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1 The zeta function

1.1 The goal of this paper

In this paper, we present the proof outlined by Riemann in his ground breaking paper from 1859.
In this paper, Riemann proves several results about the so called Riemann zeta function and he
gives an analytic representation of the prime-counting function 7(z). He closes his ten page paper
with a strong approximation of 7(z), which was stronger than the best analytic approximation
at that time. Riemann left a lot of the formal proofs to the reader, giving them only hints at
the solution, but essentially his proof is incomplete. The formal completion of the proof comes
form Hadamard and von Mangoldt. In this paper, we will thoroughly work out Riemann’s original
approach and we will be able to proof all his assertions except for one switching of summation and
integration. The first proof of the legality of this action was given by von Mangoldt, but his proof
is indirect and uses a totally different approach than suggested by Riemann. The only knowledge
required in this paper, is some background in complex analysis.

1.2 Introducing the Riemann Zeta function
In 1737 Leonard Euler proved the following interesting identity ([L],441):

=3 =T — &
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Here P denotes the set of prime numbers and the product on the right is called the Euler product.
This indicates that there could be a useful link between prime numbers and the Riemann zeta
function (Rzf), but to see this connection we will first have to investigate some properties of the Rzf.

First of all, we will have to prove that ((s) is a convergent and analytic complex function for
Re(s) > 1. Denote the set of complex numbers s for which Re(s) > 1 by B. We'll start with
convergence. Let 8 denote Re(s):
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The Riemann-integral is larger than the summation because we can look at it as a Darboux
integral, where the summation is can be seen as one of its lower Darboux sums. Since the lower
Darboux sum will always be smaller than the integral, we deduce that our summation will be
smaller than the integral. We conclude that ((s) is an absolutely convergent series, which means
it also converges uniformly on B ([L],52). The analyticity of ((s) will follow from the following
lemma which we will not proof.

Lemma Let f,, be a converging sequence of analytic functions on an open set U which converges
to f. If the convergence is uniform on every compact subset K of U, then f is analytic on U.

([L],156)

Notice that n~*° is analytic for every Re(s) > 1 and n is a natural number. In the sequence
fr(s) = 22:1 n~* all elements are analytic which allows us to use the lemma. As a result, {(s) is
an analytic function on the open set B.

Now look at log(]¢(s)]). If this is finite valued, we know that |{(s)| is non-zero. We can prove this



using the product formula:
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Here we used that for small values of x, |log(1 — )| < z. The sum on the right is finite since it is
smaller than the converging series > n~*. We conclude that ¢(s) # 0.

To get some concrete results for ((s), we’ll have to look at its individual terms. The smart
move is to create an integral which evaluates to something that looks like n~°. That integral is
fooc e~ ™25~ 1dx. Substituting % for x gives a jacobian which equals n~! and results in our term

multiplied with the gamma function:

o0 o0 t o0
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Using this identity and summing over n gives us the following expression:

C(s)-T(s) = Z /000 e sy

For Re(s) > 1, both I'(s) and ((s) are finite which means that the sum converges. The integrals
are taken over a domain in which the functions are non-negative and the integrals converge, which
means they evaluate to positive reals. As a result, the summation is absolutely convergent since
its value is the finite value ((s)-T'(s). Absolute convergence implies uniform convergence so we’re
allowed to switch the order of summation and integration ([L],100):

s)-I'(s) = Ooooe_"macs_lx: h Ooe_m— szt e = 0071 —1)-2° Yz
CRICEV DY =[S - = [ e

Here we use that e™™* < 1 whenever x > 0. This entails that our summation is a geometric series
which is convergent. The only point where this fails is = 0, but {0} is a set with measure zero
which means it does not contribute to the integral and our move is still valid.

If we continue we get the following:

C(5)T(s) _/Oool(lem) ~x51d1:—/0006m T /OOO LA, 2)
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1.3 The Hankel Integral

We can evaluate the integral using contour integration. The contour K. that we will use is drawn
s—1

in figure 1, the function that we will integrate is 25— . The path can be split up in three parts:

it starts at minus infinity, turns around zero and runs back to minus infinity. We will show that

the integral over the turn around zero, which we will call C¢, goes to zero as € goes to zero. C.

can be parameterized with ee?™*. As a result we get the following expression inside our integral:
2mit\s—1
€e ) .
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Taking the absolute value simplify’s our expression to:
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Figure 1: In this picture, C' = K.. The radius of the circle is e.

Using L’Hospital’s rule for the limit € | 0, we can calculate the limit:

) 2meltels) . 21 Re(s)efte(s)—1 0
lim = lim

€10 [e—ccos@mDisn(al) — ]| |0 |e—ccos2rb)isin(2nt) . (— cos(2nt)isin(2nt))| | cos(2rt)isin(2nt)
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Here we use that Re(s) > 1. Notice this reasoning fails for a finite number of discrete values of ¢,

but these values do not contribute to the integral since there measure is zero. Because ee?™ goes

to 0 uniformly, we are allowed to swap the limit and the integral ([L], 100):

leiﬁ)l o |eccosrtisin(zne) ] leiﬁ)l |e—ecos@nt)isin(2rt) — 1|dt =0
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This proves that the integral part over C, does not contribute to the integral when € | 0.

Define the function H(s) to be fKo e“%jldx? i.e. the limite | 0 of fKe %dw This integral only
exists out of two parts which differ by a constant. The constant arises from z*~! = elog(@)(s—1),
The logarithm is define on C with the exception of one straight line. As is custom, the negative
reals are left out. This means that log(—3) is ill defined since its imaginary part can either be i
or —mi. In other words, the logarithm has no unique analytic extension to all of C. However, the
limit ¢ 1 0 on log(—3 + ti) is well defined and equal to log(3) — mi. The same goes for ¢t | 0 on
log(—3 + ti) which equals log(3) + mi. This is not only true for 3, but for every negative real. As
a consequence, we can rewrite H(s) in the following way:

s—1 0 log(z)(s—1) —oo _log(xz)(s—1)
H(s) = / ’ da::/ %dm—k/ R—
K 0
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The integral running form —oo to 0 and back, should be considered as the horizontal path of K¢,
where we let € tend to zero. Notice that we have eliminated the logarithmical problem since the
logarithm is now working on positive reals. Since the logarithm is continuous, the limit taken from
above and from below coincide. Writing —1 = €™, will allow us to find a compact expression for
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We have found an relation between H(s) and ((s). For the gamma function, there is an identity
called Euler’s reflection formula ([L],415): T'(s)I'(1 — s) = Snzsy- Lhis allows us to write ¢(s) in
terms of the other functions:

1

s)=H(s)I'(1—5s)—

((s) = H(s)T(1 - 8)5
The gamma function is meromorphic on C with simple poles on the non-positive integers. If
H(s) is analytic on a larger domain than B, we can extend ((s) analytically. Before we can do
that, we first have to extend H(s) analytically to a domain in which the integral diverges. To
clarify this, we’ll take a look at the essence of analytic continuation first and then return to H(s)

later.

1.4 Analytic Continuation

Our goal is the following: let f be analytic on U and g be analytic on K, U and K open in C.
Assume U N K is a non-empty open and f(z) = g(z),Vz € UN K. Then f and g can be extended
to a unique analytic function h on U U K for which h(z) = f(z),Vz € U and h(z) = g(2)Vz € K.
This is the essence of analytic continuation: an analytic function f on U C C can uniquely be
extended to an analytic function on a bigger domain. It is not always possible to extend an
analytic function, but in this paper we will use it frequently. We will prove analytic continuation
using two lemma’s, which both are taken form ([L],62).

Lemma 1 Let f(z) be an non-constant analytic function on a neighborhood U of zero for which
f(0) = 0. Then their exists a s > 0 such that f(z) is non-zero for all z € U with 0 < |z| < s
Proof: Let f be as in lemma 1. This their is an m > 0 such that

f(z) = gakzk =am2™ - (1+ i a’;ﬂz’“) = 2™ - (14 h(2))

k=1 ™

In this equation, h(z) denotes an analytic function for which h(0) = 0: for small z, |h(z)| < 1.
But for that same small z, a,,z™ is non-zero which means f(z) # 0. This proves the lemma.

Lemma 2 Let f and g denote two non-constant analytic functions on neighborhoods of zero U
and V. Suppose f(x) = g(x) for every x in a set of infinitely many points S, having 0 as a point
of accumulation. Than f and g have the same coefficients in their power series expansion and
denote the same function on both U and V.

Proof: Define h = f —g. Then h(x) = 0 for all  in S. Since h is analytic, it is continuous
such that follows that ~(0) = 0. We can apply lemma 1 and notice that for every choice of s > 0,
we can find an x € S such that 0 < |z| < s and h(z) = 0 since zero is a point of accumulation of
S. Through this contradiction we conclude that h is the constant function zero, which means:

h(z) = f(z) —g(2) = Zakzk - Zbkzk = Z(ak — bk)zk =0

keN keN keN



This implies ax = by. We conclude f = g and since both converge on their respective domain,
they denote the same function on U UV which concludes our proof.

Our lemma’s only work on neighborhoods of zero, but this is not a problem. If the set S in
lemma 2 would have z as a point of accumulation, we could translate S to S — z and f(¢) to
f(t — 2). We conclude that the only essential properties are the fact that we have infinitely many
points S on which f and g coincide and that S has a point of accumulation.

Now our goal is clear as well: we want to find an infinite set of points with a point of accumulation
on which g is an analytic function and {(s) = g(s). In this way we can extend the domain of {(s).

1.5 The functional equation

Lets take a closer look at H(s). Notice that z°~!(e=® —1)~! is analytic on for all s € C. Another
useful observation is that the limit x goes to infinity, is zero for all values of s. Combining this,
we can use a differentiation lemma which we will use without a proof([L],409):

Differentiation Lemma Let [ be an interval of real numbers. Let U be an open set in C and
f(t,2) be a continuous function on I x U. Assume:

(i) For each compact subset K of U, the integral f] f(t, z)dt is uniformly convergent for all z € K
(i) For each t € I, f(z,t) is analytic over z.

