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CONVOLUTIONS WITH PROBABILITY DISTRIBUTIONS,
ZEROS OF L-FUNCTIONS, AND THE LEAST QUADRATIC
NONRESIDUE

WILLIAM D. BANKS, KONSTANTIN A. MAKAROV

Abstract: Let d be the density of a probability distribution that is compactly supported in the
positive semi-axis. Under certain mild conditions we show that
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We also show that if ¢ > 0 is a given constant for which the function f(k) := d(k) — 1 does not
vanish on the line {k € C: Sk = —c}, where d is the Fourier transform of d, then one has the
asymptotic expansion

sl *n

Z m — l(l + Zm(k)efﬂm +O(e—cz)) (x _ +OO),

n=1 " x k
where the sum is taken over those zeros k of f that lie in the strip {k € C: —c < Sk < 0}, m(k)
is the multiplicity of any such zero, and the implied constant depends only on c¢. For a given
distribution of this type, we briefly describe the location of the zeros k of f in the lower half-plane
{keC:3Ek <0}

For an odd prime p, let no(p) be the least natural number such that (n|p) = —1, where
(‘|p) is the Legendre symbol. As an application of our work on probability distributions, we
generalize a well known result of Heath-Brown concerning the exhibited behavior of the Dirichlet
L-function L(s, (-|p)) under the assumption that the Burgess bound ng(p) < p'/(4ve+e cannot
be improved.

Keywords: zeros of Dirichlet L-functions, quadratic non-residues, Legendre symbol, convolu-
tions.

1. Statement of results

In this paper, we establish a very general theorem concerning convolutions of cer-
tain compactly supported probability distributions. As an application to analytic
number theory, we use our theorem to generalize a well known result of Heath-
Brown concerning the behavior of the Dirichlet L-function attached to the Legen-
dre symbol under an assumption that the Burgess bound on the least quadratic
nonresidue cannot be improved.
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1.1. Convolutions with probability distributions

Let d be the density of a probability distribution that is supported in a finite
interval [a,b] with @ > 0. Assume that d is twice continuously differentiable on
(a,b), and that d(a)d(b) # 0. Put

Fa(z) =" d*l(x) (z > 0), (1.1)
n=1

where d*™ denotes the n-fold convolution of d with itself, i.e.,

A" i=dxd*---xd (n € N).
—_———

n times

Since d*"(z) = 0 whenever x < na, for every & > 0 the series (1.1) has only
finitely many nonzero terms, hence the function Fy is well-defined pointwise (but
not absolutely summable; see Corollary 2.4).

In this paper, we show that the leading term in the asymptotic expansion of
Fy(x) as x — oo is universal, i.e., it does not depend on the particular choice of
d for a wide class of distributions, while the (exponentially small) higher order
terms of the asymptotics are determined by the roots in the lower half-plane of
the equation

d(k) = 1.

Here d denotes the Fourier transform of d, which is an entire function given by

Q)

(k) = / ‘a@etrdr (ko)

Theorem 1.1. For any constant ¢ > 0, the function f(k) := d(k) — 1 has only
finitely many zeros in the strip II, :== {k € C : —c < Sk < 0}. Suppose that f
does not vanish on the line {k € C: Sk = —c}. Then

Fy(z) = i(l + Zm(k)e_“w + E(c, a:)e_cx> (x> 0), (1.2)
k

where the sum is taken over those zeros k of f that lie inI1., m(k) is the multiplicity
of any such zero, and

Ble,x) = — <

d'(u — ic) ~
n 211 R

T d'(u — zc)) e " du. (1.3)

Remark. Note that for any ¢ > 0 satisfying the hypotheses of Theorem 1.1, the
quantity E(c,z) satisfies the uniform bound

1
|E(C,$)| < % H.fCHLl(]R) (JZ > O)v

where N .
fe(u) = M—E’(u—ic) (u € R).

1 —d(u—ic)
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The proof of Theorem 1.1 is given in §2, and in §3 we briefly explore the location
of the zeros of the function f(k) :=d(k) — 1 that lie in the lower half-plane.

1.2. The least quadratic nonresidue

For any odd prime p, let ng(p) denote the least positive quadratic nonresidue
modulo p; that is,
no(p) := min{n € N: (n|p) = —1},

where (-|p) is the Legendre symbol. The first nontrivial bound on ng(p) was given
by Gauss [6, Article 129], who showed that no(p) < 2,/p+ 1 holds for every prime
p = 1 (mod 8). Vinogradov [19] proved that ng(p) < p* holds for all primes p
provided that £ > 1/(2+/e), and later, Burgess [2]| extended this range to include
all real numbers k > 1/(44/€). The latter result has not been improved since 1957.

An old conjecture of Vinogradov asserts that the bound ng(p) < p® holds for
every fixed ¢ > 0. Linnik [13] showed that Vinogradov’s conjecture is true under
the Extended Riemann Hypothesis (ERH). A decade later, Ankeny [1] proved that
the stronger bound ng(p) < (log p)? holds under the ERH.

It is natural to wonder what bounds on ng(p) can be established under weaker
conditional hypotheses than the ERH. The pioneering work in this direction (which
largely motivates the present paper) is an unpublished analysis of Heath-Brown
concerning the behavior of the Dirichlet L-function L(s, (+|p)) under an assumption
that the Burgess bound is tight, i.e., that the lower bound ng(p) > pt/(4ve) holds
for infinitely many primes p; we refer the reader to Diamond et al [4, Appendix]
for a superb account of Heath-Brown’s methods and results.

In this paper, we modify and extend Heath-Brown’s ideas as follows. Through-
out, let x, A be fixed real numbers such that

A 1
0<h< =< —. (1.4)

Ve " dy/e
For every odd prime p, put
Hp(X) = {n < X i (nlp) = —1} (X >0). (L5)
We assume that there is an infinite set of primes & for which
no(p) 2p"~  (p€ Z). (1.6)

Our aim is to understand how the zeros of L(s, (:|p)) are constrained by the con-
dition (1.6) (as previously mentioned, such a set & cannot exist under the ERH
by the work of Linnik [13]).

In addition to (1.6) we also assume that for any fixed 6 > 0 the estimate

A5 (0”)| = (8(6) + o(1))p" (1.7)

holds, where o(1) denotes an error term that tends to zero as p — oo with primes
p lying in the set &2, and ¢ is a function of the form
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6
50) = /0 du)du (6> 0) (1.8)

with some probability distribution d that is supported in the interval [k, A] and
twice continuously differentiable on (x, \), with d(k)d(\) # 0.

We remark that the inequalities in (1.4) are optimal in a certain sense (see
Lemmas 4.5 and Theorem 5.1 below). The main result of the paper is as follows.

Theorem 1.2. Under the hypotheses (1.6), (1.7) and (1.8), for every nonzero root
k of the equation d(k) = 1 there is a complex sequence (9p)pe » with L(op, (-|p)) =0
such that (op — 1)logp — —ik as p — oo withp € &.

Remark. In the special case that  := 1/(4+/e) and A := 1/4, we show in §5 that
under hypothesis (1.6) the condition (1.7) is automatically met with the function
0 given by

0 if 0<0<1/(4/e),
5(0) == log(40v/e)  if 1/(4v/e) <O < 1/4, (1.9)
1/2 if 6>1/4

and the probability distribution d defined by

a(z) = {2x—1 if 1/(4ye) <z <1/4,

= . (1.10)
0 otherwise.

Then, from the conclusion of Theorem 1.2 we recover the aforementioned result
of Heath-Brown. We also note that in any application of Theorem 1.2 it is useful
to have information about the location of zeros of the function f(k) := d(k) — 1.
General results of this nature are given in Proposition 3.1, where we outline a stan-
dard method for obtaining such information.

We also remark that the normalization factor 1 in hypothesis (1.8) is chosen
to meet the unconditional requirement that

0
lim Mpi(gpﬂzé (0 > 1/4);

p—r0o0 p
see Lemma 4.5.

