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Abstract

The Riemann Zeta function is defined as

(o)=Y ni Re(s) > 1.

n=1

This thesis presents a new and exceedingly simple method of analytic contin-
uation of ((s) to the whole complex plane. This method involves an applica-
tion of the binomial theorem. As a consequence, we give a simple inductive
proof of the well known formula

C(I—k) = —By/k,

where By is the k-th Bernoulli number. This technique is capable of wider
generalization. We will consider the series

o0

1
((s,2) :Zm

n=0

where z is a complex number in a much larger domain:
D'={zeC}\{z€eR:2<0}

We will derive the analytic continuation for z in the larger complex domain
by the method mentioned above and thereby extend the classical result

C(1—Fk,a)= —Bkkga)

for 0 < a <1 toall a € D', where By(x) denotes the k-th Bernoulli polyno-
mial. More generally, we will consider series of the type

oo

Z(n + 2,) "%, {2} being a sequence inD,

n=0

111



v
where D is the cut unit disc

D={z€C: |z]<1}\{zeR: -1 <2<0}.

We will also consider poly-Hurwitz zeta functions defined as

o0

C(S1,89, ..., 89 X1, T, ..., L) = Z(n +x)" " (nt w70

n=0

for 0 < x; < 1. The above series absolutely converges for Re(s;+---+s,) > 1.
Using methods similar to the one mentioned above, we will be able to obtain
a meromorphic continuation to C".
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Chapter 1

Introduction

The Riemann Zeta function is defined as

=1

g(S) = E7

n=1
where s is any complex variable, satisfying Re(s) > 1. This function was
studied by Riemann in 1859. He wrote a paper in which he described the ¢
function as the main tool to prove the prime number theorem. He observes
that the above series is connected to prime numbers via the Euler product:

| 1\'
> =1-5)
n=1 n p
where the product is over all primes p.
In the same paper, Riemann shows that ((s) admits an analytic contin-

uation for all s € C apart from s = 1, where it has a simple pole. He also
derives the functional equation

I (f) ((s)m 2 =T ((1 ; s)) C(1—s)r "7

2

The proof presented in this thesis is an application of the Poisson Summation
formula, and closely follows Riemann. I will follow the proof as treated in
(M2].

In the third chapter of this thesis, we will study the analytic continuation
of the Riemann zeta function. We will use a simple and elegant summa-
tion technique to analytically continue the ( function. I have followed the
treatment as outlined in [MR].



2 CHAPTER 1. INTRODUCTION

One of the main contributions of this thesis is a new and exceedingly
simple method for the analytic continuation of ((s). This method involves
an application of the binomial theorem. For this proof, we will also need the
Hurwitz Zeta function, which is defined as

= 1
((s,z) = ij

n=0

where x is a real number such that 0 < 2 < 1. This series converges ab-
solutely for Re(s) > 1. In this thesis, we present a new method of analytic
continuation for ((s, z).

We will also give a new proof of the identity

c1-k=--F,

where the Bernoulli numbers B,, are defined by the power series
t SN
et —1 Z B"H

n=0

In the fourth chapter, we will introduce the Hurwitz zeta function
((s,2),re R, 0<z <1,

first studied by Hurwitz in 1882. In his paper, he obtained an analytic
continuation of ((s,x) to the whole complex plane apart from s = 1, where
it has a simple pole. Hurwitz thus unified the treatment of ((s) and the
study of the classical Dirichlet L-functions L(s, x) by observing that

k
L(s,x) = k= DO x(r)(s: 1),

where y is any Dirichlet character mod k£ and

L(s,x) = Z XSZ), Re(s) > 1.

In the fourth chapter, we will study ((s, z) for a complex number z in
domain ), where D is the cut unit disc

D={z:|z2|<1}\{z€eR:-1<2<0}.



We will be able to generalise our new method for analytically continuing
((s) to obtain an analytic continuation of ((s, z) by applying the binomial
theorem.

This will enable us to prove that

C(1—Fk,z) = —B’“kfz), (1.1)

where By(z), the k-th Bernoulli polynomial is defined as

Bi(z) = Xk: (k> Bz,

=0 \J

This idea originates in the paper[MR], albeit for real values of 2,0 < z < 1.
By a slight modification to our arguments, we can also define ((s, z) for z
belonging to an even larger domain

D'={zeC}\{zeR:2<0}.

It will be shown that ((s,z), 2 € I can be analytically continued to the
whole complex plane except s = 1 where it has a simple pole. Furthermore,
equation (1.1) holds for all z € I

In the last chapter, we will define the Generalised Hurwitz zeta series

[e.e]

C(SaA) = Z m7

n=0

where A is a sequence {z,}, z, € D, and study some applications to regular-
ized products.
We also consider poly-Hurwitz zeta functions defined as
o0
C(s1,89, vy Sp 01, Ty oo, Ty) = Z(n +a) (),
n=0
for 0 < x; < 1. By the same methods, we will obtain analytic continuation
for these functions and prove as a consequence that

C(l—kl,l—kg,...,l—kT;l'l,...,l'T>

is a polynomial in xy, s, ..., z, with rational coefficients (given by Bernoulli
numbers). We may also consider these zeta functions for x; € D and thereby
get a generalization of equation (1.1).
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Chapter 2

Preliminaries

2.1 Objectives

The aim of this chapter is to introduce some fundamental definitions and
results which will be required to prove the main results presented in this
thesis.

