Curves of Genus 2 on Abelian Surfaces
Ernst Kani

1 Introduction

Let A/K be an abelian surface over an algebraically closed field K. The question of
determining the number N} of isomorphism classes of smooth curves of genus 2 lying
on A has been considered by many authors.

This question was first considered by Hayashida [H1], who determined N7 in 1965
in the case that A = F x E', where £ ~ E’ are two isogeneous complex elliptic
curves without complex multiplication, and in 1968 he also determined N} in the
case that A = E x E, where F is an elliptic curve with complex multiplication (CM)
by a maximal order; see [H2]. Moreover, in 1986 Ibukiyama, Katsura and Oort [IKO]
determined N} in the case that A = F x E’, where E and E’ are supersingular
elliptic curves. More recently, Gélin, Howe and Ritzenthaler [GHR] used Hayashida’s
formula for N7} to give an algorithm for explicitly determining a set of representatives
for the isomorphism classes of the set of genus 2 curves on A = E x E in Hayashida’s
situation [H2].

Since each smooth genus 2 curve C' on A determines a principal polarization ¢,
the question of determining N} is closely connected with the question of determining
the number N4 of isomorphism classes of all principal polarizations on A. Indeed,
the papers [H1], [H2] and [IKO] also determine the number N,. All these results use
the study of 2 x 2 Hermitian matrices with coefficients in End(£).

In this paper we want to introduce a different method for determining N4 and
N7, one that has the potential of also being applicable to arbitrary abelian surfaces.

In this method we make use of the refined Humbert invariant qop = q(a,9) attached
to a principal polarization § on A as in [K4|. This invariant is a positive-definite
quadratic form. Given a quadratic form ¢, a natural first question is to classify
the set of isomorphism classes of principal polarizations on A with the same refined
Humbert invariant. Thus, if P(A) C NS(A) denotes the set of principal polarizations
on A, then we want to determine the set P(A, q) := Aut(A)\P(A, q), where

P(A,q) = {0 € P(A): qup ~ q}.

Here and below, the symbol ~ means that the two quadratic forms are equivalent.
The advantage of studying the set P(A, q) is that there are several explicit for-
mulae for its cardinality.
To state the result, let g4(D) = 3(D.D) denote the intersection form on A, which
defines an integral quadratic form on the Néron-Severi group NS(A), and consider

the subgroup
Ga = {a € Aut(qa) : a(P(A)) =P(A)}
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consisting of those automorphisms of g4 which preserve the set P(A) of principal
polarizations on A. It is easy to see that G4 > H4, where Hy is the image of Aut(A)
in Aut(NS(A)) via its action on NS(A). We then have the following first result.

Theorem 1 If 6 € P(A,q), then the number of isomorphism classes of principal
polarizations in P(A, q) is given by the number of (Ha, Sp)-double cosets in G 4, where
So = {a € Ga:a(f) =0} denotes the stabilizer subgroup of 6 in Ga. Thus,

(1) P(A,q)] = [Ha\Ga/Ssl.

In some cases the (finite) number on the right hand side of (1) can be computed
directly, as was done in [K8]. However, for most cases (but not all) we can use a much
simpler method. This method is based on the important and useful fact that there is
a nice mass formula for P(A, q). To state it, let us call

— 1
M S — —
() Z a(f)
S
the mass of a subset S € P(A) := H4\P(A); here a(f) = | Aut ()], for any 6 € P(A)
such that 6 = H40, and Aut(0) := H,NSs. We then have the following mass formula:

Theorem 2 If q is a quadratic form such that P(A,q) # 0, then

(2) M(P(4,q)) = [Ga: Hal/[ Aut(q)]

It is a remarkable fact that in virtually all cases the weight a(f) for 6 € P(A,q)
only depends on ¢. In the case that A is not isogeneous to a product of supersingular
elliptic curves (i.e., A is not a supersingular surface), then we have:

Theorem 3 Let A/K be an abelian surface which is not supersingular. If 0 €
P(A,q), where q is a quadratic form which does not represent 1, then a(0) only
depends on q. More precisely, if r,(q) = {(z1,...,2,) € Z" : q(xy,...,2,) = n}|
denotes the number of representations of an integer n by q, then

(3) a(f) = a(q) := max(1,74(q),3rs(q) — 12), for all 8 € P(A,q),

except when q ~ 4%, in which case a(0) = 1, for all § € P(A,q). Thus, if we put
a(q)* = a(q) when q # 42 and a(q)* = 1, when q ~ 42?2, then

(4) P(A, )l = [Ga: Hala(q)"/| Aut(q)].

It is interesting (and useful) to note that if C'/K is a genus 2 curve, then the
number a(f¢) is in many cases closely related to the order of the automorphism
group Aut(C') of the curve.



Theorem 4 If C/K is a curve of genus 2 such that qc¢ is either a binary or ternary
form, then

(5) [ Aut(C)] = 2a(bc) = 2a(qe).
Furthermore, in this case the structure of Aut(C') is completely determined by a(qc).

We next observe that Theorem 3 implies a general formula for the number N} of
isomorphism classes of smooth curves of genus 2 on an abelian surface A. To state
it, let €(A) = {C C A} denote the set of smooth genus 2 curves lying on A, and let

W =199~ que.), for some C € C€(A)}/~

denote the set of equivalence classes of integral quadratic forms which are equivalent
to some a9,y with C' € €(A). Furthermore, given any finite set @ of equivalence
classes integral quadratic forms, put

Z |Aut Z |AU1tz (g:)]

where q1,...,q, is a system of representatives of the equivalence classes of @), and
a(g;)* is as in (4). We then have:

Theorem 5 If A/K is an abelian surface which is not supersingular, then the number
N7 of isomorphism classes of curves of genus 2 on A is given by the formula

(6) Ny = [Ga: Ha]S(0).

Note that it can happen that N% = 0, i.e., that ©% = (). This is clear if A has no
principal polarization, i.e., if P(A) = (). But even if P(A) # ), then it can happen
that ©% = (). In that case A ~ E x E’ is a product surface, and the cases for which
N3 = 0 were classified in [K4] and [K5], and also in Hayashida/Nishi [HN1] and [HN2]
in special cases.

It is clear from formula (6) that N} can be readily computed for a specific surface
A, provided that we can compute the index [G4 : Hy] and the set ©% because then
S(©%) can be determined by using results from the theory of quadratic forms; see §6.

In the case that A ~ E x E’ is an abelian product surface which is not supersingu-
lar, the index [G 4 : H4) was computed in [K8], and the structure of ©% follows from
the results in [K4], [K9] and Kir [Ki], as is shown in the proofs of Proposition 37 and
Theorem 41 below. This, therefore, leads to an explicit formula (and/or algorithm)
for computing N} in those cases.

To explain this in more detail, suppose that first that A is a non-CM abelian
product surface. In that case one can give an explicit formula for N}, which is
conveniently expressed in terms of the class number A(A) and the number of genera
g(A) of positive primitive integral binary quadratic forms of discriminant A for certain
values of A.



Theorem 6 Let A = E x E', where Hom(E, E') = Zh with d := deg(h) > 1. If
d=1, then N} =0, and if d > 1, then

o (h(—16d)
7 N* = Qw(d) 2 d
where w(d) denotes the number of distinct prime divisors of d, and c(d) = gé:gg, if

d=3(mod 4), and ¢(d) = -1 if d = 2,4,6 (mod 8) and c(d) = 0 otherwise.

Note that this gives a more compact statement of the result of Hayashida [H1];
see Remark 40 below.

Now suppose that A is a CM abelian product surface, i.e., A = E X E’, where F
and E' are isogenous elliptic curves with complex multiplication. Let ¢g g denote the
degree function on Hom(F, E'), which is a binary quadratic form. If A = disc(¢g z)
denotes its discriminant and A’ := A/k?, where £ = cont(qg /) denotes the content
of ¢g g, then by [K8] we have that

(8) Gy Hy] = 2°0Hg(AYR(A)R(A) L

Moreover, if gen(q) denotes the set of equivalence classes of quadratic forms which
are genus-equivalent to a given quadratic form ¢ (see Jones [Jo], Chapter V), and if
gen(q)* C gen(q) denotes the subset of equivalence classes of forms ¢’ € gen(q) which
do not represent 1, then we have the following special case of Theorem 46 below.

Theorem 7 Let A = E x E' be a CM product surface. If A = disc(qp,p) is odd,
then

9) Ny = 290+ g (ANB(A)R(A) 1S (gen(a? L 4qp.m)").

Using this formula, one can explicitly compute N} for each given CM product
surface A, if A is odd. There is a similar (but much more complicated formula) in
the case that A is even; see Theorem 46 below. In all cases this leads to an explicit
algorithm for computing N} which is given in §6. Moreover, at the end of the paper
we present a table of the values of N} for abelian CM surfaces A with |A] < 100.

It is perhaps useful to mention that if § € P(A, ¢)\P(A)* is a principal polarization
which does not come from a genus 2 curve, then in some cases a(f) does not only
depend on ¢, so Theorem 3 does not hold for such a g. This situation is studied in
more detail in [K10].

This paper is organized as follows. In §2 we recall the definition of the refined
Humbert invariant and prove the key Theorem 10 from which Theorem 1 follows
easily, as is explained in §3. Moreover, the Mass Formula (Theorem 2) is an easy
consequence of Theorem 1, as is shown in §4. In §5 we study the weight a(6¢) of the



principal polarization of a curve C' € €(A) and prove Theorems 3 and 4. This uses
results of [K7] and the knowledge of the possible automorphism groups of a genus 2
curve; see Igusa [Ig] and Shaska/Vélklein [SV]. Furthermore, the formula for a(f¢)
is made more explicit in certain cases; see Proposition 32 and Corollary 35. Note
that Theorem 5 follows easily from (4), as is explained in §5. Finally, in §6 we study
abelian product surfaces and prove Theorems 6 and Theorems 46; the latter includes
Theorem 7 above. In addition, we include an algorithm for computing the formula
given in Theorem 46 and present a table of the values of N} for A as in that theorem
with |A| < 100.

2 The refined Humbert invariant

Let A/K be an abelian surface, and let g4 : NS(A) — Z be the integral quadratic
form on NS(A) defined by (one-half of) the self-intersection pairing on the Néron-
Severi group NS(A) = Div(A)/ = of A. Its associated bilinear form (4 is therefore
the intersection pairing, i.e.,

(10) Ba(D,D') = qa(D + D') = qa(D) — qa(D') = (D.D').
Let P(A) C NS(A) denote the set of principal polarizations of A. Thus, by the
Riemann-Roch Theorem on A (see [Mu], p. 150) we have that
P(A) = {cl(D): D € Div(A) is ample and ga(cl(D)) = 1},

where cl(D) € NS(A) = Div(A)/ = denotes the class defined by the divisor D €
Div(A). In the sequel we will assume tacitly that P(A) # 0.
If 6 € P(A), then put

(11) Ga0)(D) = Ba(D,0)* — 4qa(D) = (D.0)> — 2(D.D), for D € NS(A).

It is easy to see (see [K1]) that this defines a positive-definite quadratic form g4, on
the quotient space NS(A, 0) := NS(A)/Z0, so we have that § a0 = qae) o ms, where

7o : NS(A) — NS(A,0) := NS(A)/Zo

denotes the quotient map. The quadratic form ¢4 or, more correctly, the quadratic
module (NS(A,0),qa)) is called the refined Humbert invariant of the principally
polarized abelian surface (A, 0); cf. [K4]. Since NS(A,#) ~ Z#~!, where p = p(A) =
rank(NS(A)) is the Picard number of A, we see that g4,y defines an equivalence class
of integral, positive definite quadratic forms in p — 1 variables.

For what follows, it is of paramount importance to understand that isomorphisms
of two such quadratic modules (NS(A,6;), gcae,)) are induced by suitable elements of
the automorphism group

Aut(qa) = {a € Aut(NS(A)) : qaoa=qa}
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of the quadratic form g4. However, since Aut(q4) does not act on P(A), it is useful
to consider the following subgroup G4 < Aut(qs) which preserves the set of polar-
izations:

Ga = {a € Aut(qa) : a(P(A)) = P(A)}
As we shall see, G4 has index 2 in Aut(ga). This follows from the following result:

Proposition 8 If o € Aut(ga), then a € G4 if and only if a(0) € P(A), for some
6 cP(A).

