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1 Introduction

A classical problem in algebraic geometry asks whether a given variety X is rational,
that is, whether it admits a birational map X --+ P" for some n > 0. Commonly, one
also introduces the weaker notion of X being stably rational, which means that X x P" is
rational for some r > 0. In general, very little is known about the class of rational or
stably rational varieties.

In this thesis, we will consider quadric surface bundles over P?, i.e. projective varieties
together with a flat morphism to P? such that the generic fibre is a smooth quadric
surface. Unless otherwise stated, we always work over the field of complex numbers. For
these varieties, the rationality problem is a lot easier, since quadric surfaces are rational
if and only if they have a rational point.

The behaviour of rationality in families turns out to be quite interesting in this case: In
many natural families of quadric surface bundles, as we will prove, the locus of rational
members is dense, while on the other hand it is known for these families that the locus
of stably irrational members is dense as well.

A simple example for a quadric surface bundle is a smooth hypersurface in P? x P? defined
by a homogeneous polynomial of bidegree (d,2) for some integer d > 0. Projection to
the first factor gives it the quadric bundle structure over P2. Apart from that, many
interesting fourfolds arising in algebraic geometry are birational to quadric surface bundles
over P2, for example

(i) a cubic fourfold containing a plane,

(ii) more generally, a hypersurface in P5 of degree d + 2 with multiplicity d along a
plane for some integer d > 1 (see e.g. [Sch18a, Lemma 23]),

(iii) a double cover of P* ramified in a quartic threefold singular along a line,

(iv) more generally, a double cover of P* branched along a hypersurface in P* of
degree d + 2 with multiplicity d along a line for some even integer d > 2 (see e. g.
[Sch18a, Lemma 24]),

(v) a smooth complete intersection of three quadrics in P7 (see e.g. [Bea77, Exem-
ple 1.4.4]).

Recently, a lot of progress was made in the rationality problem for fourfolds by showing
that in all examples from above except (i), a very general member is not stably rational.
By this, one means the following: One parametrizes all fourfolds of a certain type by



1 Introduction

a smooth variety B and obtains a universal family f: X — B. Usually, B is a Zariski
open subset in a high-dimensional projective space consisting of the possible defining
equations for the examined varieties. We denote the fibre f~1({b}) at a point b € B by
Xp. Now saying that a very general member of the family X — B is not stably rational
means that the set

{b € B | &), is stably rational}

is contained in a countable union of proper closed subvarieties of B.

This result was proven for smooth hypersurfaces in P2 x P3 of bidegree (2,2) by Hassett,
Pirutka, and Tschinkel [HPT18a]. They also settled the case of quartic double fourfolds
[HPT18b] and of complete intersections of quadrics [HPT17]. In order to prove stable
irrationality of a very general member, they used the so called specialization method of
Voisin [Voil5b] and Colliot-Théléne—Pirutka [CTP16], which also allowed to disprove
rationality in several other families, see e.g. [Pirl8] or [Voil8] for an overview.

Using his improvement [Sch18a] of the specialization method, Schreieder proved in
[Sch18b] that a very general quadric surface bundle is not stably rational for a large
class of families of quadric surface bundles over P2. His result includes all the remaining
examples from above except (i) as special cases.

To describe the families studied in [Sch18b], we introduce the notion of standard quadric
surface bundles. These underlie a general construction to obtain quadric surface bundles
and arise in a natural way, albeit not all quadric surface bundles over P? are standard
ones (from the examples listed above, only item (v) is not). A standard quadric surface
bundle over P? is given by an equation of the form

> aiyiy; =0, (1.1)
0<i,5<3

where a;; = aj; is a homogeneous polynomial of degree %(dZ +d;) in the three coordinates
of P? for integers dy,dq,ds,ds > 0 of the same parity. Here, vo,y1,y2,y3 denote local
trivializations of a certain vector bundle € on P? of rank 4, the details of which will be
explained later in Section 4.1. We then say that the quadric surface bundle X C P(€)
defined by equation (1.1) is of type (do, d1,d2, d3).

With this notion, a hypersurface in P? x P3 of bidegree (d,2) for d > 0 is a standard
quadric surface bundle of type (d,d,d,d). Further, the examples (ii) and (iv) from
above are birational to quadric surface bundles of type (d,d,d,d + 2) and (0,d,d,d + 2),
respectively.

Now, Schreieder has shown in [Sch18b] that a very general quadric surface bundle of
type (do, d1,ds, ds) is not stably rational except for the two cases (1,1,1,3) and (0, 2,2,2)
(up to reordering) which remain open and for trivial cases where the quadric surface
bundle always has a rational section and is hence rational. Thus, the irrationality results
of [HPT18a] and [HPT18b] can be generalized to almost any standard quadric surface
bundle.



Hassett, Pirutka, and Tschinkel also proved in [HPT18a] for their family X — B of
hypersurfaces in P? x P? of bidegree (2,2) that the locus

{b € B| A& is rational} ,

while being contained in a countable union of proper closed subvarieties of B, is at
the same time dense in B for the Euclidean topology. This is a striking result since it
shows that rationality of the fibres is in general not a closed property on the base. In
particular, rationality is not deformation invariant among smooth families, which was an
open question before.

Subsequently, further examples of smooth families containing both rational and stably
irrational fibres were identified, for example in [HPT18b], [HPT17], [Sch18a], [Sch18b],
[ABP18], and [HKT18|. Typically, it is easy to provide certain rational members in
the studied families. However, this does not exclude that the locus of rational fibres is
contained in a proper closed subset of the base. In only a few cases, it was shown that
the locus of rational fibres is dense in the moduli space.

The aim of this thesis is to prove the density assertion for any standard quadric surface
bundle over P2, thus showing that also in this large class of families the locus of rational
fibres is never contained in a proper closed subset of the moduli space. Concretely,
we want to give a detailed proof of the following new result, which also appeared in
[Paul8]:

Theorem 1.1. Let dy,dy,ds,ds > 0 be integers of the same parity and let X — B be the
universal family of smooth quadric surface bundles over P? of type (do,dy,ds,d3). Then
the set

{b€ B| A& is rational}

is dense in B for the Fuclidean topology.

The first case where such a density result for quadric surface bundles was proven was for
type (0,2,2,4) and is due to Voisin [Voilba, Section 2], see also [Sch18a, Proposition 25].
As mentioned, the case of type (2,2,2,2) was shown in [HPT18a]. In particular, Theo-
rem 1.1 generalizes their density result to hypersurfaces in P2 x P3 of bidegree (d,2) for
arbitrary d > 0. It also provides a unified proof for the density of rational members in
the aforementioned families of fourfolds that are birational to standard quadric surface
bundles.

Further, Theorem 1.1 gives an affirmative answer to a question raised in [Sch18a, Re-
mark 49]. Namely, Schreieder proved in [Sch18a, Theorem 47] that for all integers n,r,d
such that n > 2,271 — 1 <y <27 -2 d >2(n+7)(r+ 1), and d(r + 1) is even, there
exists a family X — B of r-fold quadric bundles over P" whose degeneration loci are of
degree d such that A} is stably irrational for a very general b € B, but some fibres are
rational for r > 2. Using Voisin’s density result for standard quadric surface bundles
of type (0,2,2,4), he concluded that the locus of rational fibres is even dense in B (for
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the Euclidean topology) if > 3 and d is even. As a consequence of Theorem 1.1, this
actually holds for all » > 2 and without the restriction on the parity of d.

In order to prove Theorem 1.1, we follow Voisin’s approach from [Voil5a, Section 2] that
has later been used in [HPT18a] and [HPT17]. Using a theorem of Springer [Spr52] and
the fact that the integral Hodge conjecture is known in codimension two for quadric
bundles over surfaces [CTV12], we obtain a Hodge theoretic property guaranteeing the
rationality of quadric surface bundles over P?:

Proposition 1.2. Let 7: X — P? be a quadric surface bundle. Then X is rational if
there exists an integral Hodge class in H*?(X,7Z) meeting the generic fibre of  in odd
degree.

This leads to the study of the locus

{be B| HZ(%,2) £ 0} . (1.2)

Here, H s (’12d denotes the quotient of H??2 by the subgroup of classes having even intersection
number with the generic fibre.

Similar loci already appeared more than 30 years earlier in the context of the Noether—
Lefschetz theorem, which was conjectured by Noether and first proven by Lefschetz
[Lef24] in 1924. This theorem states that for all d > 4, the Picard group of a very general
smooth surface in P3 of degree d has only rank 1, i.e. is generated by the restriction of
the line bundle Ops(1). In analogy to the issue of rationality in families discussed above,
it turns out that in the universal family X — B of smooth surfaces in P? of degree d, the
so called Noether—Lefschetz locus

{b€ B |Pic(X) ZZ- Ops(1)|x,}

is dense in the moduli space B for the Euclidean topology. This was first shown in
[CHMSS, Section 5] using an idea of Green and later by a different argument in [Kim91,
Section 3]. The Noether—Lefschetz locus can be rephrased in terms of integral Hodge
classes as the set

{beB|HS(X,2)#0} .

Here, the primitive cohomology Hgf may be regarded as the quotient of H'! by the
subgroup generated by the Kéahler class, which is dual to the intersection with a plane in
P3.

Both loci are defined via the existence of a non-zero integral Hodge class in (a quotient of)
the middle cohomology groups H! and H??, respectively. Since we have H4% = H%* =
for quadric surface bundles over P2, their Hodge structure on H* is only of weight 2.
Hence, we will call the subset (1.2) a Noether—Lefschetz locus as well.

In [V0i03b, Proposition 5.20], Voisin stated an infinitesimal criterion for the density of
such Noether—Lefschetz loci, based on Green’s idea in [CHMS88, Section 5]. Roughly



speaking, it suffices to check that for some b € B there exists a class A € HY1(A}) such
that the infinitesimal period map evaluated at A

Vo(N): Ty — H?(Ap)

is surjective (one has to replace H'! by H?2 and H%? by H3 in the case of a Hodge
structure of weight 2 on H*). This criterion was also used in [Kim91] for reproving
the density result in the Noether—Lefschetz theorem, and in [Voilba] and [HPT18a] for
proving rationality of quadric surface bundles over a dense set of the moduli space.

In all of these applications, one can explicitly describe the infinitesimal period map
Vu(A) as a multiplication map in a certain quotient of a polynomial ring. Therefore, the
verification of the density criterion of Green and Voisin reduces to an elementary statement
involving the multiplication of polynomials. This problem was solved in [HPT18a] with
an explicit computation done in Macaulay2 on a randomly chosen example. This was
possible because they only dealt with quadric surface bundles of the fixed type (2,2,2,2).
In [Voil5a, Section 2], Voisin proved the surjectivity of the infinitesimal period map for
quadric surface bundles of type (0,2,2,4) via a more general argument. However, her
approach seems to work only in low dimensions of H'3 and H??2. The argument of Kim
in [Kim91, Section 3] for the density of the original Noether—Lefschetz locus is more
sophisticated, since it involves the unknown degree d of the surface. We will face a similar
challenge when handling quadric surface bundles of arbitrary type (do, d1, da, ds3).

