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Upper bounds for moments of ¢'(p)

Micah B. Milinovich

ABSTRACT

Assuming the Riemann hypothesis, we obtain an upper bound for the 2kth moment of the
derivative of the Riemann zeta-function averaged over the non-trivial zeros of ((s) for every
positive integer k. Our bounds are nearly as sharp as the conjectured asymptotic formulae for
these moments.

1. Introduction and statement of the main results

Let ¢(s) denote the Riemann zeta-function. This article is concerned with estimating discrete
moments of the following form:

T = —— 5 [ (L1)

where k& € N and the sum runs over the non-trivial (complex) zeros p = 3+ iy of ((s). As
usual, the function
T T T
N(T) = 1=—log— — — logT 1.2
T)= > 5 log o~ — o~ + O(logT) (1.2)
0<y<LT
denotes the number of zeros of {(s) up to a height 7' counted with multiplicity.

It is an open problem to determine the behavior of Ji(T') as k varies. Independently, Gonek
[7] and Hejhal [10] have conjectured that

Ji(T) = (log T')F(k+2) (1.3)

for fixed k € R as T' — oo. Though widely believed for positive values of k, there is evidence
to suggest that this conjecture is false for k < —3/2.

Until recently, estimates in agreement with (1.3) were only known in a few cases. Assuming
the Riemann hypothesis (which asserts that 8 = § for each non-trivial zero of ((s)), Gonek [5]
has shown that Jy(T') ~ 15(log T)* and Ng [17] has proved that Jo(T') < (log T)®. Confirming
a conjecture of Conrey and Snaith [1, Section 7.1], the author [14] has calculated the lower-
order terms in the asymptotic expression for Ji(7T'). Under the additional assumption that
the zeros of ((s) are simple, Gonek [7] has shown that J_1(T) > (log7T)~! and conjectured
[9] that J_1(T) ~ (6/72)(logT)~ . In addition, there are a few related unconditional results
where the sum in (1.1) is restricted to the simple zeros of ((s) with g = % See, for instance,
3, 4, 13, 21].

By modeling the behavior of the Riemann zeta-function and its derivative on the critical line
using the characteristic polynomials of random matrices, Hughes, Keating and O’Connell [12]
have refined Gonek’s and Hejhal’s conjecture in (1.3). In particular, they conjectured a precise
constant Dy, such that Ji(T) ~ Dy (log T)F*+2) as T — oo for fixed k € C with Rk > —3/2.
Their conjecture is consistent with the results mentioned above.
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Very little is known about the moments Jx(T') when & >2. However, assuming the Riemann
hypothesis, one may deduce from well-known results of Littlewood ([23, Theorems 14.14 A-B])
that, for o > 1/2 and ¢ > 10, the estimate

Clogt
! t
Clo+it) <exp <log10gt)

holds for some constant C'>0. It immediately follows that
2kC'logT
Je(T (Gt
K(T) < exp loglogT
for any k> 0. The goal of this paper is to improve this estimate by obtaining a conditional upper
bound for J(T') (when k € N) very near the conjectured order of magnitude. In particular, we
prove the following result.

THEOREM 1.1. Assume the Riemann hypothesis. Let k € N and let ¢ > 0 be arbitrary.
Then for sufficiently large T we have

1 2k
Nﬁjizkﬁﬂ < (log T)(k+2+e,
0<~y<T

where the implied constant depends on k and €.

Under the assumption of the generalized Riemann hypothesis for Dirichlet L-functions, Ng
and the author [15] have shown that Ji,(T) > (log T)***2) for each fixed k € N. Combining
this result with Theorem 1.1 lends strong support for the conjecture in (1.3) when k is a
positive integer.

Our proof of Theorem 1.1 is based upon a recent method of Soundararajan [22] that provides
upper bounds for the frequency of large values of |¢ ( + it)|. His method relies on obtaining
an inequality for log |¢ ( + it)| involving the real part of a ‘short’ Dirichlet polynomial which
is a smoothed approximation to the Dirichlet series for log((s). Using mean-value estimates
for high powers of this Dirichlet polynomial, he deduces upper bounds for the measure of the
following set:

{t €[0,7] : log |¢(5 + it)| = V},

and from this, for arbitrary positive values of k and ¢, is able to conclude that
J ¢(5 + it ’ dt <, e (logT)kz"’E. (1.4)

Soundararajan’s techniques build upon the work of Selberg [18-20] who studied the
distribution of values of log ¢ ( +it) in the complex plane.

