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Layout of the thesis

This thesis is basicly intended as an exposure of fundamental results concerning the so-called
non-trivial zeros of the Riemann zeta-function ((s): these zeros are strictly connected with
the central problem of analytic number theory, i.e. the Riemann hypothesis. The starting
point is the epoch-making work of Bernhard Riemann, dated 1859 [1]: it was the only paper

of the German mathematician about number theory and, taking cue from Euler’s relation

1 -1
)= —=1[01-»"1""
n>1 P
valid for Re(s) = o >1, showed a much more profound and deep relation between the com-

plex function ((s) and the prime numbers distribution.

The first chapter of this thesis exposes the main features of the zeta-function. In partic-
ular, in Section 1.1 we review the analytic continuation of ((s) as a meromorphic function in
the whole complex plane, whit a single simple pole at s = 1: this was the vital jump which,
thanks to Riemann, allowed to study ((s) in the half plane where the Euler product expan-
sion is not valid. Of course in this region, o <1, the zeta-function cannot be expressed as a
series and this makes life quite difficult; fortunately, Riemann’s work included a functional
equation for ((s) which, showing a symmetry relatively the critical line Re(s) = 0 = 1/2,

has become the starting point for investigating the behaviour of the function for ¢ <1. The



functional equation is

7T (%s) C(s) = 3= (1 S S) C(1—s) (1)

and is derived in Chapter 1. In addition, the other conjectures contained in Riemann’s

paper are exposed in this Section: all but one were proven by Hadamard and von Mangoldt.

Section 1.2 is dedicated to introducing the delicate question of the zeros of ((s): from
the functional equation are easily derivable the “trivial zeros”, which occur at all negative
even integers s = —2, —4, —6, ..., while the other (non-trivial) zeros are all located in the
“critical strip” {s€C|0 <Re(s) <1}: Riemann conjectured that ((s) has infinitely many
zeros in the critical strip, a conjecture proved by Hadamard.

Section 1.3 summarizes, with modern terminology, the original paper written by Rie-
mann, whose title can be translated as “On the Number of Prime Numbers less than a
Given Quantity”, indicating the main intention of Riemann, that is the achievement of an

explicit formula for the prime counting function 7(z), defined as

(x) =) 1 =#{pprime|p <z} .

p<w

This explicit formula involves the zeta-function and, in particular, its non-trivial zeros.
The end of the chapter, Section 1.4, is about the famous Riemann hypothesis (RH), stat-
ing that all the non-trivial zeros lies on the critical line Re(s) = 1/2. This conjecture is the
only one of the five contained in the Riemann’s paper which remains unproved, nevertheless
it is taken as hypothesis for thousands of theorems (supporting the term “hypothesis” in
place of “conjecture”). Last but not least, RH is strictly connected with primes distribution:
some consequence of RH involving primes will be pointed out, the most important being the
link with the prime number theorem and the magnitude of the error for the Gauss’ estimate
for the prime counting function 7(x), an error that would become the smallest possible

(meaning a somewhat “random” behaviour of prime numbers), in formulas

m(x) = Li(z) + O(vxlogz) ,



where Li(x) is the logarithmic integral

Todt
Li(z) = — .
5 logt
At the end of the chapter, different reasons to believe that RH is true will be discussed
(most of the mathematicians think so) [6], together with some reasons for doubting of RH

[11], for the sake of completeness.

After this introductory chapter, the thesis is divided in two main parts. The first part
is outlined in Chapter 2 and is pertaining the “computational” aspect of locating the non-
trivial zeros of ((s). There’s no doubt that a strong reason for believing in RH is an
impressive numerical evidence: in 2004 Gourdon [26] claimed he was able to compute the
first 10'2 non-trivial zeros and all of them lie on the critical line or, in other words, RH turns
out to be true for the first 10'3 zeros. Calculations which are made the present day of course
involve a massive use of computers, but the underlying theoretical principles date back to the
beginning of XIX century: the pioneer of the field was Gram [15], who managed to calculate
the first 15 zeros on the critical line. This was done using the Euler-Maclaurin summation
method, which is described in Section 2.1, together with its application to estimate I'(s)
and ((s): the numerical estimations performed in this way are vital for Gram’s strategy,
as explained in the next section of the chapter. In Section 2.2 indeed we start with the

function

1

£(6) = 3ot = D (5 (9 @)

that is entire and zero only corresponding to the non-trivial zeros of ((s); moreover, starting
from the proof of the functional equation (1) in Chapter 1, it’s simple to show that £(s) is
real valued on the critical line, so wherever £(1/2 4 it) changes sign we must observe a zero.

It’s standard notation to write

¢ (% + u) = Z(t) eV = Z(t)cos I(t) + Z(t)sinI(t) ,



where the so-called Riemann-Siegel theta function is

1 1. t
Y¥(t) = Imlog T (4_1 + 521&) - §log7r :

Now Gram performed a smart reasoning, discussed in detail in Section 2.2, concerning the
behaviour of the real and imaginary part of ((1/2+it), in order to prove the existence of 10
zeros on the line segment from 1/2 to 1/2+it; subsequently it is shown how the Gram points,
defined as the sequence of real numbers g, satisfying J(g,,) = nm, g, > 10 (n =0,1,2,...),
plays an important role in locating the zeros of £(s). Gram’s technique becomes quite vain
when trying to evaluate a larger number of roots. A first improvement is due to Backlund
[?], who compared the changes of sign of Z(t) in a certain range 0 < t < 7" with the number
of zeros on the corresponding limited portion of critical strip, namely N(7T'): Backlund
proved that all the £(s) = 0 roots in the range 0 < Im(s) < 200 are on the critical line and
are simple zeros. The end of the Section is dedicated to some remarks about the so-called
“Gram’s law”, which indicates the typical behavior of the zeros of Z(t) in connection with
the zeros of ¥(t).

In spite of the relevance of Gram and Backlund’s works, the most important contribution
to the computation of the £(s) = 0 roots belongs to Siegel, exposed in Section 2.3. Siegel
was the first mathematician who fully understood Riemann’s Nachlass (i.e. his posthumous
notes) in which he found what drove Riemann to state his famous conjecture: Siegel pub-
lished a paper in 1932 [20] explaining the results concerning a formula that he found in
Riemann’s private notes. Section 2.3 is dedicated to describe this results, one on an asymp-
totic formula for Z(t) and another about a new way of representing ((s) in terms of definite
integrals, which were fundamental to develop a new powerful method for computing the
zeros of £(s). Besides, Siegel’s discovery pushed back the widely diffused opinion of that
period that Riemann’s conjecture about the zeros on the critical line was the result of mere

intuitions not supported by any solid mathematical justification, giving credit to the great



understanding and calculation ability that Riemann possessed respect to the zeta-function.
Riemann-Siegel asymptotic formula is a very efficient tool used to compute ((1/2 + it) for
large t values, which is the range where Euler-Maclaurin summation formula is completely
unworkable: especially with the advent of computers, this formula has played a leading role
in checking RH for even larger values of Im(s), integrated with specific algorithms like the

Odlyzko-Schonhage algorithm [25]. The formula is
N
Z(t) =2 n~"cos [9(t) — tlogn] + R(t) ,
n=1

where N = [y/t/27] and the remainder term R(t) has the following asymptotic expansion
o [t —1/4 £\ 2
R~ (-1 () [2 a(5:) ] ,
and the coefficient C} are computable recursively starting from the first one Cj.
The last section of the chapter, Section 2.4, is devoted to some considerations concern-
ing the Riemann-Siegel formula, which was in possess of Riemann himself, and the possible

birth of his famous and still unsolved conjecture.

The second part of the thesis, embodied by Chapter 3, pertains the estimations of the
portion of £(s) zeros which lies on the critical line.

Section 3.1 deals with Hardy’s Theorem [27]: in 1914 Hardy proved that there are
infinitely many roots of £(s) = 0 on the critical line or, equivalently, there exist infinitely
many real numbers vy such that ((1/2+ivy) = 0. The main strategy in proving this theorem
is to use the inverse of the Mellin transform relationship that Riemann used to establish
the functional equation and perform complex integrations on suitable paths, together with
the estimate flT C(1/2+it)dt = T+ O(T"?). The section continues with the explanation of
the two other important contributions concerning the fraction of roots lying on the critical

line. The first result belongs to Hardy and Littlewood [28] and was an improvement of the



previous theorem because it states that the number of zeros on the line segment 1/2 to
1/2 44T (indicated by No(T)) is at least C'T, for some positive constant C' and sufficiently
large T', that i

No(T) > CT , ¥T >Ty,3T, >0,3C > 0.

This was further improved by Selberg [29] who proved
No(T) > CTlogT , ¥YT > Ty, 3Ty >0,3C > 0.

This brings to mind one of the Riemann’s conjectures contained in his memoir, subsequently

proved by von-Mangoldt:

T T T
N(T) = %log% —5- O(logT) ,

where N(T') stands for the numbers of zeros of ((s) in the region {s€C|0 < Re(s) < 1,0 <
t < T}'. Comparing these two expressions, we understand that, roughly speaking, Selberg
was the first to prove that a positive fraction of non-trivial zeros of ((s) lies on the critical
line.

Section 3.2 explains the ideas behind the Levinson’s work [30], i.e.
No(T+U)— No(T)>C(N(T+U)— N(T)),

with U = TL™1° [ = log (T'/2m) and the value of C, unlike Selberg, has been determined
by Levinson with C' = 1/3. In other words, Levinson was able to prove that more than one
third of the zeros of £(s) lie on the critical line, a very impressive result that, up to now,

represents one of the most important theoretical results in favor of the RH.

1Using this notation, RH simply becomes No(T) = N(T'), VT > 0.



Notations

The following are the standard notations used in analytic number theory. In the whole
thesis we will use s to indicate the general complex variable, avoiding to write s € C every
time. Moreover, we will use 0 =Re(s) and t=1Im(s), that is s=0 + it.

The greek letter p will indicate a non-trivial zero of {(s):
pe{seCl((s) = 0,Re(s)€(0,1)} ,
and, in order to distinguish between the non-trivial zero p and the generic s, we will indicate
the real and imaginary part as §=Re(p) and y=1Im(p) respectively, or p=/p + 7.
Every series with infinite terms starting from the natural ng, usually written as

> aln),

n=ng

will be here indicated in the more compact way

Z a(n) .

n>ng

The logarithmic integral li(x) here, unlike some authors, indicates the Cauchy principal

e dt vodt
li(z) = lim / — +/ —
—0|J, logt 14 logt

while the notation Li(z) indicates the well-behaved (in the sense that no Cauchy principal

value of the integral

value is needed) integral

Li(z) = : 1% = li(z) — li(2) .



The term “region” here means a nonempty connected open set.
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Introduction

In 1859 Bernhard Riemann wrote a short paper titled “Uber die Anzahl der Primzahlen unter
einer gegebenen Grosse”, which can be translated as “On the Number of Prime Numbers
less than a Given Quantity”. As the title suggests, it deals with prime numbers and, in
particular, with the prime counting function

m(x) =) 1=#{pprime|p < z}.

p<z

It was the only paper written by Riemann on number theory but it is considered, together
with the Dirichlet’s theorem on the primes in arithmetic progression, the starting point of
modern analytic number theory. Riemann’s aim was to provide an explicit formula for 7(x);
before him, Gauss already tried to find such a formula but he was only able to prove that

the function 7(x) is well approximated by the logarithmic integral

Todt

Li(x) = — .
5 logt

Gauss’s estimate was motivated by the observation made by Euler about the divergence of

the series

1 1 1 1 1
S=Y =444
%p Sttt ot

In Euler’s terminology, S = log (logco), which was a consequence of the Euler’s product

formula for the harmonic series,




so that

1 1 1 1
1 - = — log(1—p 1) = -+ — 4+ —+...
EDIEE WIS ) CEF TS 10

n>1 D
and the right hand side is the sum of S plus convergent series. Now the harmonic series

diverges like logn for n — oo, so that S must diverge like the log of it, from which S =
log (log 00). Probably, what pushed Gauss to use the logarithmic integral to estimate 7(x)
is an adaptation of Euler’s ideas about the divergence of the series S to the case p < =,

conjecturing that

1
Z — ~ log (log z)

p<z

log z dt T dy
log (log x :/ —:/ ,
(log z) 1 t e Yylogy

which can be interpreted saying that “the integral of 1/y with the measure dy/logy suggests

even for finite x, so that

that the density of primes less than y is about 1/logy”. This is what could have driven
Gauss towards the estimate
m(x) ~ Li(x) . (3)
Riemann was intentioned to find an explicit formula for the prime counting function,
not only an estimate like Gauss did. In order to do that, he certainly based his work on
the excellent approximation (3) but, at the same time, he made use of a generalization of
the Euler’s product formula, introducing the most important function in analytic number
theory, the Riemann zeta-function 2 ((s), defined as

)=

n>1

for s = 0 + it € C. The zeta-function converges absolutely for Re(s) > 1, in which case we

can generalize the Euler’s product formula to

C<8)—H1_1p_s» o1

2Here we are ignoring the Dirichlet L-series which are a generalization of the Riemann zeta-function.



The function ((s) plays a fundamental role inside Riemann’s paper: “some” of its zeros
appear in the explicit formula that connects 7(x) to Li(x), they are the basic ingredient
of the error term in Gauss’s approximation (3). The zeros we are talking about are the
so-called non-trivial zeros of ((s), in contrast with the trivial zeros of ((s) which happens
for s = —2,—4,—6,...: the non-trivial zeros, usually indicated with p = 4+ i7, are infinite
in number and they have Re(p) = 5 € (0, 1), the region 0 < Re(s) < 1 is called critical strip
and the most important open problem in number theory, the Riemann Hypothesis (RH),
states that each non-trivial zero has § = %, that is they are all located along the critical
line, Re(s) = % RH was first conjectured by Riemann in his paper, where he wrote that “it

is probable” that all non-trivial zeros have real part equal to %

This thesis is intended as an exposition of the ideas contained in Riemann’s paper and as
a description of some of the most important developments in the study of the zeta-function
until today.

In particular, the first chapter contains the Riemann’s analytic continuation of {(s) to
a meromorphic function with a single simple pole at s = 1 with residue 1, the conjectures
by Riemann proved (with the exception of RH) some years later by von Mangoldt and
Hadamard, the description of the ideas behind the explicit formula for 7(z) obtained by
Riemann and a list of consequences of RH, like the error term in the prime number theorem.

The second chapter investigates the computational aspects behind the RH: as a matter
of facts, the most impressive evidence in favor of RH arises from the computation of the
non-trivial zeros which lie on the critical line without any exception up to now (the actual
number of non-trivial zeros verifying RH is more than 10'3). The efforts to locate the zeros
of ((s) inside the critical strip date back to Riemann himself (as Siegel found out, studying
Riemann’s private papers, almost a century after the publication of 1859’s article in which

no sign of computation were present). Until Siegel made light on the very deep knowledge



that Riemann possessed of ((s) and of the its behavior (zeros localization included), the first
known computation concerning the non-trivial zeros of ((s) is the one of Gram, who used
the Fuler-Maclaurin summation method to verify that the first fifteen non-trivial zeros have
real part %, as explained in the first part of the second chapter. The second part of Chapter
2 deals with the Riemann-Siegel formula, named after the studies of Riemann’s unpublished
notes made by Siegel, which revealed a powerful method for finding non-trivial zeros already
known to Riemann but inexplicably not included by him in his paper. Riemann-Siegel
formula allows to perform calculations for large values of Im(s) inside the critical strip and
it is the theoretical basis of every modern computer algorithm for computing the non-trivial
zeros of ((s) and, at the same time, this formula is used in different proofs of theorems
concerning the zeta-function. The second chapter ends with a section containing some
considerations about the possible role that the Riemann-Siegel formula may have had in the
birth of the RH.

The third and last chapter of this thesis describes some of the most important theorems
about the displacement of non-trivial zeros inside the critical strip: even if each of these
theorems is far from proving the RH, still they are fundamental in shedding light on im-
portant questions about the zeta-function. The first theorem exposed is due to Hardy and
states that there are infinite non-trivial zeros lying on the critical line. The second is a much
stronger theorem, by Levinson, that collocates more than one third of non-trivial zeros on

the critical line.