The proof of Theorem 1.2 (see §4 below) can be summarized as follows. First,

we show that the limit
Si(0) == lim Y ¢! (1.11)

p—)OO
PEZ  q<p’
(qlp)=-1
exists for all # > 0, where the sum is taken over prime nonresidues ¢ < p?. Using
properties of the Laplace transform we show that S; is continuously differentiable
on (A, 00) and that

S1(6) = %Z %@ 6> N), (1.12)

neN
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where d*” denotes the n-fold convolution d * - - - xd as before. Taking into account
Theorem 1.1, for any fixed ¢ > 0 we obtain an estimate of the form
1 1 ; E(c,0)ec?
S/ 9 [ 7 k —ik0 )
1() 29+29 - m( )6 + 20 )
where E(c, 0) is given by (1.3). On the other hand, expressing the derivative S (6)
as a limit of difference quotients and using standard estimates from number theory,
we derive that for any fixed ¢ > 0 one has
1 1. m(o) —ch
SH0) = — + — lim Y —==— +0(e ")
) (1—p0)6 ’
20 26 I;Z o5 e
where each sum runs over the distinct zeros o = 8 + iy of L(s, (+|p)) in the region
determined by the inequalities

B>1—c/logp and |7 < p,

and m(p) is the multiplicity of any such zero. A comparison of these two relations
leads to the statement of Theorem 1.2.

Not too surprisingly, our proof of Theorem 1.2 incorporates principles that
figure prominently in treatments of Linnik’s Theorem, including the log-free zero-
density estimate (see Linnik [14]) and the Deuring-Heilbronn phenomenon (see
Linnik [15]). On the other hand, our method of applying the Laplace transform
to derive (1.12) appears to be new.

2. Proof of Theorem 1.1
We continue to assume that d has the properties listed in §1.1; that is, the function
d is twice continuously differentiable on (a,b), and d(a)d(b) # 0.
Lemma 2.1. We have
d(k) =1+ idik — Ldok? + O(K®)  (k— 0),
where
b b
dy = / xd(z)dx and  dy = / 22 d(x) dx.
a a
Also,
~ 1 . .
d(k) = %(d(b)elkb —d(a)e* ) +O(k™2)  (k— o).
i
Proof. The first representation follows by expanding e?** as a power series around

k = 0, whereas the second is obtained using integration by parts

b
k) = / d(z)e dy = i(d(b)eikb ~d(a)e*?) + % (€ (B)e™ — &'(a)e™)

1P :
_ﬁ/ a’(z)e** dx

together with the fact that d”(z) is a continuous function on [a,b]. |
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Remark. In the lower half-plane we have the estimate

which holds uniformly with respect to arg k.
Lemma 2.2. F; € L*(R).

Proof. It is enough to prove that the series (1.1) converges in L?(R). In turn,
since d" is the Fourier transform of d*” for each n € N, it suffices to show that the

series - -
d ’I’L
E (keR) (2.1)

converges in L?(R).
Step 1. First we note that

k)| = ‘/abd(x)e“” dw

since d is nonnegative and not identically zero, hence the series (2.1) converges
uniformly on every compact set Q& C R\ {0}; this proves, in particular, that the
series (2.1) converges in L?((2).

Step 2. By Lemma 2.1 it is easy to see that there exists § > 0 such that

[d(k)| < V1-Cik® (ke [-6,4))

holds for some positive constant C; that is less than

dQ—dfz/abed(x)dx— (/aba:d(x)da:>2 > 0.

b
< / d@)de =1 (keR\{0})) (22

—Uu

If C16% < 1 (which can always be assumed), using the inequality 1 —u < e™* we
find that
5 5 . . o \1/2
/ [d(k)[" dk < / (1—CiE))"2 dk < / e~ C1k*n/2gp () ,
-0 iy —o0 C’ln
Hence,
an V CQ
ld HL2(76,6) < W (2.3)

for some constant Cy > 0. Now, for any natural numbers M > N, from (2.3) we
deduce that

M/\

P

M
1 VO
< Z ﬁ”d lz2-5.6) S 911 Z n5/4’

2 - 76) n=N

which shows that the series (2.1) converges in L?(—§,9).
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Step 3. By Lemma 2.1 it is also clear that there is a constant A such that for
every sufficiently large R > 0 the inequality
~ A
(k)| < T (Ik| > R)

holds. Increasing R if necessary, we can assume that R > A; then, for any natural
numbers M > N > 2 we have

~ 1/2
£ K Lo
o e Sn k>R K2

fZﬁU

n=N

\/ﬁzn f

which shows that the series (2.1) converges in L*(R \ [~ R, R]).

Combining the results of the steps above, we conclude that the series (2.1)
converges in L?(R) as required, and the lemma is proved. |

Lemma 2.3. We have
Fy(z) —d(z) = ——/ log(1 —d(k)) + (k)) e qk (z € R). (2.4)

Proof. From the bound (2.2) we see that

oo a .
Z = —log(1 —d(k)) (keR\{0}).
Since Fy € L?(R) by Lemma 2.2, one obtains that
1 ~ ,
Fy(x) = ——lim. / log(1 —d(k))e~ " dk (a.e. z € R).
2 R
Therefore,
1 ~ ~ )
Fa(w) — d(a) = 5 Lim. / (log(1 —A(k) + d(K)) e dk  (2.5)
m R

for almost all z € R.

However, since the integrand log(l — d) + d is absolutely summable by
Lemma 2.1, we see that (2.5) implies (2.4) since the functions on either side of
(2.4) are continuous, and every L2-function (i.e., equivalence class of functions)
has at most one continuous representative. |
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Proof of Theorem 1.1. Since d(z) = 0 for > b, from Lemma 2.3 it follows
that

PFa(r) = - o / (log(1 — d(k)) +d(k)) ™ dk (x> b).
T JR
Recall that log(1 —d) +d € L'(R), and therefore

/ (log(1 = d(k)) +d(k)) e~*** dk = lim (log(1 — d(k)) +d(k)) e~*** dk
R e—0t R\(—¢,¢)

— VP, / (log(1 — A(k)) + d(k)) e~ dk.
R
Integration by parts yields the relation

_ L1 dk) ke -
vFa(r) = 5+ 5 V.P./R(l_a(k) d(k)) Mk (x> ) (2.6)

as Lemma 2.1 implies that

~

lim ([log(1 — d(—¢)) + d(—¢)] eler — [log(1 — d(e)) —1—3(5)] efiszp)

e—0t
= lim (log(1 —d(—¢))e™* —log(1 — d(e))e ™"
i (log(1 — d(~<))e™" ~ log(1 - d(e))e )
= lim (log(idie) — log(—idie)) = mi,
e—0t
with

b
dq :/ xd(z)dz > 0,

the mean of the distribution d.
Next, concerning the V.P. integral in (2.6) we have

V‘P'/R (181/(3()@ - @(k)) e~k

3
= lim <d(Ak) - a'(k)) e~ ke qk
e=0F JR\(—e,e) \1 — d(k)

= lim (Z. — 70),

e—0+

d -~ ,
( (AZ) — d’(z)) e **dz  with TL:={z€C:|z| =¢, Sz <0},
1—4d(z)

L a/(Z) _ar —izT : — (_ _ /
I = = d'(z) ) e dz with T, := (—o0,—&) UTL U (g,00).
e
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Here, T and T'. are oriented so that Rz is increasing on each contour. Using
Lemma 2.1 again, it is easy to see that

) (% 3e)) e =,

Using this information in (2.6) and applying the Residue Theorem, we have

1
I, = 3 Res

271 e—0+

1
F - — lim T,
vFa(r) = 2+2+27TZE—I>I(I)1+

=Y
14— (d(f) - a’(k)> e~ ke dk;
Sk=—c 1-—- d(k)

d ~ :
— Z Res ((AZ) — d'(z)) e ¥ + By + Es,
k z=k 1- d(Z)
where the integral over {k € C : Sk = —c} is oriented with Rk increasing, the
sum is taken over all roots k of the equation d(k) = 1 for which &k € II., and
1 ¢ d(—R—i A :
E,:=—— lim / <(,\ R w_) —d(-R - zu)) emurtilt gy,
27 R—oo Jog \1—d(—R — iu)
0 =Y ;
Ey ;= — lim (W ~d(R - zu)> et iR gy,
2T R—o00 — d(R + iu)

Denoting by m(k) the multiplicity of each root &k in the sum, we have

2=k <1a—,(§()z) B Zi’(z)) e = —m(k)e k.

