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1 Introduction and statement of results.

Nowadays the generation of cryptosystems requires two main aspects. First
the security, and then the size of the keys involved in the construction and
comunication process. About the former one needs a difficult mathematical
assumption which ensures your system will not be broken unless a well known
difficult problem is solved. In this context one of the most famous assumption
underlying a wide variety of cryptosystems is the computation of logarithms in
finite fields and the Diffie Hellman assumption. However it is also well known
that elliptic curves provide good examples of representation of abelian groups
reducing the size of keys needed to guarantee the same level of security as in
the finite field case. The first thing one needs to perform elliptic logarithms
which are computationaly secure is to fix a finite field, IF,,, and one curve, E/F,
defined over the field, such that |E(F,)| has a prime factor as large as possible.
In practice the problem of finding such a pair, of curve and field, seems simple,
just take a curve with integer coefficients and a prime p of good reduction at
random and see if |E(F,)| has a big prime factor. However the theory that
makes the previous algorithm useful is by no means obvious, neither clear or
complete. For example it is well known that supersingular elliptic curves have
to be avoided in the previous process since they reduce the security of any
cryptosystem based on the Diffie Hellman assumption on the elliptic logarithm.
But more importantly, the process will be feasible whenever the probability to
find a pair, (E,p), with a big prime factor ¢| | E(F,)| is big enough. One problem
arises naturally from the above.

Problem 1 Let x be a positive number, E/Q an elliptic curve over the rational,
and consider the sequence A(x) = {|E(F,)| : p < z}. How many elements

a € A(x) have a large prime factor?

Before start let us note that, since the reduction modulo p injects E(Q)sors
into E(F,) for almost all primes p, if the curve has rational torsion all the
elements in /l(x) have a trivial common factor. In this sense, if d is a common
factor of all the elements in A(z), we will be considering the more convenient
sequence A(z) = {1|E(F,)| : p < z}.



The problem then would be to study the factorization into prime numbers of
the elements of the sequence A = A(c0). This sequence has being widely study
in the literature. In 1988 Koblitz [K] conjectured that for any elliptic curve over
the rationals, the elements in A not only have a big prime factor very frequently,
but in fact there are infinitely many of them being prime numbers. Concretely if
we denote by ITg(z) the function which counts the number of a € A, a < x, that
are primes, then he claims that for curves without rational torsion there exist a
constant ¢, depending on the curve, such that Ig(z) ~ cx/(logz)? as x — oco.
But there is also another reason why one would like to know the factorization of
the elements in A. In 1977 Lang and Trotter conjectured that, given an elliptic
curve E and a nontorsion point a € E(Q), the density of primes for which a
generates E(F,) exists. In particular it predicts that the group of F,, points of
the reduced curve mod p is cyclic for many primes p. Since then it has been an
extensive study, either of the conjecture itself, or in the ciclycity of the group
of F,, points. A few examples can be founded in [B-M-P], [C1], [G-M], [L-T] or
[S].

Both problems, to find lower bounds for the prime factors, and to ensure
cyclicity of the group can be studied at the same time. In particular if we are
able to prove that many elements in A are squarefree, then automatically, at
least when d = 1, the corresponding group will be cyclic. But if we are able
to also say that the number of its prime factors is small, then one of them has
to be big in comparison with the size of the element. Hence, to attack both
problems, we want to find squarefree elements in A with small number of prime
factors. We are in a good position to understand our question as part of a
general framework, namely inside sieve theory. Let us say that an integer n is
P, if it is squarefree with at most 7 prime factors. If r = 2 we say our number
is almost prime. In these terms we are interested in localizing many P, among
the elements of A with as small r as possible. In particular Koblitz’ conjecture
deals with the case r = 1.

Although the most efficient techniques known at present to attack this kind
of problems are sieve methods, however it is important to note that, unfor-
tunately, at least considered in its classical way, the sieve can not provide us
with lower bounds for the number of primes in certain sequences due to the
parity problem. In fact when r = 1 there is not a single example of a curve
for which the asymptotics predicted by Koblitz have been proved. For r > 1
the situation is not much more promising although now, with sieve methods,
one can accomplish something. Miri and Murty in [M-M] proved, assuming the
Grand Riemann Hipothesis, GRH, that for curves without complex multiplica-
tion [{Pig € A(z)}| > z/(logz)?. In [S-W] Steuding and Weng improved the
previous result giving [{Ps € A(z)}| > x/(logz)? for non-CM curves. They
also proved |[{P; € A(z)}| > z/(logx)? in the CM case, but always under
GRH. Very recently Cojocaru in [C2] proved unconditionally that for CM ellip-
tic curves |{P5 € A(z)}| > z/(log x)?.



