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Abstract We compute the averages over elliptic curves of the constants occurring in
the Lang—Trotter conjecture, the Koblitz conjecture, and the cyclicity conjecture. The
results obtained confirm the consistency of these conjectures with the corresponding
“theorems on average” obtained recently by various authors.

1 Introduction

Let E be an elliptic curve defined over the rational numbers, by which we understand
a Weierstrass equation of the form

y2=x3+ax+b (a,b e Q)

for which the discriminant A g := —16(4a>+27b%) is non-zero. For a prime p of good
reduction for E (in other words, a prime p for which a and b are integral modulo p
and A g is non-zero modulo p), let E, denote the reduction of £ modulo p, viewed as
an elliptic curve over the finite field Z/ pZ. There are various conjectured asymptotics
for functions which count good primes p up to x for which the reduced curve E, has
certain properties. In this paper we will focus on three such questions, although our
methods are applicable to a wider range of problems.
For a fixed integer r, let

g, (x) = |{p < x : p of good reduction for E, a,(E) =r}|,
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686 N. Jones

where a,(E) = p+1—|E,(Z/pZ)| is the trace of the Frobenius endomorphism of £
at p. Lang and Trotter [14], using a probabilistic model consistent with the Chebotarev
density theorem and the Sato—Tate conjecture, predicted an asymptotic for g (x):

Conjecture 1 (Lang—Trotter) Assume that either E has no complex multiplication or
that » # 0. Then

X
g (x) ~CEg,- % as x — oo,

where Cg , is a specific constant.

We will describe the constant Cg , in detail in Sect. 2. The second conjecture we
will consider involves the counting function

TE prime (X) := [{p < x : p of good reduction for E, |E,(Z/pZ)|is prime}|.

Conjecture 2 (Koblitz)

77E,prime(x) ~ CE,prime . as x — o9,

X
(log x)?
where CEg prime 15 a specific constant.

Finally we will consider the cyclicity conjecture, which has been settled condi-
tionally by Serre [18] and unconditionally in the CM case by Murty [15] and also by
Cojocaru [5]. Let
TE cyclic(X) := |[{p < x : p of good reduction for E, E,(Z/pZ) is a cyclic group}|.

Conjecture 3 (Cyclicity conjecture)

nE,cyclic(x) ~ CE,cyclic : as x — 00,

X
log x
where Cg cyclic is a specific constant.
We remark that, in case the constant happens to vanish, i.e. if
Cer=0 (resp. Cg priime = 0 or Cg cyclic = 0) )

then each conjectured asymptotic is interpreted to mean that the corresponding count-
ing functions are finite, i.e. that

lim ng ,(x) < oo (resp. lim 7E prime(x) < 00 or lim g cyclic(x) < oo)
X—> 00 X—> 00 X—> 00

Recently, various authors have proven that these conjectures “hold on average over
elliptic curves.” More precisely, for non-negative parameters A and B, let F =
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Averages of elliptic curve constants 687

F (A, B) denote the set of elliptic curves Y% = X3 +aX+bwith (a,b) € ([—A, Al x
[—B, B)) N Z?. When A = A(x) and B = B(x) depend on an auxiliary parameter x,
we will employ the abbreviation

F(x) := F(A(x), B(x)).
Fouvry and Murty [9] (in case r = 0) and later David and Pappalardi [7] (in case

r # 0) proved Conjecture 1 on average: for any ¢ > 0, if min{A(x), B(x)} > xlte
then

|
= > nE,r(x)NCr'lﬁ, as x — 00, (1)
Fol oz x

where C, is a specific constant. Baier [2] has recently shortened the length of the aver-
age of David and Pappalardi, replacing “x'*#” with “x3/4t¢” (which is what Fouvry
and Murty had obtained in the r = 0 case).

Balog et al. [3] have proved a similar average theorem for Conjecture 2: for any
e > 0,if min{A(x), B(x)} > x!%¢ then

X
Z TE prlme(x) Cprlme C 5, aSX — 00, 2)
o = (log )

where Cprime 18 a specific constant.
Finally, Banks and Shparlinski [4] have proved Conjecture 3 unconditionally on
average: for any ¢ > 0, if x!/27¢ < A(x), B(x) < x!~¢ then

C - —_— , 3
|]__( Y E;( )7TE ceyclic (X) ~ Ceyclic log x asx — o0 3

where Ceyclic 18 a specific constant.

In this paper we will prove that each of these average results is consistent with
the corresponding conjectured result on the level of the constants. We will make the
notation uniform.

Notation 4 Throughout the rest of this paper, let Cg denote any one of the constants
CE.r» CE prime, 0r CE cyclic, and let C denote the corresponding average constant Cy,
Cprime, 0o Ceyelic. In the case where E has CM and r = 0, we formally extend the
definition of the Lang—Trotter constant by setting

b4
Ceo:=Co= —.
E,0 0= 7
Our first theorem is conditional upon an affirmative answer to the following ques-
tion of Serre [16, p. 299]. In its statement, Q(E[p]) denotes the pth division field of
E, i.e. the field obtained by adjoining to @Q the x and y-coordinates of the p-torsion
points of a given Weierstrass model of E.
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688 N. Jones

Question 5 Does there exist an absolute constant c so that, for any prime p > c and
any elliptic curve E over Q without complex multiplication, one has

Gal (Q(E[p])/Q) = GL2(Z/pZ)?