Proof. Suppose that 6" := «(f) € P(A), where § € P(A), and let D € P(A).
Since a € Aut(ga), we have that (a(D).a(D)) = (D.D) = 2 > 0, so by Corollary
2.2(b) of [K1] we have that either D € P(A) or that —D € P(A). Moreover, since
(a(D).a(#)) = (D.0) > 0 because both are ample, it follows that that a(D) € P(A).
Thus a(P(A)) C P(A).

Now since a(¢') = 6, a similar argument applied to a~! shows that o' (P(A)) C
P(A) and so we obtain that P(A) C a(P(A)) and hence that o(P(A)) = P(A). Thus
a € G 4. Since the converse implication is trivial, this proves the assertion.

Corollary 9 We have that Aut(qa) = (—1nsa)) X Ga. Thus [Aut(qa) : G4] = 2.

Proof. It is clear that —1 = —1xg(a) € Aut(ga) and that —1 € Z(Aut(ga)). Now —1 ¢
G4 because if € P(A), then —0 ¢ P(A) because (—6.0) < 0. Thus (—1)NG4 = {1}.

It remains to show that (—1)G4 = Aut(ga). For this, let o € Aut(qa), and let
0 € P(A). Then ga(a(0)) = ga(f#) > 0. Thus, by Corollary 2.2(b) of [K1] we have
that either a(f) € P(A) or that —«a(f) € P(A). In the former case we have that
a € G4 by Proposition 8 and in the latter case we have that —a € G4, so either
a € Gy or —a € G4. This proves the first assertion, and the second clearly follows
from the first.

We now come to the main result of this section. This is closely related to what
was stated without proof in Remark 17 of [K5].

Theorem 10 Ifa € G4 and if 6 € P(A), then there is a unique isomorphism

~

@ (NS(A,0),q40) —  (NS(A,a(0)),qa0)
of quadratic modules such that
(12) Ta(g) © Ot = T O Ty.
Conversely, if 0,0 € P(A) and if
@: (NS(A,0),q40) — (NS(A,0),qeaem)

1s an isomorphism of quadratic modules, then there is a unique o € G 4 such that
a(f) = 0" and such that @ = @.



Before proving this, let us observe the following important special case.

Corollary 11 Let 0 € P(A), and let Sy = {a € G4 : a(0) = 0} denote its stabilizer
in Ga. Then the map o — @y defines a group isomorphism Sy — Aut(qg) which maps
Sy :={g € Sy : det(g) = 1} onto Aut™(qp) := {a € Aut(qp) : det(a) = 1}.

Proof. By the first part of Theorem 10, the indicated rule defines a map Sy — Aut(gy),
and it is immediate that this is a group homomorphism. By the second part of
Theorem 10, this is a bijection and so the first assertion follows.

To prove the second assertion, it suffices to show that det(a@y) = det(«), for all
a € Sp. For this, note that since § € P(A) is a primitive element in NS(A), we can
extend 6 to a basis D1 = 6, D,, ..., D, of NS(A). Then the matrix M of a with

respect to this basis has the form M = (; AZ), and so det(«) = det(M) = det(M;).
Now since Dy := my(Dy), ..., D, := mp(D,) is a basis of NS(4, ), it follows from
(12) that M is the matrix of @y with respect to this basis. Thus det(ay) = det(M;) =

det(«), which proves the determinant formula and hence the second assertion.

We now turn to the proof of Theorem 10. We begin with the following basic facts
about the quadratic forms g4 and gy := qa,9)-

Lemma 12 Let 6 € P(A), and put Z6* := {D € NS(A) : B4(D, ) = 0}. Then
(13) NS(A)$ := {D € NS(A) : 84(D,0) = 0 (mod 2)} = Z0 & Z6™,

and mg := [NS(A) : NS(A)] | 2. Furthermore,

(14)  7(NS(A)P) = NS(A, 6)@ := {D € NS(A, ) : go(D) = 0 (mod 2)},

and so NS(A, 0)? is a submodule of NS(A, 0) of index my. In addition, the restriction
7y of mg to ZO+ induces an isomorphism of quadratic modules:

(15) 7Té . (ZQL7 (_4QA)\ZGJ-> :> (1\18(14)52)7 <q9)|NS(A)é2))'

Proof. Since NS(A)E?) is the kernel of the homomorphism D — (4(D,0) (mod 2),
it is clear that NS(A)éz) is a submodule of NS(A) of index my | 2. Clearly Z6+ C
NS(A)éQ). Furthermore, since 54(0,0) = 2q4(6) = 2, we see that Z6 C NS(A)éQ), and
so Z6 & 7.6+ C NS(A)é2). (Note that Z# N ZO+ = 0 because g4 is positive definite on
70 and negative definite on Z#+ by the Hodge index theorem.)

To prove the opposite inclusion, let D € NS(A)?. Then n = w € 7Z, so
D' =D —nf € Z6+ and hence D = nf + D’ € Z0 + ZH+. This proves (13).



To prove (14), let D € NS(A)é ,80 D = nf+D’', withn € Z and D' € Z6+ by (13).
Then my(D) = me(D'), so qg(ﬂg(D)) = q9(7rg( ) = Go(D') = —4ga(D’) = 0 (mod 2)
by (11). Thus mp(NS(A ) ) NS(A, 6)

Conversely, suppose that D € NS(A 0)?. Then D = my(D) for some D €
NS(A) and we have that §o(D) = go(D) = 0(mod 2). Now Gy(D) = Ba(D,0)% —
4q4(D) = Ba(D,0)? (mod 2), so 2|Ba(D,0), and hence D € NS(A)(gz). Thus D €
Wg(NS(A)é2)), which proves (14). Thus, since NS(A);Q) is a submodule of NS(A), we
see that NS(4,0)® = 1,(NS(A){”) is a submodule of NS(A,6). Note that my =
INS(A) : NS(A)P] = [NS(4, 6) : NS(A, )] because Ker(my) = Z6 C NS(A).

By (13) and (14) we see that 7y(Z6+) = NS(A,0)?. Thus, 7, : Z0+ = NS(4,0)?
is an isomorphism because because Ker(mg) N Z0+ = 0. For D € Z#*+ we have by
definition that gy(D) = —4qa(D), so qo(my(D)) = —4qa(D), and hence we obtain the
indicated isomorphism (15) of quadratic modules.

Proof of Theorem 10. Suppose first that « € G4, and put ¢ = «(f). Note that
0" € P(A) because a € G 4. Since Ker(mg o0 a) = a~H(Z8') = 76 = Ker(my), there
is a unique isomorphism «y : NS(A, ) = NS(A4,#) such that (12) holds. Now since
a € Aut(ga), we have that G4(a(D),0) = Ba(a(D),a(d)) = Ba(D,0) and also
ga(a(D)) = qa(D), for all D € NS(A), so Gor © @ = Gy, and hence it follows from (12)
that gy o @y = qo. Thus, @y defines the indicated isomorphism of quadratic modules.

We now prove the converse. Thus, let 6,0 € P(A) be given, and let @ be the
given isomorphism of quadratic modules. It is then clear from the definition and
the fact that NS(4,0)® is a submodule of NS(A, ) by Lemma 12 that @ restricts
to an isomorphism a® : NS(A4,0)® = NS(A,0)®. Thus, by (15) we obtain an
isomorphism of quadratic modules

2)

a1 = (77'/9/)71 Oa( O 7Té : (ZGJ—, (_4QA)|ZQJ—) :> ((ZQI)J—, <_4QA)|(ZQ')L)-

Note that this implies that g4 o @y = (ga)z+. Since NS(A)Y = Z6 @ Z6* by (13),
it follows that there is a unique isomorphism ay : NS(A)é NS(A)B, such that
ay(f) = 0 and (a2)zpr = ;. Note that since ga() = 1 = qa(¢'), it follows that
qga(as(D)) = qa(D), for all D € NS(A).

We observe that my = my because by Lemma 12 we have that my = [NS(A,0) :
NS(A, 0)?] = [@(NS(A, 0)) : @(NS(A,0)2))] = [NS(A, ) : NS(A, #)?] = my. Thus,
if mg = 1, then o := as € Aut((NS(A), g4)) satisfies the desired properties.

Assume therefore that mg = my = 2. Since NS(A)gQ) has finite index in the
free module NS(A), we see that as extends uniquely to a Q-linear automorphism
a® of NS°(4) = NS(A) ® Q. Furthermore, if ¢% denotes the natural extension of
qa to NS°(A) (which is given by ¢%(z) = Sqa(nz), if n € Z, n # 0, is such that
nx € NS(A)), then we see that ¢%(a(z)) = ¢°(x), for all x € NS°(A).



We now Want to show that a®(NS(A)) = NS(A). For this, note that NS(A) =
Z.Dy + NS(A)G , where D € NS(A) satisfies 54(D1,60) = 1 (mod 2). Clearly 2D; €
NS(A)(, . We now show:

Claim: «a3(2D;) = 2Dy, for some Dy € NS(A).
To construct Dy, put D) := ay(2D,) € ag(NS(A)éQ))) = NS(A)% and Dy :=

a(me(D1)) € NS(A,0"). Thus, there exists DJ € NS(A) such that mg(Dj) = Ds.
Then

(16) D, = 2Dy +n#', for some n € Z.

Indeed, 7o (DY) = 7o/ (a2(2D1)) = @(me(2D,)) = 2a(mp(D1)) = 2Dy = e (2DY), and
o (16) follows.
We next observe that 2|n. For this, we compute as follows: 8q4(D1) = 2q4(2D;) =

244(02(2D1)) = 244(D5) ‘=’ 244 (2D4+n8"). Since 244(D) = f(D., D), ¥D € NS(A),
we see that 2¢4(2D5+nb8') = Ba(2D5+n',2D5+nb'") = 454(DY, DY) +4nfa(Dy,0")+
2n2, so n? = 4qa(D1)—264(DY, DY) —2nB4(DY,60) = 0 (mod 2), and hence 2|n. Thus,
Dy := D3 + 50" € NS(A), and so Dj = 2D, by (16). This proves the claim.

From the claim we see that a®(D;) = 1a°(2D;) = $as(2D;) = 1(2D,) = D, €
NS(A), so a’(NS(A)) C NS(A) because a’(NS(A )(2)) (NS(A);Q)) = (NS(A)(S?) C
NS(A). Furthermore, since [a?(NS(A)) : aO(NS(A)ff))] — [NS(A)) : NS(A)P] =
[NS(A)) NS(A), 2] we see that a®(NS(A)) = NS(A). Thus, the restiction a :=
(") xs(a) € Aut((NS(A), ga)).

We have that a(f) = 0’ by construction, so o € G4 by Proposmon 8. It remains
to show that @y = @, i.e., that (12) holds. If D € NS(A)Q , then 7y (a(D)) =
o (aa(D)) = @(me(D)) by the construction of ag. Thus 2(my 0 @) = mp 0 (2a) =
@o (2my) = 2(aomy), and so (12) holds because NS(A, #') is torsionfree.

Finally, we show that a € G4 is uniquely determined by the given properties.
Indeed, suppose o/ € G, is another element with o/(§) = ¢’ and o/y = @. Then
o (Z6+) = (Z0')* because o/ € Aut(ga). Thus, if D € Z#+, then 7y (o/(D)) =
a(mg(D)) = 7wy (a(D)), and so o/ (D) = (D) because my is injective on (Z@')*; see
Lemma 12. Thus, a and o agree on NS(A)((f) = 70 ® Z6*. Since this has finite
index in NS(A), it follows that & = o/, and so « is uniquely determined by the given
properties.

In what follows, we shall frequently use the following fact which is a generalization
of the easy part of Theorem 10.

Proposition 13 If a : (NS(A),q4) — (NS(4'),qa) is an isomorphism of quadratic
modules, where A and A" are abelian surfaces, and if 0 € P(A)) and a(f) € P(A"),



then there is a unique isomorphism
Qg : (NS(A, 9), Q(A,G)) = (NS(A/, 04((9)), Q(A’,a(ﬁ)))

such that (12) holds. In particular, if f : A = A’ is an isomorphism of abelian
surfaces, then qeag) ~ qar,1.(0)), for all § € P(A).