2.2 The binomial theorem for complex expo-
nents

For the sake of completeness, we first review the binomial theorem, which
states that: [LA], page 59

Lemma 2.2.1 If|z| <1 and « is any complex number, then

(14 2)* = i (‘:) 2"

r=0

Here,

(i) :a(a—l)..;l(a—rjtl)?aEC

This lemma will be applied to prove the analytic continuation of the zeta
function to the whole complex plane in chapter 3.

5



6 CHAPTER 2. PRELIMINARIES

2.3 The Euler summation formula

The following result is very useful, and is referred to as the technique of
partial summation.

Theorem 2.3.1 Suppose {a,}2, is a sequence of complex numbers and f(t)
is a continuously differentiable function on [1,x]. Set A(t) = ), ., an. Then,

Zanf (@) f(z) — /1 xA(t) F(t)dt

Proof. Suppose first that x is a natural number.
Then,

doanf(n) = Y Am)f(n) =) Aln—1)f(n)

n<lz n<lz n<z
= ZA(n Z An)f(n+1)
n<z nlr—1
= - > A / F(t)dt
n<(z—1)
_ -y / ,
n<(z—1)

since A(t) is a step function.
We observe

> / = /1 ' A) f'(t)dt.

n<(z—1)

Thus, the result has been proved if x in an integer. If z is not an integer, an
observation that

T

A(){f(x) = f([=])} — g A@)f'(t)dt =0

completes the proof. [



2.3. THE EULER SUMMATION FORMULA
Corollary 2.3.2 Suppose A(z) = O(z2°). Then, for Re(s) > 6,

an, At
zn s [T

Hence, the Dirichlet series converges for Re(s) > 4.
Proof. By Theorem 2.3.1, taking f(n) = n~*, we get,
an _ A(z) TA()
Z;I?H/l el

n<x

For s fixed, Re(s) > d, we have,
A
lim ﬁ

r—oo IS

as we know that A(z) = O(2°). Thus,

o n = A(t)
Z ns /1' ts—l—l dt

n=1

=0

g

In the special case a,, = 1, it follows that
Corollary 2.3.3 For Re(s) > 0,

((s) = s {x}dx

s—1 1 s+l
where {z} = = — [x].

Proof. From above,

Z ns / ts-l—l

C(s) = 3/1 x[ﬁ1d$

o0 1 o0
= s/ —dx—s/ {x}d:z:
1 xs 1 ms—i—l

s / {azb
- 8—1 1 SL’S'H

and the latter integral converges for Re(s) > 0. O

Thus,
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2.4 Poisson Summation formula

Theorem 2.4.1 Let F' € L'(R). Suppose that the series >, _, F(n + v)
converges absolutely and uniformly in v, and that ), |F(m)| < oo, where
= [ F(x)e ™™ Then,

Z F(n+v) = Z ﬁ(n)e%m”.
nez nez

The following proof closely follows the treatment in [M2].
Proof. The function
= Z F(n+wv)

is bounded, measurable and periodic with period 1.
The Fourier coefficients of G are

1
Cm = /G(v)ezmm“dv

neEL
_ Z/ n—i—v Zﬂlmvdv
nel
— Z/ —27rzm;rdx
neL
— / ($)6—27rzmxdl,
= F(m)

Since

S E(m)]| < oc,

neZ
we can represent GG by its Fourier series

Z Fn+wv) = Z F(n)e¥

nez nel



2.4. POISSON SUMMATION FORMULA

Corollary 2.4.2 With F as above,

> F(n) =Y F(n).

nez nez
Proof. Set v = 0 in Theorem (2.4.1). O

We observe that since

7o) = / f(z)e 2ot de,

therefore,
fi+a) = / (@ + a)e2miotdy
— eQﬂ'iat / f<y)€—27riytdy
— €2matf/\(t).
Similarly,

G = [ r(5) e
o [ pweedy
— af(at).

Thus, we have shown that

— ~ —_— —

Proposition 2.4.3 f(t +a) = e*™ f(t) and f(%) = af(at).

It can be shown that ([M2], page 308)

2

Proposition 2.4.4 For F(z) = =™ F(u) = =™,

Proof. We have to show that

° 2 2
/ 6—7'('17 e—27rzmudl, _ e—wu ]

—00
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In other words, we have to show that
/ e T gy = 1 (2.1)

We will first prove equation (2.1) for u = 0 and then show that the value of
the integral ffooo e~ (@i g g independent of u. This will prove equation
(2.1).

When v = 0, we have the integral

I:/ e~ d.

I’ = / e‘”de/ e ™ dy
= /OO /OO e_”(z2+y2)dxdy
7;? - ) 2w
= / re """ dr/ do,
0 0

by making the polar substitution x = rcos@, y = rsiné.
Since

We note that

I’ = / 2rre ™ dr = 1,
0

and [ > 0, we deduce I = 1.
Also note that

% /Oo e—7r(ac+iu)2dx _ /Oo (%e—w(m-‘riu)Q) dr
00 o '
=i (g

= [z’e*“("fﬂu)z] -
0.