Taking into account that F; = E5 = 0 by Remark 2, we finish the proof. |

Res

COI‘OllaI'y 2.4. Fd S (L}N(R_i_) \ Ll (R+)) n LQ(R+)

Proof. The fact that Fy ¢ L'(R.) follows from the definition (1.1) and the ob-
servations that

/ a*"(z)dx =1
0

and that the series >0 | L diverges.

The membership Fy € L2(R+) is the content of Lemma 2.2.

Finally, Fy belongs to the weak space Ll (R, ) since Fy is a bounded function
and it admits the estimate

Fy(x) =O0(z™1) (z — 00)
(this follows from the asymptotics (1.2)), hence

sup ¢t -mes{z > 0: |F(z)| >t} < occ.
>0

This completes the proof. |
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3. On solutions to the equation a(k) =1

In this section we briefly describe the location of zeros of the function d(k)—1 that
lie in the lower half-plane. Our results here concerning the distribution of the zeros
are not used in the proof of Theorem 1.2 in §4 below. However, as Theorem 1.2
shows, these zeros suitably translated and rescaled are zeros of the L-function.

In view of the remark following Lemma 2.1 we see that the aforementioned
zeros lie asymptotically close to solutions of the equation

iky _ Ok
~d)
The solutions to (3.1) can be determined explicitly in terms of the Lambert

W-function or estimated using standard methods going back to Horn [10, 11]
(see also Hardy [8], Zdanovich [21], Pavlov [17, 18], and Zworski [22]).

Proposition 3.1 ((cf. [4, Lemma 2]|)). The zeros of the equation d(k) = 1
satisfy the asymptotic formula

(Sk <0). (3.1)

) 2
kyp = :I:E(Qn +4)- Elog mn

b b %8 ha(h) +o(1) (neN, n— ).

A heuristic argument proceeds as follows. To find solutions to (3.1) we intro-
duce a new variable z = ikb and rewrite (3.1) in the form
ef =az with o := (bd(b))" L.
We prepare this equation for “bootstrapping” by writing it in the form
z = log(az) + 2min

with a fixed n € N. We apply the Banach fixed point theorem, starting the
iterative process with

PARIEES 2min,
2D = log(az®) + 27in = log(2rna) + mi(2n + ),
and continuing in this way by putting
2UFD = log(az)) + 2min (j=2).
If n and j are large we see that
20) = log(2mna) + mi(2n + 1) + (lower order terms).
Returning to the original variable k we conclude that the zeros k,, with Rk, > 0

and Sk, < 0 satisfy

kp, ~ %(Qn +1)— %log(%ma) +o(1) (n — 0).

The heuristic argument is completed by noting that the zeros of a(( )—1 are located
symmetrically with respect to the imaginary axis.
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4. Proof of Theorem 1.2

4.1. Some technical lemmas

For the proof of Theorem 1.2 we need several technical results.

For any Dirichlet character xy we denote by N(o,T,x) the number of zeros of
L(s,x) in the region {s € C: 0 < Ns < 1, |Js| < T}, counted with multiplicity.
The following “log-free” zero-density estimate is due to Linnik [14].

Lemma 4.1. There is an effectively computable constant ¢c; > 0 such that the
bound
Z N(o,T,x) < (¢T)*(=)
X (mod q)
holds uniformly for ¢ > 1, 0 € [0,1] and T > 1.

For our proof of Theorem 1.2, putative Siegel zeros have an impact, and ex-
ceptional moduli must be taken into account; see Davenport [3, §14] for a general
background on exceptional moduli. For the purposes of this paper, we need only
the following specialized result, which is a quantitative version of the Deuring-
Heilbronn phenomenon (see Linnik [15]); for a more general statement, we refer
the reader to Davenport [3, §§13-14] and Knapowski [12] (see also Gallagher [5]).

Lemma 4.2. There exist positive constants co, c3 with the following property. Let
X be a primitive Dirichlet character modulo q, where ¢ > 1. Then L(s,x) has at
most one zero 9 = 8 + iy such that
c
B>1— —2

log q
If there is such an exception, then the exceptional zero is real, simple and unique.
Moreover, denoting by 31 the exceptional zero, we have L(s,x) #0 if s = o +it #

b1 satisfies

and v < q.

C3 €Co
o>1-— log< > and t| <q.
log ¢ (1—p1)logg g

The next result, which may be of independent interest, is a variant of Mont-
gomery and Vaughan [16, Exercise 2, p. 382]; our proof uses ideas of Gallagher
(see [5, §4]).

Lemma 4.3. There is an effectively computable constant cq4 > 0 with the following
property. Let x be a primitive Dirichlet character modulo q, where ¢ > 1, and put

Y(x,x) =Y x(n)An)  (z>0),

where A is the von Mangoldt function. For any ¢ > 0 there is a constant K = K(c)
such that the estimate

vla) == o) +O(I exp (11?;))
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holds uniformly provided that

exp(K+/logz) < ¢ < %, (4.1)

where the sum is taken over distinct zeros o = B + iy of L(s,x) for which 8 >
1—2¢/logq and |y| < q, m(p) is the multiplicity of any such zero, and the implied
constant depends only on c.

Proof. Let ¢ := min{3, (4c;) "'}, where c; is the constant described in Lemma 4.1.
We have by Davenport [3, §19] (with T := q):

., .x?
0EZ e
where
|R(x,q)| < xq~'log? gz + 2/ *log a

and Z denotes the set of nontrivial zeros ¢ = S+iv of L(s, x) such that 0 < < 1
and |v| < ¢. (Recall that if x(—1) = 1, the Dirichlet L-function L(s,x) vanishes
at s = 0; however, this trivial zero ¢ = 0 is not included in the sum).

Since by hypothesis ¢ < % and ¢4 < 3

%, we have

1 2
log? qz = O (log2 :1:) and a4 logz = O(I o8 ;z:>’
q

and therefore

2
Rz, q)] —O(xlog x)

q
which together with (4.2) proves that

V) ==Y M) +o(

e

) (x — o0) (4.3)
(or ¢ — o0, cf. (4.1)).
We observe that for any fixed K > /c we have the following estimate

x log2 x
q

=0(E) (q>exp(Ky/logx)),

where
E := x exp(—c(logz)/log q).
Thus (4.3) yields the representation

bl x) == 3 (o) + O(E).

0EZ 0



Convolutions, zeros of L-functions, and quadratic nonresidue 255

Put n := 2¢/logq, and let %7 and 25 be the set of zeros in 2 that satisfy
B8 <1—mnand B >1-—mn, respectively. To prove the lemma, we need to show that

o xf
> me)— < E. (4.4)
0€EZH 0
To do this, choose some 3y € (0, %) and split 2 into disjoint subsets
Y=2LUZ%,

where . and &% denote the set of zeros in 27 that satisfy the inequalities 0 <
B < By and By < B < 1 — 1, respectively. Define the corresponding zero-counting
functions

fo(o-v(LX) = N(J?Q7X) - N(ﬂ()vq,X) (J S [O,ﬂo])

and
N%(Ov q, X) = N(a?an) - N(l - naan) (U S [ﬁov 1- 77])7

where as above N(o,q, x) denotes the number of zeros of L(s,x) in the region
{seC:0<Rs<1, |¥s| <q},

counted with multiplicity.
To bound de% ﬁl(g)w—; we begin by observing that

min |o| -
min |o|

o 1-n
> T%(Q)xg‘ <Y m(e)a™r) = —/ 2® dNg/(ov, ¢, X)

0EXR 0ER

1-n
= 2™ Ng(Bo, 4. x) + loga:/ 2% Nz (@, ¢, x) da
Bo

1-n
S xﬁON(O’q’X) + 10%33/ r*N(a, q, x) da.
0

Since ¢4 < (4¢1)~! we have by Lemma 4.1:

N(o,q,x) < q2c1(1—04) < xl/Q(l—O‘);
thus,

1—n - 1
z®N(0,q, x) + logx/ 2N (a, q, x) dow < zPoT1/2 -Hoggc/ A0t gy
’ 0
< z50+1/2 + Ilfn/Q.

