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THE MEAN SQUARE OF THE PRODUCT OF THE RIEMANN
ZETA FUNCTION WITH DIRICHLET POLYNOMIALS

SANDRO BETTIN, VORRAPAN CHANDEE, AND MAKSYM RADZIWILL

ABSTRACT. Improving earlier work of Balasubramanian, Conrey and Heath-Brown
[BCHBS5], we obtain an asymptotic formula for the mean-square of the Riemann zeta-
function times an arbitrary Dirichlet polynomial of length 7V/2%9_ with § = 0.01515. . ..
As an application we obtain an upper bound of the correct order of magnitude for
the third moment of the Riemann zeta-function. We also refine previous work of
Deshouillers and Iwaniec [DI84], obtaining asymptotic estimates in place of bounds.
Using the work of Watt [Wat95], we compute the mean-square of the Riemann zeta-
function times a Dirichlet polynomial of length going up to T%/* provided that the
Dirichlet polynomial assumes a special shape. Finally, we exhibit a conjectural esti-
mate for trilinear sums of Kloosterman fractions which implies the Lindel6f Hypothesis.

1. INTRODUCTION

We are interested in the mean-square of the product of the Riemann zeta-function
((s) with an arbitrary Dirichlet polynomial A(s). More precisely, we would like to
understand

t
(1.1) IZ/}C(%+it)]2-]A(%+it)]2¢<—)dt
R T
with ¢(x) a smooth function supported in [1,2] and

s’

A(s) == Z@ a, <n®, 0<1

n<T?

Asymptotic estimates for I have been used consistently to understand the distribution
of values of L-functions, the location of their zeros, and upper and lower bounds for the
size of L-functions. See, for example, [CGGS86], [Con89, Radl [Sou95].

It is crucially important to allow 6 to be as large as possible. For example, if we could
take # = 1 — ¢ in (LI then the Lindelof Hypothesis would follow.

Balasubramanian, Conrey and Heath-Brown obtained an asymptotic formula for I
when 6 < 3. For § < 1 and ¢(t) the indicator function of the interval [1,2], they show
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that

(1.2) 1=7% “difi : (1og<T(d’ 6)2) + 2y + logd — 1) +o(T).

d, 2mrde
d,e<T?

When A(s) is a mollifier, they show that one can go further and take 6 < § 4 5; =
0.529411... . Their motivation was to understand the location of the zeros of the
Riemann zeta-function. Specifically they deduce that at least 38% of the complex zeros
of ((s) are on the critical line Rs = 1. Improvements on the admissible length of A(s)
will lead to a further understanding of the zeros of ((s) on the critical line. (See also
[Cons9]).

In complete generality the formula (L2) fails when ¢ > 1. Balasubramanian, Conrey
and Heath-Brown conjecture that it remains true provided that 6 < 1. This is known
as the # = 1 conjecture. An important change occurs at 6 = % . When 6 < % only the
diagonal terms (in the sense of Section Bl below) contribute to I, while for § > 1 there
is also a contribution from the non-diagonal terms which seems difficult to manage given
the generality of the Dirichlet polynomial A(s). The main result of our paper consists
in breaking the % barrier for an arbitrary Dirichlet polynomial. In fact, we prove (2]
for § < 5 =4 + 6 with § = &z ~ 0.01515....

Theorem 1. Let I and A(s) be as above. If 6 < % + 6, with 6 = % then,

o QqQe t (d7 6>2 i 23—1—6 3—3 lie
I= Z dc] /R(log< e +2v) ¢ 7 dt—l—O(TO N2 +1T' >,

d,e<T?

where N = T?.

We notice that the off-diagonal terms contribute to the main term roughly those d
and e for which the logarithm in the above expression is negative.

Our main tool in the proof of Theorem [I]is an estimate for trilinear forms of Kloost-
erman fractions, which will appear in [BC]. This estimate improves a result of Duke,
Friedlander, Iwaniec in [DFI97a], dealing with bilinear sums. The use of Theorem 2
in their paper is also enough to break the % barrier, though with the smaller constant
0 =1/190 ~ 0.00526 in Theorem [II

If we assume a general estimate for trilinear forms of Kloosterman fractions, such as,

(1.3)
am
Saau = DX S antioe( )
a (m,n)=1
1ipie 1 1y, 1ye
<z [lelllIBIvI(M + Nz A" + [l Az <||a!|oo!|ﬁ||N2+ + llalliBllod =T )
where M < m < 2M, N <n < 2N, A<a <24 AL (NM)Oii—EtTJ’e’ and || - || and

|| - [|o denote the Ly and L., norms respectively, then the statement of Theorem [I] can
be replaced as follows.
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Theorem 2. Suppose that (L3) is true for some r,t > 0. Then

AqQe t(d,e)? t Lottenrd 1
I= (1 2 — | dt Ta-teN ot g st
2 /R(Og< i) 7)o ) o(ria i),

d,e<T?

for 6 < % + 1+%(5T:2t) and where N = T?.

The estimate of Duke, Friedlander, Iwaniec implies (L3]) with r = % and t = %, while

the estimate of Bettin and Chandee allows us to take 7 = = and ¢t = -=. We conjecture

20 20
that (L3]) holds true for all r,t > 0.
Conjecture 1. Let A < (NM)z*. Then

1ic 1 1. 1.
ﬂ@A%Mw<ﬁMWﬂWWM+NP++WW“@meww++WNWMJM+)

This conjecture essentially states that we expect square-root cancellation in the short-
est two sums, as long as the total saving does not exceed M or N. In the Appendix we
show that this is best possible, up to e-powers.

Using the estimate ([L4]) and Theorem 2] we obtain an asymptotic formula for I valid
for any 6 < 1, and this implies the Lindelof hypothesis. We state this as a corollary
below.

Corollary 1. Suppose that Conjecture[d] holds. Then the Lindelof Hypothesis is true.

Conjecture [Il appears to be strictly stronger than the Lindelof Hypothesis. Indeed
Conjecture 1 implies (L2]) with # < 1, while the Lindel6f Hypothesis only gives the

cruder bound | ‘2
a

I < T § .
< n

n<T?

The proof of Theorem B, on which Corollary [l depends, is the same as that of The-
orem [I] except that we use (L3)) instead of Proposition [l The modification will be
discussed at the end of Section

Duke, Friedlander and Iwaniec apply their estimate to obtain bounds for the twisted
second moment of a Dirichlet L-function [DEI97h]. They show that,

S LG DG < gt

for Dirichlet polynomials D(s,y) with coefficients a,, < n° and of length ¢'/?*%" with
some ¢’ > 0. Our proof of Theorem [I] would not extend to give an asymptotic formula
in this case, and additional input is needed.

As an application of Theorem [Il we obtain an upper bound of the correct order of
magnitude for the third moment of the Riemann zeta-function.