Chapter 1

The Riemann’s paper: a first

introduction to the zeta-function ((s)

If I were to awaken after having slept for a thousand years,
my first question would be:
Has the Riemann hypothesis been proven?

D. Hilbert

1.1 Definition as formal series and analytic continua-
tion
The Riemann zeta-function is defined as

((s) = Zi, (1.1)

where s=0+it € C. For o>1 the series converges absolutely, defining a holomorphic function

and we can use the Euler product (which is a direct consequence of the fundamental theorem

1



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ((S)

of arithmetic) in order to exploit a first connection between ((s) and prime numbers p:

) =1] ! . o>1, (1.2)

p L=p
and since every factor in (1.2) is different from zero, we may conclude that ((s) # 0 in the
half plane o > 1.
It’s straightforward to show that ((s) can be extended to a meromorphic function with
a single simple pole at s=1 in the extended region o> 0: starting from the expression (1.1),
which makes sense if 0>1, we can write

N M R

n>1 n>1 n>1 n

But if € (n,n + 1) then n = [z], the integer part of x (i.e. the largest integer less or equal

to x) and
R S N Y Bt SR B €
C(s)-s/l x3+1dx_s[/l xsdx /1 xsﬂdx}.
So
C(s)zsj_l—s 1 i:?ldx, (1.3)

where {x} = x—[z] is the fractional part of x: (1.3) shows that ((s) is meromorphic for o >0
(the integral converges absolutely for o > 0) with a pole in s =1 with residue Res,—;((s) = 1.

In his famous eight paged work [1] Riemann showed that it is possible to analytically
continue ((s) over the whole complex plane (excluding the simple pole in s=1 with residue
1). To see this, we take a look at the elegant method! used by Riemann to prove the

fundamental functional equation for {(s):

Theorem 1.1.1. The function ((s) satisfies the equation

1 1 1—s

72T (§s> ((s) =7 20-9T ( . ) C(1—s). (1.4)

!There are different methods for proving this functional equation for ((s), Riemann itself has proved it

in two distinct ways. The proof exposed here shall return useful in the future sections.

2



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ¢(S)

Proof: By definition, if o > 0

1 o 1
r (—s) :/ ettt
2 0

substituting ¢+ = n?7x and summing over n€N for o > 1 we get

i (1) = 5 [t

n>1

We note that going back to t = n?ms, the integral becomes
o0 l8—1
/ ot tN? dt _ I'(s/2)
0 n2m n?r  (n2m)s/2’

—n T %s—l T = F(S/2)
Z/O d Z (n2ﬂ-)s/2

n>1 n>1

and the sum

converges for ¢ > 1. This legitimates the inversion, for o > 1:

Z/ —n’nz %s—ldx :/ 33’25 1 Ze—n T o _/ x%5—1¢(x)dx

n>1 n>1
where ¥(z) =3 -, e~™*7_The integral can be split as
o 1 o)
/ P L(2)da + / w5 l(z)da = / (a4 () + 25 (1))
1 0 1

Introducing

I(w) =Y e =14 2)(x)

nez

one can prove (see Corollary A.1.2 in Appendix A) that the function J(x) satisfies

i) = 5= 0(1/).

which gives

v(1/a) =~ + L ()

yielding to



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ((S)

The second integral can be computed explicitly giving 1/[s(s — 1)] (corresponding to the

poles of ((s) in s = 1 and of I'(s/2) for s = 0). Eventually we managed to have the relation

72T (%s) ((s) = S(Sl_ 0 + /100 (:v%s + x%(1_5)> @D(x)d?x : (1.5)

Now the integral in (1.5) converges for all s because ¢(x) = O(e~™), which is a consequence
of the observation that i(z) = >_ -, e~ e~ for large x: in fact, since n? > n for
n > 1, we get

W) <Y () = = e o).

o ]_ — e T erT — ]_ erT
n>1

Hence the integral represents an entire function, and the whole second member exhibits the
symmetry s «— 1 — s, proving the functional equation (1.4). O

Riemann, in his paper, also proved the functional equation for ((s) using an alternative
method, based on Cauchy’s theorem for complex integrals on closed curves. To be precise,

Riemann’s second proof (see Appendix A.2) gives the following functional equation:

(&) =x(6)6(1 =), x(s) =2 sin ()T =s)(L=5), (1)

The equivalence between equations (1.4) and (1.6) is evident once we utilize the following
two properties of the I' function:

™

L(s)['(1—s) = : VaT(2s) = 22710 (s)[(s + 1/2) .

sin 7s

1.2 Trivial and non-trivial zeros: the function £(s)

Defining the function
1 1 1
£(s) = 53(3 — 1)r2°T (§s> ((s), (1.7)
Theorem 1.1.1 states that £(s) is an entire function and we may rewrite equation (1.4) in a

more compact way:
§(s) =€ —s). (1.8)

4



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ¢(S)

Equation (1.8) shows a symmetry for (s) respect to the critical line o = Re(s) = 1/2
and it is very useful to deduce properties related with ((s) in the region o < 0 starting from
the properties for o > 1, where the Euler product holds.

The function £(s) is useful because it is entire: in fact, the terms s(s— 1) cancel the pole
of ((s) in s=1 and the pole of I'(s/2) in s=0 (or, in a simpler way, one can just observe
that multiplying the right hand side of (1.5) for s(s — 1), the resulting function has no poles
left).

Starting from this observation, we split the zeros of ((s) in two classes: the trivial zeros
and the non-trivial zeros. Trivial zeros occur for the values s = —2n,n € N; it is easy to
derive their presence noticing that the left hand side of the functional equation (1.4) involves
the simple poles of I'(s/2). That is, for s/2 = —1,—2,—3, ..., these poles must cancel out
with the zeros of ((s). Every other zero of ((s) lies in the critical strip? 0 < ¢ < 1, because
from the Euler product (1.2), valid for o> 1, we have already emphasized that in this region
C(s) # 0: the zeros of ((s) lying on the critical strip are called non-trivial and their exact
location is the major problem in analytic number theory.

Looking in particular at (1.7), we note that £(s) is zero only in correspondence of the
non-trivial zeros of ((s). The fact that £(s) = 0 only within the critical strip can be seen in
another way: in the half plane o > 1, the factors in {(s) other than ((s) have no zeros, so
£(s) # 0 in this region. But (1.8) implies that the same happens for o <0, so every possible
zero of £(s) lies in the critical strip.

From now on, we will indicate the generic non-trivial zero with p =  + ¢y. From the

definition (1.1) follows forthwith that ((s) = ((5) and combining this fact with equation

2Some authors use the term “critical strip” to refer to the region 0 < o < 1, but concerning the zeros of
&(s) the substance is the same since it can be proved (as for the first proof of the Prime Number Theorem)

that £(s) # 0 on the line o = 1 and therefore the same holds on the line o = 0 because of (1.8).

5



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ((S)

(1.8) it is plain that if p is a non-trivial zero for ((s), than also p, 1 — p and 1 — p are.
The connection between £(s) and the non-trivial zeros can be put in a much more
significant form. Riemann’s belief was that every analytic (meromorphic) function can be
defined by its singularities and boundary values. This idea drove Riemann in trying to make
explicit the dependance of £(s) from the non-trivial zeros p of ((s) in the following way:

suppose

o =0T (1-2) (19)

p
The rough reasoning behind this formula could be the following: log&(s) has singularities

whenever a zero of £ occurs, so it has the same singularities as

zp:log (1 - %) . (1.10)

Now, if the sum (1.10) converges and if no problems arise concerning boundary conditions
(i.e. if the sum is well behaved at oo as log&(s)), then (1.10) and log &(s) should differ by a
constant; setting s = 0 we get log £(0) for the value of that constant, hence exponentiating we
arrive at (1.9). One could argue problems for the determination of the logarithmic branches
of the terms in (1.10): but for a fixes values of s, this problem eventually disappears for
sufficiently large p values, then in (1.10) we have only a finite number of terms involving a
possible undefined multiple of 27i and, once exponentiated, they disappear in (1.9).

The main problem in connecting the sum (1.10) with the formula (1.9) is the convergence.
We know, in fact, that this kind of reasoning works only in the case of finite product.
In the case of infinite product we must, in general, introduce factors in order to provide

convergence® (see [2], §5). Riemann, aware of that, conjectured the following:

3To be precise, concerning the case under consideration, these factors are not necessary, but this fact

becomes clear only after noticing that sum (1.10) converges absolutely because converges absolutely the

series Zlmp>0 ﬁ ~ foc 2Tr1TQ log %dT < 00, using the asymptotic zero-density d (% log % — %), see

Theorem 1.2.4. For more details, see [4], §1.
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Theorem 1.2.1. The function £(s) has the product representation

E(s) = e (1 - f) el (1.11)

; P
where A and B are constants and the sum runs over all the non-trivial zeros of ((s).
Theorem 1.2.1 is a first example of the profound relationship between primes, appearing
in the Euler product of ((s), and the non-trivial zeros p*. This theorem has been proven
by Hadamard in 1893 and the proof makes use of the theory on integral functions of finite
order, developed by Hadamard himself. An integral function F' is of finite order if there

exists a positive real number a such that, as |z| — oo,
F(z) = O(el") .

We set ord F' = inf{a|F(z) = O(e*")}, the order of the function F. In our case, the

integral function £(s) is of order 1: in fact, if |s| is large, we have (see [3], §12)
E(s) ~ eCllloEll (1.12)

for some constant C' (being I'(s/2) the main term contributing in (1.12) and using the
Stirling’s approximation log (I'(2)) = (2 — 1/2)log z — z + O(1)), so for every ¢ > 0

s|1+e

£(s) < el

and the order of £(s) is exactly 1. Theorem 1.2.1 is just a specific case of a more general

and deep theorem by Hadamard:

Theorem 1.2.2. Every entire function f(z) of order 1 with zeros {z1, 22, 23,...} (counted

with multiplicity) has the product representation

f(z) =M (1 - i) elon (1.13)

z
n>1 n

for some constants A and B. Moreover, if 1, = |z,|, then

4This relationship will become more evident once the explicit formulas for the prime counting function

m(x) and the von Mangoldt ¢ (x) will appear.
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1.3 sy < 00 for every e > 0,
2. if Yoy Tn ! < 00 then | f(2)] < exp(C|z|) for |z| = oo.

Theorem 1.2.2 has another fundamental implication for the zeros of ((s). Riemann
conjectured that ((s) has infinitely many zeros in the critical strip. Hadamard was able
to prove it using Theorem 1.2.2. If £(s) has a finite number of zeros, than the sum Zp%
converges; but, in this case, we should have [£(s)| < exp(C|s|), in contradiction with what
we stated in equation (1.12) (again, this happens because we cannot state that |I'(s)| <
exp(Cs|), everyone can easily convince himself using the Stirling asymptotic approximation
for T'). So, using the observation made before on the symmetrical arrangement of the non-

trivial zeros of ((s), we can finally claim:

Theorem 1.2.3. The function ((s) has infinite many zeros in the critical strip, symmetri-

cally disposed with respect to the real azis and to the critical line o = 1/2.

The two constants, A and B, in Theorem 1.2.1 can be calculated. Setting s = 0 we see

that e = £(0) = £(1), because of the relation £(s) = £(1 — s). Recalling the definition

£(s) = %s(s - 1)7T_%SF <%s> C(s) (1.14)

and using limg_,1(s — 1)((s) = 1, we arrive at

4 1 _1
= 5=T0/2) = 5

The calculation of B is not so easy. In order to do that, we perform the logarithmic derivative

of (1.14):
g6)_ 11 1TGs+1) d(s)
) 51 2%TTRTay ) T (s

At the same time, doing the logarithmic derivative of {(s) in (1.11) brings

£(s) 11
0 _B+zp:< +p> : (1.16)

s—p

(1.15)

8
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The complete calculation of B can be found in [3], §12, and the final result is

1 1
B:—§7—1+§10g47{',

where 7 is the Euler-Mascheroni constant

. 1 1 1
y=Ilm (1+-+-+--+——logn| .

We have pointed out equations (1.15) and (1.16) for a more important reason: combining

the two forms of the logarithmic derivative of £(s) we have

/ (L
2(5)23_51 +110g7r—1w+2( 1 —|-1> (1.17)
2

This equation for the logarithmic derivative of ((s) is a key tool for the non-elementary
proof of the Prime Number Theorem (see the next two Sections) and for the calculation of
zero-free regions for ((s). But the importance of equation (1.17) goes beyond this: indeed it
is the starting point that von Mangoldt used to prove other two conjectures (now theorems)

contained in Riemann’s paper:

Theorem 1.2.4. The number of zeros p = B+ivy of ((s) in the critical strip with0 <~ < T

18 asymptotically equal to

T T T
N(T) = —log — — — log T) . 1.1
(1) 5 log o 27T+0(0g ) (1.18)

We recall that for every natural number n, the von Mangoldt function is defined as

A(n) =logp if n is a power of a prime p, A(n) = 0 otherwise.

Theorem 1.2.5. Define () = 3, A(n) and vo(x) = () — 5A(x) (so, Yo(x) and P(x)

differ only when x =n € N). Then the following explicit formula holds:

R A () B S
ole) = TR EaeE (119
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where, in order to provide absolute convergence of the sum over the zeros p = [+ iy on the

critical strip, we intend

xP xP
E — = lim —.
p T—+o00 p

P yI<T
Theorem 1.2.5 can be shown to be equivalent to the Prime Number Theorem.
Up to now, every conjecture contained in Riemann’s paper has been proven to be true,

except the one that we are going to discuss from Section 1.4.

1.3 On the Number of Prime Numbers less than a
Given Quantity

The title of the current Section is the English translation of the Riemann’s paper one, “Uber
die Anzahl der Primzahlen unter einer Gegebenen Grosse”. As the title suggests, the main
purpose of the paper was to find an explicit formula for the prime counting function
w(x) =) 1 =#{pprime|p <z} .
p<w

In order to do that, he used the function ((s), the complex extension of the real function

1
((x) = —, x>1,
n>1
already used by Euler for his brilliant proof of the infiniteness of prime numbers, alternative

to the Euclid’s one.

Taking the logarithm of (1.1) and using the Taylor series of log (1 — ), we write

log((s) = ZZ n;ns ., Re(s)>1. (1.20)

p n>1
Introducing the function J(z) for x > 0 which is 0 for = 0, jumps of 1 at every prime

number p, then jumps of 1/2 at every prime square p?, then a jumps of 1/3 at every prime

10
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5

cube p* and so on®, we rewrite (1.20) using Stieltjes integrals as

log ((s) = /OOO x*dJ(z) = s/ooo 25 J(z)dr,  Re(s) >1 (1.21)

where the last equivalence follows once integrating by parts (at © = 0 the term x=°J(z) is
null because J(z) =0 for 0 < z < 2 and lim,_,o, z7*J(z) = 0 for Re(s) > 1).
Now the basic steps to achieve the Riemann’s formula for 7(z) are the following (for

accurate details, see [4], §1):

1. Use the Fourier inversion formula to reverse (1.21) into

1 a+ioco a+iT dS
I) = 5 /a_m log ()" = Jim / og¢(s) "™, a>1; (122)
2. Integrate by parts to obtain
J(z) ! /GHOO d Tlogc(s)] > 1 (1.23)
r)=——"" — x°ds a .
2milogx J, o ds s ’ ’
which is valid because
lim log ((a i iT) 295 T _
T=oo  (a+4T)
since
—n(axiT)

llog C(a +4T)|

a5 L s

is a constant.

3. Looking back at the two forms of £(s)

£(s) = %s(s — D 2T (%3) C(s) =P I (1 - i) e*/on

n>1

°For the sake of clarity, we calculate J(x) for 0 < z < 5, keeping in mind that, as usual, in Stieltjes
integration theory we assign to the discontinuous function J(z) at each point of discontinuity zo the left-
right average value J(z¢) = % (J(z0)” +J(20)"). So J(z) =0for 0 <z <2, J(z) =1/2at z =2, J(z) =
for2<az<3, Jx)=1+1/2=3/2at2 =3, J(x)=2for3 <z <4, Jx)=2+1/4=9/4 at x = 4,

Jx)=2+1/2=7/2for4 <z <5and J(z) =3 at x =5.

