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Abstract

An important problem in number theory is to calculate the moments of the Riemann zeta
function ((s). Moments have a wide range of applications, for example in calculating
proportions of non-trivial zeros p = /3 + 7y of ((s) that satisfy the Riemann Hypothesis, or
that are simple.

Shanks [280] noticed that ¢’(p) is real and positive on average, a strange result when
we consider that this is a complex-valued function summed over complex points. Later, it
was noticed that this peculiar behaviour continued to higher derivatives, where the sum
remains real on average, but oscillates positive and negative depending on whether the
order of the derivative is odd or even.

Generalisations of this observation are considered throughout this thesis. These involve

S ¢ (; + it) L g @ + z’t) :

0<t<T

sums of the form

where for integers nq,...,ng, t ranges over either the non-trivial zeros of zeta or the zeros
of the derivative of the Hardy Z-function, and (™ denotes the n'® derivative of ¢(s).

After a comprehensive background on the zeta function, we begin with a simple heuristic
for Shanks’ observation and its generalisation, giving a clear reason for the oscillating
behaviour before giving a rigorous proof of this fact with a full asymptotic expansion. A
weighted first moment of this problem is then considered.

We build on the analogy between characteristic polynomials of random matrices and
¢(s), first noted by Keating and Snaith [211]. We present new conjectures for full asymptotic
expansions of the above summation over the non-trivial zeros of {(s) after giving other
supporting evidence for the leading order behaviour of these sums.

Finally we consider the above sum over the zeros A of the derivative of the Hardy
Z-function, and show that the behaviour of this sum oscillates in the opposite way to that

over the non-trivial zeros, that is, ('(1/2 4+ i)) is real and negative on average.
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Notation

We remind the reader of the main notational conventions used in this thesis.
We write R(z) and 3(z) for the real and imaginary parts of a complex number z.
The Riemann zeta function is denoted ((s) for a complex number s = o + it and the
nt derivative of ¢(s) is denoted ¢(™(s). A non-trivial zero of ((s) is written as p = 3 + 7.
We also adopt the e-notation: each occurrence of € represents a sufficiently small
positive real number which may vary from occurrence to occurrence, potentially even in
the same line. We also let § be some small real number.

We will use the standard asymptotic notations concerning limits at infinity:

e f(z) =0(g(z)) as x — oo if there exists a positive constant A such that

- f(@)
hg;sgp ’ (2) < A
o f(x)=o0(g(x)) as x — oo if fo)
JH&’Q(@ =0

o f(z) =Q(g(x)) as © — oo if there exists a positive constant B such that

> B.

lim sup ‘ ggg

o f(z) xg(x) asx — oo if f(z) = O(g(x)) and f(x) = Q(g(z)).
o fl@)~yg

(z) as ¢ — oo if

L f@)
% g(z) !

f(2) < glw) as @ — oo if f(z) = O(g(x)).

Any product or summation with a subscript p denotes a product or summation over

the prime numbers p, for example [],,.

For a real number ¢ we write

L @as= s [T ) a
2mi J(e) 2= on —ioo %) oz

13



14 NOTATION

The Prime Number Theorem is discussed at various points throughout this thesis. We

write:
o 7(z) for the number of primes less than or equal to some real number z.
o Li(z) is the logarithmic integral, given by Li(z) = [5 @ dt.

o 7(x;q,a) for the number of primes congruent to a mod ¢ that are less than or equal
to x.

The gamma function I'(2) is defined for all z by

for R(z) > 0. The gamma function satisfies the functional equation
I'(n+1) =nl'(n), with I'(1) = 1.

The Barnes G-function G(z) is defined for all z by

G+ 1) = 2m) 2 exp (—5 (42022 +2)) ] (14 2) esesrom
n

n=1

where 7 is Euler’s constant. The Barnes G-function satisfies the functional equation
G(z+1) =T(2)G(2), with G(1) = 1.

Arithmetic functions play a big part in this thesis. Let n € N. If f,g: N — C are two
arithmetic functions, the Dirichlet convolution f * g : N — C is defined by

fxg)n)= fld ) = fla)g(b),
(f*g)(n) %()g(d) 3 flagtt

where the sum extends over all positive divisors d of n, or equivalently over all distinct
pairs (a, b) of positive integers whose product is n. Dirichlet convolution appears naturally

when we multiply Dirichlet series, as

(S5 5 - (5 5)

n
A wide range of arithmetic functions are used throughout this thesis. We have:

e The von Mangoldt function is given by

logp if n = p” for p prime and some integer k
A(n) =

0 otherwise.

o The Euler totient function ¢(n) counts the positive integers up to a given integer n

that are relatively prime to n.
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e The Mobius function is defined by

1 ifn=1
p(n) =< (=1)F if n = p;...pp with the p; distinct

0 if n is not square-free.

For k a positive integer,
e px(n) denotes the n'M coefficient of the Dirichlet series for ¢(s)7*.
o di(n) denotes the n'" coefficient of the Dirichlet series for ¢(s)*.
o Ax(n) denotes the n'® coefficient of the Dirichlet series for (—1)*(¢’(s)/¢(s))*.

By our previous comments on Dirichlet convolution, we can describe each of ., dy and Ag

via convolutions. For example, we can write

Ap=AxAxAx---xA

k—1 convolutions

with the convention that Ag(m) takes the value 1 if m = 1 and 0 otherwise, and where
Ai(m) = A(m) is the usual von Mangoldt function.

The classical compact groups U(NN), SO(2N), Sp(2N) are used in this thesis with their
definitions given in Section [1.2.1] The N x N identity matrix is written as Iny. The
characteristic polynomial of an N x N matrix A from {U(N),SO(2N), Sp(2N)} is

Zn.a(0) = det(I — Ae™).



Preface

We give an overview of the work presented in this thesis. We consider the problem of
moments of derivatives of the Riemann zeta function, and variations thereof. In particular,

we will study moments of the form

ST ¢ (p)*

0<~y<T

as T — oo, for integer k,n, where ((™(s) denotes the n'® derivative of the Riemann zeta
function ((s) and where p = 5+ iy denotes a non-trivial zero of the Riemann zeta function.

More generally, we consider moments of mixed derivatives of the form

S ¢ (p).. ¢ (p)
0<~<T

as T — oo, for integer ny,...n,. We will also extend this problem to studying moments of

derivatives of the Riemann zeta function over different points, as seen in Chapter

Chapter
Chapter [T] serves as a comprehensive introduction to the field. Many topics are considered
including, but not limited to, the Prime Number Theorem, the Riemann Hypothesis,
continuous and discrete moments of the Riemann zeta function, random matrix theory

(RMT), and applications of moments.

Chapter
In Chapter [2, we look at the history of the first moment of the derivatives of the Riemann
zeta function, a problem known as (the Generalised) Shanks’ Conjecture. This is an example
of the moments problem above with kK = 1 and n a positive integer. This conjecture, now

a theorem, states that on average,

¢ (p) is positive if n is odd, and negative if n is even in the mean.

16
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We develop a heuristic which is used to non-rigorously prove the leading order behaviour of
such moments. The heuristic relies on the Landau—Gonek Theorem, found in [I44], which
is an explicit formula (one that relates zeta zeros to the prime numbers). This heuristic,
that is very basic and easy to use, derives the alternating plus/minus behaviour depending
on whether the order of the derivative is odd/even, and even re-derives the correct order
of magnitude to leading order. We also consider the question of the first negative moment

of the first derivative of the Riemann zeta function.

Chapter
Chapter 3involves the first original rigorous proof in this thesis. We consider the Generalised
Shanks’ Conjecture and derive a full asymptotic result with lower order terms, and (under
the Riemann Hypothesis) a power-saving error term, although the Riemann Hypothesis

isn’t needed anywhere else in the proof. The result can be stated in the following form.

Theorem. Let p = 3 + iy denote a non-trivial zero of the Riemann zeta function. Then

1 T T\"tt T T
0<~<T s T T s

where Py (x) is an explicit polynomial in x of degree n, given in Theorem and E,(T)

s given by
Ey(T) = O (TeVIeT)

with C is a positive constant. If we assume the Riemann hypothesis, then
En(T) = O (T"?(log T)"+°/%).

This conditional error term improves upon what was previously known due to Fujii
in the first derivative case, and the one given in this thesis improves upon the published
result that this chapter is based on.

Next, we employ a shifted sum over the non-trivial zeros of the Riemann zeta function
of {(p + ), where « is a small shift. This shifted sum follows from a result of Fujii’s [126].

Using this result, we give an equivalent form of the main result in this chapter.

Theorem. For p = +ivy a non-trivial zero of ((s), and where (™) (s) is the n'* derivative
of ((s), we have for T sufficiently large,

(n) -
Z ¢ Z n—€—|—1'27r OgQﬂ'

n+1 )n —+1 ( T>n€+1
0<~y<T

n n—m n m—~_+1 n—m—~{
v T T
DY Z (105 5;)

m=0 ¢=0
T

TnlA,— +0 (Te*CVIOgT> ,
2T

(n—m—0)!m! 21
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where the coefficients v; and Ay are from the Laurent expansions of ((s) and ('(s)/{(s)

about s = 1, respectively.

We end the chapter by briefly discussing the question of the Generalised Shanks’
Conjecture over short intervals. That is, we previously sum over the imaginary part of the
non-trivial zeros between 0 and 7', but we could consider the analogous problem between
T and T + H, where TV/?t¢ « H <« T. This result to leading order is as expected, that

is, we can show the following result in an analogous way to the proof of Theorem [3.1]

Theorem. For TY?t¢ « H <« T,

> (™) = (0 —— L (1og )" + O (H(1ogT)") + O (TV2).
T<y<T+H

Chapter
In Chapter 4] we combine the Landau’s Theorem (a non-uniform version of the Landau—
Gonek Theorem) with the Generalised Shanks’ Conjecture. Specifically, we generalise a

result of Fujii’s to all derivatives.

Theorem. For a fized positive real number X,

> (Mp)Xr =

0<y<T

(1) {A(X);; ((logX)” <;1og2T7T " ) S A(r)(logm) >

mr=X

1 i , X A
+ X (log X)" < log X — m> Z e?mimX 4 E(log x)" Z 2 mX Jogm

T T
M ex M oox

- X Z > mrX A (1) (log rX)”} + E,(T),

where A(X) equals 1 if X is a positive integer and 0 otherwise and E,(T') is the error

term given in Theorem [3.1].

When X is a fixed positive integer, this result can be rewritten in a different way.
This different way is of interest as the Landau—Gonek Theorem appears quite different
(although to the same leading order) depending on whether the term X is a positive integer
or a positive real number. This new asymptotic that we derive shows a clear distinction
between the behaviour of such sums depending on whether the X is a generic positive real

number, or specifically, a positive integer.



19

Corollary.
Yo (Mp)xr =
0<y<T
T n k+1 k1 1 T et l—u
(— 1)n+1 logX { ( >< )(_1)u log (log X)"*
kz()z;) k+1 ( 27r>
no kLN (BN (k=1 . I 1 7\ ki o
ERs (00 ><—1> : (z) oog%)
h=0 mr=X

with the error term E,(T) as given in Theorem and where the coefficients v; and Ay,
are from the Laurent expansions of ((s) and ¢'(s)/((s) about s = 1, respectively.

Chapter
We consider higher moments of the derivatives of the Riemann zeta function in Chapter
We begin by considering an approach using characteristic polynomials of random unitary
matrices, which involves proving rigorously a RMT result, and use it to conjecture a result
on the Riemann zeta function. We also consider a hybrid approach to conjecture what the

arithmetic term should be in these conjectures.

Conjecture. Assume the Riemann Hypothesis. For fixed, positive integers ny,...,ny, the

moments of mized derivatives of ((s), evaluated at the non-trivial zeros of ((s), are given

by
£ (i) o0 (3 )

( ) 0<~<T
(_1)n1+...+nk+k nl! . nk' ( T)n1+’~~+nk
(n1+...+ng+1)! & on

~

as T — oo, where N(T) is the number of non-trivial zeros of ((s) in the critical strip above

the real axis up to height T
A simple corollary is when all the derivatives are equal to each other.

Conjecture. Assume the Riemann Hypothesis. For n,k € N, the k** moment of the n'*

derivative of C(s) is given by

> ¢ < +W)k N (_1)k(n+1)(k7(;zjzkl)! <1Og ;>kn

( ) 0<~<T

as T — oco.
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Using the hybrid model approach, we are able to extend this conjecture beyond integer

k to a conjecture over complex k.

Conjecture. Assume the Riemann Hypothesis. For complex k with R(k) > —3,

w1, 2,8 (540) g (osge)

0<~y<T

as T — oo.

This last conjecture suggests some further conjectures for the negative moments, and
we find that in the case k = —1, they agree with what was previously known, specifically
Theorem [2.3] Conjectures for the negative moments in the cases where k = —2, —3 are

also considered. The chapter ends with a discussion on a certain recurrence relation.

Chapter [6]
In Chapter [6] we consider the problem of finding the lower order terms of these asymptotic
conjectures via the Ratios Conjecture. A comprehensive overview on the background of the
Ratios Conjecture is given, with specific focus given to known applications of the Ratios
Conjecture. We have found a new application of the Ratios Conjecture, and describe how
to give a full asymptotic expansion for the moments of mixed derivatives of ((s), evaluated
at the non-trivial zeros of ((s), first considered in Chapter

Conjecture. Assume the Riemann Hypothesis. Let o be small complex numbers. Assume
that |R(e)| < 3 and |3(a;)| <. T17¢ for every e > 0. For || < 1/4, let

1*'EHQ%6)+_PEQL6)+”"%_F%Q%5)
At} () 1=
{oa,. 0} 1;[ (1 —p_(H'O‘l))...(l _p—(1+04k))

where for 1 <m <k

F(p,0) = (=1)" )
JcA{1,....,k}
|J]|=m

The discrete moments of shifts of ((s), evaluated at the non-trivial zeros p = 1/2 + iy of

the Riemann zeta function, are given by

> C<;+i'y+a1>...g“<;—l—i’y+ak>

0<y<T

1 [T b .
~ o /1 (A'{al,...,ak}(m + D Wiar, o\ oy} (0, t)) dt + O(T"/**),
j=1
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where
¢(1+aqy)
Wig o )= 20—
fea,on ey (0908 = 50
A | o TT S e —ay)
<27r> C(1 = j)Afay, a5 1,051,000 ( Oéj)g CL+ag)

(#j

This approach allows us to re-derive the Generalised Shanks’ Conjecture asymptotic in

an integral form, showing a third way of writing this result in this thesis.

Theorem. Assume the Riemann Hypothesis. For n a positive integer, L = log %, we have
1
) (Z 1Li~) =
> ¢ (5+0)

0<y<T
n! T (_1yHJ[ﬁ+1 n (_J)m+LLm7 _ 1
s A, 4+~ § ' nom o\ e 4O (T2 tE

2”/1 ( " (n+1)! +m:0 m!(n —m)! * ( )’

where the coefficients v; and Ay are from the Laurent expansions of ((s) and ¢'(s)/¢(s)

about s = 1, respectively.

Additionally, we can now conjecture full asymptotic results for previously unknown
moments, such as the second moment for the first derivative of the Riemann zeta function.
We explain how to derive this conjecture, and give some numerical proof that we have

both captured the full asymptotic, and that the error term is of a reasonable size.

Conjecture. Assume the Riemann Hypothesis. For L = log% and p = 1/2 4+ iy a

non-trivial zero of the Riemann zeta function,

> ¢ <;+iv)2 =

0<~<T

Ll g 1, ©001) , L 0,0,1) | £(0,0,2) (0,1,1)
o/ <6L + 512 (210 + AOOD) 4 DL (=871 + 470 A0 + 400D 1 24001D)

1

+1299 401D 4 34012 — 34020 4 641D 4+ O (TV2+) at

where the 7y, are the coefficients in the Laurent expansion of ((s) about s = 1 and the

AWTK) gre arithmetic terms that are various products and sums over primes.

Chapter [7]
Chapter [7] involves a different generalisation of the Generalised Shanks’ Conjecture. Specifi-

cally, rather than summing the derivatives of the Riemann zeta function over the non-trivial
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zeros of the Riemann zeta function, we instead sum the derivatives of the Riemann zeta
function over the local maxima of |((s)|. These local maxima can be written in terms of
the local maxima of the Hardy Z-function Z(t). These maxima occur at the (under the
Riemann Hypothesis) unique points A such that Z’(\) = 0. This has a natural analogy to
a result of Conrey and Ghosh [66].

Theorem. Assume the Riemann Hypothesis. Write L = logT/2n. For \ defined by
Z'(X\) =0 and K,n > 1 positive integers, we have

T E b T
n n 1 n—~ m
3 4()(2+z>\)—an+113+ Zan oL +QZLm+O<LK+1>=

0<A\<T

as T — oo where we give the coefficients ap,, by, in the statement in Chapter |7

Recall that for the Generalised Shanks’ Conjecture, the average of ¢ (”)(3), summed
over the non-trivial zeros of ((s), clearly alternates between positive and negative as n
increases. In the case of this theorem, the behaviour is reversed; the average of ¢ (”)(s),
summed over the maxima of |((s)|, alternates between negative and positive as n increases.
In particular, ¢'(1/2 4 i)\) is negative and real in the mean. We also consider the sum of
((s) over these maxima (as it isn’t trivially zero here, unlike the case when we sum over
the non-trivial zeros of zeta).

Additionally, we sum the x(s) factor from the functional equation for {(s) given in
over both the non-trivial zeros of the Riemann zeta function, and over the local maxima of
|C(s)|. As with the derivatives of the zeta function, the behaviour is reversed for the x(s)
factor, whether summed over the non-trivial zeros of zeta (in which case it is negative on
average) or the zeros of the derivative of the Hardy Z-function (in which case it is positive

on average).

Theorem. Assume the Riemann Hypothesis. Write L = logT/2w. For \ defined by
Z'(A\) =0 and K > 1 a positive integer, we have

1 T T1 T Een T
Z X(+z)\) (e 2)4670+Z+0K<K+1>
oeT 2 2 2m L =, Lm L
as T — oo where we give the coefficients ey, in the statement in Chapter[7.

In the results where we are comparing the derivatives of the zeta function or the factor

X(s), the leading order term is of the same order of magnitude, whether we are summing

over the non-trivial zeros of the Riemann zeta function, or over the maxima of |{(s)].
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Introduction

1.1 THE PRIME NUMBER THEOREM

1.1.1 HISTORICAL BACKGROUND

Mankind has been interested in prime numbers since antiquity, dating back at least to
Euclid and his Elements [111]. In Book VII, he defines prime numbers and in Book IX
he proves both that there are infinitely many primes, and the Fundamental Theorem of
Arithmetic, that every natural number can be factored uniquely as a product of primes.
Since then, mathematicians have wanted to understand everything there is to know
about the primes. One question in particular that was of central interest to 18" and 19t
century mathematicians was the distribution of the prime numbers, a result we now know

as the Prime Number Theorem. This result states

x

(@) ~ log
as © — 00, where m(z) denotes the number of primes less than or equal to some real
number x.

The Prime Number Theorem was first conjectured by Legendre [221] (up to some
erroneous constants), and by Gauss [137], who at the age of 15 would calculate the number
of primes in a chiliad (a group of one thousand numbers) whenever he had some spare time.
He noted that the primes obey an inverse logarithm law. Gauss restated this conjecture in

a different way, writing

m(z) ~ Li(x)

as & — 0o, where Li(z) is the logarithmic integral, given by Li(z) = [3° @ dt.
This second form is numerically more accurate to the true value of 7(x). These two

forms of the Prime Number Theorem are equivalent as it can be shown that for a positive

23
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integer N,
Li r X k! 0 T
i(e) = log z ’;) (log x)k * ((logz)N”) '

Among the many celebrated mathematicians who attempted to prove the Prime Number
Theorem, it is probably fair to say that Chebyshev [51] came closest before its eventual
proof in 1896. He was able to show that if the limit

T
1i

exists, then the limit has to equal 1. Despite not obtaining the full proof of the Prime

Number Theorem, he was able to prove Bertrand’s Postulate [24], that there exists a prime
number between n and 2n for any natural number n > 2.
Despite mathematician’s best efforts, a new idea was needed. Enter Georg Friedrich

Bernhard Riemann in 1859 and his eponymous function.

1.1.2 THE RIEMANN ZETA FUNCTION

Upon his election as a corresponding member to the Berlin Academy in 1859, Riemann
presented his seminal (and only) number theoretical paper, ‘On the Number of Prime
Numbers less than a Given Quantity’ [271]. In this paper, Riemann introduces the zeta
function that now bears his name.

The Riemann zeta function was originally studied by Euler in relation to solving the
Basel problem concerning the infinite sum of inverse squares. Riemann’s insight was to
consider this function for a complex variable s rather than a real variable s. Riemann
defines his zeta function as the Dirichlet series

0o
)=
n=1
which converges for all complex s with R(s) > 1.
This Dirichlet series has an Euler product representation, that is, a product over prime

numbers given by

which converges for all complex s with R(s) > 1, where we write [[, to mean a product
over all prime numbers p.

Equality between these two ways of writing ((s) is equivalent to the Fundamental
Theorem of Arithmetic, and provides a new way to prove that there are infinitely many
prime numbers. This second fact follows by letting s — 17, and noting that the Dirichlet

series representation becomes the harmonic series which we know diverges, and the Euler
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product representation could only tend to infinity if there were infinitely many terms in
the product being multiplied together, which can only happen if there are infinitely many
primes.

This connection between the natural numbers and prime numbers underlines the
importance of the Riemann zeta function and motivates our study of it. Riemann wrote
his paper with the aim to prove the Prime Number Theorem, and introduced many of the
fundamental features and properties that we use today.

We will return to the Prime Number Theorem and a sketch of its proof in Section [.1.4]
We now look at the rest of the context of Riemann’s paper and consider the results within
as these will guide us, as they did Hadamard and de la Vallée Poussin, to the traditional
proof of the Prime Number Theorem.

Firstly, Riemann established the meromorphic continuation of {(s) to the whole complex
plane, except for a simple pole at s = 1 with residue 1. He did this by establishing a
functional equation for ((s), an equation that relates the value of zeta at s to that at 1 — s.
He gives two proofs of the functional equation, both of which we write in modern notation.
We will sketch one way that Riemann proved the functional equation, and highlight some
consequences of the second.

The sketch proof involves the modular form (a complex analytic function on the upper

half-plane satisfying certain conditions) called the Jacobi theta function, defined by

0(z) = Z e T

n=—oo

First we note that

¢(s)l (;) 82 = /OOO 227N (x) ds

where

n=1

and where throughout this thesis I'(s) is the gamma function defined by

I'(s) :/ e dr
0

for R(s) > 0. The gamma function satisfies the functional equation
I'(n+1) =nl(n), with I'(1) = 1.

Clearly
0(z) —
Y(z) = (a:)2 !

and by Poisson summation we may show that 6(x) satisfies the functional equation
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Using these facts we can show
s\ _ 1 e _
<r (5) 7 = e+ e v s

This integral converges for all s due to the rapid decay of 1(z), and so the meromorphic
continuation follows. Since the integral is unchanged if s is replaced by 1 — s, we have

established the formula
(o (5) a2 = e —or (£ ) w1

which is the functional equation for {(s). This is often written as

¢(s) = x(s)C(1 = s) (1.1)
where
s) = 7rs—1/2r<1/2 —5/2)
= 275 Lsin (?) (1 - s). (1.2)

Riemann’s second proof involves manipulating the integral

) 1 $S_1
= e T(1 - 5) 5 d
C(S) € ( 8) 27TZ /C’ ex _ 1 '1‘7

where C is a certain keyhole contour. Using this representation, it can be shown that for

all natural numbers

((-n) = (-1 2L (1.3

where the B,, are the Bernoulli numbers, given by the coefficients in the Taylor series

z > Zj
_ B.
er —1 jz_% 7 4

for |z] < 2.
Setting n = —1 + 2k for integer k in equation (|1.3]), we may show using the functional

equation that
C(Qk) B (_1)k+1(2ﬂ.)2k32k
N 2(2k)!

In particular, setting k = 1 recovers Euler’s solution to the Basel problem, that is, that

¢(2) = 72 /6. Many other proofs have followed Euler’s original solution. Note that since
integer powers of 7 are transcendental (and so irrational), so is ((2k) for all positive
integers k. However, the problem of showing that ((2k + 1) is irrational for all positive
integers k is still open in general. A special case is due to Apéry, who showed ((3) is
irrational [4]. It is still unknown if it is transcendental. There is also no known closed form

for ((3) in terms of .
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1.1.3 ZETA ZEROS AND THE RIEMANN HYPOTHESIS

We subscribe to the philosophy that if we want to understand a complex function, we need

to understand its zeros. We now describe the locations of these zeros.

First note that there are no zeros in the plane R(s) > 1. To see this, note that we have
the Euler product representation of {(s) in this region. Since a convergent infinite product
of non-zero factors is not zero, we deduce that {(s) is non-zero here.

By the functional equation, ((s) is also non-zero for R(s) < 0 except where x(s) = 0.
We see that this occurs at the negative even integers, either by and noting that this
is zero when the sine term is zero, or by and noting that the odd Bernoulli numbers
are zero for n > 3. We call these zeros the trivial zeros of ((s).

The only possible location of the zeros are in the region 0 < f(s) < 1, the critical strip.
As we will show in Section there are no zeros with R(s) = 1, and so by the functional
equation there are none with R(s) = 0, leaving the region 0 < R(s) < 1. The zeros within
the critical strip are called the non-trivial zeros which we will denote by p = 8 + ivy. If
there is a non-trivial zero p then we automatically have that 1 — p is also a zero by the
functional equation. Also, as ((s) = ((3), p is also a zero and then so is 1 — p, again by
the functional equation. Therefore, if we have one zero in the critical strip, in reality we
have up to four zeros (see the comments below on the Riemann Hypothesis to see why this
number is actually more likely two).

While complex analysis hadn’t reached an appropriate level of maturity when Riemann
presented his paper, he predicted that the zeta function should have a third representation
(beyond the infinite series and product over primes) as a product over its zeros. He was
proved true by Hadamard in 1893 [I54] who showed that ((s) satisfies a Hadamard product
given by

(log(2m)—1—~0/2)s
C(S): ellog 70 H<1_8>68/p7
2(s —)I(1+5/2) % p

where g is Euler’s constant and the product is over all non-trivial zeros of ((s). In this
way, the primes are related to the zeros of {(s) in a fundamental way which we see through
the different representations of the zeta function. This is a theme that we come back to
repeatedly through what are known as explicit formulae.

As with odd values of zeta, Euler’s constant 7y has a host of open questions. For
example, we do not know whether it is irrational or transcendental. One way of defining
Euler’s constant is as the limiting difference between the harmonic series and the natural
logarithm, given by

. 1
nh_)ngo{z o= logn} = Y-

k=1
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Another way of defining Euler’s constant, as we will see many times throughout this thesis,

is from the Laurent expansion of the Riemann zeta function about s = 1, where

ti {¢(5) - = b =0

s—1 s—1

The final representation that we mention, although don’t use it in this thesis, is that we

can write Euler’s constant as
—F/(l) = ’)/0.

Finally, we can count the number of zeros within regions of the critical strip, typically
above the real axis up to some height T. As before, Riemann stated the formula in his
1859 paper, and later von Mangoldt proved it [305]. Through the argument principle, they

showed that this count of zeros,
N(T)=#{p=8+iy : 0<B <1, 0<y<TY, (1.4)

is given by the Riemann—von Mangoldt formula,

T T T 7 1

with
1 1
S(T) = ;arg( (2 +it) < logT,

where the argument is defined by continuous variation from 400 + 1" to 1/2 + 4T, starting
with the value 0.

1.1.83.1 The Riemann Hypothesis

Why did we say that for each zero in the critical strip, there are ‘up to’ four zeros in total?
This is because if the real part of the zero equals 1/2, then there are only two zeros, p and
p. If a zero has real part 1/2, we say it lies on the critical line. Indeed, we believe that all
non-trivial zeros have this property, a conjecture first made by Riemann in his 1859 paper,
which we now call the Riemann Hypothesis and one that has taken on a life of its own.
Due to its significance, we state it separately below. We will often assume the truth of this

conjecture in this thesis.
Conjecture 1.1 (Riemann Hypothesis). All non-trivial zeros of ((s) have real part 1/2.

The Riemann Hypothesis remains an open question to this day. It is considered one of,
if not the most, important questions in mathematics. It appears on the list of the seven
Millennium Problems set by the Clay Institute and comes with a prize of $1 million for

whoever can prove it. A full description can be found in [34] and in [5§].
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While we do not have a proof of this problem, some partial progress has been made.
Numerically, all zeros that we have computed lie on the critical line - at time of writing,
this is the first 103 zeros [264], along with several billion other zeros higher up the critical
line [259]. The Riemann zeta function is just one of a wider class of functions, called
L-functions, each of which has its own representation as a Dirichlet series, Euler product,
a meromorphic continuation, a functional equation, and a Riemann Hypothesis and each
of which has all of its known zeros on the critical line.

In 1914, Hardy [163] showed that there are infinitely many zeros on the critical line.
Selberg [276] improved this to show that a positive proportion lie on the line, and Min
[238] gave an explicit constant for this proportion, showing that at least 1/14,074, 731
of the zeros of ((s) lie on the line. Levinson [222] improved this to show that at least
one-third of the zeros lie on the line through a method that now carries his name. Conrey
[56] improved this to two-fifths, and the current record is due to Pratt, Robles, Zaharescu
and Zeindler [265] who showed that just over five-twelfths lie on the line. A more detailed
discussion of these results can be found in Section [.3.7.3

In addition to these partial results, in the theory of algebraic varieties over finite fields,
the analogous Riemann Hypothesis (one of the Weil Conjectures) was proved true by
Deligne [309, 99, [100] giving us further evidence for the truth of the Riemann Hypothesis
in general.

Many equivalent forms of the Riemann Hypothesis are known, some of which we discuss
later in this thesis.

While the Riemann Hypothesis answers the question of the horizontal distribution of
the zeros, we can also ask questions on the vertical distribution of the zeros, a topic we
come to in Section [[L.2.2]

1.1.4 A PRoOOF OF THE PRIME NUMBER THEOREM

We have given a summary of most of Riemann’s paper in the previous section, but he went
further still. We now sketch his arguments, and those of Hadamard [I55] and de la Vallée
Poussin [95] in proving the Prime Number Theorem (combined with some modern ideas
that simply the proofs).

An explicit formula is one that relates zeros of an L-function to prime numbers.
Riemann was able to establish an explicit formula for a function related to w(x). We
do this in a more modern way by establishing an explicit formula for a related, more

mathematically natural function, the Chebyshev-1 function, defined by

()= An)= > logp (1.6)

n<a Ph<a
p prime
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where

An) logp if n = p* for some prime p and integer k > 1
n)=
0 otherwise

is the von Mangoldt function. While this new way of counting primes (and prime powers)
may seem odd at first glance, it is actually mathematically natural. This is because the

logarithmic derivative of ((s) is given by

)= A
n=2

for R(s) > 1. Then we can show that the Prime Number Theorem is equivalent to

(x) ~
as r — 0o. By Perron’s formula,
1 ¢ xf
=—-— =—(s)— d
v) = g [ F )5 s

where ¢ > 1, [ denotes an integral up the vertical line R(s) = ¢, and where we are
ignoring various technicalities, error terms, and whether x is an integer. Then move the
line of integration to the left and compute residues. We have residues at s = 1 giving a
contribution of x, at the trivial and non-zeros of {(s) giving a contribution of — ", x*/z,
and at s = 0 giving a contribution of —log(27). Overall, again ignoring technicalities and

error terms, we have
z

() =z — Z % —log(2m).

¢(2)=0
We can split the sum over zeros into trivial and non-trivial zeros. Recalling that the
trivial zeros occur at z = —2n for n a natural number, we have
Sl (i)
= 2nz?n 2 x2

which vanishes as £ — oo. Therefore we have for large x,

as ¢ — 00, where the sum is over the non-trivial zeros of ((s) and is conditionally convergent
(the sum over zeros should be taken in increasing order of imaginary part in complex

conjugate pairs).
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The Prime Number Theorem would then follow if we could show there are no non-trivial
zeros with R(p) = 1. This is the step that Hadamard and de la Vallée Poussin completed
in 1896. Taking logarithms of the Euler product for {(s), we have

log((s) = . Z —p ks

p prime k= 1

so writing s = o + it,

c( \—exp( Z Zcosk:tlogp)‘

p prime k=1

Then for o > 1,

((0)?|¢(o + it)|*[¢(o + 2it) y—exp< S Z 3 + 4 cos( ktlogp)+cos(2ktlogp)) -

ko
p prime k=1 kp

since 3 + 4 cos @ + cos 20 = 2(1 + cos )2 > 0.

Since we have a simple pole at s = 1, as ¢ — 17, ((0)? = O((0 — 1)3). If we assume for
a contradiction that there is some ¢ # 0 with ((1+4t) = 0, then |((o +it)|* = O((o —1)7%).
We make no assumptions about |((o + 2it)| but as we know it isn’t a pole, it is just O(1).

Combining this, as ¢ — 17, we have
((0)*I¢(o +it)[*|¢(o + 2it)| = O(o — 1),

contradicting that this should be positive for ¢ > 1. Therefore ((s) does not vanish on
R(s) = 1 and so the Prime Number Theorem follows.

We note that this is the only shrinking of the critical strip that has been proved
since Riemann introduced his function. We cannot say unconditionally that there are
no non-trivial zeros with R(p) = 1 — ¢ for any ¢ > 0. However some zero-free regions
are known, regions where ((s) # 0 inside the critical strip. Note that for each region,
as T — o0, each is equivalent to the fact that ((s) does not vanish on R(s) = 1. For
sufficiently large ¢ with ¢ > 0 a positive constant, we have ((o + it) # 0 when

c
o>1-—

logt]’
which is due to de la Vallée Poussin [96], with improvements due to Littlewood [226],
Chudakov [54], and Korobov [2I7] and Vinogradov [303]. Explicit versions of zero-free
regions can be found in [I17] 206].

We finish this section by mentioning two further points regarding the Prime Number
Theorem. Firstly, if we want to write this as a full asymptotic rather than just to leading
order, then de la Vallée Poussin showed in 1899 [96] that unconditionally for C' > 0 that

m(z) = Li(z) + O(ze~CVIe®), (1.7)
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with a further slight improvement by Korobov [217] and Vinogradov [303] who showed
using their zero-free region for ((s) that for C' > 0,

m(x) = Li(xz) + O (a: exp (—C(log z)*/° (log log x)_1/5)) .

These error terms in the Prime Number Theorem follow from the zero-free regions discussed
above.
If we assume the Riemann Hypothesis then von Koch showed in 1901 [304] that

7(x) = Li(z) + O(z*/*log ).

This power of 1/2 on the z in the error term is exactly the 1/2 in the real part of the
zeta zeros (to the extent that if we prove this is the true error term without assuming the
Riemann Hypothesis, then we have proved Riemann was correct in making his hypothesis).
If we have any zeros off the line, then von Koch [304] showed that the error term becomes
O(z2® log ), where
© = sup R(p)
p

which satisfies 1/2 < © < 1.

Finally, it appeared that it was always the case that Li(z) > 7 (x), displaying what we
call Chebyshev bias (see Section , with numerical evidence supporting this. However
Littlewood [224] showed that Li(z) — 7(z) changes sign infinitely often. Skewes [283] [284]
showed under the Riemann Hypothesis that the first time this happens is by =z ~ 1010
The best known upper bound for this first sign change is by = ~ 1.397166161527 x 10316,
calculated in [286]. While a fascinating topic in its own right which we revisit later, it
serves as a warning that just because we have what seems to be overwhelming numerical

evidence, what we really need are rigorous proofs.

1.1.4.1 The Prime Number Theorem in Arithmetic Progressions

While we will mainly only consider the Riemann zeta function in this thesis, it belongs to
a wider class of functions called L-functions. We mention one specific type, called Dirichlet
L-functions. To understand what these are, we being with a Dirichlet character y mod ¢

(where ¢ is a positive integer) which is an arithmetic function x : Z — C that satisfies
1. x(n+q)=x(n) foralln € Z
2. x(n) =01if (n,q) #1
3. x(mn) = x(m)x(n) for all m,n € Z
4. x(1) =1.
There are exactly ¢(q) distinct Dirichlet characters mod ¢, where ¢(q) is the Euler totient

function which counts the number of positive integers less than or equal to ¢ that are

coprime to gq.
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A Dirichlet L-function associated with a Dirichlet character y mod ¢ has Dirichlet

series representation

L(s.x) = i X(TSZ)
n=1

n

which converges for all complex s with R(s) > 1. As with the Riemann zeta function, it

has an Euler product representation given by

o0 =T <1 B x(p)>_1

p pS

which converges for all complex s with R(s) > 1.

The principal character yg is given by

1 if (n,q) =1
Xo(n) =
0 otherwise.

The associated L-function is

L(s,x0) =¢(s) [T —p7°).

plg

A Dirichlet L-function satisfies a function equation of the form
L(s,x) = F(s)L(1 - 5,X)

where F'(s) is a certain function (similar to the term in the functional equation for the
Riemann zeta function) and X is the complex conjugate of x. This shows that L(s, x)
has an analytic continuation to the whole complex plane for x # xo and a meromorphic
continuation with a simple pole if x = xq.

Dirichlet L-functions have trivial zeros at s = 0,—2,—4,... if x(—1) = 1 and at
s=—-1,-3,-5,... if x(—=1) = —1, and have their non-trivial zeros in the critical strip.
They are believed to satisfy a Generalised Riemann Hypothesis, that is, it is believed that
all non-trivial zeros of any Dirichlet L-function lie on the critical line.

We can ask many of the questions for Dirichlet L-functions that we do for the Riemann
zeta function. Most are not considered in this thesis, but a general survey of such questions
can be found in [2].

Part of the reason to mention Dirichlet L-functions at this point is to talk about
their connection with prime numbers. Just as with using the Riemann zeta function to
study prime numbers, Dirichlet L-functions can be used to study the prime numbers in
arithmetic progressions. Questions of these forms are what led Dirichlet to first consider

these functions. We mention two such results briefly, but many more questions about
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primes in arithmetic progressions can be considered, and we mention a few at other points
in this introduction.

First, we start with Dirichlet’s theorem on primes in arithmetic progressions [105].
It states that if (a,q) = 1, then there are infinitely many prime numbers congruent to
a mod ¢. He proved this by showing through the orthogonality of Dirichlet characters that
> 1 gp(lq) > 11) +0(1)

p<z P p<w
p=a mod q

where (a,q) = 1. Since the sum of the reciprocal of the primes diverges, his result follows.
In particular, he was required to show

p<z p

for all x # xo. He noticed through the Euler product representation for Dirichlet L-

functions that
log L(1,x) = Z X;p) + O(1).
P

Since L(s,x) is analytic at s = 1 for x # xo, it was sufficient to show that L(1, x) # 0.
Finally, we write 7(z; g, a) for the number of primes congruent to a mod ¢ that are less
than or equal to z. These primes equidistribute between equivalence classes in the way we
expect from the Prime Number Theorem, that is, for (a,q) = 1, we expect
1 T
¢(q) logz
as © — oo for fixed ¢, a fact that de la Vallée Poussin [95] proved in 1896.

m(w;q,a) ~

1.2 RANDOM MATRIX THEORY

Random Matrix Theory (RMT) can be thought of as the probabilistic study of matrices
whose entries are random variables. It has been used in a wide range of applications across
mathematics and physics, including in particular the study of spectra of heavy atoms.
Most surprisingly, it has found applications in number theory in a way that we describe in

this section and throughout this thesis. There are many books on RMT, for example [231].

1.2.1 THE CrLAsSICAL CoMPACT GROUPS

The central objects of study in this section are randomly chosen elements of the classical
compact matrix groups, namely the unitary, orthogonal, and symplectic groups. Writing
Iy for the N x N identity matrix, we define these three groups together with some basic

properties below.
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. Unitary Group U(N): The unitary group is the group of of all N x N complex

matrices U such that
UUt =UU = Iy
where U is the complex transpose of U.

The eigenvalues lie on the unit circle in the complex plane. We write them as
e ..., e’ where 0; € [0,27).

. Orthogonal Group O(N): The orthogonal group is the group of all N x N complex

matrices O such that
00" =070 = Iy
where O is the transpose of O.
The special orthogonal group is the subgroup with det O = 1.

Specialising to the group of even dimensional special orthogonal matrices SO(2N),
the eigenvalues come in complex conjugate pairs, written as et e N e~i0N

where 6; € [0, 7].

. Symplectic Group Sp(2N): The symplectic group is the group of all 2N x 2N

complex matrices S € U(N) such that

SJST =7
where
0o I
J= N
—Iy O
The eigenvalues come in complex conjugate pairs, denoted 1, e . N ¢=i0n

where 6; € [0, 7].

Each of the classical compact groups we have considered is a compact Lie group. This

means that they have a unique invariant probability measure under the action of the group,

called Haar measure. The unitary, orthogonal, and symplectic group ensemble is the group

attached with its respective Haar measure. The unitary group with Haar measure is also

known as the Circular Unitary Ensemble and is the key group ensemble that we focus on

in this thesis. Note that the orthogonal /symplectic group with Haar measure is not the

Circular Orthogonal/Symplectic Ensemble.

The calculation of the joint probability density of the eigenangles under Haar measure

is due to Weyl [311]. We list the three joint probability densities here for completeness.
1. Unitary U(N):

1 0, b
e
N!(27) 1§j<k§N’

N
11 d6x
n=1



36 CHAPTER 1. INTRODUCTION

2. Even Special Orthogonal SO(2N):

2(]\/—1)2 N
NN H (cos 0 — cos Oy, H b,
T <j<k<N n=1
3. Symplectic Sp(2N):
2N*

N
H (cosB; — cos Hk)Z H sin® 0,,d6,,

N
Nl 1<j<k<N n=1

These joint probability densities are used in the Weyl integration formula. Weyl’s
integration formula relates the average of a class function (a function which is symmetric
in all of its variables) over a matrix ensemble to a multidimensional integral of the same
function, over the eigenvalues of the matrices in that ensemble. In the unitary case, this is
defined by

Ex {f(01,...,0 )}—1/27r TR0y T ‘eigﬂ'—eia’“2ﬁd0 (1.8)
N 1y, 0N —N'(zﬂ_)N AR 1y, 0N 11 n (L.

1<j<k<N

where Ey denotes expectation with respect to the Circular Unitary Ensemble of an N x N

matrix, the 6,, are the eigenangles of an N x N unitary matrix, and f(01,...,0y) is a class
function.

One of the major themes in this thesis are calculations relating to the characteristic

polynomial of a matrix A from one of our groups above. For our purposes, we define the

characteristic polynomial of such a matrix from one of these groups to be
Zn.a(0) = det(I — Ae™%) (1.9)

where A is from one of U(N),SO(2N), Sp(2N). When it is clear which group we are
working with we drop the subscript A. In the unitary case, the characteristic polynomial

can be written as
N
ZN(@) — H (1 . 6z(9n79)>
n=1

and in the even special orthogonal or symplectic cases, the characteristic polynomial can
be written as
N
Zn(0) = H (1 - eiw”_e)) (1 - e_i(9"+9)> .
n=1
Note that the characteristic polynomial, its derivative, and the logarithmic derivative
are all class functions, and so Weyl’s integration formula will be useful in our study of

these functions.
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1.2.2 RANDOM MATRIX THEORY MEETS NUMBER THEORY: AcCT I

The connection between RMT and number theory can be traced directly back to a single
conversation at the Institute of Advanced Studies in Princeton in 1972, as described in
[209]. Hugh Montgomery was visiting the IAS and was introduced to the physicist Freeman
Dyson by Sarvadaman Chowla. When Dyson asked Montgomery what he was working
on, Montgomery told him about his work on the vertical distributions of the zeros of ((s),
in particular on a result on the pair correlation of the zeros. Dyson instantly recognised
the result as being identical to that of the pair correlation of the eigenvalues of random
unitary matrices. This chance meeting at a time when Montgomery had just completed
this work together with Dyson’s insight from his work on nuclei of heavy atoms was the
birth of the future fruitful investigation into the links between RMT and the Riemann zeta
function. While Riemann’s original manuscript was the first epoch-making paper that kick
started our interest in the zeta function, it is fair to say that Montgomery’s paper on pair
correlation was the second.

Montgomery [239] was one of the first to consider the vertical distribution of the zeros
of ((s) under the assumption of the the Riemann Hypothesis. To motivate this problem,

Montgomery considered the function

T ! (!
F(a,T) = ( log T) > Ty — ')
2m
0<yY'<T
where w(u) = 4/(4 + u?) is a weight function, « is real and T' > 2.
Montgomery observed that F'(«,T) is a real-valued even function in «, and proved the
following about F(«,T).

Theorem 1.2 (Montgomery). Assume the Riemann Hypothesis. Then
F(a,T) = (14 o(1))T"2*logT + a + o(1) (1.10)
uniformly for 0 < a <1 —¢ for any fired € > 0, as T — oo.

Later, Mueller and Heath-Brown noted that F' is non-negative (see [52]) and Goldston
and Montgomery [142] showed Montgomery’s Theorem holds uniformly for 0 < o < 1.
Using a quantitative form of the Hardy—Littlewood twin prime hypothesis, Montgomery

conjectured that for a > 1,
F(a,T)=1+0(1) (1.11)

as T — oo, uniformly in «.
Combining this conjecture with his Theorem as F(a,T) is even in «,

lim F(a,T) =

T—o00

(1.12)

la] +0(a) if o <1
1 if o > 1



38 CHAPTER 1. INTRODUCTION

where §(a) is the Dirac delta function.
Now rescale the zeros so they have unit mean spacing, that is,

Tn Tn
wy, = — log —

27 27
where the ~,, are the ordinates of the non-trivial zeros of ((s), ordered by height above the
real axis.

Assuming his conjecture and taking the Fourier transform of F(«,T), Montgomery

[239] was lead to his conjecture known as the Pair Correlation Conjecture.
Conjecture 1.3 (Pair Correlation Conjecture). For fized a < b,
1 b sin 7\ 2
lim —— 1= 1- o(a,b
750 (T) Z /a ( ( T ) ) dz +0(a,b)

v, €[0,T]
a<Wy —wn<b

Sash) — {1 if 0 € [a,b]

0 otherwise.

where

This term reflects the fact that if a < 0 < b, then the sum includes the terms v = ~'.

