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Introduction

Let ¢ be a Dirichlet character and L (s, %) the associated Dirichlet L-function. We
are interested in the zeroes of L (s, x) in the critical strip 0<Re(s)<1. In the past,
most attention has focussed on this question near s=1. We shall be particularly
interested in the situation near s=1/2.

It follows from classical results of Landau, Page and others (see Davenport [D] for
example) that the number of real characters x of conductor <x for which L(s, x) has a
real zero in the region 1—(1/logx)<c <1 is O(loglog x). On the other hand, the
situation near s= 1/2 is more delicate and not as well understood.

(*) Research partially supported by a grant from NSERC.
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568 R. BALASUBRAMANIAN AND K. MURTY

Several authors have studied the frequency with which L (1/2, x)#0. In [B] it is shown
that there are at least cg/(log g)'°°° characters x (mod g) with L(1/2, x)#0. (Here, and
elsewhere, c is a positive constant, though not necessarily the same constant at different
occurrences.) In another direction, we can allow both y and g to vary while we fix the
order of . A result of Jutila [J] implies that there are at least cx/(log x) real characters ¥,
of conductor at most x, for which L (1/2, ¢)#0.

In both of these works, the method is to study the moments
Z|L@A/2, 0

For example, by the Cauchy-Schwarz inequality,

(1 s QL2 0D
ot (5 ) SR

From this, we see that it would suffice to have a lower bound for ) |L(1/2, x)| and an
upper bound for Y |L(1/2, )| Y| L(1/2, 0 [*

There are general conjectures which predict, in particular, the asymptotic growth of
the above moments. However, even assuming these conjectures, it does not seem possible
to use the Cauchy-Schwarz inequality to deduce that L (1/2, x)+#0 for a positive proportion
of the characters y to a given modulus, or that L (1/2, x)#0 for a positive proportion of
real characters . This result may be viewed as a (partial) g-analogue of theorems of
Levinson-Selberg type.

On the other hand, no example is known of a character y for which
L(1/2, x)=0. However, Siegel [S] has shown the fundamental result that any point on
the line 6=1/2 is a limit point of zeroes of the L (s, ) as y ranges over all Dirichlet
characters.

In this paper, we take a different approach from [B] and [J]. We consider characters
to a prime modulus g. Our first main result is the following.

THEOREM. — Let q be a sufficiently large prime. Then, for a positive proportion of the
characters y (mod q), we have L (1/2, %)#0.

Our proof shows that the proportion is =.04. (Using the explicit formula, Ram Murty
[RM] has shown that this proportion can be improved to =.5 if we assume the Riemann
Hypothesis.) Our method actually produces a more general result (Theorem 11.1)
which applies to any point 1/2<c<]1.

Our second main result (Theorem 12.1) gives a non-vanishing theorem which is
uniform on a line segment.

THEOREM. — Let q be a sufficiently large prime. For a positive proportion of the
x (mod q), there are no real zeroes of L (s, %) in the region (1/2)+ (c/log g)<o<1. Here,
¢>0 is an absolute constant.

In proving our results, our new idea is to count the desired characters directly, without
the intermediary of moments of L-functions. Let y be a non-trivial character. Using
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ZEROS OF DIRICHLET L-FUNCTIONS 569

weights { A (n) } first defined by Barban and Vehov [BV], we consider a mollifier polyno-
mial

M(s, 0= Y Amxmn

n<Z

where Z=¢'2. The A(n) (which are closely related to Selberg’s sieve) will be chosen
with the property that if we set

a(m= ), Md),

din

then a(1)=1 and a(n)=0 for 1<n<Y for some 1<Y<Z. It turns out that to prove
our non-vanishing result at a fixed point, the particular choice of Y is not so crucial
and we could take Y=1 if we wished. In the proof of the non-vanishing result on an
interval, however, we need to take Y to be a power of g. We choose Y=¢'/*. Then,
we consider the integral

—1—_ L+w, x)M(s+w, ) X¥T (w)dw
27l Je)

where we choose X=g¢. On the one hand it is equal to

5, =3 LLE oo

and on the other, it is

L(s, x) M(s, x)+——1—-. L(s+w, xY)M(s+w, x) X*T (w)dw
V-

where 1 >0 is chosen appropriately. Now if x is a primitive character, we can apply
the functional equation to transform the integral into

; LA=s—w, )M@G+w, )y+w, )X¥T (w)dw

LJe-n

where v (s, %) is an appropriate quotient of I'-functions. Now if we have n> o, we can
expand L(1—s—w, %) as a Dirichlet series. Splitting it into a Dirichlet polynomial of
length Z and a tail, we get two integrals I(s, x) and J(s, ). Thus our basic equation is

S(s, V=L(s, YM (s, ) +I(s, 0)+I(s, 1)

If L(sq, x)=0 then S(s,, %) is equal to I(sq, X)+JI(so, X). We show that this cannot
happen too often by comparing mean-square estimates of S(so, %), I(so, x) and
J(sg, ¥)- Thus, we obtain a lower bound for the numer of y(modg) with
L(sg, x)#0. We then extend this to a lower bound for the number of x(mod g) for
which L(s, x)#0 in a circle of radius (log ¢)~! about s,. Equivalently, we obtain an

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



570 R. BALASUBRAMANIAN AND K. MURTY

upper bound for the number of y(mod q) for which L(s, x) does vanish in this
circle. This bound decreases exponentially with (Rsy,)—(1/2). Choosing the point
so=(1/2)+j(og q)~* and summing over j produces our non-vanishing result on an
interval.

The estimates for S and J are given in § 3 and § 4. The mean square of I is determined
in § 10, after preparations in § 5-§ 9. The main results are proved in § 11 and § 12. For
an exposition of some of the results and techniques of this paper, the reader may consult
[KM].

It is a pleasure to thank J. Friedlander, M. Jutila, and R. Murty for encouraging and
helpful discussions. We would also like to thank the referee for a careful reading of
the manuscript.

NoOTATION. — Z denotes a sum over characters mod g. We denote by d(n) the
x (mod g)
number of positive divisors of n and for reR, o, (n) denotes the sum Y d".
d|n

1. THE BARBAN-VEHOV WEIGHTS. — Let 1<z, <z,. Following Barban and Vehov [BV],
we introduce the functions

A, (n)= 1 (n) log (z;/n) if n=<z
: 0 if n>z,

for i=1, 2. We also define

_Am—A ()
log (z,/z4)
p(n) lsn=z,
oy Jog G2/
log (z,/z,)
0 n>z,.

A(n)

(1.1)

Let us define

a(n)=Y r().

dln

Graham [Gr] has found asymptotic estimates for the mean square of the a(n). We
recall his main result.

ProrosiTioN (1.1). — We have

Nlog (N/z,) (N/Zl)+0( N ) if z;<N<z,

2. log? (z,/2,) log? (z,/2,)
ngN |a(n)| N N .
- + 0< 2 ) !f ZZ§N~
log (z,/2,) log* (z,/z,)
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ZEROS OF DIRICHLET L-FUNCTIONS 571

Applying the Cauchy-Schwarz inequality and Proposition (1.1), we deduce the
following.

ProrosiTioN (1.2). — Let r<N and (b, r)=1. We have

N
an)|< .
,.gzn @] @ (1) (log z,/2,)'?
n=b (modr)

We next obtain an estimate for a shifted convolution.
ProposITION (1.3). — Let 1=<keZ, teR and kM <N. Then we have

N|¢|*(log 22)"'>
(log 22/21)2

_ no\* ¢ k N+z§
M<§§N amatn k)<n—k> <<P(k) <(log z,)z,)? PO

where P (t) is a polynomial in t (depending on k) with complex bounded coefficients and of
degree <4. )

The proof will require two preliminary results. We begin by recalling a result from
Graham [Gr, Lemma 2].

LemMmA (1.4). — For any integer r, and any c¢>0,

v O (9>= 40, (012 log™* Q).
nsqQq N n ¢ (r)
(n,r)=1

Lemma (1.5). — We have for 1=d,, d, <z, and r, r, 21 that

Ay (dij) Az (dy))

12j1S21/dy, 15j2S22/dy J1J2
(J1,i2)= U1, r1) =02, r2)=1

d,r d,r
<<(p(c11 ;)+G_1/2(d1r1)><(p(; i)+0'—1/2(d2r2))~
1 21

The same estimate holds even if we drop the condition that (j,, j,)=1.

Proof. — The sum in question is

5 A (dij) A, (dy))) Y pe)=

JiJ2 el (j1, j2) e<zy/dy JiJ2

L IALCYAY

the inner sum ranging over j,, j, satisfying
15/, =z2,/dy, 15j,<z,/d,

J1J2=0(mod e), Ui r)=0a r))=1.