Since log ¢’(s) does not have a Dirichlet series representation, it is not clear that the function
log |¢’(5+it)| can be approximated by a Dirichlet polynomial.” For this reason, we do not study
the distribution of the values of (’(p) directly, but instead examine the frequency of large values
of |¢(p+ )|, where « € C is a small shift away from a zero p of ((s). This requires deriving
an inequality for log |¢(o + it)| involving a short Dirichlet polynomial that holds uniformly for
values of ¢ in a small interval to the right of, and including, o = % Using a result of Gonek
(Lemma 4.1 below), we estimate high power moments of this Dirichlet polynomial averaged
over the zeros of the zeta-function and are able to derive upper bounds for the frequency of
large values of |((p + «)|. Using this information we prove the following theorem.

THejhal [10] studied the distribution of log |C’(% + 1t)| by a method that does not directly involve the use of
Dirichlet polynomials.
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THEOREM 1.2. Assume the Riemann hypothesis. Let o € C with |a| <1 and |Ra| <
(logT)~t. Let k € R with k>0 and let € > 0 be arbitrary. Then, for sufficiently large T,
the inequality

My 2 oo™ < 1og )
0<y<T

holds uniformly in .

Our argument, modified in a straightforward manner, actually implies that the constant e
appearing in power of logT in the inequalities in Theorems 1.1 and 1.2 is O(1/logloglogT).
Comparing the result of Theorem 1.2 with the estimate in (1.4), we see that our theorem
provides essentially the same upper bound (up to the implied constant) for discrete averages
of the Riemann zeta-function near its zeros as can be obtained for continuous moments of
|¢(3 + it)| by using the methods in [22]. There has been some previous work on discrete mean-
value estimates of the zeta-function that are of a form that is similar to the sum appearing in
Theorem 1.2. For instance, see the results of Fujii [2], Gonek [5], and Hughes [11].

We deduce Theorem 1.1 from Theorem 1.2 since, by Cauchy’s integral formula, we can use
bounds for {(s) near its zeros to recover bounds on the values for {’(p). For a precise statement
of this idea, see Lemma 7.1 below. Our proof only allows us to establish Theorem 1.1 when k
is a positive integer despite the fact that Theorem 1.2 holds for all k£ > 0.

2. An inequality for log |((o +it)| when o > }

Throughout the remainder of this article, we use s = o + it to denote a complex variable and
use p to denote a prime number. We let \y = 0.5671... be the unique positive real number
satisfying e=*0 = \g. Also, we put o) = ox, = 1/2 + A/logx and let

log™* |z] = 0 if |z| < 1,
log|z| if|z] > 1

As usual, we denote by A(-) the arithmetic function defined by A(n) = logp when n = p* and
A(n) = 0 when n # p*. The main result of this section is the following lemma.

LEMMA 2.1. Assume the Riemann hypothesis. Let 7 = |t| + 3. Then, for \g < A < %logx
and 3 < x < 72, the estimate

. A(n)  logz/n| (1+A)logT
log™ )] < , 1 2.1
°8 |<(U+Z )’ ;nﬂ“tlogn log = 2 logx +0(1) (2.1)
holds uniformly for % <o <oy < %,

In [22], Soundararajan proved an inequality similar to Lemma 2.1 for log ‘C + it ‘ In his
case, when ( ( +it) # 0, an inequality slightly stronger than (2.1) holds Wlth the constant
Ao replaced by 8o = 0.4912..., where Jy is the unique positive real number satisfying e=% =
8o + $63. Our proof of the above lemma is a modification of his argument.

Proof of Lemma 2.1.  We assume that |((o + it)| > 1, as otherwise the lemma holds for a triv-
ial reason. In particular, we are assuming that (o + it) #0. Assuming the Riemann hypothesis,
we denote a non-trivial zero of ((s) as p = 3 + iy and define a function F(s) as follows:

o—1/2
%Zs— _Zg—l/z F(t—9)2
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Note that F(s) >0 whenever o > 1/2 and s # p. The partial fraction decomposition of
¢’'(s)/C(s) (see [23, equation (2.12.7)]) says that, for s # 1 and s not coinciding with a zero of
¢(s), we have

¢! ( 1 1) 117 1
2 (s) = b 1)-—— +B 2.2
£ () ;8—p+p spEs+l) - —+B (2:2)
where the constant B = —%Z% =log2r —1— %'yo, in which 7y denotes Euler’s constant.
P

