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1 Preface

The Riemann zeta-function ((s) is a meromorphic function. Many of the results
about {(s) that can be found with the usual tools of complex analysis have very
important consequences on number theory (see [4, p.43]). The growth of w(x)
for example can be related to the zeros of ((s), where m(x) is defined as the
amount of prime numbers less or equal to z (see [5, p.183]).

The first chapter will be devoted to basic results about {(s). In the second and
third chapter we will see some results about the zeros of {(s) and the behavior
of {(s) on the part of the complex plane where 0 < Re(s) < 1, which are both
of special interest to number theorists (see [5, p.133]).

I would like to thank my supervisor Dr.Francesc Bars for supporting me ex-
tensively.



2 Introduction

Definition. For s € C we define

Definition. If Re(s) > 1, then the Riemann zeta-function is defined as

¢(s) = lim (u(s) = Zn_s. (2)

n—oo

We note that for Re(s) > 1 the sum on the right hand side converges uni-
formly and absolutely, since

0
>one
n=1

o0 o0
< Z |n*5| _ Z nfRe(s)'
n=1 n=1

Proposition. ((s) is holomorphic in Re(s) > 1.
Proof. Apply theorem A.1 to (,(s), with Q being the half-plane Re(s) > 1. O

Definition 2. Let Uy and U be regions of C such that U contains Uy. If [ :
Uy = C and F : U — C are analytic functions such that F(s) = f(s),Vs € Uy,
then F is called an analytic continuation of f.

The next proposition shows that analytic continuations are unique in a cer-
tain way.

Proposition. Let Fi, F; : U — C be analytic continuations of f : Uy — C.
Then Fy(s) = Fy(s),Vs € U.

Proof. Since F; and Fy are analytic on U, F} — F5 is analytic too and we can
develop it as a Taylor-series around any point of U. Since I} — Fp, = 0 in
U, the coefficients of the Taylor-series around a point on the border of U; are
identically 0 and therefore F; — F» = 0 on an open ball around any point of
the border. On the border of these open balls we can develop F; — F5 again as
a Taylor series and again the coefficients have to be 0. Repeating this process
until we have covered the whole of U with open balls, we see that F; — F =0
on U. O

2.1 The Euler product

Now we introduce the Euler Product representation of ¢(s).



Theorem (Euler Product). If Re(s) > 1, then

) =11 v g

_p—s’
peP p
where P is the set of all prime numbers.

Proof. We will prove the identity for real s with Re(s) > 1 and conclude by
analytic continuation that it holds for all s with Re(s) > 1.

Obviously for every natural number n < N, there is one and only one way to
write n=% = (p{"* - -~ pp'*) %, with pi, ..., pr being different prime numbers and
in that representation mq,...,mg, p1,....,pr < N.

Therefore the finite product

[I a+p=+p 2+ +p V), (4)
pEP,p<N

is a finite sum of terms of the form m ™%, which are all positive, since m are

natural and s real numbers. Furthermore, for every n < N,n~° is ’contained’
in this sum and therefore

(n(s) =142+ +N*< J[ A+4p 7 +p >+ +p "), (5

pEP,p<N
and on the other hand
H (I+pS+p F+..+p V)< Z(p’s)i
pEP,p<N peP,p<N i=0 (6)
1 1
-1 —o<IIG—
pEP,p<N P pEP p
Hence
= 1i < 1
) = Jim ov(s) < I (== 7)
peEP
Now we have to proof ((s) > [[ cp (#) Therefore we consider the finite
product
I[I G+p+p 2+ +p ™) M>N (8)

pEP,p<N

and observe that this is a finite sum of terms of the form n~* in which no term is
contained more than once, because for any n~° there is only one way to write it
as a product of p; "**, ..., p, "**, with pi, ..., py being different prime numbers.

Hence



[e.e]
[T G+p+p >+ 4p™M)<> 0" =((s), (9)
peEP,p<N n=1

and letting M and N tend to infinity

H(l—lp—s)zzvlgnoo H (1 : ) (10)

peP pEP,p<N

peEP,p<N
oo
< Z n=° ={(s), (12)
n=1
which completes the proof. O

2.2 Riemann’s functional equation for ((s)

In order to prove Riemann’s functional equation we will introduce the functions
¥(s) and T'(s) and discuss some of their properties. To prove a certain prop-
erty of 1(s) that has an important role in the proof of Riemann’s functional
equation we will introduce Poisson summation formula. Furthermore we will
introduce the Mellin transform and its inversion formula, since in the proof of
Riemann’s functional equation there will be several integrals that are precisely
Mellin transforms. The function I'(s), for example, turns out to be the Mellin

transform of e~*.

2.2.1 The Poisson Summation Formula

Definition. If it exists, the Fourier transform of f is defined as
ft) = / f(2)e*™ ™ dx, vt € R, (13)
—o0

Definition. A differentiable function f : R — C is said to be of bounded total
variation, if ffooo |f'(z)|dx converges.

