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On Isogenies Among Certain Abelian Surfaces

ADRIAN CLINGHER, ANDREAS MALMENDIER, & TONY SHASKA

ABSTRACT. We construct a three-parameter family of nonhyperelliptic
and bielliptic plane genus-three curves whose associated Prym vari-
ety is two-isogenous to the Jacobian variety of a general hyperelliptic
genus-two curve. Our construction is based on the existence of special
elliptic fibrations with the section on the associated Kummer surfaces
that provide a simple geometric interpretation for the rational double
cover induced by the two-isogeny between the Abelian surfaces.

1. Introduction

A smooth projective curve is called hyperelliptic if it admits a map of degree two
onto a curve of genus zero. Within the (coarse) moduli space of irreducible pro-
jective curves of genus-three M3, we denote the hyperelliptic locus by ./\/1]3’ and
the isomorphism class of such hyperelliptic curve H by [H] € Mg‘ It is known
that Mg’ is an irreducible five-dimensional subvariety of M3 (the hyperelliptic in-
volution on an irreducible smooth projective curve of genus g is unique if g > 2).
Within the moduli space M3, we also define the bielliptic locus

M = {[D] € M3|D is bielliptic},

where bielliptic means that irreducible projective curve D of genus three admits a
degree-two morphism nSD :D — £ onto an elliptic curve £. We denote by [D]
M3 the isomorphism class of D and by 7 the involution, that is, the element of
Aut(D) that interchanges the sheets of ﬂ? so that £ = D/(t). For such a bielliptic
genus-three curve D with a bielliptic involution 7, the Prym variety Prym(D, nSD)

is defined as the connected component of the kernel of the induced norm map
D

T,
Ex

We recall from [11] that ./\/tg is an irreducible four-dimensional subvariety of
M3, and it is the unique component of maximal dimension of the singular locus
of M3. (By the Castelnuovo—Severi inequality it follows that bielliptic curves of
genus g > 6 admit precisely one bielliptic structure and that bielliptic curves of
genus g > 4 cannot be hyperelliptic.) The following proposition was proven in
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ProposITION 1.1. (1) [H] € /\/lé’ N Mé’ iff H is a double cover of a genus-two
curve C.
2) /\/lg N M}{ is an irreducible three-dimensional rational subvariety of /\/lg
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On the other hand, among the smooth genus-three curves, there are the ones that
are given as plane quartics in P2. However, smooth plane quartics are never
hyperelliptic. We can ask whether the following Abelian surfaces are related
by isogeny: (1) the Jacobian variety Jac(C) associated with a hyperelliptic and
bielliptic curve #H in Mé’ N Mé’ covering a smooth genus-two curve C and
(2) the Prym variety Prym(D, n?) associated with a bielliptic plane genus-three
curve D in Mg’. That is, we ask for what curves H and D, there is an isogeny
W : Prym(D, ngp) — Jac(C) where curves are embedded as divisors representing
the respective polarization.

Barth [4] studied Abelian surfaces 2 with (1, 2)-polarization line bundle £ and
proved their close connection with Prym varieties of smooth bielliptic genus-three
curves. An excellent summary of Barth’s construction was given by Garbagnati
[165 17; 18]. Abelian surfaces with (1, 2)-polarization were also discussed in [29;

; 5]. Bielliptic genus-three curves and Abelian surfaces with (1, 2)-polarization
have also appeared as spectral curves of Lax representations of certain algebraic
integrable systems, most importantly (for us) the Kovalevskaya top [1; 2; 19; 14].
On the other hand, Kovalevskaya presented in her celebrated paper [24] a sepa-
ration of variables of the corresponding integrable system using a certain (hyper-
elliptic) genus-two curve, nowadays commonly referred to as Kowalewski curve,
whose Jacobian is associated with the integrals of motion of the Kovalevskaya
top.

Barth’s seminal work proved that the linear system |L£| is a pencil on 2 of
bielliptic genus-three curves. Horozov and van Moerbeke [ | 9] wrote down a spe-
cific Lefschetz pencil of bielliptic genus-three curves D over P! 5 A, generi-
cally smooth and with twelve double points. However, the members of the pencil
are generically not plane genus-three curves. The construction of the pencil is
based on Barth’s elegant geometric description for Prym varieties of bielliptic
genus-three curves as intersection of quadrics in a projective space [4; 9]. How-
ever, less attention has been given in this context to the elliptic fibrations with
section that the associated Kummer surfaces admit. The first two authors stud-
ied several elliptic fibrations on the Kummer surface associated with an Abelian
surface with (1, 2)-polarization in [7], using the results of Mehran [30; 29;

] and Garbagnati [16]. Among these fibrations is a particular elliptic fibration
with twelve singular fibers, which is directly induced by the linear system ||
on 2.

In this paper, we construct a three-parameter nonhyperelliptic and bielliptic
genus-three curve whose associated Prym variety is two-isogenous to the Jacobian
variety of the general three-parameter hyperelliptic genus-two curve. We consider
the genus-two curve C to be in Rosenhain form

C: Y2=X(X—1D(X=ADX —2)(X —A3) (1.1)

with parameters A1, A2, A3. We define the subgroup 'y (2n) = {M € I|M =
I mod 2n} and Igusa’s congruence subgroups I'2(2n,4n) = {M € I'2(2n)|
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diag(B) = diag(C) =1 mod 4n} of the Siegel modular group ', = {M =
(A B) € Spy(Z)} such that

[2/T2(2) = Se. 2(2)/T2(2,4) = (Z/22)",
I'2(2,4)/Ta(4,8) = (2/27)°, (12

where Sg is the permutation group of six elements. Then A1, A2, A3 are modular
with respect to I'3(2). We define a modular form / such that [ 2 — A A2z and three
modular forms m /¥ such that (m /92 = (4; — ;) (A — M) /11— Aj)(1 —
Ar)] with {i, j, k} = {1,2,3}. Then [ is modular with respect to I'2(2,4), and
m 70 are modular with respect to I'> (4, 8).

The main result of this paper is the following:

THEOREM 1.2. Consider the plane bielliptic genus-three curves ‘@[53151‘] given by
< 2 2 Clsg,sp) D(sg, s7) 2)2
w* —u”— e Uv — U
E(sy,s7) E(sy,s))

=u* + B(sy, sHuv? + A%(s§, sPHv?, (1.3)

where [u:v:w]eP2, A, B, C, D, E are polynomials in [sg : s1] € P! with
coefficients in Z[l, L1, A2, A3] defined in the Appendix, and [s(’)k : si"] e Pl is one of
the six special points given by

[sg o sF 1= 42 — A — Al (A — Ajae) £m IR (1 =2 (o — )] (1.4)

with {i, j, k} ={1,2, 3} such that E (s, s7) #O0.
Then the curves Q[SS:ST] are smooth and irreducible and admit a degree-two

covering Jfg : Q[s;;:s;*] — é{}[S(TIST] onto a smooth elliptic curve g[s;;:sf] =D*/(t),
where T is the bielliptic involution. Moreover, the Prym variety Prym(.@[xgjsik], T g )
is an Abelian surface that admits a (1, 2)-isogeny

K Prym(.@[sgzsf], ng) — Jac(C)
onto the principally polarized Abelian surface Jac(C) of C in Equation (1.1).

The geometry underlying Theorem is the following: if we choose 6 points in
P!, partitioned into 2 and 4, then we obtain three double covers of P! branched
respectively at the marked sets of 2, 4, and all 6 points. We label them R, &, C
with genus 0, 1, and 2, respectively. These three curves have a common double
cover H, which can be obtained as the fiber product over P! of any two of the
three. This is a Galois cover of P! with group Z /27 x 7Z/27 and the three inter-
mediate curves R, £, H are the quotients by the three Z /27 subgroups. The curve
‘H is hyperelliptic via the map to R and bielliptic via the map to £. Its Jacobian
decomposes as JacH = JacC x £. On the other hand, Recillas’ famous trigonal
construction [38] relates to such a tower {R, £, H} a nonhyperelliptic and biellip-
tic genus-three curve D such that the Prym of the latter is two-isogenous to JacC;
see [13].
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It is amazing that we can use two special elliptic fibrations with section on
the Kummer surfaces associated with JacC and Prym(D, n(SD) to provide a simple
geometric interpretation for the rational double cover induced by the two-isogeny
between the Abelian surfaces. We then work backward and obtain explicit expres-
sions for the coefficients of suitable normal forms for D and C in terms of Siegel
modular forms. This is the content of Theorem 1.2. Applications of isogenies of
Pryms to hyperelliptic Jacobians are of central importance in cryptography; see
[15. Section 9] for further details.

The paper is structured as follows: in Section 2, we consider an Abelian surface
2 with polarization of type (1, 2). On the Kummer surface Kum(%(), we identify
a special elliptic fibration, alongside with a set of generators for the Mordell-
Weil group and symplectic automorphisms in Theorem 2.8, which turn out to be
crucial for the proof of Theorem . In Section 3, we determine a convenient
normal form for a hyperelliptic and bielliptic genus-three curve that is the double
cover of a general genus-two curve. We then generalize this construction to pen-
cils and establish a connection to the aforementioned elliptic pencil on Kum(%{),
providing explicit formulas for the coefficients of all normal forms in terms of
suitable modular forms. In Section 4, we give a geometric description of plane
bielliptic genus-three curves and determine a criterion for the quotient (elliptic)
curves to have a rational level-two structure and branch locus. In Section 5, we
carry out the proof of Theorem 1.2: using the results of Section 2, we identify six
special members of the fibration induced by the pencil |£| on 2, where the elliptic
fiber satisfies the conditions of Proposition 4.8, and its double cover is a smooth
bielliptic plane quartic curve. Using the results of Section 3 the plane bielliptic
genus-three curve can then be related back to the Rosenhain normal form of a
general genus-two curve to prove our theorem.

2. Abelian and Kummer Surfaces

Polarizations on an Abelian surface 2 = C?/A are known to correspond to posi-
tive definite Hermitian forms H on C? satisfying E =Im H(A, A) C Z. In turn,
such a Hermitian form determines a line bundle £ in the Néron—Severi group
NS(®l). Then we may always choose a basis of A such that E is given by a matrix
(_OD g) with D = (”g ;2) where di,d> € N, dy,dy > 0, and d; divides d». The
pair (d1, d») gives the type of the polarization.

If 2 = Jac(C) is the Jacobian of a smooth curve C of genus two, then the Her-
mitian form associated with the divisor class [C] is a polarization of type (1, 1), a
principal polarization. Conversely, a principally polarized Abelian surface is ei-
ther the Jacobian of a smooth curve of genus two or the product of two complex
elliptic curves with product polarization.

Let 2 an Abelian surface defined over C and —I be the minus identity invo-
lution on 2(. The quotient 2/(—I) has 16 ordinary double points, and its mini-
mum resolution, denoted Kum(2l), is known as the Kummer surface of 2. Thus
there is an even set of 16 disjoint rational curves K; for 0 <i < 15 such that
K; o Kj = —25;;. The double points are the images of the order-two points
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{Po, ..., P15} on 2, that is, elements of 2([2], and the disjoint rational curves
{Ko, ..., Ki5} are the exceptional divisors introduced in the blowup process.
The minimal primitive sublattice that contains all these curves is called the Kum-
mer lattice. In particular, they form an even set in the Néron—Severi lattice. We
recall that an even set of rational curves is a set of disjoint (—2)-rational smooth
curves {Kjy, ..., K15} such that there exists a divisor é in the Néron—Severi lattice
with Ko + - -- + K15 ~ 28, where ~ denotes linear equivalence. Since they form
an even set, the class K= %(Ko + ---+ Kj5) is an element of this lattice with
K2 =_38. However, the classes K; and K do not generate, over Z, the minimal
primitive lattice containing these curves. The Néron—Severi lattice NS(Kum /) is
generated over Q by the classes K; and one additional class H with H? = 8 and
HoK;=0for0<i <15.

2.1. Abelian Surfaces with (1, 2)-Polarization

Let us now consider the generic Abelian surface 2 with a (1, 2)-polarization. Let
this polarization of type (di, d>) = (1,2) be given by an ample symmetric line
bundle £ such that £2 = 4. We also assume that the Picard number p(2() = 1 such
that the Néron—Severi group of 2 is generated by £ [6]. The line bundle £ defines
an associated rational map ¢ = ¢ : A — P4~1 =P Since hO(A, £) =2, the
linear system |£| is a pencil on 2, and the map ¢ is a rational map ¢ : 2A — P!
As £* =4, each curve in |£| has self-intersection equal to 4. Since we assumed
that p () = 1, the Abelian surface 2 cannot be a product of two elliptic curves or
isogenous to a product of two elliptic curves.

