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CHAPTER 1

Elementary Techniques

Review of asymptotic notation. We write f(z) = O(g(x)) if there exists some
constant C' > 0 such that |f(z)| < C|g(x)| for all sufficiently large x. We will also
use the Vinogradov notation f < g to denote the same thing (so that f = O(g)
and f < g are equivalent). Occasionally we will use subscript notation to denote
dependence of the constants. For example, f <s g means there exists some constant
C'(6) depending on 6 such that |f(z)| < C(0) |g(x)]| for all sufficiently large = (where
sufficiently large may also depend on §).

We write f(z) = o(g(z)) if limy o0 ggg = 0and f ~ g if limy_0 22 = 1.
Observe that

f ~gifand only if f = (14 o(1))g.
We will also write f < g to mean f < g < f.

1. ARITHMETIC FUNCTIONS

An arithmetic function is simply a function on the natural numbers®, f : N — R.
An arithmetic function is multiplicative if

f(nm) = f(n)f(m) whenever (n,m) =1,
and is completely multiplicative if f(nm) = f(n)f(m) for all n,m € N. Some
important examples of multiplicative functions are

(1) the constant function 1(n) =1 for all n,
(2) the delta function

5(n) = 1 ifn:%and
0 otherwise,

and
(3) the Mobius function

(=1* if n=p; - pj with p; # p; and
p(n) = : 2
0 if some p? | n.

Note that every multiplicative function satisfies f(1) = 1.
An important operation on the space of arithmetic functions is that of multi-
plicative convolution:
frgn)=">" fla)g(b).
ab=n
If f and g are both multiplicative functions, then so too is fxg. We list some basic
facts about this operation:

1For the purposes of this course, 0 is not a natural number.
2
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(1) it is commutative,

(2) it is associative,

(3) ¢ acts as identity, so that d x f = f,

(4) if f and g are both multiplicative then so is f % g, and

(5) (Mobius inversion) the Mobius function acts as an inverse, in that

uxf=gifand only if 1 xg = f.

All facts are easy to verify, and we will prove only the last. It suffices to show that
1% = 6, that is, for every n,

1 ifn=1and
> u(d) {
d|n

0 otherwise.

Since both sides are multiplicative functions (the left-hand side by fact (4) above)
it suffices to check this identity when n is a power of a prime, say p*. If k = 0 then
the left-hand side is just u(1) = 1, and if k > 1, the left-hand side is

(1) + pu(p) + -+ + p(P*) = p(1) + p(p) = 1+ (=1) = 0.

A great deal of analytic number theory is concerned with the distribution of the
prime numbers. The ‘correct’ way to count primes is not, as one might expect, the
indicator function

1(n) 1 if n is prime and
n)=
¢ 0 otherwise,

but instead the von Mangoldt function, which firstly also counts prime powers
p”*, but also counts them not with weight 1, but with weight log p instead:

A(n) = logp ifn :1'9]“ and
0 otherwise.

The main reason that this function is much easier to work with than 1p directly, is
the following identity.

Lemma 1.
1% A(n) =logn and logxu(n) = A(n).

Proof. The second identity follows from the first by Mobius inversion. To establish
the first, if we let n = p¥ ... pr, then

r ki
1xA(n) = ZZlogpi

i=1 j=1

T
- 3 tosst
i=1

= logn.
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2. SUMMATION

A major theme of analytic number theory is understanding the basic arithmetic
functions, particularly how large they are on average, which means understand-
ing >, ., f(n). For example, if f is the indicator function of primes, then this
summatory function is precisely the prime counting function m(n).

One of the most useful tools in dealing with summations is partial summation,
which is a discrete analogue of integrating by parts.

Theorem 1 (Partial summation). If a,, is any sequence of complex numbers and
f:R. — R is such that f' is continuous® then

5 anfn) =A@ - [ A0 @)

1<n<Lz
where A(x) =31 <<y An-

Proof. Let N = |z]. Using a, = A(n) — A(n — 1)
N
Y. anf(n) =) f(n)(A(n) - A(n —1))
1<n<z n=1
N-1

= f(N)JAN) = >~ Am)(f(n +1) = f(n)).

=1

3

‘We now observe that
n+1
[ r@de= g - s,

and so, since A(z) is constant for x € [n,n + 1),

N-1 n+1
> af) = FNAN) - X [ A@f @)

1<n<N n=1"“"

and the result follows since if N < x < N + 1 then
Ax)f(x) = A(N) f(x) = A(N)f(N) +/ A(z) f'(2) da.
O

This is useful even when the coefficients a,, are identically 1, when A(z) = |z] =
x+ O(1).
Lemma 2.
1
> = =logz+v+0(1/x),
n<x n

where v = 0.577--- is a constant, known as Euler’s constant.

2This condition can be relaxed, but will be sufficient for our purposes. Partial summation can
be generalised to a far-reaching theory of integration, known as Riemann-Stieltjes integration. For
details see Appendix A of Montgomery and Vaughan.
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Proof. By partial summation

N EI

— == =dt
z n x + /1 2

2
=logx + (1 _ [ {;}dt) +O(1/x).

It remains to note that the second term is a constant, since the integral converges.
|

It is remarkable how little we understand about Euler’s constant — it is not even
known whether it is irrational or not.

Lemma 3.
Z logn = zlogz — x + O(log x).

1<n<lz
Proof. By partial summation

Zlogn: |z logw—/leint

n<x

=zlogz —x + O(log x).

(]
We now give an application to a more number-theoretic function, the divisor
function®
T(n)=1x1(n)= > 1=> L
ab=n d|n
Lemma 4.

Z 7(n) = zlogz + O(x).
n<lz
More precisely,
Z 7(n) = zlogz + (2y — 1)z 4+ O(z/?).
n<x

In particular, ), .. 7(n) ~ Y . logn, so T(n) is ‘on average’ roughly logn.

Proof. The proof of the first is a simple change in the order of summation:

Zr(n): Z 1

n<lx ab<zx

H

a<lz

:xZ%+O(x)

a<lz

=zlogz + O(x),

where we used Lemma 2 as >, ., + =logz + v+ O(1/z) = logz + O(1).

a<lz

3 Alternative notation used in some places is d(n) or oo(n).
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To improve the error term we use what is known as the hyperbola method, which
is the observation that when summing over pairs (a,b) such that ab < x we can
express this as the sum over pairs where a < z'/2 and where b < z'/2, and then
subtract the contribution where max(a,b) < z/2.

=3 f+ X |F- X o

ab<zx a<zl/2 b<xl/2 a,b<xl/2
1
S 2 : - \_$1/2J2+O($1/2)
a
a§11/2

=zlogz + (2y — 1)z + O(z/?).
O

It is a deep and difficult problem to improve the error term here — the truth is
probably O(z/4+€), but this is an open problem, and the best known is O(z%-3149-).

3. ESTIMATES ON PRIME NUMBERS

The prime number theorem is the statement that
7(x)
or, equivalently (we will justify this equivalence soon),

P(x) = Z A(n) ~ x.

n<x

T

~ logz’

The proof of this is surprisingly involved, and we will return to it later in the course
when we examine the Riemann zeta function. It is much easier to show, if not an
asymptotic formula, at least that this is the correct rate of growth of the function.
This was proved in 1850 by Chebyshev.

Theorem 2 (Chebyshev).
P(r) < T

Proof. We will first prove the lower bound. This relies on the observation that, for
any y > 0, |2y] < 2|y] +1, and hence 1 > |2y] — 2|y, where we have the freedom
to choose y. We exploit this as follows:

Y(x) =Y An)

2> 4 (5] -2 [5))

= > An)-2 Y An)
nm<z nm<z/2

:ZIOgn—Q Z log n.
n<z n<z/2

Here we have used Lemma 1, that 1 x A(n) = log(n). By Lemma 3,

W(x) > zlogz—z+O0(log ) —2 (g log(z/2) — g n O(logx)) — (log 2)a 4+ O(log ).
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It follows that, for any ¢ > 0 and « sufficiently large, ¥(z) > (log2 —¢)z, and hence
Y(z) > w.

For the upper bound, we do something very similar, except we note that for
y € [1/2,1) we have equality |2y| = 2|y] + 1. Furthermore, for any y > 0, we have
the lower bound |2y| > 2|y]. It follows that

> am= 3 Ao ([7]-2[5))

z/2<n<z z/2<n<xz
SR
= (lz)g 2)z 4+ O(log )

by the above calculation. The left hand side is ¢(z) — ¢ (x/2), and so we have
shown that

Y(z) —p(z/2) < (log 2)x + O(log z).
Using the fact that ¢(x) = 0 for any = < 1,

[log, 2]
Y@)= Y (W(@/2") —y(@/2) < (2log2)x + O((log z)?),
k=0
and hence ¢ (z) < x as required. O

Chebyshev’s estimate is the first non-trivial quantitative information we have
about the primes, and leads to a host of other facts about the primes — rather
surprisingly, not just big-oh behaviour, but precise asymptotic results.

o) = o3+ 0 (e

In particular, 7(x) < x/logx, and w(x) ~ x/logx if and only if ¥(x) ~ x.

Lemma 5.

Proof. We first remove the contribution from prime powers by noting that, if f(x) =
> p<z l0gp, then using ¥ () < =,

[log =]

dla)—0)=> Y logp< > v('/*) < a2
k=2

k>2 p<ql/k

It follows that 6(x) = ¥ (z) + O(z'/?). In particular, by Chebyshev’s estimate, we
have 6(x) < z. We apply partial summation with a,, = A(n) if n is prime, and 0

otherwise, and f(n) = loén' This gives
0(x) o) 0(x) x
() pg; log x + /2 t(logt)? log x + (log x)?
The lemma follows, using 6(t) = O(t) to bound the contribution from the integral
here. g
Lemma 6.

Z logp _ logz + O(1).

p<z
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Proof. Recalling that log =1 x A, and using Lemma 3,

xlogx + O(x) = Zlogn

n<x

=Y A(D)

ab<zx

=zy @ + O((x)).

b<z
Dividing by « and using Chebyshev’s estimate, this proves that
A
Z % =logz + O(1).

n<z

It remains to deal with the contribution from prime powers p* < x for k > 2, which
we bound trivially by

Z IngZZ%: Z log p 1 < 1.

2 _
p<az'/? k>2 p<az'/? p==p

Lemma 7.

1
Z — =loglogx + b+ O(1/logx),

p<z

where b is some constant.

Proof. Let A(z) = >

partial summation

1 A v
yOLELC Y
= log = 5 t(logt)
S| T OR()
=1 1/1
+0(1/ ogJU)—i-/2 tlogtdt+/2 Hlog )2 dt

R(t)
t(logt)?

(logp)/p = logz + R(x), say, where R(x) = O(1). By

p<z

:10glogx—|—1—loglog2—|—/ dt + O(1/log x).
2

The integral here converges to some constant since R(t) = O(1), and the proof is
complete. ([

Lemma 8.

1\t
H (1—) =clogz + O(1)
p<z p

where ¢ > 0 is some constant.
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Proof. We use log(1 —t) = —>"77, % to deduce that

(1))

p<z

— log(1 —1/p)

p<z

> 1

=

p<z k>2p<z

RO IR

p<lx p k>2 p>x k>2

Note that the infinite sum over p converges to some constant. Furthermore, the

error term is ) ) )
<> 5 < > S <
p>x n>r
It follows from Lemma 7 that

1\
log H(l—p) =loglogz + b + O(1/log x)

p<z

for some constant b’. The result follows taking the exponential of both sides, where
we use the fact that e* = 1 4+ O(x) for |z| < 1 to replace e©(1/198) by 1 +
O(1/logx). O

It is a little tricky to determine what the constant ¢ in Lemma 8 actually is —
it turns out to be e” &~ 1.78---. We can use this fact to point out why the naive
probabilistic heuristic can be misleading (and hopefully give some idea why the
prime number theorem itself, unlike these simple asymptotics, is hard to prove).

As a heuristic, we might guess that the probability that a given prime number p
divides a randomly chosen n is 1/p. Furthermore, we expect that these probabilities
should be independent for distinct primes p. Using the fact that n > 3 is prime if
and only if p{n for all 2 < p < n'/2, we might guess that

1
1nisprime%IP’(pJ(nfor3112§p§n1/2)Rﬁ H (1—p>z26_w/logn.

p<nt/2
This would in turn suggest that

7T(£C) = Z Inis prime ~ 2e77 Z L ~ 2e

= = logn log x

But since 2e™ = 1.12- - - | this contradicts the prime number theorem! This shows
that, while heuristically thinking about discrete concepts in terms of ‘probability’
can lead to roughly the right order of magnitude, one must take care not to take
the constants obtained too seriously! (Essentially what’s going wrong here is that
divisibility by primes is not independent, especially for large primes — if I know that
p1p2 | n where both p; and py are primes ~ n'/? then it’s impossible that g | n for
any prime g ~ n'/2, for example.)
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Indeed, we can use the elementary estimates already obtained to show, not the
prime number theorem itself, but at least the fact that if % converges to a
limit at all, then this limit must be 1, and hence the prime number theorem is true.
The hard part is showing that the limit exists.

Theorem 3 (Chebyshev). If n(2) ~ cif then c=1.