In order to prove Theorem 1.1, we use a result about the strong Lefschetz property of
certain complete intersections which was proven in [HWO03, Proposition 30]. With our
approach involving the theory of Lefschetz properties, we can also simplify the argument
of [Kim91], see Section 4.4.

The thesis is structured as follows. In Chapter 2, we prove Proposition 1.2 and see how
the rationality of quadric surface bundles relates to the cohomology group H?? arising
in Hodge theory. In Chapter 3, we study Noether—Lefschetz loci in their generality and
prove a slightly generalized version of Voisin’s infinitesimal criterion for their density. In
Chapter 4, we first compute the cohomology of standard quadric surface bundles to give
an explicit description of the infinitesimal period map. Then we apply the preparations
of the previous two chapters in order to reduce Theorem 1.1 to a statement about
polynomials. Finally, we solve this problem in the last section.

Conventions

A variety is defined to be an integral separated scheme of finite type over a field. If not
stated otherwise, varieties are always understood to be over the field of complex numbers.
All Kéhler manifolds are assumed to be compact and connected.

A quadric surface bundle over P? is a complex projective variety X together with a flat
morphism 7: X — P? such that the generic fibre X, over the generic point n € P? is a
smooth quadric surface over the function field C(P?).



1 Introduction

Preliminaries from Hodge theory

Hodge theory is a powerful tool in complex algebraic geometry. We will use it extensively
in Chapter 3. We now recall some important results in order to introduce the notation
used throughout this thesis.

A smooth projective variety X of dimension n is a Ké&hler manifold and hence admits a
Hodge decomposition

HYX,C)= @ HP(X), HP(X)=H"(X)
ptq=k
for all 0 < k < 2n into the Hodge groups HP?(X) generated by forms of type (p,q) in
de Rham cohomology. The groups HP4(X) are naturally isomorphic to the Dolbeault
cohomology groups H?(X, Qg() Conversely, it is a non-obvious result that a Kéhler
manifold embedded into projective space is algebraic and thus a smooth projective
variety.

Especially when studying families of Kéhler manifolds, it is often useful to consider the
Hodge filtration

FFH*(X,C) c --- c F'H¥(X,C) c F'H*(X,C) = H*(X,C)
where

FPHMX,C) =@ H""(X) .

r>p

One can get back the Hodge decomposition from the Hodge filtration via the relation
HP(X) = FPH¥(X,C) N F1Hk(X,C)

for p + ¢ = k. The subspaces FPHF(X,C) can also be seen as the hypercohomology
groups H*(X, Q;(ZP ) of the truncated holomorphic de Rham complex

O—>Q§(—>Q§(“—>~-.

For p + g = k, we write
HPY(X,7) = HPY(X)N H*(X,7) c H*(X,C)

for the Abelian group of integral classes of type (p, q), where H*(X,Z) is identified with
its image in H*¥(X,C) under the inclusion of sheaves Z C C. If p = ¢, these classes are
called integral Hodge classes. Since an integral class is real, we can express HPP(X,Z) in
terms of the Hodge filtration as

HPP(X,7) = H**(X,Z) N FPH??(X,C) .

This fact will be particularly useful in Chapter 3.



If X is a smooth projective variety and Z C X is a subvariety of codimension k, we
denote by

[Z] € H*(X,7)

the Poincaré dual of the homology class of Z. One can easily see that [Z] is of type (k, k).
Therefore, every integral algebraic 2k-cycle, i.e. a finite formal sum Y n;[Z;] with n; € Z
and subvarieties Z; C X of codimension k, gives an element of H**(X,Z). The integral
Hodge conjecture asserts that all integral Hodge classes are of this form. For k = 1,
this follows from the Lefschetz (1, 1)-theorem because the map Pic X — HY'(X,7Z) is
surjective. For k& > 1, however, the conjecture is false in general, as first shown by Atiyah
and Hirzebruch [AH61]. Replacing Z by Q everywhere in the above discussion, we obtain
the still unsolved (rational) Hodge conjecture, which is one of the seven Millennium Prize
Problems.



2 Rationality of quadric surface bundles

The aim of this chapter is to prove Proposition 1.2, which gives a sufficient condition for
the rationality of quadric surface bundles over P? in terms of integral Hodge classes. Our
treatment follows [Voilba, Section 2] and [HPT18a, Section 3.1].

2.1 Quadric surfaces

Let us recall that a variety X of dimension n over a field k is called rational if it is
birational to Py. This means there are non-empty Zariski open subsets U C X and
V' C P} which are isomorphic, or equivalently, the function field k£(.X) is isomorphic to the
purely transcendental extension k(P}) = k(z1,...,xy,). While the problem of deciding
whether a given variety is rational or not is very hard in general, it is easy to solve for
quadric hypersurfaces. The following rationality criterion is well-known:

Lemma 2.1. Let QQ C IP’Z+1 be a smooth quadric hypersurface over a field k. Then Q) is
rational if QQ has a k-point.

Proof. Suppose there exists a k-point = € Q. Let P C IP’ZH be the hyperplane tangent
to @ at . We claim that @ \ P and A} are isomorphic. Then it will follow that @
is rational because @ \ P C @ and A} C PP} are non-empty Zariski open subsets (as
@ is not contained in P). To see the claim, first note that A} parametrizes all lines
through z in IEDZJrl which are not contained in P. The intersection of a line ¢ C IEDZJrl
with £ ¢ P through x with the quadric hypersurface ) is determined by a quadratic
equation in t, where t € }P’,l€ parametrizes the points on ¢ such that ¢ = oo corresponds to
x € {. Since we already know that x € £ N Q, by Vieta’s formula there is a unique second
intersection point y € £ N ), whose coordinates depend rationally on those of x and of
the point in A} describing £. Further, y is different from = because £ is not contained in
the tangent hyperplane of @ at x. Likewise, for any point y € @ \ P there is a unique
line £ C IP’ZH with £ ¢ P passing through = and y, whose associated point in A} depends
rationally on y. The two constructions are inverse to each other, so we have constructed
an isomorphism between @ \ P and A}. O

In particular, over an algebraically closed field a smooth quadric hypersurface is always
rational. The converse of Lemma 2.1 also holds by the Lang—Nishimura lemma. However,
in this chapter we are mostly interested in sufficient conditions for rationality.

10



2.2 Springer’s theorem

Now we consider a complex quadric surface bundle 7: X — P2. The generic fibre X, is
a quadric surface over the function field k = C(P?). Since P? is rational, X is rational as
soon as the generic fibre X, is rational over k. Indeed, X is birational to X, over k and
thus its function field C(X) is a purely transcendental extension of k. Since k = C(z1, x2)
itself is a purely transcendental extension of C, the same holds for C(X) and it follows
that X is rational (over C).

In view of Lemma 2.1, we conclude:

Corollary 2.2. Let m: X — P? be a quadric surface bundle. Then X is rational if the
generic fibre X,, has a k-point where k = C(P?).

2.2 Springer’s theorem

The following theorem of Springer [Spr52] was originally a conjecture of Witt. It allows
us to considerably weaken the requirement of X, having a k-point.

Proposition 2.3 (Springer). Let Q C IP’Z'H be a quadric hypersurface over a field k
and let K/k be a finite field extension of odd degree. If Q has a K-point, then Q has a
k-point.

The following proof only uses techniques from basic algebra.

Proof. The statement is obvious if K = k. Otherwise, let 5 € K \ k. Then the degree
[K : k(B)] is odd and strictly less than [K : k|, so we may assume by induction on
[K : k] that K = E(8). Let p € k[z] be the minimal polynomial of 3 over k and let
d=[K : k] =degp. Let f € k[yo,...,yn+1] be the defining equation of @, which is a
homogeneous polynomial of degree 2. The assumed K-point of () can be written as

[90(B) : - : gny1(B)] € PR

with certain polynomials go, . .., gnt1 € k[z] of degree less than d, not all being identically
zero. Since the polynomial f(go,...,gn+1) € k[z] has a zero at § € K, it is divisible by
the minimal polynomial p, i.e.

f(907~-7gn+1):]7‘q

for some polynomial g € k[x]. Let m > 0 be the maximal degree occuring among
the polynomials go, ..., gn+1. By the choice of g, ..., gn+1, we have m < d. We may
assume that f(go, ..., gn+1) has degree 2m, since otherwise the coefficients of go, . .., gn+1
at degree m (which are not simultaneously zero) would already give a k-point of Q.
Therefore, deg g = 2m — d is odd and less than d. Now let us take an irreducible factor
of ¢ having odd degree and consider one of its roots # in an algebraic closure of k. It
follows that

f(90(0),-- -, gn11(0)) = p(0) - ¢(0) = 0,

11



2 Rationality of quadric surface bundles

so @ has a k(6)-point. Since k(6)/k is a finite field extension of odd degree < degq < d,
Q@ has a k-point by induction. O

Together with Corollary 2.2, Proposition 2.3 implies that in order to prove rationality of
a quadric surface bundle 7: X — P?, it suffices to find a K-point on X, for some field
extension K/k of odd degree. This can be achieved through an odd degree multisection
of 7, i.e. a surface Z C X such that

[Z)U[X,) € HY*(X,Z) = Z

is odd. Indeed, given a multisection Z of odd degree d, the projection 7|z: Z — P? is
a finite map of degree d, hence the extension C(Z)/C(P?) of function fields is of finite
degree d. Furthermore, Z intersects X, in d points (counted with multiplicity), each one
being of course rational over C(Z). Setting K = C(Z), we therefore found a K-point on
X, for a field extension K/k of odd degree.

To summarize:

Corollary 2.4. Let m: X — P2 be a quadric surface bundle. Then X is rational if ©
has a rational multisection of odd degree, that is, there exists a surface Z C X such that
[Z] U [X,)] is odd.

2.3 The integral Hodge conjecture

As mentioned in the introduction, the integral Hodge conjecture is false in general.
However, it is true for certain special varieties. For (2,2)-classes on quadric bundles over
surfaces, the integral Hodge conjecture was proven by Jean-Louis Colliot-Théléne and
Claire Voisin [CTV12, Corollaire 8.2]. The following special case will be useful for us:

Proposition 2.5 (Colliot-Thélene-Voisin). Let 7: X — P? be a smooth quadric surface
bundle. Then the integral Hodge conjecture holds for H**(X, 7).

This allows us to transform Corollary 2.4 into a Hodge theoretic condition. We are now
ready to prove a reformulation of Proposition 1.2 from the introduction:

Corollary 2.6. Let m: X — P2 be a smooth quadric surface bundle. Then X is rational
if there exists an integral Hodge class o € H*?(X,7Z) such that o U [X,] is odd.