Consequently, we have

> (o) | <

0EZR 0

(xﬁo+1/2 + $1—17/2).

mingez |o|
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Since )
min|g| > = > 2
i |o| 3,
we deduce that
e
' > m(g)‘% < z'™? = E=0(E). (4.5)

0ER

To estimate the sum > e ﬁ(g)% we proceed in a similar way, assuming

initially that the character x is not exceptional (that is, the function L(s,x) has
no Siegel zero). We have

min .
min o

> o™ <

0L

Bo
S a(0)ef© = — / AN (¢, X)
0

0L

Bo
= N#(0,q,x) +10g03/ r*Ng(a,q,x)da
0

Bo
< N(0,q,x) + log / 2 N(a, ¢, x) da
0

< 2V/? 4 (04802 o 1 (1+50)/2,

Applying Lemma 4.2 and using the functional equation for the L-function, we have
the lower bound

. | |> C2
min
oS o= logq’

and hence

)

Z ﬁz(g)x‘ < logq- %% = O(E), (4.6)
0

0e”

where we have taken into account that ¢ < x® and that I-ZA < %. Combining
(4.6) and (4.5) we obtain (4.4) in this case.

To treat the case in which x is exceptional, suppose now that L(8*, x) = 0 with
B* being the exceptional zero. Since y is a primitive character, one can use the
functional equation for L-functions to conclude that L(6*, x) = 0 where §* = 1—3*
(see, e.g., [3, §9, eq.(8)] and [3, §9, eq.(11)] if x(-1) = 1 and x(-1) = —1,
respectively). Then

z? z0 x?
> me)—| < 5+ > mle)—|-

0€Z e L\{6*}

Using Lemma 4.2 one concludes as above that

oeZ\{é*}
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For the remaining term we use the estimate

1 if x(—1) = —1,
0F=1-p">Cq 2
’ ! {logq if x(=1) =1,

with some C' > 0 (see, e.g., [7]), which yields for any fixed ¢ > 0:
5

= O(q-z%) = O(arjc“/2 -2%) = O(E).

Combining this estimate with (4.7) and (4.5) we also obtain (4.4) in the case that
X is exceptional. |

Finally, we need the following statement.

Lemma 4.4. Let U be a finite set of complex numbers. For any nonzero complex
numbers ¢, one can find arbitrarily large values of 6 for which the function f(6) :=
> weu Cue ™" satisfies the lower bound |f(6)] > Ce ™, where p := min,ey{Ru}
and C' is a positive constant depending only on f.

Proof. Replacing f(0) with 0% (), where ug denotes any fixed element of U for
which Rug = p, we can assume without loss of generality that u = 0. Moreover,
denoting by U, the set of u € U with Ru > 0, we clearly have Zu€u+ cye™ 0 =
o(1) as 8 — oo; hence, we can also assume that Ru = 0 for all uw € Y. With these
assumptions, the lemma is a consequence of Wiener’s Lemma:

17T 2 2
Jim 2 1O 0= 3 e (4.8)

0 ueU

Indeed, the premise that limsupy_, . |f(6)] = 0 leads to

T
tim 7 [ 1£0) a0 = Jim @) = 0.

which is impossible in view of (4.8); therefore, lim sup,_, . | f(#)| > 0, which com-
pletes the proof. |
4.2. A relation involving 6

Thanks to Hildebrand [9] it is known that for every € > 0 there is a number
po(e) = 2 such that

S| <X 0> mle). X2,
n<X

The next statement is an immediate consequence of Hildebrand’s result.
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Lemma 4.5. The estimate

[ A(X)] = (1/2+0(1)X  (p— )
holds for all X > p'/*, where ANy is given by (1.5), and the function implied by
o(1) depends only on p.

In what follows, let C' be a large positive number. All constants implied by
the symbols O and < may depend on k, A\,d, C' but are absolute otherwise. The
symbol o(1) in any expression below indicates an error term that tends to zero
as p tends to infinity within the set &. Any function of p implied by o(1) may
depend on k, A\, d,C but is independent of all other parameters.

For every prime p € & let %, denote the set of squarefree integers k > 1 with
the property that (g|p) = —1 for all primes ¢ dividing k. The next result is based
on the inclusion-exclusion principle.

Lemma 4.6. Uniformly for 0 € [0, C] we have
A" = D (1B m < p Jk : (mlp) = —(k[p)}| + o(1)p’,
k<p?
kEH,

where w(k) is the number of distinct prime divisors of k.

Proof. For each p € & let o7, denote the set of ordered pairs given by
iy = {(m,k) : k € A, m <p’/[k, (m|p) = —(k[p)}.
Then
Yo (e = YT () B i < pP Jk: (mlp) = —(KIp)}|- (4.9)

(m, k)€, k<p?
ke,

Next, split 4, (p?) into a disjoint union .45 U A5, where
Mi={ne M0 ¢ tnif (¢p) = -1},
and A5 := A, (p?) \ . Since no(p) > p* and k > 0 we have
(Al < > {n<p’ ¢ nand (qp) = =1} <p” > ¢ =o(1)’,
pr<q<p? q>p"

and therefore
[ A,(0")] = [ A+ o(1)p’. (4.10)

Each number n € .4, can be factored as ntn~, where

nt = H q“ and n- = H q.

q“|In q
(qlp)=+1 (qlp)=-1
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Let 7;(n) denote the number of pairs (m, k) € 7, such that mk = n and w(k) = j.
Then

rin) = |{k>1:k | n~, wik) =j}| = (“(?_))

Hence, denoting by %, the subset of 47, consisting of pairs (m, k) for which mk €
M, we have

Z ( w(k)Jrl Z “’Z j+1 |J1/1| (4'11)

(m,k)eB, neN j=1
since each inner sum is
w(n™) _
> (i <w(7 )) 1.
i=1 J

Finally, we observe that the set €, := <7, \ %, consists of pairs (m, k) € <, such
that ¢ | mk for some prime nonresidue ¢q. Fixing ¢ := x/(2C) and using the
divisor bound >~ |, 1 < n® for all n € N, for any 6 € [0, C] we derive that

Gl< Y Y Tie” Y Y

pr<g<p? n<p9k|n pr<g<p? n<p
a*In @ |n
<p9(1+5) Z q—2 <<p9(1+6)—,‘€ <p9—n/2 :Q(l)pe.
q>pr

Using this result together with (4.10) and (4.11) we deduce that

Z (=)@ — Z (—1)=®+1 4 5(1)p? = |,/1/ )| + of

(m,k)€ o), (m, k)€,
In view of (4.9), this completes the proof. ]

Next, using (1.7) we see that for fixed k € %, and uniformly for ¥ € [0, C] we
have

{n <p”: (nlp) = —(klp)}| = (k. »(¥) + o(1))p, (4.12)
where
P16 i (kp) =1 .

Hence, from Lemma 4.6 we deduce the estimate

A" = D (F1) (8, (0 — 125) + o(1)p’ k™ + o(1)p’.

logp
k<p’
ke,
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Mertens’ theorem yields the bound

[0/x]
Zklg( 3 q1> < (log(C/x) + O()C/" = O(1),  (4.13)

E<p® pr<q<p?
ke,

where || is the floor function, and therefore

A" =" D (1P, (0 — (B2 R+ o(1)p”.

logp
k<p’
ke,

Dividing both sides by p?, using (4.12), and taking into account the fact that
5(60 —u) =0 for u > 0 — K, we derive the relation

sO)= > k= > 50— 1Bk +0(1), (4.14)
k<p® k<p® ™"
ket kexty
w(k) odd

which holds uniformly for all 8 € [0, C].

4.3. The functions {S, ;}

Next, we study the functions defined by

Spi®):= > k' (peP, j=0,020). (4.15)
k<p®, ke,
w(k)=j

Each function S, ; is a nondecreasing step function of bounded variation on any
finite interval. From (4.13) we see that the bound

Sps(6) = O(1) (4.16)
holds uniformly for p € &2, j > 0 and 0 € [0, C]. Note that for j € N we have
Spi(0) =0 (6 €[0,jk]) (4.17)

since every integer k occurring in the sum (4.15) has j distinct prime factors, each
of size at least ng(p) > p”.

