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Abstract

The Prime Number Theorem states that the number of prime numbers
less than z is asymptotic to z/logz as x becomes large. Its proof was a
crowning achievement of 19th century mathematics, and led to the devel-
opment of a vast amount of mathematics ever since. So understanding the
classical proof is more than just of historical interest. This article details
a minimal path to that first classical proof.

1 Introduction

The first complete proof of the Prime Number Theorem was given (indepen-
dently) by Hadamard and de la Vallé Poussin in 1896 [4], [I]. It was the cul-
mination of work by many of the leading mathematicians of the 18th and 19th
centuries such as Euler, Chebyshev, Riemann and von Mangoldt.

Many simpler and ”elementary” proofs of the theorem have been produced
in the following 128 years [3 [8, 5, 0]. However, the ideas involved in the classical
proof have been responsible for the development of a large amount of 20th and
21st century mathematics. In particular, Riemann’s short and legendary 1859
paper [7] can be rightly considered to be the birth of Analytic Number Theory.

This article describes the first complete proof of the theorem. H. Edwards’s
masterly historical account [2] traces (in the first four chapters) the development
of the proof from Riemann’s 1859 paper until the final steps by Hadamard and
de la Vallé Poussin in 1896, and it provides the main reference work for this
article. While Edwards’s account is focussed on the theory of the Riemann zeta
function, the present article aims at providing a minimal path to the proof of
the Prime Number Theorem.

Section 2 consists of five theorems and six propositions that summarize the
important steps needed in the proof. No proofs of the results are given, but the
logical dependence of the various steps is outlined.

Section 3 provides full proofs of Theorems 1,2 and 5. For Theorem 3 (the
product expansion for £(s)) and Theorem 4 (the analytic formula for ¢ (z) and
its antiderivative), an outline is given, consisting of several lemmas, just like
Section 2 provides an outline for the Prime Number Theorem.



Section 4 provides full proofs of the six propositions. Section 5 provides the
proofs of the lemmas needed for the proofs of Theorems 3 and 4. Notes in the
appendix provide background material and proofs of standard facts quoted in
the proofs. A web based version of this article is available at
https://vdeangel.xula.edu/PNT.html

2  Outline

2.1 Statement of the Prime Number Theorem

Let m(x) be the prime counting function
m(x) = |{p: p is prime and p < x}|.

For positive functions f(x) and g(z), the notation f(z) ~ g(x) means that
f(z)/g(x) = 1 as & — oo. The Prime Number Theorem states that

m(x) ~ Li(z),

1—e¢ T
Li(z) = lim / . —|—/ &t .
e—0t \Jy logt 14c logt

It is easy to see that Li(z) ~ xz/logx, so an equivalent statement of the Prime
Number Theorem is 7(z) ~ 2/ log x.

where

2.2 Chebyshev’s function

The prime counting function w(x) arises from the point measure dm(t) that
assigns weight 1 to prime numbers and 0 to every other number. Let df(t) =
(log t)dm(t). The corresponding function

6(x) =) logp

p<z

(where the sum is over the prime numbers) is Chebyshev’s function. We assume
by convention that the values of step functions such as this at the points of
discontinuity are defined to be the average of their left and right limits. The
next proposition shows that in order to prove the PNT, it is enough to derive
the asymptotic behavior of §(z).

Proposition 1.
0(x) ~ = implies w(x) ~ Li(x).



2.3 von Mangoldt’s function

The function 6(z) is constructed using prime numbers only. If we also include
prime powers, we get von Mangoldt’s function

W(z) =Y logp=) A(n),

nlx n<x
where the first sum is over all prime powers p™, and

.

A(n) logp if n is a prime power p
n) = .
0 if n is not a prime power

von Mangoldt’s function has a very useful connection with the infinite sum

= 1
= —, R 1. 1
C(5) =3 e Relo) > 1)
The connection is via Euler’s product formula [A1]
1\"!
¢(s) = H (1 - ) , Re(s) >1,

s
» p

that is the heart of the Prime Number Theorem. Let di(t) be the point measure
corresponding to ¥(t), that assigns weight logp to prime powers p™, and zero
to all other numbers.

Proposition 2.
¢(s) _ [ dy(x) ZOO 1
“izl af:}ﬁmMW Re(s) > 1 @)

Equation can be considered a re-statement in Stieltjes integral form of
Euler’s product formula.

2.4 The PNT from ¢(z) ~x

The heart of the proof of the Prime Number Theorem consists in exploiting
equation to derive the asymptotic estimates

Y(x) ~ .

Once that is done, the Prime Number Theorem is a consequence of the following
simple result.

Proposition 3.
Y(x) ~ x implies 6(x) ~ x.



2.5 Extension of ((s)

So we have now reduced the proof of the PNT to the derivation of the asymptotic
behavior of ¥ (x). This is where complex analysis comes in. The function {(s) in
(1) is Riemann’s zeta function, that had been used by Euler mostly for integer
values of s, and later by Dirichlet for real values s > 1.

The crucial connection between the prime numbers and ((s) can now
be exploited using Riemann’s new and far reaching idea that ((s) extends an-
alytically to a meromorphic function with just a simple pole at s = 1, and
then using complex function theory to derive results on the prime numbers.
Riemann’s work in this area can be considered the birth of Analytic Number
Theory.

In order to state the next theorem, we introduce the extension of the factorial

[Appendix . .
m(s) = [T (1+ %)71 <1 + ;) (3)

k=1

that was already known to Euler. TI(s) is defined and analytic for all s except
the negative integers, and II(n) = n! if n is a non-negative integer. A more
common (but less natural) notation for it is I'(s) = II(s — 1).

Theorem 1. For each s # 1, define

H(—s)/ (—2)* dz
C

2mri et —1 2

(s) =

: (4)

where C = C(6,¢) is the Hankel path that starts at a small distance € above
the positive real axis at infinity, circles counterclockwise around the origin with
radius 0 > €, and returns to infinity traveling at distance € below the positive
real axis (see picture below).

\ L. (e,0)

L()(z‘.‘7 5)

v

The Hankel path

Then ((s) is a meromorphic function with a simple pole at s = 1, and it coincides
with the previous definition for Re(s) > 1. Moreover, ((—2n) = 0 for all positive
mlegers n.



The first few values of ((s) are:

n 0 —1 -2 =3 | -4 -5
1 1 1 1
=513 % @] ° | =

The zeros at s = —2n are called the trivial zeros. But ((s) has many other zeros,
which we will denote by p, that are crucial in understanding the distribution of
prime numbers. The Riemann hypothesis, proposed in his 1859 paper, is that
all the non-trivial zeros p of {(s) have Re(p) = 1/2.

2.6 The function £(s)

So the zeta function contains information about the prime numbers. But in
order to extract it in the most efficient way, we now strip (s) of some inessential
information. First of all we multiply it by s — 1 in order to make it an entire
function. Then we multiply it by II(s/2) in order to eliminate the trivial zeros
at the negative even integers. At this point we would be left with an entire
function without real zeros (because as the next theorem shows Im(p) # 0 for
all p). An additional simple factor of 7~*/2 will turn it into the function that
plays a central role in the proof of the PNT, and that is described in the next
theorem.

Theorem 2. Let s

§(s) = (s = DI (5) 77%¢(s):
Then:
(a) &(s) is entire.
(b) &(s) satisfies the functional equation
§(1 —s) =&(s). (5)
(¢) &(s) has no zeros outside the strip 0 < Re(s) < 1.

(d) £(s) is an even function of s — 1/2, and the coefficients of the Taylor
expansion of £(s) at s = 1/2 are positive real numbers. In particular, £(s)
has no zeros on the real axis.

Note that as a consequence of the functional equation , the zeros of £(s)
will occur in pairs (p,1 — p).

2.7 The product expansion for &(s)

Riemann had the insight that the function £(s) admits an infinite product ex-
pansion whose factors are 1 — s/p, where p are the zeros of £(s), and that this
infinite product expansion is the key to the derivation of the information about
the prime numbers.



This product expansion (that essentially says that £(s) behaves like an in-
finite degree polynomial) is similar to Euler’s expansion for sin(7s) in terms of
factors 1 — s%/n?. But Riemann did not prove his statement in his short 1859
paper. He simply stated that the Taylor series for £(s) around s = 1/2 converges
"very rapidly”. A rigorous proof of the product expansion for £(s) (described in
the next theorem) was given by Hadamard about 30 years later, and it was the
first major progress towards a rigorous proof of the PNT following Riemann’s
1859 paper. The proof of this theorem occupies a whole chapter in Edwards’
book.