Proof. By partial summation,
1 ot
P T
p<u p x 1
The first term is trivially O(1). If w(2) ~ cioz-, then for any € > 0, for z sufficiently

large, m(x) > (¢ — €) 557 1t follows that

1 |
E = (c e)/1 tlogtdt+0(1) (c —e)loglogz + O(1)

p<z
By Lemma 7 the left hand side is (1 4+ o(1))loglogz, and hence, since ¢ > 0 is
arbitrary, ¢ < 1. Using the upper bound 7(z) < (¢ + €);; we may similarly
deduce that ¢ > 1, and hence ¢ = 1. ([




CHAPTER 2

Dirichlet series and the Riemann zeta function

We will now begin to harness the power of complex analysis for number theory.
The main object of study will the Riemann zeta function. Before we explore the
applications to number theory, we will spend some time proving various essential
facts about this function.

In the rest of the course, we will use (as is traditional for this topic) the letter s
to denote a complex variable, and o and ¢ to denote its real and imaginary parts
respectively, so that s = o + it. Before we begin, it’s worth pausing to explicitly
point out what we mean by n°, where n is a natural number and s € C. By
definition this is

slogn o itlogn

n’=e =ne

S S

It is easy to check the multiplicative property, that (nm)® = n*m?®.

A Dirichlet series is an infinite series of the form

Qn
n=1
for some coefficients a,, € C. If we denote the coefficients a,, by an arithmetic
function f(n) then we may write Fy(s) to denote this dependence.

Lemma 9. For any sequence a, there is an abscissa of convergence o. such that
F(s) converges for all s with o > o, and for no s with o < o.. If 0 > o, then there
is a neighbourhood of s in which F(s) converges uniformly. In particular, F(s) is
holomorphic at s.

Proof. Tt suffices to show that if F(s) converges at sy and we take some s with
o > oo then F converges uniformly in some neighbourhood of s. The lemma then
follows by taking o, = inf{o : F(s) converges}.

Suppose that F'(s) converges at s = sqo. If we let R(u) =
partial summation, for any s,

apn % then by

n>u

N
ann~* = R(M)M?®** — R(N)N®*~* 4 (59 — s)/ R(u)u* "t du.
M<n<N M
If |R(u)| < e for all w > M, and if 0 > oy, then it follows that

(o]
Z ann”’ §2€+6\s—so\/ w0 du < (2+850|)€
M g — 0y
M<n<N

There is some neighbourhood of s in which |s — s¢| < 0 —09p, and hence by Cauchy’s
principle the series converges uniformly in this neighbourhood of s. [

Lemma 10. If > a,n"° = > b,n~° for all s in some half-plane o > og (where
both series converge) then a, = b, for all n.
11
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Proof. Tt suffices to show that if > ¢,n™* = 0 for all s with o > o then ¢, = 0 for
all n. Suppose that ¢, = 0 for all n < N. We can write

cN = — Z en(n/N)7°.
n>N
Since the sum here is convergent, the summands tend to 0, and hence ¢, < n? for
any o > og. It follows that that this sum is absolutely convergent for ¢ > o¢ + 1.
Since each term tends to 0 as 0 — oo, and the series is absolutely convergent, the
right-hand side tends to 0, and hence cy = 0. g

Lemma 11. If Fy(s) and Fy(s) are two Dirichlet series, both absolutely convergent
at s, then

> frglmn
n=1

is absolutely convergent and equals Fy(s)Fy(s).
Proof. We simply multiply out the product of two series,

) (25) 5 x(n )

n n,m k nm=k

which is justified since both series are absolutely convergent. O

We now define the Riemann zeta function in the half-plane ¢ > 1 by

1
C(s) = ns
n
Observe that this series diverges at s = 1, and the series actually converges ab-
solutely for o > 1. By the above, ((s) defines a holomorphic function in this
half-plane. For our applications, we need to extend this definition to be able to talk

about ((s) for o > 0.

Lemma 12. Foro > 1,
1 = {u}
C(s) =1+ 1—3/1 us+1du.
Proof. By partial summation, for any z,

Z n-% = L;‘SJ —i—s/lzuLgldu.

1<n<z

The integral here is
5/ uw du—s {u}l du = — 7% — s {u) du.
1 1 ust s—1 s—1 1 ustl
Since o > 1, if we take the limit as z — co, we have
s = {u}
((s) = o1 5/1 o1 A
noting that the integral converges. O

The integral here is convergent for any ¢ > 0, and therefore the right hand side
defines an analytic function for ¢ > 0, aside from a simple pole at s = 1 with
residue 1. We have therefore given an analytic continuation for {(s) up to o = 0.
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3.1. Euler products. Since it is a topic not often covered in analysis courses, we
first take a brief digression to discuss infinite products. If a,, € C\{0} then the

infinite product
o0
[]a
n=1

is defined to be the limit limpy_s oo ngl a,, if this exists and is not zero.

Lemma 13 (Cauchy criterion). If a,, # 0 then the infinite product [[ -, an con-
verges if and only if for any € > 0 there exists N such that

H ap — 1| <e€

n<k<m

forallm>n> N.

In particular, lim,,_, -, a, = 1. For this reason it is often convenient to change
variables so that we consider the product [[(1 + a,,) instead. We say that

oo

[T +an)

n=1

converges absolutely if and only if [[(1 + |a,|) converges. The following is a simple
consequence of the Cauchy criterion.

Lemma 14. Ifa, # —1 and [[(1 + a,) converges absolutely then it converges.
The final fundamental fact we will require is the following.

Lemma 15. Ifa, > 0 for alln > 1 then [[(1+ a,) converges if and only if > ay,
converges.

Proof. By the monotone convergence theorem, it suffices to show that the partial
sums are bounded above if and only the partial products are. This follows from the
inequalities
a1+t an < (14a) - (14a,) < et ton,
O

All of the infinite products we will encounter in this course will converge ab-
solutely. The previous lemmas have the following useful consequence: if > |ay,|
converges (and a,, # —1) then the product [[2 (1 + a,) converges. In particular,
it is not zero!

Lemma 16. If f is multiplicative and >_ | f(n)|n~7 converges then

St =T+ e+ @ > +---).
n=1

p

Proof. Note that this product is absolutely convergent. By comparison each sum
in the product is absolutely convergent. Since a product of finitely many absolutely
convergent series can be arbitrarily rearranged, for any y

[TO+f@p+ 0=+ = 3 fom.

p<y n
pln = p<y
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Therefore the difference between the product here and the Dirichlet series is at
most

Z|f(n)\n‘”—>0&sy—>oo.

n>y
U
Corollary 1 (Euler product). If f is completely multiplicative and > |f(n)|n=7
converges then
o) . f D —1
n=1 P p

In particular, we note the Euler product for ((s):

which is valid for ¢ > 1. From this it follows that ((s) # 0 for o > 1. The Euler
product leads to the identity

G 0y) =2

n

Furthermore, when o > 1, the series is absolutely convergent, and so the derivative
can be computed summand by summand, leading to

CI(S) _ _Z logn.

nS

n

From the Euler product we have

log¢(s) =~ Ylog (1-57) = . e = 3 i,

p k=1 kp

Finally, taking the derivative of this, we obtain the Dirichlet series with A(n) as

coefficients:
¢ Z A(n)
Z(S) - ns

n

4. GAMMA FUNCTION

The Gamma function is a key player in the theory of the Riemann zeta function.
You have probably encountered before in analysis, but we will briefly give a quick
tour through its definition and most important properties.

4.1. The Weierstrass definition. This is different from the integral definition
you have probably seen before, but has several advantages, not the least is that we
can immediately define I'(s) as a meromorphic function on the whole of C, rather
than just the half-plane where o > 0. Recall that the Euler constant is defined to
be

N
. 1
7]\]11_13(1”(5 n—logN) = 0.5772157 - --

n=1
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and define the Gamma function I'(s) : C — C by

1 i s
I vs —s/n (1 7) )
() se H e + n
n=1
This product is analytic for all s € C, because when |s| < N/2 the series
> (log(1+2)-2)
n n
n=N+1

is absolutely and uniformly convergent, and so its exponential is also an analytic
function. This shows that the product is an analytic function for |s| < N/2, and
we then take N arbitrarily large.

It is clear from this expression that I'(s) itself is analytic at all s € C apart from
simple poles at s =0,—1,—-2,....

4.2. The Euler definition. Inserting the definition of v gives

i = i ek [ (14.2)

2

=s lim N7° <1+§)
N—o0 n
s N 1 —5
—legnoo<1+ > 1;[(1+ )(1+ ) :
whence we have the following formula of Euler,
1A 1\* -1
-1 (1+> (1+2)
s n n

valid for all s € C except s = 0,—1,—2,.... It follows that I'(1) = 1. Rewriting
this, we also get

I H s (N_l)!
Ple) = m N e r N =T

4.3. The difference equation. By Euler’s formula, if s is not a negative integer,

F(s+1)_ S lim H(lJr LY (s+n)
['(s) 5+ 1 N-voo s+n+1
i N+1
= m —— =
SN—>ooS—|—N+1 %

whence
[(s+ 1) = s[(s).

In particular, since I'(1) = 1, if s is a positive integer then I'(s) = (s — 1)!.
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4.4. The reflection formula.

T(s)I(1 — 5) = 1 H 1+1/n

I
[V
—3
/

—

|
:M‘ @,
~——
N

using the identity sin(ws) = ws[[2; (1 - ;—2) (an important exercise to prove if

you haven’t seen this before). It follows, for example, that I'(1/2) = /7. It also
follows that the residue of I'(s) at s = —n is (—1)"/nl.

4.5. The duplication formula. Consider the expression
22T(s)T (s + 1)
2I'(2s)

We claim that this is independent of s. To see this, we calculate using Euler’s
formula that it is

1-2--(N—1)N°®

i i 1.2.(N—1)N°t+1/»
IMN =00 TGy (51 N—_1) MN—oc0 (

sto) (st +N-1)

22871

i 12 (2N_1)(2N)2*
N 00 552s+1)-(25+2N—1)

which is
_1\N\2N1/292N -1
lim ((N =1)H)2N1/=22 7
and in particular independent of s. To evaluate it we set s = 1/2, yielding

()-

We have proved the duplication formula

[(s)I <s + ;) = 217 2571/2D(25).

4.6. Euler’s integral expression. By integration by parts

N ¢ N 1
/ <1— > ts’ldt:NS/ (1—t)Nes=tde
0 N 0

N!
s(s+1)---(s+N)
— I'(s)

S

as N — oo using Euler’s formula. This is valid if ¢ > 0, whence we have the
formula for this region (that you’ve probably seen before)

o0
I'(s) :/ e tsT 1l dt.
0
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5. FUNCTIONAL EQUATION

Theorem 4 (Functional equation). The zeta function ((s) can be extended to a
function meromorphic on the whole complex plane, and for all s satisfies the identity
C(s) = 2°m* Lsin(ws/2)T(1 — 5)C(1 — s).

Many interesting facts can be deduced from this identity. We will first use it to
study the possible poles of ((s). We know that {(s) has a simple pole at s = 1, and
nowhere else for o > 0. Suppose that ¢ has a pole at s # 0 with 0 < 0. Then so too
does T'(1 — s){(1 — s), but both I'(s) and {(s) are holomorphic at 1 — s, which is a
contradiction. Furthermore, ((s) cannot have a pole at s = 0, since the right-hand
side has just a simple pole from (1 — s) which is cancelled by the zero of sin(ws/2).
It follows that ((s) only has one pole in C, which is a simple pole at s = 1.

We will now consider the zeros of ((s). We have already seen that ((s) # 0 for
o > 1, which follows from the existence of an Euler product. Suppose that {(s) =0
for some s with o < 0. It follows that

sin(mws/2)T'(1 — s)¢(1 —s) =0.

Again, neither T'(1 — s) nor ¢(1 — s) can be zero or a pole, and so sin(ws/2) = 0,
which means s must be an even integer. These are called the trivial zeros of ((s),
located at s = —2,—4, —6,.... Since there are no zeros with ¢ > 1, there are no
other zeros with o < 0.

Aside from the trivial zeros, then, all zeros of ¢ must lie in the critical strip
0 < ¢ < 1. Furthermore, since the other factors in the functional equation are
holomorphic and non-zero in this strip (aside from s = 1, which is easily dealt
with), this implies that if p is a zero in the critical strip, then so too is 1 — p. There
is therefore a symmetry around the critical line 0 = 1/2. The Riemann hypothesis
is motivated in part by the belief that this symmetry should collapse so that all the
zeros are located exactly on this line.

There are many different ways to prove the functional equation. We give two
quite different methods to demonstrate this (see Chapter 2 of Titchmarsh for many
more).