Then [, f(z,t)dt is analytic over z on U.

Using this lemma, we will conclude that H(s) is analytic on entire C, it is a so called entire
function. At this point, we only have one expression for H(s) and therefore for ((s). We can
however find another analytic expression for H(s) which through analytic continuation will hold
for all s € C.

Take a look at the contour in figure 2 named F, the path taken clockwise. Since Re(s) < 0,
the function disappears at infinity. #°~!(e=® — 1)~! goes to zero faster than 2~! when |z| — oo,
which means that is becomes small, faster than the outer circle becomes big. This means that the
outside circle will not contribute to the integral. The circle around zero will also give zero. As
a result, we can express our original H(s) in terms of the integral over F. We will use Cauchy’s
residue formula with a minus sign, since our path is taken clockwise.

s—1 >
/F eicw — 1d:17 = 7271'1'1;1 (—(—2mik)*~' + —(2mik)*~ ")

o0
= (2n)° Z ES—leni (e—ig(s—n + eif(s—l))
k=1

= (2m)°C(1 — s)(—e" 2% +e3°) = 2i(21)°C(1 — ) sin (W%) = H(s)

Here we use that the residue of (e7® —1)~! at z = 0 equals —1. Thanks to symmetry, the residue
of (e7® — 1)t at @ = 2ik with k € Z also equals —1. This equation is valid for Re(s) < 0. But
2i(2m)*¢(1— s)sin (7%) denotes an analytic function when Re(s) < 0, which equals H(s). Thanks
to analytic continuation, they denote the same analytic function, which means the equality holds
for all s € C.
The same reasoning holds for the equation ¢((s) = H(s)I'(1 — s) 5=, which will have to hold for all
s € C as well. This proves that ((s) is analytic on C\{1}.
In short, we have two descriptions for the same analytic function H(s). If we combine both, we
get:
1 1 . s
((s) = H(sT(L = 8)5— = (2m)" —sin (7T§>F(1 —85)¢(1—s)

21
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Figure 2: This path is taken to be clockwise. Notice that this way, part of the path becomes Kj.

Notice this is a functional equation for the zeta-function. We can rewrite this functional equation
into something nicer:

s
=)((s

2)¢(s)
This function satisfies the easy functional equation e(s) = e(1 — s) and it is a entire function. As
it turns out, the zeroes of this function make it possible for us to construct an explicit function
m(x) that counts the amount of primes under z.

e(s) = %(s —1)rar

1.6 Linking prime-counting to log({(s))

We want to construct an analytic prime-counting function 7(z). Such a function is not necessarily
unique since all we want is a way to reconstruct the number of primes < x. For example, if 7(x)
is such a function, 7(x) 4+ 12 would also qualify. Using the work we have done above for ((s) we
will be able to find a useful expression for the number of primes beneath a value z.

Let Re(s) > 1. In this part of the complex plane the Euler product holds. Since the logarithm of
a product is the summation of its logarithms, we can get a nice expression for the logarithm of

the zeta-function: 1 1
log(¢(s)) =log([[ ——) =~ log (1 - ps>

peEP 1— ]? peEP

Since ((s) is non-zero for Re(s) > 1, this logarithm is well defined. For |z| < 1, log(l — z) is
analytic. Since the real part of s is bigger than one, |[p~*| < 1, which means we can rewrite the



above: . ) . . . .
2 3
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Notice that we can write p~*' as the following integral: s f;: x~*"1dz. We want to plug this into
our sum and switch the order of summation and integration. Therefore, we do the following to
prove that our summations are absolutely convergent:

Z|<;>| < IE) =Y ()

Here, Re(s) = a > 1. This implies that the summation on the right handside is convergent, which
proves our original sum to be absolutly convergent. This makes the sum uniformly convergent

([L],52) which allows us the switch the order of integration and summation([L],100):
1 1 1 1 1 1 1..
2 — - - )2 - \3
Sos(0() = 1Y+ P T
peEP peEP peEP
o —s—1 —s—1 —s—1
= Z/ x dx+§Z/2x dm+§Z/sx de 4+ -
pepP P peP P peP P
R 1 1
= €z Zl[pm) +§Zl[p27oo) +§Zl[p370<>) +ooe | da
0 peP peP peP

Here, 1(, ) denotes the characteristic function of [a,b) which is 1 on this subset and 0 elsewhere.
Notice that 1y, ) is zero for all primes under p, and 1 for all primes greater than or equal to p,
the function ’counts’ if it is larger than the prime number p. As a result, for all , 1p, oo)(z) is 1
for every p < z and 0 for all p > z from which it follows that >_ . p 1, o) (%) counts the number
of primes less then z. For this reason we define m(z) = > p 1, «)(2). Notice that through the
same reasoning, Zpe p Lipk o0y () counts the number of kth powers of prime numbers between .

1 1 1
We can write this sum as 7(z%). Define J(z) = 7(x) + $m(22) + sm(x3) + - -+ so we can rewrite
the equation as follows:

Slog(e(e)) = [ oy )

Notice that there is no necessity to start the integral at zero, we could also have started at 1 just
as Riemann did in his original paper. It turns out that starting from zero is a bit easier. By
using Mébius-inversion, we will be able to reconstruct 7(z) from J(z). This means that a analytic
expression for J(z) will give us an analytic expression for w(x). A first step in this direction is to
rewrite the integral using Fouriertheory as we will do in the next section.

1.7 An expression for J(z)

Write s = a + iy with a,y € R and a > 1. If we put this in the integral, we get:

S leaClatin) = [ e @

We want to use the Fourier inversion formula for which we will first need to construct the Fourier
transform of —— log(¢(a + iy)). By substituting = by e, we can get an integral which at least

a+iy
looks more like a Fourier transformation:

o, log(¢(a +iy)) = [ ood*ﬂ*l'y*lﬂj(ek)e*w = [ Ooe(’“’iy)’\J(e)‘)dA



Notice that we can easily read off the Fourier transform since the definition of a transform (;Aﬁ of ¢
is ¢(y) = 5= [72 d(A)e™ dA. For this reason, define ¢(\) = 2mwJ(e*)e **. Hence, if we consider
y as the free variable, we have constructed the Fourier transform since:

o lox(Clatin) = [ oean

Through the inversion formula we get:

o0

o) =2m(e = | log(¢(a + iy))e dy

oo G F Y
Notice that we pretended ¢(A) to be continuous which it, thanks to the J(A) term, is clearly not.
Since we do not want to make our notation more complicated, we redefine ¢(\) = w.
Here, ¢(A +0) = limy | ¢(t) and ¢(A — 0) = limypy ¢(¢). Since J(A) is the only non-continuous
part in ¢()), this breaks down to redefining J(\) = w. This way, we can still use the
inversion formula as we did.
From this expression we can get an expression for J(e*). It is more convenient to rewrite z = e*
and notice that this time, since we do no longer integrate over x or A, we do not get a Jacobian:
1 o 1

) a-+1i00 o s ’
@) = o [ testar ey = o [ e

—100

Notice that we redefined J(x). Since J(x) is defined to be a summation of %7‘(‘(3?%) terms. There-
fore, we implicitly redefined 7(z) as well. It comes down to the following: 7(x) = w.
All these new definitions do not change the fundamental properties of our functions, it merely
shortens our notation when we work with Fourier transforms and inversion formula’s.

Indirectly, we linked ((s) to m(z). The basic idea is to write ((s) in terms of other well known
functions and ¢(s). But before we can get a nice expression for these functions, we need some tools

which we’ll develop in chapter 2 and 3. We'll give an analytic construction of 7(x) in chapter 4.

1.8 Some concrete values of ((s).

Most of the results of the following chapters can be done without calculating any particular value
of {(s). But some results take a nicer shape if we actually compute some values. Therefore, we
will prove that ((s) < 0 for s € (0,1) and ¢(0) = —1.
For the first result, we look at (1 — 217%)((s) which is analytic on s € (0,1). Notice that on
this domain, 1 — 2'7% is negative. Next, we manipulate this expression:

—s — > — > 1 2 >0 _1\n+1
(1=27¢0) = (=27 Y on e = 30 - o = 35
n=1 n=1 n=1

This holds for Re(s) > 1. Since all the terms in the last sum are monotonically decreasing,
the Leibniz-criterium proves that the sum is convergent, also for Re(s) > 0. Using analytic
continuation, we can see that the equality holds for Re(s) > 0. The first term in this alternating
sum is positive and since the terms are strictly decreasing; the sum has a positive value. Notice
that using this sum, we can express ((s) as a converging sum on the interval s € (0, 1):

o0
_ n+1
C(S) = Z ( 171)5 1_215—1

n=1

Combining the above, we conclude that {(s) is negative on s € (0,1), which was our goal.



For the second property,

morphic function in z = 0. Let B,, be defined in the following way, using the power series in x = 0;
=T = D %m”. These B,, are called the Bernoulli numbers and they show up in a variety of
places, including the zeta function. Let n denote a non-negative integer, then we will prove the

following: {(—n) = (7;131" B,i1.

In paragraph 1.2, we proved ((s) = 5= H(s)y(1 — s) where H(s) represents an integral on —%—

over the contour K. The first thing we want to do is put the sum expression into the integral:

n! z~ 1 n! T

— —H r 1) = — —dr = — ——a7"%d
C(=n) = 2mi (=n)0(n+1) 21 Jg, e — 1 21 J g, e*zflx *
B
— / i )k: —n— de
2i Ko, = k'

_ - k Bk k—n—2
=1 T |=€

Here, we first used a variant of Cauchy’s theorem([L],143) and the fact that Ky and the disc around
zero with radius e are homologous. This implies that the integral taken over these contours,
are the same. Secondly, notice that _—f— is analytic on a neighborhood of zero and on this
neighborhood, its power series converges absolutely. Therefore, we are allowed to swap summation
and integration. The resulting integral is easily evaluated with the regular Cauchy’s theorem and
is in fact only non-zero when k = n + 1. What remains is the following;:

r Bk =2, n—!(—l)”” Bpi1 i — (1)

B i n,B
21 —1 k! |z|=e€ (7’7, + 1)' ntl et

This is a nice result which allows us to concretely calculate ((s) in a region on which it’s original
expression diverged. Especially notice that B; = _71 which implies that ((0) = _71 Notice that
this result also proves the trivial zeroes to be zero, since odd and larger than one Bernoulli num-
bers are equal to zero.