Theorem (Poisson Summation Formula). If f : R — R is an integrable
contivous function of bounded total variation, such that there exists a bounded
function g : R — Ry that satisfies:

1)g(z) = g(—x)

2)g(z) is decreasing in R

3)[*_ g(x)dx converges

D@ < gle), vz € R,

then: R

— 1 2mima

S fatm=lm 3 Fome (14)
neL meZ,|m|<N



and in particular, with x = 0, we obtain the formula which is usually called the
Poisson summation formula:

f(n) = lim f(m 15
7% (n) NHOOmEZ,Zm<N (m) (15)
Proof. As [ g(x)dx converges and g(x) is decreasing in Ry, > o, g(z + n)
converges. Since |f(z)| < g(z),Vz € R, by Weierstrass criterion »_ ., f(z +n)
converges to a continuous function F'(x). Furthermore F'(z) =) _, f(z+n) =
Yonez f@+14n) = F(z+1),Vx € R and therfore F'(x) is periodic. The Four-
rier coeflicients are:

F(m) = / F(2)e*™*dy = / Z [z +n)e*™ ™ dy
[0,1] [0,1]

neE”Z

=> f(z+n)e*™ dy = Z/ f(x)e™ e dy (16)

nez” [0:1] nez’ In—1.n]

= /OO f(z +n)e*™ ™y = f(m)

And finally:
— . n 2mimx . 1; Iy 2mima
S ftn) = F@) = Jm Y P = m Y fm)e
nez meZ,|m|<N meZ,|m|<N
(17)
O

Corollary. Let f: R — C be a function of total bounded variation such that
7 | f(@)|da and [ |f(s)|ds converge and [ is also of total bounded variation.
For u # 0 the following holds:

T 7

S flow) = Jul i Y Fomu) (18)
nez meZL,|m|<N

Proof. If we define f,(z) = f(ux), then j‘;(x) = \u|_1f(%) Substituting this

in the proof of the previous theorem we get the result. O

2.2.2 The I'-function and ¥-function
Since fooo ¥ e %dx = fol 5 e %dx + floo 25 le™®dr = A+ B and A ~

fol 2*"tdz and B ~ [~ e~ “du, the integral in the following definition converges

whenever Re(s) > 0.

o0

Definition. For s € C with Re(s) > 0, we define I'(s) = [~ a*te "dx.



Theorem. The function T'(s) initially defined for Re(s) > 0 has an analytic
continuation to a meromorphic function on C whose only singularities are simple
poles at the negative integers s = 0, —1,

A proof of this can be found in [7,p.161].

Proposition. I'(s) has no zeros.

Proof. According to [7,p.165], ﬁ is an entire function. O
Proposition. The sum Y .. e e~ ™" converges absolutely when Re(s) > 0.
Proof.
i —mn?s| _ i —nn?Re(s) - —nn?Re(s)
e = e <2 Z e

n=-—oo n=-—o00 n=0 (19)

mnRe(s) _
<226 ].—6 ﬂRe(s)'

2

Definition. Fors € C, Re(s) > 0 we define the function(s) => o e ™ ¢ =
Eiooo fs(n), where fs(n) — e—T{nZS'

Theorem. )

Y(s) = NG

where /s is taken over the branch that makes \/s a real positive number when
s s a real positive number.

w(é),vs € C, Re(s) > 0 (20)

Proof. Due to Poisson summation formula ¢(s) = > > fs(n) So in order to
apply Poisson summation formula we calculate the Fourier coefficients

= > —rx?s —2mine _zn? > —ms( :er”L)2
fs(n) = e e de=e" "> e dx
—o0

(21)
2 © -
e M / et dt.
[
It is well known that the value of the last integral is v/7 and therefore
~ e =
fs(n) = (22)

7

So now we are in position to apply Poisson summation formula and obtain

=> f(n) Zfs —Z \/g :%Z«fﬁzﬁw(%). (23)

O



2.2.3 The Mellin Transform

Definition. If it exists, the Mellin transform of a function f : U — C,R C U
is defined as

M(f.s) = [ f@a (24
0
where the integral is taken over the positive real line.

Observation. By the way we defined I'(s) in the previous section it is obvious

x

that it is just the Mellin transform of e™%.

Definition. A function f: U — C,R C U is said to be of type (c, B), if for all
s =0+ it with a < o < ( the integral

M(f,s) = /0 F@)zldz (25)
COnUeTg@S.

Let us study of what type the function e™* is. Since

/ e a7y = T(o + it) (26)
0

xT

converges whenever o > 0, e~ is of type (0, 00).

Mellin inversion theorem. If f is of type (a,3), continuous, and for a <
o < B the function x — f(x)x°~! is of bounded total variation, then the Mellin
transform can be inverted in the following way

o+ioc0
f(z) = L/ M(f,s)x™*%ds. (27)

See [6, p.122].

Notation: In this paper the path of integration of integrals as the one in
Mellin inversion theorem have to be understood as

o+i0o o+it
/ f(s)ds = lim f(s)ds. (28)
g—100 =00 Jo it
We note that since f is of type (o, 3), the function M(f,s)z~* is analytic
on the strip @ < ¢ < 8 and by Cauchy’s theorem the value of the integral does
not depend on o.
In particular, since I'(s) is the Mellin transform of e=* and e~ " is of type (0, c0)
we have )
1 o+100
e = [(s)x™%ds, (29)

2mi o—100

for any 0 > 0. We will use identity 29 in the proof of Riemann’s functional
equation.



2.2.4 Riemann’s functional equation for ((s)

In this subsection we will find an analytic continuation of {(s) and present and
prove Riemann’s functional equation.

Theorem. For s € C with Re(s) > 1 the following equality holds

r(f)g(s)w*% _to 1 + 1 /loo(w) — DT ui Y. (30)

2 s 1—s 2

Proof. We have seen, that I'(s) is the Mellin transform of e~*. Inverting the
Mellin transform, which we can do with any ¢ > 0, and making the change of

variable £ = mn?u, we obtain

. 1 o+i00
e~ U _ 7/ F(S)(T(’n u)~*ds, Vo > 0. (31)
2mi o—100

—m(—n)%u

2
™~ Uu
€ )

Since e~

Z e—frnu: Z e wnu+1+ze

n=—oo n=-—oo (32)

a+zoo

—1+2267Mu—1+222m/ s)(mnu)~%ds,Vo > 0.

