C;u) Z CjT; Z ))\J CcOS (2])9 7T> + B, ( )

j#0 J#0

8
=9 ZCJ T {cos 2pb;) cos (7r8a> cosh (72r>\j> + sin (2pb;) sin ( )smh( )}

(3.3.14)
where, according to (3.3.13), B, p(u) should satisfy the estimate
1B p(u)| < Co 32 u. (3.3.15)

Let p € N be such that

Gp(Oar) := cos (2pfar) cos (7?) cosh (g)\M> + sin (2pfys) sin (7?) sinh (g)\M) #0. (3.3.16)

Then, for every p satisfying (3.3.16), we can write (3.3.14) as

S ¢ rj?pe—2(%—u)kj o~ <2p9 + — 8 —Su ) Z i)+ Bap(u)
70 j=1
U - ~
= 20122 G, (O11) {1 + 2cMr ap( zem +E(X,2)+ H (X, z)} , (3.3.17)
MY
where
BX.)= Y < (rj>2p cos (2pf;) cos (%) cosh (5 ;) + sin (2pf;) sin (%) sinh (§A))
JZ) iAiex © \T cos (2pfyr) cos (5&) cosh (FAar) + sin (2pfas) sin (%) sinh (5 A7)
(3.3.18)
and

¢ 5 sinh (3 ;)

) sin

rj>2p cos (2pf;) cos (%) cosh (5 \;) + sin (2ph;) sin (
) co

S
cos (2pfr) cos (%)

H(X,z):= Z (

sin
jAM, j>x M osh (FAar) + sin (2pfyy) sin (5) sinh (S Aa)”

(3.3.19)

for some large parameter X that will be chosen later. Returning to (3.3.12), we can write the

M

following expression for Zy,(u),

Ty (u):—w <1+ez2/8sinh (ZQ»Q (GM){H BapW) | pox 2y i (x z)}
Y 2% 8 ? QCMTM Gp (Oar) 7 7
o7 e/8
Re [Aqp(u, 2)], (3.3.20)

22p
which is no other than the one claimed at the introduction of our proof, (3.3.2).

In the subsequent sections, our focus will be to demonstrate that the sign of (Gp(6m)),en

oscillates infinitely often and its absolute value emerges as the dominant term in both (3.3.17) and



170 Estimates for the number of zeros of shifted combinations of completed Dirichlet series

(3.3.20). This conclusion will follow from an analysis showing that the terms Aq p,(u, 2), Bap(u),
E(X,z) and H(X, z) become negligible for infinitely many values of p and for sufficiently small
values of u. Given that (Gp(0n)),cy changes its sign infinitely often for an appropriately chosen

sequence of integers (gn), ¢y, our proof will be concluded after a careful use of Lemma 3.3.1.

3.3.3 Studying the sign changes of (G,(0u)),cx

In this section we will show that it is always possible to construct a sequence (g, )neny C N such
that G, (0r) and G, (0ar) have different signs. To this end, we divide our construction in two

cases: first, by assuming that 9% ¢ Q and, secondly, by assuming that 9% € Q.

15t case: 0);/7 ¢ Q Since we took the hypothesis Ay; < 0 (so that 6y, € (0, 5)), we can write
the sequence (3.3.3) as follows

(Gp (001)) ey = cos(2pOar) cos <7r8a> cosh (ﬂ;M’) — sin(2pfys) sin (?) sinh (W’;M‘) .

The study of the sign changes of the previous sequence is actually equivalent to the study of the

sign of the function of real variable

G(¢) = cos (7;0[) cosh (7T|;M’> cos(¢) — sin (7;0[) sinh (ﬂ-p;M’) sin(¢).

In order to examine G(¢), let us assume that 8k < o < 8k + 4, for some k € Ny. The remaining
cases 8k +4 < a < 8k + 8 and o =0 mod 4 are analogous and will be sketched at the end of the

argument. Under the assumption 8k < a < 8k + 4, we know that cos (%) and sin (%) must have

the same sign and, without loss of generality, we may assume that both are positive.

Let us consider the sets

AT = <tan1 (cot <7r80z> coth (W|/\2M‘)> —m, tan~! (cot <7r80z> coth (F%M‘))) (3.3.21)

and

A = (tanl <cot (778(%) coth <7T|;M>> , tan ™! (cot (778a> coth (W|;M|>> + 77) . (3.3.22)

Clearly, if ¢ € AT then G(¢) > 0, while G(¢) < 0 whenever ¢ € A~. The sets AT and A~ contain

subintervals that will be pivotal in our argument. These subintervals are defined by

+._ ~1 T 7| Anr] ) T 1 (m A\ 7
T .= (tan <cot ( 3 )coth( 5 5 Oy, tan cot 3 coth 5 5 + 0 ),
I = <tan_1 (Cot <m> coth (WP\M’)) + T Oy, tan ! <cot (m> coth <W>> + T + 0M> .
8 2 2 ’ 8 2 2
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It is very simple to check that ZT (resp. Z7) is an arc lying on the center of A% (resp. A™) and
having length equal to 20,;. Thus, we can write the partition of A" as follows (see Fig. 3.1 below)

AT =ATUTT U AT, (3.3.23)
where
Af = <tan1 <cot <m) coth (WMM)) — 7, tan” ! (cot (m) coth (W|)\M|>) T 9M) )
8 2 8 2 2
while

= (™ (on (5 comn (F53)) =5 ot (o (57 o (5520)))
As —(tan (cot( 3 >c0th< 5 2+9M,tan cot 3 coth 5 .

Analogously, we can find the partition of A,
A" =AU UA;,

where

£ (o™ oo (5 com (F5) ) v (o (57 o (F524)) + 3 =)
Al = (tan <cot< 3 )coth( 5 ,tan™" ( cot 3 coth 5 + 5 O
and
Ay = (tan_l (cot <7r8a) coth (W’/;M>> + g + Opr, tan ™ (cot (71804> coth <W’;M‘)> + 7r> :

Since Oy /7 ¢ Q, by Kronecker’s lemma (see Lemma 2.3.6 above) we know that the set of points

{n0nrr/7},cy is dense in (0,1). Thus, there exist two infinite sequences (g1 ),y and (g;, ),y such
that

(q;)neN - {q EN : 20y € I*}, (@) e = {0 €N : 200y €T} (3.3.24)

The main claim of this section states that (g, )”GN and (g, ),cn Possess a very useful interlacing

property.

Claim 3.3.1. For every n € N, we have that
qv—i— <Gy <p+1 < Gpy1 <Gpio <.-..

Proof. First, let us observe that, if a € (q,), oy then a +1 ¢ (g ), cn, because 2(a + 1)0y =
2a0p+20)s and the length of Z7 is, by construction, equal to 20;. Therefore, either 2(a+1)0y; € Z~
(ie., a+1 € (g )pen) or 2(a+ 1)y € A3 U A . This actually happens because 20y, < 7 and,
since 2af); € T by hypothesis,

A
200y + 205 < tan™ ! (cot (?) coth (7r‘2M|>> + g + 0,
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Al |
N n
1 N A
\
\
|
|
\
\
./4_\\ +
2 Mg X
Af

Figure 3.1 The partition of the unit circle into AT and A~ and the representations of the
subsets Af, A;t and Z*. The line dividing the unit circle is defined by the equation ¥ =

tan—! (cot (%) coth (%)) X.

which ensures that 2(a+1)6y ¢ A, . Since a € (g, )nen, there exists some mg € N for which a = ¢}, :
thus, if a4 1 € (g, Jnen, then we have that ¢, < g,,,- On the other hand, if 2(a+1)0y € A UAT
then there is some j > 2 such that 2(a + 7)0a € Z~ because the length of Z~ is equal to 26,,.
This simple argument demonstrates that the translation a + j, 7 € Ny, cannot go from q:go to

q:go 41 without passing first by an element of the sequence (q;,) This completes the proof of

neN-
the claim. O

The interlacing property of ¢, and ¢, allows us to construct a new sequence

(Qn)neN = (%T) U (q;)neN

neN

in such a way that ¢o,_1 := q,,‘f and ¢o, := ¢, . Since g, and ¢+ are such that 2¢,,0); and
2¢m+10nr belong to opposite sides of Fig. 3.1, we necessarily conclude that G, (fa) and G, (Onr)
must have opposite signs. The work proposed for this section is, thus, finished under the assumption
that Oy /7 ¢ Q.

Before moving on to the case where 0y;/m € Q, we remark that an analogous idea works
well when 8k +4 < o < 8k + 8 and a = 0 mod 4. In the first scenario, cos (%) and sin (%)
have opposite signs. However, a similar construction as the one given above works and the only
modification consists in replacing A{,Z* and A3 by A7, Z~ and A, respectively.

On the other hand, if @ = 8k or o = 8k + 4 for some k € Ny, then

| An]

(Gp(0n1)) pen = (=1)* cosh ( > cos (2pfyr), if o =8k



3.3 Proof of Theorem 3.1.3 173

and

(Gp(0a1))cny = (—1)*" sinh (”‘2M’> sin (2p6r) i o = 8k + 4.

In any of these cases a similar construction of the sets AT, AT and Z* can be done.

27d case: 0,7/ € Q. The conclusions given above are analogous in the case where 0,/ /7 € Q.

However, instead of arguing via Kronecker’s lemma, the sequences (3.3.24) can now be explicitly
constructed. Since |Z1| = |Z~| = 20), we know that there exist ¢; and go > q1 such that 2q10,, € ZT
and 2g20y; € Z7. Since, by hypothesis, 0y = §7, (a,b) =1, then 2¢10y = 2 (q1 + nb) )y mod 27
and 2g20yr = 2 (g2 + nb) Oy mod 27. Hence, if we construct the sequence (¢, ), ¢y in such a way

that?
Gon—1:=q1 +nb, q2, 1= q2 +nb, (3.3.25)

then Gg, (0ar) - Gg,.1 (Oar) < 0 or, by other words, G, (0ar) and Gy, ,, (0ar) have opposite signs.

9Note that the interlacing property established by Claim 3.3.1 is obviously valid in this case.
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3.3.4 The dominance of (G,(0)),-

Having constructed a sequence (gn),,cy for which (Gg, (0ar)),,cn always alternates its sign, we are
now ready to proceed with the proof of Theorem 3.1.3. Our next claim establishes that the sequence

Gq,, (02r) dominates, in some sense, the second term (involving A, p(u, 2)) appearing in (3.3.20).

Claim 3.3.2. There exists a sufficiently large no such that, for any z satisfying (3.2.16), Aap(-, 2)
obeys to the inequality

2
Re [Aa,p (1 )} ‘ < lem| 3P (1 +¢**/8sinh (2)) Gy (001)] (3.3.26)

2
e? /8

5 z
no plog(p)

for any p € (gn)pen-

Proof. By (3.3.8),

214p(2p)!e*% T
[Aap(u,2)| Sgw, 0<u<17
so that the inequality (3.3.26) holds for any p € (qn), ey if
214p ()1 ¢7*/8
72 ) < et (3.3.27)

learlry us 2% (1+ /S sinh (2)) |G, (0a1)]

holds for any p € (gn)nen. By our construction of the sets Zt and Z~, if p € (¢n)nen then

|Gp (0ar)| = |cos (2pfar) cos <7r8a> cosh <72T)\M) + sin (2pfys) sin <7r8a> sinh <72T)\M)‘ > €,
(3.3.28)
for some €y > 0 (only depending on 6y;). Therefore, since ¢ /8 < e57 (by condition (3.1.19)),
(3.3.27) is plainly satisfied if, for any p € (¢n)nen, the following inequality holds

9 exp (%) 2147’(2]))!
colem|  rus T

< e, (3.3.29)

Setting u = m and taking the logarithm on both sides of (3.3.29), one may check that (3.3.29)

holds if and only if

1 o (@exp (g’%)) 2 log (128/rpr) — log(2p)!
Aplog(p) €olenr| Alog(p) Aplog(p)
+Al<ig(p) (log(n) + log(p) + log(log(p))) (2 + 201‘)) <. (3.3.30)

From Stirling’s formula, we know that log(2p)! = O (plog(p)), and so (3.3.30) must be valid for
every p € (qn)nen once we take ng very large. This completes the proof of (3.3.26). O

We just proved that the second term of (3.3.20) is dominated by G, (6ar), as long as p belongs
to an appropriate sequence of integers. Just like the proof of Theorem 2.1.3 in the previous chapter,
we will require a bound for the residual functions E(X, z) and H(X, z), which will be offered by

our next claim.
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Claim 3.3.3. There exists a sufficiently large No such that, for any p € (gn),>n,, 1 > 0 and z
satisfying (3.1.19), the following inequalities hold

1
BX,2)| <4 [H(X,2)| <5 (3.3.31)

and

1
‘Ba’p (nplog(p)ﬂ 1
5 <, (3.3.32)
2lemlryy 1Gp (Oar)| 6

with Bap(u) being defined by (3.3.14).

Proof. Since p € (gn)n>n,, then (3.3.28) holds for some €y > 0. Thus, since (¢;j)jen € ¢!, we can
choose a sufficiently large X > X such that

B 1 . N\ 2p
|H(X,2)| < — Z el <TJ> cos (2pb;) cos <m> cosh <7r>\j>
€0 j N o X lear] \ras 8 2

2e2 M 1
+sin (2pb;) sin <7T8a) sinh (;T)\])‘ < ¢ Z lcj| < 5

coleml L7 x

On the other hand, we may bound E(X, z) in the following form

~ 2eihu
|E(X’Z)‘ < :U’X? Z |cj‘7
J#EM, j<X

eolenr]

where
— max {”}
X = <X lra )
By property (3.3.1), we know that ux < 1 and so, for a sufficiently large Ny and for p € (gn),,>n, >

~ 1
[E(X,2)| < 2,

6
which establishes (3.3.31). Finally, in order to obtain (3.3.32), we just need to use (3.3.15) with

1
u =
np log(p)’

’Bavp (m)‘ < Ca 1

< < -,
2|ear|ra Gy (Bar)| ~ 2¢0lear|np log(p) 6

which holds whenever p > gy, and Ny is picked as a sufficiently large number. This completes the

proof of the claim.
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3.3.5 Conclusion of the argument

In these final steps towards the proof of Theorem 3.1.3, we are ready to collect all the information

of the previous sections. We return to the integral representation (3.3.20),

o0 ~ 2p 2
/t2p Foq <Z‘ + it) cosh <<72r - 2u> t) dt = 787[-62#""1\4 (1 + e*/8sinh (;)) Gp (Onr)
0

Bap(u) » ~ o e*°/8
1 »D E X, H X7 R Aa , , 3.3.33
X { + 2ot G (0rr) +E(X,2z)+ H( z)} sar— Re[Aap(u2)], )

and we take there p € (gn)n,<,<n> Where N > 2Ny + 2 and N is a sufficiently large number for
which (3.3.31) and (3.3.32) hold. Replacing u by n (3.3.33), our choices of Ny and X in
Claim 3.3.3 allow us to get the inequality

1
ngn log(gqn)

Bap(u)
QCMTJQ@ Gp (0ar)

1+ +E(X,2)+H(X,2) > (3.3.34)

l\D\»—t

Moreover, according to Claim 3.3.2,

1 1 8nx ’CM’ 7"27,1; 2/8 . 22
0% 77 - 1 Z I ) . .
Re [.A P (77 Tog(p) z)” < 1 22p +e sinh 3 1Gp (Oar)], (3.3.35)

for any n > ng and ng sufficiently large (such that (3.3.30) holds). Combining (3.3.34) with (3.3.35),

we see that, for any p € (¢,) No<n<n and 7o chosen as in the proof of Claim 3.3.2, the sequence of

o /8

22p

moments
o0 T 2
M . it h - |t ) dt 3.3.36
( )pe(qn N0<n<N 0/ ( T ) o8 ((2 TognN log(QN)) > ( )

must have the same sign as the numerical sequence defined by

8meyrk 278 . 22
(Sp)pe(qn)Nogngw = _QTM <1 + ¢* /8ginh (8 Gp(Onr). (3.3.37)

Moreover, from (3.3.34) and (3.3.35), the modulus of M), (3.3.36), must satisfy the inequality
7 op = o . ™ 2
/thm S hit)cosh( (2 — 2 V#)dt
) 4 2 noqn log(qn)

1 8rlen|ryy 2 (2
>Z.T 1+4+e /8 sinh 5 1Gp(O01)]

om|ear|rak 2278 . 22
:TM 1+ ¢ /8sinh < ) 190 (O0)]- (3.3.38)

We are almost ready to apply Lemma 3.3.1. In order to meet its conditions, we need to transform

the integral on the right-hand side of (3.3.36) into an integral over a finite interval and still manage
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to know something about its sign as p changes. The following lemma is the final necessary step to

achieve this.

Claim 3.3.4. There exists 1 > ng such that, for any n > m and z satisfying (3.1.19), the following
inequality holds

oo
- leY T 2
2 F ( + it) cosh (( _ ) t) dt
/ “*\4 2 nognlog(gn)

n? g3, log?(qn)

ort|ear 2P 2 22
< 221)‘]\/[ (1 +e /8 sinh (8 ]gp(GM)\ R (3339)

whenever p € (¢n) Ny<n<n-

Proof. Using (3.2.8), it is simple to check that, for a sufficiently large n; and n > ny,

/ 2P sza (a + it) cosh ((Tr > ) dt
4 2 nogn 108; qn)

n2q% log?(qn)
~ o .
Fz7a <4 + Zt)
oo

St e—%QN log(qn) / 1208 +B(0) g (

n2q3 log®(qn)

o0
< e o 50 loglan) / t2an dt

n2q% log?(qn)

exp <(7r ) t
2 nogn 10g qn)

+ 2|Vt dt

noqn log(gn)

oo
Loz A€ 0 2 4 log(ax) / t2an+B(e) oy (

n2q%, log?(qn)

)
tVa

2nogN log qn)

2
Koz (2n0qn log(gn)) 2N HBEOFT g N 1B@N) (900 4 [B(a)] + 1)!.

In the above inequalities, <, , o stands for a constant depending on «, z and the pair of sequences

(¢, /\j)j €7\ [0} By Stirling’s formula, we have that the latter expression is bounded by

2
exp{_%(m log(qn) + (2qn + B(a) + 1) log (20 log(gn))

+(2qy + [B()] + 1) log (2 + [B(@)] +1) + O (an) }-

It is now clear that, if ng is sufficiently large and we take n > 11 > 19, the dominant term inside

the braces will be —Z—ZqN log(gn). This now proves (3.3.39). O
By the previous claim and (3.3.38), we conclude that, for each p € (¢n)y,<n<n- there exists
some sufficiently large n; > 19 such that the sequence of moments

n?q% log?(qn)

- - Q T 2
N - 2 F ( 't) h (( - ) t) dt
( p)pG(Qn)NogngN 0/ =\ 4 Tt ) eos 2 NogdN log(QN)
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must have the same sign as the numerical sequence (sp) o defined by (3.3.37). According

pE(Qn)Nogng

to Claim 3.3.1, sy and sy4+1 have always distinct signs, and so the sequence (Sp)pe(qn)N . has
exactly N — Ny — 1 sign changes. By Lemma 3.3.1, o
N
No.: (1} ¥ log*(an)) = N = No = 1>, (3.3.40)

since N > 2Ny + 2 by hypothesis. To conclude, we just need to connect gy with N. Once more,

we divide this final argument in two cases!?.

L. If Oy /7 € Q, say Oy = 7%, then the explicit construction (3.3.25) shows that, for N > 3,
N > -2 > B Thus, (3.3.40) implies

qN

No.: (1} ¥ log*(an)) > 7.

which is equivalent to (3.1.21).

2. If Oy /7 ¢ Q then, by Weyl’s criterion (3.2.51), the sequence ({n 29%}) . is uniformly
n

distributed on the interval [0, 1]. This means that
#{<m<X :2mby e (TFUI)}  |[THUT-| 20y

li =
Xgnoo X 2 T

(3.3.41)

Thus, for a sufficiently large Ny and N > 2Ny + 2, if we take X = gy in (3.3.41), we find
that (3.3.40) yields

O
No.: (0} ai log*(an)) > ~aw,

which is equivalent to (3.1.21) and completes the proof of the Theorem. O

3.4 Lemmas for the proof of Theorem 3.1.4

This section is devoted to establish (without too many details) the necessary lemmas for the proof

of Theorem 3.1.4. We initiate it by noting that, in analogy to (3.2.8), we may use (3.2.6) to prove

ko E o 22
cing (g TiE+A) ) Re | Wby 5 —i(t+ A ks

o0
Cho Or 3 leg] |t BB eIV, (3.4.1)
j=1

the estimate

Gt <§+it>’§2

J#0

where B(k) is some positive constant depending on the weight of the cusp form, k. The next lemma
is an analogue of Lemma 3.2.1 above. We note that we already proved this result in the previous

chapter (see (2.2.97) above), so we forego its proof.

Lemma 3.4.1. Let f(7) be a holomorphic cusp form of weight k for the full modular group and
ag(n) be its Fourier coefficients. For Re(x) > 0 and any y € C, the following transformation

0We urge the reader to recall that we are assuming that 0 < 6 < 5 in this proof.
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formula takes place

n=1 n=1

2
- Lk _omna (_1)k/2 G_ZT” - Lk _2mn Yy
arin)n 2 e k—1 ™y) = ——— arn)n 2 e z k—1 ™m — | .
> ap(n) ™ Jeo (V2rny) > as(n) 1<2 )
X T
(

Equivalently,
22 1
Pi(x,2) = (=12 e TaFy, (x iz) , Re(z)>0,z€C, (3.4.3)

where ¢ (x, z) is the analogue of Jacobi’s Y—function (3.1.12),

Yi(x,2) = (k—1)! (1/7;33 z> o i af(n)n% eI Ty (\/27rnxz) , Re(x) >0, z€C.
n=1
(3.4.4)

The next lemma is an analogue of Lemma 3.2.2. Since the proof is very similar, we shall only

indicate its main steps.

Lemma 3.4.2. Let f(7) be a holomorphic cusp form of weight k for the full modular group and
Yr(x,z) be the generalized Jacobi’s —function attached to it, i.e., (3.4.4). Furthermore, assume
that z € R satisfies the condition

_\{f << \{f (3.4.5)
Then there are two positive constants A and C (depending only on k) such that, for any 0 < u < §

and every p € Ng,
P
duP

27pp! A
Tt (3.4.6)

(r (ie_%“, z) <C

Proof. The proof is exactly the same as in Lemma 3.2.2, so we only give a brief sketch. Starting

with Cauchy’s formula,

[dpd)f (Z-e—Qz’u, 2)} _ p7' / M dw, (3.4'7)

dup w270 (w — ug)PHL
CAuO (UO)

we need to find a suitable bound for 1y (ie‘zm, z) when w € C)y,(up). This is done through

Lemma 3.4.1: replacing there by 2e~*sin(w) and y by i(F-v) z, we obtain the transformation

formula

1-k
o— 21w 0 ) _—
Py (ieim’w, Z) =(k—1)! ( mez z) Z af(n)n% g~ 2mn2e” " sin(w) Je_1 (\/mz)

n=1

c—lw 2
1-k k/2 o~ Semtw) X i
T i(x_ (—1)%/ e 8sin(w) 1k __mn ™ e'4z
— (k—1)! (/=€ w)) . —1)" EI AR (Y KGR Iy
( ) ( 2¢ " 7 2e~" sin(w) Z( Jlag(njn>"e ot 2 sin(w)

n=1
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From this point on, we can easily adapt the steps given in the proof of the bounds (3.2.24) and

(3.2.26). Extracting the first term of the series in the above expression,'! we obtain
s in(2Re(w))
ot <d7re s T2 {_ msin(2Re(w P*l}
‘@Df (ze ’Z)‘ =k 2ug)k P cosh(2Im(w)) — cos(2Re(w)) w(l)
= |af(n) { 7 sin(2Re(w)) . . }
- P, —Pr(1 4.
anz:l as(1)| P cosh(2m(w)) — cos(ZRe(w)) | w(vm) = Pi(1))], (3:48)

where P’ (X) is the real-valued polynomial

22 sinh(2Im(w))
\/cosh(21m(w)) — cos(2Re(w)) X + 87 sm(2Re(w)) "

2|

Vmsin(2Re(w))

Note that our expression (3.4.8) is completely analogous to (3.2.26). Repeating the steps in (3.2.32),

Py (X) =X~

we find that the series on the right-hand side of (3.4.8) is uniformly bounded for any w € Cp g1y, (u0)
and z satisfying (3.4.5). The resulting constant, My, will only dependent on k. Analogously to
(3.2.33) and (3.2.34),

»

z

o (12 2) | < BT o [ Rel) i)
dyp Myes m* _% [ 1 1—) 7| z| WZQAG%
Quo)F P |y {(;zf(l a2 202 161 H
dkMkeg ﬂke_é [ 1 1-—A 7T% 71'2)\6%
Quoyk P _7170 {6”222(1 a2z 6(1—X)  144(1 - }]

Thus, if we pick A = 0.01, the term on the braces is greater than 0.03: this implies that

22

’wf (ie*mw,z)‘ < dkM’E;i(SZeg exp [—01‘23} _C e o

E
Up

where C' depends on k and A is an absolute constant, say A = 0.03. Using Cauchy’s formula (3.4.7)
and mimicking the steps in (3.2.36), we find that (3.4.6) must hold for every p € Nj. O

We finish this section with two lemmas that are completely analogous to Lemmas 3.2.3 and

3.2.4 of Section 3.2. Since their proofs are exactly the same, we shall omit them.

Lemma 3.4.3. Let g : C+—— C be an analytic function. If z € {—%, /5 % 5H| then, for arbitrary

p € Ng and 0 < u < 7, the following inequality holds

d*»

du?p {g(u) (0 (ie‘zi“, z)} W

<D wk+2p 91l oo (1 (0)) - (3.4.9)

Hwithout any loss of generality, we suppose that ay(1) # 0. If ¢ is the smallest integer such that as(c) # 0, then it

|:_ VTe /e )

would be possible to enlarge the interval (3.1.26) to 3 3
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where A is some absolute constant and D only depends on k. Moreover, C1(0) := 0D(0,1) denotes

the unit circle in the complex plane and ||g|| Lo (¢, (0y) = MaXwec, (0) |9(w)]-

Lemma 3.4.4. Let -5 <w < %, p € N and C;’@f (% —i—it) be the function defined by (3.1.20).
Furthermore, let ¢ (x, z) denote the “cusp form analogue” of Jacobi’s 1Y—function (3.4.4). Then

the following integral representations hold:*?

1. If k=0 mod 4, one has that

o0

~ k
/z'—% aleny (2 + it) cosh (2wt) dt
0

2
9 zZ i d2p . .
:% Re (1_12@ T {z :cj ezwk—Zm)\j ¢f (Gsz,Z) }) . (3410)

i#0

2. If k=2 mod 4, then

o - [k
/ T2 PG, ( + z't) cosh (2wt) dt
0

\V)

2

IreT J2r+1 . '

:% Re (ré T {ch k=20 (GQW’Z) }) ' (3.4.11)
J#0

3.5 Proof of Theorem 3.1.4

In this section we follow closely our variant of de la Vallée Poussin’s method [187]. The details of the
proof are mostly given for the case where kK =0 mod 4 and a similar argument, valid when k = 2
mod 4, will be devised at the end of this section (see Remark 3.5.1 below). Let (py), oy denote the
sequence of zeros of odd order of C:‘Z, #(s) such that Re(py) = % Then we can write p,, := g + 1T,
with 7, > 0 being an increasing sequence'3. If we show that there exists some h > 0 such that, for
infinitely many values of n, 7, < hn?, then our Theorem 3.1.4 is proved. This is the case because,
if we choose the sequence T}, := hn?, we are able to find that Ny, (T),) > Ns.(1,) =n = \/E,
thus establishing

Ny (T 1 1
limsup —L- (1) > —=, or equivalently Ny .(T) = Q (Té) . (3.5.1)

T—0o0 \/T \/E’

For the sake of contradiction, let us then assume that there is some Ny such that, for every

n > Ny and any h > 0, 7, > hn?. We will prove the existence of some (large enough) h for which

2Note that the integral is written in terms of i */2G., ; (g + it) because it defines a real function of ¢t € R.
BIfG, (g) = 0, we exclude this real zero from the sequence.
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this assumption leads to a contradiction. Indeed, if we construct the real and entire function'*

©f,z ( H (1 - ) i(—l)‘aze y*, (3.5.2)

f =0

we see that ag = 1 and, for £ > 1,

ax =3 Y - D = TQZ > ==
ri>1re2>r1 Te>Te—1 Te 1<r<re<..<rp T1 Te

: (3.5.3)

where we are summing over the (-tuple (ry,...,7¢) € N’ such that r; < ry < ... < r,. Note that,
in the k" nested series in (3.5.3), the index 7} always satisfies r, > k, due to the condition
T, > Trp_1 > ... > r1 > 1. From this point on, we just need to find a suitable bound for asy.
Considering the nested sum above, we have two possibilities: if, on one hand, 1 < k < ¢ and

rr > Ny, we know by the contradiction hypothesis that T,ﬂ_kz < Th’“—2 On the other hand, if

—4
1 <rp. < Ng—1, then Tgf < 2%, where h* 1= minj<,<n,—1 {%} Let us take a generic series
n (3.5.3): by the above reasoning, if we first suppose that r;_1 > Ny — 1, then the contradiction
hypothesis gives

1 1 1 1
3 = = > — <3 > 7 (3.5.4)
TE>Te—1 Tk re>re_1>No—1 Tk TE>TE_1 K

On the other hand, if we suppose that 1 < rp_1 < Ny — 1, is is not difficult to reach the following

inequality
No—1 0o No—1 0
1 0 1 1 1 0 11 1
> == X Ft 2 w1z X At X i
TE>TR_1 Tk re=rr_1+1 Tk  rp=No Tk rp=rk_1+1 k rg=No Kk
1 1 1 (h? Nt g
= 2 Nm(w”) 2
TE>TE_1 K re=rr_1+1 k
1 1 1 ]|n Nty o 1
< Z _|_ — < — — (3.5.5)
— 2 2 | 7x2 4 — 12 4
h TR>TE_1 h= | h* =1 J h re>TRo1 |k

for some positive constant </ depending on h and Ny, but not on k. We can explicitly choose this

constant by taking the observation that there exists some A > 0 such that

where the last inequality is valid since 1 < r,_; < Ny — 1. Picking &/ :=1+ A > 1 gives (3.5.5).
Since rp > £ for every £ € N, a sufficient condition ensuring r,_1 > Ng — 1 is that & > Ny. Hence,

we have at most Ny — 1 infinite series in the nested sum (3.5.3) where we need to apply (3.5.5),

Y4This infinite product can be written because, due to Theorem 2.1.6, G ;(s) has infinitely many zeros on the
critical line Re(s) = £.



3.5 Proof of Theorem 3.1.4 183

allowing us to bound ay, in the following simple way

1
DD DD D e 2D DD DI DD Dl e
ri>1r2>r1 Te>To—1 T ’ Tj ri>1r2>r1 TNO>T‘NO,12N071 re>re—y T Te
;szo 1 B 1
D DD DD Dl e et v D DI s (3.5.6)
ri>1re>ry re>req f 1<ri<ro<..<rp ' 1 = 4

where % := /N0~ is a positive constant that only depends on h and Ny. It is now evident that

determining a bound for a9y reduces to analyzing the new coefficient

- (3.5.7)

boi= 3, > D aa= 2. A

ri>1re>rr Te>reg é 1<r <...<ryp 1

Whoever is familiar with one of Euler’s proofs of the formula for {(2n) recognizes this sequence
of numbers as coming from the Weierstrass factorization theorem applied to the sine function,
which takes the form

smh(ﬂf) sin(m,/y) H (1 n £y2> ﬁ <1 B 692) _ 10—0[

Ty =1 =1

(1 - Zzi) =14 i(—n%% y*. (3.5.8)

Thus, we can get precise information about the sequence by (and, consequently, about agy) by
interpreting it as the sequence of Taylor coefficients of the function on the left-hand side of (3.5.8).1°
Indeed, it is quite simple'® to see that, for any y € R, this Taylor expansion is

sinh(7m/y) sin(m/y) = ; [cos ((1 —4)m\/y) — cos ((1 +i)m\/y)]
. 00 (_1)k 2k

7(%; o {(1 —)% (1 i)%}
. [

O (—1)kg2k . T

== D™ (2)1<;) ! (2y)" sin <2k:>
_1)(22@-1—17.[.45-"-2

20+1
e (3.5.9)

M

By comparing (3.5.8) with (3.5.9) and revisiting the inequality (3.5.6), we arrive at the conclusion

that
1 920+1 7r4£ 920+1 40

1<rm<..<ry " Ty

To motivate the conclusion of our proof, we observe that establishing the validity of (3.5.10) will
not only contradict (3.4.10) but also the bounds presented in Lemma 3.4.2. Recall that, under the

assumption k = 0 mod 4, the function i/ QG& f (% + it) is real-valued and even. Moreover, in

accordance with the construction (3.5.2), ¢y, (t) possesses the same odd zeros as i ~*/2G., ; (% + it).

151t is somewhat poetic that the idea that led Euler to have the first grasp on the nature of ¢(2n) can be also used
to understand the zero distribution of {(s) and the combinations of L—functions studied in this chapter.

16 Although these computations are standard, we did not find any reference containing this Taylor expansion. In
order to be self-contained, we have decided to briefly present it.
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This means that the product function i ~*/2G, ; (% + z't) - @f2(t) must be real, even and having
constant sign for any ¢t € R. Hence, if we consider the continuous function Qs : (0, %) — R
defined by the integral

Qf(u) = /i_géz,f (I; + Z't) ©¢.(t) cosh ((g — 2u> t) dt, 0 <u< Z, (3.5.11)
0

we know that |@Q¢(u)| has to be a positive decreasing function. Our proof will now show that this
cannot be true if the bound (3.5.10) is valid. If we use the power series (3.5.2) for ¢y .(t), we see

that Q(u) can be written as an infinite series of the form

1en (g + it) ©;.-(t) cosh ((;T - 2u> t) dt
(—1)age /rgéz,f (’; + it> t* cosh <<72r — 2u) t> dt, (3.5.12)
0 0

where the interchange of the orders of summation and integration in (3.5.12) can be justified by

Fubini’s theorem and the bounds (3.5.10). Indeed, it is not difficult to check that

/Z!aze!t ’ ( —Ht) cosh ((g —Qu) t) dt

M\a-

Qy(u)

'M8 O\S

J

oL 9204140 2 |5 k .
< t P ey hi(=—2ul)t)at
o [t oy (o) om (G2
T 1 272t ~ k. T
SQ%O/ZZL ( ) G..r (2+zt> Cosh(<2—2u) t) dt

<1 2t - k
< 1 2t k.
_2%0/;0& (nﬁ) ‘Gz,f (2+zt>

cosh ((g — 2u) t) dt
Tl k. 2t T
<2<@0/‘Gz,f <2+Zt) exp <7r 34— (2—2u) t) dt

2
<Lk, z,A /\t‘B(k) exp (—2ut + (71'\/;4- ]z\) \/i) dt < oo,

0

where the last step is completely justified by the estimate (3.4.1). Having assured that we can
perform the operation (3.5.12), it now follows from Lemma 3.4.4 that @Q¢(u) admits the following
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expression

= 2 22 .k d? (T e—(Z—2u)\; . —%u
:Z(—l)gazgﬁeﬁl Re (z 2 {che(4 Jh=(5-2u); (0 (ze 2 ,z)}). (3.5.13)

Using Lemma 3.4.3 together with (3.5.10), we can bound the previous series uniformly with respect

to u. Doing so requires to recall the path leading to (3.3.7): since the analytic function defined by

(0 = 85 o520
J#0

satisfies [|g(w)]| 00 (cy(1y) < M, with M only depending on the numerical value 3;_ [c;|, we can
use (3.4.9) to see that

d* . 914l (20)1e= %
s (oo ()} < DT r

for some constant D depending on the weight of the cusp form, k, and on the sequences (c;) jeN
and (A;j);cy- Returning to (3.5.13) and invoking (3.5.10), we can reach the following inequality
satisfied by |Qf(u)l,

o~ Alu 212¢(2¢)1 2 e A/ 2 QAL o) ]
> laze| = < 2ne u
w2l uk = h2(404-2) u?

22
Qs(w)]| < 27DeT

=0 =
3 L2 —Aju 2104 44 3 2 —A/u 39 2
= GrseT S k: T 57 <%”7T%eTeT cosh( T
ut T (204 3) (204 1) () u hu
3
72 e™/36 3272\ 1
where we have used the hypothesis that |z| < %\/77, (3.1.26). Based on the inequality in (3.5.15), if

we select the constant h in such a way that A > %, then

u—07F h U

2m?\ 1
li%l+ |Qf(u)] < Cr2e™/3 lim u exp (— (A— 32m ) ) =0,
u—

3272
A
such that 7, < hn? for infinitely many values of n. This shows (3.5.1) and so we complete the

contradicting the fact that |Qs(u)| is positive decreasing. Consequently, we have found h >

proof of our Theorem. Finally, we note that we can replace the value of d in (3.1.28) by an explicit

constant. Taking A = 0.03 (roughly calculated in the proof of Lemma 3.4.2) and setting h = %,
we find from (3.5.1) that the constant d = - works in the estimate (3.1.28). O

Remark 3.5.1. To address the case where £ = 2 mod 4, the core argument remains largely

unchanged, requiring only a minor adjustment. Rather than working with the function Q(u), as
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defined in (3.5.11), we must instead examine the following alternative integral

Pr(u) := /z_g téz’f <§ + it) ©f,(t) cosh ((g — 2u> t> dt, 0<u< %,
0

where ¢y .(t) is the function constructed in (3.5.2). Invoking the second integral representation
(3.4.11) and using the bounds for age found in (3.5.10), one can prove that |Ps(u)| — 0 as u — 07,

thereby confirming the desired result.

3.6 Concluding Remarks

In this chapter we have proved estimates for the number of critical zeros of the arbitrary shifted

combinations
~ . ! a2 a _ . oo 2
F.o(s) == E cinNa(s+iXj) 1Fi |5 —s—iNj; o — |+ 1F1 | = —5+iN; 5 — | ¢, (3.6.1)
7o 2 2° 4 2 2° 4

G.s(s) = ch ng (s +1iAj) {1F1 (k: — 5 —1i\j; k; Zj) +1F (k‘ — 541N k; Z: } . (3.6.2)
J#0

The proofs of both estimates were based on the summation formulas (3.2.14) and (3.4.2), established

in the previous chapter. A natural question arises regarding how these results might be extended

in new directions. For instance, one could explore whether it is possible to relax the class of

hypergeometric functions involved in the combinations (3.6.1) and (3.6.2). Note that the second

parameter of the hypergeometric functions above depends on the Dirichlet series that precedes them:

in the first case, it is equal to /2 and, in the second, equals k. This invites further investigation

)

2
%—§+i>\j;u+1; ’1)} (3.6.3)

on the critical zeros of the following functions

—s—1Aj; v+ 1

NN

F.o(s;v) = ch Na (54 i)j) {1F1 (

J#0

oo

+1

~ 22
Gz,f(s; V) = ch nf (S + i)\j) {1F1 (k - S5 — i/\j; v+ 1; 4)
J#0

2
+1F (k' -5+ i\ v+ 1, z) } , (3.6.4)

where v is now a real parameter independent of « in the first case and of k£ in the second case.
We note that analogues of Theorems 3.1.3 and 3.1.4 can indeed be derived for the shifted
combinations given in (3.6.3) and (3.6.4), provided that v > § — 1 in the first case and v > k — 1

in the second. However, instead of relying on the summation formulas (3.2.14) and (3.4.2), more
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general transformations will be required. One such transformation'”, which will be discussed in the
next chapter, states that, when Re(rv) > —1 and Re(z) > 0, y € C,

S (1) () P e () =~ LT
2 ro(n)n e L (Vmny) = T+ 1)
1//2 2
ye i 2) Y my a
_ Py 17* 1; — — .6.
+2”F1/+1xa/22 ( Tyt Ty’ Ax? <n+4)>, (3.6.5)

where ®3(b; c; w, z) is the usual Humbert function,

(b) whzm

0 (C)k+m klm!’

(o.¢]

D3(b;c; w, z) = Z (3.6.6)
k,m=

whose series converges absolutely for any w, z € C. By using (3.6.5) instead of (3.2.14), we can

establish a lower bound for the number of critical zeros of the function F, ,(s; v) defined by (3.6.3).

Analogously, Theorem 3.1.4 can be extended to shifted combinations of the form (3.6.4) by using

the transformation formula

oo

Z ag(n) n"z e 2T, (\/ 21 y)
n=1
L (mD)R2pviyrpth 2 2 _2mn y* myin
= T 1) e 4w nglaf(n)e e P3| 1 —-k+viv+1; an g2 ) (3.6.7)

Note that (3.6.5) and (3.6.7) reduce to (3.2.14) and (3.4.2) when v = § —land v =k — 1,

respectively. This is the case because the Humbert function satisfies the reduction formula
D3 (0; 5w, z) =T () P (2v/2),

which is an immediate consequence of the power series (3.6.6). A plethora of new results can be
derived when the hypergeometric function 1 F} (a; ¢; ), contained in the shifted combinations (3.6.1)
and (3.6.2), is replaced by the generalized hypergeometric function o F (a, b; ¢, d; z) or by Gauss’

function o F(a, b; ¢; 2).

Another direction that this work can take concerns even more general shifted combinations of
completed Dirichlet series. To continue, recall again the notation 5(s) := 7—%/2I'(s/2) ((s). In the

paper [73], the authors have posed the following interesting problem: if one considers a combination

7 Although the identity (3.6.5) may not be of inherent interest, it serves a crucial role in deriving new summation
formulas for expressions of the form ) > | rk(n)n% I, (Y\/ﬁ) K, (X\/ﬁ), where X > Y and Re(u), Re(v) > 0 (cf.
Theorem 4.4.1 below). This development represents a generalization of a formula established by Berndt, Dixit, Kim,
and Zaharescu [43], which will be presented in the following chapter.
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of shifted products of the form

H.(s):= i Cmn M (84 1Am) 1 (s+ i)

m,n=1
1—s—i\, 1 22 1—s—iX\, 1 22
Ja i P ——"n. -2 6.
XRe(l 1( 2 7274>>Re<1 1< 2 ) 74>>7 (368)

under what circumstances will H,(s) have infinitely many zeros on the critical line? Even when
restricted to z = 0, it seems very complicated to formulate a correct conjecture to attack. Indeed,
consider the case where ¢y, p, := dp, O, dim, > 0, and set z =0 in (3.6.8): we are then dealing with

the study of the zeros of the function

o0
= > dmn’ (s +iAm), dm > 0. (3.6.9)

m=1
It is simple to give an example where H(s) does not have a single zero located at the critical line
Re(s) = % For some sufficiently large M, consider the finite sequence A, =m, 1 <m < M, and
assume that dj = 0 when m > M + 1. If the function H(s) := >1<,.<ps dm n? (s + im) had a zero

on the critical line, say sg = % + 47, then, due to the non-negativity of d,,, one would deduce that
.
7)<2+2(T+m)> =0, forl1<m<M. (3.6.10)

But (3.6.10) is impossible to meet when M is sufficiently large, because every arithmetical sequence
contains infinitely many elements which are not zeros of ((z).1® Therefore, it seems difficult to
secure a correct result regarding combinations of shifted products. However, one may conjecture
that a combination of the form (3.6.9) has infinitely many critical zeros for “infinitely many” pairs
of bounded shifts.

Conjecture 3.6.1. Let (c¢ji)jren be a double sequence of non-zero real numbers such that
Yoik=1 lcjkl < 0o and (Nj)jen, (Ap)ken be two bounded sequences of distinct real numbers that

attain their bounds. Then there are infinitely many ™ # 0 such that the function

G(s; 1) = Z CikNa (8 +iXj) N (s + i1 +iX})
k=1

possesses infinitely many zeros on the critical line Re(s) = §.

Lastly, we should address a situation where a zero counting problem, similar to those examined

in this chapter, yields a more precise estimate than the ones provided by our results. Specifically,

_ 2mm
~ log(2)
n (3.6.9), then our reasoning above would also contradict a very interesting result due to Steuding and Wegert [216],

which states that
2mm 1 log(M)
44T+ = — 4+ O —=—=~ s M — oo.
M Z C( g(2)> 1—27 3 ( VM

0<m<M

8This is a beautiful observation (with a simple proof) made by Putnam [173, 174]. Note that, if we pick A,
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under the conditions outlined in Theorem 3.1.3, one can explore the problem of counting the zeros

of the function -
Z(t)=> ¢ Z(t+A)), (3.6.11)
j=1

where Z(t) represents Hardy’s Z—function [120],

2(t) = ¢ (; 4 it) (X (; + it)>1/2 x(s) == 27 L sin (“;) (1 - s). (3.6.12)

Building on Ingham’s work [118], and following an approach very similar to Atkinson’s [7], Hall
[[104], p. 103, Theorem 5] deduced a curious integral formula involving the product of Z(¢) with a

shifted version of itself. He proved the asymptotic formula

T 00 .
O/z ) 2 (t + logﬁ(T)> gt =52 Smﬂ(%” Tlog(T) + O(T), (3.6.13)

j=1
where 0 < 8 < 1. A formula akin to (3.6.13) was derived for the first time by Atkinson [7] Pand it
was used by him to give a very short proof that the Riemann zeta function has > T'/log(T') critical
zeros?’. Assuming that 3 cjz < 0o (which is actually implied by the condition ) |¢;| < oo present
in our Theorems 3.1.3 and 3.1.4), Hall proved that, if Vy(T) denotes the number of critical zeros,
s=2+it, 0<t<T,of Z(t), then No(T) obeys to the estimate

T

No(T) > log(T)'

(3.6.14)

While the function described in (3.6.11) differs significantly from the shifted combinations in
(3.1.20), it is reasonable to conjecture that lower bounds similar to (3.6.14) might also apply to the
shifted combinations discussed in this chapter. We now state a conjecture which, if proven, would

significantly improve the result given in Corollary 3.1.1.

Conjecture 3.6.2. Assume the conditions of Corollary 3.1.1 and, again, let No o(T') denote the
number of critical zeros, s = § +1t, 0 <t < T, of the following function
~ 0 . .
Fols) =D ¢ {m TN (s 4 idy) Ca (s i0g) + 7 TN D (s = i) Ca (s — i) } -
j=1

Then there exists some constant ¢ > 0 such that

lim inf Lo’a (7)

> c. 6.1
Thee T = (3.6.15)

As it can be seen from Jacobi’s four-square Theorem,

Ca(s) = 8(1—227%)((s) (s — 1),

9The reader may check [[[120], p. 121] to find a careful analysis of the main differences between the results of Hall
and Atkinson.
205ee the above introduction or Baluyot’s paper [12] for a concise description of Atkinson’s results.
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the estimate (3.6.15) cannot be in general improved to No o(7") > T log(T). By the result of Siegel
already mentioned at the introduction to this chapter, whenever o € N>y, (, (s) has < T' zeros of
the form s = § +it, 0 <t < T. This result underscores why (3.6.15) might be the best estimate
that is possible to prove. In any case, we conjecture that for ((s), which corresponds to the case

where o = 1, the following estimate holds

No (T
lim inf 0’1( )

EAUCUIER 6.1
it ey = ¢~ (3.6.16)

which can be seen as another generalization of Selberg’s famous result (3.1.4).

Following the structure of this chapter, one may also formulate the following conjecture for L—
functions associated with holomorphic cusp forms. If true, this result would constitute a massive
generalization of Hafner’s theorem [102], presented in a different setting than the one considered by
Rezvyakova [182].