There is considerable numerical support for this conjecture, initiated by Odlyzko
[257, 258]. Higher correlations have since been studied. The three-point correlation of zeta
zeros by Hejhal [I78] matches the three-point correlation of U(N). Rudnick and Sarnak
[275] then showed that the n-level correlations of zeros of principal L-functions match
the analogous results from the RMT side. Both of these works are based on appropriate
restrictions on the Fourier transform of the test function. Avoiding this issue, Bogomolny
and Keating [30, [31] obtain the above conjectures heuristically, including all lower order
terms that arise from arithmetical considerations. We will note later that the Ratios
Conjecture [87] recovers these full asymptotics as discussed in Section A key feature of
these heuristics is that they do not restrict the support of the Fourier transform. Bogomolny
and Leboeuf [32] have extended this heuristic to calculate the pair correlation for Dirichlet
L-functions, which again agree with what we see from the U(N) result.

From the RMT side, to state Dyson’s theorem [107, 108, 109] we let U € U(N) with

eigenvalues €1, ..., "N . We rescale the eigenphases to have unit mean density to give
N
= 0.
¢j J ot

Theorem 1.4 (Dyson). For a test function f such that f(x) — 0 as |z| — oo, the pair

correlation of eigenvalues tends to a sine kernel as N — oco. That is,

ngnooEN{]i, > f<¢m—¢n>}: | t@ <5<x>+1—(5ﬁ§x)2) d

mn<N
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where B denotes the expected value taken over U(N) with respect to Haar measure.

Taking the test function to be f(z) =1 for = € [a,b] and 0 otherwise gives

Ex % S :/ab<1_(sir;r;mc)2) dx + 8(a,b)

Om,Pn <N
a<pm—pn<b

as N — oo, with d(a,b) defined as in Conjecture
Comparing Montgomery’s Theorem with the RMT result of Dyson makes it obvious

why Dyson made his remarks at the IAS. If Montgomery’s Pair Correlation Conjecture is
true then this suggests there is a spectral interpretation for the Riemann zeta-function as
an infinite dimensional operator, which is known as the Hilbert—Pélya conjecture. The
idea of randomly choosing large matrices and averaging them should capture information
about this one specific matrix related to the zeta function, even if we can’t prove the
Hilbert—Pélya conjecture. We have evidence supporting this conjecture beyond just the
numerical. The strongest theoretical evidence comes from the function field setting as it is
possible to provide a spectral interpretation of the zeros in terms of certain eigenvalues, as

previously mentioned when discussing the Weil Conjectures.

1.3 CONTINUOUS MOMENTS OF THE RIEMANN ZETA FUNCTION

We saw in Section how important it is to understand the Riemann zeta function for
our understanding of the distribution of prime numbers. This interest in understanding
the primes through the zeros of the Riemann zeta function has led us to ask questions
about properties of the zeta function for its own sake.

One such question concerns the size of ((s), either for exceptional values, or on average.
We will focus on the average in this thesis but will mention large values occasionally.
Averages typically split into two main types that are traditionally considered, with a
further one being the main topic of this thesis. The two types that have previously been
studied deeply are those called continuous and discrete moments. The third kind is a
variant of the typical discrete moments, with a general overview of these moments given in
the Preface to this thesis, and with the full details starting in Chapter

The continuous moments are integrals of the form

I (T) :/OT C(;Jrit)

and the discrete moments are sums of the form

Joen(T) = > ¢ (; + W)

0<y<T

2k
dt

2k
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where the + are the ordinates of the non-trivial zeros of ¢(s) and ¢(™(s) denotes the n®
derivative of {(s).

We can also consider continuous moments of derivatives of ((s), as mentioned in ((1.16]).
For further examples of these moments, see [192] [55, [157].

Additionally, some authors use the convention of writing k£ rather than 2k in the
subscripts for the labels of the moments moments, particularly for the discrete case. Some
also divide the continuous moments by the length of the integral T" and the discrete
moments by the number of zeros in the sum N(T'). For consistency throughout this
thesis we will endeavour to use our convention, although in some places (notably after
conjecturing a zeta result from an RMT result) it makes more sense to divide by this

length /number of zeros.

1.3.1 THE LINDELOF HYPOTHESIS

Why might we want to know about the averages of ((s)? The initial motivation came from
attempts to prove the Lindelof Hypothesis, which concerns the size of ((s) on the critical

line. We state it as follows.

Conjecture 1.5 (Lindel6f Hypothesis). Fort > 0, for every e > 0,

¢(L+it) =0t

as t — oo.

We note that the Riemann Hypothesis implies the Lindel6f Hypothesis but the converse
is not believed to be true. This is because the Lindel6f Hypothesis is equivalent to a less
stringent condition on the zeta zeros than the Riemann Hypothesis. The reason that the
Riemann Hypothesis implies the Lindel6f Hypothesis is because Littlewood [227] showed
that the Riemann Hypothesis implies

1 clogt
—+it)| <exp| ——— 1.13
<)l <o (giost) (13
for some ¢ > 0.

It can be shown, for example in Section 13.2 of [298], that the Lindel6f Hypothesis is

equivalent to the statement that
Li(T) =0 (T1+8)

for every € > 0 and all positive integers k, giving our first clear motivation for studying

moments.
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1.3.2 CONTINUOUS MOMENT RESULTS

There are only two proven asymptotic formulae for continuous moments, beyond the trivial
k = 0 case. The second moment is due to Hardy and Littlewood [164] in 1918 where they
showed to leading order that

I(T) ~TlogT (1.14)

as T — oo. In 1926 Ingham [192] considered a shifted second moment of ((s) with
laf,|8] < 1/2 and showed that for every € > 0,

/OTC<;+it+a>C<;—it—|—6) it —

/OT <<<1 +a+p8)+ (;)M ((1—a— ﬁ)) (1+0@ 1)) at. (1.15)

This idea of using small shifts has proved to be incredibly useful in recent years in obtaining

full asymptotics, including lower order terms. In this case, Ingham was able to show that
T
I(T) = Tlog o~ + T(2y~ 1) + 0 (12108 T)
T

with improvements in the error term being made since then, for example in Heath-Brown—
Huxley [175] and Watt [308]. The size of the shifts has been increased by Bettin [25], who
showed we may take the shifts o, 8 with R(a), R(8) < 1/log T and S(«), S(8) < T?7¢,
for any ¢ > 0. He conjectures that the imaginary parts may be of size up to T%¢ for
any € > 0, but not larger due to Omega results for the error term in I5(7T). (We say that
f(x) =Q(g(x)) for some functions f, g if the limsup of |f(z)/g(x)| is positive as z — o0.)
For some Omega results, see [190} [191], where it is shown that the error term is Q4 (T1/4).
It is believed that the correct size of the error term is T4/4log T.

As well as allowing us to extract lower order terms, this shifted second moment allows us
to write asymptotics for mixed moments of the derivatives of ((s). In particular Ingham’s
result shows for fixed m,n € N,

/ " om) (1 + it> ¢ (1 - it) dt = ﬂT(log 7)™ 4 0 (T(log T)™ ")
0 2 2 m+n+1 '
(1.16)

At the same time as proving this second moment result, Ingham [192] showed that the

fourth moment satisfies to leading order
1
I(T) ~ 2—7T2T(log T)* (1.17)

as T' — oo. Later Heath-Brown [I72] showed that the lower order terms are given by

Z anT (log T) +0 (T7/8+5)



42 CHAPTER 1. INTRODUCTION

with a4 as in Ingham’s result, an explicit a3, and for some implicit computable constants
an and for all € > 0. An equivalent form is given as a residue by Conrey [57], and a shifted
version of the fourth moment was studied by Motohashi [247]. Improvements to the error
term for Heath-Brown’s result have been made, for example by Zavorotnyi [317] and by
Ivié-Motohashi [200]. Motohashi [246] also showed that error term is Q4 (Tl/ 2).

Other than these two moments, a smoothed version has also been calculated for the

first two moments. We write
. 00 1
For(T) :/ ’g ( +it>
0 2
where § is small.

For the second moment, Kober [216] showed that

e % dt

~ 1 1
I5(T) ~ 3 log 5

as 6 — 0. For the fourth moment, Titchmarsh [296] showed

. 1 1\*
I4(T) ~ 9228 <log 6)

as § — 0 with Atkinson [10] giving lower order terms in 1941. A different method was
used to obtain this full asymptotic in Motohasi [245]. It is possible to use a Tauberian
theorem to switch between the smoothed and unsmoothed versions to leading order, but
not to lower order.

Returning to our standard continuous moments Is;(7"), almost 70 years went by before

any new results were even conjectured. In 1992, Conrey and Ghosh [68] conjectured that

I(T) ~ ﬁl;[{@ - ]13)4 (1 iy ;)}T(logT)g

p

as T'— oo. In 1998 Conrey and Gonek [76] conjectured that
24024 1\? 9 9 1
Is(T) ~ 1——) (1+=+ 5+ T(logT)'®
T 1}{( p) ( +p+p?+p3)} (logT)

as T — oo, as well as rederiving the conjecture for the sixth moment in a different way.

However, the methods used didn’t generalise to higher moments. Indeed, for k > 5, the
method predicts that Io;(7) is negative, which is clearly false from its definition. In Section
1.3.6] we will discuss recent developments that fix this method and predict exactly the
moments that we have come to expect.
It became a folklore conjecture after a result of Conrey and Ghosh [65] that the moments
should be of the form
Lok (T) ~ aggT(log T)¥* (1.18)
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as T — oco. The arithmetic factor aj is given by

N\ & (T(m+k)\>
w=T1(1- 1) $ (F by )

5 p) = m!T(k)
and gp(k?)! is an integer whenever k is a positive integer. Note that while the arithmetic
term is written as an infinite sum, it can be rewritten in a way to show it is actually finite.

To do this, write this arithmetic term as

1\ &
a=TI(1-7) S aem™
p p m=0
where dj(n) denotes the n'"' coefficient of the Dirichlet series for ((s)*. As Conrey and
Ghosh [65] showed a = aq_y, it follows that

1\ (k=1)% )
a=TI(1-7) X &abmm
p p m=0
Since
k+m-—1 —k
my _ = (=1)™

(™) ( " ) ( ><m)

we have

1\ k=D A= 1)\
ak:H<1—> Z(m>p—m.
p

m=0
It is then clear how the arithmetic terms in the sixth and eighth moments conjectures
arise.

The issue however is that even without rigorous results for the sixth and eighth moments,
there didn’t seem to be a way to predict what the value of the geometric factor g should
be. This all changed with the third epoch-making work on the Riemann zeta function after

Riemann and Montgomery, that of Keating and Snaith, which we discuss in Section [I.3.3]

1.3.2.1 Upper and Lower Bounds

There is a huge amount of literature on the subject of upper and lower bounds of continuous

moments. We give a brief summary below. We know that for k£ > 0,

C(;—i—it)

Here the lower bound holds unconditionally for all £ > 0 and the upper bound holds

2k

T
T(log T)** < Iy(T) = / dt < T(logT)¥.
0

unconditionally for 0 < k£ < 2 and conditionally on the Riemann Hypothesis for all k£ > 2.
For the lower bounds, Ramachandra [268] established the bound for all even natural

numbers and Heath-Brown [174] extended this to all positive rational rational numbers.
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Under the Riemann Hypothesis, Conrey and Ghosh showed that the folklore conjecture
(1.18) was of the right form, showing

1(T) > (s + o)) Tos T

This result was improved by Balasubramanian and Ramachandra [I6], and later by
Soundararajan [288]. Radziwill and Soundararajan [267] obtained unconditional lower
bounds of the correct form for £ > 1 and Heap and Soundararajan [170] completed this by
showing unconditional bounds of the correct form hold for 0 < k < 1.

For the unconditional upper bounds, Heath-Brown [174] showed that they hold for
k = 1/n for positive integer n, while Bettin, Chandee and Radziwill [27] showed the same
result but for £ =1+ 1/n. Heap, Radziwill, and Soundararajan [169] showed this is the
correct upper bound for 0 < k£ < 2.

For the conditional upper bounds on the Riemann Hypothesis, Soundararajan [291]
showed that the upper bound is of the form C;T (log T )k2+€ for all € > 0, while Harper
[166] managed to remove the € from this result, showing that the upper bound is of the

expected form and believed to be sharp.

1.3.3 RANDOM MATRIX THEORY MEETS NUMBER THEORY: AcT II

On the centenary of the proof of the Prime Number Theorem, a conference was held
in Seattle, Washington in 1996 celebrating the proof and gathering all the experts to
discuss the Riemann Hypothesis. Among those in attendance was Jon Keating who, at
the time, was primarily a physicist who worked in RMT. While some work had been done
to investigate the connection between RMT and number theory as highlighted by Dyson,
such as numerical evidence of Odlyzko [257), 258] and the n-level correlations of Rudnick
and Sarnak [275], it hadn’t been fully exploited or investigated and was treated more as a
curiosity than a serious avenue of investigation. Shortly before this, the sixth moment had
been conjectured by Conrey and Ghosh [68], and Keating was challenged by Peter Sarnak
to use RMT to rederive the known and conjectured moments, as described in [209].
With this challenge in mind, after the conference Keating returned to Bristol and
together with his new PhD student Nina Snaith, investigated the moments problem from
a RMT perspective. They had one hint of a starting point, the one Dyson had highlighted
— the eigenvalues of random unitary matrices behave statistically like the zeros of ((s). If
the non-trivial zeros of the zeta function are by definition the zeros of ((s), then what is
the function that the eigenvalues are the zeros of? This is the characteristic polynomial of
the matrix. Perhaps it might then be possible to model moments of ((s) by the moments

of characteristic polynomials.



1.3. CoONTINUOUS MOMENTS OF THE RIEMANN ZETA FUNCTION 45

Recall in ([1.9) that the characteristic polynomial of U € U(N) is given by

Zn(0) = det(I — Ue™)

H( 9—9)

Then for a fixed 6 € [0,27), the 2k moments of Zy are given by

2k
EN{H ‘1 e (0n=0) ’ } = /U(N) |Zn(0)|?* d Haar

where d Haar is Haar measure on U(N).
By the Weyl integration formula (|1.8]), we have

2 2 .
Mi(2k) = N'2 / / I [ -]
7T

1<]<k<N

H ‘1 i(6n—0) ‘ df,.  (1.20)
This may be evaluated using Selberg’s integral. This can be found in various places, for
example [277], Chapter 17 of [231] and Chapter 8 of [3].

Theorem 1.6 (Selberg). Let n € N and let a,b,a, 5,7 € C with R(a,b,a,3) > 0
R(a+B) > 1, and

R(a) RN(B) %(a+5+1)>
n—1"n-1" 2(n-1)

1
—— < R(7y) < min (
n

Then
J(CL, ba OZ,B,’}/, / / ‘ X5 —l’k|2’yH((I—FZZL'J)_G(Z)—Zl‘j)_ﬁ dl’ldl’n
o0 1<j<k<N j=1
(2m)" 1:[ 1+v+ﬂ) (a+B—-(n—-1+j)y—1)

= (a + b)@rBn—n(n-1)- T(1+7)T(a - j37)0(B = j7)

Then write (1.20)) in terms of absolute values of sine-functions and set § = 0 which we
can do thanks to the rotational invariance of Haar measure on U(N). After a change of
variables, Keating and Snaith obtain for ®(2k) > —

9N?+2kN
~(2k 1L,I,N +k N+k1,N
()N,(%)J(H+7+,,)
2k
H L(n + 2k) (1.21)

n+k:)

Note that (1.21]) has a meromorphic continuation in k to the rest of the complex plane.
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Since this is a theorem for finite NV, we may take N — oo after using the definition of
the Barnes G-function in (1.21)) and expanding its asymptotics to give

2
My (2k) = mmz +0 (N1 (1.22)

where G(z) is the Barnes G-function defined by Barnes in [19] for all z by

o0

z/2 1 2 2 Z\" —2z+2%/2n
G(z+1) = (2m)*/ exp<2(z + 702" + 2) H 1+ﬁ e =/ (1.23)

n=1

where 7y is Euler’s constant. The Barnes G-function satisfies the functional equation
G(z+1) =T(2)G(z), with G(1) =

When £ is an integer, the leading order coefficient in (|1.22)) simplifies to
G*k+1) ’“1:[
G(2k + 1) o (n+ k:
We also know for integer k that My (2k) is a polynomial in N of degree k2. Finally, this
ratio times (k?)! is an integer, a result first proved in [59].
Keating and Snaith wanted to establish the value distribution of the real and imaginary
parts of the logarithm of Zy (), which was part of the motivation for studying My (2k).
Note that this is precisely the generating function for the moments of the real part, and the

imaginary parts may be computed in a similar manner. They showed [211] that as N — oo,

that the real and imaginary parts tend independently to Gaussian random variables.

Theorem 1.7 (Keating-Snaith). Let B C C. Then for fized 6 € [0,27),

lim Haar{AeU(N) . loeZn() } — // 3@+ gy dy,
T

W Jho ©

where the measure of the set is taken to be the usual Haar measure on U(N).

This should be compared with the Selberg Central Limit Theorem [278] for ((s), which
shows that the real and imaginary parts of the logarithm of ((s) independently tend to a

Gaussian random variable.

Theorem 1.8 (Selberg). Let B C C,

1 1 t
lim meas{TgtSQT : M } // 3@+ gy dy,
T o

T=o0 \/ % log log o

where the measure of the set is taken to be Lebesgue measure.
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The similarity between these two theorems is impossible to miss. Compare the mean
densities of the zeta zeros at height T', which is % log %, to the mean density of eigenangles

of an N x N unitary matrix, which is % Setting them equal to each other gives

T
N =log o
With this connection the two central limit theorems are consistent. This scaling has really
paved the way for us to understand ((s) through RMT.

To test the predictions of RMT against the Riemann zeta function results, we show
plots the real and imaginary parts of the two Central Limit Theorems, with the graphs
found in [287, 211]. These graphs have been standardised so as to be compared with the
Gaussian of mean zero and variance one. While neither graph matches the asymptotic
standard Gaussian limit, the RMT results agree extremely closely to the number theoretic

results convincingly well.

CUE
——Riemann Zeta

\ — Gaussian

Figure 1.1: A comparison of the Circular Unitary Ensemble value distribution for R(log Zy)
with N = 42, Odlyzko’s data for the distribution of %(log ¢) near the 102°*" zero (T ~ 10'9)
and the standard Gaussian, all scaled to have unit variance.

Given this identification, it should be simple to transform the moments My (2k) into
conjectural moments of ((s). This works for k = 0 and for k£ = 1, but we have a problem
when we consider k£ = 2. In this case, one might think that we would have 1—12T(10g T)
for the fourth moment, but this disagrees with Ingham’s result . What has gone
wrong? As we consider higher moments from this approach and compare them with their
conjectural results, we see that the arithmetic term is missing. We say colloquially that
RMT doesn’t know about primes (for example, there is no Euler product equivalent in

RMT). Instead, treating our quotient of Barnes G-functions as g, in the folklore conjecture
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0.3F | CUE
—— Riemann Zeta
0.2
—— Gaussian
0.1
T -2 2 Ty

Figure 1.2: A comparison of the Circular Unitary Ensemble value distribution for S(log Z )
with N = 42, Odlyzko’s data for the distribution of $(log ¢) near the 102°" zero (T~ 1019)
and the standard Gaussian, all scaled to have unit variance.

(1.18), and using the identification N = log % in their moments calculation, Keating and

Snaith were led to the following conjecture, first given in [211].

Conjecture 1.9 (Keating-Snaith). For k fized with R(k) > —1/2,

Loy (T) = /OT ¢ (; —|—it>

as T — oo, with ay defined in (1.19) and G is the Barnes G-function defined in (1.23)).

2k G*(k +1)

dt ~ a2 T p(10g TR
UGk )

We note that this conjecture is consistent with all known and conjectured results. Indeed,
this result and the eighth moment conjecture were announced at the same conference in the
1998 Vienna conference on the Riemann Hypothesis - fortunately, the two conjectures agreed
with one another! We also note that Keating and Snaith went further, and also formulated
moments conjectures for other L-functions from RMT results over the Orthogonal and
Symplectic groups in [210].

Two questions remain: how can one make the arithmetic factor a; appear naturally,

and what are the lower order terms implied in the Keating—Snaith conjecture?

1.3.4 THE HYBRID MODEL

Keating and Snaith were able to obtain the geometric term g solely through RMT methods,
but as discussed, the arithmetic term a; doesn’t appear. Conversely, we can obtain the
arithmetic term aj, solely through relatively simple number theoretical methods, but then

the geometric term g disappears. We want a model for the moments of ((s) that treats
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both the arithmetic and geometric terms equally. Rather than considering ((s) as just an
Euler product over primes or just a Hadamard product over zeros, Gonek, Hughes and
Keating [149] consider a hybrid model where they write {(s) as a product over primes and
over zeros. They write

((s) = Px(s)Zx(s)(1 + &)

where Px(s) is a product over primes given by

o5 201

s
nx lognn

where A(n) is the von Mangoldt function, Zx(s) is a product over zeros given by

Zx(s) = exp (—ZU((S — pn)logX)> ,

Pn
where U(z) is given in , X is a mediating variable, and £ is an error term. Letting
X — oo gives the Euler product over primes only, and letting X — 0 gives the Hadamard
product over zeros only. A balanced value of X gives the hybrid approach.

Next they assume that the moments of ((s) can be written as moments of the primes
part multiplied by moments of the zeros part, a result they call the Splitting Conjecture.
Specifically, they conjecture that the following holds.

Conjecture 1.10 (Splitting Conjecture). Let X,T — oo with X = O((logT)?>~¢). Then

for k> —1/2, we have
1 2k 1 T 1 2k
Px (= +it dt Zx | =+t dt ] .
X<2“> )(T/o X<2“> )

1 T 1 . 2k 1 T
T/o C(2+zt> dt~<T/0 —

The conjecture was shown to hold for k = 1 and k = 2 to leading order. The behaviour

of the moments of the prime part is calculated rigorously, with

1 (T 1
— P — )t
T/o X<2“>

as X,T — oo where g is Euler’s constant and ay, is given in ([1.19). They also conjecture

2k 9
dt ~ ag(e™ log X)*

an asymptotic for the zeros part using RMT, showing
1 7 1 2k 2(k+1) [ logT \*
—/ Zx(+z‘t) G(+)< °8 )
T Jo 2

dt ~
G(2k+1) \erlog X
Combining these terms and using the Splitting Conjecture recovers the Conjecture

as X, T — oc.

with the arithmetic term now appearing naturally. Note that the hybrid model has been
extended in various settings to other L-functions, including the derivative of the Riemann
zeta function (see Chapter |5 and [I87]). For a collection of the literature on the hybrid
model, see [40].
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1.8.4.1 Extreme Values of the Riemann zeta function

Recall the Lindel6f Hypothesis asserts that for ¢ > 0, for every € > 0, that ((1/2+it) < t°.
With the assumption of the Riemann Hypothesis, it has been shown [49] that

1 log 2 logt
S tit) = 282 401
4(2“) O(eXp<( y ol )> 1og10gt>)
The best known unconditional lower bound can be found in [94] and is given by

¢ (; + zt)’ > exp <(¢§+ 0(1))\/10gT10g10g1°gT> ’

loglogT

as t — o0.

max
te[0,T

as T' — oo.
The true order of |((1/2+ it)| remains elusive. Using the hybrid model, Farmer, Gonek
and Hughes [113] have conjectured the following result concerning the extreme values

achieved by the Riemann zeta function on the critical line.

Conjecture 1.11 (Farmer-Gonek-Hughes).
1 1
¢ <2 + it) = exp <(\/§ + 0(1)) Vl1og T log logT>

where the o(1) term tends to zero as T — oo.

max
te[0,T]

Motivated by the goal of understanding the global maximum order of |{(1/2 + it)|,
Fyodorov, Hiary, and Keating [130] [I31] considered the problem of the local maximum
size of the zeta function in randomly chosen intervals of constant length on the critical
line. They obtained a precise conjecture for the distribution of this maximum over short
intervals. This conjecture has been supported by numerical data [129] 1], something that
the conjectures for zeta over large intervals cannot claim due to the length of the interval

being calculated over.

Conjecture 1.12 (Fyodorov—Hiary-Keating). If t is chosen uniformly from [T, 2T, then

1
max log [ <2 + it + ih) = loglogT — zloglog logT + X,

|h|<1

where the random variable X1 is O(1) in size and converges weakly, as T — oo, to a sum

of two independent Gumbel random variables.

As is often the case with understanding the Riemann zeta function, the Fyodorov—Hiary—
Keating conjecture was motivated by a connection with random matrices and log-correlated
processes, with a summary found in [13]. Much progress has been made on the conjecture
in recent years, with sharp upper and lower bounds from the zeta function side found in
[0, [7], while the RMT side can be found in [261], confirming the conjecture for both number
theory and RMT. These papers also form a good summary of the field, a discussion of

which takes us too far from the main aim of this thesis.
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1.3.5 LOWER ORDER TERMS FOR MOMENTS

By being guided through analogous results in RMT for the classical compact groups [60],
the paper of Conrey, Farmer, Keating, Rubinstein and Snaith [61] developed what is now
known as the recipe, a method for determining full asymptotics for moments of ((s) and

other L-functions for integer moments. They showed that

T 1 2k T "
I (T) :/0 ¢ <2 + it> dt :/0 P, <log %) dt+ 0 (T1/2+5)

where P, is a polynomial of degree k? given by a certain residue. We note that they
conjecture the error term here to be the correct size for general k (see Section for a
discussion for k = 2,4). However, for other L-functions it can be shown that the recipe

misses main terms of the size O (Tlf‘s) for 0 < § < 1/2, as shown in [318] [102], 104].
Conrey, Farmer, Keating, Rubinstein and Snaith [6I] begin with integrals of the form

/OOO<H<(;+z't+a)) (HC(;—itJr/B))w(;) d (1.24)

a€cA BeB

where A, B are sets of size k of ‘shifts’ and 1 is a smooth function of compact support.
Letting the shifts tend to zero recovers the 2k*™ moments.

The recipe is exactly what it sounds like — a non-rigorous method to follow to calculate
moments. The rough idea is as follows: we ignore error terms throughout, and write each

((s) term using the approximate functional equation,

C(s)~ > E+X(s) > — (1.25)

n<\/t/27 m<\/t/2m

Now keep only the non-oscillatory terms, which is when we can pair off a x(s) term with a
X(1 — s) term. Note that

t

x(s 4+ a)x(1 =5+ ) ~ (%) - : (1.26)

Then we keep only the diagonal terms, which are those where the imaginary parts disappear,
ignoring all off-diagonal terms. In this way we recover the polynomial and can integrate it
to give the full asymptotic result.

At the same time and independently, Diaconu, Goldfeld and Hoffstein [103] used a
multiple Dirichlet series approach to obtain the same conjectures. We note that this
approach does predict the missing terms from the recipe of size O (Tlf‘;) for 0 < < 1/2.

All these approaches are consistent for the main terms which are of size T and larger.
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1.3.6 RECENT DEVELOPMENTS

The development of these conjectures has come from a fruitful link between RMT and
number theory. However, as we saw earlier for the first four moments, we can obtain the
same results and conjectures from number theoretical approaches which fail for k > 5 as
they predict negative values. The approach taken is to write ((s) as a Dirichlet polynomial

and calculate moments of these.

In a series of five papers, Conrey and Keating [78], [79, 80, [81], [84] showed how to fix
this approach by taking long Dirichlet polynomials, much longer than were previously
considered to avoid missing any terms. They showed that ((1.24) can be calculated either

by multiple contour integrals as in the recipe, or by considering Dirichlet series

I1 C(;+z‘t+a> _ 3 aln)

a€cA

and considering divisor sum correlations, where the arithmetic function 74(n) is defined
by the Euler product expansion of the left-hand side of the equation. For the first time,
they united the RMT and number theoretic approaches and showed that either approach
gives exactly the same result. They also showed that in a further two papers [82, [83], the
Ratios Conjecture (as seen later in Section can also be derived in this way.

While this approach is still conjectural, some progress has been made. For example, in
their series of papers, Conrey and Keating showed that what we call the 1-swap terms for
moments of ((s) are a consequence of formulas for correlations of divisor sums. Hamieh
and Ng [161] have made this rigorous, under the assumption of the asymptotic formulae
for correlations of divisor sums, which come from applying the delta method of Duke,

Friedlander and Iwaniec [106] to the sum

for suitable f and ignoring the error terms.

Knowing the results and methods from this approach has proved to be incredibly
fruitful. Ng [255], assuming a certain ternary divisor conjecture, has recovered the full
asymptotic formula predicted by the recipe for the sixth moment. Specifically, he recovered
the analogous shifted form for the sixth moment that Ingham did for the second moment in
. Also, Ng, Shen and Wong [256], assuming a quaternary ternary divisor conjecture,
have recovered the leading order term for the eighth moment. Their approach is yet to be

extended to higher order moments.
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Additionally, the problem of negative continuous moments has come to the fore recently.
For k> 0 and a > 0, let

—2k

T
T on(a,T) = /O dt.

1
¢ ( 5 +a+i )
Gonek [145] made the following conjecture for various ranges of k and a.

Conjecture 1.13 (Gonek). Let k > 0. Uniformly for @ < a <1, we have

1\*
I 91(a,T) =T ()

!
and uniformly for 0 < a < @, we have

T (log T)¥* ifk<1/2

Ion(e,T) = { Tlog 5757 (log T)* ifk=1/2

T(alog )2 (log T)*  if k> 1/2.

More recent RMT computations due to Berry and Keating [23], and due to Forrester
and Keating [120] suggest that certain corrections to Gonek’s conjecture is due in some
ranges. Namely, when o < 1/logT, RMT computations contradict Gonek’s prediction for
the negative moments when k£ > 3/2. In particular, the RMT predictions suggest certain
transition regimes when k is half an odd positive integer. Gonek’s conjecture already
captures the first transition at k = 1/2 featuring a logarithmic correction, and in this case
the two conjectures do agree. Interpreted correctly, the following conjectures have been

made on the number theory side, based on the aforementioned RMT calculations.

Conjecture 1.14 (Berry—Keating, Forrester—Keating, Bui-Florea). Let k > 0. Uniformly

for@ < a <1, we have

Latorty i (1)

o)
and uniformly for 0 < a < @, we have
Lo T) a(k)T (log T)** (alog T') 9 (2k—3) ifj—1/2<k<j+1/2
—2k(0, 1) ~ L
a(k)T'log 157 (log T)¥ (alog T)9U=Y  if k=35 —1/2 for j > 1
and where
1\ = i (p’)?
a(k) = H (1 o p1+2a> (1 - £ p(1420)j |
p Jj=1

where pg(n) denotes the n' coefficient of the Dirichlet series for ¢(s)™F.
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Various progress on the zeta function side has been made by Bui and Florea [43].
Additionally, results on negative moments of quadratic Dirichlet L—functions have been
proved in the function field setting in [44] 116]. Problems relating to negative continuous
moments are of interest due to their relation to the Ratios Conjecture, described in detail
in Chapter [6]

1.3.7 APPLICATIONS OF MOMENTS

1.3.7.1  Sub-convezity of ((s)

We have already discussed the initial motivation for studying moments, that of proving
the Lindel6f Hypothesis. As always, € > 0 isn’t necessarily the same throughout. From
the approximate functional equation ((1.25)), we obtain the convexity bound

‘q (; 4 u)’ < (14 e/,

Going beyond the convexity bound involves showing cancellation in the exponential sums
in the approximate functional equation (1.25)). This is an active area of research, starting
with Weyl [310], and Hardy and Littlewood (unpublished) who showed that

‘c (; + zt>’ < (14 [t])/6+.

The exponent 1/6 is a consequence of Weyl’s differencing method for estimating exponential
sums, first introduced in 1916. The best known result is due to Bourgain [37] who showed
that

1
‘C (2 + zt)‘ < (1 + |t]) 137842,

Sharp moment estimates encode Lindel6f on average, and in some cases, can also
yield pointwise sub-convexity estimates. Moments encode this information. For example
Ingham’s fourth moment ([1.17)) yields the convexity bound above, while Heath-Brown’s

result [171]
/ e (3+it)

implies (and is stronger than) the sub-convexity bound of Weyl, Hardy and Littlewood.

12
dt < Tt

1.3.7.2 Twisted and Mollified Moments

Another type of moment question is that of twisted, or mollified moments, which are

/OT C(;%—it) My <;+it>

integrals of the form

2k 2

dt
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where

=1
and the coefficients satisfy a(n) < n® for all € > 0.
Bohr and Landau [33] were the first to consider such questions, with the aim to calculate
a zero-density estimate for zeta, described in Section[I.3.7.4] They used a mollified moment,
one where the coefficients in My (s) are given by a(n) = u(n) where p(n) is the Mobius

function, defined by

1 ifn=1
p(n) =< (=%  if n = py...px with the p; distinct primes (1.27)
0 if n is not square-free.

This sum My (s) is essentially an approximation to 1/((s) for o > 1. If this approximation
is also valid in the critical strip, then My(s) should dampen large values of ((s).

The twisted second moment was calculated by Balasubramanian, Conrey and Heath-
Brown [I5] for mollifiers of length N = T''/2~¢ and where a(n) < n°.

Bettin, Chandee and Radziwill [28] calculated the twisted second moment for mollifiers
of length N = T2+ where § = 0.01515... and where a(n) < n¢.

Setting k = 1 and a(n) = u(n)P(log(n/y)/logy), where P(x) is a polynomial satisfying
P(0) =0, P(1) =1 that is optimised through the calculus of variations, we have a mollified
second moment which was considered by Levinson [222] when he showed that one-third of
the zeros of ¢(s) lie on the critical line. Conrey [56] increased this length to N = T%7-¢
and proved that 40% of the zeros of ((s) lie on the critical line, a fact we discuss further in
Section [[.3.7.3

Conrey, Ghosh and Gonek [74] considered the problem of twisted second moments in a
more general setting. To describe their result, we set up some notation. Let 7" be a large

positive real number and let

nmP (5557

ns

B(s,P) =

n<y

where y = T? for § < 1/2, P(x) is an entire function with P(0) = 0, and p(n) is the Mobius
function (1.27)). Let a,b be complex numbers and @1 (z) and Q2(z) be polynomials.
They claim that for fixed ¢ with 1/2 < ¢ < 3/2 -6, and a,b < 1, then as T' — oo,

1/(::& o, (_;i) ¢ (S n IO;LT> Qs (_jb) ¢ (1 — s+ 102T> B(s,P1)B(1 — s, P) ds

~T {Ql(O)Q2(O)P1(1)P2(1) + ifi; (/01 T.:1T,Q2 dm) (/01 PPy dx) ‘ } ;
u=v=0



56 CHAPTER 1. INTRODUCTION

where P, = P1($ + u), Py = P2($ + U),
T,01 = e_“(x+9“)Q1(:E + 0u) and T,Q2 = e_b(m'w”)Qg(x + 0v).

Then several results follow easily from here. For example, it is easy to see that this

reduces down to the twisted second moment, and that

/1T C<;+it> B(;Jrit’P) dtNT<P(1)2+;/01P’(:L‘)2 dx).

Also, if we let Pi(z) = Pa(z) =z, Q1(z) = Q2(x) = -1 —2z,¢=1/2,a = —b= —1.3 and
let & — 1/27, then Levinson’s [222] result that at least one-third of the zeros of the zeta
function lie on the critical line. Various zero density results follow, for example those found
in [276], 278, 204].

For the twisted fourth moment, Deshouillers and Iwaniec [I0I] were able to obtain

2 2

upper bounds when the Dirichlet polynomial has length N = T/5~¢. This was later
improved by Watt [307] for length N = T'/4~¢. Gaggero Jara [203] was able to obtain a
leading order result for the mollified fourth moment for length N = T4/589=¢ hut wasn’t
able to obtain lower order terms. Independently, Motohashi [248], and Hughes and Young
[188] were able to obtain full asymptotics, with the later doing so for length N = 71/11-¢
Finally, Bettin, Bui, Li and Radziwill [26] have extended this for length N = T'1/4-¢,

As hinted to above, these mollified moments have applications to proportions of zeros
on the critical line, which we discuss further in Section [1.3.7.3] as well as to gaps between

zeta zeros discussed in Section [[.4.3.3] and for lower bounds of moments discussed in

Section [[L3.2.11

1.3.7.8 Zeros on the critical line

As alluded to in Section [[.3.7.2] one use of these mollified moments is to calculate
proportions of zeros on the critical line. We already gave a brief history of calculating
proportions of zeros on the critical line when we discussed the Riemann Hypothesis in
Section but give a more detailed history here.

We write No(7T') for the number of zeros of ((s) on the critical line up to height T
above the real axis, and let N(T) be as in (L.4). We let

. No(T)
r = lim inf N(T)

denote the proportion of non-trivial zeros of ((s) that lie on the critical line.

Selberg [276] first implicitly showed that a positive proportion of the non-trivial zeros
of the zeta function are on the critical line. He did this by introducing a mollifier to a
method of Hardy and Littlewood [165] for detecting zeros of ((s). Min [238] later made

this proportion explicit.
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Since first introducing the mollifier method, a great deal of progress has been made on
the proportion of zeros on the critical line. They are based on a different approach to the
one taken by Selberg, and started when Levinson [222] introduced the mollifier method to
an approach of Siegel’s [282] in detecting zeros of ((s). Levinson showed that x > 0.3474,
while Conrey [56] improved this to x > 0.4088. Further improvements have since been
made, for example by Bui, Conrey, and Young [42] who showed x > 0.4105. Feng [I15]
gave a further improvement, although it has been suggested that there is an error in this
work. The value that is claimed to follow from this work is x > 0.4107. Bui [41] pushed
this further to show x > 0.4109. The current record is due to Pratt, Robles, Zaharescu
and Zeindler [265], who showed that x > 0.4172, or rather, more than over five-twelfths
of the non-trivial zeros of the Riemann zeta function lie on the critical line. Wu [315]
independently showed this same result for Dirichlet L-functions as a side calculation when
calculating a twisted second moment of a Dirichlet L-function, and showed agreement with
the result of Pratt, Robles, Zaharescu and Zeindler. Note that these methods give as a free
corollary various improvements in the proportions of simple zeros, as discussed in Section
L4371

A third method has been explored by Baluyot [I7], where he combines the mollifier
method with a zero detecting method of Atkinson’s [11] to show in a new way that the
proportion & is positive. This relies on the twisted fourth moment of Hughes and Young
[188], discussed in the previous section. He uses this method to show that x > 0.0001049.
While this is obviously a smaller proportion than what was previously known, it does open
up a new way to find these proportions.

The method we focus on here is Levinson’s method, as he was the first to exploit it to
show that one-third of the zeros of ((s) lie on the critical line. Levinson’s original proof
runs for over fifty pages, with the main difficulty being a certain moments result. Knowing
how to calculate mollifiers using the Ratios Conjecture, discussed in Section [6.1.3, Young
[316] was able to shorten this argument down to just eight pages. We give a rough outline
of the steps used by Young here.

The first result to note is known as Littlewood’s Lemma [227], which is an analogous
result to Jenson’s formula, a result that relates the average size of a function to its zeros.
Littlewood’s Lemma is the result for rectangles which is generally more useful when working
with Dirichlet series. We state a version that ignores some technicalities as we aren’t giving

full proofs when describing these applications.

Lemma 1.15 (Littlewood). Let f be analytic and non-zero on the rectangular positively

oriented contour C' with vertices 01,01 + 11,09 + 1T, 09, where oy < o1. Then

1 T

Z Dist(p) = —/ log | f(oo +it)| dt + &
27 Jo

peC
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where Dist(p) is the distance of the zero p to the line R(s) = oo and £ is an error term

that can be ignored and might be different on different occasions.

The second result to note is Speiser’s Theorem [292], which provides an equivalent

form of the Riemann Hypothesis.

Theorem 1.16 (Speiser). The Riemann Hypothesis is equivalent to the assertion that the

derivative of ((s) has no zeros to the left of the critical line inside the critical strip.

We define N1,(T) to be the number of zeros of ((s) to the left of the critical line inside
the critical strip up to height 7" above the real axis and N (T') to be the number of zeros
of {’(s) to the left of the critical line inside the critical strip up to height T" above the
real axis. Then Levinson and Montgomery [223] made Speiser’s Theorem quantitative by

showing that
NL(T) = Ni(T) + O(log T).

Recall that No(7') is the number of zeros of ((s) on the critical line up to height 7' above
the real axis. Then we know from previous discussions that the number of zeros to the
right of the critical line inside the critical strip is equal to the number of zeros to the left

of the critical line inside the critical strip. Therefore,

N(T) = No(T) + 2N (T)
= No(T) +2N7(T) + O(log T).

Rearranging,

No(T) = N(T) — 2N} (T) + O(log T)

so if we can find a small upper bound for N (T'), then we will have a lower bound for
No(T) as we know what N(T') equals already by (1.5).
Due to technical reasons, we don’t count zeros of (1 — s), and instead count zeros of

the function V(s), where

V) =@ (75 <o)

and Q(x) is a real polynomial satisfying Q(0) = 1, with L = log T". Levinson [222] originally
takes Q(x) =1 — z, but Conrey [56] showed that more general choices of Q(z) can be used
to improve results.

Set

=377

where R > 0 is real number chosen later, and let N = 7% where 0 < 6 < 1/2.



1.3. CoONTINUOUS MOMENTS OF THE RIEMANN ZETA FUNCTION 59
Suppose ¥(s) is a mollifier of the form

n log N/n
P(s) = Z nsfl(/2)aop( lig]\/f >

n<N

where P(z) is a real polynomial with P(0) = 0 and P(1) = 1. Levinson originally takes
P(x) = z but again this can be optimised in more general cases.

Then one can show

/ T e -1\ 2
NL(T) < - log f/o Vib(oo +it)2 dt | + €

and evaluating this integral is where the main difficulty lies.
Young showed a simpler way to evaluate this moment, which we summarise as the

following theorem.

Theorem 1.17 (Young). We have

T
5 [ Woloo+inl di=c(P,QR.0)+¢
0

as T — oo, where

1 1 2
(P,Q,R,0) =1+ 1/ / (2R (deRe‘”P(w +uw)Q(v + 0z) ) dudo.
0 Jo Jo dx =0

With Levinson’s original choices of P(z) =z, Q(z) =1—z, R = 1.3, § = 1/2, we have,
c¢(P,Q, R,0) ~ 2.35. Then we have

k> 1— Llog (1 /T V(oo + it)? dt> +o(1).
R T Jo
and using Levinson’s original inputs gives k > 0.34.

Farmer [I12] conjectures that we can set # = oo for mollifiers. This means that the
mollifier can be made arbirarily long, and so turns the mollifier into 1/({(s). This prompted
him to first consider what has become known as the Ratio’s Conjecture, described in
Chapter [ This together with Theorem [I.17] implies that we have 100% of the zeros lie on
the critical line. This conjecture is of particular interest as Bettin and Gonek [29] have
shown that the § = oo conjecture implies the Riemann Hypothesis which is stronger than
showing 100% of the zeros lie on the critical line. Farmer [112] also argues that a strong
form of this conjecture implies Montgomery’s Pair Correlation conjecture. Additionally,
Radziwill [266] showed that as 6 — oo, 1(s) is essentially the best possible mollifier of
length T for ¢(s). In particular his work implies that Levinson’s method can give x = 1

only if it is used with mollifiers of length 7% when 6 is arbitrarily large.
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1.3.7.4 Zero-density estimates

One can show that there are relatively few zeros in the region 1/2 < o9 < 1 (and so few in
the region 0 < 09 < 1/2 by the functional equation).
These results are typically of the form

N(O’, T) < TA(0)(1—0)+e
as T — oo, where
N, T)=#{p=0+iy : e <p<1L,0<y<T}

counts the number of zeros of ((s) with real part at least o and imaginary part at most 7.
Note that the £ > 0 in the above equation for N(o,T") can be made (in theory) explicit in
this section, replacing it with powers of logarithms.

The Density Hypothesis asserts that
N(O', T) << T2(1—0’)+E

for all € > 0, that is, A(o) = 2.

Clearly the Riemann Hypothesis is equivalent to N(o,T) = 0 for all ¢ > 1/2 and all
T > 0. It is known [193] that the Lindelof Hypothesis implies the Density Hypothesis. We
also know thanks to the proof of the Prime Number Theorem and the fact there are no
zeros on the line R(s) =1 (see Section that N(1,7) =0, so A(1) = 0.

Ingham [194] proved the uniform bound for N(o,T') with

in the range 1/2 < o < 3/4, using the Montgomery—Vaughan Mean-Value Theorem [243].
Huxley [I89] proved the uniform bound N(o,T') with

3
30-—1

A(o)

in the range 3/4 < o < 1 using the Montgomery—Halasz large value estimate [242] and
[156].

Combined, these values of A(o) show
N(o,T) < T'5(1-o)+e,

Together, these bounds show results on prime numbers, in particular,

Pntl — Pn K p1’71/12+a
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where p,, denotes the n'" prime number. Note that the Density Hypothesis implies

Pntl — Pn K p711/2+a

while the Riemann Hypothesis implies

1/2

DPnt1 — Pn K Py~ log pp,

neither of which are strong enough to prove the conjecture that between any two square
numbers there is always a prime number.

Guth and Maynaard [I53] improved the Huxley bound above to show
N(o,T) < T13(1-0)te

in the full range, showing

Pn+1 — Pn < p7117/30+5‘

For the summary of the intervening history between the combined result of Montgomery
and Huxley, and of Montgomery and Guth—Maynaard, see Table 2 in Trudgian and Yang
[300].

To see the link between these results and continuous moments, we sketch the argument
of the first zero-density estimate of Bohr and Landau [33], following the sketch given in
Gonek [14§].

Let C be a positively oriented rectangular contour enclosing the region 1/2 < R(s) < 1
with left side R(s) = op up to a height T'. By Littlewood’s Lemma we have

1 T
Z Dist(p) = —/ log | f(oo +it)| dt + &
T Jo
peC
where Dist(p) is the distance of the zero p to the line R(s) = op.
Then for ¢ a fixed real number with o9 < o < 1, for non-trivial zeros p = § + iy of

((s), we have

Z Dist(p) > Z Dist(p) > (0 — 0¢)N (0, T).
< g

Typically it is difficult to calculate the integral of the logarithm directly, so instead use

the arithmetic-geometric mean to write

1/T10 £ +'t)dt—1/Tlo (F(o0+it)2) dt < L 1o 1/Tyf( )2 dt
21 Jo gl/90r1 A o & oot ~ Ar gTO oo '
It is known (Theorem 7.2 of [298]) that

[ ictoo + i) dt ~ o)
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so this last inequality is O(T"). Therefore,

N(o,T) <

o — 0y

and since N(T) ~ T'log T, we have

ol

N(T) logT

for any fixed o > 1/2. This means that the proportion of zeros to the right of the critical
line is infinitesimally small.