5.1. Method One. We first extend the definition of the zeta function to a larger
half-plane. Recall that for o > 0 we defined

ots [

s —

We will extend the region where this is valid by integrating by parts. First let
f(z) =3 — {=}, so that

() =g+ s [ Tau

If we let F(x fo u) du then, by integration by parts,

ﬁﬁﬁ = P 6+ [ 2

Since F'(x) is bounded, the integral here converges for any s with ¢ > —1, and
hence the left-hand side also converges in this region. We may therefore take

=gty [ S
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as the definition of {(s) in the half-plane ¢ > —1. If —1 < ¢ < 0 then
1 1 1
1 1 1 1 1
APV e SR A R S
o u 0 s

ustl 2
> flu)
s) = s/o gy d

We now note that f(x) is a periodic function, continuous in (0, 1), and so it has a
Fourier series, which is

and so in this strip

B i sin(2mnu)
N ™m

n=1

For —1 < o < 0 we therefore get

> sin(27nu)
=s [ g

We should justify the interchange of integral and summation here. We can in-
terchange the infinite sum with any finite integral by the dominated convergence
theorem, since the partial sums converge almost-everywhere pointwise, and are
bounded above by O(1). We then note that for any A,

/ sin(2mnx) dp — {cos(anaz)} B s+1/ cos(2mnz) d
A A

s+l 2nmrstl onm rst2

1 1 [ 1 1
0 (o) 40 (5 [ ) =0 (i)

It follows that

sin(27nu)
~iyl / BT gy,

nl

T

1 [% sin(2nmz)
li - =g =0

for —1 < o < 0. It follows that (in brief) for any A > 0

SJAED ) N5 ) AN (D35 o) Y A9

n=1

as A — o0.
By change of variable, we have

°° sin(2mnu) s [ sin(u)

Considering the contour integral along a quarter circle with radius tending to in-

finity gives
o0 . o0
/ u S leT M dy = 0 / = et dt
0 0

(o) X (e}
/ u e du = (—z’)s/ t— et dt
0 0

and
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and so, using the fact that sm(u) et — e,

/ Sli_llt du: / u S let dy — / u T le du)
0o U 0 0

(( i) )/ e du
—sm(7rs/2)/ u e du

0
= —sin(rs/2)T(—s).

Combining the above we have shown that, for —1 < ¢ < 0,

C(s) = —2 3 @ sin(rs/2)0(—s) = 257* L sin(rs/2)0(1 — s)C(1 — s),

where we have used the difference equation to see that —sI'(—s) = T'(1 — s). The
right-hand side is actually analytic for any ¢ < 0, and hence we can take the right-
hand side to be a definition of {(s) in this region. By analytic continuation it follows
that this identity must hold for all s € C.

5.2. Method Two. This is one of the methods used by Riemann and, in my
opinion, one of the most natural ways to proceed. When attempting to understand
the zeta function with complex analysis, as Riemann set out, it is reasonable to ask
whether we can write it as a contour integral. Equipped with this, we then evaluate
it using the method of residues and the functional equation drops out.

Lemma 17. Foro > 1

1 00 1'5_1
= — dz.
¢(s) I'(s) /0 ew—1"
Proof. The key observation is that

1—\ 1 o0 o0
—(f) = —5/ wle " du :/ ¥ le™™ dg.

We then sum both sides over n, and note that > e ™% = (e* — 1)7!. We can
interchange the sum and integral here by absolute convergence, since o > 1, as

Z/ e 4z = D(0)¢(0)

converges for o > 1. O

Lemma 18. Foro > 1

efiﬂ's Zsfl

¢(s) = oy F(lfs)/cez_ldz

where the contour goes from positive infinity, circles the origin, and returns to
infinity, where 2571 is defined as exp((s — 1)log z) with the logarithm real at the
beginning of the contour.

Proof. Suppose the circle part has radius €. On the circle,

|Zsfl‘ _ e(o—fl)log|z|7targ(z) < |Z‘U*1 e27r\t|
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&

Y
A
=

-
N

FIGURE 1. The contour C of Lemma 18.

and
le* — 1] > [2]

and so the integral around the circle tends to zero as € — 0. It follows that the
integral is

o sl 0 (erTri)s—l s
. W) qu = (275 — )T :
| i [ e de =@ - e

Since
) eis _ efis e2is —1
sin(s) = - = —
21 21es
by the reflection formula
T 2miei™s
T'(s)I'(1 —s) = = -
(s)0(1 =) sin(ws) €275 — 1
and the result follows. O

So far we’ve been working in the half-plane o > 1. The integral over C, however,
is uniformly convergent in any finite region, and so the right-hand side defines a
meromorphic continuation of ¢ to the entire complex plane, with the only possible
poles those of I'(1 — s), which are s =1,2,3,..., and hence just at s = 1.

For the functional equation, now take the integral C,, which is the positive real
axis from oo to (2n 4+ 1)m, round the square +£1 =+ ¢ then back to infinity. Moving
from C' to C,, we pick up poles at £2iw,...,+2inw. The residues from +27wim are
together

(2mmi)* ™! + (—2mmi)* ™! = (2ma)* e V2 cos(n(s — 1)/2)
= —2(2mm)* e’ sin(ms/2).

It follows that the integral is

n

s—1 )
/ z dz 4 4mie'™ sin(mws/2) Z (2mm)s~L,
c

ez —1
n

m=1

We now take ¢ < 0 and let n — co. The function 1/(e* — 1) is bounded on the
contours Cy,, and z°~1 = O(|2|” "), so the integral around C,, tends to 0 as n — oo.
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R
2n+ 1)7w(1+1)
¥ 45} > < > < i
FIGURE 2. The contour C), with poles at +2m4, ..., £2min marked

in red, and the previous contour C' marked in blue.

It follows that

s—1 .
/ S dz = 4dmie™ sin(ms/2)(21)"LC(1 — 9),
C e? —1

so that for o < 0

¢(s) = e;;jf(l — 8)4mie’™ sin(7rs/2)(27)* ¢ (1 — ).

21

This verifies the functional equation for o < 0. As before, by analytic continuation,

we deduce that it holds for all s.

6. SPECIAL VALUES OF ZETA

If we let

o0

z _ B, n
e —1 Z n! "’
n=0

then B,, are known as the Bernoulli numbers. Multiplying out both sides by e* — 1

it follows that

B, ., 1 ., B,
Sl DSl R DIl D Bl I Dl

n>0 m>1 k>1 \ n+m=k
n>0m>1

and so By =1 and for &k > 2

> 0=, 2 ()

0<n<k—1 0<n<k—1

This shows that each B, is a rational number, and allows for efficient computation.

For example, By = f%, B; = %, Bs =0, By = 73—10, and so on.
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Recall that by Lemma 18 we have, for any s £ 1,2,3,...,

e—iﬂs Zs—l
= ra- dz.
) = G- [ S
When s = —m < 0 is an integer the contour integral can be evaluated using the

theory of residues. Inside C' there is only a single pole at z = 0, and since
—m—1

oo
? =2 B n
e —1 n!

n=0

the residue at z = 0 when s = —m is Bp,41/(m + 1)!. Tt follows that

(=1)" B

1
(0) = — and ((=m) = ==

for m > 1.

Since we already know that ((—2k) = 0 for k& > 1 it follows that B,, = 0 whenever
n > 3 is odd, something not at all obvious from the definition! Furthermore, it
follows from the functional equation that for m > 1

¢(2m) = 22 7®™ L gin(rm)T(1 — 2m)¢(1 — 2m)

Bom
= —22m 72— gin (rm)T(1 — 2m) —
2m
_ (_1)7n+122m—1 om Bom
2m)!’

Here we have used the fact that sin(7m)I'(1 — 2m) = (—1)"x/2(2m — 1)!, which is
not immediately obvious, since it is the product of a zero and a pole. One way to
check this is to note that sin(7z) has a simple zero at z = m around which it can be
expanded as (—1)™7(z —m) + O((z —m)3) and I has a simple pole at s = 1 —2m
with residue (—1)2™~1/(2m — 1)!, and hence near z = m we have

(_1)2m—1 1
@m—1) @m—22) | O(l)>

sin(mz)[(1 — 22) = ((-1)"7(z — m) + O((z — m)?)) (

™

= (V"5 —qy T O

For example, using the previous values for the Bernoulli numbers By and Bs we
deduce that ¢((2) = 72/6 and ((4) = 7*/90. Note that if we want to recover the
values of ( at positive odd integers then things are not so simple — for now the
functional equation gives

C(2m +1) = (—1)m22m 2T (—2m) ¢ (—2m).

Now the pole of T at s = —2m is cancelled by the zero of {(—2m) but we have no
idea what I'(—2m)((—2m) is because we don’t know what ¢’(—2m) is. We were
lucky in the case of even arguments that the pole of I' is cancelled by the zero of
sin, both of which we understand well.

Unlike the case for even integers it is believed that ¢(2m+1)/7*™*! is irrational
for all n > 1. This is not known for any m. It is even more likely that ((2m +1) is
irrational — this is only known for {(3) at the moment, which was shown by Roger
Apéry in 1978.
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Finally, in the next chapter we will need to know the value of ¢/(0). This can be
calculated as follows. Recall in the proof that

1
Z —=logz+~v+ 0O(1/x)
n<zx n
we obtained the explicit representation

= {t}

If we let s — 1 in the expression

oo
t
— s {}dt
3—1 1 tS-‘rl

C(s)=1+

then we see that ((s) = —& + v+ O(s — 1) near s = 1.

Finally, from the functional equation we have, near s = 1,
L4+y(s—1)+---= (s = 1){(s) = —2°7° 7T (2 — ) sin(ms/2)¢(1 — s).
Differentiating both sides and setting s = 1 gives
v = 2¢'(0) — 2¢(0) log 27 + 2¢(0)I(1).

Using the fact that {(0) = —1/2 and I"(1) = —y (which can be seen, for example,
from the Weierstrass definition), it follows that

¢(0) =~ 5 log(2m),

and hence

= —log(2m).

7. COUNTING ZEROS OF ZETA

Recall that a holomorphic non-zero function has only a finite number of zeros
in any compact region (otherwise there exists an infinite sequence of zeros, and
hence an infinite convergent sequence of zeros, and hence the function is zero by
the Identity Theorem). It therefore makes sense to count them. We are interested
in the zeros of the zeta function, which we know (aside from the trivial zeros) all
lie in the rectangular strip 0 < o < 1.

To make this a compact region, we introduce some cut-off at height ¢t = T" on the
imaginary axis. It is a natural question to ask how the number of zeros changes as
we increase T. To this end, let N(T') count the number of zeros p = 8 + iy in the
region 0 < f<land 0 <y <T.

Our main tool is the following useful bound from complex analysis.

Lemma 19 (Jensen’s inequality). Suppose that f(z) is analytic in a domain con-
taining o disc with radius R and centre a, that |f(z)] < M in this disc, and that
f(a) #0. Let 0 < r < R. The number of zeros of f in the disc with centre a and
radius r is at most
log(M/|f(a)])
log(R/r)
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Proof. Without loss of generality we can assume that a = 0. As above, the number

of zeros in |z| < R is finite . Let these zeros be denoted by z1, 22, ...,2k. Let
K _
R? — 2z

Observe that the kth factor has a pole at z, and has modulus 1 on |z| = R. It
follows that g is an analytic function in |z| < R, and if |z| = R then |g(z)| =
|f(2)] < M. By the maximum modulus principle,

l9( Vﬂf|H4*<M

|2k

Each factor is > 1 and if |z;| < r then the factor is > R/r, and the bound follows.
O

To apply Jensen’s inequality to ((s) we first need to give some estimates for how
large ¢(s) can get.

Lemma 20. When 6 <o <2 and |t| > 3
o 1
¢(s) < (1+ |t|'"7) min <|a_1|,log t|) :

Proof. For any x > 2, by partial summation, when o > 1,

1 1—s [ee]
C(S):ZE+:_1+{55} —s/ i;i}l du.

n<z

By analytic continuation this identity continues to hold for all s # 1 with o > 0.
The second summand is O(x'~7). The third is O(z~7). The integral is O(z~7 /o).
Since |s| /o < [t| in the given region we have

1 1—0o ‘t|
@<§:F+m +
n<x
The sum is
1
< 1+/ —du
1 u

uniformly for o > 0. We choose x = || + 4, say, so that

e ("1
C(s) < 1+t +/—7m.
1 u

If o —1| < 1/logx then the integral is < logz. If 0 < o < 1—1/logx it is
<27 7/(1—0). If o > 1+ 1/logx then it is < 1/(c — 1). The result follows. [J

We can now use Jensen’s inequality to give an upper bound on the number of
zeros in the critical strip at a certain height.

Theorem 5. For any T > 4
N(T+1)— N(T) < logT.
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Proof. By the symmetry of zeros implied by the functional equation, it suffices
to show that the number of zeros in the rectangle between 1/2 < ¢ < 1 and
T <t<T+1is O(logT). We apply Jensen’s inequality to ((s) to discs with
centre 2+ (T 4+ 1/2) and radii R = 11/6 and r = 7/4, say, which certainly includes
this rectangle.

By Lemma 20 we know that |{(s)| < T in this disc, and furthermore

CEHIT+1/2) -1 <Y 5 <3/4
n>2

and so |¢(2+4(T +1/2))| > 1/4, say. The result follows from Jensen’s inequality.
O

&2

t=T+1

o2+ i(T+ 1)

oc=0 c=1

FIGURE 3. We bound the number of zeros in the rectangle 1/2 <
oc<land T <t <T+1 by bounding the number in the circle.

It follows that N(T) < T'logT. Note that this is only an upper bound — at the
moment, we don’t know there are any zeros at all the critical strip, so it is possible
that N(T') = 0. We will later show that, not only are there many zeros, but T log T
is the right order of magnitude, establishing the asymptotic formula

1
N(T) ~ %Tlog T.



CHAPTER 3

Explicit formula

It is time to see some number-theoretic rewards for all our work trying to under-
stand ((s). The goal of this chapter is to prove the Riemann-von Mangoldt explicit
formula, which expresses 1(x) as a sum over the zeros of ((s):

wl) = 3 An) == 32 5~ log(2m) — 5 log(1— 1/2%),

where p runs over all the zeros of {(s) in the critical strip 0 < ¢ < 1. This was done
by Riemann in his 1859 paper, and is the first great demonstration of how complex
analysis can be used to understand number theory.

