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Abstract

Three proofs of the prime number theorem are presented. The first is a heavily analytic
proof based on early accounts. Cauchy’s residue theorem and various results relating to the
Riemann zeta function play a vital role. A weaker result than the prime number theorem
is used for the proof, namely Chebyshev’s theorem. The second proof is elementary in the
sense that it involves no complex analysis. Instead, mainly number-theoretic results are
used, in particular, Selberg’s formulas. The third proof, like the first, relies heavily on the
Riemann zeta function, but is considerably shorter for the use of the Laplace transform and
the analytic theorem.
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Introduction

Since the dawn of mathematics, the prime numbers and their distribution have been a source
of fascination. Over the years, people have sought, mainly in vain, for patterns among the
primes. Motivating many of these attempts was a fundamental question: how many primes
are there less than or equal to a given number X7 With no discernible patterns, an exact
answer, in the form of an expression involving X, is not available. However, it is natural to
ask whether some form of approximation exists. Indeed, around 1800, Carl Friedrich Gauss
was among those to suggest that X/log X was a good approximation. To be more precise,
Gauss conjectured that
TAC.O N
X—o00 X/log X

where 7(X) denotes the number of primes less than or equal to X.

This report focuses on three proofs of this conjecture, a result known as the prime num-
ber theorem, which is one of the most important in all of number theory. Regarding the
initial conjecture, it was based more on solid numerical evidence than on much solid math-
ematics. However, it did provide mathematicians with something “definite” to prove. Yet,
in an indication of its difficulty, little progress was made until the mid 19th century, when
Pafnuty Lvovich Chebyshev published two significant papers on the subject. With the aid of
Chebyshev’s work, the prime number theorem was finally proved independently by Jacques
Hadamard and Charles-Jean de la Vallée Poussin in 1896.

In chapter 1, Chebyshev’s theorem is proved, a result that proves the existence of upper
and lower bounds for X?(lc)fg)x. Chebyshev’s theorem is vital for the work of Chapter 2, in
which is outlined a proof of the prime number theorem based on many of the methods of
Hadamard and de la Vallée Poussin. These first proofs rely on many results from a seemingly
unrelated area of mathematics, namely complex analysis, and perhaps this partially explains
why it was nearly one hundred years from conjecture to proof. Of course, nowadays, every

number theorist knows a thing or two about analysis.

After the initial proofs, the next question was whether or not the prime number theorem
could be proved by (mainly) number-theoretic methods. Note that as the theorem is a state-
ment about limits, some real analysis must be involved. Such proofs do indeed exist, due
independently in the first instances to Erdds and Selberg in 1949. The proof outlined in



Chapter 3 is of the same nature, based on a proof due to Norman Levinson in 1969. When
segmented, there is actually little in this proof that a final year undergraduate could not pick
up easily. To choose the segments and then put them together is the trick.

The third proof, outlined in Chapter 4, is an interpretation of Donald J. Newman’s short
proof of the prime number theorem, dating to 1980. Like the proof outlined in Chapter 2,
it is heavily analytic. In both proofs, similar results concerning the famous Riemann zeta
function are used, but after that, very different approaches are used. In this sense, and com-
pared to all other previous proofs as well, Newman’s proof of the prime number theorem is
a new one, and not a case of improving on someone else’s argument.

During the course of all the proofs, the author’s aim is to give the reader some flavour
of the motives for doing things. Some of the reasons given may not be what fully motivated
the likes of Chebyshev and Newman; indeed, in some cases, the reasons are tenuous, and in
some cases it was felt best to offer no reasons at all. In a final remark, the author can only
conclude that inspiration is the heart of any proof of the prime number theorem, and thus
the prime number theorem lies at the heart of mathematics.



Chapter 1

Chebyshev’s theorem, an important
forerunner to the prime number
theorem

In two papers from 1848 and 1850, Pafnuty Lvovich Chebyshev attempted to prove the prime
number theorem, namely that
i X))
X—o0 X/log X

where 7(X') denotes the number of primes less than or equal to X. For more on Chebyshev’s
work, see [3] and [4]. Although he did not succeed, he was able to prove that if this limit
exists at all, then it equals one. He also proved that the ratio — as opposed to the then
unproven limit — is bounded above and below by two positive constants near to 1 for all z.
This result became known as Chebyshev’s theorem, although some other results he proved
carry the same name. Clearly, it is a weaker result than our ultimate interest, the prime
number theorem. It should be no surprise then that it features in many proofs of the prime
number theorem, including the analytic proof that follows. We begin by stating Chebyshev’s
theorem, and aim thereafter to obtain a proof.

1.1 Chebyshev’s theorem

Theorem 1.1.1 (Chebyshev’s theorem) There exist positive constants ¢; and ¢y such
that for every real number X > 2,

C1 < 7T(X) < C2

log X log X

Analysing this for a moment, one may ask, how does one start? Indeed, even familiarity with
the proof to be outlined does not point out an obvious starting place, or natural route. To
elaborate, Chebyshev’s theorem is not a step-by-step exercise, but rather the result of some
fine mathematical thinking. Thus, the author’s aim is to stretch logic as far as it goes, but
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ultimately, to leave the reader with an appreciation of Chebyshev’s work. We begin with a
definition.

Definition 1.1.1 Define the function 6 : Rt — RT by

0(X)=> logp

p<X
where the sum is over all primes p less than or equal to X.

Keeping in mind that Chebyshev’s interest was in proving the prime number theorem out-
right, for which there was much numerical evidence, and which involved a log term, his
motivation for working with 6(X) was that he could introduce 6(X) in place of X, provided
that it could be shown that

0(X)

T =

This would reduce the proof of the prime number theorem to proving that

fm )
X—o0 0(X)/log X

Although the numerical evidence lent support to the first statement, Chebyshev was unable
to prove it. He did find an upper estimate for §(X), and this is proved in Chapter 3, Theorem
3.2.3. However, he was unable to prove that there existed a positive constant ¢; such that
X <0(X) for all X > 2, which would have immediately implied Chebyshev’s lower bound,
given the fact that 6(X) < > _log X = 7(X)log X. Therefore, Chebyshev also worked

with a better lower bound for 7(X)log X than 0(X). Before introducing this bound, the von
Mangoldt function is defined, named after Hans Carl Friedrich von Mangoldt.

Definition 1.1.2 Define the von Mangoldt function A : N — R by

A(n) = logp, if n = p" with p prime, r € N
] 0, otherwise.

Note that this is an arithmetic function, that is, a function from the natural numbers to the
real or complex numbers. Chebyshev’s 1) function is now introduced.

Definition 1.1.3 Define ¢ : Rt — R* by

Y(X) =Y An)= ) logp
n<X pn

where p denotes a prime and n € N.



Clearly, 0(X) < 9(X), the latter having extra “prime power” terms. Such terms are relatively
rare among the integers, so this together with the fact that 0(X) < 7(X)log X suggests that
P(X) is a lower bound for w(X)log X. In any event, this is easily shown. From the above
definition, where p denotes a prime and n € N,

¥(X) = Zlogp< > 1).

p<X n, p" <X

Now p" < X,;n € N if and only if 1 <n <log, X, equivalently, 1 <n < %. Therefore,

P(X) = ) logp| DY 1 Zzlogp[logx]

p=X 1<n<lpeX p<X logp
< ZlogX =m(X)log X. (1.1)
p<X

In light of (1.1), Chebyshev’s lower bound is proved if it can be shown that for all X > 2,
there exists a positive constant ¢; such that

X < ¥(X) (1.2)

for all X > 2.

Turning our attention to Chebyshev’s upper bound, the idea is to find an upper bound
for 7(X) involving log X as the denominator, after which it is required that the numerator
is bounded by ¢y X, some positive constant cy. Write

n(X)= > 1+ > 1L

p§X1/2 X1/2<p§X

This may seem strange until one considers the following inequalities:

1 2
Z b= Z logoi']z/Q:logX Z logp

X1/2<p<X X1/2<p<X X1/2<p<X
and X X 2X
Y o1<x= < = .
X2 ~ log X1/2  log X

p<X1/2

Clearly then, for the upper bound, it is sufficient to show that there exists a positive constant
c3 such that

Z logp < e3X.

X1/2<p<X



It is therefore sufficient to show that for all X > 2, there exists a positive constant c3 such

that
Z A(n) < e3X,
X1/2<n<X
and the latter statement proves easier to justify. For the moment, consider the following

argument. Suppose that X > 2 and let the integer k > 0 be defined so that 28 < X1/2 < 2k+1,
Thus if

XY?<n <X,
it follows that
X
Hence, for some j € {0 ...k},
X < X
o1 SS o5

and

1/2 =0 _X X
X1/2<n<X I=0 e <n< s

Thus for the upper bound, it is sufficient to show that

Z Z A(n) < e3X, (1.3)

X
2J+1 <n< oy

27
for some positive constant c3. In light of this, we shall attempt to find a suitable upper bound

for the term
> An)

Y/2<n<Y

for Y > 0. The floor function is now introduced, which has a number of properties that will
prove vital to our argument.

Definition 1.1.4 Let X € R. The floor of X, denoted [X], is defined to be the largest integer
not greater than X. The fractional part of X, denoted {X}, is then defined by the formula
{X}=X—-[X].

Note that if Y/2 <n <Y, then [Y/n| =1 and [Y/2n] = 0, thus

Soam =Y AW(H‘%D

Y/2<n<Y Y/2<n<Y

BEE

for any constant c. Next, note that

oo



for all n € N. (Should the reader wish to verify this, write k = [k]+{k} and use the Euclidean

algorithm.) Thus, ¥ /n) {Y/ }
n > n

2 2
so that

It follows that

S oAm = Y AW({%]‘Q[%D

Y/2<n<Y Y/2<n<Y
< s ([ -[3)
— Z;A(n) {%} — 2n;/2/\(n) {YT/Q] , (1.4)

with the last equality coming from the fact that

X/2

2]

n
whenever n > X /2. Thus, if an upper bound is obtained for
Y

> am %] (15)
n<Y

then an upper bound for »_ ,_, .y A(n) will follow. The idea is to re-express (1.5) in terms
of logs, and then obtain a bound. Such a re-expression is found using the standard result
below.

Theorem 1.1.2 For every m € N,
Z A(n) = logm. (1.6)
nlm

Proof. This is trivial for m = 1, so it remains to consider the case m > 2. Let m =
p1"™ ... p.*" be the canonical decomposition of m. Then, the only non-zero contribution to
the left hand side of (1.6) occurs when n = p;"i, where ¢ =1...7, 1 <wv; <u;. Therefore,

Y An) = 22/\(%“)=2210gpizzuilogpi

njm i=1 v;=1 =1 v;=1
T
= Zlogpi“i =log (p1™ ... p."") =logm.
i=1

QE.D.



We are now in a position to re-express (1.5).
Proposition 1.1.3 For all X € R,
X
1 = —1.
> togm = Y- A |
m<X n<X

Proof. It follows from Theorem 1.1.2 that

Z logm = Z ZA(n)

m<X m<X n|m

Now, for m < X if n|m, then n < X. Therefore,

Z logm = Z Z ZA(n)

m<X n<X m<X n|m
= > A > > 1
n<X m<X m=kn
keN
= > Am) ) 1
n<X kn<X
= > An) > 1
n<X k<X/n
X
= > An) [ﬂ
n<X

Q.E.D.
The next theorem provides the required bound for (1.5).

Theorem 1.1.4 As X — o0,

> A(n) lﬂ = Xlog X — X + O(log X).

n<X

Proof. In view of Proposition 1.1.3, the proof is completed if it can be shown that as
X — 00,

Zlogm—XlogX—i—X:O(logX). (1.7)

m<X

The fact that log X increases with X is used throughout. Begin by noting that

m—+1
logm < / log udu < log(m + 1)

m

10



for all m € N. Thus

m+1 [X]+1
Z logm < Z / log udu = / log udu
1

m<X m<Xx Y™
X [X]+1
= / log udu —I—/ log udu. (1.8)
1 X
Now
[X]+1 X+1
/ log udu < / logudu <log (X +1). (1.9)
X X

Also, if f(u) = ulogu — u, then f'(u) = logu; hence
X
/ logudu = [ulogu — u]f = Xlog X — X + 1. (1.10)
1

Given (1.9) and (1.10), the inequality

Y logm — (Xlog X — X + 1) <log(X + 1) (1.11)

can be derived from (1.8). On the other hand, for every m € N,

logm > / log udu.
m—1
With a similar argument to the first part of the proof, we can also derive the inequality
—log X < ) logm — (Xlog X — X +1). (1.12)

m<X

Thus by (1.11) and (1.12),

Z logm — (XlogX — X +1)

m<X

<log (X +1).

For X > 2, log (X + 1) <log X? = 2log X. Therefore, as X — oo,

Z logm — (Xlog X — X + 1) = O(log X).

m<X

The result easily follows.
Q.E.D.

11



An upper bound for -y »_, .y A(n) is now obtained. To elaborate, given (1.4), as ¥ — oo,

>, A < D A {ﬂ —2 ¥ A@m) {YT/Q}

Y/2<n<Y n<Y n<Y/2
Y Y Y
= YlogY—Y+O(10gY)—2<§log5—5+0(10gY))
Y
=Y <logY — log E) + O(logY")
= Ylog2+ O(logY) (1.13)
= O(Y). (1.14)

Having found a bound for >y ,_, .y A(n), and recalling that (1.3) is a sufficient condition
for Chebyshev’s upper bound, we now attempt to prove this sufficient condition. Note that
although a bound for »_ 5, ., A(n) has been found, it has only been shown to apply for
sufficiently large Y. As it is required that (1.3) hold for all X > 2, during the course of the
proof, we extend this bound to all Y > 0.

Theorem 1.1.5 For all X > 2,

for some positive constant c;.

Proof. By (1.14), there exists a positive constant ¢ and Y, > 0 such that for all Y > Yj,
Z A(n) < c3Y.
Y/2<n<Y

To extend this to all Y such that 0 <Y <Y, observe that in this range, [Y] takes finitely
many values, as does [Y/2]. Therefore, by noting that

Yo oAm) = > An),
Y/2<n<Y [Y/2]<n<[Y]
it follows that

max Z An):0<Y <Y,

Y/2<n<Y

is defined. Call this maximum c¢4. Thus

Z A(n) < ¢y

Y/2<n<Y

12



whenever 0 <Y <Y,. Clearly then,

> A <ay (1.15)

Y/2<n<Y

Z A(n)=0

Y/2<n<Y

if 0 <Y <1, (1.15) extends to all positive Y < Yj. Letting ¢5 = max{cs, ¢4}, it follows that

Z Aln) <Y

Y/2<n<Y

whenever 1 <Y <Y, and as

for all Y > 0. Hence, for X > 2 we have that

Z Z A(n) SZC55265XZ§<205X,
7=0 X Jj=0 j=0

X
AT <S55

so that 2c¢5 is the desired constant cs.
Q.E.D.

Thus, Chebyshev’s upper bound is proved. To complete Chebyshev’s theorem, it remains to
prove the lower bound. Recall it is sufficient to prove (1.2) for all X > 2. As it happens,
some of the work has already been done in the course of proving the upper bound. As we
already know much about expressions involving the floor function, the idea is to use it to
obtain a lower bound for ¥(X) = )" - A(n).

Theorem 1.1.6 For all X > 2, there exists a positive constant ¢ such that
X < yP(X).

Proof. First, consider the function [a] — 2[a/2]. Clearly, [o] < o and 2[a/2] > 2(a/2 — 1).
Therefore,
la] = 2[a/2] < o —2(af2 — 1) = 2.

Since o] — 2[a/2] is an integer, [a] — 2[a/2] < 1. Therefore,
[ X

22l =

n 2n

so that

13



Thus a lower bound for the left-hand side is also a lower bound for the right.

X — o0, it follows from (1.4) and (1.13) that

> An) (ﬁ—(] —2 [%D = X log2 + O(log X).

n<X

To obtain a bound, rewrite this as

n

%XlogQ =Y A(n) (P} ~2 {%D —~ %Xlog2—|—0(logX).

n<X

Hence, there exists a positive constant cg such that

%XlogQ <Y An) ({ﬂ -2 [%D < ¥(X)

n<X

Now, as

for all X > ¢¢. Thus, it suffices to find a positive constant ¢; such that ¢z X < ¢(X) for all X
such that 2 < X < ¢4. Note that ¢(X) only takes a finite number of values in this domain,
say ¥(X1) < -+ < ¢¥(X,), where X,, = ¢. Consider the constants C,,,m = 1...n such
that Cy, Xy = ¥(Xy). Then if X, < X < X141, it follows that ¢, X < ¥(X). A sufficient
¢y is the smallest of these constants, and the smaller of ¢; and % log 2 is the desired constant cy.

This completes the proof of Chebyshev’s Theorem.

14
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Chapter 2

An analytic proof of the prime
number theorem

2.1 Sufficient conditions for the prime number theorem

This chapter outlines an analytic proof of the prime number theorem, as based on a set of
lectures given by WWL Chen in 1981 [5]. The proof is analytic in the sense that it relies
heavily on some of the most important results in complex analysis, and indeed the first proofs
of the prime number theorem, due independently to Jacques Hadamard and Charles-Jean de
la Vallée Poussin in 1896, were analytic. For full accounts of their proofs, see [9], [10] and
[16]. Chen’s approach is based on these classical proofs, and throughout the proof, a number
of standard results from complex analysis are used. In most cases, these results are stated,
rather than proved.

The prime number theorem has already been stated in Chapter 1 in the form
lim —W(X) =
X—o0 X/log X

We now introduce some new notation, so as to write this in a different way.

Definition 2.1.1 If

im @ =1
Xooo g(X)

then we write
f(X)~g(X) as X — o0,

and say that the functions f and g are asymptotic.

Thus the prime number theorem may equivalently be written as

m(X) as X — 00,

- log X

15



and this is also known as the “asymptotic law of the distribution of prime numbers”. Provided
g(X) > 0 for all sufficiently large X, it is easy to show that the statement

f(z) ~g(x) as X — o0

is equivalent to stating that for an arbitrary € > 0,

1—6<@<1+6 (2.1)

9(X)
for all sufficiently large X.

Before the prime number theorem was proved, all of the numerical evidence suggested that it
was true. Indeed, from Chapter 1, Chebyshev’s upper and lower bounds were being proved

to be closer and closer to one. Needless to say, such evidence is not a proof. But recall from
(1.1) that

Y(X) =) logp [ng] :

e log p

When one considers even the possibility that

ZlognNXlogX as X — 00,

n<X
and consequently, the greater possibility that

[log X
Z logn
logn

n<X

1~XlogX as X — 00,

it seems plausible that
Y(X) ~7m(X)log X as X — o0,

although at this stage we can assume nothing about the distribution of primes. But in fact,
the numerical evidence backs up this claim. If it is indeed true, then it is a straightforward
matter to check that the statement

P(X)~X as X — o0 (2.2)

implies the prime number theorem. Of course, it might not even be true, but again, the
numerical evidence suggests otherwise. Before attempting to prove (2.2), we first prove it is
a sufficient condition for the prime number theorem. Indeed, (2.2) and the prime number
theorem are equivalent statements, the proof of which is not necessary here.

Theorem 2.1.1 If
(X))~ X as X — o0,

then
as X — oo.

m(X) ~ log X

16



Proof. Assume that
P(X)~X as X — oo,

that is, by (2.1), assume that given any € > 0, we have

1—e<@<1+e (2.3)

for all sufficiently large X. It follows from (1.1) that

px) __w(x)

1—e<
“STX S X/logX

for all sufficiently large X. It is clear then that if it can be shown that

m(X)

SISV
X/logx €

for all sufficiently large X, then the prime number theorem is implied. The idea is to obtain
a suitable inequality involving w(X)/(X/log X) and ¥(X)/X, and again use (2.3). Begin by
choosing any « € (0,1). Then, it follows that

P(X) > D logp> Y logp

p<X Xe<p<X
> E log X“
Xa<p<X

a(m(X) — (X)) log X.

From this, it easily follows that

7(X)
X/log X

VX)X
X X/log X

1
< =
«

By (2.3), given any 6 > 0, we have

7(X) 1 T(X?)
Ylos X ot T X oex

for all sufficiently large X. Choosing @ = 1/(1 4 ¢), we then have

7T()(l/(u-é))

m(X) <(1+6)+ Ton X

X/log X —

for all sufficiently large X. This holds for any § > 0, so choose ¢ such that (1+6§)* < 1+¢/2.
It is clear then that the prime number theorem is implied if, for any o € (0, 1),

Xa
lim m(X?)

LS}
X—o0 X/log X

17



Since

X
X/log X —

it suffices to show that for any constant ¢ > 0

T(X*)

X/log X

for all sufficiently large X. This inequality may be rewritten as

X
log X °

Recalling Chebyshev’s theorem, (Theorem 1.1.1) there exists a positive constant ¢, such that
whenever X< > 2

<c

(X% <c

«

log Xo
(Note that since a > 0, such X exist.) It suffices then to show that, given the choices of ¢
and «,

(X)) < e

X < X
c c
2 log X© = log X
for all sufficiently large X. It is easily shown that (2.4) is equivalent to the inequality

(2.4)

which, as o < 1, is clearly true for all sufficiently large X . The theorem is therefore completed.

QE.D.

Thus (2.2) is a sufficient condition for the prime number theorem. (Note that the previous
proof did not contain any complex analysis, therefore (2.2) is also a sufficient condition for
the elementary proof of the prime number theorem outlined in Chapter 3.) This is difficult to
prove directly, to a large extent because v is discontinuous, so instead, we consider a smooth
average of the function 1(X). For X > 0, let

0¥ = [ vt

Now if (X) ~ X as X — oo, the following is suggested:

b b
/ Y(z)dx N/ zdr as X — oo,
0 0

that is,
1
wl(X) ~ §X2 as X — oo.

