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1 Introduction

One main distinction of K3 surfaces, among others, is that they form the only class
of surfaces that might admit more than one elliptic fibration with section, which is
not of product type [17, Lemma 12.18]. It is therefore a natural problem to classify
such fibrations. This has been done in the past three decades, via different methods
by several authors, see for instance [15, 14, 7, 2, 3, 6] and [1]. Recently, the second
and third authors have proposed a new method to classify elliptic fibrations on K3
surfaces which arise as double cover of rational elliptic surfaces. We refer the reader
to [5] and [6] for more details.

Let X be a K3 surface obtained as a double cover of an extremal rational elliptic
surface defined over a number field k. The purpose of this paper is to determine
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fields of definition of the distinct elliptic fibrations on X, i.e., fields over which the
classes of the fiber and of at least one section are defined (see Definition 1). We
also determine, in some examples, an upper bound for the degree of the field over
which the Mordell-Weil group admits a set of generators. Extremal rational elliptic
surfaces have been classified by Miranda and Persson in [10]. There are sixteen
configurations of singular fibers on such surfaces. We restrict further our attention
to smooth double covers of extremal rational elliptic surfaces with distinct reducible
fibers, i.e. such that there are no two reducible fibers of the same Kodaira type. Given
a genus 1 fibration on such a K3 surface, we show that it admits a section over a field
that depends on the action of the cover involution on its fibers (see Theorem 1). We
illustrate this last result for K3 surfaces that arise as a double cover branched over
two smooth fibers of the extremal rational elliptic surfaces with one unique reducible
fiber and also on smooth double covers of the surface with fiber configurations
either (111%*, I) or (111*, I11). Remark that among those sixteen configurations of
singular fibers on extremal rational elliptic surfaces only four of them have a unique
reducible fiber, namely (lo, 311), (I1*, 1), (I11*,21;) and (I, 21). As only the
configuration of reducible fibers plays a role in our arguments, we narrow these
down to three classes and study those extremal rational elliptic surfaces, denoted by
R9, R, and R4 and the corresponding K3 surfaces Xo, X», and X4, respectively.
We denote by R3 an extremal rational elliptic surface with fibers either (/11*, I5)
or (I11*,111) and its generic K3 cover X3. Notice that the surface X4 also occurs
as a double cover of R3 and hence, X3 and X4 belong to the same family of K3
surfaces. A reason to explore elliptic fibrations on X;,i = 2, 3, 4, 9 is that they have
different behavior with respect to the cover involution of X; — R;. Fibrations that
are preserved by this involution are easier to describe via linear systems of curves
on a rational surface, and one can also exhibit a Weierstrass equation for those as
pointed out in [1] and [6]. In particular, on X3 and X4, which can be identified, we
have two different involutions (induced by the covers X4 — R4 and X3 — R3) and
the behavior of each fibration on X3 ~ X4 with respect to these two involutions can
be different.

This paper is organized as follows. In Sect.2 we introduce the notations which
remain in force during the paper and lay down our setting. Section 3 is devoted to the
study of rational curves on the K3 surface X obtained as a double cover of a rational
elliptic surface R. More precisely, motivated by the work done in [5] and [6], we
study the behavior of the image by the quotient map 7w : X — R of rational curves
on X and we determine the rational curves on X coming from a section defined
over k of the elliptic fibration Eg. While Sect.3 is of geometric nature, Sect.4
is dedicated to study the arithmetic of extremal rational elliptic surfaces defined
over k. In particular, we obtain the quite intriguing fact that with a possible unique
exception all extremal rational elliptic surfaces can be obtained, over the ground
field, as a blow-up of base points of a pencil of genus one curves in P? or P! x P!,
Lemma 4. Section 5 is dedicated to the study of K3 surfaces coming from double
covers of extremal rational elliptic surfaces. We prove in Theorem 1 that a genus 1
fibration on X admits a section over a field which depends on the action of the
cover involution on the fibers of the genus 1 fibration. Finally, in Sects. 6 and 7 we
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illustrate the previous result. More precisely, in Sect. 6 we give a classification of
elliptic fibrations on the surface X9 given by a generic double cover of an extremal
rational elliptic surface Ry with an Iy. We present a fiber class corresponding to each
fibration on X9 using sections and components of the reducible fibers of the fibration
induced by the elliptic fibration on Rg9. We also study the Mordell-Weil groups of
each fibration and the fields of definition of the fibrations and their Mordell-Weil
groups. Section 7 has similar results for the K3 covers of the rational elliptic surfaces
Ry, R3 and Ry, with reducible fibers (11*), (I11*, I;) and (I]), respectively.

1.1 Relation to the Literature

Fields of definition of the Mordell-Weil group of non-isotrivial elliptic surfaces
were studied independently by Swinnerton—-Dyer in [19] and Kuwata in [8] via
different methods than the ones presented here. While the first focused on elliptic
surfaces fibered over P!, the latter dealt with basis of arbitrary genus. Nevertheless,
both works are concerned with more general elliptic surfaces than the scope of
this paper. In Kuwata’s work he supposes that each component of the reducible
fibers is defined over the ground field k. Let E be the generic fiber of an elliptic
surface defined over k with base curve C. He proves that there is an explicitly
computable number m and an explicitly computable extension L/k such that
mE (k(C)) = mE(L(C)). Our work differs from Kuwata’s in several ways. Firstly,
while he focusses on one unique elliptic fibration on a surface, we consider one
elliptic fibration which we assume is defined over some number field & and use
it as a point of start to study the other elliptic fibrations present on the surface.
Thus in our work, one elliptic fibration is defined over the ground field, while the
others not necessarily. For that reason we are concerned with different fields of
definition, namely the one of the elliptic fibration and that of the Mordell-Weil
group. Secondly, we focus on an specific class of surfaces, namely K3 surfaces.
The further assumption that the K3 is a double cover of an extremal rational elliptic
surface guarantees that the fields of definition will be much smaller than those for
arbitrary elliptic surfaces. Indeed, fields of definition of the Mordell-Weil group
of an elliptic surface can be quite large, for instance in [19] Swinnerton—-Dyer
constructed an elliptic surface for which the field of definition of the Mordell—-
Weil group has degree 27 - 3* - 5, and the degrees of the fields of definition in
Kuwata’s work are also much larger than the bounds obtained here. Finally, it is
worth to mention that Kuwata’s work deals with fields of arbitrary characteristic
while we focus on number fields. We expect that our work allows generalizations to
that setting and the restriction has been made for the matter of simplicity but also
because some of our work builds up on Miranda and Persson’s work in [10], and on
two of the author’s paper [5]. Both settings are restricted to characteristic zero.
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2 Preliminaries and Setting

Let R be a rational elliptic surface, i.e. a smooth projective rational surface endowed
with a relatively minimal genus one fibration. We assume throughout this article that
such a fibration admits a section. We denote by

Er:R— P! (1)

the elliptic fibration on R. Let d : C — P! be a double cover of P! branched on 2n
points p;,i =1, ..., 2n. Then the fiber product R X1 C is endowed with an elliptic
fibration R xp1 C — C, induced by Eg. We call the fibers Sgl(p,-), i=1,...,2n,
the branch fibers. If all the branch fibers are smooth, then the fiber product R xpi1 C
is smooth, and we denote it by X. Otherwise, R xp1 C is singular and we denote by
X its smooth model such that the elliptic fibration Ex : X — C, induced by Eg, is
relatively minimal.

X —----- > Rz C R
Er
Ex
2:1
C P!

Assume that R, the fibration g and the zero section O are all defined over a
given number field k, which we fix once and for all. If the morphism d is defined
over k then so is the fiber product, its possible desingularization X and the inherited
elliptic fibration Ey.

The surface R xp1 C is naturally endowed with an involution, namely the cover
involution of the map R xp1 C — Rinduced by the2 : 1mapd : C — P'. It extends
to an involution T € Aut(X) which is the cover involution of the generically 2 : 1
cover X — R. we denote by 7 the quotient map 7 : X — X/t ~p; R.

From now on we make the following assumptions.

e d:C — P!isdefined over k,
e n=1,ie.d:C — P!isbranched in two points. Hence C >~ P!,
¢ the (two) branch fibers are reduced.

As a consequence of the previous assumptions we have that X is a K3 surface
over k (see [17, Example 12.5]), the involution 7 is non-symplectic, i.e. it does
not preserve the symplectic form defined on X, since the quotient of a K3 by a
symplectic involution is again a K3 surface (see [13]), and both Ex and its zero
section are defined over k. Moreover, if the branch fibers are smooth, the reducible
fibers of Ex occur in pairs that are exchanged by 7.

Notation I We denote by 7* the involution induced by T on NS(X).
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We recall that, due to their geometry, i.e. trivial canonical class and regularity,
K3 surfaces might admit more than one elliptic fibration, all with basis P!, see
for instance [17, Lemma 12.18]. Let X be as above, then it admits an elliptic
fibration Ex and at least another elliptic fibration different from Ex [3, §8.1] and
[6, Proposition 2.9]. One can divide the elliptic fibrations on X in three different
classes, depending on the action of t on its fibers. In particular, let  be an elliptic
fibration on X then, by [5, Section 4.1], it is

» of type 1 with respect to 7, if T preserves all the fibers of 7;

» of type 2 with respect to 7, if T does not preserve all the fibers of 1, but maps a
fiber of n to another one. In this case t is induced by an involution of the basis of
n: X — PL. It fixes exactly two fibers and T* preserves the class of a fiber of ;

» of type 3, if T maps fibers of 7 to fibers of another elliptic fibration. In this case
7* does not preserve the class of the generic fiber of 7.

The distinct elliptic fibrations on X are not necessarily defined over k. Moreover,
different fibrations might be defined over different fields. The aim of this paper is to
take a first step into understanding how the action of the involution t on the fibers
of a given fibration might influence its field of definition. Throughout this paper we
adopt the following definition.

Definition 1 Given X as above and an elliptic fibration n on X, then the smallest
field extension of k over which the class of a fiber of 1 is defined and n admits a
section is called the field of definition of the fibration . We denote it by ;. We
denote by k; mw the smallest field extension of k, over which the Mordell-Weil
group of n admits a set of generators.