In this paper we will also be considering curves with complex multiplication,
focusing in the non-supersingular case. We shall improve the previous works
unconditionally. For simplicity we will restrict our arguments to the curve F :=
y? = 23 — z, although the general CM case could be treated in a similar way.
Note that any elliptic curve over Q can only have complex multiplication by
an order of an imaginary quadratic field of class number one. In our case the
ordinary primes are p = 1(mod 4) and, for these, |E(F,)| = p + 1 — 2a where
p=a?+b% and a+ib =1 (mod 2(i + 1)) and so we deduce that 8 always divides
|E(F,)| = (a—1)% + b2

Theorem 2 For x > 5 we have
{p<z.p=1(mod4) : LEE,) = P} > o/(loga)

It is important to note that for these primes p in Theorem 2 of size about x one
of the prime divisors of the P, has to be of order at least /.

Several remarks might be needed. First of all we see that we have supersin-
gular reduction for any prime p = 3 (mod 4). Although this case might be of less
interest for cryptographic purposes, it is interesting to see what happens. Now
|E(F,)| = p+ 1 is always divisible by d = 4 and, if we ask whether or not the
elements of A can be prime, we will be asking for primes ¢ such that p+1 = 4q
for some prime ¢, and this is well known to be essentially equivalent to the twin
prime conjecture so the best one can hope for is the analogous results of Chen
[Ch] for this problem. The case p = 1 (mod 4) is also related with the twin prime
conjecture. Indeed, we have already mentioned that in this case p = a® + b? for
some integers a, b which, looking at the problem in the gaussian domain, is just
saying that p splits in Z[i] as p = n7 for m = a + bi. If we take 7 to be primary,
ie. m = 1(mod 2(1+14)), then |E(F,)| = N(rm — 1) = 0(mod 8), and so the
elements of the sequence A will be prime if and only if there exists a prime 7
such that 7 — 1 = 2(1 + 4)efr, for some unit € = +1, +i. In other words, the
problem for p = 1 (mod 4) is equivalent to the twin prime conjecture, but in the
gaussian domain. For the proof of Theorem 2 we will apply techniques similar
to those by Chen, but in the domain of gaussian integers. Among other things
we will need to employ the so called switching principle, and also to extend the
Bombieri-Vinogradov theorem in two different ways. The first generalization
needed is the analogous result for the field Q(i). Among many generalizations
that occur in the literature in this direction, we appeal to [J], which is suitable
to our particular case. The second generalization is a Bombieri-Vinogradov type
theorem, not for primes, but rather for gaussian P3 type numbers.

2 A weighted sum for the sieve problem.

Let us introduce the notation we will need afterwards. As usual for any sequence
of rational integers, C, and positive number z, we will denote C'(z) = {c € C :



¢ <z}, and |C(z)| the number of elements in the set. Given an integer d, the set
Cy = {ce C : d|c} consists of the elements of C which are multiples of d and
S(C,d) = |{c € C : (¢,d) = 1}| counts the number of elements in C coprime
with d. Analogously we define €5 and S(¢, ) for € C Z[i] and § € Z[i]. We
will also make several useful conventions. From now on A, Ai, Ao, ..., denote
primes in Z[i] and [, I1,ls,... the rational primes below them. Furthermore
D, Do, P1, P2, p3 will be rational primes spliting in Z[é], and 7, mg, 71, 72, 73 Will
denote primary gaussian primes above them. On the other hand ¢ will be a
rational prime inert in the domain. We put

P(z)={p=1(mod 4) : p < z}, and P(z) = H D,
pEP(2)
and on the other hand,
Q(z) ={¢=3(mod 4) : q < z}, and Q(z) = H q.
q€Q(?)

