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Orders of CM elliptic curves modulo p
with at most two primes

HENRYK IWANIEC AND JORGE JIMENEZ URROZ

Abstract. In this paper of 1988 N. Koblitz conjectured that given an elliptic
curve E over the rationals, the order of the group of F, points of its reduction
modulo p, |E(IFp)|, is a prime number for infinitely many primes p. Since then
a wide number of research articles has been dedicated to understand and solve
this conjecture. In this paper we give the best result known nowadays. We can
prove quantitatively that for infinitely many primes p the reduction of the curve

y2 = x3 — x modulo p has order which is eight times an almost prime number.
The problem turns out to be the equivalent to the twin prime conjecture in the
Gaussian domain. The result could be extended to any CM curve with certain
considerations. We also point out the relation of the result with certain considera-
tions. We also point out the relation of the result with the cyclicity of E(IFp), and
the Lang Trotter conjecture.

Mathematics Subject Classification (2010): 11N36 (primary); 11G07, 14G50
(secondary).

1. Introduction and statement of results

Let E/Q be an elliptic curve defined over Q. There is a huge variety of papers
dedicated to the study of this object, and we can safely say that the main interest
to do so is that, in fact, apart from an algebraic curve, it can be equiped with a
compatible structure as a finitely generated Abelian group. For example, we know
that E(Q), the set of QQ-rational points of E, can be seen as the direct product
E(Q) >~ Etors(Q) ® Z". Let us mention here that, while the torsion is very well
understood, the mathematical community is making a great effort in trying to un-
derstand the rank r of this group with certain generality.

Since the operations of the group are algebraic functions defined over the same
field as the curve, we can also consider the structure of the set of points, not over
Q, but over different fields of interest. In this sense, let N be the conductor of the
curve and p be a prime of good reduction for E (that is, p { N). We denote by E,
the reduction of E modulo p. This is an elliptic curve defined over IF, and, as in
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the rational case, we are interested in the study of the structure of the group E(IF),)
of I ,-rational points of E,. Again it is well known that in this case it is the product
of two cyclic finite groups

EF,) ~Z/d,Z.& Z/e,T.

with dj|e;,. However, the behaviour of the invariants d), and e, when varying the
prime p, or the elliptic curve E/Q, are highly mysterious and its study comes from
very many different perspectives.

Computations of Borosh, Moreno and Porta in 1975 [1] showed that for many
primes p one has, d, = 1, i.e. the group E(IF'),) is cyclic. This fact, still open, was
proved by Serre [19] under GRH three years later. But even more is expected to be
true. In their 1977 paper [16] Lang and Trotter conjectured that the elliptic curve
analogue of Artin’s primitive root conjecture should be true: given an elliptic curve
E /Q and a nontorsion point ¢ € E(Q), the density of primes for which a generates
E(IF ) exists. In particular, if this density is nonzero, for a positive proportion of
primes the group E(IF),) is cyclic. Since then, there has been an extensive study,
both of the conjecture itself, and of the cyclicity of the group of IF,-points. A few
examples can be found in [1,3,7,16] and [19].

In 1988 N. Koblitz [15] was also considering the structure of the group of
IF,-points of the reduced curve, but this time for its cryptographical implications.
Nowadays the security of cryptosystems is based in certain difficult mathemati-
cal assumptions, and the Diffie-Hellman assumption regarding the computation of
logarithms in finite fields is one of the most famous ones. It is also well known
that elliptic curves provide good examples of representations of Abelian groups re-
ducing the size of keys needed to guarantee the same level of security as in the
finite-field case. However, to perform elliptic logarithms which are considered to
be computationally secure one needs to find a finite field, IF,, and one curve E/F ,,
defined over the field, such that the size of the group of I ,-points, |E(IF )|, has a
prime factor as large as possible. One problem arises naturally from above:

Problem 1.1. Let x be a positive > number, E/ Q be an elliptic curve over the ratio-
nals, and consider the sequence A(x) = {|E(F,)| : p < x}. How many elements
a € A(x) have a large prime factor?

