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Summary

In this thesis we study some problems concerning the topology and Hodge the-
ory of smooth complex projective varieties and the geometry of theta divisors
of principally polarized abelian varieties. The thesis contains four parts; the
results have appeared in [74] and [76] and the preprints [75] and [77].

What are the possible Hodge numbers of a smooth complex projective vari-
ety? In the first part of this thesis, we construct enough varieties to show that
many of the Hodge numbers can take all possible values satisfying the con-
straints given by Hodge theory. For example, the k-th cohomology group of a
smooth complex projective variety in dimension n > k + 1 can take arbitrary
Hodge numbers if k is odd; the same result holds for k£ even as long as the
middle Hodge number is larger than some quadratic bound in k. Our results
answer questions of Kollar and Simpson formulated in [84].

The second part of this thesis is based on joint work with Tasin. We produce
the first examples of smooth manifolds which admit infinitely many complex
algebraic structures such that certain Chern numbers are unbounded. Our ex-
amples allow us to determine all Chern numbers of smooth complex projective
varieties of dimensions > 4 that are bounded by the underlying smooth mani-
fold. Using bordism theory we also obtain an upper bound on the dimension
of the space of linear combinations of Chern numbers with that property. Our
results answer a question of Kotschick [45].

In the third part we study the Hodge structures of conjugate varieties X
and X7, where X7 is obtained from X by applying some field automorphism
o € Aut(C) to the coeflicients of the defining equations of X. We consider the
K-algebra H**(X, K) of K-rational (p,p)-classes in Betti cohomology, where
K c C denotes some subfield of the complex numbers. For all subfields K ¢ C
with K # Q and K # Q[v/—d], d € N, we show that there are conjugate varieties
X, X7 with

H**(X,K)#%H"*(X?,K).

This result is motivated by the Hodge conjecture, which predicts isomorphisms
between H**(X,K) and H**(X°, K) for K = Q and K = Q[v/-d]. Concern-
ing the topology of conjugate varieties, we produce in each birational equiva-
lence class of dimension at least 10 two conjugate smooth complex projective
varieties which are nonhomeomorphic. It follows that nonhomeomorphic con-



jugate varieties exist for all fundamental groups. This answers a question of
Reed [67], who asked for simply connected examples.

In the fourth part of this thesis, we study the Schottky problem, which
asks for criteria that decide whether a principally polarized abelian variety
(ppav) (A, ©) is isomorphic to the Jacobian (J(C'),O¢) of a smooth projective
curve C'. By Riemann’s theorem, the theta divisor ©¢ of the Jacobian of a
smooth genus g curve can be written as the (¢g—1)-fold sum of an Abel-Jacobi
embedded copy of C'in J(C), ©¢ = C'+---+C. We prove the following converse:
let (A,©) be an indecomposable ppav with © = C'+ Y, where C' and Y are a
curve and a codimension two subvariety in A respectively. Then C' is smooth,
(A, ©) is isomorphic to the Jacobian of C' and Y corresponds to a translate
of the Brill-Noether locus W, 5(C'). Slightly weaker versions of this result
have previously been conjectured by Little [56] and Pareschi-Popa [60]. As
an application, we deduce that an irreducible theta divisor is dominated by a
product of curves if and only if the corresponding ppav is isomorphic to the
Jacobian of a smooth curve. This solves a problem of Schoen [70].
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1 Introduction

This thesis consists of four parts, based on [74], [75], [76] and [77]. Each
part constitutes a chapter! and contains a separate abstract and introduction.
Moreover, each part can be read individually.

In this chapter we give a global introduction, point out the relations among
the different parts of this thesis and present some supplementary material. For
clarity, we divide the introduction into four sections.

1.1 Hodge numbers of algebraic varieties

Hodge theory is one of the most powerful tools in complex algebraic geometry.
It relies on the Hodge decomposition

HH(X.C)~ @ HM(X),

p+q=k

which holds for any Kéhler manifold? X. Here,
HPI(X) ~ HI(X, Q%)

corresponds to the subspace of H*(X,C) which (in de Rham cohomology) can
be represented by closed (p, q)-forms.
The most basic invariants from Hodge theory are the Hodge numbers

hP9(X) = dim HP(X)

of an n-dimensional Kéhler manifold X, where 0 < p, ¢ <n. Complex conjuga-
tion and Serre duality show that these numbers satisfy the Hodge symmetries

hP(X) = h?P(X) = A" P9 X). (1.1)
Moreover, the Hard Lefschetz theorem implies

hp—laq—l(X) <hPU(X) forall p+q<n. (1.2)

LChapter 2 is based on [76], Chapter 3 is based on joint work with Tasin [77], Chapter 4 is
based on [74] and Chapter 5 is based on [75].

2In this thesis, the term Kahler manifold refers to a compact connected complex manifold
with Ké&hler metric.
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1 Introduction

The Hodge numbers of an n-dimensional Kéahler manifold are usually assembled
in the Hodge diamond as follows.

hn,n
hn,n—l hn—l,n
hn,n—Q hn—l,n—l hn—?,n
Jmo hon (1.3)
h2,0 hi,l h0’2
hl,O hO,l
h0,0

In order to get some ideas how the Hodge diamond of a smooth complex
projective variety or a Kéhler manifold might look like in practice, let us look
at some examples.
The following table illustrates the Hodge diamond of a smooth projective
curve of genus g:
1

g g
1

This describes all possible Hodge diamonds in dimension one; such a classifi-
cation is open in all other dimensions.

Another interesting example is given by an n-dimensional abelian variety A.
The Hodge numbers of such a variety are given by

() ()

For instance, the following table shows the Hodge diamond of an abelian sur-
face and an abelian threefold respectively.

