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Abstract /Resumo

Abstract (English)

In this thesis we study summation formulas of Poisson, Voronoi, and Hardy-Landau type
associated with Dirichlet characters.
The developed methods are extensively employed to study further details of the analytic

continuation of certain Dirichlet series, such as Dirichlet’s L—functions and Epstein’s {(—function.

Key-words: Summation formulas; Dirichlet series; Arithmetic functions; Dirichlet Charac-

ters; Integral Transforms; Bessel functions.

Resumo (Portugués)

Nesta tese estudamos formulas de soma do tipo Poisson, Voronoi e Hardy-Landau associadas

a carateres de Dirichlet.
Os métodos desenvolvidos sdo amplamente usados no estudo de propriedades do prolonga-
mento analitico de certas séries de Dirichlet, tais como as fun¢oes L de Dirichlet e a funcao zeta

de Epstein.

Palavras-chave: Férmulas de Soma; Séries de Dirichlet; Funcbes Aritméticas; Caréater de

Dirichlet; Transformada Integrais; Funcoes de Bessel.
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Notation and Conventions

Because of the amount of different definitions and notations used throughout the text, we

thought it was better to include a small glossary containing the most important defini-

tions used during this thesis, from the arithmetical functions used to the important special

functions.

Sets and Functions

H
14

complex upper half-plane = {z € C: Im(z) > 0}

usually used to denote the modulus of a Dirichlet character y

generally denoting an element of H

binary and positive definite quadratic form, Q(x,y) := az? + bzy + cy?

binary quadratic form associated with the identity matrix Qo(m,n) := 2% + 3>
binary quadratic form associated with x3(n), Q1(m,n) := 22 + xy + y>

binary and positive-definite quadratic form defined by Qg (z,y) := Q (%, y)
usually used to denote the discriminant of a binary quadratic form Q, d := b? — 4ac
A sum taken over all natural numbers not exceeding x

if z is an integer, the last term is counted as @

Functional Aspects
f(z) = O(g(x))

f(z) ~ g(x)
Li.m.
f(z) = g(x)

there exists a positive constant C' such that |f(x)| < Cg(x)
limg 00 f(2)/g(x) =C
limit taken with respect to the norm in L, (R1), 1 < p < co. We will take p =2

f(z) = g(x) p—a.e., where p is the Lebesgue measure in R



FCUP

vi Notation and Conventions
cm™(Q) set of functions f : 2 — R whose first n derivatives exist and are continuous
L,(o) Space of complex functions which belong to L, (0 — ico, o + ic0)
Man Class of functions of Miintz - type

Integral Transforms

f*(s) Mellin transform of f, both in L; and Lo
f(x) Complex Fourier transform f(z) = 7 fly)emmvdy
g(x) Integral transform associated to the even character modulo ¢
h(x) Integral transform associated with the odd character modulo ¢
Lf(x) Laplace transform of f, Lf(z) = fooo fly)e *¥dy
K- [f] Kontorovich - Lebedev transform, Ki-[f] = [, Ki-(z) f(z) dx
Bessel Functions
Ju(2) Bessel function of the first kind
Y, (2) Bessel function of the second kind (Neumann’s function)
I,(2) Modified Bessel function of the first kind
K, (2) Modified Bessel function of the second kind
H,(z) Struve function of the first kind
L,(2) Modified Struve function (of the first kind)
M, (z) Modified Struve function of the second kind

Arithmetic functions

x(n) Dirichlet character (denoted always with modulus ¢)

121 x(r) e2mine/t

G(z,x) Gauss sum Y
G(x) G(L,x)
X0 The trivial character modulo 1, i.e., xo(n) =1 for all n € Z

X1 principal Dirichlet character



FCUP

Notation and Conventions vii
X3 the primitive character modulo 3
X4 the primitive character modulo 4
Ay () character counting function E;Sw x(n)
d|n,dtn d divides or does not divide n
(m, n) the greatest common divisor of m and n
[«] denotes the integer part of  (floor function)
[2] ceiling function of x
©(n) Euler’s totient function ¢(n) = #{m <n: (m,n) =1}
p(n) Partition function
d(n) the divisor function d(n) =3_,,, 1
dy(n) the character analogue of the divisor function dy(n) =3, x(d)
I, denotes the infinite product over the set of prime numbers
oa(n) generalized divisor function o4(n) =3, d*
O (1) generalized weighted divisor function o4, (n) = 3_,,, x(d) d*
oa(m, X1, X2) generalized double-weighted divisor function o4(n,x1,x2) =
de x1(d) x2 (n/d) d*
ri(n) sum of k squares function # {(m1,...,my) € ZF : n=m3 + ...+ m}}
ro(n) # {(ml,mg) €Z?: n= Q(ml,mg)}, with @ being a quadratic
form.
(a*b)(n) Dirichlet convolution of arithmetic functions 3, a(d) b (n/d)
A(x) error term in the Dirichlet divisor problem (3'¢ chapter)
A () error term in the character version of the divisor problem (3¢
chapter)
Ag(z) error term in the generalized circle problem (4" chapter)
hy () Ay (z)/x (2°9 chapter) and A, (z)/z (3'¢ chapter)

ho(x) Ag(w)/x (4% chapter)
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FCUP
Notation and Conventions

Classical constants and Higher Transcendental functions

Z2(Sa Q7 X)

Euler’s I'—function [;* 2*~'e~*dx for Re(s) > 0

Euler - Mascheroni constant v := lim, o (>5_, + — log(n)) =
0.5772157...

Stieltjes constant
Bernoulli number of order n
character analogue of B,

Euler’s digamma function, ¢(s) = I' (s)/I'(s) when the argument
is s. Denotes Jacobi’s ¥—function in Example 2 of the third

chapter with argument z
Hurwitz (—function
Riemann’s (—function
Dirichlet L—function
Character Analogue of ((s,a)

Epstein’s (—function associated with the positive-definite binary

quadratic form @

Character analogue of Epstein’s (—function

Riemann’s symmetric function ®(s) =77 2T (%) ((s)

Analogue of Riemann’s symmetric function for (3(s), ®2(s) =
7 T(s) Ga(s)

usually denoting the Dirichlet series associated with the arithmetic

function a(n), A(s) == S2°°, aln)

n=1 ns

Dedekind n—function.

Character analogue of Dedekind n—function
Eisenstein series of order k

Character analogue of Gy(7)

Exponential integral function := [ j’oo % dy






Introduction

The present thesis deals with classical summation formulas and with the existence of character
analogues for these. Informally, a summation formula is a connection between an infinite series

of the type

> a(n) f(n), (1)

n=0
where a(n) is a suitable sequence/arithmetic function allowing the convergence of the infinite

series (1), with a corresponding infinite series of the type

Zb /f K(ny) dy, (2)

where K (x) is a suitable kernel, which will be specified later.

Of course, the most famous summation formula in the form

a(n) f(n) fly (3)
T;) n= 0 ‘0/

is due to Poisson and achieved if a(0) = 3 and a(n) =1, n > 1, b(0) = 1, b(n) = 2, n > 1. With
these substitutions, one obtains the recognizable summation formula, for the kernel K(z) =

cos(2mnz),

0)—|—Zf /f dy—i—QZ/f cos(2mny) dy. (4)
n=1 0

Since Dirichlet’s proof of Poisson’s formula via Fourier series [36], it is also known that, if f is
a continuous function and of bounded variation on [a, b], a finite version of Poisson’s summation

formula (4)

b o b
— [ 1wy +2 Y [ 1) costzany) dy (5)
% n:la

holds. In (5), the prime on the summation sign at the left indicates that, if a or b is an integer,

then only  f(a) or 3 f(b) is counted in the sum.

1



Imposing conditions for the validity of (4) is a relatively studied subject as there are several
ways of approaching Poisson’s formula through different methods. The first one was given by
Dirichlet in the form (5) [36] and it consists in seeing (4) as an expansion of a periodic function

into Fourier series.

Another approach due to Cauchy [53] uses Complex Analysis and consists in assuming that
f(x) extends to C as a complex-analytic functions. This assumption means that the meromor-
phic function g(x) = mcot(m z) f(z) has simple poles located at the integers and an immediate

application of the Residue Theorem [94] gives (4).

These are, however, very special cases and that can be treated under very strict conditions.
One may ask under which conditions a summation formula of the type (3) holds and how the
kernel K (x), present in the integral transform, depends on the coefficients a(n) and b(n). This is
a long standing problem, which we shall study into the light of Dirichlet series and for particular

arithmetic functions.

In 1904, Voronoi [20] made the following conjecture, similar to the one informally exposed
above: if a(n) is an arithmetical function and if f is continuous on (a, b) with only a finite number
of maxima and minima there, then there exist analytic functions é(x) and K (z), depending only

on a(n), such that a generalized form of (5) holds, i.e.,

b b [e%s) b
S a(n) f(n) = / F) 6wy dy + S a(n) / £(y) K (ny) dy. (6)
n=a a n=1 a

After considerable efforts, Voronoi was able to prove that his conjecture was true when the
arithmetic function a(n) is the classic divisor function d(n). In this case, the associated functions

d(z) and K (x) are given by

5(x) = log(x) + 27,

where « denotes Euler-Mascheroni’s constant [45], and K (x) denotes the kernel

K(z) = 4K (47yz) — 2n Yy (47y/z)

composed by Bessel functions of the second kind [106]. This special case gives the interesting

formula

b b 00 b
S d(n) f(n) = / £(y) (los(y) +29) dy+3 " d(n) / F(y) [4 Ko(dr/ag) — 2n Yo(dn /)] dy,
n=a a n=1 a

(7)

usually known as Voronoi’s summation formula.



Formula (7) was later proved by Koshliakov (1928) [20] with the assumption of f being ana-
lytic. After Koshliakov’s proof, several other arguments began to appear, all of them assuming
different conditions over f. A. L. Dixon and W. L. Ferrar (1931) [42] gave a proof of (7) under
the condition that f € C?[a,b] and Wilton (1932) [110] extended it to the case b = occ.

After proving his conjecture for the arithmetic function d(n), Voronoi also announced a
corresponding result for another arithmetic function, r2(n) [20]. This function counts the number
of ways in which a given positive integer n can be expressed as a sum of two squared integers [60].

Voronoi presented the following formula, analogous to (7),

b 0o b
> ) fn) = [ )y m Y ratn) [ 5w o (2myim) do, (8)
a n=1 a

where J,, denotes the Bessel function of the first kind [106]. Another version of (8) was also
established by Sierpinski and Laudau [20] for functions of bounded variation. An extension to
b = oo, invoking additional conditions on the decay of f, was made by Dixon and Ferrar [40]. Due
to the generality presented in the works of Hardy and Landau concerning the circle problem [28§],
formula (8) is usually known as “Hardy-Landau Summation formula” although some authors

(see [82] for instance) use the designation “Sierpiriski’s formula”.

As itemized by Berndt [20], all the hypothesis under the proofs of Voronoi’s formula generally
fall in three classes. The first is the class of smooth functions, generally f € C'[a,b] or f €
C?[a,b]. Secondly, the finite versions of (7) are usually taken into consideration for functions of

bounded variation on [a, b].

Lastly, a third approach uses the theory of functions in Ly (R4 ) and the theory of Mellin and
Fourier transforms for this class. This approach was proposed for the first time by Ferrar [51]
and Guinand [54|. Following this theory, other papers by Nasim [80] and Pearson [83] were given

and employed these methods to reprove Voronoi’s and Hardy-Landau summation formulas.

No matter what the conditions imposed over the functions are, these are only required in
order to assure the convergence of the integral transform with kernel K given in (6), as well as

the infinite series involving it.

The main purpose of Voronoi’s conjecture was to study the interdependence between the

arithmetic function a(n) and the kernels 6(x) and K(z).

The first step taken into a greater generality is due to Ferrar [50] (1935-1937), who proved
that the kernel K (x) owes its behavior to the functional equation for the analytic continuation

of the Dirichlet series



Als) =" ‘LSZ), Re(s) > 0.
n=1

Ferrar also pointed out one intriguing fact concerning the summation formulas. He observed,
from the point of view of integral transforms [82], that the kernels lying in each of the summation

formulas proved by Voronoi satisfy

g(x) = [ f(y) K(zy)dy, 9)
/

o0

f2)=c / o(y) K (zy) dy (10)
0

where ¢ is some normalization constant. The kernel K(x) is usual called a Fourier kernel or

Fourier-Watson kernel [102].

This striking connection between the summation formulas involving the arithmetic functions
a(n) and b(n) and their respective Dirichlet series is the main motivation for the study developed

in this thesis.

This Thesis:

In light of the theory of Dirichlet series and the analytic continuation of these, as well as the
reciprocity lying in the integral transforms above, this thesis is devoted to study some extensions
of the classical formulas (4), (7) and (8) mainly based on the classical theory of Fourier and Mellin

transforms, as well as the theory of Dirichlet series.

This study involves the extension of the usual arithmetic functions, a(n) = 1, d(n), r2(n) to
a somewhat generalized version of these involving Dirichlet characters. We shall call to these
modified arithmetic functions by the name “character analogues”, although no general definition

is given for an "analogue" throughout our work.

Character Analogues:

The study of Dirichlet series and characters began with Dirichlet’s work on the distribution
of primes in arithmetic progressions. In his work, Dirichlet introduced the L—function as a
necessary tool to approach the problem. His methods were essential to give the first description

of a Dirichlet character as the coefficient of an important Dirichlet series



L(Sv X) = Z ngj) :
n=1

Informally speaking, given a positive integer ¢, a Dirichlet character y (modulo /) is a
function x : Z —— C which is completely multiplicative, periodic (with period ¢) and satisfying

the property x(n) = 0 iff (n, £) > 1.

Associated with the study of Dirichlet characters are the periodic sums of the form

£—1
ZX(T) e?m’rn/@ — G(n, X)7
r=1

known as Gauss sums [5]. The arithmetic and analytic properties of sums of this type play an

essential role in the most part of the computations given in the main text.

During our developments, we shall furnish several character analogues: some of them are

[}
n(7) = 0y (7), 274 chapter
[ J
Z L =d(n) — dy(n) = Z x(d), 3" chapter
dln din
[}

Zda =04(n) +— ogy(n) = Zx(d) d®, 4" chapter.
din dln
Furthermore, the proofs presented depend on the functional equations for the Dirichlet series
associated to each of the extended arithmetic functions above-mentioned, as well as the asymp-
totic behavior of their analytic continuation near the critical line (chapters 2 and 3) or in some

suitable regions of the complex plane (chapter 4).

The Classes of Functions:

In this thesis we consider two classes of functions which will be studied in order to assure the

summation formulas.

The first class (which we call "Ly class’), firstly considered by Guinand [53], Nasim [80] and
Yakubovich [118,119], is composed by functions which are absolutely continuous on R and
whose Mellin transform, f*(s), satisfies

%+ioo
[ 155 o jis] < . ()

i—ZOO



In the second and third chapters of this thesis, all functions will belong to this class.

The second type of functions was introduced for the first time by Yakubovich [116] and was
baptized with the name “Miintz class”. Essentially [73|, for n > 2, a function of Miintz-type
is a function belonging to C™ (Rar ) which decays, as well as its first n derivatives, in the form

f®)(z)=0 (z77k), for a > 1 and z — cc.

This class will be fundamental in the fourth chapter of this thesis.

The Structure of the Text:

e The first chapter gives a brief description of the concept of Dirichlet characters. Since we
are mainly focused on their analytic properties and with their relation with summation
formulas, this characterization will be made enlightening the importance of their primitiv-
ity. Although there are several ways to describe primitive Dirichlet characters and to study
these under different viewpoints, we are mainly interested in their property of “splitting”

the Gauss sum, i.e., in the equality

-1 /-1
ZX(T) eQm’rn/Z _ Y(n) X(T) e?m’r/é’ Vn e N,
r=1 r=1

which they satisfy. There, we also set up the main tools and ideas used throughout this
thesis. The ultimate goal in this chapter is to prove, via a relatively unknown formula due
to Plana [86], a functional equation for the analytic continuation of the Hurwitz (—function
=~ 1

((s,a) = ZW, 0<a<1, Re(s)>l1.

n=1

e The second chapter is devoted to the use of Plancherel’s theory for the Mellin and Fourier
transforms and aims to prove Poisson’s summation formula (3) for the class of functions
with the property (11). Moreover, our goal is to extend (3) for the coefficients a(n) = x(n)
and b(n) = x(n). We arrive to a formula proved by Guinand for the first time [53], but the
methods employed by us are more general and can be adapted to prove other summation
formulas under the same conditions. We also establish several examples, which allow to

extend some well-known formulas to versions involving Dirichlet characters.

e In the third chapter we repeat some of the arguments given at the second, pursuing a
proof of Voronoi’s summation formula (with a = 0, b = o0) and a character extension
of it, when a(n) = dy(n) and b(n) = dy(n). Our argument adapts Yakubovich’s [118].
However, the conditions imposed over f will be, at first, different from those required
by the condition (11). We do this on purpose, intentionally proving a weaker version of

the desired summation formula in order to emphasize the importance of the behavior of



the divisor functions d(n) and d,(n). At the end of this chapter, we claim an estimate,
also proved by Voronofi for the first time [31], which allows to prove Voronoi’s summation

formula for our first class of functions.

e In the fourth chapter we continue our study using as reference another function described

by a Dirichlet series,

Zo(s,Q) = 3 1) (12)
n=1

n

where @ is a positive definite quadratic form and rg(n) counts the number of ways in
which we can express n ad Q(a,b) for a, b € Z. The series (12), absolutely convergent for
Re(s) > 1, is usually known as Epstein’s (—function [21]. However, the type of summation
formulas proved there are only valid for the class of functions of Miintz-type. We also

rederive some examples given in the second and third chapters via a more general method.

e The fifth chapter is composed of two interesting applications of the work developed through-
out the thesis. The first one is a proof that all Dirichlet L—functions attached to a non-
principal and real character x do not vanish at s = 1. The second application consists
in a modification of an argument due to Deuring [38] to prove the infinitude of zeros of
((s) at the critical line (Hardy’s Theorem). Our proof invokes different methods which are
based on results proved at the fourth chapter. We also deduce some results related with

theorems of Hardy-type for Epstein (—functions of higher orders.

We remark also that we wrote two supplementary notes [89] to this thesis. These contain
some secondary results derived by us and additional details regarding specific examples of the

second and third chapters.

In the first set of supplementary notes, we provide a proof we furnish some details regarding

Example 2.6 and 2.7 of the second chapter.

The second set of supplementary notes is a direct proof, although with all necessary details
exposed, of an identity due to Voronofi (see eq. (3.125), third chapter), which is essential for the

understanding a strong estimate for Dirichlet’s divisor problem [31].






Chapter 1

Chapter I: Preliminary study and the

analytic continuations of ((s) and

L(s, x)

In this chapter we introduce the main results that will guide this thesis. We start with the
definition of Dirichlet characters and remark some of their useful features, enlightening also the

importance of their primitivity in order to establish forthcoming Theorems.

Next, we introduce briefly the usual series representations for ((s), L(s,x) and ((s,a) and
study their analytic continuation via the Abel-Plana (summation) formula, providing an inter-

esting integral representation dating back to Hermite’s work [107].

As a corollary of this representation, we derive a new proof of the functional equation for
((s,a), the Hurwitz (—function, from which both functional equations for {(s) and L(s, x) are

obtained.

We finish this chapter with some important identities for the derivatives of L(s, x) which

will be essential in future computations.

1.1 Preliminary results - Part I (Dirichlet characters and Gauss
sums)
In this first section we briefly define the concept of Dirichlet character and explore some of its

remarkable properties. We explore the importance of primitivity of these mathematical entities

to allow further considerations in this thesis.



Definition 1.1. (Dirichlet character): Let ¢ be any positive integer. We say that x is a

Dirichlet character modulo / if it is a function x : Z —— C having the following properties

1. x(1) =1.

2. x(m-n) =x(m) - x(n) for all m, n € Z.

3. x(n+£) = x(n) for all n € Z.

4. x(n) =0iff (n, £) > 1.

Properties 1. and 2. establish that every Dirichlet character is a completely multiplicative
arithmetic function, a property which will be very important in the upcoming developments.

Property 3. says that x is a periodic function having ¢ as period. Thus, if a = b mod /¢ then
x(a) = x(b), which proves that, if £ =1 mod ¢ then x(k) = x(1) = 1 by property 1.

Also, Fermat-Euler’s theorem [5] states that, if (a, £) = 1, then

a?® =1 mod?, (1.1)

where ¢ (¢) denotes Euler’s ¢ - function (see definition at the Glossary),

p(n):=#{keN: k<nand (k¢)=1}. (1.2)

From (1.1), and the properties 1. and 2. and 3. of x, we can see that

1=x(1) =x (aso(a) — y(a)*?®.

Thus, if (a,f) = 1, we see that x(a) is a ¢(¢)—th root of unity, i.e., for some 0 < k < ¢(¥),
X(a) = 627”%/90([).

In what follows, we provide some useful definitions and elementary examples of Dirichlet

characters following Apostol’s exposition [5].

Definition 1.2.: Trivial and principal character A character y is called trivial if it has
period 1. Evidently, this means that x(n) = 1 for all n € Z. Usually, we denote this character
by xo and it will be sometimes referred in Chapters 2 and 3 as the case in which our summation

formula will depend on Riemann’s (—function.
A character y is called principal if it is given by
1 (n0)=1

x1(n) = (1.3)
0 (n,0)>1.



Given its definition (1.3), it is immediate to see that, for each ¢ € N, there is exactly one

principal character having ¢ as its modulus.
Whenever a character x does not have the property (1.3), we call it “nonprincipal character”.
From properties 1. and 2., it is easily seen that x(—1) = 1. During this thesis we will

study how the value taken by x at —1 afftects the summation formulas involving Y.

Such a vital quality of x can be described by the following definition.

Definition 1.3.: the sign of a character Let y be a Dirichlet character. If:
1. x(=1) =1, then we say that x is an even character.

2. x(—1) = —1, then we say that x is an odd character.

It is immediate to see that, for any ¢ € N, the principal character modulo ¢, x1, is even:

since, for any ¢, (¢ — 1, £) = 1, then, from (1.3) and property 3., x1(—1) = x1({ — 1) = 1.

In fact, this simple property that principal characters have will be fundamental in, for exam-
ple, deriving a limit formula of Kronecker-type for a modified Epstein (—function (to be defined

later, on the fourth chapter).

Of course, there is a correspondence between Dirichlet characters modulo ¢ and the group
characters on (Z/¢Z)" (see Apostol’s book [5] for details). A result that follows immediately

from this correspondence is the following one

Proposition 1.1.: There are exactly ¢(¢) Dirichlet characters modulo ¢, where ¢(¢) denotes

Euler’s totient function (1.2).

Example 1.A:

Let £ = 3 and ¢ = 4. Then there are ¢(3) = ¢(4) = 2 Dirichlet characters modulo 3 and 4

respectively.

Therefore, for each 0 < n < 3, x(n)?® = x(n)? = 1, so that every Dirichlet character

modulo 3 (resp. 4) only takes the values 1 and —1.

Since we have a principal character in each of these cases, it is not hard to find that the

unique nonprincipal characters modulo 3 and 4 are the following

1 n =1 mod 3 1 n =1 mod 4
x3(n) = , xaln) = (1.4)
-1 n=2mod3 —1 n =3 mod4.
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From the correspondence between Dirichlet characters and the group characters on (Z/(Z)*
above-mentioned, we can easily see that the orthogonality relations for an Abelian group can be

translated immediately in the following relations for Dirichlet characters,

Proposition 1.2.: (Orthogonality relation for Dirichlet characters) Let /€ N and x,
and xp be two Dirichlet characters modulo ¢. Then the orthogonality relation holds

1 0 if g
3 xa(r) (1) = Xa 70 (1.5)
r=1

o(0) if xa = Xp-

An immediate consequence of (1.5) is obtained once we take x; = x1, where x1 is defined by

(1.3). This immediately gives

= 0 ifx#x
x(r) = (1.6)
; e(0) if x =xa1.

For a detailed proof of the orthogonality relation (1.5), the reader is invited to consult [5].

As we shall see in this chapter, (1.6) is fundamental to study the analytic continuation of

the Dirichlet series (from now on called Dirichlet L—function),

Lis, )= XT(LZ), Re(s) > 1 (1.7)
n=1

as either an entire complex function or a meromorphic one. To do so, we still need to introduce
the concepts of Gauss sum and primitive characters, which will allow us to describe a suitable

functional equation for (1.7).

Definition 1.4. (Gauss sum): For any Dirichlet character x modulo ¢ > 2, the sum

/—1
Gnox) = 3 x(r) 2/t (18)
r=1

is called the Gauss sum associated with x. If £ = 1, we simply put G(n, xo) = 1, so this case
won'’t be considered during our work. When n = 1, we denote G(n, x) by G(x), i.e.,
/—1 A
G(x) =Y x(r)e™ /. (1.9)
r=1
We say that a Gauss sum G(n, x) is separable if G(n,x) = X(n) G(x). This property has

significant consequences, as we shall see throughout this thesis. The following proposition, whose
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proof may be found on page 165 of [5] gives a sufficient condition for a given Gauss sum G(n, x)

to be separable.
Proposition 1.3.: If y is any Dirichlet character modulo ¢ and if (n,¢) = 1, then

G(n, x) = X(n) G(x)- (1.10)

The reader may ask what happens to G(n, x) when 7 is an integer such that (n,¢) > 1: to

handle this case, we have the following theorem

Proposition 1.4.: If x is a character modulo ¢, the Gauss sum G(n, x) is separable for every

n if, and only if, G(n, x) = 0 whenever (n,¢) > 1.

Another important consequence of the separability of Gauss sums, invoked several times

during this dissertation, is the following proposition.

Proposition 1.5.: Let x be a Dirichlet character modulo ¢. If G(n,x) is separable for every

n, then

GOOP =¢. (L11)

Proof: For /=1, x = xo and so (1.11) is clear. For £ > 2, we know that x(¢) = 0 (property 4.)
and so, for the sake of the computations done below, we may write G(n, x) as Zle x(r) e2mirn/t,

This gives,

\G(X)‘2 =G(x) G(x) = G(x) ZY(T) o~ 2mir/t

l I
— Z G(T‘, X) 6—27ri7‘/€ _ Z Z X(k) 627rik:7'/€6—27rir/é
=1 r=1 k=1
14 4
(k) Y=/t = oy (1) = ¢, (1.12)

k=1 r=1

I
<

since the last sum over the index 7 is a geometric sum which vanishes when k£ 1. B

Since G(n, x) is separable if (n,¢) =1 and this separability is equivalent to the vanishing of
G(n, x) for (n,£) > 1, it seems reasonable to study the Dirichlet characters such that G(n,x) =0

whenever (n,£) > 1.

Following Apostol’s textbook [5], the following theorem gives a necessary condition for

G(n, x) to be nonzero for (n, ) > 1.
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Proposition 1.6.: Let x be a Dirichlet character modulo ¢ and assume that G(n, x) # 0 for
some n satisfying (n, £) > 1. Then there exists d < ¢ such that d | ¢ and

x(a) =1 whenever (a,/) =1landa=1 mod d. (1.13)

This theorem is important for us to introduce the following definition, which shall be essential

for all the considerations on this thesis.

Definition 1.5. (Primitive character): A Dirichlet character x modulo ¢ is said to be
primitive if, for every divisor d of £, 0 < d < ¢, there exists an integer a = 1 mod d satisfying

(a, £) = 1 and such that x(a) # 1.

For example, if £ > 1, the principal character modulo £, x1, is not primitive. To see this, take
d = 1: then d clearly divides ¢ and every a coprime with ¢ satisfies « = 1 mod d and x;(a) =1
(because y; is principal).

For example, it is also simple to see that, if y is nonprincipal and has modulo £ being a prime

number, then y is also primitive.

Finally, we have the following theorem, which relates the primitivity of a given character

with the properties of the Gauss sum associated with it.

Theorem 1.1. (Characterization of primitive characters) Let x be a primitive character

modulo /. Then x has the following properties:
1. G(n,x) = 0 for every n with (n, £) > 1.
2. G(n,x) = Xx(n) G(x) for every n € N.
3. |G(x)? =¢.

Proof: Let n be an integer such that (n, £) > 1 and satisfying G(n, x) # 0. Then by Proposi-

tion 1.6. and definition 1.5., x cannot be primitive. This proves 1.
Clearly, 1. implies 2. by Proposition 1.4.

Finally, since G(n, x) is separable, we immediately have 3. by the previous Proposition 1.5..

This concludes the proof. W
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Example 1.B.: Primitive characters and Legendre symbols

For any odd prime p and n € Z, one may define the Legendre symbol [36] as

1 if n=2%?mod p
n
() =< -1 ifn A£z?mod p (1.14)
0 if (n, p) # 1.

Then x(n) = (%) is a primitive Dirichlet character. One way of proving this consists in

using the characterization given by Theorem 1.1.; together with the aid of Gauss’s identity for

the Gauss sum [29]

v M if M =1 mod4
M—1 . _
Z Jmin?/M _ 0 if M =2 mod4
n=0 v M if M =3 mod4
(1+4)vM if M =0 mod4.

It should be also noted that, after combining 2. and 3. in Theorem 1.1., every primitive

Dirichlet character modulo ¢ satisfies the relation

G(x) G(X) = x(-1) L. (1.15)

From now on, the characterization of primitive Dirichlet characters provided by Theorem
1.1. will be the one used by us in this thesis. One could actually prove that the separability of

the Gaussian sum G(n, x) is a sufficient condition for a character to be primitive.

This shows indeed interesting theorems, such as the one proved by Apostol [4] relating the

uniqueness of the functional equation for L(s, x) with the primitivity of the character x.

However, in order to avoid more considerations, we remark that points 1., 2., 3. in Theorem
1.1. and relation (1.15) are enough to understand the conditions imposed over the primitive

characters along our work.

We finish this preliminary section by stating a result which provides a relation between a
given character x(n) and a primitive one x’(n), which will be useful at some points during this
thesis (see, for instance, eq. (5.7) on the fifth chapter, an essential relation to prove the Main

Theorem 1 stated in there).
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Theorem 1.2. (Primitivity): Let y be a Dirichlet character modulo ¢. Then there exists a
divisor 1 < ¢/ < £ of £ and a primitive character x’ modulo ¢ such that, for all n € Z, x can be

expressed as a product

x(n) = x'(n) x1(n), (1.16)
where X is the principal character modulo /.

By other words, we can express x(n) as

X'(n) if (n,f)=1
\(n) = (1.17)
0 if (n,¢) > 1.
It is generally said that, if ¥’ satisfies (1.16), then it induces x.

After this short introduction, we are ready to study not only the Dirichlet L—functions (which
informally have appeared in (1.7)) but also to relate these with the Hurwitz and Riemann’s

(—functions, {(s,a) and ((s).

1.2 Preliminary Results - Part II: The functions ((s,a), ((s) and
L(s,x) and our methods of study

In this brief section, we present some elementary facts concerning the functions ((s), ((s, a) and

L(s, x) as direct consequences of their representation by a Dirichlet series.

Generally, a Dirichlet series is a series of the form

-~ a(n)
A(S) - Z ns ’
n=1
where a(n) is an arithmetic function. The study of the analytic continuation of these series

constitutes one of the most fundamental tools in Analytic number theory.

Here we introduce some important Dirichlet series present in our work, starting with the

most famous of them. When Re(s) > 1, the Riemann {—function is defined as

e}

OESS ni Re(s) > 1, (1.18)
n=1

with the series converging absolutely for Re(s) > 1 by the integral test.

Moreover, since f,(s) =n~* is bounded by n~!7¢ for all s in the half-plane Re(s) > 1+, it
follows from Weierstrass test that the series (1.18) also converges uniformly in every half-plane

Re(s) > 1+¢€, Ve > 0.
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Since the series (1.18) is uniformly convergent in each region Re(s) > 1 + ¢, it follows
that [94, 107] ((s) is analytic in the half-plane Re(s) > 1 and its derivatives there may be

obtained by termwise differentiation of the series (1.18).

The (—function was firstly considered by Euler during his study of the particular values
attained by the series at the right-hand side of (1.18) when s is a positive integer |11].

Later, Euler proved that, for real s > 1, the product formula holds [11,48]

o0

1 1\
C(S)szzl_[(l—) , (1.19)
n=1 P
where the product in the right-hand side of (1.19) is taken over all prime numbers.
Formula (1.19) was the first step to establish the connection between ((s) and Number

Theory. Indeed, as can be seen in [103], (1.19) still holds for Re(s) > 1.

In analogy with ((s), if £ € N and x is a Dirichlet character modulo ¢, then the Dirichlet

L—function associated to x is defined to be the Dirichlet series

L(s,x) = i XT(;L), Re(s) > 1. (1.20)
n=1

From the above discussion, it is clear that L(s,x) is absolutely convergent for Re(s) > 1
and analytic in this region. Moreover, since x is a completely multiplicative function (see [103]

and [63| for details), L(s, x) is also given by Euler’s infinite product
X\
L(s,x) =] (1 — ps> . Re(s) > 1. (1.21)
P

In particular, if x is the principal character modulo ¢, x1, we have that, for Re(s) > 1,

L) =[[-p) " =TT-p) ' TIO-p) =¢s) [TO-»7),  (1:22)

pie p ple plé

which proves that L(s,x) has a similar behavior to ((s) when we consider the character x as

principal.

It is the purpose of this chapter to study the analytic continuation of the Dirichlet series
(1.18) and (1.20) to the complex plane. To proceed in a unified way, we need to treat the two

Dirichlet series (1.18) and (1.20) as particular cases of the following series

o0

((s,a) = Z 1 Re(s) > 1, (1.23)



where a is a fixed real number such that 0 < a < 1. The (—function presented in (1.23) is called
Hurwitz (—function, which is well-defined and analytic in the region Re(s) > 1, as well as the

previous series (1.18) and (1.20).

One sees immediately that Riemann’s (—function is a particular case of ((s,a) obtained

when a = 1.

Moreover, if we fix £ € N, any natural number n can be written as n = ¢gf + r, where ¢ € Ny
and 1 <r < ¢—1. Appealing to the periodic properties of the Dirichlet characters (see property
3. in Definition 1.1.), we have that

{—1 oo -1 o
s = x(gt+r) 1
Lo = LS G =T S
-1
=07 x(r)¢ (s, %) ,  Re(s) > 1. (1.24)
r=1

Thus, if we study the analytic continuation of the Hurwitz series (1.23), we end up study-
ing the very same continuation for {(s) and L(s, x), which is one of the motivations to study

summation formulas with Dirichlet characters.

1.3 Methods in this chapter

This chapter inaugurates the methods used throughout our thesis, as we state and prove some
of the most important identities or functional relations which will be of utter significance in

forthcoming sections.

The goal hereby proposed is a new proof, based on a relatively unknown representation of

((s,a), of the functional relation for the Hurwitz {—function,

Main Theorem:

For 0 < a < 1, the analytic continuation of Hurwitz’s {(—function, ((s,a), defined in (1.23)

satisfies the functional equation

¢(1—s,a)= ?;Ejg [cos (?) i cos(TZ;rna) + sin (%S> i sin(i;ma) , Re(s) > 1. (1.25)

There are several proofs of this elegant identity in the literature: for instance, in the classical

text of Titchmarsh [103] (or in Whittaker and Watson’s “Modern Analysis” [107]), it is invoked
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the classical integral representation

¢(s,a) = i 1 /OO s—lo—(nta)z g, 1 fxs—le—ax d (1.26)
s,a) = OF(S) ° e x_F(s) == 9% )
n= 0 0

with the right-hand side of (1.26) being modified to be a contour of Hankel-type. This is also the
approach given in Apostol’s text [5]. It is evident that this proof is a modification of Riemann’s

first proof of the functional equation for ¢(s), which can be consulted in [103] p. 18.

As remarked by Fine [52], one can even adapt Riemann’s second proof of the functional
equation for ((s) (see [103] pp.21-22), using the reflection formula Jacobi’s 1y—function, to derive

(1.25), presenting it in a somewhat more symmetric form.

Apostol |7,8] also approaches the functional relation (1.25) in two papers: in the first one, he
proves particular cases (over the integers) of the functional relation for Lerch’s (—function [44]
and extends these to Hurwitz’s. In a subsequent paper, he actually proves that the functional

equation for Lerch’s (—function implies the functional relation (1.25).

Knopp, Robins [68] and Oberhettinger [81] appeal to a generalized version of Poisson’s
summation formula: in the first of these papers, the methods employed allow to derive the
Lipschitz summation formula, while in the second they are more straightforward , although not

elementary, since they invoke the inversion formula for the Laplace transform.

The proof presented in this chapter is different and somewhat more elementary than the
above-cited, although there are natural similarities with N. J. Fine’s proof, as well as with

Knopp and Robbin’s.

Finally, we note that, in a broader sense, the proof presented here can be extended to other

known Dirichlet series, although this study is not covered by our thesis.

It should be remarked that, in the second chapter (example 2.6), we also present a formula

similar to (1.25) for the series

L(S,x,a)zzm, 0<a<l

n=1

However, we shall not use the methods developed here to prove it, although these could
work. Instead, our proof is based on a modification of Fine’s argument [52| together with a
character version of Poisson’s summation formula, which will be the matter of study in the next
chapter (details of these computations are shown in the Supplementary document to the second

chapter [89]).

We should also remark the existence of secondary goals for this chapter: using the analytic

continuation for L(s,x) and ¢(s), we also aim to evaluate L'(1,) as well as L'(0, x) for some
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suitable character y (we will see some closed formulas when x is primitive). It appears that
our methods are new, as we appeal to Hermite’s integral formula (see (1.55)) and prove Lerch’s

identity (see (1.62)) by invoking functional properties of the I'—function.

We start our approach with a short revision of important identities for I'(s), always focused

on its functional properties.

1.4 Preliminary Results - Part III: Euler’s I' and ¢ functions

One of the novelties introduced in this chapter is our proof of Lerch’s identity [24, 37]

logT'(a) = ¢'(0,a) — ¢'(0), (1.27)

which relates the well-known I'—function with the derivatives at zero of the analytic continua-
tions of ((s,a) and ((s). Our method of proving (1.27) is inspired by the techniques presented in
E. Artin’s treatise on the I'—function [9]: we invoke the uniqueness that some of the functional

aspects of I'(s) offer, namely, Bohr-Mollerup’s theorem (see Theorem 1.3. below).

Thus, it seems appropriate to develop in this section a brief revision of some known identities

for T'(s).

Although not historically precise, the Gamma function is usually defined by the integral

I'(s) = /a:51emdx, Re(s) > 0. (1.28)
0

It is well-known that the function so defined by (1.28) can be analytically continued beyond
the line Re(s) = 0 = 0.
Using (1.28), it is simple to check one of the most basic properties of I'(s),

I'(s+1) =sI'(s), (1.29)
which is also the main feature of the factorial function.
Using property (1.29), one can establish the analytic continuation of I'(s) [94]. By an induc-

tive reasoning, it is simple to see that (1.29) yields the equality, for Re(s) > —n — 1,

I'(s+n+1)
(s+1)...(s+mn)

which allows to carry out the analytic continuation of I'(s) into the half-plane Re(s) > —n — 1,

I'(s) = . , s#0,—1,....,—n (1.30)

for any n € N. Representation (1.30) tells that I'(s) can be extended to C as a meromorphic
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function with simple poles located at the nonpositive integers s = 0, —1, —2, .... Furthermore,

it also shows that the residue of I'(s) at s = —n is equal to (—1)"/nl.
The unique feature of I'(s) used to prove the analytic continuation (1.30) was the reduction
formula (1.29) and it would very interesting if this property characterized I'(s).

Nevertheless, this property does not determine I'(s) [87]: a well-known additional condition,
which is sufficient for characterizing I'(s) in a “functional way”, is the convexity of the function

F(z) =logT'(z) for z € Ry [9].

The most well-known theorem that sets the conditions to provide this characterization was

proved by H. Bohr and J. Mollerup in 1922 and its statement is given as as follows [9]

Theorem 1.3. (Bohr-Mollerup): Let F': Ry —— Ry be a real-valued function having the

properties:

2. F(x+1) =z F(x) for all x > 0 and

3. log (F'(x)) is a convex real function.

Then for all z > 0, F(z) = I'(x).

By analytic continuation [94], I'(s) is the unique meromorphic function in C satisfying prop-
erties 1. and 2. and whose logarithm is a convex function when restricted to Ry, so that the

above properties 1., 2. and 3. furnish the desired functional characterization of I'(s).

In Artin’s book [9], it is shown that the functional property provided by Theorem 1.3. can
be used to deduce several identities, some of them dating back to Euler’s time and others related

with the evaluation of elliptic integrals.

As pointed out by R. Remmert in [87], another elegant functional characterization for I'(s)
was discovered by Helmut Wielandt in 1939, which seems to require less than the convexity

imposed by Bohr-Mollerup’s theorem.

In the elegant paper [87], as well as in Artin’s book, it is possible to find interesting proofs of

the following identities, whose arguments appeal to Bohr-Mollerup and Wielandt’s Theorems.

1. Weierstrass Product formula: T'(s) obeys to the product formula

I'(s) = e/ = lim (1.31)
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when assuming that the reciprocal of the product in the second term of (1.31) converges
uniformly on every compact subset of C to an entire function A(s) := 1/T'(s) (see [107]

p.235 for a very elegant justification of this fact).

2. Stirling’s formula: let s = o + it be a complex number. Then I'(s) has the following

asymptotic behavior
1
IT(s)| ~ (20)/2 [t Fexp (—2w|t|) , (1.32)

for fixed o and [t| — oo. Moreover, one has the exact expansion of log(I'(s)) as follows

logT'(s) = (s - ;) log(s) — s+ %log(%r) + pu(s), (1.33)

where the “error function” u(s) satisfies the inequality |u(s)| < == for complex s with

GE
larg(s)| < 5

3. Euler’s reflection formula: For all s € C\ Z, the identity holds

™

L(s)T(1—s) = (1.34)

sin(ms)’
from which one can deduce the remarkable product formula

sin(x) > z?
. _H<1—W2k2), z €R, (1.35)

k=1

obtained by Euler (1734 - 1735) [11]. Using (1.35), Euler was able to solve not only the
Basel problem!, but also provided a closed-form evaluation for ¢(2n)? and its relation with

the Bernoulli numbers, which we shall reprove by other methods in this chapter.

4. Gauss Multiplication Theorem: Let n be an integer greater than 1. Then, for any s €

C\ {0,—1,-2,...}, T'(s) satisfies the product formula
n—1 r
[Ir(s+2) = @m0 /2nl2r (), (1.36)
n
r=0

from which one obtains, upon taking n = 2, the identity

2s—1
I'(2s) =

I'(s)T <s + ;) : (1.37)

known as Legendre’s duplication formula [44].

! According to Ayoub’s description [11], this was “Euler’s first triumph”.
2 Although the tradition in the History of Mathematics often emphasizes Euler’s proof of the identity for ¢(2n)

as a natural extension of his proof for ((2), the extension in the full generality was not immediate. Although

Euler claims in De summis serierum reciprocarum (1734) [47] to have derived a general identity for {(2n), in this

paper he only had computed the values for (2n) when n = 1,...,6. However, in a paper written 6 years later,

De Seribus Quibusdam Considerationes [46] Euler wrote the evaluation of ¢(2n) in the form As, 7> and found

a recursive relation for the constants As,,, which can also work as a characterization of the Bernoulli numbers.
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Naturally, identities (1.31 - 1.37) given above can be translated to the digamma function

¥ (s), which is defined as

B(s) = L log(T'(s)) =

= (1.38)

It is easily seen from the identities (1.34) and (1.31) that I'(s) has no zeros: this means that

1 (s) can have no singularities other than the poles of I'(s) located at Z .

Furthermore, around the point s = —n, 9(s) admits the representation
() =~ + Bs +n)
s) = — s+n
s+n ’

where ®(s) is an entire function.

From Weierstrass product formula (1.31), it is clear that

logT'(s) = —log(s) —vys + i [% — log (1 + %)} (1.39)
n=1
and
logT'(s) = lim, log <s G+ 171)!.78(5 n n)> ' (1.40)

Hence, if we take |s| < 1in (1.39), we see from the power series expansion for log(1+z), |[z| <

1, that the series in (1.39) converges uniformly with respect to s.

Therefore, a termwise differentiation gives

W(s) = — +§: L1 1+ii5 Is| < 1 (1.41)
S) = —— — —_ = — - — S .
s ) —\n s+n T nzln(s—i—n)7 ’

which clearly can be extended for all s € C\ Z; via the reduction formula (1.29).

From a straightforward differentiation of (1.40) we can also check that

U(s) = — lim (Z - i — - 1og(n)> , (1.42)
k

from which we find the particular value ¢ (1) = —-, via the classic definition of v (see our

glossary),

k=1

“ 1
v = nh_)rréo ( z” log(n)> .

Of couse, from (1.29) and the relations given in (1.34) and (1.36) , it is immediate to see

that 1 satisfies the identities

Y(s+1)= %4—1&(3), (1.43)
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(1 —s) —(s) =m cot(ms), s€ C\Z (1.44)

n—1

Z@b(s—i—r/n)—i—n log(n) = ny(ns), (1.45)

r=0

with the last one implying Legendre’s duplication formula 1 (s)+ (s + %) +2 log(2) = 29(2s).