We remark that, in [17, p. 199], Serre asks in particular whether one can take ¢ = 41.
In the present paper, we prove the following theorem.

Theorem 6 Assume that Question 5 has an affirmative answer. Then there exists an
exponent y > 0 such that, for any positive integer k, we have

_k_

1 1ogB.(1ogA)7)k+l log? (min{A, B})
R Cr—C|F <« max ( ,
|}'(A,B)|Eef% B)' E=Cl <k B J/min[A, B}

In the case of the Lang—Trotter conjecture, the implied constant also depends on r.

Note that, since there is no prime-counting function involved in our theorem, there
is no need to regard A and B as depending on an auxiliary variable x.

Remark 7 As we will see in Proposition 15 below, there is always a positive propor-
tion of elliptic curves E over Q for which Cg # C. As studied in [10,20], for number
fields K # Q with K N Q%°¢ = Q, for “almost all” elliptic curves E over K one has
Cg = C in these problems. Thus, this is a setting in which the situation over Q is
more delicate than that over number fields.

The following corollary of Theorem 6 partially addresses a question in Sect. 2 of
[7].

Corollary 8 Suppose that A(x) and B(x) both tend to infinity with x. Then, provided
that Question 5 has an affirmative answer and that

7
i 102 B0 - (logA@)T
X—00 B(x)

we have

1

mZCE_)C as x — 00.
X

EcF(x)

Taking k = 2, we also note the following corollary to Theorem 4 of [2] (see also
Theorem 1.4 of [7]), which bounds the mean-square error in the Lang—Trotter conjec-
ture.

Corollary 9 Let ¢ > 0 and ¢ > 0 be given and suppose that Question 5 has an affir-
mative answer. Then, provided that x'T¢ < min{A(x), B(x)}, x3T¢ < A(x) - B(x) <
exp(exp(y/x/(log x)%)), and that

log B(x) - (log A(x))"\** 1
( B(x) ) < (log x)c=2’
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Averages of elliptic curve constants 689

one has

1
|F ()] 2

EcF(x)

X
-C .
nE,r(x) E.r 1ng < (logx)"

(The difference between this corollary and Theorem 4 of [2] is that we have replaced
the average constant C, with Cg ;).

Unconditionally, we prove a statement about averages over Serre curves (we will
review the notion of a Serre curve in Sect. 3).

Theorem 10 For any positive integer k, one has

k
1 1 log B - (log A)"\ &1
—_— > |CE—C|k<<k—+(— .
I7(A, B))l EcF(A,B) A B

E is a Serre curve

Because of the fact that

1
Ly
|F(A, B)| EeFAB)
E is a Serre curve

as min{A, B} — oo (c.f. [12]), Theorem 10 provides evidence that Theorem 6 should
hold unconditionally.

2 The constants

In this section we will describe precisely the constants occuring in the conjectures
under consideration, as well as the corresponding average constants. Their description
involves the division fields of £, whose notation we now fix. Recall that we are always
implicitly viewing E as a Weierstrass equation over Q.

Notation 11 For each positive integer n, denote by Q(E[n]) the nth division field of
E, obtained by adjoining to Q the x and y-coordinates of the n-torsion of E, and by

Gn(E) := Gal (Q(E[n])/Q)

the associated Galois group. Since E[n] is a free 7./ nZ-module of rank 2, we may (by
fixing a 7./ nZ-basis) view G, (E) as a subgroup of G Ly(Z/nZ).

We will distinguish between the case where E has complex multiplication (CM)
and the case where E does not (non-CM). Since almost all elliptic curves are non-CM
[8], our only interest in the CM case is to obtain upper bounds for Cg.

@ Springer



690 N. Jones

2.1 The non-CM case and the average constants

In the non-CM case, the constant Cg has the form

Ce = f(mg, Guy(E)) - [] £ GL2(Z/t2)),
ETmE

where f(n, G) is some function of the level n and the subgroup G < GL»(Z/nZ),
and where m g is a positive integer depending on the torsion representation attached
to E. We begin by describing m g. Another way to phrase Notation 11 is to say that
there is a group homomorphism

ven : Go — GL2(Z/nZ),

defined by letting the absolute Galois group G := Gal (Q/Q) act on the n-torsion
points of E, and we are denoting the image of ¢g , by G,(E). Taking the inverse
limit of the ¢, over positive integers n (with bases chosen compatibly), one obtains
a continuous group homomorphism

9r - Gg — GLy(2).

(Here 7 := 1(i£1Z/ nZ =[] » Lp.) Serre [16] proved the following “open image”
theorem.

