Université de Montréal

Multiplicative functions with small partial sums and

an estimate of Linnik revisited

par
Stylianos Sachpazis

Département de mathématiques et de statistique

Faculté des arts et des sciences

These présentée en vue de I'obtention du grade de
Philosophize Doctor (Ph.D.)

en Discipline

Orientation Mathématiques Fondamentales

July 9, 2023

© Stylianos Sachpazis, 2023






Université de Montréal

Faculté des arts et des sciences

Cette these intitulée

Multiplicative functions with small partial

sums and an estimate of Linnik revisited

présentée par

Stylianos Sachpazis

a été évaluée par un jury composé des personnes suivantes :

Andrew Granville

(président-rapporteur)

Dimitrios Koukoulopoulos

(directeur de recherche)

Matilde Lalin

(membre du jury)

Jesse Thorner

(examinateur externe)

Nom du représentant du doyen
(représentant du doyen de la FESP)







Résumé

Cette these se compose de deux projets. Le premier concerne la structure des fonctions
multiplicatives dont les moyennes sont petites. En particulier, dans ce projet, nous établis-
sons le comportement moyen des valeurs f(p) de f aux nombres premiers pour des fonctions
f multiplicatives appropriées lorsque leurs sommes partielles Y-, .. f(n) sont plus petites que
leur borne supérieure triviale par un facteur d’une puissance de logx. Ce résultat poursuit
un travail antérieur de Koukoulopoulos et Soundararajan [12] et il est construit sur des idées
provenant du traitement plus soigné de Koukoulopoulos [9] sur le cas special des fonctions
multiplicatives bornées.

Le deuxieme projet de la these est inspiré par un analogue d’une estimation que Linnik
a déduit dans sa tentative de prouver son célebre théoreme concernant la taille du plus pe-
tit nombre premier d'une progression arithmétique. Cette estimation fournit une formule
asymptotique fortement uniforme pour les sommes de la fonction de von Mangoldt A sur les
progressions arithmétiques. Dans la littérature, ses preuves existantes utilisent des informa-
tions non triviales sur les zéros des fonctions L de Dirichlet L(-,x) et le but du deuxiéme
projet est de présenter une approche différente, plus élémentaire qui récupere cette estima-
tion en évitant la “langue” de ces zéros. Pour le développement de cette méthode alternative,
nous utilisons des idées qui apparaissent dans le grand crible prétentieux (pretentious large
sieve) de Granville, Harper et Soundararajan [6]. De plus, comme dans le cas du premier pro-
jet, nous empruntons également des idées du travail de Koukoulopoulos [9] sur la structure

des fonctions multiplicatives bornées a petites moyennes.

Mots clés: Théorie analytique des nombres, théorie prétentieuse des nombres, fonction mul-
tiplicative, sommes partielles, sommes partielles sur nombres premiers, méthode de Landau-

Selberg-Delange, théoreéme inverse, théoreme de Linnik, zéro de Siegel, caractere exceptionnel






Abstract

This thesis consists of two projects. The first one is concerned with the structure of
multiplicative functions whose averages are small. In particular, in this project, we establish
the average behaviour of the prime values f(p) for suitable multiplicative functions f when
their partial sums Y, , f(n) admit logarithmic cancellations over their trivial upper bound.
This result extends previous related work of Koukoulopoulos and Soundararajan [12] and it
is built upon ideas coming from the more careful treatment of Koukoulopoulos [9] on the
special case of bounded multiplicative functions.

The second project of the dissertation is inspired by an analogue of an estimate that
Linnik deduced in his attempt to prove his celebrated theorem regarding the size of the
smallest prime number of an arithmetic progression. This estimate provides a strongly
uniform asymptotic formula for the sums of the von Mangoldt function A on arithmetic
progressions. In the literature, its existing proofs involve non-trivial information about the
zeroes of Dirichlet L-functions L(-,x) and the purpose of the second project is to present a
different, more elementary approach which recovers this estimate by avoiding the “language”
of those zeroes. For the development of this alternative method, we make use of ideas that
appear in the pretentious large sieve of Granville, Harper and Soundararajan [6]. Moreover,
as in the case of the first project, we also borrow insights from the work of Koukoulopoulos

[9] on the structure of bounded multiplicative functions with small averages.

Keywords: Analytic number theory, pretentious number theory, multiplicative function,
partial sums, partial sums over primes, Landau-Selberg-Delange method, converse theorem,

Linnik’s theorem, Siegel zero, exceptional character
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Notation and definitions

» General standard notation and definitions

First we provide a list of some standard notation and definitions that will be used throughout

the dissertation.

e For a set §, the symbol #S8 denotes its cardinality.

e In this thesis, the number 0 is not included in the set N, that is N = {1,2;3,...}.

e Following a classical notational convention of analytic number theory, the symbol log
will be denoting the natural logarithm In.

e Following another notational convention of analytic number theory, the letter s always
denotes a complex number and we write s = o + it, where ¢ = Re(s) and ¢ = Im(s).

e We denote the set of non-positive integers by Z.

e Throughout the text, the letter p always denotes a prime number.

e If a,b € N, we denote their greatest common divisor by (a,b).

e For (m,n) = 1, we set 7 to denote the inverse of n modulo m, that is nim = 1 (mod m).

e In this thesis, (Z/qZ)* ={1 <n<q: (n,q) =1}

e The notation p”||[n means that p” | n but p** { n.

e We denote the smallest prime factor of an integer n > 1 by P~ (n). For n = 1, we
define P~ (1) = +o0.

e A function f: N — C is called arithmetic.

e An arithmetic function f for which f(1) = 1 and f(mn)=f(m)f(n) whenever (m,n)=1
is called multiplicative.

e For any two arithmetic functions f and g, we write f * g for their Dirichlet convolution
which is defined as (f x ¢)(n) := X 4p=n f(a)g(b) for all n € N.

e For an arithmetic function f with f(1) # 0, the function f~! will denote the Dirichlet
inverse of f and it is the unique arithmetic function such that (f * f=')(n) = (f~! x
f)(n) =1 for all n € N.

e For m € N the symbol 7, denotes the m-fold divisor function defined as 7,,(n) =
>dyd,,=n 1 for all n € N. When m = 2, we write 7, = 7 and this function, called the

divisor function, counts the number of divisors of a positive integer.
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e In our text, the arithmetic functions u, A, ¢, w and €2 also appear. The Mdbius function

i is defined as

(—=1)*(™ if n is square-free and
p(n) = .
0 otherwise.

The von Mangoldt function A is defined as

logp if n=p™ for a prime p and m € N and
An) =
0 otherwise.
The Euler totient function ¢ is given as ¢(n) = #(Z/nZ)*. Lastly, the functions w
and © are defined through the relations w(n) = 3°,, 1 and Q(n) = >, a.

e The Greek letter x always denotes a Dirichlet character (see Definition 1.3.1) modulo
some positive integer. The symbol xo will alway denote a principal character (see
Definition 1.3.2).

e An arithmetic function that is bounded by a divisor function 7, is called divisor-
bounded.

e Let X C R. For z € X, the three expressions f(z) < g(z), f(x) = O(g(z)) and
g(x)> f(r) mean that there exists some constant C' > 0 such that |f(z)| <Cg(x) for
all x € X. If the constant C' is not absolute and depends on several parameters, then
these parameters are sometimes included as subscripts at the symbols <, > and O.

e The notation f(z) =< g(z) indicates that f(z) < g(z) < f(z).

o We write f(x) ~ g(x) if lim,_, f(x)/g(z) = 1.

e The Riemann ¢ function will appear some times in the text. For s € C with Re(s) > 1,
it is defined as ((s) = X ,51 n " °.

e We will denote the Dirichlet series of an arithmetic function f at s € C by L(s,f) =

>ons1 f(n)n™%, provided that the series of the right-hand side converges.
1=
oFormENandaG(C,wewrite<a>: (a—j+1).
m m!

» Special notation

For easy reference, we collect here some non-standard notation which appears in the text.

e Given a multiplicative function f, the symbol A; denotes the unique arithmetic func-
tion defined through the relation f -log = Af * f.

14



e Let D be a positive integer and let A > 0 be a real number. The following two classes

of multiplicative functions occur in many places of the text.
F(D) :={f:N— C, fmultiplicative, |[A¢| < D - A}
x

F(D,A) := {f €F (D), 2 1) < oA

n<x (1

for all z > 2}

e For t € R, we set V; := exp{100(log(3 + |t|))*3(loglog(3 + |t|))'/3}.
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Introduction

0.1. Multiplicative functions with small partial sums

In analytic number theory there are several results concerning the mean values of mul-
tiplicative functions. One of them is the Landau-Selberg-Delange method [3, 14, 15, 22],
a powerful tool which provides asymptotics for the partial sums of arithmetic functions f
whose Dirichlet series can be written as (V- G, where v € C, ( is the Riemann zeta func-
tion and G satisfies suitable regularity conditions. In the case where f is multiplicative and
bounded by the D-fold divisor function 7p for some fixed positive integer D, Granville and
Koukoulopoulos [7] weakened the assumptions of the Landau-Selberg-Delange method and

showed that if f(p) &~ v on average, in the sense that

T
%f@) logp =vx + O ((10g x)D—H—Re(U)) (0.1.1)
for all z > 2, then
AL v e(v)— -b
Z f(n) = I(‘ng))x<log x) Ly ODW (:C(log a:)R (v) 2(10g log x)nv_ ) ’ (0.1.2)
n<x

where I is the Gamma function and

c(f,v):]'[<1+fg’)+fg)+---><1—1>v.

P p

Typically, the Euler product ¢(f,v) is non-zero unless f exhibits a specific behaviour on

small primes and their powers. For instance, if f(2%) = —1 for all k € N, then

IO

k )
k>1 2

which implies that ¢(f,v) = 0. We put such special examples of functions f aside and assume
that ¢(f,v) # 0. In this case, notice that if v ¢ Zy, then the “main term” of (0.1.2) does

not vanish and it thus determines the asymptotic behaviour of the partial sums of f. More



precisely, it is then true that

> f(n)

n<e

X
(log x)l—Re(v)

c(fv)
[(v)

~Y

as T — oo. (0.1.3)

Since | f(p)| < 7p(p) = D, the prime number theorem (Theorem 1.2.3) and condition (0.1.1)
D

imply |v| < D, and so (0.1.3) yields
x
IO Qog i

Hence, if ¢(f,v) # 0, then by further assuming that there exists a real number A > D+ 1
such that

x
for all = > 2, 0.1.4
0 < ragn forall » (0.1.)
we force v to lie in {0, — 1,..., — D}. We thus see that if f(p) ~ v on average, then the
only way that f can satisfy (0.1.4) is when v € {0, —1,..., — D}. Now, one might start

wondering whether it is possible to draw conclusions about the average size of f(p) when
only (0.1.4) holds, that is without (0.1.1).

In 2013, Koukoulopoulos [9] initially addressed this question for D = 1 and A > 2. Seven
years later, in 2020, in joint work with Soundararajan [12], they worked on the case where

D is any fixed positive integer and A > D + 2. Specifically, they proved the following result.

Theorem K-S. Fiz D € N and a real number A > D + 2. Let also f be a multiplicative
function such that |Af| < D - A, where Ay is the unique arithmetic function defined through
the relation f -log = Ay x f and A is the von Mangoldt function. Assume further that

> fln) < 1

———  forall w>2.
et (logw)

Then there exists a multiset I' of m real numbers with m < D and such that

A x x
f(p) + ﬂﬁm4<a- +0y —=
gx < ; = Viogx VT
for all x,T > 2, where Cy is a constant depending only on f and T, and Cs is an absolute
constant.

In this theorem, the stronger condition A > D + 2 is considered, but Koukoulopoulos
and Soundararajan also dealt with the full range A > D + 1 in the special case where the
continuous extension of the Dirichlet series of f has a single root of multiplicity D on the
line Re(s) =1 [12, p. 12-13].
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Theorem K-S II. Fiz a natural number D and a real number A > D + 1. Let also f
be a multiplicative function as the one appearing in the statement of Theorem K-S. If the
Dirichlet series L(-,f) of f has a zero 1+ iy of multiplicity D, then

> | f(p) + Dp|logp <

pszT

x
(log z)(A-1-D)/2"

In [21], we extended Theorem K-S in the full range A > D + 1 without making any
assumptions about the zeroes of the Dirichlet series of f, as was done in Theorem K-S II.
The extension of Theorem K-S is the main object of study for the first project of the present

dissertation. In particular, we will prove the following.

Theorem 1. Fiz a positive integer D and a real number A > D+ 1. If f is a multiplicative
function satisfying the conditions of Theorem K-S, then there exists a multiset I' of m real

numbers with m < D and such that

, z(loglog z)P+t™ x(log T)P+m
2 (f )+ pr> logp ‘ < Orr ((log(x(;iino{gl»f‘)—[’_”ﬂ) Hor (wgﬁ)> 015

psT ~el

forall x = 3 and any T > 2. The implied constants depend also on D and A.

It turns out that, in both Theorems K-S and 1, the multiset I" consists of the ordinates of
the zeroes of the Dirichlet series of f on Re(s) = 1 and this generalizes what Koukoulopoulos
[9] also proved in the case D = 1. Moreover, the implied constant in the first big-Oh term
at the right-hand side of (0.1.5) could be explicitly given as the maximum of the logarithmic
derivative of a Dirichlet series related to f. For the sake of a simpler statement, we chose
not to make this dependence explicit here, but it can be easily deduced from the proof of
Theorem 1 in Section 3.3.

Now, we can divide both sides of (0.1.5) by x, take the lim sup as z tends to infinity and
then let 7" — co. This way, we see clearly that f(p) = — >, p'” on average.

Corollary 1. Under the assumptions of Theorem 1, there exists a multiset I' of at most D

real numbers such that

1 ;
lim =37 (f(p) + Zp”) logp = 0.
T oo
psT ~verl
Classical results in the study of the mean values of multiplicative functions, like Wirsing’s
theorem [27, 28] and the Landau-Selberg-Delange method [3, 14, 15, 22], require informa-
tion about the prime values of a multiplicative function and they give us back information
about its averages. Theorem 1 does the converse, as does Koukoulopoulos’ converse theorem

[9] from 2013. It uses the fact that the averages of an appropriate multiplicative function
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are small and it returns information about its structure on primes. Thus, it may be seen as

a partial converse to these results.

Remark 1. If the hypothesis A > D + 1 is replaced by the inequality A < D + 1, then the
prediction of Theorem 1 is false and we can verify this with a counterexample.
Let K € R\ Q be such that A —1 < k < D and consider the arithmetic function 7_,

whose values are given by the coefficients of the Dirichlet series of (7", namely

C(s)™ =) Ti“gn) for Re(s) > 1.
n>1 n
As usual, ( is the Riemann zeta function.
By writting {(s) = [[,(1—p~*)~" (this is the Euler product of ¢, see [1, p. 231]) and mul-
tiplying the Taylor expansions of the terms (1 —p~*)™", we deduce that 7_, is multiplicative

and that its values on prime powers p™ are

For the D-fold divisor function 7p, it is known that (see 1.4.1)

To(p™) = (erD - 1>,

m

and so a simple application of the triangle inequality implies that |7_.| < 7p. Moreover,
T_x(p) = —k and the prime number theorem (Theorem 1.2.3) guarantees that 7_, satisfies
(0.1.1) with v = —k. Therefore, the Koukoulopoulos and Granville variant of the Landau-

Selberg-Delange method [7, Theorem 1] leads to the estimate

S 1n(n) <, x/(logx)" ! < x/(logx)? forall z > 2. (0.1.6)
n<x
For a multiplicative function f, it is easy to verify that the function A; defined through the
relation f -log = Ay * f is given by the coefficients of the Dirichlet series of —(L'/L)(-,f),
where L(-,f) is the Dirichlet series of f. Hence, A, , = —k-A, as —(¢'/{)(s) = X1 A(n)n™?
for Re(s) > 1. Therefore, apart from (0.1.6), we also have that |A, | =k -A < D-A, and
this means that 7_, would meet the conditions of Theorem 1 with A < D + 1. Then, there

would exist diestinct real numbers vy, ...,y and positive integers my,...,m; such that

D (map™ 4+ myp™ — k) logp = o(x).

