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Abstract

Identified as one of the 7 Millennium Problems, the Riemann zeta hypoth-
esis has successfully evaded mathematicians for over 100 years. Simply
stated, Riemann conjectured that all of the nontrivial zeroes of his zeta func-
tion have real part equal to 1/2. This thesis attempts to explore the theory
behind Riemann’s zeta function by first starting with Euler’s zeta series
and building up to Riemann’s function. Along the way we will develop
the math required to handle this theory in hopes that by the end the reader
will have immersed themselves enough to pursue their own exploration
and research into this fascinating subject.
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Chapter 1

History

Every great story has a beginning, and like many adventures in mathemat-
ics, this story begins with Leonard Euler. In 1737 Euler proved that the
infinite sum of the inverses of the primes

1 1 1 1 1

2 3ts Tz T
diverges [Edw]. Euler no doubt realized that this observation not only sup-
ported the already known fact that the primes are infinite, but also hinted
that the primes are fairly dense among the integers. In addition to this,
Euler also proposed what is now known as the Euler product formula,

21
Y. = I1
nzln

1/
primepl—i_ﬁ

1

although it was not rigorously proven until 1876 by Leopold Kronecker
[Dun]. Amazingly, this formula links the worlds of number theory and
analysis and as a result allows tools from each field to combine and mingle
like never before. These two facts represent the gateway and the key to one
of the most intriguing and mathematically diverse theories, the theory of
the Riemann zeta function.

Sometime later, Gauss found himself working on a related problem, al-
though he probably didn’t know it. It was a habit of Gauss’ to keep a table
of prime number counts which he continually added to. At some point
Gauss noticed an interesting pattern. “Gauss states in a letter written in
1849 that he has observed as early as 1792 or 1793 that the density of prime
numbers appears on average to be 1/ log x.”[Edw] This observation would
later become known as the prime number theorem.



2 History

Theorem 1.0.1 (Prime Number Theorem).

X

7t(x) as  x — oo,

~
Inx

where 7t(x) is the number of primes less than or equal to x (where 1 is not consid-
ered to be prime).

Gauss later refined this to the following statement.

Theorem 1.0.2 (Prime Numer Theorem II).

71(x) ~ Li(x) = / at

— as X — 00,
2 Int

Over the years, many notable mathematicians worked to prove this
conjecture. In 1800 Legendre published his Theorie des Nombres in which
he proposed an explicit formula for 77(x) that basically amounted to the
primes having a density of 1/ In x. Unfortunately, his proof was not rigor-
ous, leaving the problem just as open as it was before.

In 1850 Chebyshev proved some major results, notably that

X th

(0.89)/2 I ) < (1.11)/ =,

Int 2
(0.89)Li(x) < mr(x) < (1.11)Li(x),

for all sufficiently large x. He was also able to show that if the ratio of 7r(x)
to Li(x) approached a limit as x goes to infinity, then the limit must be 1.

Then Bernhard Riemann attempted to work on the problem, and he
was the first to see the potential in Euler’s product formula. He used it as a
jump off point to create his zeta function by extending the product function
not only to the entire real line, but to the entire complex plane with the
exception of a singularity at s = 1. This of course was only natural given
that he was right on the frontier of complex variable analysis. In 1859 he
published his monumental paper On the Number of Primes Less Than a Given
Magnitude.

In this paper Riemann attempted to show that [](x) ~ 7r(x) where

| | © gt
[Tt = Lite) - DLite) ~ 2+ [ gy

and p runs over the non trivial zeros of his zeta function. Unfortunately
he was unable to show (or at least he did not show in the paper) whether



Li(x) was the dominating term or even if the series converged. The real
importance of his paper lay in the novel tools he developed and utilized.
For the first time a mathematician was using tools like Fourier transforms
and complex analysis to say something about the nature of prime number
distribution. It truly was revolutionary, and it is not surprising that there
was no more substantial work in the field for 30 years after his publica-
tion, almost as if it “took the mathematical world that much time to digest
Riemann’s ideas.”[Edw]

Then in 1896 Jacques Hadamard and C. J. de la Vallee Poussin simulta-
neously and independently proved the prime number theorem using many
of the tools that Riemann had developed and used. Their proofs showed
that Riemann'’s formula for [J(x) was in fact correct and that the largest
term was Li(x). Even though the main ideas that Riemann proposed were
now rigorously proved, there was still one more conjecture that remained
unverified.

In his 1859 paper, Riemann mentioned that he considers it “very likely”
that the nontrivial zeros of {(s), which will be defined during the course
of this thesis, all lie on the line R(s) = 1/2. This statement would later
become known as the Riemann zeta hypothesis and has managed to stump
mathematicians for over a century. The purpose of this thesis is to explore
some of the different facets of Riemann’s zeta function and introduce some
of the math that will assist us. Chapter 2 will start by introducing Euler’s
zeta series, which is essentially the predecessor of Riemann’s zeta function.
The chapter will also introduce concepts such as convergence, Barenoulli
numbers, and the gamma function in order to construct a solid base to
launch from. Chapter 3 is concerned with the values of Euler’s zeta series.
It will present 2 proofs for the values of the function at the even integers
as well as provide a method to approximate the values elsewhere on the
positive real line. In order to accomplish the proofs presented, the chapter
also introduces Fourier series and the Euler Maclaurin summation formula.
Chapter 4 uses a transformational property of Jacobi’s theta function to
help derive the functional equation in order to extend the Euler zeta series
to the complex plane. This extension of the series then becomes Riemann’s
zeta function. Finally, Chapter 5 examines Riemann’s famous hypothesis
and the many consequences of its truth including Lindel6f’s hypothesis.






Chapter 2

Fundamentals and Euler’s Zeta
Series

2.1 Introduction

This chapter will be concerned with the Euler zeta series, which is the func-
tion

= 1
g(s) = 7;%/

where s is a real number greater than 1. All of the ideas and facts that are
shown in this chapter will continue to be true after the function is extended
to the complex plane because when Riemann’s zeta function is restricted
to real s > 1, it becomes Euler’s zeta series. For this reason, we shall dis-
cover as much as we can using the Euler’s zeta series rather than the more
complicated Riemann zeta function.

Before anything else, it behooves us to ask whether the function even
makes sense, but before we can answer that we need to establish what an
infinite series is and what is required for an infinite series to make sense.
Therefore we will have a short section which introduces infinite series and
some characteristics that will prove useful throughout our exploration.

2.2 Infinite Series and Convergence

Quite simply, a series is an infinite sum. The interesting part of the the-
ory surrounding series is whether they sum to something besides infinity.



6 Fundamentals and Euler’s Zeta Series

Clearly if we sum an infinite number of 1s we will end up with infinity:

What about the following infinite sum (known as the harmonic series)

i1—1+1+1+1+1+1+1+...?
ko2 3 45 6 7 '

Even though there are an infinite number of terms, we can see that the
terms get smaller and smaller, and toward the ‘end” of the sequence the

terms are practically zero. It seems like this would imply that the sum is
finite, but consider the following grouping

B 0 (@) (e ) (eieded)
(0 (o) rbebd)
JORCROROES

= =

Vv

With this grouping, we can see that the harmonic series sums to something
that is greater than an infinite number of halves whose sum is clearly infi-
nite. Therefore the harmonic series shows that even if the terms of a series
approach zero, this is not sufficient for a series to sum to a finite num-
ber. The question then becomes, when will an infinite series sum to a finite
number? To answer that we introduce the notion of convergence.

Given a sequence {a,} of real numbers. We say that the series }_a, is
convergent and converges to S as n — oo if for all € > 0 there exists an N such
that

<€ forall n>N

n
Zak -5
k=1

If no such S exists, then we say that the series diverges [Kno].