Proof. The first assertion follows by a similar argument as that of the first part of
the proof of Theorem 10. Moreover, if f : A = A’ is an isomorphism of abelian
surfaces, then f induces an isomorphism f, : NS(A) = NS(A) such that ga o f. = qa
and such that f,P(A) = P(A’). Thus, a = f, satisfies the hypothesis of the first
assertion, and so (NS(A,0), qa0) ~ (NS(A', £.(0)), qar.1.0))) 1-€- Qae) ~ qar,1.0))
for all € P(A).

3 The Structure of P(A,q)

We now fix an integral quadratic form ¢ in r variables, and consider the subset
P(Aq) = {0€P(A):q ~q}

of P(A). Here g9 = q(ap) is the refined Humbert invariant of (A4,6) and the condition
g9 ~ q means that we have an isomorphism (NS(A),que)) ~ (Z",q) of quadratic
modules. In the sequel we will tacitly assume that r = p(A) — 1 = rank(NS(A)) — 1,
for otherwise P(A4, q) is empty.

It is an immediate consequence of Theorem 10 that the group G 4 acts transitively
on the set P(A, q). More precisely:

Proposition 14 If0 € P(A,q), then the map g — g(0) defines a bijection of G 4-sets
(17) Ga/Se — P(Aq),
where Sy :={a € G4 : g(0) = 0} denotes the G 4-stabilizer of 6.

Proof. If g € G 4, then from the first part of Theorem 10 it follows that (NS(A, g(0)),
Qg(G))) = (NS(A79)7QO) = (ZT7Q)7 S0 9(9) € P(Aa Q) This means that P(Aa Q) Is a
G 4-set.

Next, suppose that 8’ € P(A, q). Then g ~ q ~ gg, so there exists an isomorphism
@ : (NS(A,0),q) ~ (NS(A,0),qp). By the second part of Theorem 10 there exists
g € G4 such that g(f) = 0, and so G4 acts transitively on P(A,q). Thus, the
assertion follows from this and the orbit-stabilizer theorem of group theory.

It follows from Proposition 14 that for any subgroup H < G4, the set H\P(A, q)
of H-orbits of P(A, q) is given by the set of H\G /Sy of (H, Sy)-double cosets of G 4,
where 6 € P(A, q).
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In particular, this applies to the group H = H 4 which is the image of the automor-
phism group Aut(A) of A. To define H 4, recall that for any divisor D € Div(A) and
any automorphism a € Aut(A) we have the image divisor a.(D) (which is defined
by a.(C) = a(C) on prime divisors C' of A). It is clear that a, preserves intersection
numbers and hence is compatible with numerical equivalence. We thus obtain that
a, € Aut(ga). Moreover, it is easy to see that a.(P(A)) = P(A), so a, € G4. It thus
follows that the rule o +— a, defines a group homomorphism

wa:Aut(A) — Gy

We denote the image of w4 by Hy := @a(Aut(A)) < G4. Note that ¢, is never
injective because [—1]4 € Ker(p,), as is not difficult to see.
From the above discussion we thus obtain:

Corollary 15 If 0 € P(A,q), then the rule g — Hag(0) defines a bijection
Hi\Ga/Sy = P(A.q) = Hs\P(A q).

In particular,

(18) P(A,q)] = [Ha\Ga/Ssl.

Note that this proves Theorem 1 of the Introduction.

4 The mass formula for P(A, q)

We next turn to the mass formula for P(A, q). To formulate the result, let § € P(A),
and let
Aut(G) = Hs N Sy

denote the automorphism group of 0, where, as before, Hy = pa(Aut(A)) is the
image of the automorphism group Aut(A) in G4, and Sy is the G 4-stabilizer of 6. It
is immediate that if Aut(A,0) := {a € Aut(A) : a*0 = 0}, then

(19) Aut(0) = pa(Aut(A,0)) ~ Aut(A,0)/ Ker(pa).

Note that Sy is always a finite group because Sy ~ Aut(gg) by Corollary 11 and
because ¢y is a positive quadratic form. Thus, a(f) := | Aut(f)| < oo, and we have

(20) a(0) | | Aut(gp)

, forall 8 € P(A).
We observe that if o € H4, then

(21) Aut(a(f) = Hy N aSea™ = a(Hy N Sp)a™t = aAut(d)a".
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Thus, a(f) = | Aut(6)| has the same value for all elements in the H4-orbit § = H 0
of 6, and so we can write a(f) := a(f). Thus, as in the introduction, we can define
the mass of a subset S C P(A) := H4\P(A) by

= Za(é) !

In the case that S = P(A,¢q), this mass is given by a simple formula, as was
mentioned in Theorem 2.

Proof of Theorem 2. Let 6 € P(A,q). We first observe that if g € G4, then the
number of H 4-orbits of H,gSy is

(22) ’HA\HAQSQ| = [Sg : Sg ﬂg_lHAg] = |Sg| . ]Aut(g(@))|_1

Indeed, if Sp = [],(SpNg ' Hag)s;, then one sees easily that HagSp = [ [, Hagsi, and
so the first equality of (22) follows. Moreover, since

SoNg 'Hag = g " (9Se97" N Ha)g = g (Syey N Ha)g = g~ " Aut(g(0))g,

5 Se
we see that [Sy: Sy N g 1Hag] = |ng£|] GllHAg‘ |A1‘1t( ‘(
Now let ¢1,...,9: be a system of representatives of Ha\G 4/Sy, so by Corollary

15 we have that g;(0),...,9:(0) is a system of representatives of H4\P(A,q). Thus

7 because |Sg| < o0.

Ga:iH ZrHA\HAgzsa - Zm's—g)), = [5i| - M(P(4,0))

and so (2) follows because |Sp| = | Aut(gg)| = | Aut(q)| by Corollary 11 and by the
fact that gy ~ ¢ since 6 € P(A,q).

When A is an abelian product surface, then the index [G4 : H,4] was calculated
in [K8]. In the non-CM case we have the following.

Proposition 16 Let A = FE x E’', where Hom(E, E') = Zh with d := deg(h) > 1. If
q s a binary quadratic form such that P(A,q) # 0, then

(23) M(P(4,q) = 29/| Aut(q)].

Proof. By Theorem 1 of [K8] we have that [G 4 : H4] = 2“@ and so (23) follows from
Theorem 2.

In the case of a CM abelian product surface A ~ E x E’ we obtain a similar result
by using the index formula (8) which was mentioned in the introduction. For this,
we recall the following (well-known) notation.
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If A < 0 is a quadratic discriminant, i.e., if A = 0,1 (mod 4), then let h(A) =
|C'(A)| denote the order of the class group of primitive forms of discriminant A; cf.
[Col, p. 29 and p. 50. Note that h(A) = | Pic(OA)|, where O denotes the order of
discriminant A; cf. [Co|, p. 137. Moreover, we let g(A) = [C(A) : C(A)?] denote
the number of genera of discriminant A. A formula for g(A) is given in formula (48)
below.

Proposition 17 Let A= E x E', where qg g is a binary quadratic form of discrim-
inant A and content k. Put A" = A/k%. If q is a ternary quadratic form, then

(24) a(@) | | Autt(q)|, for all® € P(A,q).

Moreover, if P(A,q) # 0, then we have that

hA)

h(A")

Proof. By Theorem 3 of [K8| we have that det(h) = 1, for all h € Hy4, so Aut(f) =
HyN Sy < Sy :={g€ Sp:det(g) =1}. Thus (24) follows because S, ~ Aut™(q) by

Corollary 11.

By Theorem 2 of [K8] we have that (8) holds, so by Theorem 2 we obtain that
M(P(A, q))| Aut(q)| = 2w(”)+1g(A’):((AA,)). Now for any ternary form ¢ we have that
| Aut(q)| = 2| Aut™ (q)| because —1 € Aut(q) \ Aut™(q), and so (25) follows.

(25) M(P(A, q))| Aut*(q)| = 2"Ig(A)

Remark 18 If A/K is as in Proposition 17, then (24) implies that a(#)|24 because
for any positive ternary form ¢ we have that | Aut™(q)| | 24 by [Di], Theorem 105.

More generally, if A/K is any abelian surface and if ¢ is a positive form with
rank(q) < 3, then a(6)[48, for any 0 € P(A,q). Indeed, by (19) we know that
a(0) | | Aut(q)|, so if ¢ is a ternary form, then | Aut(q)| = 2| Aut™(q)| | 48 by Theorem
105 of [Di] again. Moreover, if ¢ is a binary form, then | Aut(q)| = 2,4,8, or 12
(see [Jo], Theorems 5la and 52), so again a(f)[48. If ¢ has rank 1, then clearly
| Aut(q)| = 2. This proves the assertion. (Note that if ¢ = 0, then a(f) = 1 because
then Aut(Je,0c) = {£1} = Ker(p,.).)

5 The computation of a(6)

We now study the weight a(f) = | Aut(#)| of a principal polarization 6 € P(A) in the
case that 6§ = cl(C') is the class of a smooth genus 2 curve C' on A. For this, let

P (A) = {cl(C): C e €(A)},

where €(A) denotes the set of smooth genus 2 curves C' lying on A. Note that by the
adjunction formula for C' C A we have that P*(A) C P(A). We recall the following
basic fact from Proposition 6 of [K4] which characterizes the set P*(A) inside P(A).
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Proposition 19 If 0 € P(A) is any principal polarization, then
(26) 0P (A) <& qo(D)#1, forany D e NS(A,0).

As a first step towards computing a(f), we observe the following (well-known) fact
about the polarized automorphism group Aut(A,0) = {o € Aut(A4) : a*(6) = 6}.

Proposition 20 If A is an abelian surface, and if 6 = cl(C) € P*(A), then the rule
a— a, = (a*)7! induces an isomorphism Aut(C) ~ Aut(A, ).

Proof. If 6 = cl(C), then it follows from the universal property of the Jacobian that A
is (isomorphic to) the Jacobian Jo of C, so (A, 60) ~ (Jo, 0c), where ¢ is the theta-
divisor of C. Moreover, it follows from Torelli’s Theorem (see Milne [Mi], Theorem
12.1) and the fact that C'is hyperelliptic that the indicated map gives an isomorphism
Aut(C) ~ Aut(Je, 0c) ~ Aut(A, 0).

In view of formula (19), the above proposition gives us some information about
the weight a(f) when 6 € P*(A). To go further, we need more information about
Ker(¢4). The aim is to prove the following result.

Proposition 21 Let (A, 0) be a principally polarized abelian surface such that A ~
E x E, for some elliptic curve E. Then Ker(pa) = {£1a}, except when A~ E x E,
where E is a CM elliptic curve with jg € {0,1728}. Moreover, if § = cl(C) € P*(A),
then
(21) a(h) = 3 Aut(C)].

As first step, we prove the following result.
Lemma 22 If (A,0) is a principally polarized abelian surface, then
(28) Ker(ga) = Aut(A) N C°(Endj(A)),

where End)(A) = {a € End’(A) : agg = ¢pa} and C°(End)(A)) denotes the central-
izer of Endy(A) in End®(A).

Proof. Recall from [K4], §11, that the map D +— ¢, ' o ¢p induces an isomorphism
Py : NS(A) = Endy(A) :={a € End(A) : rp(a) = a},
where 79(a) = ¢, ' 0 & o ¢y. Moreover, by Proposition 58 of [K4] we have that

(29) Qy(a*D) = ro(a)Pe(D)a, forall a € Aut(A), D € NS(A).
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From this we see that
(30) Aut(4,0) = {a € Aut(A) : rg(a) = a '}

Indeed, if a € Aut(A), then o € Aut(A,0) & o = 0 & Py(a*d) = Dy(F). Since
$y(0) = 14, we see from (29) that the latter condition is equivalent to the equation
ro(a)laa = 14, and so (30) follows.

Since Ker(pa) = {a € Aut(A) : a*D = D,VD € NS(A)} and since clearly
Ker(pa) < Ker(A,0), we see from (29) and (30) that

Ker(pa) = {a € Aut(A) : o 'Ba =3, V3 € Endyg(A)} = Aut(A) N C(Endy(A)),

where C(S) = {a € End(4) : af = Ba, VG € S} denotes the centralizer of a subset
S C End(A) in End(A4). Moreover, we observe that if C°(S) := {a € End’(4) :
af = Ba,VpB € S}, then C°(S) = C(S)Q and C°(S) N End(A) = C(S), and hence
Ker(p4) = Aut(A) N C°(Endy(A)). This proves (28) because Endj(A4) = Endy(A)Q,
and so C°(Endy(A)) = C°(Endj(A)).