P<T

The existence of the numbers 71, ...,y is guaranteed by the prime number theorem (The-

orem 1.2.3). Indeed, if no such real numbers existed, then we would have —kz + o(z) =

24



—K Y p<z10gp = o(x), which is absurd, since s # 0, as it is an irrational number. Now, for

t € R, the prime number theorem and partial summation (Lemma 1.1.1) give

' 1+it
> p'logp = * —i—O( - ) (0.1.7)

o<u 14t log x

Consequently, with the change of variables x = e*, we have that
k v
elutl) = 1 0.1.8
jz:;c]e(u%r) K+ o(1), ( )

where ¢; = m; /(1 +i7v;) and e(w) := €™ for w € R.

We now show that (0.1.8) leads to a contradiction. Let us first consider the case where all
the «;’s are non-zero. Without loss of generality, we suppose that 71, ...,y form a maximal
linearly independent subset of {71,...,7} over Q. Then ~; is a Q-linear combination of
Y1, ..., for 7 > £. Of course, we can assume that these linear combinations are Z-linear.
Indeed, if m is the least common multiple of the denominators from all the Q-linear combi-
nations, then we can switch from the set of v;’s to that of the v;/m’s without affecting our
arguments.

Now, let € € (0,1) and 6, ...,0; be arbitrary real numbers. If || - || denotes the distance
from the closest integer, then by Dirichlet’s simultaneous approximation theorem there exist
integers ¢, > 1 such that ||g,2%| < ¢/2"*! for all n € N and for all j € {1,...,0}. So,
letting a,, = Y1 ¢;, we conclude that [la, 25| < Yy gigz] < Yis1e/2 = ¢/2, for
all n € N and for all j € {1,...¢}. Moreover, since 7i,...,7, are linearly independent
over Q, Kronecker’s approrimation theorem implies that there exists a real number y > 0
such that ||y~ — 0;|| < /2 for all j € {1,....0}. We consider the sequence {a, }nen with

a, = a, +y for all n € N. This sequence diverges to infinity, because a, is a sum of

positive integers. Furthemore, for any n € Nand j € {1,... ,(}, we have that [Joy, 3= — 6;]| <
sz = 0|l + |lansZ|| < €/2+¢/2 = ¢, and so e(an3zt) = e(f;) + O(e) by Taylor’s theorem.

We now take v = a, in (0.1.8), let n — oo first and € — 0 after. This way we deduce that

there exist distinct linear functions L; : R® — R with integer coefficients such that

¢ k
Z cje(ej) + Z Cje(Lj<017 e ,9@)) = R,
j=1 j=t+1
for arbitrary real numbers 6y, ....0,. But, {e(n1x1 + ...+ npxy) :ny, ... .00 € Z, 21, ..., x, €

[0,1]} is an orthononormal basis of L2([0,1]¢), and so x = 0, which is a contradiction.
Now, if one of the v;’s was zero, say «;, we can follow the above argument with the rest
of the v;’s and with k* = Kk —m, in place of k. In this case we reach a contradiction, because

we show that xkx = 0. This implies that kK = m; € N, also a contradiction, as x is irrational.
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Remark 2. Note that, like in Theorem K-S, in Theorem 1 one can restrict the sum 3>, o p
to the ordinates |y| < T". Indeed, for |y| > T, by the formula (0.1.7), we have that

> plogp = v +O(x) <42
ot 14y log x T logx

We prove Theorem 1 in Chapter 3. In the first section of this chapter, Section 3.1, we
explain why the condition A > D + 2 of Theorem K-S is essential for the proof of Kouk-
oulopoulos and Soundararajan to work. Then we describe the different method that we will
use to avoid the technical details which lead to the requirement of the stronger assumption
A > D + 2. We basically develop an approach which involves lower derivatives of L(-,f),
as the presence of higher derivatives in the work of Koukoulopoulos and Soundararajan is
responsible for the range A > D + 2. The approach is based on ideas and techniques from
the work of Koukoulopoulos [9] in the case D =1 and A > 2.

0.2. Primes in arithmetic progressions: An estimate of
Linnik revisited

Prime numbers have been fascinating the human mind for thousands of years. A careful
glance at the list of the first primes gives the impression that there is some irregularity, some
randomness in the way they spawn among the other positive integers. As we go through the
list of the primes, it becomes apparent that it is not very easy to predict where the next
prime is going to land, if it does at all. At this point, one might ask if prime numbers will
keep appearing forever. The answer to this question is known since the time of Euclid who
proved that there are infinitely many primes. Now, let us take this question one step further.
What can be said about the number of primes in other sets of integers? For example, we
could ask if there exist infinitely many primes in an arithmetic progression or if there are
infinitely many primes of the form n? + 1. Some of these questions remain unanswered
till to this day. For example, it is still unknown whether there are infinitely many primes
of the form n? + 1. In fact, this is a famous open problem which was first introduced
at the 1912 International Mathematics Conference by Landau and it is usually referred to
as Landau’s fourth problem. As for the number of primes in a given arithmetic progression
{gn+a,n € N} with a,q coprime, almost 2 millenia after Euclid, in 1837, Dirichlet [4] proved
that the number of primes in the arithmetic progression a (mod ¢) is infinite. Consequently,
if @ and ¢ are two coprime positive integers, then there is a prime which occurs first in the
arithmetic progression a (mod q). Let us denote this prime by p(q,a).

An interesting problem regarding p(q,a) asks how far it will make its appearance in the

arithmetic progression a (mod ¢) and the goal is to look for bounds on p(q,a) which depend
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on the modulus ¢. Such bounds can be obtained by examining when the sums

0(z;q.0) ;= > logp

p<zT
p=a (mod q)
become positive. Indeed, since logp > 0 for all primes p, these sums are positive when they
contain at least one term which will correspond to a prime p = a (mod ¢). Consequently, if
0(x;q,a) > 0 for x = h(q), where h is some function of ¢, then p(q,a) < h(q).
If ¢ < (logx)? for some A > 0, the Siegel-Walfisz theorem [19, Corollary 11.21, p. 382]

states that there is an absolute constant ¢ > 0 such that

b0 = 5+ Ofvexs (- eyfions)).

where ¢ is the Euler totient function and the implied constant is ineffective. In this case, for
e > 0, it follows that 6(z;q,a) > 0 for x < exp(¢°), and so the above method implies that

p(q,a) <c exp(q°).

However, under the Grand Riemann Hypothesis (GRH), it can be shown that [26]

p(g.a) < (¢(q) logq)*.

Moreover, the implied constant can be taken to be 1, as was shown in 2015 by Lamzouri, Li
and Soundararajan [13].

The unconditional bound provided by the Siegel-Walfisz theorem is exponential in ¢ and
this is far from that of GRH or even a large power of ¢. So, in 1944, it came as a big surprise
when Linnik [16, 17] unconditionally proved that there exist positive universal constants C'
and L such that

p(g,a) < Cq"

for any choice of coprime positive integers a and ¢. Furthermore, the constants C' and L
are effectively computable. One can be led to this breakthrough of Linnik, now known as
Linnik’s theorem, by the following estimates [8, Proposition 18.5, p. 441].

Assume that z > ¢*. Tt is known that at most one of the functions L(-,x) has a real zero
[ in its classical zero-free region. This zero is called a Siegel zero, and if it does not exist,
then

% A(n):m—i-()

n=a (mod q)

gl=co/10820)  glogg
( ¢(q) +q¢(q)>’
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where A is the von Mangoldt function. However, if the Siegel zero [ exists, then

= o(q)  o(@)B ¢(q) a9(q)
n=a (mod q)

where x; is the exceptional character mod ¢ for which L(/3,x1) = 0. In these two estimates,
the positive absolute constants ¢y and ¢ are effectively computable.
If logx < log g, then at the cost of slightly weakening the error term in the case where

a Siegel zero exists, we can compactly rewrite the aforementioned estimates as

2 Am)x*(n)+0

n<

(Il—cl/log@q) re—c2Viogw

o0 T e ) (0:2.1)

z | X'(a)

Aln) = — +

rgc o(q)  9(q)
n=a (mod q)

where ¢y, ¢y are two positive absolute constants and x* is the potential exceptional character.

Indeed, by adjusting the classical estimation of 3, ., A(n)x*(n) [19, Theorem 11.16, p. 378]

to the range v/log x < log ¢, we deduce that there is a constant C' > 0 such that [19, Exercise

2, p. 382]

ZA(n)X*(n> < m1—C’/1og(2q)

n<x

if L(-,x*) does not have a Siegel zero, and

P
gA(n)X*(n) =7 + O(xlfc/log@qv
when [ is the Siegel zero of L(-,x*). Throughout the text, we will be frequently referring to
(0.2.1) as Linnik’s estimate (since it is related to his celebrated theorem).
Linnik’s work on the bound of p(q,a) was later simplified, as was done by Bombieri in
[2], but the new proofs, including Linnik’s original proof, relied in one form or another on
the following three ingredients [8, Principles 1,2 and 3, p. 428]:

e The classical zero-free regions of L(-,x) for the characters x(mod g);

e A log-free zero-density estimate which is a strong bound on the total number of zeroes
of all L(-,x) in the rectangles {s € C:a <o < 1,|t| < T} for a € [1/2,1] and T > 1;

e The exceptional zero repulsion, also known as the Deuring-Heilbronn phenomenon,
stating that it is possible to enlarge the classical zero-free region when it contains a

Siegel zero.

Proofs that make use of these three principles can be found in modern treatments, like the

one which is presented by Iwaniec and Kowalski in their book [8, Chapter 18].
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In the last years, some more elementary proofs that avoid these tools have appeared. For
example, in 2002, such a proof was developed by Elliot in [5]. Later, in 2016, Granville,
Harper and Soundararajan [6] studied the distribution of multiplicative functions on arith-
metic progressions using the so called pretentious methods and as a consequence of their
general results, they were able to show a weaker form of (0.2.1) [6, Corollary 1.12]. In
turn, this estimate served as the stepping stone for another proof of Linnik’s theorem which
circumvented the combination of the three aforementioned principles. Another largely el-
ementary proof of Linnik’s theorem is presented in [11, Chapter 27] and a basic element
of the proof is a flexible variant of (0.2.1) [11, Theorem 27.2, p. 289] where every prime is
weighted with 1/p instead of logp. Even though the recent alternative approaches recover
Linnik’s theorem by more elementary means, they do not provide a simpler proof of Linnik’s
estimate (0.2.1).

This motivated the second project of this thesis, where we infer Linnik’s estimate (0.2.1)
by adopting a rather elementary approach that we developed in [20]. In particular, we will
show the following theorem which is the main result of the currently described project. Note
that it slightly improves Linnik’s estimate with a Korobov-Vinogradov-type term in place of
xexp{—cylogx}.

Theorem 2. Let ¢ > 1 be an integer and consider a real number x > ¢*. For any character
X mod q, we set

L(1x) =TI = x(p)/p)~".

We also define R, as the set of real, non-principal characters mod q and we take a character
Y such that Ly(1,%) = minyer, Ly(1,x). Then, for any a € (Z/qZ)*, we have that

_|_

¥(a)
2 VmAm) + 0 —20 o0

(
¢(Q) n<x

<x1—C’1/10g(2q) xe—Cz(log:c)?’/s(loglogx)3/5>
)

> A(n):@ﬂL

n<x
n=a (mod q)

where C7 and Cy are two positive absolute constants.

We may bound the sum Y, ., ¥(n)A(n) in Theorem 2 by referring to Theorem 1.6(a) of

[9]. Doing so, it follows that there exist positive constants ¢’ and ¢” such that

ST (n)A(n) < gt ~CEa10)/10s20) 4 geme"VicsT (0.2.2)

n<x

for all x > ¢%. The same theorem also provides information about the size of the quantity
L,(1,4) that is involved in the bound above. It is known that there exists a constant 6 € (0,1)

such that L(-,%)) has at most one zero 8 in [1 — §/logq,1). If such a zero does not exist, we
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set § =1—79/logq. In either case, Theorem 1.6(a) of [9] shows that L,(1,9) < (1 — ) logg.

Therefore, we arrive at the following consequence of Theorem 2.

Corollary 2. Under the considerations and assumptions of Theorem 2, we have that

T pl—a2lq(1,4)/log(2q) I’Gag\/@)
Aln)=—<+0 + :
> = g0y 5@

n=a (mod q)
for some positive constants oy, s and ag. Moreover, there ezists a constant § € (0,1) such
that L(-1)) has at most one zero B in [1 — §/logq,1). If such a zero does not exist, we put
f=1—0/logq and in any case, L,(1,4) < (1 — ) logg.

Remark. Note that the term ¢(q) 'a!=¢1/18(29) i5 absorbed by the first fraction in the
big-Oh term of Corollary 2, because L,(1,) =< (1 — 3)loggq < 0.

Remark. The term z!~¢Fa(1:¥)/10829) in estimate (0.2.2) leads to the first fraction of the
big-Oh term in Corollary 2. The size of this fraction might be comparable in size to z/¢(q).

Indeed, there might exist a sequence {g; }jen of moduli ¢ that correspond to zeroes

5.

/8' >1- J )

! log g;
where {d;},en is a sequence of real numbers converging to 0. This means that upon using
the fact that L, (1,1) < (1 — ;) logq; < d;, for z = ¢;!, no matter how large the exponent
A is, the aforementioned fraction is always of size ¢;'/¢(g;) up to some factors which are

positive absolute constants.

Remark. Even though Theorem 2 provides a refinement of Linnik’s estimate, our result in
not the best to date. In fact, the best error term to date is due to Thorner and Zaman. Their
recent work [25, Corollary 1.4] includes a slightly stronger error term where (loglog z)~3/° is
replaced by (loglogx)~'/®. One difference between our work and theirs is the set of methods
that are used. Their arguments fall in the realm of the classical approaches, as they are
based on non-trivial information about the zeroes of the functions L(-,x). Our techniques
are more elementary and avoid a “heavy” involvement of those zeroes. Besides that, they
achieve an error term which is almost as strong as that of Thorner and Zaman, and in
future work we hope to modify our methods to match their error term completely. Another
difference between our work and that of Thorner and Zaman lies in the term Y, <, ¥ (n)A(n)
when v is the exceptional character. In order to stay in the lines of the pretentious methods,
we only bounded this sum by using Theorem 1.6(a) of [9]. Thorner and Zaman used the

explicit formula for it and showed that in the range z > ¢'?, the sums 3, =4 (modq) A7)
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are asymptotic to A\z/¢(q), where A\ = 1 — x1(a)x’~/3 and f is the corresponding Siegel

Zero.

We prove Theorem 2 in Chapter 4. Its proof borrows ideas from the pretentious large sieve
that Granville, Harper and Soundararjan developed in [6]. It is also inspired by techniques of
Koukoulopoulos from his work on bounded multiplicative functions with small partial sums

[9]. These are techniques that we use in a similar fashion for the first project.

0.3. Organization of the thesis

Chapters 1 and 2 include all the preliminary results required for the proofs of Theorems
1 and 2. The objective of Chapters 3 and 4 are the proofs of the main theorems of this
dissertation. Chapter 3 has three sections. In the first one, we ouline the proof of Theorem
1. The second one is centered around the proof of a single result, that of Proposition 3.2.6.
The reason for this is that the estimate of Proposition 3.2.6 will be the main input in the
first step of the proof of Theorem 1. In the last section of Chapter 3, Section 3.3, we finally
give the proof of Theorem 1. Chapter 4 is basically the proof of Theorem 2 which is broken
down into Lemmas 4.2.1, 4.2.2 and 4.2.4. In the beginning of the chapter we also included a
short section where we explain the main ideas that lead to the proof of Theorem 2 through

these lemmas.
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Chapter 1

Background material

In this chapter, we have categorized standard number theory knowledge that is used
throughout the text.

1.1. Summation formulas

Partial summation [1, Theorem 4.2, p. 77| is one of the most basic and widely used tools
of analytic number theory. Its power lies on the fact that it can provide useful, non-trivial
information for sums of the form Y, ., a, f(n) when f is smooth and the partial sums of the

complex numbers a,, are well undertood.

