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1. A bit of history and results. The group of ideal classes C/(K)
of an imaginary quadratic field K = Q(y/—¢) is the most fascinating finite
group in arithmetic. Here we are faced with one of the most challenging
problems in analytic number theory, that is, to estimate the order of the
group h = |C4(K)|. C. F. Gauss conjectured (in a parallel setting of binary
quadratic forms) that the class number h = h(—q) tends to infinity as —q
runs over the negative discriminants. Hence there are only a finite number of
imaginary quadratic fields with a given class number. But how many of these
fields are there exactly for h = 1, or h = 2, etc.? To answer this question one
needs an effective lower bound for A in terms of ¢ (a fast computer could be
helpful as well).

The problem was linked early on to the L-series

(1.1) Lis,) = 3 x(n)n
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for the real character y of conductor ¢ (the Kronecker symbol)

(12) xo = (32).

In this connection P. G. L. Dirichlet established the formula

(1.3) h=7"1/qgL(1,x)

(we assume that —q is a fundamental discriminant, ¢ > 4, so there are two
units +1 in the ring of integers Ok C K). Rather than estimating the class
number, Dirichlet inferred from (1.3) that L(1, x) does not vanish, which
property he needed to establish the equidistribution of primes in arithmetic
progressions. Truly the lower bound

(1.4) L(1,x) > 7/\q
follows from (1.3), because h > 1.

The Grand Riemann Hypothesis for L(s, x) implies
(1.5) (loglogq) ™! < L(1, x) < loglogq,

whence the class number varies only slightly about ,/q:

(1.6) Vq/loglog g < h < \/qlogloggq.

But sadly enough we may not see proofs of such estimates (which are best
possible in order of magnitude) in the near future.
At present we know that L(s,x) # 0 for s = o + it in the region

(1.7) o>1-—c/logq(|t|]+1)

where c is a positive constant, for any character x (mod ¢) with at most one
exception. The exceptional character x (modq) is real and the exceptional
zero of L(s,x) in the region (1.7) is real and simple, say f if it exists, with

(1.8) B >1-c/logg.

Using complex function theory one can translate various zero-free regions
of L(s,x) which are stretched along the line Res = 1 to lower bounds
for |L(s,x)| on the line Res = 1. In the case of a real character (1.2),
H. Hecke (see [L1]) showed that if L(s,x) has no exceptional zero, then
L(1,x) > (logq)~!, whence

(1.9) h> /q(logq)™"

by the Dirichlet formula (1.3). Moreover if L(s, x) does have an exceptional
zero s = [3 satisfying (1.8), then we have quite precise relations between g
and h (see [GSc|, [G1], [GS]). In particular one can derive from the Dirichlet
estimate (1.4) that

(1.10) B<1—c/yg
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Back to the history we should point out that E. Landau [L1] first came
up with ideas which pushed the exceptional zero further to the left of
(1.10). Generalizing slightly in this context we owe to Landau the prod-
uct (a quadratic lift L-function)

(1.11) Lan(s, f) = L(s, f)L(s, f ® x) = Zaf

where

£)=>_As(n)n~

can be any decent L-function and L(s, f®Yx) is derived from L(s, f) by twist-
ing its coefficients A(n) with x(n). If L(s, f) does have an Euler product
so do L(s, f ® x) and Lan(s, f). The key point is that the prime coefficients
of Lan(s, f) are

ar(p) = Ar(p)(1 + x(p))-
(

Assuming the class number h is small (or equivalently that L(s, x) has an
exceptional zero) we find that x(p) = —1 and a¢(p) = 0 quite often if
p < /q. In other words x(m) pretends to be the M&bius function p(m) on
squarefree numbers. Therefore, under this ficticious assumption, L(s, f ® x)
approximates L(s, f)~!, and Lan(s, f) behaves like a constant (no matter
what s and f are!).

Landau worked with Lan(s, x’) = L(s, x")L(s, xx’) where x’ (mod¢’) is
any real primitive character other than y (modgq). He [L1] proved that for
any real zeros 3, 5" of L(s, x), L(s, x’) respectively,

(1.12) min(8, ') <1 —c/logqq’.
This shows that the exceptional zero occurs very rarely (if at all?).

Next a repulsion property of the exceptional zero was discovered, notably
in the works by M. Deuring [D] and H. Heilbronn [H]. This says: the closer
[ is to the point s = 1 the further away from s = 1 are the other zeros,
not only of L(s,x), but of any L-function for a character of comparable
conductor. The power of repulsion is masterly exploited in the celebrated
work of Yu. V. Linnik [L] on the least prime in an arithmetic progression.

A cute logical play with repulsion led E. Landau [L2] to the lower bound

(1.13) h> ¢'/8¢

for any € > 0, the implied constant depending on e. Slightly later by the
same logic, but with more precise estimates for relevant series, C. L. Siegel
[S] proved that

(1.14) h> gl

Both estimates suffer from the serious defect of having the implied constant
not computable. For that reason the Landau—Siegel estimates do not help to
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determine all quadratic imaginary fields with a fixed class number. The case
h = 1 was eventually solved by arithmetical means (complex multiplication)
by K. Heegner [He] and H. M. Stark [S1] and by transcendental means (linear
forms in logarithms) by A. Baker [B] (see also the notes [S2] about earlier
attempts by A. O. Gelfond and Yu. V. Linnik [GL)).

By way of the repulsion one may still hope to produce effective results
provided an “exceptional” zero is given numerically. But, believing in GRH
one cannot expect to find a real zero of any decent L-function other than at
the central point s = 1/2. Hence the question: Does the central zero have
an effect on the class number? Yes it does, and the impact depends on the
order of the zero. This effect was first revealed in conversations by J. Fried-
lander in the early 70’s. Soon after J. V. Armitage gave an example of the
zeta function of a number field which vanishes at the central point, Fried-
lander [F] succeeded in estimating effectively the class number of relative
quadratic extensions. Then D. Goldfeld [G2] went quite further by employ-
ing L-functions of elliptic curves. These L-functions are suspected to have
central zero of order equal to the rank of the group of rational points on the
curve (the Birch and Swinnerton-Dyer conjecture). Subsequently B. Gross
and D. Zagier [GZ] provided an elliptic curve of analytic rank three which
completed Goldfeld’s work with the estimate

(1.15) h> [ —1/yp)*logq.

plg

This is the first and so far the only unconditional estimate (apart from
the implied constant, see [O]) which shows that h — oo effectively. Re-
cently P. Sarnak and A. Zaharescu [SZ] used the same elliptic curve to show
that h > ¢'/'° with an effective constant. However their result is condi-
tional; they assume (among a few minor restrictions on ¢) that Lang(s) =
Lg(s)Lg(s,x) has no complex zeros off the critical line, whereas the real
zeros can be anywhere.

After having exploited the power of the central zero it seems promising
to focus on the critical line and ask if some clustering of zeros has any
effect on the class number. In fact this possibility was contemplated in the
literature independently of the central zero effects. In this paper we derive
quite strong and effective lower bounds for A, though conditionally subject
to the existence of many small (subnormal) gaps between zeros of the L-
function associated with a class group character. Let

(1.16) L(s.) = 3 w(@)(Na) =" = S Am)n

for ¢ € CAE(K ), where a runs over the non-zero integral ideals. This Hecke
L-function does not factor as the Landau product (1.11) (unless 1 is a genus
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character), yet the crucial feature—the lacunarity of the coefficients

(117) A= 3 ()

Na=n
—appears if the class number is assumed to be relatively small. One can
show that the number of zeros of L(s,) in the rectangle s = o + it with
0<o<1, 0<t<T satisfies

T
(1.18) NT, ) = Z1og 22— L4 0(tog ).
T 2T T

This indicates (assuming GRH for L(s,)) that the average gap between
consecutive zeros ¢ = 1/2 + iy and ¢’ = 1/2 +iv' is about 7/log~.

We prove that if the gap is somewhat smaller than the average for suf-
ficiently many pairs of zeros on the critical line (no Riemann hypothesis
is required) then h > ,/q (log q)~* for some constant A > 0. Actually we
establish various more general results among which are the following two
theorems. Let 9 = 1/2 + iy denote the zeros of L(s,1)) on the critical line
and o' = 1/2 + 17/ denote the nearest zero to g on the critical line (we
assume that o’ # p except when p is a multiple zero, in which case o' = o).
Note that we do not count zeros off the critical line, but we allow them to
exist. For 0 < a <1 and T > 2 we put

(1.19) D(a,T)z#{g; 2<v=T, ”Y—’Y/|SM}.

log ~y
THEOREM 1.1. Let A >0 and logT > (log q)A+5. Suppose
cTl'logT
1.20 D(a,T) > ——=—
(1.20) (@.1)2 S8
for some 0 < a < 1, where ¢ is a large absolute constant. Then
(1.21) L(1,x) > (log T)~?(log q) 247"

This result is a special case of Proposition 10.1. Taking A = 12 and log T
= (log q)*® we get L(1,x)> (logq) =%, provided D(a,T)>a T (logT)/3.

An interesting case is (k(s) = ((s)L(s,x) (where ((s) is the Riemann
zeta function), that is, the case of the trivial class group character. Since we
do not need all the zeros we choose only those of ((s) and state the conditions
in absolute terms (without mentioning the conductor ¢, see Corollary 10.2).

THEOREM 1.2. Let p = 1/2+i7y be the zeros of ((s) on the critical line
and o' =1/2+i~" be the nearest zero to ¢ on the critical line (o' = o if o is
multiple). Suppose

(1.22) #{Q; 0<y<T, [vy=7<

s 1
< 1— > T(log T)*/®
lom( x/log'7>} ( )
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for any T > 2001. Then
(1.23) L(1,x) > (logq)™®
where the implied constant is effectively computable.

Many other results can be inferred from Proposition 10.1. We selected our
points g, o’ from zeros on the critical line. However it is not hard to include
other zeros in the critical strip, or even points where L(s, ) or even L’(s, )
is small. As an illustration, the following assertion follows immediately from
Proposition 10.1.

COROLLARY 1.3. Suppose there are points 2 < t1 < ... < trp <T with
try1 —tr > 1 such that

L (1/2+ ity, )| < (log q)7/?
forr=1,...,R, where R>> T = exp(logq)®. Then
L(1,x) > (loggq)~**.

Considerations of Random Matrix Theory (see [Hu]) suggest that the
hypothesis above is likely to be achieved.

Many sections of this paper are valid for arbitrary points in the strip (not
necessarily zeros of L(s,1)); it is only in the last four sections that we select
the points on the line Re s = 1/2 to simplify the arguments. Thus, if (1.22)
were established unconditionally for pairs of zeros o = 5+ iy, o' = 5’ + v/,
which may or may not be on the critical line, then (1.23) would hold. On
the other hand one should be careful of charging the Riemann hypothe-
sis. Although Theorem 1.2 does not require the Riemann hypothesis, we
can imagine that someone shows the condition (1.22) using the Riemann
hypothesis. In this scenario one still cannot conclude an unconditional, ef-
fective bound (1.23).

Note that the average gap between consecutive zeros of ((s) is 27 /log,
so we count in (1.22) the gaps which are slightly smaller than half the aver-
age. In view of the implications for the class number, one has a good reason
to search for small gaps between zeros of ((s). This task was undertaken
long ago. Let us assume the Riemann hypothesis for ((s). First H. L. Mont-
gomery [M] showed that

270

log ~y

infinitely often with 6 = 0.68. This was subsequently lowered to 6 = 0.5179
by Montgomery and Odlyzko [MO], to # = 0.5171 by Conrey, Ghosh and
Gonek [CGG], and to # = 0.5169 by Conrey and Iwaniec (work in progress).
We doubt that the current technology is capable to reduce (1.24) down to
6 = 1/2. Nevertheless it is an attractive and realistic proposition to get
(1.24) with any 6 > 1/2.

