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Introduction

The study of elliptic curves dates back to ancient Greece. As mathematics
evolved through the centuries, so did the study of such curves, which now pro-
vides one of the best examples where different branches of mathematics coexist,
in particular geometry and number theory.

From the number theoretical point of view, an elliptic curve (E,e) is a genus
one curve F defined over an arbitrary field &, where a rational point e has been
chosen. Thanks to the presence of this point, one can find an isomorphism with
a cubic curve in IP’%, which will be called the Weierstrass model of E. The set
E(k) of k-rational points, which is actually a group, is called the Mordell-Weil
group of E. In the case k = C(¢) is the function field of P§, we can give to an
elliptic curve a more geometrical description, and in general when k = C(B) is
the function field of a smooth curve.

An elliptic surface is a surface X with a morphism 7 : X — B onto a smooth
curve and with a section: its generic fibre is then an elliptic curve over C(B),
providing then the link I told about in the previous paragraph. A study of this
class of surfaces can be found in [Kod63], where one of the most important re-
sults in the theory of elliptic surfaces, and elliptic fibrations in general, is proved:
Kodaira’s theorem classifying all the possible singular fibres. This theorem is
important for two reasons: first of all because it gives a full answer on the prob-
lem of classification, and second because joint with Tate’s algorithm [Tat75] it
gives a practical tool to distinguish between the different singular fibres in the
list.

Another important result in this area is the Shioda—Tate formula [Shi90, Cor.
5.3] for computing the rank of the Mordell-Weil group of an elliptic surface.
In fact, it’s possible to define an analogue of the Mordell-Weil group of elliptic
curves, which is isomorphic to the Mordell-Weil group of the generic fibre of
the fibration, in terms of the fibration 7 and its sections. The formula relates
then the geometric properties of the fibration, and in particular of its singular
fibres, to this arithmetical object.

The case of elliptic threefolds, i.e. of morphisms 7 : X — B where now X has
dimension 3, shares many aspects with the elliptic surfaces, but is however very
different. Many of the definitions one gives for the surfaces still work for the
threefolds, but the precise results stated before may fail to have an analogue in
this higher dimensional case.

This is not the case for the Shioda—Tate formula, which holds in great general-
ity thanks to a generalization due to Wazir ([Waz04]). On the contrary, up to
now there is no analogue of Kodaira’s theorem and Tate’s algorithm for elliptic
threefolds which predicts the type of a singular fibre over any point of the base.
I want to be precise, and justify this last statement: both in the cases of sur-
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faces and threefolds, the locus in the base where we have singular fibres (the so
called discriminant locus) has codimension one, and so it’s possible to use the
machinery for surfaces to find the type of singular fibres one has over the generic
point of the irreducible components of the discriminant. In the case of surfaces,
the base is a curve and so the discriminant is a finite number of distinct points,
hence we have a precise description of each singular fibres; but in the threefold
case the discriminant locus has dimension 1 and so it’s possible that over some
points the singular fibres change, becoming even of non-Kodaira type. Up to
now (and to my knowledge) there is no way to determine a priori the type of
these possible new fibres, nor a complete classification: this is the reason why
the study of non-Kodaira fibres captures the interest of many people (see e.g.
[Mir83], [EY], [EFY] and [GM12)).

The main problem sits in the theory of resolutions of singularities, which is well
understood in the case of surfaces, but still incomplete in higher dimension. In
the thesis I will show that not every genus 1 curve can be a fibre in an elliptic
threefold: using the theory of threefold rational Gorenstein singularities I will
prove that the possible non-Kodaira fibres of an elliptic threefold are contrac-
tion of Kodaira fibres.

Physics, and in particular string theory, gives another motivation for study-
ing elliptic fibrations (in particular elliptic threefolds and fourfolds). In [Vaf96],
[MV96a] and [MV96b] the study of F-theory (i.e. elliptically fibered varieties)
was proposed as a part of string theory where Calabi-Yau elliptic fibrations
play a crucial role. To give a physically consistent phenomenology, they showed
that the fibrations must have further properties, one of them is that the total
space is a Calabi—Yau manifold. For this reason the study of elliptically fibered
Calabi—Yau manifolds grew, especially when these varieties are embedded as
anticanonical hypersurfaces in some toric Gorenstein Fano ambient space. The
reason for this last requirement is that toric varieties are a particularly large
but relatively simple class of varieties, which can be studied by means of com-
binatorics in a very efficient way, especially when they are Fano.

For these reasons (and for personal interest), in the following I will study
Calabi—Yau elliptic threefolds, stressing the points where the theory for three-
folds differs from the one for surfaces. In particular, the elliptic fibrations I will
describe are anticanonical hypersurfaces in a projective bundle over a surface B
of the form P(£? ® £* ® Op) for £ an ample line bundle on B. Observe that
even in the case where the base B is toric, e.g. B = P2 which is a case I will
analyse in great detail, the ambient bundle is typically not Fano, but also in
this case it’s possible to study these hypersurfaces by exploiting toric geometry.

In Chapter 1 I will give the basic definitions of elliptic fibration with section,
of its Weierstrass model and Mordell-Weil group. I will also explain some of
their properties, which I will use in the sequel, but since all of this material is
well known, proofs will be omitted and are replaced with suitable references. 1
will also describe Tate’s algorithm and illustrate with some examples that the
presence of non-Kodaira fibres is quite common in the case of threefolds. All
the examples and the varieties involved in this chapter and in all the other are
defined over the complex numbers.

In Chapter 2 I will give a brief description of the singularities of the Weierstrass
model of an elliptic fibration. In the case of threefolds I will use the work of Reid
on canonical singularities ([Rei80], [Rei83] and [Rei87]) to show a necessary con-
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dition that must be satisfied by the discriminant locus of an elliptic fibration on
a smooth threefold. This is important since one of the most common ways to
produce new examples of elliptic fibrations is to start with a singular fibration
defined by a simple equation (e.g. a singular Weierstrass fibration) and then try
to resolve it in a way that is compatible with the fibration. In particular, in
Theorem 2.7 T will prove that the non-Kodaira fibres of elliptic threefolds are
contraction of Kodaira fibres.

Chapter 3 is devoted to a survey of Calabi—Yau manifolds and the properties 1
will use in the sequel.

In Chapter 4, I will introduce the anticanonical subvarieties of the P2-bundle
Z =P(L*® L@ Op) over a surface B. The generic such hypersurface is a fibra-
tion in curves of genus 1 over B, but there are two important things to keep in
mind. The first is that it’s not a priori clear if these varieties are smooth or not,
and the second is that we have to find at least one section for them. Requiring
the smoothness of the generic anticanonical subvariety has as effect to reduce
the possible values for the pair (a,b) (the exponents in the definition of the
P2-bundle Z) to only a finite number of cases. I will then determine these pairs
in the cases where B is a del Pezzo surface and £ a multiple of its anticanonical
bundle, and where B = P? and £ = Op2(1).

In Chapter 5 I will give a description of the families found in the previous chap-
ter over P2. It will turn out that not all of them admit a section, for the others
I will describe the cubic intersection form, give equations for the Weierstrass
model, study the Mordell-Weil group by finding suitable Q-generators and de-
termine the precise number of sections. Not all the families found here are new,
some of them were already known in the literature, but with other descriptions.
In Chapter 6 I will show how the “classical” E7 families are a part of this frame-
work.

Since Calabi—Yau elliptic fibrations appear in the world of physics, in Chapter
7 1 will deal with the problem of finding all the possible elliptic fibrations over
a surface satisfying a relation which is assumed to hold in string theory, known
as tadpole cancellation relation.

Finally, in Appendix A I will give a description of the algorithm T used to com-
pute the Hodge diamonds of the elliptic fibrations which appeared in Chapter
5 and 6.
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Chapter 1

Elliptic fibrations

In this chapter I will introduce the basic definitions and properties concerning
elliptic fibrations over a variety. In particular, I will show that it’s possible to
associate to each elliptic fibration with section another fibration birationally
equivalent to the first, known as its Weierstrass model. By Tate’s algorithm, the
Weierstrass model of an elliptic fibration determines the configuration and the
type of the singular fibres of the original fibration, at least generically. I will also
define a more arithmetical object linked to elliptic fibrations: the Mordell-Weil
group of rational sections.

The definitions given here have no bounds on the dimension of the total space
of the fibration, but in many examples I will focus on the case of threefolds,
being this case of special interest.

I recall that all the varieties in this thesis are always defined over C.

Definition We say that m : X — B is a smooth elliptic fibration over B with
section if

1. X and B are smooth projective varieties of dimension n and n— 1 respec-
tively;

2. 7 s a surjective holomorphic morphism;

3. the fibres of ™ are connected curves, and the generic fibre of ™ is a smooth
connected curve of genus 1;

4. a section 0 : B— X of w is given.

When m : X — B satisfies only the first three requirements above, we say that
it’s a genus one fibration.

Elliptic fibrations are then an example of varieties over a given base B. A mor-
phism between two elliptic fibrations 7 : X — B and 7’ : X’ — B is then a
morphism of varieties over B, i.e. a map f : X — X' such that

commutes.



CHAPTER 1. ELLIPTIC FIBRATIONS 9

Definition An elliptic fibration 7w : X — B is minimal if for any morphism
f: X — X' of varieties over B such that f contracts at least one divisor, then
7w’ : X' — B is not an elliptic fibration.

Remark 1.0.1 We use this definition to capture previous definitions of mini-
mality. In the case dim X = 2, a minimal elliptic surface is an elliptic surface
having no (—1)-curves in its fibres. In the case dim X = 3, a minimal elliptic
threefold is an elliptic threefold which contains no contractible surface whose
contractible fibres are contained in the fibres of 7 (compare to [Mir83, Sect. 0,

(0.3)).

I will denote the fibre over the point b € B with Xj. Of course, not every fibre
of m needs to be smooth, and we define the discriminant locus of the fibration
as the subset of B over which we have singular fibres:

A = {b € B|X} is singular} C B.

The following is an easy but important property of elliptic fibrations with sec-
tion: a section can’t pass through singular points in the fibres.

Proposition 1.1 Let 7 : X — B be a smooth elliptic fibration with section o.
Let b € A and q € X}, be a singular point for the fibre. Then o(b) # q.

Proof Assume by contradiction that o(b) = ¢q. The differential
dry : T, X — Ty B
gives us a decomposition
T,X = kerdmy @ imdoy, ~ kerdmy © Tp B

because ¢ lies on the section. Since ker dm, is generated by the tangent vectors
in g to X3, and dim 7T, X > 2 because ¢ is singular for X;, we deduce that

dmT,X >2+(n—1)=n+1
hence that ¢ is a singular point of X. ([l

There is obviously a relation between elliptic fibrations and elliptic curves. In
fact, the presence of a section tells us that (Xj, o (b)) is an elliptic curve for any
b € BN A. At a deeper level, the whole fibration can be seen as an elliptic curve
since its generic fibre X, is an elliptic curve over the function field C(B) of the

base B:

Xn%X

SpecC(B) ——= B

where the distinguished point is given by the restriction of the section. Since
any elliptic curve (E,e) defined over a field k has a Weierstrass model (see e.g.
[Sil09, Prop. 3.1]) and a Mordell-Weil group E(k) of k-rational points, we can
then define the Weierstrass model of the fibration and its Mordell-Weil group.
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1.1 The Mordell-Weil group

Definition Let (E,e) be an elliptic curve over a field k. Then the Mordell-Weil
group of E is the group E(k) of its k-rational points.

As for any elliptic curve over a field, the generic fibre of an elliptic fibration
has its Mordell-Weil group, but in this case we also have a more geometric
description. Let m : X — B be an elliptic fibration. A rational section of m is
a rational map s : B --+ X such that 7 o s = id over the domain of s. Then the
Mordell-Weil group of our fibration is

MW (X) = {s: B --+ X|s is a rational section},

where the group law is given by addition fibrewise, i.e. given two rational sections
s and ¢, we define s 4+ s’ requiring that (s + s')(b) = s(b) + s'(b) for any
b € domsNdoms’.

The correspondence between rational sections of 7 and C(B)-rational points of
X, is set up in this way: given a rational section s we have a C(B)-rational
point on X, by taking the restriction of s to the generic fibre, while given a
C(B)-rational point s, : Spec C(B) — X,, we have a rational section s on an
open dense subset U of B requiring that s(U) = t(s, (Spec C(B))).

We can then identify MW (X) ~ X,,(C(B)).

Remark 1.1.1 Given a rational section s : B --+ X, with a slight abuse of
language I will also call rational section the subvariety of X defined by s(dom s).
In the same spirit, I will call section the image s(B) of a section s : B — X.

1.1.1 Estimating rk MW (X)

Let E be an elliptic curve over any field, with zero e. Then we have a group law
on E which allows us to calculate a + b = ¢. Since a and b are points on I,
each of them also defines a divisor and so we can add them as divisors, finding
a +P b. By the very definition of the group law we have that

a+b=c=at+Pb=c+Pe (1.1)

where = denotes linear equivalence of divisors. This relation is easy to general-

1
G D
anP:Q@anPEQ—&— (an—1> e.

ize":

To see that this is true we write ZG npP as ZG P; where the P,’s need not
be different, and proceed by induction on the number n of summands. Then we
know that the first step, corresponding to n = 2, is true. Suppose that the result
is true for n—1 summands and consider Zf<i<n P;. Thenlet R = Zf<i<n_1 P
by induction we have

D
Z Pi=R+P (n—2)e,

1<i<n—1

1T use ZG and ZD to denote the sum using the group law or the sum of divisors respec-
tively.
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while by (1.1)
R+P P, =(R+CP,) +e.

This implies that

D G
Y Pi—(n—2e=| > P|+"e

1<i<n 1<i<n

from which the result follows.
I now want to use this remark to give bounds on the rank of the Mordell-Weil
group MW (X) of an elliptically fibred variety. The fibration X is assumed to
have a section S = o(B), which we use to induce a group law on each fibre.
Let S € Pic X be the section, and call .S, its restriction to X,,. As element in
Div X, and in Pic X,;, we have that .S, is not zero. But observe that since S is a
section we have also S, € MW(X), and in this group S, s the neutral element.
In fact, using the notation of the previous paragraph we have as elliptic curve
(E,e) = (X,,5,). An element P € MW(X) is a rational point of X,, and the
map
MW(X) — PicX, (1.2)

P — P-5, ’
is a group homomorphism, in fact it follows from (1.1) that

(P+CP)—S,=(P—S,)+ (P —8,).

Remark 1.1.2 This homomorphism is injective. In fact, if P — S5, = 0, then
P =S, as points of X, by [Sil09, Lemma 3.3].

So we can see MW(X) as a subgroup of Pic X,), and observing that the image
of MW (X) is contained in the subgroup of degree 0 divisors of X,,, we have

MW (X)C Pic X,
Pic® Xy

It’s possible to find the image of this map. In fact it follows from [Sil09, Rmk.
3.5.1] that X,,(C(B)) is isomorphic (via this map) to the subgroup of Pic’ X,
of divisors of degree zero defined over C(B).

This gives us the first estimate

rk MW(X) < rkPic’ X,, < rk Pic X,,.

Since the exact sequence defining Pic’ Xy

0 — Pic® X, — Pic X, 25 7 — 0 (1.3)

is split by
Z — PicX,
n — nd, ’
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we have that
Pic" X, 6Z — Pic X, (1.4)
>-npP,n) — > npP+nS, .
is a group isomorphism, so rk Pic’ X, =rkPic X, — 1 and we have the estimate
rkMW(X) <rkPic X, — 1.

Let V' be the subgroup of Pic X generated by the classes of the vertical divisors,
i.e. those divisors whose support is contained in 7* D for D a divisor on the base
B. Then ([Mir89, Lemma VII.1.4]) we have the exact sequence

0 — V — Pic X = Pic X,, — 0, (1.5)
implying that
rkMW(X) <1kPicX —rkV — 1. (1.6)

Remark 1.1.3 Since 7 has connected fibres, by Zariski’s main theorem we have
that m,Ox ~ Op. Using the projection formula we can then show (see [Mir89,
Lemma VII.1.1]) that 7* : Pic B — Pic X is injective. In fact let £ be any line
bundle on B, then

T L~ LRm.Ox ~ L.

Of course 7* Pic B is a subgroup of V', so that
rkMW(X) <rkPicX —rkPicB — 1,

but V' # 7*Pic B in general. For example, this happens if the fibration has
reducible fibres over a codimension 1 locus in the base, and we will see examples
of this fact in Sections 5.3.3 and 6.2.2.

1.1.2 The Shioda—Tate—Wazir formula

In the previous section we saw some estimates on Tk MW (X)), but in fact there
are formulae to compute this number. In the case of elliptic surfaces, i.e. elliptic
fibrations 7 : X — B where X is a surface, it’s possible to compute the rank of
V in terms of the singular fibres of the fibration. This leads to the Shioda—Tate
formula for computing the rank of the Mordell-Weil group ([Shi90, Cor. 5.3]):

Theorem 1.2 (Shioda—Tate formula) Let 7 : X — B be a smooth elliptic
surface with section. Then
rkMW(X) =rkNS(X) — 2 — Z((# irreducible components of X3) — 1).
beA

Observe that this theorem says that our estimate (1.6) is indeed an equality.
This formula has been generalized in the setting of scheme theory by Wazir
([Waz04, Cor. 3.2]) for elliptic fibrations of any dimension:

Theorem 1.3 (Shioda—Tate—Wazir formula) Let 7 : X — B be an ellip-
tic fibration with section over a field k. Then

rkNS(X) =1 + tk MW(X) + tkNS(B) + rk

where F' is the vector space generated by the irreducible components of A
which don’t intersect the section.
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Roughly speaking, this theorem says that our estimates are quite sharp. In fact
the rank of MW (X') depends on:

1. the geometry of the fibration, encoded in NS(X);

2. the geometry of the base, encoded in NS(B);

3. the presence of the section, which is given by the 1 in the formula;

4. the singular fibres, encoded by F', since if we have reducible fibres over
some component of the discriminant locus, say Ayeq, then 771 (A eq) splits
into different irreducible components, giving the so called fibral divisors.

1.2 Weierstrass fibrations and Weierstrass mod-
els

In this section I want to define the notion of Weierstrass fibration and to show
how we can associate to each elliptic fibration with section a Weierstrass fi-
bration, which we call the Weierstrass model of the elliptic fibration. In the
following definitions I will also set up the notation I will use in the sequel.

Definition We say that p: W — B is a Weierstrass fibration if
1. W and B are projective varieties, with B smooth (W not necessarily);

2. p is a surjective morphism whose fibres are smooth curves of genus 1, or
rational curves with either a node or a cusp;

3. the generic fibre of p is smooth;

4. there is a section s of p such that s(B) does not pass through the nodes or
the cusps in the fibres.

Definition Let p: W — B be a Weierstrass fibration over B, with section s.
If ¥ =s(B) and i : ¥ — W is the inclusion, then the fundamental line bundle
of p is the line bundle L on B defined by

£ = (puisNow) !
where NE|X 18 the normal bundle of ¥ in W.

Observe that since ¥ has codimension 1 in W, then Ny is a line bundle on
Y and so £ is a line bundle on B because p|,, is an isomorphism. Despite the
fact that this definition depends on the section, the fundamental line bundle £
is intrinsic to W since it’s known that ([Mir89, Chap. I1.3])

L7~ Rlp,Ow.

The following results are essential and explain the importance of the fundamen-
tal line bundle of a Weierstrass fibration. Proofs can be found in [Mir89, Sect.
I1.4 and IIL.1] in the case where W is a surface and B is a curve, but they still
work in any dimension.
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Proposition 1.4 With the same notations as before, we have for anyn > 2 a
decomposition

pOw(nE)=0p@ L oL 3. 0L,

The role of the section in a Weierstrass fibration is essentially the same as that of
the distinguished point on an elliptic curve: we can use it to embed the fibration
in a P2-bundle over the base B.

Given any vector bundle E over B, I will denote with P, (E) the projective space
bundle of the hyperplanes in E as usual in algebraic geometry, while with P(E)
I will denote the projective space of lines in E as it’s customary in physics. Of
course the two notions are equivalent, since they are linked by a duality relation

Pn(E) ~P(E").
Theorem 1.5 The line bundle Ow (3X) defines a closed immersion
W — Pp(p.Ow (3%))
in such a way that the diagram

WPy (p.Ow (3%))

N

commutes, where the morphism Il is the structure morphism of the projective
space bundle.

For sake of simplicity I will call Ey the bundle p,Ow (3%) ~ Op ® L2 L73.
Once we realize W as a hypersurface in a projective space bundle, we can ask
for its equation. This is the usual equation of an elliptic curve in Weierstrass
form, namely

yiz = 23 4 agr2® + ag?®, (1.7)

where
Te HO(Ph(EW)7 OP}L(EW)(]') ® H*Ez)a

y € H'(Ph(Ew), Op, (y)(1) @ IT*L3), (1.8)
z € H'(Pu(Ew), Op, (gy)(1))

give coordinates in the fibres, and

as € HO(P, (Ew), 11" %) ~ H(B, £*),

1.9
ag € HO(IPh(Ew),H*EG) ZHO(B,EG) ( )

are coefficients. We can then give an equation for the discriminant locus:
A :dal +27a3 =0 (1.10)

and so we see that A € H(B, £!?).