Proof. By Proposition 2.5, there exist surfaces Z1,..., 2, C X such that
m
a=> nlZ], mer.
i=1

Therefore, [Z;] U [X,)] is odd for at least one ¢ € {1,...,m}. Hence, X is rational by
Corollary 2.4. O

12



2.3 The integral Hodge conjecture

It should be mentioned that the rationality condition in Corollary 2.6 is not necessary,
because already the converse of Corollary 2.2 is not true in general. For example, the
authors of [ABBVA14] construct smooth quadric surface bundles of type (1,1, 1,3) which
are rational but do not have a rational section. Since our proof of Theorem 1.1 is based
on Corollary 2.6, our proof shows the even stronger statement that the locus of quadric
surface bundles of type (do,d,ds,ds) which admit a rational section is dense in the
moduli space.

The question whether a very general quadric surface bundle of type (1, 1,1, 3) is irrational
is one of the two cases not handled by [Sch18b] and is still open. Actually, this is a
longstanding and famous question, since any cubic fourfold containing a plane is birational
to a quadric surface bundle of type (1,1, 1,3). It is conjectured that the answer is positive,
though not even a single cubic fourfold is currently proven to be irrational. However, one
can show that a very general quadric surface bundle of type (1,1, 1,3) does not have a
rational section. Therefore, the actual locus we show to be dense is also for type (1,1, 1, 3)
a proper subset of the moduli space and, in particular, is not closed.

13



3 Density of Noether—Lefschetz loci

In the last chapter, we have seen how Hodge theory provides a sufficient condition for
the rationality of quadric surface bundles over P?. In order to study the behaviour
of rationality in families, we thus need to examine how the Hodge structure varies in
families of Kéhler manifolds. Therefore, in this chapter, we leave the algebraic world and
study Noether—Lefschetz loci and their density in a general setting, detached from their
applications to rationality. Our aim is to prove the infinitesimal criterion of Green and
Voisin in variations of Hodge structure of weight 2. The content of this chapter is based
on Voisin’s books [Voi03a] and [Voi03b].

3.1 Variations of Hodge structure

Families of complex manifolds

A family of complex manifolds is a proper submersive holomorphic map f: X — B
between complex manifolds. It follows that all fibres X, = f~1({b}) are compact complex
manifolds. Sometimes we fix a base point 0 € B. In this case, the manifolds X} are called
deformations of Xy. We say that f is a family of Kdhler manifolds if in addition all fibres
are Kéahler manifolds.

The following theorem from the theory of deformations is crucial:

Theorem 3.1 (Ehresmann’s lemma). Let f: X — B be a proper submersive smooth
map between smooth manifolds. If B s contractible, there exists a diffeomorphism
¢: X = B x Xy such that f = pr; o ¢, where 0 € B is an arbitrary base point.

It is important to note that Ehresmann’s lemma applied to f only gives an isomorphism
between X and B x Aj as smooth manifolds but not as complex ones. Therefore, by
identifying different fibres A} with Ay via the diffeomorphism ¢, we get a varying complex
structure on the differentiable manifold Xy. In particular, if f: X — B is a family of
Kéhler manifolds, the Hodge groups HP?(X}) depend on the complex structure while
the topological invariant H* (A, Z) = H*(Xy,Z) does not, so B parametrizes a varying
Hodge decomposition on the fixed vector space H* (X, C) = H*(Xy,Z) @ C.

14



3.1 Variations of Hodge structure

Local systems and the Gau3—Manin connection

Let f: X — B be a family of complex manifolds. Let us suppose that the base B
is connected but not necessarily contractible. In this case, different fibres A} and
Xy are still diffeomorphic, but we cannot identify them globally for all b € B in a
consistent way. However, we can do so locally since every b € B has a contractible
neighbourhood. This can be utilized in cohomology when considering for k > 0 the
higher direct image sheaf R¥f.Z on B with stalk H*(X},7Z) at b € B. Restricted to a
contractible neighbourhood of a point b € B, this sheaf is isomorphic to the constant
sheaf with values in H*(X},Z) = H*(Xy,Z) (the last isomorphism is not canonical).
Sheaves which satisfy this property of being locally isomorphic to a constant sheaf with
a fixed stalk are called local systems. Actually, it turns out that a local system is already
trivial on every simply connected open subset.

As it may be easier to work with vector bundles, we consider the locally free O g-module
W' =R'f.Z®Op .

Then H* is the sheaf of sections of a holomorphic vector bundle on B which we also
denote by H¥. Its fibre ng at b € B (not to be confused with the stalk of the sheaf #¥)
is the cohomology group H* (A}, C). Furthermore,

HE = RFL.Z®CF

is the sheaf of smooth sections of a real subbundle H& C H* on B such that H} =
Hi;, @r C for all b € B.

Since RFf,7Z is a local system, the vector bundle #* comes with a flat connection
V:H 5 H 2 Qp .

On a local section Y o; @ f; of H*, it is given by V (X 0y ® f;) = Y. 0y ® df;. This is
well-defined because the sections o; of R¥f,7Z are locally constant. The connection is flat
since

VOV(ZO'Z(X)fz) ZV(ZUZ®dfz) :Z(Uz®dszdfz+Uz®ddfz) =0
where V extends to a map
V: "o Qp = H @ 0%

via the rule V(o ® a) = 0 ® da + Vo A . We call V the GaufS—Manin connection on
H*. Tt naturally descends to a flat connection on Hf.

One can regard R*f,C = R*f,7Z ® C as a subsheaf of H* consisting exactly of the flat
sections of the vector bundle H*, i.e. those sections annihilated by V. Similarly, the
local system RFf,R = R¥f,7Z ® R is the sheaf of V-flat sections of the real vector bundle
|
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3 Density of Noether—Lefschetz loci

The Kodaira—Spencer map

For b € B, we have a short exact sequence of holomorphic vector bundles on X = Aj:
O—>TX —>T/y|X — f*TB|X —0.

Note that the vector bundle f*Tg|x = X x Tgy is trivial. The associated long exact
sequence in cohomology yields a map

p: Ty =H(X, f*Ts|x) = H' (X, Tx)
which is called the Kodaira—Spencer map.

Hodge bundles

Now suppose f: X — B is a family of Kéhler manifolds, so we have a Hodge decomposi-
tion
Hy = H"(X,,C) = P HP (%)
ptq=k
on each fibre of the vector bundle H*. Our aim is to study how this structure varies
along B. One approach to do so locally is by considering the differential of the period

map, which has values in a product of Grassmannians. Here, we will give a different
formulation only using the language of subbundles and the Gau3—-Manin connection V.

Note that there cannot exist holomorphic vector subbundles HP¢ C H* with fibre
HY = HP49(Xy) at b € B for all p+ g = k because if HP4(Xy) C H*(X),,C) would vary
holomorphically, its conjugate H%P(X;) = HP4(X,) C H*(A&,, C) would vary antiholo-
morphically. This deficiency is resolved by considering the Hodge filtration

FFH*(X,,C) C --- ¢ FTH*(X,,C) ¢ FOH* (A, C) = H*(X,,C)

instead.

In order to define the holomorphic vector bundles induced by the Hodge filtration, we
first give another description of the sheaf #¥. For this, let us consider the sheaf of relative
holomorphic 1-forms Qx,p = Qx/f*Qp on X. We define Q’;(/B =N’ Qu/p forp > 1. By
the relative holomorphic Poincaré lemma, the relative holomorphic de Rham complex

0_>QX/B_>Q36/B_>
is a resolution of the sheaf f*Op on X. Therefore, we have
H' = RF 2.0 Op = RE£,.Q% 5 .

For p > 0, the truncated relative holomorphic de Rham complex

+1
0— 0P Q/B

X/B—>Q
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3.1 Variations of Hodge structure

denoted by Q;f/’]’g gives rise to a sheaf

FPH* = RF£.O5

on B. The degeneracy at Fp of the Frolicher spectral sequence on the fibres A} implies
that this induces a decreasing filtration

Fryk oo c PP ¢ FO%Y = #*
on H* by holomorphic vector subbundles with the expected fibres. These vector subbun-
dles are called Hodge bundles.

For p + g = k, we define the quotients

which are holomorphic vector bundles on B. The fibre

_ FPHE FPHY(X,,C)

’]_lpvq_ —
b FrtlyE o FPetlHE(X,, C)

can be identified with HP9(X}) for b € B. However, the structure of HP4(X},) as a C-linear
subspace of H*(Aj, C) cannot be realized by some structure of H”? as a holomorphic
subbundle of H*, as explained earlier.

Griffiths transversality and the infinitesimal period map

Since the local trivializations X' | = U x X}, of f: X — B over contractible neighbourhoods
U C B of points b € B do not respect the complex structure, the holomorphic Hodge
bundles FPH* are usually not flat with respect to V. However, Griffiths [Gri68] showed
the important transversality property

vV (Frut) c it @ g
This allows to construct for p + ¢ = k a map
V: HP — Hp—Latl o QOp

on the quotient HP4, called the infinitesimal period map. In contrast to V, the morphism
of sheaves V is Op-linear, since Leibniz’ rule implies

V(A = A@df + f-V(A) = f-V(\) (mod FPH* @ Qp)

for a local section A of FPH* and hence V(f)\) = f - V() for a local section X of HP.
Therefore, V induces for all b € B a C-linear map

X7 ) 71’ 1
Vi HY? — 1 2 Qpy
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3 Density of Noether—Lefschetz loci

on the fibres of the corresponding vector bundles. Via adjunction we obtain a map
ﬁbi TBJ; — Hom (pr,q’ Hgil’ﬁl)

for all b € B. Denoting X = X}, Griffiths [Gri68] computed that this map is just the
Kodaira—Spencer map p: Tgp — H (X, Tx) followed by the map

H'(X,Tx) — Hom (Hq (X,0%), HT™ (X, QI)J(—1>) — Hom (Hp,q(X)ij—l,q—i-l(X))
given by cup product and contraction.

Abstract setting

The above results motivate an axiomatic approach for the study of variations of Hodge
structure where the original fibration f: X — B is not needed anymore. Concretely, we
start with a local system H of finitely generated free Z-modules on a connected complex
manifold B and consider the holomorphic vector bundle H with sheaf of sections

H=H®Op

together with its flat Gaui—Manin connection V. Let Hr C H be the corresponding real
vector subbundle. We denote by Hr = H ® R and H¢c = H ® C the induced real and
complex local systems, respectively. The inclusion of sheaves Hc C H corresponds to the
V-flat sections of the vector bundle H. We define an integral variation of Hodge structure
of weight k on H to be a filtration

FF{c...CcF'HCF'H=H
by holomorphic vector subbundles on H such that Griffiths transversality
V (FPH) C FP-'H @ Qp

is satisfied for all p. The quotients HPY and the infinitesimal period map V are then
defined as above.