Lemma 1.1.1 (Partial summation). Let x > y be two positive real numbers. Let {ay}nen
be a sequence of complex numbers and define its summatory function as A(u) = 3 ,<, @y for
u > 0. If the complex valued function f is continuously differentiable on an open interval

containing (y,z|, then

> anf(n) = A@)f(@) = AW ) - [ AW (Bt
y<n<w y

Partial summation can be easily proven using the Riemann-Stieltjes integral. As a matter
of fact, sometimes, instead of using partial summation right away, it is more convenient to
turn our sum of interest into a Riemann-Stieltjes integral, because we can then estimate the
sums by deploying properties of the Riemann-Stieltjes integral, like integration by parts. We
will do this in the proof of Lemma 2.1.3.

Apart from partial summation, another useful summation formula is the so called hyper-
bola method [1, Theorem 3.17, p. 69]. It originates from a lattice-counting idea that Dirichlet
used in order to estimate the sums >, ., 7(n) of the divisor function 7 up to an error term
O(y/x). In fact, Dirichlet arrived at his estimate by symmetricaly counting the lattice points

under the hyperbola ab = x of the (a,b) cartesian plane. This also explains the name of the



method. The hyperbola method allows us to estimate sums of Dirichlet convolutions f * g

when there is information about the partial sums of f and g.

Lemma 1.1.2 (Dirichlet’s hyperbola method). Let f and g be two arithmetic functions. If
F(u) =Y ,<, f(n) and G(u) = X<, 9(n) for u >0, then, for z,y > 0, we have

S (fxg)n) =3 f(n) ()+Zg () F(y)G<x>.

n<z n<y n<z/y Y

1.2. Prime number results

In this section, we record some classical theorems about prime numbers. We begin with
four estimates of Mertens [11, Theorem 3.4, p. 40]. The first two are pretty much the same,

but written in a different form.

Theorem 1.2.1. If v =1— [[°{t}t"2dt is the Euler-Mascheroni constant, then, for v > 2,
we have
A(n)

(a) Z = logz + O(1);

n<

) P gt 0(1);

Pz
1
(c) > ==loglogz+c+O(1/logz), wherec is a constant;
p<w
@ Tl <1 - 1) = £ (1+0(1/log )
e P log ’

We now define the prime counting function 7 and Chebyshev’s functions 6 and . For
r > 1, they are given as 7(x) = #{p < z},0(x) = X<, logp and Y(z) = X, <, A(n).

Theorem 1.2.2. For x > 2, we have that
(a) w(z)=<x/logx;
(b)  ¥(x) = x;
(c) W(x)="0(z)+O0(x).

Proof. For part (a), see [19, Corollary 2.6, p. 49], and for part (b), see [19, Theorem 2.4,
p. 46]. Finally, for part (c), the reader is advised to see [19, Corollary 2.5, p. 49]. O

The first two parts of Theorem 1.2.2 are known as Chebyshev’s estimates. However,
the Prime Number Theorem (PNT) provides strongest distributional information about the
primes than these estimates. We state PN'T with the best error term to date which is due
to Korobov and Vinogradov [8, Corollary 8.30, p. 227].
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Theorem 1.2.3 (Prime number theorem). If x > 2, then there exists an absolute constant
¢ > 0 such that

Y(z) = 2 + O(x exp{ —c(log x)**(log log ) "1/°}).

This form of PNT was also proved by Koukoulopoulos [10] by more elementary means. So,
it may be viewed as a number-theoretic result that can be deduced by simpler methods, the
so called pretentious methods.

We close the current section with a variant of the Brun-Titchmarsch inequality [11,

Theorem 20.1, p. 206] about prime numbers in short arithmetic progressions.

Lemma 1.2.4. Let ¢ > 1 be an integer. For a € (Z/qZ)* and x >y = 2q\/x, we have that

X A<

n=a (mod q)

Proof. Note that A(n) < logz for n < x. Hence,

> An)<logz > 1+ logp. (1.2.1)

T—yY<n<z T—yY<p<T pkgz
n=a (mod q) p=a (mod q) k>2

In virtue of Theorem 1.2.2(c), we have that

=yx) —0x x L. 2.
p%logp—w() f(z) < f<<¢(q) (1.2.2)

Now, since z > 2¢+/z, it follows that z > 4¢?, and so we have that y > 2¢/z > max{4¢*2\/x}.
Thus, log(y/q) = (logy)/2 and log y < log z. Consequently, the Brun-Titchmarsh inequality
[11, Theorem 20.1, p. 206] yields

Y )

1< < . 1.2.3
L S s € oaos 129
p=a (mod q)
We insert (1.2.2) and (1.2.3) in (1.2.1) and this finishes the proof. O

1.3. Dirichlet characters

This section is a brief discussion on the notion of Dirichlet characters. First we see their

definition and then we state one of their basic properties as well as a useful lemma.

Definition 1.3.1. Let ¢ > 1 be an integer. We call a function x : Z — {z € C: |z] < 1} a

Dirichlet character modulo ¢ if
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(a) x is g-periodic, that is, x(n + ¢) = x(n) for all n € Z;
(b) x(n) =0 if and only if (n,q) = 1;
(c) x is completely multiplicative, meaning that x(mn) = x(m)x(n) for all m,n € Z.

There are ¢(q) characters modulo ¢ [1, Theorem 6.15, p. 138] and one of them is called

principal:

Definition 1.3.2. Let ¢ > 1 be an integer. The Dirichlet character yq for which yo(n) =1

for all (n,q) = 1 is called the principal character modulo q.

An important property of the Dirichlet characters which detects integers in arithmetic

progressions is the following orthogonality relation [1, Theorem 6.16, p. 140].

Theorem 1.3.1 (Orthogonality relation). Let ¢ € N. For a € (Z/qZ)* and n € Z, we have

1 _
7N = ]lnEa mod q) -
(@) X(I;Miq)x(n)x(a) (mod g)

We now prove a lemma which will be needed multiple times in the proof of Theorem 2.

Lemma 1.3.2 (Parseval’s identity). Let {c, }nen be a sequence of complex numbers. If the

series Y. ,>1 anx(n) converges for all x (modq), then

2

=o(q) >

a€(Z/qL)*

2

S a

n=a (mod q)

>

X (mod q)

> anx(n)

n=1

Proof. Let N be a positive integer. For any a € (Z/qZ)*, Theorem 1.3.1 implies that

x(a)

=S > anx(n).

n;v ¢(q) ,Z;v
n=a (mod q)

Consequently, since the series Y5, o, x(n) converges for all x (modg), it follows that the

Series Y- ,=q (modq) O CONVErges too.

Now, applying Theorem 1.3.1, we conclude that

2

= Y an@, > x(m)x(ne)

n1,m2<N X (mod q)

= ¢(Q> Z Qp,y Ol

n1,m2<N
ni1=n2 (mod q)

=@ X (X a)( X aw)

a€(Z/qZ)* nm <N naSN
ni1=a (mod q) na2=a (mod q)

>

x (mod q)

Z anX(n)

n<N
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2

S al.

n<N
n=a (mod q)

= o(q) >

a€(Z/qZ)*

We let N — oo at the first and last line and this finishes the proof of the lemma. OJ

1.4. Multiplicative functions

A characteristic example of a multiplicative function is the m-fold divisor function 7,,,
where m € N. It is defined as 7,,(n) = >_g,..q, —, 1 for all n € N, For n = 2, we write 75 = 7
and this is the divisor function which counts the number of divisors of a positive integer. For
s € C with Re(s) > 1, the Dirichlet series of 7,, is (", where ( is the Riemann zeta function.

The values of 7, on prime powers are (by a reasoning similar to the one that we developed
in Remark 1)

T (P*) = (m +:_ 1>. (1.4.1)

Lemma 1.4.1. If m € N, then for all n € N, we have
(a)  m“™ < 7p(n) < mi™:

(b)  Tm(n) Lcmn® forany >0

Proof. (a) Since the functions m“, m® and 7, are positive and multiplicative, it suffices to
show that m < 7,,(p*) < m* for any prime p and every integer k > 1. Since 7,,(p) = m from
(1.4.1), the inequalities are trivially true when k& = 1. Now, let us assume that k& > 2. Then,
note that m+k—j > 1+k—jfor j € {1,--- ,k—1}. Hence, using (1.4.1), we deduce that
m+k—j > m

1@<b4]’%k_j

It now remains to show that 7,,(p*) < mk. Since

m+k—j L m—1
L+k—j5 1+k—j

the fractions of the left-hand side are increasing in j, and so, for j < k, the largest fraction
corresponds to j = k. Therefore, we obtain that (m+k—j)/(1+k—j) < m, and combining
this with (1.4.1) gives

k m+k—j k
(") = [ ——5— <mh
1Sjew LHR =]

This completes the proof for the first part of the lemma.
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(b) Let € > 0. We prove this part by induction on m. The base case is [24, Cororllary
1.1, p. 81] and we will use it with ¢/2. Now, assume that 7,,_1(n) <., n*/%. Upon noting
that 7, = 7,—1 * 1, we deduce that 7,,,(n) < 7(n) maxgp, (7m-1(d)) for all n € N. So,

Tm(ﬂ) <<s,m T(n) Hclan d5/2 <<5,m nE/Q . na/z _ ng’

and this concludes the proof of part (b) too. O

For m = 2, a stronger inequality than that of Lemma 1.4.1(b) follows from the maximal
order of log7 [24, Theorem 2, p. 82] which implies that max,<,log7(n) < logz/loglogx
for x > 2. If we put this bound together with the inequality 2 < 7 (from Lemma 1.4.1(a)),

then we infer the following lemma.
Lemma 1.4.2. For x > 2, we have w(n) < logx/loglogx for all positive integers n < x.
Asymptotics for the partial sums of 7, are also known [11, Theorem 7.4, p. 76].

Theorem 1.4.3. Let x > 1 and let m € N. There exists a real number n = n(m) € (0,1)
such that

m—1
S () = Y g m(logz) + O(),
n<x =0
where o, are real numbers that depend at most on i and m for i € {0,--- ,m — 1}, and

i = 1/(m — 1) .

Apart from all the above results about the divisors functions, let us also recall a classical

estimate regarding the Euler totient function ¢ [24, Theorem 4, p. 84].
Lemma 1.4.4. For a positive integer n > 2, it is true that ¢p(n) > n/loglogn.

In the case of the divisor functions, we have asymptotic formulas for their partial sums.
In general, asymptotic formulas constitute a very precise piece of information and some-
times weaker information, such as that of an upper bound, is sufficient. The next theorem
[11, Theorem 14.2] allows us to bound the partial sums of a non-negative, divisor bounded

multiplicative function f rather easily, by using only its prime values f(p).

Theorem 1.4.5. If f is a multiplicative function such that 0 < f < 1 for some positive

integer k, then

S

n<x p<T
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Example 1.4.1. For y > 1, if we take f = 1p-()>, in Theorem 1.4.5, then by referring to

Theorem 1.2.1(c), we obtain the estimate

O(zy) =#{n<z: P (n)>y}t K (1.4.2)

log Y

A stronger version of Theorem 1.4.5, where the partial sums are shorter and are taken

over an arithmetic progression, was proven by Shiu [23].

Theorem 1.4.6. Fiz m € N and € > 0. Given any choice of ¢ € N,a € (Z/qZ)*, real

numbers x =y = 1 with y/q > z° and a multiplicative function f such that 0 < f < 7, we
have that

R

r—y<n<z p<T
n=a (mod q) Pl

1.5. Sieve theory: Two fundamental lemmas

Sieve theory is a field of number theory that deals with the size of sets of integers whose
prime factors avoid a prescribed set of primes. One of the most important results in this
field is the next theorem which is also known as the fundamental lemma of sieve theory. A
proof of this theorem [11, Theorem 18.11, p. 190] may be found in [11, p. 196].

Theorem 1.5.1 (The Fundamental Lemma of Sieve Theory). Let A = {a,}nen be a se-
quence of non-negative real numbers with 3,1 a, < oo and let P be a set of primes. Let

also y > 1 be a real number and set P(y) := [1,<,. pepp- We define

S(A,P,y) = Z Qs

(n,P(y))=1

and for d | P(y), we put

Ad = Z Q.

din

If there exists a non-negative multiplicative function v, some real number X , remainder terms

rq and positive constants k and C' such that v(p) < p for all p | P(y),

Ay =X @—i-rd forall d| P(y) and

1 C
11 <1—> <ng2> ( ) for 2 <w <ws <y,
beP log w, log w-

w1 <pKw2
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then, for every real real number uw > 1, we have that

SAPy) =X [] ( p)>(1+0 c(u™?)) ( > Irdl)

plP(y) d|P(y)
d<y"

The last result [11, Exercise 19.4(b), p. 204] of the section may be seen as a variant of
another classical form of the fundamental lemma of sieve theory [11, Theorem 19.1, p. 195].

It is a variant that contains logarithmic weights.

Lemma 1.5.2. Let k,k and C be positive constants and let also z > 2,P C {p < z}, P(y) =
[peppeyp for ally < z and u > w, = 1+ 2/(e"*/* — 1). Suppose further that v is a
multiplicative function such that 0 < v(p) < min{k,p} for all p € P and

-1 K
1 C
I <1_V(p)> g(og“”) (1+ ) for 2 <wy < w,.
peP, p logwy log un

w1 <pKw2

There exist two arithmetic functions A~ and AT such that
° )\i( ) =1, |)\i|

o supp(A*) C {d | Hpepp d <

o (1xA7)(n) < L¢.peyp=1(n) <

> )\i(d)y(;ll)(logd)’“ ¥ /L(d)u(dc)l(logd)erOnk <logz u/2H< p))))

d|Hpe7>p lepePp peP P

2}
(L AT)(n) for alln € N and

for every r € N.
Proof. First we show the following claim and then we use it to prove Lemma 1.5.2.

Claim 1. Let v* be a multiplicative function such that v*(p) = 1 for p| P(2ke) and v*(p) =
v(p)p'/1°8* when p € P N (2ke, + o). Then

3 p(d)v(md)(log(md))"

d|P(y) d

i (log 2)"v*(m) ] (1 - ”*(p>>, (1.5.1)
)

for all y € [2,2] and for all m | [T,ep sy P-

Proof of Claim 1. Let y € [2,z]. For any s € C with |s| < 1/log z, we may use Theorem
1.2.1(b) to easily show that

m(1-42)
pEPN(2ke,y) p

=, H)<1 - ”(p>>, (1.5.2)

p|P(y p
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upon noticing that p* =1+ O(logp/ log z) and that |v(p)/p'~%| < 1/2 for p € [2ke,z] N P.
We now consider the function g : C — C with

o(s) = m’ H)(l ) s Mdrdmdy o

PPy d|P(y) d

p'-

For r € N and m | [],ep >, P, Cauchy’s residue theorem implies that

— (m)lg"(0) ] [

I(-52)

<i (log 2)"v(m)mme= 11 (1 - ”<p)>. (1.5.3)

p|P(y) p

p(d)v(md)(log(md))"
2 i

d|P(y)

r+l ‘

<, (log z)ry(m)m@ max
|s|=1/log =

For the last estimate we first noted that | [Ty pare) (1 — v ()p*™")| < Tl pake) (1 +kpR 1) <
(ke (1 4 kp™/ 1955 71) < Tlpcore(1 + kp'/1°8271) =: ¢3(k) and then we used (1.5.2).
Applying (1.5.2) with s = 1/log z, it follows that

H)<1_y*(p)>: 11 (1—1) 11 )(1—”1”) ka)<1_”(P)>_ (15.4)

p|P(y p p|P(2ke) p pEPN(2ke,y p|P(y p

The term [T, p(ake) (1—1/p) was absorbed in the implied constants, because c4(k) := [Tp<ore(1—
1/p) < Ippeke (1 —1/p) < 1. We make use of (1.5.4), and so (1.5.3) becomes

p(d)v(md)(log(md))’
2 i

< (log 2) v(m)mes= [ (1 - ”*(p)) (1.5.5)

d|P(y) p|P(y) p

At this point, we write m = mymsy, where my = [[,; p<oke P and ma = [L,m p>oke P- For the

positive integer m; we have

1 2ke

1
0 < v(m) < H v(p) < k* and mT < mp? < (2ke) ez,
plm,p<2ke

Thus, v(m)mY 8% < v(ms)my "% = v*(m), and combining this inequality with (1.5.5),

we arrive at the estimate (1.5.1). So, the claim has now been proven.
Since p < z for any prime p € P, if p € P N (2ke, + o0), then v*(p) < ke < p/2. On the

other hand, if p € P and p < 2ke, then v*(p) =1 < p/2 as well. So, 0 < v*(p) < p/2 and v*
is bounded on the primes p € P. Now we use the inequalities 0 < v*(p) < p/2 for all p € P
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and Claim 1 to prove that

5 Mdr(@losdy _ 5 u(d)u(dc)l(logd)r o, (k)gz “”H( @)))7

d
d|Hp€pP d\HPEPp peEP p

where A\* are arithmetic functions satisfying the conditions mentioned in the statement of
the lemma. The proof of the lemma will then be complete, since one may replace v* by v in
the big-Oh term by using (1.5.4) with y = 2.

