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Large Sums of Fourier Coefficients of Cusp Forms

par CLAIRE FRECHETTE, MATHILDE GERBELLI-GAUTHIER,
AriA HAMIEH et NaoMmi TANABE

RESUME. Soit N un entier positif et soit f € Sg(IN) une forme cuspidale
primitive admettant le développement en série de Fourier f(z) =
S s (n)n% e(nz). Nous étudions les sommes partielles S(z,f) =
Y n<s Af(n), pour lesquelles il est conjecturé que S(z, f) = o(xlogz) quand
x > k¢ Dans [8], Lamzouri démontre cette conjecture en supposant que
L(s, f) satisfasse ’hypotheése de Riemann géneralisée. Dans cet article, nous
démontrons la conjecture sous des hypotheses plus faibles. Plus précisément,
nous démontrons qu’étant donnés e > (logk)™% et 1 < T < (logk)=0, on a
Sz, f) < xl(j’,ﬁ quand x > k€, pourvu que pour tout nombre réel ¢ tel que
|¢| < T, la fonction L(s, f) n’ait pas plus de €2 log k/5000 zéros dans la région
{5+ Re(s) > §, [Im(s) — ¢| < }}-

ABSTRACT. Let N be a fixed positive integer, and let f € Si(IN) be a primi-
tive cusp form given by the Fourier expansion f(z) =Y - Ay (n)n% e(nz).
We consider the partial sum S(z, f) = >, ., A¢(n). It is conjectured that
S(z, f) = o(xlogx) in the range 2 > k. Lamzouri proved in [8] that this is
true under the assumption of the Generalized Riemann Hypothesis (GRH)
for L(s, f). In this paper, we prove that this conjecture holds under a weaker
assumption than GRH. In particular, we prove that given ¢ > (log k)*é
and 1 < T < (logk)zo, we have S(z, f) < xlo# in the range z > k¢
provided that L(s, f) has no more than €?logk/5000 zeros in the region
{s : Re(s) > 3, |Im(s) — ¢| < 1} for every real number ¢ with |¢| < T.

1. Introduction

Let f € Sk(N) be a primitive cusp form of weight k and level N, given
by the Fourier expansion

f(2) =3 A’z e(nz).
n=1
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A standard argument shows that A¢(n) < nz for all n > 1. One of the
deepest theorems in the theory of modular forms is the upper bound

[Af(n)] < d(n)

for any n > 1, where d(n) is the number of positive divisors of n. This
bound was established by Deligne [1] in 1974, thus settling Ramanujan’s
conjecture for classical modular forms.

In order to better understand the asymptotic behaviour of these coefhi-
cients, a common approach is to study them on average. A standard bound
in this direction was established by Hecke [6] in 1927 when he proved that

S(z, f) := Z Ar(n) <z 22

n<x

for x large enough. Subsequent work of Walfisz [11] combined with Deligne’s
bound yields the bound

(1.1) S(x, f) < s w3t

for any € > 0. Hafner and Ivi¢ [5] improved upon this result by removing the
factor ¢ from (1.1). The implicit constants in these estimates depend on
the modular form f. In many applications, one seeks asymptotic estimates
for S(x, f) that are uniform in the level aspect or the weight aspect of the
underlying modular form. If f is a primitive cusp form of weight k& and
a fixed level NV, one could use Perron’s formula and the convexity bound
for L(s, f) to prove that

(1.2) S(a, f) < (ak)? log(ak),
as x,k — oo. This implies that
(1.3) S(z, f) = o(xlogx)

in the range z > k'T¢. In fact, using subconvexity bounds for L(s, f)
(see, for example, [10, Theorem 1.1]), one sees that (1.3) is valid in the
wider range > k'79 for some § > 0. For a primitive cusp form f
in Sk(1), Lamzouri [8, Corollary 1.2] proved that (1.3) holds in the range
log x/loglog k — oo assuming the GRH for L(s, f). He also proved uncon-
ditionally that this range in z is best possible [8, Corollary 1.4]. Lamzouri’s
work is a GL(2) analogue of the work of Granville and Soundararajan [3]
on large character sums in which they proved that, for a primitive charac-
ter x mod ¢, we have Y, . x(n) = o(z), as log x/ log log ¢ — oo assuming
the GRH for L(s, x). In [4], they showed that this asymptotic holds under
the weaker assumption that “100%” of the zeros of L(s, f) up to height %
lie on the critical line. To achieve this goal, Granville and Soundararajan
established concrete connections between large character sums and zeros
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of L(s,x). The work in this paper is motivated by the aforementioned pa-
pers of Granville and Soundararajan. In fact, our main results stated below
are GL(2) analogues of [4, Theorem 1.3] and [4, Corollary 1.2].