Remark 1 The reader should be aware that in Definition 1 our starting data is a
K3 surface X constructed as a base change of a rational elliptic surface R. Thanks
to this construction X inherits an elliptic fibration from R which is defined over a
number field k. All other fields of definition that appear in this paper are (possibly
trivial) field extensions of k. In this sense, the field of definition is unique, but when
considering X without this preliminary data then the field is no longer necessarily
unique. Indeed, one could for instance obtain the same X as a double cover of
another rational elliptic surface R’ defined over a different field k.

3 Rational Curves on K3 Surfaces

Let X be a K3 surface as in Sect. 2. In this section we study the behavior of the
image by the quotient map m of the rational curves on X. As in the case of elliptic
curves, this behavior depends on the action of the cover involution 7 on the rational
curve.
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Lemma 1 Let C be a smooth rational curve on X and D = w(C) its image on R.
Denote by m the intersection number C - T(C). Then D is of one of the following

types.

(i) A fiber component of &g on R.
(ii) A section of Ep.
(iii) An m-section of Eg, where m > 0.

Moreover, if w is branched over two smooth fibers of Eg then (i) implies m = 0.

Proof Let C be a smooth rational curve on X and D = 7 (C). By the adjunction
formula we have that C2 = —2. We consider the following cases 7(C) = C and
(C) # C.

1. 7(C) = C. In this case, the involution can either act as the identity on C or as an
involution of C. If the former holds then D is a (—2)-curve on R and therefore
it is a component of a fiber of Eg. If T acts as an involution on C then since
74(C) = 2D, we have that 2D* = C? = —2. Hence D?> = —1, and in particular
D is a section of Eg.

2. 7(C) = C' # C.Then m > 0, then 7*(D)> = 2D? = (C + C')> = —4 + 2m.
Hence D?> = m — 2. By the adjunction formula we have that D(—Kg) = m. To
conclude it is enough to recall that the class of a fiber of the elliptic fibration on R
is given by —Kg. Thus, D is an m-section of Eg if m > 0, or a fiber component
of Egif m = 0.

Moreover, if 7 is branched over two different smooth fibers, 7 (C) = C implies that
T is an involution of C, and thus D is a section of the elliptic fibration Eg. Hence if
D is a component of a fiber one must have 7(C) # C,i.e,case 2. withm =0. 0O

The next lemma deals with rational curves on X that come from sections defined
over k of the elliptic fibration Eg. As sections do not split on the double cover we
show that their inverse image is as irreducible curve defined over k.

Lemma 2 Let Pg be a section of Eg : R — P! that is defined over k, then
Py = 7~ Y(Pg) is an irreducible smooth rational curve of X and t(Px) = Px. In
particular Py is defined over k.

Proof If Pg is a section of an elliptic fibration on a rational surface then it meets the
branch locus of R xp1 P! — R, which is given by two fibers, in two points. Thus its
inverse image is a 2 : 1 cover of a rational curve branched in two points, i.e. either
an irreducible smooth rational curve or the union of two smooth rational curves
meeting in two points. If the inverse image of Pg is the union of two curves, say P|
and P,, we have 7*(Pg) = P; + P,. Since the inverse image of a fiber Fg, which
is not a branch fiber, consists of two disjoint fibers, we have 7*(Fr) = (F1 + F3).
But then we would have 7 *(Fr)n*(Pgr) =2 = (F1 + F2)(P1 + Py) = 2(F1 P)) +
2(F1 Py), where we used that F| and F; are linearly equivalent, since they are fibers
of the same fibration on X. This would imply that either P; or P, is a component
of a fiber, which is not possible, because they intersect in two points which lie in
two different fibers, namely the ramification fibers. We conclude that 7 1(Pg) is
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a smooth rational curve. Even if one has to blow up some points to obtain X from
R Xp1 P!, the strict transform of the inverse image of Pg, which we denote by Py,
remains irreducible and thus t(Px) = Py. Since the double cover map d is assumed
to be defined over k and so are the points that one has to possibly blow up, we have
that Py is also defined over k. O

4 Extremal Rational Elliptic Surfaces

In what follows we analyze the arithmetic of extremal rational elliptic surfaces
defined over k. Let us recall that an extremal rational elliptic surface has Mordell—
Weil rank equal to 0, and thus only finitely many sections, i.e. (—1)-curves.

Lemma 3 Let R be an extremal rational elliptic surface defined over k. Assume that
all reducible fibers of the elliptic fibration are distinct. Then the Néron—Severi group
NS(R) admits generators defined over a field extension of k of degree at most 2.

Proof There are two main ingredients in the proof of the statement. The first one is
the Shioda-Tate formula which tells us that

NS(R)/T >~ MW(Er), 2
where T = (O, F) @ Y_yereducible fibers @v,i, With ©,, ; denoting the n,, components
ieS,
of the reducible fiber 8;1(1)), Sy, = {1,---,n, — 1} and, since the surface is

extremal, MW (&ER) is a finite group. The second is the fact that the absolute Galois
group G acts on NS(R) preserving the intersection pairing.

Recall that both the zero section O and the class of a smooth fiber F' are defined
over k. A reducible fiber with exactly two components has each component defined
over k since the component that intersects the zero section is preserved G. Thus in
what follows we can focus on reducible fibers with at least three components. By the
hypothesis on the reducible fibers being distinct, there are at most two such fibers,
say F,, and F,,, see the table in [10, Thm. 4.1]. Assume w.l.o.g that F,, is the fiber
with more reducible components. Each reducible fiber is globally defined over k
because, by assumption, it is unique. Hence its trivial component is also defined over
k. Since the latter intersects at most two other components, these are G-conjugate
and as a pair they form a G-orbit. The same happens to all other components that
are not defined over k. Let kr/k be the quadratic extension over which the fiber
components of Fy, are defined. We show that each section is defined over kg. The
Mordell-Weil group is globally defined over k since its elements are precisely the
(—1)-curves in the Néron—Severi group. Moreover because each section C intersects
transversally a unique fiber component of Fy,, the point of intersection is mapped
by any element in G; to another point of intersection of a component of Fy, and
a section. Since a component of a fiber is mapped by Gy either to itself or to a
unique other fiber component defined over kg, the intersection point is also defined
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over kg. Thus C is a rational curve with a kg-point and hence it is also defined
over kg. It remains to show that the components of Fy, are defined over kg. This
follows from the fact that after contracting the sections and certain fiber components
of F,, we reach either P? or P! x P! cf. Lemma 4. The components of F,, are thus
rational curves with kr-points that correspond to the contracted curves, and hence
are defined over kg as well. O

Example 1 The extremal rational elliptic surface with Weierstrass equation
y2=x3=3(0* =3)(t —2)’x + 121> = 9)(t — 2)° (3)

has reducible fibers of types I and Iy. Its Mordell-Weil group is Z/4Z with two
sections defined over Q, namely [0, 1, 0] and [t2 — 2t,0, 1], and two conjugate
sections, namely [( —3)(¢—2), £3 V3 (—2)2, 1], which are defined over a quadratic
extension. The reader can find this example as X141 in [10, Table 5.2].

The next example shows that the hypothesis on the distinct reducible fibers is
indispensable in Lemma 3.

Example 2 The extremal rational elliptic surface with Weierstrass equation
y2 = x3 + Br* + 240)x + 2t + 408° — 16 4)

has four reducible fibers of type I3. Its Mordell-Weil group is defined over a
biquadratic extension Q(Z, ﬁ), This corresponds to the surface X3333 in [10, Table
5.3]. See also Remark 2(iii).

Notation 2 In what follows, we keep the notation introduced in Lemma 3 and
denote by kg the extension of k over which the Néron—Severi group NS(R) admits a
set of generators given by fiber components and sections of the elliptic fibration on
R, and by G g the Galois group Gal(kgr/k). We keep the subscript R for the Galois
group to reinforce the dependence on the surface. By Lemma 3, if the Kodaira types
of the reducible fibers of Eg are different then kg /k has degree at most 2.

Remark 2

(i) Certain configurations of reducible fibers force the Galois group Gpg to
be trivial. Thus such surfaces always admit a set of generators for their
Néron—Severi group over the ground field k. This holds for instance for any
rational elliptic surface over k which has reducible fiber configurations (717*),
(I11*, 1), (I11*, II1) or (I}); see the proof of Lemma 4 or [16, Cor. 4.4].

(i) Five out of sixteen configurations of reducible fibers on extremal rational
elliptic surfaces, namely (21;), (215), (214, 21), (I}, 2I>) and (413) do not
satisfy the hypothesis of Lemma 3, see [10, Theorem 4.1].

(iii) Extremal rational elliptic surfaces with repeated reducible fibers have their
Néron—Severi group defined, in general, over extensions of larger degree. For
instance, a rational elliptic surface with reducible fiber configuration (2/5) has,
in general, its Néron—Severi group defined over an extension of degree four,
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with cyclic Galois group (see the proof of Lemma 4), while a surface Ry with
(217) has, in general, NS(Rp) defined over an extension of the ground field
with Galois group given by the dihedral group of order 12. Indeed, the Galois
group is generated by an involution which preserves each section and switches
the two I;-fibers and by &3 which preserves the fibers, and permutes the non-
trivial elements of MW (Ry) = (Z/ 27)2.

4.1 Minimal Models for Extremal RES Over k

We recall that every rational elliptic surface defined over and algebraically closed
field of characteristic zero can be obtained as the blow-up of the base points of
a pencil of generically smooth cubics [4, §5.6.1] or [9, Lemma IV.1.2.]. This fact
clearly does not hold, in general, over a number field k. For instance, the blow-up of
the base point of the anti-canonical linear system of a k-minimal del Pezzo surface
of degree one is a rational elliptic surface defined over k which does not admit a blow
down to P? as it is clearly not even k-rational. On the other hand, if one restricts our
attention to extremal rational elliptic surfaces then one can show that they are always
k-rational, with possible exception given by those with reducible fiber configuration
(2[(;).l Still this is not enough to assure that they can be obtained as a blow-up
of the projective plane. Indeed, we provide an example in Proposition 2 for which
this does not hold. Nonetheless, we obtain a quite intriguing fact, namely that with a
possible exception of surfaces with configuration (2/;), all extremal rational elliptic
surfaces can be obtained, over the ground field, as a blow-up of base points of a
pencil of genus one curves in P? or P! x P!, in Lemma 4. Despite its simple proof,
this intriguing fact is not in the literature and likely not known to many experts.

