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Abstract

We attempt to provide a reasonably complete work concerning the
estimation of the number of integers expressible as the sum of two squares.
We begin with some basic concepts from number theory, and progress
rapidly through the theory necessary for Landau’s theorem before
presenting two proofs of his theorem.
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Chapter 1

Introduction

The goal of this paper is to collect in one location the results concerning
the estimation of the number of integers less than a given number that are
expressible as the sum of two squares. This has been a favorite pursuit of
numerous mathematicians throughout the ages, as we will soon see, and it
also makes use of some of the most powerful results available in number
theory.

This paper is intended to be a complete reference, i.e. one can read this
thesis and not need to refer to any other works, but further examination of
the source material may be interesting to some, and so numerous references
are given throughout the text. When more than one source possesses the
same material (as has often been the case), the author has attempted to pick
the “best” material to recommend, with comments about completeness, ease
of reading, and other factors that led to the selection.

For readers very comfortable with their number theory, Chapter 2 may be
omitted. Although it contains many advanced results that are not covered in
the first few courses of number theory. Chapter 2 is intended to be used for
quick and easy reference, and as such, proofs are omitted, until the section
on the Prime Number Theorem. The analytic proof of the Prime Number
Theorem has many parallels and analogs to the main proof of the paper
and so is presented in its entirety. The interested reader may find every
non-trivial excluded proof in Appendix A. Chapter 3 contains information
on the geometrical representation of the problem, but unfortunately leads
us down a few dead-ends and does not set us on a path towards a solution.
For readers interested in brevity, Chapter 4 and Chapter 5 contain the meat
and potatoes of this thesis and of this problem. Chapter 4 is concerned
entirely with providing us with the necessary information about the types
of numbers expressible as the sum of two squares so that in Chapter 5 we can
progress to proving the result utilizing two separate approaches—one relying
on the Generalized Wiener-lkehara Theorem, and the other relying on the
same methods of complex analysis that have proven both the Prime Number



Theorem and Dirichlet’s theorem.

It has been said by G. H. Hardy in [HarRam] that “Almost every arithmeti-
cian of note since Fermat has contributed to the solution of the problem,
and it has its puzzles for us still.”

In fact, the pedigree of this problem has its roots in Euclid’s proof of
the infinitude of prime numbers and has progressed through the centuries
capturing the imagination of mathematicians such as Fermat, Euler, Gauss,
Landau, Hardy and Ramanujan (amongst others).

1.1 Notation and Conventions

Throughout this paper, p and q are reserved for primes. Following Riemann’s
notation, s = o+t is a complex variable with ¢ and ¢ real. Also, logx refers
to the natural logarithm of x, not the common logarithm. Finally, we use
the notation (a,b) to indicate the greatest common divisor of a and b.



Chapter 2

Preliminaries

In this chapter, we attempt to cover the material necessary that readers may
not have had a chance to see yet (or at least may not have seen for quite
a while). We begin with a simple combinatorial result, and the beginnings
of number theory before progressing through some of the ground-breaking
results involved in proving the Prime Number Theorem utilizing the ¢ and
L functions.

Most of the results and theorems in this chapter are presented without
proof, the exception being those proofs whose inclusion is as important as
the result of the theorem itself. For further reading, and information that
the author did not feel was integral to the main aim of this thesis, any
number of books on number theory may be consulted, including [LanHan],
[HarWr|, [Apos|, [BatDia], [Burt], [Sier], [LeV1] and [LeV2] and [Kara).

For completeness, Edmund Landau’s Handbuch [LanHan] is second to
none, although, for readers that prefer a text written in English, G. H. Hardy
and E. M. Wright’s Analytic Number Theory [HarWr] is invaluable. For the
purposes of this chapter, we have tried to use Tom Apostol’s Introduction
to Analytic Number Theory exclusively as it is both readily available, and
an easy read. Once we begin leading up to the proof of the Prime Number
Theorem, we switch to [LeV2], a text that has been integral in the main
proof of the paper.

Finally, the omitted proofs may be found in Appendix A.

2.1 Cross-Classification Principle

We begin the preliminaries with a general combinatorial theorem. The prin-
ciple of cross-classification will be used later in the heuristic argument of
chapter 5, and it can be found in [LeV1]

Theorem 1. Let S be a set of N distinct elements, and let Sy,...,S, be
arbitrary subsets of S containing N1, ..., N, elements, respectively. For 1 <
P < g <<l <, let S;.q be the intersection of S;, S, ...,S5;; and let



Njj... be the number of elements of S;j.... Then the number of elements of
S not in any of S1,...,Sr is

K=N- > Ni+ > Nyg— Y Nyp+--

1<i<r 1<i<j<r 1<i<j<k<r
+ (—=1)"Nig...p.
Proof. Let a certain element s of S belong to exactly m of the sets S1,...,.S;.

If m = 0, s is counted only once, in N itself. If0 < m < r, then s is counted
once, or (') times, in N, ('7) times in the terms Ny, (") times in the terms
N;j, etc. Thus, the total contribution to K arising from the element s is

(5)-(5)(5) () -

2.2 Quadratic Residues

Quadratic residues commonly occur in number theory, and we will be using
them to prove Dirichlet’s Christmas Theorem. This theory can be found
in nearly any book on number theory, but we have chosen [Burt] and [Sier]
specifically as sources in this section.

Definition 1. Let p be an odd prime and (a,p) = 1. If the quadratic con-
gruence x> = a (mod p) has a solution, then a is said to be a quadratic
residue of p. Otherwise, a is called a quadratic nonresidue of p.

Theorem 2 (Euler’s Criterion). Let p be an odd prime and (a,p) = 1.
Then a is a quadratic residue of p if and only if a?~1/2 =1 (mod p).

Definition 2. Let p be an odd prime and let (a,p) = 1. The Legendre
symbol (%) is defined by

—1 if a is a quadratic nonresidue of p.

<a> { 1 if a is a quadratic residue of p,
p

Although this symbol bears no small resemblance to merely enclosing a
fraction in parentheses (and all operations that parentheses entail), it should
be clear by context what we intend.

Theorem 3. Ifp is a prime of the form 4k+1 (where k is a natural number),

()

p




Although this next theorem is not related to quadratic residues, it will
be used along with the previous theorem to prove Dirichlet’s Christmas
Theorem. Both theorems can be found in [Sier].

Theorem 4 (Thue Theorem). If m is a natural number and a an integer
relatively prime to m, then there exist natural numbers x and y both less
than /m and such that the number ax + vy is divisible by m for a suitable
choice of the sign =+.

In other works, such as [BatDial, this theorem is known as Aubry-Thue,
and phrased a bit differently. L. Aubry and A. Thue proved this theorem
independently of each other, hence the slight confusion over the name. It is
clear that both theorems as we shall use them are equivalent however.

Theorem 5 (Aubry-Thue). Suppose p is a prime and a is an integer not
divisible by p. Then there exist integers x,y such that

x =ay (mod p), 0 < maz (|z|,|y|) < p1/2.

2.3 Dirichlet’s Theorem for Primes of the Form
4k — 1 and 4k + 1

It is the case, as first proved by Dirichlet, that any arithmetic progression
with first term A and common difference k where (h,k) = 1 will contain
infinitely many primes. That is, if (h, k) = 1, then

kn+h, n=0,1,2,...

will contain infinitely many primes. This result is known as Dirichlet’s
theorem, but it is not necessary for the purpose of this paper to prove
Dirichlet’s theorem in full.

In fact, in this paper, we are only concerned with primes congruent
to 1 and 3 modulo 4, and care not for general sequences. Thus, we can
modify Euclid’s proof that there are infinitely many primes to prove that
the sequences {4k —1: k € N} and {4k + 1 : k € N} contain an infinitude
of primes.

As the proofs are both simple and short, we include them in this chapter.
Both can be found in [Apos].

Theorem 6. There are infinitely many primes of the form 4k — 1.

Proof. Assume mot. Let p be the largest prime of the form 4k — 1, and
consider

N=22.3.5--.p—1.



Now, the product 3-5---p contains all of the odd primes < p as factors,
and N is of the form 4k — 1, so N cannot be prime since N > p. Howewver,
there is no prime less than or equal to p that divides N, so all prime factors
of N must exceed p. But all of the prime factors of N cannot be of the form
4k + 1 since the product of two such numbers is of the same form, which
1s absurd. Therefore, some prime factor of N must be of the form 4k — 1,
contradicting our assumption that there is a maximum such prime.

Theorem 7. There are infinitely many primes of the form 4k + 1.

Proof. Let N be any integer greater than 1. We will show that there is a
prime p > N such that p =1 (mod 4). Let

m= (N2 +1.
Note here that m is odd and m > 1. Let p be the smallest prime factor of
m. None of the numbers 2,3,..., N divides m, so p > N. Furthermore, we
have
(N2 = —1 (mod p).

By raising both sides to the (p — 1)/2 power, we obtain

(NP=! = (~1)®=D/2 (mod p),
but then (N)P~1 =1 (mod p) by the Euler-Fermat theorem, thus
(=1)P=D/2 =1 (mod p).

Now we have that the difference (—1)®=1/2 — 1 is either 0 or —2, and it
clearly cannot be —2, since it is divisible by p, so it must be 0. That s,

(—1)P=1/2 =1,

But then (p—1)/2 is even, and so p =1 (mod 4). That is, for each integer
N > 1, there exists a prime p > N such that p = 1 (mod 4), and hence
there are infinitely many primes of the form 4k + 1.

Thankfully, for brevity’s sake anyways, we did not need to prove Dirich-
let’s theorem, although with the machinery outlined in the next few chap-
ters, this proves to be quite within our grasp. For the interested reader, a
proof of Dirichlet’s theorem using this machinery is presented at the end of
Appendix A.

To summarize and bring our discussion back to the result we are truly
concerned with, let m(z; k, ) be the number of primes p =1 (mod k) which
do not exceed x. Then we have

m(;4,1)
z—oo m(2;4,3)

In other words, there are asymptotically equally many primes in either
sequence.



2.4 Functions

Here we attempt to summarize the needed mechanics of arithmetical func-
tions, beginning with just what is an arithmetical function.

Definition 3. A complex valued function defined on the domain of the in-
tegers is an arithmetical function; denoted f(s) € A

We also have numerous properties that make our functions “nice”.

Definition 4. An arithmetical function f is called multiplicative if f is not
identically zero and if

f(mn) = f(m)f(n) whenever (m,n) = 1.

Being multiplicative is all well and good, but some functions are even
better: they are completely multiplicative.

Definition 5. A multiplicative function f is called completely multiplicative
if
f(mn) = f(m)f(n) for all m,n.

For instance, the Euler totient function and the Mobius function are
multiplicative.

Definition 6. If n > 1, then the Euler totient p(n) is defined to be the
number of positive integers not exceeding n which are relatively prime to n;

thus .
o(n) = Z 1.
1

k
(k,n)=1

The Mébius function, denoted p(n) (and sometimes called Mobius mu)
occurs commonly throughout number theory. It is defined as follows:

Definition 7. Ifn > 1, write n = p{* ---p*, then
n(l) =1

(‘@) M(n) = (—1)k ifag=ay=---=a=1
(3) w(n) =0 otherwise.

Neither the Euler totient or Moébius mu functions are completely multi-
plicative, but the identity function I(n) is.



Definition 8. The arithmetical function I defined by

1 Lifn=1,
I(n):= {J = an
n 0ifn>1,
s called the identity function.

For ¢(n), we also have a product formula. This is common in num-
ber theory and this is merely the first of many equivalent formulas for the
functions we will examine.

Theorem 8. Forn > 1 we have
1
o(n) = nH 1-— )

Now we describe the operation of Dirichlet convolution, an operation
defined on arithmetical functions and sometimes called the Dirichlet product
of arithmetical functions

Definition 9. If f and g are two arithmetical functions, we define their
Dirichlet convolution (or Dirichlet product) as the arithmetical function h
defined by the equation

hn) =3 (@) (5)

dn
denoted h = f* g or h(n) = (f *g)(n).

We can use Dirichlet convolution to do many things, one of the least
being that:

Theorem 9. For all f we have I x f = fxI = f.

Finally in this section, we will frequently have need to compare functions.
One of the handiest notations we will use is O- and o- notation, read “big
oh” and “little oh” respectively.

Definition 10. Let f,g be in A, g(z) > 0 for all x > a then f = O(g) if
and only if f/g is bounded for all x > a for some a. This is also denoted
f<<gorg> f, and can also be expressed by saying there exists a constant
M > 0 such that

|f(x)| < Mg(x) for all x > a.

If we write

f(z) = h(z) + O(g(x))

10



, then we mean that f(x) — h(x) = O(g(x)). And note that f(t) = O(g(t))
for t > a implies that

/j Ft)dt =0 (/x g(t)dt) forz > a.

We write, f = o(g) as x — oo if and only if limy_.o f(x)/g(x) = 0.
Again, an equation of the form f(x) = h(x) + o(g(z)) as v — oo implies
that f(z) — h(xz) = o(g(x)) as z — oo.

Also note that f(x) = O(1) implies that f(x) = o(x) as © — oo.

2.5 Dirichlet Series

Dirichlet series are among the most important tools in the mathematical
toolbox of a number theorist. They are applicable in a broad range of areas,
and both the Riemann zeta function and Dirichlet L-functions are examples
of Dirichlet series.

Definition 11. Let f(n) be an arithmetical function, then
i f(n)
n=1 ne

is called a Dirichlet series, denoted D.s., with coefficients f(n).

Note: |n®| = n? since }ew‘ =1 for real 6.

When f(n) is an arithmetical function as described above, we will com-
monly refer to its associated Dirichlet series as F'(s) or if F'(n) is already
taken, F'(s).

We have a number of results about Dirichlet series that will be applicable
to Riemann zeta function and Dirichlet L-functions.

Lemma 1. If 0 > a, we have [n®| = n? > n?, therefore

fn)| _ 1f ()]

ns n

<

Proof. Clear.
Therefore, if a Dirichlet series converges absolutely for s = a + ib, then
by the comparison test it also converges absolutely for all s with ¢ > a.
This leads us to the next theorem.

Theorem 10. Suppose the series Y | f(n)n™*| does not converge for all s or
diverge for all s. Then there exists a real number, o, called the abscissa of
absolute convergence, such that the series Y |f(n)n=*| converges absolutely
if 0 > 04, but does not converge absolutely if o < o,.

11



Note 1: If a D.s. converges everywhere, o, := —oo, and if the series
converges nowhere, g, := 400.

Note 2: Analogous definitions and theorems pertaining to the abscissa of
convergence and half-planes of convergence (instead of absolute convergence)
exist. We shall assume the results of these theorems without mentioning
them specifically. When we refer to absolute convergence we shall use the
notation o4, and when referring to conditional convergence, we will use o..
Finally, it may interest the reader to know that for non-infinite o, and o,
it is known that 0 < o, — 0. < 1.

2.5.1 The Function of a Dirichlet series

For this section, assume that ) f(n)n™® converges absolutely for ¢ > o,
and let F'(s) denote the summation

F(s) = i ffg) for o > o (2.1)
n=1

We have the following theorem

Theorem 11 (Uniqueness theorem). Given two Dirichlet series

ns ’

F(s)= Z J:E:) and G(s) = 9(n)
n=1

n=1

both absolutely convergent for o > o,. If F(s) = G(s) for each s in an
infinite sequence {sy} such that Re(sy) = o — +o0 as k — oo, then
f(n) = g(n) for every n.

Multiplication of Dirichlet series, maybe predictably, utilizes Dirichlet
convolution.

Theorem 12. Given two functions F(s) and G(s) represented by Dirichlet
series,

F(s) = Z f:Z) for o > a,
n=1

and

G(s) = 3 M

n=1

for o >b.

Then in the half-plane where both series converge absolutely we have

g
=
«Q
S

]
NE

e (2.2)
n=1



where h = f * g, the Dirichlet convolution of f and g:
hin) = ; g (%)
Conversely, if F(s)G(s) = > a(n)n™* for all s in a sequence {s;} with
o — +00 as k — oo, then o = f * g.
2.5.2 Euler products

Sometimes called the analytic version of the fundamental theorem of arith-
metic, this next theorem is from Euler in 1737.

Theorem 13 (Analytic Fundamental Theorem of Arithmetic). Let
f be a multiplicative arithmetical function such that the series > f(n) is
absolutely convergent. Then the sum of the series can be expressed as an
absolutely convergent infinite product,

o) =1[0+f@) +f@*) +--} (23)

extended over all primes. If f is completely multiplicative, the product sim-
plifies and we have

= 1
;f(n) = Hl—if@) (2.4)

p

FEither version is referred to as the Euler product of the series.

The next theorem is simply an application of the previous one to abso-
lutely convergent Dirichlet series.

Theorem 14. Assume ) f(n)n™*% converges absolutely for o > o4. If f is
multiplicative, then we have

=) fy S0 S0,
;nS_H{1+ps+st+ }f>a

p

and if f is completely multiplicative, then we have

z_:l fézb)

1 ,
=== 7o

13



2.5.3 Analytic Properties of Dirichlet Series

We deduce the analytic properties of Dirichlet series from the following
general theorem of complex function theory.

Lemma 2. Let {f,} be a sequence of functions analytic on an open subset
S of the complex plane, and assume that { f,} converges uniformly on every
compact subset of S to a limit function f. Then f is analytic on S and the
sequence of derivatives { f],} converges uniformly on every compact subset of
S to the derivative f.

We wish to apply this lemma to Dirichlet series, but first we must show
that we have uniform convergence on compact subsets of the half-plane of
convergence. We require the following:

Lemma 3. A Dirichlet series Y, f(n)n™% converges uniformly on every com-
pact subset lying interior to the half-plane of convergence o > o..

Now we have that every Dirichlet series is analytic in its half-plane of
convergence, and we have its derivative.