In order to prove Theorem 2 we first translate the problem in terms of gaussian

integers. Let
o= fo = (). <,

and

Pye A(z)

Then it is clear that S(z) is twice the left hand side of the inequality i n Theorem
2. Therefore it suffices to prove

S(x) > z/(logx)>. (1)

A weighted sum will be considered to achieve this goal. In particular let

1 1
W(z) = > 1- > - > 5
acA(x) pola 2 a=P1P2P3 2
(a,2P(2)Q(2))=1 z2<pg<y z2<p3<y<p2<pi
1 1
NP NS VRND VIR T I S
2 2
acA(z) 2<po<y apg€A(x) z2<p3<y<p2<p1
(a,2P(2)Q(2))=1 (a,2P(2)Q(2))=1 p3p2p1 €A(T)
1 1
= W1(93)—§W2(33)—§W3(33)7 (2)

where z = 2/8 and y = 2'/3. Tt is clear that any term with positive weight in

W (x) has to be either P, or divisible by some nontrivial square. however, the
contribution to W (x) of non-squarefree elements are easily bounded by

zlog x
E g 7(n) < 8%
zlog z
p>z n<wz
n=0(mod p2)




Hence
zlogx

S(xz) > E 1>W(z)+ O(
Py€A(z)
(P2.2P()Q(2))=1

),

zlog z

and so, in order to prove the theorem we need the estimation
W(z) > x/(logx)?.
We will estimate Wy (z), Wa(x), W5(z) separately.

3 Lower bound for Wi(z).

First let us note that Wi(x) = S(A(x),2P(2)Q(z)) is the usual sum in sieve
theory which counts the elemets in the sequence A(x) coprime with a product
of certain primes, in this case 2P(z)Q(z). In order to estimate this sum we need
to have some control on Ag(x) = {a € A(z) : d|a} for any d|2P(2)Q(z). We
will write d as d = 2°dyds such that d;|P(z) and dz|Q(z). For that purpose we
will use the following

Lemma 3 Let C be a sequence of integers. For x > 0 and d squarefree we have
|Ca(@)| =) u(k)S(C(), k).
k|d
Proof: 1t follows by Mobius inversion formula.
Now it is clear that for any squarefree integer k, and a € Z[i] we have

(N(a), k) =1if and only if (o, k) = 1 where k = k if k is odd and x = (1+1i)k/2
when k is even. Hence, S(A(x), k) = S(A(x), k), where

20) = { 55y + TP <o
and so, by Lemma 3,
[Aa(z)| =Y p(k)S(A(x), ). (3)
k|d

In order to estimate S(2((x), k) we will use the inclusion-exclusion principle over
the ideals in Z[é]. In particular let us define the M&bius function

1 ifo=<1>
p@) =< (=1)" if 0= A\, \; distinct,
0 if A2[0.

It is easy to see that fi(-) is a multiplicative function over the ideals in Z[¢] which

verifies
N 1 a=<1>
> ) =

0 otherwise,
o



and so for any k € Z[i] we have

S@Ux),r)= Y > )= i) (). (4)

acA(x) v|(a,k) K

Hence, the problem reduces to compute |2, ()| for ideals 9|(1+14)P(2)Q(z). By
definition we have
II(x;0,1) if (1414) 10,

2o (@)] = 1z 2(1 +)2,1) = {;n(az; )+ Ro(z) if (14+4)]0

where, for a general ideal a € Z[i], and gaussian integer «, we write

I(z;a,a) = Z 1,

m=a(mod a)
Im|? <w

and
Ry () = TI((z;2(1 + i)0, 1) — 5T0(; 20, 1),

because II(z;2(1 + ¢)0,1) = II(z;0,1) for any ® odd. Hence, to deduce our
bounds for Wi (z), we can use the generalization of Johnson of the Bombieri-
Vinogradov theorem, Corollary in page 203 of [J], to imaginary quadratic fields.
In particular we have

Proposition 4 Let a run over ideals of Z[i], and o run over gaussian integers.

We have
Z max
N{m<@ @V

where Q = \/z/(logz)? and ®(a) = |(Z]i]/a)*|. Here A is any positive number
and B and the implied constant dependens only on A.

(z;a,0) — ﬁﬂ(m) < (logxx)A (5)

Proof: Immediate from the mentioned Corollary in [J].