Given a smooth elliptic fibration 7 : X — B with section o, we have already
observed that (Xj, (b)) is an elliptic curve for any b € B\ A: as such it can be
put in Weierstrass form. This pointwise fact globalizes to the whole fibration,



CHAPTER 1. ELLIPTIC FIBRATIONS 15

so that we can speak of the Weierstrass model p : W — B of the fibration.
To be more precise, we can put the generic fibre X, of X in its Weierstrass
form W,, finding an equation whose coefficients are rational functions on B.
After a birational change of variables we can then find an equation for W, with
coefficients defined everywhere on B, i.e. we find an equation for W in P, (Ew ).

Proposition 1.6 Any smooth elliptic fibration with section 7 : X — B admits
a unique (up to isomorphism) Weierstrass model in such a way that

X—f>W
B

commutes and [ is a birational morphism. Moreover, all the fibres of f have
dimension at most 1.

Proof For the existence, see [Nak88]. For the last part of the statement, just
observe that every fibre of p and 7 is 1-dimensional, and so f~!(w) can be at
most a curve. (]

Geometrically, we can describe the morphism to the Weierstrass model as the
contraction in the reducible fibres of all the irreducible components which don’t
intersect o(B). This implies that a smooth minimal elliptic fibration and its
Weierstrass model have the same discriminant locus.

Example 1.2.1 In this example I want to show that the assumption of having
a section is quite restrictive. In fact, let’s consider the variety X defined in
P? x P? with coordinates ((xq : z1 : @2 : 23), (Yo : ¥1 : ¥2)) by the equations
X 3+ ad+as+ai=0
yoxo + yiar + ydze = 0.

Then X is smooth and can be viewed naturally as a fibration in elliptic curves
in two different ways by restricting to X the projections onto the two factors.

1. In the first case X is a fibration over the Fermat cubic surface in P3. We
observe that over the point (0 : 0 : 1 : —1) we have a multiple fibre,
with equation y3 = 0, so any of its points is singular for the fibre. By
Proposition 1.1 we can conclude that this fibre can’t meet any section,
hence that there is no section at all.

2. In the second case we have a fibration over P2, but even in this case we
have no sections. In fact, if o were a section then o (PP?) would be contained
in the Fermat cubic. But there is no non constant morphism from P? to
this surface.

Example 1.2.2 Let’s consider the projective plane bundle P(Opz (2) ® Op2(3) ®
Op2) over P2, Denote with (z : y : z) coordinates in the fibres and with (to : ¢; :
t2) coordinates in the plane, then the Weierstrass equation

vz =3+ (1§ + 15 +15)2°
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defines a smooth elliptic threefold = : X — P2. The discriminant locus of this
fibration is then
A 27(t5 + 15 +15)* = 0,

which is a Fermat sextic with multiplicity two, and over each point of the dis-
criminant we have cuspidal cubics.

1.2.1 Adjunction in P, (Ey)

In this section I want to calculate the class of a smooth Weierstrass fibration
p: W — B in the Chow group of codimension 1 subvarieties of Py, (Eyw ). Using
the adjunction formula we will be able to compute the class of a canonical divisor
of W.

In this section I will use the projective space of lines, writing

Zw = B(Eyy) = B(Op © L2 @ L7)
for the ambient space, and

L =c (L), §w = c1(0z, (1)).

We have the following diagram

we— s 7y

N

and the class [W] of W is quite easy to compute: W is defined by the equation
(1.7), which is a homogeneous cubic in the variables z, y and z with coefficients
ays and ag, and so by (1.8) and (1.9) this means that

[W] = 6IT* L + 3¢

To compute the canonical class Kz, we first use the exact sequence defining
the relative tangent bundle

0— Ty —Tzy — 1" — 0
to find the relation
C(ZW) = C(TzwlB)H*C(B)

between the Chern polynomials, and then the exact sequence ([Ful98, App.
B.5.8])
0— Ozy — (WEw) ® Oz, (1) — Tz, 5 — 0

to compute ¢(Tz,,|5). What we find is that the first Chern class of Zy, is then
the piece of degree one in the polynomial

c(Zw) = (14 &w)(1 4 21" L 4 &w ) (1 4 3IT° L 4 &w ) (1 + 1T e1 (B) + I ea(B)),

hence that
KZW = —Cl(Zw) = H*KB — 5IT*L — 3fw
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We can now compute the canonical class of W by means of the adjunction
formula: since

Kz, +[W]=II"Kp — 5II" L — 3w + 6II"L + 3¢w =1I"(Kp + L), (1.11)
we have that
Kw = (Kz, —i—[W])‘W =¢'1I"(Kg+ L) =p"(Kp+ L). (1.12)

Observe that Ky the pull-back of a divisor in the base, hence Ky is vertical.
In Proposition 2.5 we will see that (1.12) generalizes to singular Weierstrass
models.

Example 1.2.3 Let X be the fibration of Example 1.2.2: its ambient bundle
is of the form Zy,, with £ = Op2(1). Then we have that L is the class of a line
in the base P?, and since Kp> = —3L we can now justify our previous claim on
the canonical bundle of X, in fact

Kx = p*(Kp2) + p*L = p*(—2L).

Remark 1.2.4 The technique used here to compute ¢;(Zw) and the Chern
polynomial ¢(Zy ) is quite general: if E is any rank 3 vector bundle on B and
Z =P(E), it can be used to compute ¢(Z).

The general result is that

o(Z) = c(Tzp)1"c(B)

with
o(Tzp) =1+ 1*cy(B) + 36 + ¥ eo(E) + 21T ¢y (E)E + 362

In particular
c1(Z)=MT"c;(B) + "¢y (E) 4 3€. (1.13)

1.3 Singular fibres and Tate’s algorithm

Let m : X — B be a smooth elliptic fibration with section. We defined the
discriminant locus of the fibration as the locus A C B over which we have
singular fibres. Our interest is now on the type of these singular fibres.

In the case of surfaces, the situation is clear and well understood: the possible
singular fibres were listed by Kodaira ([Kod63, Thm. 6.2]), who also named
them.

In the following, I will refer to the singular fibres in the list as Kodaira fibres.

Theorem 1.7 (Kodaira’s classification of singular fibres) Given a smooth
minimal elliptic surface with section m: X — B, the only possible singular fi-
bres of w are the ones listed in Table 1.1.
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Table 1.1: List of Kodaira singular fibres

Name Description

I Nodal rational curve

I Two smooth rational curves meeting transver-
sally at two points

I, withn >3 n smooth rational curves meeting with dual

graph fln

I} withn >0

n+ 5 smooth rational curves meeting with dual
graph Dy, 14

11 Cuspidal rational curve

117 Two smooth rational curves meeting at a point
of order two

1V Three smooth rational curves all meeting at a
point

v 7 smooth rational curves meeting with dual
graph Eg

1Ir: 8 smooth rational curves meeting with dual
graph Er

17 9 smooth rational curves meeting with dual

graph ES

18

Moreover, in the case of elliptic surfaces, there is an algorithm which allows one
to determine the type of the singular fibre over a point b of the discriminant
locus: first of all we put X in Weierstrass form, finding an equation of the form

W . y22 =2 4 a2’ + GGZS,

and then we compute the multiplicities mult, ay, mult, ag and mult, A. The
type of the singular fibre over b is then given by the following table ([Tat75, P.
46))

’ Name ‘ multy as | multy ag | multy A ‘

I 0 0 1
I, 0 0 n
2 3 6
I >3 3 6
2 >4 6

I 2 3 n+6
II >1 1 2
77 1 > 2 3
IV >2 2 4
v* >3 4 8
111 3 >5 9
I >4 5 10
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This procedure to determine the type of a singular fibre is known as Tate’s
algorithm.

For minimal elliptic fibrations we can still run it: we put the fibration with
section in Weierstrass form, and then we consider the irreducible components
A;’s of A. Since the local rings Ox a, are discrete valuation rings, it makes
sense to compute the multiplicities multa, aq, multa, ag and multa, A. From
the previous table we can then deduce the type of the singular fibre over the
generic point of A;.

Observe that in the case of surfaces we have a precise description of any singular
fibre, while in the case of higher dimensional elliptic fibrations what happens in
codimension 2 (and greater) on the base is not yet well understood.

1.3.1 Examples of non-Kodaira fibres

As observed in the previous paragraph over codimension two loci in the base we
can have singular fibres of non-Kodaira type. I want now to give some examples
of non-Kodaira fibres in the case where 7 : X — B is a local fibration of
dimension 3, i.e. a fibration where B is a small disk in C? centred in 0, and over
the origin we will have the non-Kodaira fibre.

As a first example, in the paper [Mir83] the explicit desingularization of local
Weierstrass fibrations satisfying some further assumption is given. In this work
it’s clear that when singular fibres of Kodaira type collide, the result can be of
non-Kodaira type.

The second example I want to give is inspired by [EY]. Let f(s,t) be a function
which does not vanishes at the origin, and consider the Weierstrass fibration in
P? x B

vz =2 — %s4mz2 + (8;486 + f(s,t)t5> 23,
having

A= 74%54,

B = g%+ ft°,

A = L5 f(s0 +432f%).

Over t = 0 we have nodal cubics, and the node of each is singular for the whole
variety. We proceed by blowing-up this curve of singularities, and we obtain a
fibration with I3 fibres over ¢ = 0: one edge of the triangle is the transform
of the original nodal cubic, the other two edges have been introduced by the
blow-up. Their intersection is singular again, hence we have to blow-up the
curve of singular points again. Doing so, we find fibres of Kodaira type I5 over
t = 0, but in the fibre over the origin there is still a unique singular point of
the whole variety. It’s possible to resolve this isolated singularity by mean of a
small blow-up, i.e. a blow-up which doesn’t introduce exceptional divisors, and
the resulting threefold is a smooth elliptic fibration with a non-Kodaira fibre
over the origin. This fibre is made up of five irreducible components, each of
which is a line. Three of them meet at a point, and have multiplicity 2, 3 and
4 respectively. The component of multiplicity 4 intersects one of the remaining
components (which has multiplicity 2) and the component with multiplicity 2
meets the last component (which has multiplicity 1), which is the component
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intersecting the section. There is another way of describing this fibre: consider
a Kodaira fibre of type I1*, and contract the four consecutive components of
multiplicities 3, 4, 5 and 6 respectively.

Remark 1.3.1 If we consider a generic line through the origin, we have a local
elliptic surface, and Tate’s algorithm says that over that point we should have
a fibre I7*. What we found in the threefold is a contraction of this fibre, and as
we will see later (Proposition 2.7) this fact generalizes.

Remark 1.3.2 It’s not necessary to start with a Weierstrass model if we want
fibrations with I5 fibres. For example (if we are looking for global models), we
can start from three homogeneous cubic polynomials «, 3, and consider the
following singular fibrations, having a smooth resolution with I5 fibres, as one
can verify directly blowing-up the singular locus:

1. the fibration defined in P(O & O(3) ® O) by

yiz = oz’ + iﬁ2x2z + ayz3.
2. the fibration defined in P(O(3) @ O(6) & O) by

y?z = ax® + 362122 + adyz3;

These two fibrations have the same Weierstrass model in P(O(6) @ O(9) @ O),
given by

1 1
2, _ .3 _ * g2 2 L 06 5 3
yz==x 48[3 Tz +<486ﬂ + « ’y)z,

and in fact they are birationally equivalent:
(x:y:2)— (az:ay:2)

gives a birational map from the first to the second. The (smooth) fibrations in
these bundles will be studied in detail in Chapter 6, in particular the fibration
in P(O(3) ® O(6) ® O) is of E? type.

I want to give here a last example of non-Kodaira fibre. Consider in P? x B the
fibration
y2z =3 +ta?z + 54,23,

if we write a Weierstrass model (1.7) we find that the coefficients are

as = —%tQ
ag = s* + 22—7153
A = s4(27s* + 4t3)

and so by Tate’s algorithm we expect to have I, fibres over the line s = 0. The
curve s = x = y = 0 is singular for the threefold, hence we blow it up. The effect
is that over s = 0 instead of nodal cubics now we have triangles, but one of its
vertices is still singular for the whole variety. After a second blow-up of this
curve of singular points we have a smooth threefold with I fibres over s = 0. If
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we restrict the fibration to a generic line through the origin, by Tate’s algorithm
on this elliptic surface we should have over the origin a fibre of Kodaira type I7:
what we see is not the whole fibre but a contraction of it (Proposition 2.7). To be
precise, a I} fibre has 6 irreducible components meeting with intersection graph
Ds, the two central components have multiplicity 2 while the other four have
multiplicity 1, and one of these intersects the section. Our non-Kodaira fibre is
obtained by a I fibre as follows: let C' denote the multiplicity one component
which meets the section, then contract the multiplicity 2 component which does
not intersect C, and the multiplicity 1 component intersecting the multiplicity
2 component which meets also C.

Remark 1.3.3 This last example is interesting for the following reason: let’s
call X the smooth threefold, and X its restriction to the line ¢ = As. As
observed before, X is singular over s = 0, since we does not have a Kodaira
fibre, and so there are singular points whose coordinates depend on A. In fact
there are always two singular points: one of them is on the multiplicity two
component of the non-Kodaira fibre and its coordinates depend on A, while
the second is at the point of the fibre where the multiplicity 2 component of
the I fibre was blown down. This last has coordinates independent of A, but
nevertheless the threefold is smooth at this point.



Chapter 2
Singularities

Even though we are mainly interested in smooth varieties, as we saw when
discussing the Weierstrass model of an elliptic fibration, we also have to deal
with some kinds of singular varieties. In this section I recall the definition of
rational Gorenstein singularities and their main properties, focussing in the case
of threefolds. The main references for this chapter are [Rei80], [Rei83], [Rei87]
and [KMO98].

The canonical sheaf of a (smooth) variety X is Q% = A" QL the n-th exterior
power of its cotangent sheaf, but to deal with singular varieties we need a new
definition which generalizes the usual one.

Definition Let X be a normal variety, with reqular locus X™ = X \ Sing X.
Then we define
wx = Ju ()

where 7 : X™ — X 1is the inclusion.

In this way wx is a torsion-free sheaf, extending the usual canonical sheaf on
X*°&. We also have a link between wx and Q% in fact the first is the double dual
of the second: wx ~ (Q%)**. There is also the possibility of defining a canonical
Weil divisor, let K xrez be a canonical divisor in X", then Kx = K xres is its
closure in X. Observe that Ky may not be Cartier, and that

wx = 0x(Kx),  wx(U)={feCX)|(f), +Kx, >0},
is generated by the differential forms regular in codimension 1.

Definition A normal variety X will be called Gorenstein if it’s Cohen—Macau-
lay and its canonical sheaf wx is locally free of rank 1 (compare to [Rei80, P.
286]).

The Cohen—Macaulay condition is local and algebraic in nature, and means
that for any point € X the local ring Ox , have the property that there is a
sequence of elements f1,..., f, € Ox , such that

1. all the f;’s lie in the maximal ideal of Ox 4;

2. f1 is not a zero-divisor in Ox , and for all ¢ = 2,...,r the element f; €
Ox,z/(f1,..., fi—1) is not a zero-divisor;

22
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3. fi,-.., fr has maximal length with respect to the previous properties;
4. r=dimOx ,.

Example 2.0.4 Let X be a projective smooth variety, and ¥ C X a (locally)
complete intersection with codim Sing Y > 2. Then Y is regular in codimension
1 and so by [Har77, Prop. I1.8.23] Y is also normal. Hence Y is Gorenstein by
[Eis95, Cor. 21.19].

Definition Let X be a Gorenstein variety, and x € X. Then x € X is a
rational Gorenstein singularity (compare to [Rei80, Def. 2.4]) if there exists a
resolution of singularities (see p. 24 for the definition) f 1Y — X of x such
that

f*wy = wWx.

In the case of threefolds, there is also a classification of rational Gorenstein
singularities which can be found in [Rei80, Cor. 2.10]. The simplest are the so
called compound Du Val singularities, which are an analogue for threefolds of
the Du Val singularities for surfaces.

Let S be a normal surface, and s € S a singular point: s is a Du Val singularity
if one of the following equivalent condition holds:

1. there exists a resolution of singularities f : & — S such that K 5= f"Ks;

2. in a neighbourhood of s we have that S is analytically isomorphic to one
of the hypersurface singularities of A in the following list

’ Name ‘ Equation

An 332 _|_y2 + Zn—‘,—l
Dn :L'2 +y2z+zn—1

E6 m2+y3+z4
E7 $2+y3+y23
Eqg 2+ 3+ 20

Observe that in this second point we also have a classification of Du Val singular-
ities. The name refers to the Dynkin diagrams, in fact in the minimal resolution
of a Du Val singularity, the exceptional divisors have the corresponding Dynkin
diagram as incidence graph. The minimal resolution of a Du Val singularity is
obtained by a sequence of blow-ups in the singular points, which ends as soon
as the blown-up surface becomes smooth, and it’s minimal in the sense that any
other resolution factors through this.

Definition A point x in a threefold X is a compound Du Val singularity, or
cDV for short, if there is a hypersurface H C X through x such that x € H is a
Du Val singularity.

Remark 2.0.5 We can then see X as a deformation of a Du Val singularity,
since the definition is equivalent to ask that around x the variety X is locally
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analytically isomorphic to the hypersurface singularity in A* given by

[z, y,2) +tg(w,y,2,t) =0,

where f(z,y,z) = 0 defines a Du Val singularity. Observe also that while Du
Val singularities are isolated, cDVsingularities can be isolated or not.

2.1 Resolution of the singularities

Even if I already mentioned the resolution of singularities, I want to give here
a precise definition.

Definition We say that f : Y — X is a resolution of the singularities of X if
1. Y is smooth;
2. f is birational, and is an isomorphism between f~*(X"9) and X".

We will be interested in resolutions having other particular features.

Definition Let f: Y — X be a resolution of the singularities. We say that f
is small if for any point x € X the fibre f~1(x) contains no divisors. If X is a
threefold, this means that each fibre has dimension at most 1, i.e. it’s a point or
a curve.

Example 2.1.1 Let 7 : X — B be an elliptic fibration with section over a
base B with dim B > 2, and p : W — B its Weierstrass model. Then we have
the birational morphism f : X — W from Proposition 1.6, which is a small
resolution of the singularities of W.

When we have a resolution of the singularities f : Y — X, we can compare a
canonical divisor Ky on Y with f*Kx: we have

Ky = f*Kx +Zaz‘Di

7

with D; effective divisors which are contracted by f, satisfying codim f(D;) > 2.
A divisor D; for which a; = 0 is called a crepant divisor, the other are called
discrepant. The resolutions for which a; = 0 for all ¢ are hence particularly
interesting.

Definition Let f: Y — X be a resolution of the singularities. We say that f
is crepant if Ky = f*Kx.

This definition makes sense since the exceptional divisors introduced by a reso-
lution tends to become the zero locus for the pull-back of the differential forms
on X. This happens for example if we want to desingularize a variety blowing-up
its singular locus.

Remark 2.1.2 If f : Y — X is a small resolution of an isolated singularity,
then f is obviously crepant since it does not introduce exceptional divisors. It’s
a more difficult problem to understand when a small resolution of non-isolated
singularities is crepant or not.
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In the case of threefolds, there is a link between small and crepant resolutions,
investigated by Reid in [Rei83]. In particular we are interested in the following
two facts ([Rei83, Cor. 1.12] and [Rei83, Thm. 1.14]).

Proposition 2.1 Let X be a singular Gorenstein threefold with a small resolu-
tion f: Y — X. Then the singularities of X are of cDV type.

Proof It’s not difficult to see that since f is small, then f.wy = wx and so
X has rational Gorenstein singularities. Let P € X be a singular point, then
([KM98, Thm 5.35]) the following are equivalent:

1. the general hypersurface section P € H C X is an elliptic singularity;

2. if g : X’ — X is any resolution of singularities then there is a crepant
divisor E C g~ 1(P).

Since f is small, there is no divisor in f~!(P) and so the general hypersurface
section through P is not an elliptic singularity. Then, by [KM98, Lemma 5.30]
or [Rei80, Thm. (2.6)(I)], we have that the general hypersurface section through
P must have a rational (i.e. Du Val) singularity, which proves that P is ¢cDV.OJ

For threefolds with cDVsingularities, we fully understand the link between small
and crepant resolutions. Observe that the statement of Theorem 2.2 is more
general, since it concerns partial resolutions, i.e. proper birational morphisms
Y — X where Y is assumed to be normal (not necessarily smooth).

Theorem 2.2 Let X be a threefold with cDV singularities (not necessarily iso-
lated), and let f :' Y — X be a partial resolution. Then the following are
equivalent:

1. f is crepant;
2. f is small, and crepant above the general point of any 1-dimensional com-
ponent of Sing X ;

3. for every x in X and hypersurface H through x for which x € H is a Du
Val singularity, H' = f~'(H) is normal and f|,, - H — H is crepant.
Thus the minimal resolution of x € H factors through H'.

Proof See [Rei83, Thm. 1.14]. O

2.2 The singularities of Weierstrass fibrations

In this section I want to make some remarks on the singularities of Weierstrass
fibrations over surfaces. Since all what I will say in this section is local in nature,
here B will denote an open disc in C? with coordinates (s, t). Hence a Weierstrass
fibration is the variety defined in P2 x B by an equation of the form

vz = 2% 4 ag(s, t)x2? + ag(s, )25

It’s an easy computation with the Jacobian matrix to prove the following theo-
rem

Theorem 2.3 If W is a Weierstrass fibration over B with discriminant locus
A, then
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1. the point (0:1:0) is never singular;
2. if W is singular at ((x :y : 2),(s,t)), then y = 0;

3. W is singular at ((0:0: 1), (s,t)) if and only if as(s,t) = ag(s,t) =0 and
ag is singular in (s,t);

4. W is singular at ((z : 0:1),(s,t)) with x # 0 if and only if as(s,t) # 0,
ag(s,t) # 0, A(s,t) =0 and A is singular in (s,t). Moreover in this case

_ 3ag(s,t)
T = _Qai(s,t) :
Proof See [Mir83, Prop. 2.1]. O

This means that the singular locus of W consists at most of curves, hence
codim Sing W > 2.