In other words, our series converges to S if the partial sums become
arbitrarily close to S as n goes to infinity. Note that the partial sum of a
series is simply the sum of the first # numbers, where 7 is finite. Another

way to think about convergence is that the partial sums of the series are all
bounded.
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Theorem 2.2.1. The infinite series ) a, converges if and only if there exists a real
M such that

N

Zan <M forall N >1.
n=1

From the divergent harmonic series, we can see that convergence is not
always as simple as we would hope. Therefore mathematicians have devel-
oped several methods for determining convergence without directly show-
ing that a N exists for every € as the definition demands. We already sur-
reptitiously used the following method when we showed that the harmonic
series was divergent.

Theorem 2.2.2. Given infinite series
Y and Y by
k=1 k=1

of non-negative terms (meaning ay > 0 and by > 0), with ay > by. Then we have
o If ) ay converges, then ) by converges.
o IfY by diverges, then Y ay diverges.

Another useful convergence test is known as the integral test, which
will help us to show that Euler’s zeta function does in fact make sense.

Theorem 2.2.3. Given the an infinite series
[o0]
2 n
n=1

of non-negative terms, if f(x) is decreasing and continuous for x > land f(n) =
ay foralln > 1, then

/ f(x)dx  and Y ay

1 n=1

either both diverge or both converge. In other words, if the integral is finite then
the series converges. Otherwise the series diverges.

Using the integral test we can now finally prove that {(s) converges for
s > 1 and thus makes sense.
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Proof. 1f we let
1
flx) =

S
where s is taken to be a constant greater than 1, then clearly

2(s) = ilfm

Note also that f(x) is continuous, positive and decreasing (given thats > 1)
and that

o0 —1 ) 1 1 —1 1
/1 f(x)dx_s_1 <}£1010x51 _151> _5—1(0_1)_5—1

Thus the integral test tells us that since [~ f(x)dx converges then Yf° f(n)
converges as well for s > 1. O

Note that the requirement that s be greater than 1 makes sense because
(1) is the harmonic series which we showed diverges. What’s remakable
is that as soon as s crosses that threshold, than the series instantly becomes
finite.

Although they will not be useful until the next chapter, the Bernoulli
numbers and Bernoulli polynomials play a very important role in the the-
ory behind both Euler’s zeta series and Riemann’s zeta function and thus
merit mention in the chapter on Fundamentals. The next two sections will
be devoted to their descriptions and properties.
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2.3 Bernoulli Numbers

Bernoulli was well aware of the formulas for the partial sums of the powers
of the integers, the first few being:

ik nn+1)

k=1 2

! 2 nn+1)2n+1)
k=1 6

i B n?(n + 1)2.
k=1 4

Given the parallel nature between increasing exponents in the summands
and the exponents in the explicit formulas, it is natural to search for some
generalization. The result gave rise to an interesting sequence of num-
bers, called the Bernoulli Numbers; named by Euler in honor of his teacher.
Viewed as a formal expression (meaning that B is actually By) we have the
general formula

n—1 1 1
YR = (B = By, 2.1)
k=0

where By is the kth Bernoulli number. Using the binomial formula on (2.1)

yields
n—1 " 1 m m+1 m .
P LR ] ey
k=0 j=0

From here, we can produce the recursive relationship between the Bernoulli
numbers by plugging n = 1 into equation (2.2), resulting in

o:i(mjl)m 23)

j=0

Using the recursive formula and By = 1 we have a fairly straight forward,
although not very speedy, method for computing the Bernoulli numbers.
For reference, the first couple Bernoulli numbers are:

1 1 1
0 , Bi > Ba=¢ B 0, By 30’
Notice that both the third and fifth Bernoulli numbers are zero, and in fact
By = 0 for all odd k > 1. This fact will be proved rigorously momentarily.

Bs =0.
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Another important aspect of the Bernoulli numbers is that they are gen-
erated [IK] by the Taylor series approximation of

X . Bxk
i N @4

This relation is very important since the frequent appearance of this gener-
ating function amid formulas involving Riemann’s zeta function will be an
indication of the involvement of the Bernoulli numbers.

Theorem 2.3.1. Foroddk > 1, B, = 0.

Proof. After moving the k = 1 term of the sum over to the other side, equa-

tion (2.4) becomes
X Bix ®  Bpxk

Ay B 25)
er—1 1 7 k!

Focusing on the left hand side of the equation we have

x B _ =z x
er—1 1 -1 2

2 er—1
(ex -1 + er — 1)
er+1
(1)
ex/2 eX/2 +e—x/2
(ex/2> (ex/Z _ e—x/2> :

Now notice that substituting —x for x in the last line leaves the expression
unchanged. Therefore the right hand side of equation (2.5) must also re-
main unchanged by the same substitution. This means that

NIR NIKR NIR

> kak d Bk ( —x)k
R Y T (2.6)
k=0k#1 ' k=0k#1 :

and therefore that By = (—1)¥By for all k # 1. While this is trivially true for
even k, this forces By = 0 for all odd k # 1. O
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2.4 Bernoulli Polynomials

Next after the Bernoulli numbers we have the Bernoulli polynomials. In
short, these are the polynomials (for n > 0) uniquely defined by the fol-
lowing three characteristics:

(i) Bo(x) = 1.
(ii) Bp(x) = kBy_1(x), k > 1.
(iii) /01 Bi(x)dx =0, k > 1.

Using these facts, we can easily compute the first couple Bernoulli polyno-
mials:

Bo(x) =1
1
B = x—=
1(x) X =5
1
By(x) = x*—x+-
6
_ 3_22 1
Bsy(x) = «x S XX
1
By(x) = x*—2x°3+4? 30"

2.7)

You may have noticed that the Bernoulli polynomials that we listed take on
their corresponding Bernoulli numbers at x = 0. This is in fact true for all
Bernoulli polynomials, as evidenced by the result of substituting z = 1 into
the generating function,

i Br(0)x*  xe®¥  x i Byx*
Z ke -1 -1 &k

Here are some other useful properties of the Bernoulli polynomials.

Theorem 2.4.1. B,(1 —x) = (—1)"Bu(x)



12 Fundamentals and Euler’s Zeta Series

Proof. Using the (2.7) we have

® Bi(1—z)xk  xel=2¥ (X)) xe 2 (—x)ex(=) _ i Bi(z)(—x)*

kg(:) k! T a1 (ex)l—e—x: e x—1 = k!
Equating the coefficients then yields B, (1 — x) = (—1)"B,(x). O

Corollary 2.4.2. B,(1) = (—1)"B,(0). Furthermore, since B,(0) = By, and
B, = 0 forall odd n > 1, then B, (1) = B, (0) = By, forall n # 1.

Theorem 2.4.3. B,(x + 1) — B,(x) = nx""1,
Proof.
O (Br(x +1) — Be(x))tk el get

= k! et—1 et -1

xt

I
~
N

I
e

k!
(k + 1)xktk+1
(k+1)!
(kxk—l)tk
k!

»
Il
o

I
agk:

»
Il
o

I
agk

T
[N

The index difference between the beginning and the end is not a problem
since the first term of the left hand side is zero because

Bo(x+1)—Bo(x):1—1:0.

Thus By (x + 1) — By(x) = kxk—1. O
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2.5 Gamma Function

Another useful function when dealing with the theory surrounding Euler’s
zeta series is the gamma function. Essentially, the gamma function is an
extension of the factorial function to all real numbers greater than 0 [Sto].

I'(s) = / e *x*"ldx for s > 0. (2.8)
0

While Euler was the first to introduce this function, he defined it slightly
differently and Legendre was the first to denote it as I'(s).

We should note that this function can actually be extended to all com-
plex numbers so that it only has simple poles at the negative integers (and
zero). And it is for this reason that we can continue to use I'(s) even when
we begin to work with Riemann’s zeta function in the realm of complex
numbers.

Be careful when researching this subject using different sources because
Gauss [Edw] also defined this function, except that he denotes it by [](s)

where
[I(s)=T(s+1).

This thesis will be using the more popular notation of I'(s) as defined in
(2.8).

The rest of this section will derive (or sketch the idea of the derivation)
of several identities which will prove useful as we manipulate {(s) and I'(s)
over the course of this thesis.