If the converse of this statement is true, we have another sufficient condition for the prime
number theorem.

18



Theorem 2.1.2 Suppose that 11 (X) ~ X% as X — co. Then (X) ~ X as X — oo.

Proof. Since ¢(X) increases as X increases, it follows by the mean value theorem that

for every X >0 and 8 > 1,

1 px
1
= BoDx (1(BX) — (X)),
which relates ¢ and ;. It follows that
UX) _i(BX) — i (X)
X - (B—-1)X2 '

In a similar way, it can be shown that whenever X > 0 and « € (0, 1),

(X)) S hi(X) = dhi(aX)
X - (1-aXx2

Assume that ¢ (X) ~ 1X? as X — oo. Therefore,

Y1 (BX) ~ %52)(2 as X —» 00.

It follows that 1
V1(BX) — P1(X) ~ 5((52 —1)X?) as X — oo.
Equivalently,

i (BX) — 1 (X)
(6 —1)X2

1
N§(ﬂ+1) as X — 0.

In the same way,
@Z)l(X) — wl(OéX) 1
1 —a)X? ~§(1+0z) as X — o0.

Choose € € (0,1). Then, since ¥, (X) is an increasing function, by (2.1) it follows that

01(BX) — i (X)

<SB+D+

(6 —1)X?
. 1 $1(X) = h(aX)
1 — Y&
glrall—g <=7 %3
for all sufficiently large X. Then by (2.5) and (2.6),
%(1—1—04)(1 _e< @ < %(m D1+ )

19
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for all sufficiently large X. The result follows on letting &« =1 — 2¢ and 5 = 1 + 2e.

Q.E.D.
Therefore, to prove the prime number theorem, it suffices to prove:

Theorem 2.1.3 .
1 (X) ~ §X2 as X — o0.

The rest of our efforts are dedicated to this. The next proposition gives an alternative
expression for ¢ (X)), though its usefulness may be not yet be clear.

Proposition 2.1.4 For X > 1,

[X]

Ui(X) =) (X = n)A(n).

n=1

Proof. Note that for 0 < x < 1,

Y(x) =Y Aln) =0.

n<x

Hence,

>

<

I
ﬁ»&
/\/—\
™M =
(o
= &
=
N——
o,
S

3

Il
1M
i
M
™
=
S
~_
=
+
ﬁ\x
M
™
=
S
~_
=

n<x n<x
(X]-1
- A+ (X~ [X) 3 Am) 2.7)
m=1 n<m n<[X]
Claim: For all r € N,
r—1 T
D) Am) =D (r—n)A(n)
m=1n<m n=1
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The claim is clearly true for » = 1. Assume it is true for » = k. Then

YD A = iz A(n)+> " An)

<m m:lnﬁm nSkk
= > (k—n)An)+>_ An)
k
= Y (k+1-n)A(n)
= Y (k+1-n)A(n).

Inductively, the claim is proved true. Hence, given (2.7),

[X]

]
(X)) = D ([X]=n)A(n) + ) (X — [X])A(n)

n=1
[X]

= ) (X —n)A(n).

n=1
Q.ED.

A variant of this result shall be used later on. Complex analysis now enters our argument
for the first time with a discussion on the Riemann zeta function.

2.2 The Riemann zeta function

We begin this section with the definition of a Dirichlet series, and then define the Riemann
zeta function, it being a specific case of such a series.

Definition 2.2.1 A Dirichlet series is a series of the type

Fls) =Y fnpn~* (23)

where f: N — C s an arithmetic function and s € C.

Definition 2.2.2 The Dirichlet series
((s) = Zn_s, Res>1 (2.9)
n=1

is called the Riemann zeta function, or the zeta function.
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It is perhaps unclear how complex analysis might enter into our present argument, and when
one considers the definition of the zeta function, it hardly seems likely that it has anything
to offer. However, those familiar with the zeta function may recall that it is related to the
von Mangoldt function, which lies at the heart of our argument. This relationship is first
stated, but before a proof is outlined, some auxiliary results are needed. As in nearly every
area where complex analysis is used, the zeta function plays a hugely significant role in this
analytic proof.

Throughout the rest of this thesis, we shall write s = o + it, where ¢ and ¢ are real. Also

note that

it = |elogn”| = e8| — | cos(tlog n) + isin(tlogn)| = 1, (2.10)

|n
and this fact is used throughout.
Theorem 2.2.1 Suppose that o > 1. Then

C/
¢

((SS)) - iA(n)n_s. (2.11)

If a proof is to be obtained, note that we require, for o > 1, that {(s) # 0. Obviously,
this is equivalent to showing that |((s)| # 0. Due to the fact that the absolute value of a
product equals the product of the absolute values, it is desirable to write the Riemann zeta
function as a product. A result concerning the convergence properties of Dirichlet series is
first stated, with a proof available in [5]. A relevant theorem to such a re-expression is then
proved, although its usefulness is not immediately apparent. In actual fact, it shall be used
twice to prove Theorem 2.2.1.

Theorem 2.2.2 Suppose that the series (2.8) converges for some s € C. Then there exist
unique real numbers og, 01,09 satisfying —oo < o¢g < 01 < 09 < 400 such that the following
statements hold:

1) The series (2.8) converges for every s € C with o > oq. Furthermore, for every e > 0,
the series (2.8) diverges for some s € C with oy — e < 0 < 0.

2) For every n > 0, the series (2.8) converges uniformly on the set {s € C: o > o1 + n}
and does not converge uniformly on the set {s € C: o9 > o1 — n}.

3) The series (2.8) converges absolutely for every s € C with o > o9. Furthermore, for
every € > 0, the series (2.8) does not converge absolutely for some s € C with o9 — € <
o < 0.

Theorem 2.2.3 Suppose that for each 7 =1,2,3,
Fi(s) = Z fi(n)n™,
n=1
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where f; : N — C is an arithmetic function and s € C. Suppose further that for every
neN,

fs(n) =Y (@) faly)-

Ty=n
Then, Fs(s) = Fi(s)Fy(s), provided that o > max{oy, 02}, where the series Fj(s) converges
absolutely for every s € C with o > 0,5 =1, 2.

Proof. The idea is to obtain a partial sum expression mirroring Fi(s)Fy(s) = F3(s), and
take limits. We have,

WE

> sl = > h@) faly) |

TY=n

3
Il
—

= Zfl(x)fg(y)n_s

TY=n

WE

> h@e hy)y™

TY=n

3
I
—

Note that for 1 <n < N, zy =n if and only if 1 < zy < N or, equivalently, 1 <x < N,y <
N/x. Therefore,

Y St = Y > fil@)r T faly)y

<N y<N/z

= > | A2 > Ay

z<N y<N/z
= > | A@2 Y Ly )+ D> [ A@eT D Ry
2<vN y<N/x VN<z<N y<N/x

Hence,

Zfs(n)nfs— Z filz)z™ Z Ly

z<VN y<VvN

= Y [ hr@e Y pew )+ Y (A Y Ry

z<vN VN<y<N/z VN<z<N y<N/z
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It follows that

Y fmn™ = D i@z > fy)y

z<vVN y<V'N

< o 1a@el D0 Ry |+ DD (1A )] Ry
<V N VN<y<N/z VN<z<N y<N/=z

< D |A@2 ) DY Ry + Y [A@2])Y ] Ry (2.12)
z=1 y>vN z>VN y=1

Suppose that ¢ > max{oy,02}. Then the series Fi(s) and F»(s) converge absolutely. In

other words, the series
Z |fi(z)a™|  and Z | f2(y)y~
z=1 y=1
converge. From this, it is clear that

Z |fi(z)z™*| and Z | f2(y)

z>VN y>\F

converge to zero as N —» oo. It follows that the right hand side of (2.12) converges to zero
as N — oo. Therefore,

N
i D2 = 30 Al 3 k| =

z<v'N y<vVN

Hence,

N
N@w;f3(n)n_s = fm Z fi(z)z™ Z )y~

z<vN y<v'N
= lim Y fix)e™ lim Y foly
:p<\/7 y<\/7
In other words,
D fsmn =" fil@)r ) faly)y”
n=1 rx=1 y=1

that is,
Fy(s) = Fi(s)Fa(s),

as required.
Q.E.D.
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This theorem can be generalised to state the following:

Theorem 2.2.4 Suppose that for each 7 =1,2,...,k+1,
Fi(s) = Z fi(n)n™?,
n=1

where f; : N — C s an arithmetic function and s € C. Suppose further that for every
n €N,

frenm) = film) - fulw).

T,y Tk
T1..T=n
Then, Fyi1(s) = Fi(s)Fa(s) ... Fyx(s), provided that o > max{oy,...,0x}, where the series
F;(s) converges absolutely for every s € C with o > 0,7 =1,2,... k.

This generalisation is used to prove the following theorem, which takes a Dirichlet series and
equates it to a product. In this case, the arithmetic function involved is multiplicative. A
further result assumes a completely multiplicative function, that is, an arithmetic function
such that a(n)a(m) = a(nm) for all n,m € N. This is the case for the zeta function, with
f(n) =1 for all n € N,

Theorem 2.2.5 Suppose that the function f : N — C is multiplicative. Suppose further
that F(s) =Y ", f(n)n™% is absolutely convergent. Then

Fis)=]] (Z f(ph)p’”> .

p

Proof. Let p; be the j prime in increasing order and choose any k € N. Define arithmetic
functions g; : N — C by

v f f(n) ifn=p;"for some h e N
9:(n) = { 0 otherwise.

Since these are arithmetic functions, it follows by Theorem 2.2.4 that

N Y ai@). gl n*:H(Zgj(n)n—S). (2.13)
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Denoting N U {0} by Ny, it follows by the definitions of ¢; for j € N that

Zgj(”)n_s = Z gi(n)n™" + Z gj(n)n=*

n=p;" n#£p;h

heNy heNp
= > flnn

n=p;"

heNp

= > f"m)™ (2.14)
h=0
Next, for n € N, we consider the sum

So=" > gilx1)...gulxn)

L1y Tk
Z1...Tp=Nn

by examining two possibilities for n. The first is that the unique prime factorisation of n is
expressible in terms of powers of the primes pq, ..., pr. The second is that it is not.

Case 1. Suppose n = p;™ ...p;"* where h; € Ny for all j € {1,...,k}. Letting z; =
p ™, x = pip"™, so that n = z; ... 2y, it follows that

g1(x1) - gr(ze) = f(™) o fe™) = Flp™ . ™) = f(n),

where we use the fact that f is multiplicative.

Now, since there is only one prime factorisation of n, it follows by the pigeonhole princi-
ple that there is no other way to express each x; as a prime power. Therefore, if the z;s are
not defined as above, we have g;(z;) = 0 for some j € {1,...,k}. Hence, ¢1(z1) ... gr(zx) = 0.
It follows that S,, = f(n).

Case 2. Suppose p is a prime factor of n such that p # p;, any 7 € {1,...,k}. Then if
n=2x...7, p is a factor of x; for some j € {1,...,k}. Therefore, x; is not a power of any
of the first k£ primes. It easily follows that S, = 0.

Therefore, in both cases,

> gil@) . gular) = 0k(n) f(n), (2.15)

L1500 T
T1..Tp=n

where
61 (n) { 1 if all the prime factors of n are among py, ..., px
k pu—

0 otherwise.
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It easily follows by (2.13), (2.14) and (2.15) that

11 (Z f %’”‘)pﬂs) =" bu(n) f(n)n~.

Thus
k 00 00 00
(Z f(pjh)pj‘h5> =Y f)n™ = (Ok(n) = 1) f(n)n~". (2.16)

h=0 n=1

J
Now for n € {1,...,k}, if p is a prime factor of n, then p < n < k < py. Therefore, 6;(n) = 1.
Also, |0x(n) — 1| < 1. Using these two facts, along with (2.16), it follows that

o0

> O(n) =) f(m)n~

n=k+1

< > 6k(n) = 1| f(n)In7

n=k+1

= 3 I (2.17)

n=k+1

Since F(s) = Y 02, f(n)n™* is absolutely convergent, that is, since >~ |f(n)[n~7 is con-
vergent, it follows that

> f(n)n 7 — 0 as k — oo
n=k+1

This result, together with (2.17) imply that

The result follows.
Q.E.D.

Using Theorem 2.2.5, the following theorem allows for the re-expression of the zeta function.

Theorem 2.2.6 Suppose that the function f : N — C is completely multiplicative and not
identically zero. Suppose further that F'(s) =Y~ f(n)n™* is absolutely convergent. Then

F(s)=]J(0 = fp )"
p
Proof. Choosing any prime p, consider the series G(s) = >_,2 f(p")p~"*. Since
ST =D NN T =D fn,
h=0 h=0 n=ph
h>0
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it follows by comparison with F'(s) that the series G(s) is absolutely convergent. Therefore,
it is convergent.

Also, using the fact that f is completely multiplicative and not identically zero, it is straight-
forward to check that the series G(s) is a geometric series with the first term being 1 and
the ratio being f(p)p~°. Therefore,

- —ns - —S\Nn 1
hz:;f(ph)p " :;(f(f?)p ) ST

The result follows upon application of Theorem 2.2.5.
Q.E.D.

Notice for the zeta function — which is absolutely convergent — that f(n) =1 for all n € N.
It follows immediately by Theorem 2.2.6 that

(s)=[[a-»)"

p

It is now proved that ((s) # 0, by examining the individual terms of its re-expression as a
product.

Theorem 2.2.7 Suppose that o > 1. Then ((s) # 0.

Proof. By our previous result,

C(s)] =

1
e

-1 T _1p_8| . (2.18)

Now

78‘

= [1—p7p™"|
= |1 —p 7(coslogp™" +isinlogp™")]

1—p

= |(1 —p 7coslogp™®) —ip 7 sinlogp™|
= /(1 —p 2 coslogp=)?+ (p~* sinlogp~*)?
= \/1 — 2p~?coslogp~t + p~2¢

and, since — coslog p~t < 1, it follows that
—2p % coslogp™t < 2p7°.

Therefore,

L=p | <1427+ p 2 =1+p".
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In other words,
1 1

> .
1—p~| ~ 1+p—°

It follows then from (2.18) that

1

=T (2.19)
» p

Now (14+p9)(1 —p~9) =1— p~2?, where, since o > 1, neither of the terms on the left are

zero. In other words,
1 B (1 - p720)71

T (A=p)

It follows then from (2.19) that

|C(S)| > H (1 _p_ZU)_l o Hp(l -D J)_ C(20)

L =p)t QLA =p) (o)
provided the denominator is not zero. Noting that ((20) = Y 02 n™2? > 0, the proof is
completed on also noting that (o) =372, n=7 > 0.

Q.E.D.

Perhaps the next obvious step is to obtain ('(s). If term by term differentiation is possible,
then the solution is obvious. The following proposition gives conditions for when this is
possible. The proof can be found in [5] and is omitted here.

Proposition 2.2.8 Suppose that the series (2.8) converges to F(s) for o > oo. Then F(s)
1s analytic for such s, with derivative given by

F/(S) _ Z f(niisogn '

Now, given the fact that ((s) = > - n~* converges absolutely for every s € C with o > 1
and diverges for every real s < 1, it follows by Theorem 2.2.2 that ((s) = >~ , n~® converges
on the set {s € C: o > 1}. Hence, by Proposition 2.2.8, ((s) is analytic in the domain o > 1,

and
D

() = =Y (logjn .

n=1

Thus, given that ((s) # 0, proving Theorem 2.2.1 amounts to proving that

i(log n)yn=° = i A(n)n™* i n-’,
n=1 n=1 n=1
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as is duly done below.
Proof of Theorem 2.2.1. Recall Theorem 1.1.2,

logn = ZA(SL‘) = ZA(m)u(y)

z|n
TYy=n

where u(y) = 1 for all y € N. Thus by Theorem 2.2.3, for o > 1,

Z(log nyn=° = Z A(n)n~? Z u(n)n=?

= > A > 0 (2.20)

provided that the series (2.9) and (2.11) converge absolutely for ¢ > 1. This is true for the
series (2.9). Also, since 0 < A(n) <logn for all n € N,

i$ :i%§i1f0”<oo (2.21)
n=1 n=1 n=1

whenever o > 1. Hence (2.20) holds for o > 1.
Q.E.D.

2.3 1(X) as a complex integral

Next, we prove a result that shall help us write ¥;(X) as a complex integral involving the
Riemann zeta function. Cauchy’s residue theorem is central to the argument. Before the
residue theorem is stated (without proof), some definitions and results are first required.
Along with the Cauchy residue theorem, these results can all be found in [1].

Definition 2.3.1 A region is defined to be an open connected set.

Definition 2.3.2 A region D is simply connected if for any zo € D (the complement of D)
and € > 0, there is a continuous curve y(t),0 <t < oo such that

1) d(y(t),D) <€ forallt >0,
2) 7(0) = 2,
3) limy_, o y(t) = o0,

where d s the shortest Euclidean distance between the curve and the region.

Definition 2.3.3 A curve C s closed if its initial and terminal points coincide. C is a
simple closed curve if no other points coincide.
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Definition 2.3.4 Suppose that v is a closed curve and that a & ~v. Then

( ) 1/ dz
n(v,a) = —
i 2mi ),z —a

18 called the winding number of v around a.

The Jordan curve theorem asserts that any simple closed curve divides the plane into exactly
two components — one bounded, the other unbounded. Furthermore, it can be shown that
for these “Jordan” curves, if a is in the bounded component, then n(vy,a) = £1. Otherwise,
n(v,a) = 0. If the curve is traversed so that the bounded component lies to the left of the
curve, then n(y,a) =0 or 1.

Definition 2.3.5 A complex function f is analytic at z if f is complex differentiable in a
neighbourhood of z. Similarly, a complex function f is analytic on a set S if f is complex
differentiable at all points of some open set containing S.

Hereafter, the term deleted neighbourhood of zy denotes a set of the form {z : 0 < |z—2¢| < d}.

Definition 2.3.6 A function f is said to have an isolated singularity at zo if f is analytic
i a deleted neighbourhood D of zg but is not analytic at z.

Definition 2.3.7 Suppose that f has an isolated singularity at z.

1) If there exists a function g, analytic at zy and such that f(z) = g(z) for all z in some
deleted neighbourhood of zy, f is said to have a removable singularity at 2.

2) If, for z # zy, f can be written in the form f(z) = A(z)/B(z) where A and B are
analytic at zo, A(zo) # 0, and B(zy) =0, f is said to have a pole at z.

3) If f has neither a removable singularity nor a pole at zo, f is said to have an essential
singularity at zp.

Definition 2.3.8 If f(2) = 1o Ci(z—20)" in a deleted neighbourhood of zo, where Cy, €
C for allk € Z, C_4 is called the residue of [ at zy. We use the notation C_1 = Res(f; z).

We are now in a position to state Cauchy’s residue theorem. A proof can be found in [1].

Theorem 2.3.1 (Cauchy’s residue theorem) Suppose that f is analytic in a simply con-
nected domain D except for isolated singularities at zq, 29, ...,2,. Let v be a closed curve
not intersecting any of the singularities. Then

/f(s)ds = 2mi Zn(% zi)Res(f; zk).

Also crucial to writing ¢4 (X) as a complex integral are the following two standard results,
again stated without proof.
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Proposition 2.3.2 For a curve C partitioned into n sections C1, ..., Cy,

/Cf(s)ds = zn;/o f(s)ds.

- /C fls)s = [ I

Theorem 2.3.3 (The M-L formula) Suppose that C' is a smooth curve of length L, that
f is continuous on C, and that |f(2)| < M for all z € C. Then

/Cf(z)dz

Note that a curve determined by z : [a,b] — C is said to be smooth if it is piecewise
differentiable and z/(t) # 0 except at a finite number of points. We are now in a position to
prove a result which will enable us to write 11 (X) as a complex integral.

Also,

< ML.

Theorem 2.3.4 Suppose thatY >0 and ¢ > 1. Then

271 oo S(s+1)

1 ety de {0 if Y <1,
l—5 Y >1,

where the path of integration is the straight line o = c.

Proof. Let T'> 1, and write

1 c+iT Ys
Ip=— s
270 Jo_ir S(s+1)

1 c+ioo Ys
lim Ip=— 1 ds
e T T 2 /c_ioo sGs+1)

It is tempting to try and obtain this limit directly, but the integration is far from straight-
forward. Instead, notice that Y*/(s(s + 1)) is analytic in C except for isolated singularities
at 0 and —1. Therefore, Cauchy’s residue theorem may be applied to Y*/(s(s + 1)) and any
closed curve in C not intersecting 0 or —1. Combined with Proposition 2.3.2, the integral
I may be expressed in terms of other suitable integrals, winding numbers and residues. In
general, the benefit of such an alternative expression is that the other integrals may be easier
to evaluate, or in our case, where a limit is required, the limit of the alternative may be easier
to obtain.

so that

For the case Y > 1, take the simple closed curve C_ consisting of the line segment [c —
iT,c+ iT], and the arc A~ (¢, T) of the circle centred at s = 0 with radius v/¢? + T? passing
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clockwise from ¢ — T to ¢ + T, as the following diagram demonstrates.