It was proven in [0, Prop. 4.1.6, Lemma 10.1.2] that the linear system |L|
has exactly four base points if (d;, d») = (1, 2). To characterize these four base
points, Barth [4] proved that the base points form the translation group 7 (L) =
{P e 2|t} L =L} where elements of 2 act by translation 7, (x) = x 4+ P. More-
over, he proved that T (£) = (Z/27)* and that the base points all have order two
on the Abelian surface 2, and we denote them by {Pg, Py, P2, P3}. A curve in
the pencil |L£] is never singular at any of the base points {Pg, Py, P2, P3}; see [
Lemma 3.2]. Barth’s seminal duality theorem in [4] can then be stated as fol-
lows.

THEOREM 2.1 (Barth). In the situation above, let D € |L| be a smooth genus-three
curve in the pencil |L|. There exists a bielliptic involution t on D with degree-two
quotient map 7t5D : D — £ =D/(t) such that U is naturally isomorphic to the
Prym variety Prym(D, JT‘?) and the involution —1 restricts to .

Conversely, if D is a smooth bielliptic genus-three curve with degree-two quo-
tient map Jrgp D — £&=D/(t), then D is embedded in Prym(D, n?) as a curve
of self-intersection four. The Prym variety Prym(D, n?) is an Abelian surface
with a polarization of type (1,2).
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2.2. An Elliptic Fibration on (1, 2)-Polarized Kummer Surfaces

We denote the exceptional curves associated with the base points on Kum(2()
by {Ko, K1, K2, K3}. The map ¢, : A — P! induces an elliptic fibration 7 :
Kum(2() — P! with section O as follows: first, a fibration is obtained by blow-
ing up the base points of the pencil |£|. The fibers of this fibration are the strict
transform of the curves D € | L[, and so the general fiber is a smooth genus-three
curve. The involution 7 lifts to an involution on this fibration whose fixed points
are the exceptional curves over {Pg, P1, P2, P3}. We then take as the general fiber
of m the quotient of the general fiber of ¢, by the bielliptic involution. Since a
curve in the pencil |£] is never singular at any of the base points {Pg, Py, P2, P3},
we can take as zero-section O the exceptional curve over Pg such that the divisor
class of the section is [O] = K. Garbagnati [16; 17; 18] proved the following:

PrROPOSITION 2.2 (Garbagnati). The fibration w has twelve singular fibers of
Kodaira type I, and no other singular fibers. The Mordell Weil group satisfies
MW (r, O)tor = (Z/ZZ)2 and rank MW (ir, O) = 3. The smooth fiber class F with
F?2=0and F o Ko =1 is given by

_H—K()—Kl—Kz—K3
= > .

F

The twelve nonneutral components of the reducible fibers of Kodaira type A
represent the classes Ky, ..., K15 of the Kummer lattice and are not intersected
by the class of the zero section given by K. The remaining four classes K; with
0 <i <3satisfy FoK; =1and Ko K; =0 with4 < j < 15. Thus they represent
sections of the elliptic fibration with section (;r, O), which we still denote by K;,
and intersect only neutral components of the reducible fibers given by the divisor
classes FF — K; with1 <i <3and4 < j <15.

In [8; 7] the authors introduced explicit normal forms for the elliptic fibration
with section (7, O), given as the affine Weierstrass model

Y2 =X (X% —2B(s)X + (B(s)> — 4A(5)%)), 2.1

where A(s) and B(s) are certain even polynomials of degree four in s — we will
determine them in Corollary and Equation ( ) — such that there are no
singular fibers over s = 0, oo, and

A(s) =s*A(1/s), B(s) =s*B(1/s),

and the discriminant of the elliptic fiber given by A = 16A(s)*(B(s)*> —4A(s)?)?
has twelve roots of order two. Moreover, the elliptic fibration is invariant under the
action of the hyperelliptic involution (s, X, Y) + (s, X, —Y), which we denote
by p+ —p for a point p € F in a fiber F given by Equation (2.1), and three
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additional involutions given by

Nn: X, '=—=5,X,Y),

I X v
]2: (S’XsY)H SH:—,—,— s
PAFEA 22)
1 X v
J (s,X,Y)+—><s/”:__’_4’__6)'
s S N

The involutions s — —s and s — 1/s and their composition map singular fibers
of Equation (2.1) to singular fibers and smooth fibers to smooth fibers. The zero
section O, given as the point at infinity in each fiber, and the two-torsion sections
T1, Ta, T3, given by

T1:(X,Y)=(0,0), T2:(X,Y)=(B—-2A,0),

T3:(X,Y)=(B+2A,0), (2.3)

are invariant under the involutions ji, j2, j3 and the hyperelliptic involution. The
two-torsion sections intersect the nonneutral components of eight reducible fibers
of type A each (which we represent as sets Wy = {K; | i € I} for index sets I
such that |Wy| = 8 for k = 1, 2, 3) partitioning the twelve rational curves K ; with
4 < j <15 into three sets of eight curves with pairwise intersections consisting
of four curves, that is, |W; N Wi| =4 and W; N W, N W3 = @. None of the twelve
reducible fibers is invariant under the action of the involutions ji, 7. However, the
sets Wy and W; N Wy for 1 < j, k <3 are invariant under j, j». We may define
the divisors K W, = % Zne I K, with 1 <k < 3, which are known to be elements

of the Kummer lattice [16; 17; 18] with ij o KW,( =—-2-2jforl <j k=<3.
We also define the divisors IEW_,.ka = %Znel,mlk K, with Ig‘zvjmwk = —2. By

construction the elements K w, and K W NWi for 1 < j, k <3 are invariant under
the action of the involutions ji, j». The twelve singular fibers of fibration (2.1)
arise when two-torsion sections collide. This happens as follows in Table

We have the following:

COROLLARY 2.3. The divisor classes of the two-torsion sections Ty are given by

[Te]=2F + Ko — Kw, for1<k<3. (2.4)

Proof. The proof follows from [Ty]o F =1, [Tx] o Ko =0, [T¢] o K; =1 for
JE€lyand [Ty]JoK; =0for j ¢ Iy, and [Ty]o K; =2for 1 <[ <3. O

Table 1 Collision of torsion sections.

colliding sections equation # of points fiber components
T =T, B—2A=0 4 Winw,

Tro=T;s A=0 4 Wy N W3
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In [8; 7], three nontorsion sections Sy, Sy, S3 of the elliptic fibration (i, O) of
minimal height were constructed explicitly. We will review an explicit construc-
tion of these sections in Section 3.4. For two arbitrary sections S’ and S” of the
elliptic fibration, we define the height pairing using the formula

(8.8")y =x""+008 +008" =S 08" - Y C7'(S.5). @5
{sla=0)

where the holomorphic Euler characteristic is x"®' = 2, and the inverse Cartan
matrix Cy 1 of a fiber of type A located over point s of the discriminant locus
A = 0 contributes (%) if and only if both S” and §” intersect the nonneutral com-
ponent. It turns out that the sections S and S, do not intersect the zero section O
and intersect the nonneutral components of six reducible fibers of type A; each
(which we represent as complementary sets Vi = {K; | i € Ji} for index sets Ji
such that |Vi| = 6 for k = 1, 2) partitioning the twelve rational curves K; with
4 < j <15 into two disjoint sets of six curves. We also set Wl’ = Vi U{Kp, K1},
I{ =J1U{0, 1} and W) = Vo U{K», K3}, I} = Jo U {2, 3} and define the divisors
K w, = %Zne 1 K, with 1 <k < 2. The sets V; and V, are invariant under the
action of the involution j; and interchanged under the action of j,. The section S3
intersects the nonneutral components of all reducible fibers and the zero section
such that S30 0 =2.
We have the following:

ProrosiTION 2.4. The sections {O, Ty, T2, T3, Sy, Sy, S3} form a basis of the
Mordell-Weil group of sections. In particular, we have

MW (1, 0) = (Z/27)* @ (1)®? @ (2). (2.6)

Proof. Given an explicit form of the sections {O, Ty, T2, T3, S1, Sz, S3}, we com-
puted the intersection pairings for their divisor classes. The results are part of
Table 2. The height pairings of the corresponding sections of the elliptic fibration
(7r, O) are given in Table 2. We observe from Table 2 that the pairwise orthogonal
sections St, S», S3 of height less than or equal to two generate a rank-three sub-
lattice of the Mordell-Weil group of sections. It was proved in [16. Prop. 2.2.4]
that the transcendental lattice of the Kummer surface Kum(%2() is isometric to
H(2)® H (2) ® (—8) such that the determinant of the discriminant form equals 27,
This is in numerical agreement with the determinant of the discriminant form for
the Néron—Severi lattice obtained from an elliptic fibration with section, twelve
singular fibers of Kodaira type I, and a Mordell-Weil group of sections given by
Equation (2.6). U

We recall that an automorphism of finite order on a complex K3 surface is called
symplectic if it acts trivially on the holomorphic two-form of the K3 surface, and
it is called antisymplectic if it acts as multiplication by (—1). These notions were
introduced by Nikulin in [36]. We have the following:
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Table 2 Intersection and height pairings.
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Table 3 Action of involutions torsion and non-torsion sections.

T T2 T3 S S S3
Ti T2 T3 Si Sy —S3
Ti T2 T3 S, S S3
T1 T2 T3 -S; —$S S3

J1
J2
J3

O O O0|0o

LEMMA 2.5. The involutions j1, ja, J3 are three commuting antisymplectic involu-
tions of the elliptic fibration with section (7w, O) with j3 = — 1 J2. The involutions
Jifor1 <1 <3actonthesections {O, T, T, T3, S1, S2, S3} as follows in Table 5.
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Proof. We check that the involutions are antisymplectic by using an explicit rep-
resentative of the holomorphic two-form for the affine Weierstrass model in Equa-
tion (2.1) given by ds AdX /Y. The rest of the statement follows by explicit com-
putation. O

We should emphasize that the operations 4+ and —, when used with sections of
a Jacobian elliptic fibration, are operations with respect to the group law in the
Mordell-Weil group MW (rr, O), that is, the fiberwise application of the elliptic
curve group law. In contrast, before the symbols were used in the context of divi-
sors in the Néron—Severi group. We have the following:

PROPOSITION 2.6. There are four possible choices for sections {S}, S}, S}} of
the elliptic fibration with section (7, O) (up to permutation and the action of the
hyperelliptic involution) such that the divisor classes K, K1, K2, K3 are repre-
sented as

Ko =[O], K1 =[S]], K> =[S;], K3 =[S5]. 2.7

The sections are obtained as linear combinations of the nontorsion sections Sy,
Sy, S3 generating MW (i, O) using the elliptic-curve group law in each fiber F
given by Equation (2.1) as follows in Table 4.

Proof. We explicitly compute 2S1, S1 + S + S3, S; — Sy + S3 using the elliptic-
curve group law. Since these are sections of the elliptic fibration, we find that the
intersection pairing with the smooth fiber F' always equals one. We then check
that the three sections intersect only neutral components of the reducible fiber,
that is, the components F — K; for 4 < j < 15. We finally check that the three
sections do not mutually intersect nor intersect the zero section O. For S/1 =28,
S, =81 + Sz + S3, S =S| — S2 + S, the intersection pairings of all aforemen-
tioned divisor classes and height pairings of the corresponding sections are given
in Table 2. The sections of the table are then obtained by acting with involutions
J1, - - -, J3 and the hyperelliptic involution. Using the height pairing, we check that
these are the only possibilities. (]

REMARK 2.7. The different choices in Proposition 2.6 are permuted by automor-
phisms that fix the ample class; see Theorem

Table 4 Action of involutions on the sections of (7 : & — Pl 0).

# action S s, s, PR

I £id 28] £ +5:+853) £(51-5+53) £2(25+53)
2 £ £2S £(S1+S-S3)  £(S1-S2-S3)  £2(2S; —S3)
3
4

+ +2S;, £(S1+S,+S3) £(—S1+S,+S3) £2(2S,+S3)
Fi3oo A28 £(S1+S2—-83) £(=S1+S2—-83) £2(2S; —S3)
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Using the elliptic-curve group law on each fiber F; > (s, X, Y) given by Equation
(2.1), the three involutions in Equation (2.2), and a choice of sections {S], S}, S}
in Proposition 2.4, we define involutions of the elliptic fibration with section
(r, O) mapping smooth or singular fibers to smooth or singular fibers, respec-
tively:

n: XY= (X Y)=—5(.X,Y)+S||F,.
n: X,V 6" X Y)Y =—pn0, X, Y) +ShF,. (2.8)
30 (X, V) "7 X" Y = =530, X, Y) + S,

By a slight abuse of notation, we also denote the involutions more intuitively by
pru(p):=—j(p)+ K; for p e F and 1 <[ < 3. We have the following:

THEOREM 2.8. The involutions 11, 12, 13 are three commuting symplectic involu-
tions of the elliptic fibration with section (7, O) on Kum(l) such that i3 =11 o15.
The involutions act on the divisor classes {F, Ko, K1, K>, K3} as follows in Ta-
ble

Proof. Each involution ; is a composition of the involution j;, an inversion given
by the hyperelliptic involution, and a shift on the fiber. Since j; is antisymplectic
by Lemma 2.5, the involution #; is symplectic. We check by explicit computation
that the involutions 1; commute and satisfy 13 =11 o 12. The rest of the statement
follows using the explicit representation of each class K; for 1 </ < 3 in Equation
@.7. g

We have the following consequence.

