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Abstract

The Riemann Hypothesis states that all non-trivial zeros of the Riemann zeta
function lie on the complex line % + it for a real number ¢. In this bachelor’s
thesis we study a way to prove this hypothesis for |Im(z)| < r, r € R,z € C.
The zeta function is a complex function given by an infinite sum in a part of
the complex plane and analytic continued to the whole complex plane. It will
be proven that the zeros of this function are all inside the complex strip with
0 < Re(z) < 1. After that, a contour integral will be computed numerically
around this strip up to [Im(z)| < r, to prove the Hypothesis. The zeta function
is a special case of so-called L-functions. The method as described above will
also be applied to an L-function of an elliptic curve to prove that its zeros are
at the critical line of this L-function.
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1 Introduction

One of the Millenium Price Problems, stated by the Clay Mathematics Institute[9]
is the Riemann hypothesis. This hypothesis is concerning the zeta function, an
important formula in the study of prime numbers. The zeta function is defined,
for complex numbers z with Re(s) > 1 by

C(z):Z%, z€C, Re(z)>1 (1)

This can also be written as a product over all prime numbers p:

C(z)zHl_lpz, z€C, Re(z)>1 (2)

p

By analytic continuation, this function can be defined over the whole complex
plane, except at z = 1.

The Riemann hypothesis, named after Bernhard Riemann, states that ev-
ery nontrivial zero (the trivial zeros are those at the negative integers) of this
function lies on the critical line z = % + it for t real.

The main goal of this thesis is to prove that this hypothesis holds for
[Im(z)| < r for some specific .

To do this, an analytic continuation of the zeta function will be derived. Here
we will show that there are no zeros outside the critical strip, 0 < Re(z) < 1,
except the trivial zeros.

After this, we will make a contour integral containing this critical strip with
[Im(z)| < 100. The function which will be evaluated in this contour integral is
the logarithmic derivative of the zeta function, ¢’(z)/{(z). This will be done,
since all zeros of the zeta function are simple poles of this function with residue
1. This contour integral will be evaluated using the Simpson’s rule.

The second part of this paper will be about the so-called L-functions of
elliptic curves. These functions are of the form

L(B,s) = i %n
n=1

where E denotes the elliptic curve. More details about this function can be
found in section 6. For these functions, the Riemann hypothesis states that
the zeros are on the critical line z = 1 + ¢t for ¢ real. In this paper we will
investigate the elliptic curve with the equation y? 4+ y = 2% — 22. For the L-
function of this curve we will show that there are no zeros outside the critical
strip 0.5 < Re(z) < 1.5, except the trivial zeros and prove that the only zeros

inside this critical strip with |Im(z)| < 50 are on the critical line.



2 Preliminaries

In this text we will use many times various results from complex analysis. There-
fore, we are going to define and prove some of the properties of complex functions
before starting with the particular ones studied here.

First of all, we introduce the complex cosine and sine. After that, we will
rewrite e’ in cosines and sines. After that, we will prove something about the
real part of z* and log(z).

Definition 2.1. For a complex number z, we have that

eiz + e—iz eiz _ e—iz
cosz=———— and sinz=-—-—

2 24

Proposition 2.1. For a complex number z, we have that

e =cosz+isinz

Proof. This follows directly from the definition of the sine and cosine:

cosz+1sinz =

e’iz + e—iz ’eiz _ e—iz

+1 - =
2 24

eiz + 672'2 + 6iz _ e*iz
2

2e#?

2
et

O

Definition 2.2. For a real number x > 0 and a complex number z, we define

z _ zlnzx

r =€

Proposition 2.2. For a complex number z and a real number x > 0, we have
that

|$Z| — SCRe(Z)

Proof. Let x be a real and positive number, z be a complex number and a and



b be real numbers such that z = a + bi. Then we have

zlnz|

|2%| =

le
= |ela+bi)Inz)
— |ealnz . giblnz
— |29 - e

=2 |cos(blnz) + isin(blnz)|
= 2% (cos?(bInz) + sin®(bInz))?

a

— xRe(z)

Definition 2.3. For a complex number z = a + bi, we define log(z) as
log(z) ={veC:e" =2}

Proposition 2.3. Let z be a nonzero complex number.
Then Re(log(z)) = In|z|.

Proof. Let z be a nonzero complex number. Then z can be written as z = re®
with r € Ry and t € R. Therefore, z = e+ and |2| = r.
Also note that log(z) = log(e™("*+®) = {In(r) 4 it + 2kni | k € Z}. Hence
we have that
Re(log(z)) = In(r) =1n|z|.



3 The Gamma Function

When analyzing the zeta function, the Gamma function will appear. Therefore,
we are going to review several properties of this function here:

Definition 3.1. For a complex number z € C with Re(z) > 0 we define

F(z)z/ e dx
0

Now we need to analyze this function:

e For which z € C does the integral in the definition of the Gamma function
converge?

e How can the Gamma function be extended to a meromorphic function on
the whole complex plane?

e What are the poles of the function?
e What are the zeros of the function?

This will be done in the following subsections.

3.1 Convergence for Re(z) >0

In this subsection, we are going to prove that the integral defining the Gamma
function converges absolutely for z € C with Re(z) > 0. To do this, we will split
the Gamma function in two parts: an integral from 0 to 1 and an integral from
1 to infinity. For both these integrals it will be proven that they converge, and
therefore, the Gamma function converges.

But before we start to prove this convergence, we first need to prove some-
thing else which we will need in one of the proofs:

Lemma 3.1. Let a,k € R, a >0 and n € N. Then we have

lim k%" - e =0.
k—o0
Proof. We will prove this in 3 cases: a <n, a =n and a > n.
Case 1: Let a < n. Then limy_, o0 k%" = 0 and limjy_, o0 e ¥ = 0. Therefore,
their product converges to 0 if £ — oo.
Case 2: Let @ = n. Then limy_,o0 k%™ = 1 and limy_,o, €% = 0. Therefore,
their product converges to 0 if & — oo.
Case 3: Let @ > n. Then limy_oo k4" — oo. Also limj_,o e — .
Therefore, consider the following:

. _ _ . ka—n
lim k* ™. e % = lim -
k—o00 k—oo €




Take m € N such that m — 1 < (a — n) < m. Right now are going to apply
I’Hopital’s rule m times:

) fa—n ) ka—n—l
Jn, o = (am ) lim
i a—n—m
=(a-n)la—n—-1)...(a—n—m+1) lim -
k—o0 e

Since a — n < m, we have that a — n — m < 0. Therefore using Case 1 or
Case 2,
k.a—n a—n—m

klgrolo " :(a—n)(a—n—1)...(a—n—m+1)kli>n;o€7:O.

O

Right now we are going to prove that the two integrals of the Gamma func-
tion are converging. Note that we use real numbers a instead of a complex
number. This is because we will prove that the Gamma function is absolute
convergent, in which case we use that |2*~!| = 2%~! (with a = Re(z)) because
of Proposition 2.2.

Lemma 3.2. Let a € R, a > 0. Then the integral

1
/ ey
0

Proof. First of all, a — 1 > —1 since @ > 0. Secondly, e™! < e™® < 1 for
x € [0,1]. Therefore, are going to write an upper and a lower bound for the

integral:
1 1 1
6_1/ ma_ldxg/ xa_1~e_rdm§/ x* ldz.
0 0 0

Let us now consider the integral fol 2%t dz. This can be written as

COMVETgES.

1 1
2% Vdz = lim 2 dz.
0 b~>0+ b

The integral on the right hand side will be calculated:
1 1
1 1 1
lim 2% dzr = lim {x“] = lim —(1-0%) = —.
b—0t+ Jy b—0t | a p b=0ta a

Note that we use here that a # 0 and in the last equality that a > 0.
Therefore we get

1 ! 1
e tZ < / 2% le T dr < =
a 0 a

Uoa1 -
Hence [; 7' - e™*dx converges. O



Lemma 3.3. Let a € R, a > 0. Then the integral
/ R
1

Proof. Let us now consider floo 291 e~ *dx. First note that

/ e *dr = lim [—e*x]f = lim 1 ek — 1
1

k—o0 k—oo € €

CONVETGES.

Also note that for each n € N, we have, using integration by parts,

o0 k oo
/ 2" e P dr = lim [z e L+ (a— n)/ ey
1 1

k—o0

1 o0
= lim [ — ke ek] + (a— n)/ o e Ty,
1

k—oo | €

Because of Lemma 3.1, we have

) 1 >
/ 297" e~ %dr = lim [ — ko, e_k] + (a — n)/ x0T ey
L 1

k—oo | €

1 o0
-+ (a—n) / x0T e T g,
e 1

Take m € N such that m < a <m + 1. Then we have
oo 1 oo
/ e dr =— + (a — 1)/ 272 e dx
1 1

+(a—1) F +(a—-2) /10095@—3 - e_””dx}

e

1+(a-1)+(a—1)(a—2) /100 277 e dr

Lt am e @ 1))

+a—1)(a=2)---(a—m) /100 o= (m+) o=z gy

m—1 m o)
1
-~ 11 _ _ . a—(m+1) | —Z .
= + ,;:1 (a—Fk)| + llzll(a l)] /1 x e Tdx

(3)

Since a < m + 1, we have a — (m + 1) < 0. Therefore, ¢~ ("+1) <1 for z > 1.

Hence

oo o 1
/ 0 (m+l) o= gy < / e dx = —.
1 1 €

Hence, using equation (3)it follows that [ 2z®~!-e~dx converges.

10



Combining these two Lemmas, we obtain the following Proposition:

Proposition 3.1. Let a > 0 and b be real numbers and take z = a + bi € C.
Then the integral defining T'(z) converges absolutely.

Proof. To start this proof, we consider the following;:

IT(2)| = [T(a + bi))|

© .
/ xa—1+bze—xdx
0

© .
S / |xa—1+bze—m|dx
0

o0

:/ o e |da
0
oo

:/ 207l e % dx
0

To analyze this, we split the integral and get the following:

1 oo
IT'(2)] < / 2t e %dr Jr/ e dy
0 1

The Gamma function converges absolute if both integrals converges. Because of
Lemma 3.2, the first integral converges and because of Lemma 3.3, the second
integral converges. Therefore, the Gamma function converges absolute. O

3.2 Analytic continuation

Now we know that I'(z) exists for z € C with Re(z) > 0. Since we will use the
Gamma function for the whole complex plane, we are going to make an analytic
continuation of the Gamma function.

This analytic continuation will be made by introducing the fact that T'(z +
1) = 2I'(2), so I'(z) = T'(# + 1)/z. Since the right hand side is defined for
Re(z) > —1,z # 0, the left hand side is also defined for Re(z) > —1, z # 0.
Reusing this fact will lead to an analytic continuation to the whole complex
plane.

First of all, we have to prove the following property which we already men-
tioned:

Lemma 3.4. For a complex number z with Re(z) > 0 we have that T'(z+1) =
2D(2).

Proof. Let us start with I'(z 4+ 1):

I'(z+1) :/ e *x*dx.
0

11



Integration by parts gives us

INz+1) = / e "xfdr = [—efxxz]go + z/ e tda
0 0

Note that [-e™ - 2*]” = 0. Hence we get

'z+1) = z/ e P2ty = 2T(2).
0

O
Because of this lemma, we can write T'(z) = LEHD - 1f we iterate this, we
get
r'(2) I'z+1) TI(z+2) I'(z+mn)
z) = — e,
z z(z+1) 2(z4+1)- - (z4+n-1)

Therefore, we extend the Gamma function for negative values as follows:

Definition 3.2. Let z € C, Re(z) < 0 and z ¢ Z. Then choose n € N such
that Re(z) +n — 1 < 0 < Re(z) +n and define

I'(z+n)
(z+1)---(z+n-1)

F =
() = -
The reason for z ¢ Z is because of the fact that we then divide by 0.

3.3 Poles of the function

Lemma 3.5. The pole of the Gamma function at 0 is a simple pole with residue
Res(0) = 1.

Proof. We have that 2I'(z) = I'(z + 1). At z = 0, the right hand side becomes
I'(1) = 1. Therefore, the residue of the Gamma function at z =0 is

Res(0) = lim 2T'(2) =1

z—0

O

Theorem 3.6. The poles of the Gamma function (i.e. for z € {0,—1,-2,---})
_ e

are simple poles with residue Res(—n) =

Proof. For z =0, we have proven this already in Lemma 3.5, since (_01!)0 =1.
Now take the pole at z = —n. By Definition 3.2,

I'(z+n+1)

I'(z) = 2(z+1)(z4+2)---(z+n—1)(z+n)

12



In order to show that it is a simple pole, we note that

I'(z+n+1)
2z+1D)(z4+2)--(z4+n—-1)

(= +m)[(z) =

If we evaluate the right hand side in 2 = —n, we obtain I'(z+n+1) =T'(1) = 1,
and z(z+1)(z+2)--- (z+n—1) =n!(—1)". Therefore

Res(—n) = lim (z +n)l(z) = n!(—ll)" N (_nll)n'

Therefore the poles at z = —n are simple poles with residue (_;!)n. O

3.4 Zeros of the function

In this subsection we will show that the Gamma function does not have any
zero. To show this, we will prove that T'(2)T'(1 — z) = 7/ sin(nz) if z is not an
integer. Since the right hand side is never 0, I'(z) can only have a zero in z = 2
not an integer, if I'(1 — z) has a pole in zg. Because of the fact that z is not an
integer, this will never happen.

To prove this, we will prove this formula for 2 in the subset V' = {%, n € N}.
We also will prove that it therefore is true for the whole complex plane, except
for the integers.

Proving that I'(z) # 0 for an integer is much easier, which will be shown at
the end of this subsection.

To start this proof, we first need to prove the following:

Lemma 3.7. For a positive integer m, define
: Ly i
Q= sin 7r(m+§)~e .
For a real number t € (0,2m)\{m,7/2,37/2}, we have that

Re(ay,) — oo as m — oo. (4)

Proof. First of all, let us define A4 := m(m + 1). If m — oo, also A — oo and
vice versa.

In this proof, we first consider the case that ¢ € {0,7/2,7,37/2,27}. After
that, we consider ¢ € (0, 2m)\{m, 7/2,37/2}.

If t € {0,7/2,7,37/2,27}, we have to consider 2 cases:

e if t = 7/2 or 37/2, then e = +i. Therefore, a,, becomes

U = sin(Ae™) = sin(+A4i) = 1 (ei'Ai — eii'Ai) = —

~A A
2i =g (=)

and hence the real part equals 0.

13



o If t € {0,727}, then e® = £1. Therefore, a,, = sin(Ae’) = sin(+A) €
—1,1].

In both cases, Re(ay,) 4 +oo. Therefore, these points need to be excluded.

Suppose now that ¢ € (0,2m)\{m,7/2,37/2}. Rewriting the function gives
the following:

sin(Ae’) = sin(Acost 4 iAsint)
_ 1 (ei(A cost+iAsint) e—i(A cos t+iAsin t))

24
eiA costefAsint efiA CosteAsint

29 29
Since €' = cos(z) + isin(x), we are going to rewrite the last line as

(cos(Acos(t)) + isin(Acos(t)))eAsint

sin(Ae') = =
B (cos(A cos(t)) + isin(A cos(t)))e?sint
21
:%(COS(A cos(t))) (e Asint _ gAsint)

+ %(Sin(A cos(t)))(e~Asint 4 gAsint)
i

)

Since 5; = %, the right part is the real part and the left part is the imaginary
part of the equation. sin(Acos(t)) € [—1, 1], and therefore

1 . . . .
5Sin(ACos(t))(e—Asmt +6As1nt) 300 & e—Asmt +€As1nt — 00, (5)

assuming that sin(Acos(t)) # 0 (this will be proved later). Now we have to
consider 2 cases:

1. Ift € (0,7), sint > 0 = lima 00 e~ = 0 and limg_, o, €5 = 00
2. If t € (m,27m), sint < 0 = lima_00 e~ 450 = 00 and lim oo €450t =0

In both cases we have that the right hand side of equation (5) is true and
therefore, the left hand side needs to be true.

The only thing we need to check is that sin(A cos(t)) # 0. There is an equal
sign only if Acos(t) = km, k € Z. This happens exactly at 2 points of the
interval (0,2m): m/2,3w/2. Therefore, the limit of the function is not equal to
oo for these 2 points. Therefore, these points already were excluded from the
interval. Hence we have

lim sin(7(m + 1/2)e") = 400, t € (0,27)\{r,7/2,37/2}

m—0o0

14



This lemma will be used to prove the following lemma;:

Lemma 3.8. For n € N, we have

T (=D*
sin(m/2n) nlgnoo Z < —k (6)

|k|<m 2n

Proof. Define the function

m
N d .
In sin(mw) 5= —w
We first need to compute the poles and their residues.
First of all, at w = ﬁ we have a pole. The residue can be computed as

follows:

1 1
)= i S
Res(y) = Jim (0= 50 - gu(w)
1
— 5 T
= 1l 2n
wLH% 5 —w sin(m/2n)
™
=(=1) ——
(=1) sin(7m/2n)
_ ™
~ sin(7/2n)

Secondly, if mw = 7wk where k € Z, then sin(ww) = 0, so g, does have a pole at
w = k for k € Z. The residue can be computed as follows:

Res(k) = lim (10 — k) - g (w)

T 1
ST ) L
= Jim — @)
w—k sin(mw)(5; — w)
— 1.
wek — sin(7w) + cos(mw)m - (55 — w)
1

cos(rk) - (5= — k)
(=D*

1
37—k

where we used the fact that cos(mk) = (—1)* for all integers k.
Right now, consider a circle C,,, with radius m + %7 centered at the origin.

Cro={(m+1/2)e"}:0<t<2r

The pole at 1/2n is inside this circle, and also all poles at k € Z with |k| < m.