It is interesting to observe that (1.44) also allows to deduce the meromorphic expansion of

cot(mz), z € C\ Z: taking z instead of s there and applying (1.41), we arrive to

[e.e]

1 1 1 1
t(rz) = z _
m cot(mz) Z—1+z+z::1<z+n 1_Z+n>
I X 2z
= - D R—Y e C\Z 1.46
~+t> 5 5 2€C\Z (1.46)

n=1
which was also deduced by Euler for the first as a corollary of the identity (1.35) and as an
auxiliary tool to deduce an identity for (2n) [3,11].

The reader can also see in [2| a beautiful argument (due to Herglotz) for a derivation of
(1.46). A similar argument was used by Artin in his classical book on the Gamma Function [9]

to obtain (1.34) with the use of Bohr Mollerup’s theorem.

Finally, from the particular values (1) = —y and ¥(1/2) = —y — 2log(2), we may ask if
there exists a closed-form evaluation of ¢(p/q), when p and ¢ are integers and 0 < p < ¢. In fact,
Gauss’s digamma theorem [44] states that an evaluation of this kind exists and can be written

as

T [a/21 -1 2mp k wk
1 <p) = —v —log(2¢q) — 5 cot <p7r) +2 g coS (p) log sin <) : (1.47)
q q q q

k=1
The usual proofs given to (1.47) use the natural representation for the digamma function,
1
1 — g5t
Y(s) = =7+ / ————dx, Re(s) >0, (1.48)

1—=x
0

also deduced by Euler for the first time [11]. In Lemma 1.3. below, we also describe a new way of
deducing (1.47), based on the computation of an integral coming from Hermite’s representation

(see (1.79) below).

After this introduction to some of the most remarkable features of I'(s) and (s), we move

on to describe the analytic continuation of the functions ((s,a), ¢(s) and L(s, x).
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Our method is motivated by Abel-Plana’s summation formula: although some of our con-
clusions overlap the ones outlined in Whittaker and Watson’s Modern Analysis [107], our use
of an immediate corollary of Abel-Plana’s formula will be essential in deriving the functional

equation for ((s,a). As far as we know, this constitutes a new proof of this result.

Furthermore, we use extensively this formula to give new proofs of some classical results

regarding the values attained by ((s,a), ((s) and L(s, x) when s is an integer.

1.5 Abel-Plana formula and the Analytic continuation of ((s,a)

This section is devoted to the proof of the analytic continuation of ((s,a), as well as ((s) and
L(s,x). The methods employed here will be mimicked in the fourth chapter of this thesis, so it

is very important to work these details comprehensively.

1.5.1 Abel-Plana formula

Although this work motivates some aspects lying in the fourth chapter, we should notice that,
in this forthcoming work, Poisson’s summation formula will be used to obtain an extension of
Epstein’s (—function to C. Here, however, we restrict ourselves to an easier formula, due to

Plana [86], whose content is relatively unknown. We state it as the following theorem.
Theorem 1.4.: Let f(z) be a function of one complex variable such that:

1. f(z) is analytic in the region Re(z) > 0;

2. limyy 00 e=2™t £ (o + it) = 0 uniformly for o > 0;

3. limy_yoo [72 e 2™l | f (0 +it)| dt = 0.

Then the following formula holds

Zf +O/f dx—i—zo/ 62ﬂw—1 da. (1.49)

Plana gave (1.49) (which he described as "remarquable" [86]) in 1820 and Abel arrived at
this formula three years later. The usual proof of Theorem 1.4., under the conditions given,

follows from straightforward considerations of the Theory of residues and it is attributed to

Cauchy (1826) [86].

The reader can find in | [61], p. 274 | a standard proof of (1.49), as well as some interesting

examples which are particular cases of the ones developed in this chapter.
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After its first appearance, (1.49) was also used in Genocchi’s (1852) and Weber’s (1903)
proofs of the reciprocity law for quadratic Gauss sums [29,74]. In Lindel6f’s book it is possible
to consult a simplification of Weber’s proof. Formula (1.49) is even prior to a more famous one,

known by the name of Poisson’s summation formula.

By its turn, it seems that the first rigorous proof of Poisson’s formula came only with Dirich-
let’s work (1829) [36], who also applied it later to derive the reciprocity law for quadratic Gauss
sums (1834) [29].

A century later, and based upon the functional equation for ((s), Koshliakov [70] gave
another proof of (1.49) under different conditions. Furthermore, he even extended (1.49) to a

series of the form

S afn) f(n),

where the coefficients a(n) come from a suitable arithmetic function. Since Koshliakov’s paper
is given in Russian (although a brief explanation of his methods is given in english at the end

of the paper [69]), the reader can find in a very recent article [72|, a simplification of his proof.
Finally, it should be remarked that we took the liberty of taking the prefix “summation” out
of the name “Abel-Plana summation formula”, which is a more common designation to (1.49).

The reason why we did this is that (1.49) does not give a relation between a lattice sum of
the form ) f(n) with an analogous one involving some integral transform » & K[f](n), as in the

way exposed at the introduction.

Before using (1.49) to prove the analytic continuation of the ( and L—functions, we introduce

a very simple example, which will be useful later.

Example 1.1.: Sine identity

Taking f(y) = e~*¥ cos(2may), for x > 0 and 0 < a < 1, it is not hard to see that f(y) extends
to an analytic function f(z) in Re(z) > 0 and satisfies the conditions of the above Theorem. A

straightforward application of (1.49) yields

o0

3 1 T si h(2
Z e "% cos(2mna) = ) + / e~ cos(2ray) dy + 2 / s1n(xy)2:yos (1 Tay) dy
n=1 0 5 e —
1 [ sin(zy) cosh(2ray)
T sin(zy) cosh(2mway
=5t 522 t?2 dy. 1.50
2 + x2 + 4m2a? + / e2my — 1 Y (1.50)

0
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From elementary calculations regarding the computation of the series in the left-hand side

of (1.50), we derive the formula

(1.51)

ey — 1 2 \ 2 —2¢7 cos(2ma) + 1 + 2 22 + 4n2a?

o0
/ sin(zy) cosh(27ray)d 1 e” cos(2ma) — 1 1 x
Y e
0
Moreover, from well-known properties of the Laplace transform (regarding the computation
of the Laplace transform of sin(zy)) and the absolute convergence of the power series defining

the function 1/(e” — 1), we arrive to

o
sin(zy) cosh(27ray) T 1 1
=— . 1.52
/ e2my — 1 dy 2 ; An2(k — a)? + a2 * 472 (k + a)? + x? (152)
0 —

Analogously, if we apply Abel-Plana’s formula to f(y) = e *¥sin(2ray), x > 0and 0 < a <

1, we are also able to deduce the identities

5% 00
inh(2
Z e "sin(2ran) = /e_“*’y sin(2mray) dy — 2/ COS(a?ygﬂsym (1 Tay) d
e J—
0 0
o
__2ma / cos(zy) sinh(27ray)d (153)
N x2 + 4722 e2my — 1 Y, .
0
as well as
o
cos(xy) sinh( 27ray © ) (k + a)
. 1.54
/ e2my — 1 77; |:47'r2 2 4 g2 47T2(k: ¥ a)Q T 22 ( )
0 _

1.5.2 The Analytic continuation of ((s,a) and its corollaries

Now, we explore the consequences of (1.49) in order to extend the functions ((s), ((s,a) and

L(s,x) to the complex plane and to prove several of their properties.

These considerations seem to be new, although there are some aspects in our derivation

inspired by Watson and Whittaker’s text [107].

Nevertheless, Watson and Whittaker do not give a proof of the functional equations for
((s) and (s, a) based upon (1.49) and it is precisely our use of the above-example 1.1. which

constitutes one of the novelties introduced in this chapter.
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As remarked in the second section, we focus our study on ((s,a). Let us take s real satisfying

s>1,0<a <1 and the complex function f(z) = ﬁ

The considered function is clearly analytic in the region Re(z) > 0 and satisfies the conditions
imposed by Theorem 1.4.. Using Abel-Plana formula (1.49), we immediately find that, for real
s>1,and 0 <a <1,

+/ /1/(@4—193)2 —1/(a—ix) s
x4+ a)’ e — ]
0

0

=> fn)=
n=>0

-5 1-s :
_ef e, / sin (s arctzan(x/a)) d.
(a2 + 22)¥/? (e2m2 — 1)

1.55
2 s—1 ( )

where the last step comes from the fact that the argument of the complex number a + iz is

precisely arctan(x/a) and s is real.

Representation (1.55) is usually called Hermite’s integral representation [44], and it was

published in 1901, although a similar formula had been given before by Jensen [107].

Now, we study the properties of the integral in (1.55) as a complex function of s, whose
behavior is crucial to understand the extension of ((s,a).
To do so, let us briefly recall the following theorem, whose proof and motivations can be

found in [107], section 5.31, p. 92.

Proposition 1.7.: Let s € Q C C be a domain (open and connected subset of C) and F(s) a
complex function defined by the infinite integral [ F'(x,s)dx. Then F(s) is analytic on € if:

1. the integral defining F(s) converges for all s € €.
2. For a fixed x € Ry, f(s) := F(x, s) defines an analytic function on €.

3. 8FE§§’S) is a continuous function in R4 x €.

4. f > 8F (@ 8) dx converges uniformly for any s € €.

Moreover, F (s) is obtained by differentiating under the integral sign.

Using the previous proposition, we prove the following Lemma.

Lemma 1.1.: Let Z(s) be the complex-function defined by the improper integral in (1.55),

T sin (s arctan(z/a))
Z(s) = / @+ $2)s/2 @ 1) dzx. (1.56)

Then Z(s) is entire.
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Proof: It suffices to use Proposition 1.7. by replacing 2 by C, F(s) by Z(s) and letting

sin (s arctan(z/a))
(a2 + 22)*/? (e2mr — 1)

F(z,s) =

Clearly, conditions 2. and 3. in Proposition 1.7. hold, so we just need to work the details

for 1. and 4..

For instance, to see that 1. holds, we follow Whittaker and Watson’s argument. Let s = o-+it:

using the elementary inequalities

T T T
arctan (—) < -, < —a,
a a 2
wn(2) < as T
arctan | — -, T > —a
a 2’ 27

we find that the integral in (1.56) obeys to the bound

T sin (s arctan(x/a)) 7 sinh (|t] arctan(z/a)) + | sin(o arctan(z/a))|
/ (]_ + $2)S/2(e2ﬂfb _ 1) dz| < / (CL2 + x2)0/2(€27r:): _ 1) dz

Ta/2 wa/2

sinh(|t| z/a) o / x
< der + — dx
0/ (a2 + 22)°/?% (e2me — 1) a ) (a2 + 22)7/? (e2me — 1)

dzx

Cs )
+ / (CL2 + 1.2)0'/2(62771 _ 1)
wa/2

(1.57)

where Cs > 1 + sinh(7|t|/2) is a constant only depending on s. Clearly, every term in (1.57) is

a convergent integral and so we see that Z(s) satisfies 1.

In order to verify 4., notice that

sin(s arctan(z/a))
(a2 + 22)*/? (e2m@ — 1)

OF (x,s) _cos (s arctan(x/;z)) arctan(z/a) 1 log (a2 N xQ)
0s (a2 + xQ)S/ (e27 — 1) 2

(1.58)
and so we just need to check property 4. for the integrals with respect to each term of (1.58),
which we shall denote by J1(s) and Ja2(s).

For the first one, the required computations resemble the ones done previously: taking

s = o +it, it is easy to verify that

cos (s arctan(z/a)) arctan(z/a) x cosh (7t/2)
(a2 + x2)8/2 (e2m — 1) = a(a? +22)7/2 (27 — 1)
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from which we obtain

(Fi(s)]| < STt/ / - d, (1.59)

a (a2 + 22)°/% (e2me — 1)
with the last term being a constant depending only on s. In order to find an estimate for the

second, take the partition of the interval into (O, ”2—“) and (%, oo) and apply the bounds used
in (1.57). This gives

wa/2 ma/2
: 2 2 2 2
a(s)] Sl / sinh(|¢| x/a)/]2log(a + %) P / a:]log(% + 27 d
2 (a2 + 22)7/? (e2m@ — 1) 2a ) (a2 + 22)7/? (27 — 1)
yi dx
Dy )
+ / (a2 + x2)0/2(€27rx _ 1)
wa/2

where Dy is again depending solely on s. This concludes the proof. W

With this Lemma proved, we are now ready to study the continuation that Hermite’s integral
furnishes to ((s,a). Before doing this, let us recall the following classic theorem, which can be

found in [94]

Proposition 1.8. (Principle of Analytic continuation/Identity Theorem): Suppose
that f and ¢ are analytic in a domain Q C C and f(s) = g(s) for all s in some non-empty open

subset Q of Q. Then f(s) = g(s) for all s € Q.

More generally, it suffices to impose that f(s) = g(s) for s in some sequence of distinct points

with limit point in € or assume that @ has an accumulation point in €.

It should be noticed that, if f and F are analytic in the domains Q and € respectively, with
Q' c Q and if the two functions agree on the smaller set €', then F' is the analytic continuation

of f into §2, whose uniqueness is provided by the previous proposition.

We are now ready to prove the following theorem:

Theorem 1.5.: Hermite’s formula provides the analytic continuations of {(s) and ((s,a) as
complex meromorphic functions having a simple pole at s = 1 with residue 1.
Moreover, it provides also the analytic continuation of L(s, x) as:

1. an entire function in C, if y is a nonprincipal character;

2. a meromorphic function with a simple pole at s = 1 with residue ¢(¢)/¢, if x is the principal

character y1.
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Proof: We know, from (1.55), that ((s,a) and the function of s given at the right-hand side
of (1.55) coincide in the real interval (1,00). Since ((s,a) is analytic in this interval (as it is a
subset of the half-plane Re(s) > 1) and the right-hand side of (1.55) is analytic for all s € C\ {1}
(by Lemma 1.1.), it is clear from Proposition 1.8. that this extends ((s, a) to the whole complex
plane as a meromorphic function having only a simple pole located at s = 1 and having residue

1, since

oo
lim(s—1) | 4“4 / sin (s arctan(w/a) | _ 4.
s—1 2 s—1 (CL2 + x2)5/2 <627rx _ 1)

If we take a = 1, we are also able to represent the continuation of ((s) to C as

[e.e]
sin (s arctan(zx))

11
() =Cls, =5+ —7 +2 / EFEITC T —— da, (1.60)
0

from which we can also get that ((s) has a continuation to C as a meromorphic function with

a simple pole at s = 1 with residue 1.

Using the relation (1.24) between ((s,a) and L(s, x), from (1.55) we also arrive at

,12

X

r=1

1 l—
L(s,x) = 5 ZX(T

oo
sin (s arctan(xf/r))  dz
2 . 1.61
+ ;X (/ 7"2 + 62.%'2)5/2 e2rr _ 1 ( )

Since each summand lying at the finite sum on the right-hand side of (1.61) defines an entire
function of s, the only singular part of (1.61) may be located at the second term, where we have

a singularity at s = 1.

If x is a nonprincipal character, it is simple to check that, since Zn 1x(n) = 0 (by the

orthogonality relation (1.6)), the second term in (1.61) can be written as

E_l /—1 1 -1
o Zx(r) - ZX ) (1—log(r) (s — 1)+ O(s — 1)2)
r=1

=0 12)( log(r) + O(s — 1),

and so s = 1 is removable and L(s, x) is continued to an entire function.

If, otherwise, y is the principal character xi, then by the above computations,
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(R~ TR () B SRS
S Sl = EE S ) log(r) + O(s - 1),
r=1 r=1

and so s = 1 is a simple pole with residue ¢(¢)/¢ of the function L(s, x1). W

Now, we shall study the properties of the analytic continuation provided by Theorem 1.5..
In particular, by invoking the properties of Hermite’s representation, we will derive the mero-
morphic expansions of ((s,a), ((s) and L(s, x1) around the simple pole that all these have at

s=1.

But first, we shall derive two interesting consequences of Hermite’s representation (1.55),

together with Bohr-Mollerup theorem (theorem 1.3.) and Stirling’s formula for I'(s) (1.32).

The first consequence is a formula due to M. Lerch who, in 1894 [24], proved

Lemma 1.2. (Lerch’s formula) Let 0 < a < 1: then the following identity holds

log T'(a) = (0, ) — ¢'(0), (1.62)

where " denotes the derivative of ((s,a) with respect to the complex variable s.

The reader can consult some of the most famous proofs of (1.62) in [107] and [24]. The first
authors invoke Binet’s second formula for logI'(a), as well as Hermite’s integral representation
(1.55) to arrive at (1.62). The second author invokes a more familiar representation of ((s,a)
and deduces that, following this representation and making the calculations required at the

right-hand side of (1.62), one arrives at logI'(a) by invoking the identity (1.31).

Before starting our own proof, based on Bohr-Mollerup’s theorem, it should be noted that,
although we took 0 < a < 1 in the definition of Hurwitz’s (—function (1.23), it is easily seen

that this can be extended for all a € R4, since both the infinite series
— 1
= — 1.63
((s,a) §:m+W’ (1.63)
n=0
and Hermite’s representation of it (1.55) are still well-defined if a > 1.

In the forthcoming proof, we take a € R, in the definition of ((s,a) since there is no loss of

generality in doing so. Hence, it is clear that (1.62) holds for all a € Ry as well.

Proof of Lemma 1.2.: We shall prove the extension of formula (1.62) to all a € R;. First,
from (1.63), it is easy to check that

((s,a+1)={((s,a) —a"*, Re(s)>1 (1.64)
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and a differentiation of (1.64) with respect to s obeys to the recursive relation

((s,a+1)=("(s,a)+a*log(a), Re(s)>1, (1.65)

which can be analytically continued to all s € C\ {1}. Taking s =0 in (1.65) gives

¢'(0,a+1) = ¢'(0,a) + log(a). (1.66)

Now, let F': R, — R, be the real-valued function defined by F(a) = e¢'(®%) (note that we
are using the fact that ¢’(0,a) is well-defined for a € Ry). From (1.66), F' satisfies

Fa+41) = 00t = 800 = ¢ F(q), (1.67)
i.e., the same functional relation as I'(a).

Now, from Hermite’s representation (1.55) and the uniform convergence of the integral Z(s)
(1.56), we can find a formula for ¢'(0,a) if we differentiate under the integral sign (which is

justified by Proposition 1.7.) and take the limit s — 0. This gives

627rx -1

(0, a) = <a - ;) log(a) — a +2 med@«. (1.68)

Using (1.68) we can see that, as a real function, log F'(a) is convex: indeed, from (1.68),

£ 7

d
W log(F(a)) = EC (0, ) + + 40/ / + a2 6271'35 — 1)dl' > 0, (169)
0

since, for every a € R, , every term in the last expression is strictly positive.

Actually, it is simple to verify that, once we put s = 2 in (1.55), we get the last expression

on the right-hand side of (1.69), so we can actually write (1.69) as

d2
da?
which is quite unexpected since it relates the derivatives of {(s, a) with a particular value attained

at s = 2.

log(F(a)) = ¢(2,a) > 0, (1.70)

Since F(1) = e¢'(01) = ¢¢'(0) we see that the function G : Ry — R defined as

G(a) := F(a) e <

satisfies G(1) = 1, G(a+ 1) = aG(a) (by (1.67)) and log(G(a)) is convex by (1.69). Finally, an
application of Bohr-Mollerup Theorem (Theorem 1.3.) yields
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F(a)e ¢'® =T(a),

which is equivalent to Lerch’s formula (1.62). W

There are several corollaries of Lerch’s formula: for instance, in [24], it is shown that Gauss’s
multiplication and Euler’s reflection formulas, (1.36) and (1.34), follow immediately from (1.62).
In the same paper, it is shown that, as a consequence of both (1.62) and Hurwitz’s functional
equation (equation (1.25) above, still unproved by us), one could also obtain the beautiful
formula discovered by Kummer,

v + log(27n)) sin(27mna)

1 1 —
logT'(a) = B log (7 csc(ma)) + = Z ( - , 0<a<l,

n=1

which was historically one of the main motivations in Lerch’s approach to (1.62) [37].
In the next lemma we prove a result which is not commonly introduced as a consequence of
(1.62), but rather proved by other means, completely equivalent to ours (see [107]).

This formula is attributed to J. P. M. Binet (1839) and it is of great use, as we shall see,
to prove more accurate estimates for logI'(s) when |s| — oo and to establish several other

properties of the meromorphic expansion of the functions ((s), L(s, x) and ((s,a).

This formula can be established as follows:

Lemma 1.3.: (Binet’s (second) formula) For a € Ry, logI'(a) has the integral represen-

tation

1 1 T
logT'(a) = (a - 2) log(a) —a+ 3 log(2m) 4 2 /W dzx. (1.71)
e T __
0

Proof: Using Lerch’s identity and (1.68), we have that logI'(a) is expressible as

logT'(a) = (a — ;) log(a) —a+ 2 /de —¢'(0). (1.72)
0

Thus, to determine an exact expression for log I'(a) we need to find the unknown constant ¢’(0).

In order to determine it, note the inequality

/arctan(l“/“)dff S% /5C = = o (1.73)

6271':(: -1
0 0

33



which comes from the elementary inequality 0 < arctan(z) < x, z € Ry, and from the integral

representation

. s—1
:t/'f Cdr, Re(s) > 1. (1.74)
P
0

From (1.73) and (1.72) it is simple to obtain

(1.75)

log T'(a) — <a— ;) log(a) + a + ¢'(0 )’

which shows that the left-hand side of (1.75) vanishes once we take the limit @ — co. Comparing

~ 12a

with Stirling’s formula (see eq. (1.33) above),

a—ro0

lim [log I(a) - <a - ;) log(a) + a — % log(ZTr)} 0,

we immediately arrive to ¢/(0) = —3 log(27) and the identity (1.71) follows. W

We have made all the efforts to derive the results regarding I'(s) in closed form, i.e., by
appealing only to its functional properties, following a similar exposition to Artin’s book and
Remmert’s paper [87].

This is the reason why we have derived (1.71) by invoking Lerch’s identity (1.62). Of course,
it is probably possible to establish (1.71) directly via functional properties of I'(s). However,
since both formulas (1.62) and (1.71) are greatly needed for future developments, we have decided

to present them by this order.

Notice that, by taking a = 1 in (1.71), we derive the interesting identity

[e.e]

arctan 1 1
= — — —log(2m). 1.
/ e27rm _ 9 4 Og( 7'[') ( 76)
0

Furthermore, differentiating (1.71) and appealing to the definition of the digamma function

(1.38), we can also obtain the representations

1 T
=1 —— =2 d 1.
v() = log(a) = 5 =2 [ o (177
0
= 1+27 d (1.78)
= 2 2 + a2) 62” —1) - '
0

Note also that Binet’s formula (1.71) improves the estimate given by Stirling’s formula in

the form (1.33): in (1.75), we have seen that the remainder function ju(s) satisfies the estimate
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1
12]s|’

which is more precise than the one given in (1.33).

()| < Re(s) >0,

Finally, one can also use Binet’s formula to derive a new proof of Gauss’s digamma theorem

(1.47). To do this, take a = p/q and add equations (1.77) and (1.78): this gives the identity

P 1 g P p? yi T dx
£ =-— L 4log(t)+2(1-5% 1.79
w(q)” 2 2p+°g<q>+( q2>/<x2+1><w2+p2/q2>e2m—1 (1.79)
0

with the last integral being given by straightforward computation from the residue theorem

which, when evaluated, gives (1.47).

We are now ready to find the constant terms in the meromorphic expansions of ((s,a), ¢(s)
and L(s,x) when x = x1. The meromorphic expansions of these functions are stated now as

follows

Theorem 1.6.: (Meromorphic expansions) The constant term in the meromorphic ex-

pansion for ((s,a) is given by

1
Ao =iy [¢(s.0) = 2| = v(@) (1.50)
Moreover, (1.80) implies
o= limy [¢<s> - 1] = (181)

for ((s) and

o el 1
AO'_E—I}:IL<L(S’X1) 1 s—l)

[¢/21—1
_ ) el 2 o (T
=t lee(2) - 5 ; G(k, x1) logsin | =~ |, (1.82)

for the Dirichlet L—function associated to the principal character modulo £.

Proof: From Hermite’s representation of (s, a) (1.55) it is immediate to see that, after using

(1.77),

51 s—1 2a 2+ a2 e2mr — ]

R(a) = lim [C(s,a)— ! ]zl—log(a)+27 t A @), (1.83)
0
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Clearly, since ((s,1) = ((s) and

1 LT d
R(1) := lim (((5) T 1> =3 +2 / $2‘T+1 eanx_ o= —p(1) =, (1.84)
0

s—1

we arrive immediately to (1.80) and (1.81)

Now, if x = x1, L(s, x) has a simple pole located at s = 1 with residue ¢(¢)/¢ (by Theorem

1.5.). Furthermore, from (1.80),

/—1
Lisx) = )¢ (5. 5) = 7 le (2 -v(5)+o6-1)

:;z@ S r
-2 Bon () o
:fiﬁ)l D_logg@)( 4 0(s—1) ]_g Z)ﬁ v (5)+06-1), (189

and so, from Gauss’s digamma theorem (1.47),

lim [L(S,Xﬂ _el) 1 } - _@f)log(g) — ! ZZin(T) ¥ (%)

s—1 { s—1
/-1 £/21 1
_el)  elt) Ty Ty 2 Z Z
== + 7 log(2) + 57 7n:1X1(7‘) cot ( ) 7 log sin x1(r) cos ).

(1.86)

From the fact that x; is even, we can check that the third term in (1.86) vanishes since

. w(l —r) r &4 r
27 ;M(T) cot( ) 57 ;Xl —r cot< 7 ) ~% ;m(r) cot (7) =0
(1.87)

[¢/2]1-1 9 [¢/21-1
Z logsm( ) le cos( il ): Z logsm< > le [ ik iRk
k=1

1 [¢/2]1-1 & [2/2] 1 Tk
- Z logs1n< >(G(k,X1)+G(—k:,X1)): > G(k,x1) logsin (£> (1.88)
k=1

=G(n,x). A

where the last step comes from the fact that, for an even character y, G(—n, x)

substitution of (1.88) into (1.86) and the use (1.87) yields (1.82). W
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Remark 1.1.: We can still extend the meromorphic representation of ((s, a), {(s) and L(s, x1)
to powers of higher order. We define the Stieltjes constants as multiples of the coeflicients

occurring in the Laurent expansion for ((s,a), i.e.,

(sa)=——+3 (_nll)n%(a) (s— 1), (1.89)

—1
s n=0

If we use (1.55) and the power expansions of the integrand around s = 1, we are able to find

that these constants are equal to

2¢ n+1 a—ix a+ix e2m — 1

%(a):[1 log(] Z7[log a—ix) log”(a—l—ix)} B e
0

However, there are other more natural representations of the constants v, (a). For example,

Wilton [111] and Berndt [23] have presented an evaluation which depends on the limit

" log" a og" ™ (m +a
Yn(a) = lim (E:lgkf:i)-—lg ni&+-)>' (1.91)

Of course, comparing (1.91) with (1.42), we immediately see that vo(a) = —(a) as expected.
Formula (1.91) also extends the classical definition of the constants ~, := 7,(1) appearing on

the meromorphic expansion of {(s),

o0

1 (-
=Ry

n

n(s—1)" (1.92)

Using the computations given in the previous theorem, we are also able to establish

Theorem 1.7.: Let x be a nonprincipal Dirichlet character modulo ¢. In general, we have

that

(-1
0 ==Y e (7)) (1.93)
r=1

which implies, depending on the sign of x, the identities

g 4211 &
L(1,x) = ) Z G(k, x) logsin (Z) , X even, (1.94)
k=1
T oea or
L(1,x) = Y x(r) cot (7) , x odd. (1.95)
r=1
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Proof: From (1.24) and the definition of v, (a) (1.89)

S Lo ey "
Ls) =3 x0) (=5 + > () (=)

r=1 n=0
-1
==Y XY (3) + 06 - 1), (1.96)
r=1

since x is nonprincipal. Putting s = 1 in (1.96), we arrive at (1.93) as expected.

From Gauss’s digamma theorem (1.47), we can rewrite (1.93) in the form

L(1,x) % KZ: ) cot (M> % Wﬁ: 10g81n< ) ZX cos (QW k:> (1.97)

If x is even, recall from (1.87) and (1.88) that the first term vanishes and that the second
term of (1.97) can be written in terms of the Gaussian sum G(k, x). This shows (1.94).

If x is odd, we can proceed as in (1.87) to see that the second term in (1.97) vanishes since

K_ZlX(r) cos <2T£T k) E_le(ﬁ — 1) cos (2%(6{;?”) k) =— K_le(r) cos (27;]4)

r=1

which proves (1.95). W

To finish this section, we compute the values of L/(O, x) for any Dirichlet character based
upon Lerch’s formula and the previous computations. The main details are given in the following

theorem.

Theorem 1.8. (Derivatives of L—functions at s = 0) Let y be a nonprincipal Dirichlet

character modulo ¢. Then its Dirichlet L—function satisfies the identities

-1
L,(O, X) = Zx(r) logT’ (%) , X even, (1.98)
r=1
/ log () = - T
L(0,x) = 7 x(r)r+ Zx(r) logT’ <Z) , x odd. (1.99)
r=1 r=1

Additionally, if x = x1 is the principal character modulo ¢, L/(O, X) satisfies the identity

/-1
L'0,x1) = —9";@ log(2m) + 3 xi1(r) logT (%) . (1.100)
r=1
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Proof: Since ((0,a) = £ — a (take s = 0 in (1.55)), the use of (1.24) together with Lerch’s
identity (1.62) gives

L'(0,x) = ~log(¢) §x<r> ¢(0.7) +3 1x(7°) ¢ (0.7)
/—1 /—1
= —log(¥) ;X(T) ¢ (0, %) + ;X(T’) <logI‘ <Z> - ;log(27r)> (1.101)
/—1 1 r /—1
= o)) S x0) (5 ) + ) ot (7)
_ logg(f) S X(r)r+ Ki x(r) logT (%) : (1.102)
r=1 r=1

proving immediately (1.99). For the case where x is even and nonprincipal, the first sum in

(1.102) reduces to

-1 -1 -1 -1 -1
DXy r=>"x(=r)(l—=r)=L> x(t—r)=> x(l—r)r==> x(r)r,
r=1 r=1 r=1 r=1 r=1

and so it vanishes, proving (1.98).

Finally, when x = x1, notice that formula (1.22) holds for all s € C by analytic continuation
and so, after taking s = 0 there, we obtain L(0, x1) = 0.

From the computations held for even x (1.102), we are able to obtain

/ - r - T 1
L0 = = 108(0) S_x(¢ (0.5) + S0 (18T (5) - j1ontzn))
r=1 . r=1 80(6)
= —log(¢) L(0, x) + Zx(r) logT (Z) - log(27)
r=1
- ry _ e
= 3" () logT (Z) — £ log(2r). W (1.103)

Now, we can still study other properties of ((s,a), ((s) and L(s, x) that the representation
(1.55) offers.

In the following section, we prove three classical properties of these functions, which can now

be deduced by appealing to the integral representation (1.55).

As far as we are concerned, the proofs presented next are new. We start with the classical

Euler’s identity, which connects the values of ((2n) with the sequence (Ba,)nen of Bernoulli
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numbers

¢(2n) = Z Ton = _—n Bon, (1.104)

with B, (Bernoulli numbers) being a sequence defined by the generating function

o0

z 2"
e :ZBnm, |2 < 2. (1.105)
n=0 )

According to Edwards [43], it is possible that Euler’s formula (1.104) may have had a signif-
icant impact on Riemann’s work.

As it is known, at the beginning of his paper (the reader can consult an english translation
by David Wilkins at [88]), Riemann proposes to find a formula for {(s) which “remains always

valid” for all s € C by considering the integral representation

xsfl

et —1

C(s)T(s) = / dr, Re(s)> 1. (1.106)
0

As remarked by Edwards, a particular case of the formula (1.106) appears in a paper of N.

H. Abel [1] which was published in 1839 and it is very likely that Riemann was aware of this. It

is impressive that in the afore-mentioned paper, Abel also presented another version of the now

called Abel-Plana formula (1.49).

So, if Riemann was aware of Abel’s paper and contributions, it is interesting to wonder why
he did not use Abel’s formula to achieve the analytic continuation for ((s) as the way we did

above.

Edwards makes another intriguing assertion regarding the discovery of the analytic contin-
uation of ((s) and the proof of its functional equation. In his famous book on the Riemann
hypothesis [43] p.12, it is also stated that “There is no easy way to deduce this famous formula
of Euler’s |i.e., eq. (1.104)| from Riemann’s integral formula for ((s) [i.e., eq. (1.106)| and it
may well have been this problem of deriving anew [eq.(1.104)| which led Riemann to the discov-
ery of the functional equation of the zeta function”. It is not unfair to conjecture about other
possible attempts that Riemann himself could try in order to evaluate ((2n), as well as to prove

analytic properties of ((s).

The purpose of this little historical remark is to emphasize that there is, indeed, a very
immediate way to prove a formula for {(2n) via Abel-Plana’s formula, which Riemann probably

knew, and the integral formula (1.106).
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It is not also unfair to conjecture that, by using this approach, Riemann could also have
derived Hermite’s formula for {(s) (1.60), which, as we shall see, conduces to another proof of

the functional equation for ((s).

With this historical motivation, we now move on to the next section, where we prove Euler’s

famous formula for ¢(2n) by using (1.106) and Abel-Plana’s summation formula.

1.5.3 Consequences: Particular values for ((s,a) and ((s)

Corollary 1.1: Euler’s identity for ((2n) When s = 2n, ((s) satisfies (1.104).

Proof: In the Example 1.1 given for Abel-Plana’s formula take a = 0 in (1.51) and let 0 <
x < 2m. To evaluate the integral at the left-hand side of (1.51),

e .
sin(x
/ . (zy) dy,
e™ —1
0
we may express sin(xy) by its power series and interchange the order of integration with the
summation. This procedure is well-justified since

[

i n 1 (:Cy)2nfl
(2n —1)! e?m@ —1

n:l

o )Qn 1
d
Z:: 2n—1 (e —1) Y

| A

sinh(zy)
e2ry _ 1

0\8 0\8

dy < o0,

by the condition imposed over x and the absolute convergence of the last integral. By (1.51)

this yields

1/ 1 1 1\ [ sin(zy) e R
— — — [ ——— — e — n— S —
2<ew—1+2 x>_/62”y—1dy_z(2n—l)!x /e27ry—1dy
0 n=1 0
— (-t 2n—1
n=1

where the last equality came from Riemann’s integral formula (1.106) for s = 2n.

Finally, recall the definition of Bernoulli numbers given by their generating function (1.105):

note that the left-hand side of (1.107) can be expressed as

1 1 n—1 1 1 1 Ban 2n—1
5 ZﬁBn‘” +5- :52(%)‘93 , O0<z<2nm (1.108)
' n=1 ’

n=0
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where the last step came from the fact that By, =0forn>1, By =1and By = —%.
A direct comparison of both power series in (1.107) and (1.108) yields immediately (1.104). Bl
Using the previous corollary, as well as Hermite’s representation for ((s,a), we are now able

to prove a celebrated identity for {(—n,a), involving the Bernoulli polynomials.

Furthermore, using this, we can also prove similar identities for ((—n) and L(—n, x).

Before proving the next result, we need two important definitions, which we now give:

Definition 1.6.: For real x € R, the Bernoulli polynomials B, (x) are defined as coefficients

of the series expansion,

2 %7 0 g
n=0 ’

Related with the previous definition, we introduce a character analogue of the Bernoulli

numbers, which we define as follows:

Definition 1.7.: Let x be a Dirichlet character modulo £. We define the sequence of the

Bernoulli numbers with character weight, B, ,, as the coefficients of the series expansion

-1 rer? 00 n
ZX(T) ol _ 1 = ZBn,x PR ‘Z‘ < 2. (1.110)
r=1 n=0 ’

It follows from elementary computations that we can express By, (x) and B, , as the polyno-

mials
Bp(z) = ") Bpank (1.111)
k=0 k
and
/—1 r
By =" x(r) By (Z) . (1.112)
r=1

It is also immediate to check that B,, = B,,(0) = B,,(1) and that B,,(x) obeys to the reflection

formula

Bp(l—2) = (=1)"By(z), n>0. (1.113)

With these important definitions, we are now ready to prove the following identity:
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Corollary 1.2.: (Particular values for ((—n, a)) The Hurwitz (—function obeys to the

Euler-type formula,

Bn+1 (a)

C(_nva):_ n+1

, 0<a<l, (1.114)
where By, (a) denotes the Bernoulli polynomial of order n, defined by (1.109).

Moreover, ((s) and L(s, x) have, respectively, the particular values at the negative integers,

Bn+1
—-n)=— 1.115
C(-n) = L, (1.115)
B
D=, x) =~k (1.116)

where By, , denotes the character analogue of the sequence of Bernoulli numbers (1.112).

Proof: From Hermite’s representation of ((s,a) (1.55) we can write

o - qnt+l ) 7 sin (n arctan(z/a)) da, (1.117)
2 n+1 (

C(_n7 CL) = 5 CL2 + LUQ)_n/Z (6271-33 _ 1)
and a closed-form evaluation of (1.117) now depends on the last integral, which we denote by
I,(a).
To evaluate it, we appeal to the multi-angle formula for sin(nf) and to the elementary

trigonometric relations sin(arctan(z)) = z/v/'1 4+ 22, cos(arctan(x)) = 1/v/1 + 22, which give

n—1 n 1 < xnfk
In(a) = sin |:2(7’L — k) 7T:| Clk /62m_1 dx

i) 1 k kel

= -7 sin [Q(n—k) 7T:| a® (2m)" " (n—k+ 1) (1.118)
k=0

n—1

1 n!

S Y L— - k 1.11
2 S fl(n—k+ 1) e (1.119)

where the last equality comes from the fact that the terms of the sum in the right-hand side of

(1.118) are only nonzero if n — k + 1 is even together with (1.104).

From (1.111),

3

n

n n n

Bp(x) = Byga'=1-5a+) B z",
k=0 k k=2 k

and due to the elementary properties of the Bernoulli numbers, the last sum runs over the

integers k such that n — k is even.
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Since the index in (1.119) is such that that n — k + 1 must be even, we obtain

n! 1

- B, k_ -
K(n—k+ 1) "k =90

(Bn+1(a) - %(n +1)a" — a"“) , (1.120)

which, when combined with (1.117), gives (1.114).

Now, (1.115) and (1.116) follow immediately: taking a = 1 and using the fact that B, (1) =
By, we arrive at (1.115).
In order to obtain (1.116), it is sufficient to use the result (1.114) together with (1.112). W

Finally, an immediate consequence of the previous identities is the information regarding the

localization of the trivial zeros of L(s, x) and ((s).

Corollary 1.3.: Zeros of L(s,x) and ((s) The Riemann (—function ((s) has real zeros

located at s = —2n, n € N.
Analogously,

1. if x is nonprincipal and even, then L(s, x) has trivial zeros located at s = —2n, n € Nj.

2. if x is nonprincipal and odd, then L(s, x) has trivial zeros located at s = —2n —1, n € Nj.

Proof: The first assertion immediately follows from (1.115), since Bgp41 = 0 for n € N.

From the previous corollary, assume that x is even and use the reflection formula for B, (x)

(1.113). We can derive

P r P2 r
L(=2n, x) = Tom 1 ZX(T) Bon 1 <Z) = o1 ZX@ — 1) Bont1 (1 - ?)
r=1 =1
/—1

= 252_: 1 ZX(T) Bont1 (%) ;

=1

<

which proves that L(—2n,x) = 0. Of course, a similar argument holds for the case where x is

oddand s=-2n—1,neNyg. R

1.6 Main section: Functional equation for ((s), ((s,a) and L(s, x)

After proving Hermite’s integral representation for ((s,a) and deduce anew several immediate
properties of ((s) and L(s, x), we are ready to prove the functional relation that the continuation

of ((s,a) to C satisfies, given by the main theorem. It is now time to prove it:
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Proof of the Main Theorem: We first prove (1.25) assuming that 0 < a < 1. To do so, let

us denote by f(a, x) the following function, expressable by the series

2z
-1
fla, x) := 3 (% — 2% con(@ma) + + Z ¥ cos(2mna). (1.121)

We have seen in the Example 1.1. of Abel-Plana formula that f(a, x) obeys to the relation
(see equations (1.50) and (1.52))

o
x sin(zy) cosh(2mway)
f(av .’L‘) = 72 —|—47r2a2 +2 / e2ry _ 1 dx
0
T ad T x
= - 1.122
22 + 472a? +; [4#2(k—a)2 + 22 + A72(k + a)? + 22 ( )

From (1.121), it is simple to check that, as  — oo, f(a, x) tends to the value 1/2 expo-
nentially fast. Moreover, from identity (1.122), it is simple to check that f(a, ) tends to 0 as
x — 0 linearly. Hence, the function defined by the Mellin integral

1

Fi(a, s) = /a:81f(a,x) dx (1.123)
0

is analytic in the region Re(s) > —1. Furthermore, the function defined by

Fy(a, s) = /Ooa:sl <f(a, z) — ;) da (1.124)

is entire.

Let us now define

Hi(a, s) = Fi(a, s) + Fs(a, s)—% (1.125)

Then Hi(a,s), as a function of s, is analytic at every point of the half-plane Re(s) > —1

except at the origin, where it has a simple pole with residue —%.

It is also easy to see that, if Re(s) > 1,

o0 (o)

1
/:L'S ! < a, ) — 2) dx = E cos(2mna) /a:s_le_mdx
0 0

n=1

o0
cos(2mna)
=T(s) > T’ (1.126)

n=1

while, for Re(s) <0,
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= /:cs_l fla,x) dx. (1.127)

Using (1.122) we obtain, for —1 < Re(s) <0,

xs > s x®
H = I — d
i(a, 5) /{x2+47r2a2 +Z [47r2(/£—a)2+3:2 +47T2(k+a)2+x2]} N

rd k=1
7 (2ma)*~! 7 (2n)" ! & 1 1
~ 2cos (%) 2cos (%) ; [(k;—a)l—s - (k‘—i—a)l—s]
T (21 s—1
= L)E[C(l—s, a)+¢(1—s,1—a)]:=d¢i(a,s), (1.128)
2 cos ( 5 )

where we could change the orders of the integration and summation due to the fact that —1 <

Re(s) < 0 and via the elementary integral of Mellin type,

[e.9]

x® T
——dr=———-, —1<Re(s) <L
/1+x2 2 cos (%) ()

0

Since ((s,a) has a simple pole at s = 1 with residue 1, we see that ¢1(a, s) has a simple pole
at this point as well, with residue equal to —1/2.

Moreover, since the (simple) zeros of cos (%) in the region Re(s) > —1 are located at

s=2n—1,n=1, 2, ..., the singularities of ¢;(a, s) are located at these points as well.

However, these are removable since, by the identity (1.114) and the reflection property for

By (z) (1.113),

_ Bapti(a) + Bonyi(l —a)

C(—27’L, CL)+<(—2’)’L, 1—(1): on 4+ 1

=0.

This proves that ¢;(a, s) and Hj(a, s) have the same properties in the half-plane Re(s) > —1
and they are both analytic in all points except at the origin. Since both coincide in the strip
—1 < Re(s) < 0, we conclude from the Principle of Analytic continuation (Prop. 1.8.) that
(1.128) is valid in the whole half-plane Re(s) > —1. In particular, it is valid in the region
Re(s) > 1, which shows that

>~ cos(2mna 7 (2m)st
I(s) Zl (is ) - QSS EW;) C(L—s,a)+¢(1—s 1—a)], Re(s)>1  (1.129)
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We may also consider the function

e}

e’ sin(2wa) e
= 2 1.130
e2r — 2¢ cos(2ma) + 1 Z e " sin(2an), ( )

g(a,z) =

n=1
which, as x — oo, tends to 0 exponentially fast, and, as x — 0, approaches the constant value

3 cot(ma) linearly. Therefore, the function
1
Gi(a, s) = /xs_l [g(a, x) — cot(;’a)] dx (1.131)
0

is analytic in the whole region Re(s) > —1 and
Ga(a, s) = /xSIg(a,a}) dx (1.132)
1

is entire for all s € C. If we define, in analogy with (1.125),

cot(ma)

Hy(a,s) = Gi(a,s) + Ga(a,s) + 95

(1.133)

we see that (1.133) is analytic in the half-plane Re(s) > —1 except at the point s = 0 and, for
Re(s) > 1, it satisfies

Ha(a, s) = T(s) Z sin(27sma)7

n=1

Re(s) > 1. (1.134)

n

We can now mimic the computations above, after invoking relation (1.54) given at example

1 to show that

>~ sin(27mna 7 (2m)st
I(s) ) (is ) 5 Sn 2’5‘") [C(1—s,a)—C(1—s,1—a), Re(s)>1. (1.135)

n=1

Combining both (1.129) and (1.135), we immediately prove the desired functional equation,

5 e , Re(s)>1. 1
n=1 n=1

1 -sa) = 5 [ (2) 3o coslmna) |, (7 - inilmea)

(1.136)

47



Remark 1.2.: In the previous proof, we were under the hypothesis that 0 < a < 1. It should
be noted that we still need to extend (1.136) to a = 1.