Theorem 3. The function £(s) has a product expansion
S

s =e0 ] (1-2).

P p

where the product is over all the zeros p of &(s), and the zeros p,1 — p are
assumed to be paired, so that the product is

=0 T (1-3725)-

o p(1—=p)

2.8 The integral I(b)

The next important step was the derivation of an analytic formula for ¥(x).
This was achieved by von Mangoldt in 1895. His strategy was to evaluate the

integral
1ot s (s)\ L ds
2mi ( ¢(s) > ]

s
(where a > 1) in two different ways. The first is to substitute the expression for
—(’'(s)/¢(s) given by and obtain ¢ (x). The second is to use the definition
of £(s) and its product expansion to write

0T (1-2) =11(3) 20— vt 0

a—1i00

p

take the logarithmic derivative, and substitute the resulting expression for

—(’'(s)/¢(s) (given in the next proposition) in the integral to obtain an analytic
formula. However, von Mangoldt’s derivation of the asymptotic behavior of ¢ (x)
for large x depends on first deriving the asymptotic behavior of the antiderivative

/Oxw(t)dt.

To derive a formula for the antiderivative we will evaluate the integral

1 a+ioco (_CI(S)>x3 ds

2i ¢(s) s+1

a—1i00



in a similar way. In order to combine the two very similar derivations, we
consider the integral

=g [ (G5 ™

where b is a non-negative real number.

2.9 The formula for —('(s)/{(s)

Taking the logarithmic derivative of @ and using the product representation
for TI(s), we derive the formula for ¢'(s)/{(s) given in the next proposition.
Beside routine calculations, the proof only requires checking that the infinite
series involved can be differentiated termwise.

Proposition 4. Let b be a non-negative real number. Then

O s+b s+b s+b ¢'(—b)
Z ) Ep:(

() 2 @n-D@Ents) (s DO+ pHb)(p—s)  C((=b)
(8)

n=1

2.10 The formulas for ¢(z) and [; ¥(t)dt

The next theorem gives analytic formulas for ¢ (z) and fox ¥ (t)dt. The proof of
this theorem also occupies a significant part of a chapter of Edwards’ book. But
it should be noted that if we ignore the fact that taking a limit inside an integral
or an infinite sum must be justified, the proof amounts to routine calculations
obtained by substituting and in @ In this respect, a substantial part
of the classical proof of the PNT could be described as the task of proving that
some limits can be switched. Probably the most difficult part of the proof of this
theorem is proving that when substituting into , the term of (8) involving
the roots p of £(s) results in the limit

xp

lim
p+b

h—o0
|tm(p)| <h

(9)

This was done by von Mangoldt, and he was only able to prove that the infinite
series converges when the terms are arranged in increasing order of [Im(p)].

Theorem 4.

1—-2n l,p+1

2> af(0) (-1 - @ .
z_ + _2271 — 11m Z m

—» 00
[Tm(p)|<h

(10)

~J



2.11 Re(p) <1

The last significant step in the derivation of the asymptotic behavior of ¥ (x)
(and so the proof of the PNT) is the proof that ((s) has no zeros on the line
Re(s) = 1. This was proved by both Hadamard and de la Valleé Poussin
independently in 1896.

Theorem 5.
If p is a zero of ((s), then Re(p) <1 (11)
2.12 The asymptotic estimate for [ (t)dt

From and , it is easy to derive the asymptotic estimate for the an-
tiderivative of ¥(z).

Proposition 5.

T .132
/ Y(t)dt ~ — asx — 0. (12)
0 2

2.13 The asymptotic estimate for ¢ (z)

The asymptotic behavior of ¢(x) (and hence the Prime Number Theorem) now
follows from the following general result on the antiderivative of a positive,
increasing function.

Proposition 6. Suppose that f is positive and increasing, and

x 1.2
/ f)dt ~ — asx — 0.
0 2

Then
f(x) ~x asxz — co.

3 Proofs of the theorems

3.1 Proof of Theorem 1

The starting point is the extension of the factorial . The integral represen-
tation

II(s) = /000 e *z’dx. (13)

valid for Re(s) > —1, was also known to Euler. Using with s replaced by
s — 1, making the substitution x — nz, and summing over n > 1, we obtain the
integral representation

oo gl =1
i ex_ldx:H(s—l)Zﬁ, (14)

n=1



valid for s > 1.
In view of the integral representation , Riemann considers the contour

integral
/ (—2)® dz
cer—1z"

where the integral is along the Hankel path C = C(J,¢) that starts at distance
€ above the positive real axis at infinity, circles counterclockwise around the
origin with radius § > €, and returns to infinity traveling at distance € below
the positive real axis (see figure below).

L0(87 6)

The Hankel path C(9,¢)

It is not hard to see that the integral does not depend on the values of ¢ and
0 (as long as they are small enough so that no singularities are enclosed). This
can be proved by truncating the path at x = R for some large R, then joining
it via vertical segments to a similar path C(d1,e1), where §; < §, &1 < e, in
order to form a closed contour without singularities inside, so that by Cauchy’s
theorem the integral will be zero, then let R — oo and notice that the integral
over the vertical segments will go to zero. This will prove that the integral over
C(9,¢) is the same as the integral over C(d1,¢e1).

On L, we have —z = —z — ie¢ and log(—x — i) — log|z| — im as ¢ — 0,
while on L_, —z = —x + ie, and log(—x + ie) — log|z| + im as ¢ — 0. So

z® dz
— and the integral over L _
x

(o)
the integral over L, approaches e™*"* / -
o ¢ -

xs

d )
@ ase,d — 0. Also, if we write z = de*® on Cp, the
x

55 5371

<" —1] ~ ] + O(0)]
will approach zero as long as Re(s) > 1. So we conclude that, for Re(s) > 1,

o0
approaches e'™*® / -
o ¢ —

integrand is bounded by and so the integral over Cj

(z2)° dz _ isin(rs A isin(ms)((s)I(s —
/C — 9 <>/0 2i sin(ms)((s)1(s — 1).

e —1 z et —1x

But the left side of this equation is an entire function of z. Using standard
identities for the factorial function, this leads to the definition of the Riemann



zeta function as in the statement of the theorem:

C(s) = I(—s) /C (—2)° dz

2mri et —1 2

The integral on the right side defines an entire function. So the only singularities
can come from the simple poles of II(—s) at the positive integers. But for
s = 2,3,4,... the function coincides with > ., 1/n® so the simple poles of
II(—s) must be cancelled by zeros of the integral, while at s = 1 we know that
Y n>1 1/n® diverges, so there must be a simple pole (with residue 1) coming
from IT(—s). So formula (4] defines a function for all complex values of s except
s = 1, where it has a simple pole, and it coincides with the previous definition
for Re(s) > 1.
The Maclaurin expansion

T B, .,
et —1 Fm
n=0
introduces the Bernoulli numbers B,, in the evaluation of ((s). For s = —n,
n=0,1,2,3,..., the integrals over L and L_ will cancel each other, and the

integral over Ly as d,€ — 0 can easily be evaluated to obtain

((-n) = (-1 meL,

In particular, since B,, = 0 for n odd and greater than 1, we find {((—2n) = 0
for all positive integers n.

3.2 Proof of Theorem 2

(a) Formula in the proof of Theorem 1 that led to the analytic continu-
ation of ((s) from s > 1 to the whole complex plane (except s = 1) was
obtained by substituting nz for x in the integral representation for
II(s — 1), and then summing over n. If we instead make the substitution
x — n’mz in the integral representation for IT(s/2 — 1) and sum, we find

(5 - 1) m e = [ oo, (15)
where

o)=Y e
n=1

The function ¢(x) is related to the Jocobi theta function

G(u) = 9(0;iu?) = Z e~

neE”Z

by



and so the functional equation for the theta function uG(u) = G(1/u)

for G(u) gives
" ow) = =0 (3)+ 72 - 3 (16)
Vr \z N

Differentiation of this identity gives
1
o(1) +4¢'(1) + 5= 0. (17)

By splitting the integral from 0 to 1 and 1 to oo, and then using the
functional equation , some routine calculations give

I (; - 1) 752 (s)

= /100 o(x) (zs/Q + 1:(175)/2> d?x - <i + 1:9) . (18)

The integral on the right side of is an entire function of s. So mul-
tiplying the equation by s(s — 1)/2 we get an entire function, denoted by

£(s):
&) = (=1 (3)a/%(s)

(s —
_ %_ 5(12— s) /100 6(z) <$s/2 +m(1—s)/2) Cii (19)

The right side of is invariant under s — 1 — s, and so we obtain the
functional equation

§(s) =&(1 —s).