First, let us put f = v -log” for simplicity. The construction of the functions A\* is
described in [11, Chapter 19]. The proof of the last aforementioned equality is along the
same lines as the proof of Theorem 19.1 in [11]. One only has to make minor notational
changes and rename the y;’s to z;’s and redefine V' (y) as

Z p(d )
d

d|P(y)

They also have to redefine V,, as

Vi — 3 1 3 W) f (1 - - pmd)

Zm<pn<.<pi<z P17 Pn qpp,) d
P1--es pn€P
pi<z; (i<n,i=n(mod 2))
Then, in an analogous way as in [11, Theorem 19.1], we have that
AT(d)f(d)
Vi(2) = > p =—> Vo, (1.5.6)
d|Hp€7’p ]>J
for the integer J which is defined in [11, Chapter 19, p. 195, 197]. Furthermore, since

Zn < Pn, using (4.2.3), we deduce that

V| <o (log2)" > v (p1) - v*(pn) 0 )(1 - V*(p))

2n<pn<...<p1<z pl o p?’l p|P(pn p

<<r,k (IOg Z)r H <1 o Vk@) Z V*(p1> - V*(p")

P|P(zn) P /) z<pn<o<p<z P17 Pn
P1yeeey anP

ik (107%!2){ I (1_”*(?’)).( 3 ”*(p)>n. (1.5.7)

p|P(2n) p PEPN(2n,7] p

In the last step we applied the Erdos trick to drop the ordering condition from the sum of
the second line. Now we can simply use (1.5.6) and (1.5.7) and follow the proof of Theorem
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19.1 of [11] to show that

v AAU@osd) _ g~ pdrdlosdy (W /H( ;m))_

lepePp d d‘HpePp d

The proof for the function A~ is similar. Its only difference is the use of the identity

Vi(z) = > => Vas

d|Hp€Pp j>J

A+(d

in place of (1.5.6).

43






Chapter 2

Auxiliary results

In this chapter, we state and prove some results which will be essential for the proofs of

Theorems 1 and 2.

2.1. Asymptotics of sifted sums

This section includes estimates on sifted sums of several arithmetic functions. The first

two are useful for the first project of the thesis.

Lemma 2.1.1. Let D € N and set kp = [I,<ps p. There exists a real number ¢ = c¢(D) €
(0,1) such that

D—

> DS Z a;.p(log x)" + O(z'~°) (2.1.1)

n<x 1=0
(n,kp)=1

for some constants a; p that depend at most on i and D.

Proof. We write 1(.,)=1 - D% = 1p % h, where h = 7_p * (L kpy=1 - D®) and 7_p is given

by the coefficients of the Dirichlet series of ((s)™” when Re(s) > 1. The values of 7_p can

be easily computed by the argument that we saw in the beginning of Remark 1. Now, if
< D3, then h(p”) = 7_p(p”). Hence, by (1.4.1),

(™) -1 (77 )5) - o e

i p’? j J p’?
p<D3 \j=0 p<D3 \j=0 p<D3

The product of the leftmost side is an entire function of s as a finite product of entire
functions. Furthermore, each of the series in the product is absolutely convergent for o > 0,
because [p~*| = p=° < 1 and the radius of convergence of the power series of x — (1 — z)”

equals 1. Therefore, the finite product of the leftmost side of (2.1.2) is absolutely convergent



for 0 > 0. If p > D3, then note that h(p) = 0 and

z k—D—1 1\”
:D”ZD‘“( ):D”(l—D> +O0(1) < DV for v>=2.
K

The second equality may be justified by using the Taylor expansion of order v for the
function z +— (1 — z)? when |z| < 1. Consequently, for p > D3 and o > 5/6, we have
that Y01 [h(p)p™7%] < Xsa(D/p7)Y < 3o p 0713 < p=20=1/3) Since 2(0 — 1/3) > 1,
when o > 5/6, we conclude that the product

I (")

]8
p>D3 \j>0 P

is absolutely convergent in the half-plane Re(s) > 5/6 and it thus defines an analytic function

of s in this region. Combining all the above conclusions, we infer that the Euler product

s =11 (2"

p 720 p

is absolutely convergent and an analytic function of s when ¢ > 5/6. So, the same hold for
its Dirichlet series H(s) = Y51 h(n)n™*.

Now,

S DM =3 1p(a) > hb)+ X h(b) Y To(a), (2.1.3)
(k=1 VI Vst b/ asalt

and let S; and S5 be the left and right sums of the right-hand side, respectively. Let also
G(s) = Yps1 |h(n)n~° for o > 5/6.
For S;, we apply Rankin’s trick twice and obtain

151 < ) mla) > (;)7/8’h(b)| <$7/8G<;> > 7’@[)7(/:30)

a</x Vz<b<z/a a<y/x
7 V6 7p(a) 7 725\
o), () <o)
xr 3 a;/g a a7/8 8 C 24 x ) ( )

where at the end we used the Dirichlet series of 7p which is (.
We continue by bounding S;. In this case, we make use of the asymptotic formula of
Theorem 1.4.3 and get that

Sg—xZazDZ<> logz)! 3 h(b)(_éogb)i ( DY |bl X ) (2.1.5)

b<v/x b<y/z
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We have that

b>/z b b>/x b o>z bt
1/24
X () <o(e
and so
3 h(b)(—lljog bt HEO(1) + Oz, (2.1.6)

b<vT
If we define ¥ :=1—11/(12n) < 1, then one last suitable application of Rankin’s trick gives

- | ( - Ih<b)| 2(1—9/2 11N\ 1.,
1y By ()R oy B0 <o(g)e

b</T b<vT b</T

We insert (2.1.6) and (2.1.7) into (2.1.5) and we combine the result with (2.1.3) and
(2.1.4). This completes the proof of the lemma. O

Lemma 2.1.2. Let t € R and set V; := exp{100(log(3 + [t]))**(loglog(3 + [t]))'/3}. For
r =z >V, we have that

pltit 1 xl—l/(SOlogz)
1—- O(— .
el () o)
(n)>z

Proof. See [9, Lemma 3.1]. O

Lemma 2.1.3. Given a g € N, let x be a Dirichlet character modulo q. For j € NU {0}

and any real numbers x >y > (10¢)'%°, we have

@ ; 1 (log )7zt —+/ 1oy
Ylogn) = 1,_,, - /1otﬂdt> (1—>+0< ,
T wimfog o ([ om0 1(i-; e
P~ (n)>y

where xo s the principal character modulo q and k > 0 is an absolute constant.

Proof. For any w > y, application of [11, Lemma 22.2, p. 224] with ¢t = 0 gives

1
Y ox(n) =1y, w]] (1 - ) + Ry(w), (2.1.7)
n<w Py p
P~ (n)>y
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where R,(w) < (logy) tw!=%/18¥ for some constant x > 0. Using the Riemann-Stieltjes

integral, we have

> x(n lognjf/ (logt)! ( > x(n ) (2.1.8)

n<x n<t
P (n)>y P (n)>y
=Ty - (/ (logt)]dt> 11 (1 - ) +/ (log t)?dR,(t).
Y P<y p Y

Now, if © > y* for some large A > 0, so that y < a'™%/1°82 L g!1=#/1%8Y then a simple
integration by parts implies that
(log x)Igt=r/losy j

_|_
logy logy Jy

(log )7~ 1¢="/leev s,

/ “(log ) dR, (1) <

But, since

J / (logt)/~1t=r/Tevds < jot=r/losy / (Ogt)d (log 2:)7 '~/ 108Y
Y 1
we deduce that
(log )7zt —+/ oy

logy

/ “(log t)dR, () < (2.1.9)

We insert (2.1.9) in (2.1.8) and complete the proof of the lemma when x > y*.

It only
remains to establish the lemma in the case y < # < y*. In this case, logz/logy =< 1, and so

applying Example 1.4.1, we have that

: r(logz)  (logx) xt=r/losy
x(n)(logn)’| < (logx)’ 1< <
n;g ) Eﬁ logy logy
P~ (n)>y P=(n)>y

This means that the lemma does hold in the range y < « < y* as well and this finishes the
proof. O

We close the section by establishing an asymptotic for the sifted partial sums of (logn)?
on arithmetic progressions. The following lemma, as well as Lemma 2.1.3, are only required
for the proof of Theorem 2.

Lemma 2.1.4. Let j be a non-negative integer. For any q € Nya € (Z/qZ)* and real

numbers x =y = 2q, there exists a constant X > 0 such that
) 1 x ) 1 1 Jpl=X/logy
S (logn) = (/ (1ogt)ﬂdt> 11 <1 - ) +o<( og )’z ) (2.1.10)
n<z, P~ (n)>y QS(Q) Y Py p ¢(q) log Yy
n=a (mod q)
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Proof. Let A > 0 be a sufficiently large real number. We are going to prove the lemma
separately in the ranges r > y4 and y < x < y*.

First, we start with the case x > y“. In this case, we will apply Theorem 1.5.1 with
P={p<y,ptq}and A= {a,},en, where

(logn)?, when n < x and n = a (mod q)
ap =
0, otherwise.

Observe that

S(APy)= >  (logn)’.

n<z, P~ (n)>y

n=a (mod q)
Consequently, with the chosen sets A and P, an application of Theorem 1.5.1 will provide
an asymptotic formula for the sums of interest at the right-hand side.

Now, let d be a positive integer dividing [],<, ,,P- Because of the chinese remainder
theorem, the system of linear congruences n = a(modgq),n = 0(modd) is equivalent to
n = a* (mod qd) for some a* € (Z/(qd)Z). Since ¥, <, n=a* (modqa) 1 = ¥/ (qd) + O(1), partial
summation implies that

Ag = Z (logn)’ = Z (logn) = qld{x(log r) —j /lx(log t)jldt} + O((log x)7)

n<z,dn n<w
n=a (mod q) n=a* (mod gd)

_ qld/lx(logt)jdt + O((log x)). (2.1.11)

Therefore, following the notation of Theorem 1.5.1, we have X = xq~! [ (logt)/dt, v(d) = 1
and rq = (logz)’ for all d | [T <, y,p- Then Theorem 1.2.1(d) implies that we may choose
x = 1 and some large C' > 0 in Theorem 1.5.1.

For u = elogz/(Alogy) > e, note that

XL (1) < 0 gy () e [ )

p<y plq p q Py p plg p
(log x)7 '~/ 18y ( 1)
¢(q) pgy p
1 Jpl1=A/logy
(log z)'a (2.1.12)
¢(q)logy

for some A € (0,e(2A)7!]. At the last step we applied one of Mertens’ estimates (Theorem
1.2.1(d)). Furthermore, with P(y) = [I,< pig P and the choice of u that we made, we have
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that

dfra < Y ra < 2 (log x)? < x*/*(log z)'~*
d|P(y) d<y*
d<y1z

(log I)jx(Qe—i-l)/A (log x)jml_)‘/ logy
o(g)logy  —~  o(g)logy

where we passed from the first line to the second by using the inequality /4 >y > 2¢ >
#(q). The last step follows from the fact that A is sufficiently large.
Combination of (2.1.12) and (2.1.13) with Theorem 1.5.1 yields

S (logn) = 1€]</1$(1ogt)jdt> 11 (1 - ;) +O<<logx)jxu/bgy>. (2.1.14)

n<z, P~ (n)>y Qb( ) p<y ¢(Q) log Yy

n=a (mod q)

(2.1.13)

But, [T,<,(1 — 1/p) < (logy)~* by Theorem 1.2.1(d), and
Y X ) ' 1
/ (logt)’dt < y(log z)? < (log l,)]xl—)\/ o8y,
1

since x > y# with A sufficiently large. Hence, relation (2.1.14) implies (2.1.10) in the range
x>yt
When y < r < y*, a similar argument as the one that we developed at the end of the

proof of Lemma 2.1.3 shows that

) 1 Jrl1=X/logy
> (logn)y <« (logz)'w
n<z, P~ (n)>y ¢<q) IOg )

n=a (mod q)

and the proof of the lemma is complete. O

2.2. Bounds for sifted L — Dirichlet series

Let us consider a real number y > 1 and a positive integer ¢q. For s € C with Re(s) > 1,

we define the y-rough Dirichlet series of a Dirichlet character y modulo ¢ as

x(n) s
Ly(sx) = > =7 =L{sx) [TQ = xp)/p). (2.2.1)
n>1 P<y
P~ (n)>y
In (2.2.1), the series is absolutely convergent and its rightmost side implies the meromorphical
continuation of L, (-,x) on the whole complex plane (with one pole at 1 only in the case of

the principal character xq).
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The present section constitutes a collection of some existing upper and lower bounds for
the values of a y-rough Dirichlet series. We will use all these bounds in the proof of Theorem
2. The theorems listed below are stated without their proofs, as they are already part of the
literature. We only provide a reference for each one of them. To simplify their statements,

we will use the notation
V; == exp{100(log(3 + |¢]))*3(log log(3 + [t]))/3}, (t € R)

which was introduced in Lemma 2.1.2.
We start with the following theorem [10, Lemma 4.1] concerning an upper bound for the
derivatives of L(-,x).

Theorem 2.2.1. Let q be a positive integer and x be a non-principal character modulo q.
Let also j € N and s = o0 + it with o > 1 andt € R. Fory > qV;, we have that

1LY (s,x)] < jU(Clogy),
where C' > 0 is an absolute constant.
The next result [10, Lemma 4.2] equips us with lower bounds for L,(s,x).

Theorem 2.2.2. Fix a positive integer q and let x be a character modulo q. Let s = o + it
with 0 > 1 and t € R and consider the real number y = qV;.

(a) If x is not real, then |L,(s,x)| > 1.

(b) If x is real and non-principal, then |L,(s,x)| > L,(1,x).

The last result of this section is a theorem [11, Lemma 27.5, p. 291] that deals with the
size of L,(o,x) for 0 > 1 when x # 1, where v is defined as in the statement of Theorem 2.

Theorem 2.2.3. Let g be a positive integer and let Ry be the set of real, non-principal
characters modulo q. If we take a character ¥ such that Ly(1,) = minyer, Lq(1,x) and

C, = {x (modq) : x # x0,%}, then |L,(o,x)| <1 for all x € Cp,y = q and 0 > 1.

2.3. Mean value theorems

We open this section with a mean value theorem of Montgomery [18, Thoerem 3, p. 131].

Lemma 2.3.1. Let A(s) = Y51 a,n° and B(s) = Y,51b,n"° be two Dirichlet series
which converge for Re(s) > 1. If |a,| < by, for alln € N, then

T T
/ |A(a+it)\2dt<3/ |B(o + it)2dt,
=T =T

o1



for any o > 1 and any T > 0.

Now, we prove a mean value theorem for the derivatives of the Dirichlet series

Z A(n)
n=a (mod q) n°
P~ (n)>y

Lemma 2.3.2. Consider an integer ¢ > 1 and a real number y > 16¢*. For j € NU{0},T >
1,0 €(1,2) and a € (Z/qZ)*, we have

/t|>T

Proof. First, for k € NU {0}, because of Lemma 2.3.1, we observe that

k+1/2 An)(loen)? |2 1/2
[0y AmEa- [Py
k=1/2 | =4 (mod q) n /2=, (mod q)
P (n)>y P~ (n)>y

1/2
3
—-1/2

“dt _ (log4)'(2))!