(1.24) v —4'| <
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The well justified Pair Correlation Conjecture (PCC) of H. L. Mont-
gomery [M] does imply (1.24) with any 6 > 0 for a positive density of zeros.
Precisely one expects that

2w < < 273
logT m T logT

T “ sinmu 2
logT S ( < ) >du
. ™

REMARKS. Montgomery says he was led to formulate the PCC when
looking for small gaps between zeros of ((s) in connection to the class num-
ber problem. We cannot guess how precise the connection he established at
that time. However, Montgomery did publish a joint paper with P. J. Wein-
berger [MW] in which they used zeros of fixed real L-functions close to the
central point s = 1/2 to derive explicit estimates and to perform extensive
numerical computations for the imaginary quadratic fields K = Q(\/—q)
with the class number h =1, 2.

#{m%na 0 <Ym,7n <T,

as T — oo, for any fixed 3 > a.

In a similar fashion M. Jutila [J] considered a large family of Dirichlet
L-functions L(s, x) for all x (mod k) with £ < X, and he showed that their
zeros near the central point tend to form an arithmetic progression if the
class number of K = Q(y/—¢q) is relatively small. Our principal idea in this
paper is reminiscent of that of Jutila. However, as we are dealing with a
single L-function (no averaging over characters) our arguments are quite
intricate, especially when we have to deal with the off-diagonal terms in the
mean value of |L(1/2+it,)|? (see Theorem 6.1). Jutila’s arguments do not
go that far.

Our general result in Proposition 10.1 would also imply approximate
periodicity in the distribution of most of the zeros of ((s) (which is inherited
from oscillation of the root number (7.26)), if we have assumed that the
class number was small. This clearly violates the distribution law of zeros
according to the PCC.

At the meeting in Seattle of August 1996 R. Heath-Brown gave a lecture
“Small Class Number and the Pair Correlation of Zeros” in which he com-
municated results (still unpublished) some of which are similar to ours, yet
they are more restrictive. Heath-Brown requires L(1, x) < q ¢ for some con-
stant 6 > 1/4, which condition contradicts the Siegel bound L(1,x) > ¢~¢,
but his arguments are effective so the results remain valid.

Acknowledgements. This work began during the second author’s visit
to the American Institute of Mathematics in summer 1999. He has pleasure
to acknowledge support and the hospitality of the Institute. The final version
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was written during the second author’s visit to the University of Lille in June
2001, and he is thankful for this opportunity.

Note added in May 2001. We found our results in Section 3 and
Section 4 to be similar to these in Appendix A and Appendix B of the
paper “Rankin—Selberg L-functions in the level aspect” by E. Kowalski,
P. Michel and J. Vanderkam (to appear). Had we known their results ear-
lier we would gladly incorporate them to reduce our arguments. However,
we decided not to modify our original parts to preserve the self-contained
presentation.

2. Basic automorphic forms. We are mainly interested in L-functions
for characters on ideals in the imaginary quadratic field K = Q(y/—q). Every
such L-function is associated with a holomorphic automorphic form of level
g and the real primitive character x (modgq) (the Nebentypus). However,
to get better perspective, we begin by reviewing the whole spectrum of
real-analytic forms. In particular we focus on the Eisenstein series, because
they are most important automorphic forms for our applications to Dirichlet
L-functions (they correspond to genus characters of the class group of K).
Some more details and proofs can be found in [I] and [DFI2].

The group SLo(R) acts on the upper-half plane H by the linear frac-
tional transformations vz = (az +b)/(cz + d) if v = (Z Z) € SLa(R). We
put

() cz+d
z) = )
a lcz + d|
Note that jg(2) = jg(72)Jjy(2). Next we fix a positive integer k£ and put

cz+d\F Y ?
J. =i~k S —
() =i = (E29) ()

for v € SLy(R), z € H and s € C. Note that Jg,(z,s) = j;k(z)Jﬁ(z,s).
Since J(z,s) depends only on the lower row (c,d) of v we shall write
Jie,a)(2,8) in place of J,(z,s). Actually Ji.q)(z,s) is defined by the last
expression for any pair of real numbers ¢, d, not both zero. Note that for
u > 0 we have J(yc ua)(2,5) = u‘sz(c,d)(z, s).

Throughout I' = I'y(q) denotes the Hecke congruence group of level ¢;
its index in the modular group is

(2.1) v(g) = [To(1) : To(g)] = ¢ [ J(1 + 1/p).

plg

To simplify the presentation (without compromising our applications) we
restrict ¢ to odd, squarefree numbers. Let x = x, be the real primitive

character of conductor g, i.e. x4(n) = (%) is the Jacobi-Legendre symbol.
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This induces a character on I" by
. a b
(2.2) x(v) =x(d) ify= <c d) el

We are interested in the space Ay([, x) of automorphic functions of
weight k > 1 for the group I' and character y, i.e. the functions f : H — C
satisfying

(2.3) Fr2) = x(ViE()f(z) ity el

We assume x(—1) = (—1)*, as otherwise A (I, x) consists only of the zero
function. The Laplace operator

0? 0? .0
Ak = y2 <@ + 8—y2> — Zky%
acts on AL° (I, x), the subspace of smooth automorphic functions. Any f €
AR (I, x) which is eigenfunction of Ay, say (A +A)f =0, is called a Maass
form of eigenvalue \.

Our primary examples of Maass forms are the Eisenstein series associated
with cusps of I'. Let Iy = {7y € I'; va = a} be the stability group of the
cusp a. There exists 0, € SLa(R) such that o400 = a and o, [0, = [,
the group of translations by integers. We call o4 a scaling matriz of a. The
FEisenstein series associated with a is defined by

(2.4) Eq(z,s) = Z X(’Y)Jo-a’l»y(za s).
YELL/T
This series converges absolutely for Res > 1, it does not depend on the
choice of o4, nor on the choice of a in its equivalence class. The Eisenstein
series Eq(z,s) is a Maass form of eigenvalue A = s(1 — s).
Any cusp a of I' = I'4(q) is equivalent to a rational point 1/v, where v
is a divisor of ¢ (recall that ¢ is squarefree). Put

(2.5) q=uw

so w is the width of the cusp a ~ 1/v. As a scaling matrix of a ~ 1/v we
can choose

o — Vw 0
T \vyw 1w )
Next, according to (2.5), we factor the character x, = XxuXw. Then the
Eisenstein series (2.4) can be written explicitly as follows:

21108 Z Z Xo (d)Xw (=€) (cv,a) (2 5)

(e,d)=1

(2.6) Eq(z,8) =

where ¢, d run over co-prime integers. Hence applying Poisson’s summation
one can derive a Fourier expansion of Fq(z,s) (in terms of the Whittaker
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function) from which one can see (among other things) that Fq(z,s) is
meromorphic in the whole complex s-plane without poles in Res > 1/2 (see
(7.12) and (7.13) of [DFI2]).

The Eisenstein series Fq(z,s) on the line Res = 1/2 yield an eigen-
packet of the continuous spectrum of Ay in the subspace L (I, x) of square-
integrable functions f(z) € Ax(I', x) with respect to the invariant measure
y~2dxdy. The continuous spectrum covers the segment [1/4, 00) with mul-
tiplicity 7(¢) (the number of inequivalent cusps equals the number of di-
visors of ¢q). Let &Ex(I,x) C Lk(I,x) be the subspace of the continuous
spectrum (it is a linear space spanned by a kind of incomplete Eisenstein
series). Let Ci (I, x) be the orthogonal complement of & (I, x) in Lk (I x),
so L (I, x) = E(L, x)BCi(I, x). The Laplace operator Ay, acts on C (I, x),
and it has an infinite, purely discrete spectrum in the segment [% (1 - g) , oo).
In other words Ci (I, x) is spanned by square-integrable automorphic forms.
These are characterized by vanishing at every cusp (because they are or-
thogonal to every incomplete Eisenstein series), and are called Maass cusp
forms.

From now on we take only the Maass cusp forms f(z) of the Laplace
eigenvalue A\ = %(1 — %), and if k = 1 we also take the Eisenstein series
Eq(z,s) at s = 1/2. All these forms come from the classical holomorphic

forms of weight k; precisely we have
F(z) =y "?f(2) € Se(Ix),  Ea(z) =y "?Ea(2,1/2) € My ().
For any n > 1 the Hecke operator T, is defined on My (I, x) by

mre =t () S ()

ad=n b (mod d)

There is a basis of Sy (I, x) which consists of eigenforms of the Hecke oper-
ators T,, with (n,q) = 1. Moreover, by the multiplicity-one property (which
holds in S (I, x) because y is primitive of conductor equal to the level)
these forms are automatically eigenfunctions of all T),,. Consequently, we
may assume that

(2.7) T, F =Ap(n)F foralln>1.

After a normalization of F' by a suitable scalar the Hecke eigenvalues A (n)
agree with the coefficients in the Fourier series

(2.8) F(z) = Ar(n)n®* De(nz).

Such an F'is called a primitive cusp form of weight k, level ¢ and character .
One can show that the modified Eisenstein series y~*/2E,(z, s) are also
eigenfunctions of all the Hecke operators T}, (see Section 6 of [DFI2]), but we
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are only interested in Eq(z) = y~/?E4(2,1/2). In this case (k =1, s = 1/2)
we have

(2.9) T.Eq=Xa(n)E; foralln>1
with
(2.10) Aa(m) = > Xu(n1)xw(na).

Moreover the Hecke eigenvalues Aq(n) are proportional to the Fourier coef-
ficients of F4(z); specifically we have (see [I] and [DFI2])

(2.11) Ea(2) =505 > Xa(n)e(nz)

where €, = 7(xv)/v/, 80 €, = 1 or i according as v = 1 or 3 (mod4) and h
is the class number of K = Q(/—q),

(2.12) h=r"1/qL(1,x).
The zero coefficient is given by

h/2 if a ~ 00,0
2.13 Xa(0) = { 0,
( ) a(0) 0 otherwise.

Our particular Eisenstein series Fq(z) (recall that in this case we have k = 1
and x4(—1) = —1so ¢ = 3 (mod4)) can be expressed by theta functions for
ideal classes of K = Q(y/—q). For every class A € C/(K) we put

1
(2.14) Ou(z) =5+ ) e(zNa)
acA
where a runs over integral ideals in A and Na is the norm of a (the number
2 stands for the number of units, we assume ¢ # 3). This theta function is
also given by

(2.15) Ou(z) = %Zze(zw(m,n))

where p4(x,y) = ax? + bxy + cy? is the corresponding quadratic form.
Specifically we have a > 0, (a,b,c) = 1,b* — 4ac = —q and
b+1i\/q 7

2
is an integral primitive ideal representing the class A. One shows that the
theta function 6 4(z) for any class A belongs to Mi(I, x). Hence for any
character 1 € C/(K),

(2.16) 0(zi) = > »(A)ba(2)

ACCUK)

a=aZ +
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is an automorphic form of weight one, level ¢ and character x = x,. Note
that 6(z;1) = 0(z; ). This has the Fourier expansion

(2.17) 0(z 1) = Z Ay(n)e(nz)
n=0

with Ay (0) = 64 /2, and for n > 1,
(2.18) o) = 3 w(a).

Na=n
In particular the Eisenstein series F4(z) are obtained from theta functions
for real class group characters. Any real character ¢ € C{(K) is given
uniquely by

_ [ xo(Np) if pto,
(2.19) ow1= {2 ip
where X, Xw = Xq (note that 1 (a) is well defined by (2.19) because x,(Na) =
1 if (a,q) = 1). Interchanging v and w we obtain the same 1. However
different factorizations vw = ¢ up to the order yield distinct real class group
characters. Therefore we have exactly 7(q)/2 such characters; they are called
the genus characters. If a ~ 1/v then

(2:20) Eu() =250z 0)

where ¢ € CAK(K) is the genus character given by (2.19) and Aq(n) = Ay(n)
for all n > 0 (see (2.11)). Note that the Eisenstein series E4(z) and Eq/ (2)
for the “transposed” cusps a ~ 1/v and a’ ~ 1/w are linearly dependent, in
fact €,Eq4(z) = ewEq(2) (this is true only for the Eisenstein series at the
central point s = 1/21!).

If ¢ € CAK(K) is not real, then the theta function 6(z;) is a primitive
cusp form of weight one with Hecke eigenvalues Ay (n) given by (2.18).