11
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using the property z1l'(z) =1(z + and taking the log of both sides we obtain
ing the property zI'(z) = I'(z + 1) and taking the log of both sid btai

log ((s) = glogﬁ—log (s—1)—logT (g + 1) +A+Bs+Y [% +log <1 - ;)] (1.24)
p

and we insert this expression in (1.23) to express J(z) as a sum of different terms.

The main term of J(x) comes from the term log (s — 1) in (1.24) and, for x > 1, gives

rise to the logarithmic integral

1= dt vodt
li(a:):lim/ _+/ A
—0 | J, logt 14e logt

dt
logt"®

as the Cauchy principal value of the divergent integral fooo Computing the other terms

we obtain the complete formula for J(x):

J(z) =li(x) — Zli(x”) —log2 + /OO t(tQ_dﬁ , (1.25)

where the last term is an indefinite integral which converges for > 1 (which is of course
our case, being 2 the smallest prime number).

The second term involves the non-trivial zeros of ((s): this is an outstanding fact which
relates primes and the zeta-function in a much profound way than the Euler expansion of
((s). We will see that the distribution of non-trivial zeros on the critical line influences,
somehow, the distribution of prime numbers among the natural numbers. Anyway, this
series is only conditionally convergent and, in order to sum up correctly the terms, it should

be intended as

Jim Y [lia?) + ()]

0<y<T

and (1.25) remains valid, as proved by von Mangoldt. We will return on these terms involving
the non-trivial zeros later.
Turning back to the Riemann’s original aim, looking at the definition of J(z) quite

handily emerges a relation with 7(x) given by the formula

J(x) = m(z) + %W(xm) + %mlﬂ”) bt %71'(91:1/") b (1.26)

12
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1/n < 2 for a certain n (that is when

the sum being finite because, for any given x, once x
n > logox) we have m(x'/™) = 0 for every m > n. Relation (1.26) can be inverted using
Mobius inversion formula:

7o) = J(@) — gr?) — 2@ P )

the sum being finite as before. Formula (1.25) and the relation (1.27) gives the desired
explicit formula for m(x). If we temporarily assume J(x) ~ li(z), then we have a first

improvement on the Gauss conjecture m(z) ~ li(x), i.e.

w(z) ~li(z) + Y “i”)li(xl/n) , (1.28)

where N is such that z'/(V+1 < 2. Looking at (1.25), the error in (1.28) contains different
factors: the major contribution to it® is of the form

m(z) =Y @h(ﬂn) =0 (Z > li(x”/")> . (1.29)

n=1 p

We have already emphasized that series of that kind are only conditionally convergent: it is
therefore quite surprising that, as Lehmer found out [5], the error (1.29) is relatively small.

Integrating repeatedly by parts, indeed, one obtain a series expansion for li(x)

x x 2z x k!
li(z) = R :
i() log = + log 2z + log 3z + log x ; logkz
SO
xP z”
li(z)?| = -
R ( log z# > ° (Ipllogaf) ’

hence many terms grows at least as fast as x'/2/logz ~ 2li(2'/?) > li(#'/?) and are thus
comparable with the term —1li(z'/?) and more significant than any other term in (1.28).A
more profound understanding of this unexpected good behaviour of the correction terms
to m(z) could be a carried by a deeper understanding of the distribution of the non-trivial

zeros of ((s).

5Despite of the remarkable explicit formula he had found, Riemann was not able to estimate the size of

the contribution of the terms in (1.25) to the calculation of 7(z).

13
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1.4 The Riemann Hypothesis and its consequences

The failure of the Riemann hypothesis would create

havoc in the distribution of prime numbers.

E. Bombieri

Riemann’s paper, despite of its shortness, has been a major breakthrough in Number
Theory: Riemann Hypothesis (RH) is the only conjecture contained in it which remains
undecided so far. Technically speaking, RH is a conjecture like many other; still, it fully
deserves the designation “hypothesis” because many theorems take it as a starting point, i.e.
they are of the form: “suppose that the Riemann Hypothesis is true, then...”. This fact is
indicative of how much RH is trusted to be true by a large part of the modern mathematics
community. Then, proving RH would automatically prove thousands of theorems.

RH, together with its extension to the case of Dirichlet L-functions (the so-called Ex-
tended Riemann Hypothesis, ERH), is considered by many mathematicians as the most
important open problem in mathematics: it has been chosen by Hilbert as one of his fa-
mous 23 problems suggested during the International Congress of Mathematicians (8 August
1900, Paris) and is also one of the Clay Mathematics Institute Millennium Prize Problems
[6]. RH concerns the arrangement of the £(s) roots on the critical strip and has different
important implications in pure mathematics’, so it deserves this relevance because it is not
just a peculiarity of a holomorphic function, it is much more.

The Riemann conjecture can be stated as follows:

The Riemann conjecture: If &(s) = 0 for s = 3 + i, then Re(a) = 0.

(Equivalently, if ((p) = 0 with § = Re(p) €(0,1), then Re(p) =1/2.)

"In the case of cryptography, it is not important if RH is true or not, but it could matter if the math-
ematics surrounding the eventual solution reveals quicker ways to factorize numbers. In particular, it will

only matter if it reveals much quicker ways to factorize numbers.

14
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Riemann himself, after computing some of the first non-trivial zeros of ((s) (see in next
Chapter the Riemann-Siegel formula), was conscious that the arrangement of the such zeros
on the critical line could be a peculiarity which holds for every of them. Quoting Riemann:
“It is very probable that all roots are real. Certainly one would wish for a stricter proof
here; I have meanwhile temporarily put aside the search for this after some fleeting futile

attempts, as it appears unnecessary for the next objective of my investigation.”

In the next Chapter we will see some explicit methods for locating the zeros of £(s),
but of course this cannot be the method to prove RH even with the help of computers®
(although it could be a method for disproving RH, by just finding a root for £(s) which
does not lie on the critical line). In order to prove RH, the results exposed in Chapter 3 are
much more significant, because the try to estimate a positive fraction of non-trivial zeros of
((s) satisfying RH, in the hope that this fraction one day will become 100%, even if this of

course does not imply RH because we are dealing with infinite amount of zeros.

In this Section we want to mention that, besides the analytical aspects of the zeros of the
function £(s), the RH has several consequences in number theory and various statements
equivalent to RH can be formulated, some of them involving only aspect of “elementary
number theory” such as primes, the prime counting function 7(z), the von Mangoldt function
Y (z) or the Mdbius function p(n). Some “elementary” consequences of RH are listed in the

next:

8Few people knows that one of the main reason which pushed Alan Turing in developing the first examples

of computers was the calculation of the non-trivial zeros of ((s).
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Theorem 1.4.1. Assuming RH, the following estimates holds:

m(z) = li(z) + O(Vzlog ) ; (1.30)
U(x) =z + O(y/xlog?z) ; (1.31)
pn = 1i" (n) + O(y/nlog®?n) ; (1.32)
e (1-1) = 55+ 0@, (1.33)

where (x) =3, ., A(n) is the von Mangoldt function, p, is the nth prime number and ~

the Euler constant.

The bound for 7(z) in (1.30), for example, is maybe the most common way to express
the RH in a way which does not involve complex analysis and which takes into account
directly the primes (through the prime number counting function m(x)); in fact, condition

(1.30) is not just necessary for RH but also sufficient, i.e.

[g (% + m) Sac R} — [r(x) = li(z) + O(Vzlog )] .

The error in estimating m(x) with li(z) in (1.30) is the smallest possible: this fact is very
significant, if RH is not true then the distribution of prime numbers among naturals is
somehow “less random” than one could expect.

Using the general concept of Dirichlet series, that is ) ., a,/n°, where a(n) : N — C
is an arithmetic function and the fact that the convolution of two such series satisfies the

convolution property

2. a(n)b(m 2 (a*b)(k
n%; ((n)m<)s):;< ks)())

with (a * b)(k) indicating the convolution product of the two arithmetic functions a(n) and

b(m),
(axb)(k) = D a(d)b (%) .

dln

16
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one finds the relation

Lo R a1 (1.34)

((s) & n"

being p(n) the Dirichlet inverse of the identity function 1 (meaning 1(n) = 1 for all n). If

RH holds, then relation (1.34) is valid for Re(s) > 1/2. An equivalent of RH (see [23]) is
that

<22t Ve>0. (1.35)

> u(n)

<z

The tighter bound

1
< x2

> p(n)

is the famous Mertens conjecture, disproved by Odlyzko and te Riele [7].
The last elementary statement equivalent to RH involves another arithmetic function,

the Liouville function

A(n) = (=1)*
where w(n) represents the number of (non necessary distinct) prime factors in n (multiple
factors being counted multiply). A first connection between ((s) and A(n) comes from the

identity

¢(2s) _ —~An) ofs
<(3>_n§ — Re(s)>1.

Theorem 1.4.2. RH holds if and only if, for every e > 0,
1 2) 4 ...
lim A1) +A2) + -+ An)

1
n—o00 n2te

=0. (1.36)

In other words, Theorem 1.4.2 states that RH is equivalent to the statement that a
natural number n has equal probability of having an odd or even number of distinct prime
factors (counted with multiplicity).

Another type of consequences of RH concerns the bounds, for ¢ = Im(s) — oo, on the

value of ((s) on the critical line (the so-called Lindeléf Hypothesis, LH [24]),
C(1/2+it) =0O(t), Ye>0

17



CHAPTER 1. THE RIEMANN’S PAPER: A FIRST INTRODUCTION TO THE
ZETA-FUNCTION ((S)

and on the line Re(s) = 1,

C(1+4dt) = O(loglogt) , = O(loglogt) .

1
C(1+ at)

Beyond the numerical evidence coming from explicit calculation of the roots of £(s) and
the “primes randomness” implicit in formula (1.30), other motivations support the idea that
RH is true. The most convincing fact is the proof of the Weil conjecture by Deligne [8],
a theorem pertaining algebraic geometry but which can be viewed as the analogous of RH
in the case of local zeta-functions attached on algebraic varieties over finite fields: these
functions are rational, satisfy a functional equation and their zeros are displaced according
to an accurate pattern which is similar to the case of the non-trivial zeros of ((s) which
should lie, inside the critical strip, only on the critical line.

Although most of the mathematicians are quite optimistic on the truth of RH, some
doubts still persist. For example, the numerical evidence of RH is not an overwhelming

evidence, because for example a famous conjecture in number theory was that the Gauss

estimate m(x) ~ li(x) was an upper bound, in the sense that for all =
m(x) < li(z) . (1.37)

The numerical evidence for (1.37) was impressive, nonetheless Littlewood [31] showed that
the inequality (1.37) is broken infinitely many times. The search for the lowest number xg
such that 7(zg) > li(zg) gave birth to the concept of Skewes number, in honour of Skewes
who made (assuming RH!) the first estimate [9]

. 101034
g = 10 y

later improved (without assuming RH) in [10]
glo3

rs = 101

Enormous number like those make mathematicians very prudent about the truth of RH just

based on numerical evidence. Other reasonable doubts about RH can be found in [11].
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Chapter 2

Numerical calculation of zeros on the

critical line

In this Chapter we will discuss some techniques involving the computation of non-trivial
zeros for ((s). Today efficient algorithms for computers have been able to prove that more
than 10" of such zeros lie on the critical line [26], no exception has been found up to now.
Of course explicit computation cannot prove the validity of RH (at most a possible non-
trivial zero could disprove RH, even if most of the mathematicians do not consider this case
very likely), nevertheless it can support the belief in the truth of RH and the relative efforts
in proving it; moreover, the possibility of an outcome of interesting patterns of the zeros
arrangement on the critical line may be very useful in view of a deeper understanding of

the nature of the non-trivial zeros of ((s).
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2.1 The Euler-Maclaurin summation

Euler-Maclaurin summation formula is an important method used in number theory. Basi-

cally, it is a tool which enables us to estimate a finite sum of the kind

as the integral f 1 f(t)dt plus an error involving a sum of derivatives fm)(z) of increasing
order m for x = A and x = B. Setting xo = A, x1=A+1,..., 2,1 =B —1, x, = B, then

the “trapezoidal rule” gives

/A f(t)dt ~ ; flz) +2f<x“) = %f(A) + A+ ++ f(B-1)+ %f(B) .

So
Z 5 1 1
S~ [0 )+ 518 (2.)
A
k=A
To evaluate the error in estimate (2.1) we observe that, if [z] indicates the step function,

the Stieltjes integral

[ H0a) = 374+ FA )+ 1B 1)+

allows to say that if we add

—K%WHAﬂmw=fﬁww—

to the right hand side of (2.1), we recover the identity
B
S (k) /‘fdu—ﬂ 5B /‘f (2:2)
k=A

The Euler-Maclaurin approach consists of repeated integrations by parts of the last
integral in (2.2) to reach a better estimate of the initial approximation (2.1). Instead of

the measure d([t] — t) it is convenient to choose the symmetrical measure d([t] — ¢ + 3) and
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integration by parts gives

> 1) = [0+ 31+ 518 = [ (=t
— [ 1wi s+ 3B+ [e-f-prod. es)

where, in the last equality, the Stieltjes measure df(t) becomes f(t) dt only if f € C'([A, B]).
In view of subsequent integration of the last integral in (2.3) , we must exploit Bernoulli
numbers and Bernoulli polynomials. Bernoulli numbers b,, are defined as the rational coef-

ficients in the Taylor series

T z"
er — 1 :Zb”ﬁ’

n>0

or, equivalently,

, & (
dz™ \e* —1/|, _,
Except by = —1/2, all odd Bernoulli numbers vanish: by, 1 = 0 for all naturals n. The first
even Bernoulli numbers are
1 1 1
bo=1by==,by=——, bg = —, ...
0 , U2 6 , U4 30 s U 49 )

The nth Bernoulli polynomials B, (z) is defined' as the unique polynomial of degree n
satisfying

/Hl B,(x)dx =1t". (2.4)

! Another possible definition is similar to the one of Bernoulli numbers, that is through the generating

function

_oyer y"
Fly,2) = - — —;}Bn(x)a'

Setting x = 0, we instantly see that B, (0) = b,. Setting instead z = 1,

ye y -y

_e*y—lz

F(yal):ey_]-:l_e,y_

F(_y70) ’
50 that By (1) = (—1)"By(0) = (—1)"by.
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The recursive relation

Bl (z) = nB,_1(x) (2.5)

follows once derived relation (2.4) to get B,(t + 1) — B,(t) = nt"! and, consequently,

:H B,,_1(z) dx. The first Bernoulli polynomials are

ff“ B! (z)/ndx =t""1 =

3 1
3——:1:2+—:1:,...

1 1
By(z) =1, Bl(;v):a:—i, Bg(a:):xQ—x—i-—, Bs(z) == 5 5

6

It will be handy, in our case, to deal with the so-called periodic Bernoulli polynomial B, (z) =
B, ({z}), where {z} = z — [z]; if z = 0 in the equation B, (z + 1) — B,(z) = nz®! we get
B,(1) = B,(0), so B,(x) is periodic with period 1 and continuous in R.