Theorem 1.1. Let f € Sp(N) be a primitive cusp form, and let
exp(vlogk) < z < k be such that |S(z, f)| = mhf% where 1 < @ <

(log )10, Then there exists an absolute constant C' > 0 such that for
some real number ¢ with |¢| < CQ and any parameter 1000Q> < L <

40log x, the region
‘ , Llog(k(log k)'/7)
(1.4) { s (o) < FE B

with v = L/100log x, contains at least L/625 zeroes of L(s, f).

The proof of Theorem 1.1 is given in Section 5. Furthermore, we can
derive the following corollary from this theorem.

Corollary 1.2. Let f € Sg(N) be a primitive cusp form. Let € and T be
real numbers with € > (logk)™'/% and 1 < T < (logk)'/?%. Suppose that
for every real ¢ with |¢p| < T the region

(1.5) {s  Re(s) > Z Im(s) — | < i}

contains no more than €?logk/5000 zeroes of L(s, f). Then for all k¢ <
x < k, we have

zlogx

T

> Ar(n)

n<x

Proof. We choose L = ¢?logk/8 in Theorem 1.1. For any k¢ < z < k,
we observe that the region given in (1.4) is contained in the region given
n (1.5) since
Llog(k(log k)'/7) _ 2Llogk 2 <elogk>2 _1
(logz)? = (logz)?

logz /) — 4

To see this observe that using x < k and € > (log k) s we have

1 1001 800

S = 8T T < 800(log k) <

vy L
for k large enough. O
Remark 1.3. Let N(T, f) be the number of zeros p = § + it of L(s, f)
such that 0 < 8 <1 and |t| < T. By [7, Theorem 5.38|, we have

NT?
(2me)?

log k

loglog k

N(T,f) = 10g + O (log (N(T' + k))) ,
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for T > 2. Hence, L(s, f) has O(logk) zeros in the critical strip up to

height (log k:)ﬁ Corollary 1.2 implies that if (1.3) is false for z = k¢, then
a positive proportion > €2 of these zeros lie off the critical line.

In this paper we adapt the strategy of proof employed in [4]. The main
idea can be found in Proposition 4.3 where we prove that the inequality

S(eY, f) > eyyl_ﬁlo yields a lower bound for a certain sum taken over non-
trivial zeros of L(s, f). This is accomplished by first employing Lemma 4.1
which yields a relation between S(e¥, f) and S(€¥, f,¢) = 3, <ev Ap(n)n =%
for some real number ¢ via various applications of results from the theory
of mean values of multiplicative functions such as Corollary 3.3 (Lipschitz
Theorem) and Proposition 3.5 (Haldsz’s Theorem). Then we use Lemma 4.2
which is an application of Plancherel’s formula relating an integral expres-
sion involving L(1 — v +i(¢ + €), f) (for some 0 < v < 1) as ¢ varies in R
with an integral expression involving the twisted partial sums S(eY, f, @)
as y varies in R. To tie these relations together and establish the conclusion
of Proposition 4.3, we resort to Lemma 2.1 which uses the classical explicit
formula for L(s, f) to furnish an upper bound for L(1 — v +i(¢p+ &), f) in
terms of a sum taken over the non-trivial zeros of L(s, f).

The paper is structured as follows: Section 2 provides some analytic tools
and preliminaries. In Section 3, we delve into some key estimates regarding
mean values of divisor-bounded multiplicative functions. These estimates
are used in Section 4 to establish a couple of lemmas, which are crucial to
proving Proposition 4.3. Finally, the proof of the main theorem is presented
in Section 5.