Conjecture 3.6.3. Assume the conditions of Corollary 3.1.3 and, again, let No ;(T) denote the
number of critical zeros, s = % +it, 0 <t <T, of the following function
Gy(s) =3 e {@m) ™MD (s +idg) L(s+ N, ) + (2m) TN T (s = idg) L(s — iy, f) ]
j=1

Then there exists some constant d > 0 such that

No (T
lim inf L()

> d.
T—oo Tlog(T) — d



Chapter 4

A class of Summation Formulas
attached to products of Bessel

functions

4.1 Introduction

The insights contained in Ramanujan’s lost notebook [179] still inspire a lot of new mathematical
ideas. Recently, the discovery of some overlooked works from the Russian school, namely from the
mathematician N. S. Koshliakov [132] has produced a similar effect on mathematical research (cf.
[40, 43, 68] and our next chapter). Belonging to the same tradition as Koshliakov, the mathematician
and linguist Alexander Ivanovich Popov (1899-1973) made his contribution to Mathematics by

providing new interesting summation formulas.

In a fairly unknown paper [168], Popov states the following beautiful result. If Re(x) > 0 and
z € C, then

Sl i3 . r(n)
z2 'waTaxd o rr(n
22/8 2?2/8 k —mnz
T € ++Vze Z 1 Ji_(Vmnwz)
227 5) n—1mi 2
k k 1 k 2
22 lgpai—agTa g7 /8 X2

8 5 re(n) _zm I, ( mz) 7 (4.1.1)

where 7(n) denotes the number of representations of the positive integer n as a sum of k squares
and, as usual, J,,(z) and I,,(z) respectively denote the Bessel and modified Bessel functions of the
first kind. A couple of reasons why this identity is fascinating are already provided by Berndyt,
Dixit, Kim and Zaharescu in [[42], pp. 3795-3796]. For the purposes of our discussion, we shall

enumerate them.!

In the introduction to this chapter we will follow closely the brilliant expositions that can be found in [39, 42, 43].

191
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1. If we construct the Dirichlet series attached to r(n),

Cols) = i T’“fn(f), Re(s) > g (4.1.2)
n=1

then (;(s) can be continued to the complex plane as a meromorphic function possessing only
a simple pole at s = £ with residue 7*/2/T'(k/2). Moreover, as we have seen in countless

ways before in this thesis, it satisfies the functional equation

m(s) = n TG =m i (5 -s)a (3 -s)=m (5 -5). @1y

Note that, when k = 1, r1(n) = 2 if and only if n is a perfect square and zero otherwise.
Therefore, (4.1.2) reduces to

Qs =Y ”Tf?) _oy n12 — 2((2s), Re(s)> % (4.1.4)
n=1 n=1

Furthermore, (4.1.3) with k£ = 1 gives the functional equation for Riemann’s (—function

77T (s) ¢(25) = 72T G - s> C(1-2s). (4.1.5)

The first point highlighted in [42] is that the powers of n in the denominators of both sides of
(4.1.1) are remindful of the functional equation (4.1.3).

2. Riemann’s second proof of the functional equation for {(s), (4.1.5), employs the transformation

formula for Jacobi’s #—function,

—mnte _ 1 6_§ = Lot e(r
0(x) := T%:Ze = \/57% : \/50 <$) , Re(z) > 0. (4.1.6)

The theta transformation formula associated to the Dirichlet series (x(s) can be obtained by
taking the k'™ power on both sides of (4.1.6). This results in

Z rp(n)e ™ = a e Z rr(n)e” =, Re(z) >0, (4.1.7)
n=0

where we take the convention 7(0) := 1.2 Of course, the exponential factors on both sides of
(4.1.1) remind us of the theta transformation formula (4.1.7). In fact, (4.1.7) is a particular
case of (4.1.1) when we let z — 0, due to the limiting relations for the Bessel functions [[164],
p. 223, eq. (10.7.3)]

9-v

N L B
lim y Jy(y)—ig%y Iy(y)—ir(wrl)-

y—0

2Which makes perfect sense because there is only one way in which 0 can be expressed as a sum of any number of
squares. It also agrees with the convention given in item 4 of Definition 1.1.1 in the first chapter.
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3. Chandrasekharan and Narasimhan [[53], p. 19 eq (65)] proved yet another equivalent
identity to (4.1.3) and (4.1.7). If z > 0 and ¢ > %51, then

kE k

1 m2x2

/ +q 00 T EJF%
m Z Tk(TL)(«IfTL)q: +7r_q2rk(n) (TL) J§+q(27r\/ﬁ),

0<n<z r (q + 1+ g) n=1

(4.1.8)
where the Bessel series on the right-hand side converges absolutely. The prime on the
summation sign indicates that, if ¢ = 0 and z is an integer, then the last contribution in this
Riesz sum is just 37 (z). The appearance of the Bessel functions in (4.1.1) reminds us of
(4.1.8).

Berndt, Dixit, Kim and Zaharescu [42] emphasized the importance of Popov’s result by explaining
its connection with the formulas stated in the previous three items. We would like to add another
item to the list, which is perhaps more directly related to the second item above. When k =1,
(4.1.1) gives the identity3

e 7Tn2
zie?/ {1+2Z€ ™’  cos ( ﬂxnz)}:xiezz/g{l—FQZez cosh(,/Wm,“)},
T
n=1

(4.1.9)
which is mainly due to the particular cases of the Bessel functions [[221], p. 248] (cf. (2.2.20)

above),

J_%(x) = 71% cos(x), I_%(ac) = \/Z cosh(x).

Popov provided a sketch of a proof of his beautiful formula (4.1.1). However, as remarked in
[[42], p. 3796], his proof contained some flaws and the argument was purely formal. To give some

context into Popov’s argument, we start by briefly commenting on the work of Voronoi.

In his general study of summation formulas, Voronoi [24, 215, 230] stated for the first time the
following identity

> raln) = =1 4+va 3 2L ) (1.110)

0<n<lz \f

although disclaiming to have a fully rigorous proof. The first known proof of (4.1.10) seems to
have been given by Hardy [105] during his study on the average order of the arithmetical function
ro(n). Another proof of (4.1.10) was later provided by Hardy and Landau [107, 108]. For more
details about Voronoi’s summation formula, we refer to the papers [24, 39, 157], where several

proofs (4.1.10) are mentioned.? Popov claimed that, for any k > 2, the generalization of (4.1.10)

3This implication was proved in a general form in Corollary 2.2.1 above.
“We would like to mention, as a footnote, our favorite argument to obtain (4.1.10), due to Ivié¢ [121]. Tvié’s proof
uses the injectivity of the Laplace transform and the transformation formula for the theta function

i?‘g(n) e " = i WT Re(z) > 0,
n=0

n=0
resulting in a very short argument.

&%\*—‘
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takes place

/ (max)k/? £ o= Tk(n)
Z ri(n) = o 1t Z — Jr (2my/nx) , (4.1.11)
0<n<z r (5 + 1) =1 ni 2
and he employed this very strong version of (4.1.8) to derive an analogue of Voronoi’s summation
formula
- h(z) rr(n)
lim ——5 — 1 h(n)
z—0 7~ 3 n—1 Mt 2

k_
ni4

[N N

i /%% )da + Z (n) /h ) Iy (2m /) do (4.1.12)
n=1 0

where h is some “suitable function™® First, as noted in [42, 43], Popov does not impose any
conditions on h(z) for the validity of the formula (4.1.12). Besides, in most versions of Voronoi’s
summation formula, such as (4.1.12), the conditions imposed on h(z) are often too restrictive to
directly derive (4.1.1) from an application of (4.1.12).

Popov asserted (4.1.11) because he continued to work under the assumption that (4.1.8) is valid
for any ¢ > —1. This stands in sharp contrast to the condition imposed by Chandrasekharan and
Narasimhan [53, Theorem III, p. 14], which requires that ¢ > %53 and appears to be optimal. Using
a variant of Voronoi’s summation formula due to Koshliakov, Wthh applies to analytic functions
and whose proof does not rely on (4.1.8), Berndt, Dixit, Kim and Zaharescu [42] provided the first
rigorous proof of (4.1.1).

Aiming to study the zeros of shifted combinations of Dirichlet series, we have established,
independently of Popov, an extension of (4.1.1) to a class of Hecke Dirichlet series.® One of the
main ideas permeating our second chapter is that (4.1.1) can be achieved through an integral

representation of the form”

5—1 2 0
z%/8 k k k 2 )
Tz e _k_j . Z —it
= r t t) 1K1 [ = t; —; —— dt.
<2> 2%F(’§)_4W4 (4+Z>Ck( +z)1 1<4+z,2, )

(4.1.13)

SWhen k > 3, the series on the right-hand side of (4.1.11) does not converge but can be studied as a “Riesz
summable” series. For details, we refer to the works of Dixon, Ferrar and Oppenheim [78, 165]. The Riesz sum
(4.1.11) is given in Oppenheim’s paper [[165], p. 297, Theorem 2] and Oppenheim proves that the series on the
right-hand side of (4.1.11) is Riesz summable (R, n, % + e), for any € > 0. However, it is not clear how Popov could
use (4.1.11) to prove (4.1.12) rigorously.

6Such extension was stated for the first time by Berndt in [24]. Berndt used a generalized version of Voronoi’s
summation formula (4.1.12). Note that, throughout this thesis, we have stubbornly avoided this approach of proving
general summation formulas and we have always prefered to start with a Mellin-Barnes integral and, afterwards,
study its symmetries.

"When k = 1, (4.1.13) gives a formula due to Dixit [[63], p. 374, eq. (1.13)].
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The main advantage of the formula (4.1.13) is that Popov’s result (4.1.1) can be now expressed
as a direct consequence of an integral representation. For instance, (4.1.13) allowed us to show that

a shifted combination of the form

F.o(s ch SHXNID (54 0)) Gl(s + i))
7j=1

k k22 ko k z
X{1F1<2—8 )\j72 4>—|—1F1< S+Z)\j;2;4>}

contains infinitely many zeros at its critical line. Moreover, the proof via the integral representation

(4.1.13) is far simpler than any proof that requires the use of Voronoi’s summation formula (4.1.12).

Besides helping in the study of the zeros of shifted combinations of the Dirichlet series ((s),
this formula of Popov proved to be very useful to derive new identities. In particular, for Re(v) > 0
and x,y > 0, we have been able to use (4.1.1) to deduce the following formula (see Corollary 2.2.4
and (2.2.74) above)

F(u)ﬂg_”_lyg_l

i re(n)n Ealt Jg_l(Qﬂ\/ﬁy) K, (2my/nz) = —
n=1

21‘”F(§)
L Y k
y2 ¥ (v+5) @ . o
+ ( 2) Tk(n) - o F} Z+ﬁ’ Z+§+,; ﬁ7¢2 ’ (4114)
QF@) ol D0 (n+ a4 y?) T2 2 472 4 272 (n4a244?2)

which, as we aim to clarify below, serves as a key motivation for this entire chapter.

As we have seen in the second chapter of this thesis, it is possible to rewrite (4.1.14) by replacing
the J—Bessel function by a modified I—Bessel function. In fact, if x > y > 0, an equivalent version
of (4.1.14) reads

3 H ['(v)r2 V*1y§*1
Y re(n)nz Ti e (2mvny) K, (2mv/na) = — .
n=1 22T ()
Ei 14
+y2 Ly F(VJr%) o0 rr(n) P <V+k 1/+k+1 k 4ny? >
b T B e e T I e T I
2T (%) v+l n=0 (n + r2 — y2)y+§ 2 4" 2 4 279 (n + 72 y2)2

These formulas involving products of Bessel functions yielded interesting particular cases. For

example, in (2.2.75), we have obtained the interesting summation formula

\/n2+x2+y2+\/n4+2n2 (a:2—y2)+(a:2+y2)2

1
+2 Z - =
V"’“2+y =i Vnt 202 (a2 — 42) + (a2 + 32)? "

2 oo
=21 - =2 4 2 Koy (2 .
og (x) v+ Z cos (2mny) Ko (2mnx)

n=1
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Other particular cases immediately arise from (4.1.14) and (4.1.15). If we let y — 07 in both
(4.1.14) and (4.1.15), we are able to obtain

v+ k) oo -
F( +2) Z Tk(n) Z n2K 27‘1’\/51‘), (4'1'16)

k
oV ts =0 (n+ $2)u+ 27r”:v”

n=1

being a valid identity for any = > 0 and Re(v) > 0.8 Curiously, just like (4.1.1), we owe (4.1.16) to
Popov [169]. Note that, due to the limiting relation for the Macdonald function [[164], p. 252, eq.
10.30.2]

lim 2¥ K, (x) = 27 'T'(v), Re(v) >0, (4.1.17)

z—0
one may find an interpretation for the term “n = 0” in the Bessel series (4.1.20) and then rewrite

(4.1.20) in a more compact form,?

D(v+5&)zr o 0 .
( 22 re(n) - = Z re(n)n2 K, (2my/nx) . (4.1.18)
27 T2 n=0 (7’L + 33'2)V+§ n=0

There are several particular cases of (4.1.16) that we found worth highlighting repeatedly
throughout this thesis. The most elementary particular case is when we take £ = 1. Since
C1(s) := 2¢(2s), one sees that (4.1.16) reduces to the formula

+2 Z n"K, (2mnx), x, Re(v) >0, (4.1.19)

F(V—F%)l‘ Z

I
vts (n? + 22)” 27r x”

which was established by Watson during his formal study of self-reciprocal functions with respect
to Hankel’s transform [233], four years before the appearance of (4.1.18) in Popov’s work.
Yet another interesting particular case of (4.1.16) emerges when we set k = 2, resulting in the

beautiful formula

F (V + ].) fL'V s 7“2(”) o0
v+l Z (n + xQ)VH - 27[-qu Z n2K (2mvna), (4.1.20)
n=0

n=1

which is valid under the restrictions Re(r) > 0 and x > 0. Analogously to (4.1.18), this particular

formula can be written in the more compact form

S 2w e = 3 ra(mniK, (2nvina). (11.21)

Using a variant of Voronoi’s summation formula (4.1.12), Dixon and Ferrar [77] proved (4.1.20)
for the first time. It is reasonable to anticipate that several interesting formulas may emerge as

direct corollaries of (4.1.20). As remarked in [43], when we set v = I and use the elementary

81n fact, it valid for a much more general case, where  is complex and satisfies Re(z) > 0.

9Throughout this chapter, we shall use the different versions (4.1.20) (4.1.21) in the contexts in which one or the
other is more convenient. For example, we have recorded the compact version (4.1.18) before in this thesis as formula
(2.2.45) of the second chapter.



4.1 Introduction 197

reduction formula [[164], p. 254, 10.39.2]

K% (2) = % e ?, (4.1.22)
one is able to deduce a result of Hardy [105]
o0
; ro(n) eV = 20 1§ org Z = +47T2 ERyRm x> 0. (4.1.23)

Hardy [36, 105] readily employed (4.1.23) to derive a lower bound for the error term in the circle
problem, which he proved to be'?

i

P(x) :=

(]

ra(n) — 7z = Oy (27). (4.1.24)

0<n<lz

At the end of his paper, Hardy concluded that his formula (4.1.23) could be presented as a

particular case of a beautiful formula of Ramanujan, which says that, for a,b > 0,

> A
n+a

n+a

(e}

—2my/a(ntb), (4.1.25)

According to [[36], p. 108] and [[32], p. 126], this identity is not given elsewhere in any of
Ramanujan’s published or unpublished work. The beautiful symmetry of the parameters a and b
in (4.1.25) is indeed striking. Hardy’s sketched proof of (4.1.25) used the transformation formula
for Jacobi’s theta function. The full details of Hardy’s suggested proof were completed by Chan
and Toh [52] and these authors remark “We surmise that our approach is very similar to that of
Ramanugjan.”. As we hope to show later (see Remark 4.2.2), the proof suggested by Hardy, which
takes the point of view of the theta transformation formula, may not be the initial approach taken
by Ramanujan to deduce (4.1.25).

Besides proving (4.1.20), Dixon and Ferrar also gave a proof of (4.1.25) following a totally
different principle than the one sketched by Hardy. In fact, using again their variant of Voronoi’s
summation formula and invoking some integral evaluations of Sonin type, they obtained the general

formula

0 2 0 1y
ng(n) (n—ll)—a) ’ K, (27n/ n+a) > z_:org (n—i—b) ’ Ki_, (27r (n+0b) a) ,

" (4.1.26)
which is valid for any v € C and a > 0, Re (\/5) > 0.!2. This interesting result generalizes both
Ramanujan’s formula (4.1.25) and the particular case of Popov’s formula (4.1.20). Ramanujan’s
formula easily results from (4.1.26) after we set v = % and then use (4.1.22). Obtaining (4.1.20)

10 e., there exist two sequences of real numbers () nen and (yn),, oy tending to infinity and two positive constants

A and B such that, for every n € N, P (z,) > Az)/* and P (yn) < —Byy/*.

in fact, it is valid for the much wider region Re(a), Re(b) > 0, but for the sake of exposition of our next results
we will keep all these parameters as real and positive.

12Tt is possible to extend this to Re(a) > 0 and Re (\/l;) > 0 as later shown in [23, 37, 41].
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needs some further restrictions on (4.1.26): for example, if we replace v by —v in (4.1.26) and then
suppose that Re(r) > 0, (4.1.26) implies

0 b -z 0 a VTH
> ra(n) <n+a) K, (27r (n+a)b> :7;)7“2(71) (n—i—b) Kyiq (27r (n—i—b)a) ,
(4.1.27)
and so, if we let @ — 07 in (4.1.27) and invoke the limiting relation (4.1.17), we find that Popov’s
formula (4.1.21) must hold, this is

i r2(n) ns K, (2%\/7%) = Llv+ 1) i r2(n)

= 2rvtl = (n b)Y

The collaboration between Dixon and Ferrar continued to generate new ideas in the theory of
summation formulas. In the sequel to the paper where (4.1.27) is proved, these authors studied, for

example, the summability in Cesaro means of a series of the form

o0

Z n) Jo( 27r\ﬁ)

where A € N is such that r9(A) = 0. They also extended earlier proofs, primarily due to Wilton

[238, 239], of Poisson’s and Voronoi’s formulas to a broader class of functions.

As stated in [[24], p. 140], Ferrar seems to have been the first mathematician to clearly draw a
connection between the functional aspects of a summation formula and the behavior of the Dirichlet
series underlying it. Around the same time as the formula (4.1.27) was published, Ferrar embarked
on a study of summation formulas that possess symmetric properties [89]. To give an example, let
us recall Koshliakov’s formula (1.2.30), introduced in Example 1.2.1 of the Chapter 1,

1 > 2
\/a?{ log( ) + 4 Zd ) Ky 27rnx)} 7 {fy—log(47r;1:)—|—4 > d(n) Ko (m>}
x x
n=1
(4.1.28)
where d(n) := >4, 1 is the classical divisor function and x > 0. Just like (4.1.26) or the theta

transformation formula (4.1.7), this particular formula is quite symmetrical. A formal way to view

it is as just one example of a “modular” relation of the form

Flx)=F (1> , x>0, (4.1.29)

T

where F is a function of arithmetical interest.!3

13Tn the case of (4.1.28), F(x) represents an infinite series containing d(n) and some residual terms.
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Besides Koshliakov’s formula (4.1.28), Ferrar provided another interesting transformation of the

form (4.1.29). He showed that, if a and § are two positive real numbers such that o = 1, then

e 2 2 -
2@7;{@"”2"1(0( 5 )—aln}—i-\}a(v—log(16w)—2log(a))

_oyB S e K (””W)—l} L 1eg(16m) — 210 . 4.1.30
ﬁz{ o[ 55 ) = 5  + 5 (= lox(16m) 2105 () (1.1.30)

Around the same time of the publication of [89], Popov continued his study of summation formulas
attached to the arithmetical function ro(n) [169]. He stated that, if Re(v) > 0 and oo > 8 > 0, then

the following beautiful formula holds

2 S o1 (s (v - ) 1 o v+ )

n=1

v—myaf " > r2(n)

= . . (4.1.31)
vv/apB (vVa + v/B)? 7; VntayvntB(Vnta+vntp)’
Taking the convention that r9(0) := 0, the previous formula can be rewritten in the following
compact form
27 >
m Z ro(n) I, (7r (x/noz — \/nﬁ)) K, (7r (\/noz + vnﬁ))

n=0

ra(n) (4.1.32)

S VaTavata(Vitatyvath)

Popov’s result (4.1.31) is already evocative of our identity (4.1.15), because it contains an
infinite series involving a product of two modified Bessel functions. Note that, just as Dixon and
Ferrar’s formula (4.1.27), Popov’s result (4.1.32) is also a generalization of (4.1.21)! This can be
easily seen once we take o — 3 — 07 and then use the limiting relation for the Macdonald function,
(4.1.17), as well as

2_V
li V] = —.
yli%y V(y) F(l/ + 1)

(4.1.33)

Popov neither gave a proof of (4.1.32) nor did he indicate how to prove it. The authors of [43]
speculate about the possible method that could have led Popov to the formula (4.1.32), linking
Popov’s reasoning to reach (4.1.32) with his flawed, sketched proof of (4.1.1). The main issue in
Popov’s hypothetical argument seems to be once more his unfounded claim concerning the Riesz
sum (4.1.11).

Up to this point, we have discussed two very general formulas, namely (4.1.27) and (4.1.32),
that imply (4.1.21). A question that one may ask is whether there are generalizations of (4.1.27)
and (4.1.32) when the arithmetical function r3(n) is replaced by 7(n), for a general k € N.

From the point of view of Voronoi’s summation formula (4.1.12), the extension of these formulas

may seem delicate, because one can no longer rely on a formula of the form (4.1.8) for ¢ = 0 and
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k > 3. In any case, there are always clever ways to attain this goal and surpass the technical
obstacles posed by this challenge. Based on the general work of Berndt [23], Berndt, Lee and Sohn
[[37], p- 39, eq. (5.5)] established the formula
= b \? e a \i%
> ri(n) (n " a) K, (27r (n+a) b) = z_:ork(n) (n " b) Kg_u <27r (n+0b) a) ,

" (4.1.34)
valid for any v € C, Re(a), Re(b) > 0 and k > 2. Recently, some new interesting analogues of
(4.1.34) have been derived by Berndt, Dixit, Gupta and Zaharescu [41] where, for instance, the role

of r¢(n) is replaced by a wide variety of arithmetical functions.

On the other hand, Popov’s formula (4.1.32) was generalized by Berndt, Dixit, Kim and Za-
harescu [43] to incorporate the arithmetical function r(n). We have encountered this generalization

before in this thesis, namely in Remark 2.2.4 of the second chapter. The main formula obtained by
these authors is [[43], Theorem 1.6]

3 1 (r (v ) £ (n (v + ) =g (YY)

n=1 \/7+\/>
F(V"‘ ) Z (n) vnta—vn+B\
26175 T (v + 1) \/n+04\/n+5 vnta+y/n+p

1 1 k=2 k k. (Vnta—n+p ?

which is valid for every integer k > 2, Re(v) > 0 and Re (y/a) > Re (/) > 0.

Like our formulas from the second chapter, namely (4.1.14) and (4.1.15), the identity (4.1.35)
seems to be very complicated because it involves Gauss’ hypergeometric function in one of its main
infinite series. However, as we had the opportunity to explore in the second chapter, these kind of

formulas possess many interesting particular cases. We now describe the main steps guiding the
proof of (4.1.35).

1. The authors of [43] begin by invoking a variant of Voronoi’s summation formula developed by
Guinand [98], which they use to rigorously derive the summation formula that Popov left
purely formal, (4.1.12). They show that, under certain conditions over a given real function

and its Hankel transform!4 [[43], p. 314, Theorem 1.5], the following formula of Voronoi type

These conditions are essentially concerned with the decay at infinity of the function f(x) and of its Hankel
transform, g(z), (4.1.37). Similar conditions for (4.1.36) to hold have been studied by Yakubovich in [246] and the
class of functions there introduced, the so-called Miintz class, seems appropriate to apply in the study given in [43].
See also [145] and the fourth chapter of [190] for a variant of (4.1.36) in the case k = 2.
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holds

) k )
TL\n T2 E_1
=2 'Z(,;)g(") -~ /;;;4 29() du, (4.1.36)
n=1 n4 2 P (5) 0

where g(x) is defined as the Hankel transform

7r7f Ji_y (2mV/at) dt. (4.1.37)
0

2. After proving the summation formula (4.1.36), they apply it to the function

fap(x) = 21 <\/x+0‘_\/x+/3)y( 1 1 )k—2

vVetavr+p\ver+a+x+p \/x+oz+\/x+ﬂ
2
><2F1(1/—|—1—];,1—l;;u+1; <\/x+a—\/x+ﬁ>)’ (4.1.38)

Ve+a+yr+ 6

under the supposition that a and S are two real numbers such that « > 5 > 0. In order to
find the corresponding Hankel transform, g(z), defined by (4.1.37), they employ an integral
formula due to Koshliakov [[133], p. 146, eq. (1)],

70J( ) Va2 + 22 — Va2 1w\’ uktl ( 1 N 1 )2“
u
/ MO\ VE T 2 vid+ut) Vit 2Vl \Val+ 2 VRt u?

R N 7\ 2
xQFl(v—u,—u;erl;(\/u +22 =V +w> du

Vu2 + 22 + Vu? 4 w?

_ P(Fy(i;i)l) (20" I, (’)(22_“’)) K, (’)(22*“’)) , (4.1.39)

which is valid for Re(u) > —1, Re (,u +2v+ %) > 0 and Re(z) > Re(w) > 0.

3. Combining (4.1.36) and (4.1.39), they reach (4.1.35) almost immediately. The last steps in
the argument of [43] are made of several transformation formulas for the hypergeometric
2F'1(a, b; ¢; z). Although the application of (4.1.36) to the function f, g(x), (4.1.38), is only
valid under the assumption a > § > 0, the authors of [43] extend the resulting summation
formula, (4.1.35), to the region Re(y/a) > Re(y/B) > 0 by applying the principle of analytic

continuation.

Although the formula (4.1.35) possesses several interesting particular cases, the restriction that
the indices of the Bessel functions, I,(X) and K, (z), must be the same may be seen as somewhat

restrictive in the exploration of new summation formulas.
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On this point, Berndt, Dixit, Kim, and Zaharescu conclude their paper with the following

remark:

“The summands in (1.31)'> contain a product of Bessel functions I,(X) and K,(z). Divon and
Ferrar obtained integral representations for the product 1,,(X) K, (x), where the orders ji and v are

not necessarily equal. Therefore, perhaps exists a more general transformation than our formula.”

Since we have obtained a summation formula totally analogous to (4.1.35) but involving, instead,
the product Ir_,(X) K, (z) (see (4.1.15) above), we may ask if the formulas (4.1.15) and (4.1.35)
are in some wafy connected to one another and if they can be written as particular cases of a greater
summation formula.

Our hope to this chapter is, then, to give a general transformation formula that includes
both formulas (4.1.35) and (4.1.15) as particular cases. Our main goal is to see what kind of

transformation will emerge when considering the infinite series
o) v
Sk(x,y; p,v) = Z re(n)n2 I, (2rv/ny) K, (2ry/nz), (4.1.40)
n=1

where k € N, x >y > 0 and p and v are complex numbers satisfying certain conditions (given later
in this chapter).

Looking at the overall shape of Sk(x,y; u, V), we can easily see that it reduces to the left-hand
side of (4.4.39) when pu = v. Moreover, when p = % — 1, it becomes precisely the infinite series
studied in the second chapter, (4.1.15). Although the study of the general series (4.1.40) is only
given in the third technical section composing this chapter, we consider the first two technical
sections preceding it as very important, because we establish there new proofs of the already known
formulas (4.1.25) and (4.1.35) using the formalism of index transforms. Besides, we believe that
our proof of Ramanujan’s formula (4.1.25) is of some interest because, as we speculate in Remark

4.2.2, a similar reasoning might have led Ramanujan to its derivation.!®

This chapter is organized as follows:

1. In the second section, we give a totally new proof of Berndt, Lee and Sohn’s formula (4.1.34)

by essentially exploiting the symmetries of the integral

7 Mk (Z + it) Kip(z) € "dt, (4.1.41)

—0o0

where, as noted before, (4.1.3), nr(s) denotes the completed Dirichlet series

ne(s) == 7 °T(s) (x(s).

Sformula (4.1.35) above.
$Even if our proof is not the same as Ramanujan’s, our reasoning might have appealed to Ramanujan because we
employ the same method as he used in several of his papers.
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In particular, the study of (4.1.41) in the case where k = 2 leads to a new proof of Ramanujan’s
beautiful result (4.1.25). Given Ramanujan’s tendency to express summation formulas through
symmetric integral representations, it is not unreasonable to wonder if our approach is close

to Ramanujan’s original method for deriving (4.1.25).

2. In the third section of this chapter we give a new proof of the formula due to Berndt, Dixit,
Kim and Zaharescu (4.1.35) that avoids any use of Voronoi’s summation formula (4.1.36).
Instead, our approach takes the formula (4.1.16) as a starting point. We believe that our
proof is much simpler than the proof presented in [43], because we no longer need to rely on
Guinand’s result [98], as the authors of [43] do. We also write a remark on how another proof

can be achieved by invoking the theta transformation formula,

o k s ™n
E re(n)e” ™ =x"2 E rp(n)e” =, Re(x) > 0.

3. In the fourth section we prove a generalized summation formula for the infinite series
o) v
> re(n)n = I, (2wv/ny) K, (2mv/nz), Re(u) > —1, Re(v) > 0. (4.1.42)
n=1

As we shall see, the future transformation formula will require that we handle with the

so-called Appell hypergeometric series [[84], p. 222],

Fy (a5 B; 7,75 w, 2) == i (a)m+n(ﬁ)m73n w™z", \/m—f- \/Q < 1. (4.1.43)

oty mlnl (V)

As one should expect, (4.1.43) is the special function that will naturally expand the role of
the hypergeometric function 2Fj(a, b; ¢; z) in formulas (4.1.35) and (4.1.15). After this, we
take certain combinations of the parameters 1 and v in (4.1.42) and look for meaningful
reduction formulas that the function Fj («; 8; v,7v'; w, z) might have. The following infinite

series (making sense for Re(v) > 0 and z > y > 0)

i ri(n) I, (2mv/ny) K, (2mv/na), (4.1.44)

i re(n)nd 542 I, (2mvy) K, (2mv/na) (4.1.45)

and

i i) Ly 2mV/ny) K, (2mv/nx) (4.1.46)

will be studied with great detail below. Although the first two series, (4.1.44) and (4.1.45),
are, respectively, partially studied in [43] and in the second chapter above, in this chapter we

take a more detailed approach and try to furnish several new particular cases.
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4. In the fifth section of this chapter, we use the symmetries lying in the study of the infinite
series (4.1.45) to prove new formulas of Guinand and Koshliakov type, already introduced in
the first chapter (recall (1.2.28) and (1.2.30) above).

5. The sixth and final section of this chapter is devoted to present a new analogue of Ferrar’s

formula,'”

2.2

2va i {6”22“21(0 (m a ) - 1} + X (7~ log(16) — 21og ()
n=1

2 an Va

oo 71'77,22 T 232
:2\/37;{6 25 Ko( n2/8>_ﬁln}+\}B(y—log(l6ﬂ)—210g(5))7

in which the summation index, “n2”, is replaced by its “multidimensional analogue”, this is,

“nf+..+ni"

4.2 A new proof of Ramanujan’s formula using the Kontorovich-

Lebedev transform

Although one may suppose that Ramanujan obtained (4.1.25) by using the reflection formula for
Jacobi’s theta function, as Chan and Toh remark [52], it is the purpose of this section to give a
new proof of Ramanujan’s formula (4.1.25) that, in our view (see Remark 4.2.2 below), contains
some ideas that were familiar and firstly used by Ramanujan himself.

Before doing this, we will need some preliminary results. We start with an informal definition
that, although not explicitly needed to prove (4.1.25), will be of great use in the exposition. For a real
function f(7) belonging to a “suitable class”, one may informally introduce the Kontorovich-Lebedev

transform as

(KL(f))(z) := / Kir(z) f(r)dr, >0, (4.2.1)
0

which depends on how the special function K, () behaves with respect to its order. For a complete
study of this transform restricted to functions belonging to the weighted space L, , (R;), see [[243],
Chapter 2].

We shall see in this section that Ramanujan’s formula (4.1.25) and, more generally, (4.1.34),
can be proved using an integral transform resembling (4.2.1). This means that, if we take the index
integral transform (4.2.1) as a starting point, the resulting integral symmetries will prove to be

instrumental in getting new formulas.

First, let us see some asymptotic formulas for the kernel K;-(x) to our study. By [[243], p. 20,
Theorem 1.7], this kernel has the asymptotic behavior

27 wr . 27 T a2 1
Kir(x)=y/—e 2 sm(710g(x)—7'+4+47_> {1+O(>}, T — 00, (4.2.2)

T T

recall that a, 8 > 0 are such that af = 1.
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with z € (0, X], X > 0. Although the exponential decay of (4.2.2) is very precise, the dependence
with respect to x is not very useful in the applications that follow, because, as © — oo or & — 0T
we cannot extract nice decay properties from (4.2.2).

However, there are powerful uniform bounds of the kernel K;;(z) which behave quite nicely
with respect to the variable z. The most famous and useful of these is essentially due to Lebedev

and it takes the form

X

N

| Kir ()] < A

= 2,7 >0, 4.2.3
sinh(7) or ( )

where A > 0 is some absolute constant. This inequality was very useful in [[243], p. 219] to justify
an inversion formula of an integral transform involving the Meijer G-function.!®

In this section, however, we will only need a uniform bound for K;(x) that, although uniform,
does not need the steep decay e~ "7/? as 7 — oo, just like (4.2.2) and (4.2.3) do. In most of the
occasions here, we only need to invoke the following inequality, valid for =, 7 > 0, [[243], p. 15, eq.
(1.100)]

|Kir(z)] < e Ko (2 cos(8)), 0<3< g (4.2.4)

Although the exponential decay with respect to 7 is not as steep as in (4.2.2) and (4.2.3) (because
§ < ), the behavior with respect to x is far better because, for any fixed § € [0, 7),

Ky (zcos(0)) = <2$C7(;S(6))1/2 o~ cos(6) {1 +0 (a:cols(é)ﬂ , T — 00,

Ko (wcos(8)) = —log (zcos(d)) + O(1), = — 0.

It is not necessarily needed that the index of K, (z) is a purely imaginary number to reach an
uniform bound of the form (4.2.4). As it is proved in [[248], p. 280, eq. (1.8)], under the same

conditions as in (4.2.4) the following generalization is valid
|Kyiir(2)] < e K, (2 cos(d)), o €R, 0<6< g (4.2.5)

which will be instrumental in the sequel. It is because of inequalities like (4.2.4) and (4.2.5) that
the integral (4.2.1) exists as an absolutely convergent integral for f belonging to a very large class
of functions.

Like any integral transform, it is very important to provide conditions allowing an inversion
formula for KL(f), (4.2.1). Although there are several results about the structure of this transform
in countless function spaces (cf. [247]), in the next lemma we present the classical inversion formula
for (4.2.1) when f belongs to a “nice” space of functions. The proof of the next result can be found
in [[249], p. 340, Theorem 1].

Lemma 4.2.1. Suppose that f(7) is a function whose Fourier cosine transform,

(Fuf)(z) = \/E / F(r) cos(a7) dr, (4.2.6)
0

18See also [251] for more inequalities of the form (4.2.3) with explicit constants.
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belongs to the space L1 (Ry).*° Then, for all T > 0, the following representation of f(7) is valid

flr) = r sinh (77) lim [ 2K (z) (KL(f)) (x) dz. (4.2.7)

72 e—0t

Our next set of results concern the evaluation of some integrals of the form (4.2.1) when we
take the function f(7) as dependent on the Dirichlet series (;(s). Our first theorem is nothing but

a useful integral evaluation.

Theorem 4.2.1. For anyv € C, u > % and x,& > 0, let Ty (x,&; v) denote the following Mellin-

Barnes integral
p+ioco

/ () Kos () €ds, (4.2.8)

H—100

yn (95,5;”):%

where n(s) is the usual completed Dirichlet series,

n(s) = °I'(s) Ck(s). (4.2.9)

Then Iy, (z,&;v) can be explicitly expressed as the infinite series

T (@, &0) =22 Z ri(n) (x + 27 n)l’/2 K, (\/x2 + 2méx n) : (4.2.10)

Proof. First, let us check that the definition (4.2.8) makes sense, i.e., that the integral Zj (z,&; v)
does not depend on which line of integration, Re(s) = u > g, we start with. This comes as an
immediate consequence of the fact that (;(s) is analytic in the half-plane of absolute convergence
Re(s) > g and K1, (x) defines an entire function of s, for any complex s. Second, let us check
that the integral defining Zj, (z,&; v) converges absolutely for any v € C. Since p > g, we know
that |[Cr(u + it)| < (r(p), so that, writing v = o + iT,

ptioo
Mk (8) Kspo(x) §7°| |ds| < G(p) (w€)™ / ‘F (1 +1t) Kyporigen)(x )‘ dt.

p—1i00 —0
Clearly, the last integral exists. This can be justified by using the uniform bound (4.2.5) for the
Macdonald function and Stirling’s formula for the Gamma function (2.1.37). They show that, for a
sufficiently large Ty and [t| > Ty > 2|7/,
TG+ 8) Kproien (@)] < 2Vt 3o EMe007 K (2 cos())
\ \
< 2V27|t|HT 2 () yto (zcos(9)), (4.2.11)

where 0 < 6 < §. The bound (4.2.11) shows the absolute convergence of the integral defining
Ty (z,&v) for any x,§ > 0 and v € C. Since p > % by hypothesis, we know that (;(s) admits

It is worthwhile noting that this space of functions forms a Banach space, L* (Ry), whose norm is || f[|,. :=
HFCfHLl(RJr)'
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an expansion as an absolutely convergent Dirichlet series on the line Re(s) = u. By absolute

convergence and the estimates given in (4.2.11)

p+ioco
T(r,6v) = 5 / () Koo 2) € *ds
H—100
00 ptioo
:z / T () Koy () (mén) ™ ds
n=1 H—100

Z ri(n) / g (u) e %, (4.2.12)
0

3
—_

with g(u) being

1 p+ioco
glu) = o / Koy (2)u=*ds. (4.2.13)
u—1i00

Note that the last step in (4.2.12) results from an application of the Parseval formula for Mellin
transforms [[166], p. 83, eq. (3.3.10)]. To complete the proof, we just need to evaluate g(u) and
the integral on the last member of (4.2.12). First, let us note that the integral (4.2.13) is absolutely
convergent due to the uniform estimate (4.2.5). Also, we know that [[48], p. 20, relation 2.2.1.8]

o0

1 eyt g o (B . , 2.
0/ 1 du=2(%)" K.(2VaB), Re(a), Re(3) >0 (42.14)

which implies
o0

/u5+”_1e 5(02) qu = 2Ksiy(x), Re(x)>0, (4.2.15)
0

and then, according to Mellin’s inversion formula [[166], p. 80], this gives the evaluation

p+io0

1
g(u) == — / Ksyp(z)u ®ds =
2mi )
1—1i00

we 5 (uty), (4.2.16)

Returning to (4.2.12), and using this explicit evaluation of g(u) in the last integral, we find that

Gl Vi _xtn du
&) = mn) [ g e
0

— 25 i —|—27r§n)”/2 K, (\/x2+2775xn>,

where the last step results from (4.2.14). This completes the proof of our result.
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O]

In the next corollary, we take a very special case of the previous result, moving the contour
integral to a region where part of the integrand is a real function. By the functional equation,
(4.1.3), it is well-known that 7 (s) is a real-valued function at the critical line Re(s) = £. Moreover,
by the property K, (x) = K_,(z), we also know that, when x € R, the kernel K;;(x) is a real-valued

function of ¢t € R. Consequently, it is not unreasonable to consider the following interesting integral

Fi(@, &) = 70% CI + it) Ki(z) " dt, (4.2.17)

—00

which can be interpreted as a Fourier transform of the real function

[1]:

(t) = m <Z + it) Ki(x).

The integral defining Fy(x,&), (4.2.17), can be also seen as the Kontorovich-Lebedev transform of

the function "
EX(t) := e <4 + z't) £,

In the next result, we evaluate explicitly the integral (4.2.17).

Corollary 4.2.1. For k € N, let Fi(x,€) denote the Kontorovich-Lebedev like integral defined by
(4.2.17). Then Fi(x,&) can be expressed as the infinite Bessel series

(\/xQ + 2néx n> — 21 K () = (4.2.18)

Proof. We start by writing the integral (4.2.17) in terms of a contour integral, this is

INEY

Fr(z, &) =2 (Vo gm%K
k(@ 8) (vat) 712221(:1:4-2%57@)8

oo §+ioo
, k/4
/ Tk <Z “t) Kiu(z) € "dt = 57 / m(s) K,k () € ds. (4.2.19)

-0 %—ioo
Next, we use Cauchy’s residue theorem by shifting the line of integration from Re(s) = % to

Re(s) = % 4+ ¢, € > 0. In the process, we take an integration along a closed, positively oriented
rectangular contour Z(7T') with vertices % +¢T" and % + e +4T. By the Phragmén-Lindel6f principle,

obtained in (1.1.27), we know that, for any 6 > 0, (0 + it) < [t|2)+0 where

0 G>§+5
%—20 o< =0
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Writing v = o + 7, we have that, when Im(s) = T > Ty > 2|7| and % < Re(s) < £ +§ (recall
(4.2.11) above)

(8) Koo (2) £7°| e (m€)™ Re(s) KRe(s)+o (2 cos(d)) T3 e e~ ()3

where 0 < 0 < 5. Thus, when T is sufficiently large

EfeiT

[ s (@) €5 ds| < (1) Koy (@ cos(8)) T (0,
LESVA

4

which clearly tends to zero as T' — oo. Since the integrand in (4.2.19) is analytic everywhere except
at the points s =0 and s = %, the only pole inside the contour Z(T) is located precisely at the

point s = % Its residue is simply

Resszg {nk(s) Ks_ﬁ(x) 5_5} = K% (x) 5_57

and so we obtain the formula

ktico
¥ k . it gk/4 7 s
/nk 7 Tit) Ka(z)Edt = > / M (8) Kyt (@) €dls
— 50 E_jco
1
p+ioco
gk/4

FNES

&0 / () K,_x () € *ds — 2m K () €

1
i x—|—27r§n)_§ K% <\/m) —27TK§($)5_ )

H—100
where the last step consisted in using (4.2.10) with v = —

»M??‘
b

O

e

In the next corollary we use the inversion formula for the Kontorovich-Lebedev transform (4.2.7)

to achieve a new integral representation for the completed Dirichlet series n/(s).

Corollary 4.2.2. For all 7 > 0, the following integral representation holds

k 2 >
Mk ( + iT) = sinh(r7) lim | 271K, (x) Z _ () K (\/ 2+ 27rwn) — K (z) p dx.
4

4 s eHOJrO oy (1+ m)%

Proof. We know from the previous corollary that, if f(7) := ny (% + iT),

(KLf)(x) = 71{,-7(95) F(r)dr = 71(”(;6) - (Z + h) dr = %fk (@, 1)
0 0

T P L

n=1 (T + 27mn)3

Kf (\/$2 + 27T:L’n) — WK%(%’).

Bl
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Our formula (4.2.21) now follows from Lemma 4.2.1. In order to check that the inversion formula
(4.2.7) is valid in this case, we just need to check that the Fourier cosine transform of n (% + iT),
(4.2.6), belongs to the space L; (R4).

Although this can be done in an indirect way, i.e., by showing that the real function f(7) :=
Nk (% + iT) belongs to a certain class of “nice functions” (see Remark 5.2.1 of the next chapter), we
will prove this by a direct calculation. The completion of our argument is just a matter of following

the straightforward computations?®

7 k . 1 r k : —1iTT
O/T]k (4 + 27') cos(zT)dr = 3 / Mk (4 + ’lT) e dr

7—&-100 2+e+zoo
erk/4 etk/4
— / nk —TS Jg — ka:/ + / 77k —zs Jg
7—zoo 7+e 100
+e+zoo
YN
= —re"k/4 4 ﬂexk/A‘ 5 / ['(s) (wme®n)" " ds
!
2+6 100
00
_ 77_re—xk/4 + 7_(_emk/4 Z rk(n) e—ﬂ—eifn7
n=1

where the last step comes from the use of the Cahen-Mellin integral (1.1.31). Thus,

[e.e]
2 k > ok @
= \/7 /77k ( + z'T) cos(zT)dr = —V2m e T +\V2reT Z re(n)e ™" (4.2.22)
us J 4 =
which clearly belongs to the space Lj (R ). This completes the proof. O

Taking £ = 1 in the previous corollary and using the fact that 7;(s) := 277°I'(s)((2s), we are

able to get the following integral representation for the Riemann (—function on the critical line,
Re(s) = 3.

Corollary 4.2.3. For any T > 0, the following representation of the Riemann zeta function is valid

: 00 72 2
1 h (=T o Ki (Vx*+2man
¢ < + i7'> = — T'Tsm (%) lim [ 2 K,z (z) 275 E . ( 5 ) — Ki(z) p dx.
2 gata [ (% + z%) 0t ? n=1 (z+2mn2)s *

An idea coming from Ramanujan’s work consists in obtaining transformation formulas by looking
at the symmetries of their integral manifestations (see Remark 4.2.2 below). In the next corollary,
we use (4.2.18) together with the parity of the integrand in (4.2.17) to produce a transformation

formula.

2Owhere we are just performing Cauchy’s residue theorem and using the parity of the function 7 (% + z't), which in
its turn is justified by the functional equation (4.1.3).
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Corollary 4.2.4. For any x,& > 0, the following identity holds

—
B
782%
SN—
INES
<
El
—~
3
~—
00|
=
e
7 N\
&
%)
_l’_
[\
3
782%
8
3
N———
|
=
w~l
O
M
wl

= <f>4 irk(n)kl(i< x2+27£mn> —K§($)€§

— % 7% (Z + z’t) Kit(z) € dt. (4.2.23)

—0o0

Proof. We have already proved that the first and third terms in (4.2.23) are equal. In order
to get the equality between the first and second terms in (4.2.23), we just need to look at the
term containing the integral. Using the functional equation for n(s), (4.1.3), and the fact that
K,(z) = K_,(z), we can express the integral Fy(x,&), (4.2.17), in the following way

Fi(x, &) = 7 Mk (Z + it) Kip(z) € %dt = 7 Mk (Z — it) Ki(x) € "at

— 00 — 00

= 7% (Z + it> K_i(x) §"dt = 7% (Z + it) Kit(x) (2) T

A ()

which completes the proof of Corollary 4.2.4. ]

In the next corollary, we specialize the previous result to the case where k = 1, deriving an
interesting integral transform containing the Riemann zeta function. Since the result is a trivial

particular case of (4.2.23), we shall omit its proof.

Corollary 4.2.5. For any x,& > 0, the following identity holds

. o Ki (Va?+ 27z 2n? Ki(x) 1 ooo Ky (/a2 + 28En?
2x§\/g Z 4 ( T ) _ 4 — 21’ Z 4 ( 5 T ) —Kl(l') \/E
n=1  (z+27¢n?)8 Ve ¢ s (z+22)° 4

1 7 /1 i
—% /77<2+’Lt> K%(.ﬁ)g dt,
o
where n(s) denotes the completed version of Riemann’s (—function
n(s):=n 20 () ¢(s).

Taking k£ = 2 in (4.2.23) and appealing again to the reduction formula for the Macdonald
function (4.1.22), we are able to find a new way to prove Ramanujan’s formula stated at the

introduction, (4.1.25). We state Ramanujan’s formula in our next corollary.
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Corollary 4.2.6. For any x,& > 0, the following identity holds

Z \/:r2+27r§mn v m2+27u e~
Vv + 27T£n \ 21: \/ :c + m

— % / o (; —Ht) Ki(x) € at. (4.2.24)

Remark 4.2.1. The previous corollary not only establishes Ramanujan’s formula, but also shows
that its equivalent to an integral transformation. In order to see that (4.2.24) implies Ramanujan’s
formula (4.1.25), we just need to take the first equality in (4.2.24) and then change the variables to
a:=z/(2r) and b := x£/(27).