We show that ((s) (and hence £(s)) has no zeros for Re(s) > 1. Let s € C
with 0 = Re(s) > 1, and let (p, : n > 1) be the prime numbers. Let
an = (p5 — 1)~ so that 1 +a, = (1 — p,,*)~*. Since

[e%S) 9] 1 ) 1
Zlanlzz §Z < 00,
n=1 n=1 |pr a 1‘ n=2 n? —1

we conclude from basic results on infinite products [Appendix [C| that

0o o] 1 —1
n=1 n=1 Pn

and so

Using the functional equation £(s) = (1 — s) it follows that £(s) has no
zeros outside 0 < Re(s) < 1.jbr/jjbr/;,

11



(c) Using the estimates

o0 R o0 1
_ —Tmn x —mTnT __
dla) = eI ) e = oy
n=1 n=1
and

oo oo
. 2 —mn? 2 mne _ _me LtE
@l =md nfe T sm ) e S e T g

we see that for every s,
[z°p(x)| — 0 and |2°¢(z)] — 0 as x — .

Integrating by parts twice and using we then find

2/00 (x5/271/2 + 9:75/2) <x3/2¢'(x)>/d$

1

Y, L1 1240(2))
4:/1 x 14cosh(2 (S 2)10gm> (:US 2(;5(:1:)) dx.

Using the Maclaurin expansion for cosh, this gives

€)= e (—;)

£(s)

n=0
or
1 . - n 2n
3 (2 +zt> = ;(—1) ent?™,
where )
Cp = 4 h x4 log ' <$3/2¢/(x)>/da;
" (2n)! ), 2 '
We find

d (. - 3
e (x3/2¢/(17)) = rzl/? ;nQ <7rxn2 — 2) e~
and so all coefficients ¢,, are positive.

3.3 Proof of Theorem 3
It is reasonable to expect that in order to prove that a product

e-7)

p

converges we need to have an estimate of how many zeros p there are. The first
step in the proof will be to put a bound on the growth of £(s), as described in
the next result.

12



Lemma 1. For all large enough R and |s — 1/2| < R, we have |£(s)| < R™.
This will be used to provide the estimate on the number of zeros.

Lemma 2. For R > 0, let n(R) be the number of zeros of &(s) such that
|s —1/2| < R. Then n(R) < 3RlogR for all large enough R.

The above estimate of the number of zeros of £(s) allows us to prove the
next result.

Lemma 3. Letpy : k =1,2,3,... be the zeros of £(s) ordered so that |pp—1/2| <
lpk+1 — 1/2|. Let € > 0 be given. Then the series

i ;
/o
= |pp — 1/2| <

converges, and so in particular the infinite product
oo
(s~ 1/2)
P(s) = (1 -
H (-G
converges.

The infinite product P(s) has exactly the same zeros as £(s). We will show
that in fact it is the same as £(s), up to a multiplicative constant. Our main tool
is the next result from complex analysis, that can be thought of as an analogue
of Liouville’s theorem when an entire function is also even.

Lemma 4. Suppose that f(s) is entire and even and for each e > 0, Re(f(s)) <
els|? for all large enough |s|. Then f(s) is a constant function.

The next result provides the asymptotic estimate needed to make use of
Lemma [ Its proof depends on the estimate given by Lemma

Lemma 5. Let e > 0 be given. Then for all large enough |s — 1/2|,

0 ol L

Pis) =" 2

14
Relog

We can now derive the product expansion for £(s) by applying Lemma {4 to
the function F(s) = £(s)/P(s).

3.4 Proof of Theorem 4

We will often need to consider the integral

1 a-+t+ih xsfﬂ
Fy(z,8) = Tm/ . s—,@’ds

where a > 0, z > 0, h > 0 and § is a complex number with a > Re(8). The next
lemma describes the rate of convergence of Fj(z,0) as h — oo, and it will be
used to justify taking limits inside integrals or infinite series. These estimates
are derived by evaluating the integral along suitable large rectangles and making
use of the residue theorem.

13



Lemma 6.

1 h
F(1,0) = ;taua*1 <a>
<

T
If 0 1, th F 0 20
fo<a<lithen  [Fu@0)| € o (20)

.,I/.ll
I 1, th F 0)—1 21
ffL' > ) en | h(fl:, ) ‘ — ﬂ_hlogx ( )

In particular,

atih g ? fo<z <1
hli}l’roloﬁ/ailh r — = 5 Zfl‘::l 5 a > 0. (22)
1 ifz>1

The next two lemmas are simple consequences of the above estimates. They
will be needed to justify taking some limits inside integrals.

Lemma 7.

If x > 1 and a > Re(B), then hlim Fp(z,8) =1.
—00

Lemma 8. Suppose x > 1,d > c¢ > 0. Then

1 a-+id xs
—/ —ds| < K
278 Jovic S

xa

(a+c)logx

,whereK—ﬁ<1+1).
T 4

The next lemma is obtained by carrying out the first substitution of —¢’(s)/¢(s)
in I(b), as mentioned in section using equation .

Lemma 9.

1(0) = ¢(z) = Y A(n) (23)

n<x

I(1) = é > nA(n) (24)

n<x

The analytic formulas for ¢(z) and its antiderivative will now be derived by
substituting formula (8)) into I(b). There are four terms in . The calculations,
and the switching of infinite sums and integral, will be relatively straightforward
for all terms except the one involving the sum of the roots p. That term will

produce the limit
xp
lim
h—00 p p+

th(I7p)7

because the infinite series (that is locally uniformly convergent) can be inte-
grated termwise on finite paths. So we know that the limit exists, since all
other terms in the formula obtained by substituting (8] into I(b) exist. But the

14



difficult part (as mentioned earlier) will be in proving that the same limit is

equal to
P
lim Z .
P e PO

One ingredient of the proof is the estimate of the vertical density of the
roots of £(s) given in the next lemma. Note that this formula can be considered
a refinement of the formula for n(R) given in Lemma |2 because it is easy to
derive that formula if we have the vertical density estimate. But the proof of
the vertical density given in the next lemma depends on the product formula
for £(s), and the formula for n(R) was needed in order to prove the product
formula. We will also need Stirling’s formula for II(s), and in fact it will be
necessary to use not just the dominant term, but also the fact that the relative
error is of order 1/|s| for large |s|.

Lemma 10. Let D(T) be the number of roots of £(s) with imaginary part be-
tween T and T + 1. Then

D(T) <2logT for all large T. (25)

The last step in the proof of Theorem 4 is the derivation of the term that
results from the sum involving the roots of £(s) when substituting (8]) into I(b).
The main idea in von Mangoldt’s proof is to split the difference

xz’ z’
zp:erth(x’p)_ 2 p+b

|Im(p)|<h

as

P P
Z F}L(x7p)_ Z Fh('xap)
b b
;P tm(<n P
xP xf
[Tm(p)|<h [Im(p)|<h

and then use the estimate for D(T') to prove that the differences in both paren-
theses go to zero as h — oco. The term that is added and subtracted is what
Edwards calls a ”diagonal” term.

Lemma 11.

x? xP
lim Fp(z,p) = lim Z
h—oo &4 p +0b h— ()| <h p+0b

15



We are now ready to substitute into . Since the series in converge
locally uniformly, we can integrate them termwise over finite paths and we find

1 ) /a+ih CI(S) ) ds
—— lim — T
271 h—oo Jo_ip ¢(s) s+b
a+tih 0
270 hvoo Juin \ (s —1)(1+b) b (2n —b)(2n + s)
s+b ds
Jr S
%;uwwxp—@>xs+b
1 a+1ioo s 1 a+i00 1(_
_ 7/ x ds 4 - (b . ds
2mi(140) Jo_ino s—1 270 Jy—ioo ¢(=b) s+b

1 1 a+ih s 1 1 a+tih s
+ lim —_— / m ds + hm Z / ac ds
h—o0 = (2n — b) 2mi J, i s+ 2n h—o0 ~ (p+b) 270 Jo_y, p— 5