Since

1

when o < 1, by taking the real part of each term in (2.2), we find that

C/ 1 1‘\/
4( s) <R f—(fs—l—l) — F(s) (2.3)
for o < %, say. Stirling’s asymptotic formula for the gamma function implies that
I 1
?(s) =logs — 2—5+O(|5\72) (2.4)

for 0 > 0 fixed, |args| <7 — 4§ and |s| > ¢ (cf. [16, Theorem C.1]). By combining (2.3) and
(2.4) with the observation that F(s) > 0, we find that
!
1
—R %(S) < 3 logT — F(s)+ O(1)

1
< §logT—|—O(1) (2.5)

uniformly for 1 < o < 3. Consequently, the inequality
2 1

log |C(0 + it)] — log (o + it)] = mr E Ccl(u +it)] du

o

< (92— o) (3 los +0(1)

< (oA - %)( logT 4+ O(1 )) (2.6)

holds uniformly for 2 5 S0< o)< 4 Here, Whlle using the inequality (2.5) in the second line
of (2.6), we have implicitly assumed that A g log z to ensure that o) < 5

To complete the proof of the lemma, we require an upper bound for log |< (o) + it)| which, in
turn, requires an additional identity for ¢’(s)/((s). Specifically, for s # 1 and s not coinciding
with a zero of ((s), we have

¢ A(n) log(z/n) 1 g’ . / 1 2P—5
72(5) N ; ns  logx * logx<§( )) + log ; (p—s)2

<

1 xl—s 1 > —2k—s

T
— . 2.
logz (1 — s5)2 + log z kzzl (2k + s)? 27)

This identity is due to Soundararajan ([22, Lemma 1]). Integrating over ¢ from o to oo and
using the assumption that 3 < 2 < 72, we deduce from the above identity that

log|((ox +it)] =R Z A(n) logx/n 3 1 C/

et noxtitlogn logx logm ¢

= (o +1it)

o pP—S

1 T 1
+logx zp:é)%J'A (p—s)2d0+0<logx>' (28)

o
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We now estimate the second and third terms on the right-hand side of this expression. Using
the first inequality in (2.5), it follows that

!

1
R %(aA Fit) < 3 logr — Flo +if) + O(1) (2.9)
for 0 < A < %log:v Also, by observing that
|| R o] gty
———do| < ———do
L PRI Cd IP%) N PR

1/2 oA 1/2—0A}? .
Z oz (oA +zt)’ (2.10)
lp—ox —it]?logx (ox—1/2)1logx

and then combining (2.9) and (2.10) with (2.8), we see that

A(n)  logz/n  1llogT

log |((ox + it)] <3?Z

n<w
F(oy +it) z/2=o 1

-1 0 .

i log x ((0,\—1/2)10gx + (logx)

If A > Ag, then the term on the right-hand side involving F(oy + it) is less than or equal to
zero, and hence omitting it does not change the inequality. Thus, when A > Ay, we have

log |¢(ox +it)| SRS (n) 1ogx/"+110g7+0( ! ) (2.11)

nortit log n logx 2 logx log x

noxtitlogn logx 2logx

n<e

Since we have assumed that |((o +it)] > 1, the lemma now follows by combining the
inequalities in (2.6) and (2.11) and then taking absolute values. O

3. A variation of Lemma 2.1

In this section, we prove a version of Lemma 2.1 in which the sum over n on the right-hand side
of the inequality is restricted just to the primes. A sketch of the proof of the lemma appearing
below has been given previously by Soundararajan (see [22, Lemma 2]). Our proof is different
and the details are provided for completeness.

LEMMA 3.1. Assume the Riemann hypothesis. Consider T = |t| + 100. Then

A(n)  logx/n 1 logx/n
4 — = O(loglogl
Z n°titlogn logx Z petit logx ( 08106708 T)
n<x p<T
umformly for o > 5 and |t| > 1. As a consequence, for any X\ satisfying A\g < A < %logw and
3 <z <72 the est1mate
(1+X)logT

log® ¢ (o +it)| < + O(logloglog 7)

Z 1 logx/p+
portit Jogx

p<T

2 logzx

holds uniformly for % <o<oyand|t| >1
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Proof. First, for o > %, we observe that,

Z A(n) logx/n_zilogx/pil Z 1 logf/n +oq).

nslogn logw 2 p** log+\/x

n<e pgmps IOg:E 2 p<VT

A(n) 1 n
2 Z n2slogn Ol(g)g\\[f/ +0Q).