In this remark we show that this case is already covered by (1.136): if one takes a = 3 in

this formula, it gives

C(l — s, ;) = 217578 cos( ) Z ns

1

o0

n

= 2! 7T (s) cos () (217 1) C(s, ). (1.137)
In the meantime, if Re(s) > 1,
1 = 28 R D ) s
<<5a2> :nz:;)m_i_l)s =2 {n:1nSQ ;ns} =(2°=1) ¢(s) = (2° = 1)((s,1),
(1.138)

which is valid for all s € C by analytic continuation. A substitution of (1.138) in (1.137)

immediately implies (1.136) for the case in which a = 1.

Remark 1.3.: The formula proved in the main theorem can be rewritten in a more symmetric

form,

I(s)
(2r)°

where F'(a, s) denotes the periodic zeta function,

(1—s,a)= [e_”is/zF(a, s)+e™/2F(—a,s)|, Re(s)>1, (1.139)

X 2mina
Fla,s)=Y ° —— Re(s) > L. (1.140)
n=1

From elementary properties of the Dirichlet series (1.140), it is also clear that we can write

the functional equation for ((s, a), for 0 < a =p/q <1, as

() B (3 ) () o

We finish this chapter with three important corollaries, used extensively throughout this

thesis.
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Corollary 1.4.: (Functional equations for ((s) and L(s,x)) The Riemann {—function

can be analytically continued to a meromorphic function that obeys to the functional equation

¢(s) = 27 Lsin (g) T(1—s)¢(1— s). (1.142)

Moreover, if y is a nonprincipal and primitive character modulo ¢, then L(s,x) can be

analytically continued to an entire function satisfying
L(s,x) = (¢/2m)' 7' G()T(1 - ) L(1 = 5,X) {e*’”'(l*s)/z +x(-1) 6”(1’5)/2} - (1.143)

Proof: To prove (1.142), take a =1 in (1.136) and use elementary properties of I'(s).
To prove (1.143), we need to express L(s, x) in terms of {(s, a) in order to apply the functional
equation for (s, a) to L(s, x).

First, use a = r/¢, 1 <r < ¢ —1 in Hurwitz’s formula (1.141) and then multiply each term

by x(r) and sum over the index r. From (1.139) this gives, for Re(s) > 1,

1 — r D(s)es=t | _ . 22_1 r
(=50 =67 3¢ (10 ) = 55 [ o2 S x(r) F (5.5)
r=1 r=1
/—1
+e™2 N () F (—23)] . (1.144)
r=1

Since F'(a, s) is periodic with respect to a and has period 1, F' (3777”, s) =F (—%, s), and we

can rewrite the second sum in (1.144) as

/-1 r /-1 r— ¢ /-1 r
Zx(r)F <7Z,5> = ZX(E* r)F (f’ s) = x(—1) Zx(r)F (Z, s) . (1.145)

r=1 r=1
After recombining (1.145) with (1.144), we obtain
1 6-1

L(s)e S X F (f S) {6—7”'8/2 +x(-1) em/Q} . (1.146)

L(1-s,x)= (27)s

Finally, since Re(s) > 1, we can express F(a, s) by the Dirichlet series given in (1.140), which

proves
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— r — 1 = 2minr /L = G(”?X)
SO F(5,s) =30 > x(r) et T
r=1 n=1 r=1 n=1
— o0 > e Ls. ). (1.147
n=1

where the equality G(n, x) = X(n) G(x) comes from the fact that y is primitive (see Theorem
1.1.).

Replacing the expression (1.147) into (1.146) and exchanging s with 1—s we arrive to (1.143).
[ |

Remark 1.4.: The primitivity of the character x was essential to present a functional equation
for L(s,x) in the symmetric form (1.147). We should also remark that one can also write
functional equations for L(s,x) with x not being primitive, but not in a symmetric form, i.e.,

with both sides of the equation depending explicitly on the Dirichlet L—function.

One way of seeing this is by following the result stated at the introduction of this chapter (see

the Theorem 1.2. (1.16)). We know that any nonprincipal Dirichlet character can be written as

x(n) = x'(n) xa(n),
where X7 is the principal character modulo ¢ and y’ is primitive. Following Apostol [5], this

gives

L(s,x) = L(s.x) [[ (1 - x’(p)) : Re(s) > 1, (1.148)

ple P

and, of course, this equality can be extended to all s € C by analytic continuation. Using the
functional equation for L(s, x’), one may find an expression for L(s, x) in terms of L(1—s,) but
this equation will in fact depend on the character /' and, of course, will involve additional factors
such as products of the form displayed in (1.148). Although we shall not consider functional
equations of this type, the fact that we can write any L—function attached to a nonprincipal
Dirichlet character x in the form (1.148) will play an important role in the fifth chapter (see the
Main Theorem 1 there).

Corollary 1.5.: Particular values for L(n, x) when y is primitive Let y be a nonprincipal

and primitive Dirichlet character modulo ¢. Then we have

1. If x is even, then L(2n, x) satisfies the Euler-type identity (one should compare this with

(1.104)) AT
L(2n.y) = & )%gi (7;31)! ) Bonx- (1.149)

o0



2. If x is odd then L(2n — 1, x) satisfies the Euler-type identity

(=) 2m)" ™ G

Ln = 1) = i 5, = 1)

Bon—1%- (1.150)

Proof: For x even or odd take, respectively, s = 2n and s = 2n — 1 and use equation (1.116).

Analogously to the case of {(2n — 1), whose arithmetic nature is widely unknown, nothing
arithmetically is known about the values L(2n,x) when x is odd and L(2n — 1,x) when x
is even, although there are some formulas which are analogous of well-known identities for

¢(2n — 1) [56,65.

We finish this chapter with the computation of the derivatives of L(s,x) at s =0 and s =1

when y is a primitive character.

For example, when y is odd and primitive, the computation of L/(l, x) will be extremely
useful in the third chapter, allowing to evaluate in closed form an extension of Koshliakov and

Soni’s formulas to odd characters [93].

Corollary 1.6.: Derivative of L(s,x) at 0 and 1 Let x be a nonprincipal and primitive
character modulo ¢. Then L(s, x) satisfies the identities

L'(0,x) = G(QX) L(1,%), x even, (1.151)
/ i . r
L'(0,x) = —G(x) log(¢) L(1,X) + D x(r) logT (Z) , X odd, (1.152)
r=1
L'(1,x) = (fy — log <2€T>) L(1,x) — G(EX)LN(O,)O, X even, (1.153)
L'(1,y) = mG(EX) (7+log(27r)) LGE)LA, ) +ZX 10gF< )] , xodd  (1.154)

Proof: If x is even, we see from the functional equation for L(s, x) (1.143) that

G(x)

2 /
and so, after substituting y by Y and using the relation G(x) G(Y) = x(—1) ¢, (1.151) follows.

From the functional equation for L(s,y) when x is odd and using (1.99), we deduce
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/—1
L'(0,x) = —log(¢) L(0,x) + Y _ x(r) logT (C)

a 0
i r=1 . )
= ;G(X) log(¢) L(1,%) + Zx(r) logT (Z) , x odd. (1.156)
r=1

(Formula (1.156) will be of extreme importance in the third chapter in order to obtain a
generalization of a summation formula attributed to Dixon and Ferrar [40]). A straightforward

application of the functional equation for L(s, x) also gives the formulas

L'(1,x) = <7 —log (;)) L(1,x) — G(ZOL”(O,X), X even, (1.157)

L'(l,y) = —mG(EX) <<7 ~log (;)) L(0,%) — L’(o,x)> .y odd. (1.158)

If, in the last one, we use (1.156), (1.154) immediately follows. W

We end our considerations by remarking that the formulas derived here are classical and
belong to the nineteenth century. The new points in the derivations presented in this chapter
are the use of Abel-Plana summation formula to evaluate particular values for ((s,a) and to

prove its functional equation.

We’ve also introduced a proof of Lerch’s identity (1.62) based on Bohr-Mollerup’s theorem
and Hermite’s representation for ((s,a) which seems to bring novelty to the literature regarding

this topic.

Formula (1.158) was obtained also by M. Lerch and A. Berger [37|. It was also proved by A.
Selberg and S. Chowla in [90], with the use of the theory of Epstein (—function. This canonical
work of A. Selberg and S. Chowla will be central in our fourth chapter.

Regarding formula (1.157), it is still possible to adapt classic arguments to evaluate L (0, x).
In particular, one needs to introduce the theory of the double-gamma function [37] to proceed
with this computation. Since the values of L'(1, x) (for even and primitive x) won’t be necessary

in the forthcoming work, we omit their evaluations.
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Chapter 2

The Poisson summation formula and

its character analogues

In this section, we prove a strong version of Poisson’s summation formula and its character
analogues by using the functional equation for the Riemann (—function and for the Dirichlet

L—function associated with a primitive character.

Our approach is similar to the ones given by Guinand, Ferrar, Berndt and Yakubovich
[51,53,54,112], but the conditions we deal with are imposed in a different framework, as well as

our proof of the result.

We also present seven examples, which extend some identities already existing to a character
version.
Examples 2.1 and 2.5 are of special importance, as they will be invoked several times during

the fourth chapter to also prove an analogue of Selberg-Chowla’s formula.

Nevertheless, we still have some standard theory to expose before the main results, so the first
section of this chapter is devoted to a revision of classical results regarding Mellin’s transform for
functions belonging to Li (R ) and La(Ry), following closely the theory given in Titchmarsh’s
textbook [102].

Since our class of functions will generally be La(R4 ), we will fix the following notation.

Notation remarks:

e Given a sequence of measurable functions (f,(z)),cy € L2 (Ry), we say that

Lim.fn(z) = f(z), (2.1)

if the limit (2.1) exists in the Lo—norm, i.e.,
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Jm [ 15.(0) - f@) do =0, (2:2)
0
o Also, if f(z) = g(z), p — a.e., where p is the Lebesgue measure in R, then we denote this
equality by f(z) = g(x).

e For simplicity, we will use at some points the following convention: f*(s) € Ly(o) if

f*(s) € Ly (0 —ioco, 0 +i00).

2.1 Preliminary results: Part I - The Fourier and Mellin integrals

for the L, and L,—class. Plancherel Theory

We start with the classical definition of Fourier transform for the class of functions belonging to

Li(R).

Definition 2.A-1 (The L; - Fourier Transform) Let f(x) € L1(R). We define the Fourier

transforms of f(z) as

oo
/ f(y) cos(zy) dy, cosine transform, (2.3)
0
oo
/f sin(zy) dy, sine transform, (2.4)
0
oo
f(z) = / f(y) e”™¥dy, complex Fourier transform. (2.5)
s

Clearly, the condition f(z) € L;(R) assures that the integrals defining the Fourier transforms
(2.3), (2.4) and (2.5) are absolutely convergent and bounded since, for all z € R,

lg(@)|, 1h(@), 1F @] < 1 F 1l gy -

Now we present the inversion formula for the Fourier transform in the Li- class, whose proof

may be found in Titchmarsh’s book [102].

Theorem 2.A-1 (Fourier inversion formula in L;): Let f(x) be a continuous function

such that f(z), g(z) € L1(R) (resp. h(z) and f(x)). Then, for all z € R,

o0

/ 9(y) cos(zy) dy. (2.6)

0

fla) =2
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Analogously, we may write the inversion formulas for the sine and the complex Fourier

transforms as

o0

f@) =2 [ h) sin(ey) dy, (2.7)
0
f@0 =y [ fweay. 2.

Analogously to the case where f € Li(R4) N La(R4), we can still define a theory of Fourier
integrals for f(z) € Lo(R;). Following Titchmarsh [102], we also give the following definition.

Definition 2.A-2 (The Ly—Fourier transform): Let f(z) € Ly (R). We define the Fourier

transforms of f(x) as the following limits in the Ly mean

N

g(z) = Lim. / f(y) cos(zy) dy, cosine transform, (2.9)
1/N

h(z) = Lim. / f(y) sin(zy) dy, sine transform, (2.10)
1/N
N
f(x) =1lim. / f(y) e™™¥ dy, complex Fourier transform. (2.11)

—N

Analogously to the Fourier theory for the class of functions in the space L; (R), the following

inversion formulas take place.

Theorem 2.A-2 (Fourier inversion formula in Ly): Let f(z) € Lo (R) and let g(z) be

its Fourier cosine transform (h(x) and f(z) denote, respectively, its sine and complex Fourier

transforms),
N
o) =Lim. [ (o) cos(ay) dy.
1/N
Thus, we have reciprocally that
) N
f(z) = - Lim. / g(y) cos(zy) dy. (2.12)
1/N
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Furthermore, we have, almost everywhere, the following pair of transforms

d 7 sm :Uy 2 d T sm
= — )E = — : 2.1
- /f dy, — / dy (2.13)
0 0

For the cases where we have the sine and complex transforms, we obtain the following

analogous cases of (2.12) and (2.13)

N
2
fa)=21im / h(y) sin(zy) dy, (2.14)
1/N
w d T 1 — cos(xy) p2d T 1—cos xy)
h(z) = - /f(y)ydy, ﬂd/ dy, (2.15)
0 0
and
N
f(z) = glngg / Fy) ™ dy, (2.16)
d —zmy_l i d OOA ia:y_l
—z/f b S@ - [ f @)

Furthermore, we can invoke Parseval’s theorem for the Fourier transform in the Lo- class.

Theorem 2.A-3 (Parseval theorem for the Fourier transform): Let fi(z), fa(z) €
Ly (Ry) and g1(x), g2(z) € L2 (R4) be their Fourier cosine transforms.
Then the following equality holds

io/fl(a;) fa(x) dfr:/gl(x)@(m) d. (2.18)

Analogously for the sine and the complex Fourier transforms, we obtain the formulas

2 o0 o0
— | filz) fa(x)dx = [ hi(x) ho(x) dz, (2.19)
-/ /
%/ﬁwhmm:/ﬁwﬁmm. (2.20)

To prove the main theorem, we will make a large use of Mellin’s transform theory for the Lo
class of functions, as well as we shall use the L;—theory for the class of Miintz-type functions.

Now, we furnish some useful definitions and results regarding this transform.
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Definition 2.B-1 (Mellin transform in the L; class): Let f(z) be a function such that
21 f(z) € L1(Ry). Then, for a complex s satisfying Re(s) = o, we define the L;—Mellin

transform as the function

[e.o]

f(s) = /:c31 f(z) dx. (2.21)
0

The condition f(z)x°~! € L1(Ry) assures that the integral (2.21) is absolutely convergent

and that f*(s) is a bounded complex function in the line Re(s) = o, since

oo

F(8)] < / 2 (@) do = 27 F @), -
0

It is also known that the Mellin transform (2.21) can be written in terms of the complex

Fourier transform in the following form

fFlo+it)y= [ 27T f(@)de= [ f(e™)e T e ™Mdu= F(t),
/ /
where F(u) = f (e™")e™7".

Hence, by using Fourier’s inversion formula for the L;—class, we can analogously obtain the

following inversion formula for the Mellin transform.

Theorem 2.B-1 (Mellin’s inversion formula in L;): Let f(x) be a continuous function
such that z°~! f(z) € L1(R,) and its Mellin transform (2.21) satisfies f*(s) € L1 (0 — ic0, o + i00).

Then, for every = € R4, the following inversion formula takes place

o+1i00
f(:c):%i / F(s) z*ds. (2.22)

In analogy with Fourier’s, we can now introduce the Theory of the Mellin transforms for the
Ly class of functions. We start with the definition regarding an extension of (2.21) to functions
belonging to La(R4).
Definition 2.B-2 (Mellin transform in the L, class): Let 27f(z) € Lo (Ry, %), For

Re(s) = o, we define the Ly—Mellin transform by the limit in the Ly — norm

N
() =lim. [ 2°71 f(z)dax. (2.23)

N —oo

1/N
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For the transform (2.23) we also have an inversion formula similar to the one in L;, whose
expression will depend on the convergence in the Lo—mean of the integral. We state it in the

same way as it is stated in Titchmarsh’s textbook [102].

Theorem 2.B-2 (Mellin’s inversion formula in Ly) If 29 f(z) € Ly (R4, 92), consider the

Mellin transform defined in (2.23),

Conversely, we have that f(x) is given by the limit in the Ls—norm,

o+ilN
f(z) = Lim. / f(s)xz™%ds. (2.24)

Moreover, from Plancherel’s theorem for the Lo—Fourier transform it also follows that
o 1 oo
/]f(x)]2x2"1dx =5 / |f* (o +it)|* dt. (2.25)
s
0 —00

Finally, we state Parseval equality for the Mellin transform in these conditions, which will

be useful to derive the necessary Fourier kernels in the main theorem.

Theorem 2.B-3 (Parseval Theorem): Assume that f(z) and g(z) are such that 27 f(x), 2!~ g(z) €
Ly(Ry4, d?x) Then the following formula holds

oo o+100
/f(xt) g(t)dt = 2%” / f (s)g* (1 —s)x?ds, (2.26)
0 o—100

where the right-hand side of (2.26) can be seen as a Mellin inverse transform in L;, since
f*(s)g*(1—s) € Ly (0 — ico, 0 + i00) by the Plancherel theorem for the Mellin transform (2.25)
and Cauchy-Schwarz inequality [102].

In the next section we use the theory of Mellin and Fourier transforms for the class of Lo
functions to understand why the conditions imposed over the first class of functions defined at

the introduction are necessary.
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2.2 Preliminary Results: Part 11 - Our conditions

It is our aim for this section to explain why the conditions imposed over the functions f(z)
belonging to the "Ly class’ are relevant to prove the version of Poisson’s summation formula in

this chapter as Main Theorem.

However, before doing this comprehensively, let us introduce the following definition:

Definition 2.1.: A function f : [a,b] — R is said to be absolutely continuous on [a,b] if,

given € > 0, there exists some § > 0 such that

Z‘f yz $z)’<6

whenever {[z;, y;] : i =1,...,n} is a finite collection of mutually disjoint intervals of [a, b] with

Somq |y — x| < 6.

Clearly, any absolutely continuous function is uniformly continuous. Moreover, any abso-
lutely continuous function f on [a, b] has a derivative f’(z) which exists for almost every x € [a, b]

and is Lebesgue-integrable on the interval [a, b] satisfying, for all = € [a, b], the condition [13]

f(z) = fla) + / £ () dy

In what follows, we say that f is absolutely continuous on R if it is absolutely continuous

in every interval [a,b] C Ry.

Our main purpose for this chapter is to prove the following Theorem, which can be seen as

an extended version of Poisson’s summation formula.

Main Theorem:

Let x be a nonprincipal and primitive Dirichlet character modulo ¢ and f(x) an absolutely
continuous function on Ry such that s f*(s) € Lo (% — 100, % + Z'oo), where f*(s) is the Mellin

transform (in the Lo—sense) of f(x).

Then, depending only on the parity of the character y, the following summation formulas

hold

N
2m™n
li 1 2.2
N;néo;:jlx(n)f(m) i Ngg()}:x ( ) \ even, (2.27)
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. _2iG(y) _ 27N
Jim, Do ) == E i 3o (€> vodd,  (228)
N N N N
. 1 2 . 2m™n 21y .
Jim_ Zlf(nfv)—x/f(y)dy == Jim_ 29(1,) - /g< . >dy , X trivial,
= 1/N n= 1/N
(2.29)
where g(z) and h(x) are the integral transforms defined, respectively, by
1T g
- f'(y) sin(zy) dy, (2.30)
0
2 [ g
m/f sin? )dy (2.31)
0

and G(x) denotes the Gauss sum, defined in the previous chapter (see relation (1.9) there).

By naming x trivial, we simply mean that x is the unique character modulo 1, i.e., x(n) =
Xo(n) =1 (see the first chapter). Of course, the Dirichlet L—function associated to this charac-

ter, which is ’principal’ in the sense defined, is obviously Riemann’s {(—function.

Let us also remark that the integral transforms (2.30) and (2.31) correspond, almost every-
where, to the cosine and sine Fourier transforms of f(x) € La(Ry), since their primitives satisfy

(see [102] and the previous Theorem 2.A-2)

z

/ 7f sin zy dy. (2.32)
0

/Z 7f 1= cos Zy) dy. (2.33)
0

As a corollary of the main theorem, we derive several interesting examples, some of them re-
lated with the Kontorovich-Lebedev transform (see, for instance, the summation formula (2.167)

in Example 2.7.).

Serving as motivation, we cite some of them: for example, if a > 0 and Re(v) > 0, the

following formulas hold

2 Q-1 vl 1y 1\ <= x(n) 2mna
Zx(n)(a —n*)""2 =G(x)0" w2 af(u+2>z o Jl,< 7 , X even,

n=1
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[© o J—
2 o2w—l . v—1_L vy 1 X(n) 2mna
E x(n) (a® —n”)""2 = —iG(x)" "7z Va’ T <1/+ 2) 321 v H, < 7 , x odd,

n<a

where J,(z) and H,(x) denote, respectively, Bessel’s and Struve’s functions of the first kind

44,102, 106].

Using the properties of the modified Bessel function [106|, we are also able to prove, for

0 < b < 2aand k := V4dac — b?/2a,

= bn 1 1
4 g cos (77) Ko (2rkn) = g —
a e | it b2a 482 I T0/2a]

+ log <]12) — 2 (;;) — 7 cot <72r2> ,

extending, to any quadratic form, a formula deduced by Watson for the first time [105].

n=1

We are now ready to study the consequences of the main preliminary hypothesis for our
function f(x). In the next Proposition, we study some of the properties of the functions belonging

to the so called Ly class’.

Proposition 2.1. : Main preliminary hypothesis Let f(x) be an absolutely continuous

function on Ry such that s f*(s) € Lo (% — 100, % + 100) Then we have the following
1. f(z) € Ly(RT) and f*(s) € Ly (5 — ioo, 3 +i00) N Ly (5 — ico, & + ic0).
2. For o0 = %, the integral (2.24) can be written as an absolutely convergent integral.
3. limg_oz'/2 f(x) = limy_,s0 /2 f(x) = 0.

Proof: Let us prove these facts by their order in the statement: first, let us see that f*(s) €
Ly (3 —ioco, § 4 i00). Note that for all s in the line Re(s) = 1/2, one has |s|?> > I, and so, by

1)
hypothesis,
%—l—z’oo %—i—ioo
[ ir@pisiza [ jsr Pl <oc.
1l oo 1l 0o

2 2

The proof that f*(s) € Ly (3 —ico, 3 +i00) comes also easily from the Cauchy-Schwarz in-

equality,
1 tico 1 tico 1/2 1 tico . 1/2
[ @< | [ lsreRas /'||' < .
3—ioo g —io0 & —ico
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Finally, from the fact that f*(s) € Lo (% — 100, % + z'oo), it follows from Plancherel theorem

for the Mellin transform (eq. (2.25) with o = 1/2) that f(z) € Ly (Ry), which concludes the
proof of the first part of the statement.

To prove the second topic on the statement, recall that, since f*(s) € Ly (% — 100, % + ioo) N

Ly (3 —ico, & 4 ic0), it follows from the Mellin inversion Theorem in Ly that we can write (2.24)
as

14N 1tico
1 1
Lim. — * “Pds = — * ~Sds. 2.34
Lim o / fr(s)x™%ds 57 / fr(s)x™%ds (2.34)
1N L

3 —100

To prove the final statement, consider the L; representation of f(x) as a Mellin inverse
transform (right-hand side of (2.34)).

Using this, we can write it in terms of the complex

Fourier transform in the same way described above. In fact, taking F(t) = f* (1 +it) € Ly (R)
(by point 1.), we can write (2.34) as follows

. oo . '
1/2 _ « [ = . —ilog(x)t g,
x4 f(x) 7 / f (2 + zt) e dt

_ 1 i —ilog(a)t gy _ L p
=0 /F(t) ¢ dt = 5 F (log(x))

Since F' € L;(R) by the first statement and '/ f(z) can be seen as a Fourier transform of
F(z), it follows from the Riemann-Lebesgue theorem [94] that

lim F' (log(z)) =0,

(2.35)
which clearly implies that lim,_,o z'/2 f () = 0. To conclude the same when x — 0, take the

change of variables z <+ 1/z and use the previous argument. This concludes the proof of the
Preliminary Hypothesis. B

Having established conditions over the class of functions obeying the desired summation

formulas (2.27 - 2.29), as well as the necessary theory and motivation to develop these, we are
now able to proceed with another set of preliminary results.
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2.3 Preliminary results: Part III

For a nonprincipal and primitive Dirichlet character x modulo ¢, let us introduce the function

Ay(z) =" x(n), (2.36)

n<x
where, as observed on the Glossary, the prime on the summation implies that if z is an integer

then only 1y(z) is counted as the last term.

We assume that x is nonprincipal and has modulus ¢, so that Zf;ll x(n) =0and [A(z)] <

p(l) < -1 forall x > 0.

From the definition (2.36), Ay (z) =0 for 0 <z < 1 and A,(z) = O(1) as x — oo. Thus, if

we introduce the auxiliary function

hy(2) = : (2.37)

we have that h,(z) = O(z71) as © — oo, as well as h,(z) = 0 for 0 < z < 1. Hence, if we write

its Mellin transform in L;(R;) (2.21),

o0

B (s) = / () 2~ da,
0

we see that this transform is well-defined for Re(s) < 1 as an analytic function. Firstly, if we
assume that Re(s) < 0, by the definition of h,(x), Ay (x) and L(s, x) as a Dirichlet series (see

relation (1.20) on the previous chapter), we obtain

(e o] o0

hy(s) = /Ax(m) 252y = /AX(ZL') 25 2dx
1 1
o kil ~ k41
= Z / Ay(z) 2° %dr = ZAX (k+1/2) / 25 2dx
k=17, k=1 4
1

= iAX (k+1/2) ((k+ 1)1 — k1)

TR — ;’ﬁ“ (Ay (k= 1/2) = Ay (k +1/2))
- _;((_1)1 T3 11 kT (k) = L(ll__SSX) Re(s) < 0. (2.38)

Recall that, by imposing y as nonprincipal, L(s, x) is an entire function (see the first chapter

of this thesis). This means that (1—s) h}(s) and L(1—s, x) are analytic functions which coincide
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in the half-plane Re(s) < 0: by the principle of analytic continuation (see Proposition 1.8. at
the first chapter), we can extend (2.38) to the strip 0 < Re(s) < 1, from which we obtain the

representation
L(l -5, X)

By(s) = =%, 0 <Re(s) < 1. (2.39)

Now, for all 0 < o < 1, we have that z7h,(z) € Ly (R4, df) and so we can represent h, ()

via Mellin’s inversion theorem for the Lo—class (2.24),

o+iN
1 L(1—
() = 5~ Lim. / (1_"’;");1:—%15. (2.40)
o—iN

Since (2.40) is valid for all 0 < Re(s) < 1, it holds in particular when Re(s) = 3. Hence, a

simple change of variables allows us to write

1 L
Ay(z) = — Lim. (s, X)ajs ds. (2.41)

1—iN

In what follows, we prove the main Lemma in this chapter, which will allow us to connect

an integral of the type (2.41) with an infinite series involving Dirichlet characters.

Before establishing this main Lemma, we need a preliminary result related with the theory of
functions, which was established for the first time by Lindelof [43], commonly known nowadays
by “Phragmén-Lindel6f” principle. We state Lindel6f’s theorem in the way Edwards states it in

the section 9.1. of his book on the Riemann zeta function [43].

Lemma 2-A: Lindel6f’s Theorem (or a version of Phragmén-Lindel6f Principle): Let

f(s) be defined and analytic in a half-strip S = {s € C: 01 < Re(s) < o9, Im(s) >ty > 0}.

If p and g are such that |f(o1 +it)| < M [t|P and |f(o2 + it)| < My [t]|9, then there exists a
constant M satisfying

\flo+it)| < Mt"D) | o+ites,
where

qa—p

P (o —0o1),

plo) =p+

is the affine function connecting the points (o1, p) and (o2, q) on the plane.
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An immediate Corollary of Lindel6f’s Theorem is the following Proposition, which will be

useful in this chapter and in the next one.

Proposition 2.2. (Lindel6f’s Estimate): Let x be a nonprincipal and primitive Dirichlet
character modulo ¢. Then, given tq > 0, there exists a M > 0 such that, for all ¢t € R satisfying
|t| > top and any € > 0,

M o>1
Clo£it)], [L(o+it, )| <Mt 2"t 0<o<1 (2.42)

Mtz o <0.

Proof: Since ((s) possesses only a simple pole located at s = 1, it is analytic in every half-strip

of the form described by the above Lemma.

We know that, for every € > 0, ( (1 + €+ it) is bounded, since it is given by an absolutely
convergent series. Moreover, note that we can write the functional equation for ((s) in the

following symmetric form:

782 (;) ((s) =7 5T (1 3 3> C(1— s). (2.43)

Hence, using (2.43), we see that, for a sufficiently large ¢,

( 1+62+it )

by virtue of Stirling’s formula for I'(s).

C(—e—it)| < C C(1+e+it)| < Mylt|z e,

Thus, applying Lindelof’s theorem (or Phragmén-Lindeldf principle) for ¢ = 0 and p = %—Fe,

o1 = —e and 03 = 1 + ¢, we obtain immediately (2.42) for the case of Riemann’s (—function.

When x is nonprincipal and primitive, we know that L(s, x) has a functional equation which
is similar to (2.43). Thus, applying the same argument yields the estimate (2.42) for L(s, x) as
well. W

Another Lemma which will be important in the proof of our Main result is the following one,

which commonly appears as an exercise in Measure Theory textbooks [13].

Lemma 2.1.: Let p denote the Lebesgue measure on Ry and let (fy,),cn be a sequence of

measurable functions converging to f in the L, mean (with p > 1), i.e.,

65



lim /]fn—f|pdu:0.
Ry

Then there exists a subsequence (fp, ), cy such that f,, — f u— a.e.

With the necessary results stated, we are now ready to prove:

Main Lemma:

Let x be a nonprincipal and primitive Dirichlet character modulo ¢ and f(x) an absolutely
continuous function on R; such that its Mellin transform satisfies the condition s f*(s) €
Lo (% — 100, % +ioo).

Then for any x > 0, the following representation is valid

1 .
§+zoo

— / L(s,x) ff(s)z™%ds = lim Zx(n)f(nx) (2.44)

5—7,()0

Proof of the Main Lemma: By hypothesis, we have s f*(s) € Lg (% — 100, % + ioo) and,
since L (3 +it, x) = O (|t|%+€> when [t| = oo (see (2.42)), L(s,X)/s € Lo (3 — ico, 3 +i00).

By Cauchy-Schwarz inequality, we see that the left-hand side of (2.44) satisfies

Lyico
2
* L S, X *
[ e s < [FE2] a6l <o
1 La(o

2

and so the integral on (2.44) exists as an absolutely convergent one.

Recalling (2.41) and using the simple fact that Ay (1) € Ly (Ry), the Lo—inversion formula

xT

for the Mellin transform (2.24) allows to write

L(s,x) . 1\ ., .

= Lim. Ay - ¥ dx = Lim. AN (5). (2.45)
1/N

After the elementary verification that dA, (x) satisfies the properties of a Lebesgue-Stieltjes

measure! [13], the previous integral (2.45) can be written by appealing to an integration by parts

as

Ny (5) = % ]szcmx(a:) WO EA. (zlv) N (2.46)

S S
1/N

!This is done after decomposing x into real and imaginary parts and then check for each one the properties

that characterize Lebesgue-Stieltjes measures.

66



From (2.45) we see that (s A*NX(3)>N N is a sequence that converges to L(s,x) in the Lo
’ €

mean, i.e.,

1 .
5 “+100

lim |s AN (s) = L(s, X)‘2 dv=0 (2.47)
N—o00 ’

1 .
2200

where v (:= |ds|) denotes the Lebesgue measure in the real line Re(s) = 1.

From Lemma 2.1. above, we know that (2.47) implies that exists a subsequence <s AN, X(s)) Len
: €

such that s AL, | (s) = L(s, x) v—a.e..

Now, the conclusion of the proof follows from the Claims given below:

Claim 1: Let s be fixed complex number on the critical strip 0 < Re(s) = o0 < 1. Then
Njen(s)) _is a Caueh .
(s Ny (8) vep 18 @ Cauchy sequence

Proof of the Claim 1: The proof is immediate: for all € > 0 and Re(s) = o > 0 and, of
course, taking N and M sufficiently large,
T (-1
‘Af\,x(s) - A}‘wx(s)‘ <K /Ax(a:)|x"1dx <K-— INTO—M 7| <e B
’ ’ o
M

Claim 2: The sequence (A}k\,x(s))N , converges v—a.e. to L(s,x)/s.
: €

Proof of the Claim 2: Let A= {3 € C: Re(s) = 3 and limy_,o sAN, (s) = L(s,x)}. By

Lemma 2.1. above, we know that v (A°) = 0.

From the previous Claim, we know that, for any s € A, (s Ay X(s)) Nen is a Cauchy-sequence
’ €

which has a convergent subsequence.

Therefore, by an elementary property of Cauchy sequences, we see that, for all s € A,

imy 0o ANy (s) = L(s, x) and so s A}, (s) converges v — a.e. to L(s, x). W

Claim 3: We have the following equality

%+ioo %Jrioo
L . (. , .
o / L(s,x) f(s)ds = 5 ]\}E;noo s AN () f7(s) ds. (2.48)
1 Y
§—ZOO E—IOO
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Proof of the Claim 3: Consider the sequence of functions pn(s) = sAy, (s) f*(s). Then,
by (2.46), it is not hard to see that for all N € N, pn(s) € Ly (3 — ico, 3 +icc) since f*(s) €
Ly (% — 100, % + ioo). Moreover?, for Re(s) = %, we clearly have that exists a constant K > 0

such that

lon(s)] < K[ (s

al 1
(%))
=K |f*(s)| (‘L(s,x) +O (N7%)| + 6—\/;)

— K |f*(s)] [|L(s,x)| +0 (N_1/2)] €L (; .~ % + ioo) (2.49)

Moreover, from the previous claim we know that ¢y (s) converges v —a.e. to L(s, x) f*(s) €
Ly (% — 100, % +ioo).
From an application of Lebesgue’s dominated convergence Theorem [13| to the sequence

©n(s), we immediately obtain (2.48). W

Now, on the right-hand side of (2.48), let us use (2.46): this immediately gives

2+zoo N
ngnm% / / 20 ¥ (s) dA () ds — A (N) F(N) + A <;]>f<]1v> (2.50)
—fzool/N
5+ico N
1
:Nh_rgofm / /x_sf*(s)dAX(:r)ds (2.51)
L 0 l/N

where the latter terms were obtained via Mellin’s inversion formula applied to f*(s) € Ly (% — 100, % + i00).

These clearly vanish when N — oo because A, (z) = 0 for 0 < x < 1 and f(z)2'/? — 0 as
x — 0o (see point 3. in the Main Preliminary Hypothesis, Proposition 2.1.).
Finally, after combining (2.48) with (2.50), we are left with the equality
%—H’oo 1—I—zoo N
1 . _
o | He0r®) / [ dnga ds (25)
i
1 0o 7—100 1/N

2

which we explore by evaluating its right-hand side. Note that

%-‘rioo N

N
[ [l rdnde ] <156,y [ die) <.
/N

>To see this it suffices to adapt the computations in (2.55).
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and so, by Fubini’s theorem, we can interchange the order of integration on the right-hand side

of (2.52) and this gives

. %-Fioo N N
Jim L / / v ) dAy (e ds = Dim [ f(a) dAy(a), (2.53)
1l _jol/N 1/N

2

by Mellin’s inversion formula for the Lj—class.

Since f(x) is absolutely continuous, it possesses a derivative for almost every x € [1/N, N]
which is Lebesgue-integrable (see definition 2.1. above). Hence, we can integrate once more

(2.53) by parts and we obtain

/N ) ane) = £ a0 - £ (5 ) A (57) - /N F)Aayde. (250

1/N 1/N

To evaluate the last integral in (2.54), we simply proceed with the same trick as in (2.38)

and we finally get

T 7 N—1 "l
/ f’($) Ay (z)de = /f’(x) Ay(z)de = Z / () Ay (n + ;) dx
1/N 1 n=1 1
N-1 .
== 2_ X () f(n) + Ay <N—2) F(N). (2.55)

n=1
Finally, using evaluation (2.55) together with (2.54), we obtain (2.44) after a simple substi-
tution f(y) <> f(zy), x >0. W

We now move to the main section of this chapter, where we prove the Main Theorem stated

above.

2.4 Main Results: A character version of Poisson’s summation

formula

The main strategy in our proof, which will be used several times during this thesis, relies on

using the symmetries of ((s) and L(s, x) with respect to the critical line Re(s) = o = 1/2.

In what follows, we prove formulas (2.27) and (2.28) given in the main theorem. Since they
invoke a different transform, we separate their proofs and we emphasize the importance that the

parity of the character x plays in their statements.

69



Proof of the Main Theorem for even y In the main lemma of this chapter we have proved

that
. %—&—ioo N
L / L(s.x) f*(s)x~*ds = lim S x(n) f(na), (2.56)
271 N—oo —
1 i n=

2

and the right-hand side of the previous equality is precisely the left-hand side of eq. (2.27).

Hence, to relate the limit of the sum involving f with its homologous g, we need to study

the left-hand side of (2.56), i.e., the absolutely convergent integral involving L(s, x).

The idea now is to invoke the functional equation for L(s, x): recall that, if x is nonprincipal,
primitive and even, the functional equation for its L—function is given by (see eq. (1.143) in the

first chapter)

N\ 4 _ s
L(1_S,X)_2<27T> LG(x) T(s) L(s, %) cos (?) (2.57)

which allows to write the left-hand side of (2.56) as

%—l—ioo %—l—ioo

1 _ 2G(x) 1 / _ s 21\ " °

— [ ()25 ds = . L(s,X)T T praa—s) (2 ds
o [ Leor@etds =20 [ L nrees () s () ds

1 oo 1 oo

2

(2.58)

To obtain a summation formula, we need to study the Mellin inverse of the function g*(s) =

I'(s) cos (%) f*(1 —s), which will be found by appealing to Parseval’s equality (2.26).

Taking s = o + it, we can easily see from Stirling’s formula for the I'—function (1.32) that,

when [t| — oo, I'(s) cos (%) behaves as

T'(s) cos (%S) ~0 (\t\ff—%e—%lt\ cosh <gt>> = [t]77F, [t — oo, (2.59)

which is O(1) if 0 = 1/2. The estimate (2.59) clearly implies that

r 1 1
(Sl cos (%S) € Lo (2 — 100, 5 + ioo) .

Thus, g*(s) € Ly (% — 100, % + ic0), since f*(s) € Ly (% — 100, % + ic0) by point 1. given at

the preliminary hypothesis. We can now write the integral
%-{—ioo

s | T@es(G) rra-s) (ﬁ) ds

1 .
5100
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using the considerations of the Mellin transform on L;. Now we want to find g(z) given by the

Mellin integral,

%—i—ioo
g(z) = % / I'(s) cos (—) (1 —s)z"%ds
%—l—ioo
b [T s () s 250)

It is easy to observe that s f*(s) is the Ly—Mellin transform of —x f’(x), which exists almost

everywhere by the absolute continuity of f(z).

Since both factors in the integrand of (2.60) belong to Lo (% — 100, % + z'oo)7 the conditions
to apply Parseval’s theorem are met. Applying it to g*(s) = I'(s) cos (%) f*(1 — s) we obtain,
with the use of the elementary integral [102],

(o.9] . 1—1
/sm(x) 57 ldx = cos <7T—S> (5) , 0<o<1, (2.61)
T 2/ 1-s
0
that g(z) can be expressed as the transform
%—i—ioo
1 I'(s) s _
- 1 _ * 1 _ S
g(x) 57 / 1_8COS(2)( $)f* (1 —s)x%ds
%—ioo
17
= f(y) sin(zy)dy. (2.62)
0

Finally, to arrive at the right-hand side of (2.27), we just need to prove that sg¢*(s) €

Lo (% — 100, % + z'oo): to check this, notice that

™8

sg*(s) =T(s) cos (7) sf*(1—s)

™8

= —T'(s) cos (7) (I —38) f*(1—3s)+T(s) cos (%S) (1 —s).

Therefore, from the fact that I'(s) cos (%) is bounded in the critical line (eq. (2.59) above)
and both (1 — s) f*(1 — s) and f*(1 — s) belong to Ly (3 — ico, 5 +i00), an application of

Minkowski’s inequality proves that s g*(s) € Lo (% — 100, % + zoo) as well.
From the Main Lemma, the left-hand side of (2.56) can now be written as
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which, together with (2.62), concludes the proof of the first part of the Main Theorem. W

Remark 2.1.: Note that the integral transform g(x) has a primitive satisfying

=]

0

&\H

/f’ sin(zy) dy dz
0

/f’ /sm )d:z:dy
0 0

— / fy) ) g,
0

which means that, almost everywhere, g(z) coincides with the Lo - Fourier cosine transform of

f (see (2.13)), i.e

N
é i / ) cos(zy) dy,
1/N

where p denotes the Lebesgue measure on R .

Using similar techniques, we can prove the analogous formula for primitive odd Dirichlet

characters. We give the main details below.

Proof of the Main theorem for odd x Assuming that y is odd and primitive, recall that

the functional equation for its Dirichlet L—function can be expressed as

L(1—s, x)=—2i (;;)SWG(X)P(S) L (s, ¥)sin (g) . (2.63)

The substitution of the functional equation in the left hand side integral of (2.56) and an

elementary change of variables provides the relation

%-i—ioo %-{—ioo
1 . s 7—22’G(X)L / _ L (TSN 2 —s
o | Le0r@aas =200 [ o) sn () ra-s (71) ds
1_ . 1 -
7 —ioo g oo



Using the previous argument we obtain similarly

%—i—ioo %—l—ioo
1 —-2iG(x) 1 - o\ °
— L *(s)ds = ———=% — L h* — d
o [ ssoreas=2E L [ ren e () as

1_ . 1 .

5 —100 30

where h(z) is given by the integral transform

[e.o]

h(x) = / —y ') elay) dy, (2.64)

0

whith the kernel ¢(x) being the Ly—Mellin inverse of % sin (%2).
Also, from the elementary integral (see [102])

o

1-— r
/COS(‘T) R A Qe (E) . 0<o<l1, (2.65)
z 1-s 2
0
we have that p(z) = lfcgs(x) and an elementary substitution in (2.64) shows that

8\[\’)

7f’ ) sin? ) dy, (2.66)
0

which provides (2.28). W

Remark 2.2.: One can also check that

/ dx—/f — cos zy) dy.

and so g(z) equals almost everywhere to the Fourier sine transform of f, i.e.,

h(z) = 1i.

N~>oo'

f(y) sin(zy) dy.

E\Z

1

The approach used in this chapter can be also adapted to prove the classical Poisson sum-

mation formula for the Ly—class given by equation (2.29).

Notice that the transform g(x) used in (2.29) is the very same as the one in (2.27), which is
not a surprise, since the functional equation for the Riemann (—function is very similar to the

one for the Dirichlet L—{function with even characters.

We briefly describe the main steps leading to (2.29).
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Proof of the Classical Poisson summation formula: The proof itself is basically the same
as the one for an even character, so we will skip the details. However, the aspects derived at
the section “Preliminary results - III” will be slightly different because ((s) has a simple pole at

s =1, while L(s, x) is entire (recall Theorem 1.6. on the previous chapter).

We itemize the main differences in this proof, omitting the details in the computations, as
they can be handled out in an analogous way.
1. Instead of Ay(z) we introduce the remainder A(z) = [z] —z if ¢ N and A(z) = § — 1
if x € N. If, by analogy, we take h(x) = @, it is simple to see that h(x) = O(1/z) as
x — oo and h(x) = O(1) as * — 0, so that the Ly —Mellin transform of h(x) is well-defined
at the critical strip. Furthermore, using the Lo—theory for Mellin transforms, we can easily
show that

B*(s) = C(ll__:) 0 < Re(s) < 1. (2.67)

2. From (2.67) we can deduce an analogous version of the Main Lemma:

%Jrioo N

1 N

3 | o= gm 3 - [ ) (2:68)
1_ico n= 1/N

3. Finally, using the functional equation for the Riemann (—function in the left-hand side of
(2.68) and appealing to the transform (2.62) we deduce immediately the Poisson summa-

tion formula for the Ly - class (2.29). W

2.5 Poisson summation formula for the Miuntz Class

As said at the introduction, one of the classes of functions studied in this thesis is the class of

functions of Miintz-type, a concept introduced for the first time by Yakubovich in [116].

Lima [73] generalized the definition given in Yakubovich’s paper and we will work under

Lima’s definition, which we now state formally.

Definition 2.2.: A function f(x), defined for z € RJ, belongs to the class of functions of
Miintz type, Mg, where a > 1 and n > 2, if f € C*(RJ) and f*®)(z) = O (z7 %), 2 = o0
forall k=0, 1, ..., n.

In the following corollary, we show that (2.27), (2.28) and (2.29) also hold for the Miintz class
of functions, with the series and integrals involving these being absolutely convergent (recall the

definition given at the introduction).