What is known as the functional equation of I'(s),

I'(s+1) =sI(s), (2.9)

can easily be obtained by applying integration by parts on sI'(s) and using
the definition given in (2.8). Using this as a recursive relation and seeing
that T'(1) = 1 shows us that for any positive integer n we have

I'(n)=(mn-1),

confirming that I'(s) is in fact an extension of the factorial function.

We mentioned earlier that I'(S) can be extended over the entire complex
plane with the exception of the negative integers. This is accomplished by
redefining the function as

. 1.-2.3..-N
[(s+1) = lim (s+1)(s+2)(s+3)---(s+N)

(N +1). (2.10)
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Since
(N+1)P=(1)"(1+1)°2) °2+1)*--- (N=1) *(N=14+1)°(N) (N +1)°
Then we can write (2.10) as an infinite product instead of a limit, yielding

Znn S (n41)°
Ts+) =[] ——~
( ) E (s+n)
A little manipulation of this then gives us
«© s\ 1 1\°
r 1) = 14— 1+—-) .
(s+1) H( +2) < +n>

Now, if s is not an integer we have
[ S -1 1 S5 oo -5 -1 1 —S
-5 (2] f10+3) ()
_ n n - - n n
n=1 n=1
o -1 1 s - -1 1 —5
- T1(1+2) (1+> <1+S) <1+)
i | n n n n
0o -1
I (1 — i) . (2.11)
n=1 n

Although it won’t be proved until section 3.3, let us take for granted that
we have the product formula for sine,

0 X2
sin Tx = an <1—2>.
n

n=1

[(s+1)T(—-s+1) =

Plugging (2.11) into the sine formula then yields the identity

7TS

TG+ I(i=s) @12)

sin(7ts) =

Finally, a special case of the Legendre relation gives us the additional
identity

T(s+1) =2°T (%) r <S;1> 12, (2.13)



Chapter 3

Evaluation of Euler’s Zeta
Series

3.1 Introduction

Now that we have defined and verified that {(s) converges for real s > 1 it
would be nice to figure out what the series converges to. This goal divides
itself nicely into two parts: the values at the even integers and the values
everywhere else.

Two proofs will be presented of the formula for the values of Euler’s
zeta series at the even integral points, but before we proceed we need to
introduce Fourier series and prove that we can integrate an infinite series
because both of which are required for the proofs that will be presented.
Therefore the next section will introduce infinite series of functions and
integration while the following section will introduce the theory of Fourier
series and help establish a useful identity which will serve as the starting
point for the first proof.
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3.2 Integration of Infinite Series

Several proofs in this chapter require that we swap an infinite sum and
an integral. In other words, we want to know whether we can integrate
an infinite sum term by term and still arrive at the integral of the entire
sum. Before we present that theorem we should reintroduce convergence
since we are now talking about infinite sums of functions, which are subtly
different then infinite sums of numbers. All of the definitions and theorems
in this section are discussed in more detail in [Kno].
Given a sequence of functions f,,(x), we say that the infinite sum

ilmx)

is point-wise convergent to f(x) in a region D if given any € > 0 and x € D
there exists 1y (which is dependent on € and x) such that

|fu(x) — f(x)| <€ forall n>mng

We say that the infinite sum

ilfnm

is uniformly convergent to f(x) in a region D if given any € > 0 there exists
no (which is only dependent on €) such that

|fu(x) — f(x)| <e forall n>mng

forall x € D.

As a side note, clearly uniform convergence is stronger than point-wise
convergence since any function which converges uniformly obviously con-
verges at each point.

Just like in the case of convergence, strictly using the definition to check
for uniform convergence can be a daunting task, therefore mathematicians
have developed several tests to help spot and show uniform convergence.
Here are two of these tests.

Theorem 3.2.1 (Abel’s Test for Uniform Convergence). Given a series
flx) =) un(x)
n=1

with uy (x) = anfu(x). If
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e Y 0 14y, is convergent.

e fur1(x) < fu(x) forall n.

e fu(x) is bounded for x € [a,b], meaning 0 < f,(x) < M.
then Y 5" 1 u(x) uniformly converges to f(x) in [a, b].

Theorem 3.2.2 (Weierstrass” Test for Uniform Convergence). Given a series

flx) = ilfnoc),

if there exists a positive vy, for each n such that f,(x) < 7, in the interval [a, D]
(same interval for all «y,) and Y 7y, is convergent, then Y, f,(x) is uniformly con-
vergent in [a, b]. Essentially, this theorem says that if you can bound the sequence
of functions by a convergent sequence then the sequence of functions converges
uniformly.

Now that we have established convergence in terms of infinite sums of
functions and introduced some tests for convergence we can present a very
useful theorem regarding the integration of these series.

Theorem 3.2.3. If a given infinite sum

f(x) = ilfn(x)

is uniformly convergent in the region D and f,(x) is integrable in [a, b] (where
[a,b] C D) forall n € N, then the integral of f(x) on [a,b] may be obtained by
the term by term integration of the series. In other words

/abf(x)dx = /ab Lif”(x)] dx = f:l [/ubfn(x)dx} .
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3.3 Fourier Series

The theory and implementation of Fourier series is a very useful tool in
mathematics. For the purposes of this thesis, this section will provide the
background needed.

The whole idea behind Fourier series is to write a periodic function f(x)
as an infinite sum of sines and cosines:

EO Z ay cos(nx) + by sin(nx)), (3.1)
where the coefficients of the sines and cosines are given by Euler’s formu-
las:

1 7T

a, = —/ f(x)cos(nx) dx (3.2)
T J—m
1 T

by = — / F(x) sin(nx) dx. (3.3)
T J—m

The previous formulas can be derived by multiplying equation (3.1) by
either cos(mx) or sin(mx), integrating x over (—7t, 7r), and then using the
orthogonality relations:

7T

0 ifn#m

/7T sin(nx) sin(mx) dx = / T ifn=m£0

J =TT —T7T

cos(nx) cos(mx) dx = {

T
and / sin(nx) cos(mx) dx = 0 for integral m, n.

Note that if f(x) is an odd function (meaning that f(—x) = —f(x)) then
the integrand of equation (3.2) is an odd function (because f(—x) cos(—nx) =
—f(x) cos(nx)) which means that integrating over a symmetric interval
will yield 0. Therefore a, = 0 and thus the Fourier series of f(x) is a
sine series. By similar logic, if f(x) is an even function (meaning that
f(=x) = f(x)) then its Fourier series consists only of cosines.

Now that we have defined what a Fourier series is, we are naturally
driven to ask which functions can be represented as Fourier series? Given
that we would be representing the function as a sum of functions that all
have periods that divide 27, it is clear that f(x) must not only be periodic,
but must also have a period that divides 27t. Furthermore, in order for
the series to have any chance of converging, the sequence {a, cos(nx) +
b, sin(nx)} must tend to 0 as n goes to infinity. This last property is guar-
anteed by the following lemma.
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Lemma 3.3.1. If a function k(x), and its first derivative k'(x) are sectionally
continuous in the interval [a, b], then the integral

Ky = /ab k(x) sin(Ax) dx

tends to zero as A — oo.

A proof of this Lemma, as given by [C]], is easily obtained through
integration by parts of K,. To clarify, by sectionally continuous we mean
that f(x) can be broken up into a finite number of subintervals such that
f(x) is continuous on the open subintervals and approaches definite limits
at the endpoints. This essentially means that f(x) can only have a finite
number of discontinuities on the interval [, b]. If both f(x) and f'(x) are
sectionally continuous we say that f(x) is sectionally smooth. In addition to
this we require that the value of f(x) at any discontinuity be the average of
the limiting values from each side.

To summarize, a function f(x) can be represented as a Fourier series
provided the following properties hold:

o f(x)=f(x+2m)
e f(x) is sectionally smooth.

e Atevery point x we have

) = 3 ( Jim fGa) + lim o))

a—x-

As an exercise we will now derive the product formula for sine, which
will be useful later on in another proof. This derivation comes from [C]].