We next compute the centralizer C°(Endj(A)) in the cases of interest here.

Lemma 23 Let (A,0) be a principally polarized abelian surface. If A ~ E X E, for
some elliptic curve E, then Endg(A) generates End”(A) as a Q-algebra, and hence
C°(End)(A)) = Z(End’(A)), where the latter denotes the centre of End’(A). In
particular, if E is not a CM-curve, then C°(Endg(A)) = Q- 14.

Proof. Since A ~ E?, it follows from the “basic construction” of [FK] that there exist
elliptic curves E; ~ F and an isogeny h : A" := E; x By — A such that h*0 = Nbg, g,,
for some N; see [K6], Proposition 10. This means that if we put 0’ := g, g,, then
]Al @) qbg oh= Ngf)y, i.e., T@/}g(h)h = [N]A/, where 7"9/79<h) = gf)g_,liwﬁg

It is clear that the rule o — h™!' o o o h defines an isomorphism of rings ¢ :
End’(A) 5 End®(A4’). From the above relation it follows that ¢, (rg(a)) = 74 (cn(e)),
for all a € End"(A); see [K4], formula (65). Thus, c,(Endj(A)) = Endj, (A’), and so
we see that it suffices to prove the assertions for (A’,0") in place of (A, #6).

Thus, we may assume (by changing notation) that A = E' x E’, where E ~ E’ are
elliptic curves and 6 = 0g g. In this case we can use (as in [K4]) the identification
of End(A) with certain 2 x 2 “matrices”. Via this identification we have by [K4],
Proposition 63, that

Endg(4) = {( [";;] [Z] ) n; €Z,h € Hom(E,E’)}.

0 A

Thus, for any h € Hom(E, E’) we have that ay, = ( L0

that 5 := diag(1,0) € Endg(A).

) € Endy(A), and also
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Let £ denote the Q-algebra generated by Endg(A). Then ((;L 8) = apf € €&.
Similarly, (%hg) = fBay, € €. Moreover, if n = deg(h) > 0, and if g € End(F), then
(759(?) = apap,f € &, and similarly, if ¢ € End(£’), then ((?ng?,) = apBogyn € €.
Thus End(A) = £ because any element of End”(A) can be written as a Q-linear
combination of the above elements.

This proves the first assertion, and second follows from the first because clearly
C°(Endg(A)) = C°(€) = C°(End’(A)) = Z(End"(A)).

To prove the last assertion, note that End"(A) ~ My(End(E)), so Z(End’(A)) ~
Z(End’(E)) = Q, if E is either non-CM or supersingular. Thus dimg(Z(End’(A))) =
1 in these cases. Since clearly Q- 14 C Z(End’(A)), equality holds.

Proof of Proposition 21. By hypothesis, A ~ E x E. Suppose first that F is not a CM
elliptic curve. Then by Lemmas 22 and 23 we have that Ker(¢4) = Aut(A)NQ-14 =
{£14}, the latter because deg(z14) = 1 if and only if x = £1. This proves the first
assertion in this case.

Now suppose that E is a CM elliptic curve. Then by Theorem 2 of [K3| we have
that A ~ F; x Ey, for some CM elliptic curves E; ~ Ey ~ E. We are thus in the
situation of Lemma 29 of [K8|, and so it follows from that lemma that Ker(p4) =
{£14} except when E; ~ E5 and jg, € {0,1728}. This proves the first assertion in
all cases.

Now suppose that § = cl(C) € P*(A). Then A # E x E, where E a CM
elliptic curve with jg € {0, 1728}, because in that case Theorem 2 of [K5] shows that
P*(A) = 0 since then qg g ~ 2>+ y* or qp g ~ 2% + zy + y* when jp € {0,1728}.
Thus | Ker(pa)| = 2 by the first assertion, and so formula (27) follows from this and
Proposition 20 (together with formula (19)).

As a first application of Proposition 21 we prove the following result which is
needed below and which extends a result of [AP], p. 142, to arbitrary characteristic
(by a simpler proof).

Proposition 24 If C/K is a curve of genus 2 such that Aut(C) ~ Cy := Z/10Z,
then the Jacobian Jo of C is not isogeneous to B x E, for any non-supersingular
elliptic curve E/K.

Proof. Let qc := q(j,,0.) denote the refined Humbert invariant of (J¢, 0¢). We claim:
(31) Aut(C) ~ Cyy, rank(qe) <3 = a(be) = 1.

Indeed, since Aut(C) ~ (', it follows that there exists a o € Aut(J¢, 0¢) of order 5
by Proposition 20. But then o lies in Ker(p,,.) because a(f) | 48 by Remark 18 and
5148. Thus +o0 € Ker(p,,.), so Ker(p,.) = Aut(Je, 8¢) and hence a(6¢) = 1, which
proves the claim.
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Now if Jo were isogeneous to E' x E, where F is a non-CM or a CM elliptic curve,
then g would be a binary or ternary form, and then we would have that a(fc) = 5
by Proposition 21, which contradicts (31). This proves the proposition.

Remark 25 If p := char(K) # 0, and if C'// K is a genus 2 curve such that Aut(C) has
an element of order 10, then it can happen that Jo is isogeneous to £ X F, for some
supersingular curve E/K. Indeed, if p # 2,5, then this happens when p # 1 (mod 5);
see [IKO], Proposition 1.13. In that case g¢ is a quintic quadratic form and a(6¢) =5
by Proposition 21.

We now want to connect the weight a(f¢) of a genus 2 curve C'/K to an invariant
of the associated refined Humbert invariant gc. To do this, let

i(G) = g eG:ord(g) =2}

denote the number of involutions of a finite group G, and put i*(G) :=i(G) — 1. In
addition, for any integer n let

ma(qc) = |Ru(qc)|, where R,(qc) = {D € NS(J¢,0¢c) : qc(D) = n}.
Then we have the following basic result from [K1] and [K7]:

Proposition 26 If C/K is a genus 2 curve, then
(32) " (Aut(C)) = ra(qe)-

Thus, if r4(qc) > 0, then Jo ~ Ey X FEy, for some elliptic curves E;/ K. Moreover, if
r4(qc) > 3, then Ey ~ Es.

Proof. As in [K7], §6, let I(C') C Aut(C) denote the set of elliptic involutions of
C. Then |I(C)| = *(Aut(C)). By Proposition 35 of [K7] we know that [I(C)| =
|S2(Je, Oc)|, where the latter denotes the number of elliptic subgroups on J¢ of degree
2. On the other hand, by Theorem 1.5 of [K1] and the fact that r(gc) = 0 by (26),
this number equals 74(gc), and so (32) follows.

If r4(gc) > 0, then |S2(Jeo,0c)| = ra(ge) > 0, so there exists an elliptic sub-
group 7 < Jo, and hence Jo ~ E; X Fy, for some elliptic curve E,. Moreover, if
r4(gc) > 3, then there exist 01,09 € I(C) such that oy # 01,0001, where o¢ denotes
the hyperelliptic involution of C', and so it follows from Proposition 40 of [K7] that
rank(qc) > 2. Since rank(ge) = p(Jo) —1 = p(Ey X Ey) —1 = 1 +rank(Hom(E,, E»))
by Proposition 23 of [K4|, this means that Hom(E;, E») # 0, and so E} ~ Es.

As an application, we can work out the value of a(f) in the following special case
which is not covered by Proposition 20.
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Proposition 27 Let C/K be a curve of genus 2 with Aut(C') ~ CyxCy. Ifrank(qe) =
1, then qo ~ 4% and we have that a(6¢c) = 1.

Proof. Since i*(Aut(C')) = i*(Cy x Cy) = 2, we have by Proposition 26 that r4(qc) = 2.
Since rank(gc) = 1, we have that g ~ na?, for some n € N. By Proposition 19 we
have that n > 1, and so n = 4 because r4(¢c) > 0. This proves the first assertion.

To prove the second assertion, we first observe that there exists an elliptic in-
volution o € I(C') because |I(C)| = |i*(Aut(C))|, as was mentioned in the proof
of Proposition 26. (Thus Aut(C) = (o,0¢), where o¢ denotes the hyperelliptic in-
volution.) Let f, : C — E, := (C/{(o) denote the associated elliptic subcover of
degree 2. Then E := fX(Jg,) € S2(Jc,0c) is an elliptic subgroup of Jo. The
class [E] € NS(J¢, 0¢) is a primitive element of NS(J¢,0c) by Theorem 1.9 of [K1],
so NS(J¢,0c) = Z[E] because rank(NS(Jg,0c)) = rank(ge) = 1 by hypothesis.
Since NS(J¢, 0c) = NS(J¢)/ZO¢, this implies that NS(Jo) = Z0c + Zcl(E), where
cl(E) € NS(J¢) denotes te class of E in NS(J¢).

Since f, o0 = f,, we have that o*f* = f* so ¢*E = E, and hence o*cl(E) =
cl(E). Thus, since 0*0c = 6¢ (because o* = (0,)~! € Aut(Je, 6c) by Proposition 20),
this implies that o*D = D, for all D € NS(J¢) = Zbc + Z cl(E), which means that
o* € Ker(py,). Thus, since also o, = [—1],. € Ker(p,.), we see that Aut(Je, ) =
(0%, 08) < Ker(py,) < Aut(Je,0c), and so Ker(p;.) = Aut(Je,0c), which means
by (19) that a(fc) = 1.

Remark 28 It is not difficult to see that a curve C'/K satisfying the hypotheses of
Proposition 27 exists. In fact, there exist infinitely many such curves over K. Indeed,
given any pair (Ej, Es) of elliptic curves F;/K with F; o E,, then by Theorem 2 of
[K2] there exists a curve C'/ K with surjective morphisms f; : C' — FE; of degree 2 for
i =1,2. (If char(K) = 2, then the same is true by Theorem 3.4 of [K2], provided
we assume that neither E; nor FEj is supersingular.) Thus, Cy x Cy C Aut(C) and
rank(gc) = 1 because Jo ~ E; X Fy and Hom(Fy, Ey) = 0. (Use the argument of the
proof of Proposition 26.) Furthermore, if Aut(C') > 4 were possible, then it follows
from (the proof of) Theorem 29 below that i*(G) = r4(qc) > 2, and then Ey ~ E,
by Proposition 26, contradiction. Thus, Aut(C) ~ Cy x Cy, as claimed.

We will now establish the following connection between the weight a(f¢) and the
number r4(qc) of representations of 4 by gc¢.

Theorem 29 Let C/K be a curve of genus 2 such that r = rank(gc) < 3, and
put r* = min(2,7). Moreover, let C,, denote the cyclic group of order n and D,, the
dihedral group of order 2n. Then we have the following possibilities for Aut(C'), a(6¢)
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and for r4(qc):

Aut(C) | a(fc) | ra(gc)
Cy 1 0
Cho 1 0
Cg X CQ r* 2
(33) D4 4 4 )
Dg 6 6
Cg X D4 12 8
GL2(3) 24 12
In particular, we have that
(34) a(fc) = alqge) = max(1,74(qc), 3rs(qe) — 12),

except when qo ~ 422, in which case a(6c) = 1. Furthermore, if a(6¢c) > 1, then
(35) | Aut(C)| = 2a(bc) = 2alqe).

Proof. 1f char(K) # 2,5, then the first column of (33) gives the complete list of
possibilities for Aut(C), for any genus 2 curve C/K; see [SV], Theorem 2. However,
if char(K') = 5, then there is another possibility, namely the case that G := Aut(C) ~
2*S5, which is a certain double cover of the symmetric group Ss; see [SV], p. 711.
But this case cannot occur in our situation, as will now be proved.

To see this, observe first that i*(G) > i(S5) = 10, since every transposition of S;
lifts to an involution of G; see [SV], p. 711. Thus, by Proposition 26 we have that
Jo ~ E x E, and so by Proposition 21 we obtain that a(f¢) = |G| = 120. But since
120 1 48, and r < 3, Remark 18 shows that this case is impossible.