15



Recall Cauchy’s Residue Theorem: If C is a simple closed positively oriented
contour and f is analytic inside and on C' except at the points z1, 29, -, 2k
inside C, then

k
/ f(z)dz = 2mi Z Res(z;)
c =

Therefore, we have that

7r 1
n dw = . '
/C gn(w)dw /C sin(mw) 5 — w

m m

= 271 Res(%) + Z Res(5)

o T (—1)*
= 2m _sirl(7r/2n)+ Z Lk

[k|<m 21
To integrate g, over Cy, with respect to w, we will substitute w(t) = (m +
1/2)e’*. Then dw = (m + 1/2)ie**dt. Therefore,
s 1

sin(m(m + 1/2)eit) L (m + 1/2)et

2n

gn((m +1/2)e™) =

If we take the limit of m to infinity, the second fraction, multiplied by (m+1/2),
becomes

- (m+1/2) (1+1/2m) 1
m—oo S — (m 4 1/2)eit  mooo Sl — (14 1/2m)eit et

2 2nm

Evaluating the contour integral gives us

2w
lim gn(w)dw = lim gn((m +1/2)e™) - (m 4+ 1/2)ie"dt
m— o0 Cm m—0o0 0
27 T 1 )
- 1 - A Gl B ) ltdt
mesoo o sin(m(m + 1/2)et) ( e”) ze
2 .
—m

= 1li —dt
360 o sin(m(m+ 1/2)e?)

The last equation, we will rewrite into 4 integrals, namely
2m .
i @
(m+1/2)e)
3. e -
—iT
=1 —dt
myeo (Z/ sin(m(m + 1/2)e?t) )

n
n=0"27

lim -
m—oo Jo  sin(w

16



If m — oo, the fraction becomes 0 for z € {(0,%),(3,m), (7, 2F), (3F,2m)}

because of Lemma 3.7. Hence we have that each integral becomes 0. Therefore,
we get that

lim 2 _— 0=
msse ! sin(m/2n) <

: m (=1)*

1 — =0=
msoo sin(m/2n) * - ﬁ —k

™
i
sin(7/2n) m+c0 Z<:

O

This result will be used later on. We only need to prove the following lemma
to proceed to the actual theorem:

Lemma 3.9. Let U=C\ZU{0}, V ={5t, neN}andlet f:U — C be an
analytic function. Assume that f(v) =0 forv e V. Then f(u) =0 forue U.

Proof. First note that U is an open, connected subset of C. Also note that
VcZz.

Let Z be the set Z = {z € U: f(z) = 0}. Let S be the set S = {z € U :
z is a limit point of Z}. This set is nonempty, since 0 € S (0 is the limit point
of V, which is a subset of Z). The first goal of this proof is to prove that S is
closed and open.

1. S is closed: Since f(z) is continuous, also the limit points of Z are 0.
This implies that S C Z. Any limit point of S is therefore a limit point of Z.
Therefore, all limit points of S are in .S and hence S is closed.

2. S is open: Pick zg € S. There exists a 6 > 0 such that inside the open
disk around zo with radius 6, D(zp,d), f has a Taylor expansion

z) = Z an(z — 20)"

converging inside the disc. Suppose that the disk is not completely 0 (so at least
one point z; exists with f(z1) # 0). Then not all a,,’s are equal to 0.

Suppose a,, # 0, but a, = 0 for all n < m. Then we can rewrite the Taylor
expansion as

o0

z) = Z an(z—20)" = (2 — 20)™ Z an(z —20)" "™ = (2 — 20)"h(2)
n=0

n=m

where h(z) = > 07 a,(z—z)" ™. Right now, h(z0) = > oo, an(0)""™ = ay,
since 0° =1 and 0" = 0 for all n € N.

17



Since h is continuous, there exists a d; > 0 such that h(z) # 0 for all
z € D(zp,01). Therefore, f(z) # 0 for all z such that 0 < |z — zp| < d7.
Therefore, zg ¢ S, which is a contradiction. Hence f(z) = 0 for all z € D(zg,0),
so D(zp,0) C Z.

It is clear that each point in D(z, d) is a limit point of D(z, ¢), so D(z,d) C
S. Therefore, S is open.

Now we know that S is an open and closed subset of U. Since U is an open
and connected subset of C, we know that S = U. Therefore, f(z) = 0 for all
zeU. O

Lemma 3.10. Let U =C\ZU {0}, V={5, neN}andlet f:U — C and
g : U — C be analytic functions. Assume that f(v) = g(v) for v € V.. Then
[(w) = gu) forue U

Proof. This follows directly from Lemma 3.9 with replacing f(z) by f(z) —
g(2). O

Right now we are going to start proving the theorem, stated below:

Theorem 3.11. We have that
L1421 —-2)=

sm( z)

Proof. Because of Lemma 3.10, it suffies to prove that equation (7) is true for

1
zEV:z{, nEN}
2n

Therefore, the Theorem follows if we prove that

Lipg o Ly
~ sin(7/2n)

for z € U := (C\Z) U {0} (7)

First of all,

/ / (s/t) e 5t dsdt

To analyze this integral, we are going to change variables: u = s + ¢, v = (s/t).
Rewriting this, we get the following:

t=sv=

u=s+t=s+sv=s(l4+v)=

s=u/(l+v)=

t=uv/(1+v)

18



To put this in the integral, we need to compute the Jacobian of the substitution:

v

8(5,t) o ? %Z‘ o1 (v-ﬁl)Q —vu—u —U
ow,v) |55 55 |om —wrpr| @+ 13 (vt 1)2

Now we are going to substitute this into the integral, and get the following:

1
ra+— 2n 1— — / / (s/t) e 5 dsdt

A

,v)

/ / vIn 1) - dudv
v < .
—/(; md’l] /0 & udu

The first integral is a more difficult one to integrate. Therefore, we are going to
compute the second integral first. This we will do using integration by parts:

/ efuudu:[fefuu]goJr/ e “du
0 0
TRES _
- [ -

6“0

’ - dudv

= — lim ——1—0 (-140)

U— 00 6
1
2 jim —+1
u—oo e
=1
Now we are going to compute the first integral. Note that ﬁ = f% (Ulﬁ)

00 vﬁ p pl/2n7%° o q dvl/?nd
/0 (v+1)v__[v+1]0 +/0 vl dv
Ul/?n oo 1
=1 0 —
ULHSOLJFJJF +/0 o1 Y
o 1 1
T 8% | o1/ g-1/2n + y vl
1 < 1
— = .q 1/2n
[limvﬁmv11/2”+0}+/o v+1 v

<1
:O+/ _dvl/Zn
0 U+1

. dvl/Qn
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Let us now rewrite w = v'/2", so v = w?" and dv'/?" = dw. Therefore we get

oo L )
/ Van dv:/ L.dvl/%
o (v+1) o v+l
e 1
Y R
0o w41

Consider that ¢t = 1/w implies that dw = —dt/t*>. Also note that (1) = 1 and
t(c0) = 0. This we will use on the following way:

/mldw:/lldw—i—/OOldw
0 wm+1 0 wm+1 1 w41
L | 0 1 —-1
:Aqﬂm+ﬂw+ﬂ i e™
1 1
:A?P%?ﬁw+z;F%IT¢4ﬁ
::jgluﬁ”}+1du;+—]£11]f:%q-t_2dt

:/i7¢—4w+/4———ﬁ
0 w=n + 1 0 1 + tQTL

Right now we are going to use the property that ﬁ = ZZOZO x™. This is
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applicable since 0 < w < 1 and 0 < t < 1. Therefore, we have:
[ee] 1 1 1 1 t2n_2
[ [ e [
1
:/ 1 —w? 4w — w4 - dw+
0

1
/ t2n—2 _ t4n—2 4 t6n—2 _ t8n—2 4+ dt
0

_[ 1 N 1 1 N
o 2n+1 4n+1 6n+1

1 1 1 1
+[ +]

m—1 dn—1 6n-1 sn—1

2n 2n
+ ! ( + ! ! + )
99 \ 1 1 1
2n —1+% _2“?% —3+%
1o (Y
T 9, 1
2n e — o0 k+ 5
1 (—1)F
=g lm >
|k|<m 27
_m/2n
~ sin(7/2n)

where we applied Lemma 3.8 in the last equality. Hence we have that

T+ %ﬂﬂ(l a %) - sinﬂéf/gn)

This theorem implies, together with Lemma 3.11, the next corollary:

Corollary 3.11.1. We have that

™

L)1 —-z2) = for z e U := (C\Z) 9)

sin(mz)
Proof. Because of Lemma 3.11,
TZ

MNl142)I(1-=z2) = for z € U := (C\Z) U {0}.

sin(mz)
Since I'(1 + z) = z - I'(2), by dividing both sides by z one obtains

T()D(1 - z) =

Sin(r2) for z € U := (C\Z).
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From this, we conclude what we want in this subsection:
Corollary 3.11.2. The Gamma function has no zeros.
Proof. Suppose z € Z.
o If z < 0, the Gamma function does have a pole at z, so I'(z) # 0.
e If z =0, the Gamma function equals 1.
o If 2>0,I'(2) =(z—1)! #0.

Hence I'(z) # 0 for z € Z.
Suppose z € C\Z. Then we have

T()I(1 - 2) = —

sin(rz)’
The right hand side is not equal to 0, and therefore the left hand side needs to
be unequal to 0. I'(1 — z) is not a pole, and therefore, I'(z) # 0. O

3.5 Summary

In this section we have proven different theorems about the Gamma function.
In the introduction of this function we were looking for the following answers:

e For which z € C is the Gamma function defined?
e How can this function be extended to the whole complex plane?
e What are the poles of the function?
e What are the zeros of the function?
As seen in the previous subsections, we have answered all these questions:
e The Gamma function is defined for z € C with Re(z) > 0.

e This can be extended to the whole complex plane by defining the function
for Re(z) < 0 as in Definition 3.2.

e The function does have poles at the negative integers.

e The Gamma function does not have zero’s at all.
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4 The Riemann zeta function

In this section we are going to show some properties of the zeta function. The
function, already defined in the introduction, is an infinite sum. Therefore, we
have the following questions:

e For which z € C is the zeta function defined?
e How can this function be extended to the whole complex plane?
e What are the poles of the function?

e What are the zeros of the function?

4.1 Convergence for Re(z) > 1

Lemma 4.1. For o € R,

0 o5}
1 1
E — < o0& —dx < 0.
ne hnd
n=1 1
Proof. First note that if o < 0, 7 is monotonic increasing and if ¢ > 0, To is

monotonic decreasing. Also note that f 2 ; dx = C for C' € R, dependent on o.

1 E+1 1 2 1
Suppose o < 0. Since —= is monotonic increasing, fk w—adx > f1 w—ﬁdx for

all £ € N. Therefore,

k 2
/idxzk- idazzk‘-C’
1 1 x9

(L-O'

If we take the limit of £ to infinity, the right hand 81de becomes inﬁnity There-
fore, also the left hand side becomes infinity. Also Z L > k-, and also
here the right hand side goes to infinity as k goes to 1nﬁn1ty Therefore, for
o < 0, this lemma holds.

Suppose now that o > 0. Then

1 g 1
ne n T° (n+1)

k+1 1 k? 1 k+1 1

Zn" JAREEED IEE TSP

n=1

Therefore,

If k£ goes to infinity, we get

1 /°° 1 =1
— > —dzx > —
ne 1 x° — n
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7 Lde < oo, Y07, -5 < oo and hence

x% n=2 no
[e%e) 1 o0 1 2 1
ZEZHZ:2$+ZF<OO

n=1 n=1

If [ Ldz = oo, then 377, -1 = co. Hence the lemma holds for 0 > 0. O

no

Lemma 4.2. The zeta function converges absolute for s € C with Re(s) > 1

Proof. Let s =0 +it, o,t € R. Then

1l 11
| = ] e
Because of Lemma 4.1,
1 >~ 1
Z — < o0& —dxr < 0
ne 1 x?

n=1

Now we calculate the integral,

> 1 . 1 T 1 1 1
7d£L’ = hm _— = hm —
1 x° twoo | —o+1xo 1], tooo|—o+1t"t —0o41

This only converges for 0 — 1 > 0, or equivalent, ¢ > 1. Therefore, the zeta
function converges absolute for s € C, Re(s) > 1. O

4.2 Analytic continuation

As seen in the previous subsection, the Riemann zeta function is only defined for
z € C, Re(z) > 1. Therefore, we are going to derive an analytic continuation of
this function to evaluate it at other points. First of all, we are going to make an
analytic continuation for Re(z) > 0. After that, we will continue to the whole
complex plane.

4.2.1 Analytic continuation for Re(z) >0

First of all, we are going to make an analytic continuation for Re(z) > 0. In
order to do that, we need to prove first the following lemma:

Lemma 4.3. Let z € C, Re(z) > 0 and let n € N. Define the function w as
follows:

1 1
: 1] —C t)=— — —
w: [n,n+ 1] , w(t) v
This function satisfies the following inequality:
sup fu(t)] = fu(n + 1) € A
n<t<n+1 nie(z)+1
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Proof. To prove this lemma, note that w(n) = - — -L = 0. The derivative of
the function is

Therefore,
1 2]

/ _ —
w'(t)] = |z 1] T fRe(z)H

Since z is a fixed number and Re(z) +1 > 0, the absolute value of the derivative
is a decreasing positive function. Hence |w(t)| is an increasing function with
decreasing speed |w'(t)].

Since we want an upper bound for |w(t)|, we will use the maximum speed
of the function w(t) (which is the maximum of |w'(¢)|) and multiply this with
the distance from ¢ to n and add |w(n)| (which equals 0). Since the speed is
decreasing, |w'(t)| < |w'(n)| = % The distance from ¢ to n is (¢ — n) and
therefore an upper bound for |w(t)| is

2|

_lal _lzl
nRe(z)+1"

] < ()] + (= n) - it

=(t—mn)-
Since 0 < (t —n) < 1, we have that
2|
n;;gﬂ lw(t)| < nRe(z)+1"
O

Now we are going to make an analytic continuation of the zeta function. To
do this, we want to prove 2 lemmas, from which we are going to prove that a
certain formula is indeed an analytic continuation of the zeta function. Lemma
4.3 is used to prove the following lemma:

Lemma 4.4. ((z) can be written as ((z) = 25+ 07 | ¢, (2) for the functions
on(2) defined as

n+1 1 1
b = /n (n _ t) dt. (10)

Proof. Let z € C, Re(z) > 1. Then we have

| 1 °° 1 1
/ —dt = [ -tl—Z} = lim (= —1)=
1

-z t=1

The first integral can be rewritten as

001 o0 n+11
R —d
Jremnl e
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Therefore, we are going to rewrite the zeta function as

()= -+ D

z—1 z-—1 £ n?

1 /1 ntlg
— - —dt
z—1+;(n2 /n )

O

Lemma 4.5. Y 7 | ¢,(2) converges normally on all subsets K C C with the
following properties:

1. Every z € K has real part Re(z) >0

2. K is a compact subset of C.

where ¢, (2) = f:+1 (L —2L)dt

Proof. First observe that for all n, ¢, is defined for Re(z) > 0 and that ¢,, is
holomorphic. What we are going to show is that for every K with properties
(1) and (2) of the Lemma,

n+1 1 1
Zbup|¢>n I—Zbup / (m_zfz) dt’ < 0. (11)
n= lz n= lz n

Also note that we have an upper bound for the integral,

n+1 1 1
/ ( — > dt| < sup
n n? t* n<t<n+1

Because of Lemma 4.3, the right hand side of this equation can be bounded by
the following:

1 1

: 12
s (12)

1 1

nzt7

Ed

n

Since the right hand side of this equation does not depend on ¢, combining
equations (11), (12) and (13) gives us

ad e n41 1
sup z) = sup = sup 14
;zeKld)n( )| ;ze[( n (’ﬂz ) ‘ Z ceK nRe(z ( )

Right now, take an arbitrary subset K with properties (1) and (2) of the Lemma.
Then we have the following:
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e K is compact and therefore closed and bounded. Hence, we can take a
G € R such that for every z € K, 2] < G

e The function mapping z — Re(z) is continuous, so it has a minimum value
on K, let say m. Note that m > 0, since Re(z) > 0 for all z € C.

Therefore, we have that for each z € K and n € N,

2| G 2| G
<

< and hence sup <
nRe(z)+1 pm+1 eK nRe(z)+1 npm+1

Now we are going to rewrite equation (14) as

ngglaﬂn@)lénggWéanﬂ =G> —  (16)

n=17% n=17% n=1 n=1

The series on the right hand side can be written as Y - | n% where p = m + 1.

This series is called a p-series, which converges if p > 1. Since m > 0, p > 1

and hence this series converges. Therefore we have G - > 7 ﬁ < oo and

hence we have

— — 1

;SQEI%(Z)I < G';W < o0
which finishes the proof. O
Proposition 4.1. It is possible to rewrite the zeta function as

() = —— +002) a7)

where ¢(z) is holomorphic for Re(z) > 0.
Proof. This follows directly from Lemma 4.4 and Lemma 4.5, where

0 n+1 1 1
P(z) = /n (nZ - tz) dt

n=1
O
Right now we have an analytic continuation of the zeta function to the
half complex plane with Re(z) > 0, except for z = 1. But we want to have

an analytic continuation to the whole complex plane (maybe except for some
points), which will be derived now.
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4.2.2 Analytic continuation to C\{1} for Re(z) > —n

In this subsection we are going to introduce an analytic continuation to Re(z) >
—n. This will be done using the so-called Euler-MacLaurin formula. First we
will prove that this formula holds. After that, we will change the formulas and
constants so that it becomes an equation for the zeta function.

Before we are going to introduce the Euler-MacLaurin formula, we have to
introduce the bernoulli numbers and polynomials.

Definition 4.1. Let Q[z] be the ring of polynomials over the rational numbers
Q, i.e. Q[z] consists of all elements which can be written as

n
1=3
i=1

for a; € R and n < oo.

Definition 4.2. Let Q[z][[z]] be the ring of formal power series over the ring
of polynomials Q[z], i.e. Q[z] consists of all elements which can be written as

n
9=y fir'
i=1

for f; € R[z].

Proposition 4.2. Let F' € Q[x][[z]]. Then F is invertible (i.e. there exists a
G € Q[z][[#]] such that F-G = 1) if and only if the constant coefficient (i.e. the
coefficient of 2°2°) is a unit, or equivalent, an element of Q*

Proof. First of all, note that this proposition holds if it holds for F' € Q|x].
Therefore, we will prove this proposition for F' € Q[x].