An)(ogny
2 7 o - DT

na'+it

n=a (mod q)
P (n)>y

A(n)(log n)in=i |

ncr+it

dt

A(n)(logn)’

nUJrit

2
dt.

n=a (mod q)
P (n)>y

Consequently,

/|t|>T

2 dt
t2

A(n)(logn)’

na-l—zt

Z A(n)(logn)!

no-l—zt

k+1/2
2dt < Z /
k

n=a (mod q) t2 |k|>T—-1/2 —1/2 =a
P~ (n)>y P-

k+1/2

s4 Z k:2/k 1/2

|k|>T/2

< < 2 132) '/—11//22

k>T/2

1/2
<3/

T J-1/2

Now, we focus on estimating the integral at the last line of (2.3.1). We will do this by
adopting the rather standard technique which is used for proving similar mean value theo-
rems. We consider the function ® : R — R given by the formula ®(x) = (27 sin(z/4))*z 2
for all 2 € R* and ®(0) = n2/4. Notice that ®(z) > 1 on [—1/2,1/2]. So, if ® is the Fourier

A il?
(n)(1og n) ’ y
na—l—zt

n= a(modq)
P (n)>y

notit

5 Aln)logn) ‘ iy

n=a (mod q)
P=(n)>y

A(n)(logn)? [*

na—i—it

dt. (2.3.1)

n=a (mod q
P~ (n)>y
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(2.3.2)

transform Of (I), then
A(n)(logn)? |*
(n)(logn) b(t)dt

1/2 Aln)(1 i?
/ —(n)gffn) di < / > ot
—1/2 n=a (mod q) n R n=a (mod q) n
P~ (n)>y P=(n)>y
A(n)A(n)(logm)’ (logn)? ~
B Vi U P
— m-n

m=a (mod q)
n=a (mod q)

m),P™(n)>y

—~

-
where we arrived at the last line by expanding the square and by interchanging the order of

summation and integration. The Fourier transform & is an even function, because & is also

even. Therefore, we may bound the last line of (2.3.2) by twice the sum
A(n)A(n)(1 (1 I
(n)A(n)(ogm)'logn) &g (/o). (2.3.3)

Z mO'nO'

m=a (mod q)
n<m,n=a (mod q)
P=(m),P~(n)>y

The Fourier transform @ is continuous and compactly supported on [—1/2,1/2]. Moreover,
for n < m, we have that |n —m| < mlog(m/n). Therefore, the sum (2.3.3) is smaller than

or equal to
> A(m)(logm)? 5 A(n)(logn)’
m=a (mod q) m? n<m,|n—m|<m/2 ne
P~ (m)>y n=a (mod q)
A(m) (log m)”
< Z m20 Z A(TL)

m=a (mod q) m/2<n<m

P~ (m)>y n=a (mod q)

1 A(m)(logm)*
< Z ( )(20%1 )
Qb(g) m=a (mod q) m
P=(m)>y

For the last estimate we made use of Lemma 1.2.4. Its application was allowed, because

A(1) = 0, which means that the condition P~(m) > y implies m > y > 16¢%, which in turn
gives that m/2 > 2¢\/m. According to all the above, relation (2.3.2) becomes
1/2 A(n)(logn)i | 1 A(m)(logm)¥
/ yo Aloanffy, o 1 s~ Alm)logm) (2.3.4)
—1/2 | n=q (mod q) n ¢(q) m=a (mod q) m
P~ (n)>y P(m)>y
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We continue by bounding the sum of the right-hand side of (2.3.4). By decomposing this

sum in dyadic intervals, we get that

A(m)(logm)¥ , r2
Z m20’—1 < <10g 4)J Z 27’(20’—1) Z A<m)
m=a (mod q) r>logy/log2 2r<m<2rt1
P~ (m)>y m=a (mod q)

(log 4)7 r2
< o(q) 24“"‘”’

r=0

where we applied Lemma 1.2.4 for the last step, because 2" > y > 16¢>, which implies that
2" > 2qv/ 271, Using the 2j-th derivative of the geometric series, it follows that

r+27) 27)! 29)!
Z < Z J)! _ ( j_) < (27) .
47" o—1) 47" o— 1)7”' (1 _ 41 U)2j+1 (0- _ 1)23—}—1
as 1 —4'77 > ¢ — 1 for o € (1,2) by the mean value theorem. Thus,

Am)(logm)® __(log4)/(2))
B R GV

(2.3.5)

We now combine (2.3.1), (2.3.4) and (2.3.5) and conclude the proof of the lemma. [
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Chapter 3

Prime values of multiplicative functions with

small averages

In this chapter, we prove Theorem 1. First, we give an overview of its proof in Section
3.1. This overview makes the chapter easier to follow, as it illuminates the important parts of
the proof as well as the ideas behind them. In Section 3.2, we establish a set of preparatory
results which lead to Proposition 3.2.6, a proposition which is necessary in the beginning of
the proof of Theorem 1. Finally, we reach our end goal by concluding the proof of Theorem
1 in Section 3.3.

3.1. Outline of the proof

In this section we sketch and motivate the proof of Theorem 1. But, before doing so, we
give some necessary notation.
First, as in the statement of Theorem 1, for a multiplicative function g, we will be using

the notation A, for the unique arithmetic function defined through the relation

g-log =Agx*g.

The function A, is supported on prime powers and in particular, A,(p) = g(p) logp on the
primes. It is also true that Ay, = Ay + Ay for any two multiplicative functions g and h.
These classical properties can be proved by looking at the formal Dirichlet series of A, and
Ap.

We now introduce two classes of multiplicative functions and make a few comments about

the first one. Given an integer D € N and a real number A > 0, we define the sets

F(D):={f:N— C, f multiplicative, |[A¢| < D - A},

F(D,A) = {f € F(D), %f(n) < (logxx)“‘ for all = > 2}.



Note that for a function f € F(D), we have that

I/
_f<s7f> = Z T s

n>1

for Re(s) >1

and that the series convergences absolutely when Re(s) > 1. Indeed, if g(n) are the coef-
ficients of the Dirichlet series of —(L'/L)(-,f), then, since L'(-,f) = (L'/L)(-,f) - L(-,f), we
conclude that f -log = g * f, by comparing coefficients. However, f(1) = 1 # 0, because f
is multiplicative, and so by applying its Dirichlet inverse on both sides of f -log = g * f, it
follows that g = (f - log) * f~!. From the definition of A, the same reasoning shows that
Ay = (f -log) * f~'. Hence, Ay = g and the claim is proven.

The class F(D) includes many important number-theoretic functions, like the Mobius
function p and the generalized divisor functions 75, for £ < D. There are technical reasons
that make the class F(D) very convenient to work with. For example, if f € F(D), then
f~t € F(D), where f~! is the Dirichlet inverse of f, namely, the inverse of f with respect
to the Dirichlet convolution. Furthermore, if f € F(D), then both f and f~! satisfy the

inequalities

\f1<7, | <.

These two last results are proved in [12, Lemma 2.2].
Having now defined the classes F(D) and F(D,A), we continue by describing the ideas
behind the proof of Theorem 1. For a multiset I' = {1, ..., m}, we let

m(n)= Y d"---d7m for neN.

dydm=n

Then, for a function f € F(D,A), we consider the multiplicative function fr = f * 7. On

the primes p, the values of the function fr are

fr(p) = flp) +>_p".

yel’

From now on, we focus on establishing a bound for the sums 3, fr(p) log p for some suitable
multiset I'. For v € I" and Re(s) > 1 we have that [1, p. 236]

¢’ _ A(n)n™
—=(s—iy) =) ———,
c =) 7; >
which implies that
Ay (n) = Ap(n) + > A(n)n™. (3.1.1)
~yel

o6



Therefore, |Ap| < (D +m)- A, as f € F(D). Moreover, since Ay, is supported on prime

powers, Theorem 1.2.2(c) implies

Z Af(p")| < (D +m Z A(n) = (D +m)((x) — 0(x)) <mp VT,

and so

Y fe(p)logp = Ap(n) + Op (V). (3.1.2)
p<z n<ax
Now our goal now is to estimate the sums of the right-hand side.
In [12], Koukoulopoulos and Soundararajan bounded the sums Y, As.(n) by applying
a smoothed version of Perron’s formula [12, relation (6.1), p. 14] to the Dirichlet series of
—(L'/L)(-,fr). This approach works when the logarithmic derivative (L'/L)(-,fr) does not
attain very large values near the vertical line Re(s) = 1, that is when L(-, fr) does not vanish.
For this reason, Koukoulopoulos and Soundararajan chose I' to be the multiset of all those
real numbers v for which 1 + 7 is a zero of the potential continuous extension of L(-,f) on
Re(s) > 1. Then, since fr = f * 1, we see that

L(s,fr) = L(s.f) [T ¢(s —iv), (3.1.3)

~er
and so L(s, fr) # 0 for Re(s) > 1, because the zeroes of L(-, f) are cancelled by the poles of the
¢ factors of (3.1.3). Now that the choice of I" is determined, the method of Koukoulopoulos
and Soundararajan requires upper and lower bounds for L(-,fr) and its two first derivatives.
In this direction, they proved the following proposition [12, Proposition 2.4] which also

provides information about the size of the multiset I'.

Proposition 3.1.1. Let f be a function of the class F(D,A) with A > D + 1.
(a) The series LY (s, f) with 0 < j < A —1 all converge uniformly in compact subsets of
the region Re(s) > 1.
(b) Counted with multiplicity, L(s,f) has at most D zeroes on the line Re(s) = 1.
(c) Let T' denote the (possibly empty) multiset of ordinates v of zeroes 1+ iy of L(s,f).
Let T denote a (multi-)subset of I' and let mg denote the largest multiplicity of an

element in T'. The Dirichlet series

L(s,f) = L(s.f) [T ¢(s — i)

'yef

and the series of derivatives L) (s s,fz) for 1 < j < A—mg—1 all converge uniformly

in compact subsets of the region Re(s) > 1.
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If A—=mp—1 > 2, then Proposition 3.1.1(c) implies the continuity of L(-,fr) as well as the
continuity of its two first derivatives. So, we have that the functions LU)(-, fr) for j € {0,1,2}
are bounded in the compact subsets of the half-plane Re(s) > 1 when A —mpr —1 > 2. Now,
since Theorem K-S IT is in the spirit of Theorem 1 in the case where there exists a single zero
of multiplicity D, we can assume that mr < D —1. However, with this extra assumption, the
quantity A —mp — 1 might be as small as A— D. Hence, in order to guarantee the continuity
of LU(-,fr) for j = 0,1,2, Koukoulopoulos and Soundararajan assumed that A — D > 2.
On the other hand, if they had used a variant of Perron’s formula for (L’/L)(-,fr), so that
they avoided the presence of the second derivative L”(-,fr), the resulting bound at the end
of their arguments would have been off by one factor of logx, making it trivial. All this
explains why Koukoulopoulos and Soundararajan needed the stricter condition A > D + 2.

In the present chapter, we circumvent the use of higher derivatives which are responsible
for the condition A > D + 2. We do so when mr < D — 1 by resorting to the recursiveness

of the mean values of multiplicative functions. By this, we mean the identity

> fr(m)logn =3 Agp(n) > fr(d). (3.1.4)
n<x n<x d<z/n
The idea that is about to be described is inspired by the work of Koukoulopoulos [9]. By
establishing an estimate for the sums Y, , fr(n), we can apply partial summation (Lemma
1.1.1) to bound the sums of the left-hand side in (3.1.4). One might then make use of
Dirichlet’s hyperbola method (Lemma 1.1.2) to obtain an estimate for

> fr(n) X Ap(d).
n<yV/z d<z/n
The summand corresponding to n = 1is Y.<, Af(d), which is the sum that we are trying to
bound. The problem is that the next term equals f(2) 3= ;<, /2 As(d) and this term is expected
to have roughly the same size as the “main term” Y ;. A¢(d). In order for this obstacle to
be overcome, sieve methods come into play. By combining sieves with the hyperbola method
(Lemma 1.1.2) and the “recursiveness” of averages for the function fr - 1p-()>., we aim to

estimate

Z fF(n) Z Afr(d>
n<yT d<z/n
P~ (n)>z
The summand for n = 1 is again the sum Y ;c, Af(d), but this time all the summands for

n € (1,z] vanish. So, the problem that occurred before is now resolved. In addition, the

summands with n > z are supported on a set of density < 1/log z.
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With this approach we will bound Y-, As.(d) in terms of its integrals

/x [Xa<e Afr(d)‘dt,

1 12

much like in the case of a multiplicative function. This is the same idea which is used in
the original proof of Haldsz’s theorem [24, Section 4.3, p. 335-347]. Then, arguing along
the lines of the latter allows us to complete the proof of Theorem 1. More precisely, we
estimate the above integrals in the following way. After an application of the Cauchy-
Schwarz inequality, we apply Parseval’s theorem to bound them by an integral involving the
logarithmic derivative of L(-,fr). We continue by splitting this integral in the ranges |t| < T
and [t| > T. In the first range we bound trivially by using the continuity of L(-,fr) and
L'(,fr), provided by Proposition 3.1.1(c), and in the second one we apply Lemma 2.3.1.

3.2. Estimates of sifted partial sums

Let D be a positive integer and consider a real number A > D+ 1. Let also f € F(D,A)
be a multiplicative function. The ultimate goal of this section is to establish a good bound
for the sifted sums 3, , p-(n)>. fr(n), where I' is the multiset of the ordinates v of the
zeroes 1 + iy of L(-,f). Such bounds are necessary, because they will serve as the first
basic ingredient going into the proof of Theorem 1. To estimate the aforementioned sums of
interest, we first estimate the simpler sums 3=, <, p-(n)>. f(n). But, in order to bound these,
we need to understand the size of sums of the form 3=, ., , =1 f(n) for all d < z. Lemma
3.2.3 provides a bound for these last sums. For its proof, we will make use of the next two

lemmas. The first one may be found in [1, Theorem 2.22].

Lemma 3.2.1. Let F': (0,400) — C and G : (0,4+00) — C be two complez-valued functions
such that F(x) = G(z) = 0 for x € (0,1). Let h be an arithmetic function which has an

inverse h™! under Dirichlet. If

G(z) = Z: h(n)F(z/n),
then

F(z) =Y h'(n)G(z/n).

n<e

Proposition 3.2.2. Let {a, }nen be a sequence of positive real numbers and let k be a positive

integer. For y > 0, we have that

k
k y+zk: Q.
#{<V17---,I/k)€Nk:Zajyjgy}< ( j=1 J) .

k
j=1 k! [lj=1 a;
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Proof. See [24, Theorem 3, p. 363]. O

For the sake of notational simplicity, in the proof of the following lemma, as well as for the

rest of the chapter, any dependence of the implied constants on D and A will be suppressed.

Lemma 3.2.3. Fiz a natural number D and a real number A > 0. Ifx > 3 and f € F(D,A),

then
v a\" d< 3.2.1
nzqf S logot o) 7 5" (32.1)
(nd)=

Proof. For any n, there is a unique way to write it as n = am, where all prime divisors of
a divide d and (m,d) = 1. Consequently, we find that

= f(n)=23_h(n) > f(m

n<x n<x m<z/n
(m,d)=1
where h is the multiplicative function with h(p”) = f(p”)1,4 for v € N. By applying Lemma
3.2.1, we get that

S fn) = 3 b m)S (/). (322)

n<x n<x

(n,d)=1

where h~! denotes the Dirichlet inverse of h. Note that h € F(D). Therefore, h~! € F(D)
too. Furthermore, one observes that h=1(p”) = f‘l(p”)llp|d for any v € N.
We now split the sum of the right-hand side of (3.2.2) into the two parts

= > h'(n)S(z/n) and Tp= Y h7'(n)S(z/n).
n<y/x Vz<n<z

We begin with the estimation of Ty. Since h™! € F(D), it is true that |h™'| < 7p, and so

x Tp(n)
< 2.
< X St/ < i X (3.23)
pln=-pld p|ln=-pld
T o(p) | Tp(p?) )
—_— 1+ + + ...
(log x)4 E < p p?