But as the sum and the integral converge absolutely, we can change the order.
With the restriction o > 1 we have

2 o+1i00 o0
buy=t+5o D(s)(Y " n=%)(7u)~"ds
- (33)
2 o+ioco .
1—&—% o T'(s)¢(2s)(mu)~%ds
and .
1 o+100 e .
1/1(u)—1:% - 2I'(s)¢(28)m *u™*ds, (34)

which tells us that 2I'(s)((2s)7* is the Mellin transform of ¢ (u) — 1 (ap-
plying Mellin inversion theorem).
So by the definition of the Mellin transform

AT ()¢ (28)7* = /0 () — e du. (35)

With the simple change of variable s = z/2 we obtain



z
(36)
Substituting 1 (u) = ﬁw(%) and taking the change of variable u =  we
have
! . LIS B
Y(u)uz~tdu =/ PY(=)u"2du
0 0 u
:/ Y(v)v~ 2" 2dw
: (37)

1—-=2
and consequently
z 1 1 2 1 2 1 o0 .
F(g)qz)ﬂﬁ ~ 2/, Y(wu? " du — 5=+ 5/1 ((u) — Dusdu
- 5/ (W) = Do v =gy = o+ 5/1 (¥(u) — Du?'du (38)
= _1 - ! 1 h - 7 1 -1
Tz 1-2z 2/1 (¥(v) = (v +v27Hdv.

O

Theorem. There exists an analytic continuation of ((s) to the whole complex
plane.

Proof. Since 9(v) — 1= O(e~™) as v — +00,! the integral

/100(¢(u) ST 0 d (39)

converges absolutely and uniformly on the half-plane Re(s) > z for any .

I'We write f(z) = O(g(x)) as © — oo, if there exist positive real constants C' and xg, such
that |f(z)| < C'lg(x)|,Vz > xo.

10



Therefore we can express the integral as

oo N
1—s

/100(1#(1))_1)(”1?_1 +v§_1)dv:/1 (lim 2y e ™) (v T -

N—o0
n=1

N oo
= Jm 2)" [ e v
/1

N—00

= Jim 1v(6),
(40)

with each fx(s) being holomorphic. Now applying theorem A.1 we see that

/ () — DT +vE Y)do (41)
1
is holomorphic on C. Consequently

F7(r:;22) (_1 1 + 1/100(’(/}(’1}) - 1)(v1%s—1 + US—I)dU> (42)

s 1—s 2
is a meromorphic function on the whole complex plane. Since for s with Re(s) >
).

1 it takes the same values as ((s), it provides an analytic continuation of ((s
O

An important point about 30 is, that its right hand side has the same value
in s and 1 — s. That implies

Corollary (Riemann’s functional equation). For all s € C

S s 1—s 1—s

D))t = P52 )e(1 - s)n . (13)
Proof.
s 1 1 1 [ 1-s s
PG = =2 ==+ [ @) =D+ of
1 1 1 [~ —s
ek B I ORI (ORI T
1-s _1-s
S
O
Definition. We define Riemann’s &-function as
&(s) == %s(s - I)F(g)C(s)W*%,VS e C. (45)
Note. Using £(s), Riemann’s functional equation can be expressed as
£(s) =¢&(1—s),VseC. (46)

11



2.3 Extending ((s) via n(s)

In this section we are going to introduce the Dirichlet eta-function 7(s) and
discuss its relation with ((s).

Proposition. The sum

S0 (-1 (47)

is uniformly convergent in any closed subset of Re(s) > 0.

Proof. When sg is a positive real number, n™% is a strictly decreasing and
real sequence that tends to zero and therefore > 2 n=*(—1)"*! converges.
Applying theorem A.4 we conclude the proof. O

Definition. For s € C with Re(s) > 0 we define the Dirichlet n-function as

o0

n(s) =y n~*(=1)"*. (48)

n=1

Proposition. ((s) can be extended to Re(s) > 0 via

o) = 0L (49)

Proof. For s with Re(s) > 1 we have

(1=2"7%)¢(s) = ¢(s) = 2'75¢(s)

S
00
—s 1-s —s
n-%—2 E n
1 n=1

>
Z n=%—2 Z(Qn)*s (50)

n=1

—

n

1

= Z n=5(=1)"Tt = p(s).

278 437 47 + .

However 7(s) converges for every s with Re(s) > 0 and consequently

S =) g(s)
= &n= = 51
((s) = Zmmt DT 1) G51)
gives an analytic continuation of {(s) to Re(s) > 0. O

Proposition. Besides a simple pole in s = 1, {(s) has no other poles.

12



Proof. Since n(1) = Y07, n~1(=1)""! = log(2) # 0 and —— has a simple

pole in s = 1 we deduce that ((s) = n(s)7—r— has a simple pole in s = 1.

Furthermore as ;—i— has no other poles in Re(s) > 0 and n(s) = >_ 07 n=%(—1)"*!

T—21—=
converges for any s with Re(s) > 0, we deduce that ((s) has no other poles in

Re(s) > 0 and due to Riemann’s functional equation it has no other poles on
the whole complex plane. O

As this expression of ((s) converges on the critical strip (0 < Re(s) < 1)
and it is ’only’ an infinite sum, which is in a certain way easier to approximate
numerically than the infinite products or improper integrals which arise in other
analytic continuations of {(s), it could be a candidate to approximate values of
¢(s) on the critical strip.

Another good thing about this expression is that for real z with 0 < z < 1, the
series Zle n~%(—1)""1 alternates and therefore it complies

2N 2N+1
S on (=) <p(z) < Y nTE (=) (52)

which gives a bound for the error of approximating n(z) (and therefore ((z))
by 31 e (=)

Lemma. Suppose Re(s) > 0. Then

e

n=1(mod2)

if and only if
> [15(—1)”“] =b < 0. (54)
neN "

In that case a = b.