Thus, if we let w = u + iv and v = |v| + 100, then the lemma will follow if we can show that

n<w

A 1
Z _Aln) logz/n _ O(logloglogv) (3.1)
et n®logn logz
uniformly for v > 1 and 2 < z < v. In what follows, we can assume that z > (logv)?, as

otherwise

A 1 1
Z _Aln) logz/n <1+ Z — < logloglog v.
n®logn logz

n<z p<log?v
Let ¢ = max(2, 1 + u). Then, by expressing ¢’(s + w)/((s + w) as a Dirichlet series and inter-
changing the order of summation and integration (which is justified by absolute convergence),
it follows that

1 [etiee ! cds 1 [ | & An ds
7J- {_C*(S-‘rw)} 72:7J () 87
270 ) o ioo ¢ S 20 Joioo | 21 nstw S

1 O~ An) J‘C”C’O ( ) ds
27 nv ). o \n/) s
n=1
A
= Z (n) log(z/n).
nw
n<z
Here we have made use of the following standard identity:
1 r“oo <ds logz ifx>1,
i P R
270 Joioe 82 0 ifo<z <1,

which is valid for ¢>0. By moving the line of integration in the integral left to s = 0 = % — u,
we find (by the calculus of residues) that

2 st/ = (o) o)~ (F0) +
3 _utico /
e R

—U—100
4

That there are no residues obtained from poles of the integrand at the non-trivial zeros of ((s)
follows from the Riemann hypothesis. To estimate the integral on the right-hand side of the
above expression, we use [23, Theorem 14.5], namely, that if the Riemann hypothesis is true,
then

!/

%(0 +it)| < (log r)2-27 (3.3)

uniformly for g <o < %, say. Using (3.3), it immediately follows that

J'AL_UM<><> [_ g(S—kw)} d;g < 247 /logv.

3 .
7 —u—1i00
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Inserting this estimate into equation (3.2) and dividing by log z, it follows that

A(n)log(z/n) (' 1 ! / Sl-w »3/4—u
277*7*(“’) (z(w)) Jr(w—1)210gz+0<logz\/@>' (3.4)

n® logz ¢ - log 2z

n<z

Integrating the expression in (3.4) from oo to u (along the line o + iv, u < 0 < o), we find
that

’ —u /4—u
Z n'i\f:g)n loi(;/zn) = log ((w) + lo;z%(w) + O(l/zfllog z)? + (ZIZg4z)2 v1og y>'

n<z

Assuming the Riemann hypothesis, we can estimate the terms on the right-hand side of the
above expression by invoking the bounds

!
|log ((o +it)| < logloglogT and %(U +it)| < loglog T, (3.5)

which hold uniformly for o >1 and |¢| > 1. For a discussion of these (and other similar) estimates,
see [16, Section 13.2]. Using the estimates in (3.5) and recalling that we are assuming that
u>1and z > (logv)?, we find that

A(n) log(z/n
3 (n) log(z/n)

n®logn logz

log log v P 41/ Vlogv

loglog1
< logloglogy + log 2 12 (log 2)? (log 2)?

n<z
< logloglogv.
This establishes (3.1) and, thus, the lemma. O

4. A sum over the zeros of ((s)

In this section we prove an estimate for the mean-square of a Dirichlet polynomial averaged
over the zeros of ((s). Our estimate follows from the Landau-Gonek explicit formula.

LEMMA 4.1. Let x,T > 1 and let p = 3 + i~y denote a non-trivial zero of ((s). Then

Z af = —%A(m) + O(z log(22T) log log(3x))

0<y<T
. x . 1
+0 (logxmln (T, <$>)> + 0 (log(QT) min (T, m)) ,

where (x) denotes the distance from x to the nearest prime power other than x itself: A(z) =
log p if x is a positive integral power of a prime p, and A(x) = 0 otherwise.

Proof. This is due to Gonek [6, 8]. O

LEMMA 4.2. Assume the Riemann hypothesis and let p = % + iy denote a non-trivial zero
of {(s). For any sequence of complex numbers &/ = {a,,}22, and for £ > 1, we define

me =me() = 1@2(6 (1,]an]).