Remark 4.2.2. Ramanujan notoriously deduced several summation formulas by transforming

them into integrals. For example, in [177], Ramanujan studies the following integral

47%/2 070[‘ <_12— it) T (_14_ it) £ (1 —; it) cos (; log(a)) dt, (4.2.25)

where a > 0 and £(s) denotes Riemann’s £ —function, which is defined by

£(s) = %s(s 1)xED (;) C(s). (4.2.26)

Using what is now known as Parseval’s formula for the Fourier transform, Ramanujan connected
(4.2.25) with another integral, namely, with the expression (cf. [[67], p. 360])

o _ Tz

a2
a"z —dra”s /:;zi_ldm. (4.2.27)
0

The relationship between (4.2.25) and (4.2.27) is unsurprising, as it arises naturally from Mellin or
Fourier convolutions. In fact, it is not much more surprising than our evaluation of the integral
T (x,&v), (4.2.8), given in (4.2.10). However, what we can achieve by using the symmetries of
the integrand in (4.2.25) to obtain a transformation formula for (4.2.27) reveals something entirely
different. Note that (4.2.25) stays the same if we replace a by  := 1/«, and so (4.2.27) should
also be invariant under this transformation of parameters. Thus, if & and S are two positive real

numbers such that a8 = 1, then the interesting transformation must take place

2
oo 7rac2 o0 jus'y

a2 ez
04_%—47704_% / re dfv—ﬁ 3 —47‘(‘ﬁ_7 /7xe dz.

2 _ e2rx _ 1
0 0
This method of Ramanujan is invaluable. There are other instances in his work where Ramanujan
reached new identities via this approach. The reader is encouraged to check [65, 67] for more
examples. In light of this, it is not unreasonable to conjecture that Ramanujan knew how to
manipulate the integral Zy(x, &; v), (4.2.8), in order to get (4.2.24).
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Since Ramanujan’s formula (4.1.25) is implied by (4.1.26), due to Dixon and Ferrar, it is natural
to ask if we can use our Theorem 4.2.1 to get a new proof (4.1.26). The answer to this question is

positive and, more than this, our formula (4.2.10) can be also used to give a new proof of (4.1.34).

Corollary 4.2.7. For every k € N, any complex v and z,£ > 0, the following formula is valid

k v
v e 2 172 2
— ¢ R, @)+ 2R Y ) (o4 T ) K( 22 + g) (42.28)

Proof. In Theorem 4.2.1, we have seen that, for any € > 0, the following representation takes place

ktetioco
2
Lo 1
72y rp(n) (z+ orén)’/? K, (\/332 + 2néx n) =5 / Nk(8) Koyv(w) §°ds. (4.2.29)
n=1 k .
5 Fe—100

Taking the integral on the right of (4.2.29) as a starting point and moving the line of integration
from Re(s) = £ + ¢ to Re(s) = —¢, Cauchy’s residue theorem yields

72 i ri(n) (z 4 2r7&n)"? K, <\/x2 + 2réx n)

n=1
1 —e+i00
_k s
= K, ()€ E — Koo) + / M (5) Koo (@) € s, (4.2.30)

where the justification for its application is totally analogous to the one offered in the proof of
Corollary 4.2.1. The isolated terms appearing on the right-hand side of (4.2.30) come from the
contribution of the residues that the function 7 (s) possesses at the points s = % and s = 0. Looking
at the last integral and invoking the functional equation for (x(s), (4.1.3), there, we are then able
to find that

1 —e+i00 7; 5tetico
57 N () Kspo () *ds = €2m' / Nk (s) Kgferu(a:) &ds
—€—ico g+efzoo
k §+€+i°° E_v
&2 s, kiv ko 2mn\ 4T 2 5 | 2man
=5 / nk(s)Ks_g_y(m)g ds =x172£7 2 z:lrk(n) <CL‘+£> K;;Jrl/( %+ ¢ ),
%—&-e—ioo n=

where the last step is just an application of (4.2.10) with v replaced by —g — v. This establishes
the desired formula (4.2.28). O
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Remark 4.2.3. Consider the change of variables a := z/(27¢) and b := x£/(27): then our previous

corollary is equivalent to the elegant identity

K, (277@) +a 2 i re(n) (n+a)? K, (277 (n+a) b)
= (Z>_Z Ky+§ (27T\/CE> +atbs ni;rk(n) (n+b)7§7% K§+V <27n/(n+b) a) .

Moreover, recalling the convention that r;(0) := 1, we can rewrite the previous identity in the form

—aibs i re(n) (n+ b)_g_% K§+y (27n/ (n+0b) a) , (4.2.31)

n=0

which is equivalent to the formula of Berndt, Lee and Sohn [[37], p. 39, eq. (5.5)], provided at the
introduction, (4.1.34).%

211t suffices to multiply both sides of (4.2.31) by (cc/b)”/2 and then replacing v by —v.
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4.3 A new proof of a formula involving the product [,(X) K, ()

This section is devoted to give a new proof of formula (4.1.35) due to Berndt, Dixit, Kim and
Zaharescu. Our proof is totally inspired by the method given in the previous section. Since the
formula (4.1.35) contains Gauss’ hypergeometric function oFi(a,b; ¢; z) at its core, it may be
helpful to remind some basic features of this special function, just as we have done in the second
chapter.

Recalling the brief definition (2.2.35), for |z| < 1, the hypergeometric function 2F(a, b;c; z) is
defined by the Gauss series,

2Fi(abiei2) = =0 2 = R T ) Tt 0~ (43.1)

(a)e(b)e 0_ I'(c) XT(a+OTb+1) ,
=0 Z

£=0
and defined elsewhere by analytic continuation. For instance, this continuation can be given via

Slater’s theorem [243], which is based on the Mellin-Barnes integral representation (cf. relation
3.31.1.1, page 461 of [48]),

Y4100
F(;)(E)(b) o Fy (a,b;¢;—2) = ﬁ / g F(I?(C__S)Sr)(b - z%ds, (4.3.2)
~y—ioco

where 0 < v < max{Re(a), Re(b)}, ¢ # 0, —1,—2,... and | arg(z)| < 7.2
There is, however, another method of continuing the series (4.3.1) via Euler’s integral represen-
tation: if Re(c) > Re(b) > 0 and |arg(1 — z)| < 7, then 2F1(a, b; c; z) satisfies the formula

1
I'(c) b—1 b1 -
Fi(a,bc2) = s [ 77 (1 —10)° 1—zt)%dt 4.3.3
2 F (0,b;52) r<b>r<c—b>0/ (1= 071 — 2t dr, (433
where we have chosen the principal branch (1 — tz)~¢ = e~*1°8(1-42) ith log(1 — tz) being real for

z € ]0,1]. There are several applications of Euler’s formula. Using it, one is able to derive the two

most famous transformation formulas for the hypergeometric function,

oF (a,byc;2) = (1 —2) %9 Fy <a, c—b;c z1> , (4.3.4)
P

oFy (a,b;¢;2) = (1 — z)cfafb oF) (¢ —a,c—b;c;2), (4.3.5)
known respectively as Pfaff’s and Euler’s formulas?®. It is also known that, for any ¢ # 0, —1, —2, ...

and fixed z, the function oF; (a, b; ¢; z) is an entire function of a, b and ¢ [[164], p. 384, 15.2(ii)].

In this section we will invoke several transformation formulas for the function o F}(a, b; ¢; 2),
so we think that it will be quite helpful to make some changes in the parameters of the formula

(4.1.35) and introduce further assumptions.

22For a very clear historical exposition about this integral representation, the reader is encouraged to check [[3], pp.
85-87].
23 Alternatively, under the terminology of [243], they are also called Boltz formula and self-transformation formula.
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Notation and assumptions: Although (4.1.35) is valid for Re(y/a) > Re(y/3) > 0, we will
assume that o and [ are positive real numbers, ignoring the continuation to complex values.

Furthermore, we shall adopt the new variables:

T = ‘/a;”/B y = \F;‘/B (4.3.6)

According to this new setting, one may see that, for z > y > 0 and Re(v) > 0, the transformation

formula (4.1.35) is actually equivalent to

T (% + l/)
7k/22k=1T (v 4 1)

i Tk’(n) I, (27T\/ﬁy) K, (27‘1\/51‘) = _i <y>l/ +

— 2v \x

© 3 mln) (ViF TP+ Vire=v?) <¢n+<x+y>2 —Jat <m—y>2>”
n=0 +

(m2 20 (a? 402) (22 —gp?) T \VPEEEOT VAP

k k. SVt (@ +y)?—Vn+ (z—y)? 2
X2F1<1_2+V’1_27V+1’<\/n+(:ﬁ+y)2+\/n+(:c—y)2>)‘ (43.7)

Thus, our goal in this section is to establish (4.1.35) in the form (4.3.7) and assuming the (less
general) condition that = >y > 0.24

representation [[48], p. 229, relation 3.14.15.5],
L, (bV/u? + a2 — ab) K, (bv/u? + a2 + ab

pA-ioo s+2v 1—s
1 1 /2 D (=7 )T (=~
- — / — <a> () r (7) K s (2ab) u™ ds, (4.3.8)
27 2ﬁ b T (M) 2
HU—100 2
where a, u, Re(b) > 0 and —2Re(v) < pu < 1. Taking z > y > 0, n € N, and using (4.3.8) with
a= 3%, b= 2m/n and, finally, u = \/zy, we find the equivalent Mellin-Barnes integral

Our main point of departure will be the following integral

I, (2mv/ny) K, (2mv/nx)

ptioo s p (st (1=s
e () L i g
H—100

which makes sense when —2Re(v) < p < 1. Clearly, this appears to be a good starting point for

our proof of (4.3.7). In the next result, we establish an equivalent formula to (4.3.7).

241t is not problematic to set y > 0, but since the case y = 0 is better viewed as a limiting form of the asymptotic
behavior of the Bessel function I,(-), (4.1.33), we leave the convention in this way.
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Theorem 4.3.1. Let k € N and assume that Re(v) > 0 and x > y > 0. Then the following

summoation formula holds
r (% + V) (zy)”
k
22 (v + 1)

re(n k v k v 1 2x 2
x ) 4(n) 20 < +5, st v+ L (23;2) ) - (4.3.10)
=0 (n+x2 +y2)§+l/ 4 2 4 n+x +y

i I, (2mv/ny) K, (2my/nx) = —5 <i)y +

n=1

Proof. Throughout this proof, we shall assume that max {—2Re(u), -k Re(u)} < < 0. The
idea is to start with the infinite series at the left-hand side of (4.3.10) and use the integral
representation (4.3.9). Since |K/o(w)| < K, /2(x) when Re(s) = 1, we can invoke Fubini’s theorem

to interchange the orders of integration and summation during this process. Indeed,

oo ptioo s s+2v 1-—s
Snm [ (Gy) F(F?Jgif )t ke o)) s
H—100

p+i00

=

U)E S ) n Ky (oo~ V)

n=1

( 4y

H—100

because, when [t| — oo, the ratio of Gamma functions has the asymptotic behavior
F M+it+2l/ F 1—M—it | 1
RN e (140 (L)) o

2—p—it+2v
L ()
Moreover, the infinite series in (4.3.11) converges because

Ku(z) = (;) v e ? (1 + O(zfl)> , Z— 00.

Hence, the following way to represent the series on the left-hand side of (4.3.10) must be true

i re(n) I, (2mv/ny) K, (27v/nx)
n=1
pA4-i00

o %F s+2v T 1—s 00 .
/ 2\F( y) ( 2 ) ( 2 ) Zm(n)nj K (27 (z —y)v/n) ds.  (4.3.12)

47rgjy T (278?’211) =

uzoo

Since we started this argument with the assumption that y < 0, we can invoke the Bessel expansion
(4.1.16), due to Popov, in order to evaluate the infinite series inside the integral in (4.3.12). Applying

(4.1.16) with z being replaced by x — y and taking v = we find the transformation formula

27

0o s S (g — % T k—s 0o ro(n
Zrk(n)nﬁ Ko (2n(z — y)v/n) = — 2) (@) + ( 2 ) -y k()

k—s

n=1 22 (2 —y)2 =0 (n+ (z —y)?) 2
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which, when written inside the integral (4.3.12), yields

S ra(n) I (2myiy) K, (2my/iz)
n=1
1 ”7°° I G R A ) B S ( | )Sds
B 2mi H—100 47rk;1 r (#) n=0 (n+ (.T — y)Q)k;S 2\/@
1 300 1 (221 (1l=s F(_ﬁ) _ s
Comi ) 4w ( QF)(Q(S;QV)) : <§\/x%> ds. (4.3.13)
HU—100

We start by evaluating the first integral on the right-hand side of (4.3.13), which is far more
technical than the second. First, let us check that it is possible to change the orders of integration

and summation in this first integral. This verification is easy to handle since

p+ioco

S L oL I
u_mn;ok() G e Y

() r(2)r ()
()

where the absolute convergence of the integral is due to Stirling’s formula and the convergence

|ds| < o0, (4.3.14)

1 b oo ( ) p+1i00
TN
(sim) S |

T+ (-

of the series can be justified by the hypothesis ¢ < 0 and the well-known asymptotic estimate
re(n) =0 (ng_l). Therefore, the following equality must hold

) & (1Y
/477’“? P () g(m(x—y)%’“? (2 )ds

o +i00 s+2v 1-s —5 —-s
S Ly w1 F(EQ)F(%)F(’“Q)< 2\@@2) e

- A r (2_52+2u) n+ (x —

(4.3.15)

In the remainder of our argument, we will evaluate the integral showing up on the right-hand side

of (4.3.15). This only requires to recall (4.3.2) with z € R4, i.e., to write the Mellin-Barnes integral

y+ioco

F(;)(g)(b)zpl (a,b ¢ —2) = QLm / F(S)F(F‘L(C_j);(b_s) 2~%ds, (4.3.16)

y—100

for 0 < v < max{Re(a), Re(b)}, ¢ # 0,—1,-2,... and z > 0. Although the right-hand side of
(4.3.15) is still not presented in the right shape to directly apply (4.3.16), we can perform a simple
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change of variables to obtain

L) () () ( am
2mi / F(#) < n+(w—y)2> i
H—100
4y v 9 U""iOOF(S)F(%—FU—S)F(g—l—V—s) Ay s
:(n—i—(x—y)?> 2mi _/ (1420 —s) (n—i—(m—y)?) ds,

where 0 := §+Re(v). Since max {—2Re(1/), —k_ Re(u)} < p < 0, we have that max {0, —k Re(v
o < Re(v), and so we can use (4.3.16) to get the evaluation

ptioco s+2v 1—s k—s —s
Ry L (= )F(z)F(z)< 27 ) N
) 2—s+2v — 2)2
27 oo T ( - ) n+(z—y)
4 v ol (3 +0v)T (24w 1 k A
:( i 4 2) (2 ) (2 )2F1 <+I/,+I/;1+2V;—xy 2)
n+(x—y) I'(1+2v) 2 2 n+(x—y)
2v7T (5 +v) @ v 1k 4
Y )
= = - 1+ 20— 4.3.1
rrs vl e I ARt A e )

where in the last step we have used Legendre’s duplication formula for I'(s) [[221], p. 46],

22710 (5)T (5 + §)

I'(2s) = NG . (4.3.18)

Analogously, the evaluation of the second and easier integral in (4.3.13) gives

N 7001“(3*22”)1“(158)“—3) (x‘y>s ds

2mi J T (2—5;21/) 2\/xy
n—100
23/ xy )” ( 1 4y ) 2\ /7 <y)”
= v, +v1+20;— = 7)), 4.3.19
v <($—y)2 A \pg ity (x —y)? v o \=w ( )
where the last step consisted in using the reduction formula [[172], Vol. III, p. 461, eq. (7.3.1.105)],
1 9 2a
Fila,a+ Z;2a +1; ) = () : 4.3.20
21<aa 2T T\ VT2 (43.20)

Returning to (4.3.13) and invoking the evaluations (4.3.17) and (4.3.19), we are able to deduce
the formula

S rin) Iy (2mv/y) K, (2m/ie)

k v
1 v T(3+v)(zy)” & 1k 4
(v) -+ (5 S (kY
F(v+1) n=0(n+ (z—y)2)2" 2 2 n+(z—y)

(4.3.21)
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which is very close to what we want to achieve, (4.3.10). To conclude the proof of our theorem, we

just need to apply the transformation formula for the hypergeometric function [[95], p. 1009, eq.

(9.134.1)],
z\ ¢ a a+1 1 z \?
2F1((l,b,2b,2)—<1—2> 2F1<2727b+27<2_z>>7

we can see that

1 1 k 4
- 2F1<+V,+l/;1+21/;—my2)
(n+ (z—y)2)2+ 2 2 n+(x—y)
1 k vk v+1 2z 2
(n—+ 22+ y2)2 ™ 4 24 2 n+a?4y
Replacing the right-hand side of (4.3.22) in (4.3.21) proves our Theorem 4.3.1. O

The formula just proved, (4.3.10), closely resembles (4.3.7), although it is not exactly the same
identity. This is because we still need to transform the hypergeometric factor in (4.3.10) in order

to achieve the symmetric form of (4.3.7). This will be addressed in the next corollary.

Corollary 4.3.1. Let Re(v) >0 and x >y > 0. Then formula (4.3.7) is valid, this is

= v kL,
Z re(n) I, (2mv/ny) K, (2my/nx) = _2i (y) + r (2 + )
n=1 v

x 7k/22k=1T (v + 1)

(\/n+ z+y)?+/n+ )2>k_2 <\/n+(a:+y)2—\/n+(x—y)2>y
1 )2

(n2+2n(x2+y2)+(:n2—y2)2)% vt ety vnt@—y

k n+( PNy e AN
X o F (1—2—1—1/,1 7;V+1 (jTH— ) v ( y;2> ) (4.3.23)

X i ri(n)
n=0

Y2 +vn+(r—y

Proof. Part of the steps shown below are already given in [43]. To simplify our notation, let
u(:=u(n)) be the variable defined by

2
wi=— (4.3.24)
n+ 22 4 32
where n € Ny runs over the summation variable. Clearly, since x > y > 0, we have that 0 < u < 1.

We have seen in (4.3.22) that the following transformation is valid
1 1 k 4x
. 2F1<+u,+u;1+2u;—y2>
(n+ (z —y)2)2 2 2 n+(z—y)

B 1 2 (k:+y
et Y

k+y—i—1
4 2

v+ 1 u2> .
To reach (4.3.23), we shall invoke yet another transformation [[95], p. 1009, eq. (9.134.2)]

a a-+1 4z
2F1 (a,b,aquLl,z) = (1+Z) 2F1 ( T,aquL 1, W) y ‘Z| < ]., (4325)
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and apply it taking the parameters

k k 1—+v1—u?
a=ctp b=r, =Y (4.3.26)
2 2 1+ V1 —u?
This yields
1 1 k 4
- 2F1<+V,+I/;1+2V;xy2)
(n+ (z —y)2)2+" 2 2 n+(z—y)

1 kE v k v+1
= % 2F1<+ y o ;
(n+ x2+y2)2 ™ 4 24

1 ok+v F( N k 1 1—”)
_ — o eF (St e
(n+a2%+y2)2" (1+m)2+ 2 DA
1—k
1 oH1=% (1 _ 2y 7 k k 1—+V1—u?
(n+a2+y2)2 ™ (1+m)y+17 2 ’ L+ V1w

where in the last step we have used Euler’s transformation formula (4.3.5). We can simplify the

last expression in (4.3.27) even further. Simple algebraic procedures show that, according to the
definition of u, (4.3.24),

A Ol A U ) ) Ok )

n+m2+y2 n+;v2+y2 )

and so

1-vV1—u? n+22+9y?>—/(n+ (@ +y)?)(n
14vVI—uw2 n4+22+92+/(n+ (z+y)?) (n

_I_

_I_
n+x2+y2—2\/(%n—|—§($+y)2)
)

n+x2+y2+2\/(§n+§(m+y)2 %n—{—%(x—y)Q)

_ <\/n+(w+y)2—\/n+(x—y)2>2_

Wit @ty + Vet (@ —y)?

These simplifications show that the last hypergeometric factor in (4.3.27) is given by

k k 1—+v1—u?
o F1 1/—1—1—7,1—7;1/—1—1;7“
2 2 1_|_,/1_u2

+1; (\/n+(x+y)2—\/n+($—y)2>2> :
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which agrees with the corresponding term in (4.3.7). In order to manipulate the fractions in (4.3.27)

that are dependent on u, we just recall the elementary algebraic expressions

(4zy)” _<\/n+(a:+y)2_\/n+(x_y)2>l’
(ViF TP+ Vit a—y?) VsG]

VIZ (n+a?+37) = i+ (@ +9)) (n+ (0 =9)%) = Y2+ 20 (@2 +92) + (@2 = 92)",
so that
1 gr+l-% (1- 2) =
(n+a2 4423+ (4 ( m)”“ 3
ovti- *(1—u) (n+x2+y2)

= ®
2

(n+a2+y2+ Vit Grp T @-p9)

1-k

1—k

gu+l-% (nz +2n (2% 4+ y?) + (22 — y2)2>T
(n + 22+ 92+ 2\/@72 + %(x + y)2) (%n + %(.CU - y)2))

20 (k@ gVt @ g?)

V+1—§

(2 +2n (a2 +47) + (a2 ~ y2)2)k2;1 (Vit @y +Vn+@- y)2>2y

_ 2 M) (Vid x+w2+V”+@_”ﬂba(V“+w+yﬁ—¢n+@—ypy/
2/

R (n2+2n(:c2+y2)+(a:2—y2)2)k2;1 VRt @tyP+ i (@-y

(4.3.29)

Combining (4.3.29) with (4.3.28) and (4.3.27) and, at last, returning to (4.3.21), we find that

F5+v) @)’ & )

k
1 k dzy F(E"‘”)
Fi(=+v,o+vl420;— =
Pﬁ“ﬁl(2+“2+”’+ . n+@—yﬁ>

2w T (v + 1) n=0 (n+ (r—y

k—2
x 3 reln) (Vir Gy’ + Vit @=vP) <\/n+(x+y)2—¢n+(w—y)2>y
n—=0 ’ <n2+2n(x2+y2)+(:c2—y2)2)% Vit (z+y)?+ Vit (z—y)?

' fVn+(@+y)?—yn+(xz—y ?
><214ﬁ1(11+1_2’1_2”/+1’ <\/n+ @+y)2+/n+( —y)2>)’

which completes the proof of Corollary 4.3.1. O

An entirely analogous proof to the one presented above can be written while studying the

infinite series
[o@)

Z re(n) J, (2mv/ny) K, (27y/nz) ,

n=1

k=175 T (v+1)
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where the Bessel J—function takes the role of the Bessel I—function in (4.3.10). This study

analogously starts with the representation

HF100 s
35 _1 a2 T 842»1/) s
= i / 22 (bQ) 1‘\( 7s+l/) Ks (V 2ab) u dS,
H—100 2

which is valid for —Re(v) < p < 0 and a, b, u > 0. If we use the previous integral with a = $2;y2,

b= 2m\/n and u = zy, we obtain the Mellin-Barnes representation

p+i00 s
1 1 1\2 75T (5£)
oni) o on) = [ (=) Ty v (o6 )
HU—100 2

(4.3.30)
holding when x > y > 0 and —Re(r) < u < 0. Using the same procedure as in the proof of Theorem
4.3.1, i.e., inserting the arithmetical function ri(n) in (4.3.30), taking the summation over n € N

and, in the end, appealing to (4.1.16), we are able to prove the following result.

Theorem 4.3.2. Let Re(v) >0 and x >y > 0. Then the following summation formula holds

(5+v) @@y

0 . r
re(n) J, (2nv/my) K, (27/mz) = —— <y> N

n=1 2v \x 27T§F(V—|—1)
s 2
ri(n) kv k v o1 ( 21y )
Bl st gt tgvth s —5) | (4331
X,;)(n+x2—y2)§+”2 1<4+2,4+2+2,V—i— ; PRy ( )

Remark 4.3.1. We have started this section with an integral representation for the product
of Bessel functions that involves the index of the Macdonald function (see (4.3.8) above). Here
we remark that yet another proof of Theorem 4.3.1 is available. Instead of using (4.1.16), this
alternative proof only invokes the equivalent theta transformation formula (4.1.7). We may start

with the product representation®®

N | —

1 1 A
I, (2mv/ny) K, (2n/nz) = /E exp {—4 (1;2 + y2) w— 7;”} I, (a;yu) du, (4.3.32)
0

which can be found in [[172], Vol. II, p. 307, relation 2.15.6.4]. Multiplying both sides of (4.3.32) by

ri(n) and taking the summation over n, one can easily argue by absolute convergence and Fubini’s

Z5the integral representation (4.3.32) is used by Koshliakov [133] to arrive at his integral formula (4.1.39). Since
the approach in [43] uses (4.1.39) to derive Theorem 4.3.1, the proof presented in this remark is deeply connected
with the proof of (4.3.10) that uses Voronoi’s summation formula.
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theorem that

e 1 OO]. s 42 z2+y2 Ty
rk(n) I, (QF\/ﬁy) K, (27(\/5&3) = 5 /— Zrk(n e u e 1 “IV (2u> du
U
n=1 0 n=1
[ee} k
1 1 22442 5
:i/ﬂe Iy“{(ﬁr)2z7ﬁc(n)e4”—1}Iy<?)du
0 n=0
1 _k T E_q _nta4y? 3y
= 5(471) 2 nz_:ork(n) /u2 e Y, 5 U du
= 0
1 1 2242 Ty
2/ L (2“) a,

where the second equality results from the theta transformation formula (4.1.7). The remaining
integrals can now be found by using relation 3.13.2.1 on page 191 of [48], which presents the Mellin

tranform

[ure o () w= (o 2) () e
u e —U Uu=\|\|——"-F
/ "\ 2 n+ 22 + y? Vnt+a?+y?2) Tw+1)
b
4

+V+1 +1( 2zy f
LRI T .
2 2’ "\n+ a2+ 92 ’

yielding the transformation formula

> 2242\ o N )
Zrk(n)l,, (2myv/ny) K, (2my/nx) :_i ( ty ) Ly (2’ %1; v+1; ( 22y ) >

21 .2
n=1 rY e +y
I(k +v (xy)l’ 00 2 2 1 5 )
+ <2k ) 'I“k(n) . 2F1 <_|_V’ ,4_54_,’ V—’—l, <'€y2) ) )
22l (v+1) p=0 (n+ a2 +y2)2" 4 274 2 2 n+az2+y

Finally, if we use (4.3.20), we can see that the first term on the right-hand side of the previous

1 (22 +¢42\ " v v+1 2z 2
-5 Y o (5, —— v+ 1 (2242>
2v Ty 2 2 T4 +y

14
L 2 1 (y)”
= —— €T = —— —_ y
o Y\ 2 + 32 + (22 + y?)? — da%y? 2v \z

equality is

resulting in a new proof of Theorem 4.3.1. O
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4.4 A general summation formula attached to products of Bessel

functions

4.4.1 Proof of a general formula involving the product [,(X) K, (x)

As we had the opportunity to mention at the introduction to this chapter, our goal is to study

transformation formulas for the infinite series

Si(z,y; p,v) := i re(n)n = I, 2mvny) K, 2mv/nzx), x>y > 0. (4.4.1)

n=1

Since both formulas (4.4.39) and (4.1.15) contain the Gauss hypergeometric function, we can
expect that, in the less general possible scenario, a transformation formula for (4.4.1) would also
contain it. However, as we hope to show below, (4.4.1) will transform into a series involving an
even more general hypergeometric function, called Appell series, which we will briefly introduce

now, following closely the concise introduction to this topic given by Schlosser [198].

Appell series are the natural extensions of the hypergeometric series (4.3.1) to two variables.

There are four nontrivial such functions, which are defined by
(a)m-l‘n(ﬁ)m (ﬁl)n m.n

[o@)
Fy(a; 8,857 w,2) := w2, |wl,|z| < 1; 4.4.2
(s B8 v w,2) = Y PP — |wl, |2] (4.4.2)

m,n=0

. /. /. - — (a)ern(ﬁ)m( /)n m_n .
By (e; 8,857,795 w, 2) = m%;o il (), w| + |2] < 1; (4.4.3)
F3 (o, s B, By w, 2) = i (@)m (@) (B (5 w2, |wl, 2] < 1, (4.4.4)

a2y minl (e

o0

Fy (a; Bs 7,75 w, 2) == Z (Dmtn(B)mn wz2", \/m-i- \/m <1 (4.4.5)

m,n—=0 m!n! (7)m (Y )n

For a nice discussion about the convergence of such series, the reader is encouraged to consult
[[205], pp. 211-213].

Since the Appell function Fj generalizes the classical hypergeometric function o Fi(a, b;c; ),
it is also helpful to our study to give an introduction to generalizations of the Kummer function,
1F1(a;¢; z), known as Humbert functions. The study of Humbert functions started with the work
of P. Humbert [117] in 1922. In the same way that Kummer’s hypergeometric function | F}(a;¢; 2)
can be defined as a limiting case of 9 F}(a, b; ¢; z), Humbert defined the functions in his paper as
limiting forms of the series (4.4.2) - (4.4.5). The functions of Humbert type that will be important

in this chapter are respectively defined by the double series

= (a)k+m wkzm
el ®)()m 446
. ) k,%io (0)k(c)m Klm! (4.4.6)
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and i
oo b m
O3 (b;c; w,2) = Y ©)y w’z

ke.m=0 (C)k+m k!'m! ’

(4.4.7)

both converging absolutely for any w,z € C. Although these functions initially appear to be
independent of each other, their structure conceals the transformation formulas satisfied by Ap-
pell’s hypergeometric functions. As far as we know, Manako [150] seems to have been the first

mathematician to have noticed the following interesting connection.
Lemma 4.4.1. For b,c #0,—1,-2,..., Vs (a; b,c; w, z) and ®3 (b;c; w, z) are connected by
WUy (b; b,c; w,2) = T @3 (c — b; ¢; —2, wz). (4.4.8)

Recall from Corollary 2.2.4 that our proof of (4.1.15) employed Popov’s formula (4.1.1). But
since we want to reach a transformation formula for (4.4.1), we may need to start our study with

the more general infinite series

i ri(n) e ™ I, (Vrn z), (4.4.9)
n=1

v
n:2

where Re(v) > —1, Re(z) > 0 and 2 € C. Note that, when v = & — 1, (4.4.9) reduces to the first

infinite series on Popov’s formula (4.1.1). The next lemma establishes a transformation formula for

a general series of the form (4.4.9).

Lemma 4.4.2. For any Re(v) > —1 and Re(z) > 0, z € C, the following summation formula holds

v—k

[ee) v r—r 2

_v () x22Y x 2 2Y k z

7 Jvlv == Flsv+L—=

4 an::l ng < e z) = s tarern i\ 2 v TS

v—k
x 2z 2Y 2 & an k 22 12n
———¢ 4 T Py (1 - = ; 1, —, — 4.4.10
+21’F(y+1)e 1 nz::lm(n)e 3( 2+1/71/+ "1 dp )a ( )
where ®3(b; c;w, z) is the usual Humbert function,
0 (D) whe™

D3(b;c; w, z) = z,w € C. (4.4.11)

k=0 (C)k+m k!'m! ’

Under the same conditions, the analogous summation formula takes place

2

v o= Tk(n) T2 e k z
T2 Z e ™ I,(VrnT z) = + ) 1F1 (; v+1,; )

~ 3 CT(w+1)  2T(v+1 2 4
v—k
x 2z 2¥ 2 n k 22 nn
S Py (1-s iyl T 4.4.12
+2”1“(y—|—1)e4 nz::l?“k(n)e 3( 2+1/,V+ T T T4 )7 ( )

Note that we have already stated this result in Section 3.6 of the previous chapter. We shall
omit its proof because it is fairly uninteresting and it contains no more ideas than the proof of

Theorem 2.2.1 itself. The only technical aspect that seems to not be fully covered by the argument
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in the second chapter is the convergence of the series involving Humbert’s function in (4.4.11) and

(4.4.12). The next lemma is more than enough to justify this particular issue.

Lemma 4.4.3. For any complex z, w € C and Re(c) > 0, the following inequality holds

[bw]

1©5(b; ¢ w, 2)] < 1+ |2] 2V 4 (2VIH2IHEE (4.4.13)

Proof. We know that, for Re(u) > 0 and m € N, the elementary inequality is valid

D+ m+1)] = [0+ D1+ 1) - o (m+ p2)| > ml [D(a + 1)]. (4.4.14)

Therefore, for Re(c) > 0, the Humbert function obeys to the set of inequalities

o0

|P3(b; ¢; w, 2)| < Z + i i b) ol
T T e ml(Om | S (©km | KIm
- Z" o~ N Llct+k) | [w]*lo™
—r -
' (C)mzom'r (c+m) ’—i_mg_:og: Clc+k+m)| Eklm!
Z|m o~ x| Bk |w| 2™
+ J L e
2t S o] f
! \ o o= | (O | [wl]2™
<1 —_
e B
m\ 2
o |Z!2> = o | Ok | [wl*[z[™
<1+ |7
bt popalie ke
_ NERR SR e QAR
1+ |z]e2VF 4+ Z—Ol;l CRICICIER (4.4.15)

where in the third step we have invoked (4.4.14) with p = ¢+ k — 1. To finally bound the last

double infinite series in (4.4.15), we note the simple relation

- k—1 B k
(b Hb—i—j‘ H1+b ?§<2+b>7
)k c+) =0 c+) &
which establishes
o= = | Ok | wlFz™ X 2™ Iw!k( ’b)k
R < . 2+
mZ:Okgl )| k!(m!)? mzzo ml2 kzl k!
) m o\ 2
(v || 2 (€2|w|+'bg"' ) 2VIE+2ll+ 5L
-\ m!

O

In the next corollary we establish an identity equivalent to (4.4.10), in which the role of ®3 is

replaced by Ws. Its proof is a simple consequence of Manako’s formula (4.4.8), and so we shall omit
it as well.
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Corollary 4.4.1. For any positive integer k > 1 and Re(z) > 0, z € C, the following transformation

formula holds

[SIN

o v/2 v v=k L 2
ST o g () =y LT i (2;u+1; —Z>

" — nz S 2T(v+1)  2T(r+1 4
v—k
PR k k an 22
rEc Uy (22 ;- 2 ) (4416
+2VF(V+1) n;l’rk(n) 2(272)V+ 9 :Ev 4>’ ( )
where Wo(a; b, c;w, z) denotes the Humbert function,
o0 k. m
Uy (a; byc; w, z) 1= Z @) w72 (4.4.17)

poo (Dk(C)m klm!

Remark 4.4.1. Combining the inequality for Humbert’s function ®3, (4.4.13), with Manako’s
formula (4.4.13), we have that the Humbert function Wy (b; b, ¢; w, 2) obeys to the following inequality

—b
\Clc‘ |z)
y

Wy (b b, c;w, 2)| < oRe(w+2) <1 + |wz‘62m+e2\/|wz|+2\z|+

which shows that, as n — oo

2\2

2 pta_
< emmRe(})iRe) {1 ¥ (”'Z’ n ) gayEl

k ) k ™ 22
4x

T (AP P L
| 2 (27 2al/+ 3 x ) 4
(4.4.18)

The previous estimate assures the absolute convergence of the infinite series lying at the right-hand
side of (4.4.16).

In the next corollary we show that (4.4.10) implies Popov’s formula (4.1.1), indicating that we
are in the right direction to get a generalization of the formulas (4.1.15) and (4.1.35).

Corollary 4.4.2. For Re(z) > 0 and z € C, the following transformation formula holds

8
22T ImATEILTA g € rE(n) _m ( [Tn )
=—F——F~—¢ + e = I —=z . 4.4.19
251 (%) VT pits 31 z ( )

Proof. If we take v = g — 1in (4.4.10) and appeal to the particular values

1F1 (6565 2) = €7,

as well as
o0 o0
(0) wkzm ™M
D5(0;; w, 2) = O] Pa—
2y @ B~ 2 i)

=T(0)2™ T L1 (2v7),
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we find (4.4.19) immediately.

We are now ready to prove the main theorem of this section. Before proceeding to its detailed

proof, we still need a Mellin transform that can be found in [[48], p. 532, relation 3.35.2.10].

Lemma 4.4.4. For Re(p), Re(z), Re(w), Re(s) > 0, the following Mellin transform holds

(0.)

T
/xs_le_m\lfg (a;¢,dwz, zx) do = (5) Fy (s;a; e, c g, Z) ) (4.4.20)
5 p® pp

Theorem 4.4.1. Let Re(u) > —1, Re(v) > 0 and x > y > 0. Then the following summation

formula holds

T Z ri(n) nz J, (2mv/ny) K, (2m/n )

n=1
—v p-v=k _
F(V)ﬂgx_”y“_i_r(VWLg)W 2oy P k +k: 1 >
— roL k. .Y
o (i + 1) L+ 1) U\ VT AT T
—v—k
aytn F(V—i—%) 2 ri(n) k 2 2
vt oz
F —; 1; 1 1, —, —— 4.4.21
+ T 1) ;n% 4<u+2,v+ Pt v+l n) (4.4.21)

where Fy is Appell’s double hypergeometric function (4.4.5), defined by the power series

[e.e]

o wm ™
Fy (o5 837,79 sw,2) = > ( )(m;”Eﬁ,))m” — lw|z + 2|2 < 1. (4.4.22)
=0 Yo (V) m!n!

Under the same conditions, we have that

0.0
T Z ri(n) nz I, 2mvny) K, (2my/nx)
n=1
—v p—v—k
P(V)W“Txfuy,u T (1/—1— g) 71-“ PR kyu F k N k 1 y2
_ LR, Y
9T (i + 1) 9T (i + 1) VT
Vyrr 2 F(y—i—’;) re(n ) 2 2
y? o
— 1; 1, 1, —=—, ——|. 4.4.23
+ 0+ 1) 2:1n+% <V+2,V+ p+1, v+ ) n) ( )

Proof. First, let us note that, for fixed x > y > 0, there exists a sufficiently large N such that,
for any n > N, y?/n < 1 and 22/n < 1. Thus, using the power series for the Appell function Fj,
(4.4.5), one easily sees that

k 2 2
F4<1/+;V—|—1;,u+1,u+1, y—, _x) ~1, asn — o0,
2 n n
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and so, since r(n) = O <n§71>, we get the bound

ri(n)

+7

k 2 2
Fy <V+;1/+1 w+ 1, v+1, y— _x) < nRe)—1
n

which assures the absolute convergence of the infinite series on the right-hand side of (4.4.21) when

Re(v) > 0. We now address the explicit proof of the formula (4.4.21) and start by evaluating the
following infinite series

i Ju (2mv/ny) K, (2my/nz), (4.4.24)

and by appealing to the integral representation

(e}

/ul’ Lemmaue =2 gy = 207"ns K, (2mv/nz) ,
0

which we have already used in (4.2.14). An argument by absolute convergence is enough to justify
the following relation

T i re(n)n = J, (2mv/ny) K, (2my/nx)

xl/ﬂ' 2 s .y 1 — _7n
= Zrk(n)n 2 J, (2my/ny) /u” U=y,
n=1 0
v ¥ 00
=2 ;2 /u”_le_”% DY rn(g) L (2my/ny) e 5 du, (4.4.25)
0 n=1

which is now presented in the right template to apply the summation formula (4.4.16). Since

Re(p) > —1 by hypothesis, we immediately find

7 i re(n)n = Ju (2my/ny) K, (2my/nx)

o0
w1l 6—7r12u a5 Z Tk (g) (27_‘_\/>y) - du

=1
0
v 0 2 b Y
@ s /u”_l €—7r332u _ (V7my) n u2 (y/my) B <k; w1 _7ruy2) du
2 r 2
0
0/

(n+1)  D(p+1)

)" < k ok ,
u e Turl) Z ri(n) Yo < —, u+1; —mnu, —Tuy > du. (4.4.26)
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The first integral in (4.4.26) can be explicitly evaluated as follows

v

T2 o0 - _mu (ﬁy)u UQ(fy)
5 1 {_F(uﬂ)+ T+ 1) 1F1<2 +1; —muy? }du

T2 xVyt T 1 2 ﬂ“guaxl’y“ 7 Lk 2 k 2
- __ " I v— —Tx Ud - =g v 5 —TTTr U F 1 _ d
T+ 1) /u e u+2F(“+1)/u e 1 1<2 w+ TuY U
0 0
p—v—k
T(v) "2 2 vyt F(V—i—%) T2 xRyt - L . k O Y2
_ Mool .9
o (i + 1) o (i + 1) 2P\ VT AT T
(4.4.27)

where the last step is a direct consequence of the Mellin transform [[48], p. 409, relation 3.28.2.1]

o
T
/azs_le_” 1F1 (a; c;wz) de = (5)
O-S
0

<a, s; ¢ w) ) (4.4.28)
o

provided |w/co| < 1, which is the case because z > y > 0 by hypothesis. Let us now evaluate the
latter term in (4.4.26): by absolute convergence and (4.4.20),

s 1- U2 \Fy - k ok : 2
5 0/ ur mxlu H_l_l ; (2; 57,u+1,—7mu, —TTuY du
v pntv 0o [e.e]
x y:u'ﬂ' 2 / Z/+E*1 7ﬂ.x2u (k; k 2 )
= ri(n w27 e Uy | —; =, u+ 1; —mnu, —my“u | du
2F(M+1)n§::1k()0 227 H T, Ty
—v—k
2y ST (V4 f) & k ok k T
Y
= F, -, = = 1; —= . 4.4.29
oT (1 + 1) nz::lr’“(") 4<”+2’ gl g M E T x2> (4.4.29)

To justify this interchange of operations a bit better, let us note that, by appealing to the inequality
(4.4.18), it is possible to find a sufficiently large Ny such that

(o9}
k k
/uRe V-1 gmmatu |y (2 ook L=, _”y2u> a
n= No 0
N - ) 9 [2u+2—k|
< Z k(1) /’U,Re(V)"rE—l e_ﬂa:2u e—ﬂnu—ﬂy2u{1+ <72y2u2n+ o U(H‘ Al )> ezwy\/ﬁu} du
n=Np 0
) s () . o0 ri(n)n
)k 3 RIS :
N (n+ 22 + y2)Re 2 = 2 rer
n=no y "o (V=) +a?)
5 r X Tk(n)
+ pRe()—3 Z < 00, (4.4.30)

k
2

= 2 2|9, +2— k| Re(¥)+
n=No ((\/ﬁ —y)" + 2?2y — %)
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where we have picked Ny so large that

v 20+ 2 — K|

2 2 2
— — Q¢ —
(Vn—y) +a" =2y =5 e

>0, Vn > Ng.

Combining (4.4.29), (4.4.27) and (4.4.26), we find the transformation formula

oo
72 Y mn)n T J, (2nvny) K, (2mv/na)
n=1
b= p—vym F(l/—i-k ri T gk 2
:—F(V)W2 gV 2 i’ o k I/+§'M+1'—y—
2T (pu+ 1) l'(p+1) 2’ 2’ R
—v—ky 'p< @) o0 2
x yrmo2 v+3 kE k k n oy
F, - = = 1; —= 4.4.31
+ 2F<,Uz+1) nz::lrk(n) 4<V+ 272,2,/.L+ x27 72 9 ( )

which is very similar to (4.4.21), but not exactly (4.4.21). The essential difference between both
formulas (4.4.31) and (4.4.21) is the shape of the summands lying on their right-hand sides. However,

we can easily check that these are related by a functional relation for Appell’s function Fj. Since
we have the formula [[95], p. 1020, 9.183.3]

F4(a,ﬁ;’7,’y/;w,z):£g:) () (gi (_Z)_a F4<Oé 0£+1—7 7>a+1_ﬁ7 wai)
F(’Y') (a—0) 3 B S 1
1"(7/ ) (Oé)( Z) F4(B+1 7 57’76"1'1 2’2)7

we see that, when 7/ = 3,

_ 1
Fi(a, B v, B: w,2) = (—2) “F4(a;a+1 Bivat1-5 Y, )

z

and so the double hypergeometric factor in (4.4.31) becomes

k k k n y2 k k E > n
F LS P F I L
4<V+ 27 2a 27M+ ’ 1‘2 2> 4<V+2a 2au+ ) xgv P

x 2’ T
2u+k k 2 2
:‘T kF4<V+;V_'_l;,u'—i_l?y—i_l:ya_z)?
n’ts 2 n n
and (4.4.31) turns into (4.4.21). The proof of (4.4.23) is totally analogous. O

Remark 4.4.2. The intermediate step (4.4.31) will be very useful to rederive a formula obtained

in the second chapter, namely (4.4.101). When we replace the Bessel J—function on the left-hand
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side of (4.4.31) by the Bessel /—function, (4.4.31) is equivalent to

T i re(n)n’ 2 I, 2mvny) K, (2my/nx)
n=1

v k) o Emh ko
Fv)r =z o "yt F<V+§>7T > Yy 7 k +k‘ +1 y?
_ k &k Y
M (p+ 1) T (i + 1) 2 VTP AT 0
—v—k
p Ry D (v b)) k ok ok n oy
y
F WAL PR 4.4.32
+ CRPESY n§:17’k(n) 4<u+2, P g it w2,$2>, ( )

which will be very helpful in the proof of Theorem 4.4.3 below.

Remark 4.4.3. Another proof of our Theorem 4.4.1 can be written if we use the same method as

in [43]. Once proving that a function of the form
ht) =t J,(2mV/ty) K, (2mVtx), x>y >0, Re(r) >0, Re(u)> —1

satisfies the necessary conditions to apply Voronoi’s formula, we may appeal to a formula due to
Bailey [[8], p. 38] (see also [[48], p. 232, eq. (3.14.17)])

. ZHAFu—v 24+ ptv
9z=2, pn I’ (f) r (f)
=1 I\ (at) I,(bt) K, (ct) dt =
/ Aat) I,(bt) K, (ct) e v T(utr DT (A +1)
0
N B A 2 b2
SN R s L IS S PR LA
5 9 c2’ 2
(4.4.33)

which is valid for ¢ > |b|, Re(z + A+ p) > |Re(v)|. Using (4.4.33) in Voronoi’s summation formula
(4.1.36) leads to a formal proof of (4.4.23).