R ) P 1/“* v
I e +h1ﬂf§o;(2n_b)2m s

ih

Lo Z 1 1 /a”h x® J
1m —_— S
h—o0 5 (p =+ b) 271 a—ih P — S

where we have used Lemma [7] to evaluate the first two terms. We now need to
show that we can switch the limit with the two infinite series. First consider
the series in n. We will show that the it converges uniformly in h. We find

a+ih xs+2n h xa+2n+iy ma+2n7iy
ds = — + — | dy
a—ih S+2n o \a+2n+iy a+2n—1y

h pat2ntiy a+2n+ih 2t
- 2Re/ dy= 2Re/ Zat
0 a+2n+41y aton t

and so using Lemma,

a+ih z5+2n a+2n+ih l't
ds —dt| <

a—ih S +2n a+2n t
for a constant K. It follows that the n-th term of the series in n is bounded by

¢/n? for a constant ¢ independent of h. So the series converges uniformly in h,
and it follows from Lemma [7] that

Kl,a+2n
(a+2n)logz

<2

00 1 1 a+ih 8 a+i00
li —_— =
h1—>12<>7;2n—b277i a—ih s+2n n—b27rz

—n

oo
s+2n Z

a—100

So we have now shown that

—2n

_ .z bC(=h) | o ok
Ib) =15 En) +;2n7b hlingozp:p+th(x ,p)  (26)
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and using Lemma [11| we obtain the formula for I(b)

x (=) & ) x
I1(b) = —z® + — lim .
(b) =7 +b C(—b) ; 2m—b hoeo Im%<h p+b

Setting b = 0 we find, according to , van Mangoldt’s formula for ¢ (z)

p

1(0) = @)=z~ CC/((O) —|—Z x;n" — lim Z r

0) " () <h
¢'(0) 1 < x? > ) xP
x — +5log ( 5— ) — lim Z —
C(O) 2 x*—1 h—)ooum(p)gh P
while setting b = 1 we find, according to ,
1
I1) = o Z nA(n) + Z nA(n)
n<x n<z
/ _1 & —2n P
:%_C( 1)+ng -~ lim —
W) Tl e e P

and the formula for the antiderivative of ¢ (x) follows by computing xI(0) —
xI(1).

3.5 Proof of Theorem 5

1
Let F(s) = Z el for Re(s) > 1. We claim that F (o) + log(c — 1) is bounded
P
as o — 17. Using the representation

) nl(n+1)*
II(s) = 1
AL Py B PR
we find
iﬂ(s — DII(—s) = —1.
Since

1 -z dz 1
2mi Joer —1 2z

(where C' is the Hankel path from Chapter 1), we find from the integral repre-
sentation T(—s) (—2)* d
—s —z)% dz
o) =yt [ R

211 e —1 z

that
lim (s — 1)¢(s) = 1.

s—1

17



As a consequence of Euler’s product formula , we find
1
log ((s) = F(s) + B(s),|B(s)| < 3 for Re(s) > 1.

So
log((oc —1)¢(0)) =log(c — 1) + F(0)+ B(c) » 0 as 0 — 1T
and the claim follows.

Suppose now t # 0 is such that (1 +4t) = 0. Let § > 0 be such that
1 —cosd > 0 and cos(2d) > 0. Consider the set

A = {p prime : |(2n + 1)7 — tlogp| < ¢ for some n € Z}

Let
1 1

Fi(o) = Z —, Fy(o)= Z —, o>1
peal pgA b
Since ((s)/(s —1—1it) is analytic, using s = o + it we find that (o +it)/(c — 1)
is bounded as ¢ — 17, and so Relog((c + it) — log(c — 1) is bounded. This
implies

cos(tlog p)

ReF(o+it) ~log(o = 1) =3 — =

p

—log(o — 1) is bounded as ¢ — 17.

If p ¢ A, then cos(tlogp) > 1 — cos(d), and so

Z %iogp) > — Z LU — cos(0) Z ia = —Fi(0) — cos(d) Fa(0).
p p peEA p pQAp
Hence

cos(t log p)

—Fy(0)—cos(8)Fa(o)—log(o—1) < Z —log(o—1) is bounded as o — 17.
P

(27)
According to the claim,

F(o) +log(oc — 1) = Fy(0) + Fx(0) + log(o — 1) is bounded as o — 17. (28)
Adding and , we find
(1 — cos(8))Fy(o) is bounded as o — 17.

So we conclude that (o) is bounded as ¢ — 17. But ((s) is analytic at
s = 1+ 2it, and so ReF (o + 2it) is bounded as ¢ — 17. If p € A, then
|2(2n + 1)m — 2tlogp| < 2§ for some n, and so cos(2tlogp) > cos(24). So

ReF (o + 2it) > cos(20)Fy (o) — Fa(o)
implies that Fy(o) is also bounded as ¢ — 17. But this contradicts the fact

that F(o) = Fi(0) + F»(o) is unbounded as o — 17.

18



4 Proofs of the propositions

4.1 Proof of Proposition 1
Let df be the point measure that assigns weight logp to prime p. Then

Tdo(t) logp
/0 logt Z logp ().

So for =z < y,

ly) — 7(x) = /m TdbY) _ 0y ) / yam( 1)/dt. (29)

logt _logy_log:lc _logt

Suppose that 6(x) ~ z for large . Let € > 0 be given, and take z large

enough so that
(1—ex<0(x)<(l+e)m.

Then from we find

y x v 1
— < — [
w(y) —7m(x) < 2 +(1+e)1ogy (1+6)logm +(1+e)/$ t< logt) dt

log x
T Y t Y vodt
= 2 1 — —(1 — 1 —
Elogx+( +e) logt|, (1+€) logtw—i_( +e) - logt
= 2 1 Li(y) — Li .
oo+ (14 O(Li(y) - Lia)
So we find
m(y) _ w(x) 2ex Li(z)
- < —= + = —(14+e)—=+1+ce
Li(y) = Tiy) " iy loge " 9 Ti(y)

For a fixed x, when y is large enough, we get

In a similar way,

So we conclude that

19



4.2 Proof of proposition 2

Tdp@) L,
/0 = -A(n).

xs ns

By definition,

The zeta function

converges locally uniformly for Re(s) > 1, and using Euler’s product formula
we obtain by logarithmic differentiation

¢'(s) <~ logp -
‘c@)‘zps—l‘?‘)g”;p "

p

1 <1
LAy = / Ly, Re(s) > 1.
- ns 0 xS
4.3 Proof of Proposition 3

Suppose that ¢ (z) ~ x as © — co. Note that

vi) = 300 (a7).

n=1

and the sum is finite, because 0 (171/") is zero as soon as 2" > z. Since §(z) =0
for n > logx/log2, and O(x) > 6 (1;1/” for n > 2, we find

P(x) < 0(z) + bﬂ@ (ml/Q) .

log 2
So 1o
v - TN gy <y, (30)
Note that since ¥(x) ~ , if € > 0,
) _ v()

<

— Vasx — 0.
xlte — pl+te 0

So for small € > 0,

0 (a:l/Q) logz 6 (x1/2) log z
x B (531/2)1‘|r€ (%1/2)1—e

— 0 as x — oo.

Dividing by x, we conclude that
0(x)

lim —= =1.
T—00 I

20



4.4 Proof of Proposition 4

Taking the logarithmic derivative of @, and using the product formula for
II(s), we find

'(s) =11 1y 17 1 1 1
_C(s)_z{210g<l+"> 2n—|—s} 210g77+3_1+¥p_

n=1

Subtracting from the same equation evaluated at s = —b, we find .
To justify the pointwise differentiation of infinite series, it is enough to show
that the two infinite series in converge locally uniformly. We find

1 1 k Sk+1 1
=1 14— = —
2 og( +n) 2n+s n2z n"C (2’”1 k+2>

1lo 14—l !
2 & n 2n+ s

for some constant ¢, all s in a compact set, and all large enough n. This proves
that the pointwise differentiation of the first series is justified.

For the second series, we need to pair terms with p and (1 — p). Then we
find

and so
c

=02

LN SR 2(s —1/2)
s—p s—(1-p (s=1/2)2=(p—1/2)?
and so ) ) X

+ <
s=p s—(1=p)| " [p=1/2
for a constant K, s in a compact set, and |p — 1/2| large enough. Then the
series converges by Lemma (3] .

4.5 Proof of Proposition 5
From , we find

o

1 x 172 B C/(o) 727171 ) xpfl
22 (/0 V(t)dt — 2) = xo " x2g Z n(2n — 1)_;,,11330 2 p(p+1)

n=1 [Im(p)<h

Since this last series in p now converges absolutely and uniformly in x, we can
evaluate the limit as © — oo termwise and since Re(p) — 1 < 0, we find

i ([ a5 ) <o
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4.6 Proof of Proposition 6

Write F(z) = / f(t)dt. Let € > 0 be given. Then for large enough «z,
0

2 2

(1 76)% < F(z) < (1+e)%.