ANNALES SCIENTIFIQUES DE L'ECOLE NORMALE SUPERIEURE



572 R. BALASUBRAMANIAN AND K. MURTY

Let us set r=r;r, and d=d; d,. Then the sum is seen to be

p(e) z A, (d;el,) A, (d;ely)
2 11
eszy/dy € 1y1Szy/dye lzSzaldze 142
(e;n)=1 (1, r1)=U3, r2)=1

Il dyel
—n@dhrdy) Y &:’){ T n(ly) log (z,/d, e )}

esz/d; € A
(e,dr)=1 (1,dyer))=1
x { Z n(l,) log (z,/d, 312)}
12Sz2/dy e L

(2,d2erz)=1

2
=p(d)pudy) 2 p(e)n{ deer 0< —12(dyery) log™ <‘212k>>}

eszy/dy e? i< (dyery) k€
(e,dr)=1

using Lemma (1.4).

The main terms contribute an amount

1 (dy) n(dy)dr (e < dr '
¢ (d, 71)(P(d2"2) eszy/dy ¢ (e)? e r)o(d,r;)

(e,dr)=1

The product of the O-terms contributes an amount
1
<Z e_2 C_12 diry) Gy2(dyr)) o), (e)2<0'_1,2 dir)oy),(dy ).

The cross-terms contribute an amount

1 der, (22,
< ———=— .0_,,,(dyer,) log™*¢ (—)
es:[;/d, {(P (dyery) T dye

(e, dr)=1

d,er,

2z
—_— .0 _ d er 10 1
o(dyery STy2lhrerdlog” <d1e>}

dir, dyr
< (dyry)+
{cp(dl I Y

+

o_12(d; "1)}

22)

since the series ) o_,,,(e)/e@(e) converges. This proves the first statement. The
second statement is easy to verify since there is now no condition relating j; and j,. We
argue as above setting e=1.

Now we are ready to prove the estimate of the shifted convolution.

4° SERIE — TOME 25 — 1992 — N° 5



ZEROS OF DIRICHLET L-FUNCTIONS 573

Proof of Proposition 1.3. — Again, we consider the sum

(1.2 L Ea@(T me(;5)

M<nsN di|n e|ln~k n—

and we find that it is equal to

(1.3) T A@DAE Y (” )
d, e

M<n<N n—k
n=0 (mod d)
n=k (mod e)

We see that the inner sum is zero unless (d, )| k. Consider the identity

( " )“=(1 +k)i‘(1 LS (1— —l_))".
n—k 1+k\ n—k

We have an expansion

it 4
( " ) =(1+k)* Y, Pi()(n—k)7+0(|t]"
n—k j=0

where P;(¢) is a polynomial in ¢ of degree <3 with complex coefficients which are
absolutely bounded and depend on k. Using this, we see that

it 4
a4 Y (--”—> =1+0" Y P Y @-Rk+of|it ¥ 1

M<nsN n—k M<nsN M<nsN
n=0 (mod d) n=0 (mod d) n=0 (mod d)
n=k (mod e) n=k (mod e) n=k (mod e)

Inserting this into (1.3), we get a main term of

4
(1.5) (1+k)* Y P Y, Ay A, (0 Y (n—k.
ji=0 d, e M<nsN
n=0 (mod d)
n=k (mod e)

If j=0, the innermost sum is

N-M
[d, e]

+0(1)

and if j=1, it is

log (N—K)/(M—k))+0(1)
[d, €] '

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



574 R. BALASUBRAMANIAN AND K. MURTY

For j=2itis O(1). Thus, (1.5)is

d, e s
d,e) |k
+O((Jt]+1)* Y [A@A; (@)
@ ok

The O-term is easily seen to be
<zyz, (| + 1)

To evaluate the main term, we see that the sum over d, e is

.7 D A—%—A—@ Y o(m).
d, e e m|d
d, e)| k m|e

This is seen to be equal to

¢ (m) Ay (md,) A, (meg) '

2
mlk M° 4y, e do €o

Here, the inner sum ranges over pairs d,, e, satisfying

1<d,< 2

[IA

Zy
) léeoé“_
m m

(do, m)=(eq, m)=1.
Also note that in the outer sum m must be squarefree for otherwise

A, (mdy)=A,(mey,)=0. Thus, invoking Lemma (1.5), we find that the main term in
1.7 is

<y Hz(m):P(m)< m +0_1/2(m)>2
@ (m)

m|k m

L

ok)

Hence the main term in (1.6) is

<

o @ (|Po () |N+|P, ()| log N).

Summarizing, the main term of (1.4) contributes to (1.3) an amount

k
o (k)

< (|Po () |N+|P, (9)| log N)+z, z, (| £|+1)%.

4° SERIE — TOME 25 — 1992 — N°§



ZEROS OF DIRICHLET L-FUNCTIONS v 575

The error term in (1.4) contributes to (1.3) an amount

Ny M@X@]
d, e [da e]
d,e) |k

The first term above is estimated by

Y |AL (@) A, (0)] <Yy (p(m);;(m)z (zilog o1 ><Zi108’2—2>

d, e [da e] m|k m do do m do eo €0 meg
@, ek
2 2 2
< Z _W(p(m);;(m) (log il.) (log Z_2>
m|k m m m
< (log z,)* (log z,).
o (k)
Summarizing, the error term in (1.4) contributes to (1.3) an amount
< k |£|* N (log z,)* (log z,)*+ 2z, z, | t|*.

o (k)
The Proposition follows.

2. THE MOLLIFIER POLYNOMIAL. — We shall now introduce the following para-
meters. Let us set

Y=(log ¢
Z=q1/2

Corresponding to the choices z; =Y and z,=7Z, we have from § 1 the weights

_ A=A ()

A(n)
log (Z/Y)
We define the Dirichlet polynomial
ARy (n
M(s, 0= Y w
n=<Z

where 7y is a Dirichlet character. Then, we have

LG OMGs p= 3 2020

where

a@m)=Y, ()

din

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



576 R. BALASUBRAMANIAN AND K. MURTY

satisfies

a()=1

a(n)=0 for 1<n<Y.

We record the following estimate.

LEMMA (2.1). — For |o|<1/2, and o bounded away from 1/2, we have

(g+7) < 1/2 - 1 -2
M, ))P<——=.[qV* % —— +Y1729)
x(n%dq) | | (1-20) (log ¢)*

Proof. — We use the large sieve inequality [D] to get

2
) IM(s,X)|2<(Z+q)ZlM2L)I
% (mod r) nsz Nn°°
1 log Z/n \? l}
<(g+Z —+ —=22 )
4 ){ngynzc Y<zn:§z(10gZ/Y> n?°
Yl—Zc ZI—Za 1
<(q+Z){ + . 2}.
1-20 1-20 (log Z)Y)

The result follows from our choices of Y and Z.

3. THE BASIC EQUATION. — Let us define

S(s,0=S( % =3 i‘ww’q.

n=1
Let se C with 1>0=Re(s)=1/2. Using the well-known identity

—1—. X*T (wydw=e VX,
27i 2)

we find that for a character y,

S(@s, x)= %J‘ L(s+tw, x)M(s+w, )¢ T (w)dw.
2)

Moving the line of integration to the left, we find that

3.1 S(s,x)=L(s,x)M(s,x)+2i.f L(s+w, )M (s+w, 0)g" T (w)dw
T J-m

where c<n<1.

4° SERIE — TOME25 — 1992 — N° 5



ZEROS OF DIRICHLET L-FUNCTIONS 577

We can decompose the integral along the line — 1 into two parts as follows. Suppose
that 7y is non-trivial. We apply the functional equation

L(s, =7 (s L= %)

where

1/2 s—(1/2)
Y6 0=~ (g) (2—”) sin (E(a+s)>r(1—s).
i’q T q 2

[Here 1 () is the Gauss sum, a=0, 1 and 3 (—1)=(—1)°] Then we truncate the Dirichlet
series expansion of L(1—s—w, ) at Z. Let us set

I 0= —— | y+w x){ 1) }M(s+w, %) 6" T (w) dw
27Cl (-n) n<z N sTw
and
1 ¥ (n
Y 0= - v(s+w,x){z Z‘fsfw}M(s+w,x)qwr(w)dw
2mi J-n nzz
Thus, we get
3.2) S(s, 0=L (s DM, 0+16 0+ 1.

If L(s,x)=0, then S(s, x) and I (s, x)+J (s, x) are equal. We will therefore try to
show that, in general, they are not equal and for this purpose we study their mean
values. We begin with J (s, x) which is the easiest of the three to estimate.