Theorem 15. The summatory function of a Dirichlet series, F(s) =Y f(n)n™%,
is analytic in its half-plane of convergence o > o, and its deriative F'(s)
1s represented in this half-plane of convergence by the Dirichlet series

2. f(n)logn
F/(S) _ Z f( Lsog 7
n=1

which is obtained by differentiating term by term.

Note: We have that F’(s) has the same abscissa of convergence and the
same abscissa of absolute convergence as the series for F(s).

Our discussion on Dirichlet series is almost complete, but before we leave
this subject, we will have need to talk about the singularity of a Dirichlet
series so we can talk about the analytic continuation of the Riemann zeta
function and of L-functions.

In fact, we find that the singularity of a Dirichlet series will occur at its
abscissa of convergence on the real line thanks to this next theorem due to
Landau.

Theorem 16. Let F(s) be represented in the half-plane o > ¢ by the Dirich-

let series -
F(s) = Z f(n)
n=1

ns ’

where c is finite, and assume that f(n) > 0 for alln > ng. If F(s) is analytic
in some disk about the point s = ¢, then the Dirichlet series converges in the
half-plane o > ¢ — € for some ¢ > 0. Therefore, if the Dirichlet series has
a finite abscissa of convergence o¢, then F(s) has a singularity on the real
axis at the point s = o,.



The next two sections cover some more background before we can apply
what we have learned about Dirichlet series to the Riemann zeta function
and the Dirichlet L-functions.

2.6 Dirichlet Characters

Dirichlet characters will be absolutely necessary before continuing on to the
Dirichlet L-functions, as they are part of the definition of any L-function.

But, before we get to Dirichlet characters, let us speak of general charac-
ters of a group, a definition from which Dirichlet characters will be defined,
and with which we can prove some more general results that will serve us
well when we are dealing with them.

Definition 12. Let G be an arbitrary group. A complex-valued function f
defined on G is called a character of G, if f has the multiplicative property,
1.€.

f(ab) = f(a)f(b)
for all a,b in G, and if f(c) # 0 for some c in G.

Now we will see that every character has a very special relationship with
the roots of unity.

Theorem 17. If f is a character of a finite group G with identity element
e, then f(e) =1, and each function value f(a) is a root of unity. In fact, if
a" = e, then [f(a)]” = 1.

We always have the existence of at least one character, this is trivial, so
we present this result as a definition.

Definition 13. FEvery group G has at least one character, i.e. the function
which is identically 1 on G. This is the principal character of G. That is

flg) =1, forallge G

is the principal character of G.
This is very nice, but if G is “nice” as well, then we have the next result.

Theorem 18. A finite abelian group G of order n has ezxactly n distinct
characters.

In fact, for Dirichlet characters, the group that we wish to work with
will be very “nice”.

Recall that a reduced residue system modulo k is a set of (k) integers,
{a1,a2,...,a,)} incongruent modulo k, each of which is relatively prime

15



to k. For each integer a, the corresponding residue class a is the set of all
integers congruent to a modulo k:

a={z:x=a (modk)}.

We define multiplication of residue classes by the relation

~

a-b=ab. (2.5)

That is, the product of two residue classes a and b is the residue class of the
product ab.

In fact, residue classes modulo a fixed positive integer k£ form a group
under this definition of multiplication.

Theorem 19. With multiplication defined by (2.5), the set of reduced residue
classes modulo k is a finite abelian group of order ¢(k). The identity is the
residue class 1. The inverse of a is the residue class b where ab =1 (mod k).

Finally, we are ready to define Dirichlet characters.

Definition 14. Let G be the group of reduced residue classes modulo k.
Corresponding to each character f of G, we define an arithmetical function
X = xy as follows:

= f(ﬁ) if (nv k) =1,
x(n)=0 if (n,k) > 1.

The function x is the Dirichlet character modulo k. The principal char-
acter x1 has the properties

Jvif(nk) =1,
xa(m) = 0 if (n,k) > 1.

In this paper, the only reduced residue system we will work with in-depth
is the reduced residue system modulo 4. The Dirichlet characters for this
system are summarized in the next table:

n|{l 2 3 4
xi(n) |1 0 1 0
x2(n) |1 0 —1 0
x for k=14

2.7 Properties of the Gamma function
Before continuing, we will require some of the properties of the gamma

function I'(s). Although we will use only a handful of these, we provide this
list for easy reference.

16



Properties of I'(s)

(1) For o > 0, we have the integral representation
o0
I'(s) = / e % dx. (2.6)
0

(2) The function defined for o > 0 can be continued beyond o = 0 and so
['(s) exists as a function that is analytic everywhere except for simple
poles at the points

s=0,—-1,-2,-3,...

with residue (—1)"/(n!) at s = —n.

(3) We also have the following representation for gamma

n°n!
I'(s)= 1
() nl—>ngos(s—|—1)---(s—|—n)

for s £#0,—-1,-2,...,

(4) The product formula for gamma

I‘(ls) = se® ﬁ (1 + %) e /" for all s,

n=1

where ~ is Euler’s constant. Since the product converges for all s, T'(s)
is never zero.

(5) The gamma function satisfies two functional equations,

I'(s+1) =sI'(s) (2.7)
and .
I'(s)I'(1 —s) = 2.8
()1 —5)= ", (28)
for all s.

(6) Perhaps the most well-known property is the last we mention

I'(n+ 1) = n!, for n a nonnegative integer.

17



2.8 Generalized Wiener-Ikehara Theorem

The generalized Wiener-Tkehara theorem will be the workhorse that we use
for the first proof of the main theorem of this paper. It is a Tauberian kind
of theorem. This is the method that [BatDia] uses to prove their estimate
of B(x), and much of the material in this section can be found there. In
order to talk about the generalized version of the Wiener-Ikehara theorem,
we first speak about the original, but in order to do that, we must define
Fejér kernels.

Definition 15. For each positive real number X\, a Fejér kernel on R, de-
noted Ky, is defined by

K)\(z) := 1/2A 1= MY gty
2 J_ax 2X

We normalize this function and use it as an approximate identity, while
1 — |t|/(2X\) will help us improve the convergence of a specific integral. We
are now in the realm of Fourier analysis, and require two lemmas from that
field. The first will describe some properties of the Fejér kernel.

Lemma 4. Let x be a real number, A >0, and § > 0. Then

K(x) = A sin Az 2 (2.9)

AMT) = o ) .
0 < Ky(z) < min(}, —) (2.10)

x) < min(\, — :

> AN = "2’

/ Ky (u)du ezists and is independent of A, (2.11)
K (w)du < 2 (2.12)

A(u)du < —. ,

lu[>8 A9

Proof. K)(0) = \ by inspection. For x # 0, we have that

Ky(z) = /0 ” (1 - 2’;) cos(zt)dt.

We integrate by parts to get

1 2A 1 — cos2\x sin \z)?
Ky(z) = e sin(xt)dt = a2 ( )\x2) ,

which proves (2.9).
Now for (2.10): we have the inequalities

0 <wu 2sin®u < min(1,u?),

18



from which (2.10) follows.
The integral of (2.11) converges by (2.10). By letting \x = v, we see

that )
> > sin®wv
/_OOK)\(:L‘)d:U:/_OO 2 dv

for any \. In fact this integral is equal to 7, but we are not concerned with
this value here.

At last, we have (2.12) from the estimate Ky(z) < A\ 7lz~1,

The second result we require from Fourier analysis is a special case of
the Riemann-Lebesgue lemma, which tells us that Fourier transforms vanish
at infinity.

Lemma 5. Let f be a continuous complex valued function on R which is
zero except on a bounded set, and let y be a real number. Then

lim / ft)edt =0

y—too

Proof. Let I(y) = [ f(t)e'™dt. Now by changing the variable, we have

I(y) = / f <t + Z) T/ Y)Y gy — _/ f <t + Z) Y gt

Therefore,
= [~ 101 (1+2) Lo

Now since f is uniformly continuous, the expression in braces tends to
zero uniformly asy — +oo. Furthermore, the last integrand vanishes outside
a fized bounded set, say if |y| > 1. Hence, I(y) — 0 as |y| — oo.

As we work towards an estimate of B(z), we will be using functions of a
particular class; one of the properties of functions in this class is that they
are locally of bounded variation; that is,

Definition 16. We say that f is locally of bounded variation on (a,o0) if
and only if the variation of f on each compact subinterval [b,c] C (a,00) is
finite.

Definition 17. Let V denote the class of complex valued functions on R
that possess the following properties:

They are zero in (—oo, 1),

continuous from the right,
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and locally of bounded variation.

Now we can prove the Wiener-Tkehara theorem. In fact, the theorem
holds true for Mellin transforms, a more general type of Dirichlet series, but
we shall not require this fact.

Theorem 20. Let F' be a real valued monotone nondecreasing function in
V. Let ac(ﬁ) = a > 0 and suppose that there exist a real number L and a
function ¢, continuous on the closed half plane o > «, such that

Fls) = / 2 dF(z) = L(s — a)~! + (s),

where F is the associated Dirichlet series of F', holds on the corresponding
open half plane. Then

(67

F(z) = L% + o(z®).

Proof. Note that F(x) = O(x“*¢) for any € > 0, since the Dirichlet series
converges for o > a. Now let u = alogx and define f by f(u) := F(e"/a) =
F(z). Then for o > 1, we have

/000 e *Udf (u) = F(as) = o L + o(as).

(5—1)

Now, the above estimate of F implies that f(u) = O(e“*%) for any e > 0.
Therefore, for o > 1,

/000 f(u)e *du = 5" /OOO e "df (u)

_ L o(as) _ L
as(s —1) s als —1)

(2.13)

+ 5251(3)7

where ¢1(s) = s~ ¢(as) — L/(as), so that ¢1 is continuous on o > 1. If we
express L/(a(s — 1)) as a Laplace integral, we obtain

P1(s) = /OOO e {f(u) - Leu} du, o > 1.(2.14)

«

There remains two things to do. First, we establish an integral relation
valid for each positive number X\, and second we give a tauberian argument
based on this relation. To begin:

lim b e “flx)Ky(y — x)dx = g, (2.15)

Y= Jo

where

K1) = Kx(t) | / Z K1 (u)du.

20



We know that Ky has total integral 1, independent of \. When X is large,
K3 is sharply peaked near the origin.

Let € and \ be positive, s = 1+e+it, and multiply (2.14) by (1/2) {1 — [t|/(2)\)} €,
and integrate. We get that

1 2 |t‘ )
/ (1— ﬁe”%l(l + &+ it)dt

2 J ax
— L | | it > Le* —u(1l4e+it)
3 [ (mm) L (=T
B [e%S) uew Le¥ 1 2 |t| )
e (=T L g g

We have that the interchange of integration is justified since fooo e v f(u)—
Le"/a|du converges. Now, in terms of Ky, we have

2\
1/ (1- || ’%( + e +it)dt

2 J_ax

= /00 e T f(u) K (y — u)du — L /OO e " Ky(y — u)du.
0 0
(2.16)

Now we let € — 0 in equation (2.16). Since ¢1 is continuous and the
range of integration is bounded, the limit may be taken inside the left integral.
Also, we have that K is continuous, nonnegative, and has a finite integral,

SO
00

lim e Ky(y —u)du = / Ky\(y — u)du.
0

e—0t Jo
Therefore, for any real y,

o0

lim e T f(u) K\ (y — u)du

e—0t Jo
L [* 1 [ It\
== Ki\(y —v)du + = 1— ) ey (1 + it)dt.
a/o Ay —u) u+2/2/\< 2)\>e o1(1 + it)

For any y, the limit in the last equation exists as a real number. We wish to
take the limit inside the integral, but since we are not using Lebesque theory,
we give some details.

Let R(y) denote the right hand side of (2.17), and let n > 0 be given.
Then f > 0 since f € V and is nondecreasing. Furthermore, Ky > 0, and
therefore, for 0 < e < g,

(2.17)

0< R(y) - /O e () oy — w)du < .
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In view of e "7%0% f(u) being bounded, we have that

/ e TN fu) Ka(y — u)du < n

U

holds for sufficiently large U, and therefore,

U
0< R(y) - /0 €0 () Koy — w)du < 21,

Since both f and Ky are nonnegative, we have that this last inequality holds
for eo = 0 (for sufficiently large U ); therefore,

/Oooe “f(u) Ky / Ky — )

LR ;
+ - 1——)eor(1+ .
5 /2/\ < = o1(1 +at)dt

Next, let y — oo and apply Lemma 5 to obtain

1 2 ‘t‘ )
lim — <1 — > Wy (1 +it)dt = 0.

y—oo 2 J_qy 2

And it now follows that

yan;o {/000 e fu)Kx(y — u)du — g /000 Ky(y — u)du} =0.

By monotonicity, we have

L [v
lim — Ky(x / Ki(x

y— ) o

and (2.15) is obtained by dividing through by [ Ki(z)dzx.

Now for the second stage of the argument. We begin by showing that
fly) = O(eY). Let A and 6 be positive numbers and let J(y,\) denote the
integral of (2.15). Since the integrand of J(y, \) is nonnegative, and that f
and the exponential function are monotone, we have that for any y > 9,

y+0 1
() > / e F(2) IS (y — 2)dz > fly — §)e V) / ().

=

We combine this with (2.15) to get

6
fly— e <% ( / K;(u)du> +o(1), (2.18)
a -5
which tells us that f(y)/e¥ is bounded.
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Now pick § = {(A/2) e Kl(u)du}_1/2. By (2.12),

2
K (u)du <

- @ @ = 5,
[u|>8 Aéle(u)du

and therefore,
)
/ K (u)du >1—90. (2.19)
-5

Now let € > 0 be given. Choose A large (and therefore § small) to ensure
that €* /(1 — ) < 1+¢. Now from (2.18) and (2.19), we have, as y — oo,

/) _ L1+e)

" 5 + o(1).

Furthermore, this relation holds for arbitrary € > 0, and thus,

fly) . L

limsup —= <

y—oo €Y o

Now our goal is to obtain an inequality in the opposite direction. Since
f(y)/eY is bounded, there exists a 6 > 0 such that f(y)/e¥ <b for all y > 0.
We have, for any positive X and y,

1)
N <o [ R f+0e 0 [ K5

|u|>d
< b6+ f(y+ 6)e”WHd)ews,
Now, by the last inequality of (2.15),

L6725

fly)e™ > —bée 2 4+ o(1)

as y — oo for each fixed pair X\, 0 that satisfies

A2 =2/ / Ky (u)du.
Therefore, for each § > 0, we have

L —20
lim inf @ > “ boe 2,
o

y—oo ey

and hence I
lim inf 1) >
y—oo ey o

Finally, the two inequalities imply the Wiener-Ikehara theorem, limy_. f(y)/e¥ =
L/« or
L (67
F(z) = =4 o(z%).
a
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Before we can generalize this result, we need another lemma in order to
estimate integrals of the form [ v 1K) (y — u)du.

Lemma 6. Let v denote a fized number in the interval, (1,2). Then there
exist the functions g = gy defined on [2,00), satisfying that g(A\) — 0 as
A — 00, and 8 = 0,(y,\) with 0] < 1, and such that for all y > 2 and
A > 2, we have

/000 W K (y — w)du =y {1 4+ 6g(\)} /_00 K (u)du. (2.20)

And for ~y fized in the interval (0,1) and any fixred A > 2,

/ w T K (y — w)du = o(1) as y — oo.
0

Proof. We noted before without proof that

/K1 - /_Z K (u)du = .

While we do not need this exact value, we do need a positive lower bound.
Note that |sinu| > 2|u|/7 for |u| < 7/2, which tells us that [ K1 > 4/7 > 1.
As in the proof of the Wiener-Ikehara theorem (Theorem 20), we define

s {3 f1a) " 221

and observe that 0 < § <1 for A > 2, and that § — 0 as A — o.
For 1 <~ <2, we give a lower estimate of the integral by using the fact
that y —d > 0 and applying (2.19). We get

y+6

/ uv_lK,\(y —u)du > (y — 6)7_1 / Ky(y —u)du
0 y—09

>y <1— §>7_1(1—5)/K1
>y <1—§) (1—5)/}{1.

As for an upper estimate, we bound the integral over four intervals. By
Lemma 4 and equation 2.21 (and the fact that y > 2), we obtain

y—34 y—9
/ W K (y — w)du < (y — 6)7 ! Ky(y —u)du
0 0
) 1

Y
< yH/ K\(v)dv <y ™' — = zﬂ—lé/Kl,
5 () A2 2
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y+4 5
/ W K\ (y — w)du = / K@) {(y— o)+ (y+ )"V dv
y—0 0

1)
< 2y71/ Ky(v)dv < y”l/Kl,
0

2y 2y
/ W K (y — w)du < (2y)7 7t Ky(y —u)du < yV_lé/Kl,
y+0 y+6

/ W K (y — w)du < / W IN T (u — ) 2du
2y 2y

00 y—2 y—1
< 4/ W 3du < 4y < 2 /Klv
A Jay A2—=7) 7 AM2-9)

where the second integral was estimated using the symmetry of K about the
origin and the concavity of the function uY~".
Now taking them altogether, we see that

o0 36 2
7-1 — < v—1
/0 WK\ (y — u)du < y {1—1—2—%)\(2_7)}/[(1.

By combining the lower and upper estimates and recalling the definition of §
(equation 2.21), we obtain (2.20). For a fived v € (1,2), the error estimate
satisfies g, () = O (1/V/\).

Now we turn to the case when 0 < v < 1 and separate [0,00) into three
segments to estimate each part separately. We have the following:

/y/2 Ry — w)du < — gy < g2
U ANy —u)du < —5 U U< —Yy )
0 2 Jo YA

2y 2y
/ uw T K (y — w)du < 29771 Ky\(y —u)du < 237! /Kl,
y/2 y/2

/ WK (y — w)du < 4377 2ATH2 — )7
2y

where the last integral was estimated similarly in the other case. Therefore,
we have for each fized v € (0,1)

/ W Ky (y — w)du = O(y?" 1) = o(1) as y — .
0

We can now prove the generalized Wiener-Ikehara theorem.