If z is large enough and y = Bz, where 5 > 1, we have
Y2 22 22 )
(1-9% <)y -2+ (1495 = (-2 /) + (1 -5 +a?,

and then we find

and using y = Bz,

Hence

Letting € go to zero, we find

and letting 8 approach 1,

In a similar way, we find

2
19 c0-g@+n+ ey
and so )
hgsogp@ < %(1 )(ﬁ+1)+656_1.

Letting € go to zero, we find

1
lim sup ﬂ < i,
T—00 X 2
and then letting S approach 1,
limsupM <1< liminfM.
T—00 T T—00 T
So we conclude that
lim M =1.
r—00 I
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5 Proofs of the lemmas

5.1 Proof of Lemma 1

According to Theorem 2 d., the coefficients ¢, for the power series of £ as an
even function of s — 1/2 are positive real numbers. Hence if |s — 1/2| < R, we

find
e3¢} 1 2n
> (+3)

n=0

2n

IA

€(s) =

573

0
> cn
n=0

For a fixed R > 0, let N € N be such that

<> R =¢(R+1/2).
n=0

+5 SN<-+Z+1L

R 1 R
2 4 2

1 =

Recall that s

§(s) = (s = DI (5) 77%¢(s):

Since £(t) = Z cn(t — 1/2)?" is increasing for ¢ real and ¢ > 1/2, we have

13 <; + R> < E(2N) = (2N — DI(N)7N¢(2N) < (2N)N¢(2)

1/4+R/2+2
R ) < RE

< 2¢(2)NNT < 2¢(2) (i +5 1

for R large enough.

5.2 Proof of Lemma 2

If R > 0 and f is a function defined and analytic for |z| < R and with f(0) # 0,
let
Z(f;R)={z€C: f(z) =0and |z| < R}

Zo(f; R) ={2€C: f(z) =0 and |z| < R}.

Then Zo(f;R) C Z(f;2R). If z € Z(f;2R), then 2R/|z| > 1, so log(|2R/z|) >
0, and we find

Z log

2€Z(f;2R)

2R

- >

- ‘ > E log
2€Zo(f;R)

22> 1oy 01 ),
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because 2R/|z| > 2 for z € Zy(f; R). If f has no zeros on the circle |z| = 2R,
Jensen’s formula [Appendix [F] applies and we find

log | £(0)] +og(@)| Zo(f: R)| < log [ f(0)] + 3" log| 2%
z€Z(f;2R)
2R
= log [ [£O0) ] [l
2€Z(f;2R)
1 27\' .
= — / log | f(2Re™)| do. (32)
27T 0

Now let f(z) = &(z +1/2). Then n(R) = |Zo(f; R)|, and by Lemma 1, we find
. 1 .
|f (2Re”)| = ‘5 (2 + 2Re”’> ‘ < (2R)*".
If £ has no zeros on the circle |s — 1/2| = 2R, we find from

log

; (;)‘ +log(2)n(R) < 2R10g(2R) = 2Rlog It + 2R 1og(2),

or

2 log [£(1/2)]
< — =27
n(R) log 2R10g R+2R log 5

Let Ry be such that the right side of the above inequality is < 3Rlog R for
R > Ry. Son(R) < 3RlogR if R > Ry and there are no zeros on the circle
|s—1/2| = 2R. If R > Ry and there are some zeros on the circle |s —1/2| = 2R,
we can find some e > 0 such that f has no zeros on |s — 1/2| = 2(R + ¢) for
all 0 < € < eg, and then

n(R) <n(R+e€) <3(R+e€)log(R+e¢)

for all 0 < € < eg. Letting € — 0, we find n(R) < 3Rlog R. So the inequality
holds for all R > Ry.

5.3 Proof of Lemma 3

Define R,, implicitly by 4R, log R, = n. Then if n(R) is as defined in the
previous lemma, we find n(R,) < 3R, log R,, = 3n/4 < n. This means that the
n-th zero is outside the circle of radius R,, centered at 1/2, so |p, — 1/2| > R,
and

1 1 (4log R,)*e  (4logR,)'™e 1

|pn _ 1/2|1+e < R71~L+€ - nlte n1+e/2 n1+e/2 .
Since log R,, < log4 + log R,, + loglog R,, = log(4R,, log R,,) = logn, we find

(41log R,,)1 e - (4logn)ite

n1+e/2 n1+e/2 <1
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for large n, and so

1 < 1
|pn _ 1/2|1+e nlte/2
> 1
holds for all large enough n, and the series Z m converges.
n=1 """

5.4 Proof of Lemma 4

The proof depends on the following result, that provides a bound on |f(s)| on
a disk |s| < r if we are given a bound for Ref(s) on a larger disk |s| < R.
Lemma A Suppose f(s) is analytic on |s| < R, f(0) =0, and r < R. If
Ref(s) < M for|s| < R, then
2Mr
<
F6) < 220
Proof of Lemma A. Write f(s) = u(s) + iv(s). Since u(s) is harmonic, its
maximum on |s| < R is achieved at the boundary. Let

for|s| <.

f(s)

Os) = o

)= Sear - 1))
Note that

u—2M <u<M<2M —u,

and so

lu(s)] < 2M — u(s).
Then we find

2M — f(s)]* = (2M — u(s))* +v(s)* > u(s)” + v(s)* = [ f(s)|*.

Hence 1 .
lp(s)| < g =gron |s| < R.
Fhen oMsd(s)| _ 2Mr/R 2M
so(s r r
= < = <rh
()l ‘1+s¢(s) ~1-r/R R-r on ls| <

To prove Lemma 4, suppose that f(s) is entire and even, and for every e > 0,
Ref(s) < ¢|s|? for large enough |s|. Assume first f(0) = 0. Write

f(s) = Z ans".

Then given r > 0 and using Lemma A with R = 2r, we find

L/ f(rejeds < 1/2” |f(rei9)\d9< ie4r2 2
270 Jjg)=r S"T 2 Jo

jan| = rn = 9ox g g2’

Since n > 2 and e is arbitrary, we must have a,, = 0.
If f(0) # 0, we can consider g(s) = f(s) — f(0), that satisfies the same
growth condition, and conclude that f(s) = f(0).
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5.5 Proof of Lemma 5

To prove Lemma 5 we will make use of three lemmas.
Lemma B If |z] <1/2, then —Relog(l — z) < 2|z|.

Proof of Lemma B.

* dw
—log(l—2) = )
O
So
* dw
“Relog(1—2) = Re | 2
elog(1l — 2) e/o T
w

o d 1 1
/ ———| < |z| max tlw <=2 <2]z| B
0o 1—w 1 —wl| 2

Lemma C Suppose a, > 0, and Zan converges. For t > 0, let A(t) =

n=1
{n €N:a, <t}. Then
li n=0.
Jm 3 =0
neA(t)

o0
Proof of Lemma C. Let € > 0. Find m such that Z a, <e Ifa,=0

n=—m
oo
for 1 <n < m, then Z an < Z ay, < €. Otherwise, let § = min{a,, : a,, >
neA(t) n=m

0,1 <n <m}. Suppose t < 4. If n < m, then either a,, =0, or a,, > ¢ > ¢, and

then n & A(t), so
o0
Z a, < Z a, <e¢ N
n€A(t) n=m
oo
Lemma D Suppose z, is such that for every e > 0, Z ———— converges.
L e

For R>0 and s € C, let
1

I (%)

z
|zn|>2R n

vr(s) = Relog

Then given € > 0, if |s| = R and R is large enough, vg(s) < RIT€.
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Proof of Lemma D. Let € > 0, and suppose |s| = R. Then

vr(s) = —Re >  log (1—2)

|2n|>2R
RQ
< 2 Z T from Lemma B
|2n|>2R 2]
R 1—e R 14+e€
= 2 b il
|z,%2R<|Z"|> (|Zn>
1 1—e R 1+e€
<2(3) ¥ (i)
|zn|>2R
1 1+e
= 2°R'fe Z <) .
|zn|>2R 2]

From Lemma C, the sum will go to zero as R — o0, so vr(s) < R'™¢ when
|s| = R and R is large enough.l
To prove Lemma 5, consider the function

F(s) = 153((85))'

(33)

For each zero p of £(s), the factor 1 — (s — 1/2)/(p — 1/2) = 2(s — p)/(1 — 2p)
in the product P(s) will cancel the zero of £(s) at p, and so F(s) is entire and
without zeros. Fix R > 0, and write

wo- 1 (-G53))

lp—1/2|<2R

mo= I (-(553) )

lo—1/2>2R

so that P(s) = Agr(s)Bgr(s). Then on the disk |s — 1/2| < R, £(s)/ARr(s) is
analytic and has no zeros, because the zeros of £(s) are cancelled by those of
Ag(s), and 1/Bgr(s) is analytic, because all the zeros of Bg, are in |s—1/2| > 2R.
So we can consider

_ £(s) _ 1€(s)]
ur(s) = Relog An(s) log H TG 2]
poijpi<on (P2
1 1
vgr(s) = Relog Brls) = log H e oak
lp—1/2|>2R (p—1/2)2
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both defined and harmonic on |s — 1/2| < R, and
ur(s) +vr(s) = Relog F(s).