To start off our derivation we will find the Fourier series of cos(px) on
the interval (—7t, 71) where y is a real number that is not an integer. Note
that all three properties are satisfied, so our quest for a Fourier series is
feasible. Since cos(ux) is an even function we immediately know that our
Fourier series will be a cosine series, thus b, = 0. Then using equation (3.2)
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we have
a, = ;/_Zcos(yx)cos(nx)dx

= i/oncos((y%-n)x) + cos((p —n)x)dx

_ 1 [sin((p+n)m) | sin((p—n)m)

Tl g T e }

_ 1 _(ﬂ—n)sin((HJr”)ﬂ)+(ﬂ+ﬂ)sin((ﬂ—”)ﬂ)]
7| 1wz —n2

_ 1 [ 2 sin(px) COS(TZJC):|
7| uZ — 2

= %Sin(yn)

Just to make the arithmetic clear, we used the trigonometric identities

sin(x £y) = sin(x)cos(y) +cos(x)sin(y) and
cos(x+y) = cos(x)cos(y) Fsin(x) sin(y)

in the previous series of steps. Now that we have found our coefficients,
we have the Fourier series representation

cos(px) = SUAT) ST 7 g CEstnn)

UTT s u? —n?’

Since our function satisfied the property that the value at every point (specif-
ically the endpoints —7t and 71) was the average of the limits from both
sides, we can plug x = 7t into our Fourier expression without any trouble.
After doing this and dividing by sin(ux) (which we can do since y is not
an integer) we get
1 2;1 = 1
cot(um) = - Z T

Moving terms around yields

(3.4)

From here we can use Abel’s test to verify that the series is uniformly con-
vergent, so that we can integrate the series term by term. We can write the
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previous series as ) a, f, (1) where
and  fu(p) = —F
1—- £

n2

ay, =
n2

We know that }"a, converges because )_a, = {(2) and in section 2.2 we
showed that {(s) converges for all real s > 1. Inspection shows us that

£ <t = fu(p)

fra(p) = 12
=Gy 1o

for all n, and inspection also shows us that for u € [0,1/2) we have
_ K M M 1/2 _
fu(p) = _E < = <i1-1/4 < 3/4_2/3.
n
Since Y a, is convergent, f, () is a monotonically decreasing sequence, and
fn(u) is bounded on p € [0,1/2) then by Abel’s theorem, the function
[o0] B (o] ]/l
Z anfn(p) = Z m

n=1

n=1
converges uniformly on [0,1/2). After multiplying by 7 and integrating y

from 0 to x we have
-2
T dp. (3.5)

n/x (cot(yn)—yln) dy:/{)xgnz—y

On the left hand side of (3.5) we have
x 1 sin(rx) .. sin(7a)
= - ST im RV
71/0 <cot(y7r) I/‘7T> du log - lim —
B sin(7tx)
= log p—

On the right hand side of (3.5) we can swap the sum and integral because
we showed that equation (3.5) was uniformly convergent. Therefore we
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end up with

This gives us

[oe]

sin(7tx x2

n=1

After exponentiating both sides and multiplying the 7tx over, we end up
with the product formula for sine:

sin(7rx) = 7tx 10—01 <1 - r;) (3.6)

n=1
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3.4 Differentiation of Infinite Series

In the next proof we will need to differentiate an infinite series, and in order
to do that, we need to verify that we can differentiate term by term and that
the resulting series will converge to the derivative of the initial series.

Theorem 3.4.1. If
fl) =} fulx)
n=1

is point-wise convergent and f,(x) has continuous derivatives in a region D for
alln € IN and

> fu(®)

n=1
is uniformly convergent in D then the derivative of f(x) can be obtained by the
term by term differentiation of the series. In other words,

d d | & > [d
=) = 5 Llf "(x)] = L b o)
forall x € D [Kno].

As an exercise in using this theorem we will differentiate

0 uZ

term by term and verify uniform convergence. The derivative of this series
will help us in a later proof.

Proof. First we need to confirm that this series is point-wise convergent.

Note that 5

> u 1 © u? 1
From Knopp, we know that an infinite product

[ee]

[T +a)

converges if and only if the series ) ;” ; ax converges. Returning to (3.8), we
see that
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converges because this is simply a constant multiple (because u is a con-
stant when talking about point-wise convergence) of {(2) which we have
already proved converges. Therefore the infinite product converges and
thus (3.8) is point-wise convergent.

Since the summand has continuous derivatives in the region 0 < u <
27t we consider the derivative of (3.7):

ad 2u

= Ak2m? +u?

(3.9)

Now we just need to verify uniform convergence of this sum in order to
finish the proof. To accomplish this we will use Weierstrass’ test (theorem
3.2.2). Consider the following line of logic:

4772

O<u<2n = ” >1

4702k?

o TR
u
47722

= i +u >k

L 1 1
R

O .
472k2 4 u? " k2
ad u i |

= _— —.
Lo <L

We know that )" 1/k? converges because it is {(2), therefore by Weierstrass’
test we know that

[ee]

Z u

= 4k + u?

converges uniformly and therefore (3.9) converges uniformly as well. Thus
we can differentiate term by term and equation (3.9) does indeed converge
to the derivative of (3.7). O
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3.5 Values of Euler’s Zeta Series at the Even Integers

In 1644 Pietro Mengoli proposed a problem to all mathematicians. Deter-
mine the value of the infinite sum

> 1
y L
n=1

This problem, which is known as the Basel problem, was eventually solved
by Euler in 1735 after multiple renowned mathematicians had failed. Eu-
ler’s solution granted him instant fame in the mathematical community,
but that was hardly a reason for Euler to stop there. Almost as if to rub
it in their faces Euler derived and proved the general formula for which
the Basel problem is a special case [Dun]. The purpose of this section is to
present this formula, which happens to be the value of Euler’s zeta series
at the even integers, as well as two proofs.

Theorem 3.5.1. Fork > 1

- —1)k-1 2k
C(2k) = ng:l % _ (-1 2(;{23('(27'[)

3.5.1 Proof Through Equation of Coefficients

We start with the product formula for sin(x), which was produced at the

end of Section 3.3, ,
) ki X
sin(x) = xg (1 - k27t2> .

After taking the natural logarithm of both sides and substituting x = —iu/2
we have

2
i\ i) & (=3
log(sm( 2>>—log( 2>+k_2110g<1 yEp) ),
and after some simplification we get

. iu iu - u?
log (sm (—2>> = log <—2> —i—k;log (1 + 4k2712> .

We can then differentiate both sides with respect to 1. Note that we can dif-
ferentiate the infinite sum term by term because we proved that we could
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at the end of section 3.4. This yields

iyeos(-3) 1 ¢ 2u
<_2> sn(C8) " u A (310

Focusing on the left hand side and using the following identities

cos(z) = % (eiz +e_iz) and sin(z) = % (eiz - e‘iz)

gives us

—u/2 u/2
<_i> cos (—%) ( i) (e o )
: _ - D) _p—u/2 u/2
2 Sll’l( ) 2 (%)
(e—u/2_|_8u/2)
(_6711/2_|_eu/2)
(e7*/2) (e* —1+2)
(e74/2) (—1+e")
1
e —1°

NE NS

_|_

NI~ NI~ N~

Then, after substituting this back into equation (3.10), multiplying by u and
moving a term over we end up with

u u o0 2u?
Py
e“—1+2 k;é}kzrﬂ—i—uz

(3.11)
Now for the homestretch, focusing on the left hand side we have

Z_1 =
e”—1+2 P

u u Z Bk u

. szu
= ) (26! (3.12)
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In the last step we were able to relabel the indices because all the odd terms
were zero since By = 0 for odd k > 1 (from theorem 2.3.1). The right hand

side of equation (3.11) becomes

o 2u?

= 4k2 2 - u?