Suppose F' is invertible. Then F' - G = 1, where G is the inverse of F. Since
F,G € Q[z], we can write F and G as

F = Zan:v", G = anx”.

Therefore, FG = agby + (apby + a1bg)x + .... Therefore, apby = 1, which implies
that ag is a unit.

Suppose F' = > apz™ with ag a unit. To find G = ) b,z™ such that G is
the inverse of F', we need to solve the following system:

aobo =1
agby +a1bg =0

aobn + albn_l + ...+ anbo =0
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Since ag is a unit, by = aal. Proceeding inductively, if by, ..., b,_1 are deter-
mined in terms of a;, then

bn = aal(—albn,l — (Lzbn,Q — ... anbo).

Therefore, the inverse of F' exists.

Hence F' € Qz] is invertible if and only if the constant term is a unit.
Therefore, also F' € Q[z][[#]] is invertible if and only if the constant term is a
unit. [

We can write e — 1 as

S D TP S

Therefore, the constant term of (e* — 1)/z is 1, which is a unit in Q. Hence,
(e* —1)/z is invertible and we will denote the inverse by z/(e* — 1). Note that
in this inverse all coefficients of 2™ are polynomials of degree 0 (since x does not
appear in the coefficients). Therefore, we can write this as

z/(e* —1) = Zanz", an, € Q

The second power series which we will discuss is e** = > ‘%z" Here the
coefficients of 2" are polynomials of degree n.
If we now multiply z/(e* — 1) and e®* with each other, we get

z/(eF—1) e = Zanz" . Z %Tz” = chz”

with ¢,, = agb,, + a1b,_1 + ...+ a,bg, where b; = f—:zz Since b,, is a polynomial
of degree n and a, is a polynomial of degree 0, we can conclude that ¢, is a
polynomial of degree n. Also note that the coefficient of 2™ in ¢" comes from
the product agb,, = ™ /n!, and therefore, this coefficient needs to be 1/n!.

Definition 4.3. The bernoulli polynomials are defined to be
B, (z) =c¢, - n!
with ¢,, as described above.

Since the coefficient of 2™ in ¢,, equals 1/n!, the coefficient of 2™ in B,, equals
1. Hence the bernoulli polynomials are monic polynomials of degree n.

Lemma 4.6. For an integer n > 0 we have that

d
—B,=n-B,_
dx " !
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Proof. First of all, we have that
d
%ze“/(ez —1) = 2% /(e* — 1).

Therefore,

% <Z Bn(l“)z”/n') = ZBn(l')Zn'H/n!

The left hand side can be calculated further, using that Bo( )=0:

% <i Bn(;v)z"/n'> =

M8
S

(Bn(z)2"/n!)

n=0 n=0
-3 L (Baw)) 2"/t
o d
- Z = (Bn(z)) 2" /n!

n=1

(B (2)) 2"/ (n+ 1)

d Bn+1($) n+1/.1
e <n—|— T )7 /n!

I
NE
Sl ES

3
Il
=]

|P”ﬂ8

Therefore, we get that ddx%ll(z) = By(z), and hence LB, (z) = (n+1) -

B, (x) which is equivalent to By, (z) =n - Bp—1(x). O

Definition 4.4. The nth Bernoulli number B, is the nth Bernoulli polynomial
evaluated at 0, so B,, = B,(0).

Lemma 4.7. For an integer n > 0, n # 1, we have that B,(0) = B,(1), and
forn =1 we have B, (1) = B,(0) +1

Proof. We have, by definition,

Z B, (z)z" /n! = ze"*/(e® — 1).
n=0

Therefore,

> (Bn(1) = B,(0))2"/n! = ZB )2" /n! — ZB )2" /n!
n=0

:zez/(e -1 fz/(e -1
=z(*=1)/(e" = 1)

= Z.

Therefore, B, (1)—B,(0) = 0forn > 0,n # 1 and B1(1)—B1(0) = 1. Rewriting
this gives us the obtained result. O
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Definition 4.5. Any real number = can be uniquely written as m + 6 where m
is an integer and 0 < 6 < 1. We call m the integer part of x and denote this by

).

Lemma 4.8. For a function f(r) which is at least n times continuously differ-
entiable, the following formula holds:

1 n 1
- / F(@)de+ 3" B/k(FED (1) - f 5D (0)) 4 (~1)" /nd / By ()£ (a)da
k=1

where B, (z) = By(x — |x]) is the real function which is periodic with period 1,
coinciding on the interval [0, 1] with the nth Bernoulli polynomial.

Proof. For z € (0,1), we have that B, (z) = By(x). Therefore, for n = 1 we

have
/ Bi(z)fM (x)da —/ BifWdx
— @k - [ 5 (L )
1 1

=500 +10) = [ @y
=10+ 50 = 1) = [ 1)
= £(0) ~ B1 - ( -1

since By = —% and d%Bl(ac) = % (m — %) =1

Rewriting gives us

/f Ydz + By - (f( /Blf(l

Therefore, the formula holds for n = 1.
Suppose the formula holds for n = I. Then

1 l 1
0)=/0 f(w)d$+kz_:1Bk/’f!'(f(k_l)(l)—f(k_l)(0))+(—1)l_1/“/O By(z) fV (x)dx
(18)

The 1ntegra1 in this equation can be rewritten using integration by parts, using
that L B, 1(2) = (n + 1)B,(z) and that B, = B,,(0) = B, (1) for n < 2:

: : . 1 141
/ Bi(z x)dr = [l+1Bz+1f()(m)L_o—/o l+1Bl+1( 2) £ (2)da
_ Z%Bm (1) = £1(0)) _1%1 Bros (2) /D ()
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Therefore, we are going to rewrite equation (18) as follows:
1 l 1
::jf jXI)d$4+§£:l3k/k!~(f(k*”(l)Afj*k*”(O))+*(*1V‘l/l!]( Bi(2) 9 (x)da
0 =1 0
1
/UMM+§yMM«N“a>ﬂka+<w1m
0 k=1
1 l 1 1 ' (141)
I lBlJrl (f{() = f0) = +— | Bia(z)f (z)dx
0
1 l
= [ s@de+ 30 B/ (F @) - 40 (0)
0 k=1

— 5—17 Y 1
*%Blﬂ (1) = £10)) + (§+1i)!/o By (z) fY (2)da.

Since Bj;1 = 0 for [ even and (—1)!"1 =1 for [ odd,

_1\l-1
((zi)n!Bl“ (f1(1) - £10) = (zBff)! (f'(1) = f1(0)).

Hence we get

1 l
:/0 Flo)dz + ) Be/kt- (f*7D (1) = fE70(0))
k=1
_ 1)\ 1
(lef)! (1) = £1(0)) +(§+1i)!Bl+1-/0 FUD (@) da

+1
/U M+me (FED() — f*1(0))
0

(1+1) (g
RNE z+1 / f

_|_

By mathematical induction, this proves the formula for every integer n > 1. [

Theorem 4.9. For a function f(r) which is at least n times continuously dif-
ferentiable, the Euler-MacLaurin formula holds:

b n b
T)=/ f(w)dﬁzBk/’“'(f(’“’”(b)—f(’“’”(a))+(—1)”’1/n!/ By (2) f™ (2)dx
a k=1 a

where By, (z) = By(x — |x]) is the real function which is periodic with period 1,
coinciding on the interval [0, 1] with the nth Bernoulli polynomial.
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Proof. Each integral from a to b can be rewritten as a sum of integrals from s
to s +1 where s = a,a+1,--- ,b— 1. Therefore, if we prove that the equation
holds for a = s and b = s + 1, then it also holds for each a and b.

Because of Lemma 4.8 we have that this holds if s = 0. If we now replace = by
x+a, we obtain the required formula for s = a. Therefore, the Euler-MacLaurin
formula holds. O

Corollary 4.9.1. The zeta function can be written as

1 1

C(S):s—1+§

+ Zn:Bk/k! (=)Fs(s+1) - (s+ K —2)
k=2

—s(s+1)---(s+n—-1)/n!- /100 Bp(x)x™* "dx (19)

for all s € Z such that the left hand side is defined. Hence the right hand side
18 an analytic continuation of the zeta function for a positive integer n and
Re(s) > 1 —n.

Proof. Using the Euler-MacLaurin formula with f(r) =r"%, a=1,b=N +1,
gives a function that looks like the zeta function.
Calculating the nth derivative of f(r) gives the following:

f(l)(x) - .5l (—1)15 sl
fO @)= —s(=s = 1) 77 = (=1)*s(s + 1) - r 2

F (@) = —s(—=s—1) -+ (—s—n4+1)-r~°"" = (=1)"s(s4+1) - - - (s+n—1)-r~>""

Therefore, the equation becomes

N+1
1

r=1

+ zn:Bk/k;! . ((—1)k—15(3 +1)--(s+k—2) (N + 1)—S—k+1 —1))
k=2

N+1

+(_1)n—1/n!/1 Bo(w) (1) s(s 1 1) (s + 11— 1) - 2=l

_1—N1—S+1—N—5
os—1 2

+in/]gl . ((_1)k—1s(8+ 1),..(s+k _ 2) . ((N—|— 1)—s—k+1 N 1))
k=1

N+1
st )=/l [ By
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Assume that Re(s) > 1. When N goes to infinity, we obtain the following;:
oo 1 1 n
S 4 Bi/k!- (—=1)F 1)--- -2
dor 8_1+2+Z /R (—1)Es(s+1) - (s +k—2)
r=1 k=2
007
—s(s+1)---(s+n—1)/n!- / B, (z)x™* "dx
1

Since B, () = By (z+1), the function is bounded by some constant. There-
fore, [ By, (z)z~* "dx converges for Re(s) > 1 —n. Therefore, this function
is an analytic continuation of the zeta function for Re(s) > 1 —n. O

4.2.3 Analytic continuation to C\{1}
Definition 4.6. Define ¢ : C — C as

§(2) :

%z(z — 1)7T_Z/2F(Z/2)<(Z)
= (z = D) */20(2/2 + 1)((2)

Theorem 4.10. The function £ has an analytic continuation to C. To compute
this continuation, we use that

§(z) =¢(1—2)
A proof of this theorem can be found in the Lecture notes of Evertse[4]

Corollary 4.10.1. The zeta function has an analytic continuation to C\{1}
with a simple pole at z = 1 with residue 1. To compute the continuation, we
have the following:

C(1—z) =217 cos(%ﬂz)l“(z)((z) (20)

Proof. By rewriting the definition of the &-function, we obtain

_ £(2)
0(z) = (2 — )7 2/2I(2/2 + 1)
T2 4 1)
(z—1)

Since the Gamma function does not have zeros, 1/I" is analytic in the whole
complex plane (since I' is analytic). Also &, 7%/ and (z — 1) are analytic on
the whole complex plane. £(1) # 0, since lim,_,1(z — 1){(z) # 0 and is defined,
and all other terms of £ are nonzero at z = 1. Therefore ((z) is analytic on the
whole complex plane, except for the simple pole at z = 1 (because then z — 1
becomes 0).
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Expressing ¢ in terms of £, one obtains

€1 —2)7(=2/2)1((1 - 2)/2 4+ 1)

(== (=2 -1
_ @m0/ 2/ - 2)/2)
)

—2((1—2)/2)a I2((1 - 2)/2)
B (z — 1)7r‘z/21“(z/2 +1)¢(2)

= (1 /2 AT - 2)/2)
= F(2)((2)

where F(z) is defined as

B (z— 1)m*/°T(2/2 + 1)
P& = = apmaarr(i - 2/

Before we are going to rewrite this function, first note that

1 1
PP = 2) = 7 = (replacing = by § + 3)
1 1 1 1 T
Pz co)l(=fog)=—
(2 22) (2+22) sin(7 (5 + 32))

Also note that the ”duplication formula” for the Gamma function states that
for 2 ¢ {5+ :n € NU{0}},

Vi -T(22) = 2270 () (2 + %)

A proof of this duplication formula is given in the lecture notes of Evertse [6]
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Rewriting F(z) gives us

(z—D)7m*/?T(2/2 + 1)
—2((1 — 2)/2)7—(=2)/20((1 — 2)/2)
_ (z=Dr*T(z/2+ 1)

T (2/2)(z — D= (=22T((1 — 2)/2)
_ 7T1/27211(2/2 +1)/(2/2)
r(1/2 - z/2)
e TG
r1/2-z/2)
_ pl/22 L(12)T(3 + 12)
F(l _ lZ)F(

F(z)=

_ 7{_1/272' (

—~
N[—=

— pl/2-= VTl (2

1
=7 T(2)2' 7 sin(§7r(1 + z))
1
=272 COS(§7TZ)F(Z)

and hence we have the formula we want. O

4.3 Zeros of the Function
4.3.1 Zeros with real part Re(z) > 1

Lemma 4.11. The zeta function does not have zeros with real part Re(z) > 1

Proof. Let z = a+ bi be a complex number with a, € R and Re(z) =a > 1. We
will use the following definition of the zeta function:

o)==

p

First of all, note that 0 < [p~%| = p~® < 1/p, and therefore 1 — p~* # 0.
Let us take a positive integer N > 1. We will rewrite the zeta function as a
product of two functions,

=1 1,1,)7/ I — (21)

1—p*
p<N p>N+1

The first product is a finite product with terms unequal to 0, which implies that
this product is unequal to zero.
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The second product can be rewritten as a sum > n~?

and all n for which the prime divisors are larger than N.

To show that this last sum is unequal to zero, we will rewrite it as Y n=% =
1+ Zn#l n~*. In this last sum, only numbers n appear with n > N + 1.
Therefore, we can bound the absolute value of this sum,

, summing over n = 1

oo oo oo
Zn_z < Z n % < Z fn_z‘: Z n=%.
n#l n=N+1 n=N+1 n=N+1

Since = < [ |, this last sum can be bounded by the integral [ 2~ %dz,
and therefore we have

— . [T 1 1
Z n </ xadm:Nail-ail.

n>N+1 N

For N large enough, the right hand side is smaller than 1, since a —1 > 0.
Going back to the formula 3} n™* =1+3 ,,n™*, we want to show that
this is bigger than 0. For the right hand side we have

1+Zn—221— Zn—z >1— i n>1-1=0,

n#l n#1 n=N+1

the left hand side needs to be bigger than 0.

To conclude, we will go back to equation (21). Both products on the right
hand side are unequal to 0 and therefore, also the zeta function has to be unequal
to 0. O

4.3.2 Zero’s with Re(z) <0

Lemma 4.12. The only zero’s with Re(z) < 0 of the zeta function are those
with z = —2n,n € N

Proof. Equation (20) shows that (1 — 2) =0 < 2 7*717% cos(372)['(2)((2)=0.
We know that 2172 # 0 and 77% # 0 for z € C. Also we know that I'(z) # 0
for z € C, proven in Corollary 3.11.2. Therefore, ((1 — z) = 0 if and only if
cos(3mz) =0 or ((2) = 0.

Suppose Re(1 — z) < 0, then Re(z) > 1. Then, because of Lemma 4.11,

((z) #0.

Then for ((1 — z) to be zero, one must have cos(37z) = 0 hence imz =

(1/2 4 k)7 for k € Z>o. Therefore, z = % = (1 + 2k) Therefore, (1 —
(14 2k)) = ¢(—2k) can be zero for k € N.

We only need to check if this is not a removable zero. Note that for Re(z) > 1,
the Gamma function does not have a pole. Also all other terms of (1 — z) does
not have a pole at z =1+ 2k for k € N
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The only point we have to check right now is z = 0. At z = 0, the zeta
function does have a simple pole with residue Res(0) = 1. The residue of the
cosine function will be calculated to be

Res(z =1) = ll_}rr% cos(%wz)/(z -1) £ —%w sin(%w)/l = —%w.
Therefore,
lim ¢(1 — 2) = lim 2! %72 cos(lwz)l"(z)g(z) _ 1
21 z—1 2 2
Hence the only negative zero’s of the zeta function are those with z = —2n,
n € N. O

4.3.3 Zero’s with Re(z) € {0,1}

In this part we are going to look at the case that {(z) = 0 for Re(z) € {0,1},
z # 0,1 (these points will be excluded, since we have proven that at z = 0,
¢(z) = —1/2 and at z = 1 the zeta function has a pole). First we are going to
look at Re(z) = 1. Then, by formula (20), we have that {(1—z) = 0. Therefore,
z is a zero if and only if 1 — z is a zero.

Definition 4.7. Let z € C\ R<g. Then we define the principal value of the
logarithm to be
Log(z) = In(|z]) + iArg(2)

where Arg(z) € (—m, 7).

Lemma 4.13. We can write the principal value of the logarithm of i, lz| <1
as an infinite series:

1 > n
L -y 2
()= =

n=1

Proof. First of all, we have that

1 S
1_Z=n§z.

Therefore, if we integrate 1712, we get

oo

Log(l—2)-—1= Z

n=0
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Note that Log(1l — z) - —1 can be rewritten as

Log(l —2) - —1 =Log((1—2)"") = Log(%).

Therefore, we have that

O

Definition 4.8. Define the function ord.—,, as a function mapping a mero-
morphic (around zg) function f to the integers as follows:

ord,—.,(f) =n if f does have a zero of order n at zy

ord,—.,(f) = —n if f does have a pole of order n at zy

i.e., the limit from z — zg of (2 — 29)°™ - f(2) is a complex number unequal to
0.

Lemma 4.14. Let f and g be meromorphic functions around zo. Then

Osz:z() (f : g) = Osz:zo (f) + Osz:zo (g)

Proof. Since f and g are meromorphic, we have that the functions

(z—20)"f(2) and (z — 20)"g(2)

are holomorphic. Let m = ord(f) and n = ord(g). Then by definition of a
zero of order n (or a pole of order n), these functions are indeed holomorphic.
Therefore, also

(2= 20)"f(2) - (z — 20)"g(2) = (z — 20)" "™ f(2)g(2)
is holomorphic and hence ord,—.,(f(z) - g(z)) = n +m. O
Theorem 4.15. There are no zeros of the zeta function with Re(z) = 1.
Proof. Let us consider z =1+ it, t € R. Then we have to consider 2 cases.