Now consider ug(s) on |s—1/2] < 4R. Then ug is harmonic there except at
the points s = p with 2R < |p—1/2| < 4R. But at those points ur(s) — —oo. If
we draw closed disks of small radius € around each point of the finite set of zeros
of £(s) in the disk |s — 1/2] < 4R, then ug is harmonic on the same disk with
those small disks removed, and so it will achieve its maximum on the boundary.
By taking the radius of the disks small enough, since u — —oo on the boundary
of each small disk, we conclude that the maximum of w is achieved on the circle
|s —1/2| = 4R. But if |s — 1/2| = 4R, then for |p — 1/2| < 2R, we have

1=1.

= 1>
p—1/2] " [p—1/2 lp—1/2|

s—1/2 S s—1/2 4R 4R
- ~ 2R
So each factor in the denominator has absolute value at least 1, and

max{ug(s) : |s —1/2| = R}

< max{ug(s): |s —1/2| <4R} = max{ug(s) : |s —1/2| = 4R

< max{log|&(s)| : |s —1/2| = 4R}

< log(4R)*? = 4Rlog(4R) < R'** (34)
for large R.

We now prove the same inequality for vg(s). By taking z, = p — 1/2 in
Lemma D, we find that for all € > 0,

1

= log < R'*c (35)

1
Br(s) H

lp—1/2|>2R

vr(s) = Relog G127

Sy

for |s —1/2| = R and all large R. Let now ¢ > 0 be given, and let F(s) =
&(s)/P(s) as given in (33). From and (35), we find Relog F(s) = ug(s) +

vr(s) < 2|s—1/2]1+¢/2 <'|s—1/2|**F€ for large enough |s —1/2|. So we conclude

that )
e
P

Relog F'(s) < 5

for all large enough |s — 1/2|.

5.6 Proof of Lemma 6

1othds 1 " a—it a (M dt 1 h
F(1,0) = — Y L L L, e A
n(1,0) 2mi /a_ih s 27 /_h a? +t2 27 /—h 2+ oo (a)
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If 0 < x < 1, consider the integral over the rectangle shown:

il a+sh ktsh
o K
~ih
a-oh K":;LI

The integral over the closed path is zero, because the integrand is analytic inside.
The integral over the top or bottom sides of the rectangle are easily seen to be
bounded by

1 2K — g0

27 h|logz|’
and the integral on the right side is bounded by
K

Letting K — oo, we find

ma

|En(z,0)] =

1 /a+1h xs d -
P —as| >
2mi Jo_in S

If > 1, consider the integral over the rectangle:

mh|log x|

_K+ih ch a+ih
-K %
—k=n —h a-ih

The integrand has a simple pole at s = 0, and the integral over the closed path
is 1. The integral over the top or bottom is bounded by

1 g0 —g K

27t hlogx
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and the integral over the left side is bounded by

12
or Ka¥K~

Letting K — oo, we find the bound

1 a+ih s a
|Fy(2,0) — 1] = —/ Tas—1]< -2
270 Jo—in S mhlogx

5.7 Proof of Lemma 7

Consider the integral '
1 a+i00 ds
2mi a—100 §— B’

where x > 1, B =0+ ir and a > 0. Let t = s — 5. Then

a+ih a—o+i(h—T) a—o+i(h+T) a—o+i(h—T)
/ Lxs ds :xﬁ/gl Txt@:xﬂ/g Txt@_mﬂ/ab Txt@'
a—ih s — /6 a—o—i(h+T) t a—o—i(h+T) t a—o+i(h+T1) t

The limit of the first term as h — oo is 2wiz”, by (22). For the second term,
we find

a—o+i(h—T) dt 1
x’@/ 2'—| < 27" max{ ———mo- h—7<y<h+7,27
a—oti(htr) U (a—0)2 492
2 a—o
< A — 0 as h — oo.
h—T1
So we conclude that
1 a+100 d
2t = P x>1, a>Re(B).

% a—100 S_ﬁ ’

5.8 Proof of Lemma 8
Integrating by parts we find

a+id s a+id a+tic - a d it
/ L T + = / T__dt. (36
atic S (a+id)logx (a+ic)logz logz J. (a+it)

Using the inequality

a—+c
Va2 42> ,
V2

a—+c

V2

we find

la +id| > |a + ic| >



and so the first two terms on the right side of are bounded by
/2
(a+c)logzx’
The integral on the right side of is bounded by

d it
/ Tl <
. (a+1it)?

So we conclude that

.,L,(L

(a+c)logx’

K=\f2<;+i>.

1 a+id s
—/ —ds| < K
270 Jopie S

where

5.9 Proof of Lemma 9
Let > 2 be fixed, and m = [z], a > 1. Then for each h > 0,

L LCY e ds LGt ds
2mi Ja—in ¢(s) s+b 27 Join = nss+b
1 poetihd x\s ds 1 ot zNs ds
T ) e [ 2)
218 Jo_in 7;2 () n s—l—bJr (m)Qm a—in M/ s+
1ot & x\* ds
LIS )
+277@' a—ih n;ﬂ (n) n/ s+b

The first term involves a finite sum and its limit as h — oo is

+b—1ic0

—100

3
[ V]
B~ 3

n<x

where we have used . In a similar way, the limit of the second term is

So if b = 0, the sum of the first two terms gives

% Z A(n)—i—% Z A(n)+ fracl2A(n)[n =z| = = Z A(n) + Z A(n)

n<x n<x n<x n<lx

31

/°° du </°O du _ 1 T
0o @@+ (c+u)? T Jy a2+ +ud 2122

m 1 atico NS ds m—1 nb a+b+ioco N\t dt
Samgs [ ()55 - Sawg ()T

= — i nbA(n) = % Z nbA(n),

V2
a+c

T
5



while if b =1 we get
1
by Z nA(n) + Z nA(n)
n<x n<x

For the third term, since the series converges uniformly on any halfplane Re(s) >
a > 1, we can integrate termwise on finite paths. Using A(n) < log(n) and the

estimate we find

a+ih s
/+ ZA (i) stfb

n=m-+1
e’} b a+b+ih
n N\t dt
a1 L7 | Jatb—ih T
> @ 1 & c
< A(n) <= <
n:zm:H nerhlog(l+1/x) — h n:Zm:H no

for some constant ¢. So the limit of the third term is zero as h — oo. This
proves that

10 =5 [ (-5 = s = T am)

100 n<x

- [ () o)

5.10 Proof of Lemma 10

and

We first prove a lemma that will be needed in order to put an upper bound on
the number of roots p in a horizontal strip of height 1.

Lemma E Let p = 0 + i1 be a root of {(s) with 0 <o <1, and let T" > 0.
Then

24+i(T+1) g
) Im / i ~20
2+1T

2RI s 1
(b) T <7 <T+1, then Im > tan~! ()
2+4T S§—p 2

Proof From a geometric point view, part (a) follows from the fact that the left
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side is the angle 65 — 01 in the following picture,

Ims

| 2 Res

and part (b) from the fact that in case T < 7 < T + 1, the same angle is at
least the angle ¢ in the following picture.