COROLLARY 2.9. For the Abelian surface A with polarization of type (1, 2) given
by a line bundle L, the translation group T (L) ={P e A |13 L =L} = (Z.]27.)?
induces the group of symplectic involutions {id, 11, 12, 13} given by Equation (2.8)
on the elliptic fibration with section (1, O) on the Kummer surface Kum(2l).

Proof. Denote the four base points of the linear system |L| by {Po, Py, P2, P3}
and identify Py = 0 and the action by translation as follows in Table

The action of tp, on the Abelian surface descends to a symplectic automor-
phism of Kum(®(). Since P; € T (L), the action of tp, on the Abelian surface de-
scends to an automorphism that preserves the elliptic fibration with section (7, O)
and maps the zero section O to the section representing the image of the base

Table 5 Action of translations on divisor classes.

F Ko K K> K3
1 F Ky Ko K3 K>
12 F K> K3 Ko Ky
13 F K3 K> K, Ko
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Table 6 Action of translations on the base points of the linear system |L]|.

0 P P> P3
tp, Py 0 P3 Py
tp, P> P3 0 P
tp, P3 P> P 0

point P; on Kum(2(). By Theorem this is the group of symplectic involutions
{id, 11, 12, 13} given by Equation (2.8). O

3. Bielliptic and Hyperelliptic Genus-Three Curves

In this section, we construct a bidouble cover of P! introducing the curves H, C,
and £ = Q, which are used in the construction of the bielliptic curve D and in
Section 5 to show that the Prym variety of D is two-isogenous to the Jacobian
variety of C.

The intersection Mé’ N ./\/lé’ is exactly the locus of curves with automor-
phism group V4 (the Klein 4-group) inside the hyperelliptic locus. Such curves
are usually called hyperelliptic curves with extra involutions. In [39] the locus
Mg’ N Mél was explicitly described in terms of invariants. We will construct a
curve H € ./\/113’ N ./\/lé' by choosing four out of the six Weierstrass points of C to
be the images of four pairs of points on the curve # such that all eight Weierstrass
points of # in the preimage are fixed under the hyperelliptic involution, and each
pair is kept fixed by the bielliptic involution. For a genus-two curve C given as
sextic Y2 = f6(X, Z), a class in M;(2), that is, the moduli space of genus-two
curves with level-two structure, is given by the ordered tuple (A1, A2, A3) after we
sent the three remaining roots to 0, co, 1. We then choose the points (1, A1, A2, A3)
to be the images of the eight ramification points of 7.

3.1. A Normal Form

We assume that the smooth genus-two curve C in Proposition 1.1 is in Rosenhain
normal form, that is, for [X : Z : Y] € P(1, 1, 3), the curve is given by
3
Y2=XZl_[(X—AiZ) (3.1
i=0

with the hyperelliptic map 7¢:C - P! given by [X: Z: Y]+~ [X : Z]. The
hyperelliptic involution on C has six fixed points p; =[A; : 1:0] fori =0, ..., 3,
pa =[0:1:0], and p5 = [1 : 0: 0]. To simplify our discussion in the situation
of pencils, we will use Ag rather than choosing 19 = 1. Since C is smooth, we
will assume that A; #0 and A; # A for 0 <i < j < 3. The lambdas are ratios of
squares of even theta functions 91.2 = 91.2 (0, ) with zero elliptic argument, modular
argument T € H,/I'>(2), and 1 <i < 10, where we are using the same standard
notation for even theta functions as in [21; 20; 9]. We have a choice of 6! = 720
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such expressions. In each case, there is a ratio of squares of theta functions such
that /2 = AoA1A3A3. In the following, we use the convention from [37].

LemMA 3.1. If C is a genus-two curve with period matrix T and nonvanishing
discriminant, then C is equivalent to the curve in Equation (3.1) with Rosenhain
parameters Ao, A1, A2, A3 given by
2n2 2n2 2n2

_ 0it Ay = 0505 = 005

0203 e, T aa,
Conversely, given three distinct complex numbers (L1, A2, A3) different from 0, 1,
00, the complex Abelian surface Jac(C) has the period matrix [Io|t] where C is
the genus-two curve with period matrix t.

=1, MM (3.2)

REMARK 3.2. We define

2n2p2 2
— 91 63 08 (1,2,3) _ 919396
- s m = —F,
922939120 9294952 43
2 ) .
m@&13) = i% mG 12 — %
- 27 - 2
0461007 6261062

s0 that 2 = o1 2343 and (m70)2 = (A = 1)) (ki — ) /[(ho = 2i) (o — )]
with {i, j, k} = {1, 2, 3}. The latter identities follow from the well-known Frobe-
nius identities for theta functions; see [27; 28].

We define the subgroup I'x(2n) ={M € I';|M =1 mod 2n} and Igusa’s congru-
ence subgroups I'2(2n,4n) = {M € I'(2n)| diag(B) = diag(C) =1 mod 4n} of
the Siegel modular group I'y = {M = (2 B ) € Sp4(Z)} such that

/T2 =S,  T2(2)/Ta(2,4) = (Z)27)%,
[2(2,4)/ T2(4,8) = (2/22)°,

where Sg is the permutation group of six elements. The following lemma was
proven in [9].

(3.4)

LEMMA 3.3. A, A2, A3 are modular with respect to '2(2), | is a modular with
respect to T2(2,4), and m®3-% is modular with respect to T (4, 8) for {i, j, k} =
{1,2,3}.

By Proposition 1.1 a hyperelliptic and bielliptic genus-three curve 7 in the preim-
age of the curve C defined in Equation (3.1), that is, the parameters X; in Equations
(3.2) under the map Mé’ N Mé’ — M, is given by the equation

3
yv=[]e?-n) (3.5)
i=0
with [x : z: y] € P(1,1,4). On H, there are two involutions, the hyperelliptic
involution 17 : [x :z:y]+ [x:z:—y] and the bielliptic involution . [x:z:
vyl [—x:z:y]
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IP)I

Figure 1 Quotients of bielliptic, hyperelliptic curve H.

It is easy to check that the composition 77 017 is fixed-point-free. An unram-
ified double cover ng{ :H — C is given by

ng‘: [x:z:y]r—>[X:Z:Y]:[xzzzzzxyz]. 3.6)

The images of the four pairs of hyperelliptic fixed points and the two pairs of biel-
liptic fixed points under 712" are exactly the Weierstrass points of the genus-two
curve C. It is easily proved that every unramified double cover of a hyperelliptic
genus two curve is obtained in this way [19. p. 387]; in particular, the cover is
always hyperelliptic.

The quotient genus-one curve Q = H/(r7!) obtained from the bielliptic invo-

lution is the quartic curve

3
yV=]]x-x2 (3.7)
i=0
with [X : Z : y] € P(1, 1, 2), and the double cover 713 :H — Q is given by

ng: [x::l:z:y]:[—x::Fz:y]H[X:Z:y]:[xz:zzzy].

The four branch points of 713 are precisely the images of the bielliptic fixed
points. The situation is summarized in Figure |. Here the map P! — P! is given
by [x:z]—=[X:Z]= [x2 : z2]. Moreover, in the introduction the genus-one
curve in the bidouble cover is denoted £. Here it is called Q, and we prove in

Section 5 that it is isomorphic to a curve £ with a certain given equation.
We have the following:

PROPOSITION 3.4. The quotient Q = H/{t™) in Equation (3.7) of the hyperellip-
tic and bielliptic genus-three curve in Equation (3.5) is isomorphic to the elliptic

curve
£ pPn=§@E = 2bsn+ (B —4aD ) (3.8)

with [£ : 0 : p] € P? and coefficients
a=(ho —21)(A2 — A3), 3.9)
b =4 or1 +4dh3 —2h0rp — 2X0r3 — 2h 1A — 2X 1 A3, ’

The elliptic curve (3.8) has two-torsion points [§ :n:p]=[0:1:0],[b£2a:1:
0] and the neutral element [0:0: 1].
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Proof. The proof follows by an explicit computation. O

Later, we will also use the existence of certain rational points on £ in Equation
(3.8), that stems from the fact that £ is isomorphic to the genus-one curve Q =
H/ (t™y with four bielliptic branch points. We have the following:

LEMMA 3.5. On the elliptic curve & in Proposition 3.4, there are the rational
points p1 with coordinates given by

[E:mn:p]l=[4(o —2A2)(Ao —A3) : 1:8(Ao — A1) (Ao — A2) (Ao — A3)]  (3.10)
and py with

[£:m:p]
= [4x0r1 (Ao — A2)(ho — A3) 1 A3 : 81(Ro — A1) (Ao — A2) (ko — A3)]. (3.11)

Using the group law on £, we obtain the rational points 2p| with coordinates

E=(o+M —r—A3)?, =1,

(3.12)
p=@A0+A1 —A2 = 2A3)(Ao — A1 — A2+ A3) (Ao — A1 + A2 — A3),
and rational points p1 = p2 with coordinates
& =4(hor1 + A2A3 F 20), n=1,
(3.13)

p =8(Hl(ho + A1 + A2+ A3) — AoA1A2 — AoA1A3 — ApA2As — A1A2A3).

Proof. The points p; and +p; are the images of the four branch points of rrg,
namely [X : Z:y]=[1:0:=%1] and [0: 1 : £I] on the genus-one curve in Equa-
tion (3.7), respectively. The rest of the proof follows by explicit computation. [

Moreover, we have the following:

PROPOSITION 3.6. Given a smooth genus-two curve C, the hyperelliptic and biel-
liptic genus-three curve H in Equation (3.5) and the elliptic curve & in Equation

(3.8) satisfy
Jac(H) = Prym(H, w}h) x £, Prym(H, m2t) = Jac(C),
where Prym(H,, 71’2-{) is the Prym variety associated with ng{.

Proof. The involution tH extends to the Jacobian variety Jac(H). Therefore it
contains two Abelian subvarieties, the elliptic curve £, and the two-dimensional
Prym-variety Prym(H, 712."), which is antisymmetric with respect to the extended
involution. On the other hand, the étale double cover ng{ :'H — C satisfies ng'[ o

=€ thatis, itis equivariant with respect to the bielliptic involution on H and

the hyperelliptic involution on C. The claim follows. O
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3.2. Gopel Groups and Double Covers

We denote the space of two-torsion points on an Abelian variety 2 by 2([2]. In
the case of the Jacobian of a genus-two curve, every nontrivial two-torsion point
can be expressed using differences of Weierstrass points of C. Concretely, the
sixteen order-two points of Jac(C)[2] are obtained using the embedding of the
curve into the connected component of the identity in the Picard group, that is,
C < Jac(C) Z Pic’(C) with p = [p —ps]. We obtain 15 elements P;; € Jac(C)[2]
with) <i < j<S5as
Pis=[pi —ps] for0<i <5,

L (3.14)
Pij=I[pi+pj —2ps] forO0<i<j=<4,
and set Po = P55 = [0]. For {i, j,k,I,m,n} = {0,...,5}, the group law on
Jac(C)[2] is given by the relations

Po + Pij =Pij, Pij + Pij = Po,

Pij + Pii = Pun, Pij +Pjk =Pik.

The space A[2] of two-torsion points on an Abelian variety 2l admits a sym-

plectic bilinear form, called the Weil pairing. The Weil pairing is induced by the
pairing

(3.15)

(lpi =01, [px — pa]) =#{pi, p} N {px, p1}  mod 2.
We call a two-dimensional maximal isotropic subspace of A[2] with respect to
the Weil pairing, that is, a subspace such that the symplectic form vanishes on it,
a Gopel group in A[2]. Such a maximal subgroup is isomorphic to (Z/27)?.
We give the following characterization of the choices involved in our construc-
tion of the curves H and £ in Figure 1.