In our case, a = §/(1 +4)¢, for e = 1 or 0 depending on wether (14 7)[d or

not, hence
() = [[(=1* -1 J](¢* - 1),
7|0 qlo
and so
2 ()| = T(2)§(0) + 7o (A(2)), (6)
where §(+) is the multiplicative function over the ideals in Z[i] such that
1 1 1
~ 1 . — _ ~ — A —
The error terms satisfy
. x
> [P (z)| < Tlog /A" (7)

N(0)<vz/(logz)?



Hence, by (3), (4) and (6) we get for d = 2°d1da, d1|P(z), d2|Q(z) as above
Aa(z)] = Y p(k)(I(x) Y a@)5(0) + ) w(0)fo ()
k|d 0|k olk

I(z) Y u(k)H(k) + Y p(k) Y (@) ()

k|d k|d |k

where H (-) is the multiplicative function such that H(2) = 1, H(p) = (1—g(m))?
for splitting primes and H(q) = 1 — §(q) for primes innert in Z[i]. Moreover, by
switching the order of summation, we easily get

> uk) Y @) () = > @) () u(as),

k|d K ay=d

where ay = 2%a1by whenever d = (1 4+ 4)¢a1bs for N(ay) = a1,a1]d; and by|ds.
Hence we can write

[Aa(2)] = I(z)g(d) + ra(z), (8)
where g(-) is the multiplicative function such that g(I) = 1 — H(I) for any prime
I, and |rq(z)| <>, _glro(z)| which gives us, by Proposition 4,

3 ()] < — (9)

=4
et (log x)
2¢d1d3< @/ (logx)B

In order to make the level of distribution in the error term as large as possible,
we should control the contribution to the sum from moduli d with do large.
These terms can be easily estimated as follows. First, ignoring that the element
in A(z) are parametrized by primes, we have

X
|Ag(z)] < Z 1< 2 Z 21<<T(d1)m.
u“+ve<wz/8 u“+v=<wz/8d3
dlu2+v2 dp |u2+v2

On the other hand, since d is squarefree, we have
7(d1) =
I1 d
(@)old) < St

and so the total contribution to (9) from every d with do > (logz)4+! is
absorved by the right hand side. Hence, by changing B to B+ A + 1, we can

write (9) as
x
rq(z)| < . 10
>, @) < g (10)
d</z/(log )"
Now, a straightforward application of the prime number theorem for the arith-
metic progression p = 1 (mod 4) allows us to see that the density function g(-)
verifies the linear sieve assumption

Gggi) (1— 101;0) < JI -9 < (Eggi)) (1+ lolg’2w>, (11)

w<p<z




for some constants Ly, Lo, and so by (10) and (11) we can apply linear sieve to
A(z) with level of distribution D(z) = v/z/(logz)? to deduce, by the Jurkat-
Richert Theorem, that

Wi(z) = (z)V(2)f(s) {1+ o(1)}, (12)

where s = %, V(2) =[1,<.(1—g(p)), and f(s) = 26“’@ for2 < s <4,

by (5.1) and (5.2) in [I]. In particular, with our selection of z and D(z) above

we get s =4 — SBloig’im, f(s) = % log3 + o(1), and we get the lower bound

Wi(@) = (3¢710g3 +2) @)V (2), (13)

valid for any € > 0 and for x sufficiently large in terms of €.

4 Upper bound for Ws.

We now proceed to bound W from above. Here instead of A(z), the sets to
consider in the sieve process would be

Apo () = {a € Az) = pola},

for each prime pg in the interval (z,y]. In this case the number of elements in
A, divisible by d is precisely

[ Adp, ()| = TI()g(dpo) + Tap, ()

for g(-) and r(+) as in (8), and so we can apply the upper-bound linear sieve of
Jurkat and Richert, now with level of distribution D(x)/po, to find

Yo 1<H@V(R)gwo) {F (spo) T} + D Irape(@)l, (14)
a€Ap () d<D(z)/po
(a:2P(2)Q(2))=1 A2P()Q(2)
where s,, = log(D(z)/po)/logz, and F(s) = 2e7s™! for any 1 < s < 3 by
(3.76) in [I]. In our case, z < py < y, and 50 F(sp,) = & 8%, 4 o(1). Hence,