Lemma 4.7. Uniformly for 0 € [k, C] we have

00—k
Spa(0) =6(0)— 3 (60 + %Z/O S, ;(u)d(6 — u) du+ o(1). (4.18)

odd j>3 jeN
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Proof. Since §(0 —u) =0 for u € [0 — k, 0], using (1.8) we have for all j € N:

00—k
> s = [ a0 was,
k<p? ™", ke, 0
w(k)=3

00—k
- _/ S, (u) d8(6 — u)
0

1 00—k
=3[ Swtaw-ua

where the integrals are of Riemann-Stieltjes type (note that these integrals are well-
defined since S, ; is of bounded variation). The result now follows by inserting
this expression into (4.14). [ ]

Remark. Using (4.17) one sees that both sums in (4.18) have only finitely many
nonzero terms, the number of such terms being bounded by a constant that de-
pends only on k, \,d,C.

Lemma 4.8. Uniformly for j € N and 6 € [0, C] we have

1 o
Sp3(0) = = D Spyi(0— 1L g +o(1).

q<p’
(qglp)=-1

Proof. For any natural number k, let w(k) be the number of distinct prime di-
visors of k, and let (k) be the total number of primes dividing k, counted with
multiplicity.

We first show that for j € N and 0 € [0, C] the estimate

Sp,j(9)=% > Lo (4.19)

(q15-++,95) LR

(gilp)=-1 OVi
q1q; <SP

holds uniformly. We can assume that j < C/k, for otherwise the sum is empty
and thus (4.19) follows immediately from (4.17).

For each p € & let L, be the set of integers k > 1 such that (¢|p) = —1 for
every prime divisor ¢ of k; note that a number k € £, lies in 7, if and only if k
is squarefree. Let r;(k) be the number of ordered j-tuples (qi,...,q;) of primes
such that g1 ---¢; = k and (¢;|p) = —1 for each ¢. Then

o 0<rj(k) <jl
e r;(k) #0if and only if k € £, and Q(k) = j;
e r;(k) =j!if and only if k € U7, and w(k) = j.
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These properties imply that

1
D D S s S SR #100 L
(q1,---,q5) k<p?, ke, k<p?, kEL\ A,
(gilp)=—1 Vi w(k)=j Q(k)=j
q1-q;<p°

Dividing both sides by j! and recalling that j < C'/k, we see that

1 1
J: ( N d gy .
q1,--545) k<p® pr<q<p? n<p?

(ql\p)——l Vi k€L \ ) a’|n
a1-q;<p°

< Z q 2 log(p?) < p~"log(»’) = o(1),
a>p~

which yields (4.19).
To complete the proof, we suppose that 6 € [0, C] and apply (4.19) with both
7 and j — 1 to derive that

Sm‘(@):% 3 L o)

(q1,e-545) @
(gilp)=—1 Vi
q1°q; <SP
1 1 1
=5 2 o X g tew
Coa<y’ (g2,-++5495) J

N
(q1lp)=-1 (qqlp)——}) Vi
q2-q; <p” /a1

=§ S (Spio1 (0= E8) 4 o(1))g7 +0(1)

q<p’
(qlp)—*l

Z Spa-1(0 = 1258)q" + o(1),
q<p’
(qlp)=-1

where we have used Mertens’ theorem in the final step. |

4.4. The functions {S;}

Proposition 4.9. We have
(i) The limits
$,(0) := lim S,,(0) (5 >0, 0€[0,C))

pP—00
pEP

exist, and the estimate S;(0) = Sp,;(0) + o(1) holds uniformly for j > 0
and 6 € [0,C];
(ii) Each function S; is continuous at 0 € [0, C].
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Proof. For j = 0 there is nothing to prove, so we assume that j € N in what
follows. For each ¢ € N let Z; be the interval [0, Cy], where Cy := ¢x. By induction
on ¢ we show that both statements hold when C' = Cy, the case £ = 1 being an
immediate consequence of (4.17).

Now suppose that (i) and (ii) hold with £ € N and C = C, and let j € N and
0 € Tpt1 be fixed. If 0 < jk, then S, ;(0) = S;(8) = 0 for all p € & by (4.17);
thus, we can assume without loss of generality that 6 > jk.

First, consider the case that j > 2. As ng(p) > p”, Lemma 4.8 implies that

1 — o,
S$os(0) =5 D0 0 Spima(0 - 5R) + o))

p~<q<p’

(glp)=-1

For any prime ¢ € (p*, p?] we have  — iggg € Iy ; therefore, using (i) with C = C,

together with (4.16) and (4.17) we derive that

S0 =5 X a7 (Si1(0— 155) +o(1)) + o)

P <q<p’
(qlp)=-1

1 — lo,
=5 2 a0 g) +eh)
p~<q<p’
(glp)=-1
1 —1 lo
=< X aSae - e,
pr<ggpf T hx
(glp)=-1

where we have used (4.17) with j — 1 in place of j to reduce the range of ¢ in
the last sum. By (ii) with C' = CY, the function S;_; is continuous on Z,, and
therefore the last sum can be expressed as a Riemann-Stieltjes integral:

0—(j—1)r

0—(j—1)k
/ Sj_1(0 - U) dSp,l(u) = 7/ Spvl(u) de_1(0 - U)

K

Since j > 2 and 0 < Cyyq, one verifies that u € Zy for all values of u in these
integrals; hence, using (ii) with C' = C, along with (4.16) and (4.17) we have
0—-(G-1)r 0—(G—1r
[ Sa@dsia@-w= [ (S + o) dsia 6 - w)
K K
0—(j—1)k
= / Sl(u) de_l(Hfu) +Q(1)
0—(j—1)k
_ —/ S 1(6 — u) dSy (u) + o(1).
K

Putting everything together, we have shown that

0—(j—1)k
505(0) = 2 / S;-1(0 — 1) dSy () + o(1).
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This proves (i) for C' = Cyy1 in the case that j > 2. Considering separately the
cases 0 < jx and 0 > jk, we have established the following relation:

1 0
S,(0) = 3/0 S, (6—1)dSi(t)  (j=2, 0€Tu).

Next, we prove (ii) for j > 2 and 0 € Zy41. Let £ > 0 be given, and suppose
that p € & is large enough so that

p " <e/3 and |S;(0) — Sp;(0)] <e/3.

Each S, ; is a step function, and the size of the step at an integer k > no(p) is
k=1 < p™® < £/3. Since the steps occur on a discrete subset of the real line, it
follows that the bound

|Sp,j (0) — Sp,j(e/)| <e/3

holds for all 6" in a small neighborhood of 6. Hence, if ¢ € Z,,; is sufficiently
close to #, then

|8;(8) = S;(8')] < |S5(8) = Sp,i ()| + [Sp,j(8) = Sp;(8")] +[Sp(8") — S;(8")| <e.

Therefore, S; is continuous at 0.

It remains to verify (i) and (ii) for the case j = 1. Since 6 > &, we can apply
Lemma 4.7; in view of the remark that follows Lemma 4.7, both sums in (4.18)
have at most finitely many nonzero terms, hence we derive that

O0—kr
Soa(0) =0(0)— 3 S5(0)+ % Z/O S, (u) (6 — u) du + o(1),

odd j>3 jeN

which implies (i) for C' = Cy41. This relation can also be used to prove (ii), or
one can use an argument identical to the one given above for the case j > 2. This
completes the induction, and the proposition is proved. |

The next corollary follows immediately from the statement and proof of Propo-
sition 4.9; we omit the details.

Corollary 4.10. For any j € N the limit
5;(0) := lim Sy, ;(6)
peEP

exists and is finite for all @ > 0, the function S; is continuous on [0,00), and the
following relations hold for all 8 = 0:

0
5,0) =5 | 8,10~ wdsi(w). (4.20)

6
5O)= > S;(0) - %Z/@ S;(u)d(6 — u) du. (4.21)

odd jEN jEN
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4.5. Laplace transform

In what follows, we use ¢ and t to denote the real and imaginary parts of the
complex number s, respectively.

For any locally integrable function f on [0, 00), we denote by Z(f) the Laplace
transform of f, i.e.,

Z(f) = /Ooo e 0 £(0) do.