Cusp forms of any odd weight can be constructed from the class group
characters as follows. Let k be odd, k > 1 and ¢ = 3 (mod4), ¢ > 3. Let ¢
be a character on ideals in K = Q(/—¢q) such that

(2.21) vl = (o )

|al
for any @ € K*. All such characters are obtained by multiplying a fixed
character with the class group characters so we have exactly h = h(—q)
characters of type (2.21) (we say of frequency k — 1). With every 1 of fre-
quency k — 1 we associate the function

(2.22) 0(z9) = > (a)(Na)*D/2e(2Na)
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where a runs over the non-zero integral ideals. One shows that 6(z;¢) €
Sk(I',x) and that 6(z;1) is a primitive cusp form with Hecke eigenvalues
Ay(n) given by (2.18) (see Section 12.3 of [I]).

Besides (2.3) and (2.7) the primitive forms satisfy some bilateral modular
equations which are obtained by certain transformations w € SLy(R) not in
the group Iy(gq). For any w = (Z Z) € SLo(R) the w-stroke operator is
defined on functions F': H — C by

(2.23) F(2) = (cz+ d) " F(2).

Note that (F};)|, = Fj., for any 7,0 € SLa(R).
Let ¢ = rs (recall that g is squarefree so (r,s) = 1). We are interested in
the w-stroke operator for

_ (o B/Vr
(224) o= (20 3F)
with «, 3,7, integers such that detw = adr — ys = 1.
First for the w given by (2.24) one checks that the w-stroke maps Sk (I, x)
to itself. Next note that the w-stroke on Si(I,x) is a pseudo-involution,
precisely

(225) -F\w2 = XT(_l)Xs(T)F

where x,Xs = xq. Moreover the w-stroke on Sy (I, x) almost commutes with
the Hecke operators T, for (n,q) = 1, precisely

(2.26) Tn(F|w) = Xr(n)(TnF)‘w if (n,q) = 1.

Hence it follows that if F' is a Hecke form (i.e. F is an eigenfunction of
every T,, with (n,q) = 1), then so is F|, (of course, with different Hecke
eigenvalues). By the multiplicity-one property it follows that both I and F,
are primitive (i.e. the eigenfunctions of all T},). Therefore for any primitive
form F' € Si([, x) there exists a unique primitive form G € Si (I, x) and a
complex number np(w) such that

(2.27) F, =nr(w)G.

As in [AL] we call np(w) the pseudo-eigenvalue of |, at F. By (2.25) we find
that nrne = xr(—1)xs(r) = £1. One can show that the Hecke eigenvalues
of F and G satisfy

(2.28) Ag(n) = xr(n)Ap(n) if (n,r) =1
(2.29) Aa(n) = xs(n)Ap(n) if (n,s) = 1.

These formulas are consistent by the property Ag(n) = x(n)Ar(n) if (n,q)
= 1, and they determine G in terms of F. In particular we have |Ap(n)| =

(n
n)
|Ag(n)| for all n > 1. Hence one derives that (G,G) = (F, F) and (F, F) =
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Inr(W)2(G,G), so
(2.30) (@) = 1.

Note that G depends only on r,s (G is a hybrid twist of F' by the
characters x,, Xs), but not on «, 3,7, in w. If w and w’" are given by (2.24)
with the same r, s then

/ / / !/
e G A A S
Flo = Floo = (Fo)w = x(0)Flu = x(0)nr (w)G,
x(0) = x(0'ar —+/'Bs) = xr(—7'Bs)xs(0'ar) = x+(8'/B)xs( /)
by the determinant equation o’é’r — 3’4's = 1. Hence we get the rela-

tion np(w') = x»(8'B)xs(c’a)np(w). This relation shows that the pseudo-
eigenvalue ng(w) of w given by (2.24) factors into

(2.31) nr(w) = Xr(B)xs(a)np(r, s) = xr(=7s)xs(6r)nr(r, 5)
where ng(r, s) depends only on r, s and F'.
The case r = ¢ and s = 1 is special. We can choose

(2.32) w= (\26_] _16\&)

getting Fj,, = npF, where F is obtained from F by complex conjugating the
coefficients in the Fourier expansion (2.8). Moreover in this case one shows
that (see Theorem 6.29 of [I])

(2.33) np = EQXF(q).

The modified Eisenstein series y~*/2E,(z, s) is also a pseudo-eigenfunc-
tion of the w-stroke operator. We shall verify this fact by explicit computa-
tions rather than by going through the theory of Hecke operators. Although
we are only interested in E,(z) = y~/?E,(z,1/2) we present the compu-
tations in a general case (i.e. for any k > 1) for record. Note that for any
v,w € SLa(R),

y I (2,8) 1w =y P (2, 8).

Hence, by (2.6), for Res > 1 we get

y*k/QEa(z, 5)|w = %wisyik/Q Z Z Xr(d)Xw(—¢) I (2, 5)
(c,d)=1

where

* % * *
T= (cv d> v ((oacv—l—wds)\/v_" (ﬂcv+5dr)/\/7_“> ’
Put ' = (r,v), 1 = r/(r,v), 19 = v/(r,v) and s’ = (s,v), s1 = s/(s,v),
so =wv/(s,v). Since ¢ = vw = rs is squarefree we have r181 = w, rosg = v,
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r182 =1, 7981 = s. In the lower row of 7 we extract the factors r’, s’ getting

* *

T <C’s’\/7_“ Dr’/\/F)
where C' = acsy + vdsy and D = (erg 4 ddry. Solving this system of linear
equations of determinant adssry — Byresy = adr — fys = 1 we find —c =
vs$1D — or1C and d = asyD — (BryC. Hence the condition (¢,d) = 1 is
equivalent to (C, D) = 1. Next we factor the characters x, = Xr,Xs, and
Xw = XriXs; t0 compute X, (d) = Xp,(as2D)xs,(=0r2C) and xu(—c) =
Xr1 (’Vle)Xﬂ (_6T10)' Hence Xv (d)Xw(_C) = Xrira (D)XS1S2(_C)77’ where
(2.34) 1= Xra (@52)Xs, (Br2) X, (751) X5, (071).
Extracting from 7 the factor u = r’'/\/r by the property Jiycua)(2,5) =
u 2% J(ca)(2, ), and using §'/r/u = rire, utwriry = ¢, we conclude from
the above computations that

(2.35) y_k/2Ea(z, 8)w = ny‘k/zEa*(z, s)
where E4«(z, s) is the Eisenstein series for the cusp a* ~ 1/(ryrs), i.e.
2
(2.36) o~
v

By the determinant equation adsaory —Byres1 = 1 we eliminate «, 3 in (2.34)
getting

(2.37) n= Xr<(;:j})>Xs ((22)>Xu/(s7u)(—1).

In particular for ¥ = 1 and s = 1/2 we obtain from (2.35) (by analytic
continuation)

PROPOSITION 2.1. Let ¢ = vw = rs > 1 be squarefree and odd. Then
the holomorphic Eisenstein series Eq(2) = y~Y/2E4(2,1/2) for cusp a ~ 1/v
is a pseudo-eigenfunction of the w-stroke operator (with w given by (2.24)),
specifically
(2.38) Eq = 1Ba-
where a* is given by (2.36) and n by (2.37).

In the special case (2.32) the formula (2.38) becomes
_ -1
(2.39) (2v/q) 1E1/U<—> = Xo(—1)E1 /4 (2).

qz

3. Summation formulas. Suppose we have two functions A(z), B(z)
on H given by Fourier series

(3.1) A(z) =) ane(nz),
n=0
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(3.2) B(z) = Z bne(nz),
n=0

with a,,b, < n*~1T¢. Suppose that A(z), B(z) are connected by the w-
stroke operator, say

(3-3) Aw(2) = nB(2)

for some w = (
In particular fo

) € SLy(R) with ¢ > 0 and some complex number 7 # 0.
= (—d +iy)/c we have

a 1 —d i
(3.4) (z’y)_kA<— + —> = nB(— + _y>

c ¢y c c
for any y > 0. Following Hecke this formula can be expressed as a functional
equation for the L-functions

(3.5) La (5, %) = iane(%>n‘s,

ab
cd
Tz

n=1
—d > —dn\ _,
(3.6) LB<S,T>:;I)”€< . )n .
Put

(3.7) Aa (s, %) - (i)sr(sm (s, %)
(3.8) Ap <s, %d> - <%>S[’(S)L3 <s%>

First, by integrating (3.4) we establish the following formula:

b o .
AA<3,9>+@+z"“n O~ [A<9+@> —ag}ys_ldy
c s k—s 1 c c
+ifn | [B(— + @> - bo} yP s dy
1 C C

for Res > k. Since A(z) — ag and B(z) — by have exponential decay as
y = Im 2z — oo, the above integrals converge absolutely and they are entire
functions bounded on vertical strips. Similarly we have (because B|,-1(z) =

n 1A(z) and w™! = —(_d * ))

c —a
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Combining both formulas we obtain the following functional equation:

(3.9) Ag (3,%) = i*nAp (k— s,_—cd>.

For notational convenience we put
(3.10) an =n*FV2q(n), b, =n*D/2p(n)

so the corresponding L-functions are shifted from s to s — (k —1)/2, and
the resulting functional equation connects values at s and 1 — s.
Next we derive from (3.9) a formula for sums of type

> an
S = —
> atme(%F ot
where g(x) is a nice test function.

PROPOSITION 3.1. Suppose A(z), B(z) satisfy (3.3) for somew = (¢ )
€ SLa(R) with ¢ > 0 and some complex number n # 0. Then for any g(z)

smooth and compactly supported on R™ we have

(3.11) ia(n)e(%) (n )—2wzk7c7{rl)(3€)0§og(x)(27rc\/g>k1d:c

n=1 0

[eo]

+ ib(n)e<%m> | g(@) s <4§m> dx}

0

where Ji_1(x) is the Bessel function of order k — 1.

Proof. The left side of (3.11) is given by the contour integral

1 a k
5= 2mi S LA( C>G<S B T) ds
(o)
where G(s) denotes the Mellin transform of g(x) and o > k. We move to
Re s = k—o passing a simple pole at s = k with residue i*nby (27 /c)*I"(k)~!
X G((k+1)/2) (the point s = 0 is not a pole of L 4(s,a/c)). Then we apply
the functional equation (3.9) getting

. nbg(%) . G(k;l)

ikn —d 2k I'(s) E+1
+%(S)LB<S’_><2W> F(kz—s)G< 2 _8>d8'

Expanding Lg(s, —d/c) into the Dirichlet series and integrating termwise
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i = S () ()

(0) n=1

we get

where

b - L | LG )G<k+1 _S>yk_1_25 n

%(S)M_s 2

Here we can take for o any positive number. If o < k/2 we can open the
Mellin transform

k+1 T

G(% - 5> = S g(z)x*=D/2=s gy
0

and change the order of integration getting

H(y) = | g(x) (ﬁ (S) %(ﬁy)’“”s ds> dz

Sg )Jk-1(2Va y) d
0

by (6.422.9) of [GR]. This yields (3.11).
Changing variables one can write (3.11) as follows:

(3.12) nf:l a(n)e(%)g<2ﬂ-7n>

ol B () e B ()}

where h(y) is a Hankel-type transform

(3.13) h(y) = | g(x)Jro1(2y/zy) d=
0

Now we specialize Proposition 3.1 for automorphic forms. First we treat
the cusp forms.

PROPOSITION 3.2. Let F € Sg(I',x) be a Hecke cusp form with eigen-
values A\p(n). Let ¢ > 1 and (a,c) = 1. Then for any function g(z) smooth
and compactly supported on RT we have

(3.14) nil Ar(n)e (%) g(n)

_2m—2)\g <_“m>§og Jk1<4:\/;>d:r
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where Ag(n) are given by (2.28), (2.29) with r = q/(c,q), s = (¢, q) and
(3.15) 1= Xs(@)xr(=c)nr(r, s).
Here np(r,s) depends only on r,s, F and |np(r,s)| = 1.