Ims

; %w&(ﬂ')

i 240T

! 2 Res

(a) Let s = p+ re?. Then (using Cauchy’s theorem to replace the segment
[2+4¢T,2 + (T + 1)] with an arc centered at p), we find

2+i(T+1) 4
Im/ S 9y —0,
2+iT S§—=p
where T Tl
tanf; = _T< + _thaneg.
2—0 2—0
So 01 < 0.
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(b) Let s=2+i(u+T),p=0+ib+T). Then0<o<1,0<b<1, and

2T+ g ! idu
Im = Im/ -
24T s—p 0 2—o+i(u—D>)

[t 2—0—i(u—b)idu
I“”/o @—0) + (-0

1 2—0
(2—0)2+bb-1)

tan

Now the lemma follows from the fact that the inequality o(2—0)+b(1—b) >
2—o0 S 1 -
(2-0)2+0bb—-1) ~ 2

Since the Hadamard product

=0T (1-2)

P p

0 is equivalent to

was shown to converge locally uniformly, we can take the logarithmic derivative
and then integrate termwise over finite paths. So using Lemma E, we find

24+4i(T+1) ¢ 244(T+1) 24+i(T+1)
Im/ ¢ (s)ds = ImZ/ ds > Z / ds
2 £(s) o J2 2

+iT +iT P T<tm(p)<T+1 " 2T P

Y

D(T)tan"! (;) . (37)

2+i(T+1) 61(8)

ds.
2+iT &(s) i

So we can get an upper bound for D(T') from an upper bound for Im

This is done in the next lemma.
We denote by O(s°) any function f(s) that remains bounded as |s| — oo.

Lemma F For T > 0, we have

24+i(T+1) E/(S) i
ds = —logT + O(T").
/2+iT &(s) 2 % T

Proof. We will use the Stirling’s approximation

Il(s) = s°e™*V2ns (1 + 0(550)> .
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From the definition of £(s), we find

&) =] fls)
k=0

where
fo(s) _ (% s/2
fi(s) = (em)™*/?
fals) = ms
fa(s) = (s—1)
fa(s) = ((s)

fs(s) = <1 + O(SSO)>

For any non-zero differentiable function f(s), let L(f)(s) = J;t/((j)) . Then L(fg) =
L(f)+ L(g). So we find

5
L(€)(s) = > L(fr)(s),
k=0
and we need to show that

5

244(T+1) ;
/ L(fi)()ds = 5 log T + O(T").
2

k=0"2+iT

We will show that all terms in the sum with k£ > 0 are bounded as T" — oo,
while the term with k = 0 is (i/2)log T + O(T°). For k = 1, we have

L ((671’)_8/2) = —% log(em)

and so
2+i(T+1) i
/ L(f1)(s)ds = —3 log(em)
24T
For k =2,
1
L - =
(V7s) = o,

and

2+i(T+1) 1 ; .
/2 L(f2)(s)ds = 7 log (1 + 2+z‘T> = 0(T").

+iT
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For k = 3,

and

2+4(T+1) ; )

L(C(s)) = = 1ogC(s)

For k =4,

and for Re(s) =

(oo}
1
I O DR P D 9 DE B R
P n= 1 P n=1
SO
2+4i(T+1)
[ wheis=o)
244T
For k =5,
24i(T+1) O(s0)\ [2T(T+D)
/ L(f5)(s)ds = log <1 + (s)> =0O(T").
244T & 244T
For k =0,
s\s/2 1 s 1 1
/L (5) = islog (5) = Eslogs - 5810g2,
and i (T+D)
log 2|~
208 = O(T").
2 logar
So it remains to show that
244 (T+1)
—slogs = —ilogT + O(T?).
2 244T 2

This is easily seen from the computation

(2 +4(T + 1)) log(2 + i(T + 1)) — (2 +iT) log(2 +iT)
= (24iT)log(2+i(T + 1)) +ilog(2 + i(T + 1)) — (2 +T) log(2 + iT)

= (24147)log (1—|— ) +ilog(2+4(T + 1))

_r
2+ 4T
= O(T°) +ilog(2 +i(T + 1))
= ilogT+O(T" W
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Combining Lemma F and 7 we find that for large T,

log T
D(T) < o8

o8t < illegT
= Stan—1(1/2) e ost e

for some constant ¢, and so

D(T) < 2logT for all large T W

5.11 Proof of Lemma 11

Note that |F},(p)| = |Fn(p)|. Write p = 8 + ¢y. We will consider the first two
and the last two terms of (26) separately.
For the first two terms, we find

;pﬂ”bmp)— > SR =| X R0

b
tm(oi<n P T I (p)|>h

8
x .

< ST R@rin+ Y L | |\Fh(ﬁ+w)l
y>h v y<—h

= Y= \Fh(5+w|+z |Fh — i)
y>h v fy>h

= 22 |Fh — i)
’y>h

Since 0 < Re(p) <1, and @ > 1, we have a — 8 > a — 1 > 0. Using Lemma
we have, for some constant K,

. ) 1 fatih ps—B+iv J
[FR(B —iv)| = %/{1—1'}1 s—B+iv S
1 a—B+i(y+h) .t
- | L / A
27 Ja—pi(y—h)
Kao=b Ka*=h
< <
~ (a=pB4+~v—h)logzx ~ (a—1+~v—h)logz
and so 5
z . Kz 1
D S IBB-mI<T) (a—1+~y—h)
Y>h v 8 y>h v v

Let T > 0 be large enough so that (according to Lemma D(h) < 2logh
for h > T. By increasing T if necessary, we can also assume that log(T + j) <
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(T + 4)'/2 for all j > 0. Then if h > T, we have

1
Zm Z 2 va—1+~—h)

y>h Jj= 0h+]<w<h+]+1

oo 1/2
Z 219g(h+] <2Z (h+7)
= (h+j)la=1+7) (h+5)(j+a=1)
> 1 1

< < .
S 2 G NG S A & A G T AT

IA

[\

The last infinite series converges, and so we conclude that

. z’ x?
lim Zp+th(p) - > Srpne)] =0
p

[Tm(p)|<h
Before considering the last two terms of (26), we prove a lemma. We will use
n

the fact that the harmonic numbers H,, = Z 1/k are of order logn as n — oo,
k=1
so that we can write H,, = logn(1l + €,) where €, — 0 as n — oo.

Lemma G Denote by «y the imaginary part of a root of £(s). Then

1 1
dm g > =0 (38)
0<y<h
and if ¢ > 0,
1 1
iy 2 oyl (59)
0<y<h

Proof. Let N be an integer large enough so that (according to Lemma
the number of roots in [N + j, N + j + 1] is at most 2log(N + j), for all j > 0.

We then find ) 1 1
w2 ST h > ; + n Z
0<y<h 0<y<N N<'y<h

and the limit of the first (finite) sum is 0 as h — oco. For the second sum, we
find

Lh NJ
1 1 1t 210gN+])
7 Z ST Z > ~Sh Z N+j
N<7<h j=0 N+j<~y<N+j+1

Lh)
2logh 1 2logh 2logh

Since (logh)?/h — 0 as h — oo, this proves (38).
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To prove , it is enough to consider (as for ) the sum for N <y < h.
We find

|h—N|—1

1 1 1
D D DD DI o kD DI v~

. , . h—~ c
N<~y<h j=0  N+j<y<N+4j+1 N+|h=N]-1<v<h
The second sum is at most (2logh)/c. The first sum is at most

Lh_zN:J - 2logh
s c+h—-N-j-1
This proves |
We now consider the last two terms of (26). We have

1 1
< 2logh ( +HLh—Nj> < 2logh ( —Hogh(l—i—eh)) .
c c

1 a+ih _.s—p 1 a—B—iy+ih .t
Fup)—1 = — T ds—1=— Tat—1
2mi a—ih S P 2mi a—pB—iy—ih
| pa—Brityth) gt | pa—Brithy) gt
= Tat—1- — at.
2718 Ja—pi(v+h) t 27 Ja—pi(h—v)

Using the estimate and Lemma |7} we find

z® 1 n Kz 1
mlogzv(y+h) logzy(c+h—7)

et (U AN, K (11
- whlogz \y ~y+h (c+h)logz \y c+h—7

< x® JrK:Ea iJer“ 1
“\rmlogz logx ) hy logzh(c+h—7)

B

X
—|Fn(p) — 1 <
7| (p) —1]

So using and we find

Jim > i)b(Fh(p)—l):O.