Conventions and Notation. In this work, we adopt the following con-
ventions and notation. Given two functions f(x) and g(x) we write f(z) <
g(x), g(x) > f(x) or f(x) = O(g(x)) to mean there exists some positive
constant M such that |f(x)| < M|g(z)| for x large enough. The notation
f(z) =< g(z) is used when both estimates f(z) < g(z) and f(x) > g(x)
hold simultaneously. We write f(z) = o(g(x)) when g(x) # 0 for suffi-
f(z)

g(z)
to represent a prime number.

ciently large  and lim,_, = 0. The letter p will be exclusively used

2. Analytic Tools and Preliminaries

Throughout this paper, the set of all primitive cusp forms in Si(NV) is
denoted as Hy(N). The L-function associated to f € Hy(N) is given by
the Dirichlet series

Ar(n)

L(s, f) = Z
n=1
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which is absolutely convergent for Re(s) > 1. In this region, the L-function
can be represented as the Euler product

(s, f) =TT @ =) " TL (1= Arp ™ +p7)

p|N ptN

pS

-1

where aq ¢(p) and ag f(p) are referred to as the p-th local parameters
of f. Since the Ramanujan conjecture for classical modular forms is known,
thanks to Deligne’s work, we have | ¢(p)| = 1 for all p{ N.

The completed L-function which we denote by A(s, f) (see below) can
be analytically continued to an entire function of order 1 and satisfies a
functional equation that relates its value at s to its value at 1 — s. In
particular, we have the Hadamard factorization

A(s, f) := N*/2 . 26=R/2, fr(om)=sT <s + k;) L(s, f)

(2.2) — MBS <1 - S) es/e,
P p
for some A, B € C, where B satisfies the property Re(B) = >, —Re( )

1
P
See [7, Equations 5.4, 5.23, and 5.86] for the details.
To conclude this section, we prove a useful lemma that will be instru-
mental in the upcoming sections.

Lemma 2.1. Suppose 7 is a real number such that 0 < v < % and t is any
real number. Then

, 1 272
L(l—~y+1it, f)] € —<exp - .
= <2 <zp:]1+’y+zt—p\2>

Proof. Let sg = 1+~ +it and s; = 1 — v +it. We begin by considering the
ratio of L-functions evaluated at sg and s; using the functional equation:

(st "5
=G

An application of Stirling’s formula, together with the Hadamard factor-
ization (2.2), yields

e = e ()

L(slvf) - 2 2\\v ’Sl_p‘
(23) | = ) L=
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Rearranging, we get

1/2
js1—pl _ (1_ lso = pl? = Is1 —p\2> o (1_ 47Re(1—p)>1/2

|so — pl |so — p|? |so — p|?

which is a truncation of the Taylor expansion for the exponential
function, so

— 2vRe(1 — 1 2~2
B plgexp(_w>:exp _27Re< >+ )
|so — pl |so — pl 50— p |50 — pl

Substituting this into (2.3), we have

S 2
o [ | v e T (e (5) + 255).

On the other hand, by taking the logarithmic derivative of (2.2) and
applying Stirling’s formula, we obtain

L'(s0, f) 1 2, 42
2.5 —Re(’)zl (k% +t%) Re( )—I—Ol.
(25) L(so, f) g o8 Z $0— P M
To bound the left-hand side of (2.5), observe that
L As(n)
_7(87 f) = Z T s
L =1 "

where Ay is supported on prime powers and satisfies the identities

Ag(p) = As(p)logp and  Asp(p™) = a1,5(p)™ logp + a2 ¢ (p)™ log p,
where o ¢(p) is the p-th local parameter of f as in (2.1). Therefore,

L' L'(s0, f) Z |041,f(17)m + ag,¢(p)™[log p
80, n1+'y+zt - pm(lJr'y)
log p A(n)
<2 Z m(lty) Z PYEE
n>1
where A(n) is the von Mangoldt function. Therefore, we may write
LI(SO f) 2
(2.6) “Re () <2400).
L(307 f) Y