Proof. The result follows by applying (3.11) for A(z) = F(z) and B(z) =
F,,(z) with

a\/r b/\/r

10 o= (v )
where b, d are integers such that adr — bc = 1. Note that d = ar (mod c) so

the corresponding pseudo-eigenvalue (2.31) is equal to (3.15).

Next we apply (3.11) for the Eisenstein series Eq(z) with cusp a ~ 1/v
and the w given by (3.16). In this case (2.38) holds with a* ~ 1/v* =
(r,v)?/(rv), where r = q/(c,q), s = (c,q). The corresponding pseudo-
eigenvalue (2.37) becomes

10 1= (e (g om0

because (s,v) = (¢,v) and (r,v) = v/(c,v). We have ¢ = vw = v*w* with
U*

(3.18) = (c,v)w/(c,w), w* = (c,w)v/(c,v).
We introduce the twisted divisor function
(3'19) T(n; Xvs Xw) = Z Xv (nl)Xw (n2)

for any n > 1. Therefore 7(n; Xy, Xw) and 7(n; X+, Xw+) are the Hecke
eigenvalues A\q(n) and Aq«(n) for Fq(z) and Eq4+(z), respectively. These are
proportional to the Fourier coefficients of F,(z) and F4-(z) with the factor
£,2i/h and g, 2i/h, respectively (see (2.11)). By (3.11) with k = 1 and ¢\/r
in place of ¢ we obtain

i (1 X, Xw)e(%)g(n) S 2;};7 {% C:Sjg(fv) dzx

+ nilf(n; Xv*7Xw*)e<_Tn> Ogg(iv)Jo (%@) dﬂf}

where the leading term %h:q\(O) appears only if a* ~ oo, or a* ~ 0. Note that
B+ = Eypr = E_ys = —l€ys SO the factor o = ine,&,+ becomes
(3:20) 0 = evEusXs(av/(c,v))xr(c/(c;v))X () (—1)-

Before stating the final result we simplify the leading term. We have
a* ~ 00 < (¢,q) = v, in which case r = w and s = v so that

o = euXo(a)Xw(c/v) = Xo(a)xw(c/v)T(x0)/ V-

n=1
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Similarly a* ~ 0 < (¢,q) = w, in which case r = v and s = w. Thus,
0 = €yEqXw(av)xy(—c). By the reciprocity law x.,(v)x.(w) = 1, because
vw = ¢ = —1 (mod4). Moreover €,e4Xy(—1) = i€, = £_, = €, so that

0 = ey Xw(a)Xo(c/w) = Xw(a)Xv(C/w)T(Xw)/\/E-
Hence, by the class number formula 7h = /g L(1, x), we conclude the fol-
lowing result.

PROPOSITION 3.3. Let g be squarefree, ¢ = —1 (mod4). Let ¢ = vw,
and let X4 = XoXw be the corresponding real characters. Let ¢ > 1 and
(a,c) = 1. Let ¢ = v*w* be given by (3.18), and let x4 = Xv*Xw* be the
corresponding real characters. Then for any smooth function g(x) compactly
supported on R we have

(3.21) i (13 Xo, Xuw)e (%) g(n)

n=1

— {Xv(a)Xw (%)r(xu) + X (@) Xo <§)T(xw)} L) C;Sog(fﬁ) dx

27m —arn 4
Z an7Xw)( )ég JO(C

where o is given by (3.20) with r =q/(c,q) and s = (c,q).

ﬁ
N———
jo
<

REMARK. In the leading term of (3.21) we use the popular convention
that x(z) is zero if z is not an integer. Therefore the leading term vanishes
unless v | ¢ and (¢,w) =1, or w|c and (¢,v) = 1.

4. Convolution sums. In this section we shall evaluate asymptotically
sums of type

(4.1) B(h) =) AMm)A(n)g(m)g(n)

m—n=h

where A\(n) are eigenvalues of the Hecke operators T), for one of the holomor-
phic automorphic forms of level ¢ and character x, which were considered
in the last two sections. Here h # 0 is a fixed integer and g(z) is a cut-off
function which is smooth and compactly supported on R*. Naturally one
can treat the convolution sum (4.1) by spectral methods using an appropri-
ate Poincaré series. Indeed this method (the Rankin-Selberg method) has
been applied by various authors in many cases of cusp forms, but we did
not find satisfactory results (1). Moreover the spectral methods can also be
applied to the Eisenstein series, which case is important for us. However,

(1) See the note added at the end of Section 1.
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the spectral methods are rather complicated and one has to provide a lot of
background material. Therefore in this section we use arguments from the
circle method of Kloosterman, because they yield the results faster, more
general and of great uniformity with respect to the shift h.

For clarity we present the arguments in an axiomatic setting. Literally
speaking we do not assert that the coefficients A(n) come from an automor-
phic form. All we need is an appropriate summation formula for

(4.2) S(a) = 3" A(m)e(an)g(n)

at rational points. We assume that for any ¢ > 1 and (a,c) = 1 one has the
expansion
o0

(4.3) s(%) _ ni@z)m(a)e(%zm) | 9(@)km(z) d

0

where aa = 1 (mod ¢), 1,,(a) are periodic in a, say of a fixed period ¢, [,
are integers, and k,,(z) are smooth functions. We do allow v,,(a), l,,, and
km(x) to depend on ¢. However the frequencies [, and the kernels k,, ()
cannot depend on a. If m > 0 we require the coefficients v, (a) to satisfy

(4.4) [t (a)] < AT(m)e™

where A is a constant, A > 1. Next we assume that the Fourier transform
of gm(z) = g(x)k,,(x) satisfies

(4.5) |Gm ()] < BeCm ™% if |a| < (cC)7?

for all 1 < ¢ < C, where B > 1 is a constant and C' > 2 is a fixed number

(a quite large number which will be chosen optimally in applications). For
m = 0 we need more precise conditions. We assume that

(46) lo == 0, ko(l‘) =1

and the absolute value of 1y(a) does not depend on a, say
(4.7) [Yo(a)] = ple) < Ac™h.

Finally we assume that

(4.8) | [§(e)| da < B,

(4.9) [ lal- l§(a)? da < B2,

Now we are ready to estimate the convolution sum (4.1). We begin by
the following formula for the zero detector in Z:
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1/ (ed) 1 ifn=0
(4.10) 2 Z Z S cos(2mn(a/c — o)) da = { it n O:

c<C<d<c+C O
(e,d)=1

)

where ad = 1 (mod¢) and C' > 2 is at our disposal (see Proposition 11.1 of

[1]). Hence we get
() o2

where ¢/ (mod ¢) is determined by a’d = sign o (mod ¢). We rearrange this
sum of integrals as follows:

1/(cd)

2>

c<C<d<c+C —1/(cd)
(e,d)=1

1/(cC)

(4.11) Bh)y=> | elah)Vi(e)da
e<C —1/(cC)

where

(4.12) Vo) =S e< ach> ’S(;/ - a) :

del

and d runs over integers prime to c¢ in the interval
(4.13) I = (C,min{c+ C,1/(|ac)}].

Note that I = (C,c + C] has length exactly c if |a| < ¢7}(c+ C)~1, and
I = (C,1/(|alc)] is shorter than ¢ if et (c+ C)7! < |a| < e 1C7L.
Suppose a > 0; the case a < 0 is similar. By the summation formula

(4.3) we have
(2] (s

Inserting this into (4.12) and changing the order of summation we get
* — d ah
= 3 3 s @0, (003 s @ @ s~ 1) = ).
mi1 Mo del

Recall that v,,(a) are periodic of period ¢. Splitting into residue classes
d = 0 (modgq) we obtain incomplete Kloosterman sums for which Weil’s
bound yields

* dl—ah 1/2 1/2
(4.14) > e< ; ><<(h,c) c?7(e)log C.

del, d=5(q)

We apply this result with [ = ,,,, —l,n, for all terms, except for m; =mg =0
in the range || < ¢c7!(c+ C)~1, i.e. when the interval (4.13) has length c.
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We derive, for any «,

vid) = im@P{ 3" e =%) + 0laleC(n 2 (e o ) |

C<d<c+C

+0 (A2q(h, )263/27(¢) (log ©)

<([1+ 32 rtmigate)) (3 o)

by (4.4), (4.7) and (4.14). In the leading term we get the exact Ramanujan
sum

(4.15) reh)= 3 e(%).

d (mod ¢)
The same estimates hold for a < 0. Adding these results we get, by (4.11),
1/(cC)
B(h) =Y re(hp(e)* | e(ah)[g(e)]? da+ R
c<C ~1/(cC)
where
R< A? (g o] yg(a)\2da) ( > (h, c)l/%*l/%(c))mogc
c<C

+ A2 3" (h,)V2e3 21 (c) (S 15() da + B) BeClog C.
c<C
To estimate R we apply (4.8) and (4.9) getting

1/(c0)
By =3 re(mp(e)? | e(ah)[§()? da+O(r(h)gA B2C¥/2(log C)?).
c<C —1/(cC)

In the leading term we extend the integration to all & € R at the cost of
an error term which is already present. Then we derive by the Plancherel
theorem that

oo o0

[ elam)G@)? da = § g(z+ h)g(a) da.
—o0 0

Finally we extend the summation over ¢ < C to all ¢, getting

S relh)p(e)? = o(h) + O(r (W A%C )

c<C
where o(h) is the infinite series

(4.16) o(h) = re(h)p(c)?

We have established the following
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THEOREM 4.1. Suppose the conditions (4.3)—(4.9) hold. Then for any
integer h # 0 the sum (4.1) satisfies

(4.17) B(h) ={o(h) + O(r(M)A*C~")}g(z + h)g(x) dz
+ O(7(h)qA%B?C3/2 (1og C)?)
where o(h) is given by (4.16) and the implied constant is absolute.

REMARKS. In the proof of Theorem 4.1 we assumed tacitly (just to sim-
plify notation) that the cut-off functions g(x),g(x) are complex conjugate.
However the formula (4.17) holds (by obvious alterations in the arguments)
for any pair g(z), g(x), provided both functions satisfy the same relevant con-
ditions. In forthcoming applications we shall have two functions g1 (x), g2(x)
supported in [X,2X] with X > 1/2 such that

(4.18) g (@) <1 ifv=0,1,2,

for j = 1,2. For such functions (4.8) and (4.9) hold with B = 1. Moreover
we shall be able to verify (4.5) with C' = 2,/¢X and some constant B > 1.
Therefore we state the following

COROLLARY 4.2. Suppose the conditions (4.3)—(4.7) hold for the arith-
metic function \(n) and for the cut-off functions g1(z), g2(x) supported
in [X,2X] with derivatives satisfying (4.18). Precisely let (4.5) hold with
C = 2v/qX. Then for any integer h # 0,

(419) B(h)= Y Am)A(n)gi(m)gz(n)

m—n=h
= o(h) | g1(z + h)ga(x) dz + O(r(h)(¢AB)*X*/*(log 3X)?)
where a(h) is given by (4.16) and the implied constant is absolute.

REMARKS. It would be convenient for applications to have a formula for
B(h) with the cut-off functions g(x) smooth on R™ such that

(4.20) e )gMN(@)| < (1+2/X)™* ifr=0,1,2,

rather than being supported in the dyadic segment [X,2X]. Unfortunately
for such functions the condition (4.5) may not be easily verifiable with a
reasonable value of C' (the optimal C' should be of the order of v/X). Nev-
ertheless we shall be able to derive results for functions satisfying (4.20) by
applying a smooth partition of unity, but not at the current position (see
how we justify (6.27)).

In principle our analysis (the Kloosterman circle method) works also
for h = 0, but, of course, giving a somewhat different main term. In fact
the resulting error term is better, because the estimate for the incomplete
Kloosterman sum (4.14) is replaced by a stronger bound for a Ramanujan
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sum. Rather than repeating and modifying the former arguments we shall
derive an asymptotic formula for B(0) directly using the Rankin-Selberg
zeta function (see (6.43)).