1
1 3 3
2 2 3 9 3
1 4 1 1 9 9 1
2 2 3 9 3
1 3 3
1

The third family of examples we want to mention here are smooth degree d
hypersurfaces X, in P**1. By the Lefschetz hyperplane theorem,

WPa(Xg,) = hPO(P)

12



1.1 Hodge numbers of algebraic varieties

for all p+¢ < n—1. Moreover, the Hodge numbers h"P?(X,,,) can be calculated,
either via residues and Griffiths” work [90, Sec. 6], or via a certain Chern
number calculation involving the Hirzebruch-Riemann-Roch formula for Q%,
see (1.5) below. For instance, the surface Xy has weight 2 Hodge numbers

d-1
hE0(Xaz) :( 3 )

and .
hl’l(Xdyg) = 5 . (2d3 - 6d2 + 7d)

Moreover, the threefold X, 3 has weight 3 Hodge numbers

d-1
h3:0(Xd,3)=( ) )

and .
R (Xg3) = 5 (11d* - 50d® + 85d* — 70d + 24).

The following illustrates the special case of the Hodge diamonds of X2 and
X103 respectively.

1
1 0 0
0 0 0 1 0
84 490 84 126 2826 2826 126
0 0 0 1 0
1 0 0
1

In Chapter 2 we study the question which collections of natural numbers
(hP), ., satistying the Hodge symmetries (1.1) and the Lefschetz conditions
(1.2), can actually be realized by a smooth complex projective variety. For
some partial results in dimensions two and three we refer to [6, 14, 37, 61, 69].

In his survey article on the construction problem in Ké#hler geometry [84],
Simpson raises many aspects of the construction problem for Hodge numbers.
For instance, Kollar and Simpson ask whether the outer Hodge numbers are
always dominated by the middle Hodge numbers, which seemingly agrees with
all known examples, such as those given above. More specifically [84, p. 9]: is
it possible to realize a vector

(hR0 ... WOk (1.4)

13



1 Introduction

of weight k& Hodge numbers with large numbers at the end and small numbers
in the middle?

The Hodge numbers of a smooth complex projective variety are known to
reflect many of its geometric properties. For instance, if

h20(X) < hMO(X) -2,

then X fibers over a smooth curve of genus > 2 by Castelnuovo-de Francis’
lemma; generalizations concerning fibrations over higher dimensional bases
were given by Catanese [10]. Only recently, Lazarsfeld—Popa [51] and Lombardi
[57] found many more inequalities among the Hodge numbers of large classes of
irregular complex projective varieties. Most (but not all) of these inequalities
involve the outer Hodge numbers hr-0.

Besides determining the Betti numbers, the Hodge numbers may also restrict
the ring structure of H*(X,C), hence the topology of the underlying smooth
manifold. Indeed, the Hodge decomposition is compatible with the cup product
which induces a linear map

HY(X,C)® H™(X,C)— H*"™(X,C).
The kernel of this map has therefore dimension at least

S max (0, AP0 - hr — et

p+q=k
r+s=m

For instance, if a variety X has large h?*°, whereas h>! and h*0 are both small,
then the linear map

H*(X,C) ® H*(X,C)— H*(X,C),

induced by the cup product, has a large kernel.
By the Hirzebruch-Riemann—Roch formula, the Euler characteristics

XP(X) = x (X, Q%) = o (-1)'hP(X) (1.5)

can be expressed in terms of Chern numbers of X. Since Chern numbers tend
to satisfy certain inequalities, the relations among Hodge and Chern numbers
are one source of potential inequalities among the Hodge numbers of smooth
complex projective varieties.

For instance, using the Bogomolov-Miyaoka—Yau inequality, we observed in
[72] that

M1 (S) > h%0(S) (1.6)

14



1.1 Hodge numbers of algebraic varieties

for all Kéhler surfaces S, see also [76, Prop. 22]. Combining a similar approach
in dimension four with Kollar-Matsusaka’s theorem, we also proved [72] that
the third Betti number b3 of a smooth complex projective fourfold with b, =1
can be bounded from above in terms of by, see also [76, Prop. 32]. These results
show that the known constraints which Hodge theory puts on the Hodge and
Betti numbers of a smooth complex projective variety are not complete.
Chapter 2 contains several main results on the construction problem for
Hodge numbers. The first one answers Kollar-Simpson’s question about the
realizability of certain weight & Hodge numbers (1.4) by a variety.

Theorem 1.1.1 (Theorem 2.1.1). Fiz k > 1 and let (hP?)iqer be a symmetric
collection of natural numbers. If k =2m is even, we assume

W s - | (m+ 3) /2] + [m/2]” .

Then in each dimension n > k + 1 there exists a smooth complex projective
variety whose Hodge structure of weight k realizes the given Hodge numbers.

The examples which realize the given weight k& Hodge numbers in Theorem
1.1.1 have dimension n > k + 1. At least for k = 2, this assumption on the
dimension is necessary by (1.6). However, if the A7 in Theorem 1.1.1 are
even and h*0 = (, then a similar result as in Theorem 1.1.1 also holds for the
k-th cohomology group in dimension n = k, see Corollary 2.5.3. Theorem 1.1.1
might be surprising, as it is known [89, Rem. 10.20] that a very general integral
polarized Hodge structure of weight > 2 (not of K3 type) cannot be realized
by a variety.

The second main result solves the construction problem for large subcollec-
tions of Hodge numbers of the whole Hodge diamond.

Theorem 1.1.2 (Theorem 2.1.3). Fizn>1 and let (h?7),.q<n be a collection
of natural numbers with hp4 = har, hp=La-1 < hpa and hO0 = 1. Suppose that
the following two additional conditions are satisfied.

1. For p<n/2, the primitive numbers [PP := hPP — hp=1P=1 satisfy

PP >p-(n*-2n+5)/4.

2. The outer numbers h¥° vanish either for all k =1,....n -3, or for all
k # ko for some kye{l,...,n—1}.

Then there exists an n-dimensional smooth complex projective variety X with
hp,q(X) = hP,

for all p and q with p+q<n.