This result allows us to calculate €(0) as well. Since e(s) is an entire function, it is continuous and
it is enough to calculate the limit lim, o e(s). Remember that ((s) is analytic in a neighborhood
of 0 and therefore lim, o ¢(s) = ¢(0). Using this in combination with Euler’s reflection formula
for T', we can compute £(0):

lime(s) = lim (s = Dn 20(5)C()

= lim(s = ) 2¢(s) - lim 7T (5)

1 .. s = 1 1 1 1

OTi-3 2 'TH 32

lim — —
2 510 2sin(w

Here we used that lim, o sufzifw) = 1 with a denotes a non-zero complex number, which is easily

proved using I'Hospitals rule. We will use €(0) = % later on.

10



2 A product representation of ¢(s)

2.1 Jensen’s theorem

We are working with ((s) inside a logarithm. We can express ((s) in terms of £(s) and other known
functions. Since these are inside a logarithm, the most convenient expression would be a product.
For example, we can write II(5) = I'(§ + 1) as an infinite product, which inside a logarithm takes
the form of a sum over logarithmic terms. Integrals over sums can often be evaluated as sums over
integrals, which (most of the times) is easier. Therefore it would be nice if we can write £(s) as an
infinite product. It turns out that we can, and in this chapter will prove the following equality:

e(s)=¢(0)- T[] ==) (6)

In this equation, p denotes the roots of e. The product will turn out to be conditionally convergent,
and therefore the product must be understood as a product in pairs of the form p and 1—p. Using
the functional equation, one can see these are precisely the non-trivial roots of ((s). For proving
convergence we obviously need some sort of estimate to connect the modulus of the product with
a certain number of roots. We’'ll use Jensen’s theorem for this:

Jensen’s theorem Let f(2) be a analytic function on a disc with radius R centered around
0, denoted B(0,R). Suppose f(0) # 0 and that f is non-zero on the boundary of B(0,R). Let
21,29, , zn be the roots of [ inside B(0, R), counted with multiplicity. Then:

1

27
_ it
= / log |/ (Re™)|dt

RRCR

log | £(0)

Rzl 22 Zn

Proof: First assume that f is non-zero on B(0, R). Since f(z) might be a negative real number

and since we want to prove our assertion by taking a look at M, we construct log(f(z)) to

be log | £(0)| + [y %dt. Though it is not a useful way to calculate log(f(z)), its useful for us

since log(f(z)) is now well defined. Using Cauchy’s residue theorem, we can do the following:

1 ™ Jog(f(Re™ , 27 ,
log(f(0)) = % /|z|_R Mdz = % ; % - (Riedt) = %/0 log(f(Re™))dt

Writing f(0) in polar coordinates, one can immediately see that the real part of log(f(0)) equals
log(]f(0)]). Since the real part of the integral, is the integral over the real part, we conclude:

Rellog(£(0)] = loe(|£(O)) = Relg- [ tos(r(re e = 5 [ tou(l (e

This proves Jensen’s theorem for non-zero f. Now assume that f does have zeroes inside B(0, R).

Define:
R*—7zZiz R’—7z  R?—7Z.:2

F(z) :f(z)'R(z—Zﬁ "R(z—2) R(z—2z)

R*-%iz _ —Z : : ) :
RG—2) = R which can be seen using L’Hospitals rule.

This function is non-zero since the zeroes of order k, which look like (z — z;)¥, cancel against terms

This function is analytic since lim,_, ,,

of the from ( gf;jz)), which appear k£ in F. This means we can apply the above reasoning and

conclude:

log(|F(0)) = 5 [ log(F (e

11



Notice that log(|F(0)|) is exactly log|f(0) - f . Z—B;' e Z—Ii| To conclude Jensen’s theorem, we

only need to prove |f(Re")| = [F(Re')|. This can be done by setting |2| = R and multiplying
individual factors with %, which has length one so it does not change the modulus:

‘RQ—Z-Z|_|R2—ZT-Z E|_|R2E—Z—R2 Z-%
R(z—z) 'R(z—z) R 'R2(z—z) z—z

This last result finishes the proof of Jensen’s theorem.

2.2 Estimating the number of roots

As mentioned before, we need an indication of the amount of roots of €(s) to prove convergence
of the product. Jensen’s theorem gives us a way to connect the roots with an integral and finding
an estimate for |(s)] itself, will yield an estimate for the number of roots. We will therefore first
prove the following estimate:

Lemma 2.1 Let R > 0 be large enough, then |e(s)| < R holds for all s € C satisfying the disc
equation: |s — 3| < R.
It would help if we knew where the maximum of |e(s)| is on the disc. The maximum-modulus

principle tells us that the maximum is at the boundary of the disc. Since £(s) is analytic in

s = %, g(s) can be written in terms of a power series in s = % which has the following form:
e(s)=ao+az-(s—32)2+as-(s—3)* -, where all the coefficients are positive. This indicates

that the maximum is at s = % + R and that e(s) is monotonically increasing on the positive real
line. This means that we need to show E(% + R) < R, Let N denote a natural number such that
R+ % <2N <R+ % + 2. We’ll simply fill in the definition of our function:

1 2N 2N 2N

S5 +R) <e@N) = 5 (2N = 1)-T(S)r F¢@N) = NN —1)-7N¢(@N)

< NYM2N7Y%(2N)

Since ((s) is a monotonically decreasing function for real valued s > 2, ((2N) < ((2). Plugging
this in and remembering how we chose N leads to the following:

1 R 1
e(5 + B) < NVF120(2N) < NVF12(2) < 20(2)(5 + § + 1)z i+l < RR
The last inequality holds for large R, since for these values, % + 1 and 2¢(2) are small relative to
R. This proves the assertion.

We will use this inequality and Jensen’s theorem, to estimate the amount of roots of € in the
disc |s — %| < 2R. First observe that e(s) is analytic, so we are actually allowed to use Jensen’s
theorem. Secondly, if a root of (s) lies on the boundary of the disc, there is a value T such that
for all § < T there are no roots on the boundary of |s — 3| < 2R+ §. (If this where not the case,
analytic continuation would prove e(s) = 0 for all s € C.) Taking the limit § — 0 would still allow
the theorem to be used.

Define k(R) to be the number of zeroes of £(s) in |s — 1| < 2R, counted with multiplicity. We’ll
prove k(R) < 3Rlog(R). Our disc is not centered at zero, which means we use the translated
version of Jensen’s theorem:

2R

1 2R 2R 1
log <|5(2) 1 T > = logf(g) + Z IOg(ﬁ)
pl 2 pk(R) 2 |p—%|§2R 2

- 1/%1 le(2Re™ — S)dt
T oonf, oBIFERC T

12



The integral on the right is smaller than % f027r log |K|dt, where K denotes the maximum of
le(2Re — 1)| on the boundary. Using the lemma 2.1, we get the following estimate:

1 2R I I oR
loge(=) + E = < — log |K|dt < — log |(2R)*"*|dt = 2R - log(2R)
2 lp—3| ~ 2w 2w
lo-$1<2r 7 2 0 0

Now focus on the roots p inside the disc with radius R instead of 2R. For these roots, the terms
inside the sum are larger than log(2): log(—2&-) > log(%) = log(2). We gain the following

lp—3]
inequality:
2R 2R
K(R)-log2) < Y log(2) < > log(— 1) = > log(—17)
lo—3I<R lo—3I<R 2 lo—3I<2R 2
1
< 2Rlog(2R) — 10g(£(§))
Dividing both sides by log(2):
9 log([-;(%)) 1 IOg(g(%))
< ‘R-1 2R— ———— =2 ‘1 V)~ Togrr) =3
k(R)_log(Q) R-log(R) + 2R os(2) B\ 0@ og(R) + os(2) S °R og(R)

The last inequality holds, since @ < % implies that for large values of R, @ log(R) +1 <
% -log(R) and since the difference between these two will only increase for bigger values of R, the

constant term above can be neglected. We conclude that k(R) < 3Rlog(R) holds for large values
of R.

3 S
2.3 Proving that [ (1 — %) converges
Let p € C such that e(p) = 0. Since the functional equation (s) = (1 — s) holds, (1 — p) is also
holds. The infinite product we are investigating, sums over all these roots p. But we can also use
the symmetry to simplify our product, this means rewriting the product in the following way:

A a2ty = _5__3 2\ _s(1-s)
];[(1 ,0) - I7r£[)>0(1 p)(l 1= p) N I'rn](.:[)>0<1 P 1- p+p(1 N ,0)) - In}:[)>0(1 p(l N p))

In paragraph 1.7 we proved ((s) to be negative on [0,1). This also implies that it is non-zero in
this region. Hence, Im(p) # 0, a result we need for the above expression. The product is taken in
increasing order of modulus.

Now remember that a general infinite product [[(1+a,) converges to a non-zero value if > log(1+
ap) is a convergent sum. Here we assume that all of the 1 + a,, are inside the domain of the loga-
rithm. Since lim,, ;o log(1 + a,)/a, = 0 for |a,| =3 oo, convergence of 3 |a,| proofs the con-
vergence of > log(1+ay). Therefore, it will be enough to prove the convergence of Y |p(1—p)| L.
Now using the reverse triangle inequality we can find a termwise estimate for the sum:

1, 1 1 1 1 1
1—p)=llp===Z|>lp=2P=-Zl=lp—=P-==p- P11 - ——
lp(L=p)l=1(p—3) _’|p 5 4’ lp=35I" =7 =1lp= 5l T —1F

2 4 )

Since |p — 3| can be taken to be monotonically increasing, there is a constant C' > 0 such that
lp— 4% > C. (We know that the "first’ zero, has absolute value > %.) On can show that C' > 1.
Since %(1 — ﬁ)_l =—(1- ﬁ)”ﬁ, the right part of our estimate is monotonically decreasing
and therefore we find the following termwise estimate for our sum:

1 1 1 1 1 1
_-1 < T T TS R T YR N BT SN | L2
Slei=al™ < Elp=3 0=y < Dlo-3l P 0-q0) ™ = (=g Kl

This means that it suffices to prove the convergence of > |p — %|_2. In the following lemma, we
will prove an even stronger result.