Now we apply Corollary 4.2 for the A\(n)’s which are Hecke eigenval-
ues of a holomorphic automorphic form of weight k£ > 1, level ¢ and the
real character x, of conductor g. As in Section 3 we assume that ¢ is odd,
so ¢ is squarefree and ¢ = 2k + 1 (mod4) by the consistency condition
Xq(—1) = (=1)*. This form is either a primitive cusp form, or the holo-
morphic Eisenstein series Eq(2) = y~'/?E4(2,1/2) of weight k = 1 for a
cusp a ~ 1/v with vw = ¢. In the latter case the Hecke eigenvalues are (see
(3.19))

(05 X0 Xw) = Y, Xo(n1)Xaw(n2)-

nin2a=n
The summation formula (4.3) holds by Proposition 3.2 for cusp forms, or
Proposition 3.3 for the Eisenstein series. In either case we have
[Ym(a)| < 2n7(m)c™t  ifm > 1,

and [1g(a)| = p(c) does not depend on a. In fact p(c) = 0, except for the
Eisenstein series Eq4(z) with a ~ 1/v, in which case we have

_L(L,x) [ v if (c,q) = v,
(4.21) ple) == { Vi it (eq) = w,
and p(c) = 0 otherwise. In every case (cusp forms or Eisenstein series) the
summation formula holds with the kernel

where r = ¢q/(¢,q). Note that for £k = 1 we have ko(z) = 1 as required by
(4.6). Hence the Fourier transform of g,,(x) is

(4.22) Gm (@) =\ g(2)e(az) s (4%\/? ) dz.

Note that the Bessel function can be written as
Ji—1(2my) = W(y)e(y) + W (y)e(—y)

where W (y) is a smooth non-oscillatory function whose derivatives satisfy
gy W () < K2y~ 2 ifr=0,1,2.

Let g(x) be a smooth function supported on [X,2X] with X > 1/2 such
that

(4.23) 2 |gM(z)| <1 ifr=0,1,2.

We choose C' = 24/¢X so there is no stationary point in the Fourier integral
(4.22) if 1 < ¢ < C and |a|cC < 1. Therefore integrating by parts two times
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we derive
Gm (@) < K2 X (2r/(mX))** < K2¢%/2cCm—>/*
for |a| < (cC)™1, where the implied constant is absolute. Next we derive
from (4.23) by partial integration that
(4.24) g(a) = Sg(:ﬁ)e(—aw) dr < X(1+ |a|X)72

Hence
Vg@)lda <1, la|-[§(a)]?da < 1.
The above estimates verify the conditions of Corollary 4.2 with A =

2,/L(1,x), B = k?¢*/? and C = 2y/¢gX. Hence we obtain the following
two theorems.

THEOREM 4.3. Let Ap(n) be the eigenvalues of a primitive cusp form
F € S,(Iv(q), xq) (recall that k > 1 and q is squarefree, ¢ = 2k+1 (mod 4)).
Then for any integer h # 0 and for any smooth functions g1(x), ga(x) sup-
ported in [X,2X], X > 1/2, with derivatives satisfying (4.23) we have

(4.25) > > Ar(m)Ar(n)gi(m)ga(n) < 7(h)g°k* X3/*(log 3X)?
m—n=h
where the implied constant is absolute.
THEOREM 4.4. Let q be squarefree, ¢ = —1 (mod4). Let uw = q and
T(N; Xo, Xw) be the twisted divisor function by the corresponding characters
XoXw = Xq (see (3.19)). Then for any integer h # 0 and for any smooth

functions g1(x), g2(x) supported in [X,2X]|, X > 1/2, with derivatives sat-
isfying (4.23) we have

(4.26) > > (5 Xw, Xa) T (75 Xos Xuw) g1 (M) g2(n)

m—n=h

= o(h) | g1(z + h)ga(x) dz + O(r(h)g° X?/* (log 3X)?)

where o(h) is the infinite series (4.16) with p(c) given by (4.21), and the
implied constant is absolute.

REMARK. We emphasize that the estimates in the above theorems are
uniform in every parameter.

We conclude this section by computing o(h). We have

4z o ={ T L+ X Lrfo

(CyQ):U (C,q):’w
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where r.(h) is the Ramanujan sum. Since r.(h) is multiplicative in ¢ we get

(4.28)  o(h) = { > TT(Uh) + ) Tc“’z—gl)}( > %)L(l,x)z

clvee clwee (e,q)=1
where
re(h) _ G(2) -1
4.29 = —= d—".
- o
(d7Q):1

Moreover using the formula
(4.30) re(h) = Y dp(c/d)
d|(c,h)
one can show that
rcv(h) v (h, U) 1 1
4.31 = 1———
( ) C;o C2U N((h,v)) v pl};[v) pa pa+1

where p® || h. Gathering the above results we arrive at

e o {u(gia) B T (14 b))

( pl(h;v)
Gq(2) 1 2
< 2 1) E0-0"
(d,q)=1

In applications we shall appeal to the zeta function of the o(h),

o0

(4.33) Z(s)=>» o(h)h*

h=1

(note that o(h) = o(—h) because the Ramanujan sums are even in h). Using
(4.27) and (4.30) one derives

(4.34) 2(s) = {% 11 <1 - p311> 11 <1 - psl+1>

plv plw
(-5 (- ) )
% 9@ ()¢5 + 1)L )2,

¢(2)
Note that Z(s) has no pole at s = 1 except for v = 1 or w = 1, i.e. if the
cusp is at oo or (. In these cases the residue is

(4.35) res Z(s)=L(1,x)* ifv=1lorw=1.
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The only other pole of Z(s) is at s = 0 with residue

q ¢(0) 2
4.36 res Z(s) = (u(v) + p(w))— - == L(1, x
(4:36) res Z(s) = (o) + p(w) 7L - TSI
where v(q) is the multiplicative function with v(p) = p+ 1 (see (2.1)). For
curiosity we note that this residue vanishes if v(q) = —1, for example if ¢ is

prime.

5. Point to integral mean values of Dirichlet’s series. Our objec-
tive is to estimate a Dirichlet series

(5.1) A(s) =) apn*

on average with respect to well-spaced points s. In this section we trans-
form the problem to that for a corresponding integral in s. The procedure
is well known and there are a variety of tools in the literature, just to men-
tion the original one by P. X. Gallagher [G]. However the published results
when applied directly to our series do not always produce the desired ef-
fects. What we need are integrals which can be treated further by quite
delicate analysis in the off-diagonal range. For this reason we cannot afford
to contaminate the coefficients a,, by wild test functions nor by sharp cuts.
Therefore, rather than modifying the existing results, we shall develop the
desired transformations from scratch.

LEMMA 5.1. Let a,, be any sequence of complex numbers such that
(5.2) Z lan| < 0.

Let f(x) be a C! function on [1,00) such that

(5.3) cp = g (7 f ()2 + 2| f/ (2)]?) do < oo.
Then
(54) [ Sansof <% § a0 g

Proof. First we extend f(z) to the segment [0,1) by setting f(z) =
zf(1). Then we write

S h(t)z="dt where h(t) = S f(z)z 1 da
oo 0

1

" 2r

f(z)
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by Mellin (or Fourier) inversion. This gives us

o

Zanf(n):% | ht)AGit) dr.

Hence by the Cauchy—Schwarz inequality

> anfim)

By Plancherel’s theorem

[ee] oo

< ﬁ( | |h(t)|2(t2+1)dt) | 1At

— 00 — 00

dt

2
‘ 241

T 0P dt = 2r | o 17 de,
BN )
| [h@)Pe2dt =27 | 2| f'(2)]? da.
3 )

Hence we obtain (5.4) with the constant
* 1 T —
¢y =5 V@ f @) +alf (2)) de

2
0

in place of cs. Here the integral over the segment [0, 1) equals | f(1)|?. More-

over we have
o0 o0

F? == (f(@)?*) de = =2 | f(x)f (2)da

< V@I @) + 2lf (@)]) da.

1
Hence ¢} < ¢y, proving (5.4).

COROLLARY 5.2. Let the conditions be as in Lemma 5.1. Then for o =
B+ iy with 0 < f < 1/2 we have

(5.5) ‘Zannfgf(n)‘Q < 2% S EXls

— 00

dt
t—7)2+1
Proof. Apply (5.4) for a,n=" and n=?f(n) in place of a,, and f(n).
Let R be a set of points g, = G, + i, for r = 1,..., R such that

(5.6) 0< 3 <1/2,
(5.7) T <y, < 2T,
(5.8) Ve =y | >0 i FE 0l

Here 6,71 are fixed numbers with 0 < § < 1 and T > 2. Note that R <
1+T/6 <3T/(20).
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Suppose for every r = 1,..., R we have a C! function f,.(z) on [1,00)
such that the corresponding integrals (5.3) are bounded. Put
(5.9) ¢ =maxcy,,
(5.10) Gt)=> (t—7)2+1)7"

T

From (5.5) we get immediately

(5.11) Z‘Zann*@rﬁ(n)f g% [ 1466 dt

— 00

Now we are going to estimate G(¢). By the spacing condition (5.8) we
derive that

Q
i~
Mg

(6%n? +1)7!
(622 +1) Mt =14 — < =,
S - + 5 <
If t is far beyond the segment (5.7) we can do better. Indeed if t < T'/2 then

(t—y)? > (t=T)* > t(t*+T?) and if t > 3T then (t —,)* > (t —2T)?
5 (t? +T?). Hence in these ranges

o) < OB 15T
T4 T2 T (12 +T2)

Inserting these estimates into (5.11) we get

512 XS v nof <27 e

T/2
10c T NT 2\
+ 57 Soo |A(it)] (1 + ﬁ) dt.

The first integral is no larger than ten times the second one, so we have

oo 2\ —1
(5.13) > ‘ Zann‘g’;}f}(n)‘2 < 30% | IA(it)I2(1 + %) dt

(later we shall do better with the first integral). The last integral is exactly
equal to

RCECEOREE» MR

— 00
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Now assuming that

(5.14) G, = Zn|an|2 < 00

n=1

we estimate as follows:

Zzam%mm<_ _) SIAD (")T

m>n
n T ] n T
— < —
() = 1() woregty ()

Hence

o] 2 —1
(5.15) S\A(z’t)]2<1+ﬁ> dt < 2n(TG + G1)
where

(5.16) G=> lan|’.

Inserting (5.15) into (5.13) we get

LEMMA 5.3. Let o, and f.(x) be as above. Suppose the complex numbers
ay, satisfy (5.2) and (5.14). Then

(5.17) Z | zn: ann= f.(n)| < 1895(TG + G1)

where G, Gy are defined by (5.16) and (5.14).

The estimate (5.17) (nevermind the constant 189) is not sufficiently
strong when the range of coefficients a, exceeds T. Having this case in
mind we retain the first integral in (5.12) and apply (5.15) only to the sec-
ond one. Actually we enlarge the first integral slightly while smoothing the
integration. Precisely we set
(5.18) AT) = | KE@/T)|A(it)| dt
where K (u) is a non-negative function on R such that K(u) > 1 for 1/2 <
u < 3. We obtain

PROPOSITION 5.4. Let o, fr(z) and a, be as above. Then

G19) Y Zm@rﬂ(n)‘2 < %A(T) + %(TG +Gy).
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6. Evaluation of A(T"). By (5.15) one gets the bound A(T) < TG+G1,
which is essentially best possible in general. In this section we evaluate A(T)
more precisely for special sequences A = (a,,). We assume that the cut-off
function K (u) in the integral (5.18) is continuous and symmetric on R with

(6.1) K(0)=0.

Moreover we assume that the cosine-Fourier transform
o0

(6.2) L(v) =2 | K(u)cos(uv) du

0

has fast decaying derivatives, specifically
(6.3) LD ()] <1 +]o)7  0<j<5

Clearly any smooth, symmetric and compactly supported function on R\{0}
does satisfy the above conditions up to a constant factor. We get

AT) =T ; zﬂ: AmTnL <T log %) .