»
e
—
45
Ao
N—r

N
/
—_

+
o |-
==
g
SN—

N
~__—

= 2u2 ad u \2j
k; (2k7r)2 Jg(_ Y (27'ck)

gk
gk
~
=
.
N
5=
=
N—
)
+
N

»
Il

—_
~
Il

=)

ngk:
agk
~
[
=
1..
/N
N
Sk
»
N—
S

~
Il
—
o~
Il
—_

712
o
D

N
|
N
| =
S— | —
0T

_
7N
| =
~_

»

‘ﬂ..
—_

> 2(-1)"1 & /1

L@ % (jar)

) _1\j—1

L2t o)
j=

Finally, changing the index from j to k and substituting equations (3.12) and
(3.13) back into equation (3.11) yields

Y (2 Z Zk = r(2k)u? (3.14)
k=1 k=1
Finally, we equate the corresponding coefficients in the sums to arrive at
our goal:
By _ 2(=1)¢!
(2k)!  (2m)%* ¢(2k)
¢

(1) "By (270)*

2(2Kk)! = £(2K).
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3.5.2 Proof Through Repeated Integration

We start with the Fourier expansion of the first Bernoulli polynomial

1 & sin(27txk)
Bix) =y =5 =2 L=

We then multiply by 2 and integrate both sides from 0 to u,

u 2 & [vsin(2mxk)
/OZBl(x)dx— ﬂ,(;/o ?dx

Then we clump the constants on one side resulting in

u 2 & cos(2muk)
After switching x and u we define
2 & cos(2mxk)
Py(x) £ C+/2B1 ;Z o

Note that P;(x) = 2B;(x) and since

E i cos(27xk)
=L

then P,(0) = P,(1). These are the characteristics of Bernoulli polynomials!
Because they are uniquely defined by these characteristics, we know that
Py(x) = By(x), giving

1 & cos(2mxk)
B =2 L

Plugging in x = 0 yields

1/6 = B>(0) = % i C‘j;ﬁf)dx = 7(2) =n?/6
k=1

which is the solution to the Basel problem.

From here we can keep integrating, and due to the properties of Bernoulli
polynomials, we will always end up with a Bernoulli polynomial on the
right hand side.
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After a couple of iterations you notice the following general pattern:

i s@rnx) (—1y-1 20" Ba(x)

Lz 2(2k)!

i sin(27tnx) — (1) (271) 21 By 11 (x)
LT 2(2k + 1)!

for any integer k > 1. If we let x = 0 in the first equation, we arrive at

- (—1)k_1B (27T)2k
§(2k) = 2(2133(!

Setting x = 0 in the second equation reaffirms that the odd Bernoulli num-
bers (besides By) are zero.
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3.6 Euler-Maclaurin Summation Formula

The section will concern itself with the derivation of the Euler-Maclaurin
summation formula, which is a means to compute the error when approxi-
mating a sum with an integral:

N

N 1
Y o)~ [ f)ax+ S M)+ FN), (315)

n=M

where f is a continuously differentiable function on [M, N|. While the
theory and use of this method of approximation appear as early as 1730,
it wasn’t until 1740 that the process was independently and rigorously
proven and published by Euler and Maclaurin [Edw].

In order to correct the inequality in (3.15) I claim that we should add an

error term equal to

N 1.,
| = 1x) = )f (x)x (3.16)

to the right hand side.

Proof. We start by chopping [M, N] into unit intervals and writing (3.16) as
a sum of smaller integrals and then changing variables with t = x —n

N 1

[ e - ) . = g MH(X_ Ix] - Z)f’(x)dx]

23

-1

= [/Ol(t—;)f’(n—i—t)dt]

n=M

We then use integration by parts with

u=(t-1/2) du = dt
dv=f(n+tt) ~ v=fn+t)
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resulting in

T

[ e prwex = | [fa- o el

= 3
- =

I
]

(6= 1/20 6+ 0y~ [ fn-+ 0

z 3
-

I
g

r 1 h N-1 1
_Ef(n+1)+§f(n)_ —_ZM/O f(n+ bt

= 3
= &

I
N

M 1 1 N-1 ,pn+1
—f(n —f(n — x)dx
RO W I

= 3
- X

= ¥ [0+ g - [ fax

ML

3
Il

= JFM)+FMAD) b4 fN=1) 42 fN) — [

N |

By inspection we can see that if we add this final line to the right hand side
of equation (3.15) it will cause both sides to be equal. O

The Euler-Maclaurin summation formula is the result of repeated in-
tegration by parts on the error term that we just verified. Before we start
integrating like mad, it will benefit us to rewrite (3.16) in terms of Bernoulli
polynomials. Recall that By (x) = x —1/2. So

/A;V(x — |x] - %)f’(X)dx = N_ZL [/Ol(t— ;)f/(n—f—t)dt]
N—-1

_ ¥ [/01 Bl(t)f’(n+t)dt] .

n=M

Recall that the second defining property of Bernoulli polynomials (section

2.4) is that

LBL(x) = By (x).

Using this property we integrate by parts with

u=f'(n+t) N du= f"(n+t)dt
dv = By(t) v =3By(t)
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resulting in

[ e - Dfwax = N% B0 n+t] +N21 [ s na
= SBa0)f'(M) - §32<1>f'<N> [ B xS (s
B,(0)

= 2O - [ 2B e (x)ax

The first sum telescoped because of corollary 2.4.2 which says that By (1) =
Bi(0). When we repeat the process on the final integral we obtain

[ el @ =P - B prope [ L s )

In general if we repeat this process k — 1 times we get

[ el = ) ax = 0 ooy - B gy
+ (_1);;Bk(0) [f(kfl)(x)]lly/[
(_1)k+1

+

D [ B L)) ()

Since Bi(0) is the kth Bernoulli number, and By = 0 for odd k > 1 this can
be simplified and in conjunction with equation (3.15) we end up with the
Euler-Maclaurin summation formula:

N N N
) fl) = [ et SN+ 5 (0| G|
Bow (o N
W] R
where

Ray = (2v_+11)' /A/II\] Bays (x — |x]) f2+Y (x)dx.
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3.7 Approximation of Euler’s Zeta Series Elsewhere

First let’s try using the Euler-Maclaurin summation formula directly on
(s). Recall that

(=1

which means that f(n) = 1/n° and [M,N]| = [1,]. Note that the kth
derivative of f(n) is

—1)k 1 2)--- k—1
i = ENOEEN6D - ko)

Which means that

SRS (s 1) (s k— 1)1
[f(k)(n)]]\N/I: (=1)"(s)( +n15>+k (s+k—1) 1 = (=) (s+1)--- (s+k—1).

However, this is a problem since the terms of the Euler-Maclaurin sum-
mation formula would not converge very quickly which means we would
have to calculate a lot of terms in order to have any kind of accuracy. Luck-
ily this problem can be fixed. What if we instead used this formula on

=1

and added back in the first X — 1 terms afterward? Well, then we would
still have f(n) = 1/n° but our interval would change to [M, N| = [X, c0].
e (A1) s +k—1)

1) (s)(s+1)---(s+k—1

[0 )3y = L

Now, if X is fairly large then the terms in the summation formula get
smaller much faster, and we end up with a better accuracy without cal-
culating too many terms. Keep in mind though that by doing it this way,
we still have to calculate the value of

X

)3

—1 1
75.
n=1 n

Using this method of approximation we have
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= *1 B, oo By ©
()= X gt [ et 570+ G
oo D2 oo+Rz.

(2v)! X v

After simplification this finally becomes

S D € 11 B s By(s)(s+1)---(s+2)
Z;T s Taxs Tarxe T X5+3
B si(s+1)---(s+2v—2

oy B (A1) (54 ) 4 Ra,

(21/)! Xs+2v—1

where

—(8)(s+1)---(s+2v—1) [® Byy1(x—|x])
Roy = v+ 1)! /X 2 +1us+2v du.

There are many other methods to approximate the other values of Eu-
ler’s zeta series at these points. If you are interested in additional meth-
ods, Borwein, Bradley and Crandall have an article which discusses several
computational processes [BBC].