Before we start, an observation is needed. Since the reduction modulo p injects
E(Q)tors into E(IF),) for almost all primes p (in what follows we will always be
considering only primes of good reduction), if the curve has rational torsion, then
all the elements in A = .A(c0) have a non-trivial common factor. In this sense, if
dg is the greatest common divisor of all the elements in .4, it is more convenient to
consider the sequence A = {ﬁ |E(F,)| : p prime}.

In his paper [15] Koblitz conjectured that for any elliptic curve over the ra-
tionals, the elements in .4 not only have a big prime factor very frequently, but in
fact are infinitely often primes themselves. Concretely if we denote by ITg(x) 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 ITg(x) ~ cx/(logx)2 as x — oQ.
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Observe that both problems, to find lower bounds for the prime factors of
|E (), either for cryptographical purposes or towards Koblitz’s conjecture, 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 .4 are squarefree, then automatically,
at least when dg = 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 .4 with few 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 r
prime factors. If » = 2 we say our number is almost prime. In these terms we are
interested in locating 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, it is however important to note that, unfortunately, 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 [17] proved, assuming
the Grand Riemann Hipothesis, GRH, that for curves without complex multipli-
cation [{P1g € Ax)}| > x/(logx)z. In [20, 21] Steuding and Weng improved
the previous result giving |{Ps € A(x)}| > x/(logx)? for non-CM curves. They
also proved |{P4 € A(x)}| > x/(log x)? in the CM case, but always under GRH.
Very recently, Cojocaru in [4] proved unconditionally that for CM elliptic curves
[{Ps € A(x)}] > x/(log x)2.

In this paper we will also be considering curves with complex multiplication,
focusing on the non-supersingular case. We shall improve the previous works un-
conditionally. For simplicity, we will restrict our arguments to the curve £ :=
y? = x3 — x, 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 ordi-
nary primes are p = 1(mod4) and, for these, |[E(F,)| = p + 1 — 2a where
p = a? 4+ b2, and a + ib = 1 (mod 2(1 +i)) and so we deduce that 8 always
divides |E(F )| = (a — 1)> + b*.

Theorem 1.2. For x > 5 we have

> x/(log x)?.

1
{pfx, p=1(mod4) : J|EF,) =P2}

It is important to note that for these primes p in Theorem 1.2 of size about x one of
the prime divisors of the P, has to be of order at least ,/x.

Several remarks are needed. First of all, as we have mentioned, although this
theorem is stated for the particular case of the curve y> = x> — x, a completely
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analogous result holds for any curve E/Q with complex multiplication. However,
just to understand the sequence A(x) in full generality, one must control the inte-
ger dg, i.e. the common factor of the elements |E(IF )|, attached to the curve. In
general this integer will not be trivial. Indeed, we have already mentioned that the
torsion of the curve will be part of dg and recall for example that curves with CM
by Q(+v/=7) always have nontrivial rational 2-torsion. But, in general, it could ap-
pear something else and, in this way, a quite interesting study of the corresponding
integers dg appears. The nature of this study is, on one hand more algorithmic and,
in any case, far apart from the main lines of discussion for the proof of Theorem 1.2.
These reasons lead us to restrict ourselves to the case under discussion. A general
statement about CM curves, with a sketch of the proof following the proof of Theo-
rem 1.2, along with the complete study of the integers dg that appear in each case,
and some applications, can be found in [13].

More remarks should be given concerning the particular statement of Theo-
rem 1.2. First we see that we have supersingular 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(IF,)| = p + 1 is always divisible by
d = 4 and, if we ask whether or not those elements of A can be prime, we will be
asking for primes g such that p + 1 = 4¢q 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 a result analogous to Chen’s [2] for this problem.