Corollary 2. We have,

2T
/ ¢(L +it) [Pdt < T(log T)**.
T
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We further indicate in Section how to refine this result to obtain correct upper
bounds for the 2k-th moment, when k has the form & = 1+1/n. Previously Corollary [
was known only on the assumption of the Riemann Hypothesis [HB81]. The only
sharp unconditional upper bounds that were previously known are for the classic cases
k=0,1,2 and for k = 1/n, due to Heath-Brown [HB&I].

With further applications in mind we investigate how much 6 can be increased when
the Dirichlet polynomial A(s) is specialized.

1.1. Products of two Dirichlet polynomials. When A(s) can be written as a prod-
uct of two Dirichlet polynomials B(s)C/(s), one can appeal to stronger estimates for
sums of Kloosterman sums due to Deshouillers and Iwaniec. In [DI84], Deshouillers and
Iwaniec consider the product of (s) with two Dirichlet polynomials,

(1.5) J:/}C(%+z’t)}2- (AL +it)|” - |B(L +it) [at
R
with
(1.6) A(s) := a—:, B(s) := Z %, where o, K n°, [ < k°.
n<N n E<K

They show that if N > K, then
J LT (T+TVANAK + TVANKY? + NTAK3?).

Their proof depends on estimates for incomplete Kloosterman sums as developed in
[DI84]. Proceeding similarly as in the proof of Theorem [, and using Deshouillers and
Iwaniec’s estimate, we refine their bound to an asymptotic estimate.

Theorem 3. Let J, A(s) and B(s) be as defined in (LH) and (LG), and let N > K.

Then,
B aql, t(d,e)? t
J= > el /R<log< S )t 2l 5 )t
d,e<NK

+ O(Ta . (T1/2N3/4K + T1/2NK1/2 + N7/4K3/2)),

with aq = an:d anﬂk

When the length of NV and K is chosen suitably, Theorem [3allows us to take < %%—%.

1.2. Specializing one of the Dirichlet polynomials. A specific case of interest is
A(s)B(s) with A(s) of length N = +/T and smooth coefficients, and B(s) arbitrary and
as long as possible. One can think of such estimates as estimates for the twisted fourth
moment of the Riemann zeta-function. In this case we can go further by combining the
trilinear sums estimate used to prove Theorem [I] with Watt’s strengthening [Wat95] of
the groundbreaking work of Deshouillers-Iwaniec on estimates for sums of Kloosterman

sums .
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Theorem 4. Let J, A(s) and B(s) be as defined in (L) and (LB). Let N < T=t*
for all € > 0 and assume that o, = ¥(n) with ¥(x) a smooth function such that
YU (z) <5 279 for all j > 0. Let K < T and By < k¢ for all ¢ > 0. Moreover

assume «, is supported on [NT~% 2N| and By is supported on [KT~% 2K]|, where
0<& <35 0<& < 1% Then,

- X () o)

d,e<NK

+O<T%+EK2+KN2TS+E+ ng-i-éfl-i-gﬁz-i-e)’

where ag =Y, _ 0.

Remark. Theorem []] yields an asymptotic formula for 5& + 16&, < 1 (and N < T%,
K< T%_E). We remark that this range could be enlarged with a little more work.

We notice that Theorem [ allows us to take 6 < % for Dirichlet polynomials of
the form A(s)B(s) with A(s) pretending to be ((s) and B(s) of length up to T/,
Thus, following the work of Radziwilt [Rad12], Theorem H could be applied to give
a sharp upper bound for the 2k-th moment of the Riemann zeta function for 2k <
5, conditionally on the Riemann hypothesis (however, we remark that this has been
recently proven for all £ > 0 by Harper ). It would be interesting to investigate if
Theorem (] has other applications, for example to the study of large gaps between the
zeros of the Riemann zeta-function (see [Bre]).

Theorem M refines upon Watt’s result, who uses his Kloosterman sum estimate to give
(essentially) an upper bound of the form J < T+ + T2+ K? for a,,b, supported
on dyadic intervals. Theorem [ should also be compared with the asymptotic formula
for the twisted fourth moment of Hughes and Young [HYT10]. Their result allows to get

an asymptotic formula for the second moment of (?(s)B(s) with B(s) of length up to
T/
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2. ESTIMATES FOR SUMS OF KLOOSTERMAN SUMS

Remark. Throughout the paper, we use the common convention in analytic number
theory that € denotes an arbitrarily small positive quantity that may vary from line to
line.

In this section, we collect the estimates for sums of Kloosterman sums that will be
used to prove the theorems.



6 S. BETTIN, V. CHANDEE, AND M. RADZIWILL

The following Proposition is from [BC], and we will use it when dealing with the
contribution of the off-diagonal terms in Theorem [ and [4]

Proposition 1. Let «a,,, B,, v, be compler numbers, where M < m < 2M, N <n <
2N, and A < a < 2A. Then for any € > 0, we have

1)
S5 Snaniic ( ) < 811 (1 + 5757

x ((AMN)%+€(M + N)T + (AMN)FE(AN + AM)%> ,
where || - || denotes the Ly norm.

The off-diagonal terms in Theorem [l will be estimated using the following bound,
due to Deshouillers and Iwaniec [DI84].

Proposition 2 (Deshouillers, Iwaniec). Let L, J, U,V > 1 and |c(u,v)| < 1. We then
have

S YIS S dune(al?)

1<i<L 1<5<T [1<u<U 1<v<V
(£,05)=1 (v,0)=1

S (LIUV)VE{(LN)Y2 4+ (U + V)HLIU + oV)(L + oV?) + oUV2 T/}

Finally, to estimate the off-diagonal terms in Theorem M we will use the following
Proposition, which can be derived easily from Proposition 4.1 of Watt [Wat95].

Proposition 3 (Watt). Let H,C,P,V,R,S > 1 and 6 < 1. Assume that for some
e > 0 we have

P (RVSP

7o ) > (RSPV)®,

(2.2)
(RS)? > max(HQC S—P(RSPV) )

Moreover, assume that o(x), f(x) are complex valued smooth functions, supported on
the intervals [1/2, H| and [1/2, C] respectively, such that

o (z), fV(x) < (2)

for all j > 0. Assume a,,bs are sequences of complex numbers supported on [R/2, R),
[S/2,S] respectively and are such that a, < ¢, by < s¢. Finally, assume that for all
i,j >0,

dti

dyld ]fyrs('x y) <<Z.]x y
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where for all v and s, v, s(z,y) is supported on [V/2,V] x [P/2, P]. Then
(2.3)

)2)ID 39 3 ) U IEEMTRITEN FEay

s~S, r~R h,c,p,v,
(rv,sp)=1
1 1
7 HC\? P \2 H?CPX?\*
2 H O(1+=—) (1+—) (1+=———) (H PS)%e.
K0 2HCR(V+S )( +RS) ( +VR) ( + VR ) (HCRVPS)

Proof. Firstly using smooth partitions of unity, we can assume that «(z),s(x) are
supported on [H/2, H| and [C/2,C], since the bound (23] is weaker (and the con-
ditions (2.2)) stricter) for larger values of H and C'. Moreover, by dividing by R and
S¢ if necessary, we can assume a,., by < 1.