8. PERRON’S FORMULA

By partial summation one can show that if
Qn

F(s) = Z s and A(z) = Z an,

n n<lz

F(s) = 8/100 139(31) du.

That is, F'(s) can be expressed as a function of A(x). We are more interested in the
converse, in how information about F'(s) can be converted into information about

then

A(z). For example, if a, = A(n), then F(s) = —%(s), which we hope we can
understand via analysis, and A(z) =), ., A(n) = (z), the asymptotics of which
are the subject of the prime number theorem.

There is a formula that gives A(z) in terms of F(s), known as Perron’s formula.

The starting point is the following identity.
Lemma 21. If og > 0 then

1 oo+iT | s 1 . 1 d e}
_ Vas=gl Uy=lan +O< T >
2w s 0 ifo<y<l1 Tlogy

O'Q—iT

Proof. Let y > 1, u < 0, and let C' be the rectangular contour with corners at
u=x1T and o9 £4T. The function y*®/s is analytic apart from a simple pole at s = 0,
where the residue is 1. It follows that

1 S
2mi Jo s

We can bound the contribution from the top and bottom by

oo—+iT | s oo ,,0+iT ) o0 o
Y y 1 1 y’°

—d = d — Jd < p— Jd = .

/m.T P /u o il U<<T/u y U—T/,Ooy 7= Tlogy

26
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Note that here we used that y > 1 for the final part, to ensure that y* — 0 as
u — —o00. The contribution from the left-hand side of the rectangle is

T yu yu
<</ dt « T— — 0 as u — —o0.
u

T \u - Ztl
The case 0 < y < 1 is similar, but we need to take u — +oo. O
R
u+ T oo + T
R
u— T oo — 1T

FIGURE 4. The contour C used in the proof of Lemma 21.

In Lemma 21 we have used a complex integral to ‘detect’ whether an arbitrary
parameter y is > 1. If we choose y = x/n then this can be used to detect the
condition n < x. Summing over all n leads to the following.

Theorem 6 (Perron’s formula). Suppose that F(s) = > %2 is absolutely convergent

ns

for o > o, If oo > max(0,0,) and x > 0 is not an integer then, for any T > 1,

1 oo +iT i T |an] 270 |an]
n=— F(s)Zds+0 [ 202
Za 2772'/0 (s)s st T Z |a:—n|+ T%:n"0

n<x o—iT x/2<n<2zx

Proof. Since o¢ > 0, by Lemma 21 we can write
1 oo+iT s oo
1n<w:7./ W”)dﬁo((x/”))
270 J o —it s T log(z/n)

It follows that, since the series converges absolutely, and hence uniformly on the
contour we’re integrating over, so we can interchange it with the integral,

Z ap = Z an]-n<x
n<x n=1
1 > 1 oo+iT s oo
S (LT o )
2mi n® Jooir S Tlog(z/n)

1 oo+iT x® 70 |an]
= — F(s)—ds+ 0O | — _
2w () s * ( T Z noo |log(z/n)|

oo—1iT n

To simplify the error term, write log(xz/n) = |log(1 + (n — z)/x)| and use the fact
that [log(1+0)| < |6| uniformly for —1/2 < ¢ < 1, so that [log(z/n)| < *=*
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uniformly for z/2 < n < 2z. For other values of n, we have [log(x/n)| > 1. The
error term is therefore

200y |an] o0 |an]
<7 Z |x—n\+Tzn:n”0'

x/2<n<2zx

9. ESTIMATES FOR ('/(

To apply Perron’s formula to obtain an explicit formula we will need to evaluate

a contour integral of %(5)%, which in turn will require some estimates on how

large % can get. These will be established in this section.

First, we prove a useful tool from complex analysis that allows us to control the
absolute value of an analytic function if we can give a one-sided bound on its real
part.

Lemma 22 (Borel-Carathéodory Lemma). Let f be holomorphic on |z| < R such
that f(0) = 0 and suppose Rf(z) < M for all |z| < R. For any r < R,

sup (|f(2)], [f(2)]) <r,r M.

j2l<r

Proof. Let
f(2)
9\Z) = o7 o
B = -5
so that g is holomorphic for |z| < R. Observe that, using Rf(z) < M,

[FE)F = R(F(2)* + S(f(2))* < @M = R(£(2))* + S(f(2))* = 2M = f(2)|",
and so |2M — f(z)| > |f(z)| for |z] < R. In particular, if |z| = R then |g(z)| < 1/R.

By the maximum modulus principle, if |z| = r, then

_ &) 1
lg(2)| = m < R
and hence
RIf(2)] < 2Mr —rf(2)| < 2Mr +7|f(2)],
or

2r
< M.

G < o
This shows that | f(2)] < M. To deduce the same bound for f’(z), we use Cauchy’s
formula ()

1 f(w
!
=— | ——=d
7'z 2mi /T/ (w— 2)2 “

where the integral is taken over some circle of radius r < 7’ < R, say. O

We now apply this to be able to give an approximate formula for I in terms of
the zeros of f. To see what kind of formula we should expect, recall the heuristic
that a holomorphic function behaves approximately like a polynomial. If it has

zeros zi,...,2 in a disc then we expect f(z) =~ [[(z — zx), and hence log f(z) =~

1
Z—Zk

> log(z — z), and so taking derivatives, we get fT/(z) ~ Y
lemma makes this precise.

. The following
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Lemma 23. Suppose that f(z) is analytic on the disc of radius R centred at a,
that | f(z)| < M in this disc, and that f(a) #0. Let 0 < r < R. Then in the disc
of radius v centred at a

L’Z:K 1 o M
7 gz—zk”(lgman)

where the sum is over all zeros zy, of f in the disc of radius R centred at a.

Proof. Without loss of generality, we may suppose that « = 0 and f(a) = 1. Let
the zeros in the disc |z| < R be denoted by z1,...,2x. Note that by Jensen’s
inequality K < log M. As in the proof of Jensen’s inequality, let

so that g is an analytic function in |z| < R, and if |z| = Rthen |g(2)| = |f(2)| < M.
Furthermore,

K
g0 = [ 2 >1.
k=1

|2k

|~
We define an analytic function for |z| < R by

B gw)w
=) ‘/o o(w)

which is permissible since g has no zeros in this disc, so ¢’/g is analytic. The
derivative is h'(z) = ¢'(2)/g(z). If we differentiate e="(*)g(z) then we get

MO (R ()g(2) + e Mg () = 0,

and hence e~"(*)g(z) is constant on |z| < R, so setting z = 0 we see that
h(z) _ 9(2)
e ==L,
9(0)

Taking absolute values then logarithms it follows that, since |g(0)| > 1,

Rh(z) = log|g(2)| —log|g(0)] < log M
for all |z| < R. By the Borel-Carathéodory lemma,

/

W) = |7 (2| < log M.
We also have . .
g, . _f 1 1
g(z)_f(z) ;zfzk—’—;z—Rz/ﬁ'
If |z| < r then |z — R?/Z;| > |R?/z;| — |2| > R —r, and so the final sum is
< log M. ([l

Before stating the next lemma, we introduce the convention, common to this
subject, that the letter p will generally denote non-trivial zeros of {(s). Further-
more, just as o and ¢ are generally used to denote the real and imaginary parts of
a generic complex number s, we use § and « for the same purposes for zeta zeros,
so p = B + iy. There is an unfortunate clash of convention in that ~ is also often
used to denote Euler’s constant, but it should be clear from context what is meant.
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Lemma 24. Fort >4

1) Co= X oM,
[t—v|<1

uniformly for —1 < o < 2. As above, the use of p = 5 + iy means that the sum is
restricted to zeros of ((s), so the sum is restricted to those zeros whose imaginary
part is within distance 1 of t, the imaginary part of s.

Proof. We apply Lemma 23 to the function f(s) = {(s), on some disc with centre
at 3/2 + it and radius 3, say, so that in particular the line from —1 + it to 2 + it
is covered, and the disc stays away from 1, and f(3/2 + it) # 0. Furthermore, we
have the bound [¢(c + it)| < |t|°, say, uniformly for all ¢ > —2 and |¢| > 3 — this
follows from the fact that |((o + it)| < |¢| for 0 > 1/2 and [¢| > 3 (as in Lemma 20)
and the functional equation (see also Question 2 on Example Sheet 2). It follows
that in the disc with radius 3 — %7 say,

¢ 1
=(s) = —— + O(logt
()= 3 5= +Otlow)
where the sum ranges over all zeros p inside this disc. Notice that every zero p with
|t — | <1 is included in this disc. It remains to show that the contribution from
p with |t — | > 1 is O(logt). For such p, when (s) =1¢, 1/ |s — p| < 1, and hence
the contribution is O(logt) since N(T'+ 1) — N(T) < logT.

O

Lemma 25. For each T > 2 there is T < Ty <T + 1 such that
!
Z(a +iT1) < (log T')?

uniformly for —1 < o < 2.

Proof. Since N(T +1)— N(T) < logT there is Ty € [T, T+ 1] such that [T} — | >
1/log T for all zeros p. The result follows from (1) since each summand is < log T
and there are O(logT) many summands. O

Finally, we will need to have a good upper bound for C?/(s) when the real part
of s is far to the left of zero. For this we turn, once again, to our old friend
the functional equation. To deduce bounds from this we need to know the size
of T'. Recall Stirling’s approximation that n! ~ v/2wn(n/e)”, or in other words,
logn! = nlogn — n + O(logn). Reassuringly something similar also holds for

complex values.

Lemma 26 (Stirling’s formula). For |s| > ¢ and |arg(s)| <7 —§

F/
?(s) =logs+ O(1) and logT'(s) = slog s + O(s).

We now use Stirling’s formula coupled with the functional equation to deduce
an upper bound for %

Lemma 27. If o < —1 and |s + 2k| > 1/4 for all positive integers k then
!

Z(S) < log(|s| + 1).
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Proof. Logarithmically differentiating the functional equation gives

CI CI 1"/
Z(s) = 72(1 —5)+log2m — ?(1 —s)+ 5 COt(TFS/2).
The first two terms contribute O(1). By Stirling’s formula, the second is O(log(|s|+
1)). Finally,
2i
cot(ms/2) z+ems_1 < 1,
because we have bounded s away from the possible poles of the left-hand side. [

10. EXPLICIT FORMULA

We can finally prove the explicit formula for ¢(z). We first state a more precise
version, with an error bound in terms of some parameter T'.

Theorem 7. If x is not an integer then, for any T > 1,

S A =o— Y % ~log 27 — %log(l —1/2%) 40 <; (log(xT)2 + 1‘;5;”)) ,

n<zx P
lvI<T

where (x) denotes the distance from x to the nearest prime power.

Proof. Let T < Ty < T+1 be some number to be chosen later. By Perron’s formula,

for any o¢g > 1,
1 oo+iTh C/ 5

> An) = > (s )—d +R

27” oo—1i11 C

n<lx
where
x An)  zoo (
R <« 27°— = .
> w—n T T ¢
z/2<n<2x
We choose oo =14+ 1/logz so that 27° < z. Since ¢ has a simple pole at s =1 so
does & ?, and hence —%(00) = 00171 = log x, and the second sum in the error term
is O(%). Furthermore,
An
Z o — << log x Z < (log z)?

z+1<n<2z

The contribution from /2 < n < z — 1 is similarly bounded. The only remaining
contribution is from the n closest to ;, which contributes at most O(x log z/T(x)).
It follows that
z(logz)? wlogw

T T{(x)

We will evaluate the integral by replacing it with that over the contour between
oo £ i1 and —K =+ Ty, for some odd positive integer K. In this contour, say C,
the integrand has poles at s = 0, 1, and the zeros of {(s), which are either count by
p or are negative even integers —K < 2k < —2. Therefore

1 C/ S B /

1<k<K/2

R«

M<T
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We divide the integral up as
co+iTy —1+4iTy —K+iTy —K—iTy —1—iTy co—iTy
I A A B R Y
c oo—iTy oo+iTy —144Ty —K+iTy —K—iTy —1—iTy
The first integral is the main term that we’re after. The second we can bound by

—1 / 2 oo 2
< / ¢ (logT) / (logT) .

xo’
> iTy)| —d — “d
C(a—i—l 1) T oK T B 27 do < Tlogz

choosing a suitable value for T7. The third we bound, using loﬂimt‘ <K lotgt, by
—K | —-K
¢ . iad logT / logT
= T d — Tdo € ——.
<</,1 coti) < T ) TS T
The fourth is
C/ —-K T

T 1
S (K +it dt
¢l +Z)‘|K+it <<KxK/

T
<
-7
Tlog(KT)
< KoK

The fifth and sixth can be bounded the same way as the third and second, respec-
tively. Putting all this together we have

P 1.72](} 1
Y An)=z- %:?Jr > 5 —%(0)+

n<lz 1<k<K/2

log | K + it| dt
T

[vI<T

T zlogz Tlog KT
—((1 24 (logT)?
0 (o) + (togTy?) + 5T + TRELT )

We now let K — co. The result follows since ((0) = —1/2 and ¢’(0) = —1 log(27),

whence %(O) = log(2m). O
If we let T'— oo we obtain the following corollary.