Remark 2.2.1 Consider the Weierstrass model p : W — B of an elliptic
fibration 7 : X — B with dim X = 3. By Theorem 1.5, W is a hypersurface in
a projective bundle over B, and we have just seen that its singular locus consists
of isolated points or curves. So W is Gorenstein by Example 2.0.4.

Let m: X — B be a smooth minimal elliptic threefold with Weierstrass model
W, and call f: X — W the morphism to the Weierstrass model. The following
proposition summarizes the properties of f.

Proposition 2.4 Let 7 : X — B be a smooth minimal elliptic threefold, with
Weierstrass model p: W — B. Then W is Gorenstein, has all singular points
of cDV type and the morphism f : X — W on the Weierstrass model is a small
and crepant resolution.

Proof We know that that W is Gorenstein by Remark 2.2.1 and that the mor-
phism f on the Weierstrass model is a small resolution by Proposition 1.6. By
Proposition 2.1 this means that W has cDVsingularities. Finally, by minimality
of m : X — B, we have that the resolution f : X — W (outside a finite
number of points in Sing W) coincides with the minimal resolution of a Du
Val singularity (compare to [Rei83, §2]), which is crepant. By Theorem 2.2 this
means that f: X — W is crepant. O

As a consequence, we have a way to compute a canonical divisor of the total
space of the elliptic fibration.

Proposition 2.5 Let 7 : X — B be a smooth minimal elliptic threefold with
section S. Then

KX = W*KB + 7T*L
where L is the first Chern class of the line bundle £ = (W*i*./\/'sm)*l.

Proof Let p : W — B be the Weierstrass model of X, with section ¥, and
embed W in Z = Pp,(p.Ow (3Y)) as in Theorem 1.5. In (1.11) we computed
that

wz ® Oz(W) = H*(UJB ® ﬁ)

where £ is the fundamental line bundle of W, ie. £ = (p.t.Nyyw) ' Let
7 :Wree — W and t : W — Z be the inclusions, then

wires = P (Wz © O7(W)) = JH I (wp @ L)
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and so, since codim Sing W > 2,
ww = Jawwres = i j I (wp ® L) = p*(wp @ L).

Observe that the morphism to the Weierstrass model f : X — W induces
an isomorphism between open neighbourhoods of S and ¥ respectively, so £ =
(PetsNsyw) ™1 = (myixNg x) ! Since f is a crepant resolution we finally have

wx = ffow = 7% (wp ® L). 0

The results on singularities exposed up to now, in particular the third condition
in Theorem 2.2, make the proof of the following propositions straightforward.
Observe that Theorem 2.7 gives a partial answer to the problem of classifying
the non-Kodaira fibres.

Theorem 2.6 Let m : X — B be a smooth minimal elliptic threefold with
section, with Weierstrass model W defined by the equation y?z = 3 + ayxz? +
agz>. Then there is no point b € B such that mult, as > 4 and multy ag > 6.

Proof Assume that b € B is a point such that mult, a4 > 4 and mult, ag > 6.
From [Rei80, Cor. 2.10] we see that the singular point (z :y:2) = (0:0: 1)
in the fibre over b is a rational Gorenstein singularity which is not ¢DV. So W
can’t have small resolutions, and in particular it can’t be the Weierstrass model
of a smooth minimal elliptic fibration 7 : X — B. O

Theorem 2.7 Let m : X — B be a smooth minimal elliptic threefold with
section. If b € B is a point such that the fibre Xy is of non-Kodaira type, then
Xy is a contraction of the Kodaira fibre over b of the elliptic surface obtained
restricting X to a generic smooth curve through b.

Proof Thanks to the Theorem 2.6 we must have mult, ay < 3 or multy ag < 5.
By [Mir89, Prop. II1.3.2], the restriction of W to the generic smooth curve C'
through b is then an elliptic surface W with only Du Val singularities and
finally, by Theorem 2.2, the fibre X is a contraction of the fibre predicted by
the smooth minimal elliptic surface corresponding to We. O

Examples of Theorem 2.7 are given in Section 1.3.1 and Section 6.2.3.

Remark 2.2.2 In a discussion, Prof. A. Grassi gave me an alternative proof of
Theorem 2.6: in [Mir83] it’s described how to desingularize a Weierstrass fibra-
tion, under further assumptions on the discriminant locus (e.g. its irreducible
components must intersect transversally). If b € B is a point with mult, ay > 4
and mult, ag > 6, then following this procedure one has to blow-up the base sur-
face at b, pull-back the fibration, and if necessary blow-up and pull-back again
to reach Miranda’s hypothesis. In this way we can desingularize the threefold,
but this resolution is incompatible with the blow-ups performed on the base,
and so it can’t be blown-down to give a resolution of the original threefold.
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Calabi—Yau varieties

Calabi—Yau manifolds are the higher dimensional analogues of K3 surfaces.
They are a class of varieties which are particularly simple, but having a great
amount of interesting properties. Even if they are a subject of interest in its
own, their study has been recently encouraged by physics, and in particular
string theory: the mathematical models of F-theory are in fact all examples of
Calabi—Yau varieties.

Definition A Calabi—Yau manifold is a projective smooth manifold X with

1. trivial canonical bundle wx ~ Ox,
2. W91 =0 forg=1,...dim X — 1, where h?? = dim H?(X, Q%).

Observe that if X is a Calabi—Yau manifold of dimension at least 3, then Pic X ~
NS(X) ~ H?*(X,Z). This is a well known fact, arising from the long exact
sequence induced in cohomology by the exponential sequence

0—2Z—0x — 0% —0

on X. In fact we have
0=HY(X,0x) — HYX,0%) ~PicX — H*(X,Z) — H*(X,0x) =0.

Example 3.0.3 If X is a Calabi—Yau variety of dimension 1, then X is a smooth
Riemann surface of genus 1. In fact, since deg K x = 2¢g(X)—2 we have g(X) = 1,
and viceversa any genus 1 Riemann surface has trivial canonical bundle. Observe
that in this case, for dimensional reasons, the second condition in the definition
above is empty.

In the case of dimension 2, X is Calabi—Yau if and only if it’s a K3: this is due
to the classification of surfaces.

In dimension 3, the Fermat quintic in P4, and in fact any smooth quintic, is a
classical example of Calabi-Yau variety (see for instance [GHJ03] and [CK99]).
Other Calabi-Yau threefolds which are complete intersections in projective
spaces are the complete intersection of two hypersurfaces of degree 3 in P,
of a hyperquadric and a hypersurface of degree 4 in P?, of two hyperquadric and
a hypercubic in P or the complete intersection of four hyperquadrics in P7. For
other examples of Calabi-Yau manifolds, see e.g. [Hiib92].

28
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Example 3.0.4 Let X be the variety in P3 x P? defined in Example 1.2.1, it’s
a smooth complete intersection defined by two equations of bidegree (3,0) and
(1,3). We denote Y the variety of bidegree (3,0), so by adjunction we have

Ky = (Kpsxp2 +Y)), = ((=4,-3) + (3,0))), = (=1, =3)},-

Using adjunction again we can then compute the class of a canonical divisor
on X. This last is defined as the restriction to Y of a variety of bidegree (1, 3)
and so its class in the Chow group of codimension 1 cycles in Y is (1, 3),.. This
means that X is an anticanonical variety in Y, but then

KX:(Ky+X) iO‘X:O,

| x

and so X is Calabi—Yau.

There are some extremely useful intersection theoretic properties of Calabi-
Yau manifolds, which I want to point out here. The first is that the adjunction
formula becomes very easy: in fact if i : Y < X is a smooth hypersurface, then

Ky =i*(Kx +Y) =i*Y (3.1)

and so using the projection formula we have that the class of the codimension
2 cycle 1, Ky in X is
Ky =i,"Y =Y Y. (3.2)

This implies that
Y3=Y2Y =i.Ky Y =i,(i*'V - Ky) = i.(K}). (3.3)

Also the Riemann-Roch formula becomes easier. In fact, if D is any divisor in
a Calabi—Yau threefold X, then

1 1
D)) =-D*+ —D-c(X
where ¢3(X) denotes the second Chern class of the tangent bundle of X.
The third fact is a result by Friedman ([Fri91, Lemma 4.4]), stating that for any
smooth surface V' in a Calabi-Yau threefold X the relation

V- ea(X) = xiop(V) — K2 (3.4)

holds. In particular this is true for a section S, where the right side of the
equation is then yiop(B) — K3.

3.1 Singular Calabi—Yau varieties

For many purposes it’s convenient not to restrict only to the case of smooth
varieties, but to admit also some class of singularities. In this section I want to
give a definition of Calabi—Yau variety which generalizes the one of Calabi—Yau
manifold I gave before. The point in the definition of Calabi—Yau manifold is
that the canonical line bundle is trivial, and what may fail when we are dealing
with singular varieties is that the canonical sheaf is not a line bundle. From
Chapter 2, we can bypass this problem requiring the variety to be Gorenstein.
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Definition A Calabi—Yau variety is a normal projective variety X such that
1. X is Gorenstein;
2. wx ~Ox;
3. A9 =0 forqg=1,...,dimX — 1.

An important class of examples of such singular Calabi—Yau varieties is provided
by the Weierstrass models p : W — B of the elliptic fibrations 7 : X — B
for which X is a Calabi—Yau manifold.

3.2 Calabi—Yau elliptic threefold

We now want to focus on the elliptic fibrations 7 : X — B for which the total
space X is a smooth Calabi—Yau threefold. In this case we can compute the
fundamental line bundle of the Weierstrass model of our fibration in an easy
way, and we will find that

L=0p(—Kp).

Let m : X — B be an elliptic threefold, with X and B smooth. Suppose also
that X is a Calabi—Yau threefold, and that a section o for 7 is given. We denote

S = o(B) and so we have
B

We use the section S to put our fibration in Weierstrass form, finding a possibly
singular elliptic threefold p : W — B and a birational morphism f: X — W
such that po f = 7, so the diagram

N

commutes. Recall from Section 2.2 that this construction has two features:

X

1. the dimension of the singular locus of W is at most 1;

2. we have that f|f_ : f7H(Wree) — WS is an isomorphism.

1(wreg)

Moreover, W comes with a section X = s(B) so that




CHAPTER 3. CALABI-YAU VARIETIES 31

commutes, and we observe that f is an isomorphism between open neighbour-
hoods of S and X.
Using this diagram and this last observation, we have that p, L*NE‘W ~ W*i*NS|X,
and I want to show that

Tr*i*NS|X >~ wpg.

This follows from the adjunction and projection formulae and the fact that X
is Calabi-Yau: since i.cy(Nx|x) = S?, using (3.2) we deduce that

ixc1(Nsjw) = i K,
and so we finally have
W*i*Cl(Ns‘X) = mi,Kg = myi,o, K = m.0.Kp = Kp.

The fundamental line bundle £ of p : W — B, which by definition is the
inverse of p,t.Nxw, is then

L=0g(—Kp).
This implies that we can map W isomorphically into the projective bundle
]P’(OB(—QKB) &) OB(_3KB) (o) O) — B

as a hypersurface. By Section 1.2.1, the class of W in this bundle is [W] =
—6II*Kp + 3w = — Kz, and so wy ~ Oy .

Remark 3.2.1 The Calabi-Yau condition can be used to check the results
obtained in Section 2.2. In fact, f : X — W is a small resolution of the
singularities of W, and so by Zariski’s main theorem [Har77, Thm. 11.4] f has
connected fibres and then

frwx = f.Ox = Ow = ww

meaning that W has rational Gorenstein singularities. We can also check that
f is crepant, in fact
[fow = ffOw = Ox = wx.
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A finiteness result

Let B be a smooth projective surface, and £ an ample line bundle on B. Having
clear in mind that Weierstrass fibrations naturally embed into a projective plane
bundle over B, I want now to study the smooth Calabi—Yau hypersurfaces in
the bundle of projective planes Z = P(L% @ L @ Op), where a and b are fixed
integers. More in detail, I want to study the generic element in the anticanonical
system | — Kz| of Z and to prove the following proposition

Proposition 4.1 Let B be a smooth projective surface, and L an ample line
bundle on B. Then only for a finite number of pairs (a,b) the generic anticanon-
ical hypersurface in P(L* @ L ® Og) is a smooth Calabi-Yau elliptic fibration
over B.

I want to recall some facts from the theory of surfaces which I will use in the
following. We denote by L the first Chern class of £. By Nakai-Moishezon
criterion we have that L? > 0, so as a consequence of the Hodge index theorem
we have that for any divisor D on B the inequality

(LD)? > L?D?

holds, and moreover we have equality if and only if rL = sD for some integer r
and s.

4.1 The ambient bundle

Let’s denote E = L% @ L° ® O and consider the bundle Z = P(E), so it’s not
restrictive to assume that a > b > 0. It’s easy to see that ¢1(F) = (a+b)L, and
so by (1.13)

c1(Z) =1I"¢1(B) + (a + b)II" L + 3¢

where £ = ¢1(Oz(1)) and II is the bundle projection.
Since we want our variety to have class —Kz = ¢1(Z), we see that it must be
defined by a cubic equation in the variables z, y and z on the fibres because of
the term 3¢, say
F= Z Oéijk$iil/jzk>
itj+k=3

32
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and so we see that these varieties are also genus 1 fibrations over B. In this
equation the coefficient of each monomial is a section of a line bundle on B
according to Table 4.1.

Table 4.1: Weight of the coefficients

Monomial | Coefficient ‘ Weight ‘

x3 Q300 ¢1(B) — (2a —b)L
22y 210 c1(B) —alL
zy® Q120 c1(B) —bL

Y3 30 c1(B) + (a—2b)L
2%z Q01 c1(B) — (a—0b)L
TYz Q111 c1(B)

2z Q21 c1(B)+ (a—b)L
x2? 0102 ¢1(B) +bL
Y22 Qp12 c1(B) +alL

23 Q03 ci(B)+(a+b)L

4.2 Proof of the proposition

I will divide the proof of Proposition 4.1 in several steps. In the first step I will
show that only for a finite number of pairs (a,b) it’s not clear if the genus 1
fibrations in P(L® @ L @ Op) are elliptic fibrations, i.e. if they admit a sec-
tion. The second step will reduce the problem of the smoothness of the generic
anticanonical hypersurface to a problem concerning only the intersection form
on the base. This step will split in two subcases, which will be analysed in the
third and fourth step.

4.2.1 Step 1

Since L is an ample divisor, there exists a suitable integer ng such that nL+ Kg
is ample for any n > ng. Taking into account the limitation a > b > 0, there is
only a finite number of pairs (a,b) such that 2a —b < ng: in these cases we have
a genus 1 fibration, but since the equation F' defining the variety is general, it’s
difficult to see if there are sections or not.

The other cases satisfy 2a — b > ng: in this case (2a — b)L + K is ample, hence

HY(B,(b—2a)L — Kp) = H*(B,—((2a — b)L + Kp)) = 0,

and so the coefficient of 23 is identically 0. So the equation for our variety looks
like
F = 04210.132?; + 0420133‘22’ + ...

and then we have a section, given by

bl—)(l:O:O)EXb.
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4.2.2 Step 2

We now focus on the infinitely many cases where 2a — b > ng, so that we can
exploit the presence of a section.
Let 0 be any (local) derivation on B, and observe that

(OF) —0.

[(6,(1:0:0))

Since in a smooth fibration with a section the singularities in the fibres can’t lie
on the section (Proposition 1.1), the following system must have no solutions

or =0
Oz [(b,(1:0:0))
OF
3 = Q210 b =0
Y | (5, (1:0:0)) ( )
oF
201(b) = 0

37|(b.(1;o;o)) B

This is equivalent to require that the curves defined by as19 = 0 and asg; = 0
have no common points, i.e. that

(c1(B) —aL)(e1(B) — (a—b)L) = 0.

Observe that now we have a problem concerning only the base and its intersec-
tion theoretic properties. Computing the quantity on the left, we find the degree
2 polynomial in (a, b)

ala —b)L* + (b — 2a)c1 (B)L + c1(B)2.
Thinking to (a,b) € R?, the equation
a(a —b)L* + (b —2a)c1 (B)L 4 ¢1(B)? =0 (4.1)
defines a plane conic, which is reducible if and only if
L*=0 or (c(B)L)* = L*c;(B)>.

The first case is impossible since we are assuming that L is ample.

Our next step is then to study the conic defined in (4.1) when it is irreducible
and when it is reducible, and to show that in each of these two cases we have
only a finite number of integral points (a,b) in the octant a > b > 0.

4.2.3 Step 3

Let’s concentrate first on the case when the conic (4.1) is irreducible: it is a
hyperbola, with asymptotes

c1(B)L c1(B)L
Iz and b=a— 2R

a=a +2V
b=V

is represented by a matrix in SL(2,Z), hence preserves the integral lattice in
R? and the integral points on the hyperbola we are studying. In these new

a =

The change of variables
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coordinates the equation of hyperbola satisfies the hypothesis of [Zel], so we
have both that the number of integral points on the conic is finite and a way to
compute them. Using the previous transformation and the (simple) algorithm in
[Zel], we have that the integral points of the conic (4.1) are among the following:

o :|:2L2(('1(B)L)2$2(L2)2v1(B) +d;cq1(B)L

(A )

b — 4 AL (B)L )2 4(L $)Pei(B)?~ dz
4 2d; (L?)?

where d; runs through the (positive) divisors of 4(L?)%((cy(B)L)? — ¢1(B)?L?).

4.2.4 Step 4

We concentrate now in the case where the conic (4.1) is reducible, i.e. the case
where (c1(B)L)? = L?c;(B)?. The equation for the conic (4.1) is

(L*a — ¢1(B)L)(L?a — L?*b — ¢;(B)L) = 0.

As we said before, in this case (and only in this case) we have rL = scq(B) for
suitable integer r and s, and so sc1(B)L = rL?, which is the same as CI%)L =

we have then two further subcases according to whether % is a positive integer
or not.

If £ ¢ N, the two lines

a= 701(3)[/ and b=a-— a(B)L

L2 L?

have no integral points at all. This means that we have no new smooth Calabi—-
Yau fibrations.
If instead % € N, then in the range a > b > 0 we have a finite number of pairs

(a,b) on the line a = cl(f.ﬁ) Cl(B)L
of (a,b)’s on the line b = a — . To give a hmltation on the number of these

last, we look at the coefficient of the first monomials in the equation F' = 0.
They are

namely +1=%+1, and an infinite number

Cl(B)L
L2

Monomial ‘ Weight of the coefficient

a3 —(b+ %)L
22y —bL

y® (5 0L
v (2 —HL

and so if b —2% > 0, i.e. b > 2%, we have that (b —2%)L is ample, hence

H° (B, (25 - b) L) — H° <B,— <b— 25) L) —0.
s s
The same argument applies to the other three in the list since

b—2l b <cb<pyl.
S S S
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Hence the coefficients of 2, 22y, zy? and y> are necessarily identically zero, and
so the equation F for the variety factors as F'(z,y,2) = z- f(z,y,2). Then F' =0
can’t define a smooth variety, and observe that z = 0 defines a divisor whose
class is &, while f(x,y, z) = 0 defines a divisor of class IT*c; (B)+ (a+b)IT* L+2¢,
which is neither a Calabi-Yau variety nor an elliptic fibration.

In particular, we have only a finite number of pairs (a,b) on the line b = a —
Cl(i;)L = a — = such that the generic anticanonical hypersurface in P(L* @ Ll
Op) could define a Calabi-Yau elliptic fibration over B, and a limitation is

w3

<a<3-, o0<b<ol. (4.2)
S S

If € N we have then at most

r r r

S Ge) v Ee) - L

-+ -+ + 2-+1 1
———

The common case

Pairs on the line Pairs on the line c1(B)L
o= B b=a- 2BL (a.6) = (242%,0)

such pairs (a, b).

4.2.5 Conclusion

Ouly for a finite number of pairs (a,b) the generic anticanonical hypersurface
in P(£* @ LY ® O) is a smooth Calabi-Yau elliptic fibration, which completes
the proof of Proposition 4.1.

We can summarize the results obtained in the following table.

(2a—b)L+Kp is (2a — b)L + Kp is ample
not ample

a(BL? £ (1(B)L)? = e1(B)P L2

C1 (B)2L2

¢N teN

Finite number || The conic (4.1) | No pairs. Finite number of
of cases. These || is  irreducible, cases, at most
are a priori | and we have a 3T+ 1
only genus one | finite number of
fibrations. It’s || cases.
not clear if they
have at least a
section or not.

4.3 Examples and remarks

I want now to run this program in some cases of interest: the case where the
base B is a del Pezzo surface and L is a multiple of an anticanonical divisor,
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and the case where B = P2 and L is general.

4.3.1 The case of del Pezzo surfaces

Let B denote a del Pezzo surface and £ a multiple of the anticanonical bundle
(this is the most natural setting), say £ = wz"™, and observe that £ is ample for
any m > 1. We can assume that m = 1, since £L* @ L @ Op = wz™ ©wz;™ @
Op =wg” @w;ﬁ @ Op with a = ma, 5 = mb.