A \

¢+ iT
singularities
ll l \
i s =-1 s=20 |
\ L 4 L 4 1

\ c-1iT

Let

Jr = L / Y ds.
210 Ja-(ery (s + 1)

The singularities 0 and —1 both lie inside the bounded region. The curve C'"_ is simple, and
the bounded region can be assumed to lie to the left of the curve, so the winding numbers are
both 1. To find the residues, let A(s) = Y* and B(s) = s(s+1). These functions are analytic
at 0. Also, A(0) =1 # 0 and B(0) = 0, while B’(0) = 1 # 0. Therefore, the singularity of
Y*®/(s(s+ 1)) at s = 0 is a simple pole. Without proof, we state the following: If f has a
simple pole at zg, that is, if
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where A and B are analytic at zp, A(zp) # 0 and B has a simple zero at z,, then

C_1= lim (z — 2)f(2) =

Jim B(z) (222)

Hence,

res (i 5150) = iy = -

Likewise, it can be shown that the singularity at —1 is a simple pole. In this case,

Ys 1
Res——— —1) = —— .
68(8(5—1—1)’ ) Y

Therefore, by Cauchy’s residue theorem and Proposition 2.3.2,

_ 1

so that

Th—n>100]T:Th—I>nooJT +1_? ’

To complete the proof for the case ¥ > 1, it remains to show that limy_ . J;; = 0, or,
equivalently, that limr_, |J7| = 0. Begin by noting that

1 v
7] < —/ L N
21 Ja- ey I8l]s + 1

Now for s € A=(¢,T), since Y > 1 and o < ¢, we have
V¥ =Y <Ye

Next, |s| = R, where R is the radius of A= (¢,T'), namely /¢ +T2. (This is why an arc
around the origin is used.) Also, it is easy to show that |s+ 1] > R—1 (R—1 > 0), or
alternatively put, that |s + 1| > |s| — 1. Combining these results, it follows that

1 Ye

Il < — — s
Iz 21 Ja- ey B(R—1)
1 ve
< -
S R
- R-1
YC
<
= T_1

since R > T, and where the M-L formula (Theorem 2.3.3) is used to obtain the second in-
equality. It follows that limr_, |J7| = 0, as required for the case Y > 1.
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A very similar argument proves the case Y < 1. Take the simple closed curve C; consisting of
the line segment [c— T, c+iT| and the arc A* (¢, T) of the circle centred at s = 0 with radius
V¢ + T2 passing anti-clockwise from ¢—iT to c¢+iT, as the following diagram demonstrates.

\
|
|0 = 1
| c+iTe
\
| \
| \Cs
singularities |
\ \\ | |
s =-1 s=20 | |
L L 4 ‘ 1
|
‘ |
|
‘ /
|
/
| c-iTd
|
|
\

Let

1 Ys
Jh=— / — s
271'2 At(c,T) S(S =+ 1)

There are no singularities in the associated bounded region. Therefore, by Cauchy’s residue
theorem and Proposition 2.3.2,
]T = Jj-!‘_v
so that
lim Ip = lim J.
Tgloo T Tinoo T

Clearly then, the proof is completed if it is shown that limy ., J;: = 0, or, equivalently,
that limy_, |J;5| = 0. Proving this is very similar to proving that limp . |J7| = 0. The
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details are left to the reader.
Q.ED.

We now state and prove the result alluded to at the beginning of the section. Theorem 2.1.4,
linking 1 (X) to the von Mangoldt function, and Theorem 2.2.1, linking the von Mangoldt
function to the Riemann zeta function are both used, with the von Mangoldt function serving
in a sense as an intermediary function.

Theorem 2.3.5 Suppose that X >0 and ¢ > 1. Then

¢1<X) _ 1 /c+ioo Xs+1 CI(S) q

2 e S ()
where the path of integration is the straight line o = c.

Proof. Given Proposition 2.1.4, it follows that

The sum on the right is over n < X, hence the sum is over n such that X/n > 1. Therefore,
given Theorem 2.3.4, it follows that

’Lpl(X) :§M/c+z@0 (X/n)s ds

X — 270 Jeoioo S(s+1)

Furthermore, applying the same theorem,

— A(n) [ (X/n)*
2 o / ssr1) =0

n=[X]+1 —100

since this sum is over n such that X/n < 1. It follows that

1/}1<X) _ iw/*c—kioo (X/n)s s

X = 20 Jeino S(s+1)

1 & /C“’OO X*  A(n)
1 &

%n: Cico S(s+1) n®

(2.23)

The order of summation and integration can be changed if

/0“'00 X A(n)

—100 S(S+1) n®

[e.9]

ds‘ < 0.

n=1
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First note that

o0

/c—l-ioo X8 A(n) 44l < i /c+ioo |Xs| |A(n)|
c—100 S(S+1) n® N |S||S+]‘| |n8|

n=1 n=1v¢100

Since ¢ > 1, it follows that |s + 1| > |s|. Thus |s + 1||s| > |s|*> = ¢ + t2. Also, |X®| =
X¢, |n®] = n® and |A(n)| = A(n). Therefore,

o0 c+1i00 XS A o0 A c+100 d
Z/ (n) ds’ < XCZ (”)/ : 52
n=1 1Y c—ico S(S+1) n’ n—=1 ne c—ico € +1
oo dt = A(n)
= XC R ——
( /oo 02+t2) ; ne
. [T At <= An)
< (v [UR)E

n=1
Note that the integral is finite, and by (2.21), so too is the series. Therefore,

/0“'00 X A(n)

—100 S(S+1) n®

o0

ds‘ < 0.

n=1

Hence, from (2.23), it follows that

wl(X) L ctioco X5 A(n)
X 2T Jemioo “={ s(s+1) n°

1ot~ Xs KA
- > 2
2mi Jooino S(s+1) =
and the result follows by Theorem 2.2.1.
Q.E.D.

2.4 An analytic continuation of ((s)

Let 1 C’( )
)= GrD s

Then by Theorem 2.3.5, the statement ;(X) ~ X2 as X — oo is implied for any ¢ > 1

by the statement '
L[ )Xot ds ~ L X —»
— S S~ — as 00.
2mi 2

c—100
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In light of the proof of Theorem 2.3.4, Cauchy’s residue theorem may prove useful in finding
an alternative expression for
1 c+iU
— G(s)X* ! ds,
2mi c—iU
and thus enable us to investigate its limit
1 c+i00
— G(s) X! ds.

2mi c—100

Again in light of Theorem 2.3.4, to find this limit, bounds for G(s) and G(s)X*™! may be
required. First, simply connected domains must be found where G(s) X*~1 is analytic, except
for a finite number of singularities, so that the residue theorem can be applied. Recall that
((s) is analytic in the region ¢ > 1. The following two results allow one to conclude that
('(s) is also analytic for o > 1. The first is merely stated, with a proof available in [1].

Theorem 2.4.1 Let f be analytic at z. Then f is infinitely differentiable at z.

Theorem 2.4.2 Let f be analytic on an open set S. Then f is infinitely differentiable on
S.

Proof. Choose any point z € S. By Definition 2.3.5, f is analytic at z. Therefore, by
the previous result, f is infinitely differentiable at z. Since z was an arbitrary point in S, f
is infinitely differentiable on S.

Q.E.D.

Therefore, as ((s) is analytic on the region o > 1, {’(s) is differentiable on the region o > 1.
In other words, (’(s) is analytic on the region. Now as ((s) # 0 when o > 1, G(s)X*™! is
analytic on the whole of the region o0 > 1. However, working with the residue theorem in this
region proves difficult, so it is preferable to work in an extended domain where G(s)X*™! is
also analytic.

It is sometimes possible to obtain an analytic continuation of a function, defined as follows:

Definition 2.4.1 Suppose that f is an analytic function defined on an open subset U of
the complex plane C. If V is a larger open subset of C containing U, and F' is an analytic
function defined on V' such that

F(z) = f(z) forall z€ U,
then F is called an analytic continuation of f.

Thus, a function is extended beyond an analytic domain in such a way that the function is
also analytic in the extended domain. This section establishes an analytic continuation of
((s) totheset D = {s € C: 0 > 0,s # 1}, so that, by Theorem 2.4.2, ('(s) is analytic on
D. Thus G(s)X* ! is analytic on the half-plane o > 0, except for an isolated singularity at
s =1 and at the zeros of ((s).
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Theorem 2.4.3 The function ((s), analytic for o > 1, admits an analytic continuation to
the set {s € C: 0 > 0,s # 1}, with s = 1 being a simple pole with residue 1.

A lemma is first outlined, and two results, used in the proof of Theorem 2.4.3, but whose
proofs would take us too far afield, are stated.

Lemma 2.4.4 For any function f,

H3 / " e =3 m / " e,

n=1 m=n m=

3

Proof. That the statement holds for » = 1 is trivial. We will proceed by induction. Assume

then that
k k m—+1 k mal

SN[ fwe=Ym [ s

n=1m=n"™m me1 m
Thus

k41 k4+1 gl k+1 k S 1 s
LIS k2
= > f(@)dz + (k+1) f(z)da
n=1m=n""m" k+1

m— m k+1
k+1 m+1

= m/ f(z)dx
m=1 m

So by induction, the statement is proved true for all r € N.

QED.
Theorem 2.4.5 Suppose that the path I" is defined by w(t) = u(t)+iv(t), where u(t),v(t) € R

for every t € [0, 1]. Suppose further that u'(t) and v'(t) are continuous on [0,1]. Let D be a
domain in C. For every s € D, let

F(s) = [ f(sw)du.

where

1) f(s,w) is continuous for every s € D and every w € I';

and

39



2) for every w € I, the function f(s,w) is analytic in D.
Then, F(s) is analytic in D.

Theorem 2.4.6 If a series of analytic functions is uniformly convergent on a domain D,
then the series is analytic on D.

Theorem 2.4.5 can be readily verified. For the reader interested in a proof of Theorem 2.4.6,
see [7].

Proof of Theorem 2.4.3. Since ((s) diverges whenever 0 < o < 1, extending ((s) in
the natural way is not an analytic continuation. Therefore, for ¢ > 1, we seek to express
((s) in a different manner, and prove that an analytic continuation is possible. The idea is
to obtain an expression for the partial sums of the zeta function, and then take limits. Begin
by noting that

[X]
Z n=°®— Z X = Z(?fS - X)) = Z/X sy 5 dw
n=1v"

n<X n<X n<X

X]-1 .x X
= Z/ sx_s_ldx+/ sz 'z
[

X]
[X]-1

= Z/ﬂ 5 ldg 4 Z/ 5w

+ / sz ldx
[X]

(X1-1 g1 X1 .x
8_1d93+2/ sz ldx.
n=1 [X}

35 o

n=1 m=n

Given Lemma 2.4.4, it follows that

[X]-1 m+1 X
Z n®— Z X = Z m/ sz~ ¥ 1dr + [X]/ sz 1dx
n<X n<X m=1 m [X]
[(X]-1 m+1 X
= sy 57 dw —|—/ [z]sz ™ dx
m=1 vm [X]

X
= s/ ’Sfldx.
1
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Therefore,

Z n® = [X]X7° +8/1 [z]z57 da

n<X
b b
= (X —{XHX°+ 5/ r= % dr — s/ {r}r " do
1 1

1 {X} —I_S—H X X {x}
= ﬁ‘?“(ﬁ = de

1 s+l
1 {X} s s X {r}
XX * s—1 (s—1Xs1 o L astl de. (2.24)
Thus for o > 1,
- s_ S * {z}
C(s):XthOOZn = -1 ° 1 Fdx. (2.25)
n<

Next, define a function

g(s):{ ﬁ_sfl {z}x=ldx if s#1

0 otherwise

on the half-plane ¢ > 0, so that g(s) = ((s) for o > 1. Assume, for the moment, that

/1 Oo{x}x_s_ldx (2.26)

is an analytic function for o > 0. Then g is analytic on the half-plane o > 0, except at s = 1.
Let

A(s) =s—s(s — 1)/ {x}r*dx
1
and
B(s)=s—-1
so that

g(s) = 28 s # 1.

Note that A and B are analytic at 1. Also, A(1) = 1 and B(1) = 0, while B'(1) = 1.
Therefore, g has a simple pole at s = 1, and

Res (g,1) = gl((?) = 1.

Hence, ¢ is an analytic continuation of { to the half-plane ¢ > 0 omitting the point s = 1,
which is a simple pole with residue 1. Thus, it remains to prove (2.26). Note that we can

write -
zlr ¢ der = F,(s),
| @ LT
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where for every n € N,
n+1
F,.(s) :/ {x}r~* 'da.
Therefore, by Theorem 2.4.6, if

1) for every n € N, F},(s) is analytic in C,
and

2) for every 0 > 0, the series Y | F,(s) converges uniformly for o > 0,

then the series > | F,,(s) is analytic for & > §. The series would then be analytic on the
half-plane o > 0, since 0 > 0 is arbitrary. Therefore, it remains to prove 1 and 2.

Proof of 1. Note that
1
F.(s) = / {n+t}(n+t)~*'dt
01
= / tin+t)~ 5 1dt
0

1
= / telosn ) gy
0

1
= / te~(stlos(n+t) 4y
0

Write f(s,w) = we™ (D084 0) “and define I’ by w(t) = t for every t € [0,1]. Thus w(t) =
u(t) + iv(t), where u(t) = t,v(t) = 0. Hence, u/(t) and v'(t) are continuous on [0,1]. By
definition,

[sta = [ s wtopio
_ /01 F(s,1)dt
F,(s).

Note that f(s,w) is continuous in C for every s € C and every w € T, and that for every
w €T, f(s,w) is analytic in C. Thus by Theorem 2.4.5, F,,(s) is analytic in C for all n € N.
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Proof of 2. Choose 6 > 0. Then for ¢ > 4,

Fu(s)] < / ()| d

n+1

< [T
n
n+1

= / e
n

< n*O’*l

< n707L

0—1

Now choose € > 0. Since ) >, n~°~! converges, it follows that there exists N € N such that

for all m > N,

i F.(s)| < f: |Fa(s)] < i n 7l <e
n=m-+1 n=m+1 n=m+1

for all o > ¢. Thus the series >~ | F},(s) converges uniformly for ¢ > ¢. This completes the
proof.
Q.E.D.

2.5 A bound for G(s), the zeros of ((s)

In the previous section, it was stated that if the residue theorem could be used to find an
alternative expression for
1 c+iU

— G(s)X* ' ds

2mi c—iU
where ¢ > 1, then bounds for G(s) and G(s)X* ! might be required. To establish if the
residue theorem can be used, recall also that G(s)X*™! was shown to be analytic on the
half-plane o > 0, except for an isolated singularity at s = 1 and at the zeros of ((s). Clearly
then, the zeros are of interest, and the next two lemmas are about these zeros. The proof of
the first is omitted, as it would take us too far afield.

Definition 2.5.1 A zero of an analytic function f is said to be isolated if there exists a
deleted neighbourhood of f that contains no zeros.

Lemma 2.5.1 The zeros of any non-zero analytic function are isolated.

Lemma 2.5.2 Suppose that f is analytic on a bounded region D, and on its boundary B. If
f is not identically zero on D U B, then f has finitely many zeros in D.
Proof. Assuming the contrary, there is an infinite sequence of distinct points s € D

with f(sg) = 0. This sequence has a convergent subsequence {wy} with

lim w, = w,
k—o0
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where w € D U B. Since f(wy) = 0 and f is continuous, f(w) = 0. Clearly, w is a zero that
is not isolated, so by the last lemma, f is identically zero on D U B.
Q.E.D.

In light of all this, for any 6 > 0, any bounded region in the region o > 4 contains only a
finite number of zeros of ((s). Clearly then, regions within bounded regions can be found
with no zeros of ((s), which is desirable, as we have made no attempt to locate these zeros,
much less find their residues. Therefore, in these regions, G(s)X*! is analytic, except at
1, if it is in the region. Furthermore, as G(s)X*7! is analytic in the region o > 1, regions
can be found containing the line segment [c — iU, ¢ + :U] and s = 1 for which G(s)X*™! is
analytic, except at 1. Hence, the residue theorem may be used, and bounds for G(s) and
G(s)X* ! may indeed prove useful. Clearly, bounds for 1/(s(s + 1)),1/¢(s) and ¢'(s) will
provide a bound for G(s).

It was also stated in the previous section that it is desirable to work outside of the re-
gion ¢ > 1, and in doing so, at least some segment of the line ¢ = 1 must be within the
region we choose to work in. For this proof of the prime number theorem, the segment length
is arbitrarily large, requiring that ((s) is examined along the line 0 = 1. In this section, it
is shown that ((s) has no zeros on the line ¢ = 1, allowing for the possibility of a bound on
1/{(s) in the region o > 1. First, bounds are obtained for ((s) and (’(s), where a variant of
Cauchy’s integral formula, known as the generalised Cauchy integral formula, is relied upon.
This result is stated without proof.

Theorem 2.5.3 (The generalised Cauchy integral formula) Suppose that f is analytic
in a simply connected domain D and that v is a regular closed curve contained in D. Then
for each z inside v and £ =0,1,2, ...,

f(k)(z) = %/ (wf_(z;}))kﬂdw'

(Indeed, the case k = 0, with D a disc and ~ a circle within D with the same centre, is
precisely Cauchy’s integral formula.)

Theorem 2.5.4 Ifo > 1 andt > 2, then
1) ¢(s) = O(logt);

and

2) ('(s) = O(log™t).
3) Suppose further that 0 < § < 1. If 0 > 6 and t > 1, then ((s) = Os(t'?).
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Notation: In 3, by Os(t'7%) we mean that |((s)| < Ct'~° where C' depends on §.
Proof. If 0 > 0,t > 1 and X > 1, then by (2.24) and (2.25),
1 X 1
_Z_:{}_ N s _S/ e}
ns Xs Xs—1 (S _ 1)X371 x strl

n<X
SO B R O
Xs (s —1)X=-1 P s

d. (2.27)

Note that X > 1 so the sum is not empty. It follows that

L[ 1 /°° {z}
< dx|. 2.28
|C(S>| — T;( X5 + (S—].)Xs_l +|s x s+l X ( )
Next, note that
1 1
> =2
n<X n<X
Also ¥
X |11
Xs | 7| X X
1 11
(s — DXL | s—1| X571 — tXo-!
and
= {z} Rt
‘3 oot dr| < |s| sl
< Vo2 +t2/ = dz
x z7
< t
< (o )XUU
t 1
= 1+— | —.
( + 0) X
Hence, it follows from (2.28) that
1 1 t 1
< — 24+ — ) —. 2.29
|€(s>|_an+tXU_1+< +J) G (2.29)

If 0 > 1, then
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Now ]
Z — <log X + 1,
n

n<X

a proof of which is outlined in Chapter 3, Proposition 3.5.1. Hence

C()] < og X +1) +3+ 4 .

This inequality holds for all X > 1. Therefore, choosing X = t, it follows that

I¢(s)| < logt + 5,

proving the first statement. On the other hand, supposing that 0 < 6 < 1,if 0 > 9, t > 1

and X > 1, it follows from (2.29) that
1 1 t\ 1
1C(s)] < Z 5+ 1 1+(2+5) %5 -
nSX

Now,
(X]-1 (X]-1

n+1d{L‘ de
Z ; n+1 Z/ x5§/0 P

and as t > 0, it follows that 2 4 ¢/J < 3t/d. Therefore,

X190 3t

< i
(o)) < T + X170 =,

and again choosing X = ¢, it follows that

1-6 1 3
ool <t (125 +1+3).

proving the third statement.

leé
1-9

(2.30)

To deduce the second statement, one could differentiate each term in (2.27) and proceed.
However, this proves difficult. Instead, the idea is to choose an arbitrary point sq = og + ito,
where o0¢p > 1 and ¢y > 2, and use Theorem 2.5.3 to equate ('(sg) to an integral involving
((s). The path of integration is the circle C' centred at so with radius p < 1/2. To begin, as
((s) is analytic within the circle C, it follows from Theorem 2.5.3 that

¢ (s0)] =

RGN
Tm/as—smds“%

Clearly, if M = sup,.|((s)| exists, then

ds‘.



and, as the length of C' = 2mp, it follows by the M-L formula that

/ M
(" (50)] < . (2.31)

We next show that M exists and find a bound. Note first that 0 < 1 —p < 1. Next, for every
s€C,wehave o >09p—p>1—pandt>ty—p>1. Alsonote that t < ty+ 1/2 < 2t,.
Substituting 1 — p for ¢ in (2.30), it follows for every s € C' that

1 11
\C(s)\gtp<—+1+i) < 2pt8(;+;+§>

p IL—p p
5
P

10t}
o
Therefore, M < 10t§/p. By (2.31), it follows that

10¢4
C'(s0)l < —5 .

Let p = (logto +2)7!, so that p < 1/2 and p < 1/logty. Then tfj = e?'8% < e, hence
I¢"(s0)| < 10e(log to + 2)°.

The second statement now follows.
Q.E.D.

The following proof must count as the most skillful encountered to date, and, in this author’s
opinion, surpasses the final argument for the proof of the prime number theorem. There seems
little motive for much of what is done, but in the end, very different ideas are beautifully
woven together.

Theorem 2.5.5 The function ((s) has no zeros on the line o = 1. Furthermore, ast — oo,

we have, for o > 1, that

1 7
&) = Ollos1)).

Proof. Begin by noting that

344cosf+cos20 = 3+4cosf+ cos?f —sin? 0

3+4cosh —1+2cos*f

2(1 + 2cos 6 + cos” 0)

2(1 + cos 0)?