Applying this bound to (2.5) and taking the exponential of both sides give

(N(K* + %)) exp< 2fyZRe( p)) < 1.
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Going back to (2.4), we have

o) = V0 (o () T (1
(K*+1t1*))" | | exp | —27Re exp | — 5

Tou | = O 1) I e (=2oke (=0 ) ) exe { [0
272

Pl

Notice that

n 2
pley Bl ey S8 — e = (Srow)

n>1 n>1

and therefore we have the desired result

.2
|L(s1, f) |<< IIGXP ( ) [

50 — pl?
3. Key Ingredients from Pretentious Number Theory

This section highlights crucial results regarding the mean values of
divisor-bounded multiplicative functions. While the works of Granville—
Harper—Soundararajan [2] and Mangerel [9] encompass many of these state-
ments, we require specific variations to suit our setting.

We begin this section with a slightly modified version of [2, Corollary 1.2].

Theorem 3.1 (Haldsz’s Theorem). Let h be a multiplicative function such
than |h(n)| < d(n) for alln € N, and set H(s) =>,~1 h(n)n™°. Let M be
the real number satisfying

1
M(ogz)> = max H(1++it)‘.
|t|<(log z)? logz
Then, we have
log1 2
(3.1) th < (M + 1)eMlog g 4+ 1081982)°
n<x logx

We note that our M differs slightly from that used in [2, Corollary 1.2].
However, by observing that
1 .
H (1 +—+ zt) ,
log

H(1+
1+

and using the fact that the function (y + 1)e™¥ is a decreasing function for
y > 0, we see that (3.1) follows immediately from the inequality given in [2,
Corollary 1.2].

Throughout the remainder of this section, we will focus exclusively on
the case of h(n) = Ay(n), where f € Hy(IN). We will commence by stating
a version of the so-called Lipschitz Theorem, based on the work of [2].

1 .
log z + Zt)
+ it

max 1 < m
[t|<(log z)? Tog 7 [t|<(log x)?
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Proposition 3.2 (Lipschitz Theorem). Suppose f € Hi(N). Let ¢ be a

number in the range |t| < (logx)? for which the function t — |L(1 + béx +

it, f)| reaches its mazimum. Then for all 1 < w < z'/3 we have

T A = ST A

n<z n<z/w

9_4
1 1 logl 2 v
<<10g( og T ) <ogw+(0g ogx) > log .

log ew log =

Proof. The proof of this version differs only in very minor details from the
proof of [2, Theorem 1.5] where the authors prove that the same upper
bound holds for xl%w Yon<a Ap(n) — W Y on<ajw )\f(n)‘. The reader
is referred to [2] for the detailed exposition. O

We will apply the Lipschitz bound of Proposition 3.2 as follows.

Corollary 3.3. Let f € Hp(N). Let ¢ be a number in the range |t| <
(log x)? for which the functiont — |L(1+ - +it, f)| reaches its mazimum.

log z
Then for all 223 <2< :U3/2, we have
2—2440(1)
1 , 1 ~ 1+ |logZ 7
= Z Ap(n)n=% — = Z Ap(n)n™| < w log z.
T e z 12 log

Proof. Let z = x/w in Proposition 3.2. Then if 223 <2< z, we have

LD PV BPVI O

n<x n<z

4
1 log <& + (loglog z)2\ * ™~
< log Ogi og 5 + (loglog ) logx
log & log

_4
log < + (loglog z)? x
log x logz

_44,

« (Hﬂgl) U

g x.
log

< loglogx (

For the interval z < z < 23/2, we repeat the argument, interchanging the
roles of = and z. g

We will additionally state the following analogue of [9, Corollary 3.9] for
later use.
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Lemma 3.4. Let f € H,(N) and ¢ be as in Proposition 3.2. Then

1 : 4 8
— —i¢ -1+ 5—=
- > Ap(n) = T o E Ar(n +0 ((log x) (loglog ) ) .

n<x n<x

Proof. We will show the equivalent statement that

o 1419 4 _s8
S A = S8 S gm) + O ([9l(log 2) (loglog )3

n<x n<x

By partial summation, we have

72)% —w:i/ —wd{ZAf }

n<m n<x

L
x1+z¢ > Al / wltio > As(n

n<x n<u

We split the integral into two pieces as follows:

/1 ultio Z Ap(n

n<u

/(log z)?
N / Ul—H(b Z )\f du + / /(log )2 U1+Z¢ Z )\f

n<u n<u

For the first integral, we use the trivial bound, so

/(log x) /(log x)
7’¢/ ) umquAf n)du < W/ Z|Af( )| du

n<u n<u

/(log x)?
|¢!/ log u du < el

logz
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Since w = z/u is in the range of Proposition 3.2, the second integral is
equal to

i
/ (log 2)? (xl—&-zqs r;p)\f

o_4
1 1 log 1 2 i
L0 log< 0g:c> ogw + (loglog x) logr | | du
log ew log x
= — du
x ($1+Z¢ Z f )/x/(logm)2

n<lz
; loglog )2\ >~ =
+ iy 0] (loglog:l: <(0g0gm)> logx) / du
x logz z/(log 2)?
8
(loglogz)>~ =
= 7 2 A |¢>I—410gw :
x“‘ﬁm ( (log z)*~ =
Combining the two integrals gives the desired result. O

We conclude with a result that will play a pivotal role in the next section.

Proposition 3.5. Let f € Hy(N). Let ¢ € [—(logx)?, (logx)?] be a point

at which the mazimal value Max < (10g )2 | L(1 + 10;3 +it, f)| is attained.
Setting
Mogz)> = max |L (1 + N —i—it,f)’
[t|<(log z)? logz

for some M € R, we have

M+1)e ™  (loglogz)® =
72%0 <<1ng<( e | (logloga)” )
1+ 9| (logz)*~=

n<w

Proof. Using Theorem 3.1, we have

(loglog x)?

- Z A(n)n™® < (M +1)e Mloga + log =

n<z
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Applying Lemma 3.4, we get

é > As(n)

n<lz
” log log z)* loglog )5~ =
< | (J\/f+1)e_Mloggc+M +0 M
1+i¢ log x (log z)1~ =
M+ De”™ loglog ) log log )5~ %
< M Ve logx + O (loglog )" +0 % _
1+ |¢] log (log )~ 7
The first error term is smaller than the second, so it is subsumed into the
second one. 0

4. Necessary Lemmas

In this section, we establish the key ingredients required for the proof of
the main theorem; namely Lemmas 4.1 and 4.2, and Proposition 4.3. Across
all the statements, we assume f € Hy(N). We also remind the reader that
we set

S(z, f) = Z Af(n) and S(z, f,¢) = Z Af(n)n_i¢.

n<x n<x

Lemma 4.1. Let yo > 4 and assume that |S(e¥°, f)| > yoeyoyal/loo. There

exists a real number ¢ = ¢(yo) with |¢p| < yoe?/|S(e?°, f)| such that, for
any y € R,

S(e, f.9)  S(em, f. ¢>‘
Y

(4.1) ‘

e eYo

4
| B 2—240(1)
< ( ogyo + |y yO) max{y, Yo}

Yo
Moreover, for any € > 0, we have

. 1.4

(42)  S(e™,f.0) = (1+ip)e WS (e, f) + Ofetyy ),

Proof. We set x = €% in Proposition 3.5. There exists ¢ € [—(yo)z, (yo)z]
such that

1 (1+M)e My —142

(4.3) — Af(n) < +y
ew L= f 1+ || 0

We first show that 1+ |¢] < yoe¥0/|S(e¥0, f)|. Starting from (4.3), we get

\S(eyo,fngc(mM)eM 1 )

_8
(logyo)> ™.

yoevo 1+ o * 2-2—e
Yo
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for some absolute positive constant C. Rearranging the above equation
yields
C(M +1)e M < 2C(M + 1)eM

|S(e¥0,f)] C —2+%+6 - |S(€y9,f)\ ’
yoevo  — “Yo Yoe¥0

L+]¢| <

where the last inequality holds as long as

[5(e, )]