Since an extremal rational elliptic surface has finite Mordell-Weil group, it has
only finitely many curves of negative self-intersection [9, Proposition VIIL.1.2].
The Galois group G acts on NS(R) preserving the intersection pairing. Since,
by hypothesis, the zero section of the fibration Eg is defined over k it is always
preserved by Gg.

From now on we will use the following notation for the irreducible components
of a reducible fiber: the component which intersects the zero section will be denoted
by Cp; in a fiber of type I,,, the components C;, i € Z/nZ are numbered requiring
that C;C; = lifand only if |i — j| = 1.

Lemma 4 Let R be an extremal rational elliptic surface defined over k with at most
one non-reduced fiber. Then R is k-isomorphic to the blow-up of the base points of
a pencil of cubic curves in P* or a pencil of curves of bidegree (2,2) in P! x PL. In
particular, such surfaces are always k-rational.

IThese can be k-birational to a k-minimal Chételet surface depending on whether the elliptic
fibration has a 2-torsion section over k or not.
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Proof We recall that the Galois group G preserves the zero section, maps a fiber
of a certain Kodaira type to a fiber of the same Kodaira type and maps sections to
sections. The consequences are the following:

(i) EMW(ER) = {0} or MW (ER) = Z/27Z, then G g maps each section to itself;
(ii) If every reducible fiber is of different Kodaira type, then G g maps the zero
component of each fiber to itself;

(iii) If both (i) and (ii) are satisfied, then G is trivial since in that case the fiber
with most components is a non-reduced fiber of type 17*, II11* or I (see the
table in [10, Thm. 4.1]) and each component is preserved by the Galois group
because the zero section and the two torsion sections are preserved and defined
over k;

(iv) If there is a fiber which is preserved by G g as, for example, in case (ii) and it is
either of type I, or of type I V*, then G g restricted to that fiber and to MW (Eg)
acts trivially or as the hyperelliptic involution because it has to preserve the
intersection properties of the components of the reducible fiber of type I,,.

Using these properties of G g, one is able to find an explicit contraction y defined
over k, which maps a rational elliptic surface R either to P> or to P! x P! for all
the extremal rational elliptic surfaces R with reducible fiber configuration different
from (215).

Fibrations (11%, 11), (I1%,21}), (I11*, 111), (I11*, I, I), (I}, 21)): Gg is
trivial because (iii) in the previous list is satisfied. One first contracts all the sections,
then contracts the image of the components of the fibers I1*, I11*, ] j‘, respectively,
that are the (—1)-curves after the previous contractions. One iterates this process
in order to contract 9 curves. The composition of all these contractions is a map
R — P2, defined over k.

Fibrations (/V*,1V), (IV*, I3, I1): by (iv), G g acts trivially or coincides with
the hyperelliptic involution. After contracting all the sections, one obtains three
(—=1)-curves in the image of the I V*-fiber. One is preserved by G g, the other two
might be exchanged by it. After contracting these three curves, one is in a similar
situation, i.e. there are three (—1)-curves, forming two or three orbits for G g. After
contracting also these three curves, one obtains a k-rational map from R to 22

Fibrations (ly, 311), (Ig, I>,211), (s, I3, I2): by (iv), Gg acts trivially or
coincides with the hyperelliptic involution. First one contracts all the sections. Then
one contracts some curves in the image of the fibers of type Iy, I3 and I respectively,
but not in the other reducible fibers. For the fiber /9 one contracts the images of the
components Cp, preserved by Gg, and of C3 and Cg, which are either fixed or
switched by G p; after that one contracts the images of the curves C»> and C7, which
are also either fixed or switched by Gg. For the fiber I3 one contracts the images
of components Cy and C4, which are preserved by G g, and of the components C;
and Cg, which are either fixed or conjugate under G g. For the fiber of type I one
contracts the images of components Cy and C3, which are preserved by Gr. In all
the cases one obtains a k-rational map from R to P! x P'.

Fibrations of type (4/3) and (214, 21>): in both these cases there are many
sections, namely 9 sections in case (4/3) and 8 in case (214, 215). Since the torsion



Fields of Definition of Elliptic Fibrations 181

sections are disjoint and G g preserves MW (ER), one can contract simultaneously
all the sections. This produces a k-rational map to P? in case (413) and to P! x P! in
case (214, 21).

Fibration of type (215, 211): we have Gg C Z/4Z, and if Gg = Z/4Z then the
action of the generator of G is the following. 19 — fo, Cél) <~ C(()z), H—> 13—
th—> th —> 1, C{l) — CEZ) — C‘(l]) — Cf), Cél) — CEZ) — Cél) — Céz), where
Cl.(j ) the i-th component of the j-th fiber of type /5. To obtain a k-rational map to
IP’Z, one first contracts all the sections, and then one contracts the components C ;1),
c?, ¢V, c?, which form an orbit if Gg = Z/4Z.

Fibration of type (I, 2;) and (I, I4, I1): one contracts first the four sections
and then the images of the four simple components of the fiber of type 1;*. This gives
a k-rational map to P! x P!, O

Proposition 1 Let R be a semi-stable extremal rational elliptic surface defined over
k and m the order of the Mordell-Weil group. Then the following holds.

(i) If m is odd and R has a unique reducible fiber then R admits a contraction
overk to P! x P!
(ii) If m is odd and R has at least two reducible fibers then R admits a contraction
over k to P.
(iii) If m is even then R admits a contraction over k to P! x Pl

Proof The result follows by the proof of the previous lemma. Indeed, if R is a
semi-stable extremal elliptic fibration and m is odd, then the fibration on R is one of
the following: (lg, 311), (215, 211), (413). The first fibration corresponds to case (i)
and can be contracted to P! x P!, for every action of G g. The other two fibrations
correspond to the case (ii) and it was already proved that they can be contracted to
P2

If m is even (case (iii)), then the fibration on R is one of the following:
(I3, I, 211), (Is, 13, I2), (214, 217) and in the proof of the previous lemma is shown
that all of them can be contracted to P2. |

Remark 3 The converse of the different cases in Proposition 1 is not always true;
some of the surfaces treated in Lemma 4 can be contracted, over an algebraically
closed field, to both P2 and P! x P!. Whether or not these surfaces can be contracted
to both P? and P! x P! over k as well depends on the action of G g, and in particular
on the action of the hyperelliptic involution on the reducible fibers. See Proposition 2
and Fig. 1, where we show this for a surface with fibers (1o, 317).

S Double Covers of Extremal Rational Elliptic Surfaces

In the rest of this article we consider K3 surfaces that are double covers of extremal
rational elliptic surfaces defined over k and branched on two smooth G-conjugate
fibers. Let X be such a surface. Recall that since the extremal rational elliptic
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surfaces considered here? are rigid, their K3 double covers have a 2-dimensional
moduli space, as each branch point is allowed to vary in P!

In this section we show that the field over which a genus one fibration on X
admits a section depends on the action of the cover involution on the fibers of the
genus one fibration.

Notation 3 Let R and X be as above and 1, --- , 1, € ]P’,i points over which the
reducible fibers of R are located. Since the base change map X — R is branched
only over smooth fibers, there are two distinct points above each ¢;. Then t restricted
to the pair of fibers of E&x above each ¢ is a field homomorphism, which we denote
by o;. We denote by k; the Galois field extension of £ whose Galois group is
generated by oy, .-, 0,. By construction k;/k is an extension of even degree
dividing 2. We denote by kg . the compositum of the fields kr and k..

Lemma 5 Let R be an extremal rational elliptic surface as above and X a generic
member of the 2-dimensional family given by double covers of R branched in two
smooth fibers. Then NS(X) admits a set of generators over kg .

Proof Since the Néron—Severi group has rank 10 and the Mordell-Weil group has
rank zero, it follows from the Shioda—Tate formula that the reducible fibers of an
extremal rational elliptic surface R have in total 8§ components contributing to the
set of generators of NS(R). Since X is a double cover of an extremal rational elliptic
surface R branched on smooth fibers, the reducible fibers of the inherited fibration
Ex contribute with 16 components to a set of generators of NS(X). If X is generic
among such surfaces then it lies in a 2-dimensional family and hence NS(X) has
rank 18 and is generated by fiber components, the zero section and a smooth fiber
of Ex. All such curves are defined at most over kg ;. O

Theorem 1 Let R be an extremal rational elliptic surface defined over k such that
its reducible fibers are all of distinct Kodaira types. Let X be a K3 surface obtained
as a double cover of R branched on two smooth fibers conjugate under G, T the
cover involution and n a genus 1 fibration on X. Then the following hold.

(i) Ifnisof type 1 w.r.t. T then n is defined over kg and admits a section over kg .
(ii) If n is of type 2 w.r.t. T then it is defined and admits a section over k.

Proof For (ii) notice that because the branch locus is smooth there is only one
fibration of type 2, namely the one induced by the elliptic fibration on R. Indeed,
different fibrations of type 2 correspond to different contractions of (—1)-curves
in X/t that are components of non-relatively minimal elliptic fibrations. Since the
branch locus is smooth there are no (—1)-curves to be contracted and, in particular,
X/t ~ R. Since the double cover morphism is defined over k so is the induced
elliptic fibration on X and the zero section inherited from R. If 1 is of type 1 then
each fiber is the pull-back of a conic? in R [5, Theorem 4.2]. Let C be such a conic.

2We exclude rational elliptic surfaces with (2I§)). These have a 1-dimensional moduli space.
3 A conic is a rational curve C such that C - (—Kg) = 2.
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Since NS(R) is generated by curves defined over kg then the class of C has a divisor
Cp whose components are defined over kr. Moreover, as the fibers of 7 are fixed by
7, the pull-back Cj is also defined over k. Its class moves in X giving the elliptic
fibration 7. O

The fibrations of type 3 are certainly more difficult to study by using the geometry
related with R. Indeed, even if X is a double cover of R, the fibrations of type 3 are
not easily related with the geometry of R, by definition, since they are not preserved
by the cover involution. But, one is still able to prove that certain fibrations of type 3
are defined on certain fields, if one is able to find components of their reducible fiber
is a proper way, as observed in the next Remark.