Note that if we had included mollifiers in this argument, then we would have obtained
better zero-density estimates. As seen above, we now have much better zero-density

estimates.

1.3.8 JOINT MOMENTS OF THE RIEMANN ZETA FUNCTION AND JOINT MOMENTS OF
THE HARDY Z-FUNCTION

Hall [I58] conjectured that the joint moments of the Riemann zeta function are of the form

/OTC@Jrit) C/(;—H't)

These joint moments can also be written in terms of the Hardy Z-function (see Section

T353) as

25—2h 2h

dt ~ C(s,h)T(logT)* T2".

T -
[ 12212/ (0 dt ~ s, T (l0g 7).
0

where the coefficients C/(s, h) can be written in terms of C/(s, h) and vice versa, as shown
in [I81].

For the joint moments of the Riemann zeta function, we already know due to Hardy and
Littlewood [164] that C'(1,0) = 1, and to Ingham [192] that C'(1,1) = 1/3. Also, Ingham
[192] showed C(2,0) = 1/272 and Conrey [55] (and independently Hall [I57]) showed that
C(2,1) = 2/1572 and C(2,2) = 61/16807%. The analogous results for the Hardy Z-function
joint moments can be deduced from these, with C(1,1) = 1/12, C(2,1) = 1/1207% and
C(2,2) = 1/112072. Conrey and Ghosh [66] 67] have shown that C(1,1/2) = (e? — 5) /4w
but C'(1,1/2) is currently unproven. We come back to this result of Conrey and Ghosh in
Section [[.3:8.3] and in Chapter [7] As with the usual continuous moments, RMT has since
been used to predict higher moments, which we describe to in Section

We now take this opportunity to discuss the Hardy Z-function, a function that acts
like the Riemann zeta function on the critical line, as well as some of its properties and
various related points of interest, before giving some background on the RMT approach to

joint moments.
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1.3.8.1 The Hardy Z-function
The Riemann—Siegel theta function is defined as
, 1
e~ 20() — (2 + it) , (1.28)

where x(s) is the factor from the functional equation of ((s) stated in (1.1]). The Hardy

Z-function can be defined in terms of the Riemann—Siegel theta function, where

2(t) = ¢O)¢ (; 4 it) .

20t = y (; n it>_1/2( (; v it) .

Note that Z(t) is real for real t, Z(—t) = Z(t), and satisfies |Z(t)| = |((1/2 + it)|.

This means we can write

3;

Figure 1.3: A plot of Z(t) (dark blue) and |((1/2 + it)| (dashed) for 0 < ¢ < 50.

From these observations, we know that the zeros of ((s) on the critical line correspond
to the real zeros of Z(t) which makes Z(t) an invaluable tool in the study of the zeros of
the zeta function on the critical line. For example, Hardy used his Z-function to give the
first proof that there are infinitely many zeros of the Riemann zeta function on the critical
line [199].

The Riemann—Siegel formula allows us to write
N
Z(t)=2 Z n~Y2 cos(0(t) — tlogn) + R
n=1

where N = |(t/2n)"/?] and R is a certain error term. This is a highly efficient way of

calculating values of the Riemann zeta function, with increasing accuracy as t increases.
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The Riemann—Siegel formula was derived and used by Riemann, but never published
by him. It was not until 1932 that Carl Siegel uncovered the formula following a study
of Riemann’s unpublished notes. The method of choice before the rediscovery of the
Riemann—Siegel formula to calculate values of zeta was Euler—Maclaurin summation, which
requires O(t) steps to evaluate zeta on the half-line. The advantage to the Riemann—Siegel
formula is that it requires only O(t'/?) steps. This method has been used to verify the
correctness of the Riemann Hypothesis up to very large values of ¢, with modern variations
giving improvements to the calculations.

Turing [30I] developed a method which allows one to calculate the number of zeros
in the critical strip up to a height 7. Once all zeros on the critical line up to height T
have been counted using the Riemann—Siegel formula, Turing’s method is then used to
verify that the zeros found are indeed the only zeros in this part of the critical strip. In
fact, Turing was trying to use this method to show that the Riemann Hypothesis is false.

We return to the observation that the zeros of ((s) on the critical line correspond to
the real zeros of Z(t). We note that for v < 4T consecutive positive ordinates of non-trivial
zeros of ((s), there is exactly one zero of Z'(t) (under the Riemann Hypothesis), call it
A, with v < X < 4. A proof of this result can be found in [I99]. These points A will
be essential in our results given in Chapter [7] where we sum over these points, and this
notation provides an unambiguous way of writing the results discussed there. Note that
there are two zeros of Z'(t) between t = 0 and the first positive zero of Z(t). These

additional zeros typically only introduce small errors and are generally ignored.

1.3.8.2  Joint Moments through RMT

We note that the background in this section has appeared in a paper [I83]. Notation and
cross-references have been updated for this thesis.

Following the groundbreaking work of Keating and Snaith [211] 210], the problem of
calculating joint moments of the Riemann zeta function and its derivative through RMT
was taken up by Hughes [I81] in his thesis. The approaches taken involved calculating
analogous moments of characteristic polynomials of random unitary matrices.

Hughes [I81] considered the joint moment for the Riemann zeta function and conjectured

the coefficient F¢(s,h) for integer s, h in terms of combinatorial sums, where F¢(s,h) is

T 1 1
— it "=+t
flGra)l e Ge)
as T'— oo, where a; is defined in (1.19)).
Similarly, Hughes predicted that

given in

25—2h 2h

dt ~ asF(s, h)T (log T)* 2"

T
| 1ZOP 2O dt ~ auFy (s, )T (0 T) "+
0
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as T — oo, where a, is defined in , together with a way of translating between
F¢(s,h) and Fz(s,h).

The conjectures agreed with all values known at the time as described in Section [1.3.8
The expressions for F¢(s,h) and Fz(s,h) made sense for real s as well, but not general
real h. We focus on the Hardy Z-function joint moment in this thesis, but note that many
of the following results also hold for F¢(s,h).

Alternative approaches yielding different representations of the conjectured Fy(s, h)
with s, h € N were given by Conrey, Rubinstein and Snaith [85] (in the special case where
s = h), by Dehaye [97, 98], by Basor et al. [20], and by Bailey et al. [I2]. Links between
F(s,h) and Painlevé equations have been noted by Forrester and Witte [121], and Basor
et al. [20].

However, the problem of non-integer s and h is much more difficult. Winn [312] was
able to establish results for s € N and h € %N by finding connections with hypergeometric
functions, giving an expression for Fz(s,h) in terms of a combinatorial sum. In particular,
for s = 1 and h = 1/2 he obtained the (e? — 5) /47 coefficient for the analogous RMT result
to the Hardy Z-function joint moment considered by Conrey and Ghosh [66), [67].

Assiotis, Keating and Warren [9] proved results on the random matrix side for arbitrary
real values of s > —1/2 and positive real values of h in the full range 0 < h < s+ 1/2.
They also give a full history of these problems in their paper.

In addition to the work on the standard joint moment, Keating and Wei [212], 213]
have considered the RMT analogue of joint moments for higher derivatives. The case of
the joint moments of arbitrary numbers of higher order derivatives with arbitrary positive
real exponents has been settled by Assiotis, Gunes, Keating and Wei [§].

Curran [92] unconditionally obtained upper bounds of the conjectured order for the
joint moments in the range 1 < s <2 and 0 < h < 1. Curran and Heycock [93] extend
these upper bounds to all 0 < h < s < 2, and obtain lower bounds for all 0 < h < s+ 1/2.
By assuming the Riemann Hypothesis, they give sharp bounds for all 0 < h < s. They
also prove upper bounds of the conjectured order for joint moments of the Riemann zeta

function with its higher derivatives.

1.3.8.3 The Joint Moment of the Hardy Z-function and its derivative

For a long time, there was a problem that number theory could solve that RMT could not.
We mentioned previously that Conrey and Ghosh [66} 67] showed C(1/2,1) = (e? — 5) /4,
which means that they showed

2 _
¢ 5T(logT)Q.

T
| 1zwnz ol a~

However, while Hughes [I81] predicted the general joint moments for even integer powers,

his method didn’t generalise to odd integer powers, nor did the work that followed on this
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problem. It would be over a decade before Winn [312] would develop the RMT tools to
predict these results. We note that the corresponding problem with the Hardy Z-function
replaced by the Riemann zeta function is still unproven from the number theory side.

To prove the joint moment result, Conrey and Ghosh [66] showed that under the

C(;—H't)

as T — oo where for each non-trivial zero p = 1/2 + i, let v+ denote the ordinate of the

Riemann Hypothesis,

2 275

~

T(logT)?

max
0<ny< YSISTT

successive non-trivial zero of ((s).

The relation between this sum and the joint moment follows by recalling that under
the Riemann Hypothesis, there is a unique point v < A < 4" between successive zeros
v < ~T that satisfies Z'(\) = 0. In [67], they split the integral as

T
| 1z@nz @i de =
JRECIACIESDS

0<ALT

(/ /)'Z Nz ldt+/ 0I12'(0)]

where vy denotes the least positive zero of Z(t) and yp denotes the least zero of Z(t) that
is larger than 7. Note that if v <t <\, Z(t)Z'(t) > 0 and if A <t <", Z(¢)Z'(t) < 0.

Then the integral above becomes

Z(t)?
3 ( (

0<A\<T

+
Yozwe|

2

A

>+O(T5)— S 1ZWP+0(T9)

Y 0<AT

since Z(t)Z'(t) < t¢ and |yp — T| < 1.
For higher moments, Conrey [55] established under the Riemann Hypothesis that

4

V21 1 1
— T(logT)5 < max |[C ( + it) < ———T(logT)?,
907 0<~<T y<t<yt 2 24/ 1572

where A < B means A < B(1+ 0(1)), with some improvements on the upper bound due to

Hall [I59, 160]. By a similar argument to the above relating sums to integrals, this implies

V21

—~ T(log T)°.
18072 (log T)

T 1
T(log T)? 5/0 1Z()P|1Z'(1)] dt S 1/i5n?

Although no other asymptotics for higher moments are known, Milinovich [235] estab-
lished sharp (up to an epsilon) upper and lower bounds. He showed that for £ € N and for
e >0,

T(log T)¥ T1-¢ <« > max [Z(t )% < T(log T)* 1+
0cryer Y<ESYT
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for sufficiently large 7. By a similar argument to that done by Conrey and Ghosh [67],
Milinovich [235] shows

T
max |Z(O* =k [ 12 2(0)] dt + Ope(T?).
0<7ST ’Y<t§'y 0

Finally, he conjectures for k£ € N that

max |Z(t)[? ~ CpT(log T)F*+!
0<~<T y<t<yt

as T — oo, but did not conjecture the value of the implied constant. As previously

mentioned, this constant has since been conjectured from the RMT side by [312].

1.4 DISCRETE MOMENTS OF THE RIEMANN ZETA FUNCTION

Having seen all about continuous moments in Section [1.3] we now describe the history

relating to discrete moments, which we recall are sums of the form

Joen(T) = > <™ (p)

0<y<T

rk

where the 7 are the ordinates of the non-trivial zeros p = 8+ iy of ¢(s) and ¢ (s) denotes
the n'h" derivative of ((s). This is defined for all k > 0 and if we assume all the zeros of
((s) are simple, for kK < 0. (When we just discuss the moments of the first derivative we
will write Jo(T") for simplicity.)

We will assume the Riemann Hypothesis in this section for simplicity unless otherwise
stated, although some results are unconditional. The reason we assume this is that we
often consider sums of the form

> (ten) @ (ton)

0<~y<T

which is exactly Jo ,(T") under the Riemann Hypothesis.

1.4.1 DISCRETE MOMENT RESULTS

We have already seen a result on moments of derivatives of ((s), in Ingham’s result (|1.16])

when proving the lower order terms for the second continuous moment. In the case n =m

he showed that
Tl (L N\
]ﬁ C (2‘+Zt>

dt ~ T(log T)*" ! (1.29)

2n+1

as T — oo.
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Gonek initiated the study of the discrete moments in [I43] by considering the analogous
result for sums of the derivatives of ((s). In particular, he showed unconditionally for any
real || < L/2, where L = 5-log 2., that

<0 pes)en (-0

0<~<T

1 T
= (-1t —— —-H o) — H —2 —(log T)"+m+2
(1) (o = H(nm,250) = H(mn,~270) ) 5 (108 T)
+0 (T(log T)™+™+1)  (1.30)

where
(2mai)’
H 2rar) = n! ‘
(n,m,27a) ”;(5+n+1)!(€+n+m+2)

Under the Riemann Hypothesis in the case where n = m = 0 and for T sufficient large

with « as above, Gonek proved

2.

0<~y<T

¢ (; +i(y + aL1)>

g (1 - <Smm>2> %(logT)z +O(TlogT).  (1.31)

yiye’

Setting @ = 0 and n = m > 1 gives the second moment of {(s) for all derivatives,
o (L
Jon(T) = Z ¢ 3 + iy
(1.32)

0<y<T
In addition, Milinovich [233] has obtained a full asymptotic for the second moment

2 n2

= (2n n 1)(77, n 1)2 2T’ (IOg T)2n+2 +0 ( (log T)2n+1) '

including all lower order terms and a power saving error term, showing

T
J(T)= > [ Z anT (log ) +0 (Tl/ 2+5) (1.33)
0<y<T
for some explicit constants a,, and for all ¢ > 0.
While no asymptotic was known for any moment other than the second, Gonek [145]

and Hejhal [I77] independently conjectured that
Joi(T) ~ b, T (log T)*+1)? (1.34)

as T — oo for any real k but with no suggestion for what the coefficient b, should be.
Just as Keating and Snaith [21T] used RMT to calculate the unknown constant in the
continuous moments case, Hughes, Keating and O’Connell [I82] used similar methods to

calculate the unknown constant for this conjecture. We will discuss this work in detail in

Section [.4.2]
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The best known partial result in proving any moments higher than the second is due to
Ng [253], who showed that there exists positive constants C1, Cy such that, for sufficiently
large T,
C1T(logT)? < Jy(T) < CoT(log T)?,

(and who states that the method extends easily to higher derivatives), obtaining the
conjectured order for the fourth moment but not the coefficient for the leading order term.
Under some additional assumptions, Garunkstis and Steuding [136] show that the upper
bound in Ng’s fourth moment result can be improved slightly.

There is also a partial result for the first moment, due to Garaev [135] where he restricts
the sum to simple zeros of ((s) with real part 1/2 (see also [220, 285]. He showed for a

positive constant C' that

N(T) = Y [¢(p) < CT(logT)",
0<y<T

a result that relies on a mean-value estimate for Dirichlet series due to Ramachandra [269).
Note that this result is of the conjectured order of magnitude given in ([1.34]).
Gonek [I45] conjectured that

T o(T) ~ %T (1.35)

as T — oo. Note that this result implies that all the zeros of ((s) are simple otherwise
the sum would diverge for sufficiently large T'. Gonek was able to prove that J_o(T) < T
under the assumption that all the zeros are simple.

Milinovich and Ng [236] showed that for all € > 0,

Jo(T) > (3 - 5) T (1.36)

273

as T — oo, which is the correct lower bound up to a factor of a half.

1.4.1.1 Upper and Lower Bounds
It can be deduced from (1.13)) that for o > 1/2 and ¢ > 10

, (1 )‘ ( clogt )
— t - =
¢ (Z—i_Z < exp loglogt

for some ¢ > 0. Then for k > 0 it follows that

2kclogt
o) < o (2151

loglogt
for some ¢ > 0.

However we can do much better. Milinovich and Ng [237] showed under the Generalised
Riemann Hypothesis that the lower bound in the Gonek—Hejhal (|1.34]) conjecture is correct
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for all natural numbers k. Gao [I32] improved this lower bound to all real k¥ > 0. As a
corollary, Ng [254] showed that for each A > 0, the inequality

I¢'(p)] = (log [y)*

is satisfied infinitely often when p = 8 + iy is a non-trivial zero of {(s).

For the upper bounds, Milinovich [234] showed that the upper bound it almost sharp for
all natural numbers k, with an extra e in the power, as in the upper bound for continuous
moments by Soundararajan [291]. Additionally he showed that the upper bound for
derivatives holds, that is, he showed for integer k,n and ¢ > 0, that

Jokn(T) < T(log T)F*+2kn+1+e,

Kirila [214] removed the ¢ in the upper bound and showed that it holds for all k£ > 0 and
all derivatives.

In terms of the first derivative, we know that for k& > 0,

¢(5+0)

Benli, Elma and Ng [22] have shown that the expected lower bound holds for all

2k
T(og T) D <« Jop(T) = 3 < T(log T)F+D?,

0<~y<T

derivatives, and so under the Riemann Hypothesis, it is known for k,n integers that

o (3+5)

It is reasonable to assume that the lower bound holds for all real £ > 0 but this has yet to

2k
T(lOg T)k2+2kn+1 < JZk’,n(T) — Z < T(]Og T)k2+2k’n+1'

0<y<T

be shown for general n > 1.

For negative moments, under the assumption that all zeros are simple, Heap, Li and
Zhao [168] proved that the lower bound of the Gonek—Hejhal conjecture is consistent for
rational k£ < 0 and Gao and Zhao [I33] show this lower bound is consistent for all k < 0.
However we do not expect the lower bound to be sharp for k& < —3/2. To see this, Gonek
[147] defines

O =inf{0 : |¢'(p)|" <"}

Then under the Riemann Hypothesis, we expect |[¢'(p)| < |p|® and so we expect © > 0.
As we have discussed, we expect to be able to model statistical behaviour of zeta zeros
through statistics of eigenvalues of random unitary matrices. This suggests © = 1/3 (see

[182], for example), and so it is possible that

I (p)] < ||/t

occurs infinitely often.
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Additionally, we do not expect to get a good upper bound for negative moments. This
is explained by Hiary and Odlyzko [I79] who note that extreme values of negative moments
are caused by very few zeros. Small values of |((1/2 + iv)| typically occur at pairs of
consecutive zeros that are close to each other, called Lehmer pairs, discussed further in
Chapter 2| For example, they show that for 15 sets of ~ 10° zeros near the 10%3-rd zero,
87% of the value of the moment for these zeros comes from just 4 zeta zeros. Understanding
this very rare behaviour with a good bound is tough in part due to the rarity of these
zeros. There are very few upper bounds in the negative moment case. Bui, Florea, and
Milinovich [45] obtained an upper bound for a related sum but the sum is not over all
zeros. Zeros that are close in some sense to other zeros are removed from this sum, so
while they include what is expected to be arbitrarily close to the full density inside the set
of all zeros, they are still excluding zeros that are expected to contribute a large amount

to the total sum.

1.4.2 RANDOM MATRIX THEORY MEETS NUMBER THEORY: AcT III

In a similar manner to the approach taken by Keating and Snaith in modelling continuous
moments of ((s), Hughes, Keating and O’Connell [182] calculated the analogous result for
discrete moments of ¢’(p). Recall that to model continuous moments of {(s) we calculated
moments of characteristic polynomials of random unitary matrices. In this instance, they
calculated moments of derivatives of characteristic polynomials of random unitary matrices.

Differentiating the characteristic polynomial with respect to 6 gives

_Zzez(o 9)1—[ i(0m=0))

m#]
SO

|Z1v (0 r—H\l

m#]

To model moments of Jor(T'), they calculated the expectation of
~ Z |Zy (07)**.
By the rotational invariance of Haar measure,
Z\Z' DI =B {| 25 (0n)[*} = EN{H 1= eil0n=0m)| k} (1.37)

The following lemma transforms expectation with respect to Haar measure over U(N)

to expectation with respect to Haar measure over U(N —1). A proof can be found in [I8]].



72 CHAPTER 1. INTRODUCTION

Lemma 1.18 (Hughes). Writing En to denote expectation with respect to Haar measure

over U(N), if f is a 2w-periodic function, then

N-1 1 N-1 .-

IEN{I_[ f(en_HN)} = NEN—I{H ‘1_6171 f(en)}
n=1 n=1

Applying Lemma to ((1.37)) gives

1 vkl L GP(k+2) G(N 42k + 2)G(N)
FE {12 0O} = S T v T D)

where U € U(N —1). The evaluation of this expectation is essentially (T.21]). This result
holds for (k) > —3/2. Clearly it can be continued meromorphically to the whole complex
plane.

For k& bounded and as N — oo,

G?(k +2 B
En {\Z]’V(QN),%} — G(;kJr?);Nk(Hz) +0 (Nk(k+2) 1) '

This calculation has modelled Jo,(T)/N(T'). Hughes, Keating and O’Connell then

made the following conjecture.

Conjecture 1.19 (Hughes-Keating—O’Connell). For k fized with R(k) > —3/2,

(4

as T — oo, with ay defined in (1.19) and G is the Barnes G-function defined in (1.23)).

2k GXk+2) T 2
~ Bl S g | 11(k+D
U Gk + 3) 27 108 D)

Jor(T) = >

0<~<T

Note that this conjecture is consistent with all known results and conjectures. Indeed,
it also predicts what the true coefficient should be in Ng’s fourth moment result, that is, it

predicts

Ja(T) T(logT)°

1
28307
as T'— oo. This coefficient was conjectured from a purely number theoretical argument
by Hughes [I81], pushing a result of Conrey, Ghosh and Gonek [70] beyond its range of
applicability. It also agrees with the Gonek—Hejhal conjecture , conjecturing the
unknown coefficient by, for k = 2.

As in the continuous moment case, part of the motivation for studying the discrete
moments is to establish the value distribution of the real part of the logarithm of Z}(9).
Hughes, Keating and O’Connell [I82] showed that as N — oo, that the real part tends to

a Gaussian random variable.



1.4. DISCRETE MOMENTS OF THE RIEMANN ZETA FUNCTION 73

Theorem 1.20 (Hughes—Keating-O’Connell). For a < b,

Z" (6
. lOg‘N]ZW(OJ*\,l) 1 b2
lim Haar = = e 2 dx
N—oco \/%(logN+3+’YO_%) \/27'(' a

where the measure of the set is taken to be the usual Haar measure on U(N) and where 7

1s Euler’s constant.

This should be compared with Hejhal’s Central Limit Theorem [177] for ¢’(s), which

shows that the real part of the logarithm of ¢’(s) tends to a Gaussian random variable.

Theorem 1.21 (Hejhal). If we assume the Riemann Hypothesis and the existence of an «
such that

1
li -
T N(2T) — N(T) H”

holds uniformly for 0 < ¢ < 1, with M a suitable constant, then for a < b,

C
T < 2T, 0 gy — 7 < logTH < M

CI(%‘FZ"WL)
T
5= log 3%

1 b2
———"" ¢ (a,b) p| = —/ ez dx.
\/%loglogT V21 Ja

Recall that N = log T'/27. Comparing the two Central Limit Theorems above, we see

1 log
lim ———— {n : T<y, <2T
e N2T) - N(T) || =~ ==

that the two results agree (up to errors of O(1) which are subdominant in the large N, T
limit). Cigek [48] gives an alternative proof of Hejhal’s result and improves it by providing
a rate of convergence to the distribution. A similar result in this paper is proved which
shows the imaginary part of the logarithm of (’(s) tends to a Gaussian random variable.

As in the continuous moments case, two obvious questions arise from Conjecture
The first, that of lower order terms, is addressed in Section The second question,
a more subtle one, concerns the arithmetic factor. As in the Keating—Snaith conjecture,
Hughes, Keating and O’Connell were forced to insert the arithmetic factor after obtaining
the RMT moments result. Why should the same arithmetic factor a; occur in both the
continuous and discrete moments conjectures?

This question was again settled by the hybrid model, this time for discrete moments,
of Bui, Gonek and Milinovich [47]. Recall that we write

C(s) =Px(s)Zx(s)(1+E&).

with an error term £ which is not the same throughout and that we ignore here. Differen-

tiating with respect to s we obtain

¢'(s) = (Px(s)Zx(s) + Px(s)Zx(s)) (L + &)
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and on setting s = p a non-trivial zero of ((s), we have

¢'(p) = Px(p)Zx(p)(1 +&).

Then they have the same prime part, Px(s), as in the continuous hybrid model of Gonek,
Hughes and Keating, explaining why we should expect the same arithmetic factor in both
moment conjectures. By assuming the splitting conjecture for discrete moments, Bui,
Gonek and Milinovich re-established the Hughes, Keating and O’Connell conjecture, with
the arithmetic term appearing naturally this time. They also showed that splitting holds
to leading order for k = 1 in this case, corresponding to Gonek’s second discrete moment
result .

Returning to our questions, we now consider that of lower order terms for the discrete
moments conjecture. In the continuous moments case, we have the recipe of Conrey,
Farmer, Keating, Rubinstein and Snaith to predict the lower order terms for integer k. To
calculate the lower order terms for the discrete moments we need a generalisation of the
recipe, known as the Ratios Conjecture of Conrey, Farmer and Zirnbauer [63], discussed in
detail in Section [6.11

1.4.3 APPLICATIONS OF DISCRETE MOMENTS

1.4.3.1 Simple Zeros of ((s)

When calculating the number of zeros N(T') of ((s), as given in (L.4), we count each zero
with multiplicity, denoted m(p). It is conjectured that m(p) = 1 for all zeros, that is, that
all the non-trivial zeros of ((s) are simple. We review the evidence for this conjecture
below, before discussing (potentially hypothetical) multiple zeros in the next section.
Let N*(T') be the number of simple non-trivial zeros of {(s) with 0 <y <T. Then

s NY(T)
K _hTHigéf N(T)

is the proportion of simple zeros of ((s).
All zeros that have been found numerically are known to be simple. Unconditionally
Heath-Brown [I73] (and independently, Selberg) showed that Levinson’s [222] result that

one-third of the non-trivial zeros lie on the critical line implies
K* > 0.3474.

Through Conrey’s [56] result that two-fifths of the non-trivial zeros lie on the critical

line, he improved the above proportion to

K* > 0.4058.
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Various small improvements were made following this method of Levinson’s, and
they were due to Bui, Conrey, and Young [42], Feng [115], and Bui [41], with the latest
improvement using this method due to Pratt, Robles, Zaharescu and Zeindler [265]. They
showed that the proportion of zeros on the critical line is k* > 0.407. In proving an
unconditional form of Montgomery’s Pair Correlation Conjecture Baluyot, Goldston,
Suriajaya and Turnage-Butterbaugh [18] showed that x* > 0.617.

Montgomery observed that

N = Y @—mip)).

0<~y<T

Assuming the Riemann Hypothesis, Montgomery’s Theorem implies

4
> mp) < (5+0() NT)
0<~y<T
where the zeros are repeated according to multiplicity. Combining these two inequalities
imply that
K* > 0.666...,

with incremental progress using this method due to Montgomery and Taylor [240] who
showed k* > 0.6725, by Cheer and Goldston [52] who showed x* > 0.6727, and by Chirre,
Gongalves and de Laat [53] who showed x* > 0.679. Montgomery’s Pair Correlation
Conjecture [L.3| implies that 100% are simple [239].

By a mollifier method described below, Conrey, Ghosh, and Gonek [75] showed assuming
the Riemann Hypothesis and the Generalised Lindel6f Hypothesis that

k* >0.70307...,

with Bui and Heath-Brown [39] removing the assumption of the Generalised Lindel6f
Hypothesis.

To obtain a lower bound for x* using this method, we need to know the mollified first
and second moments of (’(s). Note that p is a simple zero of ((s) if and only if ¢'(p) # 0.
Hence by the Cauchy—Schwarz inequality,

2

<N T) Y B (o))

0<y<T

> B(p)

0<~y<T

for a mollifier B(s). We note that mollifiers are necessary to get a proportion of simple
zeros, a theme we have already come across in this thesis in Sections [1.3.7.3| and [1.3.7.4]
Conrey, Ghosh and Gonek [73] initially used this method without mollifiers to give a more

straightforward proof that there are infinitely many simple zeros of {(s), as described in

Chapter |2, equation (2.2]).
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We mention one further result in the theme of the above work. In 1986, Conrey, Ghosh
and Gonek [71] considered the problem of showing that there are infinitely many zeros of
the Dedekind zeta function (x(s) of a quadratic number field K = Q(v/d). Unlike in the
case of the Riemann zeta function where this was already known (albeit with complicated
proofs), it was not known before this work that there were infinitely many simple zeros
of Cx(s). Their proof is based on the fact that for a quadratic number field, we have the

factorisation
Cr(s) = ¢(s)L(s,x),

where x mod |d| is a real primitive character. In particular, a zero of the Riemann zeta
function is also a zero of (k(s).

Clearly a zero of ((s) is a simple zero of (x(s) if and only if {'(p)L(1 — p,x) # 0. As
before, they used the Cauchy—Schwarz inequality to write

2

<YLY KL -pf

0<y<T 0<y<T

> (p)L(1—p,x)

0<~y<T

where the star on the middle sum denotes counting only the simple zeros of (i (s). The

main difficulty lies in calculating the sum on the left-hand side. They showed

32 B~ px) = D1, x) (08 T) +O(TlogT)
0<~y<T

and as they also showed that

> L —p* <1
0<~<T
where 0 > 0, this implies that there are infinitely many simple zeros of (i (s). Improving
on this in [72], they obtained a positive proportion of simple zeros, showing that under the
Riemann Hypothesis, the proportion of simple zeros of (x(s) is at least 1/54. By assuming
the Riemann Hypothesis for (x(s), this is improved to at least 1/27. This relatively low
(albeit positive) proportion is due to the fact that ((s) and L(s, x) can share zeros. They
note that the approach that they take in [75] does not work in this instance to improve

the proportion, and doing so in any way would pose an interesting problem.

1.4.8.2  Multiple zeros of ((s)

While we have only focused on simple zeros of the Riemann zeta function, the possibility
remains that there could be multiple zeros. We consider this possibility in this section and
discuss the results that are known for these zeros.

Before rigorously proving that at least 70% of the zeros are simple (see [75]), Conrey,

Ghosh and Gonek [74] provided a sketch of some more general results, including how to
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calculate proportions of multiple zeros through some discrete moments. To describe their
results we set up some notation.

Let T be a large positive real number and let

n(mP (5557

nS

B(s,P)=>_

n<y

where y = T? for § < 1/2, P(x) is an entire function with P(0) = 0, and u(n) is the
Mbobius function given in (1.27). Let a,b be complex numbers and Q;(x) and Q2(z) be
polynomials.

We consider a twisted discrete second moment, defined by
Il(d,b, P17P27Q17Q2) =
S @(-50)¢(o+mor) @ (=)< (1= 0+ g ) Bl POBO = p. o).
da 1 gT logT ’ ’

0<y<T

Theorem 1.22 (Conrey—Ghosh—-Gonek). If 0 < 0 < 1/2 and a,b < 1, then as T — oo,

Ii(a,b, P, P>, Q1,Q2) ~

—l og 8u8v{< / PP da:+/ P dl’/ Py da:)
x ( / T,QiTyQs di / T,Q: du / TyQo d:c>

+/ P, da:/ Py dz (Q1 / T,Q: da:) <Q2 / TyQs da:)}‘ :

u=v=0

where Py = Pi(x +u), P, = Pa(z +v),
T,Q1 = e @0 (2 + 0u) and TyQy = e T Qy (2 + Ov).

It should be possible to deduce this result from the more general result of Heap, Li,
and Zhao [168] (as claimed in [46] but details should be written down), which builds on
the work in [75] and [39].

Similarly, we consider a twisted discrete first moment, defined by

Ba@PQ = Y Q(~4)¢(o+ g ) Bl

0<~y<T

Theorem 1.23 (Conrey-Ghosh-Gonek). If0 < 0 < 1/2 and a < 1, then as T — oo,

Ig(a,P,Q)N—;;rlogTClC;{<Q(0)—/olTaQ dw) /Olp d:c}‘ ,
u=0

where P = P(z +u)and T,Q = e~ *FH0WQ(z + Qu).
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Likewise, it should be possible to deduce this result from the more general result of
Benli, Elma and Ng [22] (but details should be written down).

To begin, Conrey, Ghosh and Gonek consider the proportion of simple zeros which we
have already discussed in Section [I.4.3.1] but repeat here for completeness. Recall that
N(T) is the number of non-trivial zeros with 0 < v < T, given in (1.4)), and N*(T) is the
number of simple non-trivial zeros of {(s) with 0 <y <T. Then we set

. 1. N¥T)
r = lim inf N(T)

to be the proportion of simple zeros of ((s). By the Cauchy—Schwarz inequality,

- ’Zo<7§TC,(P)B(Pa P)‘Z
B ZO<'y§T I¢"(p) B(p, P)’T

Clearly the right-hand side can be evaluated using Theorems and with the

denominator requiring the assumption of the Riemann Hypothesis. The optimal choice of

N*(T)

P(x) can be calculated via the calculus of variations, giving

P(z) = —02> + (1 + 0)z

S0
K - .
- (1+0)3
As 0 — 1/27, we obtain
.19
K> 2
- 27

as before.
If we were to push Theorems and beyond their range of applicability in 0, we

conjecture (assuming these two theorems still hold) that

o8 ~0.7423... as 0 —4/7"
k' > 11 =0875 as 0 — 17
1 as 6 — oo.

We choose the values of 4/7 to compare with the result of Conrey [56] on zeros on the
critical line, 1 as we expect mollifiers to hold true to length 7', and oo for Farmer’s [112]
0 = oo conjecture.

The purpose of this section is to consider multiple zeros, however. We let N®)(T)

denote the number of simple and double non-trivial zeros with 0 < v < T and let

AT(Z)(T)
(2) _ Jiginf o\
k\*) = lim inf N( )
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be the proportion of simple and double zeros of ((s). Again by the Cauchy—Schwarz
inequality,

- ‘ZO<7§T ¢"(p)B(p, P1) +¢"(p)B(p, Pz)}2

~ Yo<y<r € (p)B(p, P1) + ¢"(p) B(p, P>

Again, the right-hand side can be evaluated using Theorems and with the

denominator requiring the assumption of the Riemann Hypothesis. Then optimising the

N (1)

polynomials (with a slightly more optimal choice than that given in [74]), we have

2 3 e ) 5 4ngd
pl(x):_<w>x3+< 77 — 350 + 6562 + 3003 + 450 >$2

700
N 42 + 1826 + 158602 + 8563 + 450
7062 t
Pyla) = 2% — 3 7+ 146 + 36% + 36° 2, 7 + 350 + 3162 + 1563 + 904
A= 140 “ 1462 r
and so
02
K >1_ 7T+ 3

7+ 560 + 19962 + 41663 + 4340 + 2800° + 15006 + 4507

Then similarly to the simple zeros case above, if we were to push Theorems [1.22] and [T.23]
beyond their range of applicability in 6, we conjecture (assuming these two theorems still
hold) that

178 ~0.9556.. .. as 6 — 1/2°

2 > 2500y ~ 0.9682. .. as 0 — 4/7~
| 200180884 1 0 9682... as > 1-
1 as 0 — oo.

This means that under the Riemann Hypothesis, fewer than 4.44% of the non-trivial zeros
of ¢(s) have multiplicity 3 or greater, with this percentage decreasing as the length of the
mollifier increases.

In an entirely analogous way, we let N®)(T) denote the number of simple, double,
and triple non-trivial zeros with 0 < 4 < T and let N®(T") denote the number of simple,
double, triple, and quadruple non-trivial zeros with 0 < v <7T'. Similarly, let

K = llm lnf ( ) and KR = hm lnf ( )

be the proportion of simple, double, and triple (and quadruple) zeros of ((s). Again by
the Cauchy—Schwarz inequality,

1y 5 [Eocrsr COB.P) + 0B P) + ") B Py

NG
= Yoey<r [€'(0)Blp, Pr) +C"(p) B(p, Pa) + (" (p) B(p, Py)|*
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and similarly
2
_ [Socasr COB.P) + 0B, P) + " (0)Bp, P + 1V 0) Bl Po)|
Y o<r<t | (0)B(p, P1) +¢"(p)B(p, P2) + (" (p) B(p, P3) + CUV)(p) B(p, Py)|
Again, we can evaluate the right-hand side of both of these inequalities using Theorems
and with the denominators requiring the assumption of the Riemann Hypothesis.
Next we optimise the polynomials Py, Py, P3 for N (T) and Py, Py, P3, Py for N®(T"). We

don’t state any of these polynomials for brevity as the coefficients are fairly complicated.

N(4)(T)

In the optimisation that we have found for the N©®) (T') case, Py is of degree 6, P, is of
degree 5 and Pj is of degree 4, while for the N4 (T') case, Py is of degree 8, Py is of degree
7, P3 is of degree 6, and Py is of degree 5. We then have

1

@) >1_
= 1+ 1560 + 10562 + 455603 + 1065604 + 135360° + 87505 + 25507

1
1+ 240 + 27602 + 202463 + 85260* + 215046° + 3298466 + 30096607 + 14994608 + 313669
Then similarly to the cases above, if we were to push Theorems [I.22] and [1.23] beyond
their range of applicability in 6, we conjecture (assuming these two theorems still hold)
that

%%0.9954... as 6 — 1/2~
) ) B = 09972 s 0 4/T7
| 995~ 0.9998 ... as 0 — 1-
1 as 0 — oo
and
WL~ 0.9996...  as 0 1/2

3820131104 B
OES Sso00sa6ar ~ 0.9998...  as 0 — 4/7

ﬂgggé ~ 0.999991 ... as § — 1~
1 as 0 — oo.

Clearly the proportion of multiple zeros is decreasing quickly as n increases. It would
be a good exercise to extend this method to show that the proportion of simple, double,
..., n-tuple zeros tends to zero at n — oco. It would also be interesting to see if Theorems
[1.22] and could be proved with longer mollifiers as this also increases each of the
proportions of simple and multiple zeros. Deducing full proofs of these two theorems from

[168] and [22] should also be written formally. Finally, it would be interesting to see if
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the 6 = co conjecture from [I12] implies all the zeros of the Riemann zeta function are
simple, not just 100%, in the same way that Bettin and Gonek [29] showed that the § = oo
conjecture implies all the zeros of the Riemann zeta function are on the critical line, not
just 100%.

1.4.8.3  Gaps between zeros of ((s)

While questions have already been considered regarding the horizontal and vertical dis-
tribution of the zeros of ((s), further questions can be asked. Consider the sequence
0 <71 <72 < ... of consecutive ordinates of the non-trivial zeros of ((s) and note that the

average size of vp+1 — Yy, is 27/ log y,. Normalising, we set

— 1
)\ — hm Sup (7714’1 'Vn) Og ’777,

n—oo 2

and |

n—00 21

By definition, g < 1 < X but it is conjectured that g = 0 and A = co. This means that

there are infinitely many pairs of zeros arbitrarily close, and arbitrarily far apart relative to
the average spacing. The idea of looking at gaps between zeros started with Montgomery
and his Pair Correlation Conjecture [I.3] This conjecture implies that u = 0, as for any

¢ > 0, where the sum is over normalised zeros w,,,

1 ¢ sinz\ 2

0< lim —— Z 1:/ <1—( ))da;<c

T—oo N(T') e 0 T
0<wy, —wn<c

so take ¢ arbitrarily small and this quantity will still be positive, giving us a pair of zeros
arbitrarily close. For large gaps, recall that we believe that we can model zeta zeros
through random unitary matrices thanks to Montgomery’s Pair Correlation Conjecture (1.3
and the link noted by Dyson. Together with the conjecture that n-level correlations of
zeros of ((s) also follow these random matrix statistics due to Rudnick and Sarnak [275],
this implies that A = co.

Selberg (unpublished but announced in [279]) and Fujii [122] [123] showed that p < 1 < .
For references to these results and corrections to some misprints that have occurred, see
[90]. There is a vast literature of results, both unconditional and conditional, about the
sizes of p and A. For a selection and summary of this literature, see Page 15 of [302].

There are relations between the class number problem, gaps between zeros, and
exceptional zeros of L-functions. We let h(K) denote the class number of K = Q(v/d),
where d is a fundamental discriminant. In Article 303 of Disquisitiones Arithmeticae [138],
Gauss conjectured that k(K) — oo as d runs through negative discriminants. For a full

history of this problem and its solutions, see Section 6 in Chapter 20 of Ireland and Rosen
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[196]. This implies that there are only finitely many imaginary quadratic fields K with
h(K) = n for any fixed positive integer n. The Class Number Problem for imaginary
quadratic fields is to give a complete list of fundamental discriminants for each fixed
positive integer n.

For n = 1, this is a resolved conjecture of Gauss, who conjectured the only d are
d=—-3,—4,-7,—-8,—11,—-19,—43, —67,—163

which was proved independently by Heegner [176], Stark [293] and Baker [14]. What
happens for n > 27
The Class Number Formula (for d < —4) states

n(E) = L, )

where L(s, x4) is the Dirichlet L-function with coefficients x4 = (%) where (:) denotes

the Kronecker symbol.
We want a bound on h(K). Under the Generalised Riemann Hypothesis, we have
(loglog |d|)~! < L(1, xq) < (loglog|d|), so

|d|(loglog |d]) " < h(K) < y/|d|(loglog |d]).

The problem with finding a stronger, unconditional bound on L(1,x4) is that we may
have an Riemann-Siegel zero of L(s, xq), a real zero which is close to 1. Siegel [28]]
gave an unconditional bound, but the implied constant is not computable. Goldfeld [140]
and Gross—Zagier [I52] showed a better unconditional bound with computable constant,
and Watkins [306] used this to give a complete list of fundamental discriminants with
h(K)=2,3,...,100.

The connection of gaps to the class number problem comes from a result of Conrey
and Iwaniec [77] which states as a corollary that if for all large T there are > T'(log T')*/®
non-trivial zeros of ((s) up to height 7" where the average spacing between pairs of these

consecutive zeros is less than 1/2, then

1

L(1 _—
(LX) > g anm

with computable implied constant.

Therefore if we can find better values of p, and in particular p < 1/2, then we get
stronger lower bounds on L(1, x4) (and so better bounds on A(K)), and in turn will imply
that there are no Riemann—Siegel zeros.

How can we compute small and large gaps? We begin by returning to Gonek’s second
discrete moment result (L.30). For any real |a| < L/2, setting n = m = 0 and assuming
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the Riemann Hypothesis gives

= G03)

0<y<T
Notice that the coefficient of the leading order term is exactly that from the integrand in

T (1 - (Siizaf) %(mgT)2 +O(TlogT),  (1.38)

Montgomery’s Pair Correlation |1.3

Under the Riemann Hypothesis, Mueller [249, 250] then exploited this connection to
prove results for large gaps, and Conrey, Ghosh and Gonek [69] used this method to also
calculate small gaps between zeros.

As an example, we sketch how to calculate large gaps. Integrate both sides of
over [—(3/2,3/2] for some 8 > A, giving

> /6/2 c(;ﬂ'fyﬂ't)

0<~<T —B/2

using ([1.14]), where
B/2 i 2
o [ 1 ()
_5/2 T

Now if 8 > A then F(8) > 1. Using a computer package we can show F'(1.9) = 0.997 so

2
dt ~ F(B)T logT,

A>1.9.

Hughes [181] showed that if we assume results on the fourth discrete moment, using
Conjecture then we have A\ > 2.7. Steuding and Steuding [294] then assumed the
whole discrete moments Conjecture to show that A = oo.

We noted above that if we can show that ;1 < 1/2 then we have no Riemann-Siegel
zeros. However, in their paper on small gaps between zeros of ((s), Conrey, Ghosh and
Gonek [69] showed that this method cannot break through this barrier, and so we would
need a different approach to this problem.

1.4.8.4 Behaviour of M(x)
The summatory function of the Moébius function p(n) is given by
M(z) = 3 pln).
n<x

Based on numerical evidence, some number theorists used to believe Merten’s conjecture,
that

holds for x > 2. This was an attractive belief as it implies the Riemann Hypothesis.

However, Ingham [195] showed that Merten’s conjecture implied that the ordinates of the
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zeros of ((s) satisfy some rational linear relations. This would contradict what we call the
Linear Independence Hypothesis, which states that there are no rational linear relations
between zeros of any L-functions. This hypothesis seemed to first appear in the work of
Wintner [313] to study the error term in the Prime Number Theorem, which we come back
to at the end of this section.

It was believed that it was more likely that the Linear Independence Hypothesis was
true, and in 1985, Odlyzko and te Reile [260] showed that Merten’s conjecture is false by

showing

lim inf M(z) < —1.009 and lim sup M(z)

For a full history of Merten’s conjecture, see Odlyzko and te Reile’s paper [260]. We note

> 1.06.

that their method doesn’t give an = such that these inequalities hold, and we still do not
know one such that M(z) > y/z. In fact, Ingham went further and showed that the Linear
Independence Hypothesis implies

lim inf M(z) = —oo and limsup M(z)

The Linear Independence Hypothesis, together with the Riemann Hypothesis, has some

fascinating consequences. Chebyshev, in 1853, in a letter to Fuss [50], asked questions
about whether there are more primes congruent to 1 mod 4 or 3 mod 4 to some real
number z, denoted 7(z;4,1) and 7(x;4,3) respectively. Littlewood [225] proved that
m(x;4,3) — w(x;4,1) changes sign infinitely often, and unlike the 7(x) — Li(x) case (as
discussed in Section , it is easier to find when these sign changes occur - the first
is at x = 26861. The notion of comparing primes in different arithmetic progressions is
called a prime number race, and many results are reliant on both the Linear Independence
Hypothesis and the Riemann Hypothesis, as shown by Rubinstein and Sarnak [273]. We
note that prime number races can be generalized to an arbitrary modulus and to more
than two residue classes. For a summary of this area, see [I51] for a friendly introduction
in the topic of prime number races and see [229] for the annotated bibliography that lists
and summarises every publication in the field of comparative prime number theory.

Returning to M (x), it is still possible that the weak Merten’s conjecture is true. This

states that X
/ < (x)) dr < log X.
1

T

This conjecture implies that the Riemann Hypothesis is true, that all the zeros are simple,
and that

converges, showing a clear link between M (x) and discrete moments of ((s). We can obtain

this last sum through partial summation of J_o(7T).
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In fact, it can be shown that the Riemann Hypothesis and the Gonek—Hejhal conjecture
(1.34) implies the weak Merten’s conjecture. Moreover, it seems likely that

/1X (Mfc)) do~ 2 |p<'fp>|2 og X

¥>0

In showing this, Ng [252] argues that

M(xz)=0 (\/E(log log x)3/2)

except on a set of finite logarithmic measure.
While we know that Merten’s conjecture is false, thankfully this does not disprove the

Riemann Hypothesis. The Riemann Hypothesis is equivalent to
M(x) -0 (x1/2+5)

for every € > 0.