The divisor nL + K = —(n — 1)Kp is ample if n — 1 > 1, or equivalently if
n > 2. With the notation of Section 4.2.1 we have ng = 2, and then the pairs
(a,b) for which we can’t ensure the presence of a section, satisfying 2a — b < ny,
are

(a,0) = (0,0), (1, 1).

For all the other pairs, we are in the case described in Section 4.2.4, so we
observe that ,
rL=—-sKp < - =1.
S

The conic (4.1) has then this expression
(a—1)(a—b—-1)=0

and so we see only two points in the first octant on the line ¢ = 1, namely
(a,b) = (1,0),(1,1), while on the line b = a — 1 we have to take care of the
limitation (4.2) b < 2 and so we see two other pairs, i.e. (a,b) = (2,1) and
(a,b) = (3,2). This means that we have at most 5 possibilities for (a,b):

0,0, (LD, (1L0), (21, (2.

4.3.2 The case of B = P?

Observe that if B is a smooth surface with Pic B ~ Z, then we are necessarily
in the case described in Section 4.2.4. Take for example B = P2, and L = dl
for d € N and [ a line in P2. Now we compute the least integer ng such that
noL + Kp2 is ample: we find

4 ifd=1
ng=1{ 2 ifd=2,3
1 ifd> 4,

so the cases where we can’t apply the Kodaira vanishing theorem (Section 4.2.1),
satisfying 2a — b < ng, are

(0,0),(1,0),(1,1),(2,1),(2,2),(3,3) ifd=1

(0,0), (1,1) ifd=23 .
(0,0) if d >4

Since ¢ (P?) = 31, we have

rﬂz3d¢$¢d:%<:>fzg
S
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This means that we have only two cases in which the ratio * is an integer, and
correspond to
d=1 and d=3,

i.e. when L =1 and L = —Kp2. For all the other cases, the only possible pair is
then (a,b) = (0,0), with the exception of L = 2[, which has also (a,b) = (1,1).
For d = 3, there are five possibilities: P? is a del Pezzo surface and d = 3

corresponds to L = — Kp2, and so we can use the results of the previous section.
’ d ‘ Possible (a, b)’s ‘
2 (0,0), (1,1)
3 11(0,0), (1,0), (1,1), (2,1), (2,3)
>4 (0,0)

The only case left is d = 1 in the situation of Section (4.2.4). We have only to
count the integral points on the conic

(a—3)(a—b—=3)=0

which are in the first octant and having b < 6 (estimate (4.2)): on the first line
we have the points (3,2), (3,1) and (3,0), while on the second the points (4, 1),
(5,2), (6,3), (7,4), (8,5) and (9, 6).

Then the pairs (a, b) such that the generic anticanonical hypersurface in P(Op2 (a)®
Opz2(b) ® Op2) could be a smooth elliptic fibration are the following 15:

0,0,  (L0o) LY, &L, (22, (33),
3,2, 1, 60,
(4,1), (5,2), (6,3), (7,4), (8,5), (9,6).

4.3.3 Remarks

I want to stress the fact that we proved that the number of genus 1 fibrations
whose total space is smooth lie in a finite number of P(£* & L® ® Op), but we
don’t know if all of them are elliptic fibrations. In the finite number of cases
detected in Section 4.2.1 it’s not clear if there is at least a section; we will see
this fact in Chapter 5, where we will analyse more in detail the 15 families over
P2,

4.4 Chern classes

We want to compute the Chern classes of X € | — Kz|. We have i : X — Z,
and the normal bundle sequence

0—Tx Hi*TZ *)N)qz — 0,
which gives the following relation between the Chern polynomials

*e(Z) = eo(X)e(Nx|z) = e(X)i*(1 — Kz).
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The Chern polynomial of Z was computed in Remark 1.2.4 (p. 17), and (1—Ky)
has as formal inverse

(1-Kz) '=1+ Kz + K} + K} + Kj.
Then (Tpts)
[ L Z|1B) x
(X)) =1 (1 — KZH c(B)) ) (4.3)

and an explicit computation shows that

1. the first Chern class of X vanishes, as expected since X is Calabi—Yau;

2. the second Chern class of X is the restriction to X of
3¢% + (2 c1 (E) + 317 e1 (B)€ + I (c1 (E)er (B) + c2(E) + c2(B));
3. the third Chern class of X is the restriction to X of
—9IT* ¢ (B)&? — 11" (2¢1 (E)? + 6¢1(E)cy (B) + 3¢1(B)? — 6¢2(E))E,
which is a codimension 3 cycle on X whose degree is
—6c1(E)? — 18¢1(B)* + 18c2(E). (4.4)

In our case, with E = £L* @ L? @ Op, the Chern classes of the vector bundle are
then

e1(E) = (a+ b)L,
c2(E) = abL?,
C3(E) = O,

so we have the following formulae for the Chern classes of X:

a(X)= 0,
ca(X) = 35@( +7*(2(a+b)L + 3c1(B))& +
+7*((a + b)Ler (B) + abL? + c2(B)),
c3(X) = Xtop(X) =  —6(a® —ab+ b?)L? — 18¢;(B)?.



Chapter 5

Classification over P?

In this chapter I want to use the results in Chapter 4 and Appendix A to
give a detailed description of the elliptic threefolds X which are anticanonical
hypersurfaces in the projective bundle Z = P(Opz(a) & Op2 (b) & Op2) over P2.1
We have coordinates in the fibres of this bundles, which we call z, y and z; in
particular (compare with (1.8))

r € H'(Z,04(1) @ IT*O(a)),
y € H(Z,0z(1) @ IT*O(b)), (5.1)
ze H(Z,04(1)).

We let £ = ¢1(Oz(1)), and since z is a section in H%(Z,0z(1)) then the class
of the divisor z = 0 is £&. We will use this fact to compute the Chern classes
of anticanonical subvarieties, as shown in formula (4.5), and refer to £ as an
hyperplane section of Z.

In Section 4.3.2 we saw that a generic cubic equation

F = Z ozijkziyjzk
i+j+k=3
defines a smooth Calabi—Yau elliptic threefold X in Z only if the pair (a,b) is
one of the following 15
0,0,  (10), (L1, (21, (22, 33),

3,2), 1), (30,

4.1, (5,2, (6,3),

(7,4),  (85),  (9,6).
The coeflicients «;;, appearing in F' are homogeneous polynomials of suitable
degree, according to Table 4.1, p. 33. In the first 6 cases the polynomial F
is general, so there is a priori no obvious section, while for the other cases
br— (1:0:0) € X, defines a section, since agoo vanishes identically. In the
Table 5.1 there are the degrees of the coefficients, computed using Table 4.1, and

an empty cell means that the corresponding coefficient is necessarily identically
0.

NGNS

,3
,6

1In the rest of this chapter I will omit the subscript P2.

40
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Table 5.1: Degrees of the coefficients

| (a,b) || as00 | 210 | @120 | 030 | @201 | aa11 | @021 | @02 | o1z | ooos |
0,0 3 3 3 3 3 3 3 3 3 3
(1,0) || 1 2 3 4 2 3 4 3 4 4
(L,1) || 2 2 2 2 3 3 3 4 4 5
2,1) ] 0 1 2 3 2 3 4 4 5 6
2,2) ] 1 1 1 1 3 3 3 5 5 7
3.3 o 0 0 0 3 3 3 6 6 9
(3,2) 0 1 2 2 3 4 5 6 8
(3,1) 0 2 4 1 3 5 4 6 7
(3,0) 0 3 6 0 3 6 3 6 6
(4,1) 2 5 0 3 6 4 7 8
(5,2) 1 4 0 3 6 5 8 | 10
(6,3) 0 3 0 3 6 6 9 | 12
(7,4) 2 0 3 6 7 | 10 | 14
(8,5) 1 0 3 6 8 | 11 | 16
(9,6) 0 0 3 6 9 | 12 | 18

Using the algorithm described in Appendix A, we can compute the Hodge num-
bers of the anticanonical subvarieties of Z: since these are Calabi—Yau threefolds,
the only interesting Hodge numbers are h'>! and h?!. In Table 5.2 I will list the
following results:

1. h1(X), which equals rk Pic X as observed in Chapter 3;

2. h?1(X), which by Bogomolov-Tian-Todorov theorem is the dimension of
the space of deformations of X;

3. the Euler-Poincaré characteristic of X, ytop(X) = 2(h1(X) — h?1(X)).
Observe that these results agrees with formula (4.5);

4. the rank of the Mordell-Weil group of X in the generic case, an empty
cell means that X has no section.

Table 5.2: Hodge numbers

| (a,b) || APY(X) | B2H(X) | xiop(X) | tkMW(X) || Chapter
(0,0) 2 83 —162 5.2
(1,0) 2 86 —168 5.2
(1,1) 2 86 —168 5.2
(2,1) 2 92 ~180 5.2
(2,2) 2 95 —186 5.2
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(3,3) 4 112 —216 2 5.3
(3,2) 3 105 —204 1 5.4
(3,1) 3 105 —204 1 5.4
(3,0) 3 111 —216 1 5.4, 6.1, 6.5
(4,1) 3 123 —240 1 5.5
(5,2) 3 141 —276 1 5.5
(6,3) 3 165 —324 1 5.5, 6.3, 6.4
(7,4) 3 195 —384 0 5.6
(8,5) 3 231 —456 0 5.6
(9,6) 2 272 —540 0 5.7

This chapter is devoted to a case by case analysis of these 15 families. In partic-
ular, T will give the Weierstrass equation of each family with at least a section,
compute the intersection form on the Picard group and describe (rational) sec-
tions which are Mordell-Weil generators. I will also check that all the deforma-
tions of our X’s come from deformations of the defining polynomial F', and in
some case I will give also canonical equations.

The sections of a fibration (if any) will be denoted by S or by Sy, S1, ..., in this
last case the Weierstrass equation will be computed with respect to Sp. The
pull-back to X of a line I in P? will be denoted by L, then L? is the class of a
fibre.

Observe from Table 5.2 that h!:!(X) > 2 for all the families we are considering.
This is not a case since rkPicZ = 2 and I will now show that the restriction
map ¢* : Pic Z — Pic X is injective.

Proposition 5.1 Let X be a smooth elliptic threefold which is an anticanonical
divisor in Z = P(O(a) ® O(b) ® O), and denote by i : X — Z the inclusion.
Then the restriction map

i :PicZ — Pic X
s injective.
Proof The Picard group of Z has rank 2 and is generated by IT1*] and £ (compare
to Appendix A.1.2). The first of these divisors restricts to L, which is a non-
trivial vertical divisor with L? = 0. It’s then enough to show i*£3 # 0 to prove

the linear independence of L and i*£. The degree of i*£3 is the same as the
degree of 4,i*¢3 = €3X, and this cycle in Z is

§3X — 53((3 +a+ b)L + 35) = (2(12 —+ ab + 2b2 —3a — 3b)L2£2,

where X = (34 a+ b)L + 3¢ was computed in (1.13), and we used the relation
&+ (a+ b)LE? + abL?*¢ = 0, which holds by the very definition of the Chern
classes of Z. It’s then straightforward to check that

i*¢3 =2a% + ab+ 2b*> — 3a — 3b

does not vanish when the pair (a,b) is one of the 15 we are dealing with. g
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Remark 5.0.1 Actually, in the case (a,b) = (0,0) we find i*¢3 = 0. To see
that L and ¢*¢ are independent also in this case, we can use [Mir89, Lemma
VII.1.4] and the fact that ¢*¢ is a divisor which intersects the generic fibre in
three points to deduce that ¢*¢ is not linearly equivalent to a vertical divisor.
This implies that L and &, are linearly independent.

This result is interesting and also non-trivial, since we can’t apply Lefschetz
hyperplane theorem [Laz04, Thm. 3.1.17]: in fact our X’s are not ample, since
Z is typically not Fano.

Observe also that tk MW(X) = hb1(X) — 2 except for the cases (a,b) =
(7,4),(8,5). According to the Shioda—Tate-Wazir formula (Theorem 1.3), this
means that the generic fibration in each family has no vertical divisors, except
in these two cases where we expect to have a vertical divisor.

5.1 The number of parameters

In this section I want to prove the following result, concerning the number of
moduli of the 15 families of Calabi—Yau elliptic fibrations I'm going to study.
Roughly speaking, I want to show that all the deformations of a fibration X C
P(O(a) ® O(b) ® O) can be realized by deformations of the defining equation
F =0 for X. I will also give a practical algorithm to compute h?!(X), which by
Bogomolov—Tian-Todorov theorem is the dimension of the space of deformations
of X.

Proposition 5.2 Let X be an anticanonical hypersurface in Z = P(O(a) ®
O(b) ® O). Then all the deformations of X comes from deformations of X
inside Z. More precisely,

>N (X) =n(—Kz) — 8 = ngp,
where n(—Kz) = h°(Z,—Kz) — 1 is the number of parameters for the generic

equation of a threefold in the family, and nzp: is the dimension of the group
Autpz(Z) of the automorphisms of Z over P?, i.e. those automorphisms Z — Z

such that
J——7
N
]P)Q

In fact, from Remark A.3.1 we have the exact sequence

commutes.

0 — H(Z,Tz) — H°(X,Nx|z) — H'(X,Tx) — 0,
which implies that
(X, Tx) = h°(X,Nx|z) — h°(Z, Tz).

Since sections in H'(X, Tx) and in H°(X,Nx|z) correspond to first order de-
formations of X and to first order deformations of X inside Z respectively, the
first part of the proposition follows from the surjectivity of the last map in the
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sequence.

By (A.1) we have h'(X,Tyx) = h*!(X) (which is the number of moduli of X),
and if F is an equation for X C Z, then F depends on h°(Z,—K) linear pa-
rameters. Finally, by [BC94, Rmk. 12.6] h%(Z, Tz) is the dimension of the group
Aut Z of automorphisms of Z. In Appendix A, I also compute h°(X, N- x|z) and
h%(Z,Tz), finding that

WX, Nx|z) = h°(Z,~Kz) - 1,
W(Z,Tz) = Loy I(Z,D;) = 2,

where D1, ..., Dg are the torus-invariant divisors of Z.
We can obviously write

6 3 6
W(Z,Tz) =Y h(Z,D;) -2 = (Z h(Z,D;) — 1) + (Z h(Z,D;) — 1) ,

and since from Appendix A.1.2 the divisors D1, Dy and D3 have class IT*], then
Zle h%(Z,D;) — 1 is the contribution of the automorphism group of the base
P2, i.e. PGL(3,C). In fact (see Appendix A.2.4)

3
> Wz, Dj)-1=3+3+3-1=8.

i=1

It’s also possible to see that 2?24 h%(Z,D;)—1 is the dimension of the group of
automorphisms of Z acting fibrewise. We conclude that we can compute h?1(X)
as follows:

1. compute the number n(—Ky) of parameters of the generic anticanonical
hypersurface in Z = P(O(a) ® O(b) @ O);

2. compute the dimension nzp2 of the group Autp:(Z2);
3. then h2’1(X) = ’I’L(—Kz) —8— nzl]p2.

I will give an example on how this algorithm works in Section 6.1.1.

5.2 The families (0,0), (1,0), (1,1), (2,1), (2,2)

5.2.1 The cubic form

As it’s clear from Table 5.2, all these families have rkPic X = 2 and so, by
Proposition 5.1, L = 7*l and R = §| are a Q-basis for Pic X ®z Q.?
Let’s begin with a more precise description of R. By its definition it is given by

) F=0 R 300> + 21072y + 1207y? + apzey® =0
|l z=0 z2=0,

and in general the polynomial equation asgox? + aa1022y + a1202y? + coz0y® =
0 has three distinct solutions. This number decreases when its discriminant

2By abuse of language, I will simply say that a set of divisors is a Q-basis for Pic X.
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vanishes, i.e. over the curve

C: ()6310(1%20 — 4053000(?20 — 405%100[030 + 180&3000(2100[1200(030 — 270&%0004830 = O7
(5.2)
Then R = X N{z = 0} defines a 3 : 1 covering of P? branched along this curve,
which is in general singular since it’s the discriminant of a cubic polynomial.
Now we begin the calculation of the intersection numbers. Since R is a 3 : 1
covering of the base, then L2R = 3. So we have the intersection numbers

| JL[R]
L? || 0] 3
LR | 3|7

0 3
and since det 3 9 > = —9 # 0, we have a confirmation that {L, R} is a

Q-basis for Pic X.
Now we want to calculate the intersection numbers LR? and R3. Let i : X — Z
be the inclusion, and II : Z — P? the bundle projection; then the fibration is
m =1l o4, and so letting A = IT*] then L = i*A and R = i*¢.
This implies that

LR? = i*(A&?)

RS — i*g?»

and so using the projection formula and (1.13)

i«(LR*) = A?X =3 —2a—2b
i = & X = 2a* + ab + 2b> — 3a — 3b

The whole intersection table is then

oz ] R
2 0 3
LR 3 3—2a—2b

R2 3—2a—2b | 2a%+ ab+ 2b% —3a — 3b

and we conclude that the cubic form is given by

| (a,b) | (aL + BR)3 |
(0,0) 9aB(a + B)
(1,0) | B(9a*+3a8 — B)
(1,1) | B(9a® —3ap - B?)
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(2,1) | 36(3a2 —3af + 3?)
(2,2) | B(9a? — 15a3 + 8/3?)

5.2.2 Sections

As pointed out before, the presence of all the coefficients in F' make it difficult
to decide whether or not we have sections. We can use the results on the inter-
section form to solve this problem. In fact, any section S satisfies the following
intersection theoretic requirements:

1. L?S =1, since L? is the class of the generic fibre;
2. ¢2(X)S = —6 by Friedman’s result (3.4);
3. 8% =9, since S® = K2, by (3.3).
Let aL + BR be the class of a section, with «, 8 € Q. Then we have
1= L*(aL + BR) = BL’R = 3P,

which implies that g = % The second condition gives a linear relation among
a and S, since the pairing with co(X) defines a linear form on Pic X. Using
(4.5) we can compute c3(X), and thanks to the intersection table above we can

compute ca(X)(aL + BR). The results are:

) [ c2(X)(aL + BR) |
) —18a — 185
) —18a — 108
)
)
)

—18a — 48
—18a + 64
—18c + 148

Since 5 = %, we can compute « using the second condition. Then computing
(aL + BR)* we can check if the result is 9 or not. We have

| (a,0) | (.8) | (aL+BR)® |
(0,0) | (0,3%) 0
(1,0) | (%) 545
(L) | (&:3) 548
21 ] (33) a7
(2,2) | (3) 7
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We proved that the generic family in all of these cases has no sections.

5.3 The family (3,3) and the E; family

The polynomial defining a generic fibration of type (3,3), i.e. an anticanonical
hypersurface in P(O(3) & O(3) & O), is of the form

F = a3002® + az107%y + a1202y® + aos0y” + 2(.. ),

with asg, @210, @120, 30 € C, so intersecting X with the hypersurface of Z
given by z = 0 we fall into one and only one of the following possibilities:

1. the equation asgox® + Oé210.’112y + algoxy2 + a030y3 = 0 has one solution,
i.e. z = 0 defines a section in X,

2. the equation asgox® + 1072y + a1202y? + agzoy® = 0 has two solutions,
i.e. z =0 defines two sections in X,

3. the equation azgox® + 1072y + a1202y? + 30y = 0 has three solutions,
i.e. z = 0 defines three sections in X.

It’s easy to see that the first two cases lead to singular X’s, so we discard them
and concentrate only on the third: such family is known in the literature as Ejg
family (see e.g. [AE10]).

The fact that we have three distinct sections allows us to find a simple canonical
form. The sections are given by

F=0 N a3002> + 21072y + 1207y + apzey® = 0
z=0 z =0,

and we call the three solution of the first equation (zo : yo), (1 : y1) and
(22 : y2). Then the homography

r = x1(Yoxe — Toy2)r' + xo(T2y1 — 21y2)Y’

Y =11 (Yox2 — Toy2)x" + yo(r2y1 — 2192)Y
!

2=z

puts these sections in a standard position, i.e. sends

P2 x {(xg:yo:0)} — So =P2x {(0:1:0)}
P2 x{(x1:y1:0)} — S =P2x {(1:0:0)}
P2x {(z2:y2:0)}— So=P2x {(1:-1:0)}

and so allows us to assume that the equation of the family X looks like (using
not-primed letters)

2 2 2 2 2 2 3
7Y + 2y + ao01T72 + 1112Y2 + Qp21Y° 2 + Q10202” + Qo12y2” + Qo3z”.
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Applying finally the homography

Tz =a — apaz
! !
Y=y +a12

z=2z
we obtain the canonical form of an Eg family (I use not-primed variables again):
2 2 2 2 3 _
7Y + 2y” + a1112Y2 + a10222° + qp12y2” + sz’ = 0. (5.3)

Observe that this canonical form is not the same as that of the Fg fibrations
described in [AE10, Sect. 1.7], but it’s equivalent to this last: the difference is
in the choice of the “standard position” for the three sections.

5.3.1 The cubic form of the Fj family

To compute the cubic form, we can assume that X is in canonical form (5.3)
X 1 F =2y + 2y + a1112yz + a10222” + ao12y2” + agozz® = 0.