Remark 4 Since the irreducible components of reducible fibers and of the sections
of the elliptic fibration on K3 surface are rational curves, they are rigid in their class.
So if their class is defined over a certain field, say kg r, and they are irreducible
curves, then they are defined over kg .. Suppose now that the Néron—Severi group
is defined over kg . and it is generated by a certain set of classes of irreducible
rational curves. If the union of some of these curves is a reducible fiber F' of a
fibration n, then the reducible fiber F’ and its class are defined over kg ;. In particular
the fibration 7 is defined on kg . and if also a section of 7 can be found among the
generators of the Néron—Severi, then 7 is an elliptic fibration on kg ;.

So, in order to prove that a fibration of type 3 defined on a K3 surface satisfying
the assumptions of Theorem 1, is defined over kg , it suffices to find among
the generators of NS(X) a configuration of (—2)-curves which corresponds to a
reducible fiber of 7.

Remark 5 We believe that it is always possible to find a fibration of type 3 as in
the previous remark, at least for the K3 surfaces X as in Theorem 1. We are able
to prove this for all the elliptic fibrations of type 3 on the surfaces considered in
Sects. 6.3 and 7.3 of this paper. Hence for all the surfaces considered in this paper,
we have that the fields of definition of the elliptic fibrations on the K3 surfaces X as
in Theorem 1 are at most biquadratic extensions of k, by the explicit description of
the elliptic fibration and the Remark 4.

Remark 6 Certain sections on elliptic K3 surfaces as above might be defined over a
smaller subfield of kg . that contains k. See, for instance, the fifth column of lines
2,3,4,9,11, and 12 in Table 2.

Following the geometric classification of extremal rational elliptic surfaces by
Miranda and Persson [10, Theorem 4.1], we notice that, among those surfaces, only
four of them have only one reducible fiber, namely (Ig, 317), (I1*, I1), (I11*,21}),
and (If,2I;). From a lattice theoretic point of view the surfaces with singular
fibers (11*, I1) and (I1*,21,) are the same since, from that perspective, only the
reducible fibers matter. Moreover, they share the same properties of interest to us,
namely reducible fibers and fields of definition of components of fibers and thus
we denote both of them by R». In the following sections, we study those extremal
rational elliptic surfaces, denoted by Rg, R», and R4 and their corresponding K3
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surfaces X9, X», and Xy, respectively. We also study the surface R3 which has
two reducible fibers (1 71*, I11) and its generic K3 cover X3. The justification for
considering R3 as well is the fact that the surface X4 occurs also as double cover of
R3 and hence X3 and X4 belong to the same family of K3 surfaces.

5.1 Arithmetic Models of Extremal Rational Elliptic Surfaces

Over algebraically close fields, all rational elliptic surfaces can be obtained by the
blow up of the base points of a pencil of genus 1 curves in the projective plane. Over
a number field k, this no longer holds true. Nevertheless, if one restricts attention
to extremal rational elliptic surfaces, we have shown in Lemma 4 that, with one
possible exception, they can be obtained as a blow up of a pencil of genus 1 curves
in the plane or in the ruled surface P! x P'. The realization of the blow down of
an extremal rational elliptic surface R to either rational minimal model is connected
to, but not always determined by, the Galois group Gy introduced in Notation 2.
More precisely, given singular fiber configurations on an extremal rational elliptic
surface might entail more than one possible action of the Galois group Gy on its
fiber components and hence, with a few exceptions, it does not make sense anymore
to speak about the extremal rational elliptic surface with a given configuration as
one does over algebraically closed fields. In what follows we keep the notation R;
and X; for a surface with fiber configuration described in the previous paragraph.
We study what are the possible actions of G on each configuration. We show, in
Propositions 2 and 5 respectively, that Rg might admit two possible actions, while
R>, R3, R4 always admit a unique action.

6 The Surfaces R9 and Xo

Let Rg be an extremal rational elliptic surface with one reducible fiber of type Io
and X9 a K3 surface obtained by a double cover of Rg branched in two smooth
Gj-conjugate fibers. In this section, we classify all the possible fibrations of the K3
surface X9 and determine their types with respect to the cover involution 19, a field
over which the class of a fiber is defined and a field over which the Mordell-Weil
group is defined.
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6.1 Negative Curves on Ry

Recall that the configuration Iy is given by 9 smooth rational curves meeting in
a cycle with dual graph Ag (see [9, Table 1.4.1]%). The singular fibers of Rg are
Iy + 311 and the Mordell-Weil group is Z/3Z = {O, t1, t2}, where O is the zero
section and #1 and #, are 3-torsion sections. The Néron—Severi group of R9 contains
also the classes of the irreducible components of the unique reducible fiber, denoted

by Co, C1, ..., Cg. The intersections which are not trivial are the following
C?=-2 CiCj = 1iff|i — jl=1; 5)
0Chy=11C3=10Ce=1; O*=1}=13=—1. (6)

The following result tells us that Rg can always be obtained as the blow-up of
the eight base points on a pencil of curves of bi-degree (2,2) in P! x P!, and that if
the Galois group Gp, fixes each 3-torsion section then Rg can also be obtained as
the blow-up of the nine base points of a pencil of cubics in P? (see also Lemma 4).
Both blow-ups occur in multiple points, i.e., points with assigned multiplicities.

Proposition 2 Iffor every g € G, = Gal(kg,/k) we have g(t1) = t1, then Gg, =
(id} and Ro can be contracted both to P> and to P! x P'. If there exists at least one
g € Gpy such that g(t1) # t1, then g(t1) = o, Gry, = Z/27Z = (g) and g is the
elliptic involution (g, restricted to the fiber lg. In this case Ry can be contracted to
P! x P! but not to P.

Proof Let F be the class of a fiber of Eg,. Since F is preserved by G g,, for each
g € Gpy we have 1 = 11 F = g(t;)g(F) and thus g(1) is necessarily a section.
It is different from O as the latter is fixed by Gg,. Hence either g(¢;) = #; or
g(t1) = tr. We begin with g(¢1) = #1. In that case g(#2) = f, and since #; intersects
the fiber component C3 and ¢, intersects Cg, we have g(C3) = C3 and g(Cg) = Cé.
Since each other fiber component intersects one among Cy, C3 and Cg, it is also
fixed by g. Hence G, is trivial. We pass to the case g(t;) = t2. This implies that
g(C3) = Cg. The fiber components intersecting C3 and C¢ must be switched by g
and, a posteriori, so must C; and Cg. We have g(C;) = Co9_;. Hence, in that case,
G R, has order 2 and is generated by the elliptic involution.

Let us now consider the contraction of the (—1)-curves on Ry, i.e., the sections
O, t1 and tp. The reader might find it helpful to follow Fig. 1 in parallel. First one
contracts the three sections, which are all disjoint and form either 3 or 2 orbits for
the action of Gg,, depending on whether Gg, is {id} or Z/27Z. Let us denote by
B1 : Ry — R’ this contraction. The curves B1(Co), B1(C3), B1(Cg) are disjoint
(—1)-curves of R" and form 2 or 3 orbits with respect to Gg,. Secondly, we call
B> : R — R” the contraction of these three curves. The curves B»(B1(C;)) for
i =1,2,4,5,7,8 are (—1)-curves on R”. The curves B>(B1(C>2)) and B>(B1(C7))

4Though this table contains a typo, namely a fiber of I, has dual graph A, _;.
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form 1 or 2 orbits with respect to Gg,. Hence they can be contracted in order to
obtain a minimal surface. Let us denote by 83 : R” — R’/ this contraction. Then
R" is P! x P!, the curves B3 (B2(B1(C1))) and B3(B2(B1(Cs))) are curves of bidegree
(1,0) in P' x P! and the curves 83(82(B1(C4))) and B3(B2(B1(Cs))) are curves of
bidegree (0, 1). Hence the image of the reducible fiber Ig is a reducible curve of
bidegree (2,2) in P! x P'. There is another possible choice of curves to contract
on R” in order to obtain a minimal surface. If Gg, = {id}, one can contract the
curves B2(B1(C1)), B2(B1(Cs)), B2(B1(C7)) obtaining P2 as minimal surface. But
these curves do not form an orbit for Gg, if G, = Z/2Z, hence this contraction is
allowed only if G g, is trivial. |

Figure 1 shows the contractions B, B2, and B3 of the fiber Iy as in the proof
of Proposition 2. Black lines represent curves defined over k. Lines of the same
color (not black) represent curves that are conjugate under the action of Gg, if
G Ry # {id}; of course if G g, = {id} then all curves are defined over k. Dotted lines
represent (—1)-curves, lines with label O represent curves with self-intersection 0,
and all other lines represent (—2)-curves.

Remark 7 If one contracts Rg to P! x P!, the elliptic involution defined on Ry
induces an involution of P! x P!, which is precisely the exchange of the two rulings.
Indeed (g, maps C; to Cg and Cy4 to Cs, so the automorphism induced by tg, on
P! x P! maps the (1, 0)-curves B3(B2(B1(C1))) and B3(B2(B1(Cs))) to the (0, 1)-
curves $3(B2(B1(Cg))) and B3(B2(B1(Cs))).

Remark 8 Over the complex field all the rational elliptic fibrations can be con-
tracted to a pencil of cubics in P? and for each extremal rational elliptic fibration, the
equation of an associated pencil is known [4, Proof of Theorem 5.6.2]. In particular,

an equation of a pencil of cubics associated to the surface Rg in IP%ZO:ZI 22) is given by

Py = (202122) + 1 (2521 + 2322 + 2320)- (7

The base points of P9 are (1 : 0 : 0), (0 : 1 : 0) and (0 : O : 1), each with
multiplicity 3. After blowing up these points one obtains a rational elliptic surface,
with a reducible fiber over 1 = 0. A birational map from P> to P! x P! is given by
the blow-up of two points and the contraction of the line through these points. For
example the maps

a1 Pl X Plygeyry = P2 1 ((ro s x1), (0 y1)) = (Xoyo < Xoy1 : x1y0)  (8)
ar i PL ) = PP an(zo 21 22) = (20 ¢ 22), (20 < 21)) ©)

are birational inverse maps. They correspond to blowing up the points (0 : 1 : 0)
and (0:0: 1) in P? and to contracting the line zg = 0.