PROPOSITION 3.7. For a smooth genus-two curve C, there are 15 inequivalent
hyperelliptic and bielliptic genus-three curves H;; for 0 <i < j <5 that are
unramified double covers of C. The double covers H;; — C are in one-to-one
correspondence with nontrivial elements of P;; € Jac(C)[2]. Moreover, isomor-
phisms Q;; = &, understood as isomorphisms between genus-one curves with
marked Weierstrass points, are in one-to-one correspondence with Gopel groups
G CJac(C)[2] such that P;j € G.

Proof. We constructed the curve H € /\/lé’ N Mé‘ by choosing four out of the six
Weierstrass points of C to be the images of four pairs of points on the curve H
such that all eight Weierstrass points of H in the preimage are fixed under the
hyperelliptic involution, and each pair is kept fixed by the bielliptic involution.
That is, the construction of H was determined by {p4, ps}. The unordered pair
represents a divisor class [ps — ps] with 2[ps — p5] = 0. Therefore [ps — p5] €
Jac(C)[2]. We check that the resulting curve for any two different Weierstrass
points also has a different j-invariant. It is easy to see that the elliptic curve &,
together with the set of two-torsion points {[0:1:0],[B +=2A : 1: 0]}, depends
on the partition of Weierstrass points of £ or, equivalently, on a partition of the
Weierstrass points of C. From every partition of Weierstrass points, we obtain
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three elements P;;, Py, Py, € Jac(C)[2] with {i, j, k,I,m,n} = {0, ..., 5}, each
generating a (Z/27) subgroup. Because the only relation between these classes
is given by P;; 4+ Py + Py, = 0, the classes generate a subgroup in Jac(C)[2]
isomorphic to (Z/27)?. Because the pairs of Weierstrass points are all disjoint,
the associated subgroup is in fact isotropic with respect to the Weil pairing. [

REMARK 3.8. For the smooth genus-two curve C in Equation (3.1), the hyperel-
liptic and bielliptic genus-three curve A in Figure | corresponds to the divisor
P4s € Jac(C)[2].

3.3. Pencils of Hyperelliptic Curves

We start with the hyperelliptic and bielliptic genus-three curve H in the preimage
of ./\/lé7 N Mé’ — M, given by Equation (3.5). The automorphism 7t x 7t of
H x H induces an automorphism on the symmetric square Sym?(#), which by a
slight abuse of notation we will denote by 1 x 17 as well. We have the following:

LEMMA 3.9. On the variety 7 = Symz(H)/(zH x 1™y, there is a pencil over
P! 5 [sg : 51] of hyperelliptic and bielliptic genus-three curves Hsy:511 8iven by

3

. 2 2 (50 + )\'51)2 2

Hspsi) 2 Y = n(x - 7)\1'1 z (3.16)
i=0

with [x : z : y] € P(1, 1,4). In particular, the central fiber over [so:s1] =[0:1]

is isomorphic to ‘H.

Proof. fweset y=yMy@ /1 x =xDz@ 4 x@D ;D 507 = xDx@ and 51z =
2Dz Equation ( ) becomes the product of two copies of Equation (3.5).
Since the variables are invariant under the product of the hyperelliptic involutions
on each copy of H, the statements follows. O

We make the following:

REMARK 3.10. The bielliptic and hyperelliptic involution on the curve in Equation
(3.5) both lift to involutions on the fibers of the pencil ( ).

We define two pencils Z[y,.5,] and %{s,.5,] of genus-one and genus-two curves
over P! 5 [s0: 511, respectively as follows:

3

(50 + Ais1)?
Disgisi] - y2 =1_[<X - )Lillz )
iz i

(50 + Ais1)
(g[som] : = XZH( ¥Z>»

l

(3.17)

with [X : Z:y]l e P(1,1,2) and [X : Z: Y] € P(1, 1, 3). The pencils are con-
structed such that the diagram of Figure | holds for every fiber over [so : s1], and
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central fibers over [sg : s1] = [0 : 1] are exactly the curves H, C, and Q, respec-
tively. That is, we have

Z.1=9, 610:11=C, Ho.11="H.

We define another pencil Ql/to:tll of genus-one curves over Pls[n: 1] by

3 2
to+ Aty
Dy : Y2 =10 H(x - T’z) (3.18)
i=0 !

with [x : z: Y] € P(1, 1, 2), and a two-to-one map 2 — 2’ by setting
([so:s1), [X:Z:yD > ([to:t1], [x:2:Y])
= ([s§ : 571, [X — 25081Z : Z : s0517]). (3.19)

From these pencils we obtain the total spaces of fibrations (without multiple
fibers)

¢ = ]_[ i9p[~V():S1]» 2= ]_[ Q[S():Sl]’ 9 = ]_[ QEIOZII]'

[s0:51]€P! [s0:51]€P! [to:t1]eP!

In the next section, we show that the total spaces .2 and .2’ are in fact singular
models for certain Kummer surfaces. Singular fibers for pencils of genus-two
curves were classified by Namikawa and Ueno [33; 34; 35; 42]. We have the
following immediate:

PROPOSITION 3.11. The pencil € — P has twelve singular fiber of Namikawa—
Ueno type Ir_o—o and four singular fibers of type 1s_o—o with modulus point

(3 %)
Comparing Equation (3.17) with Equation (3.7), we introduce the functions

(50 + Ai51)> 3 (50 + Aist)
Ai(s0,81) = " L(s0,51) = Hof

- (3.20)

for 0 <i <3 suchthat L2 = AgA | Az As. Using Proposition 3.4, we immediately
have the following:

COROLLARY 3.12. The pencil 2 is isomorphic to the elliptic fibration 7w : & —
P!,
& L2 eie2 2 a2 2
o] - P n=§&E" —2B(so, s1)§n + (B (s0, 51) —4A%(s0,s1))n7), (3.21)
with section O :[€ :n:p]=[0:0:1] and
A(s0, 51) = (Ao (50, s1) — A1(s0, 51)) (A2(s0, 51) — A3(s0,51)),
B(so,51) =4A0(s0, 51)A1(s0, 51) +4A2(s0, 51)A3(50, 51)
—2A0(s0, 51) A2(s0, 1) — 2M0(s0, 51) A3 (s0, 51)
—2A1(s0, 51) A2(s0, 1) — 2A1(s0, 51) A3 (50, 51).

(3.22)
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In particular, A and B are even polynomials of degree four such that there are no
singular fibers over [so : s1] =1[0: 1], [1 : 0], and

I*A(so, s1) = A(ls1,50),  1*B(so,51) = B(s1, 50).
Similarly, we obtain the following:

COROLLARY 3.13. The pencil 2’ is isomorphic to the elliptic fibration ' : &' —
P!,
&y PPN =EE?—2B (1, 1)
+ (B?(t0,11) — 44" (19, 1)),
with section O' : [§' : ' : p'1=1[0:0: 1] and polynomials
Al(tg, 1) = tot1 A(VT0, /1), B'(to, 1) = tot1 B(V/To, v/11),

which are well-defined polynomials because of Corollary . Moreover, the two-
to-one map in Equation ( ) extends to a double cover  : & — &’ given by

v (so:s1l,[E:n:pD) > (o: 1l [E:n": p'])
= ([sg : slz], [sgslzf i sgsfp]). (3.24)

(3.23)

Proof. Making the point [x : z: Y] =[fp + k(z)tl : Ag : 0] the neutral element of an
elliptic curve and the point [x : z: Y] =[ro + A%tl : A1 : 0] a two-torsion point, we
can bring Equation ( ) into the normal form in Equation ( ). O

3.4. Relation Between Elliptic Pencils and Kummer Surfaces

Corollary proves that the elliptic fibration with section (7 : & — P!, Q) is
equivalent to the pencil £ given by

3
D1 s ¥ =] (X = Ai(s0,51)2). (3.25)
i=0
Therefore Proposition and Lemma can be applied in each fiber by re-
placing A; — A;(sp, s1) for 0 <i <3 and [ + L(so, s1). Three two-torsion sec-
tions for the elliptic fibration (7, O) are given by T, T2, T3:[§:n:p]=[0:1:
0], [B£2A : 1:0]. Two nontorsion sections, which by slight abuse of notation we
still denote by p1, p2, are obtained by assigning the points p; and p; in Lemma
in each fiber. The existence of a third nontorsion section p3 in the pencil is easily
verified by assigning the point [X : Z : y] = [4s0s1 : 1 : L(—sp, s1)] in each fiber
Zl5y:5,] and then converting to coordinates [£ : 17 : p].
We also define the sections {S;, Sy, S3} as follows in Table 7.

PROPOSITION 3.14. For the elliptic fibration with section (w : & — P',0) in
Equation ( ) and in Proposition , the sections {O, Ty, T», T3, S, Sy, S3}
are generators of the Mordell-Weil group MW (i, 0) = (Z/27)*> @ (1)®% @ (2).
In particular, we have

p1 = Si, p2 =—S + S3, p3 =S, + S;. (3.26)
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Table 7 Sections of the fibration (77 : & — P!, 0).

sec. [E:n:p]
St [4hohi [Ta(hi — 2o)(s3 — Aohis?) : 8T (A — ho) (s — Aohis?) : A30°]
Sy 4Ty (hi — A1) (53 — Aikis?):
81— (o — 2) [Ti<jkes (53 — 2jhes?) 1]
S;  [4lsgs; ]—[il:o ]—H:z(sg — kikjslz):
—8T7_1 (5 — 20risD [T <j<a=a(sg — 2ikes]) : Psisi]

Proof. Using our previous definitions and results in Lemma 3.1, we set

= D0 (3.27)
0204610
so that ,u4 = AoA1r2A3. If we use the affine chart given by so = 1, 51 = s/u,
E=X,n=1, p=Y in Corollary , then we obtain the Weierstrass model
(2.1) and two involutions s > —s and s — 1/s; see Equations (2.2). In fact, the
coefficients in Equation (2.1) are obtained from Corollary by setting

A(s) Z=A<S0=1,S1=£>, B(s) :=B(s0=1,s1=i>. (3.28)
% w

A straightforward computation shows that the sections {O, Ty, T2, T3, S, S2, S3}
have exactly the intersection and height pairings given by Table 2 and form a basis
of the Mordell-Weil group MW (;r, O). Using the elliptic-curve group law in each
fiber, we find that the sections {Sy, Sy, S3} satisfy relations ( ). O

We turn to the symmetric square Sym?(C) associated with a smooth genus-two
curve C. The automorphism 1€ x 1€ of C x C again induces an automorphism on
the symmetric square Sym?(C), which by a slight abuse of notation we denote by
1€ x 1€ as well. The variety Sym?(C)/ (zC X zc) admits a birational model, which
can be easily derived: in terms of the variables z; = zWz@ 7 = xHz®@ 4
XDzW 7o =XDXD and 24 = YDYD with [z; :22: 23 : z4] € P(1, 1, 1, 3),
it is given by the equation

3
g=unzu]]0fan - nn+2). (3.29)
i=0
DEFINITION 3.15. The hypersurface in P(1, 1, 1, 3) given by Equation (3.29) is
called the Shioda sextic and was described in [41].

We easily check the following:

LEmMMA 3.16. The Shioda sextic in Equation ( ) is birational to the Kummer
surface Kum(JacC) associated with the Jacobian Jac(C) of a genus-two curve C
in Rosenhain normal form (3.1).
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Figure 2 Double cover branched along reducible sextic.

REMARK 3.17. Equation ( ) defines a double cover of P23 [z1:22: 23]
branched along six lines given by

Mzl —hiza4+z3=0 with0<i<3, z1=0, z3=0, (330

The six lines are tangent to the common conic K : z% — 4z1z3 = 0. Conversely,
any six lines tangent to a common conic can always be brought into the form of
Equations ( ). A picture is provided in Figure

Equation ( ) is birationally equivalent to Equation ( ), as can be seen by
setting

[z1:20:23:z4]l=1[t12:x 1 10z : 12Y],

and is in turn is equivalent to the elliptic fibration with section (7’ : & — P!, Q')
in Corollary . We make the following:

REMARK 3.18. The elliptic fibration with section (7’ : & — P!, Q') has six sin-
gular fibers of Kodaira type I», two singular fibers of type I} (over [t :#;] =[0:
11, [1:0]), and a Mordell-Weil group MW (', 0') = (Z/ 2Z)2 @ (1). The elliptic
fibration is induced by a pencil of lines in P? passing through one of intersection
point between two lines in Figure 2. This is precisely the fibration on Kum(Jac C)
described in [41].