The best known unconditional upper bound is
15 0 (s -ctg P gt )

for some constant ¢ > 0 while the Riemann Hypothesis implies

M(z)=0 (\/Eexp (Ang>>

loglog x

for some constant A > 0. For Omega results, the best unconditional result is
M(x)=Q (m1/2)

while if the Riemann Hypothesis is false,
M(x)=Q ($9>

for some 6 > 1/2. Note the similarities between the error terms here and those in the
Prime Number Theorem. For a summary of these results, see [251].
The question still remains about the true size of M (z). We first note that Ng [252]

showed that a limiting distribution exists for
$y) = e VP M (e V/?),

assuming the Riemann Hypothesis and that J_o(7T") < T'. Assuming results for J_1(7T)
and J_o(T), Ng conjectured

M(x) = Qg (\/E(log log log x)5/4) :
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Note that this power of 5/4 comes from the Gonek-Hejhal conjecture for k = —1/2. This
conjecture was proved under the same assumptions on J_1(7") and J_2(T") and an effective
version of the Linear Independence Hypothesis by Lamzouri [21§].

Gonek (unpublished, with no specified value of the constant) and Ng [251] conjectured
that

lim inf M(z) _ B and limsu M(z) _ Ba
z—oo /zr(logloglogx)3/4 5’ Pl z(logloglogz)5/4 5’

where Ng (unpublished) conjectures that

1 2
1 3¢ (-1)—1L log2 < 1>4 (F(m_ 1/2)> —-m

a=——e¢ 12 1-= N A ~0.16712. ..,
NG H p Z@ mi(—1/2)) *

based on that coefficient from the discrete moment Conjecture of Hughes, Keating
and O’Connell with £ = —1/2. Additionally, assuming this effective version of the Linear

Independent Hypothesis, together the bounds on negative discrete moment for J_1(7") and
J_9(T'), Ng (upcoming paper) proved

. M (x) a . M (x) 8a
lim inf < ——, and limsup > —
z—oo \/x(logloglog x)5/4 5 200 /z(logloglogz)3/4 = 5

1.4.8.5 The Error in the Prime Number Theorem

We now return to the Prime Number Theorem, specifically to the error term in the Prime

Number Theorem and come full circle with the initial motivation for this chapter. Define
(x) —=

NG
where () is defined in (1.6). Assuming the Riemann Hypothesis and the Linear Inde-

pendence Hypothesis, Wintner [314] showed that there exists an absolutely continuous

E(z) =

probability measure v such that

) X dx B 00
tim " @) T = [ @) dul)

X—o0

for all bounded continuous functions f on R. By studying the tail of the limiting distribution

v, Montgomery [241] conjectured in 1980 that

i i Y(z) —x 1 4 i Y(z) —x 1
imin = —— and limsu = —.
z—oo /z(logloglog x)? o’ x%oop z(logloglogz)? 27
Lamzouri [218], assuming an effective version of the Linear Independence Hypothesis,
proved
- 1 — 1
lim inf Ylz) @ < ——, and limsup Y(z) — = > —.
a—oo /x(logloglog )2 27 o0 vZ(logloglogx)? — 2w
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Shanks’ Conjecture

2.1 OVERVIEW OF CHAPTER

Shanks’ conjecture [280], now a theorem, dates from 1961 and states that
¢'(p) is real and positive in the mean

as p = 8 + iy ranges over non-trivial zeros of the Riemann zeta function. This simple
assertion is the basis for the thesis, including various proofs and generalisations of this
problem.

More recently this assertion, again now a theorem proved in Chapter [3|and in [207, [186],
has been generalised to higher derivatives, which we call the Generalised Shanks’ Conjecture
and states that

on average, C (n) (p) is positive if n is odd, and negative if n is even.

Note that Shanks’ conjecture was first conjectured, and later proved, in the usual
order of events, but that we still call the established assertion Shanks’ “conjecture”. This
nomenclature leads to an unusual situation where the extension is reasonably labelled the
“Generalised Shanks’ Conjecture” even though its first appearance in the literature was as
a proven result!

In this first viewing of Shanks’ conjecture and its generalisation, we begin by presenting
a historical overview of the topic. Furthermore we will also give a simple heuristic that
provides the leading term, including the sign, of the asymptotic formula for the average
value of ¢(™(p). This heuristic follows almost immediately from an explicit formula known
as the Landau—Gonek Theorem which we also discuss further.

Additionally, we will also use this heuristic to find the behaviour of the averages of
other L-functions, including 1/¢’(s) over the non-trivial zeros of the Riemann zeta function,

and our method applies directly to derivatives of Dirichlet L-functions over the non-trivial

87
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zeros of the associated Dirichlet L-function in an identical proof (up to those obvious
changes between the Riemann zeta function and Dirichlet L-functions).

Much of the work presented in this chapter has already appeared in print in [I184],
written jointly with Chris Hughes and Greg Martin. Notation and cross-references have

been updated for this thesis.

2.2 HISTORICAL BACKGROUND OF SHANKS’ CONJECTURE

Shanks first made his conjecture [280] when he was reviewing Haselgrove’s tables [167] of
numerical values of the Riemann zeta function. He plotted the graph of t — ((1/2 + it),
copied below, and noticed that the way this curve approaches the origin, mainly through
the third and fourth quadrants. This suggests the phase of ¢/(1/2 + i7) is close to zero in
the mean and thus ¢’(1/2 + 4v) is positive and real in the mean. This observation stands
in contrast to the general behaviour of the function ¢’(1/2 + it), whose mean value tends

quickly to 0.

S
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TV, +i0
F16. 1.—¢ (3 + it) in the complex plane, for 0 < ¢ < 30,
This suggests the conjecture* that Limy.. (1/N) 3.1 ¢» = 0, that is, that
&3+ dva)
is positive real in the mean. Since violations against the “Law’’ are associated with

exceptionally close zeros or exceptionally large values of Z(¢), some extremes dis-
covered by D. H. Lehmer are of interest, and are listed in Table IV:

Figure 2.1: Plot of t — ((1/2 + it), with the original conjecture below the graph.
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We note that in Shanks’ comments below his graph in Figure he refers to violations
of some ‘Law’. This refers to Gram’s Law, which states that given two consecutive Gram
points g, and g,+1, we say that Gram’s Law holds true for [g,,, gn+1) if this Gram interval
contains exactly one zero of ¢ (% +1it). A Gram point is one on the critical line where where
¢ (% +ign) takes real, non-zero values. The Riemann-Siegel function (), defined in (1.28)),
allows us to give another, equivalent definition of Gram points. These are precisely the

points g, for n > —1 with ¢ > 7 such that

0(gn) = nm.

This technique was initially used by Danish mathematician Gram [I50] in 1903 to find the
first 15 zeros of zeta.

Gram’s Law is a bit of a misnomer - Gram himself didn’t believe that there would
always be exactly one zero in a Gram interval. The first time Gram’s Law fails is the
interval [g125,9126), which doesn’t contain any zeros, while the next interval [g126, g127)
contains two zeros. Titchmarsh [297] proved that Gram’s Law fails infinitely many times.
In the case of the original Gram’s Law, it is still unknown whether it is true a positive
proportion of the time, let alone infinitely many times. While this is an interesting topic
of discussion in its own right, it takes us too far away from the theme of this thesis. We
refer the interested reader to [162] for further information, as well as a probabilistic model
of Gram’s Law.

The other tibit of information that Shanks alluded to in his comments below Figure
are about exceptionally close zeros of the Riemann zeta function, called Lehmer pairs.
Lehmer first found a close pair of zeros with imaginary parts 7005.06266... and 7005.10056...
(the 6709'" and 6710*™" zeros). More precisely, Csordas, Smith and Varga [01] define a
Lehmer pair as having the property that their ordinates v, and ¥,+1 obey the inequality

1

e T ()

(’YH - ’Yn-i-l) mé¢{n,n+1} - 771)2 (’Ym - ’Y’I’H‘l)Q

for some constant C' > 5/4.

For each t € R, define the entire function
9
Hi(z) ::/ " ®(u) cos(uz) du
0

where ®(u) is a certain super-exponentially decaying function. Newman [38] showed there
is a finite constant A, the De Bruijn—Newman constant, such that the zeros of H;(z) are
all real precisely when ¢ > A. The Riemann Hypothesis is equivalent to the fact that
A < 0 and Newman conjectured A > 0. If there are infinitely many Lehmer pairs, then

it would follow that A > 0. This has been shown unconditionally by Rodgers and Tao
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[272]. Newman is known to have said “This new conjecture is a quantitative version of the
dictum that the Riemann hypothesis, if true, is only barely so.”

We now return to Shanks’ conjecture and the generalisation to higher derivatives. We
present a different graph to the one Shanks created: Figure shows a scatter plot of ('(p)
at the first 100,000 non-trivial zeros of ((s). This new graph clearly displays symmetry
along the real axis and a bias towards the positive side of the complex plane. Interestingly
the graph appears to be a cardioid in shape, although we have set aside the search for a

proof of why this should be the case for now.

30

-20 -40

Figure 2.2: Scatterplot of ¢/(p) for the first 100,000 zeros of the zeta function.

As mentioned in Section [1.4.3.1] in 1985 Conrey, Ghosh and Gonek [73] were looking
for a straightforward proof of the fact that there are infinitely many simple zeros of ((s).
To this end, they used the Cauchy—Schwarz inequality to write

2

S il <Y1 Y [

0<y<T 0<~<T 0<y<T
where the star on the middle sum denotes counting only the simple zeros. We denoted this
sum as N*(T') previously. This sum only counts simple zeros as if there were any zeros of
higher degree, the sum on the left-hand side would be zero and so wouldn’t contribute to

the answer.
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To complete the proof they used the asymptotic for the discrete second moment on the

right-hand side, given in ((1.32)) and so only needed to find the leading order behaviour of
the sum on the left-hand side. They showed

T
Y (p)=—=(ogT)* + O(TlogT) (2.1)
4
0<y<T
which coincidently proved Shanks’ conjecture. Combining these two asymptotics with the

Cauchy—Schwarz inequality above shows
N*(T)>T (2.2)

as T — oo, which completes their proof that there are infinitely many simple zeros of the
Riemann zeta function.

The downside of the method to prove that infinitely many of the zeros of the Riemann
zeta function are simple is that it is not strong enough to show that a positive proportion
of the non-trivial zeros of ((s) are simple, whereas other methods are, as we have already
discussed in Section [[L4.3.11

It is now clear what the third type of moment is that we alluded to earlier when we
first discussed continuous and discrete moments. Moments of the form found in are

the key point of interest in this thesis. Specifically, we will study moments of the form

ST ¢ (p)t

0<~y<T

as T — oo, for integer k,n, or more generally,

> " (p).. ¢ (p)

0<~y<T

as T — oo, for integer ny, . ..ng, where p = S+ denotes a non-trivial zero of the Riemann
zeta function. The specific questions we ask have been given in the Preface to this thesis,
with full details given in each chapter from this one onwards.

Before we describe the generalisation of Shanks’ conjecture to higher derivatives, it is
worth describing the ongoing research progress on the distribution of ¢’(p). In 1994 Fujii
[126] found explicit lower order terms for the asymptotic formula (he later corrected a
slight error in the lowest-order coefficient in [128], when writing a paper where he combined
¢'(p) with Landau’s Theorem, as seen in Chapter . The full correct asymptotic is given
by

T T\ 2 T T T
"(p) = — (log — -1 —log — + (1 =g —~2 — — + E(T) (2.
0<§7;T€ (°) dm <og 277) * +V0)27r 08 2 +( 70 770 371)27? + E(T) (2.3)
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where 79 and ~; are coefficients in the Laurent expansion of ((s) about s = 1, given by

o0

¢(s) Z A’YJ 3_1)

where the v; are the Stieltjes constants and ~g is Euler’s constant.

Unconditional bounds for E(T") were given by Fujii, where
E(T) = O (Te @VPeT) |
with C' a positive constant. Under the Riemann Hypothesis, he showed
E(T) = O (T"*(log T)"?).

The best known conditional error term is shown in Section and can be found in [I86],
to be
E(T) = O (T"/*(log T)**/*).

In 2021 Kobayashi [215] gave a similar result for Dirichlet L-functions, with the same
leading order asymptotic term.

In 2010 Trudgian [299] gave an alternative proof of Shanks’ conjecture, based on Shanks’
observation of the connection between arg ¢’(p) and Gram’s Law. Although care needs to
be taken in the definition of the argument (a priori it is only defined up to a multiple of

27), Trudgian was able to show that

Y arg((p) < T°
0<~<T
for every € > 0.
We are now ready to explore the generalisation of Shanks’ Conjecture to ¢ (”)(s), the
- derivative of ((s), for every positive integer n. This extension, which we call the
Generalised Shanks’ Conjecture, states that ¢(™ (p) is real and positive in the mean if n is
even, while (") (p) is real and negative in the mean if n is odd.

In 2011, using ideas similar to those in Conrey, Ghosh and Gonek’s proof of Shanks’
original conjecture, Kaptan, Karabulut and Yildirim [207] found the main term for the
summatory function of ¢(™ (p). Specifically, they showed that

> )= L g1yt 1 o(r0g ) (2.4)

0<y<T
which clearly implies the Generalised Shanks’ Conjecture as stated above. They have also
proved a similar result for derivatives of Dirichlet L-functions, with the same leading order

asymptotic term.
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Figure 2.3: Scatterplot of ¢”(p) for the first 100,000 zeros of the zeta function.

In 2022, together with Hughes [186], we investigated the Generalised Shanks’ Conjecture
and found lower order terms for the asymptotic formula ([2.4)), the proof of which will be
given in Chapter [3] The result can be stated in the form

1 T T n+1
(-t LT _> 2.
0<;<TC (P) ( ) n+12r <O 2m ( 5)
n k n—k
1 T T T
1 n+1 n -1 k 1l =1 —v: | — (1 —> 'An_ En(T
+(-1) ,cz:%(k)( )k +jz:%j!’yg 5 \ 1085 +n 27T+ (T)

where the v; are the coefficients in the Laurent expansion of ((s) about s = 1, and where

the A; are the coefficients in the Laurent expansion of ¢'(s)/¢(s) about s = 1.

The unconditional error term is the same as given by Fujii in the first derivative case.
If we assume the Riemann hypothesis, then we can improve his error term in the first
derivative case, and in general, we have

En(T) = O (T"?(log T)"+*/*).

In Chapter [3] we are able to give an equivalent version of this result derived from a
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-2000-

Figure 2.4: Scatterplot of ¢"(p) for the first 100,000 zeros of the zeta function.

result of Fujii’s [126], which can be written unconditionally, for T" sufficiently large, as

n+1 n—~+1 n—~{+1
() () — ] LiL__£l< Z)
Z ¢"lp) n'ego(n—ﬁ—i—l)!%r € on

0<~<T
n n—m —m— —m—2¢
(_1)n m E—l—l,ym T T\ "™

(n—m—{0)!m! 2m

where the coefficients ; and A, are from the Laurent expansions of {(s) and ¢'(s)/¢(s)
about s = 1, respectively.
In Chapter [6] we are able to give an integral form of this result, using the Ratios

Conjecture. This can be written (under the Riemann Hypothesis) as

> W (1 +iv> =
0<y<T 2

n! T A (_1)n+1Ln+1 n (_1)m+1Lm,yn_m

" (n+1)!

ﬁ+0@ﬂﬂﬂ,

o Ji ml(n —m)!

m=0

where L = logt/2m and again the v; are the coefficients in the Laurent expansion of ((s)
about s = 1, and where the A; are the coefficients in the Laurent expansion of ¢'(s)/¢(s)

about s = 1.
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Furthermore, we have also extended Fujii’s combination (mentioned earlier) of ¢’(s)
and Landau’s Theorem to all derivatives of ((s), as will be shown in Chapter 4] and has
appeared in [262] .

In a recent paper, Benli, Elma and Ng [22] have generalised , giving a full asymptotic

for sums of the form

> L+ a)X(pY(1—p)

0<~y<T

where « is a small complex number and X (s),Y (s) are Dirichlet polynomials. As an
application of this result, they set X(s) = Y (s) = 1 and differentiate with respect to «
n-times and set & = 0 to reobtain ([2.5)).

All of the results we have described have relatively complicated proofs, and it is unclear
that any of them provide an intuitive explanation for the alternating signs in the Generalised
Shanks’ Conjecture, or indeed of the positive sign in Shanks’ original conjecture. We now

present a simple heuristic that explains these signs, and indeed recovers the leading order

term in the asymptotic formula (2.1)) and (2.4).

2.3 HEURISTIC FOR THE GENERALISED SHANKS’ CONJECTURE

2.3.1 PRELIMINARY LEMMAS

2.8.1.1 Dirichlet Series Approxrimations

We begin with some preliminaries concerning the Riemann zeta function, which we recall

for R(s) > 1 can be written as the convergent Dirichlet series

> 1

Since Dirichlet series converge locally uniformly we may differentiate term by term; and

since the derivative of L. = =18 is (—logm)m™*, we see that

[e.9]

C(n B o Z logm
m=1

for $(s) > 1. This can be extended beyond the range of absolute convergence in a myriad

of ways. We sketch the proof of one such method in the following lemma.

Lemma 2.1. For s =0 + it,

C(n)(s) — (—1) Z (log m)™ B ﬂ [xls] Lo ((10gac)")

ms ds™
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uniformly for o > o9 > 0 and |t| < Cx where C is a positive constant less than 2.
Restricting ourselves to t > 2 and setting x =t we have
logm
s = (-1 Y BB o (tog ). (2.7
ms
m<t

Proof. We sketch the proof for (2.7)), using an adaptation of the method found in Titch-
marsh [298] pages 74-77]. Equation (4.11.2) from that book shows that for o > 0 and
N e N,

N 1—
1 N5 o [ul —u+1/2 1
((s)zg — - —i—S/N Tdu—§N .

If we differentiate this equality n times with respect to s, we get

N oo m)" m 1—s
() = (- 3 dosm) A" [N] I

= m’ ds" |1—s 2
* ([u] —u+1/2)(~logu)" " > ([u] —u+1/2)(—logu)”
+ n/N ot du+ s /N s, du. (2.8)
When o > o for a fixed g9 > 0, the last three terms can be uniformly estimated as
1 s (log N)™
—5(— log N) N < W
% ([u] —u+1/2)(—logu)™* (log N)»~1
/N RS du < Noo
o (ju] — u + 1/2)(~ logu)" (log )"
S/ZV u5+1 du <K ’S’W
Moreover, if we define g(m) = (lofnit?)n and f(m) = “ggm we may apply [298] Lemma 4.10]

to get

VDY toam)™ _(_pyn S g(m)emiftm)
t<m<N t<m<N

= (-1)" /Ng( )e2mif (W gy + O ((loff)n)

_/ logu wt O ((logt)”).
tO’
On the other hand,

/N (_logu)ndu:di Nl-=s _di tl—s
t us ds® |1—s ds™ |1—s

(to see this, note that for n = 0 the integral is directly calculable, and for n > 1 simply

differentiate both sides with respect to s the appropriate number of times). If we restrict
ourselves to t > 2, we obtain

ﬂ [ tl—s ] tl—o‘(log t)n

£ (log t)".
g |T=s| ST oora <t ost)
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Therefore, plugging all this back into ([2.8)), we have shown that when o > o for a fixed

oo > 0,
logm)" (log N)™ (logt)™
(m)(g) — (_qyn §~ Logm)" < ) ( >
¢"(s) = (=1) n;t S+ O (s ) H O ()
Letting N — oo completes the derivation of ([2.7)). O

2.3.1.2 The Landau—Gonek Theorem

We begin this section by stating the Landau—Gonek Theorem, found in [I46] which concerns
sums of the form X* over the non-trivial zeros of the Riemann zeta function. This is in
essence an exponential sum. It was proved by Landau [219] for fixed X and made uniform
by Gonek [144] [146]. This formula has a great many applications. For example, Gonek
[146] reproved the leading order behaviour for the second discrete moment of the Riemann
zeta function given in using the Landau—Gonek Theorem, as well as a result of

Montgomery’s on simple zeros. Other applications will be seen throughout this thesis.

Theorem (Landau-Gonek). For X, T > 1,

> OXP=— %A(X) + O(X log(2XT) loglog(3X))

0<~y<T
+0 (longin (T, é>>) +0 <10ngin <T, long)) (2.9)

where p = B + iy a non-trivial zero of ((s), A(X) denotes the von Mangoldt function, and

where (X) denotes the distance from X to the nearest prime power other than X itself.

The large number of error terms are explained by Gonek [144]. They are due to the
different behaviour of the sum in different ranges of X. He also notes that when X =m € N
and T > m, the last two error terms of (2.9) are absorbed by the first error term and so

(2.9) becomes

T
Z mP = ——A(m) + O(mlog(2mT) loglog(3m)). (2.10)

27

0<~<T
The difference in formula (2.9) and formula (2.10) highlights the differences in behaviour
of sums of this form when X is no longer an arbitrary positive real number but is instead
a positive integer.

Fujii has generalised Gonek’s result (assuming the Riemann Hypothesis) in [124] and

[125] to find the subleading and subsubleading behaviour. This is given by

. T : log L 1 1 log T
5 e Loy (B L (3 ) o (bl
0eT T i log T (loglogT')

(2.11)
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We state a corollary of the Landau-Gonek Theorem, found in [I46]. Note that under

the Riemann Hypothesis, for a non-trivial zero p of ((s), we have p =1 — p. Then
Yoomlr= > mr= Z mP = ——A( ) + O(mlog(2mT) loglog(3m))
0<~<T 0<~<T 0<~<T

since the right-hand side of (2.10)) is real. Dividing through by m gives the following result.
Corollary 2.2 (Gonek). Under the Riemann Hypothesis, for T > 1,m € N with m > 2
and p =1/2 4+ iy a non-trivial zero of the Riemann zeta function ((s),

T A

Z m P = _ T Alm) + O(log(2mT) loglog(3m)), (2.12)
2T m
0<~y<T

where A(m) is the von Mangoldt function.

We now sketch where the main term in the Landau—Gonek Theorem comes from. By

Cauchy’s Theorem, we can write
!
Z Xp / C XS
0SreT 2771

where C is a certain contour that encloses the non-trivial zeros of ((s) that goes past the
1-line, say ¢ + ¢ to ¢ + T, where ¢ = 1 + 1/logT. The other sides of the contour aren’t
relevant to our sketch, as it can be shown that the integrals along them only contribute to
the error term.

The integral along this line gives
1 c+iT C/ 00
il XS ds = —
27T/c 44 C( ) / < 2:: ne
X it
S IOEOR
n=2 n

since we can expand the logarithmic derivative of ((s) as a Dirichlet series as ¢ > 1. The

+it
+1t> X ds

diagonal terms (those where X = n) contribute to the main term, again with the rest of

the terms contributing to the error terms. The right-hand side contributes

_gAm) (f);ﬂ/f (f)t dt = —%A( )+ €,

where £ is some error term, and so we can see where the Landau—Gonek Theorem should

reasonably come from. That is, we have sketched that

T
p_ _
E X 27rA(X)—hi’

0<y<T
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where £ is some error term that Landau and Gonek considered and found explicitly.
Other generalisations of the Landau—Gonek Theorem can be found. For example, in

the case of a Dirichlet L-function, we could follow the above method to show

T
> Xrx= —?A(X)X(X) + &
0<1 <T T
where the sum is over the non-trivial zeros p, = B, + 7, of a Dirichlet L-function, and
where we can derive a similar error term to that in the Landau—Gonek Theorem, rather
than leaving it implicit by just writing £. Similarly, under the Generalised Riemann

Hypothesis, we could show for an integer m > 2 that

T A(m)x(m
5 o= I Al

0<yx <T

+£&.
m

2.3.2 THE HEURISTIC

We now state the short heuristic argument which yields the Generalised Shanks’ Conjecture
as stated in Section [2.I] We ignore error terms on the whole so the equal signs are not
‘true’ equalities but show the general argument. (See Chapter |3| on how to derive the
rigorous result.)

We note that while the heuristic requires the assumption of the Riemann Hypothesis
(as we will use Corollary , the general results with a full, rigorous proof of and
do not, except for improvements in the error term.

Using the approximate formula for {(s) and Corollary we may write for n > 1,

Yo M) ()" Y D (logm)"m (2.13)

0<~<T 0<y<T m<~
— (1" Y (logm)" Y m
m<T m<y<T
T (logm)™A(m) 1
~ (—1) T e W N (1)t 1 nA )
ot X (15 3 Gogm)"AGm)

To finish the heuristic, we need to sum the two series in the last line. By Chebyshev’s
Theorem [5],

=logz + O(1)

so by partial summation, we have

5 Bogml"h _ oy 7 Sl

T m T

1
= (log T)" ™ + O((log T)™).
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and similarly

> (logm)"A(m) = O(T(log T)").

m<T

Combining this with our argument above, we have

Y Mp) = (-1) Hﬂm(lOgT) 1+ O0(T(log T)™),
0<y<T

)

as T' — oo, which is the leading order the asymptotic result for the Generalised Shanks
Conjecture, as given in .

Remark. Note that this result assumes n > 1. When n = 0 the left-hand side is trivially
zero, whilst the right-hand side, as written, is not. This is explained by noticing that when
n > 1 the term when m =1 in the sum is not present, since (log1)™ = 0. However,
if n = 0 this term is present and is not accounted for in the Landau—Gonek Theorem,
which holds for m > 2 only. The m =1 term in that case clearly contributes N(7T'), which

perfectly cancels the —% logT + O(T') term coming from the calculation given above.

Remark. This argument can be applied mutatis mutandis for Dirichlet L-functions, yielding
exactly the same leading order behaviour as for the Riemann zeta function. This result

was already known [207, 215].

2.3.2.1 The Error Terms

In the previous section in the last part of equation (2.13]), we ignored the error terms

coming from Corollary 2.2] Including them one can see that they contribute

< Z (logm)™loglog(3m)log T < T(logT)" ! loglog T
m<T

which dominates the main term! However, these are worst-case point-wise estimates and
take no account of any potential cancellation when averaged, so it is likely that when
summed over m the true error is smaller and the main term is correct. (Indeed that is
what is proved, by different methods, in [73, 207] for n = 1 and n > 2 respectively.)

The point is that whilst this method must remain a heuristic, it is a much quicker
approach to find the main term in the overage of ((™(p) and gives some sense of why the
Generalised Shanks’ Conjecture holds true, that is, why the mean of ¢(™ (p) is real and

positive/negative.

Remark. In Chapter [3| we prove that the true value of the mean of (™ (p) (that is, the

main term and all the lower order terms up to a power saving) is given by

> A(r)(logr)"

T
mmgz;
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which shows that the heuristic in the previous section can only yield the main term since
the last line of equation (2.13]) differs from the true value by O(7T'(logT)™). This result is
found with full details in Chapter [3{and in [I86].

2.4 SHANKS CONJECTURE FOR THE RECIPROCAL

As we have seen in Sections [1.3.6] and [T.4.1] negative moments are also of interest. It is

natural to ask if there is an analogue to Shanks’ conjecture for negative moments of the
derivatives of ((s). Garaev and Sankaranarayanan in [I34] have proved a negative moment
of (!(p) (under the assumption of simple zeros) which we can rederive with the heuristic.
Note that if we could find a proof that didn’t assume the simple zeros hypothesis, then
proving the following asymptotic would imply that all zeros of the Riemann zeta function
are simple (else the right-hand side of the asymptotic would blow up as 7" — o). We
also note that the following result can be found [195] 244] 236] in under the additional

assumption of the Riemann Hypothesis.

Theorem 2.3 (Garaev—Sankaranarayanan). Assume all the non-trivial zeros of ((s) are

simple. Then
1 T

> ~— (2.14)

0ep lp) 27

as T — oo.

Figure 2.5: The real (blue) and imaginary (orange) part of >, <7 ﬁ — L plotted over

the first 100,000 zeros.
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Consider Theorem [2.3] above, together with the Figure Clearly if we were to state

a Shanks’ style conjecture (although again, it is already a theorem), we would claim
1/¢'(p) is real and positive in the mean.

However it is also clear that there is some constant, subleading real term from the graph.
We make the following conjecture (although believe we could remove the assumptions
of simple zeros and the Riemann Hypothesis). As before, a proof without assuming the
simple zeros hypothesis would imply that all the non-trivial zeros of the Riemann zeta

function are simple.

Conjecture. Assume all the non-trivial zeros of ((s) are simple and the Riemann Hy-

pothesis is true. Then

3 ,1 - T icto (11/2+) (2.15)
0<~<T C (p) 27T

as T — oco.

We have suggested an error term of O (Tl/ 2te ) to be consistent with other zeta function
conjectures, but the numerics suggest the true size of the error term should be far smaller.
The constant C' however, is a different story. Typically, the lower order terms of a moments
problem involves some arithmetic information, so a safe bet would be to say that C' = f(7p).
At a numerical value of roughly —1.6, we suggest that C' = —1 — = but this guess is based
solely on a numerical approximation. Clearly the constant should be contained within
the error term, but we can see a clear systematic negative bias from Figure 2.5 and so we
include the constant explicitly in this conjecture. Investigating this error term and the
value of the missing constant would be of interest.

We can also compare this result with a conjecture of Gonek’s [145], stated in (1.35)).

He conjectured the following result.

Conjecture 2.4 (Gonek). Assume all the non-trivial zeros of ((s) are simple and the

Riemann Hypothesis is true. Then

Jar = 3 1 3

— ~ =
0<r=r [¢'(P)] m

as T — oo.

Again, we note that if we could find a proof that didn’t assume the simple zeros
hypothesis, then proving the following asymptotic would imply that all zeros of the

Riemann zeta function are simple.
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Recall also that Milinovich and Ng [236] have shown a lower bound for this result,
correct up to a factor of a half, stated in .

Interestingly, as a final comment before we use the heuristic to derive Theorem [2.3] we
note that both Theorem and Conjecture are of the same order of magnitude.

2.4.1 NEGATIVE SHANKS’ CONJECTURE VIA THE HEURISTIC

Given
o) = lim SLFD =) _ St D)
z—0 x z—0 x

9

it is plausible (but certainly not rigorously proven, since we have ignored all issues with

rearranging the, at best, conditionally convergent sums) that

1 . €T
RN Y rrey

0<y<T 0<y<T

where the second line is conditionally convergent for f(z) > 0 if the Riemann Hypothesis
holds, and the N(7T') term comes from the m = 1 term in that sum. Then applying the
Landau-Gonek Theorem (again ignoring the error terms) to the second sum in the previous

equation, this equals

_ p(m) _ wu(n
1 E Pl ~——1i E
im x (m:2 - m ) im x on

z—0t 0sr<T 271 z—0t el
T lo
2 lim Z gp
27‘(’ :v~>0Jr - pl'*‘x
p prime
where last line follows since p(n)A(n) = —log(p) if n = p a prime, and zero otherwise.

By the Prime Number Theorem we have

log p . *logy dy
= lim a:/ =1
a—0t  Jo  yMtTlogy

giving us the heuristic derivation of Theorem [2.3]

Remark. This argument can be applied mutatis mutandis for Dirichlet L-functions, yielding

exactly the same leading order behaviour as for the Riemann zeta function. This result
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doesn’t seem to already be known, but a similar proof to that of Garaev and Sankara-
narayanan should follow (under the assumptions of simple zeros and the Generalised

Riemann Hypothesis). We state this result in full for future interest.

Conjecture 2.5. Assume the Generalised Riemann Hypothesis, and that all the zeros of
a Dirichlet L-function L(s,x) are simple. Then for p, = By + iyy a non-trivial zero of
L(s,x), we have

Z 1 T

o<oeer L/ (Px:X) 2m



3

The Generalised Shanks’ Conjecture

In Chapter [2] we introduced Shanks’ conjecture, which states for p = 3 + iy a non-trivial
zero of ((s), that

¢’(p) is real and positive in the mean.

While Conrey, Ghosh and Gonek [75] established the truth of this conjecture to leading
order, Fujii [1206], [128] extended their result by showing for sufficiently large 7" that

T\? T, T T
> o)== (log ) +(~L+a0)y-log 5+ (1 =20 =8 ~ 3m) 5 + E(T) (3:)
27 27 2m
0<~<T
where 7 and ~y; are coefficients in the Laurent expansion of {(s) about s = 1 and E(T) is
a particular error term, depending on whether we assume the Riemann hypothesis or not.
The unconditional error term is the same as that in the Prime Number Theorem ({1.7)) and

the conditional error term given when assuming the Riemann hypothesis is given by
E(T) =0 (T"?(1ogT)"?).

The aim of Section is to do the same for the Kaptan, Karabulut and Yildirim [207]

result for sums of (™) (p), that is to find lower order terms for

( )n-i—l T
> ") 5 (log 7)™ + 0 (T(log T)").
0<~<T n+
This comes in the form of a polynomial in logT" of degree n + 1, with a similar error term
to that of Fujii’s. Their proof verifies the Generalised Shanks’ Conjecture, which states for

= [ + iy a non-trivial zero of ((s), that
¢™(p) is real and positive/negative in the mean if n is odd/even.

In Section [3.1.6] we show how we can improve the error term in Fujii’s result, as well as
how to improve the initial error term that we gave Hughes and Pearce-Crump [186]. This

improvement comes in the form of a saving of a fourth-root of a logarithm in 7.

105
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In Section we show how we can derive an equivalent asymptotic to the one given in
Theorem [3.1] using a shifted asymptotic formula of Fujii’s.

We end this chapter by briefly discussing the Generalised Shanks’ Conjecture over
short intervals. This means that we instead sum over the ordinates of zeros of size between
T and T + H, where TY/2t¢ « H <« T. This result to leading order is as expected, and
shows for such H, for sufficiently large T,

ST ¢M(p) = (—1)m

T<y<T+H

7_[/_’_12}7[_‘_ (lOg T)n+1 + O (H(log T)n) -+ O (T1/2+€) .

The work presented in Section has already appeared in print in [I86]. Notation
and cross-references have been updated for this thesis, as well as an improved error term
as previously mentioned. This improved error term written in this chapter takes the place

of what was given in the original paper.

3.1 THE GENERALISED SHANKS’ CONJECTURE

In this section we prove the following result.

Theorem 3.1. For p = f + iy a non-trivial zero of ((s), and where (™ (s) denotes the
ntt derivative of ((s), we have for T sufficiently large,

1 T T n+1
Z C )n+1 - (10g )
e n+12rw 2w
" T T\"F T
DS (M) (- 1 ( ) A, — + E,(T
) ];)<k>< ( +Z]‘%) or U8 2r n 27T+ (T)
(3.2)

where the v; are the coefficients in the Laurent expansian of ((s) about s =1, given by

C(s) = +Z ' ’7]3_1)

S —

and where the A; are the coefficients in the Laurent expansion of ¢'(s)/((s) about s =1,
given by

A, = {% fn=0 (3.3)

(lnlg

%%_Z?— Aﬂﬁ% 1—j  otherwise.

The error term is given by
Ey(T) = O (Te VT
with C is a positive constant. If we assume the Riemann hypothesis, then

En(T) = O (T"?(log T)"+*/%).
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The expression for A,, given in (3.3)) is found in [197] with equivalent forms in [230), [35].

Remark. Two simpler but equivalent representations of this theorem can be found in
Theorem and in Section both of which are derived in different ways.

3.1.1 OVERVIEW OF THE PROOF

In this section we give a brief outline of the proof, explaining the method we will follow to
prove Theorem

In Subsection [3.1.2] we state some preliminary lemmas that we will use throughout
this section.

In Subsection [3.1.3] we begin by considering the integral S given by

_Lord o m
S—Qm_/RC(s)( (s) ds

where R is the positively oriented rectangular contour with vertices c+¢,c¢+ 7,1 — c+
iT,1 —c+i with ¢ = 1+@
within R and so by Cauchy’s Theorem the integral represents the summation

S= > M)

0<~y<T

. The non-trivial zeros of {(s) up to a height 7" are contained

in question. We then show that the contribution to the integral from the bottom, top and
right-hand side of the contour is contained within the error term of the theorem, so the
main contribution comes from the integral along the left-hand side of the integral.

In Subsection [3.1.4] we evaluate this part of the contour integral. Through this, by
Lemma we link the integral to a summation

(=1)" > A(r)(logr)"
mr<L
which is then the main object in question.
In Subsection Lemma [3.12] we use Perron’s formula to evaluate this sum as a
complex integral up a vertical line just to the right of the critical strip.
In Subsection we will evaluate that complex integral and show that

2% / +VV (g(s)>(n) C(s)? ds = Res (C/(s))(n) g(s)§ + En(Y)

where Y = % and V is given explicitly to optimise the error term F,(Y'), which we can

describe both unconditionally and under the assumption of the Riemann hypothesis.
Finally, in Subsection [3.1.7] we will evaluate the residue at s = 1 to find the asymptotic

expansion described in Theorem by considering the Laurent expansions around the

pole s = 1 of the terms in the above integrand.
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Combining all of these steps together gives the result.

We finish the section by giving some examples in Subsection [3.1.8] Firstly, we can
recover the asymptotic in by specialising to the case n = 1, and in particular recover
Shanks’ Conjecture. We then give the first new case where n = 2, as well as providing

some good numerical evidence for the strength of the result.

3.1.2 PRELIMINARY LEMMAS

We start by stating the strong form of the convexity bound for the zeta function and the
nt" derivatives of the zeta function. The case n = 0 can be found in Ivié¢ [I98, Ch. I, Sect.
1.5], while the cases for all other n can be derived from this using Cauchy’s theorem on

derivatives of analytic functions on ((s) in a small disc of radius @ centred at s = o + it.
Lemma 3.2. Fort > tg > 0 uniformly in o,

t1/2= (log t)" 1 ifc <0
C(n) (U + it) < t(lfo)/2(log t>n+1 ifO <o<1
(logt)ntt if o > 1.

The following result follows from Gonek [143] Sect. 2, p. 126].

Lemma 3.3. If T is such that |T —~| > @ for any ordinate v, uniformly for —1 < o < 2

we have

’ (n)
(CC(S)) < (log T)"+2, (3.4)

To obtain the form of the functional equation for ¢ (1 — s) that we will need, we will

use the following result from Gonek [143], which is his Lemma 6.
Lemma 3.4. For o fired, n >0 and t > 1 we have
(n) n " oc—3/2 n—1
(1= 5) = (~1)"x(1— 5) (log o= )+ 07 (log 1)),

Lemma 3.5. Foro>1andt>1

" (n t\"F
(L= 8) = (11 =93 (k,) (log 5= ) ¢®s) + 0 2(10g ).

P 2

Proof. By the functional equation (|1.1)), and using the Leibniz product rule

(15 =Y (Z) (=1 X = 5)¢0 )

k=0
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Using Lemma and Lemma to bound ¢(¥)(s) for ¢ > 1, this equals

k=0 k=0
= Z x(1—s <log t>nk ¢®(s)+0 (t"_3/2(10g t)”) .
27
Dividing through by the factor of (—1)™ gives the result. O

As another application of Lemma 6 from [143] we can rewrite the logarithmic derivative

of the functional equation for ((s) as

¢ t o—
F=s) = 1%?—Zu+o@3ﬂ (3.5)

valid for any fixed o, which we will also need later.

C/

3.1.3 BEGINNING THE PROOF

Throughout we assume T is sufficiently large and satisfies |T" — 7| > @, where v is the
imaginary part of any zero p. (This constraint simplifies the arguments, but has no effect

on the resulting expressions or final theorem.) Consider the integral

L e g g
=5 [ T (36)

where the contour R is the positively oriented rectangular contour with vertices ¢ + i,c +
1,1 —c+iT, 1 —c+iwith e =1+ 7.
By Cauchy’s Residue Theorem,

S= 3" ¢Mp).

0<y<T

We need to evaluate S in another way to determine the behaviour of 3 o, <7 ¢ ™) (p).

To do this, we begin by splitting the integral S along each part of the contour, so

G- c+iT 1— c+zT l1—c+i c+i C/ (n) p
27” / c+iT l—etiT  J1—cti C(s)( (s) ds
=5+ 5T + 58 + 55,

say. We will first bound SZ, ST, S% trivially within error terms as follows. Our main aim

will then be to evaluate S which we will do in the next section.
Lemma 3.6. The integral along the bottom of the contour is S = O(1).

Proof. This follows as the integral is of finite length with a bounded integrand. O
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Lemma 3.7. The integral along the top of the contour is ST = O (T1/2(log T)”+2>.

Proof. By the convexity result from Lemma and using Lemma to bound the

logarithmic derivative, we may write
c !
ST <</ 2(0+iT)C(”)(U+iT)’ do
1—c
0 1 c
< (logT)? {/ +/ +/ }‘C(”)(J—H’T)‘ do
1-¢ Jo 1
0 1 c
< (log T)2{ Y277 (log T)"*! do +/ TA=2(log T)"** do +/ (log T)™ ! da}
0 1

l1—c
<< T1/2(10g T)n+2

since c =1+ @. O
Lemma 3.8. The integral along the right-hand side of the contour is ST = O ((log T)"*3).

Proof. Along the right-hand side of the contour we need to evaluate

"=, /CHTCI(S)C(”)(S) ds.

T 27 e €
Writing <?/(s) and ¢(™(s) in terms of their Dirichlet series, we have

6 = -3 2 ana () = (- 3 LB (3.7)
r=1

m=1

where A(r) is the von Mangoldt function given by

AP logp if r = p¥ for some prime p and some integer k > 1,
T =
0 otherwise.

Substituting into ST we have

St = 21m/T <—§: ,j}(ﬁ ((—1)” > W) idt

r=1 m=1
—  A(r)(logm)™ (T

< zlex ™ (e)
< (log T)™ 3.

where the final line follows from Lemmas [3.2] and 3.3 O
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Since SB, ST, S are all within an error term of O (Tl/Q(log T)"”), only the integral

over the left-hand side of the contour will contribute in any meaningful way. Observe that

I i l1—c+i C;/ B c—1 C/ B (n) - -
5 2777mA e+iT G (S)C ( ) N 271'2/0 iT ¢ (1 S)C (1 S) ds =—1I,
where 1 c+iT CI
= — _ (1 =
=5 [ Fa=9c0 - ds (3.8)

3.1.4 EVALUATING [

Our main aim then for this section is to evaluate I. To do this we want to write I in such
a way that we can apply Gonek’s Lemma 5 from [I43] which we will state below when we

use it later in this section.

Lemma 3.9. We can write the integral I given in (3.8) as

T [ n—k+1 20 (_1)k(log m)¥
[:(2;/1 x(1 — ¢ —it) [Z<k> (lOg;Tr) Z()m(ch;gt)

k=0 m=1
S () (1o L) S (CD Gogm)t S5 A) 2 loe T2
" g:% (ki) (log 27r> m§::1 metit ; ot dt + O (T (log T') ) )

Proof. Substituting the results from Lemma and (3.5)) into I gives

I 1'/c+iT <—log n C'( )+O(t03/2)>

270 Jeti 2r ¢
n — (n t\"F (k) c—3/2 n

X | (=1)"x(1 —s) Z log — ¢\(s)+ 0O (t (logt) ) ds.
P k 27

Writing s = ¢ + it, expanding the bracket in the integral and simplifying the error term

gives
(_1)n+1 /T ) n n ( t >TL—]€+1 (k) ]
I=— 1—c— log —
o . x(1 —c—it) ICZ% 1) o8 5 ¢ (c+it)

dt+0 (T (log T)™*?) . (3.9)

+ Z < ) <log)n ¢ (c+zt)<<(c+zt)

where we have used x(1 — ¢ — it) < t1/27¢ and (¥ (¢ + it) < (logt)**+!, and C?/(c +it) <
(logt)?. Writing ¢(¥)(s) and Cé(s) as their Dirichlet series (3.7) and substituting into I
gives the result. O

We will now require the use of Lemma 5 from Gonek [143] Sect. 4, p. 131]. As it is
such an important result for our proof, we state it here, with the phrasing adapted to suit

our needs.



112 CHAPTER 3. THE GENERALISED SHANKS’ CONJECTURE

Lemma 3.10 (Gonek). Let {b,,}5°_, be a sequence of complex numbers such that for any
€>0, b, <Km®. Let c > 1 be as before and let k be a non-negative integer. Then for T
sufficiently large,

—/ (Z bmm_c_’t> X(1—c—it) (log ) dt = Z b (logm)*+0 (Tc_l/Q(log T)k) .
TJ1 \,\2 2m S
— 27
We can finally simplify I to get a single sum that we will work on evaluating in the
next section.

Lemma 3.11. The integral I can be written as

" 3" A(r)(logr)" + O(TY?*(log T)"+2)
mr<.L

— 27

where the sum is taken over all integers m and r such that mr < T/2x.

Proof. Before we apply Lemma we will split the integral I given in (3.9)) substituting
the Dirichlet series to simplify the argument slightly. To do this, we write

_ 1\l T " (n PN (1) (logm)*
<>/ wiemin 3 (1) (g o) S5 G e

k=0 m=1
1t d £\ (- )R (logm)F & A(r)
(1 —c—it) log — _ =t
/ X( c—1 I;)( ) <Og ) mzzjl metit 7; petit

+0 (Tl/ 2(log T)"*?)
=Ji+ 40 (T” *(log T)”“) ;

say.