Then, for 3 < £ < T(logT)~! and any complex number o with Ra > 0, we have

2
>y L]
nePto

< mngogTZ o (4.1)
0<y<T | ng€ n<g

where the implied constant is absolute (and independent of ).
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Proof.  Assuming the Riemann hypothesis, we note that 1 — p = p for any non-trivial zero
p = % +iv of (s). This implies that

>
nPto

n<g

Z Z mp+a nl-— p+a’

m<EnLE

and, moreover, that
2

Sy evn el any s TS (1

0<y<LT [n<E n<é m<E m<n<§ o<y<T

where N(T') ~ logT denotes the number of zeros p with 0 < v < 7. Since fa > 0, it follows
that

|an|? |an|® |an|
N(T) Y —me < TlogTZ <meTlogTy | =
n<g n<g n<é

Appealing to Lemma 4.1, we find that

Sy Y (R) =mem e nen,

m<E n<m 0<y<T
where
am [
21:_7 Z nlta ( )’
m<§ m<n<§
£ =0 [logTloglog T Y [@m| 3 2|
2= g 0g log m1+§Ra n§Ra ’
m<E m<n<g
_ |am| |an| log(m/n)
Y3=0 Zm1+§rm Z n®e (m/n)
m<§ m<n<§
and

_ @] [an|
Ra=0|logTy 5 > n1+ R log(n/m)

m<§ m<n<§
We estimate 3; first. Making the substitution n = mk, we rewrite our expression for >; as

Umi - AK) T am U - A(K)
T or Z Z (mk) 1+a T on mit2Ra Z Llta

me<e " k< m<¢ k<E

Again using the assumption that Ra > 0, we find that
|an| A(m) |an|
D) — —.
1<<m5TZ > - <meTlogT ) ;
n<g m<E/n n<g

Here we have made use of the standard estimate 3, . A(m)/m < log&. We can replace Ra
by 0 in each of the sums X; (for i = 2,3 or 4), as doing so will only make the corresponding
estimates larger. Thus, using the assumption that 3 < § < T/logT, it follows that

Yo K mglongoglogTZ M Z 1« mETlogTZ M.
n

n<g m<n<E n<g



36 MICAH B. MILINOVICH

Next, turning to 33, we find that
|am| log(n/m)
b — —_—
3 KM Z m Z (n/m)
m<E m<n<g
Writing n as gm + ¢ with —m/2 < £ < m/2, we have
G, log (¢ +¢/m
Syamey lml sy lsleddm)
—~ m (q+¢€/m)
m<E g< &/ m]|+1 —m/2<e<m /2

where, as usual, |x] denotes the greatest integer less than or equal to z. Now {(q+ ¢/m) =
|¢|/m if q is a prime power and ¢ # 0, otherwise (¢ + ¢/m) is at least 3. Using the estimate
> on<e Mn) <& we now find that

23<<m52|‘;7m| oA Y %+mfz|‘:7m| S loglg+1) Y 1

m<E q<[§/m]+1 1<e<m/2 m<E q<[§/m]+1 1<e<m/2
<me Y lamllogm Y Alg)+me Y lam| D> log(g+1)
m<é q<[€/m]+1 m<E a<[§/m]+1
Qi
< me(Elog€) Y [am]
m<E
||
TlogT T
< mgl'log qu "

It remains to consider the contribution from 3,4, which is much less than

1 |am| 1
ogT > lam| Y ———— logT Y 4ml 5~
e 108 @] nlog(n/m) < melog m log(n/m)

m<§ m<n<g m<§ m<n<g
since 1/m > 1/n if n > m. Writing n = m + £, we see that
1 1 m
S oy L Y T e < cloge,
e log(n/m) <iem log (1 + K/m) <iem /
Consequently, we have

|am|

Sy < meTlogT » -

m<¢

Now, by combining the estimates, we obtain the lemma. |

5. The frequency of large values of |((p + o)

Our proof of Theorem 1.2 requires the following lemma concerning the distribution of values of
[¢(p + )], where p is a zero of ((s) and « € C is a small shift. In what follows, logs(-) stands
for log log log(+).

LEMMA 5.1.  Assume the Riemann hypothesis. Let T be large, let V' > 3 be a real number
and let o € C with |a| <1 and 0 < Ra < (logT) ™. Consider the set

Sa(T;V) ={y€(0,T] :1og[¢(p + )| =V},
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where p = % + iy denotes a non-trivial zero of ((s). Then, the following inequalities for
#S. (T; V), the cardinality of S, (T; V), hold.

(i) When y/loglogT <V < loglogT, we have

#8a(TV) < N(T) o exp (L (1- ! )
A VioglogT P loglog T logs T/ )"

(ii) When loglogT <V < %(log logT)logs T', we have

Vv V2 4V
o (T N(T)———= - 1- .
#8a (T3 V) < N( )\/log logT’ P ( log 1ogT( (loglog T') logs T))

(iii) Finally, when V > $(loglogT)logs T, we have

#8a(T;V) < N(T) exp (—20‘/1 log V> .

Here, as usual, the function N(T) ~ (T/27)logT denotes the number of zeros p of ((s) with
0<~y<T.