By Poisson’s formula,

> ape(£" ) = 3 o) T e

(v,sp)=1 5P u (mod sp) v=u (mod sp)

- ST [

u (mod sp)

=Y S(her, ¥, 5p) /R Y(ysp, p) e(ly) dy.

If ¢ = 0, the Kloosterman sum reduces to a Ramanujan sum, and one has S(hcr, ¢, sp) <
(he, sp). Thus, the contribution to (23)) coming from the terms ¢ = 0 is bounded by

S S ems@un My « pymcery.

s~S, r~R h,c,p
(r,sp)=1

Also, integrating by parts repeatedly, we see that the terms with ¢ > Svp(RSPV)e give
a negligible contribution. For the remaining terms, we introduce a smooth partition of
unity

1= Z/ 0r(x), Vo > 1,
L
where 6, () is supported in [L/2,3L] (with L < 2£(RSPV)), satisfies 6 (z)7 <; L™

for all j > 0, and is such that >; _ 1 < log(2 + X) for all X > 1. Thus, we need to
bound -

YYYYY Y atsmbSher 5t o) / (ysp,p) e(ly) dy

s~S, T~R (Th;;3p71 0<|¢|<SE(RSPV)e R
= Z / SN DN ah)Ble)w(t, y)ash S (her, L, sp) fo(p. y) dy,
SP s~S,r~R h,c,p, {~L

(rysp)=1
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where f(p,y) = v(ysp,p), w(l,y) = 6(()e(fy), and Y’ denotes the sum over the
partitions of unity. We remark that for y ~ S—VI;, we have % fs(p,y) < p~7, and that

Lw(ly) < (L' + g5)? < L7 (RSPV)#. By Proposition 4.1 of Watt [Wat95], the
sums inside the integral are bounded by

7 HC L 2 H*CLX? i
-3 a 1+e -
53 (RVLP) HCL(RSX) (1+—7§) <1+'15) (1+ S ) ,

and summing over L and integrating over y completes the proof of the proposition. [

3. THE PROOF OF THEOREM [

We start by expressing ‘( (5 +it) ‘2 as a sum of length approximately 77", Let G(w)
be an entire function with rapid decay along vertical lines, that is G(z + iy) < y~* for
any fixed x and A > 0. Suppose G(—w) = G(w),G(0) = 1,G(1/2) = 0. We will use the

following form of the approximate functional equation for |(s)|?.

Lemma 1 (Approximate functional equation). For T' < t < 2T, we have

1 t /9
‘c( +zt) =2 Z (%) W(L?m2)+0(T—2/3),

m1,ma m1m2 2
where
1 . dw
W(x) = i G(w)—
e (2) w

and where we use the notation f(c) to mean an integration up the vertical line from
c— 100 to ¢+ 100.

The proof of the lemma can be found in Lemma 3 of [LR].

Remark. Notice that W (z) <, 4 min(1,274) forz >0 and all { € N .
The error term in Lemma [l produces an error term bounded by T%JFE, and thus

a it
Apy Ay mineg 27rm1m2 t N
=2 1%n2 /( ) W<7) <_) dt + 0O T3t
Z (mlmznmz)% R \ 1271 t ¢ T ( )

ni,n2,mi,ma

— D+ S+0(Ts%),

where the sum is over ny,ny < N, D is the sum when min, = mgny, and S is the sum
when ming # maony.

3.1. Diagonal terms. Firstly, we consider the diagonal terms min, = msn;. For
J = 1,2, we write m; = {n}, where n} The contribution of the diagonal term

(m nz)
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18
(3.1)

Ay Gy (11, 12) 2ml2nin’ t
D=2 W ———= — | dt
Z €n1n2 /R ( t ¢ T

ni,n2,l

_ i Ay Tny (11, M2) // (27r£2n1n2) wG(w)d_w¢<£) dt
271 W, Ining ) w T

o 2 anlang n17n2 d_w i
2 Z 112 // (27m1n2) 1+ 20)G(w) w ¢<T> dt.

ni,n2

This term will be later combined with a contribution from the off-diagonal terms.
Together, they give the main term in Theorem [I1

3.2. Off-Diagonal terms. In this section, we consider the terms with miny, # maon;.
We write ming — Mony = A.

Since W (z) < =% when z > 1, we can truncate the sum over m;,my to when
mime < T, We introduce a smooth partition of unity

(3.2) 1= Fuylz), T7O<o<T™

where Fys(x) is smooth, supported in [M/2,3M], and it satisfies ijj) () <5 % for all
4 > 0. Moreover we can choose a partition of unity which satisfies Y, 1 < log(2 +T).
Therefore

(3.3)

s=23'Y'YY Y e
N1 N M A#0 n1,n2,mi,mz (m1m2n1n2)
ming—mani=A

« (/R (1 + mfnl)itvv(m)qs(%) dt) Fu, (1) Fy, (1) Fag(ms) + O(1),

where Ny, Ny < N and M < T'*e,
Next we show that the terms with |A| > D, D := 221 give a negligible contribution.
In fact,

d* 2mTmyme 1 . 2mmymsy\ "
WW(f) <A t7m1n (1, (f ,

(NI
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whence, integrating by part ¢ times, we have
/ Uy Ty A\ 2Tmym t
)P DD DD D —" /(1+ ) W(—1 2)¢(—)dt
(m1m2n1n2)§ R many t T

Nl,Nz,M|A‘>D ni,ma nz,mi
mino—meoni=A

T—{+1+4e £

S DIDIEDY 2.