Corollary 2. If x is not an integer then

. hig 1 9
ZA(n) =z —Tll_{réO Z > —log 2w — ilog(l —1/z).
n<x
lyI<T
The mysterious sum over zeros is hard for us to control at the moment, since
we don’t have much information about where they lie. If we assume the Riemann

Hypothesis, however, we can control it very well.

Corollary 3. If the Riemann Hypothesis is true, so that Rp = 1/2 for all p, then
>~ An) = v+ O/ (1og )?).
n<x

Proof. We can assume that x > 2 is not an integer, and that (x) > 1, say, both of
which incur a cost of at most O(log ), which can be absorbed into the error term.
Let T' > 1 be some parameter to be chosen later. The explicit formula gives

xP T
An)=z+0 |1+ 4+ Zlog(aT)?
A0 > 5+ oD
- [v|<T
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Assuming the Riemann hypothesis,
P 1
S ey b
P rald
[vI<T [vI<T

The number of zeros in the region n <t < n+ 1 is O(logn), and in such a region,
|p| > n. Tt follows that

1 1
> m<<1+ > %« (log T)2.
P

v <T

The error term is therefore bounded by
< 14 z2(logT)? + %log(xT)?
If we choose x = T, for example, then the result follows. O

Littlewood has shown that if ¥(x) = z + E(z) then the error term cannot be
bounded better than z'/2logloglog = either way (so it oscillates both positive and
negative around this value). That is, both

E
lim sup (z)

—— >0
oo T1/2logloglog x

and P
liminf — &)
z—oco xl/2]ogloglog x



CHAPTER 4

Zeros of Zeta

The explicit formula gives a clear relationship between the distribution of the
primes and the distribution of the zeros of ((s) in the critical strip 0 < o < 1.
We’ve already seen how, assuming the Riemann Hypothesis, we can deduce a very
strong form of the prime number theorem. Unfortunately the Riemann Hypothesis
seems far out of reach, so we should ask, if not that, then what can we can actually
prove about the zeros of ((s). In this chapter we will begin this study.

11. ZERO-FREE REGION

We begin with an ‘easy’ zero-free region, taking advantage of the pole of {(s) at
s =1 to repel zeros.

Theorem 8. If o > (14 t2)/2 then ((s) # 0. In particular, {(s) # 0 if $ <o <1
and |t| < L. Furthermore,

1 ! 1
() = s +01) and = £(s) =

uniformly for § <o <2 and |t| < %.

+0(1)

Proof. We recall the identity

C(s)=1+1—s/1mj§f1du.

s—1

In particular,

s |s

o) - 24| <

s—1|= o’
which proves the first claim and the second. The final claim follows since if {(s) =
(s —1)7t + f(s) then
(=124 f(s) -1  f+f)s-1) 1
O =TT s-1T i+fe)s-1 —s-1 oW

O

Unfortunately, this is not enough to prove the prime number theorem. For this,
recall that we get an asymptotic for () we needed to consider all zeros up height
aroound 1" & x, or else the error term would dominate the main term. We therefore
need to rule out zeros too close to the line ¢ = 1 for arbitrarily large imaginary
parts t. This is provided by the following classical zero-free region, first proved by
de la Vallée Poussin in 1899.

Theorem 9. There is a constant ¢ > 0 such that

C
34
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Before proving it we note an immediate corollary, the prime number theorem (at
last!).

Theorem 10 (Prime Number Theorem). There is ¢ > 0 such that
bla) =+ 0 ——
x)=cx — .
exp(cy/log x)
In particular, (x) ~ x.
Proof. Without loss of generality, we can assume that z is at least 1/4 away from
the nearest integer — for otherwise if |z —n| < 1/4, say, apply the result with x
replaced by x + 1/2, which is distance at least 1/4 from any integer, and then note
that ¥(x+1/2) = ¢(z)+O(log x). In particular, x is not an integer and (x) > 1/4.
Let T > 1 be chosen later. By the explicit formula

YE)=xz+0 |1+ Z %p + % (log(2T))?
T

By the zero-free region in Theorem 9 we know that if p =  + ¢y is a zero then
B <1—c¢/logT for some constant ¢ > 0. Therefore the error term is

<<1+:L,1—c/10gT Z ﬁ_’_
P

VST

%(log xT)%
As before, the sum over zeros we can bound by O((logT)?). It remains to choose

the optimal T'. For this we try to balance the two main error terms, wanting to
choose T such that
1—¢c/logT ., L

o3
Cancelling the z, taking logarithms, and rearranging, this suggests that T =~
exp(y/logx) is an appropriate choice. Indeed, plugging this choice into our error
bounds gives the claimed result. O

X

Before we prove the zero-free region above, for motivation let us consider how
to establish there are no zeros with ¢ > 1. We’ve seen already that this is a
consequence of the Euler product representation,

1\ !
C(S):H<1_ps) )
P
which is valid for o > 1, since the right-hand side is a convergent infinite product
with no zero factors, hence cannot be zero. This is slightly unsatisfactory, however,
since it relies on some (easy, but not immediate) facts about the nature of infinite
products. A more direct proof is to note that

oo o0
um)\ . S xu(n)
( ns><(8>—zns—1
n=1 n=1

for ¢ > 1, where all we have used is that both series are absolutely convergent in
this region, so we can multiply them and obtain another Dirichlet series, and that
1% p(n) =0 for n > 1, which is an easily checked elementary identity. This implies

that ¢(s) # 0 in this region.
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What’s going on here is that we have a nice representation of ﬁ as a Dirichlet
series when o > 1, and so it can’t have a pole in this region, and hence ((s) can’t
have a zero. We've also just seen another way of establishing a zero-free region —
using the pole at s = 1 to ‘repel’ nearby zeros. To get a zero-free region that covers
the entire line 0 = 1 we will need to use the combined powers of both the existence
of Dirichlet series for ¢ > 1 and the presence of a pole at s = 1.

We will first sketch the idea behind the argument. Instead of working with

g(ls) = “T(L?) we will use ,%’(5) =" 20 This is still has poles at the zeros of

o
¢(s), but has the advantage that the coefficients A(n) are now non-negative. We
will shortly see why this is useful.

Suppose then that ((s) has a simple zero at s = 1+ it, say. It follows that %’(s)
has a simple pole of residue 1 at s, and hence

g(chrit) R~

On the other hand, we know that {(s) has a simple pole at s = 1, whence % has a
simple pole of residue —1 at s, and hence

—C—/Uz
cl)

Taking real parts of both identities and using the Dirichlet series represention of %

c—1

as o — 1T,

as o — 1T,

c—1

we deduce that

A(n) -1 A(n)
zn: e cos(tlogn)wmwf; >

as 0 — 17. Heuristically, this suggests that cos(tlogp) &~ —1 for most primes p. It
follows that we should also expect cos(2tlogp) ~ 1 for most primes p, and so

A(n) N o1
Z?cos(%logn) A~ —%C(o+21t) N

n

This means that ¢(s) would have a pole at s = 1 4 2¢t, which is a contradiction,
since the only pole of ( is at s = 1. Note the importance of choosing a Dirichlet
series with non-negative coefficients here — this proof would not work with A(n)
replaced by p(n).

It remains to make this proof sketch rigorous. There are a number of ways of
doing this. We present one of the simplest, using ideas we have already seen in the
proof of the explicit formula. Note the following immediate corollary of Lemma 23.

Corollary 4. If [t| > 7/8 and 5/6 < g < 2 then

¢ 1
Z(s) = zp: P + O(log [t]),

where the sum is over all zeros p of ((s) in the region |p — (3/2+it)| < 5/6.

Proof of Theorem 9. Let p = o + it be such that {(p) = 0, and let § > 0 be
something to be chosen later. By Corollary 4,

¢ oL v
%C(l—ké—kzt)— e m’§31+5+#_p,+0(10gt)
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Since Rp’ < 1 for all zeros p’, it follows that R(1/(1 + § + it — p’)) > 0, provided
6 > 0. In particular,

¢ : 1
—R=-14+0+it) < ——no— logt).
§RC( +d+1it) < 1+6_0+O(0g )
Similarly,
CI
—9??(1 + 6+ 2it) < logt.
Finally,
¢

C(1+6)§%+O(1).

This follows, for example, from the Dirichlet series representation

¢! 2 A(n)  =logn 1
fz(1+5):znm gznm <5 +0().
n=1 n=1

Alternatively, you can use the fact that {(s) has a simple pole at s = 1 with residue
1, and hence ((s) = Sil +O(1) uniformly in this region, and hence directly calculate

_%(3) = 511 + O(1) in this region.

‘We now note that

C/ ! ) / )
R (34‘(1 +0) —AF(+b+in - 01 +5+2u)>
(n)

ni+o

(3 + 4 cos(tlogn) + cos(2tlogn)) .

]2

n=1

Since 3 + 4 cos @ + cos 20 = 2(1 + cos#)? > 0, the entire sum is > 0. It follows that

3 4
—— — 4+ 01 > 0.
5 138 O(logt) > 0

First note that we can immediately deduce that o # 1, or else we’'d have 0 <
%1 + O(logt), which is a contradiction as § — 0. Suppose then o < 1 and choose
0 =4(1 — o), say, so

3 4 1
<(2-2) — ,
0<4 5>1_0_+O(logt)

Rearranging this implies that there is some constant ¢ > 0 such that 1—o > ¢/logt,
and the proof is complete. O

The idea at the heart of this proof — use the assumption of a zero at o + it
together with a pole at s = 1 to deduce a pole near o+ 2it — has not been improved
in over 120 years. Instead, improvements to this zero-free region have come from
providing better upper bounds for {(s) near o = 1, allowing for the O(logt) error
term we carried throughout the proof to be reduced. Using improved exponential
sum upper bounds this leads to the current best zero-free region (due to Korobov-
Vinogradov-Richert) of o > 1 — c(logt)~2/3(loglog t)~1/3.
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12. ASYMPTOTIC FORMULA FOR N(T)

We now return to our study of N(T'), the count of the number of zeros of ((s)
in the region 0 < ¢ < 1 and 0 < t < T. In the second chapter of these notes
we showed that N(T) < TlogT. We now give an asymptotic formula for N(T)
showing that this is the correct order of magnitude. Incidentally, this also gives the
first proof that we’ve seen so far that there are any zeros of the zeta function at all
in the critical strip. (Though that there are infinitely many zeros is also obvious
from the explicit formula since ¥ (z) is not a continuous function of x).

Theorem 11.

T T T
2ﬂ_l g7—7+0(logT)

Proof. We will use what is often called ‘the argument principle’ to count zeros.
This is just the observation that if f has a zero of order k at p then fTI has a simple
pole of residue k at ,0 as well, and therefore the number of zeros inside a contour C
is exactly 2m f c f z) dz by the residue theorem. For this to work we need that f
has no zeros on the contour C itself, and also that f has no poles on or inside C'.
To avoid dealing with the pole of ((s) at s = 1, we will instead work with a
function that has the same zeros as ((s) but is entire. The traditional choice is

£(s) = %s(s 1) 2T (s/2)¢ (s).

Note that the functional equation can be equivalently stated as £(s) = £(1 — s).
Furthermore, we see that £(s) has no poles anywhere, and if {(s) = 0then 0 < o <1
and ((s) = 0, so £(s) has zeros only at the non-trivial zeros of ((s).

Without loss of generality we can assume that there is no zero at height exactly
T. The argument principle then gives that

N(T) =

§/
N(T)=— [ =(s)ds,
@) =57 |5
where the contour C' is a rectangle between —1,2,2 + 47T, —1 + iT. We first split
the contour by a vertical line at 0 = 1/2. The functional equation implies that
%(s) = ,%(1 — s), and hence the integral along the left-hand piece is equal to the

integral on the contour from 1/2 — T to 2 — ¢T to 2 to 1/2. The integrals along
[1/2,2] go in both directions so they cancel, and we are left with

LS as

2mi o &
where C' consists of three line segments, from 1/2 — T to 2 — iT to 2 + T to
1/2 4T
We now use the definition of £(s) to expand
é—/ 1 1 CI

Note that fT/ is the derivative of log f(s), provided we can take branch cuts con-

N(T) =

taining all possible zeros of f(s). Our contour C’ avoids all such branch cuts, since
we can take lines from each zero going left to —oo. Therefore in some open re-
gion containing our contour the integrand is the derivative of some single-valued
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holomorphic function, and we can use the fundamental theorem of calculus. This
gives

1 1/24iT

211

N(T) log s +log(s — 1) 4+ log ((s) + logI'(s/2) — glogw]

1/2-iT
The first summand contributes 5 - im + O(1/T) = § 4+ O(1/T), and similarly

for the second. The final summand contributes — 102g7r T,

We now recall that by Stirling’s formula at s = i:l: % we have the approximation

logI'(s) = slogs — s+ O(log s),
and so, since the argument of 1 + L is /2 + O(1/T)
1

1 1/2+’LT . 1 iT .
2 log I'(s/2)ly)5 ir = i (iTlog |} + 3| = iT + O(log T))

T g T
= EIOg(Tﬁ + ) - o +O(logT)

T T
— ~ 1og(T/2) — — + O(log T
since log(1/16 + T2 /4) = log(T?/4) + O(1/T?). Combining what we have so far,
we have shown that

T T T
N(T) = glog <2ﬂ_) ~ 5 +O(logT) + S(T),

where

log ¢(s)]}/2 T

S(T) 1/2—iT "

1
2
It remains to show that this (which is % multiplied by the changing in the argument
of {(1/2+4T)) is O(log T'). Note that the real parts cancel, so it is enough to show
that Slog ((1/2 +4T) = O(logT). For this, recall that uniformly for —1 < o < 2,
we have ¢

R (s) = Z ﬁ + O(logT).

ly=T|<1
Since there is no zero at height T, we can write

2 s
%/ i(U+iT)dO’:S(IOgC(2+iT)710gC(1/2+’L‘T)).
1/2

The first part is O(1), since when ¢ > 1 we have log((s) = >, fz)(g"zn_s. The
left-hand side is

2
1
= S————do +O(logT).
Zp: /1/2\y0+iT—p o+ O(logT)
ly—T|<t

To bound each summand for fixed p = § + iy we write it as

5 5 do
12 (@=B)2+(v—T)
which is, with the change of variable o — 8 = u(y — T (note that v — T # 0), at

most . 1
=7 =0(1).
[m1+u2du ™ =0(1)
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Thus there are O(logT') summands each of size O(1), and therefore
Slog¢(1/2+4iT) = O(log T).
The proof is complete. O

To quote Montogomery and Vaughan, “It is remarkable that [Theorem 11] is
perhaps the only theorem on the Riemann zeta function that has not seen some
significant improvement in the last 100 years.”