1. If t = 0, z = 1. At this point, the zeta function does have a pole, so there
is no zero at this point.

2. The remaining case is t # 0. This we are going to discuss now.

Let us fix a real number ¢ # 0. Suppose, for a contradiction, that (1 4+ it) = 0.
To analyze this, we define a new function:

F(z):= (¢(2))* - (C(z +it))" - (= + 2it)
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¢(2) has a simple pole at z =1 and ((z + it) has a zero at z = 1. Therefore,

ord,—1F(z) =3 ord,—1((z) +4 - ord,—1{(z +it) + ord,=1{(z + 2it)
>3- (-1)+4-140
=1

Therefore, F'(z) has a zero at z = 1.
Now we are going to prove that |F(c)| > 1 for ¢ > 1. Because of the
continuity of the function, we need to have that

lim F(o)=F(1)=0
oc—1+
which contradicts the fact that |F'(o)| > 1 voor ¢ > 1. Therefore, our assump-
tion that (1 + it) = 0 needs to be false.
To prove that |F(o)| > 1, we are going to prove that Log|F(c)| > 0, which
implies that |F'(o)| > 1.
For p prime, we have the following:
1 _ p—a—Zit

1
1— p7072it

3 ’ 1

4
1— pfafit ’ ‘

n|F(o)| = ]| (‘ 1 _1pr
= Ep: (31n )

We also have that we can write every complex number z as z = re? with r >0
and r,6 € R.
Because of Lemma 2.3 and Lemma 4.13 we have, for r < 1

1
= Log——
Re ( og1 —re"’)

+ In

1
— | +41
l—p—”’—’_ "

1— p—a—it

1

In|———
bl
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Since we can write p~7 it ag p=o kit — p=o . g—iktIn(p)

In|F(o)| = Z <3ln %

P

+1In

1— pfofit 1— p7072it

= <3 i p_n"" +4 i p:” - cos(nb) + i p_n”" . cos(2n9)>
P n=1 n=1
= Z i p - (3 + 4 cos(nf) + cos(2n0))

= Z Z b pa 2(1 + cos(nh))?

where 6 = tlog(p). The last inequality comes from the fact that Z _nm > 0 and
that 2(1+cos(nf))? > 0. Also note that p~° < 1 for ¢ > 1. Hence log |F(c)| > 0
and therefore |F(o)] > 1. Now we have the contradiction we wanted, and

therefore we have proven that there are no zero’s on the line Re(z) = 1. O

4.3.4 Zeros in [0,1]

Now we are going to prove that there are no zero’s at the real axis from 0 to
1. To do this, we will use the rewritten form of the zeta function introduced in
Lemma 4.4, which is holomorphic for Re(z) > 0. Here we will prove that this
function is monotonically decreasing.

Theorem 4.16. The zeta function does not have any zeros at the real line from
0 to 1.

Proof. First of all, ((0) = —1. We will show that the function is monotonically
decreasing, and therefore there are no zeros in (0,1).

This will be done by showing two plots: one of the zeta function itself and
one of the derivative of the zeta function. In the first plot, we can already
see that the zeta function is monotonically decreasing, but to give still more
evidence, we can see in the second plot that the derivative of the zeta function
also decreases monotonically. This implies that the zeta function is not only
monotonically decreasing, but also concave down.

Here are the plots of the zeta function (on the left) and its derivative (on
the right) on the line [0,0.9] (between 0.9 and 1 the plots are decreasing very
fast):
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In these plots it can be seen that the zeta function and the derivative are
maximal at 0 in this interval, where they have the values ((0) = —1/2 and
¢'(0) ~ —0.92. O
4.3.5 Zeros with 0 < Re(z) <1

According to the Riemann hypothesis, the only zeros in this region are those with

real part equal to % Until now, no one has proven this hypothesis. Therefore,

we will not attempt to provide a proof for this. Instead, we will give numerical
evidence to make the hypothesis plausible. This we will do in the next section.

4.4 Summary

In this section we have proven different theorems about the zeta function. In
the introduction of this section we were looking for the following answers:

e For which z € C is the zeta function defined?

e How can this function be extended to the whole complex plane?
e What are the poles of the function?

e What are the zeros of the function?

As seen in the previous subsections, we have answered all questions, except the
last one:

e The zeta function can in particular be defined for z € C with Re(z) > 0

e The function can be extended to Re(z) > 1 — n using equation (19) or,
extended to the whole complex plane, using equation (20).

e The function has only one simple pole, namely at z = 1

e The function has zeros only at the negative integers and inside the strip
with 0 < Re(z) < 1. According to the Riemann Hypothesis, these zeros
should satisfy Re(z) = 1/2.
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5 Zeros of the Riemann zeta function inside the
complex strip 0 < Re(z) < 1

In this section we will use a numerical method to make it plausible that the
zeros of the zeta function are located at the line 1/2 + it.

5.1 The function ('(2)/((2)

In this subsection we are going to verify that the zeros and poles of the zeta
function are poles of ¢’'(z)/¢(z). Furthermore, since supercomputers were used
to prove that the first 10 trillion zeros are simple [13], the zeros which will
be used in this thesis are simple. This implies that the poles of the function
¢'(2)/{(z) have residue 1 if the zeta function does have a zero.

Lemma 5.1. ((2) # oo = ('(2) # o0

Proof. This is just a consequence of the fact that the zeta function is analytic.
O

Theorem 5.2. Consider the function ('(z0)/((z0). This function has simple
poles at the zeros of the zeta function with residue ord,—,,((z) and it does have
a simple pole at z = 1 with residue —1. Furthermore, no other poles appear.

Proof. This proof will consist of three parts. First of all, we will prove that the
function does have simple poles at the zeros of the zeta function with residue
ord,—.,((z). Secondly, we will prove that the function does have a simple pole
at z = 1 with residue —1. Thirdly, we will prove that no other poles will appear.

First of all, since the zeta function is analytic, it can be written as a Laurent
series,

C(z) = Z An(z—2z)"

Since the zeta function does not have a pole at zy # 1, we know that A, =0
for n < 0. If ¢(20) = 0, also Ay = 0, and therefore the zeta function around zg

can be written as
o0

= > A=)

n=ord,=-;¢(2)
Let ord,—,,((z) = m. Then, for 0 < k < m we have

o0

(P =Y nn =1 (n—k+1) Az = 20)"*

n=m

Evaluating this at zg, this is equal to 0, except for k = m, where we get
¢ () = m!A,,. Therefore, ¢'(2)/((2) equals, applying ’hopitals rule m — 1
times, ¢'(z)/((z) = m!A,, /0 — o
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The residue will be calculated as follows:

Res(zp) = zli—>Hzl0(Z —2zp) - CCI((;))
H .. (™ (2)
R P T
B mlA,,
S limg e Yoo, (m— 1)1A, (2 — 20)n™
B m!A,,
B (m — 1)'Am + ZZO:erl(m - 1)'An(20 — Zo)"_m
 mlA,
 (m—1)4,,

=m = Ordz:zog(z)'

Now we have proven the first part of the theorem.
For the second part, we will again use the Laurent series. Since the zeta
function does have a simple pole at zg = 1, we will write it as

()= Y Aulz— =)

Therefore, the derivative becomes

oo oo

'(z) = Z nA,(z—2)" ' = Z (n+1)Ant1(z —20)"

n=—1 n=-—2

where the last equation does have a pole of order 2. Therefore, ¢'(2)/((z) — oo
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The residue is therefore:

et = iz = ) 5
(e 1) ne (M DAn (2 = 1"
R li}l( 1) 220:71 An(z — 1)"
g 7D Xt DA (z - 1"
z—1 (Z — 1) ZZO:_I An(z — l)n

Done—a(n+ D Anga (2 —1)"*
=SV MRS VI
_ fo:o(n —DApa(z—-1)"
z—1 ZSLO:O An,l(z - l)n
(DAL X (= DA 07

A+ Zzozl A,_1-0"
(DA,
A

= —1.

Now we have proven the second part of the theorem. For the third part, we use
lemma 5.1 to note that, when the zeta function does not have a pole or a zero
at zg, then also the derivative does not have a pole there. Therefore, no other
poles appear than those described above. O

As noted in the start of this subsection, the zeros which we will use in this
project are simple. Therefore, the poles of the function ¢’(z)/{(z) have residue 1
(if the zeta function has a zero there) and -1 (at zp = 1, where the zeta function
has a pole).

5.2 The contour integral

In this subsection we are going to construct a contour integral. In order to do
this, we will integrate the function ¢’(z)/{(z) along the following contour: we
will construct a rectangle with corners 2 + Ai, 2 — Ai, —1 — Ai and —1 + Aq,
where A € Rsg. This contour is chosen, since the upper part has many things
in common with the lower part: the integral from 2 to 2 + Ai is the complex
conjugate of the integral from 2 to 2 — Ai. This will be proven in this section.
To prove that ((s) = ((3), we first prove that it holds for Re(s) > 0. After that,
we will prove that it also holds for {(1 — s) with Re(s) > 0. To prove this, we
also prove that the Gamma function has this property.

When this is proven, it will follow that (’(s)/¢(s) = ('(3)/¢(5). As a conse-
quence, we only have to compute the upper part of the contour integral (with
Im(s) > 0) and add the conjugate of this to it, to get the value of the total

contour integral.

Lemma 5.3. ((z) = ((Z) for Re(z) >0
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Proof. To prove this lemma, we are going to use equation (10):

Therefore,

Il
N
| | =
—
+
[~
:\:
+
=
N | /N
5|~
|
=
S~ | | ~—
oW
~~

1 >, [t 1
= — = )dt
1 RSN S T |
z—1 = Jn n*  t*

=<
Here we used that u + w = u + W and n? = nZ.
Lemma 5.4. T'(z) = I'(2)
Proof. Recall that the Gamma function is defined as

F(z):/ e dr
0

Let us rewrite this, using that z = (a + 1) + bi for a,b € R.

F(z):/ * e %dx

/ (z 1) log(x) e~ Tdr
0

oo
/ (a+bi) log(z)— T dx
0

/OO alog(z)—x ’LblOg(éE)d
0

8

/0 x%e”%(cos(blog(z)) + isin(blog(x)))dx
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Therefore, we get

I'(z) = /OC>C x®e~*(cos(blog(x)) + isin(blog(zx)))dx

3

x®e~7(cos(blog(x)) + isin(blog(zx)))dx

8

x%e " (cos(blog(x)) — isin(blog(z)))dz

8

x%e " (cos(blog(x)) + isin(blog(z)) — 2isin(blog(x)))dx

8

xaefzr(eiblog(x) — 9. l (eiblog(m’) _ efiblog(z)))dx
24

8

$ae—x(eiblog(m) _ eiblog(m) + e—iblog(r))dx

8

a —xe—ib log(gc)dx

8
®

3

2% P10 dy

8

24 e~y

S — S — S — S S — —

8

" e %dx

I
=
—~ o
N
=

Theorem 5.5. ((z) =((z)

Proof. First of all, for Re(z) > 0, we already know that this statement holds.

If we now consider the equation ((1 — z) = 2'7*77 % cos(372)['(2)((2), then
¢(1—2z) =((1—7%) if it holds for each term of the equation for z < 1.

For 2'=%7~% we know that 21—27—2 = 21—2gx—2 = 21-% . =%,
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For COS(%WZ), we know that, for z = a + b1,

cos(=mz) = 1 (e 27E 4 e—léﬂz)
2 2
1
_ 5 ( 5Tz —‘,—6_12”2)
1 1
—— ai—b)3 —(ai—b)sm
5 (¢ )
1
= (e( b)gm 4 o (ai- b)27r)
_ 1 (6 (aitb) 3w +e(a1+b)27r)
2
1
— §( —i(a— b7.)27r+€1(a bi)in )
1
25( —iZ3 7r_|_ezz 77)
:cos(2 Z)

For zeta and Gamma, this is proven in the previous lemma’s. Therefore, we have

that, for z < 1, {(1 — z) = 21=#7—* cos(372)I'(2)((2) = ((1 —Z). Therefore, we

have that ((z) = ((2). O

Now we know that ((z) = ((Z). Therefore, if ((z9) = 0, also ((Z5) = 0.
Combining this with the fact that if {(z) = 0, then also {(1 — z) = 0, gives a
nice property: suppose that there exists a zero which is not on the critical line
and which is not real. Then there need to be at least 3 additional zeros.

The contour is chosen such that if zg lies in the contour, then also Zg, 1 — zg
and 1 — zg lie in the contour. Therefore, when evaluating the contour, we need
to observe a multiple of 4 as the contribution of zeros inside the contour that
are not on the critical line.

If there is a zero on the critical line with % + 4t, then also % — it is a zero.
Therefore, when evaluating the contour, we need to observe a multiple of 2 as
the contribution of zeros inside the contour at the critical line.

Right now we know that ((z) = ((z). Therefore, also (/(z) = ¢'(Z). Hence,
if we have Z(z) = ¢’(2)/¢(z), it follows that Z(z) = ('(2)/{(z) = ('(2)/¢(Z) =
Z(Z).

Let us now consider different paths on the boundary of our contour integral.
Let v (t) = =1 + Ait, v2(t) = 2+ Ait and v3(t) = (=1 + 3t) + Ai. Therefore,
we have the following formulas:

y1(t) = =1+ Ait yi(t)=Ai  y(t) =—-1— Ait v (t) = —Ai
Y2 (t) = 24 Ait V() = Ai  yo(t) =2 — Ait N (t) = —Ai
st = (1430 +Ai 240 =3 )= (1430 Ai (0 =3
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Consider the following 3 integrals:
—14iA 24+iA 2+4+iA
Cy = / Z(z)dz, Cy= / Z(2)dz, C3= / Z(z)dz.
-1 2 —1+Ai
These integrals can be rewritten on the following way:
vi (1) 1
C; :/ Z(z)dz :/ Z (v (1)) vi(t)dt.
7:(0) 0
Also consider the following integrals
—1—iA 2—iA 2—iA
D, = / Z(z)dz, Dy= / Z(z)dz, Ds3= / Z(z)dz.
-1 2 —1—Ai

These integrals can be rewritten on the following way:

D; = " Z(2)dz = /01 Z (T(t)) ~@)dt.

7i(0)

Here we used the fact that £~(t) = /(). This last integral can be rewritten,
using the fact that Z(z) = Z(Z), as

b= [ 76w = [ Zmmm = [ Zewnion=a

Hence we have

/ T s = / e

—1+iA —1—3A

5.3 The zeros on the line 1/2 + it

There are already many zeros of the zeta function known. In 2005 already the
first 10'3 zeros were calculated by Gourdon[21]. But for this thesis we will use
the zeros which are calculated in the thesis of Van der Meer[12]. In his thesis
he calculated the first 29 zeros (all zeros below 100). Below you can find these
Z€eros:
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14.13472514
21.02203964
25.01085758
30.42487613
32.93506159
37.58617816
40.91871901
43.32707328
48.00515088
49.77383248

52.97032148
56.44624770
59.34704400
60.83177852
65.11254405
67.07981053
69.54640171
72.06715767
75.70469070
77.14484007

79.33737502
82.91038085
84.73549298
87.4252746

88.80911121
92.49189927
94.65134404
95.87063423
98.83119422

5.4 Testing the Riemann Hypothesis

For testing the Riemann Hypothesis, we will make use of PARI/GP. In this
subsection we first will introduce the Simpson’s rule. After that, we will apply
this to the logarithmic derivative of the zeta function. This will be done in 2
steps: first we will make use of the built-in functions and after that we will
derive own functions instead of the built-in functions. For these tests, we take
the contour integral as described in Subsection 5.2.

5.4.1 Simpson’s Rule

The Simpson’s rule works with lagrange interpolation. In an interval [a, b], the
function f(z) which needs to be integrated will be approached by a polynomial
of at most degree 2. This will be done using the following formula:

B (z—=m)(z—b) (z—a)(z—0b) (z—a)(z—m)
p(z) = f(a)(a—m—)(a—b) + f(m)m + f(b)m (22)
where m = “£2 is the midpoint of the interval [a, b].
Integrating this polynomial gives us the following formula:
b —
= [ ple)ds = 0 (@) + 45 m) + 1(0) (25)

Theorem 5.6. The error when approzimating f(z) by p(z) is bounded by the
following:
hs
2880
for some ¢ € [a,b] and with h = b — a is the width of the interval.

E < ‘f(4)(c)‘ .

Proof. When approximating f(z) by p(z), the error E is, using that I is the
exact value of the integral and I as described above,
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=
I

|I_Is‘

/ab f(z)dz — /abp(z)dz
b

/ F(2) = pl=)] 2]

f(2) — p(z) can be calculated to be

o (z —a)(z —m)*(z — b).

for some ¢ in the interval [a,b]. Let ¢ be such that f®*)(c) is the maximum of
the fourth derivative in the interval [a,b]. Then

9()
1)~ p() < 7

Substituting this in the error formula gives

(z—a)(z —m)?(z = b).

Bi=| [ 1) - ptea:
/ab {f(‘l)(c) (z—a)(z —m)*(z — b)} dz

= 5 / [(z—a)(z —m)*(z — b)] d=

_ f<z;> 4(c> .. Eb (bal)ig)5> ‘

_ @ ‘
PO g0
h5

= f(4)(c)‘ 5280

where h is the length of the interval [a, b]. O

IN

Let us now consider an interval [A, B] which is devided in n intervals with
length h. When evaluating these intervals as described above, the error of the
7’th interval, E;, will be less than or equal to ‘f(4) (c)’ . % as seen in the
theorem above. The total error of this approximation will also be bounded, like
the following theorem states:

Theorem 5.7. If we consider the interval [A, B], the approximation as described
above does have the following error bound:
4

< .
Etotal = 2880

(B - A)M7

o1



where max,¢(4,p] |fW(2) < M.

Proof. Since max, (4,51 |f® (2)] < M, max, (5 |f@ (2)| < M. Therefore, for
each error E; we have

h5
2880
Note that the amount of subintervals n equals (B — A)/(b—a) = (B — A)/h.
Hence,

E; < M.

- h® h*
Biotar = Y Ei <n M=——(B—AM
=1

2880 2880

5.4.2 Using built-in functions
In this subsection, we will calculate the contour integral using built-in functions.

After that, we will do an error analysis.