We have already mentioned that, when p = 1 (mod 4), 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 = nw form = a + bi. If we take 7 to be primary,
ie. m = 1(mod 2(1 +i)), then |[E(F,)| = N(w — 1) = 0(mod 8), and so those
elements of the sequence .4 will be prime if and only if there exists a prime 7 such
that 7 — 1 = 2(1 + i)e7, for some unit € = +1, &i. In other words, the problem
for p = 1 (mod 4) is also equivalent to the Twin Prime Conjecture, but now in the
Gaussian domain.

For the proof of Theorem 1.2 we will apply techniques similar to those of
Chen, but in the domain of Gaussian integers. First we will need two different
extensions of the Bombieri-Vinogradov theorem. 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 [14], 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.

To improve the previous results in [17,20], and [4], apart from the Bombieri-
Vinogradov theorem, which in this context is even more efficient than any version
of the Riemann Hypothesis, one has to apply the switching principle (see Section 5).
In order to make it effective one first needs to increase the level of distribution in the
sequence by discarding the inert primes, which contribute as squares (see formulas
(3.8) and (3.9) below).

Finally, a question that naturally arises from the previous study is what happens
for CM elliptic curves over number fields. Let us note that, first of all, the proof
of Theorem 1.2 (or [13, Theorem 1]), heavily relies on a very precise formula for
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the number of points over I, of a curve E/Q with CM. This type of formulas for
a general CM curve over a number field is presented in [18], however it remains to
be seen what are the consequences of their formulation for this problem. Moreover,
another key fact to carry out the rational case is that any CM elliptic curve with
rational coefficients has a quadratic imaginary field of class number one as the CM
field. Hence, the present method would not apply directly to CM curves defined
over number fields and higher class numbers.

ACKNOWLEDGEMENTS. We would like to thank Nathan Jones for a careful reading
of a previous version and for many helpful comments and suggestions for the final
presentation of the paper.

2. A weighted sum for the sieve problem

Let us introduce the notation we will need afterwards. The functions t(-), w(-)
and ¢ (-), will denote the divisor, M&bius and Euler’s phi function respectively, and
y will be the Euler-Mascheroni constant. As usual for any sequence of rational
integers, C, and positive number x, we will denote C(x) = {c € C : ¢ < x}, and
|C (x)| the number of elements in the set. Given an integer d, the set C; = {c € C :
d|c} consists of the elements of C which are multiples of d and S(C,d) = |{c € 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, A1, A2, ..., denote primes in Z[i] and [, [1, I3, ... the
rational primes below them. Furthermore p, po, p1, p2, p3 will be rational primes
splitting in Z[i], and =, 7o, 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 ={p=1(@mod4 :p<z}, ad P@= [] p
PeP()
and on the other hand,
Q(z) = {g=3(mod4) : g <z}, and 0@ = [] ¢
q€Q(2)

In order to prove Theorem 1.2 we first translate the problem in terms of Gaussian
integers. Let

Ax) = {a:N(%), |7 |? §x},

S(x) = Z 1.

Pre A(x)

and

It is clear that S(x) is twice the left hand side of the inequality in Theorem 1.2 and,
therefore, it suffices to prove

S(x) > x/(logx)>. (2.1)
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A weighted sum will be considered to achieve this goal. In particular let

W= Y “Zé— 3 %

acA(x) pola a=p|pyp3
(a,2P(2)Q(2))=1 7<po=<y Z<p3=y<p2<pi
1 1 22
acA(x) Z<po<y  apgeA(x) Z<p3=y<p2<ri
(a,2P(2)Q(2)=1 (@,2P(2)Q(2)=1 pP3P2P1EAK)

1 1
= Wi(x) = ZWa(x) = W3 (),

where
z=x"% and y=x1/3. (2.3)

A similar sum was also used by Chen in his original article, [2], and is precisely
designed to detect P, numbers. Indeed, since any integer less than x cannot have
more than three prime divisors bigger than y, any squarefree term of A(x) with
at least four prime divisors will be counted at least twice in the second sum of
W (x), meanwhile those with exactly three prime divisors will be counted, in the
worst case, at least once on each inner sum of W (x). Hence, 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 is easily bounded by

x log x
Yo Y o< ogs

p>z n=<x

ns()(mod p2)
Hence .
sw= 3 1zW<x)+0(x ng),
PreA(x) < 10g <
(Py.2P(2) Q(2))=1

and so, in order to prove the theorem we need the estimation
W(x) > x/(log x)°.