15



1 Introduction

For instance, Theorem 1.1.2 implies that any given collection of natural
numbers which lies neither on the boundary nor on the horizontal middle axis
of (1.3) and which satisfies the Hodge symmetries (1.1) and the Lefschetz
conditions (1.2) can be realized by a smooth complex projective variety as
long as the primitive (p,p)-type Hodge numbers are bounded from below by
some constant which depends only on p and n and not on the given collection
(hP9)psgen. In this result, we can additionally choose one Hodge number A%
to be arbitrary; all other outer Hodge numbers h?? with p # {0, k,n} vanish in
our examples.

Theorem 1.1.2 has interesting consequences concerning possible universal
inequalities® among the Hodge numbers of smooth complex projective varieties.

Corollary 1.1.3 (Corollary 2.10.2). Any universal inequality among the Hodge
numbers below the horizontal middle azis in (1.3) of n-dimensional smooth
complez projective varieties is a consequence of the Lefschetz conditions (1.2).

Corollary 1.1.3 implies for instance that the Lefschetz conditions (1.2) are
the only universal inequalities which hold in all sufficiently large dimensions
at the same time.

A vector of natural numbers (by,...,bs,) € N?* is called vector of formal
Betti numbers (in dimension n), if

bo=1, by =0bou_r, and bop,1 =0 mod 2,

for all k. Theorem 1.1.2 implies that under a mild lower bound on the primitive
even degree Betti numbers, the Betti numbers by with £ # n of any formal
vector of Betti numbers in dimension n can be realized by a variety.

Corollary 1.1.4 (Corollary 2.1.4). Let (by, ..., bs,) be a vector of formal Betti
numbers with

bop —bog_o 2 k- (n*=2n+5)/8 for all k <n/2.

Then there exists an n-dimensional smooth complex projective variety X with
be(X) = by, for all k #n.

Corollary 1.1.4 implies for instance that in even dimensions, the construc-
tion problem for the odd Betti numbers is solvable without any additional
assumptions.

For the proof of Theorems 1.1.1 and 1.1.2 we establish a method which
allows us to manipulate single Hodge numbers below the horizontal middle

3The term “universal inequality” underlines that we are looking for inequalities which hold
for all smooth complex projective varieties.

16



1.1 Hodge numbers of algebraic varieties

axis and away from the boundary of (1.3) in a very efficient way, see Section
2.4.2. Our method uses the Lefschetz hyperplane theorem and so we are not
able to control the weight n Hodge numbers of our n-dimensional examples.

Motivated by work of Cynk and Hulek [17], we establish another construction
method which is based on a careful resolution of certain quotient singularities.
This allows us to produce n-dimensional examples with interesting weight n
Hodge numbers. For instance, we prove that for any 7 = 0,...,|n/2], there is
an n-dimensional smooth complex projective variety X such that

hn—i,i(X) — hz,n—z(X)

is arbitrarily large, whereas h?4(X) = 0 for all other p # ¢, see Theorem 2.8.1.
Taking products of these examples with projective spaces yields the following.

Corollary 1.1.5 (Corollary 2.10.3). Any universal inequality among the Hodge
numbers away from the vertical middle axis in (1.3) of n-dimensional smooth
complex projective varieties is a consequence of the Lefschetz conditions (1.2).

The above corollary determines all universal inequalities among the Hodge
numbers hP4 with p # ¢ in fixed dimension n. This should be compared to
Corollary 1.1.3, which is the mirrored statement.

Combining all our constructed examples with recent work of Roulleau and
Urzta [69], we are able to determine all possible dominations among two Hodge
numbers in a fixed dimension.

Corollary 1.1.6 (Corollary 2.9.1). Suppose there are A\, Ay € Ry such that
for all smooth complex projective varieties X of dimension n:

MBS (X) + A > hPI(X). (1.7)

Then Ay > 1 and (1.7) is either a consequence of the Lefschetz conditions (1.2),
orn =2 and it is a consequence of (1.6).

Let us explain why in our approach to Theorems 1.1.1 and 1.1.2, lower
bounds on the primitive (p,p)-type Hodge numbers (PP are necessary. The
reason comes from the existence of the cycle class map

cl, : CH?(X) @7 Q— H*(X,Q), (1.8)
whose image is contained in the group of rational Hodge classes
HPP(X,Q):= HP"(X)n H*?(X,Q).

It follows for instance that the Picard number p(X') is bounded from above by
ht1(X). More generally, if hP?(X) is small then the image of the codimension

17



1 Introduction

p cycles of X in cohomology is small. In our constructions we need to introduce
one additional line bundle for each Hodge number that we want to manipulate.
Certain intersection products of these line bundles are nonzero in cohomology,
which explains the bound on [P? in our approach; we do not know if such
bounds are necessary in general.

Using a rather ad hoc implementation of the Godeaux—Serre construction, we
are able to prove that at least for the weight 2 Hodge structure, the optimal
bound A > 1 can be reached. That is, any weight two Hodge numbers
(h20, Rt h02) with h20 = h%2 and A'! > 1 can be realized by a smooth complex
projective variety of dimension n > 3, see Theorem 2.7.1. However, the method
used in that proof is not very flexible and cannot easily be generalized to Hodge
structures of higher weight.

As mentioned above, the lower bound on Ah”? in Theorem 1.1.1 stems from
the existence of certain algebraic classes in H?(X,Q). These classes form a
rational sub-Hodge structure. Taking the orthogonal complement, it follows
that any symmetric vector (h*0 ... h9*) of natural numbers can be realized
by the Hodge numbers of some rational sub-Hodge structure

Ve HNX,Q),

where X is a smooth complex projective variety of dimension n > k + 1, see
Corollary 2.5.1. This statement is the main result of Arapura’s paper [3], which
was written after the preprint version of [76] appeared.

1.2 Chern numbers of algebraic structures

The Hodge numbers are in general not topological invariants of the underlying
smooth manifold [48]. However, due to the Hodge decomposition, the Hodge
numbers of a smooth complex algebraic variety are bounded from above by
the Betti numbers and so they are determined up to finite ambiguity by the
underlying smooth manifold.