Calculation of the contour integral Before we are going to this functions,
we first need to make a function which applies the Simpson’s rule with the
following variables:

Input variables:

e a: the starting point of the integral;
e b: the endpoint of the integral;
e N: the number of subintervals in which the function will be integrated;
e f: the function which will be integrated.
Output variable:
e Area: the value of the integral.

The code is as follows:

Simpson(a,b,N, f)={
h=(b—a)/N; Area=0;ye=f(a);
for (n=0,N—1,yb=ye ;ym={f ((n+1/2)xh+a);
ye=f ((n+1)xh+a); Area+=(yb+4xymtye )*h /6)

Now we have a function for the Simpson’s rule. What needs to be done is
to define the function f. This will be done using the built-in functions for the
zeta function and the derivative of it. Combining them gives us the following
function:

Z(z)=1lfun (1,z,1)/zeta(z);
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To make a function which calculates the amount of zeros in the contour
integral, we first have to take a look at the value of the contour integral. The
value of the contour integral is the sum of all residues multiplied by 273,

7{ () dz = 2mi - Z Res(z) (24)
C

((2)

If we sum up the integrals, we need to divide by 27i to obtain the sum of the
residues. After that, we have to add 1, because of the simple pole at z = 1
(which has residue -1). Dividing by 2 gives the number of zeros with Im(z) > 0
inside the contour, counted with multiplicity.

These steps are done in the following code. Here we have the following
variables:
Input variables:

e A: the value as described in subsection 5.2;
e N: the amount of steps used in the Simpson’s rule.
Output variable:

e Amountzero: the amount of zeros in the contour integral with Im(s) > 0.

Total (A,N)={
Simpson (2,24+AxI ,N,Z); Areal=Area;
Simpson (2+A*1,—1+A%I N,Z); Area2=Area;
Simpson(—14+AxI,—1,N,Z); Area3=Area;
Totarea=Areal+Area2+Area3—conj ( Area3+Area2+Areal );
Amountzero=(Totarea /(2+PixI)+1)/2;

When trying Total(100,1000), we obtain approximate 29, which is the answer
we had to obtain, with an accuracy of about 10, so really accurate.
The exact output is

29.0000000014172723627... — 2.3385717063745702440 E—40*1

Error analysis Since we are working numerically, we have to check what the
error estimate is. This will be done by doing an error analysis of the Simpson’s
rule. An error estimate about the built-in functions is not possible.

The error function for the Simpson’s rule is

4

h
E < ——|B - A|M.
total_2880‘ ‘

In our case, we have to do three times an error analysis: one of the line from 2
to 2 4+ 100z, one of the line from 2 + 100: to —1 4 1007 and one of the line from
—1+100¢ to —1.
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The first one and the last one have the same stepwidth & = 0.1. The second
one has stepwidth A = 0.003. The maximum of the fourth derivative of the
logarithmic derivative of the zetafunction is smaller than 14 on the contour. A
calculation showing this can be found in Appendix A. The width of the interval
|B — Al is 100, 3 and 100 resp. Therefore, the maximum errors of these three
integrals are

4
E;, <——.100-14 = ~ 4.86-107°
I =9880 144000
0.003%
<——" .100-14~3.94-10"1"1
2 ="9880
0.14 7
E;. < -100-14 = ~4.86-107°
s =9880 144000

The total error of the contour integral therefore becomes 2 - (4.86 - 107> 4 3.94 -
107 +4.86 - 107°) ~ 10~%. This will be divided by 47, so that the total error

is bounded by % < 1075, Therefore, the outcome is accurate enough.
There is only a problem with this method: using the built-in functions won’t
allow us to do an error check for the functions. Could it be possible that there
are more zero’s, but because of an error in one of these functions, we won’t
obtain them?
Therefore, we are going to create an expression for ¢'(z)/((z), which we will

implement as function Z(z).

5.4.3 Using self-made functions

In this subsection, we will calculate the contour integral using self-made func-
tions. After that, we will do an error analysis.

Calculation of the contour integral To calculate the contour integral, we
first discuss the zeta function and its derivative. After that, we discuss how
to compute numerically ¢’(s)/¢(s). This will be implemented instead of the
built-in functions.

When analyzing the zeta function, there will appear two integrals. For these
integrals, we create a new Simpson’s rule, so that variables from one calculation
of the Simpson’s rule will not be messed up with variables from another calcu-
lation of the Simpson’s rule (since they are used at the same moment).

To analyze the zeta function, we use the analytic continuation of the zeta
function as defined in Subsection 4.2.2. Since we only need the function for
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Re(s) > —1, n needs to be at least 3. If n = 3, we obtain the following function:

o 3
s 1 1 k
St S B e £
r=1 k=2
—s(s+1)(3+2)/6-/ Bs(x)z™ da
1
1 1
e e B )

~s(s+ )+ 26 [ T By(e)atda

Since we also need the derivative of the zeta function, this will be derived
now:

>, d, 1 1
ZT’ _£(m+§+32/28_33/68(8+1)

~ s+ 1)+ 26 [ T By()e )

d 1 d1 d d

_ %s(s F1)(s +2)/6 /100 By(2)a—3da

=—ﬁ+32/2‘33/6‘<25“)

— (35% + 65 +2)/6 - /00 Bi(z)x™*3dx
1
sl 1) +2)/6- [ B logla)do

Since we have here two integrals from which one also appears in the zeta
function, we will store these values to use it twice instead of calculating it twice.
These values will be stored as B1 and B2.

In these values B1 and B2, the third bernoully polynomial appears. There-
fore, we will define a function with this polynomial:

B(x)=x"3-3/2%x"2+1/2xx

The values B1 and B2 now have to be computed by the Simpson’s rule. Since
we need here an efficient program, we will introduce a new program, specified to
these integrals. Also, since the old Simpson’s program also will be used, we add
to each variable "new” to make sure that no variable will be messed up with a
variable of the other Simpson’s program. Note that there are some splits in the
code lines to fit the page.

SimpsonNew (Nnew , endnew , snew , logpower )={
Areanew=0;
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for (nnew=1,endnew—1,

Areanew+=sum (mnew=1,Nnew /2 ,2%(B((2*mnew—1)/Nnew) /
(nnew+(2xmnew—1) /Nnew) " (snew+3)*

(log (nnew+(2+mnew—1)/Nnew)) " logpower)
+B((2+mnew)/Nnew) / (nnew+ (2+mnew) /Nnew ) " ( snew+3)
*(log (nnew—+(2+xmnew) /Nnew)) " logpower ) /(1.5%Nnew ) );
Areanew=Areanew

}

The function Z(s) becomes right now

29 == 2+B2/2—Bs/6~(28+1)—(382+6s+2)/6'/wFs(x)x*S*3dx
1

G- 1)
(st D(s+2)/0- [ Bale)e logla)isl

1 1 g
[i + 3 +By/2-s—B3/6-s(s+1)—s(s+1)(s+2)/6- / Bs () 3dx]
- 1
Using this will give us the following function for Z(s) in GP/Pari. Note that
there are some splits in the code lines to fit the page:

Z(s)={B1=SimpsonNew (300,300,s,0); B2=SimpsonNew (300,300,s ,1);
ZZ=(-1/(s—1)"2+bernreal (2)/2—bernreal (3)/6x(2xs+1)
—(3%8"246%s+2)/6%xBl+s*(s+1)x(s+2)/6xB2)/
(1/(s=1)+.5+bernreal (2)/2xs—bernreal (3)/6*s*(s+1)—
sx(s+1)*(s+2)/6xB1)

}

The function T'otal(100, 100) gives the following answer (after 1 hour, 40 minutes
and 19 seconds),

29.000386500511871920... — 1.0523572678685566098 E—39x+I,

which also is approximate 29.

Error analysis To analyze this contour integral, we have made some approx-
imations. The integrals Bl and B2 are computed from 1 to 300 instead of 1
to infinity, the integrals are computed with Simpson’s rule, and at the end the
total integral is also computed using the Simpson’s rule.

The approximation of 1 to 300 instead of 1 to infinity can be made without
causing a big error, since the functions are very close to zero for values greater
than 300. Since the other errors will be maximums over the whole interval, we
will assume that this error is approximate zero.

The error of Bl and B2 are bounded by 2.8996199 - 10~1° and 1.115- 1076
resp. A calculation showing this can be found in Appendix A. Right now we
will calculate the error of the total function.

The maximum value M is 14. The stepwidth is 1, 0.03 and 1 for the intervals
[2,2+100-4], [2+ 100 -4, —1 + 100 - 4] and [—1 4 100 - ¢, —1] resp. The interval
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width is 100, 3 and 100 resp. Therefore, the error bounds become

14

E;, <——-100-14 = ~4.86-1071
h=9880 144000
0.03%
<—"_.100-14 ~ 3.94-10~"
1, Soegg 100 3.94- 10
E <i 100-14 = 7 ~4.86-1071
s =9880 T 144000

Summing these errors gives us a total maximum error of 0.9722. Since this is
much bigger than all other errors, we will calculate further with this error. At
the end, we will take this approximation in account.

Therefore, the amount of zeros has to be in the interval [28.02818,29.97259).
The only integer inside this interval is 29, but since the boundaries are approx-
imate 28 and 30, we also will take them into account.

First of all, 28 is not possible, since there are already 29 zeros known.

Suppose there is at least one more zero in the upper half of the contour
integral, zop = zo + iyg. Then, as mentioned in subsection 5.2, there are four
more zeros in the contour integral, from which two in the upper half. Therefore,
if the amount of zeros is unequal to 29 (the amount of zeros with Re(z) = 1/2),
it has to be at least 31. Therefore, there are only 29 zeros inside this interval.

From this we can conclude that the 29 zeros on the critical line are simple.
Furthermore, since there are no zeros in this interval than those on the critical
line, the Riemann Hypothesis is true for —100 < Im(z) < 100.
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6 L-function of an elliptic curve

The zeta function is a special form of so-called L-functions. In this section we
will take a look at the L-function of an elliptic curve. First of all, we will define
what an elliptic curve is and give some other important definitions. After that,
we will consider the L-function of a specific elliptic curve. For this L-function
we are going to answer the following questions:

e For which s € C is this L-function defined?
e How can this function be extended to the whole complex plane?
e What are the poles of the function?

e What are the zeros of the function?

6.1 Preliminaries
6.1.1 Elliptic curve

In this section we take a look at elliptic curves. An elliptic curve is defined as
follows:

Definition 6.1. For ay,as,as,aq4,a¢ € Z, the equation
y2 + a2y + azy = 3 4 agxr? + agx + ag

is a Weierstrass equation. The polynomial f € Z[z, y] for this equation is defined
as
f@,y) =y* + arvy + asy — 2° — aga® — asx — ag

For this equation we define the following equations:

bg = (I% + 4.(12 Cyq = b% — 24b4

by = ajaz+2a4 ce + —bg + 36b2by — 216bg

bg = a% + 4ag A = —b%bg — 8[)2 — 271% ~+ 9bob4bg
bs = baag—ajazas+azal—ai j = ci/A

If A # 0, the Weierstrass equation defines an elliptic curve E/Q. Here, A
is called the discriminant of the Weierstrass equation.

We will continue with elliptic curves over the finite fields Fj,. This will be
defined as the elliptic curve of definition 6.1, with coefficients a1, a2, as, a4, a6
modulo p. This elliptic curve will be denoted by E.

6.1.2 Minimal elliptic curve

Before going into details, we first need the following: the elliptic curve needs to
be minimal, i.e. the discriminant needs to be as small as possible.

In terms of new coordinates ¢ = u?z +7r, n = udy + s+t with u,r,s,t € Q
and u # 0, the Weierstrass equation changes into a new Weierstrass equation
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(although the new coefficients could now be rational numbers). The new equa-
tion has discriminant ©v~'2A. This is called a change of coordinates.
In the next definition, we state what is meant by a minimal elliptic curve:

Definition 6.2. A Weierstrass equation for an elliptic curve E/Q is called
minimal if, using a change of coordinates, the absolute value of the discriminant
A is as small as possible, subject to the condition that ai,as,as, as,as € Z.

As shown above, a change of variables changes the discriminant with the
factor u~'2. Since we want our a;’s to be integers, we can only apply such a
change of variables if the discriminant is divisible by u'2.

Below there is an example from Washington[20] to make clear what this
definition means:

Example 6.1. Let us start with the equation F4, given by
y? = 23 — 270000z + 128250000.

The discriminant can be calculated to be A = —2!231251211. Before we go
further, we already can conclude that we can apply three times a change of
variables, with v =5, u = 3 and u = 2.
Changing the coordinates using x = 25z; and y = 125y; transforms the
equation into
yi = a3 — 432z, + 8208.

Right now the discriminant is A = —2'23211. Changing the coordinates using
x1 = 922 — 12 and y; = 27Ty» gives us the equation

ys = x5 — 4x2 + 16.

Now the discriminant is A = —2!211. Changing once more the coordinates
using xo = 4zz and yo = 8ys + 4 gives us the equation

y? ity =a%— 2%

The discriminant is A = —11, which is, according to Washington, the minimal
Weierstrass equation for Fy.

6.1.3 Singular points

The definition about the minimal equation is needed, because of the following;:
if A =0 mod p, then there is a singular point P = (x¢,yo) at the elliptic curve
modulo p. If Delta is as small as possible, it has less prime divisors.

This singular point can be found using the formulas % = %yp) =0. We
are going to write the Taylor expansion of f(z,y) at (xo,yo) as

f(@,y) = f(wo,50) =M (z — 20)” + Aa(z — m0) (¥ — yo) + As(y — v0)* — (z — m0)?
=[(y —yo) — oz — 20)][(y — yo) — Bz — x0)] — (x — x0)3
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Definition 6.3. A singular point P is a node if o # 3. A singular point P is
a cusp if a = p.

If a point P is a node, then there are 2 different tangent lines at P, namely
(y—yo) = a(x —x0) and (y —yo) = B(x — o). If a point P is a cusp, then there
is a unique tangent line at P.

What is meant here with a tangent line is the following: Suppose P = (0, 0).
Then we have f(x,y) = 0 for f as introduced in definition 6.1. Therefore,

of(P) _ 0f(P)

ag = 0.Since P is a singular point, we also know that =5~ = oy = 0, so

also ag = a4 = 0. The function f(z,y) becomes therefore f(x,y) = y* +ajry —
23 —agx?. A tangent line through (0,0) in the direction of (a, b) has the formula
t- (a,b). The intersections with f(z,y) we get from f(ta,tb) = 0. We have

f(ta,tb) = (b* + a1ab — aga®)t? — a®t3.

We are interested in the case that the multiplicity of the zero at t = 0 is 3. This
happens when b? + ajab — aza® = 0. If a? + 4as = 0, there is a unique tangent
line at P. If a? + 4ay # 0, there are two different tangent lines at P.

Proposition 6.1. Let E/Q be given by the Weierstrass equation, being mini-
mal. Then

e E has a node if and only if A =0 and cq4 # 0

e E has a cusp if and only if A =0 and ¢4 =0
Proof. A proof of this can be found in [16]. O
Definition 6.4. Let E be defined as earlier, being minimal. Then

o if Eis non-singular (i.e. does not contain singular points), then F is an
elliptic curve over F, and E does have a good reduction at p.

e if F has a cusp, then E has additive reduction at p.
e if F has a node, we have 2 cases:

— if o, B € Fp, then E has split multiplicative reduction at p.
— ifa ¢ F, or 8 ¢F,, then E has non-split multiplicative reduction at
p.

The elliptic curve which will be evaluated in this thesis is the minimal curve

of example 6.1:

By +y=2a®—2°

In this case, E = E. Therefore, by = —4, by =0, bg = 1, bg = —1 and A = —11.
Hence A = 0 mod p if and only if p = 11 when p is a prime. If p = 11,
cq =16 #0 mod 11. Therefore, this curve will have a node.

Proposition 6.2. The node of the curve E is at P = (8,5) and E has split
multiplicative reduction at 11.
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Proof. First of all, f(z,y) = y* +y — 23 + 2% df;:) = dfd(f) = 0 implies that

2yo +1 = 0 and —3z3 + 229 = 0. The first equation implies that yo = 5 and
the second one g = 0 or xg = 8.
Suppose 29 = 0. Then f(zo,y0) = 5> +5 = 30 # 0 mod 11. Therefore,
(z0,yo0) is not a point at E.
Suppose g = 8. Then f(xq,yo) = 52 +5—8%+82 =0 mod 11. The Taylor
expansion around (xo,yo) is
fla,y) = [y = yo) — (& — 20)][(y — yo) + (= — z0)] — (z — z0)°.

Note that f(xzo,y0) = 0, so we will omit it. Since —1,1 € Fq;, F has split
multiplicative reduction at 11. O

6.2 L-function of elliptic curves

Definition 6.5. Define N, as the number of points in E(F,), i.e. N, is the
number of elements in

[0} U{(w,y) €F2: fla.y) =0 mod p}
where O is the point at infinity. Then ap, =p+1 — N,,.

The L-function of an elliptic curve is a product over primes with factors
depending on the reduction at p. Therefore, we need to define the local part at
p of the L-series:

Definition 6.6. The local part at p of the L-series is defined as

1 —a,T +pT? if E has good reduction at p,

L(T) = 1-T if E has split multiplicative reduction at p,
P 14T if ' has non-split multiplicative reduction at p,
1 if E has additive reduction at p.

Now we are going to define the L-function itself:

Definition 6.7. (Hasse-Weil L-function) The L-function of an elliptic curve is

defined to be
L(E,s) = _—
( ) 1;[ Lp(pfs)

for Re(s) > 3/2

For the elliptic curve y? +y = 23

L(s)=(1—117")"" [T (0 =app™ +p' )"
p#11

— x, we obtain the following L-function:
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6.3 Analytic continuation
6.3.1 Convergence for Re(s) > 2

In this subsection we will first proof that the L-function converges for Re(s) > 2.
Before we can do that, we need the following theorem

Theorem 6.1. Hasse theorem: |a,| < 2,/p

Proof. A proof of this theorem can be found in the master’s thesis of Soeten[17].
O

Corollary 6.1.1. The L-function converges for Re(s) > %

Proof. First of all, we consider the last part of the L-function,

[T —app=+p 7271
p#11

Because of Hasse’s theorem, |a,| < 2,/p. Since a, is an integer and 2,/p is
not, we can conclude that |a,| < 2,/p for our elliptic curve.