We will estimate Wy (x), Wa(x), W3(x) separately.

3. Lower bound for W, (x)

Let us first note that Wi (x) = S(A(x), 2P(z) 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 2 P(z) Q(z). In order to estimate this sum we need to have some
control on Ay(x) = {a € A(x) : dla} for any d|2P(z)Q(z). We will write d
as d = 2°d1d, such that d1|P(z) and d>|Q(z). For that purpose we will use the
following:



ORDERS OF CM ELLIPTIC CURVES MODULO p WITH AT MOST TWO PRIMES 821

Lemma 3.1. Let C be a sequence of integers. For x > 0 and d squarefree we have

ICa) =) uk)S(C(x), k).

kld
Proof. It follows by the M&bius inversion formula. O

Now it is clear that for any squarefree integer k, and @ € Z[i] we have
(N(@), k) = 1if and only if («, k) = 1 where

kif2J[k
“Va+oieam G-
2
Hence, S(A(x), k) = SRl(x), k), where
=10
Ql(x)_{z(lJri) b EX},
and so, by Lemma 3.1,
[Ag(x)] = Z/,L(k)S(Ql(x),K). (3.2)

kld

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

1 ifo=<1>
@) =1 (=" ifd=x;-- A, A; distinct,
0 if A2)0.

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

Zﬁ(a)= 1l a=<l1>

0 otherwise,
)

and so for any « € Z[i] we have

S@), )= Y Y @) =) A@)I2A)]. (3.3)

aeA(x) 0|(a,k) LIS

Hence, the problem reduces to computing |2(3(x)| for ideals 0|(1+i) P(z) Q(z). By
definition we have

M(x;0,1) if (14+1i)10,
Ao(x)| =T (x;2(1+0)0,1) =41 ( ?
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where, for a general ideal a € Z[i], and Gaussian integer «, we write

(x; a,a) = Z 1,

m=a(mod a)
|2 <x

and |
Ry(x) =T1(x;2(1 +i)0,1) — EH(X; 20, 1),

because IT(x;2(1 +i)0,1) = II(x;0,1) for any 0 odd. Hence, to deduce our
bounds for Wy (x), we can use Johnson’s generalization of the Bombieri-Vinogradov
theorem, Corollary in [14, page 203], to imaginary quadratic fields. In particular, if
we let TT(x) be the number of splitting primary primes in Z[i] with norm up to x,
we have:

Proposition 3.2. Let a run over the ideals of Z[i), and o run over the Gaussian
integers. We have

IM(x; a, ) — ;H(x) <

max _x
®(a) (log x)4

N(m<o *9=!

(3.4)

where Q = /x/(log x)B and ®(a) = |(Z[i1/a)*|. Here A is any positive number
and B and the implied constant depends only on A.

Proof. Immediate from the mentioned Corollary in [14]. O

In our case, a = §/(1 + i), for e = 1 or 0 depending on wether (1 + i)|0 or

not, hence
@@ =[x = D[ ]@* - D.
|0 qlo
and so
Ao ()] = [T(x)g (@) + 7o (x), (3.5)
where g(-) is the multiplicative function over the ideals in Z[i] such that
gl +1i) : g(m) : 2(q) :
i)=—, )= —5—0, = .
g 5 8 o1 9= 2
By Proposition 3.2 the error terms satisfy
. X
_— 3.6
Y hwik Tog ) (3.6)

N(@)=<yx/(logx)B
Hence, by (3.2), (3.3) and (3.5) we get for d = 2°d d>, d1|P(2), d2| Q(z) as above
A0 =Y ) Ix) Y A@ZO) + Y AQ)F(x))
kld Ok [l