Here L(Tlog %) localizes the terms close to the diagonal. Therefore, we
arrange this double sum according to the difference m — n = h with the
intention to treat every partial sum

(6.4) Shy="Y amEnL(Tlog%>

m—n=h
separately. Note that S(—h) = S(h) so we have
(6.5) A(T) = L(0)TG + 2T Re » _ S(h).
h>0

Recall that G is given by (5.16). Here the zero term comes from the diagonal
m = n; we have S(0) = L(0)G and
(6.6) L(0) =2 | K(u)du.

0

Let A > 0. Thinking of h as being relatively small we use the approximation

h h h?
logmzlog <1—|——> :——|—O<—2>
n n n n

to modify L(T log %) as follows:

) () o3+ 2) )
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The contribution of the error term to S(h), say S/(h) satisfies

, 1 hT
= a1+ =
S(h)<<T Z la a\( +-

m—n=h

1 ) ) AT\ 2
<7 ¥ lonP+laP)(1450)

m—n=h

Hence the contribution of the error terms to A(T), say A'(T), satisfies

(1) < 303 (Jamf? + [anf?) <1 + ”T) -

m>n

Hence it follows that

(6.7) A(T) < G+ TGy

We are left with

(6.8) A(T) = L(0)TG + 2T Re » | §*(h) + O(G+T~'G1)
h>0

where S*(h) is the modified sum

(6.9) Zan+han (hT>

We may estimate S*(h) trivially as follows:

(6.10) S*(h) < Z lanin]? + |an] )<ﬁ> < 2(hT) %G,

subject to the condltlon
(6.11) Gy =) _n’lan|* < oc.
n

This estimate is quite useful for large h, say h > H, where H will be defined
later. Inserting (6.10) into (6.8) we get

(6.12) A(T) = L(0)TG+2TRe Y S*(W)+O(G+T~'Gi+T 'H'Gy).
0<h<H

Observe that the terms of (6.9) with n < 2h contribute less than

> Jantnan LT fn)| < (RT)72 > n?lan|®.

n<2h n<3h
Summing over h we find that these small terms contribute to A(T") less than

1Zn2|anl2 Z h? <TGy,
3h>n

which is absorbed by the error term already present in (6.12).
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Now we require that the coefficients a,, are given by
(6.13) an = A(n)a(n)

where A(n) is a nice arithmetic function and a(y) is a smooth cut-off func-
tion. We do not restrict a(y) to a dyadic segment, but for practical needs
we require only that a(y) is a C? function on RT such that

(6.14) y e (y) <A +y/Y)™ ifv=0,1,2,

where Y > 2. Concerning A\(n) we assume that it is bounded by the divisor
function

(6.15) A(n)| < 7(n).
Therefore our coefficients are almost bounded, precisely
(6.16) lan| < 7(R)(14+n/Y)™%

Hence the series of |a,|?, n|a,|?, n?|a,|? converge and satisfy
(6.17) G<Y(logY)? Gi<Y?(logY)? Gy<Y3(logY).

Moreover about A(n) we postulate that for any two smooth functions
g1(z), g2(z) supported in [X,2X] with X > 1/2 such that
(6.18) g (@) <1 ifr=0,1,2,
and for any h > 1 we have
(619) > A(m)A(n)gi(m)ga(n)

m—n=h
= o(h) | g1(x + h)ga(x) dz + O(BT(h) X*/*(log 3X)?).

Here o(h) is another nice arithmetic function depending on A, B is a positive

constant depending on A, and the implied constant in the error term is
absolute. We assume that

(6.20) lo(h)| <C> d.
d|h

In other words the generating series

[ee]

(6.21) Z(s)=Y o(h)h™*

h=1
is majorized by C((s)((s + 1). More precisely we assume that
(6.22) Z(s) = ((s)2(s)

where z(s) is holomorphic in Res > 0, except for a simple pole at s = 0.
Suppose

(6.23) |2(s) = Z/s| < C(|s| + 1)
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in the strip 0 < Res < 3/2. We do not exclude the residue Z = 0, and we
assume

(6.24) 1Z] < C.

For our primary example we let the A(n) = Ap(n) be the Hecke eigen-
values of a primitive cusp form F' € Si(I0(q),xq). In this case (6.15) is
proved by P. Deligne (the Ramanujan conjecture) and the formula (6.19)
is established in our Theorem 4.3 with o(h) = 0 and B = k*q5. Therefore
Z =0and C =0.

Our second example is the Hecke eigenvalue A(n) = 7(n; xv, xw) of a
holomorphic Eisenstein series of weight & = 1 and level ¢. In this case (6.15)
is obvious by (3.19) and the formula (6.19) is established in our Theorem
4.4 with o(h) given by (4.32) and B = ¢5. The generating series Z(s) is
computed in (4.34) and the residue of z(s) at s =0 is

(6.25) Z = =5 (p(0) + 1) S L X

(see (4.36)). In this case the estimates (6.20), (6.23), (6.24) hold with
(6.26) C < @L(l, Xq)? log g.

Now we are ready to evaluate S*(h). By (6.19) we derive
(6.27)  S*(h) = o(h) {aly + h)aly) L(hT /y) dy
+ O(Br(h)Y3/*(log Y)* + T~2h|o(h)| + T~ 2h(log 3h)®).

Well, not immediately because a(y) is not supported in a dyadic segment.
However, using a smooth partition of unity with constituents in m,n sup-
ported in segments of type [Y71, v/2 Y1], [Ya, v/2 Y3] respectively one can justify
the applicability of (6.19) as follows. Indeed there is no question when the
two segments [Y1,v/2Y1], [V, V2 Y] are equal or adjacent. If these segments
are separated then they produce nothing from the sum nor from the integral
in (6.27) unless Y7, Y, < /2 h. In this case we estimate trivially by

2 2
n n _
E |an+han’(h_T> < E |an|2(h_T) «T Qh(10g3h)3a
n<3h

n<2h

which yields the third error term in (6.27). Moreover, the integral over x <
2h is estimated similarly by

2§)h la(z + h)a(z)] <hiT>2 dx < B(Sf la(y)|? (%)2 dy < T~2h,

which yields the second error term in (6.27).
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Next we replace a(y + k) in (6.27) by a(y) with the difference O(Y?7T~2
x h=t|o(h)]). We obtain

(6.28) S (h) = o(h) {la(y)*L(hT/y) dy

+OBr(h) (Y3 + V2T 2h~' + T2h)(log hY)%)
where the implied constant is absolute. This is true for all h > 1, but we

only use this for 1 < h < H, where H will be chosen later. Introducing
(6.28) into (6.12) we derive

A(T) = L(O)TG + 2T | |a(y) ( 3 a(h)L(hT/y)) d

h=1
+O(B(THY** + T7'Y2 4+ T~ H?)(log HY)®)
+O((Y +T Y2+ T H 'Y (logY)?).

Note that we can extend the sum over 1 < h < H to the infinite series
o0

(6.29) D(v) = o(h)L(hv)
h=1
with v = Ty =, up to the error term O(T~'H~'Y?3log H) which is already
present (the last one). Having done this we choose
(6.30) H =B Y21 1y98(logy) !
(this choice equalizes the first and the last error terms), getting
(6.31)  A(T) = L(0)TG + 2T \ |a(y)|>D(T/y) dy

+ O(BY2YY/ 8 (log V)4 + T3V "4 (log Y)?).
Next we evaluate the series D(v). Let M(s) be the Mellin transform of
L(v),

M(s) = | L(v)v*~" do.
0
Integrating by parts we derive, by (6.2),
(6.32) sM(s) < (|s| +1)~*

Note that

oo
M(1) = | L(v)dv = 27K(0) =0

0
by our assumption (6.1). Therefore the product M(s)Z(s) is holomorphic
in the strip 0 < o < 3/2 (no pole at s = 1) and

M(s)Z(s) < Cls| 2

by (6.22)—(6.24) and (6.26). However for s near zero we need a more precise
expansion. To this end we use

((s) =C(0)+O(sl),  z2(s) = Z/s + O(C),
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and we derive an expansion for M(s) as follows:

1 0o
M(s) = L(0)/s + | (L(v) = L(0))v* " dv + | L(v)v*~" do
0 1
=L(0)/s+ O(1).
From these expansions we get
b
M(s)Z(s) = 5 + = + 0(C)
where a = ((0)L(0)Z = —1L(0)Z < C and b < C. Combining both
estimates we get
(6.33) M)Z(s)= 2+ -2 1oL
' 82 s(s+1) |s]2 4+ 1

uniformly in 0 < ¢ < 3/2. Now we are ready to evaluate D(v). We have
1 —s
D(v) = 5— \ M(s)Z(s)ppv~" ds
(o)
1
= alog™ " + bmax(0,1 —v) + O(Cv™ 7).
Hence we write
1 1
(6.34) D(v) = —EL(O)Zlong —+ Do(v)
with Dy(v) a bounded function, specifically
(6.35) Dy(v) < C

by letting 0 — 0 (recall the uniformity in o). Inserting (6.34) into (6.31) we
summarize the above considerations in the following

THEOREM 6.1. Let K(u) be a continuous and symmetric function on
R with K(0) = 0 such that (6.2) holds. Let A(n) be an arithmetic function
with [A(n)| < 7(n) which satisfies the formula (6.19) with the surrounding
conditions (6.18)—(6.24). Let a(y) be a C? function on R such that (6.14)
holds. Then

(6.36) OS:O K (%) ‘ zn: a(n)\(n)n=t|”

- kor{o-2 [ lawp (104 ) ar}

T

dt

o0

+2T | |a(y)|* Do <3) dy + O(B'?Y /8 (1 + T3Y*/%)(log Y)*)
Yy
0

where

(6.37) G=>_la(n)A(n)?
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and B,C,Z are the constants depending on \(n) given by the postulated
properties (6.18)—(6.24). Moreover Dy(v) is defined by (6.34), so Do(v) < C,
the implied constants being absolute.

From (6.36) one can derive a mean-value theorem for A(s) on the line
Res = 1/2, however not without some loss in the error term. We do it for
A(1/2 +it) localized between T and Y. Precisely we get

COROLLARY 6.2. Let the conditions be as in Theorem 6.1, except for
(6.14) which is now replaced by

T —4
(6.38) y’a™ (y)| < (1 + % - 5) ifv=0,1,2,

where T <Y < T8. Then

(6.39) _OSZOK@) | znjammn)nl/m :

:f{(o)T{G—ZOSOIa(y)I (10 f) %}

T

dt

+27 | |a(y)| D0<y> dy + O(BY?21= 1y 15/8(1og Y)4)
0
where Z, Do(v) and B are as before, but

(6.40) G= Z la(n)\(n)|*n~ L.

Proof. Apply (6.36) for the function a(y)/T'/y in place of a(y). This
modified function satisfies (6.14) apart of an absolute constant factor by
virtue of (6.38). Then divide the resulting formula throughout by T’

Estimating all but the first term on the right side of (6.39) we obtain

(6.41) ?K(%)\A(l/2+it)]2dt

— 00

T

if 2T <Y < T3/30, Moreover G < (logY)?log(Y/T) by (6.15). But we are
looking for a better estimate of GG; besides reducing by logarithms we want
to see the implied constant.

We are most interested in Hecke eigenvalues \(n) of automorphic forms
associated with the imaginary quadratic field K = Q(y/—¢q). For these the
Ramanujan bound (6.15) can be improved to

(6.42) IA(n)| < 7(n, x).

. Y Y
= K(0)TG+ O (T(\Z\ log — + C) log 7 + BY2715/16(1og T)4>
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The extremal case A(n) = 7(n, x) comes from the Eisenstein series Eq(2) =
y~Y2E4(2,1/2) for cusps a = 0 or a = co. The zeta function of 7(n, x) is
the L-function of K = Q(y/—q),

Li(s)= Y, (Na)* =3 7(n,x)n"* =((s)L(s, x)-

0#£aCOk

The Rankin—Selberg L-function is

(6.43) Ry (s EZ: n,x)*n"° = C(s)2L(s, x)?C(2s) 1H<1+ )

plg

1

This has the Taylor expansion

Rk (s) = (sf1)2+s€1+7+"'

with the polar coefficients given by

_ g L(L,x)?
G40 e=g T
09 5= FEA T D losp]
Moreover

Ri(s) < ¢*/?|s|?/% if Res >1/2.