If char(K) = 2, then only the cases Aut(C') ~ Cy, Cy x Cy, and Dg are possible
here. Indeed, by the discussion of Igusa [Ig] on p. 645 (together with that on p.
647), we see that the last two cases are the cases (1’) and (2) of Igusa [Ig]. But his
other two cases (3') and (6') are not possible here. To see this, note first that in
case (6') we have that C' has at least 10 elliptic involutions which are given by the
rule o, : (z,y) — (v + 2%y + 2222 + 22 + ¢), where 2° = 1 and ¢ — ¢ = 1. (Note
that these elements satisfy the relations given on p. 616 of [Ig], and hence define
automorphisms of C'. Moreover, a short computation shows that Jg’c = 1.) Thus, a
similar argument as in the case of char(K) = 5 shows that Jo ~ E x E and that
a(fc) = 1| Aut(C)| = 80, the latter by [Ig]. But since 80 1 48, this contradicts Remark
18. Moreover, in the case (3') we know from the discussion on p. 648 of Igusa [Ig] that
then C also has an elliptic involution. In fact, his argument shows that Dy < Aut(C),
so C' has at least 4 elliptic involutions, and hence, as before, we see that Jo ~ E X E,
for some elliptic curve F/K. Thus, since | Aut(C)| = 32 by [Ig], p. 245, we see that
a(fc) = 16 by Proposition 21, and hence r = rank(gc) > 3 by Remark 18 because
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16 1 8 and 16 1 12. This means that » = 3, so E is a CM elliptic curve. But then by
Theorem 2 of [K3| we have that A >~ E; x E5 is a CM product surface, and hence
a(0¢)|24 by Remark 18, which is a contradiction since 16 1 24. Thus, this case is also
impossible here, and so the first column gives a complete list of the automorphism
groups when r < 3.

To verify the entries of the third column, it suffices in view of (32) to determine
i*(G) for each group G appearing in the first column of (33).

For this, note first that it is clear that *(G) has the indicated values for the first
three entries of the third column. Moreover, if G = D,,, where n is even, then it is
immediate that i(G) = n + 1, so the next two entries of the third column are also
correct. If G = C5 x Dy (and Dy acts on C5 such that the elements of order 4 of
Dy act by inversion on Cj, as is mentioned in [SV]), then it is not difficult to see (by
looking at centralizers of involutions) that there are 3 conjugacy classes of involutions
of lengths 1, 2 and 6. Thus i*(G) = 8 in this case. Finally, if G = GLy(3), then
by linear algebra over F3 we see that there are 2 conjugacy classes of involutions of
lengths 1 and 12, so here i*(G) = 12.

To verify the entries of the second column, note first that the first entry is clear by
(19) because [—1],, € Ker(¢,.) < Aut(Jeo,0c) ~ Cy by Proposition 20. Moreover,
the second entry follows from (31). Next, suppose that Aut(C) ~ Cy x Csy, so Jo ~
E, x E5 by Proposition 26 and hence r = 1 + rank(Hom(E}, Ey)). If r = 1, then
a(0c) = 1 = r* by Proposition 27. If r > 2, then Hom(F,, Es) # 0, so £y ~ E,, and
hence by Proposition 21 we obtain that a(f¢) = 3| Aut(C)| = 2 = r*, which proves
that the third entry of the second column is correct.

For the other 3 entries of the second column we have by the above discussion
that 74(gc) > 4, so Jo ~ E x E by Proposition 26. We are thus in the situation
of Proposition 21, and so in view of (27), the rest of the entries follow directly from
those of the first column.

To verify (34), note first that

(36) Aut(C) ~ Oy xCy and 7" =1 & qo ~ 42°.

Indeed, the one direction follows from Proposition 27. Conversely, if go ~ 422, then
clearly r = 1 = r*, and r4(qc) = r4(42?) = 2. Thus, by comparing the third column
of (33) with the first, it follows that Aut(C') ~ Cy x Cy, which proves (36).

Combining (36) with Proposition 27 shows that a(6¢) = 1 when g ~ 4.

Assume now that gc # 4z2. Then (34) follows from the second and third columns
of table (33). Indeed, if 74(gc) < 6, then 3ry(qc) — 12 < r4(qe), and so the formula
(34) holds for the first 5 entries of the table because r* = 2 for the third entry by our
assumption. For 74(gc) = 8 and r4(¢c) = 12 we have that 3r4(gc) — 12 = 12 and 24,
respectively, so (34) holds in all cases.

Finally, if ¢(6¢) > 1, then we have either the cases of lines 4-6 of (33) or the case
of line 3 with 7* = 2. In all these cases it is clear that (35) holds.
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In order to deduce Theorems 3 and 4 from Theorem 29, we need the following two
facts.

Lemma 30 If A/K is an abelian surface which is not supersingular, then p(A) < 4.
In particular, we have that rank(qae)) < 3, for any 0 € P(A).

Proof. Since rank(q(a,9)) = p(A)—1, as was mentioned in §2, it is clear that the second
assertion follows from the first.

To prove the first assertion, consider first the case that A is not simple, so A ~
E x E' for some elliptic curves E/K and E'/K. Then p(A) = p(E x E') = 2 +
rank(Hom(E, E")), so p(A) < 4 except when E ~ E’ are supersingluar (in which case
p(A) = 6). Thus, the first assertion holds in this case.

Assume next that A is simple, so D := End"(A) is a division ring with centre
Z = Z(D). Thus r := dimg(D) = d?*, where d*> = dimgz(D) and e = [Z : Q).
Furthermore, D has an involution ' and we have by [Mu], p. 190, that p(A) = dimg(.5),
where S = {z € D : 2/ = x}. Thus, the possibilities for p := p(A) are given in in the
table on p. 202 of Mumford [Mu]. Since here g = 2, we obtain the following results,
depending on the type of (D, ).

Typel:d=1,e)2=r=p=1or2.

Typell: d=2,e=1=r=4and p = 3.

Type IIl: d =2,e|]2=r=4or 8 and p=1 or 2.

Type IV: (d,e) = (1,2),(1,4) or (2,2) =r=2,40r 8and p=1,2 or 4.

Thus, in all cases we have that p < 4, which proves the first assertion.

Lemma 31 Let C/K be a curve of genus 2 with Aut(C) ~ Cyg. If Jo is not super-
singular, then Jo is simple and rank(qc) = 1.

Proof. If Jo were not simple, then Jo ~ FE; X Es, for some elliptic curves F;/K,
1 = 1,2. Then F; «¢ E5 by Proposition 24 because J¢ is not supersingular. Thus,
End’(Je) ~ & @ &, where & = End’(E;), for i = 1,2. Now by the hypothesis and
Proposition 20 there exists a ¢ € End®(Jg)* of order 5, so there is a o; € £~ of
order 5, for some i = 1,2. But then Q(¢5) ~ Q(0;) C &;, which is impossible because
[Q(¢5) : Q] =4 and either [€;: Q] <2 or [€;: Q] =4 and &; is not commutative.

Thus, Jg is simple, so D := End’(J¢) is a division ring. As above, we see that
there exists o € Aut(Jo) < D* of order 5, so L := Q(0) C D and L ~ Q((;). From
(30) we see that 0+0~! € Endy,.(Jc), s0 p = p(Jc) > 2 because [Q((+¢5 1) - Q] = 2.

Suppose that p > 2. Then p = 3 or 4 by Lemma 30. If p = 3, then D has type II
by the table in the proof of Lemma 30, and then r = 4. But this means that D = L
is commutative, which contradicts the fact that d = 2. Thus, p # 4.

Next, suppose that p = 4. Then we are in case IV with (d,e) = (2,2), so [D :
Z] = 4, where Z = Z(D) is the centre of D. By [Mu], p. 201, Z is an imaginary
quadratic field, so L N Z = Q because the unique quadratic subfield of L ~ Q((5) is
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real. But this means that ZL C D is a field of degree 8, so LZ = D, and hence D is
commutative, which contradicts the fact that d = 2. Thus p # 4, and so only p = 2
is possible. This implies that rank(qc) = p — 1 = 1, as claimed.

Proof of Theorem 3. To prove the first assertion, it suffices to show that a(6) = a(q)*.
Since 6 € P(A,q), we have that gy ~ ¢ by definition, and so 7,(gg) = r,.(q), for
all n > 1. In particular, r1(gs) = 0 because r1(q) = 0 by hypothesis. Thus, § = cl(C)
is the class of a genus 2 curve C' C A by (26), and hence (A, 0) ~ (J¢,0¢c). Since
r = rank(¢c) < 3 by Lemma 30, we are thus in the situation of Theorem 29, and so
a(0) = a(ge)* by (34). This shows that a(f) only depends on ¢, and that (3) holds.
It is clear that (4) follows directly from the first assertion and from formula (2).

Proof of Theorem 4. Since r = rank(gc) < 3, we are in the situation of Theorem 29.
Moreover, since r > 2, we have that r* = 2 and that Aut(C) % Cyo by Lemma 31. In
the remaining cases we see from the table (33) that (5) holds.

It is clear from (5) that g¢ determines the order of Aut(C'), and hence also Aut(C)
because all the groups listed in the first column of (33) have different orders.

From (4) we can immediately deduce Theorem 5 of the introduction.

Proof of Theorem 5. If ©% = (), then also €(A) = @), and so N} = 0. Thus, in this
case (6) holds because S(0) = 0.

Now suppose that ©% is nonempty, and let ¢4, . . ., ¢, be a system of representatives
of the equivalence classes in the set ©%. Note that since the forms gy with 6 € P(A) all
have the same rank and discriminant (see Proposition 9 of [K4]), this set is necessarily
finite by Watson [Wa], Theorem 11. It is clear from the definition that the sets P(A, ¢;)
are pairwise disjoint, so we obtain the decompositions

P (4) = [[P(4q) and P'(4) = [[P(4,4)
i=1 =1
because the first decomposition is compatible with the H 4-action on these sets. Thus,
since the map C' — cl(C) defines a bijection Aut(A)\&(A) = P (A) by Torelli’s
Theorem, we see that

Vi = P = L IPUa)] = S(6a: Bl — (G HAlS(63),

i=1
which proves (6).

As was mentioned in the introduction, the quantities a(q) and | Aut(q)| are easily
computed for a given positive binary or ternary quadratic form ¢. By using the fact

each such form is equivalent to a reduced form, we can give an explicit formula for
a(q) in terms of the coefficients of the form. We first consider the binary case.
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Proposition 32 Let C/K be a curve of genus 2 such that rank(qc) = 2. Then
qc ~ q, where q(x,y) = ax? + bry + cy? is a reduced binary form, and

1 ifa#4

ifa=4 and c+#4
ifa=c=4 and b+# 4
ifa=b=c=4

(37) sl Aut(C)| = alge) =

O =~ N

Furthermore, if a(qc) # 1, then
(38) | Aut(qe)| = 2a(ge) = |Aut(C)].

Proof. The first assertion follows from [Wal, Theorem 7. Moreover, the first equality
of (37) follows from Theorem 4, so to prove (37) it suffices to verify the second equality
of (37).

Since ¢ is reduced, a = min(q); see Watson [Wa], Theorem 7. Since r1(gc) = 0
by (26), we have that a > 1. Moreover, since go(D) = 0,1 (mod 4), for all D €
NS(A,60¢), it follows that @ > 4. Thus, if @ # 4, then min(¢) > 4 and hence
r4(qc) =0, so a(ge) = max(1,0,—12) = 1. This proves the first line of (37).

Now suppose henceforth that a = 4. If ¢ # 4, then ¢ > a = 4 because ¢ is reduced,
so R4(q) = {(£1,0)} (see [BV], Lemma 5.7.3), and hence r4(q) = 2 in this case. This
means that a(¢c) = a(q) = max(1,2,—6) = 2.

We are left with the case that a = ¢ = 4. Since g¢ = 0,1 (mod 4), we see that
b = 0(mod 4), and so either b = 0 or b = 4. In the first case ¢ = 42 + 4y?, so
R4(q) = {(£1,0),(0,£1)} and r4(q) = 4, so a(qc) = max(1,4,0) = 4. In the second
case we have that ¢ = 422 + 4zy + 4y?, so Ry(q) = {(£1,0), (0,+1),+(1,—1)} and
r4(q) = 6, which means that a(gc) = a(q) = max(1,6,6) = 6. This proves (37).