0. (2.32)

v
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Second, for o > 1, and where the log of a complex number is taken to be the principal value,
one might suspect that since

log ((s) = log (H(l —p‘s)‘l) ,

p
it would follow that
log ((s Zlog (1-— 1. (2.33)

Indeed, this is the case. To see why, it can be easily verified that for a complex sequence
{a,} and some m € Z, and where p[N| denotes the set of the first N primes,

log H a, | = Z log a, + (2mi)m.
pEP[N] pEP[N]

for all N € N. Now assume that

Nh—I>noo H @ | = L’
for some L € C. Then

lim log H a, | =logL = log Nlim H ap )

N—o0
pEP|N] pEP[N]

or equivalently,
Nli_r)n()o Z log a, + (2mi)m | = log <H ap> :
pEP[N] p

In other words,
Z log a, + (2mi)m = log (H ap) .
p

. and considering the case s = 2, where m equals zero, (2.33) is

Letting a, = (1 — p~*)~
proved to be true.

We next consider the terms log(1 — p~*)~!. Using the substitution x = p~%, note that

log(l—x)—lz/ d:17—|—01 /medx—l—C’l Z +1+02:Z%+02’
m=1
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where C and C5 are constants of integration. Considering the case s = 2 and any prime p,
it follows that Cy = 0. The last equality can therefore be written as

—s\m

log(1-p~*) ' =Y )" (2.34)

m

m=1

for any s such that ¢ > 1 and any prime p. Hence, given (2.33),

o () = 32 S W

p m=l1

By letting log(a + bi) = ¢ + di, it is easily verifiable that log |a + bi| = Re(log(a + bi)). By
this result,

log |¢(o +it)| = Re(log ((o + it)) = Re (Z > M) .

p m=l1 m
Now
e (p )fafit n—o—it
22
p m=1 p
n=p™m
Thus, if
. % if n =p™, pprime, m € N
" 1 0 otherwise,
we have
I )
— Cnn—a—zt
p m=1 m n=2
Therefore,

log|((c +it)] = Re (Z cnn_”_it>

= Z can” Re(n™")

n=2

= Z cyn” 7 cos(tlogn). (2.35)

n=2
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Combining (2.32) and (2.35), it follows that

log |¢*(0)¢ (o +it)C (o + 2it)] = 3log|((c)| + 4log|((o +it)| + log [( (o + 2it)]
= 3 Z cyn” 7 cos0+4 Z cnn” 7 cos(tlogn)
n=2 n=2

+ Z cyn” 7 cos(2t logn)

n=2

WE

cnn” % (3 + 4 cos(tlogn) + cos(2tlogn))

Il
)

o3

>
It follows that [(3(0)(* (o + it)¢ (0 + 2it)| > 1, hence for o > 1,

4 1
(0 + 2it)| > —— (2.36)

o—1"

C(o +it)

(o= D¢l | 2T

Assume that s = 1+t is a zero of ((s), i.e. assume that (14 it) = 0. Since ((s) is undefined
at s = 1, clearly t # 0. As ((s) is analytic elsewhere on the half-plane o > 0, ((s) is analytic
at the points s = 1 41t and s = 1 4 2it. Thus, as analyticity at a point implies continuity,

lim (o + 2it) = ¢(1 + 2it). (2.37)

o— 1+

Also, by the analyticity of ((s) at 1+ it,

iy SO+ D) — C(1+ i)

h—0 h
heC

exists. Since ((1 +it) = 0, it follows that

. C(1+it+h)
lim —>——=
h—s0+ h
exists. In other words,
i Slo+it) (2.38)

o—l+ o—1

exists. Furthermore, ((s) has a simple pole at s = 1 with residue C_; = 1. Therefore,
recalling (2.22),
lim (0 —1)((0) =C_1 = 1. (2.39)

o— 1+

By (2.37), (2.38) and (2.39), the left hand side of (2.36) must converge to a finite limit as
0 — 14, meaning that the right hand side must also converge as ¢ — 14, which is not
the case. Hence, s = 1 + it cannot be a zero of ((s).
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To prove the second assertion, recall from Theorem 2.2.7 that for o > 1,

¢(o)
¢(20)

<

’ 1
¢(s)
Thus as ((20) > 1, it follows that for o > 2,

‘Tl)‘ < (o) < C(2),

and as ((2) is a constant, it will now be assumed, without loss of generality, that 1 < o < 2.
First suppose that 1 < ¢ < 2 and ¢t > 2. It follows from (2.36) that

(0= 1)° < [(o = 1)¢(0)’[¢(o + it)[ (o + 2it)].

Recall that lim,_,1, (0 —1)({(c) = 1 and note that when o = 2, we have (¢ —1)((0) = ((2).
This being the case, as (¢ — 1){(0) is continuous, (o — 1){(¢) is bounded by a constant.
Together with Theorem 2.5.4 (1), it follows that

(0 — 1) < A1|¢(o +it)|*log 2t < Ay|¢(o +it)|*2]logt
for some positive constant A;. It easily follows that

(0 —1)34

o (o—p
Ko +it) 2 7

(2.40)

where A, is a positive constant. Clearly, (2.40) is also true when o = 1.

Next, suppose that 1 < < 2. If 1 < ¢ < np and t > 2, then it follows from Theorem
2.5.4 (2) that

[((o +it) = C(n+it)] =

/77 ((z+dt)dz
/77 | (x + it)| dx

U
/ Aglog?t dx

= A3(n—o)log®t
< Az(n—1) log®t,

IN

IN

where Aj is a positive constant. Combining this with (2.40), it follows that

_ 1)3/4

(n 2
Ay(log )17 Asz(n—1)log“t. (2.41)

IC(o +it)] > |C(n+it)| — As(n — 1) log?t >
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On the other hand, if n <o <2 and t > 2, then

(c—D¥* _ (=1
As(logt)/4 = Ay(logt)l/4’

and in view of (2.40), (2.41) must also hold. Therefore, (2.41) holds if 1 < o < 2/t > 2.
Choose < 2 so that
(n— 1

= 2A4(n—1)log*t
Ay(log t)1/4 3(n—1)log™t,
in other words, choose

n = 1+ <2A2A3)_4<10g t)_97

where (245A43) *(logt)™® < 1. This is true for all sufficiently large ¢, say ¢ > ¢, > 2. Thus
forl1 <o <2andt >t

(o +it)] > Az(n — 1) log?t = A4(10gt)*7,

where A4 is a positive constant. The result follows.
Q.E.D.

We are now in a position to obtain a bound for

1 , 1
RPN
Begin by noting that .
s(s+1) ™).

Also, by Theorem 2.5.4 (2),¢'(s) = O(log®t) for o > 1 and t > t,, since ¢, > 2. Next, by
Theorem 2.5.5,

1 7
&y = Otlost)),

for o > 1 and t > t3. Thus

G(s) = Ot *(logt)*(logt)")
O(t*(logt)")

for o > 1 and ¢ > t. Since (logt)® = O(t'/2) for sufficiently large ¢, it follows that

G(s) = O(t™3/?).
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2.6 Completion of the analytic proof

As proved in section 2.1, to prove the prime number theorem, it suffices to prove Theorem
2.1.3, namely that

1
¢1(X)~§X2 as X — oc.

It was later shown that the statement

1 c+i00 o1 1
— G(s)X*7"ds~=- as X — o0
271 2

c—100

implied Theorem 2.1.3 for any ¢ > 1, and Cauchy’s residue theorem was mentioned as a
possible way to investigate the expression on the left via an alternative expression of the
term
1 [eHU

— G(s)X* 'ds

21 Jo v
for U € R. Regions containing the line segment [¢c—iU, c+iU] and s = 1 were proved to exist
where G(s)X*~! is analytic, except at 1. In the last section it was proved that the line o = 1
has no zeros, so in fact, regions containing [c—iU, c+iU], s = 1, and a segment of o = 1 exist
where G(s)X*~! is analytic, except at 1. To prove Theorem 2.1.3, the idea is to take such
a region and apply the residue theorem to G(s)X*~! and a simple closed curve within that
region, where the curve includes the line segment [c — iU, ¢ + iU]. A curve composed of line
segments, and more specifically, vertical and horizontal line segments, is easiest to work with.

Proof of Theorem 2.1.3.

First, let € > 0 be given, and consider a simple closed curve ~, with direction such that
the bounded region lies to the left of v, made up of the straight line segments

(L, = [c—iU,1—iU],
Lo = [1—iU,1—iT],
Ly =[1 —iT, o — iT),

[
|
Ly = o — iT, a +iT),
[
[
[
[

Ls = [a+iT,1+iT],
Le¢ = [1+4T,1+ U],
Ly =[1+4U,c+ U],
Lg = [c+ iU, c — U],

where T' = T'(e) > tg,a = a(T) = afe) € (1/2,1),U and = B(U) € (0,1) satisfy the
following conditions:

1) [Z1GA+it)|dt < ¢

2) the set A = (2a — 1, 1] x (=27, 2T') contains no zeros of ((s);
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3) U>T;
4) the set B = (3,1] x (—2U, 2U) contains no zeros of ((s).

The following diagram demonstrates this setup.

2U—
o= 1
2T L c+ iU
U
Lg
Ls
T singularity
20-1 |l B s =1 c
4 .
—t
L4 ‘ LS
T+
Ls
Ly
U+ s C-iU
2T T Ly
\
22U

Some nuances of the setup are best discussed after the proof. The first and third condi-
tions allow us to estimate integrals along the line ¢ = 1. To see that such a T' exists, recall
that G(s) = O(t=3/2) for all t > ;. In other words, there exists R € R such that for all ¢ > t,

G (s)| < Rt~/
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Therefore, it suffices to show that there exists 7' > to such that [;°¢73/2dt < e, which is a
straightforward exercise. The second condition is possible since ((s) has no zeros on the line
o > 1, and a can be chosen so that the bounded region («/2,1) x (=27, 2T") contains no zeros
of {(s). The fourth condition is possible in the same way. It follows that G(s)X*~! is analytic
on the union of A, B and the region ¢ > 1, except for an isolated singularity at s = 1. This
union, call it D, is a simply connected region, and D contains 7y, with the singularity s =1
within the region bounded by . Therefore, by Cauchy’s residue theorem,

1 c+zU
L oS s o,
2

210 o

To calculate the residue, note that by Theorem 2.4.3, ((s) has a simple pole at s = 1 with
residue 1. Therefore,
Als)

C(s) = s# 1,
B(s)’
where A and B are analytic, A(1) # 0, B(1) =0 and B’(1) # 0. Thus for X > 1,

i L d8) o (B(8)A(s) = A'(9)B(s)) X1
EA O GraBeA) T
Letting C(s) = (B'(s)A(s) — A'(s)B(s))X*~! and D(s) = (s* + s)B(s)A(s), it follows that
G(s)X5 1 = ggz;,s #1,

where clearly, C' and D are analytic, and it is easy to show that C'(1) = B'(1)A(1) #
0, D(1) = 0 and D’(1) = 2B'(1)A(1) # 0. Therefore, G(s)X*~! has a simple pole at s = 1
with

Res(G(s)X*711) = =1/2.

It follows that, for every X > 1,

1 /c+iU G( )Xs_ld 1 - Z 1
211 2| — =

— /L G(s)X* 1ds|.

2w
J

(2.42)
c—iU

Notice the symmetry of the curve about the real axis. Choose any simple closed curve in D
that includes both L; and L; in its composition, and for which s = 1 lies outside the simply
connected region D’ bounded by the curve. Then, G(s)X*! is analytic in D’. A relevant
theorem is stated, the proof of which can be found in [1].

Theorem 2.6.1 If a function f is analytic in a simply connected region D, there exists a
function F, analytic in D such that F' = f.

Thus there exists a function F, analytic in D’ such that F'(s) = G(s)X*~!. Since L; and Ly
are smooth curves, a generalisation of the Fundamental Theorem of Calculus applies. The
result is merely stated here, with a proof to be found in [1].
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Proposition 2.6.2 If C' is a smooth curve with initial point o and terminal point 3, and F

is an analytic function on C' such that F' = f, then [, f(z)dz = F(8) — F(a).

It follows that

G(s)X* ds

Ly

/i;U F'(s)ds
= |F(1—4U)— F(c—1U)|.

Note that since F' is an analytic function, F'(s) = F(5). Hence

G(s)X* 'ds

L1

= |FA+U) - F(c+0)

F(1+iU) — F(c+i0)|
= [FA+iU) = F(c+ i)
= |F(1+iU) = F(c+iU)|

= G(s)X* 'ds|.
L7
Likewise,
/G(S)Xs_lds = / G(s)X* 'ds
L2 L6
and
/G(S)Xs_lds = / G(s)X* 'ds|.
L3 LS
Therefore,

/ G(s)X* 'ds
Lo

= / G(s)X* 'ds
Lg
1+iU

- /1 G(s)X*'ds

+iT

U
= / G(1+ it)X“dt‘
T

U
< / G(1 + it)|dt
T

< €.
On the other hand,
G(s)X* 'ds| = G(s)X* 'ds
L3 L5
144T
< [l s
a+iT

26
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But as G is analytic on Lz U Ly U Ls,
sup  |G(s)]|

LsUL4UL5

is defined. Call this supremum M. Thus,

/ G(s)X* ds
L3

/ G(s)X* ds
Ls

1
< M/ |Xcr+iT71’dU

1
= M / X7 do
M
log X’
the last inequality being a trivial matter once it is recalled that X > 0. Also,

a+1T
/ G(s)X* 'ds / G(s)X* 'ds
Ly o

—iT

a+iT
[ i@l as

—iT

< (2.44)

IA

IN

T .
M/ |Xa+zt—1|dt
=T

T
= M / X lqe
-7
= 2MTX* 1, (2.45)

Furthermore, since U > t,

/ G(s)X*ds
Ly

(2.46)

/ G(s)X* ds
Ly

c+iU
< / G(s)1X°[ds
1

+iU
< RU—3/2/ |XU—iU—1|dO_
1
= RUP / X 'do
1
< RU- (2.47)

Combining the results (2.42) through to (2.47), it follows that

4
1 [ 11 2M  2TM X!
— G(s) X Mds — | < — (2 QRUBPZ .
2 /c\_iU (S) S 2‘ =90 ( €+ logX + lea + logX




Note that

lim <i /CHU G(s)X*'ds — 1) GO

U—soco \ 271 iU 2 X2 2

Using the fact that if limy_ f(U) = L, then limy_, | f(U)| = |L], it follows that

c+iU
hiX) 1] _ L/+ G(s>X“ds_1’§

2 omi ) 2

M TM
X2 2 _U—>rnoo

Tlog X | axia

+ (2.48)

€
T
It is clear then that for sufficiently large X, we have

X2 2

Finally, since € > 0 is arbitrary, and the left hand side is independent of ¢, it follows that

. hi(X)
Xh—H}oo X2

=1/2,

thus completing the proof of Theorem 2.1.3.
Q.E.D.

As mentioned at the start of the section, this also proves the prime number theorem.

Remark Regarding the setup: while it gives a suitable closed curve within a region for
which G(s)X*! is analytic except at s = 1, there are other such setups that would do the
same. Perhaps the most basic one is to discard A and “push” L, far enough to the right so
that 7 lies in the union of B and the region ¢ > 1, with s = 1 still bounded by 7. However,
the desired result would not follow, for taking limits as U tends to infinity means that B
may also change (become narrower), thus L, would have to be pushed further to the right.
But then « tends to 1, and it is clear that we cannot have (2.48) for fixed a € (1/2,1). Note
however, that such a setup is viable if the Riemann hypothesis, which states that all the
zeros of ((s) lie on the line o = 1/2, is true.
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Chapter 3

An “elementary” proof of the prime
number theorem

3.1 Introduction to the elementary proof

The title of this chapter suggests an “elementary” proof of the prime number theorem exists.
The word is used here in the sense that the proof to be outlined does not use any complex
analysis, but instead uses number-theoretic ideas and some real analysis. Note that real
analysis must play some part due to fact that the prime number theorem is a statement
about limits. In the usual sense, the proof is far from elementary, quite the opposite in fact,
and unlike the analytic proof of Chapter 2, the motivations for doing things are far less clear.
The first elementary proofs of the prime number theorem were published independently by
Paul Erdos and Atle Selberg in 1949, although in actual fact, they were in collaboration until
a dispute arose. For an interesting account of the history of the elementary proof, including
this dispute, see [8]. Erdés’ and Selberg’s proofs are outlined in [6] and [15] respectively. The
proof outlined here follows a method set out by Norman Levinson in 1969 [12], as outlined
with minor simplifications by G.J.O. Jameson in [11].

There is some common ground between the elementary and the previous analytic proof,
namely a portion of the analytic proof that did not require complex analysis. To specify,
it was proved by “elementary” means that it is sufficient to show that ¢(z)/x — 1 as
x — 00, where Chebyshev’s ¢ function was defined as follows:

Definition 3.1.1 Define ¢ : RT — R by

W(x) =) Aln) =) logp

n<x
pr<wz

where p denotes a prime and n € N.
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In this chapter, we prove this sufficient condition without resorting to complex analysis.
Before a proof is given, some investigation of 1 is undertaken. Begin by recalling from
Chapter 1 Chebyshev’s 0 function, defined as follows:

Definition 3.1.2 Define the function 6 : Rt — R™ by

f(x) = logp

p<w
where the sum is over all primes p less than or equal to x.

The 9 function was introduced by Chebyshev as a function “close” to 6, “close” meaning
that the two functions differ only in the relatively rare “prime power” terms, so anything
said about 6 is likely to have implications for . In particular, an upper bound for ¢ should
help to obtain an upper bound for . In the next section of this chapter, upper estimates of

both € and ¢ are obtained.

3.2 Chebyshev’s upper estimates for 6(z) and (z).

Before obtaining an upper estimate of 6(z), two results from elementary number theory are
stated.

Lemma 3.2.1 If p is prime and plab, then p|a or pl|b.
Lemma 3.2.2 If pi|a and ps|la and ged(py,p2) = 1, then pips|a.

Theorem 3.2.3 For all x > 1, we have 0(z) < (log4)z.

Proof. If the result holds for the integers n, then for x > 1,n < x < n + 1 for some
n. We have 8(x) = 0(n) < (log4)n < (log4)z. Therefore, it is sufficient to prove the
result for integers n. It is clear that the result is true for n = 1,n = 2. Suppose for induc-
tion that #(m) < mlog4 for all m < 2n, for some n > 1. In particular, we assume that
O(n+1) < (n+1)log4. Let pri1,...,p denote the primes p such that n+2 <p < 2n + 1.
Clearly,

02n+1)=60(n+1)+ Z logp; < (n+1)log4+10g< H pj)-

j=k+1 j=k+1

The result can thus be proved for m = 2n+1 if it can be shown that log <H;:k+1 pj) < nlog4,

or equivalently, if it can be shown that H;Zk P <4t = 227 Motivated by the fact that the
primes pgi1,...,p, are between n + 2 and 2n + 1, observe that

2 1 2 1
(n+ >+<n—|— )§(1+1)2n+1.
n n+1
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Let

N — <2n+1) _@2n+1)(2n)...(n+2)

n n!

Since (2":1) = (%:‘Ill), it follows that

N < 22",

Hence, it is sufficient to show that

H pj < N.
j=k+1

By Lemma 3.2.1, the primes pgy1,...p,. do not divide n!. However they do divide (2n +
1)(2n)...(n +2) = nIN. By Lemma 3.2.1 again, they therefore divide N. As they are all
distinct primes, their product ngk 41 P divides N, and so is not greater than N, which
establishes the result for m = 2n+1. To complete the proof, note that 8(2n+2) = 0(2n+1),
as 2n + 2 is not prime. Hence 0(2n +2) < (2n + 1)log4 < (2n + 2)log4, thus completing
the inductive step.

Q.ED.

As noted at the beginning of the chapter, the definitions of ¥ and 6 are quite similar. In
fact, 1 can be nicely expressed in terms of 6, as the following proposition demonstrates.

Proposition 3.2.4 Choose x > 2. Let m be the largest integer such that 2™ < x. Then

(o) = 3 6.

n<m
Proof.
Yla) =) logp=>Y_ > logp=> 6(z'").
neN peP neN p<gl/n neN

pr<w

Choose 7 > 1. Then 2™*" > z, or in other words, 2 > z/(™*7) It follows that §(z'/(m+")) =
0(1) = 0. The result clearly follows.
Q.E.D.

Of course, given the upper estimate for 6(x), this last identity immediately provides an upper
estimate for ¢ (z). However, it is an awkward one, and therefore, it is more practical to see
just how “close” 0(x) and v (z) are, that is, obtain a bound for ¢(x) —6(x). This will then be
used in conjunction with Chebyshev’s upper estimate for 6(x) to provide an upper estimate

for 1(z).

Proposition 3.2.5 For all v > 1, we have ¥(x) — 0(x) < 6212, Also, given € > 0, we have
Y(z) — 0(z) < (logd + €)x'/? for sufficiently large x.
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Proof. Whenever 1 < x < 2, we have 1(z) = 0(x), thus both inequalities hold. Whenever
x > 2, by Proposition 3.2.4,

V() —0(z) = Y 0",

2<n<m

where m is the largest integer such that 2™ < z. It follows that
U(x) = 0(z) < 6(z"?) + mb(x'/?),

where m < (log z/log2). Therefore, by Chebyshev’s upper estimate for 6,
log
Y(z) — 0(x) < 2¥?logd + —== og 2 1/310g4 = 2% log 4 + 223 log . (3.1)

Clearly, the second term is not greater than ex'/? once z is sufficiently large, thus for suffi-
ciently large z,
Y(x) — 0(z) < 21 logd + ex'/? = 2'*(log4 + ¢).

This proves the second assertion. Also, one finds by differentiation that for positive «, the
greatest value of log x/x® is 1/(«e). Hence

,logx

~1,1/2
/6 < Ge

P logx = 2'/?

It follows from (3.1) that
Y(x) — 0(x) < 2/ logd + 12e712'/? = (log4 + 12e 122 < 6212,
Q.ED.