Let us consider the function 1 — apt + pt®. Since |a,| < 2,/p, the zeros of
this function need to be complex. Hence we have that z and Z for some complex
number z are the zeros of this function. Therefore, we can write the polynomial
1 — apt + pt? as p(t — z)(t — ), which implies that 2z = 1/p and 2 + Z = a, /p.

Let ¢, = L. Then we can rewrite p(t — z)(t — ) as

(t—2) (%)

z

pt = 2)(t —2z) = pzz =(t/z=1)(t/z=1) = (1 = cpt)(1 = St)

Changing t to p~* gives us
L—app™ +p' 7% = (1= cp~°) (1 —Gp ™).

Note that ¢,c, = p and hence |c,| = /p.
Therefore, we can rewrite the last part of the L-function as

[Ta=ap+p2)= [0 —cp )1 -Gp*)

p#11 p#11l
= [[a=cp™ |- [ [TO-7p
p#11 p#11

Therefore, this part of the L-function converges if both products on the right
hand side converges.

For Re(s) > 3, we have that |c,p™%| = p2Re(s) < 1. Therefore, using the
reverse triangle inequality,

(1= )7 < (L= Jepp™®) 7t = (1 — p=~Rel)) =L,
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Therefore,
1
— S — 3 < N —
[T(1=cp < JI01 = ™))" < ¢(Re(s) 5):
p#11 P

which converges for Re(s) > 2. Changing c, to ¢, gives the same result. There-
fore the last part of the L-function converges for Re(s) > 2.

Since the L-function is defined as L(s) = (1 — 117%)~1 [l (1 —app™ +
p'=2%)71, we also need to check that (1—117%)~1 is defined for this region. This
is true, since the only singularities of this part are at the line Re(s) = 0, which
is outside the region with Re(s) > 2. O
6.3.2 Analytic continuation to C

Since we want an analytic continuation of the L-function to the entire plane, we
introduce a new function &, defined in the following definition:

Definition 6.8. Let s € C with Re(s) > 2. Then we define the function
E(s) = N*/2(2m) ~*T(s) L(s),
where, for our elliptic curve, N = 11.

Let us now take a look at the product over the primes of the L-function.

We can rewrite each term as an infinite sum over the powers of (a,p~% — p'=2)
(except for p = 11),
(1= app™ +p" 72) " = (app~° —p' )"
2
This infinite sum can be written as an infinite sum over powers of p,
> (app™s—p'**)* = 14app™*+(aj—p)p~ > +(a)—2pay)p~ > + Z anpp ™",

k

For p = 11 we get the infinite sum
(1—11"%"t =ap 11778

If we multiply all this infinite sums with each other, we obtain the following
series:

L(s)=(1—-117)"" J] (1 —app~* +p'7>) Zan ,

p#11

where each a,, can be obtained by the multiplication of the infinite sums. a,,
will be therefore ay,a, for p and g different primes. In the book ”Elliptic curves,
modular forms and their L-functions” of Lozano-Robledo [11], there are formulas
to compute each a,,:
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For p # 11, we have that, for r > 2,
Apr = Qp = Qpr—1 — P - Apr—2.
If the greatest common divisor of m and n equals 1, then
Gmn = Qmanp,

For p # 11, a,2 = ag — p and on this way we can calculate all a,,. The first
32 a,’s are calculated and can be found in Appendix C.

In [1], Buhler et al. proved that the Xi-function can be rewritten as an
integral, which is stated in the following proposition:

Proposition 6.3. The function £(s) can be rewritten as

OC 1 wy
§(s) =/ ¥y () dy
0 VN
where the function g(7) is defined as
g(T) _ Z aneZ-rrz’n-r
n=1

Proof. Let us start with the rewritten form.

> s—1 Zy ) _ /OO s—1 - 727rny/\/ﬁ
Yl = |dy= Y ane dy
/0 <\/N 0 Z

n=1

0o 00
_ / Z ys—lane—%rny/\/ﬁdy
0 p=1

Let t = Zﬁy Then dy = gdt. The boundaries stay the same, since t = y at

the boundaries. Therefore, the formula becomes

0o 0o 0O s—1
S71(1,1672””9/\/Nd = @t aneft@dt
0 n:1y y 0 el 2mn 2mn
%) S
N o0
= Z <\/>> an/ e tdt
el 27TTL 0

N*/2(2m)~* Zannfs/ t5 e tdt
n=1 0

= N*/2(27)~°T'(s) L(s)
=¢(s)

64



Proposition 6.4. The function g(T) as defined in proposition 6.3, can be writ-

ten as _
_ qH 1 _ q 11n)27 q= 627\'17'.

Proof. First of all, note that
g(T) =q H(l _ qn)Q(l _ q11n)2
o0
— H(l —2(] _|_q )(1 _2q11n +q22n)

o0
— H(1_2q _|_q _2q11n+4q12n_2q13n+q22n_2 23n+q24n)

for some A,,. This means that this proposition claims that A, = a,,, where the
ay’s are the coefficients of the L-function.

The proof of this result is beyond the scope of this bachelor’s thesis. There-
fore, we will make a table in which the coefficients A,, of the function g are
compared with the coefficients a,, of the elliptic curve E:

n[1]2]3 456789 ][10[1l]12][13[14[15]16
A, 122 122022124414
an | 1|21 21220221 24]4]-1]4
n |17 [ 18 [ 19 |20 |21 |22 [ 2324 [ 25| 26| 27 | 28 | 29 | 30 | 31 | 32
A, 2402 22[-1]0]4|8[5|4]0|27]38
an |l 2140 2221|0485 402 7]38

In this table we can see that A,, = a,, for all n in the table. We claim that
this holds for all positive integers n. O

Proposition 6.5. The function g(7) as defined in proposition 6.3, satisfies the
functional equation
9(=1/N1) = =N1g(7)

Proof. This will not be proven here, but assumed to be true. O

Proposition 6.6. The function £(s) can be rewritten as

&(s) = /100 9 <\;yﬁ> (v' = +y° ") dy.

Proof. In this proof we will use the definition of the £-function given by propo-

sition 6.3: - )
s) = s—1 Yy
&(s) /O Yy <\/N> dy.
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This integral will be split into two integrals: one from 0 to 1 and one from 1 to
infinity.

Let us rewrite the first integral, using a change of coordinates ¢ = 1/y, and
therefore dy = ;—;dt:

1 . 1 .
o1 [ iy . i\ -1
—— | dy = t —dt
/0 Y g(m) Y /oo g(mt) 2

Because of proposition 6.5, we have

o0 -1 1 o it \? it \ 1
e — | —dt :/ (=N () () —dt
/1 ! <N : ’%) t2 1 ( VN) JI\UN) ©

£(s) = Al vl <\;yﬁ> dy + /100 v g (;g]%) dy

:/100y1_sg (\;ZJ/V) dy+/100ys_1g<\jyﬁ> dy
_ ' ) '

Lemma 6.2. The function £(s) is an entire function.

Proof. Using the rewritten form of ¢ of proposition 6.6, we will prove that
floo y g ( z—lj’v) dy converges for all s € C and defines an entire function. There-

fore, by replacing s by 2 — s, also the other part of the &-function is entire.
Let us write g(iy/vN) as the infinite product from proposition 6.4. Then
we get

v g (\;yﬁ) =y (e_s”y/‘/NH(l —q")?(1 - q”")z) ;
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where ¢ = ¢ 27%/VN_ Therefore the infinite product [[(1 — ¢")2(1 — ¢*1™)? is
smaller than 1. Hence we can bound the equation by

g (\;?JN) <yl (e—sny/\/ﬁ) .

Therefore, we get an upper bound for the integral,

> s—1 Zy > s—1 —sT /\/N
Vgl = dyé/ Y e YV  dy.
/1 (VN> 1

The right hand side converges on every point s of the complex plane, since the
last term is converging exponential to 0. Therefore, also the integral on the left
hand side converges.

Because of what is said in the start of the proof, £(s) is an entire function. O

Lemma 6.3. For the function £(s), we have the following functional equation:

§(s) =€(2—s)

Proof. This follows directly from
> Zy 1-s s—1
5(8)=/ g() y Tyt ) dy.
\Uw)| )

Theorem 6.4. The L-function can be rewritten as
o) = )
(ﬁ) I'(s)

which is analytic on the whole complex plane.

Proof. From the definition of £(s) it follows that the L-function can be written

as
£(s)
< .

N
() r)

Since £(s) is analytic on the whole complex plane and the gamma function
does not have zeros and has an analytic continuation to the whole complex plane
(except at the negative integers, at which points the L-function therefore has

zeros), we can conclude that the L-function is analytic on the whole complex
plane. U

L(s) =
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6.4 Zeros of the L-function

6.4.1 Zeros with Re(s) > 3

Proposition 6.7. The L-function does not have any zero with Re(s) > %
Proof. First of all, note that

Z |b,| converges = H(l + b,,) converges.

This follows from the fact that if > |b,| converves then also > In(1 + |b,]|)
converges and Y In(1 + |b,]) = In(JJ(1 + |bx|)). This last expression converges
if TT(1 + |bn|) converges, which implies that also [](1 + b,,) converges.

The L-function is given by

L(s)=(1 =117 J] (L= app~* +p">)7"
p#11

To show that this function is not zero, we need to show that the numerator of
the product on the right hand side is not equal to zero.

Let us define b, for all primes p # 11 as follows: b, = (—ap~* +p
Then

1—25).

Z\b | < Z|app +pt | = <Z|%PS|> + (Zp: |P128|>~

p

Because of Hasse’s Theorem, we have that a, < 2,/p. Therefore, we get

o= (Sl ()

(e
(S (5e)

We know that ) -, n® converges for Re(s) > 1. Therefore, the first sum on
3

the right hand side converges for Re(s) > 5. The second sum converges for
Re(s) > 1. Therefore, >_ |b,| converges for Re(s) > 3.

As noted in the start of this proof, this implies that [[(1+b,) = [[,;,(1 -
app~* + p' %) converges for Re(s) > 2.

Since the L-function is defined as L(s) = (1 — 117%)7! [l (1 —app™ +
pl=2%)~1 the function can be 0 only if (1 —117%)"1 =0 or [l (1 —app™ +
p'=2%)~1 = 0. For Re(s) > 2 it is clear that the first equation never holds. The
second equation holds only if [, (1 — app™® +p' =) — co. From what we

| /\

derived above, we know that this is not the case for Re(s) > 2. Therefore, the
L-function does not have any zero with Re(s) > 2. O
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6.4.2 Zeros with Re(s) < 1

Before we are going to look at the zeros of the L-function, we first will take a
look at the zeros of the Xi-function.

Lemma 6.5. The only zeros of the {-function are the nontrivial zeros of the
L-function.

Proof. First of all, £(s) does not have any zero in the complex half plane defined
by Re(s) > %7 since both the gamma function and the L-function do not have
any zeros in this region.
Secondly, since £(s) satisfies the functional equation £(s) = £(2 — s), there
are also no zeros in the half complex plane with Re(s)
Right now we are left with the strip % < Re(s) < Since the gamma
function does not have zeros and is defined on this whole interval, the zeros in

this region are the zeros of the L-function. O

[\][Sv I

Theorem 6.6. The only zeros of the L-function in the half complex plane with

Re(s) < % are the non-positive integers, which are simple zeros.

Proof. First of all, we will use the rewritten form of the L-function in terms of
Xi and Gamma:

s
N
(ﬁ) I'(s)
. . . 1
The function &(s) does not have zeros and poles satisfying Re(s) < 5. Moreover
o= 2—@ is just a positive constant, and o = e*™ @ is an analytic function of

s without zeros. Hence, we only have to take a look at the Gamma function.

Suppose the Gamma function has a pole. Then the L-function will be 0 at
this point. The poles of the Gamma function occur precisely at the non-positive
integers. Therefore, the L-function is 0 at these points. Hence, the only zeros
of the L-function in the complex half plane with Re(s) < % are the non-positive
integers.

Since the poles of the Gamma function are simple, also the zeros of the
L-function at these integers are simple. O

6.5 Summary

In this section we have proven different theorems about the L-function of an el-
liptic curve. In the introduction of this section we were looking for the following
answers:

e For which s € C is the L-function function defined?

How can this function be extended to the whole complex plane?
e What are the poles of the function?

What are the zeros of the function?
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As seen in the previous subsections, we have answered all questions, except the
last one.

e The L-function (as a series and as an infinite product) is defined for
Re(s) > 3.

e This function can be extended to the whole complex plane using the Xi-
function

£(s) = N*2(2m) 7*T(s) L(s),
which is analytic on the whole complex plane.
e The L-function does not have any pole, since £ does not have any pole.

e The trivial zeros of the L-function are the non-positive integers. Further-
more, there are no zeros outside the critical strip 3 < Re(s) < 3. The

zeros inside this strip will be discussed in the next section.

7 Zeros of the L-function of the elliptic curve
inside the complex strip ; < Re(s) < 2

7.1 Zeros on the line 1 + it

Before we are going to continue and compute the contour integral, we first need
to know which zeros are on the line Re(s) = 1. To do this, we will construct
the so-called Hardy’s function. More information about this type of functions
can be found in the bachelor’s thesis of Van der Meer [12]. To do this, we will
take a look at the functional equation

£(s) = N*¥/2(2r)~*I(s)L(s) = () [(s)L(s).

£(s)

L(s) = 5
() re

Putting s = 1 + it gives us
, £(1 +it)
L(1 +it) = -
(T@)H T(1+it)

£(1+it)
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it
Multiplying both sides with I"(1+4t)/|T'(14it)| and (2—@) gives us the equation

T(1 +it) <\/N>it[,(l+it): (1 + it) 25)

IT(1+it)] \ 27 (&) Ira+ i)

Let us take a look at the right hand side. The denominator is clearly a real
function. The numerator is also real, which will be proven in the lemma below.
Therefore, the whole right hand side, and hence the left hand side, is a real
function.

Lemma 7.1. The function £(s) is a real function when restricted to the line
{1+it|teR}.

Proof. We have L(s) = L(3) and therefore £(s) = £(3). Hence,
E(L+it) =€(1—it) = €2 — (1—it) = &(1 +it).

For a complex number s, we know that 5 = s if and only if s is real. Therefore,
&(1 +4t) is real. O

Now we know that the left hand side of equation (25) is real. It will be
proven that the zeros of this function are the zeros of the L-function.

Lemma 7.2. Let t € R be a real number. L(1 +it) = 0 if and only if

. it
I'(1+47t .
|Fgl+it§| (zﬁfrv) L(1+it) = 0.

Proof. Before we start, we have to note the following:

1. The Gamma function only has poles at the negative integers, so the
Gamma function is defined for all ¢ on the line 1 + it;

2. The Gamma function is nowhere 0.

3. (W)” £ 0 for all t.

2

it
4. (4X)" is defined for all ¢

The first and the second note are proven in section 3. The third and fourth note
follows from the fact that % = €% for z > 0, and |e®*!"%| = 1.

, it
Suppose that % (g) L(1+4t) =0. From 2. and 3. it follows that
L(1+4t)=0.
Suppose now that L(1+ ét) = 0. From 1. and 4. it follows that

(1 + it) <\/ﬁ

it
ST V) i) =0
IT(1+ it)] 27r> (1+it)
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Since we have now a real function with the same zeros as the L-function,
we are going to plot a graph of this function and look at where the zeros of the
function are. The plot is drawn below:

7.3108

f ALLANTLHIA /\A/\\ A |
VT T

,““‘II““‘/‘II““‘“““‘I“““‘I““,

] 50

54543

In this plot we see where the zeros approximately are. Using the solve-
function of GP/Pari, we compute the following 36 zeros (the zeros below ¢ = 50):
ange of t  zero range of t  zero range of t  zero

I

(5.7) 6.36261389 | (24,25.5)  25.20986842 | (37.5,38.5) 37.76195717
(7,9) 8.60353962 | (25.5,26.5) 25.87640308 | (38.5,40)  38.83348637
(9,11) 10.03550910 | (26.5,28)  27.06763523 | (40,40.5)  40.14665618
(11,13) 1145125861 | (28,28.5)  28.44964970 | (40.5,41.5) 41.03779402
(13,15) 13.56863906 | (28.5,29)  28.68390988 | (41.5,43)  42.51173279
(15,16.5)  15.91407260 | (29,31) 29.97485995 | (43,44) 43.42909861
(16.5,17.5) 17.03361032 | (31,32) 31.66357557 | (44,45) 44.74645453
(17.5,18.5) 17.94143357 | ( 33.08284281 | (45,45.5)  45.15871414
(18.5,20)  19.18572497 | ( (45.5,46.5)  45.91026196
(20,21) 20.37926046 | ( (46.5,47.5)  46.75759897
(21,22.5)  22.17249029 | ( (47.5,48.5)  47.97205062
(22.5,24)  23.30141550 | ( (48.5,50)  48.80751812

)

) 34.11285248
35,35.5) 35.23648779

) 35.72287782

) 37.03640515
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7.2 The contour integral

In this subsection we will test if the Riemann Hypothesis is true at least in
some bounded region, for the elliptic curve defined by the Weierstrass equation
y?+y = 23 —22. As seen in Lemma 6.5, the nontrivial zeros of the L-function of
the elliptic curve are the only zeros of the function £(s). Since this function does
have some nice properties, we will use this function instead of the L-function
for the contour integral.

The contour which we are going to use here, is the rectangle with corners
2— Ai, 2+ Ai, Ai and —Ai. All zeros with |Im(z)| < A are inside this rectangle.

The nice properties as mentioned are the following: as already earlier seen,
&(s) = &(2—s). Therefore, we also have £'(s) = —£'(2 —s). Before stating more
properties, let us first define the paths on the border of the contour:

71(t) =2+ Ait () =Ai | ys(t) = —Ait V5(t) = —Ai
) =24 Ai—t ) =1 | al)=—Ai+t () =1
v3(t) =1+ Ai—t 'yégtg =-1 77%? =1—-Ai+t 'yé(t) =1

va(t) = Ai — Ait  yy(t) = —Ai | ys(t) =2 — Ai+ Ait () = Ad
We are going to evaluate X (s) = £'(s)/£(s) on these paths. We will use X (s)

here, because it has the property X(s) = —X (2 — s). Also, since £(s) = £(3),
X(s) =X(3).