Here, s is a complex variable for which the integral converges absolutely. For an
excellent account of the theory of the Laplace transform, the reader is referred
Widder [20].

Lemma 4.11. The Laplace integrals Z(d), Z5(6) and {-Z5(S;) : j € N} converge
absolutely in the region {s € C: o > 0}.

Proof. Since d and § are bounded on [0, 00), the integrals .%;(d) and .Z,(d) con-
verge when o > 0.
With Mertens’ theorem we can bound

Sp,i(0) < ( > q1>] < (log(6/k) +O((logp) ™)) (¢€ 2).
pr<q<p?
Letting p — oo we derive the bound
$,(60) < (log(0/))’ (0> ), (4.22)
and it follows that the integrals {.%;(S;) : j € N} converge when o > 0. [ |

Lemma 4.12. There is a constant C > 0 that depends only on k, A\, d such that
the inequality

ma {5 Z.(S0)], | Z(@)]} <1 (4.23)
holds everywhere in the region
R:={se€C:0>C, |t| < ir'/?%?}, (4.24)
and we have .
L(S) = zis n% Z 57(:” (s €R). (4.25)

Proof. Fix s = o + it in the region (4.24), and note that
5|2 = 0% + 12 < o} (1 + ko) < o?em/4 (4.26)
Using (4.22) with j = 1 we have

e %51(0)] < e %log(8/k) < Cre™ %2 (0 > k)
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for some constant Cj that depends only on s, A,d. Taking into account that S;
vanishes on [0, k] we have

‘35(51” < Cl/ 6709/2 do = 2010*16750'/2’

K

which together with (4.26) yields the bound
|s Zu(S1)|? < 4C%e3R0/% < 402673104,

Hence, if C' > 2k~ 11og(4C?%), then |s Z:(S1)| < 1.

Replacing C by a larger constant, if necessary, the same method shows that
|s Z,(8)| < 1, using the bound §(f) < % for all § > & instead of (4.22). In view of
the fact that s.%,(0) = 1.%,(d), the first statement is proved.

From (4.20) it follows that

js(sj) _ 33(51),23(5]-,1) (] c N)

J

By induction on j this leads to the relations

Zs(55) = SJD?(SM (7 €N).

From (4.21) we further deduce that

AOEED SIEACHEED SEACITY

odd jeEN jEN
_ Z Sjilze(sl)j _ «fs(d) Z SjilZe(Sl)j
5 4! 2 - 4! '
odd jeN jEN

Note that the sums converge absolutely by (4.23). From the previous relation it
follows that

£ _ i) % (e _ s uts) fT@) (e 50 1),

which leads to )
Zs(S1) = % log (1 — %s(d)).

Using (4.23) and the Maclaurin series for log(1 — u) we obtain (4.25). |

Proposition 4.13. For 6 > 0 we have

Si0)=3" (#a D)) 0 > 0). (4.27)

n
neN
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Proof. Let T} be the function of 6 defined by the right side of (4.27). As § is
continuous on [0,00), the same is true for § *+ d*™~1 for each n. Since a*(»~1)
vanishes for § < (n — 1)x, the same is also true for § * d*(»=1); this implies that
Ty is the sum of finitely many continuous functions on any compact interval in
[0,00), and thus T} is continuous on all of [0, c0). Since

Z.(q)"

L6 % d* V) = Z,(0) L@ = 5
S

for all n € N and all s € C with o > 0, we have

% q*(n—1) n
D%(TQZZM ! Z@:iﬂs(&) (seR),

neN n 2s neN
where R is the region (4.24). Now S; and 77 have the same Laplace transform
on R, hence S1(0) = T1(0) for all § > 0 except possibly on a set of Lebesgue
measure zero (see, for example, Widder [20, Theorem 6.3]); as both functions
are continuous, we find that S; = T on [0,00), and the proposition has been
proved. |

Corollary 4.14. The function Sy is continuously differentiable on (X, c0), and

S1(6) = %Z‘FHT@ 0> N).
neN

Proof. Since d*("~1) vanishes for § < (n—1), for any constant C' > 0 the relation
(4.27) implies that

OEEDY w 0<0<C). (4.28)
n<l+C/k

As ¢ is constant (hence differentiable) on (A, 00), it follows that the function S,
is differentiable on (A, C); taking C — oo we obtain the first statement of the
corollary. The second statement follows from (4.28) using the relation §’ = 2d and
well known properties of the Laplace integral; we omit the details. |

4.6. Two expressions for S7(6)

Combining Theorem 1.1 and Corollary 4.14 we obtain the following statement.

Proposition 4.15. Let f(k) := d(k) — 1, and let ¢ > 0 be a real number such that
f does not vanish on the line {k € C: Sk = —c}. Then

S1(0) ! (1 + > mk)e ™ + E(c, 9)669) 0> N),

20 ke
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where J£ is the set consisting of the (finitely many) zeros k of f which lie in the
strip U, :={k € C: —c < Sk < 0}, m(k) is the multiplicity of any such zero, and

e ‘ -
E(c,0) = L/ M e~ _d'(u —ic) ) du.
2mi Jg \1 —d(u — ic)

To obtain a second expression for S7(6), we start with the definition (1.11) and
observe that

/ I K —1 BT —1 1 —1
S1(0) = Jim e (S1(0+¢) — S1(0)) = lim e lim > g (4.29)
PEP pl<qgptte

(glp)=-1

holds for any # > A. We note that

. 1 1 _ Lop=1 if1 (6,0 +¢l,
Y. oat=5 Y -5 Y (QIp)ql—{S ( ]

otherwise
p’<q<p?te p?<q<pte p?<q<plte )
(qlp)=-1

and using standard techniques derive the estimates
Z ¢t =e0"1 4+ 0((0logp)~t +£207%)
p?<q<pite

wd AG)(lp)
_ n)n _
> pat= Y LR L0
) O+e ) O+e n Ogn
p® <q<plt P <n<pfT
hence from (4.29) it follows that
AR SR B A(n)(nlp)
S1(0) = % 3 lim €7 lim Z _— (4.30)

2 e—0+ p—0 nlogn
PEP pf <npfte 8

Next, let
Up(x) ==Y A(m)(nlp) (x> 0).

n<x

Using the trivial bound ¢, (x) < Y . A(n) < z one verifies that

n<x
Am)(nlp) (P dyp() 7 gy (w) du
2 MW1—L u&w—éeﬁmU+m> (0 — o).

p9 <n§p9+€
Thus, after the change of variables u — p' the relation (4.30) transforms to
1

0+e t
S1(0) == — L i ! lim M

20 2 =0+ 1;2;’; 0 tpt

(4.31)

To proceed further, we use the following statement, which is a reformulation of
Lemma 4.3 in the special case that y is the Legendre symbol.
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Lemma 4.16. Let c4 have the property described in Lemma 4.3. For any constant
c > 0 one has the representation

o) = — 3 T ety ), (432)

€% 0

where the remainder term r(p,t,c) admits the bound

r(p,t,c) = O(p'e™) (4.33)
uniformly for
1
—1
¢, <t< e log p, (4.34)

and %, denotes the set of distinct zeros o = f + iy of L(s,(:|p)) such that
B > 1—2¢/logp and |y| < p, m(p) is the multiplicity of any such zero, and
the implied constant depends only on c. Here K = K(c) is the constant described
i Lemma 4.3.

Before proceeding, we study the zeros set Z, from Lemma 4.16.
By Lemma 4.1 with ¢ =T = p, one observes that

|Z,| = Z m(e) = N(1 —2¢/logp,p, (:|p)) < exp(4ecer), (4.35)
0EZ,

which shows that the number of zeros of the L-function L(s, (-|p)) in the strip
{B+iv|B >1—2¢c/logp, |7| < p} is uniformly bounded with respect to p. Let
us define
N =limsup |Z,|.
peEP

If N =0, the set Z, is empty for p € & large enough. If N > 0, then without
loss of generality (i.e., replacing &2 with a suitable infinite subset of &) we may
assume that

| %, =N (p € 2).
After the compactifying the complex plane C — C U {oc}, one can use a straight-
forward compactness argument to conclude, after possibly replacing & with a

suitable infinite subset of &, that there are N sequences of zeros {,Q;)n)}pe P
of the L-functions L(-, (:|p)) such that each sequence is contained in the strip

{B+iy|B>1—2¢/logp, |7 < p}, and

plergo(gé”) —1logp=¢™ eCU{c0} (n=1,2,...,N). (4.36)
peEZP

Here, the limits are taken with respect to the topology of the Riemann sphere
C U {oc}.