In this case, the intersection of X and the divisor z = 0 in Z gives three distinct
sections, namely

B So=P?x{(0:1:0)}
{ F__OO — S1=P2x{(1:0:0)}
T Sy =P? x {(1:—1:0)}

I will now show that L and the three sections Sy, S1 and Sy give a Q-basis for
Pic X. Since each S; is a section, isomorphic to P?, we have that L2S; = 1 and
S? =9 by (3.3). Observe also that LS; = L, is the class of a line in the section

S;: this means that?
LSi2 =LS;-5; = (L‘Si)(S|Si) = -3,

because S|, is the class of a canonical divisor in S by (3.2). Finally, if i # j
then S; is disjoint from S;, hence S;5; = 0. We have then the intersection table
of our variety:

L L[S [s ]S
r2lol1]1]1
LSy | 1 [=3] 0] o
LS; | 1 [ o [=3]0
LS, | 1 [o]o]-3
sz =3l 9o0o]o
SeSi oo oo

30Observe the abuse of notation: to be precise, by the projection formula for the inclusion
map j; : S; < X we have LS? = LS; - S; = ji*((L\si)(S\si )) = jis(=3L?%_ ), whose degree is

ls;
then deg LSi2 = -3.
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SeS2 [ o] o] o] o
s2 =3[ o0]9]o
$iS [ o]o]olo
sz =3[ o0ofo]o

Observe that the matrix obtained considering the first 4 rows of the previous
table has non vanishing determinant:

01 1
1 -3 0

det — 9740,

“l11 0o -3 7
1 0 0 -3

this means that L, Sy, S and Sy are Q-linearly independent, hence by Table
5.2 that they are a Q-basis.
The cubic form is then

(L + BoSo + B1S1 + B292)% =
= 30%(Bo + B1 + Bo) — 9a(BE + A7 + B2) + 9(B5 + B} + 3).

Observe that after the change of coordinates

a=A

Bo=DBy+3A
pr=Bi+ 1A
B2 =By + 1A

the expression of the cubic form becomes basically a Fermat cubic:

(AL + BoSo + B1S1 + B2S:)® = A® + 9B3 +9B; + 9B35.

5.3.2 The number of sections of the Ey; family

Thanks to the intersection table computed in the previous section, we can now
show that the three sections Sy, S; and Sy are the only sections of this type of
fibrations.

Let a L+ So+/151+ 5252 be the class of a section. In Section 5.2.2 we discussed
three intersection theoretic properties of a section, which give the system

LQ(aL + BoSo + £1.51 + 6252) =1
(aL + BoSo + B1S1 + B252)> =9
e2(X) - (aL + BoSo + 151 + B252) = —6.

Using (4.5), we can compute that

co(X) = 3(S3 + S} + S2) + 21L(Sp + Sy + Sa2) + 30L?;
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and so the previous system reduces to

Bo+B1+p2=1
3a?(Bo + 1+ B2) — 9a(BF + BT + B3) +9(85 + A7 + B3) =9
36 — 650 — 6[31 - 652 = —6.

This last has as solution

a=0
Bo=1—p1— B2
(B1 = 1)(B2 = 1)(B1 + B2) =0

and so the class of a section can be only one of the following three:

Type 0 | So + 851 — B2
Type 1 ﬂS() + Sl — /BSQ
Type 2 | So — 851 + 52

I now want to show that if we consider a class of type 0 which is the class of a
section, then 8 = 0, so that we obtain the class of Sy. The same argument for
the other two types then shows that Sy, S1 and Sy are the only classes to which
a section can belong. First of all observe that

(So + BS1 — BS2)* = S5 + B°ST + 853,
and so
Kpz = m.((So + 851 — 552)2) = W*(Sg + ,82512 + 6253) =1+ 2ﬁ2)KP2.

Since PicP? = Z we can deduce that 8 = 0. The last thing to do is to show
that in each linear system |S;| there is only one element: assume that D; is an
effective divisor linearly equivalent to S;, but different from S;, then

0< D;S;L = S?L = -3,

which is absurd.

5.3.3 The Mordell-Weil group of the E; family

Thanks to the presence of at least one section, we can calculate the Weierstrass
form of a Calabi-—Yau elliptic fibration X of the (3,3) family. After we put
X in canonical form (5.3), we choose Sy as 0-section, and using the methods
described in [Cas91, Chap. 8] we find that the Weierstrass model has equation
y2z = 23 + Azz?® + Bz with

_ 14 8 2 8 2 162
A= —3ai;; + 35001102 + 50711012 — 3 Aot

16 16 2 .
+3 1020012 — F Ag12 + 81110035

_ 2 6 8 4 8 4 32 2 2 16,2
B = Zaj;; — 5a1110002 — 5Q7110012 + 5 Q7110902 T 5 @711 Q1020012+
32 2 2 8 3 128 3 64 2 64 2

T3 X111 %012 T 307110003 — S Qige T+ 7§ Xlga012 + 5 10201020012+

128 3 32 32 2
— 57 Qg0 — F 011101020003 — 5 X111Q0120003 T 160503-



CHAPTER 5. CLASSIFICATION OVER P? 51

It’s then possible to compute the discriminant locus A = 443 + 2782, which is
an irreducible curve over which we have nodal fibres.

Using the description of Pic X given in the previous section and the exact se-
quences (1.3) and (1.5), we have that the two sections S; and Ss give a set of
Q-generators* for MW (X)), which then has rank 2.

Observe that this is the rank of the Mordell-Weil group of the generic Eg fi-
bration, in fact we can specialize the equation to find subfamilies of type Ejg
with rank of the Mordell-Weil group 1 or 0. The tangent line to the fibre X,
in (0:1:0)isx = 0, this line intersects the fibre in another point, having
coordinates (0 : —apo3(b) : ap12(b)). For the generic choice of the coefficients
ap12 and «qos, this point is different from (0 : 1 : 0), but if we consider the
subfamily with ag12 = 0 identically, then Sy cuts each fibre in a flex point. The
equation of the generic member of this subfamily is

2 2 2 3
4y + xy° + a11170Y2 + app2xz” 4+ agozz” =0
and its discriminant is
2 4 2 2 3 3 2
A = agoz(ag11a102 — 8011 aTge — 11003 + 160 + 3611101020003 — 27g03)-

Over the curve agys = 0, of degree 9, we now have fibres of type I, to be more
precise over this curve the fibres have equation

x(zy + y2 + a111y7 + 0410222).

The main difference with the generic family is the presence of two new vertical
divisors: the divisor T defined by the line x = 0 over the curve agys = 0 and
the divisor @ defined by the conic zy + y? + a111y2 + a1022? = 0 over the same
curve.

In Pic X we have T = aL + 5ypSy + $1.51 + B2.52, and now I want to determine
the coefficients. To do that I need the following informations:

1. TL? = 0 since T is vertical;
2. T-LS,=T-LS, =0 since T is disjoint from S; and So;

3. T LSy =9 since T'- LSy = (T3, )(L|5,) and T} is a curve of degree 9,
isomorphic to aggz = 0.

Using the intersection table we computed previously, we can write a system in
«, By, f1 and Py whose solution gives

T =3L—-25,+ 51 + 52,
and since T + @ = 9L we also have
Q =6L+2S5)— 51— So.
The Picard group of the generic fibration in this subfamily has then a Q-basis

given by L, Sg, T and S5. Using this basis, the exact sequence (1.5) tells us that
this subfamily has tk MW(X) = 1, and that a generator is given by Ss.

4By a set of Q-generators for MW(X), T mean a set of generators for MW (X) ®z Q.
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In the same way it’s possible to show that the fibrations in the subfamily with
Qo12 = 192 = 0 identically, defined by

x2y + a:y2 + anizyz + a00323 =0,

where each of the three sections cuts the fibres in flex points, has Tk MW (X) = 0.
In this case in fact the discriminant locus is

A 1 2560005 (at; + 2Tago3) = 0,
and so over the curve aggz = 0 the fibres are of type I3, with equation
zy(x+y+ ai112) = 0.

The divisor 7* a3 = 0 splits in three irreducible components, giving three extra
vertical divisors, and so by the Shioda—Tate-Wazir formula (Theorem 1.3) the
rank of the Mordell-Weil group of the generic fibration in this subfamily is 0.

5.4 The families (3,2), (3,1), (3,0)

As we can see from Table 5.1, in the equation F' defining such families the term

2% is missing, so we have an obvious section

S:br— (1:0:0) € Xp.

The tangent line to the curve X at the point (1: 0 : 0) is a210y + @012 = 0,
so by Proposition 1.1 we must have as19 # 0 in order to have a smooth X. We
can then make the following change of coordinates

— o/ Q120 ,,/ Q120201 @111 /
T=T =552 Y + a2 T 2a
210 210 210
y _ 1 yl _ @201 ./
Q210 @210
!/
z =2z

which allows us to assume that the equation F' has the following simpler form
(I drop the primes)

2%y + aoz0y” + Q02172 + 10272 + o12y2% + agosz® = 0. (5.4)

The hyperplane section & of Z when restricted to X then gives

F=0
{ =0 — y(332 +05030y2) = O,

the vanishing of the first factor gives the section, the second defines a double
cover R of the base and the ramification locus for the covering map p = |, is
the curve ag3g = 0.

5.4.1 The cubic form

From Table 5.2, these families have all rk Pic X = 3 and so we search for three
generators. We try with L, the section S and the double cover R.
First of all, since R and S are disjoint we have

SRL = S?R=SR?> =0.
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Assuming that agzg defines a smooth curve, a canonical divisor on R is given
by ([BHPVAV04, Sect. 1.17])

Kpr = p"Kpz + %p*l = (% = 3)p*l,

where m is the degree of apso. Then, thanks to (3.2) and (3.3), we have

LR? = (L,)(R;,) = p'l- (% —3) pl=m—6, R =K2%=2 (% - 3)2.

So the intersection table is

Ll lsl r |
L2 0 1 2
52 -3 9 0
R | m-6] 0 |2(2-3)
LS 1 -3 0
LR 2 0 m—6
SR 0 0 0
and since
0 1 2
det| 1 -3 0 =18—m
2 0 m-—6

is non-zero (in our cases) we deduce that {L, S, R} is a Q-basis for Pic X. More-
over the cubic form is

| (a,0) | (aL + 3S +R)? |
(3,2) | 3028 —9aB? + 982 + 602y — 12ay2 + 83
(3,1) | 3028 —9aB? + 983 + 6a2y — 6ay? + 273
(3,0) 3(a?B — 3aB? + 383 + 2a%y)

5.4.2 The number of sections

I want to determine the number of sections for the generic fibration of these three
families. Let oL + 8S + 7R be the class of a section. The first two requirements
discussed in Section 5.2.2, give the relations between «, 8 and ~

1= L*(aL+ BS+~R) =3+ 2y
—6 = co(X)(aL + BS +vR),
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and using (4.5) to compute c3(X) we obtain the three systems

B+2y=1 f+2y=1
360 — 68 —4y=—6 36a — 68 + 8y = —6

3

B+2y=1
360 — 63 + 24y = —6.

We can solve them expressing o and S in function of v, finding

(Ol,ﬂ) = (1 - 2’77 _3’7> ) (1 - 2'77_3’7) 7(1 - 27u _'7)

for the cases (a,b) = (3,2),(3,1),(3,0) respectively. The last condition T use to
detect a section is that S* = K2, = 9 by (3.3), so since we know the cubic
self-intersection form for the three cases, we can solve for v the three equations:
the results are

—5=7(36072 — 6767 + 351) = 0

—(1807% — 343y + 189) = 0

—3v(1292 = 25y +15) =0

which have only v = 0 as rational solution. Hence in all of these three cases we
have only one section.

5.4.3 Weierstrass form and Mordell-Weil group
Putting the equation (5.4)

2 3 2 2 2 3
7Y + apz0y” + @21y 2 + Q10272° + Qo12y2” + agozz” =0

in Weierstrass form with respect to the section S gives the equation y?z =
23 + Axz? + Bz® with

_ 2 2
A= 810[0300[102 — 2704012 + 810[02104()03,
B= 12902, 0%, — 486 2 — 5da
= 1 %21%02 Q0300102012 Qprot
2
+243(10210[01204003 - 7290&0300[003.

We can then see that the generic fibre over the discriminant locus is a nodal
rational curve.

Thanks to the exact sequence (1.5) we have that Pic X78 is generated by the
restriction of the classes of S and R, and so by (1.4) Pic” X,, has as generator
R, — 25, (observe in fact that R, is a degree 2 divisor on X,). R, — 25, is in
the image of the map (1.2) and so R, — S, is a Q-generator for the Mordell-
Weil group of X,,. I now want to find a divisor R’ in X such that R% is linearly
equivalent to R, — S, in Div X,: such R’ is a better choice for a Q-generator of
MW (X) since, as we will see in a moment, it is defined by a rational section of
the fibration.

The tangent line to X, in the point (1 : 0 : 0) is y = 0; this line intersects X
in 22(a1027 + po32) = 0, defining the divisor 25 + R’ where R’ is the rational
section defined by

R :b— (0[003(b) :0: —alog(b)) € Xp.
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Then R’ is the blow-up of P? in (deg agos)(deg a102) points. The following table
lists the number of the blown-up points, the self-intersection of a canonical
divisor and the Euler—Poincaré characteristic of R’: I will use them to determine
the class of R’ in Pic X.

’ (a,b) ‘ Number of points ‘ K2, ‘ Xtop(R') ‘
3,2) 40 31 43
(3, 1) 28 19| 31
(3,0) 18 o | 2t

Observe now that LSRR’ = deg a9z since the generic line in the base P2 does not
pass through the points where we blow-up. To find the class R’ = aL+SR+~R
we have to solve the system

L?’R' =1
LSRR = deg 102
CQ(X)RI = Xtop(R/) — KIQ%’

where the third equation follows from Friedman’s result (3.4). The solution of
this system is

| (a,b) | R =aL+BS+1R |
(32) | RR=2L-S+R
31)| R=L-S+R
30| R=-S+R

The result is that in any case we can use L, S, R’ as a Q-basis for Pic X, and R’
as a Q-generator for MW (X). Observe also that in Pic X,, we have R; = R, —S,,.

5.4.4 The family (3,0)

I will give a more detailed description of this type of family in Section 6.1 and
Section 6.2.

5.5 The families (4,1), (5,2), (6,3)
All the fibrations of these families have a section given by
S:br—(1:0:0) € X,

since azgg = 0 identically, and from Table 5.1 we see that the same is true for

a210-
In each projective plane Z, the tangent line to X, in (1 : 0 : 0) has equation
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o012 = 0: our smoothness assumption on X forces the constant asg; to be
non-zero, hence

— 2111,/ Q102 o/
Z Z 20&201y 2(1%012
!
y=y
y = 1 /

@201
is a well defined homography, putting the equation in the simpler form (I drop
the primes)

Oélgol‘yQ —+ OLQgOyB + 1‘22’ + a021y22 + 01012y22 + 0400323 =0. (55)

The hyperplane section £ in Z described by z = 0 cuts X in the image of the
section S (with multiplicity 2) and in another divisor R, given by the rational
section

br— (0(030(()) : —Oqgo(b) : 0) € Xy,

which is the blow-up of the base P? in {a120 = 0} N {30 = 0}.

Remark 5.5.1 In the case (a,b) = (6,3) we have degajo9 = 0, i.e. aja9 € C.
This means that generically (i.e. for ay29 # 0) this type of fibration has two
disjoint sections.

5.5.1 The cubic form

All these fibrations have rk Pic X = 3 (compare with Table 5.2), and we have
the following three obvious divisors:

1. the divisor L, coming from the base;
2. the section S =P2 x {(1:0:0)};
3. the rational section R.

Observe that £, = 25 + R since z = 0 cuts on X both S and R. We know all
about S, to study R we begin with the diagram

R(—j>X
]P>2

where now p is the blow-up of P? along {a120 = 0} N {ap30 = 0}: let m =
deg 190, then this locus consists of m(m + 3) points. We thus have

Krp=p"Kp> + E1 + ... + Epy(mq3)
where the E;’s are the exceptional divisors introduced by p: then
R} =K% =9—m(m+3),
and since S N R is a curve of degree m in S we get
SR? = (Rj,)(R),) = m”.

So the intersections are given in this table
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el sl r |
L? 0 1 1
52 || -3 9 —-3m
R || -3 | m? | 9—m(m+3)
LS 1 -3 m
LR 1 m -3
SR || m | —3m m?
and in particular
0 1 1
det| -3 9 —3m = —6(m —3)(m + 3),

-3 m? 9—m(m+3)

which has no zeros in our cases (m = 0, 1,2). We conclude that {L,S, R} is a
@Q-basis for Pic X, and that the cubic form is

[ (a,b) ] (aL + BS +yR)? |
(4,1) | 3628 — 9ap? + 983 + 3a?y + 12apy — 183%y — 9ay? — v3 + 12342
(5,2) | 3a2B —9aB2 + 982 + 3a%y + 6aBy — 962y — 9ay? + 53 + 3842
(6,3) 3(a?B — 3aB? + 383 + a?y — 3ay? + 373)

5.5.2 The number of sections

Let aL + S + vR be the class of a section. Then we have two linear relations
between the coefficients, given by L?(aL + S +~R) = 1 and ca(X)(aL + BS +
vR) = —6 as discussed in Section 5.2.2. Explicitly we have

B+v=1 B+vy=1
36 — 68+ 14y = —6 36 — 68 + 2y = —6

Bt+r=1
360 — 63 — 6y =—6

and so we can express « and 8 as functions of v, finding

(mﬁ)=(—SJ—JO,(—;1—7>KQ1—V)

for the three cases respectively. Using the expression of the cubic self-intersection
we can solve for 7 since we know that (aL + 8S +~vR)? = 9 by (3.3). The only
rational solution to this equation is v = 0 for the first two cases, while we have
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two solutions, v = 0 and v = 1, for the case (a,b) = (6,3). So S is the only
section, apart in the case where there is also another obvious section, which is
given by R.

5.5.3 Weierstrass form and Mordell-Weil group
Putting the equation (5.5)

2 3, .2 2 2 3
a120TY° + Qo30y” + T2 + Qo21Y 2 + ap12yz” + age3z” =0

in Weierstrass form with respect to the section S, we find the equation 3%z =
2% + Azxz? + B2® with
A= alyaes — 3035 + aosoqor2,

_ 1.2 2 2.2 2 3 1 2
B = 211200012 — 3®120®021%003 — 57 Xp21 + 3@03000021 X012 — ((30X003-

By Tate’s algorithm the generic fibre over the discriminant locus is a nodal
rational curve.
Using {L, S, R} as Q-basis for Pic X is then easy to see that R € MW (X) gives
a Q-generator.

5.5.4 The (6,3) family

The family of elliptic Calabi-Yau threefolds in P(O(6) & O(3) & O) will be
studied in detail in Chapter 6. In fact I will show there that the generic element
of this family is a classical E; fibration ([AE10]), and that there are also some
interesting fibrations of non-generic type. In fact for the generic equation

2 3 2 2 2 2 3
F = a1207y” +0030y° + 2012 2+ Q111 TY2 + 021y 2+ Q10222° +p12Y2° + Q0032

we have two possibilities (we have asgg; # 0 in both cases):

1. if a9 # 0 then the change

2 2 2
— / __ @030 /+ Q120%111 _ %o30 _ X1209102 ./
r= Yy 3203 8 8ad,, /%
120 Q120 Q391 120 Q501
— (04030 0412004111) /
= =050 —20111 )~
y y + 4 804201
a2 /
= M20

4dazo1

lead us to the canonical form of the E7 fibrations (compare to Section 6.3)
—23:3/2 + 2%z + a021y2z + a012yz2 + a003z3 =0;

2. if a99 = 0 we apply the change

/ o / [0 !
=1 — 111 Yy — 1202 z
20(201 2&201

.

y=y

_ _1 /
Q201

and have the form (with non-primed variables)
ao30y® + 222 + @021y 2 + ap12y2” + apzez”® = 0.

I will study this subfamily more in detail in Section 6.4.
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5.6 The families (7,4), (8,5)
As in the other cases, we have the section
S:b—(1:0:0) € X,
and it must be agp1 # 0 for otherwise we will find singular families. Then we
can use the homography

/o111 /@102 Z/

r==x
202009 T 202,

y=y
z

1 /
@201

to put the general equation in the easier form (using not-primed variables)
a030y” + 2%z + a1y’ z + ao12yz® + agesz® = 0. (5.6)
The restriction to X of the divisor £ : z = 0 gives
F=0
{ — a030y3 =0.
z=0

So we are cutting on X the section S' (with multiplicity 3) and a vertical divisor
T, defined by
T:{(.’Ey()) GXb|O[030(b) :0}

i.e. T is a P'-bundle over the curve agzg = 0, whose fibres are the lines in the
reducible I, fibres z(z2 +...) = 0 we have over that curve.

5.6.1 The cubic form

I now want to determine Q-generators for Pic X. From Table 5.2 we look for
three divisors, and I want to show that L, S and T is a good choice. Let m =
degapsg, then LT is given by the lines in the m fibres over {ag3g = 0} N1, so we
conclude that LTS = m. ST is a curve of degree m in .S, and so

ST? = (Tls)(T\s) =m’.

Observe that 7], is the disjoint union of m lines in the reducible fibres of the
elliptic surface L; since each of these is a —2-curve ([Mir89, Chap. 1.6]) we then
have

LT2 = (ﬂL)(Cz—‘lL) = (T‘|L)2 = —2m.

Since T is a P!-bundle over the curve agzp = 0 we have ([Bea96, Prop. I11.21])
-1 -2
T8 = (K7)* =8 (1 _(m=Dim-2) >2(m )) = 4m(3 — m).