13. ZEROS AND ERROR TERMS

From the explicit formula we see, heuristically at least, that a zero with real
part o should give an error term of size > 2. To make this precise we need the
following lemma of Landau.

Lemma 28 (Landau). Supppose that A is an integrable function bounded in any
finite interval, A(x) > 0 for all large x > X, and let

o. = inf {o : / Alx)z™%dz < oo} .
X

Fls) = /100 Alz)z—* dz

is analytic in o > o, but not at s = o,.

The function

We will use the following very useful consequence of this lemma. Suppose that

(1) F(s) is defined in some half plane ¢ > o1 by the absolutely convergent
integral described in the lemma (and hence defines an analytic function in
this half-plane), that

(2) F(s) can be continued to some function (possibly with poles) to some half-
plane o > o, and

(3) there are no poles of F(s) on the real line s = o with o > oy.

Then in fact there are no poles of F(s) at all in the half-plane o > ¢! This is a
very useful consequence of the non-negativity of the integral defining F'(s).

Proof. Divide the integral in the definition of F' to [1,X] and [X,00), given a
corresponding decomposition into F' = F} 4+ F5, say. The function Fj is entire.
For ¢ > o, the integral converges absolutely, and hence F; also defines an entire
function. Suppose that F; is analytic at s = .. We may expand F5(s) as a power
series at s = 0. + 1, so that

Fy(s) = ch(s —1-o0.)k,
k=0

where *
Ccp = M = l/ A(x)(—logx)kx_l_”“ dz.
k! k! Jx
The radius of convergence of this power series is the distance from 1 + o, to the
nearest singularity of Fs(s), and hence by assumption is at least 1+ ¢ for some
0 > 0, say. If we consider s = 0. — §/2, then

oo 1 _ k )
Fy(s) = %/ A(z)(log z)*z=17% da.
k=0 ' X
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This is a convergent series with all non-negative terms, and hence by the monotone
convergence theorem we can interchange the integral and summation, to find

Fy(s) = AOO A(x)x—l—ac exp((1+ 0. — s)logz)dz = /XOC A(z)x™*% dz,

and so the integral must converge at s = 0. — /2, which contradicts the definition
of 0. O

When discussing lower bounds for error terms, the following notation is useful.
We say that f = Qg (g) if

lim sup Lx) >c>0
a0 9(T)
and
lim inf M < —c <0,
a—oo g(x)

for some absolute constant ¢ > 0. That is, not only does f(x) exceed (some constant
multiple of) g(x) infinitely often, but it does so both positively and negatively.

Theorem 12. If o is the supremum of the real parts of the zeros of ((s) then, for
any o1 < 09,

W(x) =z + Qe ().
If there is a zero p with Rp = og, then

Y(x) =2+ Qip(z7°).

Proof. We can certainly assume that o; > 0. We will prove the ), statement;
the )_ statement is an identical proof but with the signs reversed. Suppose for a
contradiction that ¢(z) — x # Q4 («). This means by definition that for every
¢ > 0 there exists some X = X(c) such that if > X then ¢(z) — 2 < cx”*. For
this part of the proof any finite value of ¢ will work just as well.

We will consider the function

F(s) = /100(050"1 —(x) + x)z " da.

Note that since the integrand is trivially O(z~%) (where we write o for the real part
of s as usual) this integral converges absolutely in the half-plane ¢ > 1, and the
integrand is non-negative eventually, so the conditions of Lemma 28 are satisfied.

In the half-plane ¢ > 1 then we can calculate that

!

¢y, 1
s—op  sC(s) s—1
This has a pole at s = o7, but is analytic for real s > o1 — there are no zeros of {(s)
on the real line s > o7 > 0 and the pole of 1/(s — 1) is cancelled out by the pole
of ((s) at s = 1. It follows by Lemma 28, as discussed after the statement of that
lemma, that there are no poles of F(s) for any s with ¢ > o7. This contradicts the
choice of o1, however, since there is a zero of ((s) with p = ¢’ +it for some o’ > o7,
which will be a pole of F(s).

For the second, stronger, conclusion, we need to argue a little more carefully.
Suppose that there is a zero p = gg 4 it. Consider instead

e9F(s+it)+e F
2

F(s) =

F(s)+

(s = it) = /100 (cz® —ap(x) 4+ z) (1+cos(f—tlogx))z ™5 du.
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The coefficients here are still non-negative real numbers. The left-hand side has a
pole at s = gg with residue
mei® /p +me= /p
c+ ,
2

where m is the multiplicity of the zero p. We have freedom to choose 6 to be
whatever we like, in particular so that this expression is ¢ — m/ |p|. The lim inf of
the right-hand side is > —oo as s approaches og from the right along the real axis.
We must therefore have

Cc— ﬂ Z 07
ol
and hence ¢ > m/ |p|. In particular we have a contradiction if we choose ¢ < m/ |p|,
which establishes the Q4 aspect of the theorem. For Q2_ we use the same argument
with signs reversed, so that we start with

F(s) = / (—cx +ah(x) —z)z™* "t ds,
1
and so on. 0

We can now rigorously prove the following equivalence of the Riemann hypoth-
esis.

Corollary 5. The Riemann hypothesis is equivalent to the statement that
P(x) =2+ O, (x1/2+5)
for every e > 0.

Proof. We have already seen that assuming the Riemann hypothesis the error bound
O(x'/?(log x)?) is possible. Assume then that the Riemann hypothesis is false, and
let p be a zero with real part 1/2 < ¢ < 1 (note that such must exist by the
functional equation). If we now choose € > 0 such that take some 1/2 4+ 2¢ < o
then Theorem 12 shows

w(x) — $+Qi(l‘1/2+2e),
which would contradict 1 (x) = x + O(x'/27¢) for large enough . O



CHAPTER 5

Zero density results

The dream of analytic number theorists is, of course, to prove the Riemann
hypothesis. We have already seen the close connection between the primes and the
zeros of ((s). In the absence of proving the Riemann hypothesis itself, we instead
to aim to prove weaker results about the distribution of zeros:

1)

Zero-free regions, that is, half-planes of the shape o > 1— f(¢) in which there
are no zeros at all. In this course we have proved this for f(¢) > 1/logt.
The best known bound is due to Korobov and Vinogradov, which allows
for some f(t) > 1/(logt)?/3(loglogt)/.

More precise estimates of how many zeros are in the critical strip 0 < o < 1,
perhaps without knowledge of how their real parts are distributed. In
this course we have shown that the number of zeros up to height T is
asymptotically iT log T

Some estimates on how many zeros are on the critical line o = 1/2. It
was first proved by Hardy that there are infinitely many zeros on this line
(an alternative proof is sketched on the third examples sheet). If we let
No(T') be the number of zeros on the line o = 1/2 up to height T then one
weak form of the Riemann hypothesis would be No(T) ~ 5=TlogT (that
is, ‘100% of the zeros are on the critical line’).

One of the great achievements of 20th century analytic number theory is

showing that a positive proportion of zeros lie on the critical line — that is,
that No(T') > T'log T. This was first established by Selberg, then improved
by Levinson (who showed that at least % of all zeros are on the critical line)
then by Conrey. The best result so far is due to Bui-Conrey-Young who in
2011 showed that over 41% of the zeros are on the critical line.
Finally, we come to zero density estimates, which are the focus of this final
chapter of the course. In this we stop trying to show that there aren’t any
zeros with ¢ > 1/2 and just try to show that least there aren’t too many.
For example, we will prove an estimate, due to Ingham, that if N(o,T)
counts the number of zeros with real part > ¢ and imaginary part at most
T, then

N(o,T) < T3~ (log T)°W,

Of course, this is trivial for o < 2/3 as stated, but for example, shows
that there are at most O(T%/+¢) many zeros with real part > 3/4, a tiny
proportion of the total number of < T logT zeros.

43
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14. APPROXIMATE FUNCTIONAL EQUATION

We begin by proving a very useful tool in deeper study of the zeta function.
Recall that the functional equation states that

¢(s) = x(s)C(1 = s)
where
x(s) = 2°7° " Lsin(ns/2)T(1 — 5).

In particular, since for ¢ > 1 the zeta function is given by a Dirichlet series, it
states that

C(s):Z%fora>1

n

and

¢(s) = x(s) Z nll_s for o < 0.

n

These make study of the zeta function in either region quite straightforward. The
critical strip 0 < ¢ < 1 is much more mysterious. We might hope that perhaps one
can ‘interpolate’ these two identities, and replace them with finite sums with some
small error term. This is indeed possible, as first shown by Hardy and Littlewood.*

Theorem 13. Whenever 0 <o <1
1 1 —0 -1 1—0o
C(S):Zns—f—x(s)znls—l—O(gﬂ 2 )

for any x,y > 1/2 such that zy = t/27.

Proof. Recall that in our second method of proving the functional equation we first
established the identity

1 [ee] zsfl
C(S):@/O ew—ldx

for o > 1, which followed from

F(S) _ i /oo 5l t Q¢ = /oo 25" L™ "% dp

ns ns 0 0
and then summing over n. If instead we summed over just those n > m then the
same proof gives the identity

s—1,—mx

1 1 < rsle
C(S): ZEJ’_F(S)/O 1 dz.

We then transformed this to

efiﬂ's Zsfl

¢(s) = Y F(lfs)/cez_ldz

4Although it was later discovered by Siegel that actually Riemann was well-aware of this
equation, and used it extensively in private, unpublished, calculations.
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where the contour goes from positive infinity, circles the origin, and returns to
infinity, where z°~1 is defined as exp((s — 1)log z) with the logarithm real at the
beginning of the contour. Again, the same argument yields

¢(s) = Z 1 + e_iml"(l —5) /C 725_16_77” dz,

ns 211 e —1

and this expression now holds for all s except positive integers.

Without loss of generality let ¢ > 0 and xy = t/27. We first claim that it suffices
to prove the approximate functional equation in the case the x < y. For suppose
that instead y < . We know then that

C(l—s)zznll_s +X(1—S)Z%+O(ydfl)'

n<ly n<z

By the functional equation:

((s) = x(s)¢(1 = s)

=x(s) [ Y nll_s +x(1=5)> ni +0(y" ")

n<y n<zx

1
Since x(s)x(1 —s) = 1 and |x(s)] < t277 the result follows. We will therefore
assume that x < y in the rest of the proof.
We move the contour C to one consisting of four straight lines as depicted in

Figure 14, where the turning points are at

P, =my+1i3my

P, = —my +1imy

Py =—my+in(2ly] +1).

Since y is not an integer this contour does not cross any poles of the integrand, and
the poles that are now inside the contour are at £2im,...,+2iw|y|. The residues
from £27min are together

(2nmi)* ™ 4 (=2nmi)* ™! = (2n7)* " Lem D2 cos(n(s — 1) /2)
= —2(2n7)* " 1e'™ sin(ns/2).

It follows that

((s) = Z % +e (1 — ) Z 2(2n7)* e sin(ns/2) | + O(e” ™ T(1 - s)I)

n<x n<y

where I is the sum of the integrals over C4,Cs, C5,Cy. Simplifying the second
summand gives

¢(s) = Z % + 257 sin(ws/2)T(1 — ) Z nllis +0(e™ "™ T (1 — s)I).

n<x n<ly

1 T
By Stirling’s formula |T'(1 — s)| < 27 7e~ 2" and hence

s

. 1
e ™T(1—s) < t2 %e2".
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P,
© R
03 Y
>
P3 C14

FIGURE 5. The contour used in the proof of the approximate func-
tional equation. The poles at +27i, ..., +27wi|y| are marked in red,
and the previous contour C' is marked in blue.

It remains to show that the contribution from each integral is
s 1
< efit <t02x—o + ya—l) .

Let z = u 4+ iv = pe’? for 0 < # < 27, so that

|21 = p7te .