Theorem 12 Suppose that E is an elliptic curve over Q which has no complex mul-
tiplication. Then, with the notation as above, we have

[GL2(D) : ¢£(G)] < 0.
In other words, there exists a positive integer level m so that, if
7 GLy(2) — GLA(Z/mZ)

is the natural projection, one has

9E(GQ) =1 (Gu(E)). )
For a non-CM curve E over Q, let us denote by m g the smallest positive integer m
such that the above equation holds. In particular, m g has the property that, for m
dividing m g and m»> coprime to m g one has

Gmymy (E) = G (E) X GL2(Z)/myZ). &)

In order to write the Lang—Trotter constant Cg ., we follow the notation in [14]:
for G € GLy(Z/nZ) any subgroup, let

G, ={geG:trg=r mod n}.
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Averages of elliptic curve constants 691

Then the specific constant of Conjecture 1 predicted by Lang and Trotter is

Ce, = 2. mEGns (Er| py UGLaZ/2),|
T G B g IGLy(Z/UL)]
2 mE|Gg (E)| ( ! ) ( ! )
== . 1+ . 1— ,
T |Gy (E)| 1;[ 2 —1 g —-1DEz2-1
Umg Umpg

where mg is as in (4). On the other hand, the average constant in (1) is

2 1 1
= (7)1 - )

or or

To write the Koblitz constant [13] (as refined by Zywina in [19]), we define, for
any positive integer 7, the subset

®, = {g € GL2(Z/nZ) : det(l — g) € (Z/nZ)*}. (6)

Then the constant of Conjecture 2 predicted by Koblitz is

CE prime =
,prime HZImE(l —1/0) tms

_ |Gip(E) N @y | /|G (E)| _ H (1 _ 2—0—1 )
[Tepm, 1 = 1/0 C—-13+10)"

1Gmg (E) N Py |/ |Gy (E)| T |G Lo (Z/0Z) N @y|/|G Lo (Z/ L)
(I—1/6)

ZJ( mg
In this case the average constant in (2) is given by

2 —0—1
om =T1(1- o7 5)

4

Finally, the cyclicity constant in Conjecture 3 is given by

p(n)
CE cyclic = TN TN .
Fed é [QED : QI

where

- (—1)“” prime :pln}l §f p ig square-free
n) =
H 0 otherwise
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692 N. Jones

is the Mobius function. In the non-CM case, this may be expressed as

nlmg

o _mm -l
CE,cychc = Z |G, (E)| gg (1 0 — 1)2(@ + 1)) >

because of (5) and the fact that any square-free integer n may be decomposed as
n =np -ny, where ny | mg and (np, mg) = 1. The average constant in (3) is

1
Coyetie = | (1 T -0+ 1)) ‘

14

Note that if any non-CM elliptic curve E were to satisfy mg = 1 (i.e. if o were
surjective), then we would have Cg = C. However, as observed by Serre, no elliptic
curve over Q has mg = 1. The main difficulty in proving Theorem 6 is tracking the
variation of m g with E. To prove the theorem, we will focus on a density one subset of
curves E for which m g is essentially equal to the square-free part of the discriminant
of E. These curves are called Serre curves and will be discussed in detail in Sect. 3.

2.2 The CM case
The Galois representation on the torsion of a CM elliptic curve may be viewed as a

“one-dimensional” analogue of the non-CM situation. Suppose E is an elliptic curve
over Q with CM by an order O in an imaginary quadratic field K. In this case, ¢ (G@)

is not an open subgroup of GLZ(Z). In fact, it has an index two subgroup which is
abelian. Indeed, the torsion of E

is a one-dimensional O-module (@ = 1(&1 O/n®) on which G := Gal (Q/K) acts,

preserving the O-action. Thus, the image of ¢f restricted to G ¢ maps into (@)*:
¢r : Gk — (0)* = GL1(0).

The following theorem (see [16, Sect. 4.5] and the references therein) is the classical
CM analogue of Theorem 12.

Theorem 13 Suppose E is an elliptic curve over Q with CM by an imaginary qua-
dratic order O. Then

[(O)* : pE(Gk)] < 0.
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In other words, viewing each Gal (K (E[n])/K) as a subgroup of (O/nO)*, Theo-
rem 13 states that there is a positive integer m with the property that, for each positive
integer n, we have

Gal (K (E[n])/K) ~ 7~ (Gal (K (E[ged(n, m)])/K)), (N

where 7 : (O/nO)* — (O/ gcd(n, m)O)* is the canonical projection. The condition
(7) continues to hold if one replaces the integer m by any multiple. For a CM curve
E over Q, let us denote by m g the smallest positive integer m such that (7) holds and
(for notational convenience) for which

4-( I e) divides m.
£ ramifies in O

Note in particular that, for £ not dividing m g, one has
Gal (K(E[£])/K) ~ (O/LO)*.

The constant occurring in Conjecture 1 in the CM case is

Cr. — 1 mg|Gal (K(E[me))/K),| H L(O/LO);|
YT G K Emel /K 10700
Explicitly, we have that
mg|Gal (K(E[mEg])/K),| ¢ C—(1+xo(0) ¢
,= . . . (8
7 2| Gal (K (Elmg)/K)| ZgEE—xo(a ZEE o) P
or “r

where o (£) is the character determining the splitting of £ in the order O, namely

0 = 1 if £ splits in O
XOW =111 iftisinertin O.