B D4j—1\1)_ = d \"”
a 1ongg(j§)< J )pj) (logﬂf)"‘<¢(d)>'

For the passage from the second to the third line we used (1.4.1) and then, at the last step,
we calculated the series by applying the Maclaurin expansion of x +— (1 —z)~? for z € (0,1)
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We continue by bounding the sum T5. Since 7p(n) < /4t < e forn < x by Lemma
1.4.1(b), we have

o] < > mn)|S(z/n)| <z ) Tp(n) <vzy o(n) < 24 !

Vz<n<x Vz<n<x Vz<n<x n<e
pln=p|d pln=p|d pln=p|d pln=pld

Proposition 3.2.2 implies that

w(d) w(d)
Z 1< w(d) . (logx + log d) < 4w(d)(10g37)' < 32w(d):131/8,
<o w(d)! (ITyjalog p) log 2 - w(d)!

pln=>pld

and so Ty < 32D z7/8  Because of Lemma 1.4.2, we have that w(d) < logz/loglogz for
d < x. Therefore, there exists a constant C' > 0 such that

D
1. _c x d

Ty < a3 Toalosz : 3.24

ettt < ot () .

Combination of (3.2.2), (3.2.3) and (3.2.4) completes the proof of the lemma. O

Now that Lemma 3.2.3 is proven, we combine it with Lemma 1.5.2 to establish an upper
bound for the sifted partial sums 3,,<, p- (> f(n) of a function f € F(D,A), where D € N
and A > 0.

Proposition 3.2.4. Fiz a natural number D and a positive real number A. If x > 3 and
[ € F(D,A), then there exists a constant o = a(D) € (0,1) such that

fL'(lOg Z)D :L,lfa/ log z

Z f0) < {ogma
P~ (n)>z

log z

for all z € [2,z].

Proof. Let C' = min{1/16,¢/2}, where c is the constant appearing in Lemma 2.1.1. First we
show that the estimate holds trivially when z > z¢/*P+1) Indeed, in this case log x /log z <
1, and so using Theorem 1.2.1(c) and Theorem 1.4.5 with the divisor-bounded, multiplicative

function 7p - 1p- (5., we conclude that

o fm) < Y. )<

n<x n<x
P~ (n)>z P~ (n)>z

T log T D xl—C/(2 log z)
L —.
logx \ log 2z log z

C/(4D+1

Now it remains to prove the proposition when z < x ). Assuming that z is large

enough in terms of D, when z < D?, we can use Lemma 3.2.3. For z > D3, the condition
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P~(n) > z implies that (n,kp) = 1, where kp = [],<ps p. So, using the arithmetic functions

A~ and At of Lemma 1.5.2 with u = C'log x/ log z, we write

S fln)= > (A**l)(n)f(n)—i—O( > ()\+*1—/\_*1)(n)|f(n)|). (3.2.5)

n<x n<x n<x
P_(TL)>Z (nukD):l (n,kD):l
According to Lemma 1.4.1(a), we have |f(n)| < 7p(n) < D™ for all n € N, and it then
follows that

ST ATx1=-Ax D) f(n)] < Y (AT(d) = A (d))DHD ST DU (3.2.6)

n<e d,kp)=1 m<x/d
(n,kp)=1 (k) (m,kD)/zl
We insert the formula of Lemma 2.1.1 in the right-hand side of (3.2.6) and use the binomial
theorem to expand the resulting powers (log(z/d))” = (logx —logd)” with v < D — 1. Since
|A%| < 1, the contribution coming from the error term of (2.1.1) is
z(log 2)P

< ZL’I_C Z DQ(d) < xl—c—l—C(lOgl,)D—l < Il_c/2(10g$>D_1 < W7

d<z®

where we bounded the sums Y ;<,c D™ with an application of Theorems 1.4.5 and 1.2.1(c).
The summands coming from the main term of (2.1.1) contain expressions of the form
(A (d) = A~ (@) DD (4 )1 (log d)’

2 i

d

for j € {0,...,D — 1}. Each one of these expressions is multiplied by a logarithmic factor
(log z)* with £+ j < D — 1. Since Lemma 1.5.2 implies that

(A (d) = A~ () DX (logd))  z”miz
D d < (log z)P—J

(d7kD ):1

for 7€{0,...,D—1},

we finally infer that

C C
xl_logz(log x)D_l xl_Zlogz

Z AT *x1 =X x1)(n)|f(n)] <

n<e

(log 2)P log z

So, if we define o := /2, relation (3.2.5) becomes

1 D 1—a/log z
gx f(n) = ,; (A" % 1)(n) f(n) + O (ﬁozg;)),q + 2 o2 ) (3.2.7)
P~ (n)>z (n,kp)=1
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We now turn to the estimation of the “main term” of (3.2.7). For every two natural
numbers m,d, there is a unique way to write md = m’d’ where (m/,d’) = 1,d | d" and all the

prime factors of d’ divide d. Then

Y (AT x1)(n = Y AT@)fmd) = > X)) D f(d) D fm

n<x md<z (d,kp)=1 d'<z,d|d’ m/'<z/d’
(n,kp)=1 (md,kp)=1 pldep|d (dkp,m’)=1
(kp,d')=1

We divide the inner sum on d into two sums S; and S;. In S; we are summing over the
range d’ < y/x. In the sum S, we have /z < d’ < x. We apply Lemma 3.2.3 with x large

enough to the sums

> fm)

m/<z/d’
(m/,dkp)=1

Then, the sum on d, coming from 57, is

P mo(d)
3.2.8
<o) =5 329
and the sum on d, coming from S5, is

< VT zdj (q@) > mp(d). (3.2.9)

d'<x
pldspld

So, in order for the proof to be completed, we need to show that the quantities of (3.2.8)
and (3.2.9) are < z(log 2)? /(log z)4.
First, by replicating the passage from the second to the third line of (3.2.3), we have that

7p(d) )\ 1 _D_ wa)<d>D+1
i, <H(z P )_H(<1 p> 1)< a \o@)

pldepld’

where the last estimate follows from the inequality (1 —1/p)™ —1 < Dp~'(1 — 1/p)~P~1,
which may be obtained by applying the Mean Value Theorem to the function ¢ + ¢t~ 7.
Therefore, upon using Mertens’ third estimate (Theorem 1.2.1(c)), the expression of (3.2.8)
is bounded by

T D) ( d >2D+1 ( 1 >2D+1
= 1+ = (14—
(log z)4 dHZ< ) d \¢(d) logm (log )4 pl:[Z p—1
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w100 ())

(logx) exp (D}; )

z(log 2)P
(log 2:)4
We now continue with the estimation of the expression of (3.2.9). As in the proof of

Lemma 3.2.3, Proposition 3.2.2 implies that

i< @ (082 g
log 2 - w(d)!
p\dﬁp\d’
We also have the inequalities d/¢(d) < loglogd < loglogz (Lemma 1.4.4) and 7p(d) <
d'/® < 2% for d < x (Lemma 1.4.1(b)). Consequently, the expression of (3.2.9) is

7/8 D d 15/16 15 p _ a(logz)”
< 2"/%(loglog z) > 16“4 <« 21%/18(log ) (log log ) —_—
c (log x)4
d<z
and the proposition is finally proved. 0

The next lemma is a rather technical result and is useful for the proof of Proposition 3.2.6.
It concerns a bound for the tails of a Dirichlet series and its proof is an easy application of

partial summation.

Lemma 3.2.5. Fiz a natural number D and two real numbers e >0 and z > 2. Let T be a
mutliset of m elements, counting the multiplicities. Let also f be an arithmetic function and

suppose that there exist some 6 € (0,1) and some A > m + 1+ ¢ such that

IL'(lOg Z)Dfm I,lf(s/ log z
h > 3.2.10
né; fr(n) < (log 2)A— + log 2 whenever x > z, ( )
P~ (n)>z

where fr = fx 1. For N > max{3,z} and s = o + it with o € [1,2] and t € R, we have

D—m

> Jﬁffb)«gﬁ (1+|t|>N1‘“< (log 2)

et (log N)Afmfl
P~ (n)>z

+Nloif:z>.

Proof. Let M > N. Then, partial summation implies that

5 Sl ( S feln ) o / < S feln ) Y 321

s
N<n<M n n<e z=N n<y
P~ (n)>z P~ (n)>z P~ (n)>z
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Using the hypothesis (3.2.10) twice, once with = N and once with x = M, we conclude
that

M < (log z)P—m N N~ mos=
=N  (log N)A-mNeo=1 = No-l(log z)’

( 7; fp(n)>a;—8 (3.2.12)
P (n)>=

We now focus on the integral of the right-hand side of (3.2.11). The hypothesis (3.2.10)
yields

/NM( > fr(”))y(ji <<(1+\ty)(/MWdy+ 1 /M dyM).

<y N (logy)A=mye logz IN ymi=

We also have that

/M (log z)P—m du < (log z)P—m /OO dy (log z)P—m
N (logy)A-mye = No—1 N (logy)A—my € (log N)A-m—=1No-1"
Furthermore,
[
M q oo N Togz
[ =< [T = < 5 (log 2) N*0 k=
N yrezte T IN ymezte N7 o+ d/logz —1)

Therefore, we infer that

M dy - (log z)P—m s
s (L [ INo (2282 4 N | 3.2.13
/N ( Zy fr(n)>ys+1 <o (L]t ( log AT+ ™ (3.2.13)
P~ (n)>z
We insert (3.2.12) and (3.2.13) in (3.2.11) and obtain the desired inequality. O

We now close Section 3.2 by reaching its final goal, namely an estimate for the sums

Yon<a,p—(n)>2 Jr(n), where I' is the multiset that we have defined in the beginning of the
section.

Proposition 3.2.6. Suppose that D € N and that A > D + 1. Let also f € F(D,A) and r
be a (multi-)subset of the multiset I' of the ordinates of the zeroes of L(-,f) on Re(s) = 1.
Using the definition of Vi for t € R before Lemma 2.1.2, if v > 2z > Vi 1= max_ V., then
there exists a real number k = k(D) € (0,1) such that

- x(log Z)D_m l.l—n/logz

' (logx)A-m log 2

> frln) <

n<x
P~ (n)>z

where m is the number of elements of T with the multiplicities being counted.

65



Proof. We perform induction on the number of elements m of a multisubset of I". The
proposition holds when m = 0 because of Proposition 3.2.4. For m > 1, we assume that
the proposition is true for any multisubset of I' with m — 1 elements. We will show that it
remains true for a multisubset I' of m elements.

When /x < z, then logz < log z and we may argue as in the beginning of the proof of
Proposition 3.2.4 to show that

xl—s/logz
) <Ls —,
% fl"( ) [‘,5 IOgZ
P~ (n)>z

for any € > 0.
If \/Z > 2, let 7 be an element of I" and write I' = I"U{y}. We have that the cardinality
of I"is m — 1 and that fx(n) = .-, fr(a)b™ for all n € N. So,

Y R = Y fole) Y E X0 Y fela)=8+5,  (3214)
n<e a<\/T b<z/a b<yvz  Vrz<a<z/b
P (n)>z P~ (a)>z P~ (b)>z P=(b)>z P~ (a)>z

say. Since \/x > z, Lemma 2.1.2 gives that
Ll fr xl_m TDim-1(a
Si=— 1] ( > 3 arlm > Df_il() . (3.2.15)

L+iy o2 a<f log 2 ocvr @' s
P~ (a)>z P (a)>z

First we bound the sum in the big-Oh term. From Theorem 1.2.1(d), it follows that

5 Torm-1(0) i > TD4m-1(0) ot I (Z%-l(pj)) (3.2.16)

ag\/i a173010gz agﬁ a z<p<ﬁ 7=0 p]
P~ (a)>z P~ (a)>z
) 1 —(D4+m-1) ) log D+m—1 )
— g [ [1-- <« gtz | 08 & T
P log » r
2<p</T

We continue by bounding the sum outside the big-Oh term on the right-hand side of (3.2.15).
Since we have that Vi < V<2 and that I'' contains m—1 elements, the inductive hypothesis

implies that for all w > z it is true that

(log Z)Dfm+1 wl— Ko/ log z
/ 3.2.17
L ) < Sog i T og @2.17)
P~ (a)>z

where kg = Ko(D) is some real number of (0,1). We have that m < D because of part (b)

of Proposition 3.1.1. So, A > (m — 1) 4+ 2. Therefore, we can use (3.2.17) to apply Lemma
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3.2.5 with e = 1,0 = kg, N = /2 and 0 = 1 and deduce that

Z fF’(a) - (logz)Dim+1 + —ko/(2log z)
altv T (logz)A-m v )
a>\/x
P~ (a)>z

Since v is an element of f, the complex number 1 + i is a zero of L(-,f). In addition, the
multiplicity of v in [ is smaller than its multiplicity in I', because r=I"u {7} and isa
multisubset of I'. Therefore, L(1 + i7y,fr/) = 0, and so

¥ G = e (S 0) - X 4

a<\/x p<z \j=0 a>\/x
P(a)>2 P~ (a)>z
: log z)P—m+1
¥ fr1 +(a) < (log 2) _ y go/(2logs) (3.2.18)
oz @ gl (log z)
P~ (a)>z

Now, combination of (3.2.15) with Theorem 1.2.1(d) and the estimates (3.2.16), (3.2.18),
gives

1-k1/logz

)Dfm T

~ xz(log 2

1 <5 (log z:)A-m log 2

for some k1 = k1(D) € (0,1).

It only remains to estimate

So= Y 07 > fola)
b<v/T Vz<a<z/b
P=(b)>z P~ (a)>z
In fact, we are going to show that S5 satisfies the same bound as S; and then the proof of

the proposition will be complete. In the innermost sum of Sy, we have that x/b > /x > z.

So, using the inductive hypothesis once for \/x and once for x/b, we get that

ZL’(]Og Z)D—m+1 1 Il—no/logz 1
Sy L m Z 3 + TToas Z LI (3.2.19)
og T b S
P=(b)>z P=(b)>z

For u > z, from Emample 1.4.2, it is known that #{n < u: P~(n) > z} < u/logz. This
estimate and partial summation (Lemma 1.1.1) imply that >« z p-@)>. 1/b < logz/log z.
Then,

Z 171& < xﬁo/(Qlogz) Z 1 < xno/(2logz)loﬁ < 1,2/10/(310gz)‘
b<yz O TE bevz O log =
P=(b)>z P=(b)>z
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So, finally, the estimate (3.2.19) becomes

z(log z)P—m xl—no/(?)logz)
S, < (log )7 n
(log z)A-m log =

and the proof is finished with x := min{xo/3,x1}. O

3.3. Proof of Theorem 1

We now move on to the proof of Theorem 1. First, we introduce some auxiliary notation.

If g is an arithmetic function and x > 2 is a real number, we define

g9) = g(n)

n<x

Moreover, for z > 1, we set g,(n) = g(n) when P~(n) > z and g,(n) = 0 otherwise.

The multiset I' in the statement of the Theorem 1 consists of the ordinates of the zeroes
of L(-,f) on the vertical line ¢ = 1. If L(-,f) has a single root 1 + 7y of multiplicity D,
then Theorem 1 follows directly from Theorem K-S II. So, according to Proposition 3.1.1(b),
for the rest of this proof we assume that the largest multiplicity of the roots of L(-,f) on
Re(s) = 1 is at most D — 1. Let m be the number of elements of I', with the multiplicities
being counted. In Proposition 3.2.6 we take I =T and

z = g/ (logw) with [ = 8(min{x,loglog3-(A—D —1)})"" and
u = min{ (log )=~ VT}.