Chapter 4

Extension of the Zeta Function
to the Complex Plane

4.1 Introduction

As discussed in the beginning, one of the most significant achievements
of Riemann was his extension of Euler’s zeta series to the entire complex
plane with the exception of a simple pole at z = 1. Although Euler was the
one who conjectured the functional equation of the zeta function, which
is one way of extending {(z), it was Riemann who rigorously proved it.
The subject of this chapter will be to prove the functional equation and
describe the evaluation of several other points of what shall now be known
as Riemann’s zeta function. Before we get to the functional equation we
need to first prove a transformational invariant of Jacobi’s theta function,
which will be the goal of the next section.
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4.2 Jacobi’s Theta Function

Jacobi’s Theta Function is defined for t > 0 to be

ot) = i ek (4.1)

k=—o0

One of the most important theorems related to Jacobi’s theta function is
that the function t!/#@(t) is unchanged by the substitution of 1/¢ for t. In
other words we have the following theorem.

Theorem 4.2.1. ,
@ <t> = t120(t) (4.2)

Before we begin to prove this theorem, we will prove a couple of small
facts which will help us along the way. To prevent myself from reinventing
the wheel, I will take for granted that

. xX\"
lim (1 + 7> =e".
n—oo n
Since e* is clearly continuous this tells us that the left hand side is also
continuous, and therefore given any sequence {x,} whose limit is x as n
goes to infinity we have

lim (1 + %) = ¢ (4.3)

n—o0o

Make sure to remember this since we will be using it several times over the
course of our proof of theorem 4.2.1.

Another small fact, which will provide the starting point for our proof,
begins by letting z € C and letting m be a positive integer. Using the bino-
mial expansion formula and then substituting k = m + j yields the follow-
ing series of steps:

2
(21/2+Z—1/2>2m _ Zm 2m Sk/2,—(2m—k)/2
o\ K

_ v 2m (m+]) /20— (2m—m—j)/2
- L <m+i>z :

- ) < mz’j:]. )zf. (4.4)
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We are now prepared to prove Theorem 4.2.1. The proof will be broken up
into three lemmas, the first of which proves an equality while the second
and third prove that the left hand side and right hand side of this equality
approach the left and right hand sides of (4.2) respectively. All of the proofs
of these lemmas were provided by [Sto].

Lemma 4.2.2. Let m and | be positive integers and let w = e*™/!. Then

W2 4 /27" B L/l 2m
I I 2 Z 22m \ m—+kl |-

<n< k=—|m/1]

NI
NI

Proof. Let m and I be positive integers and let w = ¢2™/!. Note that
w' = 2™ = cos(27) + isin(27) = 1.

Now let z = w" and sum equation (4.4) over —[/2 < n < [/2. Then swap
the sums (which we can do because both sums are independent of each
other and finite) to yield

y (wn/2+w7n/2>2m . i < mzzj >w”j

_l<n<l! e
m .
= Z ( 2m , ) Z w"| . (4.5)
f:—m m+] —%§n<%

Claim:

no_ { I if j = Ik for some integer k ' (4.6)

0 otherwise

Proof. Assume that j = Ik for some integer k. Then
wnj — ok (wl)nk — (1)nk - 1.

Thus we would have [ as the result because we would be summing ! ones.
Now assume that no integer k exists such that j = /k. Note that since

wn] — wi’l](l)Z] — wn](wl)Z] — wnjwlzj — w(nJrlz)j
for any real z, then we can shift our sum over to have

2 W' = 2 wnt/2)j — E W'l

_ 1 1 _ 1 )i <
f<n<i f<n<i 0<n<l
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Finally, since0 <n <[ —1impliesthat1 <n+4+1 </landforn =1—-1we
have _ ‘
Wt = i =1 = w(0)j

then w1 for 0 < n < [ is simply a rearrangement of w™/ for 0 < n < I.
Therefore their sums are the same and thus

Y owi= ¥ o= w Y wh,

0<n<l 0<n<l 0<n<l
However, w/ # 1 because if w/ = 1 then
1 =cos(2mj/1) +isin(2mj/l) = 2nj/l =2kn = j=Ik

which is a contradiction since we asserted that no such integral k existed for
this case. Therefore this forces ), w™ = 0 and thus our claim is proved. [

Plugging equation (4.6) into equation (4.5) and then changing the limits
of the sum so as to only run over the nonzero elements yields

2m /1] 2m
n/ -n/ _
L (w tw 2) = L <m+kl>l

—L<n<l k=—|m/1]

Finally, divide both sides by 22" to finish the proof of lemma 4.2.2. O

Lemma 4.2.3. Ift > 0 then

. w2 4 /2" ot 1
I !

_1 L n=-—oo
3<n<;

Proof. Lett > 0, and keep it fixed. Up until now the only restriction placed
on [ has been that it is a positive integer, now let I = |+/7tmt|. Note that
this implies both that

12

>~ mmt and m~ o asm— . 4.7)

. X —x
Since cosh(x) = “**— we have

min/l —rtin/17 %M n/2 —n/272m
[COSh(?Ti?’l/l)]zm = |:€—|—€:| — [M:| .

2 2
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Furthermore, the Maclaurin series for cosh gives us the approximation

2
cosh(x) =1+ % +O(xh).

Utilizing this approximation yields

2m
(rin)? min\*
1+ o2 +0 i .
At this point we can simplify, sum both sides over —1/2 < n < [/2 and

take the limit as m goes to infinity. Note that since | = |/ 7tmt |, m going to
infinity forces I to go to infinity as well. Thus

. w2 4 /22" , —7?n? (in)*\1>"
im o L[] = am B g o (V)

wn/2_|_wfn/2 2m
] -

—§§n<l —%§n<%
> —7?n? (rtin)* 2

= i 1
m 3 [0 (B

Since m ~ 2/t we can rewrite the exponent and rearrange the terms in
the parentheses to obtain

n/2 —n/2 2m 2 212/7Tt
lim Y [“’ T ] ~ lim {1+ el /1
Mm—00 2 m—00 212/t
2
We were able to drop the big-O term since it becomes insignificant as I goes
to infinity. Then, since 212 /7tt — o0 as | — oo, we can use equation (4.3) to
conclude that the right hand side goes to e/t as [ and m go to infinity.
Thus we have our intended result of

n/2 —n/272m 1
lim Y {“’“"] _ :@<>, 4.8)
m~>oo_l<n<l 2 t
2= 2
O
Lemma 4.2.4.

i/l | /7om | 2m > >
i E — } : —mntt _
WIZILI&O k=—|m/I1] 22m < 1+ ki > \/En:_ooe \/EG)(t)
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Proof. Just as before, t is still fixed and I = |/ 7tmt|. Therefore

|Vrmt| ~ vt/ 7m.

Thus
. /1 /et 2m . i/ e 2m
nlgr;okz*[m/lj 2 < m K ) B \/E"%%k:%m 2 ( ok ) |

If we focus on the summand of the right hand side we have

Vtm 2m _ mm (2m)!
22 ( m + ki > C22m (m+ kD) (m — k)

Using Stirling’s Formula,

n n
n! ~ (7> 27n,
e

on all the factorial parts yields

\/ﬁ <2m>2m ( e >i’l’l+kl 1 < e )Mkl 1
TN Vomom [ —_—
22m e T\t 27t(m +kI) \m —kl 27t(m — k)

After canceling out the e’s and 71’s and 2’s we are left with

m2m m

(m + kI)m+K (ng — k1)m—K : i kim Kl 4.9)

For the right term of (4.9) we have

m m 1
= = ~1 as m — oo.