X Fy, (n1)Fn, (n2) Fa(ms)
Ni,M |A|>D ni~Nima~M gy <T1+e
TLQSN,

A
log (1 + )
many
mino—meoni=A

/ 1 1 _ - ‘ _
«2 2 ) e X gl '(n\rbzlh) <4 T

Ni,M |A|>D ni~Ni,ma~M mp<T1te
nZSNv
mino—meoni=A

(m1m2n1n2)%

where / is large enough.
Now, if |A| < D, then —2— <« i, and

mani

my — = My—
na ng

Hence for T' < t < 2T,

1 A 1
" (- +0 ;
mq mMony mMony T2«
it 4 A2
14 A _ eztlog(l—i—ﬁ) _ 6ztﬁ 1— % +0 1 ,

- 27TmMy M W 2mman, +27rm2AW, 2rman, Lo 1 ‘
t tn2 t’n,g tn2 T2—=

Since mymy < T we have may(maony + A) < nyTHe. Hence M < T1/2+5~/%, and

the error term from using the above approximations in ([B.3)) is

and

1

S2:=0 50 YD SEEED SID DI DI

N1 No 1/2 Ny 0<|A‘SD ni~N1 mo~M
M<LT /2+e Ny na~No

" / MNN,  TN2N;? N?
< Z Z Z T2-¢ < T2—¢ < T3/2—¢’
Ny No M<<T1/2+s /NQ/Nl

using that D = M N, /T~ and that M < T2+, / % Thus, we have

N2
S:A—l—g—FO(l—i—m),
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where

/ ! / Ay, @
LD DD DED DI DD D B P
many
N1 N2 M<TV/2+e, [N2 0<|A|<D n1,n2 nyme=—A (mod ng)

(3.4) M my>0
TR B ——

and

(3.5)

e=23'%y % DD 3 %FM(mg)FNl(nl)FM(m)x

N1 Noo propiere /N2 O<|A|<Dni,n2 nyme=—A (mod n2)
= Ny mo>0

x/e At W 2rman, B A B it%zz +27Tm2AW, 2rman, s i it
R\ 2mmony tno 2meny  2many tno tno T

since the rest of the terms arising from the above approximations also give a contribution
which is O (N?T73/2t¢).

First, we consider A. Giving an eligible bound for £ is easy and we will do it in the
next section.

Extracting the common divisor d of n; and ny, we re-write the sum (3.4]) as

A=2 Z % Z, Z/ Z Z Adn, Qdny Fn, (dng) Fn, (dng) A, (01, ne, A),

d<N N1,No<N Ny O<|Al<E 711712
M<T1/2+e /N_f <|Al<3 (n1,m2)=1

where

B Fyr(my) At 2rman, t
Aunim )= 3 S (o R (B o) )

ma=—T1A (mod n2)

By Poisson summation formula,

o nin2 Mo 0 No T

heZ

At 2rx’ng t
X/Re(Qﬂxnl)W( Py )QS(T) dt dx.

After the change of variable v — - this becomes

1 ~
ZAM,Ni(h,nhnza A) e(

mn2 =

AM,Ni (nh N2, A) =

A
N9 ’

where

. 00 FM r% 2
Bt 8- oY) Ay ety 0y,
o 0 1Mo T R 2rx n1n2t T

To understand the contribution of AVM7 N; (hymp,ng, A), we consider the following three
cases.
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Case 1: h = 0. The contribution to A from A =0 is

Ay — 2 Z Z/ Z/ Z/ Z Z Ay Cnsy F];;L(ICZTZI)FNQ (dnsy)

d<N N1<N N2<N Ny o<|Al<D  n1n2
M<T1/2+e /N <lAlIL a (n1,n2)=1

00 2
ol G () Tela)
r Jo nq 2mx ninet ) T
Now, we can extend the sum over A to A € Z \ {0}, since it can be shown as before

that the terms |A| > D/d give a negligible contribution. Making the change of variables
y = t/x and integrating by parts twice we see that the second line of (3.6) is equal to

L)) ()
LA o)

where R(t,m) = {y | T7'" < ;L < T/2e, 37} and where we estimated trivially the

part of the integral over y w1th y € Rog \ R(t,n1), using the properties of W and F),
(and ny < T'). Thus, summing over M we have

’ 00 2
S ) ) () Selr) -
I nq 2mx nnst ) x T
d? 2rt \ 1 t log(2+T)
3t o 5 (i) () o5
B 2t \ 1 t log(2+ 1)
S /]R/O e(%) dy? (W(nmayz) y) dw(T) e O< A? )
Therefore, summing over Ny, Ny, we have

w8 8 e L (5 as (v ()y) welr)

d<N |AJ£0 ny np<

(3.6)

(n1,m2)=1
+ O(T7)
Ay Tadny d? 2t \ 1 t
- Z Z dniny // Z AQ ( ) <W<n1n2y2)§) dy¢<?) o
d<N pn,, n2<— |A|£0
(n1,n2)= 4
+O(T7)

=Ao4 + Ao +0O(T7),
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where we can take the sum over A inside the integrals since they converge absolutely,
and after a change of variables

n1noy?
(n1,m2)= 1

2 : z : Adn adn > EOO: ; . d2 27TA2t
v d<N ni, n2<— d’flﬂlg R JO A:1< ) dy2 y y (b

ninsy?

_ anlam n1>n2 d2 27TA2
__2,“;@ nany // 22%8@)@2 <W( )y> dw( )

where we recall that n* =

(nln,;z) for 1 = 1,2. We notice that

= d? < <2ﬂA2t) ) 1 « / <2m2t) o o3 dw
— W — 2w —1)(2w — R
AZ::1 dy? ninky? 2mi Z ning ( 5 2)y (W)=

w
1 2t \ " i dw
=5 /. C(2w)<n*n*) 2w —1)2w — 2)y™"°G(w)— =
(1) 172
For 0 < R(s) < 1, we have

/000 cos(y)y*tdy = I'(s) COS<7T—8)

2
(see, for example, [GRO7], formula 3.381, 5., page 346), whence we are left with

-9 ot \ " dw
P (i)F(2w) cos(mu)((?w)( ) G(w) —,

* *
ning

where we used the multiplication formula for the gamma function, the identity cos(z —
7) = —cos(z), and we moved the line of integration without encountering any pole, due
to the assumption that G(w) vanishes at w = 2. Thus
Ao+ O(T7)

2

a’n1 ang ny, TLQ

27t -w dw t
2 i (32) %3]

nin;

-2 o Ty (101 Y d t
— Aq 1CL 2 nl n2 / C. 1+2U})< ) G(M)—w¢<—) dt
2mi = ning (-1 m™ming w T

where we used the functional equation of the Riemann zeta function (e.g. Chapter 10
in [Dav00]), and then we made the change of variables w — —w and use the fact that
G(w) = G(—w).
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From (B.I]), we have

2 Uy Uy (M1, M2) dw
D — = C(1+2
Ao = 2mi Z N7 // (27m1n2) L+ 2w)G )75 w ¢(T) dat

ni,n2

2 O, Gy (N1, M2) dw [t
- _niTma N "Ly e 1 2 _ _ T&
2mi ning // (=1/4) (27m1n2) (1 +20)G(w) w ¢(T) dt+O(T")

ni,n2

= Uy s (M1, 12) /(log ! +2v)¢<—) dt + O(T°),
niny R 2mning T

ni,n2

since

G(w)

1
Resy—0x”(¢(1 + 2w)——= = —logz + 7.

2

Now we have the main term. The rest of the off-diagonal terms contribute to the error
term as shown in the following two cases.