Thus, the value of the integral is independent of u. Since I = 1, equation
(2.1) is proved.
O

Thus, from Propositions 2.4.3 and 2.4.4, we get
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2 -~
Proposition 2.4.5 For F(z) = ¢ ™%, F(z) = 21/2e ™,

Thus, by Poisson summation formula,

2 2

Corollary 2.4.6 Y _,e ™% = 3 Yonez e

2.5 Properties of the Gamma function

While proving the functional equation of the Riemann zeta function, we will
require some properties of the Gamma function I'(s), as outlined in [Ap].
For Re(s) > 0, we have the following integral representation:

F(s):/ ¥ e d.
0

['(s) can be continued beyond the line o = 0, and is analytic everywhere
in the s-plane except for simple poles at the points s = 0, —1,—2,... with
residue % at s = —n.

I'(s) also has the representation

['(s) = lim

for s £0,—1,—2,...
The Gamma function satisfies two functional equations

I(s+1)=sI(s) (2.2)
and
D(s)D(1 — s) = Sin?m) (2.3)

It also satisfies a multiplication formula

T'(s)T <s + %) ... (s + m—_1> = (2m)"7 m2 "™ T (ms) (2.4)

m

for all s and integers m > 1.
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2.6 Bernoulli numbers and Bernoulli polyno-
mials

Summation of the first n natural numbers, or squares, or cubes, is an el-
ementary problem in number theory. It leads to the following well known
formulae,

n—1

Simy =Y o= 20

1=0

and

These formulae go back to Aryabhata in the 5th century A.D. who derived
the above formulae for £ = 1,2, 3 in his book Aryabhatiya. (see [?], page 38)

The generalization of above formulae to find the sum

is connected with the work Ars Conjectandi of Jacob Bernoulli. We define
the Bernoulli numbers B,, by the series

t = Bt
et—l_z "k
k=0



2.6. BERNOULLI NUMBERS AND BERNOULLI POLYNOMIALS

We consider the power series:

> Si(n)y =
k=0

. . k
Comparing coefficients of %,

S(n) = Z

we get

13

Thus Sk(n) is a polynomial in n of degree k + 1 involving the Bernoulli

numbers as its coefficients.

We also observe that
t

is an even function of ¢. Thus, we deduce that B, = 0 for k£ odd, k£ > 3.

t
et —1

We also define the n-th Bernoulli polynomial as

3 (Z> Bra"*.
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Note that

Bernoulli polynomials will appear later as special values of Hurwitz zeta
functions.(see Chapter 4)

2.7 Characters mod k£ and L-Series

Consider the group (Z/kZ)* of coprime residue classes mod k.
A homomorphism
X (Z/kZ)" — (C)

into the multiplicative group of complex numbers is called a character mod
k. We extend the definition of y to all natural numbers by setting

x(n(mod k if (n,k) =1,
() = { nlmodh)) it (o 1) (25)
0 otherwise.
X, as defined above, is a completely multiplicative function.
The character

Xo: (Z/kZ)" — (C)*

satisfying xo(a) = 1 for all (a, k) = 1 is called the principal character.
The set of characters (mod k) forms a group of order ¢(k), where ¢ is the
Euler p— function. This has been explained in [M2].
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We observe that

> xolr) = w(k).

r(modk)

Lemma 2.7.1 If X # Xo, then 3, 00k X(1) = 0.

Proof. Since x # xo, there is a b(mod k) such that (b, k) = 1 and x(b) # 1.
Then br runs through coprime residue classes mod k as r does. Thus,

Thus,
s(x(b) — 1) =0.
Since, x(b) # 1, therefore s = 0. O

Lemma 2.7.2
Z x(n) = {gp(k) if n = 1(modk), (2.6)

oo k) 0 otherwise.

Proof. If n = 1(mod k), then

dooxm) = Y1

x(mod k) x(mod k)
= (k).
Otherwise, suppose n # 1(mod k) and (n, k) = 1.
Then, there is a character « such that a(n) # 1. (Refer to page 224 of
[M2])
Note that ayy ranges over all the characters mod k as x does. Thus,

S: = Z x(n)

x(mod k)

= > oax(n)

x(mod k)

= a(n)s.
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Since a(n) # 1, therefore S = 0. O

We now define the L-Series L(s, x) for Re(s) > 1 as follows.

L(s,x) = %

Notice that when y is not principal,

> x(n)=0(1).

n<x

So, by corollary 2.3.2, we obtain an analytic continuation of L(s,y) for
Re(s) > 0.



Chapter 3

The Riemann-zeta function and
its generalisations

3.1 Analytic continuation of ((s) via partial
summation

We recall that the Riemann ¢ function was originally defined by the Dirichlet
series

(=Y ni Re(s) > 1.

n=1

In this section, we will prove the following theorem, using partial sum-
mation. This method has also been explained in [MR] and [Ap].

Theorem 3.1.1 ((s) extends to an analytic function for s € C, apart from
s = 1, where it has a simple pole.