We have established that &’ defines a pencil on Sym2 <€)/ (lc X lc). The minimal
resolution of &” is the Kummer surface Kum(Jac C) associated with the Jacobian
Jac(C) of a smooth genus-two curve C. The involution —I on Jac(C) restricts to the
hyperelliptic involution on each factor of C in Sym?(C). The Weierstrass model
in Remark with two singular fibers of Kodaira type I(’)" over [to: 1] =[0:1]
and [# : #1] = [1 : 0] extends to an elliptic fibration with section on the Kummer
surface and two reducible fibers of type D4. We then have the following:

LEMMA 3.19. The map ¥ : & — &' in Equation (3.24) extends to rational dou-
ble cover between the minimal resolutions w & - & = Kum(JacC) that is
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branched along the eight noncentral components of the two reducible fibers of
type Dy.

Proof. The proof is straightforward since the rational map is explicitly given. [l

Mehran [30] proved that there are 15 distinct isomorphism classes of rational
double covers of Kum(Jac C) and computed the 15 even eights (up to taking com-
plements) on the Kummer surface Kum(Jac C), which give rise to all distinct 15
isomorphism classes of rational double covers [30, Prop. 4.2]. An even eight is an
even set (as defined in Section 2) of eight exceptional curves. Each even eight is
enumerated by points P;; € Jac(C)[2] with 0 <i < j < 5 and given as a sum

Aij2K0i+"‘+7(i\j+"'+Ki5+K0j+"'+7<-;+"'+Kj5a
where Koo =0, and K;; are the exceptional divisors obtained by resolving the
nodes p;;, that is, the images of the points P;;, and the hat indicates divisors that
are not part of the even eight. Moreover, Mehran proved that every rational map
¥a : Kum(2l) --» Kum(JacC) from a (1, 2)-polarized to a principally polarized
Kummer surface is induced by an isogeny W : 2l — Jac(C) of Abelian surfaces

of degree two [30] and that all inequivalent (1, 2)-polarized Abelian surfaces 2
are obtained in this way. We have the following:

PrOPOSITION 3.20. There exists an Abelian surface 2 with a polarization of type
(1, 2) such that the variety & is birational to the Kummer surface Kum(2l). In
particular, the map  is induced by an isogeny WV : 2Ll — Jac(C) of degree two.

Proof. It was shown in [8; 7] that the eight noncentral components of the two
reducible fibers of type D4 form an even eight on Kum(JacC). In fact, the sum of
the components in the even eight labeled by pas that forms the ramification locus
of 1///\ is given by

Ays = Kos + K14 + K24 + K34 + Kos + K15 + Kos + K3s.
The result then follows from Lemma and [30, Prop. 5.1]. O

REMARK 3.21. The construction in Proposition was based on a double cover
branched along the even eight A4s5 labeled by the point P45 € Jac(C)[2]. This
is in agreement with the construction of the hyperelliptic and bielliptic genus-
three curves # in Figure |, which was based on the divisor P45 € Jac(C)[2]; see
Remark

We make the following crucial remark.

REMARK 3.22. The involution —I on the Abelian surface 21 with (1,2)-
polarization does not restrict to the bielliptic involution on each factor of H in
. Therefore the generic Prym variety associated with the bielliptic quotient
map Hs,:s;] = Lisoisi] of a general fiber is not isomorphic to 2. Instead, it
is isomorphic to Jac(C) by Proposition and is only two-isogenous to 2 by
Proposition
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4. Plane Bielliptic Curves

In this section, we provide a geometric characterization of plane bielliptic genus-
three curves D and their bielliptic quotients. The precise characterization of the
associated branch loci turns out to be critical to relate the bielliptic genus-three
curve D to a genus-two curve C such that the Prym variety of the former is isoge-
nous to the Jacobian variety of the latter.

Let D be a bielliptic curve. Then there is an involution T € Aut(D) such that
D/(t) is a genus one curve. For g = 3, there are two loci in the moduli space
M3 such that the automorphism group has precisely order two, namely the hy-
perelliptic locus Mé‘ and the Mg of dimensions five and four, respectively. In
[3] a normal form for bielliptic genus-three curves was determined. From [26, Ta-
ble 1] we see that a generic curve [D] M’; has a degree-two cover 7P . D p!
ramified at four points. The curve has the equation

w* + w?w? + av?) + bu* + cuv + du*v? + euv’ + gv* =0, 4.1)

wheree=1or g =1.

Precise equations, in terms of invariants of binary sextics, describing the locus
Mé’ N ./\/lg can be easily obtained; see [39]. The same cannot be said for the locus
M see [40]. However, there is a geometric description of the locus Mé’, which
seems to have been known from the XIX century, and it was pointed out to us by
I. Dolgachev.

4.1. Characterization of Plane Bielliptic Curves

Let D be a canonical curve of genus three over C with a bielliptic involution
7 : D — D. Inits canonical plane model given in [3], T is induced by a projective
involution 7 whose set of fixed points consists of a point ug € P*> and a line .
The intersection £g N D is the fixed points of T on D, namely the branch points of
the degree-two cover 72 : D — P!. The following characterization is originally
due to Kowalevskaya; see Dolgachev [12].

THEOREM 4.1 (Kowalevskaya). The point uy is the intersection point of four dis-
tinct bitangents of D. Conversely, if a plane quartic has four bitangents intersect-
ing at a point ug, then there exists a bielliptic involution t of D such that the
projective involution T has uq as its isolated fixed point.

We give another characterization of bielliptic quartic curves.

THEOREM 4.2. D is bielliptic if and only if the following conditions are satisfied:

(1) There exists a line £y intersecting D at four distinct points pq, ..., p4 with
tangent lines €; at the points p; that intersect at one point uy.

(ii) Let P, (D) be the cubic polar of D with respect to the point ug, and let Q
be the conic component of P,,(D) (note that the line £y from above is a line
component of P,,(D)). Then £y is the polar line of D with respect to uy.
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Proof. Suppose D is bielliptic so that its equation f(u, v, w) =0 can be written
in the form

fu,v,w)=w* —2au, v)w? + as(u, v)
= (w? — ax(u, v))? + (as(u, v) —ar(u, 1)) =0.  (4.2)

We check that for the curve in Equation (4.2), the involution 7 : [u : v : w]
[ : v: —w] is induced by a projective involution T whose set of fixed points
consists of the pointug=[0:0:1] € P? and the line £g = V (w). The polar cubic
P,y (D) has the equation ¢ = w(w? — az(u,v)) = 0. It is the union of the line
£ and the conic Q = V(w? — aa(u, v)). The line £ intersects D at the points
pi [Bi s« : 0], where as(B;, o) — ax(u, v)2 =0. The tangent lines at the points
pi are {; = V(a;u — B;v). By the main property of polars, P,,(D) intersects D
at the points p such that the tangent line of D at p contains the point u#¢. Thus
the tangent lines ¢; at p; € D all pass through the point u(, which, given the
normalization of the curve D in Equation (4.2), is ug = [0: 0 : 1]. Thus part (i) is
verified.

Using Equation (4.2), we compute the line polar Pu(s) D) = V(83(F)/8w3) of
D. It coincides with the line £¢. On other hand,

P,3(D) = P2 (Pyy(D)) = P2 (qw) = Py (4 + Puy(@)w)
= 2Py (@) + Pa(@w =w,

where we identify the polar curves with the corresponding partial derivatives. This
implies that V (P,,(q)) = V (w) = £. This checks property (ii).

Let us prove the converse. Choose coordinates to assume that £o = V(w) and
the intersection point of the four tangent lines to is ug = [0 : 0 : 1]. The cubic polar

P,y (D) must contain the line component equal to £y. Write the equation of D in
the form

a0w4 +a(u, v)w3 +ax(u, v)w2 + az(u, v)w +aq(u, v) =0.
Then we get
P, (D) = V(4aou)3 + 3a; (u, v)w2 +ax(u, v)w + az(u, v)),
P (D) = V (12apw?* + 6a; (u, v)w + ax(u, v)),
Pug (D) =24apw + 6a;(u, v).

Since w divides the equation of the polar cubic, we obtain a3(u, v) = 0. If ap =0,
then ug € D, and the line polar Pu(z) (D) vanishes at uq. But this polar is the tangent

line of D at ug. This implies that D is singular at ug. So, we may assume that
ap # 0. Thus the first condition implies that D can be written in the form

w? +ai(u, v)w3 +ap(u, v)w2 + aq(u,v) =0.

As in the first part of the proof, we obtain that aj (¢, v) = 0 if and only if condition
(ii) is satisfied. Thus D can be written in the form (4.2) and hence is bielliptic. [
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For any general line ¢, let £1, ..., £4 be the tangents of D at the points a; + - - - +
as =DNL with £; "D =2a; + ¢; + d;. Adding up, we see that
Z(Ci +di) ~4Kp — ZZai ~4Kp —2Kp =2Kp,

where Kp is a canonical divisor. This shows that there exists a conic S(£) that
cuts out on D the divisor Y (¢; + d;) of degree eight. This conic is called the

satellite conic of £ (see [10]). The map
S:P>— P,
4.3)
L= S(),

is given by polynomials of degree 10 whose coefficients are polynomials in coef-
ficients of D of degree seven. Since 2¢ + S({) and T = €1 + - - - + €4 cut out on
D the same divisor, we obtain that the equation of D can be written in the form

F=l---144+1%2¢=0,

where ¢; =V (;), £ =V (), and S(¢) = V(q).
Using an automorphism of P2, we can assume that the line £ is given by £ =
V (w). For a general quartic, given by

ax* + by* + ezt + 6 fy?22 + 6gx%2> + 6hx?y? + 121x%yz + 12mxy’z
+ 12mcyz2 + 4x3ya1 +4x3zar + 4xy3bo +4xz3co + 4y3zb2 + 4yz3cl =0,
an expression of the satellite conic is
S =x%29af? — 16abycy) + 2xy(18ay f> — 32a1bacy)

+2xz(18as f2 — 32axbrct) + y* (54 f2h — 96bac1h)

+ 2xy(54 f21 — 108 fmn — 96bycil + T2c1m* + 72ban?)

+22(54 fg%* — 96bac ).
For the bielliptic curve in (4.1), this satellite conic is

1 1 1
S = —u’ace + Zuzadz —vce+ szdz —w?cea + szdaz.
A line ¢ is called a bielliptic line if the four tangents ¢; intersect at a common
point ug. Choose the coordinates such that ug =[0:0: 1] and / = w. Then the
equation of D is of the form

F= wz(aow2 +ai(u, v)w + az(u, v)) + a4(u, v) =0.
Itis a bielliptic curve if and only if a1 (#, v) = 0. This is equivalent to P, (S(£)) =

£. Thus we have obtained the following:

THEOREM 4.3. Suppose £ is a bielliptic line. Then D is bielliptic if and only if the
polar line of the satellite conic S(£) with respect to the point uq coincides with .

Let £ be a bielliptic line. The polar cubic of P,,(D) passes through D N £, and
hence it contains £ as an irreducible component. In particular, P, (D) is singular.
Recall that the locus of points u € P? such that P, (D) is a singular cubic is the
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Steinerian curve St(D). If D is general enough, then the degree of St(D) is equal
to 12, and it has 24 cusps and 21 nodes. The cusps correspond to points such that
the polar cubic is cuspidal, and the nodes correspond to points such that the polar
cubic is reducible. The line components define the set of 21 bielliptic lines. In
[10] the 21 lines are described as singular points of multiplicity 4 of the curve of
degree 24 in the dual plane parameterizing lines so that the tangents to D at three
intersection points of D and ¢ are concurrent.
According to [10, p. 327], the equation of the satellite conic S(¢) is equal to

S=D1210+ ¢ -D719+> D7os=0,

where D, p. € SUSHVH*) @ SP(V) ® S°(V*) is a comitant of degree a
in coefficients of D, of degree b in coordinates of the plane P(V*) (we use
Grothendieck’s notation), and of degree ¢ in coordinates of the dual plane. Thus
the vanishing of aj (#, v) from above is equivalent to the vanishing of the comitant
D7,1,9. Cohen [10] gives an explicit equation of D7 1 9.

THEOREM 4.4. D is bielliptic if and only if D7 1 9, considered as a map P(V) —
P(V*), has one of the 21 lines corresponding to the nodes of St(D) as its inde-
terminacy point. The rational map is given by polynomials of degree nine with
polynomial coefficients in coefficients of D of degree seven.

This gives equations of the locus of bielliptic curves in M3. It is unknown to us
if this locus has ever been explicitly determined in terms of the invariants of the
ternary quartics.