4.4.2 Reduction I: The case y=v

Here we will state the first particular case that can be obtained from Theorem 4.4.1. Let = v in
(4.4.23): we have that

o0

ri(n) I, (2nv/ny) K, (2mv/nx)

n=1
k —v—k, v

1 v I(v+3)z ) k k 2
1 (y) 4 ( ,f) 2R (Sovt vt L

2v \7 22D (v +1) 2 2 x

2'y'T (v +E) o k 2 2
+ . ( 2) Zrk(nk) Fy <V+;V+1;1/+1,V+1, fy—, ). (4.4.34)

2r2l(v+1) ,=1n’t2 2 n n

It is expected that we get (4.3.10) from (4.4.34). In order to reach exactly (4.3.10), we need
to perform some transformations. First, by [[95], p. 1009, eq. 9.134.2], we know that the
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hypergeometric function obeys to the transformation formula

(4.4.35)

o a—i—l 4z
oFi(a+1—v,a;72)=(14+2)"" 2F1< )

Using (4.4.35) with @ = v+ & and v = v + 1, the second term on the right-hand side of (4.4.34)

can be written as

T 1/—|—E l'_y_kyy k k 2
( k2) 2F1<,1/—|—;1/+1;y2>
2r2 (v +1) 2 2 x
T (v+ %) (zy)” I - 5 )
- k ( 2> k 2k <V 77% +—-+ v+ 1 <2xy2) ) . (4.4.36)
27T§F(I/—|—]_)("E2—|—y )V+2 2 4 2 4 2 €T +y

Moreover, the Appell function Fy, (4.4.5), also obeys to the reduction formula [[172], Vol. III, p.
453, relation 7.2.4.79] (see also [[95], p. 1019, 9.182.7] and [[84], Vol. I, p. 238, eq. 5.10.(7)])

’/87

5 T (4.4.37)

F4(Oé,[3;5,ﬁ;w,z):(1_w_z)—a2F1<04 a+1 4wz >’

so that, when p = v, the term involving Appell’s function inside the summation formula (4.4.23)

has the representation

k
Fy < +§;l/+1 v+1,v+1 —=— —)

n vty v kv 1 2xy 2
=(— Fil=+-,= — 1; . 4.4.38
(n+x2+y2> 2 1<2+4’2 2 VT ’(n+x2+y) ( )

Combining (4.4.34) with (4.4.36) and (4.4.38) gives the formula

)-B\?T‘

irk vy (2my/ny) K, (2my/nz) = 1 (i)y

2u
I'(v+5%)(zy) v kv k1 22y \2
k ( 2) k2F1< +4’+4—|—’I/—}—17( 2 y2>>
202 T (v + 1) (a2 + ¢2)"+2 2 2 =ty

r (V + %) (zy)” & ri(n) v
+ - of1 | =+
22 (v +1) =1 (n+a2492)" 2

V+k+1 1 ( 2y )2
J— J— 7‘V . S —
2 42 "\n+ a2+ 92 ’

which is precisely (4.3.10). Using the limiting relations for the Bessel functions (4.1.17) and (4.1.33),

as well as the convention r(0) := 1, we can rewrite the previous formula in the compact and

k
2 "1
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convenient form (compare this with (4.1.32) above)

o0
S ri(n) L (2rvny) K, (2mv/nx)
n=0
M (v+4) @) & :
2 ) 1Y ri(n) v kv k 1 2xy
T,k R s+ s+ tsivt L (——— ) |-
27T§F(V+]_) n=0 (n+m2+y2)l/+§ 2 472 4 2 n—+ax +y
(4.4.39)
Analogously, one may get the summation formula, equivalent to (4.3.31),
oo
> rk(n) Jy (27/ny) K, (2ry/n )
n=0
I'(v+5%)(zy)” &= re(n v kv k 1 2 2
= (k 2) k() k2F1<+’++;l/+1;_(2y2>>'
(4.4.40)

This proves that Theorems 4.3.1 and 4.3.2 are immediate corollaries from Theorem 4.4.1.

4.4.3 Particular cases of Reduction I

Several particular cases of the general summation formulas (4.4.39) and (4.4.40) can now be stated.
Here, we shall restate some of the particular cases already present in the literature and that were
observed by Berndt, Dixit, Kim and Zaharescu. We start by stating the first particular case
obtained in [[43], p. 328, Corollary 4.4].

Corollary 4.4.3. For any positive integer k > 2 and x >y > 0, the following identities hold

o~ 7(1) sinh (2mv/ny) e 27Vne = L (%) 3 rE(n ( : - 1 )
v e o 5 e T e ™)
o~ 7k(n) sin (2my/ny) e~ 2Vne = L <%) > TET ( 1 - 1 ) |
nz::() Vn (2mv/ny) %im T 7;) () (n+($—iy)2)% (n+(w+iy)2)%

The previous result is just a consequence of Theorem 4.3.1 with v = %, which is then combined

with the reduction formulas

(@) = \/Z e, I(2) = \/Z sinh(z), J, (2) = % sin(z), (4.4.41)

and, finally, [[172], Vol. III, p. 461, 7.3.1.107]

K

o (a,a + %; g; z> = 2(2@—11)\/5 {(1 - ﬁ)l_% -1+ ﬁ)l_za} ) (4.4.42)
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In the next corollary we specialize the parameter v as equal to % — 1. In order to apply the
summation formulas (4.4.39) and (4.4.40) in a direct form, the number of squares in ri(n), k, needs
to be taken as k > 3.

Corollary 4.4.4. For any positive integer k > 3 and x > y > 0, the following summation formulas
hold

[e.o]

Y k() Ly (2mv/ny) Ki_y (2mv/nz)

n=0

i re(n) , (4.4.43)

- A i r(n) . (4.4.44)

k—1

22 (%) n—0 (ng +2n ($2 _ yz) + (1:2 + yg)Z)T

Proof. Just take v = % — 1 in the summation formulas (4.4.39) and (4.4.40) and invoke the

elementary relation for Gauss’ hypergeometric function
oF; (a,b;a;2) = (1 —2)7". (4.4.45)

O]

Remark 4.4.4. The previous corollary was also found in the second chapter as a consequence of
the identity (4.1.14). The cases k = 1,2 are omitted from the statement of Corollary 4.4.4 because
the formulas (4.4.39) and (4.4.40) proved above are only valid when Re(r) > 0. In Theorem 4.4.2
below, we will prove an extension of (4.4.39) and (4.4.40) to the region Re(v) > —1.

Taking k = 2 in (4.4.39) and invoking the reduction formula for Gauss’ hypergeometric function
[[172], Vol. III, p. 461, 7.3.1.104],

1 1 9 2a—1
F ,a+ —;2a; = , 4.4.46
21<“a 2 az) \/l—z(l—i—\/l—z) ( )

we are able to deduce the result of Popov (4.1.32) that we stated at the introduction to this
chapter.?6

va—+/8

Va+y/B
2 2

26Taking into account the substitutions y := and x :=

mentioned at the previous section.



4.4 A general summation formula attached to products of Bessel functions 237

Corollary 4.4.5. For Re(v) > 0 and x >y > 0, the following identity holds

(e}

T 27T\fy 27/ nT
a2 72 ) K, (2r /o)

_ Z r2(n)

0\t 20 (@24 y2) + (2 =2 (Vo2 200+ 9) + (@2 g2 ot a? )
(4.4.47)

Moreover, under the same conditions, the analogous formula holds

[e.o]

Qxy Z Org J, (2mv/ny) K, (27y/nx)

n=

_ Z ro(n)

\/n2 +2n (22 — y2) + (22 + y2)° (\/n2 +on (22 —y?) 4+ (22 +y2)’ +n+a? - y2>
(4.4.48)

As remarked at the introduction, the proof of Popov’s formula (4.4.47) was furnished for the
first time by Berndt, Dixit, Kim and Zaharescu in [43]. The reason for the interest of the results
(4.4.47) and (4.4.48) is that, no matter the value of v (as long as it belongs to the half-plane
Re(v) > 0), when we set k = 2, the hypergeometric factor in (4.4.39) collapses into an elementary
function. One crucial ingredient in the derivation of (4.4.47) and (4.4.48) is the relation (4.4.46).
Since this transformation formula for Gauss’ hypergeometric function has a companion of the form
[[172], Vol. III, p. 461, 7.3.1.103],

272 (2a-3)(VI-z—-1)+2(a—1)2
20 -1 (1-2)3 (\/7+ 1>

1
o Fy (a,a + 3 2a — 1; z) = (4.4.49)
we may use (4.4.49) to get a general identity like (4.4.47). In fact, we will now prove that the use
of (4.4.49) agrees quite well with the particular case k = 4, which allows us to give yet another
analogue of Popov’s formula (4.4.47). We now state our next result, which does not seem to be

noticed in previous references.

Corollary 4.4.6. Let v be a complex number such that Re(v) > 0 and x > y > 0. Then the

following transformation formulas hold

Z ra(n) I, (2mv/ny) K, (2mv/nx)
n=0
(wy)—227-3 i (v—1)(n+2? +y?) <\/(n + 22 4 92)? — 422y? — (n+ 2% + y2)> + dvz?y?
=——— ) rn) 3 vl
" n=0 ((n+x2+y2)2 —4x2y2)2 (\/(n+x2 +y2)% — 42292 4+ n + 22 +y2)

(4.4.50)
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Z Jy (27v/ny) K, (2my/nz)
()7 2203 & dury? — (v —1)(n + 2% — y?) <\/(n + 22 — y2)? + 4222 — (n+ 22 — y2)>
— o E— ZT4(’I’L> 3 .
g n=0 ((n Fa?—y2)? 1 4x2y2) 2 (\/(n v a2 —y?2)? 1 da2y? 4t a? — y2>

(4.4.51)

Proof. We will only prove (4.4.50) because the analogous formula (4.4.51) has a similar proof. Let

2
us use (4.4.49) with a =14 5 and 2z = (n +i§ﬂy2) . Elementary simplifications show that

3 2 N2 (nta?+yH)
JF, V+1,V+;V+1;(ﬂ;y2> _ ("zﬁ y°)
2 2 2 n+az?+y dx2y?(v +1)
(v—1)(n+2*+y?) (\/n2 +2n(2? +y?) + (22 — y?)2 — (n+2? + y2)) + dvz?y?

1>
(0% +2n(a? +y?) + (@2 — 2} (V5 2+ )+ @ = PP A+ a4 )

X

and so an application of (4.4.43) gives the result

o0

Z ra(n) I, (2mv/ny) K, (2my/nx)
n=0
()7 223 & (v—1)(n+2*+y?) <\/(n + a2+ y2)? —da2y? — (n+a? + y2)> + dvz?y?
= T 7"4(77/) N 3 5 v—1 -~
n=0 ((n + 2% +y?)" — 43323/2) ’ (\/(n + 22 +y2)" —dx2y? +n+ 2%+ y2>

O]

Remark 4.4.5. In particular, when we set v = 1 in (4.4.50) and (4.4.51), we are then led to the

interesting summation formulas

i ra(n) I (2m/ny) K (27v/nz) = 2o i ra(n) 5 (44.52)
n=0 ™ =0 <n2 + 20 (22 + y2) + (22 — y2)2) 2
i n)Ji (2mv/ny) K1 (2my/nx) = % i ra(n) 7 (4.4.53)

n=0 (n2 +2n (22 —y2) + (22 + y2)2)

which can also be seen as particular cases of the formulas given in Corollary 4.4.4 above.
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Analytic continuation of Reduction I: General case

As previously mentioned, our formulas (4.4.43) and (4.4.44) cannot be extended to the values
k = 1,2 because one crucial hypothesis of Theorem 4.3.1 is that Re(v) > 0. In the next theorem
we give two formulas that serve as the analytic continuations of (4.4.39) and (4.4.40) to the region
Re(v) > —1. It should be noted that the next result is already proved by Berndt, Dixit, Kim and

Zaharescu in [[43], p. 331] but we need to state it in order to explain our next results.

Theorem 4.4.2. For any Re(v) > —1 and k € N, the following continuation of the formula (4.4.40)
holds

) e
22T (v + 1)

v T(54v) ()" gk T (5+v) (xy)”
> " 2751 (v + 1) Ck( V)+ 2

a? —y
(4.4.55)

I (5+v) (@) kv ko ovo 1 22y \2
T e \g e gttt s e) )

There are several corollaries of (4.4.54) and (4.4.55). We start with the following result, which

can be also seen as a particular case of a previous corollary already established by us before.??

Corollary 4.4.7. Let k € N and z > 0. Then, for Re(v) > —1 the continuation of Popov’s formula,
(4.1.16), takes place

i n2 K, 27‘(‘\/’7128) = — () ; (% il V)

E &
n+x2)2t  n2t? 2772+

2rVLY  on skt

27See, for instance, Corollary 2.2.8 on the second chapter and take there ¢(s) := 7% (x(s).
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Proof. Clearly, the series (4.4.39) and (4.4.40) converge absolutely and uniformly with respect to y
for y € [0, M). This is due to the asymptotic behaviors of K, (z) and I,,(z), J,(z) when z — oo (cf.
(2.1.56), (2.1.57) and (2.1.58)). Taking this into consideration, let us now multiply both sides of
(4.4.54) by y~" and then let y — 0". Using the limiting relation

2—11

limy™ "1 == 4.4.57
yl_)r%y I/(y) P(V + 1)7 ( )
we can easily deduce the formula
k
s v F(V) I 2 +v
Z re(n)n2 K, (27v/nx) = Sy £+V : )
n=1 27T2 X tv
+F(§+V) ¥ i re(n)  ri(n) +F<§+V) ”TVC E+
271.%4—1/ 2 LA by L K 2 v):
n=1 | (n+2?)2 n2 272
completing the proof. O

Remark 4.4.6. Note that, when k£ = 1, (4.4.56) reduces to

rw |, T+
2rVxY  opvt prtl

o0
2 Z n” K, (2mnz) = —

n=1
F(V—F%)IVOO 1 1 F(V—i—%)x”
t——a T ou+l + 1 C (QV + 1) )
avts — (ng + x2>u+§ n2vt+ avts

which is the continuation of Watson’s formula to the region Re(r) > —1 [[233], p. 300, eq. (5)].

After an elementary change of variables, one is able to get the representation for ((s),

> [ 1 1 ™5 rrlTS _ /s—1 i & e
C(s) = Sl F( >+ n 2 Ks1 (2mnx),
=2\ Garai) 2 T U )T A e )

(4.4.58)

which is valid for any s belonging to the region Re(s) > —1. In the final chapter of this thesis,
namely in Corollary 6.3.4 below, we will obtain (4.4.58) as a consequence of an interesting formula

involving a theory due to Koshliakov.

Analytic continuation of Reduction I: particular cases

7

One of the most interesting particular values for v that is covered by the “continuation formula
(4.4.54) but not by (4.4.39), is the case where v = 0. In order to let v approach 0 in (4.4.54), we
need to have more information concerning how (x(s) behaves near its simple pole, s = g The
reason for this is as follows. Let v — 0 in (4.4.54): the left-hand side of (4.4.54) clearly makes
sense under this new value for v, as well as the infinite series contining Gauss’ hypergeometric

function, which was constructed to converge in the region Re(r) > —1. We are able to get the
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general formula

e sl = et (o (25 )

n=1 2% (22 + y2)
j F(§+v) ()" rh 1y
+ lim - Gl=+v)—=— (=
v—0 oraT (v + 1) 2 2v \z
1" k [e%e] 2
2 1 k k1 2z 1
n () Zrk(n) Y Al R (2y 2) —— 7. (4.459)
Ims (n+ 22+ y2)2 4" 4 2 n+x*+y n3
The only unknown quantity in (4.4.59) is the limit
U(5+v) @)  rk 1 v
lim (Qk ) G ( + 1/) S (y) , (4.4.60)
v—0 orzl (v + 1) 2 2v \x
which can only be understood once we know how (i(s) can be expanded near the point s = %

Berndt, Dixit, Kim and Zaharescu calculate (4.4.60) only for the cases where k = 2,4,6,8. The

reason for these limits imposed on k is the following. The arithmetical function rox(n) (i.e., the

MES

number of ways expressing n as an even number of squares) can be explicitly expressed in the nice

form, 28

rok(n) = pai(n) + gy (n),
where poi(n) is a combination of “divisor functions” and ay,, (n) is the n'' coefficient of a cusp
form. Rankin [181] seems to have been the first mathematician to prove that ay,, (n) = 0 for any

n € N iff 2 < k < 4. In the language of the theory of modular forms, Rankin’s result says that the

cusp form composing the form
0% (7 Z ror(n) e ™7 Im(1) > 0,

vanishes identically only when k£ = 2, 3 and 4. This has yet another translation into the realm of

Dirichlet series: when k = 2, 3 and 4, we can express (ox(s) as

_ i ra(n) —38 (1 _ 22—2s> C(s)¢(s—1), Re(s) > 2, (4.4.61)
n=1
i TGTES” = 16¢(s — 2) L(s, x4) — 4C(s) L(s — 2, x4), Re(s) > 3, (4.4.62)
n=1
_ i 7’8(”) — 16 (1 _9l-s + 24725) C(S) C(S _ 3)’ Re(s) >4, (4.4.63)
n=1

2825 a matter of fact, the representation is valid for ry (n), with k not necessarily even. For the purposes of the

discussion in this section, however, we write rox(n) instead of rx(n).
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where L(s, x4) denotes the Dirichlet beta-function, defined by the series

L(s, x4) := ; X;(Sn) = ;0 (2(71__11_):)8, Re(s) > 0.

We also have a formula of this type for (2(s), which is an easy consequence of Legendre’s two-square

theorem,

Ca(s) = i T2(f) = 4¢(s) L(s, x4), Re(s)> L. (4.4.64)
n=1

n

Recall that the above formula for (4(s) was one of the main motivations behind the first chapter
of this thesis. In Example 1.3.1, for instance, it was explicitly invoked to sketch a new proof of
Hardy’s theorem. The unknown limit (4.4.60) can now be evaluated in terms of particular values of
¢(s) and L(s, x4).

However, as proved by Rankin, there is only a finite amount of nice representations like (4.4.61)-
(4.4.64) and, if we want to avoid the contributions that the L—functions associated to cusp forms

might have in the calculation of (4.4.60), we need a different strategy to study the quantity (4.4.60).

In this section we propose to use a generalization of Kronecker’s limit formula due to Epstein
[[81], p. 644], which shall be presented in the next lemma. Although a proof of the forthcoming
expansion is already provided in Terras’ paper [[222], p. 485], our notation and method is slightly
different and we rely on the generalization of the Selberg-Chowla formula obtained in our first

chapter (see Theorem 1.2.1 above).

Lemma 4.4.5. Let k € N and (i(s) be the Dirichlet series attached to the sum of k squares.

Moreover, for a vector x € R™, let |x| denote its Euclidean norm. Then ((s) admits the following

k
27

s) = r —2lo (B 0 — ¢ 2mIm|
oy o] o)

+ Ce—1 <§> +0 (s - g) : (4.4.65)

Laurent expansion around its simple pole s =

—_

ISTESA I

where Y(z) denotes FEuler’s digamma function®,

Proof. The key to the proof is to write (x(s) as a generalized Epstein zeta function (1.1.11), the
natural object introduced in the first chapter. Let us note that, for £ > 2 and Re(s) > %,

()= D ! = i re-1(m) r1n) (4.4.66)

5
ni,...,nE7#0 (n% + ...+ n%—l + n%) e (m + n)s

2We warn the reader to not make any confusion with Jacobi’s 1)—function, (z), given in the introduction of the
second Chapter in (2.1.5).
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Applying our generalization of the Selberg-Chowla formula (1.2.1) with ¢1(s) = 77°Ck—1(s) and

¢pa(s) = m5C1(s) := 2w 5((2s) (see Theorem 1.2.1 of the first chapter of this thesis), we get the
following formula

G(s) = Gr—1(s) + 217:(;) r (s - k;1> C(2s—k+1)
4 & m\ 55t
+ @ m%::l rr—1(m) (712) KSJC% (27ﬁ/r?zn) . (4.4.67)

Let us study the right-hand side of this representation around the point s = g Recalling

the definition of the digamma function, 1(z) := I''(2)/I'(z), and using the well-known Laurent

expansions,
e (6ol )
r (s— l{;l) = ﬁ(l — (2log(2) +7) <3— l;) +0 ((s— ];)2)) )
((2s—k+1):281_k+’y+0<8—];)7
we have
2;(:2)1 r <s— ’“) C(25—k+1)
_ ré) 8_1,; + F?I; (7—2log(2) 9 <§>) +0 (3— l;) (4.4.68)

71'% 3 m i 7Tg s Tk—1(Mm)e T/mn
: Z Tk—l(m)< ) K. (2ry/mn) = 2 Z k—1(m)e?

g (%) mn=1 n? 3 - (§> P2y -
2ms & 0 p—2my/mn ork )
T 7(T’;2) mz::1 rr—1(m) nz::l € PR Wg) mzz:l re—1(m) log (1 e 27r\/m)

Using the definition of r;_1(m) and writing the last series into a multiple sum, we arrive at the
expression

|
— [\
| 3
(=N TR
~—~
ANk
—
<
T
2
=}
09
—
—_
4}
o
3
3
~
|
|
i [\
—~| 3
(SlE
~——
3
=
L
IS
o

27‘('%
_ 1 1— e 2riml) 4
r (%) - {mezgl\m} (1 )}

(4.4.69)
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where x € R" and |x| denotes the usual Euclidean norm. Combining (4.4.69) with (4.4.68) and
returning to the Selberg-Chowla formula (4.4.67), we see that (;(s) admits the Laurent expansion,

k
2

sy (sl )

2 mezZF—1\{0}

+ Ce—1 <];>+O<5_];>a

which is exactly (4.4.65). O

SES [STES

Ck(s) = F(

Remark 4.4.7. The infinite product

Oy) = [ (1—em), >0, (4.4.70)
mezZk—1\{0}

can be considered as an “analogue” of the square of Dedekind’s n—function (see Example 1.2.2 of
the first chapter),

n(r) = e2 lo_o[ (1 - 62’”'"”) , Im(r) >0, (4.4.71)

m=1
when restricted to the imaginary axis 7 = iy, y > 0. To see why, let us note that, when k& = 2,

@ (y) reduces to

o 2
Oo(y) = [ (1-e?Iml) = { IT (1- e—%my)} = o n(iy)?. (4.4.72)
meZ\{0} m=1

Therefore, as expected, (4.4.65) must imply a particular case of Kronecker’s limit formula, whose
classical form arises when k£ = 2. Indeed, using the fact that (1) = —v, we have from (4.4.65) and
(4.4.72) that

s

Gols) = 7 + 61 (1) (27 2log(2) — 41og (n(0)

s

3

)—l—O(s—l).

But it is also well-known that (;(1) := 2{(2) = %2 and so, after elementary simplifications, we get

the Laurent expansion
Ga(s) = S_Ll 4 (2 — 2log(2) — 4log (7(3))) + O(s — 1), (4.4.73)

which is none other than Kronecker’s famous result, (1.2.47).

Remark 4.4.8. When k = 1, we know that neither (4_1(s) nor ®(1) := [Imezr—1\ (0} (1 - e‘27r|m|)
make much sense (besides, our proof above uses a formula, (4.4.66), that only makes sense for
k > 2). Therefore, in order to (4.4.65) be valid for any k& € N, we take the convention

Co(s) =0, ®1(y):=1 (4.4.74)
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7, a particular case of (4.4.65) under the

Recalling that (;(s) = 2¢(2s) and ¢ (%)
convention (4.4.74) is
2¢(2s) =

_1
2
which is the well-known Laurent expansion for Riemann’s zeta function

The previous lemma can now be employed to compute the limit (4.4.60). Using the previous

Laurent expansion in (4.4.59), we are now able to state the following corollary

Corollary 4.4.8. For any positive integer k > 1 and x >y > 0, the following summation formula

(

holds
> r(5 Kok o1 2wy \?
2 x
o) ey K amii) = ) k2F1<474+2? (= yz)>
n=1 27z (22 + y?)>2 <ty
r(& k
2 —Z27|m
(k)Ck 1( >+’y+log<2>—log{ 11 (1— 2r|m| }
2m> mezF-1\{0}
r(5) & 1 kok o1 2 2
(2) Z e (E L, ( ”;y ) - (4.4.75)
o2z (n+ 22 +y2)2 44 2 n+zxs+y 3
Analogously, the following identity is valid
o r(5 ko1 2y \2
2 x
$ ) o (i) Ko (2 = — ) k2F1<4,4 2;1,—(2_y2>>
n=1 212 (22 — y?)>2 ==y
(& k
(i) Cr1 < ) + 7 + log (g) log { H 1 —27r|m>}
2 meZk—1\{0}
E) 00 2
2 1 kE k1 2xy > 1
oS ; {(n—I—x?—yZ)gz 1(4 113 <n+x2—y ) n’;} ( )
Proof. We only prove (4.4.75), since the proof of (4.4.76) is analogous. Letting v — 0 in (4.4.54)
we are able to deduce that
> r % k 2x 2
Z IO 27T\/>y) KO (271-\/»17;) = k ( ) k 2F1 <4; Z + 57 ) < 2 Y 2) )
n=1 272 (22 + y?)2 ety
fim { (2f v) G )2 (3)
v—0 omzl (v 4 1) 2 2v \z
1" k [e’e] 2
2 1 k k1 2zy
T (k) > rk(n) k2F1<4’4+2;15< 2 2)>—k
n=1 (n+ 22 + y?) n+r+y nz
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Thus, if we evaluate the limit on the right-hand side of (4.4.77), we are done. To simplify the

notation, we denote the constant term of the Laurent expansion (4.4.65) by %, this is,

k
k w2 k _
= oy <2> + v (7 — 2log(2) — ¥ (2> — 2log { [I (1-e?m) }) . (4.4.78)
r (5> meZk—1\{0}
Elementary calculations give the following Laurent expansion around v = 0,

iy () =g+ et e @) row

allowing the calculation

;%{fgf;;zfg”@(gﬂ)_;y@} P8 oo + 2 1 (£)
ig) ooy <k> - log{ 11 (1 _ e—2wm|>} + 4 + log (;) . (4.4.79)

meZF—1\{0}

A combination of (4.4.79) and (4.4.77) produces the desired formula (4.4.75), completing the proof
of our corollary.
O

A natural consequence of the previous result follows once we let y — 07 in (4.4.75) and (4.4.76).

Corollary 4.4.9. For any positive integer k > 1 and = > 0, the following formula holds

i n) Ko (2my/nz) = F(kg) +P<2)Ck 1<k)+7+log(2>

2m2 xk 27

—log{ o . _e2wm|)} rs ) z:: {(1é _ 1,6} (4.4.80)

mezZk—1\{0} n—+ $2) nz

l\" \

Remark 4.4.9. Using the convention that (y(s) := 0 and ®1(1) := 1 (see Remark 4.4.8 above), as
well as the fact that r1(n) := 2 iff n is a perfect square and zero otherwise, the summation formula
(4.4.80) implies a classical result of Watson [233], which states that, for any x > 0,

> 1 1 1 x >
———+—+7+1o (>:2 Ko(2mnx). 4.4.81
SAvmrmarrmoees(3) - mema. G
We have generalized this formula before (see (2.2.77) above) and in Chapter 6 we will again
encounter (4.4.81) as a particular case resulting from Koshliakov’s theory (see Corollary 6.3.3
below).

Corollary 4.4.8 above possesses several interesting particular cases. We shall only state them

for summation formulas involving the product Iy(27+/ny) Ko(2my/nz). The analogous summation
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formulas involving Jy(2mv/ny) Ko(2m/nx) are left to the reader. As one can easily see, they are

quite straightforward when k is even, but when & is odd one has to introduce the notion of elliptic

functions [221].

When k =1, (4.4.75) reduces to a formula obtained by Berndt, Dixit, Gupta and Zaharescu in
[[41], Corollary 15.1]. This formula can be stated as follows: if we let K (z) denote the complete

elliptic integral of the first kind,

/ C0<l <1,
0 1—z251n 9)

then, for x >y > 0, (4.4.75) yields the result

e 1 2 1
Z Iy (2mny) Ko (2mnx) = 2—K <y2> +14 —log (a:)

T x 2 2 2
n=1

)

00 9 \/nz y)2 _ \/nz + (x
+nz::1 > (\/nz y)2+\/n2+(x—

m(yn2+ (x+y)?* +/n2+ (z
(v v

)2
J

(4.4.82)

2n

(4.4.83)

We also state a particular case of the previous corollary when k = 2,4. Although the next

result is already given in [[43], p. 333], we note that the formulas presented in [43] depend on

the quantities L'(0, x4) and ¢’(2). We present an alternative expression involving the logarithm of
Dedekind’s n-function (4.4.71) and its generalization (4.4.70) in the case k = 4. We forego the proof

of the next corollary, because it is a consequence of (4.4.75) combined with the well-known relations

1 1 3 1
F 771717 - 9 F 177717 = 3
o7 (5 112) iz ? (1 g02) (12

which are nothing but particular cases of (4.4.45). For a more detailed description of the proof of

our next formula (4.4.84), we refer to Example 2.2.2 of the second chapter. We should also note

that we can rewrite it using the evaluation of 7(i) given in (1.2.52).

Corollary 4.4.10. For x >y > 0, the following formula holds

o

Z n) Iy (2mv/ny) Ko (27v/nz) =

n=1

n=1

1

Y R E—

Vn? 4 on (@ +y?) + (22— g2 "

M + 7+ log (;) — 2log (n(7))

} : (4.4.84)
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where n(7), Im(t) > 0, denotes Dedekind’s n—function, defined by (4.4.71). Moreover, we have that

e}

S o) fo (2myi) Ko (omviw) = TV SO gy ()

om2 (22 —y2)®  2m?

n=1

1o 12 T = { (n+2*+¢%) i 1}_
i {meg\{o} ( ) } 27 ; (n? + 2n(22 +32) + (a2 — y2)2)2 7
(4.4.85)

One curious aspect about the formulas (4.4.84) and (4.4.85) above is that, just like Popov’s
formula (4.4.47), no matter how complicated the summation regarding the product of Bessel
functions might seem, the right-hand sides of both (4.4.84) and (4.4.85) contain an infinite series
involving elementary functions. When we consider £ odd in the transformation (4.4.75), the

reduction formulas available for the hypergeometric function,

k k1 2xy 2
J 2 AT P (el AN
21(4’4+2”(n+x2+y2>>’
no longer yield elementary functions, as we have seen in the case where k = 1, (4.4.83). In the next

corollary we establish a new summation formula involving the arithmetical function r3(n), which is
akin to (4.4.83).

Corollary 4.4.11. Let E(z) denote the complete elliptic integral of the second kind, defined by the

integral

/ 1- z2 sin? (i) de, 0<|z| <1 (4.4.86)
0

Then the following summation formula holds

0 E ,/Lyg T
Z n) Iy (27v/ny) Ko (2m/nx) = 27r2(x<—|— ;;J(r;)_)yp + ﬁ G2 <g> + v +log (2>

n=1

o0 2F ( Azy 2) )
—1 1 — —27|m| i (nt+z+y) _ - v
Og{meg\m}( ’ )} Am nglr?) {W\/W (n+(x—y)?) nd

(4.4.87)

Proof. Taking k = 3 in (4.4.75), we find that, for x >y > 0,

> 1 35 27y \2
> ra(n) Iy (2wv/ny) Ko (2my/nz) = g2 | o, o 7( 2 y2>
n=1 A7 (22 4 y?)?2 44 =ty
3 x —27|m|
+4(2(2>+’Y+10g<2)—10g{ H 1 )}
meZ2\{0}

1 & 1 35 22y 2 1
b L S { L an (35 (2 ) - AL
i 21 ){<n+x2+y2>32 1(4 T s ey) )T
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Using the reduction formula for the hypergeometric function [[172], Vol. III, p. 479, eq. (7.3.2.204)],

NE
(2 50c) = W%ﬁﬁ%, st

we find that, after some straightforward simplifications,

4z
1 3 5 2ry 2\ 2 E(\/ortie)
—)§2F1 - b7/ = 3 ==
2

(n+ 2+ 11 \nr2 ) ) T r A @R it @ - p)?)

O]

We can now use Theorem 4.4.2 in order to set v = —3 in (4.4.54). Like the case where v = 0,
there are some quantities that need to be understood in a different perspective. For example, if we

take v = —3 in (4.4.54), the second term on the right-hand side becomes

"C)e (B, 4155

which cannot be expressed otherwise, unless we have an expression that defines (i(s) on the
half-plane Re(s) < £.30 One way to rewrite this unknown term (4.4.89) is by assuming that k is
within a certain range of values and then use one of the formulas (4.4.61) - (4.4.64). For example,

when k£ = 2, one can invoke (4.4.64) to write this term as

W) -2 e (b)

which now offers a simpler way to look at it, because each factor in the above formula can be

expressed as conditionally convergent series

Since the approach of using analogues of the formulas (4.4.61) - (4.4.64) only works well when

k =2,4,6,8, in the next lemma we follow the approach of the proof of Lemma 4.4.5 in order to

establish a formula for the value ( ( ) that uses the Selberg-Chowla formula.

Lemma 4.4.6. For any positive integer k > 2, the following formula holds

Cr (k;l) = (k2 (k ; 1) + 1“7%];2211) (27 — 2log(4m) — 210g{ H (1 — e_Qﬂ‘m‘) })

mezk—2\{0}
k—1 )
42
+ W Z re—1(m) Ko (2my/mn) . (4.4.90)
5 ) mn=1

0 rE(n)

30Note that the expansion as Dirichlet series, ¢x(s) = oy 232, is only valid in the half-plane Re(s) > g
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Remark 4.4.10. Taking again the convention that (y(s) := 0 (see Remark 4.4.8 above) and that
the infinite product
H (1 - 6727r\m|>

meZk—2\{0}

is equal to 1 when k& = 2, the previous relation gives the formula

Co (;) = 27 — 2log(4n) + 4 i r1(m) Ko(2mv/mn).

m,n=1

Since 71 (m) = 2 iff m is a perfect square and equals zero otherwise, we find that

G (;) = 2v — 2log(4m) + 4 i r1(m) Ko(2mv/mn)

m,n=1

o)
=2y — 2log(4m) + 8 Z Ko(2mrmn)

m,n=1

o0
=2y —2log(4m) + 8 > d(n) Ko(2mn), (4.4.91)

n=1
where d(n) = de 1 is the usual divisor function. The formula just proved is a particular case of a
more general identity due to Selberg and Chowla [[201], p. 94, eq. (29)]. Using an analogue of
the identity (4.4.91), Bateman and Grosswald [[15], p. 367, Theorem 3] proved that, when the
discriminant of a certain real quadratic form is taken large enough, the associated Epstein zeta

function, ( (s, @), always possesses a real zero belonging to the interval (%, 1).

Proof of Lemma 4.4.6. If we start with the Selberg-Chowla formula (4.4.67), we know that

o (550) = m, fano+ B o (s- 25 ek )

k-1 00

A2
+ @ mznjl kal(m) K(] (QW\/E’H) s (4.4.92)

and so the conclusion of the proof follows once we compute the limit above, i.e.,

lim
it

{Ck_l(s) 4 2;(3) T (s - ’“;1) (25— k+ 1)} . (4.4.93)

We shall evaluate (4.4.93) by using the Laurent expansion for both terms contained in it. To get

the expansion of the first term, this is, (x_1(s), we start by using the Kronecker limit formula (see
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(4.4.65) above),

Ce—1(s) = szz_l) _1,31 + (o (1{3;1)
2
T k—1 -
+F(l€21> (7—210g(2)—1/1<2) _210g{m€Z!—[2\{0} (1—6 27| |)})
e <S B k;1> ' (4.4.94)

On the other hand, we have seen in (4.4.68) that the second term contained in (4.4.93) satisfies the

expansion
k-1 k-1
22 < k— 1> T2 1 kE—1
Mfs———)C2s—k+1)=-— { — —1/1<>+210g(27r)—’y}
CRA i =
-1
Combining (4.4.94) and (4.4.95) immediately gives (4.4.90). O

We can now set v = —1/2 in (4.4.54) and (4.4.55) and write the term (4.4.89) by using the

previous lemma. In the next result we obtain an interesting formula valid for every k > 2.

Corollary 4.4.12. For any positive integer k > 2 and x > y > 0, the following summation formula
is valid

T (k=L
Tk(n) COSh (27T\/ﬁy) 67271'\/5"[ :27_[_:1:_’_ ( 2 )

1 1
- - + -
1V o5 (x2—|—y2)% {(x‘f‘y)k -y 1}

T k=1 [ee]
+ (,31) Zrk(n){ ! = + 1 = — 31}
2m T =1 (n+@+y?Hz @m+@-y?H =z n:z

5T <k;1> Ck—2 (k;l) + 2y — 2log(4m) — 2log { H (1 - 6_2”|m>}

mezZ+=2\{0}

K

3
Il

o)

+4 Z re—1(m) Ko (2my/mn) . (4.4.96)

m,n=1
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Moreover, one has the analogous identity

o0 I (&1
Z COS 27[_\/>y) —27r\/ﬁx:2ﬂ_x+ — ( 2 ) _ {( 1 )k il +( 1 )k_l}

=1 27 (a2 —y?) 2

+,31§:rk(n){ CR— ! ,H—fl}
(n+(

2n' T i r+)?) T (et (@—ig?)T 0

Lo =T <k;1> Ck—2 (k;l) + 2y — 2log(4m) — 2log { H (1 - 6_2”|m|) }

mezZF—2\{0}

+4 Z re—1(m) Ko (2my/mn) . (4.4.97)

m,n=1

Proof. As usual, it is enough for us to prove the first identity (4 4.96), as the second one can be
analogously obtained. In order to reach (4.4.96), we take v = —3 in (4.4.54) and use the reduction
formulas (cf. (2.2.20) and [[172], Vol. III, p. 461, 7.3.1.106])

T _ 2 2
K_%(ac):K(a:): on € v I_%(a:):\/m cosh(x) cos(z),  (4.4.98)

11 1 1
2F1<aa+22 ):2{(1_\@% 1+\f } (4.4.99)

whose combination results in the identity

oo r (&1 1 1
=1 omz (22+92) 2 l(z+y) (z—y)

T k=1 [e’¢)

2 1 1

+ k—l) Zrk(”){ = T Bl k—l}
— T—y

(a5

Using the result of the previous lemma, we may write (i (%) in a more explicit form, which is
(4.4.90). This completes the proof of the formula (4.4.96). O

We end this section with a particular case of the previous corollary holding for k£ = 2. Although
this result is already given in [[43], p. 335, Theorem 5.6], we note that the formula presented in [43]
involves terms such as the central values ¢ (%) and L (%, X4)- The advantage of our next corollary
is that we present an alternative expression involving an infinite series containing d(n) and the
Macdonald function Koy(z).
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Corollary 4.4.13. Let x >y > 0. Then the following summation formula holds

= T2(n) cos ~/n 6727r\/ﬁz_} OOT, 1 1 _i
3 20 con 2m) —222<>{ S+ == ﬁ}

— Vn+ (x+y)?

- + 27 — 2log(47) + 8 Z d(n) Ko(2mn).

/2 + y2 (IL’2 _ y2) =

+ 27x +

4.4.4 Reduction II: The case = g -1

We will now see that (4.1.14) and (4.1.15) can be obtained as particular cases of Theorem 4.4.1
when p = % — 1. For our convenience, we will state the resulting summation formulas in their most

compact form.

Theorem 4.4.3. For any positive integer k > 1, x >y > 0 and Re(v) > 0, the following identity
holds

oo
> rk(n)n i Igil(QW\/?zy) K, (2my/nx)
n=0
E_
y2 1$VF(’/+I2€)§E ri(n) F<V+ki I/+k‘+1 k 4ny? )
= P22 N e R S S IV
2T (%) v+l =0 (n + 2 — yQ)VJF% 2 4" 2 4 2" 2 (n + r2 — y2)2
(4.4.100)
Analogously, under the same conditions, we have the formula®!
s v+1 k
Z ne 1 (2my/ny) K, (2my/n )
F( ) > ri(n) v kv k 1k 4ny?
Z ol s+ sttt 3 -
( )”Vﬂ n=0 (n+ 22 4 y2)" "2 2 42 4 22 (nta?+y?)
(4.4.101)

Proof. As in the previous results, it is enough to show the summation formula (4.4.100), because
the proof of (4.4.101) is totally analogous. We set u = g — 1 in (4.4.32), which results in

0
P ()0 T h Iy, (2mv/ny) K, (2nV/nz)
n=1
k_
. T)yr! N I (v+5)ys e (h o, Bk
= 9qvHl— g F(g) 27TV+1$V+I€F<§>2 1 9 27 97 22

(4.4.102)

kg k
y: T (v h) =
9tk 1T (%) nZ::l?“k(n) Fy <V+ 27979797 27 2

31in fact, we only need to assume that z,y > 0 for (4.4.101) to hold. See the conditions of Corollary 2.2.4 above.
We shall state all the particular cases of Theorem 4.4.3 with the condition x > y > 0, although the summation
formulas associated to the Bessel J—function hold without this supposition.
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To simplify (4.4.102), we start by noting that

k k ]{3 2 2u+-k

S O A % S — (4.4.103)
2 2 (xg o yg)u+§

which is nothing but the relation already recorded in (4.4.45). Also, we can apply the reduction
formula (4.4.37) inside the infinite series on the right of (4.4.102). Using (4.4.37) with o = v + %

and § = %, we are able to get the transformation

Ek k k n y? g2tk v kv
F oMo 0 d ) |l = ~r7
4<V+2’2’2’2’ x2’x2> (n+a2— g2 ts 21’

M?v
,_\
M\?r

Any?
Traz— )
(4.4.104)

which already agrees with the terms of the infinite series on the right-hand side of (4.4.100) when
n > 1. The combination of (4.4.102), (4.4.103) and (4.4.104) yields

k
oS T v—1 EkE_1 I'(v+ k Y yffl
Zm(n)n S (2mvny) K, (2mynx) = — (V)= yz 4 ( 2) ;
21 v (K vl (k 2 o\V+E
n=1 22T (5) 2w I (5) (l‘ —y ) 2
k_
T (7/ + %) ;L‘Vy2 1 Tk(ﬂ) v kv k 1 k 4ny2
2rv D (5) net (n+x2 —y2)¥ "2 2 42 2727 (n+4a2—y?)

which can now be rewritten as (4.4.100) due to the limiting relations (4.1.17) and (4.1.33). This
completes the proof. ]

Remark 4.4.11. A much more laborious proof of this formula could be written if we set p = g -1
in (4.4.23) and use the following formula [[172], Vol. III, p. 453, relation 7.2.4.89]

Iy (a,ﬁ; l+a-p, ﬁ;—(l ) (i-2) A-w _Z)> (4.4.105)
= (1—2)* 2R, <a, B:1+a— 8 —“’fl__;)) . (4.4.106)

4.4.5 Particular cases of Reduction II

If we take k =1 in (4.4.100) and use the fact that J_ ( ) =\ cos( ) I_12(x) = \/ = cosh(z)
(cf. (4.4.98) above), as well as the reduction formula for o (a a+id; ), (4.4.99), we can derive

the following corollary.

Corollary 4.4.14. For any complex number v such that Re(v) > 0 and z >y > 0, the following
identity holds

> - 2T (v + 1 1
Z n” cos(2mny) K, (2mnx) = _t V(V) I ( i 2)
n=1 am Ar"*2 ez (n? 4 2yn + 22 + y?)

7 (44107)
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Analogously,
00 -vT /T (v + 1 1
Z n” cosh(2mny) K, (2mnx) = 2 U(V) + ( i 2) 1-
= 4m 4rvtz 57 (n2 4 2iyn + 22 — y2)" e

(4.4.108)

We remark that the previous result is actually due to Kober [129] and one can frequently step

into the evaluation of the infinite series
o0
Z n” cos(2mny) K, (2mnx)
n=1

while studying the Selberg-Chowla formula for the binary Epstein zeta function ¢ (s, Q). Setting
y :=0in (4.4.107) and (4.4.108) yields Watson’s formula (4.1.19). Another interesting corollary

can be deduced once we take v = 1 in Theorem 4.4.3.

Corollary 4.4.15. For any x >y > 0, the following formula holds

> 4k W%—ng—l kyg_lx 2§_4y§_3$
Z re(n)n 7 Jr_(2mvny) K1 2mvnz) = — + T+ 5
= 2 2T (g) 472 (22 4 y?) 5+1 T
i () (5-2) (n+2%+4?) <\/(n+x2 + )% — dny? — (n + 22 +y2)) +any? (5 1)
X k
n 3 E )
n=1 ((n L2 4 y2)2 _ 4ny2) 2 <\/(n a2 y2)2 —4dny? +n+ 22 + yz) :
(4.4.109)
Analogously,
0 E_g k_j kg b_y k_3
4k T2 4y?2 kyz~ " x 227 %y27 ¢
Z re(n)n 4 I§_1(27T\/ﬁy) Ky (2mvnz) = — 2z T (k) + 42 (22 2)5“ + 7
2 (k _ _(k _ 2 _ .2 2 _ ,,2)2 2 _ 2 _ .2
Xirk(n) 4ny (2 1) (2 2) (n+ 2% —y%) <\/(n+x y2)  +4ny? — (n+x y))
n 3 ko ’
n=1 ((n + 22 —y2)? + 4ny2) : <\/(n + 22—y +dny? +n+ a2 — y2) ’
(4.4.110)

Proof. Take v =1 in (4.4.101). We find the formula

= 4=k Wg_Q 51 k g_lx
S () n'T Ty @nviy) Ky (2nyma) = - T
=i 22T (§> An? (22 4 y?)2
E_
+ky2 ERe r(n) F }—i-ﬁ 1_,_&. ko dAny? (4.4.111)
A2 s it T 2T T T Y 2?2
n=1 (n+ 22+ y?)? Yy

The hypergeometric factor on the series at the right-hand side of (4.4.111) can be simplified by

appealing to the reduction formula (4.4.49). After some straightforward manipulations, we may be
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able to obtain the identity

1 1 k k k Angy?
Flz+ 14+ 55—
(n—f—x?—i—y?)%ﬂg ! <2 4 42 (n+x2+y2)2>
ok (5 —2)(n+2?+4?) (\/(n+w2+y2)2—4ny2—(n+m2+y2)>+4ny2 (g—l)

E_o

3
4ny? ((n + a2 4 y2)° — 4ny2) : (\/(n +a2+y2)% —dny? +n+ a2+ y2> i

which proves (4.4.109). The second summation formula (4.4.110) can be analogously derived. [

If we take k = 4, the previous corollary implies the identities (4.4.53) and (4.4.52). Another

very interesting formula can be deduced when we impose k = 2 in the previous corollary.

Corollary 4.4.16. For any x >y > 0, the following identities hold

i ro(n)vn Jo(2mv/ny) K1 (2nv/nx) = % i ro(n) (n+ 2% + y?) 3
n=0 ™ =0 <n2 +2n (22 — y2) + (22 + y2)2) 2
i ra(n)yv/n Iy(2mv/ny) K1 (2mv/nx) = 235? i ro(n) (n+ 2% — y?) N
"= "0 (n2 4 2m (a2 4 ) + (a2 —42)%)

Remark 4.4.12. Like in Theorem 4.4.2, it is possible to prove the continuation of the previous
formula (4.4.100) and (4.4.101) to the region Re(r) > —1. But this is already done in Corollary

2.2.7. For example, to get a summation formula for the infinite series
> 1 _k
> rk(n)nzT3 Jx_ (2my/ny) Ko (2nv/nz)
2
n=1
we may use Corollary 2.2.9 of the second chapter. All the additional work only consists in replacing

the residual terms p and pgy given at the right-hand side of (2.2.57) by those found in Lemma 4.4.5

above.
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4.4.6 Reduction III: The case y=v + g —1

In this part of the chapter we will prove a new summation formula that can be derived when we

take p = v + % — 1 in our Theorem 4.4.1.