To prove (38), it suffices in view of (37) to verify the first equality of (38). Now if
a(gc) = 6, then (38) holds because | Aut(4z? + 4y + 49°%)| = | Aut(2? + zy + y?)| =
2| Aut™ (22 +ay+y?)| = 12, and similarly equation (38) holds when a(qc) = 4 because
| Aut(42? + 4y?)| = 8. We are thus left with the case that a(qc) = 2, so a = 4, and
c>4.

Since g = 0,1 (mod 4), it follows that ¢ = 0,1 (mod 4). Suppose first that ¢ =
0 (mod 4). Then also b = 0 (mod 4). Thus either ¢ = 42?4 4c1y* or 422 + 4xy + 4eyy?
with ¢ = ¢/4 > 2. Thus, a|b, which means that ¢ is an ambiguous form, and so
| Aut(q)| = 2| Aut™(3¢)| = 4 because ¢; > 1. Thus (38) holds in this case.

Finally, suppose that ¢ = 1 (mod 4), ¢ > 1. Then ¢(1,£+1) = £b+ 1 (mod 4), so
again b = 0 (mod 4). Thus, we have the cases ¢ = 42 + cy? and ¢ = 42% + 4xy + cy®.
Since both these forms are ambiguous, we have that | Aut(q)| = 2| Aut*(q)| = 4, the
latter because b* — 4ac = —16¢ or —16(c — 1), and these are not equal to —3 or —4.
(Here we use Theorem 2.5.10 of [BV].) Thus (38) holds in all the asserted cases.

A similar method can be used for ternary forms. For this, we first prove the
following result which is also of independent interest.

23



Proposition 33 Let C/K be as in Theorem 29. If qc is a primitive form and if
3lalqe), then qo is a ternary form with a(qc) = r4(qc) = 6 and there exists ¢ =
1 (mod 4), ¢ > 1, such that

(39) qo ~ quc = Ar*+4yP e Hyz+daz+day or go ~ Qo i= 4’ +dyP+czt —4day.

Proof. Since 3|a(qc) = max(1,74(qc), 3ra(qc) — 12), we see that r4(gc) > 3, and so
rank(gc) > 2 by Proposition 26. Now if g were a binary form, then by (37) we see
that go ~ 422 + 4xy + 4y, which is not primitive. Thus, gc has to be a ternary form.

Since g¢ is assumed to be primitive, we have that g ~ ¢ = ax? + by? + c2? +
Ryz + Sxz + Txy for some integers a, b, ¢, R, S, T with ged(a,b,c, R, S,T) = 1. Now
as in the proof of Proposition 32 we have that ¢c = 0, 1 (mod 4), so the same is true
for ¢ and for ¢, := q(x,y,0) = ax?® + by? + Txy, and hence it follows that 2|T (see
[K7], Proposition 5). Similarly, by considering ¢(x, 0, z) and ¢(0, y, z) we see that also
2|S and 2|T. Thus we can write ¢ in the form ax? + by? + c2® + 2ryz + 2szz + 2tzy,
where 7, s,t € Z, and so ¢ is a properly primitive ternary form in the sense of [Di].

By replacing ¢ by an equivalent form, we may assume by Theorem 103 of [Di] that
q is an Eisenstein reduced form. Note that a is the minimum of the form (by [Di],
Theorem 101), so a = 4 because gc = 0, 1 (mod 4) and r1(gc) = 0 and r4(qc) > 0.

Note that 3 | | Aut™(g)| because by the hypothesis, (5) and (24) we have that
3| alge) = a(bc) | | Aut™ (qc)| = | Autt(q)|. We now look in the tables of Theorem
105 of [Di] to find the reduced forms satisfying the above conditions. Note that we
can discard the cases that a = b = ¢ because this condition implies that ¢ is not
primitive since a = 4.

Suppose first that r,s,¢ > 0. Then the automorphs listed in lines 1-7 of the table
on p. 179 of [Di] all have order 2, and those in line 8 have order 4. Thus, we are only
left with the case of line 9, which means that a = b = 2r = 2s = 2¢, i.e., ¢ = ¢, for
some c. Note that ¢ > b = 4 since ¢ is reduced. Moreover, ¢ = 1 (mod 2) because
otherwise ¢ is not primitive, and so ¢ = 1 (mod 4) because ¢ = 0, 1 (mod 4).

Now suppose that r,s,t < 0. Here again the automorphs listed in lines 1-7 of the
table on p. 180 of [Di] all have order 2, and those of line 8 have order 4. Moreover,
the case of line 10 of the table can be discarded because then b = ¢ = —2r, and
hence ¢ is not primitive. In addition, the case of line 11 is impossible because the
condition a = —3s implies that 3|4. We are thus left with the case of line 9, so
a=b= —2t,r = s =0, which means that ¢ = ¢z, for some c. As in the case of ¢,
it follows that ¢ = 1 (mod 4) and that ¢ > 1. This proves (39).

It remains to show that r4(¢c) = 6. By (39), it suffices to show that r4(g;.) = 6,
for i = 1,2 (and ¢ = 1 (mod 4), ¢ > 1). Since q.(,y,2) = 4ga(x,y) + 2, where
g2 (z,y) = 2* — zy + 3%, we see that Ry(qa.) = {(x,y,0) : (z,y) € Ri(q2)} because ¢
is a positive form and ¢ > 5, so r4(g2.) = r1(¢g2) = 6. Moreover, since

Gre(z,y,2) =2(x +y)* +2(2% + 2)° + 2(y + 2)° + (c — 4)2°,
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we see that Ry(q1.) = {(2,4,0) : (z,y) € Ri(q1)}, where q1(z,y) = q1.0(7,y,0) = 2>+
zy+y?. Indeed, if ¢ > 9, then this is clear, so suppose that ¢ = 5. If (z,y, 2) € Ra(q15)
and z #0,then z =42 and s +y=2r+2=y+2=0,s0r = —yand x = —z =y,
contradiction. Thus 74(¢q1.) = r1(¢1) = 6. We thus have that r4(gc) = 6, and so
a(qe) = max(1,6,6) = 6, as claimed.

Corollary 34 If C/K is as in Theorem 29 and if r4(qc) > 6, then qc is a non-
primitive ternary form.

Proof. Since r4(qc) > 6, we have by Proposition 26 that rank(qc) > 2. Moreover,
since this implies that a(gc) > r4(q4) > 6, it follows from (37) that go cannot be a
binary form, and hence g¢ is a ternary form.

Since r4(qc) > 6, it follows from (33) that r4(¢c) = 8 or 12, and so a(gc) = 12 or
24. Thus 3|a(qc), and so gc cannot be primitive by Proposition 33.

This leads to the following method for computing a(gc) when ¢¢ is a primitive
ternary form.

Corollary 35 Let qc be a primitive ternary form. Then qc ~ q, where q is Eisenstein
reduced. Moreover, if we write q(x,y, z) = ax?® + by* + c2® + 2ryz + 2sxz + 2txy, then
we have that

if a # 4,

ifa=4 and b # a,

ifa=0b=4 and (r,s,t) = (2,2,2) or (0,0, —2),
otherwise.

(40) 3| Aut(C)| = alqc) =

= O N =

Proof. Recall that from the proof of Proposition 33 that g¢ is properly primitive, so
the first assertion follows from Theorem 103 of [Di]. Moreover, we saw in that proof
that r4(¢) = 0 if and only if a # 4, so the first line of (40) holds.

Now suppose that a = 4, so r4(q) > 0. Since b is the second minimum of ¢ (see
[Di], Theorem 101), we see that r4(¢) = 2 if and only if a = 4 and b # 4. Thus,
assume that r4(¢) > 2. By Theorem 29 and Corollary 34 we know that the only
possibilities for r4(q) > 2 are r4(q) = 4 or 6. Furthermore, if a(¢c) = r4(¢) = 6, then
by Proposition 33 we have that ¢o ~ ¢;. and then ¢ = ¢; . because by [Di], Theorem
104, any two equivalent Eisenstein-reduced forms are equal. Thus, (r,s,t) = (2,2, 2),
if i =1 and (r,s,t) = (0,0,—-2), if i = 2. Conversely, if ¢ = ¢; ., then r4(q) = 6, as
was shown in the proof of Proposition 33. This shows that the first 3 cases of (40)
are correct, and so it follows that 74(¢) = 4 in the remaining cases. This proves (40).

Remark 36 If ¢c is an imprimitive ternary form, then the computation of a(qc) is
more complicated. However, we can still compute r4(gc) (and hence a(qc)) if go is
given explicitly.
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Indeed, if gc ~ q, where q(x,y, z) = az® + by? + cy* + ryz + sxz + tzy, then we
can determine R, (q) by using Hermite’s identity

(41) daq(w,y,2) = (202 +ty +2)° + 'y, 2),

where ¢/(y, z) is a positive binary quadratic form; see Watson [Wa|, p. 18. Thus, for
a given n, the form ¢'(y, z) can only take finitely many values m, and for each such
an m the set R,,(¢') is easily computed. Moreover, for each (y, z) € R,,(¢), we can
find all possible «’s (if any) such that (z,y,2) € R,(q).

6 Abelian Product Surfaces

We now apply the method of Theorem 5 to give a formula for the number N} in
the case that A = E' x E’ is an abelian product surface. (Here we may assume that
E' ~ E, for otherwise Nj = 0 by Remark 43 below.) For this, we need to know the
index [G 4 : Ha] and the set ©%. In the non-CM case we have the following.

Proposition 37 Let A = E x E’, where Hom(E, E') = Zh with d := deg(h) > 1.
Then [G 4 : Ha) = 2¢9 | and

(12) o { gen(x? + 4dy*)* U gen(4z* + 4zy + (d + 1)y?), if d = 3 (mod 4),
£ =

gen(z? + 4dy?)*, otherwise.

Proof. The first assertion follows from Theorem 1 of [K8]. Moreover, the formula (42)
was implicitly proven in [K4]. To see this, suppose first that C' € €(A). Then C'is a
curve of type d in the terminology of [K4], so by Theorem 2 of [K4] we know that ¢¢
is (equivalent to) a binary form of type d, and that gc does not represent 1. Thus,
by Theorem 13 of [K4] we have that gc € gen(x? + 4dy?)*, if d # 3 (mod 4), or that
qo € gen(x? + 4dy?)* U gen(4ax? + day + (d + 1)y?), if d = 3 (mod 4). This shows that
©% is contained in the right hand side of (42).

Conversely, if ¢ is a binary form contained in the right hand side of (42), then ¢
is a form of type d by Theorem 13 of [K4], and then by Theorem 31 of [K4] there
exists a curve C' € €(A) such that go ~ ¢. This shows that the right side of (42) is
contained in ©%, and so (42) holds.

Thus, to determine N7, it suffices to compute S(Q), where Q = gen(z? + 4dy*)*
and Q = gen(4x? + 4xy + (d + 1)y?), the latter when d = 3 (mod 4). For this, the
following result is useful.

Lemma 38 If q is a primitive positive binary quadratic form of discriminant A, and

if u(A) := | Autt(q)|, then

(43) -



Proof. Recall that |Aut™(q)] = 2 if A # —3,—4; see [BV], p. 29. Since h(-3) =
h(—4) = 1, it follows that u(A) = | Aut™(¢)| only depends on A.

Let ~ denote proper (or SLy(Z)) equivalence of binary forms, and let Gen(q)
denote the set of SLy(Z)-equivalence classes of all binary forms which are genus-
equivalent to ¢. By Corollary 3.14, Theorem 3.15 and Theorem 3.21 of [Co] we see
that

h(A)
44 Gen(q)| = —=.
(44) Gen(y)] = S5
Consider the map ¢, : Gen(q) — gen(gq) which takes an SLy(Z)-equivalence class of
forms to its GLg(Z)-equivalence class. This map is clearly surjective, and we have
that

(45) e, (@) - | Aut(¢)] = 2u(A),  for all ¢’ € gen(q).