Proof. If
1 1
oLl (55)

n=1(mod2) (Tl + 1)5

for any e there exists a natural N(§) such that

1 1 €
o= ) mTwr|<a (56)
n=1(mod2),n<K

for any natural K > N(5). Now since Re(s) > 0 tends to 0 as n

1
» (nt1)°
goes to infinity. Therefore we can find N'(§) such that ‘¥‘ < 5 for any

EESYE
n > N'(5).

13



So if K > N(5),N'(§) we have:
case 1: If K =2k +1

1 ol 1 1 1
Y e N e == S Y - =)

n=1(mod2),n<2k

Sl= ) (nls(n-il)s> *‘(%L)s

n=1(mod2),n<2k

case 2: If K=2k
1 1 1 €
_ (=1 =g = B ——— 58
N D Y R e S
n<2k n=1(mod2),n<2k
O

Now we will see a bound for the error, when estimating 7(s) for any complex
number s with Re(s) > 0 by the sum of its first 2N terms:

W(S)_Z %(_1)7&1 _ Z %(_1)71-&-1 _ Z (nls — (n+11)5> :

n=1 n>2N+1 n>2N+1,n=1(mod2)
(59)
So we will search an upper bound for ni — ﬁ .
Lemma. If s =a+bi,a>0 and —1 <log(;%7)[b] <0, then
1 1 1 1 210b
— | <= - +\[|| (60)
n®  (n+1)3 n® (n+1)® nlta

14



Proof.

i - ww) Fe)

B ((?ntnll g)))fs) g?n?nll 13)755) o
n+ 1) — ptTor n-+ 1) —ne=»
- <( Jwﬂ D)t ) _(( Jmﬁ L))ot ) - |
((n T 1)a+bz(n =+ 1)a—ln + na+bzna+bz _ na+bz(n 4 1)a—ln _ na—bz(n + 1)a+bz)
(n(n+ 1))

(n+1)% + 22 = (n(n + 1) [ (2" + (5235) "]

(n(n+1))%

(0 +1)% + 7% = (n(n+ 1)) [2Re((:27)")|
(n(n+1))%

(n+1)% + 72 = (n(n + 1)) [2c0s(log(27)0)]

- (n{n 4 1)) =0

(61)

Now we are going to use Taylor series in order to find a lower bound of
cos(log(57)b) and therefore an upper bound of (*).
For —1 <z < 1 we have

cos(z) =1—a? + 2t —20.. > 122 (62)

Furthermore for n > 1

n 1 11 /1\* 1/1\° 1
log(—>— )= “log(1+ )=—[=—=(2) +2(=) ..]>——.
Og(n—i— 1) og(1+ n) (n 2 (n) * 3 (n> ) ” n (63)

Since cos(z) is strictly increasing in (—1,0) and by hypothesis —1 < log(;;7) [b] <

0, we have

cos(log(#)b) > cos(—%) >1-——. (64)

15



If we plug this inequality into (*) we obtain

T s

1 1
ns  (n+1)3

(n(n+ 1))

((n+ 1) = n2)? + 2(n(n +1))°%;)
(n(n+ D) (65)

:szf5fy+mm?;%2
<(1_ 1 >2+ 2b2
S\t T nr) T () a2

2 2
Since < (nla — (n+11)a) and (n(zl)))%ﬂ are both positive and 1/ is an increasing
and concave function for real positive x

< \/(nla a (n+11)a

)
<¢Q;‘wﬁwf+ mﬁ@m o
-

1 1
n®  (n+1)°

We define 7y (s) := 320 L(=1)"+! and (y(s) = SV 2

n=1 ns 1 ns
Proposition. If s=a+bi,a >0 and —1 < log(NLH) |b| <0, then

[1(s) = 12 ()| < () = man (@) + V2[B] (C(1 +a) = Can (1 +a)) (67)

16



Proof.

1 1
In(s) —nen(s)| = Z s (nt1)p
n>2N+1,n=1(mod2)
1 1
< [
- Z ns (n + 1)5

n>2N+1,n=1(mod2)

A

1 1 V2 b|
Z nt  (n+1)@ T
n>2N+1,n=1(mod2)
1 1 2[b
2 <na B 1)&) * 2 ﬁ+||
n>2N+1,n=1(mod2) n>2N+1,n=1(mod2)
1 1 20
(Lt y
n® (n+1)° nltae
n>2N+1,n=1(mod2) n>2N+1
n(a) = n2n (@) + V28 (C(1 +a) — Gn (1 +a)).

A

(68)

The inequality between the second and the third line comes from the previous
Lemma. O

We note that since log(NLH) is negative and tends to zero when N goes
to infinity, given b we can always chose N sufficiently large in order to have
-1< log(NLH) |b] < 0.

3 Zeros of ((s)

3.1 Weierstrass infinite products
Notation: Let f: R — R and F : R? — R. We write
f(R) << F(R,e¢) (69)
if for any e there exists C, such that
f(R) < C.F(R,¢),VYR. (70)

Theorem. Suppose g(s) is an entire function and not identically 0. Let §
denote the set of zeros of g(s) and v, the multiplicity of the zero o (let vg =0
if g has no zero in s =0). Suppose also that

log (mzu}gz |g(s)|> << (R+1)He (71)

|s|=

Then:

g(s) = sPoeAtBs H ((1 - i) ei)vu (72)




A proof of this theorem is given in [4, p.328].