Another important fact is that the generic fibre does not intersect 7', so that
TL? =0, and finally that
52T = (S\s)(T\s) = KS(Tls) = —3m.

So we have the intersection table
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Ll ls T |

L2 0 1 0

52 -3 9 —3m

T? || —2m | m? | 4m(3 —m)
LS 1 -3 m

LT 0 m —2m

ST m —3m m?

The following result
0 1 0
det -3 9 —3m = 6m(6 —m)

—2m m? 4m(3 —m)

tells us that if we want {L,S,T} to be a Q-basis for Pic X it’s necessary that
deg avg39 # 0,6, which doesn’t occur in our cases. Hence the cubic form is given

| (a,D) | (oL + BS +~T)?
(7,4) | 3028 —9aB2 + 98 + 1203y — 183%y — 12ay? + 123+% + 87>
(8,5) | 308 —9aB®+95° + 6afy — 9%y — 6ay® + 357° + 87

5.6.2 The number of sections

I want to show now that S is the only section for that type of families. In fact,
let denote by oL + 8S + T the class of a section. Then we have three linear
relations among the coefficients, discussed in Section 5.2.2, which allow us to
determine «, 8 and ~:

L*(aL+ BS+1T) =1
LT(aL + BS +~T) = deg apso
co(X)(aL + BS +~T) = 36 — 65 — 4y = —6.

From (4.5) we can compute co(X), and the solution of the system is given by
(o, 8,7) = (0,1,0).

5.6.3 Weierstrass form and Mordell-Weil group
If we put the equation (5.6)

3, .2 2 2 3
@30y’ + 272 + @21y 2 + Qo12y2” + agesz” =0
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in Weierstrass form with respect to the section S, we will find the equation
y2z = 23 + Azz? + Bz with

A= 9apzoaoi2 — 3ads,

B = 90300021012 — 2051 — 270G 300003-

Then the discriminant locus has equation

2 2 2 3 3 2 2
Q30(—00210012 + 400300012 + 401 @003 — 18an300021 01200003 + 27530 003) s

hence we have naturally the presence of nodal rational curves and Iy fibres.
These last are over the component agzg = 0 of A and have equation

2(2? + ap21y® + @o12yz + ao3z?) = 0.

Observe that in this case Pic X is generated by two vertical divisors and the
section, hence none of them gives something in the Mordell-Weil group, which
has then rank 0.

5.7 The (9,6) family

As in the previous section, we must have asg; 7# 0. We observe moreover that if
ap30 = 0, then the equation splits, giving us a singular variety. So we also have
ap30 7 0 and the homography

3
r =1 — azallly/ ( X113 — Q1110021 Q102 )Z/
2a201 240‘0300‘%01 6aoz00rzgy 2a30,

— / Q21 Q111 /

= agy’ + (- - )z
Yy 2y 330201 120030039

1 /
z = —
@201

where aq satisfies a%aogo = 1, puts the equation into the well known Weierstrass

form

2 3 2 3
rz=19Y +Oé()12y2 + qo32”.

5.7.1 The cubic form

Looking at Table 5.2 we see that Pic X has rank 2, and by Proposition 5.1, a
Q-basis is given by L and the section

S:br— (1:0:0) € Xp.

The intersection table is particularly simple, and is given by

L lcls]
2] o
sz [ =39
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Thus the cubic form is
(aL + BS)* = 36(a” — 3af8 + 362).

Also in this case S is the only section: denoting with oL + 35 the class of any
section, we have

L*(aL +BS) =1
co(X)(aL + BS) = 36— 65 = —6

whose solution is (a, 8) = (0, 1).



Chapter 6

New and old families

In this chapter I want to present a detailed description of the Calabi—Yau elliptic
fibrations we can find in the two bundles P(O(3)®O@O) and P(O(6)®O(3)dO)
over P2,

Elliptic Calabi-Yau threefolds in P(O(3)®O® Q) are interesting because we can
find subfamilies having in a natural way Kodaira singular fibres degenerating
to non-Kodaira fibres. Moreover, in Chapter 7 we will see that these fibrations
enjoy another interesting property.

In the bundle P(O(6) ® O(3) ® O), the generic anticanonical hypersurface turns
out to be a classical elliptic fibration, named E;. I will give a brief description of
FE; families, and then focus on the non-generic elliptic fibrations in this bundle,
which can be viewed as E7 fibrations where we try to collapse its two sections
into one. I will call these non-generic fibrations of type EY.

6.1 Families in P(O(3) & O & O)

I want to describe the anticanonical varieties X in the projective bundle Z =
P(O(3) ® O @ O) over P2.

I will show that the generic Calabi—Yau elliptic fibration X in this bundle is
smooth, compute the cubic intersection form in terms of two different Q-basis for
Pic X and study the group of automorphisms of X. I will also give a description
of the Weierstrass model and the singular fibres of the generic fibration.
Finally, I will focus on a particular subfamily to show two interesting facts:

1. even if the generic member of the family of Calabi-Yau elliptic threefolds
in P(O(3) ® O @ O) has Mordell-Weil group of rank 1, it’s possible to find
subfamilies for which the rank drops to 0;

2. it’s possible to find elliptic fibrations with non-Kodaira fibres which are

defined by a cubic homogeneous polynomial in P2.

6.1.1 The number of parameters and the canonical form

I will compute the number of effective parameters of the family using the for-
mula in Proposition 5.2. The most general equation defining an anticanonical

63
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hypersurface X in P(O(3)® O @ O) is

_ 2 2 3 2
F = aoxy + ai20ry” + ao30y” + 201272 + a1117yz+
2 2 2 3 _
+ap21Y°2 + Qro22y” + Qo12y2 ape32z” = 0,

where the degree of the coefficients is as in Table 5.1 (p. 41). We can count
the total number of parameters involved, finding that our equation depends on
2+43-10+4-28 = 144 parameters. Since F' is defined only up to a scalar multiple,
the equation actually depends on 144 —1 = 143 parameters. To have the number
of effective parameters, we have to take in account the action of automorphisms.
In particular, the group automorphism of the base is PGL(3, C), and so we loose
8 parameters. Then there are the automorphisms on the fibres of the form

/
T’ = 11T + C12Y + C13%

., Ci1,C22,C23,C32,C33,€ C
Yy = ooy + Ca32 with PR ey ey T ’

7 = cay + cazz c12,¢c13 € HO(P?,0(3))

These automorphisms lower the number of effective parameters by 24 (the coeffi-
cients depend on 25 parameters, but we loose one since x, y and z are projective
coordinates). Then we reach 143—8—25 = 111 parameters, which coincides with
h?1(X) as shown in Table 5.2 (p. 41). It’s known that h*!(X) is the dimension
of the space of deformations of X (Bogomolov-Tian-Todorov theorem), the fact
that an equation for X depends on exactly h?!(X) parameters then means that
any deformation of X comes from a deformation of the defining polynomial.
There is an obvious section for these varieties: it’s defined by

S:br— (1:0:0) € X,.

Given a point b € P2, the tangent line to the curve X3 in (1 : 0 : 0) is defined
by @210y + @201z = 0 and so we see that (as219, a201) # (0,0) for otherwise our
section will pass through singular points for the fibres and this is possible only
if X is singular by Proposition 1.1. So at least one among aws19 and agp; must
be non-zero. Since the bundle automorphism

/

=z
y =z
2=y
has the effect of exchanging
a1 with agoq, o120 With aqoo, ap30 With agos, ap21 with a2,

we can always assume that the non vanishing parameter is as19. We can then
define a canonical form for this kind of families, sending the tangent line as19y+
2012 = 0 to the line y = 0: we can achieve this with the change of coordinates

Jj/:x l’:l’/

y’ = 210y + Qo012 Y= 1 y/ _ 201,/

a210 210
2=z z=2z
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and then assume that our family is defined by the equation (using z, y, z instead
Of xl? y’? Z/)

F = 2*y+ons0zy® +on11yz+ 010222 + 030y + o021y 2+ 01292 +agesz® = 0.

We can also use the change of coordinates

/

X120,, _ Q111
2 Y 3~

T —
’

Y

z

SRS
I

!

to make the equation simpler: it allows us to assume that the defining equation
is (using x,y, z as before)

F = 2%y + a10272” + 030y” + 0219%2 + a012y2® + ago3z® = 0. (6.1)

Observe that this equation depends on 122 parameters, and that we can’t lower
this number any more. In fact the only automorphisms we are left are given by
PGL(3,C) and by those of the form

/

1
72’

!/

SRS
|

|
=

2,

depending on 8 + 2 = 10 parameters. The homogeneity of the equation lowers
the number of parameters by 1, so we loose 10+ 1 = 11 parameters, which is the
number we need to reach 111. Observe also that the families with agzg = 0 or
apps = 0 identically are necessarily singular: they have another obvious section,
which is {(0:1:0)} x P? in the first case and {(0:0: 1)} x P? in the second,
but these meet some singular point in the fibres, to be more explicit, the point
(0 : 1:0) is singular for the fibres over the sextic curve ag2; = 0 in the first
case while (0: 0: 1) is singular over 12 = 0 in the second. As we will see S is
the unique section for these families.

We want now to know when the point (1 : 0 : 0) is a flex point. The tangent
line in (1:0:0) is y = 0, and the system

F=0
y=0

has two solutions: one is obviously (1 : 0 : 0) with multiplicity two, the other is

(0[003 . 0 . —Ck102).

So we see that (1:0:0) is a flex point if and only if ay92 = 0.
An interesting divisor in X is the one cut by z = 0: from the system

F=0 . z=0
z2=0 y(2? 4+ aozoy?) =0

we find the section S, corresponding to y = 0, and a double cover of P? defined
by
R: £C2 + a030y2 =0.



CHAPTER 6. NEW AND OLD FAMILIES 66

Observe that since the branch locus for this covering is the sextic curve agszg = 0,
if it is smooth then R is a K3 surface, so by (3.2) we have

R?=i,Kp=0.
As a by-product, letting H = ¢|, denote the hyperplane section of X, then

H=S+R

6.1.2 Weierstrass model and singular fibres

Using the methods described in [Cas91, Chap. 8], it’s possible to put our families
in Weierstrass form. Let

X : F = 2%y + a10222” + anz0y” + 02192 + ao12y2” + aposz® = 0

be a generic family in the bundle Z as in (6.1). Then the Weierstrass model W
of X with respect to the section S is the elliptic fibration in P(O(6) & O(9) ® O)
with coordinates (s : ¢ : u) defined by

2, _ o3 2 16 2 2
t“u = s° + (160[0300[102 — T 0012 + 160[0210(003) su“+

2 2 128 2 128 3 64 2 .3
+ (16agy; gy — B2 anz00ipa012 — Sr s + & 210120003 — 6400300503 u®.

We computed the equation of the discriminant locus, and observed that it is
an irreducible curve with multiplicity one, over the generic point of which we
have a rational nodal curve by Tate’s algorithm. It’s also possible to write the
birational morphism from X to W, which is given by

4
3
t = 8a1027” + 8azoaio2y”® + 803z + 41102y 2

2

s = —4o0272 — 30012Y% — 4igo3z

U= yz.

The situation changes if we consider the subfamily with aj92 = 0 identically. In
fact in this case, the section S cuts each fibre in a flex point. The discriminant
locus in this case splits in two curves:

2 3 2 2 3 2 2
At agos(4anzoapra — Ag21 ¥g12 + 41 2003 — 18300021 Q1200003 + 2730 003)

and over the curve aggs = 0 the fibre is generically of type Is. In the intersection
of these two components of the discriminant the fibre changes, more precisely

1. over aggs = agi2 = 0 the fibre is of type I11;
2. over agoz = 4ap3zoao12 — @dy; = 0 the fibre is of type I5.

I will study the subfamily with a192 = 0 more in detail in Section 6.2. Observe
that this is a description of the singular fibres we find for a generic choice of the
coefficients. As we will see in Section 6.2.3 it’s possible to find smooth fibrations
of this type with different singular fibres, also of non-Kodaira type.
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6.1.3 Is the general family smooth?

Here we want to show that the generic member of family defined by the equation
(6.1)

F = 2%y + a10202” + a030y® + @0219%2 + @012y2” + gozz® =0

in P(O(3) ® O @ O) is smooth. The singular points (¢g,b) with ¢ = (z : y : 2)
and b = (o : t1 : t2) satisfy

2xy + 19222 =0
2% 4 3apzoy® + 200217 + ap122® = 0
20110277 + 21y + 20001297 + 3agpsz® = 0
(On102)2? + (0n0030)Y> + (Onc021)y?2 + (Onao12)y2? + (Onvoos)z® = 0
(6.3)
where we write 9,, = % for n = 0,1,2. So we want the set
the system (6.3)
Vai02,0080,0021,0012,0008 =  (450) € P? x ]P)2| . .
has (g, b) as solution

to be empty for the generic choice of the coefficients. To show that this is true
we consider the subvariety

V = {(¢, b, a102, @030, @021, @012, 2003) (¢, ) € Vaaygs,0030,0001,0012,000 }

of P2 x P? x HY(P?,0(3)) x H°(P?,0(6))%, and the projection over the last
5 factors. This map is projective and has Vi, os.0050,0021,0012,0005 @S fibre over
(@102, 030, Q021 Q012, 003 ), SO it suffices to show that for a particular choice
we have Vo, is,0030,0001,0012,000s = &, 1-€. that there exists a smooth X of this

kind, to deduce that the same holds for the general choice of parameters. For
example we can take

a2 = 0, ap12 = 0, Q21 = apos = tg+15+15, Q30 = g +2t5 +4t5.

6.1.4 The cubic form

We computed the intersection matrix for this type of fibrations in Section 5.4.1,
explicitly it is

L ]s[r]
2] o] 1
Ls | 13
LR | 2

0
52 -31 9
SR| 0] 0
R | 0|0

olo|o|lo|o|v| X
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and so the cubic form has expression
(aL + BS +vR)® = 30”8 — 9aB? + 96% + 60°y. (6.4)

Observe that in the projective plane with coordinates (« : 8 : ) this equation
defines a cuspidal cubic, with the cusp in (0: 0 : 1) and tangent o = 0. Moreover
this cubic has one flex point in (18:6: —1).

Remark 6.1.1 Apart the cases (a,b) = (9,6),(3,3), all the other families of
elliptic Calabi-Yau threefolds we have over P2 have rk Pic X = 3. Among these,
the family in P(O(3) ® O @ O) is the only one for which the cubic intersection
form of its generic member defines a singular cubic curve in P?. In the case
(a,b) = (9,6) we have three distinct points, while in the case (a,b) = (3, 3) we
have a smooth cubic surface in P3, isomorphic to a Fermat cubic.

A rational section

We call R’ the divisor defined by the rational section
br— (Otoog(b) :0: —Oélog(b)) € Xp.

We know that if we cut X with z = 0 what we see is the section S and the
double covering R. So we have that the hyperplane section H of X is simply

H=S+R

Cutting now with y = 0 we see the section S with multiplicity two, and the
rational section R’. But then we can express R’ in terms of the Q-generators of
Pic X:

2S5+ R =H=S+R— R =-S+R.

So we can use {L,S, R'} as a Q-basis of Pic X, and it may be useful to know
the intersection table in terms of this basis. This is

L Jr]s|[r]
2| o] 1|1
Ls | 1 ]-3] 3
LR || 1| 3 | -3
s2 [ =3[ 9 [ -9
SR 3 -9 9
R*[ =3| 9 | -9

So we can rewrite the cubic form (6.4) as
(aL+BS+vR')? = 3(a?B—3aB*+3B3+a’y+6aBy—98%y—3ay> +967> —3~°).

As we will see in Section 6.2.2 the Q-basis {L, S, R’} of Pic X is more convenient
for the study of the Mordell-Weil group.
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6.1.5 The automorphism group

We know from Section 5.4.2 that the generic Calabi—Yau variety defined by
equation (6.1) have only one section. This fact has an interesting consequence on
the group Autg X of automorphisms of X over B, i.e. isomorphisms preserving
the projection on the base or equivalently such that

XT/)X

commutes. I will prove the following proposition, which gives a description of
AutB X.

Proposition 6.1 Let 7 : X — P? be an elliptic fibration, which is an an-
ticanonical hypersurface in P(O(3) @ O @ O) defined by equation (6.1). Then
Autp X has at most two elements, id and —id, where —id(P) = —P is the
inverse of P in the group law we have on the fibres of w. Moreover

Autg X = {id, —id} < ayp2 = 0.

Proof Since an automorphism X — X sends sections to sections and we have
only one of them in our case, any automorphism of X over B fixes the section
and then induces a group homomorphism on each fibre. Generically these have
only two automorphisms, the identity and the inversion with respect to the
group law, so we can conclude that the same is true for the whole X, i.e.

Autp X < {id, —id}.

To complete the proof I have to show that Autp X = {id, —id} if and only if
102 = 0.
Observe that any ¢ € Autp X induces an automorphism

©* :PicX — Pic X

which is the identity map. In fact ¢*L = L because ¢ acts fibrewise, and
©*S = S because S is the only section. From [OVdV95, Prop. 5], we have that
©*(R) = R, since ¢* induces an automorphism on the cubic curve defined by
the cubic self-intersection form, which leaves fixed the singular point (0: 0 : 1)
corresponding to R since it’s the only singular point for the cubic. Moreover,
from equation (6.2), we have that ¢ maps R to R.

Let assume that —id is an automorphism on X, then — id restricted to R must
be an automorphism of R. Remember that R is defined by

z=0
z? + apzoy? = 0

(y #0)
and then a point (z : y : 0) € R has image

_ 3 .2 2 2 2
X = 0”4 (fga0012 — OGo3)TY + 1020021 Q003Y

Y = y(afpez + (@fge012 + 0503)Y)
Z = 0102y (201003 — Qt102Q021Y)-
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This point still lies on R if and only if Z = X2 + ap30Y? = 0, and in particular
Z = 0 can happen only in the following three cases:

1. when ajp2 = 0. We have that —id,, is the covering automorphism;

2. when «agg3 = 0 and 192 = 0, but in this case the polynomial F' defining
the family is reducible and the family is singular;

3. when ago3 = 0 and ago1; = 0. In this case the equation for X is
X 1 2%y + aroexz® + apzoy® + aprayz® =0,

and we see that we have another section, given by (0 : 0 : 1). But this
section passes through singular points in the fibres over ayg2 = @12 = 0,
so that these families are always singular.

Viceversa, let assume that a9 = 0. Then a direct computation shows that
—id : X — X
(x:y:2) — (—x:y:2),
which is an automorphism of X over B. O

Remark 6.1.2 Another way to show this result is to write explicitly the equa-
tions for —id, and observe that its indetermination locus is empty if and only
if a1p2 vanishes identically.

6.2 The subfamily with two automorphisms

In this section I want to study the subfamily we get when in the generic equation
(6.1) we set ag2 =0, i.e

X : F = 2%y + agzoy” + ao21y°2 + ao12y2® + agesz® = 0. (6.5)
From the previous sections we know that
1. the point (1:0:0) is a flex point, with tangent line given by y = 0;

2. the discriminant locus splits in two curves, over one of them we have I
fibres and over the other I, fibres;

3. the group of automorphisms of X over B has order two.

The generic member of this subfamily is a smooth elliptic fibration: by the same
argument used to prove the analogous statement for the general family in Section
6.1.3, we have only to find a smooth element in the subfamily to conclude that
the generic element of the subfamily is smooth. We can use the example given
in Section 6.1.3, which has aj192 = 0 and so defines an elliptic fibration in the
subfamilies we are studying now.
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6.2.1 The cubic form

The subfamily defined by equation (6.5) is special in the sense that the section S
passes through flex point in each fibre. Over the curve agg3 = 0 we see reducible
fibres of Kodaira type Is, whose equation is

y(2? + apzoy”® + ao21yz + api2z?) = 0.

This means that the divisor m*agg3 = 0 splits in two irreducible components: one
gives the divisor T' defined by the lines y = 0 in the fibres over this curve, and
the other gives the divisor @) defined by the conics. Since aqgs is a polynomial
of degree 6 we can claim that

T+ Q =6L.
If we intersect 1" with the curves in X, defined by
L2, LS, LR, S?, SR, R?,
we find
1. L?>T = 0 since L? is a generic fibre of our fibration;
2. LST = 6 since ST is the curve defined by aqo3 in S;

3. LRT = 0 since T does not meet R, in fact points in 7" have y = 0 while
points in R have z =0 and (1:0: 0) is not a point of R;

4. S2T = —18 since 5% = —3LS;
5. SRT = 0 since RT = 0 as we have just observed;
6. R?°T =0 since R? = 0.

Let now write T' = oL + S + vR, with o, 8,7 € Q. Since we know the inter-
section table in X, we find by the first three conditions above that

0= L?T = aL® + BL?S +yL?R = B + 2y a=0
6 =LST =al?S+BLS?>+yLSR=a—-33 —< B=-2
0= LRT = aL?R+ BLSR + vLR? = 2« v =1,

so that
T=-25+R, Q=6L+25—R.

Another (and simpler) way to have this result is to consider the hyperplane
section H of this kind of families: the general equation (6.5) is

F = 2%y + aos0y” + a021y°2 + ao12y2” + agosz® = 0,

so we see that cutting with y = 0 we find H = 35+ T, while cutting with z =0
we have H = S + R. Equating the two expressions give us T'= R — 25.