2 log(z/p3)
summing over all the primes pg in the interval we get

Wa <T@)V(2){ 3 Flspo)glpo) +0(1) . (15)

z2<po<y

since Y5, <, 9(p0) = 220, <, 5o = O(1), and the absolute error term

satisfy
YooY Irap(@)] < a/(logx)?,

z<po<y d<D(xz)/pg
d|2P(2)Q(2)



by (10). Partial summation and (11) allow us to obtain

ev (Y log =
<II — —_—— 1).
Wz < H@)V(z) 2 /Z log(:c/tQ)tlogtdt +o(l)

By changing variables t = =% we get
Wy < (%e"* log 6 + 5) I(x)V(2), (16)

for any € > 0, and x sufficiently large depending on «.

5 Upper bound for Wj(x).

Finally we have to control W3(z) which counts the number of elements a in
A(x) such that a = p1paps for splitting primes in certain range. More precisely
Ws(z) counts the total number of solutions to any of the four equations
=14 (1+i)3emmoms with € € {£1,4i}, in primary primes such that

|7r|2 <z andz< |7r3\2 <y< |7r2|2 < \771|2.

For this purpose we will also use a linear sieve and Jurkat-Richert Theorem, not
directly, but using a switching device and changing the roles of primes = with
the triples 7y, w2, m3. With this in mind let us again note that the condition
|7|? < @ can be replaced by |mmams3|? < /8 with a negligible error of O(y/x).
Let us now consider the sequence

B(z)={N(1+w) : weQx)},
where
Qx) = {w = (1+i)3emmams) : e € Z[])*, |w|* < z,2 < |m3|? <y < |ma]?® < |m1]?}.
Then, W5 (z) counts essentially the number of primes in B(z). In particular
Ws(x) < > 1+ 0(Va),
beB(z)
(6,2P(VD)Q(VE))=1

and the problem is ready to apply sieve theory to the sequence B(z), in this
case with new sieve parameter zp = y/z. Again we need to estimate |Bg(x)l,
the number of elements in B(z) divisible by d|P(y/z)Q(y/z). Observe that now,
if 2|d, then the set By(z) is trivially empty. As before, we will write d = dyds
where d1|P(y/x) and d2|Q(v/z). Again using Lemma 3 we get

Ba(z)| = u(k) Y S(B(x),k) = > u(k)S(B(x),x),

k|d k|d

where
Bz)={l+w:wex)}



and in the same way we will obtain our estimations by aproximations to S(B(z), k)
for any x|P(y/x)Q(y/T). For this purpose we note that, similarly as in Section
3,

Bo(z)| = D>, (17)

we(x)
w=—1(mod d)
and so, as in the previous cases, the key point to evaluate |B,(x)|, and then
|Ba(x)|, relies in the existence of an analogous Bombieri-Vinogradov Theorem
for the numbers in the set Q(z), that we now state. To ease notation we will
denote the error term in the approximation as

1
E(z;a,a) = Z 1—w Z

weQ(x) weQ(x)
w=a(mod a) (w,a)=1

Proposition 5 Let the notation be as above, and x > 0. We have

< (18)

with Q = v/z/(logz)B. Here A is any positive number and B and the implied
constant depend only on A.

Proof: First we want to separate the variable 73 from the variables mq, w5 in
the definition of the set Q(z). To this end we split Q(z) into subsets Q(z)
in which z(1 4+ §)* < |m3)2 < 2(1 + §)**!, where J is a small number and
0 < k < K with K = [log(y/z)/log(1 + ¢)]. Note that the number of such
subsets Q. (x) which cover Q(z) is O(6 ' logxz). In each Q(x) we replace the
condition |w|? = 8| mem3|? < x by the condition 8|mma|?2(1 + 6)* < x and we
denote the resulting set by ) (x). The above partition and modification cover
the set () in a one-to-one fashion, except for the numbers w = (1+1i)3emmam3
with 2/(1 4 6) < 8|mimem3|? < 2(1+6) or y < |m3]2 < (1 +0)y, 8|mimams|? < .
However this boundary terms contribute to (18) trivially O(dx log )2°°%, so they
can be ignored by choosing § = (logz)~472096, Therefore, it suffices to show
(18) for the restricted sets ) (x) separately with A replaced by 24+ 2007. Put
w = z(1+ §)* and let Ex(v;a,a be the corresponding error term for the set
By orthogonality of the characters over (Z[i]/a)* we get

Bi(wan) < —— S| 3 yw)| <

(ID(a) X#Xo0 |weQ(x)

< 3 > oxm) Y xmm)|.