Similarly, the Chern numbers of a smooth complex projective variety are in
general not determined by the underlying smooth manifold [46, 47]. However,
in contrast to the case of Hodge numbers, it was not known whether the
Chern numbers are determined up to finite ambiguity by the underlying smooth
manifold. This boundedness question was raised by Kotschick in [45].

For instance, the Chern numbers ¢, and cic,_; are linear combinations
of Hodge numbers [54], hence bounded by the underlying smooth manifold.
In particular, the Chern numbers of smooth complex projective surfaces are
bounded by the underlying smooth manifold. Moreover, Kotschick observed

18



1.2 Chern numbers of algebraic structures

that the Chern numbers of minimal smooth projective three- and fourfolds of
general type are also bounded by the underlying smooth manifold.

In a recent preprint [9], Cascini and Tasin use the above boundedness result
and the minimal model program in dimension three to prove that many smooth
complex projective threefolds of general type have all their Chern numbers
bounded by the underlying smooth manifold.

In [42], Kollar proved that a smooth manifold with second Betti number
by = 1 carries at most finitely many different deformation equivalence classes of
complex algebraic structures. Since Chern numbers are deformation invariants,
it follows that the Chern numbers of a smooth complex projective variety with
by = 1 are determined by the underlying smooth manifold up to finite ambiguity:.

Kollar’s result does not generalize to varieties with arbitrary second Betti
number. Indeed, Freedman and Morgan [28] gave an example of a smooth
8-manifold carrying infinitely many complex algebraic structures such that
some of its Chern classes are unbounded; however, the Chern numbers of their
examples are indeed bounded.

Chapter 3 is based on joint work with Tasin [77]. We produce the first
examples of smooth manifolds such that certain Chern numbers with respect
to all possible complex algebraic structures are unbounded. Our construction
works in all complex dimensions at least four; it is flexible enough allowing us
to determine all partitions m of n such that the Chern number ¢, in complex
dimension n > 4 is bounded by the underlying smooth manifold.

Theorem 1.2.1 (Theorem 3.1.1). In complex dimension 4, the Chern numbers
ca, c1c3 and ¢ of a smooth complex projective variety are the only Chern num-
bers ¢y which are determined up to finite ambiguity by the underlying smooth
manifold. In complex dimension n > 5, only ¢, and cic,_1 are determined up
to finite ambiguity by the underlying smooth manifold.

For instance, we find that for fourfolds, ¢} and ¢2¢y are not bounded by the
underlying smooth 8-manifold. This might be surprising, as we recall that at
least the Chern numbers of minimal fourfolds of general type are known to be
bounded. This compares to our result as all of our examples are of negative
Kodaira dimension.

In view of Theorem 1.2.1, very few Chern numbers of smooth complex pro-
jective varieties are determined up to finite ambiguity by the underlying smooth
manifold. This changes considerably if we are asking for all linear combinations
of Chern numbers with that property. Indeed, the Euler characteristics x? (see
(1.5) above) as well as the Pontryagin numbers in even complex dimension are
linear combinations of Chern numbers which are bounded by the underlying
smooth manifold.

19



1 Introduction

When studying linear combinations of Chern numbers, it is most convenient
to work with the rational complex cobordism ring QU ® Q. Its degree n part
QU ® Q is the group of rational bordism classes of stably almost complex
manifolds of real dimension 2n. This group is known to be generated by smooth
complex projective varieties. The Chern numbers in complex dimension n are
well-defined linear forms on QU ® Q, which yield in fact a basis of the dual
space of QU ® Q, see [86, p. 117].

Due to the work of Novikov and Milnor [86, p. 128], QV ® Q is a polynomial
ring with one generator in each degree. Moreover, a (stably almost) complex
manifold X of real dimension 2n can be taken as generator in degree n if and
only if its Milnor number s,,(X) is nonzero.

In Section 3.6, we consider a sequence (v, ),»1 of smooth complex projective
varieties, given by a7 = P, ap = P? and

an =P(0A(1) ® OF3),

where A denotes an abelian surface with ample line bundle O4(1) and «, is
the projectivization of the rank n —2 vector bundle O4(1) ® Oy on A. Using
Lemma 2.3 in [73], one computes s, (c,) # 0 and so we have a sequence of ring
generators:

Qg Q= Q[Oél,OéQ, .. ]

Using this presentation, we consider the ideal
T = (g | k> 3)

in QU ® Q, generated by all ayay, with k > 3. The degree n part of this ideal is
denoted by Z™.

Our second main result in Chapter 3 is as follows.

Theorem 1.2.2 (Theorem 3.6.1). Any linear combination of Chern numbers
i dimension n, which on smooth complex projective varieties is bounded by
the underlying smooth manifold vanishes on I™.

By Theorem 1.2.2; any linear combination of Chern numbers in dimension
n which on smooth complex projective varieties is bounded by the underlying
smooth manifold descends to the quotient

Q] ®Q)/1". (1.9)

Denoting by p(n) the number of partitions of n by positive integers, we there-
fore obtain the following.

20



1.3 Hodge structures of conjugate varieties

Corollary 1.2.3 (Corollary 3.6.3). In dimension n > 4, the space of rational
linear combinations of Chern numbers which on smooth complex projective
varieties are bounded by the underlying smooth manifold is a quotient of the
dual space of (1.9); its dimension is therefore at most

+1
dim(Q @ Q) - dim(Z") = p(n) —p(n—1) + [” J |
In order to compare the above upper bound with the known lower bound,
given by the Euler characteristics x? and the Pontryagin numbers in even
complex dimensions, we consider the ideal

J* = (o | k2 1) + {arao [ k> 2)

in QU ® Q. We explain in Section 3.6 that the degree n part Jm is the kernel
of the span of the Euler characteristics x? and Pontryagin numbers. That is,
the dual space of the quotient

(2 e Q)/T"

is naturally isomorphic to the span of the Euler characteristics and the Pon-
tryagin numbers in dimension n.
We note that
=g
By Theorem 1.2.2; any linear combination of Chern numbers which on smooth
complex projective fourfolds is bounded by the underlying smooth manifold is
therefore a linear combination of the Euler characteristics x? and the Pontrya-
gin numbers.
Conversely, the inclusion
I"cJ”
is proper for all n # 4, and so the problem of determining all bounded linear
combinations remains open in all dimensions n > 3 other than n = 4.