Indeed, we have that |c¢;*(¢')] = 1 if and only if ¢’ ~ (¢')¢, where (¢') is the op-
posite of ¢/, and the latter condition is equivalent to the condition that | Aut(q")| =
2] Aut™ (¢')| = 2u(A); see Jones [Jo], p. 162. (Jones calls such classes ambiguous.) On
the other hand, if |c; ' (¢')] > 1, then |c;'(¢')] = 2, and then | Aut(¢')| = | Aut™(¢)| =
u(A), so (45) holds in all cases. Thus (43) follows because by (45) and (44) we obtain

that
2u(A) (g en(q)| = hMA)

q’€gen(q) q’€gen(q)

Proposition 39 Let d > 1 and put (d) = 1, if d = 0,1,5(mod 8) and £(d) = 0
otherwise. Then

h(—16d)

(46) 4S5 (gen(z® + 4dy®)*) = J(—16d)

—1+¢(d),
except when d = 1, in which case 4S(gen(x*+4dy*)*) = 0. Moreover, if d = 3 (mod 4),
then

2 2 h(—d)
(47) 4S5 (gen(4x” + 4oy + (d+ 1)y7)) = J=d) + 1.
Proof. Suppose first that d = 3 (mod 4), and let ¢’ € gen(q), where ¢ = 42% + 4xy +
(d+1)y?). Then cont(q') = 4 and A(q') = —16d, so by Proposition 32 and its proof we
see that a(q')* = a(¢’) > 1if and only if ¢’ ~ ¢ = 4¢q;, where q; = 2> +ay+ 3 (d+1)y?

Since | Aut(4¢1)| = 2u(—d) and ‘Auf(‘ilq) 5= 3 by (38), we see that

IR 1 u(=d)-1 !
S(gen(q)) = 2 2u(-d) > TAu(@)] T 2u(=d) t 2 [ Aut(q)]

q'€gen(q q'€gen(q1)
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Since ¢, is primitive with A(¢q;) = —d, we obtain from (43) that S(gen(q) ol —l—

) =
2u(h(d)9() 4 Now if d = 3, then h(—d) = g(—d) = 1 and u(—d) = 6, so S(gen(q )) %

Thus (47) holds in this case. If d > 3, then u(—d) = 2, so S(gen(q)) = 1 + % SO
(47) holds in all cases.

The proof of (46) is similar. Put ¢ = 2% + 4dy?, and let ¢’ € gen(q). Note that ¢/
is primitive with A(¢’) = —16d. We observe that ¢’ € gen(q)* < r1(¢') =0 < ¢ ~ g,
so gen(q)* = () when d = 1 because h(—16) = 1. Thus S(gen(q)*) = 0 in this case, so
assume henceforth that d > 1.

By Proposition 32 and its proof we see that a(q’) > 1 if and only if ¢’ ~ ¢4, where
qa = 42 + dy? when d is odd, and ¢ = 4% + 4zy + (d + 1)y? when d is even. Note
that the condition ¢’ = 0,1 (mod 4) implies that d = 1 (mod 4) in the first case and
d = 0(mod 4) in the second case. Thus, if d = 3 (mod 4), then a(¢’) = 1, for all
¢ € gen(q)*. Thus, since | Aut(q)| = 2u(—16d) = 4, for all d > 1, we obtain from
(43) that

. 1 1 h(—16d)
Seen@) = D Tama © + 2 \Aut = 1 ey
q'€gen(q)* q'€gen(q
and so (46) holds in this case because here ¢(d) = 0.
Now suppose that d = 1 (mod 4). Then ¢4 € gen(q'), as can be seen by observing
that the generic characters of ¢4 (see [Col, p. 55) all have the value 1. Thus, since
| Aut(ga)| = 2u(—16d) = 4 because g, is ambiguous, it follows from (38) that

1 h(-16d)
[Aut(¢)] — 2 |Aut(¢)]  4g(—16d)’

q’€gen(q)

S(gen(q)”) = + >

q’€gen(q)*

and so (46) holds in this case as well because here e(d) = 1.

Finally, suppose that d is even. By looking at the generic characters of ¢4 in this
case, we see that g; € gen(q) if and only d = 0 (mod 8), i.e., if and only if £(d) = 1.
Thus, if e(d) = 0, then a(¢') = 1, for all ¢’ € gen(q)*, and so a similar calculation as
for d = 3 (mod 4) shows that (46) holds in this case. On the other hand, if (d) = 1,
then g; € gen(q)*, and then a similar calculation as for d = 1 (mod 4) shows that (46)
holds. This proves (46) in all cases.

We can use the above results to prove Theorem 6 of the introduction.

Proof of Theorem 6. From Theorem 5 and Proposition 37 it follows that N} =

2¢d=2(45(0%)). Using (42), we see from Proposition 39 that 45(0%) = % +c(d),

with ¢(d) = h( gy ifd=3 (mod 4), and with ¢(d) = e(d) — 1, if d # 3 (mod 4) and
d > 1. This proves (7). If d = 1, then S(©%) = S(gen(z* + 4y?)*) = 0 by Proposition

39, and so N} = 0 in this case.
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Remark 40 The above Theorem 6 represents a restatement of Hayashida’s formula
on p. 18 of [H1] in much simpler and compact form. However, it is not so easy to see
that (7) gives the same formula as that of [H1] because that formula is expressed in
terms of the class number h of Q(v/—d). To see the connection, note first that h is
related to h(—16d) (and to h(—d)) by the formula of Theorem 7.24 in [Col; this leads
to the function ¢ as defined in [H1]. Moreover, if we use the fact that

(48) g(A) = Qw(\AI)—1+u(A)7

where u(A) = 1, if A = 0(mod 32), u(A) = —1, if A = 4 (mod 16), and p(A) =0
otherwise (see [Col, p. 54 or [K4], formula (18)), then it is not difficult (but a bit
tedious) to derive the formulae of Hayashida by considering each of the five case
distinctions listed in Hayashida’s paper.

We now turn to the case of a CM product surface A = E x E’, i.e. one for which
E ~ E' is an elliptic curve with complex multiplication. Note that this case includes
all abelian surfaces A which are isogeneous to Fy x Ej, for some CM elliptic curve
Ey/K; see [K3], Theorem 2.

In this case the description of the index [G4 : Ha] and of the set ©% is more
complicated than in the non-CM case. To simplify the description, we introduce the
following terminology and notation.

Definition. A principal polarization 6 € P(A) is called odd if g4 represents an
odd integer. We denote the set of such §’s by P(A4)°dd c P(A4), and also write
P(A)Y == P(A)\ P(A)°%. The elements in P(A)®¥ are called even polarizations. We
also put

@‘Xid ={q:q~qup, b€ P(A)Odd}/rv and ©F :={q:q ~ que), 0 € P(A)"}/~.

Notation. If ¢(x,y) = ax?® + bry + cy? is a binary quadratic form, then let f, denote
the ternary form

fo,y,2) = 2* L qg=2* + day® + 4byz + 4c2°.
In addition, if 2|b and a = 3 (mod 4), then write a; = “ and b; = £, and put
9o(,y,2) = 2° +afala+4)y* + (b3 + ¢)z* — arb(a + 2)yz — brz + a(2a; + 1)ay.
Similarly, if 2|b and ¢ = 3 (mod 4), then write ¢; = < and b; = £, and put
go(r,y,2) = 22+ Ee(c+4)y? + (b2 + a)2® — cib(c + 2)yz — brz + ¢(2c; + 1)ay.

Note that f;, g, and 9(,1 are primitive forms. Moreover, f; is properly primitive in the
sense of Dickson [Di], whereas 2g, and 2g, are improperly primitive forms because
the coefficient of zy in both ¢, and g is odd.
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Using the above notation, we can now formulate the analogue of Proposition 37
for CM product surfaces. Recall from the introduction that ¢z gz denotes the degree
function on Hom(F, E’), which is a binary quadratic form if E ~ E’ is a CM elliptic
curve.

Theorem 41 Let A ~ E x E' be a CM product surface and let qp g ~ q, where
q = ax®+bry+cy? is a binary quadratic form. Let A = b>—4ac denote its discriminant
and k = cont(q) = ged(a, b, ¢) its content. Then the index [G 4 : H,l is given by the
formula (8), and ©%4 = gen(f,). Furthermore, ©% # 0 if and only if

(49) 2lb and a=3(mod4) orc=3(mod4) ora+b+c=3(mod 4).

If this is the case, then q ~ ¢ = a'z* + b'zy + dy* with ' = 3 (mod 4). Moreover,
if A = 16 (mod 32), then ¢ ~ ¢" = a"2* + V'zy + "y* with " = 3 (mod 4) and
d"=d"+4(mod 8). In addition, if (49) holds, then
(50)

9 = gen(4gy), if A # 16 (mod 32), and ©F = gen(4g,+) U gen(4g,), otherwise.

In order to prove this important result, we require some auxiliary results. We first
observe:

Proposition 42 In the situation of Theorem 41 we have that P(A)® # 0 if and
only if 4|A and qg g (h) = 3 (mod 4), for some h € Hom(E, E').

Proof. Recall from Proposition 23 of [K4] that we have an isomorphism

(51) D:Z®Z®Hom(E,E") = NS(A)

such that ¢4(D(a,b, h)) = ab — deg(h) = ab — qg g/ (h). In particular, we see that
(52) D(a,b,h) € P(A) < ab—deg(h)=1and a > 0.

Let § € P(A), so § = D(a,b,ch) € P(A), where h € Hom(E, E’) is primitive
and a,b,c € 7Z satisfy ab — c®*deg(h) = 1. Then there exists A’ such that h, ' is a
basis of Hom(F, E’), and then Dy := D(1,0,0), Dy := D(0,1,0), D3 := D(0,0,h)
and Dy := D(0,0,4') is a basis of NS(A). Note that A = (deg(h + h') — deg(h) —
deg(h))? — 4deg(h) deg(h).

We observe from (11) that § € P(A)" if and only if (6.D) = 0 (mod 2), for all
D e NS(A) Since (D1¢9) = b, (DQG) = a, (Dgg) = -2 deg(h), (D49) = C(D4.D3),
and since ged(a, b, ¢) = 1, we see that

(53) 0 =D(a,b,ch) € P(A)Y & 2|a, 2|b, 2|(Ds.Dy).
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Moreover, since (D3.Dy) = —deg(h + h') + deg(h) + deg(h’), it follows that A =
(D3.D4)* (mod 4), and so we have that 2|(D3.D,) if and only if 4]A.

Thus, if 6 = D(a,b,ch) € P(A)®, then 4|A and 2|a, 2|b. Thus, since ab —
deg(ch) = 1, we see that deg(ch) = ab— 1 = 3 (mod 4), which proves one direction of
the proposition.

Conversely, suppose that 4|A and that there exists h* € Hom(FE, E’) such that
deg(h*) =n =4k — 1. Write h* = ch, with h primitive, and put a = 2, b = 2k. Then
ab—deg(ch) =1, so 6 := D(2,2k,ch) € P(A), and by (53) and by the sentence after
it we see that 6 € P(A)®¥. Thus P(A)® # (), and so the proposition follows.

Remark 43 Note that if A = E x E’ where Hom(E, E’) = 0, then it follows from
(52) that P(A) = {6}, where § = D(1,1,0). Since g, (D(1,0,0)) = 1, it follows
from (26) that 6 ¢ P(A)*, so P(A)* = () and hence N = 0.

We now examine the condition of Proposition 42 in more detail.

Lemma 44 Let q(x,y) = ax?® + bxy + cy?® be a binary quadratic form and suppose
that 4|A = disc(q). Then:

(a) We have that q(z,y) = 3 (mod 4), for some x,y € Z, if and only if (49) holds.
(b) If (49) holds, then q ~ ¢, where ¢ = d'z® + Vxy + 'y* and o’ = 3 (mod 4).

(c) If A = 16 (mod 32) and if (49) holds, then q ~ ¢, where ¢" = a"x* +V'wy + 'y?
and a” = 3 (mod 4) and " = a” + 4 (mod ).

Proof. (a) If (49) holds for ¢, then clearly ¢(z,y) = 3 (mod 4), for some z,y € Z.
Indeed, if @ = 3 (mod 4), then ¢(1,0) = a = 3 (mod 4), and if ¢ = 3 (mod 4), then
q(0,1) = ¢ = 3(mod 4). Finally, if a + b+ ¢ = 3 (mod 4), then ¢(1,1) =a+b+c=
3 (mod 4).