Case 2: |h| > £2T¢. In this case and in Case 3, we define Hy := 22T¢. By changing
variable t = :)sy, we have

! Anrn (hyny,na, A) = L / (Ay)/ e(— hir )FM(E)W( 2me )QS(%) dx dy.
1Mo ’ nino 2 nino nq ningy T

Since F)y is supported in [M/2,3M], z < MM Moreover, % < 1 < L due to the

support of ¢, and — my < T;I = dT : +; because of the rapid decay of W. Hence integrating
by parts £ + 1 times, for T' <t < 2T we have

1 o 2
[z
ning Jo n1no 1 ningy T

d2 nino dTet ol MNl
NiNs\ h MN; d

T\ /N, \
<(%) (@)

Therefore, the contribution to & when |h| > Hy is

< Z Z Z Z Adny Adns FN1 Slnl FN2 an Z th (]C\lfj\f_;;l )é

d<N N1,N2<N, 0<|AI< % ( ni, 7L)2 ) |h|>Hy
1/24e /N —d (n1,n2)=
M<T \/ i

< T4,

<<Z75

when / is sufficiently large. Thus, the terms |h| > H, give a negligible contribution.
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Case 3: 0 < |h| < Hy. It is sufficient to consider the terms 0 < h < Hy. By changing
variables ¢t = yx, and x to xnins, we will consider the dyadic contribution

AN, = Z Z Z Qdny Qdn,y FN1i;l7’b1)FN2(0lng)><

ni,n2 D 0<h<H
(n1,m2)=1 0<|AI<7 d

xe<—h§1)/Oooe(—hx)FM(gmz)/ <§§)W(27;x)¢(yz?n2>dydx.

We write ¢ in term of its Mellin transform gb, to separate the variables n; and ns.

Let hA =a, A= DHd = 2% and v, y(a) = YA, e(—ha + %) Therefore we have

= g |, L) X vt

0<|al<A

iny F, F F m\z o T
" Z @dny Qany Fv, (dny) Fi, (dno) M(Inz)e<_an1)¢(w) dw dy dx.

nyny Ny T

ni,n2
(n1,m2)=1

T
znine MN

Since F) is supported in [M/2,3M], = =< %. Moreover, y = because ¢ is

supported in [1,2]. Thus, using Proposition [I, we have
(3.7)

;47N1,N2 < - / /

N, N. NN
< (T%“i( N2 4yt e R

1 1

dio—¢ di di—e ds

( (N N, A) B+ (N, o+ V) . (N1 N, A)E+e (AN, +AN2)%> dy da

= MN1

00|~

20 8

(N7 + N2)%>

Summing over dyadic intervals for M < T/2+¢ %, N; < N, and d < N, we have that

the contribution to A when |h| < Hy is bounded by T3 N% + T<N's . Therefore we
take N up to T3 < to obtain an eligible error term in Theorem [l

3.3. A trivial bound for £. Extracting the common divisor d from n; and ns, applying
Poisson summation formula, and changing variables, we can write (3.5) as

E=2 Z% Z/ Z/ Z Z Qdny Tdny Fny (dna) En, (dng)Enn, (01, 12, A),

d<N Ni,No<N /N3 0<|A|<D ~ 711,n2
MST1/2+E N_? <| ‘7 d (n17n2):1

where

= (2 [T 2) [0
’ NNy o 0 n1No ny) Jg \2mx T

heZ

27’ A itA? 2rA [ 2ma?
—_— = dtdzx.
” |:W(n1n2t) ( 2LU2 2:173 ) + nlngtW (nlngt)} v
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Integrating by parts, as in Case 2 of the previous section, we see that the contribution
coming from the terms with |h| > H, is O(1). Thus, estimating trivially the rest of the
terms we have

T= Ny
Ev N, A 1+ —=
M, (N, ng, A) < n1n2( + dM)

whence
&« T—1/2+EN + T—1+EN2 < NT¢
and the proof of Theorem [ is complete.

3.4. The proof of Theorem 2. The proof of Theorem Pl is the same as Theorem [II
except that we use (IL3)) instead of Proposition[lin (B:ﬂ) Notice that (L3)) is applicable,

since A = d]!%]lvi < (N1N2) Tt by = i< N< Tzt mseem Thus, we obtain that

. VNIN;A [ (N + N,)2 T At AN, AN2
M,N1,N2 <q / d]\/I VMN d ( d2+r d d dy dx
< Thtet (N1 + Np) 27 (N Ny)* AL Ny . Ny
a2t q2? qz’

Summing over dyadic intervals for M, N;, we have that the contribution to A from these
terms is T2+t N2+2 4 N1+¢ and Theorem B follows.

4. PROOF OF THEOREM

The proof of Theorem [ follows the proof of Theorem [ except the last part when
0 < |h| < Hy. Here we only modify the last part of the proof using the same arguments
by Deshouillers and Iwaniec in [DI84]. By the same change of variables, we have to
consider

ATVI,NuNz = Z Z Z adnladn2FNl(dn1)FN2 (dng)x

iy 0siaiet o,

xe(—hZZA> /Oooe(—hx)FM(xng)/ (?:)W<2ZI)¢<xy7;n2>dydx.

We now write agy,, as a,;B,,, where p|d>, (d,j) =1, n = orj, v = ﬁ and o = ﬁ.
Therefore, we have to bound

SiY N Y Y S Yo S a5

na

d<T “Ni,Na,M  pld>®  0<|A|<D 0<|h|<Hqg (n2,0)= (J,dn2)= (rn2)=
v=d/(p,d)
(4.1)
) o A 27T TYorin
 Fy(dori) P dns) [ el—ha) (o) [ ¢ (2j)w( : )cb( ver] Q)dydx,
0

where the sums over Ni, Ny, M are dyadic sums up to NK, NK, and T"/?*¢\/N,/Nj.
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To bound the above sum, we use Proposition However, first we need to apply
Mellin’s transform to Fl, and ¢ to separate variables no, r, j. The technique is standard,
so we skip the details. From Proposition 2], the sum over ¢ is the sum over ny, and
L= %. The sum over j is the sum over j, and J < % The sum over u is the sum over

hA, and U = d%lf\gs. Finally the sum over v is the sum over r, and V' < % Moreover,
we note that JV < JJ—;. Applying Proposition 2, we obtain that (A1) is bounded by
(after summing over dyadic M)