Theorem 21. Let F' be a real valued nondecreasing function in V with
oc(F) =a > 0. Let ¢ and ¥ be functions which are analytic on the closed
half plane o > « and assume that ¢(a) # 0. For vy a real number distinct
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from 0, =1, =2, ..., let (s — a)™7 be positive valued on the real ray, s > c.
Further suppose that

ﬁ(s) = /azde(z) =(s—a) 7o(s) +9(s)
holds on the open half plane o > «. Then

%(log z)7~!
al'(y)

where I denotes the Fuler gamma function.

F(x) ~ ¢(a)

Proof. The Wiener-Ikehara theorem (Theorem 20) covers the case of v = 1.
We consider the case 1 < v < 2. This case follows Theorem 20 closely.
First, note that ¢p(a)) > 0 in this case, since F(o) > 0 on the ray o > « and

d(a) = lim (0 — a)"F(o) # 0.

oc—at

Now set u = alogz and define f(u) = F(e*/®) = F(x). Then, for o > 1,
we have

/ e~*tdf (u) = F(as) = (s — 1) Yo Vp(as) + I(as).
0
We integrate by parts and obtain

Fl(as)

/Ooo e f(u)du =

foro > 1.

Now, by expanding ¢(as)/s in a Taylor series about s = 1, we find that

a7’ plas) n P as) a b

(s—1)r s s - (s—1)7 + (s — 1)7_1 + ¢1(s), (2.22)

where a := o~ Y¢p(a)) > 0, b is some constant and ¢y is a continuous function
on the closed half plane o > 1. Now

) u ﬁ—ldu
_ 1\ B — —su€ U
(s=1) /0 © TR

foro > 1 and B > 0. This identity can be established for s real and s > 1 by
changing the variable in the integral representation of the gamma function.
The result follows for any complexr s with o > 1 by analytic continuation.
Therefore, for o > 1,
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We will show that f(u) ~ ae®u’~1/T(v), which is equivalent to the the-
orem. As in the proof of Theorem 20, we take s = 1 + € + it with € > 0,
form the integral

1/% (1 - ﬂeityqf)l(l—I—E—i—it)dt = 1/2)\ 1-— L] e x
2/, T 2a 2 ) o 2

L{f(u)— a_guyy—1_ _bet uV*Q}e*“(l*s“’f)dudt

T'(y) r(v-1)
be®

= /OOO e Uy {f(u) — F(av) ety — F(fy—l)m2} Ky(y — u)du,

and let e — 07. We use an argument similar as before to obtain

1 2 |t| ity .
5 o (1—56 (z)l(]. +Zt)dt

:/0 e_“f(u)KA(y—u)du—w/o WK (y — u)du
b

_— Oou7_2 — u)du.
_F(W—l)/o Boly —u)d

Now, Lemma 6 tells us that the last integral is o(1) asy — oco. The Riemann-
Lebesgue lemma implies that the last integral containing ¢1 also tends to zero
as y — oo. Therefore, for each A > 2, as y — oo we have by (2.20) that

ay”fl
I'(v)

where [0] <1 and g(A\) = o(1) as A — oo.

Again, we follow in the same manner as in the proof of the Wiener-
Ikehara theorem. We estimate the left hand side of (2.23) by using the
range y — 9§ < u < y + 0, where § = d(x) is chosen as it was in (2.21).
Letting y — § = w, we obtain the estimate

/Ooo e F(u) Ky (y — u)du — {14 09(\)} / Ki+o(1), (2.23)

aez‘s(w + )71
T = 0)

for fized X > 2. Therefore, (2.24) gives the bound f(w)/e* < Bw ! for
some B > 0 and for all w >> 2. Now we give upper estimates of the
integrals f2y_5 and f;j& in the left hand side of (2.23) by using this bound
and some inequalities from the proof of Lemma 2.16. Because the lemma
uses only y > 2, we observe that

e flw) < {14+60g(N)} +0(1) (2.24)

2 Yy
[ et -wdu< £) [ Ko = o)
0 y—2
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We replace y + 6 with w to obtain
B 2B
f(UJ) > (’LU _6)71626{ a ag(A) _ 3Bo _ }+0(1)
et Ity) Th) 2 A2-9)
Now, \ can be chosen sufficiently large, and § — 07 as X — oo. If we

combine (2.24) with this last inequality, and take \ large, we are able to
conclude that

f(w) a -1
=(1 1) =——w" 1 2.25
o = (L o) gy’ ™+ o(1), (2.25)
which is equivalent to the assertion of the theorem for the case 1 < vy < 2.
Now we turn our attention to the case v <1 and vy #0,—1,—2,.... Let

N be the positive integer for which 1 < y+N < 2. Define Fy(x) := ff LNdF.
We form the Dirichlet series

Fi(s) = / 2 logN xdF (z) = (~1)NFM)(s)

N

— VY ()= Y 6t + (1) 0
j=o \J

7'nyF(/7 + N)

)t (1 (s — )™M (s
) o(s) + -+ (=1)7( )9 (s)

=(s—a)

(=)Mo (s)
= (5 =) 7 N®(s) + (-1)V9M(s),
where ® and 9 are analytic functions on o > o, and

_ v+ N)g(a)
O(a) = o)

As with 1 <~ < 2, we have ﬁ(a) >0 on o > «, and therefore,

®(a) = lim (0 — oz)7+Nﬁ(a) > 0.

o—at

And because I'(y + N) > 0, we have that ¢(c)/T'(y) > 0 here.
Since 1 < v+ N < 2, we apply to Fi(x) the form of the theorem that we
have already proved to obtain

Y+N—1

z%(log x)
Now for x> e,
F(z) = F(e) + /x L™NdR
— Fi()logN 1 + N/w LB () ()N 1dt + O(1)
e

= {1+ o)) S0 105! + 0 (a7 og )2},
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which proves the theorem for v <1, and v #0,—1,—-2,....

Finally, we can turn to the case v > 2. We sketch the argument for
2 <~ <4, from which the general case follows.

Let f* := max(f,0), then we have

A TR2(2) = A sin Az \ 4
AV Az

o 1 ‘t‘ * xt ’u’ * 1xU
= <1—2)\> e dt-/ 1—5 e du

4 '
= / h(v)e**dv,

—4X

where h is the continuous function supported on [—4X, 4\ and defined by

h(v) = 4&/ <1—|2’;‘>+ (1—’02—/\t|>+dt.

We do not need an explicit representation of h, and proceed using Lemma
4 concerning the properties of Ky. The function Kf/)\ satisfies analogous
relations, and in particular

/Z Ki(“)du = /_Z K3(u)du

for all real \. Now the analogue of Lemma 6 holds for 2 <~ < 4 if we use
K}/X instead of K.

Now to prove the theorem for 2 < v < 4, we change (2.22) to exhibit all
powers of s — 1 occurring with a negative exponent. In (2.23), we replace Ky
with K3/X and the right hand side of (2.23) is changed by the inclusion of
terms containing the factor y’=2 and y?~3. Now, these terms are of smaller
order than the term containing the factor y?"=', and so the conclusion of the
proof is as before.

For the general case v > 2, we choose a positive integer N for which
2N > v, and use the function Al_NKf\V instead of K. We have

MV — /eth(v)dv,
where

hy(v) =A1N2N/..-/(1—|;1A|>+x

tn_1\ " —ty— =ty \ T
-~.><<1—|N1’) <1—’” L Nl) dty -+ dtn_1.

2 2

29



2.9 Riemann Zeta Function and Dirichlet L-Functions

Both the Riemann zeta function and the Dirichlet L-functions are examples
of Dirichlet series, and this information will be invaluable to for the first
method of estimation. The next two subsections summarize the results
when we apply what we know about Dirichlet series to the Riemann zeta
function and Dirichlet L-functions.

2.9.1 Properties of ((s)

We will begin with one of many definitions for the Riemann zeta function,
denoted ((s).

Definition 18. Foro > 1,

C(s) = ni

n=1
We have the following properties of the zeta function due to the theorems
on Dirichlet series applied to the zeta function.

Properties of ((s)

(1) <(s) converges for all s > 1 and diverges at s = 1, so the abscissa of
convergence is o, = 1.

(2) Both > >n™* and > u(n)n™° converge absolutely for ¢ > 1. Utilizing
our theorem concerning multiplication of Dirichlet series above, and
taking f(n) =1 and g(n) = p(n), we get h(n) = [1/n], thus for o > 1

ns
n=1

Particularly, this shows that ¢ (s) # 0 for 0 > 1 and also that

oo

_ b
¢(s)’

(3) Applying the Euler product to ((s), i.e. when f(n) = 1, we obtain the
product formula for {(s). For o > 1

Sl
— ns . 1 —p$
When f(n) = u(n), o > 1, we get the relation

RIS o V(DR & P
el Sl | Lty

n=1 p
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(4) By differentiating the zeta function term by term, we get the following

o0

() =Y o8 (2.26)

nS

n=1

As mentioned in our properties, we have an inverse of ((s), but this
deserves special note:

Theorem 22 (Inverse of the Riemann zeta function). For o > 1

1 & pn)
C(S)_Z ns

n=1

where u is the Mobius function.

2.9.2 Properties of L(s, x)
Definition 19. The Dirichlet L-function is defined as follows, for o > 1,

where x is a Dirichlet character.
Properties of L(s, )

(1) Since x(n) is bounded, i.e. |x(n)| < 1, we have that L(s,x) converges
absolutely for ¢ > 1, and o, < 1.

In general, if | f(n)| < M for some M and for alln > 1, then Y f(n)n~*

converges absolutely for o > 1.

(2) We utilize the theorem concerning multiplication of Dirichlet series, and
assume F'(s) = Y f(n)n™° converges absolutely for ¢ > o,. If f is
completely multiplicative, then we have f~1(n) = u(n)f(n). Since
|f7H(n)| < |f(n)], the series Y- pu(n) f(n)n™* also converges absolutely
for 0 > 0, and we get

< ) 1
; ns - F(s) fo>oa

In particular, for every Dirichlet character y, we have

X)) 1
; " _L(s,x)f > 1.
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(3) Applying the Euler product formula to x(n), we get an equivalent prod-
uct formula of L(s, x),

X)) 1
o =2 S = s

n=1

if o > 1.

We also have the particular case when x = x1, the principal character
modulo k. In this example, x1(p) = 0 if p|k and x1(p) = 1 if p1k, so
the Euler product for L(s, x1) becomes

L(sxa) =[] 1= _H1— JIa-p) =<¢s) [Ja-p).

ptk plk plk

Therefore, L(s,x1) is equal to ((s) multiplied by a finite number of
factors.

2.9.3 Hurwitz Zeta Function

In fact, not only are ( and L Dirichlet series, but they are also examples of
what are called Hurwitz zeta functions. These functions are the workhorses
we will use to prove the Prime Number Theorem.

Definition 20. The Hurwitz zeta function, denoted ((s,w), defined for o >
1 by

> 1
((s,w) =),
= (n+w)
where w is a fized real number, 0 < w < 1.

When w = 1, this becomes the Riemann zeta function, i.e. {(s) = ((s,1).
As mentioned before, we can also express L(s, x) in terms of Hurwitz zeta
functions.

Theorem 23. For o > 1, and where x is a Dirichlet character modulo k,
k
1
= 2w (5 %)-

It is important to note that Hurwitz zeta functions are not necessarily
Dirichlet series, so that many of the things we have proven for Dirichlet
series are not immediately applicable to this type of functions. However, it
will be seen that we have enough of the same properties.

The remainder of this chapter will be devoted to exploring Hurwitz zeta
functions while building up the machinery necessary to prove the prime
number theorem, which happens to be the same tools necessary to prove
our primary result. This material can be found particularly in [LeV2].

As expected, ((s,w) converges uniformly in its half-plane of convergence.
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Theorem 24. For any og > 1, the series
- 1
7; (n+w)~¢
converges uniformly for o > og; thus ((s,w) is analytic for o > 1.

In order to give an analytic continuation of (s, w), we have need of the
following lemma.

Lemma 7. If a and b are integers with 0 < a < b, and if f has a continuous
derivative over a < x < b, then

b b b
fn)= [ fwdu+ [ (u— [u])f (u)du.
nzza;rl /a /a

Now we can illustrate the analytic continuation of a Hurwitz zeta func-
tion over the half-plane o > 0.

Theorem 25. If m is a non-negative integer, and o > 1, then

C(s,w) — ! = Z . 8/00 wdu. (2.27)

GoDmrw T 2 wrwr Ly wrw

It follows that ((s,w)—1/(s—1) is analytic for o > 0, and that equation
2.27 holds for o > 0.

In fact, the function is analytic over the entire plane except for the pole
at s = 1, but we have no need of this fact.

For the remainder of this chapter, and when relevant in chapter 5, ¢
will play the part usually reserved for ¢, denoting a positive constant which
depends only on the arguments listed. It need not have the same value when
it occurs in different results, unless indicated so by a particular subscript.
When possible, the author has included figures to help describe the various
c’s.

We have the next result, giving us useful bounds on ((s,w).

Theorem 26. For % <o <2andt > c(w), where c is a function of w,
(s, w)| < 374
Fort>8 and 1 — (logt)™! < o <2, we have
IC(s,w)| < c(w)logt.

The next few theorems and lemmas attempt to narrow down the bounds
and integrals for functions possessing properties like the Hurwitz zeta func-
tions. We will use all of these bounds to rid ourselves of some very ugly
integrals.
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Theorem 27. For |z| < 1, if

o0
= g anx"
n=1

is analytic, and Re f(z) < %, then |a,| <1 forn > 1.

Lemma 8. Let R > 0, and suppose that

o0
= Z an(z — xo)"
n=0

is analytic and Re f(z) < M for |x — xo| < R. Forn > 1, we have

2
lan| < ﬁ<M — Reay).
Theorem 28. If f satisfies the hypotheses of Lemma 8, and 0 < r < R,
then for |z — xo| <7, we have

2
()] < Jaol + R%rum + lao])

and
| f/ (@ }, 5 (|M] + lao).-

We will use this next theorem to eventually show that ¢ does not vanish
near ¢ = 1 and sufficiently far from ¢ = 0.

Theorem 29. Let r > 0 and M € R, and suppose that f(sy) # 0 and that,
for |s —so| <7, f(s) is analytic and

M

f(s0)

Further suppose that f(s) # 0 in the semicircular region |s —so| <r, Res >

Resg. Then
! a4M

and if there is a zero, say p, of f on the open line segment between so —r/2

and sq, then
! 4M 1
el <
f T so—p.
A note on notation before we continue: If f is analytic on the vertical
line og + ti, and if

oo+bi b
Jim f(s)ds = lim [ f(oo+ti)dt
b—oo Y o0—ai b—oo Y —a
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exists, then we abbreviate this limit to

f(s)ds,
(o0)

as is the convention in [LeV2].

Theorem 30.

1 ysd— 0 for0<y<1,
1 fory > 1.

97 iy 52

2.9.4 The Prime Number Theorem

The results of this section are easily modified to prove both Dirichlet’s the-
orem on primes in arithmetical progressions and the primary result of this
paper, i.e. the estimation of the number of integers expressible as a sum of
two squares. Accordingly, the proofs of these results are included.

To begin with, we will need to learn something about the location of the
zeroes of the Riemann zeta function. From the product formula for {(s)

() =TI =p)",

p

we see that ((s) # 0 for o > 1.

The following proof that {(14ti) # 0 is due to de la Vallée Poussin, but
before we reach it, we should consider the following.

For o > 1 we have

l08C(s) = 3 e = 30+ ),

S
m,p p p

where f is clearly analytic for o > % Since ¢ has a pole at s = 1, with
residue 1, it follows that as ¢ — 17T,

1 1
> — ~log . (2.28)
- p° o—1

We continue heuristically. If 1 + #gi is a zero of ¢, and we let s = o + ty1,
then, as 0 — 1T,
log [C(s)] ~ log(o — 1)

and

Re(log ((s)) — Re (f(s)) = log[¢(s)| — Re (f(s))
-y COS(tojogp)

~ log(oc —1).
) (0 —1)

p
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We compare this with (2.28), and note that for most p, cos(tologp) is close
to —1, but then cos(2tg log p) will usually be near 1, and we have

cos(2tg log p) 1
yooshologp) [y, 1
- p° o—1

But then, this implies that ¢ has a pole at 1 + 244, which is absurd.
For a rigorous argument, we note that for all real 6,

3+ 4cosf + cos 20 = 2(1 4 cos 6)?
Thus, for o > 1,

log ‘Cg )¢ o + toi)C(o + 2t0i)‘
= 3log |C(U)| + 4log |((o + toi)| + log |C (o + 2toi)]

coS ton log P) cos(2ton log p)
=3 Z npna +4 Z - Z T

B Z 3 + 4 cos( ton’}loogp) + cos(2ton logJ;))
nan
> 0.
Therefore,
(O‘ + tol)

C(0 + 2toi)| > L

(o= 1)¢(0))? —,

and if 14 tg¢ were a zero of (, the left hand side would remaind bounded as
o — 17, while the right hand side would increase without bound.

We are now in a position to show that ((s) does not vanish at any point
close to the line 0 = 1 and sufficiently far from ¢ = 0 (the real axis). We
utilize the argument above and Theorem 29

Theorem 31. Foro >1

3 (o) - 1€ S
Re( C() C( —i—tz)—c( —|—2t)>_0.

Proof. We differentiate both sides of

log ((s) = Z m;ms.

m7p

We get that

¢ logp <= A(n)
C(s)—% = nz::l o (2.29)
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where A(n) is the Mangoldt function, that is,

An) {logp if n=p"™ for some prime p and some m > 1,
n)=

0 else.