M) Y pk)HE) + Y pnk) Y A@)F(x))

k|d kld ol
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where H (-) is the multiplicative function such that H (2) = %, H(p)=(1 —237(77))2
for splitting primes and H(g) = 1 — g(q) for primes inert in Z[i]. Moreover, by
switching the order of summation, we easily get

D k) Y AEF(x) = Y B (x)n(ar),

kld 0|k ay=d

where ap = 2°a1by whenever 0 = (1 + i)°a1by for N(a1) = ay, ai|d; and b;|d>.
Hence we can use the approximation

| Aq ()] = TT(x)g(d) + ra(x), (3.7)

where g(-) is the multiplicative function such that g(!) = 1 — H (/) for any prime /,
and the error satisfies |[ry(x)| < Y ay=d [75(x)| which gives us, by Proposition 3.2,

X
Yo i< ToerT (3.8)

d=26d1d2
2¢dyd3 <7/ (log x)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 d; large. These
terms can be easily estimated as follows. First, ignoring that the elements in A(x)
are parametrized by primes, we have
X
|Aa(x)| < Z 1< Z 1« ‘C(dl)ﬁ-

L12+v2§x/8 u2+v2§x/8d22 1 2
du4v2 4202

On the other hand, since d is squarefree, we have

t(dy) x

Il A
gld) < o )d22 logx’

and so the total contribution to (3.8) from every d with d; > (log x)A*! is absorbed
by the right hand side. Hence, by changing B to B + A + 1, we can write (3.8) as

Y i< (3.9)

X
.
d=/x/(0g )" (log )

Now, a straightforward application of the prime number theorem for the arithmetic

progression p = 1 (mod 4) allows us to see that the density function g(-) verifies
the linear sieve assumption

I L 1 L
ZEN(1- =) < ] a—eon ' = (=2 ) (14 =), 310
logw logw w=p<z logw logw
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for some constants L, Lo, and so by (3.9) and (3.10) we can apply a linear sieve
to A(x) with level of distribution D(x) = /x/(log x)B to deduce, by the Jurkat-
Richert theorem (see [9, Theorem 8.4, page 236]) that

Wix) = TIx) V(@) f(s) {1 + o(1)}, (3.11)
where
Vi) =]]a-zgpn. (3.12)
P=z
s = 10%0’;”, and f(s) = 2¢7 257D for 2 < 5 < 4, by (2.8) and (2.9) of [9, pages

226 and 227]. (See also [11, Chapter 5]). In particular, with our selection in (2.3)
of z = x!/% and D(x) above we gets = 4 — SBloig)fx, f(s) = % log3 + o(1),
and we get the lower bound

Wi = (3¢" log3+¢) M)V (@), (3.13)

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

4. Upper bound for W, (x)

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

Apo(x) ={a € A(x) : pola},

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

| Adpo ()| = TT1(x)g(dpo) + rap, (x)

for g(-) and r(-) as in (3.7), and so we can apply the upper-bound linear sieve of
Jurkat and Richert, now with level of distribution D(x)/ pg, to find

> 1=I@V@E(P) {F (sp) +oD+ D Jrap®|, @D
acApg (x) d<D(x)/pg
(@,2P(2)Q(2)=1 d|2P(2)Q(2)

where V(z) is given in (3.12), 5,, = log(D(x)/po)/logz, and F(s) = 2eVs1
for any 1 < s < 3 by [9, equation (2.8)] (also [11, equation (3.76)]). In our case,

% logl(oxg /);(2)) + o(1). Hence, summing over all the

Z < po < y,and so F(sp,) =

primes po in the interval we get

Z<po=Yy

W2(x) < I(x) V(2) { > Fspyg(po) +0(1)} : (4.2)
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since }°._ <, 8(P0) = 23 . <, ﬁ = O(1), and the absolute error terms
satisfy

oY Jrap )| < x/(ogn)?,

Z<po=<y d=D(x)/pg
d|2P(2)Q(z)

by (3.9). Partial summation and (3.10) allow us to obtain

log x

———dr 1).
log(x/t%)tlogt +o)