Theorem 4.4.4. For any positive integer k, x >y > 0 and Re(v) > 0, the following transformation

formula holds

3 5-1 —v vtE-1 vk
r

Z rkk(nl) I, k4 (2my/ny) K, (2my/nz) = w2 (v)x~Vy" "2 n xVy" T2 k

e k N
= 2F(V+2) 27 (22 — y?)2

21/—1-%—2 $Vyu+§_1 oo Tk(n)
_l’_
g n=1 5 g_l
(n+x2—y2+\/n2+2n(:c2+y2)+(x2_y2) )
1

" 12

Vo2 (a4 g + (02— gD (ot ot gt ot ot )+ 02— g2

(4.4.112)
Analogously, one has the companion formula
S~ 7k() r51 I'(v) x_”y”"‘g—l x—uyV—l-g—l
Z E_ 1 JV+E,1 (QW\/ﬁy) KV (2%\/E$) = — 4 _
e k 24 2)5
n=1 M1 2 2F(1/+2) (@ 1)
2u+§72 xz/yVJrg—l [e'¢) rk(n)

_l’_

-1

[N

T n=1 2
(n+x2+y2+\/n2+2n(x2—y2)+(a:2+y2)

1

X
Vo2 (et =) + a2+ gD (ot ot =yt Jut o et )+ 2+ g2

v

(4.4.113)

Proof. We take p = v + % — 1 in (4.4.23). Since Re(r) > 0 by hypothesis, we know that
Re(p) > % — 1> —1 and so we can fully apply (4.4.21). Using the reduction formula (4.4.45) on
the second term at the right-hand side of (4.4.23), we have that

E_1
n=1 n4 2
(v 772_%3:*”34”*'%_1 W_Q_%m*”y”‘kg_l
- ; + .
2r (v+4) 2 (2 — y2)"
oyt ti i Xy k k 2 g?
it 3 k(kF4 IR VINTE HVNTLLITS P AR
2 = vt 2 2 n n
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In order to simplify the term on the infinite series involving Appell’s hypergeometric function, we
appeal to [[172], Vol. III, p. 453, relation 7.2.4.87] (cf. [[95], p. 1019, 9.182.6]), which states that

NP w B z Ca-w)fa-»°
F4<0"5’a’ﬁ’ (- w)(i—2) (1—w)(1—z)>_ —ws (44.114)

where we assume w, z to be real numbers such that 0 < z <1 and 0 < w < 1. Taking a =v + %,
B = v+ 1 and, finally3?,

n+x2—|—y2—\/(n+x2+y2)2—4x2y2

w — : (4.4.115)
n+z?+y? —\/(n+ a2+ y2)? — da2y?
z= ol oy ) r (4.4.116)

2y
we find after several simplifications that the main term on the infinite series at the right of (4.4.23)
can be written as
k k 2 2
n_”_§F4 v+ v+ Liv+ -, v+1; —y—, -
2 2 n n

21/—‘,—%—1

= v
Vo2 (a4 ) + 02— g (ka2 g2 fut o 2n et )+ 02— g2 )

1
X

)

[STES

-1

(n +a? -y + \/n2 +2n (22 + y?) + (22 — y2)2)
completing the proof. ]

Clearly, taking k = 2 in (4.4.112) and (4.4.113) yields Popov’s formulas (4.4.47) and (4.4.48),
proved in Corollary 4.4.5 of the previous section. In the next corollary we get an interesting

summation formula that results from setting v = 3 in (4.4.112).

Corollary 4.4.17. For any x > y > 0, the following formula holds

k-1 k-1 k—1

> re(n T2y 2 =
Z kL) I (2mvny) - k?il + Y T
2 JC R
k—1 k—1
QTyT;U e rk(n)
+

<n+x2 —y2 + \/n2 +2n (22 +y?) + (22 — y2)2)

1 1

X
2
\/n2—|—2n(m2+y2)+(x2—y2) \/n—l—x2+y2—|—\/n2+2n(x2—|—y2)+(3:2—y2)2

321t is easy to check that 0 < w < 1 and 0 < z < 1, for w and z defined by (4.4.115) and (4.4.116).
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Analogously, one has the identity

= ry(n) e
reln ™
) k@ Jioa (2my/ny) e 72TV = — lj—l +— K
n=1no T r (T) T (22 4 y2)>
k-1 k-1
27y 2 & 7(n)
+

<n+w2+y2+\/”2+2n(w2—y2)+(w2+3/2)2)

1 1

X
2
\/n2+2n(x2—y2)+(332+y2) \/n+x2y2+\/n2+2n(x2y2)+(:c2+y2)2

When we set k£ =1 in the previous result, we get a new formula that involves the exponential

function and the Bessel functions of index 0.

Corollary 4.4.18. For x > y > 0, the following summation formula holds

- ) 2 & \/n2+w2—y2+\/n4+2n2(x2+y2)+(w2—y2)2
1+2 Iy (2mny) e ™ = —

2:: o 2 ™ = 4 2 (2 2 2 _ ,2)2
n=1 n=1 nt +2n? (22 + y?) + (22 — y?)

1 1
X +

\/n2 +a?+y? + \/n4 +2n2 (22 + y2) + (22 — 32)°

m/x? —y?

Analogously,

\/n2+x2—|—y2—|—\/n4—|—2n2 (:UQ—y2)+(a:2+y2)2

\/n4 +2n2 (22 — y2) + (22 + y2)2

— —2mnx 2x o
1+22J0(27Tny)e :?Z
n=1

n=1

1 1
+ .
/2 & 2
\/n2—|—x2—y2+\/n4+2n2(x2—y2)+(:c2+y2)2 TVIT Y

X

Remark 4.4.13. It is also possible to prove the analytic continuation of formulas (4.4.112) and
(4.4.113) to the region Re(r) > —1, allowing us to prove new summation formulas involving series

of the form
o0

r n — 2T/ NT
> kk{l i (27 \/ny) e=27Vne,

n=1"Nn 4

~—

We leave the details for the interested reader.

Remark 4.4.14. The reader may be surprised that we took the reduction formulas (4.4.37),
(4.4.106) and (4.4.114) for Appell’s function Fy but not the most important one, due to Bailey
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[9, 1033

Fy(a; Biv,a+B—v+ Lw(l - 2),2(1 —w))
= oF1 (o, B; s w) oFy (a, fsa+ B — v+ 15 2), (4.4.117)

valid inside simply-connected regions surrounding (w, z) = (0,0) for which
lw(l - 2)|2 + [w(l — 2)|2 < 1.

The reason for this omission is that we did not find the transformation formulas for (4.4.1) resulting
from (4.4.117) very interesting, because in all of its particular cases we would always have an

incomplete beta function and not elementary function as in the previous cases.??

4.5 New analogues of Guinand’s and Koshliakov’s formulas

This section is devoted to establish new analogues of the Ramanujan-Guinand and Koshliakov’s
formulas. We have addressed these results before, namely in Example 1.2.1 of the first chapter. In
order to motivate the results of this section, let us recall what the Ramanujan-Guinand formula

says, by following the way it is stated in Ramanujan’s Lost Notebook [179].

Entry 3.3.1. Let o(n) = X g, d* and let K,(2) be the modified Bessel function of the second kind.

If o and B are two positive real numbers such that o8 = w2 and if v is any complex number, then
o0 oo
Vad o ,(n)n"?Ky(2na) = VB oy (n)n"?Kx(2n8)
n=1 n=1

_ EF <_;> C(—v) {5(1+u)/2 _ a(1+u)/2} + ir (’;) ¢(v) {5(1—1/)/2 _ a(l—y)/2}' (4.5.1)

As mentioned in the first chapter of this thesis, (4.5.1) was rediscovered by Guinand in 1955
[100], who employed Watson’s formula [233] in order to derive it (see (1.2.29) above). Using an
idea similar to the one employed by Guinand, we propose to prove the following generalization of
(4.5.1).

33in fact, while writing the obituary notice of Ernest William Barnes for the London Mathematical Society, Bailey
found that, in 1907, Barnes had derived (4.4.117) in a long manuscript that was never published. For more interesting
historical accounts like these, the reader is encouraged to consult [256].

34The transformation formulas that one can get from (4.4.117) are those with u = v + g
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Theorem 4.5.1. For every k € N, if x,y > 0 and v is any complex number, then the following

formula holds

or (5 ) (r)': S rem)ra(n) (7:) (mn)3 ™% Jy_, (2r/mmy) K, (2 /mmie)

m,n=1
2T <§) (7"3/)1_% > m\ 2 1k 2w/ mn 2
1_k V Y m/mnx
D DR (%) a4 g, <x2+y2 )K <x2+y2 )
_ 1 v 1
=T nk(V) Y k. 1 +x nk(_V) —E+ -1 y
(22 + 922" (22 + 922"
(4.5.2)

where, as usual, ni(s) denotes the completed Dirichlet series (4.2.9),

ne(s) = 7 °L'(s) Ck(s).

Moreover, if v is any complex number and x > y > 0, then the analogous formula is valid

2T (’;) (my)' 2 mi;zlrk(m) re(n) (’S) (mn)3 =% 1,_, (2my/mny) K, (2r/mna)

[V

EY (r)l75 oo m
_2F(22)( y2) S rym) ) (n)

-y m,n=1

X

At first glance, (4.5.2) and (4.5.3) do not seem to be related to (4.5.1), despite the fact that
both formulas share the modified Bessel function, K, (z), as an element in their infinite series. In
the next few lines, we shall argue why (4.5.2) and (4.5.3) are, in fact, generalizations of (4.5.1).
Recalling that (i(s) = 2{(2s) (see (4.1.4) above) and that r1(n) = 2 iff n is a perfect square and 0

otherwise, we see that a particular case of (4.5.2) is

81\/y i (T;Z)V\/WJ_% (2mmny) K, (2rmnx)

m,n=1
87 = /m\” 2rmn 2rmnx
a2 J:/yyz m,zn:l (n> vmnJ_y (a:2+yg) fv <:c2+y2>
1 1
=2(mx) " T(v)( 2v){ —— —1 2(rx)" T(—v)( (—2v) § ————— — 1. (4.54
() TG >{(w2+y2)2_y bt e >{(m2+y2)w b s

However, this expression can be simplified further. Indeed, recalling the reduction formula for the

Bessel function,
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and making the substitution of v by /2 in (4.5.4), we can now rewrite (4.5.4) in the following

manner
i (m>2 @ ) K. (2 ) 1 i (m)z (27rmny>K (27rmn:v)
— COS mTmn v T™Tmnx) — —F/———————— — COS | —5—— v 5 5
m,n=1 n Y 2 v$2+y2 m,n=1 n a? +y2 2 \a? +y2
1 _v 12 1 1 v 12 1
= 1 (m2) zr<2> g(y){1,—1}+4(m)2r(—2>4(—y){W—l}.
(22 +y?) 2 (22 +y?) 2

(4.5.5)

The main formal difference between (4.5.1) and the newly derived formula (4.5.5) is that (4.5.1) is
expressed via two single infinite series, whilst the series in (4.5.5) contain two variables of summation,

m and n. A way to circumvent this is by recalling the definition of the divisor function,

o.(n) =>_d*, (4.5.6)

dln

which helps us to see that (4.5.5) can be rewritten in the following manner

> v 1 > v 2 2
gla_y(n) nz cos (2rny) Ky (2mnx) — m Ez:l o_,(n)n2 cos (M) Ky (ﬂ;ﬁ;)
1 _v 1% 1 1 v 14 1
(4.5.7)

Now, let us observe that equation (4.5.7) closely resembles (4.5.1), while being even more general. By
substituting z by /7 and setting y = 0 in (4.5.7), it is possible to retrieve the Ramanujan-Guinand

formula in the same form as in (4.5.1). We are now ready to prove our Theorem 4.5.1.

Proof of Theorem 4.5.1. We only establish (4.5.2), because (4.5.3) can be analogously deduced.
First, let us note that (4.4.101), which is valid for x,y > 0, can be rearranged in the following way

o0 2

ri(n) (1/ Ev k 1k dny ) 1
E P Tl i e i el T A ——"
(a4 y2)r s 2 472 4 22 2)? (22 +y2)" T8

k k v+1
T (2 )« 0 v
W= (5) S () n' T g @nvay) K, 2nvaz),  (45.8)
2T (1/ + %) yz lavT (l/ + %) n=1 :

for any Re(v) > 0. For x,y > 0, we now consider the following double infinite series

o0

1 k dmn y?
2

rm)re(n)  p (v kv B
5 2 472 4 (m—+n (22 + y2))

ma=1 (m +n (22 +y2))" "2

k
2) , Re(v) > 5
(4.5.9)
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Let us note first that this double series is absolutely convergent in the half-plane Re(v) > % Since
m+n (22 4+ y?) > m +ny? > 2y/mn, we have that
dmn y?

0< <n<l.
(mtn@+y)2

Therefore, for any M, N € N, the following inequality must hold

1
2a

_|_

i

et (22 +2)

>

v kv k Amn y?
2+ 2 i
’€21<2+4’2Jr 2 )‘

o D(BW &y g)r (B 4 by Lyy < r(m)
Z<2 4)(2 42)7%(2%)'

k
2
F(%—%%)F(%—&-%—i—%)‘ =0 I‘(%—i—ﬁ)ﬁ! m=1m" 2

Since, by hypothesis, Re(v) > %, the last term is finite. In the double series (4.5.9), let us sum

firstly with respect to m, i.e., let us consider the iterated series

dmn y?

3 S rr(m) v kv k 1k
s Filg+p 5t 5 . (45.10
nZ::l () mZ:l (m 4 n (x2 +y2))”+§ 21 (2 4°2 4 2 2 (m+n (22 +y2))2 ( )

Applying (4.5.8) with x being replaced by z+/n and y replaced by y/n, we have that the infinite
series with respect to m in (4.5.10) is explicitly given by

> ri(m) v kv
> —r 2 st gt
m=1 (m +n (z2 +y2))" "2

nV"s I'(v

LT
(2 + yQ)”+§ T (V + %)
2T (%) v+l 0

S ri(m) (mn)3 (7:)2 Je_y(2mv/mny) K, (2mv/mnw) . (4.5.11)

yg_laﬁyf (1/ + g) m=1

' ﬁ dmn y?
(mtn (22 +y2))

_|_
b2 =

™

_l’_

In order to define the double series (4.5.9), we have made the imposition Re(v) > % Therefore, it
is possible to multiply both sides of (4.5.11) by ri(n) and then take the summation over n. This

results in the formula

$_nmni (v kv b Lk
ma=1 (m 4 n (22 +y2))" 2 2 472 4 272 (m+n (22+1?))
k
1 k 2
:_ka<2+u>+ () P ¢k (v)
(a2 + )"+ 2T (v+ §)

2F(%>7T”+1 00 Lk /m\
S (s ) i, ) O E () g on ) K o)

(4.5.12)
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Since the double series (4.5.9) converges absolutely in the region Re(v) > %, we may switch the

orders of summation and now consider a second iterated series

io: (m) i r(n) o k v L 1 k dmn y? (4513)
e N O 55 . (4.5,
m=1 n=1 (m +n (1»2 + y2))l/+§ 2 4" 2 4 2" 2 (m +n ({E2 + yg))Z

| &

which results from firstly summing with respect to the variable n. In order to put the inner sum in

(4.5.13) in the same shape as (4.5.10), we take the following change of variables

= rr(n) v kv k 1k 4mmn y?
> et gttty NI,
n=1 (m+mn(z?+y?))""2 (m+n (22 +y?))
o0 2
ri(n) v kv k 1k dmnY
= T ettty 2 v
(x2+y) 2ot (n+m(X24Y2) 3 (n +m (X* +Y?2))

where X := 2/(22 +5?) and Y := y/(2? + 3?). Note that X2 + Y2 is just 1/(22 + y?), but putting
(4.5.13) in this template now shows that we can apply (4.5.11) with = being replaced by X, y
being replaced by Y and with the roles of m and n being reversed. This now results in a second

transformation that is similar to (4.5.11), i.e

> re(n v k
nt (m4n (22 +y2))" 2

vk Lk dmny?
"2 4 272

" (m+n (22 +y2))?

= —m VT 4 (x2 + yz)y

o (k V+ll’_yy1 o) v 9 9 R
+ (2) Z re(n) (mn) %—% (n>2 J§_1< TV y) v (W mn:v)

F<V+g>(x2+y n=1 a2 +y? z? + y?
(4.5.14)

Using again our initial hypothesis that Re(v) > g, we can multiply (4.5.14) by r(m) and then

sum over m. This results in the alternative formula for the double series (4.5.9),

> ri(m) re(n) vk

% 2F1 +
wot (m4n (e +2) 5 \2

= —Ck <v+ ];) + (2 +y2)y_§ M@; ¥)

T (v+t)

oar k 7Tl/+1x—l/y17§ . v

2 1_k (m)\?2 2my/mny 2my/mnx

+ ( ) p g r(m)rg(n) (mn)2~ 14 () Jr_4 (2 5 ) K, (;/72 )
[(v+§) @ +9?) wata ATy Pty

v ok Lk dmny
2 4 272

(mn (2?4 y2)?

(4.5.15)

Comparing (4.5.12) with (4.5.15) proves (4.5.2) under the assumption that Re(v) > £. But since
both sides of (4.5.2) represent analytic functions of v, the same identity must hold for any v € C
by the principle of analytic continuation. To show that the left-hand side of (4.5.2) is an entire

function of v € C, one just needs to check that its infinite series are uniformly convergent on
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bounded subsets of the complex plane. But this is completely analogous to what we have done in

the first chapter (recall (1.2.13) above) and so our proof finishes with this observation. O

We have seen above that, when we impose k = 1 in (4.5.2), we are able to get the generalization
of the Ramanujan-Guinand formula (4.5.5). The next corollary provides yet another generalization
of (4.5.1).

Corollary 4.5.1. For any complex v and x > 0, the following formula holds

mf: (ZL) K, 2nymnz) — 273 i ri(m) Ti(n) (m) B <W>

m,n=1 n

1 _k —utk 1 —y—k E
= 5k(v) {o78 —amra ) 4 3 (=v) {a7vi —a4s ). (4.5.16)

Remark 4.5.1. It is worthwhile to remark that (4.5.16) is also a particular case of the general
formula (1.2.34) obtained in the first chapter. To deduce (4.5.16) from (1.2.34) we just need to

take there ¢1(s) = ¢a(s) = 7% (i (s).

In the remainder of this section, we establish a generalization of the most famous formula of
Koshliakov [134], which establishes that

Ja (Z B 1og ), Z d(n) Ko(2na) ) ~ VB (Z - IOgEfO‘) £ den) Ko(2n5)> . (45.17)

n=1

where o and 3 are two positive real numbers satisfying o3 = 72. This is given in the next corollary.

Corollary 4.5.2. Let k € N and recall the definition (4.4.70),

Or(u)i= [[  (1-e M) wso. (4.5.18)
mezZk—1\{0}

For x,y > 0, the following analogue of Koshliakov’s formula (4.5.17) holds

m\»—-

20 (5) ' 3 rulm)rato) (m) ¥ gy i) Ko (myimna)

2

m,n=1
or (k (m )1—§ 0 1_k T/mn T/ Mmnzx
T S i o (V) o (5
:M{%vr( )gk 1(k)+27—4log(<1>k(1))—210g<4 (22 —i—y))}

—on~ zr< )gk . (k) — 2y + 4log (B(1)) — 2log (4”;) . (4.5.19)
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Moreover, if x > y > 0, then the analogous identity takes place

m,n=1
2 (5) 't & Lk 2my/mn 2
1k Yy T/mnzx
1

— m {QW_I;F (g) Ch—1 <l;) + 27 — 4log (Px(1)) — 21log (ZZT ( = y2>>}

— 97 3D (g) Ck—1 <l;) — 2y +4log (Px(1)) — 2log (:C) .

47

or (2) )5 S () () (mn)b I, (2my/mmy) Ko (2ny/mna)

72 — o2

(4.5.20)

Proof. We shall only prove (4.5.19), as the proof of (4.5.20) is similar. If we let » — 0 in Ramanujan-

Guinand’s formula (4.5.2), we find, due to the uniform and absolute convergence of the Bessel
series composing it,

[SIE

2r <§> (my)'~ Z ri(m) rp(n) (m n)%*% J§71 (2mvmny) Ko (2mvmnx)
m,n=1

or (& (m )1*5 oo . T e
- (;2)_1_52 > ri(m)r(n) (mn)2~1 Jg_l (W/) K, (2\/7>

m,n=1

1 1
= Iir% z Ve (v) ——, 1+ liH[l) e (—v)y —————— — 1.
v— (x2 +y2)2 v—r (

2 —I—y2)§+y

kol

The proof of (4.5.19) will be complete once we evaluate the limits appearing in the previous equality.
Note that, by the functional equation (4.1.3),

i 1 (K 1
x Wk(V){W—l}—ﬂﬂ Uk(Q V){—l},

5 k
(@2 +y?)2"

and so, using (4.4.65), we can easily calculate the Laurent expansion
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where 6}, is the constant term in the generalized Kronecker limit formula (4.4.65), and it is explicitly
described by (4.4.78). This implies that

Lim 2™y, (v ){1 k_y—1}+gigg)fﬁ”77k(—V){l k+y—1}

(22 +y?)> (22 +y?)>
) Ere (g) e (S )}
—27r_2I‘<k> %k—w( )—i—?log(Z).

Appealing to the definition of the constant term %%, (4.4.78), we may find the expression

1 1
I i tmeen) ! ——— 1
s v (v) {(w2 + 92)571/ } b M (=v) { (22 + 92)§+u }

_ # {27T2F( )(k 1 (g) + 2y — 4log (Pr(1)) — 2log <47r (9: +y ))}

(x2+y)
— o~ zr< )Ck 1<k)—2v+4log(<1>k(1))—210g<;>’

which completes the proof of (4.5.19). O

Taking k£ = 1 in Corollary 4.5.2, we are now able to deduce the following generalization of

Koshliakov’s formula (4.5.17), which seems to be new.

Corollary 4.5.3. For any x,y > 0, the following generalization of Koshliakov’s formula (4.5.17)
holds

i ) cos (2mny) Ko (2mnx) — 1 i d(n) cos( 2mny > K ( 2mn x >
7r T I — Skl Einttbidadl
— y) 2o 2+ = 72 + 32 0\ 22 + 42
frs (T 00) -5 0 ()
= —— :L‘ — P P .
4\/m ® Y a\TTe G
Moreover, for x >y > 0, the analogous formula takes place
i ) cosh (2mny) Ko (2mnx) — I i d(n) cosh( 2mny ) K, <M>
= Yy 2o 22— 2 = 22 — 32 0\ 22 — 2

- b)) (5)

Using the relation (4.4.72), we can express our general analogue of Koshliakov’s formula in

terms of Dedekind’s n—function.
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Corollary 4.5.4. For x > 0 and y > 0, the following identity holds

i ro(m) re(n) Jo (2mv/mny) Ko (2my/mnx)
m,n=1

1 > 2r/mny 2r/mnx
RIS rQ(mm(n)‘]O( 22 + 2 )K°< 22 + 2 )

m,n=1

v —log (4 (a2 + ¢?) n(i)*) i,
- 21 — 7 +log (ﬁn(z) ) : (4.5.21)

where n(1), Im(7) > 0, represents the Dedekind n—function, (4.4.71). Moreover, if v >y > 0,

o0

S ra(m)ra(n) Ip (2nv/mny) Ko (2nv/mn )

m,n=1

1 > 2my/mny 2my/mnx

v —log (4= (a2 — y?) n(i)")

AT 4
- R — 7 +log (xn(z) ) : (4.5.22)

Remark 4.5.2. Taking y = 0 in (4.5.21) and (4.5.22), we are able to recover the formula (1.2.51)
obtained in the first chapter of this thesis. Furthermore, appealing to the evaluation of Dedekind’s

n—function (1.2.52), we can rewrite (4.5.21) in the following form

o0

> ra(m)ra(n) Jo (2mv/mny) Ko (2m/mnz)

m,n=1

1 i r2(m)r2(n)J0<2wmy> K0<27r\/mx>

a2 y? o x? + 92 x? 492
_ ?+y® 4 (1 41
o) ()

an identity that is valid for x > 0, y > 0. Taking y = 0 in the previous equality yields (1.2.53).

Remark 4.5.3. It is possible to find certain analogues of the transformation formulas (4.5.2) and
(4.5.3) involving more elementary functions. For example, in [183] we found a new and meaningful

analogue of Popov’s formula (4.1.1) taking the form

E_1
_ (my)a—2 1 00 rk(n)e z2+;2jk 1( ™y )
A () @)t VER Sk )

where it is assumed that > y > 0. Note that the modular structure of this formula is very similar

to the one that is present in Theorem 4.5.1.
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Remark 4.5.4. The results of this chapter are, of course, valid for the class of Dirichlet series
studied in Chapters 1 and 2. Just to give an example, let f1(7) and fo(7) be two holomorphic cusp
forms of the same weight, k > 12, for the full modular group. Also, let ay, (n) and ayg,(n) denote
their respective Fourier coefficients. It is not difficult to generalize the proofs given in this section

to get the following analogue of (4.5.2),

> apmap(m) () (mn)' S (rimny) K, (@nyimma)

m,n=1 n
1 s n\ 2 1k Admy/mny dr/mnx
== — 2 o1 | —————— | K, | ———— 4.5.23
e 2 antman() ()" mw'E ( ) K () s

which is valid for any complex v and x,y > 0. Just like we have done in the first chapter, if f,(7)
and fg(7) are two holomorphic cusp forms whose Fourier coefficients are, respectively, ay, (n) and

afs(n), we may come up with a generalized divisor function of the form

n faafﬁ Zafa af,e (Z) d’, (4'5'24)

dn

which is clearly a particular case of the notion introduced in Remark 1.2.1 of the first chapter.

Appealing to the definition (4.5.24), we may now rewrite (4.5.23) in the following compact form

ZU—V (n; far f1) 3 :

_ (47r\/ﬁy) K, (47rﬁx)

dr\/n dm\/nx
(”) K, <f> , (15.25)

22 +y 2ty

t1—k
a:2+y ZU— i f1, fa) n

which truly resembles (4.5.1)! Moreover, letting v — 0 in (4.5.25), one is able to find the following

analogue of Koshliakov’s formula
k‘
Zd i fo i) n 2 Jpoq (dmvny) Ko (4my/nx)

T +y2 Z d(n; fi,f2) n'% Joy (W) Ko (W) : (4.5.26)

2 +y w2 +y
where
n
d(n; f1, f2) =00 (n; f1. fo) = Y _ay, (d) ay, (d) .
dln

Taking k = 12 and ay, (n) = ay,(n) = 7(n), where 7(n) denotes Ramanujan’s 7—function, it is
simple to check that (4.5.26) implies formula (1.2.70) provided in Example 1.2.4 of the first chapter.
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4.6 A new analogue of Ferrar’s formula

As stated at the introduction to this chapter, in a paper concerning the study of modular relations
of the form F(«) = F(B), with aff = 1, Ferrar [[89], p. 103] offered the following interesting

example.

Theorem 4.6.1. If o, 5 > 0 are such that oS = 1, then the following transformation formula takes

place

an

> 2a2 ™m2a?
2y« ngl {e7m2Ko < 5 ) - 1} + \/15 (v — log(167) — 2log («v))

_oyB S etk (W”%Q)—l} L leg(16m) — 210 . 46.1
VB () - b 5 6 vstao) - 20s ) (46.1)

can 9

Since the summation index is suggestive of the one-dimensional case of (;(s), one may ask

what is the generalization of Ferrar’s formula when the summation variable, “n?”, is replaced by a

sum of k—squares, this is, “n? + ... + n%”.
Before presenting this generalization, we need to introduce a new special function that will help
us finding it. The Whittaker function W), ,(z) is the solution of Whittaker’s differential equation

[1236], p. 337],
d?u 7 1 v? 1
e (Hm‘mw u=0,

which is determined uniquely by the property3?
Wu(x) ~ zhe”3, x — 0.

The theory of Whittaker’s functions is usually derived from the study of confluent hypergeometric
functions (see the next chapter for more details on this). One can see from this theory that

Whittaker’s function has the asymptotic behavior
Wyu(z) =0 (:CRE(VH%) +0 (:c%*Re(”)) , v£0 x— 0T,

Wyo(z) =0 (x% log(x)) , x— 0"

and
Wyu(xz) =0 (m“ e_x/Z) , T — 00. (4.6.2)

When we set its first index, p, as zero, the function W, , () reduces to the modified Bessel function
of the second kind, K, (x), and, in a different arrangement of the indices, it can be reduced to
an elementary function [[164], p. 338, 13.18.2, 13.18.9]. This means that we have the reduction

formulas

W (22) = 2% K, (x), (4.6.3)

35here, we suppose that p € R.
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271

I/Vl/-f-l I/(x) - ml/-‘r B
27

(&

[SIE
NI

(4.6.4)
The first of these formulas, (4.6.3), will be of special importance in this section, as we hope to show

in Corollary 4.6.1 below. The next result establishes a generalization of Ferrar’s formula (4.6.1).

Theorem 4.6.2. Let x > 0 and k € N. Then the following generalization of Ferrar’s formula
(4.6.1) holds

3 i n;’“ } raE 1’7%<k—1 (S)
5 (oG oo} )
— 34 irk(n) {ej;W%O (”;) _ (le nl’s} b i G (];)
T (eI

4
(1- e—2ﬂ|m|)} —log (”)) , (4.6.5)
x
mezZk—1\{0}
Whittaker’s function.

where v is Euler-Mascheroni’s constant, 1(2) is Euler’s digamma function and W, ,(z) denotes

Proof. We start the argument by considering the infinite series

(e 9]

> ri(n) {62

) 2
NG W%,O (mnzx) — (n),;} . (4.6.6)
n=1
Since ri(n) = O (n%71> and W_, ,

X

W_,,(x) =2 Pe™2 {1 +0 (1>} , T — 00,

we conclude the absolute convergence of (4.6.6) after a simple application of the mean value theorem.

In order to study this first series, we shall consider the useful integral representation [[48], p. 458,
relation (3.30.2.5)]

ex/QW,pJ(gg) — 2%” M7OOF (s —o+ %) I (5 +o+ %) I'(—s+p)

p—i0o F<%+p—0)r<%+p+0) x”ds,

where [Re(o)| — 3 < 1 < Re(p). If we shift the line of integration from this range to Re(p) < p/ <
1 + Re(p), we find that the integrand in (4.6.7) has a simple pole located at s = p. Thus, by the

(4.6.7)
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36

residue theorem,”® we have

MIHOOF(s—a—l—%)I‘(s+a+%)F(—s+p)
S 2mi P(3+p=0)T(s+p+0)

w —ioco

x”%ds. (4.6.8)

Taking ¢ =0 and p = %, we have that (4.6.8) is valid in the region 251 < 1/ < k+1 and so, by

absolute convergence, the following integral representation holds

Z { NG Wik k) (mnx) — (wx)};}

n=1

:167”W(&+) (7 ~+) ( i)m@m& (4.6.9)

211 e 2 ( )

We shift the line of integration in (4.6.9) from Re(s) = i/ to Re(s) = & — 4/, taking an integration

along a positively oriented rectangular contour, %, (T'), with vertices ' £4T and % — ' £4T. Since
L <l < % by hypothesis, we know that I'? (3 + %) contains no poles inside the rectangular

contour Z,(T). Moreover, since p' < %, the only pole that I' (k—gl — s) contains inside %,/ (T')

is located at s = % and this is the exact same pole that (j (s + %) possesses. The computation

of the residue at the point s = k—gl comes from the Laurent expansion

k-1 2 k-1
r(¥~— ¢\ = _ -
( 2 s) k—1—2s 7+O<3 2 )

together with the generalized Kronecker limit formula obtained in Lemma 4.4.5 above. Straightfor-

ward simplifications yield

W.CC% k —9rlm
o) o] 0] ]
—(mw—ﬁfgzl(§>. (4.6.10)

Moreover, by Stirling’s formula and the Phragmén-Lindelof principle (4.2.20), we know that the
integrals along the horizontal segments of %,/ (T) satisfy the bound

w\w

/ TA o)+5-1, MT(ﬂ-x)’U‘da < es%“TTgflj
w

36the residue theorem can be trivially applied due to the asymptotic behavior of the integrand with respect to
Im(s), as |[Im(s)| — oo.
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becoming negligible as " — oo. Hence, by Cauchy’s residue theorem and (4.6.10), we have the
equality

W10 2 1 k=1

L b r (3 + ;2 E§(> 2 3) Ch (S + ) (Wﬁ)isds — —(71'56) %Ck—l <I;>

w'—ioco
- M (27 + (k) —2log { H (1 - e_%ml)} - log(47r:n))

r(%) ? mezF 1\ (0}

yHEIO g (1Y b (k=L
+ 271m. k w2+ ;Z Eg() ) G <s + ;) (mz)~*ds. (4.6.11)
5 —p —ioco

Our proof will be complete once we evaluate the last integral in (4.6.11). In order to do this, we

appeal to the functional equation for (x(s), (4.1.3), and make the change of variables s <> % -8,
resulting in

w—ioco

(4.6.12)

)
o P ) (e,

w'—1—ioco

where % < —-1< % It would be highly convenient to use (4.6.9) in order to evaluate the
last integral in (4.6.12). But to be able to do this requires that we shift the line of integration from

Re(s) = ' — 1 back to Re(s) = p/. To make this procedure, we need to apply the residue theorem
again. Using the calculations made in (4.6.10), we easily find that

s (R ()
_ _% (mw (5) —Qlog{ oI G _e—2w|m|)} Clog <4;r>)

2 meZk—1\{0}

() Teaf3)
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and so the last member of (4.6.12) can be written as

e
uulﬂozo 2
- xl_é M7 (8 - ZE;;; - ) Ck (8 + ;) (Z) h ds +/ar 2 Cot (g)

2me
n' —ioo
v k 4
+ % (27 + (2) — 2log { H (1 — eQ’Tml)} log ( W)) . (4.6.13)
r(3) mez 1\ (0} v
The summation formula (4.6.5) now results from a combination of formulas (4.6.9)-(4.6.13). O

Remark 4.6.1. Note that, if we take r = a? in (4.6.5) and then define 3 = 1/, the previous

identity may be rewritten in the form

0o Tno 1-k
e _
Oég_l Z Tk(n) {\/EWIQk’O (7T7’L()é2) — g } + 71—% Oé—éCkfl <2>

+F(§‘/)7:,§ (27 + (S) — 2log { I (- e—zﬂmi)} ~log (47ra2))

2
+W (27 b (’;) —2log { I (- e—%lm')} —log (47r52)) , (4.6.14)

2 meZk—1\{0}

which actually resembles (4.6.1)!

Corollary 4.6.1. Let o, 5 > 0 be such that a8 = 1. Then Ferrar’s formula (4.6.1) holds, this is,

f 00 W"QQQK 7T7”L2042 1 1 | 1

2/« e 2 _ L og(167) — 2loe (a

;{ O( 2 ) om} 75 (7~ log(16m) — 21og (@)

= 2\/B i {67%252 Ky <M> — 1} + L (v — log(167) — 2log (B)) - (4615)
n=1 2 ﬁn \/B

Proof. We set k = 1 in (4.6.14). Once again, we recall the conventions that ®;(y) := 1 and
Co(s) = 0 (see Remark 4.4.8 above). Remembering also that r1(n) := 2 iff n is a perfect square

and zero otherwise and, finally, appealing to the special value for Euler’s digamma function,
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¥ <%> = —2log(2) — v, we can deduce the transformation formula

mn QQ

2 g)ers 2 2 1 1

Ja 2 { - Wo,0 (Wn « ) - n} + 7o (v — log(167) — 2log (cv))
wn252

2 ez 2 92 1 1

G ~n( T g (7 loslibm) — 21 : 4.6.1
ﬂg{ o Ve () ”}+ 7 (7~ log(16m) — 210g (4)) (4.6.16)

Using the reduction formula (4.6.3),

Woo(z) = \/fKo (2) ;

we find that (4.6.16) yields Ferrar’s identity (4.6.15). O

Corollary 4.6.2. Let o, > 0 be such that a8 = 1. Then the following summation formula is

valid
o i r2(n) {e’fnoz2 Ei (—Wna2> + 7704271} — é (7 —4log (n(7)) — log (477@2))
n=1
- Bg:lrz(n) {eﬁnﬁz’Ei (—wnﬁ2) + wﬂlQn} - ; (7 — 4log (1()) — log (47Tﬁ2>) ’ (4.6.17)

where, for Im(t) > 0, n(7) denotes Dedekind’s n—function (4.4.71) and Ei(—x) represents the

exponential integral function

o
—Uu

Bi(—2) = —Ey(z) = — / “du (4.6.18)

Proof. We set k =2 in (4.6.14) and use the fact that ®2(y) is connected to n(iy) by (4.4.72). This

procedure yields the formula

i ro(n) {;’?W%’O (7TTLO£2) ! } + \g? (7 —4log (n(i)) — log (47Ta2>)

n=1 \/ﬁ - ﬁan
_i (n) £W (7ns?) - ! +ﬁ( — 4log (n(i)) — log (475%)),  (4.6.19)
_n:17‘2 n \/ﬁ 7%’0 ™ ﬁﬁn ,8 Y og (n(? og 7 s .0.

Next, comparing the Mellin-Barnes integral (4.6.7) with [[48], p. 102, relation 3.3.2.1],

o+100

1
e’Ei(—x) = 5 / I?(s)T(1—s)z %ds, 0<o<1,

we find out that, for any = > 0,

W_1 () = —vxe? Ei(—x), (4.6.20)
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which completes the proof of (4.6.17). O

Remark 4.6.2. Using the evaluation (1.2.52) for n(7), we can rewrite the two-dimensional analogue

of Ferrar’s formula (4.6.17) in the following elegant manner

o0 2(1
a) ra(n) {GW"O‘Q Ei (—Wn()zz) + 71_;2”} — é (’Y —2log <F2<7;4)a>)

n=1

o] 2 (L
igrmnfennne ol (om(F)

n=1

where «, > 0 are such that a5 = 1. Using the definition of the arithmetical function ra(n), we

can rewrite both infinite series of (4.6.17) as double series, resulting in a transformation formula of

the form
2( 2.2 (1
am,zn;éo {em P B (o (m ) ¢ 7m42(le+n2)} B é (7 ~2log (2&1)0‘))
2(, 2,2 (1
<5 3 [ s o)) - (1 (06)) |

Other interesting examples can be deduced. For example, using the reduction formula for the

Whittaker function s
2y/x(x +1) <£L‘) 22 <x>
W_ =Y K Z) =K =
10() Jr 0|75 o/ 1{5)
one can write down yet another particular case of Ferrar’s formula (4.6.5) for the arithmetical

function r3(n).



Chapter 5

A class of summation formulas
attached to the indices of special

functions

5.1 Introduction

In the previous chapters, we examined various methods for generalizing the well-known Bessel
expansion of the Epstein zeta function. As mentioned in several sources (cf. [37, 39]), the Bessel
expansion commonly referred to as the “Selberg-Chowla formula” is entirely equivalent to the
Fourier expansion of the non-holomorphic Eisenstein series. Let us briefly explain what this means:

take 7 € H:= {z € C : Im(z) > 0} and consider the double infinite series

E(s, 1) := Z L

oo Tt T

s

Re(s) > 1, 7:=x+ 1y, (5.1.1)

commonly presented as the non-holomorphic Eisenstein series. Since each positive definite and

real quadratic form Q(m,n) := am? + bmn + cn? can be attached to an element of H, say 7Q, by

writing this element as 7¢g := b+§';/57

we may translate the Selberg-Chowla formula (1.1.2) into

(s—3)

B(s, 7) = 24° ((25) + 2/ S -
+ ST VY i ns_%al,gs(n) cos (2mnx) K, _1(2mny), (5.1.2)
F(S) n=1 2

where x = Re(7) and y = Im(7). Just like in the classical case of the Epstein zeta function, the
Fourier expansion (5.1.2) establishes the analytic continuation of the infinite series (5.1.1), and in

particular says that F(s, 7) satisfies the functional equation
7 °T(s) E(s,7) = 7 'T(1 — 5) B(1 — 5, 7). (5.1.3)

277
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Formula (5.1.2) also serves as one of the first steps into the theory of Maass forms [148, 149].
We refrain ourselves to give the details about this rich topic within analytic number theory and
refer the reader to the recent book [159] about these objects. One crucial aspect highlighting the
importance of the expansion (5.1.2) is that it allows to show!

5 [ 0 0?

AE(s,T):=—y (8:1:2 + (‘9y2> E(s,7)=s(s—1)E(s,7), (5.1.4)
for all s € C. There exist several applications of the differential property (5.1.4). One of these is
the derivation of the Maass-Selberg relation (cf. [[228], pp. 39-41] for details). Using this relation
for the nonholomorphic Eisenstein series, F(s,7), Selberg found an alternative proof that {(s) does
not vanish on the line Re(s) = 1.2 Another very interesting application, due to Hejhal [114], is that

when we fix 4 > 1 and consider the function?

F(s,y) == n°T'(s) ((2s)y° + 7 '[(1 — 5) (2 — 2s) y' ~*,

then all of its zeros are located on the critical line Re(s) = % with exception of only two real zeros.*

For more details about results of this type, we refer the reader to the paper by Lagarias and Suzuki

[138] and to the very interesting approaches due to Haseo Ki [126, 127].5

The nonholomorphic Eisenstein series and its Fourier expansion (5.1.2) admit generalizations
in different settings. We have already seen two of them in this thesis. In the first place, we
extended the usual divisor function o, (n) = >_djn d” to a more general arithmetical function, whose
introduction was given in Remark 1.2.1 of the first chapter. Secondly, an analogue of (5.1.2) was
introduced in the previous chapter, where the cosine function on the right-hand side of (5.1.2) was
replaced by a Bessel or a modified Bessel function of the first kind (see (4.1.40) above).

Another natural approach to generalize (5.1.2), concerned with a reformulation of Hecke’s

correspondence theorem in terms of automorphic forms, is due to Maass [148, 149]. Maass [[149],

Chapter IV] considered the following extension of (5.1.1),

1
(m + nt)e(m + n7)b

(m + nr)b—?
m,n#0

G(a,b; 7, 7) = Z

m,n#0

LOf course, (5.1.4) could be established in a simple way by only looking at the action of the hyperbolic Laplacian,
AF(z,y) := —y* V?>F(x,y), on the elements of the infinite series (5.1.1).

2At least according to the notes written by Heath-Brown in Titchmarsh’s text. We have not been able to track a
paper written by Selberg containing the proof described in [[228], p. 69].

3This function is usually known as the “constant term” of the Selberg-Chowla formula. The study of the zeros of
symmetric versions of the completed Riemann (—function was started by Paul Rowland Taylor [220], in a paper
published after his death during active service as a Flight-Lieutenant in Egypt, during the second world war.

4In fact, Lagarias and Suzuki strengthened Hejhal’s result by showing that, when 1 < y < 4we™", all the zeros of
F(s,y) are on the critical line. The two real zeros that show up when y > 4mwe™" behave very much like Landau-Siegel
zeros. See [[138], p. 103] and the first chapter of this thesis for further interesting remarks.

5Ki [127] presented a completely novel approach to the study of the zeros of the function F'(s,y), based on the
Hermite-Biehler theorem. Besides, Ki’s method allows to show that all the nonreal zeros of F(s,y) are simple when
y> 1

5To be concise with the presentation in this thesis, we took the liberty of slightly changing Maass’ notation.
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in which it is assumed that Im(7) > 0, a — b € 2Z and that the sum runs over all pairs of integers
that are not simultaneously zero. It is natural to define the function G(a,b; 7, 7) by the second
infinite series in (5.1.5), in which one takes the principal branch of the logarithm. When a = b = s,

we see that, for Re(s) > 1, the Maass Eisenstein series G(a, b; 7,7) reduces to

1

— =y °F 5.1.6
|m+n7\25 Yy (377—)7 ( )

G(s,s;7,T) = Z

m,n#0

so G(a,b; T, T) is a generalization of E(s, 7).
Like E(s,T), the “weighted” Eisenstein series (5.1.5) admits a Fourier expansion. Maass [[149],
p. 210] proved that this expansion takes the form

(a+b-—1)

a—b r
G(a, b; 7, 7) = 2((a +b) +4x (—1) 7 21707 T (@) T(0) Cla+b—1)ytab

3 2mine a
+2(_1)Tb Z O'a+l;—1(|n|)€ : (27r\n|y)7%b Wign(ny ast, atb-1 (4r|n|y),
70 T (32 +sen(n) 5 T

(5.1.7)

where W, ,(2) denotes the Whittaker function, which we have already encountered in the previous

chapter. Combining (5.1.6) with the reduction formula for Whittaker’s function,

Wo(x) = \EKV (g) : (5.1.8)

one sees that (5.1.7) is, in fact, a generalization of (5.1.2). Just like E(s,7), G(a,b; 7,7) is an
automorphic form, satisfies a functional equation with respect to the variables a and b (thus
generalizing (5.1.3)) and it is an eigenfunction for a generalized Laplacian operator, such as (5.1.4).

These properties are essentially listed in [[149], pp. 213-214].

The presence of Whittaker functions in the expansion (5.1.7) offers a compelling motivation to
investigate analogues of Guinand’s and Koshliakov’s formulas, (4.5.1) and (4.5.17), which may result
from substituting the Modified Bessel functions, ubiquitous in our previous chapters, by Whittaker
functions. While such a study is certainly feasible and worth pursuing, the Fourier-Whittaker
series (5.1.7) also suggests an opportunity to explore a fundamentally different class of summation

formulas.

A purely informal description of some of our previous chapters is that we have primarily focused

on summation formulas of the form
o
> a(n) g(ny) K, (nx), (5.1.9)
n=0

where g denotes some function (often a “special function”) and a(n) is some arithmetical function
that we deemed relevant in some way or another. In the previous chapter, we have also seen
how integrals with respect to the index of the Macdonald function, K, (z), were useful to study

summation formulas of the form (5.1.9). Let us recall that, if we start with a real-valued function,
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say f(t), belonging to a “suitable” class, then the Kontorovich-Lebedev transform is explicitly
defined by the integral (cf. (4.2.1))

(KL(f))(x) = /Kit(x)f(t)dt, 2> 0. (5.1.10)

Examples of this transform were computed before in the case where fe(t) = n; (% + z't) £, For

instance, referring back to Corollary 4.2.6, the evaluation of the index transform

1 1 )
o [ <2 +it> Kau(x) & tdt, x, €50, (5.1.11)

—00

served as motivation for presenting a new proof of Ramanujan’s beautiful formula (cf. (4.2.24))

[o22nEen _ 1 i ro(n) . P 42p | e

Z\/x—i—%'fn fn:() r + 2

3

One may wonder now which kind of summation formulas can result from considering discrete
analogues of the transform (5.1.10), i.e., what can be said about formulas that may complement
(5.1.9) if we move the variable of summation, say n, from the argument inside the Bessel function

to the index, i.e., taking the conversion

o0

Z a(n) g(ny) K, (nx) = Z a(n) g(ny) Kina(x). (5.1.12)
n=0 n=0

As far as we know, Yakubovich [241] took the first step in the study of summation formulas of
the form (5.1.12), proving that the identity

> 2 ad mn
Ko(2) +2 Y Kina(z) = ge* + T3 mmeosh(352) (5.1.13)

n=1 n=1
holds for any positive real numbers x and .

We can take the class of summation formulas of the form (5.1.12) and (5.1.13) even further,
following the analogy between the Fourier expansions (5.1.2) and (5.1.7) or, by other words, by
trying to convert the Macdonald function in (5.1.12) into a Whittaker function.

It is no surprise that this study has already been considered in the setting of integral tranforms.
In 1964, Wimp [240] discovered an inversion formula for an integral transformation involving the

Whittaker function W), ;-(x), producing the pair of integral transforms

D
d
/WH o f LER, T>0, (5.1.14)
0
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o0 2

1
) Wyir(z) F(1)dr, peR, z>0. (5.1.15)

fx) = 3 /T sinh(277) ‘I‘ (; -+ z'T)

™
0

Due to the reduction formula (5.1.8), when u = 0, the integral defining F(7) reduces to the direct

Kontorovich-Lebedev transform [243], this is,

\% 71{” (;) f(2) %. (5.1.16)
0

There are several variants of Wimp’s result. Srivastava, Vasil’ev and Yakubovich [209], for example,
considered an interesting class of index transforms with respect to Whittaker’s function. Later,
Yakubovich studied inversion formulas for integral transforms associated with products of Whittaker
functions, as well as discrete transforms [242, 245].

In the same way that (5.1.14) generalizes (5.1.16) and that (5.1.7) has the potential to furnish

new summation formulas of the form
> a(n) g(ny) Wy (na),
n=1

what can we say about summation formulas involving the index of Whittaker’s function? In other
words, in what conditions can we establish new results for the infinite series
oo

Z a(n) Wyian(x), o,x>0, peR?

n=1

Our main goal in this chapter is, then, to analyze and prove a new transformation formula for

an infinite series of the form

o
Z Wyian(z), o,z>0, peR. (5.1.17)
n=1

Despite the formal similarity with the Kapteyn and Neumann series (cf. [13, 14, 152-154, 232]), the
nature and structure of the summation formulas attached to the imaginary indices of the functions
Wyir(z) and K;-(x) drastically differ from these classical settings.