3.2 Hodge loci

Let (H, F*H) be an integral variation of Hodge structure of weight k£ on a connected
complex manifold B. Let X\ be a local section of H, defined on a connected open subset
U C B. We may regard A as a submanifold A C H of the total space of the vector bundle
H. For p > 0, the Hodge locus Uy C U is defined as the image of the restricted projection
map AN FPH C H — B. In other words,

U ={uecU|Xu) € FPH,} .

18



3.3 Noether—Lefschetz loci

Since U} is by definition the zero locus of the induced holomorphic section A on the
quotient bundle H/FPH, the Hodge locus U} is a complex analytic subset of U. Clearly,
we have U} = U if A=0o0r p=0.

The case k = 2p is of particular interest, since in the geometric case where our variation of
Hodge structure originates from a family f: X — B of Kéhler manifolds, U} is precisely
the locus of points u € U where A(u) is an integral Hodge class of type (p,p) for X,. It
would be a consequence of the (rational) Hodge conjecture that the locus UY is then
actually algebraic. Surprisingly, Cattani, Deligne, and Kaplan [CDK95] showed in 1995
that U} is indeed algebraic in this setting. This is a strong indication of the validity of
the Hodge conjecture.

The above description of U} as the zero locus of the section A on H/FPH shows that
the codimension of U} is not larger than the dimension of the vector bundle H/FPH.
Actually, one can show using Griffiths transversality that the codimension of U f\’ is at
most

hpfl,k7p+l = dim prl,k*}%i’l

)

see [Voi03b, Proposition 5.14].

More generally, we may consider the Hodge locus U} for a section A of Hc defined on
U, where A does not need to be integral anymore. Obviously, we have Uf =U f ), for all
z € C*, so Uy actually only depends on a section of the projectivization P(H¢). Still the
codimension of U f\) is at most hP~LE—PFL

3.3 Noether—Lefschetz loci

Let (H, F*H) be an integral variation of Hodge structure of weight 2 such that, as in the
geometric setting, we have
Hy = F27'[b @ F1H, (3.1)

for all b € B. Let us consider the union of the Hodge loci U )\1 over all local sections A # 0
of H, i.e. the subset
NL={beB|H,NF'H, #0}C B,

which is the image of the projection H N F'H C H — B where H is regarded as a
submanifold of the total space H. In the geometric case, this agrees with the locus of
b € B where the fibre &}, admits a non-zero integral Hodge class of type (1,1) and is
thus of special interest. The set NL is called the Noether—Lefschetz locus of our variation
of Hodge structure (H, F*H). A priori, we only know from Section 3.2 that NL is a
countable union of locally analytic subsets of B of codimension at most h%2, but for
instance, it is unclear whether NL is closed or in some sense large.

In [Vo0i03b, Proposition 5.20], Voisin stated the following infinitesimal criterion for the
density of NL, based on Green’s idea for the proof in [CHMS8S, Section 5] of the density
of the Noether-Lefschetz locus for the family of surfaces of degree d > 4 in P3:
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3 Density of Noether—Lefschetz loci

Proposition 3.2 (Green—Voisin). Suppose there exists a point b € B and a class \ € Hz’l
such that the infinitesimal period map evaluated at A

ﬁb(X): TB,b — 7‘[2’2

is surjective. Then the Noether—Lefschetz locus NL is dense in B for the Fuclidean
topology.

Intuitively speaking, the surjectivity of V,(\) means that the Hodge decompositions of
local sections of Hc which are close to A at b vary as much as possible, and hence the
locus where a rational (and hence integral) class of pure type (1,1) exists is dense in a
neighbourhood of b. Since the stated property of X is a Zariski open condition on H!,
the density of NL follows.

In this section, we aim to formulate and prove a slightly more general version of this
density criterion, which will be useful in our later application to the rationality of
quadric surface bundles. For this, we generalize the notion of the Noether—Lefschetz
locus naturally. Instead of taking the union of the Hodge loci for non-zero sections of H,
that is, of locally constant non-zero integral classes, we may consider an arbitrary local
subsystem of sets D C H¢ and define its associated Noether—Lefschetz locus as

NLp={be B|DyNnF'H, #0} C B.

The local sections of D are certain designated V-flat sections of the holomorphic vector
bundle H, so we may regard D as a subset of the total space H and NLp is the image of
the restricted projection map DN F'H c H — B. If Dy, C Hcy is discrete for one (and
hence for all) b € B, D C H is again a submanifold. As for NL, we have

NLp = J Uy

where the union is taken over all connected open subsets U C B and all sections A € D(U).
The Hodge loci Ui are called local components of NLp. We can get back the classical
Noether—Lefschetz locus NL by setting D = H \ {0} (this is the sheaf of sets which
assigns H(U) \ {0} to a connected open subset U C B and is clearly a local subsystem of
Hp).

The above definition is motivated by the results of Chapter 2, which suggest the study of
the locus
{be B|3a € H**(X,Z): aU[(X),] =1 (mod 2)}

for a family X — B of quadric surface bundles over P2. This locus is precisely the
generalized Noether—Lefschetz locus NLp of a local system D with stalk

Dy={a € H(%,Z) | aU[(X),] =1 (mod 2)}

at b € B.
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3.3 Noether—Lefschetz loci

If one takes a close look at Voisin’s proof of Proposition 3.2, one sees that the density
comes into play when arguing that the integral classes Hp at a point b € B are multiples
of the rational classes Hgp = Hp ® Q, which in turn are dense in the real classes
Hp, = H,®R. In place of this intermediate step involving Hg, one could instead directly
use the fact that R*H, C Hg is dense. Therefore, let us consider any local subsystem
of sets D C Hp such that R*Dy, C Hpy is dense for one (and hence for all) b € B. We
then want to prove the following criterion for the analytical density of the generalized
Noether—Lefschetz locus NLp:

Proposition 3.3. Let D C Hg be a local subsystem of sets such that R*Dy C Hg, is
dense for at least one b € B. Suppose there exists a point b € B and a class \ € 7—(;’1
such that the infinitesimal period map evaluated at A

ﬁb(X)Z TB,b — Hg’2

1s surjective. Then the Noether—Lefschetz locus NLp is dense in B for the Fuclidean
topology.

Proof. Let us consider the real vector subbundle
HE' = Hr N F'H C Hp .

Condition (3.1) implies that Hég}) ®gr C may be identified with H;’l for all b € B via the
restricted projection
p: Hy' C F'H — F'H/F?H = HY' .

By definition, NLp is the image of the projection map D N H]ﬁ’l C Hr — B. Since Hﬁgl
is a real vector bundle, the projections of DN 7—[%’1 and (R*D)N ’H]ﬁ’l agree. By replacing
D with R*D, we may thus assume that D, C Hg is dense for one and hence for all
b € B. It suffices to show that D N 7—[%’1 is dense in ’H]ﬁ’l because the projection map
H]ﬁ’l — B is trivially surjective.

For this, we first observe that the surjectivity of V() only fails on a locally analytic
subset of the total space H'!. Since H! = ’H%’l ®Rr C, the condition is hence fulfilled
on a dense open subset of the real classes p(?—[ﬁ?l) C HYL. Therefore, it suffices to show
the statement locally in H]}gl around some \ € Hﬁglb such that A = p()\) satisfies the
hypothesis. By shrinking B, we may assume that the local system H and hence the
vector bundles Hr and H are trivial over B. We claim that the composed map

(b:HIEl‘—)HRiBXHR’b—)HR’b,

obtained via inclusion, isomorphism, and projection, is a submersion at \ € ’H]ﬁ’l. Since
Dy is dense in Hp p, it would then follow that the preimage ¢~ (Dy) = DnN 7-[]%{’1 is dense
in H]ﬁ’l around A, which is what we wanted to show. It therefore remains to prove the

claim that ¢ is a submersion at A € H]%gl. This is precisely the statement of [Voi03b,
Lemma 5.21]. We will present Voisin’s argument below. O
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3 Density of Noether—Lefschetz loci

Proof of the claim. Let us consider the analogous composed map
W: F'H —H S B x Hey — Hey,

in the complex case. Then ¢ is just the restriction of v to 7—[%&91 = FIHNHg = Y (Hgp).
Therefore, it suffices to show that 1) is a submersion at A € F'H. This will follow from
the assumption that

Vo(N): Ty — HY?

is surjective for X = p(\) € ’H;’l. Indeed, for a local section o around b of the vector
bundle F'H, V() is a local section of H ® Qp such that the induced map

Vb(oz): TB,b — 7‘[() = H(Qb

is exactly the differential of 1) o a at b. Therefore, V,(\) can be computed by choosing a
local section a of F1H such that a(b) = A and composing d(1) o o) with the projection
Hcp — Hep/F 19, = 7-[2’2 (we have shown in Section 3.1 using Griffiths transversality
and Leibniz’ rule that Vj()\) is well-defined). In other words, the following diagram

commutes:
dipx

Tripa Hcp
dab
(V)
Tpy - Hcyp/F' M,

To conclude that diy is surjective, it thus remains to prove that F'H; is contained in
the image of diy. This is obvious because the restriction of 1 to F'H, C F'H is simply
the inclusion F'H, C Hcp and hence diy is the identity on Tpigy, \ = F'H,. ]

Conversely, the commutative diagram from above also shows that V() is surjective if
dipy is surjective, because any tangent vector in Ty 5 is modulo Tpigy, \ = F'H, in the
image of day, for a suitable section a of F1H with a(b) = .

Proposition 3.3 has numerous applications. For instance, Voisin used this infinitesimal
condition in [Voi06] when proving the integral Hodge conjecture for (2,2)-classes on
uniruled or Calabi—Yau threefolds. More recently, a real analogue of the criterion was
applied in [Ben18] to prove that sums of three squares are dense among bivariate positive
semidefinite real polynomials.

It is often not easy to verify the condition that V()) is surjective somewhere and
different strategies have been developed to accomplish this task. While [Ben18] follows
the approach of [CL91] by constructing components of the Noether—Lefschetz locus of
maximal codimension, Kim gave in [Kim91, Theorem 2] a new proof of the density
theorem from [CHMS8, Section 5] by proving a statement about the Jacobian rings
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3.3 Noether—Lefschetz loci

appearing in the description of V,(\). The most general arguments are due to Voisin,
for example in [Voi00] and [Voi06].

In the next chapter, we present two applications of Proposition 3.3 where we use Kim’s
method of computing the infinitesimal period map explicitly, most prominently we give a
proof of Theorem 1.1. However, we solve the underlying algebraic problem in a different
manner than in [Kim91, Section 3]. Our approach involving the strong Lefschetz property,
the use of which seems to be new in this area, also allows to give a short proof for the
density of the original Noether-Lefschetz locus for surfaces in P3.