Vmykivm—kI  VmZ—k2  1— K2/ m2

For the left term of (4.9) we have

mZm B m2m ‘ (m _ kl)kl
(m + kl)””kl(m — kl)m—kl B (m2 — k2[2)m (m + kl)kl'

(4.10)

Now, when we dissect the right hand side of (4.10), the left term yields

mam 1 1

(m? —k212)m (1 —Kk212/m?)" (1 — k27t /m)™
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because [> ~ mmt as | — co. Furthermore we can use equation (4.3) to
obtain
m2m 1
(m?2 —k212)m (1 + (=k?mt) /m)m =7kt

as m — o0,

Now we can focus on the right term of (4.10). Recalling that the Maclaurin
series of (1 — x) /(1 + x) yields the approximation

1—x

=1— 2
T 2x +O(x?),

we can then apply this to the right term of (4.10) to get
Ik
(m— kD" (1=tk/m\" 2tk oIk
(m+kDK — \1+1k/m) m m '
Using the fact that [/m ~ 7t/ gives us
Ik
(m—k! [ 2mtk | ik | 2ntk]”
(m + kK~ lk l lk ’

We can drop the big-O because it is insignificant as | — oo. Finally using
equation (4.3) yet again will yield

B 21k
1+ 27| T 2t s oo
Ik
because [k — o0 as | — oo. To summarize everything we have done in this
proof:
/1| \/remi ] 2m
fim Y RO

k=—[m/1]
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mﬂook:—Lm/lJ 22m m + kl

= V't lim WZ/;” \/W( 2m >

[e°] B mZi’l’l m
= Wt .
VEL o kzwkl} [m kI — K
o0 r mZm (m o kl)kl
N \/Em;_oo (2 — 22" (m +kl)"’} o
> [ 1 o2
— \/2 Z T e 2tk t:| . [1]
— Vi - o~ TRt
R
= ViO(t).
Thus we have proven lemma 4.2.4. O

Finally, utilizing lemmas 4.2.2, 4.2.3 and 4.2.4 we have that

1 ) wn/z_i_wfn/Z 2m
o) = wm &[5

Il
—2Sn<;

. /I remt | 2m
- nyg;ok_ztl/” 22m (m+kl)

= ViO(t)

which proves theorem 4.2.1.
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4.3 The Functional Equation for {(s)
Theorem 4.3.1 (The Functional Equation for Z(s)).
9T ((1-5)/2)g(1—s) = /7T (s/2){(s)
In other words if we let Q(s) = t=5/2T'(s/2){(s) then
Q1 —s) = Qs).

Proof. Consider the following integral

/OO efrmztts/Zg
0 t

Using the change of variables x = 7tn?t (and thus dx/x = dt/t), where 1 is
an integer, we have

/ooeﬂ'nztts/Zdt _ /ooexn.s/znsxs/Zldx
0 t 0 X

1 IS
— ETC—S/Z/ e—xxs/Z—ldX
0

1
— —s/2
= 57 */°T'(s/2).

Let R(s) > 0, and then sum both sides from n = 1 to oo to get

[ee]

Q) = ) re/2) = L o re/2) = 1 [T
n=1

n=1

To keep from getting sidetracked we will simply switch the order of the
sum and the integral while noting that to prove this is legal is not a trivial
procedure. Thus we have

Q(s) = /oof(t)ts/zdt where f(t) = i e, (4.11)
0 t n=1

Recall Jacobi’s theta function (section 4.2) and the its corresponding trans-
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formation invariant, theorem 4.2.1. Using those facts, we have
14+2f(t) = 1+42) et
n=1
_ 6—71(0)21‘ + i e—nnzt + i e—7m2t
n=1

n=—o0
_ i eflet

n=—oo

= )
= t V2@t
= V214 2f(t7).

Then solving for f(t) in the first and last lines yields

£ = (2= 1) 4 2,

Returning to Q)(s) and using equation (4.12) we have
ae) = [ et
0
! dt [ dt
_ s/24% s/24%
N /of(t)t t+/1 fOET

= /01 <;(t1/2 _ 1) + tl/Zf(t1)> ts/z% n /100f(t)ts/2dtt

_ /01;(t5/23/2—t5/21)dt+/01 t1/2f(t1)t5/261t+/100f(t)t5/2(ﬁ~

Integrating the first term yields

ts/2—1/2 tS/Z

—1
/1 1( $/2-3/2 _ ys/2-1yqy — 1o e —
0 2 2\s/2—-1/2 s/2 o s—1

(4.12)

t

1

-
(4.13)

Using the change of variables x = 1/t (and thus dx/x = —dt/t) on the

second term results in

1 dt 1 dx © dx
(s—1)/2 -1 _ —(s-1)/2 _ (1-s)/2
/0 t f(t )T‘ = /Oox f(x)——/1 x f(x)—x.

X

(4.14)
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Then after substituting ¢ for x in this, we can recombine and rearrange ev-
erything to obtain

11 e dt o dt
— . (1-s)/2 bt s/2% 0

) = -+ [ IO+ [ Rwe
1 o0 dt

— (1-s)/2 s/2 ut
s(s—1)+/1 (1024 #72) £ (1) S

Inspection shows us that in fact (1 — s) = Q(s), which finishes the proof.
O
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4.4 Values of Riemann’s Zeta Function at the Negative
Integers

Now that we have established the functional equation, we can use it to
evaluate the Riemann zeta function in areas that Euler’s zeta series was not
defined, for example the negative integers.

441 Negative Even Integers

The functional equation we proved has the form
020 (1= 5)/2)¢(1 = 5) = /T (s/2)¢(s),

however, we can use identities of the I'-function to rewrite this in another
form. After lots of algebraic manipulation using properties (2.9), (2.12) and
(2.13) we eventually come to the equivalent functional form

7(s) =T (—=s)(2m)* '2sin(s7t/2)Z(1 —5).

In this form we can clearly see that Riemann’s zeta function is zero at the
negative even integers because of the sine term. These zeros at

s=—-2,—4,—-6,...

are known as the trivial zeros of the zeta function.

4.4.2 Negative Odd Integers

We can arrive at a formula for the values of Riemann’s zeta function at
the negative odd integers by simply combining the formula we derived in
section 3.5 and the functional equation. To review, for k > 1

= —1)k-1 2%
SRR

n=1

and the functional equation tells us that
= =9)21((1 = 5)/2)2(1 —s) = w5/ (s/2)(s).
Therefore, for k > 1

e CEOIRT (1 - (2Kk))/2)¢(1 = (2k) = 7 B/20((2k) /2)¢(2K)
V2172 — k) (1 —2k) = 7 fT(k)g(2K).
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After substituting I'(k) = k! (since k is a positive integer) and collecting
terms on one side we have

k!
g(l - Zk) = 7_[2](,1/21—(1/2 — k) é(Zk)
- k! (—1) 1By (2m)%
T opk12r(1/2 k) 2(2k)!

(_1)k71B2k22k71k!
712026 (1/2 — k)’

Which finally gives us the formula for the values of the Riemann zeta func-
tion at the odd integers:

(_1)k—132k22k—1k!
1226 T(1/2— k)’

{(1-2k) =






Chapter 5

The Riemann Zeta Hypothesis
and the Consequences of its
Truth

5.1 The Riemann Zeta Hypothesis
First we define
Z={seC|{(s) =0and 0 < R(s) <1}.

In words, Z is the set of nontrivial zeros of the Riemann zeta function. An-
other helpful definition is that whenever we mention ¢ or t we are talking
about the real and complex components of the variable plugged into {(s) .
Meaing that if s € C then s = ¢ + it. The classic Riemann zeta hypothesis
then becomes:

ZC{seC|R(s)=1/2},

which is sometimes also seenas Z C {s € C|c = 1/2}. As a side note,
another useful convention is that p usually represents a nontrivial zero of
(s)

There are also other, though more unnatural, ways to express this hy-
pothesis. For example, the following two hypotheses, that were supplied
by S. J. Patterson, are equivalent to Riemann’s zeta hypothesis.

(i) Z'(s)/Z(s) + (s — 1)L is holomorphic in {s € C | R(s) > 1/2}.
(i) log{(s —1)Z(s)} is holomorphicin {s € C |R(s) > 1/2}.
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Just to be clear, holomorphic is just another way to say that the function is
analytic, which simply means that the function is complex differentiable at
every point in the specified region.