We have the following table to illustrate this function:

n:|1 2 3 4 5 6 7 8 9 10
A(n) ‘ 0 log2 log3 log2 logh 0 log7 log2 log3 O
A(n) for1 <n <10

Recall that the series for log((s) converges uniformly in any region to
the Tight of o = 1, thus we are allowed to differentiate termwise. We have
the following:

Re ( - 32,(0) - 42,(0 + ti) — CC,(U + 2ti))
> (3 L AnTt 4 —2ti)A( )
_ Renz::l n ngn n
2. (3 + 4cos(tlogn) + cos(2tlogn))A(n)

nO’

v
=g
I

which was to be shown.
From Theorem 26, we have the following:

Theorem 32. (I) For o0 > % and t > ¢, we have |((s)| < 1, and
(Il) Fort > 8 and 0 > 1 — (logt)™!, we have |((s)| < clogt.

Proof. For o <2, both (I) and (II) follow directly from Theorem 26. For
o>2andt>8§,

oo 1 ¢,
< — <2<
()] ; n2 { logt.

Theorem 33. There exist constants ¢ > 8 and ca > 0 such that ((s) # 0

for
t>c anda>1—c—2.
logt

Proof. Following the premise of Theorem 32, choose c3 > 8 such that
1
) <t foro =5, t> e

In view of the fact that

37



[=—=""==1

€4
log ¢

= I re—

[
—
=

Figure 2.1: [LeV2], page 243

3 + “ <1l- 0—2, for x > elleates)
4  logx log x

it is enough to show that any zero [ + ~vi of ¢ with v sufficiently large
(specifically, v > 8) and that satisfies

3 c4
> 4 + log~y’
also satisfies
<12
log
Let
op=o0(y) =1+ locg4'y’

and suppose that B-+~i is a zero of ¢ for which~y > et and 8 > 0¢9—1/4.
We apply Theorem 29 twice, once with s = g + i, and another time with
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S0 = 00 + 27i. In both cases, since o9 > 1, we have the circle |s — so| < 1/2
is contained in the quadrant o > 1/2,t > cg for v > c3+1/2. Since vy > e,
we get oo < 2, and by the inverse of zeta identity, we have

1 <1 < du 1 2 2
< <1+/ — =14 — < — = Zlogn.
‘C(So) nz::l”"o 1 u% oyt Topt &

Therefore, for each 1 > 0, there exists a c5 such that for v > c5 > c3+1/2;
now the inequality

' ¢(s)
¢(s0)
holds at every point s of the disk |s — so| < 1/2, since we have that at every
point, cg <t < 2y+1/2. If v > c5, we can apply Theorem 29 with r = 1/2,
f(s) = ((s), and M = (1 + e1)log~y. We use the first inequality of that
theorem with sg = og + 27vi to obtain

2 1
<= (27 + > logy < 4"
Cq4 2

!
—Re(‘é(oo—i—?’yi) < 8(1+¢1)logy. (2.30)
With the second inequality of Theorem 29, we let so = g + i to get
¢ , 1
— Re = 1 1 - 2.31
Reg(ao+7Z)<8( +¢1)logy py:1 (2.31)
since 1
r
ey — S <B<1<ay
o 5 0o 1 <pf<1l<og
Finally, because o9 — 17 as t — oo, we get from (2.28) that for e3 > 0,
¢! 1+e 14e
—= = 1 2.32
C(UO)<UO_1 o g (2.32)
for v > cg. Using (2.30), (2.31), and (2.32) in Theorem 31 yields
3(1 4
(%_82)log’y—i—4-8(1—i—E1)10gfy—(7 ﬁ+8(1+€1)log’720,
0 —
which is quickly simplified to
g0 — ﬁ > ° )
log
where
dey

T 31+ e2) +40(1 +e1)ca’

and this gives us
Cr —C4
logy
Clearly, c; > cq if e1 < 1/3, and ¢4 small, and we can take co = c¢7 — ¢4 and
c1 = max(cs, ).

6<1—
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Theorem 34. If 0 < cg < co, then

|log ¢(s)| < log®t fort >co and o > 1 — s

logt

Proof. We utilize Theorem 28, concerning bounds on a more general func-
tion, with so = 2 + toi, for some tg > 8 to be determined. For t sufficiently
large, the region

1

*(CQ + Cg)

|s —sg| <1+ 2 (2.33)

log tg

1s contained entirely in the region described in the previous theorem, in which
¢ has no zeros. Thus, log((s) is analytic in this disk, and by Theorem 32

(1),

Relog ((s) = log|¢(s)| < log(clogt)
< log (clog(tyg +2)) < c10loglog t.

Thus, by Theorem 28, we have for s in the region described in (2.33),

llog ¢(s)] < |C(50)] + 2. 2(610£0§t01+ 1¢(s0)])

2 logto

< ¢+ clogtyloglogty < log? to,

if to is sufficiently large. This inequality holds on the radius extending toward
the left from sg, for every large to, and thus throughout the region t > cg,
1 —cg(logt)™! <o < 2. Finally, both |((s)| and |1/((s)| are bounded in the
half-plane o > 2, and |log((s)| is therefore smaller than log®t for t large
and o > 2.

Theorem 35. There exists a constant o > 0 such that as x — oo,

Zlog% = /C1 gds +0 (xefa‘/m)

p<w

for some ¢ such that 0 < ¢ < 1.
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Proof. We use Theorem 30, which gives us

1 z° 1 1 = A(n) fo\s
= | - — d
210 J(9) 82 0g ((s)ds 271 /(2) 52 ; logn (n) ds
_ Ly Aw / (x/n)
2mi ~ logn J(9) 2

L

= logn n
1 x
=D g
m7p m p
pMm<z
T 1 x
=D log=+ ) —log—.
e Pomp TP
p<a

Clearly, the number of terms in the last sum is

(@) 4 (@) <2 Y < a2,

where u is the smallest integer such that x'/* < 2. A word of caution here:
the number of terms in the last sum is not the Riemann prime counting
function, frequently denoted II(x) or J(z), although both the subject and
Riemann’s influence on the subject may lead one to believe (or hope) that
this is the case. In any case, we have

7r(:U1/2) + 7T(.CC1/3) +...=0 (:L'l/Q logx) )
so we obtain

2mi Y log ~ = / %1og¢(s)ds+o<xe—¢@),
p S

p<z (2)
since
1
Z —log%g logm:O(\/Elog2x):O(:L‘e_vlog”").
m p
m>2 m>2
<z "<z

Now we cut the complex plane along the real axis, continuing the cut from
s =1 to the left, and consider the function log ((s) in the cut plane. Now,
if Z denotes the complex conjugate of z, then ((2) = ((s) and logz = log z,
so clearly log ((5) = log ((s).

Then, by Theorem 33, ((s) # 0 for [t| > cg > c1 and ¢ > 1—cg(log [t]) 7.
Furthermore, since ((s) does not vanish on o =1, and since its zeros have
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Figure 2.2: [LeV2], page 243

no finite limit point in any half-plane o > o9 > 0 (due to ((s) being analytic
there), there exists a constant c11 > 0 such that ((s) # 0 in the rectangle

1—c11 <o <1, |t <eo.

Finally, ((s) # 0 for 1 < o < 2, and the only singularity in the half-
plane o > 0 occurs at s = 1. Therefore, for an arbitrary u > cg, log ((s) is a
single-valued analytic function in the region Q outlined by Figure 2.2 bounded

by I'1, Ty, ..., T, I'7, T, [s,...,[1. Now let T' denote the total boundary of
Q, i.e. '=T1+4+---+T4, then by Cauchy’s theorem we have the following:

xS
/F 2 log ¢(s)ds = 0.
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It follows, by taking the integrals in the positive direction, that

/ —log(
2—ui 24001 s
(/ / o e ) st
2 I I 24-ui
2—ui 24001 5
(L. o ) Sonc
2 To+--Tg+T7+T6++T2 2+ui s

Now it remains for us to show that all of these integrals, with the excep-
tion of I's and I's are small for u large.
So we utilize Theorem 8. For u > ug(e), we have

24001 xs 24001 LL‘Z
/ 2 log C(s)ds| < / Zog ¢(s)]|ds|
24ui S 2+ui |s]

> log~t
Sx/ og dt

) /°° dt
<z
— t2—5
u

ul—a

so that ,
24001 s

lim —5 log ((s)ds = 0.

U= Jotus S

Furthermore, this same estimate applies if we replace the “+” in the limits

114 2

of integration with a “—” and interchange top and bottom, i.e. interchange
2 4+ ui with 2 — oot and 2 + oot with 2 — ui.

For Ty, we have that the length of this arc is less than 2, and the integrand
is still smaller than % log? u/u? for u large, so we have

xs
lim — log ((s)ds = 0,

u—00 J1, S

and the same applies to T'y:

lim :% log ((s)ds = 0.
u—oo Jf S

As for T3 and its related arc, we have s = 1 — cg(logt) ™! + ti, so that

U l.lfCS(IOg t)~t
< _ log2 t
2
cy

Now suppose that x and then u are chosen large such that

cg < eVslogT

dt.

xS
2 log ((s)ds + i

rs tl
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Then

xs
/ —5 log ((s)ds
IS
\/2cg logx
-0 e 808 —cg(2cs logm)_l/Q 10g2t u 10g2t
c9 t ew?cglogx t / t /

I 00 2 u 2
-0 xef\/%cs logw/ 10g2 tdt—|— z / IOgS Zdt
¢y t e\/%cg log = eV2eglogz  { /

=0 (me_a‘/@> ,

where a = \/cg/2.

By symmetry, we have the same result for I's,
:ES

— log((s)ds = O (we*avlog’”) .
s S

Now Ty, T's, T4, and T's are all of fized lengths, and on these paths we
have

j—; log((s) =0 (z'"") =0 (x(fo‘V log‘r) .

Since these paths are of fixed lengths, we have that the same estimate holds
for the integrals as well.

I'7 is described by the relations s = 1+ e, |0| < w, where § > 0. Since
(s —1)((s) — 1 as s — 1, we have

Relog((s) =log|((s)| ~ —log|s — 1| = —log ,
Imlog ((s) = arg ((s) = O(1)
as § — 0F. Therefore,
s .Z'1+5
5 2 log((s)ds = O (27r5(1_6)2 log 5) =o0(1).

Combining all stated results in this proof, we take the limit as u — oo
and § — 0% and obtain

27riz:logf :/
p 1

p<z -

1 s

x® men —ay/logx
210g§(s)d5+/1 S—Qlogg(s)d8+0 (xe 8 ) ,

where we have the first integral to be along the top edge of the cut and the
second integral to be along the bottom edge, i.e. T'¢ and g respectively. We
know that (1 — s)((s) is analytic in the half-plane o > 0, and that it has no
zeros in the region o > 1 — c11, [t| < ¢g. Therefore

log ((s —1)¢(s)) = log(s — 1) +log ((s)
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is single-valued in this region. Furthermore, sincelog(s—1) has values which
differ by 2mi on the upper and lower edges of the cut, the same must be true
of log ((s), so long as the difference is taken in the reverse order. Now, let
sT indicate the upper edge of the cut, and s~ indicate the lower edge, then
we have

1 $S+ l—cin g™
/1 +)210gC(3+)d5+—|—/1 — log ((s7)ds™

—en (8 (s7)

1 st 1
x x
= log ¢(sT)ds™ —/ log ¢(sT) — 2mi) ds™
o o toncnyast = [ (w67 - 2m)
1 s
= 2m'/ %ds,
1—ci1 3

T
s |

p<zx —C11

and
1

x—;ds +0 (xe_a\/@> ; (2.34)

which was to be shown.

At this point, we have covered the necessary preliminary material, but
we would be remiss if we came this far to stop short of the Prime Number
Theorem. In fact, we prove a stronger result:

Theorem 36. As x — 0o

*odu 1
san/log x
71'(1‘)—/2 lou—i—O(aceQ )

Proof. We replace 1 — c11 with C in equation (2.34), and let

§ = 6(z) = e z2VIBT,

Now, since log(1+46) ~ § as x — oo, we get

3 10g$(1+5)p_210g;’

p<z(1+6) p<w
1496
= Zlog(1+5)+ Z logM
p<z z<p<z(149) p

= log(1 + d)m(z) + O (log(1 + 9) - éz)

1 s
:/ ?((Ha)s—1)ds+o<xe—av10gm),
C

thus, by solving for m(x) in the last two parts, we obtain

1 YA+ -1, pe~oVlogw
”(x)_log(Ha)/c 2 xds+0(5x)+0<5 .
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Note

(1+06)°—1=s0+ 8(82_, Y1+ 95)-262,

where 0 < ¥ < 1. So now for0 < s <1,
—1
I(146)* —1— s g8’82‘52<52‘

Now we simply make a change of variables, let x° = u, and we get the

following:
1 1 2_ 1 1 .5 1
/ A=l sgems [ sy o (52/ 2d5>
c § c s c S

T 1
= 5/ du +0 ((52/ xsds)
«c logu C

:5/ L0 (5%).
2

log u

Finally, we have enough to make the last computations,

5 Ty re—Vlogz
m(@) = log(1+ 6) /2 log u +0(0z) +0 ( ) )

(1+0( / —+O (5x)+0< avlogx)
T du
—/2 logu+0(5x)

:/ du +O<xe 2@ logz>,
5 logu

which was to be shown.
Now we have the Prime Number Theorem as a weak consequence of
Theorem 36, since

/xdu_u]m+/z du x
o logu  logul, Jy logZu logx

xefc\/log:(: — 0( L )
log

and

for every ¢ > 0. Actually, if we apply repeated integration by parts, we get

that
(z) x . 2l P mlx . x
m(z) = — 4+ ——+.-- o
logz  log?x log™ x log™ x

is true for every positive integer m.

46



Chapter 3

Geometrical Representation

This chapter focuses on illustrating the problem geometrically. Once we do
80, the problem of figuring out the number of integers expressible as the sum
of two squares can be understood by those possessing only a rudimentary
knowledge of geometry.

We shall see that our problem easily relates to Pythagorean triangles
and the number of lattice points within circles.

3.1 The Circle Problem of Gauss

The circle problem of Gauss is concerned with finding the number of lattice
points within the circle

u2+v2:n.

Typically, most people do this by defining r(n) as the number of lattice
points on the circle, seeing that

> r(n) =r(1) +1(2) + ... +r([z),
n<x
and realizing that this problem is concerned with the average order of
the function r(n).
It has been shown in many texts that

Z r(n) =mx + O(:E%)

n<x

That is, that the number of lattice points inside the circle is approxi-
mately its area with an error term on the order of its circumference.

This is almost intuitive and will not be proven here (for the interested
reader, see [HarWr], pages 270-271), but what does this interesting relation
have to do with our problem?
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Consider d, the distance from any lattice point, (u, v) to the origin. Then
d = u® 4+ v? is a number representable as the sum of two squares! Now the
question as to how many d’s are there less than a given number x becomes
known as exactly the number of circles less than the square root of x that
contain lattice points!

Figure 3.1: Number of integers expressible as sum of two squares less than
or equal to 36

Each circle represents a new d and the problem begins to resemble some-
thing relating to Pythagorean’s theorem.

We have gone from one classical problem (the circle problem of Gauss)
to another (numbers representable as the sum of two squares), but the tran-
sition is not without its drawbacks.

4
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3.2 Difficulties with Geometrical Representation

One of the biggest problems with our transition is that we have lost the
main tool mathematicians have used to attack the circle problem of Gauss,
i.e. lattice points.

Although it is clear that to continue to work with lattice points would
be cumbersome (take for instance, z = 1, then there are two circles (corre-
sponding to 0 and 1, both of which have obvious decompositions into the
sum of two squares), but there are five lattice points; at = 4 the number
of lattice points jumps to 13, and at x = 36 we have over 80 lattice points!),
the very distribution of the circles is the problem we were trying to tackle
in the first place.

The next section illustrates some of the work done continuing on with
lattice points, recognizing that the number of lattice points on a particular
circle is exactly the number of representations of that number as the sum of
two squares. For x > 0, each circle will contribute at least 4 lattice points.

Finally, although it is true that the formula given for the average order
of r(n) is very clear-cut and has the wonderful relation to area and circum-
ference of the circle, this is only the tip of the iceberg, so to speak, and the
real meat of the circle problem of Gauss is concerned with finding 6, the
smallest value of ¢ such that

Z r(z) = mx + O(x19).

n<x

It has been shown that i << %, numbers that have no nice relation
to the circumference of our circles.

As a last note about this problem, many mathematicians attempt to
delve into higher-dimensional figures, obtaining some rather nice results,
but this has no bearing on our current subject.

3.3 Other Work Relating to the Lattice Points in
a Circle

As mentioned in the previous section, each circle (after the trivial one)
contributes at least 4 lattice points; e.g. If x = 2, then 2 = 12 + 12 =
(-1)2+12 = (=1)2+(-1)2 = 12+ (—1)2. The question becomes then, once
we know a number is representable as the sum of two squares, is there a way
to unlock the number of representations?

Most work in this area uses the notation r(n) to be the arithmetical
counting function for the number of representations of n. I will also make
use of the notation 7*(n) to indicate the number of unique representations
up to order and sign. E.g.
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With this notation, we can describe the number of lattice points as the
summatory function associated with r, i.e.

N(@)=r0)+r(1) +--+r(lz)) = Y r(@)
0<n<lzx
and as before, we know that this function is on the order of the area of
the circle with an error term the size of the circumference, i.e.

> =mz+O0(Va).

n<x

Now we turn to [Sier] to try to get a handle on the number of represen-
tations of a number n such that n = 2% 4+ y2. If n is such a number, then
n > x? and n > y?, and so |z| < /n and |y| < \/n. So similar to when we
learned to check primality in grade school, we need to go no further than
V/n. For z, we substitute integers whose values are not greater than /n,
and solve for y. That is,

v =n— a2

Hence, if we obtain a square, we obtain two representations (since order
is important when computing the decomposition in this manner). We give
the following example:

Let n = 20. We form the sequence, 20, 19, 16, 11, 4. We know the second
and fourth term of this sequence are squares, so x = +2, y = £4, or z = +4
and y = £2. Thus, 20 has eight decompositions. They are

20=2"+47 =27+ (-4)" = (-2)" + 4" = (-2 + (-9)*
=424+ 2° =47 4 (=2)° = (—4)° + 2° = (—4)* + (-2)>.