For J;, we have

" In T n=k+l 20 (logm)*
Jy = (—1)7*! Z <k>(_1)k21ﬂ/1 x(1 —c—it) <1og 2;) Z (lmgcﬂt) dt

m=1

=0+ 0 (T"2(log T)"*")

since by the Binomial Theorem,
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For J;, we have

il = [ 1 t\"F & (logm)F S A(r
Jy=(—1) +1 Z (k) (—1) k:—i—l / x(1 —c—it) (log 2) Z il Z Tc(—HZ dt
k=0

m=1 r=1

-~ (n R 7)(log m)*
—(—1)n+11§<k>(_ k+11 / x(1—c—1it) (log2t> Z A((rzl(i)cg‘*‘”)dt

mr=1

= (—1)"*! kzn:o (Z) (—1)Ftt Z A(r)(logm)* (logmr)" ™% 4+ O (T1/2(log T)"*k)

mr<—
— 27

Z A(r) z”: (Z) (—log m)k(log mr)"_k +0 (T1/2(log T)”)
k=0

mrﬁ%

Z A(r)(log mr —logm)"™ + O (T1/2(log T)n>
mr<l

Z A(r)(logr)" + O (Tl/g(logT)") .
mr</L

—27

where the last three sums are over all integers m and r such that mr < T'/27. Our results

follow from combining J; and Js. O]

Therefore

St =_T
= (=)™ 3 A(r)(logr)" + O (TY*(log T)"+2)

m7'<21
— LT

Since we have shown that the terms from SZ, ST, S% are harmless within the error term of
(@) (T 12(log T )"+2), we have that the integral given in equation (3.6) is equal to the sum

= (=)™ 3 A(r)(ogr)" + O (T*(log T)"?) . (3.10)

mrﬁ—Tr
3.1.5 EVALUATING THE SUM S

As we have discussed above, all that remains to do is to evaluate the sum in (3.10)). To do
this, we first note that by Perron’s formula, we have

1)t Z A(r)(logr)" ! /CCHOO (Cl(s)>( )C(s)E ds

mr<L 27” —ioo
—27

where we set Y = 2 and c =1+ =7 T as before.
Since we want to be able to evaluate the integral on the right-hand side, we will modify

this slightly and instead use a truncated Perron formula.
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Lemma 3.12. For2 <V <Y, asY — o0,

1 c+iV CI (n) Ys
n+1 A(r)( ( > — ds+ R(Y,V),
T Aot =55 ) ((6) e der RIY)

where
Y n+2
RYY,V) < v (logY)"T=.

We will use a specific V' later in this section. The choice of V' will depend on whether

we assume the Riemann hypothesis or not.

Proof. If we let a(k) denote the coefficients in Dirichlet series for (%(s))(n) ¢(s), namely

a(k) = (—1)"*! Z A(r)(logr)"
rlk

then by the truncated Perron formula we have that the integral in the lemma equals

> a(k) + R(Y,V)

k<Y
with
Y YC >
RY, V)< > |a(k)|min (1, ) Z
Y V|Y - k’
¥ <k<2y
= A+ B.

Writing k = mr we see -,y a(k) equals the sum in the lemma. To evaluate the error,

note that |a(k)| < (log k)"*! (with equality only if k is prime). Therefore

Y
n+1
A< (logy)"tt >~ mm( VY - k|)
Y ck<2y

(IOgY n+1 Z
<Y 14 f

Y
< v (log V)" "2,

For B, since c =1+ @, the Dirichlet series converges, and so

C/ (n)
CORTCE
where we use the fact that Y =< T.
Combining A and B gives the required bound on R(Y, V). O

44 Y°
v

Y
B = V(log y)nt2
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3.1.6 THE ERROR TERM

We will show that the error term can be described explicitly as follows, depending on

whether we assume the Riemann hypothesis or not.

Lemma 3.13. ForY = %, as'Y — oo, we have
1 c+iV CI (n) Ys C/ (n) Ys
o [ (50) @ as=Re (o) o6+ B

where En(Y') is an error term given by one of the following three cases:

1. Unconditionally, by setting V = e“VI8Y we obtain
En(Y) -0 (Ye—C’\/logY>

where C' a positive constant that is not necessarily the same in each instance.

2. Assuming the Riemann hypothesis, setting V = 2nY, we obtain
En(Y) — O (Y1/2+€)

fore > 0.

3. Assuming the Riemann hypothesis, setting V =Y /(logY)3/2, we obtain
En(Y) =0 (Y*(log Y)"+9/1).

We will calculate the residue in Section [3.1.7] First, we will show how we can obtain
the different expressions for E,(Y") in the following subsections. We will also show in the
final subsection that we are able to obtain a slightly better error term than that given in
Fujii [I126]. This argument first appeared in [186] for the n = 1 case and beats what is
given in [I86] for n > 2. We call the error term E,(7T) here for consistency with our later
comments on the error term as it grows with n, even though the first two error terms given
in Lemma don’t have any explicit n-dependence.

3.1.6.1 The Unconditional Case

From Titchmarsh [298] Sect. 3.8, p. 54|, we know there is a positive constant C' such that
ford =1— %, all the zeros of ((s) are > @ away from the line running from ¢ — iV’

to ¢ +1V. By Cauchy’s Residue Theorem, the integral is

[ (S) Y s = Res ($6) et

28 Je—iv ¢ s

1 c+iV +iV c—iV C/ (n) y's
o - - — ds.
+ 27TZ (Z/+ZV + o —iV /C/ZV> < C (S)> C(S) s S
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By Lemmas [3.2]and B.3] if V' < T, the integral on the horizontal lines can be estimated

as

1 cxV CI n Y* n+3 Yye n+2
o o <C( )) ((5) " ds < (log V)" (e — ) < V(logV)

where we use the fact that ¢ — ¢ <« gV V and Y <« Y sincec=1+ log(27rY)

For the integral on the vertical line, we have

n)

= / o (C'(s>)( g@)? ds < Y (log V)™ / '

21t Jo—iv \ ¢ —v 1+t

dt < Y (log V)"

Since ¢ =1 — logV’ balancing the two errors comes from taking V = exp(C/logY") for

some positive constant C, and so we have

L (C0) " o s meg ($) " e+ 0 (verovem).

271 Je—iv \ C S s=1 \ ( S
3.1.6.2 The Conditional Case: No dependence on n

We assume the Riemann Hypothesis. One approach would be to choose ¢ = % + @
to guarantee a zero-free region, and set V =T = 27Y. In that case, an application of

Cauchy’s Residue Theorem yields

iV ot (n) s / (n) s
— - (CC (s )) C(5)" ds = Res (i (s )) () v 0 (117
for € > 0, where the horizontal pieces of the contour are estimated in a manner similar to
that in the previous section, and the vertical piece of the contour uses the bound ((s) < t¢
for o > 1/2.

As we have previously noted, we can get a better bound, one that depends explicitly
upon n as we show in the next section. This error term originally appeared in our paper
[186] for the case n = 1 but we give a general proof in this thesis for all n, and so we have

combined the proofs and omitted the special case.

3.1.6.8 The Conditional Case: Dependence on n

We again assume the Riemann Hypothesis in this section. We can get a better bound, one

that depends explicitly upon n, by choosing ¢ =1 —c = —long (that is, just to the left of
the critical strip) and V' < T'. By Cauchy’s Residue Theorem,

= (C'<s>)(n) ) s = Res (S >)(") (o=

v \ ¢ s

e 3 e (00) e D (L [ ) (S0) e
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where the sum runs through the non-trivial zeros p = 8 + iy of ((s), lying inside the
contour.

To estimate the integral on the horizontal lines, choose V' so that all the zeros of zeta
are bounded by > @ away from the horizontal line. Therefore we may use Lemma

n-+2

to bound the logarithmic derivative by (log V') along the line. Using the convexity

result from Lemma [3.2] we obtain, unconditionally,
YO'

1 ckiV /¢l (n) ys o 0 12
- 2 1 n 701
— / L ( : (s)) ()" ds <(log V) /_ VTV e

1 Yo°
+ (log V)2 / V=92 10g VS do
0

1+% Yo©
+(1ogV)”+2/ ey log V= do
1

Y
<<V(10g 178 e

1 .
—ogT We may again use

Lemma [3.3] as the vertical line is bounded away from any zeros of zeta. Using Lemma [3.2]

For the integral on the vertical line, since V < T and ¢ =

to bound zeta just to the left of the critical strip, we obtain (again unconditionally),
1 iV ot (n) ys 1% 1
—/ (C(s)> ((s)— ds < / (log t)"*2 x t1/2 x logt x — dt < V/?(log V)3,
2mi Jo—iv \ ¢ s 1 t
We now consider the poles at s = p for each p with |y| <V, where p is a non-trivial

zero of ((s).
First we note that for —1 <o <2and 0 <ty <t <V, we have

!/
1
<%(a +it) = Z —— + O(logV).
[v—t|<1
Being careful with the error term, we may differentiate this n times to give

¢ A\ (—=1)"n!
< ¢ (o + zt)) = 7_2,5:@ (5= ppiit + O(logV).

For each p, we need to consider the coefficient of (s — p)™ in the expansion of ¢ (s)%

to find the residue at s = p. For this, note that by the triple product rule, we may write

(<<3>W><n> . (kh;’]%) ey (1)

S
ki1+ko+kz=n
k1,k2,k3>0

where (", ) is the multinomial coefficent given by

n B n!
ki, ko ks )  kilkolks!
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Therefore, at each zero p,

— Z (_1)k3k | n C(kl)(p)yp(log Y)k2
S\ Ky, kg, ks phatl

s=p k1+ko+ks=n
k1,k2,k3>0

As we are just bounding these terms, we do not worry about the coefficient such as the
n!, (—=1)" and the multinomial coefficients. Assuming RH, so p = % + 4y and summing

over all zeros with |y| <V, we have

(n) (k1) (1 4 4
CI < (2 + Z’Y)
|y |<V k1+kotks=n <V ‘5 + vy
k1,k2,k3>0

Under the Riemann Hypothesis, Garaev [135] showed that

>

0<y<T

¢ (; + w)’ < T(log T)"/*.

To prove this result, he uses two key facts. The first is the following lemma.

Lemma 3.14. Let f(t) be a real-valued function that is continuously differentiable on the
interval [to,tg]. Let tg < t1 < ... < ty, and assume that f(t) has at least one zero in each
interval [tj,t;41],0 < j < j—1. Then

3 1f) < /ttk F(6)] dt.

1<j<k 0

The other result Garaev uses is the following inequality from Ramachandra [270].

Lemma 3.15 (Ramachandra). The inequality

1 (7 1
7/ ¢cm <+¢t> dt < (log T)"+1/4
T/ 2

holds.

To obtain a bound for the n*® derivative, we begin by proving the following corollary
of Lemma [3.141

Corollary 3.16. Let S(t) be a complez-valued function that is (n + 1)-times differentiable
on the interval [to, ] with to < t1 < ... <t and S(t;) =0 for all 0 < j < k. Then

t
> 18 < V2 [ ISt dr
to

1<j<k
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Proof. We write S(t) = A1(t)+iAs(t) where the A,,(t) for m = 1,2 are (n+1)-differentiable
functions on the interval [to, tx]. Then A,,(t;) =0 for 0 < j < k. By the generalised form
of Rolle’s theorem, the AW (t) have zeros in each interval (t;,tj4,) for 0 < j < k —n.

Applying Lemma to f(t) = AW (t) gives

tg
> AR @) < [T 1Az @) at
1<5<k fo
Combining these,

D) (n-+1) " ot

> 180 < VE [ AT+ AT @) de < VR [ ISt d.
1<j<k fo o

O]

Applying Lemma to Corollary with S(t) = (($ +it) and t; = v; gives the
following bound for all zeros with 1 < ~; < T. Under the Riemann Hypothesis, we have

shown that

>

0<y<T

C(n) (; + Z’Y)‘ < T(log T)"+5/4.

Now by partial summation,

(log Y)k2 Z dt

‘C(kl)(% + i'y)’ /v (log £)k1+5/4
<V ‘% + 1y 1

ks+1 tk;g—i—l

log"2 Y (log V)k1+9/4 if k3 =0
logh? Y if kg > 1.

Clearly the dominant error term is when k3 = 0 (which forces ko = n — k1), and so the
sum over the residues at the zeros in (3.11]) is bounded by

/ (n) s n
> Res (E‘(S)) (o) < 3 Y2 (log Y) R (log V)i +0/4
5 k1=0

< Y2 (logY)HO/4,

Balancing this error term with the error term from the vertical line comes from taking
V =Y/(logY)??, and so we have

1/Cc+z'v (C’(s)>(n) C(S)Y?S ds = Res (E’(S))(n)ds)ys 10 <Y1/2(logy)”+9/4).

21t Je—iv \ C s
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3.1.7 TFINDING THE LEADING ASYMPTOTIC TERMS

‘We now evaluate
!

e (S1) o

from Lemma We expand each of the terms in this residue calculation in their Laurent

expansions about s = 1. Since

01 o) Ao o A O 1)

YS
s

(s) s
where the A,, are defined in (3.3)), we have

1. The Laurent expansion for (%(3))(n) about s = 1:
¢\ (=il
(C(s)) = g s+ O((s = 1)
2. The Laurent expansion for {(s) about s = 1:

—1)k _1\n
C(s) = Sll—i-’yo—’yl(s—l)—f—...—}—( k;ll) (s—l)k—i-...-i-( 733

(s=1)"+0 ((s = 1)"*1) .
3. The Laurent expansion for Y* about s = 1:

s— 1)k
k!

(logY)¥ + ... + ﬂ(log Y)"

Y5:Y<1+(s—1)logY—i—...—|—( '
n!

(S _ 1)n+1

* (n+1)!

(logY)" ™' + 0O ((s — 1)”+2)> .
4. The Laurent expansion for % about s = 1:

% 1 (5= D)4 (5 D2t (“DF (s = DF b (<15 = )" 40 (s — ™).
We now work out the residue at s = 1 by considering the terms in powers of (logY)¥, as k
runs from k =n + 1 down to k = 0. We consider a combinatorial style argument to make
sure we consider all possible terms. The following table shows this for various powers of
(log Y)¥.

To calculate the resulting contribution to the residue for the leading order behaviour,

that is, the coefficient of Y (logY)"*!, there is only one way to obtain a factor of ﬁ for

. . _1)ntip) L
the residue calculation. We have to have the ((Si)l#ﬁ term from (4—(5)) , the 2= term

¢
from ((s), the (s(;i_)f;l term from Y?® and the 1 term from % Combined, the coefficient
(=Dt
for Y (log V)" +! is “—aq—.

To calculate the subleading term there are two distinct possibilities.
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1. The first possibility is to have the % term from (%’(s)>(n), the 9 term from

((s), the (=1 1) term from Y and the 1 term from 2. The resulting contribution to
n+1
70-

2. The other possibility is to have the ((;P%;lﬁ' term from (%(5))(n) the 5% term

the residue for this term is (—1)

from ((s), the (5;})71 term from Y* and the —(s — 1) term from 1. The resulting
contribution to the residue for this term is (—1)"+2.
Combined, the coefficient for the Y (logY)” term is (—1)"*!(yo — 1).
The other terms in all lower order cases follow in a similar manner - Table [3.1] shows all
possibilities, with one extra caveat for the lowest order term which has an additional term.
In the lowest-leading order case, the coefficient of the Y term, there are all the usual
terms for the subleading behaviour, with one additional term. The additional term comes
from the n!A, term from (C—/(s))(n) the —15 term from ((s), the 1 term from Y*, and the

¢
1 term from <. Combined, the extra term for Y has coefficient n'A

Comblnmg all of the terms in the above table, and putting Y = 5~ we have shown that
T S
¢ ) (3) a LTy T)"“
Ay ([1oe —
ReS(C() () s (=1) n+ 12w %8 or

k n—k
1 T T T
”+1§j D[ —1+3 4 ) = 1 > 1Ay~
( ) ( +j:0j!’7]) o <Og o +n nor

Combining this with the results from Lemma [3.13] and using the appropriate choices
for V in Lemma [3.12 we see that
T S
(%)

1) S A(r)(log )" = Rey (C/( ))(n)C(s)

¢
mrgg;r

3

+ En(T).

VA

Finally, (3.10) shows that sum is equal to S = 37y <7 ¢ (") (p) (plus an error that is smaller
than E, (7)), and the result follows.

3.1.8 EXAMPLES OF THE FIRST MOMENT OF SPECIFIC n™ DERIVATIVES OF THE
RIEMANN ZETA FUNCTION ((5)

The first test of a good theorem is if it can recover any previously known results. We begin
this section by doing exactly that in the n = 1 case where we recover Shanks’ Conjecture
and Fujii’s asymptotics, given in . After that we give another example, as well as
showing some numerical data showing that our result is in excellent agreement with the
true values. We have chosen n = 2 to show the most simple new case in full detail. The
calculations for higher level derivatives become unwieldy to do by hand so we could employ
a computer package to manage this for us to obtain any specific n'" order derivative that

we choose.
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Amﬁmvvg ((s) Y® L Contribution to the residue
Chpmt G -ph BT 1 (1) G G Y (log Y )
G e (s - DR B (s 1) [ (1) e Y (log V)
e —(s—1) CDT QTS (—1)f (s — DR | (=) (=) Y (log Y )
Ly Yo DTS (—1)(s — 1) (— 1)kt mlggY (log Y)
s =) TV ()M (s — DML (<) Y (log V)

Table 3.1: Table to show which terms in the Laurent expansion of each piece of L combine to form a contribution to the Y (log Y)"~*

term in the residue (k =0,...,n).
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3.1.8.1 The case n =1 (Shanks’ Conjecture)

We can use Theorem to recover Fujii’s asymptotic formula (2.3 (with an improved
error term) and hence Shanks’ Conjecture as first stated at the start of Chapter 2 To do

this, set n = 1 in the theorem to obtain
1T TV\> (1 1 o\T T\'*
log — —DkEN | -1 —v; | — (log —
> 0=y (o) +3 (1) ( +§jlvj)2ﬂ<ogzw)

0<~<T

Note that A; = —27y; — +3. Substituting this into the expression above and simplifying

gives
T\? T T T
S <o) = 4 (loggn )+ (~14 005 0w o+ (1= 0 =8 — 3m) 5 + Br(T)
0<~<T Q Q T

in perfect agreement with (3.1). In Figure we show the accuracy of this asymptotic
by considering the true value of the real part of the sum, and start subtracting the main
terms, for T up to the height of the 100,000*" zero.

500000
400000 -
300000
200000

100000 -

. L . L I I :
10000 20000 30-000 40000 50000 60000 70000

Figure 3.1: The real part of the sum 7o, <7 ¢'(p) with true value (blue), the true - leading
(pink), true - leading - subleading (orange) and true - leading - subleading - subsubleading
(green) terms subtracted from the true value, for 7' up to the height of the 100,000 zero.

The error term E4(T") is O (T e~CVlog T) unconditionally. Note that under the Riemann

Hypothesis, we have
Ey(T) = O (T"2(log 7)'¥/*)
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as previously claimed (and proved in [I86]). This error term is then plotted in Figure
for T up to the height of the 100,000 zero.

100 -

50 -

1 1 1 ] 1 i 1
10000 20000 30000 40000 50000 60000 70000

-50 F

=100 -

=150 -

Figure 3.2: Difference in the real part of the actual value of 3 o <7 ¢'(p) and the whole
asymptotic result, for 7 up to the height of the 100,000*" zero, showing the real error at
each point.

3.1.8.2 The case n = 2

We set n = 2 in Theorem [B.1] to obtain

0=k () B (oo (g & ()

T
2A5— + B (T).
+ 227r+ 2( )

Note that As = %72—1—370’71 +73. Substituting this into the expression above and simplifying

gives
" T T\?3 T T\? T T
>, p) = long —(—1+70)7 log2— +(—2+270+271)710g2—
0<~<T 61 T s T T

T
+ (2 = 290 — 271 + 272 + 67001 + 273)% + Eo(T).

In Figure we show the accuracy of this asymptotic by considering the true value of
the real part of the sum, and start subtracting the main terms, for 7" up to the height of
the 100,000*" zero.
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20000 30000 40000 50000 80000 76-006-

-500000 -

-2.0x10°

~25x108 -

-3.0x10°

Figure 3.3: The real part of the sum Y. <7 (" (p) with true value (blue), the true - leading
(pink), true - leading - subleading (orange), true - leading - subleading - subsubleading
(green), true - leading - subleading - subsubleading - subsubsubleading (purple) terms
subtracted from the true value, for T up to the height of the 100,000*" zero.

The error term E5(T") is O (T e~CVlog T) unconditionally. Note that under the Riemann

Hypothesis, we have
0 (Tl/Q(logT)l7/4) :

This error term is then plotted in Figure for T up to the height of the 100,000*" zero.

2000 -

1000 -

L i L 1 1 i 1
10000 20000 30000 40000 50000 60000 70000

-1000 -

Figure 3.4: Difference in the real part of the actual value of 3 o <p ¢"(p) and the whole
asymptotic result, for T up to the height of the 100,000*" zero, showing the real error at
each point.
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3.2 THE GENERALISED SHANKS’ CONJECTURE FROM A SHIFTED SUM

Fujii [126] also gave a shifted version of the Riemann zeta function at the non-trivial zeros

of zeta, written in [22] in the case « =i, 0 # § < 1 as

Z C(p+a) = j;rg/(l—i-a)— (;) o M—i—zlogl—i—O (Tefo‘/m) . (3.12)

11—« 2 2me

Fujii [I126] shows the error term can be replaced by O (T 12(log T)%/ 2) under the
Riemann Hypothesis. By a similar argument to that given in Section this can be
improved to O (T1/2(log T)9/4) .

In this section we use the above result to recover the asymptotic in Theorem
As a theme that we see later in this thesis when using shifts, mainly in Chapters [5] and [6]
we will Taylor expand the ((p + «) term as

2 n

Clp+a) =C(p) 5 +C" () 55+ + ¢ ()7 + ., (3.13)

recalling ((p) = 0 by definition.

To do this, we begin by writing the appropriate functions in their Laurent expansions

about s = 1. Specifically, with L = log %, we write

¢ 1 & (T)la T X (=1)"L"a”
=(1 = —— Ay — = —
C( +a) a+nz:% ne 27 2T = n!
1 0 m 1 00
((1—a)=—=+ 3 I8 => o
« —m)! 1—a
m=0 /=0

where A,, is given explicitly in (3.3]).
Next, substitute these into (3.12]) to give

T

Y dpta)=o (—; + f;Ana”>
n=0

0<y<T
T [ (=D)L I & yma™
() (e 2

n=0

) (%)

T T A=
4+ —log—+0O (Tefc IOgT) .
2T 2me
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After some simplifying, we have

T1 T (&
> lpt+a)=— a+27T<ZAna”>

0<~<T

0
00 n n—m q1\n—m—~—=+1 n—m-—~
Il Do S

(n—m —£)!m!

Y lpta)= ;(i/lna”>

0<~<T n=0
T > <n+1 (_1 n€+1Ln€+1>
+ — Z Z o
2 4 \i,  (n—C+1)!

+Zi (211: n—m (_1)n—m—6+1,yan—m—€> o
2m

(n—m—£)Im!
+0 (Te_CV logT) .
For the general n'" derivative of ¢ (s), where n € N, compare the coefficient of o™ on

both sides of the previous equation. Recall that we have a Taylor expansion for {(p + a)

about a = 0, so

1 _ _
Z i (n)(p) _ EA +£n+ (_1)71 Z—‘ran {41
oS! 2n " 2m = (n— L+ 1)
T . nom n m— €+1 Lnfmfﬁ e
= —CvlogT
QWW;O;) n—’m—ﬁ)!m! +O(Te )

Multiplying through by n! gives us an equivalent way of writing Theorem

Theorem 3.17. For p = f + iy a non-trivial zero of ((s), and where ("™ (s) is the n'"
derivative of ((s), we have for T sufficiently large,

(n) -
Z ¢ —n'z n—€—|—1'27r OgQﬂ'

n+1 )n —+1 ( T>n€+1
0<y<T

n—

n m
|
e Z Z (n—m—£)Im! o
m=0 (=0

T
TnlA,— +0 (Te*CVIOgT> ,
2T

n m— Z—I—l,ym T ( T>n—m—f
log —
27
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where the coefficients v; are from the Laurent expansions of ((s) about s = 1 and the
coefficients A,, are from the Laurent expansions of ¢'(s)/((s) about s =1, given in (3.3)).

It is clear then that the leading-order behaviour comes from the first sum with ¢ = 0,
and returns the expected leading-order coefficient.

We remark that care should be taken with regards to the error term; however it
is fair that we should expect the error term from Theorem to carry through, both

unconditionally and under the Riemann Hypothesis.

3.3 THE GENERALISED SHANKS’ CONJECTURE IN SHORT INTERVALS

We end this chapter by briefly considering sums of the derivative of the Riemann zeta
function over the non-trivial zeros of the Riemann zeta function but instead over short
intervals of length TV/2t¢ « H <« T, rather than one of full length 7. In an analogous
method to that given in Section we can show to leading order the following result.

Theorem. Let T'V/?*¢ < H < T. Then for p = 8 + iy a non-trivial zero of ((s), and

where (M (s) is the n* derivative of C(s), we have

> () = (-1

T<y<T+H

H n n 13
5 (logT) O (H(logT)") + 0 (T2)
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A Further Generalisation of Shanks’ Conjecture

In this chapter we obtain a full asymptotic formula for the sum

> (M(p)x”
0<~<T
where ( (”)(s) denotes the n'" derivative of the Riemann zeta function, X is a positive real
number, and p = 5 + iy denotes a non-trivial zero of the Riemann zeta function.

We also specify what the asymptotic formula becomes when X is a positive integer,
highlighting the differences in the asymptotic expansions as X changes its arithmetic
nature. This is interesting as the Landau—Gonek formula, as stated in has numerous
error terms but when X becomes a positive integer, as shown in , the behaviour
changes. We see this phenomenon happening in the results in this chapter.

We have already seen the strength of the Landau—Gonek theorem in developing the
heuristic presented in Chapter [2l The application of the Landau—Gonek theorem given
here when combining with the Generalised Shanks’ Conjecture takes a different form.

The work presented in this chapter has already appeared in print in [262]. Notation and
cross-references have been updated for this thesis, as well as incorporating the improved
error term given in Section

4.1 HISTORICAL BACKGROUND OF COMBINATIONS OF THE LANDAU-
GONEK THEOREM AND MOMENTS OF L-FUNCTIONS

Recall that the Landau—Gonek Theorem is an explicit formula, a formula that
relates the zeros of the Riemann zeta function to the prime numbers (and the further
generalisations relating primes to zeros of other L-functions). By combining an explicit
formula with an asymptotic for an L-function gives another type of explicit formula. Note
that these combined formulae still link the zeros of an L-function with the prime numbers

as will be highlighted in this historical section and in the new results we present.

129
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Fujii started the idea of combining the asymptotic from the Landau—Gonek
Theorem and the derivatives of the Riemann zeta function in [I128]. More specifically, he
considers X to be a fixed positive real number, so he actually combines Landau’s Theorem
[219] with the derivatives of the Riemann zeta function (that is, the non-uniform version
of the Landau—Gonek Theorem). For T sufficiently large, he gives the following explicit

formula for a fixed positive real number X,

z:ﬁmW:—MM§<Mﬂ<;%;f; m) EIA mm>

0<y<T

+X Z > X (logm)? + XlogX Z > X Jogm

m< L m< =L

=27 X — 27X
— (2X(logX) — 4XlogX> Z e2mim
- X Z 2T X A (1) log m + <T1/2 logT) ) (4.1)
mr< 5=

— 27rX

where A(X) is defined by

{1 it X ez 02

0 otherwise.

throughout this chapter.

Fujii then narrowed down X to be a positive integer and gave an asymptotic formula for
this, again exhibiting the behaviour that Gonek noted in [I128], about how the arithmetic
nature of X can affect the asymptotic expansion. Specifically, he finds for X a positive

integer,

_ T T\2 T T
0cr<T T s T
+ L

1
(1—70—78—371—1— Z A(n)logm—(’yo—l—i-zlogX) logX>

X=mn

"o
+ 0 (TeCVIeT) (4.3)

where C' is a positive constant. By assuming the Riemann Hypothesis, Fujii gives an
improved error term of O (Tl/ 2(log T)7/ 2). Clearly setting X = 1 then recovers ([2.3).
A generalisation of Fujii’s result has been given in Jakhlouti and Mazhouda [202] to

give an analogue of (4.1) for Dirichlet L-functions. This states for 7" sufficiently large and
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X a positive real number,

> L(py, ) XX =

0<yx <T
T 1 ql 1
—AX)x[AX)X]|— | log X log — — = A(r)1
(OXIA(X) ]%(og (st —3+7) -  ac ogm>
X 2ﬂmn 2mim X
+ — Z X(m)(logm)? —l——XlogX Z e ax(m) logm
V@7n< _at_ Vfﬁ m< =2t
—27X — 27X
X
— X (log X)? — —X log X) ™" x(m)
(st - ) ¥
—27\'X
X
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- X STIAREIR(m) logm + O (1110 7))

\/a <qt

— 27X

as T — oo for a fixed positive number X and where x is a primitive character mod gq.

Fixing ¢ = 1 gives (4.1)) and setting ¢ =1 and X = 1 gives ({2.3)).

Other ideas have grown from ([2.9)). For example, Ford and Zaharescu [119] start (2.9)

and investigate the distribution of the fractional parts of ay, where « is a fixed non-zero

real number. This idea is then expanded upon by Ford, Soundararajan and Zaharescu in

[118]. A further example of a result that begins with the Landau-Gonek Theorem can be

found in [205], where Kaczorowski, Languasco, and Perelli consider a different weighted

version of the Landau—Gonek Theorem.

4.2 COMBINING THE GENERALISED SHANKS’ CONJECTURE WITH LAN-

DAU’S THEOREM

We generalise Fujii’s result to higher derivatives.

Theorem 4.1. For X a fized positive real number and T sufficiently large, we have

> ()X =

0<y<T
T 1 T 1
—1)"CAX)— | log X)" | = log — — = A(r)(1
(-1) { ( >2W<<og " (35 -3+ 7) ~ X AGogm )
+ X (log X)" <1 log X — m> E eZmimX E(log X)" E 2 mX Jogm
2 1) & 2 =

— 27X

where A(X) is given in (4.2)).
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Remark. Setting n = 1 in the theorem recovers Fujii’s result in (4.1]).

When we restrict X to being a positive integer we obtain a special case of the above
results. It is evident from the statement of the following corollary that we see the changing
behaviour of our asymptotic expansions depending on whether X > 0 is any real number

or when X > 1 is an integer.

Corollary 4.2. If X is a positive integer and T is sufficiently large, we have

> M(p)xr =

0<y<T

o T Rl k+1 L1 T\ Fti-v u_
(—1) +12 (log X) {k %()( >(_1)k+1<10g27r> (log X) k

LR Yo o) ez e

l
k=0 0
i zn: (Z (=1)F k1A (log X) 7k <log —1= > A(r)(logm) ) } + En(T).
k=0

mr=X

k—

u=

where E,(T) is given in Theorem . The y; are the coefficients in the Laurent expansion
for ((s) about s = 1, and the A; are the coefficients in the Laurent expansion for the
logarithmic derivative of ((s) about s = 1, given in (3.3)).

Remark. Setting n = 1 in the corollary recovers Fujii’s result in (4.3)). Setting n = 1 and
X =1 recovers Fujii’s result in (2.3]). Setting X = 1 recovers our result from [I86], stated
in Theorem [3.1]

4.2.1 OVERVIEW OF THE PROOF

So far we have described the motivation for studying asymptotic expansions of the sums
given in Section [I.]] We have stated the main results in Section [£.2] that we will prove in
the following sections.

In Section we will recall some basic facts about the Riemann zeta function ((s)
and the Riemann xi function £(s), which is a ‘completed’ version of the Riemann zeta
function.

In Section we will use the tools from Section to prove Theorem [£.1] The

integral we use to prove this theorem is given by

5/
)X d
27Tz / s

where £(s) is the Riemann xi function, ¢(™(s) denotes the n'® derivative of ¢(s) and R

denotes the rectangular positively oriented contour with the vertices are ¢+ i,c+ 1,1 —
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¢+ it,1 — ¢+ i connected in this order and ¢ =1 + . The non-trivial zeros of {(s) up

1
logT
to a height T are contained within R and so by Cauchy’s Theorem the integral represents

the summation

I= Y ¢"(pxr.

0<y<T

We split this section up into several subsections, each corresponding to different parts of
the contour that we will be integrating over, to show that most of the contribution comes
from the left-hand side of the contour, while the other sides mostly only contribute to the
error term (apart from one term from the right-hand side).

Finally in Section [£.2.4] we will prove Corollary [£.2] which will highlight the differences
between the general case proved in Section for any positive number X and the case
when X is a positive integer. As described above we will use a result from [I86] to do
most of the work here. This will again highlight the observation of Gonek’s in [144] that
the asymptotic formulae tend to change quite dramatically depending on the arithmetic

nature of X.

4.2.2 PRELIMINARY LEMMAS

In this section we recall some basic information about ((s) and £(s), as well as recalling
some results from other papers that will be useful in our proof. Any facts that are not
explicitly referenced in this section can be found in any good text about the Riemann zeta
function, for example Titchmarsh [298].

We state a more general functional equation for C(")(s) that is proved using the
functional equation for ((s) and the Leibniz product rule.

Lemma 4.3. The general functional equation for C(”)(s) is given by the following formula

CYRUEE SO CA WIS Sl O N
(s X(l_s)l;)(k)( P e )

We will also need the following result that we proved in Lemma in Section for

the integral along the top and the bottom of our contour.

Lemma 4.4. Forc=1+ @, we have

/ 1<) (o 4 iT)| do < TY?*(log T)".
1

—C

For the Riemann xi function we write
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so the functional equation for £(s) is given by

£(s) =&(1—s).
‘We now observe that
& . 251 1 ¢’
Z(s)—m 210g7T+ w( ) C() (4.4)
where we have written o
b(s) = 1 (s)

and for |arg s| < m — § with arbitrarily fixed positive ¢ and for |s| > 3 we have

P(s) = logs—l—O(‘ ‘) :logt—i—gi—i—O(i)

ast — o0.

Combining these two observations, we have the following lemma.

Lemma 4.5. With the conditions written above, we have

£ 1 ¢ < 1 )
>(s) = =log — + — ol-).
£(5) = 5lo o+ 1+ T +0 (5

A key component to upcoming the proof is the method of stationary phase. Applications
of this method to these types of problems can be found in Gonek [143], Sect.4, p.131], in
Levinson [222] and in Jakhlouti and Mazhouda [202, Sect.2, p.13], amongst other places,
including throughout this thesis. In an entirely analogous way to the proof that Gonek

writes in [I143], we are able to prove the following result.

Lemma 4.6. Let X be a fized positive real. Let {b,}5°_1 be a sequence of complex numbers
such that for any € > 0,b,, < m*. Let ¢ > 1 and let k > 0 be an integer. Then for T

sufficiently large, we have

k
—c—it —itlog X
27r/ Xl—c—zt(E bym ><log2 ) e &% dt

m=1
=X Y bulogmX)F e MY 40 (Tc_l/Q(log T)"“) .

tem
4.2.3 PROOF OF THEOREM H.1]

Let X be a fixed positive real. We write s = o + it with o,t € R and p = 8 + iy for a
non-trivial zero of the Riemann zeta function ((s). Suppose T' > T and T is not the

imaginary part of the zeros of {(s) and further that |T'—~| > @ where 7y is the imaginary
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part of any non-trivial zero p. This restriction on 7T is harmless within our remainder
terms.

Set c=1+ @ and consider the integral

f' s
= / $)X* ds (4.5)

where £(s) is the Riemann xi function, () (s) denotes the nt" derivative of ¢(s), and where
R denotes the rectangular positively oriented contour with vertices given by ¢ + ¢,¢c +
iT,1 —c+1iT,1 — c+ i, connected in this order.

By Cauchy’s Theorem,

> Mp)x”. (4.6)

0<y<T

We now need to evaluate I in another way to obtain our asymptotic expansion. We

decompose the integral (4.5)) along the sides of the contour as

s ([ L L ) S a

=Ig+Igp+Ir+1Iy.

4.2.3.1 Bounding Ig and It

Notice that by our choice of T' we may bound Ig and Iy trivially within our error. To do
this, recall that for —1 < ¢ < 2 and since we are assuming |1 — | > @, we have from
[143, Sect.2, p.127] that
é‘/
§
Combining this with Lemma [£.4] since X is fixed we have

> (s) < (logT)2.

Ip + It < (log T)? / 1) (o +it) X do < TV ?(log T)" 2. (4.7)
1—c

4.2.83.2  FEvaluating Ir

Writing s = ¢ + it and using (4.4]), we may write

I —1/T§/( +at)¢™ (e 4 it) Xt dt
R_2771 gc /) c+1

— i T 2(c+it) — 1 1 c it ¢! ® . "
_27r/1 ((c+it)(c+it—1)_210g7r+¢< 5 ) C( +zt))C (c+it) Xt dt.
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Using the Dirichlet series given in (3.7), and Lemma we may rewrite this as

(=)™ /T 1 t o om o= Ar) (1) 3 (logm)™ ey
Ip = “log — + — — , - R . G
(-1D)" . & (logm)™ /T(l t omi (1)) (X)“
=L Xy >~/ “log—+—+0|(= —) dt
2 mZ::l me L 2% "1 7Y\

4+ EU™ e 5 (ogm)" $5 AG) /1T (X) it

2 me re mr
m=1 r=1

=1Ip1+IRrp.

Consider I first. We have (with A(X) defined as in (4.2))),

(—)" . (logm)"/T(l t i (1))(){)2*
Ip1 = X¢ = 7 Zlog — + — - alal
R1= Ton mz::l me 2% T O L) @
(="

T 1 ;
_ A(X)(logX)”/ <logt+ m) dt
2 1 7T

(—=1)" . (logm)" /T(l t m’) <X)“
~ - X© = 7 —log—+— ) (=) at
LD Dl S L T A

m=1
m#X

+0 ((log T)"+2)
=Ir11+Ir12+0 ((log T)”+2) )

Firstly,

Ira1a = (=1)"A(X)(log X)"

Next, integrating by parts and summing we obtain

> (1 " logT

Ipis < X© Z (OgTCn) 0og < (logT)n—i-Q‘
m=1 m ’10g %'
m#X

If 0 < X <1 we can do slightly better than this error term. Recombining, we have

i = (—1)"A(X)(log X)”% (; log % - % 4 T) +0((ogT)™?).  (48)
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Now consider Ig 2. We have

e Sy L E

c c
mlm rlr mr

( n+1 X it
Xczkc Z (logm)"A(r / (k) dt

k=mr
_1\n+1
= ﬁA(X) Z (logm)”A(r)/ 1dt

2 X=mr

( n+1 X it
—X Z e kz;m logm)"A(r / <k> dt
hZx

=1Ig21+1IR2o.

Then

T
Ipa1 = (—1)"MAX)—

o Z (logm)"A(r) + O(1)

X=mr
and as with the case for I 12 above, we have

Ipoo < X© Z Z (logm)"A(r) — = < (logT)" 2

k=1 k=mr
k#X

1
log | X /k|

where again the error can be improved slightly for 0 < X < 1. Combining, we have

Z (logm)"A(r) + O ((log T)”+2> . (4.9)

X=mr

Finally, we may combine (4.8) and (4.9)) to obtain Iy, given by

T
Iro = (—1)n+1A(X)§

Ir = (—1)"A(X)% ((logX)" {élog; — % + TZ} - > (logm)" A(r))

X=mr
+0 ((log 7)"+?). (4.10)
4.2.3.8  FEvaluating Iy,

Finally we evaluate I, which is where most of the contribution to the asymptotic

expansion comes from. Using Lemma [4.3] we have

B 1 1—c+iT 5/ (n) s
IL_2m'/1_c+i T ()X ds

el (eeo) (B ) S o)
w5

n (n—k)(1 — ,
Z kX (1 C+Zt)<(k)(ci ’L't) xl=ctit g4
x(c—it) ) = x(1 —c+it)
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By complex conjugation we obtain

o l—c  fT ¢ " —k) ; )
-5 imm (MZ k)(—l)k X(l(_c_it) <<’“><c+it>)X”dt

k=0

Xl=e (T (] t o om = A(r) 1 _
= /1 <210g27{' 4_;TC+Zt+O<t)>X(1_C_Zt)

27 T
- _ 1k n—k 2 ek 1 i (logm) i
x<k§:%<k>( 1) (( 1) (10g2 ) +O<t>>( 1) PR ) dt
X Tt m SUA)
27 /1 21085, 4_;rc+it> (1 —c—it)
X <§] (Z)( 1)n+kz <10g ;}T)nk mojl (lslgcjjt) ) —itlog X dt + O (T1/2(1OgT)n+2)

where the second line follows from Lemma [4.5]

We now split this integral and evaluate each part separately.

— Xlmeqp 7T " (n t\"RH (logm)* _,
_ - Z +k Z —itlog X
L= o 2 /1 (I—c—it) (k -1 (log 27r> metit e O dt

k=0 m=1
Xt=¢mi (T " (n t\"F & (logm)k
+k —itlog X
+ o Z . 1—C—Zt kz: <k> n (10g2ﬂ_> Zl We rlog dt
=0 m=
X1 ¢ A(T) = (n
1 P t 2 -1 n+k+1
- 0% e 3 () D

t\"F X (logm)F i, n
X <log 27?) Z (mc+z‘t)€ toeX gt + O (Tl/Q(logT) +2>

=Ji+J+J3+0 (Tl/Q(log T)n+2) .
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Now apply Lemma to each of the summations Ji, kK = 1,2,3. For J;, we have

X1 & (n ik o= (logm)*
L e

m=1 m

T t n—k+1 )
X / X(1 — ¢ —it) (log ) e~ tlog(mX)
1 27

= g Xn: <n>(—1)n+k Z (log m)¥ (log mX )" F+1 ¢=2mimX | o (Tl/Q(logT)”H)

T
m< 2w X

o 2mimX lzn: (Z)(_l)nk(log m)k(log mX)nk] (log(mX))

k=0

(log X)n+1 Z e—27rimX

_T_
m< 2 X

X .
+ (—1)”5(10g X)" Z —2mimX oo m + O (TI/Q(log T)”+1) .

T
mlsox 2 X

Similarly,

Xt=mi & e log m) t\" " —itlog(mX)
J2_727r 4Z<kz>( 27/ Xl—c—zt)(log) e dt

k=0 m=1

= X Z (:) 1)ntk (log m)k(logmX)"F e=2mmX 1 0 (Tl/Q(log T)”)
k=0 m<-L_

— 27X

= %X > e [Z (Z)(—l)"+k(10gm)k(10ng )"+ 0 (T2 (0g T)")

T =
U e k=0

. ﬂ —2mimX _ n 1/2 n
= 4X Z e [logm — (logmX)] —I—O(T (logT) )

T
m<2—

= ("X (g X)" Y e 40 (11 (log T)")

T
mSax
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Finally,
Xt (n (logm)*
Ja = n+k+1
= B (e S E
X /T (1 it) <10 ! >nk ¢~ itlog(mrX) gy
Ce—i 2
. X g o
n .
=X 1)kt A(r)(logm)k(log mr X )n—k g~ 2mimrX
> (1) T Ao

+0 (T1/2 (log T)")

=-X Z 727””"XA (r) () En: (Z) (—1)”+k(10g m)k(log mrX)"k]

m7"<2 < k=0

+0 (T'2(10gT)")
- X Z —27”m’"XA (r) [-(logmrX) +logm]™ + O (T1/2(10g T)n)

mr< 27TX

= (-1)""X Z e ZmmrX A (1) (log rX)" 4+ O (T1/2(log T)") .

mr<s— zﬂ

X

Recombining these, we have

1 ; ,
I, = (—=1)" ¢ X(log X)™ (210gX + T) Z g~ 2mimX

m< 2 X

—X(log X)" Z e 2mmX Jogm — X Z e~ 2mmrX A (1) (log rX)”}

T
m< 5=~ mr<s— 27TX

+0 (Tl/z(log T)"*Z) .

Taking complex conjugates,

1 ' - X .
I = (=1)" { X(log X)" <2logX — m) Z e2mimX 4 E(IOg X)" Z e27imX o0 1,

Y e -
—X Y TN (r) (log rX)"} +0 (T2 (log T)"+?). (4.11)
mr< oy
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4.2.3.4  Finalising the Proof of Theorem[{.1]

Combining (4.7]), (4.10), and (4.11)) gives I in the second way that we are looking for.
Specifically, we have

I=(-1) {A(X)QTr <(10gX) < 10g2— - = ) WZXA (log m) )
n 1 TLZ 27rz'mX
+ X (log X) <2logX 4) ZT
S27rX
X 2mimX 27ri X
E(bg X)" ZT s logm — X Z EA(r)(logrX)™

mg 2w X mrS 27TX

+0 <T1/2(log T)”+2) ,

Combining this asymptotic expansion with our observation that I =3 o_,<p( ") (p)XP in
(4.6) completes the proof of Theorem

4.2.4 PROOF OF COROLLARY (.2

We rewrite Theorem [.1]in a slightly different way as follows.

Corollary 4.7. For X a fixed positive real number, we have

Yo M(pxr =

0<y<T
T 1 T 1
D" {AX)— [ log X)" [ =log — — = A(r)(1
(-1) { ( >2ﬂ(<og " (35 -3+ )~ X A00ogm )
n 1 27rsz X 2mimX
+ X (log X) logX - — Z e (logX Z e logm
727rX mg%
- X Z < ) log X)" Z e2mmTXA(r)(log r)k} +0 (Tl/Q(log T)"+2) ,
sl

where A(X) is given in Theorem[4.1]

Proof. This follows from Theorem by using the binomial expansion on (logrX)™

the last summation in the braces in Theorem F.1] O

Remark. The advantage to rewriting Theorem in the form of Corollary [4.7)is that none

of the summations involving exponentials have any reliance on powers of log X.

When X > 1 and X € Z, notice that

T
2mimX _
Z c X +O(),

m 5% 27TX
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T 1 T T
2 X 08 2n X 27X

Z e?™mX Jogm = + O(logT),

Z ezﬂimrXA(r)(logr)k: Z A(r)(logr)k.

Define
S=(-1F1 3" A(r)(logr) (4.12)

Then in an entirely analogous way to that done in Chapter [3] and in Hughes and Pearce-

Crump [I86], we have

k+1
S LT (g )

k+127x \Borx

k l k—1
k 1 T T
—DFY “D -1+ =y (1 )
+(=1) prd <l>< ) jzoj!% X U8 orx

T
KA, —— + E (T
+ ForX + Ei(T)

where
B (T) O (Te*CVIOgT) unconditionally
k =
(@) (T(log T)k+9/ 4) under the Riemann Hypothesis

and C > 0 is a constant. Multiplying S by (—1)**! gives the summation that we were
originally looking for.

Substituting these expressions into the asymptotic expansion from Corollary [4.7] gives

> ()X = (-1 {; <<1og X (glosg, —5+ )~ X A)os m)")

0<~<T =X
1 M\ T 1 T T T
log X)" (= loe X — ™) = 4 “(log X)" [ —1 _ L
+ (log X) (2 8 4>2w+2(0g ) <27r %8 o X 27r>
" 1 T T \ktl
— log X)" k| —— — (log —
]§)<k>(0g ) <k+127r<0g27rX>
k l k—1
k 1\ T
D[ -1 —yi | — (1
+lo<z>( ) ( +j§j!%> 27r(0g2 X)

where the v; and Ay, are defined in the statement of Corollary 4.2 and E,,(T') is defined in
Theorem 311
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We want to simplify this so that the log % terms can be written separately in terms
of log % and log X. To do this, we begin by writing this previous expansion in a slightly

different form and do some simplifying.