13



Lemma 2.2 Let e >0, then ), |p — %|_(1+E) converges.

Proof: Number the roots p of £(s) in order of increasing |p — 3|. Define R,, to be the positive
real number satisfying 4 - R,, - log(R,,) = n. Now we use the estimate of the number of roots of
the preceding paragraph. Let n be big enough to ensure that R,, is big enough for the estimate
to work; the number of roots inside the disc |s — 3| < R,, is smaller than 3R, log(R,). Since
4R, log(R,) = n, we know that there are at most gn roots inside the disc. Specifically, the nth
root is not inside |s — | < R, which implies |p, — 4| > R,. This inequality can be used to
estimate the summation

| (410g(R.)) log(n)!+*
(1+4¢€) _ \=Ys\tn)) 1+e | ety
Z p— 5l 0 <3 R = 2 gme <4 e

The last inequality holds since log(n) = log(R,,) + log(4) + log(log(R,,)) > log(R,). For every
value of a > 0, there is a value at which n® > log(n)® holds for every n above this value. Picking
a= will give us a nice inequality:

2(1€+5)

e(1+e)
2(1+¢)

log(n)*e 1
Z |p ‘ (e < Z Ogn1+e - Z nn1+e = Z an% - C(l + %)
P

We already proved that ((1+ §) to be finite, which finishes our proof.

This proves the product to be convergent. Notice we have also proven that the sum is absolutely
convergent since all terms are non-negative. This fact proves the sum to be uniformly convergent,
but does not allow us to change the order in which we multiply inside J[,(1 — £). Before we
started our proof of its convergence, we first coupled p and 1 — p together and proved the product
to be convergent. This is an important fact that will reappear several times.

2.4 Linking J],(1 - %) to &(s)

The idea is as follows:we will prove that [log(e(s)) — [1,(1 - 2)| < [s — 111*¢ holds for e > 0 and

|s— 1| big enough. Then we will prove that this implies that both expressions differ by a constant.
This proves both expressions are identical, and we will determine this constant.
Let’s start at the begin and prove:

e(s)

1
—)] <|s— §|1+6 for all sufficiently large |s — 3|.

1,01 -2=%)

=3

Lemma 2.3 Let ¢ > 0, then Rellog(

Proof: Define the following two functions:

fa(s) = Rellog 2y —]
(1-—1)

pl_[<2R ™3
gr(s) = Rellog ! T ]
oo

lp—3I>2R 2

First we’ll find an estimate for fr(s). Look at the circle |[s — 1| = 4R. Using the inverse triangle
inequality, we can deduce the following:

1 1
$— 3 $—3 4R

|1 ?‘>—|1 | ?H_H 1|
T2 T2 lp =3l

14



Since |p — 2| < 2R, the modulus of every term in the product is greater than 1. Therefore, the
following holds:

fr(s) < Relog(e(s)) = log(le(s)])

Using our estimate for |¢(s)| and the fact that lim, loiﬁjf) = 0 for all @ > 0, we can do the
following:

fr(s) <logle(s)| <log((4R)*?) < 4R -log4R < R'**

The last part holds for big enough values of R. Now take a look at the disc |s — %\ < 4R. Since
e(p) = 0, we would expect trouble since (s) is inside a logarithm. This is almost true, for p < 2R,
there is a term in the denominator that will ensure that fr(p) is well defined. For 2R < p < 4R,
the situation is more troublesome. In this case, simply eliminate a small open neighborhood of p
to ensure that our function is analytic. Notice that fr(s) is the real part of an analytic function,
which makes it a harmonic function. For harmonic functions, we know they obtain a maximum on
the boundary of their domain. The only boundary on our domain is the circle |s — %\ = 4R, and

the boundaries of the open sets around 2R < p < 4R. Because there are no poles to counter £(s)

to go to zero in these points, the limit actually goes to zero. Since log(x) kit —00, the boundary

around these p can never generate a maximum because our opens around p can be chosen arbi-
trarily small. This implies that the maximum is attained at |s — %| = 4R at which fr(s) < RI*¢
holds for R big enough, proving that this inequality holds for the entire disc |s — %\ <4R.

We will need the same estimate for gr(s). To find it, we need an easily derived inequality.
Let [t| < 1.

1 tody body 1
Rel = —Relog(l —-t) =R — < —— | < |t|-M — = 2]t
elog = = —Relog(1— ) = Re | 1% < | [ Bl < - Maxyeio g = 2
We can use this inequality directly in gr(s). Set |s — 1| = R, this ensures |;:E| < 1, which is
2
needed for the inequality.
1 s— 1 2 R2
onls) = e |log S RIS = [y
[I a-2=2)| -tzer P72 p-1>2r P T2
P=3

|p—%|>2R

The trick is to force an € into the inequality. We can do that by rewriting the square:

R? R . R .
2 Z (p—1)2 =2 Z (( _1))1 (( _1))1+
p-t1z2r T2 p—1>2r P2 P2
Because [p — | > 2R, the fraction \%| is smaller than 3:
2
R R 1 Rte
2. 1—e 1+€ < 2. “\1—e
2 ((p*%)) <(p*%)) - 2 |G ((p*%)”f)
lp—31>2R lp—31>2R
1
_ e plte |
= 2R Z ‘p_l|1+e
lp—31>2R 2

The convergence of this sum was proved in lemma 2.2. This means that if R — oo, the sum goes
to zero; it is bounded. Since R is large, it is at least larger than 2 and we can do the following;:

26R1+e _ R . (QR)E S R . RQe _ R1+2~e
Since we can pick e arbitrarily small, we conclude that for small e and large enough R, gr(s) <

R1+e
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Now we want to prove fr(s)+ gr(s) < R for R large enough. First, let e decrease to ¢, and
pick R large enough for fr(s) < R and gr(s) < R'™. It follows that fz(s)+gr(s) < 2R
Simply pick ¢’ such that 2 < R¢~¢ holds. We conclude

fR(S) +QR(5) < 2R1+e’ < Refe'R1+e' < R1+e

holds, proving our assertion.

2.5 Expressing ¢(s) as an infinite product

The strategy of our proof is pretty similar to Liouville’s proof that entire functions that are
bounded, are constant. But in his proof, the entire function has a bounded modulus. In our
case, the only bounded part is the real part of our function. We will first find an estimate of the
modulus, using the maximal value of the real part on B(0, R), then we will pretty much just prove
Liouville’s theorem. The estimate follows from the following lemma;:

Lemma 2.4 Let f(s) be analytic on B(0, R) and f(0) = 0. Define M = Maxs—rRe[f(s)]. Let

r < R. Then |f(s)| < 2r2L holds for all |s| < r.

Proof: Define ¢(s) = %, and let u(s) and v(s) denote the real, respectively imaginary
part of f(s). We know that the real part of an analytic function is a harmonic function. Harmonic
functions take on a maximum on the boundary of their domain. This means that Re[f(s)] =
u(s) < M for all s € B(0, R). Indirectly, this also implies |2M — u(s)| > u(s) on the entire disc.
Using this last fact, we can find an estimate for the modulus of ¢(s) on |s| < R:

l6(s)] = (u2+v2)% _ (u2+v2)% 1
T sl(@M —uw?+0?)E R +2)E R

The logical thing to do, is to express f(s) in terms of ¢(s) and see if this gives us an estimate for

[F(s)]- 2M0(s)
s
f(8) = 7275
1+ 5¢(s)
Notice that |1 + s¢(s)| > |1 — |s¢(s)||, which is just the inverse triangle inequality. Now, set
|s| =7 < R, and notice that |s¢(s)| < r& < 1. Plugging this into the equation:

2MS¢(S)| 2M|s¢(s)] < 2Mr|g(s)] < 2Mrg  2Mr
Lhso(s) ~ [=lso(s)l = 1-% ~1-§ R-v

[f(s)l =1

The maximum modulus principle ensures that this inequality holds for all |s| < r, which proves
our lemma.

We’ll use the lemma to prove the following theorem, which more or less tells us that entire functions
are not easily bounded:

Theorem: Let f(s) be an entire function satisfying f(—s) = f(s). If for every e > 0 there exists
an R such that Re[f(s)] < €|s|® for all s satisfying |s| > R, then f(s) is constant.
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Proof: If f(s) satisfies the condition of the theorem, then so does f(s) + A, were A € C is some
constant. Therefore, without loss of generality, assume f(0) = 0, since we can pick A to be —f(0).
Because f(s) is analytic, it admits a power series representation. The coeflicients of this represen-
tation satisfy the following formula:

1
an = —/ 1(s) ds
2mi Jop(y "

Here, 0B(£) denotes the boundary of B(0, £). Now, let € and R be as in the theorem and take the
absolute value of the above integral. Applying the Cauchy-Schwarz inequality yields the following
inequality:

1 £(s) 1 /> f(ARe) 1__ T f(3Re")]
o <L Jeher) Lopi W23 Jlgn
|an| If./ 5 ds| < /0 ‘(%Reit)nﬂ piftel = 277/ R» at

The condition the theorem has set on f(s), makes it possible for us to apply the lemma on
| f(3Re™)|. Notice that the maximum value M, is smaller than €|s|?> = eR?. Therefor, the lemma
proves:

on 2€R21 2n+1

n n R _— IR Rn— 2

AL 1
—lfGReY) <

For n > 2, this means that the integral is smaller than €2"*! since the R is a very large value. It
follows that |a,| < €2"*!. But this should hold for all € > 0, which proves a,, = 0 for n > 2. We
assumed ap = 0, which means f(s) = a;s. But f(—s) = f(s), which is only possible if a; = 0,
which proves f(s) =0 for all s € C. We conclude that f is constant, which proves the theorem.