However, in order to establish this, we need to state a lemma proved by Yakubovich in [116]

and extended by Lima in [73]. We state the theorem as it is given in [73]:
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Lemma 2.2.: Let f € Mgy,, for n > 2. Then the Mellin transform of f(x), f*(s), can be
analytically continued to the strip —n < Re(s) < «, where it is analytic except at the points
s =—k, k=0,1,..,n— 1. At these, f*(s) may have a simple pole with residue f(k,;(o), if

f%)(0) # 0, or a removable singularity, if f*)(0) = 0.

Moreover, for any —n < o < « there exists C(o) € Ry such that |f*(o + it)| < C(o) [t|™"
for all t € R\ {0}.

The previous Lemma 2.2., whose proof may be found in [73] is now essential for the next

Corollary, which extends a result proved in [116] to Dirichlet characters.

Corollary 2.1.: Poisson Summation formula for the class of Miintz functions Let

f€Mgyz2,a>1and x be a nonprincipal and primitive Dirichlet character modulo ¢.

Then, for all x > 0, the summation formulas hold

_ 2 = 2
ZX (nz) G Z_:y <;;n) , X even, (2.69)

> vin) fna) = 2O Zy p(3) . x o (2.70)
n=1 n=1

f0) & 1 2 — , ,
5 T nz:l f(nz) = . g(0) + . 9\~ classical Poisson sum. formula, (2.71)

where g(x) and h(x) are the integral transforms given by

[e.e]
/f cos(zy) dy
0

and

oo
/f sin(zy) dy.
0

The transforms given above are the Fourier transforms for the Li—class.

Proof: Since f € M,32, we have by Lemma 2.2. that, for -2 < 0 < «, f*(o +it) =
O (|t|%), [t| = ooc.

Therefore, f satisfies the conditions of the main theorem, as s f*(s) € Lo (% — 100, % + ioo).
Moreover, f € C? (]Rar) so that its derivative exists for all z € R} and we can apply the previous

considerations.
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Since f(z) = O (z™%), @ > 1, by hypothesis, the series Y 2 | x(n) f(n) converges absolutely
by the integral test, and so

ngnoon (n) =Y _x(n) f(n)
n=1

Moreover, the integral defining g(z) (2.30) converges absolutely and uniformly on R;. To

see this, note that an integration by parts yields

i,/f/ sin(zy) dy = 1 £(0) —/f”(y) cos(zy)dy| = O (;2>’
0 0

as x — 0o, which proves that the series Y > | x(n) g(n) also converges absolutely.

Since f and g clearly belong to L1 (Ry) N La(Ry), we can view g(x) as the L; —Fourier cosine

transform of f,

/f cos(zy) dy, (2.72)
0

for which we have the classical inversion formula (see Theorem 2.A-1)

O/ cos(x . (2.73)

Analogous considerations hold for the sine transform and the case where x is odd.

smw

Using (2.73), can write the latter integral in (2.29) as

T (2 I
O/g<$y> dy = - f(0),

and an application of the Main Theorem allows to prove (2.69 - 2.71). B

W~ |

2.6 Examples:

In this section, we introduce some examples of the proved summation formulas and which will

be used throughout this thesis.

We start with a generalization of the reflection formula for the Dedekind n—function, which

will be used in the fourth chapter.
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Example 2.1.: The reflection formula for Dedekind n—function and a character

version of it

Consider the function f(z) = ¥~ 'e™**, for Re(r) > 0 and a > 0. It is simple to check that
f*(s) = a Gt (s+v—1) satisfies the conditions of the main theorem and f € Ly (R )NLy(R,).
Using the integrals [44]

o0

/y”_le_o‘y cos(zy) dy = @425-‘(:)2)”/2 cos (v arctan (/) , (2.74)
0
/y”_le_o‘y sin(zy) dy = @425—‘(:)2)”/2 sin (v arctan (z/a)) , (2.75)
0

we see that (2.69), (2.70) and (2.71) yield the formulas

, xeven,

ad vo1 —an _ 2G(X)T(v) (27" 2. x(n) cos (v arctan(27wn/la))
> - 2ER (1) Y

¢ v — (n2+ (%)2>V/2

Z () n¥-le—an — ~2iG()T(v) (%) X(n) sin (v arctan (27m/€0z))’ Yodd,
E E — 2 al\?2 V/Z
n=1 n=1 <n + (ﬂ) >

> e =T(v)a " + 20 (v)(2m) " >
= (2 (3))

cos (v arctan (2mn/«))
v/2

Let us consider the simpler case v = 1 above. Using elementary trigonometric identities, we

obtain the particular cases

o0 o0 —

—an _ @ X(n)
x(n)e " = —G(x)l —=————, xeven, (2.76)
> 2 L
Z x(n)e " = _i6) X(n)z 5, xodd, (2.77)
n=1 g n=1 n? + (%—)
1 1 o o 1
SHY M=ty ———— (2.78)
2 n=1 @ 272 n= n? + (%)

Using these identities, we construct this example providing a new proof of the functional
equation for the Dedekind n—function and studying a character version of it, for an even Dirichlet
character which is primitive and real. These studies will play an important role in the fourth

Chapter, where we derive a character version of Kronecker limit formula for Epstein’s (—function.
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Related with the theory of partitions, the Dedekind n—function is defined by the infinite
product [94],

n(r) =5 [ (1—e*™7), Im(r) > 0. (2.79)

m=1

One can show that 7(7) can be expressed in terms of the generating function for the partition
function p(n), which counts all ways to express n as a sum of positive integers. Indeed, an

alternative way of writing (2.79) is

n(r) = ez f(1)7 (2.80)

where f(7) is the generating function for p(n), i.e.,

[e.o]
f(r) =Y p(n) . (2.81)
n=0
It is also well-known that (2.79) obeys to the reflection formula [5,94]

0(-3) = Cinao) (2.82)

T

Using Poisson summation formula in the Lo—form stated at the beginning of the chapter,
we shall derive the reflection formula (2.82) and extend it to a character analogue involving even

characters.

From (2.78) it is simple to deduce that, if f(x) = —log(1 — e~**), then its Fourier cosine

transform is given by

;T(l_o‘: L ) (2.83)

and, by the Basel identity, g(0) = 25> 1 = g—i. Using Poisson summation formula (2.29)

T a n

for f(z) = —log (1 — e~ %), one obtains

[e%S) 2 N N
_ Zlog (1—e o) — Z}La =2 A}gnoo Z g (2mn) — / g (2mx) dx (2.84)
n=1 n=1 1/N
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where g(z) is given by (2.83). To evaluate the right-hand side of (2.84), we need to compute the

limit

N Y1 /1 a 1
| 2 =1 —
Ngl})onz:l g (2mn) Niﬂo;% (2 Am2n  ednn/a 1)
N N
1 1 1 o 1
= i -H — - —
Ng%o [4 N+2 n(e47r2n/a 1) 87‘(22712]
n=1 n=1
v 1 s 4r?m o
= -+ - lim log(N) — = 1 l1—e " a - — 2.
Lo S (1) -5 e

where we have used the definition of the Euler-Mascheroni constant v. We join the logarithmic

limit with the integral in the right-hand side of (2.84) to obtain

N
1
li 2 dxr — = log(N
Jim | [ g(2na) do — J10g(V)
1/N
N
1 o' 1 1
= i — = dr — = log(N
NS | 4z dma? * 2 (e*m*w/o — 1) YTy og(N)
1/N
1
1 1 1
= I d
Noe | dr dra? | op (e —1)
1/Na
N/«
1 1 1 1
— dr — =1 =7—-1 2.86
* / 2z (ed™e — 1) 4ma? YTy () 4 og(a), (2.86)
1
where [ is a constant expressed by the sum of integrals
1 00
/ ! ! + +/ ! d
— dz T.
4z Ama? | 2 (e47f21’ - 2 64” v —1) - 4ma?
0 1
Combining (2.84), (2.85) and (2.86) yields
00 2
T
— log (1—e"") — —
S log (1 - o)~ 2
n=1
7 > ar?m
— log [ 1— a | ——-=2I 1 : 2.
=5 Z ( e ) 54 + og(a) (2.87)

=1

Now, to determine the value of the constant I, take v = 27 and solve (2.87) to obtain

_v, 1
I= 1 +4log(27r),
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so that, if we take a = 27z in (2.87) we derive the identity

- i_o:log (1 —e2™) — é =— ni::llog (1 - 6727;71) - % + %bg(x). (2.88)
From the definition of 7(7), if > 0,
logn(ix) = + Z log 2’"”)
which means that (2.88) is equivalent to
log(n(iz)) = log(n(i/x)) + %bg(x)- (2.89)

Taking the exponential function at both sides of (2.89), we obtain (2.82) for 7 = iz, x > 0.
However, the whole result holds by analytic continuation, since 7(7) defines an analytic function

on the upper half-complex plane H [94]. This proves the elegant reflection formula

—1 — (=) 2 (1 m(T
77( ) (—im) 2 n(r), Tm(r) > 0. (2.90)

T

We can still deduce a character analogue of (2.90) and prove a new relation of this type.

Invoking (2.76), we obtain

camy _ 2600 ooy | L ol i
— ZX log ) = X(n) Ln T 8n2n2 + m (647r2n/€a _ 1)

= G(QX)L(Lx) - O‘EET(QX) LX)+ 600 Y )

—n (647r2n/€a _ 1)
_ (;;X)L(LX) . aicjrgX) L(2,7) + G(X) Z X(nn) Z 4T nm /Lo
n=1 m=1
= O3 - Y 1o 3) 4 G Yo elmy et (291)

where o4 (n) =) din x(d) d* denotes the character analogue of the generalized divisor function
oq(n) (see the glossary). As we shall see, (2.91) has a connection with a character analogue of
Guinand’s summation formula, which we shall deduce in the fourth chapter using the properties

of the series representation for the Epstein (—function (see the details on Corollary 4.2.3.).

However, the last series in (2.91) can be simplified if we introduce the character analogue of

the logarithmic function, which we now define.
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If x is a Dirichlet character and |z| < 1, we define the character analogue of the logarithmic

function as the power series of Mercator type

log, (1 —2)=—_ ng 1z < 1, (2.92)
k=1

which can be employed in the series in (2.91) with a reversion of the order of summation, giving

— Y(n) - —472nm/la - —4m?m/la
ZTZe :—Zlogy<1—e > (2.93)
n=1 m=1 m=1

Finally, if we take a = 27z in (2.91), we arrive to the identity

on G(x . Gz _ > _27m
—Zx ) log (1 —e™2™) = (Q)L(l,x) - éw) L(2,%) - G(x) Y logy (1 —e ) ,
m=1
(2.94)
which can be seen as a character analogue of formula (2.82) for n(7).
Now, if we define for a real, even and primitive character modulo ¢, the function
LG (x) L(2,x) s
0G0 L(2x .
N(T)=¢€" 2= 7 H (1- ezmm)x(n) , (2.95)
n=1
we arrive to the functional equation
G(X) L X 2mim
M (T) = ’ H exp ( ) log, (1 —e b >> , Im(7) >0, (2.96)

which seems an extension of the reflection formula (2.90), although it only makes sense for real,

even and primitive characters.

However, if x(n) is the trivial character x(n) = 1, L(2,%) = ((2) = %2 and, in this case, 1, (7)

reduces to the usual Dedekind n—function (2.79) and log,, to the usual logarithmic function.

Since y is even, we know that L(2,x) obeys to the identity (see relation (1.149) on the first
chapter)

2
72
where By, is the character analogue of B, which can be written in terms of Bernoulli polynomials

(recall (1.112))

L(2,x) = -5 G(x) B2,y (2.97)

-1 , -1 2 -1
Byy =€) X(r) B (Z) =0 x(r) [@ -5+ 6] =071 " x(r)r?, (2.98)
r=1 r=1

since the other terms are zero due to the sign of x and the fact that it is nonprincipal.
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Alternatively, we can write the extended Dedekind n—function in the compact form

o0

(1) =e i3 BaxT H (1 — ezmm)X(n) . (2.99)

n=1
When x is the principal character modulo ¢ > 1, we shall see on the fourth chapter that

(2.99) plays an important role in studying a character analogue for Epstein’s (—function.

Example 2.2.: Eisenstein series and formulas of Nasim-type

Before considering the following example, it is important to mention other famous representa-
tions of the summation formulas proved above: note that we can write (2.27), (2.28) and (2.29)
by summing also over the negative integers and appealing to the complex Fourier transform

(2.11). Doing this yields the complex versions of Poisson’s summation formula

. N G(x N 2mn
A}gnoo nz_:Nx(n) fn) = T ]\} Z ( > , X even, (2.100)
al G(x) N (21N
Jim > ) ) =~ S X(n)f<€), x odd, (2.101)
Oon:—N e n=—N

N N
g | S g - [y =t | S Fem) - [ fema). o)

< i<mi<n v * La<hni<N v

If £ is an integer such that k& > 3, the Eisenstein series of order k is defined by the double
series [94],
1
Gi(r) = — (2.103)
(maZo0) (M F17)
where 7 is a complex number belonging to the upper half-complex plane. For k > 3, the double
series in (2.103) converges absolutely and uniformly in every half-plane 0 < § < Im(7), which

implies that G (7) is analytic in the upper half-plane Im(7) > 0.

It is also easy to check that, if k£ is an odd integer, then Gy (7) = 0. Furthermore, G(7) is

invariant under modular transformations, i.e.,

Gp(t+1) =G (1), Gk(T)ZT_ka(—l/T), (2.104)

so that G(7), together with n(7), is the standard example of a modular form [94]. In what
follows, by analogy with n(7), we shall discuss character analogues of (2.103) and the summation

formulas that we can derive by considering their symmetries.
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If x is a nonprincipal and primitive character modulo ¢, the associated Eisenstein series can

be expressed by the double series

x(m
Gr(r, )= ) _xm) - (2.105)
(mmZ00) T+ 77)
Note that, if x and k have different “parity” (i.e., if x is even and k is odd and vice versa),
then G(7,x) = 0. Therefore, for k > 2, we shall consider, for the trivial character and for the

case where Yy is even, the even indexed Eisenstein series,

1
Go(r) = Y ————, 2.106
) (m.n)#(0,0) (m + n7)* .

x(m)
= — 2.1
Gok(T,X) ( 5#(00)( TV (2.107)

By other hand, when x is odd and k > 2, we also consider the odd indexed Eisenstein series,

x(m)
Gop— = —. 2.108
2k—1(7, X) Z (m+m.)2k—1 ( )
(m,n)#(0,0)
To study other representations of (2.105), (2.106) and (2.107), we apply Poisson’s summation
formulas (2.100), (2.101) and (2.102). If Im(7) > 0 and k > 2, it is not hard to show (see [94],
Exercise 7 Chapter 4), via the theory of Residues that the complex Fourier transform of the

family of functions

1
fk(x)_ (l’—}—T) )
is given by
(=1 k—1 7/1’{
fr (&) = € £20 (2.109)
0 £ <0.

Hence, an immediate application of (2.100 - 2.102), yields

x(m) (—1) ( QkG > m2k—1 p2mi T
= e ¢’ x even, 2.110
X(m) . (_1)]{71 (27r)2k_1 G(X) - — 2k—2 27rz mnr
— =1 — X(m)m o7, x odd, (2.111)
"%:Z (m +n7)?1 k=1 (2k — 2)! mz_:l
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) 1 (Dren® i m?=lePmimnT, (2.112)

oy (m + nT)Qk (2k —1)! oo

We can now use the previous formulas to describe (2.106) and (2.107). Summing (2.110)

and (2.112) over the index n, we obtain immediately

(—1)F22m)%* G(X) o= o= _ L oy
Goi(7,x) = 2L (2k, x) + e, Z Z Z(m) m2E—1 27"
’ n=1m=1
~D)k2(21)%* G(x) & s
(2F,x) ( ()Qk_lglgmc( ‘7216—1,?(”)62 €', X even, (2.113)
’ n=1

_1)k9(o)2k & ,
((12)k2_(21)!) Zla%l(n) e2minT (2.114)

Gor(7) = 2¢(2k) +

where 0, (n) is the character analogue of the generalized divisor function, which appeared in

(2.91).

Furthermore, if x is odd and primitive, we also derive the representation

(=1)F 12 2m) PTGy in
ngfl(T,X):QL(2k—1,X)+Z( )(Qk _(2 l)£2k 1 Zng 27X 2 [ (2.115)

We now use the identities (2.113 - 2.115) to obtain a new proof of an identity appearing
in [78]. Using (2.114) and appealing to the second reflection formula in (2.104) we get

(—1)k2(27)%* &

2C(2k _ 2minT
_ —1)k2(2m)2k =2k N
2 2k 2 ( 3 2min/T
T G(2k) + 2k = 1)! n:102k 1(n)e
from which we obtain, after using Euler’s identity for ((2k) (1.104)
4 i ook-1(n) T — 72 i a1 (n) e 2T = Dok _ Do ook, (2.116)
— Ak 4k

Finally, we end this example by remarking that we can still derive character analogues of
(2.116). The main difference with the characters is that we cannot apply directly a reflection
formula of the form (2.104): however, we can argue by interchanging the order of summation in

(2.107) and (2.108), which is always possible due to the fact that k > 2.

For instance, assume that x is even (the odd case is completely analogous) and sum firstly

over the index n in (2.107). Applying (2.102), we obtain
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x(m) —2k -
I M (OD mEs
2%k
(2 00) (m+nt) — = (n+mr—
(~1)¢2 (2m)?* s
S e B

1)F2 (2m) 1 _omin
— ((Q)k_l —2k Zal ok X 2k; 16 27”7-. <2117>

Comparing (2.117) with (2.113) and using the generalization of Euler’s identity (1.149),

(=" 2m)* G(x)

L(27’L, X) = 2£2n (271)' BQn,Ya
we derive the extension of (2.116)
G(X) 2Tr LT
Ak 02k Dok x + g2k Z o2k-1x(n v
72k Zglf%,x(n) n%*le*%mh, X even. (2.118)

Using the same ideas for the case in which y is odd, we can also derive

G(X) Qﬂiﬁf
T 4k —2) Pxt g% ZU% 2 x(n) €27

_ 7_17216 20272k,x(n) n2k716727rin/7'7 X odd. (2119)

In the fourth chapter, we will extend (2.116) and (2.118) to the case where k = 1 by using

a character version of a formula obtained by A. Selberg and S. Chowla in [90].

Example 2.3.: A Character extension of a formula attributed to Phillips

In this example, we extend to characters a well-known formula firstly proved by Phillips [105].

For Re(v) > —%, let f(x) be defined by

(a2 —mQ)Vfl/Q O<z<a
f(z) = (2.120)

0 T > a.

Recall that, for Re(v) > —1/2, the Bessel function of the first kind is given by the power
series |44]

= e
(2) = n. 2121
Iu(@) E:Onlf(n—i—y—i—l)x ( )
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and the Struve function of the first kind can be written as well as [44]

- (_1) 2_2n_y_1 2n+v+1
H, = . 2.122
(aj) ZF(n—I—%)F(n+I/+%)$ ( )

To find Fourier cosine transform of f(x) we can use the power series expansion for the cosine

function and obtain

2 2w—1 _ — (=) 2, 2yw—1 2n
(a® —y*)"" % cos(zy) dy = ) o | @ v TRy dy
0 n=0 D
() T4 )T(n+3) o
2 —  (2n)! I'(v+n+1)

- %Vﬁf (u+ ;) i (=1)"(az)"+?n

— 22npIT (v +n+1)
1
=ov~1/zl (V + 2> a’z7"J,(ax), (2.123)

where in the second and fourth equalities it was invoked, respectively, the power series of the

Bessel function of the first kind (2.121) and the definition of Euler’s Beta function.

For the sine transform, we can invoke a similar proceeding and get

a

/ (a® — )"~ sin(wy) dy =

0

a
(—1)" a2t 2 2\v—1 on+t1
ent )l (a® —y*)" 2y™"dy
0

¢ 1

_L (”""%)”! on+1
T2 z:: 2n—|—1 (u+n+§) (za)

)
(o)
1
2

= V- 1[F(u+

TL

n! )2n+1+1/

o0
> -
0 2n+1'F 1/—|—n+ )

>"= az). (2.124)

w\@

From (2.123) and (2.124) we obtain the interesting identities

3 x(n) (% — 0?73 = GO 7V a'T <u+ ) iy(” <2”£m>, Xeven, (2.125)

nv
n=1

3" x(n) (a®—n?)"F = —iG(x)¢"'n3Va T ( > ; (2”"‘1), xodd, (2.126)
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21 v—1 1 — Ju(2 1
2 5 + Z (a2 —n2) 2= g T (1/—1— 2) a” Z (T:V”w), Re(v) > —5 (2.127)

n<a n=1

where the last one of these was proved by E.G. Phillips for the first time and appeared in print

in a paper written by Watson on self-reciprocal functions [105].

Example 2.4.:

Consider f(z) = Jo(az)/(x? + B?): its cosine and sine transforms satisfy, respectively (see

relations 1.12.14 and 2.12.12 in [45] Vol. 1)

0 T <«
g(x) =
25 € “PrI(aB) x> a,
sinh ,B:c
af) <«
W) = 5 Ko(aB)

0 T > a,

where Iy and Ky denote the modified Bessel functions of order zero [106]. An application of

these transforms gives the following identities

Z 2 ioﬁo;n = WiéX) LaB) > x(n) e ", X even, (2.128)
n=1 n>1+[a]
> X(ZQ) ff;n) = —2i§ﬁ(X)Ko(a5) 3" X(n) sinh (2”5 ") .y odd, (2.129)
n=1 n<[a]
1 >~ Jo(an) e—2mA(la]+1)
ozt = lo(af) — 5 (2.130)
2/82 nzjl n? + ,32 5 — e—2mpB

where [a] denotes the integer part of a (see our glossary).

Example 2.5: An example of Watson-type

In this example we extend a formula proved by Watson [105] to a general polynomial with degree

2.
Let v be a complex number satisfying Re(v) > % Consider also the function

1 1

Julw) = Q(x)¥ - (az? + bx + )"’

where the denominator is a second degree polynomial which is always positive, i.e., with its

coefficients satisfying —d = 4ab— ¢ > 0, a > 0. Instead of finding the Fourier cosine transform,
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we consider easier to compute directly the complex exponential and apply Poisson summation

formula in the form given in the second example (eq. (2.100) to (2.102)).

In the following calculations, we will find the respective Fourier transform, i.e., for £ € R

oo A 1 o0 ' (e’e}
§) = / fu(z) e 8T dp = 0 / e_’&/y”_le_Q(x)ydy dux, (2.131)
—00 —00 0

since () is positive-definite by hypothesis. Note that

me_Q(I)y‘ dydz =T'(Re(v)) / C;;U)U < 00,

—oo 0
since we are under the hypothesis Re(v) > % Therefore, the orders of integration in (2.131)

may be reversed, giving

e %= Q@)Y gy dy

[e=]

14l

— ei %5 2 e 4ay e 4 Y dy (2.132)

Now (2.132) can be evaluated if we take two separate cases: £ =0 or £ # 0. For the first, it

is simple to see that

T(v—1/2
V*%e fvdy = 7 (VF (V)/ ) g2, (2.133)

where k = +/|d|/2a with d being the discriminant of Q(z). We now compute (2.133) for £ # 0:

there are several ways to do this (see, for example, 186/187 of Watson’s treatise [106]), but

our method to prove it is by invoking the famous Cahen-Mellin integral representation for the

exponential
p+ioo
_2 1 e\
day = — r - d 2.134
« 27ri/ ) <4ay> - (2.134)
HU—100

where > 0. Let us substitute (2.134) inside the integral (2.132) and change the order integra-

tion (this is once more justified due to absolute convergence): we obtain
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p+ioco

f = 1 T izif 1 52 i v Z*% 7%
fu(i)—r(y) \/;e o / I'(2) <4a> /y+ e 1w ¥dydz
i 0

J—100
1 1 e 1. (22N~
_ ”i”aiiﬁ%‘”/rr () 4
F(V)\/;e 22t (ka) 57 )T (v+ = 2) 1 z.
H—100
Taking the change of variable z = %/2_” and using the Mellin representation for the
Modified Bessel function [106],
1 p+1i00
_ b s—92 s+v §—v s
Kl,(x)—2m, /2 F( 5 )F( 5 )x ds, = >0, u>|Re(v),
HU—100
we immediately arrive to
2 2%ka\ "
. T b a
F6) = T eimit <) K, 1 (klg), €#0. 2.135
© =gy e (T s (k) (2.135)

Applying the summation formulas (2.100-2.102) for the transform (2.135), we obtain

2wk n
g )

N |=

nez n=1
(2.136)
1
x(n) 4iG(x) \/? AN - S okm
- - — K
%(a?ﬂ—i—bn—i—c)” Tw) Va ;X(n) sin (71— ) n"T2 K, 0 | —— )
(2.137)
1 — F(V_l/Q) —v1.1-2v
nze% (an? +bn+c)” VT I(v) a 'k
1
4 T (ka2 & bn !
Ty Ve \ 7 — | n"Z K, 1 (2nkn). 2.1
+F(V) a <7T> ZCOS(T(CL>7L 2 V_%(ﬂ'kn) ( 38)

Formulas (2.136) and (2.138) will play an important role in proving the meromorphic exten-

sion of the Epstein (—function, which shall be deduced on the fourth chapter.

Related with the meromorphic continuation of Epstein’s (—function, we can still extend
(2.136-2.138) to the case where v = 1. We can achieve this extension if we use Poisson’s
summation in the Ly—form (as in Example 2.1.), but we prefer to adapt Watson’s method [105]

and invoke some principles of analytic continuation.
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Since the left-hand sides of (2.136) and (2.138) converge conditionally, this extension is
simple to obtain in these cases, as the right-hand side is also well-defined and the associated

series converges absolutely. This gives

7% \/% = 4?\%) ii(n) cos (wZZ’) Ky <2W5n), X even, (2.139)

(n) ~4iG(x > ( bn) (27Tk: n)
- ) s K, .y odd. 9.140
E o ef Xinsin{mog ) Bol = ) xo (2.140)

Dealing with (2.138) is more delicate, since the series at the left-hand side of (2.138) does
not converge for v = % and the right-hand side has a simple pole at v = % coming from the

I'—factor I (1/ — %)

However, we can study the meromorphic continuation of the left-hand side of (2.138) in the

following way: let us assume, for simplicity, that 0 < b < 2a and consider N € N.

Since k? = |d|/4a?, it is clear, from the definition of the Hurwitz (—function, that we can

extend the left-hand side of (2.138) in the following way

N-1

. 1 —v k2m
a
% ((n +b/2a)2 + k2)” Z:O m (n+ b/2a)2y+2m
Z/N 1 -V 2m b b
> Erdc(ov+2m, — ) +¢(2v+2m,1—— )}, (2.141)
= m 2a 2a

i.e., for Re(v) > § (N = 0) the left-hand side of (2.138) and (2.141) coincide.
Let M be a positive integer such that, for [n| > M, the inequality

ok
|n + b/2al

is satisfied. From the generalized Binomial theorem, we can write, for |n| > M, the first

<1

summand in (2.141) as the power series

a ka

1 —v
027+ =~ 25\ | (s ppaap

m=0

(2.142)

and we can easily see that (2.141) may be expressed as
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e k,?m

—v 1 —v v
SR PR e E P P PP (n + bf2a) o

In|<M In|>M | m=N m

N-1
v v 2m b — 7b
+a E k {C <21/ + 2m, 2a> +¢ <21/ +2m, 1 2a> } . (2.143)

m=0 m
Note that the general term of the infinite series Zln\> s 1s of the form O (W) for large n.

This means that this series converges absolutely if Re(v) > —N + % and (2.141) defines
a complex function of v extended to the half-plane Re(v) > —N + % and which is analytic

everywhere except at the poles of Hurwitz (—function present in the third term of (2.143).

By analytic continuation, for Re(v) > —N + %, the following equality holds

k2m

» 1 —v
a Z ((n + b/2a + k2 Z (n + b/2a)21/+2m

neZ =0 m
N [ 2 L (o0 +2m. 2 o+ 2m, 1— 2
+a mz::(] . ¢ | 2v+2m, % +¢(2v+2m, 1 5

From (2.144), we are finally ready to see what happens at the limiting case v — %: take

N =1 above and let v — % We obtain

1 bn 1 1 1
4a~2 Zcos (w) Ky (2rkn)=a"2 Z -
@ nez \/(n—i—b/Qa)2 + k? [+ b/2al

n=1

v)
(2.145)

v—

From Hermite’s representation of the Hurwitz (—function (see Theorem 1.6. given at the

first chapter), we have deduced that its meromorphic expansion around the simple s = 1 is given

by

((s,a)= —(a)+0(s—1). (2.146)

S —

Hence, applying this formula to (2.146) and invoking the Laurent series
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ﬁa‘”kl‘z”r(yr(_u;m - L 1 ! HOg( i2) o <V_ ;>] |

we obtain

th {a_”( <2u, 2ba> +a7"¢ (21/ 1- ) Vra R (VF(_V;/Q)}

— a2 10g <k42> _ a2 [1/1 (;a) +9 (1 — 2ba>] — a2 1og (kj) —q 1?2 [w <2ba + m cot (;i)] )
2.147)

(
where the last equality came from the reflection formula for the digamma function (1.44)
Y (1 —x)—(x) =mcot(mx).

Joining (2.147) with (2.145), we are able to obtain a generalization of Watson’s formula

> bn 1 1
4 Z cos (77) Ky (2rkn) = Z -
n=1 a nez \/(TL + b/2a)2 + ]4}2 |TL + b/2a|

+log (T) -2 <2ba> — 7ot <72r2> . (2.148)

Watson’s formula can be obtained if we put b = 0 in (2.138). Under this assumption, note

that the extension given in (2.141) is slightly different and can be written in the form

i~ N-1 2m N-1
(ak?) ™" +2a7" Z 2+ K2y kQ Z | n2vram +2a7" Z m K¢ (2w + 2m)
n=1 =0 m=0

(2.149)
where, instead of the Hurwitz (—function we have the particular case of Riemann’s (—function.
Proceeding as before, we take the limit v — % in (2.149) for b = 0 and from the meromorphic
expansions of ((2v) and /ma "k~ I'(v — 1/2)/T'(v) around v = %, we derive

1
421{0 (27kn) +2Z{ N n}—|—27+210g(/<:/2). (2.150)

It is also interesting to note that, for the case where a, b € N, we can write (2.148) in an
elegant way, by invoking Gauss’s digamma theorem (see relation (1.47) in the first chapter).

Since b < 2a by hypothesis, after a straightforward application of this theorem we obtain

” <2ba> — —y — log(da) — %Wcot ( > +2 Z cos < ) logsin (52)  (2.151)

m=1
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so that (2.148) can be written in the compact form

- bn 1 1
4 ZCOS (7T> Ky (2rkn) = Z -
a neZ \/(n+b/2a>2 + k2 |n+b/2a‘

n=1

a—1
b ™m

log (|d]) + 2y — 4 Zom ) logsin () 2.152

+log (|d]) + 2~ Zcos(a m) ogsin (5 ( )
m=1

Finally, although we were assuming that 0 < b < 2a, we can find another expression for

(2.152) without imposing the condition b < 2a. If we further assume that a, b € N, then exists
there exist n € Ny and 0 < r < 2a — 1 such that

b 2an +r r - o
¢<2a> :1/’( 2% >=¢(2a+n) = —7 — log(4a) — 5 cot <2a>

n a—1
1 b . o/mm
+ 2a ]E:l b= 9a) + 2m§1 cos (am> log sin (%) (2.153)

where n = [%] This extends (2.152) in the following form

> bn 1 1
4 Zcos <7T> Ky (2rkn) = Z -
= a e | Jintb/2a? 482 0020

[25] a1

1 b . /Tm
+log (|d|) + 2v — 4a ; b4 4 Z cos <am> log sin (E

(2.154)

N—

Example 2.6.: A Character analogue Hurwitz (—function

In this example, we briefly argue a proof of the functional equation for an analogue of Hurwitz’s

(—function

o~ x(n)

L(s, x,a) = nzjl o) Re(s) > 1, —1<a< 1. (2.155)
To do so, let us consider f(z) = e~**" cos(Bz) for even y and f(z) = %" sin(Bz) for odd

X- Then their cosine and sine transforms are given respectively by

T _ 22482 Bx
—e 4 cosh|— |,
2c

2c

1 22432
h(z) = 5 Tem T sinh (51’) .
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Therefore, using the main summation formulas of this chapter (2.27) and (2.28),

3t entom) = S0\ 2 S v ¢ % o (75

G0 [T S5 e b
—%\/; Z X(n)e a\z , X even, (2.156)

Z x(n) eon’ sin(fn) = \/> 67% sinh <7Tanf)

n=1
2 ™n 2
- —lG;eX) \f e i Zﬂn) e (P yodd. (2157)
«

By appealing to these identities, we can adapt the proof of the functional equation for (s, a)
given at the first chapter. Invoking this reasoning (the reader can consult the complete argument

in the supplementary document [89]), we derive the functional equations for L(s, x, a),

(iosn ) = () o) S o () 3
(2.158)

for even y and

oo )2 () o) £ § ],
(2.159)
for odd x.

Equations (2.158) and (2.159) extend the functional equation for ((s,a) for Dirichlet char-
acters. Furthermore taking $ = 0 in both and using the simple property G(x) G(x) = x(—1) ¢,
we recover, respectively, the functional equation for the Dirichlet L—function for even and odd

characters.

Example 2.7.: The Kontorovich-Lebedev Transform

In this final example, we consider one of the standard representations of the modified Bessel

function of the second kind [106]

o)

K,(z) = /e_“OSh(“) cosh(vu)du, x> 0. (2.160)
0
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The usual way to get (2.160) is by using Basset’s integral representation,

B L'(v+1) 2\ T cos(xy) 1
Kfo) =22 <x> /dey, Re(v) > —3, >0,

which, in its turn, is easier to prove if one invokes Mellin’s representation of K, (x) [106]

0

p+ioco
1 o3 [ STV Ss—V\ _,
Kl,(a:)—ﬁ /2 F( 5 )F( 5 >x ds, x >0, > |Re(v)|
H—100

and then uses Parseval’s Theorem for the Mellin transform.

If we put v = i7 in (2.160), we arrive to the Fourier transform of the Kontorovich-Lebedev

kernel

o0

Ki-(z) = /e_“OSh(“) cos(tu)du x> 0. (2.161)
0

For a fixed and positive x, let f(u) = e~ Then clearly f € L1(Ry) N La(R.) and
obeys to the conditions of the main theorem. Also, its Fourier cosine transform g(7) follows the

same behavior due to the inequality [115]

9()| = |Kir(@)| < eV (5). (2.162)

From (2.162) it is clear that the series appearing on both sides of (2.69) and (2.71) converge

and an application of these formulas allows the proof of the interesting identities

o0 G (o.9)
S wmyereotinn) = FOODS7 ) K @), xeven, (2.163)
s ¢
n=1 n=1
ae2 ta Z eeosh(n) — fro(p) 42 Z Kign(z), (2.164)
n=1 n=1

where a > 0 and 3 = 2Z. We can still derive an odd version of (2.163) and (2.164). Integrating
by parts in (2.161), we see that

Kz‘r(x) =

S8

/e_xCOSh(“) sinh(u) sin(7u) du, (2.165)
0

from which we deduce, after invoking (2.70)

—z cosh(na) : _ _’LG(X)B = ]
nz_:l x(n)e sinh(na) = Ry nz::l X(n)n Ku%n (), xodd. (2.166)
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Using (2.163), (2.164) and (2.166), we can state and prove the following theorem, which
extends to Dirichlet characters some results already proved in [113]|. The proof of this theorem
can be found in the supplementary document to this chapter [89], where we also expose other

computations and applications related with the Kontorovich-Lebedev transform.

Theorem 2.7.1.: Assume that x is a nonprincipal and primitive Dirichlet character modulo
¢ and f(z) € L1 (Ry, K,(éx)), for some 1> 3 and 0 < £ < 3. Then the following summation

formulas hold

ZX ) Lf (cosh(na)) Km ], xeven, (2.167)
—E f)+a Z Lf (cosh(na)) = Ko[f] + 2 Z Kignlf] (2.168)
n=1
where L£f(x) is the Laplace transform
o) = [ 1w)e vy (2,169

and K;[f] denotes the Kontorovich-Lebedev transform of f,

_ / f(2) Kir(x) da. (2.170)
0

If f(z) € L1 (Ry, K,(£x)), for some 1> 3 and 0 < £ < 1, we have the summation formula
for the odd case

LiG()B

ZX ) sinh(na) Lf (cosh(na)) = Py Y(n)nKan [f], xodd. (2.171)

n=1

Example 2.7.1.:

Consider the function f(z) = 2" 'e™®, for n > . To find its Kontorovich-Lebedev transform

(2.170) we use relations 10.2.32 in [45], vol.2 and 2.16.6.4. in [85], vol.2, giving

K lf] =2 n\FW. (2.172)
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Furthermore

o0

r
Lf (cosh(na)) = / g Lem(IHeosh(na))z g — a +CO§1’(>M)),7. (2.173)

0
Applying (2.167) and (2.168) to (2.172) and (2.173) we obtain

, xeven,  (2.174)

= x(n) . BG S in |”
I‘(U);:l (1 + cosh(na))? 21/l T (% —1—77) ;X(n) ‘F <"7+ 14 )

_n— - 1 2_nﬁ
al'(n) [2777} +; (1 —|—cosh(n04))n] T (n+3)

T?(n +2Z\F (n +1i8n)| ] (2.175)

For the case where x is an odd character, in order to meet the conditions of the Theorem

above, we need to impose 7 > % This gives

a h( 27132 = ?
Z . SIE (na) _ i 2 ﬁ G(x Z ( zin) (2.176)
n:l +cos (na))? ff I ( ot
If we take n = 1 and use Euler’s reflection formula for the I'—function, we obtain the
interesting particular cases
C42G() & x(w)n
= 2.177
Z:: 1+ Cosh (na) a2(? r; sinh (2#2;1) ) XEVelh ( )
a > 1 47?2 & n
-—4a)y — =14+ — . (2.178)
4 nZ::l 1 + cosh(na) a Z:l sinh (%)
If we now take x odd and let n = 2, we deduce from (2.176),
sinh 3, © = 2 Ar2n2
) sinh(ne) 859Gl §5_X(r) [1  drn ] 2.179)
= (1 + cosh(na)) 3¢ “— ginh ( azn) a2/l

Example 2.7.2.:

Consider the function f(z) = sinh(rz), for 0 < r < . Then f(z) € L1 (R, K,(¢x)) for some
w> % 0<¢< % (we need to take & > r). Its Kontorovich-Lebedev transform takes the form
(see relation 10.2.32 on [45], vol.2)

s

Kir[f] = N

csch (L;) sinh (7 sin_l(r)) .
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And a direct application of (2.167) and (2.168) allows to obtain the identities

2 cosh;((?iz)) 2 m ZX CSCh( zin) sinh (6; Sinl(f)) , Xxeven,

n=1
(2.180)
1 ad 1 _ Bsin~(r) I6; ad mhn\ . .1
1—r2 + 2; cosh’(na) — 2 mwry1—r2 * V1 —r2 ;CSCh <2) sinh (. sin” () -
(2.181)
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Chapter 3

The Voronoil Summation formula and

its Character Analogues

In this chapter, following the same lines and principles of the previous one, we use the Lo—theory
of integral transforms to prove a character analogue of Voronoi’s summation formula [80]. As
we shall see, the connection with Dirichlet’s divisor problem will motivate a stronger version,
which will be only proved at the end. Besides, we will set some new identities analogous to
Voronoi’s involving character weighted series. These can be used to establish a character version
of Voronoi’s estimate for the divisor problem and prove other interesting results, such as the
fact that L(s, x) does not vanish at s =1 when y is a nonprincipal and real Dirichlet character

(see the Main Theorem 1 on the fifth chapter).

The main theorem of this section, which we shall prove only at the very end, is stated as
follows:
Main Theorem:

Let x be a nonprincipal and primitive character modulo ¢ and f(z) an absolutely continuous

function on Ry such that s f*(s) € Ly (3 — 900, 5 +400). Then the following summation for-

mulas hold
N N
Jim | S a0 7o) - 10 [ F@)ds
n=1 1/N
e N 7_‘_2 7T2
_4 E(X Jim de(n)g<4€n> — L(1,%) / g<4€w> dr|, x even, (3.1)
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= 1/N
4iG al Ar? Ar?
_ A g(x Jim > dg(n) <2n> — L(1,Y) / h <Zm> da|, x odd, (3.2)
- 1/N
N N
Jim | S ) f) — [ (og(e) +20) (o) da
= 1/N
N N
=4 A}gnoo Z d(n) g(4m3n) — / (log(z) + 2v) g(4r3x)dx | , x trivial, (3.3)
n= 1/N

where dy(n) is a character analogue of the classical divisor function d(n) = > ;4,1 (see our

glossary), being defined as

dy(n) = Z x(d),

din

and g(x) and h(x) are the integral transforms given by

o]
™

o0) =57 [ (2 mievan +vievm ) Vil e 3.4
0

) = —5 = / VIV () dy. (3.5)
0

Here K, and Y, denote the Bessel functions of the second kind and .J, is the classical Bessel
function of the first kind. In the sequel, as in the previous chapter, we shall invoke Watson
Theory for the Lo transforms [102| to write the integral transforms (3.4) and (3.5) as integral
transforms for the Lo class of functions (see Remarks 2.1 and 2.2 in the second chapter).

In contrast with the previous chapter, here we do not attack directly the proof of the Main
theorem stated as above. Instead, we develop the theory and preliminary results aiming at a
weaker version of it and only at the last pages we argue that the Main theorem is also true, but

its foundations are based upon non-elementary results from the Analytic Theory of Numbers.

This has to do with the fact that, in a strong contrast with the summation formula at the

second chapter, the conditions in the Main theorem are very narrow to lie in rather elementary
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considerations on the asymptotic properties of the remainder terms

Ax(x) = Z/dx(n) - L(LX) €, (36)

n<x

Afx) =Y "d(n) — z (log(z) + 2y — 1), (3.7)

n<x
considered in Dirichlet’s divisor problem and related with the Dirichlet series whose coefficients
are the divisor functions dy(n) and d(n). Since getting a suitable bound for (3.6) and (3.7) is
very difficult [63,103|, we will focus at a weaker version of the Main Theorem above, which we

state as follows,

Theorem 3.1. Let f(z) be an absolutely continuous function on R4 so that its Mellin trans-
form satisfies s f*(s) € Lo (% — 100, % + ZOO) Furthermore, assume that exists a § > 0 such that

f*(s) is analytic in the strip 3 — 6 < 0 =Re(s) < 1+ 6 and f*(o +it) = O (|t|™"), for n > 3.
Then the formulas (3.1), (3.2) and (3.3) are valid under these conditions.

As in the previous chapter, we will prove first the character formulas (3.1) and (3.2), arguing
that the third one (3.3) can be proved analogously, as in the Poisson case, with the extra factors
coming from the higher order of the poles of Riemann’s (—function.

We start with a few preliminary results, related with an extension of the classical Dirichlet

estimate for the divisor problem, invoking the analytic behavior of L(s, x) around s = 1.

3.1 Preliminary results - Part I:

First, we need to establish some results related with the behavior of the Riemann (—function
near the critical line. In the previous chapter, we have used the fact that the asymptotic order
1

of ((s) in the line Re(s) = 3 is given by

1 1
¢ (2 + z’t> =0 (111, 1] = oo, (3.8)

which was established via well-known methods, such as Phragmén-Lindelof principle [43] (see
Proposition 2.2. at the previous chapter). However, to study Voronoi’s summation formula
in the Lo—sense, we shall need a sharper estimate, which we state at the next lemma. The
proof of this estimate can be found in Theorem 5.5., page 99 of Titchmarsh’s textbook on the

¢—function [103].
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Lemma 3.A.: An extension of the Phragmén-Lindel6f Principle The order of the

Riemann {—function in the line Re(s) = 1/2 satisfies the asymptotic order
1 1,
¢(5+it :O(|t|6 ) It — co. (3.9)

Now we formally define the weighted divisor function used in the statement of the main

theorem.

Definition 3.1. Let x be any character modulo £. We define the arithmetic function d, (n)
by the following sum

dy(n) = x(d), (3.10)

din

which, in some sense, extends the notion of the classical divisor function d(n).

Example 3.A.:

Consider, for instance, the odd character modulo 4 (see the elementary example 1.A given at

the first chapter)

Then we have that

dum) =Y x@= Y 1- ¥ 1

dn d=1 mod 4 d=3 mod 4

=di4(n) — dga(n),

where the notation d;,(n) denotes the number of divisors of n which are congruent with j

modulo 4.

Since, as n — 00, d(n) = O (n°) for every positive € [60], |dy(n)| < d(n) = O (n) as well, so
that the Dirichlet series




is absolutely convergent for all s in the half-plane Re(s) > 1. It is also easy to check that, for
Re(s) > 1 (with * denoting the Dirichlet convolution [5])

C(s)L(s,x) = Z 1*nXS() Z Zd|n
n=1 n—1 =

and so the Dirichlet series having the arithmetic function d(n ) as coefficient equals to the
product ((s) L(s, x).

Before proving the weaker theorem stated in this section, let us recall, from the first chapter

(1.24), one of the representations of the Dirichlet L—function via the Hurwitz (—function

-1
Lis,) = €73 x(¢ (5 7). (3.11)
r=1

which is usually invoked in some arguments aiming to prove the functional equation for L(s, x).