Denote by . the set of distinct finite limits £ from (4.36); we always set
¥ =@ if N =0, and it can be the case that ¥ = & even if N > 0.
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Remark. From the definitions it is clear that
—2c<RELO (Le2). (4.37)
The next lemma provides the second representation for S’(6).
Lemma 4.17. Let £ be the zeros attractor defined above. Then
S1(6) = % + % Dm0 +0(e ) (0 — o),
RS2
where the multiplicity m(€)of € € L is given by
m(l) = #{n| "™ =1} (4.38)
Proof. If N =0 (and thus, .¥ = @) we claim that

S1(0) = % +0E™ ) (0= ). (4.39)

Indeed, the set Z, is empty for p € & large enough, hence by Lemma 4.16 the
function v, (p") admits the following uniform estimate

Up(p) =0(p'e™)  (p— o0), (4.40)
provided that the parameter ¢ satisfies
et <t < K %logp. (4.41)

Recall that by (4.31) we have

1 1 O+e t dt
S1(0) = — — = lim ! lim Yoty . 4.42
1

20 2 es0+ 1;2;; P tpt

If, in addition, § > c; !, then for all t € [, 0+¢] the two-sided estimate (4.41) holds
provided that ¢ is fixed and p is large enough. Therefore, taking into account that

the double limit in the right hand side of (4.42) exists, one can use the uniform
bound (4.40) to conclude that

ote ¥p (p*)dt

lim ¢! i =0(e 0 — 4.43
Jm e [ REES 06 0o, )

which together with (4.42) proves the representation (4.39). This completes the
proof of the lemma in the case that N = 0.
Next, assume that N > 0. Using (4.32) we have

11 AN m(o) dt
S1(0) == + = lim ¢! lim < pgtrp,t,c> 4.44
10) 20 2 ot I;Z;; 0 QGZ&;? 0 ( ) tpt ( )
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for all 8 > A\, where

o) = uplp) + 3 T pot

€%y

Suppose for the moment that we have shown that the limit

0+¢
lim ¢! lim (4.45)

exists. Under this assumption, (4.44) splits as

0+ ~
S1(0) = 2*19—1-% lim+5*1pli>rgo ) Mpgttitt,
=0 e 70 ez, © p
1 0+¢ dt
—5 lim, et plLHgo r(p,t, C)t -
e—0 ve P

Arguing as in the case N = 0, and taking into account the bound (4.33), one
obtains that

OFe (e, p, t)dt

lim e~ ! lim =0(e 0 — 0); 4.46
L Y T () (B—o00)  (446)
therefore,
11 O+e m dt
S1(0) = %t 3 lim_ e! Jim Mpgtt—t +0(e™%) (6 — o00).
=70 ez 0 ez, ¢ p

Thus, to complete the proof we need to show that the double limit (4.45) exists,
and to verify that

0+¢

1 . .
3 lim 7! hjn E
o+ p—>co
e peEP o €%,

di _ 2719 S (0> ).

it
tp e
For fixed p € & we have

O+e pdt oM —1)e At
/ Z (9 D Z (n / v t

€%,y

E(")<oo
]. O+e (n) dt
(o 1t
v Y t
n  Op VO
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Using the definition (4.36) of £(") we see that

. ( (n)_ 1)td?f é(")tdt
Jim, Z / » 2

Pes oM< Z(")<oo

and therefore

1. 1 q: +e (g(")fl)tdt
islﬂéﬂs plggo Z (n)/ P T

PEL e oo
O+e
=y dmet 3 [T = S m
2 e—o0+t t 29
Z(")<oo et

Next, we show that

O+e
lim > L/ ples-nedt (4.47)
P35 () r '
PEDP m: () —oo O 70

Indeed, if /(") = oo, from (4.36) and the estimate

[1— §Rgz(,”)| logp=(1-— %Q;”)) logp < 2¢, (4.48)
it follows that
pli_}nolo lim |w(n, p)| = oo, (4.49)
peEP
where
w(n, p) = S\ logp.

If p € & is large enough and n is such that /(") = co, integration by parts yields

O0+e 0+e
/ p(gﬁ,"’—l)tﬂ — / (Rl 1) logpt giwo(n.p)t &
0 0

t t
0+
_ # . e(ﬂ?g;")fl)logpteiw(n,p)ti
iw(n, p) tl,
O0+e (%Q;") —1) log pt )
. / DT T ) et gr, (4.50)
w(n, p) dt t

with w(n,p) # 0. Combining (4.48), (4.49) and (4.50) we have

O+e (n_q tdt
[ —o) e ),
0

provided that ¢(™ = co. Taking into account the bound

1 < 1 <9
(”)| 1—2¢/logp ’

lo
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which holds if p is large enough, (4.47) is proved. Hence,

/ _i i ~ 00 —cf
51(9)—20+29£€Z$m(£)e +0(e™?) (0= ).

Finally, the summands with 3¢ < —c can be absorbed by the error term, which
completes the proof of the lemma. [ |
4.7. Proof of Theorem 1.2

Proof. To prove our main result, Theorem 1.2, we compare two asymptotic rep-
resentations for the derivative Sj(6) provided by Proposition 4.15

1 1

4 _ 7 —ik6 —cf
S1(0) = 55+ 28 m(k)e +O0(e™) (0 — o0)
ke
and by Lemma 4.17
/ — i i = £0 —cf
S0 =g5+55 >, MO0’ (0 o),
LeL: R>—c

respectively.
Comparing those representations yields

S wm@)e? = > mk)e™ ™ + 007" (0 — o). (4.51)

el REL>—c ket

However, using Lemma 4.4 and the fact that Sk > —c for all k € £, the resulting
relation is impossible unless it is the case that —ik lies in the set ZN{z € C|—c <
S(z) < 0} and therefore in .Z for every k € 2. Since the constant ¢ can be chosen
arbitrarily large, this completes the proof of Theorem 1.2. |

Remark. We note that the upper bound (4.37) from Remark 4.6 can be improved;
we have

RE<0  (LeP)

Indeed, suppose that ¢ = 0 for some ¢ € .Z. This means that there is a sequence
(0p)pe 2 with o, € Z, such that R((g, — 1)logp) — 0. By Lemma 4.2 it is clear
that each zero g, of L(s,(:|p)) is exceptional if p is large enough; in particular,
op = Bp is a real simple zero. Since (8, — 1)logp — 0, the final statement in
Lemma 4.2 implies that for all sufficiently large p the set %, consists only of the
single zero f3,; consequently, £ = 0 and thus . = {0}. By Lemma 4.17,

11 . 1 .
Sg(a):%+2—9+0(e 9):§+O(e % (0= ),

which is inconsistent with the asymptotics obtained in Proposition 4.15.
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A similar reasoning shows that the set .Z is also free of (negative) reals, that is,
ZN(—00,0)=02.

Indeed, since

A A
d(—if) = / ePrd(z)dz > / d(z)dr =1 (B8>0),

one concludes that the equation a(lc) = 1 has no zeros on the negative imaginary
axis. Since the roots of the equation d(k) = 1 are complex conjugates of each other,
using Proposition 4.15 one observes that the higher order terms in the asymptotic
expansion for the derivative S} (6),

1 1

S10) = 55+ 55 2 m(k) cos(R(k)0)e ISMI0 L O(e=%) (6 — ),

are oscillatory in any order, which is inconsistent with the asymptotics provided
by Lemma 4.17
S1(0) = 1.1 m)e +0(e %) (0 — o)
! 20 20 ’
e
RE>—c
unless 3(¢) # 0 for all £ € L.
In particular, the sequence of the L-functions {L(s, (-|p))}peo is allowed to
have only finitely many terms that have an exceptional zero p, satisfying the

bound
C2

~ logp

op >1

from Lemma 4.2.