We can then compute all the intersection numbers involving T by mean of the
expression T = R — 25, but it’s not so difficult to find them directly. In fact
RT = 0 as we observed, and ST? = (T|,)(T},) = 36 since (T},) is the curve
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defined by agoz = 0 in S. Moreover we have that T3 = K% = —72 since T is a
geometrically ruled surface over agos = 0, and so ([Bea96, Prop. II1.21])

K2 =8(1—-10) = —72,

and finally that T2L = —12 since T?L = (1},)(T},) and T}, consists of the 6
lines in the reducible I5 of the fibration X|, , since each of them is a (—2)-curve
we have (7},)* = —12.

The complete intersection table is then

|l z][s[r[T]
L? 0 1 2 0
LS 1 -3 10 6
LR 2 0 0 0
S? -3 9 0| —18
SR 0 0 0 0
R? 0 0 0 0
LT 0 6 0| —12
ST 6 =181 0 | 36
RT 0 0 0 0
T2 || 12| 36 | 0 | =72

Observe that the rank of this matrix is 3, as we expected. We make also an-
other remark: the linear transformation sending L, S, R to L, S, T respectively
is represented by the matrix

10 0
01 -2 |,
00 1

whose determinant is 1. So L, S, T is a Q-basis for Pic X, and with respect to
this basis we have the cubic intersection form

(aL+BS+~T)? = 3a%B—9a32 +96° +36a8y — 5482y — 36072 + 108372 —72+>.

6.2.2 The Mordell-Weil group

In Section 5.4.3 we saw that the generic fibration defined by equation (6.1) has
Mordell-Weil group of rank 1, with a generator given by the class of R.
I now want to concentrate on MW (X) when X is a member of the subfamily
with ajg2 = 0 identically, and show that in this case the Mordell-Weil group
has rank 0. I use the Q-basis of Pic X given by L, S, T, in terms of which we
showed that

T = —25 4+ R meaning that R =T + 2S.

So R = 0 in MW(X) since T is vertical, implying that Tk MW(X) = 0 as
claimed.
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6.2.3 A smooth family with non-Kodaira fibres
Let’s consider the subfamily defined by

22y + ap30y® + a1 (y22 + 2°) =0,

where ap3g and gz are smooth sextics, intersecting transversally. With these
requirements the threefold X is smooth. Thanks to our previous work, we can
see that the Weierstrass model y?z = 23 + Axzz? + Bz of such fibrations has
coefficients

A =160a3,,, B = —64a3,, 2030,

and so the discriminant locus of the fibration has equation
At g (270330 + 40821) = a1 (20021 + 3V =3030) (200021 — 3v/=3030) = 0.

Over each component, by Tate’s algorithm, we can compute the type of singular
fibre:

1. over the curve age; = 0 we have IV fibres;
2. over each of the curves 2ago1 = 3v/—3ag39 we have I fibres.

The three curves intersect in the 36 distinct points given by ag21 = ag3o = 0,
and over these points the equation of the fibre is £2y = 0, which is not of Kodaira

type.

Remark 6.2.1 A cubic curve in the plane can be of nine types, and we ask if
we can find all of them as fibres of a smooth elliptic threefold with section. Of
course we can find smooth cubics, so we concentrate only on the singular ones.
The presence of the section tells us that one case is impossible to find, it’s the
case of a triple line (but observe that if we do not require the presence of the
section we can have it). Among the remaining 7, we can find 6 in Kodaira’s list:
they are Iy, I, I3, I1, II] and IV. Only one case is left, the one with a double
line intersecting another line, which is the case I have just described.

I want now to perform a local analysis around the points over which we have
non-Kodaira fibres: in particular I want to show that the restriction of the
fibration to a generic smooth curve through one of these points is a singular
elliptic surface, whose desingularization has fibres of type I. The non-Kodaira
fibres of the threefolds are contraction of the I§ fibres, according to Proposition
2.7. Let (s,t) be local coordinates centred in these points and such that the
curves agpsg and aqo1 are given respectively by ¢t = 0 and s = 0. So the local
equation for the fibration is

22y +ty® + sy’z 4+ 525 =0,

and I want to take the restriction of this family to the generic line through the
origin, of equation t = As. So we are interested in the elliptic surface

22y + sy + sy’z + 525 = 0.

Over s = 0 there must be singular points for the surface, as the corresponding
fibre is of non-Kodaira type. By Tate’s algorithm we expect to have a fibre I,
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the fibre we actually have is obtained from a I fibre after a contraction of the
three multiplicity 1 components which don’t intersect the section. The points to
which these components are contracted are the singular points for the surface.
In fact we can find them in the following way: for the generic choice of A, the
equation A\y® +y%z + 22 = 0 has three distinct solutions, and so if we let (7 : z)
be one of them, we see that (0: g : z) defines a (local) section of the fibration.
This section intersects the fibre over s = 0 in a point of the line = 0, which is
a multiple component (of multiplicity 2) for the fibre, so by Proposition 1.1 the
intersection point must be singular.

Remark 6.2.2 Observe that if X is an elliptic threefold over the surface B,
and x € X, is a singular point for X, then the restriction of X to any smooth
curve through b is an elliptic surface singular in x. In our case, since the singular
points for the elliptic surface vary when we vary the base curve, we have points
which are singular for the fibre and for the surface, but not for the threefold.
There are also examples where every restriction has the same singular point,
but this is not a singular point for the threefold, see e.g. Example 1.3.1 and
Remark 1.3.3.

6.3 E7 families in P(OB(—QKB) D OB(—KB) S, OB)

We want to study in detail the Calabi—Yau elliptic threefolds of type E7 over a
base B, focusing in particular in the case B = P2,

An FE7 family ([AE10, Sect. 1.7]) is a smooth hypersurface in a bundle of
weighted projective planes P12 (0Op @ Op(—Kp) ® Op(—2Kp)) with coordi-
nates (z : z : y), given by the vanishing of a homogeneous equation of (weighted)
degree 4

aoy® + a12%y + agrt + boxyz + bz + cox2? + c1yz® + daz® + ez = 0,

where a; € C, b; € HO(B, —I(B)7 c; € HO(B,—QKB), d e HO(B,—BKB) and
finally e € H°(B,—4Kp). Observe that if we cut this hypersurface with the
hyperplane z = 0 we will find one or two (constant) sections according to the
case where agy? + a12%y + asz* = 0 has one or two solutions. However, in the
first of these cases it’s easy to see that the section passes through some singular
point of the fibres hence that these families are all singular.

We can then assume that agy? +a12%y+asz* = 2z = 0 has two distinct solutions,
and putting them in standard position (z :y:z) = (1:1:0) and (1: —1:0),
the equation defining the E; families is

xt — y2 + boxyz + biadz + cox?2? + cly22 +dzz® +ez=0.
The following transformation

x:x’—%blz’

o 1 1t 1 1 /2
y=y + 5box'z +§(01—Zb0b1)z
z=2

allows us to simplify the equation further (using non-primed variables):

y? = ot + cox2® + dxzd + ezt
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Since the weighted projective plane P*12 can be embedded in P3, an E; family
can as well be defined as the intersection in the bundle of (non-weighted) projec-
tive spaces P(Op®Op(—Kp)DOp(—2K)®Op(—2K)) of the two hypersurfaces
defined by

1. XoXy — X? = 0, which is the image of P(1:1.2) under the standard embed-
ding
(z:x:y)— (Xo: X1: Xo: X3) = (2% 22 : 2% 1 y);

2. a quadric in P3, defined by the vanishing of the degree two polynomial
corresponding to the weighted polynomial of degree four:

X3 = X3+ coX? +dXo X1 +eX]

with ¢o € H(B, —2Kp), d € H*(B,—3Kp) and ¢ € H*(B, —4Kp).

6.3.1 Plane form

I want to describe a procedure which puts our family in a planar form, i.e. I
want to define an isomorphism between the variety X defined in the bundle
P(Op @ Op(—Kp) ® Op(—2K) ® Op(—2K)) by

ToTy = ZL’%
23 = 23 + cox} + dxory + ex?

and a hypersurface X in a suitable bundle over B with P2-fibres. To obtain this
I follow the method described in [Cas91, Chap. 8].
We have two obvious sections for our family E7, defined by

op:b—(0:0:1:1) € X,
o_:br—(0:0:1:-1) € X,

and the first step is to make a transformation which maps S, = o,(B) to
S, =Bx{(0:0:0:1)}:

20 = Zo To = 20

21 =T1 T =z
—

22 = X2 — X3 To = 2Z2 + 23

Z3 = I3 Tr3 — Z3.

So our family is defined by

2320 + 2022 — zf =0
22320 + 23 + €22 + fzoz1 + 928 =0

and the two sections are
S =Bx{(0:0:0:1)}and S” =B x{(0:0:2:-1)}.

The hypersurface described by zz = 0 gives us the P2-bundle Z = P(Op @
Op(—Kp) ® Op(—2Kpg)), and we project X from the constant section (0: 0 :
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0:1) on z3 = 0. The image of this projection in the coordinates (X : X7 : X3)
of P? is given by the equation

eX3 +dXEX1 + coXo X7 +2X7 Xy — X0 X3 =0.

This equation defines X, and we have the projection

b : X — X
Xo = o
(xg:@wy:x2:@3) +— X, =1z

.X2 = T2 — I3.

The image of Sy is the section S; = B x {(0 : 1 : 0)}, while S_ has image
Sy=Bx{(0:0:1)}.
The inverse of the previous morphism is

Pl X — X
o = Xg
Tr1 = XQX1

Xo: X:1: X —
(0 1 2) ’IQ:X%

I3 = X12 — XOXQ.

Remark 6.3.1 In the case B = P?, what we found is (up to a sign) the equation
of the generic smooth elliptic fibration in the bundle P(O(6)®O(3)®O) obtained
in Section 5.5.4. So if B = P? then the E; family is the (6, 3) family of Section
5.5.4.

6.3.2 Weierstrass model and singular fibres

Let’s consider an E; family X defined over P? and embedded in P(O(6)®O(3)®
O) with coordinates (z : y : z). Then X has equation

X —2z2y% + 222 + apa1y*2 + ap12y2? + agosz® =0,
and I want to describe the Weierstrass model with respect to the section S =
o(P?) with
0:b—(1:0:0) € Xp.

This is given by y?z = x3 + Axz? + Bz? with

A= 4a003 — %04321

B = 0‘(2)12 - 2%0‘821 - %ao2104003
and discriminant locus

— 40310815 + 160591 003 + 270015 — 14401 a2 50003 + 128024, s + 25605

The generic fibre over the discriminant locus is a rational nodal cubic, of Kodaira
type I1, and these specialize to I fibres over 1o = 04(2)21 +4ogoz = 0 and to 11
fibres over 27035 — 803y, = ady; — 12ao3 = 0. If for some point aga; = g1z =
ago3 = 0, over that point we have fibres I11: to see with an example that this
is possible, consider a fibration having a2 = 0 and aq21, agos defining smooth
curve intersecting transversally.
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6.3.3 The number of sections

We know that intersecting X with the hyperplane section z = 0 gives two
distinct sections, namely S and S;. I want now to show that over P? these two
are the only sections of such fibrations. Using (4.5) we can compute the second
Chern class of X, and we also know the expression of the cubic form (see Section
5.5.1). What we have to do is to solve the following system. Let aL + 35 + .51
be the class of a section, then

1. it intersects the class of a fibre only in a point;

2. its intersection with ca(X) is x¢op(P?) — K2 = —6 by Friedman’s result
(3.4);

3. the value of the cubic self-intersection is K3, =9 by (3.3).

So we have to solve the system

L3*(aL + BS+~51) =1
c2(X)(aL + BS +51) = —6
(aL + BS +~81)% =9,

which has only two solution, i.e. (o, 8,7) = (0,1,0),(0,0,1).

6.4 Limits of E; families over P?

In Section 5.5.4 we saw that the anticanonical hypersurfaces in P(O(9) & O(3) &
) can be of two different types. The equation defining such varieties is

F = a1202y° +030y° + 2012”24 01112y 2+ 02147 2+10222° + 01292 +ag03 2,
and the generic one, having ajz9 # 0, belongs to the E; family. I now want
to study in detail the subfamily of the family of elliptic Calabi—Yau threefolds
in P(O(6) ® O(3) @ O) having a0 = 0 (for this reason I propose to call EY
this subfamily). In Section 5.5.4 we showed that a canonical equation for these
varieties is

2 3 2 2 3
F =22+ ao3oy” + @021y 2z + ap12y2” + agozz” = 0,

where each coefficient is as in Table 5.1 (p. 41). To see that we have a smooth
example, consider the following choice for the coefficients: a2 = 0 identically,
and ags3g, (21, Qo3 define smooth curves with no point common to the three.
The first thing we observe is that we can easily calculate the class of the hyper-
plane section H = §|, of X:

z2=0 z=0
—
F=0 a030y3 =0.
So we have H = 35+T, where S is the section (1 : 0 : 0) and T is the irreducible

component of m*ag39 = 0 containing the line z = 0 in the reducible fibres over
the curve agpzp = 0 (the equation of such fibres is ,2(9172 + ap21y? + aoiayz +
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2y _
ao32°) = 0).
So we have three divisors arising in a natural way,

L, S, T:
we know that rk Pic X = 3 and we will soon see that {L,S,T} is a Q-basis for
Pic X.

6.4.1 Weierstrass model and singular fibres

It’s easy to see that the Weierstrass model of these families with respect to the
section S is given by

2 _ .3 Ly 2 1 2 2 4 3
t*u = s°+ | aozoo12 — §a021 su”+ §a030a021a012 — Q30003 — ?7&021 U

and the discriminant locus has equation

2 3 2 2 3 2 2
30(4a0300h12 — Ada1 Ap12 + 41 @003 — 180030021 0120003 + 2730503 -

This means that the generic fibration of type EY has a curve in B over which
we have I, fibres: the cubic agzg = 0. Over this curve the equation of the fibre
is

2(2? + ao21y® + Q01292 + agosz) = 0.

6.4.2 The cubic form

We want to write the intersection table for this kind of families. We observe
that

e L2T = 0 since the generic fibre is not over agsg = 0;
o LST = LT, = 3 since it’s the intersection of a line with a cubic;

o LT? =T, T), = —6 since T}, is given by three (—2)-curves in a reducible
fibre of the elliptic surface X, ;

o 5T = S|, T, = —9 since it’s the intersection of the canonical class of P?
with a cubic;

o ST? =TT, =9 since it’s the intersection of two cubics in S ~ P?;
e T3 = K2 = 0 since T is a ruled surface over a cubic curve in B = P2

Then the complete table is

[ [i[s[7]
AN

S -3] 9 |-9
ST 3 1-91 9
T2 || -6 | 9 0
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Since the matrix obtained considering the first three rows has non-zero deter-
minant, we conclude that the three divisors L, S, T are linearly independent,
so that they form a Q-basis for Pic X.

The cubic form thus has this expression:

(aL + BS +~T)% = —9aB? — 18a7? + 30?3 + 18aBy + 98> + 2782 — 275%.

Observe that in the projective plane P? with coordinates (a : 3 : 7) the above
expression defines a smooth cubic curve.

6.4.3 The number of sections

I want to show that these families have only one section. Since I will use Fried-
man’s result (3.4), I need to compute cz(X): by (4.5) we have that

co(X) = 48L2% + 81LS + 27LT + 2752 + 18ST + 37>

Then we can use Friedman’s result (3.4) as first step in searching for sections:
if aL 4+ BS + ~T is the class of a section, then

ca(X)(aL + BS +7T) = Xtop(P?) — K2 = 36 — 63 = —6.

Another thing characterizing sections is the fact that they intersect the fibres
in one point, i.e.
B=L*(aL+ BS+~T) = 1.

So we deduce that § =1, a = 0 which means that a section has class S + 7.
Finally, T exploit the fact (3.3) that

92Ty + 27> = (S+T) = Kp. =9

to deduce v = 0 or v = 1. In the first case, we have the class S, in the second
the class S+ T.

I want to show that S 4+ T can’t be the class of a section. In fact, a section
intersects the I fibres over the cubic agzg = 0 either in a point of the line or in
a point of the conic: in the first case the intersection of the section with LT is
3, in the second it’s 0. Since

LT(S+T) = -3,

we deduce that no section can have class S+7T, hence that S is the only possible
class for a section.

I now want to study the linear system |S| to show that |S| = {S} so that S is
the only section of the fibration. Let D be an effective divisor linearly equivalent
to S but different, then we would have

0<LSD=1LS*= -3,

which is absurd. There is another way to see this: from the long exact sequence
of
0— Ox(=S) — Ox — Op2 — 0

we have H3(X,0(—9)) = C, then by Serre duality with Ky = 0 we have the
result.
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6.5 Elliptic fibrations with 2 rational sections

In the recent paper [MP, App. B] the authors deal with the problem of describing
the elliptic fibrations over P2 with two rational sections. To be more precise, they
show that it’s possible to embed an elliptic curve defined over a field K and
having two rational points in the weighted projective space IP’%’Q as a quartic,
with a particularly simple equation. When K = C(s,t) is the function field of
P? we are then dealing with the elliptic fibrations with two rational sections. In
particular, the E7 fibrations naturally situate in this framework, and in [MP,
App. C] we also have a description of the EY families.

The more natural ambient space for fibrations with two rational sections is then
a P12 bundle over P?, but this have the disadvantage of being singular. We
can then desingularize this, finding a fibration in the Hirzebruch surface F.
The fact that P?, P12 and F, are toric varieties allows us to use the powerful
machinery of toric geometry, and hopefully to describe all the possible cases
where we have smooth elliptic fibrations with two rational sections.

This is still a work in progress, we hope to obtain results in the near future.



Chapter 7
An application to physics

One of the main reasons for studying Calabi— Yau elliptic fibrations comes
from physics. In the context of string theory, F-theory was first formulated by
Vafa ([Vaf96]), and provides a sort of dictionary which allows one to deduce
the physical phenomenology arising from an elliptic fibration. Since the results
must be compatible with the ones observed in the “real” world, it’s natural
to restrict the attention only to particular subclasses of Calabi—Yau elliptic
fibrations, satisfying some more requirements.

From a physical perspective, the generation of fluxes is a consequence of the self-
interactions of particles or fields (the Feynman diagram of such a self-interaction
is called a tadpole). By Gauss’s theorem these fluxes must vanishes, so there
are only two possibilities: one is to introduce extra-fluxes as compensation, the
other is to allow only configurations for which these fluxes naturally vanish. This
second possibility is known as tadpole cancellation.

In mathematical terms, we can say that a Calabi-Yau elliptic threefold 7 :
X — B embedded in Z = P(L*® L’ ® Op) satisfies the tadpole cancellation if
it’s possible to find a suitable section h € H°(B, £?) and curves D; fori =0, ...r
in the double cover p : Y — B branched along h = 0 such that

1. each D; has class m;p*L, i.e. D; comes from B;

2. m; > 0 and 22:1 m; = 12, because in this way Di + ... + D, has class
12p* L which is the same as the class of p*A. So we can think of the D; as
the pull-back of components of the discriminant locus of 7 : X — B;

3. the tadpole relation
1 .
mec(X) = 5 Z pdinc(Dy) (7.1)
i=1

holds, where j; : D; — Y is the inclusion.

This definition is inspired from results showing how to connect the physical
aspects of tadpole cancellation to the geometric properties of the Calabi—Yau
threefold (or fourfold) representing the theory. These relations involve the topo-
logical Euler—Poincaré characteristic of divisors in the base that are interpreted
as components of a “limit discriminant locus” for the fibration. See e.g. [AE10,
Sect. 1.6 and 4.1] for a more precise description of tadpole cancellation and
[Sen98] for the limit process.

81
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7.1 The left hand side of the tadpole relation

Even if in physics it’s customary to focus on the case of elliptic fourfolds, through
these sections I will assume the total space of the fibration to be a threefold. In
particular, I will concentrate on the situation of Chapter 4, where the threefold
X sits inside the projective bundle Z = P(E), and E = £ @ LY © Op with L
an ample line bundle on B.

Recall formula (4.3)

o(X) = i* (i(le'fz) H*c(B)> ,

so we can see that m.c(X) is a multiple of ¢(B):

mee(X) =1L, (i(fzf'fz) X) o(B).

In the case of threefolds, we can work this out as follows:

TEHELX = 3¢+ e (B) + i (B)+
—3M*cy (B)E — ¥ ey (B)T*ey (B) — ¥y (B)?+
12IT*¢1 (B)E2 + 201* (1 (E)? + 4c1 (E)e1 (B) + 3¢1(B)? — 3ca(E))é+
+6(3CQ(E) — 561(3)2 — C1(E)2)§2

and so, using the projection formula and keeping in mind that
Ll =1L6=0, L& =1p,
we finally obtain
Tec(X) = (12¢1(B) + 18¢o(FE) — 30c1(B)? — 6¢1(E)?)c(B). (7.2)

Remark 7.1.1 Observe that this result is consistent with the one we found in
Section 4.4. In fact, since ¢(B) = 1+ ¢1(B) + ¢2(B), we have

T.¢(X) = 12¢1(B) + 18¢y(E) — 18¢1(B)? — 6¢,(E)?

whose degree coincides with the Euler—Poincaré characteristic of the threefold
computed in (4.4).