(Since E is defined over Q, the class number of O must be one, and so “splitting of £
in O” makes sense).

To describe the Koblitz constant in the CM case, first notice that, by fixing a Z/nZ-
basis of O/nO, we may view GL{(O/nQ) as a subgroup of G Ly(Z/nZ), and doing
so, we have

®, N (O/nO)* = {g € (O/nO)* : N(1 — g) € (Z/nZ)"*},
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where @, is defined by (6) and N : (O/nO)* — (Z/nZ)* is the norm map. Then we
have

|Gal (K(E[mEg])/K) N @y |/IGal (K(E[mEg])/K)|

CE,Prime = Hg‘mE(l — 1/2)
o« 1—[ [(O/L0)* N ®y|/[(O/LO)*]
1—1/¢ '
Umg
Note that
Cro |Gal (K(E[mEg])/K) N @y |/IGal (K(E[mE])/K)]
E . prime — Hz|mE(1 — 1/5)
2—t—1
. 9
XZEIE( ST xo(z))<f—1>2) ®

Finally, we recall that the cyclicity constant is the same as in the non-CM case:

w(n)
C cyclic = TN
Fed ZZ} [QE) : QI

2.3 Overview of the proof of Theorem 6

The proof of Theorem 6 will proceed as follows. We will decompose the sum

> ce-ck = > (cg-clf + > ICe—CIF.

Ec€F(A,B) EcF(A,B) E€F(A,B)
E is a Serre curve E is not a Serre curve

In Sect. 4, we will prove Theorem 10, which says that

k/(k+1)

1 1 log B - (log A)’

FAB)| Z |Cg —CIf <<kz+(T .
’ EcF(A,B)

E is a Serre curve

In Sect. 5 we will show that, assuming an affirmative answer to Question 5, one has

1 ik log¥ (min{A, B})
T IR T Ry I

E€F(A,B)
E is not a Serre curve

concluding the proof of Theorem 6.
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3 Serre curves

Serre [16, Sect. 5.5] observed that although the torsion representation ¢g has finite
index in G Ly(Z), it is never surjective when the base field is Q. For each elliptic curve
E over Q, there is an index two subgroup Hg € G L3(Z) with o (Gg) € Hg. (We
will presently describe this subgoup).

Definition 14 An elliptic curve E over Q is a Serre curve if 9 (Gg) = HE.

Equivalently, an elliptic curve over Q is a Serre curve if £ (Gg) has index 2 in
GLZ(Z). Thus, a Serre curve is an elliptic curve whose torsion representation has
image which is “as large as possible.”

We now describe the subgroup Hpg, which will be the full preimage under the
canonical surjection

7 GLy(Z) — GL2(Z/METZ)

of a particular index two subgroup of G L2(Z/MFgZ) for a certain level M. Suppose
that E is given by the Weierstrass equation y2 = (x —e1)(x —e2)(x — e3). Then, the
2-torsion of E may be given explicitly as

E[2] ={0O, (e1,0), (e2,0), (e3, 0)}.

By considering the action of Aut(£[2]) on the 3-element set E[2] — {O}, we see that
Aut(E[2]) is isomorphic to the symmetric group on 3 letters:

GLy(Z/27) ~ Aut(E[2]) >~ S3. (10)
Since
Ap = [(e1 — e2)(e2 — e3)(e1 — e3)]?,

we see that Q(v/Ag) € Q(E[2]) and that the action of 0 € G»(E) on /A is given
by

o (\/TE) — ¢(0)/Ar, (1)

where ¢ : GL>(Z/27) — {£1} is the identification (10) followed by the signature
character on S3. On the other hand, the field Q(+/Af), being an abelian extension of
Q, is contained in a cyclotomic extension. Let D be the conductor of Q(v/AE), i.e.
the smallest positive integer for which

QW AE) €QEpg)
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(where ¢p,, is a primitive D gth root of unity). In fact,

1A (E) ifAgp(E)=1 mod 4
~ | 4|As(E)|  otherwise,

where Agr = Ayr(E) denotes the square-free part of the discriminant of E, i.e. the
unique square-free integer so that

AEg

X2
A (E) € (Q*)".

Note that A (E) only depends on E/Q, and not on the particular Weierstrass model.
Next we define

_{2|Asf(E)| if Agp(E)=1 mod 4 1)

| 4|As(E)|  otherwise,

which is the least common multiple of 2 and Dg. The field Q(E[MEg]) is the compos-
itum of Q(E[2]) and Q(E[Dg]). Since

Qv AEg) € QEL2ZD) NQ(E[DED,
the corresponding Galois group Gy, (E') must be a proper subgroup of GL2(Z/MEZ)

(this is still true in case Dg € {1, 4, 8}, but requires extra thought). In particular, con-
sidering the tower of fields

QW AE) €QEp,) € QEIMED,

we see that, foro € Gy, (E) € GL2(Z/MEZ), one has

(- (32)

deto

(Here we are using the Kronecker symbol

() (212) 11 2)

PlAsy

where
2\ @@=y (E)_ (()-1)/2 Py._ P\
(')._( 1 (=) =@n . and (n)_H(E) :

(%) being the usual Legendre symbol for the odd primes p and ¢).
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This observation, together with (11), shows that, with the notation as defined,

Asf(E)
det(-)

Gum (E) < ker (8(-) ( )) C GLy(Z/MEZ).