Proof. Since \g < 3/5, by taking x = (log7)?~¢ in Lemma 3.1 (where £ >0 arbitrary) and
estimating the sum over primes trivially, we find that

14+ Xo log T 2 logTt
o(1)) <z
4 loglogT = 5loglogT
for 1/2 <o < Ao/logz and |7] sufficiently large. Therefore, we may suppose that V <
(2/5)(log T /loglog T'), for otherwise the set S, (T; V') is empty.
We define a parameter

log* ¢( +7)] < (

1
3 logs(T) if V<loglogT,
1 1
A=A(T,V)= o loglog T'logs(T") if loglogT <V < 5(1og logT)log; T,
1
1 if V> i(log logT') logs T,

set z =T4V and put z = a1/ 1oglogT \We now observe that since Ao = %, x < TAYV < T1/2
and 0 < Ra < (log )7L, it follows that

1 1

1 Ao
2\§R(p+a)\2+

1
g —
logT ~ 2 + log

for any non-trivial zero p = 1 + iy of ((s) with 0 <y < T. Thus, if we let

S =Y L 1o8(@/p) 4 Sy(s) = 3 L log(x/p)

ps+)\0/log T 10g T szr)\o/log T log T

Pz z<p<x

Lemma 3.1 implies that

(I+ Xo)
24

for any non-trivial zero p of ((s). Since A\g < 3/5, it follows that

log™ |¢(p + @) < [S1(p)| + [S2(p)| + V +0(logs T)

4V
log™ [¢(p + @) < [S1(p)| + [S2(p)| + 54 +O(logs T).
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Therefore, if p € S, (T; V), then either

9 |4

$10| > V(1= 355) o 1S:00)] > o

For simplicity, we put V; = V(l — 9/10A) and Vo = V/10A.

Let N1(T;V) be the number of p with 0 < v < T such that |S1(p)| = V1 and let No(T;V)
be the number of p with 0 < vy < T such that [S2(p)| = V2. We prove the lemma by obtaining
upper bounds for the size of the sets N;(T;V) for ¢ = 1 and 2 using the inequality

NA(T; V) - VPR < Y ISip) 1, (5.1)
0<y<LT
which holds for any positive integer k. With some restrictions on the size of k, we can use
Lemma 4.2 to estimate the sums appearing on the right-hand side of this inequality.
We first turn our attention to estimating Ny(7;V). If we define the sequence ay(n) =
ak@%aUz)by
k

> ') Zilogx/p
et ¥ ot log x
then it is easily seen that |ay(n)| < k!. Thus, Lemma 4.2 implies that the estimate
k
11
> ISi(p)PF < N(T) k! wa
p logz
0<y<T ot
k

< N(T) k! Z%

Pz

e

P N(T)\/E(kloglogT>k

holds for any positive integer k with z¥ < T'(log7)~! and T sufficiently large. Using (5.1), we
deduce from this estimate that

NI (T3 V) < N(T)Vi(

loglog T\ *
M) . (5.2)

A%
It is now convenient to consider separately the case when V < (loglogT)? and the case V >
(loglog T)2. When V < (loglog T')? we choose k = |V;?/loglog T'| where, as before, |z | denotes
the greatest integer less than or equal to x. To see that this choice of k satisfies z* < T'(log T') ™!,
we note from the definition of A that

VA < max (V, %(log log T') logs T) .
Therefore, we find that

VAlogT 9 \2
k o V?/loglogT _ (1 _ )
oNF P\ (loglog T2\~ 104

< exp (logT(l — 1314)2>

<T/logT.
Thus, by (5.2), we see that for V < (loglog T')? and T large we have

Vi ) (5.3)

Vv
M(T5V) < N(T) Vloglog T P ( B loglogT'
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When V > (loglog T)? we choose k = |10V |. This choice of k satisfies z¥ < T'(logT)~! since
210V = 710/ leglog T < T(log T)~! for large T. With this choice of k, we conclude from (5.2) that

1 eV
Ni(T;V) < N(T) exp (5 log V= 10V log (m»

< N(T)exp (—10V1ogV + 11V logs(T)) (5.4)
for T sufficiently large. Since V > (loglogT)?, we have that logV > 2logs(T) and thus it
follows from (5.4) that

Ni(T;V) < N(T)exp (— 4V logV). (5.5)
By combining (5.3) and (5.5), for any choice of V', we have shown that,
1% V2
V(-
VloglogT loglogT'

We now turn our attention to estimating No(T; V). If we define the sequence [i(n) =
Br(n,z, z) by

N\(T;V) < N(T) ) + N(T)exp (—4ViogV).  (5.6)