; NN, NoN\'? /NN, EK\Y*
<T Z Z Z Z N1N2<Ql/2d2T1/2){< ) + 2T +- X

d<T  pld>® dp
v=d/(p.d)
NoN (NiN> | oK (No oK2\  oNN,N2K2]Y*
dp \ Td? v d v? d*T p?v?
T%-i—a N2K 1/2 N2K2 K 1/4
<<Z Z Ql/zd{( du ) _'_( 2T +7) X
d<T  p|d>
v=d/(11d)
L [VE N2K2+QK NK+QK2 . oN4KA A
dpu Td? v d V2 A>T p?v?
1
e 1/2 an73/4 1/2 1/2 7/4 1-3/2
LT (T'PNMK + TVPNKY? + NTAKS2) N Y d5/4 7
d<T  pld>®
v=d/(11d)

< TE(T1/2N3/4K+T1/2NK1/2 +N7/4K3/2),

and this completes the proof of Theorem [3l

5. PROOF OF THEOREM []

The proof of Theorem [l follows the proof of Theorem [l except the last part when
0 < |h| < Hy.
We recall that we have a, = > ,_, o,0), and we assume that o, is supported on

[NT=%1 2N], where N < T2%¢ and 0 < & < % Moreover [, is supported on k €

[KT7%,2K], and 0 < & < =, Let & + & = & We introduce smooth partitions of
unity in the sums over n and k (without indicating it, to save notation). Thus, n; =~ N;,
k; ~ K; (note that in the notation of Section Bl N; was the size of b = nk, so N;K; in
the current notation). Thus, db; < N;K;. Moreover, we assume that «,, = 1(n), where

¥ (z) is a smooth function such that ) (z) <; 277 for j > 0.
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We have to bound

T D YD VD VD S 2

d<NK Ni,N2,K1,K2 lie /N3Ry b1,b2 MNy Ky NoKoTe
M<T?Z Moo (by ba) ] 0<|AIL s 0<|h|<—2071

adb1szFN1K1(dbl)FN2K2(db2)e _hglA /Ooe _ ha FM(%)X
db1b2 b2 0 b1b2

At 2ma? t
— — | dtdx.
XAQ<2W$)W<blbzt>¢<T) !

_t
2mx

T

After the change of variables y = and then z = it becomes

_T
bibo?

S S D YD VD VD DR 2

d<NK Ni,N2,K1,K3 lie /NoKy  bibe  go|Al<MNIEL (g o N2KoTe
Ms<T N1Ky (by,bg)=1 Al=gr=s O<Ihl<=3

o T ) P 0) (1D [ oy
2 0

z 21y zby by
X /Re(Ay)W<§)¢<T) dydz,

Firstly we claim that we can truncate the sum over d at height Y := (N, K} NQKQ)%/T%JF"
for some small n > 0, up to an error term with a power saving. This is because for
larger values of d we are essentially left with the contribution coming from a Dirichlet
polynomial of length 7' %“7, which we can bound using the method used to prove The-
orem [[I More precisely, by ([B.7), we have that the contribution from the terms with
d >Y is bounded by

(5.1)

<

Z/ Z (T%+€(N1K1 +N2K2)%(N1K1N2K2)%+

pE:
N1,No,K1,Ky Y<d<NK 2

+ T

(M&+M&WMMMM%)
d%s

1
/ 39, 33 NiKy  NpKj\3 15,15 NiKy  NaKyp\T
Tiot30m+e Tictsnte
< ( o <N2K2 k) TN\ WK T MR,
1,4V2,MA1,12

Sl

)

<« Taotantséte 4 T}—2+%§’n+%§+57
since T—¢ <« % < TE.
For the remaining part of the proof we use Watt’s arguments in [Wat95]. We write

QAgb; = E ahiﬂki = E afi#iﬂgil/i’

hik;=db; figi=bi, pivi=d,
(gi7%)=1
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so that f; < N;/u; and g; < K;/v;. We will apply Proposition B to bound
(5.2)

V4
Z DS Wi )x
d<Y H1,V1, 142,12 dM Y= Yy
+ No K. 3 3 ) 7 AMN K
M<T2 6\/ N?K? p1v1=p2ve=d !
——— (hAfig:
Aty 1 Bgrin ¥ foun Bgavs € 20
91,92 f1,f2 0<|A\<MN1K1 0<‘h|<N2K2T5 292

— qrl—=¢

(91',%):1 (f191,f292)=1

< P (o) P Fegans) (-1 ol 89) P (oo 2702092 )y

Before using Proposition B (with H = MM 0 = NBoTZ W — o) 6 — gy 0 = fy,

dTl—¢ >
fo in the proposition respectively), we verify that X? = % = T'=¢ > T*, which
is clearly satisfied if € is small enough, and that

<K1K2)2 o NPEENo K, M (K1K2)2 o NeKop

e K2N2M1 e
140 %) d3T?%= = =

~ Nipagrs AN, 1IN,

IS

1

Since M < T%+€(N2K2/N1Kl)%, and d < (Nl%# the first condition is implied
by T%7¢ > NENZT" which is true if 2¢ < 7. The second condition is equivalent
to K2Ky, > ulung%. This is true as long as n > 1& + 3¢, since N; < TV,
Ky/K, < T%, and
1
KQ
< KTK,—=
K?
Applying Proposition B with =1 = max(2C,yH) + 1 < T°¢ and using that p;, v; <
1
d < WEaNaR9)? e obtain that (52) is bounded by

1 5 3 3
IN2 2 [r2e—3n
Mo o pNoge - NENGKG RS T

N N T3/2 T4€ 3n < K2K T4€ 377+€2
1 1

Tg+l
Z’ Z ﬁ Z dM dT NlNQKlKgﬁ & K2T
1 d v v N2K2 MNlKl Td2 141 M1 1]
MErd e R S

N

1 1
< (1+ N1N21/11/2 2 1+ dNQ 1+ MN1N22V%V222 4
Td2 ,u2K1N1 (K1K2)2dT,u2

1 1
/ T= Kl N1 K2 dN2 2 MN1N22V%I/22 1
< > Y y > > ( + T)<1+M2K1N1) <1+

1\ M1 e (K1 K5)2dT 3
MF o S 2
KiKoT3 KNy KENSNy  KPKSTENSNG
< Z Z 1422 + 14V1 + 31 1 - 2 + 1 2 . 2 +
d<y O mivipvs, Vs d i o K§Ts vidi

piv1=pove=d
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1 1 1 5 9 9 5
Kl KQT 2 N2 KZNZNg NENSdz TSNSKS$
- . 1 t =3 3 1 1 LE 11
V1V2 Nl dzpu; pipy Ko KiTs NP KPdivipg
1 1 1
, K8N8N8 K?K,T3t N
< K1K2T§+E + KlNlTE + —= + K K T8+5N8N8 + 1 2 12 2 +
K T§_5 le

7 9 5
Nj Ny K} | THENS K
K3Ti+i—=  NiKF
Summing over K; and V;, we obtain that (5.2)) is bounded by

111

152

[('2’]"2"'6 _|_T4+ 8 2+e + KN4T8+€ + K2T2+5+ 2 _|_T4 *_*"'5 + K2N4T§ =t
Theorem @] then follows by taking n = %2 + 3¢ and collecting the error term (G.1]).