We observe that the points (0 : 1 : 0) and (0 : O : 1) are base points of the pencil
Py. The birational image of this pencil is a bidegree (2, 2) pencil in P! x P!, given
by
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4 lines in P! x P!
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Fig. 1 Two ways to contract the fiber Iy
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(xox1y0y1) + 1 (x3yoy1 + xox1y? + x3yd), (10)

which still corresponds to Rg9. We conclude that the pencil (10), considered as
pencil of curves of bidegree (2, 2) over a certain field k, defines the rational elliptic
surface Rg over k. We already observed that the Galois action on Ry corresponds
to an involution exchanging the rulings of P! x P! and indeed, with the chosen
coordinates, it is ((xo : x1), (yo : y1)) = ((y1 : Y0), (x1 : X0)).

The following example illustrates the two different Galois actions that occur in
Proposition 2.

Example 3 In Remark 8, we saw that the pencil of cubics given by Po = (z0z122) +
t(z%zl + Z%Zz + z%z()) gives rise to an Rg surface. A Weierstrass equation for this
surface is

y2 = x3 — (43213 + 10368)xt + 345615 + 12441613 + 746496, (11)

and the Mordell-Weil group consists of three sections defined over Q, which are
given by [0, 1, 0] and [12¢2, £864, 1]. We conclude from 2 that in this case we have
Gp, = {id}.

Another example of an Rg surface is given by the Weierstrass equation

y2 =x3 = 3(3 + 24)xt +2(:° + 361 + 216), (12)

which has Mordell-Weil group given by the section [0, 1, 0] and the two sections
[2 -1, +3./3¢, 1] [10, Table 5.3]. So the Mordell-Weil group of this surface is
trivial over Q, and defined over the quadratic extension Q(+/3). We conclude from
Proposition 2 that in this case we have Gg, = Z/2Z, and the surface can not be
contracted to P2.

6.2 The K3 Surface X9

Let X9 be a K3 surface obtained by a generic base change of order 2 on the rational
elliptic surface Rg as described in Sect. 2.

Then the elliptic fibration &g, : Rg — P! induces an elliptic fibration & Xo -
X9 — Plon X 9. We denote by tx, the elliptic involution on Ex,. We denote by 19
the cover involution of 7 : X9 — Ry.

By definition the fibration &y, is of type 2 with respect to 7. So, by Theorem 1,
the field of definition of the elliptic fibration and of a section of it is k.

Nevertheless there could be other sections or components of some reducible
fibers which are not defined over k.
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In what follows we describe the Galois group Gy, MW, i.e., the Galois group
of the field extension kgy, /k over which all components of reducible fibers and
sections of the fibration Ex, are defined.

Proposition 3 The Galois group G8X9,MW of the elliptic fibration Ex, : X9 — p!
is as follows

. G8X9,MW ~ (Z/2Z)? if, and only if, GRry > 7/2Z and the branch fibers of  are
not defined over kg,,

. GSXQ,MW ~ Z/2Z if, and only if, Gry > Z/27Z and the branch fibers of 7 are
defined over kg,

. G5X9,MW ~ Z/27 if, and only if, G, = {id} and the branch fibers of = are not
defined over kg,

. G8X9,MW = {id} if, and only if, Gg, = {id} and the branch fibers of m are
defined over kg,.

Proof This follows from a simple analysis of whether the extensions kg, and k,
are linearly disjoint or not. This depends of course on the branch locus of the base
change map. See the discussion in Notation 2. O

The elliptic fibration Ey, has two fibers of type Ig. Let us denote by @lj , for
i=0,...,8,j = 1,2 the i-th component of the j-th fiber of type I9. The sections
of Ep, induce sections of Ey,, and thus MW (Ex,) = {Ox,, T1, T>}. Thus

7(0xy) =0, n(T)) =1, n(lh) =1, ﬂ(@l-j)zci, i=0,...,8, j=12
13)

The automorphism 7y is the cover involution of 7 and thus

19(0x,) = Oxy, (1)) =Ti, w9(T2) =Ts, (O =07 i=0,...,8.
(14)

Figure 2 summarizes the above.

Proposition 4 The Néron—Severi group of Xo has rank 18, signature (1, 17),
discriminant group Z/9Z and its discriminant form is the opposite to the one of
Ag. The transcendental lattice of X9 is the unique (up to isometries) even lattice
with signature (2, 2), discriminant group Z/9Z and discriminant form equal to the
one of As.

Proof The Néron—Severi group contains the 18 linearly independent classes Ox,,

T, T and @{, fori = 1,...,8, j = 1,2. Hence it has rank at least 18. On
the other hand the family of X9 is a two dimensional family (because of the
choice of two branch fibers of the double cover X9 — Rg). So the Néron—
Severi has rank at most 18. We conclude that the 18 classes listed before form
a basis of NS(X9).The intersection form and the discriminant form of NS(Xo)
can be explicitly computed and one can check that it has discriminant 9. In
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79

Fig. 2 Reducible fibers and sections of the fibration Ex, on Xo

particular, a generator for the discriminant group is 2 (Zig=1 i (@l] — @lz)) /9 and

its discriminant form is Z/9Z (g), which is the opposite to the discriminant form

of Ag. The discriminant form of the transcendental lattice is the opposite of the
discriminant form of the Néron—Severi group. Hence the transcendental lattice T,

is an even lattice with signature (2,2) and discriminant form Z/9Z (%8) The
transcendental lattice is uniquely determined by these data by [12, Theorem 1.13.2].

We observe that the discriminant form of T, is the same as the one of Ag and that
rank (Tx,) 4+ 4 = rank (Ag). |

Corollary 1 The filed kg, coincides with kg +.

Proof By Proposition 4 the classes of the reducible fibers and of the sections of Ex,
form a basis of NS(X). Each of these classes corresponds to a unique curve (since
these are negative curves), which is a smooth rational curve. Hence the field where
all these classes are defined coincides with the field where NS(X) is defined. The
former is kg, by definition, the latter is kg, -, by Lemma 5. |
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6.3 Classification of All the Possible Fibrations of the K3
Surface Xo

In order to find all elliptic fibrations on X9, we use Nishiyama’s method explained
in [14]. As explained in [14, Section 6.1], if one is able to find a lattice Tp which
is negative definite, has the same discriminant form of the transcendental lattice of
a K3 surface and its rank is the rank of the transcendental group plus four, then
there is an operative method to classify the configuration of the reducible fibers of
the elliptic fibrations on the surface. In our particular case, by Proposition 4, we put
Ty = Ag and in order to classify the elliptic fibrations on X¢ (and in particular the
lattice W of each of these elliptic fibration, with the notation of [14]) we have to
find the orthogonal complements of primitive embeddings of the root lattice Ag in
the 24 possible lattices listed (by their root type) by Niemeier [11, Satz 8.3] (or [14,
Theorem 1.7]). By [14, Lemmas 4.1 and 4.3] we know that Ag embeds primitively
uniquely, up to the action of the Weyl group, in A,, form > 8, in D, forn > 9,
and in no other root lattice. The orthogonal complements of these embeddings in the
24 Niemeier lattices are then found in [14, Corollary 4.4], and this determines the
reducible fibers and the rank of the Mordell-Weil group for each fibration. These
results are summarized in Table 1. Note that line 1 is the fibration Ex,. Apart from
the torsion part of the Mordell-Weil group, everything is found by Nishiyama’s
method as explained above. We compute the torsion parts in what follows.

6.3.1 Torsion of the Mordell-Weil Group for the Elliptic Fibrations
Associated to Xo

By [18, Table 1], we can immediately conclude that the torsion of the fibrations in
lines 2, 3,4, 5, 8, 9, and 12 is trivial, and the torsion part of fibrations 6, 7, 10, and
11 is either Z/2Z or trivial.

Fibration 11 comes from the orthogonal complement of the embedding of Ag in
alattice N of rank 24 with root type Ay4. We observe that N/Ay4 = Z/5Z ([11, Satz
8.3] or [14, Theorem 1.7]). By Nishiyama [14, Lemma 6.6, iii)], the torsion of the
elliptic fibration corresponding to this embedding of Ag in N has to be contained in
N /A»a, so this fibration does not have a 2-torsion section and the torsion part of the
Mordell-Weil group is trivial.

Note that, in terms of the notation of our configuration of 21y (see Fig. 2), we find
a fiber of type /16 composed of the following curves on Xo.

0. 01, ©), 8], T1, ©3, 0}, 01, 0, 03, 03, 07, T2, O, 0], O, (15)

Moreover, 9;, ®}1, @g, @Z are sections for this fibration. Let ®}1 be the 0-section,

then the height 7(©2) of the section ©2 is 2 - 2 4+ 0 — 3408 — 0 [17, Chap. 11

§11.8], and therefore it is a torsion section [17, Theorem 11.5]. Since we know that
the fibration in line 11 has trivial torsion, and the fibration in line 7 is the only other
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Table 1 Elliptic fibrations of Xg

n’ Niemeier Embedding Roots orth. Reducible fibers MW

1 AP Ag C Ag AY? 21 Z/3Z

2 Es @ D16 Ag C Dis Es ® D7 I+ I3 Z

3 E$* @ Dyo Ag C Dyo ES? 2017* 7?

4 E; 0 Ay Ag C Ay E7; @ Ag IIT*+ Iy VA

5 Doy Ag C Dy Dis 11*1 Z

6 | DY AsC D | Dn®A; I+ 1y 22287
7 Do ® Ays Ag C Dy Als L6 22272
8 Do ® Ays Ag C Ajs D9 @ Ag ]5*+I7 Z

9 Ec® D7 Aqr Ag C Aqp E¢® D7 ® Ay IV*+13*+I3 yA

10 | D@ AY? Ag C Ag D6 @ Ag I + I 7277
11 Ay Ag C Ay Als L6 Z

12 |AY AgC A |An®As s+ zZ

one with reducible fiber of type /16, we conclude that we found a representation of
the fibration in line 7, and therefore the torsion part of the Mordell-Weil group of
this fibration is Z/2Z.