The previous theorem does not apply directly to {(s) since (s) is not an entire
function. However we know that ((s) has only one pole (s = 1) and we have
also seen that this pole has order 1. Hence (s — 1){(s) is an entire function. In
[4,p.20] it is shown that the second condition of the previous theorem is also
met and therefore we can write

((s)zieAJrBs H ((1—3) ei)va, (73)

s—1 «a
aeQ,a#0

where  denotes the set of zeros of ((s). Since ((0) = —3 # 0 we can specify A
and vg from the previous expression to obtain

gty T (D)

aceQ,a#0

3.2 The Riemann hypothesis
Proposition. If s € R then {(s) € R.

Proof. For real s with Re(s) > 0 we have ((s) = 1175% and since 7(s) is a sum
of real numbers, ((s) is real. Due to Riemann’s functional equation ((s) is real
whenever s is real. O

Proposition. For all s € C we have ((3) = ((s).

Proof. Apply Schwarz reflection principle (see theorem A.4) to {(s)(s—1) = p(s)
(which is an entire function, since the only pole of ((s) is a simple one in
s=1). O

Proposition. ((s) has simple zeros at the negative even integers and nowhere
else on the real line. These zeros are called the trivial zeros of ((s).

Proof. From Riemann’s functional equation we know that

1—=z 1

)()7™F =T (=) —2)n 7= (75)

z
2
If z is a negative even integer then the right hand side of the previous equation

takes a finite value different from 0, since each of the terms I'(152), (1 —2) and

7% takes a finite value different from 0. But since I has simple poles at each
negative integer (but nowhere else on the real line), I'(3) has simple poles at
the negative even integers and consequently ¢ has simple zeros at the negative
even integers (and nowhere else on the real line). O

In the next theorem we will see that besides the trivial zeros ((s) has more
zeros. They are called the non-trivial zeros.
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Theorem. { has only zeros at the negative even integers and in a set of complex
numbers oy, that lie in the critical strip (0 < Re(s) < 1). Furthermore the zeros
on the critical strip are situated symmetrically with respect to the real line and
to Re(s) = 3

Proof. Define the Mobius function p(s) by

1 ifn=1,
u(n) =< (=1 if n=p;..p, and py, ..., px are distinct primes (76)
0 otherwise.

From the Euler-product we know that

L _ H (1 _p—s) — Z ,u(n) (77)

(s~ 2

and therefore

1| = pn)
nS

O

SIEIPSTE ol LT 7
— x %dx = x %dx =

< ; — < +; /n + /1 —
(78)

From the previous inequality we deduce that ((s) has no zeros with Re(s) > 1

and due to Riemann’s functional equation it has no zeros with Re(s) < 0, except

for the zeros at the negative even integers.

Now we need to proof the symmetries of the zeros.

Since ((s) = ((5), s is a zero if and only if 5 is a zero. Finally, due to Riemann’s

functional equation 1 — 5 (the reflection of s on Re(z) = 1) is a zero too. [

n=1

1

The Riemann hypothesis. If s is a non-trivial zero of ((s), then Re(s) = 5.

At the present, the Riemann hypothesis is considered one of the most im-
portant unsolved problems in mathematics, as its verification would imply a lot
of other results in mathematics, especially in number theory.

3.3 Some results about the distribution of the zeros of ((s)

From now on log(s) is always taken in such a way, that it is a real number, when
s is a real positive number.

Theorem. Let Q2 be the set of zeros of ((s). Then the following equation holds

Gl () () @

aeQ, Im(a)#0 n=1

Proof. We have seen that

- gty (0 2)) =



and therefore

S og(c(o) = | oo | 3™ g ((1-2)e)
= (c’—log(s— 1) +Bs+§llog (1 - E) + a)
B a€Q

(= ) O )

a€eq, Im(a);é a€eQ,Im(a)=0

1 1 > 11
1—s s—a —\s+2n 2n '

a€e, Im(a #0

(81)

The last step is justified, because we know that the real zeros of ((s) are precisely
the negative, even integers. O

Theorem. Let Q be the set of zeros of ((s) and T > 2. Then

1
E < clog(T). (82)
_ 2
a€eQ, Im(a)#0 1+ (T Im(a))

For a proof see [4,p.23].
Definition. We define the function N(T) as

NT)={aeQ:0< Re(a) 1,0 < Im(a) <T}. (83)

Corollary. There exists an absolute constant ¢ such that N(T +1) — N(T) <
clog(T) when T > 2.
Proof. For a € Q with T < Im(a)) <T + 1 we have

1 1 1

2141 S 14 (T = Im(@)? (84)

Hence

1
(N(T +1) — N(T)) =2 > -
aeQ,T<Im(a)<T+1

<2

1
- Z 14+ (T — Im(a))?

aeQ,T<Im(a)<T+1

(85)

1
<2 ) T T

a€eQ,Im(a)#0
< 2clog(T).
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The last inequality is due to the previous theorem. O

The theorem of De la Vallée-Poussin bounding the zeros of ((s). There
exists a positive real constant ¢ such that there are no zeros in the region:

C

Re(s) > 1~ log([IIm(s)| +2)°

(86)

For a proof see [4,p.25].

This theorem does not tell us a lot about zero-free regions in the interior of
the critical strip (0 < Re(s) < 1) since ¢ could be arbitrary small. However it
tells us that there are no zeros with Re(s) = 1, which is essential in the proof
of the prime-number theorem.

3.4 Numerical computation of zeros of ((s)
3.4.1 Using Euler-Maclaurin summation to compute values of ((s)
Definition. We define the Bernoulli functions, P,(x), recursively.
1
2 b
1 /
Ppi(2) = —Fy(2), (87)

Py(z) =1,P(z) =2 — [z] —

k+1
/ P, (z)dx =0,Yk € Z,
k

where [x] denotes the greatest integer that is smaller or equal to x.