To estimate A, (z) given in (3.6), we are interested in a truncated version of (3.11). Note that

H

X et [l X (nl+r) ] 1
YA S AR 0 L 12

n<x
and the second sum is a truncated version of the Hurwitz (—function. Omne of the natural
conclusions of the Hermite representation of ((s,a), seen in the first chapter (1.89), was that,

around s = 1, this function admits the Laurent expansion

oo

((s, a)

J(s—1)" 0<a<l1 (3.13)

where 7, (a) are the so called Stleltjes constants (for a = 1, y,(a) = v, and (3.13) describes the
Laurent expansion for Riemann’s (—function). For example (see eq. (1.90) at the first chapter),

one can show that v, (a) obeys to the integral representation [44]

2¢ n+1 a—ix a+ix e2m — 1

%(a):[1_1og( ] Z]O[log a— iz) log"(a—kia:)} g
0

However, another relation due to Wilton [23,111] is more natural, and generalizes the usual

definition of the Euler constant v = 79(1). This relation gives the formula

(3.15)

m—00 k+a n+1

" log" a og" " (m+a
(@) = lim lzlgm)_lg (m + )

From (3.13) it is natural to expect the truncated version

ik )+10g(m+a)+0<1> (3.16)

m
k=0
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Recall also that, using (3.13) as well as the fact that yo(a) = —t(a), one can obtain the

particular value (see Theorem 1.7. on the first chapter)

/-1
r

L(L,x) = =LY x(r) v (Z> : (3.17)

r=1

We are now ready to prove the following result, which can be seen as a character analogue

of Dirichlet’s theorem for the divisor function.

Lemma 3.1. Let x be a nonprincipal Dirichlet character modulo £ and A, (z) be the remainder

of the weighted divisor function (3.10),

Ay(@) = "dy(n) — L(L, ) 2. (3.18)

n<zx

Then the following estimate holds
1A, (z)] = O <m1/2> . (3.19)

Proof: Our proof uses the key ideas of Dirichlet’s own proof for A(x) presented in Titchmarsh’s
textbook. Recall from the previous chapter the function Ay(x) = Z;Sx x(n), which satisfies

|A¢(z)| < £ —1. From elementary considerations, we find the estimates

n<Vz Jz<m<E

= [Val A (va) + X (Ae(S) - A (va))
m<\/z
+ 3 xm ([F] - [val)
n<x
= 3 a(S)+ X ) (5 +om) - [Val Al (va)
m<\/z n<x
—e 3 XS A () - VA A (vE) + 0. (3.20)
n<Va m</a

Using (3.12), (3.16) and (3.17), we deduce easily
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> M) _ g EZEX(T) =
s n — —on +7
/—1
— ! Tzlx(r) (—w (%) +log ([‘f} + 2) +0 (%))
— L(1,x) + ¢! e: () Tog ([\ﬂ 4 2) 10 (%) . (3.21)

Consider the second factor in (3.21): since we will take = arbitrarily large, take x > ¢. From

the power series for the logarithmic function we obtain

féx(r) log ([\ﬂ + Z) = log ([\ﬂ) j::x(r) + Zi X () log (1 + W)

r=1

£-1 X (1)1,
S0 = (O -0(%)

1

where the second equality came from the fact that y is nonprincipal. Hence, we have that

n;gxfj) = L(1,x) + O <\}5>

which, together with (3.20) yields the desired estimate (3.19). W

We now introduce another class of preliminary results which is similar to the one presented

in the Main Lemma of the second chapter.

3.2 Preliminary Results - Part II:

As before, let us assume that x is a nonprincipal and primitive Dirichlet character modulo ¢:

consider the function (the average order of the arithmetic function d, (n))

) =+ 37 dm) = L(1,X)

n<x

From lemma 3.1., h,(x) satisfies the asymptotic estimates



As in the previous chapter, we are now allowed to write the L;—Mellin transform

/xs Thy( (3.22)
0

which is well-defined for 0 < o < 5. It is not surprising that (3.22) can be analytically continued
into the region 0 = Re(s) < 0 by a similar process to the one given in the previous chapter (see

eq. (2.38)) , i.e., we are allowed to write h}(s) as follows

hy(s) =

o — _

o0
x5 1h x+/x3 1h
1

1 00
/xSIle x+/:c51h
0 1

[e.e]

+/xs Thy( (3.23)

1

and these equalities are valid for o < %, since the latter integral exists and it is analytic in this

region.

In (3.23), let us take Re(s) = o < 0: performing the same type of computations as in the

previous chapter, the latter integral can be written as

o0 o0

2 hy ( Z dy(n)z*2dx — | L(1,x)z* 'da
1/ 1/n<x 1/
T e L) (=)L —s,x) | L(Ly)
—/; dy(n) 2z “dx + = T + ; (3.24)
1 n<z

Since the function in (3.24) is analytic in C\ {1}, having s = 0 as a removable singularity, it

follows from analytic continuation that, for all complex s belonging to the region Re(s) = o < %

(3.25)

1—3s s

7’963 U@y = SO ML= 50 | L(1L,x)
1

and a direct comparison with (3.23) yields

1—s) L(1-s,x)
1—s

hy(s) = o , 0<Re(s) <

N
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Now, for all 0 < o < %, we know that x7h, (z) € Lo (R+, d—x) and so we can apply Mellin’s

T

inversion formula in Ly to obtain (see the details in the second chapter),

o+iN
: (A=) L1—-sx) 1
hy(x) = lzifl'j?o' / T—s x %ds, 0<o< 7 (3.26)
o—iN

Our main obstacle now is the extension of (3.26) to the critical line ¢ = I, where ((s) and
L(s,x) possess a suitable symmetry to provide a summation formula.

To do this, we cannot use, as in the previous chapter, the classical estimate given by
Phragmén-Lindelof (3.8). Doing so would imply that the integrand in (3.26), for ¢ = 2, would

2
be O (\t]_%+e>, therefore not belonging to Lo (%)

To surpass this first obstacle, we use Lemma 3.A., which implies that, at the critical line,

for any € > 0, h}(s) obeys to the estimate

1—s)L(1— 7
h;(s) _ C( Si _(S 57X) -0 <|t|—§+e) , |t| 5 00

and therefore h} (s) € Lo (% — 100, % + zoo) This means that the Lo integral of Mellin type
7+1N
C ]- B S 7X) —s
% INI‘)I& 1 s X dS, (327)
772N

is well-defined in the sense remarked by eq. (2.2) of the second chapter.

Now, let g(x) be defined as the limit (in the Lo mean) given by (3.27): then g(x) € Lo(Ry)
by Plancherel theorem for the Mellin transform in Lo [102] (see eq. (2.25) in the second chapter).

For any 0 < 0 < %, consider the rectangular contour I'; y having o £ i/N and % +iN as
vertices. Since ((1 —s)L(1 —s,x)/(1 —s)x~* is analytic on the interior of I', n, by Cauchy’s

theorem we can write, for each 0 < o < %, N >0,

CA=8) L1 =sx) 5, _
/ 1= x”%ds = 0. (3.28)

Since (1 —s) L(1 —s,x)/(1 —s) = O ([t|]""21) (recall (2.42)), it follows that the integrals
along the lines [a +1N, % + iN] obey to the inequality

1+iN ,
1—s)L(1- K |N|~ot2¢g=0
1—s log (|N|x)
otiN

so that
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L+iN
2
C (1 B 8) 8
1—s

Lim.
N—o00

o+iN

|ds| = 0.

From (3.28) we conclude that g(x) = hy(x) a.e., which means that h,(z) € La(R;) as well.

1 4(1_5) L(l_svx)

Hence, for a complex number s belonging to the line Re(s) = 5, we can write T as
the Ly—Mellin transform,
I N
1— 1— 1
3 8)1 —(s 5:X) =Lim. / 2" hy(v)dz, 0< o< 2 (3.29)
1/N
and after an elementary change of variables, we can rewrite (3.29) as
((5) L5, ) i
S S X) 4. -1 1 s " 1
T = Lim. A (x) dx =1im. Al N (8), 3 < Re(s) < 1. (3.30)

1/N
Equation (3.30) plays an analogous role to equation (2.41) in the second chapter, which was

essential for the establishment of the main lemma. Now we can prove the following:

Main Lemma: Summation representation in the region o > 1/2

Let f(z) be an absolutely continuous function on R such that s f*(s) € Lg (0 — ico, 0 + i00),

for % < 0 < 1. Then the following representation holds

4100 N

N
2% / C(s) L(s,x) f*(s)ds = lim_ > dy(n) f(n) — L(1,x) / F(z)de| | 1 <1

2
n=1 1/N

T—100

(3.31)

Proof: After the proof of (3.30), which is the most important part of the preliminary results,
it is quite immediate to deduce (3.31) from an adaptation of the work done in the previous

chapter.

Since ((s) L(s, x)/s and s f*(s) are both Ly(c), 3
establishes that the integrand in the left-hand side of (3.31) is L1(0) and we can use the theory

< o < 1, Cauchy-Schwarz inequality

of Mellin transforms for the L1—class of functions.

First, using an integration by parts in the second term of (3.30) (we can still justify the

integration in the sense of Lebesgue-Stieltjes 1), we adapt the proof given in the previous chapter

"When x is a real character, one can check that A, (z) is monotone by looking at Lemma 5.1., Chapter V, of
this thesis. If x is not real, one may decompose d, (n) into real and imaginary parts and then verify the properties

of a Lebesgue-Stieltjes measure for each one of these.
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to conclude

o+ico o+ico

o | COLE0 s = o tim [ s () £(s) ds
U+i0; N : ] )

i ok [ [ reeaswas —acmim o () £(5)] e
0—1i00 1/N

where the latter terms come from a direct application of Mellin’s inversion formula in L (o — 00, o + i00)

(recall that the hypothesis s f*(s) € La (o) implies f*(s) € L (0)).

Furthermore, in (3.32) we have an ordinary limit, while s A} \(s) converges in the Lo—
mean to ((s) L(s,x). This apparent change in the nature of limits can be also justified in the
same way done previously, i.e., by invoking the fact that convergence in Lo implies convergence

u — a.e. for some subsequence (see Lemma 2.1.) and that (s Al N (s))N N is Cauchy.
’ €

Moreover, the exchange of the limit with the integral in the first equality is possible due
to Lebesgue’s dominated convergence theorem for the class of L; functions (see the previous

chapter).

Since s f*(s) € La (0 —i0c0, 0 + i00), it follows from the preliminary results given in the
previous chapter that lim,_,0, o 27 f(x) = 0. Hence, using the fact that o > % and the estimates

for A (z),

1A (2)] = O(x?) 2 — o
=0(z) z=—0,

we immediately see that the latter terms on (3.32) vanish and 7 !|A, (z)| € Li1(R). This

gives the equality

o+1i00 o+ico N

1

o | COLe0 P ds = lim [ ] fs)aaa ) ds (3.33)
o—100 J—iool/N

which can be treated by appealing to Fubini’s theorem since

o+ico N N
g [ [ 1@ as @ ds] <15 Gl Jim [ o7 d|A)
o—ico 1/N 1/N
N
= 1 Oy Jfim, [ a7 Ay @)] do < . (3:34)

1/N
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Interchanging the order of integration in (3.33) (which is allowed by (3.34)), we obtain

o+ico N N

lim / / F(s)a by (a)ds = Jim [ fa) i), (3.35)

N—oo0 271
o—ico 1/N 1/N

which finally gives, after an integration by parts and appealing to the absolute continuity of f

(it suffices to mimic the computations given in (2.55))

N

N
lim /f z)dr = lim |Y dy(n) f(n) — L(1,x) / f(z)de|. (3.36)

N—o0 N—oo —
1/N = 1/N

The lemma just proved ensures a representation of an absolutely convergent integral of
Mellin-type as a series involving the weighted divisor function d,(n). But this representation is
only valid in the region o > % As we’ve seen in the previous chapter, to study a summation
formula over the coefficients that arise from the Dirichlet series ((s) or L(s,x), we need to use
the symmetries of the product ((s) L(s,x) via a functional equation. The symmetry we now
need is only provided if, in the left-hand side of (3.31), we make an integration over the critical

; 1
line o = 3

To allow this, we need to impose additional conditions over f*(s) and this is precisely what

is done in the next lemma.
Lemma 3.2. (extension to the line ¢ = ) Let f(z) be an absolutely continuous function
on R such that s f*(s) € Ly (3 — ico, § +ico).

Moreover, assume that exists § > 0 such that f*(s) is analytic in the strip % —0< o=
Re(s) <1406 and f*(o+it) = O (|t|™"), for n > 3.

Then the following representation holds

%Jrioo N
2%. / C(s) L(s,x) [*(s)ds = lim Zd L(1,x) /f(:c)d:c . (3.37)
300 1/N

Proof: Since, by hypothesis, f*(s) is analytic in the region % < Re(s) < % + §, Cauchy’s
theorem allows to write, for the rectangle I's xy = [% + iV, % +46+ iN],

/ C(s) L(s,x) f*(s) ds = 0.

Tsn
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By hypothesis, f*(o +it) = O (|t|™), for 1 <o < 3+ 6§ and n > 2, so that, for any e > 0,

C(s) L(s, x) f*(s) = O (|t|77%) ,

which implies

otiN
Jim [ ) L) £ (s)ds =
14iN
This proves the equality
%+ioo o+ico
[ cotenrds= [ Lo e

and the fact that s f*(s) = O (|t|'™"), n > 2 implies s f*(s) € La(0 — ico, o + icc), and the

result now follows from the main lemma above. W

Now, we establish the first approach to deduce the form of the integral transforms (3.4) and
(3.5) associated to the summation formulas (3.1), (3.2) and (3.3). This approach uses a chain
transform of Fourier type and it will be deduced later that this chain transform is related with

the Bessel functions presented in (3.4) and (3.5).

Theorem 3.2. (Reciprocity Fourier-Watson Transforms for characters) Let f(x)
be an absolutely continuous function in Ry such that f*(s) satisfies the condition s f*(s) €

Lo (% — 100, % +ioo).
Then there exists a tetrad of functions p(z), ¥ (z), g(z), h(xz) € L2(R4) such that

N

flx) & 2 Lim. / o(y) cos(zy) dy, (3.38)

1/N

g(x) £ Lim. Z ;¢ (;) cos(zy) dy, (3.39)

f@) = 2 i [ (o) sinay) dy (3.40)
1/N
T 1 1
h(z) £ lziri'jg’ / §¢ <y> cos (zy) dy. (3.41)
1/N
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Moreover, both s g*(s) and s h*(s) belong to Ly (3 — ico, 1 + ic0) and the following identities
hold

2+100 2Jrzoo .

/ ¢(s f*(s)ds / (s g*(s) <47j> ds, xeven,  (3.42)
,-HOO *+’LOO ) L

/ (s f*(s)ds = — 4ZG / C(s) L(s,x) h*(s) (42> ds, xodd, (3.43)

where g*(s) and h*(s) denote, repectively, the Mellin transforms of g(x) and h(x) in Ls.

Proof: We will divide the proof into two parts as the different nature of the transforms (3.39)
and (3.41) is due to the sign of the character .

Assume first that y is even and consider the absolutely convergent integral

— / C(s) L(s,x) f*(s)ds. (3.44)

Let us use the functional equations for L(s,x) and ((s) and take the change of variable

s <> 1 — s. The integral in (3.44) can also be expressed as

1 tioo s
4G€(X) % / cos? <?> FZ(S) C(s)L(s, %) F*(1 - s) (42—2> ds. (3.45)

3
Let us denote the factor cos (%) I'(s) f*(1 —s) by ¢*(s): clearly, from considerations on the

second chapter (recall that ¢*(s) is the function g*(s) appearing there), s ¢*(s) € Ly (3 — i00, & +ic0).

Moreover, following eq. (2.62) and Remark 2.1 given at the previous chapter, we deduce that

the Mellin inverse of ¢*(s), ¢(x), can be expressed by the transform

00 N
1
— /f’ sin(zy dyél].vi.m. /f(y) cos(zy) dy (3.46)
€T — 00

0 1/N

Therefore, by using the Fourier inversion formula in the La—class (recall relation (2.12)), we

deduce the converse



Now, take (3.46) and define g*(s) as

s

g7(s) = cos (%) T() " ().

Clearly s g*(s) € Ly (3 — ico, & +i00), as cos (%) I'(s) is bounded at the critical line and
s¢*(s) € Ly (3 — ico, § +1i00).

To find g(x) we appeal to Parseval’s equality and we obtain (with the notation ®*(s) =
¢ (1 —s)),

1 .
5 “+100

g(x) = L / Is) cos (E> (1—-5)®*(1—s)z °ds

271 1—s 2
%—z’oo
17 1 T/1 /1
— 2 [ @) si dy = — = P i d
x/ (y) sin(zy) dy - /(ysﬁ (y)) sin(zy) dy
0 0

N
1 1
£ lim. / <> cos(zxy) dy,
RN B by (zy) dy
1/N

where we have used the fact that ®(z) = 1o (1) and

o0
d/l <1> sin(xy)
gl@)=— [ —¢ |- ) —dy,
) dv )y \y y

together with Remark 2.1 at the second chapter.

This concludes the first part of the theorem. For the second one assume that y is odd and

use in (3.44) the functional equations for L(s, x) and ((s): this gives

<_‘“G;fx)> 2% 2700005 (5 sin (%) P2(s) ¢(s) Lls. ) 71— 9 <47j> s (347)

Taking 1*(s) = sin (%) ['(s) f*(1—s), it is easy to check that ¢*(s) has similar properties to
the Mellin transform h*(s) given at the second chapter and its inverse Mellin transform satisfies

(compare this with (2.66))

o) N
va) === [ )it () ay =L [ f) sin(ey) d, (3.48)
0 1/N

from which the converse holds
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Finally, if we define h*(s) as

B (s) = cos (%) T(s) ¥ (s),

it is easily seen that sh*(s) € Lo (% — 100, %—F ioo) and an application of Parseval equality

yields once more (with ¥*(s) = ¢*(1 — s))

L tico

1 I'(s) S . s
h(x)—% / 1_5008(7) (1 —s5)¥*(1—s)z *ds
%71'00
o0 N
1 [ L 1 /1
=- U (y) sin(zy) dy = Lim. 51/1 ; cos(zy) dy,
1/N

which proves (3.41). Equalities (3.42) and (3.43) come immediately from equations (3.45) and
(3.47) and the definitions of ¢*(s) and h*(s). W

Finally we are ready to prove a first version of Theorem 3.1, which invokes the chain trans-

forms invoked above. We state it as follows

Theorem 3.3. (A character version of Voronoi’s summation formula): Assume that
f(z) is an absolutely continuous function on Ry whose Mellin transform satisfies the conditions
of Lemma 3.2.. Moreover, let y be a nonprincipal and primitive Dirichlet character modulo £.

Then the identities (3.1) and (3.2) hold, with f(z), g(x) and h(z) being related by (3.38),
(3.39) and (3.41) and (), ¥ (z) € La(Ry).

Proof: From (3.42) and (3.43), the proof is almost immediate. To conclude it, we just need
to check that g*(s) and h*(s) satisfy the conditions of Lemma 3.2. in order to transform the

right-hand sides of (3.42) and (3.43) into a series involving the arithmetic function d, (n).

We have seen that sg*(s), sh*(s) € Lo (% — 100, %—I—ioo), so we just need to check the
analyticity of g*(s) and h*(s) in the critical line and that they decay as O(|t|~"), n > 3, in some

strip containing it.

We check these properties for g*(s) (as similar computations can be held for h*(s)). Since

s

g*(s) = cos? (7> I2(s) f*(1 — s), (3.49)
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g*(s) is clearly analytic in the region % —i<o< % + 0 since, by hypothesis, f*(s) is.
Since f*(s) = O (|t|™"), n > 2, by Stirling’s formula g*(s) obeys to the asymptotic order

cos? (57 ) T2(s) (1 = 5) = O (jt2"~77) = O (# 7). (3.50)

The result now follows from the choice of §, which may be taken as smaller than %77 — %.
Since f*(s), g*(s) and h*(s) obey to the conditions of Lemma 3.2., we have immediately (3.1)

and (3.2). W

The previous theorem furnished a description of the transforms g(z) and h(z) in means of a
chain transform of Fourier type [53,54].
However, we can write explicitly these integral transforms. In the next corollaries, we deduce

(3.4) and (3.5) and we describe the kernel in both of these for the Ly—class of functions.

Corollary 3.1. (Explicit representation of g(x) and h(xz)) The integral transforms g(z)
and h(x) given in (3.39) and (3.41) can be written explicitly as the following transforms

s

o0) =57 [ (2 mievan +vievm ) Vi
0

ha) = —5o= [ VEDVE) £ ) d
0

Proof: Let s be a complex number such that—v < Re(s) < % Consider the following Mellin
integral (see [102], p. 196, relation 7.9.2.)

[e.9]

2T ()
0/3: LI (x) de = I‘(T%S) (3.51)

From (3.51), and using one of the definitions of the Bessel function of the second kind [106],

Ju(x) cos(mv) — J_,(x)

Yo (z) = . ; 3.52
(=) sin(7v) (8:52)
we obtain, for v+ |v| < Re(s) < v+ 3, also the Mellin integral for Y,
oo
s—1-v s—v—1_—1 s s s
/x Y, (z)dx = -2 7 T <§> r (5 - V) cos (7r (5 - 1/)) , (3.53)
0
from which we deduce immediately
oo
1 )
/:L‘S_l TYl (47 /z) dz = 2" %77 3T (s) T'(s — 1) cos(ms), 1< Re(s) < T (3.54)
x
0
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Now, for 0 < ¢ < 3, the right-hand side of (3.54) belongs to Ly (¢ — ico, o + icc). Therefore,

the evaluation of the integral

o+100 1
9 / 22772 (5) (s — 1) cos(ms) z°ds, 0< o < 5
i
0—100

is straightforward by means of the Residue theorem. Using the double poles of the I'—function

at the negative integers and using the series expansion for Y, (z) [106], we easily deduce

o+100
1
7 / 21725707257 (5) (s — 1) cos(mws) z~%ds
o—100
—LY(4W\/5)+L 0<o<? (3.55)
VA 2m2x’ 2’ '

Since the integrand in (3.54) is bounded by O (|t}**~?) and it is analytic in the region

0 < Re(s) < 1, we can change the line of integration to o = % and from Cauchy’s Theorem we

obtain

1+iN
1
Py l](]i.m. / 21725707257 (5) (s — 1) cos(mws) z~%ds
WA —00
1N
1 1

It is also well-known that, for > 1, the representation holds (see Example 2.5 at the second

chapter)
ptioco
2 2 1 _ s+1 s—1 s
— =K (4 = — 2°7°T r 4 d
oz atmve) m/§2m'/ (2) (2)(“/@ °
H—100
1 o+1i00
=5 / 217257250 (5) T (s — 1) 2™ %ds, (3.57)
o—100
where 0 = “T"H > 1. Although we do not give the details in any point of our work, one should

note that (3.57) can be also proved via the elementary relation [106]

Ko (z) = %’ieﬂiy/? () +iY,(x)), (3.58)
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together with (3.51). In (3.57) we may change the line of integration to ¢ = 1 and an application

of the Residue Theorem gives (once we count the pole of I'(s — 1) at s = 1),

+ioo
1
V Ki(4ny/x) = 5 / 212577250 (5) ' (s — 1) 2~ %ds — 5o (3.59)
1 .
E—ZOO

By virtue of Stirling’s formula, the integrand in (3.59) belongs also to Lo (% — 100, % + ioo):
thus, if we sum both sides (3.59) with (3.56) we get

$+iIN
1
%l].vi.%rg. / (2m) 72 T(s) (s — 1) cos <7T28> x%ds
$—iN

2\F (Yl (4mv/x) + = Kl (47rf)> (3.60)

Now we are ready to prove the representation (3.4). Using the definition of g*(s) given above

and Parseval equality for the Mellin transform, we obtain

1 I'2(s) cos? (%)
o 1- 1—s)z
o) =5 [ S ey -
%71'00
- [ Sy sy, (361)
0
where
1+iN ) 2( )
1 I'*(s) cos” (57) _
= — Lim. — =2t
Sile) = gk / 1—s s
1—iN
$+iN
1. TS\ g
= %INLHI&. / I'(s)I' (s —1) cos (7) x”%ds
LN

2

(Y1 (2vz) + = K1 (2[)) (3.62)

which implies (3.4).

Now, for the case where y is odd, we need to find the Mellin inverse of h*(s) = 3 sin(mws) I?(s) f*(1—

s), i.e., to compute
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1 .
5—}-200

h(z) = 2% / % sin(rs) T2(s) £*(1 — s) & ~*ds
e
= % / 2T 711;()8()1 —5 (1—s)f*(1—s)z %ds
=- 732(:@) y f'(y) dy, (3.63)
where 0
LN
Sa(x) = % Lim. / 2F7T(F1(i)s) z~%ds. (3.64)
1N

Taking s = o + it, we can easily see from Stirling’s formula that the ratio of I'—functions

behaves as O (|t|?°~1) and so % € Li (o) for ¢ < L. Thus, for o < % and = > 0, by
T'(1—s)(1-s) 2 2

computing the residues of I'(s) at s = —k, k € Ny, we are able to obtain

o+1i00

1 w[(s) s
o) = 55 / ST (15" %

T—100

T — —1)k T
_ kaomxk (2 V), (3.65)

N
where in the last equality we have used the well-known series representation for the Bessel func-

tion of the first kind (you can consult equation (2.121) on the second chapter).

Note that we could also see that the integrand in (3.65) is the Mellin transform of ﬁjl (2+/7)
by invoking (3.53).

Changing the line of integration to o = 1 and using (3.64) and (3.65), we arrive at (3.5). W

Remark 3.1.: As in the previous chapter, we stress that g(z) and h(x) can be expressed
as integral transforms for the Lo—class of functions. We will invoke Watson’s theory, exposed

in [102].

We start with the transform g(x): from elementary properties of the derivatives of the Bessel

functions

— (2" Ky (x)) = —2"K,_1(2), di (x"Y,(2)) = 2"Yy—1(z), (3.66)
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one can immediately deduce that

o) = o [ X 1), (3.67)

where

T
ale) = [ Ko(2va) - § Yo(2v) du.
0
It follows from the Watson theory for Lo—integral transforms [102] that we can express g(z),

almost-everywhere, as the Ls—integral transform

g(z) = Lim

N~>oo.

(Ko (2vay) - 5 Yo 2vam)) f(v) dy. (3.68)

E\Z

1

Moreover, the integral transform (3.67) is given by a Fourier-Watson kernel, i.e., it has a

reciprocal relation with its transform. Using (3.49), note that

o0

G(%)Z% /Xl(;y) 9(y) dy
0

admits a Mellin transform given by

2

G*(s) = cos? (%) I2(s) " (1 — ) = % F4(s).

And so we have conversely

4 d Ooxl(xy)
= — — dy. )
f@) =5 4 [ g dy (3.69)
0
Furthermore, from the also elementary relation,
a4 (¥ Jy(z)) = 2" J,—1(x) (3.70)
dx v - v—1 ’ .
we deduce
d OOXz(ﬂfy)
h(z) = — d
@ =g [ 222 1) an
0
where
- xr
X2($) = 5 /JO (2\/’[7,) du,



which allows to write h(z) as the Hankel-type transform

N
h(z) £ Lim. / gJO (2v/7y) f(y) dy. (3.71)

It is also clear that if

and so we have reciprocally

T2

f@) =5[22 a)ay (3.72)
0

This concludes the main theoretical aspects of this chapter. In what follows, we shall describe
how the previous computations can be adapted for the case where, instead of the product

C(s) L(s,x), we have (%(s) as main Dirichlet series.

The Classical Voronoi’s Formula: the (—function case

If we deal with the Dirichlet series for ¢2(s) instead of the product ¢(s) L(s, x) we face a different
type of computation as ¢2(s) has a double pole located at s = 1 while, in the case of the product

¢(s) L(s, x), this pole is a simple one.

We describe the main differences in the proof of the classical Voronoi’s summation formula,

skipping the main details as they are completely analogous.

1. First, instead of Ay(x), we need to have the remainder term A(x) = anx’d(n) -
x (log(x) + 2y — 1), where the additive term comes from straightforward computation of
the residues of (?(s) 2°/s at s = 1. Furthermore, from Dirichlet’s estimate for the divisor

problem ( [103] p. 312), we also have A(z) = O(z'/?) as x — oo.

2. An analogue of Lemma 3.2. holds in the same circumstances, i.e., if f(z) satisfies the

conditions imposed by its statement, then the following representation is valid

1 o 2 « : al T
o | GO ds= tim ONOR [ togy + 20 sy | 373
1 n= /N

1_; 1
5 100
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3. The Voronoi summation formula holds, i.e.,

N N
fim_ | S d() £(0) ~ [ (og(o) +29) fo) do
n=1 /N

N—oo
1

N
—4 1 2
=4 A}gnoo Zd g(47%n) / (log(x) + 27v) g(4n°x)dz | , (3.74)
1/N

where g(z) is the transform given by (3.4) or, equivalently, by (3.68).

As in the previous chapter, we introduce the summation formulas (3.1), (3.2) and (3.3) for
the class of functions of Miintz-type. We extend to Dirichlet characters a result already proved

by Yakubovich in [116], Theorem 2.

Corollary 3.2.: Voronoi’s summation formula for a Class of Miintz functions Sup-
pose that both f(z) and 27 tp(2~1) belong to the class My 2 for a > 2, (where ¢(z) is the Ly
cosine transform of f given by (3.38)).

The the formulas hold

n=1 ¢ n=1 ¢
Zd(n) f(n)— /f(x) (log(x) + 27) dz = fElO) +4 Z d(n) g (47°n), (3.76)
n=1 0 n=1
where g(x) is the L;—transform given by
0= [ (Ko2vam - 5 Yo 2vam) 1) dy (3.77)
0

Moreover, if f(z) and 2719 (z71) also belong to My2, @ > 2 (¢ is the L;—sine transform

of f given in (3.40)), the following summation formula holds

S dy(n) £(n) — L(1,x) / f(z) da
n=1 0

) ) 2
_ (’;ETX) L(1,7%) £(0) 4G Zd h< n> ¥ odd, (3.78)

where h(z) is the Hankel-type transform for the L;—class given by

[e.e]

ha) =3 [ Jo2vaD) 1wy (3.79)

0
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Proof: Let f(z) € My2. By Lemma 2.2. given in the second chapter, for -2 < o < a,
f*(o+it) = O(|t|™2) as |t| = oo. Thus, s f*(s) € Ly (3 —ico, 1 +ico) and f*(o +it) =
O (|t|72), for every o in the interval [§ — 4, 3 + 6], 0 < § < 3. This shows that f satisfies the

conditions of Lemma 3.2..

Moreover, since f(xz) € My2 and o > 2, we have f(z) = O(z™%) as © — 00, so that the
series and integral at the left-hand side of (3.75), (3.76) and (3.78) converge.

From the fact that f € L1(R4) N Ly (Ry), we can write (3.4) as a transform for the class of
absolutely integrable functions in R4, which is achieved after employing an integration by parts

and using the relation (3.66),

0)= [ (Ko2vam - Yo 2vam) 1)y
0

1

Since 27 p(z71) € Ma2 C Li(Ry) N La(Ry), we obtain from (3.39)

g(x) :_% /(y‘lw(y‘l))/sin(ﬂﬁy) dy
0

=—— (y1s0(y1))l(0)+/(ylso(y1))” cos(xzy) dy
0

which proves that the series and integrals in the right-hand side of (3.75) and (3.76) converge

and so we can write Voronol’s summation formula as

>~ dy(n) f) ~ LX) [ Fla)da
n=1 0

oo 71‘2
> dstma (o) - LD g*(1>] . (3.80)
n=1

Since
g"(s) = o (57 ) T2(s) F*(1 = ),
we see that s =1 is a simple zero of ¢g*(s) (recall that the pole of f*(1 —s) at s = 1 is simple),
which proves (3.75). To prove (3.76), note that equation (3.74) implies that
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_4Zd g(4n?n) — = Lig*(s)] R (3.81)

0
and the derivative given above is simple to be evaluated, giving the value —7- f(0).

Finally, to deal with the case where x is odd, recall that

mI'(s)
2T (1 —s)

which proves 2*(1) = 5 f(0) and making a similar reasoning as above we prove (3.78). W

h*(s) = frA—=s),

Actually, Voronoi’s summation formula for the odd character case (see (3.2) and (3.78)) al-
lows to prove another famous formula, sometimes called "Hardy-Landau formula’ or ’Sierpinski’s
formula’ ( [83,93]). In the next chapter we will study a generalized version of it, related with

the behavior of Epstein’s (—function. But for now we prove this elegant particular case.

Corollary 3.3. (Hardy-Landau summation formula): Let f(z) be a function satisfying
the conditions of Theorem 3.1.

If 79(n) represents the number of ways in which n can be expressed in the form n = a? +
b2, a,b € 7 (see our glossary of arithmetic functions or, alternatively, [60]), the following

summation formula holds

N N N
]\;iinw ng(n) f(n)—m / flx)dz | =2 A}gnoo ng (7°n) / h(n?x) dz |,
n=1 1/N 1/N

(3.82)

where h(z) denotes the Hankel-type transform in the class of Lo functions given in (3.5).

Moreover, if we assume that f(z) and 27! ) (ac_l) belong to Mg 2, a > 2, we can also prove

f(O)—l—ng 7r/f )dx + 2 ng 7T n) (3.83)
n=1 0

Proof: The proof follows from Jacobi’s two-square theorem. This theorem [60] states that the

number of ways of expressing a given integer n in the form a? + b2, (a, b) € Z?, is equal to

ro(n) =4 (dya(n) — dsa(n)), (3.84)
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where dj 4(n) — d3 4(n) corresponds to the weighted divisor function d,,(n) (see Example 3.A.

given at the beginning of this chapter).

Applying Voronoi’s summation formula for odd characters with the particular values £ = 4
and G(x4) = 2i, we just need to find L(1, x4) in order to complete the proof of (3.82). But this

is quite elementary, since

> n (-1t
L(1,x4) :zzlxtg ) :22271)_1) =

by the well-known Gregory-Leibniz formula for 7. Substituting these values in the summation

formulas (3.2) and (3.78), we obtain the desired results and the proofs are complete. W

3.3 Examples:

In what follows, we shall introduce a set of examples yielding new identities which involve
special functions. The most important of these are identities of Koshliakov and Soni type, which
will be extremely important in the fifth chapter to derive the positivity of L(1,x), when y is

nonprincipal and primitive.

Example 3.1 (Koshliakov formula and its character analogues):

In 1928, Koshliakov proved the summation formula [71]

S d(n) Ko (27n2) — % S d(n) Ko (27?)
n=1

1 1 4
=5 (v —log (47z)) — 2\ log <z>> , 2>0 (3.85)
using Voronoi’s summation formula for a different class of functions [32].

A. L. Dixon and W. L. Ferrar also proved (3.85) using a similar approach and the joint work
of F. Oberhettinger and K. L. Soni established a generalization of (3.85).

Later, Soni [93] derived identities equivalent to (3.85) and therefore equivalent to the func-
tional equation for ((s). Nasim also proved (3.85) under similar assumptions as ours.

Berndt, Dixit and Sohn proved that (3.85) could also be generalized to a version having
characters [30]. But their proof is very particular and invokes computations regarding the
derivatives of the Dirichlet L—function, which we have computed at the first chapter. Avoiding
their computations, we prove directly (3.85) and its character extensions based on equalities
(3.42) and (3.43) and the inverse Mellin transform, following a reasoning similar to Yakubovich’s

[112].
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2nz

Consider, for some parameter z > 0, the function f(x) = K ( NG ac): applying the well-

known integral representation

/ VK (ex) dp = 25-26°T <$ : “) r (3 - ”> " Re(c) > 0, Re(s) > [Re(v)],
0

we deduce immediately that, for Re(s) > 0,
o) = L (™= T2
fi(s) = 1 <\/Z> r (2> (3.86)

This function clearly satisfies the conditions of Lemma 3.2., due to Stirling’s formula and the
fact that it is analytic in the half-plane Re(s) > 0. Therefore, we are ready to apply Theorem

3.1: from straightforward calculations

* _ 2 E) 2 * o — }
g(s) = cos? () T(s) /(1= ) = 1
we obtain immediately
4z 21z

g(x) = ﬂ K (ﬂ x) . (3.87)

The asymptotic estimate Ko(z) ~ (%)1/2 e~ [106] tells us that the series and the integrals

on both sides of the summation formula (3.1) converge absolutely, proving the formula

foom,x) +de<n> K (252)

Ve - ( 21 )
—L(1 + —= ) dy( 3.88
T 4y Z X P \/ ( )
Formula (3.88) appeared for the first time in [30]. However, the authors did not observe that
(3.88) can be used to establish a character analogue of Soni’s formula. Of course, we may obtain

(3.85) by similar considerations and computations so we shall skip this derivation.

To prove a character analogue of Soni’s formula, take f(z) = z K (27\7‘32> , a € Ry\N,
multiply both sides of (3.88) by f(z) and integrate over R, in the variable z.
Of course, due to the exponential decay of Ky(x) when x — oo we can interchange the orders

of integration and summation during this process.
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For the first summand in (3.88), we obtain an integral of the form [44], vol.2.

T 2raz 2mnz ¢ log(a/n)
Ko| — | Kg| —— | dz = — ——"- )
[0 (B ) 0 (57 ) = 2 359
0
and for the second

[ro() () e im (o). o

Using (3.89) and (3.90) in (3.88) and interchanging the orders of summation and integration,

we arrive to

GO)! LT + f Z_: ) log(a/n)

1672a2 —n?

14

G(x) a
= 16711(17)0 + 5 nz::ldx(n) K (477 7 n) , X even, (3.91)

which is a character analogue of Soni’s formula [93|. Of course, using the same method for

(3.85), we can derive Soni’s classical formula

2261 ) Ko (4rv/an) + 7 ., log(a) <1+1>

4 T2a
log (a/n)  log(2m)
-y st e e
n=1

Up to now, we have assumed that x was even. In what follows, we prove a version of (3.88)

for odd characters: note that h*(s) is given by

gy = L) e (Ams\T L (3)
h()_2F(1—s)f(1 )_4 <\/Z> I'(1-%)cos (%)’

where we have used the classical relations for the I'—function (see the first chapter of this thesis).

To find the Hankel-type transform h(x), we find the integral

1 .
§+zoo

_ el r()
h(x)_ / F(l—sz

162 2mi

Az

(Vh) _ ds, (3.93)

5 —100

by appealing to Slater’s theorem [85] and by computing the residues located at s = —2n and
s=—-2n—1,n € Ny. After elementary manipulations and writing the integral as a power series,

we obtain

| 1 (Ve Ve Ve
Mz) = 8z nz:(n!)2 <4Trz>  Anz 7;)1“2 (2 +n) (4#2) ’ (3:94)
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which can be simplified by invoking well-known special functions. Recalling the definitions of

the modified Bessel function I, (z) and Struve’s function L, (z) ( [44] Vol. 2),

o0

@)= (3) S ooy (5) (395)

n@=(5)" g EEy rl(g Tnt) (5" (3.96)

n=0
we immediately deduce that h(z) is given by

h(z) = ng [Io (gfj) ~ Lo (ﬁ:)] — —ngMO (;f:) : (3.97)

where M, (z) denotes the modified Struve function of the second kind.

Also, from the integral representation for the modified Struve function [44, 106]

2 o\ [ sin(zy)
Lyw:I_l,w—i(—> /d,
NG S (R RS U I A
0
we can deduce that, from the behavior of the above integral,

xu—l

VA ()

which gives the asymptotic estimate for My(z)

I_,(z)— Ly(x) =

—i—O(m”f?’), T — 00,

T 3

Mo(z) ~ —= 4+ 0 <1> . 2 0. (3.98)

From (3.98), we see that h(z) € La(R4) but h(z) ¢ Li(Ry). Hence, Voronoi’s summation

formula in this case will be written in the Lo form stated by (3.2). Precisely, we have the identity

> 2mnz Vi
nZldxm) K0< 7 ) - L Ly

z72TzG\/ Jim Lgd (ZT;> — L(1,Y) Z Mo <:”£x> dr|, xodd, (3.99)

which appears to be novel.

Example 3.2: An Extension of Dixon and Ferrar’s formula

One of the interesting aspects of Koshliakov’s formula (3.88) when y is an even character is
that it is a symmetric summation formula. With “symmetric” we mean that the same function
appears (although with a different argument) in both sides of the infinite series representing the

summation formula.
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It is simple to construct examples of such functions for the classical Fourier cosine transform:
the classical example is the Gaussian, f(z) = e~™" and the summation formula associated

2

to it is the classical reflection formula for the Jacobi ¢)—function®. However, there are still

more examples, such as f(z) = sech(z), for which the associated summation formula resembles
Jacobi’s reflection formula for 2 3.

In the same way, the Bessel function Ky(x) is a “fixed point” of the transform given by (3.4).
Using the terminology of Titchmarsh and Hardy [102], we say that Ky(z) is a self-reciprocal

function with respect to the transform (3.4).

Therefore, one may regard Koshliakov’s formula (3.85) as an analogue of the transformation

formula for the classical ¢)—function, i.e.,

o0
+Y e = NERRNE Ze‘?, z> 0. (3.100)
n=1

We shall present now this result in another direction. It is clear from relation (3.99) of the

N | -

previous example that f(x) = Ko(x) is not self-reciprocal with respect to the transform h.
However, a simple class of exponential functions is. Indeed, consider, for z > 0, f(z) =

672’*7;:;:: then f*(s) = (%)7511(5) and h*(s) can be expressed by

W) = g 0= =51 ()

providing the transform

h(z) = — e 2==". (3.101)

Applying the summation formula (3.2) to f(xz) =e vZ”, we obtain the symmetric formula

_2mnz iG(X) . iG(X) > _2mn \/Z
Ve — = — i~ 2V —_—
E_ dy(n)e V2 5 L(1,%) R E dy(n)e =V + o L(1,x), xodd (3.102)

n=1
which, in some sense, also resembles Jacobi’s formula (3.100). In fact, a particular case of

(3.102) implies (3.100). From corollary 3.3., recall the arithmetic function ra(n) which satisfies

2Here, 1) is the “positive version” of the classical §—function. Although written with the same notation, this
function has nothing to do with the sine transform v (z fo sin(zy) dy invoked above, nor with digamma’s

function invoked at previous chapters.
3In fact, one of Jacobi’s proofs of the 2-square theorem follows this similarity. Jacobi realised that this

method could be extended to prove the 4-square theorem. This was, maybe, the first time when a summation
formula played an important role in proving a very important theorem. Perhaps the second time in history that
a summation formula was crucial for establishing an important theorem was in Riemann’s memoir, on which he

proved the functional equation for ((s) via the reflection formula for ¢ (x).
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ro(n) = 4dy, (n). Taking x = x4 in (3.102) and replacing ¢ = 4, G(x4) = 2i and L(1,x4) = 7,

we obtain

1 I -5 .

+Zr2(n)e z + . ng(n)e (3.103)
n=1 n=1

However, the arithmetic function r3(n) only “counts” the integers which can be described as a

sum of squares and so both series in (3.103) can be handled to provide

Sormye ™ = 3 e — g (02(2) 4 9(2))
n=1

(n,m)€Z2\(0,0)

and so (3.103) implies

| 4 42 (2) + 4b(2) = % +% (wz C) . C)) ,

which is equivalent to (3.100), from the positivity of ¥ (z).

21z
Returning to (3.102), the fact that e~ vZ” is self-reciprocal sets a question on the existence
of a formula of Soni-type for odd characters, similar to (3.91) and (3.92). We shall see that such
a formula exists for this case.
27

To do so, consider the function f(z) = z¥ efﬁ, a > 0, Re(r) > 0 and multiply (3.102) by

f(z) and integrate over Ry in the variable z. Using the identity,

o v/2
/xV—le—‘ie—ﬁfdm —2 (g) K, (2\/073) , Re(r) >0 (3.104)
0

we arrive to a formula of Soni type given as follows

e}

vEl L dy(n) B iG(x) v+1 _
T(v+1)07 a ;(Ha)yﬂ 5 T+ 1) = LX)

:_M T V+1al//2+1 . _(n ny/2 T % a VJ2r1 y
7i (2m) ;dx( yn'?K, (4 \/7>+ (7 T(v)L(1,x).  (3.105)

For example, if we take x = x4 in (3.105) and use the fact that ro(n) = 4dy,(n) (Jacobi’s

two-square theorem), we obtain the formula for r9(n)

o1 (n+a) o+l
n=1
o
I
- ng(n) n2 K, (27r\/cm) + 9 5 (3.106)
— 2nvav/

129



which was given for the first time by Dixon and Ferrar [40], eq. (3.12). Note that, from

lim, o 2*/? K, (2m\/az) = 257”3/2 and the convention r2(0) = 1, (3.106) can be written in the

compact form

al//2 v e ro(n > v
Fv+1) Z ( 2(n) _ ZTQ(n) ns K, (277\/@) , Re(v) >0, (3.107)

2 v+1 v+1
T — (n +a) =

which may also be found in [28,58]. In the next chapter, we shall generalize (3.107) by dealing

with functional properties of Epstein’s (—function.