X#xo0 |w<|ms|2<w(146) y<|mal2 <]y |2
|mymo |2 <ax/8w

10



Summing over all ideals of norm up to @, and splitting into primitive characters
we get,
Z max |E(z;a,a) <
(ev,a)=1
N(@)<Q

*

1 > . > 1Aka, (00 Bra (X)]- (19)

N(al)SQ é(al) N(ag)SQ ¢(a2) x(mod ag)
X#X0
where
Ak (X) = a(a)x(@),  Bra () = b(B)X(B),
(@,01)=1 (B,a1)=1

for

. 1 ifa=ms,w < |m)* <w(l+46)

ala) = .

0 otherwise,

and

2 1 if f=mme,y < |mo| < |ml, 8] < z/8w
b(B) = .
0 otherwise.

Observe that, in particular, b(3) = 0 if |32 > z/3w.

The following lemma, generalization of Lemma 17.3 of [[-K], will be crucial
in the proof of the proposition. Then, a large sieve inequality in the gaussian
domain will allow us to end the proof. Let a(«) € C, indexed over gaussian
integers « with N(a) < N and such that

3 &(a)—% S ()| < Jla|N2AY, (20)

N(a)<N ( ) N(a)<N
a=¢(mod ) (a,0)=1

for some 0 < A < 1 and for any ideal @ € Z[i] and & € Z[i], ({,0) = 1. As usual
R X 1/2
lall = (S ayew la(@)?)

Lemma 6 Let ? be an ideal in Z[i], and () a sequence of complex numbers
satisfying (20) for any N, and any & modulo 0, (£,8) = 1. Let M be an ideal in
Z[i] and x a character modulo M. Then

Y ala)x(a)| < |lal|A%F ()N (9)(N log N)'/2,
(e,0)=1

where 7(0) counts the number of ideal divisors of 0.

11



Proof: The proof will go along the lines of Lemma 17.3 in [I-K]. In particular
it is easy to see that

> ale)x(a) =

(a,0)=1

= > MDD ae) D alax(a)+ Y ale) D ala)x(w)
<o elc (a,e)=1 clo (a,0)=1
N(c)<K N(e)>K a=0(mod ¢)

= 51+ 5,

where K will be chosen later. By splitting into classes modulo 991, and applying
(20) for each class we get,

Sy< [[a]|NT2A% Y TN a(e)|@(eam) < Kjal|NVEATN ()7 (0).

cld elc
N(e)<K

For the last inequality we have used that if e is an squarefree ideal, then
O(eIM) < P(e)N (M) for any ideal M in Z[i], and that for any squarefree ideal
[ Zelcé(e) = N(¢). In order to get an upper bound for Ss we use twice
Cauchy-Schwartz inequality to get

1/2

Se<+@Ylall| > > 1 < 7(0)|al|(Nlog N)Y/2K—1/2,

c|o N(a)<N
N(¢)>K a=0(mod c)

Yoo > > 1< Y o7 <<—NlogN (21)

N(a)<N n<N/K N(&)=n n<N/K
a=0(mod «¢)

since

The lemma follows by choosing K = A~6.

We now want to use Lemma 6 in (19). For that purpose we split the sum
n (19) into two, depending on whether N(az) < R or N(az) > R. Let us
call D; and D each of these two sums respectively. Since ||a|| < (2w)'/?, and
|1b]| < (z/(8w)) 2, we just have to use Lemma 6 to get

D < (zlogx)A® Z Z N(ag),

N(al)SQ N(a

where A will be chosen so that a verifies (20). We will need two simple lemmas
to deal with the sums over ideals a; and as.

Lemma 7 For any arithmetic function f(n) such that f(nm) < f(n)f(m) for
every pair of integers n, m we have
2

dorm)fn) < (D fn)

n<zx n<zx

for any x > 0.