Yet, n = 20 has only one unique decomposition up to order and sign.

We will explore lattice points more in Appendix B, after we have explored
the type of numbers that are representable as the sum of two squares. Fig-
uring out just what numbers generate these circles is the subject of the next
chapter.
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Chapter 4

Numerical Candidates

This chapter is concerned with discerning what numbers are representable
as the sum of two squares. In the vein of Chapter 3, this is equivalent to
discovering the squares of the radii of circles that contain lattice points. In
the beginning, we are concerned only with what primes are representable,
but we will see that these primes are wholly responsible for figuring out
which composite numbers have representations as the sum of two squares.

We split the primes into three distinct subgroups that contain all primes,
2, primes of the form 4k + 1, and primes of the form 4k + 3 or 4k — 1.
For primes of the first two types we have a positive answer concerning the
existence of a representation as the sum of two squares, but primes of the
form 4k + 3 tend to be the ugly stepbrother of the others (at least when it
comes to being representable as the sum of two squares).

2

Theorem 37. 2 is representable as the sum of two squares.

Proof. 2 =12 + 12.

4.1 Primes of the form 4k + 1

Fermat was the first to claim a proof that every prime p = 4k + 1 is repre-
sentable as the sum of two squares, and this theorem is sometimes called,
Fermat’s Christmas theorem, because of this.

Theorem 38 (Fermat’s Christmas Theorem). Fvery prime p = 4k+1,
k an integer, is representable as the sum of two squares.

Proof. This proof can be found in [Sier]. Let p be a prime number of the
form 4k + 1 and a = (%)!. We have pla® + 1, with (a,p) = 1 due to
Theorem 3. Now according to Thue’s theorem with m = p in our case, we
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have that there erist two natural numbers x,y, with each < \/p, such that
for a suitable choice of sign, ax + y is divisible by p. Hence, it follows that
a’x? — y? = (ax — y)(ax +vy) is divisible by p

a’x? + 2% = (a® + 1)2? is divisible by p since pla® + 1. Therefore, the
number 22 + y? = a%x? + 2% — (a®2? — y?) is divisible by p. We have that
x,y are natural numbers < \/p, so x,y < /p. Consequently, 22+ 9y? is a
natural number, 1 < x2 +y? < 2p, and is not divisible by p. So p = x> + 12,
proving that p is the sum of two squares of natural numbers.

This theorem is the first key in unlocking the puzzle of numbers repre-
sentable as the sum of two squares, and it also opens up many other avenues
of interest. For a few of these, please refer to Appendix 2.

4.2 Primes of the form 4k + 3

Theorem 39. No prime p of the form 4k + 3, k an integer, is expressible
as the sum of two squares.

Proof. This proof is relatively simple to demonstrate completely. Let n be
an integer. Then there are four possibilities.

(Case 1) Ifn=0 (mod 4), then n?> =0 (mod 4).
(Case 2) Ifn=1 (mod 4), then n®> =1 (mod 4).
(Case 3) Ifn=2 (mod 4), then n? =0 (mod 4).
(Case 4) Ifn=3 (mod 4), then n®> =1 (mod 4).

In any case, the square of an integer is congruent to 0 or 1 modulo 4.
Thus, the sum of two squares of integers can only be congruent to 0,1, or 2
modulo 4. Therefore, no prime p (or any integer for that matter) congruent
to 3 modulo 4, can be the sum of two squares.

4.3 The Numerical Winners

Theorem 40. A positive integer n has a representation as the sum of two
squares if and only if each prime factor congruent to 3 (mod 4) occurs with
even multiplicity.

Proof. Let ¢ =3 (mod 4) be prime, and let ¢%||n, where n = x> + y%. We
will show that a is even.

Let d = (z,y) and set x = dxo,y = dyo. Then (xo,y0) = 1, and n =
d?(z3 + y3). Let o be odd, then x? + y*> = 0 (mod q). It follows that
q 1 Yo, since otherwise q|xo, which is absurd since (xo,yo) = 1. Therefore,
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there must exist zo such that yozo =1 (mod q); for instance, we could take
zZo = yg_2 by Fermat’s Little theorem. Thus,

(mozo)2 +1= (m% + y%)zg =0 (mod q),

which is absurd, since —1 is not a quadratic residue for ¢ =3 (mod 4). So
if ¢*||n, then « is even.
Next, we show that if each prime ¢ = 3 (mod 4) in the factorization of
n occurs to an even power, then n is expressible as the sum of two squares.
We have the identity

(2% +y%) (v +v?) = (zu — yv)? + (zv + yu)?

which shows that the product of two integers expressible as the sum of
two squares is itself expressible as a sum of two squares.

Clearly, 2 is the sum of two squares, and any square of an integer is as
well, i.e. m?> = m? 4 02, finally we have already shown that for all primes
p=1 (mod 4), p is the sum of two squares.

Thus, all natural numbers n that can be expressed as the sum of two
squares are of the form

n = 2°PQ?

where 0 < «, P is the product of primes congruent to 1 (mod 4) and Q
is the product of primes congruent to 3 (mod 4).
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Chapter 5

The Number of Integers
Expressible as the Sum of
Two Squares

Let B(x) be the counting function for the number of integers expressible as
the sum of two squares. That is, for u,v € Z
B(z) :=#{n <z:n=u?+0v%}.

In other words, if we have b,, as the characteristic function for numbers
representable as the sum of two squares, i.e.

lifn=a?+ y2 for some integers x, vy,

b, =
0 else,

then

B(z) = bn.

n<x

5.1 A Heuristic Argument

The following heuristic argument, given in [LeV2], will lead us to believe
(correctly) that

Bx
Viogz’

for some positive real, 5. Although not a formal proof, it contains some

B(x) ~

interesting mathematics in and of itself.
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To begin with, take x very large. Then one out of every p integers is

divisible by p, so that the number of integers not divisible by p is about

_ _1
z—az/porz(l— ).
Therefore, the number of integers not divisible by any p < /z is about

1
T 1—-—.
(=)
p<\z
Now, by the Prime Number Theorem, the number of integers not divis-

ible by any p < /x is

T
T H <1—> xlogx'

This gives us the number of integers not divisible by any p in a sequence.

But to count up B(z), we do not want to eliminate every composite
number, as explained in Theorem 4.2, we wish only to eliminate integers
divisible by an odd power of any prime ¢ =3 (mod 4).

This can be accomplished using the cross-classification principle: basi-
cally, we eliminate all integers divisible by ¢, then bring back those divisi-
ble by ¢? that we previously eliminated, and proceeding on in like fashion
(eliminating odd powers and bringing back even powers). This yields the

following:
(-0 (+3) (-5)
a:‘ —_ - —_— _ —_— PEEEEY
q q> ¢

as the number left after accounting for the prime ¢q. Note that the
product is finite since we do not proceed beyond /.
Now we eliminate all primes ¢ =3 (mod 4) for an estimation of B(z):

e IL(-3) 1L () JL 6 3)-

<z P>P<Vx

But each product after the first converges as © — 0o, so we get,

For all primes p, it is true that
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1 1
log H <l—p> = Z log (1—p> ~ — log (log x).
<V p<V=

And since, by Dirichlet’s theorem, about half of all primes are 3 (mod 4),
we have that

1 1 1
log H (1 — > ~ ——log (log z) = log ( > ,
<5 q 2 Vlog x

Which clearly gives us,

X

B(z) ~ }] <1q)~m.

This provides us very strong evidence to believe that, for some 8 € R

Bx
Viegz

L

B(z) ~

5.2 Estimate of B(x)

In the following subsections we examine two separate approaches to esti-
mating the number of integers expressible as the sum of two squares. One
approach makes use of the generalized Wiener-lkehara theorem, while the
other relies on contour integrals and the proof of the Prime Number Theo-
rem. In this section we go through the first proof, but we only set up the
second proof with comments on the asymptotic expansion of B(z), leaving
the proof in its entirety for the final section of the chapter.

5.2.1 Method 1 - Via the Generalized Wiener-Ikehara The-
orem

This section makes use of the Generalized Wiener-Ikehara Theorem as de-
scribed in the preliminaries and this is the method that [BatDia] makes use
of to estimate B(x).

Recall that this theorem says:

Generalized Wiener-Ikehara Theorem Let F' be a real valued nonde-
creasing function in YV with o, F)=a>0. Let
phi and Y be functions which are analytic on the closed half-plane
{s : ¢ > a} and assume that ¢(a) # 0. For v a real number dis-
tinct from 0,—1, =2, ..., let (s — «)~7 be positive valued on the real ray
{s:s>a}. Suppose that
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F(s) = /:ESdF([L‘) =(s—a) 7¢(s) +9(s)
holds on the open half-plane {s : o0 > a}. Then

dla)z* (logx) "

P~ ar)

Where I' denotes the Euler gamma function.

Now, let k be a given integer, k > 2, and let h = (k) (where ¢ refers
to the Euler totient function). Let a1, aq, ..., ap, be a reduced residue system
modulo k. Let by, ba, ..., by be real numbers in [0, 1], not all 0, and let f be
a multiplicative function with the following properties:

(1) f(p) :==0bjif p=a; (mod k), and
2 0< f<1.

Let B := by + by + - + bp,. In the next lemma, given in [BatDial, we get
an estimate for the summatory function of f, our first step towards finding
an estimate for B(z). Many of the intermediary results have already been
shown in the preliminaries, but where possible, the author has aimed to
provide separate proofs of certain results when they have differed from the
proofs found in Appendix A. Also, comments relating these results back to
those found in Chapter 2 are provided whenever necessary.

Lemma 9. Let f be as above. There exists a positive number ¢ = ¢(f) such
that

Zf ~ cx( logw)(B/h)*l.
n<lz

Proof. Our goal is to apply the Generalized Wiener-Ikehara theorem to the
Dirichlet series F(s) := > f(n)n™%, but before we can do that, we must
show that

F(s) = (s = 1)P/"F*(s),

where F*(s) is analytic on {s : ¢ > 1} and F*(1) # 0. Since f > 0, it
follows that F*(1) > 0.
Since f is a multiplicative function by our premises,

H 11 ( f; r) )K (5.1)

=1 p=a; (k)
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with

K::K(s)::H{1+f(p)+f(§j)Jr...}.

S
plk b b

FEach factor of K converges for Res > 0 and is positive at s = 1. Since
k has only a finite number of prime divisors, K converges and defines an
analytic function for Res > 0.

We express a general product:

Gs)H(s)== ] {t+bp "+ f@")p > +--},
p=a(k)

where

b 2
e L {2

G(s) = Gap(s) == H (1 —pfs)fb.

p=a(k)

Given p = a (mod k) with (a,k) =1, consider a single factor of H:

(1_p—s)b (1—|—bp_s+f(p2)p_2s+-").

The binomial ezpansion of (1 — p‘s)b has coefficients all of size at most
1, as are the coefficients of b, f (pz),..., in the second factor. Formally
multiplying, we see that each factor of H is of the form

L+ 0p™" + 300p™> +403p™> + -+,

where each |6, < 1. Thus, H(s) = sza{1+0 (p°)} converges
uniformly for say, Res > 2/3, and is therefore analytic on this half-plane.
Also, H(1) > 0, since each factor is positive.

Now let’s take a closer look at G. We have

logG(s) =b Z log (1 —p*s)fl =b Z b

p=alk) p=a(k) a=1

As a comparison, consider G*, where
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This last sum extends over all primes p and positive integers a satisfying
p* =a (mod k). Let

bda(s) = log G(s) — log G* (s),

then this is a Dirichlet series with bounded coefficients extending over
higher prime powers and thus is analytic for Res > 1/2. It follows that

G(s) = exp {bga(s)} [ [ L(s,x)"X@/".
X

Now, for x # x1, L(s,x) is analytic and nonzero on the closed half-
plane o > 1, and thus all factors of Gg,p, except L(s,xl)bi/h have the same
property.

For x1, we simply multiply over all the reduced residue classes and obtain

h
IT ZGs,x0)"/" = L(s, x1)®/"
i=1
B/h
=(s— l)B/h (s —1){(s) H (1 —p_s)

plk

Now, figuring out ¢ from the preceding calculation is quite involved, but
knowing the existence of ¢, we can determine it by an abelian estimate.
Finally, we have that

_ 1 fo) ()
anmn{”za+p2+”}x

plk

h ) 2
SliI{lJr(S_l)B/hH H {1+Zg+f]§§s)+---}.

=1 p=a; (mod k)
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Now let

Jap(8) = Hap(s) exp {bpa(s)} H L(s, x)X@/h,
X7#X1

Then we have ﬁ(s) = F*(s)(s — 1)7B, with
B/h
F*(s) = K(s)§ (s =) [T (1 =»7) | J 20
plk i=1

an analytic function with no zeroes in {s: o > 1}. Also, 0 < B/h < 1.
Therefore, the generalized Wiener-Ikehara theorem applies, and we finally
obtain

Zf ~cx ( logaz)(th)/h

n<x

with ¢ := ¢y := F*(1)/T(B/h).
Now we are ready to prove our theorem.

Theorem 41. There is a constant 3 such that
Bx
Jog s’

Proof. Let b € A be the indicator function of {n €Z:n=u’+ 1)2}. By
our lemmas, we see that b is multiplicative and

B(z) ~

L,ifp=2orp=1 (mod 4),
b(p*) =< 1,if p=3 (mod 4) and « is even,
0, if p=3 (mod 4) and « is odd.

We will typically denote this by by, for integral n. Let B denote the
associated Dirichlet series, i.e. if

~ > b,
B(S) = E
n=1

then we have

Bis)y=(1-2)"'"T[-p) ' JJ(1-a>)"" (0>1),

p q

where p runs through primes congruent to 1 (mod 4) and q runs through
primes congruent to 3 (mod 4). Now b satisfies the previous lemma.
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In the notation of that lemma, we have k, our modulus, equal to 4,

h=@(4) =2, and B, f = b and the sum of b(p), for p in the reduced residue
system modulo 4, equal to 1.

It follows that /s — lé(s) is analytic on the closed half-plane {s: o > 1}
and that B has an asymptotic formula of the stated form.

It will be easier to evaluate B by expressing B in terms of some other
functions which we have some tools for. Observe that

e ={ (-2 T T —q-s>‘1} .

FARSSANS H-

=((s)(1-27)7"L SX2H1—q_25 ,
q

(5.2)

where x2 s the nonprincipal character modulo 4. Furthermore, the last
product converges for o > 1/2.
Since the factors of (5.2) other than ¢ are analytic on the open half-plane

{s:0>1/2}, we conclude from the Generalized Wiener-Ikehara Theorem
that

1/2
B(z) ~ z(logz)~1/?

11(11/2) 2L(1, x2) H (1_q—2)—1

q=(4)
~ I @-¢?) " 2/v210gz,
)

and in fact, this proves the theorem since we can let

1/2
1 _oy—1
= <{2L(1 1—q2
0=t/ (Lx2) JI (0=¢7?)
q=3(4)
It is a simple matter to estimate B however, so we might as well.
We use the reflection formula for the gamma function to evaluate T'(1/2):

(I(1/2))* =

™

sin /2

D(1/2) = 7 (5.3)
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The series for L(1,x2) tells us that it is equal to arctanl = w/4. By
multiplying by 2 and taking the square root, we get that

1 1
rj) VL =5

Now the product can be estimated as needed for more accuracy. Al-
though it converges slowly (reaching only three decimal places of accuracy
upon evaluating it over the first 25 primes congruent to 3 modulo 4), there
exist methods to evaluate this product quicker.

Our estimation will serve fine for our purposes however; we get the result

1/2

p= L1 T -a?»") =o0764....

q=3(4)

5.2.2 Asymptotic Expansion of B(x)

The original proof of our theorem was first done by Landau which can be
found in [LanCol] or [LanZah]. The following is a sketch of Landau’s proof
given by G. H. Hardy in [HarRam]. In the next section we prove the the-
orem completely using methods developed in the Prime Number Theorem,
but this argument serves us well by giving us another viewpoint and by
reinforcing ideas developed up to this point.

As was shown earlier in the paper, it is necessary and sufficient that for
n to be expressible as a sum of two squares

n = 2°PQ?,
where P is a product of primes p =1 (mod 4) and @ a product of primes

g =3 (mod 4). R
As before, we get the associated Dirichlet series B such that

~ 1 1 1
B(S) 1 _9=s I I ] l l _ g—2s’
1-2 1—p 1—g¢q
p=1 (mod 4) g=3 (mod 4)

Also we have the nice representation of its square

B?(s) = (s)¢ ()L (s). (5.4)
where ¢ (s) is the ugly part, that is,

1 1
P(s) = o q:1;£) = (5.5)

It is clear that v(s) is analytic and has no zeroes for o > 1/2. L(s)
is an integral function that has value m/4 for s = 1 and ((s) is analytic
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everywhere except at its pole at s = 1. It is also a well known fact that
neither ((s) nor L(s) vanishes in a region D to the left of o = 1 of the type

4
{log(|t| +2)}A
And finally, for large ¢ in D, {(s) and L(s) are

o>1

O ((log [t))*) -
It follows that

B(s) = (s —1)""g(s)

where ¢(s) is analytic in D and

s ={Jo} 5T (=) | —ovm

q=3(4)
Now, recalling that B(z) is the number of integers representable as the
sum of two squares up to x, we have

1 ct+ioco s

Biz) =Y *by=-— ~d
@)= =g [ ST

for ¢ > 1, where the * in B*(z) tells us that when z is an integer, we take
only half of the last term of the sum. This formula comes from Perron’s
formula.