Conversely, suppose that ¢(x,y) = 3 (mod 3), for some z,y € Z. Since 4|A, we
have that 2|b. Thus, if x = 1 (mod 2) and y = 0 (mod 2), then z*> = 1 (mod 4) and
y? = bry = 0(mod 4), so a = q(z,y) = 3 (mod 4). Similarly, if x = 0 (mod 2) and
y = 1(mod 2), then ¢ = ¢(z,y) = 3 (mod 4). Now suppose that x = y = 1 (mod 4).
Then z? = y? = 1(mod 4), and bry = +b = b(mod 4) because 2|b, so a + b+ ¢ =
q(z,y) = 3(mod 4). Thus (49) holds because the case + = y = 0(mod 4) is not
possible.

(b) In what follows, we will use the abbreviation g = [a, b, ¢] to denote ¢(z,y) =
az? + bry + cy?. Now if a = 3 (mod 4), then we can take ¢ = ¢’. If ¢ = 3 (mod 4),
then we can take ¢’ = [c, b, a] ~ ¢q. Finally, if a + b+ ¢ = 3 (mod 4), then we can take
¢ =la+b+c,b+2cc]~q.

(¢) By part (b) we have that ¢ ~ ¢ = [d/,V/, ], with @’ = 3 (mod 4) and 2|b'.
Suppose first that & = 2 (mod 4), so & = 2b; with b; odd. Then the condition
A = 16 (mod 32) implies that b? — a’¢ = 4 (mod 8). Since b? = 1(mod 8), we
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obtain that a'¢ = —3 (mod 8). Thus, if @’ = 3 (mod 8), then ¢ = 7 (mod 8), and if
a' =7 (mod 8), then ¢ = 3 (mod 8). Thus, we can take ¢ = ¢’ when O/ = 2 (mod 4).

Now suppose that &' = 0 (mod 4). Then we can take ¢ = [@/, b/ +2d’,a' +b' + ] ~
¢ ~ q because b’ + 2a’ = 2 (mod 4). This proves (c).

Remark 45 It is clear from condition (49) that P(A)®™ = ( if A is odd or if
cont(qg g) is even. Furthermore, if A = 4 or 8 (mod 16), then an argument sim-
ilar to the proof of Lemma 44 shows that (49) holds if and only if cont(¢g z) is odd.
On the other hand, if A = 0 or 12 (mod 16), and cont(¢g g) is odd, then condition
(49) may or may not hold for ¢ ~ ¢g g.

We are now ready to prove Theorem 41. For this, we will use results from [K8],
[K5], [K9] and Kir [Ki].

Proof of Theorem 41. The index formula (8) follows from Theorem 2 of [K8]. Next,
consider 6y := D(1,1,0) € P(A)°%. A short computation shows that g4, ~ fy; see
formula (29) of [K9]. Thus, if we apply Theorem 20 of [K5] to the quadratic module
(NS4, qa), then we obtain that ©%9 C gen(f,). It therefore follows from Theorem 2
of [K9] that ©%9 = gen(f,).

By Proposition 42 and Lemma 44(a) we see that P(A)®¥ = ) if and only if (49)
holds. Moreover, the existence of the forms ¢’ and ¢” follows from Lemma 44.

We next observe that 4g, € ©%, if 4|A. Indeed, since ¢’ ~ gp g, there exists a
basis h,h' of Hom(E, E') such that qg g (xh + yh') = ¢'(z,y), so a’ = deg(h). Then
0y :=D(2,5(d 4+ 1),h) € P(A)* by (52) and (53), and a short computation shows
that Q(A’.gq,)(l'DQ +yDj + zDy) = 4g,(z,y, z), where the D; are as in the proof of
Proposition 42, and D} = —a'D; — %(a’ + 1)D3. Since the images of Dy, D} and of
D, in NS(A, 6,) form a basis of NS(A4,0,) by Proposition 29 of [K4], it follows that
q(a0,) ~ 49g.- Similarly, if A =16 (mod 32), and if 6, := D(2, T(c+1),1), then we
see that 0, € P(A)® and that gag,.,) ~ 49,

Now if A # 16 (mod 32), then by Theorem 21 of [Ki] we know that ©% lies in
a single genus so ©% C gen(4g,) since 4g, € O% as was shown above. Then by
Theorem 1 of [Ki] it follows that ©% = gen(4g,).

On the other hand, if A = 16 (mod 32), then by Theorem 21 of [Ki] again we
know that ©¢ lies in two disjoint genera. Moreover, the proof of that result shows
that in fact ©% C gen(qeaer)) U gen(qeagy)) with 0; = D(2, %(m + 1), h;), where each
h; € Hom(F, E') is primitive of degree r; = 3 (mod 4) and 7, = 1 + 4 (mod 8). Tt
thus follows from what was said above that ©% C gen(4g,7) U gen(4g,,). Moreover,
Theorem 1 of [Ki] shows that equality holds, which proves (50).

Remark. Strictly speaking, the above proof of Theorem 41 is only valid when char(K) =
0 because Kir [Ki] makes this hypothesis. But if we use the argument of the proof of
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Theorem 2 in [K9], then we see that the results of [Ki] can be extended to arbitrary
characteristic.

We are now ready to prove Theorem 7, which will be deduced from the following
much more general result. To state it, let

N = |{C e €(A): bc € P(A)°Y})~ |

denote the number of isomorphism classes of curves on A whose theta-divisor lies in
P(A)°Y and let Ny = [{C € €(A) : c € P(A)*™}/~ |, so N} = NZOdd + N
We then have:

Theorem 46 Let A= E x E' be a CM product surface over a field K. As before, let
A = disc(qp p), k = cont(qp ) and A" = A/k*. Then

coaa _ 20Hg(A)R(A) :
(54) Nt = sy S(een(f)),

where f, is as in Theorem 41. Moreover, N§ > 0 if and only if condition (49) holds.
If this is the case, and if A # 16 (mod 32), then

w(k)+1 /
S s enta),

where ¢' and gy are as in Theorem 41. Furthermore, if A = 16 (mod 32), and if (49)
holds, and if ", g4 and g, are as in Theorem 41, then

2209+ g(A")R(A)

h(A’)
Proof. Put P(A)*°4d = P*(A) N P(A)°d and P(A)*°4 = H,\P(A)*°¥, Then as in
the proof of Theorem 5 in §5 we have that

PA) Y = J] PAf) and PA = J[ PAf),

fee*A,odd feez,odd

(55) Ny =

(56) Ny = (S(gen(4gq)) + S(gen(4gy))) -

and by a similar argument as in that proof we see that N%°% = [P(A)*0dd| =[G,
H4]S(0%°%). Now by (50) and (26) we see that ©%5°! = gen(f,)*, so (54) follows by
using (8).

Next, consider § € P(A)®. Since 4|cont(gag), it follows that g cannot
represent 1, and so 6 € P*(A) by (26). Thus P(A)** := P*(A) NP(A) = P(A)"
and P(A)**Y = H \P(A)* = Hy\P(A)*®" =: P(A)*. Thus, by a similar argument
as above we see that Ny = [P(A)*| = |P(A)*¥| = [Ga : H4]S(OY), and so (55)
and (56) follow directly from (50) and (8).

Proof of Theorem 7. In this situation we have that N, = 0 by Theorem 46 (see
Remark 45), so N} = NZ’Odd, which is given by (54). This proves Theorem 7.
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Remark 47 If A" = E; x E5 is another CM product surface such that ¢z, g, and
qp.p are genus-equvalent, then A = disc(¢pg, g,) = disc(¢p p) and k = cont(qp, g,) =
cont(qg g ), so by (8) we see that [Ga : Ha] = [Ga : Ha|. Moreover, it follows from
Corollary 30 of [K9] that ©%, = ©%, so S(©%,) = S(0%), and hence N}, = N} by
(6). Thus we see that N} depends only on the genus of the form ¢g . Similarly, by

using (54) we see that N5° only depends on the genus of ¢z g

As was mentioned in the introduction, Theorem 46 allows us to compute N7 for
each CM product surface A = E x E’, provided we know the equivalence class of
qg,r- Here is an algorithm for doing this.

Algorithm for computing N} for a CM product surface A = E x E'.
Suppose that gg g ~ ¢, where q(z,y) = az® + bxy + cy?.

Part I: The Computation of I := [G 4 : Hyl.

1) Compute k = ged(a, b, ¢) and A = b* — 4ac. If k = 1, then by formula (8) we
have that I = 2¢g(A), where g(A) is given by formula (48).

2) If & > 1, then by formula (8) we have that I = 2¢®W*lg(A")h(A/, k), where

A =24 and . .
h(k2A! K !
- A0 - S5 (3)

K2
see [Col, Corollary 7.28. Here (%/) denotes the Legendre-Kronecker symbol and w =
3, if A= -3, w=2,if A =—4, and w = 1 otherwise.

Part IT: The Computation of N%°%,

1) Make a list Ly of all positive, properly primitive, Eisenstein-reduced ternary
forms f of discriminant disc(f) = 16A in the sense of Watson [Wa] (or of determinant
d(f) = —4A in the sense of [Di]) which satisfy the condition that f = 0,1 (mod 4).

2) For each f € Ly, check whether f € gen(f,), where f, = z* L 4q. This is done
by computing and comparing the genus invariants and genus characters of f and f;
see [Di], §32. Let Ly be the subset of forms satisfying this condition.

3) (Optional) Check that the list Ly is correct by computing its mass M (Ls) =
> fels | Aut™(f)|~! and comparing it to the result given by the mass formula of
Eisenstein/Smith/Brandt; see [K5]. Note that the automorphism group Aut™(f) of
a reduced form f can be computed by using [Di], Theorem 105.

4) Remove from Ly the forms f for which @ = 1 (in the notation of Corollary 35).
Then the resulting list L3 = {fi,... f;} is a system of representatives of gen(f,)*.

5) Use Corollary 35 and [Di], Theorem 105, to compute %, for 1 <<t
and add these to obtain the sum S; := S(gen(f;)*). Then by (54) we have that
N =18,
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Part III: The Computation of N}.

1) If condition (49) does not hold, then N% = N4°™ and we are done by Part II.

2) Assume henceforth that (49) holds. Compute ¢’ ~ ¢ satisfying the condition
of Theorem 41 by using the recipe given in the proof of Lemma 44(b). Moreover, if
A = 16 (mod 32), then compute ¢” ~ ¢ satisfying the conditions of Theorem 41 by
using the recipe given in the proof of Lemma 44(c).

3) Make a list L, of all positive primitive Eisenstein reduced forms f of discrimi-
nant £ such that 2f is improperly primitive (so 2f has determinant d(2f) = —%).

4) If A # 16 (mod 32), then for each f € L4, check whether f € gen(g,), and
let Ls be the subset of forms satisfying this condition. If A = 16 (mod 32), then for
each f € Ly, check whether f € gen(g,~) Ugen(g;.), and let Ls be the subset of forms
satisfying this condition. As before, this check is done by computing and comparing
the genus invariants and genus characters of 2f and of 2¢g, (or of 2g,» and 2g;,,); see
Di], §32.

5) For each f € Lj, compute a(4f) = max(1,r4(4f),3rs(4f) — 12), so a(4f) =
max(1, 71 (f),3r1(f) — 12). Here r1(f) can be computed by the method of Remark
36. Moreover, | Aut(4f)| = 2| Aut*(2f) can be computed by using Theorem 105 of

Dickson [Di]. Thus, by computing the sum Sy of the terms | A“u(f(ﬁ)f” with f € Ls, we

obtain that N3 = IS, by (55) and (56). Thus N% = N5 4 N3

By using the above algorithm we obtain the following table of values for NZ’Odd
and N} for [A| < 100. Here we write qg g = Kqj  and use the abbreviation [a, b, c|
for ¢(x,y) = ax® + bxy + cy® as in the proof of Lemma 44. The table below gives
a representative of each of the GLy(Z)-equivalence classes of positive binary forms
q with |A] = |disc(q)| < 100. Note that by using Remark 47 the list could have
been shortened by listing only one representative of each of the genera of the forms
involved, but such a table would not be as convenient because it is then more difficult
to identify a given form in the table.

It is useful to observe that the numbers N7 of the table below agree with those
obtained by Hayashida [H2] in the cases that his formula applies; these cases are
marked with an asterisk (*). Note that these are the precisely the cases for which
A = A’ is a fundamental discriminant and ¢ is the principal form of discriminant A.
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