5. Connection with Heath-Brown’s result

The main goal of this section is to show how to deduce the Heath-Brown result
concerning the behavior of the Dirichlet L-function from our more general consid-
erations.

We start, however, with preliminary considerations where we discuss the op-
timality of our main assumptions concerning the distribution of quadratic non-
residues, namely the hypotheses (1.6), (1.7) and (1.8).

Theorem 5.1. Assume the (k,\) hypotheses of Theorem 1.2, i.e., that the con-
ditions of (1.6), (1.7) and (1.8) are met. Then the following inequality

K< \Ve (5.1)

necessarily holds. Moreover, in the case that

k= \/Ve, (5.2)
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the density d is given by
2

0

where X, A(+) is the indicator function of the interval [k, A]. Finally, there is an
absolute constant Ao > 0 such that if A < Ao, then the strict inequality

K< AVe (5.4)

d(e) X/{,)\(e)v (53)

necessarily holds.

Proof. Step 1. First, we show that (5.1) holds. Indeed, suppose on the contrary

that
k> \/Ve. (5.5)

By Proposition 4.13 we have the representation

Sl(g)zzw 0 =0).

n
neN

Since both 6 and d vanish on [0,%) by hypothesis, the convolution ¢ * a*(n=1
vanishes on the interval [0, nx) and therefore

S1(0) = 6(0) (0 <0 < 2kg). (5.6)
From (5.5) it follows that A < 2x and thus
S1(A) =6(N) =1/2.

Here, the last equality follows from our hypothesis that the distribution 4 is sup-
ported on [k, A] and that

Recalling that

. 1 . 1

$i10)= fim, > o= lm > -
PEZ  qp? PEZ pr<q<p?
(glp)=-1 (glp)=-1

and using Mertens’ theorem, one gets the bound

. 1 . 1 A
Si(N) = Jim > g S > g s
PEZ pr<qp? pr<q<p>
(glp)=-1
Hence
1 A
5 < 10g E7

which is inconsistent with (5.5). The proof of (5.1) is complete.
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Step 2. Next, we show that (5.2) implies (5.3). Using Mertens’ theorem again
we obtain that

= =51(A\) =51(0) + (S1(\) — S1(9))

A 0 A A1
< — < — = =
\Sl(e)—i—loge \logﬁ —|—10g0 log/{ 5

and thus 0
S1(6) = log - (k<O (5.7)

It remains to observe that A = ky/e < 2k, and therefore one can use (5.6) to
conclude that

(5(9)281(6‘):log% (k<O <)),

which proves (5.3) in view of the equality

1 r?
3(0) =5 / d(u)du (0 >0). (5.8)
0
Step 3. Finally, we prove the remaining assertion of the theorem for
C2
A= —
" ARkl

where ¢ is the constant from Lemma 4.2, and kg is one of the roots of the equation
1/4 4

2/ ehe 22—, (5.9)
1/(4v/e) z

that lie closest to the real axis.
Suppose that inequality (5.4) does not hold; then, by Step 1, we have

k= \/Ve. (5.10)
By Step 2, the probability distribution d is given by

a(0) = 4r(6) = > X x(6).

Evaluating the Fourier transform of the function d) we have
~ A 1/4 ,
d)\(k})ZZQ/ ezkzdl:2/ e4z>\km dﬁ
Ve z 1/(4v/e) z

Thus, the zeros of the equation

d(k) =1
can obtained from the roots of the equation (5.9) by rescaling k — 4\k.



Convolutions, zeros of L-functions, and quadratic nonresidue 277

By Theorem 1.2, there is a complex sequence g, with L(g,, (-|p)) = 0 such that

(0p — 1) logp — —iko.

Since, by hypothesis,

Ca
A<= ———
=7 1k
one obtains that
1—R(gp) < 4>\|\S( o) < 4o Slko)] _ _cz (p is large enough).
log p log p logp

By Lemma 4.2 the roots g, are exceptional zeros if p is large enough, and hence
ZLN(—00,0) # 2,

where % the is zeros attractor defined by (4.36). However, this is impossible in
view of Remark 4.7, and this contradiction completes the proof. |

Remark. It follows from Theorem 5.1 that the inequality (5.1) cannot be re-
laxed. Thus we see that the hypotheses (1.6), (1.7) and (1.8) together imply that
the probability distribution d cannot be “too concentrated" in a certain sense;
in particular, the convex hull of the support of the probability distribution must
always contain the critical interval [)\/ Ve, )\].

In the case that A = 1/4, the exponent
1
/e

coincides with the exponent in the Burgess bound. In particular, from Theorem
5.1 it follows that if A = 1/4 and x = 1/(4+/e), then

5(0) =logdbve  (1/(4ve) <6< 1/4),

provided that the requirements (1.7) and (1.8) are met.

As it turns out, in the special case that x = \/4/e, one can replace the hy-
potheses (1.7) and (1.8) by a much weaker condition (see (5.11) below) and obtain
a considerably stronger result, which automatically guarantees the existence of the
probability distribution d of the form (5.3).

Lemma 5.2. Suppose that0 < X\ < 1/4, and let K = \/+\/e. Assume the hypothesis
(1.6). Suppose, in addition, that

N5 (p?
T /10| B I (5.11)
p—o0 p9 2
peEP
Then for all 8 > 0 one has
A7)
plgr{)lo ‘1;?9’ =4(0), (5.12)
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where the density function & has the form

0
5(0) := %/0 d(u) du (0 >0) (5.13)
with
d(e):% (k<O <N

Proof. If 0 < 6 < &, then (5.12) is trivial with §(f) = 0 in view of (1.6), whereas
if 6 > A, then (5.12) holds with §(f) = 1/2 by hypothesis.

Now suppose that k = A/\/e < 0 < A, and let p € & be fixed. Since 2x > 6
it is clear that a natural number n < p? is a nonresidue if and only if n = gm for
some prime nonresidue ¢ and natural number m, and in this case the pair (¢, m)
is determined uniquely by n. Therefore,

6 (@
= XL =saervo(L). e
a<p’ 1 oep
(glp)=-1

where (as before)

Sp1(0) == Z gt
<p’

q
(qlp)=-1
Note that we have used the Prime Number Theorem and the fact that 8 > 1 to

bound the error term in (5.14).
From (5.11) and (5.14) one concludes that the limit
1 .
5 = Sl (/\) = plLIIgO Sl,p(/\)
peEP

exists. Using Mertens’ theorem, we have

1
= =51(A\) = liminf S7 ,(A) + limsup(S1(A) — S1,,(6))
2 p—0o0 p—00
peEP pEP
A 0 A A1
< liﬁs£p51’p(9) + log 2 < log - + log 7= log =3
peEP
and hence
o . . 0
S1(0) = hprggéf S1,(0) = lllr)gsolép S1p(0) = plgxolo S1.(0) = log p
peZ pEP peEP

for all § € (k,\). In turn, by (5.14) one gets that

N (p?
lim Mzé(&) (k<0 <N\,
p—0o0 P
peEP

thus (5.12) holds in the full range of § > 0. |
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As a corollary of Theorem 1.2, we are in a position to give an independent
proof the following result, which is originally due to Heath-Brown (for a more
precise statement, see Diamond et al [4, Appendix|, where a reconstruction of
Heath-Brown’s work is given).

Corollary 5.3. Suppose that
(nlp) =1 (1 <n<p/Ve) (5.15)

for all primes p in some infinite set &2. Then for every zero z of the function

9 1
H(z):= ;/ (1—6_2")%7
1/ Ve

there is a sequence (0p)pe such that each term g, is a zero of the L-function

L(s, (-Ip)), and
(1 —op)logp = —4z + o(1). (5.16)

Proof. Combining (5.15) with Lemma 4.5, we see that the hypotheses of Lemma 5.2
are met with

1 1
and A= —.

1/e 4

Therefore, the hypotheses (1.6), (1.7) and (1.8) are met with the function ¢ and
the probability distribution d given by (1.9) and (1.10), respectively. For the
probability distribution d given by (1.10) one easily verifies that

A7) =0 -aw)

therefore, the asymptotic representation (5.16) follows from Theorem 1.2. |
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