Turning back to the last integral in (2.3)

B 1 / B—-1 1 1 / B—-1 1 ,
/A (t=1[t]=5)f (t)dtzg/o (y— 5) f(n+y)dy=;/o Bi(y)f'(n+y)dy

=S |30 @ty 5 [ B ey
n=A 0 0

= 2B (A) + gD (A+ 1) — Bo0)f (A + 1)
3B (A+2) =+ 5B (B) =5 [ Bale— ) @) do
1 / b _ 1 B D T 1 T T

= 3B07 )|~ [ By

Again, the second term involving the integral of By(x)f”(z) can be integrated by part as

before:
? Loy ar— 2ol — Lo | ot L Bt ) d
[ t-t= = 3B rw)| - im0 @ o [ B @

Going on as before, the nth step applied to the original sum gives

B B 1 1 1 , B
> 50 = [ 10 S+ 1B+ B0 )]
~ LB @) o 1) l, 2(0) " (x)
6 A n: A
+ (—1)”*1% /A B, (z)f™(z) dz . (2.6)
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Euler-Maclaurin summation method is useful if we are able to control the error term, i.e.

the last integral in (2.6). To this final cause, we use the following:

Lemma 2.1.1. If k is an odd natural number, then the sign of By(z) in the interval (0, )

is opposite to the sign in the interval (%, 1), with By(z) =0 for x = 0, %, 1.
The proof of Lemma 2.1.1 can be found in [4], §6. Roughly speaking, we could say that

By, () oscillates in the interval [0, 1] if k is odd. Hence, if £ (z) is monotone in the interval

[A, B], becomes easy to estimate the error in (2.6).

Example: suppose we intend to calculate

100

S:Zlogk;

k=10

we try to estimate S with Euler-Maclaurin summation until the error term contains Bs(z),

100
1 1
- 500 (-5 )
10 6 x?

1 100 2 1 100 :133 _ §:132 + 1:13
R:—/ Bg(az)—da::—/ 2 2 dx
6 10 fL‘S 3 10 Jfg

that is

100 1 1 1
S —/ logt dt + —(log 100 + log 10) + = B»(0) —
10 2 2 x

But Bs(z) is positive on (0, 3) and negative on (%, 1), while :%3 decreases; hence R is made
by the sum of integrals (the first between 10 and 10.5, the second between 10.5 and 11 and
so forth) of oscillating sign, the greater in absolute value being the first one (which turns

out to be positive), so we have found the bound

| (105 43 3,2 1,
|R|§—/ —2i 2 dr~0,14,
3 J1io x

and comparing with the explicit computation of the other terms in (2.7) which gives ap-

proximately 349,84, we see that the relative error is less than gjss: ~ 4-107 (of course the

absolute error depends on the sum we are going to estimate and could be large at will, but
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here we emphasize the efficiency of Euler-Maclaurin method looking at the smallness of the
relative error already at the third order).
Going back to the general case, using Lemma 2.1.1 (in particular, the fact that Bay,1(0) =

0 for every natural h) we can state the

Euler-Maclaurin summation formula: If f(z) € C*™([A, B]), then

> 50 = [ 10t 51+ 518) + 5B0) @)
1 " b 1 2m—1 b
+ 534(0)f (z) ) +o Tt (Q—m)!Bm(O)f( () ) + Rom (2.8)

with the remainder term Rs,, given by two possible expressions:

N ’ ) fOm) () da
Rap, =~ [ Bana)f0(a)

or, if f(z) € C*™*1([A, B]),

1 -
Rap = gy [ B/ ) o

@m+1)! /s
where, as before,l By(x) = By(z — [z]).

Observation: It is not the spirit of Euler-Maclaurin method, but theoretically the finite
sum on the second member of equation (2.8) could become a series (of course with no

remainder term), ie.

B

/f )it + 5 7(A) + (B )+ 3 G B0 1470

m>1 A

Depending on f(z) and the interval [A, B] we choose, in general the approximation
of S = ZkB: 4 f(k) through Euler-Maclaurin formula gets better if we do not stop the
computation after the first few steps, but we must keep in mind that this behaviour does
not last indefinitely. In fact, reminding the Euler formula for computing ((s) for even

positive integers,

B a1 bam (27)%™
¢(2m) = (-1) - m )
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and noticing that for large m values ((2m) ~ 1 and that B,(0) = b, is the nth Bernoulli

number, we find

2-(2m)!

| Bam (0)] ~ Gy

so that the remainder term in (2.8), as the order of computation 2m increases, despite of
an initial reduction, from a certain point gets bigger. Hence there exists a limit of accuracy

for the approximation of a sum S using Euler-Maclaurin formula.

Example: recovering the previous case, S = 21160:010 log k, if we continue the process beyond

the third order where we stopped before, we will find an error term (at the order 2m of

computation) of absolute value bounded by

1 100 _ (2m)! 1 1/2
Rom| =5 ——=7 Bom —dx| < Bom, d
| 2 | (2m + ]_)l /10 2 -‘rl(x) x2m+1 Jf‘ = (2m T 1) 102m+1 A 2 +1(I) X
= 1 /1/2 BéerZ(‘r) < ‘BQm—f—Q (%) - bgm_i_g‘
(2m + 1) 102m+1 2m + 2 = (2m+ 1)2102mH1
_Bomsz (5) + bames = o] _ 27 by = 2o 2 [bams2|
(2m +1)% 102m+! (2m + 1)2102m+1 = (2m + 1)2102m+1

where the identity B, (2x) = 2" B, (z) + B,(z+1/2)] has been used (see [4], §6). So | Rap|

is reasonably small until, for large m, we get

(2m +2)!
(2m 4+ 1)2(207)2m+1

|R2m| 5

which is no longer a meaningful estimate because it grows without bound with m.

Here follow two applications of Euler-Maclaurin method, the first one relative to I'(s)
and the second one to ((s). In the next Section the importance of these two estimates for

locating the £(s) roots through Euler-Maclaurin will become clear.
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2.1.1 Computation of logI'(s) using Euler-Maclaurin formula

The I' function can be defined in the whole complex plane except the non-positive integers

through the Euler relation:

rs) =< 1 (1 ’ %) (13) " = i

or simply

nlns

['(s) = lim

n—00 S(S 4 1)‘ ..(S +_71)~ (2.9)

For our final purpose, we need to evaluate Im[logI'(s)], so we exploit Euler-Maclaurin to

estimate log I'(s) from (2.9):

logI'(s) = lim {slogn—{—Zlogk: — Zlog (S+k)}

n—oo
k=1 k=0

" 1 "B
= lim {slogn—i—/ logxdm—i——logn—l—/ 1) dx
1 2 1 z

B, (z)

n 1 n
—/0 log(8+x)dac+§[logn+log(s+n)}—|—/0 s—i——xdx}

_ 1 OOBl<$) . 1 n
_<5 i)logs—l—C’ /0 S+Ida:—|—nh_>ngo{(s+n+§>log <n+s>},

1

T

where

is a constant that will be evaluated immediately after having noticed that the last term

involving the limit reduces to —s, so that
L(s) = ss_%e_secF(s) , (2.10)
where

P(S) = exp {_/Odel} |

S+ x

To compute A we remind the Legendre duplication formula,
1 1-2s
L(s)T s+§ =2'72/7(2s) ,
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which using (2.10) gives

¢ = Vare ( . ) F(;;(@ 3

Taking the limit s — oo we obtain e“ = /27, being lim,_,, F(s) = 1. Hence

1Ogr<3)_(5—5)10g8—8+§10g2w—/ Sl_ixm)d:c
0
1 1 S bax,
:(3_5)10“_”510%2”;W+R2m7 (2.11)

with

By (x o Bopii(x
RQm:—/ —2()2md:v:—/ : 2m+1(2)
0 0

2m(s + x) 2m + 1)(s + x)2m+! v

Letting m — oo, (2.11) becomes the so-called Stirling series.

We are going to make use of the Stirling series in the next Section for complex s values,
in particular we will be concerned with the case s = % + it. In the “slit plane” (i.e. the
complex plane without the non-positive real axis {s < 0}) all terms in (2.11) are holomorphic
functions of s. But unlike the example in the previous Section, to estimate | Ra,,| we cannot
apply an alternating series method because we are dealing with complex quantities. A
method for estimating the remainder term of the Stirling series is due to Stieltjes [12] and

: — il
gives, for s = re’,

bom+2
(2m +2)(2m + 1)s?m+1

| Rom| < (m)m+2 (2.12)

Looking at (2.11), we see that the estimate (2.12) entails that the error in the Stirling series

is at most cos (6/2)7?™~2 times the order of magnitude of the first term omitted. In our

case, on the critical line Re(s) = %, we will have bounded errors because cos (6/2) > v/2/2.
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2.1.2 Computation of ((s) using Euler-Maclaurin formula

For estimating ((s) = »_, -, n~°, the Euler-Maclaurin method is not directly feasible because

the remainder term is not small; in fact we find for Re(s) > 1

< 1 oo basz™*|™
C(S):/l X d$+§$ 1 = 9 X ++R2m
1 1 bys boms(s+1)...(s+2m — 2)
— ERCLAT Rom
s—1 a2t Tt (2m)! i

where

s(s+1)...(s+2m—1) [* _ eom
_ )] /1 By (z)x dx

_os(s+ 1) (s+2m) [ S —s—9m—1
= — @m 1) /1 Bopii(x)x dx .

R2m -

Trying to estimate the remainder term using the alternating series technique, we get

< bam+a

< )
- “m+1

3/2
/ Bopy1(z)z ™72
1

/ Bopyr(z)z ™72 Ny
1

so, for large |s| values, we may have an error too big to consider valid the ((s) estimate
performed through a course use of Euler-Maclaurin formula.

The idea is then to split {(s) into a finite sum ij;ll n~%, which will be summed directly,
plus a “tail” >~ >° \ n~* on which Euler-Maclaurin method will be applied. The choice of

the natural N depends on |s| as we are going to see in a while. In formulas, if Re(s) > 1,

N—-1 o N—-1 NS 1

_ —s -5 _ —s N8
R
bg_sN_S_1+'..+bgms(s+1)...(s+2m—2)
2 (2m)!

+ N—s—2m—1 + R2m 9 (213)

with the remainder term now given by the following two equivalent expressions:

5(5+1)...(s+2m—1)/°°_ —
—_ — B S m
Ry, @m)] . om ()T dx

sy R E (214
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Backlund [13] was the first to show that

s(s+1)...(s+2m+1) by N 721
(2m +2)!(c +2m+1)

’RZm’ S

so, if N is chosen of the same size of |s|, the following estimate holds:

(S +2m + ].) b2m+2
(0 +2m+1)

Equation (2.13) was originally valid only for Re(s) > 1, providing hence an absolute
convergence for ((s) written as the standard series; yet, (2.13) holds whenever Ry, is well-
defined, that is whenever the integral converges. Looking at (2.13) it is therefore evident
that formula (2.13) remains valid in the halfplane Re(s) > —2m, which can be viewed as
an alternative proof of the analytical continuation of ((s) throughout C\{1}.

Concerning the roots of £(s) on the critical line, we focus our attention to complex
numbers with real part equal to 1/2. If s = % + ¢t with a large ¢ value, we have seen
that it is mandatory to choose a sufficient large N in order to have a remainder terms in
(2.13) not too big. Unfortunately, at the same time we have to deal with the finite sum in
(2.13), consisting of 27% 37* and so on forth until (N — 1)7%: each of them is of the form
n~% = n~1/2e7len — n=1/2[cos (tlogn) — isin (tlogn)], thereby involving the computation
of a square root, a logarithm, a sine and a cosine, not at all a fast computation. This is
the reason why this method cannot be used to calculate ¢ (% + z't) for large values of t: to
search for the zeros of ( (% + it) in a wider range we will need the Riemann-Siegel formula

of Section 2.3.

2.2 A first method for locating zeros on the critical
line

In order to use Euler-Maclaurin summation for finding a zero on the critical line, we start

from the following:
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Lemma 2.2.1. The function &(s) = 3s(s— )7 2T (35) C(s) is real-valued for s = 1/2+it,

teR.

Proof: We start from equation (1.5) and we rewrite it using the definition (1.7) of £(s):

§(s) = % Lol /100 (x%s n J;%(l—s)) ¢(I)d_x ’

2 T

and integrating by parts

1 s(s—1) [~ d 2x2%  2z2(1-9)
5(3)—§+ 5 /1 %lw(x)< . + T >]d$

2) 1s 2 1(1—s)
SR [T (505 )
s 1—s
1 1-—
=5+ S( S>¢(1) ( ) / P (x 1 — §)z?t 4 sx%(l_s)] dx
1 3 1(s—1)-1
=5 + (1 ¢ x2 1—5)2 + s }dx
=1+¢<1)+/ 4 [Wm)x%( 2236=D _ o ﬂdx
2 , dx
< d / % 5(s=1) 58
A |:77/J (x)x ] (—Qx 2z )dx
o 1 / > d ! 3 L(s—1) —1i
5+ -vmFz-2+2 [ L [p@ad] (oo 1o k) de
We have seen in the proof of the functional equation for ((s) that the function v (z) satisfies
1 x
w(1/2) =~ + L1 Eu):

setting = 1 into the derivative of both side, we find

5+ (1) + (1) =

Thence
< d 3 1
£(s) = 4/1 I [w’(x) xi} x~1 cosh {(g — i) logx} dr .

Setting s = % + it with real ¢, it is possible to express £(s) on the critical line as

6 <% +it) _ 4/100 % |:¢/(x) {E%] :L'_%COS (%10g$) dz , t e R, (2.15)
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which proves that £(s) is real-valued on the critical line. O

Before Siegel found out the brilliant method that Riemann possessed to calculate the
roots for £(s) (and which probably drove Riemann to believe that “it is very probable that
all roots are real”), the first known attempt to locate the first roots of £(s) belongs to Gram
[15], who calculated the first 15 roots, all in the range 0 < Im(s) < 50, which turn out to
lie on the critical strip, showing that no other root in the same range exist on the critical
strip, hence verifying RH in this range.

Expressing £(s) on the critical line through (2.15) makes evident that it is real-valued
and continuous, so every time it changes sign a zero must occur. Of course, paying attention
to eventual zeros of ((s) on the critical line corresponding to a minimum or maximum of
&(s), in order to verify RH for a certain range 0 < ¢t < T, the possibility of roots p for £(s)
occurring with real part Re(p) = 8 # 1/2 must be excluded in some way. We will return on
this point up ahead.

To determinate the sign of £ (% + it) we observe that it is possible to write

¢ (% + it) :% B + z‘t] {—% + it} T G + %) e (% + it)

=— %exp {Re logT G + %)] o (t2 + i) Z(t), (2.16)

PN

where

: 1 1 it 1 1
Z(t) = ¢ (5 + z’t) = exp [z Imlog T (Z + %) — 052” t] ¢ (5 4 it)

is called the Riemann-Siegel Zeta-function?. In equation (2.16), the factor multiplying Z(t)
is real and negative; we also know that & (% + it) is real-valued, so also Z(t) € R for every

real t and the sign of Z(t) is opposite to the sign of £ (% + z't). Then, the research for roots

2Some authors are used to call Z(t) simply Riemann-Siegel function, but this is the same name which
other authors use to call ¥(¢). To avoid ambiguities, in this thesis we will explicitly refer to Riemann-Siegel

Zeta-function for Z(t) and to Riemann-Siegel theta-function for 9(¢).
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p of & (% + it) via a study of its sign must pass through the computation, described in the
previous Section, of ¥(¢) (and hence of the imaginary part of logI') and of ¢ (3 + it).

We start with the computation of ¥(¢) through Euler-Maclaurin method and we will

suppose t > 0:

it 1 log 7 it 1 it 1 it 1
—ImloeT (2 4+2) = ~1 P Ve (P 2) (B2
v(t) =Imlog (2+4> 5 ! m{(2 4> Og(2+4) <2+4>

Liogor + ! 1 } logm ,
—log 27 - — i . _
2 12(5+7) 360 (L +1) 2
t it 1\ 1 it 1\ ¢ _t
:—Relog (—+—)——Im]0g <_+_)___ 22
) T ) T e
(=5 +4)° logm
- 2 3 ) -
350 (% 1 1) >
t | t L t | 1+ 1 I ; t 1
=—log-+ —lo — | ——|z—actan | — || — = —
2 BT\ Tar) T2 2 27 6t (1+ )
1 1 logm
- 3 1\3 + 5 11\3 T 2 l.
45t (1 + zz)” 6085 (1 + 332
Utilizing the Taylor series of log (z) and arctan(z), we finally arrive at
t t t m 1
I(t)=slog— — - — -+ — o(t™). 2.17
() =385 =375 Tt " 560m O (2.17)

However, using Stirling series to evaluate the error committed, it is possible to show (see

[4]) that a valid approximation for (2.17) is simply

tot ot o 1
~lpe L LT 2.1
) ~glogs 5 -5t g (2.18)

Equation (2.18) is then sufficient to compute the roots of £(s) on the critical line.