In this case we therefore define Hg C GLy(Z/MEgZ) and Hg C GLZ(Z) by

Hg :=ker | &(") M and Hg :=n_1(H_E).
det(-)

Note that in the degenerate case Q(+/Ag) = Q (i.e. in case Ayr(E) = 1) we have
Mg =2 and

Hg =kere =: A3 = the alternating subgroup of Ss.
For any elliptic curve E over Q we have
EisaSerre curve <= mg = Mg and Gy, (E) = Hg.

One shows easily that, for d a proper divisor of Mg and 7 denoting the natural pro-
jection GLy(Z/MgZ) — GL»(Z/dZ), one has

7 (Hg) = GL2(Z/dZ).

Thus in particular, when E is a Serre curve and d | Mg, one has

Gu(E) = Hg ifd = Mg (13)
GL>(Z/dZ) otherwise.

4 The average over Serre curves

We will now prove Theorem 10, which says that

k/(k+1)
1 1 log B - (log A)’
TTA A > |CE_C|k<<k—+(— .
|F(A, B)| EeraB) A B

E is a Serre curve

In Sect. 4.1, we compute the constants Cg when E is a Serre curve, showing that each

summand in the left-hand side of the above equation is O ( .In Sect. 4.2, we

1
. . \Asf(E)lk)
finish the estimate.
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4.1 The constants associated to Serre curves
In this section, we will explicitly compute the constants Cg ;, Cg prime and Cg cyclic

for E a Serre curve. For the Lang—Trotter constant Cg ,, we must fix some notation.
First define the exponent k> € {1, 2, 3} and the odd integer W by the decomposition

Mg =2k . w,

where Mg is as in (12). Explicitly, we have

A 1 if Ay =1 mod4
=" and ky:={2 ifAy=3 mod4
(Asr,2) .
3 ifAgp=2 mod4.
We also recall the notation w(n) := |{p prime : p | n}| and

") (—=D)®™ if n is square-free
n) =
° 0 otherwise.

When 2%2~! divides r, we further define the symbol §(Ar, r) € {£1} by

W W+1 r
By = (-1l e (— = ) :

where we are defining x4 : Q — {£1} by

—1 ifxeZandx=-1 mod 4

1 otherwise.

x4(x) == [

Note that when x is an odd integer, our x4(x) coincides with the usual character of
conductor 4.

Proposition 15 Suppose that E is an elliptic curve over Q which is a Serre curve.

Then
Mg - 20271 (W, 1))
Crl1+8A56,r)- ’ i oka—1
Cer= ( O ) G @M, | ¥ |7 (14)
C, otherwise,
1

Cprime (1+HP|A 3 5 ) l'fASf =1 mod4

CE prime = s p?—=2p*—p+3 ‘ (15)
Cprime otherwise,
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and

nw(Mg)
Ceyelicl 1 +
CEcpctic=1 ( T, (GL2(Z/ pZ)|—1)
Ccyclic otherwise.

) if Asp =1 mod 4 (16)

The proof of Proposition 15 will require the use of some technical lemmas. We
now describe the set-up of the first of these lemmas. Let M be any positive integer
and recall the isomorphism of the Chinese remainder theorem:

GLyZ/MZ) ~ || GLxZ/p* ), X = (x0).
P m

Suppose that Xy € G L2(Z/MZ) is any subset which, under the above isomorphism,
satisfies

Xu= [] X0 (17)
prim

where X e denotes the projection of X onto the pXrth factor. Suppose further that,
for each prime p dividing M we have a group homomorphism

Vot GLaAZ/ P L) — (1),
and write

Um s GLa(Z/MZ) — (£1}, Y = [ ¥0 &)
prrimM

Lemma 16 With notation as just outlined, we have

_ 1 _ _
Wi ED N Xarl =3 (Xl TT (1970, () 0 Xy 1=y (<D N1 X 1)
prriim

Proof Define the set S by
S i={(sp)pm € R :¥p | M5y € (21}
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(Thus, |S| = 2°™) ) We begin by noting that

wﬂ_,ll(il)ﬂXM’ = Z H ’w;kil(sp)ﬂkap
(Sp)ES pkr|M
[1sp==1

= > I (R +sraeh),

(sp)eS pkr M
Sp:

where
Fiph)i= 31X | and Foa(ph)i= 5 (15 (DNX iy =197 (<1 N X 1)
1p ) pkp —-1(p =5 pkp pkp pkp pkel) -

Expanding the product and reversing summation, we obtain

vilEnnxyl= > [T fe [ > | TTs|| a8

(tp)eS pkr M (sp)eS pIM
[Tsp==1 \tp=—1
Now we show that, for all tuples (z,) except (tp) € {(1, 1,...,1), (=1, —1,..., =D},

the innermost sum is equal to zero. For suppose that

p:pIMtp=1}#0#{p:p|M1,=—-1},

and fix a prime py with 7, = 1 and a prime p; witht,, = —1. For a tuple (s)), define
its dual (5,) by

Spy=—Sp1» Spy=—5p,, and $, =35, (p¢I{p1,p2}).