Wax) = H(X)V(Z)—/
2 Z
By changing variables t = x* we get
Ly
Wa(x) < (3¢" log6+e) M)V (@), (4.3)

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

5. Upper bound for W;(x)

Finally we have to control W3(x) which counts the number of elements a in A(x)
such that a = p1 p» p3 for splitting primes in a certain range. More precisely W3(x)
counts the total number of solutions to any of the four equations

7 =1+ (1 +i)enmmn; with € € {1, +i}, in primary primes such that

2<x andz<|m|? <y<|mP<m*

||
For this purpose we will also use a linear sieve and the Jurkat-Richert theorem, not
directly, but using a switching device and changing the roles of primes s with the
triples 71, 73, 3. With this in mind let us again note that the condition | |2 <x
can be replaced by |7 m,m3]> < x/8 with a negligible error of O(/x). Let us now
consider the sequence

Bx)={N(1+w) : o€ Q(x)},

where
Q(x) ={w=~0+i) emimms : € € Z[i",

2 2 2 2
lo|” = x,z = |m3]” <y < |m2|” < |ml7}.

Then, W3(x) counts essentially the number of primes in 5(x). In particular
Wix) < Y. 1+ 0WA),

beB(x)
(b,2P(VX)Q(Vx)=1

and the problem is ready to apply sieve theory to the sequence B(x), in this case
with new sieve parameter zo = /x. Again we need to estimate |3;(x)|, the number
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of elements in B(x) divisible by d|P(/x)Q(4/x). Observe that now, if 2|d, then
the set B;(x) is trivially empty. As before, we will write d = dd> where d| P (\/x)
and d»| Q(4/x). Again using Lemma 3.1 we get

Ba()l =Y n(k)S(B(x), k)
k|d

for k given in (3.1) and
Bx)={l4+w: we QX))

and in the same way we will obtain our estimates by aproximating S(*B(x), «) for
any x| P (y/x) Q(y/x). For this purpose we note that, just as in Section 3,

B = Y L, (5.1)

we(x)
w=—1(mod )

and so, as in the previous cases, the key point to evaluate |28, (x)|, and then | By (x)],
relies on the existence of an analogous Bombieri-Vinogradov theorem for the num-
bers in the set Q2 (x), which we now state. To ease notation we will denote the error
term in the approximation as

1
Ex;a,0) = Z 1—wz

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

Proposition 5.1. Let the notation be as above, and x > 0. We have

> max |E(rieo)] € G (5.2)
NiaZo @)= (log x)

with Q = /x/(logx)8. Here A is any positive number and B and the implied
constant depend only on A.

In order to prove the proposition we need some lemmata. The first is a general-
ization of Lemma 17.3 of [12], which 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.

. R 1/2
As usual |[a]| = (ZN(O{)SN |a(0f)|2)

Lemma 5.2. Let 0 be an ideal in Z[i], £ € Z[i], (£,0) = 1 and a(a) € C a se-
quence of complex numbers, indexed over Gaussian integers o, such that for any N

> ()———Ej%nswwmﬁ, (5.3)

N()<N ©(0) N(@)<N
a=§(mod ) (o, 0)=1



ORDERS OF CM ELLIPTIC CURVES MODULO p WITH AT MOST TWO PRIMES 827

for some 0 < A < 1. Let 9 be an ideal in Z[i] and x a non-principal character
modulo N. Then

Y @@ (@)| < |[@]A’T@)N (N log N)'72,

(a,0)=1

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

Proof. The proof will go along the lines of [12, Lemma 17.3]. In particular it is
easy to see that

> Ay (@)

(a,0)=1
= Y AOY A Y a@x@+ Y we Y a@x)
clo elc (a,0)=1 clo (a,0)=1
N(o)=K N(o)>K a=0(mod c)
= 8§ + 8,

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

S < @IN'2A% 3" Y )@ (eM) < K|[al|N'2 AN T 0).
c[o elc
N(c)<K

For the last inequality we have used that if ¢ is a squarefree ideal, then ® (¢90) <
d(e) N (M) for any ideal M in Z[i], and that for any squarefree ideal ¢, D _ o P(e) =
N(c). In order to get an upper bound for S; we use the Cauchy-Schwarz inequality
twice to get