In particular, by the triangle inequality, we can bound the integral over C; by

o—1_,—t0 ,—mu
< / preTe ML
C; |ez -1
On Cy we see that § > 37 and p > y, and furthermore |e* — 1| > 1. Hence the
integral over CY is

5 oo 5 15
< ya—le—zﬂt/ e—mudu<<em7ry717rt < ya—let(ifzﬂ)

—my

which is good enough since %71’ — % > 5. On (3, we see that 6 > %W, and still

le* — 1| > 1, so the integral over Cj is
5 1 5
< yo'eftZTrJrTrym < yo’et(gfzﬂ') < yo’—lefgt

since y < t.

[The estimations of the integral over C; and Cy are a bit more tricky, and were
not covered in lectures, so they do not form part of the examinable content of the
course. Some more details are included here for those interested.]

On C; we now use |e® — 1| > e*, and so the integral over Cj is

3
< yafl/ efteef(erl)u du,
Y
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where @ is the argument of u + 3miy, that is, § = tan~!(37y/u). We divide the
integral into the integral over (my, 2m2y) and (27%y, 00). Since m + 1 > x = t/27y
the first integral is

2y _u
< / e ") qu,
™y

Since

d(tanlgﬂreru) :7%7y+i>0

du u 27y u? +972y? 2wy

we always have 0+ 5 is at least its value at u = my, where it is ¢; = tan=1(3)+
1.74, and therefore this first integral is

Q

=

< ye t,
The second integral is
o0
< / e du < e ™,
272y
Overall then the contribution from C is
s
yaefclt 4 yaflefwt < y(rflefgt
as required, since ¢; > /2. Finally, we have to deal with Cy. Here z = 2miy+ e i/
where A € R and |\| < v/2my. Expanding out the log(2my 4+ Ae~™/*) gives

A A2
s—1 o—1 t _E _ o) )\3 3 .
|27 <y exp( 5 T 2y 82y + O\ /y°)

It follows that the integral over Cs is

T eff(z)tfmu
< y”’16_2t/ I
o, ler =1
where )
A A
f(z)=0- +O(N/y?).

23/27ry + 87r2y2

If |u| > 7/2 then |e®~™"| < |e* — 1] and e~** = e=M/2"?7y and therefore this
part of the integral contributes

2 2
/Wyf %Mow

o—1 -z

<y’ e 2 e 8%y R < y”t_l/zefgt.

—myV2
A similar estimate applies if |u| < 7/2 and |e* — 1| > 1. Finally, if the contour
goes through somewhere close to z = 2mi|y] then move it to an arc of the circle

centred at 2mi|y| with radius /2. On this circle [2*~!e™™| < y"le 2" and the
proof is complete. O

15. MEAN VALUE ESTIMATES

To show that an analytic function does not have too many zeros in a given region,
it is important to know that it doesn’t get too large. This apparently paradoxical
requirement has already appeared in Jensen’s inequality, which essentially says that
if |f(s)] < M in a disc then there are O(log M) many zeros in this disc (which is
less magical once one recalls that if a polynomial satisfies |P(z)| < 2% then it has
at most K zeros).
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We want to count zeros not in a disc, but in a rectangle. Unfortunately there
is nothing quite so clean as Jensen’s inequality available here — a different tool is
required, which we will come to in the next section. We will still need to show that
our function (in this case {(s)) does not grow too quickly. The information we will
use is an upper bound on the average value of |¢|* (or |¢[*) over the line 1+t

First we give a couple of examples of mean value estimates for finite Dirichlet
polynomials (the approximate functional equation which enable us to apply these
to the zeta function).

Lemma 29. For any a, € C

/ > ann®| dt = (T +0(2)) Y |an|*.

n<z n<x

Proof. The temptation is to immediately expand out the square and integrate, but
this will not be sufficient. Instead, we first use the non-negativity of the integrand
to note that

/ Zannt dt</f Zannt dt

n<z n<z

for any integrable function f : R — [0,00) such that f(t) =1 for 0 < ¢ < T. Now
we expand the square, to get

Z anam F'(m/n)

n,m<x

= /f(t)u“ dt.

It is desirable then to choose f(u) to have reasonable Fourier properties. For
example, in this proof, we will choose to f to be the piecewise linear function
which is 1 on (0,7], 0 for t < —z or t > T + x, and otherwise decays linearly. It
follows that F(1) = T + 2 and F(u) < 2~ *(logu)~2 if u # 1, which follows after
integrating by parts. Furthermore, if n < m < z, say, then

log(m/n) = log (1—1— m;n) > m;n Ly

where

z
It follows that when n # m,
1
F “q 2 T
(m/n) < x( ogm/n)"* K m—n)?

Furthermore,

Z |aman| (m - n)72 < Z |an‘2

1<n#m<zx n<x

since |aman| < |am|2 + |an|2. It follows that
2

/ Zann dt < (T +O(x Z|an|
n<x n<x

Similarly we can derive the same lower bound, by choosing f to be 0 outside (0, T
and triangular inside this interval with a peak at 1. O
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Combining this lemma with the approximate functional equation we can prove
the following.

Theorem 14.

T 2 T

/ ¢(3 +it)|” dt ~ =logT.

T/2 2
Proof. We apply the approximate functional equation with 2 = T'/(log T)l/ 2 0=
1/2 and y = t/2mx for some ¢t > 4, say. This will be valid provided z,y > 1/2,
which is true (for large T') since we will only apply it to the region ¢t € [T/2,T].
Note that by Stirling’s formula

IX(3 +it)| < [sin(n(3 +i)T(E —it)| < 1

for any |[t| > 4. It follows by the approximate functional equation that when
s=3+itand t € [T/2,T]

()= ni +0 ((1ogT)1/4) :

n<zx

1.
It follows that, if Z =3 _ n~ 27" then

n<x

T T T 1/2
/ |C(%+it)\2dt:/ 1Z[2 dt+0 | T(log T)/2 + TY2(1og T) /4 (/ Vs dt)
T/2

T/2 T/2

We now note that )

T 1.
/ Zniiﬂt dt ~ TlogT.
0 n<x
Indeed, Lemma 29 applied with a,, = n=1/2 implies that this integral is
1
= (T + O(x)) Z o= (T+0(x)(logz 4+ O(1)) = (1 +0(1))T logT
n<zx

as required. Similarly, we also get by another application of Lemma 29 that
2

/ Zn_§_” dt ~ = logT.
0 2
n<z
Subtracting these asymptotics shows that
r T
/ |Z|? dt ~ = log T,
T/2 2
and hence
r 2 T
/ IC(E +it)|” dt ~ S logT
T/2 2
as required. O

By summing the upper bound part of this for T', T'/2, T'/4, and so on, we arrive
at the following upper bound.

Corollary 6.
T
/ ¢k +it)|* dt < Tlog T.
0
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It is also reasonably straightforward to derive from this asymptotic for the inte-
gral over the interval [T'/2, T] an asymptotic for [0, T], namely the expected

T
/ ¢ +it)|* dt ~ Tlog T
0

We will also need a stronger bound on the L* moment of the zeta function. For
this we use the following mean value estimate.

Lemma 30.
4 2

T
/ > ann’| dt < (T+2%) [ D lanl*7(n)

0 n<x n<x

Proof. Expanding out the square we note that
2

Zannit = Z anam(nm)it = Z bk

n<z nm<x k<xz?2

where

by = Z Ay Qo -

n,m<x
nm=~k

The claimed bound now follows from Lemma 29 applied to by, since

2
2
Z |bk| :Z Z AnGm lnm=k
k<z? k |n,m<z
= E anlangamla/mzlnlml:nng

ni,n2,miy,ma<x

< Z |anam|2 7(nm)

n,m<x

where we have used the fact that 2|uv| < |u> + [v]* in the last inequality. The
stated bound follows from the fact that 7(nm) < 7(n)7(m), which can be proved
either directly or by noting that it suffices to check it for prime powers, when it
becomes the trivial inequality

T4k + ke < (14 k1)1 + ka).

Theorem 15.
T
/ <3+ it)|4 < T(logT)*.
0

There is a mistake in the following proof, which I have highlighted. As a result
the proof of this result is NOT EXAMINABLE (although the statement is). This
result can be proved directly, using the tools we have developed, but to keep things
fair I will not assume knowledge of this variant proof.
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Proof. As above, by summing the bound over 7'/2* for varying k, it suffices to show
that

T
/ < +it)|* < T(og T)*.
T/2

We once again apply the approximate functional equation, but now with z =y =
(t/2m)'/2, so that when s = % + it with ¢ € [T/2,T],

()= 4 xls) 3 iy + 0T

1 .
<Y onmEt oY),
n<lz

It therefore suffices to show that
4

T
(2) / Z n~V/# dt < T(log T)*
T/2

n<lz

where x = (t/21)}/2. We use Corollary 30 with a,, = n~'/2. This is not valid as
we have stated Corollary 30, since the range of summation x must be independent
of the variable t. The correct way is to expand out the integral in (2) and bound it
directly. It gives the upper bound

2

7(n)
<T| > —
nSTl/z n

Using >, ., 7(n) = xlogz + O(x) and partial summation implies that

Z @ < (log z)?

n<x

and the proof is complete. Note how important it was that the length of the
sum here was only O(T"/?) — without the approximate functional equation we’d
have to take a sum of length O(T) and then the final bound would look more like
O(T?*e). O

This upper bound was proved by Hardy and Littlewood. By refining their
method Ingham showed that in fact

T
/ IC(& +it)|* dt ~ 2T (log T)".
0

It is conjectured that for all £k > 0

T
/ 1¢(5 + z‘t)\% dt ~ ¢ T(log T)kz
0

for some constant ¢, > 0. The cases k = 0,1,2 are the only ones for which an
asymptotic is known, although lower bounds of the correct order of magnitude
were proved by Ramachandra for all k. Upper bounds for £ > 3 remain an open
problem, even ones of the shape O(T!7€).

For a long time it was a mystery what the correct conjecture even was - remark-
ably, in 1998 Keating and Snaith found that the characteristic polynomial of a large
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random matrix (for a given value of random) experimentally provides a very close
model to the Riemann zeta function. Using this heuristic, they conjectured that

“ :U ol ((1 i ;>(“)2 E (" 1>2pT> |

which so far looks like the right guess. One of the most interesting aspects to
the recent story of the zeta function has been this nascent connection to random
matrices, which is still being explored.

We will prove one further mean-value estimate for the zeta function, now for on
vertical lines other than o = 1/2.

Theorem 16. For any % <oc<l1

T
/ |C(o +it)]* dt < T.
0

Proof. Again, we will prove the stated upper bound for the integral over [T'/2,T],
and the full bound follows summing over 7/2*. We apply the approximate func-
tional equation with & = 7/10 and y = t/2mx. The approximate functional equa-
tion gives that, for s = o + it with ¢ € [T/2,T]

()= -+ o).

It follows that
2

T T
/ I¢(o +it)|* dt = / > noT dt+ O(T).
T/2 T/2 n<w

o

Finally, Lemma 29 applied with a,, = n~7 implies that this integral is

1
<<TZW<<UT
n<x

as required. ([
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16. FROM MEAN VALUES TO COUNTING ZEROS

The following useful lemma is a way of counting zeros inside rectangles — it can
be seen as doing for rectangles what Jensen’s inequality does for circles.

We will need to deal with the logarithms of complex-valued functions again, so
we briefly recap what we mean by this. If C' is a rectangular contour such that
o0 < R(s) < oy and 0 < I(s) < T, say, on which f(s) does not vanish, then we
define log f(s) by choosing some value on the line ¢ = o7 and otherwise define it

by
. . 7 f .
log f(o +it) = log f(o1 +it) + 7(u + it) du.
This is well-defined once we have chosen a value for log f (o1 + it), which in turn is
well-defined up to integer multiples of 27i. (If there is a zero of f on the horizontal
line between o + it and o7 + it then take the limit as we approach o + it from
below.)

Lemma 31 (Littlewood). Let f(s) be analytic and non-zero on a rectangular con-
tour C' with vertices at o1,0¢,00 + 11,01 + T, for some o¢ < o1. Suppose that f
has no poles inside C'. Then

LR Ry [ loxs(s)ds

T T

:/ log|f(ao+it)|dt—/ log |f (o1 + it)| dt
0 0

+/ argf(chrz'T)daf/ arg f (o) do,

0 g0

where the sum is over zeros of p inside C and D(p) denotes the horitzontal distance
from the left-hand edge.

Proof. The idea is to transform C' into a similar contour but where we have ‘cut
out’ branch cuts leading to each of the zeros inside the rectangle. We walk around
C until the left-hand edge, stop at each height where there is a zero, move, circle
with radius € > 0, then return.

The integral of log f(s) over the new contour is zero, since log f(s) is analytic
and single-valued inside and on C’.

The integral of the left side of the rectangle, of width 2¢, goes to 0 as € — 0,
since f is holomorphic and non-zero in some neighbourhood of that line.

The integral around the circle is

/log f(p+re®yire’ do.

If p is a zero of order k then f(p+z) = 2¥h(z) where h is analytic in a neighbourhood
of 0 and non-vanishing at 0. Taking logarithms gives

/ k(log(r) + i0)ire'® d6 + / log h(z)ire® dé.