ProposiTIoN (3.1). — For |Im s|<1, and 00 <1, we have
(3/2)-¢c

Y G 0)<
og q

1 #9 (mod q) 1

Proof. — From Stirling’s formula, we know that
¥ (s, <@ (|s|+1))H>7e
Using this and the definition, we find that

Y I nl<gt@metmg ¥

1 #y (mod q) x (mod g)

f (w|+ nem=esn| 5 XM inge 31T o | dw
(=n) nzz

nl—s—-w

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



578 R. BALASUBRAMANIAN AND K. MURTY

which by a double application of the Cauchy-Schwarz inequality is

3 x ()

1-s—w

<q(1/2)—c z <Jv(|w|+l)1-2cr+2n

x (mod q)

2 1/2
|F(w)||dw|>

nzz N

1/2
x<j|M(s+w, x)|2|F(W)||dW|>

<q‘1/2"°( Z j(|w|+1)1—25+2n
% (mod gq)

% ()
z 1-s—w
n2z N

2 1/2
|r<w>||dw|)

1/2
x( » j|M(s+w, x)|2|r(w)(|dw1>

x (mod g)

Using the large sieve inequality and Lemma (2. 1), we find that

2 [T (s, x)[<<q“/2)“’{ Y (q+n)n2(6—n—1)}1/2

1 #y (mod q) n=zZ
x{ (g+72) ,(‘1(1/2)—(’:"+Y1—2(c—n>>}
1-2(c—m) \ (loggq)
<q(1/2)—czc-n{1 1 ;1 }1/2
Z|2(c-m-1| Jo—n|

{ (q+Z)1/2 ql/l((l/Z)—c+n)}
X .
[2(c—m)—1]"2 log ¢

Now, let us choose 1 so that it satisfies

1 1
->|n—c[>§(say)

4
if o<3/4.
We would then have
q~(3/2)—cr
(3.3) Y )< |
1 #y (mod q)

which proves the result.

4. THE MEAN AND MEAN SQUARE OF S (s, ).

ProrosiTioN (4.1). — For any £€>0, we have

2 S 0=0(@+0.(¢" ")

x (mod q)

Moreover, the same estimate holds if we sum only over non-trivial characters.

4° SERIE — TOME 25 — 1992 — N° 5



ZEROS OF DIRICHLET L-FUNCTIONS 579

Proof. — By definition, we have that

0

5 S(s,x)=z‘—’%e‘"/q Y ()

% (mod q) n=1 ¥ (mod q)
®
a(n) _
=¢(q Y —e
n=1 n
n=1 (mod q)

Using the bound |a(n)|<d(n) <, %, we find that the sum is

1
"

e_”“+0a<

Y T exp (— t)).
=1

The O-term is

It thus follows that

Y. S 0=0(@+0.(¢' 7).

x (mod q)

Finally,

O M

= =1 N

as before. This proves the result.

ProposITION (4.2). — We have

1
S{ - +it,

For 1)2<o <1, we have

2

)

¥ (mod q)

= g ®(9)+O((1+]1])*q(logg)™ ")+ 0O(|1|*g(log 9)"").

NN £ C) 1 i do(gY'?° 20(pq' >
W ISetitnl=e@ -G e g a2 (1=20) oz a)(1=29)

o( o (q)g?° >+o<<p(q)ql“2°>
(log 9)*(1—20) log g

1-20 ] —o-1
+O(w(q)q 1_(:‘%‘1) {(1+|z|)4+(|tllogq)“}>

where for =1, we interpret (1—c)~! to be log q.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



580 R. BALASUBRAMANIAN AND K. MURTY

Proof. — We see that the sum is equal to

a(ny)a(ny) (@ >

- exp (—(n, +n,)/q) Z x (1) % (1)
ny,ny2=1 (nan)

ny x (mod )
which is seen to be
2 an)a(ny) [ny\*
4.1 0@ X L(cz—) <~2> exp (—(ny +n,)/q),
ny,n2=1 (”1 ”2) hy

where the inner sum ranges over pairs (n,, n,) satisfying
ni=n,(mod g),  (ny, 9=y, 9)=1.

We split the double sum into three pieces X, +X,+X%;. In X, we have n,<n,, in X,
we have n; >n,, and in £; we have n;, =n,. The estimation of £, and X, is the same,
so we only consider £,. We have

{e3 c

4.2) T, = Z a(ny) exp (—n,/q) Z a(n,) exp (—n,/q) <ﬁ>".

"1=1 nl n2=1 n2 nl
(n, =1 nz=nj (mod gq)
n3>ny

We begin by considering the sum over n,. We must necessarily have n,>g for if
n,<gq, then n, <q also and so the congruence n,=n, (mod q) would force n,=n,. We
split ¥, into three subsums X,,, £,, and X, where

in £, we have n,>q log g
in X£,, we have g<n; <q log g and n, <n,<gq log q
in £, we have n, <q and g<n,<gq log q.

In X,,, we see, by partial summation, that the sum over #, is

<q_1J { Y, Jam|luce " du.
q

log q l n=su
n=ny (mod q)

We have from Proposition (1.2) that

u

L, el g

n=nq (mod q)

Thus, we find that the integral is

1 Jw
€ ul~%e gy
‘13/2 (10g Q)“z qloggq
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and this is

£}

<q1/2—u(10g q)—1/2 J\ vl*ce—vdv

log g

<q1/2—° (log q)~ 1/2—0‘

Inserting this into the 7, — sum, using Proposition (1. 1), the Cauchy-Schwarz inequality
and partial summation, we have
1-o 10 1/2—0o
Iy < s 1/2 ( g1q2) +
(1-o)(log g)''*  ¢'**°

g > (log 9)°°
l-o

<

Now we consider the contribution of £,,. This is

5 a(ny)e ™ 5 a(n,)e "M ny it
(4] (o3 n :
1

n;

q=nj<qlogq ny ni<ny<gqloggq
(ng,9)=1 n2 =nj (mod q)
We split the #, sum into O (log log ¢g) sums of the form
a(n)e "/ 5 a(ny)e "2 (nz )h
U<ny 22U ng ni<nz<qlogq ny ny

(n1,9)=1 np=nj (mod q)

Let us write n,=n, +jgq. The above double sum may therefore be written as

e~ 21l a(ny)a(n, +jq) <n1 +jq )it
ni (ny +jg)° ny

@.3) T e ¥

j<loggq U<ny=2U
(n1,9)=1

If we drop the condition (n,, ¢)=1, then we introduce an additional sum

o2k Ak a(k+))q) <k+f>""
kq)*((k+)qr \ k

4.4 Y e Y

j<loggq U<gks2U

Observe that as g is prime, and A (7)=0 for n>Z=g'/?, we have

alkg)= Y @)=Y Md)=a(k).

d| kg dlk

Therefore, we have the estimate

la(kq)|<d (k)< k.
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A similar estimate hols for a((k+/)g). Using this in (4.4), we see that it is
—2k

<q% z e Z €

j<logq U<aks2u K° 5 (k+j)° ¢
and this is
—20.

<q

The sum in (4.3) may thus be replaced by

(4.5) Y el Y eimnm a(ny)a(n,+jq) <n1+j4>it

. ;
j<loga  U<mi<2U ng (n, +jq)° 1y

Let us set

Gw= Y a(nl)a(n1+jq)(n—1—ij~q>n~

U<nySu ny

By Proposition (1.3), we see that for U<u,

@+(+1))|P)|
(log ¢)*

Gu)< J (

, +(u+jqg)|t|* (log q)2>-
o)

The sum over n, in (4.5) can be estimated using partial summation. We find that it is

equal to
2U 2U e~ 2u/q
+ J Gw)d < e )
v Ju u® (utjq)°

Using the estimate for G (1) quoted above, we see that for o #1, this is

G (u)e ™2
u® (u+tjg)°

y2va J_(Utj'™® U

- o 18
o) U° gl—o)lo8? (|P@]+(|7] log 9)*)

If c=1, then we can suppress the term (1—c)~!. Note that though the coefficients of
P (#) depend on j and ¢, they are absolutely bounded. Thus,

[P()]|<(1+]1])*

Incorporating these estimates into the sum over j, we find that (4.5) is for 6 #1

U+j l—cUl—c
< Z ( Jq)

—2U/q -2 L -J 4
j<loggq q(l‘G) ¢ (log q) (p(])e (IP(t)|+(’t|10g q) )
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which is
Ul—ce—zU/q —j ] i -
Ut P(t +(l¢l1 )4) J U+ 1-o
q(1-o0)(log ¢)* (P@l+(lelios ¢ f}:“e ')( "
1-o
<g'~°(log @) 17— ¢~2Ua(|P(9)]+ (|1 log g)*).
: q(1-o0)

Now summing this over U, we find it is
<q'"*(log 9)° 1 (1=0) " (|P ()| +(|t] log 9)*).

For o=1, we can suppress the term (1 — o)~ L.
Now we discuss the contribution of £,;. By the Cauchy-Schwarz inequality, we see

that
)

The first factor above is O (1) as can be seen from our discussion of X5 below. As for
the second factor, we see that it is equal to

a(ny)e "M
Z nlt
ns 2
g<nz<gqloggqg 2
nz =ny (mod q)

zabe( 3 O e (-2ni0)( 3

ny<q 1 ny=q

Z a(ny)e " a(ny)e "2 <nz >"
- .

. \o ’
g<nz,nz<qloggq n; (nZ) )

nz =n (moq q)
Again, we split this sum into three sums according as n,<n), n,=n,, and n,>nj.

The third is the same as the first. Also, we note that the first sum is just £,, which
we have estimated above as being (for o#1)

«q' "2 (log )" (1= ) (|P(1)| + (] log 9)*).