Noting that

[1so=115 and [] s+ [] 5 =0.
piM piM piM piM

tp=— tp=—

we see that, except when (t,) € {(1,1,...,1),(=1,—1,..., 1)}, the innermost
sum in (18) vanishes. Thus,

Vo ED N Xy | =200 TT RGPy = T Fagh
PP Im priIm

By (17), this proves Lemma 16. O
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To prove Proposition 15, we will take M = Mg and

(de‘—;")) if p is odd
e(o) if pfr =2and Ayy =1 mod 4

V0 (0) i= § xa(deto)e(o) if pfr =4and Ayy =3 mod4  (19)
xs(deto)e(o) if pY» =8and A;y =2 mod 8

xa(deto)xs(deto)e(o) if pr =8and Ajy =6 mod 8,

where the characters x4 and xg are defined for odd integers x by

) 1 ifx=1 mod4
X) =
X4 1 ifx=—1 mod4

and

ifx =21 mod 8

1
xs(x) = {—1 ifx =43 mod 8.

Note that £(-) - (%A(f)) = Hpkp imp ¥yt (), and so we have

HE =y (1).
Proof of (14) If E is any non-CM elliptic curve then

Cer _ melGmg (E)r|  |GL2(Z/mEZ)|
Cr |Gp(E) mg|GL2(Z/mEZ),|

Here, we have used the fact (see [14, pp. 34-35]) that

me|GLy(Z/mEZ),| _ H UG Lo(Z/ L), |
|G L2 (Z/mEZ)| |G La(Z/ 2]

lmg

Thus, when E is a Serre curve, we have

CEJ’ _ 2|@r|

Cr  |GLy(Z/MEZ),|

To evaluate |(Hg),|, we will apply Lemma 16 with M = Mg, wpkp as in (19) and

Xmy i=GLy(Z/MEZ), ={g € GLy(Z/MEZ) :trg =r mod Mg}.
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Thus, by Lemma 16, we have

|(He), | = [ () 0 GLa(Z /M),

1
5 (1eLa@mempi+ TT (o =1 = 0il) ).

peim

from which it follows that

-1 -1
cer_,, Mpnim, (10 (il = |¢pkp(—1)r|). o0
C, (GL2(Z/ My D),

Note that for any odd prime p dividing Mg we have k, = 1.

Lemma 17 For odd primes p and {rj, as in (19), one has

B (‘—l)p(p—l) ifplr
[Vp (D] = [Wp (=D | = _2_71)]? ifpir

Proof of Lemma 17 Seethetablein [14, p.45]. The relationship between their notation
and ours is

E(Q)rzllfq(l)r and O(Q)rzl/fq(_l)r-

Lemma 17 follows immediately. O

For p = 2, we use the following lemma, whose proof is a straightforward calcula-
tion which we omit.

Lemma 18 If Ajy =1 mod 4 then
1Yy (ol =1, 195 ' (=Dol =3, 195 (1] =2, and |5 (—1)| =0.
If Agp =3 mod 4 then

[y (Dol = 1wy (= Dal = 12, [y (= Dol = 19, ' (1)2] = 20,

and for any odd r modulo 4,

Iy (), =8.
If Agp =2 mod 4 then
_ 16-8 ifr=2 mod4
g (D), | = .f . ,
16-4 ifrisodd
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while

16-9 if Ay =2 mod8

-1 _ -1, —
Vg " (Dol = |¥g (=Dl = {16~7 if Agg =6 mod 8

and

16-7 if Ay =2 mod 8

—1, — -1 —
|wg (=Dol WfS (D4 [16.9 if Agqg =6 mod 8.

Corollary 19 For Yy, as in (19), we have

ky—1 . _
—(=1)22 xa(=Agp/2) - 2200 okl
0 otherwise,

|1/f21<2(1)r| - |w2k2 (—1)r| = {

where here we use the convention that x4(x) = 1 if x is not an integer.

Inserting the results of Corollary 19 and Lemma 17 into (20) (and remembering
that W is square-free), we find that Cg ,/C, = 1 unless 2k2=1 djvides r,in which case

Cer . (D722 (= Ay /2) - 220 (FH W (=)W o (W, 1))
c |G Lo (Z/ MET), | '
This finishes the proof of (14). |

Having proved (14), we now proceed to

Proof of (15) This computation may also be found in [19]. For any non-CM elliptic
curve E, we have

CE,prime _ |GmE(E)m<DmE| . H (|GL2(Z/£Z)|)
Cprime |GmE(E)| | Dl

Z\mE
If E is a Serre curve, then we have

Crprime  21¥a (DN D |

@1
Cprime |CDME |

Applying Lemma 16, we find that

. I . .
W DN @l =3 (101 + [T (¥ N0 1=1v L (~DN D )
PriIiME
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Lemma 20 For p odd, one has
1@, = p(p> —2p> — p+3)
and
[, (M ND, =y, (=) N Dyl = p.