Note that the condition P,_1(z) = 1P/ (z) determines P, () up to a con-
stant ¢, which is fixed by the condition f:“ P, (z)dx = 0.
Since Pj(z) is periodic (the value in = and = + 1 are obviously the same), the

two previous conditions let P, (x) be periodic too.

Definition. We define the Bernoulli numbers as By, := P,(0).

. oL . . x _ e’} "
The previous definition is equivalent to %5 = > " B, - 7y. Furthermore

It can be shown that B3 = Bs = By = ... = 0.

The Euler-McLaurin summation formula. Let f(z) be a differentiable
function and k € Z,q € N. The following equation holds

k+1
| s@de = G- Y G [ ) = )+ Ry
(88)
where e
Rq:(&ﬁm/k FOD (@) Py (2)da (89)
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See [3, p.119].

Theorem. For s € C, n € N the following holds

—s ﬁlis n-s = B2m ~—s—2m+1
¢(s) :kzk t +y <2m)!s(5+1)(5+2)...(s+2m72)n

1 m=1

n

(90)

Proof. Applying Euler-McLaurin summation formula to the function f(z) =
x~° we obtain

(2m—1) (2m—1)
/’H—l z Sda = 1((k+1)*5-¢-k*5)— > Bam ‘1271@*5) - 61271(173) +Rq
k 2 m<(q+1> (2m)! dz(2m—1) okl de(2m—1) -

=72

(o1)
where
(_1)q+1 k+1 d(2m—1) .
R~ i /k [dx(?ml)(x )] Pys (2)da. (92)

Since

. . (=1)att Rl gGmel
i Ry = i (0 [ | S o7 Pt =0 o

we have

k41 . 1 X Bom q(2m—1) g(2m—1)
Jo e = S T T -y 2 [m‘fs) e =D :
k 2 w1 em | | de emti1 LT ek

(94)

Summing this expression over all k > n we obtain

ﬁlfs [e’e] o0 k+1
= x %dr = Z " %dx
1 — S 7 ~Jk

k=n
= —s 1/\75 = B2m d(2m71) —s
I R a0

> BQm d(Qmil) —5s
|:dl.(2m—1) (x )}

|
k=1 iy (2m)! a=h
Substituting
d(QTnl—l) -5 ~—s—2m+1
and rearanging the terms we obtain the result. O
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3.4.2 Finding zeros on the critical line

Proposition. £(s) takes real values on the critical line.

Proof. Because of Riemann’s functional equation and Schwarz reflection princi-
ple we have

E+in) =E— (5 +i) = 6 —it) =5 +in) =€ +i). ()

O

Observation. Since (s) takes real values on the critical line, we can use much
more simple methods to find its zeros.

Definition. Fort € R and s = % + it we define

9(t) 1= Im(log(T(3))) ~ 5 loa(r) (98)

and
) s o1 : 1
Z(t) = ez]m(log(l"(5)))7.1.—15C(§ + it) _ ezﬂ(t)<(§ + it)7 (99)

where s = % + it and the log(s) is taken in such a way that it is real, when s is
a real positive number.

Proposition. Fort € R, the sign off(% + it) is always opposite to the sign of
Z(t).

Proof. If we set and s = % + it we have

1 1 ] 5 s ts(s—1) 1
€5 +it) = 5s(s = DI(H)(s)m % = (1o ($) it 5 5 )g(5 + it)
s , —t2 -1 (100)
eRe(log(F(i)))ﬂ——zT‘l Z(t),
where the term in the brackets is always negative. O

So in order to see if there is a zero between two points on the critical line,
we have to check the sign of Z(t) = e (3 +it) at these points, but we do not
need to know exact values of Z(t). For that purpose the following approximation
of ¥(t) will be good enough.

Proposition. Fort € R
1
I(t) = zlog(=—)— -z — =+ —— +et) (101)

where |e(t)| < =i + 7 -See [2, page.120].
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3.4.3 Example
¢(s) has a zero at p ~ 0.5 + 14.1568751.

To prove that result we will search a rough estimate of Z(15) = e®?(15)¢(1 +15¢)
and check its sign. Therefore we will use the approximation of ¥(t) of the previ-
ous proposition. To approximate ¢ (% +15¢) we will use the representation of (s)
that we derived from the Euler-Maclaurin summation formula (90), truncating
the infinite series at j such that the difference between the estimates truncating
at j and j — 1 has absolute value less than 0.001. Clearly the greater we choose
n the faster the infinite series converges. We will set n = 30 and obtain

9(15) ~ —1.36501

1
j=1: C(§ + 15%) ~ 0.147082 4 0.7047364 (102)

1
j=2: C(§ + 15¢) ~ 0.14711 + 0.7047521.
Since the absolute value of the difference of the estimates that we obtained
with j = 1 and 5 = 2 is less than 0.001, we will use the approximation of

¢ (% + 15¢) that we obtained with j = 2. With these approximations we obtain
an approximation of Z(15)

1 ) )
Z(15) = g(§+157;)e19(15” ~ (0.147114-0.704752i)e "3 ~ 0.719942—3.99976-10 "4,

which can be interpreted as a positive real number. o)
Now we will do the same for Z(14).

9(14) ~ —1.78294

j=1: C(% + 144) ~ 0.0222604 — 0.103244 (104)

1
j=2: <(§ + 14i) =~ 0.0222413 — 0.103258:.

Again we can use the approximation that we obtained with 7 = 2, since it is
close enough to the one with j = 1. So we have

Z(14) = g(%+14z’)e‘9<14” ~ (0.02224—0.103258i)e 75294 ~ —(.105626—1.32961-10" "4,
(105)

which can be interpreted as a negative real number.