We further assume that x is large enough in terms of I'. Indeed, for bounded x, Theorem 1
holds trivially by adjusting the implied constant in its statement. Then, for w € [2'/*,2] C
[21/4 2], we have

> fr(n)

nw
P~ (n)>z

: 3.3.1
. ulog x ( )

Consequently,

Z fr(n)logn = O(x 1/3 )+ Z fr(n logn<<p—

n<z zt/t<n<z
P~ (n)>z P~ (n)>z

where we used the inequality |fr| < Tpim to control the summands with n < x'/*, whereas

1/4

we used partial summation and (3.3.1) for the summands with n > z'/*. Now, combining

this bound with Dirichlet’s hyperbola method (Lemma 1.1.2) applied to the convolution
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(fr)z * Mgy, we get

> fr(m)S(@/nAg.) = S (fr)) 8@ A).)

n<rl/4

P~ (n)>z

x
— 2 Agn.(m)S(z/n,(fr):) + Or <) : (3.3.2)
n<ad/4 u
Note that A¢s), = (Ag.).. So, since [Ag.| < (D4 m) - A, we deduce that |S(z%*A(s.)| <
Yot A g (M) Lp-(yse < Epcpna [Agp (n)] < (D 4+ m) ¥,cpn1 A(n) < 234, where the last
inequality follows from Theorem 1.2.2(b). Hence, from (3.3.1) and (3.3.2), we conclude that

S feln)Sfndg.) < - y> Baln

e/ U u log T
P~ (n)>z P (n)>z

Making use of Theorem 1.2.1(a), we get that the sum of the right-hand side is smaller than
or equal to Y-, < 3/4 [N (n)]/n < (D +m) >, cp3a A(n)/n < logz. So,

> fr(n)S(z/nAg.) <<r —

n<z1/4
P~ (n)>z

In addition, for v > 1 we have that

1S(v,A¢s).) = S, AL < D0 (AR (p” (D+m) > A@P”) <logv) 1< zlogw.
Pz p<z p<z
pYsv pY<w

Consequently, since | fr| < Tpym and 3,c, Tp4m(n)/n < (logy)P+™ for any y > 1 (this can
be proved with partial summation and Theorem 1.4.3), it follows that

S(for + Z fF l‘/’)”bAfF Z fF x/nAfF)

1<n<at/4 n<at/4
P~ (n)>z P=(n)>z
Xz
= Y fr(n)S(z/nAgy.) + O(zz'*(log 2)PT™) < " (3.3.3)
77/<.771/4
P~ (n)>z

1/8

For the last estimate we used the fact that z < x'/°, an inequality which follows from the

choice of z that we made. Lemma 1.2.4 guarantees that

S(x/nﬂAfr> - S(t/n7Afr) < —

nu
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for t € [v — z/u,x] and n < z'/*. Using again the inequality |fr| < Tpim, we have

Z |fzfln)| < Z TD+m(n) < H <1+TD+m(p) 7_D-&-m(p2) +>

n
n<zl/4 n<zl/4

2
z<p<x1/4 p p
P~ (n)>z P~ (n)>z

1 —(D+m)
1T <1 - > < (logu)P*t™.

z<p<a71/4 p

We used (1.4.1) and the Taylor expansion of z — (1 — 2)~P to go from the first line to the

second, whereas the last estimate follows from an application of Theorem 1.2.1(d). Thus, if
we set A = z/u, relation (3.3.3) becomes

1 z z(log u)Ptm
SxAp)=—+ > fr(n)/ S(t/n,Ag.)dt + Or <M>
1<n<zl/4 —A u
P~ (n)>z
1 n z(logu)P*tm
N fr(n)nﬁ_A S(t,Ap)dt + Op | ——=———
1<n<al/4 n Uu
P~ (n)>z

I z(log u)P+m
N S(t,Afr)( Z fp(n)n) dt + OF< (logu) )
T (e—A)/t<n<z/t u
P~ (n)>z
Using Theorem 1.2.1(c) and Theorem 1.4.6 applied to the non-negative, divisor-bounded,
multiplicative function 7p4,, - 1p-()>., we obtain

> fr(n)n
(z—A)/t<n<a/t
P~ (n)>z

<

18

D+m
Z TDer(n) < M

(z—A)/t<n<az/t t?log x ’
P~ (n)>z

for t <x/z and A = x/u. Thus, we arrive at the estimate

z(logu)P+™ rz |S(t,Ay)| z(logu)Pt™
A L —_— 3.4
Srp) < L | op [ SR (3.3.4)

We continue by bounding the integral of the right-hand side and we start with the
Cauchy-Schwarz inequality which implies that

. A . Az \ V2
/ ’S(t;2 fr)ldt < (10g$/ ’S(tv fr)l dt)
1 1

t3

oo |S(tA )2\
<K (10g$/1 Wﬁdt . (335)
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Partial summation and a suitable change of variables give
+o0 ) L
s/ S(e"Ap)e e " du = —f(s,fp) when o > 1.
0

So, for ¢ = 1+ 1/log z, Parseval’s theorem allows us to write

’ 2

400 A 2 +o0 1 L
[T s = [T (e g e gy = L ‘
1 0

3+2/logz 27 Jr | L

dt

it odar
(C—I—Zaff‘) 62+t2

and (3.3.5) implies that

s S(A U 2
/ Mdt < +/logx (/ ’ (c+it,fr)
1 R|L

t2 c2 + 2

1/2
dt ) . (3.3.6)

As was explained in Section 2, we proceed to splitting the integral into two parts. In the first
part we integrate over the interval [—T,T], whereas the range of integration of the second
integral consists of the large values |t| > T". In the beginning of the proof we assumed that
the largest multiplicity of the zeros of L(-,f) is at most D — 1. So, using Proposition 3.1.1

(c) and the non-vanishing of L(s, fr) on the vertical line o = 1, we conclude that

/ L
[t|<T

2 2

=: C4(T). (3.3.7)

!/

c+ it,fp) f (

a7 (o Fitfr)

7 (

The first part has been estimated and it remains to bound the second one. Since |A .(n)n~%*| <
(D + m)A(n) for any two positive integers n and k and ¢(s) < (s — 1)~! in a fixed region
around 1 for the Riemann ( function, Lemma 2.3.2 yields that

2

L dt k+1/2 | [/ dt
- t < / - it -
/It>T L (e+i fr) 412 k>;1/2 k—1/2 | L (o +it.fr) 2+ t2
I 2
<4 ) k:?/ f c+i(t+k),fr)| d
|k|>T/2
1 1 / 2
<| X5 / C—(c—l—z’t) dt
k>T/2 T2 C
log da log x
= < . (3.3.8
T/ log 2+t2 T R1+Oé2<< T ( )

The logarithmic derivative of the Riemann ( function appeared at the passage from the

second to the third line, because it is the Dirichlet series of the von Mangoldt function A for
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Re(s) > 1 (see [1, p. 236]). Combining (3.3.7) and (3.3.8), we get that

’ 2

/R‘i(cmt,fr)

We now insert this estimate into (3.3.6) to find that

= |S (A )] log z
/let<<\/Cf(T)10ga:+ T

Together with (3.3.4), this implies that

Recalling the estimate (3.1.2) and the fact that we chose v = min{(logz)*~P~1v/T}, the

proof of Theorem 1 readily follows.
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Chapter 4

Linnik’s estimate - An alternative proof

4.1. Plan of the proof

In this chapter we establish the refined form of Linnik’s estimate (0.2.1) stated in Theorem

2. Here we present an overview of the main steps that we are going to develop.

e Step 1: The sifting condition. For ¢ € N,z > ¢* and a € (Z/qZ)*, the principal

goal is to estimate the quantity

z  (a)
An) = — - P(n)A(n),
> 50 ola) =
n=a (mod q)
where v is a Dirichlet character modulo ¢ defined as in the statement of Theorem 2.
Since A is supported on prime powers, we note that imposing the condition P~(n) > y
on the sums above is not very wasteful when y is appropriately smaller than x. Indeed,

using Theorem 1.2.2(a), we have

1
S A - X AM|< AP <aplogr< LB (@1
n<x n<x pY<z 1Ogy
n=a (mod q) n=a (mod q) p<y
P (n)>y

and the same estimate holds for the differences of the analogous sums of ¢ - A. Conse-
quently, the sifting condition P~(n) > y is harmless, as it excludes sums of negligible
contribution. However, it can also be beneficial, because in later steps it can save a
logy from the obtained bounds. For this reason, in Lemma 4.2.1, we turn our focus

to the estimation of the expressions

oz Y(a) DA(n
% j\(n) 2@ o) % Y(n)A(n). (4.1.2)
=a (mod ¢ P~ (n)>y
P=(n)>y



e Step 2: Inspiration from Halasz’s theorem. As in the proof of Theorem 1,
inspired by the classical proof of Haldsz’s theorem [24, Section 4.3, p. 335-347], we use
the recursiveness of the mean values of multiplicative functions (that is, the identity
(3.1.4)) with sieve estimates in order to bound the quantities (4.1.2) by averages of
themselves. Then, after a few more technical steps, this leads to an estimate involving

the sums of integrals

2dt

)OI W IS SEPNONGIES (4.1.3)
X(modg) 7| i
X#XO/‘ZJ P7(€)>y

e Step 3: Logarithmic weights. At the analogous point in the proof of Theorem 1,
we applied Parseval’s identity to convert the integrals of the summatory functions into
L? norms of Dirichlet series. Here we delay the application of Parseval’s theorem and

choose to switch from the sums of integrals (4.1.3) to

. 2 dt
Y | X AOXOW050"|
x(modg) " 72" 1 (<t

X#X0,¢ Pm(O)>y

We basically do this with partial summation (Lemma 1.1.1) and the motivating factor
for this change is that we can now apply Parseval’s theorem to the new integrals and

then optimize k to obtain a better, non-trivial bound.

e Step 4: Parseval’s theorem. We apply Parseval’s theorem and bound the last sums

of integrals by

i (4.1.4)

> k

x (mod ¢
X#X0,%

where ¢ = 1+ 1/(logx). For some T, suitably chosen in terms of x, we treat these

integrals separately in the ranges [t| > T and |t| < T

e Step 5: Large values of ¢t. To assess the contribution of the integrals over the

interval |t| > T, we apply Lemmas 1.3.2 and 2.3.2.

e Step 6: Small values of t. For the range [t| < T of the smaller values of ¢, we
use Lemma 4.2.3 and the bounds of Section 2.2 on L,(-,x). This handles the presence
of the peculiar derivatives of (L'/L)(-,x) and it eventually reduces the estimation of
(4.1.4) to that of

>[I+ it
X (mod q)
XF#X0,%

2 12
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We then apply Parseval’s theorem again and complete the estimation by applying
sieves to the resulting sums.

e Step 7. Optimization. For the last part of the proof we collect all our bounds and
choose k appropriately in terms of x and y in order to optimize our estimation. This
will basically complete the proof of Theorem 2.

4.2. The proof of Theorem 2

The objective of this section is to prove Theorem 2. In this direction, we prove Lemmas
4.2.1,4.2.2 and 4.2.4. Then, the proof of Theorem 2 follows by putting these lemmas together.

Lemma 4.2.1. Assume that q is a positive integer and let x and y be two real numbers such
that /o >y > (10¢)1%°. If k and X\ are the constants from the statements of Lemmas 2.1.8
and 2.1.4, respectively, then for 6 € (0,min{(log2)/8,x/6,A/6}), we put D = z'=%/o8y),

Moreover, if 1 is the Dirichlet character from the statement of Theorem 2, we define

¥(b)

Auz;rb) = Y A(l) — > AW o) > AW
I<u I<u I<u
£=b (modr) P 0)>= P=(0)>z

P=({)>z
foru>z>1,reNandbe (Z/rZ)*. Then, for any k € N, we have

1 1.176/(210gy)
Azy;qa) =—= Y / ( Y qam)dtJrOa().

1<m<f QS(Q)

P~ (m)>y

Proof. Since log = Ax1, by taking the logarithm of the unique prime factorization of n, we
have that

> logn= Y A+ D A > L (4.2.1)

n<e m<y/z <E 1< Vr<m<Z
n=a (mod q) P~ (m)>y ¢=am (mod q) P~ (n)>y m=a? (mod q)
P (n)>y P=(0)>y P=(m)>y

For x € {xo0,}, it is true that log-x = (A - x) * x, which directly follows from the previous

convolution identity and the complete multiplicativity of y. Therefore, we similarly have

S xmlgn= ¥ xm) ¥ AOMO+ X ADXO) Y xim). (122)
n<e m<\/T <o </ Va<m<g
P~ (n)>y P~ (m)>y P=(0)>y P~ (n)>y P~ (m)>y
We now use Lemma 2.1.3 for the sums 3=, <, p-(n)>y Xo(n) logn and 3.« p-(n)>y (1) logn.

We also use Lemma 2.1.4 for the sum 3., p-(n)>ylogn. Combination of the obtained
n=a (mod q)

5



formulas yields

S dgn- 0 Y wmlogn- 22 S g« T (123)
ogn — —— Xo(n)logn — —= n)logn €« ———, 2.

n=a (mod q) P~ (n)>y P~ (n)>y

P (n)>y

where ¢; = min{x,A}/2. Now, for simplicity, we put

1 b
A*(U,y; Q>b) = Z 1-— @ Z XO(m) - w((q§ Z ¢(m)
mEng;lléd q) P*n(l;zi)gy P77%?>y

P=(m)>y

We take (4.2.2) once with xy = xo and once with y = 1 and then we add the two relations
term by term. Then we subtract the resulting relation from (4.2.1). This leads to

> A( v qam):— > A(K)A*(j,y;q,aﬂ)

m<y/z <Nz
P(m)>y P (0)>y
Ilfcl/logy
+ > AOA* (Vay; qaf)—i—O(),
1<z ?(q)
P=(0)>y

where the big-Oh term comes from the contribution of the left-hand side of (4.2.3). Since
x/l = \/r >y for £ < \/x, we can apply Lemmas 2.1.3 and 2.1.4 with j = 0 to bound the
three sums in the definitions of A*(z/¢,y; q,al) and A*(y/z,y; ¢,al). Doing so yields

€T _ _ xl—cl/logy A(e)
A(¢ {A*<,y;q,a€> — A" (V2y; q,al } <z _ A8
ggg ( ) / ( ) ¢(q> logy e fl—c1/logy
POz P>y

xlfc1/(210gy A(g)
< o) i
¢(q)logy =

.731 c1/(2logy) logx ml—cl/(3logy)
< < ’
¢(q)logy o(q)

where we applied Theorem 1.2.1(a) to bound the sums 3, 7 A(¢)/¢. Hence,

A ) 5 A( >+0<x1_62/10gy> (4.2.4)
T, q,a) = — s q,aTm e 2.
viq X vi 4, )

P~ (m)>y

where ¢y = ¢1/3.
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Since z > (10¢)*° > (2¢)®, we have that D/m > 2q\/x/m when m < /x. Thus, for
t € [x — D,x], an application of Lemma 1.2.4 gives

YA Y A<

Lopgz z2=D ~pc @ m(b(q) .
{=am (mod q) t=am (moénq)
P=(0)>y
Similarly,
D D
Z AL << — and > AW <« —,
t z m
P’(€)>y P~ ()>y

by bounding the characters trivially before making use of Lemma 1.2.4. With these estimates,
we deduce that

1
Z A( ,yqam)z Z / ( ,yqam)dt
1<m<\f l<m<yz
P~ (m)>y P (m)>y
D 1
+O< ) (4.2.5)
¢(q) mgﬁ m
P~ (m)>y

But according to Theorem 1.2.1(d),

-1
1 1 1
s Loy (1—) < logz
m<y/T m y<p<z p logy
P=(m)>y
and so (4.2.4) and (4.2.5) lead to the desired result since 2%/(218%) s log z/(logy). O

Lemma 4.2.2. Consider a positive integer q and a real number 6 > 0. Moreover, let x
and y be two real numbers such that x° > y > 4q¢®. If 1 is defined as in Theorem 2 and

Ly(8,X) = X p-(n)>y X(n)07° for the character x mod q when Re(s) > 1, then, for k € N, we
have

1 t 1/2+§/ logy) 10gl‘
— Z / ( ,y;q,am) dt <«
D, i~ f logy ¢(q)
P~ (m

Mkl.lJré/(log y) (lOg x)1/27k (
(mod gq)

L\® > g V2
Cb(Q)lOgy R <Ly> (C+Z ’X> 62+t2> )

where D = x'=%/08Y) ¢ =1 4 1/(logz) and M > 0 is some sufficiently large constant.