As in the fifth example of the second chapter, we can extend (3.105) to the case where v = 0:
in fact, taking f(z) = Ko (2my/ax), it is immediate that f*(s) = % (mv/a) > T2(s) and

%+ioo
1 1 T T \ S m 1
h(z) = — — () ds=T—p
(z) = dma 2mi / sin(ws) \72a T 4z +nla
1_ico

2

Therefore, an application of Voronoi’s summation formula in the Lo form (3.2) gives

Zd ) Ko (2m/an) — L, %)

or2q

G0 [N dx(n) - al
i A}gnoo LZ::l — azz — L(1,%)log(N) +L(1,X) log ( 1 ﬂ , (3.108)

which can be simplified by direct calculations.
Instead of explicitly make the calculations using the limit in (3.108), we use a method similar
to the one given at Example 2.5 in the second chapter.

Notice that it is possible to simplify (3.105) by extending its left-hand side to the half-plane
Re(v) > —1 and that we can write the series at the left-hand side of (3.105) in the form

> dy(n) [(n +1a)V+1 — n:H +C¢w+1)L(r+1, %), Re() >0, (3.109)

which clearly extends it to the half-plane Re(r) > —1 by an argument of analytic continuation.

Substituting (3.109) at (3.105) and taking the formal limit ¥ — 0 as well as replacing x by

X, we are able to derive

Y dy(n) Ky (47r “;) 16 [L'(1,30) + 7 L(1,%) + log(a) L(1,%) |

- )°°d n)[ 1 1]+L(1,X)Z‘

n+a n 8m2a

(3.110)

Now, using formula (1.154) given at the first chapter for L'(1, x),
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. (-1
(7 +log(2m)) ~G(R)L(L,x) + Y_ x(r) logT (;)] :

r=1

L'(1,x) = iﬁG(eX)

we can simplify the computations in (3.110) and prove that

[e9) ¢ .
S aytm) 8o (45 )+ 4 Sowte) o () + S5 21,30 oy + o 2
n=1

_ G idy(”) [ 1 1} + L(l,x)é’ (3.111)

8m2a

which can be seen as an extension of a formula due to Dixon and Ferrar [40].

Note that, if we take y = x4 and use Jacobi’s two-square theorem, we derive the formula,

- 1 3 1
ng(n) Ko (2my/an) 4 2log T <4> —log (2) — B log (7) — B log(a)
n=1
1 JR 1 1
_ 1 _ 112
ora | 2m ;rg(n) [n+ a n] Y (3:.112)

obtained for the first time in [40].

_2nz
We now move on to study Voronoi’s formula for the function f(z) = e  vZ* when y is even
which, as should be expected, does not possess a symmetric expression of the form given above.

From Legendre’s duplication formula,

g (s) = 77225_2F27§2 ff(1—s) = 73 952 <27rz>5_1 cse (W—S) FF(Q) . (3.113)
2

To find g(x), we appeal to Parseval equality for the Mellin transform (although we could use
the calculation of Residues, as in the previous example).

Note that

“f%
~
‘H
—
_
—

5 ws\ (Vi)
I‘(lgz) csc (5) <47fz> ds

S [ roe () e Go) () w e
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and from relation (2.61) in the previous chapter, (3.114) denotes the Mellin transform of a

Fourier cosine transform. From the relation 7.2.(14) in [45] (Vol. 1),

l .
2—l—zoo

TS\ g 2z
/ sec (?) X dS = m, (3115)

1 .
EZOO

together with (2.5.9.12) in [85] (Vol. 1), we arrive to

Vi T oy (ﬂx >
9(z) = 5— cos y | dy
7TZO/

1492 21z
l « 14 « l
_ VO ey (V) e (V)| (3.116)
T2 27z 27z

where Ei(z) denotes the exponential integral function [44].

Since f(z), g(z) € L1(Ry) N Ly (Ry) and the series presented in (3.1) and (3.3) converge

absolutely for such functions, we have also the summation formulas

S dy(n)e Vi - ALY

2rz

n=1

G(X) 0 |: _2mn <27Tn) 27 ( 27Tn):|
- _ d VB[ =) +eveEi| -], , 3.117
WZ\/Z n=1 X(n) ‘ 1 z\/z ¢ 1 z\/z xeven ( )

s _ 1 log(27mz) — v
2mzn
;d(n) ¢ 4 + 21z
JR ) mn 2
=— Y dn) [6—22 Ei (m> +e T Ei (-mﬂ . (3.118)
Tz z z

Example 3.3:

Consider the function defined on R

with Mellin transform f*(s) = s% clearly satisfying all the conditions of Theorem 3.1. To find
the transform g(x) note that

gy = TG o ()

and so, using relation (3.57), the even transform g(z) is given by
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i 1 . 9 (TS _g
/ 3 lﬁl.ﬁoo. / I'(s—1)T(s) cos (;) y *dsdy
0

1 .
§—ZN

0/ 7 (K10 + Trievm) 4

E%\r—‘

== (Ko (2v) + 50 (2v3))

After substituting f(y) by f(zy), z >0, in (3.1) and (3.3),

> dy(n) log(na) + 1L( X) — GEI)L(I X) (3.119)

n<g—1

— Gg) nil dxén) [KO (47r\/;> + Ty, (477\/Z>] . X even,

_ _% n: d(:) [KO (“\/Z) + 2% <4W\/Z>} _ ilog (#) . (3.120)

When y is odd,

wI'(s)

W) = T a=s)

and so h(x) can be expressed as

1 .
T E—Hoo

h(x)—é;/zlm / F(l;(i)s)y_sdsdy

1 .
2 100

IR ACN,
= o Tdy_%(l—Jo(2\/5)).

0

o

From the asymptotic properties of the Bessel function Jy(z) [106], we can see that h belongs

to Lo(R4) but not to L1(R4). Therefore, we will write Voronoi’s summation formula in the

form (3.2), providing the identity

Z dy(n) log(nz) + — L(l X)

n<x—

_ ii;X) Jlim. ijl dxn) (1 A <4W\/Z>> e ]V 1_J(;(2\/§)dy (3121

1/N
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3.4 Final considerations and Main Theorem:

We end this chapter by discussing how to prove the main theorem stated above, which is

related with the estimates used for the remainder functions A, (z) and A(z).

The purpose of this final discussion is to comment that, using the Kontorovich-Lebedev

transform,

= /K”(:E) f(z)dx, (3.122)
0

it is possible to prove the following identities (for x € Ry \ N)

5 s () s ()« 55 ()]

Y d(n) — L(L,x)z

n<x

for even Y,

S dy(n) — 2 L(1,x) + ;L(O Y =~ 60 idy(n) (E)”Q 7 <4w ";’) (3.124)

n<x

for odd x and

Z d(n) —z (log(z) +2vy—1) — - :——Z (—)1 (K1 (477%)+%Y1 (477%))

(3.125)

Equation (3.125) is the well-known Voronoi’s identity for the remainder term in the classical
divisor problem [63]. Still, employing our methods and invoking some properties of the kernel
K;:(x), we can also establish (3.123) and (3.124), expanding the scope of this identity to Dirichlet

characters.

In the supplementary document to this chapter [89], we prove (3.123-3.125) under the hy-
pothesis that © € Ry \ Ny, which does not affect the asymptotic behavior of both sides of the

equations.

It is also worthy of mention that identities (3.123-3.125) cannot be proved under the condi-
tions imposed by Theorem 3.1, so the proof of these will be different from the ones developed

above.

These identities are the departure point of the proof of Voronoi’s upper bound for the Dirich-

let divisor problem [31,63,103|, which we now state:
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Theorem 3.4. (Voronoi’s estimate for the error term in the divisor function) Let
Ay (x) and A(z) be the remainder terms defined by (3.6) and (3.7). Then, as  — oo, both
A(z) and A, (x) obey to the estimate

A(z), |Ay(z)] = O <x3+> , e>0. (3.126)

Using (3.126), which is far more precise than the one given in (3.19), we can now prove the

stronger version of Voronoi’s summation formula given by the Main Theorem.

Proof of the Main Theorem: In formula (3.34) of the Main Lemma, which is one of the
main points of our argument, we have deduced that we could commute the integrals due to the

convergence of the limit

——Hoo N
Jim / /\x—Sf ) dAy () ds| < o [[f* ()1, (o) Jim / A (z)| dr < oo, (3.127)
—00

1_iool/N 1/N

2

which was obtained from the fact that 3 < o < 1 and |[Ay(2)] = O (:U%> for x — co. However,

with the new estimate |A,(z)] = O (x%‘“) as x — oo, we can take 0 = % in (3.127) and still
verify that the limit is finite, since 73/2|A, (z)] € Ly (R4).

Thus, following the same argument as in the Main Lemma, we obtain the representation

*—Hoo N
/ (s f(s)ds = lim Zd L(1,x) / flz)dz|,  (3.128)
3ioo 1/N

which, in this time, holds under the very simple assumption that s f*(s) € Lo (% — 100, % + z'oo).
From (3.128), Voronoi’s summation formulas (3.1), (3.2) and (3.3) follow and our proof is com-

plete. W
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Chapter 4

Summation formulas involving
Quadratic forms and their character

analogues

At the Corollary 3.3. of the previous chapter we have proved that, if f(x) and 27! (x_l)

belong to M 2, @ > 2, the summation formula takes place

o0

f(0) + ng(n) fn)=m / f(z)dx +2 ng(n) h (7?n), (4.1)
n=1 0 n=1

where r3(n) is the arithmetic function counting the number of ways in which one can express n
as a sum of two squares (see our glossary), 1 denotes the Lj—sine transform of f and h is the

transform given by equation (3.5) in the previous chapter.

The main purpose of this chapter is to extend (4.1) under slightly different conditions.
This extension is two-sided: the first side is, of course, concerned with Dirichlet characters.

The other is related to a generalization of the arithmetic function ry(n) to a wider class.

To generalize r2(n), we consider binary quadratic forms which are positive definite. If Q) :
R? — R is the quadratic form Qq(z, y) = 2 + y?, the arithmetic function ro(n) counts the
number of integer solutions of the equation Qo(z, y) = n. So, we can see r2(n) as a very

particular case of the arithmetic function that we now define:
Definition 4.1. Let a, b and ¢ be real numbers such that a > 0 and d = b — 4ac < 0, so that

Qz,y) = az? + bxy + cy? (4.2)

is a positive definite binary quadratic form with discriminant d.
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Then, for a given ¢ € R, we define rg(t) as the number of integer solutions of the equation

Qx,y) =t, ie.,

rg(t) = #{(m,n) € Z*: Q(m,n) =t}. (4.3)

The purpose of this chapter is to obtain a summation formula of the type (4.1) whose
coefficients are of the form rg(n), where () denotes a positive definite quadratic form with

integral coefficients.

To do this, we need to introduce the following consideration: if @Q is a positive definite

quadratic form over R?, it is clear that () admits the representation

Q(x) =x" Qx,

where x € R? and @ denotes the square matrix
a b/2
Q= , (4.4)
b/2 ¢
which is invertible by hypothesis, since d = —4det(Q) < 0. In the sequel, we define the inverse
of the quadratic form Q(x) and denote it by Q~!(x) as the following quadratic form

d
Q7 () =—7x"Q7'x, (4.5)
where Q! denotes the inverse matrix of Q and d its discriminant. It is simple to check that, if

@ is described by (4.2), then

Q_l(w, y) = cx® — bry + ayz, (4.6)

which defines Q! as positive definite as well.

After establishing the main obstacles concerning the notation at this section, we introduce

the definition of Epstein’s (—function. [21]

Definition 4.2.: Let @ be a two-dimensional (said binary) real and positive definite quadratic

form. We define the Epstein (—function, when Re(s) > 1, by the following series over Z2 \

{(0,0)},

Zs(s, Q) = Z 0 (4.7)
(mamzo0 2™

where @ is a quadratic form given by Q(m,n) = am? 4+ bmn + cn? having discriminant d =

b2 — 4ac < 0.
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In this notation for the (—function (4.7), “2” denotes the dimension of the Quadratic form,
s is the complex argument and @ stands for the Quadratic form itself. Note that we can write

it as the Dirichlet series

Z(s, @)= Y "), (1.9

An>0 n
where the sequence )\, is the image of Z2 \ {(0,0)} by the application of Q. Naturally, if a, b, c

are integers, A, € N for every n € N and we can write

Zols, @) =y . (4.9)
n=1

We remark also that the series above converges absolutely for Re(s) > 1, in a similar fashion
to Riemann’s (—function (recall Chapter 1). It is simple to check that, for all (z,y) € RZ
Q(z,y) > A« +y?) with

1

)\:§<a+cf (afc)2+b2) > 0,

and so, by comparison, we see that the series (4.7) converges absolutely for ¢ > 1 and, by

Weierstrass’s test, uniformly in ¢ > 1 + ¢, for any € > 0.

We will study the analytic continuation of the function defined by (4.7) and its functional
equation. To understand how we obtain the analytic continuation of (4.7), it will be convenient

to look at the following example.

Example 4.A.: Sum of squares function

The most trivial example of a quadratic form defined above is obtained when we take a = 1,
b=0and c = 1. In this case, Q = Qo(m,n) := m?+n? and the Epstein’s (—function associated

to Qo is given by the series

Zo(s, Qo) = Y _ 3 7"2(?), Re(s) > 1. (4.10)
n=1

2 2\s
(mamyzo0 ) "

At the corollary 3.3. on the previous chapter, we have invoked Jacobi’s two-square theorem
to deduce a summation formula similar to Hardy-Landau’s (4.1). We can use this identity one

more time: since r3(n) = 4d,,(n), we see that, for Re(s) > 1,

Zo(s, Qo) = > ran) _ y D) g es) L5, ya). (4.11)

Therefore, the analytic continuation of Zs(s, Qo) follows from the analytic continuation of

the product ((s) L(s, x4): for example, a functional equation may be derived for Zs(s, Qo) by
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applying the functional equation for both ((s) and L(s,x4), which was previously done (see

formula (3.47) in the third chapter). It is immediate to obtain the functional equation

7 5T(s) Za(s, Qo) = 7 IT(1 — 5) Zo(1 — s, Qo), (4.12)

which yields an extension of Zs(s, Qo) to the complex plane. Since ((s) L(s, x4) has a simple
pole located at s = 1, we can also see that Zs(s, Qo) has a simple pole at s = 1 with residue

given by 4 L(1, x4) = .

In the sequel, we shall denote Z5(s, Qo) by (2(s) when this notation is more convenient (the

reader can consult our glossary).

Consider also the Epstein (—function for the Quadratic form Qq(m,n) = m? + mn + n?,

which is clearly positive definite. From a formula attributed to Liouville [108] it is known that

rQi(n) = 6dys(n) = 6 (d13(n) — da3(n)). (4.13)

Therefore, we see that (4.13) implies

25, @) =6 3 D _ () 1 (s,x) (4.14)
n=1

from which we can analogously prove the functional equation

21\ ° om \ 57!
(\/§> F(S) ZQ(S, Q]_) = (\/§> F(l - S) Z2(1 — S, Q]_) (415)

Now, a summation formula of the type (4.1) can also be deduced, for f in the Miintz class’
and for the quadratic form @Q1: since x3 is an odd and primitive character and rqg, (n) = 6d,,(n),
we apply Voronoi’s summation formula for odd characters (see equation (3.78) in the previous

chapter) with the particular values £ = 3 and G(x3) = V/3i and we arrive to

- — L(1,X3) f(0). (4.16)

Finally, to obtain a closed form of (4.16), we just need to find L(1, x3): we can compute this

value by appealing to the elementary relations

1We could deduce the same type of result even for f(zx) is the Lo class by adapting the argument given in the

third chapter.
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1
[o¢] 1 (o] . .
L(l’XB):Z(?mH 3n+2> Z/(x?) @) da
0

n=0 n=0
1 1 1 J
T
/ v Z$ do = /1—x3d /1+x+w2
0 0
_l / x 07
V3 1+22 33
1/V3

from which we deduce the summation formula

+§lml(n)f(n) = \2/7% Zof(:n)d \?’fi:: < 2n> | i

where h(z) is the transform obtained in the previous chapter,
- o
=3 /Jo f(y) dy. (4.18)
0

Hence, we can conclude that (4.1) is true for, at least, two quadratic forms which are positive

definite: @y and Q1.

Indeed, following the same ideas, we can see that a formula of the type (4.1) holds whenever
our quadratic form obeys to a theorem of Jacobi type, i.e., 7¢(n) = cdy,(n), for some primitive
character xg. In fact, there are several quadratic forms for which we have this relation: indeed,
if the discriminant of @ is such that the number of classes of quadratic forms with the same

discriminant is equal to 1, then a relation of this type holds [90].

However, we shall not discuss the details here, preferring to approach the extension of (4.7)
by a more general way. To proceed with our considerations, we introduce the following definition,

in which we introduce a character version of Epstein’s (—function (4.7).

Definition 4.3.: The “single-weighted Epstein (—function” Let x be an even character
modulo ¢ > 1 and @ a positive definite binary quadratic form. We define the “single-weighted

Epstein (—function”, for Re(s) > 1, as the absolutely convergent series

~x(m)
Zo(s, Q)= > - (4.19)
(m,n)#(0,0) Q( )

Note that in this definition we allow x to be principal or even nonprimitive. Although

we do need the primitivity condition to derive a functional equation for (4.19), Zs (s, @, x) is
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also well-defined even when x is the principal character and we can actually study its analytic

continuation to the complex plane as a meromorphic function.

The previous definition may look fairly unsymmetrical, as the values of the character y only
depend on the index m. Indeed, the first written version of this chapter dealt with a "double-
weighted" Epstein (—function (see eq.(5.42) in the next chapter). However, in the end it seemed
to us more natural if we could replicate some remarkable identities obtained in previous chapters
via the methods developed in the present chapter. That is the reason why we have chosen (4.19)
as a relevant Dirichlet series. Because if we study it properly, then most of the examples derived

previously will naturally follow.

Remark 4.1.: Both Z; (s, Q) and Z»(s, @, x) can be respectively regarded as two-dimensional
versions of Riemann’s { and Dirichlet’s L—functions. Indeed, if we consider a 1-dimensional
quadratic form Q(z) = ax?, with a > 0, we see that the “low-dimensional analogues” of (4.7)

and (4.19) are, for Re(s) > 1,

Zi(s, Q) = Z am?y = 2a"°((2s),

Z1(s, Q, x) = Z x(m) =2a"°L(2s, x).

2
oo (am?)s

Furthermore, we have seen that, for some particular quadratic forms, Zs(s, @) can be ex-

pressed as a product of ((s) by L(s, x).

Also, as we shall see below, Z3(s, Q) and Zs(s, @, x) satisfy functional equations similar to
those of ((2s) and L(2s, x). Thus, one may conjecture whether results for {(s) and L(s, x) may
be “translated” for the continuation of the functions given by (4.7) and (4.19).

For instance, we may be bold enough to ask if the Riemann hypothesis, or even the general-
ized Riemann hypothesis are true for Zs(s, Q) and Zs(s, @, x). This question was first raised by
Titchmarsh and Potter [84] for the classical Epstein (—function and they conjectured its falsity.

Later, Bateman and Grosswald [14], using a formula stated only by A. Selberg and S. Chowla
[90], proved that Titchmarsh and Potter’s conjecture was true. Here, we adapt their calculations
to extend the falsity of the conjecture for Z5(s, @, x), where y is any Dirichlet character modulo

£ > 1, by also establishing a character version of Selberg-Chowla’s formula, to be stated below.

In the sequel, instead of using the notation h(x) for the Voronoi-transform (4.18) valid for

odd characters, we use g(x) to denote the integral transform of Hankel-type,

o(z) = / Jo (2V/G) f(v)dy, (4.20)
0
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which is proportional to (4.18).

The first part of this chapter resembles our first chapter since we prove the analytic contin-
uation of a particular Dirichlet series via a well-established summation formula.

Although we do not invoke here Abel-Plana’s summation formula, we use a formula due to
A. Selberg and S. Chowla [90] and a character extension of it, which can be derived under the

considerations given in Example 2.5 of the second chapter.

Using this tools, we develop the theory of the analytic continuation for (4.7) and (4.19),

pursuing to prove the following theorem:

Main Theorem:

Let @ be the quadratic form given by Q(m,n) = am? + bnm + cn? with (a,b,c) € Z3 such
that d = b — 4ac < 0, a > 0. Moreover, assume that x is a nonprincipal, primitive and even
character modulo ¢ and denote by 7g(a) the number of solutions of the diophantine equation

Q(m,n) = a (see definition 4.1. above).

If f(z) belongs to the Miintz class M, 3, then the following summation formulas hold

— 27 2T — 4nn
0)+ > ron) finx)=—= [ flzy)d + ro(n) , (4.21)
;;Q)( i y) dy |ﬂ;:Q(g<wx>

_ 21G(x) .
mg%wﬂmf@wmmw—gmmmg%WM )<M Q' (m, )>. (4.22)

where d denotes the discriminant of @ and g(z) denotes the L —transform of Hankel-type given
n (4.20). Furthermore, @, (z,y) denotes the quadratic form

-1 _-1(T
with Q1 being the inverse of Q (4.6).

Of course, using the convention rg(0) = 1 and the particular value Jy(0) = 1, we can rewrite

(4.21) in the following compact form

i 473n
;rQ(n)f(m) m\/ﬁzm (Icﬂx)' (4.24)

The reader may wonder why we do not cover this chapter under the conditions imposed to

our first class of functions, i.e., for the Loy class’.
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This question is raised in accordance with the developments given in the previous chapter,
as well as with the above example. One may expect that a summation formula of the type (4.24)
may also hold for the class of functions satisfying s f*(s) € Lo (% — 100, % + ioo) since there are
several particular cases for which one has rg(n) = cdy(n) for some odd and primitive Dirichlet

character.

As we shall remark at the Main section of this chapter, this consideration/conjecture must
be dealt very carefully since it depends on the behavior of Epstein’s (—function in the critical

strip 0 < Re(s) < 1, whose study constitutes a very hard problem [101].

To prove (4.21) and (4.22) we introduce two theoretical sections dealing with the analytic
continuations of (4.7) and (4.19): in the first one, we prove Selberg-Chowla formula and use it

to rederive some interesting results obtained in the second and third chapters.

In the second, we prove the functional equations for (4.7) and (4.19) and, using these,
we derive the asymptotic estimates for Zs(o + it, Q) and Zs (0 +it, Q, x) as [t| — oo via
the Phragmén-Lindel6f principle. We also introduce for the first time a character version of

Kronecker’s limit formula.

4.1 Preliminary results I - Extension of Selberg-Chowla formula

to characters and examples

In this section we derive Selberg-Chowla’s formula, which firstly appeared in a paper of A.
Selberg and S. Chowla (1949) but it was proved in its modern form by P. Bateman and E.
Grosswald (1964) [14].

Although there are definitely more approaches to deduce the analytic continuation of the
Epstein ¢ —function, even mimicking Riemann’s own methods?, this seems to be the simplest
and more direct approach, and allows us to rederive, as we shall see, several summation formulas

obtained in previous chapters.

Furthermore, as pointed out by A. Selberg, S. Chowla and other authors [37], this represen-
tation of the Epstein (—function is also very convenient for the computation of particular values

of certain Dirichlet L—function at critical points.

We proceed now with their proofs, which we state separately.

2This was the approach given by Paul Epstein. Audrey Terras’s book [99] contains a modern version of his

proof.
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Theorem 4.1. (Selberg-Chowla formula for the Epstein (—function): Let s be a
complex number such that Re(s) > 1. Then the following identity for the Epstein (—function
(4.7) holds

a®T(s) Za(s, Q) = 2I'(s)C(2s) + 2k~ 2571/2T <s — ;) ¢(2s—1) (4.25)

+ QE1/2—s s Z ns_1/20'1725(n) cos (nmb/a) Ks—1/2 (2mkn),

n=1
where d is the discriminant of the quadratic form, k% := |d|/4a® and o,(n) = > djn d” is the

generalized divisor function of index v.

Equivalently, Z5(s, @) can also be described by the analogous formula

T(s) Za(s, Q) = 20'(s)¢(2s) + 2K~ 2571/2T (5 - ;) ¢(2s —1) (4.26)

+ 8K S gy g, () Y2 cos (nb/e) Ky o (27K )

n=1

where k' := |d|/4c?.
Proof: The proof follows from an application of the Poisson summation formula to the series

(4.7), being similar to Example 2.5. of the second chapter.

Note that, for Re(s) > 1,

D DENELEND D) ppa el

m#0 n;ﬁO meZ
= 2a75¢(25) +222an (4.27)
n=1meZ

In the last series in (4.27), fix n € N and consider the sum

1
S, = ,
" Z (am? + bmn + cn?2)®
mEZL

which can be easily computed by using Example 2.5. If, in formula (2.138) of the second chapter

we replace a < a, b <> bn, ¢ <+ cn?, k <> nk and v <+ s we obtain that S, is given by

S, = /7 r (81{5;/2%8”12%128

+ 4 k3s <%>_S i Ccos (#}7:71) (TZ)S_é KS_% (2mkmn) . (4.28)
m=1
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Therefore, if in (4.28) we sum over the index n (we take the change of index mn < n and

we use the definition of the generalized divisor function o,(n)), we arrive to

. r (S B 1/2) —s51.1-2s
2 nzlsn 2T O k1725¢(25 — 1)
+ 87;62)8 f2s ni:o:lalgs(n) n*"7 cos (nwb/a) sté (2mkn) . (4.29)

Using (4.29) and (4.27), we immediately get (4.25), which concludes the proof of the first
identity stated in this theorem.

To obtain (4.26), we just need to reverse the order of summation and firstly sum over the
index n: by doing so, we need to replace a by ¢ and k? = |d|/4a® by k" = |d|/4c®. With
these substitutions and analogous computations, formula (4.25) becomes (4.26), and the proof

is established. W
Now, still following Example 2.5, we can establish character analogues of (4.25) and (4.26),

now stated and proved as follows.

Theorem 4.2. (Selberg-Chowla formula applied to Single-Weighted Epstein (—function)
Let x be a nonprincipal, primitive and even character modulo ¢ > 1. For Re(s) > 1, the following

formula holds

a*T(s) Za(s, Q, x) = 2I'(s) L(2s, x)+

> b
+87° G(x) k38053 Z 025—15(n) nI=s cos <7r n) K,
n=1 a

Moreover, we also have that

1
ET(s) Zo(s, Q, x) = 2K~ 271/21 <s - 2> L(2s—1, x)+
> b
4875 K28 Z O1-2s5y (1) n®"% cos <mr> KS*% (27Tk:/n) , (4.31)
n=1

C

where 04, (n) denotes the generalized weighted-divisor function (see our glossary or consult

equation (2.91) of the second chapter),
Tax(n) = x(d)d". (4.32)
din

145



Proof: Once more, the proof follows the same lines as the previous one. To prove (4.30), note

the elementary calculation

Zy(s, Q. x) =2a"L(25,X) +2>_ Y Cm (4.33)

n=1 meZ

For a fixed n € N, the second series S, , may be evaluated by using equation (2.136) in the

second chapter. Making the same substitutions as the ones described above, we obtain

"X T ) VT

™

n

s 4G [k <k‘a£>_s > (om) cos (”Z nzn) (m>§ K . (27Tk€mn>’ (4.34)

m=1

and an elementary sum over the index n, together with (4.33), yields

2wk n
g )

[N

o 8G(x) [k [kat\ * & 12 bn
Za(s. Q. ) = 207 L2541 g(ﬂ) D

which is equivalent to (4.30).

To deduce (4.31), let us change once more the order of summation: considering the sum over

n first,

Zy(s, Q, x) =2 Z x(m) Z w (4.35)
m=1 ’

ne”

and applying equation (2.138) at the second chapter with the substitutions a <> ¢, b < bm,

¢+ am? and k = m k', we immediately obtain

1 r (8 — %) dmc™ 1
— fsk/172s k/—fs
7% Oy~ Y T me 1 T Y

m

o9 o1
X ZCOS <7ri nm) <ﬁ> ’ Ks_% (27K nm) (4.36)
n=1

and an application of (4.35) immediately implies (4.31). W

Remark 4.2.: It should be pointed out that, even if x is principal or a nonprimitive character,
(4.31) is still valid, since the only tool required to prove it is the classical Poisson summation
formula.

However, this is not true with (4.30) since its proof relies on the character version of Poisson’s

summation formula, whose validity strongly depends on the primitivity of .

Moreover, (4.30) and (4.31) can also be defined if one substitutes x by an arbitrary even

arithmetic function with suitable growing property.
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Indeed, let g(m) be an arithmetic function defined in Z such that q(m) = q(—m) and
qg(m) = O(m®), o > 0 as m — oo. For o > (a+2)/2, let Zs(s, Q, q) denote the q—single

weighted Epstein zeta function

B Q0= X oMl R > 145,
(m,n)#(0,0) ’

For 0 > 1+ a, let Q(s) denote the Dirichlet series associated with the arithmetic function

q(m),

Q@):fifﬁ%]%@)>1+w
n=1

Then, applying the same argument used to prove (4.31), we can easily deduce that

AT(s) Zo(s, Q, q) = 2K~ >71/°T (s - ;) Q(2s—1)+

s /l—s - 5—l Lﬂ-b /
+87% K2 23151_23 (n) n°”2 cos < . > KS_% (27rk n) , (4.37)

where s, (n) = >_;,, a(d) d” is the generalized divisor function associated with g(m).

As an example, consider the divisor function d(n). Notice that we can extend its domain to
Z in the following way: for n € Z, let D(n) = #{m € Z : m|n}.
For example, D(6) = #{—6,—-3,-2,—1, 1,2, 3,6} = 8 since we can express 6 also as

—2 x (—3) or as (—1) x (—6). It is now simple to see that the function

d(n) = %D(n), (4.38)

with the convention d(0) = 0, extends d(n) to all Z as an even arithmetic function.

Since d(n) = O (nf), Ve > 0 [60] d(n) satisfies the above-mentioned conditions for any
a > 0.

Using (4.37) and the fact that, in this case, Q(s) = (?(s), we deduce immediately, for
Re(s) > 1,

s d(m _9s 1
cT(s) Y. Q(T(n:L) = 217255121 <s - 2) ¢t (25— 1)+
(m,n)#(0,0) ’

G b
+87° K3—s 25123 (n) n®"% cos <n7r > KS_% (27rk"n) , (4.39)
where s,(n) =3, d(m)m".
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Still another example can be given for q(m) = d(m?), which clearly extends to Z as an even

arithmetic function. Since [103] chpt. 2,

> n2 3 S
Q(s) = ; d(ns ) _ g(ési, Re(s) > 1, (4.40)

an application of (4.31) yields the interesting identity

d(m?) n—-2s_1 < 1) ¢?(2s — 1)
c’I'(s T g (g ) 2y
2 @y 2) C1s—2)
s 1/t —s - s—1 nmb
+87° k2 2_3151_25 (n) n°2 cos (c) KS_% (2mk'n), (4.41)
where 5,(n) =3, d(m?)m".

Using summation formulas involving the coefficients d(m) and d(m?) (Voronoi’s formula and
an analogue of it), we can still find other type of representations for (4.39) and (4.41), if one
sums firstly over the index m. However, these considerations are beyond the scope of this thesis

and the required computations seem very difficult to consider here.

The previous theorems established, respectively, two ways of expressing Zs(s, Q) and Zs(s, @, )
as a series involving Bessel functions and terms depending on Riemann’s {(—function.

Since the right-hand sides of equations (4.25) and (4.30) are well-defined and well-behaved
for any s € C, the next step is to check that these equations provide, indeed, the analytic
continuations of Zs(s, @) and Zs(s, @, x).

To do this, we need to study carefully the right-hand side given by the formulas of Selberg-
Chowla type stated above.

Analogously to Abel-Plana’s formula, which provided a representation (due to Hermite) in
which the last term (i.e., the integral) was an entire function, we shall see that the function

defined by the right-hand sides of (4.25) and (4.30) has similar properties.

In the result that follows, we state that the series involving the Modified Bessel functions
K, 1(n) defines an entire function in both cases. Since a very short proof is presented in [14],
2

we omit the details and we only focus on the symmetric properties of this series.

Lemma 4.1.: The analyticity of H(s, Q) and H,(s, Q) and its symmetric properties
Let H(s, Q), Hy(s, Q) denote, respectively, the functions lying at the second term of the left-
hand side of (4.25) and (4.30),

H(s, Q) = i n* 1261 _s4(n) cos (nwb/a) KS_% (27kn), (4.42)
n=1
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a

> 1, bn 2mkn
H,(s, Q) = ;U%_Lx(n)rw Cos <7T 2) KS*% ( 7 > , (4.43)

where y is an even character modulo ¢. Then we have that (4.42) and (4.43) are entire and obey,

respectively, to the reflection formulas

H(87 Q) = H(l - S, Q)a (444)
He(1—5,Q;Y) = 01 05x(n) "2 cos <”C7Tb> Ky, (2nk'n), (4.45)
n=1

where @, ' (7,y) denotes the quadratic form defined in (4.23).

Proof: Since proving the analyticity of H(s, Q) and H,(s, Q) requires the same ideas and
arguments, it suffices to prove the first part of the Lemma 4.1. for H(s, Q). The proof of this
fact can be found in Lemma 2, p. 368 of [14], so we just need to prove the reflection formulas

(4.44) and (4.45).

To prove (4.44), let us use the elementary property of the generalized divisor function,

o1-92s(n) = Zdlﬂs = Z (g)l_% = n1*25025_1(n), (4.46)

din dln

which implies

H(s, Q)= Z ns_l/Qal,Qs(n) cos (nmb/a) Ky_y /9 (2mkn)
n=1

= Z n? 3095_1(n) cos (nwb/a) Kyja—s (2mkn)
n=1
—H(1-5,Q), (4.47)

where in the second equality we have used the reflection property of the Bessel function K, (z) =

K_,(z) [106]. This proves (4.44).

To prove (4.45), note that Q~!(z,y) = cx? — bxy + ay? by (4.6). This gives

-1 -1 a? z 2

Qp (zy)=Q (¢/liy)=cyz —byy+ay,
and so if we replace ) by Qzl in the argument of H, (s, Q) we need to replace a by c/l?, b by
—b/l, ¢ by a and k by (k. Furthermore, replacing x by its conjugate and s by 1 — s, we obtain

the right-hand side of (4.45), which concludes our proof. W
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Note that the previous theorem can be employed to study the analytic continuation of
Epstein’s (—functions as a meromorphic complex function. Note that if, at the present point,
we knew nothing about the analytic continuations of ((s) and L(s, x), we could still deduce this

from the previous formulas.

To see this, compare the right-hand sides of (4.25) with (4.26), which are equal when respec-

S

tively multiplied by a™* and ¢~*%.

It is immediate to arrive at the equality, for Re(s) > 1,

% (M) T °L(s)¢(2s) (a™*—¢°) + E <\/M> 72T <s - ;) ¢@2s—1) (=)

2 4 2

= Z n* 201 _o4(n) [ail/Q cos (nwb/a) K,_y/o (2mkn) — ¢ Y2 cos (nmb/c) Ky 15 (2mk'n)].
n=1

(4.48)

Note that, from (4.47), the right-hand side of (4.48) is invariant under the reflection s <> 1—s.
This means that the analytic continuation of the left-hand side of (4.48) is invariant under this

operation as well. From this observation and after proceeding with elementary operations, we

obtain
% (@)Sﬁ (a=% — ) [w—sr(s)g(zs) —gaT (; - s> ¢(1— 25)]
- % <\/2W) a (a* ' =5 [ns—lr(l — 5)¢(2—2s) — 72 °T (s - ;) ¢(2s — 1)} . (4.49)

If we take, for example, ¢ = 2a and use the fact that a is an arbitrary positive real number,
it follows from (4.49) that both sides must vanish for all s € C (we are now assuming that ((s)
represents the continuation of Riemann’s (—function). But if this happens then we obtain the

relation

1
7 T(s)C(28) = n 2T (2 - s> (1 —2s), (4.50)
which is equivalent to the functional equation for ((s).

Of course, this method can also be applied to deduce the functional equation for L(s, x)

when y is even and primitive.

It is now clear that formulas (4.25) and (4.30) are fundamental to understand the properties

of Zs(s, Q). The next corollary takes care of this characterization:
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Corollary 4.1.: (Analytic continuations of Z5(s,Q) and Z»(s,Q,x)): The Selberg-
Chowla formulas (4.25) and (4.30) provide the analytic continuation of the Epstein (—functions
(4.7) and (4.19).

Moreover, Zs(s, Q) has a removable singularity at the points s = 1/2 — k, k € Ny and a
simple pole at s = 1 with residue ﬁ.

Furthermore,

1. If x is a nonprincipal character, then Zs (s, @, x) can be continued as a complex entire

function.

2. If x = x1 is the principal character modulo ¢, then Zs(s, @, x1) can be continued as a
2mp(£)

NI

meromorphic function having a simple pole at s = 1 with residue

Proof: We have seen at Lemma 4.1 that Hg(s) is an entire function, so the meromorphic part

of the Epstein {(—function comes from the first two terms in (4.25), i.e.,

_ 1
§— 3

Gls, Q) = 2a-°C(2s) + zklzsasﬂwr(r(s))qzs .
1

Clearly, from a standard verification, Za(s, Q) has removable singularities at s = 5 — &,
k € Np. Since ((2s) and I'(s — 1/2) are analytic in a neighbourhood of s = 1, we can conclude
that Zs(s, @) must have a pole at s = 1 coming from the function {(2s — 1) with residue
7/(ak) = 27 /+/]d|.

Since x can be nonprimitive and principal, let us use (4.31) to study the properties of the
continuation of Zs(s, @, x) to C: if y is nonprincipal, it follows that L(2s — 1, x) is entire (see
Theorem 1.5 at the first chapter). Moreover, from the previous lemma, the second term in the

right-hand side of (4.31) defines an entire function, so that Zs(s, @, x) is entire.

If x = x1, we know as well from Theorem 1.5 that L(2s — 1, x1) has a simple pole at s = 1
with residue ¢(¢)/2¢, so we can easily see that Zs (s, @, x1) has a simple pole at s = 1 with

residue 2729

NI
In the remaining part of this section, we revisit some corollaries of Poisson and Voronoi’s
summation formulas, arguing that these can be established as corollaries of the theorems 4.1
and 4.2 proved above. The first of these was derived for the first time by Guinand and reproved
by Nasim 20 years later [32,55,79]. We establish, for the first time, character versions of this

formula.
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Corollary 4.2.: (Guinand’s formula and its character analogues) Assume that a,5 >0
are such that a8 = 72 and Yy is a nonprincipal and primitive even character modulo ¢. For all

s € C, the following identities hold

o0

\/&ZU_S( S/QKa 2na) \/BZO'_S 8/2K%(2nﬂ):
n=1

ir (_;) C(_S){6(1+s)/2 _ a(1+s)/2} I ilﬂ (g) ¢(s) {ﬁ(lfs)/2 _ O[(lfs)/2} 7 (4.51)

S

ar® 207571 Q)T <—§) L(—s,x)—T (5) T2 L(s, )

S S e S S S e S 2
— it thand 3ot Ky (26) — dapie 1RG0 otk (5.

n=1

Proof: Assume that Re(s) > 1 and compare (4.25) and (4.26), using the quadratic form

+s

alm,n) =m?+ 2 2n and replacing s by 1 It is simple to see that we obtain the identity
: a placing s by

L@ e (M) cen a2 (2) i (e (1wt

=S nio_n) [a_l/Q K (2rkn) — ¢ V2 K (%k%)} . (4.53)

Therefore, using the functional equation for ¢(1+s) and replacing 5 by B, we deduce (4.51)
for all s € C such that Re(s) > 1. To conclude that (4.51) is true for all s € C, note that,
from lemma 4.1., both sides of (4.51) define complex-analytic functions which coincide in the
half-plane Re(s) > 1: therefore, by the principle of analytic continuation, (4.51) holds for all
s e C.

Finally, the proof of (4.52) follows the same lines and it is sufficient to invoke (4.30) and
(4.31) with a quadratic form having the parameters a = 1, b = 0, ¢ = %; and to use the

functional equation for the Dirichlet L—function. W

Now, it is remarkable to see that Theorems 4.1 and 4.2 can also be employed to obtain
Koshliakov’s formula for even characters as well as the reflection formulas for the Dedekind
n—function and the Eisenstein series studied on the second chapter. These results are obtained

as the following corollaries.
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Corollary 4.2.1. (Koshliakov’s formula) Let z > 0 and x be a nonprincipal, primitive and

even character modulo ¢. Then the following formulas hold

Zd ) Ko (2mn2) — iid(n) Ko <2Zn>
— i (v~ log (472)) — § (7 log (4:» , (4.54)

Proof: The proof comes from Guinand’s formula and the character analogues we’ve established
for it. We clearly obtain (4.54) by letting s — 0 in (4.51) and using the meromorphic expansions
for I'(s) and ((s) around s =0

I'(s) = é -7+ 0(s), (4.56)
C(S):_%—%log(QTF)S-FO(Sz) :—;—bgﬁaﬁ)s—%O(sQ). (4.57)

Taking the limit s — 0 yields for the left-hand side of (4.51)

Va ) d(n) Ko(2na) — /B Zd ) Ko(2np). (4.58)
n=1

By other hand, the right-hand side of (4.51) can be treated by using the series expansions
for the entire functions F=*)/2 and a(!=*)/2 around s = 0 which, when combined with (4.56)

and (4.57) give

imT () cts) (81972 - al172) 4 T lim T (-

s . (14s)/2 _ (1+s)/2
4 s—0 4 s—0 2) C( S) (ﬁ @ )
+

= l,y (\/B— \/&) — ilog(élozﬁ) (VB — V) % (\[log — Valog(a )) . (4.59)

Joining (4.58) with (4.59) we obtain

ﬁ(l —flog 4/3) Jer ) Ko 2na)>

n=1

— f( - flog (4a)) + Zd KO@”B)) ) (4.60)

n=1

from which (4.54) follows after the substitution a = 7z, z > 0.

Analogously, formula (4.55) is obtained from (4.52) and the functional equation for the
Dirichet L—function and taking o = iz,
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Corollary 4.2.2.: (Nasim summation formula and character analogues) The following

formulas of Nasim-type take place

ZOO o(n) _, Zoo o(n) / 1 2
™z W"Z:,I 1— 4.61

G(X) G(Y) s _2mn > 27z
1022 P2 = Tap nzfl,xm)e 4y oagn)yne (4.62)

extending the relations (2.116) and (2.118) preved on the second chapter to k = 1.

Proof: To prove (4.61), take s — —1 in (4.51) and use the well-known values I'(1/2) = /m,
['(-1/2) = =2/ and ((—1) = —&: this gives the identity

\/&Z a(n)n~ 2Ky 5(2na) fz )~V j5(2nB)
n=1

~r (;) tim (—s) B0/ —al+0r2) 4 Iy (—3) (1) {5 - a}

s——1
N3 N3
=5 log (ﬂ) —|——24 (B—a). (4.63)

Using the particular value for K, (z),

Ki(z)=y/—€e7* 2z>0, (4.64)

2z

we deduce, after taking o = 7z, the interesting formula

1
2

= U(”) —2mnz = O’(?’L) —2mn/z _ 1 7T 2
ngl — —nz::lne / —ilog(z)—i——z(l—z), (4.65)

which, when differentiated with respect to z, yields

o0

1 1 1 1
2mnz 2mn/z
ng 10(71) € + = E o(n)e =51 (1 + 22> ~ (4.66)

Analogously, using (4.52) and taking once more s — —1 and o = mV/z, we derive the

following Nasim-type formula

1 . \/Z . G(y) o ]-X 2mn > _ 27mnz
— - — 5 T Ve
5 L(1,%) o L(2,%) i g - e g o_1x(n Ve, (4.67)

e > _ 27mnz

2mn
T LX) = % Zal,x ezf—i—Za 1x(n)yne” Ve, (4.68)
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which can be rewritten by invoking the character version of Basel identity (see relation (1.149)

of the first chapter)

2
LEX) =

giving the desired version (4.62), which is precisely what we obtain in equation (2.118) of the

-5 G(X) B2,y (4.69)

second chapter if we put & = 1 and 7 = iv///z and replace x by its conjugate X.

It should be also noted that we can take s = 2k — 1, kK > 2 in (4.51) and appeal to the
particular values of K 1(z) to rederive formulas (2.116) and (2.118) of the second chapter as
2
well. W

Following the same ideas, we can also prove anew the reflection formula for the character

analogue of Dedekind n—function, 7, (7) (see Example 2.1 at the second chapter).

Corollary 4.2.3.: (Dedekind n—function and character analogues) If Im(7) > 0, let
n(7) and 7, (7) (with x real, even and primitive) denote, respectively, the two versions of

Dedekind’s n—function,

3

27rzm7' ( 4. 70)

and

oo
() = oa T T (1= e )XY (4.71)

n=1

Then 7(7) and 1, (7) obey, respectively, to the reflection formulas

1(-3) = in 2. (1.72)
e (7) = =S80 L) ﬁ exp (G(x) log, (1- %)) (4.73)
n=1

where, for |z| < 1, the character analogue of the logarithmic function, 10gX(1 — z), was defined

by equation (2.92) in the second chapter.