Let g(y) be a C? function on RT such that

X —1
(6.46) P lg )] < (1 . 5) i1 =0,1,2,

where Y > X > 0. Let g(s) be the Mellin transform of g(y),

[e.e] o0

g(s) =V gy dy = { g(u)(1 + slogy +...) d—;
0 0

By partial integration we get
g(s) < |s|72(X° +Y%) if o =Res==+1/2.

By contour integration the sum

3

(6.47) G =3 r(nx)? g(n)
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is equal to

1
= res g(s) Ric(s +1) + o | 9(s)Rk(s+1)ds.
(=1/2)

Hence using the above estimates we get

T d
(6.48) G = | g (alogy+ ) Ey +0((a/X)"?).
0

COROLLARY 6.3. For 'Y > 2X > 2 we have

(6.49) > Tnx)*n Tt < L(Y)log(Y/X) + (¢/X)"/?
X<n<Y

where
(6.50) L(Y)=L(1,x)(L(1,x)logY + |L'(1,x)])-

For G given by (6.40) the formula (6.48) becomes

T d

(6.51) G = | la(y)P(alogy + B) j’ +0((¢/T)?).

0
Hence, if 2T <Y < T31/30 e get
G < L(T)log(Y/T) + (¢/T)*/2.
Introducing this into (6.35) we end up with the following

PROPOSITION 6.4. Let \(n) be the coefficients of an automorphic form
given by Hecke characters of the imaginary quadratic field K = Q(\/—q) of
discriminant —q. Let a(y) be a function satisfying (6.38) with Y = ¢qT and
T > K32¢%. Then

2T 9
(6.52) i (Za(n)x(n)nﬂ/%“ dt < TL(T)loggq
T n

where L(T) is defined by (6.50) and the implied constant is absolute.

REMARK. The above bound comes from the diagonal terms. The other
terms contribute slightly less, namely T'L(q) log q.

7. Approximate functional equation. We restrict our attention to
L-functions for class group characters of an imaginary quadratic field K =
Q(y/—q) where —q is the discriminant. We assume that ¢ is odd and ¢ > 4,
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so ¢ = 3 (mod4) and q is squarefree. Fix ¢ € CAE(K) and put
(7.1) An) = ¥(a).
Na=n

These are Hecke eigenvalues of an automorphic form (a theta series) of
weight k = 1, level ¢ and character

(72) X = (),

the Jacobi symbol. Let

(7.3) L(s) =) _An)n~*

be the corresponding Hecke L-function. For example, if ¢ is a genus character
then

(7.4) L(s) = L(s, xv)L(s, xw)

where Y., xw are the real characters of conductor v,w respectively with
vw = q, i.e.

(75) wm= (1) vl =(2)

are the corresponding Jacobi symbols. Observe that x,, xw are characters
for real and imaginary quadratic fields. If ¢ € C/(K) is not a genus character
(i.e. 1 is not real) then the corresponding L-function does not factor into
Dirichlet L-functions. However, in any case the complete product

(7.6) A(s) = Q*I(s)L(s) with Q= g

has an analytic continuation to the whole complex s-plane, except for a
simple pole at s = 1 if ¢ is the trivial character, in which case

(7.7) L(s) = Ck(s) = C(s)L(s,x)

is the zeta function of K. Moreover for any ¢ € C£(K) we have the functional
equation (which is due to Hecke, see also (3.9))

(7.8) A(s) = A(1 —s).

In this section we derive a Dirichlet series representation of L(s) tem-
pered by a test function which makes the series rapidly convergent. Formulas
of this type are known in the literature as “approximate functional equa-
tions”. In our context, this is a somewhat misleading name, because we need
exact expressions to be able to differentiate. We rather think of these as a
kind of Poisson’s summation formulas.
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Let G(u) be a holomorphic function in the strip |[Reu| < 1 such that

(7.9) G(u) = G(—u),
(7.10) G(0) =1,
(7.11) G(u) < 1.

Consider the integral

I(s) = ﬁ | AGs +u)Gluyu" du
(1)

for 0 < Res < 1. Moving the path of integration to the line Reu = —1 and
applying (7.8) we get

Gs-1) res A(u).

Als) = I(s) + I(1 = 8) = ——— res

On the other hand, introducing the Dirichlet series (7.3) and integrating
termwise we obtain

s+u
1(5) = 3" A(n) ﬁ (S) (%) (s + u)Glu)u du.

From both expressions we obtain (after dividing by (‘Z/—f)sf (5))

PROPOSITION 7.1. For s with 0 < Res < 1 we have

(7.12) L(s) = znp(n)nsvs (%) N X(S)zn: A(n)nslvl_s%)

o G(S — 1) 1—s
G-I 1>F(3)Q L(1, x),
where
(7.13) X(s)=Q'"*I(1-s)/T(s),
(7.14) Vi) = 5 § o
(1

and the last (residual) term in (7.12) exists only if v is the trivial character

of CUK).
We shall apply (7.12) for points on the critical line Re s = 1/2. Choosing

(7.15) Glu) = (cos %“) -

where A > 4 is a fixed integer we derive
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LEMMA 7.2. If Res=1/2 then

(@) () — §(q) — G(s) s y
110) V) =) - v+ o).
—A
(7.17) YV (y) < (1 + %)

for any a > 0, the implied constant depending only on a and A (here §(0) =1
and 6(a) =0 if a > 0).

REMARK. We have G(s) < e ™l and I'(s + 1 — a)™! < |s|*teZlsl;
hence, Lemma 7.2 yields

y Vi (y) = é(a) + O(Vy/|s])-

Proof. Differentiating (7.14) a times we get

(118) V) = o | e G gy

T 2mi I(s)
(1) 0<b<a
For the proof of (7.16) we move the integration to the line Reu = —1 getting
the first two terms as residues at © = 0 and u = —s respectively. By Stirling’s
formula the resulting integral on Reuw = —1 is estimated by

S |s + u| e~ BlstultBlslomluliy a1y gy
(-1
< S s 4+ u| e Bl |u|o 7y |du| < y/|s].
(=1)
For the proof of (7.17) we move the integration to the line Reu = A. By
Stirling’s formula the resulting integral is estimated by

V ls+ultem B Ty du| < (Is] /y)

(4)
This yields (7.17) if y > |s|. In the case y < |s| we get (7.17) from (7.16).

Actually we shall apply (7.12) to estimate the quotients
L(s) — L(s")

for points s, s’ on the critical line (if s = s’, then £(s) = L’(s) is the derivative
of L(s)). Here we do not display the dependence of ¢(s) on the second point
s’ for notational simplicity. This abbreviated notation (also used for other
forthcoming quotients) will be justified when we fix s’ in terms of s. Put

(7.20) z(s) = %‘5(8/),
(7.21) valy) = Valy) — V().
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1— ysfs/

s—s

(7.22) ws(y)

From (7.12) we derive (by adding and subtracting terms)

(7.23) ()= (3 —X(s)f) A(n)n~ws () Vs(n/Q)

n n

+ (XXX ) Mmn o, (1/Q)

n

+2(5) S Am)In~Va(n/Q) + O(Q/]s),

where in stands for the complex conjugate of ), .
Now we need estimates for z(s) and for derivatives of vs(y), ws(y).

LEMMA 7.3. For s, s’ on the critical line we have

(7.24) ws(y)] < logyl,  [wi(y)=y "
LEMMA 7.4. For s, s’ on the critical line we have
(7.25) y ol (y) < (y/Is) (1 +y/ls))

if a > 0, and the implied constant depends only on a and A.

Proof. If |s — s'| > 1 then Lemma 7.4 follows from Lemma 7.2 by sub-
tracting the estimates. Let |s — s’| < 1. Subtract (7.18) for s’ from that
for s and divide by s — s’ to obtain a corresponding expression for deriva-
tives of vs(y). Then move the integration from Reu = 1 to Reu = a with
—1/4 < a < A. Note that there is no pole at u = 0. Then estimate as
follows:

1 | I(s+w)  I'(s+u) <‘£F(s+u)
ls—s'|| I'(s) (s ~|0s I'(s) s—so

| I'(s0 +u) o) — (s
— [ FCe 9y + 10— s

< so +ul*eF"[u|

where s is a point on the critical line between s and s’. Moreover G(u) <
e~ ™!, Hence

y ol(y) <y | fso+ul®lule T dul < (Jsl/y)".
(a)
This implies (7.25) by taking « = —1/4if y < |s|, or a = A if y > |s]|.
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Before estimating x(s) note that | X(s)| = 1 for Res = 1/2; more pre-
cisely

, L, T(1/2 —it) e \*"
7.26 X(1)2+it) =Q L = — 14 e(t
(7.26) i) =@ TH2 0~ (£) )
if t > 1, where e(t) < t~! and €’(t) < t~2. Hence we derive

LEMMA 7.5. For s =1/2+ it and s = 1/2 + it with t,t' > 1 we have

B e\"/ e it/sin(t—t/)loth 1\

consequently,

(7.28) lz(s)] = 2

3 !/
sin (¢ t_ti/loth +O<%>.
Proof. 1If |t —t'| < t/2 then (7.27) follows from (7.26); otherwise (7.27)
is trivial.
Applying the inequality sin x > az if 0 < x < 7(1 — «) we get
COROLLARY 7.6. Let 0 < a<1.If |t —t'|logtQ < w(1 — «), then
(7.29) lz(s)| > 2alogtQ + O(1/t).
8. Evaluation of /(s) on average. Our goal is to eliminate most of the

terms in (7.23) by estimating them on average with respect to a well-spaced
set of points s on the critical line. We start with any set, say S(T'), of points

(8.1) sp=1/2+it,, r=1,...,R,
such that for T" > 2,

(8.2) T<ti<...<tp<2T,
(8.3) try1 —t,>1 if1<r<R.
To each point s, we associate a point

(8.4) s, =1/2+1t].

REMARKS. The companion s, to s, may not be in S(T"). Actually our
main interest will be to choose s!. very close to s,.. For example s, s,. can be
consecutive zeros of L(s) on the critical line. We may have s, = s/, if this is
a double zero. For the time being we assume that 7' > ¢% to comply with
the condition of Proposition 6.4, but after shaping the basic estimates this
assumption can be dispensed with because the results hold true trivially if
T < ¢%.

First we estimate the sum

(8.5) Ai(s) =Y Am)n~*wy(n)Vi(n/Q)
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on average with respect to the points s € S(T"). Recall that ws(y) satis-
fies (7.24) and Vi(y) satisfies (7.17). We partition this sum smoothly into
three sums, say A;(s) = Ai1(s) + Ai2(s) + A13(s), where the partial sums
are supported on the segments n; < ¢* < ny < T < ns, respectively.
For estimation of A11(s) we apply Lemma 5.3 with ¢ < logq and a, <
IA(n)|n~/21logn and obtain

Z |A11(s)]? < T( Z 7(n)*n"!(log n)2> logq < T(logq)”

n<gq*

by the trivial estimate (6.15). For estimation of Ajs(s) we apply Lemma
5.3 with ¢ < logT and a,, < |\(n)|[n"'/?logn; now, however, we take
advantage of the better bound given by (6.42) to see that

Z |A12(8)]* < T( Z 7(n, X)anl(logny) logT < TL(T)(log T)*
s ¢ <nT

by (6.50). For estimation of A13(s) we apply Proposition 5.4 with ¢ < loggq
and a,, < |A\(n)|n"Y?logn, together with Proposition 6.4, getting

Z|A13 (5)]* < TL(T)(log T)*(log q)?.

Next we estimate the sum

(8.6) ZA n)n"*vs(n/Q).

The arguments are the same as those applied for A;(s) above, and the
corresponding estimates are sharper by two logarithms because v,(y) < 1
and ws(y) < logy. Precisely, we get As(s) = Aa1(s) + Aaa(s) + A2s(s) with

> 1Az (s)* < T(logq)®,
> [A(s)]* < TL(T)(log T)?,
D Ass(s)|* < TL(T)(log g)*.
REMARK. If we used the more precise bound for v,(y) given in Lemma

7.4, then the above estimates could be improved further, but that leads to
no advantage here.