We shall evaluate the series (5.1.17) by using a weak variant of the Poisson summation formula.
This approach has the advantage to give new integral representations involving the index of a class
of special functions. In fact, the kind of integrals derived in this chapter cannot be found in any of
the standard references containing explicit index transforms, such as [95] and the third volume of
[172]. This class is also not examined in papers focused on the evaluation of such integrals, such as
[16, 17].

This chapter is organized in the following simple manner: in the next section, we briefly present
the basic special functions that make their first serious appearance in this part of the thesis, and
in the third (i.e., final) section, we compute the Fourier transform of f(7) := W, ;-(x), for fixed
parameters ¢ € R and x > 0. Using this transform and appealing to a very simple version of

Poisson’s summation formula using residue theory [213, 214], we find an interesting transformation



282 A class of summation formulas attached to the indices of special functions

formula for the series (5.1.17), connecting it with the parabolic cylinder function. Several new
results are deduced from our main transformation formula. For example, the identity (valid for
z,a >0 and p € R),

W_1 o(2) Wi oz +2ZW Lian (@) W jon (@)

1ran
n=1

—L -3 xCOSh% ™
= 2(1{6 2K0< )+226 2 KO(QCOSh(a>>}

will be obtained as Corollary 5.3.3 below. Additionally, in Corollary 5.3.4 we will be able to compute

Fl/1

the Fourier transform

2 .
Wir(x) e dr

xsmh (£/2)
— pokts VaT(1—2p)e : Dy, 1 <\/21‘ cosh (g)) ,

which we could not find elsewhere in the literature.

5.2 Preliminaries

As we had the opportunity to mention before, the notion of Whittaker’s function arises in the
study of the Kummer confluent hypergeometric function, 1 Fj(a;c; z), which is usually defined by
the power series [[164], p. 322, 13.2.2],

1F1 (a6 2) = i(a— (5.2.1)

z
o) k!’

where (a), :=I'(a+k)/I'(a) denotes the Pochhammer symbol. A special combination of Kummer’s
functions leads to one of the most important confluent hypergeometric functions, known as Tricomi’s

function ¥(a,c; z). This special function is typically defined by

I'(1-c¢)

1—c F(C — 1)
I'a—c+1)

U(a,c;z) = ')

1Fi(a;e2) + 2 1Fi(a—c+1;2 — ¢ 2). (5.2.2)

As we had the opportunity to mention in Section 4.6, the Whittaker function W), ,(x) is the

solution of Whittaker’s differential equation,

d’u 7 1 v? 1
By = - S )u=0 5.2.3
dx? + (J: + 42 4z2 4" ’ ( )

which is determined uniquely by the property (here, we suppose that u € R)

W (x) ~ ahe”3, x — 0. (5.2.4)
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The Whittaker function can be also defined in terms of the Tricomi function, ¥(a,c; z), in the
following manner

Wyuu(2) = e #2220 (a, ¢; 2) (5.2.5)

where a = % + v —p and ¢ = 2v + 1. Invoking the asymptotic expansions for the Kummer and
Tricomi functions, we can check that both definitions of the function W, ,,(x) are equivalent, because
the right-hand side of (5.2.5) satisfies the differential equation (5.2.3), but also

Wyu(xz) =0 (xRe(”)Jr%) +0 (a:%’Re(”)) , v£0 207,

Wyo(z) =0 (:c% log(x)) , z— 0"

and (supposing p € R)
Wyu(x) =0 (aj“ e*x/2> , & — 00.

There are several integral representations of the Whittaker function that will be very useful in
the sequel. For example, recall that in the previous chapter we employed an interesting integral
representation, namely (4.6.7), to deduce a new analogue of Ferrar’s formula (4.6.5). There are
other very important representations of the function W), ,(z) that can be regarded as classical. For
instance [[164], p. 337, 13.16.5],

vy . 1
W) = [ S =1 d e+ 1) dt, Re(w =) + 5 >0, [arg(z)| < .

r (% +v— u) 1 2

(5.2.6)

As we have seen in Section 4.6, the Whittaker function possesses two important reduction formulas,
namely

2z
Wo (2x) = - K, (z), (5.2.7)
1 =z
WVJF%,V(:B) =" T3e7 2. (5.2.8)

The first reduction formula (5.2.7) was crucial to obtain Ferrar’s formula (4.6.1) as a particular
case of our Theorem 4.6.2. Let us now briefly recall some properties of K, (x). Although we have
employed several of these properties in the previous chapters, it is quite helpful to remind the
reader of some of them, because they will play an even more important role here. Generally, it can
be seen from (5.2.3) that the modified Bessel function of the second kind (or Macdonald function),
K, (x), satisfies the differential equation

d? d
J:Q—U—i—x—u— (w2+v2)u:0,
XL X

and has the asymptotic behavior [[164], relations 10.25.3, 10.30.2, 10.30.3]

K - (Z) e {10 (D)} s 529
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K, (z) = 2" D)2 W) o (27 Fel) o s 0%, v 20, (5.2.10)

Ko(x) = —log(z) + O(1), x — 0. (5.2.11)

The study of summation formulas attached to the function K, (z) depends on many of its
integral representations. For example, the only feature distinguishing different proofs of Watson’s
formula (4.1.19) [[233], p. 299, eq. (4)] is the integral representation used for the Macdonald
function K, (z).” One consequence of (5.2.6) and the reduction formula (5.2.7) is the integral
representation [[164], p. 252, 10.32.8],

o0

14 V*l 1
Ky (z) = _ VT /e—w (u2 - 1) ®du, Re(v)> —=, |arg(z)| < =,
27T (v+}) 2 2

which, incidentally, will be very useful in the next chapter on Koshliakov’s theory. In 1871, Schl&fli
proved that this representation for the Modified Bessel function is equivalent to the integral [[164],
p. 252, 10.32.9]

o0

K,(z) = /e_ZCOSh(“) cosh(vu)du, veC, |arg(z)| < g (5.2.12)
0
In particular, if we take v = i1, 7 € R,(5.2.12) gives
1 o
Kir(z) = B / emTeosh(Weimugy 2 > ), (5.2.13)
—0o0

which will be very important in the sequel. In fact, seeking the right generalization of (5.2.13)
in the Whittaker setting is fundamental to obtain a transformation formula for the infinite series
(5.1.17).

From the representation (5.2.13), Yakubovich obtained a uniform estimate of the kernel K;,(x)

with respect to its index 7 € R and argument z > 0, namely [[243], p. 15, eq. (1.100)]

|Kir ()] < e Ky (2 cos(6)), 0<6< g (5.2.14)
This estimate admits a generalization, which was also found by Yakubovich [248],
Kyyir(z)] < e K, (zcos(d)), o€R, 0<4< g (5.2.15)

and whose proof follows exactly the same ideas as (5.2.14). Formula (5.2.15) proved to be very
useful in the previous chapter, as it was more than enough to justify some technical steps in the
proof of Theorem 4.2.1 above. The estimate (5.2.14) will be invoked several times throughout this

chapter and we shall always make explicit reference to it in the main text.

"Watson confesses in his paper (see pages 299 and 300) that the referee suggested a much easier proof of his
formula based on the Poisson summation formula and the Basset representation for K, (x).
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The Whittaker function has several other reductions that, for historical reasons (and just like the
Macdonald function K, (z)), possess independent interest. One of such reductions is the well-known
parabolic cylinder function, D,(z). In the classical approach of [236], it can be also defined as the

solution of the differential equation

a2 T\FTy T )T

which can be then rewritten in an equation of the form (5.2.3), describing D, (z) in terms of the

Whittaker function,
52
Byl (2 . (5.2.16)

It is known that D,(z) is an entire function of its parameter . This function makes its appearance
in our treatment of the infinite series (5.1.17). Due to its connection with the function W, ,(2),
there are several useful representations of the parabolic cylinder function that can be derived from
integral representations available for the Whittaker function. One such representation, which will
be very important in this chapter, is [[48], p. 20, 2.2.1.6] (see also relation 2.3.15.3 on page 343 of
vol. T of [172]),

[e.°]
2

-1 —zu?—yu F(M) ¥ Y
/u“ Le Yidu = Qapr? esz= D_,, (@) , Re(n), Re(z) >0, yeC. (5.2.17)

From the reduction formulas for the Whittaker function, one can easily check [[164], p. 308, 12.7.1]

)

z

Dy(z) =€+ (5.2.18)

and that [[164], p. 308, 12.7.5] (cf. [[236], p. 341] and [[164], p. 338, 13.18.7))

D_1(2) = \/Zeferfc (\%) : (5.2.19)

where erfc(-) denotes the complementary error function, usually defined by [[164], p. 160, 7.2(i)]

2 o0
erfc (z) = NG / e~ dt. (5.2.20)
T

It can be inferred from (5.2.4) that, when z is taken large, D, (x) will satisfy the asymptotic formula
(cf. [[164], p. 309, 12.9 (i)], [[84], Vol. II, p. 122, eq. 8.4(1)]),

22

D, (z) ~ate 1, x — oo. (5.2.21)
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In particular, from the reduction formula (5.2.19), we can also write the following asymptotic

formula for the complementary error function [[164], p. 164, 7.12.1]

1 e
erfe(x) ~ — ¢

N

For a comprehensive approach to the theory of the confluent hypergeometric function, which also

x — 00. (5.2.22)

includes a detailed study of the particular examples W), ,(z) and D,(z), the reader is encouraged
to check Buchholz’s book [49].

In order to study the class of summation formulas that we aim to consider in this chapter, we
will need to employ the classical Poisson summation formula (cf. [96]). Although this particular
result from Fourier analysis could be presented and motivated to the reader in a self-contained (but

rather technical) manner,

we shall present it in a more pragmatic way, without even having the
need to state it.? To apply Poisson’s summation formula we shall need to introduce the classical
pply

Fourier transform,

f&) = / f(r)e " edr, (5.2.23)

which makes sense when f(7) satisfies some proper conditions of regularity and decaying.

There are several analogues of the Fourier inversion theorem, and each one is labeled with the
regularity and decay properties that one assumes for f in the first place. For the details given in
this chapter, we will only require a version of Fourier’s inversion formula that works for a subclass
of complex functions having moderate decrease. This class is introduced in the reference [[213], pp.
112-114] and it is a natural class to consider if one wants to approach Fourier analysis via the tools

of complex function theory.

Definition 5.2.1. For each a > 0, let §, denote the class of all functions f that satisfy the following

two conditions:
1. The function f is analytic in the horizontal strip

Se:={2€C : |Im(z)| <a}. (5.2.24)

2. There exists a positive constant A such that

|f(n+1iQ)] <

T for all n € R and |¢| < a. (5.2.25)

Under the assumptions of this class, the next lemma establishes the Fourier inversion formula,

which will be fundamental in our proof of Theorem 5.3.1.

8i.e., by being a particular case of the several summation formulas (formally known as Voronoi’s summation

formulas (4.1.36)) that arise in the Hecke class.
9The primary goal of this chapter is to study new summation formulas involving new aspects of special functions
rather than developing a more general theory of Dirichlet series associated to this kind of formulas.
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Lemma 5.2.1 ([[213], p. 115, Theorem 2.2]). If there exists some a > 0 such that f € §,, then the

Fourier inversion holds, this is, for all T € R, we have the representation of f(7) by the integral
1 r n iTé
fr) =5 / J(&) e de. (5.2.26)

Remark 5.2.1. If f belongs to the class §,, for some a > 0, then one can guarantee that f (&) will
have exponential decay. In fact, for any £ € R, |f(£)| < Be Yl for any 0 < b < a and some B > 0
[[213], p. 114, Theorem 2.1].

Having presented all the main special functions and tools of classical analysis comprising our
summation formulas, we are now ready to move to the next section and prove the main results of

this chapter.

5.3 A class of Summation formulas attached to the index of Whit-

taker’s function

As remarked at the introduction, the primary goal in this chapter is to find a transformation

formula for an infinite series of the form
o
> Waian(z), a,z2>0, peR. (5.3.1)
n=1

Such transformation will necessarily possess at its core the classical Poisson summation formula
[96, 213, 214, 226]. In order to apply this classical result from Analysis and Number Theory, we

need to compute the Fourier transform

Foe(z) = / Win(z) €€ dr. (5.3.2)

First, let us note that the infinite series (5.3.1) converges for any = € (0, X], X > 0, by virtue
of the asymptotic expansion (cf. [[243], p. 25, eq. (1.172)] and [254])

nr 1 1
Wir(z) = V2 e~ T 773 cos <Tlog (aj) S (u - ) + T) {1 +0 ()} , T—o00. (5.3.3)
k 4T 2 2 T
In an analogous way, if = is any fixed positive real number, then the integral (5.3.2) exists as an

absolutely convergent integral.

In order to compute the transform (5.3.2), we appeal to the following representation for W, ;-(x)
[[48], p. 458, eq. (3.30.2.4)],

o+ico 25—2iT+1 25+2iT+1

Y A G )l G ),
/20 () — / -5 5.3.4
€ #m'(x) 27i F(S — 1) x 55 ( )

T—100
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valid for > 0, u € R and ¢ > 0.'° Now, our Fourier transform reduces to the evaluation of the

integral
00 e OFicop (2372i7—+1) T (23+2w+1)
Fe(x) = /2 / ¢ / 2 2 ) psdsd 5.3.5
ne(@) = e 271 F(s—pu+1) T oasar, ( )

—0o0 T—100
and, in order to compute it, we will interchange the orders of integration by appealing to Fubini’s

theorem. In order to check that this procedure is valid, it suffices to show that
7 7
00

since the resulting iterated absolute integral is even with respect to the variables ¢ and 7. In the

(34o+it—7) T (3+o+i(t+7))
[(oc—p+1+it)

dt dr < oo, (5.3.6)

next argument, we shall invoke Stirling’s formula,
7 |t|

| ot >
IT'(o +it)| <o . (5.3.7)
1 [t <1

Assume first 0 < 7 < 1: then we split the inner integral (with respect to ¢) in the following form

o0 +G+Z(t—7))r(%+a+i(t+7)) d
0/ I(oc—p+14it) :

T+1 PTG +otit-n)T(3+o+ilt+7)
T[l I'(oc—p+1+it) "

Since 0 < 7 < 1 by hypothesis, the first integral will be obviously bounded by continuity of the
integrand in the range 0 <t < 7 4 1. Next, in the second range we have that t — 7 > 1 and t > 1,

and so we may appeal to Stirling’s formula (5.3.7) to obtain

* F(%—I—U—i—i(t—T))F(%—l—a—i—i(t—i—T)) it L

/ ‘ dt <, / toTHT3e™ 2 (t,
[(o—pu+1+it)

T+1 T+1

which is obviously a finite quantity. Therefore,

P(3+o+i(t—7)T(3+o+i(t+7))
T (o —p+1+it)

dtdr

P(3+o+i(t—7)T(3+o+ilt+7))

dtd
T(o—p+1+it) 7

1 Tt
toth 272 dtdr < 0.

10Tn fact, this representation is even valid for o > f%. For simplicity, however, we work under the assumption
o> 0.
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Next, assume that 7 > 1: under this assumption, we can split the inner integral in (5.3.6) in the

T

T—-1 741

form
(3+o+it—7) T (3+o+i(t+7))

T(oc—p+1+it)

dt.

ForO<t<7—1lort>r7+1, we know that |t — 7| > 1, so that

T—1

/

0

P(3+o+it-7)T(3+o+it+7))
T(0c—p+1+it)

t2 T o AT
dt</ dt
s U—u+1+zt)\

If 1 <7 <2, then the integral is trivially estimated as < 72°T1e="7. On the other hand, if 7 > 2,

we have that

t2 0o TT T71(7.2 o t2)ae—7r7 ”
/ dt <777 eT™ 4 / ezl dt
\r U—,u—l—l—f—zt)| / fo—hnts
< pROHleTT L e (5.3.8)

where 1 := max {20 +1l,0+pu+ %} This proves the following bound

oo7'1

[[F

0

2
/7'2‘”'1 T dr +/ 204177 4 o= 3 )dT < 00.
1

(3+0+it—-7) T (+o+ilt+7)

dt d
T(oc—p+1+it) T

Next, in the region 7 —1 < ¢ < 7+1 we have that |t — 7| < 1, so that Stirling’s formula (5.3.7) gives

T+1F(%+g+i(t_7)) F(%—l—a—i—i(t—i—T

T(o—pu+1+it)

t—I—T o 77(t+‘r)

dt.
|F o—p+141it)]

7—1

Once more, if 1 <7 < 2, then the integral can be estimated as

|Fo—u+1+zt |Fo—,u+1+zt |F0—u+1+zt)]

T+1
L 71% T 4+ /
1

(t+ T)”eng

At < 77T e
okt

where, as before, 17 := max {20 +1l,0+pu+ %} On the other hand, if 7 > 2, we obtain

dt < 736757,

T+1 -
(t4 7)7e 2 (t+T) gt < / (t4+71)7e 2"
| T 0—M+1+Zt)\ - to—H+3
T—1
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which results in

T (Lo tit-7) T (5 +0+it+7))
// - dtdr
/ I'(c—p+1+it)

1
2 0o
uy 1 us
< / (T”ef’" + TT]706757> dr + /T”+§6757d7 < 0.
1

Finally, for t > 7+ 1, we can apply the first estimate in (5.3.7) in all of the Gamma factors and get
the inequality

FIT(A+o+it—7)) T (s +o+it+7) ® (42 _ 72)7 5t % i

/ (2 ) (2 ‘ ) dt < / (t* —72) 1e 2 dt < /ta+u—%e—§tdt
I'(o—p+1+it) tohts

T+1 T+1 T+1

[e.e]
1
(u+7)7TH Je By < TOtHT3e" s +e_%T/u”+ﬂ—§g—§“du

T

1 u s
ot+pu—35 —5T —5T
LT 2e 2" +e 27,

which proves that

[ /

dtdr < / {TUJ’_N_%@_gT + e_%T} dr < oo.
1

(3+o+it—7) T (3+o+i(t+7))
T(0—p+1+it)

Thus, by Fubini’s theorem, it is possible to interchange the orders of integration and obtain the

integral
0o ., oticop (2s—2ir+1 254 2iT+1
/ Wi ( e~ dr = /2 ﬁ / " ( 2 ) " ( 2 ) x %dsdr
’ 27 F(s—pu+1)
—00 o—100
e 7o 1
/ I‘s—{—l— 0 / F<2+5—i7')r<2+5+i7'> e dr ds. (5.3.9)

T—100

The integal with respect to the product of I'—functions is a well-known Fourier transform, and it is
usually presented as an application of Parseval’s formula [[226], p. 105]. Indeed, we know from
[[243], p. 1.104] (cf. [[172], Vol. II, 2.2.4.5]) that the Fourier transform holds

VAT()T (2 + 1)
cosh?? (%) ’

/ T(z +it) T(z — it) e~ dt = Re(z) > 0, (5.3.10)

and so, making elementary substitutions in (5.3.9), we now obtain the expression for F), ¢(x) in the

Fue(x) = QM\C/if(g) J7OOF (igi)lrflj D (x cosh? (§>>_s ds. (5.3.11)

form

T—100
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In the meantime, recalling entry 8.4.44.1 in [[172], Vol. III] or [[48], p. 458, eq. (3.30.2.4)], we know

that the representation (5.3.4) can be generalized via the Mellin-Barnes integral

c+100 1 1
I'(s—v+s:s)T(s+v+3 1
( 2) ( 2) Jj_sds, x>0, ¢c> |Re(y)| — 5 (5.3.12)

1
—m/2W _
c o) =55 T(s—pt1)

c—100

Thus, replacing p by 111 + p and v by —% in (5.3.12), we see that, for any ¢ > —7 and 2 > 0

Py

e 12w, 1(z) = —
7_['_#’_7 2 . 3
S LB e ey
21 dHeop (s 4 1) T (s+ %)
= —— x % ds, (5.3.13)
2mi L(s+1—p)
d—ioco

%, we can replace z by x cosh?(¢/2)

1~ 1 Since (5.3.13) holds for any d > —

where d := ¢ — 3
there and use this modlﬁcatlon of (5.3.13) in (5.3.11) to produce the formula

1 =z
\/7?33162 —Ecosh(g) 2 f
1 Wiﬂ%—i (l‘COSh (2>>

F §($) =
g cosh2 (%

= 97K\ /x e 1(1—cosh(8)) Dy, <\/2£L‘ cosh (g)) )

where we have invoked the definition of the parabolic cylinder function, (5.2.16). Since, according

o (5.2.21),
Doy, (\/ﬁ cosh (g)) ~ (2x)" cosh?*(¢£/2) emBeosh®(€/2) ey oo

we find that!!
Bl ~ vath cost® () e 8o©, ¢ oc,
This asymptotic behavior of the Fourier transform F), ¢(x) now suggests that we are in a position

to find an inversion formula. This formula shall be stated in our next lemma
Lemma 5.3.1. For any p € R, z > 0 and 7,& € R, we have the pair of index Fourier transforms

/ Wir(x) e 8 dr = 27" /7w e (1cosh(€)) Dy, (\/2x cosh <§>> ) (5.3.14)

(5.3.15)

Wpir (@ 2u+1

eT/4 . .
\/E e~ 1 00sh(¢ )Dgu <\/ﬁ cosh <§>> e dg.

Proof. In accordance with Lemma 5.2.1, we just need to show that, for z € C and fixed p € R
x > 0, the function f(z) := W, ;.(x) belongs to the class §q, for some a > 0. Since, for a fixed z,
W,v(x) is an entire function of the first and second parameters [[164], p. 335, 13.14 (ii)], we see

A weaker asymptotic estimate for F}, ¢(z) can be immediately inferred by Remark 5.2.1
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that condition 1 in Definition 5.2.1 is automatically satisfied, because, for any a > 0, W, ;. (z) will

always be analytic in Sj.

In order to establish (5.2.25) we need to find, for a fixed z € (0, X], a suitable estimate for
Wy.o4ir(x), when 7 is large and o is a fixed real number. Taking the definition of the Whittaker

function as the combination of confluent hypergeometric functions (cf. (5.2.2) and (5.2.4) above)

. I(—20 — 2 1
Wy otir(x) = e~T/2 gz totiT (=20 — 2i7) 1Fy ( + o+ it — p; 20 + 26T + 1; :c)
r (% e ,u) 2
. T(20+2i 1
a2 Qot+2ir) p < o —iT— 1 — 20 — 2 ;1:) . (5.3.16)
r (5 +o+iT— u) 2

we see that, if we write the power series for 1 Fj(a;c; z), (5.2.1), we are then able to obtain the
asymptotic expansion

i40+ir— ,u) k

2 g T
(1420 + 2i7),, k!

g S o ()] i o (2] o

F 1+0+i7'—,u'20—#22’7—#1'33 = lim §<
141 2 ) 3

with an analogous result result holding for the second confluent hypergeometric function in (5.3.16).12
Using Stirling’s formula for the ratios containing the I'—functions in (5.3.16), we are able to deduce
the bound

Th3

T 1
\/i J}%+U€_T {2—207_—0 + 220 x—2a7_a} {1 +0 ():| , (5317)

T

(Wotir(®)] <
which holds for any 7 > 7 > 1, 0 € R and z € (0, X|. Note that, if 7 — —o0, the modification of
(5.3.17) reads
7l

2 o —rlrl —20|,.|—0 20 ,,—20|,|0 i
g5 e {2777+ 22 2 %77} 140 . (5.3.18)

’WN,U—HT(x)’ < 7|

If we write z = 7 + i(, say, then, with the proper substitutions, (5.3.17) and (5.3.18) imply the

inequality

, A3 ol _ _ 1
04 10) = Wiyl < 2o o2yl 2720 g} [ 0 ()]

which establishes an even stronger decay than (5.2.25). t

2The O—term in the sum Z:io is uniform with respect to 0 < k < M [[243], p. 20, eq. (1.145)].
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Remark 5.3.1. By the reduction formulas (5.2.7) and (5.2.18), the previous result offers the

following pair of Fourier transforms
o0
/ Kir (z) e 78 dr = me &) K (x =3 / —wcosh(§) oit€ e (5.3.20)

which we have already presented at the introduction to this chapter (see (5.2.13) above).

After having the Fourier transform of W), ;;(x), it is now a matter of using a classical version
of the Poisson summation formula [96] to get an explicit transformation of the infinite series
(5.3.1). However, in the next theorem we provide a purely complex analytic proof of the desired

transformation.

Theorem 5.3.1. Let z,a > 0 and p € R. Then the following summation formula holds

W0 ()42 i Wi () = 2~ \ﬁ (Dzu (@) 4968 Z o~ § cosh( 22 )D2u (\/%cosh (T))) )

n=1 n=1

(5.3.21)

Proof. For a fixed x > 0 and pu € R, let g(2) := W, jaz(2)/ (€*™# —1). Since W), ,(z) is an entire
function of the first and second parameters [[164], p. 335, 13.14 (ii)], we know that g(z) is analytic
everywhere except at the integers, where it has simple poles with residues W, jan(x)/27i, n € Z.
Thus, if b > 0 and ~yx, denotes the rectangular contour with vertices N + % +¢band —N — % =+ b,

we have by Cauchy’s residue theorem

w, [1e%
> Wyian(z) = / s _(?dz. (5.3.22)
In|<N IN,b ¢

Note that the contribution of the vertical segments of x5 tends to zero as N — oco. Indeed, by
(5.3.17) and (5.3.18),

N—i_/é“bwumz /‘W’ autio(N+3 )( )’ du

6271'zz _ 1 + 6727ru

N+3—ib

N

< bN,u—%e—%x%-‘rab {22abNab + 22ab :L,QabNab} [1 +0 (]17)] 7

which becomes negligible as N — co. Recalling (5.3.3), we see that the sum on the left-hand side
of (5.3.22) converges to >, cz Wiian(x). Therefore, we have the identity

14 ,iozz(x) W, ,iaz(x)
ner N0 N0
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where I'7 (b) and I'f(b) are the horizontal lines described by the parametric equation v (t) := t = ib,
t € R. Note that, for z € '] (b), [€2™*%| > 1, and so we can express the first integral in (5.3.23) as

W 0o —tbtoo = %9
TV paaz\&) ZCVZ —27rinz _ ) —2minT
/ ezm_ -3 [ Wiiasta de= =3 [ Wairlw) e dr
F;(b) - 7zb o) n=1_"g

2#

Tred Z ¢~ cosh(%g2) Dy, (\/ 2z cosh (m)) ) (5.3.24)
a

n=1

where, in the last step, we have used the evaluation of the Fourier transform (5.3.14). The first
equality is justified by absolute convergence, because » o2 ; e~ 2mb < o and Wuyba+iat($) has the
asymptotic behaviors (5.3.17) and (5.3.18), as t tends to oo or —oo respectively. Finally, the
second equality in (5.3.24) is justified by Cauchy’s residue theorem, which can be invoked because

h(z) := Wy ia-(x) is an analytic function of z. Analogously, one can prove that

oo Ibtoo
/ W/h'ioaz(ﬁ) dy — — Z / W,u,,iocz<x) e2minz g

627mz -1

n=0 .
F‘l*' (b) ib—o0

27K 2 O~ cosh(2mn) ( (m))
= —— o ) D 2 h{— . 3.2
- Txed Ze 1 ou | V22 cos - (5.3.25)

n=0
Combining (5.3.24) and (5.3.25) gives immediately our formula (5.3.21). O

Remark 5.3.2. Since our proof of (5.3.21) “only” used the classical Poisson summation formula,
it is natural to consider character analogues of (5.3.21) (cf. [20, 34, 190]). In fact, it is not hard
to show that, if y is a nonprincipal, primitive and even Dirichlet character modulo ¢, then the

following summation formula holds

i 2 ‘u‘\/ G % 0 —7COS 2mn
Z Wiion(z) = i Z h(%) Dsy, <@ cosh (ZZ)) )

n=1
where G(x) denotes the Gauss sum,

q—1
G(x) = x(r)emr/a.
r=1
Analogously, if x is a nonprincipal, primitive and odd Dirichlet character modulo ¢, then the

analogous summation formula takes place

[e.o]

Z X () n W ian(z)

_ o i2” 2ﬁxG e Zcosh(2 )smh <7m) Dapis < 57 cosh (7m>>
qo el qo qo

Although these formulas involving Dirichlet characters are valid and well motivated, we do not

know how to extend the scope of Theorem 5.3.1 to the class of Dirichlet series studied in Chapters
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1 and 2. For example, we do not know which kind of transformation formulas one can get while

studying the infinite series

o0

oo

Z ;L,z\f ) Z af(n) W,u,i\/ﬁ(x)v peR, z>0,
n=1 n=1

where 71(n) denotes the number of ways in which we can write n as a sum of k squares and as(n)

denotes the n'" Fourier coefficient of a holomorphic cusp form, f(7), for the full modular group. It

is definitely worthwhile to explore this, and we encourage the reader to engage in studying these

formulas.

Remark 5.3.3. We have studied in the previous chapter how the Kontorovich-Lebedev transform
(5.1.10) acts on the Riemann’s n—function, 1(s) := 7~%/2I'(s/2) ¢(s). Recalling Corollary 4.2.5, we
proved that, for any x,£ > 0, the following integral transform holds

0 K}l (\/m) Ki(x)

1

1
— [ n < +it> Ku(z) &t dt = st\/Z - (5.3.26)
2m 2 2 2 Z (x + 27r£2n2)§ VE
In principle, the same ideas that led to (5.3.26) could be used to compute the integral
. ) —it
I(x,p; &) = 2\/7 / ( —I—Zt) Wu,% (2z) £%dt, z,£>0, peR, (5.3.27)

which reduces to the left-hand side (5.3.26) when p = 0. Although we have the Fourier transform of
the function g(t) := WH%(.T) ¢~ at our disposal (resulting from (5.3.14)), we have not been able
to find a generalization of (5.3.26), i.e., to write the computation of the integral (5.3.27) in terms
of an interesting infinite series of special functions. We also leave this problem to the interested

reader.

Recalling the particular cases (5.2.7) and (5.2.18), our formula (5.3.21) can be seen as a
generalization of an analogous identity involving the Macdonald function. The following corollary

was given for the first time in [241], and it is due to Yakubovich.

Corollary 5.3.1. For any z,«a > 0, the following identity holds

Ko(@) +2 Y Kipa(z) = —¢ " Z —ecosh(232) (5.3.28)

n=1

Some immediate consequences of (5.3.28) are already provided in [241]. The most important of

these is the transformation formula [[241], p. 299, formula (24)]

ZI‘( +zom)I‘(;—iom) —{jf(;)F(S;1> Zcoshj(?)’ Re(s) >0, a > 0.

neL
(5.3.29)
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In the remainder of this chapter we derive several new corollaries of the formulas (5.3.21) and
(5.3.28). We start with a summation formula over the imaginary indices of two distinct products of

Macdonald functions.

Corollary 5.3.2. Let z,y,a > 0. Then the following formula holds

Ko(x) Ko(y)+2 i Kian (7) Kian(y) = gKO (z+y)+ % i Ky <\/x2 + 32 4 2xy cosh (27771)) )

n=1 n=1 @

(5.3.30)

Moreover, if o € R and x,a > 0, the analogous summation formula takes place

o0 o0
9 T 2w ™
Ki(z)+2 E Kotion(®) Ko—jon(z) = EKQU(QZL') + o E Ko, <2x cosh <a)> . (5.3.31)

n=1 n=1

Proof. The first formula (5.3.30) can be proved by appealing to relation 2.16.9.1 on page 354 of
[[172], Vol. II], which states that

17 1 (2% +y? xy du
KiT KiT = 5 -3 - KiT —
(¢) Kiry) 20/exp( 2( P ) ) K %

for x,y > 0. Using this product formula and Corollary 5.3.1, we find the equalities

T z? +y? x u
Z Kion () Kian(y) = ;/eXp <_; < ty u+ uy>> Z Kion(u) %
0

nez Yy nez

™ 1 (a® + y2 Ly fucosh(%—”) du
—m/exp<‘2< o M) e

0 neZ

T 7 1 [ 2% +y? + 22y cosh (Q’IT”) Ty du
= — /exp —— U+ — —

2c J 2 Ty U U

2mn
Ko /22 4+ 92+ 2xycosh | — ) |, (5.3.32)
«

Z

where in the last step we employed the integral representation [[164], p. 253, 10.32.10],

1/z\" [ 22\ du

Note that (5.3.32) is equivalent to (5.3.30). The interchange of the orders of integration and
summation in the steps leading to (5.3.32) can be justified by absolute convergence and Fubini’s
theorem. Indeed, since |Kjan(u)| < Ko (%) e~ 3% (see (5.2.14) above), we can justify the first
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equality in (5.3.32) by

° 1 (2242
Z /exp (— (1‘ +Y u+ :ny)) | Kian(u)| du
/ 2 Ty U

nez

o0
- 1 2 2
< Ze‘ga\n\ O/exp (_2 (m J—Ly u -+ wj)) Ky (;) du < 00.

ne”L

Analogously, the third equality in (5.3.32) is made possible by the following steps

[ee]
:i/exp (24w umzusine(z2) du
2 Ty U U

0

oo ® 2 2 —u

1 (fz*4+y zy e du
< exp | —= u+ —= —
- Zo/ p( 2< zy u)) 1+ 2usinh? (T2) u

«

- 1 i 1 7 1 (2% + 9%+ 2xy LY du<
exp| - |————u+— || 5 <0
V2 = sinh (Z%) ) P\ 73 Ty U us

(5.3.34)

To prove the second formula (5.3.31), we start by using the following integral [[172], p. 349, relation

2.16.5.4],

oo
/U20_1K2i7' <xu + x) du = KUJriT(-T) KO’*’L.T(;U)?
u

which is valid for any x > 0 and ¢ € R. Using the appropriate substitutions, we can write the

left-hand side of (5.3.31) as

Ko ian Ko—iom = 20_1K ian ( x) du.
Z tian(T) (x) Z/u 2 wu+u u

ne”L neL 0

(5.3.35)

Now, since | K, ()| < e | Ky(z cos(8)) for any 6 € [0, %) (see (5.2.14) above), we know that

2

[e.e]

o0
Z /u2a—1
0

neL

T
K2ian <SL‘U + )
u

14 e 209

= m KOQ. (l’ COS(5)) y

1
du < Z 6_2a‘”‘5/u2"_1K0 (az cos(9) (u + >) du
u
nez 0
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which proves that the interchange of the orders of summation and integration is permitted in
(5.3.35). Therefore, we have that

20—1 _ T 20—1 —(zu+2) cosh( =2
/ ZK2zan(xu+ )du—Qa/u Ze( u) (a)du
0

0 TLGZ TLEZ

T T 20—1 —mcosh ”—)(u—l—i) 7T ™
Z /u a wdy = — Z Ko, (2xcosh | — | ), (5.3.36)
* nezy @ ez @

which completes our proof, as (5.3.36) is equivalent to (5.3.31). The last equality is clearly a direct
consequence of (5.3.33) and the relation K,(z) = K_,(z). The second equality in (5.3.36) is again

justified via absolute convergence because

oo o P
Z/uza 1,—w(utL)cosh(Z2) 4 Z/uza 1 —o(ut 1) (1+2sinh2(52)) 4,
0 0

n=1 n=1
o P 20—1 ,—zu—= 00 O 9g—1 _pyu—z
v 1 u 2e u
= / du < ; T / du < oo.
n;l o 142z (u + %) sinh? (32) 2v/2z ngl sinh (3%) / V1+u2

We now prove a new transformation formula concerning an infinite series involving the product
of two Whittaker functions.

Corollary 5.3.3. For x,a > 0, the following formula holds

W—%,()( Wlo +22 —7wcn Wl Zom,( )

\foz {6_2K0 ( ) +2 Z e~ 5 osh(%) g, ( cosh (Zn))} . (5.3.37)

Moreover, for all T,§ € R, we have the pair of index Fourier transforms

/ Wos (@) Wy (@) e dr = L =5 eosn(3) g, <x cosh (§>) : (5.3.38)

W_1, (x) Wi, (x) = x / ¢~ cosh(3) Ky (x cosh (g)) e de. (5.3.39)

Proof. We start our argument by appealing to the integral representation [[48], p. 460, relation
3.30.6.7],

(ﬂ - zom) ~sds, (5.3.40)
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where 0 > —1. We take the summation of the previous expression over n € Z. Using exactly the
same justification as in (5.3.9), it is not difficult to show that'?

Wt ian (@) W1 0 (2)

— ZO[?’L = ZO[?’L
neL

o+100
1 r 1 1 1
= I / gs +1) . Z r (S; + iom) r (S—; — iom) x~%ds. (5.3.41)
S S
D3 (5 41) i

Since Re (s + 1) = 0 + 1 > 0 by hypothesis, we can use (5.3.29) in order to establish the equality

W W o) 1 T+ (ST (5 +1) 5 . .
_1 1 . . .
ner " - dy/mia olico L (% + %) I (% +3 nez cosh®*t (Z2)
1 a+ioor2( +1) )
_ T / S Z iy
B \f & 48, (5.3.42)
2amo ST (5 + %) nez, cosh®™ ()
where, at the last step, we have simply used Legendre’s duplication formula (4.3.18). It is clear that
T D+ )0 ()T (5 +1) ) i
s
olico nez| T (% + %) r (% + g) cosh®*t (T2)
o+100 1 s
L(s+ I ()T (5 +1)
= Z cosh”Jrl (Z2) s g : >s 25 |ds| < oo, (5.3.43)
&) | T(+)T(5+3)

since the absolute convergence of the infinite series in (5.3.43) is justified by the fact that o > —1.

Moreover, when [t| > 1, we know from Stirling’s formula that

r(a+1+it)r(w)p(%+1+%)
I IR )

m|t|
<L |t|%e 2,

which fully justifies the absolute convergence claimed in (5.3.43). By Fubini’s theorem, we are now

able to obtain the summation formula

o+14+i00

W_,wm( )W ,wm \/7227”0( | Im (IL‘COSh (7:;>> Sds

o+1—100

Z e~ % cosh(7 K(] ( cosh (wn)) ,
o

nGZ

neZ

where the last step consisted in an application of the Mellin-Barnes integral [[48], page 209, relation

3.14.3.1],
p+ioco
1 I'(s —v)T
L B Vi3 \ Cry)| (R

R R ey

pH—100

> [Re(v)],

131n fact, (5.3.41) is nothing but a discrete analogue of (5.3.9).
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with v = 0. Finally, (5.3.38) and (5.3.39) are immediate corollaries of the Fourier inversion formula
(5.2.26). 0

This chapter is reaching its end. We conclude it by presenting a new summation formula involving
products of Gamma and Whittaker functions. The kernel presented in our next summation formula
dates back to Wimp’s work [240], and the reader can find some inversion formulas concerning it in
[209, 242].

takes place

2

Corollary 5.3.4. Let x,a > 0 and assume that p < % Then the following summation formula
1
Wuvian(x)

= 1
2 (2 — M) Wyo(x) +2 Z r (2 -+ ian)
n=1

2'Ll'—"_l 0 zsinh? (mn/a
_m2TVE L oy I py (var) w2 S e o (ow cosh (TP (534
i i o

« n=1

where Doy, _1(-) denotes the parabolic cylinder function, (5.2.16). Moreover, we have the pair of
index Fourier transforms

Tl /1

x sinh2(£/2)

2 .
Wyir(z) e ™ dr = 7r2“+%\/:ff(1 —2u)e 2 Doy (\/23: cosh (g)) )

(5.3.45)
1 . 2 1 7 xsinh2(§/2) 5 ’L’Tf
T 5 H + T Wir(x) = 2872 /o T(1 — 2p) / e 2 Dyy—1 | V22 cosh 5))e dg.
) (5.3.46)

Proof. In contrast with the previous corollary, we only compute the Fourier transform (5.3.45)
and leave the proof of the summation formula (5.3.44) to the reader. We start with an integral
representation that can be found in [[172], Vol. II, page 352, relation 2.16.8.4]

1

which is valid for z > 0, 7 € R and p < 1 (see also [[48], p. 210, eq. 3.14.3.10]). Thus, the Fourier
transform of the left-hand side of (5.3.47) is

Gpelr) = 7 'F (; —u+ z‘7>

[o.elNe o] 5 ‘
= 2(4z)te"/? / / 2™ T Ko (t) dt e 78 dr. (5.3.48)

—oo 0

2 o0 2
Wiir (@) = 2(4ae™/2 [ 13¢5 Ko (1) dr, (5.3.47)

2 .
Wir(z) e dr

Since 1 < 3 and |Ka;r ()] < e~ 2017l Ko (t cos(8)) for any 0 < 6 < 5, it is clear from the asymptotic
behaviour Ko(x) = —log(z) + O(1), z — 0% (cf. (5.2.11)), that the double integral appearing in
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(5.3.48) is absolutely convergent. In fact, fixing some § € [0, §), we have

o0

‘ e T KQM—( )‘ dtdr < // {2Me 4:ce =271 Ko (¢ cos(8)) dt dr

0,,“_. 8\8

/]
by w

12— K (t cos(8)) di < % / £2 K (t cos(8)) dt
0
= 51272 L eog?H () T2 (1 - ,u) , (5.3.49)

which proves that we can reverse the orders of integration in (5.3.48). Hence, we are able to reach

the following Fourier transform

[e.o]

t2 ¥ )
Gue(z) = 2(4x)“e*z/2/t72“efﬂ / Koir (t) e dr dt
0

2
= 7T(4:r)“efz/2 /tiZ”eiiTc e—teosh(3) g
0

x sinh? /
= W2“+%\/EI‘(1 —2u)e s Doy1 <\/233 cosh (g)) ,

where we have invoked (5.3.20) to get the integral with respect to 7 and, in the last step, we have
used (5.2.17).14

By the asymptotic behavior of the parabolic cylinder function (5.2.21), we also know that

 sin 2( /2) z
S Doy—1 (\/Qx cosh (g))’ ~ (21’)“7%675 cosh?~1 (g) , & — o0. (5.3.50)

Thus, for a fixed z € (0, X], the functions g(7 ‘F (f -+ 17') ’2 Wir(x) and §(&) := Gpe(x)
both belong to the class of functions with moderate decrease, .#, in the sense of [[214], p. 131].
Hence, the Fourier inversion formula is valid [[214], p. 144] and we have the pair of transforms
(5.3.45) and (5.3.46).1° O

Remark 5.3.4. In the previous two corollaries we have respectively proved a formula involving
the product of two Whittaker functions and a formula covering a combination of Gamma and
Whittaker functions. The main restriction in (5.3.37) is the fact that u = 1, —%. One may wonder

if there exist summation formulas (akin to the ones studied here) for the infinite series
1 ,
T 5~ Q=+ o

"“Note that (5.2.17) is valid in this case because p < % by hypothesis.
2

151t is straightforward to check that, for fixed = and p < , the function g(7 |F (f —p+ ZT) | W.,ir () satisfies
the conditions of Definition 5.2.1 and so we may also use Lemma 5.2.1 to arrive at the pair (5.3.45) and (5.3.46).

2
Wina () Wy ina(y), =,y >0, (5.3.51)

Z W[.L Z7’LOZ }L zna(y> Z

ne’l nez
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where one may take p < % in the latter series. One possible way to study these hypothetical

summation formulas is by invoking the product representation [208]'6

”,u,zT(x) ”u,i‘r(y)
o z 3 —|—y)2u xy Ty T4y
g—pi—1 TY =ty / - 3 u (x ( ) d
et ) par () u”> exp 2 8y su) T \V 2u \/%\/a “

(5.3.52)

We have tried to use the summation formula (5.3.21) inside the integral in (5.3.52) in order to study
the first series in (5.3.51). However, our modest attempts proved to be unsuccessful and we vividly

encourage the reader to find new summation formulas for the infinite series given in (5.3.51).

Our final corollary gives a variant of the summation formula (5.3.28) when we combine its
general term Ko, () with a rapidly converging factor. We omit its proof, because it only consists
in taking ¢ = 0 in (5.3.44) and then use the reduction formula for Whittaker’s function (5.2.19).

Corollary 5.3.5. Let x,a > 0 and erfc(-) denote the complementary error function (5.2.20). Then

the following transformation formula holds

zom ™ 2 & h( 2z ™
) +2 Z cosh(man) = —e"erfc (\/ﬁ) + nglezcos (52 erfe (\/ﬂcosh (a)> . (5.3.53)

Remark 5.3.5. It is possible to employ Theorem 5.3.1 to get even more index summation formulas.
For details, the reader is encouraged to check the preprint version of this chapter [195]. For example,

it is shown there that, for any x, « > 0, the following summation formula holds

Ei(z) + 2 L3 i m {K1+mn (%)} = g (erfc ) +2 Z erfc ( V/x cosh <7ran)>> )

alm n
n=1

(5.3.54)

where erfc(-) denotes the complementary error function (5.2.20) and Eq(-) is the exponential integral

function [[164], p. 150, 6.2.1], usually defined by (cf. (4.6.18) and (4.6.20) above)

xT

This summation formula can be seen as an analogue of (5.3.53).

We should remark that (5.3.52) can be derived as a consequence of (5.3.15), together with the injectivity of the
Fourier transform and the convolution theorem. This yields an interesting proof of it, which is much shorter than the
proof presented in [208].



Chapter 6

Generalizations of some formulas from

Ramanujan’s Lost Notebook

This final chapter is dedicated to the memory of my Friend José Carlos Petronilho

6.1 Introduction

On entry 8 of Chapter 15 of his second notebook [28, 31], Ramanujan stated the beautiful formula
for ¢(1/2).

Entry 8. If z > 0, then the following identity holds

26"21—1 % 22 \/>€<)

cos(2m\/mn/x) — sin(27\/7n/x) — e —2my/mn/z
\/> Z ( cosh(2m\/mn/x) — cos(2my/mn/x) ) : (6.1.1)

On Entry 8.3.1, page 332 of his Lost Notebook, Ramanujan restates (6.1.1) in two different
ways, which might be an indication that this representation for ((1/2) held significant importance
to him.

The first proof of (6.1.1) was given by Berndt and Evans [31], who employed the Poisson
summation formula and the transformation formula for Jacobi’s §—function. After this, several
generalizations of (6.1.1) have been obtained, including character analogues [80] as well as evaluations
of the Riemann zeta function at certain rational arguments aside 1/2 [125]. The reader may find in
[[2], pp. 191-193] an exhaustive account of the work surrounding (6.1.1).

Naturally, (6.1.1) is accompanied by numerous other remarkable formulas found in Ramanujan’s
Lost Notebook. As discussed earlier in Chapters 1 and 4 of this thesis, Ramanujan presents the

following formula on page 253 of [179]:

303
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Entry 3.3.1 (p. 253). Let ox(n) = Xy, d*, and let ((s) denote the Riemann zeta function. If a

and B are two positive real numbers such that af = w2 and if s is any complex number, then

fZa_s 8/2K (2na) 520_ S/ZKs(Qn,B)

_ ip <_;> ((—s) {81+ — gli+a/2) | Zp (2> ((s) {BU-)12 — ali=9/2). (6.1.2)

The appearance of the Bessel and the divisor functions on the infinite series on the left side of
(6.1.2) is somewhat remindful of the Fourier expansion of the nonholomorphic Eisenstein series
or of the Epstein zeta function attached to a binary quadratic form. We have used this analogy
in two distinct instances before, namely in Example 1.2.1 and in Theorem 4.5.1. As previously
mentioned in our text, the first proof of (6.1.2), due to Guinand [100], used a formula of Watson
[233], which states that!

o0 — — l_ o0
Va2 1 r™% 2mSye
E CE 1'2 = 2T (5) r (s - > - + gz 27rnx) (6.1.3)

for any > 0 and Re(s) > % Due to the fact that Guinand’s proof seems to be the first appearing
in the literature, (6.1.2) is usually called “Ramanujan-Guinand formula”. As remarked by Berndst,
Lee and Sohn [[37], p. 23|, Guinand’s proof of (6.1.2) via (6.1.3) is “completely independent of any
considerations of nonanalytic Fisenstein series”.