Finally, we find that the torsion part of the Mordel-Weil groups of the fibrations
in lines 6 and 10 are Z/27Z in the same way as we did for line 7.

We find the class of the fiber of the other elliptic fibrations, by giving the
components of one reducible fiber in terms of the configuration of 21y (see Fig. 2).
The rational curves orthogonal to the class of the fiber are necessarily components
of other reducible fibers, hence we list all the irreducible components of at least one
reducible fiber and some components of the others for each elliptic fibration.

Ig + 14
®1, 03,20, 20x,.20),20},20},20(, 261,20}, 20}, 0}, T| + ©F, 01,63,

I3+ o
0f, 0),201,20x,,203, 02, 0% + 1,0}, 61, 0},0., 1163, 03 62 62, 6..

For this configuration of I§‘ + I4 we find the three sections 02, @%, and ®%. If
we set @% as the 0-section, then @% has height 0 and hence it is a 2-torsion section.
Since there is only one fibration with reducible fiber Ig‘ + I4 in our list, we conclude
that this configuration represents the fibration in line 6. Hence the torsion part of
the Mordell-Weil group is Z/27Z. For the fibration in line 10 we have the same
reasoning, after finding the sections @i, @%, 0% 02, setting @é as the 0-section
and finding that @% is a 2-torsion section.
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6.4 Determining the Type of Each Fibration of X9

In what follows, we assume that the surface Ry is general, i.e., its Galois group G g,
is not trivial. The goal of this section is to find an example, for each fibration 7 in
Table 1, and to determine for each example the following:

(a) The type with respect to the cover involution 7o;

(b) an upper bound for the degree over k of a field of definition of the fibration, that
is, a field over which the reducible fiber and a 0-section are defined;

(c) an upper bound for the degree over k of a field k; mw over which the Mordell-
Weil group of the fibration admits a set of generators.

The results are summarized in Table 2, with the notations introduced in
Sects. 4, 5, and 6.

For each fibration in Table 1 we find a configuration of (parts of the) reducible
fibers in terms of the curves in Fig. 2. Note that for lines 6, 7, and 10, this is done in
the previous section.

I* + I3
©2,202,3032,402, 50x,, 60),40%,20) 30] + 3%, 03,203 27,201,
20!, el

2011
01,20/,37,,407, 302,207, 03,207 + 01,207, 30x,,40)],306/,20),
0},20}.

1I* + I
1 1 1 1 1 1 1 2 02 @2 2 ™2 ™2 02 2
®),20},30) 40}, 301,20}, 0},21, + ©2,0} 62, 601,03, 63 63,62

I+ I
01, 72,20¢,201,204,20},20x,,20}, 07,07 + 032,03, 03 1,0} 6.

IV*+I3*+I3

@2,27,,30.,20!,0},201, 8! + Oy, 0% 203 207,203,203, 11,0 +
el, el

1’2

L+ 1y
7,0}, 0l 6l 0l 1,03 63 026362603262 + 6l,06) 6l

To find the elliptic fibrations described in lines 5 and 11 of the Table 1, we need
to find another rational curve on Xg. We recall that the K3 surface X9 has an infinite
number of rational curves, and considering the elliptic fibration with fibers IV* +
I3 + I3 we are able to describe one of them. Indeed, the divisor
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F =@} +27> + 30} + 20! + 0} + 20} + 6} (16)

corresponds to a reducible fiber of type I V* of this elliptic fibration. In particular F
is the class of the fiber of this fibration, and the divisor Ox, + @% + 2@% + 2®% +
203 +203+ T 4 O3 is linearly equivalent to F and corresponds to the fiber of type
I3 . The remaining reducible fiber consists of three curves meeting in a triangle, one
is @i, one is @é and we denote the third one by M. Since @} + @é + M is a fiber
of the elliptic fibration, M is linearly equivalent to F — ®} - @;. In particular this
implies that the intersections properties of M are the following: MO! = M G)é =
M @% =M @% = 1 and M is orthogonal to all the other curves appearing in Fig. 2.
Let us consider the following configuration of curves:
UL
0., el 0}, 06l,0) M 02 03 63 03 62 62 0x, 6}, 0,6l

The curves 7> and ®% are sections of this fibration. Assume that 7, is the
zero section, then @% is a section, orthogonal to the zero section and meeting
the reducible fiber /16 in his fifth component. Thus the height of this section is
19_6' As a consequence, the lattice spanned by the irreducible components of the
reducible fiber of type /16, the zero section 75 and the section @% is a sublattice
of NS(X9), which has the same rank and the same discriminant of NS(Xg) and
therefore coincides with NS(Xo). So there are no torsion sections for this elliptic
fibration (otherwise one should add their contribution to obtain the Néron—Severi
group). As a consequence the fibration whose class of the fiber is

B¢+ O + 0} + 6O + 0] + M + 03 + O] + 03 + 03 + O] + O] + Ox, + Of + Of + 6}
amn

corresponds to the fibration in line 11 of Table 1.
Similarly, the fibration in line 5 of Table 1 with a reducible fiber of type I} is
given by

02, 02,20%,2M,201, 20}, 20}, 2601, 20}, 201, 20}, 20|, 20y, , 263, ©2, ©2.
(18)

Corollary 2 For each fibration in Table 1, there exists at least one elliptic fibration
on Xo with the properties given in the list which is defined over kg, .

Proof The result follows by 1 for the fibration of type 1 and 2. For the fibration of
type 3, one wants to apply Remark 4. For all the listed fibrations with the exception
of the 11, we are able to write the class of the fiber as a linear combination of ®{ s
Oyx, and T. All these curves are defined on kg, by 1. In the case of the fibration
11, we introduced another curve, M. Since its class is written as a linear combination
of the classes generating NS(X), its class is defined over kg, . Since it is a negative
effective class, we deduce that it is supported either on an irreducible rational curve
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Table 2 Types of the different elliptic fibrations of X9 and fields of definition
Field of Field of

Def. Def. all
n? | Roots Orth. Type | Sections 0-section | sections [kymw : k]
1 A¢? 2 Ox,. T, T» Ox,/k kr <2
2 |Es@Ds 3. | D63 To/kr ki <4
3 |EY 3. N.63.6) Ti/ke ko <4
4 | E70 A 3 Ox,.T1,0!,0} Ox,/k K.z <4
> | Dis 363,63 ©2/krry | kR <4
6 D@4 363,603,637 ©2/krry | kR <4
7 L eLeleel  elkre kne =4
8 [ Do®A4s 30,056 67 O/krwy | ki <4
9 Es®@Di®Ar |3 6 0; 6567 Ob/key | Kk <4
10 | Ds & A I 6;,07,6, O /krry | K.z <4
11 |Ass 3 T, 02, 02, 02 T>/ kg kk.z <4
12 [ An® 4 3 Oxy. 03,05, 03,05 | Ox,/k KR,z <4

or on the union of rational curves. Since it is a component of a fiber of a certain
fibration, at least on the closure of the field of definition of the fibration, it is an
irreducbile curve (where it is defined). Hence, M is an irreducible smooth rational
curve defined over kgy, ¢, m]

We gave an example for each fibration in Table 1. We choose a section for each
of them to be the zero section and we determine their type with respect to 7. By
using Proposition 3 we describe the properties of the fields ;) asw, which follow by
the previous Corollary. The results are listed in Table 2.

7 The Surfaces R4, R3, R; and the Surfaces X4, X3, X3

In this section we establish an analogous study for the extremal rational surfaces
R;, fori =4, 3, 2. We classify all the possible fibrations of the K3 surfaces X; and
determine their types with respect to the cover involutions 1;, for i = 4, 3, 2.
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7.1 The Rational Elliptic Surfaces R4, R3, and R;

Let R4 be an extremal rational elliptic surface with one reducible fiber of type 1.
Its Mordell-Weil group is Z/2Z = {O, t1}, where O is the zero section and ¢; is
a 2-torsion section. Recall that a fiber of type I is given by 9 smooth rational
curves meeting with dual graph Dg, see [9, Table 1.4.1]. The Néron—Severi group
of R4 contains also the classes of the irreducible components of the reducible fiber,
denoted by Cy, C1, ..., Cg. The intersections which are not trivial are the following:

C12 =-2,CoCr=CCsg =1, (19)
C/C; =1 ifandonlyif |/ —j|=1land{l,j}C{2,3,4,56}, (20)
OCo=1Cs=1, and O*=r}=-1. (1)

Let R3 be an extremal rational elliptic surface over k with one reducible fiber of
type I11*. As R3 is extremal, there is another reducible fiber which is either an />
or an I11. Its Mordell-Weil group is Z/2Z = {O, t;}, where O is the zero section
and 71 is a 2-torsion section. Recall that a fiber of type I17* is given by 8 smooth
rational curves meeting with dual graph E7, see [9, Table 1.4.1]. The Néron—Severi
group of R3 contains also the classes of the irreducible components of the reducible
fiber. Denoted by C; the components of the I77* fiber and by D; the ones of the
other reducible fiber, the intersections which are not trivial are the following:

C2=—2,C,C; =1ifandonlyif |l — j| = land{l, j} C {0,1,2,3,4,5,6},

(22)
C3C7;=1, DyD; =2, DJZ = -2, (23)
OCo=11C¢=0Dy=1D;1 =1 and O*=1?=—1. (24)

Let R, be an extremal rational elliptic surface over k with one reducible fiber of
type I1*. The other singular fibers are either 71 or 21;. Its Mordell-Weil group is
{0}, i.e., it is trivial. Recall that a fiber of type I1* is given by 9 smooth rational
curves meeting with dual graph Eg, see [9, Table 1.4.1]. The Néron—Severi group
of R; contains also the classes of the irreducible components of the reducible fiber,
denoted by Cy, C1q, ..., Cs. The intersections which are not trivial are the following:

C? = —2,C,C; = lifand only if |l — j| = 1and {l, j} C {0,1,2,3,4,5,6,7},
(25)
CsCs=1, OCo=1, O*=—1. (26)

The following result shows that the surfaces R; have trivial Galois group Gg;,
that is its Néron-Severi group admits a set of generators over k given by the zero
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section, a smooth fiber and the non-trivial fiber components of the reducible fibers.
It also presents their contractions of negative curves to minimal k-rational surfaces.