— 00
[Im(y)[<h

A Euler Product Formula

e Let py,p2,ps, ... be the prime numbers, and P, = {p; : 1 <i < m}. Let
s be a complex number with ¢ = Re(s) > 1. Then
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and so

-1
- 1 1
(-5) -3 =

S sf(1) sf(2 sf(m
< pj) ererpl()p2()_._pm()

1
and by the fundamental theorem of arithmetic, this last sum is E —,
n
ne Py,

1
that is absolutely convergent because dominated by the series Z —. So
n

. n=1
we can write

If n € P,,, then n > m, and so

oo

Z % §Zn%%0asm%oo.

nE Py, n=m

So letting m — oo in

we conclude that .
= 1
11 (1 - ) — ¢(s) (A1)
Jj=t

and the convergence is uniform on Re(s) > a for any a > 1.
Let B,, be as in the previous item. Then
-1
logz Zlog(l—) ,8 > 1.
k€Bn

The sum on the right is

n o0

i=1 m=1 mpl lez i=1 m= 2mp1
and the second sum on the right is bounded by

Pn o0 Pn 00 1Pn 1 1
>SS imsir X (5) = X mre

r=2m=2 r=2m=2
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So letting n — oo we see that

oo

logC(s):Z%JrB(s) for s > 1, (A2)

=1 "7

oo
1
where |B(s)| < 1/2 for s > 1. Hence the sum Z — diverges as s — 17

i=1
like log ¢(s).

B Extension of the factorial

Let s € C, and s not a negative integer. Define, for n > 0, up = 1 and

n!(n+1)°
(s+1)(8+2>"'(8+n)’n21‘

Up =

Then

n 1 1\?° 1 1 n
Un _ 1+-) =(1-24 —a,) (1+ 24+ 2b, ) =14+ 2,
(T n n  n2 n n? n?2

where ay,, by, ¢, are bounded as n — oco. So by standard results about infinite

o0
U
products [Appendix |C] H " converges absolutely. This means that
Up—1
n=1
L
lim H o — lim Up,
n—oo paie Uk—1 n—o0o

exists for all s € C, s not a negative integer, and we define it to be II(s). So

i nl(n 4+ 1)°
T(s) = 1 sA1,-2,-3,....
)=l 619 a7
If s = m is a positive integer, then
nl(n+1)™ nl(n+1)™ y(n+1)(n+1)---(n+1)
Uy = =m! = m!
(m+1)---(m+mn) (m+n)! (n+1)(n+2) - (n+m)

— mlasn— oco.

So II(m) = m! and II(s) is an extension of the factorial. Some routine calcula-

tions show that
- [eS) s\ —1 . 1 s
(s) ,}1( + 2 < + k)
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C Infinite products

n
1. Suppose sg, k > 1 are complex numbers, and let p, = s189 -5, = H Sk.
k=1

(a)

o0
If lim p, exists and is non-zero, we denote it by H Sk, we call it the

infinite product of the sequence s, and say that the infinite product
converges.

In this case, clearly we must have sp # 0 for all k, and if we let

o0
p= H Sk, we have

k=1
Sp = Pn %leasn%oo.
Pn-1 p
o0
So a necessary condition for the infinite product H s, to converge
k=1

is that s, — 1 as k — oo.
If s; # 0 for all kK but lim p, = 0, we say that the infinite product
n—oo

diverges to zero. An example is the case s = a for all k, where
la| < 1.

If s, = 0 for some k, but there is some m such that s, # 0 for k > m,
and the infinite product $,,S;,415m+t2 - converges, we say that the
infinite product converges to zero. Note that in this terminology
(used for example by Whittaker & Watson in A course of modern
analysis) an infinite product that converges to zero does not converge.
Other sources will say that the infinite product diverges as soon as
lim p, = 0.

n—oo

2. Since

log H(l +s;) = Zlog(l + si),
k=1 k=1

we see from the definitions that

o0 oo
H (14 s,) converges < Z log(1 + s,,) converges .
n=1 n=1

Note that if Z log(1 + s,) converges, then

n=1

H(l + 5,) = exp (Z log(1 + sn)> # 0.

n=1 n=1
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3. Let s, be a sequence of complex numbers, with s, # —1 for all n. So
log(1 + s;,) is defined for all n. Suppose s, — 0 as n — oo. Find m such
that |sx| < 1/2 for k > m. Then we find, for k£ > m,

n

o (=1)
log(1 + sx) = s, <1+Z se.
— n+1

Since
> CM <> i <52 5 =
Pt k< Lo p1 ™t Sl T Y
we find
1 3
5lskl < [log(1 4 s)| < 5 lskl.
2 2
o0
So by the comparison test we see that Z sn converges absolutely if and
n=1

(o)
only if Z log(1 + s,) converges absolutely.

n=1
o0
4. We say that the infinite product H(l + sp) converges absolutely if the
n=1

infinite series Z log(1+s,) converges absolutely. If I, = {i: s; > 0} and

n=1

I_ = {i:s; <0}, absolute convergence of H(l + s5,) means that both

n=1

H (1+s;) and H (1 + s;) converge. By the previous item, H (1+ sn)

i€l el n=1
[eS)

converges absolutely if and only if Z sp converges absolutely.

n=1

D The functional equation for the theta func-
tion

Jacobi’s theta function ¥(z;7) is defined for z € C and Im7 > 0 to be

. 9 .
— E efrzn T+27T7,TLZ'

nez

Consider the special case

G (u) = 9(0; iu> Ze"m W u >0

neZ
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We prove that G satisfies the functional equation

u u

1 1
Gu) = -G () . (D1)
Let u > 0 be fixed, and consider the function
fla)= e
Let -
fo)= [ f@pemieeda
—o0

be its Fourier transform. Then by Parseval’s theorem
Yo fm) =) fn).
neL ne”Z

We find

S fn) =S e G (i) .

nez neZ

o0 2
/ e ™ dr=1

and Cauchy’s theorem to change the path of integration from (—oo+iu, co+iu)
to (—o0, 00), we also find

Using the integral formula

N > 2,2 . > 2 . 2,2 [ N2
f(n) _ / e~ T /u eZTrzwndx _ ’LL/ e—7rt eQ‘n’zuntdt — e T / e—ﬂ'(t—zu) di
— o —00 -

—mu?n? sot —mz? —nu?n? > —ra? —mu?n?
= wue e dz = ue e dx = ue .
—oo+1iu 0o

So we conclude that

> f(n) = uG(u),

ne”Z
and so by Parseval’s theorem (E3) the functional equation (D1)) follows.

E Parseval’s theorem

Let f : R — C be a function that goes to zero sufficiently fast at +oo. The
Fourier transform of f is

f = [ e
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We can "periodify” f by defining

F(z)=>_ f(x+n). (E1)

ne”Z

Then by the theory of Fourier series [see Rudin, Real and Complex Analysis],

F(.’l?) — Z aneQTrinac7 (EQ)
nez
where )
ap = / F(z)e 2™y,
0
We then find

1
an = /Zf(m—km)e_%i"”dx
0

meZ

1
= Z/ flz+m)e 2™y
0

meEZ

m—+1 )
_ Z / f(t)ef%mn(tfm)dt

mez Y™

_ Z /m+1 f(t)e—Qﬂ'intdt

mezZY ™

= [ swemta = jw.

Setting = 0 in and (E2)), we find
S fm)=F0)=> a,=> f(-n)=>_ f(n).

nez nez nez nez

This proves Parseval’s Theorem:

S i) =Y fm). (E3)

nez nez

F Jensen’s formula

Suppose that f is analytic on an open set containing B(0, R), and f(z) # 0 in
B(0, R). Integrating the Maclaurin series for f we find

1

2
F0) = o /O f (Re™®) db.
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Note that for any w # 0 we have Re(logw) = log|w|. So applying the above
formula to log(f(z)) and taking the real part, we find

2
log £(0)| = 5 | log |7 (Re")] .
T Jo

Now suppose f has a simple zero at zg € B(0, R), and 2y # 0. If we can find
some ¢(z) with a simple pole at zp, without zeros for |z| < R, and such that
|¢(2)] =1 on |z| = R, then the function f(z)@(z) has no zeros in B(0, R), and
since |f(2)é(z)| = |f(2)| for |z| = R, applying the above formula to f(2)¢(z)
we have

g7 0)o0)) = 5 [ tou(lF (e .

Such a factor is

R? — %z
P(z) = m7
as we can see by noting that R? —Z5z # 0 in B(0, R), and for |z| = R,
R —mz | _|(B?—m2)Z| _|R*GE-=)| _,
R(z — z) R(z—20)z| |R%(z—2)|

Since ¢(0) = R/|zo|, we find
R 1 /2” "
lo 0)]— ) =— lo Re'”)| db.
e (11012 ) = 5 [ toslsre)
In the same way, if f(0) # 0 and f has zeros z1,..., 2, in B(0,R) (repeated

R? — 7z R? — Zp2
. We then find
R(z— =) R(z — zx) ¢ then an

according to multiplicity), consider f(z)
Jensen’s formula:

27
log (|f<0>|R i ) — 5 [ sl f(re)| o,

] el 2w
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