Specializing the previous formula in the case with E = £* ® L’ & Op, we get
m.c(X) = (12¢1(B) + 6(ab — a® — b*)L* — 30c1(B)?)c(B), (7.3)
which means
mec(X) = 12¢1(B) + 6(ab — a® — b*)L? — 18¢;(B)*. (7.4)

Thus we know the left hand side of the tadpole relation (7.1), and we can focus
on the right one.
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7.2 The right hand side of the tadpole relation

Let p: Y — B be the double covering of X branched along the zero locus of
h € H°(B,L?), and let D be a curve in Y of class mp* L. Then we have

D(%.Y
B

and we want to compute g.c(D).
Using the normal bundle sequence for D in Y we have

o c(Y
D) =j <1 ( )* ) ,
+ mp*L
and so using the projection formula

mL

p-eD) = T T pee

(¥).

Using the same technique for the inclusion i : Y < £ we have

where p : L — B is the bundle projection. So our previous formula becomes

mL 2L

N* D = T 3 . a7rPx
poeD) = T T T oL”

c(Tr),

and using the inclusion of B as the 0-section of £ we finally obtain

mL 2L 1+1L mL 1+1L
prc(D) = =2———¢(B).
peD) = tivor ¢ B i)
Letting now Dy, ..., D, be curves of class myp*L, ..., m,p"L respectively, we

can then compute the right hand side of the tadpole relation (7.1):

1 — " m,;L 1+ L
2;” c(D:) (Zl+miL>l+2LC( )

i=1

This equation holds in every dimension, in the case where B is a surface we can
then make an explicit computation, which gives us

%Zp*ji*c(Di) = (12L — (12 - Z m$> L2> ¢(B), (7.5)

using the assumption that Y ;_, m; = 12.
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7.3 Tadpole cancellation for threefolds

As we computed before, the tadpole cancellation (7.1) for elliptic Calabi—Yau
threefolds can be written as

(12¢1(B)+6(ab—a*—b?)L>—~30c, (B)?)c(B) = (12L - (12 - Zmz) L2> ¢(B).
= (7.6)

The simplest way we can satisfy this equation is to require that
12¢1(B) + 6(ab — a® — b?)L? — 30¢1(B)? = 12 — (12 -3 m§> L2, (7.7)
i=1

in fact in this way we have tadpole cancellation over any base surface. For
this reason we say that (7.7) gives the universal tadpole cancellation relation.
Observe that this last condition is purely numerical.

I will say that 7 : X — B satisfies the tadpole relation (or the universal tadpole
relation) if X sits in P(£% @ L? @ Op) and equation (7.6) (or (7.7)) is satisfied
for suitable integers m;.

As observed before, the difference between tadpole cancellation and universal
tadpole cancellation is that the second is only a numerical relation while in the
first there is also a contribution of the base B. Nevertheless in the case we are
studying the two concepts are equivalent.

Proposition 7.1 Letw: X — B be an elliptic threefold, with X C P(L*DL D
Opg) for L an ample line bundle on B. Then X satisfies the tadpole cancellation
if and only if it satisfies the universal tadpole relation.

Proof Let assume that the non-universal relation holds. We have to prove that
the universal relation (7.7) is satisfied. Writing explicitly ¢(B) = 1 + ¢1(B) +
c2(B) we see that (7.6) reduces to

12¢1(B) + 6(ab — a® — b*)L* — 18¢,(B)?* =

T
=12L — (12 + Zm2> L* +12¢:(B)L,
=1

and so the left side of the universal tadpole relation (7.7) equals
120 — (12 +y mf) L? +12¢,(B)L — 12¢,(B)?.
i=1

Since we are assuming that the tadpole relation holds, we have 12¢;(B) = 12L,
it follows that 12¢;(B)? = 12Lc;(B), i.e. that universal tadpole cancellation
holds.

The other part of the proposition is obvious. (I

In the case of elliptic threefolds we have then reduced the problem of tadpole
cancellation to a numerical problem. Our next goal is to solve this problem,
finding all the possible bundles and curves configurations.

The next proposition will help us.
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Proposition 7.2 Let 7 : X — B be an elliptic threefold with tadpole cancella-
tion in X CP(L*@® LY ® Op) for L an ample line bundle on B. Then L = wy"
and so B is a del Pezzo surface.

Proof From the universal tadpole relation we have that 12L = 12¢;(B), which
means that ¢ (B) = L+T with T a torsion divisor satisfying 127" = 0. Since L is
ample, we then deduce that ¢;(B) is also ample. So B is a del Pezzo surface, and
since these surfaces have torsion-free Picard group we have that ¢;(B) = L. O

In Section 4.3.1 we computed that if B is a del Pezzo surface, then only for
(av b) = (07 0)7 (17 1)7 (17 0)7 (27 1)7 (37 2)7

the generic anticanonical hypersurface in P(wz* @wgb ®0Op) is a smooth elliptic
fibration. This means that with a case by case analysis of the partitions of 12
we solve the problem of finding all the cases with tadpole cancellation. This is
the result.

Proposition 7.3 Let B be a del Pezzo surface, and X C P(wg* @ wgb @ O0p)
a generic anticanonical hypersurface. Then X satisfies the tadpole cancellation
only in the cases listed in the following table:

)| om) |
) 1(2,2,2,1,1,1,1,1,1)
) (4,1,1,171,1,1,1,1)
) (3,3,1,1,1,1,1,1)
) (3,2,2,2,1,1,1)

) (2,2,2,2,2,2)

) (4,1,1,1,1,1,1,1,1)
) (3,3,1,1,1,171,1)
)

)

)

)

)

)

)

(3,2,2,2,1,1,1)
(2,2,2,2,2,2)
(5,2,2,1,1,1)
(4,4,1,1,1,1)

(4,3,3,1,1)
(3,3,3,3)
(7,3,1,1)

From the above table we can see that any of the five admissible cases for (a, b) has
at least a configuration determining tadpole cancellation. However, to construct
explicitly an example for each of them it’s a quite arduous problem. In fact
many constructions which are possible locally on the base, fail to globalize; see
e.g. [KMSNS11].

It’s my personal opinion that in order to find an example it’s necessary the
presence of at least a 1 in the sequence (mg,...,m,), even if I do not have a
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proof for that.

7.3.1 The case of fourfolds

It’s possible to perform analogous computations assuming that X is an ellip-
tically fibered Calabi—Yau fourfold over a threefold B, as it’s usual in physics.
In particular, the analogous table of possible cases for the universal tadpole
cancellation reduces to the following:

‘ (my,...,m,) ‘

b)
0) | (2,2,2,2,2,2)
1)
1)

(3,3,1,1,1,1,1,1)
(4,4,1,1,1,1)

In this higher dimensional setting, the equivalence between tadpole cancellation
and universal tadpole cancellation breaks, so the table above is not a list of
all the configurations giving tadpole cancellation. It’s possible to find examples
of elliptic Calabi-Yau fourfolds of type (1,1) and (1,2) in the original paper
[AE10]. In [CCvG11], we give a detailed proof of the fact that these three are
the only possible configurations for Calabi—Yau elliptic fibrations X with uni-
versal tadpole cancellation and dim X > 3. The family of fibrations of type
(1,0) is the higher-dimensional analogous of the family of elliptic threefolds
in P(Op2(3) ® Op2 @ Op2) studied in Chapter 6.1, but, as observed above, we
couldn’t find a geometric example with a configuration realizing the universal
tadpole cancellation relation.



Appendix A

Computing Hodge numbers

In this appendix I will give a brief description of the algorithm introduced in
[BJRR10], [RR10] and [BJRR12], and the computation made to determine the
Hodge numbers in Chapter 5. There is also an independent proof of the same
algorithm, which can be found in [Jow11].

Since all the line bundles Opz2(n) are over the projective plane, I will write O(n)
to simplify the notation.

Observe that if 7 : X — B is an elliptic Calabi—Yau fibration, then ([Ogu93,
Main Theorem]) B is a rational surface. So the methods used in this appendix
can be used to compute, for example, the Hodge diamonds of the Calabi—Yau
elliptic fibrations in P(£% @ £* & Op) where £ is an ample line bundle on a
rational toric surface B. The main class of such surfaces is given by the Hirze-
bruch surfaces F,.

Observe that there is another (and well known) algorithm to compute the Hodge
numbers of anticanonical hypersurfaces in toric varieties, described in [CK99].
The reason why I will use the algorithm in [BJRR12] is that the one in [CK99]
only works for anticanonical hypersurfaces in Gorenstein Fano toric varieties,
and our P2-bundles are Gorenstein and toric, but typically not Fano.

A.1 Toric description of P(O(a) ® O(b) ® O)

The P2-bundle over P2
Z =P(O(a) ® O(b) ® O)

is a toric variety, so we can find many information on it. Since I will use results
from [Ful93] and [CLS11], I'll use mainly Py, but every result for P, (O(a) &
O(B) ® O) is also a result for P(O(a) @ O(b) ® O) provided we replace o with
—a and g with —b.

A.1.1 The fan

I want to determine the fan for the projective space bundle P, (O(a)®O(5)@0O).
The fibration is locally trivial, hence we begin with the cone of vertices

vo = (1,0,0,0) w; = (0,0,1,0)
v = (0,1,0,0) ws = (0,0,0,1)

87
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defining C*. To be more precise, associating coordinates to each ray in the
following way

Vo~ X1 W1~ Y1

U1~ T W2~ Y2
we have C* = Spec C[x1, z2, 91, y2]. Defining ws = (0,0, —1, —1), we have that
the toric variety defined by the fan with maximal cones

cone (v, v1, wp, w1 ), cone(vg, v1, wp, wa), cone(vg, v1, Wy, Wwa)

is C% x P2, where the variable x;’s are coordinates in the base C? and the y;’s
are coordinates in P2. Coming back to the first cone, we consider the map

c* — c*
($1a$2»y1792) — (x1x51a$517x%y17m5y2)
where the first two components are the glueing for the base P?, and the last
two are the transition functions of P(O(a) @ O(B) ® O). The target C* is then

the toric variety Spec Clzizy ", 25, 25y, xgyg], which is given by the cone with
generators

(1707070)’ (_17—1,04,6)7 (0a07170)7 (0,0,0,1)

Defining v = (-1, —1, o, 8), we have just showed that cone(vg, ve, wy,ws) is in
the fan for P(O(a) @ O(B) ® O).

With the same argument as before, it’s possible to find all the cones in the fan:
its set of edges (1) has as elements the rays generated by the six vectors of R*

Vo = (1a05070) wy = (0707170)
U1 = (Oa 15070) Wz = (070707 ]')
vo=(-1,-1,¢,8) ws=1(0,0,—1,-1)

and its nine maximal cones have as generators two rays v; and two rays w;.

A.1.2 Invariant divisors

To each ray in X(1) is associated a torus-invariant divisor. What we said before
allows us to conclude that D,,,, D,, and D,, are given by p*l;, being I; the line
in P? associated to v;, but then

O(Dvo) = 0(Dy,) = O(Dy,) = p"Opz(1).

We can verify this since ([Ful93, P. 61])

(X“):Z<u,vi >D;:
i
using this relation on the four rational functions x;, z2, y; and y» we can
conclude that

(xl):Dvo_Di& (xQ):D'Ul_D'U2
(yl):aDv2+Dw1_Dw3 (y2):5Dv2 +Dw2_Dw3
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In particular D,,, D,, and D,, are linearly equivalent divisors, and we denote
by L their class. Let & be the class of D,,,, then

le = Dw3 - ()éDU2 = f - OZL7 Du;2 = Dwg - /BD'UQ = 5 - 5L

and so L and £ are generators for Pic Z: L is the class of the pull-back of a line
in P? and ¢ is the hyperplane section of Z.

A.2 Cohomology of Oz(—Ky)

We want to use the algorithm described in [BJRR12] to calculate the dimension
of the cohomology groups H*(Z, — K 7): then we can describe the Hodge diamond
of X € |- Kz|.

Let Z be the projective bundle over P? defined by

Z =Pp(0(a)  0(B) © 0),

which we analysed in the previous section. The Stanley—Reisner ideal of Z is
the ideal of Quy, ..., ug] generated by the square-free monomials wu;, ... u;, for
which the corresponding edges generate a cone which s not in the fan for Z, so
it’s given by!

SR(Z) = (ujugus, ugusug).

A.2.1 A brief description of the algorithm

Let Z be a toric variety, with homogeneous coordinates u1, ..., u, and Stanley—
Reisner ideal SR(Z) = (S1,...,S5:). Let D be a divisor on Z: the following
algorithm ([BJRR12, Sect. 2.1]) will compute the dimension of the cohomology
spaces H'(Z,0z(D)). First of all we define:

1. for any subset A = {a1,...,ar} C {1,...,t} of k elements, the set

Sk ={Sars-- ., Sa};

2. Q(S%), the square-free monomial obtained multiplying all the variables
appearing in the monomials in S%;

3. the “degree” of Q(S%)
M(S%) = (degree of Q(SY)) — k.
For any monomial @ it’s possible to define a chain complex Co(Q) such that

dimC;(Q) = #{SKIQ(Sh) = Q, M(S8%5) =i},

IThe coordinates u; correspond to the rays in $(1) in the following way:

Up ~ v Uq4 w1
Uz ~» v U5 v w2

us ~> U2 U ~ W3
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and the first step in the algorithm is to compute the multiplicity factors

hi(Q) = dim H;(Ce(Q)),

which are then quantities depending only on Z and not on D.

Given any monomial @, we consider the rationomials (rational monomials) as-
sociated to @, i.e. rational functions in the homogeneous variables on Z of the
form

R9(u1,...,up) = ——
where
1. T is a monomial which does not depend on the variables appearing in Q;
2. W is a monomial which depends only on the variables appearing in Q.

We then define
Np(Q) = dim{R%|deg RY = D},

and compute ([Jow1l, Cor. 1.2] and [BJRR12, Sect. 2.1])

dim H'(Z,0z2(D)) = > hi(Q)Np(Q).
Q

A.2.2 Computing the multiplicity factors

Since in our case SR(Z) has only two generators, S1 = ujugus and So = uqusug,
we have the following four sets:

Sg = {0}
Si%l} = {U1U2U3}
SEQ} = {uqusug}

2 —
5{172} = {U1UQU3, U4U5U6}7

to which we associate the monomials

and these numbers are needed to calculate the dimensions of the vector spaces
in the chain complexes associated to each of the four monomials. In our case
these complexes are extremely easy, and we can compute the dimension of the
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i-th homology vector space of each complex, which gives us a multiplicity factor
hil

1 ifi= 1 ifi=2
hz(l) = { ne 0 hi(ulung) = { ne

0 otherwise 0 otherwise
1 ifi=4

0 otherwise.

1 ifi=2

0 otherwise

hi(ugusug) = {

hi(u1ususuausug) = {

The algorithm then implies that for any divisor D we have

R%(D) = Np(1),

h'(D) = 0,

h?(D) = Np(ujusus) + Np(ususug),
h3(D) =0,

h*(D) = Np(uiusuzususug).

A.2.3 Computing the number of rationomials

The next step is to calculate the number of rationomials associated to a given
divisor D. The rationomials we are interested in are:

Rl(ul,...,U(g) = T(ul,...,uﬁ)

; T (ua,us,ue)
UL U2U3 — _ tlua,us,Us)
R (ul’ T ,’U;@) T uruguzW(ui,uz,us)
T(ui,u2,us)

Uqts UG _ _ T(uiugus)
R (ul’ T ’UG) T uausueW (ua,us,ue)

UL UL U ULUS UG _ 1
R (ul’ T ’uﬁ) T uiuguzugusugW(ui,...,ug)

The number Np(Q) we want to determine is the number of all possible rationo-
mials R whose associated divisor is D. Denoting by e; the exponent of u; in T'
and W, then

1. to R! we associate the divisor
(e1 +ea+es —aes— Pes)L + (eq + €5 + €6)&;
2. to R""2"3 we associate
(—3—e1—ex—e3—aes — Pes)L + (es + €5+ €6)¢;
3. to R"4!5"6 we associate
(e1+eates+a+ B+ aes+ Bes)L+ (=3 — ey —e5 — e6)E;

4. to RU1u2ustausis ye gssociate

(—=34+a+p—e—ex—es+aes+ Pes)L+ (=3 —eq —e5 —eg)é.
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A.2.4 Cohomology of invariant divisors

The choice D = L gives

NL(].) =3 NL(u1u2u;g) =0

Np(ugusug) =0  Np(ujugusugusug) =0
and then for £k = 1,2,3 we have

3 1=0

dim Hi(Z’ Oz(Dk)) = { 0 otherwise

For D = ¢ we have?

Ne(1) = (*37) + ("37) +1 Ne(wmuaug) = (7,%) + (7, )

Ng(’LL4’LL5’U,6) =0 Ng(U1UQ’LL3’U,4U5’U,6) =0
hence ) )
, "3+ () +1 i=0
dim H'(Z,0,(Dg)) =<1 (T, + (757 i=2
0 otherwise.

Since Dy = £ — oL we have
ND4(1) = (_();+2) + (ﬂ_g+2) -+ ]. ND4 (Ul’ZLQUg) = (a;l) + (a—g—l)
Np, (ugusug) =0 Np, (u1ugusususug) =0

and so

dim H(Z,07(Ds)) = ¢ (*;H) + (“75) i=2

0 otherwise.
In the same way
)+ ()41 i=0
dim H'(Z,0z(Ds)) =<« (31 + (P97 i=2
0 otherwise.

A.2.5 Cohomology of —K,

Remembering that
—Kz=03—-a—pB)L+3E,

we have
N_k, (ugusug) =0, N_k, (ujugusugusug) =0
and then
N_k,(1) i=0
dim H (Z,~Kz) =< N_g,(uiugus) i=2
0 otherwise

2Form here the binomial (TZ) is zero if n < m (in particular this holds for n < 0).
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and each of them is the sum of 10 = (3+2) binomial terms. An explicit compu-
tation then shows that

o (Z,~Kz) = (2a—6+5) (a+5) + (ﬂ-2|—5) + (—a+2,8+5) n (a_§+5)+
+) = () + (57) + (57) + (™)

h2(Z,—~Kz) = ( 2a+5 4) ( o 4) ( )+<a 28— 4)+(7QJF25,4)+
G+ O+ () + (),

A.3 Hodge numbers of X € | — K|

Let X € | — Kz| be a smooth hypersurface. Our aim is to describe the Hodge
diamond of X using what we know up to now. Since X is a Calabi—Yau variety,
the only interesting numbers are h'1(X) and h'?(X). By Serre duality with
wx ~ Ox we have

HY(X) = HU(X, Q%) = HU(X, Q% ®wy) = H* X, Tx), (A1)

where Tx is the tangent bundle of X. Our aim is then to compute H? (X, Tx),
and I will do it in several steps.

1. Tensoring the exact sequence defining X in Z
0—0z(Kz) — 0z — Ox —0
with Oz(—Kz) we get
0— 0z — 0z(X) — Ox(X) — 0,

which allows us to compute the cohomology of the normal bundle N z:
H?(X,Nx|z) = H?(X,0x(X)). In particular, the result is

hO(X,NX|Z) W (Z,—-Kz) -1
(X, Nx|z) =0,

h2(X,./\/X|Z) =h*(Z,—-Kjz),
h?’(X,NX|Z) =0,

and we computed hP(Z, —Kz) before.

2. Thanks to the algorithm we know the cohomology H?(Z, D;) for any torus
invariant divisor D;, and by Serre duality we know also HP(Z, Kz — D;).
So we can compute hp(Dj,wZ|Dj) = hP(D;,0p,(Kz)) from the exact
sequence

0— Oz(KZ —Dj) — Oz(Kz) — ODj(Kz) — 0,

finding
hO(DJ'?ODj(KZ)) =0,
h'(D;,Op,(Kz)) = h*(Z, D;),
h*(Dj,Op,(Kz)) =0,
h3(Dj,Op,(Kz)) = h°(Z, D;) — 1,
h4(Dj,OD].(KZ)) =0
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3. Tensor the sequence [Ful93, P. 87]

6
0—>Q%—>Z4®Oz—>@00j—>0
j=1

by wz to find

6
O—>le®wz —)Z4®WZ —>®0Dj(KZ) —)O7
j=1

and then compute H?(Z,Q}, ® wz). The result is

hO(Z7TZ) Z?:l hO(Z7DJ)_27
h'(Z,Tz) =0,

W(2,T7) = X5, h*(2, D),
h?’(Z,Tz) =0,

h4(Z,Tz) =0,

where by Serre duality H?(Z,Tz) = H*P(Z,Q, ® wyz).
4. Exploiting the fact that
H?(Z,Tz(=X)) = H'(Z, Tz ® wz) = H*77(Z,9)
we can compute the cohomology H?(X, Tz, ) from the exact sequence
0—Tz(=X) — Tz — Tz|, —0.

In particular,

5. Finally, from the normal bundle sequence
0— Tx —>TZ|X —>NX\Z —0

we can compute HP(X, Tx):

h (X, Tx) =0,
WX, Tx) = h%(Z,~Kz) +1-Y5_, h°(Z,Dy),
WX, Tx) = Y51 h*(Z,D;) + 2 — h*(Z,—K ),
h3(X,TX) =0

In this way we can compute 2! (X) and h'2(X): the results are in Table 5.2.
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Remark A.3.1 The long exact sequence of
0—Tx — Tzix, — Nxjz —0
begins with
0— H°(X,Tx) = H*(X,Tz),) = H*(X,Nx|z) = H"(X,Tx) = H'(X,Tz|,).

From the previous steps we know that H°(X,7x) = 0, H*(X, Tz, ) = 0 and
also that there is an isomorphism

H°(X,Tzy) ~ H(Z,Tz).
We can then deduce that the short sequence
0— HY(Z,Tz) — H°(X,Nx|z) — H'(X,Tx) — 0

is exact.
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