Now we can finally prove the asserted product representation of (s). Define:

(s)
[1,0 -4

1
2

F(s) =

—1
—2)71, are canceled by zeroes of ¢. The value

As stated before, all singularities caused by [ ,(

in these points is therefore well defined. On other parts of C, F' is just a composition of analytic
functions and as a result, F'(s) is an entire function.

The way we where able to make sense of the infinite product throughout this chapter, by first
looking at the zeroes inside a disc of finite radius and letting the radius go to infinity. Therefore, we

can write the product in the followmg way: [],(1— = Lm0l — *U=%)) Translating s to

p—1

p(1—p)
+§ gives term of the form 1—— m. This proves that in the product, £ 5+s and 1 5 —s are equivalent.
Remembering (s) = ¢(1 — s) and applying the same translation gives: e(3 + s) =e(3—s). We
conclude that F(3 + s) = F(3 — s), it is an even function in s — 3.

Since F(s) is non-zero, we can apply the logarithm which returns a value that is unique up to
2mkt, k E Z. Notice that, once again, we defined the logarithm as a path integral:

log(F =/ 1;(:) dt +log(F(0)). In the preceding section, we proved Re[log(F(s))] < R'T<, for
|s — | = R large enough. In this paragraph we have proved that this, along with log(F(s)) being
an even function in s — %, implies that this function is constant. This proves:

p—3

—c-J[a->=%)

C' is just some constant. We can eliminate this constant, by dividing by £(0), which is nonzero.

We get: ) )
s —3 0—3
Ei H(l_p*%)'(l_p*%)

p
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Now notice that the terms inside the product, are just linear factors of s. We can find the usual
a + bs expression for these factors by simply filling in values of s. s = 0 implies that the term is
one, s = p implies that the term is zero. This means that it is equal to 1 — %. We conclude
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3 Li(r) en J(z)
3.1 Plugging <(s) in J(z)

In chapter 1, we defined the function £(s). With some simple algebra, we can deduce an expression

for ¢(s):

) =) ™ i @

We want to plug this expression into (5), which means we want to take the logarithm of the above
expression. We can eliminate a term in the logarithm by using the fact that $T'(3) = I'(5 + 1).
For the sake of notation, define II(z) = T'(z + 1). log(¢(s)) will now get the following form:

og(C(5) = g =(5) 2373 g ) = Iog(e(s) ~ o = 1)+ 5 o)~ log(1(5))

Directly plugging this into J(z) is possible, but we do not want to evaluate the entire integral at
once. We want to split it up in smaller parts, dealing with one logarithm at the time, but thit
is not possible because not every integral will be convergent. Take for example the §log(m) part.
The resulting integral would be:

3 log(w)?ds =5 3 log(m)z®ds = yo

a—1i00 —o00

a+1i00 s a+i00 a e’
1 s x 1 1 log(w)x/ iy

2mi

a—1i00

The last integral expression is definitely non-convergent. In order to make our lives a little easier,
we once again turn to a trick from Fourier analysis: integration by parts. Through this operation
we can obtain a new expression for J(z):

1 log(¢(s)) 1

1 a-+100 1
[ log(Cs)) Ly L )
271 s 2mi s log(x)

L1 T d lesCB))] L
Lol

~ 2mi log(x) ds s

a—100 s=a—100 —100

To prove that the term in the middle is zero, it is enough to show that for y — oo, log({(a £ iy))
is finite since %% will just oscillate and ﬁly will go to zero. This can be done by writing ((s) as
an Euler product, which is allowed because a > 1, and taking the Taylor expansion of log(1 — x)
in = 0 (the logarithm equals its own Taylor expansion).

ST

og(¢(s)| = Nlog([T (1= 7] = |- S tog1 =) = 13 -2

peEP peEP pEP n=1
> pfsn e pfan
< DD =200 =log(¢(a))
peEP n=1 peEP n=1

Since ((a) is the sum of positive elements, it is non-zero and since we already proved ((a) to be
finite, log(¢(a)) is finite. This proves |log({(s))| to be finite which, as if it where collateral damage,
also proves ((s) to be non-zero for Re(s) > 1. We conclude:

_ L1 d log(d(s)),
R R

—i00

All that’s left to do, is to evaluate each of the four integrals. As it turns out, the hardest integral
we need to evaluate, is closely related to the logarithmic integral function Li(x). We will explore
this function in greater detail in the next paragraphs.
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3.2 F(§)
Define:

. L l1—e  ds z ds
Li(z) = 15101(/0 Toa(s) /m log(s)

It will turn out that some of our integrals are equal, or at least for some part, to Li(x). Therefore,
it is no coincidence that our helper functions are of a similar form. The tricky part is that these
helper functions are not globally defined but locally. This is also exactly why we need them: we
need useful expressions for Li(z) on certain parts of C. We'll start off by defining the function

F(B).
g L1 afico g |log(5—1) p
(8) = %ilog(m)_/a s s y

—i00

Notice that this F' is not in any way related to the function F' from the end of chapter 2. It will
turn out that F(1) = Li(x), which is the reason that we want to take a closer look at F. Since
changing the definition of our logarithm in J(x) might change the value of J(x), we do not allow
% — 1 to be a non-positive real number. We can extend the domain of the logarithmic expression,
by defining log(% —1) =log(s — B) —log(B). This is well defined as long as 8 is not a non-positive
real number, notation: 8 > 0. Since s = a + iy and we are integrating over y from —oo to oo,
log(s — ) will be well defined for all real values of y as long as Re(f) < a.

We'll prove F(3) is absolutely convergent. We can ignore the oscillating z° part of the integral
since |z%| = x%|2%| = 2 is just a constant. Calculating the derivative yields:

dlog(z—1)  log(5-1) PR N |
ds s 2 s(3—1)8
This leads to the inequality:
|10g(%—1)+ 1 |<|10g(%—1)|+‘ 1 |
52 s(s=p8)" — 52 s(s—f)

When we plug s = a+iy into the right term, we get the following situation: a 2% order polynomial
f(t) and we need to calculate the integral LI over the real line. Notice that ﬁ is a meromorphic
function on C except for negative reals. Since none of the roots of f lie on the real line, Cauchy’s
residue theorem is applicable. The contour will be a semicircle whose straight part is exactly
the line a + 4y, and whose half circle lies on the right part of this line. Since ﬁ(r) is O(%)
using big O notation, the semi circle will not contribute to the integral and we can conclude that
fa+zoo 1

oo m(s)ds is finite. The same reasoning will hold for the left term. We only need to remark

that |log(a + iy)| = log(a + |y|) for large values of y, and that % — 0 for |y| — co. The
same reasoning for the left term, will prove it is absolutely convergent as well and we conclude
that F' is absolutely convergent. Notice that this reasoning also holds when f(t) is a polynomial

of a higher degree than 2. We will need this in chapter 4.

. d 1 _ 1 —s1 __ 1 s . . . . e .
Notice that @log(% -1); = %_lﬂ—g‘q; = F=5 This derivative is continuous is both vari-
ables on our domain. Combining this with the absolute convergence from above we are allowed to

take the derivative inside the integral and swap the order of differentiation:

—100 —100

d . 1 1 a+ico . d d log(%—l) 1 1 a+ioco s d 1
%F(ﬁ)_F(ﬁ)—%m/a m'dﬁdslslds_%iﬁlog(x)/a x'ds{ﬁ—s
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Using integration by parts we can make this integral a little bit nicer:

a+i00
[ R Y S

27 flog(x) Jo_ico ds |B—s
11 R T L T B R | J
= e T - T a_- A €T - s
27 $log(x) B=8lgrice 2B Ja—ico B—s
1 a+100 1
= — xs . dS

27”6 a—100 B - S

Although it may not be the prettiest, it is an integral we will see more often. That’s why, for its
calculation, we’ll prove a lemma.

Lemma 3.1 Let Re(f) < a, then

1ot g sq 2# forx>1
— s —
270 Jo—ioo S— B 0 forz <1

Proof We can write —+ 6 in integral form: [ x’”ﬂ“dm = foo x~ ¢ WHB+1qy This is allowed

since Re(B) < a. Substituting x = e* results in a_Hy Py fo (ma+B)Ae=wAg\. Using Fourier-
inversion, we get:

/°° 1 VB gy — 2B~ for X >0
watiy—p 0 for A < 0

Substituting = e* and multiplying both sides with xa%:

1 fotie g s . P forz>1
— x®(—i)ds =
27 Ja—ico S— B 0 forz <1

This closes our proof.

Since z will be our variable for which we can count the number of primes below x, the case
x < 1 is not that interesting. For that reason we will, using Lemma 3.1, immediately write
F'(B) = %a:ﬁ which is the result we need for F(z) right now.