If 6=1, then as before, we may suppress the (1—c)~! term. As for the second, we see
that it is equal to

a (n2)2 e—~2n2/q

)

20
qsny<qloggq n3

Using Proposition (1.1) and partial summation, this is

1-2¢
<

logq
Inserting this into the above, we deduce that

213 <qP7(log ¢)"C T2 ([P (1) |+ (| ¢] log 9)*)'.
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Finally, we discuss the estimation of X, namely the terms with n, =n,. Thus,

4.6) = Y, a(n) —.exp (“2n/g)= 3 + Y + Y.
n=1 nsY Y<nzgq n>gq
n,q9=1

Since a(n)=0 for 1 <n<Y, we have

if r=1
otherwise.

1
@.7) » ={0

nsY

Also, by partial summation and Proposition (1.1), we find that

1-20

4.8 <1
“.8) 2 “logGry

Thus, we see from (4.6)-(4.8) that

=1+ Y (")

Y<n=gq
ng=1

exp (—2n/q).

Let us denote the sum on the right by S. We find that
2
s= 3 4O (1 +0<f>).
Y<n=gq n ° q

1 a(n)?

<- Z 2(—)1

q y<nzq N°°
n,q)=1

. 1 1 q2—2c
q log (z;/z;) (1—o)
1-2¢
<mq .
(1—o)log g

Now, the O-term is

The main term is equal to

a(n)®

7
Y<n<gq n“°

Finally, using Proposition (1.1),

z a(n) Z + Z + Z a(”)z'

n<gq n 1=nsY Y<nsZ Z<n<q n
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The first sum is equal to 1 since a(n)=0 for 1<n<Y. Using Proposition (1.1) and
partial summation, we see that the second sum is

(log n/Y) —1—+O< 1 )
y<nsz (log Z/Y)? " n*® log Z)Y )

Lio(
2 log ¢

If 6=1/2 this is

and if 6>1/2, this is

27172 (_ 2 +o( 1 )) 4yLl-20
(1-20)(log 9) (1-20)(log q) log ¢ (1-20)%(log 9)*

Similarly, the third sum is

ool
Z<n<q log Z|Y n*® log ¢q

g”O( 1 ) if o
_ log g
( 1 ' 2 (ql_z.;_zl—Zc) 1+O( 1 if o>
1-20 " (log q) log ¢

Putting these together we deduce that

e eofity)
n<q N 2 log ¢

Z a(n)2=l— 4zl-20 4Y1—2¢
n<q M° (log 9)*(1-20)* (log 9)*(1-20)?

which is

N—= N ==

and for 6>1/2

1-2¢ 1-2¢
2q o < Z2 )
(log 9)(1-20) (log 9)*(1-20)
This completes the proof of the proposition.

In the next sections, we shall study the mean square of the integral I(s, ).
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5. THE INTEGRAL R, (s, x). — The purpose of the next few sections is to obtain an
asymptotic formula for the mean square of I(s, y). Recall that for y#1, we have

1 n
160=5 | 6w x){ 5 nf‘_(sfw}M(Hw, %) 4" T (w) dv.

(=n) n<Z
Thus

~ () s—(1/2) 1/2
61 Tep= 3 0L (2_n) (g) < Ra<s,gg_q>

— msnl=s q T i?qt/? m
where
(5.2) R, (s, y)=5:t—i v sin(g(s+w+a)>F(l—s—w)F(w)dw.
)

Here a=0, 1, x (—1)=(—1)* and —1<93<0 is arbitrary, y>0 and 0<Re(s)< 1. Notice
that

(5.3) R, (s, ¥)=R, (5, y).

The integrand has simple poles at w=—k and w=1—s+k where 0<keZ. Since
1/2<Re(s) <1, these are distinct points. We have the expansion

R,(s, =) (_:)ky"‘sin(g(s—k+a)>r(1—s+k) for y=1.

k!

Indeed, this is just the sum of the residues at the points w= —k, 0<keZ. The condition
y=1 ensures that it converges. Indeed, we have the following asymptotic expansion.

LemMMA (5.1). — For s=o+it with 1)2<0<1, and |t|<c/10, y21, and 0K e Z, we
have

K

(-1
R, (s, y)=
(5, 9) k; x

y™* sin <g (s—k+a)>F(l—s+k)
+o<ya é |F(1—8—K—s)F(1+8+K)|)

for any de(—K—1, —K).

Proof. — We need only estimate the integral defining R, along a line
—-K—-1<d<—K. Wewritte w=—-—K—-m,0<Re(n)<l. Writes=oc+itandn=p+ivy.
Then,

K

ITA=s=w)Tw)|=[]

=1

S
1—_—‘.|r(1+n—s)r(—n)|.
Jj+n
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Now,
‘1— S s\y— o L]
jtnl=l jtnl litn]
and
\1— p z=<1_ o(j+B) >2+ o2y?
j+tn G+B)>*+7? lj+nl*

If j+ B>2vy, we see that

2 2 2
ll—ff— g(r— 4o ) - T
j+n 5G+B)/  4]j+B
Therefore,
+
‘1_.s <1- 4.0 +(1/2).cs 7]
Jjtm 5G+8) Jth
which simplifies to
‘l— s §1_3c/.10—|t|.
Jjtm JtB

Let us set

u=u(m)=max ([2y—p], 0)+1

where [x] denotes the greatest integer <x. We deduce that

-
Jjtn

[l

j=u

Moreover

N

1—

Jjtn

§<1+33) <.
5y

Note that the sine term in the integrand is bounded as a function of k.

jSu

There is a similar expression and estimate when y<1.
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LEMMA (5.2). — For s=o+it with 1/2<6<1, |t|<0/10, 0<y<1, 0<KeZ and any
de(1-o+K, 2—c+K), we have

R, (s, y)= —sin (g (s+a)>.F(1—s)

-y (_l)kyl_s+k sin (E(a+k+1)>1“(l—s+k)
k=1 k! 2 '

+0(PK T 2-s—8+K)T (3-K)|).

In both cases, we see that for s as above (that is, s=c+if, and 1/2<o<1 and
|t]<o/10),

R, (s, »)<.1.

Finally, we define

(5.4) 0),‘=mk(s)=(;:)k sin (g(a+k+1)) C(1-s+k).

The argument of Lemma (5. 1) shows that for s=c+ iz, with 1/2<o<1, we have

(5.5) o, () <k,

6. AN EXPRESSION FOR THE MEAN SQUARE OF I(s, x). — From (5.1) and (5.3), we see
that for a fixed a=0 or 1, and an s, we have

I ,_ 2 (2m\*1 A(my) A (m,)
z I (S, X)‘ D Z S .8 ,1—s,1—5
1+#y (mod q) T\ 4 myi,my,ny,np<z My M0 "Ny
x(—1)=(-1)° (my, @)= ...=(n2,9=1
2nn, - 2nn, -
xRa(s, R,( S )il
ml mz 1#xmodgq

r(-D=(-1*
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Notice that we can drop the condition (m,,q)=...=(n,,g)=1 since 1<m,,...,n,<7Z<q.
Observe that for (mn, g)=1, and ¢ odd, we have

5 x(m)x(n)=% 5 x(m)x(n)+%(—1)" T 1 (-mx®
1 #y (mod q) 1#y 1#y
r(-1)=(-1)*

I

N =

e Yy x(Eemyn)

e=*+1 1#y

%(p(q)-—l if m=+n and a=0
-1 if m#+n and a=0

= %(p(q) if m=n and a=1

—%(p(q) if m=-n and a=1

0 otherwise.

Applying this to the innermost sum, we see that this is

2
_l_ (21!:)2"_1 (p(q)q‘ —202 & Z z"(n:})l)"—(:nzl)—s_Ra <S, 21”11) Ra (5’ ﬂ:nz)
T € mi,mz,n1,n3<Z m1m2n1 nz ml m2

mjiny=gnymy(mod gq)

minus

2 o1 1- A(m)A(m 27tn 2
s@zemeige p TRl i)-s-Ro(S’ ) o (S_’ mz)'
g my,my,ny,np<zZ My MyNy “hy m, m,

(mymznyng, q)=1

Here, 8 (@)=1—a. If we designate the second quantity as |I(s, 1) |?, then setting a=0, 1
and adding, we deduce that

6.1 Y |1 0= % Qn)** lo(9)g' (ST (5, )+S7 (s, 9)
% (mod q)

where

St (s, ¢)= y A (my) X (my) _

s .8 ,1—5,1—s
my,my,ny,ny<z MyMyNy "Ny
my n3 = tnq my (mod q)

X[R(,(s, 2nn1) RO(E, 2nn2>:bR1(s, 2nn1> R1<§a 27n, )]
my my my m;
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Note that if s=1/2, this can be rewritten as

gt 1 _ z A(my) A (m,)
54 P
my,my,ny,mp<z  (MyMyNyNy)
(myn2,q)=(mzany,q)=1

X[R0<1,2nn1)R0<1,2nn2>iRl<l,2nnl)Rl(l’Znn2>]
2" m, 2" m, 20 my 2" m,

1 2 1 1 1

-, %) == s*( =, q)+s [ =.q)).

()] =se0ls ()5 (39)

Let us also define, for a=0, 1

S* (s, ¢: a)= 3 A(m) A (my) Ra<s,2nn1>Ra<§,2nn2>

s s ,1—5 1-5
my,my,ny,mp<z MMM "Ny my my

and

(6.2) )

% (mod g)

mj ny=1ny my (mod q)
so that
S*(s, 9)=S*(s, ¢, 0)£S* (s, g, ).