Proposition 5 Let R be one the following surfaces: Ry, R3, R4. Then G is trivial.
Moreover, the surfaces Ro, Rz and R4 can be contracted to P2; the surfaces R3
and R4 can be also contracted to P! x P! and the surfaces Ry and R3 can be also
contracted to By, the Hirzebruch surface with a unique (—2)-curve.

Proof The proof is similar to the one of Proposition 2. Indeed, for R = R, or R3,
each g € Gg, g(0O) = O and if MW = {O, 11}, g(¢1) has to be a section different
from O and hence g(#1) = t;. Thus for each R;, i = 2, 3, the sections are preserved
and this implies, arguing via the intersection of the components of the reducible
fibers as in Proposition 2, that all the components of the unique reducible fibers are
fixed.

Let us consider the surface of type R3. We have three different possibilities, to
obtain three different surfaces:

¢ Let us contract the sections O and ¢;. Then we contract the images of Cy and Cq
(which are now (—1)-curves); the images of C| and Cs; the images of C; and
Cy4. There remain the images of C3z, which is a curve with self-intersection 0,
and of C7, which is a curve with self-intersection —2. There are no (—1)-curves
on this surface, so we obtain a minimal rational surface, with two independent
classes in the Néron—Severi group which have self-intersection 0 and —2. Hence
we obtained F.

e Let us contract first the section O and then (in this order), the images of the
components Cg, C1, C2, C3. Now the image of C7 is a (—1)-curve. We contract it.
It remains a unique (—1)-curve, which is the section #1. We contract it and then (in
this order) the images of the components Cg and Cs. We obtain a minimal rational
surface whose Néron—Severi group is generated by one class (we contracted 9
curves), which is the image of Cy4. This rational surface is necessarily P2

¢ Let us contract first the section O and then (in this order), the images of the
components Co, C1, Cp, C3. Now the image of Cy is a (—1)-curve. We contract
it. Then we contract #; and the image of the component C5. We obtain a minimal
rational surface, whose Néron—Severi group is generated by the two classes
which are the images of C7 and Cs. Their self-intersection is 0 and they meet
in a point, so we obtained P! x P!,

Let us now consider the surface R, (see Fig.3). There is a unique (—1)-curve,
the section O. So we contract it, and then we contract (in this order) the images of
the components Cg, C1, Co, C3, C4, C5. Now both the images of C¢ and Cg are
(—1)-curves and they meet in a point.

» If one contracts the image of Cg, one obtains a minimal surface, whose generators
of the Néron—Severi group are the images of C7 and Cg and this surface is [F
(because of the presence of a (—2)-curve, image of C7).
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/I-]I
3 contract green curves

v

contract
red curves contract
vellow curves
v

triple line

(-2) Hirzebruch surface in P?

Fig. 3 Contractions of R, to F, and to P2

* If one contracts the image of Cg, then one has to contract the image of C7 and one
obtains a minimal rational surface, whose Néron—Severi group has one generator
(the image of Cg) and thus the surface is P2

Let us consider the surface of type R4. We contract first the section O and then
(in this order) the images of the components Co, C», C3, C4, Cs, Cs. Now we have
three (—1) curves, i.e. the images of C7, Cg and #1. The image of Cg meets both the
images of C7 and of #1: if one contracts the image of Cg, one obtains the minimal
surface P! x P!; if one contracts the images of #; and C7 one obtains P2. a

7.2 The K3 Surfaces X4, X3, X2

Let X; be a K3 surface obtained by a generic base change of order 2 on the
rational elliptic surface R; for i = 4, 3,2 as in Sect. 2. Let P; and Q; be the points
corresponding to the branch fibers of the cover X; — R;. We have the following
result, analogous to Proposition 3.

Proposition 6 The Galois group Gey, of the elliptic fibration Ex, : X; — P! is
contained in (Z/27Z). It is trivial if and only if the points P; and Q; are defined over
the ground field.
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Proof The group G, is trivial by Proposition 5, so the unique Galois action is the
one of the cover involution t;, which is trivial if and only if the branch fibers are
defined over the ground field. O

The elliptic fibrations Ey,, i = 4, 3, 2, are induced by Eg,. We fix the following
notation: each component C; (resp. D;) of a reducible fiber of E; corresponds to

two curves @,J (resp. @{ ), j = 1,2 on X; which are components of two different
reducible fibers on X;. Moreover the zero section of Eg, induces the zero section,
Oy;, of Ex; and, if there is a torsion section #; on R;, it induces a torsion section 77
on X;.

So we have the following curves on X;:

®) j=1,2; Ox,; Tiifi #2; & j=1,2,1=0,1ifi =3. 27)

Denote by r; : X; — R; the double cover of R; induced by the base change and by
7; the cover involution. We have

7 (Ox,) = 0, 7(9)) = m(©]) = Cy, (28)
mi(T) =t ifi # 2, m(®)) = m(®?) = Dy ifi =3. (29)

7, (Ox,) = Ox,, w(®)) = @2, w(T\) = T ifi #2, w(®}) = d?ifi = 3.
(30)

Figures 4, 5, and 6 summarize the above. Note that in Fig. 5, CDé and dD% are both
connected to T7.

Fig. 4 Reducible fibers and sections of the fibration Ex, on X4
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@]

2
®7

Fig. 5 Reducible fibers and sections of the fibration Ex, on X3

CH

Fig. 6 Reducible fibers and sections of the fibration Ex, on X»

Proposition 7 The Néron—Severi group of X; has rank 18, signature (1, 17), for
everyi =2,3,4.

Both lattices NS(X4) and of NS(X3) are isometric to U & Dg & Eg and
their transcendental lattices are both isometric to U @ U (2), which has the same
discriminant group and form as Dg. In particular X3 and X4 lie in the same family
of K3 surfaces, namely the family of U @ Dg & Eg-polarized K3 surfaces.

The lattice NS(X») is isometric to U @ Eg @ Eg and its transcendental lattice is
isometric to U @ U, which has the same discriminant form of Eg.

Proof The curves in the Figs.4, 5, and 6 (i.e. the curves @lj, Ox,, Ty ifi # 2

and <I>l] if i = 3) generate NS(X;). They are not all linearly independent, but if
one extracts a basis, one obtains 18 independent generators of NS(X;). Since one
knows all the intersection properties of these generators, one can explicitly compute
their intersection matrix. This identifies the lattice NS(X;) and in particular its
discriminant group and form. We observe that all the lattices that appear are 2-
elementary, i.e., the discriminant group is (Z/2Z)%, a € N. So the transcendental
lattice is a 2-elementary lattice with signature (2, 2). The indefinite 2-elementary
lattices are completely determined by their signature and their length, i.e., by a, and
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by another invariant, often denoted by §, which is zero in all the cases considered.
This allows us to identify the transcendental lattices. O

7.3 Classification of All the Possible Fibrations on the K3
Surfaces X4, X3, and X»

In the same way as we did for Xg in Sect. 6.3, we classify elliptic fibrations on the
surfaces X4 ~ X3 and X» in what follows. By Proposition 7 we take T = Dg
for X3 >~ X4, and T = Eg for X, and apply Nishiyama’s method. By Nishiyama
[14, Lemmas 4.1 and 4.3] we know that Dg only embeds primitively in D,, for
n > 8§, and Eg only embeds primitively in Eg. The orthogonal complements of
these embeddings in the 24 Niemeier lattices are then found in [14, Corollary 4.4].
Those results are summarized in Tables 3 and 4. We notice that the fibrations on
X», X3 and X4 were already classified in [6, Table 2, case k = 8 and Table 1 case
k = 8, 6§ = 0] via different methods.

7.4 Determining the Type of Each Fibration of X4, X3, and X,

As in Sect. 6.4 we determine the type of each fibration obtained in Sect. 7.3 (Tables 3
and 4) with respect to the cover involutions t;, for i = 4, 3,2. We determine
moreover the sections and their fields of definition. This study allows us to obtain
an upper bound for the degree over k of a field of definition &, of a given fibration

Table 3 Elliptic fibrations of X3 and X4

n? Niemeier Embedding Roots Orth. Reducible fibers MW

1 Es @ Die Dg C Dis Eg & Dg I+ Iy {0}

2 ES* @ Dig Dg C Do ES* @ AP? 21T + 21 Z/2Z

3 Dy Dg C Doy D1 17, {0}

4 DY} Dg C Dip D1 @ Dy I+ I Z/2Z

5 DY’ Dg C Dy D¥* 217 Z/2Z

6 Do ® Ays Dg C Dy Ais I16 Z/2202

Table 4 Elliptic fibrations of X,

n()

Niemeier Embedding Roots Orth. Reducible fibers MW
1 E Eg C Eg EP? 21T {0}

2 Es @ D¢ Eg C Eg Dig IFZ Z/2Z
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1, and an upper bound for the degree over k of a field of definition k; vw of a set of
generators of the Mordell-Weil group of the fibration.

By Proposition 5 we know that the Galois group G, is trivial and all the fiber
components of R; are defined over k, for i = 4, 3, 2. In order to determine the field
of definition of the sections, the only action that is taken into account is the one of
the cover involutions t;, fori = 4, 3, 2.

To determine the type of each fibration in Table 3 (resp. Table 4) with respect to
74 (resp. t3 and 1), we find a configuration of (parts of the) reducible fibers in terms
of the curves in Fig. 4 (resp. Figs. 5 and 6). The fibration in line 5 (resp. line 2 and
line 1) is represented in Fig. 4 (resp. Figs. 5 and 6).

The configurations associated to the fibers in lines 1, 2, 3, 4, and 6 in Table 3 for
the K3 surface X4 are listed below:

I + I

1 1 1 1 1 1 1 1 2 2 2 2 2
®).201,301,46}, 501,60}, 40}, 271,30) + ©F, 031 203,202 207,
202,202, 02,

2011* 421,
01,20},361,40],30},211, 0,20} + ©/,20y,,303, 463,303,203, 62,
207 + O] + 62

I*
12
1 1 1 1 1 1 1 1 2 2 2 2 2
®}.04,20¢,201, 20}, 20}, 20}, 20}, 20x,, 203, 203, 203, 207, 263,
207, 03, 03,

I3 + 1§
04, 01,20/,201,20],20},20],20}, 20x,,20},203, 01, 0] + 0} 03,
202, 02,

Is
04, 0;,01,0,,0},0), 0,0, 63,03} 03 03, 6% 62 63, T.