4.2. Ramification Locus

In this section, we determine explicit equations for plane bielliptic genus-three
curves based on their characterization in Theorem 4.2. All computations in this
section are carried out over an arbitrary field K. We start with the plane bielliptic
genus-three curve D given in Equation (4.2), that is,

D: w4—2a2(u,v)w2+a4(u,v)=0 4.4

with [u : v : w] € P? and general homogeneous polynomials a, and a4 of de-
gree two and four, respectively, and the bielliptic involution 7 : [u : v : w] > [u :
v : —w]. It follows from [3, Corollary 2.2] that any such smooth curve D is the
canonical model of a bielliptic nonhyperelliptic curve of genus three. The biellip-
tic quotient D/(t) is the genus-one curve Q given by

0: W= ar(u, v)2 —aq(u,v) = 64u4+03u3v+czu2v2+cluv3 +cov4 4.5)

with W = w? — ap(u,v) and [u, v, W] € P(1, 1, 2). Using a standard technique,
as explained, for example, in [25, App. A], we convert this genus-one curve to the
Weierstrass form given any K -rational point on the curve. We have the following:
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LEMMA 4.5. Given a K -rational point, the bielliptic quotient D/ (t) is isomorphic
to the elliptic curve £ given by

E: pn=8&+fEn+gEn’ +hn (4.6)
with [€ :n: p] € P2 and
f= 3c% — 8coca, h= (c% —4cocicnr + 86‘%6‘3)2,
g= SC? — 16c0c%cz + l6c(2)(c% +cic3) — 64c(3)04.

Proof. By a change of coordinates we can assume that the K -rational point is
given by [u, v, W] =[0:1:«], thatis, co = o?. Using the transformation

Cdeokny 5P = 2eiEmp — 2670 — 2] — deoep)
~ ’ - ~2 )
1Y o

followed by the transformation

p=pn+ci&n+ (c; —4cocicr + 8ce3)n?,

proves the lemma. (]

REMARK 4.6. The elliptic curve (4.6) remains well defined, independently of the
existence of a K -rational point. However, in general, there is only an isomorphism

Jac(D/(t)) = €.

The existence of a K -rational point is required for an isomorphism D/(t) = £.
The Jacobian was first found by Hermite as the determinant of a symmetric matrix
that defines a conic bundle which degenerates over &; see [32].

The following lemma is easily verified.

LEMMA 4.7. The elliptic curve € with full K -rational two-torsion given by
£ pPn=§@E —205n+ 7 —4a®)n’) 4.7)
with [& : 2 p] € P? is isomorphic to the genus-one curve
Q: W?2=u*+bu*v? + a*v*, (4.8)
where [u:v:W]eP(l,1,2). An isomorphism ¢ : £ = Q is given by
[§:n:pli> v W=1pn: =260: (0% +206%0 =267 (49)
and by mapping points T1 :[E:n:p]=[0:1:01and O:[0:0:1] t0o [u:v:
W]l=1[1:0:1]and[1:0:—1], respectively.

For the elliptic curve £ in Equation (4.7), the flex-point is the point at infinity
[£:n:p]=1[0:0:1], which is also the base point O for the elliptic-curve group
law. The point Ty : [§ : n: p] =[0:1:0] is a nontrivial two-torsion point. We
have the following:
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PrOPOSITION 4.8. The plane bielliptic genus-three curve
D (wz—az(u,v))z=u4+bu2v2+a2v4, 4.10)

where [u:v:w] € P2, ay is a homogeneous polynomial of degree two, and a, b
are K -rational numbers such that a(b* —4a*) # 0, admits the bielliptic involution
T:[u:v:w]l [u:v:—w]and a degree-two cover given by

JTSZ D— Q, [u:v:w]r—)[u:v:W:wz—az(u,v)] “4.11)

onto the genus-one curve Q in Equation (4.8). The branch locus of the bielliptic
involution t is isomorphic via ¢ to a collection of points {pt, pt,, pt3, pt4} C € in
Equation (4.9) satisfying

£3 —ax(p, —26)n — (b* — 4a®)en* = 0. (4.12)

In particular, we have Z?:l pt; = O. Conversely, the elliptic curve £ in Equation
(4.9) and {pty, pty, pt3, pty} C & with Z?:l pt; = O determine Equation ( )
uniquely.

Proof. The first part follows by explicit computation using Lemma and the
group law on £. Conversely, the elliptic curve in Equation (4.6) is isomorphic to
the general genus-one quotient curve given by Lemma iff we impose h = 0.
The condition & = 0 allows us to express the coefficients a2, C3C(4, and C4(x6
with ¢y = a? as simple rational functions of A, B, ¢;. The general isomorphism
¢ : € — Qis given by

[€:n:pl> [u:v: WI=[Qc1& 4 p)n: —2En: (p>n+2bE%n — 28] (4.13)
such that
Q: W2 =u* + buv? + a*v*
+ ¢1Qu + c1v) Qu? + 2c1uv + (2 4 b)vH)v, (4.14)

where [u:v: W] eP(l,1,2),and c| € K is an arbitrary coefficient.
The branch locus on £ in Equation (4.6) uniquely defines a conic. This conic
is given by

K: (1—y)&>+4Bypn+datn— 1+ y)b> —4d>)n*> =0 (4.15)

with o, 8, y € K. If a plane curve of degree n intersects an elliptic curve in 3n
points, then these points always sum up using the group law of the elliptic curve
& in Equation (4.9). In our case, we expect six points pt;, ..., pts € £ such that
[pt; +---+ptg—60]=0¢€ Pic?(€) as it is the divisor class of DiV(IC/£6) where
L :n =0 is the flex-line. However, the conic and the elliptic curve intersect at
n = 0; we check this computing the resultant of K and the defining equation of
&. From Equation ( ) we check that the intersection at n = 0 has order two,
whence pts = ptg = O. Therefore the remaining four points pty, ..., pty satisfy
[pt; +---+pty —40] =0. We set ax (4, v) =y (u + (B + c)v)? — (a + B2y —
yb/2)v?, and then the branching locus satisfies

£3 — (b —4aHEn? = ax(2c1& + p, —28). (4.16)
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In turn, the plane genus-three curve is given by setting
wr=W+ ax(u,v)
== = O —4aDEn) i+ wQeik +p, -2 (417

Since Ag = Ag = 16a2(b* — 4a®)?, we can set ¢| = 0 without loss of generality.
d

We have the following:

REMARK 4.9. The point O is a branch point if and only if a (u, 0) = u>. We then
write ap(u,v) = (u + /31})2 — (a + ,82 — b/Z)v2 with «, 8 € K. The remaining
points of the branch locus lie on the intersection of £ with the line 2a& 4+ 28p —
2 - 4a2)n = 0. If the point O is in the branch locus of ng, then the remaining

points {pt;, pt,, pt3} satisfy Z?:l pt; =0oné.

On &, we have different involutions acting on points p € £: (1) the hyperelliptic
involution € : pr— —p given by [£ :n:p]l— [ :n:—p]; (2) the involution
11‘?1 : p+— p+ T obtained by translation by two-torsion T; and given by

10 [ pl (07— 4aP)En 171 —(0* — 4a®) p); (4.18)

and (3) the composition i©o z-ﬁ = 11‘?1 o€ p — —p+Ti. We have the following:

LEMMA 4.10. The involutions act on Q as follows:

(pozg: [:v: Wl [—u:v:Wl=[u:—v: W],
poif i [uiv: Wl [—u:v:i—Wl=[u:—v:—W], (4.19)
(po(zgoz%): [u:v: Wl [u:v:—-WIJ.

Proof. The proof follows by computation. U

4.3. Biquadratic Quotients

We discuss the case in Proposition for a branch locus on £ in Equation (4.7),
which consists of the points O : [§ : n: p] =[0:0: 1] and pty, pt,, pt3 with
Z?:l pt; = O. We have the following:

LEMMA 4.11. Given two K -rational points q1, q2 € € suchthat [u:v: W]=[R;:
1:8i1=9(g;i) for 1 <i <2 with R%#RZ, the point g3 = —q1 —q2 €€ isa K -
rational point with [R3 : 1 : S3] = ¢(q3), and we have for a, b in Equation (4.7)
the relations
2¢2 2¢2 4 4 2 2
azzRfR%—i— RlS% RgS1 ’ b:—Rl R22 S12+Sz7 4.20)
Ri — R; Ry — R;
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and
RS — RS>
R3=———,
Ri — Ry
(R1S1 — R2S2)(RaSi — R1S2) @.21)
Sy = _R Ry + RS~ ReS)(RS) = R152).

2 2
R] _RZ

Proof. Given two different K -rational points pt;, pt, on the elliptic curve £ in
Equation (4.7) such that [Ry : 1: S1] =¢(q1) and [R> : 1 : S2] = ¢(g2) with R12 #*
R%, the point g3 = —q1 — g2 is K-rational. Since the coordinates [R; : 1 : S;]
for 1 <i < 3 label points on Q satisfying Equation (4.8), we can easily derive
Equation (4.20). We compute the coordinates for all points on £ and check using
the elliptic-curve group law that g1 + g2 + g3 = O. U

For €1,€2,e3 € {1} and ¢ = (€1, €2, €3) and two distinct K-rational points
q1.q2 € Esuchthat[u:v: Wl=[R;:1:5;]1=g(q) for | <i <2with R? # R3,
we define the plane bielliptic genus-three curves D given by

S —€1 S8
wt — 2w2(u2 — (61R1 + e Ry +63M>uv

€1R| — &Ry
R1S — RS
+ 6162R1R2—63M v2
€1R — Ry
€81 — €15
-2 61R1+€2R2+63w (u —€1R1v)(u — €e2Ryv)
€1RI —e2Ry
RyS1 — RS
x <u—63%v>v=0 (4.22)
Rl _RZ

with [u :v: W] e P(1, 1,2). We have the following:

LEMMA 4.12. Given two K -rational points q1,q> € € such that [R; : 1: S;] =

@(gi) for 1 <i <2 with R? # R3, we set g3 = —q1 — g2 € E with[R3: 1: S3]1 =

©(q3). Then we have:

(1) Forall €1, €2, €3 € {£1}, the plane genus-three curves D¢ in Equation ( )
admit the bielliptic involution lbD fu:v:iw]—> [u:v:—w] and the degree-

. De .
wo quotient map w5 given by

e €81 —€8
7[5 S owe W=w?—u’+ 61R1+62R2+63M uv
€1R — Ry

RS> — R251>v2

(4.23)
€1R1 — Ry

- (6162R1R2 —€3

onto the curve Q in Equation (4.8), isomorphic to £ in Equation (3.8).
(2) The branch points pt; € € with 1 <i <4 ofngg are given by Table

(3) With respect to the elliptic-curve group law, we have Z?: 1pt; =0.
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Table 8 Possible branch loci on Q.

# €1 € €3 pty pty pts pty
1 1 1 1 q 7p) q3 o
2 -1 -1 -1 —q1 —q2 —q3 o
3 1 —1 -1 q1 Ti+aq2 Ti+q3 o
4 -1 1 1 —q1 Ti—q2 Ti—qg3 O
5 -1 -1 1 T +q1 Ti+q 93 o
6 1 1 -1 Ti—q1 Ti—q —q3 o
7 -1 1 -1 Ti1+q1 q2 T+ g3 (0]
8 1 -1 1 Ti—aq1 —q2 Ti—q3 o

Proof. Using Equations ( ) and ( ), @ in Equation (4.8) can be written as

S —S
0: W2=2<R1+R2+R1 R22>(u—Rlv)(u—sz)(u—R3v)v

] —
S1— 8
2
— (R R
+<u (1+ 2+R1_R2)uv

RiSy — RaS1\ ,\°
RiRy — —————— . 4.24
+<12 R R )v (4.24)

Regardless of what signs €1, €3, €3 are chosen in Equation (4.22), the bielliptic
quotient is always the same; namely, it coincides with the curve Q in Equation
( ). Then (1) is immediate; for (2), we check that the branch points of the
map ngg in Equation ( ) are the points with coordinates [e1 R : 1 : €2€351],
[e2Ry :1:€1€352], [e3R3:1:€1€253], and O. Lemma provides a geometric
interpretation for these branch points; (3) follows from Lemma . O

We consider the plane bielliptic curve D given by
D: (e(w2 — uz) —cuv — dvz)2 = ez(u4 +buv? + a2v4) 4.25)

with [u:v:w]e P2 and a, b, c,d, e € K. We discuss the singular locus of Equa-
tion ( ). We have the following:

LEMMA 4.13. The plane genus-three curve in Equation ( ) is irreducible and
nonsingular if and only if Ag Ap # 0, where
Ag = 16a2(b? — 4a®)?,
Ap = —((c? — be? — 4de)? — 12de* (be + d))?
+ (54acze4 — b+ 3(be + 4d)c4e
—3(b%e* + 2bde + 10d%) e + (be — 2d)3 ).