Given the proposition, Chebyshev’s upper estimate for i (z) follows with relatively little
trouble.

Theorem 3.2.6 (Chebyshev’s upper estimate for ¢ (x)) For all x > 1, we have ¢ (x) <
2. Also, given € > 0,¢(x) < (logd + €)x for sufficiently large x.

Proof. By Proposition 3.2.5, for all z > 1,

Uw) _ )

xr T oz xl/2

6
Clearly, ¥(x)/x < log4-+ € once z is sufficiently large. This proves the second assertion. Note
that log4 < 1.4 and for 2 > 100, we have log4 + 6/2'/? < 2. Thus for x > 100, it follows
that ¥ (z) < 2x. For numbers below 100, first write

vl) _0@) i““‘"”) —f(z)) < 14+ i(w(:c) —0(2)).

T T
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Focusing on the last term, from Proposition 3.2.4, ¢)(x) — 0(x) is increasing, and applying
Proposition 3.2.4,

¥(100) — 0(100) = 6(10) +6(4) +60(3) + 0(2) + 6(2)
= log7+logbh+ 3log3 + 5log?2
< 10.4.

Therefore, ¢(z) — 0(x) < 10.4 for all z < 100 and it follows that < (¢ (z) — 6(z)) < 0.6 for
17 < 2 < 100. Hence, ¥(z)/x < 2 for all x > 17. Finally, one checks easily that ¢(n) < 2n
for each integer n < 16. Then if n <z < n+ 1, we have ¢(z) = ¥(n) < 2n < 2z.

QED.

3.3 A sufficient condition

Chebyshev’s upper estimate for ¢ (z) is clearly very far from the stated objective of proving
that
Y(z)/r — 1 as * — 0. (3.2)

A bound like this implies nothing about limits, and so it is necessary to either find a sufficient
condition for (3.2), or obtain more knowledge about the behaviour of ¢). Considering the first,
roughly speaking, it is required that ¢ (x)/x be close to 1 for sufficiently large x. If this were

true, then
1 [Tt 1 [
—/ mdt%—/ dt =1
TSy T z Jo

for sufficiently large x. Again speaking roughly, the converse of this gives a sufficient condition
for (3.2). The following argument formally gives a new sufficient condition, although at this
point, its usefulness is not clear.

Proposition 3.3.1 Suppose that A(x) is non-negative and increasing for x > 1, and that

1 [® At
—/ Ldt—>1 as r —» 00.
xz ) ¢
Then
A(z)
. — 1 as v — 0.
Proof. The idea is to establish upper and lower bounds on A(z)/z for sufficiently large x.
Write o Al
F(z) = / Al) dt.
1t
Thus




Hence for A > 0, we have
F(\
M—>)\ as r —» 00. (3.3)
x

Choose € > 0 and = > 1. Suppose we have ¢ such that x <t < (1 + ¢€)z. Then

Alt) _ Alx)
t = (1+e)x

since A is increasing. Hence

Az). (3.4)

(1+e)z .
FI(1+ 2] — F(z) = / Ait) a2 =

Also, by (3.3),
é{F[(l +e)zx] — F(z)} — € as x — 0.
Therefore, for all sufficiently large =z,
Fl(1+4€)x] — F(z) <€l +¢€)z. (3.5)
By (3.4) and (3.5), for such z it follows that

A(x)

< (1+e¢)> (3.6)

In the same way,
€

10

for all sufficiently large z. Hence for such x, we have (1 — €)*> < A(z)/x. The proposition
immediately follows by using (3.6).

€(l—ex < F(z)— F[(1—¢€)x] < A(z)

QED.

Since 1 is non-negative and increasing for x > 1, the prime number theorem is implied if it
can be shown that

1 [Tt
E/I@dt%l as r — 00. (3.7)

In the next two sections, more is said about the ¢ function.

3.4 Abel summation; Dirichlet convolution

Recall that ¢(z) = > . A(n). By a method known as Abel summation — due to Niels
Henrik Abel — the partial sums of a function can be related to the function itself and
any other function f. Thus, results involving A often give information about . The first
proposition, which is the basic result in Abel summation, is based on the difference between
consecutive partial sums. The details of the proof are left to the reader, and more can be
found on Abel summation in [11].
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Proposition 3.4.1 Suppose that a is an arithmetic function, and let A(x) = > _ a(r).
Then for integers n > m > 0,

n

> a (ZA fr+ 1))) + A(n)f(n) — A(m) f(m).

r=m+1
In particular,

Y alr)f(r) = (X_: A(r)(f(r) = F(r + 1))) +A(n)f(n).

The next proposition introduces an integral, which is useful, bearing in mind (3.7).

Theorem 3.4.2 Let y < x, and let f be a function having a continuous derivative on [y, x|.
Then

y<r<z

Proof. Let m,n be integers such that n < x < n+1and m < y < m + 1. Then, by
Proposition 3.4.1,

y<r<zx r=m-1
= ZA Fr+ 1]+ A(n) f(n) — A(m) f (m)
= Z AM)f(r) = fr+ D]+ A(n) f(n) — A(m) f(m +1)
_ Z Alr / F ()t + An) f(n) — A(n) f(m +1).
r=m-1
Noting that A(t) = A(r) for t such that r <t <r+ 1 for some r € N, it follows that

/ f)dt = / A(r)f’(t)dt:/r A(t) f'(t)dt.
Also, A(z) = A(n) and A(y) = A(m), so that

S s =~ S [ Awre s A ) - Awon+ 1

y<r<zx r=m+1

::—/HAUfU&+M)ﬂm—A@ﬂm+U

. / A F(0)dE + / AW (1) + / " AW
+A(x) f(n) — A(y) f(m + 1).
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Recalling that x < n + 1, it follows that
/ " A (1)t = / " A(n) f/(t)dt = / " A f()dt = A)(f(x) — Fn).

Likwise, f A A f'(t)dt = A(y)(f(m + 1) — f(y)). The result quickly follows.
Q.ED.

A final result on Abel summation is stated. The first part is a special case of Theorem 3.4.2.
The details of the proof are again left to the reader.

Proposition 3.4.3 Let f have a continuous derivative on [1,z]|. Then

and

r<x

Letting a(n) = A(n) and f(n) = 1/n in the first equation, it follows that

S A _ vl i,

n X 1
n<x

While it would be ideal to obtain an equation involving fl (t)/t dt, investigating the left-
hand side will provide more information about the behaviour of . To obtain an alternative
expression for the left-hand side, a technique known as Dirichlet convolution is used, the
definition of which follows:

Definition 3.4.1 If f and g are arithmetic functions, the Dirichlet convolution of f and g,
denoted f * g, is defined to be

(f*g)(n j;f ]anf ()

where the sum extends over all positive divisors j of n, or equivalently, over all ordered pairs
(j, k) of positive integers whose product is n.

Two standard results on Dirichlet convolution are now proved. For the reader interested in
Dirichlet convolution, see [11].

Proposition 3.4.4 Let a and b be arithmetic functions. Let A(z) =}, . a(n) and B(x) =
Y n<a (). Then

S axb)n) =Y a() ):Za(j)B( ) ZA( )

n<lz jkZzx i<z k<x
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Proof. By definition,

Y (axd)n)=2 > aljb(k).

n<lx nlx jk=n

It follows that

Y (axb)(n) = Y alibk)=)_ > alj)b(k)

n<x jk<z J<z k<z/j

J

= ) S bk = S a()B (f

Jj<z k<z/j Jj<w

The last expression is obtained by interchanging a and b.

)

QED.

We have a special case of Proposition 3.4.4 when b is taken to be the following function u:

Definition 3.4.2 Let u be the arithmetic function defined by u(n) =1 for alln € N.

Corollary 3.4.5 For any arithmetic function a,

S(arwin =) |5 =4 (F)-

n<x 1<z

Proof. By Proposition 3.4.4,

S(ax ) = o) X ath) = ati) |7

n<ae j<w k<a/j j<a

Also by Proposition 3.4.4,

The significance of this corollary is that

x
n<lx n<x
Furthermore, given Theorem 1.1.2, note that
. n .
(x ) =40 (4) = T AG) = togr,
jln jln
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so that

xZ#zZA(n){%}—i—Zlogn. (3.9)

n<lx nlx n<lx

By estimating the terms on the right-hand side, a bound can be obtained for

YA [ S 60

To obtain an estimate for anx log n, results relating this sum to the integral flm logt dt are
used. The next section provides these results, and thus the bound.

3.5 Estimation of sums by integrals; Mertens’ estimates

When a function is always increasing or always decreasing, much can be said about how the
partial sums of this function and the corresponding integral relate. For x > 1, write

S(x)= Y f(r) and I(z)= / f(t)dt.
1<r<z 1
It is easy to show that when f(¢) is decreasing,
S(n)— f(1) <I(n) <S(n-—1), (3.11)

or equivalently,
In+1) <S(n) <I(n)+ f(1),

with opposite inequalities if f(¢) is increasing. The next two propositions relate S(x) to I(x)
for x > 1.

Proposition 3.5.1 Suppose that f(t) is non-negative and decreasing for allt > 1. Then for
all x > 1,
I(z) < S(x) < I(z) + f(1).

Proof. Suppose that n < 2 < n + 1, where n is an integer. Then S(z) = S(n) and
I(n) < I(x) < I(n+1). Recalling that I(n + 1) < S(n) < I(n) + f(1), the result follows.

QED.

For example, let S(z) = >
f(1) =1 and

er%' Here, f(r) = 1/r, non-negative and decreasing. Thus,

1
I(x) —/ . dt = log z,
1

so that logz < 5~ _ 1 <logx+1. This result shall be of use at a later stage of this chapter.

r<x r
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Proposition 3.5.2 Suppose that f(t) is non-negative and increasing for t > 1. Define
S(x),I(x) as above. Then for all x > 1, we have S(x) = I(z) + r(x), where |r(z)| < f(x).

Proof. As f(t) is increasing, the opposite inequality to (3.11) applies, that is, S(n — 1) <
I(n) < S(n) — f(1), or equivalently, S(n) — f(n) < I(n) < S(n) — f(1). Let n <x <n+ 1.
Then

S(x)=Sn) <In)+ f(n) <I(x)+ f(z). (3.12)

Since f(t) is increasing and x —n < 1, we have I(z) — I(n) = [ f(t)dt < f(x), and hence

I(x) < I(n) + f(z) < S(n) = f(1) + f(z) < S(x) + f(2). (3.13)

By (3.12) and (3.13), —f(z) < S(x) — I(x) < f(x), and the result follows.
Q.E.D.

As the log function is non-negative and increasing, this last result allows us to relate ) | _ logn
to flz log tdt, or to be more precise, shows that

Z logn = / log tdt + b(x), (3.14)
n<zx 1

where |[b(z)| < logz. We are now in a position to obtain a bound on

S AW _ o) o),

n x . t?

n<x

the rest of the results in this section are estimates due to Franz Mertens. For more on
Mertens’ work, see [11].

Theorem 3.5.3 For all x > 1,

Z # =logx + r(x),

n<x

where |r(z)| < 2.

Proof. Recall (3.9), namely that
A
e A S A {5+ g
n<x n n<x n n<x
Given (3.14), this can be rewritten as

:EZ# = a(z) +/$logtdt+b(x),

n<x 1
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where |b(z)| <logz and a(z) = >

x2¥ =a(z)+zloge —x + 1+ b(x),

A(n) {£} . Tt follows after integration that

n<zx

n<x

To prove the statement, it is clearly enough to show that a(z) —z + 1 + b(z) is bounded by
2. Indeed, by Chebyshev’s upper estimate for ¢ (z), it follows that

0 < alz) < 37 Aln) = v(x) < 20,
n<x
thus |a(z) — x| < z. Also, |b(z) + 1| < |b(z)|+ 1 <logz + 1 < z, for x > 1. The statement
follows.
Q.ED.

The following corollary tells us more about the behaviour of the function, as was sought at
the end of section 3.3.

Corollary 3.5.4 The statements

Z# =logz + O(1)

n<zx

and
“Y()

1
are equivalent.

Proof. The result is immediate from (3.10) and the fact that ¢(z)/z is bounded by 2.

Q.ED.

Therefore, since the first statement of Corollary 3.5.4 is true, so too is the second. Recall
that the prime number theorem roughly states that ¢ (x) is “close” to x for large enough x.
If this is true, then for sufficiently large = we have that
Tap(t 1
Mdt %/ —dt = log x.
12 Lt

1
The second condition of Corollary 3.5.4 can clearly be restated as

/m QW)Q_ Dar = O(1).

t

To complete the section, the function R is defined as

0 ife<1
R(x):{ Y(x)—x ifx>1,

and as 0 < ¢(z) < 2z, R has the following properties:
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Proposition 3.5.5 Let R be defined as above. Then,

1) for all x > 0,|R(z)| < x;

and
2) flm % dt is bounded for all x > 1.

3.6 A further sufficient condition

The aim of this section is to establish further sufficient conditions for the proof of the prime
number theorem. It should first be noted that a sufficient condition for the prime number
theorem is R(z)/x — 0 as * — o0, as this is equivalent to stating that ¢ (z)/z — 1
as r — oo. While the properties of R are heavily used later in crucial results known as
Selberg’s formulas, at this stage, what is known of R seems unlikely to be of use. On the
other hand, recall (3.7): it is sufficient to show that

1 [Tt
—/ mdt—>1 as xr —» 00.
xzJ;

It is easy to show that this is equivalent to the statement

1 ™R
—/Ldt—>0 as r —> oo.
r ) t

Again, the properties of R do not appear helpful. However, letting
T R(t
S(x) :/ % dt forall z>1,
1

the statement becomes S(x)/x — 0 as x — 0o. The properties of S will be investigated in
Proposition 3.6.3 after the proofs of two auxiliary results on reversing the order of integration.

Proposition 3.6.1 Let f,g : [z,y] — R be differentiable functions. Letting F' = f' and
G = ¢, it follows that

/ Nel / tF(u)du dt = / " P / " G)dt du,

71



Proof.

/:G(t)/th(u)du dt — /IF(u)/IG( )dt du
B / /f d“dt—/ f’(U)/x g (t)dt du

- /ygl( V(£ (1) dt—/ f'(u — g(u))du

= 1) [ dwae+ [ 5050+ FOa0d g [ o

= —fy)(9(x) —g(y)) + f(x)g(z) — f(y)g(y) — 9(x)(f(x) — f(y))
= 0.

QE.D.

Note in particular that Proposition 3.6.1 is valid whenever F' and G are continuous, as anti-
derivatives of continuous functions are guaranteed to exist. Now R(u)/u = ¢(u)/u — 1 is
clearly discontinuous; however, it is also clear that R(u)/u is continuous between consecutive
integers, and a modified version of Proposition 3.6.1, namely Proposition 3.6.2, is therefore
used in the proof of Proposition 3.6.3.

Proposition 3.6.2 Let F' be a function defined on R such that F' is continuous on (a,a+1)
foralla € Z. Let g : [x,y] — R be a differentiable function, and let G = ¢'. Then

/ Ne0 / ' Flu)du dt = / " P / "Gt du.

Proof.

/ Ne0 / ' F(u)du dt

Il
:\:
£
Q
~
S~—
@\“
=
=
I
o,
~

n /y+1 G(t) /tF(u)du dt+/mG(t) /tF(u)du a. (3.15)

[z]
For n € N,

/n " G(t) / tF(U)du dt = /n " G(t) / ' F(u)du dt + /n " G(t) /n tF(u)du dt.

By Proposition 3.6.1,

/n " G(t) /n t F(u)du dt = /n " F(u) /u " G(t)dt du,

72



since F'(u) is continuous between n and the variable ¢, t being less than or equal to n + 1.
Also,

/nn+1 G(t) (/yn F(U)du) dtz/yn F(u)du (/:H G(t)dt) :/yn F(u) /:H G(t)dt.

It follows that

/nn+1 G(t) /yt F(u)du dt = /yn F(u) /n”+1 G(t)dt du + /nn+1 F(u) /un+1 G(t)dt du.

Similarly,

/[x ] G(t) /y tF(U)du dt = /y " F(u) /[ TG(t)dt du + /[ TF(U) /u xa(t)dt du

[y]+1 t [y]+1 [y]+1
/ G(t) / F(u)du dt = / F(u) / G(t)dt du.
Y Y Y u

Letting A, = f:“ G(t) fyt F(u)du dt it follows by (3.15) that

and

[z]—1

/ Rel / tF(u)du dt = Y A+ / MHF(U) / [y]HG(t)dt du

n=[y]+1

+ /y P /[ " G(t)dt du + / " P / "G(t)dt du. (3.16)

] []
Inductively, one can easily show that

[z]-1

> 4= / " P / " Gyt du.

Hence,
[z]-1 [z] -1 (]
S 4 - YAy
n=[y]+1 n=1 n=1
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and by (3.16), it follows that

/ e / tF(u)du dt = / . F(u) / . G(t)dt du

+ /y[m}F(@/[x dtdu+/[z]F / Bt du
_ /ymF(u)/ dtdu+/[;F / £)dt du
_ /xF(u) / G(t)dt du.
y u QE.D.

Proposition 3.6.3 Let S be defined as above. Then,

1) forxe > x1 > 0,]S(xe)— S(21)| < 22—11 (i-e. S is Lipschitz); in particular, |S(z)| < x
and S is continuous;

also,

2) fx S(Qt) dt is bounded for all x > 1.
Proof of 1. By Proposition 3.5.5 (1), |R(¢)/t| < 1. Thus whenever x > 1 > 0,

o) - s(el = | [ 0 < [0

x2
S / dt = To — Iq.
z1

It follows that |S(x)| = |S(x) — S(0)| < z, with the continuity of S being obvious. Note that
R is not continuous.

dt

Proof of 2. By the definition of S,

x ;tl t
[0 g L
1 13 ltl

In light of Proposition 3.6.2, one can re—express this as

/j%dt - / /—dtd
[ (u—é)d“
:/ A 1/9”@@
I

S(z)

X
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This is bounded, given Proposition 3.5.5 and the fact that |S(z)| < z.
Q.E.D.

Again, the properties of S do not seem helpful in proving that S(z)/z — 0 as + — 0.
Therefore, for motivations which are far from obvious, define
S(e”)

W(z) = for all = > 0.
61‘

If it could be shown that W (z) — 0 as + — oo, then S(z)/x — 0 as © — oo, and our
elementary proof would be complete. Some properties of W will now be deduced from the
properties of S. Begin by recalling that |S(z)| < x for all x > 1. Hence, |W(z)| < 1 for all
x > 0. Further properties are proved in the next proposition, and are the main motivation
for the definition of W.

Proposition 3.6.4 Let W be defined as above. Then,

1) for xo > x> 0,|W(xq) — W(z1)| < 2(x9 — 21);
and
2) |5 W (t) dt is bounded for all x > 0.
Proof of 1.

(W(wz) = W) =

’5(6902) S(e™)

er2 er1
1 1 T2\ _ T2 T
T eT1em2 "5 (e™) — e™5(e™)]
1 x T2 1 T T o
= o e (8(e) = S(e™) + S(em)(em — e
1

erlrer2

IN

(7 [S(e) — S(e™)] + 1S(e™ e — e2)).
By Proposition 3.6.3 (1),

W(as) — W(ay)| < —— (" (e — ™) + e (e — ™))

e’1et2
= 2(1 —e"17™),

Since e* > 1+ x, it follows that x5 — 1 > 1 — €™ 7"2, and the result follows.

/;W(t) dt:/ox%ft)dt.

5

Proof of 2. We have



Let t = logu, then u = €' and dt/du = 1/u. Also, when t = 0,u = 1 and when ¢ = z,u = €”.

Therefore,
/W ) dt = /S<;‘>du,
u

which is bounded, by Proposition 3.6.3 (2).

QE.D.

As with S and R before, these properties of W seem insufficient to prove the prime number
theorem. However,

limsup [W(x)| =0 (3.17)
T—>00
implies that lim, . W (z) = 0. Thus (3.17) is another sufficient condition for the prime
number theorem. The proposition that follows establishes a further sufficient condition, be-
fore we turn our attention to establishing more about the functions R, S and ultimately W.
Some remarks are now made for the reader unfamiliar with limsups.

Limsups. Let f be any bounded real-valued function on (a,00) for some a. Define
sp(r) = sup,s, f(y). Then sy(x) is clearly a decreasing function of x. It is also bounded
below, so it tends to a limit as z — oo. This limit is called the limsup of f(x) as z — oo,
and is denoted limsup,_, . f(x). In other words,

limsup f(z) = lim s¢(z) = lim sup f(y).

x 300 Tr—>r00 T—00 yzx

Note that while not all bounded functions tend to a limit, they all have a limsup. The above
statement concerning limsups and any such further statements about limsups can be proved
using the limsup definition together with limit definitions.

Proposition 3.6.5 Let W (z) be defined as above, and let

a = limsup |W ()|

Tr—>00

and
£ = limsup — /]W )| dt.

T—>00

Then either o =0 or 8 < a.