Note that the density criterion is not directly transferable to variations of Hodge structure
of weight k = 2p > 2, because by Griffiths transversality, Vy(\): T — Hp/FPH;, cannot
be surjective unless FPT1H = H.
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4 Applications

In this chapter, we come back to an algebraic setting. We want to prove Theorem 1.1
by putting together the results of Chapters 2 and 3. For this, we need to show that the
infinitesimal period map is surjective somewhere. To tackle this, we regard standard
quadric surface bundles as toric hypersurfaces and explicitly describe their middle
cohomology groups and the map V by polynomials. We then arrive at the question
whether, under some genericity conditions, certain polynomials in a bigraded polynomial
ring generate all polynomials of a specific bidegree. The theory of Lefschetz properties
will help us to solve this problem with an involved but quite elementary approach.

As another application of Proposition 3.3, we reprove the density result for the original
Noether—Lefschetz locus. It turns out that the surjectivity of the respective multiplication
map is a direct consequence of a classical result of Stanley [Sta80] and Watanabe [Wat87]
concerning the strong Lefschetz property.

4.1 Standard quadric surface bundles

The previous two chapters were motivated by our aim to prove Theorem 1.1, which states
that the locus
{b € B | A& is rational} (4.1)

is analytically dense in the moduli space B for the universal family X — B of smooth
quadric surface bundles of type (do, d1, ds, d3). We yet have to explain how this family is
defined.

In Chapter 1, we introduced standard quadric surface bundles over P? as zero sets of
equations of the form

> aiyiy;=0. (4.2)
0<ij<3

We first give a more precise definition of standard quadric surface bundles, following
[Sch18a, Section 3.5]. For integers rg,r1, 72,73 > 0, let us consider the vector bundle

3
£ =P Op(—r))
=0

on P2. For some integer d > 0, let ¢: & — Op2(d) be a line bundle valued quadratic form
on &, i.e. a global section of Sym? £Y ® Opz2(d). We assume that the quadratic form qn at
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4.1 Standard quadric surface bundles

the generic point 1 € P? is non-degenerate and that g, # 0 for all s € P2. Then the zero
set X = {g =0} C P(€) is a quadric surface bundle over P2, Indeed, the non-degeneracy
of g, implies that the generic fibre X, is a smooth quadric surface, and the condition
qs # 0 for all s € P? implies that all fibres of the projection 7: X C P(£) — P2 have the
same Hilbert polynomial. Since X and P? are projective varieties, this is equivalent to
the flatness of the morphism 7: X — P2

The deformation type of X only depends on the integers d; = 2r; + d for j € {0,1,2,3}.
We call X a standard quadric surface bundle over P? of type (do,d1, d2, d3). Conversely,
quadric surface bundles of type (do, d1,da, d3) for given integers d; > 0 exist whenever
do, d1,ds, ds are of the same parity.

Let
V=H" (P2 Sym? €Y @ Opa(d)) = @@ HO (P, Opa(ri 41 +d)) .
0<i<j<3

Under this isomorphism, a quadratic form ¢ € V is indeed given by an equation of
the form (4.2) with homogeneous polynomials a;; of degree r; +r; +d = 1(d; + d;),
where y; is a local trivialization of Op2(—r;). Since the standard quadric surface bundle
associated to g € V is just X = {¢ = 0} C P(£), we may parametrize the smooth quadric
surface bundles of type (dy, d;,ds,ds) by a non-empty Zariski open subset B C P(V') in
the projectivization of the finite dimensional vector space V. In this way, we obtain a
family X — B with fibre &, = {¢ = 0} at b = C- ¢ € B. This is called the universal
family of smooth quadric surface bundles of type (dp,d1,d2,ds), which we referred to in
Theorem 1.1.

In order to prove this theorem, it is enough by Corollary 2.6 to show that the Noether—
Lefschetz locus

{beB|3aeB?2(X,2): aU[(X),]=1 (mod2)}

is dense in B for the Euclidean topology. Since it is easier to compute, we consider
instead the vanishing cohomology

H4

van

(A, C) = {a € HY(X,,C) | aU B =0VB € HYP(E),C)}

where the map *: H*(P(£),C) — H*(A, C) is induced by inclusion and is injective by
the Lefschetz hyperplane theorem. This construction is also applicable to the Hodge
groups HP? and gives a Hodge decomposition

4
Hvan X, C @ H\Z/)a?l
p+q=4

Using Proposition 3.3, we then want to show that the possibly smaller locus

{ven \ Ja € HEL(%,2): aU[(%),] =1 (mod 2)} (4.3)

van

is dense in B for the Euclidean topology. We will now explain how our family X — B
fits to the setup required by Proposition 3.3.
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As for the usual integral cohomology, there exists a local system H of finitely generated
free Z-modules on B with stalk H, = HZ (X,,Z) at b € B. This is because the
definition of vanishing cohomology is independent of the complex structure on Xj. Since
HE (&) = HY(A,) = 0 for all b € B (for example, this follows from the explicit

computation of the middle cohomology groups of X}, in Section 4.2), the local system H
is endowed with a variation of Hodge structure of weight 2

FPHc F'H c FOH =H

corresponding to the Hodge filtrations on the fibres H;, = He, (X, C) at b € B. Note
that we reuse the notation introduced in Chapter 3. In particular, the infinitesimal period
map

ViHY - H? @ Qp
is defined. We may identify H2*? with HPL9T1(X,) for p+ ¢ =2 and b € B.

van

For all b € B, let us consider the discrete subset
Dy={a € Hhy (X, Z) | aU[(X),] =1 (mod 2)} C Hg, .

Since the definition of Dy is purely topological and thus compatible with the local
trivializations of X — B from Ehresmann’s lemma, we obtain a local subsystem of sets
D C Hg. Note that the locus (4.3) is precisely the Noether—Lefschetz locus NLp from
Section 3.3. We are now able to prove the following result:

Proposition 4.1. Let X — B be the universal family of smooth quadric surface bundles
over P2 of type (do, dy, da, d3). Suppose there exists a point b € B and a class X € Hg;ﬁl(Xb)
such that the infinitesimal period map evaluated at A

Vb()\)i TB,b — H1’3 (Xb)

van

is surjective. Then the set
{b € B | &, is rational}

is dense in B for the Fuclidean topology.

Proof. In view of Proposition 3.3, it remains to show that R*D;, C Hpg is dense for at
least one b € B. By [Sch18a, Lemma 20], there exists a smooth quadric surface bundle X},
of type (do, d1,ds, ds) which admits a rational section. Therefore, D;, # () for this b € B.

By definition, Dy is then a coset of a subgroup of Hy of index 2. Since the integral classes
Hy form a lattice in Hgp = Hy, ® R, it is easy to see that R* D, is dense in Hp . O

4.2 Computation of the cohomology

In order to prove Theorem 1.1, we need to understand the infinitesimal period map V for
our family X — B. This will be done by using Griffiths description of V and an explicit
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computation of the middle cohomology groups of standard quadric surface bundles using
results of [BC94]| for toric hypersurfaces, which generalize earlier results of Griffiths
[Gri68] for projective hypersurfaces. To this end, we aim to interpret equation (4.2)
differently as a global equation inside the polynomial ring

S = Clzo, 1, 225 Y0, Y1, Y2, Y3) -

The equation will turn out to be homogeneous with respect to a non-standard bigrading.

By [CLS11, Example 7.3.5], the total space P(E) of a split vector bundle
3
&= @ Op2(—15)
5=0

is a toric variety associated to a fan ¥ in R? x R3 and has coordinate ring S. If uy, uo
and v1, v2, v3 denote the standard basis vectors of R? and R?, respectively, then the seven
1-dimensional cones of ¥ are generated by wug, u1, us, vg, v1, V2, v3 Where

2 3 3
uoz—Zui—kZ(rj—ro)vj and Uoz—Zvj .
i=1 j=1 j=1

Further, the maximal cones of ¥ are given by
<’LL(],...,’[AL1',...,’LL2,’U0,...,@j,...,’U3>, i6{0,1,2}, j6{0,1,2,3}‘
By [BC94, Definition 1.7], we have C1(X) = Z7/Im C where

-1 -1 T —Trg T —To T3 —T0

10 0 0 0
0 1 0 0 0

c=10 0 -1 —1 ~1 | € Hom(Z%,Z") .
0 0 1 0 0
0 0 0 1 0
0 0 0 0 1

It is easy to see that the surjection

' — 172
2 3 3
(mo, m1, ma,no, 1, n2,m3) = | D mi— > ring, > mn;
i=0 =0 i=0

~

has kernel Im C. Hence, this map descends to an isomorphism C1(¥) = Z? and endowes
the coordinate ring S with the non-standard bigrading

deg;pi = (1,0) R degy] = (_rja 1)

27



4 Applications

for i € {0,1,2} and j € {0,1,2,3}.

For m,n € Z, we denote by S(m,n) the subspace of homogeneous polynomials of bidegree
(m,n) in S. This gives a decomposition

S = @ S(m,n)

mneL
into finite dimensional complex vector spaces.

A quadratic form ¢: & — Op2(d) corresponds to an element in S(d,2). In this way, the
local description (4.2) of the zero set of ¢ can be seen globally as a defining equation for
a toric hypersurface X C P(E).

This allows us to compute the middle cohomology groups of a smooth quadric surface
bundle 7: X — P2 of type (do,ds,da,ds) defined by a polynomial f € S(d,2) via the
method of [BC94]. According to [BC94, Theorem 10.13], we have

HL3(X)=R(t,4) and H2X2(X)=R(t—d,2)

van van

where
t=4d—-3+rog+ri +re+rs

and where R denotes the Jacobian ring of f, i. e. the quotient of S by all partial derivatives
of f. We also see that HA0(X) = R(t — 3d, —2) = 0 and hence H%2(X) = 0, as asserted
in Section 4.1.

Now we return to the family X — B of smooth quadric surface bundles of type

(do,d1,do,d3). If we identify Ty = (S/fS)(d,2) where f € S(d,2) is the defining

equation of X, for some b € B, Griffiths has shown that the infinitesimal period map
Vi Tpy @ HEA(X) — HE ()

van van
is given, up to a sign, as the multiplication map
(S/fS)(d,2) ® R(t —d,2) — R(t,4) .

In order to show that the assumption of Proposition 4.1 holds, it therefore suffices
to provide polynomials f € S(d,2) and g € S(t — d,2) such that the quadric surface
bundle {f = 0} C P(€) is smooth and the composed map S(d,2) — R(t,4) given
by multiplication with ¢ followed by projection is surjective. By Bertini’s theorem,
the hypersurface {f = 0} C P(£) is smooth for a general polynomial f € S(d,?2).
The surjectivity part is equivalent to claiming that the ideal generated by ¢ and all
partial derivatives of f contains all polynomials in S(¢,4). Consequently, we can reduce
Theorem 1.1 to an elementary statement:
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Proposition 4.2. Let X — B be the universal family of smooth quadric surface bundles
over P? of type (do,d1,do,d3). Let ro,1m1,72,73 > 0 be integers such that dj = 2r; +d for
some integer d > 0. Let S and t be defined as above. Suppose that for general polynomials
fe€S(d,2) and g € S(t — d,2), the ideal in S generated by the polynomials

of ~of ~of of of Of Of
Omg * Ox1 ' Owz’ Oyo' Oy’ Oya’ Oys’
contains all polynomials in S(t,4). Then the locus

{b € B| X, is rational}

is dense in B for the Euclidean topology.