However, proving (6.1.3) is in fact the first step in almost all the proofs of the aforementioned
Fourier expansion of Epstein zeta functions. We know from the previous sections that, from the
historical point of view, this expansion was firstly considered by A. Selberg and S. Chowla in 1949,
who started with the Epstein zeta function [56]

1
(am? + bmn + cn?)®’

(Q) =Y

m,n#0

Re(s) > 1, (6.1.4)

(where m, n # 0 here means that only the term m = n = 0 is omitted from the sum) and announced

the following formula, valid in the entire complex plane,

a*T(s) (s, Q) = 2I(s)C(2s) + 2k~ 2571/2T <s — ;) C(25—1)

YR szn 201 25 ( )cos(mrb/a)Ks_% (2mkn) . (6.1.5)

Here, Q(z,y) = ax® 4 bry + cy? denotes a real and positive definite quadratic form, A := 4ac — b?
its discriminant, k? := A/4a? and o, (n) = > djn @”. As we have mentioned in the Introduction of
the first chapter, the first explicit appearance of (6.1.5) in the literature is given in a paper of Taylor
[[219], p. 182], a student of Titchmarsh, which was written nine years before the announcement
made by Selberg and Chowla. In fact, Taylor attributed (6.1.5) to Kober, although Taylor’s proof

"We had the opportunity to encounter this formula in the first, second and fourth chapters of this thesis. For
clarity in this exposition, however, we have decided to write it in this introduction.
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of this formula is drastically different. Kober was interested in extending Watson’s formula (6.1.3)
and one of the results obtained by him was the identity [[129], p. 614, eq. (2b)]

1 N 3_1 A xi_soon %cos ™m ™
y%((n—i-ﬁ)Q—i—x?)s_ I'(s) F( 2>+ T(s) Z 2mnfB) K,_1(2mnz),  (6.1.6)

valid for any = > 0, 8 € R and Re(s) > 1.

It is now clear that the appearance of the divisor function in (6.1.5) is in some form connected
to the identity of Ramanujan (6.1.2) and if one analyzes the underlying structure of the proofs of
(6.1.5), they tend to rely in one way or another on Watson’s or Kober’s formulas (6.1.3) and (6.1.6).
By using (6.1.5), Selberg and Chowla [201] established several new results and reproved others by
a novel approach. For example, they were able to derive a new proof of the functional equation for

¢(s, Q). They also obtained from (6.1.5) a very simple proof of Kronecker’s limit formula,

C(S,Q):%T 1 +27T (

A
T (2o (a> - 4log(]n(7)])> FO(s—1),  (6.1.7)

where « is the Euler-Mascheroni constant, 7 := % € H and n(7r) denotes the Dedekind

n—function,

n(r) = e ﬁ (1=}, Tm(r) > 0. (6.1.8)

m=1
We encountered (6.1.7) before in this thesis, and we have employed it to get a “quadratic form
analogue” of Koshliakov’s formula in Example 1.2.2 of the first chapter. In particular, when the

quadratic form is diagonal, this is Q(m,n) = m? + cn?, ¢ > 0, the following case of (6.1.7) holds

T 1 T
C(S, Q) = CQ(Svc) = % s_1 + % (27

The function defined by (6.1.8) also played an important role in Ramanujan’s lost notebook,

—log (4¢) — 4log (n (iv/c))) + O(s — 1). (6.1.9)

right after the statement of (6.1.2). Ramanujan completes page 253 with two corollaries, the first

of them being equivalent to a transformation formula for 7(7).

Entry 3.3.2 (p. 253). Let o and § be two positive real numbers such that a8 = w2. Then

- —2na = —2n5_5_a 1 o
nz::la_l(n) e nz::la_l(n)e =" + 1 log (6) : (6.1.10)

Finally, Ramanujan uses (6.1.2) to derive the most famous formula attributed to Koshliakov

[134]. Preceding Koshliakov’s contributions by more than a decade, Ramanujan states:

Entry 3.3.3 (p. 253). Let a and B be two positive real numbers such that a3 = n%. Then the
following identity holds

Va <7 B log(403) + i d(n) K0(2na)> =B <7 — log Z d(n) Ko(2n53) ) (6.1.11)
n=1

4 4 4
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The aim of this chapter is to extend these classical results of Ramanujan, namely entries (6.1.1),
(6.1.2), (6.1.10) and (6.1.11). In exploring the extensions of (6.1.2) and (6.1.10), we were naturally
led to examine generalizations of Watson’s formula (6.1.3) and expand upon Kronecker’s limit
formula (6.1.7) (see Sections 6.4 and 6.5 below).

We now outline the nature of the generalizations proposed in this work, which are connected to
a manuscript by N. S. Koshliakov that has recently garnered renewed interest. In a very long paper

[132], written during his stay in a sharashka,? Koshliakov introduced the zeta function [132, p. 6] 3

o0 2 4 )\2
Z pe+ AL 1
n:1p(p+ ;) + A2 n

where (\p),cy 18 the sequence defined by the positive roots of the transcendental equation
psin(my) + ycos(nry) =0, p> 0. (6.1.13)

From the fact that n — % < An < n, the series (6.1.12) converges absolutely in the half-plane
Re(s) > 1. In particular, (,(s) generalizes the Riemann zeta function, since the structure of the
transcendental equation (6.1.13) yields the limiting cases
li = li =(2°-1 :
Jim G5) = ¢, Tim G(s) = (2 = 1) (o)
Koshliakov connected the study of the zeta function (,(s) with a second generalized zeta

function, 7,(s), being defined by the series of Dirichlet-type*

o (3727Tpk)k
Np(s) == ;T’ Re(s) > 1, (6.1.14)
where®
17 1 . (kv —x\F
= s * . 1.1
(s,vk) 0s) O/:L‘ e (kl/+x> dz (6.1.15)

On page 20 of Koshliakov’s memoir [132], it is possible to look at an argument concerning the
uniform and absolute convergence of the series (6.1.14) in the region Re(s) > 1. This property was

also rederived on page 26, formula (57), where it is established that

lim (s, Ak) =

Jlim @ (6.1.16)

2which were secret research laboratories working within the Soviet Gulag labor camp system. For details about
Koshliakov’s imprisonment and the group of scientists from Leningrad that were accused and sentenced during the
blockade of the city, we recommend the very interesting article [147].

3we advise the reader not to mistake Koshliakov’s zeta function, ¢,(s), for the zeta function linked to 8%(z), Ca(s),
which was explored in previous chapters (cf. (1.1.7)).

“we once again caution the reader not to confuse Koshliakov’s second zeta function, 7,(s), with the completed
Dirichlet series attached to ((s), also studied in previous chapters (cf. (1.3.66)).

®Note that n,(s) is not a Dirichlet series because the “arithmetical function” (s, 27pk)x depends on k and s.
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for any A > 0. Besides studying the analytic continuations of (6.1.12) and (6.1.14), Koshliakov
proved that (,(s) and n,(s) are connected through the functional equation

2 cos () I'(s)
l—s)="— 2"~ . 6.1.17
CP( 8) (27T)s 77p(5) ( )
After developing an analytic structure for the functions (,(s) and 7,(s), Koshliakov enters the realm
of summation formulas, proving new analogues of Poisson’s summation formula, introducing new
generalizations of the digamma function and Bernoulli numbers® and even extending an integral
formula of Ramanujan.”

Koshliakov also introduced two analogues of the Hurwitz zeta function [[132], p. 107, eq. (16)].

For 0 < a < 1 and Re(s) > 1, one may consider the infinite series

B = (s,2mp(k +a))
np(s,a)_k; (b a) k. (6.1.18)

which, in the limit p — oo, reduces to the classical Hurwitz zeta function,

C(s,a)zgmia)s, Re(s) >1, 0<a<1,

Koshliakov [[132], pp. 108 and 109] established that 7,(s,a) can be analytically continued to

the entire complex plane as a meromorphic function with a simple pole located at s = 1, whose

1
1+

p

continuation to the plane Re(s) < 0 via the formula [[132], p. 109, eq. (23)] &

residue is Resg—1 {np(s,a)} = Moreover, like the standard Hurwitz zeta function, it has a

2 2
mp(s,a) = 2(2m)* ' T(1 S){sin (“ PP+ A2 cos(2mAna)

2>n:1p(p+}r)+>\% n

2 32 .
2

+cos (7TS> P 4;)\” sin( 172);na) }’
2 n:1p<p+;)+)\% n

(6.1.19)

which, in the limit p — oo, reduces to the familiar result [[228], p. 37, eq. (2.17.3)]

B s—ipr (TS >, cos(2mna) ] <7T$) > sin(27ma)}
C(s,a) = 2(27)"'T(1 — s) {sm( & > n; T cos (5 n; S (AR
also valid for 0 < a < 1 %and Re(s) < 0.

The transformation formula (6.1.19) coexists with another extension of Hurwitz’s relation
(6.1.20) proved by Koshliakov [[132], p. 64, eq. (51)]. It is because of identities like (6.1.19) that

we feel that it is not an overstatement to declare Koshliakov’s manuscript as a true masterpiece!

5The construction of the generalized Bernoulli numbers seems to be motivated by a previous work of his, [130].

"See [132, p. 150, eq. (19)], where a generalization of the main formula from Ramanujan’s paper [177] is derived.

8since 0 < a < 1, this formula is also valid for Re(s) < 1 in the limiting cases p — 0" and p — oo.

9Actually, (6.1.20) is also valid when a = 1, in which case it is reduced to the functional equation for ¢(s). But
since 7, (s, a) does not reduce to 7,(s) in the same way as ((s,a) reduces to ((s), there is no loss of generality in
omitting this case here.
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Unfortunately, it remained in relative obscurity since its publication in 1949, but thanks to the
recent and outstanding work of A. Dixit and R. Gupta [68], Koshliakov’s key results have been
revisited and extended in numerous directions.

In addition to bringing Koshliakov’s ideas to the attention of a modern mathematical community,
Dixit and Gupta also built upon his framework to derive new formulas. Among their many
contributions, they extended a famous formula of Ramanujan for ¢(2n + 1) [[68], p. 13, Theorem
4.1]'°. From this extension, they discovered new identities by making a suitable choice of the
parameter p in the transcendental equation (6.1.13) defining (,(s) and 7,(s). Following this
remarkable work, Dixit and Gupta, together with Berndt and Zaharescu, further explored these
ideas in [40], where new analogues of the Abel-Plana formula were examined.

It is in the line of reasoning of the contributions given in [68] and [40] that our main results
are here presented. The work presented in this chapter is organized as follows: in Section 6.2 we
establish a generalization (in Koshliakov’s setting) of Ramanujan’s formula for {(1/2) (6.1.1). We
also prove an analogue of this formula involving the generalized Hurwitz zeta function, 7,(1/2,a),
(6.1.18). In Sections 6.3 and 6.4 we generalize Watson’s formula (6.1.3), as well as the Kronecker
limit formula for ‘diagonal quadratic forms’, (6.1.9). At last, we devote the fifth section of our
chapter to the generalization of Entries 3.3.1, 3.3.2 and 3.3.3 stated above and establish, at the
very end, the transcendence of two infinite series motivated by this work.

Before going to the main sections of this chapter, we overview some additional facts about
the zeta function (6.1.14), which will be useful in the sequel. Since 7,(s) is not a Dirichlet series
in the classical sense, we need some particular properties that can be extracted from the Mellin
representation (6.1.15). In fact, Koshliakov [[132], p. 25, eq. (48)] could write (6.1.15) as a

combination of fractional integrals of the form

k ¢ ® -1
kY [2A _ s 2 (t—k)
_ _1\k s A _1\k—¢ s
L(s) (s, =T(s)(—=1)" +T'(s) k’e ;:1 (€> (k: ) (-1) k/t ek N dt, (6.1.21)
which, when used in the definition (6.1.14), gives the expression for n,(s)

i_o: 27Tpk (21_5 B 1) C(s)

o0

+ Z 627rpk: Z < ) 47Tp 1)k—£k/ t—se—27rpt (t(g__k)lg)'l dt7 (6.1.22)

being valid when Re(s) > 1. Representation (6.1.22) will prove to be very useful in the third section
below, where a generalization of Watson’s formula (6.1.3) will be given. Throughout this work, we
shall also employ the notation introduced by Koshliakov [[132], p. 6]: if p,p’ € RT, we define the

functions o(t) and o’(t) as'!

o(t) == pa—t o'(t) := . (6.1.23)

10See also [33, 66] for two excellent surveys on Ramanujan’s formula for ¢(2n + 1).
the reader is urged to not make any confusion with the divisor function o(n) := Zd‘n d
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For additional standard facts about the zeta functions (6.1.12) and (6.1.14), we shall refer to
Koshliakov’s own manuscript [132] and to Dixit and Gupta’s paper [68].

6.2 Generalization of Entry 8.3.1, p. 332 of Ramanujan’s Lost
Notebook

We are now ready to establish a general version of Entry 8.3.1.

Theorem 6.2.1. Let p,p’ € Ry and (Ap)nen, (A, )nen be the sequences of numbers satisfying

respectively the transcendental equations
psin(my) + ycos(my) =0, p'sin(ny) + ycos(mwy) = 0. (6.2.1)

Moreover, let o(t), o'(t) be defined by (6.1.23). Then, for any x > 0, the following identity
holds

S R 1 N S 1+ 201+ )
n:1p<p+%)+>\%a/(%)e%%x—l 4(1+;1p) 6x(1+%ﬂ)(1+ﬂip)2

1 /7 1N\ 1 7 & p? 4+ N\? 1 21N
A= (=) +34/ = n Gy | —= 6.2.2
s (2)+2 x;p/(purl)JrAg\/A;L ”( z ) (6.2.2)

where, for a > 0, Gp(a) is explicitly given by

Gip(a)

Gpla) = Ggyp(a)’

(6.2.3)

with G p(a) and Gop(a) being the following functions

Gipla) = (p2 - a) (COS(TI’ 2a) — sin(7 2a))
— e V2 <p2 —V2ap + a) —V2ap (COS(TI’ 2a) + sin(m 2a)) , (6.2.4)

and

Gop(a) = p? (COSh(ﬂ' 2a) — cos(m 2a))
+V2ap (Sinh(ﬂ' 2a) + sin(m 2a)) +a (COSh(T[' 2a) + cos(m 2a)) . (6.2.5)

Proof. By [[132], p. 32, Chapter 1], one has the representation

G (1 —s) =2cos (m) 7acs_ldx, Re(s) > 1.

2 ol(z)e?™ — 1

Therefore, from Mellin’s inversion formula and the absolute convergence of the series (6.1.12) in
the half-plane Re(s) > 1 > 1, we can write the infinite series on the left-hand side of (6.2.2) as the
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contour integral

o p+ioo s
p? 4+ A2 1 _ 1 G (1 —5)(p(2s) <x> is.
=i (p + %) +22 o ( ) e 1 2w ) 2cos (%) 27

H—100

(6.2.6)

Taking the previous Mellin-Barnes integral as a starting point, we shift its line of integration
from Re(s) = p to Re(s) = % — p. To do this, we just need to integrate along a positively oriented
rectangular contour Z,(T") with vertices p + 4T and % — p £ 14T by an application of Cauchy’s

residue theorem, we have that

ST AT T -6 (2
on ) ds=2 : 2.
/ / i / " / 2cos (%) (2%) s i By (), (6.2.7)
pn—iT pT *—M-H % p—iT

where Ry, v (x) denotes the sum of the residues of the integrand inside %, (T"). Since (,(—2k) = 0 for
every k € N [[132], p. 22, eq. (37)], we know that the points s =2k + 1, k € Z \ {0} are removable
singularities of the complex function under integration. Thus, the above integrand has only three

simple poles, which are located at the points s = 0 1. By a simple computation of their residues,

) 27
one may see that R, /() can be explicitly written as

1+2(1+2)
Rp,p,(x):4 \fgp ( ) ) (6.2.8)

because, just like Riemann’s (—function, (,(s) possesses the particular values [[132], p. 22, egs.
(34), (39)]*

1 1 21+ 21+ 1)
C(O):_f ) 4(2):7 TP .
A R ()

We now estimate in an elementary way the integrals along the horizontal segments, [% ==

|ds| < m [(;)H_; - (;)_M] (6.2.9)

which clearly tends to zero as T — oo. Here, A := A(u) is a positive number depending on u: we

w47, when T' — oo: indeed,

==y

Cp(1 = 5) Gp(25) (;) -

1 —ptiT

can write it explicitly by using the convex estimates for ¢,(s) found by Koshliakov [[132], p. 24, eq.

(44)],

O ([t|'~ log [¢]) o
Golo +it) = 3 O ([t logt])

<o
O (|2~ toglt]) o <0,

IN
IN
—_

?

O =

Lot = oo (6.2.10)

i

2which, of course, reduce to the well-known particular values ¢(0) = —% and ((2) = %-, as long as p — oo.
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Combining (6.2.6) with (6.2.7) and using the previous bounds (6.2.9) for the integrals along the

horizontal segments, we are able to obtain the intermediate formula

p+i00

1
i p? 4+ A2 1 _ 1 Gp(1=25) Gy (s+12) (x>8—zds
1 p(p+%)+/\% o ()‘2 x) e —1 27”‘“7 V2 [cos (&) +sin ()] \ 27
1 1 1 2 1+2(1+4)
+1+2\/jcp, (2> + = LAYl (6.2.11)
11+ 5) (1+7) (1+5)
where the last step is just a consequence of the change of variables s < % — s and the explicit

expression (6.2.8). Since we have chosen p > 1 at the beginning of this argument, we can use the
representation of ¢ (s + %) as a Dirichlet series, (6.1.12), in order to write the integral on the
right side of (6.2.11) as

0 2 2 1 ) s
P +A ‘//\/ / 5 2) _ < $/\,> ds. (6.2.12)
= ( +)\/2 2772 cos (%) +sin (%) \ 27\,

Finally, we evaluate the remaining integral by using the functional equation for ¢, (s), (6.1.17), and

making some elementary reductions, which yield

p+ioco
1 / Gp(1 —2s) ( x )5
— ds
2mi ) cos (%) +sin () \27A,
n—100
2p+ioco
<1 TS . [Ts x s/2
an:1 % / {COS (4) — Sin (4)} F(S) (S, 27Tpm)m (871_37712)\;1> ds. (6213)
2pu—1i00

The last equality is totally justified by the absolute convergence of the zeta function n,(s) in the
half-plane Re(s) > 2u (see (6.1.16) above). Combining (6.1.21) with Stirling’s formula for I'(s),
when we write s = o +it, a < 0 < b, and take z € C, we find the inequality

IT(s) (5, i 27| < =781 O, K, \) [t~ B BB g 51,

where C(0,k, \) is a positive constant only depending on the fixed parameters o, k and \. Since
I'(s) (s,\)r 2~* defines an analytic function in the region Re(s) > 0, we have from (6.1.15), Mellin’s
inversion formula and an argument by analytic continuation in the half-plane Re(z) > 0, that the

following integral representation must be valid

o+i00

e = g [ T s =

A—2z
Az

k
) e, >0, Re(z) > 0. (6.2.14)
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Applying the previous equality (6.2.12) and using (6.2.13) along with (6.2.14), we immediately

obtain the formula

=1 s s x s/2
— % / {COS (4) — Sin (4)} F(S) (S, 27rp’m)m (871'37712)\;1)
m= 2pu—1i00
AT
- T > 8 3 2)\’ - T - 27T)\n elz
—Vam{T 3 ep [ [N ) (P
m=1 z p+ )\" 611
V21 ¢'s 6.2.15
=+v2Im S T (6.2.15)
J(\/ﬂ"e4>e V.oe -1
where in the last step we have used the geometric series (recall once more (6.1.23))
—27rmz
— = ., Re(z) > 0. 6.2.16
e () e(2) (6:216)

Returning to (6.2.11) and to (6.2.12), and collecting (6.2.15) in the way, we are able to derive the
identity

i PPN 1 B \fé <> 1+ 2 (1 55)
p’ 2
e )iy
2 o0 12 )\/2 1 P
/= P72 Im - . (6.2.17)

N

/.
- 27, 611
|

Our proof is nearly finished, with the only step remaining being to simplify the imaginary part

T 1 2 /A
Rt =y

of the term in the braces at (6.2.17). This comes after straightforward manipulations: it is very

simple to show that the denominator of the fraction inside the braces in (6.2.17) can be simplified

to (here, we put a := /2w /x)

]% {COS (71' 2&) <p2 — a) — \/ﬁp sin (71@)

+ i [\/%pcos (7r Qa) + (p2 — a) sin (7r 2a)]} -1, (6.2.18)
and, from this, we can write the expression

2 V2 (pQ—i-\/%p—i-a)
p?—V2ap+a

o (\/ae’%) 62”‘/561% -1

2e™ 2a
P —\V2ap—+a

{COS(ﬂ' 2a) (p2 - a) —V2ap sin(r 2a)} + 1. (6.2.19)
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Taking the conjugate of (6.2.18) and using (6.2.19), we have after routine algebraic simplifications

that
Tm _° - _ Gl@) (6.2.20)
0.(\/6611) e2m/ae't _q 2\&

where Gp(a) is the functions defined by (6.2.3), (6.2.4) and (6.2.5). This now completes the proof

of our extension of Ramanujan’s formula for {(1/2). O

%

NE]

Remark 6.2.1. Of course, a more direct way to present the function G(a), (6.2.3), is by writing

it as the fraction

©* —q {cos(w 2a) — sin(m 2(1)} — e ™V2a (p2 —V2ap+ a) —V2ap {COS(W 2a) + sin(m 2a)}
p? (cosh(w 2a) — cos(m 2a)) +V2ap (Sinh(w 2a) + sin(7 2a)) +a (COSh(ﬂ' 2a) + cos(m 2a)) ’

which, in the classical limiting case p — oo (and setting a := 27n/z) should yield the expression

cos(2m\/mn/x) — sin(2m+/mn/x) — o—2m/mn/x
cosh(2m+/mn/z) — cos(2m\/mn/x) ’

which appears in the classical Ramanujan formula (6.1.1). The next corollaries explore several

reduction formulas of the above general fraction, depending on the values for a := 27\, /x and p.!3

We will now derive particular cases of our generalization of Entry 8.3.1, (6.2.2), recovering some
results previously known in the literature while also uncovering new insights. Since the proofs of
all the corollaries below are nothing but a specialization of (6.2.2) as p or p’ tend to 0% or oo, we
will omit them. We start with the following result, which can be obtained by letting p’ — oo in
our previous Theorem. It offers an infinite number of representations for ((1/2), with one of them

being, of course, Ramanujan’s formula (6.1.1).

Corollary 6.2.1. For any p € RT and x > 0, we have the representation for ((1/2),

i PP+ A 11

n:1p<p+%)+)\% e — 1 _4<1+7%p)

1 /7 /1 7r21+%(1+7%p) 1 WOOGP(%TTL)
+zﬁ<<z>+6x(l+l)2+2 FD Dy

Tp

3Note that, when we write a := 27\, /x, we are already saying that a depends on p’, because A, is defined
implicitly by (6.2.1).
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where Gp(a), a > 0, is defined by (6.2.3), (6.2.4) and (6.2.5). In particular, Ramanujan’s formula
(6.1.1) holds, together with the identity

ni_o: (2n— 1)235_ \/7C<)
1 eos(nyfF) —sin (n/F) +VF
\/> Z “\/n cosh (77\/?) 1 cos (ﬂ\/@) ;

If, instead, we take p — oo and fix p’ in (6.2.2), we are then able to get to the following result.

x> 0.

Corollary 6.2.2. For any p' € RT and = > 0, the following representation of (,y(1/2) holds

20’(2)6"% [@() % 1¢

mp’

1 7 & p’2+/\’2 cos (27r\ﬁ> —sin ( AL ) _on ﬁi&
+2\/;nz_: ( ’(p’—k%)—i—)\g) \/E cosh< ) COS< m/ ) |

In particular, we have a companion of Ramanujan’s formula
> 1 1 1/ 1
- - 4. /= 21 -

,;6"23:‘1'1 4+2 :U(f )C(2>

I e ) Gl
2z 03 V2n—1 cosh (W\/TQ) ) (77 )

If we let p’ — 0T and fix p € RT in our Theorem 6.2.1, we are still able to find alternative

representations for ¢ (%) These are given in the following corollary.

Corollary 6.2.3. For any p € Rt and x > 0, we have the representation for ((1/2),
> p? + )\% 1
_ =
n:lp(p+%)+/\%e"x+1 (1 L

)
ARy E s i)

1
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where Gp(a), a > 0, is given by (6.2.3), (6.2.4) and (6.2.5). In particular, the following relation,

analogous to Ramanujan’s, takes place
> 1 1 /= 1
Zl e(2n—1)2z +1 - 4\/; (1 N \/5) C (2)

o m(2n—1)
o coS (7r ﬂ(?xl)) — sin <7n/ ”(227?1) +e 2z
V \/2n — cosh <7r /7r(2;7,x—1)> 1 cos <7r /7r(2;x—1)

Finally, we state the corollary that we obtain once we take p — 0% in our Theorem 6.2.1.

Corollary 6.2.4. For any p’ € Rt and x > 0, the following identity holds

3 1 g e ()
n=10" ((%;)%) c@n-1Pr _1 Sz 1+ 4

/ I — %
+1\ﬁ§: PRAN2 1 sin <7T\/ﬂ-i\”>—COS (7’['\/7:);")—@ ™ =
v ' (P"F%)‘f‘)‘g VA cosh (m/ T%) +cos <7r ﬂ;‘%>

4
Our proof of Theorem 6.2.1 relied on the classical theory of Mellin transforms. This method of

proving summation formulas was somewhat popularized by Ferrar [90], more than ten years after
Ramanujan’s death. Therefore, it seems very unlikely that Ramanujan’s original proof used the
same kind of ideas. In fact, we have some evidence about the method used by Ramanujan to get
(6.1.1). He indicated that the equality [[31], p. 124, eq. (8.2)]

i 2n2 - 7 sinh(7v/2a) — sin(r Qa)7 >0, (6.2.21)
Zattn 2v/2a cosh(mv/2a) — cos(mv/2a)

played a fundamental role in his argument. The interesting identity (6.2.21) is prior to Ramanujan,
and it seems to appear for the first time in a paper of Glaisher [94]. Ramanujan’s suggestion for a

proof of (6.1.1) consisted of a combination of (6.2.21) and

5y e ()
\/72:[ \/7 27m)2—1 : (6.2.22)

m1m4

Berndt and Evans [31] prove (6.2.22) by using the Poisson summation formula and a classical integral
representation for ((s) in the strip 0 < Re(s) < 1. In the next corollary, we reverse Ramanujan’s

reasoning and prove the “auxiliary identity”, (6.2.22), as a consequence of our Theorem 6.2.1.



316 Generalizations of some formulas from Ramanujan’s Lost Notebook

Corollary 6.2.5. Assume the same conditions as in Theorem 6.2.1. Then, for any x > 0, the

following identity holds

= PPN 1
;p(zﬂ-}r)i)\% 0’(%)6)‘%90—1

B S N bt Uk DS WL A
a1+ 1) i (1+7r1:)) (1+ﬂ1)2+2\/;§p (2>

LR PR HNT 4\/E S Mo
2V i3 (v r) eaz) v | Ve aman(p k) £ 3 a4 ()

Proof. According to Theorem 6.2.1, it is enough to show that, for any a > 0,

- + G(G’)v
Do nmin wva am”

0 2 )\2 )\2
P n il il (6.2.23)

with G)p(a) being the function described by (6.2.3). A more explicit form of writing (6.2.23) is

©* —a {cos(w 2a) — sin(w 2a)} — e ™V2a (p2 —V2ap+ a) —V2ap {COS(T[' 2a) + sin(m 2a)}
p? (COSh(?T 2a) — cos(m 2a)) ++2ap (sinh(ﬂ 2a) + sin(7 2&)) +a (COSh(ﬂ' 2a) + cos(m 2a))
o) 2 2 2
:2 2az 7+ An 2)\,14_1'
T oSp(pi) et
(6.2.24)

The proof of the formula (6.2.23) will employ the theory of residues, rather than the functional
equation for (y,(s). The method to get this summation formula is completely analogous to the one

employed in the proof of Theorem 5.3.1 on the previous chapter.!* For brevity, we write

2

f(z):

T At At
and define g(z) as the complex function

f(2)

9(2) :== W-

We extend the Koshliakov sequence (), to negative indices by taking'® \_,, := —\, and
Ao := 0. It is straightforward to check that g(z) is an analytic function everywhere except at the
points'® (X,),c; and at +e7\/a, te't Va, the latter being the simple poles of f(z). Using the

HMWe could also prove Corollary 6.2.5 by using Koshliakov’s analogue of the Poisson summation formula [[132], p.
112], but we follow here the “minimal” conventions of the previous chapter.

5Note that y satisfies the transcendental equation (6.1.13) if and only if —y also satisfies it. Therefore, this
convention is well motivated.

161t is straightforward to see that o(iz) ™™ = 1 only when z = 0, £\1, £)2, ...
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basic formula for computing the residue of a complex function, one has that

1 p? 4+ A2
R P S PR TR

Therefore, by Cauchy’s residue theorem,

P+
In|<N P (P + %) + A2

627rzz -1

FO) :/(wdz, (6.2.25)

IN

where 7y is the positively oriented rectangular contour with vertices —N — % +14€ and N + % + €,
for N € Nand 0 < £ < y/a. Letting N tend to infinity and using the parity of f(z) = 2

peEweg
together with the convention A_,, = —\,,, we see that (6.2.25) implies

o

2 2 P z
Qzuﬂ)\n): / J(iz)f().dz— / U(Z.Z)J[()dz, (6.2.26)

1 2miz 1 2miz 1
— 1 22 e e
i (p+ )+ ) ri ()

where I'T(t) := t £ i€, t € R. Note that, on I'7(€), |€2™*| > 1 and |o(iz)| > 1, so that, for any
z € I'] (&) (see (6.2.16) above),

1

> [(p—iz k
_ —2mikz
o(iz) e iz —1 Z < j ) € '

Meanwhile, if z € T'{ (£), then [e?™| < 1 and |o(iz)| < 1, which gives the alternative expansion

- k : k
dma=m (hrn) =T () o
g\lz) e — p— 1z
k=0

=<0 p+iz

Combining both representations with (6.2.26), we find, for any 0 < £ < /a,

/J(Z,Z)‘};gizz_ldz— / (}_(iz)fe(;)iz_ldz

I3 ()
OO b — 1z —2mikz —2mikz
_ z( . £ dz+/z( ) f () dz
— \P+ ZZ) p+iz
Fl_(f) k=1 k<0
_ - p— iz —27rzkz / < > —2mikz
= g )d dz, 6.2.27
> (W.Z) e ”,;0 L f(2)dz,  (6.2.27)
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where the interchange of the series with the integrals can be justified via Fubini’s Theorem, because

s ® 2 2\ k2
Z / (p—i_zz) —27Tisz(z) ‘dZ’SZQ_Qka/ <Ep£)2+t> ‘f(t‘f‘lf)’dt
k=1

p+&)? 412

—00

1
< .
=gamE /t2+§2
—0o0

A similar justification holds for the second series in (6.2.27). Therefore, by (6.2.26), (6.2.27) and

Cauchy’s theorem applied to the functions!”

. k
_ (P2 —2mikz
m) = (B) e o),

we are able to deduce the equality

2+)\2 )\2
2 n n
nzlp(w et

p +x 2mikx (p B ’Lﬂ?) k —2mikx
dx. 2.2
" V2 Z/a2+x4{< ) + p+ iz c v (6.2.28)

We now evaluate the Fourier integrals at the right-hand side of (6.2.28) using the residue
theorem. Indeed, let Cr+ be the half-circle defined by Cp+ () := Re*™, 6 € (0,7), and consider
the closed path yp+ = [-R, R]U Cgr+, R > /a. When its argument lies inside the contour yp+,

the function

9 )
i) = z (p—l—zz

k
- ) e?™*  fived k € N,
a2+ z* \p—iz

has two simple poles located at z; = e \/a and Zo = e Va, because p > 0 by hypothesis.

Moreover, we can bound trivially the integral over the boundary Cr+ as

™

/f1 dz</
0

R+

2
a? + 24

3
e 2mkRsin() p g9 < RWR (6.2.29)

_a27

which clearly tends to zero as R — oo. On the other hand, it is straightforward to compute the

residues of fi(z), which are explicitly

iz

s} k
e 't (p—yJae" 1 _mi
Res i f1(2) = < m.> exp (—2mkv/ae 1
= 4va \p+ Jae % ( )

and

Res axi f1(2) = ¢ (p= e k exp (—27rk\/5e”/4>
z=y/ae 4 T 4\/5 D+ \/aewi/ll :

"note that, if k > 1, then hy(2) is analytic in the strip —¢ < ITm(z) < 0. If k < 0, it is also straightforward to see
that hx(z) is analytic in the strip 0 < Im(z) < ¢&.
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Once more, applying Cauchy’s residue theorem to the contour vz+, invoking (6.2.29) and letting

R — oo, we get the evaluation of the Fourier transform

00 i\ K
2y/a z? ix\* o x —ae 1 mi
[ / 51 (p i _ > e2mikT gy — o~ Nim exp (—27716\/56_7)
Iy a®+x* \p—x p+Jae T

—00

s — Wi/4 F s}
—et <§+\\?sz/4> exp (—271’]6\/&67> .

Therefore, summing over k£ and using (6.2.16) and (6.2.20), we find that

o0
ok
i / v <p+m> 2™k gy
2+$4
k=1 @

p—1ix

T

6% 67%
2va {a (ﬁeif) 2rvac/i 1 o (\/56_%) e2mvae~ /4 _ }

T T 7Gp(a)
= —1Im : : =P 6.2.30
Va {a (\/56%> e2mV/ae ™/t _ 1 } 2v2a ( )

Analogously, by choosing the contour yz-, one can also show the equality

< T a2 p—iz\* o . 7Gp(a)
ARy = — P 2.31
kz::l / a? + x4 <p+z'1:> ‘ ’ T 9k (6.2.31)
At last, combining (6.2.31) with (6.2.30) and (6.2.28) yields (6.2.23). O

Remark 6.2.2. When p — oo, (6.2.23) gives, of course, (6.2.21). On the other hand, when we
take p — 07 we get

$oen1 s sin(ry/§) +sinb(my/3)
ne1 a + (2n — 1)4 4+/2a COSh(ﬂ'\/g) + COS(?T\/g)’ .
If we use the relations (cf. [31])
i p2 + )‘7271 1 _ = p2 + )‘%n 67Agnnx
. =
m:lp(p+ %) 22, et —1 m,n:lp(p+ %) + A2,
and
[ P ) X PP A2 A2
/ Z : o e cos(ax) do = - us 5 m)\4 ,
0m:1p(p+;)+/\?n m:1p(p+;)+A$na + Am

we can furnish an alternative proof of Corollary 6.2.1 by using (6.2.23) and the classical Poisson
summation formula (because the second variable of summation in (6.2.23) runs over the integers).
The resulting argument would now be the same as the one given by Berndt and Evans [31]. A

proof of Corollary 6.2.3 could also be achieved in this way.



320 Generalizations of some formulas from Ramanujan’s Lost Notebook

By the functional equation (6.1.17), it is immediate to see that ¢, (%) =1 (%), and so (6.2.2)

can also be regarded as an analogue of Ramanujan’s formula for 7, (%) Hence, one may ask if
there is an identity of the form (6.2.2) involving the generalized Hurwitz zeta function (6.1.18).

The following theorem provides a positive answer to this.

Theorem 6.2.2. Assume the same conditions as in Theorem 6.2.1. Then, for any 0 < a <1 and
x > 0, the following identity holds

2
00 p2 + )\% efa)\nx

(P )N 1o (SR e

gl i Ay
IR AL A B (s (R R

P

Vo Sy (r+ )42 VN
1 7 & P2+ N2 sin (27 a) (27%)
P 9

1 7 & P2+ N2 cos(2m)\a) (270\;1)
p
T

_|_7
2Va iy (p’—i—%) + A2 VA,

. (6.2.32)

where, fory >0, Gp(y) is the function given by (6.2.3), (6.2.4) and (6.2.5). Moreover, Hy(y) is

the function defined as

Hp(y) = 1) (6.2.33)

a Hap(y)’
where Hy p(y) and Hop(y) are explicitly

Hi,(y) = (p2 — y) (cos(w\/@) + sin(ﬂ\/@))
— VW (p2 —2yp+ y) —V2yp (sin (w\/@) — cos (Tr\/@)) ,
and

Hs ,(y) = p? (cosh(w\/@) - cos(ﬂ\/@))
+2yp (sinh(w\/@) + sin(ﬁ\/@)) +y (cosh(w\/@) + cos(w\/@)) :

Proof. Since the proof that follows contains the same ideas as the proof of our Theorem 6.2.1, we

will be brief. We start with the representation,

00
(271')8 ts—18—27rat

= dat, 0 1, R 1
np(saa) F(S) 1— U(—t>€_27rt ) <a< ’ 6(8) > ’
0

which can be immediately obtained from the definition of 7, (s, a). Therefore, from Mellin’s inversion

formula and the absolute convergence of the series for (,(s), together with Cauchy’s residue theorem
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and the estimates given in (6.2.10) ¥, one finds that, whenever p > 1,

o 2 2 —aX2z prtioo

e+ A e 1 / _
Z = — L(s)ny (s,a) (2s) x™%ds

A2 _ P ’ P
n=1D (p + %) + A2 1—-0' (—QL:) e~ AR 27”/171,00
5*#*‘1’1’00
1 _ 1 a 1
o [ T g st {Hl—?}
% =100 ( * 7rip) '

1 1 2 l—i—% 1—1—7%
+2\/?np ( )+g$ 1”5 p)l . (6.2.34)
(1+5) (1+5)

The computation of the residues of the integrand essentially followed (6.2.8) and the fact that

Ress=1 {ny(s,a)} = and Ny (0,a) = %—H [[132], p. 108, egs. (17), (18)]. In the meantime,
1

we can use the functlonal equation for (,(2s), (6. 1 17), on the integral along the line Re(s) = 5 — p,

as well as the transformation formula (6.1.19) for n, (s, a) (which is valid because Re(s) = 1 —p < 0).
After a standard change of variables and using the absolute convergence of both infinite series on
the right-hand side of (6.1.19) when Re(s) < 0, we get the expression

%—M-Hoo

[t (.06 (25) 2 ds

%f,ufioo

N 2p+ioco :
- Z P42 cos (2m\,a) / I'(s)n (s){cos (m> —sin (WS )} < ; )2d8
n=1 P (p’—i—%) +A2 VA 2#— oo p ' 4 o

/2 12 / s
+ A sin ( 277)\ / s T 2
+ '(s) np( {COS ( )+51n < )}() ds. (6.2.35)
nzl p ( ;) A7 ’ 4 4/ I8N,

2pu—100

Once more, since 7, (s) is defined as an absolutely convergent series in the half-plane Re(s) > 2u > 2,
we can invoke the same steps as the ones that led us to (6.2.13). We note that the first infinite
series on the right-hand side of (6.2.35) was already evaluated in the proof of Theorem 6.2.1. In
fact, following (6.2.20),

Bwhich are also valid for 7, (s, a), due to the Phragmén-Lindeldf principle and the formula (6.1.19).
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where G)(y) is given by (6.2.3). Analogously, the use of (6.2.18) and (6.2.19) gives the evaluation
of the second integral in the form

- n
[omx @ 2 T
I 2w/ =1 e'4
a(y/%x’\"e“l)e g -1

where, for y > 0, H,(y) is defined by (6.2.33). Returning to (6.2.35) and (6.2.34), we are able to
finally deduce (6.2.32). O

Remark 6.2.3. Another way of writing the function Hy(y), (6.2.33), is via the explicit fraction

= ) feos(my/Zy) + sin(ry/ 2R} — e ™ (p — Eyp+ 1) — Iy pfoin (my/Z) — cos (ryZy)}
P? osh(m/2y) — cos(m/2y) + /2y p inh(m/2y) + sin(my/2y)) + y cosh(m/2y) + cos(my/2y)

which, in analogy to what we wrote in Remark 6.2.1, should yield interesting particular cases

depending on the limiting cases for p and a := 2w\, /2 (which depends on p’).

In the case when both p and p’ tend to infinity, our previous result implies an interesting
summation formula given in [[72], p. 17, Theorem 2.13]. We now state the four particular cases that
can be obtained from (6.2.32). When we take p’ — 0% or p’ — oo, it is well known that (6.1.19)
holds for s = % (see Footnote 8). Therefore, in these limiting cases we can replace 1, (%, a) by the
conditionally convergent infinite series at the right-hand side of (6.1.19). The following result is the
one that we get by letting p, p’ — oo in Theorem 6.2.2.

Corollary 6.2.6 ([[72], p. 17, Theorem 2.13]). For any 0 < a < 1 and x > 0, the following identity

) —sin (2 /5)
)~ (i

1 sin (27 )

)
)~ cos (207, 2)

2

= e T 1 a1 7 X cos(2mna) sinh (2”2
I e R RE R DS (om
n=1

3
n—=1 Vn cosh 2

+ 76T2 + ;\/? i sin(27na) Slnh( T
: vig W

cosh (27r%

[V[3Y

Nl

3
2

%

% 813
Nl
o5

N[ =
-

In particular, when a

i 1 2 \/72 nsmh( \/%)—sin(ﬂ% 2;”)

£ sinh (n%z) 20 = VN cosh (71'%1/2?”> — cos (w%,/%”)
The next corollary is deduced when we take p — oo and p’ — 0. In particular, when a = %, it
gives a seemingly new identity involving an infinite series containing sech(n?x) (cf. [[72], p. 17,

Remark 7] for an interesting observation concerning identities of this type).
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Corollary 6.2.7. For any 0 < a < 1 and x > 0, the following identity holds

© g —an’z \/>ZCOS Zn—l) ) sinh( %\/4”772>—sin<7r -
2x

Z 14 e cosh( 3 4"_2> —cos (n2 4"3:_2>
\/7251n7r2n—1))smh<7r x )"‘S' P
2 Va2n—1 cosh (71'% 4”72) — cos (71% 4”72) .

In particular, when a = %,

i # l_‘_ \/? i ( l)nfl sinh (ﬂ'% 2”;1> + sin (71.% 2n;1)
n=1 cosh (n%‘) 2 X el \/7—1 cosh (71'% an—1> _ cos (7‘(% 2”;1) .

The next result is obtained when we take p, p’ — 0" in Theorem 6.2.2.

Corollary 6.2.8. For any 0 < a <1 and x > 0, the following identity holds

0 e—a(2n—1)2x
n;l 1+ e—(2n—1)2m

_ 1\/% cos ((2n — 1)ma) Sinh (77% 22;1) + sin (7’[’% 22;1)

AV —1 Van—1 cosh (7’['% 275;1) + cos (77% 275;1)
1\/% sin ((2n — 1)7a) sinh (77% 23?) — sin (73 275;1)
E 2n —1 cosh (7’['% 275;1) + cos (ﬂ'% 275;1)

In particular, when a = %,

3 3
i 1 \/7 Z y-1 sinh <7r22 2nx_l> — sin (”22 2”3:_1)

1 cosh ((2n —1)?
Finally, if we take p — 0% and p’ — oo in (6.2.32), we achieve the last corollary of this section.

Corollary 6.2.9. For any 0 < a < 1 and x > 0, the following identity holds

i ~aln—1)%e \/> Z cos ( 27ma sinh (W%\/g) + sin (w%\/g)
1 —(2n—1)2 cosh (W% \/g) + cos (w% \/g)
\/> Z sin ( 27rna sinh (W% \/%) — sin (W%\/g)
cosh (w%\/%) + cos (W%\/g)
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In particular, when a = %,

o0 1 ) sinh (ﬂ'%
Z sinh ((2n — 1)2z) B \/; Z cosh (77%

[SI[9)

1) +sin (

) + cos (m

s @

¥z 1=
~—

3
n=1 2

6.3 A Generalization of Watson’s formula

In order to extend Watson’s result (6.1.3) to Koshliakov’s setting, we first need to generalize the
series on the left-hand side of (6.1.3). For x > 0 and Re(s) > %, we will examine the following

infinite series

(6.3.1)

p°+ A 1
Z:: (p+ 1) +x2 N +at)” Re(s) >

Note that, when p — oo, (6.3.1) reduces to the left-hand side of (6.1.3), so our hope is that ¢,(s,x)

satisfies a formula akin to (6.1.3). Such formula constitutes the content of our next result.

Theorem 6.3.1. Let x > 0 and Re(s) > % Then the following generalization of Watson’s formula
(6.1.3) takes place

n=1p (p + %) + a2 (AR +a22)° 2I'(s) 2) 21+2L
; 1
omspa—s X QmSpz—s X
R ( 1)mm5*§Ks 1 (2mmx) + PRLIINES
I'(s) mz—l I'(s) mz_:l
(1 et gt ] b oz (=D
X ;::1 <£>(—1) (4wmp) /t 3 e 2mmp WK&% (2mzmt) dt. (6.3.2)

In particular, for % < Re(s) < 1, one has the integral representation

Z p? 4+ A2 1 ‘/MHSF(S 1)_ 1 z2
2

= ( )JFAQ (A2 +a2)° — 20(s) 21+ 1
y “y+1)"°

2—2s ., 1-2s _:
+ 2 X Sll’l(ﬂ_s) o ((2y + 1) SU) 627"(2y+1)x 1

dy, (6.3.3)

with the right-hand side of the previous expression being the analytic continuation of the series
(6.5.1) to the half-plane Re(s) < %.

Proof. Let p > % and consider a fixed s € C such that Re(s) > p. Under this condition, the

following integral representation holds [[85], p. 348, eq. 7.3.15]

p+i00

i, / L(2)T(s —2)x #dz = I(s)

o m, x> 0. (634)

HU—100
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Using this Mellin-Barnes integral in the series defining ¢, (s, z), (6.3.1), we have that

00 p2 +A2 1 .%‘723 1 p+i00 2
2 (p+ 1)+ (3 +a%)"~ T() 2 / (2)T(s = 2) Gp(22) 2%,
T n oo

where the interchange of the infinite series with the contour integral (6.3.4) is justified by the
absolute convergence of (,(2z) in the half-plane Re(z) > pu > %, together with Stirling’s formula,
which implies that |I' (i 4 it) ' (s — p —it)| = O (\t\Re(s)_le_ﬂt'), |t] — oc.

As in the proof of Theorem 6.2.1, let us now move the line of integration from Re(z) = p to
Re(z) = % — p and integrate along a positively oriented rectangular contour, %, (7"), containing
the vertices p £+ ¢1" and % —p =47, T > 0. Due to the location of the trivial zeros of (,(2z) at
the negative integers, as well as our initial choice Re(s) > pu > %, the only singularities of the
integrand inside %Z,,(T') are located at z = % and at z = 0. Like in (6.2.9), we can estimate trivially
the integrals along the horizontal segments [% —putil, p+ iT}, as T — o0, and show that they

vanish in this limit. As such, an application of Cauchy’s residue theorem gives immediately

| e . 3 oo
. 2z — o 2z
- / D()T(s — 2) G(22) 4%z = - / T(2)T(s — 2) (p(22) 2%7dz
pH—i00 %f,ufioo
1 I'(s) VT 1
2 r(s—=). 3.
rehay <5 2) (6.3.5)

Invoking the functional equation for (,(2), (6.1.17), we can simplify the integral on the right-hand
side of (6.3.5) as

§—M+i00
1
o / [(2) (s — 2) (p(22) 2**d>

%7;472'00

0o 1 p+io0
=/ Z 9 'z T (s +2z— ) (2z,2mpm),, (mzm)~ % dz,

— <7t J

nu—100

because the representation of n,(2z), (6.1.14), converges absolutely in the half-plane Re(z) > 3.