5.2 The Prime Number Theorem

Now that we have clarified what the Riemann zeta hypothesis is, we can
start looking at some of the numerous results that pop up if the hypothesis
is assumed to be true. The following two theorems, that are proved in
Patterson, create a direct link between the Riemann zeta hypothesis and
the distribution of the primes.

Theorem 5.2.1. Suppose there exists 8 < 1 such that
ZC{seC|1—-0<R(s) <0}

Then as X — oo
Y A(n) = X+ 0(X?(log X)?).

n<X

Theorem 5.2.2. Suppose there exists an a < 1 such that as X — oo

Y A(n) = X +O(X%)

n<X

then
Z C{seC|R(s) <ua}.

Just to clarify, A(n) is Mangoldt’s function and is defined as

Aln) = logp if n = p* for some prime p and some integral k > 0
10 otherwise '

Currently, these theorems have not been terribly useful because no one has
found either a 6 or « that satisfies them. However when combined with the
validity of the Riemann hypothesis they say a lot regarding the theory sur-
rounding the prime number theorem. Although it is obvious that a proof of
the prime number theorem does not require the Riemann zeta hypothesis
to be true (because if it did we wouldn’t have a proof of the prime num-
ber theorem) it does rely on a small part of the hypothesis, mainly that if
p is a nontrivial zero of {(s) , then Re(p) # 1 However, this does not at
all say that a proof of Riemann’s zeta hypothesis would not improve the
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prime number theorem. The prime number theorem is usually stated in
two equivalent forms, the first is more intuitive while the second is more
useful for the purposes of this section. The following two theorems come
from [Pat].

Theorem 5.2.3 (Intuitive Prime Number Theorem). There exists a constant
¢ > 0 such that

1/2

X
7(X) = / (logu) ' du + O(Xe<108X)'"?).
2
Theorem 5.2.4 (Useful Prime Number Theorem). There exists a constant ¢ >
0 so that as X — oo

Y A(n) = X + O(Xe 108X,

n<X

In the second form we can see the relationship between the prime num-
ber theorem and theorems 5.2.1 and 5.2.2 that are concerned with the zeta
function. In fact, what the validity of the Riemann hypothesis allows us to
do is to obtain a tighter bound on the error term in the formula for 7r(x).
On the Riemann hypothesis, theorem 5.2.1 would tell us that

Y~ A(n) = X+ 0(X?(log X)?),

n<X

which would ultimately imply that

_ X -1 1/2 2
(X) = /2 (log 1)~ du + O(X2(log X)?),

a much more precise estimate for the number of primes less than a given
magnitude.

5.3 Additional Consequences

There are many more consequences of the Riemann hypothesis; I will briefly
touch on a few. I will not go into as much detail with these since most have
little to do with prime distribution.

Another function that pops up when talking about {(s) is S(T). If T > 0
is not the ordinate (where the ordinate of a point z is the imaginary compo-
nent of z) of a zero, let

S(T) = targZ(1/2+iT)
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obtained by continuous variation along the straight lines joining 2, 2 4-iT,
and 1/2 + T starting at 0. If T > 0 is an ordinate of a zero then let

S(T) = S(T +0).

The Riemann hypothesis provides many characteristics about S(T) and a
variant S1(T) such as big-O and little-o approximations and mean value
theorems for them.

It turns out that proving the convergence of

v 1)

is not only a necessary condition for the Riemann hypothesis, but also a
sufficient one. Recall that if n = py'ps* - - - p;* is the prime factorization of n
where the p;’s are distinct primes and all «; > 0, then the Mobius function

is defined as

(s >1/2)

1 ifn=1
pn) =< (-DF ifyy === =1 .
0 otherwise

Be careful not to confuse this function with u(c) which I will discuss in the
next section.
There are also some interesting results surrounding the function

M(x) = ) u(n).

n<x

Without any help from the Riemann hypothesis we have

M(x) =0 {xl/z (Ang) } .
loglog x
However, showing that
M(x) = O(x2*¢)

for some € > 0 is a necessary and sufficient condition for the Riemann
hypothesis.
In addition to this we have the Mertens hypothesis, which is that

IM(x)| <vn  (n>1).
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It turns out that although this is not implied by the Riemann hypothesis, it
does itself imply the Riemann hypothesis.

Titchmarsh notes that the weaker hypothesis, M(x) = O(x!/?), is eerily
similar to the function

Pp(x) —x =) A(n)—x,

n<x

because the Riemann hypothesis does imply that ¢(x) — x = O(x27€).
Now consider the function

_ ) (_1)k+1xk
Fo =L, k—1)1Z(2k)"

i (

On it's own we can show that F(x) = O(x%“). However showing that

F(x) = O(x3+¢) is another necessary and sufficient condition on the Rie-
mann hypothesis.

You can also derive yet another necessary and sufficient condition on
the Riemann zeta hypothesis through the clever use of Farey series [Tit].

5.4 Lindel6f’s Hypothesis

Lindel6f’s hypothesis is a consequence of the Riemann zeta hypothesis
however, the effects of it’s veracity are much more accessible and far reach-
ing and thus it merits it own section.

Before we get to the hypothesis we must define a new function. Let

u(o) =inf{a € R| (0 +it) = O(|t|") ast — oo}.

In other words, |¢[*(?) is the closest upper bound we can get to the zeta
function restricted to the line {c € C|R(c) = o}. To get a feeling for this
we can figure out u(co) for select areas right off the bat. For example, we
know that (o + it) is bounded for all ¢ > 1. Since it is bounded we know
that (o +it) = O(Jt|¢) for all € > 0, therefore y(c) = 0 for ¢ > 1. We can
then use this result in conjunction with the functional equation to arrive at
u(0) = 3 — o for o < 0. This only leaves the critical strip in which p () is
unknown, and this is where the Lindel6f hypothesis plays it’s part. Since
u(o) is a downwards convex function we can outline the possible region
for the function on the domain 0 < ¢ < 1. The Lindel6f hypothesis states
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that y(0) is in fact the extreme convex function within that region ([Tit] and
[Pat]). This would mean

1 .
_J 50 i#0<0c<1/2
Mﬁ_{o if1/2<c<1 "

Which works out really nicely with the values we already came up with to

become .
_J 3—0 itc<1/2
#() { 0 ifo>1/2

Furthermore, because of the convexity of the function, all we really need
is that ¢(1/2) = 0 and the rest of the function is forced to fix itself as de-
scribed. Therefore the Lindel6f hypothesis really boils down to showing
that

(1/2+it) = O(|t°) fore > 0.

The fact that the Riemann zeta hypothesis implies the Lindelof hypoth-
esis is probably not easily recognizable in this form. However the following
hypothesis is equivalent to that of Lindelof. First we will define for T > 0
and o >1/2

N(o,T) =Card{p € Z|R(p) >cand 0 < J(p) < T}.

Thus N(o, T) is the number of non-trivial zeroes in the rectangle bounded
by o and 1 on the real axis, and 0 and T on the complex axis. Then the
Lindelof hypothesis is the same as saying for all o > 1/2

N(o,T4+1)—N(o,T) =o(logT) as T — oo.

With this form, we can see that the Riemann hypothesis forces N(o, T) = 0
forall T and o > 1/2 and thus would imply the Lindel6f hypothesis.

Hardy and Littlewood continue the work by showing even more state-
ments that are equivalent to this hypothesis.

(i) Forallk > 1ande >0

71 /OT‘g <;+it>

(ii)) Forallo >1/2,k>1ande >0

k
dt = O(Te).

T
T_l/o 1{(c +it)|Fdt = O(T¢) as T — co.
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There are 3 more statements by Hardy and Littlewood that are equivalent,
however since they deal with Plitz’s generalization of Dirichlet’s divisor
problem (which extends far beyond the scope of this thesis) they will not
be discussed [Tit].
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