Proof. From corollary 2.3.3, by partial summation, we have

((s) = s /1 ) m[ﬂldx

= 1+

R B Gl

s
s—1 ;. awstl

where {z} denotes the fractional part of x. This gives us the analytic con-
tinuation of ((s) for Re(s) > 0.

17
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Next, we write

1 = {z}
Q(S) = 1_’_3——1_8 1 xs+1dl’

0 (U + n)s-i—l

Integrating the last integral by parts, we get

o

o0 1 )

>/ 1 L s+l [*{a)
- du=- d

—t /0 (u+n)stt “ 2 ; (n + 1)s+1 + 9 | zot2 x

and the second integral converges for Re(s) > —1. Thus

ORI EIE el [

=1+ 77 73

In this way, ((s) has been analytically continued in the half-plane

Re(s) > —1.

From above, we also infer that {(0) = —%. Integration by parts leads to
similar representations in successively larger half-planes, as indicated below.

1
() =1+ —

Zss—l—l S)—'Hn_l)(f(s+r)—1) (3.1)

1

_s(s+ (s+m) /
———du
m+1 Z u+ns+m+1

and the infinite sum on the right hand side converges for Re(s) > —m. O

T
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3.2 A new method of analytic continuation
of ((s)

The aim of this section is to derive the analytic continuation of the Riemann
zeta function by an even simpler observation than the one in the previous
section. The idea is to use the Hurwitz zeta function for x = 1/2. As a
consequence, we give a new inductive proof of the well known formula

C(1—k)= —DBi/k,

where B, is the k-th Bernoulli number.

The technique is capable of wider generalization. In the last section of this
thesis, we will consider generalizations of the classical Hurwitz zeta function
and obtain analytic continuations for them. To derive the analytic continu-
ation of ((s), we will make use of the Hurwitz zeta function.

Now, fix 0 <z < 1.

Recall that the Hurwitz zeta function ((s, z) is defined by the series

= 1
((s,x) = Z m, which converges absolutely for Re(s) > 1.

n:O

We notice that

—1 1
PG Z(n+x - %)

The summand on the right hand side can be written as

H(05))

Using the binomial theorem, we obtain

Proposition 3.2.1 If0 <z < 1, then

(s,2) — :i( ) (s+7)a"

r=1
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Proof. Since 0 < z < 1 and n > 1, using binomial theorem, we get
T\"5 o= =5\ [T\
()6
(1) =2 ()G
Thus, we write
1 g T\"
o ((s,1) Z;Z( )(a) |
We note that by ratio test([Ru], page 66), the series of positive terms
SRS
r n
n=1 r=1
converges for Re(s) > 1. So, we can interchange the order of summation to

get )
;sl (s,0) = C(s) =) (;S)C(Ser)xr

r=1

1

nS

The beauty of this proposition is that the right hand side is analytic for
Re(s) > 0. This is because for Re(s) > 0,

o0 —g . . oo
;(JWH@ zz< )xzw (32)
where 0 = Re(s). Notice
oc+r>1Vr > 1.
Then, we note that

IN

S (e

r=1 n=1

s
|l

- 1
Z_: ' Z; nl—l—a
2
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where

=1
n=1
Once again, by ratio test,

xT

- —s
r
r=1
is convergent.

Thus, by Weierstrass M-test, ([Ru], page 148),

S ()L

r=1 n=1

is uniformly convergent for Re(s) > 0.

It follows that -
_g ;
Z ( . )C(s +r)z

r=1

converges uniformly in every compact subset of the half plane
{s € C: Re(s) > 0}.
Thus,

= (=5
Z < )( (s +r)x"
r=1 r
is analytic for Re(s) > 0.

We will exploit this fact below. However, before we do this, let us note
that

((s,1/2) = 2°)° ﬁ

o0

s s) — 1
= 26 -2 )
= 2(((s) ~ 27¢(s))
= (@ 1)(s).

In this way, we get



22CHAPTER 3. THE RIEMANN-ZETA FUNCTION AND ITS GENERALISATIONS

Lemma 3.2.2 ((s,1/2) = (2° — 1)((s).

This is the key observation that we will use to analytically continue ((s). In
Proposition 3.2.1, for x = 1/2, we get

2 - o6 =3 () et

2
r=1 r

Using Lemma 3.2.2, we deduce

Theorem 3.2.3

(25 — 2)C(s) = 2° + 2 (‘f) (%) C(s+7).

Since the right hand side converges for Re(s) > 0, we obtain an analytic
continuation of (2% — 2)((s) in this region. It is immediate that this gives a
meromorphic continuation of ((s) for Re(s) > 0 with possible poles only at
s=1+ 213;7;, where m is an integer. It is also interesting that we can use
Theorem 3.2.3 to derive (by induction) a meromorphic continuation of ((s)
to the entire complex plane. We do this below.

Note first that

> (L) rean = Severy g

So,

lim(2* = 2)¢(s) = 2— QZm

= /1 1
= 2-9 - _
E_:I(Qn 2n+1)

So we obtain, as a corollary to Theorem 3.2.3, the following
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Corollary 3.2.4 (2° —2)((s) extends to an analytic function for Re(s) >0
and
lim(2° — 2){(s) = 2log 2.

s—1
Thus
25 =2
hn} (s = 1)((s) =2log2
S5— S —
so that

lim(s — 1){(s) = 1.

s—1

There is nothing special about ((s, %) Lemma 3.2.2 can be generalized as
follows :

Lemma 3.2.5

(m* = m)¢(s) = D [¢(s, ) = C(s)
Proof.