1/2

S<T®@| Y ) 1| =TOI@lWiogN) 2K,

c[d N(@)<N
N(¢)>K a=0(mod c)

since
1
1< 1< —NlogN. 54
2 b= D 1= ) T < pNlog (5.4)
@)= n<N/K N(§)=n n<N/K
a=0(mod ¢)
The lemma follows by choosing K = A™°. O

Lemma 5.3. For any arithmetic function f(n) such that f(nm) < f(n)f(m) for
every pair of integers n, m we have

2
Yoty fn) < (Z f(n))

n<x n<x

for any x > Q.
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Proof. Immediate by switching the order of summation. O

Lemma 5.4. Let k be a positive integer, and x > 0. Then

T(n)k okt
; o < (log x)

Proof. Apply the previous lemma to 7(n)f~!/¢(n), induction, and the fact that
Znsx ﬁ &« (logx)?, the last inequality being consequence of the trivial one
¢ (n) > n/logx forany n < x. O

Proof of Proposition 5.1. We first want to separate the variable w3 from the vari-
ables 71, 7 in the definition of the set €2 (x). To this end we split €2 (x) into subsets
Qi (x) in which z(1 4+ 8)F < |m3)> < z(1 + 8)¥*!, where § is a small number
and 0 < k < K with K = [log(y/z)/log(1 + 4)]. Note that the number of such
subsets € (x) which cover € (x) is O(5~! logx). In each Q4 (x) we replace the
condition |w|> = 8|mmm3|? < x by the condition 8|mima|?z(1 + 8)F < x and
we denote the resulting set by €2 (x). The above modified partition covers the set
Q(x) in a one-to-one fashion, except for the numbers w = (1 + i Vem o3 with
x/(1+8) < 8mmms|> < x(1 +8)ory < |m3|> < (14 8)y, 8|mmms|? < x.
However these boundary terms contribute to (5.2) trivially O (6x (log x)©), for some
constant C, so they can be ignored by choosing § = (logx)~4~C. Therefore, it
suffices to show (5.2) for the restricted sets €2 (x) separately with A replaced by
2A4C+1.Putzx = z(1+8)* and let Ex(x; a, a) be the corresponding error term
for the set € (x).

Summing over the non-principal characters of (Z[i]/a)* we get, by orthogo-
nality,

|Ex(x; a, a)] Scbia) XZ Y X

#X0 |0 (x)

4
= w Z x (7r3) Z x(mTm)| .
XFX0 |2k <|m3]?<zx (143) ys|n2\22<\n.\2
|y |4 <x/8z)

Summing over all ideals of norm up to Q, and splitting into primitive characters we
get,

Z max |Ex(x; o, a)]
N{m=o @¥=!

1 : (5.5)
Y 1Aka GO Bioa (O

Nanzo PO yErte P@2) x (ol 22)
XFX0

<




ORDERS OF CM ELLIPTIC CURVES MODULO p WITH AT MOST TWO PRIMES 829

where
AkaGO= Y, @@x@), BiaGO= Y. bBxXP),
(@.ap=1 B.an=1
for
. 1 ifa=m3, 2z < |m3)? < k(14 6)
a(a) = .
0 otherwise,
and

1 ifp=mm,y <|ml® <|ml*IBI* < x/8z
0 otherwise.

b(B) = {

Observe that, in particular, Z(,B) =0if | /3|2 > x/8zk.