Proof. By Proposition 3.6.4 (2), there exists M € R such that

@ M
/ W(t)dt‘ < —
0 2

for all x > 0. For any zy, 22 > 0, it easily follows that

Cwwat < (3.18)
[ wioad
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Clearly, @ > 0. Assume that o > 0. The proof is complete if it can be shown that g < «.
Begin by choosing a such that @ < a < 2a. Then since

lim sup |[W(y)| = «,

Tr—>00 yzx

it follows that sup,>, |W(y)| < a for large enough x. Suppose this is true for zy. Then
|W(z)| < a for all x > zy. Choosing z; > x, consider the integral of |W(z)| on the interval
I = [z1,21 + h|, where h > 2« is to be chosen. With regard to (3.18), if either W (x) > 0 or
W(xz) <0 for all z € I, then clearly

/Mh W (2)|de < M. (3.19)

xr1

Otherwise, since W is continuous by Proposition 3.6.4 (1), it is zero at some point z of I.
Again by Proposition 3.6.4 (2), |W(x)| = |W(z) — W(z)| < 2|x — z| for all z. In particular,
if |x — 2| < a/2, then |W(z)| < 2|z — 2| is better than the estimate |W(x)| < a that applies
generally on /. Therefore, if we wish to get a better estimate for

x1+h
[ Wl
1

than ah, it is of interest as to how much of the interval [z — a/2, 2 + a/2] lies in I. On
observing that a < h, it is easy to show that at least one of z + a/2 (say w.l.o.g. z+a/2) is

in I, and
z+a/2 z+a/2 a?
/ W (z)|dz < / 2(x — z)dx = e

Combining this with the estimate [W(x)| < a on the rest of I, it follows that
z1+h 2
a a a a
Wi)lde <+ (h=5)a=a(h=7) <a(h-7).
/QE1 W (z)|dz < 1 + 5)a=a 1 a 1

For this inequality to hold in the case where W (z) does not change sign, recall (3.19) and
choose h to be greater than both M/a + a/4 and 2«. Note that h does not vary with a.
Write h — /4 = ph, where clearly, p < 1. Then,

x1+h
/ W (2)|dz < pah. (3.20)

1

Now take any > x; + h, and let n € N be such that zo +nh < z < x¢ + (n + 1)h. Write
[ W (x)|dz = C. Then

0
T o zo+(n+1)h
/\W(w)]das < / |W(:U)]da:~l—/ W (z)|dz
0 0

zo

n (zo+kh)+h
= C+ Z/ (W (z)|dz.

k=0 xo+kh
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For any k € {0,...,n},z9 + kh > xy. Hence by (3.20),

(zo+kh)+h
/ W (z)|dz < pah.

o+kh

It follows that N
/ W (z)|dz < C + (n+ 1)pah,
0

1 [ C 1
—/ W (z)|de < — + (1—1——) pa.
r /o T n

Noting that n — 0o as z — oo, it follows that C'/x 4+ pa/n — 0 as x — oo. Hence

and since x > nh, we have

1 x
lim —/ |W (z)|dz < pa,
0

r—00 I

which implies that 8 < pa. This is true for all a such that a < a < 2q, so in fact § < pa < a.

Q.ED.

Proposition 3.6.5 shows that if & > 0, then < «. Therefore, if @« < 3, then a < 0.
Again by Proposition 3.6.5, this would imply that o = 0, that is, limsup,_, . |[W(z)| = 0,
thus the elementary proof would also be complete. Proving a < [ depends on work of
a completely different nature, the main prerequisites being Mobius inversion and Euler’s
summation formula. These are presented in the next section.

3.7 The Mobius function; Mobius inversion

For the purposes of this elementary proof of the prime number theorem, it would suffice
to simply define the Mobius function, and then proceed. However, the definition is not an
obviously useful one, and it is worthwhile briefly considering the motivation behind it. We
begin by stating the Euler product, a remarkable identity and a generator of many further
ideas. The proof is omitted, as the Mobius function arises naturally from the statement.
Recall from Chapter 2 that a completely multiplicative function a(n) is an arithmetic function
such that a(n)a(m) = a(nm) for all n,m € N. Throughout, P denotes the primes, with P[V]
denoting the set of primes less than or equal to a real number N.

Theorem 3.7.1 Suppose that a(n) is a completely multiplicative function that is not identi-
cally zero such that Y7 |a(n)| is convergent. Then Y > a(n) # 0, and

- 1
Za(n)zHl_—a(p).

n=1 peP
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(Note that if a(p) = 1 for any p € P, then a(p*) = 1 for all k € N, and the sum would not
be convergent.) Thus an infinite series is equated to a product involving only the primes,
encapsulating the fact that the integers are uniquely expressible as products of primes. Also
note that the identity

(s)=[Ta-p),

peP

as proved in Theorem 2.2.7 for ¢ > 1, is a special case of the Euler product.

It is clear that

ﬁ =1 - o).

a
n=1 peEP

In an attempt to write the product as a sum, consider the finite product

Qv = ]I (1 —aw) (3.21)

pEP[N]

The idea here is to write QQn as a sum, the identification of terms and non-terms leading us
to define the Mobius function. By a term, we mean a term of the infinite product expansion,
and not a factor of the same. Clearly, a(1) = 1 is a term. Otherwise, z is a term if
and only if x = (—1)*a(py)a(p2) ... a(py), where pi,ps,...py are distinct elements of P[N].
Since a is completely multiplicative, this is equivalent to stating that z is a term if and
only if z = (=1)*a(pips ... pr), where py,po, ..., py are distinct elements of P[N], or stated
equivalently again, z is a term if and only if z = (—1)*a(n), where n = pip, . .. p;, for distinct
elements py, pa, ..., pr of P[N]. Hence, if Ey is the set of all positive integers less than or
equal to the product of all primes in P[N], then

Qn = > pn)a(n), (3.22)

neEnN
where
:u(l) =1,
pu(n) = (=1)* if n=pipy...pk, a product of k distinct primes,
pu(n) =0 otherwise. (that is, if p?|n for some prime p.)

This defines the Mdbius function u(n). For completeness, considering (3.21) and (3.22),
one might guess that

LT[0 -aw) = un)a(n),

D ne a(n) iy

and indeed, that is the case. The proof — outlined in [11] — is omitted. The main point
is that the Mobius function is clearly motivated. We shall show that some equalities can
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be re-expressed to involve the Mobius function, in a method known as Mobius inversion.
The relevance to our argument is that bounds for functions which might otherwise not be
obtained are often found in this manner. This will be clearer after Mobius inversion is actually
outlined. We start with a definition.

Definition 3.7.1 Define the arithmetic function e; : N — R by

ei(n) = { (1] i n:~17

otherwise.

It is easy to check that e; is the identity with respect to Dirichlet convolution, as discussed
in Section 3.4. Recall also from that section the definition of u. The following theorem shows
that p is the inverse of u with respect to convolution.

Theorem 3.7.2 For alln € N, we have (uxp)(n) = ey(n). Equivalently, forn > 1, we have

5 ) = 0.

Proof. Clearly, (u* p)(1) = u(1)u(l) = 1 = e1(1). The equivalence of the statements
now follows on noting that for n > 1, (u* p)(n) = an p(i) and ey (n) = 0.

It is now proved that for n > 1, we have >, u(1) = 0. Let n have prime factorisation

T T
n=p''...pr".

Suppose that ijn,7 > 1 and p(i) # 0. Then ¢ = ¢y ...¢q;, where q,...,q; are a choice of j
numbers from py, ..., ps. For a fixed j < k, there are ( ) choices of j numbers from py, ..., p.
Clearly then, where the ¢s are prime,

Thus

roooA Y
= zk:(—w’ (f) =(1-1)"=0

Q.E.D.
Building on this result, a first form of Mobius inversion can now be introduced.

Corollary 3.7.3 (Mé&bius inversion, first form) For arithmetic functions a,b, the fol-
lowing statements are equivalent:
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1) b(n) = >_,, a(i); that is, b= a*u,

and

2) a(n) = 3 ;, p(i)b(n/i); that is, a = b* p.

Proof. If b = a % u, then
bxpu=a*xuxpu=axe =a.
Conversely, if a = b * u, then axu =bx uxu=>b*xe; =0b.
Q.E.D.

Suppose then that a bound for b existed. Then if the first statement is true, so too is the
second. As p is bounded by 1, it is clear that a bound for a can also be found. A second
form of Mobius inversion is introduced after two propositions.

Proposition 3.7.4 Ifa,b, c are arithmetic functions and c is completely multiplicative, then
(ac) % (bc) = (axb)c.

Proof. Let f(n) = a(n)c(n) and let g(n) = b(n)c(n) for all n € N. Then for any n € N, it
follows that

[(ac) * (b)](n) = (f*g)(n) =D f()g(k) =D a(f)e(i)b(k)e(k)

= Z a(j)b(k)c(jk) = c(n) Z a(4)b(k) = ¢(n)(a xb)(n).

Q.E.D.

Proposition 3.7.5 If a is completely multiplicative, then the inverse of a with respect to
convolution is pa.

Proof. Note that a(1) = 1, so that a(1)e;(1) = e;(1). Also, for n > 1, we have e;(n) = 0.
Therefore, ae; = e;. Since u * u = eq, it follows that a(u * ) = e;. Applying Proposition

3.7.4, it follows that au * ap = e;. Since au = a, the result follows.

QED.

Proposition 3.7.6 (Mobius Inversion, second form) Let F' be a function on (0,00) that
takes the value 0 on some interval (0,a). For x > 0, let
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Then

Proof. Note that F(z/n) = 0 for n > x/a, so the sum defining G(z) is really a finite one,
and there are no convergence problems. In the following, sums to infinity are written with
this understanding. Since

e1(j) = (nxu)(j) = Y puln

nlj

= ji:;m(j)F (?) :
- 3wo0r (5)

J=1 nlj

and
it follows that

Since stating that n divides j is equivalent to stating that j is a multiple of n, it follows that

i - £ e (3)- S0 25 ()

= Y () = S uoe (3)

QED.

This concludes our present discussion on Mobius inversion. Its usefulness will become clearer
later.

3.8 Selberg’s formulas and completion of the proof

So far, it has been shown that if

lim sup |W (z)| < lim sup — / |W(t)|dt, (3.23)
T—>r00 T—>00
then the prime number theorem is implied. The function W is dependent on S, S being
dependent on R. Therefore, the above statement is effectively about R. Thus to prove (3.23),
obtaining more information about the behaviour of R seems the natural course. However,
the precise direction is not an obvious one, and as before, there is often seemingly little
motive for the results proved below. The entire proof can be considered as a particularly
outstanding linkage of seemingly disparate ideas, many of which are brilliant in themselves.
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Among these are Selberg’s formulas, results that when stated will not obviously relate to the
prime number theorem. The first of Selberg’s formulas states that

(z)logz + > A(n)R (%) — O(x).

n<x

The proof of this lies partially in an identity very close to Mobius inversion, with a logarith-
mic factor introduced. Once stated, the link to Selberg’s first formula is clear. A lemma used
in the proof of the identity — called the Tatuzawa-Iseki identity — is first outlined.

Lemma 3.8.1 For alln > 1, A(n) = =32, u(k)logk.

Proof. By (3.8), log = A x u. By the first form of Mébius inversion, this implies that

An) = (log*u)(n Zlog< >

nlk

= logn Z p(k) — Z,u(k:) log k.

kln kln

The result follows on recalling Theorem 3.7.2.

QED.

Proposition 3.8.2 (the Tatuzawa-Iseki identity) Let F' be a function on [1,00) and let
G(r) =3, ., F(z/n). Then for x > 1,

Zu ) log — G(kz) F(x) 10gw—|—ZA(n)F (%)

k<z n<lz

Proof. Expanding the left-hand side,

Zu ) log — G() loga:Zu (%)—;M(k)long(%>.

k<z

Previously, if Fy was a function on (0,00) with Fy =0 on (0,1), and G(z) = >_>7 | Fo(z/n),
then Mobius inversion could be applied. Here F' is only defined on [1,00). However, if Fj is
taken to be the extension of F to (0,00) with Fy = 0 on (0, 1), then

x - x
=R () =R (5)
n<x n=1
Mobius inversion may now be applied to Fjy, that is,
- x
= un)G (—)
n=1 n
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for x > 0. It follows that N
x
= > umG (5)
n=1 n
for x > 1. It is easy to check that G(z/n) = 0 whenever n > x, hence

F(z)logz = logxz,u(n)G <%>

n<x

for x > 1. It suffices then to show that

=3 ulk 1ogk;G<) 3 An) ( )

k<z n<x

for z > 1. By the definition of G,

> ulk logk:G<> S uk)logk S F ( )

k<z k<z i<z/k

= ZZ ( ) k)log k

k<z j<z/k
T

= ];F<j—k) wu(k)log k

= ZZ ( ) k)log k
n<z jk=n

- ZF(E)ZM(k)logk.
n<z k|n

The result follows on recalling Lemma 3.8.1.
Q.E.D.

In light of this identity, it is tempting to prove Selberg’s first formula by letting F'(z) = R(z)
and proving that

Zu ) log — G(k) O(z) (3.24)

where G(z) = > ., R(z/n). A suitable bound is then required for G(z/k) with k£ < x.
While ultimately, the proof shall be derived in a different way, proceeding in this manner will
cast much light on what is eventually required. Begin by using the fact that R(x) = ¢(z) —z

to write ]
x x x
6o =3 (v (3) - 2)=Xv(G) e X5 (5.25)
Recall that ¢ (x) =~ ., A(n) and, by (3.8), that A x u = log. Thus by Corollary 3.4.5,

Zqﬁ(%) ZA*u Zlogn

n<x n<z n<x
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Since log x is non-negative and increasing for x > 1, it follows by Proposition 3.5.2 that

qu(%) :/gﬁlogtdt—l—rl(:z:):xlogx—x+1+7“1($) (3.26)
1

n<x

where |ry(z)| <logz for all x > 1. At the same time, by Proposition 3.5.1,

1
xlogxr < xZ— <zlogx+ z,
n

n<x
an inequality that can be rewritten as
1 x
—=uxl = 3.27
xzn :L’ogx+2+7"2($) (3.27)

n<x
where |ro(z)| < x/2. Recalling (3.25), it follows by (3.26) and (3.27) that

G(z) = —3; +7ri(z) + 1 —ro(x)

where |r1(z)| <logz and |ry(x)| < x/2. Therefore,
—2x —logr+1<G(z) < —z+logx+1. (3.28)

Since x > 1, |G(x)| < 2z + logz — 1. As the reader may care to verify, it therefore seems
improbable that (3.24) holds with such a bound for G, and it is the = term that causes the
difficulty. If one were to redefine G(x) = >, _, R(z/n) + cx for some constant c, an = term
would still remain on at least one side of (3.28). Thus either one or both of the estimates
for > _ ¢(x/n)and x ) _ 1/n are not accurate enough. As it turns out, a more accurate
estimate of x> _ 1/n is available, due to Leonhard Euler. In an aside to Selberg’s first
formula, this estimate is verified. It is derived from results known as Euler’s summation
formulas.

Proposition 3.8.3 (Euler’s summation formula, version 1) Let m,n be integers and
let f be a differentiable function on the interval [m,n]. Then

> s [ rwd= [ @-ron
r=m+1 m m
Proof. As [t] is constant between integers, the idea here is to consider the integral

/;@ _ ) ()dt = / (t—r+ 1) f(t)dt

-1

where 7 € N. Let u =t —r + 1 and let dv/dt = f’(¢). Then du/dt = 1 and v = f(t) + ¢ for
some constant c. It follows that

[ = = (e-renon - [ e
= - [ s
b}
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The result follows upon summing each term from m + 1 to n.
Q.E.D.

Proposition 3.8.4 (version 2) Let m be an integer and let x be real. Let f be differentiable
on [m,x]. Then

3 f@?—1/$f@Mt=u/7t—HDf@ﬁﬁ—(w—-th@)

m<rx m

Proof. Let [x] =n. Then

/%—mwwwzf%—mwwa+/%—mf@@

m m n

The result follows by Proposition 3.8.3 and integration by parts of the second term.

QED.

The second version of Euler’s summation formula allows the estimate of x
derived. It is in fact a special case of the following proposition.

1/n to be

n<x

Proposition 3.8.5 Suppose that f(t) is decreasing, differentiable and tends to 0 ast — oc.
Define

and

Then S(z) — I(x) — L as x — oo, where

L=+ [ s
Also, 0 < L < f(1) and for all x > 1,
S(z)=1I(z)+ L+ q(x),

where |q(z)| < f(x). If z is an integer, then 0 < q(z) < f(x).

Proof. Take m =1 in Proposition 3.8.4 and add f(1) to both sides to obtain

S(x) = I(z) = f(1) + /j(f — [t (t)dt — (& — [z]) f (). (3.29)

Clearly, for the first statement, one must show that the right-hand side has limit L as * —
oo. Begin by noting that as f(z) > 0 for all z, it follows that 0 < (z — [z]) f(z) < f(z) for
all . Therefore, since lim, ., f(z) = 0, it follows that lim, . (z — [z])f(x) exists and

lim (z — [z])f(z) = 0.

T—>00
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Next, note that since f'(t) < 0 for all ¢, it follows that f'(¢) < (¢t — [t])f'(¢) < 0. Now

[mfGMh=1m1[‘f@Mt=1mlwua—fu»=—¢ux

R— 00 R— 00

so that -
< [ e-mred<o
1
or, in other words, 0 < L < f(1). To complete the proof, note that

S@) — 1) = L= [ =) Bt - @~ b))

and write

so that S(x) = I(z) + L + ¢(x). Now

o< [ -t - [ = w.

Also, —f(z) < —(x — [z]) f(x) < 0. Clearly then, |g(z)| < f(z), and if z is an integer, then
(x — [z])f(z) = 0 so that 0 < ¢(x) < f(z).
Q.E.D.

The following proposition is a special case of the above with f(t) = 1/¢, so that S(x) =
Y r<o 1/7. The details are left to the reader.

Proposition 3.8.6 The expression » ._, % — logn tends to the limit v as n — oo, where

Tt
—1- dt
==

(v is called Euler’s constant). Furthermore, 0 <y <1 and

1
> o =logz+y+q(a),

1<r<zx
where |q(x)] < 1/z.

(It is worth mentioning that it is an open problem as to whether or not + is rational). Clearly
then,

1
xzﬁ =zlogz + vz + r3(x) (3.30)

n<x
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where |r3(z)| < 1. This ends our aside on Euler summation.

With a better estimate of > _ 1/n, we can obtain a better estimate of

6w = u () - L5

To be precise,
Gx)=—-(+ 1Dz +1+r(x)+ry(z)

where |ri(z)| <logx and |rs(z)| < 1. We then have the following:
—(y+ 1)z —logz < G(z) < —(y+ 1)z +logz + 2. (3.31)

The temptation may be to define a new function

Gi(z) =G(z)+ (v+ 1)z = ZR (%) +(y+ 1z

n<z

so that |G1(x)| < logx + 2. However, recall that we want to prove Selberg’s first formula by
proving (3.24) where G(z) = >, ., F'(¥/n) for some function F'. Clearly, Gy is not of this
form. Instead, let Go(z) = G(z) + (v + 1)[z], so that

GQ(J])ZZ(R(%)—F’Y—Fl).

n<x
Thus, if F'(x) = R(z) +7v + 1, then Ga(z) =, ., F(x/n). It follows from (3.31) that
—(v+ Dz} —logz < Ga(z) < —(v + 1){a} + logz + 2;
Clearly this implies that |Ga(x)| < logz + 2. Hence, the following lemma has been proved.

Lemma 3.8.7 Let F(r) = R(x) +v+1 and G(z) = }_, ., F(z/n). Then |G(x)| <logz + 2
for all z > 1.

Two equivalent versions of Selberg’s formula are now outlined.

Proposition 3.8.8 For all xz > 1,

R(x)logz+ S A(n)R (%) — O(x) (3.32)
and .
V(@) logz + Y A(n)y (5) = 2zlogz + O(x). (3.33)
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Proof. The equivalence of (3.32) and (3.33) is first established. Since R(z) = ¥(z) — z, it
is clear that (3.32) can be rewritten as

Y(z)logxr — xlogx + ZA(n)w (%) - xz Aln) = O(x).

Noting, by Theorem 3.5.3 that = >
be rewritten as

= zlog x+O(x), it follows that (3.32) can further

n<$ n

logx—l-ZA ( )—leogx—O(x):O(x),

n<x

which is equivalent to (3.33). The proof of (3.32) is now outlined. Write ¢ =y + 1, where =
is Euler’s constant, and write F'(z) = R(z) + ¢. Define

S 6 ()

k<z

where G(z) =, . F(x/n). The idea is that by Proposition 3.8.2, J can be re-expressed in
terms of F, and ultimately R, while on the other hand, the fact that G is bounded is used
to get a bound on J. More specifically,

J(x) = logm—l—ZA ( )
— (B + oz + 3" Alw) (R(%)+c)

n<x

= R(x)logz + clogx + Z A(n)R (%) + CZ A(n)

n<x n<x

= R(x)logx + clogz + Z A(n)R (%) + c(z)

n<x

— R(z)logz + Y A(n)R (%) +O(x)

n<x

where the last equality is clear once one recalls that 0 < i(z) < 2z. We show that J(z) =
O(z) to complete the proof. By Lemma 3.8.7, |G(z)| < logz + 2. Therefore,

>l ez 6 (7)
< Zlog <log +2>

There exists a constant C' such that

|/ ()]

IN

log z(logz + 2) < Ca'/?
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for all > 1. (The proof follows easily from the fact that (logx +2)/z'/* — 0 as  — oo,
and is thus bounded.) Hence

|/ ()]

IN

o)

k<z

1
== CI1/2ZW

k<z
The proof is clearly complete if there exist constants C; and xg such that for all z > x,

1
Z m < leL'l/Q

k<x

Using (3.11), and the fact that 1 < flo t=1/2dt, it is easy to show that when C; = 2, this
inequality holds for all z > 1.

QED.