There are more properties of this function, stated and proved in the following
theorem:

Theorem 7.3. The function X (s) has poles at the zeros of £(s) with residue
ord,—.,&(s). No other poles appear.

Proof. First of all, note that £(s) does not have any pole. Therefore, also the
derivative does not have a pole, which is a consequence of the fact that the
Xi-function is analytic. Therefore, the only poles of X (s) are at the zeros of the
Xi-function.

What is left to prove, is the fact that X (s) has a pole at each of the zeros of
the Xi-function and that the residue is equal to ord,—.,&(s). This proof is the
same as the proof of the first part of Theorem 5.2, by changing ( to £. O

Let us now again consider the paths on the border of the contour, ;. Com-
bining the paths gives us the total contour integral. Let us now take a look at
the different integrals. Then the following theorem arises:

Theorem 7.4. Calculating the integral along 1, 75, v4 and ~ys gives us the
following relation:

24 Ai —Ai A PRY;
/ X (s)ds ) / X (s)ds @ / X(s)ds @ / X (s)ds.
2 0 0 2

Calculating the integral along v2, ve, 73 and v7 gives us the following relation:

1+ Ai 1—Ai T+ Ai T—Ai
/ X(s)ds @ / X (s)ds © / X(s)ds @ / X (s)ds.
2 2

+ A —Ai Ai —Ai
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Remark. Note that, because of this theorem, we only have to calculate two
integrals to obtain the total contour integral by some computations.

Proof. (1):
24+ Ai 1 1
/2 X(s)ds:/o X (), (@) dt:/o X (2 + Ait) - Ai dt

1 1
_ / X(—Ait) - Ai di - / X(ys(t)) -4 (1) dt
O 0

_ /O_AiX(s)ds.

(2):
2—Ai 0 0
/2 X(s)dSZ/l X (15())74(8) dt:/l X(2— Ai+ Ait) - Ai dt
0 0
:/1 — X (Ai — Ait) - Ai dt:/1 X (y4(t)) - v4(t) dt
Ai
:/ X (s)ds.
0
(3):
14-Ai 1 1
/2+Ai X(s)ds:/o X (y2(8))75(t) dt:/o X2+ Ai—t)-—1dt
:/ —X(—Ai+t)- -1 dt:/ X (76(t)) - v5(t) dt
0 0
1—Ai
:/ X(s)ds.
—Ai
(4):

1+Aq 0 0
/+ X(s)ds:/l X (7 ())4(8) dt:/l X(1+ Ai—t)-—1dt

Ai

0 0
:/ fX(lfAith)'fldt:/ X (y2(t)) - () dt
1 1

1-Ai
= / X(s)ds.
2—Ai
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— A 1 0
/0 X(s)ds = / X (s (£))a(8) dt = / X(a(0) - () dt
- / X)) - 740 dt = / X)) - 740D dt
0 0
Ai

- / X((0) 540 dt = [ X(s)as

1—Aq 1 0
/ L X(s)ds = / X(r6(t)r(t) dt = / X(3a() - ) dt

- / X((0) - 750 di = / X(7a(0) - 74(0) dt

1 1+Ai
— [ X0 d= [ X(s)ds
0

Ai
0

7.3 Testing the Riemann Hypothesis for the L-function of
an elliptic curve

7.3.1 Using built-in functions

In GP/Pari, many built-in functions can be used to compute the contour inte-
gral. There is a function which can calculate the L-function at a point s of the
elliptic curve el, elllseries(el, s). Using this function and the built-in gamma
function, we can construct the following function for the Xi-function:

el=ellinit ([0,—-1,1,0,0]);
Xi(s)=elllseries (el ,s)*gamma(s)*(sqrt(11)/(2xPi))"s;

Since &'(s)/&(s) is the logarithmic derivative of the Xi-function, we will take
the logarithm of the Xi-function and approximate the derivative with the built-
in function:

Z7(s)=log (Xi(s));
7(5)=22" (s );

Now we have a function for £'(s)/£(s) and therefore, we can calculate the
contour integral of this function. This will be done using the Simpson’s rule,
which we already used earlier:

Simpson(a,b,N, f)={
h=(b—a)/N; Area=0;ye=f(a);
for (n=0,N—1,yb=ye ;ym=f ((n+1/2)xh+a);
ye=f ((n+1)*h+a); Areat+=(yb+4xymtye)*h/6);
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thearea=Area;
H
Since the gamma function has a pole at so = 0, we will take the contour integral

over the contour with corners 2 — Ai, 2+ Ai, 0.5+ Ai and 0.5 — Ai. This contour
will be calculated using the following function:

Total (A,N, f)={
Simpson (2,24+AxI ,N, {); Areal=Area; Simpson (24+AxI,.54+AxI N, {);
Area2=Area;Simpson (.5+Ax1,.5 N, f); Area3=Area;
Totarea=Areal+Area2+Area3—conj (Areal+Area2+Area3);
Amountzero=(Totarea /(4xPix1));

H
When calculating Total(50, 100, Z), we got, after 17 minutes, the following an-
swer: 35.99879765805316655697 ... 4+ 0.E — 40 = [

When calculating T'otal(50, 1000, Z) we got, after approximate 3 hours, the
answer 35.99999997715190717001... 4+ 0.E — 40 * I.

Error analysis In Appendix B, the error analysis can be found. There, it is
shown that the error bound for this last calculation is, assuming that the built-
in functions are working correctly, approximate 0.26. Therefore, the amount of
zeros, multiplied with their multiplicity, needs to be 36. Since we know that
there are 36 zeros on the critical line inside the contour with Im(s) > 0 and if
there is an extra zero not on the critical line, there needs to be at least 2, this
implies that there are no zeros in this area which are not on the critical line.

There is only a problem with this approximation. We do not know the
accuracy of the built-in functions. Therefore, we also will compute this contour
integral using self made functions, discussed in the next subsection.

7.3.2 Using self-made functions

Since we need to create self-made functions, we need to make a function for
Xi and one for the derivative of Xi. This will be done using the integral from
proposition 6.6.

In this integral, also the function g appears. Therefore, we will also create
a self made function for this infinite product. Instead of taking the infinite
product, we will approximate this by taking the product from n = 1 to 20. This
will be done using the following code:

q(t)=exp(—2xPixt/sqrt (11));
g(t)=q(t)*prod(n=1,20,(1—q(nxt)) " 2«(1—q(ll*n*xt))"2);

What we need to do now is creating a function for the product inside the
integrals of £(s) and £’(s). Note that

§(s) = /100 g (\}%) (y' = +y* )dy.
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From this formula, we will take the derivative with respect to s. This will
be done using the fact that, for this function, differentiating this integral with
respect to s can be done by differentiating the function under the integral with
respect to s:

£(s) = % /1009 (\;%) (y' " +y° Hdy
[ 3

_ /1009 (\}%) In(y)(—y* = 4+ y* V)dy

Combining these functions together, gives us the following function, where
derivative = 0 for £(s) and derivative = 1 for £'(s):

E0(y2,s2,derivative)=g(y2)xlog(y2)  derivativex
((=1)"derivativexy2 " (1—s2)+y2"(s2—-1));

Note that there is a split in this code.

To calculate the integrals, we approximate the integrals by taking the integral
from 1 to 10 instead of co. This will be done using the Simpson’s rule, which
we adopt specific for this function:

Simpson2 (aN2,bN2 NN2, derivative ,sN2)={
hN2=(bN2—aN2) /NN2; AreaN5=0;yeN2=E0(aN2,sN2, derivative );
for (nN2=0,NN2—1,ybN2=yeN2;
ymN2=EQ ((nN2+1/2)«hN2+aN2 ,sN2 derivative );
yeN2=E0 ((nN2+1)«hN2+aN2,sN2, derivative );
AreaN5+=(ybN2+4xymN2+yeN2)xhN2 /6);
AreaTotalN=AreaN5;

};
Since we need to compute &'(s)/&(s), we define the following functions, where
E1lis &(s) and E2 is &(s):

E1(s2)=Simpson2(1,10,1000,1,s2);
E2(s2)=Simpson2(1,10,1000,0,s2);
E(s)=El(s)/E2(s);

Right now we have a function which computes &'(s)/£(s). Therefore, we
need to integrate this function along the contour. This will be done again using
the Simpson’s rule as introduced earlier:

Simpson (a,b,N, f)={
h=(b—a)/N; Area=0;ye=f(a);
for (n=0,N—1,yb=ye ;ym=f ((n+1/2)+h+a);
ye=f ((n+1)xh+a); Area+=(yb+4xymtye)*h/6);
thearea=Area;

}s
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Total (A,N, {)={

Simpson (2,24+AxI ,N, { ); Areal=Area; Simpson (24+AxI ,1+AxI N, {);

Area2=Area;
Totarea=2xAreal+2xArea2 —2xconj (Area2)—2xconj(Areal);
Amountzero=(Totarea /(4xPixI));

}s

Total(50,100,E) gave after 23 minutes the answer
32.984488059045727... +0.F — 37« 1

Total(50,1000,E) gave after approximate 3 hours the answer
33.000001691102359...4+0.F — 371

According to our error analysis, which can be found in Appendix B, this
solution is not accurate enough. The problem, however, is the time which the
program needs to compute the solution of this contour integral. Right now it
already needed three hours to get the answer. Because of this, we have decided
not to try to get a better approximation using our own Simpson’s rule. Instead
of that, we have tried to use the built-in integration rule of GP/Pari itself, which
will be discussed in the subsection after the following.

But there is one big issue which we have to discuss earlier: Why was the
outcome 33 instead of the expected 367 This will be discussed in the next
subsection.

7.3.3 The error in the calculations

First of all, note that using the built-in functions for the elliptic curve, we
already calculated that the answer needs to be 36. But to try to give an answer
to this question, we will show different tables with the outcome of different
used functions, using different approximations (better and worse than the used
approximations).

First of all, we will show the outcome of the built-in functions for £(s) and
&'(s) with s =2, s =24 25i, s = 2+ 50 and s = 1 4 50i. This is displayed in
the following table:

s £(s) £'(s)

2 0.152147 0.0385082

24 25i | —7.09882 10716 —3.09659-10"16.4 | —1.21010-10~15 —2.27816-10"15 .4
24+50i | —3.07346 - 10732 4+1.26887-10732 .4 | —1.09428 - 10731  —1.62347-10732 .4
1450 | 2.66848 - 10733 +5.62516 - 10742 . ¢ | 2.84495- 1061 +1.46007 - 10732 . ¢

Now we will show some results using different amount of steps in the Simp-
son’s rule and compare them to the built-in functions. In the following tables,
the first row shows the outcome of the built-in functions, the other rows show
the outcome of the use of different N’s.

For s = 2, we have:
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£(s) £'(s)
built-in | 0.152147 | 0.0385082
N =500 | 0.152147 | 0.0385082
N =1000 | 0.152147 | 0.0385082
N =2000 | 0.152147 | 0.0385082
N = 4000 | 0.152147 | 0.0385082

For s = 2 4 257, we have:

£(s) §'(s)
built-in —7.09882-10~1  —3.09659 - 1010 .4 | —1.21010- 10~ —2.27816-10" -4
N =500 | —2.08584-10"% —1.57003-10"%-7 | 1.83071-10"8 —4.01515-1078 -4
N = 1000 | 5.99120-10~? —1.78775-1078 -4 | 1.82145-108 —4.23285-1078 - ¢
N =2000 | 7.64952-10~° —1.80104-10"8 -4 | 1.82091-108 —4.24614-1078 -4
N =4000 | 7.75286 - 10~° —1.80187-1078 -4 | 1.82087-10"% —4.24696 - 108 - ¢

For s = 2 4 504, we have:

£(s) €(s)
built-in —3.07346 - 10732  +1.26887-10732.4 | —1.09428 - 10~3T —1.62347-1073% -4
N =500 | —1.08321-10"7  +6.53034-10"° -7 | 2.56687-10~8 +8.68591 - 1079 -
N = 1000 | 4.15370 - 10~* +1.74398 1079 -4 | 2.55489 - 108 +3.90007 - 1079 - 4
N =2000 | 1.08545-10~% +1.47184-1079 -4 | 2.55431-108 +3.62794-107° -4
N = 4000 | 1.12684 -10~8 +1.45523-1079 -7 | 2.55427-108 +3.61133-1079 - ¢

For s = 1 4 50, we have:

£(s) £(s)
built-in 2.66848 - 10732  +5.62516- 10~ -4 | 2.84495- 10T +1.46007 - 1032 - ¢
N =500 | —1.17452-1077 5.69597 - 1079 - ¢
N =1000 | —4.91773-10° 9.09352 - 10710 .4
N =2000 | 1.785974 -10~° 6.37209 - 10710 .4
N = 4000 | 2.19999 - 10~* 6.20599 - 10~10 .4

In the tables above, we saw that the different N’s did not change the out-
come too much. Therefore, there are two possibilities left which could change
the outcome too much: The approximation of g(y) and the approximation of
integrating £(s) and £'(s) from 1 to 10 instead of infinity. Therefore, we will
show a table in which g(iy/+v/11) is computed for different y. Note that g is
approximated by

and therefore we will also compute ¢ for different N.

N
g ~q [ -¢"0

— gliny2
)

2miT

qg=ce )




g(iy/v/11) | N=5 N =10 N =20

y=1 0.1028805 0.1028778 0.1028778

y=2 0.0215860 0.0215860 0.0215860

y=>5 7.6945577 - 1075 | 7.6945577 - 1075 | 7.6945577 - 10~°

y =10 5.9224447-107° | 5.9224447-107° | 5.9224447-107°

y = 30 2.0773184-1072° | 2.0773184 - 10725 | 2.0773184-10%°

As can be seen in this table, only for y = 1 it matters very much how big
N needs to be. If N = 20, g(iy/v/11) does not change a lot with respect to
N = 10. Therefore, the approximation of using N = 20 would not change the
outcome too much.

Therefore, the only option left is the approximation of integrating £(s) and
&'(s) from 1 to 10 instead of infinity. This is probably the reason why we got 33
instead of 36 from the contour integration. This conclusion will be used when
constructing the integrals for the next subsection.

7.3.4 Using built-in integration

The integration rule which will be used in this subsection is intnum. This
integration rule has to be implemented in the three cases where the Simpson’s
rule is used first. This we do by replacing the following code:

El(s2)=intnum (X=1,10,E0(X,s2,1));

E2(s2)=intnum (X=1,10,E0(X,s2,0));

Total (A,N, {)={
Areal=intnum (X=2,24+AxI ,E(X)); Area2=intnum (X=24Ax1,1+AxI |E(X));
Totarea=2xAreal+2xArea2 —2xconj (Area2)—2xconj(Areal );
Amountzero=(Totarea /(4+«PixI));

b

Total(50,1000,E) gave after approximate 2 minutes the answer
31.95000680988360777302... +0.E — 37 * [

Therefore, we tried to get more accuracy by expanding the interval at which
E1l and E2 are evaluating, from 1-10 to 1-20, using the following code:

El1(s2)=intnum (X=1,10,E0(X,s2,1))+intnum (X=10,20,E0(X,s2,1));
E2(s2)=intnum (X=10,20,E0(X,s2,0))+intnum (X=1,10,E0(X,s2,0));

Here we did not just change 10 in 20 but calculated the integral in two parts.
This because otherwise it gave a less accurate answer. Total(50,1000,E) gave
after approximate 6 minutes the answer

32.26236780770444717495... 4+ 0.E - 37« I

Since we want to get a more accurate answer, we constructed the following
functions:
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El(s2)=intnum (X=1,2,E0(X,s2,1))+intnum (X=2,5,E0(X,s2,1))+
intnum (X=5,10,E0(X,s2,1))+intnum (X=10,15,E0(X,s2,1))+
intnum (X=15,20,E0(X,s2,1))+intnum (X=20,30,E0(X,s2,1))+
intnum (X=30,40,E0(X,s2,1))+intnum (X=40,50,E0(X,s2,1));

E2(s2)=intnum (X=1,2,E0(X,s2,0))+intnum (X=2,5,E0(X,s2,0))+
intnum (X=5,10,E0(X,s2,0))+intnum (X=10,15,E0(X,s2,0))+
intnum (X=15,20,E0(X,s2,0))+ intnum (X=20,30,E0(X,s2,0))+
intnum (X=30,40,E0(X,s2,0))+intnum (X=40,50,E0(X,s2,0));

—~

g(t)=q(t)*prod(n=1,50,(1—q(n*t))" 2%x(1—q(1l*nxt))"2)

Total(50,1000,E) gave after approximate 1 hour and 43 minutes the answer

36.06887446677726991178 ... +0.E — 37+ I

We cannot say too much about accuracy of this calculation. Therefore, we
will show some values in the tables below which show how accurate different
calculations are with respect to the ”real” solutions (which come from the built-
in functions of the elliptic curve).

Let us recall the definition of g(7):

oS N
H 1— q 1177, H 1— q qlln)Q.

The last approximation is made, since we cannot multiply infinitely many el-
ements numerically, so we need this approximation. With the built-in functions,
we used that N = 20. In the last calculation, we used N = 50.

Right now we will look at the functions which we used for this last calcula-
tion, so with g(7) with N = 50. After that, we will show what happens when
g(7) is calculated with N = 20. This will be done for the value s = 2 + 504,
where our self-made function was very inaccurate.

N =50 | £(s) £'(s)
built-in | —3.07346 - 10732 +1.26887-1073% .4 | —1.21010-10"1° —2.27816-10"1° -4
intnum | —3.07082-10732  +1.26837-10732.4 | —1.09405-1073" —1.62578-10732 .4
N =20 | &(s) £'(s)
built-in | —3.07346 - 10~32 +1.26887-1032.¢ | —1.21010- 10" " —2.27816-10"1° -
intnum | 2.53109 - 10~20 +6.14679 - 10722 .4 | —1.70350- 10723 +6.14579-10722 .4

These tables indeed confirm that we need to calculate the integrals of £(s) and
&'(s) up to at least 50 to get this answer. But this also induces that we need to
calculate ¢g(7) up to N = 50 instead of the 20 which we were using.