3.3 G(B) and H(B)

Let the contour C* be the path from zero to 1 — ¢, followed by a semicircle around 1 through
the upper half plane which in turn is followed by the path from 1 + € to x. Define the following
function:

P
Gl6) = /c+ log(t) o

The path C* depends on the variable ¢, but for small values of ¢, all the curves C"“( ) are
homotopic and the paths do not cross a pole of G(8). This can be seen by noticing that log( D) has

poles at 27ks for all k € Z and tﬁ’1 is analytic for Re(8) > 0. Because a finite path is compact,

one can take the maximum of log( f) since it is a continuous function on this path. This maximum

will depent on z, but this is not important since this is value is fixed. Multiplying this maximum
with the length of the path will give us an upper estimate M (z) for G(f). Now we can use the

Cauchy-Schwarz:
th=1 A=t
| d< [ <M
o+ log(t)
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We conclude that the integral is absolutely convergent, which proves G(8) to be well defined. This

fact, and the fact that %1@7_@1} is continuous in ¢ and £, will also allow us the take the derivative

over (3 inside the integral:

d _,_/dtﬁ—l _/ﬂ_l_tﬁ

B =CO= | Bl Jor ' U= B
This means that F(S) and G(f8) only differ by a constant, which is a remarkable result since they
do not look very similar. Notice that G(8) is far more easy to determine than F(5), which is the
reason why we want to know by what constant F' and G differ. There is more. Since F' is defined
on Re(f) < a and G is defined on Re(B) > 0, this result only holds on 0 < Re(S) < a. But both
F and G are analytic since both are complex differentiable. Therefore, their equivalence holds up
to a constant for Re(f) > 0 thanks to the principle of analytic continuation. To find this constant,
we need to define yet another function:

1 a-+io0 d
H(B) = 27t log(x) /a_ioo ds

=2 = F/(p)
0

log(1 - 3)
S

z°ds

H is not related to the function H from chapter 1. This function looks a lot like F/(8) and is
conflicted with similar problems for its logarithmical component. This time, we define log(1 — %)

to be log(s — ) — log(—f). As a result, § may not be a non-negative real number: g < 0. Both
F and H are defined on the upper half plane, which means that H(8) — F(3) is defined there as
well, and it turns out that we can simply calculate this value:

B 1 a+ioco ) d 'log(s _ ﬂ) — log(—ﬁ) — log(s - 6) + 10g(/8)
H(B)-F(B) = mg(x)/a_m”;'ds_ s "
- 1 atico d [log(B) — log(—3)
= g o s

1 /a“oo . d [mi
= — x® - — | —|ds
2milog(x) Jou_s ds | s

—100

This last step is motivated by the fact that we can write —1 = lim,| _; ™

log(8) — log(~) = log(8) — log(lim €™ ) = log(lim e™™*) = lim —mit = mi

, plugging this in:

Using integration by parts, we can calculate the integral:

1 /‘”"OO o d [xi], 1 ,omi|tTe 1 et gy p
— s — |—lds = ————z° — - — x® - —ds
2milog(z) Jou_ico ds | s 2milog(x) 5 lucioo 270 Jo_ioo s

1 a-+i00 i
= _— S-*d
mi ), . LS

We can evaluate this last integral using Lemma 3.1, and conclude that H(8) — F(8) = —im on
the upper half plane. We could have taken minus one to be lim¢ e +27k with k € Z, which
would have changed the value of our final integral. This is not that important. Since e?™** = 1 for
all k € Z, log(z) is uniquely defined up to a factor 2wik. Therefore, all complex numbers can be
seen to belong to a specific equivalence class. At this point we are choosing as our representative,
the number —iw. At the end of this derivation, the next paragraph, it will turn out that our result
is independent of the choice we make over here.

At this point we conclude F(8) = H(S) + mi on the upper half plane. We already computed
that F and G differ by a constant, which means that G and H also differ by a constant. We can
determine these constants, by computing limp_, o, G(o + T%) and limy_, o, H(o + T%) where o is a
fixed real number satisfying 0 < o < a. This last requirement makes sure that we are taking the
limit inside a domain where both G and H are well defined. We’ll compute these constants in the
next paragraph.
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3.4 Li(x)

Now we will finally arrive at the wanted result: Li(x) = F(1). As promised, we will first calculate

B—1
lim G(o+1Ti) = lim / ——dt
T—oo T—oo Jor log(t)
Substitute ¢ = ¢*. Now we can make our path of integration easier. Instead of CT, let the path
run from i§ — oo to 0 + log(z), and from 0 + log(z) to log(x). Of course, § is assumed to be
small enough to make sure that the path does not enclose another pole. Since the two paths are
homotopic, the value of the evaluated integrals are the same.

5 +Hog(x) Lu(B—1) log(z)  yu(f-1)
G(B) :/ 7e“du+/ edu

10 —00 u id+log(x) u

For the left integral, substitute u = z 4+ i and plug in 5 = o + T4:

log(z) _(2+1i6)pB log(x) _(24i8)(c+T4i) , log(x) _z(c+Ti
/ e / Y s = oo i / 67) &
z+1d z+1d z+1d

— 0o — 0o — 00

When T goes to infinity, the term in front of the integral will go to zero, while the part inside the
integral will oscillate. Since the integral is absolutely convergent, the limit 7' — oo over the left
integral will go to zero. For the right integral, substitute u = log(x) + iw:

log(z) u(B) 0 log(z)B ,iwB ) 0 iwo ,—wT
/ ¢ = / C T (Ciydw = —ix"J”T/ S
is+log(z) U o log(z) +iw o log(z) + iw

This time, when T goes to infinity, the term in front of the integral will oscillate. Because the
integral is absolutely convergent and since the function inside the integral is continuous in w and
T, we are allowed to pull the limit inside the integral. As a result, we are integrating over zero
and the right integral becomes zero as well, when T' goes to infinity. This entails that

lim G(oc+i{T)=0
T—o00

Notice that the above reasoning fails when we let T" tend to —oo. This is an important fact and
it will return in chapter 4.

We'll take the same limit for H(8) and we will see that it becomes zero as well. First, we’ll
remove the differential operator from H (/) by carrying out the differentiation:

d log(1—3) log(1 — ) 1 -1 log(1-3%) 1 1

- P _ + T _

ds s 52 s(1-3) B 52 B(s—p) Ps
Integrating the first part, gives the following situation:

1 a+100 lOg 1 _ S
/ —stds

li —_—
zm(g)aoo 2milog () 52

—100
We already established that F'(8) is absolutely convergent by splitting the integral up in multiple
parts which are absolutely convergent. The above integral was one of them. Because of this
property, we can use Lebesgue dominated convergence theorem to pull the limit inside the integral.
Since % will become zero, the logarithm will go to zero, which proves that the entire expression
will go to zero. Notice that this trick would not have worked on F'(3) itself, since for that function
the term inside the logarithm goes to zero. This is the main reason to define H(3). We are left
with:

lim G—HOO(# - i)acsds = lim [1 /G—HOO xds — = /a-HOO ! °d }
Im(B)—oo Jq—ico ﬂ(S — ﬂ) ﬁS Im(B)—oc0 B a—ico S a
= hm ﬁ — x—o
Y—oo f3 B
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We evaluated the integrals using Lemma 3.1. The absolute value of the denominator will go to
infinity when I'm(8) — oo, while the other terms have a constant norm: the limit is zero. We
summarize: H and G differ by a constant and limy,,(g)—ec G(8) = 0 = limzy,(8)—0c H(3). This
means G = H. Since F' = H + mi on the upper half plane, lim,, ()0 F'(8) = mi. But F' and G
also differ by a constant: F' = G + i, which holds for 0 < Re() < a. Since a > 1, we can use
this equality to calculate F'(1):

. l—e gt dt T dt .
P =6@) +mi= /0 log(t) +/B log(?) /1+e log(t) "

Here, B denotes the semicircle in the upper half plane with radius e. This integral can be evaluated
by proving that —— has a simple pole at t = 1 because in that case, the value of the integral is half

log(t)
of 27¢ times the residue at that point. This can be done by noticing the following: lim;_,; ﬁ(tl)l =
1, this is a consequence of L’Hospital’s rule. It implies that the residue at ¢ = 1 equals 1. Still,
we will conclude that the integral becomes —i since it goes around ¢ = 1 clockwise. The Cauchy
residue formula on the other hand, works with paths that go around residues counterclockwise,
which is why we include the minus sign.

As we discussed before, C*(e) denotes a collection of paths that are homotopic to each other: we
might just as well let € tend to zero. We conclude:

1—e x 1—e x
dt dt dt dt dt
F(1) = +/ +/ 7+m'zlim/ +/ = Li(x
M) / log(t)  Jplog(t) " Ji.e log(t) ), e . dogn L)

It may not feel like a result, but it is. On one hand, F' shows up in our expressions of J(z), while
on the other hand, Li(x) is a reasonably well known function. Even though its definition is a little
abstract, the values of Li(z) can be numerically calculated and this allows us to draw its graph:

L}

el

Figure 3: The graph of Li(z).

In the next chapter, we’ll show just how important Li(x) is for the prime counting function which
we want to construct.
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4 Constructing 7 (z)

4.1 Plugging (s) into the new expression of J(z)

Just as we did before, we want to plug &(s) into log({(s)) which is inside the definition of J(z).
Remember that II(z) = I'(z + 1). We already established:

log(((s)) = —log(s — 1) +log(=(s)) + 3 log(m) — log(IL(3)) (®)

and we want to plug this into:

J@)= /Wmd[k’g(ﬁ(s))]xsds

27i log () ds s

—100
Let’s write out explicitly what we need to calculate:

L L (dlogle= 1)) d jlog(e();  d jlostm), | d log(II(5))
27 1og(x)/a ( | | | | | .

ds s ds s ds s ds s

> ds (9)
—100

Cutting this integral in four parts is legal as long as the integral over each part converges, we will
show explicitly that this is true. In multiple occasions we will assume that the order of integra-
tion and summation is allowed to be switched. We will look at this in more detail in the next
paragraph.

The first term, counting from left to right, should be very familiar. It is equal to F(1), which we
proved to equal Li(x). Since we assume x > 1, this value is finite.