1.3 Hodge structures of conjugate varieties

Let X denote a smooth complex projective variety. For a field automorphism
o € Aut(C) of the complex numbers, we consider the conjugate variety X@,
defined by the base change

X —X

l |

Spec(C) —Z— Spec(C).
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1 Introduction

That is, X7 is the smooth variety whose defining equations in some projec-
tive space are given by applying o to the coefficients of the equations of X.
Algebraically defined invariants, such as étale cohomology or the algebraic
fundamental group coincide on X and X?. Conversely, Serre [78] produced
the first examples of conjugate varieties with different topological fundamental
groups; many more examples of nonhomeomorphic conjugate varieties were
given later [1, 7, 62, 83].
In 2009, Charles proved the following.

Theorem 1.3.1 (Charles [12]). There exist conjugate smooth complez projec-
tive varieties with distinct real cohomology algebras.

Charles’ result might be surprising, as the ¢-adic and hence also the com-
plex cohomology algebras of conjugate smooth complex projective varieties are
isomorphic.

The cycle class maps (1.8) fit together to yield a homomorphism of graded
Q-algebras

cl, : CH*(X) ®, Q— H* (X, Q).

Although the target of the above map cannot be computed algebraically, its
kernel is still an algebraic invariant of X. In order to see this it suffices to note
that ker(cl.) is a rational subspace and

ker(cly) ®g Qp = ker(cl, ®9Qy)

can be computed via the cycle class map in étale cohomology with coefficients
in @g.

Since CH*(X) ®z Q and ker(cl,) can be computed algebraically, the same
holds for (the isomorphism type of) the image im(cl,). The Hodge conjecture
identifies the latter with the algebra of rational (p,p)-classes, which is a priori
a highly transcendental invariant of X.

Hodge Conjecture. Let X be a smooth complex projective variety. Then
im(cl,) = H**(X,Q) = H**(X) n H*(X, Q).

The Hodge conjecture implies that the isomorphism type of H**(-, Q) co-
incides on conjugate varieties. This implication of the Hodge conjecture goes
back to Deligne; its validity or falsity might be easier to check because it is a
purely Hodge theoretic statement which does not refer anymore to algebraic
cycles.

The above discussion motivates the investigation of the K-algebra

H**(X,K) = H*(X,K) n H**(X)
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1.3 Hodge structures of conjugate varieties

of K-rational (p,p)-classes in Betti cohomology, where K ¢ C denotes some
subfield of the complex numbers. If K = Q[\/—_d] is an imaginary quadratic
extension of Q, then H**(X, K) is obtained from H**(X,Q) by extension of
scalars and so the Hodge conjecture predicts

H* (X, K) ~ H** (X, K), (1.10)

for K=Q or K = Q[V—d] and all o € Aut(C).
In Chapter 4 we prove that for all remaining subfields K ¢ C, the isomor-
phism in (1.10) may fail.

Theorem 1.3.2 (Theorem 4.1.3). Let K ¢ C be a subfield, different from
Q and different from any imaginary quadratic extension Q[\/—_d] of Q. Then
there exist conjugate smooth complex projective varieties whose graded algebras
of K-rational (p,p)-classes are not isomorphic.

Theorem 1.3.2 is already interesting for K = C, as it shows that the complex
Hodge structure on the complex cohomology algebra of varieties is not an
algebraic invariant. This contrasts the fact that as bigraded ring (and not as
C-algebra),

P aH"(X)=P HI(X,0L)
P P.g

is clearly an algebraic invariant of X.

The proof of Theorem 1.3.2 is divided into two parts. Firstly, if K ¢ C
in Theorem 1.3.2 is different from R and C, then we prove that there are
conjugate smooth complex projective varieties X and X° whose groups of
K-rational (p,p)-classes have different dimensions

HP?(X,K) ¢ HP?(X°, K), (1.11)

see Theorem 4.1.5.

In order to explain the idea of the proof of that statement, let us first look
at an elliptic curve E. Such a curve can be embedded as a plane curve in P2
with affine equation

{y? = 42® - gox — g3} . (1.12)

This description is useful if we want to compute the conjugate curve E7: we
simply apply o to the coefficients g, and gs.

Calculating the Hodge structure of E is equivalent to finding an element in
the upper half plane 7 € H with

E~C/Z+7Z).
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The j-invariant j(E) := j(7) is a modular form on H which determines the
isomorphism type of F uniquely. In terms of the affine equation (1.12),

g5
j(r)=1728- —%2
93 - 2793

Hence, the conjugate curve E? has j-invariant j(E?) = o(j(E)). It follows that
all elliptic curves E with transcendental j-invariant lie in the same Aut(C)-
orbit.

In order to prove (1.11), one could now try to use products of elliptic curves
whose j-invariants are algebraically independent over QQ and prove that among
such products, there are always two examples whose groups of K-rational
(p, p)-classes have different dimensions. This approach works well for special
classes of subfields K ¢ C. In general, difficulties arise since it is very hard to
control explicitly for which elements in the upper half plane, the corresponding
j-invariants are transcendental over QQ. We circumvent these difficulties by the
use of abelian surfaces. Their moduli are parametrized by Riemann’s second
order theta constants and we are able to prove the necessary (and elementary)
transcendence results for these modular forms.