These formulas of Selberg are claimed to be vital to nearly all elementary proofs of the prime
number theorem. However, taking (3.32), it seems at this stage that, bar R appearing in
both terms, there is no apparent link to our ultimate aim of proving that, in the notation
of the first section, we have a < (. The same can be said of (3.33). However, one can
tenuously suggest that the desired inequality a < g involves W on both sides, W of course
being ultimately derived from R. This being the case, it is worth investigating what can be
said of S in light of Selberg’s formulas, and thus of W. Indeed, as the next result shows, R
can be replaced by S in (3.32).

Proposition 3.8.9 For all x > 1, we have

x)logx + ZA(n)S (%) = O(x).

n<zx

Proof. Dividing through by ¢ in (3.32), we have

ﬂ —ZA () O(1).

n<t

This means that the left-hand side is bounded by some constant M. It follows that

[t (3] af < [ S sn ()

n<t n<t
< / Mdt < Mzx.
1

dt
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Hence,

/1 IOgtdt/ ZA () — O(x).

As presently written, the integral and the sum in the second term on the left clearly cannot
be interchanged. But R(t/n) = 0 whenever n > t. Therefore, when 1 < ¢ < z, it follows that

S AmR (%) _ ;A(n)R (%) .

n<x

/11 w dt+ /19” % > _AmR (%) dt = O(x);

/1R R()logt ., +Y An / (n) dt = O(x), (3.34)

n<x

Thus

that is,

where equality of the left-hand sides of the last two statements follows upon reordering the
terms. Considering the second term on the left (with fixed n), let u = t/n. Then u = 1/n
when ¢t = 1 and u = x/n when t = z. Also, du/dt = 1/n so that

() gos [ o s [ 5 e [T s (3),

Note that due to R being constant over certain intervals, R(u)/u has an anti-derivative when
confined to any of these intervals, allowing the substitution method to be used. Given this
result, it is enough to show that

/x Rlwlos 1 — () log s + O(x),

u

or in other words, that the difference is O(z). Thus, recalling the definition of S,

S(az)logx—/ Mdu = /M(logaz—logu)du
1 1

u u

_ /@/ 1 4 du
1 Uu ut
171 t
/— R 4 ar
1 tJSou
/xS(t
1 7

where the second last equality comes from Proposition 3.6.2. We finish by noting that
Proposition 3.6.3 (1) states that |S(t)/t| < 1 for all ¢ so that

o0
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QED.

Note the appearance of A in Proposition 3.8.9, and recall that, for the prime number theorem,
we are concerned with the behaviour of the partial sums of A (namely v). However, if working
with A and its partial sums were easy, one would imagine that the prime number theorem
would be quickly arrived at. Therefore, it seems wiser to define a function ¢ — in terms of A
— for which a good estimate of the partial sums can be found. In fact, the following estimate
is an equivalent version of Selberg’s formula.

Corollary 3.8.10 Let g(n) = A(n)logn + (A x A)(n). Then
Z q(n) = 2xlogz + O(x)
n<x

and

S (an) — 2logn) = O(a).

n<x

Proof. The proof is derived from (3.33). Note first that by Abel’s summation formula,
that is, by Proposition 3.4.3,

ZA(n) logn = ¢(x)logx — / @ dt = ¢(z)logz + O(x),
n<x 1
since 0 < ¢(t) < 2t. Also, by Proposition 3.4.4,
x
(A M) () = S Ay (L)
> > A ()
Thus (3.33) may be rewritten as
Z A(n)logn + Z(A x A)(n) = 2xlogz + O(x)
n<x n<x

which, given the definition of g(n), is the first statement. To establish the equivalence of the
first and second statements, the reader may care to verify, using Abel summation, that

Zlogn = zlogz + O(x).
n<x
Thus the first statement may be rewritten as
3 a(m) =23 logn+ O(a),
n<lx n<lx

which is clearly the second statement. To finish, as (3.33) is true, so too are the equivalent

statements.
Q.E.D.
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The first result states that the partial sums of ¢(n) are within a constant times z of 2z log z.
As z gets bigger, this difference is relatively small. By the second (equivalent) result, the
difference between the partial sums of ¢(n) and 2logn is also relatively small. Having thus
got “good” estimates for the partial sums of g(n), the next result, derived from Proposition
3.8.9, provides the platform for the use of those estimates.

Proposition 3.8.11 There is a constant Ky such that for all x > 1,

1S(2)|(log2)? < 3 q(n) ‘s (%) ‘ + Kizlogz.

Proof. It is easily verified that a(z) + b(x) = O(x) implies |a(z)| = |b(x)| + O(x). Applying
this to Proposition 3.8.9, and multiplying through by log z, it follows that, for all z > 1,

log = Z A(n)S <§)

n<x

|S(2)|(log 2)* = + O(zlogx).

The rest of the proof consists of showing that, for all z > 1,

log$ZA(n)S< )‘ Zq ‘S( )‘—i—O xlogx).

The idea is to restructure the left-hand side with an eye on the definition of ¢(n). To begin,
introduce A(n)logn by rewriting the left-hand side as

Y A(m)S (%) log % +3 A(n)logn S (%) ‘ .

n<zx n<z

This in turn is equal to

ZA(n)S (%) log % + Zch(n) S (%) + Z(A *A)(n) S (%)

n<x n<x n<x

where ¢;(n) = A(n)logn — (A * A)(n). Note that g(n) is not introduced in a similar manner.
This would lead to difficulties later on. Now |q1(n)| < ¢(n), a useful fact given that the proof
is completed on showing that, for all z > 1,

A+Zq1 (%)JFB:

n) ’S <%>’ + O(xlogx),

n<x

A=3"A(m) <>log—

n<x

where
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and

B=Y (A«A)n) S (%)

n<x

Clearly, it is sufficient to show that, for all x > 1,
x

5 (%)
Z a(n) S (-

and since |q;(n)| < g(n), it suffices to show that |A + B| = O(xzlog x) for all z > 1. Begin by
noting that

|A+ B| +

— Zq(n) ‘S (%)‘ + O(zlog ),

n<lx

x
B = NZSJC(A*A)(TL) S(E>
— AG)A(K)S (ﬁ)
— A <£)
- S aonms (4)
k<z j<z/k jk:
= Y Ak Y AG)S (ﬁ)
k<zx i<z/k jk
Therefore,
A+ Bl =3 Ak) { ( >log + Y AG) ( >]
k<z i<z/k
so that

[A+B| <> Ak)|S

k<x

(ot e 3 as (L) a9

ji<z/k

Recalling Proposition 3.8.9,

QM+ZA()O@

i<z/k

whenever k < x. Therefore, there exists a constant C' such that

S (%) 1og% n 'Z A(G)S (j%)




whenever k£ < z. It follows from (3.35) that

A
|A+H§C&2}é@.

k<z

Thus, to complete the proof, it suffices to show that there exists a constant p such that
Y wer MK)/k < plogz for all z > 1. Recall from Theorem 3.5.3 that >, . A(k)/k < logx+2
for all x > 1. It is easy to show that there exists a constant p satisfying logz + 2 < plogx
for all x > 2, meaning that ), . A(k)/k < plogz for all x > 2. Since A(1) = 0, this bound
actually holds for all z > 1.

Q.E.D.

Thus an inequality featuring ¢ and S is established, and the next argument shows, using
Corollary 3.8.10, that g(n) can be replaced by 2logn. Recall that a good estimate for

anx q(n) is anaz 2logn.

Proposition 3.8.12 There is a constant Ky such that for all sufficiently large x,
x x
Zq(n) ‘S (ﬁ)‘ = QZlogn ‘S <;>‘ + Kyzlog .
n<x n<lx
Proof. Write a(n) = q(n) — 2logn. In the new notation, we require
Z a(n) ‘S (zﬂ = O(zlogz). (3.36)
n
n<x

The first thing one might consider is obtaining the absolute values of the terms of (3.36), but
we have no bound for a(n). However, by Corollary 3.8.10, where A(n) = .., a(j), A(n) is
bounded by n. Therefore, it is desirable to re-express the left-hand side of (3.36) in terms of
A(n), and then Abel summation (Proposition 3.4.1) gives

enls (- 35w s )l (2) s ()

n<z

In fact, since S(z/([z] + 1)) =0,

a5 ()] = S0 |Js ()] s (:5) |

n<x

It follows that

> am|s ()]

n<x

<o js (2)]-Js (55|

Noting Proposition 3.6.3, we have

s GI-ls () <[5 () -5 (5) <
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and since there exists C' such that |A(n)| < Cn for all n, it follows that

>am]s (3)]

n<x

1
SchnH < Cz(logz + 1),
n<zx

where the last inequality is clear when one considers the example directly after Proposition
3.5.1. The result follows.
Q.E.D.

Next, the discrete sum of Proposition 3.8.12 is related to the corresponding integral, which
in light of what must be proved, namely (3.23), must at some stage make an entrance.

Proposition 3.8.13 There exists a constant C' such that, for all x > 1,
Zlogn‘S <E)’ g/ logt‘S (z)‘ dt + C'z.
n 1 t
n<x
Proof. Let n < z and take ¢ such that n <t < n + 1. By Proposition 3.6.3, we have

G -sGl=n-7

sGI=ls Gl mrn

o [ [[s (5)]+ s

ntl x logn
< - 57
< [ wstls (P)]ars gty

Hence,

Therefore,

IN

o 2

Summing over all n < z, it should be clear that
[ 1
T T ogn
g5 ()] < [ s s () a0 3 L8
Zogn n/l = J o8 t +xzn(n+1)
n<x n<x
The proof is completed on noting that the series

i logn
n(n+1)

n=1

z]+1

is convergent and that S(z/t) = 0 when t > z.
Q.E.D.

Combining the last three results, we obtain:
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Proposition 3.8.14 There exists a constant K3 such that for all x large enough,
1S(2)|(logz)? < 2/ logt ‘S (%) ‘ dt + Ksz log x.
1

At this point, W is re-introduced. Recall that W (y) = e ¥S(ev).

Corollary 3.8.15 For K3 as above and for all sufficiently large y,
2 (Y K
W< [ - oWl 22
0

Proof. In view of how W is defined, it is clearly a good idea to let x = e¥ (thus y = log z)
in Proposition 3.8.14. With this and the substitution ¢t = e*, Proposition 3.8.14 can be
rewritten to state

Yy
|S(e¥)|y? < 2/ u|S (V)| e*du + Kzye
0
for all sufficiently large y. With the further substitution S(e¥) = e?W (y), it follows that

v
y2e! W (y)| < 2/ ue’"" Wy — u)| e*du + Ksye?

0

for all sufficiently large y, or in other words,

2 Y K
W (y)| < —2/ u| Wy — u)|du + =
Yy© Jo )

for all sufficiently large y. Finally, with the substitution v = y — u, one can easily check that

/Oyu’W(y —u)|du = /Oy(y — )W (v)|dv.

QE.D.

This result gives a bound for |W(y)| in terms of an integral involving W. Thus one may
reasonably hope that the proof of (3.23), and thus of the prime number theorem itself, is
now within reach. The next proposition is indeed that proof.

Proposition 3.8.16 The inequality (3.23) holds; or equivalently, in the notation of Propo-
sition 3.6.5, a < [3.

Proof. The rough idea is to establish inequalities involving a and [ on either side of
the inequality in Corollary 3.8.15. Note first that, by definition,

a= lim sup|W(zx)|,

Y—>00 >y
where the supremum function is decreasing. Therefore, given any y > 0,

a < sup |W(z)|.
2y
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Thus, given § > 0 and y > 0, there exists z > y such that
a— 0 < |W(x). (3.37)

/Om(x —u)|W(u)|du = /Om |W (u)] /uw dv du
_ /0 /OU|W(u)|du do, (3.38)

where the second equality follows from Proposition 3.6.2 and the continuity of |W|, which
follows from Proposition 3.6.4. Now, by definition,

Second, note that

1 v
g = lim sup—/ |W (u)|du.
0

T—>00 >4

Thus, given € > 0, there exists x; such that

supl/ W (u)|du < B +e.
0

v>x1

In other words, given € > 0, there exists x; such that for all v > xq,
1 v
—/ |[W(u)|du < 8 +e.
v.Jo

Hence, for x > x1, it follows that

’ U|W(u)|dudv§ I(5+e)v dv:1(6+6)(:v2—x12).
L A 2

Also, since |[W(u)| < 1 for all u,

1
/ /|W |dudv</ /dudv—/ vdv:§x12.

Combining these last two statements with (3.38), we obtain

/Ox(:c—u)|W( J[du < (6—1—6)1: + ;xl | (3.39)

Choosing y > x1, (3.37) and (3.39) hold for some = > y. Since y can be arbitrarily large,
this is true for arbitrarily large x, and it easily follows, by Corollary 3.8.15, that for such x,

2
K
a—5<ﬁ+e+—+—3

This being the case, it follows that o < g+ e+ d, with the result following, since this is true
for all e > 0 and 6§ > 0.
Q.ED.
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Chapter 4

Newman’s short proof of the prime
number theorem

4.1 Sufficient conditions for the short proof

Throughout, we write s = o +it, where o and t are real. As with the classical analytic proof
of the prime number theorem, outlined in Chapter 2, the Riemann zeta function plays a
crucial role in this short proof, based on a proof by Donald Newman in 1980. For the reader
interested in the original proof, see [13]. For this interpretation of Newman’s proof, the
author has heavily relied upon [2] and [17]. For our previous two proofs, proving that v (z)
is asymptotic to  was shown to be sufficient. Likewise, proving that 0(x) is asymptotic to z
— as was suspected by Chebyshev and backed up by the numerical evidence — is sufficient,
and the proof of this is the main point of Newman’s proof, where the reader may recall the
definition of # from Chapter 1.

Definition 4.1.1 Define the function 6 : Rt — RT by

0(z) = logp
p<z

where the sum is over all primes p less than or equal to x.

First, it must be shown that proving that 6(x) is asymptotic to x is sufficient for the prime
number theorem.

Lemma 4.1.1 If
O(x) ~x as © — 0, (4.1)

then the prime number theorem is true.

Proof. This is shown by relating 6(z) to 7(z)logz, and given the assumption that 6(x) ~
xr as x —> 00, we hope to relate x to 7(z)logz. Begin by noting that

O(x) < Zlog:v = m(z)logz.

p<z
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Then, for any € > 0, (without loss of generality, € < 1/2) and for sufficiently large z,
o) _

xr T

| —e< m(x)logx

Second,

O(x) > Z logp > Z logz'™¢

zl-e<p<lz zl—e<p<zm
= (1—¢)logz g 1
rl-e<p<a

= (1—¢)loga(n(x) —m(z'™))
> (1 —e¢)loga(n(x) — 7).

Thus bounds have been established on #(x) involving the term 7 (z)log 2. The above inequal-
ity can be restated as

(1- 6)7r(3c) logz (1- )log:c < 0(x)
T x€ x
Since 1
lim —(1—¢) 8T _ 0,
T—00 €
then for any 0 > 0, and for sufficiently large x,
log x
-5 < —(1—- .
<-(1-0-%
Clearly then,
(1- E)W(x) logz 5 < 0(x) .
x x
Since 0(z) ~ x as x — oo, it follows that for sufficiently large =,
0
A
x

By these last two inequalities, for sufficiently large x,

7(x)logx < 20 +1

x —1l-€
Choosing 6 = @ > 0, it easily follows that for sufficiently large x,
1
7(x)logx <149
x
so that
iy F@)logz
T—00 €T

QE.D.
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It remains then to prove (4.1). The main idea is to acquire some knowledge about 6, and build
upon it. In Theorem 3.2.3, it has already been shown that 0(z) < (log4)z. An alternative
proof that 0(x) = O(z) is now outlined, although the estimate is not as good.

Theorem 4.1.2 6(z) = O(x).

Proof. Begin by noting that

lo
0(2n)—0(n) e2vzan 1087

GZPS” logp
log p
Hp§2n €

— | | elog D

n<p<2n

- II »

n+1<p<2n

During the course of Theorem 3.2.3, it was shown that

n+2<p<2n+1

In the same way, it can be shown that

I r<2m,

n+1<p<2n

that is, /M =0 < 227 Tt follows that 6(2n) — O(n) < log2? = 2nlog2. In particular,
0(27) — 0(2 1) < 2"log2,r € N, so that given m € N,

0(2™) = (6(27) —6(2") <) 2'log2 = (2" — 2)log 2 < 2" log 2.

r=1 r=1
Now, for any = > 1, there exists m such that 2™~ < 2 < 2™. It follows that
0(z) < 0(2™) < 2™ log2 = (410g2)2™ ! < (4log2)x

for all x > 0, as required.
Q.E.D.

A series of sufficient conditions are now established for (4.1), with Theorem 4.1.2 being used
more than once in their establishment. That the first of these conditions is sufficient seems
reasonable at first glance, it being the convergence of floo 9(132_“du. This does suggest the
relative closeness of (x) and z, although the fact that 6 is a non-decreasing function is also

required. However, many other convergent integrals suggest the same, so why is this one
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chosen? The reason lies in a concept known as the Laplace transform, and in a result known
as the analytic theorem. Even to the reader familiar with these, the choice of integral may
still be obscure. The Laplace transform and the analytic theorem will be discussed after the

following theorem.
Theorem 4.1.3 If
o0 9 _
/ blw) Zu g,
1 u

18 a convergent integral, then

Proof. Suppose that

/ 0(u)2— Y
1 u

is a convergent integral. Assume then that

lim @#1.

r—oo

Therefore, for some € > 0, there exist arbitrarily large x such that

®—1‘Z€.
T

It easily follows that there exist arbitrarily large = such that either 0(x) < (1 — €)z or
O(z) > (1+€)x.

Case 1: Suppose that there exist arbitrarily large = such that 6(z) < (1 — €)x. Letting
A =1—¢, we have 0(x) < Az, for some A < 1. Since 6 is non-decreasing,

/ 0(u>2_udu < / 9($)2—udu
Az u Az u

x)\ _
/ x2udu
Ar Uu
1 1
= \z —zdu—/ —du
A

Az U z U

e,
= |— —logu

u Az
= —A—logx+1+log\z

= —A+1+logA,

IN

which is a constant. It is easily shown that

Yqu < 0.

u2

1
—)\+1+10g/\:/
A
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Therefore,

Ie _
/ L2udug—/\+1—|—log)\<0
A

x u

for arbitrarily large x, which contradicts the initial supposition.

Case 2: Suppose that there exist arbitrarily large = such that 6(z) > (1 4 €)x. Letting
A =1+ ¢, we have 0(x) > Az, for some A > 1. Since 6 is non-decreasing,

Az o Az o
/ 9(u)2 Ui > / 9(93)2 Y

Az
\r —
/ xZudu
. U

= A—1—logA >0,

Vv

for arbitrarily large x. This again contradicts the initial supposition.
Q.E.D.

4.2 The Laplace transform

The Laplace transform is now defined.

Definition 4.2.1 Let h : [0,00) — R be a piecewise continuous function. The Laplace
transform of h is the complex function (Lh)(s) given by

(Lh)(s) = /000 h(z)e **dz

whenever the integral converges.

At first glance, this integral seems unrelated to loo e(z#du, whose convergence is a sufficient

condition for the prime number theorem. However, making the change of variables u = €7,

it is easy to show that
o 9 _ o0
/ Mdu = / (B(e”)e ™ —1)dx.
1 0

u?

However, this is hardly a useful Laplace transform, with h(x) from Definition 4.2.1 looking
complicated! In fact, letting H(x) = 0(e*)e~* — 1, we proceed indirectly by investigating the
Laplace transform of H(z). The analytic theorem below gives conditions on this transform
which imply the convergence of fooo H(z)dx, as required for the prime number theorem. The
analytic theorem is now stated and the proof is given later.

Theorem 4.2.1 (The analytic theorem) Let f : [0,00) — R be a bounded and piecewise
continuous function whose Laplace transform g(s) = fooo f(z)e **dx, initially defined for
o > 0, extends to an analytic function for o > 0. Then the improper integral fooo f(z)dx
converges, and its value is g(0).
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Assuming that the analytic theorem is true, it remains to show that H satisfies the various
conditions mentioned. Firstly, by Theorem 4.1.2; there exists a real constant C' > 0 such
that f(e”) < Ce® for all z > 0. Thus H(x) = 0(e“)e ™ —1 < C' — 1 and is bounded.

Also, e* is continuous and 6 is piecewise continuous, so H is piecewise continuous.

The

Laplace transform of H now needs to be computed and shown to be analytic for ¢ > 0.
The computation is necessary if we are to extend the Laplace transform of H to an analytic
function for ¢ > 0. To make the statement of the next theorem a little easier, we first define
the function ®(s) on the domain ¢ > 1 by the formula

log p
Os) = —
p
p
Theorem 4.2.2 For o > 0,
P(s+1)
LH =
(LH)(s) = =2

and is analytic in this domain.

Proof. Begin by noting that

(LH)(s)

/OOO e (0(e®)e™ — 1)dx

/ e_(s+1)x9(ex)d$—/ e *du.
0 0

It is easy to check that fooo e **dz = 1/s, which is convergent and an analytic function for
o > 0. It remains to show firstly that fooo e~tD7)(e?)dx is convergent and an analytic

function for ¢ > 0, and secondly that

/ e—(s+1)x9(€x)dx _
0

By Theorem 4.1.2, §(e*) < Ce®, hence

T T
/ ’6—(s+1)m9(em>|dx < /
0 0

O(s+1) .

s+1

Ce 7"dx = g(l —e 1),

g

Now 1 — e T < 1, thus when o > 0, we obtain the estimate

/ |ef(s+1)xe(ex>’dx
0

C
§_7
g

which means that [;° e~ (**)7(e")dx is convergent for o > 0.