For each fixed m € N, our task now is to evaluate
1 ptioco .
Ip(s,2) = 5 / (22, 2mpm),, T'(2) T (8 +z- 2) (mzm) %% dz.

211
H—100

This task can be simplified if we use the representation (6.1.21), which shows that

Imyp(& $) = ]1(7%,);)(57 IL’) + Ir(ri)p(S? .'L‘),
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with
( 1)m p+1i00 1
I%?p(s,x) =5 | F'z)T(s+z— 2> (mxm) ™% dz
p—ioco
= 2(—1)™ (nzm)* "2 K, 1 (2rzm) (6.3.6)
and'?
(2) _ s—% 2mpm, s—= - m m—~{ 14
I (s,x) = 2(72)* " 2™ m "2 / (-1) (4mpm) (6.3.7)
(=1
T s—1 _—omm (t B 1)£_1
x / vt Lol K (o) (6.3.8)

1

We should note that, in both formulas (6.3.6) and (6.3.8), we have used the well-known integral
representation for the Macdonald function [[85], p. 349, eq. 7.3.17]

p+ioo
1 _
K,(z) = 57 / 25721 (8 5 V) r (S ; V) x %ds, x>0, p>max{0,Re(r)},

H—100

which has been very useful throughout this thesis.?® Combining all the expressions given above

yields the formula for ¢,(s,z),

= p2 + )\% 1 ﬁ$1_25 ( 1> 1 J,‘_ZS
pr— S [ — —_—
Sip(p+ L)z R+ 20() 2) 21+ L
1 1
2w & _1 22T SN o 1
W z_:( 1)mm3 2 K. a1 (27me) + F(S) Z e2TPM 5= 3
m=1 m=1
t—1
X ( m ) (,1)m—€ (47rmp)f/ts—% o—2mmpt (f)l' K, 1 (2mxmt) dt. (6.3.9)
=1 4 1 ( - ) 2

Although (6.3.9) already constitutes a generalization of the classical case (6.1.3), we will now
write the latter series in a more elegant form, which will be well-defined in the half-plane Re(s) < %
We claim that the right-hand side of (6.3.9) constitutes the analytic continuation of the series
©p(s, ), (6.3.1), to the entire complex plane. We prove this by showing that the last series on the
right-hand side of (6.3.9) defines an entire function of s € C. Indeed, it is enough to check this for
s belonging to the half-plane Re(s) < %, because the analyticity in the region Re(s) > % is already

ensured by the absolute convergence of the left-hand side of (6.3.9).

From now on, we analyze the last infinite series on the right of (6.3.9) under the hypothesis
that Re(s) < 1, which obviously includes the case Re(s) < 1. To that end, recall the well-known

Ythe interchange of the operations is justified by absolute convergence.
20Tt was instrumental to establish the integral formulation of the Selberg-Chowla formula in Lemma 1.3.1.
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integral formula [[164], p. 252, relation 10.32.8]

v . s 1 1
Ky(z) = 2”1“\{;1;) 1/6 t (t2 - 1) Ydt, Re(v) > —3,

From the fact that K_,(z) = K,(z), (6.3.10) can be rewritten in the equivalent form?!

larg(z)] < g (6.3.10)

14 2—21/ —Z x 1

<Z> K,(z) = ryme® /e*ZZtt*l’*%(t—i— 1)*”7%dt, Re(v) < =, |arg(2)| < T (6.3.11)

2 r(t-v) 2 2
2 0

Assuming that s lies in the region Re(s) < 3, we may invoke (6.3.11) to see that the fractional

integral appearing on the right-hand side of (6.3.9) can be simplified in the following manner

o0

2 (t—1)"!
Jpo(m, ) = / 15—} o= 2mmpt =T K, 1 (2remt) dt
1

_ 2% /7 (mzm) 7°exp(—27rm (p+Q2y+1l)z)  dy
T'(1—s) @rmp+ Q2+ 1)’ vy+1)7

where the interchange of the orders of integration comes from the absolute convergence of both
integrals.?? Note now that the integral in the last expression converges absolutely, which allows us

to take the finite sum over £ € {1,...,m} in the last term of (6.3.9). This results in

i 2P i ( ¢ ) (=)™ (4mmp)© T, o(m, z)
m=1

/=1 ¢
:21728 7.‘.175.%.%—8 i 627rpm 7{ (p _ (2y + 1)x>m N (_1)m_1} e—Qﬂm(p+(2y+1)x) dy
Fl-s) “~— ; W\p+ 2y + e ye (y+1)°
91-2s 1-5,.5-5 s +1 ) s e~ 2mm(2y+1)z
- / 2 1 y 27r()2y+1)z 1dy+ Z(ilym_l/ s 1) dy
o y+ )e — — )y (y+1)

r'1-s)
00 s .
(y+1)~° m s—1
Ts) /U (@t 1) T 2T Tdy > (-1)"m 2K, 1 (2mem),  (6.3.12)
0

/—/H

21 23

m=1

where the last step results from employing (6.3.11) again, as well as from the use of the geometric

series (6.2.16). In fact, to justify the interchange of the series and the integral in this procedure,

21Recall that we have encountered this integral representation before in a previous section about a generalized

Ferrar’s formula (4.6.1).
2Znote that we are working under the hypothesis Re(s) < % < 1.
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one needs to check that, if Re(s) < 1,

7‘]9 2y + 1)z
1) 1P 2y + 1)z
2Re(s)—1 _ o0

2 F(l Re( )) Z (ﬂ_ml_)Re(s)f% KRe( -

ﬁ m=1 ° %

00
<O, xRe(s)—l Z mRe(s)—le—mex’

m=1

27rm(2y+1) 0 —4rmay
( ) Re(s) Z _27me/ Re(se) Re(s) dy
yrel(y +1) J (y+1)

NE

m

(2mmax)

where C is some positive constant depending on s, which is fixed. In the last steps, we utilized the

integral representation (6.3.11) and the asymptotic estimate for the modified Bessel function,

K- (Z) e fivo()) eow (6.1

which has been part of all the chapters of this thesis. Clearly, the integral on the right-hand side of
(6.3.12) converges absolutely and uniformly for any s in the half-plane Re(s) < 1, as the elementary

i yy+1) (v o+~
/ o ((2y + 1) z) 2 Cu+e _ 1 dy| < / o2r(2y )z _ 1dy'
0

This proves that the last infinite series on the right of (6.3.9) defines an entire function of s € C [[236],

bound shows

p. 92], and so (6.3.2) constitutes the analytic continuation of the series (6.3.1) to the half-plane
Re(s) < %. Finally, joining (6.3.12) and (6.3.9) leads to (6.3.3) as an equivalent continuation of
(6.3.1) to Re(s) < 1. O

Remark 6.3.1. It is also possible to write the last infinite series on the right-hand side of (6.3.2)
as a series involving integrals of the Whittaker function, W), ,(z), described in previous chapters.
We could also replace the integral in (6.3.3) by an integral with respect to a Hankel contour. This

would allow a representation of ¢,(s,z) valid for any s € C.

One may expect that, once we let p — oo in (6.3.2) or in (6.3.3), Watson’s formula (6.1.3) may
be recovered. Moreover, taking p — 0T may yield a new analogue of it. We state this analogue in

the next corollary.

Corollary 6.3.1. Let s be any complex number such that Re(s) > % and x > 0. Then Watson’s

formula (6.1.8) holds true. Moreover, one has the companion identity

o0 1-2s 1 g 1 5 5 o
Z 12 s = VT I‘(s—1>+22 £z m Z K, 1i(mam).
n=1 ((2n — 1)+ x2> 4L(s) 2

m=1

(6.3.14)

Proof. Since the proofs of (6.3.14) and (6.1.3) are analogous, we will only see that (6.3.3) reduces to
(6.1.3) as p — oo. For this, it suffices to analyze, under the present limiting case, the continuation
of the integral in (6.3.3) to the region Re(s) > 1. Assume that Re(s) < 1: by an application of

the dominated convergence theorem, we can take p — oo on the right-hand side of (6.3.3). Since
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the only term of (6.3.3) that is modified by this limit is the integral, we see that it results in the

expression

1-2s ,1-2s Y
2 Sln 7TS /627r2y+—1)1
0

o0

00
21 2s SlIl . Z 2ﬂnm/y—3(y+1)—se—47rnmydy
n=1 0

sf—s o0

Z =3 K, 27m:1:) Re(s) <

, (6.3.15)

DO =

where the second step is justified by invoking the geometric series, as well as by absolute convergence
(recall (6.3.13)), while the last equality results from (6.3.11). Since the series on the right-hand side
of (6.3.15) converges absolutely and uniformly for any s € C and its summands are entire functions
of s, we see that the expression (6.3.15) is valid for any s € C\ {3 — k, k € No}. Therefore, (6.3.15)

and the series (6.3.1) must coincide whenever Re(s) > 3. O

Remark 6.3.2. Note that (6.3.14) can also be derived from Kober’s formula (6.1.6) with 3 = % or,

in a general form, by the results given in [194].

We now obtain a result in which the restriction 3 < Re(s) < 1 in our Theorem 6.3.1 is relaxed.

Our proof is completely analogous to Watson’s [[233], p. 300].

Corollary 6.3.2. Let N € N. For any x > 0 and any complex number s satisfying the condition
—N + % < Re(s) < 1, we have the identity

i p? + /\% { 1 Nl (—s) x2m }
=D (p + %) + )\721 (A% + ;L'Q)s e m %S—I-Qm

N-1 1-2s —2s
N 1 1z
A ) o amy Y22 (1) 1
o \m 2I°(s) 2 21+ >
oo
2-2s y+1)7
+2 “sin(7s) / - (2 + 1) ) 2@ D — 1dy. (6.3.16)
0

Proof. Note that, for Re(s) > 3 and every N € N, we can write the left-hand side of (6.3.3) in the

following form

& ey { | Nl( ) xzm}
amp(p+ )+ (ORI A

N-1/_
+ < )mecp (25 +2m) . (6.3.17)
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Let M be a positive integer so large that, for n > M, x/\, < 1. Using the generalized binomial
theorem and picking n > M, we have that

1 X [—s\ a*™
(A2 4 22)° - Z (m) A\2s+2m”

n m=0 n
Thus, (6.3.17) can be actually expressed as

M p? 4+ A2 1 NZL/og\ g2m
Z 1 ()\2 +£C2) Z )\2s+2m

n:lp(p+ ;) + A2 m=0

> p? 4+ A2 >, [—s x%m N/ s 9
+ Z N {Z <m>)\%s+2m}+z<m>xmgp(23+2m).

n=M+1P (p + E) + )‘% m=N m=0

Note that the general term of the infinite series >, > /41 is O ()\; Zo—2N ) for large n. This means
that this series converges absolutely and uniformly with respect to s in the region Re(s) > —N+ %.23
Since its terms are analytic functions of s, an application of Weierstrass’ M-test shows that (6.3.17)
represents an analytic function in the region Re(s) > —N + % By the above argument, we know
that the right-hand side of (6.3.16) also defines an analytic function in the half-plane Re(s) < 1.
Thus, (6.3.16) must hold by analytic continuation. O

From the previous result, we can obtain the following interesting identities.

Corollary 6.3.3. Let p € Ry and x > 0. Then, for any s in the strip —1 < Re(s) < 2, the

following representation holds

ZM{l— 1 }Jf(z)xl_s_w—s
So(pd) e LA (R et '(3) 21+,
_ T +1)75
925 ”S) / vy dy. 6.3.18
+ sm( 5 J ((2y+1) )62“(21/“)39—1 Y ( )

In particular, we have the formula

p

/ dy (6.3.19)

2y + 1) {L‘) 6271-(2y+1)x _ 1’
0

i p2+)\2 1 _i +C(1)+]O (.T)+11
n:lp( )+A2 VT T T T L

where CI(,I) denotes Koshliakov’s generalization of Euler’s constant v [[132], p. 46, eq. (46)]

n—1 2 2
_ P+ A 1
C}gl) := lim { E —( N z ~— —log ()\n)} . (6.3.20)

hecause A\, > n — % for any p € R...
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Proof. To prove (6.3.18) it is enough to take N = 1 in (6.3.16). In order to prove the second

formula, (6.3.19), we take the limit s — 3 on both sides of (6.3.16): this yields
1-2s 1
VraE (S B 2)]

{ 1 1 } + lim [CP(ZS) T o)

i PP+ 1
b VR A
dy

n=1p
o¢]

1 +2/ 1
2x 1+7er / ViZ+yo(Ry+1)x

To finish the computation of the above limit, we use the well-known Laurent expansions,

) 827r(2y+1)a: -1 :

F(l{(;):\/l%g”?;g(?)G_;)Jro((s_;)Z), (6.3.21)
22— 1 (1 — 2log(x) (s — ;) +0 ((s — ;>2>> ;
F(s—;)— i; 7+0(s—;> (6.3.22)
and finally [[132], p. 48, eq. (51)],
G(25) = 5—7 + ¢ +0 (s - ;) . (6.3.23)
]

Deducing our corollary from (6.3.21)-(6.3.23) is now immediate.

By letting p — oo and p — 07 in the previous result, we are able to obtain a formula also due
to Watson [[233], p. 301, eq. (6)]. Furthermore, we can derive an analogue of it, which seems to be

S S
—s  opd
m2x 2 s—1
nz Ksa(2mnx),

new.
Corollary 6.3.4. For any Re(s) > —1 and x > 0, the following representations take place
2

1—s o
N r (s 1) _E i
2 2 rs) =

i{l_ 1 >5}+ 2T (5)

((s) = 20w e
and
(- 200 - 8 E
”gl (2n—1) ((Qn 1%+ 332) 2
VAT (551 a0 gtants e
* 4T (%) T B nz::l(_l) n? Ks;1(7rnx)

In particular, the following formulas are valid

1 1 1
+ — + +log

i{\/m_n} 2

n=1

(;) =2 niO:IKO(%mx),
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[ 1 1 ~ IOg(x)_ [e'S) .
;{\/m_2n—1}+2+ 2 =Y (=1)" Ko(mnz).

Remark 6.3.3. We have dealt with formulas of this type in Chatpers 2 and 4 of this thesis. Recall,

for instance, (2.2.77) which represents a twisted analogue of Watson’s formula (2.2.78).

As a particular case of our generalization of Watson’s result, we can evaluate the series (6.3.1)

when s is an integer. In the next corollary we shall do this for s = 1, 2.2

Corollary 6.3.5. Let p € Ry and z > 0. Then the following identities are valid

i PN t ~_ v 7 1 (6.3.24)
1 2 22+ 22 22 14+ L 222 x o(x)e? T -1’ h
n:lp(p+;)+)\n n T

Pt S S
i (p + %) a2 (2 4a2)? ad wt 1y L
2 1 D o(x) e
1 . 3.2
+ x? (o(x)e?™™ — 1) [271:% + ( + 7 (p? — 932)> o(x)e?m™ —1 (6:3:25)

Proof. We only give a proof of the first formula (6.3.24), as the proof leading to (6.3.25) is analogous.

Taking s = 1 in formula (6.3.2) and using the special case for the Macdonald function,

(z) = éf—e—m, x>0, (6.3.26)
X

we deduce
°© p2+)\% 1 T 1 1 T & " 9w
Z 1 2 A2 + 2:27_1 lﬁ—i_iz(_l) €
nzlp(p+;)+)\n nT x + o 4T r =

m

™ .- Tpm m m— T —2mmt(x t_1K_1
m=1 12 :

=1 1

T 1 1 Ly 1) p ; »
= 5. T 1 52T B —-1)™ (4 2
s T an by 2o ) ) e )
:”_1112+Wi(p—w)me_gm
2x 1+7?pr r = p+x
1 1 1
= -— + I, (6.3.27)

2z 1+7%p27:1:2 z o(z)e? ™ — 1

completing the proof. ]

2"We remark that there are other ways of proving both formulas of our next corollary, for instance involving the
theory of residues. In fact, Koshliakov gave a direct proof of (6.3.24) on page 34 of his paper [132].
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Remark 6.3.4. By invoking (6.3.2) and appealing to the definition of Bessel polynomials

[T (n—14k)!
2 ¢ Zk'n—l— k) (22)k’ nel,

it is possible to compute the values of (6.3.1) for every s € N. Moreover, we may connect the

resulting expressions with identities involving (,(2n — 1) which are reminiscent of Terras’ formulas
(cf. [124, 224)).

Remark 6.3.5. We remark that it is also possible to obtain an analogue of Kober’s formula (6.1.6)
in Koshliakov’s setting. In fact, the modified version of (6.3.1),
pr+ A2 1
S
nzp(p+ 1) +2% (Ot 9% +42)

1
Re(s)>§, x>0, BeR,

admits a Fourier expansion very similar to the one given in (6.3.3) when 3 < Re(s) < 1. However,

we need to replace the integral on the right-hand side of (6.3.3) by a generalization of the form

1 / y*y+1)
2 (2y+ Dz +ifB)exp (2m(2y + 1)x + 2mif) — 1
yoy+1)° } .

o((2y+ 1)z —ifB)exp (2 (2y + 1)z — 2mif) — 1

6.4 A generalization of the Epstein zeta function

In this section we will consider a generalization of the Epstein zeta function (6.1.4) when the
summation indices are replaced by two Koshliakov sequences (A, Ay )m,nez. Once more, let us note
that if y is a root of the equation (6.1.13) then —y also is. Therefore, we can extend Koshliakov’s
sequence (A, )nen to the nonpositive integers by simply setting A_,, := —\, and X\g := 0.
Although it is possible to proceed with any positive quadratic form Q(z,y) = az? + by + cy?
(see Remark 6.3.5 above), it is enough for our purposes to consider an analogue of (6.1.4) for

diagonal forms, this is,

3 (P* + %) (% +272) 1

s, Re(s)>1,  (6.4.1)
m,n70 (p(p +3)+ )‘%n) (p’(p’ + 1)+ Ag) (A2, 4+ cA?2)

G (8,¢) =

where ¢ > 0 and m,n # 0 here means that only the term m = n = 0 is omitted from the sum
above. It is simple to see that the Dirichlet series defining (, (s, c) converges absolutely in the
half-plane Re(s) > 1. In the next result we give a formula which provides the continuation of (6.4.1)
to Re(s) < 1, thus being analogous to the Selberg-Chowla formula (6.1.5).

Theorem 6.4.1. For any ¢ > 0 and p,p’ € Ry, let ,,y(s) denote the analogue of Epstein’s zeta
function given by (6.4.1). Then ,,(s,c) can be continued to the half-plane Re(s) < 1 by the
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following integral formula

2¢5/2 15T (s)

(77) h L(s)Cppr(s,c) = (p(28) +2¢ 7 A (=2)p (S - ;) G (2s — 1)

1
Ve 1+
94-2s ~1-s 1= oo 2 )\/2 )\/1—25 o0 —s 1)—5
+ I‘Ti - Z W n1) A / / : (y+27r))\’ (2y+1)y/c dy. (6.4.2)
(=9 5y (L) +A2 { o O 2y 1) V) rve—

Furthermore, (6.4.2) provides the continuation of (,,y(s,c) to the entire complex plane as an
analytic function everywhere except at the point s = 1, where it possesses a simple pole whose

residue s

7r
Ress—1(pp(s,¢) = —=.

Ve

Proof. The proof comes immediately from our analogue of Watson’s formula (6.3.3). We start by

choosing Re(s) > p > 1 and by writing the generalized Epstein zeta function in the following form

2 2c—F
/ = — 2 — (2
Cpr (85 €) 1+%p/<p< 3)"‘1_1_7?1})@7(3)
oo 2 )\2 /2 )\/2 1
+4 Z (p + m) (p + n) 5 >
S (p(p—i—%)—i—)\?n) (p/(pq_%)—i—)\g) (A2, +cA?)

. (6.4.3)

If, on the double series in (6.4.3), we fix the variable of summation n and sum over m, we can use
(6.3.2) with x replaced by /c\,, and then get

2 QWC%_SF (8 — %)
ﬁ Cp(28) + T(s)

Cppr (8,¢) = G (2s = 1) + Hyp (s, ), (6.4.4)

where Re(s) > p > 1 and the function Hy, (s, c) is described by

D(s)Hpp(s,c) o= (p%4+N2) (-1)™ (m

gmeci—3 mo=1 P/ (p’ + %) +A2 A\

a1
) K, (2mm Vo)

T S (m)s_é - <m> (=1)" " (4mmp)*
_ — 7I8
m,n=1 Pl (p/ + %) + Ag )\In (=1 ¢
% [ 1573 2Tt & K, 1 (2rmy/cAt) dt (6.4.5)
(- Remg Brmyedat) d. .

1

We now claim that the right-hand side of (6.4.4) constitutes the analytic continuation of (p (s, c)
to the entire complex plane and, when Re(s) < 1, its expression reduces to (6.4.2). Since the
continuations of (,(s) and (,/(s) are already provided in Koshliakov’s paper [132], we only need
to focus on the continuation of H, ,/(s,c). This is now analogous to what we have done in the

previous section, and it is possible to show that it defines an entire function of s € C.?

25Compare this with the way we have studied the series on the right-hand side of (6.3.9).



6.4 A generalization of the Epstein zeta function 335

Take now the expression defining Hy, (s, c), (6.4.5), and assume that Re(s) < 1. We see from
the computations leading to (6.3.12) that

1 Kl P2+ N2

Hp’p/ (S’ C) — 24_2862 —s Sin(ﬁs) A/1—25
n=1p (p' + %) + )\;%

o0

" / y Sy +1)7° dy
s o (A (2 +1) Vo) e (2y+)ve — 1

which gives (6.4.2). By a simple analysis of the right-hand side of (6.4.4), it is easily seen that
Cpp (8, ¢) has removable singularities located at the points s = % — k, k € Ny. Since (p(2s) and
T (s — %) are analytic in a neighborhood of the point s = 1, we can also conclude that (, (s, c)
must have a simple pole located at s = 1, which comes from the factor ¢;y(2s — 1) on the right-hand

side of (6.4.4). Its residue is easily seen to be 7/4/c, which completes our proof. O

Remark 6.4.1. It is possible to deform the path of integration on the right-hand side of (6.4.2) in

order to make it valid for any s € C. See Remark 6.3.1 above.

Remark 6.4.2. It is clear from the proof of Corollary 6.3.1 (see the steps leading to (6.3.15)) that
(6.4.2) and (6.4.5) are generalizations of the Selberg-Chowla formula (6.1.5) when the quadratic

form is diagonal, i.e., Q(m,n) = m? + en?, ¢ > 0.

Remark 6.4.3. Although it is possible to write a functional equation for (6.4.1) using the general
Selberg-Chowla formula (6.4.2), we shall omit it here because there is an asymmetry between the
zeta functions appearing on both sides of it. This asymmetry is due to the drastic differences
between Koshliakov’s zeta functions (p(s) and 7,(s), which are themselves connected by a functional
equation, (6.1.17). In the preprint version of this chapter [192], we have considered yet another
analogue of Epstein’s zeta function that makes sense within Koshliakov’s framework. Its functional

equation is much easier to state and to prove (see [[192], Corollary 4.9]).

Having proved that (,,/(s,c) possesses a simple pole located at s = 1, we now study how
Cpp (8, ¢) behaves around this singularity, generalizing a classical formula due to Kronecker [203]
(see (6.1.9) above).

Corollary 6.4.1. Let p,p’ € Ry and let (, (s, c) be the generalized Epstein (—function (6.4.1).
Moreover, let o(t) be defined by (6.1.23). Then (p (s, c) admits the meromorphic expansion around
s=1,

T 1 2 1“'%(1“‘%)

Cpp’(sv c) = + 2
' cs—1 3 1 1
(1 T Trp’) (1 + 771))
o0 2 \/2 -1
T (1) Pe A An
+—|(2C),7 —log(4c) +4 -
Ve ( P 58] nz::l Y (p’ + %) + A2 0 (VeA,) eV — 1

+0(s—1), (6.4.6)
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where C’I(,l) is Koshliakov’s analogue of the Euler-Mascheroni constant (6.3.20), i.e.,

n—1 2 2

p°+ A: 1

OV = lim ¢y — L = log (Aa) ¢ -
D n—00 jzlp(p_i_%) +)\§ )\j

Proof. The proof consists in evaluating the right-hand side of (6.4.4) when s — 1. Let us recall the
following expansions around the point s = 1,
VAT(s - 1)

B VAR omlog(2) (s — 1) + O (s — 1)?, (6.4.7)

and [[132], p. 48, eq. (51)]

1

(2s—1) =
Combining (6.4.7) and (6.4.8), we see that the second term in (6.4.4) can be written as

Qﬁc%_sf (s — %) EEE! T
Ts) Cp/(23—1)—%8_1+%

Using (6.4.4), (6.4.9) and invoking the generalized Basel identity [[132], p. 22, eq. (39)],

(201(),1) — log (40)) +0(s—1). (6.4.9)

we get the meromorphic expansion for the Epstein zeta function ¢, (s, ¢),

3 1
T 1 T (1) w2 1+7Tp(1+7?p)
Cor (s, €) = = —— + == (204 ~log (4¢)) + = (6.4.10)
’ cs—1 c p 3 1 1)2
ve ve (1+7) (1)
+H,y(1,c)+0(s—1). (6.4.11)

Appealing once more to the relation (6.3.26) and doing no more than the calculations made in
(6.3.27), it is straightforward to derive that

4 o 2 )\/2 )\/71
Hyp(l,0) = = F 1o RYENGY
Ve By (o + 1) 42 0 () v 1
which, when combined with (6.4.11), gives immediately (6.4.6). O

Remark 6.4.4. The infinite series appearing in (6.4.6) can be regarded as a generalization of the
logarithm of Dedekind’s n—function (6.1.8). Taking p, p’ — oo in (6.4.6), the particular case (6.1.9)
can be obtained. Analogously to Section 6.2, we can obtain several new analogues of Kronecker’s
limit formula by fixing one of the parameters and varying the other. Of course, when p and p’ both
tend to zero or to infinity (not necessarily the same limit), the resulting formula (6.4.6) may be

also achieved through Kronecker’s second limit formula [[203], p. 22].
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Our first corollary of (6.4.6) is obtained when we take p’ — 0T, while p is kept fixed.

Corollary 6.4.2. For any p € Ry and ¢ > 0, consider the Epstein zeta function defined by

2 2

7+ Ar, 1
pro(s,c) = Z 1 2 2
mmﬂp@+ﬂ)+Am<A%+c(n—%)>

Then Cp0(s,c) admits the meromorphic expansion around s =1

™ 1
Cp10(87c) = % S — 1
1

7 c =1
+% (27—10g (4) +8;2n—1 U(ﬁ(ﬂ—%)) emV/e(2n—1) _1) +O(s—1).

In particular, the standard expansion holds

T 1 T c e 1 1
- = 4" (9~ —1 el
Co,0(s,¢) ﬁs_lJr\/E(V og(4> 8;271—1@“\/5(2"1)%-1)
+O0(s—1).

Now, letting p’ — oo and fixing p € Ry, we can deduce the following result from (6.4.6).

Corollary 6.4.3. For any p € Ry and ¢ > 0, consider the Epstein zeta function defined by

P2+ A2, 1

, Re(s) > 1.
o+ D) 402, 02+ ey 1A

CILOO(Sv C) - Z

m,n#0

Then Cpoo(s,c) has the following meromorphic expansion around s =1,

T 1 77214‘%(14'7%)
%m@MﬁZQ@;jj+2;“JLjf¥*
(1+35)

s =1 1
+— 2y —log(4c)+43 =
\/E<’Y Og( C) ;na(ﬁn)e%ﬁ”—l

) +O(s—1).

In particular, the usual Kronecker limit formula (6.1.9) takes place. Moreover,

T 1

1 9 m =1
€)= —F= —— — | 2y — log (4c) — 4 - O(s—1).
Cools€) = 2 o7 +ﬁ<7 og (4c) nz_lnezmn+1>+ (s—1)
If we now take p — oo and fix p’ € Ry, we obtain the following formula.

Corollary 6.4.4. For any p' € Ry and ¢ > 0, consider the Epstein zeta function defined by

P2+ A2 1

Cooyp! (8,€) == ;
o m%éo P+ 5) + A2 (m? 4 eAR)

Re(s) > 1.
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Then (oo (S, c) has a Laurent expansion around s =1 given by

T 1 w2 1

Coo,p’(s’c):%s—1+?l+7%p’

00 12 2 -1

T (1) pe+ A AL

+—2C),7 —log (4c) + 4 -
ﬁ( : nZ::lp’ (r+ 1)+ VN -1

+0(s—1).
In particular, we have the expansion

s 1 T c 1 1
, = — _— 2 —1 —
Coo,0(5, €) cs—1+\ﬁ ( T8 <4>+8 z:271—1 e’f\/E(Q”—l)—1>

n=1
+0(s—1).

At last, our final corollary is the result of taking the limit p — 0T in (6.4.6).

Corollary 6.4.5. For any p' € Ry and ¢ > 0, consider the Epstein zeta function defined by

/2 2
P+ A 1
CO,p/(SaC) = — - n > 5 55 Re(s) > 1.
m,n#0 P (p + ;) + )‘n ((m — %) +C)‘;12)
Then (o4 (s, c) admits the meromorphic expansion around s =1,
T 1 72
(s, ¢c) = —F%= +
Copr(s: €) Ves—1 1+ %p,
oo 2 2 -1
™ (1) P+ A A
+— [2C, —log (4c) —4 > ,
7 ) g

+O(s—1).

6.5 Generalizations of Entries 3.3.1-3.3.3, pp. 253-254 of Ramanu-
jan’s Lost Notebook

Building on the work of the previous two sections, we now establish a generalization of the

Ramanujan-Guinand formula (6.1.2), stated at the introduction to this chapter as Entry 3.3.1.
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Theorem 6.5.1. If o and 3 are two positive real numbers such that oS = 72 and if s is a complex
number such that Re(s) < 1, then the following identity holds

275 /T 1-s > P +)\% s
S VT T oK (20a)

2
_ Fi—i) mp(—5) {6 ')+ I (3) G(s) {6'F —a'?"), (6.5.1)
(e %) i
where K, ,(x) denotes the integral
o0 1 1
Kop(x) = / > (2{/(2?/ 1@1)—’)— i()zy“;’ — 1dy, x>0, Re(v) < %, (6.5.2)

and o(t) is defined by (6.1.23).

Proof. In Theorem 6.4.1 we have seen a representation (namely (6.4.2)) which extends the Epstein
zeta function, (p (s, c), to the half-plane Re(s) < 1. It was deduced by summing the infinite series
in (6.4.3) with respect to the variable of summation m and then by applying our generalization
of Watson’s formula (6.3.2). But in the region of absolute convergence of ¢,/ (s,c), where it is
representable as the series (6.4.1), it is possible to reverse the orders of summation and start to

sum the double series with respect to the index n. Indeed, for Re(s) > 1,

(Z) TG0
- <7T> ) L(s) Z (e + ) (P74 %) 2 12 18
Vi/e mazo (P + 1) +22,) (P +2) +A2) (W +A%e™)

_ (ﬁ) e (8, 1) . (6.5.3)

Therefore, an alternative representation of ¢, ,/(s,c) can be obtained once we apply Theorem 6.4.1
to Gy p (s, %) 26 Tn fact, using (6.4.2) with ¢ replaced by 1/c and with p replaced by p’, we find

that an equivalent continuation of (, , (s, c) to the half-plane Re(s) < 1 is

m\~* 2¢5/2 1751 (s) s=1 (g1 1
<\ﬁ) I'(s) G (s, €) = T (2s)+2cz m (=31 (5 - 2> (p(2s—1)
94-2s ~1-s S5t 0 2 ® Y= (y + 1
+ F71T e A / y+1)~ ———dy. (6.5.4)
(1—s) n:lp(p+7r +/\% o a’ 7@ (2y+1) ) D

26This trick of playing with Watson’s formula in the region of absolute convergence of a symmetric double series
has been applied before in this thesis, namely in Example 1.2.1 and in Theorem 4.5.1.
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Since (6.4.2) and (6.5.4) both represent the Epstein zeta function ¢, (s,c) in the region Re(s) < 1,

by uniqueness of the analytic continuation, we must have the equality

262 7T (s)
1+ =
272 (@) S (NN 7 v+
PA=s) Sy (p+2)+a2 ) o O 2y +1)ye)emalriive —1
_ 2 2nT(s)
1+ 4
L2 ( m )ls - @9-%A%)A£28jf y Sy +1)7°

I'(1— Nz 1 27 ],
( 5) \ﬁ n=1 P (p—l—;)—l—)\% 0 o (% (2y_|_ 1)) e Ve (2y+1) 1

(p(2s) + 92¢'7 o (s72)T (s — ;) (25 —1)

+ dy

0

G (2s) + 27 7 (2)p (s - ;) (p(2s—1)

dy, (6.5.5)

whenever Re(s) < 1. Take the substitution ¢ = a?/7?, replace s by 11£ and let p = p in (6.5.5):
recalling the condition a8 = 72, we may reduce (6.5.5) to

e ()

G+ 1) {o# =5 %)+ oor (F) oo fo'7 7

4 (1 + ﬂip) T 2
- o0 _s+1 s+l
_ s /8155 i pQ—I—)\% —s / y oz (y+1)" 2 a
r(52)  amp(p+d)+n " ] o (22 (2y+1) ) e2murD 1
- 7 — sl _sf1
— 27804155 - M -8 / y 2 (y + 1) 2 dy (6 5 6)
n . J.
r (%) n=1 p(p—l—%)Jr)\,% 5o (AnTa (2y+1)> e20An(2y+1) _ |

Now, (6.5.1) is finally obtained once we use the functional equation for (,(s + 1) on the left-hand
side of (6.5.6) and the definition of K, ,(x), (6.5.2). O

Remark 6.5.1. By taking a proper deformation of the contour defining the integral (6.5.2), it is

possible to have a formula similar to (6.5.1) and valid for any s € C. See Remark 6.3.1 above.

With a slight change in the sequence of Ramanujan’s statements in [179], we now establish a

generalized version of Entry 3.3.3, also known as Koshliakov’s formula (6.1.11).

Corollary 6.5.1. Let a and 3 denote two positive real numbers such that a8 = w2. Define

(1) 2mp
,yp::qg2)+ Cpl _,y_QeQ?”P(O)_log(gﬂ)G_ 1 )7

1+ L 1+ 1+

where CI(,l) is given by (6.3.20) and C’;Q) denotes Koshliakov’s second analogue of the Euler-
Mascheroni constant,

n—1
. 1,27pk log(n
CP := lim E% e _ (3. (6.5.7)
=1 k 1 + ?p
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Moreover, Q,(s) represents (in Koshliakov’s notation) the incomplete gamma function I'(s, ),

o0
= / e tdt
w

Then the following generalization of Entry 3.53.3, (6.1.11), holds

1 log(483) = pP+ A
N T K (20,
ﬁ(zﬂp 1(1+2) ,;p(m;)ﬂ,a op (20n)

1 log(4a) = P+ A2
— - _74-2 — " K 287, |, 6.5.8
\/E(4’Yp 4(1_*_7%)) n:1p(p+%)+)\% 0,p( B )) ( )

where IC, ,(x) denotes the function defined by (6.5.2) and o(t) is (6.1.23).

Proof. The proof comes after letting s — 0 in the generalized Ramanujan-Guinand formula (6.5.1).
Invoking the Laurent expansion for I'(s) around s = 0, (6.3.22), along with the formulas [[132], p
22, pp. 48 and 49, egs. (52), (54)]

11 1 e*mP log(27)
-5 o1 oglem) 2
Gp(s) 21+7r1p+<20p 5 1+1Q27rp() 5 >s+0<5)

and

1 1 v log(2w
np(s):—2—|—(201()1)_2_ (2 )> S+O<52),

we can immediately derive (6.5.8). O

By letting p — 0" or p — 0o, we are able to deduce formulas akin to the classical ones, because

in these cases the integral (6.5.2) can be written as a series of Bessel functions.

Corollary 6.5.2. If a and ( are two positive real numbers such that off = 72 and if s is any

complex number, then the following formulas hold

Va Z ( > (2mna) — /B Z < > K (2mnp)

m,n=1 mn=1

_ 1 (—2) ((—s) {82 _ q+9/2) 4 %r (2) () {8072 —al=02) | (65.9)

_LK%((% VB Z — S/QK;((%—l)mﬁ)

mnl

T 2*8/2> O fp ot}

. (6.5.10)
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Moreover, we have the following formulas of Koshliakov-type

NG (i’y — flog 48) + Z Ky 2mna)) =B (17 - Zlog (4a) + Z Ko 2mn6)> , (6.5.11)

m,n=1 m,n=1

m,n=1

ﬁ( 3 (-1)" s (2m~ e - 10%1(2)) ~ B ( 5 (1)Ko (2~ Dmg) - 52
(

Proof. We only prove the classical Ramanujan-Guinand formula (6.5.9) from our generalized version
of Entry 3.3.1. The proofs of the remaining formulas (6.5.10), (6.5.11) and (6.5.12) follow the same
principle. The only part that it is not immediate is the recovery of the Modified Bessel function
appearing in (6.5.9) from the left-hand side of (6.5.1).

Indeed, assuming that Re(s) < 1 and justifying once more all the intermediate steps by absolute

convergence, we find that the first term on the left of (6.5.1) is

278/ o5 i 1 71/_831 (y + 1)_%1 dy
1— s 20n(2y+1) _
T (TS) n=1 n 0 esomey 1
_ 00 S
_ 2 slﬁ al—s Z 1/ €—2amn(2y+1)y 2 (y + 1) dy
— S
r (TS) m,n=1 n 0
X /m\ 2 s s
=Va > (n K (2mna) = Va > > don2 K (2na)
m,n=1 n=1 d|n
oo
=Va ) o_y(n) ns/zK% (2na), (6.5.13)
n=1

where the second equality is justified by the integral representation (6.3.11). Note now that the
expression on the extreme right-hand side of (6.5.13) is an infinite series that converges uniformly
and absolutely for any s € C. Since its summands are analytic functions of s, this series defines an
analytic function of s as well. By the principle of analytic continuation, we now see that (6.5.9)

must hold for any s € C. O

Finally, we derive a generalized transformation formula for the logarithm of the Dedekind
n—function, (6.1.8). It is noteworthy that a special case of the forthcoming formula (arising from
the condition p = p) was previously established by Dixit and Gupta [[68], p. 15, Theorem 4.5].
However, our approach significantly differs from theirs, as it relies on the generalized Kronecker

limit formula (6.4.6) introduced in the preceding section.
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Corollary 6.5.3. Let p,p’ € Ry and o(t), o'(t) be defined by (6.1.23). If , 5 > 0 are two positive

real numbers such that a8 = 2, then the following generalization of Entry 3.3.2 holds

i p/2 + )\/2 )\/—1 o0 p2 + )\2 )\
n:1p'(p’+%)+>\’2 ( )6,204/\;1_1 - 1p(p+l)+>\2 (?6)625)%—1
B 1 { I+ 20+ 4) 1+
C(1+4)(1+ ) 1+ 1+* }
(1) _ ~()
+CI’12Cp’l+ilog (g) (6.5.14)

Proof. We have seen in the proof of Theorem 6.5.1 (see (6.5.3) above) that, for any s € C, the

following relation holds

1
G (8, €) =" Gprp (57 c) . (6.5.15)

l) must lead to the same Laurent

Hence, applying Kronecker’s limit formula to the function ¢, ,, (s, :

expansion as (6.4.6). In order to apply Kronecker’s limit formula to the right-hand side of (6.5.15),
we need to use (6.4.6) with ¢ replaced by ¢! and p by p’: from these simple substitutions, it is not

hard to deduce that c™%¢y (s, %) must have the meromorphic expansion

3 1
T (8,1>=7T L _mlog(e) = 1+”‘”/(1+W>2
’ c Ves—1 Ve 3c(1+i)(1+1)
™™

7p’

4 > 2 )\2 )\71
+my/c 201()1)—10g(c>+42 Pt A n

Sp (o E) + 22 o (\In) ViR 1

+0(s—1). (6.5.16)

Since (6.5.15) is valid for all s € C by analytic continuation, the constant terms of the Laurent
expansions (6.5.16) and (6.4.6) must coincide. By equating these constant terms and substituting

c = a?/m?, we immediately arrive at (6.5.14). O

Our next corollary presents a particular case of the previous result when we take p — 0% and

p’ — oo. It is not explicitly given in [68], so we shall state it here.

Corollary 6.5.4. Let o, 3 > 0 be such that o3 = 2. Then the following identity takes place

i 1 o 1 1 o 1 o
Y +2 ) =% 0g(2) — —log (2
s 2 e e~ 1 o =3 ()

n=1

Using the same method as in the previous Corollary 6.5.3, we state the final general formula of
this chapter. This result is also an extension of a formula that can be found in one of Ramanujan’s
notebooks [[179], p. 318], although originally discovered by Schloémlich.2” We will omit its proof,
because it consists in using (6.5.14) with p = p/, dividing by 8 — a and then letting o — .

27See [[28], p. 256] for a historical account of this particular formula of Schlémlich, i.e., (6.5.18).
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Corollary 6.5.5. Let p € Ry and let o(t) be defined by (6.1.23). Then the following identity holds

i PP+A2 e {m(A E— }—”1 tap(ltay) 1 (6.5.17)
Tip(prl)+x2 (cOn)ern 1) R

Taking p — oo in (6.5.17) results in the following relation

— e 11
D T

which is equivalent to Schlémlich’s formula,?®

> n 1 1
2o iU (6:5.18)
n—

On the other hand, by letting p — 07 in (6.5.17), we are led to a companion of (6.5.18), which

seems to be new.

Corollary 6.5.6. The following identity holds

o) e7r(2n71) 1

Z—zzg-

=1 (677(21171) + 1)

Note that Corollary 6.5.5 has a particularly interesting consequence. It implies that, for any
algebraic p, the infinite series on the left-hand side of (6.5.17) is always a transcendental number.
The proof of this assertion is, of course, an immediate consequence of the transcendence of w. The
study of the transcendental nature of some important infinite series has a fascinating history. In
his doctoral thesis, Weatherby [234] analyzed the arithmetic nature of several infinite series. While
some of his results rely on Schanuel’s conjecture, most of them are unconditional (see, for instance,
[[234], p. 98, Corollary 5.38]). The classes of infinite series treated in the fifth chapter of [234], as
well as the proofs of their transcendence, are primarily inspired by an interesting paper of Pilehrood
and Pilehrood [115]. The work presented in Weatherby’s thesis was later generalized in [161] and,
more recently, in [155].

Following Weatherby’s approach, we now demonstrate that two infinite series examined in this
chapter are indeed transcendental numbers. We begin by introducing two classical lemmas that

play a key role in proving our final theorem. The first is a powerful result due to Nesterenko [162].

Lemma 6.5.1 (Nesterenko’s Theorem [162]). Let N € N. Then the numbers ™ and e™N are

algebraically independent.

Zwe should remark that Dixit and Gupta [[68], Corollary 5.4] also obtain a general formula that reduces to
(6.5.18). But their formula seems to differ from (6.5.17), as it is written as a particular case of their generalization of
Ramanujan’s formula for ¢(2n + 1).
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Lemma 6.5.2 ([[234], p. 73, Lemma 5.3]). If 21, ..., z¢ are algebraically independent over a field K,
o 2

.. .. . By B
then, for any pairwise distinct nonzero rational numbers %, s %, the elements zlﬁl sy 2y Coare

also algebraically independent over the field K.

Remark 6.5.2. A combination of both lemmas shows that, for «, 5 € N such that (o, 5) =1, =
and ew\/% are algebraically independent.

Theorem 6.5.2. Let p be a positive algebraic number and (\,),cy be the sequence of numbers
satisfying the transcendental equation
psin(my) + y cos(my) = 0.

Furthermore, suppose that a,, B € N are such that (c, ) = 1. Then the following infinite series

oo 2 2
pe+A 1
S (a, B) = n (6.5.19)
’ ;p(er}T)Jr/\%aJrﬁ/\%
and ) ) )
- + A% A
Tp(a,8) = > —L (6.5.20)

1 ISV
n:lp(P—i‘%)‘F)\%a a8

are transcendental numbers.

Proof. From (6.3.24), we see that the infinite series S, (v, §), (6.5.19), satisfies the identity

T 1 1 m 1
Sp(a, B) = — o+ = . (6.5.21)
2v/apf 1+ 5 20 Jap . (\/g) e27r\/% 1
Clearly, if p = %, then it follows from the transcendence of 7 that S,(c, ) is a transcendental

number. Now, to deal with the case where p # %, let us assume that Sy,(a, ) is algebraic.

Multiplying both sides of (6.5.21) by o (ﬁ) e?™V@/B _ 1 and rearranging, we have the equality

U(\/g) e%\/%—l- U(\/g) Sp(%ﬁ)_,_a(\/g) PELRVA

QWW 204(14—7%1))
T 1
el aa(isL) Pl

Since /8 € Q and p is algebraic, then o (ﬁ) = %p +ﬁ is algebraic as well. Therefore, it follows
P—V

from the contradiction hypothesis that o <\/g> Sp(a, ) is also algebraic, and so the nonzero
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polynomial in two variables defined by

P(X,Y)::—G(\/g)XYnL o—< O‘) Sp(a,ﬁ)—l—g(%) X

2Vap

2vVaB 24 (1 + %p)

has algebraic coefficients and satisfies P (GZW\/g,TF) = 0. But this contradicts Nesterenko’s

theorem, which says that ezﬂ\/% and 7 are algebraically independent (see Remark 6.5.2). Therefore,

Sp(a, f) must be transcendental.

Proving the transcendence of the infinite series Tp(cv, 8), (6.5.20), is analogous. First, note that
the series T),(a, 5) is never zero because all of its terms are positive. Using the summation formula
(6.2.23) and recalling (6.2.3), we have that

N PPN Moo @A 1 Ayef)
Tp(aaﬁ) _T;p(p_'_}r) _|_)\% a4—|—4ﬂ4)\% N 804ﬁ3 {1+ P (252>} - SOLBB m’

(6.5.22)

where A, (o, ) and B)(«, 3) are explicitly given by

Ap(a, ) = 25°p? (Sinh (W;) — sin (w?))
o () () o155

By(o, ) = 232p> (cosh (W;) — Cos (wg>)
o 5) () o ) 5

Since cos <7r%) and sin (W%) are always algebraic numbers for «, 3 € N and p is algebraic by

and

hypothesis, it is clear that (6.5.22) can be written as

T B Ae*™5 + Be™ 5 +C
Tp(, ) De*™5 4 Ee™ + F
D 2rs E T F e e
— —— e B+ ——me B+ ——n— A" —Be'8 —C =0,
Tp(a76) Tp(aaﬁ) Tp<a7ﬁ)

where A, B,C, D, E, F are nonzero algebraic numbers. If we assume that T, (c, §) is also algebraic,

then the nonzero polynomial

D E F
XY)=— XY+ _—— XY - AX?-BX+—Y -C
Q&Y =7 H Y * T T T )
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has algebraic coefficients and satisfies Q) (ew% , 7r) = 0, which once more contradicts Lemma 6.5.1. [
Remark 6.5.3. Using the summation formulas deduced in this chapter, we can prove analogues of
the results given in [115, 155, 161, 234]. In particular, by differentiation, it is also possible to prove

the transcendence of the infinite series

P2+ A2 1

(1) 42 @rpgy

Sp,N(av /8> = Z
n=1P

whenever p is algebraic. We leave the details and further extensions to the interested reader.
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