It is worth noting that in order to prove (1.11) for all subfields K ¢ C different
from Q, @[\/—_d], R and C, the use of varieties defined over transcendental
extensions of Q is necessary. Indeed, there are only countably many varieties
defined over Q, and so there is a countably generated subfield K, ¢ C such
that

HPP(X, Ky) ®k, C~ HPP(X,C),

for all smooth complex projective varieties X that can be defined over Q,
see Remark 4.3.5. Since the Hodge numbers are algebraic invariants of X, it
follows that

HPP(X, Ky) ~ HP?(X7, Ky),

for all o € Aut(C) and all smooth complex projective varieties X that can be
defined over Q.

The second part of the proof of Theorem 1.3.2 deals with K =R or K =C.
For such K, the algebras of K-rational (p,p)-classes of conjugate varieties X
and X7 are isomorphic in each degree and so it is really the ring structure that
matters. Here we use the Charles—Voisin method [12, 91], which we briefly
recall in the following.

In [12], Charles starts with an abelian variety A ¢ PV with special endomor-
phisms and considers the blow-up X of

Ax AxPN
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1.3 Hodge structures of conjugate varieties

along the graphs of certain morphisms between two factors, such as some
endomorphism f : A— A. For certain field automorphisms o € Aut(C), the
abelian varieties A and A? are isomorphic and ¢ maps the graph of the given
endomorphism f to the graph of the conjugate endomorphism f°. That is,
X and X are both blow-ups of Ax A x PN, but the endomorphism f whose
graph was blown-up may have changed. The key point, already used in Voisin’s
solution of the Kodaira problem [91], is the fact that the real cohomology
algebra of X encodes the action of the endomorphism f* on H*(A,R). Roughly
speaking, if f* and (f?)* act differently on H*(A,R), then H*(X,R) and
H*(X°?,R) are nonisomorphic, hence Charles’ result in Theorem 1.3.1.

In the situation of Theorem 1.3.2, difficulties arise because we cannot use
the whole cohomology algebra of an abelian variety A, whose explicit struc-
ture is used in Charles’ and Voisin’s work. In fact, we replace the abelian
variety in Charles” approach by certain simply connected surfaces with special
automorphisms; the construction of these surfaces is inspired by some con-
structions from Chapter 2. After this replacement, we are able to implement
the Charles—Voisin method in our situation.

The examples we construct via the Charles—Voisin method are simply con-
nected smooth complex projective varieties X and X defined over cyclotomic
number fields. For instance, one pair of examples X and X is defined over

Q[(12] and satisfies
H**(X,Q[V3]) # H**(X°,Q[V3]),

although the dimensions of the above algebras coincide in each degree.

Applying the Lefschetz hyperplane theorem, we are able to cut down the
dimension of our examples to any n > 4. We also analyze the multilinear
intersection forms

H*(X,R)®"—R and H2(X°,R)®"—R,

given by cup product and evaluation on the corresponding fundamental classes.
We prove that these multilinear intersection forms are not (weakly) isomorphic
in our examples, see Theorem 4.1.6. It follows that we have produced the first
known nonhomeomorphic conjugate varieties that are simply connected. This
answers a question of Reed [67].

Once the existence of simply connected nonhomeomorphic conjugate vari-
eties is settled, it is natural to ask for other fundamental groups as well. A
natural generalization of that question asks for nonhomeomorphic conjugate
varieties in a given birational equivalence class. We are able to answer this
question in sufficiently high dimensions.
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Theorem 1.3.3 (Theorem 4.1.7). Any birational equivalence class of com-
plex projective varieties in dimension > 10 contains conjugate smooth complex
projective varieties whose even-degree real cohomology algebras H** (-, R) are
nonisomorphic.

Theorem 1.3.3 implies immediately:

Corollary 1.3.4 (Corollary 4.1.8). Let G be the fundamental group of a smooth
complex projective variety. Then there exist conjugate smooth complex projec-
tive varieties with fundamental group G, but monisomorphic even-degree real
cohomology algebras.

1.4 Geometry of theta divisors and the Schottky
problem

We have explained in Section 1.1 above that the Hodge numbers, or equiva-
lently, the complex Hodge structures, of a smooth complex projective variety
determine several of its geometric properties. One obtains of course finer in-
variants if instead of the complex Hodge structure, one considers the integral
Hodge structure together with a suitable polarization.

For special classes of varieties, such datum actually determines the isomor-
phism type of the variety uniquely. The most prominent such example is the
Torelli theorem for curves*. It states that the isomorphism class of a smooth
curve C' is uniquely determined by its Jacobian (J(C'),©¢), which is the prin-
cipally polarized abelian variety (ppav) associated to the integral weight one
Hodge structure on H'(C,Z), together with the polarization that is induced
by the cup product and Poincaré duality. By Riemann’s theorem (see (1.15)
below), the theta divisor ©¢ is irreducible, which is equivalent to saying that
(J(C),06¢) is indecomposable, see [8, p. 75].

By the Torelli theorem,

Cr—(J(C),0¢)

gives rise to an injective map from the moduli stack of smooth projective genus
g curves to the moduli stack of ppav of dimension g. Chapter 5 studies the
Schottky problem, which asks to describe the image of that map. That is,
given an indecomposable ppav (A,©), how can we decide whether it is the
Jacobian of a curve?

4If not mentioned otherwise, the term “curve” refers here and in the following to an irre-
ducible complete variety of dimension one over C.
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1.4 Geometry of theta divisors and the Schottky problem

Fixing a point on C, we obtain the Abel-Jacobi embedding C'— J(C') whose
image is denoted by W7 (C). For 1 <d < g -1, the d-th Brill-Noether locus

Wd(O) = Wl(C) + .. +W1(C)
is the d-fold sum of W7 (C') in J(C). Poincaré’s formula computes the coho-
mology class of Wy(C') [4, p. 25]:

[Wa(C)] = ! - [Oc) (1.13)

(g-d)

The most famous characterization of Jacobians among all indecomposable
ppavs is a partial converse of Poincaré’s formula, due to Matsusaka and Hoyt
[36, 58]. It asserts that an indecomposable ppav (A,©) is isomorphic to a
Jacobian of a smooth curve if and only if there is a curve C' ¢ A with minimal
class

1
C(g-1)!

Moreover, if (1.14) holds, C' is automatically smooth and (A, ©) is isomorphic
to (J(C), @c)

Closely related to the Poincaré formula (1.13) is Riemann’s theorem. It
asserts that the theta divisor ©¢ of a smooth genus g curve C' can be written
as the (g —1)-fold sum of the Abel-Jacobi embedded copy W;(C') of C'. That
is,

[C] (6] (1.14)

Oc = W,1(C). (1.15)
Riemann’s theorem implies that
@C = Wl((]) + Wg_Q(C)

has a curve summand W7 (C'). The main result of Chapter 5 is the following
converse of that statement.