> Xﬂ—(—l)”i(long(longﬂ—l— A(r)(logm)”)

0<y<T

Applying the binomial theorem, we have

3" (X0 = (~1)"5 (log X)" <1og—1— S A)logm) )

0<y<T mr=X
T (&L k+1 1 T\ kHi-u
n+1 u n—k+u
(=1)*—— (log — log X
" 2{ZZ<>< P (oeg) o)

n k k=l /. b1 l
k=0 1=0 u=0
l k—l—u
X (—1 - Z ]:,l!'}/j) <log 277;) (log X )"kt

+ Z ( ) DFEIAL (log X)) }+En(T).

Finally, we may rearrange slightly to complete the proof of Corollary [£.2] to give

3 Cp)XP = (1) (o X"
0<y<T 2T

n k+1 n ko1 1 N
{,;)UZO (k) ( I >(_1>uk+1 <10g %> (log X )*~*

n kb=l /N N [k — ] » .
SRR e () 2
+3 (Z) (=1 Kl Aglog™ X — (10g % 1= > A(r)(logm)"> } + En(T).
k=0 mr=X



5

Higher Moments of the Derivatives of the Riemann
Zeta Function via RMT and the Hybrid Model

In this chapter we assume the Riemann Hypothesis, unless otherwise stated. Note that in
this chapter we have divided through by N(T"), while in most of the rest of the thesis we
do not make this normalisation. This is because in this chapter we develop the heuristic
RMT connection to model higher moments of zeta, and that model works at the level of
averages.

We will develop the philosophy of Keating and Snaith [211] and Hughes, Keating and
O’Connell [I82] from RMT to study the discrete moments of the n'" derivative of ((s),
denoted ¢(™(s). That is, we study

Z ¢t ( +w>k, (5.1)

0<'y<T
where N(T) is given in (1.4). In fact, we will study the more general problem of moments
of mixed derivatives,
.
Z ¢m) < >...C("k)<+z'y>.
( 0<y<T 2

Clearly if ny = -+ = ny = n, then we recover (j5.1)).

Recall that the model proposed by Keating and Snaith [211] is that the characteristic

polynomial of a large random unitary matrix can be used to model the value distribution of

the Riemann zeta function near a large height T. They used the characteristic polynomial

Zn(0) = det(I — Ue™* H i6m=0)) (5.2)

m=1

where the 6,, are the eigenangles of an N x N random unitary matrix U, to model (s). The
motivation for studying this is that it has been conjectured that the limiting distribution

of the non-trivial zeros of ((s), on the scale of their mean spacing, is asymptotically the

144
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same as that of the eigenangles 6,,, of matrices chosen according to Haar measure, in the
limit as N — o0, as previously discussed in Section [I.3.3] Recall that equating the mean

densities yields the connection between matrix size and height up the critical line

T
N =log o

Averaging over all Haar-distributed N x N unitary matrices, Keating and Snaith [211]
calculated the moments of |Z(0)|, leading them to form Conjecture Hughes, Keating
and O’Connell [182] followed a similar approach and calculated the discrete moments of
|Z'(0)| and formed Conjecture [L.19]

In both of these conjectures, the arithmetic factor was inserted artificially after studying
the analogous problem in RMT. The hybrid model was formed to fix this problem, treating
the zeros and primes part of the Riemann zeta function equally, recreating Conjectures [I.9]
and as previously discussed in Section

Both of the problems discussed considered moments of a real function, where an
absolute value of the characteristic polynomial (and so zeta) was taken. For our problem
and its generalisation, we consider the moments of the complex function. In this
chapter we attack our problem in two ways. First, by direct calculation of the characteristic
polynomial, and then by modelling zeta using the hybrid approach. We also consider
some problems relating to negative moments, and to a ‘hidden’ recurrence relation in our
characteristic polynomial approach. The problem of considering lower order terms is taken
up in Chapter [6]

Other than the work presented in Section [5.4] and in Section the work presented in
this chapter has already appeared in print in [I87]. Notation and cross-references have

been updated for this thesis.

5.1 STATEMENT OF RESULTS

In Section [5.2] we will calculate

1 N
En N Z ZN(Qm—f-Oél)...ZN(Qm—f-Ozk)

m=1

where recall from Section [I.2.1] that Ey denotes expectation with respect to Haar measure.
By Taylor expanding each characteristic polynomial about their respective shift, we will

be able to prove the following theorem.
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Theorem 5.1. For fized positive integers nq,...,n,, we have

1 & o n
Ex | & 2 Z8 O) ... 20 (0,)

m=1
~ (_1)n1+...+nk+k gt nil...ng! Nn1+...+nk’
(n1+...+ng+1)!
as N — oo.
Setting ny = -+ = ng = n gives the following Corollary.

Corollary 5.2. For fized positive integers n, k, we have

A, o (0
Ey [N > Zﬁ&(%)’f] ~ (1D e
m=1
as N — oo.

In order to use this to create a conjecture for zeta, we need to know what the arithmetic
term equals. To do that, we take the hybrid approach, discussed in Section In
Section (Theorems and we calculate the discrete moments of P)(g“) . P)(g““)
and show that they asymptotically vanish unless all the n; are 0 (that is, no derivatives are
taken), in which case the mean is 1. Furthermore, we predict that the discrete moments of
Zx are accurately modelled by the characteristic polynomial, and we will verify this in
the case of the first derivative in Theorem in Section That is, we conjecture
that there is no arithmetic term at the leading order for these moments of the complex
Riemann zeta function.

Note that the derivative of Zx () is with respect to €, and this acts like the derivative
of ¢(1/2 + it) with respect to t. This is obviously equal to i¢’(1/2 + it), and so we expect
there to be no factors of ¢ for the Riemann zeta function. To be precise, we make the

following prediction.

Conjecture 5.3. For fized positive integers ni,...,nk, the moments of mized derivatives

of ((s), evaluated at the non-trivial zeros of ((s), are given by

1 1 1
- Z ¢m) < + m) () < + m)
N(T) 0l 2 2
N (_1)n1+...+nk+k ni!. .. nk! (log T)n1+...+nk
(n1+...+np+1)! 27
asT — oo.

Setting ny = -+ = ng = n gives the following conjecture.
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Conjecture 5.4. For fized positive integers n, k, the k" moment of the n'* derivative of
C(s) is given by

1 (1N ok DF TR
J\Z(T)Og:q,C <2+W> (=1) (kn+1)!<0g27r>

as T — oo.

Very little is rigorously known about these types of results. For k = 0 the result is
trivial, as the sum is just N(7T), defined in equation . For k = 1, they have been
previously studied in relation to Shanks’ Conjecture, a full history of which can be found
in Chapter [2[ and in [I84], and the theoretical results as given in Chapter (3| agree with
Conjecture in this case.

These results are for leading order only. In Chapter |§| and in a forthcoming paper [185],
we use a different method to conjecture the full asymptotic for zeta.

These results and conjectures are stated for k a positive integer. However, in the case
of the first derivative, when n = 1, Section applies for k£ € C with ®(k) > —3, and
some of our results in Section m (namely Theorem also apply for non-integer k.
Therefore it is plausible that in the case of the first derivative, Conjecture also holds

for complex k.

Conjecture 5.5. For R(k) > -3 as T — oo
1 1 k 1 T\*
~ ¢ (—l—i’y) ~<log> .
N(T) MET 2 T(k+2) \ " °2r
In the case k = —1, this result is already known under the additional assumption of
simple zeros (but without the Riemann Hypothesis), and can be found as equation (3.9) in
a paper of Garaev and Sankaranarayanan, [134], and in (2.14).

When k = —2, the right hand side of Conjecture [5.5] vanishes. A separate calculation
that will be shown explicitly in Section [5.4] shows that

N
1 _
N [N > Zi(bm) 2] =0
m=1
exactly. For the case of zeta, what we mean is the left hand side is bounded by some error

terms with no leading-order asymptotic. An educated guess suggests the error terms will
be O(T~1/2%%). We discuss this further in Section

5.2 THE CHARACTERISTIC POLYNOMIAL APPROACH

In this section we prove Theorem concerning moments of characteristic polynomials.

We start with the product representation of the characteristic polynomial of an N x N
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random unitary matrix Zy () in (5.2)), given by
N
H i(Om 79
m=1

The Haar probability density of U(N) equals [311]

1 4 .
dHaar = ——— H e — e |2 dp, ... dby. (5.3)
N!(2m)N L<j <N

To extract the moments that we wish to calculate, we use shifts and calculate

ZZN (O 4 1) ... ZN (O + )

m=1

By invariance of Haar measure there are no distinguished eigenvalues, so this expectation
equals
En [ZN(QN + Ozl) S ZN(QN + Ozk)] .

Since we can Taylor expand assuming the «; are very small, we obtain

a a2 " a™
EN l(Zk(GN)J + ZK/(QN)?: + ...+ Z](Vl)(eN)ﬁ 4+ .. >

a% (nk) O
X . ZN(BN) +Z (On )§+...+ZN (HN)nk'Jr... ,
where obviously Zy(0n) = 0. By calculating the of" ... ap"-th coefficient, we can find
moments of the mixed derivatives of the characteristic polynomial.

Writing out the expectation in terms of the Weyl density (5.3)), we have

k
Enx [H ZN(ON + )

r=1
/ / H 1% — i ﬁ ﬁ(l _ ¢ifm=i0N g=ior) g
27r m

1<j<l<N m=1r=1

We split off the terms in the first product with £ = N, and all the terms in the second
product with m = N (which can then be pulled out of the integral) to give

1 —ia 2 i0; 19 2
N!(27T)N B / / IT e =

1<]<e<N 1

k
— “9’\" H 1— e ’eNe*"O‘T) db,,.
r=1
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We may make a change of variables ¢, = 0,,, — Oy for m = 1,..., N — 1 and trivially

perform the 65 integral to obtain

W e [ [T T

1<g<£<N 1

. . 2
eiPi _ oiPe

N—
X H Z¢m *Z¢m

m=1

— lPmiar ) ddm.

||::]x

Notice then that we can rewrite the integrals back in terms of Haar measure for (N — 1) x

(N — 1) unitary matrices, obtaining

H zar x En_1 H (1 N 62¢>m 1 - efui)m H 1 — ez¢mezaT)1
r=1 m=1 re1
( 1) k’+1 ) k N—1 ' ‘ k '
# H A;N (Ar - 1) x En_1 H e*“ﬁm(ewm _ 1)2 H(ez¢m _ Ar)‘|
r=1 m=1 r=1

(5.4)

where we have done some simple algebraic manipulations to put it into a suitable form
for later, and written A, = €*®. We may then use Heine’s Lemma [295] to write the

expectation as a Toeplitz determinant, and thus we have

N-1 . ko
[ oo e -] -
me—1 r=1

where

Dy_1[f] := det ‘fj*f‘lq (<N-1

with
A 1
R —i(j—£)9
fJ—E o f( ) dv

for the symbol
k
f(z) =271z =1)? H (z—A,). (5.5)
r=1

As a historical aside, though the identity was first written down in 1939 by Szeg6 [295], he
gave the credit to Heine (who lived from 1821 to 1881).
Putting this together, we have

COE D A (4= ) x D). (56)

r=1

k
EN lH ZN<9N + CVT)
r=1
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Basor and Forrester [2I] evaluate Dy_1[f] with symbols of the form (5.5) as a (k +
2) x (k + 2) determinant,

(~D*EDND (- A

Dn_1[f] =
H1§j<egk+2(Alf - Aj)

AL AN AN AR (—Ay)T!
ANTL AN AT AT (—Ay) !
AL AN AN AR (At

X det | : : : : : ;
AYTEAY AT AT (AT
ANt AN AN LAY (AT
AYS AV, AR AR (“Age) T

where we write Ax.q1 and Ay, o for now, but will let them both tend to 1 later.

We can manipulate this determinant through elementary row operations. We begin by

factoring AN 1 from each row, and factor the —1 from the last column. This determinant

becomes

1 A A Ak AN
1 Ay A3 ... oAb oAYY
2 k —N

(_1)N(k+1) [[t+2 A 1 Az A L. Aj As

Dol =gyttt o 0 :

1<j<b<k+2

S ’ 1 A, AZ L AN g
U Apn ARy - A A
1 Apgo Ao o Al Al;]rvz_

Subtract the first row from each other row, and bring the factor of 1/(A, — A1) inside
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the determinant for each row r = 2,...k + 2 to show that Dy_1[f] equals

(1 A A? Ak ATN
k—1
0 1 A1+ Ao - Z A]ll Ag_l_ﬂ 02,2
71=0
k—1 ) )
0 1 A+ As ... Z Ajll Ag_l_]l C32
71=0
( ) (k+1) Hk+2
det |7 ° : :
[lo<jcecria(Ar — 4, i) g :
sk 0 1 A4y ... S ApraAt o,
j1=0
k—1 b1
0 1 A+ Ak+1 e Z Alek—&-l J Ck+1,2
Jj1=0
Lo
0 1 A+ Ak+2 . Z AjllAk+2 J Ck+272
L J1=0

where in the r*' row and m'™" column we make use of the following identity

m—1 m—1 m—2
AT AT 3 AT A2
A — A : "
" ! J71=0

for m from 2 to k + 1, and for the (k + 2)"! column we use the identity

A*N —A_N
Cro = — 1

N o :
A T Z —J1 A—(N+1-j1
s . ., 1 A1 A,’, .

Jji1=1
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(5.7)

(5.8)

Now subtract the second row from each other row below it and bring the factor of
1/(A, — As) inside the determinant for each row r = 3,...k + 2 to give Dy_1[f] as

k—1 ) ‘
0o 1 ... ZAJllA’;—l—h Cho
Jj1=0
—2 k—2—j;
0 1 Z Z A]lAJQAkJ 2—71—7J2 0373
7J1=0 72=0
(— )N(k+1 Hk+2
det |©° :
[ls<j<o<rio(Ae — A) kE—2 k—2—j1
<j<t<k+ 01 ... > > AJlA]2Ak i o
J1=0 j2=0
k—2 k—2—j1
0 1 . Z Z AhAJ?A:ﬁ no Crt1,3
j1=0 j2=0
k—2 k—2—j1 A
o 1 ... Z Z AilAJQQAklz—]l—]z Ck+2,3
L 71=0 72=0
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where we have used (5.7) for the " row and m™ column for m = 3,...,k + 1 and where
the last column uses the identity (5.8)) with As instead of A; with

N —(N+1—j1) —(N+1-j1)

(A — A

_ —J1 T 2

Cra== 2 A ( Ay — Ay )
J1=1
N N+1—-75;
_ (_1)2 Z Z Al—j1A2—j2AT—(N+2—j1—j2)_
Ji=1 j2=1

Continuing in this manner, it is clear that Dy_1[f] becomes

et
Dy_a[f] = (~1)NEFD TT AY

r=1
1A A2 L Ak ATN T
E—1
0 1 Aj+Ay ... Z A]llA];*l*]1 Cap
Jj1=0
k=2 k—2-j1 .y
0 0 1 ST AP APASTTE Oy
x det j1=0 j2=0 )
A+ As+ -+ Ag Cng
0 0 0 . 1 Crt1b41
L 0 Cr12,k42]

that is, we have an upper-triangular matrix with 1’s on the diagonal and zeros underneath.

This means that the determinant equals the bottom right-most element, which is

N N+1—j;  N+k—1—ji——ji_1

Ck+2,k+2 _ (_1)(k+1) Z Z . Z Al—Jl o A];]k
=l je=1 Jk=1
N+k—ji1——jk

Je1 g —(N+E+2—j1——jgy1)
X Z A,€+1 A,€+2 .

Jer1=1

We now combine Dy_;[f] with the other terms in (5.6)), and let Agi1, Agr2 — 1. This

gives

k
En lH Z(QN + ar)]

r=1

:%H(Ar—l)z S 3 AP A S

k N Ntl—ji  Nth—l—ji——jrt Nth—jr—— i
r=

1 J1i=1 j2=1 Jr=1 Je+1=1
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Re-indexing the summations to start from 0 instead of 1 and evaluating the last sum, we

have

r=1
1 N—1N-1—j; N—1—j1——jr—1 . ‘
:NHA;l(AT—l) > ATV AN = Gy = = k).
r=1 71=0 72=0 Jk=0
(5.9)

Recall that the coefficient of " ... ap*, which we denote by [a] ... a}*], from
will yield the desired mixed derivative, and we wish to find this to leading order as N — oo.
It is clear that to do this, we want to obtain the highest possible power of N from the
summations as they depend upon N, and the smallest possible contribution from the
product [[*_; A-' (A, — 1) as there is no N dependence in that product.

Recalling that A, = ¢’ and Taylor expanding gives

k
H A7V (A, —1)=1i*a; ... a4 + higher order terms. (5.10)
r=1
Therefore we need to find the large N behaviour of [a}' ™" ...af*~ '] from the summa-

tions in , that is from

—1N-1-j N—1—j1——jr-1

Z v S e k(N )

Jj1=0 j2=0 Jjk=0

The coefficient of /" ™" in the Taylor expansion of e~ equals (—ij;)™ ~/(ny — 1)!, so

the coefficient [a]*™1...af*~ '] equals

N-1 N—-1—j1—+—jk-1 (—ijl)nlil (_Z'jk)nkfl

],12230"' 2 (ni—1)! 77 (ng —1)!

Jr=0
(_/L')n1+"'+nk_k N-1 N-l-ji——jr1

v ) ey D DRSENNND DU S A G TR )

J1=0 Jrk=0

(N =j1—-—Jr)

To evaluate the leading order coefficient of these sums, we will turn them into Riemann

sums and hence into an integral. The sums equal

N—-1N-1-j5

Nttt 38

Jj1=0  j2=0

N—1—j1——Jp_ . _ . _ . .
v 11(31)’” : (Jk) 1<1_ﬂ_..._ﬁc>
: Nk \N AN N N

Jr=0
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and now each summation can be considered as a Riemann sum and so we can rewrite the

summation in the above line as the k-fold integral

1 1—x1 l—x1——xk_1 1 1
ny— N —
/0 /0 /0 2 a1 ay — e — ) dayday . day,

By Theorem 1.8.6 in [3], this integral equals

(n1— D! (ng —1)!
(n1+...+n,+1)!

and so we have

[anl_l...ank_l] ~ (_Z’)nﬁ_m—i_nk_k (n1 — 1)' . (nk — 1)!Nn1+~--+nk+1‘ (511)
! K (ni—D!o.(ng— D! (n1+...+n,+1)!

Combining (5.10) with (5.11) and the term 1/N in (5.9), we obtain the coefficient
[at...ap*) of EN [Z(ONn + 1) ... Z(On + )] is asymptotic to
(_1)n1+~--+nk+kz ,L-n1+~--+nk

an-i-...-i-nk.
(n1+...+n,+1)!

Recalling that the coefficient of )’ in the Taylor expansion of Z(0y + «,) equals
Z)(Ox) /n,!, we see that

1)
Enx |ZM)(9n) ... 7z (g ~ (1)t netk gna et nse .- e Nt
w [20)(6n) (o)) ~ (=) ! (1 + ...+ ng + 1)

and this completes the proof of Theorem

5.3 THE HYBRID MODEL APPROACH

As discussed in Section in 2007, Gonek, Hughes and Keating [149] proved a hybrid
formula for the zeta function, expressing it as a partial product over primes times a rapidly
decaying product over non-trivial zeros. We state a result with slightly more control over

the smoothing (in [149] and other later papers, X =Y is taken).

Theorem 5.6 (Gonek—Hughes—Keating). Let s = o + it with o > 0 and |t| > 2, let
X,Y > 2 be real parameters, and let K be any fixed positive integer. Let f(x) be a
non-negative C* function of mass 1 supported on [0,1] and set u(z) =Y f(Ylog? +1)/x.

Thus, u(x) is a function of mass 1 supported on [e'~1/Y e]. Set

U() = [ uly)Er(zlogy) dy. (5.12)

where B (z) is the exponential integral [°e " /w dw. Then

y K+1 xymax(1-0,0) x1l-o log X
C(s) = Px(s)Zx(s) (1 +0 ( [+ log XK ) +0 (Y)) ,
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where

Px(s) = exp (Z Aln) 1 ) : (5.13)

s
X lognn

A(n) is von Mangoldt’s function, and

Zx(s) = exp <— > U((s— pn) logX)) . (5.14)

Pn

The constants implied by the O terms depend only on f and K.

Remark. The proof of this result follows precisely the method in [149], with obvious changes

for the different smoothing.

Note that U(z) is not an analytic function; it has a logarithmic singularity at z = 0.

However, recall the formula

Bi(z) = —logz o~ 3 LU

m=1

7 (5.15)

m!m

where | arg z| < 7, log z denotes the principal branch of the logarithm, and 7y is Euler’s
constant. (It is clear that the sum is an entire function of z since it is absolutely convergence
for all z € C.) From this and we observe that we may interpret exp(—U(z)) to be
an analytic function, asymptotic to C'z as z — 0, for some constant C' which depends upon
the smoothing function w.

Just as in work of Bui, Gonek and Milinovich [47], we can differentiate whilst still
obtaining the asymptotic, obtaining under the Riemann Hypothesis

K+1vy1/2 1/2 o
¢(p) = Px(p)Z (p) (1 +0 (M) L0 (X;g?f)) ‘

It is believed that Px and Zx operate pseudo-independently. Hence the moments of
zeta are products of moments of Px and Zx. This is known as the Splitting Conjecture,
given in Conjecture [I.10] for the analogous continuous moment case. We conjecture it here
in our case, where it will become clear later in the section where the technical assumptions

come from.
Conjecture 5.7. Let X,T — oo with X = O(logT). Then for k > —3, we have

L T Poiot | [ 1 paran
N OgéTC () (N(T) OgéT x(p) ) (N(T) (K%T () )

In the next section we will evaluate the moments of mixed derivatives of Px, when
averaged over zeros of zeta. We will show that the moments only really contribute when no
derivatives are taken. In the last section we will model the moments of the first derivative
of Zx when averaged over zeros of zeta, using a method that allows non-integer moments

to be taken. Taken collectively, these results give weight to Conjectures and
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5.3.1 THE MOMENTS OF Py

In this section we will show that the mixed moments of Px vanish if any derivatives are
taken, whilst the mean of P)k( is asymptotically 1, when averaged over zeros of the zeta

function.

Theorem 5.8. Under the Riemann Hypothesis, for X > 2 with X = O(logT), for any

non-negative integers ny,...,ng we have,

N(T)+O(TloglogT) ifni=---=n;=0
Z P)((nl)(p) ) ..P)((nk)(p) =1 O (T(loglog T)1*m) ifny>0andnyg =---=np =0
0<y<T
== o(T) if more than one n; > 0

as T — oo, where p = % + iy is a non-trivial zero of the Riemann zeta function, Px(s) is
given in (5.13) and N(T') is the number of such zeros up to height T, given by (1.5)).

In the case that no derivatives are taken, one can permit k to be real and positive.

Theorem 5.9. Under the Riemann Hypothesis, for X > 2 with X = O(logT), for k a

fixed positive real number,

> Px(p)f = N(T)+O(TloglogT)
0<~y<T

as T — oo.
This should be compared to a result of Bui, Gonek and Milinovich (Theorem 2.2 of

[47]) which stated that, under the Riemann Hypothesis, for ¢ > 0 and X,T — oo with
X = O ((logT)?>¢) then for any k € R one has

NT) 2 [Px () = ax (¢ log X)** (1+ Ok ((10g X))
0<~<T

where ay, is an explicit product over primes given by ([1.19).

Before we prove Theorem [5.8], we need to state and prove some preliminary lemmas.

Lemma 5.10. For k a fized positive real number, the function Px(s)* can be written as a

non-vanishing absolutely convergent Dirichlet series

Px(s)" = i al;f;n)
m=1

with 0 < ay(m) < di(m), where di,(m) is the k™ divisor function.
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Proof. Since Px(s) given in (5.13]) is the exponential of a finite Dirichlet polynomial, so

its k™™ power is an entire non-vanishing function, so can be written as a Dirichlet series

X log n ns
_ o ag(m)
47}: ms
m=1

where the sum converges absolutely for any s, and ax(m) = 0 if m has any prime divisor
greater than X. If p < X is a prime, then ai(p) = k. Since these coefficients come from
the exponential of positive terms, the ax(m) are positive. In the case when m < X, these
coefficients will equal d(m) and in the case when m > X they will be less than dj(m) due

to missing contributions from terms with n > X in the exponent. O

In the proofs of the two theorems, it will be important to truncate the infinite sum.

Lemma 5.11 (Gonek-Hughes-Keating). For 2 < X < (logT)?>~¢ with e > 0, and k a

fizxed positive real number, and 0 a small positive number, we have

Py <; —l—it)k . a(m) On (T—se/z) '

. ml/2+it

m<T
Proof. This follows immediately from the proof of Lemma 2 in [I49]. O

As previously discussed, Gonek [146] proved unconditionally a uniform version of
Landau’s formula concerning sums over the non-trivial zeros of the Riemann zeta function,
including the corollary given in Lemma[2.2lunder the assumption of the Riemann Hypothesis.

We restate it below for ease of reference.
Lemma (Gonek). Under the Riemann Hypothesis, for T'> 1,m € N with m > 2 and p a
non-trivial zero of the Riemann zeta function ((s),

T A

Z m~ P = _ L Am) + O(log(2mT) loglog(3m)),
2r m
0<~<T

where A(m) is the von Mangoldt function.

Remark. Recall that this result does not apply in the case when m = 1, when the sum

over zeros trivially equals N(T).

Proof of Theorem [5.8 To differentiate Px (o) j-times, we return to the exponential form
(5.13). The Faa di Bruno formula on multiple derivatives of e/ states

d7 . )
o ofe) — (rG) L Ni\ of
IO = (fD (1)) e
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where the sum ranges over all possible combinations of derivatives of f so that total
derivative is j, with certain multinomial coefficients that don’t matter for us.
In our case, one can check that the longest sum comes from the first derivative raised

to the j™ power, essentially giving a sum of length X7. That is

PO = ¥ %Z‘)exp(z Aln) 1)

s
ki X lognn

for coefficients Bj(n) that come from appropriate combinations of derivatives of the sum in

the exponential, whose precise nature does not concern us, other than noting that

5 0 if7#£0
mu):{ i
1 ifj3=0

and for prime p < X,

. (—logp)! if j #0
Bi(p) = o
0 ifj=0
(this comes from differentiating the sum in the exponential j times; other terms in the Faa
di Bruno formula contribute to coefficients of higher powers of p). If n is divisible by any

prime greater than X, Bj(n) =0.

Combining k of these expressions together (replacing j with derivatives ni,no,...,ng,
we have B(n)
n

POGs) P s = Y S P(s)! (5.16)

n<Xnitnatotng
where

is the convolution of the appropriate Bj.
In the case when R(s) = 1/2 and X = (logT')?>¢, using Lemma we have

P)((nl)(s) o P)((nk)(S) _ Z /B:LZL) ( Z alzi:sn) + O, (T—69/2>)

nSXn1+n2+--'+nk mSTG

b(m) o
m<T?
for some ¢’ > 0 and ¢’ > 6, which both depend upon ¢, k, 0, and nq,...,n;. Essentially,
since the first sums length is only a power of log T, the two sums together are truncated at
TY for some 0 > 0, as T gets large.

Shortly we will use some facts about the b(m), which we record here:
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e Onlyifn; =ng=---=mng =0 does b(1) = 1, otherwise b(1) = 0 (essentially because
Bj(1) = 0 for any j # 0 since differentiation kills constants).

o If ngy =ng=---=mny =0, then b(p) = ax(p) and for prime p < X, ax(p) = k.

o If exactly all bar one of the n; vanish (say n; # 0, and ng = ng = --- = ng = 0) then

b(p) = B(p) = Bn, (p) = (—logp)™. To see this, note that f3,, (1) = 0, which kills all
other contributions in the convolution other than S,, (p).
o If more than one n; # 0, then b(p) = 0 since there will be at least two pieces in the
convolution that have B, (1) = 0 and f,,(1) = 0, so every term vanishes.
Assuming the Riemann Hypothesis, we can sum over the zeros of zeta, obtaining
S PE). . PIO) —bN )+ Y Y A

P
0<y<T 0<Y<T 2<m<T?’ m

+0 (N(T)T™) (5.18)

and applying Corollary [2:2] to the middle sum yields

S b(m>:_2T7r 3 ’W+ S b(m)O(log(2mT) loglog(3m)).

mpP
0<y<T 2<m<TY 2<m<TY 2<m<T?

(5.19)
To bound the first term on the right-hand side of ([5.19)), note that the A(m) forces the
sum to be over primes and prime powers only, and the b(m) ensures we only need primes

p < X. Since b(m) < mF, the square and higher powers of primes form a convergent sum,

S0
T b(m)A b(p) 1
27 m p
2<m<TY' p<X
p prime
The value of b(p) depends on how many n; =0
k ifni=--=n,=0

b(p) = (—logp)™ if n; > 0 and n; = 0 otherwise
0 if more than one n; > 0.

Hence, summing over all primes up to X and using the Prime Number Theorem,

log X fni=--=n,=0
< ¢ (log X)H*™ if ny > 0 and n; = 0 otherwise

b(p) lo
> (p) logp

p<z .
0 if more than one n; > 0.

For the second error term in (5.19)), since the b(m) all have the same sign (for any

given fixed ni,...,ny), we have that this equals

(@) <longog logT Z b(m)) .

m=1



160 CHAPTER 5. HIGHER MOMENTS VIA RMT AND THE HYBRID MODEL

By (5.17)) and (5.16) the sum is simply
dobm)= > Bm)Px(0).

m=1 n<Xn1tnot-+ng

To bound the first sum on the right-hand side, recall that 5(n) < n®, and to bound the
Px (0)* note that since

A(n)
log Px(0) = >
n<X logn

o)
~log X (log X)?

by the Prime Number Theorem, we have

> bm) (Xp< 1o§X)>

m=1

for any fixed ¢ > k.
Plugging these two error terms back into (5.19)), we have shown

X
Z Z 7m (T(log X)H'”l) +0(T)+ O <logT10g log T exp (c’ >>
0 mP log X
<Y<T 2<m<T?
where the first error term is only present if no = --- =n; = 0.

To complete the proof we now choose X to balance the various error terms that appear
when we substitute this into ((5.18)). If we insist X = O(logT’) then we have

n n T
S P8 (). PCY(p) = 5= 105 T + O (T'(loglog 1))
s
0<y<T
in the case when n; =--- =ng =0,
> P)((m)(p) . P)((n’“)(p) =0 (T(log log T)H”l)
0<y<T
ifny >0and ny =--- =n; =0, and
> P P () = 0(T)
0<y<T

if more than one n; > 0.
This completes the proof of Theorem O

Proof of Theorem[5.9 In the case when no derivatives are taken, we can exploit the
multiplicative nature of Px to allow k£ to be a fixed positive real number, not just an

integer. Much of the proof goes through unchanged.
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By Lemma and Lemma [2.2] we have

S ntonme S S o (s

0<y<T 0<y<T 2<m<T?
T ar(m)A(m)
2<m<T? 2<m<T?

since ag(1) = 1.
As in the case of Theorem assuming X < T? we can bound
ar(m)A(m klo

m
2<m<T? p<X

< log X

and, exactly as before,

i ak(m) = Px(0)" < exp (Cl 10§X>

m=1

for any fixed ¢ > k.

Therefore

X
> Px(p)f =N(T)+0(TlogX) + 0O (10gT10g log T exp (C, )) _
0<~<T log X

As before, the error terms can be made to approximately match when X = O(logT'). O

Remark. In the previous proofs we can take X to be anything up to o(log T loglogT')
before the second error term dominates the main term of % logT. Since the error term as

we have written it comes from a subsidiary main term, we cannot reduce the error down

to O(T).

5.3.2 THE MOMENTS OF Z%

In this section we will concentrate on the random matrix equivalent for Zx, given in (5.14)),
and for simplicity just look at its first derivative. Again in this section, we will not require
k to be an integer. Taking an N x N unitary matrix with eigenvalues e?1, ... e~

., eVN_we

wish to calculate
Ey [Zivx (0x)"]
where

N 00
Znx(0) =[] exp (— > U0 — 0 + 27rj)logX))
m=1

j=—o0

plays the role of Zx(s) in Theorem and where U is given in (5.12]).
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Remark. The sum over j makes the arguments 27-periodic, thus permitting the move from
e to # without any branch-cut ambiguities. The decay of U for large inputs means that

the infinite sum over j is absolutely summable.

Theorem 5.12. If k € C is such that k & {—3,—4,—5,...}, then

eikﬂ/Q

1 N
Ey | — Zh v (0m)F | ~ ———— N*
N[Nmzzl wx( )] Tk +2)
as N — oo.

Remark. The proof deals with the analytic continuation of the objects under consideration.
However, for our purposes as a model for zeta, we must stop before the first singularity;
that is, in Conjecture [5.5 we take R(k) > —3.

Remark. Restricting to k& € N, we see this Theorem has the same right hand side as
Corollary in the case n = 1. That is, va,  and the first derivative of the characteristic

polynomial asymptotically have the same moments.

Proof. 1t is convenient to factor out the behaviour around the eigenvalues (where Zy x

vanishes) as follows

Znx(0) = (1 - e*i(f?*@m)) Fx(0-0,)

1

ﬁtzlz

where -

Fx(9) = —log (1—e™) = 3~ U(i(d + 27j) log X) (5.20)

j=—00
is a 2m-periodic function which is continuously differentiable for all real ¢} - the logarithmic
singularities cancel out. The first statement is obvious. The second statement can be seen
from the definition of U(z) given in and the series expansion of Ej(z) around z = 0
given in (5.15)) (and indeed, this fact will be made clear when we look at the decay of its
Fourier coefficients in Lemma [5.13)).
Differentiating,

va,x i i(0—0n) o Fx (0—6n) H ( efi(efam)) Fx (0—0m)
n=1 m=1

m#n
N N
Z (1 _ ilo- en)> Fl (6 — §,)elx (0=0n) H ( i(6— em)) oFx (0=0m)
n—1 ;n
and substituting 8 = 0y, we see that for every n # N there is a term in the product that

vanishes (so only the n = N terms survives), and every term in the second term vanishes,
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including the n = N term. That is,

N-1
ZEVX(QN) = i@FX(O) H (1 o e—i(GN—Om)) eFX(ON—Gm).
7 m=1
Remark. There is nothing special about picking #n over any of the other eigenvalues. This

is made for notational convenience. The true calculation would be to evaluate
1
LS Zhclbn)
m=1

similar to what we do in Section but by rotation invariance the result will be the same.

We now calculate the expected value of va, +(On)* for k € C when averaged over all
N x N unitary matrices distributed according to Haar measure, employing a trick found
in [I82] and written in this thesis as Lemma [1.18]

Ex [va,x(eN)k] _ 6ik7r/2ekFX(0)EN [J\ﬁl (1 B e—i(eN_em)>kekFX(9N_9m)‘|

m=1

_ eikﬂ/2ekFX(0)iEN_l ﬁ_{l ‘1 B emmf (1 B emm)k ekFx(ﬂm)] (5.21)
N m=1

where we interpret e’V as the eigenvalues of an (N — 1) x (N — 1) unitary matrix. (Briefly,
what we have done is write the first expectation out as a N-dimensional Weyl integral,
then change variables to ¥,,, = 0,,, — Oy for m =1,..., N — 1. Making use of the fact the
integrand is 2m-periodic, we turn it back into a (N — 1)-dimension Weyl integral, plus an
extra trivial integral over fy.)

Because k is complex, we need to be precise about the choice of branch taken. We
define (1 — ew>k to be the value obtained from continuous variation of (1 — e“ge_‘f>lC for
€ > 0, converging to the value 1 as € — 0.

As in Section the inner expectation can be calculated by Heine’s identity to be
equal to the Toeplitz determinant

Dy -a[f] = det ’fj’f‘xj (<N-1

with symbol

£(9) = ’1 _ ) (1 B eiﬂ>kekFx(—ﬁ).

Note that f(¢%) has only one singularity at ¥ = 0. Toeplitz determinants with such

symbols have been calculated asymptotically by Ehrhardt and Silbermann in [I10] (building
on extensive previous work by several other authors).
They show (in their Theorem 2.5) that if b(¢) is a suitably smooth (defined in their

paper) 27m-periodic function with winding number zero and whose logarithm has the Fourier
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series expansion

logh(¥) = > sme™”,

m=—00

then for symbols of the form

subject to v+ d € {—1,—2,-3,...}, then for any ¢ > 0

1
Dn_1[f] = CiN°Cy ! (1 +0 <Nl_5)>
where
G(1+~)G(1+9) > > >
Ci = exp MSmS—_m | exp | —0 Sm | exp | — S_m
! G(l+v+4) 777,2:21 mZ::1 77712:21

where G is the Barnes G-function, and where
Cy = exp(sp).

In our case, vy =k + 1 and 6 = 1 and b(¥) = exp(kFx(—v)). To complete the proof,
we simply need to calculate the Fourier coefficients of kFx (—1) (those coefficients being
the desired sp,).

We will, in fact, delay the exact calculation of s, to Lemma [5.13] to quickly complete
the proof of the theorem. All we need from the lemma is that s,, = 0 if m < 0. From
and using Ehrhardt and Silbermann’s formula above, with the values v = k + 1 and

6 =1, we have

. 1 G(k+2)G(2) o0
/ k| . ikm/2 kFx(0) . k+1
En [ZN,X(HN) ] e et X G(k+3) exp mEZI Sm | N .

Finally, note that G(2) =1, G(k + 3) =T'(k + 2)G(k + 2) and
FFx(0) — exp < Z sm> = exp (Z Sm>
m=—0o m=1

(the first equality following from setting 1 = 0 in the Fourier series expansion; the second

equality comes from knowing s,, = 0 for m < 0). Therefore,
eikfr/Q
Ex [ ZhxO0)"] ~ 5oy N

as N — 00, as required. O
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Lemma 5.13. Let Fx(9) be defined in (5.20)), then

kFx(=9)= > sme™

m=—0oQ

where

Sm =

ifm <0

Os‘ko

(1__jfmxm/ngdu(y)dy) if 1 <m <logX

if m > log X.
Remark. Since u has total mass 1, for m > 0 we can write

exp(m/log X)
|

. MM@ZLM u(y) dy

xp(m/ log X)
although due to the support condition on u, if m > log X then exp(m/log X) > e and so
the integral vanishes.

Proof of Lemma[5.13. Note that

1 /= ;
by = = / kFx (—0)e™"™ do.
27 J_n
From ([5.20]) we have

kFx(—19) = —klog (1 — ew> —k i U(i(—9 + 27j) log X).

j=—00
For m an integer, we have

| yr o 0 ifm<0
—/ —klog (1 - 6“9) e dy = (5.22)
2 Jn ko ifm > 1.

(To non-rigorously see why, note that log (1 — em) =—> 72 et /¢ and the only term in

the sum that survives the integration is when ¢ = m for positive integers m.)
Furthermore, we have

— JR——

1 g > . —k [e’¢) )
*/ —k > U (i(—9 + 2mj)log X) e~ di = 7/ U(—ivlog X)e ™7 dy
2m J_n or | o
—k o] e )
= 7/ / u(y)E1(—iv1log X log y)ef“m(’1 dy dv
27 Jooo 1
where the final equality comes from inserting the definition of U from (5.12) and the
support of u. Swapping the order of integration, this is
—k e o] }
—/ u(y)/ El(—iﬁlogXlogy)e_’mﬁ dv dy.
27 N1 —o

165
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The Fourier transform of the exponential integral is

0 if m < log X logy

1 oo . s

%/ Eq(—ivlog X logy)e mo gy = ﬁ if m =log Xlogy
—o0

L if m > log X logy.

Therefore, making use of the fact that u is supported on [1, e] and has total mass 1, we

have
—k e 00 ) —im® —k [max(lexp(m/log X))
— u(y)/ Eqi(—ivlog X logy)e ™™™ dv dy = —/ u(y) dy
27T 1 —00 m 1
0 iftm<0
= —% leXp(m/logX) u(y) dy if 1 <m<logX
—% if m > log X.

The Fourier coefficient, s,, is the sum of this and (5.22)). Note that both terms are zero
for m < 0 and the two terms perfectly cancel each other if m > log X. O

5.4 NEGATIVE MOMENTS OF THE DERIVATIVES OF THE CHARACTERIS-
TIC POLYNOMIAL

As we have seen in Section [I.3.6] Section [I.4.1] and Section [2.4] negative moments are of
interest. Recall that Conjecture states that we can take any R(k) > —3. We consider
some small negative moments, specifically the cases when k = —1, —2, —3 (pushing our

model to the point of breaking). We consider
T
m=1

where we remind the reader that Zy(6) is the characteristic polynomial of a random

unitary matrix, given by

N
Zn(0) = det(I —Ue ™) = [ (1 — @)

m=1
For the analogous symbol to (5.5) for the negative moments problem, we need to

consider for k = —1, -2, -3,
fz) =1 =1 - )"
For k = —1, we have

fl2) =1 =P =1~
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so the Fourier coefficients are c_1 = —1,¢9 = 1, and ¢; = 0 for j > 1. Then the Toeplitz

determinant is given by

1 0 0
N
1 1 -1 1 0 ... 1
—E = —det = —.
N~ N o -1 1 ... N

This suggests as T — oo,

N, 2 <[5+ >1”10g1T‘

0< <T

Multiplying through by N(T') gives the result from Theorem

For k = —2, our symbol is of the form
F&) = L~ (- )2 = (1 - )1~ o) = (1 e (z k)

This sum telescopes to give

fle) ==
so the Fourier coefficients are ¢4 = —1, and ¢; = 0 for j > 0. Then the Toeplitz
determinant is given by
0 0 0
N
1 1 -1 0 O
— Z, — det =
N [N mzzzl ] N0 -1 0 0

This suggests as T — oo,
Z ¢ ( —i—z’y) —O(T*1/2+‘:')7
( 0<y<T

with some numerical evidence given in Figure [5.1] where we suggest an error term of
‘typical’ size for the zeta function.

Finally for k = —3, our symbol is of the form

fle)=1—e*PA-e*)P=1-e1-e)=1-e)1 )1 ")

Then by the k = —2 case, the first two terms in the last equality cancel to give —e™% so

f(z)= et (i eikt) — it _ it _ g2it _
k=0

we have
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Figure 5.1: The real (blue) and imaginary (orange) part of > <7 ¢’ (% + iv) plotted
over the first million zeros.

so the Fourier coefficients are ¢c; = —1 for j > —1. Hence,
-1 -1 -1
N
1 1 -1 -1 -1
— Z = —det
N ~ N 0o -1 -1

Then expanding along the first column gives two copies of the same matrix, with a minus
sign from expanding a determinant, meaning that this expectation is also zero.

Therefore, we could conjecture the follow result for the Riemann zeta function. As
T — oo,

i, £, () o).

0< <T
where again we suggest an error term of ‘typical’ size for the zeta function.

However, we do emphasise that our model breaks down exactly at k = —3 so we can’t
give this conjecture with a huge degree of confidence, unlike the above which we have given
good supporting evidence for. It would be of great interest to explore how to model the

Riemann zeta function at this breaking point, and for higher negative moments.

5.5 A RECURRENCE RELATION HIDDEN IN THE RMT CALCULATION

Consider the left-hand side of (5.4)), given by

1 k N—-1 ) k ' '
N H Zar ) X En—1 H (1-— e“’jm (1-— e_’¢m H (1-— e"z”"e_w”)

r=1 m=1 r=1
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By following the method in Section that is, following the method from Basor and
Forrester [21], we have shown in (5.9)) that this equals (after a trivial simplification)

1 N—1N—-1—j;  N—-l—ji——jr_1 ‘ |
NH(I—A;l)Z Z Z Al_h"'Alzjk<N_j1_"'—jk),
r=1 7J1=0 72=0 j=0

where A, = eor

Hidden behind this method is a recurrence relation, which we now derive and give a
solution for. Our previous method in Section proves that the solution we give here is
the correct one.

Rather than using Heine’s Lemma [295] to write the expectation of the right-hand
side of as a Toeplitz determinant, and then applying the method of Basor and
Forrester [21], we instead consider the left-hand side of and rearrange it in a naive

way. That is, we first use Heine’s Lemma to write

N—1 k
Envoa | [[(1 =€) (1 —e ) [[(1 —ePme™)| = Dy1[f] (5.23)
m=1 r=1

for the symbol
k

flz)=(1-2)(1-1/z) H (1—zA?

For ease of notation, we relabel A-! = A,. Expanding f(z) gives
fR)=0-2)(1—-1/2)(1 - A12)...(1 — Axz)
=(-1/z42—-2)1—A12)...(1 — Ax2)
= (=1/2+2—2)(By — Bz + Bo2® + ... + (=1)F B2

1
—;+(230+Bl) —2(Bo+2B; +Bg)+2’2(Bl +2By+ B3)+ ...+

+ (—1)k_1zk_1(Bk,2 +2B;_1 + Bk) + (—l)kzk(Bk,1 + 2Bk) + (—1)k+12k+1Bk

where

By =1

Bl = Z .Ar
1<r<k

BQ - Z ./47'1./47‘2
1<ri<reo<k

B3 - Z AT'lATQA’I‘g
1<ri<re<rz<k

B, =A ... A
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are the elementary symmetric polynomials in k variables.

The Fourier coefficients we need to write this expectation as the Toeplitz determinant

Dy_1[f] are then given by

0
-1
2By + B

fi = (=1)(Bj-1 + 2B + Bj41)

for j < -2
for j = —1
for j =0
for1<j<k-1
for j =k
forj=k+1
for j > k + 2.

The expectation in (5.23) (with N > k + 4) may be written as the (N — 1) x (N — 1)

Toeplitz determinant

[fo f

-1 o

Dy _1[f] = det 0 -1
0 0

f2
N1

fo
1

J3
f2
fi
fo

fev1 O 0
fe  fex1 O
Jeer feo frkn

Jr—2 fr—1  fx

with the f; for j > 0 as given above. Expanding this determinant along the leading column

repeatedly, we are lead to the following recurrence relation (where we have not substituted

the f; given above for ease of notation)

Dn_1[f] = foDn=2[f] + fiDn=3[f] + ...+ fex1Dn—i—3[f].