6. PROOF OF COROLLARY
The proof of Corollary 2] requires the following two lemmas.

Lemma 2. Let G be a compactly supported function. If ' = —G' for x > 0 and F is
three times continuously differentiable and compactly supported, then,

1og n

ZG 1ogx /CS—I—w A< zwéogx)d_w’
w

n

for ¢ > max(1 — R(s),0) and z > 1, where F denotes the Fourier transform of F,

[e.e]

F(z) = /_ F(u)e™ 2 dy.

[e.e]

Proof. First of all F () is entire because F' is compactly supported. We expand the
function ((s + w) into its Dirichlet series and compute

1 ~( 1wl d
(6.1) - n_w_F<_lw ogz)_w.
21 J () 27 w

~ 1w log >
F{ — = F .

Inserting this representation into (6.1I) and inter-changing integrals, we obtain

o u\ W d o 1
/ F(u)L T —wdu—/ F(uw)du=G ey,
o 2w Jig\ n w logn log z

In order to justify the interchange of the two integrations we truncate the integral
in (G.J)) at a large height X, committing an error which goes to zero as X — oo (since
the Fourier transform F will decay sufficiently fast), and interchange. Then, we use
a Perron formula with error term in order to compute the conditionally convergent

Notice that
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Perron integral appearing above. Taking the height X — oo returns the desired result,
as stated. U

Lemma 3. Let A >0 and let 0 < n < % be fized constants. Let v € R and x < T/,
Let s = o + it, where 0 = %+i and T <t <2T. Then

logT
2T
d1/2(n)
2-
[ e |0

where dyj5(n) are the coefficients of the Dirichlet series expansion

dl/g (TL)

2
dt < T(log T)**,

((s)2 = ; — R(s) > 1.
Proof. Let 7
®,.(s) = ((s) - 3 22l
and -

i) = S exp (s — it)?).

Then, by Gabriel’s convexity theorem (see [HBS8I], Lemma 3)

5/2—0o

/\q)x,v(a—i-iu)ft(a—l—iu)ﬁdu < (/ P, (5 + i) fi(5 +iu)\2du)
R R

o—1/2

X (/ @0 (2 +iu) fi(2 + iu)|2du)
R

We now integrate both sides over T' < t < 2T and use Holder’s inequality to get

/|q>x,v(a+iu)|2ﬁ(a+iu)dug (/ |q>x,v(§+¢u)|2fT(§+iu)du)
R R

X (/R P, (2 + Zu)\2fT(g + zu)du)

where
oT

fr(o +iu) ;:/ | fi (o + du)|?dt.

T
Clearly fr(o +iu) < 1if T <u < 2T. In addition

1 if T/2 <u<3T

e~lul otherwise.

fT(a +iu) < {
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We also note that ®,,(s) < (1 + |s])¥/** - V/T. Therefore the previous inequality
becomes

5/2—o
2

2T 3T
/ |<1>x,v(a+z't)|2dt<<(/ |¢x,v(%+it)|2dt+O(T))

T T/2

o—1/2
2

3T

« (/ 1@,.0(5/2 + it)[2dt + om)
T/2

According to Theorem 1 the first integral on the right-hand side is O (T(log )%/ 4) while

the second integral on the right hand side is O(T').
0J

Let 6 > 0 be a small positive real number to be chosen later. We pick a parameter
close to 1, with 0 < 6 < 1, and define
R ] 2mi(1—0)z __ 1 N
I _ 2mi(0-0)z | €
(2) =e 2mi(1 — 0)z

with some bounded N > 10. We see that F' is compactly supported on [0 — §,0 — ¢ +
(1 —0)N]. Define for = > 0,

G(z)=1— /0 " Fu)du,

and G(x) = 0 for z < —1. Moreover, we let G(x) decay smoothly until 0 on the interval
[—1,0]. This way F' = —G’ for x > 0. We notice that G(z) =1 for 0 <z < 6 — 9§ and

~

that G(z) = 1—F(0) =0 for x > § =5+ (1 —0)N. Finally we notice that G is N times
differentiable, and consequently that G(z) < (1 + |z])~.

Now we make a choice for # and 0. Let 6 = logy/logz with y = T/272 and x chosen
so that 0 —6+(1—0)N < 1. We pick 1 -0 = (6/2)/(N —1) so that o = y/(1=0/2/(N-1))
Then, we choose § small enough but positive so as to ensure that x < 7/2+001,

Note that
~ iwlog x 5 (z/y)® —1 \V
F| — — w (IS T
( 21 ) (y™) (w(l —0)logx

Let s=o0+it witht <T and 0 = % + &, with A > 0. Using Lemma [2] and shifting
1

contours to f(w) = 5 — o we get

G (lez) (ya)/2=e (2 [¢(L+ it + iv) |do
_ ogzT K 4N N yx ) 2 O T—l
C(s) ; ns T RUN) (0logz)N /—oo ((O’ — %)2 + y2)(N+1)/2 o)

where O(1/T) is the contribution from the pole at w = 1 — s and with |x| < 1. Let
c(m) =3 je fo<a d1/2(€)d1/2(f). Importantly, notice that ¢(m) =1 for m < z. Since
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in addition G(v) = 0 for v > 1 we get

P ) 5 )

n

logx vlogx
/Zns—l—w. ( A )d’U
_logx di2(n) > (vlogx
= () 6 )

n<x

Combining the above two equations, we have obtained the following inequality

2
(o) < ogr [ |30 2 @(125x>'d

n<x

—0\1/2—0c () 1 . .
N (yz™?) 1C(5 + it +v)|dv
e e (o - 17 1 or) o7 T WD)
2
Therefore we have obtained
= ~(vlogx = di)2(n) ’
Cs3dt<10gx/ G( )/ C(s)*- ——= | dtdv+ €+ O(T"),
|k A= [T AR = ()
where
(6.2)
dv

£ < (4N>N‘%/—Z<

2T
LR Jo(b it i) (e 5)° +U2><N*”/Q'

By Holder’s inequality and the bound [¢(1 + it)| < (1 4 [¢])Y/5F=, for [v] < TV w
have

[ i< ([ cora) h ([ sz i+io ar)

< My(o, T)2/3 . (Mg(%,T) + O(|’U‘T1/2+€))1/37

1/3

where
or
My(0,T) = / C(o + it) Pt
T
By a minor modification of Lemma 4 in Heath-Brown’s paper [HBSI] we have
M;3(3,7) < C- TP N (0, T).