Theorem 1.4.1 (Theorem 5.1.1). Let (A,©) be an indecomposable ppav of
dimension g. Suppose that there is a curve C' and a codimension two subvariety
Y in A such that

O=C+Y.

Then C is smooth and there is an isomorphism (A,0) ~ (J(C),0¢) which
identifies C' and Y with translates of W1(C) and W,_o(C') respectively.

27



1 Introduction

Our proof uses Welters” method [95] to reduce Theorem 1.4.1 to Matsusaka—
Hoyt’s criterion mentioned above. A crucial ingredient in our proof is Ein—
Lazarsfeld’s theorem [25], saying that the theta divisor of an indecomposable
ppav is normal with at most rational singularities.

Theorem 1.4.1 has been conjectured by Pareschi and Popa (see Section 5.5),
in connection with their study of generic vanishing sheaves, associated to sub-
varieties of ppavs in [60]. Following Pareschi-Popa, a coherent sheaf F on an
abelian variety A is a generic vanishing sheaf or a GV-sheaf, if for all ¢ its i-th
cohomological support locus

SH(F):={LePic’(A) | H'(A,F® L) 0}

has codimension > i in Pic’(A), see [60, p. 212].

A subvariety Z of a ppav (A, ©) is called GV-subvariety if the twisted ideal
sheaf 77(0) =7, ® O4(0) is a GV-sheaf. Pareschi and Popa proved that the
Brill-Noether locus Wy(C') inside the Jacobian of a smooth curve is a GV-
subvariety. Besides Brill-Noether loci, there is only one more example of a
GV-subvariety of dimension 1< d < g -2, where g =dim(A), known: the Fano
surface of lines inside the intermediate Jacobian of a smooth cubic threefold is
a 2-dimensional GV-subvariety in a 5-dimensional indecomposable ppav that
is not isomorphic to the Jacobian of a smooth curve [16].

Pareschi—Popa conjectured that these are all examples of geometrically non-
degenerate® GV-subvarieties of dimension d in g-dimensional ppavs with 1 < d <
g—2, see Conjecture 5.5.2. They proved their conjecture for d =1 and d = g—2.
We use Theorem 1.4.1 and the results in [19] and [60] to prove Pareschi-Popa’s
conjecture for nondegenerate subvarieties with curve summands.

Theorem 1.4.2 (Theorem 5.1.2). Let (A,©) be an indecomposable ppav, and
let Z ¢ A be a geometrically nondegenerate subvariety of dimension d. Suppose
that the following holds:

1. Z=Y +C has a curve summand C € A,
2. the twisted ideal sheaf T;(0©) is a GV-sheaf.

Then C' is smooth and there is an isomorphism (A,0) ~ (J(C),O¢) which
identifies C, Y and Z with translates of W1(C'), W4-1(C) and W4(C') respec-
tively.

5 A subvariety of an abelian variety A is geometrically nondegenerate if and only if it meets
all subvarieties W ¢ A of complementary dimension, see Section 5.2. Brill Noether loci
W4(C) as well as the Fano surface of lines of a smooth cubic threefold have this property.
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1.4 Geometry of theta divisors and the Schottky problem

If Z has codimension one, then it is a GV-subvariety of (A, ©) if and only
if it is a translate of ©. This explains that Theorem 1.4.1 is a special case of
Theorem 1.4.2. However, in our proof, Theorem 1.4.2 is in fact a consequence
of Theorem 1.4.1. The key ingredient here is a result of Pareschi and Popa
[60] which implies that any geometrically nondegenerate GV-subvariety Z of
a ppav (A,0) is a summand of ©. That is,

O=+W

for some subvariety W of A. If in this situation Z has a curve summand,
Theorem 1.4.1 applies and so we can use Debarre’s theorem [19] for the precise
determination of C, Y and Z in Theorem 1.4.2.

Our original motivation for Chapter 5 is the study of varieties X which admit
a dominant rational map from a product of curves,

Cyx---xC, > X.

A variety which admits such a dominant rational map is called DPC. Exam-
ples of DPC varieties include unirational varieties, abelian varieties and Fer-
mat hypersurfaces {xf +---+ 2k =0} ¢ P* of arbitrary degree k. Conversely,
answering a question of Grothendieck, Serre [80] constructed the first example
of a smooth complex projective variety which is not DPC.

Later, Deligne [20, Sec. 7] and Schoen [70] found a Hodge theoretic obstruc-
tion, which allowed them to show that a sufficiently ample and very general
hypersurface in any smooth complex projective variety of dimension > 3 is not
DPC. For instance, this result includes the very general hypersurface X, in
P+l n > 2, of degree

d > max (n+2,5).

This condition on d excludes Fano hypersurfaces of arbitrary dimension as well
as Calabi-Yau hypersurfaces of dimension two (i.e. K3 surfaces). In fact, it is
not known whether the very general projective K3 surface is DPC, although
special families, such as Kummer surfaces or isotrivial elliptic K3 surfaces are
easily seen to be DPC.