4.3 The strong Lefschetz property

Proposition 4.2 raises the following question about a bigraded polynomial ring: Under
which conditions do sufficiently general polynomials of fixed bidegrees generate all
polynomials of a certain bidegree? For the case of singly graded polynomial rings, this
question was already studied extensively, though no definitive answer is yet known.

As a first and easy observation, we show that this condition is open in the Zariski topology.
Of course, there is nothing special in the fact that the bigrading of our C-algebra S has
values in Z?2, just any Abelian group works for this.

Lemma 4.3. Let G be an Abelian group and let A be a G-graded C-algebra whose
homogeneous components A(m) are finite dimensional C-vector spaces for all m € G. Let
mo,...,mi € G. Then the set

{(fo fe) € Alm) @ - ® A(my) | A(mo) € LA+ -+ + frA}

s Zariski open.

Proof. The condition on (f1,..., fr) is equivalent to saying that the C-linear map

A(mog —mq1) @ -+ ® A(mg — my,) — A(myg)
(915 98) = frgr + -+ fuge

is surjective. This map is represented by a matrix B with r = dimc¢ A(mg) rows,
whose entries are linear polynomials in the coefficients of fi,..., fi. The locus in
A(my) @ --- @ A(my) where this linear map is not surjective is precisely where the
determinants of all (r x r)-submatrices of B vanish (in particular, it is the whole affine
space if B has less than r columns) and thus Zariski closed. Therefore, the set in question
is open for the Zariski topology. O
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Since taking partial derivatives is a linear and hence Zariski continuous map between
the respective bigraded pieces of S, Lemma 4.3 already shows that the assumption of
Proposition 4.2 is Zariski open on f and g.

Apart from S, we will often apply Lemma 4.3 to the polynomial ring Clzg, 21, z2] together
with its usual grading, since due to the chosen bigrading on S, C|xg, x1, 23] corresponds
to the homogeneous elements in S of bidegree (m,0) for some m > 0. For this situation,
we can give sufficient criteria whether three or four polynomials satisfy the Zariski open
condition in the lemma. More generally, for n > 0 we can give such criteria for n + 1 and
n + 2 polynomials in the graded polynomial ring

P, =Clto, ... .tn] = €D Pu(m).

m>0

Lemma 4.4. If fo, ..., fn € P, form a complete intersection, i. e. they have no common
zero in P", then

for allm > mg + - - +my —n where f; € P,(m;) for j € {0,...,n}.

Proof. This immediately follows from Macaulay’s Theorem (see for example [Voi03b,
Section 6.2.2]) which tells us that the quotient of P, by the ideal generated by fo,..., fr
is a graded Gorenstein ring with socle degree > (m; — 1), and hence its m-th graded
piece is zero-dimensional for all m > > m; —n. O

To state a sufficient criterion whether n 4 2 polynomials in P, belong to the Zariski
open set in Lemma 4.3, we use the so called strong Lefschetz property, see e.g. [Sta80].
A quotient Q of P, by homogeneous polynomials fy,..., f, € P, is said to have the
strong Lefschetz property if there exists a linear homogeneous polynomial ¢ € P, (1) such
that the map Q(m) — Q(m + 1) given by multiplication with ¢! has maximal rank for
all m,7 > 0. The polynomial ¢ is then called a strong Lefschetz element for the system

fo,--o) fn

Lemma 4.5. If fo,..., fn € P, form a complete intersection having the strong Lefschetz
property and fni1 € Py is a power of a strong Lefschetz element for fo, ..., fn, then

Pn(m)CfOPn+"'+fn+1Pn

for allm > 3(mo+ -+ muq1 —n— 1) where f; € Py(my) for j € {0,...,n+1}.

Proof. As in Lemma 4.4, the quotient @ of P, by fo,..., fn is a graded Gorenstein ring
with socle degree s = " (m; — 1). Macaulay’s Theorem also shows that dimc Q(i) =
dimc Q(s —4) for all i € Z. Because of the strong Lefschetz property, dimc Q(7) needs to
be increasing for i < % and decreasing for ¢ > % The claimed statement is equivalent
to saying that the map Q(m — m,11) — Q(m) given by multiplication with f,41 is
surjective. Since f,11 is a power of a strong Lefschetz element, it suffices to show
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4.4 Noether—Lefschetz loci for surfaces

dimc Q(m — mpq1) > dime Q(m). This is clear if m —mpy1 > 5. For m —myq1 < 3,
we have dim¢ Q(m) = dimc Q(s — m) < dimg Q(m — my41) because s — m < m — my41
holds due to the given bound on m. O

To make use of Lemma 4.5, it is convenient to have a rich source of complete intersections
enjoying the strong Lefschetz property. The following important result, proved in 1980
by Stanley [Sta80] and independently in 1987 by Watanabe [Wat87], was the starting
point for the theory of Lefschetz properties:

Proposition 4.6 (Stanley-Watanabe). A monomial complete intersection xg™, ..., xp"

in P, with mg,...,my > 0 has the strong Lefschetz property for all n > 0.

It is known for n < 1 and conjectured for n > 2 that actually all complete intersections
in P, have the strong Lefschetz property. For n = 2, the following partial result proven
in [HWO03, Proposition 30| satisfies our needs for the proof of Theorem 1.1:

Proposition 4.7 (Harima—Watanabe). If fo, f1, fo € Py = Clxg, x1, 2] form a complete
intersection such that fo is a power of a linear polynomial, then fo, f1, fo has the strong
Lefschetz property.

4.4 Noether—Lefschetz loci for surfaces

Before we prove Theorem 1.1 via Proposition 4.2, we show how the Lemmas 4.4 and 4.5
from the previous section can also be applied to other contexts where the infinitesimal
density criterion of Green and Voisin is used. Specifically, we want to simplify Kim’s proof
[Kim91, Section 3| for the density of the original Noether-Lefschetz locus for surfaces in
P3. We will solve the elementary problem underlying [Kim91, Theorem 2] in a different
manner which does not require the technical statement [Kim91, Proposition 3| anymore.
For this, we do not need the more recent result from [HWO03] stated in Proposition 4.7,
but only Proposition 4.6. Since the setup here is a lot easier than in the case of standard
quadric surface bundles, this will also be a good preparation for the more involved
arguments in Section 4.5.

Let X C P3 be a surface of degree d > 4. A natural question about X is whether
any curve on X is a complete intersection. In terms of the class group of X which is
isomorphic to the Picard group Pic X of isomorphism classes of holomorphic line bundles
on X, this question asks whether Pic X is generated by the class of the intersection of X
with a plane in P3, i.e. by the restriction of the line bundle Ops(1). By the Lefschetz
(1,1)-theorem, the exponential exact sequence induces an exact sequence

0— H'(X,Z) - H'(X,0x) - HY(X,0%) = H"(X,Z) = 0

where
HY(X,0x) = H"(X)c HY(X,C) and HY(X,0%)=PicX .
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The image of an element of Pic X in H'!(X,Z) is also called its first Chern class. By
the Lefschetz hyperplane theorem, we have

HY(X,C)= HY(P3,C)=0,

hence the first Chern class gives an isomorphism Pic X & H'!(X,Z) in our case. Choosing
the Fubini-Study metric on P3, the class of the Kéhler form is integral and coincides
with the first Chern class of the line bundle Ops(1). By restriction, we obtain an integral
Kahler class on X, which is the Poincaré dual of the homology class of the intersection
of X with a plane in P3. The question whether Pic X is generated by Ox (1) = Ops(1)|x
is therefore equivalent to asking whether the integral primitive cohomology

H3NX,Z) ={a € H'(X,Z) | aU [wx] = 0}

vanishes. Here, wy € H°(X, Q%) denotes the restriction of the integral Kihler form wps
on P? to X. Since H*(P,Z) is generated by [wps], H};' (X, Z) actually agrees with the
vanishing cohomology we considered in Section 4.1 for standard quadric surface bundles.
In particular, Héfl (X,Z) is defined via a purely topological property.

Let us consider the family X — B of all smooth surfaces in P? having degree d, so
B C P(W) is a non-empty Zariski open subset in the projectivization of the (d;r?’)—

dimensional vector space
W = H (P, Opa(d)) = Py(d) .

The Noether—Lefschetz theorem says that for a very general b € B, any curve on X} is a
complete intersection. In other words, the Noether—Lefschetz locus

NL,={be B ‘ HYNX,2) # 0}
is contained in a countable union of proper closed subvarieties of B.

In [CHMSS, Section 5] and [Kim91, Section 3] it was shown that NL, is analytically
dense in B for all d > 4. Green’s argument in [CHMS88, Section 5] was the foundation
for the infinitesimal density criterion developed in Chapter 3, but works a bit differently
than most later uses of this criterion, since the proof goes by providing one component
of NL; having maximal codimension in B and then deriving from this the density of the
union of all such components.

The proof in [Kim91, Section 3] is closer to the later approaches in [HPT18a] and [HPT17],
and also to our method, as it tries to explicitly prove the surjectivity of V() for at least
one b and X. However, Kim introduces an additional step in her proof by first dualizing
the map V() and then using Macaulay’s Theorem in order to show an injectivity result
instead. With the help of Lemma 4.5, our proof for the density of the Noether—Lefschetz
locus for surfaces is fairly straightforward.
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4.4 Noether—Lefschetz loci for surfaces

Theorem 4.8. Ford >4, let f: X — B C P(W) be the family of smooth surfaces in P3
of degree d as above. Then the Noether—Lefschetz locus

NL,={be B ‘ Hyy (X, Z) # 0}

1s dense in B for the Fuclidean topology.

Proof. Let H be the local system on B with stalk Hy, = H2 (X, Z) at b € B and let
FPPHCF'HCF'H=H

be the associated variation of Hodge structure of weight 2 on H = H ® Op, as explained
in Section 3.1. Note that NLg is precisely the classical Noether—Lefschetz locus from
Section 3.3. By Proposition 3.2, it suffices to show that there exists a point b € B and a
class X € Hrl)fl(/l’b) such that the infinitesimal period map evaluated at A

vb(X)i TB,b — Hgf(-)(b)
is surjective.