Yo eYo

-2
>20 += +e’

|S(e%0,f)| <, ~1/100
oo = Yo

which happens for all yg >¢ 1 since . Hence,

Yoer’
|S(evo, )
The first assertion follows from Corollary 3.3 with z = €% and z = e¥
if 2y/3 < yo < 3y/2. Outside this range, the result can be deduced by
trivially bounding the left-hand side of (4.1). The second assertion follows
from Lemma 3.4 by taking z = e¥%°. g

1+ o <

Lemma 4.2. Let ¢ be a real number, T' a positive real number, and v a
real number such that 0 <y < 1. Set S(z, f,¢) == > on<a Af(n)n=". Then

\/ﬁ/ S(ev, f S(e, f. ¢) exp <7y— Zyz) dy

_/°° L= +i¢ + i, f)exp< §2>d§

1—~v+

Proof. We apply Plancherel’s formula with g(y) = S(et.f.6) ’f %) exp(yy) and
h(y) = exp (—%yQ). The result follows by computing

g(§) = /OO (ey f ?) exp(vy — ily)dy

= Z Ar(n ey(vflﬂf)dy
n<l logn
. y—1-ig L(1 = ; ;
— ZAf(n)n—ub n = ( 7+Z¢"?—Z€7f)
=i 1—~v+i€ 1—v+i€

and
h(¢) = /_O:O exp (—Zy2 - iyf) dy = \/?eXp (—25;) : O

The next proposition combines the previous two lemmas to derive a
lower bound for a certain sum over non-trivial zeros of L(s, f) under the
assumption that S(z, f) is large.
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Proposition 4.3. Let yo be large with |S(e¥°, f)| =: ype¥9/Q > yoeyoygl/loo,

and let ¢ be as in Lemma 4.1. If CQ3/yo < v < 2/5 for a suitably large
constant C, then there exists & with

~vlog(k7 log k)

€] <2
Yo

such that

g )
;|1+7+i(¢+€)—p\2 =T

Proof. Set T = ~/yo, and note that T' < 1. Applying Lemma 4.1, we have
that

(4.4) x/ﬁ/_oo W exp (vy - Z?f) dy

oo [ G (Yo 1 _ 2 ]2/3
= VarT e (20) [ (WJFO(ogyoJr\zy/g ol y))
o ,

X exp (—Z(y - yo)2> dy
- () (L2570 o)
X /_O:O exp (—Z(y - y0)2> dy

+0 (yé/?’v 2nT exp (72%) / (togyo + |y — vo*'*)

X exp <—:g(y - yo)Q) dy> :

Noting that

o0 T 2
[ exp (—2(y — yo)Q) dy =/~

and
= T
/ (tog o + |y — yo[*/*) exp (—2(1/ - 3/0)2> dy

2 2\%/6 /5
= (log o) T + (T) r (6) )
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the integral in (4.4) equals

1+ i¢)S(e¥, 1/3
awo (1) (A0S0 10 (44 1o o+ ()

1
B o\ [ (L+ig)S(e™, f) AR
= 2mexp (2> ( ovo(1+id) +0 v '
Using our lower bound on v, we see that this integral is in magnitude

> myoexp (W) /Q. So it follows from our assumption on S(e¥, f) and
Lemma 4.2 that

Yo exp ('yyo)
Q

IL(1 -~ +i(¢p+&), f)| ( 52>
11—+

LA =y +i(¢+8), f)l ¢ ¢
= (?51%{ 11—+ €] P <_4T>> /ReXp <_4T> de.

Thus
IL(1—~+i(p+£), f)| ¢? myoexp (242) 1
(45)  max 11—+ if] P < 4T> = Q  2Tn
_ 70 eXp ('YyO) @
2Q v

If Re(s) = o > 1/2, we have that

%) 00 13 1/2
Nl < ’s/ S(z, f) dx’ 301!8!/ min(zlog z, (xk)"/* log(zk)) da
1 1 po+1
|s| (logk 4log k 4 )
<
_Clk”_l 1—0+20—1 (20 — 1)

where the second inequality above follows from the bound in (1.2), and C;
is an absolute positive constant. We also recall that k is the weight of f. It
follows that, if |¢| > 21/v1og(k" log k) /yo, we have

L=y +i@+9. Al (_8)