Z Br(n) _ Z iloga:/p
e ns z<p<mps log x

then it can be seen that |8k (n)| < k!. Thus, Lemma 4.2 implies that

S ISP < NI R[S 1 log(x/p)

log x
0<y<T z<p<Lx p g
k

<nNmR [ 31

Z<pkx p

< N(7) K (logy(1) + O(1))"
< N(T) k! (2logy(T))"
< N(T)(2klogs(T))" (5.7)

for any natural number k with 2* < T/log T and T sufficiently large. The choice of k = |V/A —
1] satisfies ¥ < T/log T when T is large. To see why, recall that A > 1, z = T4V and V <
(2/5)(log T /loglog T'). Therefore, we have

Ik < :C(V/Afl) < Tl*A/V g Tlfl/V — T(log T)75/2 g T(lOgT)71

Also, observing that A < %log3(T) and recalling that V' > y/loglogT, with this choice of k
and T large, it follows from (5.1) that

No(1:V) < N(T) (o)™ 2k lomy (1))

< N(T)exp ( — 2k log (12)/14) + klog(2k logg(T)))

Vv % vV Vv 2V
< N(T)exp ( - 22 log <1OA> + 210g10—A +3 log (7 log3(T))>

Y og V). (5.8)

<<N(T)exp(—ﬂ
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Using our estimates for N1(7T'; V') and No(T; V') we can now complete the proof of the lemma
by checking the various ranges of V. By combining (5.6) and (5.8), we see that
14 %%
————exp (= L) N(T)exp (— 4V1og V)
\/loglogTeXp ( loglogT) +N(T) exp ©8
v
+ N(T)exp ( ~ 5 log V). (5.9)

If ioglogT <V < loglog T, then A = %log3 (T') and, for T sufficiently large, (5.9) implies that

#8a(T; V) < N(T)

#S,(T;V) < N(T)

V. (- (E——
VloglogT P loglogT' 5logs T

|4 V2 4
N(T)———= - 1- . 5.10
<N )\/loglogTEXp( loglogT< log3T)> (5.10)

If loglogT < V < (loglog T) logs(T), then A = (loglog T//2V)logs(T) and we deduce from
(5.9) that

#S,(T;V) < N(T)

S (N G N
VioglogT P loglogT 5(loglog T)logs T

V21ogV
N — N —4V'1 . 11
+ N(T') exp ( (loglog T Iog, T) + N(T') exp ( Vlog V) (5.11)

For V in this range, log V'/(loglog T') logs T > 1/loglog T and V/logV < loglogT', and hence
(5.11) implies that

#8a(T; V) < N(T)

V(- V(oW __y:
VioglogT P loglog T 5(loglog T)logs T'

Vv V2 4V
N(T _ _ 1— . 5.12
<M )\/log logT P ( log logT( (loglog T') logs T)) (5.12)
Finally, if V > 1(loglogT")logs T', then A =1 and we deduce from (5.9) that

V2 Vv
#S,(T;V) < N(T) exp <logV - IOOIng)gT) + N(T)exp (—2 log V) . (5.13)

Certainly, if V > i(loglogT)logsT, then we have that V?/100loglogT —logV >
(1/201)V 1og V for T sufficiently large and hence it follows from (5.13) that

V
#5,(T;V) < N(T) exp (—201 log V) . (5.14)
The lemma now follows from the estimates in (5.10), (5.12) and (5.14). O

6. Proof of Theorem 1.2

Using Lemma 5.1, we first prove Theorem 1.2 in the case where |a| < 1 and 0 < Ra < (logT) L.
Then, from this result, the case when —(log 7))~ < Ra < 0 can be deduced from the functional
equation for ((s) and Stirling’s formula for the gamma function. In what follows, k& € R is fixed
and we let ¢ > 0 be an arbitrarily small positive constant that may not be the same at each
occurrence.

First, we partition the real axis into the intervals I} = (—o0, 3], Iz = (3,4kloglog T] and
I3 = (4dkloglog T, 00) and set

M; = Z ek #S(T,v)

vel;NZ
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for ¢ = 1,2 and 3. Then we observe that

3 o+ )| <Y e [#SQ(T, V) — #8a(T,v — 1)] <My +My+ M. (6.1)
0<y<T vEZ

Using the trivial bound #8,(T,v) < N(T'), which holds for every v € Z, we find that M; <
eS* N (T). To estimate My, we use the bound

2

#Sa(T,v) < N(T)(logT)° exp (@) ,

which follows from the first two cases of Lemma 5.1 when v € I, N Z. From this, it follows that

4k loglog T'
My < N(T)(logT)* J

3
4k

< N(T)(log T)® J (log T)“2kF=4) dy,
0

< N(T)(log T)¥*+e

exp (Qku — : ) du

_ur
loglog T

When v € I3 N Z, the second two cases of Lemma 5.1 imply that
#8.(T,v) < N(T)(log T) e~ **v.