Our estimations are complicated by the unusual way in which the four indices of
summation m,, m,, n,, n, are interlaced. Our goal in the next sections will be to show
that the main contribution comes from those terms where m n,=n,m, and
n=(12m)ymy, ny <(1/21)m,.

7. ESTIMATE OF THE NON-DIAGONAL TERMS. — We wish to show that the terms in
S™ (s, ¢; a) contribute a negligible amount to the right hand side of (6.1). Since m,, m,,
ny, n,<Z and m,; n,= —n,; m,(mod g), this means than m, n,=q—m,n;.) (Notice that
for the same reason, the indices in S* (s, ¢, a) statisfy m, n,=m,n,).

Lemma (7.1). — For 1/2=o <1, we have

1 + qo—l
(1-o)?(log 9)* (1—o)logq

Proof. — We wish to estimate the sum
R,,(s, 2nn1>Ra<S’ 21tn2> .
nmy m;

3 | A (my)|| A (my)|
Without loss, we may suppose that m,n; <(1/2)q. A consequence of this is that
m, n,>(1/2)q and so

S7(s, ¢; @) <

G 1,0 ,1—0 ,1—
1=my,ma,ny,n3<Z hy m;p ny n;

myn2=q—mzny

1
§Z<m1,n2<Z.
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We may also suppose that m,, m,, n,, n, are squarefree. Notice that we must have
(m;, my,)=1. We consider two cases.
Case 1. — my<n,.

In this case, we must have n,=m, q(modm,) where m, denotes the inverse of m,

modulo m,. Moreover,
R, (s, 27n, ) <
m;

z |7\.(m2)| Z |K(m1)| Z 1 <q—m1n2>°‘1@
my<Z m§ (1/2)Z<m; <Z my ny =gy (mod my) ni—c
na>my
(1/2)Z<np<Z

m,

n;

Thus, we can rewrite our sum as

o A (m,) A(m,) 1 1=o
ez s Bl o oy 1)
my<Z 2 (1/2)Z<my <Z 1 np \q My hy

< 7°°2 z |}‘(mz)| z |?\.(m1)[<q_m12)°

my<Z m%"_l (1/2)Z<my <Z i+° 2
20-2 |2 (my)| |2 (my) |
« Z Z 20—-1 z
my<z M3y (1/2)Z<my<Z my

2—-20 __
<7202 1 ( logZ +Z 1> 1
logZ/Y\2—2c (2—20)>/logZ/Y

<q"_1 1 1
< + .
c—1 (logg)(1—0)*/logg

Case 2. — my=n,.

In this case, we write the congruence condition as m,=gn,(modm,). Since
(1/2)Z<m, <Z, this implies that there are at most two possible values for m,. Thus,
we see that our sum is

> (2 Gmy)] D _11_ ¥ Ik(m1)|( m, >1-o

ayz<my<z M3 npsmy M2 (1/2)Z<my <Z m3 qg—m;n,
(1/2)Z<np<Z my =qny (mod my)
< |?»(m2)] 1 1 1 1
< —_— —_—
(1/2)Z<mp<Z m%"‘l (1/2)Z<np <Z n;-O logZ/Y Z° (q_znz)l_cr
1 A(m ™2 dt
sy B a
V4 c(lOgZ/Y) (1/2)Z<mp<Z "nzU (1/2)1(2—1)_ c
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< 1 logZ/m,
Z(10gZ/Y) (1/2yz<my<z l0gZ[Y
1
< — -
(log q)

This proves the result.
Finally in this section, we shall show that |I(s, 1)|? is negligible.

LemMA (7.2). — We have for 1/25o0<1

165 1)|2< qt=° <1+ qi-° )
’ (1-0)? (1-0)*(logg)?

If o=1 we have

|I(s, 1)|* < (log Z)*.

Proof. — By definition, we have

A _
11(s, 1)[2= g(zn)Zc—l g2 3 ("1_1)17~_(m21)__R0 <s, 2nn, )Ro (s’ 2nn, )
T my,may,ny,ny<Z mi m; ni snz s my m,

(mym2nynz,q=1

The n, and n, sums are estimated as < Z°/c. To estimate the sum over m, and m, we
observe that for c#1,

|A(m)| log(Z/m) 1 (Y1‘°>< 1 (zw >
% m° éz1og(Z/Y)'m°'+0 (1-0) <(logZ/Y)(1—cs) 1_0+logZ.

Using this estimate, we see that

2¢ 1-¢ 2
[T, 1)I2<q"2"Z { ! (Z +logZ)}

o? |(logZ/Y)(1-0)\1—-o

and this simplifies to the stated expression, given our choices of Y and Z.

8. THE DIAGONAL TERMS. — We are now reduced to the study of the sum

@®.1) i(zn)“-lcp(q)q*-“

X
s 5 1-s, 1-35
my,my,ny,ny<z MMy A7 "Ny
(mgn2,q9)=1
myny=myny _

A(my)A(m,) <

R, <s, 2nn1)
ny
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Let us define

2

R,,(s, 2nn1> .
my

For future reference let us denote by s the set of quadruples (m,, m,, n,, n,) included in
the above sum. Then, the sum in (8.1) can be written as

®.2) D)= Y rom,) x_(sm 21).;

S .5 1
myma,ny,ny<z My NN "Ny
miny=myny

e n)“‘lq%f?—)l(Do ()+D, ().

We define a splitting
D, (5)=M,(s)+E,(s)

where in M, (s), we range over those quadruples (m,, m,, n,, n,) in (8.2) which in
addition satisfy n, <(1/2n)m,. (Note that as n,/m,=n,/m,, we will then also have
n,=(1/2m)ym,.)

We shall henceforth assume that 1/2<c<1. The case =1 can also be handled, but
it will not be necessary for us. Moreover, we suppose that |¢| is sufficiently small in
the strong sense that

|1] < !
logq.

We begin our study M, (s) by replacing R, (s, (2mtn,/m,)) with the Taylor expansion of
Lemma (5.2). We find that

A(my) A (my)

msmini ~Snis

8.3) M,(s)=Y sin(g(s+a))r(1—s)+ y (2"”1>1_s+kmk
m

k=1 1

2

) +O<(2nn‘>8K‘°1“(2—8+K—0)F(8~—K)>

my

where we recall (from (5.4)) that

_ (=D

RO

sin<g(a+k+1)>r(1—s+k)

and 0<KeZ and 1-6+K<8<2—-0c+K. Expanding, we find that M, (s) splits into
a main term and an O-term. We shall now analyze the O-term with the help of the
following lemma.

LemMA (8.1). — For any B>0 we have

s lrenlinom) (ﬂ)‘k :

my, my,my, mpes (Mg my)° (Mg ny)' 7o\ m, 2o+B-1) . 2

1 3
n)20‘+ -1 (logZ)".
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Proof. — We use the fact that

and

[A(m)|<1 for all m.

Note that 26+ f$>1. Then, denoting m, n, by j, we see that the sum is bounded by

1
(8.4) Y S XS
mi,my (mymy)?e P71

where the inner sum ranges over integers j satisfying
1
1sjs —mym,
2n
j=0mod [m,, m,].

Let us set

i=(my, my,).

Then [m,, m,]=m, m,/i and (8.4) is

< Z[ml’ m2]20+ﬁ—2 _1__ m1mz >2¢7+B—1' 1
(mymy)*° P71\ 2w [my, my) 20+B-1

1 1 i
< . . .
20+B—1 Q2m)>***"1 “m m,

Moreover,

s <y Ly v 1

mym, mysz My ijmy ms@iy M

< (logZ)>.

This proves the lemma.
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Now, the O-term in (8.3) is, for any 0£KeZ and any 1 —oc+K<6<2—0c+K,

< [A(my) || A (m,y)] <21tn1

(mymy)° (nyny)' °\ m,

K
21tn 1-o+k
+ Z( 1) o |
k=1 m

1

>8K_°/5F(2—0'—6+K)1"(6—K).

(

sin<g(3+a)>l"(1—s)

+<2nn1>8K—cr/5F(2—0—5+K)F(S_K)>‘

Now using (5.5), we find that the above is

<K~ (logZ)*.|T 2— o —8+K)T (3—K)| @n)*
1 1
X
{ 20+6—1 2m)%e*+o1

sin<g(s+a)>r(1—s)

K

+ lmkl(zn)l—o+k
k=1

1 1
"o+8+k Qm)yetetk

+TR-0-38+K)IT'6-K)|2n)°K ™" 2c+28-1)"1(2n)! "2~ }
Choosing 8= (3/2)— o +K, this is

<K~ 1-a/5 (logZ)3 {

sin<g(s+a)>r(1—s)

+ Kl -a/5 + K‘O’/5 }

Finally, choosing

K = (logq)*°
shows that the O-term in (8.3) is
8.5 < |T(1—s)|. (logg)~".