Ezxample: suppose we want to compute 5(% + 18i), we focus first on ¥(18), then on

¢(3 + 18i) and finally on Z(18). Using (2.18) we find

9 T 1
9(18) ~9log > — 9 — X 4 = . 0.080911
(18) ~ 9log s 189 ’
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and following the previous Section for what concerns the computation of (5 +it) (or simply

looking at Haselgrove’s tables [14], see Figure 2.1):
1
¢ (5 + 181') ~ 2.329 —10.189 ,

leading to

Z(18) ~ %080911(2 399 _ 0.189) = 2.337 + i 0.000 ,

which is, in our three decimal approximation, real-valued as expected, a further evidence of
how good were the approximations we have used. Since Z(18) is positive, then &(5 + 18i)
must be negative. It is quite easy to prove that £(x) > 0 on the real axis®, so that a change
of sign must occur for & (% + it) in the range 0 < ¢t < 18, proving that at least one root
p = 3 + iy must exist (equivalently, {(5 +iv) = 0).

Looking over the Haselgrove’s tables for C(% + it) in the range 0 < ¢t < 50, Figures
2.1 and 2.2, we notice first of all that Re ((5 + it) is mostly positive, whereas Im ((3 + it)
appears to oscillate quite regularly: 21 changes of sign for Im ( (% + it) (consequently zeros
for Im ¢(% +it)) in the range 0 <t < 50. Now, a root p for £(3 + it) occurs if both the real
and the imaginary part of ((5 + it) are zero, so if 0 <t < 50 we must check if any of the 21
changes of sign for Im {( +it) correspond to a zero of Re {(5 +it): from Figures 2.1 and 2.2
11 of the 21 possible roots of & are promptly excluded because, in correspondence to them,
Re ((4 +t) is far from being zero, so just 10 zeros of Im {( + it) seem to be potential zeros
for Re (1 + it) too.

Writing

¢ (% + z't) — e WO Z(t) = Z(t) cosV(t) —iZ(t) sind(t) ,

3Starting from the definition £(s) = $s(s— )7 25T (35)¢(s),if s=a > 1thenz(z—1)>0,T (1) >0
and of course ((z) > 0, so that £(z) > 0. But from the functional equation we know that £(z) = z(1 — z),
hence also £(z) > 0 for every x < 0. In the range 0 < x < 1, the extension (1.3) for ((s) prove that {(x) < 0
together with z(z — 1) < 0, while I' (3x) remains positive, so {(x) > 0 also for 0 < # < 1. The computation

of £(0) and £(1) is a simple exercise involving the residues of " and (.
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Figure 2.1: Haselgrove’s table for Q(% + it) in the range 0 <t < 26.8.

t Lk + ir) t {Gh -+ i) t £k - i)

0.0 —1.46 9.0 +1.45 4 0.19] 18.0 +2.33 —0.19
0.2 ~1.18 — 0.67i 92 +1.48 +0.14i 8.2 4227 — 043
0.4 —0.68 — 0.94i 9.4 +1.51 + 0,08 18.4 +2.17 — 0.66f
0.6 —0,28 — 0.94f 9.6 41.53 + 0.0% 186 +2.02 — 0.867
0.8 —002 — 0.84i 2.8 +1.54 — 0.04i 18.8 +1.84 — 1.03;
L0 +0.14 — 0,72 10.0 +1.54 — 0,124 19.0 +1.62 — 1164
1.2 +0.25 — 0.62 10.2 +1.54 — 0.19% 19.2 +1,38 — 1.24f
1.4 40.32 — 0.5% 10.4 +1.53 — 0.26i 19.4 +1.13 — 1.28¢
1.6 +0.37 — 0.44i 10.6 +1.50 — 0.34i 19.6 +0.88 — 1.26;
L8 +0.41 — 0.37i 10.8 +1.47 — 042 19.8 40.65 — 118§
2.0 +0.44 —0.31i 11.0 +1.42 — 0.49i 20.0 +0.43 — 106
22 +0.46 — (.26 11.2 +1.36 — 0.564 20.2 +0.25 — 0.90¢
2.4 +0.48 — 0215 114 41.28 — 0.62{ 20.4 4011 — 0.70f
2.6 +0.50 — 0.16¢ 11.6 +1.21 — 0.67 20,6 +0.02 — 0487
28 +0.52 — 012 1.8 +1.12 — 0.71§ 208 —0.02 — 0.25¢
3.0 +0.53 — 0,08 12.0 +1.02 — Q.75 210 —~0.01 — 0.02
3.2 +0.55 — 0.04f 122 +0.91 — 0.76 212 +0.06 + 0.19
34 +0.56 — 0.01¢ 12.4 +0.79 — 0.76i 21.4 +0.18 + 0.38/
is6 4058 + 0,03 126 +0.68 — 0.75 216 +0.34 - 0.5%
iz +0.59 + 0,06/ 12.8 +0.56 — 0.71f 21.8 +0.52 + 0.62i
4.0 +0.61 + 0.09 130 +0.44 — 0,661 220 +0.72 4 0.67¢
432 +0.62 + 0124 13.2 40.33 — 0.58 22.2 +0.92 + 0.66/
44 +0.64 + 0,151 114 +0.23 — 0.49; 224 +1.11 + 0.60¢
4.6 +0u66 + 0180 136 4015 — 0,38/ 2.6 +1.26 4+ 0.4%
4.8 +0.68 + 0210 13.8 +0.07 — 0.25{ 28 + 138 + 0347
50 +0.70 + 0.237 14.0 +0.02 — 0.10 23.0 +1.45 + 0.16f
5.2 +0.73 + 0.26; 14.2 —0.01 4+ 0.05 232 +1.46 — 0,03
54 +0.75 + 0.28} 14.4 —0.01 + 0.21F 234 +1.41 —0.21/
56 +0.78 4 0.30 14.6 +0.01 4 0.38 236 +1.30 — 0,38/
58 +0.81 4+ 032§ 14.8 +0.07 4 0.55 23.8 +1.14 — 0.50i
6.0 +0.84 + 0.34i 15.0 +0.15 + 0700 24.0 +0.95 — 0.58
6.2 +0.87 + 0,361 15.2 +0.26 4+ 085 24.2 40,73 — 0,604
6.4 +0.91 - 037 15.4 +0.39 -+ 0.98i 24.4 +0.51 — Q.55
6.6 +0.94 + 0.38 15.6 +0.56 + 1.08i 246 +0.30 — 0.43
6.8 +0.98 + 0.39 15.8 +0.74 + 1.17i 24.8 +0.13 — 0.25
7.0 +1.02 + 0408 16.0 +0.94 & 12N 250 +0.00 — 0.01
7.2 +1.06 + 0.40i 16.2 +1.15 4 1.23i 252 —0.05 | 0.26
74 4111 - 0.40¢ 16.4 +1.36 4 1.20i 25.4 —0.04 4 0.55
7.6 4115 + 0,39 16.6 +1.57 4 1.144 25.6 +-0.06 + 0.85/
7.8 41,20 + 038 16.8 +1.77 + 1.04i 258 +0.25 4 L.11i
£.0 +1.24 4 036 17.0 +1.95 + 0.90i 26.0 +0.50 4 1.34i
8.2 +1.29 4 0.34i 17.2 42,10 + 0.72% 26.2 +0.82 4+ 1.49i
4.4 4+1.33 + 0310 17.4 +2.22 4 052 264 +117 4 156
&6 +1.37 + 0.28¢ 17.6 42,30 4- 0,29 26.6 +1.55 4 1544
8.8 +1.41 + 0.244 17.8 +2.34 + 0.06 26,8 +1.92 4 1.42i
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Figure 2.2: Haselgrove’s table for C(% + it) in the range 27.0 <t < 50.0.

t {4 + i) f {( + ir) t i+
1.0 +2.25 + 1,24 35.0 +2.60 + 111§ 43.0 +0,44 - 0.31¢
272 +2.53 + 0.9 35.2 4284 + 0.67i 43.2 +0.16 — 0.16
27.4 +2.73 + 0.55i 35.4 4294 4+ 017 43.4 ~0.07 4 0.114
7.6 +2.83 4 0.15 356 +2.89 — 0.33 43,6 ~0.20 + 0.50i
78 4283 — 027 358 +2,70 — 0.80¢ 438 —0.18 + 0,94
8.0 +2.72 — 0.68/ 36.0 +2.38 — 1.19{ 44.0 +0.01 4 1.40f
1’2 4252 — 105f 36.2 +1.97 — 1.46 442 +0.37 4 180§
8.4 +2,23 — 1.35¢ 36.4 +1.50 — 1.5% 44.4 +0.87 + 2.08;
8.6 +1.87 — 157 36.6 +1.03 — 1.5 44.6 +1.47 4 2.19
8.8 4148 — 165§ 36.8 +0.60 — 1.40¢ 44.8 +211 4 2006
9.0 +1.09 — 1,70¢ i1.0 +0.26 — 1,124 45.0 +2.71 + 1.B0V
9.2 +0.71 — 1,614 37.2 +0.04 — 0.76i 45.2 +3.21 + 131
19.4 +0.38 — 1.43 374 0,05 — 0.36i 454 +3.54 + 0.690
296 +0,13 — 118 3.6 +0.01 -+ 0.03F 45.6 +3.66 — 0.03
2.8 —0.04 — 0.89§ 718 +0.19 + 0.36/ 458 +3.56 — 0.74¢
30.0 —0.12 — 0.58¢ 38.0 +0.46 -+ 059 46.0 +3.24 — 139
30.2 —0.11 — 0.29¢ 8.2 +0.80 + 0.71¢ 46.2 +2.75 — 1.90¢
0.4 ~0.02 — 0.0% 384 +1.14 + 0,69 46.4 +2.14 — 222
0.6 40,14 + 017 386 +1.44 4 0.55¢ 46.6 +1.49 — 2,33
30.8 +0.33 4 0,30 38.8 +1.67 4 0.3 46.8 40,86 — 2,244
.o 40,52 + 0.347 9.0 +1,79 4 0.00; 470 +0.33 — 197
3.2 40,70 + 0.31¢ 19.2 41.78 — 0.3% 472 —0.06 — 1.57i
N4 +0.84 + 0.2 39.4 +1.66 — 0.64 474 —0.27 — 111§
3.6 +0.92 -} 0.094 38,6 +1.43 — 0.88; 47.6 —0.31 — 0.66§
s +0,92 — 0.06 39.8 +1.12 — 10N 478 —0.21 — 0.28i
120 40,84 — 0,200 40,0 +0.79 — 1.04{ 48.0 —0,01 — 0.00{
122 +0.71 — 0,29 402 +0.48 — 0.95 48.2 +0.24 4 0144
124 +0.52 — 0.3 40.4 +0.22 — 0.75¢ 48.4 +0.47 -+ 0.15
1.6 40,31 — 0270 40.6 40,05 — 0.48i 48.6 +0.64 + 0.07i
118 +0.11 — 0.14i 40.8 —0.02 — 0.18 488 +0.71 — 0.06
3.0 =005 + 0,08 41.0 40,03 + 0,124 49.0 +0.67 — 0.20§
1.2 ~0.13 + 0.36¢ 412 40,18 4 0.36 492 +0.53 — 0.29{
i —0.13 + 0.69¢ 41.4 +0.40 + 051§ 49.4 40,34 — 0,29
16 —0.062 + 1.03 41.6 4-0.64 + 0.57i 49.6 +0.14 — 0.18i
ns 40,20 + 1.35; 41.8 +0.87 + 0.5% 49.8 =002  0.03
.0 +0.52 -+ 1600 420 +1.04 4+ 0.37% 50.0 ~0,08 4 0.3
.2 +0.92 4 1,75 42.2 +1.12 4 018
e 4137 + L% 42.4 +1.08 — 0,04
3.6 +1.83 4 168 426 4095 — 0228
e 4225 4 1.46i 42,8 +0,72 — (.3
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it is evident that a zero for Im ((3 +it) = —Z(t) sin(t) corresponds to a zero of either Z(t)
or sin¥(t). In the matter of our case, along the segment from % to % + 507, near any of the
10 potential roots of £(s), ¥(t) is far from being a multiple of 7, consequently Z(t) must be
zero: this proves that if 0 < ¢ < 50 then ( (% + it) possesses exactly 10 roots.

A look over Haselgrove’s tables in Figure 2.1 suggests that the first zero of ( (% + it)
lies between % +114.0 and % +1714.2: a more precise localization of such zero can be easily
performed through linear interpolation, just like Gram [15] did when he computed the first
15 non-trivial zeros of ((s).

What can we say about the zeros of ((s) on the critical strip for 0 < Im(s) < 507 We
have found 10 zeros lying on the segment S = {3 44t |0 < ¢ < 50}, but other non-trivial
zeros could exist located outside S. To verify that the first 15 zeros on the critical line
satisfy RH (the 15th zero computed by Gram was approximately? py5 = % + 165, so RH
holds in this range if no other zeros of {(s) can be found with 0 < ¢ < 65), Gram [15] used
a method based on the Taylor series of log& (3 + it) (see [4]) which become soon unfeasible
a Im(s) grows. Backlund [16] developed a much more workable method for verifying RH
once given the first n roots of &(5 + it).

The starting point of Backlund’s method is the application of the Cauchy’s argument
principle to the analytic function £(s): if R indicates the counterclockwise oriented bound-
ary of R = {s € C| —e¢ < Re(s) < 1+¢ 0 < Im(s) < T} for fixed e > 0, T > 0,

then

L (1] )
NI =500 o €09) ds‘lm{% o €05) ds}

is the number of zeros of £(s) inside R, each zero counted as many times as its multiplicity®,

4The first 10 zeros have been computed by Gram with good accuracy, while the other 5, from the 11th
to the 15th, were only roughly located, as Gram himself admitted. A better localization of these roots can

however be deduced from Haselgrove’s tables.

®We have supposes implicitly that no zero occurs with imaginary part equal to 7', otherwise the integra-
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where the last equality results from the observation that N(7') € N. Now, since &(x) # 0
for every real z and as a consequence of the functional equation £(s) = (1 — s), we can

simply consider

s =2y e =i L

where L is the union of the vertical segment from 14 € to 1 + € + i7" and the horizontal

segment from 1+ € 4 4T to 3 +iT. Using the definition (1.7), we write

N(T) :%Im{/Ld%log [w-%sr (%s)} ds+/j:%10g [s(s — 1)]ds + Li((;) ds}

:%ﬁ(T)—lir%Im{% 255)) ds} : (2.19)

where the last equality follows once noticed that

e the first integrand has 7! Im log [W’%SF (%s)} as antiderivative which, evaluated for
s=1+¢€and s:% + 4T and using the definition of the Riemann-Siegel theta -function

J(t), gives exactly 7~ 19(T);

e the second integral gives 7! times the argument of log [s(s — 1)]: when s=1 + ¢ this

argument is zero and, when s:% +4T, we find 77! Im log (—T2 — }L) =1.