Now the integrand has an algebraic singularity, so we will approximate
B*(x) by aloop integral around s = 1. We will do so via a path of integration
of the type C in Figure 5.1. Our approximating function will be

1 A | x® BT x®
i Lf(s)?ds T o L (s— 1)1/239(8)d8 - 2mi /L (s — 1)1/2h(5)d5’
(5.6)
where
h(s)=1+4ai(s—1)+ag(s— 1) +--- (5.7)

near s = 1, and L is the path from 1 —#» around 1 as shown in the figure.
If we work with h(s) as though it were 1, we get

6 [t x° ds — Bz [" exp(—ulogx)
VEho, U= 2T "5y T e

which is nearly

du,
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L

Figure 5.1: [HarRam], page 62

Bx
Vog x
and when this is properly developed, leads us to the asymptotic expan-
sion

Bz o oo
B(x) = NI {1 + log 7 + (log 12 + } . (5.8)

This is effectively Landau’s result.

5.2.3 Method 2 - Via Contour Integration

Up to now, we have only outlined a sketch of the argument, that when
developed leads us to the asymptotic expansion given above. As we shall
see, the reason for doing this is to avoid some tedious calculations as well as
delving too deeply into the complex analysis.

But we shall advance further utilizing the methods laid out in [LeV2] to
prove the Prime Number Theorem applied to B(x).

First, we require two lemmas, which, because B(z) is composed of factors
of ¢ and L, we obtain immediately.

Lemma 10. 1. Ez(s) 18 analytic and different from zero in the region Q)
of Figure 5.2, for suitable c11 and cg, and it has a simple pole at s =1
with residue

5 I a-a?) =

q=3(4)
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Figure 5.2: [LeV2|, page 243

Hence, B is also analytic in Q and 32(3) (s = 1) is analytic in the
uncut region ofiQ/ created from Q by omitting I's, I'7, and T'g, and
joining I's and I's.

2. For |t| > 8 and s in Q, the inequality ‘B\(s)

< ci14log |t] holds.

From this, we obtain a similar result as we had before.

Lemma 11. For appropriate ¢ < 1,

1[178

1 _

Z by, log r_ 2 — B(s)ds + O <$6_a logx) .
n  wJ, s

n<x

Proof. This proof begins the same as the proof of the similar result in chap-

ter 2. That is, by changing the path of integration in the relation
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¥~
> bn log £ = —B(s)ds
no 2mi Jig) S
n<z

and estimating the new integrals along paths which are bounded away
from s =1; the only change is that we use the estimate from the last lemma,
i.e. |B(s)| < cialoglt| instead of |log(¢(s))| < log? |t|. Excluding this te-
diousness, we obtain the relation

z®
bplog = = — —B(s)ds + O (we~*Vioar) |
Z Ogn 271 ( /116 /1“7 /Fe> 2 )ds + ( )
Near s =1, E(s) has the expansion
Bls)= ==+,

with

r= \/21;[(1—7“2)1

as before. Here \/s —1 > 0 for s > 1. Putting s = 1+ de'?, we obtain

[ 580 -0 (n L) ot
as 6 — 0.

Since E(s)(s—l) is single-valued in Q', the quantity 2 arg §(5)+arg(s—1)
is unchanged by traveling a path in Q from Tg to T'g. Since arg(s — 1)
increases by 2w, arg E(s) decreases by w. Thus B\(s) has opposite signs on
the two edges of the cut. Therefore

/1"6 s; B(s )dSJF/FG gB( )dSZQ/r6 ?B( s)ds,

and therefore
1 s __
Z by, log —=— %B(s)ds +0 (xe*av log’”> ,

1—ci1 3
which was to be shown.

Theorem 42. As x — 00,

0= gz O (e )

where
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1 1\ /2
V2 q=3(4) 1
Proof. Referring to Figure 5.3, on T's we have
B(s) i
= + 01—
2 T s o(—s oW
= L Oo(WI=s)
1—3s
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as s — 17. Then according to the previous lemma
i T
E b, log —
n
n=1

1 /[t 57 < 1 z
= — ds+ O / xS\/l—sds>+O< >
T J1—eyy V1= 1—c11 1Og2 T
x

C11 C11
= T/ I=uy =120, 4+ O (/ xl_“ul/zdu) + 0 ( 5
T Jo 0 log”

c11 C11
—_—— etlogy =120 4+ O <:1:/ e“logxul/Qdu> +0 ( xz >
0
v

8

™ Jo

re c11logx v —-1/2 dv c11logx 1/2 dv
= — e’ +0 x/ e "
7 Jo log x log 0 log log x
T
+ O
()
re c11 logx 12 < T /oo 1 > T
= Yo 2y + O [ —— vl 2dy ) + O
m+/log /0 < ! log;?’/2 z Jo © ’ log®
rT 1 0 T
= (=) - e“v1/2dv} + 0 (>
Wvlogx { <2> \/011 logx 10g3/2l‘

rr X
- m/logx {ﬁ+ © <log3/2:v> } '

Therefore,
= T Bx T
b, log — = O\ —+ 1,
nzz:l & Viegzx * <10g3/2x>
where
B )z,

T 1
= —— = —— ]_ —

V7~ sl
as before. Note that this is not B(x), but it is very closely related to B(zx),
and we will be able to estimate our function more accurately than before by
using it.

Let 6 = 6(x) be positive. Then we have

z+0x x
)
S bolog T2 — 3 by log =
n n
n=1 n=1
T T+ox
5 (5.9)
= log(1+9) E by + E bnlogx+ i
n=1 n=x

=log(1 + 9)B(z) + O (log(1 +9) - dx),

but we also have that this is equal to the following
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Ba(1+6) B _ fa
V1og(x + 0z) Viogr  +/logz

(5.10)

1446
1+0(5/logz) 1)
5+O(5/10gw)>
1+0(5/logx)

(6+0(5/logz)) .

Bz 146 _q
~Voer \ e

Now since log(1 4+ 6) = § + O(62) as 6 — 0, we can solve for B(x) by
setting the last relations of equations 5.9 and 5.10 equal, and we obtain,

Bz 0 RS . T

Bla) = Viogx {109(1 +6) o (logm)} +0n) +0 (5103;3/21:)
Pz x x
= sz (1+0(5))+0 (log3/2x) +O0(dz) + O (5 log3/2x> )

Let §(x) = 1/1og* x, we obtain the following:

Tz 0 (o) 0 (i)
B(z) = +O0(—|+0
(v) Togz log®/* 2 log®/2 1
T T
+0|—+—)+0
<log3/4x) (10g3/4x>

o0 ()
O
logac+ 10g3/4x ’

which was to be proved.
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Chapter 6

Conclusion

Using the same methods, an analytic proof of Dirichlet’s theorem can be
obtained (Appendix A), and clearly other functions that can be obtained in
terms of ((s) or L(s, x) and fit our criteria can be explored as well.

As we have seen, the mathematics going into proving the estimate of
B(x) are significant and able to be utilized in other situations as well. The
machinery of ¢ and of L are used throughout number theory and are on the
forefront of research being done today, not just in the proof of the Prime
Number Theorem. To anyone attempting to delve the mysteries of ¢ or
L, this material provides ample proving grounds, and prompts even more
questions.

Acknowledgements

I would like to thank Dr. Fabrykowski for his invaluable guidance and
assistance with this paper and in all things number theory. I also thank the
professors I am defending this thesis to: Dr. Wingler and Dr. Smotzer.

The mathematics department at Youngstown State University has mo-
nopolized the best experiences of my academic career for the last six years
and I am indebted to the wonderful characters populating it. In particular,
I would like to acknowledge my colleagues in the graduate program of YSU.

I would like to thank my family members in supporting me in pursuing
this degree, and without whom I would surely have entered into some artistic
endeavor. Especially, my fiancé Samantha has been my heart and inspiration
in everything I do.

Finally, I give my regards to all that supported me in any manner during
this thesis.

70



Bibliography

[Apos] Tom M. Apostol, Introduction to Analytic Number Theory, Springer
Science+Business Media, LLC, New York, 1976.

[BatDia] Paul Bateman and Harold Diamond, Analytic Number Theory:
An Introductory Course, World Scientific Publishing Co. Pte. Ltd.,
Singapore, 2004.

[BamChow| R. P. Bambah and S. Chowla, On Numbers Which Can Be
Expressed As A Sum Of Two Squares,
http://www.new.dli.ernet.in/rawdataupload/upload/insa/
INSA_1/20005b85_101.pdf

[Burt] David Burton, Elementary Number Theory, McGraw-Hill, New York,
2007.

[HarRam| G. H. Hardy, Ramanujan:Twelve lectures on subjects suggested
by his life and work, Cambridge University Press, Cambridge, 1940.
Reprinted by American Mathematical Society, Providence, 1999.

[HarWr| G. H. Hardy and E. M. Wright, An Introduction to the Theory of
Numbers, University Press, Oxford, 1975.

[Hool] Christopher Hooley, On the Intervals Between Numbers that are
Sums of Two Squares,

[Kara] Anatoly A. Karatsuba, Complex Analysis in Number Theory, CRC
Press, Inc., Boca Raton, 1995.

[LanCol] Edmund Landau, Collected Works, Vol. 4, Thales Verlag, Essen,
1987.

[LanHan] Edmund Landau, Handbuch der Lehre von der Verteilung der
Primzahlen, Chelsea Publishing Company, New York, 1974.

[LanZah] Edmund Landau, Vorlesungen tber Zahlentheorie, Chelsea Pub.
Co., New York, 1947.

71



[LeV1] William Judson LeVeque, Topics in Number Theory, Volume I,
Addison-Wesley Publishing Company, Inc, Reading, 1958.

[LeV2] William Judson LeVeque, Topics in Number Theory, Volume II,
Addison-Wesley Publishing Company, Inc, Reading, 1961.

[Sier] W. Sierpinski, Elementary Theory of Numbers, PWN - Polish Scien-
tific Publishers, Warszawa, 1964.

[Shiu] P. Shiu, Counting Sums of Two Squares: The Meissel-Lehmer
Method, Mathematics of Computation, Vol. 47, No. 175, Jul., 1986.

72



Appendix A

Proofs

This appendix contains all proofs omitted from chapter 2. Like that chapter,
this material can be found in any number of texts, including, [LanHan],
[HarWr]|, [Apos|, [BatDial, [Burt], [Sier] and [Kara].

When possible, we have relied on [Apos] exclusively.

A.1 Cross-Classification Principle

Theorem. Let S be a set of N distinct elements, and let Si,...,S, be
arbitrary subsets of S containing N1, ..., N, elements, respectively. For 1 <
1< g <<l <r, let 5. be the intersection of S;, S;,...,S;; and let
Nyj..q be the number of elements of Si;..;. Then the number of elements of
S not in any of S1,...,Sr is

KZN—ZNz—F Z Nij_ Z ka—F

1<i<r 1<i<j<r 1<i<j<k<r
+ (—1)TN12...T.
Proof. Let a certain element s of S belong to exactly m of the sets S, ..., S,.

If m = 0, s is counted only once, in N itself. If0 < m <r, then s is counted
once, or () times, in N, (') times in the terms N;, (") times in the terms
N;j, etc. Thus, the total contribution to K arising from the element s is

(5)-(3)(5) () -0

A.2 Quadratic Residues

Theorem (Euler’s Criterion). Let p be an odd prime and (a,p) = 1.
Then a is a quadratic residue of p if and only if a®V/2 =1 (mod p).
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Proof. Suppose that a is a quadratic residue of p, thus > = a (mod p) has
a solution, say xo. Because (a,p) = 1, we have that (zg,p) = 1. We may
therefore apply Fermat’s little theorem to obtain

a®0/2 = (22)P7V2 = 271 = 1 (mod p).

Now for the other direction. Assume the congruence a®1/2 =1 (mod p)
holds, and let r be a primitive root of p. Then a = r* (mod p) for some

integer k with 1 < k <p—1. It follows that
PFP=D/2 = o(P=1/2 =1 (mod p).
Now, the order of r (i.e. p— 1), must divide the exponent k(p —1)/2.
Thus, k is an even integer, say k = 2m. Therefore,

(r™)? = r?™ = vk = ¢ (mod p).

Thus, ™™ is a solution of the congruence x> = a (mod p). Thus proving

that a is a quadratic residue of the prime p.

Theorem. Ifp is a prime of the form 4k+1 (where k is a natural number),

then
2
p—1Y,
— ! 1
5]+

Proof. We have % = 2k since p = 4k + 1, which implies that

p—1 p—1
1.2.3...T:(_1)(_2)..._T

ptl

=@-1p-2)

( (mod p)).

Therefore we obtain

[(p;)!rzl.z...Q. 5 (=1 =@-1!=-1 (modp),

which yields our theorem after adding 1 to both sides.

Theorem (Thue Theorem). If m is a natural number and a an integer
relatively prime to m, then there exist natural numbers x and y both less
than v/m and such that the number ax + yis divisible by m for a suitable
choice of the sign =+.
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Proof. If m = 1, then the theorem holds since we may set x =y = 1. Now
suppose that m is a natural number greater than 1. Let ¢ = |/m|. Then
q+1>+/m and (g+1)% > m.

Consider the expressions ax —y for x,y taking the values 0,1,2,...,q.
There are (q + 1)% of these expressions, and only m different remainders
obtained by division of m. Thus, for two different pairs x1,y1 and xs2,y2,
and without loss of generality x1 > x2, we obtain the same remainders by
divison of ax —y by m.

Consequently, we have

mlax1 — y1 — (axs — yo2) = a1 — x2) — (1 — y2)

Now, we cannot have x1 = x9, since if so, then y1 — ys would be divisible
bym but 0 <y <qg</m<mand0 <y <m.

Furthermore, the equality y1 = ya is impossible, since then a(xy — 2)
would be divisible by m and (a, m) = 1 implies that m |z1 — x2, but we have
that 0 < x1 <m and 0 < o < m. Thus we have both x1 # xo and y1 7 ys.
Now since, x1 > T2, * = 1 — Tg 1S a natural number. The number y; — ys
can be negative, but it is different from zero, so y = |y1 — y2| is a natural
number. Thus

r=r—x1— 2221 < ¢S Vvm,y<qg< vm

Finally, we have that for the appropriate sign, + or —, the number
a(xy —x2) — (y1 — y2) = ax £y is divisible by m.

A.3 Functions

Before we can prove the next theorem, involving the product formula of
©(n), we need a lemma relating ¢(n) to wu(n).

Lemma 12. If n > 1 we have

o(n) = > pld)5.

dn
Now we are prepared to prove our theorem.

Theorem. Forn > 1 we have

@(n):nH(1—;>.
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Proof. For n = 1, the product, [],, (1 —1/p) is empty since there are
no primes that divide 1. Therefore the product is assigned the value 1 by
definition.

Now suppose n > 1 and let p1,...,p, be the distinct prime divisors of n.
Now the product can be written as

1))
:1—2;4-2 1 _Z 1 +...+i

Dipj DiPiPk pip2 - Pr

Now, on the right hand side, a term like Y 1/(pipjpk) is understood to
consider all possible products p;p;py. of distinct prime factors of n taken three
at a time. Now each term on the right is of the form +1/d where d is a
divisor of n which is either 1 or a product of distinct primes. The numerator
+1 is pu(d). Now we have that p(d) = 0 if d is divisible by the square of any
p; and so the sum is exactly

> MEld) = ¢(n),

dn

proving the theorem.

Proof. (via Cross-Classification Principle).
We have a second proof of the product formula, utilizing the principle of
cross-classification from the first section.

In the notation of that theorem, take S to be the set of integers 1,...,n,
and for 1 < k <r, take Sy, to be the set of elements of S which are divisible
by pr, where n = p{* ---p2. Then if d|n, the number of integers s < n such
that d|s is n/d; therefore

n n 1
n)=mn-— — + —=n 1—>.
o =n= 3 0w 3 eIl ()

1<i<j<r

A.4 Dirichlet Series

Theorem. Suppose the series > |f(n)n=*| does not converge for all s or
diverge for all s. Then there exists a real number, o., called the abscissa of
absolute convergence, such that the series > |f(n)n=*%| converges absolutely
if 0 > 0., but does not converge absolutely if o < o..
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Proof. Let D be the set of all real o such that Y |f(n)n™*| diverges. D is
not empty because the series does not converge for all s, and D is bounded
above because the series does not diverge for all s. Therefore, D has a least
upper bound, say o.. If 0 < g, then o € D, otherwise o would be an upper
bound for D smaller than the least upper bound, which is absurd. If o > o,
then o € D since o, is an upper bound for D. Hence the theorem is proved.

Again, we are in need of another lemma before proving the next theorem.

Lemma 13. If N > 1 and 0 > b > 0., we have

> f)n
n=N

Theorem (Uniqueness theorem). Given two Dirichlet series

F(s) = Z fT(:) and G(s) = Z g(?;t)’
n=1

<N S ()t
n=N

n
n=

1
both absolutely convergent for o > o.. If F(s) = G(s) for each s in
an infinite sequence {si} such that Re(sy) = op — +00 as k — oo, then
f(n) = g(n) for every n.
Proof. Let h(n) = f(n)—g(n) and let H(s) = F(s)—G(s). Then H(s;) =0
for each k. To prove h(n) =0 for all n we assume that h(n) # 0 for some

n and obtain an absurdity.
Let ng be the smallest integer for which h(n) # 0. Then we have the

following

ns ng ns
n=ng n=ng+1
Therefore,
o0
h
hng) = njH(s) —ng > (Z’).
n=ng+1 n

Now assign s = sy, we get H(s,) = 0. It follows that

h(ng) = —ng* Z h(n)n=%.

n=ng+1

Now choose k such that o > b where b > o.. Our lemma implies that

o0 [
o —(or—b) —c __ 1o
)] < 5o+ 170 3 it = ()4
n=no
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with A independent of k. Allowing k — oo, we find that (ng/(ng +
1)) — 0, but this implies that h(ng) = 0, which is absurd. Therefore, ng
does not exist and our theorem is proved.

Theorem. Given two functions F(s) and G(s) represented by Dirichlet se-
T1€S,

F(s) = i fig) for o > a,
n=1
and

G(s) :Zg?(;:)fora>b.
n=1

Then in the half-plane where both series converge absolutely we have

F(s)G(s) = 3 ) (A1)

ns ’

n=1
where h = f x g, the Dirichlet convolution of f and g:
n
h(n) = %:ﬂd)g (5)-
Conwversely, if F(s)G(s) = > a(n)n™* for all s in a sequence {s;} with

o — 400 as k — 0o, then a = f xg.