XFX0,%
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Proof. By referring to the orthogonality of the characters modulo ¢ (Theorem 1.3.1), it
follows that

t 1
A(pwraam) = 5 S Fla)xm) Y AWK
1) x (modg) <t
XF#X0,Y P=(0)>y
Therefore,
1
— Z / < s qam)dt’
1<m<y/z
P~ (m)>y
1
< > | X [ (% Mox)a
Déa)  (noaa) 1<m</a PN et
1 o
e DD X(m)m/x_D< ) A(z)x(e))dt‘
QS(q) X (mod q) 1<m<\/5 m <t
X#X0,Y P~ (m)>y P=(6)>y
1 v
_ S X xowm M1, 0 X A0 (ﬁ))dt|
D¢(q)x(m0dq) 1<m<Vz v (WD’W] €<t
X#X0,% P~ (m)>y P=(0)>y
1 V
_ 3 / D( ) A(e)xaz))( X(m)m)dt'.
Dﬁb(Q) X (mod q) z\;i 7€<t z_tD <m<{
XF#X0,¢ P=(0)>y P~ (m)>y

We move the absolute value inside the integral and then use the Cauchy-Schwarz inequality

twice to obtain

1 z t
=2 / A(,y; q,am>dt|
D lemeyz Ja=D A\
P=(m)>y
1 3 2\ 1/2 9\ 1/2
<D /D< > X A(@X(@) ( > > x(m)m> dt
¢(q) Vz  \ x(modq) <t X (modgq) ' 2=L <z
x#xo0b  PT(0)>y XEX0,0 P*(m)>yt
1 v 2dt>
< Z Z A(l
h ng(q) <X(m0dq) = £<t t3
XFX0,% P=(0)>y
z 2 1/2
X </,:D > | 2 x(mm t3dt> : (4.2.6)
V= x(modgq) x;D <m<%
P=(m)>y
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However, due to Lemma 1.3.2, we have that

S | ¥ xmm

x (modgq) " z=D g2
P (m)>y

> y. At the final step, we

Note that we enlarged the range of summation over m because z° >
4¢%. So,

applied Theorem 1.4.6 to each sum of the last line under the condition y >

3 x? zdt  atlogw
[Ap>

2

X(m)m‘ Pt < —— [ — = :

77 X (modq) | = DZ : (logy)* /it (logy)?
P (m)>y

This means that (4.2.6) leads to the estimate

1 t 1+5/ logy) N
5 2 / ( Y q,am> dt < 8t
¢(q)logy

1<m<\f
P=(m)>y
2 4t 1/2
( 3 / (0)x(0) t3> L (427)
(mod q) Z<t
X#XOIZJ (0)>y

Now, we continue by bounding the sum of integrals at the second line of (4.2.7). For

t € [v/x/2,z], by Theorem 1.2.2(b), we have that

> A)x() = +/ (log ) kd( (A logg)k>

(<t s
P=(0)>y P=(0)>y
=O0W1t) + (logt)™ 3= A(0)x(0)(log )"
<t
P=(0)>y
+/ > A logé)’CL
< u(log u)*+!
P(0)>y
< Vt+ MF(logz) ™| 3 A()x(0)(log 0)F
<t
P=(0)>y
k (k+1) du
+ M"(logx)~ / > A(0)x(0)(log 0)*
I<u
P=(0)>y
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where M is some sufficiently large positive constant. Because of the basic inequality 3(a? +
B2+~ = (a+ B+7)? for all o, 8,7 € R, we deduce that

2

‘ > AW)x(0) <<t+M2k (logz) ™2 3= A(0)x(¢)(log 0)*
<t <t
P=(0)>y P=(£)>y
2k 2(k+1) du
+ M*“*(logz)~ S A0)x(O)(log O)F|— | .
I<u u
P=(0)>y
But, upon noticing that
du logt 2du
Al )(log ¢ < Al )(log ¢ Rl —,
([ £ sonoosr|) > (o8 )
P=(0)>y P*(€)>y
by the Cauchy-Schwarz inequality, we conclude that
th
(2, fe| & e )
t3
X (mod q) 2 <t
XF#X0,Y P=(0)>y
/2
cb( ) 24t\ "
< + M*(log )~ > A(0)x(€)(log £)* 3
X (mod q) 1<t
XF#X0,% P=(0)>y
_ 2du | dt
+ M*(log ) k( > /( > A(0)x(6)(log 0)* >t3>
x (mod q) <y
XF#X0,% P=(0)>y

above equals
xX
Jss

Hence,

2du

We use Fubini’s theorem to interchange the order of integration, and so the double integral
> A(0)x(€)(log 0)* > A(0)x(€)(log )" E

2 dt du z
A 3 h /‘i
<u I<u

P=(0)>y P=(0)>y

2 dt
t3

> A

(= L

X modq) 2 Z<t
XFX0, P (0O)>y
o(q) _ 24t
< EL + MHlogr) | X /4, > AOX(O(0g 0|
X (modgq) " "2 1<t
X#Xoib P=(0)>y
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/2
oD e o dr Y
<\ M o) YD /4f 2 MOx(O(og )| gz | -
x (mod q) * 72 <t
XF#X0,¥ P=(6)>y

Since Parseval’s theorem for Dirichlet series, as was applied in the proof of Theorem 1,

guarantees that

2

c? 42’

du 1

L’ (k)
- -y '
e = or (1) it

I ’ S A0 (og )|

K<u
P=(0)>y

with ¢ =14 1/(log x), we arrive at

> A0

2 dt
t3

(= [

X (mod q) 2 <t
X#X0,% P=(0)>y
> qr \ 2
< (b( ) | M*(lo (c+itX)| 54— - (4.2.8)
\ (o ) 2+ 12
xsﬁXO ¥
We finish the proof of the lemma by combining (4.2.8) with (4.2.7). O

The following result is used in the proof of Lemma 4.2.4. A proof of it may be found in
[9, Lemma 9.1].

Lemma 4.2.3. Let k € N, S be an open set of C, s € S and F' : S — C be a function which
is differentiable k times at s. We further assume that F(s) # 0 and we set
}1/1'

. 1/ '

K = max {1‘m(5) } ! and L = max {.1'(F)(J_1)(5>
1<j<k | 5! i<k [ JH\F

Lemma 4.2.4. Let q be a positive integer and consider the three real numbers x, T' > 1 and

y = (10¢)'°°Vr (recall the definition of Vi for t € R from Lemma 2.1.2 or from p. 15). If ¢

is as in the statement of Theorem 2 and Ly(s,X) = X p-(n)>y X(n)n~% is the y-rough Dirichet

series of the character x mod q for Re(s) > 1, then, for k € N, we have

N (k)
/(?) (¢ +it,x)

Then K/2 < L < 2K.

2

2+t2

>

X (mod q)
XF#X0,Y

< (4C)*((k + 1))*(log )™

R y

(clk‘)%(log :E)2k+1
T )

where ¢; > 0 is a constant, C > 0 is the constant from Theorem 2.2.1 and ¢ =1+ 1/(logx).
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Proof. We are going to estimate the integrals by splitting them into two parts. In the first
parts, we will be integrating over |[t| < T. We will bound these parts by mainly using the
results of Section 2.2. For the remaining parts, where we integrate over the range [t| > T,
we will use Lemma 2.3.2. We start with the integrals over |t| > T first.

By referring to Lemma 1.3.2 it is true that

L’ (k)
(Ly> (c+it,x)

Yy

2

=o(q) >

be(Z/qZ)*

A(n)(logn)* *
3 (n)(logn)

netit

2.

X (mod q)

n=b (mod q)
P (n)>y

So, now one can use Lemma 2.3.2 to infer that

7\ 2 q¢
4 c+it -
X(modq)/t|>T (Ly> (e itx) +t?
XFX059
A(n)(ogn) |?dt  (cik)* (log x) 2!
< ¢(Q) /t|>T — | B < - : (4.2.9)
e(Z/qz)* n= b(modq
P (n)>y

where ¢; = 2y/log4. Our treatment for the integrals corresponding to the large values of ¢
is complete and we turn our focus to the integrals whose range of integration is |t| < 7T For

a character x ¢ {x0,}, using Lemma 4.2.3, it follows that

'\ ® .
/t|<T <Ly> (¢ +it,x)

2

y c? + 12
kt1 2(k+1) LY) AL g
<A+ DS (G / 2 (e 4 it ‘ @ 4.2.10
((k+1)) j;(]) ver| L, (¢ +1t,x) 21 ( )

Since x ¢ {xo0,¥} and y > (10¢)'%°V7 > ¢V; when |t| < T, a proper combination of Theorems
2.2.2 and 2.2.3 implies that |L;!(c+it,x)| < 1. Moreover, | L) (c +it,x)| < j!(Clogy)’ for
all j € {1,...,k+ 1}, as can be seen from Theorem 2.2.1. Hence, (4.2.10) gives

20: /t|<T () (c+it,x)

2

2+ t?
X?EXO w
k+1 (log y)2(kz+1—j) ) t
<OV ((E+1)N2Y 22 ILY) (e 4 it )| ———. (4.2.11)
]z::l (712 \(od ) VB v 2+ 12
XFX0,P
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From an application of Parseval’s theorem, it follows that

12du
> /]L (e +it,x)| = —|—t2 < / > > x(n)(logn)’ R (4.2.12)
X (mod q) X (mod q) n<u
x#m ) x;éXO P~ (n)>y

For b € (Z/qZ)* and u > y, Lemmas 2.1.3 and 2.1.4 yield that

(log U) 1—c2/logy

logn)! — —— Xo(n)(logn) <« 4.2.13
o, (osny =gy 2 xolmlorn) < g (42.13)
n=b (mod q) P >y

P~ (n)>y

where ¢, = min{x,\}. Since [;(logt)’dt < v(logv)? for v >y, these lemmas also imply that

< 1 - u(logu)!
logn)’ + Xo(n)(logn) <« ————. 4.2.14
o, (omnlrggy Xl < G, 21
n Ii(modq) P~ (n)>y

1:3 (n)>y

We combine (4.2.13) and (4.2.14) with the elementary identity w?* — 2% = (w — 2)(w + 2) and
infer that

12

Z’ZX (logm)’

X (modgq) = n<su
x#xo PT(n)>y

o0 2 (% ) (5 X ey}

be(Z/qZ)* n<u n<u
€(@/a n=b (mod q) P~ (n)>y
P~ (n)>y
(log u>2ju27CQ/logy

Y

(logy)?

for all j € {1,...,k+ 1}. The first step is justified with an application of Lemma 1.3.2. We
now plug this estimate into (4.2.12) and obtain

: dt 1
LY (c+ it x) <
X(n%q)/R v A +t2 7 (logy)?
XFX0,%

/ (log u)¥u~t=c2/losydy,
y

= ¢, 7 log )P IT (25 + 1) < 5%(25)! (log y) ¥,

for j € {1,...,k+ 1} and T" being the Gamma funtion. With this last bound, (4.2.11) turns

into
.\ % 2t K+l (9
- c+ity)| =——= < 20)*((k + 1)"2(logy)?+*! ()
() e ] 3 < o vy 2

XFX0,%
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But, (2]3) <Y, (2;) = 47, and so

k+1 2] k ] )
) ot e
j=1\J §=0 J>0
Therefore, we complete the estimation of the integrals over |t| < T by arriving at the bound

2

> / — c+ it,x)| ——— < (4C)Y*((k+ 1)) (logy)* . (4.2.15)
X (modg) Y HI<T 2+ t2
X¢X0 ¥
Putting (4.2.9) and (4.2.15) together, we conclude the proof of the lemma. O

¢ Endgame - Proof of Theorem 2: Now that the proofs of Lemmas 4.2.1, 4.2.2 and 4.2.4
are complete, we are combining them to prove Theorem 2.

First, we may assume that x > ¢ for some sufficiently large real number A > 0. Indeed,
if ¢> < o < ¢, then logz/logq =< 1 and the theorem follows from a trivial application of

Lemma 1.2.4. Now, let k be a positive integer that we will choose later and set
y = (109)'°Vy  with T = exp{2B(logz)*°(loglog z)*°},

where Vi = exp{100(log(T + 3))*3(loglog(T + 3))*/3} and B > 0 is some large constant.
With these choices of y and T', applications of Lemmas 4.2.2 and 4.2.4 give

1 1426/ (logy) M’Klogyz (e1 M)
R R L e G o R o ST

D\ log z

P~ (m)>y

where ¢ > 0 is sufficiently small, / = k+ 1 and M’ = 4MC'. Note that we omitted the term

I1/2+5/(10gy) logx
logy o(q)’

since we are working with a sufficiently small § > 0 and a = > ¢ for some sufficiently large
A. Now, we insert the estimate (4.2.16) into Lemma 4.2.1 and obtain that

$1+25/(logy) MY logy U (clMg)E 1.175/(210gy)
Az, q.a) <Ls {( ) + } + : 4.2.17
i) < g W eer )T VT ST 0w 210
Since M can be sufficiently large, we can choose 0 sufficiently small as § = 1/(5eM").

Then, for
B log =
~|eM'logy |’
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it follows that

L
M’Elogy < log:v I,—l/(eM/logy) <<I—1/(2eM/logy)’
log M’ logy

and so, with the above choice of §, we deduce that

x1+26/(logy) <M/€10gy>é xlfé/(Zlogy)

o0 o0 (4.2.18)

log x
We now observe that log V =< (log 2)%°(log log 2)3/®, which implies that ¢ < logz/(logy) <
log z/(log Vi) < (logz)3/®(loglog x)~%/5. Moreover, log/ < loglogz. Consequently, there
exist some positive constants ¢, and c3 such that

rlsy ———— = eXx

25 (CgMog)e { 20 log X
v

+ Llog £ + log(cs M)l — B(log z)/°(log log x)2/5}

exp{ca(log 2)¥/° (loglog 2)*~3/* — B(log x)*/*(loglog z)*/°}

<
< exp{ —cs(log 2)*/° (loglog 2)*°}, (4.2.19)

because the constant B in the definition of 7' is sufficiently large.
With the selection of ¢ that we made, we have the estimates (4.2.18) and (4.2.19) and
then (4.2.17) becomes

l,lfé/(2 logy) Ie*t:g(logm):i/s(log log x)2/5

A(z,y; g,0) < st 0 (4.2.20)
:L,lfc4/(log(2q)) ‘,L,6704(log x)3/5(log log ) ~3/5
< + , 4.2.21
50 50 R

for some ¢4 > 0. The first term of the second line is for the range where log(10q) > log Vr,
whereas the second term covers the range log(10q) < log Vy. The proof of the theorem is

almost complete. It only remains to observe that A(x,y; ¢,a) does not differ much from

oz Y(a) Ne(n
2 Al =g = g 2 Ak

n=a (mod q)

First, we have the estimate (4.1.1) which can be rewritten as

ylog x
A(n) = A(n +O< )
gﬁ (n) gﬂ () oz 4
a (mod q) n=a (mod q)

1:3’ (n)>y
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Similarly,

ylogx
A = X Al + 0 Y
P (n)>y

for x € {x0,¥}. Now, all the prime factors of ¢ in its prime factorization are greater than or

equal to 2, which implies that 2¢@ < ¢. Using this inequality, we deduce that

> Am)< Y logp<)logp 3 1< w(g)logr < (logz)(logg),
nsz pr<a plg k<logz/logp
(n,q)>1 plg

and so an application of Theorem 1.2.3 (the prime number theorem) yields

>~ A(n)xo(n) =  + O(x exp{—cs(log 2)*/* (log log ) /*}),
n<x
for some absolute constant c; > 0. So, finally, when x > ¢ for a large A > 0, with the y

that we have chosen, we conclude that

$€_C5(10g x)3/5(loglog )~ 1/5

i — w(a> n n)— xX.Uy. a
2 A =20 g 2 AV — Alwyiga) < o0

n=a (mod q)

In virtue of (4.2.20), the theorem has now been proven.
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