For a surface X C P? defined by a polynomial f € P3(d), by [BC94, Theorem 10.13] (or
the earlier results of Griffiths) we have

HY*(X)=R(3d—4) and HL'(X)=R(2d—4)

where R denotes the Jacobian ring of f, i.e. the quotient of P3 by the four partial
derivatives of f. If we identify Tp; = (P3/fP3)(d) where f € P3(d) is the defining
equation of X} for some b € B, Griffiths has shown that the infinitesimal period map

Vy: Tpp @ HNX) — HYZ(X,)
is given, up to a sign, as the multiplication map
(P3/fPs)(d) ® R(2d — 4) — R(3d —4) .

Therefore, it suffices to find polynomials f € P3(d) and g € P3(2d — 4) such that the
surface {f = 0} C IP3 is smooth and the ideal generated by g and the partial derivatives
of f contains the whole of P3(3d —4).

One can achieve this with the Fermat surface defined by
f:x6l+x‘li+:vg—|—:c§l,

which was also used in [Kim91, Section 3]. Clearly, the surface {f = 0} C P? is smooth.
Since the complete intersection mg_l, xcll_l, xg_l, xg_l consisting of the partial derivatives
of f has the strong Lefschetz property by Proposition 4.6, we can take g to be a power

of a corresponding strong Lefschetz element and obtain via Lemma 4.5
Pg(m) C .I'gilpg + l‘ililpg + Qj‘gilpg + nglng + gPs

for all m > (4(d — 1) +2d — 4 — 4) = 3d — 6. Since 3d — 4 > 3d — 6, this finishes the
proof. O
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4.5 Proof of the main result

As we have seen in Proposition 4.2, Theorem 1.1 is proven once we can show the
following:

Proposition 4.9. For general polynomials f € S(d,2) and g € S(t — d,2), the ideal in
S generated by the polynomials

of ~of ~of of of of Of
(9.1‘0 ’ (9561 ’ 8.%'2 ’ 8y0 ’ 83/1 ’ 83/2 ’ 8y3 ’

contains all polynomials in S(t,4).

Let us recall that the non-standard bigrading on the polynomial ring

S = Clzo, x1, 25 Y0, Y1, Y2, ¥3]
is given by
deg;pi = (1,0) , degy] = (_rja 1)

for i € {0,1,2} and j € {0,1,2,3}. Here, ro,r1,72,73 > 0 are integers such that
d; = 2r; + d for some integer d > 0. Without loss of generality, let dy < di < dp < d3
and thus rg < r; <r9 <rs. Let us further recall that

t=4d—3+rg+ri+ro+rs3.

By Lemma 4.3, the property stated in Proposition 4.9 is Zariski open on f and g. Hence,
it suffices to show the existence of polynomials f € S(d,2) and g € S(t — d,2) such that
the homogeneous ideal I C S generated by

of - of - of - of - 9f - Of - Of
8%’0 ’ 8.2?1 ’ 81’2 ’ 8y0 ’ 8y1 ’ 8:1/2 ’ 8:1/3 ’

contains all polynomials in S(¢,4).

Let
f = foys + 1yt + a3 + f3y3 € 5(d,2)
where f; € S(d;,0) are general for j € {0,1,2,3}. Further let

9= v gsyi+ > gijyiy; € S(t—d,2)
0<i<j<3

where g;; € S(t —d + r; + rj,0) are general for 4,j € {0,1,2,3}. Instead of proving
directly that S(¢,4) C I, we will consider the homogeneous ideal

J = @ {reS(m,n)|rSnS(t4) Cl},

mneZ
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and aim to show J = S. One can think of J as all relations which hold if a polynomial
of bidegree (t,4) is considered modulo I. Since I C J, the following congruences hold:

ijj =0 (modJ), je{0,1,2,3}, (4.4)
9o 2 df1 2 dfa 2 dfs 2 _ .
(9:131' Yo + 8$1y1 + 81’1 Y2 + al’z Ys = 0 (HlOd J) ) (S {Oa ]-a 2} ) (45)
guyi +gsy3 + Y. giyiy; =0 (mod J) . (4.6)
0<i<j<3

It suffices to show S(t,4) C J. For this it is enough to prove the following four claims for
all permutations o of {0, 1,2,3}:

(1) Yo(0)Yo(1)¥Yo(2) € J
(i) ¥5(0)Yo(1) € 7
(i) Y2 (0)¥Ya0) € 7
(iv) yﬁ(o) eJ

These claims are proved in the Lemmas 4.10, 4.11, 4.12, and 4.13 below. For each
claim, it suffices to show that a given monomial of bidegree (¢,4) containing the specified
variables y; can be reduced to 0 modulo J using the congruences (4.4), (4.5), (4.6), and
the previous claims. Actually, the assertion g < r; < r9 < rs and the congruence (4.6)
will not be used in Lemmas 4.10 and 4.11, so we are allowed to restrict ourselves to the
case o = id in these two proofs.

Lemma 4.10. We have Yy(0)Yo(1)¥o(2) € J for all permutations o of {0,1,2,3}.

Proof. Without loss of generality, let ¢ = id. We first note that
S(do +dy +dy — 2,0) C foS+ fiS+ foS. (4.7)

This follows from Lemmas 4.3 and 4.4 because there are complete intersections fo, f1, fo
in Clzg, z1,x2]. Now let us take a monomial hyoyi1y2y; € S(t,4) where j € {0,1,2,3}
and h € S(t +ro+ri +r2 +7;,0). We may assume that 7; > 0 or d > 0, since for
dj = 2r;+d =0 we have y; =0 (mod J) by (4.4) and hence hyoyi1y2y; = 0 (mod J).
In view of (4.4) and (4.7), it suffices to show that

t+ro+ri+ro+r;>do+di+dy—2.
This is equivalent to
2ro +2r1 +2ro +r3+rj+4d —3 > 2rg + 211 +2r9 +3d — 2
or just r3 +r; +d > 1, which is true because r; > 0 or d > 0. O

Lemma 4.11. We have yg(o)yg(l) € J for all permutations o of {0,1,2,3}.
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Proof. Without loss of generality, let 0 = id. Multiplying (4.5) with yoy; and using
Lemma 4.10 yields

8fO 2 afl 2
(89@- Yo + o1, Y1

We introduce the new polynomial ring T' = Clzg, 1, x2; 20, 21| with the bigrading
degw; = (170) , deg Rj = (_d]7 1)

for i € {0,1,2} and j € {0,1}.
Claim. We have

) yoy1 =0 (mod J), i€{0,1,2}. (4.8)

_ Ofo . 0N ) <8fo on )
T(do +dy — 3, 1) C foT + f1T+ <ax020 + Dz z1 )T+ 911 20 + 911 z1 )T . (4.9)

Proof of the claim. The claim is true if dy = 0 or d; = 0 because fy or f; is a unit then.
If do,d; > 0, setting fo = (2o + x1)% + azg‘) and f; = (zo — x1) + azgl yields
0 0 0 0
<fOZ() + f12’1> + (fOZQ + f121) = 2d0(:130 + xl)dofl,Z() .
81‘1 82?1
Since (z¢ + x1)%~1, fo, fi form a complete intersection in C[zg,1,2s], Lemma 4.4
implies that (4.9) holds for all polynomials in T'(dy + di — 3,1) of type hzy where
h € T(2dy + dy — 3,0). Similarly,
dfo df1 ) (afo df1 ) di1
— — — = — =2d - !
<3I0 20 + Bz 21 Dy 20 + D1 21 1 (:C() 1,‘1) 21
and (zo — 21)M 7L, fo, f1 are again a complete intersection, so all polynomials in T'(dg +
dy — 3,1) divisible by z; fulfill (4.9) as well. Hence, the claim follows from Lemma 4.3
applied the polynomial ring T, since the coeflicients of the four polynomials which are
supposed to generate T'(dg + di — 3,1) depend linearly and thus Zariski continuously on
those of the general polynomials fy and fi. O

Now let us take a monomial hydy; € S(t,4) where h € S(t + 3rg +r1,0). We have
t+37"0+7‘1=4T0+27’1+7“2—‘r7“3+4d—3Z4T0+2T1+3d—3=2d0+d1—3.

Therefore, as a consequence of (4.9) we obtain

0 0 0 0
hzy = hofo + hifi + he <6£ZZO + a;};Zl) + hsg (851]20 + 81321)

for certain polynomials hg, hi,h2,h3 € T. Substituting z; by yJQ for j € {0,1} and
multiplying with yoy1, we get by (4.4) and (4.8)

- . dfo 0f dfo df
h 3 —h h h ~JO 2 ~JL 2) h ( 2 “YJl 2)
Yoy1 = hofoyoyr + hafiyoyr + ha (8560 Yo+ D Y1 | Yoy1 + h3 (%Oyo + Dz Y1 | Yoy
EiLoyl-0+B1y0-0+h2-0+h3-050 (mod J)
where hg and h; denote the results of the substitution inside hg and hy. O
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Lemma 4.12. We have yf_(o)yﬁ(l) € J for all permutations o of {0,1,2,3}.

Proof. Multiplying (4.6) with y;y; for 0 < i < j < 3 and using Lemmas 4.10 and 4.11,
we obtain
9ijy7y; =0 (mod J) . (4.10)

For j € {0,1,2,3}, let flj be the (3 x 3)-matrix where we leave out the j-th column
(counted from 0) of the matrix
(52)
dz; ) i€{0,1,2}

]6{0’172’3}
An easy calculation shows that (4.5) implies

(det flj> Y2 = eij (det flz) y]2 (mod J), 1,5€{0,1,2,3} (4.11)
where det A; € S(dy 4 dy + dy + d3 — dj — 3,0) for j € {0,1,2,3} and ;; € {£1} is a
sign depending on i, j € {0, 1,2,3}. If dy = 0, we have % =0 for 7 € {0,1,2} and hence
det A; = det A; = 0 for 4,j € {1,2, 3} which makes (4.11) useless in these cases. However,

if we define in the case dy = 0 the matrix flj for j € {1,2,3} to be the (2 x 2)-matrix
where one leaves out the j-th column (counted from 1) of the matrix

(52)
ox; 1€{0,1}

je{1,2,3}

we observe that because (4.4) implies y9 = 0 (mod J) one can still conclude from (4.5)
that
(det A;) y? = eij (det A;) y? (mod J), i,j € {1,2,3} (4.12)

where det A; € S(dy +da+ds —d; —2,0) for j € {1,2,3} and &;; € {£1} may be different
for i,j € {1,2,3}.

Let us first suppose that {o(0),0(1)} = {1,2}. Multiplying (4.6) with y2 and using
Lemmas 4.10 and 4.11 yields

guYiys + gssyiy3 =0 (mod J) . (4.13)
Let us consider the polynomial ring U = Clzg, x1, z2; 21, 23] with the bigrading
degz; = (1,0), degz; = (—d;, 1)
for i € {0,1,2} and j € {1,3}. We claim that
U(t—d+2ry1) C K, (4.14)
where K denotes the ideal in U generated by
fizr,  fos f3zz, g2z, 9233, g1z + 93323, (det As) 21 — €13 (det Al) 23 .