Now we analyze the main term of (8.3), namely

K 2

sin<g(s+a)>r(1—s)+ y <2“”1>1—s+kmk .

k=1 \ "My

A (my) h (m,)

®.6 X

S 8 ,1—=5,1—
mymyn; ny°
For this purpose we utilise a more refined version of Lemma (8. 1).

LemMma (8.2). — We have for any w with B=Rew >0

A(my) L\ (m,) (ﬂ)w

_@mit2h g
-6 ,1-0 m,

< . .
“1-20—B logg

G ,..0 1
my,my, ny,npesy MyMmyny “H;
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Proof. — We see that the sum is

™y A (my) M (my) (11)“; g M) ¢ ooz
my,my,ny,n3e m‘ImEni_""%_“ my 1=my, my<Z (ml m2)20+1+w

where the inner sum ranges over integers j satisfying
j=0(mod [m,, m,])

1
1sj< 2—1}'”’1 ms.

Setting j=j,[m,, m,], and i=(m,, m,) as before, we see that the sum is

A(my) N (my)[my, mz]w+26_2

—_ 20—2+w
T= z 2c-1+w : Z Jo :
1smy, my<Z (my my) 1sjosi/2n
Since [m,, m,]=m, m,/i, this may be rewritten as
1 A(m)A(m,)
— 26—2+w 1 2
3.7 T= Y j2 Y =57 y e ~ad e
15jos(1/2m 2 2njo<isz 1=my, mysZ mym,
(my, mp)=i

The innermost sum can be written

4t A (i) M (31,)

(8.8) S 2
"J1J2

where the sumation ranges over pairs (j;, j,) satisfying
Z Z
15,2, 15/, -
i i
(jl’ .]2) =1

We may suppose that ij,, ij, are squarefree (else A (ij,) A (ij,) will be zero). In particular,
this implies that (j,, /)=1 and (j,, i)=1. Applying Lemma (1.5) to (8.8), we find that

1 1

i 2y 1 1
(8.9) S<<(P(i)+c_1/2(l )) E@T
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Substituting this estimate into (8.7), we find that

1 1 1 i 2
A M‘1§jo§l/2n)zj%c_2+a2uj0§i§1 j2e-2+p i_z((p(i) to-12 (iz))

<; Y jemte Yy _1_
(logq)® 1sj05011202 amjozisz i2°FP
< : err-=-s y L
(1-20-B)(logg)? 15jos(1/202 Jo

1 @mi-2-8

logg 1-20-8

Here, we have used the fact that

‘ +0_,,@) ’
o)
is bounded on average. This proves the Lemma.

We now apply Lemma (8.2) to analyze (8.6). We find that it is equal to
Z A(my)\(m,) {

mmsnt =¥ n”F

2

sin<§(s+a))r(1—s)

K T 2nn 1—s+k_
+23 Re(sin—(s+a).l’(1—-s).< 1) 0,
k=1 2 m,

K
1-oc+k 1-c+k
. (2nn1> ‘o (21tn1) 2(5}
k1 k2
ki, k2=1 my my

2 _Mmy)A(my)

)

miminl~Sn}”%

sin<-’25(s+a)>r(1—s)

K

1-20-(1-c+k)
+O< Y _1_(2n)1—a+k Sin<E(S+a))r‘(1—s) I (@2n) )
oy kel 2 logg 1-20—(1—o+k)
. 1-20-(2-20+ky +k;)
+0< Z __l___ (2n)2—20+k1+k2 1 (2m) 1752 >
ki, ka=1 (k1k2)°—|l| lqu 1—20'—(2_.20-+k1+k2)

By our assumption that | 7| < (logg)~" we may ignore |¢| in the estimations below. We
observe that the sum over k in the first error term is

K

l (zn)l—Za .
kz:l k° (k+0) '
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Since o =(1/2), the double sum over ky, k, is

K

5 Q2m)t-2° . { (logK)  always
iia=1 (ki k)" (ky+k,+1) [ Qo= if o>(1/2)

We also note that if o is close to 1/2, it is sometimes more convenient to use the first
estimate. Recalling that K = (log 4)2°, we deduce that

2

A(my)A(my)

5

®.10) M= ¥

S S ,1—5_,1—
(my,ma,ny,np)e s MyMyNy "H;

ny£(1/2r)ymy
O(—————~—l ) +0<n———-—1 )
(20 l)logq Iqu

where 26— 1 is to be interpreted as (loglogg) ! when c=1/2. By an entirely analogous
argument, it can be shown that

1 1
8.11) E,(s)=0 >+O<
(2Qo—1)loggqg Jdoggq
with the same interpretation of 26— 1 as above.

To summarize, we deduce from (6.1), Lemma (7.1), Lemma (7.2), (8.1), (8.9) and
(8.10), (8.11) that

Y [0l

1 #y (mod q)

sin(g-(s+a)>l“(l—s)

sin<g(s+a)>r(1—s)

sin<g(s+a))r(1—s)

2

c—1

=l(2n)2c—1 q’(‘])(
T 2o

o(3)
sin{ —s
2
A(my)A(my)

2
. T
51n<—(3+1)>|>lr(1_s)12 Z s 2§ 1—s, 1-5
2 (my,mp,ny,n3)e s my m; ny n;
n1 =(1/2m) my

) . 1 <|>(q)IF(1~S)I> ( q'=° >
+O<q2°-llogqmm<(2o—1)’logk’gq»m( 7 toza) ) C\(1=o)toeq

o< q'° >+O<<p(¢z) 1 )
(1-0)? g*°~' (1-0)*(logg)’

9. ANALYSIS OF THE MAIN TERM. — We shall now analyze the sum in the main term,
namely,

+

def o A(my)A(my)
No)=) —————="
© Zmimszn{”sn;"
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where the sum ranges over quadruples (m,, m,, n,, n,) satisfying

1=my,my,n,n,<Z

myn;,=mj;n,

ny < —my.
27

We note that N (o) is well defined since the relation m, n,=m, n, makes the right hand
side independent of the imaginary part of s.

As before, we set j=m, ny=m,n,, i=(m,, m,). Note that given m,, m, and j, n,
and n, are uniquely determined. We may thus rewrite N (o) as

N(o)= Z A(my) X (my)

1<my, my<Z (mlmz)26 !

Z 2 (c—1)

where the inner sum ranges over integers j satisfying
1
1Sjs —mym,
2w
j=0  (mod[m,, m,]).

We can rewrite N (o) as in (8.7). Thus, setting j=j,[m,, m,] and i=(m,, m,), we
get

©.1) NE= ¥ Y - 20y MDA ()

1§j0§(1/2n)2 J1J2

where the sum over i ranges over
2mj,<i<Z

and the inner sum ranges over pairs (j;, j,) satisfying
z V4
9.2 Igji=-, 1shp=-
: i i

U1, J2)=1.
Notice that we can also stipulate that
9.3) iSmin(m,, my)<Z
and that
U, D=0, )=1.
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We write the innermost sum of (9.1) as

(9.4) z)"(yx))"(yz) Y pe)= Z n(e) ¥y A (iely) A (iel,)
J1J2 elji e 11,1 l 12
eljz2

where on the right, e ranges over

and /,, /, range over

(ely, D)=(el, D)=1
Writing

A, (m)—A, (m)

M= gz

we find that (9.4) breaks up into four subsums of the form

©9.5) Zu(e) {Z Ay(iell)} { » A,,(ielz)}

(lOgZ/Y)z 15 11 1y 12

where g, he {1,2},z,=Y, z,=Z
LEmMMA (9.1). — Define

a0 A )

15} ll 7] 12

and let z=min(z,, z,). Then,
X=0 if i>z.

If i<z, then

. 2 I3 . . 2
0.6 x=32Duar () vo [ soell o (Ll )
¢ (i) ¢ (i) (log 2Z/i))* (log (2Z/i))*
Proof. — The first assertion is obvious from the definition of A, and A,. Therefore,
suppose that

1=<e

IIA

z
2
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We have

e iel z iel z
et (5 )
e lyszge 1y el Lsmie b iel,
zp'( )u(ie)z{ Z H(11)10g<'2_g)}{ Z H(lz)log(TQ)}
lyszgie D el LaSzie b iel,
(1, ie)=1 (2, ie)=1
Using Lemma (1.4), we have for any ¢>0,

2
z”(e) (ie )2{ (o 2 (i€) log™ (fj))}

There are two error terms &, &, (say). The first is

&, <, Z .G _y, (ie)log™ (2 ) z,+3,
<p( e) ie

where in X,, e<_/zf/iand in Z,, /z/iSe<z[/ii We have

¢ ___L_ ; 1 G_12(e)
N A TP

0'—1/2(i)i )
‘¢ () (log 2 z/i))°
Also,
¢ i 1/2(3)
%, <CZ‘P @ o_12(0). o@)e
<.0_ 1/2(1) ()f—
< o_y,(0)i
‘¢ (i) (log (2 z/i))°

for any ¢>0. The second error term is

1 , —2ef 22
&, <cze—26_1/2(1e)210g 2 (75)

€O (P50 4a @7 log ™ (2)

ie
—2c
<,0_ypp ()? (1082—.2>
i
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for any ¢>0. The last estimate is obtained by proceeding as with &,. This proves the
lemma.