MY ) =3 e = ()
Thus, ) o
m¢(s) = > (s, )

Thus, i

(m* = m)¢(s) = D [¢ls, =) = (s)
) -

The interesting feature of Lemma 3.2.5 is that the right hand side is analytic
for Re(s) > 0 by Proposition 3.2.1 and the remark afterwards. Hence, by the
same logic as used in the remarks following Theorem 3.2.3, we deduce that
((s) extends to a meromorphic function for Re(s) > 0 with possible poles at
s =1+ 2" L c 7. Choosing m = 3, we find that the only possible poles of

logm?

¢(s) lie in
2mik 2mil
1 kel 1 ey, ={1}.
{ +10g3 < }ﬁ{ +log2 < } {1}
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This shows that ((s) extends to an analytic function for Re(s) > 0 except
for a simple pole at s = 1. From proposition 3.2.1 and Lemma 3.2.2, we have

(2° —2)¢ _28+Z( ) C(s+1)27". (3.3)

Let us now assume that ((s) is analytic for Re(s) > —(m — 1), m € N.
Equation (3.3) can be rewritten as

(28 — 2)¢ —2S+Z< ) (s +7) + i (_:)2’“((5+r).

r=m+1
If Re(s) > —m, then
(s
2—7‘
; < . ) (s +7),

being a finite sum of analytic functions is analytic.
From arguments following Proposition 3.2.1, we deduce that

r:;nil <_TS) 27C(s+7)

is analytic for Re(s) > —m.
So, assuming that ((s) has an analytic continuation in the half plane

Re(s) > —(m—1), m e N
we have shown that ((s) can be analytically continued in the region
Re(s) > —m.

Thus, by induction, we see that ((s) extends analytically for all s € C, except
for a simple pole of residue 1 at s = 1.
This gives us an elementary proof of Theorem 3.1.1.

3.3 A new derivation of ((1 — k) = _ B

We now use the derivation in the previous section to obtain a new proof of
the formula

B
4(1—1@:):—?’“,1@22.
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Since
t t
exp(t) — 1 - 2
is an even function, the Bernoulli numbers for odd subscripts > 3 vanish,
and we can write the above formula as

Theorem 3.3.1
C1—Fk)=(-D)""'By/k, k>1.

Proof.
Observe that equation (3.3) can be written as

(25— 2)¢(s) = 2° — SC(S; D, > <_S>C(5 )27

r
r=2

where we see that the right hand side is analytic for Re(s) > —1. We may
substitute s = 0 in the above formula and deduce that

Since B; = —%, the above theorem holds for £ = 1.
We proceed by induction on k.
Suppose the result holds for all m € N, m < k.
We note that for r = k, {((1 — k + r) has a simple pole of residue 1. So,

lim(r — K)C(1— k+7) = 1.

lim (k_ 1)%@“(1 —k+r) = b

r—k T
Also, if r > k, the term

Then,

(’“_1)%@(1—k+r)

r

vanishes, since ((1 —k+r) is analytic. Thus, if we put s = 1 —k in Theorem
(3.2.3), we obtain the recurrence

(27F —2)¢(1— k) =2k + 2_: (k ; 1) %C(l —k+r)— ﬁ (3.4)



26CHAPTER 3. THE RIEMANN-ZETA FUNCTION AND ITS GENERALISATIONS

Then, by induction hypothesis and the fact that ((0) = By, we get

Cl—k+r)= (—1)’”15’“_‘;, 1<r<(k-1).

So, the right hand side of equation (3.5) becomes

k—1
E—1\ 1 B, 1
S ( s )g‘“”“‘l T
=1

k—r 2Fk

Ll - 1
— k: r—1
ot Z ( ) Bir— i (3.5)
k
1 1
— - ()_ krlBk,r——( 1)kle
k 27
-0
Thus, we get
By 1gn (k)1
21k _)e(1— k) =2k — ()P o —(=1)*"By_,
(2 - 21 - ) R ()
Let us define ¢is as follows.
Do =2 g 2V By (3.6)
k=0 k=0 k=0
Then, ¢x = S, (M) & (1) "By, for every k > 1.
Note that
% k
cpr® x (—x)
—~ Kk B eXp(Q)exp(—x) -1

() oo
= xexp|= — —.
2 exp(i) — exp (7)

Now, coefficient of x, in exp(3) is gt
We have to determine the coefficient of % in

vesp (g) . — _mexp = = zexp <§> +%$ (sin(%))
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Recall from [Co|(page 88) that

x?m—l

(2m)!

(sin(z)) " = 27"+ ) By (—1)"H (27" — 2)

m>1

Using this formula, we can deduce that

3(05) e Eme ) ey

Thus, if k is even |,

As a result,

(27" = 2)¢(1 — k)

k| 2k—1 9k
B
= (2-27F)=E
(2-2174)=
that is, ((1 — k) = —%
If k is odd ,
k
Cr — 2]@‘*1 .
Thus

27" =2)C(1— k) =~ (-1 "=
In particular, if £ = 1, then ((0) = —% =B
If k > 3, then ((1 — k) =0 = By, for k odd.