Backlund idea is based on the fact if Re ((s) # 0 on C, then ((C') is a curve contained in the
halfplane Re(s) > 0 and the third integral in (2.19) is 7! times the argument of log (s)
which, for s € C, cannot exceed 7/2 in absolute value, so that the last term in (2.19) cannot
axceed 3 in absolute value. As a direct consequence, formula (2.19) states that N(T') is the
natural number nearest to 7 '9(7)+1 . The proof that Re((s) is never zero on C, together
with an example of application of Backlund ideas, can be found in [4]; we conclude here
just mentioning that Backund was able to prove that N(200) = 79 and at the same time,
locating 79 changes of sign for Z(t) in the range 0 < ¢ < 200, he managed to prove that RH

is true for |Im(s)| < 200.

tion over R could not be performed.
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2.2.1 Some considerations on the “Gram’s law”

Starting from the definition of the Riemann-Siegel theta-function,

1t log 7
— TmlogD (- 4+ 2 ) - 287
V(t) m log (4+2> 5 ,

we take the derivative
i3 +%) 1
2T (3 +5) 2

Using the main term from the Stirling series for I'(s) ~ slog s, we may say that

¥ (t) = Im

d
oy logI'(s) ~ log s
so that, for ¢t > 0,
1 1t 1 1 t
"(t) ~ =log |-+ =| — =1 ~ —log — .
V' (t) 20g'4+2 5 log ™ 2og27r>0

Reminding the equation ((5 + it) = Z(t) cos¥(t) — iZ(t) sin¥(t), since Y(t) is an increasing
function of ¢, we conclude that the zeros of cos¥(t) and sin¥(t) alternates. The Hasel-
grove’s tables show a tendency of Re((3 + it) = Z(t) cos ¥(t) to be positive, in particular if
Z(t) cos(t) is positive in correspondence to two consecutive zeros of sin?(t) then at least
one zero of Z(t) (hence a zero of ((1 4 it)) must occur.

From Figures 2.1 and 2.2 we see that, in the range 10 < ¢t < 50, the zeros of Im C(% +it)
are alternately zeros of Z(t) (and therefore zeros of Re {(5 +it) as well) and zeros of sin 9(t):
Gram thought, from arguments similar to the one exposed before, that this peculiar pattern
could hold for larger ¢ values until, from a certain point on, the tendency of Re( (% + it)
disappear in favour of a substantial equilibrium between positive and negative values for
Re( (% + it). While the first conjecture was substantially correct, the second one has been
disproved by Titchmarsh [17].

The zeros of sind(t) are called Gram points: the nth Gram point, g¢,, is such that

V(gn) = nm. So Im (5 +1ig,) = 0 but Re {(5 +1ign) # 0. Since ¥(t) is an increasing function
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of t, it is not difficult to locate approximately Gram points just looking at Haselgrove’s
tables and, possibly, performing a linear interpolation (using the fact that 9/ (t) ~ %log ).
The alternation of a zero of Z(t) and a zero of sin¥(t) is strictly related with the persistent
positivity of Re((5 4 it): as long as it lasts, between § + ig,—1 and 3 + ig, there exists at
least one zero p of £ (% +4t). This alternation is often referred as Gram’s law and it could
be summarized as
Re( (% +z’gn) >0

or, equivalently,

(—1)"Z(gn) > 0.

Gram’s law is not a real “law” in the mathematical sense because it is not always true for
all n: the first Gram point at which Gram’s law fails is gj96 ~ 282.455. However, “Gram’s
law” has been a very useful relation which helped to locate roots on the critical line, due
to the not excessive computing effort needed to locate Gram points, for ¢ values greater
that 50, where the direct Euler-Maclaurin computation of ¢ (% +it) becomes too demanding.
In particular, the turning point of large-scale computation of roots for &£ (% + it) was the
Riemann-Siegel formula used to evaluate Z(g,) and to find the points ¢/,, close to g, such
that (—1)"Z(g;,) > 0 whenever the Gram’s law fails giving (—1)"Z(g,) < 0 (which happens
very rarely, as was clear from the large-scale computations performed by Lehmer [18], [19],
which also proved RH to be true in the range 0 < Im(s) < gas000, all 25000 zeros being

simple).

2.3 The Riemann-Siegel formula

The paper of Carl Siegel [20], appeared in 1932, is a milestone in analytic number theory, for
two different reasons: first, it disclosed to the mathematical community the Riemann’s deep

insights about zeta-function which were not at all evident from his brief paper (including
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Riemann’s “feeling” that all non-trivial zeros for ((s) could have real part equal to 3)

and second, it provided a very powerful formula for computing Z(t) for large ¢ values,
the Riemann-Siegel formula. On this formula are based all modern computer algorithms
for the calculation of the £ roots. Last but not least, the Riemann-Siegel formula plays
a fundamental role in theoretical number theory because it is used in different proofs of
theorems concerning the zeta-function®,

The original idea of Riemann, emerged from the studies made by Siegel on Riemann’s
unpublished papers in the Gottingen library, are a variation of the integrals used to prove
the functional equation for ((s) (see Theorem A.2.2 in Appendix A.2). First we remind the

identity (A.3):

g(s):—r(l_,s)/c(_z)s dz (2.20)

271 er —1

where C' represents the path along the positive real axis from 4oco toward the origin, then
making a counterclockwise circle of radius r < 27 around the origin and moving right back
to +0o0. We want now to split in two the zeta-function defined as formal series, something
similar to what was done in Section 2.1.2 when we needed to apply the Euler-Maclaurin

formula to ((s):
ANy}
C(s) =D —+ R,
n=1

where now the tail of the series, Ry = > >~ L1 %, is going to be evaluated through

complex integrals. In order to split off {(s) as in equation (2.20), one can use, for the

integrand function, the tail of the geometric series ) e~ "*:

so that we can write

C(s) = z:l ni - F(;W_i ) /C c ;(:Zl)s_ dz . (2.21)

6In Chapter 3 two theorems are proven making use of the Riemann-Siegel formula.

40



CHAPTER 2. NUMERICAL CALCULATION OF ZEROS ON THE CRITICAL LINE

At the same time, this splitting comes out if, instead of the contour C' in (2.20), we perform

the integration along the path Cy defined as in Appendix A.2, where it is proved that

1 s—1
—/ &d =2 g (2mm)* ! sin <7TS) ,
21 Joy—c €5 —1 2

and consequently

((s) = I — s) /CN (;2)511 dz +2(27)*'T'(1 — ) sin ( ) Zn (1=s) (2.22)

2

Now, the integral in equation (2.21), for Re(s) > 1, tends to zero when M — oo because it
is the tail of the converging series which defines ((s); besides, the integral in (2.22) tends
to zero for Re(s) < 0 in the limit N — oo, as shown in Appendix A.2. Yet, none of the
two integrals can be neglected for large values of M or N. For 0 < Re(s) < 1, remarking
that the function e M#(—2)*71/(e* — 1) possesses the same poles with the same residues as
(—z)*71/(e* — 1) in the region having Cy as boundary, the idea is to apply simultaneously

the methods that yielded to (2.21) and (2.22):

M N
_ 1 s—1 . : s —(1-s) _ F(l B S) eiMZ(_Z)871
((s) = nEZI e +2(2m)* 7 I'(1 — s) sin ( 5 ) nEZI n i o e 1 dz .

Multiplying both members by 1s(s — 1)I'(s/2) 7*/? and using I'(1 — 2)['(z) = 7 /sin (7z)

together with I'(2)T'(z +1/2) = 2!72%/7 '(2z), we find the corresponding equation for £(s):

s X 3 s Yo
_ _ 2 —s/2 - o Q2 —(1-s)/2
£(s) =(s 1)F<2 + 1) T ng_l o + (—s) F<2 2) T ng_l i

1 3 s e Mz(—z)s1
_ar(3_8 —(1—5)/2/ S ) M
* i @r) s (rsy2) ) (2 2) " o -1

Equation (2.23) is valid for all s but we are interested in the case s = % + ¢t and, noticing

the symmetry s <— (1 — s), it is natural to consider N = M, arriving at

f(=t) _(_Z)féﬂ'te—Nz .
( —I—zt)]/ dz . (2.23)

2i(2m) 2 sin 3
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where, for s = 1 4it, we define f(t) = (s—1)I'(s/2+ )72 = (=3 +it)['(2 + L7~ /202,

From equation (2.16) we know that £(3 + it) = g(t)Z(t) where

1/, 1 AN
g(t)——§ (t —|—Z>exp [Relogf(Zng)}w ;

on the critical line, s = % + 1t, we have

N

g(t) = exp [logf <§>} 71 8(82_ D exp [—i ImlogI’ <§>} (2.24)
=20 (5) 7 H s — ) e OrTH = f(pe 0

hence f(t) = g(t)e™”®). Equation (2.24) exhibits the symmetry s <— (1 — s), as a conse-
quence of that we find the relation g(t) = g(—t): hence, referring to Z(t) = £(5 + it)/g(t),

the g-terms disappear. Moreover, using J(—t) = —9(t) and 2isin (7s/2) = e~"™/2(e'™ — 1)

= eIt/ 2 (/207 1) = —e/4em™/2(1 — je~™), we finally arrive at
, Z COS o tlog n] . efiﬁ(t)eliﬂ/lle*i"tp / (—z)_%“’te*Nz ds (225)
V2 (27)iH(1 —ie=mt) Jo s —1

The asymptotic series in (2.25) does not converge under the limit N — oo, anyhow each

term is smaller that the previous one, so that one could ask if the truncated series

N2ZCOS —tlogn]

is a useful approximation or not: to answer this question, we need to investigate the re-

mainder term

o—i0(t) gim/4 o=t /2 / (_Z)—%-i-itesz
V2m (2m)t(1 —ie ™) Jo e —1

Riemann-Siegel formula deals with the numerical evaluation (2.26).

ra(t) = dz . (2.26)

Consider the integrand of (2.26),

(_Z)—%—&-ite—Nz

In(2) = ————

the modulus of the denominator, |e* — 1|, is bounded from below if the integration path

Cy does not pass on a zero of e — 1 (i.e. £2mmi, m = 0,1,2,...), in which case we may
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set |e* — 1|71 < A for some positive constant A. Then the search for large values for the

modulus of the integrand of (2.26) coincides with the search of large values for

X@):Iml(—%—%ﬁ)kg(—@——Nk},

where

‘(_Z)—%-Hte—Nz _ 6X(z) )

The function x(z), being the real part of a holomorphic function over Cl, is harmonic
and consequently does not possess any maximum in the region having Cy as boundary
(maximum principle). Nevertheless, x does have a saddle point o = (—% +it)/N; expanding

in series near «,

M@zﬂ%{(—%+ﬁ)bgbﬂ)+(—%+ﬁ)bg(1+Z;a)—AM—JWz—a%
:const+Re{<—%+it> Z;a—%(”z;a)2+... —N(z—a)}

N%(z —a)?
%} + terms with higher powers of (z — «) .
—5+i
2

1
—const — =R
cons 5 C {

To find a maximum for x(z), we note that the quantity (z — @)?/(—1 + it) is real and
positive if z lies along the line L defined by Imlog (z — ) = %Im log (—% +it), so |In(2)]
has a maximum for z = « (this is an application of the so-called method of steepest descent,
first developed by Van der Corput [21]). Thus along L, the integral’s main contribution
comes from a finite segment of L. centered around «, allowing to use more handful methods
of approximation.

Riemann-Siegel formula is very useful where the Euler-Maclaurin method loses its effi-

cacy, i.e. for large t values: if t is large, then o = (—% +it)/N lies near the imaginary axis.

"The path chosen is important, because « is a saddle point and, for example, if we arrive at this point in
the perpendicular direction respect to L, then we are reaching a local minimum along this path. The method
of steepest descent works if we find an integration contour where the exponent x(z) of our numerator is real

and positive.
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Remembering that the path Cy crosses the imaginary axis between 27 Ni and 27(N + 1)i,
we must have o ~ 27w Ni, so that N? ~ (—3 + it)/2mi ~ ¢/2m: this is the reason why, in the

Riemann-Siegel formula, one usually assumes

vl
the largest integer less than (¢/27)'/? (note that, with this choice, we can simply indicate
r(t) as 7(t)). As a consequence, v/t < (N + 1)v/2r, hence a ~ it\/27/t = i\/2xt lies
approximately between 2rNi and 27(N + 1)i as desired. The direction of L is such that
Imlog (2 — @) = JImlog(—3% +it) ~ 1 (7/2) = /4. Summarizing: if a = iv/2rt is the
approximate saddle point for x(z), the integrand Iy (Z) of (2.26) along Cy can be estimated
as the integral of the same function Iy (Z) along a segment, containing the point a, on the
line L (of slope 1, directed from upper right to lower left), and the latter integral can be
approximated by local methods. Consider the segment L; lying on L which extends from
a-+3e™*al down to a— 2e™/*|a| (i.e. Ly is the intersection of L and the disk of radius 1|al,
centered in a): the length of L; is bounded by the fact that we want to use a power series in
(z — a) for the integrand Iy (z), and the radius of convergence will turn out to be |a|. It is
non difficult to prove that the remainder r(t) of (2.26), originally calculated from an integral
over C'y, can be approximated as the same integral over L;. To prove that, one considers
the path Lror = Lo+ L1+ Lo+ L3, where Lg is the remaining portion of L from a-+ %e”/‘l]a\
up to 0o, Ly is the vertical line from a — 1e"/a| to the ordinate Im(z) = —(2N + 1)7 and
L3 goes horizontally from this intersection point right towards oco: the integral over Lpor
has the same poles for Iy (2), so that after proving that the integrals over Lj 23 give minor

contribution to the remainder term (see [4], §7), we get

e—i0(t) pim /4 p—7t/2 / (_Z)—%-H‘te*Nz
V27 (2m)it (1 — de=t) Jp, er—1

Now® (2.27) can be evaluated through local approximations.

r(t) ~ dz . (2.27)

8In [4], §7, it is shown that the error in approximation (2.27) is bounded by e~*/*! for ¢t > 100.
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We are supposing that the denominator e* — 1 can be ignored and that the saddle point
method can be applied to the numerator exp|x(z)]: matter of course, the numerator should
be expanded in powers of (z — «). Instead, a first order approximation is based on the
expansion in powers of (z — a): doing that we neglect the dependence of a = (—3 + it) /N
from N and the small real part in . Similarly to what was done when the saddle point

method was utilized for x(z), the numerator of Iy (z) now becomes

exp { (—% + it) log (—a) + (—% + z't) log (1 + Z%f) — Na— N(z— a)}
= (—a) 2T Naoxp { [(—% +z‘t) - N} é(z —a)— (—% +it> 2—22 (z—a)+.. } :

Now the coefficient of (2 — a) is approximately, for sufficiently large ¢ values, equal to
it/a ~ \/% — N = p and, remembering the choice N = [\/t/ﬂ], then p simply represents
the fractional part {1/¢/27}. The coefficient of the term (z—a)? is —it((2a?) ~ i/(47), while
the coefficients of the generic higher order term (z —a)™ are approximately it /[n(iv/27t)"]
which become small for large ¢ values. From these observations, we rewrite the numerator
of In(2) as

(—a)FileNagrea)iGa/n (g

so that

g(z—a)zexp{<—%+it) log (1+%) —(N+p)(z—a)—@‘(z_a)2}

47

is the exponential of a power series in (z — a) with small coefficients for large ¢ and it can

be expanded as

g(z—a) = an(z—a)” :

with radius of convergence |a| because z=0 is the only singularity for g(z—a), the constant

coefficient by is equal to 1 (if 2 = @ in the numerator, we must obtain (—a)~'/2*e~N%) and
the others goes to zero in the limit £ — oco. Finally,
e—iﬂ(t)ei7r/46—7rt/2(_a)—%+ite—Na eilz—a)?/(4m) pp(2—a) > so bu(z — a)"
r(t) ~ Y 2 dz. (2.28)
V21 (2m)#(1 — de~™) I e* —1
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+im/4 and

On the segment L;, which crosses a with slope 1, we have (z —a) = |z — ale
expli(z — a)/(4m)] is real valued on L;, with a maximum equal to 1 for z = a and a fast
decreasing away from a (at the end points of Ly, call them 2z, =a + %ei”/ Yal, the value is

e~t/®): so integral (2.28) is concentrated near z = a, where the only term surviving in the

series expansion of g(z — a) is by = 1. Consequently, equation (2.28) assumes the simpler

form:
(t) e—iﬁ(t)eiﬂ/‘le_”t/z(—a)_%—’—ite_Na / ei(z—a)Q/(47r)eP(z—a) J (2 29)
T ~ / a |
27T (27T)Zt(1 _ Z'e—ﬂ't) I €Z — 1

which was estimated numerically by Riemann himself, as Siegel found out studying his
unpublished papers.
First, we take the change of variable z = u+27iN (and consequently z —a = u+2miN —

iV2mt = u—2mip, with p = {4/t/(2m)} as before) and the right hand side of (2.29) becomes