Therefore,

27 s
/ ICPICG + it + vl dt < Ma(o, T)*° (CT /203 My o, )+O(\UIT1/2+€))

T
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< oT0/20e-y) . (Mz(0,T) + O(T")).

The contribution of |v| > T/ to (E.2) is negligible, provided that N is chosen to be
large enough. We conclude that

&<

1
N /71/2,.6\ %72
C(4N) (T x ) ~ Ms(0,T) L OAT),

oN y (logz(c — )N
Using Lemma B we find that

fleCsl e

We have obtained the inequality

2
d1/2(n)

ns-‘,—iv

log x dtdv < T(log T)**.

n<:r:

1
N 1/2,.6\ °~ 2
My(0,T) < T(logT)* + 04(1) + SN (T ! ) . Ms(0,T)

N y (o —3)logz)N

Recall that y = TV/?™ <z < T. Since 0 = 1 + %, the third term on the right-hand
side in the above equation is less than

< CBN/ANGNe 4 Ms(o,T)

with C' an absolute constant. Thus, if A is large enough (but bounded) then the third
term on the right-hand side in the above equation is absorbed into the left-hand side,
and we conclude that

Ms(o,T) < T(log T)"*.

1
Since Ms(3, T) < T8 My (0, T) by Lemma 4 of Heath-Brown and since
g =35 + 1 A

M;s(3,T) < T(log T)"*.

6.1. Moments of the form & = 1+41/n. Since we do not claim the result for moments
with £ = 14 1/n we only sketch the necessary modifications of the previous argument,
for the convenience of the interested reader. In order to adapt our argument above to
moments of the form 1+ 1/n, it suffices to prove the inequality

2
Z dy/n(m)
mstotiv/logx

2/n

¢ (s) |2/n < logT dvdo

27r o
(ya~ ) (1/2=0)/n ogT/ / |Ca+zt—i—zv)|2/" dvdo
(6 log )2/ U2>(N+1)/n ’
where 0_ = % — @, oL =1 5+ 10 = and with the 1mphc1t constant depending at most on

n, N and the same choice of parameters 6, x,y, 6. This is sufficient because the previous
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argument does not depend on some specific quantification of the dependence on N.
First we note that

G ( osn n

Combining this with Lemma 2] and using the same choice of parameters 6, x,y,0 as
before, it follows that

col< [ |e()]-

Taking the 2/n power on both sides, it remains to show that

dl/n '
( 27’(’ ‘Z ms+w/ loggc U) < lOgT/ / ‘G 27’(’

and that
> +it+iv)ldv " t 2/mnd
(6.3) (/ C(3 : 2@ w()]|v+vl)/2) < logT/ / |C(o + it + w)‘(NH;;ndU
= (o= 2+ ) (=5 + 0
We will only show how to prove the second inequality since the proof of the first is very
similar. We bound the integral

¢ + it + iv)|du 1y-N-1 My
<(oc—3 TN
/_oo ((0 = 1) +02) V02 (0=3) Z (1 + [R[)NH

where M, is the maximum of {(5 + it 4 iv) over the interval v — k(o —3)| < (o — 3)/2.
Therefore

e it iv)de " oV My
(6.4) (/_ )72 < (o— 5) ; (1 + |k|)2N+D)/n

« (o= 7+ )"
By sub-harmonicity;,

diju(m) |
Z mstotiv/logz dv +

m<x

(yx_‘s)l/z_“/ ‘C(%+it+iv)‘dv
R ((

N Ntz
(0log x) 0—%)2+v2)

2
n

d1/n(m)

ms+cr+w/ log

m\

2
dvdo,

(k+1)( O'—
2/n<<logT/ / C(o + it +iz)|*" dx do.

-1) (o——

We conclude that

2/n
(O’— l)—2(N+1)/nZ Mk/
: T TRl

< logT e 0_5) (0 + it + iz)|/" dz do
og o 1 0’ — 1)2 + (k(a B %))2)2(N+1)/n

|§ 0—|—zt+w)|2/”dv
< IOgT/ / ITC )(N—l—l)/n do.
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Combining these equations together, we obtain the desired inequality (€.3]).

APPENDIX A. ON CONJECTURE [I]
Proposition 4. Let A, M, N > 1 and let A < (MN)%%. Then
max S 1| > (AMN)2=5(M + N)2 + A(M + N)'~<,
for all e > 0, where the maximum is taken over all choices of coefficients au,y,, By, Ve <K 1.

Proof. By the reciprocity relation = = —Z 4 % (mod 1) we can assume M > N.
Moreover, we can assume N, A > M¢ for some small € > 0 and M arbitrary large, since
otherwise the result is easy.

First, we consider the case M=% > N for some § > 0 and we take a,,, = f(m) for
some smooth function f : [M,2M] — [0, 1] which is such that @) (z) <; x77 for all
j > 0and [, f(x) = KM, for some K > 0. Also, let 3, = —7,, where 7, is the indicator
function of the primes congruent to 1 (mod 4) in [N, 2N], and let v, be the indicator
function of the primes congruent to 3 (mod 4) in [A, 2A].

By Poisson summation, we have

3 (%) = K el + 00,

s Z (%) :M((:a));((z))

(b,n)=1

where

is the Ramanujan sum. It follows that

Saany = K 303 Baaala) + (M)

M ~100 1—¢
= K5 ;zﬂ:wau +O(MT)) > (MA).
We now prove
mélX|SA,M,N| > M(AN)%_ea

which then implies the Proposition even in the case M=% < N for all § > 0.
By choosing «,,, appropriately, we have

Fo.
ma ISasal > mx 3 P

where

Frpgy = Z Z Vaﬁne(?) .

a (n,m)=1
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First, notice that we have

1
max Fnipy 2 @) E E i) wx2)
Toom AN X1,x2 (mod q) m

with ¢ any prime greater than 4(A* + N*) and where 3(x1), v(x2) denotes sequences
defined by B(x1)n = x1(n) and v(x2)s = Xx2(a) respectively. Moreover, by Holder’s
inequality,

1 1 3
Z Z m;B(x1),v(x2) S\ oz Z ZFmB (x1)wix2) | X

2 2
4,0((]) X1,x2 (mod q) m gp(q) X1,x2 (mod gq) m

1 3
Z 5X1 xz) )

2
QO((]) X1,x2 (mod gq) m

The left hand side is

1
v(q)? 2. 2 st ZZ Z 1> MAN,

X1,x2 (mod ¢) m a (nm)=

and we also have

1 Z Z m;B(x1).v(x2) :Z Z Z 1 < M(AN)**e.

2
QO((]) X1,Xx2 (mod gq) m m alaz=asa4 N1N2=N3N4,
(m,ning2)=1

Thus,

1 -
o(q)? Z Fripxa)wixe) > M(AN):

X1,X2 (mod gq)

and the proposition follows. O
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