The second term is more difficult. In chapter 2, we established the following product repre-
sentation : €(s) = £(0) - [],(1 — 2). Putting this in the integral yields :

L1 /woos d 1og<<>>+z,,log<1—%>>]ds

2mi 10g() Joino ds s
We'll start by using integration by parts for the £(0) term:

11 atice . d log(e(0)) s - L1 log(e(0))
st Tog) o Jds =

a-+ioo a+ioco
1 1
po . 08E0) o

a—100 2mi a—100

ds [ s 27 log(x) v s s

= —log(e(0))2° = —log(%) = log(2)

To compute the integral, we used the results of paragraph 1.7 and Lemma 3.1. Assume that we
are allowed to swap the order of summation and integration. Then the remaining terms are equal to
H(p). For Im(p) > 0 we know H(p) = G(p) = Li(z) — im. The requirement Re(p) > 0 is satisfied
since there are no non-trivial zeroes with Re(p) < 0. But there are zeroes with Im(p) < 0, where
H = G does not hold. Indeed, using the same trick once again and letting I'm(3) tend to —oo, we
will get 0 for H ( |H| is symmetric in the real line), while G will diverge. There is a way to avoid
this. Instead of integrating over C'", integrate over C~ which equals CT except for the semicircle
around 1 which lies in the lower half plane. Call this function K. Exactly the same reasoning as
we showed for G, will now prove H = K on the lower half plane and K (1) = Li(z)+in. The factor
im does not have a minus sign this time since the path around ¢ = 1 has become counterclockwise.
We conclude that we can put the integral in the following form:

1 1 a+ioco . d Z 1Og( tp—1 t—P
2mi log(z) /,l_m M dS_ZH = 2 Um gt /C, log(t)dt}

Im(p)>0
(10)
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Substituting ¢t = ur transforms the integral over C* into:

o1 TR | g
/ ] :/ %fdu:/ ] “ = Li(zf) —im
o+ log(t) 0 log(ur) P o log(u)

The path of integration between 0 and z* is of course, taken to be in the upper half plane, avoiding
1
u = 1. Now we do the same for the C~ integral with the substitution uT=7:

D=

1—p —p

1

t—p z T it |

/ dt — / urtt ut du = Li(z'?) + in
o~ log(t) 0 log(ur=1) 1—=0p

Thanks to the pairwise summation, we can write:

Jds =Y [Li(z*) + Li(z'~")] (11)

Im(p)>0

a+i00 10 1_§
1 1/ Si[zp g(1—7))

27i log(z) s s

—1i00

This will be our final representation for this integral.

The third integral drops out, since %% log(w) = 0. For the last integral we will again use an
infinite product expression:
S ad S 1.,
(z) = 1+ )t (1+2)2 12
=Ila+ 500+ (12)

which will result in the following integral:

1 /a+ioo . d S —log(1+ 52) + $log(1+ L) ds
27i log(x) J, ds s

(13)

—100

Assume for now that we can pull % into the sum. Then it is clear that the right term in the
summation becomes zero. Assuming that we can bring the integral into the summation gives:

o~ 11 et o od log(14 5%) o0
— - S, 7777,(1 _ H 72 14
nzz:l 2mi log(z) /a—ioo v ds s o ; (—2n) (14)

Notice that this is well defined since H is well defined on the negative real axis. But all the
previous relations with F' and G are no longer valid, since they do not life on the negative real
line. This is why, just as we did for G, we define a new but closely related alternative:

oo B—1
56 =~ [ g™

1
log(t)
smaller than @, which is finite. Again, we are allowed to pull % inside the integral to obtain

the derivative of E:

E is absolutely convergent for Re(8) < 0 since [~ t°~1dt is finite in this situation, and is

g th-1 81 b
=—| =—==H(p)

LY =
dBlog(t) t B, I

We conclude that E and H differ by a constant, and taking the limit f — —oo shows that both
E and H become zero. The constant is zero which means that E = H on Re(8) < 0. Replace
H with F in the summation. All the terms in the summation are positive which means that the
summation is absolutely convergent if it is convergent. Therefore, if we assume that we are allowed

d , B
5EE) =) =~ [
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to swap the order of summation and integration and find a finite expression, our swap was legal.
This will be the case:

00t2n1

> H(-2n) = fZE —2n) Z/ 0

n=1 n=1

el S B [ 1
/ 2 Tox) a= | Mosm 2" 1= [ ™

0

Notice that the integral we found is convergent and decreasing with respect to x. This was the
last integral to be evaluated, which means that we have found a new expression for J(x). Notice
that all our integrals turned out to be finite which in retrospect allowed us to chop the original
integral in four pieces. We arrive at the main result of Riemann’s paper and this will allow us to
give an analytic expression for 7(z). We conclude:

J@) = Liw)— Y [Li(a?) + Li(z'~?)] - log(2) + / h t(;dt (15)

2 _
Im(p)>0 t2 — 1) log(t)

4.2 The loose ends, switching summation and integration

First we will tackle the problems for the last integral. We’ll first prove that (13) and (14) are
equal;

d i log(1+ %) + §log(m) _ s ilog(l + 5=)

ds s ds s
n=1 n=

&l <1
In this region, log(z +1) = >°>7 = 1) 2" and the summation is absolutely convergent. This
proves that it is uniformly convergent ‘as well. Since for la|] < |s], |log(1l + a)| < |log(1 + s)]|, this
proves that the summation is uniformly convergent on every closed disc around zero. This proves

the following;:

Notice that for a finite value of s, there is a finite value N such that for all n > N,

d log(1+ 3) Z d log(1+ 57) + 5log(m)  d i log(1 + 5-) + 3 log(7)
T ds s

ds s s ds
=1 n=1 n=1

This proves the first assumption we made and it also proves that we can integrate termwise over
a finite domain:

11 /“”T o dlog(II(3)) , =~ 1 1 /a”T o dlog(l+ )
T T E— 22— T ——"%ds

2wt log(x) Joir ds s a—iT ds s

It will take some doing, but we will be able to prove that the integral will be smaller than a constant
times n~2, which proves that the summation on the right is absolutely convergent. This will allow
us to pull the limit T" — oo inside the summation, proving that summation and integration are
allowed to be swapped. First we will substitute s = a + iv:

T T a+iv
/a+z " d log(1+ 3 )ds _ / gativ _d log(1+ %57%)
a

_iT ds S T idv a+ vi

idv

Our strategy is to pull a factor n~2 out of the integral. For this reason, substitute v = y - 2n:

T a+iv
, d log(l+ 4% 2 d log(l+ 5, +
/ xa—‘—w L g( 2n )ZdU — / a+iy2n . g( y) QTLdy
T idv a—+ vi _r 2ndy  a+ any
T
— ﬁ n xiy2n . d IOg(]. + 277, y)d
2n )z dy 5 1Y
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Since a sum over n~! will diverge, we will need to retrieve another factor n=1 out of the integral.
This can be achieved using integration by parts:

L a
L iwdy —
2n J_ dy 5 1Y
2n n
¢ pty2n d 10g(1+—+y) T o /QT,L Tiy2n d? 10g(1+%+y)d
2n i2n log(x) dy o= iy T 2 z i2n log(z) dy? o= iy 4

w‘ﬂ l\?‘ |

~ oni2n log(x) dy = 4 iy dy? o=+ iy

=T
n

T
@1 <xy2” d log(1+ & +y) - / g 10814 £ +y) dy)
T

T 2n

The factor on the left is of the form n~2 multiplied with a constant. If we can prove the part on
the right to have a finite maximum, the modulus of the integral will be smaller than Cn~2 for
some constant C, independent of n and T. Since the sum over Cn~2 is finite, the entire sum is
absolutely convergent which in retrospect proves that we can switch summation and integration.
This can all be done by computing the derivative in the integral:

dlog(1+4:+y) Zlog(a+ +y) 1
dy n+zy (2n+zy) (55 +iy)(1 4 5= +iy)

Notice that this function is bounded for real values of y. So, when we let |T| — oo to compute
the constant term after our partial integration, this will return finite values. These values will be
independent of n which means that the constant terms of the partial integration, will be smaller
than a certain constant A for all n. Therefore, our case reduces to proving the convergence of the
following (B is a certain constant, independent of n):

i AB./; P log(t g +y) oV
_x dy? 5o +iy  i2nlog(x)

2n

3

In chapter 3, we proved the absolute convergence of F' by using Cauchy’s residue theorem. The
same line of reasoning, tells us that

d[_,log(a+2‘ln+y) 1 ]
dy (35 +iy)? (27 Tiy)(L+ 5, +1iy)

is absolutely integrable over the real line. Since this holds for all n, we conclude that there is a
constant C' such that:

ot d log(1 + ot d log(1+
‘/ s Og( 2n)d |§/ ‘xs Og( 2”)|d3§0-n_2
S a—iT ds s

This proves the absolute convergence of the summation and proves the legality of the switch of

integration and summation.

The only thing thats left, is to prove that (10) is correct:

11 et gy ,(0=2) 1 atico g
27rzlog(x)/ x ds[f]d zp:mog(x)/ o [1og(1—6)]ds (16)

00 100

Riemann, in is original paper, did not prove the legality of most of his changes in the order of
summation and integration, but just indicated how it could be proved, except for the term above.
He stated that this operation is legal, but that it would take another, closer evaluation to prove
its correctness. This gap in the proof, was closed by the work of Von Mangoldt. At this point, we
will not go into the details but just assume its correctness. A proof can be found in ([E],48 - 66).
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4.3 Constructing n(z) analytically
Lets finally start counting primes analytically. In the chapter 1 we defined

J(z) =m(z) + %w(x%) + %7‘((:1;%) 4.

. Remember we used a trick from Fourier analysis to make our notation nicer. This means that

1
we should think of 7(z) as %ﬂ(m_o). Define b, = +.J(xn) As stated before, we can find ()
by using the generalized Mobius inversion formula. The idea behind this inversion formula is as
follows: . .

We know by = J(z) = 7(z) + 3m(22) + %ﬂ'(l‘g) +oe-

This means that:

bi—by = @)+ 3m(2?) - 2n(a?) + n(03) + 1r(al) - —r(@?7)
1 o = Tm(x 271':17 27Tx 371':0 47rx 2.27rx
1 1 1 1
= 7r(35)+§7r(:173)+37r(x5)+~~

Notice that the indices of the terms on the right are all non-zero modulo 2. We can do the same
for other prime numbers to ensure they do no longer live on the right side of this equation, for
example 3:

1 1 1 1 1 1 1
by—by—by = m(x)+=J@3)— =J(@5) + =7w(x5) — =w(x6) + =J () + -+ -
3 3 5 6 7
1 1 1 1 1 1
= 7T(35)+57T(335)—EW(WS)‘F?J(W)‘*‘

Notice that the introduction of —bs has caused the reprisal of w-terms with indices which are zero
modulo 2. But there are still no pure powers of 2 or 3 on the right side of the equation. Since this
holds for all primes, the only indices left in the following equation are non-pure powers of primes
(and 1):
1
- —7
10

1
11"

==

1
(£10) -

o=

)

blebp:W(m)f%w(x (x12) — -+

peEP

1
Notice that for composite numbers, for example 6, there still remains a —%71’(.236) term. Indeed,

1
for p and ¢ distinct primes, both b, and b, will give a factor ﬁﬂ'(ﬂ? @p), which in combination

1
with 7(x) results in =27 (z¢?). Therefore, adding the terms b,., will neutralize these terms. Let
P x P denote all natural numbers that are the product of two distinct primes.