Proof. For any s for which both series converge absolutely we have

F(s)G(s) =Y fln)n™ Y glm)m™ =" %" f(n)g(m)(mn)~".

n=1 m=1 n=1m=1

Due to absolute convergence, we can multiply these series together and
rearrange terms as we see fit without altering the wvalue of the sum. We
collect together those terms for which mn is constant, say mn = k. The

possible values of k are 1,2, ..., therefore,
F(s)G(s) =) | ( > f(n)g(m)> E* =) h(k)k™
k=1 \mn=k k=1

where h(k) = Y, f(n)g(m) = (f *g) (k), proving the first claim,

while the second follows from uniqueness.

Theorem. For all f we have [ x f = f+1 = f.
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Proof. We have the following

(e = Y @ (5) = s | 2] = rin)

dn din
since [d/n] =0 if d < n.
Theorem (Analytic Fundamental Theorem of Arithmetic). Let f
be a multiplicative arithmetical function such that the series Y f(n) is ab-

solutely convergent. Then the sum of the series can be expressed as an
absolutely convergent infinite product,

o0

Yoy =TT{t+ 1w+ 0" +---} (A.2)
n=1

p

extended over all primes. If f is completely multiplicative, the product
stmplifies and we have

= 1
;f(”) = Hl—if(p) (A.3)

p

FEither version is referred to as the Euler product of the series.

Proof. Consider the finite product

P =[[{1+f@+ e+ -}

p<z

extended over all primes p < x. Since this is the product of a finite num-
ber of absolutely convergent series, we can multiply the series and rearrange
the terms in any fashion without altering the sum. A typical term is of the
form

FO) @) f (o) = f(01'p5* - ppr)

since f is multiplicative. By the fundamental theorem of arithmetic we
can write

P@) =Y f(n)

neA

where A consists of those n having all their prime factors < x. Therefore,

S fn) - Pa) = Y fn),
n=1

neB

where B is the set of n having at least one prime factor > x. Now we
have
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<Y 1ml < 1),

neB n>x

> f(n) - P(x)

As x — 00, the last sum on the right goes to 0 since Y |f(n)| is conver-
gent. Hence, P(x) — Y f(n) as x — oo.

An infinite product of the form [[(1+ a,) converges absolutely whenever
the corresponding series Y a, converges absolutely. In this case, we have

S +F@) +- [ <D (@I + )] +--) <D If )]
n=2

p<z p<w

Since all of the partial sums are bounded, the series of positive terms

D)+ F@°) + -

converges, and this implies absolute convergence of the first product in
the theorem.

Finally, when f is completely multiplicative, we have f(p™) = [f(p)]"
and each series on the right in the theorem is a convergent geometric series
with sum (1 — f(p))~!

Lemma. Let {f,} be a sequence of functions analytic on an open subset S
of the complex plane, and assume that {f,} converges uniformly on every
compact subset of S to a limit function f. Then f is analytic on S and the
sequence of derivatives { f]} converges uniformly on every compact subset of
S to the derivative f'.

Proof. f, analytic on S allows us to use Cauchy’s integral formula

fnla) = i Inl2)

= — dz
21 Jop 2 —a

where D is any compact disk in S, 0D is its positively oriented boundary,
and a is any interior point of D. Uniform convergence allows us to pass to
the limit under the integral sign and obtain

f@= g [ I

S 2mi Jop z—a

dz

which implies that [ is analytic inside D. For the derivatives, we have
fula) = / Mdz and f'(a) = / &dz
2 Jop (2 — a)? 2 Jop (2 — a)?

from which it follows that f](a) — f'(a) uniformly on every compact
subset of S as n — oo.
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Before we prove the next lemma, we in fact have need of a separate one
and also of Abel’s identity, frequently called Abel summation.

Theorem (Abel’s identity). For any arithmetical function a(n), let

n<zx
?
where A(x) =0 if x < 1. Assume f has a continuous derivative on the

interval [y, x], where 0 <y < x. Then we have

y<n<z

Proof. Let k = [z] and m = [y], so now A(x) = A(k) and A(y) = A(m).
Then

k k
S amim = Y a)f) = S {Am) - A - 1))
y<n<z n=m+1 n=m+1
k k—1
= > Am)f(n)— ) Am)f(n+1)
n=m-+1 n=m
k—1
= 3 AM{FM) — Fn+ D)} + AR F(k) — A(m)f(m + 1)
n=m-+1
;;1 n+1
—= Y AW [ e+ AGRTE) ~ Am) fm+ 1)
n=m-+1 n
k—1 n+1
== > [ A0S W AR~ Amfm 1)
n=m+1“"
k- X
—— [ A®F i+ A @) - [ Ans @
m-+1 k

Y

Lemma. Let sy = oo + ity and assume that the D.s. > f(n)n™°° has
bounded partial sums, say

> fyn—*

n<x

<M
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for allx > 1. Then for each s with o > og, we get

ST fmn~e| < 2Ma™0 <1 4 5= %] 80') .

o — oy
a<n<b

Proof. Let a(n) = f(n)n™*° and let A(z) = 3, ., a(n). Then f(n)n™% =
a(n)n0 =% then through Abel summation (with f(x) = z°°~*%), we obtain

b
Z f(n)n_s :A(b)bso—s_A(a)aso—s+(s_80)/ A(t)tso_s_ldt.

a<n<b

We have |A(x)| < M, so

b
D> f)nTF < M7 4+ Ma® 7 +|s — soM/ 7001t
a<n<b a

poo—o _ qo0—0

< 2Ma°"% 4 |s — so| M

< 2M a0 (1 L= SO) .

g — 0g

o) — O

Lemma. A Dirichlet series >, f(n)n™° converges uniformly on every com-
pact subset lying interior to the half-plane of convergence o > o..

Proof. It is enough to show that ) f(n)n™*% converges uniformly on every
compact rectangle R = [a, B] X [¢,d] with o > o¢. In order to do this we use
the estimate obtained in the previous lemma.

> flnn~*| <2Ma™ (1 + |S_5°> (A.4)

o — 0o
a<n<b

where sg = oo + ity is any point in the half-plane o > o, and s is any
point with o > og. We choose sy = o¢ where 0. < o9 < a. i.e. Qur
rectangle R will occur above and to the right of o9 > o, as in the figure due
to [Apos] (pg. 235).

Now if s € R, then we have 0 —og > a— o and |so— s| < C, where C is
a constant depending on so and R, but not on s. Then our lemma implies

Z f(n)n™% <2Ma%°™ ¢ <1+ ¢ ) = Ba”™“

o — 0y
a<n<b

where B is independent of s. Now since a°°~* — 0 as a — +oo, the
Cauchy criterion for uniform convergence is satisfied.
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R=la.8] X [c.d]

1
|
1
T
[

Figure A.1:

Theorem. The summatory function of a Dirichlet series, F\(s) =Y f(n)n™%,
is analytic in its half-plane of convergence o > o., and its derivative F'(s)
is represented in this half-plane of convergence by the Dirichlet series

F/(S) — _ i f(nili()gn’
n=1

which is obtained by differentiating term by term.
Proof. Simply apply that last few lemmas to the sequence of partial sums.

Theorem. Let F(s) be represented in the half-plane o > ¢ by the Dirichlet
series

Fe=3 1
n=1
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where ¢ is finite, and assume that f(n) > 0 for all n > ng. If F(s)
1s analytic in some disk about the point s = c, then the Dirichlet series
converges in the half-plane o > ¢ — e for some € > 0. Therefore, if the
Dirichlet series has a finite abscissa of convergence o., then F(s) has a
singularity on the real axis at the point s = o..

Proof. Let a =1+ c. Since F is analytic at a, it can be represented by an
absolutely convergent power series expansion about a,

> pk)(g
F(s) = Z o )(s —a)*, (A.5)

k!
k=0

and the radius of convergence for the power series is greater than 1 since
F is analytic at ¢ (see A.2). By the last theorem, we know that the derivatives
F(k)(a) can be determined by repeated differentiation. This gives us

F( ZZf (logn)Fn=2.

Thus we can rewrite the power series as

o= (a—s)k
) =33 o pm)togmyn .

Now since the radius of convergence exceeds 1, this formula is valid for
some real s = ¢ — € where € > 0 as in Figure A.2. Thena—s =1+ ¢ for
this s and the double series has monnegative terms for n > ng. Therefore,
we may interchange the order of summation in order to obtain

C— 6 i (n ki { 1 +E logn}k i f;izl)e(l-‘f-a)logn Z v
n =0 n=

That is, the Dirichlet series Y, f(n)n™* converges for s = ¢ — e, hence it
also converges in the half-plane o > c — €.

A.5 Dirichlet Characters

Theorem. If f is a character of a finite group G with identity element e,
then f(e) = 1, and each function value f(a) is a root of unity. In fact, if
a" = e, then [f(a)]” = 1.

Proof. Choose c in G such that f(c) # 0. Since ce = ¢, we have

f(e)f(e) = f(c)
so f(e) =1. If a™ = e, then [f(a)]” = f(a™) = f(e) = 1.
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Figure A.2:

Theorem. A finite abelian group G of order n has exactly n distinct char-
acters.

Proof. We prove the theorem by induction on the order of G, but first we
must construct proper subgroups of G. We will use the symbol < G';a > to
indicate a proper subgroup G” of G constructed from the proper subgroup G’
with the element a not in G’ as follows:

G" =< Ga>={zd*:x2€G and 0 <k < h}

where h is the indicator of a in G'.

We apply this construction from the bottom up, so to speak, beginning
with G1 = {e} and progressing until we reach G. That is, if G1 # G, let a;
be an element of G other than e and define Go =< Gy;a1 >. If Go # G,
let as be an element of G not in Go and define G =< Ga; a0 >. Continue
to obtain a finite set of elements ay,as,...,a; and a corresponding set of
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subgroups G1,Ga,...,Gir1 such that

Gr+1 =< Gr;a, >
with

G1CG2C"'CGt+1:G.

We are guaranteed t < oo since G is finite. Now we are set up to begin
our proof by induction.

It is obvious that there is only one character for Gi, i.e. the function
which is identically 1. Assume the inductive hypothesis of the subgroup G,
has order m and that there are exactly m distinct characters for G,. Let us
consider Gry1 =< Gr;a, >, and let h be the indicator of a, in G,, that is,
let h be the smallest positive integer such that al* € G,..

We will show that there are exactly h different ways to extend each char-
acter of G, to obtain a character of Gr41 and that each character of Gri1q
is the extension of some character of G,, proving that there are exactly mh
characters of G,41, which happens to be its order as well.

A typical element of Gr+1 has the form

za®, where z € G, and 0 < k < h.

s

Suppose that it is possible to extend a character f of G to Gyy1. Call
this extension f(x) and let us examine f(xaF). The multiplicative property
requires

f(aay) = f(z)f(ar)",
but z € Gy, so f(x) = f(x) and thus

flway) = f(a)f(ar).

Which, tells us that f(xa¥) is known as soon as f(arz is.
Now we are concerned with the possible values of f(a,). Let c = al.
Since ¢ € Gy, we have f(c) = f(c), and since f is multiplicative, we also

have f(c) = f(a,)". Thus
flan)™ = f(e),
s0 f(a,) is an hth root of f(c). Therefore, there are at most h choices
for f(ar). 3
Now we can define f. If f is a given character of G, then choose one of

the hth roots of f(c), where c = a¥, and define f(a,) to be this root. Then
define f on the rest of Gr11 by

f(xay) == f(x)f(ar)". (A.6)
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The h choices for f(ar) are all different, so this gives us h different ways
to define f(wa ). Now we verify that f has the multiplicative property. From
(A.6) we obtain

f(zak - yal) = f(xy - a**) = f(zy)flar)*H

f
F@) fW) far)k flar)!
F(xal) f(yal),

S0 f s a character on Gry1. Furthermore, no two of the extensions f
and g can be identical on Gri1 because the functions f and g which they
extend would then be identical on G,. Therefore, each of the m characters
of Gy can be extended in h different ways to produce a character on Gy41.
Finally, if ¥ is any character of Gr11, then restricting it to G, results in
a character of G, so the extension process gives us all of the characters of
Gyry1, which was to be shown.

Theorem. With multiplication defined by (2.5), the set of reduced residue
classes modulo k is a finite abelian group of order ¢(k). The 1identity is
the residue class 1. The inverse of a is the residue class b where ab = 1

(mod k).

Proof. The closure property is automatically satisfied by the definition of
multiplication of residue classes. The class 1 is obviously the identity element
also. If (a, k) = 1, then there is a unique b such that ab =1 (mod k). Hence,
the inverse of  is b. Finally, it is clear that the group is abelian and of order

o(k).

A.6 Properties of ((s)

Lemma. If f is a completely multiplicative function, and the series

converges absolutely for s > sqg, then

0 -1 o)
(S
for s > sp.

Proof. We have the following,

87



Z f:n”Z) Z f(nT)L Z / mnzb) n)

m=1 n=1 m,n=1
Zd|j ( )
Z |8 ( ) 1.
J
7=1
which proves the lemma.
Theorem. Foro > 1
1 & uln)
) 2w

where p is the Mébius function.

Proof. This theorem follows immediately by the previous lemma for all s
real and greater than 1. Furthermore, by the analytic continuation of (, we
also have that this theorem holds for all o > 1.

A.7 Riemann Zeta Function and Dirichlet L-Functions

A.7.1 Hurwitz Zeta Function

Theorem. Foro > 1

/ji 1< (5% (A7)

Proof. Since x is periodic with period k,

— x(n)
Lis,) =3 X S
n=1 n
k 00
- wX_: mz_:() km+w

1 k
= i o (s )
Theorem. For any o9 > 1, the series

o0

Z(n+w)_s

n=0

converges uniformly for o > og; thus ((s,w) is analytic for o > 1.
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Proof. We have

‘n—kw ‘—

—(o+it) log(n+w) ‘ _ 6fUlog(n+’w) — (n + w)*Uj

hence, for o > o,

in—i-w <<Zn+w )0,
n=0

Therefore, we have a series of analytzc functions which is dominated
throughout the region o > og by a convergent series of positive constants,
which is therefore uniformly convergent. Thus, by Weierstrass’ M-test, the
theorem follows.

Lemma. If a and b are integers with 0 < a < b, and if f has a continuous
derivative over a < x < b, then

b b b
> s = [ fwdus [ u)s )

n=a-+1

/nnl“f'(“)d“:"f(n) (n—1)f(n—1)- /n f(u)du
nl/ f'(u du/ Flu
:f(n)+/n_ Ll £ (u du_/ Fu)du,

and the result follows by summing from a + 1 to b on n.

Theorem. If m is a non-negative integer, and o > 1, then

C(s,w) — ! — :Z(l —S/OO u_itu{ldu. (A.8)

(s—=1)(m+w)s —~ n+w)s m (u+w)s

It follows that ((s,w) —1/(s — 1) is analytic for c > 0, and that (A.8)
holds for o > 0.

Proof. If 0 > 1 and

1
f(u) = m7

then the equation of the previous theorem continues to hold for b — oo,
and, if we replace a by m, we obtain
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o0

1 B 1 . ©u— |u "
) iy il Py} g F /m (uw+ wy 1

n=m+1

from which (A.8) follows. Now, since
u— |u]

(u 4 w)stl

1 1
(u+ w)otl S ot

the integral on the right hand side of (A.8) converges absolutely for o > 0
and uniformly for o > oy > 0. Now, for arbitrary n > 0, we have that the

quantity
/ ) / ouen
n (u + w)s+1 n (U + w)s+1

is an analytic function of s for o > 0, and the same is true for

E ——— —du = ———d
/ (u 4+ w) 5“ v= /m (u+ w)stl s

with m > 0. At last, taking m = 0 in (25), we have that

wl—s_ 0y —
C(s,w)—L ! —i—l—s/o (Hdu

s—1 ws s—1 + w)stl

where the right hand side is analytic for o > 0.
Theorem. For & <o <2 andt > c(w), where c is a function of w,
¢ (s, w)] < 4,
Fort>8 and 1 — (logt)™! < o <2, we have
I¢(s,w)| < e(w)logt.
Proof. For1/2 <o <2, andt > 3, we have |s| <2+t < 2t and |s—1| >>

t > 1. Therefore, if we let m = |t| + 1 in the previous theorem, we get

[t]+1

1 1 > du
‘C(S’w” < (Ltj +1+w)0’71| + nz:l ne + /t o+l
1
) + ;
> (Lﬂ+1+w)g+1 Z ta

or rather,
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t)

I¢(s,w)| < T 11+ w)"“ Z— +4t17. (A.9)

Hence, for the same range of o and t, we h(we

1
C(s,w)| < (LtJ+1+w)‘1/2 +Z*+4\/

< 2Vt + c(w /+4\/<8\/+c()
and that this is smaller than t3/* for t > c(w).

Now lett > 8 > 2. Then 1—(logt)~t > 1/2; therefore, if 1 — (logt)~!
o <2, (A.9) gives us

1/logt L, 1/ lost 1/logt
og og
IC(s,w)| < (2t) + c(w) + E - + 4t

n=1
< 21/2 —+4
e—i—c(w)—i—ezn—i- e

c(w)logt.
Proving the theorem.