The configurations associated to the fibers in lines 1, 3, 4, 5, and 6 in Table 3 for
the K3 surface X3 are listed below:
I17* + ij

2 1 ! Y ! ol o1 o1
G 20xs,, 30,,40,50,,60;,40,, 205,30,

+ @), 3,271,207, 202,207,203, 03, 03,

I*
12

1 2 1 1 1 1 1 1 1 2 2 2
D, o7, 20x;,, 20,,204,20,,20;,20,, 204,20, 2T}, 20¢, 203, 207,
203, 83, 02,
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Ig + 13

e}, 01,201,20!},20!,20/}, 21,202,203, 203, 203, 03, 03
+ 03, 0),20x,, ], 7,

21}

o »2 1 1 1 1 ol gl
@}, ®%,20x,,20],201,20),20}, 6}, 6]
+ ©3,03,203,20%,202,202, 27T}, 0},

L6
e}, 0),0l, 0} 1,07 6% 07,03, 03 07,603 0x, 0/,0],0..

Finally, in terms of the configuration of 2/7* we find a fiber of type I},
representing the fibration in line 2 of Table 4 by including every curve in Fig.6
except ©1, @%; the latter are sections for this fibration.

Note that all the reducible fibers listed above only appear once in Table 3 (resp.
Table 4), hence we know that they represent the corresponding fibrations in those
tables. Therefore, using these configurations, we can determine the type of the
corresponding fibration with respect to t4 (resp. 73 and 72), and find sections for
the corresponding fibration. By choosing a 0-section, we determine whether the
different sections are fixed by t4 (resp. 73 and 1) or not. The results are listed in
Table 5 (resp. Tables 6 and 7).

Table 5 Types of the different elliptic fibrations of X4 with respect to 74 and fields of definition

Field of Def. Field of Def. all

n? | Roots Orth. | Type | Sections 0-section sections [ky,mw : k]
1 |Eg® Dg 3 Ox, Ox,/k k 1

2 | ES*@ AP |3 CINCH ©l/ke, ke, <2

3 | Dis 1 T Ti/k k 1

4 |Dp®Dy |3 Ty, ©2 Ti/k ke, <2

5 | D 2 Ox,, Ti Ox,/k k 1

6 |Ass 1 0!, 0, 0% 6l/k, ke, <2
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Table 6 Types of the different elliptic fibrations of X3 with respect to t3 and fields of definition

Field of Def. Field of Def. all

n? | Roots Orth. | Type | Sections 0-section sections [knmw : k]
1 |Es® Ds 3 e? 02/ ke, ke, <2

2 ER2@AP 2 Ox;, Ti Ox,/k k 1

3 | Dis 30 6] 01 /kzy kery <2

4 |Dp®Dy |1 CINCH 07/ ks, ks =2

5 | DE? 3 el e? 01/ ks key <2

6 | A 1 e), ez, ol | 6l/k, ke, =2

Table 7 Types of the different elliptic fibrations of X, with respect to 7, and fields of definition

Field of Def. Field of Def. all
n? | Roots Orth. | Type | Sections |0O-section sections [kymw : k]
1 | EY 2 o 0/k k 1
2 | Dis 1 el,e2 |6k, ke, <2

Acknowledgments The authors would like to thank the organizing committee of the third Women
in Numbers Europe workshop, where this project started. They would also like to express gratitude
to the referees for their careful reading and suggestions that improved the paper. The authors would
like to warmly acknowledge Adam Logan for catching a mistake on an earlier version of this
paper regarding the description of the fibration on X9 with a D5 fibre. Victoria Cantoral-Farfan
was partially supported by KU Leuven IF C14/17/083. Cecilia Salgado was partially supported
by FAPERJ grant E-26/203.205/2016, the Serrapilheira Institute (grant Serra-1709-17759), Cnpq
grant PQ2 310070/2017-1 and the Capes-Humboldt program. Antonela Trbovi¢ was supported
by the QuantiXLie Centre of Excellence, a project co-financed by the Croatian Government and
European Union through the European Regional Development Fund—the Competitiveness and
Cohesion Operational Programme (Grant KK.01.1.1.01.0004).

References

1. Balestrieri, F., Desjardins, J., Garbagnati, A., Maistret, C., Salgado, C., Vogt, I.: Elliptic
Fibrations on Covers of the Elliptic Modular Surface of Level 5. In: Bouw 1., Ozman E.,
Johnson-Leung J., Newton R. (eds) Women in Numbers Europe II. Association for Women
in Mathematics Series, vol 11. Springer, Cham. (2018) https://doi.org/10.1007/978-3-319-
74998-3_9

2. Bertin, M.J., Garbagnati, A., Lecacheux, O., Hortch, R., Mase, M., Salgado, C., Witcher, U.:
Classifications of Elliptic Fibrations of a Singular K3 Surface, In: Bertin M., Bucur A., Feigon
B., Schneps L. (eds) Women in Numbers Europe. Association for Women in Mathematics
Series, vol 2. Springer, Cham. (2015) https://doi.org/10.1007/978-3-319-17987-2_2

3. Comparin, P., Garbagnati, A.: Van Geemen—Sarti involutions and elliptic fibrations on K3
surfaces double cover of P2. J. Math. Soc. Japan 66 no. 2, 479-522 (2014)

4. Cossec, F. R., Dolgachev, 1.V.: Enriques surfaces I. Progress in Math. 76, Birkhéduser Basel
(1989)


https://doi.org/10.1007/978-3-319-74998-3{_}9
https://doi.org/10.1007/978-3-319-74998-3{_}9
https://doi.org/10.1007/978-3-319-17987-2{_}2

Fields of Definition of Elliptic Fibrations 205

5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

Garbagnati, A., Salgado, C.: Linear systems on rational elliptic surfaces and elliptic fibrations
on K3 surfaces. J. Pure Appl. Algebra 223 no. 1, 277-300 (2019)

Garbagnati, A., Salgado, C.: Elliptic fibrations on K3 surfaces with non—symplectic involution
fixing rational curves and a curve of positive genus. Rev. Mat. Iberoamericana 36 no. 4, 1167—
1206 (2020)

. Kloosterman, R.: Classification of all Jacobian elliptic fibrations on certain K3 surfaces. J.

Math. Soc. Japan 58 no. 3, 665-680 (2006)

. Kuwata, M.: The field of definition of the Mordell-Weil group of an elliptic curve over a

function field. Compositio Math. 76 no. 3, 399-406 (1990)

. Miranda, R.: The basic theory of elliptic surfaces. Available via

https://www.math.colostate.edu/miranda/BTES-Miranda.pdf. Cited 24 Sep 2020

Miranda, R., Persson, U.: On extremal rational elliptic surfaces. Math. Zeitschrift 193, 537-558
(1996)

Niemeier, H.-V.: Definite quadratische Formen der Dimension 24 und Diskriminante 1, J
Number Theory 5, 142-178 (1973)

Nikulin, V.V.: Integer symmetric bilinear forms and some of their geometric applications. Izv.
Akad. Nauk SSSR Ser. Mat. 43 no. 1, 111-177 (1979)

Nikulin, V.V.: Finite groups of automorphisms of Kéhlerian K3 surfaces. Tr. Mosk. Mat. Obs.
38, 75-137 (1979)

Nishiyama, K.: The Jacobian fibrations on some K3 surfaces and their Mordell-Weil groups.
Japan. J. Math. (N.S.). 22 no.2, 293-347 (1996)

Oguiso, K.: On Jacobian fibrations on the Kummer surfaces of the product of nonisogenous
elliptic curves, J. Math. Soc. Japan 41, 651-680 (1989)

Salgado, C.: Arithmetic and Geometry of rational elliptic surfaces. Rocky Mountain J. Math.
46 no. 6, 2061-2076 (2016)

Schuett, M., Shioda, T.: Elliptic surfaces. Algebraic geometry in East Asia—Seoul 2008,
Advanced Studies in Pure Mathematics 60, 51-160 (2010)

. Shimada, I.: On elliptic K3 surfaces. Michigan Math. J. 47 no. 3, 423-446 (2000), arXiv

version with the complete table: arXiv:math/0505140

. Swinnerton-Dyer, H.P.F.: The field of definition of the Néron-Severi group. In: Erdds P., Alpar

L., Halasz G., Sarkozy A. (eds) Studies in Pure Mathematics. Birkhéuser, Basel. (1983) https://
doi.org/10.1007/978-3-0348-5438-2_62


https://www.math.colostate.edu/miranda/BTES-Miranda.pdf
https://doi.org/10.1007/978-3-0348-5438-2{_}62
https://doi.org/10.1007/978-3-0348-5438-2{_}62

	Fields of Definition of Elliptic Fibrations on Covers of Certain Extremal Rational Elliptic Surfaces
	1 Introduction
	1.1 Relation to the Literature

	2 Preliminaries and Setting
	3 Rational Curves on K3 Surfaces
	4 Extremal Rational Elliptic Surfaces
	4.1 Minimal Models for Extremal RES Over k

	5 Double Covers of Extremal Rational Elliptic Surfaces
	5.1 Arithmetic Models of Extremal Rational Elliptic Surfaces

	6 The Surfaces R9 and X9
	6.1 Negative Curves on R9
	6.2 The K3 Surface X9
	6.3 Classification of All the Possible Fibrations of the K3 Surface X9
	6.3.1 Torsion of the Mordell–Weil Group for the Elliptic Fibrations Associated to X9

	6.4 Determining the Type of Each Fibration of X9

	7 The Surfaces R4, R3, R2 and the Surfaces X4, X3, X2
	7.1 The Rational Elliptic Surfaces R4, R3, and R2
	7.2 The K3 Surfaces X4, X3, X2
	7.3 Classification of All the Possible Fibrations on the K3 Surfaces X4, X3, and X2
	7.4 Determining the Type of Each Fibration of X4, X3, and X2

	References