Since the sign of Z(14) is opposite to the sign of Z(15), there is at least one

zero between ¢ = 14 and ¢ = 15.

Now we will search a smaller interval for that zero. Therefore we have to com-

pute Z(14.5) ~ 0.297351 — 1.18712- 10~ 74, which has an opposite sign to Z(14).

We conclude that there has to be a zero between ¢t = 14 and t = 14.5. We repeat
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this process of dividing intervals until the intervals are smaller than 0.1.

Z(14.25) &~ 0.0922651 — 3.88103 - 10~ = I = (14, 14.25)
Z(14.125) &~ —0.00770742 + 3.32897 - 10~%i = I = (14.125,14.25) (106)
Z(14.18875) ~ 0.0430373 — 1.83389 - 10~%i = I = (14.125, 14.18875)

We could repeat this process until we have the accuracy that we want. For now
we have the estimation

(14.125 4 14.18875)

p~0.5+ 5

i = 0.5+ 14.156875i. (107)

The 10 first zeros that we find with this method with an accuracy of 0.00001 are

p1 A~ 0.5 + 14, 134725i
po & 0.5 + 21.022040i
ps ~ 0.5 + 25.010858i
pa = 0.5 + 30.424876i
ps ~ 0.5 + 32.935061i
pe ~ 0.5 + 37.586178i
pr ~ 0.5 + 40.918719;
ps ~ 0.5 + 43.327073i
po ~ 0.5 + 48.0051514
p1o ~ 0.5+ 49.773832i.

Actually we know the first 20 zeros now, since the conjugate of each zero is a
zero too.

3.4.4 The number of zeros in a given set

Considering a set Sy = {s € C,0 < Re(s) < 1,0 < Im(s) < t} such that there
are no zeros on its boundary, we will discuss the following question: If we have
found n zeros in S; using the same method as in the previous example, how do
we know if that are all the zeros in S;?

The answer is theoretically simple: Compare n with the number given by
the argument principle

¢'(s)
ds.
a1s\B(1,e} C(8) ’

(108)

m =

The interpretation of m is not that simple. We have to distinguish different
possibilities:

1.) If n = m, then we have found all the zeros in St, since {(s) has no poles in
the critical strip and therefore m is equal to the number of zeros in S;.
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2.) There are three possible reasons why n < m,

2.1) In one of the intervals there was a even number of zeros and therefore we
did not detect a change of sign. This can be avoided by taking other intervals.
2.2) One of the zeros that we detected has multiplicity greater than one.

2.3) The Riemann-hypothesis is false and there is a zero beyond the critical line.

3.4.5 A simple program in C to compute ((s)

Using the formula 90 we can make a program in C which computes ((s) over a
grid:

#include <stdio.h>
#include <math.h>
#include <complex.h>

long double B[5]=
{0.16666666666666666666666666666666666666 ,
—0.03333333333333333333333333333333333333,
0.02380952380952380952380952380952380952,
—0.03333333333333333333333333333333333333,
0.07575757575757575757575757575757575757};

void zeta(double a,double b){
int i, N=150;
long double complex q=0+0x%I;
long double complex c=a+bx*I;
long double complex S1=140%I, S2=0+0xI;
int F=2, m=1;
long double complex sf;
while (cabs (S1-S2)>0.0000000000001){
sf=140x1;
for (i=0; i<2sm—1;i++){
sf=sf*(ct+i);

}
S1=S2;
S2=S2+4B[m] * sf*cpow (N,—c—2xm+1) /F;
m=m-+1;
F=F«2xm« (2+m—1);
}

for (i=1; i<N+1 ; i++){
q=q+cpow (i,—c);

g=q+cpow (N,1—c)/(c—1)+cpow(N,—c)/2+S2;
printf("%g %g %g %g \n”,a, b, creal(q), cimag(q));
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}

void print(int nx, int ny)

{

double dx=0.01, dy=0.01;
int i,];
for (j=0;j<ny+1;j++){
for (i=0;i<nx+1;i++){
zeta (dxxi,1+dyxj);
}
printf(”\n”);

}
}

main ()

{

print (100,2000);
return 0;
1.
With the data that we obtain from that program we can generate interesting
plots in GnuPlot.

Im(s)

Re(s)

Figure 1: Re({(s))
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4 Universality of ((s)

4.1 The universality theorem

In this section we will discuss a very interesting theorem, that states that any
analytic function different from 0 can be approximated in a certain way by ((s).
This property is called universality.

Theorem (Universality of ((s)). Let 0 < r < 1. Suppose that f(s) is a
function which is analytic for |s| < r and continuous for |s| < r. If f(s) # 0

for|s| < r, then for any € > 0 there exists T(¢) such that

max |f(s) —((s+ 3 +iT(e))| < e. (109)

|s|<r 4
For a proof of this theorem see [4, p.241].

Example 1 If we take the constant function f(s) = €; # 0, for any ez > 0
we can find a T'(e2) such that

3.
‘mlzix|el 7C(S+Z+’LT(€2))| < €3, (110)
which implies
3
max [((s + - +iT(e2))| < €1 + €2 1= €. (111)
ls|<r 4

Since €1 and €5 can be chosen arbitrary small, € can be chosen arbitrary small
too. That means that for an arbitrary small number, for example € = Wlooo’
and an arbitrary r < 0.25, somewhere on the critical strip there exists a closed
ball of radius r such that |¢(s)| < 155505 on this closed ball.

Example 2 For any function f(s), analytic and zero-free on a closed ball of
radius R, ! gf) (which can be seen as a miniature-version of f) is analytic too,
and therefore there exists a closed ball of radius %7 such that ( is very close to
% on this ball. So for any analytic function f there exists an approximated

miniature-version of this function somewhere on the critical strip.