Since the coefficients of these seven polynomials in U depend algebraically on those of
fo, f1, f2, 3, 911, 912, 923, 933, Lemma 4.3 with A = U shows that it is enough to provide
a special choice for the general polynomials f;, gi; € Clxg, 21, 22| making (4.14) true.
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Claim. This can be achieved in the following way, where p, v € U(1,0) denote suitable
strong Lefschetz elements of complete intersections that will be specified later:

fO _ xgo g1 = xg—d—l—Q'm
fi = (! g1 = pimdtrtr
fo=aP + 2P gag = plm TS
f3 = xf® + 2§? g3z = iR

Proof of the claim. The claim is obvious for do = 0, so we may assume dy > 0 in the
following. As in the case of the ideal I, we consider instead the larger homogeneous ideal

L= P {recU(mn) |rUNU({t—d+2ry,1) C K}

m,ne”L

and we want to show that U(t — d + 2r,1) C L (or equivalently, L = U). This will be
done by proving first z; € L and then z3 € L. Since K C L, we have

0=g1121 + 93323 = gr121 + 1> 2ga323 = g11z1 (mod L) .

By Proposition 4.7, the complete intersection f1, f2, g11 in Clzg, 21, z2] possesses the
strong Lefschetz property. We may thus assume that v is a strong Lefschetz element for
f1, f2,911. Lemma 4.5 then implies

21U(m,0) C fiz1U + faz1U + g1121U + g1221U C L

for all m > %(dl +do+t—d+2ri+t—d+r;+re—3). In order to show z; € L, we
thus need to check that

2(t—d—|—27’2—|—d1)Zd1—|—d2—|—t—d—|—27‘1—|—t—d—|—7‘1+7‘2—3.

This is equivalent to
dro +2dy > dy +dy +3r1 +1r2 — 3,

which simplifies to ro > r; — 3. The last inequality is obviously true.

Next we show z3 € L. If dy > 0, we have

doxgo_l dgl’g?_l d3x33_1
det A =det | 0 dpz®l 0 | = dodadgato gt gds 1

0 0  dgaP!
Together with K C L and z; € L, this implies

0= (dodgdg)_lxlxg (det A1> 23 = xgo_lxclleg323 = acg°+d2+d3_123 (mod L) .
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4.5 Proof of the main result

Similarly, for dy = 0 we have

d2$6l2_1 dgl'gS_

det 1211 = det
(dgxib_l 0

1
) = —degfL'gsilxilQil

and thus

0 = (dads) 12y (det fll) 2y = —xds g2y = glotdatds=l, 0 (1nod L)

as well. By Proposition 4.7, the complete intersection a:goerﬁdgfl, f2, f3 has the strong
Lefschetz property. Hence, we may assume that p is a strong Lefschetz element for
xg°+d2+d371, f2, f3. Lemma 4.5 implies

ZgU(m,O) C xgo+d2+d3_123U + f223U + nggU 4+ gogzsU C L
for all m > %(do +dy+ds—1+dy+ds+t—d+ry+rs—3). It thus remains to check
2t —d+2rg+ds) >do+do+ds—14+do+ds+t—d+ry+r3—3

or
2rg +2r1 + 619 + 613 +8d —6 > 3rg+ 11 + 610 + 613 +8d — 7.

This reduces to r1 > rg — 1, which is clearly true. This finishes the proof of (4.14). O

Now let us take a monomial hyiy3 € S(t,4) where h € S(t + 2r1 + 2r9,0). We have
hzy € U(t —d+ 2rg,1) and thus

hz1 = hi fiz1 + hafo + h3 f323 + hagr2z1 + hsg2323

+ he(g1121 + g3323) + hr ((det Ag) Z1 — €13 (det 1211) Zg)
for certain polynomials hy,...,h7 € U. Substituting z; by yj2 for j € {1,3} and multiply-
ing with y3, we get
hytys = hn frytys + hafoys + hafaysys + hagiayiys + hsgasysys
+ ho (9115393 + 9339393 ) + hr ((det Ag) yf — e13 (det A1) 1) w3

= hiy1ya - 0+ hoya - 0+ haysys - 0+ hy - 0+ hs - 0+ he - 04 hyy2 - 0

=0 (mod J)
where we used the congruences (4.4), (4.10), (4.11), (4.12), and (4.13), and where hy
denotes the result of the substitution inside hy. This concludes the proof of y?y3 € J.

At this point, we are ready to handle the general case of {c(0),o(1)}. For this, we show
the following claim:

Claim. Any multiple of yz(o)yz(l) in S(¢,4) can be replaced modulo J by a multiple of
yf(o)yf(z) in S(t,4) where 7 is a permutation of {0,1, 2,3} such that 7(3) < 7(2).

39



4 Applications

Proof of the claim. In view of (4.4), (4.10), (4.11), and (4.12), it suffices to show that
S(t+ 2170y +2r-1),0) C fr0)S + fr)S + gr(0)r(1)S + (det AT(Q)) S

This will follow from Lemma 4.3 once we provide a special choice for the general

polynomials fr(0), f7(1), [~(3), 9r(0)r(1) satisfying this property. Let a = d; (), b = dr(1),
and ¢ = dy3). We may assume a,b > 0 because otherwise we would already have
yf(o)yf(l) =0 (mod J) by (4.4). We take

fT(O):xg—i_x%’ fT(l):xS—’_‘rgu f7(3):x(c)
If also ¢ > 0, we have

azd™t bab™l cxg?

det AT(Q) =+det [azf™t 0 0 = tabex§ 2012t
0 babt 0

Therefore, we get
l‘8+b+cfl € fT(O)S + fT(l)S + (det AT(2)) S.

If ¢ =0, it follows that dy = 0. Since a,b > 0 and 7(3) < 7(2), only 7(3) = 0 is possible.
Then we have

a—1 b—1
det A.,-(Q) = t+det (Zig_l bl’(o) ) = :Fab;pg_lx‘ll_l
1

und thus again
gttt = gl € £ S + fr)S + (det Ary)) S

In either case, the complete intersection $8+b+c_1, fr(0), fr(1) has the strong Lefschetz

property by Proposition 4.7, so we may pick for g;(g)-(1) an adequate power of a strong
Lefschetz element and obtain via Lemma 4.5

S(m,0) C fr)S + fr)S + 9r0)r1)S + (det Ar(Q)) S

for all m > %(a +b+c—1+a+b+t—d+r () +7r-)—3). Therefore, it remains to
prove that

2(t+27“7_(0) +2TT(1)) >a+b+c— 1—|—a+b+t—d+7‘7(0) —f—’r‘T(l) —-3.
This simplifies to
67‘7-(0) + 67“7.(1) + 27“7.(2) + 27“7-(3) +8d—6 > 67‘7-(()) + 6TT(1) + 72+ 37”7-(3) +8d—6

or just 7(2) > r7(3), which holds because 7(3) < 7(2). O
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4.5 Proof of the main result

With this result at hand, we proceed as follows: We start with a monomial of degree (¢,4)
divisible by yg(o)yg(l) and repeatedly apply transitions of the form

y3<0)y3<1) ~ yi(O)zﬁ@)

with 7(3) < 7(2) for a suitable permutation 7 until we arrive at a polynomial divisible by
y3y2, for which we have already shown that it vanishes modulo J. The fact that such a
sequence of transitions always exists can be most easily seen from the following diagram:

2<3
{o,1y = {1,3}

1<2 0<1
{0,3y = {2,3} 7 {1,2}

1<3 1<3

{0,2}

The arrows are labeled with the inequalities 7(3) < 7(2) which hold for the employed
permutations 7. For every possible subset {c(0),0(1)} C {0,1,2,3}, there exists at least
one directed path ending in {1,2}. This completes the proof of Lemma 4.12. O

Lemma 4.13. We have y;-l € J for all j € {0,1,2,3}.

Proof. Let us take a monomial hy;1 where h € S(t + 4r;,0). If d; = 0, we are done by
(4.4). Otherwise, multiplying (4.5) with y]2 and using Lemma 4.12 produces
9fj 4

92,V =0 (modJ), i€{0,1,2}.

First suppose j < 3. By Lemmas 4.3 and 4.4, we have

_ UWig, 9ig, 0f
S(3d; —5,0) C &EOSJF ax15+ 83:25

since the partial derivatives of f; = xgj +xfj —I—iL‘gj form a complete intersection. Therefore,
it remains to show that ¢ + 4r; > 3d; — 5. This is equivalent to

To—i—’l“l—|—7“2+7“3+47“j+4d—326?“j—|—3d—5,
which in turn is equivalent to

To+7‘1+7‘2+7‘3—|—d+2227‘j.
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4 Applications

The last inequality is true because j < 2 implies 7o + r3 > rj + 1.

Now let j = 3. If we multiply (4.6) with 33 and use Lemmas 4.10, 4.11, and 4.12, we
obtain
g33y3 =0 (mod J).

We claim that

Jfs Jfs3 Ofs
t+4 ¢ls
S(t+4rs,0) € G285+ 85+ 2

By Lemma 4.3, it is enough to give one working example for f3 and gs3. If we take again
fs = ;UO il3 + :ch, the complete intersection given by the partial derivatives of f3 has
the strong Lefschetz property by Proposition 4.7, so we may choose for gs3 a power of a
strong Lefschetz element and obtain via Lemma 4.5 that

dfs 0f3 Of3
a0 T on” T oy

S+ g33S .

S(m,0) C —=85 + g335

for all m > £(3ds — 3+t — d + 2r3 — 3). Therefore, we are finished if
2(t +4r3) >3d3 —3+t—d+2r3—3.
This simplifies to
2rg+2r1 +2r9 +10r3 +8d —6 > rg+ 11 +1ro + 93+ 6d — 9,

or equivalently,
ro+ri+ro+r3+2d+3>0.

The last statement is clearly true. O

Since every monomial in S(¢,4) is divisible by an element handled in one of the four
lemmas above, we obtain S(t,4) C J as desired. This finally proves Proposition 4.9 and
thus Theorem 1.1.

Note that it was crucial in the choice of g to leave out the terms ggg and goo, i.e. the
ones belonging to the smallest and second-largest values among the degrees dy, d1, da, ds.
With any other two indices, the above proof would not work. Furthermore, if we would
also set g33 = 0, the proof of Lemma 4.12 would be much simpler, but then Lemma 4.13
would work out only if d3 < dg + di + ds + 4. And if we would instead set g1 = 0,
Lemma 4.13 could be left untouched, but Lemma 4.12, though its proof would be simpler,
would turn out right only if d3 < dy + 6. It is also worth to mention that the properties
of J we are proving in each of the four claims are in general not open on the polynomials
f; and g;;, thus an argument where one specializes to g3z = 0 in one claim but not in
another one does not succeed.
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