(4.26)

Proof. For e =0, Equation ( ) is singular, and Ap = 0. We assume that e # 0.
Then we can set e = 1 since rescaling ¢ > ce and d +— de eliminates e from
the equation. We check that for b — 4a*> = 0, Equation (4.25) factors and the
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curve is reducible. We assume that b> — 4a% = 0 £ 0. We check that the curve in
Equation ( ) has a singular point with w = 0 iff Ap = 0. Ap is the iterated
(reduced) discriminant of Equation ( ) with respect to w and u (or v). For
w # 0 and u = 0, the curve in Equation ( ) has a singular point if a = 0. We
assume that Ag # 0. Then there are no singular points with w # 0, v # 0, and
AgAp #0. O

REMARK 4.14. If c =0 or e =0, then Ap =0 in Equation ( ).

The genus-one curve Q in Equation (4.8) is isomorphic via ¢ in Equation (4.9) to
the elliptic curve £ in Equation (4.7). We now make the latter coincide with the
elliptic curve in Proposition 3.4 to obtain the following:

PROPOSITION 4.15. Let D be the plane bielliptic curve given by
2_.2_¢ d » ? 4 2,2 2 4
D: (w —u ——uv——v) =u" 4+ bu“v-+a‘v 4.27)
e e

with[u:v:wleP? a, b given in Equation (3.9), and the coefficients
c=c(ro, A1, A2, A3,1), d=d(ho, A1, A2, A3, 1),

4.28
e =e(Ao, A1, A2, A3, 0), (4.28)

with polynomials c, d, e given in the Appendix such that Ag Ap # 0. Then the
curve D is smooth and irreducible and admits the involution Tt : [u :v:w] [u:
v : —w] and the degree-two cover

d
715: D— Q, [u:v:w]— [u T W:wz—uz—fuv——v21|, 4.29)
e e
onto Q = & with branch points {O, 2p1, p1 + p2, —3p1 — p2} C &, where £ is the
smooth elliptic curve given in Equation (4.7) with Ag # 0 and the K -rational
points p1, pa in Lemma

Proof. 1t follows from Lemma that D is smooth and irreducible, and from
Remark that Equation ( ) is well defined. We apply Lemma to the
situation encountered in Proposition with g1 = 2p1, ¢2 = p1 + p2, where
the K -rational points pj, p» were given in Lemma 3.5. Using the isomorphism
¢ : & - Q, we compute the coordinates [u :v: W] =[R; : 1:S;] =¢(q;) for
1 <i <2. We then use Equations ( ) and ( ) to obtain formulas for the
coefficients ¢, d, e. O

REMARK 4.16. Replacing [ — —I is equivalent to p» — —p> due to Lemma
Thus Proposition generalizes to branch points {O, 2p1, p1 + €2p2, —3p1 —
€xp2} C € with €; € {£1} when replacing [ — €»! in Equations ( ).

REMARK 4.17. Tt follows from Lemma that the inversion g — —¢g on the
elliptic curve is equivalent to u + —u. Moreover, for [R; : 1: S;j]+— [—-R; : 1:
Sil=¢(—q;) with 1 <i <2, we have [R3:1:S3]+— [—R3:1:S3] in Equations
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( ). Therefore a bielliptic plane quartic with branch points {O, —2p;, —p; —
€2p2, 3p1 + €2p2} is obtained by setting ¢ — —c in Equation ( ).

We also briefly discuss the existence of an additional involution for the plane
genus-three curve D in Equation (4.25). We have the following:

LEMMA 4.18. The bielliptic plane genus-three curve D in Proposition admits
an additional involution of the form

2

[u:v:wl—[a v:u:aw]

iffa =+d/e and o’ = d/e. In particular, such an involution exists for D if \ghy =
AMA3 OF AoA3 = A1A).

Proof. The first statement is immediate. The second follows by computing ¢2a —
d? in terms of Ag, ..., A3, 1. O

REMARK 4.19. For Apgi; = AzA3, we find Ap = 0 in Equation ( ), and the
curve D is singular. This is easily understood when observing that the construction
of D in Proposition depends on two Weierstrass points corresponding to Ag
and Aq.

5. Proof of Theorem

Until now, we constructed a bidouble cover of P! introducing the curves H, C,
and £ = Q of genus three, two, and one in Section 3 and provided a precise
geometric characterization of plane bielliptic genus-three curves D, their bielliptic
quotients, and the associated branch loci in Section 4. We now combine the results
of the previous sections to prove our main theorem. In this section, we prove
Corollary 5.3, which implies that, under certain conditions, the bielliptic genus-
three curve D is smooth and irreducible. Moreover, we prove in Theorem 5.4 the
existence of the (1, 2)-isogeny between the Prym variety of D and the Jacobian
variety of a smooth genus-two curve C by using Theorem 2.1 and Propositions 2.6,
, , 4.8, and .

We first determine on which fibers of the elliptic fibration with section (ir, O)
given by Equation (2.1) on the Abelian surfaces 2 with (1, 2)-polarization line
bundle £, the branch locus with respect to the action induced by —I on 2 con-
sists of four points {pt;, pt,, pts, pty} C £ such that Z?:] pt; = O. A normal form
for the elliptic fibration and the generators {O, Sy, Sz, S3} of the Mordell-Weil
group was provided in Corollary and Section 3.4. As explained in Sec-
tion 2.1, Barth’s Theorem asserts that 2 is naturally isomorphic to the Prym
variety Prym(D, n?) of a smooth genus-three curve D € |£| with bielliptic in-
volution 7 such that —I restrict to 7, and the linear pencil |£| has precisely
T (L) = {Po, P1, P2, P3} as base points. The blowup in the base points is equiva-
lent to the elliptic fibration with section (7, O) with sections {O, S, S}, S} such
that the divisor classes {Ko, K1, K2, K3} given by

Ko =10], K1 =[S]], K> =[S3], K3 =[S5] (6.1
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Table 9 Special fibers in the elliptic fibration (;r, O) on Kum(A).

— / / /
# 0=Ty T T, T3 {0,8].8), 8}
| relaion: 28 +83 =0, 251 +53 =Ty, 281 +83=Tp, 28] £83=T3.  +{0,-S;+5) +T;.

constraint:  py (s, 1) =0 P§I’2'3)(S0,51)=0 p§2'1’3)(s0,s1)=0 p§3’1’2)(30,51)=0 —S] =8y +T;,28)

Jation: 28] —S3 =0, 28] =83 =Ty, 28] =83 =T», 281 =83 =T3, +(0, -S| + Sy +T;,
e e kT 123 213 G112, HO. SIS T
constraint:  pg(sg, —s1) =0 ) (s0. =) =0 py (50, =s1) =0 py (s9-—s1)=0 —S1 =Sy +T;,281}

)

relation: 2S5 +S3 =0, 28 +S3 =Ty, 28; +83 =Ty, 28; +83=T3, +{0,—Sy +S| +T;,
273 1.23) @.1.3) ) O
constraint:  pg(Isy,sp) =0 123 " (Isy,59) =0 123 0 (Usy,59) =0 123 sy, s9) =0 =89 =81 +T;,28;}

w

relation: 28 —S3 =0, 12%— S3=Ty, 22;523 —83=Tp, 321322— 83=T3.  £{0,-S,+S| +T;.
constraint:  pg(lsy, —sg) =0 Pé’ : )(1s1,ﬂ~0):0 I’é' ’ )(151,730):0 Pé' : )(151_730):0 =Sy =81 +T;,28;}

IS

are the four exceptional curves of the blowup; see Proposition 2.6. To that end,
the sum of the sections {S/, S/, S/} representing the divisor classes K1, K2, K3
in Proposition has to vanish. This will happen in certain smooth and certain
singular fibers of the elliptic fibration, and we are interested in the former. We
have the following:

PrOPOSITION 5.1. Table 9 lists all points in the base curve of the elliptic fibration
with section (1, 0) on Kum(2() where the sum of sections {S,S), S} repre-
senting divisor classes K1, K>, K3 vanishes. Table 9 is based on the four pos-
sible choices for (S}, S}, S5} determined by Proposition 2.4. The polynomials
p4(so, s1) and p§1’2’3)(s0, s1) are the polynomials of degree 4 and 2, respectively,
given by

pa(s0, 51) = 220h1A2r3lsT — Aor1Aarz(ho + A1 + A2 + A3)s7s0
+ (AoA1A2A3 4 AohiA2 + AohiAs + Aorahs)sisg — 2Usg,

(5.2)
1,2
P§ 29 (50, 51) = AoAAarz(ho + A1 — A — A3)s7 — 21 (Aoh1 — A2A3)50S1
+ AoA1 (A2 +2A3) — A2A3(ho + A1),
and p§2’1’3) and p§3,1,2) are obtained by interchanging A1 <> Ay and 1 <> A3, re-

spectively, in p§1’2’3). The parameters Ao, A1, A2, A3, [ are the moduli of a general
genus-two curve given in Lemma 3. 1. (We remind the reader that we write Ao and
12 = AoA1A3r3 rather than substituting Ag = 1.)

Proof. The conditions 2S; = S3 =T; and 2S, £S3 =T, for 0 <i < 3 result from
making the last column in the table in Proposition 2.6 vanish. Staying away from
singular fibers of the elliptic fibration described in Section 2.2, the rest of the
statement follows from explicit computation using the group law on the smooth
elliptic fibers. (]

The marked cells in Table 9 determine points in the base curve of the elliptic fi-
bration with section (77 : & — P!, O) where the sum of sections {O, S/, S5, S5}
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vanishes. In particular, these points can be explicitly expressed in terms of modu-
lar forms and the sections in terms of the rational points py, p2 in Lemma 3.5. We
have the following:

COROLLARY 5.2. For the six points in P! given by
[sg : 511
=[(ho 4+ 1 —Aj — AL hori — Ajae £2m ST g — 1) (o — 1)1, (5.3)
the sections {0, S|, S}, S} coincide with the point.s {O, 2p1, p1 +p2, —3p1 — p2}
in fibers &5y.5%1 given by Equation (3.21). Here m©10 satisfy
(m(i’j’k))z _ (Ai — )Lj)()\i — M)
(Ao — Ai) (Ao — Aj)
for {i, j, k} = {1, 2, 3}, the point 2py has the coordinates
E=(Ao+A1—Ar—A3)% =1,
p=UNo+ A1 —Ar—A3)(Ao— A1 — A2+ A3) 549
X (Ao — A1+ Az + A3),

and p1 + p2 has the coordinates
& =4(AoA1 + A2A3 —2L), n=1,
p=8(L(Ao+ A1+ A2+ A3) — ApA 1Az (5.5)
— AoA1A3 — AoA2Az — A1 A2 A3),

where A;j = N;(s5,s7) for 0 <i <3 and L = L(s;,s]) are given in Equation

(3.20).

Proof. We check that the points in Equation (5.3) satisfy p£1’2’3) (s5.57) =0in
Proposition 5.1. The relation between the generators of the Mordell-Weil group
MW (rr, O) and the points p; and py is given in Equation (3.26). Using Proposi-
tion 2.6, it follows
S1=281=2p;, S$,=81+S52+S3=p1+ps,
S;=81—-S2+S3=p1 +p2.
Then the condition 281 4+ S3 = T; with 1 <i < 3 in Proposition implies

> S; = 2T, = O. Because p§2’1’3) and p?’l’z) are obtained by interchanging

A1 <> Az and A <> A3, the statements follow for the other points in the base curve
as well. O

By replacing A; — A;(sg, s1) for 0 <i <3 and/+ L(sp, s1) in Proposition
we obtain the coefficients A, B, C, D, E from a, b, c, d, e; A, B are given by
Equation (3.22) and

C(s0,51) = c(Ao(S0, S1), A1(S0, 51), A2(s0, 51), A3(s0,51), L(s0,51)),
D(sq, s1) =d(Ao(so, s1), A1(s0, 51), A2(s0, 51), A3(s0, s1), L(s0, 51)), (5.6)
E(s0,51) = e(Ao(s0, 1), A1(s0, 1), A2(s0, 51), A3(s0,51), L(s0,51)).
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Then a pencil Z of plane bielliptic genus-three curves Zy,.s,] is given by
(E (50, s1)(w? —u?) = C(s0, s)uv — D(so, s)v*)?
= E(s0,51)** + B(s0, s1)uv? 4+ A% (o, s1)v*) (5.7)
with [u: v:w] € P? and [sg : 51] € P'. We immediately have the following:
COROLLARY 5.3. The plane genus-three curves Yis,.s,] in Equation (5.7) are ir-

reducible and nonsingular for all [sq : s1] € P! with Ag(s0,51)Ag(so,s1) Z 0,
where

Ag(so, s1) = 16A%(B* — 4A%)2,

Ag(so,s1) = —((C*> — BE? —4DE)?> — 12DE*(BE + D))*
+ (54AC?E* — C® + 3(BE +4D)C*E
—3(B*E*+2BDE + 10D*)C?E? + (BE — 2D)’E?)?,

(5.8)

and A = A(sg,s1), B = B(so,s1), and so on. In particular, then we have
E(so, s1) # 0.