The theorem for m = k follows from the different cases considered above

Thus, we have proved our result by induction . [J

Corollary 3.3.2 ((s) =0 for s = —2n,n € N.
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Proof. We know that B, = 0 for odd k € Z, k > 3. Thus,

i BQn—H

(=2 =

= 0.

3.4 An identity involving ((2n)

This section is based on [GW]. In this paper, G.T.Williams presented, among
other things, a new method of evaluating ((2n). His method is elementary
and involves manipulations of the defining series.

He proves the following

Theorem 3.4.1

C(2)C(2n —2)+C(4)C(2n —4) +...¢C(2n — 2)¢(2) = (n+1 ¢(2n).

5)
This convolution serves to give ((2n), recursively, as a rational multiple of

(€(2))".

Proof. The left hand side is the limit, as N — oo, of

1 1 1 1
ZZ{# V2n 5 T [ A 2n—4 ot MQn—zﬁ} (3.7)

v=1 pu=1

Here, N is a positive integer. Summing the geometric series within braces,
and taking note of the exceptional case when p = v, this becomes

122 HJ 1
ZZ —r +(n—1);ﬁ. (3.8)
Throughout this proof, all sums run from 1 to N and an accent on the
inner sum indicates that the index(in this case, 1) does not take on the value
of the index of the outer sum (v here.)
Ignoring the term on the far right, (3.4) is equal to

ZZW"+zzﬂ . (39)
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Inverting the order of summation in the second double sum, and noting
that the condition pu # v is the same as the condition v # p, (3.5) can be
written as

1 1
PP S 310
v I3

Combining the above equations, we find that equation 3.3 can be written as

op—n§:£;+2§:V;2§:¢2iﬂ. (3.11)
v v m

Now,

1 1 1
2”2/ 2—V2 - ZIM_V_Z,M_|_V
M

M H H
N+v N—v
1 1 1 1
= =) —+-+) ~+ o
p=1 H v p=1 K v

3 L
2w N—-v+1 N+v|’

When we substitute this into (3.7), we get that (3.3) is equal to

1 1 1 1 1
= N . 3.12
(n+2)zyjl/2" zy:u%l (N—l/+1+ +N—|—I/) (312)

Finally,

1 n 1 . . 1 - U
N—-v+1l N-v+2 N+ v N—-v+1
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and so

0 =< EV:VZil (N—11/—|—1+.”+N:—V)
< 2;V2711—2'N—1V+1
< 2w
- w12 ()
N
- ¥k,

< NLH(l +log(N))

We observe that

4
— (1 +1log(N
N+1( +1log(N)) — 0

as N — oo. The above statement and equation (3.8) taken together give us
the theorem.

U

3.5 Functional equation of the Riemann zeta
function

We now derive the functional equation of the Riemann Zeta function.
((s) satisfies the functional equation

C(s) = 2875 sin(%s)F(l —8)¢(1— )

The functional equation can be written in a number of ways. Changing
s into 1 — s and using the functional equation for I'(s), it becomes

s

C(1—s)=2"%1"%cos <7> ['(s)((s).



3.5. FUNCTIONAL EQUATION OF THE RIEMANN ZETA FUNCTION31

It can also be written in the symmetric form

and we will prove the functional equation in the above form.
We define the © function as

O(z) = Ze‘””zz, z€C,Im(z) > 0.

ne”L

Now, define w(y) = O(iy). Thus,

and

w (%) = Ze_”"2/x.

neL

We know, from corollary (2.4.6), that

L\ g
w (x) =z w(x).
r <§> = /OO e_ttsﬂﬂ.
2) = J, ]

Now,

Put t = n?mx. Then,

r (f) — /OO efnzﬂ'a:nsﬂ,s/st/Qd_x'
0 T

T

= W—s/Zn—sF <§> _ /OO €—n27rml,s/2d_x
2 0

T2 (%) ((s) = /OO (f: e_”zm) xS/Qd?m.
0
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Note that 1 4+23% e '™ = 3% =7 G,

n=—oo

S —n?rx w(x) —1
Z € - 9 )
n=1

Let us set W(z) = %

Now,

= / :1:5/2W(x)d—$
0

X

) 1
= / a;s/2W(x)d—$+/ xS/QW(x)d—x
1 0

T T

= / xS/QW(a:)d—x+/ :cs/2W(l) de.
1 T 1 x) x

Now,

() - 2

2 2w(r) -1
2
2 2W (z) + 1} — 1
2
_ ! + lxl/Z + 22W (z).
2 2

Thus,

/OO W l x_s/zd_x
1 x x
o 1 1 d
= /1 (—5 + 5901/2 + x1/2W(x)) a:’sﬂf
1 1 o d
= —+ +/ x(l_s)/QW(az)—J;.
s s—1 1 x
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Hence,

n(2) ¢s)

Thus, it follows from above that

wieor (5) = or (57)

This is Riemann’s derivation of the analytic continuation of ((s) and
functional equation.
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Chapter 4