Proof: Using (4.51) with s — 1, we obtain,

\FZO' 1 \le/g 2na \/BZO’ 1 IK1/2<2nﬂ)
n=1
flog(a) VT

8

B
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where the last equality came from the series expansion for {(s) and B=8)/2 _ ((1=9)/2 around

s =1.

Finally, using also relation (4.64), we deduce immediately

Z o_1(n)e 2 — Za_l(n) e P = ,81—2a + ilog (g) , (4.74)
n=1 n=1

which is equivalent to formula (2.88) of the second chapter if we take o = wlx.

If we also take the limit s — 1 in (4.52) and use the relations invoked above, we arrive to

QGéX) Zy(n) IOg (1 - 6—20‘7") = %L(Q, X) — L(l, X) — 2 T;Q'LX(”) 6_26’“’ (475)

n=1
which is equivalent to formula (2.94) of the second chapter when we take o = wfz. Following now

the argument given at Example 2.1, from the previous identity we are able to obtain (4.71). B

After revisiting several particular examples which were worked extensively on previous chap-
ters, we end this section with an important consequence of the representations (4.25) and (4.31).
As remarked at the beginning of this chapter, Zs (s, Q) can be regarded as a two-dimensional
version of Riemann’s (—function ((2s). Therefore, we may conjecture if the following versions

of the Riemann hypothesis are true.

Conjecture 4.1.: An Extended Riemann Hypothesis All zeros of Zs (s, Q) in the strip

0 < Re(s) < 1 are located at the critical line Re(s) = 3.

Conjecture 4.2.: An Extended Generalized Riemann Hypothesis Let y be an even
Dirichlet character modulo ¢ > 1. Then all zeros of Za(s, @, x) in the strip 0 < Re(s) < 1 are

located at the critical line Re(s) = 1.

We shall prove the falsity of both conjectures by straightforward applications of Selberg-
Chowla formulas (4.25) and (4.31).

The proofs are given as the following corollaries.

Corollary 4.3.1.: Conjecture 4.1 is false.
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Proof: To prove the falsity of the conjecture, it suffices to find a positive definite quadratic

form @ for which Zs (s, Q) does not satisfy the extended Riemann hypothesis.

Using (4.25), we will study the value of Zy ( %, Q) and relate its positivity with the properties
of the quadratic form Q. From (4.25), we can write Zy (%, Q) as

5= F(S)

+ 8a71/2 f: d(n) cos (nwb/a) Ko (2rkn), (4.76)
n=1

_1
Zs <1 Q> = lim [2a_8§(2$) + 24 k25 1/2 M C(2s—1)

where the second series converges at exponential rate due to the asymptotic behavior of the
modified Bessel function for large arguments [106].

To evaluate the first two terms in (4.76), we appeal to the following Laurent expansions

around s = %,

C(23)=281_1+7+0(S;), (4.77)

(25— 1) = —% _ %log(%r) (25— 1)+ O (s — 1/2)2, (4.78)
T

=7 (1 (v +210g(2) (s—1/2) + O (s — 1/2)2) : (4.79)

r<s—;)=3i§—7+0(3—1/2). (4.80)

Applying these to (4.76), we immediately find the value of Z (%, Q),

Z < Q> = 20712y — 2472 log(4m) 4 2471/ % log(k)

+8a~1/2 i d(n) cos (nmb/a) Ko (2mkn). (4.81)
n=1

Now, we study the series at the right-hand side of (4.81): from a well-known inequality for

Ky(z), [14,106],

T\ 1/2 1 9
< (— S — .
Ko(2) < <2z> c [1 8. " 12822} ’ (482)

we can deduce that the series in (4.81) is bounded as follows
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Zd cos (nmb/a) Ko (2mkn)

i ) Ko(2mkn)

0 vz 1 9
—2mkn {1 _
Zn <4k:n> ‘ [ 16wkn * 512772/»4:2712]

n=1
1 e 9 1 9
< — —2mkn _ _ ~ _—27kn 2 —2mkn
C 2wk Lzlne 167k t 5o
—27k 27k Ak
: B 4.83
~ ok [(51%21{2 167rk) o2k _ + (e2mk — 1)2] ) ( )

which tends to zero as k — oo.

Therefore, there exists kg € Ry such that, for all k > kg, the expression (4.83) is arbitrarily

—27k

2VE
Hence, if we take k > max {4me™", ko}, we see that the right-hand side of (4.81) is positive,

small and bounded by £

since kg can be taken large enough to assure this.
It is now clear that if we take |d| suitably large, then we have Z (%, Q) > 0.

Now, the falsity of the conjecture follows immediately' if, for some quadratic form with large

|d|, Z> (3, Q) > 0 and lim, ,;- (s — 1) Za(s, Q) = \/m < 0 (see Corollary 4.1 above), we see
that Zs(s, Q) goes to —oo as s — 17 through real values of s. Since Z, (5, Q) > 0, it follows
from the intermediate value theorem that exists sy €]3, 1[ for which we have Z5 (so, Q) = 0,

contradicting conjecture 4.1. W

We can also prove the falsity of Conjecture 4.2 by using a similar approach.
Corollary 4.3.2.: Conjecture 4.2 is false.

Proof: It suffices to find a Dirichlet character y and a positive definite real quadratic form Q)

for which this conjecture does not hold.

Assume that x = x16, i.e., the principal character modulo 6 and @ is the trivial quadratic

form Q(m,n) := Qo(m,n) = m?+n? From the first chapter (see relation (1.22)), we know that

L(2s—1, x16) =¢(2s = 1) ] <1 - p21—1>

pl6

= C(2s-1) (1-272) (1-317%), (4.8

1

which has a double zero at s = 3. Moreover, dy, (n) = 3, X1,6(d) > 0 since x16(n) is

principal.
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Note that, in this case, by Remark 4.2. we cannot apply formula (4.30) directly, since this

depends on the validity of the character version of Poisson’s summation formula.

However, we can apply (4.31) without any extra assumption, which yields

1 1 >
ZQ (27 Q07 Xl,ﬁ) =2 hm r (S - 2) L(2S - 17 Xl,ﬁ) + 8ZdX1,6 (n) KO (27Tn)
n=1

s—>§
=8 Z dy, ¢ (n) Ko (2mn) > 0, (4.85)

from the positivity of dy, ¢(n) and Ko(2).

Now, from Corollary 4.1, we see that Z5 (s, Qo, x0,6) has a simple pole at s = 1 with residue
%, so that limg_,; - Za(s, Qo, Xo0,6) = —00 and the theorem follows by the argument given before.
|

Furthermore, if y is a nonprincipal, primitive, even and real Dirichlet character modulo £, the
positivity of Z (%, Q, X), for @ having large |d|, actually follows from the positivity of L(1, x),
a fact that plays an important role in Dirichlet theorem about prime numbers in arithmetic

progressions |5, 10].

We state this Corollary below without proof, leaving this to the next chapter where we shall

prove a result regarding the value L(1, x) for a nonprincipal character x.

Corollary 4.3.3.: Let x be a nonprincipal, real and even character modulo £. If () is a positive

definite real quadratic form with a sufficiently large |d|, then Z5 (%, Q, X) > 0.

Finally, we present a last corollary of Selberg-Chowla’s formula, related with a series involving
the arithmetic function ;. Although it is possible to derive a summation formula involving this
divisor function (the reader can consult Yakubovich’s paper [119] where such a summation
formula is proved), even with this at our disposal it is a very difficult problem to find a suitable

asymptotic estimate for

( -I—zt) Zn o _9it(n) Kit(2mn), t — oo (4.86)

directly from the asymptotic behavior of K (2wkn) as |t| — oo [115]. However, using Selberg-
Chowla formula (4.25) together with the estimate (3.9) we can also deduce the following Corol-
lary:
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Corollary 4.4.: For every positive ¢, H (% + z't) obeys to the asymptotic estimate

1 x
H (2 + it) =0 (|t|1%+6 e*altl) . [t = . (4.87)

Proof: Note that H(s) corresponds to H(s, @) when Q = Q.

Using the notation (2(s) = Z3 (s, Qo) and invoking Selberg-Chowla formula (4.25), we derive

a*k P (s) Go(s) = 2K° T (5) C(29)+

49k1/2=s 1 1/2=s <S _ ;) C(2s—1)+8H(s). (4.88)

By Jacobi’s two-square theorem, we know that (2(s) = 4((s) L(s, x4) (see eq. (4.11) above),

and so

(o (; + it) =4 (; + z't> L (; + it, X4) =0 (|t|%+f) : (4.89)

from Lemma 3.A. given in the third chapter, which furnished the asymptotic estimate for

¢(5+it),

¢ <; + it> =0 <|t|1/6+5> .

From Stirling’s formula and Lindel6f’s estimate ((o + it) = O (|t|1770+6>, we see that the
first and the second terms in (4.88) have the asymptotic order O (‘ﬂee—%\ﬂ)_

Thus, using (4.89) we easily conclude that H(s) follows (4.87). W

The previous corollaries showed that Selberg-Chowla formula furnishes a very important
form of describing the meromorphic continuation of Zs (s, @) and Zs (s, @, x), providing also

important corollaries derived in previous chapters.

However, to prove the Main theorem above, we need to assert functional equations for
Zs (s, Q) and Zs (s, @, x), as they assure, when stated in the form of those in (4.12) and
(4.15), the existence of a transform of Hankel-type (4.20).

In the next section, we prove that these Epstein (—functions satisfy suitable functional
equations. Moreover, we rederive Kronecker’s limit formula and provide, for the first time, an

analogue of this formula for principal Dirichlet characters.
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4.2 Preliminary Results II - The functional equation and Kro-

necker’s limit formula

We start this section by proving the functional equations that Zs (s, Q) and Zs (s, @, x) satisty,

which are given in the following theorem

Theorem 4.3.: The Epstein (—functions (4.7) and (4.19) satisfy the functional equations

—S s—1
2w 2
— T'(s) Zs(s, =| —= I'(l —s)Z5(1 —s, Q), 4.90
(M) (s) Za(s, Q) (M) (1 —5) Za( Q) (4.90)

N 27 - 27 - 1
G(X) (\/m) L(s) Z2(s, Q, x) = (\/m) I(1—-5)Zy(1-s5,Q;,X), (4.91)

where Y is a nonprincipal, primitive and even character modulo £ and Qzl denotes the normalized

version of the inverse of the quadratic form @ given by (4.23).

Proof: The proofs of (4.90) and (4.91) come from the reflection property of the entire functions
Hq(s) and Hg(s, x) (see relations (4.44) and (4.45) in Lemma 4.1), together with the functional
equation for ((s) (1.142). We can rewrite (4.25) as

(ak/m)° T(s) Za(s, Q) = 2 (k/m)*T'(s)¢(2s) + 2k 57z <s - ;) ¢(2s—1) (4.92)

+ 8KY2Hg (s).

If we replace s by 1 — s, the right-hand side of (4.92) equals to

2 (k/m) " T(1 — $)C(2 — 25) + 2k 2T (; — s> C(1—2s) 4+ 8kY2Hg(1 — s)

= 2k S p2 T (s — ;) C(2s — 1) + 2 (k/7)° T(s)¢(25) + 8kY2 Hg (s),

by the functional equation for ((s) and the reflection properties of Hg(s). Therefore, we conclude
that the left-hand side of (4.92) is invariant under the reflection s <» 1 — s, which proves (4.90),
after using the definition k = /|d|/2a.

To prove (4.91), use both representations for Zs(s, @, x) in (4.30) and (4.31),

22(87 Qa X) = 2a’_sL(287X>+

e G 1 1 1 bn 2mkn
+8a °r mlm Y4 22023_17X(n)n2 cos (ﬂa E) Ks—é( 7 ), (4.93)
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—sn—2s_1/2F (s - %)
22(57 Qa X) =2c""k S L(25 -1, X)+
I'(s)
8mfc™?

1 o1 nmb
+ T(s) k2 201_28% (n) n® 2 cos () st% (27k'n) . (4.94)

C
n=1

The reflection formula for H, (s, Q) (4.45) tells that, if we replace s by 1 — s, x by X and
Q by Qe_l at the infinite series in (4.93), we get precisely the very same infinite series as the
one lying at the right-hand side of (4.94). Therefore, using this symmetry and appealing to the

functional equation for the Dirichlet L—function at both sides, we are able to derive (4.91). W

The functional equations established in the previous theorem allow to prove suitable esti-
mates for Za(s, @) and Za(s, @, x) when |t| — oo via Phragmén-Lindel6f principle [103]|. These
will be very useful in order to impose the conditions of the Main theorem. We state these at the

following corollary.

Corollary 4.5.: On Estimates for Z(s, Q) and Z5 (s, @, x): Let x be a nonprincipal,
primitive and even character modulo ¢ and () a positive definite real quadratic form. We have

the following estimates

0O(1) o>1
Z2(s, Q)| 122(s, @, )| = O (jt|*=7+) 0<o<1 (4.95)

O (jt|'*"?7) o<o0.

Proof: It suffices to adapt the proof of Proposition 2.2. We know that, for every ¢ > 0,
Zy (1 + e+ it, Q) is bounded, since it is given by the absolutely convergent series (4.7). More-

over, by the functional equation (4.90) we see that, for a sufficiently large ¢,

I'(1+ e+ it)

y 1+2¢
T(—e — it) Zo(1+e+it, Q) < Co |t T, (4.96)

Zs (—e—it, Q)| < Cy
by Stirling’s formula.

Since Z3(s, @) has finite order in the strip —e < ¢ < 1 + ¢, the usual Phragmén-Lindel6f
principle implies (4.95) for Z3 (s, Q). Since Za(s, @, x) has a similar functional equation to
Zs(s, @), it is simple to deduce (4.95) for Z5 (s, Q, x) as well. W

We introduce now an important result, due to Kronecker [37], which inspired several authors

in generalizing the work of Paul Epstein, including Shintani [91], who extended some of its for-

mulations to quadratic forms which are not necessarily positive definite.
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We extend this important formula to a character version arriving to a new formula, but we

remark once more that this extension is possible with other arithmetic functions [21]:

Theorem 4.4.1. (Classical Kronecker’s limit formula): The Epstein (—function admits

the following meromorphic expansion

_2m 1 27 1o @ 4o - .
Zio @)= Tty e I (v tos () —avostnrn) + 06, aom

where 7y is the Euler-Mascheroni constant, n(7) is Dedekind’s n—function (4.70) and 7 =

vrivid ¢

2a

Proof: Around s = 1, the functions presented in Selberg-Chowla’s formula (4.25) have the

meromorphic expansions

C(2s—1) = +y+0(s—1), (4.98)

2(s—1)

ro 2=t |v () 00| G- +06 -1y

=7 —2rlog(2) (s — 1)+ O (s — 1)°. (4.99)

Therefore, the second term in (4.25) can be written as

T(s— 1
le_zsa_sﬂ1/2MC(2s_1): or 1 27 <2'y—10g <@>)+O(s—1), (4.100)

I(s) V0l s=1 " /ld|

which gives

s :g 2r 1 21 o @
Z(s, Q) aC(2)+m8_1+\/m<27 1g<a>> (4.101)

+ 8\7/% 20_1(?1) Vn cos (nmb/a) Ky /o (2mkn) + O(s — 1).

a

Using once more formula (4.64) and writing cos(nmb/a) as a combination of complex expo-

nentials involving 7 := b“%/m, we deduce that the last term in (4.101) equals to

2 & —2mkn [ jinmb/a —inmb/a dm — 1 2mimnT —2mimnT
—Za,l(n)e (e +e ):7 Z %(e +e )

ak n=1 \/m n,m=1

o0

=———= > [log(1-€>"7) +log (1 — e ?™"7)] = _Am 3 log|l -2 |t (4.102)
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Finally, from the definition of the Dedekind n—function (4.70), it is simple to see that

o0

o0
log (In(7)]?) = log (e‘w z H e2minT | 2) = —% @ +Y log |1 — e |* (4.103)
n=1

which proves

2
. (4.104)

lo —
- s (o) - 5

2

Combining (4.101) with (4.104) and using the Basel identity ((2) = % (see identity (1.104) on

2minT ’2 _

A &
- log‘l —e
Vi 2

the first chapter), we prove immediately (4.97). B

We can extend (4.97) to the meromorphic expansion of Zs(s, @, x) when xy = x1. As seen
in the Corollary 4.1., Zs(s, @, x1) can be continued as a meromorphic function with a simple

pole at s = 1.

Before proving an extension of (4.97), we introduce the following lemma, which gives a
closed-form evaluation of the character analogue of the logarithmic function (see (2.67) in the

second chapter).

Lemma 4.2: Let x = x1 be the principal Dirichlet character modulo £ and log, be defined by

the power series (see equation (2.92) at the second chapter)

o~ X(k)
log,(1-2)=—>_ (k) 2 < 1. (4.105)
k=1
Then, for |z| < 1, log,, (1 — z) can be expressed by
1
log,, (1 —z) =log(1 - z) — Z ’ log (1 —27). (4.106)

p|¢

Proof: If x denotes the trivial character, i.e., the principal character modulo £ = 1, the second
term in (4.106) vanishes and so the statement is clear from the classical Mercator expansion for

the logarithm

Now, if £ > 1, recall that xi1(n) = 1 iff (n,£) = 1 by definition of principal character.
Therefore, (4.105) can be expressed as
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log,,(1-2)==) === —-+> > ——
k=1 k=1 Pt k=1 P
1o~ (27"
:1 — —
TS LD W
p|l k=1
1

proving (4.106). W

Using this lemma, we can now prove an extended version of Kronecker’s limit formula, which

seems to be unnoticed in the literature.

Theorem 4.4.2. (Extended version of Kronecker’s Limit formula - Character ana-
logues): Let x = x1 be the principal character modulo ¢ > 1. Then the single-weighted

Epstein (—function admits the following meromorphic expansion around s = 1

tldl s =1 £y/]d]

dn [Ty In(er)PP\ =2 1
+ log [ =2 + — - —1| +0(s—1), 4.107
Vi ( P ) a2 ey 107

Zo(s, Q) =m0 L2 [so( 1og( >+2Z><1 )0 (7) +2los(t) (0]

b—‘rz\/m

totient and Gauss’s digamma functions.

where 7/ = € H, log, (1 —2) is given by (4.105) and ¢ and ¢ denote, respectively, Euler’s

Proof: Use the representation (4.31) of Z5(s, @, x1),

I'(s—1/2
Z2(87 Qa Xl) = 26_8[6,1_28”1/2(?\(8)/) L(2S - 17 X1)+

8 _ 1 nmb
—I—TC Sps k'5 Z T1-2s,x; (n) n°7 2 cos <c> KS*% (27rl<:’n) . (4.108)

To study the first term in the right-hand side of (4.108), recall the well-known relation (1.86)
in the first chapter

1
Mooa) =57 52777 .

Xl(r) " (%) - *Of) log(€) + O(s — 1). (4.109)

™M

Now, replacing s by 2s — 1 in (4.109) and using the meromorphic expansions (4.99) and
(4.109), we deduce that
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Zs(s, Q, xl)zi%sil—gj% [so( og(| |>+22><1 ( )+2log(€) (z)]

+ — k:'** ZO’ 1y, (n) n/? cos <n7crb> Ky (2mk'n) + O(s — 1).

Once more, appealing to the particular value of the modified Bessel function K /o(2) (4.64)

and using the same manipulation as in (4.102), we obtain

omp(f) 1 2m d|
Zs(s, Q. x1) = f\/W PSRN [w( 0g< )+22X ( >+210g(€) (ﬁ)]

\/W Z [ogxl ( 2”””) +log,, (1 - e—%m?)} FO(s—1),  (4.110)

which can be established as a character analogue of (4.97). Using lemma 4.2 and (4.103), it is

straightforward to obtain

0o
Z |:10gx1 < 27r7,n'r) + IOgXl <1 - e—27rin7-’>]

n=1
> /2 1 . /12
— Z log <‘1 2minT ) o Z 710g (‘1 - e27rmp7' >
=1 p
n p|¢
m |d| IND L[ |d| |2
- 1 BN (A
5 T log (In(r)?) z;p o~ g (In(pr)?)
p
m +/ld| 1 n(r")?
= — 1-— —| +log ) (4.111)
12 ¢ %L;P (Hpe [n(p)[2/P

which concludes the proof. W

Remark 4.3: Other analogues of Kronecker’s limit formula (4.97) can be established if we use
the Epstein (—function in the form given by equation (4.37) at Remark 2. Indeed, it is not hard
to show that Theorem 4.4.2. can be also extended if we replace x(m) for any periodic arithmetic

function a(m).

We are now ready to prove the Main theorem of this section and to study two interesting

examples related with it.
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4.3 Main results: Summation formulas involving quadratic forms

for the Mintz class

In this final section we prove the main theorem stated at the beginning of the chapter. However,
as promissed at the introduction, we need to understand first why a summation formula involving
any positive definite quadratic form does not hold under the same conditions as Poisson’s and
Voronoi’s, i.e., that our attempts do not hold for the "Ls class’. In the next discussion, we start
by trying to adapt the arguments given for this class of functions and replacing the previous
arithmetic functions x(n) and dy(n) by rg(n) and then we arrive to the conclusion that the

previous methods cannot be applied.

Why the Miintz Class?

Let us try to adapt the arguments given in the Preliminary results of the previous chapter.

For a matter of simplicity, we shall only explain why formula (4.21) (or a version of it for
the class of Lo functions) cannot be proved by the same methods (for the other formula (4.22)

it suffices to adapt this forthcoming explanation).

In analogy with the remainder function A(z) given in the previous chapter, we can take the

following function

Ag(z) = rq(n) - \j%' x. (4.112)

n<x

By a simple geometric reasoning (due to Gauss) [31], it is simple to see that the function

Ro(z) = ro(n),

n<x
counts the number of lattice points in the area defined by the condition Q(a,b) < z. Therefore,

as x — 00, Rg(x) satisfies

Ro(z) =Axz+ 0O <x1/2> ,
where A is the area of the "ellipse" defined by Q(z,y) < 1, which is precisely 27 /+/|d|.

Now, it is reasonable to define a function hg(x) (similar to the functions h, (x) at Chapters

2 and 3) satisfying the same estimates as h, () at the previous chapter (see eq. (3.22) there),

Ag(x) 0] (3:_1/2) , T — 00

v 0(1), z — 0.
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Now, we can adapt every single calculation given in equations (3.24), (3.25) and (3.26) at
the third chapter regarding the Ly Mellin transform of hg(z), h)(s), which exists in the region

1

Invoking the series representation of Zs(s, @), it is not hard to check that the computations

give (once more, try to adapt the computations expressed in equation (3.24))

ZQ (1_87 Q)

: 4.11
T (4.113)

N |

ho(s) = , 0<Re(s) <

Finally, since 27hq(z) € Lo (R4, %x) and Zo(1 —5,Q)/(1—s) = O (|t]71), 0 <o < 3,
we see that the right hand-side of (4.113) is La(o) and we can apply Mellin’s inversion formula
for the Lo class (2.24)

o+iN
. Zg(l—s, Q) —s 1
o—iN

Recall now that, to use the computations given at the previous chapter in their full potential,

we need to extend (4.114) to the critical line o = Re(s) = 1. However, it is precisely at this

point where we face a very hard difficulty to surpass.

At the previous chapter we were able to invoke a better asymptotic estimate for ¢ (% + it) in
order to solve this problem (see eq. (3.9) there). At the present point, as far as we know, there
is no better estimate than (4.95) for the Epstein (—function equipped with a general positive

definite quadratic form.

Thus, by using the estimate (4.95) we can only find that Zs (% + it, Q) =0 (|t|%+ﬁ>, which
means that, with an asymptotic behavior like this, it is not possible for us to conclude that
w € Lo (%) and, therefore, to extend (4.114) to the critical line and use the symmetries

of Za(s, Q) there.

With this impossibility, we cannot use the approach given at previous chapters. So, our
strategy now is to change the class of functions and still prove a summation formula which is
able to provide interesting examples. Although in a similar set of conditions, our hypothesis is
more general than the one posed by Dixon and Ferrar [40] in two directions: firstly, we assume
that @ is any binary and positive definite quadratic form, while they only took the simplest case
Q(m,n) = m?+n?. Secondly, we impose the condition to f and their derivatives to be bounded

in the form O(2~®~*), while they impose the weaker condition O (exp(—z")), u > 0.

Having briefly discussed why we need to change the class of functions to proceed with our

considerations, we now deal with a direct proof of the Main Theorem. First, we establish a
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useful lemma, which allows to represent the left-hand side of (4.21) and (4.22) as an integral of
Mellin type (one should compare the proof of this lemma, which works perfectly in the L;—class

with the proofs of the Main Lemmas given in the previous chapters).

Main Lemma: Representation for Miintz in —% <o<0

Let x be a nonprincipal, primitive and even character modulo ¢ and () a binary, positive definite

and real quadratic form modulo ¢ with integer coefficients.

Assume also that f € M, 3 and —% < 0 < 0. Then the following representations are valid

o+1i00 o oo
1
o / Za(s, Q) f*(s)x™°ds = Z;TQ(H) / (xy)dy + f(0) x>0, (4.115)
0—100 n= 0
1 o+100
5 / Zy(s, Q,X) fH(s)a™*ds = Y x(m)f(Q(m,n)x), x>0 (4.116)
o—ioco (m,n)#(0,0)

Proof: We prove (4.115) first, as the proof of (4.116) can be similarly handled. Assume,
without any loss of generality, that 1 < a < 2 and let Rg f(z) denote the Mobius-type operator,

Rof (x ZT’Q f(nz), = > 0. (4.117)

One can take the Mellin transform on both sides of (4.117) for 1 < 0 < «, i.e.,

(Rof)*(s) = /:c81 Z ro(n) f(nx)de = ZT‘Q(H) /x31f(n:v) dx
0 n=1 n=1 0
X_j = Z(s, Q) (), (4.118)

by the absolute convergence of the series (4.7) for Re(s) = a > 1.

Now, let us see that we can write the Mobius-type transformation Rgf(x) as a L1 —Mellin
inverse transform: from the absolute convergence of the Dirichlet series for Za(s, Q) when

Re(s) > 1

o+ico o+ico
Zo(s, Q) J7(s) 2| |ds| < Za(o, Q)™ / 1F()] |ds] < oo,
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and so we have Zs(s, Q) f*(s) € L1 (o —i00, 0 4 i00), so that the inversion theorem for the

Mellin transform in the L;—class (2.22) yields

o-+ioco
1
Rof (z) = 5 / Zy(s, Q) f*(s)x™%ds, 1<o<a. (4.119)
™
On the other hand, the integrand Zs(s, Q) f*(s) x™° is analytic in the strip 0 < o < o with

21

Vidl

Recalling the asymptotic estimate for the Epstein (—function (4.95) we get, for every positive

the exception of a simple pole located at s = 1 with residue (see Corollary 4.1).

Zo(s, Q) f*(s) = O (Jt| 2777), |t| 00, 0<0o <1, (4.120)
since, by hypothesis, f* (o +it) = O (|t|™®), =3 < ¢ < a by Lemma 2.2.

Consequentely, Zs(s, Q) f*(s) € Ly (6 —ioco, 0 +1i00) for all 0 < ¢ < 1 and so, under the
conditions of the Residue Theorem, we are allowed to shift the line of integration on the integral
(4.119) into the region 0 < o < 1, with an additional counting of the residue located at the
simple pole s = 1. Notice that, due to the estimate (4.120),

b+t
lim Zy(s, Q) [*(s)z™°ds =0, 0<a<b<a (4.121)
[t| =00
a+it
and so the only contribution in the change of the line of the integration is due to the residue

coming from the simple pole s = 1, which can be written as (see Corollary 4.1),

2T

Ress—1 [Z2(s, Q) f7(s) 2] = |d| z

RO
ro=s / f(zy) dy. (4.122)

Therefore, for x > 0, we arrive to the identity of Miintz type,

o+io0 o s
: “(s) 2~ ds = o
5 _/ Zy(s, Q) [*(s) = dS—T;rQ(n)f(nq:) mo/f(xy)dy, 0<o<1. (4.123)

Furthermore, we can now move the line of integration on the left-hand side of (4.123) to the

strip —% < o < 0, taking into account the pole of f*(s) at s = 0: this change in the line of

integration is possible due to the fact that

Zo(s, Q) f*(s) = O (|t| >, o <0, (4.124)
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which implies that, for —3 < o <0, Za(s, Q) f*(s) € Li(o —ioo, 0 +1ic0) and the integrals over

the horizontal segments with height || — oo vanish (as in (4.121)).

So we just need to find the residue located at s = 0: as remarked in Lemma 2.2. of the
second chapter of this thesis (see also [73,116]), f*(s) has a simple pole at s = 0 with residue
£(0), and so

Ress—o [Z2(s, Q) f*(s) 2] = Z2(0, Q) f(0) = —f(0). (4.125)
Finally, after combining (4.123) with (4.125), we conclude the proof of (4.115).

To prove (4.116) we apply the same estimates. Since Zs (s, @, ) is entire by Corollary 4.1,
when we shift the line of integration to the region 0 < o < 1 we do not count the pole at s = 1.
Furthermore, it is easily seen from the functional equation (4.91) that Zs(s, @, x) has a simple
zero at s = 0, which means that this point is a removable singularity of Za(s, @, x) f*(s) z7*.
This implies that Za(s, @, x) f*(s) ™% is analytic in the region —% < 0 < a, and so Cauchy’s
Theorem, together with the previous estimates (4.120), (4.124) proves (4.116). B

After this lemma, we are ready to prove the Main theorem. As remarked at the beginning
of this chapter, the argument to prove it follows similar computations as the one in the previous

chapter for the odd case and so we shall omit some computations which these have in common.

Proof of the Main Theorem: We will only prove the first summation formula (4.21), since

the proof of (4.22) follows the same argument.

From the Main Lemma we know that, for max (1 —a, —%) < 0 < 0, the integral representa-

tion is valid

o+1i00 50 00
2
Za(s, Q) f7(s)a*ds = 3 ro(n) f(na) — —— [ flay)dy+ f(0) @ > 0.
O’—Z/OO : 7; ¢ ’d|0/ o

Consider the Mellin integral at the left-hand side of (4.115): if we apply the functional
equation for the Epstein (—function (4.90),

25—1
Za(s, Q) = (j%') S 20 -5.Q),

and perform a change of variables 1 — s <+ s, we can write it as

o’ +ioco
27 1 F(S) B 47[.2 —S$
ldlz 2mi / mzz(sa Q) ff(1—ys) (IdI:v) ds, (4.126)



where 1 < ¢/ < min (a, %)

Since Z3(s, @) can be expressed as the absolutely convergent series (4.9) in the strip 1 <
Re(s) < min (@, 3), we can write Z(s, Q) in this form and then interchange the series with the

integral, which is also possible since I'(s) /T'(1—s) f*(1—s) = O (\t!QU’_‘l) € Li(0'—ioo, o' +i00).

Doing this and using (4.115), we obtain

e 2T 7 2m >° 472n
;;anfm@—-¢W|Jf@wdy+f®)—\ﬂﬂx;;nﬂmg<hﬁx>v (4.121)

where g(x) can be described by the Mellin inversion formula in L

o’ +ico
1 T
g(x) = 57 / F(l(i)s) [ (1 —s)z?ds, 1 <o’ < min <a, g) : (4.128)

Note that we have seen this transform in the third chapter, which was related with the odd
character version of Voronoi’s summation formula (see equation (3.65) on the third chapter).
On the right-hand side of (4.128), we can shift the line of integration into the region 0 < p =
Re(s) < 3. Since the integrand of (4.128) is analytic on the strip 0 < Re(s) < min (o, 3) and

belongs to Ly (0 — ico, o + i00) for 0 < o < 3, Cauchy’s theorem allows to write

o’ +ico ptico
42n\ ~° F(S) . B An2n\ "8 P(s) . )
o’/ —ioco p—ioo

(4.129)

Now, to compute the integral on the right-hand side of (4.129), we appeal to equations (3.63)
and (3.65) at the third chapter, as well as Parseval’s equality to derive

g@——%!VWﬁﬁ@ﬂww (4.130)

which can be further simplified by appealing to an integration by parts: recalling the properties
of differentiation of the Bessel function J,(z) ( [106] or see eq. (3.66) on the third chapter), we

easily derive

[e.o]

o(a) = == Vi (210) +JfJMf) (4.131)

Finally, to get (4.21), we just need to justify that the boundary terms in (4.131) vanish. To
do so, note that J;(0) = 0 and
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J,,(ac):\/Zcos (m—%—%) —i—O(x*?’/Q), T — 00,

which means that exists M > 0 such that, for every y > M,

‘\/ng(%/ﬂTy) f(y)' f$3/4 v ()| (4.132)

From the fact that f(y) = O (y~%), a > 1, we can easily conclude that the right-hand side

of (4.132) vanishes for y — oo and this gives the transform

/f Jo (2y/7Y) dy, (4.133)
0

which, together with (4.127) establishes (4.21).

To obtain the character analogue (4.22), we proceed analogously: invoke (4.116) for max (1 - a, —%) <

o < 0 and apply the functional equation for Z (s, @, x) (4.91) in the integral on its left-hand
side. Using the same computations as above and invoking the elementary relation for even

characters, G(x) G(X) = ¢, we obtain (4.22). W

4.4 Examples:

In the following lines, we give two important examples of the summation formulas proved above.
They generalize the ones given in [28,40] for an arbitrary quadratic form, so it is very important
for us to work these in general lines. It is also interesting to note that the second example will

be used to give a brief explanation of the proof of Corollary 5.2.3 given in the next chapter.

Example 4.1.: A generalization of Dixon and Ferrar’s example

Let us consider, for a > 0 and Re(v) > 0, the following function

fulz) = 22K, (2m\/ax) . (4.134)

')
2 /2

fu(x) = O (1‘%_%6*2”\/@). Moreover, by the elementary relations for the modified Bessel

By the asymptotic estimates for K, (z), we immediately have that f,(0) = and

function

d

@K @) = —a" Ky @),
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we can easily see that f*)(z) = O (efcﬁ), for k =1, 2, 3. Therefore, f(z) € My3, a > 1,
and satisfies the conditions of the Main Theorem in this chapter. The Mellin transform of f, (x)

is given by

fuls) = (ﬂf) () D(s + ), (4.135)

which can be deduced by the relation given in equation (3.58) of the third chapter or by looking
at Example 2.5 of the second chapter. To find the transform g, (x) we note that, from (4.129),

G1(5) = 5 (7/@)* 2T T(S)T (1~ 54 0).

and so, from Slater’s Theorem, we may compute the residues of the previous function and this

gives

p+ioco
1 1 2s—2—v —s
gu(z) = 5 / 3 (mv/a) I(s)I'(1—-s4+v)a °ds
Hn—100
1 (—1)F —2k—2—v
252 x (mv/a) D(1+k+v)at
k=0
= Lava) P £ 1) o By (v41 105 -5)
2 ) ) ) 7'(2a
1 1
_ v, v/2 T
=1’ v+1 , 4.136
2 ( ) (z 4 w2a)" ! ( )

where the last equality came from the well-known special case for the hypergeometric function

[45]

2 F1 (a,b; b 2) =

(1-2)"

Taking x = 4’:;”, summing over the index n and using the convention r¢(0) = 1 and

fu(0) = %(W\/a)_”, we obtain the interesting identities

0 1//2 l/+% o0 ro(n
S ro(n)nt K, (2rv/an) = ET(V+1)<W|> ZL) (4.137)

4 v+1?
n=0 n=0 <n + %a)

> x(m)QUm.n) K, (27 /aQ(m.n)) =

(m,n)#(0,0)
V2D (b 4+ 1) G )\ "tz ¥
B 20 v+l 4 -1 d v+ '
(m,n)#(0,0) (Qz (m,n) + qa)

which generalize an identity proved for the first time in [40].
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Now, let us see that we can easily recover some results proved in the previous chapter by
extending (4.137) and (4.138) to v = 0. From the conditional convergence of both series in

(4.138), we can simply take v = 0 and write the formula

Z x(m) Ko (27r\/on(m,n)> = \/ELTGZ(X) Z X(m) . (4.139)

—1 d
(m,n)#(0,0) (m,n)#(0,0) (Qe (m7 n) =+ llea>

However, since both sides of (4.137) are not absolutely convergent when we take v = 0 we
need to argue in the same way we did at Example 2.5. To do so, we see that an extension of the

series in the right-hand side of (4.137) to the half-plane Re(r) > —1 can be given by

Z TQd(n)uH = Zm(n) dl 0 nyl+1 +2Zy(v+1,Q), (4.140)
n=i (n+ ) ot (n+ 14 )

since the general terms of the infinite series at the right-hand side of (4.140) are O (n*” *2) and

Zy(v+ 1, Q) is defined in all the complex plane.

Using (4.140) in (4.137), taking the limit ¥ — 0 and using Kronecker’s limit formula (4.97),

we derive the extension of Ferrar’s formula [40],

1 \/W = 1 1
‘d dm n=1 TQ ‘%‘O& B E
= ZrQ ) Ko (2mv/an) + 2log (|n(7)]) — v — log <\/§Ta> . (4.141)

Note that if we take Q@ = Qo(m,n), then a = 1 and 7 = i and from the particular value for

the Dedekind 7—function® [44],

1
77( ) r (Z)
2r3/47
we arrive to
1 3 1
ng ) Ko (2mv/an) + 2logT i —log (2) — B log (7) — B log(a)
1 1 & 1 1

= — 4+ — - = 4.142

2o * 2m ot ra(n) [n—l— o} n} Nt ( )

which is equivalent with equation (3.112) in the third chapter, which was derived by other means.

3In fact, it is not hard to derive this result. Notice that we can use €q.(2.88) of the second chapter with z =1

and appeal to the calculations of the first chapter involving L (1, x) and then take x = xa.
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Example 4.2.: Diagonal quadratic forms and sum of squares function

Assume that @ is a real positive definite quadratic form in R™ and s is a complex number such

that Re(s) > 5. Usually, one defines the n—dimensional Epstein’s (—function [21,97]

1
Q (m)®

where, as in (4.7) the series (4.143) is evaluated over vectors with integral coordinates, not all of

Zn(s,Q) =

meZm\0

. Re(s)> 7 (4.143)

which are zero. Trivially, one can find that, for n = 2, we have the classical Epstein (—function

(4.7) and, for n = 1, we have 2a7°((2s).

In this final example we prove a Selberg-Chowla formula for one particular case of (4.143)

when n = 4 and @ is the diagonal quadratic form

Q(IIZl, ...,.’134) = Q0’4<$1, ...,1‘4) = 1‘% + ...+ .%'?1 (4144)

We denote the Epstein (—function associated to (4.144) by (4(s) := Z4(s, Qo4). From the
definition of the arithmetic function r4(n), which describes the number of ways for which n can
be expressed as a sum of 4 square numbers (see [60] or our glossary), we can write (4(s) as the

Dirichlet series

Gls) =Y ) pets) > 2. (4.145)

Thus, taking n =4 in (4.145) we obtain

= ra(m) 1
Gls) =2 ms 2 (m2 + ... +m3)°

m=1 (m1,...,m4)#0
= > W = 20a(s) + Y W (4.146)
(m,n)#(0,0) m,n=1

where the first equality came from setting m = m? +m3 and n = m3 + m3.

In the double series presented in (4.146), we sum firstly over the index m: to evaluate this

sum, recall formula (4.137) derived in Example 4.1 above for Q) := Qg 2. This gives the equality

) 2T s=1 I ra(m)
+ Yy mzlm(m)m 7 Ko (2mv/mn) | — = mz:l CE (4.147)

1 [al(s—1
ns—l

I'(s)
Now, summing (4.147) over the index n, we obtain, for Re(s) > 2, the following expression

for its left-hand side

m

1“(13) [WF(S ~1)G(s—1) +27° 3 ra(n)ra(m) (n)5 Ko (QW\/%)] ~Ga(s). (4.148)

n=1m=1
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Combining (4.146) with (4.148), we obtain a formula similar to Selberg-Chowla’s for the

higher-dimmensional Epstein (—function, (4(s),

7°T(s) Ca(s) = 7 °T(s) Ca(s) + 7' ~T(s — 1) Ga(s — 1)
+2 Z ro(n) ro(m) (7:)82 K1 (2my/mn) . (4.149)
m,n=1

which provides the analytic continuation of (4(s).

Adapting Bateman and Grosswald’s argument cited in Lemma 4.1 above, we can prove that
the series on the right-hand side of (4.149) is entire and has a particularly simple reflection
formula with respect to the reflection s <» 2 — s. We can also see that (4(s) has an analytic
continuation to the complex plane as a meromorphic function with a simple pole at s = 2 and

obeys to the functional equation

7 5T(s) Ca(s) = 52T (2 — 5) G4 (2 —5). (4.150)
Furthermore, from Jacobi’s 4-square theorem [60,94|, we know that

r4(n) = 8c(n) — 320(n/4), (4.151)

where the second term is to be taken zero if 4 { n. Using (4.151), we arrive at a simple expression

for 4(s),

o(m) _ 4y o(m/4)
= mS mS Z mS

Ca(s) = Z ralm) _ 8

4lm

Il
o0

e 1

M _ 2—25+5 i M

ms
m=1

=8 (1—4"%)¢(s)¢(s — 1). (4.152)

Combining (4.152) with the identity (a(s) = 4¢(s) L(s, x4) (see (4.11)), we arrive at an interest-

ing identity for ((s),

4 (1—4"7%)775T(s) ¢(s) C(s — 1) = 27 *T(s) {(s) L (s, xa) + 27" *T(s = 1) {(s — 1) L (s — 1, x4)

£ 3 nyraim) (2)F Ko rvimm). (4159

m,n=1

We can still derive further identities of the type (4.153): for example, the case for which

n = 3, Selberg-Chowla formula provides the interesting formula
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T °T(s) G3(s) = 7T (s — 1) ¢(25 — 2) + 7 °T(s) (a(s)

+4 Z ro(n) <W>? Ki_s (2rmy/n), Re(s) >

N W

(4.154)

which gives the analytic continuation for (3(s) and also provides the functional equation

7T(s) C3(s) = 75731 @ - s> G (g - s> . (4.155)
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Chapter 5

Consequences of the Work developed

In this final chapter we present some consequences of the work previously done, related with the

behavior of ((s) and L(s, x) at interesting regions and points of the complex plane.

We will cover two main results, whose statements can be read in the following items:

1. For a nonprincipal, primitive and real character modulo ¢, L(1,x) > 0. Moreover,

L(1,x) # 0 whenever x is a nonprincipal and real character.

2. The Riemann (—function has infinitely many zeros at the critical line Re(s) = % if and
only if the trivial Epstein’s (—function, (3(s), has the same property. By other words,
Hardy’s theorem is true if and only if it also holds for (a(s).

5.1 1% Application: The non-vanishing of L(s,x) at s =1

Dirichlet [5] proved in 1837 that an arithmetic progression of the form A, := a + bn with
(a,b) =1 and 1 < b < n — 1 contains infinitely many prime numbers. It is universally agreed
that the most difficult step in Dirichlet’s proof lies in showing that, for any nonprincipal and

real character modulo ¢, L(1,x) # 0 [5].

In the first part of this chapter, our goal is to establish a proof of this fact, based on the
formulas of Koshliakov-type derived in the third chapter. We pursue the proof of the following

theorem

Main Theorem 1:

Let x be any nonprincipal real character modulo x. Then L(1,x) # 0.
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To prove Main Theorem 1, we first need to introduce an elementary lemma, usually given in

some proofs of Dirichlet’s theorem [62,104]
Lemma 5.1. Let x be a real character modulo ¢. Then, for each n € N, d,(n) > 0.

Proof: From the definition of dy(n) (see equation (3.10) at the third chapter)

dy(n) = Z x(d),

d|n

we have, for each prime number p dividing n,

dy(n) =] @+ x@) + .. + x(p)**)., (5.1)
pln

where «,, is the exponent of p in the prime decomposition of n. Since x is real, we have

x(n) € {—1,0,1} ¥n € N. Therefore, it is simple to conclude that
1. If o, is even, then each factor of (5.1) is 1 or o, + 1.
2. If o, is odd, then each factor of (5.1) is 0, 1 or ay, + 1.

From 1. and 2. we have the desired. B

Now it is time to use the character analogues of Koshliakov’s formulas derived at the third
chapter to prepare a proof of the Main Theorem 1.

Recall from the third chapter that the self-reciprocal functions for the transforms given
ax

by equations (3.4) and (3.5) were, respectively, functions in the families of Ky(ax) and e~

Associated to these, we’ve also deduced the following formulas, valid when z > 0,

Ve

for nonprincipal, primitive and even y and

S e =G0 5 - 9 e Ly, 69
n=1

for nonprincipal, primitive and odd .

In the following argument, our idea will be to use the previous formulas to study the limit
case z — 07. Our argument is an adaptation of the idea proposed by Berndt et al. in [30], but

is aimed to extend the approach given in the paper [30] to Dirichlet odd characters.
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It should be pointed out that, whatever is the argument invoking the above formulas, this
approach does not close the question completely since the formulas are only valid for primitive

characters.

Nevertheless, following the first chapter of this thesis, we shall see that proving the Main
Theorem for primitive characters is all that is required to prove the general version. So, we are

going prove the following "weak" version of the Main Theorem 1:

Theorem 5.1: Let x be a nonprincipal, real and primitive character modulo ¢. Then L(1, x) >
0.