[y 7
<c 1—’y+z(¢'+£) ﬂ/(logk:_i_éllogk: N 4 2) 1

1—~v+1i€ v 1—-2v (1-2v)%2) kvlogk
< Cao(1 +2[¢])

v
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where Cy is another absolute positive constant. Since CQ3/yo < 7, the
right-hand side of (4.5) is greater than

T1202Q% exp(°Y)
2
which is larger than Ca(1 + 2Q))/v with a suitably large C. Therefore, the

maximum on the left-hand side of (4.5) cannot be attained in this range
of £. Thus, there exists & with [£] < 21/vlog(kYlogk)/yo such that

2
L=+ o490 2 2 e (22 [0 - w+z§rexp<5>

~2Q 2
Yo Yo Yo
> — exp () —.
Q 2 gl

By utilizing this bound in conjunction with Lemma 2.1, we obtain
eXp Z 272 > @ exp <7y0> Lyo
72 1+ +i(¢+E&) —p? Q 2 gl
Consequently,

Y Yo ’790 Yo 351
exp(“@ruwamo—mf4)) F S, Yo

since vy > CQ@3. Choosing C large enough ensures the right-hand side
is > 1. Hence,

g Yo
. _7205
zp:|1+7+2(¢+€)—p\2 4

as desired. O

5. Proof of Theorem 1.1

This section is devoted to the proof of Theorem 1.1. Let ¢,~, and &
. . s _ log(kY log k)
be as given in Proposition 4.3. Let Y = Voo and suppose that
|1 +i¢ — p| > 100Y2. Then,

L+ +i(6+€) — pl > [1+50Y% + i — p| — (5012 + [¢])
> ‘1+50Y2+i¢—p’ ~ (s0v2 +2v)

v

%’1+5OY2+Z¢—p‘.
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Therefore, applying (2.5) and (2.6), along with the bound |¢| < Q < yé/loo

we have

I

y
53 L+vy+i(o+&) —p?
[1+i¢p—p|>100Y2

< 4y Z 1 '
~ 50Y2 5 |1+ 50Y2+i¢ — p|
|14+-i¢p—p|>100Y 2

2y 1
< R
= 9572 Xp: e<1+5OY2+i¢—p>
|14+i¢—p|>100Y2
< 55y2 (2 log(k* + ¢°) + Re (L (1 +50Y° 4 ip — p)) + O(l))
< 2y
— 25Y2

2yo (1 9 . 1/50 Yo )
< —log(k ——— 4+ 0(1) ).
< Blogk \2 108" 00 ) + 55100 HOW)

1 2 | 1/50 1 )
ngk+% )+ 1o + O(1)

We note that the third inequality above follows from (2.5). Now, letting
yo = log z, with y/logk < logx < logk, we get

(5.1) 3 i
p

1+ +i(¢+&) —pl
[1+ip—p|>100Y2

2logz (1 9 (log z)?
< log(2k2) + ——28T) 1 o(1
= 95 log k (2 82K + 150605 0g ks T O

2logx log
— k+ ——— 1
— 25logk ( + 100CQ3 +0( ))

2 log x
— (1 —_— 1
2 (Og‘r * Toocgs T O ))

2 9
% (logz + Alogx) < mlogm,

IN

IN

where the last inequality follows from taking A small enough, which is
possible by choosing C' sufficiently large. Using Proposition 4.3 and (5.1)
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gives
Y
e Xp: 1+~ +i(o+&) —pl?
|1+ip—p|<100Y2
_ Z ' i B Z : i
Ly +ilo+&) — ol - 1+ +i(op+ &) — p|?
|14+i¢p—p|>100Y2
logz — ilog;zc = —logz
- 4 100 25
Since
gl <1

Lty +i(@+8) —pl> ~ 7
the left-hand side of (5.2) is at most 1/y - #{p : |1 +i¢ — p| < 100Y?}.
Recalling that
_log(k"logk)  ~log(k(logk)Y/")

y2
log z log =

)

we conclude that

#{p Dl 4ig —p| <

log x 25
The proof of the theorem is completed by setting L := 100~ log x.

100y log(k(log k:)l/V)} S 4vlogx
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