The Hurwitz zeta function

4.1 Classical Hurwitz zeta function

In the last chapter, we defined the Hurwitz zeta function :

> 1
C(Sva) = z; (n+a)3’

where we fix 0 < a < 1. The above series converges absolutely for Re(s) > 1.
For Re(s) > 1, partial summation gives us

((s,a) = 3/0 ﬁdw

As in section 3.1, integration by parts leads to the formula

((s,a) = s__sl - o 1)(;«;<f)+ = (C(s+ra)—a™>")
=t (4.1)

s(s+1)...(s+m) /
du
m+1 Z u+n+a5+m+1

The infinite sum on right hand side converges for Re(s) > —m. Thus, the
method used for Riemann zeta function generalizes to give the analytic con-
tinuation of the Hurwitz zeta function ((s,a) for real values of a between 0
and 1.

However, we can consider the Hurwitz zeta function for complex values
of a, provided we are careful that log(a) is well-defined. We do this below

35
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and derive an analytic continuation of ((s,a). As before, we can inquire into
the nature of the special values (1 — k, a). This turns out to be —By(a)/k
for appropriate complex values of a.

4.2 Hurwitz zeta function ((s,a) for complex
values of a

Our new method to analytically continue ((s), explained in section 3.2, is a
versatile method because it enables us to analytically continue ((s, a), where
a belongs a much larger complex domain D, where

D={z:|z|<1}\{zeR:-1<2<0}

We consider the series

= 1
C(S’Z):Zm

n=0

where z is a complex number. The summand is to be interpreted as
exp(—slog(n + 2))

and therefore, for the logarithm to be defined, we need to have z not lie on
the negative real axis. We note that

;_j+<<s,z>—<<s>=g(ﬁ_%>'

Writing the summand as

#(03)7)

and using the binomial theorem, we obtain

Theorem 4.2.1 For z € D, we have

#s o —c) =3 ()

28
r=1
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Since the right hand side converges for Re(s) > 0, we obtain an analytic con-
tinuation of {(s, z) in this region. Analogous to remarks made after theorem
3.2.3, we can derive, by induction the following result.

Theorem 4.2.2 The function ((s,z) for z € D is analytic in the whole
complex plane except for a simple pole at s = 1.

Furthermore, given any non-zero complex number z not lying in the neg-
ative real axis, we can find a positive integer m such that |z| < m. Now,

_Zl+<(sz ::Zjnls (<1+ ) S_1)+§%((1+§)—8_1>

Since, |z| < m, therefore |2| < 1Vn > m.

Thus, applying binomial theorem to the second term on the right hand
side and by a change in the order of summation, we obtain a modification of
Theorem 4.2.2.

Theorem 4.2.3 Let
D'={zeC}\{zeR: z<0}.

Then, given z € IV, I3m € N such that

Since the right hand side is analytic for Re(s) > 0, we obtain an analytic
continuation of ((s, z) in this region. Thus, by induction, we can derive that
the function ((s, z), for z € D' is analytic in the whole complex plane except
for a simple pole at s = 1.

4.3 Derivation of ((1 —k,z) = —B’fkfz)

We now prove the following result:

Theorem 4.3.1 For z € IV,

B
((1—Fk,z)=— kk(z),k‘GZ,kEQ.
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Proof. We first prove the theorem for z € D. From Theorem 4.2.1, we have

o

s =) = Sy WD E D e (g9)

z8 r!

r=1

In equation (4.2), put s = 1 — k and observe that if r > k, then the sum
vanishes, since ((1 — k + r) is analytic.
At r =k, ((1 — k + r) has a simple pole of residue 1. Thus,

lim(r —k)((1 —k+r) =1.

r—k

This implies that
lim(—l)’"(l —k)2—-Fk)...(r—1—=Fk)(r—k)

r—k 7!

So,

Thus,
k1
kE—1 k
-k = #rca-n+ X (M )c-kanr -3
r=1
k-2
k—1\ Bi_ 2"
= Sl (1—k) - k=t -1 2
274+ (( ) 2.\ PR +¢(0)z .

((1—k+7r) = ﬂ(—1)’f—1(/f —
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More generally, let z € I'. From Theorem 4.2.3, we have
1 i | 2\ S = [—s
_ L 2) — = —( (1 —> -1 "
)~ = (( +2 )+;<T>z§(s+r)
0o m—1
-5\ , 1
() (25)
r=1 n=1
(4.4)

In the above equation, we put s =1 — k where k € Z, k > 2.
Then, we get the following equation :

-1

3

(]

—zk_1+C(1 —k,z)—C(1—k)

n=1

W I

SRR 1
1—k+r"
1 n "

r= n=1

Now, the first term on the right hand side in equation 4.5 is

S (e

n=1 r=0

M

:“nmlkiﬁ )@

n
k— m—1
k—1\ .
= V4
- n} k+r”

3
—_

Thus, equation 4.5 reduces to equation 4.3.
Since equation 4.3 holds for all z € I, our result is proved.