Now, notice that if i<Y, then

e . ie \?
X1172X,tX;,,= Z &Z)H(le)2<—,‘>
Yii<eszli € ¢ (ie)

o < o_y, ()i >+O ( C_1p2 (i)* )
“\ o () (log 2 Y/i) “\(log @Y /i)y
The contribution of such terms to N (o) is

1 z j2o2 Z i—20< P + o_y(0)i + 0—1/2(i)2>

(logZ/Y)? 1<jo=z/2x 2rjoSisY ()Y @@ IogY/) (log2Y/i)y
and this is
y _loi it o=1/2
(log Z/Y)?
1

¢ if 1/2.
<(logZ/Y)2(2c—1) ir o>/

On the other hand, if i>Y, then X; ;, =X, ,=0. Since

N(o)= ——— Z j2o—2 Z im2°(X 172X ,+tX,,)
log®(Z/Y) 1<jos(1/2m) Z ° 2njoSisZ b ! 22
we deduce that
1 e - ) . o[ ie \?
©.7) N(o)= ——— Aty iy B e X
lng(Z/Y) 1§jo§2(1/2n)l 0 2njoSisz 1Ses<Z/i e? ¢ (ie)
i>Y

O< ! { ! orlogZ}>
log2(Z/Y) |1-20c

0( 1 Z j(z)“_ZZi_z“{ o_12 (i) + i } o_y () >

log?(Z/Y) 1 <jo=(1/2mz (log(2Z/i))* (@) ) (log(2Z/i))

The first O-term is
1

1
K o> —
“[1-20](ogq)? 2

and

<

it o=1.
(logq) 2
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Let us simplify the second O-term. If o>1/2 , we interchange the i and the j, sums
and we find that this O-term is

1 27\"¢
<__22 -20<10g“> z j(2)0'—2
(logq) 15josi

1 1
< .
(logg) 20—1

If o=1/2, then the O-term is

i
* log22)

(The value of ¢ is not the same at each occurrence.) Summarizing, we have proved that

1 . H( ) 2 ie \?
(9.8) N(o)=——— je? i K (ie)
log?(Z/Y) 1§jo§z(1/2n)l ’ anoz§:i§z 1;22/. e’ o (ie)
i>Y

0 L) if o=
logg 2

1 1 . 1
if o>-.
(logg)* 20—1 2

Note that in the above sum, we may suppose that e and i are squarefree.

10. THE MAIN TERM: CONTINUED. — Let us define the constant

2 1
2——— _— 1-—— |~ .45
382 pl:[z< (p—2)(p+1)>p1:[z( (P—l)z)

The main result of this section is the following.

ProrosiTion (10.1). — We have

Y s 0 P=cls @) o(g)+E (o).

1#y (mod q)

Here,
1 C, 1 2

c\ —+it,qg|=—=|T"{ ——it coshm ¢

<2 q) n (2 > (coshm)
and for 1>0>1/2,

2 1 1-20
c(o+it, q)—& —]F(l— —1t)|2(coshnt)
n 20—
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Also,

g(1> < 4(oglogg)
2 logg

and

2-2c

q . 1
£ (o) < min , loglo
©) < oeq ((26—1) ’ g")

if 1/2<o<3/4 (say), while
& (0) < ¢*~*°(logg)*

if3/4<c<1-(1/loggq).

Proof. — We saw in (6.1), § 7, and § 8 that

(10.1) Y sl

1 #y (mod q)

2

=1(21:)2““|r(1—s)|2N(c)<p(q)ql—2°< +
T

sin(%s) sin(%(ﬁ—l))
ol . 1 <p(q)|F(l~s)|>

1 b\ 04 B S
+O(q“"logq““n<(2c~—1)’ °g1°gq)>+o< 7 ogg) )
0( q'"° >+o< q'"° >+O<<p(q) 1 )

(1-o)logg (1-0)? g*°~' (1-0)*(logg)?

We shall now study the main term of N (o). From (9.8), we see that it is

)

l ) o l'2“26 l 2 e
(10.2) =——— DI A ———”5) "()2
log®(Z/Y) 1sjost/2mz 2njoSisZ o (@) eszsi P(e)

i>Y (e,i)=1

4 272 u()? 20— NG)
o p B p gel] p 2O
(logg)* " 2x<is<z o (i) 1<josi/2n eszii 9(e)
i>Y (e i)=1

We note that

i 261 1
(———) . +0(i?°7?) if o#l1/2
I 2n 20-1

Pl

1=joSi/2n

log<i>+0(1) if o=1/2.
2n
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We easily check that the contribution of the O-terms is

<

(logq)

which is negligible.
If we replace in (10.2) the sum over e with

H(e)
=1 0

(e,i)=1

we introduce an error of

1 1 . 1
€ — — if o#-
(logq)? 20—1 2
and of
< if c=1.
logg 2

In any case, it is negligible.
Notice that

= (P(e)z— A (=17’
(:i—)il 0 if iis old.

i p(e)_% n(l——1—> if iiseven

We see that for 6>1/2,
N(C)= 1 1 4 1—1(1_ 1 >z p(l)zl H (1_ 1 )-1

@2m)?*°~! 201 (logq)® ;52 P—1?%)icven 90? p1a2 (p—1)y?

+0<_1_>+o<_1_ __1_>
logg (logg)? 26—1
On the other hand, for the case 6=1/2 we have

1\ _ B 1 4 in? (i) ( i > ( B 1 )‘1
10.3) N(=)=T1(1 log( - 1
103 <2> E( (p—l)z)(logq)%;m o 2 ), 1L\ oo

+o(_‘ )
logq

Here, the sum over i has range

max (Y, 2n)<i<Z, i even.
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Also, note that as i may be assumed squarefree, i/2 is odd. We observe that

iuz(i)‘ (1_ 1 >_1=4H2(i)' P’ . (p—1)? —9 2 ()
o(@)? i (p—17 i g (=D (p—D*-1)  0,(/2)

s

where @, (n) is defined by
em=Y ¢ ().

di|n

Thus, the sum over i is

n2 (@) i . _1
zchl(imlog(ﬂ) s
w2 (i)
22(Pl(i/2) i 0>£.

This sum can be estimated as follows. We first observe that for Re (s)>1

i UL <1+ P )
i=1 @, ()P p5> -2
iodd
Now,
(1 )75 )05) (1 s )
P-2)p° p* r (P=2(p*+1)
Thus,
WDI_c v @)
isx ©;0
iodd
where
2 2
C,=—-_ +—= )
' 3c<2),,1l< (,,_2)(,,+1))

By partial summation, it follows that

225 ”z(i)lf’gi=2r/2<l°ﬂ>d< 3 uz(n)n>
i=1 9.() 1 u nsu, @1(n)

iodd nodd

=C, (logZ)*+ 0 (logZ).
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Similarly,

W

iszi2 01U
iodd

=2C, log(Z/2)+0(1).

Substituting this information into (10.3), we find that

N(3)meoigs)

1
C,=C,. 1——— |~ .45.
* pll< (,,_1)2>

where

Similarly, if 6>1/2,

(zn)l—ZG
26—1 (logg)?

N(c)=4C,. (logg+O 1)+ o<———1——>.

(logg)*(2o-1)
Inserting this into (10.1), and observing that
|sin (x+iy) |>+]|cos (x +iy)|*=cosh2 y

we deduce that

Y s 0P=ct po@t+é

1 #y (mod q)
where
1 2 . 1
% 'l ——it})| (coshmy) if o=-
. T 2 2
c(o+it, g)= ac . o2 .
—2 [F(l— —zt)|2(cosh1tt) if o>-
T 20 2
and

q2—20' 1 q2—26 q2—2cr
g’=o( min< ,loglogq)>+0< >+0( 4>
logq 2o-1) (1-o0)(logq) (logg)*(1-o0)

ql—c
+0((1_0)2>+é”1(0)

and

1
2 logq
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and for 1/2<0o<1,

2-20

q
(1-0)*2o—1)(logg)®

£,(0) <

In particular, we see that if c=1/2

5 < 90oglogq)
logg
If 1/2< 6 <3/4 (say),
2—-2¢
4 min<
logg (2c-1)

&< , loglog q)

and if 3/4<o<1—(1/logq)
& < q*~*(logg)*.
This proves the result.

11. NON-VANISHING AT A FIXED POINT. — The main result of this section is the following.

THEOREM (11.1). — Fix a o in the interval 1/2<c<1. Then, for all sufficiently large
primes q, ’

L(o, x)#0

for a positive proportion of the characters y (mod q).

Remark. — The proof will produce a lower bound for this proportion. Notice that
how large g must be taken will depend on o.