Proof: Assume first that y is an even character: since it is also real, we have that equation

(5.2) can be written as

O 10,0+ L o () = o+ DS o (27). 6

n=1

Recall that, as © — oo, the modified Bessel function Ky(x) satisfies the asymptotic estimate

Ko(x) = (%)1/2 e ?[14 O(1/z)] and, as x — 0, Ko(z) = —log(x) + O(1) (see [106]).

If we let z — 0" on (5.4), we obtain the following expression

GELX) L(1,x) + ;dx(n) Ko <27\%Z>

— ZfL(l,X) + 2(32 nzz:l d)\(/(%l)zm v 140 (z/n)], z— 0" (5.5)

so that the series on the right-hand side of (5.5) vanishes when this limit is taken. From the
facts that dy(n) > 0 for all n € N (by Lemma 5.1.) and Ky(z) is a strictly positive function in

R, it follows that the series

= 2mnz
>yt 16 (27
n=1 \/E
is always positive for all z > 0 and so it goes to +0o when z — 07. This shows that the

right-hand side of (5.5) goes to +oo. But this only means that

L(1
lim 7( 2 X) = 400,

z—0Tt z

proving that L(1,x) is a positive real number.
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Now, consider the case where x is odd: using (5.3) and the fact that x is real, we obtain the

formula

oo . . o0

_zmz 4G(x) _ iG(x) - Vi

nz::ldx(n)e VO = LX) = - > dy(n)e =ve + 5 — L(1,x). (5.6)
Once more, let z — 07 in (5.6). The nonnegativity of the arithmetic function d, (n) and the

positivity of the exponential show that the left-hand side tends to 400, while the series in the

right-hand side clearly goes to 0. In the same way, this shows the divergence of the second term

in the right-hand side of (5.6), i.e.,

which closes the proof. W

Following the lines briefly introduced in the first chapter, we can see that the main theorem

holds. This is what we prove now:
Proof of the Main Theorem 1:

Let x be any nonprincipal and real character modulo ¢. If x is primitive, the previous theorem

assures that L(1,x) > 0, and so there is nothing to prove.

If x is nonprimitive and has modulo ¢, then, by Theorem 1.2 of the first chapter, there

corresponds a divisor £’ of £ and a primitive character x’ modulo ¢ such that

X' (n) if (n,0)=1
x(n) =
0 it (n,f)>1,
which, by its turn (see eq. (1.148) at the first chapter) proves that L(s, x) can be written in the

form

L(s,x) =L(s;,x) [T =X ®)p~*), Re(s) > 1, (5.7)
ple
which holds by analytic continuation for every s € C.

Since, by Theorem 5.1, L(1, x") > 0 always, it follows immediately from (5.7) that L(1, x) # 0

for any nonprincipal and real character y. W

This closes the main part of this section. In the remaining part, we prove Corollary 4.3.3.
stated in the fourth chapter. This proposition asserted that, for a sufficiently large |d| and a

nonprincipal and primitive character y, the single-weighted Epstein (—function satisfies
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1
Z2 <27 Q’ X) > 0.

Now, by using our Main Theorem, we are ready to prove it.

Proof: Use formula (4.30) at the fourth chapter for s = %, which is valid only for nonprincipal

and primitive characters. We easily obtain

Zs (; 0, x> — 2\/ZL(1,X) n S%f g:ldx(n) cos <w2 Z) Ko (2”5") , (5.8)

and the estimates (4.83) given in Corollary 4.3.1 of the fourth chapter prove that the series
in the right-hand side of (5.8) is O (

672ﬁk
Vk
becomes arbitrarily small. Since L(1,x) > 0 (by Theorem 5.1), we deduce immediately that

Z2 (%7 Q7 X) >0. &

). Therefore, if k is large enough, this second term

In Corollaries 4.3.1. and 4.3.2. given in the fourth chapter, we have stressed that Z, (s, Q)
and Zs (s, @, x) do not satisfy multi-dimensional analogues of the Riemann hypothesis, and so
we cannot “transport” to Za(s, @) and Zs (s, @, x) some of the conjectured properties of ((s)

and L(s, x) respectively.

However, the positivity of Za(s, @, x) at s = 1 is a feature that Zs(s, @, x) preserves, at
least when () has a large discriminant. We state this fact as an easy corollary, and it goes as

follows

Corollary 5.1.1.: Let x be a nonprincipal, real and even Dirichlet character modulo ¢. Then

for any quadratic form with large discriminant, Zs (1, @, x) > 0.

Proof: Let us use formula (4.31) in the fourth chapter,

1
T(s) Zo(s, Q, x) = 2k 27121 <5 — 2) L(2s —1, x)+

nmb

[oe)
+87° k'3 Z T1-2s, (1) n®"% cos <c> KS_% (27rk/n) , (5.9)
n=1

which is valid even for nonprimitive characters (see the discussion there). Using once more
estimate (4.83) given at the fourth chapter, it is again immediate to see that the second term

of (5.9) is bounded as O (

e—QWk

Vk
s =11n (5.9) and invoking the Main Theorem 1 above proves the desired claim. W

), so it is arbitrarily small when k is sufficiently large. Taking
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5.2 274 Application: Hardy’s theorem for ((s) and (s(s)

To finish this thesis, we explore another important application of the work done in the previous
chapter. We have seen that, despite being regarded as a multi-dimensional analogue of ((s),
Epstein’s (—function lacks some of some (still conjectured) features of ((s).

Moreover, only in some cases (for example, when Zs(s, Q) = v((s) L(s, xa) for some char-
acter x4 and constant ) it is described by an Euler product formula similar to the one of {(s)

and L(s,x) (see eq. (1.19) and (1.21) at the first chapter).

Despite this, it may seem surprising that, for the simplest version of the class of zeta functions

given by quadratic forms, Za(s, Qo) = (2(s), the following theorem takes place:

Main Theorem 2:

Riemann’s (— function has infinitely many zeros in the critical line Re(s) = % if and only if

Ca(s) verifies this property as well.

By other words, what the previous theorem states is that Hardy’s theorem is valid for

Epstein’s (—function (2(s) if it is also valid for {(s) and viceversa.

It is clear that one of the implications predicted by the Main Theorem 2 holds. In fact, since
Ca(s) = 4((s) L(s,xa) by Jacobi’s two-square theorem (see chapters 3 and 4), it follows that if
¢(s) has infinitely many zeros of the form s = % + it, (2 (s) has the same complex numbers as

its zeros.

However, the converse is not so obvious and, of course, one curious application of this non-

trivial implication is the following corollary

Corollary 5.2.1: If L(s,x4) has infinitely many zeros with real part 1/2, then ((s) has the

very same property.

In what follows, we shall prove the Main Theorem 2 by using Selberg-Chowla’s formula.
This proof results from an adaptation of an argument due to Max Deuring [38] and there are
of course natural similarities with Hardy’s proof itself (see [103], chpt. 12). However, the use
of Selberg-Chowla formula to arrive to these consideration is a new approach and comes from
a different motivation than Deuring’s and so the forthcoming argument may be regarded as

complementary to those of Hardy and Deuring.

First, we establish an important lemma, which allows to write the symmetric function asso-

ciated with (a(s),
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Py(s) = 7 °T'(s) C2(s),

with an integral similar to the one found in Hardy’s proof [103].

Lemma 5.2.1.:  Let (2(s) = Za(s, Qo) denote Epstein’s (—function for the simplest quadratic
form Qo(m, n) = m? 4+ n? and

(5.10)

Dy(s) =7 °T'(s) Ca(s) (5.11)
denote the symmetric functions associated with ((s) and (a(s) respectively.

Then the identity holds

Dy (;—Fit) :4<I>(1+2it)+4q)(2it)—|—% 7@<1+z‘(y—t)> @<;+i(y+t)> dy. (5.12)

—00

Proof: The proof of (5.12) is the result of an application of Selberg-Chowla formula when the
Epstein ¢(—function is defined for the quadratic form Q(m,n) = Qo(m,n) := m? + n.

Using formula (4.25) in the fourth chapter for Q(m,n) = Qo(m,n) we get

75T (s) Ca(s) = 2m°T'(s)¢(2s) + 2 5H1/2D (s — ;) ((2s —1) (5.13)

+ 8> o1 au(n)n K,y 5 (2mn).
n=1

Now recall that we can write the modified Bessel function lying in the series (5.13) as the
inverse Mellin integral (note that o = Re(s)),

p+ioco
1 w2 w—%+s w—i—%—s —w 1
KS_%(QTI'"II)—ﬁ / 2 F( 5 r 5 2mn)" " dw, p>1+|o 3|
H—100
(5.14)

The absolute convergences of the integral (5.14) and the series (5.13) allow us to interchange

the order of summation and integration in the third term of (5.13). This gives the formula
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Z o1-25(n) n* V2 K,y (2n)
n=1

e 5+ + 3 . (n)
. _ ’U)—i S w §—5 01-25(N
" 8 / i wF( 2 >F< 9 )an—s—i—l/de

pH—100

p+ioco
1 —w w—%—l—s w+%—s 1 1

pH—100

where the last equality came from the fact that Re(w) = p > 1+ |U — %} and the identity

involving the Dirichlet series associated with the generalized divisor function (see [103] chpt. 2),

oo
92 1 1
20127(?):((10_54_1/2)C(w+5_1/2)’ Re(w)>max{o*—,—a}. (5.16)
— nw—s+1/2 27 9
Now we can write the integral (5.15) as
ptioo
1/¢—+1c1> +s—1)a (5.17)
smi w=s+g wts— g | dw, .
HU—1i00

where ®(s) denotes the complex function (5.10), which satisfies the reflection formula ®(s) =

®(1 — s) due to the functional equation for ((s) (1.142).

Now let us assume that s is a complex number on the critical line, i.e., s = % + 4t, for some

t € R. Then, from (5.13) and (5.17), together with definitions (5.10) and (5.11),

p+ioco
1 1
oy <2+it> =20 (14 2it) + 2P (2it) + — / O (w—it) & (w+it) dw, p>1 (5.18)
ur)
H—100
and we can move the line of integration to the critical line y = % Note that, in the region
3 < Re(w) < p, the product ® (w — it) ® (w + it) has two simple poles located at w = 1 + it,

and both come from the pole that ((s) has at s = 1. Since Ress=1((s) = 1, it is easy to see that

Resy=1+it [P(w —it) ®(w +it)] = @ (1 4 2it) + @ (1 — 2it)
= @ (1 + 2it) + D(2it),

where the last equality comes from the relation ®(s) = ®(1—s). Therefore, by Cauchy’s Residue

Theorem, the integral term given in (5.18) can be written as

Liico
2
1
1 / B (w— it) @ (w + it) dw + 20 (1 + 2it) + 2D(2it). (5.19)
v
1 oo

2
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Thus, combining (5.19) with (5.18) yields the desired

100
2
1 1
(I>2<2—|—it>:4‘I>(1+2it)+4<b(2it)—|—Z_ /@(w—z’t)@(w+it)dw
T
%—ioo
| 1T 1
=4 (1 + 2it) + 4P (2it) + — /@(2+z(y—t)> <I><2+z(y+t)> dy. &
T

Using representation (5.12) and well-known asymptotic estimates for ®(s) and ®5(s) studied

in previous chapters, we are ready to start the proof of the Main Theorem 2.

Proof of Main Theorem 2: In what follows, we prove that if (s) has finitely many zeros
on the line Re(s) = % then the same must happen for (5(s), proving the implication which is

left to prove.

By the functional equation for {(s), written in the symmetric form,

O(s) = P(1 —s), (5.20)

we see that the function p(y) = ® (3 +i(y —t)) ® (3 +i(y+1)) is real valued for y € R, since

— 1 . 1 .
=2 (3-i-0)e(5-it+0)
1 .
= §+z(y—t) o §+z(y+t) = ¢(y).
Now, let us suppose, by contradiction, that ¢ (% + it) vanishes for a finite number of real

numbers ¢. From this hypothesis, we infer that exists T € R™ such that, for all t > T, the real

number ¢ (% + it) has always the same sign.

For such T, let us take t > T in (5.12). Due to the symmetry with respect to ¢ in (5.20), the

considerations are analogous for t < 0, so, from now on, we assume that ¢ is positive.

Since, by hypothesis, ((s) has a finite number of zeros on the critical line, ¢(y) has constant

sign if |y + t|, |y — t| > T. Hence, if we take a partition of the integral (5.20) as

[o(3rion)o(briaen)as [ o(brin-n)e(ieivsn) s
—T+t —00
+Z¢<;+i<yt>)@<;+i<y+t>)

(5.21)
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we see that, in the third of these, the integrand has a constant and positive sign, since |y —t| > T
and |y +¢| > T.

Therefore, ® (5 +i(y—1)) ®(5+i(y+1t)) = [®(3+i(y—1t) ®(3+i(y+1t))| and so
the third integral (5.21) can be expressed as

[o(irion)o(briaen)as [ o(briu-n)e(ieiven)a

+ t/:cb (;+i<y_t)) @(;Jri(yﬂ))'dy-

The main hypothesis is now developed. To proceed with the proof, we will now state and

prove two main claims, related with the asymptotic order of the integrals in (5.21) as t — oo.

Claim 1: Let A;(t) and A2(t) denote, respectively, the first two integrals in (5.21), i.e.,

Ay (D) :_Zt o (; bily— t)> o @ Fily ~|—t)> dy (5.22)
and
—4T
As(t) = / o (; by — t)> o (; by + t)) dy. (5.23)

Then both obey, as functions of ¢, to the following estimate

A1(t), As(t) = O (\tyee—%ﬂﬂ) It = oo, (5.24)

for any positive e.

Proof of the Claim 1: First, let us note that, by the functional equation for ((s),

e}

A0 = / @(;—i(y—t)>®<;—i(y+t)> dy =

~T+t
—t+T

= [ e(Grivro)e(5rin-n)a-

—0o0

= A (t),

and so it suffices to prove (5.24) for A;(t) as an analogous estimate holds for Asx(¢).

188



To estimate the integral A;(t), recall that, from Lindelof’s estimate (2.42) given in Proposi-
tion 2.2 of the second chapter, ¢ (% + it) =0 (\t\i+€> for every € > 0. Moreover, from Stirling’s

formula,

1 x
(1) -olricn).

we have the estimate

® (; +ily - t)) ) <|y L e—%ly—tl) (5.25)

and
1 x
P <2+i(y+t)) =0 (|y+t\€e_z|y+t|) . (5.26)

Now, notice that we can rewrite A;(¢) by taking a partition of the integral in (5.22) and

using the change of variable u = y — ¢, giving

Ai(#) :_Zt ® <; +i(y—t)> o @ +i(y—|—t)) dy
T+t

_ / @(;—I—i(y—t)> ¢<;+i(y+t)> dy

—T+t

+ 7O<I><;+i(yt)) q’(;ﬂ'(yﬂ)) dy

T+t

_ Z¢<;+w> <I><;+i(u+2t)> du

4 Z@ (; + w) d <; +i(u+ 2t)> du. (5.27)

If we now let ¢ be arbitrarily large in (5.27) and use the estimate (5.26), we obtain that the
first integral in (5.27) can be bounded in the following way

T T

1 1 1 =
/ o (2 + zu) ® <2 +i(u+ 2t)> du < C / ® (2 + zu) |u + 2t|ﬁe—z\u+2t\du
-T =T

=0 (\t\fe—%lt\) : (5.28)

which follows from the compactness of the interval of integration and, certainly, from the obvious

continuity of ® (% + zu) as a function of u.
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For the second integral given in (5.27) note that, since u > T and 7" can be taken large enough
in order to assure that ¢ (% + it) has no zeros for ¢ > T (by the contradiction hypothesis), we

can also apply Stirling’s formula to ® (% + zu) which gives in its turn

o oo

1 1 x =
/<I> ( +iu> d <2 +i(u+ 2t)> du < D /uee_w (u+1)° e alut2tl g, —
T T

2
oo
= De 2l / (u? +tu) e 2%u = O <\t\€ 6_%””‘) , (5.29)
T

completing the proof of the first claim. W

We now move on to a second claim, which provides a lower bound for the third integral
appearing in the partition (5.21). This will be the final step towards our proof of the Main
Theorem 2.

Claim 2: For a sufficiently large |t|, we have the inequality

t—T
1 1 x
As(t) = / '@ <2 +i(y— t)> d <2 +i(y +t)>’ dy > C'|t|ze 5l (5.30)
—t+T
for some positive constant C'.

Proof of the Claim 2: Throughout this proof we shall assume that ¢ > T > 0, but similar

considerations hold for t < —T < 0 as well.

In the interval of integration considered by (5.30) we have |y —¢| > T and |y +t| > T. So,
if T is chosen sufficiently large and ¢ > T, we conclude, by Stirling’s formula, that exist two

constant numbers 0 < C, Cy < /27 such that the inequalities

1 i .
‘F (4 +;(y_t)>‘ >y ly —t[ 5 e T (5.31)
and
1, ¢ ~i = Hlytt]
P75+t ) 2Celyt+t]5es (5.32)

are satisfied. Thus, if we multiply both terms (5.31) and (5.32), we get the inequality

‘p <1 + iy t)> r <i Fiw+ t)>‘ > C |2 = 2| F e el

> C'|t| "2 e~ dvHtitly—t) (5.33)
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since the function h(y) := [t — y2|7i attains its minimum for y = 0. Using (5.33), we find an

estimate for Ajs(t) as follows

) / o (Lritr-n) o (S rito)| a
>0t:+T ‘c( ritr-0) ¢ (zritn)| e
> O3 e 3l /C(z—it) C(z+it)dz|, (5.34)

71
where v is the line segment connecting 3 —i(t — T') to 3 +i(t — T).

Using the fact that the product ¢ (z — it) ¢ (z + it) has no poles for |Im(z)| < ¢, it defines an

analytic function on the rectangular contour

- %—i(t—T), ;Jri(t—T)} U B—i—i(t—T),?—i—i(t—T)]
UR+i(t—T),2—i(t—T)U [2+i(t—T),;+i(t—T)]. (5.35)

The remaining part of this proof consists in applying Cauchy’s theorem to the last integral
in (5.34) and then evaluate the asymptotic behavior in each segment defined in (5.35). Note
that we can write this path integral by using the equality

/Cz—zt C(z+it)d / / / C(z—it) C(z+1it)) dz

2 73 Y4
where 72, 3 and 74 are the line segments appearing in (5.35) by its respective order.

To finish the proof, we will see that the integral along v3 = 2+ i(t—T),2—1i(t—1T)]

satisfies (5.30), which will close the proof. Our task now is to check the following items:

1. Since v = [% +i(t—=T),2+i(t— T)], we have that, along this path, z has a fixed imag-
inary part. So, when ¢ is taken arbitrarily large, ((z — it) ((z +it) = O <|t|%) for 1 <
Re(z) < 2 and since the domain of integration is a compact set, f72 ((z—it) C(z+1t) dz =

0 (m%).

2. By the same reasons invoked in the previous item, the integral along -4 obeys to the
estimate f74 C(z—it) C(z+it) dz = O (|t|%) as well, as ~4 also defines an “horizontal

segment”.
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3. Finally, consider the integral along 73, i.e., f,yg ¢ (2 —it) ((z+1it) dz. Since Re(z —it) =
Re(z+it) = 2 along this path, we can represent the product of (—functions by the Dirichlet
series [103]

C(z—it)Cz+it) =Y 72it(1) (5.36)

anrit ’

n=1

which is absolutely convergent along 3. So we can interchange the orders of integration

and summation once we take the series (5.36) inside the integral f%. This immediately

gives
- 2+i(t—T)
- - dz
_/Q(Z_ﬂg) C(z+it) dZZZO'Zit(n) / netit
J n=1 2—i(t—T)
- t—T
. du
=1 Z o2it(n) / n2tiutit
n=1 —t+T
) t—T
ST 2it —ilog(n)
_2zt+zz o / —ilog(n)u g,
n=2 —t+T

. = 09i(n) sin((t — T) log(n
=21t 4+ 21 Z ZZJEit) (@ log()n) g(n)

= 2it + O(1), (5.37)

where the bound for the second term comes from the trivial estimate

. d(n) 7
<2 — = —.
- nz::l n?2 18

i o9it(n) sin((t — T) log(n))

n2+it log(n)

n=2

Using (5.34) and the previous items, we finally prove the inequality

As(t) > Cle| 3 e 31 /C(z—it) ¢ (= + it) dz
V1

> Ot e 3l ’21’1& 1O (|t|%>‘ —Ctlze 3l 10 (e—%ltl) . m

Now, the proof of the Main Theorem 2 follows: we have seen in (5.21) that, once one assumes

that ¢ (% + it) has finitely many zeros, we can take the partition

I(1) = 7@ (5+10-0) 0 (5+i0+0) di= 0+ Ae) + Al

where A;(t) are the integrals defined in the statements of the previous claims.
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By the conclusions driven out from Claim 1 and Claim 2, we know that exists C' > 0 such

that

Z(t) > C|t|" ez,

Moreover, since ® has the estimate (2.42),
, 1 i
O(1 + 2it) =7 2T (2 T it) C(1+2it) =0 (W e*alt\) ,

® (2it) = B(1 — 2it) = O (|t|€ e—%‘”) :

we have, for a sufficiently large |¢],

1

§+ioo
1 1
P, <2+¢t>‘ = |4® (1 + 2it) + 49 (2it) + — / P (w—it) ® (w+it) dw
e
%—ioo
> C|t|V/2e 2, (5.38)

which proves that ® (% + it) can only vanish for a finite number of parameters t € R. B

Note that the previous argument can be now used to derive Hardy’s theorem, once we recall

the relations (4.87) and (4.89) given in Corollary 4.4 of the fourth chapter.

Corollary 5.2.2 The Riemann (—function has infinitely many zeros located at the critical

line Re(s) = 3.

Proof The proof easily follows from (5.38): we have seen that, once we assume the finitude of

zeros of (% + it), we obtain, for some large T and t > T,

1 .
‘(I)Q <2+Zt>’ =

However, for every € > 0 (see formula (4.89) given in the fourth chapter), Epstein’s (—function

, 1 1 x
SRS Y (2 + @'t) (2 <2 + 2t>‘ >C \t\%e‘é‘“. (5.39)

obeys to the estimate

G (; +z't) =4¢ (; +z't) L (; +it, X4) =0 (!tI%“) ,

which proves that

(i)

: 1 1 x
a2 i (2 + z‘t) (2 <2 + zt>‘ =0 (yty%+€ e*altl) t = oo, (5.40)
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It is now immediate to see that estimate (5.40) clearly contradicts (5.39) and from this

contradiction we prove that there are infinitely many zeros with real part % [ ]

We also remark that it is possible to prove extended versions of the Main theorem 2.

Indeed, following formula (4.155) given in the fourth chapter for (s3(s), Re(s) > %,

7 T(s) G3(s) = 7' 7T (s — 1) ¢(2s — 2) + 7 °T'(s) (a(s)

+4 3 r(n) (%) * Ky (2nmy/n) | (5.41)

m,n=1

and after mimicking the previous proof, it is also possible to prove that

Corollary 5.2.3: If (3(s) has infinitely many zeros in the line Re(s) = 2 then (3(s) has

infinitely many zeros in the line Re(s) = 1 as well.

However, the study of the zeros of the “three-dimensional” Epstein (—function (3(s) is still
open for explorations. For instance, Terras [98] proved that, for the Epstein (—function associ-

ated to ternary quadratic forms

Zs(s, Q)= Y >
(1.2 s} 0 Q(m1,ma, m3)
if the matrix representation of @ has a suitable determinant, one can show that Z3(s, @) has a

real zero lying on the open interval (1, %)

This argument proves that a three dimensional analogue of Riemann hypothesis is not true
and gives a three-dimensional analogue of the result given at Corollary 4.3.1 of the previous

chapter.

Finally, we should also remark that we could prove Hardy’s theorem by other means, i.e.,
by proving separately its version for L (s, x4) and appeal to the unexpected Corollary 5.2.1.
However, if we wished to do so by considering a variation of the argument given above, it would

be required to consider another version of Epstein’s (—function in the form

— x1(m) x2(n)
Za(s, Q, X1, x2) = Z “Qmon) Re(s) > 1 (5.42)
(m,n)#(0,0)
where x1 and x2 are nonprincipal and primitive characters modulo ¢ having the same parity.
Note that, if x; and xo possess a different parity, the series represented in (5.42) vanishes.
In analogy with the “single-weighted Epstein (—function” given in the previous chapter, we refer

to (5.42) as “double-weighted Epstein (—function”.
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It is also simple to show, via Example 2.5 of the second chapter, that Zs(s, @, x1, x2) obeys

to the formulas similar to Selberg-Chowla’s,

1. If x1 and x2 are even, Zs (s, @, x1, x2) has the representation

8msa™*

Z2(87 Q7 X1, X2) = F(S) G(Xl) k1/2—8€1—(5+1/2)
2 il X e cos (W a Z) K1y < 7;1 n) , Re(s) > 1. (5.43)

n=1

2. If x1 and x2 are odd, Z3 (s, @, x1, Xx2) has the representation

8imia"?® e p—(s
Za(s, Qs x1; x2) = —— 5= GOa) K/ 01
> b ok
> " o1-2s(n, X1, x2)n* T sin <7r - Z) K, ( 7;1 ”> , Re(s) > 1, (5.44)

n=1

where o, (n, xa, Xp) is a character analogue of the generalized divisor function (called the “double-

weighted divisor function”) defined by

n
-(n, Xa» Xo) = > Xa(d) Xb (3> d’.
dln
Adapting the methods studied at the previous chapter, one can prove that equations (5.43)

and (5.44) provide the analytic continuation of (5.42) as an entire function in C satisfying the

functional equation

G(X1) G(X2) (\j%) L(s) Z2 (s, @, X1, X2) = (

2

s—1
\/j,) F(l_s) Z2 (1 - S, QZS@? X1s y2) )

(5.45)

where Q;ll@ denotes the Quadratic form

QL (@ y) =Q" <Z j;) .

Taking x1 = x2 and setting both equal to the character modulo 4, x4, we can show, via a
similar argument given above and by using (5.45), that L (s, x4) has infinitely many zeros located
in the critical line Re(s) = % However, despite the similarity with the proof of Corollary 5.2.,
dealing with the character version of the generalized divisor function, o.(n, Xq, xp), i very
delicate, since estimates of series involving characters, even real ones, cannot be established

with such straightforward methods.

195



Bibliography

[1]

2]

3]

4]

[5]

6]

7]
8]

19]

[10]

[11]
[12]

[13]

N. H. Abel, Solution de quelques problémes & l’aide d’intégrales définies, in Oeuvres com-
plétes de Niels Henrik Abel: Nouvelle édition Cambridge Library Collection - Mathematics,
Cambridge University Press, 11-27, do0i:10.1017/CB09781139245807.003

M. Aigner and G. M. Ziegler, Proofs from THE BOOK, Springer, Berlin, 2009.

T. M. Apostol, Another Elementary proof of Euler’s formula for ¢ (2n), Amer. Math.
Monthly 80 (1973) 425-431.

, Dirichlet L—functions and Primitive Characters, Proc. Amer. Math. Soc. 31 (1972)
384-386.

, Introduction to Analytic Number Theory, Undergraduate Texts in Mathematics,

Springer-Verlag, New York-Heidelberg, 1976.

——, Modular Functions and Dirichlet Series in Number Theory, 2nd edition, Springer,

New York (1990).
————, On the Lerch zeta function, Pacific J. Math., Vol. 1., 2 (1951), 161-167.

——, Remark on the Hurwitz Zeta Function, Proc. Amer. Math. Soc. Vol. 2, 5 (1951),
690-693.

E. Artin, The Gamma Function, Holt, Rinehart and Winston, 1964.

R. Ayoub, An introduction to the analytic theory of numbers, Math. Surveys, no. 10,
Amer. Math. Soc., Providence, R.I., 1963.

, Euler and the zeta function, Amer. Math. Monthly, 81 (1974), 1067-1086.

, On L-functions, Monatsh. Math., 71 (1967), 193-202.

G. de Barra, Measure Theory and Integration, First New Age International Reprint, New

Delhi, 2000.

196



[14] P. T. Bateman and E. Grosswald, On Epstein’s zeta function, Acta Arith., 9 (1964),
365--373.

[15] B. C. Berndt, Generalized Dirichlet series and Hecke’s functional equation, Proc. Edinburgh
Math. Soc., 15 (1967), 309-313.

[16] , Identities involving the coefficients of a class of Dirichlet series. I, Trans. Amer.

Math. Soc., 137 (1969), 345-359.

[17] B. C. Berndt, Identities involving the coefficients of a class of Dirichlet series. II, Trans.

Amer. Math. Soc., 137 (1969), 361-374.

[18] B. C. Berndt, Identities involving the coefficients of a class of Dirichlet series. III., Trans.

Amer. Math. Soc., 146 (1969), 323-348.

[19] B. C. Berndt, Identities involving the coefficients of a class of Dirichlet series. IV, Trans.
Amer. Math. Soc., 149 (1970), 179-185.

[20] B. C. Berndt, Identities involving the coefficients of a class of Dirichlet series. V., Trans.

Amer. Math. Soc., 160 (1971), 139-156.

[21] , Identities involving the coefficients of a class of Dirichlet series. VI, Trans. Amer.

Math. Soc. 160 (1971), 157-167.

[22] , Modular transformations and generalizations of several formulae of Ramanujan,

Rocky Mountain J. Math., 7 (1977), 147-189.

[23] , On the Hurwitz zeta-function, Rocky Mountain J. Math., 2 (1972) 151-157.

[24] , The Gamma function and the Hurwitz zeta-function, Amer. Math. Monthly, 92,

126-130, 1985.

[25] , The functional equation of some Dirichlet series, II, Proc. Amer. Math. Soc., 31

(1972), 24—26.

[26] , Two new proofs of Lerch’s functional equation, Proc. Amer. Math. Soc., 32 (1972),

403-408.

[27] B. C. Berndt, A. Dixit, J. Sohn, Character analogues of theorems of Ramanujan, Koshli-
akov, and Guinand, Adv. Appl. Math., 46 (2011), 54—70.

[28] B. C. Berndt, A. Dixit, S. Kim, A. Zaharescu, Sums of squares and products of Bessel
functions, Advances in Mathematics, 338 (2018), 305-338.

197



[29] B. C. Berndt, R. J. Evans, The determination of Gauss sums, Bull. Amer. Math. Soc. 5
(1981), 107—129.

[30] B. C. Berndt, S. Kim, A. Zaharescu, Analogues of Koshliakov’s formula, Ramanujan 125,
Contemp. Math. 627, K. Alladi, F. Garvan, and A. J. Yee, editors, American Mathematical
Society, Providence, RI, 2014, 41-48.

[31] , The Circle Problem of Gauss and the Divisor Problem of Dirichlet — Still Un-

solved, Amer. Math. Monthly, 125 (2018), 99-114.

[32] B. C. Berndt, Y. Lee, and J. Sohn, Koshliakov’s formula and Guinand’s formula in Ra-
manujan’s lost notebook, Surveys in number theory, Dev. Math., 17 (2012), 21-42.

[33] S. Bochner and K. Chandrasekharan, On Riemann’s Functional Equation, Ann. of Math.,
63 (1956), 336-360.

[34] K. Chandrasekharan and R. Narasimhan, Hecke’s functional equation and arithmetical

identities, Ann. of Math., 74 (1961), 1-23.

[35] S. Chowla, L. J. Mordell, Note on the Non Vanishing of L(1), Proceedings of the American
Mathematical Society, 12 (1961), 283-284.

[36] H. Davenport, Multiplicative Number Theory, Springer-Verlag, Berlin Heidelberg, 2nd
Edition, 1980.

[37] C. Deninger, On the analogue of the formula of Chowla and Selberg for real quadratic
fields, J. Reine Angew. Math., 351 (1984), 171—191.

[38] Max F. Deuring, On Epstein’s zeta function, Annals of Mathematics, Second Series, 38
(1937), 585-593.

[39] A. L. Dixon, W. L. Ferrar, Lattice-point summation formulae, Quart. J. Math. Ozxford, 2
(1931), 31-54.

[40] , Some summations over the lattice points of a circle 1., Quart. J. Math. Ozford, 5

(1934), 48-63.

[41]

, Some summations over the lattice points of a circle I1., Quart. J. Math. Ozford, 5

(1934), 172-185.

[42] , On the summation formulae of Voronoi and Poisson, Quart. J. Math. Ozford 8

(1937), 66-74.

[43] H. M. Edwards, Riemann’s Zeta Function, 1974, New York: Academic Press.

198



[44] A. Erdélyi, W. Magnus, F. Oberhettinger, F. G. Tricomi, Higher Transcendental Functions,
Vols. 1, 2 and 3, McGraw-Hill, New York, London and Toronto, 1953.

[45] , Tables of integral transforms, Vol. 1 and 2, McGraw-Hill, New York, 1954.

[46] L. Euler, De seriebus quibusdam considerationes,  Commentarii academiae scien-
tiarum Petropolitanae, 12, 53-96. The reader can find the manuscript in latin in

https://scholarlycommons.pacific.edu/euler-works/130/.

[47] , De summis serierum reciprocarum, Commentarii academiae scientiarum
Petropolitanae, 7 (1734), 123-134. An english translation can be found in
https://scholarlycommons.pacific.edu/euler-works /41/.

[48] , Variae observationes circa series infinitas, Commentarii academiae scientiarum
imperialis Petropolitanae, 9 (1744), 160-188. An english translation can be found in

https:/ /scholarlycommons.pacific.edu/euler-works /72 /.

[49] W. L. Ferrar, Some solutions of the equation F(t) = F(t~1), J. London Math. Soc., 11
(1936), 99-103.

[50] , Summation formulae and their relation to Dirichlet’s series 1., Compositio Math.,

1 (1935), 344-360.

[51] , Summation formulae and their relation to Dirichlet’s series II., Compositio Math.,

4 (1937), 394-405.

[52] N. J. Fine, Note on the Hurwitz Zeta-Function, Proceedings of the American Mathematical
Society, 2 (1951), 361-364.

[53] A. P. Guinand, On Poisson’s summation formula, Ann. Math., 42 (1941), 591-603.

[54] , Summation formulae and self-reciprocal functions. I, Quart. J. Math. (Oxford Ser.

(2)), 9 (1938), 53-67.

[55] , Summation formulae and self-reciprocal functions (II), Quart. J. Math., 1 (1939),

104—118.

[56] Emil Grosswald, Comments on some formulae of Ramanujan, Acta Arith., 21 (1972),

25-34.

[57] G. H. Hardy, On Dirichlet’s divisor problem, Proc. London Math. Soc. 15 (1916), 1—25.

[58] , On the expression of a number as the sum of two squares, Quart. J. Pure Appl.

Math., 46 (1915), 263—283.

199



[59]

[60]

[61]

[62]

[63]

[64]

[65]
|66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

G. H. Hardy and E. C. Titchmarsh, Self reciprocal functions. Quart. J. Math., 1 (1930),
196—231.

G. H. Hardy, E. M. Wright, Introduction to the Theory of Numbers, Oxford University
Press, Oxford, 6th edition, 2008.

P. Henrici, Applied and computational complex analysis, vol. 1, Wiley, New York, 1974.

A. E. Ingham, Note on Riemann’s zeta-Function and Dirichlet’s L— Functions, J. London

Math. Soc. 5 (1930), 107-112.
A. Ivi¢, The Riemann Zeta-function, John Wiley Sons, Inc., New York, 1985.

Koji Katayama, On Ramanujans formula for values of Riemann zeta-function at positive

odd integers, Acta Arith., 22 (1973), 149-155.

, Ramanujan’s formulas for L-functions, J. Math. Soc. Japan, 26 (1974), 234-240.
N. S. Koshliakov, On Voronoi’s sum-formula, Mess. Math. 58 (1929), 30—32 (in Russian).

M. I. Knopp, On Dirichlet series satisfying Riemann’s functional equation. Invent. Math.,

117 (1994), 361-372.

M. I. Knopp, S. Robins, Easy proofs of Riemann’s functional equation for ((s) and of
Lipschitz summation, Proc. Amer. Math. Soc., 129 (2001), 1915-1922.

N. S. Koshliakov, Application of Mellin’s transformation to the deduction of some sum-

mation formulae, Izv. Akad. Nauk SSSR Ser. Mat., 5 (1944), Issue 1, 43—56.

, Investigation of some questions of analytic theory of the rational and quadratic

fields IT (Russian), Izv. Akad. Nauk SSSR Ser. Mat. 18 (1954), 213-260.

, On Voronoi’s sum-formula, Mess. Math. 58 (1928), 30--32.

H.L. Li, S. Kanemitsu, X. H. Wang, Plana’s summation formula as a modular relation and

applications, Integral transforms and Special Functions, 23 (2012), 183-190.

H. Lima, On Miintz-type formulas related to the Riemann zeta function, Journal of Math-

ematical Analysis and Applications, 463 (2018), 398-411.
E. Lindelof, Le calcul des résidus, Chelsea, New York, 1947.

L. J. Mordell, Some applications of Fourier series in the analytic theory of numbers, Proc.

Cambridge Philos. Soc. (1928), 585-596.

, Poisson’s summation formula and the Riemann zeta-function, J. London Math.

Soc. 4 (1929), 285-291.

200



[77] Y. Motohashi, A new proof of the limit formula of Kronecker, Proc. Jap. Acad, 44 (1968),
614-616.

[78] C. Nasim, A summation formula involving ox(n), k& > 1, Canad. J. Math. 21 (1969),
951-964.

[79] , A summation formula involving o(n), Trans. Amer. Math. Soc. 192 (1974), 307—

317.

[80] , On the summation formula of Voronoi, Trans. Amer. Math. Soc., 163 (1972),

35-45.
[81] F. Oberhettinger, Note on Lerch Zeta Function, Pacific J. Math., 6 (1956), 117-120.

[82] F. Oberhettinger and K. L. Soni, On some relations which are equivalent to functional

equations involving the Riemann zeta-function, Math. Z., 127 (1972), 17-34.

[83] T. L. Pearson, Note on the Hardy-Landau summation formula, Canad. Math. Bull., 8
(1965), 717-720.

[84] H. S. A. Potter, E. C. Titchmarsh, The zeros of Epstein’s zeta-functions , Proc. London
Math. Soc. (2), 39 (1935), 372-384.

[85] A. P. Prudnikov, Yu. A. Brychkov, and O. I. Marichev, Integrals and Series: Vol. 1:
Elementary Functions, Gordon and Breach, New York, 1986; Vol. 2: Special Functions,
Gordon and Breach, New York, 1986; Vol. 3: More Special Functions, Gordon and Breach,
New York, 1989.

[86] R. Remmert, Classical Topics in Complex Function Theory, Springer-Verlag, New York,
1998.

[87] , Wielandt’s theorem about the I'-function, Amer. Math. Monthly, 103 (1996),

214-220.

[88] B. Riemann, On the Number of Prime Numbers less than a Given Quantity (translation

from the german Uber die Anzahl der Primzahlen unter einer gegebenen Grosse),

[89] P. Ribeiro, Appendix to Master’s Thesis, A.1l.: Supplement to Chap-
ter II: Kontorovich-Lebedev transform and Poisson-type formulas,
https://drive.google.com /file/d /17YxiVUnR1s8Q-ppfdubF2LxzKaYnlHmS /view 7usp—=sharing
A.2. Supplement to Chapter III: A proof of Voronoi’s identity via Kontorovich-Lebedev
Transform

https://drive.google.com/file /d /1TEOpm0-etSaGY0Vq4CCA-BnNbkXmoe OG /view?usp=sharing

201



[90]

[91]

[92]

93]

[94]

[95]

[96]

[97]

98]

[99]

[100]

[101]

102]

[103]

[104]

A. Selberg and S. Chowla, On Epstein’ s zeta function, J. Reine Angew. Math., 227 (1967),
86-110.

T. Shintani, A Proof of the Classical Kronecker Limit Formula, Tokyo J. Math, 3 (1980),
191-199.

J. R. Smart, On the values of the Epstein zeta function, Glasgow Math. J., 14 (1973),
1-12.

K. Soni, Some relations associated with an extension of Koshliakov’s formula, Proc. Amer.

Math. Soc., 17 (1966), 543-551.

E. M. Stein, R. Shakarchi, Complex Analysis, Princeton University Press, Princeton, New
Jersey, 2003.

P. R. Taylor, The functional equation for Epstein’s zeta-function, The Quarterly Journal

of Mathematics, 11 (1940), 177-182.

————, On the Riemann zeta function, The Quarterly Journal of Mathematics, 16 (1945),
1-21

A. Terras, Bessel series expansion of the Epstein zeta function and the functional equation,

Trans. Amer. Math. Soc., 183 (1973), 477-486.

, Real zeroes of Epstein’s zeta function for ternary positive definite quadratic forms,

Illinois J. Math., 23 (1979), 1-14.

, , Harmonic Analysis on Symmetric Spaces and Applications, Vol. 1, Springer,

Verlag, 1985.

——, Some formulas for the Riemann zeta function at odd integer argument resulting

from Fourier expansions of the Epstein zeta function, Acta Arith., 29 (1976), 181-189.

E. C. Titchmarsh, On Epstein’s zeta-function, Proc. London Math. Soc. 36 (1934), 485—
500.

, The Theory of Fourier Integrals, 2nd ed., Oxford University Press, London, 1948.
, The Theory of The Riemann Zeta-Function, 2nd ed., The Clarendon Press, Oxford,
1986.
B. Veklych, A One-Formula Proof of the Nonvanishing of L. -Functions of Real Characters

at 1, Amer. Math. Monthly, 122 (2015), 484-485.

202



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

G. N. Watson, Some self-reciprocal functions (1), Quart. J. of Math. (Oxford), 2 (1931),
298-309.

, A Treatise on the Theory of Bessel Functions, second ed., Cambridge University

Press, London, 1966.

E. T. Whittaker, G. N. Watson, A Course of Modem Analysis, 4th ed., University Press,
Cambridge, 1962.

K. S. Williams, Number Theory in the Spirit of Liouville, London Mathematical Society
Student Texts, Vol. 76, Cambridge University Press, Cambridge, 2010.

J. R. Wilton, A Proof of Poisson’s Summation formula, Journal Lond. Math. Soc., 1-5
(1930), 276279

, Voronoi’s summation formula, Quart. J. Math. (Oxford Ser. 2), 3 (1932), 26-32.

, A note on the coefficients in the expansion of ((s,z) in powers of (s — 1), Quart.

J. Pure Appl. Math., 50 (1927), 329-332.

S. B. Yakubovich, A general class of Voronoi’s and Koshliakov-Ramanujan’s summation

formulas involving di(n), Integral Transforms Spec. Funct., 22 (2011), 801-821.

, Asymptotic and summation formulas related to the Lebedev integrals, Integral

Transforms and Special Functions, 19 (2008), 293-304

, Certain identities, connection and explicit formulas for the Bernoulli and Euler

numbers and the Riemann zeta-values, Analysis (Berlin),35 (2015), 59-71.

, Index Transforms, World Scientific Publishing Company, Singapore, New Jersey,
London and Hong Kong, 1996.

, New summation and transformation formulas of the Poisson, Miintz, Mdbius and

Voronoli type, Integral Transforms and Special Functions, 26 (2015), 768-795.

, On a progress in the Kontorovich-Lebedev transform theory and related integral

operators, Integral Transforms and Special Functions, 19 (2008), 509-534.

, Voronoi-Nasim summation formulas and index transforms, Integral Transforms

and Special Functions, 23 (2012), 369-388.

, Voronoi-type summation formula involving o;; and index transforms, Integral

Transforms and Special Functions, 24 (2013), 98-110.

203



	Abstract
	Notation and Conventions
	Introduction
	Chapter I: Preliminary study and the analytic continuations of (s) and L(s,)
	Preliminary results - Part I (Dirichlet characters and Gauss sums)
	Preliminary Results - Part II: The functions (s,a), (s) and L(s,) and our methods of study
	Methods in this chapter 
	Preliminary Results - Part III: Euler's  and  functions
	Abel-Plana formula and the Analytic continuation of (s,a)
	Abel-Plana formula
	The Analytic continuation of (s,a) and its corollaries
	Consequences: Particular values for (s,a) and (s)

	Main section: Functional equation for (s), (s,a) and L(s,)

	The Poisson summation formula and its character analogues
	Preliminary results: Part I - The Fourier and Mellin integrals for the L1 and L2-class. Plancherel Theory 
	Preliminary Results: Part II - Our conditions
	Preliminary results: Part III
	Main Results: A character version of Poisson's summation formula
	Poisson summation formula for the Müntz Class
	Examples: 

	The Voronoï Summation formula and its Character Analogues
	Preliminary results - Part I:
	Preliminary Results - Part II: 
	Examples:
	Final considerations and Main Theorem: 

	Summation formulas involving Quadratic forms and their character analogues
	Preliminary results I - Extension of Selberg-Chowla formula to characters and examples 
	Preliminary Results II - The functional equation and Kronecker's limit formula
	Main results: Summation formulas involving quadratic forms for the Müntz class
	Examples:

	Consequences of the Work developed
	1st Application: The non-vanishing of L(s,) at s=1
	2nd Application: Hardy's theorem for (s) and 2(s)

	Bilbliography