Example 3 Consider any continuous, zero-free function f : [—r,r] — C, where
0<r< i. Since f does not need to be analytic, we can also consider functions
like f(s) =1+ |s| or f(s) =scos(%)+ 1.

It is well known that there exists a sequence of polynomials p,,(s) that converges
uniformly to f(s) on [—r,r]. Therfore given a €; > 0 there is a p,(s) such that
max gy f(5) — pu(s)] < €1. Since p,(s) is a polynomial, it is analytic and
we can apply the universality theorem on it: For any e; > 0 there exists T'(e2)
such that mazse_y,pn(s) — ((s + 3 4+ iT(e2))| < 2. Consequently, for any
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€ := €1 + € there exists T'(¢) = T'(e2) such that

3 .
marsc(—rr] |f(3) - C(S + Z + ZT(GQ))l
3 .
< mawse[fr,r”f(s) - pn(s)| + marsci—rr |pn(8) - ((S + Z + Z1—'(62))| < €1 + €2.
(112)

Now we are going to discuss some theorems that can be derived from the
universality theorem.

Theorem. Let f, : R — CV be defined as

fo(t) = (log(¢(o + it)), (log(¢(o + it))), ..., (log(¢ (o +it))) V1), (113)

where log(s) is taken in such a way, that it is a real number, when s is a real
positive number. Then for o with % <o <1, f,(R) is dense in CV.

For a proof see [4,p.252].
Theorem. Let f, : R — CV be defined as

fo(t) = (C(o +it), (C(o + 1)), .., (G(o +it)) N 71). (114)
Then for o with 3 < o <1, f;(R) is dense in CV.
For a proof see [4, p.253].

Theorem. Let F : CN —— C be a continuous function. If

F(((5), (C(5)), - (C(s)N7D) = 0,Vs € C, (115)
then ' = 0.

Proof. If F was not identically 0, then there would exist a point s € CV such

that F(s) # 0. Since F' is continuous by hypothesis, there would also exist an

open neighborhood A of s, such that F' is different from 0 for each point of A.

However from the previous theorem we know that (¢(s), (¢(s))’, ..., (¢(s))(N=1)

is dense in CV and therefore there would exist s € C such that (((s), (¢(s))/, ...,
1)

(C(s))(N*1 ) € A and consequently F(((s),(((s)), ..., (((s )) (V= ) # 0. But
that is a contradiction! O

4.2 Self-similarity and the Riemann hypothesis

In order to link the universality theorem to the topics of the previous chapters
we may ask if this theorem could be used to find zeros of ((s) or to prove the
non-existence of zeros beyond the critical line. In this section we will see a
theorem that shows that indeed there is a surprising connection.
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Consider an open ball B = B(s',r) where r < 1 and 1 ¢ B. Then ((s) it-
self is an analytic function on B and (s — s’) is analytic on B(0,7). Due to the
universality theorem we know that for any € > 0 there exists T'(¢) such that

max |C(s — 5') — C(s + Z +iT(e)] < e. (116)

ls|<r

So any shape that ((s) takes is repeated somewhere else on the critical strip,
which makes it self-similar.

In the following theorem we will see, that for a given compact set K with
Re(K) > 1 there are not only some places where ((s) repeats the behavior that
it had at K, but there are actually quite a lot places where it does this.

First we need a

Definition. The Lebesgue measure of the set A is defined as

[e )

meas(A) = inf {z:(bz —a;): U[ai,bi] > A} . (117)
1

1

Theorem 4. Let U be a compact set such that Re(U) > 1 and € > 0. Then

1
lim inf T meas {t € 10,77 , max IC(u+it) — C(u)] < e} > 0. (118)

T—oo

For a proof see [8, p.57].

It turns out that the Riemann hypothesis is true if and only if the previous
theorem can be extended to certain sets U of the critical strip.

Theorem 4. The Riemann hypothesis is true if and only if for any compact
subset U with connected complement, such that % < Re(U) < 1 and for any
€ > 0 the following holds:

lim inf %meas {t €[0,T] , max IC(u+it) — C(u)| < e} > 0. (119)
ue

T—o0

For a proof see [8, p.54].

5 Appendix

Theorem A.1l. If {f,} is a sequence of holomorphic functions that converges

uniformely to a function fin every compact subset of U, then f is holomorphic
on U.

For a proof see [1, p.53].

Let  denote an open subset of C such that s € Q@ & 5 € Q. Let QT =
{s € Q: Re(s) >0} and I = QR. Then
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Theorem A.2 (Symmetry principle). If fT(s) and f~(s) are holomorphic
functions on Q% and Q™ respectively, that extend continuously to I and f*(s) =
f=(s),Vs € I, then the function

fr(s) if s€QF
fs)=9 fH(s)=f"(s) ifsel (120)
f(s) if s e Q.

is holomorphic on €.
For a proof see [7, p.58].

Theorem A.3 (Schwarz reflection principle). Suppose that f is a holo-
morphic function on QT that extends continuously to I and such that f is real-
valued on I. Then there exists a function F(s) holomorphic in all of Q such that
F(s) = f(s),Vs € Q". Furthermore the function F(s) is given by

F(s)= f(3),s€ Q. (121)
For a proof see [7, p.60].

Since analytic continuations are unique we conclude that if ' : Q@ — C is an
analytic function and it is real-valued on I, then

F(s) = F(3),¥s € Q. (122)

Theorem A.4. Suppose the series y | a,n~ 0 is convergent. Then the se-
ries Yoo, ayn”® is uniformly convergent in every closed region contained in
the region Re(s) > Re(sg). The function f(s) = Y.~ ann™* is analytic for
Re(s) > Re(sp).

For a proof see [4, p.354]
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