12



Proof: Immediate by switching the order of summation.

Lemma 8 Let k be a positive integer, and x > 0.

>

n<z

ok+1

d) z)?

Proof: Apply the previous lemma to 7(n)*~!/¢(n), induction, and the fact that
anz ﬁ < (log z)?, the last inequality being consequence of the trivial one
¢(n) > n/logx for any n < x.

With this two lemmas on hand it is immediate to get
Dy < xlogzA®R*(log R)(log Q)3, (22)

since, (see (21)),

> N(@)<R Y 1<RlogR,
N(az2)<R N(az)<R
and, if N(¢) = n, then ®(c) > ¢(n), and so

7(a 1 T(n)2
> o ZZ@( <2 i B < 2 o)

N(a1)<Q n<Q N(a1)=n n<Q N(al):n U n<q
(23)

Finally we need to estimate Dy. A direct application of Cauchy-Schwartz gives
us

[log(Q/R)]—

Dy < Z Z B;)Y?

N(a1) <Q

where

Aj = Z Z Ak a1 P

eI R<N(az)<eit'R ( x(mod ag)

X#X0
Bj = E ( E By, 01
eI R<N(az)<el*t'R x(mod ag)
XF#X0

The estimation of A;, B; is straightforward from the following large sieve in-
equality in the gaussian domain,

Lemma 9 Let 0 be an ideal in Z[i], d(a) a sequence of complex numbers sup-
ported on gaussian integers with N(a) < N, and Q > 1. Then
2

Z N(a) Z a(a)x(e)| < (Q*+ N)llall.

N(a)<Q (I)(Cl) X;";’ioﬂ) (a,0)=1

13



Proof: This is a consequence of (3.1) in page 180 of [H].

We can use the previous lemma to bound Aj;, B; and, in this way, deduce
that

1
Dy <a? Y x

N(a1)<Q ®(a1)
[log(Q/R)] , ,
- J;) gl R+ (@) 2)( TR + (x/8w)'/?)
< 22 (log2)%(Q + (x/2)/* + y'/? + 2'/2/R), (24)
since 1
> < (logQ)*,
P
Nien<e T(@)
by Lemma (8), as in (23). Now Proposition 5 follows by choosing A = (log x)
Q = x'/?/(log z)® for B given by Proposition 4, and R = A~ |
It is straightforward to go from the previous proposition to the estimation
x
B —|Q d . 25
> 1B - 9o < (25)

d<va@/(log ) B
d odd

Indeed, first note that in our case we have, by (17), a = 91ds with dy, ds
as mentioned above. Then, to get (25) first remove the condition (w,a) =1
by noting that the elements in Q(z) only have divisors |7|?> > z!/8 and so if
one of them is fixed, (dividing certain ideal a), then we will have trivially less
than 27/81log x elements left, which will be absorved by the error term. Second,
change the summation in terms of the norm by the more convenient in terms of
the divisors. The argument to do so is the same as the one done to go from (9)
o (10). Observe that, in this case, we have the extra condition d odd since all
the elements in Q(z) are divisible by 2. Equation (25) allows us to apply linear
sieve to the sequence B(x) with level of distribution D(z) to obtain, applying
one more time Jurkat-Richert Theorem,

Wa@) < [T (1 =g@)IQ@){F(1) +o(1)} = &V (2)|Qa) {1 + o(1)},

2<p<x

since F(s) = 2¢7s™" as in (14), and [[,,. z(1 — g(p)) = $V(2)(1 +o(1)) by
(11). To finish the proof we just have to compare |Q(z)| with II(x) appearing
in (13) and (16). By definition we have

Q@) < 4 Y Y H/Blmsml?)

2<|m3|? <y <|m2|? <z /| 73]

N %H(m) Z Z log x

1 2)"
<oy <imalie s | 08/ ([T3T2]?)
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A new application of partial summation, together with a change of variables, as
in the deduction of (16), gives

1Q(2)] < ;n(gc)/;/é : #M:%cﬂ(x),

1 l—u—v wv

for some ¢ < 0.36308373. We just have to combine the previous results to get

Ws(z) < (5€7c+ e)I(z)V(2). (26)

Theorem 2 follows by plugging (13), (16), and (26) in (2).
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