1 1
bl—pr+ Z bkzﬂ($)+%ﬁ(l‘3 )+

pEP kePxP

Notice that the 30-term survives. This is a result of the fact that in this procedure, we counted 30
multiple times. It arises in b; with j = 1,2,3,6,5,10,15 for which there are three cases in which
there is a minus sign in front. To fix this, all numbers which are the product of three different
primes should be subtracted again. But in this case, we count will count products of four primes
double. The procedure to fix this goes on ad infinitum and in the end we get:

b1—pr+ Z br — Z b+ =m(x)

peEP kePxP tePXPXP

1
The left side is well defined since for large values of values of n, xn goes to 1 and since 7 (1) = 0,

1
m(zn) =3 0.

But why wouldn’t there be any terms on the right side which are divisible by a square? Well,
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lets take a look at 2" where n > 1. Define a,, = %ﬂ'(x%) The term a(2™) only arises in b; and
ba. Since there is a minus sign in front of by, it is clear that there will not be any terms of the
form as» on the right side. Now look at agn.3. This one arises in by, bo, b3 and bg. Notice that the
amount of terms has doubled, it are the terms of a(2™) and two new ones which cancel: it doesn’t
appear on the right side. Notice that asn.32 will have the same terms which means it will also not
appear on the right side of the equation. Proving this holds can be seen using induction. We’ll
prove it a bit more formally below.

Remember the definition of the Mébius-function u. Let ¢ € N.

1 when t =1
pu(t) =9 (=1)™  when t is the product of n distinct primes
0 when t is divisible by a square

Our goal is to prove the following:
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As mentioned before, since the function z'/? is smaller than 2 for positive real numbers and there

are no primes below two, J(x) can be expressed in a finite sum:
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Fix a value 2 and denote Fy,(1) = L7(zw) and G, (1) = LJ(z=). In this notation, we can follow

the usual proof of the inversion formula and this proof is therefore equivalent:

Generalized Mébius Inversion Formula Let x > 1 and let Go(m) = 321 << Fu ().
The following holds: 3, ., <, w(n)G.(L) = F.(1)

n

Proof:

1 1 1
S oamG() = Y ) Y R = S a3 Y r=menlF(——)
1<n<z 1<n<z 1<m< T 1<n<z 1<m<Z 1<r<z

Here, the notation [.] stands for a boolean operator that is zero when [r # n - m] and 1 otherwise.
Now we switch the order of the summations:

S o) Y Y r=mealn)= YR Y um) Y =]
1<n<lz 1<m< 2 1<r<z 1<r<z 1<n<z 1<m<

If we take a closer look at the last two summations, it turns out that the only surviving terms n,
are those that divide r:

Y RG) Y s Y == YRGS

1<r<z 1<n<z 1<m<Z 1<r<z n|r

We know that ju(t) is a arithmetic function and filling in ¢+ = p¥ with p a prime, we see that
anr w(n) is zero when r # 1 and 1 otherwise. Therefore, the last sum can be simplified:

> RO = Y BOr=1=F)

1<r<z nlr 1<r<z
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This finishes our proof. Notice that F, (1) = w(x) and that we have found an expressions for 7(x)
is terms of G,. We conclude:

k) s
ﬂ(x)ngJ(x )

It may not look like much, but it is a pretty big deal. Instead of counting primes, we are now able
to calculate the number of primes. And even though J(x) is not the nicest expression imaginable,
it allows its self to be well approximated. As it turn out, Li(z) is the most significant term in our
result for J(z). For this reason, Riemann suggests the approximation:

Rz) =Y @Lm%)

keN

(17)

It turns out that this is a very good approximation. In fact, this formula more or less proves why
Gauss his empirically validated approximation, Li(z) — Li(2), works. It is just the first term in
the summation.

4.4 Heuristics for Riemann’s approximation

Riemann’s approximation is based on the fact that the main term in J(x) is Li(z). Let’s examine
this for a moment. Li(z) is a monotonically increasing function which takes pretty large values,
for example Li(10'°) ~ 4.5 x 10%. This is a much larger value than log(2) ~ 0.6, therefore it is
negligible in equation (15) for large values of x. For the integral term, we can find a estimate,
which proves this value to be small as well. We assume x > e:

o0 1 o0 1 1 o0 1
/x t(ttl)log(t)dtf/e (e 1log®)" = 1og<e>/x "

1 1
1 [— log(t) + 3 log(1 — t?)

o0

=~ 0.07

€

Since this is very rough approximation, the actual value in z = 10'0 of this term is seen to be
even smaller. Therefore, it can be omitted to get a good approximation for J(x).

What remains is the sum over the non-trivial roots of ((s). It is very hard to find a proper
estimate of this term. Riemann himself struggled with it and was not able to give a solid argu-
ment why this term is small with respect to Li(z). He did however notice that the approximation
you get when you remove the term to get R(x), works better than Li(z) for < 3-10° ([R], 9).
This was the best known approximation at that time. Using the work we did in this paper, one
can also see why this was a good approximation, it is simply the biggest expression in the first
term of our exact formula for 7(x). Using the computer, we can easily give a stonger heuristic
argument for Riemann’s approximation, which can be found in the following table:

X m(x) | Error Li(z) | Error R(x)
100 78,498 130 29
107 664,579 339 88
108 | 5,761,455 754 97
10° | 50,847,534 1,701 79

1010 | 455,052,511 3,104 1828

In the table, we rounded off the value for the errors. This suggests that Riemann’s intuition seems
to be right. But it also suggests that the sum over the non-trivial {(s) roots, is small in comparison
to Li(x). It seems strange that a term which is only conditionally convergent, takes a small value
but it seems to be true.

Notice that at this point, we have not mentioned the Riemann hypothesis at all. This is not
a coincidence. In his original paper Riemann only mentions ’his’ hypothesis once. His main goal
was to prove equation (15) and for this he does not need the hypothesis. For completeness, lets
state the hypothesis:
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The Riemann Hypothesis Let p be a root of e(s). Then Re(p) = %

Notice that we did not need this result for any of the theorems and lemma’s we proved. But,
as stated before, the most mysterious term in equation (15) is the sum over the roots of e(s). The
hypothesis gives a general property of roots of € and it allows us to make estimates for this term.
For example, Schoenfeld showed that the Riemann hypothesis is equivalent to

|m(x) — Li(x)| < g=+/xlog(x) for x large enough. For this reason, the correct or incorrectness of
the hypothesis would give us more information about the distribution of primes. This explains why
the hypothesis is so interesting to us, we use primes all the time but we do not now much about
there distribution on the real line. The Riemann zeta function seems to be our best approach in
this situation and therefore the Riemann hypothesis is so interesting.

4.5 The Riemann Hypothesis

The proof we used for our expression of J(z) is mainly due to Riemann’s original paper. In this
paper, Riemann left out a lot of important details and did not fully prove all of his assumptions
about the order of integration and summation. The product formula of (s) for example, was
first rigorously proved in 1893 by Hadamard, more that 30 years after Riemann’s paper ([E],38).
Though he did not have the means to prove all his assumptions, he was however convinced about
his formula for J(z). It turns out that he was correct. The first proof of this fact, was published
by Von Mangoldt who used an entirely different approach than Riemann ([E],38). After proving
the functional equation, Riemann started with inverting the following formula:

1 oo
Slog(c(s) = [ o (a)da
s 0
As a result he gets an expression for J(z) in terms of log(¢(s)). But the logarithm of the zeta
function is not the prettiest thing in the world and it is hard to express it into elementary functions.
Von Mangoldt realized this and first differentiated over s before inverting, to get the equation:

1 /“m C'(s) . ds

e ) s

Here, 1(z) is the sum over all prime powers smaller than x, where each prime power p™ is weighted

with a factor log(p). % is a meromorphic function with poles at the roots of {(s). It turns out

P(r) =

T 2mi

that ¥ (z) is an easier function to work. This is the reason that Riemanns original result, equation
(15), is not the standard way to represent m(z) or an equivalent function. Take for example the
prime number theorem which states that m(x) ~ Li(x). This is equivalent to proving ¢ (z) ~ x.
In 1896, Hadamard and la Vallée Poussin independently proved the second statement, thereby
proving the prime number theorem.([E],38). The proof can be found in ([E], 68 - 77).

The previous paragraph’s indicate the importance and usefulness of the Riemann zeta function
and specifically the roots of ¢(s). This is more or less summerized in the amount of attempts to
prove the Riemann hypothesis which vary greatly. On startegy that was suggested by Hilbert and
Pélya is to use a self-adjoint operator. This works in the following way: define an operator T
working on % + iy such that the roots of £(s) are its eigenvalues. Since eigenvalues of self-adjoint
operators are real, this would prove that all roots of £(s) are of the form % + 1y.

An interesting indication that this might work comes from random matrix theory. In 1972 Mont-
gomery tryed to find an expression for the amount of zeroes between % + 1A and % + iB. He
conjectured an expression for this number, which was supposed to hold for large values of A < B
([C], 8). The expression he found turned out to be the pair correlation function for the eigenvalues
of large hermitian matrices. This connection implies that there might be a connection between
hermitian operators (matrices) and the zeroes. It turns out that for zeroes with a large modulus,
the conjecture seems to be true. Therefore, it may be interesting to investigate the correlation
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function more closely and see where the correspondence with the zeroes of (s) actually comes
from.
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