To show that F(s) = [ e~ **)f(e")dx is analytic for o > 0, write F,(s) = fsﬂ e~ (tD2g(e)dw

for each n € NU {0}, so that

Fs) =Y Fuls)
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Given Theorem 2.4.6, the idea is to show that for each n € N U {0}, F,,(s) is analytic for
o > 0, and that, given 6 > 0, the series >~ F,(s) is uniformly convergent for all o > 4.
Letting D be the half plane o > 0, note that e~(**17f(e?) is a piecewise continuous function
of x,n < x < n+1, for fixed s and an analytic function of s € D for fixed . Thus by the
theorem stated below — which shall be proved later — F},(s) is analytic in D.

Theorem 4.2.3 Let D be a simply connected domain of the complex plane. Suppose g :
D x [a,b] — C is a piecewise continuous function of x,a < x < b, for fized s and an
analytic function of s € D for fivred x. Then

15 analytic in D.

To show that the series is uniformly convergent, choose o > 0. Then for o > 9,

n+1 n+1
|FL.(s)] < / le=CHDTh(e)| da < / |Ce™**| dz

for some positive constant C', by Theorem 4.1.2. It follows that
n+1

|FL.(s)] < C/ e dz < Ce™" < Ce™)".

Note that >, (e7%)" is a convergent geometric series. Thus by an analogous argument to
proving uniform convergence in Theorem 2.4.3, the series Y~ | F,,(s) converges uniformly
for o > §. Therefore, F'(s) is analytic for o > 0.

To compute the integral, we take advantage of the fact that 0(e”) = 0(p,) whenever p, <
e < pp+1 (pn denotes the nth prime number). In other words, 6(e*) = 6(p,) whenever
logp, < x < logp,s1. This is obvious from the definition of 6. Also, 6(e”) = 0 whenever
0 <z <log2=1logp;. Thus

oo 0 log pn+1
/ ef(s+1)x9(€x)dx _ Z/ ef(erl)xe(e:p)dx
0 n=1 log pn
00 log pn, o0
= > o) [ T e = S ) (7 - ).
_ log pn, S+1n:1

Bearing in mind the fact that 6(p,) — 0(p,_1) = log p,, it follows that

o 1
—(s+1)z x _ —(s+1) (s+1)
/0 e f(e”)dx = P Zﬁpn ZHpnanr1 )

_ 1 s+1 s+1 s+1

- S+1 + E epn E epn 1

1 log 2 log p,, P(s+1
og +Z ogp > (s+1)

s+1\ 25+ anpnsH - s+1

Y
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as required.
Q.E.D.

Now that the Laplace transform of H has been computed and shown to be an analytic function
for o > 0, and assuming that the analytic theorem holds, it remains to show that the Laplace
transform of H extends to an analytic function for o > 0. Before this is attempted, it is worth
listing the following results relating to the Laplace transform, which were proved in specific
instances during the course of Theorem 4.2.2.

Lemma 4.2.4 Let g,h : [0,00) — R be piecewise continuous functions such that, for real
numbers C' and B, h satisfies |h(x)| < CeP? for 0 < x < oo. Then,

1) L(g+h)=Lg+ Lh.
2) If g(x) = e™h(x), then (Lg)(s) = (Lh)(s — a) for o > B+ a.
3) L(1)(s)=1]s.

Lemma 4.2.5 If there exist real constants B and C such that |h(z)| < CeB* for 0 < z < oo,
then the integral defining the Laplace transform of h(x) converges absolutely and is an analytic
function for o > B.

4.3 Extending the Laplace transform of H

In this section, the Laplace transform of H, that is, (D(S‘:Lll) — %, is extended to an analytic

function on the domain o > 0. Clearly, this is equivalent to showing that

D(s) 1

S s—1

can be extended to an analytic function on the domain ¢ > 1. The key here is to link ®(s)
to ((s), as discussed in Section 2.2. It was shown — during Theorem 2.2.7 — that

¢ =J[a-»p"

p

for o > 1, thus ®(s) and ((s) can both be defined in terms of the primes. Since ®(s) involves
a log term, it is helpful to have an equation involving logs and ((s). Recall that Theorem
2.11 states that

A(n)

n

—{(5)/¢(s) =)

where A : N — R was defined in Chapter 1 by

| logp, if n = p" with p prime, r € N
An) = { 0,  otherwise.
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It follows that

) = DY =Y oer Y
p*logp logp
T~ 2 po1

p p

Recall that ®(s) = > 1‘;%. Therefore, using the identity

p

1 1 1

p pP=1 ppr—1)

it follows that

_ d) log p
®0) =) Ty D) “2)

p
Thus information about ®(s) will follow from a study of the two terms on the right. To
extend @ — ﬁ to an analytic function on the domain o > 1, it is clearly useful to try and

analytically extend ®(s) to the domain o > 1. To begin, consider the infinite sum appearing
in (4.2). If we define f: N — R by

| logn, if n prime
fn) = { 0, otherwise,

then .
Z logp _ Z f(n)
~p(p—1) g —1)
which is clearly a series of analytic functions. Thus by Theorem 2.4.6, to show that this series

converges to an analytic function on the domain o > 1, it suffices to show that it converges
uniformly on the domain ¢ > 1. First, for ¢ > 1, it is easy to show that

f(n) ’

< logn
ns(n® —1)

“nn—-1)"

0 logn . . 00 1 . .
Now » 7, —2&%< is convergent by comparison with ) ) —, so choosing € > 0, there exists

N € N such that for all m > N,

= f(n) - f(n) > logn
n;l TLS(TLS . 1) < n;’—l ns(ns . 1) ‘ < n;l n—(n — 1) < €

whenever o > 1.

An analytic extension of ®(s) will follow if one exists for —(’(s)/((s). As a result of Theorem
2.4.2, this will be the case if ((s) extends to an analytic function on the domain o > 1, and
for this extension, ((s) has no zeros on the domain ¢ > 1. Closely related to an analytic
function is the concept of a meromorphic function.
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Definition 4.3.1 A function f is said to be meromorphic on a domain D if f is analytic in
D except at isolated poles.

In fact, Theorem 2.4.3 states that ((s) extends meromorphically to the domain ¢ > 0, with
only a simple pole at s = 1 which is a simple pole with residue 1. In this section, an alternative
proof is outlined. The idea is to determine what the statement of Theorem 2.4.3 implies. If
the converse is true, it is sufficient to prove the implied statement. Begin by noting that if
Theorem 2.4.3 is true, then

lim (s — 1){(s) = Res((, 1) = 1. (4.3)
s—1
This equation involves ((s), which we are trying to show is meromorphic. Motivated by the
fact that analytic functions are easier to work with than meromorphic ones, note that if a
function f has an isolated singularity at sg and if

lim (s~ 50)(s) =0,

then f has a removable singularity at sg. For the reader interested in a proof of this result, see
[1]. If this is the only singularity in a domain D, then by suitably “removing” the singularity,
f can be extended to an analytic function on D. If Theorem 2.4.3 is true, then by (4.3),

. 1
L O
so that ((s) — ﬁ has a removable singularity at s = 1. Indeed, if Theorem 2.4.3 is true, it

can be shown that this is the only singularity on the half-plane o > 0. Thus {(s) — -5 can
be extended to an analytic function on the half-plane o > 0. It is not necessary to prove this
is the only singularity. Of more importance is asking, if {(s) — ﬁ extends to an analytic
function on the half-plane ¢ > 0, does Theorem 2.4.3 follow? Indeed, it follows easily upon
writing ((s) = ({(s) — =+7) + -5 and finding poles and residues with regard to Definition
2.3.7 and (2.22). Therefore, Theorem 2.4.3 amounts to proving that ((s) — s—%’ analytic on

the domain o > 1, extends to an analytic function on the half-plane o > 0.
We now analytically extend ((s) —1/(s—1) to the half-plane o > 0, as required for Theorem

2.4.3. This is achieved by initially expressing ((s) —1/(s — 1) as a series for o > 1. Theorem
2.4.6 is then applied to this series.

Theorem 4.3.1 The function ((s) — 1/(s — 1) extends analytically to the half-plane o > 0.

Proof. First, the function 1/(s — 1) is rewritten as an integral. It is easy to show that,

for o > 1,
<1 1
/ —dx = .
1z s—1
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It follows that, for o > 1,

1 1 <1
_ - - _ —d
<) s—1 ; ns /1 xs v
[e'¢) 1 00 n41 1
-y / L
S :LaS
n=1 n=1Y"
0 n+1 1 0 n+1 1
= —dr— il
[ [ e
n=1 n=1
S |
= Z/ (— - —) dz (4.4)
— n nS xS

Let

Then, by Theorem 2.4.6, if

1) for every n € N, F},(s) is analytic in C,

and

2) for every § > 0, the series (4.4) converges uniformly for o > 0,

then the series (4.4) is analytic for o > 0. The series would then be analytic on the half-plane
o > 0, since § > 0 is arbitrary, and thus ((s) — 1/(s — 1) would extend analytically to the
half-plane ¢ > 0. Therefore, it remains to prove 1 and 2. Proving 1 is a simple exercise. To
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prove 2, choose o > 0. Then for ¢ > ¢,

n+1 1 1 n+1
/ (— — —) dz| = ‘—/ (7% —n"%)dx
n ns :L‘S n

n+1 T

/ / su”*'du dx
n n
n+1 T

/n

< / su” " tdu| dx
n
X
<  max /su_s_ldu
n<zx<n+l1 n
xT
<  max /|su_5_1|du
n<zx<n+l1 n
n+1
= / |su™* "t du
n
n+1
= |3\/ w7 tdu
n
o sl s
= otl = e+l
Since the series
o
>
5+1
n=0 n

converges, it follows by an analogous argument to proving uniform convergence in Theorem
2.4.3 that the series (4.4) is uniformly convergent for ¢ > §. This completes the proof.

QE.D.

Thus we also have an alternative proof of Theorem 2.4.3.

Also of interest are the zeros of ((s) on the domain ¢ > 1. In Theorem 2.2.7 it was shown
that no zeros lie in the domain ¢ > 1, while similarly no zeros lie on the line ¢ = 1 by
Theorem 2.5.5. While Newman uses a different method to prove the non-vanishing of ((s)
on the line 0 = 1, one due in essence to Hadamard, it is hardly any shorter than the proof
already outlined, and thus is not included here. For the reader interested in Hadamard’s
work, see [10]. Another alternative proof is to be found in [2], a proof which is extremely
similar to that already outlined.

An analytic extension of ((s) was sought, and it has been established by Theorem 2.4.3
that ((s) is meromorphic on the domain o > 1 except for a simple pole at s = 1. This
together with Theorem 2.5.5 imply that —(’(s)/((s) extends to an analytic function on the
domain o > 1, except for a singularity at s = 1. The question is, what kind of singularity
is it? Using the same method as for finding the residue of G(s)X*™! as outlined in section
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2.6, it is not difficult to check that the singularity at s = 1 is a simple pole with residue 1.
Thus —('(s)/¢(s) extends meromorphically to the domain ¢ > 1, and in light of (4.2), ®(s)
is meromorphic on the same domain, with a simple pole at s = 1 with residue 1. Therefore,
analogous to proving that {(s) —1/(s—1) can be extended analytically to the domain o > 0,
®(s) —1/(s — 1) can be extended analytically to the domain ¢ > 1.

Recall the aim of this section was to show @ — s—%
o > 1. The following lemma finally demonstrates this.

extends analytically to the domain

Lemma 4.3.2 The function @ - S_Ll, analytic for o > 1, extends analytically to the do-
main o > 1.
Proof. The idea is to express @ — = in terms of ®(s) —1/(s— 1), which has already been

shown to extend analytically to the domain o > 1. Write

o) Lot

The required analytic extension clearly follows from this re-expression.

QE.D.

It has been shown that the Laplace transform of H extends to an analytic function on the
domain ¢ > 0. All that remains for the prime number theorem is to prove the analytic
theorem, namely Theorem 4.2.1. This is done in the next section.

4.4 The analytic theorem

A proof of the analytic theorem is now outlined. Two results, Morera’s theorem and Fubini’s
theorem, from complex analysis and measure theory respectively, are needed to prove an
auxiliary result, namely Theorem 4.2.3. Morera’s theorem is merely stated here, as the proof
would take us too far afield. For the interested reader, a proof is outlined in [1]. Fubini’s
theorem is not stated, but is well known and allows us to change the order of integration in
the proof of Theorem 4.2.3. A proof of Fubini’s theorem can be found in [14]. Theorem 4.2.3
is proved after the statement of Morera’s theorem.

Theorem 4.4.1 (Morera’s Theorem) Let f be a continuous function on an open set D.

If
/F F(s)ds = 0

whenever I' is the boundary of a closed rectangle in D, then f is analytic on D.

Proof of Theorem 4.2.3.
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Suppose ¢(s,z) is discontinuous at the points aq,as,...,a, € [a,b] where a = ay < a; <
cos <y < apyp = b. If it can be shown that

)= [ ’” g(s,)ds

is analytic in D for m € {0, ...,n}, then the result is clearly implied. Choose m € {0,...,n}.
As f,, is a continuous function of s (which follows from the definition of continuity), then
according to Morera’s theorem, it need only be shown that fr f(s)ds = 0 for any rectangle

boundary I' C D.
Am+1
/fm(s)ds :/ (/ g(s,:v)dx) ds,
r r am

at which point the order of integration can be reversed by application of Fubini’s theorem.

Thus
[ ntonas= [ mm ( / g(s,:r)ds) ar.

Since g is analytic in s, Cauchy’s residue theorem implies that

Am+1
/ Fo(s)ds = / 0de =0,
T Am,

Now

as required.

Q.E.D.
The analytic theorem will now be proved.
Proof of Theorem 4.2.1. (The analytic theorem)
First, the theorem is restated:

Let f : [0,00) — R be a bounded and piecewise continuous function whose Laplace transform
g(s) =[5~ f(t)e **dx, initially defined for o > 0, extends to an analytic function for o > 0.
Then, the improper integral fooo f(x)dz converges, and its value is g(0).

Proof. Consider the sequence of functions gr(s) = fOT f(z)e **dx. By Theorem 4.2.3, these
functions are all entire, since f(z)e™* is a piecewise continuous function of z,0 < z < T, for
fixed s and an analytic function of s € C for fixed z. Also, g7(0) = fOT f(z)dz. Thus we are
trying to show that limr_, ., g7(0) exists and equals g(0).

Recall that we write s = o + it, where o and ¢ are real. Choose a large real number R

and consider the line segment L := {s € C: |s| < R,0 = 0}. As the Laplace transform g is
analytic for 0 > 0, g is analytic along L. Therefore, taking any point on L, g is analytic on
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some open ball containing the point. Draw such a ball around each point of L. The union
of these balls is an open cover of L and, as L is compact, a finite subcover exists. Let this
finite subcover be By, ..., B,. For i € {1,...,n}, the boundary of B; intersects L at either
one or two points. Because each ball is open, the points are contained in other balls in the
finite subcover, so that B; intersects the boundary of a finite number of balls in the subcover
at points below the real axis. As the endpoints of L are contained in some open ball of the
subcover, at least one ball’s boundary intersects the line ¢ = —R at a point below the real
axis and at least one ball’s boundary intersects the line ¢ = R at a point below the real axis.

[] (1T 1/ \) \L 1 /] ]

| to the real axis

|
intersection point clostt
\

The number of intersection points between the boundaries of balls and between the bound-
aries of balls and the lines t = —R and ¢ = R is finite. Taking the smallest distance between
the intersection points and the real axis, it is clear that for some 6 > 0 (depending on R), g
is analytic inside and on 7, where the curve «y (orientated counterclockwise) is the boundary
of the region {s € C: |s| < R,o0 > —d}.

To prove that limy_,o g7(0) = ¢(0), for all T > 0, an analytic function G will be de-
fined inside and on v such that G (0) = ¢(0) — ¢gr(0), after which Theorem 2.5.3 is applied
to obtain

9(0) ~ 91(0) = G1(0) = o | Grls) g, (45)

271 S

The idea is to express the integral in (4.5), and thus g(0) — ¢g7(0), in terms of other suitable
integrals. The M-L formula (Theorem 2.3.3) is then used to find bounds on the limsups of
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the absolute values of these integrals, with a bound on lim sup;_, . |g(0) — g7(0)| following.
We then use the fact that R is arbitrarily large to show that limsup;_, . [g(0) — gr(0)| = 0.
For the reader unfamiliar with limsups, see section 3.6. The question is, what is a suitable
definition for Gr? A wrong choice will lead to an unsuitable bound on the integral in (4.5), or
even lead to no bound at all. To get the required expression for G (0), it is perhaps natural
to write G'r(s) = g(s) — gr(s) for all s € C. However, note that, if B = sup, [f(z)|, then

00 00 B —oT
< B/ le™*|dt = B/ e dy = —
T

T o

l9(s) = gr(s)| =

/TOO f(t)e**dx

for o > 0. Also, 1/|s| = 1/R for s € ~y,, where v, is the semicircle {|s| = R,o > 0}. Note
that v, is a piece of the curve . Together, these estimates establish that |G7(s)/s| < BZ_PTT
for s € v,. As no bound exists for €77 /o, one cannot apply the M-L formula to get a bound

o e
_/ T_(5>d&
271 vy S

This is not a totally wasted exercise. It is easy to see that by letting G7(s) = (g(s)—gr(s))esT
for all s € C, we also have G7(0) = g(0) — gr(0) and |Gr(s)/s| < B for s € y4. As before,
Gr(s)/s is unbounded on 7y, . Indeed, it could be asked how this definition of G helps at all,
since e=°T < 1 for o > 0. The need for the exponential term is apparent when one considers
the case o < 0.

To define G so that Gp(0) = ¢(0) — gr(0) and Gr(s)/s is bounded on ~,, it is suffi-
cient to write Gr(s) = (g(s) — gr(s))e’T F(s) where F'(0) = 1 and for all s € v, |F(s)| < Mo
for some constant M. Functions that obviously fulfill the first condition are 1+ s and 1+ s2.
However, the imaginary part ¢ of s cannot be eliminated from any upper bound on these
functions. The function 1+ s/N also proves unsuccessful for any real constant N. However,
given a real constant NV,

2

s
142
e
Choosing N = 02 +t? = R?, it follows that

‘ 2

N+ (0 +1it)?

_|N+40®—t* 4 20ti
N = :

N

202 + 20ti
R2

s
14+ =
+N

_ 20lo+1it] 20
R R’

Therefore, if Gp : C — C is defined by (g(s) — gr(s))esT (1+ 2—22), then G'7(0) = g(0) — gr(0)

and 5B
Gr(9)/s| < T

for all s € v,. Also, Gr is analytic inside and on ;. By the M-L formula,

i/ GT(S)ds‘ < B/R.

271 S
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It is tempting to apply a similar argument to the remainder of the curve =, that is, to
~v— =~vyN{o < 0}. However, due to the change in sign of o, the best estimate for |g(s)— gr(s)]
is oo if one proceeds in the manner above. The approach instead is to consider the functions
g(s) and g7(s) separately.

Since gr(s) is entire, so is gp(s)e*T (1 4 s?/R?). Therefore, if 4. = {|s| = R,0 < 0} (a
semicircle), then by path independence,

2 2
sT s\ ds T 57\ ds
[ = e (14 55) 5 = [ o0 —ontneT (14 55) 5
Similar to above, it is easy to show that

Be*UT
lgr(s)| < ———

o]
2
ST S 1
14+ 2_)2
¢ (+R2)3

for s € 4. Thus by the M-L formula, it follows that

1 . s?\ ds
- N I il
o /'y_ gr(s)e ( + R2> s

1 T s?\ ds
— sT (142 ) =2
2mi /7 gls)e ( * R2> s

begin by noting that as 7' tends to oo, e’ tends to 0 uniformly on compact subsets of v_.
(If the reader wishes to verify this, use the fact that o < 0 and o takes a maximum on closed

and bounded sets.) Note then that as g(s) (1 + ;—22) % is independent of T,

and that
or2lo]

RZ

=€

Finally, to estimate

Y

g(s)eT (1 + S—2> ! —0
R%) s
uniformly as 7" — oo on compact subsets of v_. In other words, if C' is any compact subset
of v_, L(C) is the length of the curve C and g(s,T) = g(s)e*T (1 + ;—22) %, then given € > 0,
there exists Ty > 0 such that for all T > Tg, |g(s,T)| < ¢/L(C) for all s € C. Using the M-L
formula, it follows that

[ lots s <
c
and thus
lim [ g(s,T)ds = 0.

T—>00 C
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That

. 1 o s*\ ds
Th_r{loo o 5 g(s)e (1 + ﬁ) - = 0 (4.7)
follows easily. Letting
1 G
Ly=— / ﬂds,
2mi ), s
1 52\ ds
Mp=—— T4+ =) —=
T omi | gr(s)e < +Rz> S
and . N
s s
Np = — sT 1 2 ) =2
T 270 . g(S)@ < + RQ) S 9

we have g(0) — gr(0) = Ly + My + Nr. To summarise our results, |Ly| < B/R for all T > 0,
|M7| < B/R for all T' > 0, and limy_,,, Ny = 0. It follows that

2B
limsup |Ly| + limsup |M7| + limsup |[Np| < —,
T—>00 T—00 T— 00 R
or in other words,
. 2B
lim | sup |Ly|+ sup |My|+ sup |Ny| | < — .
T—00 \y>T Y>T Y>T R
Hence,
2
lim (sup |Ly + My + Ny|) < —,
T—00 Y>T R
that is,
. 2B
limsup[g(0) — gr(0)] < —- .
T — 00

Now R > 0 was arbitrary, so in fact, limsup;_, . |g(0) — ¢gr(0)| = 0, and the required state-
ment follows.

Q.E.D.
Thus the prime number theorem has been proved.
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