U

The idea of this proof originates in [MR].

k-1
1 AL E—1
nlk(<1+ﬁ) _1)+ 1( r
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4.4 L-Series and its relation to ((s, )

If x is a character modk, we rearrange the terms in the series for L(s, )
according to the residue classes mod(k). That is, we write

n=qgk+r,1<r<k,  ¢q=0,1,2,...

and obtain

L(s,x) = ZX(?)

Theorem 4.4.1 For the principal character xo, the L-function L(s,xo) is
analytic everywhere except for a simple pole at s = 1 with residue @.
If x # X0, L(s, X) is an entire function of s. Furthermore, if we define the

generalized Bernoulli polynomial By, ., by

k

By =K1Y x(r)By(r/k),

r=1

then,

B,
L(1—n,x) = —T’X.

Proof. From Lemma 2.7.1, we have the the following

o if X # Xos
2 X0 = {w(kﬁ) if X = Xo- 49)

rmodk
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Since ((s,r/k) has a simple pole at s =

1 with residue 1, the function

x(r)((s,r/k) has a simple pole at s = 1 with residue x(r). Therefore

Res L(s,x) =

Moreover,

L(1—n,x)

This proves our theorem.
O

lim(s — 1)L(s, x)

S—)l
F r

lin(s — DA™ 3o )
1
7 ZX(T)

r=1

0 if x # Xo,

# if X =xo
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Chapter 5

Generalised Hurwitz zeta series

5.1 Generalization of the Hurwitz Zeta Func-
tion

In this chapter, we make a few final remarks about how the definition of
((s, z) for complex z can be extended more generally to define what we call
the Generalized Hurwitz zeta function. This function has applications in a
more general theory of regularized products of certain sequences satisfying a
few basic axioms[JL]. A basic example has been presented below.

Let A be a sequence {z,}, z, € D.

We define the Generalized Hurwitz Zeta function

o0}

C(s.8) =3 (n+ 207"

n=0

This series is absolutely convergent for Re(s) > 1. As a further generalization
of Proposition 3.2.1, we obtain

Proposition 5.1.1

C(s,A) = (2(1))8 +((s)+ 2 (‘rs) f: nzi

n=1

Define
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where s € C, r € N. The above series converges absolutely for Re(s) > 1—r.
It immediately follows that (s, A) is analytic for Re(s) > 0 except at s = 1
where it has a simple pole.

Then, we consider the derivative

o0

(s, A) = — Z log(z, +n)

n=1 <Zn + n)s

Putting s = 0 formally, we find
¢'(0,A) ~ = log(z, +n)
n=1

If we assume that L;(s) analytically extends to s = 0, then ((s,A) has an
analytic continuation at s = 0.

Therefore,

exp(—¢'(0,A)) ~ [ (n + z.)

n=1
We thus obtain an interpretation of the infinite product {n + z,}, which
is called a regularized product. The notion is useful in certain cases to give
meaning to the determinant of a linear operator T with eigenvalues given by
a sequence {A,}°%,. Thus, we may define

detT = ﬁ An
n=1

where the infinite product is defined via the formalism above. Namely, let

n=1

Suppose Z(s) admits an analytic continuation for Re(s) > 0.
Then, as

[e.9]

—Z'(s) =Y _(log A)A,*

n=1

we formally have
—7'(0) = Zlog An-
n=1

Hence, we may interpret exp(—2'(0)) as the determinant of the operator T.
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5.2 Poly-Hurwitz zeta functions

We define poly-Hurwitz zeta functions as follows

o0

C(81,89, ..., 801, T,y ..., Tp) = Z(n +x)t o (n4x,),
n=0

for 0 < z; < 1. This series absolutely converges when Re(s1+so+---+s,) > 1.
Now, let

CH(S1,82y -y Spy T1, Ty ooy Typ) = Z(n +a) "t ()
n=1

Then,

=~ 1 1 1 T\~ L, —sr
(51,5, ... SmiT1, Tas e s Ty) = — .. —(1 —) (1 —)
C*(s1, S2 Syl T, To x,) gnsl s - ( + - + -

— Z <_,Sl> <_,82> (_,ST) x{l o .xf}A,
Ty N J2 Jr

where A=((s1+sa+ -+ S +j1+ -+ Jjr)

Using methods similar to those used in previous sections, we can obtain
a meromorphic continuation of this function to C*. For example, let r = 2.
We will try to find the value of

C*(Sl, $2; 1, $2)

when S; = 1—]{?1,11'2 EZ,]CZ' Z 1.
Then, by Theorem 3.3.2,

N N A
C(U =k, L= kyz,a) = > Y ( lj )( & )x{lxj; (1—ky+1—ky+j1 4 jo)
1

7120 j2=0 J2
E1—1ko—1
- 1 2 <k;1 — 1) (k?g — 1)l’j1xj2 Bl(j1,j2)
== E g . . 1 49 77 ENE}
=0 jam0 \ 1 J2 1(J1, j2)

where (j1,72) = k1 + ks — 1 — j1 — Ja.
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More generally, we can show that
C(l—kl,l—k’z,...,l—kr;ﬂfl,l'g,...,ﬂjr)

is a polynomial in z1, x», ..., z, with rational coefficients given by Bernoulli
numbers. We may also consider these functions for z; € D. This gives us a
further generalization of (1.1).
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