Thus, we have

[ee]
M3 < N(T)(log T)EJ' e~ 2k duy < N(T)(log T) 8 +e,
4k loglog T

In light of (6.1), by collecting estimates, we see that
S e+ )t < N(T)(log )+ (6.2)
0<y<T

for every k > 0 when || <1 and 0 < Ra < (logT) L.

The functional equation for the zeta-function states that ((s) = x(s){(1 —s), where
x(s) = 257 70(1 — s) sin(mws/2). Stirling’s asymptotic formula for the gamma function
(cf. [16, Theorem C.1]) can be used to show that

Ix(o +it)| = (%) Ve (1 + O(ﬁf‘))

uniformly for —1 < o < 2 and |t| > 1. Using the Riemann hypothesis, we see that

[C(p+a)| = |x(p+a)C(1 - p—a)|
= |x(p+ a){(p— a)|
= |x(p+a)(p— @)
<Cl¢(p—a)

for some absolute constant C' > 0 when |a| < 1, |Ra| < (logT)~! and 0 < v < T'. Consequently,
for —(logT)~! < Ra < 0, we have

Y e+ o)< S (- a)* (6:3)

o<y<T 0<y<LT
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Applying the inequality in (6.2) to the right-hand side of (6.3) we see that
2%
> [clo+ )" < N(T)(10g T)4+ (6.4)
0o<y<T

for every k >0 when |a| <1 and —(log 7)™ < Ra < 0. The theorem now follows from the
estimates in (6.2) and (6.4).

7. Theorem 1.2 implies Theorem 1.1

Theorem 1.1 can now be established as a simple consequence of Theorem 1.2 and the following
lemma.

LEMMA 7.1. Assume the Riemann hypothesis. Let k,{ € N and let R > 0 be arbitrary.
Then we have

SO0 < () [y X o] (&

al<R
0<y<T ler] < 0<y<T

Proof. Since the function ¢(¥)(s) is real when s € R, it follows that ¢()(3) = ¢(©)(s). Hence,
assuming the Riemann hypothesis, the identity

K01 -p+a)=[¢cP(p+a)=c“(p+a) (7.2)

holds for any non-trivial zero p of ((s) and any « € C. For each positive integer k, let dy =
(a1, 9, ..., ag) and define

k
2(sid) = [T¢ls +ac = s + i),
i=1

If we suppose that each |o;| < R for i = 1,...,2k and apply Holder’s inequality in the form

N /2 2k N 12k

3 ( fz-<sn>> <TT (X 1atsw®)
n=1 \i=1 i=1 n=1

then we see that (7.2) implies that
1/2k 1/2k
. 2k 2k
Z Z(ﬂ;%) SH Z C(p + i) Z ¢(p + argi)|
0o<y<T =1 \0<~<LT 0<y<T
2%
< max [C(p+ )| ™. (7.3)
la‘\RO<'y<T

In order to prove the lemma, we first rewrite the left-hand side of equation (7.1) using the
function Z(s;dy) and then apply the inequality in (7.3). By Cauchy’s integral formula and
another application of (7.2), we see that

k
S O = T (H<“><p><<f><1—p>)

o<y<T 0<y<LT Mi=1
2k

“ ][ E e | T

0<y<T i=1 "1
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where, for each i = 1,.. ., 2k, the contour é; denotes the positively oriented circle in the complex
plane centered at 0 with radius R. Now, combining (7.3) and (7.4) we find that

2k

2k 2! 2k doy;
> 0 < () ey X Ko™ I o
0<y<T L 0<y<T ] 1 2k 4=
0\ 2k ok 97 2k
<(e) - |mm 20 kerol)-(F)
| 0T ]
0\ 2k
<(ﬁ) - | max, S o),
ST 0<h<T |
as claimed. O

Proof of Theorem 1.1. Let k € N and set R = (logT)~!. Then, it follows from Theorem 1.2
and Lemma 7.1 that

1 2%k
- (€) k(k+26)+
N(T) Y 1E90)™ <ee (logT) : (7.5)
0<y<T
for any ¢ € N and for € > 0 arbitrary. Theorem 1.1 now follows by setting ¢ = 1. UJ
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