Theorem. For |z| <1, if

= Z anx"
n=1
is analytic, and Re f(z) < 3, then |a,| < 1 forn > 1.
Proof. We have |f(x)| < |1 — f(z)| for |z| < 1, therefore, the function

flx) a4
1—f(x) 1l—az—---
is analytic and has modulus at most 1 for || < 1. But if we define a
function, f1,

= ayx + boa® 4 -

fi(z) = &7
z (1 - f(z))
then this is also analytic for |xz| < 1, and its value at x = 0 is a1. By the
mazimum-modulus principle, its absolute value is at least as large at some
point on |x| = 1. Because for |x| =1,
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f(x)
1—f(x)

)

Al =|

it follows that

la1| < 1. (A.10)

So it remains to show that each of the functions

Fy(z) :an$+a2nx2+"'

fulfills the same hypotheses as f(x). This depends on the fact that if
n = e2m/" then

n—1
zzgnlk S (=) (1) =0 itk

We have that

therefore, Fy,(x) is analytic for |x| <1, and for such x, we have

|
—

l\.’)\r—t

n

Re F,,( g Refna: <l
n
— l

Il
o

Lemma. Let R > 0, and suppose that

x) = Z an(xr — x0)"
n=0

is analytic and Re f(x) < M for |x — zo| < R. Forn > 1, we have

2
lan| < ﬁ<M — Reap).
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Proof. If Reay = M, then a, = 0 for n > 1, by the mazimum-modulus
principle.
If Reag < M, set

_ f(xo+ Rx) —a
9(x) = 2(?\4—Rea0)0

Then we have g analytic for |x| <1, g(0) =0, and that

Re f(xo + Rz) — Reag M —Reag 1

< = —.
Reglw) = 2(M — Reay) = 2(M —Reap) 2
Therefore, g satisfies the hypotheses of Theorem 27 and we have
anR <1,
2(M —Reag)| ~

from which the theorem follows.

Theorem. If f satisfies the hypotheses of Lemma 8, and 0 < r < R, then
for |x — xzo| < r, we have

7)) < laol + (1] + Jao)

and

()] < f (1M| + |ao))-

Proof. The theorem follows quickly: we have
[f (@)] < laol +Z |an|r"

< laol +2 (1M + o) 3 (55)
n=1

~ (IM] + aol)

R

and
(@) <> =1%apm™!

- 2(|M|R+ |ao|) i” (%y*l

n=1

_ (Rz_RT)Z (1M1 + lao))
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Theorem. Let r > 0 and M € R, and suppose that f(sg) # 0 and that, for
|s — so|l <, f(s) is analytic and

‘ f(s)
f(s0)

Further suppose that f(s) # 0 in the semicircular region |s — so| < r,
Res > Resy. Then

M

<e

f 4
—Re=(sg) < —,
f(O)_ .
and if there is a zero, say p, of f on the open line segment between
so —1/2 and sg, then

7 AM 1
“Rel(sp) < T =
A T

Theorem.
1 ys_{0f0r0<y<1,

27i (2)572 1 fory > 1.

A.7.2 Analytic Proof of Dirichlet’s Theorem

As mentioned in the preliminaries, with the machinery of the prime number
theorem and its proof, we are easily able to prove Dirichlet’s theorem. This
work comes from [LeV2] in particular, but like many things concerning the
Prime Number Theorem, can be found in a variety of places.

Let k and [ be relatively prime integers, and m(x;k,[) be the number
of primes p = [ (mod k) which do not exceed z. For a given k, there are
(k) = h choices of [ which are distinct modulo k, so that if the primes are
more or less evenly dispersed amongst the various arithmetic progressions,
it is expected that

l T
hlogx’

m(x; k1) ~

In fact this is the case, and this result is known as Dirichlet’s theorem.
To obtain an estimate for w(z;k,l), we go through similar arguments for
our proof of the Prime Number Theorem, which was concerned with 7(z) =
m(x;1,0).

We have already that for o > 1,

k

L(s,x) = ki > x(a)¢ (s, %) :

a=1
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But in fact, the domain for this can be extended. If we let

L if x = xo
FE =

then

Therefore, for ¢ > 1, we have

E(x)-h 1
k s—1

SE (L) L o {o(d) - )

Now, by Theorem 25, which concerns the analyticity of functions like
the Hurwitz zeta function, we have that each term on the right is analytic

for o > 0, and also
1 (1 1\ k'®-1
s—1\k¥ k) k(s—1)
is an integral function. Now by analytic continuation, we have the next
theorem.

L(Sv X) -

Theorem 43.
1< a
L) = g 2ox(a)¢ (s:7)-
holds for o > 0 except at s = 1. Furthermore,
h-FE
lin{(s —1)L(s,x) = k(X>

Therefore, L(s, x) is analytic for o > 0, except that L(s, xo) has a simple
pole at s = 1.

(A.11)

Now we utilize Theorem 26. As is to be expected, we are concerned with
o> 2 and t > 8. We have

Lis,\)| <Y <2<
el <Yy <2< {

while for ¢ > 0 and ¢t > 0, we have

95



k
a
L0l < e (=)
N IEY:
Now Theorem 26 gives us the following:

Theorem 44. (I) For o > 1/2 and t > c12(k), we have |L(s, x)| < t.
(II) For t > 8 and o > 1 — (logt)~t, we have |L(s,x)| < c13(k)logt.

Now we can generalize the proof that ((s) does not vanish on ¢ =1 in
a simple way.

Theorem 45. L(s,x) does not vanish on the line o = 1.

Proof. Foro > 1,
Lis,x) =[] (1 = x(pp~) "
p

so we can choose

)

x(@™
log L(s,x) = Z n’fpms .

m?p

Therefore,

log ‘Lg(a, x0)L* (o + ti, x)L(o + 2ti, X2)‘
= 3log |L(o, x0)| + 41og | L(o + ti, x)| + log |L(o + 2ti, x*)|
= 3log L(0, x0) + 4Relog L(o + ti, x) + Relog L(o + 2ti, x*)|

_ 3x0(p™) Ax (™) X (p™)
- mzp ( mpme + Re mpm(Uthi) + Re mpm(cr+2ti)
-y 3+ 4cos(n(p™) — tlogp™) + cos 2(n(p™) — tlogp™)
Py mpma‘
plk
>0,
where x(p™) = ®™) . Hence,
Lo +ti,x) |* 1

(0 = 1)L(0, x0))

|L(o + 2ti, x*)| > -

oc—1 -1’

but then if the theorem were false, then Theorem 43 would be also, which
s absurd.
Now we clearly have that Theorem 31 has the following analog:
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Theorem 46. For o > 1,

/ / /

L L .
—33(0, Xo0) — 4 Re f(a +ti,x) — Re f(

Similarly, Theorem 33 has the analog:

o+ 2t1, Xg) > 0.

Theorem 47. There is a c1(k) > 8 such that L(s,x) # 0 fort > c1(k) and
o>1—cy/logt.

The only differences between the proofs of these theorems and their
analogs is that we use f(s) = L(s,x?) and sg = o + 2ti, and also f(s) =
L(s,x) with so = o + ti, and the constants now depend on k.

In the same manner, we replace ((s) with L(s, x) in Theorem 34 to get
the next theorem.

Theorem 48. Fort > cy(k) > 8 and o > 1 — cg(logt)™!, |log L(s, x)| <
log? t.

Here the analogs are not quite so clear, so for Theorem 35, we break the
argument into two parts.

Theorem 49. For (k,1) = 1, we have

z 1 1 x® 9
Z log = = 5 ih ZX: N0 /(2) 2 log L(s, x)ds + O(v/z log” z).

p<z p
p=l (mod k)

Proof. We utilize the series expansion for L(s,x) to obtain,

1 ¥ x(p
— log L
271 /(2) 0g L(s, x)d 27?1/ 2 Z mpms
:*-ZX / (@/p™)°
27 m 52
¥ A7)t/

pm<:v
™)1
_ZX )log Z +ZX og:c/p)
p<33 pr<z
m>2
= Zx(p) log Iy O(Vzlog? x).
p<x p
olk

Now we multiply by 1/x(1) and sum over all characters modulo k:
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p<z p<z
p=l (mod k)

1 x x
ZX:X(Z)ZX(p)lng:h Z logg
otk

. 1 1 s ,
T om ZX: x(1) /(2) 2 log L(s, x)ds + O(v/x log" x),

which is the theorem. Note that the implied constant in the O may depend
on k.

To estimate these integrals, we need to consider two cases. First, the
case when x = xg. Fortunately, every property we used to estimate

carries over for

Quickly, we have that for suitable ¢ with 0 < ¢ < 1,
8 1 s
/ —5 log L(s, xo0)ds = 2m’/ —ds+ O (xe_a logx) .
(2) S c S

However, if x # xo, then L(s, x) has no pole at s = 1, but the other
properties still apply thankfully. Therefore, if we do not cut the plane, but
instead consider the line segments I's and I's as a single segment, say I's and
omit I'g, I'7, and T'g, then

S

x
S log L(s,x)
is analytic in the region bounded by I'1, T'9, I's, I'4, T's, T4, '3, T's, I'y. Thus,

5 2+4ui 24001 8
/ — log L(s, x)ds = (/ —/ +/ ) —5 log L(s, x)ds.
(2) S 2—coi  JTo+T3+Ty+Tg+0y+T3+Ty  J2+ui S

Furthermore, the integral along each of these new arcs either tends to
Z€ero or is

O (xe_o‘\/@> .

Now

1 ! °d —av/logx
e ]

p<z
p=l (mod k)
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follows, and leads us to the analog of the Prime Number Theorem in the
same way its predecessor led to the Prime Number Theorem itself.

Theorem 50. If k is a fized integer and (k,l) =1, then, as z — oo,

1 T du
. - —an/log x
m(x; k1) 2(F) /2 Tog +0 (376 ) .

And in particular, this leads us to

1 x
By )~
7T(.’E, Y ) ¢(k) 10g$7
and that if (k,11) = (k,l2) = 1, then
7r('%';kvll)

=1
a—oo r(x; k, l2) ’

so that asymptotically there are as many primes in the arithmetic pro-
gression kt + [1 as there are in kt + ls.
And as we have seen several times throughout this paper,

z—o0 r(x;4,3)

=1.
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Appendix B

Concerning Integers n such
that n = 22 + y*

This appendix is primarily concerned with manipulating the integers that
are expressible as a sum of two squares. While interesting, none of this
information has a direct influence on the primary result of this paper, hence
its inclusion here.

Most of our work here comes from [Sier]. First, we have a corollary to
Theorem 40, which told us the type of integers capable of being expressed
as the sum of two squares.

Corollary 1. If a natural number is not representable as the sum of two
squares of integers, then neither is it the sum of two squares of rational
numbers.

Proof. Let n be a natural number such that it is not a sum of two squares of
integers. By Theorem 40, there must be a prime p =3 (mod 4) that divides
n to an odd power.

2 2
We prove by contradiction. Assume n = (%) =+ (T%) where m1, my

are natural numbers and ly,ly are integers. Then we clear the denominators
and get

(m1m2)2n = (l1m2)2 + (l2m1)2.

But p must appear with an odd exponent in the factorization of the left-
hand side, but this is absurd for the right-hand side. Hence the corollary is
proved.

B.1 Decompositions

At least four decompositions of a prime into the sum of two squares are
known, due to Legendre (1808), Gauss (1825), Serret (1848) and Jacobsthal

100



(1906). We examine only the construction of Gauss, which is the most
elementary to formulate.

Theorem 51. If p = 4k + 1 is a prime number, then let x, y be integers,
such that

(2k)
(k)2

with |x| < p/2 and |y| < p/2. Then p = x? + 2.

T = (mod p) and y = (2k)!z (mod p),

A proof of this theorem has been given by Cauchy and another proof has
been given by Jacobsthal, but neither is simple and we shall not attempt a
proof here. We do however give an example of the difficulty in calculating
x and y.

Let p =37. Then k£ =9 and so

18! 6402373705728000
2-(9N2 263363788800

X

=24310=1 (mod 37),

while

y = 6402373705728000 - 1 = 6 (mod 37).

Theorem 52. If a and b are natural numbers, then the representation of
a prime p of the form p = ax® + by?, where x,y are natural numbers, if it
exists, is unique, apart from the possibility of interchanging r and y in the
case of a =b=1.

Proof. Suppose for a prime p,

p = axi + by = axj + bys,

where x1,x2,y1,y2 are natural numbers. Clearly, (x1,y1) = (x2,y2) = 1.
We have

p2 = (amlxg + by1y2)2 + ab(x1y2 - x2y1)2
= (ax1x2 — byrye)? + ab(z1ys + x211)?,

but

(az123 + by1ya) (z1y2 + x211) = (aat + by})zays + (ax3 + bys) 1y
= p(x1y1 + T2y2).

Therefore at least one of the factors on the left hand side of the equality
must be divisible by p.
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pr|ax1x2 + by1ya, then the first of the equations for p* gives us 1y —
xoy1 = 0, and therefore x1/y1 = x2/y2, which since they both have greatest
common divisor of 1, this proves that r1 = xo and y; = ys.

Now if p’xlyz + zoy1, then the second of the equations for p* gives us
p? > abp?, which implies a = b = 1, but then z1x2 — y1y2 = 0, and now
x1/y1 = yo/x2. Therefore x1 = y2 and xo = y1, where the decompositions
differ only in the order of summands. Hence the theorem is proved.

Corollary 2. Decomposition of any prime into the sum of two squares is
unique up to order and sign.

Proof. In the previous theorem take a =1 and b = 1, then we are done.

Corollary 3. If a natural number n admits two or more different represen-
tations in the form ax® + by?, where x,y are natural numbers, then n must
be composite.

Proof. By our theorem, every prime number admits a unique representa-
tion, hence if a number does not admit a unique representation, them it is
composite.
Unfortunately, the converse of this corollary is not true. For instance,
14 has a unique representation with a = 2, b = 3; namely, 14 = 2-12 4322,
Thankfully, we do have a theorem concerning numbers of the form 4k+1,
but we shall save this for the primality test at the end of the chapter.

B.2 Unsolved Questions
According to [Sier], the following items are unknown to be true or false:

I. There exist infinitely many primes p such that p = 22 4 (z + 1)2, where
x is a natural number.

e.g. 5=12+22 13 =22 +32 41 = 4% + 52, 61 = 52 4 6, etc.

II. (I.) is equivalent to the conjecture that there exist infinitely many primes
p for which 2p = a? + 1, where a is a natural number.

III. There exist infinitely many primes p such that p = a? + b, where a
and b are prime.
e.g. 13 =22432 29 =224+ 52 etc.

IV. There exist infinitely many primes that are the sum of three squares of
consecutive natural numbers.

e.g. 20 =22 432442 149 = 62 + 7% + 82, etc.
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V. There exist infinitely many primes that are the sum of three squares of
primes.

e.g. 83 =232 +524 7% 179 = 32 + 7% + 112, etc.

Furthermore, if this conjecture holds, then one of the squares must
always be 32.

VI. For every natural number n, there exist infinitely many natural numbers
x such that z2 + n? are primes.

i.e. for every n € N, the set {n2 +22:zeN } contains infinitely many
primes.

B.3 A Primality Test

As promised, we have a theorem concerning numbers of the form 4k+ 1, but
first we need a lemma:

Lemma 14. If each of two given natural numbers of the form 4k + 1 with
k > 0 is the sum of two squares of integers, then their product does not
admit a unique representation as the sum of two squares of integers greater
than or equal to zero and the squares are relatively prime.

Proof. Let m = a®>+b2, n = > +d?, where a,b,c, and d are integers. Then
we have

mn = (ac + bd)* + (ad — be)* = (ac — bd)* + (ad + be)?.

So we have two decompositions. Let us suppose they differ only by the
order of factors. Then either ac+bd = ad+bc or ac+bd = |ac—bd|. In our
first case, we have a(c — d) = b(c — d), but ¢ # d, since otherwise n = 2c?,
which contradicts n odd. But then we have a = b, and this is also absurd
since m 1s an odd number.

In the case where ac+bd = |ac —bd|, we have either ac+bd = ac—bd or
ac+bd = bd — ac. If the former holds, then bd =0 and sob=0 ord=0. If
b=0, then m = a?, where a > 1, and mn = (ac)? + (ad)?, where ac and bd
have a common divisor greater than 1, and so does not satisfy our premise.
Now if the latter holds, then ac = 0 and so a = 0 or ¢ = 0, and a similar
result follows.

Finally, if the decompositions of mn differ in more than merely the order
of the terms, then we have that mn clearly does not admit a unique repre-
sentation as the sum of two squares of integers greater than or equal to 0
whose greatest common divisor is 1.

Now we can prove the following:

Theorem 53. A natural number of the form 4k +1 > 1 is a prime if and
only if it admits a unique representation (apart from the order of the terms)
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as the sum of two squares of integers > 0 and in this representation, the
squares are relatively prime.

Proof. Suppose p = 4k + 1 is prime, then p admits a unique representation
of the form p = z? + y? where  and y are natural numbers. Thus the
conditions of the theorem are necessary, and for sufficiency we have our
lemma.

As an application of Theorem 53, we have a primality test. In order
to check if a number n of the form 4k + 1 is a prime, one must form the
sequence of numbers

n—0%n—1% ....n—(|vn])?

and check to see how many squares there are. [Sier] points out that this
is the method utilized by T. Kulikowski to find that the number 239 — 7 is
a prime number. That is,

239 _ 7 = 64045% + 738684°

where 64045 and 738684 are relatively prime. In fact, the problem
whether numbers of the form 2™ — 7 was formulated by P. Erdds in 1956.
For n =4,5,...,38, 2" — 7 is composite.
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Dirichlet series
Euler products, 13
Dirichlet’s theorem, 94

Fuler
Euler ¢(n), 9, 75
product formula, 10

Euler totient, 9
Euler’s Criterion, 6, 73
Fuler products, 13

Fejér kernels, 18
Fundamental Theorem of Arithmetic,
13, 79

gamma function, 16
Hurwitz zeta function, 32, 88

Identity function, 10, 78
I(n), 10

Legendre symbol, 6

Mobius mu function, 9
pu(n), 9

Mangoldt function
A(n), 37

Mangoldt function, 37

quadratic nonresidue, 6
quadratic residue, 6

Riemann zeta function, 30, 88
inverse, 31
properties, 30
Riemann-Lebesgue lemma, 19

Thue Theorem, 7, 74

Wiener-Ikehara theorem, 20
Wiener-Ikehara theorem, generalized,
18, 25

zeta function
Hurwitz, 32, 88
zeta function, Riemann, 30, 88
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