Proof of Lemma 20 By considering matrices in G L»(Z/ pZ) which are conjugate to

G G (2 e

we see that

v, D N (GLaZ/pT) - @) = 5 (b7 = @£ Dp).

N =

Thus we have

_ 1
W ED Nl = 5 p(p =202 = p+31).

upon which Lemma 20 follows immediately. O
The following lemma is a straightforward calculation.

Lemma 21 One has

2 ifk =1

V300 (1D N @iy | = Y5 (=) N iy | = {0 ifks € {2,3}).

Inserting the results of Lemmas 20 and 21 into (21), we finish the proof of (15).
O
Proof of (16) We have

w(n)
CEcyclic 2nime [Ga(E)

Ceovelic 1 :
cyclie HilmE (1 - |GL2(Z/eZ)|)

If E is a Serre curve then mgp = Mg. Note that Mg is square-free if and only if
Asr(E) =1 mod 4. Thus, if E is a Serre curve, we deduce from (13) that
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1 u(mg) : _
2. pn) emy (1 - |GL2<Z/EZ)\) t GhL@mezy Ay =1 mod4
= 1 .
ool |Gn(E)| e, (1 — m) otherwise.
This proves (16). O

We have now proved (14)—(16), finishing the proof of the Proposition 15.

4.2 Averaging the Serre curve constants

Considering Proposition 15, we see that when E is a Serre curve, Cg has the form

1
Ce=C (1+g(Ay(E))  where g(Ay(E)) < |Asp (B

Since the discriminant of the curve Y2 = X3+aX +bis —16(4a>+27b%), Theorem 10
will follow from

1 1 1 (logB - (log A)T\"/**V
— > Ly (feB e ) . Q)
R G NI B

|b|<B
4a3427b% £0

Let Z be a positive real number to be chosen later. Since the left hand side is bounded
by

1 1 1
A > oz Xz

la|<A lal<A
[b|<B |b|<B
4a3 427040 |(4a>+27b%)5f|> Z

|(4a’+27b%)sr|1<Z

we are led to the following lemma.

Lemma 22 For A, B and Z > 2, we have

> 1 <« B+logB-A-(logA)-Z, (23)

la|<A
|b|<B
4a3 427> £0
|(4a3+27b%),|<Z

with an absolute implied constant.

Proof The proof boils down to counting ideals of bounded norm in various qua-
dratic fields. I would like to thank R. Daileda for helpful discussions regarding this
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viewpoint. We wish to count the number of integer pairs (a, b) € [—A, A] x [—B, B]
which satisfy the equation

4a’ + 276 = dy?,

where y > 0 and d are integers with d # 0 square-free and |d| < Z. Re-writing this
equation as

x? = 3dy? = 12(—a)’,
where x = 9b, we see that the left hand side of (23) is bounded by

> S 3 ‘{(x,y)erZ>o:(x+y@)(x—y@)=l2a3, x| < 9B} .

I=|d|=Z |a|=A
d square-free

(24)

Regarding o = x + y+/3d as an integer in Q(+/3d), we are led to counting factoriza-
tions of 1243 in Ogvaa), ring of integers of Q(v/3d).

We begin by dealing with the degenerate case d = 3 (where Q(+/3d) = Q). In this
case, the inner sum of (24) is bounded by

6B+ > ’{(x,y)erZzoz(x+y)(x—y)=l2a3, x| <9B}|, (25)

I<la|<A

where the 6B term corresponds to a = 0. For a given a # 0 and assuming y > 0, the
factorization 12a® = (x 4+ y)(x — y) uniquely determines the pair (x, y), up to the
sign of x. Therefore (25) is bounded by

6B+ > 2t(12af) < B+ D 7(a)* < B+ AlogA)’,

1<|a|<A 1<a<A

where the last inequality follows from [11, equation (1.80)].
Returning to (24) and writing D for the square-free part of 3d, we see that it remains
to bound

> Y w0y e T =12 jotal < 18B)),

2<|D|<3Z 1<|a|<A
D square-free

(26)

where o denotes the Galois conjugate of «. We will presently transform this into
counting ideals rather than elements, but in the real quadratic case we must worry
about the presence of an infinite unit group. Fix a principal integral ideal S - OQ( VD)
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‘We will now show that
Ha € Ogwn) @ Ogun) = B Ogiyp, and o +a| < ISB” <logB, (27)
with an absolute constant. To see this, first note that any o € OQ( VD) Ve have

@ Ogp) =P Ogup) & «=Fn,

where 7 is a unit in O (/D) Thus, if D < 0 we see that the left hand side of (27) is
at most 6, the maximal cardinality of the unit group of any imaginary quadratic field.