We then know by (5.9) that the solution to this recurrence relation is

N—-1N—-1-j1 N—-1—j1——Jk_1

Jj1=0  j2=0 Jjk=0

which can be written as

AT LLATR(N < gy — = ),

Dny_a[f]l=N+(N-1)C1 + (N —-2)Ca+ ...+ Cn_1

where

Cj = >

1<ri<ro<rz--<r;<k

Ar, Ary Ary o Ar

J

(5.24)

are defined similarly to the B; other than none of the inequalities are strict. Note that
this gives a solution to the hidden recurrence relation ([5.24)) as claimed.
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Higher Moments of the Riemann Zeta Function

via the Ratios Conjecture

In this chapter we assume the Riemann Hypothesis, unless otherwise stated.

In Section we begin this chapter with a summary of some results that one can
obtain from the Ratios Conjecture, many of which are rigorously known. Its strength is in
deriving these results in a generally easier way, and often giving more information, such
as the lower order terms for asymptotics. The Ratios Conjecture is a heuristic argument
based on certain RMT results. For an integral containing quotients of products of zeta
functions (or more generally L-functions), we perform the follow steps (ignoring all error

terms at all steps):
1. Replace all zeta functions in the denominator by its Dirichlet series (which we know
conditionally converges up to the critical line under the Riemann Hypothesis).

2. Replace all zeta functions in the numerator by the approximate functional equation.

3. Expand the new terms in the integral, keeping only those terms with an equal number

of x(s) and x(1 — s) terms. These are the terms that are not rapidly oscillating.
4. In these remaining terms, keep only the diagonal terms.

5. Complete the resulting sums, factoring out various zeta factors to make the resulting

terms converge.

6. A power-saving error term is then conjectured for the final result.
A full example will be seen when we use the Ratios Conjecture to calculate our conjectures
in Section [6.2]

In Section we will use the Ratios Conjecture in several different ways. First we give
a general closed integral form to find a full asymptotic expansion for any moment for any
number of derivatives. Then we re-derive Conjectures and following the Ratios

Conjecture methodology.

171
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We have discussed that the Ratios Conjecture can be used to find lower order terms
for discrete moments of the Riemann zeta function. Applying similar ideas, we can use the
Ratios Conjecture to find lower order terms for the conjectures formulated in Chapter

Finally we give two examples of our result, the first of which is to find an integral form
of the full asymptotic for the Generalised Shanks’ Conjecture, first given in Theorem
This integral form is simpler than our previous result, and as has been seen in recent times,

the ‘correct’ way of writing moments are as integrals.

Theorem 6.1. For n a positive integer and p = 1/2+i7y a non-trivial zero of the Riemann

zeta function,
> ™ (; +iv) =

0<A<T
n! [T (—1)ntipntt 2L (=1)mFLLmey, 1
— Ap+—F———+ > ) dt T2+

27r./1 ( * (n+1)! +m0 ml(n —m)! +O< >’

where L = log ﬁ, and the v, are the coefficients in the Laurent expansion of ((s) about

s =1, and the A, are the coefficients in the Laurent expansion of ('(s)/((s) about s = 1.

Note that while we assume the Riemann Hypothesis in this chapter, but as previously
seen, this result is actually unconditional with the only change in the error term.

The second example is a conjecture for the second moment of the first derivative of
the Riemann zeta function, a previously unknown result. Specifically, we conjecture the

following result.

Conjecture 6.2. For L = log ﬁ and p = 1/2 4+ iy a non-trivial zero of the Riemann zeta

function,

> ¢ GH’V)Z =

0<y<T

1 /T (1L3 L L (270 n A(o,o,l)) Ly (_8,y1 + 4y AN 4 4002) 2A(0,1,1))
2r J1 \6 2 2

1
& (1298 = 3670m + 672 — 240 A0 4630400 4 4O
11270 A0LD 1 34(012) _34021) 4 6A(1,1,1)) dt+0 (T1/2+a)

where the v, are the coefficients in the Laurent expansion of ((s) about s = 1 and the

AWTK) gre arithmetic terms that are various products and sums over primes.

Much of this chapter is based on an upcoming paper, and will soon appear in [I85].

Notation and cross-references have been updated for this thesis.
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6.1 THE RATIOS CONJECTURE

The recipe of Conrey, Farmer, Keating, Rubinstein and Snaith [60] is used to calculate
products of L-functions averaged over a family with full asymptotic formula with a
power-saving error term. The Ratios Conjecture generalises the recipe to quotients of
products of L-functions. The recipe was created through comparison with the analogous
quantities for the characteristic polynomials of matrices averaged over classical compact
groups [60], and various analogous RMT results for the Ratios Conjecture can be found in
[63, 62, 36, 64] 180).

A conjecture of Farmer [112] states that for s = o + it and for complex shifts «, 3,7,

with small positive real parts,

s+a)1—s5+8) , (@+0)B+Y) 1 (arp(@—7)(B—9)
T/ C(1—s+9) a (a+B)(y+9) T (a+B)(y+0)

The Ratios Conjecture generalises Farmer’s conjecture to quotients of an arbitrary number
of L-functions averaged over a family, with a full asymptotic expansion and a power-saving
error term in each case. It does so through a similar process to the recipe, with one extra
step. In the first step of the Ratios Conjecture, for any L-function in the denominator,
we replace it by its Dirichlet series, and carry on the recipe as usual. This is acceptable
as under the (Generalised) Riemann Hypothesis, the Dirichlet series converges up to the
critical line.

The reason we are so interested in the Ratios Conjecture is that it has numerous
applications to a number of questions that arise from number theory. We give a brief
overview of some of these applications below. Conrey and Snaith [87] go into a great
deal of detail in their paper but we give a short summary of some of their results here.
The versatility of the Ratios Conjecture allows us to recover many previously known or
conjectured results, and often pushes these further.

Throughout the following subsections we assume the truth of both the Ratios Conjecture,

and of the Riemann Hypothesis.

6.1.1 PAIR CORRELATION AND n-LEVEL CORRELATIONS

Farmer noted that his original conjecture implies the leading order terms of Montgomery’s
Pair Correlation Conjecture. The Ratios Conjecture can be used to calculate full asymp-
totics of all n—level correlations of zeros, as predicted heuristically by Bogomolny and
Keating [30, 31], and stated by Rudnick and Sarnark [274] and later proved by them in

[275], albeit in a restricted range.
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As an example, Conrey and Snaith [87] explicitly calculate the full asymptotic for Pair
Correlation, and show how one can recover the leading order behaviour, exactly as in
Conjecture

Additionally, Conrey and Snaith have found full asymptotics for other n-level correla-

tions via the Ratios Conjecture, for example in [89, [88], [86].

6.1.2 MOMENTS OF LOGARITHMIC DERIVATIVES OF THE RIEMANN ZETA FUNCTION

Goldston, Gonek and Montgomery [141] considered a second continuous moment of the
logartihmic derivative of the Riemann zeta function, and found an equivalence with it
and Montgomery’s Pair Correlation Conjecture. Using the Ratios Conjecture, lower order
terms for such a problem were found. Higher moments are considered in [12] [139], and a
weighted moment version is studied in [I14]. Similarly, Farmer [I12] considered discrete
moments of the ratio ((p + «)/{(p + B) for small shifts «, 8 and obtained a leading order
asymptotic. Using the Ratios Conjecture, Conrey, Farmer and Zirnbauer [63] found a full

asymptotic for moments of this form.

6.1.3 MOLLIFIED MOMENTS OF L-FUNCTIONS

As we discussed in detail in Section [I.3.7.2] mollifying moments is used for computing
information about zeros, for example for obtaining lower bounds for the proportion of
zeros on the critical line as in and as have seen in Section for obtaining
lower bounds for the proportion of simple zeros as in [75], 39].

Recall that when we want to perform a mollified moment calculation, we take our
L-function and multiply it by a Dirichlet polynomial which acts as an approximation to
the inverse of the L-function. As discussed in Section [I.3.7.3] mollifier calculations are
generally very complicated. The Ratios Conjecture gives us a relatively simple way to
obtain the relevant asymptotic formulae, and serves as a guide and goal to aim for. Recall
that we described how Young [316] shortened Levinson’s result that one-third of the zeros
of ((s) lie on the critical line from 50 pages to 8 pages, using this idea.

These mollified calculations via the Ratios Conjecture also provide evidence that mean-
value formulae, that can be proved for short mollifiers, remain true for long mollifiers. This
gives more evidence for Farmer’s § = oo conjecture. While we have assumed the Riemann

Hypothesis in this section, these calculations retain their value.

6.1.4 NON-VANISHING RESULTS FOR VARIOUS FAMILIES OF L-FUNCTIONS

While we have not discussed other L-functions in much detail in this thesis, we note

that the Ratios Conjecture can be used to show that the proportion of non-vanishing for
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L*)(1/2, x) approaches 100% as k — oo for this family. The Ratios Conjecture can also
be used to deduce results about the non-vanishing of automorphic L-functions, and with
non-vanishing of Dirichlet L-functions for real quadratic characters, at the central point
and on the real axis. For further reading see [201], 232} 289].

6.1.5 DISCRETE MOMENTS OF ((s) AND LOWER ORDER TERMS

The Ratios Conjecture can be used to recover discrete moment results, with full asymptotic
expansions. Conrey and Snaith [87] show how to obtain this asymptotic for the second
moment, and in particular, preempted Milinovich’s result [233], referred to in (albeit
in integral form), for the full asymptotic for the second discrete moment. In particular,

they showed that assuming the Ratios Conjecture, we have

T 1 t 4 v t 3 2 t 2
"(o)2 = - - Jo -+ o L
Z o)l = /0 (2471' (log 271') + 3 (log 27r> + 27 s (log 27T>

0<~y<T
3 4 2 2
5 t 6 7 4 5
(8 Bem et (0, O T Ao B
T T 2T 2T T T T T 3T

X (1 10 (t—l/“a)) dt.

Note that performing the integral recovers Gonek’s [143] result to leading order. Milinovich’s
theorem [233] is proved in a different way but he obtains the same asymptotic which can
be seen by computing the integral. Milinovich’s asymptotic also follows from a result of

Fujii’s [127]. Note that none of these proofs require the Ratios Conjecture.

6.2 LOWER ORDER TERMS FOR MOMENTS OF THE DERIVATIVES OF
THE RIEMANN ZETA FUNCTION

The aim of this chapter is to extend the Conjectures [5.3] and [5.4] to include the lower
order terms with a power-saving error term. We do this by evaluating discrete moments
of zeta with small shifts ;. Throughout this chapter we assume that [R(a;)| < 7 and
|S(ayy)| < T for every e > 0. We will also assume the Riemann Hypothesis.

Specifically, from the ratios methodology we will obtain the following conjecture.

Conjecture 6.3. Assume the Riemann Hypothesis. For |6| < 1/4, let

o} p (L= p(ten) (1 —p-(ter))

Afan, .., (6.1)
where for 1 <m <k

-y 5 (e Ean)
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The discrete moments of shifts of ((s), evaluated at the non-trivial zeros p = 1/2 + iy of
((s), are given by

> C<;+i'y+a1>...g“<;—l—i’y+ak>

0<y<T
1 T , k 1/2+8
_ %/1 Alar 000+ D Wiay o (@5 ) | di 40 (T777)
j=1
where
¢'(1+aj)
W, - 1) =Ty
{a17...,ak}\{a]}(aj ) C(l + O{j)
t aj; C(1+ar—aj)
Y 1—a)A , : —Qy Tt a)

0+
Remark. Note that if § = 0 we write F,(p,0) = F,,(p), and in this case have

L+ F1(p) + Fo(p) + -+ + Fi(p) = (1 —p~ F0)) (1 —p (),

80 Afay,.a,3(0) = 1.

Remark. To obtain the mixed derivative that we are interested in, Taylor expand each
¢(1/2 + iy + a;) about a; = 0, take derivatives with respect to a; and then set each «;
equal to zero.

Remark. As we previously discussed, the error term here can be contentious. While some

authors prefer an error term of O (T 1_5) for 0 < 6 < 1/2, in this conjecture and our later

examples, we suggest an error term of O (T 1/ 2+5), in keeping with the original statements

of the recipe/Ratios Conjecture.

6.2.1 PRELIMINARY LEMMAS ON VANDERMONDE DETERMINANTS

As part of our later calculations, a certain identity between Vandemonde determinants

will prove useful.

Let
1 g o a’ffl
1 ay o3 0/2“_1
Ay (ar,...,a) = det . :
2 k—1
1 ap of oy,
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denote the Vandermonde determinant with k parameters, and also let

Ak‘—l (Oé]_,...,Oék;ae) = H (Oé] —OZZ)
1<i<j<k
oy
Jj#e
denote the Vandermonde determinant with the £ element removed.

Lemma 6.4. For ke N andn € Z, if a1, ...,a # 0 then

k
Z(_l)k+€Ak—l (alv sy Ok Oéf) 0‘?71

/=1
Ag (aq, ..., a) Z otan? . agk ifn>k
n120,...,nk20
ni+--+np=n—~k
_Jo ifl<n<k-1
(DR A (o, cyar) Y ay™M ey ™ i<
n1>0,...,n >0
ny+--+ng=|n|
Proof. Let
k
k+¢ —1
X =) (—1D)"**Ap_1 (a1,..., a5 a0) a) L

(=1

Observe that X can be expressed as a determinant,

2 k—2 n—1
1 a1 aof ... o o
1 ag a3 ... o2 ap!
X =det
2 k—2 n—1
I ap ap ... oy

n—1
J
these terms would be affl). Expanding the determinant down its last column, it is clear
that it equals X.

Note that if n < k — 1 then the last column will be equal to one of the other columns

where the terms in the last column are replaced by « (in the standard Vandermonde

in the matrix, and thus the determinant will be zero.

To complete the proof of the lemma, we now evaluate X in a different manner, via row
manipulations.

Subtract the first row from all subsequent rows. Pull out a factor of (oj — 1) from
the 5 row (for j > 2).

Then subtract the new second row from all subsequent rows, and pull out a factor of

(aj — ag) from the j* row (for j > 3 this time).
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Repeat this process all the way down to subtracting what remains in the the k& — 15¢
row from what remains in the k™ row, and pulling out a factor of (ax — ag_1).

The terms that are factored out during this process are

k
H (aj —ay) = A (a1, ..., ap)

Arg A .. A Ba
A1 Aso ... Agp1 Do

det ] ) )
Apr Ag2 ... Apr—1 By

where
n n
Apm = Z art .oyt
N1,e.,Mp >0

ni+---+ng=m—~

and where By = Ay, in the case n > 1, and in the case n <0,

By = (—1)*! Z al_”l_l...ag_""_l.
ni,...,ng>0
ni+-+ne=[n|
Crucially note that Ay ,, = 0 for m < £ and Ay, = 1. This makes the determinant
trivial to evaluate - the matrix is upper triangular, and so the determinant will equal Bj.

That is, we have shown that
X = Ag(a1,...,ax) By
and this is the right-hand of the statement of the lemma. O

From this we can derive two useful combinatorial sums.

Lemma 6.5. For k € N and distinct nonzero aq,...,ar € C, we have
ST M
e (j—a) o
J#L

Proof. From Lemma [6.4] with n = —1 we have

k
Z(_l)k+ZAk—1 (alv sy O af) aZQ = (_1)k+1Ak(al7 cee O[k)

=1 a1...0L

Since the «; are all distinct, A is nonzero, so dividing both sides by

ap...0L
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yields
k _ k
(_1)€ lAk—l (al, ceey, O O[g) al...QL _ Z i
= Ag(aq, ..., o) a? =
Note that
_ k
(=D)AL (a1, ..., o ) H
Ag(ag, ... o) e oY
J#l
where we observe that for j = 1,...,¢ — 1 there are terms ay — «; in the Vandermonde,

whereas in the product on the RHS they are a; — ay, thus accounting for the (—1)¢!

term). Therefore we have shown

_ k
(_1)8 1Ak—1 (al,...,ak;ag) ... ZLH Q;
Ao, ... o) o Qg ) Qg = oy
J#t
as required. ]

Lemma 6.6. For distinct aj € C, forn € N and k € N we have

X (=DM SN altelrapt ifn>k
O >1,..np>1
2ol =y = T
=1
#

0 ifn <k.

Proof. As in the previous lemma, we multiply both sides of the statement of Lemma for
the case n > 1 by H;?:l aj, and divide by the Vandermonde determinant Ay (o, ..., o).
Again, note that the assumption that all the variables «; are distinct means their Vander-
monde determinant is non-zero, so this is a valid division.

On the left-hand side of Lemma this yields terms such as

Ag—1(oa, ..., ap;ap) b by
O S a0 e =0 e [T =
k(al,...,a j=1 jzlaj—ag
i
and the effect on the right-hand side of Lemma [6.4] is that
k
. ny _no N ny . n2 Nk
1o ) ortag® .ot = 3 aptap?...ag
Jj=1 n120,...,n; 20 n1>1,..,n,>1
ni+---+ng=n—=k ni+-Fng=n

which yields the statement of this lemma, when we note that if 1 < n < k then the sum is

empty, so equals 0. 0
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6.2.2 DERIVING CONJECTURE [6.3]

We are required to find
> e +im+a)
0<y<T j=1
where the «; satisfy certain conditions as specified at the start of Section

We may use Cauchy’s theorem to write

S e (bvivra) = ok [ St oran o

0<H<T j=1

where R is a positively oriented rectangular contour with vertices ¢+ ¢, c+4¢1, 1 — c+ T,
and 1 — ¢+ i, where 1/2 < ¢ < 3/4. For simplicity we assume that [T — | > 1/logT
for any zero v and T sufficiently large, although this constraint has no effect on the final
answer.

One can prove that the bottom, right, and top sides of the contour do not contribute
anything except to the error term, with the largest contribution coming from the top piece
of the contour at O (T1/2+5).

We use the functional equation of ((s) given in to write

! / !/
S =20

C(S):;éf —2(1—3)

and rewrite the left-hand side of the contour. Again the part that comes from the x'(s)/x(s)
term is also small and only contributes to the error term.

Therefore we have shown that

S (b vinrar) =gk [ Cwaa-stm). c-stagdsio (1),

0<H<T j=1 2mi Jeri G

This integral can be rewritten as

Cc+zt+5)

l—c—1 (1l —c—i
d(527r C(c+it) (I —c—it+o)...C((1—c—it+ o) ds

(6.2)

6=0
for some small shift §.
We now apply the recipe from the Ratios Conjecture. Step 1 tells us that for the ((s)

term in the denominator, we replace it with its Dirichlet series

_ = M)

noting that, assuming the Riemann Hypothesis, this is conditionally convergent on the

line of integration. Step 2 tells us that for any ((s) terms in the numerator, we replace
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them using the approximate functional equation

)= Y ) Y

n<y/t/27 n<\/t/27

ignoring the error terms.

Step 3 of the Ratio’s Conjecture tells us to now expand the numerator, yielding 2++1
terms coming from picking either the sum without a y factor or the sum with a x factor
in each zeta function.

For example, we can keep every term from each of the approximate functional equations

without a x(s) factor, which gives

1 1 1 u(h)
> netit+s %: pl—eittor 2 pj-eier £ petit”

m nE 'k

Step 4 tells us that when we integrate over t we want to keep only the “diagonal terms”,

which are the terms in the sum where there are no oscillations in ¢, namely where
mh =ny...ng.

The ratios methodology assumes all the non-diagonal terms oscillate away, and so we are
left with

Z p(h)
bt m1/2+5h1/2ni/2+0‘1 3 .nl];:/Z"rOlk
Since this sum is multiplicative, we may write this as an Euler product. Writing

nj = p%,m=p° h=p

we have

H Z M(pd) '
D tde Tt pc(1/2+6)pd(1/2)pa1(1/2+a1) . .pak(1/2+01k)

We may only have d = 0 (in which case p(1) = 1), or d = 1 (in which case u(p) = —1).

Summing over both possibilities for d gives

1 1

H Z Z a1 (14+a146) "‘pak(1+ak+6)

P a1=0 ak:() p

> 1

o0
1
0
—1lp e e -1
P\ 2 et

Factorising and using the sum of the geometric formula gives

1 1
1;[ 1 — p-(Fertd) "7 1 — p—(+ax+s

) (1 —pP(1— (1 —p (Fertd)y (1 — p—(1+ak+5))) _



182 CHAPTER 6. HIGHER MOMENTS VIA THE RATIOS CONJECTURE

The Euler product for ((s) allows us to rewrite this as

Cl4+ar+96)...¢(1+ ax +9)
H <1 _ p—(1+a1) o p—(1+04k) +p—(2+a1+a2+5) 4. _|_p—(2+04k—1+0<k+5)

p
NI (71)kp—(k+a1+...+ak+(k—1)6)) ‘

Finally, in Step 5, to make this product over primes converge we take out factors of

¢((1+ o) for each j =1,...,k. In doing so, we have

Cl+ar+6)...C(1+ax+9) H 1 —p~(ten) f ooy (—1)kp—(ktantotapt(k=1)9)
(1 +ar)...¢(1+ag) (1 — p~(ten)) (1 — p—(taw)

= Zala"'vakvé'

For later simplicity, noticing the symmetry in the parameters aq, ..., ag, we will denote
the product over primes in the previous line by

1—p (ten) 4oy (_1)kp—(k+oc1+~~+o¢k+(k—1)6)

Afar,ap} (0) i=
{o,an} ].;[ (1—p_(1+°‘1))...(1 _p—(l—l-ak))

We now return to the numerator in when the zeta terms have been replaced by
the appropriate approximate functional equation. The ratios methodology tells us to keep
only the terms with an equal number of x(s) and x(1 — s) terms, since all the other terms
will be highly oscillatory, and hence are assumed to not contribute to the final answer.

Other than the case when there are no x terms (dealt with above), it is clear from
that the only such terms will come from x(c + it + ¢) and x(1 — ¢ — it + «;) for each j.

Note that

x(e+it +0)x(1 —c—it+aj) = <2t7r>6aj (1 O <I1I>>

and the rest of the calculation (namely, the summing over the diagonal terms) proceeds

as in the “no swap” case, given above. Thus the term arising from the swap of o; with ¢

t —Otj—5
o Zoq aj—1,—0,0; ag,—o
27T yeesXj—1, yXG415 J

contributes

Overall, we have

. L.
Z ¢ 5—1—17—1—041 ... ¢ §+W+ak =
0<~y<T

d 1 (T t T ¢\ w0
%%/1 Zoay,yop,s T (271’) Z_509,.op,—ar T F (2ﬂ_> Zay,...,—b,—ay,dt

6=0
+0 (1Y), (6.3)
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where
Cl4+ar+96)...¢(1+ ax+9)

N C(1+041)...C(1+ak) {al,---,ak}(é)'

Zal,...,ak,é

Remark. It is not obvious from inspection that the main term of (6.3]) is holomorphic
in terms of the shift parameters. However the symmetries of the expression imply that
the poles cancel to form a holomorphic function. Lemma 6.7 of [63] exhibits an integral

representation for the permutation sum that proves the holomorphy.

We proceed to pull the % inside the integral. Note that

d L1+ ay)
7Za ey QU0 = A/a « 0 + 7‘]
oo =0+ ST

and due to the fact that = 5)‘ = 0 and lims_,q g—;(l —9) = —1 we have

d ( t )‘al“;
— [ — Z_57a27...704k,_041
do \ 27 5=0

t M t "M (4o —ay)
=—| — Z o — [ — 1-— A —J
(271_> 0,02,...,0,— 1 (27r> ¢( ar) {0,a2,.. 70%} o Jl_[ C(1+ Ozj)

; k
d b + o — o
= _ () C(1 = a1)Ao,a,....00} (— H —Jl)

27 1+ o)
where the first term in the second line vanishes (again due to the fact that ﬁ‘(yo =0).
Therefore, if we let

¢'(1+ Oéj)
Wean.. V(e t) = 00—
far, o\ {oy L (1 + o)
t\ " k C(1+4 ap — )
N 1—a)A _ _ —3
(27r> C( aj) {a1,---0é3—1,0704,7+17---70¢k} gg[l 1 + Ozg)
J

then we see that the Ratios Conjecture yields

> C( +w+a1) C(;+i7+ak>:

0<~y<T

1 T
= % . (A{{al, ak} + ZW{O‘L Lo P\{oy }(Oé], )) dt+ O <T1/2+€) , (6.4)

which is Conjecture
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6.2.3 RECOVERING CONJECTURES [5.3] AND [5.4]

We aim to find the coefficient of af*...a)*, or rather its leading order in term of the
largest power of L = log % We will follow the Ratios methodology, which is to replace

each arithetmic piece by its leading order, which in our case means
A{al,...,ak}(o) ~ 1
We also replace each zeta function by its expansion about its pole, that is,
1
(Q1+z) = p +O(1).
Then we can write

g/

C(1—1—:17) = —é—i—O(l).

Writing L = log 5 we have
t " 1,

Combing all this, we have shown that

1 1 1 o
4% ) ~——+(1-L L22.”> I
e ont) ~ = (1= Lo+ gyl 4 ) o B
AL
Returning to (6.4), we see that

Z C( —i—z*y—i—ozl) §(;+i’y+ak>

0<~<T

1 T
= %/1 (A,{al, ak} —l— Z I/V{Oq7 70%}\{0%}(@@,75)) dt + 0O (T1/2+a)

1 1 .
/ Z+ZO—Mﬁwﬁﬁ+“>Havdt
! ey iy, O~
J#t
We can now see by Lemma that the poles from the sums over ¢, where we take the

1-term in the bracket containing the logarithms, cancels perfectly. This means that we

have to evaluate
1
Z C( —i—w+a1> C<2—|—w+ak>

0<~y<T
1 [Tk 1 .
N—/ < Lay + 'Lozl—}— ) H $dt.
2 o 2! Al iy, Y

J#L
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To find the coefficient of the af term, say, we need to take the (—1)"*1aj ™ /(n 4 1)!
term for each «ay from the bracket containing the logarithms, as one ay will cancel with

the one in the denominator for each £. Summing over all such ¢, we have
I
> C( +W+061> ((2—1-@74—0%)

0<~y<T
1 T ( 1)n+1 . k
~on 1 <(n+1 Zaél;[aj—ag
j#e

(=1

By Lemma for n > k, this is
1.
> C( +W+061> ((2+z'y+ak)

0<~y<T
: /T <(_1)RHL"H>( nEt oy TRz o dt
~ S~ 7 — al a2 . 'ak‘ .
2r Ji \ (n+1)! n>1 g >1
ny+-Fng=n

Since n = nq + ...nx, we have
1.
Z C( —|—7/y—|—041> C(Q—H’y—i-oak)

0<y<T
N 1/T (—1)TL1+ ng+ Ln1+~~~nk+1 Z a™a™ o™ dt.
2r J1 \(ng1 +...nx + 1)! L2 k

ni>1,...ng>1
ni+---+ng=n

Finally, Taylor expand the left-hand side around each «y, differentiate with respect of
each ay ny-times and set ay = 0. Multiplying through by ny for each ¢ gives

> ¢ (G4ir) g (5 40)

0<~y<T

N QL T ((_1)n1+.‘.nk+k( T'm:'_ 1)'Ln1+...nk+1) dt.
™ ni N :

Integrating gives Conjecture and additionally, setting all ny, equal to n gives
Conjecture [5.4}

6.2.4 EXAMPLES

6.2.4.1 Recovering the Shanks’ conjecture asymptotic (k=1)

For the case k = 1 we will recover the full Generalised Shanks’ Conjecture in an integral
form, including the lower order terms, which is equivalent to the asymptotic found in
Chapter (3| and in [I86] for all derivatives.
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By Conjecture [6.3] we can write

3 c( +w+a) :2171'/1T< [ (0) + W(a,t)) dt+0 (T2 (6.5)

0<y<T

where
('(1+a)

Wiat) = F e - (2;)_& C(1 - a)Agy(~a).

Now by (6.1)), we see that
(1+a)>

Afay(0) H Ty =

p
and so A{ }( ) = 0. Then can be simplified to
1 T (d(1+a) tNT 1/2
C( +Z'y+a)—/ (—() C(1—a)| dt+0 (T'?**) . (6.6
0<;<T 2 /1 \ (1 + ) 27 ( ) ( ) (6.6)

¢ (1+a)
¢(1+a)

The Laurent expansion for about o = 0 is given by

(l+a) 1 & ‘~
(ira) ~ a2

the Laurent expansion for —((1 — ) about o = 0 gives

and the Taylor expansion of (¢/27)™® about a = 0 gives

)

<t>a i (—1)a/ L7

_ -
27 = 7!

where L = log(t/2m), the ~; are the Stieltjes coefficients from the expansion of {(s) about
s =1, and A, is the n'"" coefficient from the expansion of ¢’(s)/((s) about s = 1.
Substitute these series into and simplify to give

Z C( +z'y+a>

0<~y<T

1 1 0 ) Ja]L] 1 oo v
=5/, (—a+§0Ajaﬂ) (Z ) (a—zjj!oﬂ) dt+ O (T/2+)

m+1Lm

1 ]Ljoﬂ ! Yj—m o -
:%/1 ZAoﬂ+Z ZZ Wi dt+O(T1/2+).

7=0m=0 )'
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For the general n'® derivative of ((s), where n € N, we have after Taylor expanding
((p + «) about o = 0, differentiating n times, setting a = 0, and multiplying through by

nl,

1 n! T (_1>n+1Ln+1 n (_1)m+1Lm,y B
E (n) ( Z ; — A 47 = N g O T1/2+e
0<,Y<TC (2 + VY) s /1 nt (n + 1)' +7nz::0 ml(n — m)l + ( ) )

which is equivalent to Theorem [3.I] from Chapter [3] and from Hughes and Pearce-
Crump [186].

6.2.4.2 The second moment of ¢'(1/2+ivy) (k =2)

To calculate the full asymptotic for the second moment of the first derivative of the

Riemann zeta function, begin with Conjecture [6.3] with two shifts «, 8 to write

Z C(;—i—i’y—Fa)C(;—H’y—i—ﬂ)

0<y<T
1 /T, 1+« t\ @ (1+8—«
- %/1 <A{“75}(0) + C((l n a)) B (27r) (1 =) dpp(=a) (C(l +8) )
(1 —B 1+a—

+0 (Tl/ 2“) .

Note that by (6.1)) we have that the arithmetic part can be written as

{o} (1 — p(Fa) (1 — p~ ()

p

By adding ‘zero’, we have

—(4a) _ p=(1+8) 4 p=(2+ath) p~(@Fatf+) _ = (2+atp)

1—p
Aasy(0) =] +1]
{a,8} — a — — p —
. (1 — p~(+a)) (1 — p=(+5)) . (1 —p~(+a)) (1 — p=(+5))

(6.7)

. H p7(2+a+5+6) _ p7(2+a+5)
— (14« —(1
5 (1 —p=(Fe)) (1 — p=(+5)

which is the in a nicer form to work with.
We now employ a computer package to perform the expansions. We substitute the
Laurent expansion for ((s) about s = 1, which is where the various Stieltjes constants have

come from.
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Then for L = log % and p = 1/2 + iy a non-trivial zero of the Riemann zeta function,

>. ¢ (;HV)Q =

0<~y<T
1 [T /(1 1
5/1 <6L3A(0,0,0) + 5Lz (2%/1(0,0,0) +A(0,0,1) +A(o,l,O))

n %L (—871A(0’0’0) A A0 4 4(002) 4 g 4(010) 4 94011 _ A(o,Q,o))

1
+5 (—127314(0’070) — 367071 AC00) 4 679 AO00) _ 945, 400D
F 670 A002) 4 A0.03) 4 1950 AOLD 4 34(01.2) _ 34(021) 4 gA(LLL)
— 129, AOLD) 124, 4100 4 642 4(0.10) _ gy 4(020) 4 4(030) _ 3 4(2.1,0)

672 AL00) 4 1240 4110 _ 34(12.0) dt) ) +0 (T1/2+e> (6.8)
where the 7, are the coefficients in the Laurent expansion of ((s) about s = 1 and the
A(3K) terms are various products over primes, where we are using the notation

ot 91 ok

i,5,k) _
AV = 5 3 g Mot 9)

a:ﬁ:é:(}

for complex numbers (shifts) a, 3,0 satisfying the conditions of Conjecture

We now simplify this result to state a final version of the conjecture for this moment.
Clearly, say from , if we do not differentiate with respect to ¢ and set § = 0, then the
arithmetic piece equals 1. If we then differentiate with respect to o or 8, and then set

these equal to 0, these terms disappear. That is, for i, 5 > 0,
A6:3,0) — 0,
while if we don’t differentiate at all (that is, i = j = k = 0) and set «, 3,6 = 0, we have

4000 _ 1.

It is also clear that the arithmetic piece is symmetric in the first two derivatives, so

AGR) — AGk)

This means that whenever we see these terms, we can combine them together which is
why the conjecture does not appear symmetric in i, j, k.
After using these rules for A»7F) we form the conjecture for the second moment of

the first derivative of the Riemann zeta function.
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Conjecture. Assume the Riemann Hypothesis. For L = log% and p = 1/2+iv a
non-trivial zero of the Riemann zeta function,

> ¢ <;+i'y)2 =

0<y<T

1T, 1 1
1 Lo drafg, o g0y 10 A A00.1) | 4(0.0.2) | o 4(0.1,1)
27r/1 (6 +3 (270 + )+2 (=87 + 4% + + )

1
+ 5 (—1278 — 367071 + 672 — 247, ACOD 46,4002 4 4(0.0.3)
+127014(0,1,1) 4+ 34012 _34021) 4 6A(1,1,1)> dt+ 0O <T1/2+a>

where the vy, are the coefficients in the Laurent expansion of ((s) about s = 1 and the

AWIR) gre arithmetic terms that are various products and sums over primes.

We present some numerical evidence. To generate these numerics, we again use a
computer package and describe how we have done so. Most of the calculations are standard
so we just describe how to calculate the arithmetic pieces and so the full polynomial that
appears in the integral version of this moment.

We begin by taking logarithms of the arithmetic pieces Ay, () and expand it as a
series about «, 3,9 = 0, which we can do as they are all small by assumption. Note that
since the highest derivative that we need to take is the third derivative for any of «, 3,9,
we don’t need to expand beyond the third powers. We then sum this expansion for the first
1000 prime numbers (note that for higher accuracy we could have done this calculation for
more primes but at a higher computational cost - this would’ve generated better numerics
and would be of future interest).

In doing these calculations, we have

1 21 TN
> ¢ ( + m) = / (L3 —0.03621L% + 2.12487L — 2.52789) dt+0 (T1/2+5) .
0crer 2 2w J1 \6

After integrating, we have

/1 N2 1T T\?3 T T\?
Yo ¢ (s+iv) == (log—] —0.52037— (log —
0ner 2 627 27 27 2

T T T 1/2+¢
+2.95321 (log 27T> 465238+ 0 (T ) .

We are now in a place to compare our theoretical conjecture with the true numerics of
the > < ¢ (1/2+ i*y)2, where we ignore the small imaginary part.

We begin by plotting the real part of the cumulative total of the sum 5o« ¢’ (1/2 + i)?
for the first 1,000,000 zeros, given in Figure Numerically we can show that the imagi-
nary part is small and so don’t plot this in the following figures (which agrees with our

conjecture only containing real terms in the asymptotic).
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20x107 |

1.5=10°

1.0 =107

s50=108F

I I1:IIC|:I:;CII IE:II:I:I:;:II I?C;:II:I:IICII ILC;CI :I:II:II I'f:;CI CIC;:II IEC;CI:ICI:I
Figure 6.1: The real part of the true value of 37, <7 ¢'(1/2 + i)?, for T up to the height
of the 1,000,000 zero.

In Figure [6.2] we have subtracted the main term, which shows a decrease in size of
an order of magnitude, and also shows a sign change suggesting that we have the correct

leading order behaviour.

a000 200000 200000 400000 500000 &0OO00

Figure 6.2: Difference in the real part of the actual value of Yo <7 ¢'(1/2 + 47)? and the
leading asymptotic result of the equation, for T up to the height of the 1,000,000t" zero.

Finally, in Figure [6.3] we plot the sum over zeros minus all the remaining terms in the
asymptotic expansion, leaving the error term. The arithmetic pieces are calculated for the
first 1000 primes. Clearly there is excellent agreement, with a very small error compared

with the original cumulative sum.
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50000 |

00000

-50000

Figure 6.3: Difference in the real part of the actual value of > o, <7 ('(1/2 + i7)? and the
whole asymptotic result of the equation, for T up to the height of the 1,000,000t"

showing the real error at each point.

Z€ro,

Remark. As we have already remarked in this chapter, the error term here could plausibly
be of size O (T1_5> for 0 < § < 1/2, rather than of size O (T1/2+E). While we do not rule
out the possibility of the first option, as discussed earlier, we have settled on this second

option, in keeping with the original statements of the recipe/Ratios Conjecture.



7

Moments of the Riemann zeta function at its local

extrema

In this chapter we assume the Riemann Hypothesis, unless otherwise stated.
Recall that under the Riemann Hypothesis, Conrey and Ghosh [66] showed that

C(;—Fit)

as T — oo where for each non-trivial zero p = 1/2 + i7y, let 4+ denote the successive

2 2

max
<t<yt

~

T(log T)* (7.1)

0<~<T v

ordinate of a non-trivial zero of ((s).
In [I83], Hughes, Lugmayer and Pearce-Crump calculated the full asymptotic expansion
of (7.1)), showing that under the Riemann Hypothesis, for K a positive integer, that

1 \? e-5T T\?
¢ §+zt = — [ log —
T T&E cr

2 27 27
+ (5= €2 = 109 + 2¢2y0) Lo L4 L S
2 7 2m 2w = (log T/2m)k

max
<t<yt

0<~y<T v

con (lm) 2

where 7 is Euler’s constant and the other constants ¢, are effectively computable constants.
Note that we can rewrite ((7.1)) and (7.2]) in terms of the Hardy Z-function. Specifically,

under the Riemann Hypothesis, we can rewrite the result of Conrey and Ghosh [66] as

Y. Z)?~

0<A\<T

e2—5

T(log T')? (7.3)

as T — oo, where we recall that the points A\ that are being summed over are the zeros of
the derivative of the Hardy Z-function, described in Section up to a height 7.

In this section we combine some of the results presented in this thesis with these
asymptotics, specifically equations and , or rather the full asymptotic expansions

192
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given in and Theorem That is, under the Riemann Hypothesis, we calculate full
asymptotics for the moments

S ¢ (; + i)\>

0<A\<T

where the sum is over the maxima of |((s)| up to a height T', or equivalently, over those
points A such that Z’(\) = 0, where Z(t) is the Hardy Z-function, up to a height 7. This
sum is considered for all non-negative integers n (specifically including the no derivative
case which is non-trivial, compared with our previous sums over non-trivial zeros).

In addition, we also consider sums of the factor x(s) from the non-symmetric functional
equation for ((s) given in (I.1)). These sums are considered both over the maxima of |{(s)|
and over the non-trivial zeros of the Riemann zeta function.

We will also compare the results in this chapter with those from Chapter [3] specifically
Theorem In these comparisons we don’t give many reasons beyond the obvious (that
we are summing over different points/summing different functions), but the differences
are worth pointing out explicitly in the remarks that follow the results. The actual, full
reasons for these differences are of further interest and worth exploring.

The work presented in Section has already appeared in print in [263]. Notation

and cross-references have been updated for this thesis.

7.1 MOMENTS OF ((s), ITS DERIVATIVES, AND x(s) AT THE LOCAL EX-
TREMA OF THE RIEMANN ZETA FUNCTION

We now state the results that are to be proved in this chapter. There are four main results

that we prove (with one simple corollary).

The first two results (along with the corollary) involve moments of the derivatives of
the Riemann zeta function, evaluated at the local extrema of the Riemann zeta function
(recall, equivalently, at the zeros of the derivative of the Hardy Z-function). We split
the cases of derivatives and no derivatives into two separate results, both for clarity of
the results and as the proofs are slightly different. The no derivative case is non-trivial,
compared with typical moments where the sums are over non-trivial zeros of the Riemann
zeta function.

For the second pair of results, we evaluate the sum of the factor x(s) from the functional
equation for ((s) over the local extrema of the Riemann zeta function and over the

non-trivial zeros of the Riemann zeta function.



194 CHAPTER 7. MOMENTS OF THE RIEMANN ZETA FUNCTION AT ITS LOCAL EXTREMA

Theorem 7.1. Assume the Riemann Hypothesis. Write L = logT/2mw. For X\ defined by
Z'(A\) =0 and K,n > 1 positive integers, we have

T & by T
n n 1 n—~_

. E/\<T<()(2+ZA)—G»@+1L+ E Ap— gL +27 E W+O(LK+1>
<AS

as T — oo where:

1. The leading order coefficient is given by

n e’ =2 n+1 n! 2n+1 (_2)k

k=0

2. The subleading, non-negative logarithm power coefficients are given by

00 n k,j k,j
n—t = _1n 2]€ n cé"rl k_ - C
an-t = ( )kz::l ;(;) T AR Al vy w1
-1 . ckia
— ] 1) (n — oo (n— 1 L
+ (k n—i-j)mz::O( )" n—m)...(n— €+ )(k+j+1—m)!1

g i)

where if £ = 0 the summation over m in the square brackets is empty, and where
if € = n, the coefficient of L°, that is to say ag, has an extra contribution of nlA,,

where the A, are the coefficients in the Laurent expansion of ¢'(s)/((s) about s = 1.

3. The subleading, negative logarithm power coefficients are given by

where for 1 <m < k+ j —n, we have

ok ~1 .
K _ Crlint1 + (m—1)! S (E=n+7\ i,
mo(k+j-n-m) k—-n+j-—1

and where form <k +j—n+1, we have

k4j—

ki (m—=1)! jn(k—n—l—]) k.j

m _ < § : Z+n+1
k—n+j—1 — 14

In these coefficients ap,, by, the ¢, 7 are the Laurent series coefficients around s = 1 of

() (50 o E



7.1. MOMENTS OF ((s), ITS DERIVATIVES, AND X($) AT THE LOCAL EXTREMA OF THE
RIEMANN ZETA FUNCTION 195

An immediate corollary of Theorem [7.1] follows by setting n = 1. We state this result
explicitly to compare it with (2.1) and Shanks’ Conjecture.

Corollary 7.2. Assume the Riemann Hypothesis. Write L = logT/2w. For X\ defined
by Z'(X\) =0 and K > 1 a positive integer, we have

3 C( )__(eQS)TL2 3+270TL 3—c*(1+2y0+2m) T
oSt B 4 27 2 27 2 27
T & T
+272Lk + 0k (LK-H)

as T — oo, where the other constants ¢, are special cases of the coefficients b,, from
Theorem [Z1 with n = 1.

We may also prove the analogous result of Conrey and Ghosh in (7.1)) from [66], with

the modulus squared removed.

Theorem 7.3. Assume the Riemann Hypothesis. Write L = logT/2mw. For X\ defined by
Z'(A\) =0 and K > 1 a positive integer, we have

e2—3T 3-e2—4vwT T & d, T
C( +M) 5 2wt 3 o Lm+0K<LK+1>
0<A<T m=1

as T — oo, where

) min{m—1,k}
k Ck m+1 2kk k
dm = § :2 ( _1)'§ :(]C—l)' E : <£ Ck 41,

k=1 /=0

and where the cy ¢ are the Laurent series coefficients around s = 1 of

We evaluate the sum of the factor x(s) from the functional equation (1.1]) for {(s) over

the local extrema of ((s).

Theorem 7.4. Assume the Riemann Hypothesis. Write L = logT/2mw. For X\ defined by
Z'(\) =0 and K > 1 a positive integer, we have

T T1 T Een T
Z X( +ZA) (6 —2)2—46702L+2Z_W+OK(LK+1>
0<A\<T m=2

as T — oo, where

e k min{m—1,k}
k Ckm Y 2 k
€m = § : 2 (m 1)1;21: (k?*]_)' § <€>Ck,€7

£=0
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and where the ¢y ¢ are the Laurent series coefficients around s = 1 of

(o) (-S) L= Sae-tyie

5 =0
Remark. The infinite descending chain of powers of logT in the previous results where
each function is summed over the relative extrema of zeta is due to a pole in the function

that we consider near 1, given by
Bz = 1+2/L+O(L*2),

where L = logT /2.

We expect that we would be able to give these results with a power-saving error term
of O <T1/ 2+€> for all € > 0 if we were able to find a closed form for the asymptotic as a
function of 5.

As in [I83], we have set aside the search for such a form for the time being.

With only minor adjustments to our proof of Theorem (which we will specify in
Section [7.1.7)), we are also able to prove the following result. It is a special case of a result

from [208], but here we give it with a power-saving error term.

Theorem 7.5. Assume the Riemann Hypothesis. For p =1/2 + iy a non-trivial zero of
¢(s), we have
1 T
= ()0l
0<~<T g

as T — oo, where x(s) is the factor from the functional equation for ((s) given in (L.1)).

7.1.1 REMARKS ON THE PREVIOUS RESULTS

1. Theorem [7.1]
We compare the result from this theorem with that of Kaptan, Karabulut and
Yildirim [207] and Hughes and Pearce-Crump [I86] on the Generalised Shank’s
conjecture. In that result, the average of ¢ (”)(s), summed over the non-trivial zeros
of {(s), is clearly real and alternates between positive and negative as n increases.
In the case of Theorem the behaviour is reversed; the average of (™ (s), summed
over the maxima of |{(s)[, is real and alternates between negative and positive as n

increases.

It isn’t immediately obvious from the leading order coefficient that this is the case,

that is, that
e? -2 n! w(—2)k
_1\" _1\n+1_"" 2
(—1) <n+1+( D" o (1 ey 5

k=0
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alternates. Begin by noting by Taylor’s theorem with remainder that

n+1 _2k 1
eQZZ(m) +O<(n+2)!>

k=0

so the coefficient of the leading order can be rewritten as

(-1)" (‘f;f + (—1)”“2,% (1 - {62 +0 ((n—ll—?)') D)

and simplifying gives
e? -2 1
—1H)" O(—)|-
(=1) ( n+1 * <n2 ))

Since €2 — 2 > 0, the alternating behaviour is then clear, but in reverse to the

Generalised Shanks’ Conjecture as n increases.

2. Corollary
As noted in the general n'" derivative case, while Shanks’ conjecture is that ¢’(p) is
positive and real on average, the same question with regards to ¢’(\) is negative and
real on average.
We plot the first few terms of the asymptotic against the real part of the true value
of the sum in Figure If we were to plot the imaginary part of the true value, we

would find that it remains small (at most ~ +10 in absolute value).