We now want to use Lemma 5.2 in (5.5). For this purpose we split the sum in
(5.5) 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]| < (2zx)'/?, and ||b|| <
(x/ 8zx) /2, we just have to use Lemma 5.2 and Cauchy-Schwarz to get

D; < (xlogx)A® Z r(a) Z N(az),

Nanzo PO yGrtr

where A will be chosen so that @ satisfies (5.3) (which is possible by Proposi-
tion 3.2). It is now immediate, from Lemmas 5.3 and 5.4 that

D) < xlogxA3R%(log R)(log 0)3, (5.6)
since (see (5.4))

Y N@) <R > 1< RIogR,
N(a)=R N(a)=R

and, if N(c) = n, then ®(¢) > ¢ (n), and so

T(a1) T(ay) (n)?
2 ﬂb(al)‘Z 2 ¢(a)—Z O @(a) Z¢>(n>'

N(aD=Q n<Q N(a)=n n<Q N(ap)=n n=Q
(5.7
Finally we need to estimate D,. A direct application of Cauchy-Schwarz gives us
llog(Q/R)]-1 1 1
D, < (AjBj)
Z Z d(ap) J=J

Jj=0 N(a)=0Q

where
£

1
A=Y Gan 2 ka0

e/ R<N(ap)<e/*1R x(mod ay)
XFX0
B] = Z (Cl ) Z Bk aj (X)
e/ R<N(mp)<e/ R 2 x (mod ay)

X#X0
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The estimate of A, B; is straightforward from the following large sieve inequality
in the Gaussian domain:

Lemma 5.5. Let 0 be an ideal in Z[i], a(a) a sequence of complex numbers sup-
ported on Gaussian integers with N(a) < N, and Q > 1. Then

N@ ’
> YD awx@| < (Q*+ N)lall.
N @ (a) .
(@=<Q x(mod @) |(@,0)=1
X#X0
Proof. This is a consequence of [10, equation (3.1), page 180]. O

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

Dy < x'/? Z
N(a;)<Q

[log(Q/R)] 1 ) . (58)
< Y —— @R+ @) A R+ (/8207
= e/R

< x(log)®(Q + (x/2)' 2 + y2 + x12/R),

2

N(aD=0

1
@ (ay)

since

4
o) =< (log O)",

by Lemma 5.4, as in (5.7). Now Proposition 5.1 follows choosing Q =x'/%/(log x)2
for B given by Proposition 3.2, A = (logx)™2472013 ‘and R = A~ O

It is straightforward to go from the previous proposition to the estimate

X
Y B = [2WIg@)] < ———. (5.9)
5 (log x)
d=/x/(logx)
d odd
Indeed, first note that in our case we have, by (5.1), a = 01d> with dy, d> as
mentioned above. Then, to get (5.9) first remove the condition (w,a) = 1 by
noting that the elements in Q(x) only have divisors |7|> > x!/8 and so if one
of them is fixed (dividing certain ideal a), then we will trivially have less than
x"/8 log x elements left, which will be absorbed by the error term. Second, change
the summation over ideals by the more convenient over integers. The argument to
do so is the same as the one done to go from (3.8) to (3.9). Observe that, in this
case, we have the extra condition d odd since all the elements in 2 (x) are divisible
by 2. Equation (5.9) allows us to apply a linear sieve to the sequence B(x) with
level of distribution D(x), and again Jurkat-Richert theorem to obtain

W3(x) < l_[ (I =gENIQEHFA) +o()} =" V(@)IQx) {1 +o()},
2<p<i/x
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since F(s) = 2¢¥s~! asin (4.1), and ]_[2<p<ﬁ(1 —g(p) = L1V()(1 +o(1)) by
(3.10). To finish the proof we just have to compare |2 (x)| with I[1(x) appearing in
(3.13) and (4.3). By definition we have

QM) <4 Y Y. OG/@lmml?)

2=|m3 <y <|ma|?</x /|73

e YN o

SR R —
e<imaP<y <l <y | OB/ (3725

A new application of partial summation, together with a change of variables, as in
the deduction of (4.3), gives

1 1—v
3 (7 1 dudv 1
Q)| < %n(x)fl / = M),
8 3

l—u—v uv 2

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

Ws(x) < (%e”c + 8) [Mx)V(z). (5.10)

Theorem 1.2 follows by plugging (3.13), (4.3), and (5.10) into (2.2).
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