Proof. — Let us fix soeC with 1/2<Res,<1—(l/logg). We return now to
(3.2). For y+#1, we have

S (50> 1) =L (50, X) M (50, %) +1(s0, X) +J (505 1)-
Thus,
Y, S(s0s X)=2." (50, X) T (50 X))+ 2" S (505 X)

x#*1

where ) ranges over y#1 such that L(so, x)=0 and )’ over the remaining non-trivial
x (mod g). By Proposition (4.1), we have

Y, S(s0, X)=0(9)+0,(g" ~°*").

x¥F1
Thus, we have

Z"S(SO’ X)=(P(q)—2'(l(so, 0+ J (s, X))+0,;(q1"’0+")
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and consequently,
58 (50 D20 @~ | T (150 D+ (50, 1) +0, (g9,
" Now, if we assume that |Ims,|<1 (say), then
|2 @(so5 X)+ T (So5 XN =D [T (505 )|+ 2T (505 0|

1/2 271/2 q(3/2)_°
<0 @2 (%[ 1(50. 0P +0( — )

by Proposition (3.1). Now using the main result of § 10, namely
Y10, W [P=c (50, 9)- @ (@) + & ()
we have
¥ (A or N +T (50 X |S /260 D0 (@) +O (/0@ E(0)+0(g%2° (logg) ™).
Thus,

128G, W |z(1— Jfe(so, D)0 (@ +O(g' °")+0( /9 (9) £ (c)+0(g**7° (logg) ™).

On the other hand, by the Cauchy-Schwarz inequality, setting /4 (so, ¢) to be the number
of x (mod q) with L (s, %) #0, we get

|3 S (50> X) [*S AN (50,0) ]S (505 1) P

From now on, we shall assume that t=1Im (s,) satisfies || < (logg)~'. Suppose first
that 6,=1/2. We have from Proposition (4.2)

Y S(%-’-it, X>

% (mod q)

25
=50@+0(g(ogg)™"").

We deduce that

2 log1
50 @0~ Jelo 9 +0(q,/—°i—;’?)gm(so, 9)(1+0 ((logg)™*?)).

Thus,

5 log]
m(so,q)ggcp(q)(l—\/@”()(q\/%)'
. 0.__1 lo +1
1[ °73 g"] ‘
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Thus,

1, j-1
1 <o,
2 loggq

L
2 logg

We will suppose that g is sufficiently large that j=2. Then Proposition (4.2) gives

a1 ¥ [S(se+ite, VI*=0(9)

x (mod q)

—j+1 Y1209 -2(j-1)
T
G=-D* G-D Jj—1

-+-O(e_2j(l+l+——————1 )>}
logg J  (logg)o(1—o0y)

—j+1 Y! %% ,-20G-D

=<p(q){1—e.

G- G- el +°(eﬂ)}'

Also, if o, is bounded away from 1 (say 6,=3/4) then

- 1 logl
2 TG0, M*=c(s0, Q)(P(q)"'o(qe'z’mlﬂ(.—’ ° ogq)).
x#1 ]“1 logq

If 3/4<0,<1—(log ¢)~ !, Then

Y 1 1Gs0, %) |* = (50, 9) @ (9) + O (ge™ > (log 9)?).

1#1

* .
We see that under our assumption on ||, we have

c(50,9)= 2—(—23|F(1~00)|2e'2j +O(L>.
nj logg

Putting all these estimates together, we deduce that
N (s, ) Z(a+0 (1) @ (9)
Where

(1 ~e‘f\/2 C,/nj|T(1-0)|)?
o= : —
ST =D TP

12. NON-VANISHING AT A VARIABLE POINT. — In the previous section, we showed that a
positive proportion of the L (s, ) are non-zero at a given real value ¢ of s in the critical
strip. Now we shall refine this to a statement uniform on a line. Up to this point, we
have made no significant use of the parameter Y. We shall now choose it to be Y =g'/4.

THEOREM (12.1). — Suppose that q is a sufficiently large prime. For a positive proportion
of the y,(mod g), L (s,x) does not have a real zero in the region 1/2+cflogg<oc<1. Here,
¢>0 is an absolute constant.
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Proof. By the functional equation, it suffices to concentrate attention on the region
o=1/2. Itis well known that there is at most one ¥ with a real zero in the range

1—-(logg)™'<o=1.

Thus we consider

1 2

-+~ <o<l—(logg)~!
2 logg
and split it into intervals
i+ 1
L L+ L ocogly L
2 logg 2 loggq

of length 1/logq. Here 2<j<(1/2)logg—2. We count the number Z (j, q) of x (mod g)
for which L (s, x) has a zero in I, For each y, let 6(x) denote a point in [;, and let
c=0;=(1/2)+(j/logqg). Let C=C; denote the circle of radius r=r;=2/logq about
c. We have by Cauchy’s theorem

5 GOLO) Ly @A),

nU(X) (.4
2niJc Ln>y n w—o(y) w-—o

Let us denote the left hand side by Sy (o, o,, x) and let us write w=u+iv. By (a
variant of) Proposition (4.2).

n>Y n>Y h

2

az.1y ¥ za(n)x(n)n-Wexp<—f)
q

x In>Y
a n2 (3/2)—u
—og ¥ O +0( g )
Ysnzq N (1-2u)(logq)

+0(g' " (log)*)+0 (q“" (o)~ 2—— iu>

for 1>0>(1/2)—(1/logg). Now

5 AOLE)

n>Y n

1
g‘sdiff(c’ SS9 4—TEZ<J‘C

x

|
(L.

1 1

w—0o (y) B w—ao

2
Idwl)
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and
j L _ ! ﬂmu=f cw-o 4,
clw—o(x) w-o clw—o@)(w—o)
L 02
=P/
_2r
.

Therefore, for j=1, we have by (12.1) (see also (11.1)) that

: aM )
St GX,X)Pé—jZ Y =) | dw|
* 2nr Cy In>Y n
a(n)? B
= J
=(p(q)<Y§Zn§q nz((1/2)+«j_2)/l°gq))+0(e )>
We observe that
a(n)®
Y<nsgq n2 ((1/2) +((j—2)/log @)
logn/Y 1 | 1

Yinsz (logZ/Y)z nl T (2j-4)logq) Zin<q (logZ/Y) plt@2j-4)logq)

and this is seen to be

.. (Y~ @i-#osa _ 7-Ci-4meea) _ 2 g~ @i~ #oza
(G-2? Jj=2

and this is

4 PP (i 2 i
(e~ 12U — == e~ 2%

(G-2)? Jj=2

(Here, we have used the fact that Y=g'4) Let us denote the above expression by
f(—2). If j=2 we have to replace the above by

§+om%@*>
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Then,

2

Z a(n)y (n) e

ne @

gz{z

x

(12.2) ¥

x

n>Y

amx ) g
YL ——o e

n>Y

2
+ Z I Saite (0, (S x) |2 }
x
8o (@S D+f(G—2)+o(e7)).
It is convenient to introduce here the notation

S*(s, )= W ("LZC () e~

n>Y

Clearly, it is equal to S(x, x)—1.
Similarly, we have

Z|I(0'x, x)l’éZ{ZII(G, X)|2+Z|Idiff(c9 Oy X)|2}

where now,

1 1 1
Liige (o, Oy, 0= —J I(w, X)( >dW-
2ni )¢

w—o () - w—o

As before, if j<logg/loglogg, then by Proposition (10. 1), we see that

1
ledift‘(ca Gx’X)lzéz_' ZII(W5 X)Izldwl
x ; mrjcy

< —0 (9| (o, q)+o(qe-2fmin(l, 10810gq))2m
2nr 7 Tlogg
=<P(q)<g%|r(1 —oy) |2e-2f+0<e—zj1°glogq)>.
™ logg

If j=log g/loglog g, the last estimate above is replaced by
é(p(q)(c—z.ll“(l —oy)[*e™¥+0 (e (log q)z))-
nj

The same estimate holds for

Yo, 0>

Hence we deduce that
(0] (e —2j (log log g/log q)) if j§ 3 /4 log q,

1 4C .
— Y10, )P —2|T (-0, |?e 2+ .
0(q) ;l (@ W= nj [TA=og)f*e {O(e'z’ (logg)? otherwise.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



614 R. BALASUBRAMANIAN AND K. MURTY

Finally, a calculation similar to the one above and in Proposition (3.1) shows that

Z|J(O-x’ X) ‘2 < q2—200‘
X

With that established, we return to our basic equation
S(oy x)=L (o, )M (o, X)+1(c,, x)tI (0, 1)
and deduce that

(12.3) Y |L(o, )M(o, x)—1]*<3)(|S* (o, VI +]1(o, 0 [*+]T (o, 0]D.

Using the estimates established above, we see that the right hand side is

(12.4) <3<P(q)<8(f(1)+f(/ 2))+ 2|1”(1—c70)|2 _2’+0(6")>

Now let us set Z(j, g) to be the number of characters y (mod ¢) such that L(s, %) has a
real zero in the circle C;. It follows immediately from (12.3) and (12.4) that

(_ j+(1/2)> 2
2 logg

If we sum this over j=j,, for some absolute constant j, we see that we have

Z(, )<3q>(q)<8(f(1)+f(/ 2))+4C2

e‘2j+o(e_j)>.

%(e‘“””—e"')+0 (e'j)>.
J

e~ (1/2) (J'—2)_e—(1'—2))+

_ 3
(q) PR Z((l 2

If we choose j, sufficiently large, we see that the right hand side is<1. This completes
the proof.
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