20000

= : 1
T 4000 —6888————=80600—__10000

—20000
—40000

-60000

Figure 7.1: The real part of the sum Y g <7 ¢'(1/2 4+ i\) with true value (blue), the
true - leading (red), true - leading - subleading (green) and true - leading - subleading -
subsubleading (purple) terms subtracted from the true value, for 7' up to the height of the
10,000 zero X of Z'(t).

3. Theorem [7.3]
The result of Conrey and Ghosh in (7.1)) has coefficient (e? — 5)/2 to leading order,
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with an extra power of a logarithm, compared with the (e? — 3)/2 here. The power
of the logarithm can be explained by noting that we are taking a first moment in
Theorem [7.3]

We plot the first few terms of the asymptotic against the real part of the true value
of the sum in Figure If we were to plot the imaginary part of the true value, we

would find that it remains small (at most ~ +20 in absolute value).
2.0x10° —
1.5% 108
1.0x10° -

500000

I e

~ " e L PP R—— " !
100 000206086—300000 400000 500000 600000

e

Figure 7.2: The real part of the sum > <7 ((1/2 +i)) with true value (blue), the true -
leading (red) and true - leading - subleading (green) terms subtracted from the true value,
for T up to the height of the 1,000,000"" zero A of Z'(t).

4. Theorem [7.4]

We plot the first few terms of the asymptotic against the real part of the true value
of the sum in Figure [73] If we were to plot the imaginary part of the true value, we

would find that it remains small (at most ~ +10 in absolute value).

. Theorem [7.5

We assume the Riemann Hypothesis in proving this result but can make it uncondi-
tional by taking better care when calculating the error term.
The behaviour is somewhat strange, however. Recall that the Gram points occur

when 6(g,) = nm, and by the definition of the Riemann—Siegel function given in

(1.28), we have

Y (; + ign) = ¢ 2i(gn) — g=2inm _ 1

SO
1 T
Z X (2 + ign> =5- logT + O(T).
0<y<T &
Given that a zero is expected to lie roughly in the middle of a Gram interval, it isn’t

overly surprising that the sum in Theorem is negative, but this doesn’t account
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400000

300000 |
200000}

100000

00000 300000 400000 500000 600000

—100000

Figure 7.3: The real part of the sum 3,7 x(1/2 +i)\) with true value (blue), the true -
leading (red) and true - leading - subleading (green) terms subtracted from the true value,
for T up to the height of the 1,000,000t" zero A of Z'(t).

for the loss of the logarithm. Likewise, it then isn’t overly surprising that the sum in
Theorem over \ is positive as we should expect these points to lie closer to the
Gram points, but again doesn’t account for the loss of the logarithm.

We plot the true value of the sum minus the main term of the asymptotic in Figure
[7-4 As we can see, all that remains is clearly an error term. We have plotted both
the real and imaginary parts as both are small and can be easily seen against each
other, unlike in the previous figures where the imaginary parts are too small to be

seen.
150 F

100

50

-100

-150

Figure 7.4: The real (blue) and imaginary (orange) part of > <7 x(1/2 +iv) + % for T
up to the height of the 1,000,000 zero 1/2 + iy of ((s).
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7.1.2 OVERVIEW OF THE PROOFS

In Section we consider properties of the auxiliary function

used in the proof, where x(s) is the factor from the non-symmetrical form of the functional
equation of the Riemann zeta function, given in . This function is zero at the extrema
of the Riemann zeta function. We also list other useful lemmas in this section, including
functional equations, stationary phase methods, and a moments result from Chapter
(and from [I86]) on the average of derivatives of ((s), evaluated over the non-trivial zeros
of ((s).

In Section we prove Theorem [7.1] This involves using Cauchy’s Theorem to write

the sum over the extrema as an integral

3 ¢ @ +¢A) _ QLM ?(s)d”)(s) ds
0<ALT ¢
(up to a small error), where C is a contour we specify later that encloses the critical line
up to a height 7'

We begin by showing that only the left-hand side of the contour contributes to the
asymptotic, with the rest going into a power-saving error term. The bulk of the argument
then comes down to evaluating

1 c+iT Z{ (n)
27T/+ X(1= ) (51— ) ds

for some specific ¢ > 1 defined in the proof.

We are able to write the logarithmic derivative of Z;(s) as a series of the form

_ Z a(m; s)

m=1 m

which converges for some ¢ > 1 with coefficients a(n, s) given in Lemma Using this and
the Dirichlet series for the derivatives of ((s) allows us to apply the method of stationary

phase to change this integral into a sum, given by

—1)(log m1) ap(mo
(X Aoy - S35 (1) ey
mimo<T/27 = Jj=0 J mimo<T/27 g mima
up to a power-saving error term, where the coefficients ax(m) come from a(m, s).
An application of Perron’s formula turns the first sum back into an integral, which

we can evaluate the residue of at the pole. Another application of Perron’s formula turns
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the numerator of the inner sum of the second term into an integral that we evaluate the
residue of at the pole, and complete the argument with partial summation and summing
over j =,0,...,nand k > 1.

We then outline the proofs of Theorem [7.3]in Section of Theorem [7.4] in Section
[71.6] and of Theorem [7.5]in [7.1.7] leaving the full details of the proofs to the interested
reader as they are similar to that of Theorem

7.1.3 PRELIMINARY LEMMAS

Define the function Z;(s) by

Zi(s) = C'(s) - 2 X ()(5). (7.4)

Note that by taking the logarithmic derivative of Hardy’s Z function, we see that Z;(s) is
zero exactly when Z'(t) = 0, that is, at an extrema of |((s)| on the critical line.

The function Z;(s) satisfies various properties which were proved by Conrey and
Ghosh [66] in their lemma. Note that only the properties we use in our proof are listed

below. For a proof of this lemma, we refer the reader to their paper.

Lemma 7.6. We have the following properties for Z,(s):
1. |Z1(1)2 +4t)| = | Z'(t)]-

2. Z1(s) satisfies the functional equation
Z1(s) = —x(s)Z1(1 — s)

for all s, where x(s) is the term in the functional equation for the Riemann zeta
function, ((s) = x(s)¢(1 —s).
3. The number of zeros of Z1(t) up to a height T which lie off the critical line is bounded

by logT'.
4. If Z1(P1+iv1) =0 then
w-t<l
Fol =
for v1 sufficiently large.
The logarithmic derivative of Z;(s) is given by
Z, . X, 4
—(s)==(s)— =—(1—s 7.5
76 =2 - - (7.5)

which follows directly from part (2) in Lemma
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For s = o + it, where |o] < 2, we have the following estimate for the logarithmic

derivative for x(s) given by

f(,(s) = —log% +0 (1) , (7.6)

(say for t > 1) which can be found in [66], for example. This enables us to rewrite the

functional equation above as

zZ oz 1
Zl(s)——log%—Zl(l—s)—l—O(t). (7.7)

Lemma 7.7. For R(s) > 1 and t > 100, we have

202 0 ()

m=1 m*
where o
a(m,s) = —A(m) + ;;1 f(s)kak(m) (7.8)
with L
X
1) = =35 (7.9
and ap(m) is of the form
ax(m) = ((Alog)  Ag_1) (m), (7.10)

where we use the notation Ay, to denote

AxAxAx--xA

k—1 convolutions

with the convention that Ao(m) takes the value 1 if m = 1 and 0 otherwise, and where

A1 (m) = A(m) is the usual von Mangoldt function.

We give a variation of the proof given in [I83].

Proof. Recall that we have defined the function Z;(s) in (7.4]) by

Zy(s) = ('(s) + f(s)¢(s)
where f(s) is given in (7-9). Differentiating this gives
Zy(s) = ¢"(s) + f(5)¢(s) + f'(s)C(s).
Then

A
Z1

_("(s) + f(s)C(s) +f/(8)0;_ (7.11)

O = om+ e YT e




7.1. MOMENTS OF ((s), ITS DERIVATIVES, AND X($) AT THE LOCAL EXTREMA OF THE

RIEMANN ZETA FUNCTION 203
For R(s) > 1 with ¢ > 1, the last term can be bounded by O(1/tlogt) by noting that
f'(s) = O(1/t) (which follows from ([7.6)), f(s) = O(logt) and (’(s)/{(s) = O(loglogt)
(due to Littlewood [228], under the Riemann Hypothesis) in the region under consideration.

Therefore we can write

é18 SQS
2 C<)+f(><()+0<tligt)'

For s with sufficiently large real part, we can expand the denominator as a geometric

series. This gives

This expansion will be valid so long as $(s) is large enough so that ‘ f(ls) %(s)‘ < 1. For
example, we can take R(s) > 1 and ¢ > 100.

Then we have

70 f<1>(i"<> )7
-2 <ﬂ§gt)

where we calculate the coefficients a(n, s) below.

(S >)’“+o(tk§gt> (7.12)

By repeated use of the quotient rule, we may write

Clk _C(k—i-l) 73/8@5
ds<<<5>>— (8 = () (5).

Rearranging this we have

(k+1) (k) / (k)
= (Cgcs)) + 5055 (0)

The Dirichlet coefficients of these series then give us the recurrence relation for any

non-negative integer k,
A () = AB) () log(m) + (AP (n) % A) (n), (7.13)

for each n € N, where A)(n) = A(n) is the usual von Mangoldt function, that is, the
coefficient from the Dirichlet series for —¢’(s)/¢(s). (Note that this notation is not standard

- see the remark at the end of this proof.)
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Consider now the coefficient from each of the Dirichlet series in ((7.12]). For the terms

on the right-hand side of that equation (ignoring the error term for now), we have

1 = 1
a(n,s) = <A(2) n)—A n)) ——Ai(n
09 = (g M0 A 2 et
Now use the recurrence relation (7.13)) with k& =1 to write
AP (n) = (Alog +Ag)(n).

Substitue this into the previous expression to obtain for each n € N,

1 ° 1
aln.) = (555 (Mo +Aa) ) - A<n>) Z )

(o] o 1
= kz::l F(s)k+1 ((Alog) * Ag)(n) + Z k Agt1(n (n) kz::() (o) p1(n)
=1
- Z F(s)F ((Alog) * Ag—1)(n) — A(n),
k=0
completing the proof of the Lemma. u

Remark. Note that while we can only use the expansion in this Lemma for ¢ > 100, in
the proofs of our results in later sections we will ignore this slight technicality as using
the result for ¢ > 1 in our applications will only introduce an error of O(1), which is well

within our other error terms.

Remark. As our notation Ay is used for (k — 1)-convolutions, we use non-standard notation

(k: 0
T2

Typically in the literature, Ag(n) is used here but we have already used it in a different
meaning in this section, and want to stay consistent with the notation in [I83]. Since
this proof is the only place in this section that we use this convention, we don’t worry
about any confusion or conflicts and remind the reader that we are using Ay to denote

(k — 1)-convolutions.
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We will be applying the method of stationary phase at various points throughout
our argument. The following version of this result can be found in [208], and is based
on a similar result due to Gonek [I143] where he took k in the following lemma to be a

non-negative integer, which we have previously stated in this thesis as Lemma [3.10

Lemma 7.8. Let {by}2_; be a sequence of complex numbers such that for any € > 0,
by, < mf. Let ¢ > 1 and suppose |k| = o(logT) as T — oo. Then for T sufficiently large,

Lt AN A . k !
—c—i —c—1 — c—1/2 k
5 /0 X(1—c—it) (log 27r) <m21 bmm ) dt <E , b (logm)“+0O (T (log T') ) .
miﬂ

The last result we need is from the proof of the main result from Chapter [3] and from
Hughes and Pearce-Crump [I86]. This equation is stated in this thesis as , and
involves calculating the sum

Z A(my)(log m1)™.
mime<T/2n
This result is unconditional in that section, but as we are assuming the Riemann Hypothesis
here, we will also assume it here (note that this only affects the error term coming from

this sum).

7.1.4 ProOOF THEOREM [7.1]

7.1.4.1 Initial Manipulations

We note that the beginning of the proofs of Theorems and start in a similar
way to that of Conrey and Ghosh [66], and of Hughes, Lugmayer and Pearce-Crump [I83].
We repeat it here for completeness sake but skip over the details in the later cases.

Under the Riemann Hypothesis, we know that the zeros A of Z'(t) interlace those of
Z(t), and so the set of points where |((1/2 + it)| achieves its local maximum are exactly
the points where Z'(t) = 0.

Let p1 = 1 + im1 be the zeros of Z1(s). By part (3) of Lemma [7.6] Z;(s) has O(logT)
zeros off the critical line (that is, 81 # 1/2). At the zeros off the critical line, we may use
part (4) of Lemma together with the Lindel6f bounds on ((s) and its derivatives to
obtain

Z C(n)(pl) <<T1/9+€ IOgT <<T1/9+€
0<y1 <T
B1#1/2

for any integer n > 0.
Therefore, we have
1 1
3 cm (2 + i)\> = Y ¢ (2 + i71> )
0<ALT 0<y1<T
Bi1=1/2
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We can write this as an integral using Cauchy’s theorem,

L2 e () ds = S ¢

2wt Jo 21 0<m <T
= 3 ¢ ( +m)+0(Tl/9+€) (7.14)
0<m <T
B1= 1/2

where C is a positively oriented contour with vertices c+14, c+4i1, 1 —c+1¢IT, and 1 — c+1,
where ¢ = 1+ 1/logT. We may assume, without loss of generality, that the distance from
the contour to any zero p; of Zi(s) is uniformly > 1/logT.

We split the integral as

c+iT 1— c+'LT l—c+1i c+i Zl
— / + ) 2R (s) ds
271 c+ +iT 1—c+iT 1—c+2 Zl
= g4 5T 4 gL 4 g8,

say. We will first bound SB, ST, S trivially within error term, and show that the leading
contributions to the asymptotic will then come from S*. Consider each of these integrals
in turn.

First note that the integral S®, which is the integral along the bottom of the contour,
is O(1).

For the integral ST, which is the integral along the top of the contour, we may use the
bound proved in [I83] that states if |T' — p1| > 1/log T for all zeros p; of Z; (which we

are in this proof), we have
/

A
uniformly for —1 < o < 2. Combining the Lindel6f bounds on ((s) and its derivatives with
this shows that the integral along the top of the contour is O (Tl/ 2+E).

Next note that for the integral S, which is the integral along the right-hand vertical

ZLo44T) < (logT)*

side of the contour, we have ¢ > 1 which is past the abscissa of convergence for ¢ (”)(s) and

Z1(s) as given in (7.4). Then
gh— L /T 211t (4 it) dt < T°
27 0 Zl '

Note then that SZ, ST, S are all within an error term of O (T1/2+5>. All that remains

is to evaluate SL. Observe that

1 1—c+1 Z/ 1 c—1 Z/
i — ZLs)¢M(s) ds = —— 11— )M —s)ds=—1
57 oy 7 OO ds= o [ T =)0 s ds = T,

where

1 c+iT Z/
[=— 1—s)¢™1 - . 1
5 | L e as (7.15)
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Overall, we have
1 _
PSR (2 + i)\> = —T+0 (7).
0<A\<T
7.1.4.2 Deriving the main terms

To begin manipulating I into a form that we can evaluate, we use the logarithmic derivative
of the functional equation for Z;(s) given in (7.5). We will also use for functional equation
for the derivatives of (1 — s) given in Lemma Substituting these two expressions into

gives
1 fetiT t - t\"
I= (— log %) (=1)"x(1 —s) Z (?) <10g 277) ¢U)(s) ds

21t Jeqi =0
n

+ % /Cc+iT (_gi(s)) (=1)"x(1=9) > (?) (1og ;ﬂ)"‘j ¢D(s) ds+ O (TV/2+°).

+i =

Simplifying slightly gives

ro & / -9y (”) (log ;W)n—m ¢O)(s) ds

2mi +i o\
(=)t /CHT —~(n < t>nj () (5) 21 1/2+4¢
+ oy » x(1 s)]z:%) i log o ¢Y(s) 2 (s) ds+ O (T )

=N+ DL+0(T'%),
say.

7.1.4.3 The integral I

First consider I;. We want to apply Lemma [7.8 here to extract terms for the asymptotic.
To do this we begin by switching the order of integration and summation and substitute
the Dirichlet series for () (s) to obtain

" 1 et t N\ & (1) (logm)?
() [ [ 1 () S GO
1= (-1) jz:%(] o o X(1 =) { log o 2 e
Now apply Lemma [7.§] to the integral, obtaining

L=y @ [ S (logm)™ 1 (~ 1)/ log(m)
§=0

m<T/2n

+0 (T1/2+5) _

Simplifying this gives

Iy (j) (-1 [ > (logm)™!
j=0

m<T/2m

+0 (T1/2+€> .
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Now by the Binomial Theorem, this summation over j equals zero for n > 0 and equals 1

if n = 0. Hence in the case n = 0, we have a contribution of
L =— Z logm + O (T1/2+5) .
m<T/2m

By standard methods, we have

T T T
I = ——log — 4 — T/
! 2w Og27r+27r+0( )

and so we have proved the following result.

Lemma 7.9. For n a non-negative integer, the integral Iy satisfies

T T T
e log— 4+ — 40 T1/2+a : -0
I = 27 Og27r+27r+ ( ) it n
0(T1/2+€) if n>0.

7.1.4.4 The integral Is

Similarly to when we evaluated the integral I1, we want to apply stationary phase calcula-
tions to extract terms for the asymptotic from Is. To do this we begin by switching the
order of integration and summation and substitute the Dirichlet series for () (s) and the
series for the logarithmic derivative of Z;(s) to obtain

I :(_1)n+1 zﬂ: (?)
j=0

eiT =i 20 (=1 (logmy)? S (—A(m
[;T/++ o) (g ) 5 Cogmap % (-Alms) ds]

mi=1 m{
oo n n
+ Z(_l)n—i-l Z ( >
k=1 j=0

J

| petiT 1 t\"7 & (—1)Y(logmi)! & ag(ma))
X [2772 /c—i-i X(l_s)f(s)k (log%) mz s Z s ds]

=11+ 129,

say, where we split the initial term of Z](s)/Zi(s) from the rest as I5; follows directly
from stationary phase methods, while /52 has a more involved argument.

For I5; we may use Lemma [7.§] to write

Iy = (—D"“i (7;) [ Y. (=1)(logm)’ (—A(ms))(log myima)" ™
j=0

mima<T/2m

+0 (T1/2+€) '
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Switching the order of summation, expanding the logarithms, and performing some basic

algebraic manipulations allows us to rewrite this as
12’1 = (—l)n Z A(ml)(log ml)” + O (T1/2+8) .
mime<T/2m

We note that this calculation was preformed in Hughes and Pearce-Crump [186], and

is effectively given as the negative of the result of Theorem [3.1] That is,

1 T T n+1
Ing=(—1)"—— (log —
21 = ( )n+127r(0g27r)

n k n—k
Fer$ (D)o ( o 1) T (1os L)

k=0

T
o - 1/24¢
nlAuo—+0 (71/2+¢) (7.16)

where we remind the reader that the «; are the coefficients from the Laurent expansion of
((s) about s = 1 and the A,, are the coefficients from the Laurent expansion of ('(s)/{(s)

about s = 1.
Finally we need to evaluate Iz . By (7.6) and (7.9), we can write

I e b 1
f(s) = — X()—Zlg%w(t)

and so

fé)k B (bgf;%)k (1+0 (tllgt»_k - agtzjw (1+0 (ukgt» |

Then

o0

g ()

k=1
1 c+iT 2k k
- 1—s)— 22 (1 v
% 2mi /c+i X(1 =) (logt/2m)k ( +0 (tlogt))

X (log;;)n_j i M i Mds

mi1=1

1 c+iT 2k: t n—j
- 1—s)—2  (1os —
" omi /c+i x(1 =) (logt/2m)k ( ©8 277)

o i (—1)J'(losgm1)j i ak(TZL2) ds—|—O(T1/2+€).
my

mi1=1 mo=1 2
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After these initial manipulations performed above, we may apply Lemma This

gives

PRREDERIVEEE SR <n> (=1)/ (log ma) g (m) (log mymz)" 7
2,2 = (—1) 1 > [ >

2
k=1 j=0 \I/ |mima<1/27 (log myms)

+0 (T1/2+). (7.17)

Remark. Now we note that we could repeat our trick that we used when switching the
order of summation and expanding the logarithm when we evaluated I 1. However it is
then unclear what the correct Dirichlet series is to use in the upcoming Perron argument.
Instead we take the approach of cancelling the appropriate powers of the logarithm, and

work with I 2 in this form.

Switching the order of summation in I3 o gives

12’2 _ (_1)n+1 . 2k zn: <n> |: Z (—l)j(logm1)jak(m2) +0 (T1/2+a) (7.18)
1

k—n+j
k=1 j=0 \V/ |mime<T/21 (log mimy)

To evaluate Iz, we begin with evaluating the numerator of the inner sum. After
calculating the sum of the numerator of the inner sum, we can preform partial summation

to reinsert the logarithm in the denominator of the inner sum, and then sum over j and k.

Lemma 7.10. Let

m<x
where

agj(m) = Z (1) (log m1 )’ ag(mz)

mimoa=m

and where ap(ms2) is given in (7.10). This sum can also be written as

Apj(x) = Z (—1)j(log m)j log(n1)A(n1)A(n2) ... A(ng).

1<mninz..nip<z

Then for large x,

kj+1 ok . . )
Apj@) =z Y ¢ 1 N 1/2+¢
k(@) = = (k;+j—|—1—€)!(0gx) —1—0(93 )

where the ¢;” are the Laurent series coefficients around s =1 of

<§(s)>, (—g(s)>k_1 C(J’)(S% — g)cg,j(s — )R
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Remark. A long but straightforward calculation tells us what the coefficients c?’j equal.

The leading coefficient is when ¢ = 0 and is given by
o = (=1)73!
for all 5 > 0. When ¢ = 1, the subleading coefficients are given by
i {1 tt(=kno  ifj=0
(=1)(=1+ (1 —k)y) forallj>1.

Remark. The superscripts on the coefficients c?’j is to indicate that the terms depend on

both k and j.

Proof. We begin by applying Perron’s formula to Ay j(x), that is, we have

1 3/2+iR /(! ! ¢! k—1 ) 25 23/2+e

Note that the integrand has a pole of order k£ 4 j + 2 at s = 1. We shift past the pole
at s = 1 to the line R(s) = 1/2 + ¢, and evaluate the residue at s = 1. Therefore, up to
a power-saving error, Ay, j(x) will equal the residue of the integrand around that point.
That is,

k+j+1 ' 3/2+e
Apjx) =2 Y b;fﬂ(logg;)kﬂﬂZ+O(R€x1/2+€)+o< 0 )
/=0

for some constants blg’j . We have started the sum at the largest power of logx as this
simplifies future calculations. Choosing R = x optimises the error terms, giving an error of
O(ml /2+5)'

To evaluate the residue, we use the various Laurent expansions about s = 1 in the

various terms in the integrand. The expansions we need are

(g(@) = (3—11)2 + (=291 = 98) + (6r0m + 312 +293) (s — 1) + ...
ro\ 1 1—k h(k—1)y¢ +2(k—1
(50) - e e
() = AT I (P (= 1)
1

- = 1—(s=1D+(s—1)7+..

S

where the Stieltjes constants are from the Laurent expansion of {(s) about s = 1.
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Combining these Laurent expansions allows us to write

k—1
¢, N\ ¢ (il = ki 1)—h—i—2+L
=) (==6)) (Vo)== ¢ (s 1)
¢ ¢ 5 =0
where we have explicitly given the first few values of cf’j in the remark following the
statement of the lemma.

The residue is the coefficient of 1/(s — 1) which will come from combining these terms
with the ® in the integrand (which is the only term that contains an z). Its expansion

about s =1 is

(s = 1)F

s 1)2
u(logalc)2 + ...+ T(logaz)k + )

a;s:x<1+(s—1)logm+ 51

so the coefficient of (log z)**7+1=¢ in the (s — 1)~! term equals

k,j
C T (k+i+1-0)
and such a combination is possible for ¢ between 0 and k + j + 1. O

To complete the proof of Theorem [7.1} we want to use the asymptotic from Lemma
in (7.18) and use partial summation to reinsert the logarithm in the denominator of

the inner sum in (7.17)).

This means that we need to calculate

e S 8 () [ ()1 (55) - [ e

J=0

+0 (Tl /2+s>

with f(z) = 1/(logz)* "%/, so that f'(x) = —(k — n + j)/(x(logx)*~"+*+1) and with
Aj j(x) as in Lemma

Note that while we want to sum the inner sum in I 2 over all positive integers m1, ms
such that 1 < mymg < T/2m, this introduces a problem with the logarithms appearing in
the denominator. Instead we will sum from 2 to avoid this problem, at the cost of a O(1)
error which we ignore as it is smaller than our largest error.

Writing L = log T'/2m, by partial summation we have

1272 — (_1)n+1 i 2k Zn: <n>
h J

=1 j=0
k+j+1 k.j
(T) z]: céj Ln+1—€
on) & (ktj+1-0)
kg1 i /2 ,
k— ' 1 n—t g
+ (k—n+j) Z(:) (k—l—j—l—l—f)!/z (log z) x

+0 (T1/2+). (7.19)
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Lemma 7.11. Writing L = logT /2w, for any integer K > 1, we have

oy = n+1 T Z ok Z gt Cg’j
’ j (k+j+1)!

-1 oo
ok o
+ZL” f[ e+1—€)'+(k_n+j)(k+ji1—£)
=1 i
k—n+j) mz:jo m)...(n—e+1)(k+jf1_m)!b
K [e%S) n
+ (= 1)n+1T Z;;2k2)< )ﬁk’J+O<L§+1>
-

where for 1 <m < k+ j —n, we have

k.j 1 )
57’23' — ij-i-n—i-l + (m - 1)! - (k —n+ .7) k,j

: : c
(k+j-—n-m)! k-n+j-1 bntl

and where form < k+j—n+ 1, we have

k+j— .
ﬁk’j: (m—1)! in k—n+j ok
m k—n+j—-1 = 14 1

where the constants CIZ’] are given in Lemma .

Proof. We begin by noting from ([7.19)) that we can obtain the leading order, that is, the
L™1 from the first sum within the square brackets by setting ¢ = 0. There are then

positive and negative powers of L™ which come from both sums in the square brackets.

We begin by splitting the sums into those that contribute to non-negative powers of
L, and those that contribute to negative powers of L. This is because we can evaluate
the positive powers exactly, while the negative powers are slightly more complicated. The

positive powers occur for £ < n + 1 in the first sum, and ¢ < n in the second sum from the
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square brackets. This splitting gives

b= HHZ?kZ(J)

k=1 J 0
n+1 k.j
zi CZ] Ln+17£
27TZ:0(k+j+1—€)!
n ok T/27 ,
— 1 " d
n+j;)k+]+1_€)/2 (log x) x)

T k+j+1 Clew L
- -
lor 2 GririoD
k+j+1 Ck,j

T/27
HE-nts) > gt <logx>"—fdx)]

l=n+1
+0 (Tl/ 2+€)

For ease of notation, we write the sum I 9 as

1272 _ n+1 Z 2k Z (]) Jl + JZ] +0 (T1/2+s) 7

— =0

say, where both J; and Js depend on k£ and j, and the J; sum is for the non-negative

powers of the logarithm, and the J; sum is for the negative powers of the logarithm.
We now consider the two sums J; and Js in turn.

Consider Ji first. Recall that for m > 0, we have

T/27 T m)!
1 m = — 1) L™ 1).
[ tosa de = oS -1 S 0

Then using this (and ignoring the error term as it is consumed by larger error terms that

we have already seen in this proof), we have

J1= Lt
Yo lez:;](k:Jerrl—z)!

e C’ZJ = r (n—f) n—_{—r
+(k_n+j)§(k:+j+1—€)!(Z_:(_l) ORI )]

We first note that we can extract the leading order behaviour from the first sum, and
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reindex the remaining terms in the first sum to obtain

k.j
T o 1)

Ji = 0
YTt (k44 1)

n k,j
T o1 ,
+ — —= "
27 Z%(k‘—l—]—ﬁ)!
n k.j n—~_
B C (n—f)' ——
i(k—n+ : 4 B R S VAN r '
(k—n ])Z:O(kﬂﬂ—z)! (2)( Ul Py
‘We now reorder the second summation to write
ki
Jp = EL”“iCO,J
2 (k+j+1)!
n k.j k,j
r AS , S
il S % o S k—
*27%;0 S TR A Al oy g gy
-1 , kg ’
k— ] 1) (n — oon—0+1 m n=
HE=n43) Y () )= 1) =

m=0

where if £ = 0 the last sum is empty.
We now calculate the contribution from Jy. By a simple relabelling, we have

T G ¢
A n L~
7 o ;::1 (k+j—n—20)!

k+j+1-n Clzﬁ T/om ,
+(k—n+j7) 42221 (k—i—j—i—l—n—é)!/z (log z)~" dx,

so both of our sums in .J start from ¢ = 1.
Next we note that in the remaining integrals, all of the powers of log x are negative, so

evaluate to an infinite chain of descending powers of L. For example, for 1 <m < M, we

have
T/2m 1 T 1 T/2r 1
— dx=—— —— dt 1
/g (log x)™ “ 27 L™ +m/2 (log 2)m+1 +0(1)

T X (r-1) 1+0< T >

T2 & (m—1) L7 LM+

We write ﬁ,’jﬂ for the coefficient of L™"" and split into two cases.
If m < k+ j —n, then there will be a contribution from the first sum in Jo when m = £

and from all integrals in the second sum for £ =1,...,m. We have
k‘,j m k;] |
kj _ Cmn+1 b — . Ct4n (m —1)!
i oy e A n+‘7)£:z:1(k‘+j+1—n—€)! =
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Using the fact

(k—n+j) (k—m+7 1
Gtjtl-n—0lt=11 \ (=1 Jhk—ngj—-1

this simplifies to
ghi — Crtnt1 4 (m-Dt i k—=n+3j) k
m(ktjmn—m) k—n+j-14o\ -1 )

If m>k+j—n+1, then there will only be a contribution coming from the second

sum of Js, but every term in that sum contributes. We have
kj+1— .
"o k-n+ji-1 = -1 tn

After a trivial relabelling for both versions of 3%/, we have the statement of the lemma. [
We can see that we have

T & K p T
+ — m
b=ty L + g Ll o 3 > o+ 0 ()

m=1
where the leading order coefficient is given by

]

o= S (o

the subleading, non-negative logarithm power coefficients are given by

k7j k:]
— (—1)HL Y 9k Cot1 _ ; <
et Z_Z %() Gvi-on TG

/—1 k,j
C I
+(k—n+j D n—m)...(n—0+1 — ,
(k= 3) 32 (-1 =) e w—
and the subleading, negative logarithm power coefficients are given by
b _ n+1 Z 2k Z ( ) k‘,]
k=1 7=0 ']
where for 1 <m < k + j —n, we have
k,j m—1 .
gl = C@+n+1 I (m —n+) CIZJZ N
(k+j—n—m)! k:—n—l—j—lézo l n

and where for m <k + j —n+ 1, we have

ki (m—1)! k—‘fn k—n+j o
" k-nti-1 & 1 tnt1>
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where the constants clg’j are given in Lemma |7.10

By Lemma @ we can see that to complete calculating /5 2, all we need to do is sum
over j =0,...,n and over k > 1.

In the remark following Lemma we calculated cg’j and c]f’j explicitly, and so we
could calculate the leading and subleading terms in I 2, using our result for Jj.

In this case, to leading order we would have
1 n+1 Ln+1 2]€ 07
(=)™ 5, kzl JX% i) kr i)

Substitute the value of clg’j from Lemma [7.10| to obtain
T T\" & 1)75!
-1 n+l = (1 ) AT
(=1) or \ % 2n Z Z k‘ +j7+1)!

T T\" & 2’f
(-1 (1o 5 ) e
(=1) o7 \ Bor kz::l Kl (k+n+1))’

where the second line follows after summing over j. Now we need to sum over k. For this

sum we obtain

i ok _62_1+(_1)n+1 (F(n+2)—F(n+2,—2)>
SE(k+n+1)  n+tl 27+ (n 4 1)

-1 o i (—2)F
R G A el ) Dhw

k=0

where we have used the incomplete gamma function in simplifying the expressions above,

which for integer n is given by

I(n,z) =(n—1le™® Z %

This means that to leading order, we have

I o~ (—1)7F1 e -1 1)+t o2 4 (1 ) ‘
22~ (=1) ( a1t T Y 2n+1 Z o \ 8o

In a similar way, we can calculate the subleading behaviour, and show that this

contributes

(—1)”*1%L” (1 — 1+ + (-1 (ZE)! (=1 +2%) <1 —é? ki (_2)k>> .
=0

k!

to the asymptotic.
Further calculations from Lemma would give rise to more lower order terms in the

obvious way.
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We then recombine I3 here with I; from Lemma and with I; from (7.16]), which

gives I.

Finally, recall that

PR <; + iA) = —T+0 (1"/%)

0<ALT

to obtain the asymptotic, proving Theorem

7.1.5 OQOUTLINE OF THE PROOF OF THEOREM [7.3]

We begin by noting that the proof of Theorem follows in a similar way to that of
Theorem [Z.1l We sketch the differences below but leave the full details to the interested
reader.

The initial steps remain the same in the case n = 0 as in the proof of Theorem [7.1} We
are able to write

> ¢ (; + i)\> = —T+0 (1)

0<ALT

where
1 ct+il" 7/
I=— la-s)¢(1-s)d
where c =1+ 1/logT.

To begin manipulating I into a form that we can evaluate, we use the logarithmic
derivative of the functional equation for Z;(s), given in (7.5)), and the functional equation
for {(s), given in (|1.1)). Then

I= ! /CHTZi(l—s)C(l —s) ds

C2miJeri 2
1 C+ZT t 1 C+’LT Z/

T omi log o—x(1 — ds — -— =1 1— T1/2+e

2mi /C+i og 27TX( s)((s) ds 57 /C_H 7 (s)x(1—s)C(s) ds+0( )
=L+ I+ 0 (TY%)

say.
Then by Lemma [7.9] we have
T T T 1/24e
hi=—g logg +5-+0 (71/2+) . (7.20)
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For I, we have

1 c+iT Z/
Ih=—— =1 1— d
2= [ X9 ds
1 et S An) <1
= — 1-s — — ds
271 /c+i X( )nz::l ns mz:% ms
>, 1 et 1 S ap(n) & 1
Yo [ Y
k=1 T Jeti (8) n=1 n m:lm
=11+ Iz,

say.
Then I5; can be evaluated through a simple application of Lemma @ and Perron’s

theorem, giving

_ r T T 1/24¢
Iy =g log o~ - +0 (11/2+). (7.21)

Combining I; from (7.20) and I5; from (7.21) gives a contribution of O <T1/2+8> to the
asymptotic.

Finally, to evaluate I3 2, we have after using Lemma

1 et 1 ap(n) e 1
Ig= -5 — 1 —d
22 kz::l 27 /c+i X( S)f(s)k ngl ns Z ms

m=1

= — 3 k L(TI) 1/2+4¢ 1/2+e
_ ;2 nmSsz/% (lognm)k+O(T )+0(1'%).

As in the proof of Theorem [7.1] we evaluate the numerator of the inner sum in the
previous line via Perron. This is actually a special case of Lemma [7.10]in the case j = 0,

so we have the following result.

Lemma 7.12. Let

Ap(z) = ) a(n),

mn<x
where ag(n) is given in (7.10). This sum can also be written as
Ag(x) = Z log(ni)A(n1)A(ng) ... A(ng).
1<mning..nip<x
Then for large x,
k+1
Ap(z) = i Ck,0 (1 )k+1—£ +0 ( 1/2+5)
R U B TR .
{=0

where the c ¢ are the Laurent series coefficients around s = 1 of
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Remark. A long but straightforward calculation tells us what the coefficients ¢, equal.

The leading coefficient is when ¢ = 0 and is given by

cro = 1.
When £ = 1, the subleading coefficient is given by

ck1 = —1+4+ + (1 —k)yo.

Next we use partial summation to calculate

T T T/2m
> ) () () [ A
<y 1087 7T T 2
in the case f(z) = 1/(logz)* (so f'(x) = —k/(z(logz)¥*!)). Then using Ag(z) from
Lemma we have with L = logT/2m,
Z ak(n) _
nm<T/2m (10g nm)k

Z Ck,0 Ll E—‘,—kz /T/27T(logw)g d.Z'+O(T1/2+E)
(k—i—l—f k-l—l— 2 ’

As before, we extract the non-negative powers of the logarithm and calculate the

coefficients of the negative powers as we clearly have an infinite chain of decreasing powers

of the logarithm. This gives

yooaw) T ke g Toa T o
=
oo (Qogmm)F 2w (k+ 1)1 7 2 KU 27 (k4 1)!
T sy Ck,¢ Chi T/27
_ Ll -4 k / 1 —éd T1/2+5 ‘
+27rz(k+1_g + ZkJrl_ : (log x) x+0( )

For the negative powers of the logarithm, we reindex so both sums start at £ = 1 to

give
T 5 e Ch 0 T/2m —
L=t 1 dx.
(k- 0)! Tk Z (k+1—0) (log)™ dw

Recall that for 1 < m < M, we have

T/27 1 J T 1 T/27 1 &+ O(1
/2 (log z)™ v or L™ + m/z (log z)m+1 +0(1)

T X r—1)1 T
:%Z(m—l)!U+O<LM+1>'

r=m
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We now write 5 for the coefficient of L~™™. In an analogous way to to the proof of

Theorem 7.1}, we have for m < k,

ghi _ _Chamtl +,{7<m—1>!m2‘1 Ay
m k—m) (k- 1) & \e) T

and where for m <k + j —n+ 1, we have

 (m—1) (k)
Brd =k Chir1,
(k—1)! Z(:) ¢ ) Chott1

where the constants c ¢ are given in Lemma

In order to complete the proof, we multiply through by —2*, and sum over all k£ > 1 to
obtain I 2. Since the combination from the rest of the calculation only contributes to the
error term, we have evaluated I and so the sum in question.

Note that since we have a simple form for ¢ and ¢ 1, we can easily calculate the

leading and subleading behaviour explicitly, giving for K a positive integer

2_3T 3—e2—4vT T E 4, T
: ¢ i T o ()

1
vy 2 2 27 2 2r 27 —~ Lm LK+

as T — oo, where
o0

dm = 26",

k=1

with the B¢ as above.

7.1.6 PRrROOF THEOREM [7.4]

The main steps in the proof of Theorem [7.4] follow in a similar way to Theorem We
sketch the steps here for completeness sake.

Under the Riemann Hypothesis we can show that all the zeros off the critical line only
contribute to the error term in our asymptotic with a similar justification to the proof of
Theorem Recall x(s) < TV/?79 for s = o + it with |t| < T. Write p; = f1 + iy, for a
zero of Zi(s). By part (3) of Lemma Z1(s) has O(log T') zeros off the critical line (that
is, B1 # 1/2). At the zeros off the critical line, we may use part (4) of Lemma [7.6|to obtain

ST x(p1) < TV log T < TVt
0<n <T
Br1#1/2

Therefore, we have
1 . .
E x(2+z>\>— E X(Z—I—mq).

0<ALT 0<y1 <T
B1=1/2
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We can write this as an integral using Cauchy’s theorem,

1 [ Z
— [ Zs)x(s)ds= D x(p1)
2mi Jo 21 0eT

~ Y (; + m) 0 (%) (7.22)

0<m <T
B1=1/2
where C is a positively oriented contour with vertices ¢+, ¢c+47, 1 —c+4T, and 1 — c+ 1,
where ¢ = 1+ 1/logT. We may assume, without loss of generality, that the distance from
the contour to any zero p; of Z;(s) is uniformly > 1/logT.
We split the integral as

1 ciT l—ctiT l—cti eti \ Z
— —|—/ + +/ —(s)x(s) ds
27 /ch'L' e+iT l—etiT  J1—cti Z1( x(s)

=5t 48T 4+ 5L 4+ 58

say. Note that SZ, ST, S® are all trivially bounded within error term in a similar way to
the proof of Theorem using the bound x(s) < T2~ where appropriate. This shows
that the leading contributions to the asymptotic will then come from S”.

Since S8, 8T, S® are all within an error term of O (T1/2+5), all that remains is to
evaluate ST. Note that

1 l—cti g/ 1 c—i 7! _
S’L:—, ZLis)x(s) ds = —— 21— 8)x(1—s ds = —1,
2m8 J1—eqiT Z1( IX(s) 278 Je—iT Z1( IX( )
where
1 c+iT Z/
I=— 11— 1—s) ds. 7.23
3 ., 795 ds (7.23)

Overall, we have

> X (; + z’A) = -T+0(T"**).

0<ALT

Using the version of the functional equation for Z/(s)/Zi(s) given in (7.7)), we have

1 c+iT t
I=— <—10g> x(1—s) ds
271 Joti 2

I a4 1/2+¢
<Z1(s)> V(1 s) ds+ O (T"/2+)

=L +1+0 (TW“) :

21t Jegi

say.
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Then I; doesn’t contribute to anything beyond an error term, so we split I as before

to write

I = 271Ti/c+iT (i A:;:)) x(1—=s) ds

+1 n=1

c+iT

_OOL o 1 & ap(n) 1/2+4¢
162_31271_2,/0_” x(1 s)f(s)knzzjl e ds—i—O(T +)

=Dhi1+I+0 (Tl/2+€) .

Then applying Lemma [7.8| to 21 we have

12’1 = Z A(?’L) + O <T1/2+6> .

n<T/2m

By Perron/the Prime Number Theorem, we have
T
Ly = o +0 (TY%). (7.24)
2m

Finally, applying Lemma [7.8] to I2 2 gives

o ak(n) 1/2+e
Lo=—Y 2F Z -+ O (T .
1 n<T/2r (logn) ( )

As in the proof of Theorem [7.1] we evaluate the numerator of the inner sum in the previous

line via Perron.

Lemma 7.13. Let
Ap(z) = ar(n),

n<x

where ag(n) is given in (7.10). This sum can also be written as

Ag(z) = Z log(n1)A(n1)A(ng) ... Alng).

1<ning..np<x

Then for large x,

k
Ag(z) ==z Z (kci’fg)! (logz) =t 4+ 0 (m1/2+€)

where the cy ¢ are the Laurent series coefficients around s =1 of

(o) (-Se) L= Sae-tyi

S
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Remark. A long but straightforward calculation tells us what the coefficients ¢, equal.
The leading coefficient is when ¢ = 0 and is given by

cro = 1.
When £ = 1, the subleading coefficient is given by

ck1 = —1+ 7 — kvo.

Next we use partial summation to calculate

= (D)1 () [ o

n<T/2m

in the case f(x) = 1/(logz)* (so f'(z) = —k/(x(logx)¥*1)). Then using Ax(z) from
Lemma we have with L = logT/2m,

ag(n)
2 (logn)k

n<T/2m

1 3 Chit L+ k Z Gkt /T/Qw(log m)fl*é dx+ O (T1/2+5)
2 = (k — 5) ’

As before, we extract the non-negative powers of the logarithm and calculate the

coefficients of the negative powers as we clearly have an infinite chain of decreasing powers

of the logarithm. This gives

T Cke .y b ey T/2m ) 1/2
o Do kY 2 [ loga) da v O (T1/2)

For the negative powers of the logarithm, we reindex so both sums start at £ = 1 to

give
T o C0—1 /2 —t
L=t 1 dx.
— (k— 0)! Tk Z k+1—10) (log)™ dw

Recall that for 1 < m < M, we have

T/27 1 J T 1 T/27 1 &+ O(1
/2 (log z)™ v or L™ + m/z (log z)m+1 +0(1)

T X r—1)1 T
:%Z(m—l)!U+O<LM+1>'

r=m
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We now write 5 for the coefficient of L~™™. In an analogous way to to the proof of

Theorem 7.1}, we have for m < k,

ki Chm (m— 1) (K
o = Gemmy T 1) ( )C“

and where for m < k+ j —n+ 1, we have

, m— 1 [k
BT = ((k:—l))';:% <£>0k,e,

where the constants c ¢ are given in Lemma

In order to complete the proof, we multiply through by —2*, and sum over all k£ > 1 to
obtain I3 5. Once we add in the contribution from I5; given in , we have evaluated
I and so the sum in question.

Note that since we have a simple form for ¢ and ¢ 1, we can easily calculate the

leading and subleading behaviour explicitly, giving for K a positive integer

1 y T , T1 T & e, T
0oreT 2 2 2r L 2w o Lm L
as T — oo, where
o
em:ZQkﬁfﬁea
k=1

with the g%¢ as above.

7.1.7 OUTLINE OF THE PROOF OF THEOREM

The proof of Theorem is very similar to that of Theorem [7.4, We just sketch out the
main steps here. Note that this result can be made unconditional but we assume the
Riemann Hypothesis to make the error terms trivial to deal with.

We begin by using Cauchy’s theorem to write

!/

S o (5+0) =5 [ S as
0<~<T
where C is a positively oriented contour with vertices c+14, c+4¢1', 1 —c+1¢1T, and 1 —c+1,
where ¢ = 1+ 1/logT. We may assume, without loss of generality, that the distance from
the contour to any zero of ((s) is uniformly > 1/logT.

Note that the integrals along the bottom, top and right-hand side of the contour are
bounded by O (T1/2+5), using the bound x(s) < TV/?7 for s = o + it with [t| < T. As
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before, the only contribution comes from the left-hand side of the contour, and as before,

we have

o [ S ds= 5 [T S ) ds= T
2mi 1—c+iTCSXS "7 o e—iT C X ves=Th

I= ! /CHT g(1 —s)x(1 —s) ds.

C 27 Jeri €

where

Overall, we have

1 _
> X (2 + i’y) = —T+0 (7).
0<y<T

Next we need the functional equation for ¢’(s)/{(s), which can be derived easily from
either the functional equation for {(s) in (1.1)), or Lemma This gives

¢ t ¢ ( 1 )
=(1—s)=—-log— — = O(—].
Substituting this into I gives
1 c+iT t
I=—— log —x(1—s)d
ot foy; OB x(Lms)ds

1 c+iT CI 1/24e
S M G ds+ O (T/2+)

= Il —‘FIQ +0 (T1/2+5) .
Clearly I; doesn’t contribute to the asymptotic, so consider I5. Then by Lemma [7.§]

L= Y A()+0(T**).

n<T/2m
Then by Perron/the Prime Number Theorem,

— T 1/24¢
L= +0 (71/2+).
The result then follows by working back up the proof.

Remark. We could see this result directly from the proof of Theorem [7.4] noticing that the
logarithmic derivative of ((s) is included in that of Z;(s), and making the obvious changes

to the proof. We have included the basic steps above for clarity.
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