ARNEAY exp[—id(t) — im(N + p)* — inN? — 2mip?| / eiw?/(4m) g2pu p
— — u
27 27 (1 —de=mt)(—2mi) r, e‘—1 ’

where I'; is the line segment of midpoint 2mip, length /27t and slope 1. Reminding the

approximation for the Siegel theta-function,

tt ot o1
— e 2 _ 1 -3
ot) = glogo - — 5 — g+ 5 TOUET)

we note that, for large ¢ values, the quantity

_ exp{i[(t/2)log (t/2m) — (t/2) — (7/8) — Y]}

E) =)

is very near to 1; now, (N 4 p)? = t/(2n) and e~ = (—=1)N* = (—=1)", so

t\ 4 . 51 iu?/(4r) ,2pu
r(t) ~ ( ) /8 (—1)N-1e2mp —/F C Y . (2.30)

% 21 et —1

S

Riemann managed to prove the relation

\Ij( ) _ eiw/8€—2m‘p2i / M du — COs [271'(}92 —p— 1_16)]
! 2mi Jpooet =1 cos (27p)

9
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where? T is the line of slope 1, directed from upper right to lower left and crossing the
imaginary axis between 0 and 274, so that if in (2.32) we approximate I'; with T', we finally

get the first term of the Riemann-Siegel formula:

(2.31)

vt () cos2r(p? —p— )]
rt) ~ (=1) (%) cos (27p) '

The approximation (2.31) can be easily computed for a given t.
Up to now, the major approximations used to deduce the first order approximation for

r(t), equation (2.31), are valid for large ¢ values and can be summarized as follows:
L Y sobn(z —a)" ~ by =1
2. B(t) = exp{il(t/2)log (1/27) — (t/2) — (/8) — D] H(1 — i) ~ 1

3. frl ~ fr‘

Higher order approximations are derived [4] using higher order terms in the series g(z —a) =
> obn(z —a)™: if we call w = y/27/t, then w is small for large ¢ and the coefficient b,

n>0 ~n

turns out to be a polynomial in w of maximum degree n and minimum degree [n/3]. The

result of this higher order expansion, up to the Jth term, is

N

T’(t) ~ (—]_)N_l (%) ) E(t)[boCo + 6101 + - bJCJ] s (232)

where

) ) iu?/(4r) ,2pu
Cp = 6”/86_27”’32% / %(u —27ip)" du .
™ Jr e¥—

Each integral ¢, is a linear combination of the derivatives ¥*)(p) with numerical coefficients

(non depending on t). In particular, the integrals ¢, satisfy the relation

(2y)"cy 2miy? w (p)?/k
n>0 k>0

9The apparent poles at p = i + k% are not a problem, see [4], §7.
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so that, in order to compute ¢,, if suffices to equate the coefficient of the powers y™; however,
in view of the computation of r(¢), the important property expressed by the relation (2.33)
is that each ¢, can be expressed as a linear combination of the derivatives ¥ (p), k < n,
with coefficients independent of ¢. The successive steps involve a multiplication of both
members of (2.33) by 327 _ m!b,,(2y)~™ and then express the result as polynomials in w,
using the recurrence relation

(Zn + 1)’/Tan — bn_Q
4(n+ 1)m2w=t

bn+1 -

In view locating the zeros of Z(t), the first four terms of the final asymptotic series for r(t)

are more than sufficient and one obtains, at last, the following:

Theorem 2.3.1. The remainder r(t) in the formula

ziy=2 Y = () — thogm] 1y (2.34)

Ag =V
0 (p) CoS (271'])) )
1
A= ——— gB)
A~ L g LG
2= gep ) g V)
1 1 1
Ao — g () — 1 gO) () — )
1 4 1 8 1 12
A4 - 2771-2\1/(]?) + 213 371-4\1/( )(p) + 21732 . 571—6\1[( )<p) + 9223 3571-8@( )(p) :

We want to emphasize, one more time, that the Riemann-Siegel formula is the result of

different types of approximations, as the truncation of integrals contours (estimated to be of

48



CHAPTER 2. NUMERICAL CALCULATION OF ZEROS ON THE CRITICAL LINE

order e*/! [4]) and mainly of the asymptotic series. However, as for the Euler-Maclaurin
formula, the computation of the error terms leads to the general rule of estimating the
magnitude of the error committed in computing Z(¢) to be less than the first term omitted
when truncating the series. Also, the real improvement respect to the Euler-Maclaurin
method is evident in the case of large ¢ values: for example, if we want to compute Z(1000),
the Riemann-Siegel formula needs the evaluation of [4/1000/(27)] = 12 terms in the main
sum and the error committed (see [4]) is much smaller than the A, term which is below
2-10~%, while on the other side Euler-Maclaurin method, to achieve the same accuracy, would
require the evaluation of hundreds of terms and consequent overly demanding computational
efforts. Hence, explicit computation through the Riemann-Siegel formula suggest that the
error committed is very small and Z(t) can be evaluated with great accuracy over a large
range of ¢ values'’. Anyway, the interesting fact is that, until now, the great accuracy in
computing Z(t) with Riemann-Siegel is basically no more than a conjecture: no theoretical
proofs of this good behavior of the Riemann-Siegel error exist, every estimate made up to
now is far from justifying the smallness of such error, even when computed with just the
first two terms, Ay and Ay, in (2.35). In this direction, Siegel himself was able to prove that
for every m, if A,, is the first term omitted, there exist ty and C such that, for every t > tg,
the error term is less than C/(27/t)~(2m+1/4. in this sense, the Riemann-Siegel formula is an
asymptotic expansion of Z(t) and every term is significant if we intend the the last term in

the truncated series, say A,, 1, to be less then C'(27/t)~(m=D/4 for ¢ sufficiently large!!.

We conclude this Section mentioning some computational developments since the advent

of the Riemann-Siegel formula. The major progresses are, of course, a direct consequence

FEven when t = 14, for example, the A, term is smaller than 10~%; for larget ¢, the A, term becomes

rapidly smaller.

HGiegel gave explicitly the value ¢y for different m, but this ¢y are very large and unhelpful for practical

calculation of Z(t).

49



CHAPTER 2. NUMERICAL CALCULATION OF ZEROS ON THE CRITICAL LINE

of the computers making the scene. We already mentioned the works by Lehmer ([18],
[19]),where was proven that every root of £(s) was a also zero for ¢ (1 + it) for [¢| < gasooo:
this was done using the Riemann-Siegel formula for locating the zeros of Z(t) but, in order
to prove that RH was satisfied in the range 0 < ¢t < g95000, was mandatory to verify that
the number of these zeros was equal to N(g25000), the total number of roots for {(s) with
0 < Im(s) < go5000- In this view, the work of Turing [22] was essential: Turing developed
a method for computing N(7') based only on the behavior of ¢ (% + z't). So, the only
informations needed are directly derived from ((s) on the critical line, which is what one
naturally look at when trying to locate the changes of sign for Z(t). In particular, Turing’s
method uses a theorem by Littlewood applied to those Gram points g, which do not satisfy
Gram'’s law (—1)"Z(g,) > 0: if (=1)"Z(g,) < 0 and if we find a point g, + h,, close to
gn, such that the Gram’s law is satisfied (i.e. (—1)"Z(g, + hy,) > 0), Turing showed that
if hy, = 0 and if the values of h, for n near m are small, then N(g,,) = m + 1. Now, if
S(T) = N(T) — m='9(t) — 1 is the error in the approximation N(T') ~ 7~ 19(¢) + 1, then in
order to prove S(g,,) = 0 one must just prove that |S(gm,)| < 2, because S(g,,) is an even

integer.

After Lehmer, various works on the computation of the £(s) roots came out, all of them
using mostly the same underlying ideas and greater computer processing power. Ever since,
the the major improvement for determining the roots of ¢ (% + z't) has been the Odlyzko-
Schonhage algorithm [25], which makes use of the Fast Fourier Transform to convert sums
like - | k~ (this kind of sums are the most demanding part of the calculations performed
through the Riemann-Siegel formula) into rational functions. Also Gourdon’s work [26],

in which the first 10'® zeros of £(s) were computed, is based on the Odlyzko-Schonhage

algorithm.
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2.4 Connections between the Riemann-Siegel formula

and the zeros of ( (% + z't)

In Section 2.2, the approximate value for Z(18) has been evaluated through the Euler-
Maclaurin summation method: the final result was Z(18) ~ 2.337. We would like to
compute now Z(18) using the Riemann-Siegel formula. First note that ¢ = 18 implies
N = [{/18/(2m)] = [1.692569] = 1, so that the asymptotic series must stop with the first
term 2 cos(t). Concerning the error estimates, we begin using the first approximation for
it:

1
]_ 2
Z(18) ~ 2cos ¥(18) + (—1)' (g) U(0.692569) ~ 1.993457 4 0.346197 ~ 2.339654 .

Hence, even with the first order approximation (and with a ¢ not so large to render the
asymptotic series more precise) the value of Z(18) coincides up to two decimal places with
the one obtained (with greater effort and utilizing the Haselgrove’s tables) computed with
Euler-Maclaurin. Computing the higher order corrections to the remainder term (the Ay,
Ajy... terms, involving the derivatives of ¥(p)'?), we achieve a better numerical estimate of
Z(18). Including the terms up to A4, we obtain Z(18) ~ 2.336796 which is a very precise
approximation, especially once compared with the one based on Euler-Maclaurin. Generally
speaking, locating the Z(t) roots is computationally much simpler with Riemann-Siegel than
Euler-Maclaurin, even for the first zeros where the Euler-Maclaurin formula is still workable:
for larger ¢, the number of terms one need to evaluate utilizing Euler-Maclaurin is orders of
magnitude bigger than the number of terms in the case of Riemann-Siegel formula, because
for large ¢ the main sum itself, Z(t) ~ Z”S[W] n~1/2 cos [0(t) — tlogn|, provides a very

good approximation for Z(t).

12There exist other Heselgrove’s tables with the coefficients A,, in powers of 1—2p, because being 0 < p < 1

it is natural to expand in powers of the symmetric variable p’ = p — 1/2.
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After having discussed the main aspects of the Riemann-Siegel formula, it is natural to
ask if this method of computation for Z(t), developed by Riemann, was the reason why

he thought it was “probable” that all the £(s) roots have real part equal to 1. Perhaps,

2
as Edwards observed [4], Riemann performed Z(t) computations through his formula and
noticed that “in general” this line of work leads from a zero ¢ of the first term, 2 cos9(t),
directly to a zero t' of Z(t), not far from ¢. In the previous example, with ¢+ = 18, we had
t = 1.993457 and the first order correction added 0.346197 to reach the corresponding zero
t' for Z(t) (higher order corrections slightly modified the value t'). So, if this one-to-one
correspondence between a zero of 2cos¥(t) and of Z(t) holds over, one may think that in
the range 0 < t < T one finds approximately the same total number of zeros for Z(t) and

for 2 cos 9(t), the latter being ~ 7 19(¢). But, see equation (2.19), the total number N(T')

of £(s) roots with 0 <t < T'is

where

o-tn{ [ 30

with L going from 14-¢ to 14€+i7" and then to $+iT. So, 7~ '9(t) is also an estimate for the
total number of non-trivial zeros for ((s): this could be viewed as a “rough” version of the
RH and a possible mathematical translation of the Riemann’s words about his conjecture.

Still, we have used the term “in general” to describe this supposed one-to-one connection
between zeros of 2cosd(t) and of Z(t). This is motivated by the assumption that the
consequence of a small change in t is mainly reflected, in relation to Z(t), in a shift of
the first term 2cos¥(t); that is, the other terms in Z(t) are subject to minor variations.
Unfortunately, this assumption is not a general rule and it fails in correspondence of some
crushing failure of the Gram’s law, like the one between ggros and ggroe: in this interval,

the zero t of 2cosd(t) is associated to a value Z(t) ~ —2. If one tries to move ¢ back

52



CHAPTER 2. NUMERICAL CALCULATION OF ZEROS ON THE CRITICAL LINE

to geros, where 2cosd(t) = 2, the other terms in the Riemann-Siegel formula continue
to keep Z(t) < 0 (one finds Z(ggros) ~ —3). The search a nearby zero for Z(t) relies
upon continuing move left of gg70s, consequently decreasing the value of 2 cosJ(t) from the
maximum +2, with the hope that the other terms will contemporaneously increase enough
to give Z(t) = 0. Of course, in this case the supposed one-to-one correspondence between
the zeros of 2cosd(t) and of Z(t) fails. From this point of view, if that was what really
pushed Riemann to formulate RH in terms of a “probable” rule, the failure of this kind of
reasoning runs parallel to the failure of the Gram’s law; anyway, Gram’s law was motivated
by computations made through the Euler-Maclaurin formula, each of them requiring the
evaluation of hundreds of terms, while the Riemann-Siegel formula requires, for the same
t range (say, 100 < ¢ < 1000), less than twenty terms and, in general, the main term
dominates. However, we now know the so-called Lehmer’s phenomenon!® [5] and the fact
that ¢ (3 +it) (and as a consequence Z(t)) is not a bounded function [24]: this two facts

were obviously unknown to Riemann and, as a result, the reasoning outlined above is totally

inappropriate to reach a proof of RH.

13Lehmer’s phenomenon is the fact that, quite rarely, two consecutive zeros of Z(t) are very close or,

equivalently, that the graph of Z(t) barely crosses the t-axis.
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Chapter 3

Estimates for the zeros of ((s) on the

critical line

Chapter 2 dealt with the efforts to locate numerically the non-trivial zeros of ((s) inside
the critical strip: as already remarked, these methods were fundamental to give a strong
numerical evidence in favor of the RH [26], even if, in a future day, a possible counterexample
could in principle come to light thanks to the same numerical computations. The only certain
thing is that numerical computation of the £(s) roots is not the strategy to catch a proof of

the RH.

An important step in the direction of a possible proof of RH has been made in 1914 by
Hardy [27], proving that infinite zeros of £(s) lie on the critical line, the so-called Hardy’s
theorem. Seven years after, in 1921, a paper by Hardy and Littlewood [28] appeared improv-
ing Hardy’s theorem: not only infinite non-trivial zeros of Zetas have real part %, but if we
indicate with Ny(7') the number of them with imaginary part between 0 and T, then there
exists a constant A and a positive Ty such that No(T) > AT if T' > Ty. Still, comparing this

result with the number of £(s) roots with 0 < Im(s) < T provided by the von Mangoldt’s
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Theorem 1.2.4,

T T T
— L og — = L O(log T
or 0g27r 27T+(’)(0g )

N(T)
the factor log (T/27) makes the fraction No(T)/N(T) tend to zero in the limit T — oo.
Eventually, in 1942, Selberg [29] managed to prove that a positive fraction of non-trivial

zeros of ((s) lie on the critical line:
No(T) > KTlog T,

for some positive constant K, assuming 7" > T for some Tj. In 1974 Levinson [30] was able
to prove the lower bound K = %, so that more than one third of the £(s) roots are located
on the critical line: until today, this result has not been significantly improved and different

authors believe that this way to proceed will improbably suffices to prove the limit
lim No(T)/N(T) =1,
T—o0

which anyway does not imply RH [23]. Even if none of these results will lead us to the final
proof (or disproof) of the RH, no doubt they are very important for the study of ((s) and

they substantially contribute to the belief that RH is in fact true.

3.1 Hardy’s theorem

Theorem 3.1.1. There exist infinite zeros p =+ iy of {(s) with v = 1.

Proof: There are different proofs of this fundamental theorem, see for example [33]. A
proof of Hardy’s theorem widely diffused among the texts on the subject is based on the
fact that, since |Z(t)| = |¢ (3 +it) |, then ¢ (1 +it) has a zero 1 + iy of odd multiplicity
if and only if Z(t) changes sign for t = ~y; but if Z(t) changes sign at least one time in the

interval T < ¢t < 27 we must have

/TQT Z(t) dt| < /2T Z(0)| dt

T
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The previous inequality can be proved in different ways; for example it is possible to give

the two estimates [33]

/2T Z(t) dt‘ — o(T%), /TZT 2| dt > CT .