8 Conclusion and discussion

For the zeta function and the L-function of the elliptic curve with Weierstrass
equation 32 4y = x3 — 22, we have found a way to test the Riemann hypothesis
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for these functions numerically. The Riemann hypothesis states that the non-
trivial zeros (i.e. not the zeros on the non-positive integers) lie on a complex
line, Re(z) = § for the zeta function and Re(z) = 1 for the L-function of the
elliptic curve. In this thesis we sketched a proof of the well-known fact that
there are no nontrivial zeros outside the critical strip, 0 < Re(z) < 1 for the
zeta function and % < Re(z) < % for the L-function.

Let us now first consider the zeta function. Since the goal of this thesis
was to give a method of proving the Riemann hypothesis up to some bound
|Im(z)| = r, r € R, we considered the function {'(2)/((2), i.e., the logarithmic
derivative of the zeta function. This logarithmic derivative has the property
that each zero of the zeta function is a pole of this function with residue equal
to the order of the zero. When looking at the bound |Im(z)| = 100, we obtain
29 zeros up to this bound on the complex line with Re(z) = £, Im(z) > 0, which
are all simple. We have proved that whenever zy is a zero, also Zp is a zero.
Therefore, according to the Riemann Hypothesis, there are exactly 58 nontrivial
zeros with |Im(z)| < 100.

To test this, we have made a contour with corners 2—100¢, 2+ 1007, —1+100¢
and —1—100¢. Using the Simpson’s rule, we have calculated the contour integral
of the logarithmic derivative over this contour. Dividing the outcome by 27i
(and adding 1, to get rid of the pole of the zeta function at zg = 1), gives the
amount of zeros inside this contour. The outcome of this contour integral was
accurate enough to conclude that there are indeed no other zeros inside this
contour and that indeed the given zeros are simple.

Let us now consider the L-function of the elliptic curve. This L-function is

3

only defined for Re(z) > 3. Multiplying this function with another function

gave us the following equation:

) = (f)znzwz) ~[To( ) b an

where ~(z) is the Gamma function and ¢(7) is the infinite product ¢[](1 —
q)?(1 — ¢*'™)? with ¢ = €2™7. It is known that £(z) is analytic on the whole
complex plane and that the zeros of £(s) correspond to the nontrivial zeros
of the L-function. Therefore, we have used this function to test the Riemann
Hypothesis for the L-function.

When looking at the bound |Im(z)| = 50, we obtain 36 zeros up to this bound
on the line Re(z) = 1 with Im(z) > 0. Therefore, according to the Riemann
Hypothesis, there are 72 nontrivial zeros up to this bound.

To test this, we have made a contour with corners 2 — 50¢, 2 + 507, 50¢ and
—50i. Integrating the logarithmic derivative of the Xi-function over this contour,
gives us the amount of zeros inside this region. As for the zeta function, also
here it holds that each zero of the L-function is a pole of this function with
residue equal to the order of the zero. Therefore, dividing the outcome of the
contour integral by 2mi gives us the amount of zeros of this function multiplied
by their multiplicity.
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In this thesis, however, we saw that it was very time-consuming to do this
integration numerically with sufficient precision. We have done an integration
with insufficient accuracy that already took more than 3 hours. Therefore, we
have decided to do not compute this integral in this thesis. Therefore, it is
shown how to prove numerically that the Riemann Hypothesis holds, but for
this L-function it is not done accurately enough.

To conclude this, we have shown how to prove the Riemann Hypothesis up
to a certain imaginary bound. This we also did for a specific bound for the zeta
function. For the L-function of the elliptic curve, we also did do this, but with
insufficient accuracy to get a conclusion from that calculation.
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A Error analysis of functions from section 5

The error analysis of different functions

Here we will first show that the maximum of the fourth derivative of the loga-
rithmic derivative is 14. after that, the errors of the functions B1 and B2, used
in the self-made functions, will be analyzed.

Logarithmic derivative of zeta function
The logarithmic derivative is given by
¢'(2)
¢(2)
From now on, we will denote ((z) as Z. The first derivative of this function is
given by
z.gn _ (Z/)Q A 7'\ 2
A (Z)

The second derivative of this function is given by

VAR A ) VA <Z// (Z/)2>_Zu/ 3Z//_Z/+2<Z/)3

A Z A A Z? Z

The third derivative of this function is given by

Z

Z

VA A Z4

A Z? A A

Z//// Z/// . Z/ Z// 2 Z// Zl 2 Z/
4 — 3( ) +12 (Z') —6 <
The fourth derivative of this function is given by

Z Z? 10 A 20 VA A Z4

7(5) VALY A VALY AL 7 72 VAVALY: VAUVARE: VA 5
-5 - (Z) +30 (2%) — 60 (Z) —|—24(Z>

The maximum of this function is less than M=14 for the whole contour.

The error of B1

The third Bernoulli polynomial is given by

3 1
Bs(x) = 2% — 5,@2 + 7%

Therefore,

A [ [y 3,1
/ Bs(x)x_s_3dm=2/ Bs(x)(x+n) 573 = Z/ ($3—§$2+§m)(m+n)_s_3
! n=1"0 170
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We will analyze this last integral to say something about the first integral.
First of all, let P(z) = (z® — 222+ ) and Q(x) = (z+n) *~3. Let us consider
P(z)Q(x)

The first derivative is given by

P/Q + PQ/
The second derivative is given by
P//Q+PIQ/+PQI/+P/QI — P//Q+2P/Q/ +PQ//
The third derivative is given by
P///Q+P//QI+2P//QI+2P/Q//+P/Q//+PQ/// — P///Q+3P//Q/+3P/QN+PQH/
The fourth derivative is given by

P///IQ + P///Q/ +3P///Q/ +3P”Q” + 3P//Q// + 3P/Q/// + P/Q/// +PQ//II —
P///IQ+4P/I/QI+6PIIQ//+4P/Q///+PQI/I/

Rewriting P and @ and their derivatives to the actual functions gives us the
following result: the fourth derivative is given by

—24(s+3)(x +n)" "t +6(62 —3)(s+3)(s+4)(x+n)""5
—4(32% =32 +1/2)(s + 3)(s +4)(s + 5)(x +n)~57F
@ = 20 )5+ 8)(s + 4)(s 4 5)(s+ 6)(a +m) T
=(s+3)(x+n)" 524+ 6(62 —3)(s +4)(x +n)"*
—4(32% =32 +1/2)(s +4)(s + 5)(x +n) 2
ng + %x)(s +4)(s+5)(s+6)(z+n)"?
=(s+3)(x+n)" 24+ (s +4)(x+n)"[6(6x —3)+ (s +5)(x+n)""
s 3., 1

[~4(32% =32+ 1/2) + (s + 6)(z +n) " (z® — 5302 + Ex)m

+ (2 —

The maximum value of this derivative in the interval z € [0,1] is at z = 0.
Putting this into the formula gives us

(5 +3)(n) " =24 + (s + 4)(n) " [-18 = 2(s + 5)(n) "]

For n=1, the maximum value is at s = 2 4 100, where M=2029270. Putting
this into the error formula gives us
(1/300)°

- 1-2029270 ~ 2.8996199 - 10~ 10
2880

Since the maximum is decreasing very fast as n increases, this also is approxi-
mate an error bound for the whole integral.
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The error of B2
Recall from the previous paragraph that the fourth derivative of P(z)Q(z) is
P////Q + 4P///Q/ + 6P//Q// +4P/Q/// + PQ////
. Therefore, the fourth derivative of P(z)Q(x)R(x) is given by
(PQ)I///R + 4(PQ)///R/ + G(PQ)”R” + 4(PQ>/R/// + (PQ)R////
Implementing the derivatives of PQ gives us the following derivative:

(PQ)""R+4(PQ)"R +6(PQ)'R" 4+ 4(PQ)R" + (PQ)R"" =
(P""Q+4P"Q 4+ 6P"Q" +4P'Q" + PQ"" )R+

4P"Q+3P"'Q +3P'Q" + PQ")R +6(P'Q+2P'Q + PQ")R"+
4P'Q+ PQ)R" + PQR"

Let P(z) = (2° — 222 + }2), Q(z) = (z +n)~*73 and R(z) = log(z).
Therefore, the derivatives of these functions are

P'(z) =32% =3z +1/2

P"(z) =6z —3
P///(x) -6
P///I(:I') — 0

Q' () = (s +3)(x+n)~"*

Q"(x) = (s+3)(s+4)(x+n)"*5

Q" ()= —(s+3)(s+4)(s+5)(x+n)" 5"

Q" (x) = (s+3)(s+4)(s+5)(s+6)(x+n)"*7

R(z)=a""!
R'(z) = —a~*
R"(z) = 2273

Implementing in GP/Pari gives the following:
PO(x)=x"3-3/2%x"24+x/2;

P1(x)=3%x"2—-3%xx+1/2;

P2 (x)=6%x—3;

P3(x)=6;

P4(x)=0;

QO(x)=(x+n)" {—s—3};
Ql(x)=—(s+3)*(x+n)"{—s—4};
Q2(%)=(5+3) (5 +4) % (sc4n) {—s — 5}
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Q3(x)=—(s4+3)*(s+4)x(s+5)*(x+n)"{—s—6};
Q4(x)=(s+3)*(s+4)*(s+5)*(s+6)x(x4n) " {—s—=T7};
RO(x)=log (x);

Rl(x)=1/x;

R2(x)=—1/x"2;

R3(x)=2/x"3;

R4(x)=—6/x"4;

Using these functions to create the fourth derivative, gives us the following
equation for this derivative. Note that there are some splits in the code to fit
the page:

DB2(x)=(P4(x)*Q0(x)+4xP3(x)
+4xP1(x)*Q3(x)+P0(x)*Q4(x))

+3xP2(x)*Q1(x)+3xP1(x )*QQ(X)+PO( )xQ3(x))*R1(x)
+6%(P2(x)*Q0(x)+2xP1(x)*Q1(x)+P0(x)*Q2(x))*R2(x)
+4%(P1(x)*Q0(x)+P0(x)*Q1(x))*R3(x)+P0(x)*Q0(x)*R4(x)

The maximum of this derivative is approximate 26.000.000. Implementing this
into the error formula, gives us

*Q1(x)+6+P2(x)*Q2(x)
*RO(x)+4*(P3(x)+Q0(x)

(1/300)°

. -2 ~1.115-107
5550 300 - 26000000 5-10
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B Error analysis of functions from section 7

Error of Simpsons rule on the contour integral Changing Z to X in the
formula for the logarithmic derivative of the zeta function gives us

X ) xnmx’ xnmx X///(X/)2 X/(X//)2 X//(X/)S X/ 5
- -1 2 - 24 —
s L0 20 30T 60 ( < )

If we denote the n’th prime of X by Xn(s), we get the following functions:

X0(s)=intnum (y=1,100,eta (I+xy/sqrt (11),1)" 2%
eta(11xIxy/sqrt (11),1) " 2x(y " (s—=D+y " (1—s)));

X1(s)=intnum (y=1,100,eta (Ixy/sqrt (11),1)"2x
eta(11xIxy/sqrt(11),1) " 2xlog(y)*(y (s—1)—y " (1—s)));
X2(s)=intnum (y=1,100,eta (Ixy/sqrt (11),1)" 2%
eta(llxIxy/sqrt(11),1) " 2xlog(y) " 2x(y " (s—1)+y " (1=s)));
X3(s)=intnum (y=1,100,eta (Ixy/sqrt (11),1)" 2%
eta(11lxIxy/sqrt(11),1) " 2xlog(y) " 3*(y " (s—1)—y " (1—s)));
X4(s)=intnum (y=1,100,eta (Ixy/sqrt (11),1)"2x
eta(11xIxy/sqrt(11),1) " 2xlog(y) 4x(y (s—1)+y " (1—s)));
X5(s)=intnum (y=1,100,eta (Ixy/sqrt (11),1)" 2%
eta(llxIxy/sqrt(11),1) " 2xlog(y) " bx(y " (s—1)—y " (1—=s)));

Test (s)={
XX0=X0(s);XX1=X1(s);XX2=X2(s );XX3=X3(s);XX4=X4(s);XX5=X5(s);
Total=XX5/XX0—5+XX4+XX1/XX0"2—10xXX3+xXX2/XX0" 2+ 20+XX3+xXX1"2/
XX0"34+30+«XX1+XX2"2 /XX0"3 -60+«XX2+XX1"3/XX0"4+24%(XX1/XX0)"5
b
Note that there are several splits in this code.
Using this code, we obtain that M=23300000. This is an upper bound for
the maximum value of the fourth derivative, which is around 2+423i. Putting
this into the error formula gives us, for N = 1000 and hence h = 0.05 for the
first and h = 0.001 for the second part,

0.05°
———-50-2 ~ 0.1
5330 50 - 23300000 ~ 0.13

0.001°
2880

Therefore, the total error of the Simpson’s rule on the contour integral is
0.13-2+8.09-10712 ~ 0.26

- 123300000 ~ 8.09 - 10~12

Error of the infinite product g(7) There are also other approximations.
g(7) is approximated by taking the product of n = 1 up to n = 50 instead of
infinity. This approximation is accurate up to 41 digits for y = 1. For larger
y, this will be much more accurate (for example at y = 2, we already have an
accuracy of 80 digits).
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Errors of the integrals of {(s) and ¢&'(s) Also the integrals of £(s) and
&'(s) are approximated. First of all, they are computed with the Simpson’s
rule. Secondly, they are computed from y = 1 up to y = 20 instead of infinity.
The error of £'(s), made by the Simpson’s rule, can be calculated on the
following way:
From what we did for the error for B2 in Appendix A, we have the formula
for the fourth derivative of a function P(y)Q(y)R(y):

(PQR)" =

(P""Q+4P"Q +6P"Q" +4P'Q" + PQ"")R+

4P"Q+3P"'Q +3P'Q" + PQ")R +6(P"Q+2P'Q" + PQ")R"+
4(P'Q + PQ")R" + PQR""

When P(y) = y*~' +y'~*, Q(y) = g(iy/V11) and R(y) = In(y), we get the
fourth derivative of the terms inside the integral of £/(s). Therefore, calculating
the derivatives of these functions and putting this in GP/Pari gives us the
following code:

g1 (t)=g’ (t)

22 (t)=g" (1)

g3(t)=g’ " (t)

gd(t)=g" """ (t)

PO(y,s)=y (s—1)+y"(1-s)

PL(y.s)=(s— 1)y (5—2)+(s —1)sy"(—5)

P2(y,s)=(s=2)*(s—1)xy " (s —=3)+(s—1)xsxy (—s—1)

P3(y,s)=(s=3)*(s=2)x(s—1)xy " (s—4)+(s—1)*sx(s+1)*xy " (—s—2)

Pd(y,s)=(s—4)*(s=3)x(s—2)x(s—1)xy " (s=5)+(s—1)*sx
(5+1)x(5+2)xy" (—5—3)

RO(y)=log(y);

R1(y)=1/y;

R2(y)=—1/y"2;

R3(y)=2/y"3;

R4 (y)=—-6/y " 4;

DLO(y,s)={
gg0=g(y);ggl=gl(y);eeg2=g2(y);gg3=g3(y);gegd=g4(y);
PP0=P0(y,s );PP1=P1(y,s);PP2=P2(y,s);PP3=P3(y,s);
PP4=P4(y,s);RR0=RO(y);RRI1=R1(y);RR2=R2(y);RR3=R3(y);
RR4=R4(y);
Total=(PP4xgg0+4xPP3xggl+6xPP2xgg2+4xPP1xgg3+PP0xgg4 ) *RRO
+4%(PP3xgg0+3xPP2x ggl+3xPP1lxgg2+PP0xgg3 ) *xRR1
+6%(PP2xgg0+42+4PP1xgg1+PP0Oxgg2 ) xRR2
+4%(PP1xgg0+PP0xggl ) *xRR3+PP0O* gg0 +RR4

}
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Note that there are several splits in this code.
The maximum value is at y = 1 and s = 50 x I, which can be bounded by
M = 103500. Putting this into the error formula gives us the following equation:

0,009°

219-1 ~ 6.83-1078.
5850 9-103500 ~ 6.83 - 10

Since for larger y the solution decreases exponential, the approximation of not
using y > 10 seems to do not affect too much the solution.

This same method can be done for the integral of £(s), but then changing
R(y) to R(y) = 1.

The maximum value of this function is at y = 1 and s = 50 % I, which can
be bounded by M = 1293000. Putting this into the error formula gives us the
following equation:

0,009°

19 - 1293000 ~ 8.53 - 10~7
2880

Also for this equation, it holds that for larger y the solution decreases exponen-
tial. Therefore, also here the approximation of not using the part of the integral
with y > 10 seems to do not affect too much the solution.

Hence it seems that we have a very accurate solution, but [£(2+504)| ~ 10732
and |¢'(2 + 50i)| ~ 10731, Therefore, the solution is too inaccurate to use this
for our purpose.

To get this accurate enough (up to at least 10734, h needs to be at least
2.6 - 1078, Also the values of the integrals for y > 10 do affect the solution,
since up to approximate y = 40, the values of the integrals are still above 10732,
This implies that there needs to be a huge computer effort to get so accurate.
Therefore, this will not be done in this thesis.
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C The first 32 a,’s of the elliptic curve

In the table below the first 32 a,,’s of the elliptic curve with weierstrass equation

ayr
aig
a9
a20
a1
a2
a23
a24
25
a26
az7
a28
a29
aso
asi

are shown. For n =1 or n = p with p prime, the a,’s are just

-2

209 = 4

0

aqas = 2

azar = 2
as20a11 — -2
-1

azag = 0

ai —5=—4
asa+ 13 = =8
azag — 3- az = 5
aqay = —4

0

asa305 — 2

7

g2ty =% — 22
given. For the other a,,’s, also the calculation is given.
al = 1
ag = —2
as = -1
agy, = a3-2=2
as = 1
(47 = aga3 — 2
a7 = -2
as = agsag4—2-a2=0
ag = a}—-3=-2
aio = ag0as5 — —2
a1 = 1
ai12 = apaz = -2
a13 = 4
aly = asar =4
ais = agas = —1
a6 = asag — 2- Ay = —4

a32
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