It remains to estimate the sum

(8.7) Z An)n=*Vy(n/Q).

Similarly we partition this sum smoothly into As(s) = As1(s) + Asa(s) +
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Ass(s), and apply the same arguments as those for A;(s), getting
> |Asi(s)]* < T(logg)®,

S

Z | As2(s)]> < TL(T)(log T)?,
Z|A33 (s)]? < TL(T)(log q)*.

However, we are not satisfied with the above bound for As;(s). First we
clear from Ag;(s) the factor

“(g)=1+o(Var)

(see Lemma 7.2) and replace the smooth cut-off function (from the relevant
partition) in the range n =< ¢*. We get

As1(s) = N(s) + N(s) + O(¢*T~'/?)

where
(8.8) N(s)= > Amn)n~
(8.9) N(s)= Y Am)a(n)n”

for some x,y with ¢* < # < y < ¢* and a(n) < 1. By Lemma 5.3 and
Corollary 6.3 we derive

Z IN(s)IP<T > 7 n~! < TL(q)logq.

r<n<ly

Moreover the error term O(q4T_1/2) contributes at most R(q4T_1/2)2 < 8,
which is absorbed by T'L(q )log q. Therefore we have

Z | A31(s) — N(s)|* < TL(q) log g

Gathering the above estimates together with (7.23) we obtain
PROPOSITION 8.1. Let S(T') be a set of points satisfying (8.1)—(8.3) with

T > 2. Put _
= 3" 16(s) — ()N (s)P?

where s Tuns over S(T') (recall the settings (7.19), (7.20), (8.8)). We have
(8.10) D(T) < T(logq)" + TL(T)(log T)*
where L(T) is defined by (6.50), the implied constant being absolute.
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Assuming that L(1,x) is small relatively to logT' (so is £(T')) we can
interpret the bound (8.10) as saying that z(s)N(s) approximates £(s) at
almost all points s in any well-spaced set S(T').

9. Estimation of z(s) on average. Recall that the Hecke L-function
for a character ¢ € CE(K ) has the Euler product
(

(9.1) L) = JJ0 - w8 7) " = 3 M)

similarly the inverse satlsﬁes

(9.2) L(s)™ = T[( —=w®)(Np) ™) =Y A (m)ym~
p m
say, where

(9.3) A(m)= Y p(a)p(a).

Na=m
Note that A*(m), like A(m), often vanishes if the class number is small. We
have

(9-4) (A" (m)] < 7(m, x).
Hence we have a reason to believe that the partial sum of L(s)~!,
(9.5) M(s) = Z A*(m)m~

m<qt

approximates N(s)~! at almost all points s on the critical line. Our goal is
to estimate the sum

(9.6) E(T) =) |6(s)M(s) — x(s)].
We begin by writing M (s)N(s) =1+ B(s), where

oI with  b(I)= > A" (m)A(n)

g4<i<q® mn=l

Then we split E(T ) as follows:

ZI ()N () M(s) + x(s)B(s)]

< D(T)1/2(2|M + (log T) Z|B

Here we have
> IM(s)]P < T(logg) > 7(m)*m~' < T(loggq)®

m<qt
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and

> 1B() 1= > VA mn) |
S m n<q
mn>q*
Note that the condition mn > ¢* implies that either m or n is larger than
¢%. Having this information recorded we relax the condition mn > ¢* by
any method of separation of variables, for example by applying Lemma 9 of
[DFI1]. This separation costs us a factor logq. It follows that

Z |B(s)| < T( logq) ( Z T(m’x)zm_1)1/2< Z T(n)Qn—l)

g2<m<q* n<q?

1/2

By (6.49) we derive
> IB(s)| < TL(q)"/*(log q)*/*.

These estimates yield

PROPOSITION 9.1. Let S(T') be a set of points satisfying (8.1)—(8.3) with
T > 2. Then

(9.7) E(T) < T(logq)® 4+ TL(T)?(log T)?(log q)>/2
where the implied constant is absolute.

Assuming L(1, x) is relatively small, Proposition 9.1 asserts that £(s) M (s)
approximates z(s) at almost all points s in any well-spaced set S(T'). This
assertion is particularly interesting if £(s) = (L(s) — L(s))(s — ')~ is very
small, because it implies that z(s) = (X (s) — X (s"))(s — s’) ! is also quite
small. Put
2

L(s) — L(s
(9.8) AT) = [U(s)P? Lls) = L&) i — S,< )
By Cauchy’s inequality we get
Z |0(s)M (s)| < (TA(T)(logq)*)"/>.

Applying this to £ (T ) in (9.6) we derive by (9.7) the following estimate:
(9.9) > la(s)| < T(log q)® + TL(T)/*(log T)? (log ¢)*/>
+ (TA(T)(log g)°) /2.

We shall make the estimate (9.9) more explicit by cosmetic preparations.
First on the left-hand side we use (see (7.28))

(9.10) ()| = 2 M' + O(log q).

t—t
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Note that the error term O(loggq) contributes in total O(Rloggq), which is
absorbed by the first term T'(logq)® on the right-hand side of (9.9). Next
we replace £(T') in (9.9) by L(1, x) logg. This can be justified, because the
modified inequality is trivial unless

(9.11) (log T) L(1, x)'*(log ¢)° < 1.

Moreover, if (9.11) holds then we find that £(T) < L(1, x) log ¢. Finally, we
no longer restrict the points s = 1/2 + it to a dyadic segment T' < t < 2T
The extension to the segment 1 < ¢ < T can be now derived by adding the
new inequalities (9.9) for sets of points in the segments 2 <t < 2¥*1 with
1 < 2% <T. We state the result in a self-contained format.

PROPOSITION 9.2. Let s run over a set of points on the critical line
s =1/2 4 it with 2 <t < T which are spaced by at least one. To every s in
the set we associate a point s' = 1/2 4 it'. Then

sin (t — t') logt T
(9.12) Y (t—#)loat og 7 108 q)° +T(log T)L(1, x)"/*(log ¢)°
2> 1/2

5/2
. (og0) <T
logT
This is our principal estimate from which one can deduce numerous
attractive propositions. But first we wish to emphasize that (9.12) has no
permanent value; it has some quality only in the absence of the Riemann
hypothesis. Indeed, assuming only the lower bound

(9.13) L(1,%x) > (logq)~°

(recall that the Riemann hypothesis for L(s, x) yields (1.5)) we find that
the middle term on the right side of (9.12) is bounded below by T'logT.
On the other hand the left side of (9.12) is trivially bounded by R < T.
Therefore our principal estimate (9.12) is insignificant if (9.13) is true. We
certainly believe in the truth of (9.13), nevertheless as long as L(1, x) is not
proved to be relatively large (the best known unconditional estimate being
L(1,x) > ¢~ ¢, which is not effective), there are some valuable features of
(9.12).

'L(S) — L(s)

s— g

10. Applications. In this section we derive a few consequences of the
principal estimate (9.12). We begin by eliminating the last term (T A(T))*/2
% (log @)°/*(log T) .

If all the points s and their companions s” are zeros of L(s) (double zeros
if s = s’) on the critical line, then

(10.1) U(s) =
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and consequently A(T) = 0. Actually we do not require s and s’ to be
zeros of L(s); the condition (10.1) means that s and its companion s’
are on the same level curve of L(s) (and L'(s) = 0 if s = s’). We can
still assume less than (10.1). For example if s and its companion s’ sat-
isfy

!/
(10.2) ‘M

| < (logg)"?

then A(T) < T(logq)”, so on the right side of (9.12) the last term is ab-
sorbed by the first one. From now on we assume that the points s and their
companions s’ satisfy (10.2). For the points so chosen the estimate (9.12)
reduces to

(10.3) >

Choose any T with
(10.4) (log 9)**% <log T < L(1,x)"/*(log q)~*~*

where A is a positive constant; then (10.3) implies that
in(t—1t')logt
(10.5) Z sin (¢ — t') log¢

(t—t")logt
We tacitly assumed that L(1, x) is small to be sure that the interval (10.4)
is not void; precisely for this reason we require

(10.6) L(1,x) < (log q)74A718.

Let R = R(a, T) be the number of points s in the set with the companions
s’ satisfying (10.2) and

sin (t —t') logt
(t—t")logt

T
og 7 108 q)® + T(log T)L(1, x)"/?(log q)*.

‘<<

' < T(logq)~ ™.

1—
(10.7) o)< L=
logt
where 0 < a < 1. For such points we have
sin (t —t') logt

(t—t")logt
Hence (10.5) gives the following bound for the number of points in ques-
tion:
(10.9) R < a 'T(logq)~4
where the implied constant is absolute.

In conclusion we rephrase the results obtained in a positive mode.

(10.8)

PROPOSITION 10.1. Let A >0 and logT > (log )+, Suppose there is
a set of points

S(T):{ST:1/2—|—’itr; 2<t1 <...<tp<T, tT_;_l—ter}
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and a set of companions S'(T) = {s. =1/2+it]; r=1,..., R} such that

1—
(10.10) It — | < 77(17t0‘) with 0 < a < 1,
0g t;
L(s,) — L(s!
(10.11) ‘% < (log q)7/2.
T T

Suppose the number of points in the set S(T) satisfies

cT
10.12 =157 > ———
(1012) R=IS(T) 2 oo
where ¢ is a large absolute constant, effectively computable. Then
(10.13) L(1,x) > (log T)~*(log q) ~24~5.

We certainly believe that any Hecke L-function satisfies the conditions
of Proposition 10.1, provided ¢ is large. We recommend the points s, to
be zeros of L(s) and s!. to be the nearest zero to s, on the critical line
(if s, has order two or more, then s = s,). For this choice (10.11) holds
automatically, while (10.10) asserts that the gaps between chosen pairs of
zeros is smaller than the normal average spacing. We need a considerable
number of such small gaps between consecutive zeros, but less than the true
order of magnitude. In particular taking A = 6 and logT = (log q)'? we get
L(1,x) > (log q)~*2, provided the number of well-spaced zeros of sub-normal
gaps and height up to T is at least T(logT)~'/2.

REMARK. If the points of S(T") are zeros of L(s) then the condition that
they are spaced by at least one can be dropped at the expense of an extra
factor logT in (10.12) (see how this is justified in the proof of Corollary
10.2). Hence we derive Theorem 1.1.

An interesting case is the trivial class group character v = 1. In this
case the Riemann zeta function appears as a factor of the Hecke L-function,
L(s) = Cx(s) = ((s)L(s,Xx), so we can choose the zeros of L(s) from those
of ((s) and state the conditions without ever mentioning the exceptional
conductor g. Note we have precise control over a. Taking A = 12 and o =
(log T)~1/? we derive from Proposition 10.1 the following

COROLLARY 10.2. Let p = 1/2 + iy denote the zeros of ((s) on the
critical line and o' = 1/2 + iy’ denote the nearest zero to o on the critical
line (o' = o if it is a multiple zero). Suppose that

(10.14) #{Q;0<7§T7\’Y—W'\< i

1
< 1-— > T(log T)*/®
logv( \/logw)} ( )

for any T > 2001. Then
(10.15) L(1,x) > (logq) ™™
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where the tmplied constant is effectively computable in terms of that in
(10.14).

Proof. The number of zeros p = 1/2 + iy with t <y <t + 1 is bounded
by O(logt). Therefore one can select from the set of zeros in (10.14) a
subset of well-spaced points of cardinality R > T(logT)~!/®. This subset
satisfies the conditions of Proposition 10.1 with A = 14,logT = (logq)?°
and o = (logT)~%2 = (logq)~'°, provided ¢ is sufficiently large, giving
L(1,x) > (logq)~. For small ¢ the lower bound (10.15) is obtained by
adjusting the implied constant.

REMARK. The normal average gap between consecutive zeros o = 1/2+
iy, o = 1/2 + i7" of {(s) is 2m(log~y)~!. Hence the condition (10.14) refers
to gaps slightly smaller than half the average.
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