T

with C' positive constant, which prove the theorem in the limit 7" — oco. Instead we will
discuss a proof given by Titchmarsh [17] which makes use of the Riemann-Siegel formula.
Concerning the proof of Hardy’s theorem, it suffices to use a first order simplified version

of the Riemann-Siegel formula (2.34),

2() =2 Z cos [ﬁ(t)\/%tlogn] +(9(t_%) ‘
n<y/t/(2m)

We have shown in the previous Chapter that, for large ¢, the Siegel theta-function and its

first derivatives are approximately

t 1 t 1
H(t) ~ =logt "(t) ~ = log — ") ~ —
(t) 20g,29() 20g7r,19() 5

hence the theta-function ¥(t) is monotonically increasing and the equation ¥(t) = vm has

only one solution, ¢, ~ 27v/logv. The function Z(t) evaluated for ¢t = ¢, becomes Z(t,) =
_1

(=1)"2¢9(t,) + O(t, *) with

cos (t, logn) | 4 cos (t,log2)

g(t,) = Costty 08T _ | S8 08S)
v V2
n<+/tu/(2m)

roughly speaking, the quantity g(t,) is equal to 1 plus a series of terms with oscillatory sign

and decreasing absolute value and, consequently, it is very likely that g(¢,) > 0 and that

Z(t,) changes sign in the interval (t,,t, + 1). The key of the proof is to show that

N N
D Zltw)~2N, Y Ztw) ~ 2N
v=M-+1 v=M-+1

so that, letting N — oo, we conclude that Z(t) changes sign infinite times (i.e. Z(¢) has

infinite zeros of odd multiplicity) because Z(t5,) is positive infinite times and Z(tg,,1) is
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negative infinite times. Now consider the sum

N N

B cos (ta, logn)
Z g(tQV)_ Z Z \/ﬁ

V:M+1 l/:M—‘rl TLS t2u/(27r)

1
=N-M+ Z % Z cos (tg, logn) | (3.1)
2<n</ta, /(270) T<t2, <taon

where 7 = max{2mn?, tops12}. Indicating

_ ta,logn
o2

¢(v)

the inner sum in (3.1) is simply

S cos(2mo(v)

T<t2, <tan

Noticing that, since J(t3,) = 2vm, then

dt?u

¥ (tg,
(2)dy

=27,

and we find
_ logn dty,  logn

A Tlt)

At the same time, for large v,

V' (ta,) dty, 8mlogn A logn

11
-1 _ e
¢ (V> ogn [ﬁ’(tg,j)P dv tgl, log 3t2y tQN log 3t2N ’

for a certain constant A. Now it is possible to prove ([33], §5) that if f(x) € C?*([a,b]) and

A < —f"(z) < hA in the interval [a,b] with b > a + 1, then

> e = 0[(b—a)VA + 0 (%) ;

a<n<b
as a consequence, the inner sum in (3.1) becomes
627ri¢>(1/) + 67271'&;5(1/)
2

_ (9( log 1/?n ) Lo (\/t2N10g3/2t2N>

t
N SN log 3/2tyn log 1/2n

= O(\/ tQN IOg 3/2t2N) .

Z cos (tg, logn) =

T<to, <tan
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Then

1
S LS cosltalosn) = O hog"har) = OV log )

NG

2<n<A/tan /(27) T<tay <ton

so that we have provided the following equation:

N
> Z(ta) =2N + O(N**1og**N) ~ 2N . (3.2)

v=M+1

In a similar manner, one can prove that

> Zltasr) ~ —2N . (3.3)

v=M+1

Combining (3.2) and (3.3) and the theorem is proven. O

3.2 A positive fraction of ((s) zeros lies on the critical
line

In this Section N(T') indicates the number of £(s) roots with 0 < Im(s) < T and Ny(T')
are the number of such roots located on the critical line (hence, N(T') = Ny(T') is a concise

reformulation of RH).

Theorem 3.2.1.

Ny (T + W) — No(T) > C (T + W) — N(T) , (3.4)

with C' > %

The complete proof of Theorem 3.2.1 is very long and full of technical difficulties [30];
here we will restrict the attention on the basic ideas behind it. The functional equation for

((s), equation (1.4), can be written as

h(s)C(s) = h(1 = s)¢(1 = s) (3.5)
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with h(s) = 77%/?T'(s/2). Setting

h(s) = ef) |

if | arg(s)| < m — J one can apply the Stirling’s approximation and if [Imlog (s/27)| < 7 we

arrive at

s—1 S s 1
log — — = + =log?2 -1 .
5 log o — 5+ 5log2+0(ls| ), (3.6)

fs) =

that once differentiated gives

o) — ETIE S
Fs) =30 ~ 3% 5,

+O(ls|™h) .
Taking the derivatives of both sides in (3.5) we obtain
f'(9)h(s)C(s) + h(s)¢'(s) = =f'(1 = s)h(1 = 5)¢(1 = s) = A(1 = 5)¢"(1 — s)
= —f'(1=9)h(s)¢(s) = h(1 = 5)('(1 = 5) ,
so that
[F'(s) + /(1 = $)lh(s)¢(s) = =h(s)¢'(s) — h(1 = 5)¢"(1 = s). (3.7)
On the critical line, s = 3 + it, the right hand side of (3.7) becomes
—h (% + z't> ¢ (é + it) +c.c.,
hence ( (% + it) = 0 whenever

arg{h(%—i—’it)C’ (%—l—it)}:g—kkﬂ.

Comparing the second version of the functional equation for ((s), (1.6), with the definition

of h(s) in (3.5), the function x(s) = h(1 — s)/h(s) appears in equation (3.7) as follows:
¢'(s) = =x(Nf'(s) + F(1 = 9)IC(L = 5) + ('(L = 5)} .
Consequently, ¢ (% + it) = 0 whenever

o 0 R o0 e

(3.8)
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Now arg{h(s) = exp[f(s)]} can be obtained by (3.6), so that the evaluation left is the one
of the argument of

¢'(s)
fls)+ fi(L=s)"
for s = $+it. Roughly speaking, the central idea of Levinson’s proof is that if arg{G(3 +it)}

G(s) = C(s) +

(3.9)

does not change then the change in argument in (3.8) depends exclusively on h(% +it); we
note that arg{h(3 +it)} = ImlogT'(§ + %) — L logm = 9(¢), so that ¢ (1 + it) reaches a new
zero whenever 1¥(t) increases of 7, which is nothing but the Gram’s law. But, from (3.6),

t t t
¥(t) = Imf(s) = ilog 97 3 + O(logT)

and the fact that ¢ (% + z't) gets a zero every time () increases of m means that the number
No(T) of zeros on the critical line in the range 0 < ¢ < T is the essentially comparable, due
to the von Mangoldt Theorem 1.2.4, with the number N(T") of zeros on the critical strip in
the same range

T t

t

So the essence of Levinson’s proof is to prove that arg{G(3 + it)} changes very slowly in
t and consequently No(T') , even if different from N(7T') in this case, is anyway estimated
as a significant fraction of N(T) (about ). The following steps of used by Levinson in his
proof are very technical and complicated, but the main strategy of the whole proof is the
one exposed before. Now, if Ng(R) indicates the number of zeros of G inside the rectangle

R={seC|3 <Re(s) <3, T <Im(s) <T+ U}, then by the principle argument

1[G, 1
=5 - G(S) ds = gAR arg{G(S)}

Ne(R)

It involves standard but long calculations (including the use of the Jensen’s formula, [2],
[23]) to show that the contribution to Ng(R) of the integration along the three sides of R

not lying on the critical line can be estimated as O(logT'), so that

T+U

arg{G(% +it)} = —27Ng(R) + O(logT).

T
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At this point, a direct computation of Ng(R) is not possible, so that Levinson used a
theorem by Littlewood: if ¥(s) is an integral function (hence, ¥(s)G(s) has the same zeros

as G(s)) and for every 0 < a < 3

o (% - a) Ne(R) < Llog E /TW W(a+it)Gla+it)Pdt| +OWL™Y,  (3.10)
T

where L = log (T'/2m). The quality of this kind of estimate for No(T")/N(T') strictly relies

upon which function W(s) is chosen; the one chosen by Levinson is not the optimal choice

[23] but, at the same time, renders the calculations much easier. The estimation of the inte-

gral in (3.10) is obtained through the Riemann-Siegel formula and, after long calculations,

Levinson’s proof is completed showing that for a = £ + O(L™") the integral in (3.10) is less

than C'U for a certain positive constant C’, from which depends the value of the constant

C in (3.4).
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Conclusions

The present thesis deals with the Riemann zeta-function ((s) and it is intended ad an
exposure of some of the most relevant results obtained until today. The zeta-function plays
a fundamental role in number theory and one of the most important open question in
mathematics is the Riemann Hypothesis (RH), which states that all non-trivial zeros of
((s) have real part equal to % The zeta-function appeared for the first time in 1859 on a
Riemann’s paper originally devoted to the explicit formula connecting the prime counting
function, m(x), with the logarithmic integral Li(x); nevertheless, the paper contained other
outstanding results, like the analytical continuation of ((s) through the whole complex
plane, and deep conjectures, each of them involving the non-trivial zeros of ((s). All these
conjectures, thanks to von Mangoldt and Hadamard, afterwards became theorem except,
as said before, the conjecture about the displacement of non-trivial zeros along the critical
line Re(s) = 1.

In Chapter 1 we have seen the ideas inside Riemann’s paper and the basic properties of

((s); also, some consequences of RH are discussed, together with considerations about the
possibility of RH to be true or false.

Chapter 2 is dedicated to the computational aspects of the RH: we walked along an
historical path from the first calculations of non-trivial zeros by Gram, who made use of the
Euler-Maclaurin summation method, to the much more powerful Riemann-Siegel formula,

which is the foundation of every modern algorithm to locate these zeros (and, at the same
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time, is a formula widely used in many proofs concerning ((s)). Chapter 2 also includes
considerations on the so-called “Gram’s law” and on the possible origin of RH by Riemann.

Ultimately, Chapter 3 discussed two prominent theorems, by Hardy and Levinson re-
spectively, which prove that infinite non-trivial zeros of ((s) satisfy RH (Hardy) and that,

in particular, this is true for more than one third of them (Levinson).
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A.1 Poisson summation formula and functional equa-

tion for V(z)

A very powerful tool in analytic number theory is the so-called Poisson summation formula:
it is a consequence of the theory of Fourier series and here we will not consider it in the
most general case. However, as long as we are concerned, the hypothesis of the following
theorem are sufficient to deal with a large part of number theory objects, like the function

¥(x) used to prove the functional equation for £(s).

Theorem A.1.1. Let f, f € L*(R) (where f(z) = fj;o f(t)e*™mdt is the Fourier transform
of f) and assume that both f andf have bounded variation on R. Then
Y fm)=> fn), (A1)
mez neL

each series converging absolutely.

Proof: The function g(x) = >, ., f(x + m) is periodic of period 1 and possesses an
absolutely convergent Fourier series expansion
g(ZL') _ ch(n) p2minT ’
nez
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with coefficients

“+oo

1 . 1 . . A~
¢y(n) = / g(t)e 2ty / SO ft+mye = [ ()i = fn) |

mEZ

the third equality holding for bounded variation of f. Now (A.1) derives setting z = 0.

O
Corollary A.1.2. The function 9(z) =, ., e satisfies

I(z) = %0(1/@ | (A2)

Proof: Consider the function f(z) = e for a fixed @ > 0: f satisfies the hypothesis

of Theorem A.1.1, so

I a/m) = Z e = Z /+OO e g 2mint gy

mEZL nezZ ">

Now

+00 , +o0 2 [T 2 2
/ e et gt — 2/ e~ cos 2mnt dt = — / e cos Lt dy = — F (ﬂ> ;
- 0 0

[e.9]

where
+00 )
F(y) = / e cos2yx dr ;
0

but F'(y) satisfies the differential equation F’(y)+2yF(y) = 0 and, using f0+°° e =\/1/2,

we conclude that

Ply) = T e
2
Hence
+oo
/ 6—at26—27rintdt _ \/ze—w2x2/a
oo Q@
and taking o = 7z we obtain (A.2). O
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A.2 Riemann’s proof of the functional equation for ((s)

The starting point is the definition of {(s) as complex integral which appeared in Riemann’s

paper!.

Lemma A.2.1. Let C represent, in the complex plane, the contour which runs just above
the positive real axis from oo directed leftward to the origin, make a counterclockwise circle
of radius v < 21 around the origin and move right to oo running just below the positive real
axis. Then

c(s) = -1 =9 /C (=2, (A.3)

271 er —1

where (—z)*~ = exp|(s — 1)log (—2)] is defined on the complement of the non-negative real

axis, with |Imlog (—z)| < .

Proof: The integral is convergent and, choosing r < 27, we are sure that no multiple of
271 is enclosed by C; then Cauchy’s theorem assures that the value of the integral does not
depend on how small the radius r is, so that we can take the limit » — 0 and the integral

along C reduces to the sum of the two integral

0 ,.s—1,—mi(s—1) oo .s—1_mi(s—1)
/ %dw—k/ %dx:%sm (s — 1)7]¢()T(s) |
0

where, when moving upward the positive real axis, arg(—z) = —m so that (—z)*7! =
2*~te™™ (=1 and, when moving back downward the positive real axis (—z)*~! = z°~1em(s=1

because now arg(—z) = m and where we have used the relation

er —1

C(s)T(s) = /0 A

'Riemann, throughout his paper, used the “factorial function”
I(s) = / z%e *dx =sT'(s) =T(s+ 1)
0

instead of T'(s), as can be seen in [4] where all computations are made using II(s) as Riemann did. Here we

follow the contemporary vogue in number theory which replaces the old-fashioned II with I'.
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The Lemma is proved just remembering that I'(s)['(1 — s) = 7/sin s7. O
The subsequent step taken by Riemann was the proof of the following functional equation
for ((s), which enables to continue it analytically over the whole complex plane, excluding

the simple pole at s = 1.

Theorem A.2.2. The function ((s) satisfies the following functional equation:

C(s) = 2°mt™ Ssm(”;)r(l—s) c(1—s). (A.4)

Proof: First of all we define, on the complex plane, the path Cy which runs over the
positive real axis from 400 to (2N + 1)m, then describes counterclockwise the square of
corners (2N + 1)w(i £ 1) and (2N + 1)m(—¢ £ 1) and finally, from (2N + 1)7, returns to
+o00 following the positive real axis. Making use of the path C of the previous Lemma, it
is evident that the path Cy — C' has winding number equals to 1 about the points +2mi,
with m = 1,..., N, which are simple points for the function (—z)*~!/(e* — 1) with residues

(F2mmi)*~t. Then, using the residue theorem,

L/ (=2 dz = i[(—me’) + (2mmi)* ] =2 i 2mm)*~ ! sin (ﬂ8>
21 Joy o €2 —1 — — 2/
where we have used the simplification

g (i) = % [eslosi _ eslog(fi)] _ % [€s7ri/2 _ 6757”‘/2] — 94in <§> .

Separating Cy as the sum of the square S and the path C) from +oco to (2N + 1) and

its opposite C% from (2N + 1)1 to +oo, then |e* — 1|~ is bounded on S by a constant A

independent of N and |(—z)*!| = A’N°~! for some constant A’, so that

_ )s—1
/&dz
S 62—1

for some positive constant A”. Hence, if 0 < 0, the integral over S will tend to zero as

S A//Na' ,

N — o0; since the same will happen to the integrals over Cy and C%;, in the limit N — oo
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the integral over Cy — C will tend to the integral over C' which, using (A.4), turns out to
be equal to ((s)/T(1 — s). For N — oo, the sum S_V_, converges to ¢(1 — s), which is
well defined for 0 < 0 and the identity (A.4) is obtained for o < 0. But two meromorphic

functions which are equal on a region are identical, thus (A.4) is valid for every s. O
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