This goes to 0 as r — 0.
The other two integrals are, in the cut for p = 8 + i,

B—r
/ log f(o £i(y £ e€))do,

0
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taken in different directions. The only difference is the change in argument, which
is 27, and hence the difference between the two is 27i(8 — 0¢). It follows that

/Clog fls)ds = QWiZD(p).

d

In most applications, the first summand is the significant one, and the rest are
smaller error terms. To bound it, we generally use the following consequence of
convexity: if g : [0,7] — [0,00) then

1 [T 1 T
— log g(t)dt < = log g(t)“dt | .
T Jo 2 0

Theorem 17 (Bohr-Landau). If 3 <o <1 then
N, T)<T
where the implied constant depends only on o.

In particular, one could view this as saying ‘almost all zeros of ((s) lie arbitrarily
close to o = 1/2.

Proof. Let o = é + 2e. We apply Littlewood’s lemma to the rectangle with sides
at % + e and 2 (we may have to adjust the value slightly to make sure there are no
zeros on the line £ + e itself). Note that

> " D(p) > eN(0,T) > N(0o,T).
peC

Since we have shown that fOT |C(00 + it)|* dt <o, T, it follows by convexity that
the first term in Littlewood’s lemma is also < T'. The contribution of the second
is also O(T'). The contribution of the third and fourth is O(logT'), by the same
argument used for S(T') = arg (4 4 iT). Note that whenever the argument varies
by more than 7 it must be because it passes some value with & = 0. (]

17. ZERO DENSITY RESULTS AND GAPS BETWEEN PRIMES

A zero density result is an estimate which gives upper bounds for N (o, T) for all
1/2 < o <1 —ideally, one which decays rapidly as o — 1. To this end, we say that
we have a zero density result of strength A if we have the upper bound

N(0,T) < T~ (log TP

for some absolute constant B > 0. Note that the Bohr-Landau upper bound
N(o,T) < T (for o > 1/2) is not of this form, so at the moment we don’t have any
zero estimate at all.

Assuming the Riemann Hypothesis, coupled with the fact that N(T) <« T'log T,
we should expect that a zero density result of strength 2 is true. This is actually
much weaker than the Riemann Hypothesis, since it allows for there being many
zeros off the critical line, as long as there aren’t too many. It is often known as
the‘Density Conjecture’.
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Conjecture 1 (Density Conjecture). For all 1/2 <o <1
N(o,T) <. T*'=9) (log T2
for some B > 0.

For many purposes, the Density Conjecture is a fine substitute for the Riemann
Hypothesis. For example, we have the following relationship between zero density
results and gaps between primes.

Theorem 18. Suppose we have a zero density result of strength A. Then, for any
€ >0, if X is sufficiently large, then for all x > X, there is a prime in the interval
[z, 2 4zt~ T

In particular, the Density Conjecture implies that there are primes between x and
x + z'/?T¢. For comparison, this also follows easily from the Riemann Hypothesis
(in the form ¢ (x) = x + O(x/?*¢)). The best known unconditional result is due
to Baker, Harman, and Pintz, and replaces the z'/27¢ with 20°2°. Even assuming
the Density Conjecture or Riemann Hypothesis, these results fall far short of the
truth, since we expect that in fact there should always be primes in the interval
[z, 2 + (log 2)?¢], which is conjectured on probabilistic grounds.

In the next section we will prove Ingham’s zero density result, that there is a
zero density result of strength 3, thus obtaining primes in intervals of length z2/3+¢.
The best known zero density result to date, combining work of Ingham and Huxley,
replaces 3 by 12/5.

We conclude this section by proving Theorem 18, for which we will require a
stronger zero-free region than we have proved in this course. The following will
suffice. (The proof of this improved zero-free region is non-examinable.)

Theorem 19 (Vinogradov-Korobov). If p = o + it is a zero of {(s) then

C
<l—e—
7= og )3/

for some absolute constant ¢ > 0.

Proof of Theorem 18. We use the explicit formula, applied with T" < z, say, to
obtain

ve) =2 3 2+ 0 (Floga)?).
VST

valid whenever z is of the form n + % when n is an integer, say. Let z'/2 (logz)? <
y < x be chosen later, and consider the difference (x + y) — ¢ (x). If we can show
this is > y, say, for large enough z, then we can deduce that there is a prime in
the interval [z, x + y], since if not the only contribution to

bty —v@) = Y Al
z<n<z+y

can come from log p for prime powers p* € [z, z+y] with & > 2, which can contribute
at most O(z/?(log z)?).

By the explicit formula, then, (without loss of generality for the purposes of
locating primes we can assume that both z and y are of the form n + 1/2)

v+ - ) —y— Y EEEE L 0 (ogap?),

P
[vI<T
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We will show that the second term is o(y), for a suitable choice of y, which will

conclude the proof.
We write
Tty
= / uf~t du
x

(z+y)"—a’
p
where p = 3 + i7y. It follows that

< yzf?

b

Y(x+y) —v@)=y+0|y ; 2P 4 %(loggc)2
[y|<z

We divide the zeros p as follows. Let Iy = {p: f <1/2}. For n > 1 let

I, = ~1+n_1<ﬁ<1+ o
R L logT —2 logT]"

The contribution to the sum from I is at most z~/2TlogT. The contribution
from I, is, by our assumed zero-density result,
< m_%"'ﬁTA(%_ﬁ)(logT)B.

In total, then,

blaty)—(@) = y+O. | yaF | T4 T8 (log 1) Y (a/T4)"/ 5T | + = (loga)?

n>1

Since by our assumed zero-free region there are no zeros at all with § > 1 —
¢/(log T)3/ 4. we can discard sufficiently large n, and bound the sum over n by

1_ c 1 c
2 (logT)3/4 T \Y T 27 (logT)3/4
A (Tj) du < (ﬁ) ® + 1.

We now choose T' = z1/4-9 for some small § > 0. It follows that the sum over n is
bounded above by

(¢/T4)!2e(~c (log 2)'/*)

for some ¢’ > 0, depending on ¢. Putting this into the error term we see that
b(aty) (@) = y+O, (yr= 54 4 y(log ) Pe(~ (log ) /) + 5+ (log )’

We can now choose y = 2= x e for any € > 0, and see that provided we choose
0 > 0 sufficiently small and z (and thus y) sufficiently large, the error term is at
most y/2 in absolute value, and hence ¥ (z + y) — ¥ (z) > y/2, and the proof is
complete. O

18. INGHAM’S ZERO DENSITY RESULT

[Since we did not manage to complete all lectures during normal term time, and
the ensuing disruption, this final section is non-examinable.]

We will finish the course by giving a proof of Ingham’s first zero density result
— which, as we have seen, in particular implies that there are primes in intervals of
length around z2/3 around all sufficiently large z.
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Theorem 20 (Ingham). For1/2 <o <1
N(o,T) < TU+20)1=9) (1o )0,
In particular,

N(o,T) <. T3> (log T)°W,

Proof. We use Littlewood’s lemma, but rather than to {(s), we apply it to a different
function. We will use one of the key insights in this area — that finite Dirichlet series
are easier to work with, and can be used to generate ‘approximations’ to {(s), that
fail whenever ((s) = 0.

n ns
¢(s)>, % — 1 = 0. This fails for ¢ < 1, but one may hope that it remains
approximately true if we replace the infinite Dirichlet series by a finite one. Namely,
consider
n
F) =) Yo My,
n<X

where X is some fixed parameter to be optimised later. Provided we take X large
enough, we expect that f(s) &~ 0 most of the time, and hopefully even continuing
into the critical strip o < 1, since there are no issues with convergence of the series
now that it is finite. When ((s) = 0, however, clearly f(s) = 1. Therefore, if we
can show that f(s) is small on average, this should lead to upper bounds on the
number of zeros of ((s).

To make this precise, we will apply Littlewood’s lemma to the function h(s) =
1 — f(s)%. By construction f(s), and hence h(s), is an analytic function, with only
a possible pole at s = 1. Furthermore, if {(s) = 0 then h(s) = 0, so an upper bound
for Ny, (o, T) will be an upper bound for N(o,T). The advantage is that we will be
able to obtain much better mean value estimates for h(s) than for {(s), because by
construction we expect h(s) &~ 1 most of the time.

Fix some 1/2 < 0¢ < 1, and apply Littlewood’s lemma to the rectangular contour
with corners at o¢ + 11, 2 + ¢11, o¢ + iT5, and 2 + i1, where 3 < T} < 4 and
T < Ty <T+ 1 are both chosen so that there are no zeros on the horizontal lines.

2

T>
Z D(p) = / (log|h(og + it|—log |h(2 + it)|) dtJr/ (arg h(u+iTy)—arg h(u+iTh)) du.
p Ty o

Namely, recall that ﬁ =5k (") In particular, when o > 1, we know that

0

We can adjust o by some tiny value to ensure there are no zeros on the contour itself
(note that we can assume o > 1/2 since the estimate follows from N(T) <« T'logT

otherwise).
Let
ax(n) =) u(d),
d|n
a2

so that when o > 1

(o 3 ) g ax() s ax(n)

n<X n n>X
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It follows that, when o = 2,
2 2

() < Z:SZ) < Z# <<%.

n>X n>X

Since for 0 < z < 1/2 we have log(l — z) > —2z, say, in particular we see that
when o = 2, we have —log |h| < —log(1 — |f(s)]*) < 2|f(s)]> < 1/X, and so the
contribution from the right vertical side is O(T/X).

We will now deal with the contribution from the horizontal edges. To this end,
note that

larg h(u 4 iT1)] < m
where m is the number of points on the segment u + i7T} at which Rh(s) = 0, since
the argument can’t vary by more than 7 on any of the m + 1 divide the lines from
2 to 2 + i1y to oo + i1y, since Rh(s) # 0 on the vertical part, since by choosing

X large enough we can ensure that |f(s)]> < 1/2, say, when o = 2, and hence
Rh(s) > 1/2.
We see that m is the number of zeros of the function

H(s) = % (h(s +iTy) + h(s — iT1)),

which we can bound by Jensen’s inequality. Indeed, consider the disc centred at
2 with radius 7/4, say. The value of H(s) at the centre is R®h(2 4 iT1) > 1/2 as
above, and in this disc |h(s)| < (TX)°™M), and so the number of zeros, and hence
the argument, is < log(T'X). Therefore the contribution from the horizontal edges
is O(log(TX)).

Using the fact that log |h| < log(1+ |f(s)|?) < |f(s)|]> we have shown that

T
Nip(o,T) < / |f(o +4T))* + O(% +log(TX)).
0
We now show that, uniformly for 1/2 <o <1, and for any 2 < X < T,
T
/ |f(o+it)]* dt < (T?(1=9) 4 7o x2(=0) L X 1=27)(1og T)O),
0

The result follows, taking X = T77.
For this estimate we need to introduce another parameter Y, so let

ne = Y X d ) = 1) - 1)
X<n<Y

Since it is a finite Dirichlet series, an appeal to Lemma 29 implies

T 2
/ [filo+ i) dt < (T+Y) Y % < (T+Y)X 2 (log T)°W,
0 X<n<Y

where we have used |ax(n)| < 7(n) and the elementary bound
Z 7(n)? < z(logz)°W,
n<z

combined with partial summation. Choosing Y = T implies this is a good enough
upper bound. It suffices now to give an upper bound for the mean value of fs.
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We will do this by first finding an upper bound on the line ¢ = 1 + §, then on
the line o = 1/2, and interpolating between them. When o = 1 4+ § we can use the

fact that fa(s) =3, 5y a’;i(") to see that
T T
) ax (n)ax (m) it
|f2(1+ 6+ it)]* dt = 2T (m/n)t d.
/ 2 e,
The diagonal terms n = m contribute (using the trivial bound |ax (n)| < 7(n))

7(n)? om T
n>Y

The non-diagonal parts contribute, using the bound 1/log(n/m) <
n > m, something on the order of

D DR o) I o m

n>m>Y n>m>Y
>
n1+6(n _ m)

m>Y m<n<2m

+z%2;‘£ﬁl

m>Y n>2m

<oty Yo Mmooy T

’m>Y m<n<2m

< ((

< 64
It follows that

T
/ |fo(1 46 +it)|* dt < T(logT)O(1 +674,
0

When o = 1/2 we use fa(s) = C(s)3, _ X0 — 1 — fi(s). If we let M(s) =

n<X ns
Y onex % then the first part is

. - 1/2 T 1/2
/\<<;+it>M<;+z't>!2dtS</ |<<;+it>!4dt> (/ !M<é+it>|4dt> 7
0 0 0

by the Cauchy-Schwarz inequality. The first factor is < T(logT)®") by Theo-
rem 15, and the second is the 4th power of a finite Dirichlet series, and hence
Lemma 30 implies that it is < (T + X?)(log 7)°("). Similarly, the contribution
from f;(s) can be bounded since f1(s) is a finite Dirichlet series, and hence yields
< (T +Y)(1ogT)°M) as before. In total, then, the mean value over o = 1/2 is

/ |fo(4 +it)| dt < (T + TY2X) (log T)OW.
‘We have shown that

T 2
/ ‘fg(l + foeT + it)’ dt < (log T)°W
0
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and r
/ |fo(L +it)|* dt < (T + TY2X) (1og T)OW.
0

It remains to ‘interpolate’ between the vertical lines at 1/2 and 1 4+ 1/logT to
obtain the required bound, uniformly for 1/2 < ¢ < 1, that

T
/ [falo +it)[? dt < (T + TV2X)?0-7) (log T)O),
0

This is a straightforward consequence of the Phragmén-Lindel6f principle from com-
plex analysis, which we leave as an exercise for those students with background in
complex analysis. O