We will now prove (27) when D > 0. In this case, any unit has the form n = %7,
where n € Z and ¢p is the fundamental unit. First note that we may replace g in (27)
with £e’) - B and not affect the left hand side. Thus replacing 8, we may assume that

e52 1B < 1Bl < 1Bl

and that |8| > 1, where | 8| denotes the absolute value of 8 as a real number. We will
now prove (27) by showing that

{neZ:1B e} +B &} <18B}| < logB. (28)

By the reverse triangle inequality and noting that ¢ = ep > 1, we see that

o1 > 1= > 1+ >

neZ nez n>0 —n<-1
{ﬂ€n+ﬂ§n|§183 ||ﬂ|£"7|ﬂ|87n|§]83 Sn—é‘inf% 8”72—67”5%
= E I+ E 1.
n>0 n>1

e"<I18B+1 e"2<18B+1

The inequality (28) then follows from the fact that, uniformly in D, one has ep > 2.
Thus, (26) is bounded by a constant times

logB- > > ™2y <logB- > > np(i2dd),

2<|D|<3Z 1<a<A 2<|D|<3Z 1<a<A
D square-free D square-free

where np(m) (resp. nginc (m)) is the number of integral ideals (resp. the number of

principal ideals) in the ring OQ( D) of norm equal to m. We will now show that

np(m) < t(m) =D 1. (29)

dlm
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Since both np(m) and t(m) are multiplicative in m, we only need to consider m of
the form p”. One sees that

1 if p ramifies in QD)
(pP) = 1 if p is inert in Q(+/D) and B is even
A= if p is inert in Q(v/D) and B is odd

B+ 1 if pissplitin Q(v/D).

For example in the last case,
{integral ideals I C OQ(@), N{) = p‘g} = {‘Bifﬁ_i i=0,1,..., ,3} ,

where 8 is a prime ideal above p. From this, (29) is immediate, since 7(pf) = g+ 1
in all cases. Thus, we see that

> p(2a) < DD @) = D] (@)’ < Alog(a),

1<a<A 1<a<A 1<a<A

the last inequality following as before from [11, equation (1.80)]. Lemma 22 follows
at once. O

Finally, using Z = (B/(log B - (log ANV &ED " (22) follows, and thus so does
Theorem 10.

5 The average over non-Serre curves
We finally turn to bounding the kth moment over the non-Serre curves. It is here that

we assume an affirmative answer to Question 5, which implies that certain bounds on
the constants Cg are uniform in E, as detailed in the following lemma.

Lemma 23 For any elliptic curve E over Q, we have
CE eyelic < 1.
If E is a CM elliptic curve over Q, then
Ce,r < loglog(Ir|+3) and Cg prime < 1. (30)

If E is a non-CM elliptic curve over Q, then, assuming an affirmative answer to
Question 5, we have

Cer <1 and CE,prime < L (31)

Proof The bound on the cyclicity constant Cg,cyclic comes from its heuristic interpre-
tation as a density.
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To prove (31), write mg = mj - mp, where
plmy < pef{2,3,5} or G,(E) C GLy(Z/pZ).

It follows from [6, Theorem 1 of Appendix] that G, (E) = GL2(Z/m2Z). Thus, we
see that

70 (Gmp(E)r) € GLo(Z/moL),,

where 7 : G, (E) = GL2(Z/m2Z) is the projection map. From this it follows that

me |Gy (E)| _ - m2|GLy(@/maL)s| H P1GL(Z/pZ).|
|G (E)| |G Lo (Z/ my )| |GL2(Z/ pZ)|

)

and therefore

2 1
Cgr<—-my- 1 :
Er = i H( +p2_1><<m1

p

An affirmative answer to Question 5 implies that m| <« 1 (abound on the exponents of
the primes dividing m follows from [1, Theorem 1.2]). The proof that Cg prime < 1
in the non-CM case is entirely analogous, so we omit it. Noting that the analogue of
Question 5 for CM elliptic curves E does have an affirmative answer, we see that (30)
follows from (8) and (9). (This uses the fact that, since E is defined over Q, there are
only 13 possible endomorphism rings of E.) This finishes the proof of Lemma 23. O

We are now ready to bound the contribution to the kth moment from the non-Serre
curves.

Proposition 24 Let k be a positive integer. In the cases of the Lang—Trotter conjecture
and the Koblitz conjecture, assume that Question 5 has an affirmative answer. Then
there exists a constant y so that

1 log? (min{A, B})
o ICg —CIF <k ———.
|F(A, B)| Eefz(;‘!m ~/min{A, B}

E is not a Serre curve

In the case of the Lang—Trotter conjecture, the implied constant also depends on r.
(Note that the above bound is unconditional in the case of the cyclicity conjecture).

Proof By Lemma 23, we have

1 1
o ICe—CIF < —e 1
|F(A, B)| EE% B) |F(A, B)| Ee% B)
E is notaSeﬁe curve Eis notaSer}e curve

We finally use [12, Theorem 4], which in our situation may be stated as follows:
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Theorem 25 There is ay > 0 so that

z |« |F(A, B)|log” (min{A, B})
EeFA.B) /min{A, B}
E is not a Serre curve

with an absolute implied constant.

This finishes the proof Proposition 24, and thus also the proof of Theorem 6. O
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