Proof. The proof follows from Lemma by replacing a — A(sg, s1), b
B(sg, s1), and so on. O

Then each smooth and irreducible curve Z,.s,] in the pencil 2 admits the biel-
liptic involution 7 : [u : v : w] € P2 [u:v:—w] interchanging the sheets of the
degree-two cover

D .
Tg - @[Soiﬁl - ‘g)[so:sl]

59
[u:v:w]+— |:u:v:W=w2—u2— C(SO’Sl)uv— D(SO’Sl)v2:| 62
E(s0,51) E(s0,51)

onto the elliptic curve &isy.5;] = Zisy:s11/(T) in Equation ( ). It follows from
Barth’s Theorem that the Prym varieties for the bielliptic curves Zy.s,] are
Abelian surfaces with polarization of type (1, 2). We have the following:

THEOREM 5.4. The Prym varieties of the smooth plane bielliptic genus-three
curves @[~Y3:~YT] obtained as fibers of the pencil in Equation (5.7) over [s§ : s{] € P!
in Equation (5.3) with Ag(s5, s7)Ag(sy, s7) # 0 admit a (1, 2)-isogeny

V2 Prym(.@[sgzsf], n;j) — Jac(C)

onto the principally polarized Abelian surface Jac(C) for C in Equation (3.1).

Proof. 1t follows from Proposition that the elliptic fibration 7 : & — P! in
Equation (3.21) is the special elliptic fibration 7 : Kum(2() — P! with section
O in Proposition on the Kummer surface of the Abelian surface 2l with a
polarization of type (1, 2). By Barth’s Theorem 2.1 the elliptic fibration is induced
by a pencil of bielliptic genus-three curves. The bielliptic involution 7 has fixed
points {Pg, P1, P2, P3}. We proved in Proposition 2.6 that the branch points of the
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bielliptic involution are given by the sections {O, S/, S}, S}} that represent divisor
classes

Ko =1[0], Ky =[S]], K> =[S}], K3 =[S5]. (5.10)
The double points are the images of the order-two points {Po, ..., Pis} on 2, that
is, elements of 2[2], and the disjoint rational curves {Ky, ..., K15} are the excep-

tional divisors introduced in the blowup process. We proved in Corollary 5.2 that
over the points [s; : s]] € P! in Equation (5.3) the sections add up to zero with
respect to the elliptic-curve group law and coincide with {O, 2p1, p; +p2, —3p1 —
p>} in fibers éo[s(;: sep- 1t follows from Proposition that a plane bielliptic genus-
three curve covering &} siist] with the same branch locus is obtained from Equation
(4.25) by replacing A; = A;(sg, s7) for 0 <i <3 and [+~ L(sg, s}) in Proposi-
tion . By Proposition this model is unique. Moreover, it follows from [

Corollary 2.2] that any such smooth curve is the canonical model of a biellip-
tic nonhyperelliptic curve of genus three. It follows from Proposition that
the polarization of type (1,2) on the Abelian surface 2 is induced by an isogeny
W : A — Jac(C) onto the principally polarized Abelian surface Jac(C) for the
genus-two curve in Equation (3.1). O

A tedious computation gives the following:

COROLLARY 5.5. The coefficients A, B, C, D, E of the bielliptic genus-three
curves ‘@[‘YS‘:ST] are polynomials in Z[Ao, A1, A2, A3, 1, It m(’*-/’k)].

We determine some symmetries of these functions. We have the following:
LEmMMA 5.6. For {i, j,k} ={1,2,3},
[sg:si1=[(ho+Ai —A; —Ap)l:
Aok — hjag £m ST G — X)) (o — 201, (5.11)
and Aor; = AjAg, we have C = D = E =0 in Equation (5.7).
COROLLARY 5.7. For {i, j, k} ={1,2,3},
[sg :sTT=[(o+Ai —Aj —Ap)l:

Mohi = hjre £mGI0 g — 1) (o — )], (5.12)
and one of the additional relations given in Table 10, the smooth and irreducible
bielliptic plane genus-three curve @[33:37] in Theorem admits an additional

involution of the form
[u:v:wl— [oezv:u:aw],

with o* = D(sg, s7)/E(sg, s7). In particular, the Jacobian variety of the smooth
genus-two curve C is two-isogenous to a product of two elliptic curves, that is,
Jac(C) ~2 &1 x &.
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Table 10 Additional relations between Rosenhain roots.

@i, j, k) relation
(1,2,3) AMoA2 = A1A3 OF AoA3 = A1)
(2,1,3) Aori = A2A3
(3,1,2) Aol = A2A3
Proof. The first part follows from Lemma and a tedious computation af-

ter replacing a — A(s(’)k,s]“), b— B(s(’)k,s]“), and so on. For the second part,
we compute the Igusa—Clebsch invariants of C, denoted by [I : I4: Ig : I10] €
P(2,4, 6, 10), using the same normalization as in [27; 28]. Then we can ask what
the Igusa invariants of a genus-two curve C defined by a sextic curve are in terms
of t such that (7, ) € Mat(2, 4; C) is the period matrix of the principally polar-
ized Abelian surface Jac(C). This allows us to compute the Siegel modular forms
Y4, U6, X10, X12 for Jac(C), as introduced by Igusa in [22]. Igusa [23] also proved
that the ring of Siegel modular forms is generated by 4, Ve, X10, X12 and by
one more cusp form x35 of odd weight 35 whose square is the following poly-
nomial [22, p. 849]. We check that the additional relation implies x3s ©?*=0
On the other hand, it is well known that for any smooth genus-two curve C with
x35(C) =0, its Jacobian is two-isogenous to a product of two elliptic curves, that
is, Jac(C) ~2 &1 x &; see [22]. O

Proof of Main Theorem [.2. Corollary proves that for Ag(sg,s7)Ag (s,

s7) # 0, the curves @ 1 are smooth and irreducible. Theorem proves the
existence of a (1, 2)- 1sogeny Lemma 3.1 and Remark 3.2 provide explicit formu-
las for Ag, A1, A2, A3, [, m@JK) in terms of theta functions. O

Appendix: Coefficients of Plane Bielliptic Genus-Three Curves

The plane bielliptic genus-three curve D in Proposition is given by
c d ,\*
<w2—u2——uv——v2) =u* + bu*v® + a*v* (A1)
e e

with [« : v : w] € P? and the coefficients
a= (Ao — A1) (A2 — A3),
b =4loh1 +4rod3 — 2h0hp — 200A3 — 2A 1A — 2A1 A3,
c= C()no, )»1, A2, A3, 1)

—-4]‘[]’[@ —x)(Zﬁ 2 Y hidy +81> (A3)

i=0j=1 0<i<j<3
d=d(Xo, 11,72, A3,1)

= —AJh1ha — AJh1As + 2A00As — 4AgAT N — AAGATAs 4 SAgA1AS

(A.2)
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+ SAgAIAS — AGASA3 — AgA2A3 4+ 10A3AT A0 4+ 10230305 — 5234303
— 2A3AThaAs — SAGATAT — SATMIAS + AZAIAIA + A1 A0S

— SAIMAT = SAIAINS 4+ 10AJAIAS — SAZAaAS — 4adATan — 422ATAs
— 5230303 — 202030005 — SAZATAS + 10222303 + 10430303
—DEMAS A3+ A3 A3 — A3 4 5A3A3As — 5A3A3A3
— SAZA3AS + SAZA2AT — AoATA2 — AoATA3 + SA0ATAS + SAoATAS

— 5A0ATA3 + AoATASA3 + AoATA2AS — SAOATA — AoATAS + AoATAIA;
+ A0ATA2A3 — A0ATAS 4 2h0M1A5 — 2hoh1A3A3 — 2h0A1 AIAS

+ 200125 — AoA3A3 — 4hoA3Ad + 10A0A3A3 — 4A0A3AT — Aorah3

+ 2000043 — AfA3A3 — ATA0A3 — SATA3A; + 10432343 — 5A3 003

+ 5230503 — SATA3AS — SA3AZAT + SATAoA — AiAdAs —4hiAAg

+ 10A1A3A3 — 4014305 — AMAA3

+ (8AgA1 — dhgha — ARz — 8A3AT +4AdA3 + 42303 — 8adA]

+ 8020200 4 8A3ATh3 — 4aZA103 — 4adaiad + 42203 — 4a3a3s

— 4230023+ 4AR3A3 4 8roAT — 4h0ATAS — 4AoATAT — dhor)

+ 8R0A3A3 — 4hoA] — 4ATAo — 4ATAs +4ATA3 +4adad + 4013

— 43205 — AA3A0AS +AMTA3 — AMAS + 8AIA3AT — 4aid

+ 8A343 — 8A323 — 8A3A3 4 8raAd), (A.4)

e=-¢e(ro, A1, A2, A3,1)
= (Ao + A1 — A2 — 23)2AZAT — A3n1 — 223010
— 3A3A2h3 — AoAT — 2A0ATA2 — 2h0ATA3 + 3h0A1AS + 3A0M A3
+200A343 + 2404243 — 3ATA2A3 + 2A1A3A3 + 2010003 + A3As
— 223h1h3 — 2033 + 2ard +4(AG + AT — A3 — ADD). (A.5)

Here we assumed that the curve D is irreducible and smooth such that Ag Ap # 0
(and e # 0 in particular), where

Ag =16a*(b* — 4a*)?,
Ap = —((c* — be* — 4de)* — 12de* (be + d))*
+ (54ac?e* — ® + 3(be + 4d)cte
—3(b*e* + 2bde + 10d%) e + (be — 2d)3e)>.

(A.6)



266 A. CLINGHER, A. MALMENDIER, & T. SHASKA

The plane bielliptic genus-three curves @[S;;: 541 in Theorem are given by
2 o Clsgsp) D(sg. 1) 5 ?
we —u”— uv — v
E(sg, s7) E(sg. s7)

=u* + B(s), sHuv? + A% (s§, sPHv? (A.7)

with [u : v:w] € P2, [so : s1] € P!, and the coefficients
A(so, 51) = (Ao (50, s1) — A1(s0, 51)) (A2(s0, 51) — A3(s0, 51)),
B(so, s1) =4Ao(s0, s1)A1(s0, s1) +4A2(s0, 51) A3 (s0, 51)
— 2A0(s0, 51) A2(s0, 1) — 2M0(s0, 51) A3 (50, 51)
—2A1(s0, 51) A2(s0, 51) — 2A1(s0, 51) A3(80, 51),

(A.8)

and
C (50, 51) = c(Ao(s0, 51), A1(S0, $1), A2(s0, 51), A3(s0, 51), L(s0,51)),
D(so, s1) =d(Ao(s0, 51), A1(S0, 1), A2(S0, 1), A3(s0,51), L(s0,51)), (A.9)
E(s0, 1) = e(Ao (50, 1), A1(s0, 1), A2(s0, 51), A3(s0, 51), L(s0,51)),

where the functions c, d, e are given in Equations (A.3)—(A.5) with Ag, A1, A2,
A3, [ replaced by Ag, A1, Ag, Az, L with

Ais1)?
Ai(so,sl)=w, 0<i<3,
, (A.10)
D Ai
L(so,s1)=—H’*0(S(;+ ’Sl).

Moreover, the special point [sg : s1] = [sg : 7] to be used in Equation (A.7) is
given by

[SE)k :sik] =[(ho+A —A; — Al :
(ki — A jag) £m TP (g — 1) (o — M) (A.11)
for all {i, j, k} = {1, 2, 3}, where

0262 0202
r=1, )»1=—1232, 2= ;S
9294 04910
2n2 20202 2
ry = 2% _ %0 m:23) = 9193% (A.12)
0267, 02607, 620003
2 2
m@13 —; 03650 m3 12 — 6165605
0461007 0201008

and the ten even theta functions 91.2 = 91.2 (0, v) with zero elliptic argument, modu-
lar argument T € Hy/I'2(2), and 1 <i < 10 follow the same standard notation for
even theta functions as that used in [21; 20; 27; 28; 9]. Since the curves @[Sagsif]
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are assumed to be irreducible and smooth, we have A g (sg, sT)Ag(s5, s7) # 0,
where

Ag(so, s1) = 16A%(B* — 4A%)2,

Ag(so,s1) = —((C* — BE* —4DE)? — 12DE*(BE + D))*
+ (54AC?E* — C® + 3(BE +4D)C*E
—3(B’E?>+2BDE + 10D*)C*E?* + (BE — 2D)’E®)?,

(A.13)

and A = A(sg, s1), B = B(sg, 51), and so on.
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