Apart from K3 surfaces, another interesting class of varieties where Delgine—
Schoen’s Hodge theoretic obstruction does not apply is the case of theta divi-
sors of indecomposable ppav. Clearly, the theta divisor of the Jacobian of a
smooth curve is DPC by Riemann’s theorem. Conversely, Schoen found that
his Hodge theoretic obstruction does not prevent the general theta divisor from
being DPC. This led him to ask [70, Sec. 7.4] whether there are theta divisors
which are not DPC.

As an easy corollary of Theorem 1.4.1, we obtain a complete answer to
Schoen’s question.
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Corollary 1.4.3 (Corollary 5.1.3). Let (A, ©) be an indecomposable ppav. The
theta divisor © is DPC if and only if (A, ©) is isomorphic to the Jacobian of
a smooth curve.
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2 On the construction problem for
Hodge numbers

ABSTRACT. For any symmetric collection (h?9),,4-; of natural num-
bers, we construct a smooth complex projective variety X whose weight
k Hodge structure has Hodge numbers hP9(X) = hP9; if k = 2m is
even, then we have to impose that A"™"" is bigger than some quadratic
bound in m. Combining these results for different weights, we solve
the construction problem for the truncated Hodge diamond under two
additional assumptions. Our results lead to a complete classification of
all nontrivial dominations among Hodge numbers of Kéhler manifolds.

2.1 Introduction

For a Kéahler manifold X, the Hodge decomposition gives an isomorphism

H*(X,C)~ @ HP(X). (2.1)
p+q=k

As a refinement of the Betti numbers of X, one therefore defines the (p, ¢)-th
Hodge number h?4(X) of X to be the dimension of HP4(X). This way one
can associate to each n-dimensional Kdhler manifold X its collection of Hodge
numbers h?(X) with 0 < p,q < n. Complex conjugation and Serre duality
show that such a collection of Hodge numbers (h?P?),, in dimension n needs
to satisfy the Hodge symmetries

JPd = QP = prpn=q_ (2.2)

Moreover, as a consequence of the Hard Lefschetz Theorem, the Lefschetz
conditions

hP4 > pP71471 for all p+g<n (2.3)

This chapter is based on [76]; some minor changes are made as follows. Overlaps of the
published article [76] with results of the authors Part III Essay [72] are indicated in this
chapter; the corresponding results are cited from [72] and [76]. Moreover, Corollaries
2.9.1 and 2.10.1 are not contained in [76].
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hold. Given these classical results, the construction problem for Hodge num-
bers asks which collections of natural numbers (h?P?), ,, satisfying (2.2) and
(2.3), actually arise as Hodge numbers of some n-dimensional Kéhler manifold.
In his survey article on the construction problem in Kéhler geometry [84], C.
Simpson explains our lack of knowledge on this problem. Indeed, even weak
versions where instead of all Hodge numbers one only considers small subcol-
lections of them are wide open; for some partial results in dimensions two and
three we refer to [6, 14, 37, 61]. Let us also mention the recent progress of Roul-
leau and Urzia [69] on the geography problem for surfaces, which appeared
after the article [76] on which this chapter is based was written.

This part of the thesis provides three main results on the above construc-
tion problem in the category of smooth complex projective varieties, which is
stronger than allowing arbitrary Kéhler manifolds. We present them in the
following three subsections respectively.

2.1.1 The construction problem for weight &£ Hodge
structures

It follows from Griffiths transversality that a general integral weight &k (k > 2)
Hodge structure (not of K3 type) cannot be realized by a smooth complex
projective variety, see [89, Remark 10.20]. This might lead to the expectation
that general weight & Hodge numbers can also not be realized by smooth
complex projective varieties. Our first result shows that this expectation is
wrong. This answers a question in [84].

Theorem 2.1.1. Fiz k > 1 and let (hP9),.4- be a symmetric collection of
natural numbers. If k =2m is even, we assume

> | (mo+ 3)[2] + [m)2]?

Then in each dimension n > k + 1 there exists a smooth complex projective

variety whose Hodge structure of weight k realizes the given Hodge numbers.

The examples which realize given weight & Hodge numbers in the above
theorem have dimension n > k + 1. However, if we assume that the outer
Hodge number h*0 vanishes and that the remaining Hodge numbers are even,
then we can prove a version of Theorem 2.1.1 also in dimension n = k, see
Corollary 2.5.3 in Section 2.5.

Since any smooth complex projective variety contains a hyperplane class, it
is clear that some kind of bound on A™™ in Theorem 2.1.1 is necessary. For
m = 1, for instance, the bound provided by the above Theorem is A > 2. In
Section 2.7 we will show that in fact the optimal bound A!! > 1 can be reached.
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That is, we will show (Theorem 2.7.1) that any natural numbers h*° and h':!
with ALt > 1 can be realised as weight two Hodge numbers of some smooth
complex projective variety. For m > 2, we do not know whether the bound on
h™™ in Theorem 2.1.1 is optimal or not.

2.1.2 The construction problem for the truncated Hodge
diamond

Given Theorem 2.1.1 one is tempted to ask for solutions to the construction
problem for collections of Hodge numbers which do not necessarily correspond
to a single cohomology group. In order to explain our result on this problem,
we introduce the following notion: An n-dimensional formal Hodge diamond
is a table

hn,n
hn,n—l hn—l,n
hn,n72 hnfl,nfl hn72,n
hn0 ho:m (2.4)
h2,0 hi,l h0,2
hl,O hO,l
h0,0

of natural numbers h?4, satisfying the Hodge symmetries (2.2), the Lefschetz
conditions (2.3) and the connectivity condition h%? = hnn = 1. The hP? are
referred to as Hodge numbers and the sum over all h?¢ with p + ¢ = k as k-th
Betti number b of this formal diamond; the vector (by,...,by,) is called a
vector of formal Betti numbers. Finally, for p + ¢ < n, the primitive (p,q)-th
Hodge number of the above diamond is defined via

P4 .= pPd — pp-lia-1

Definition 2.1.2. A truncated n-dimensional formal Hodge diamond is a for-
mal Hodge diamond (2.4) as above where the horizontal middle axis, i.e. the
row of Hodge numbers hP4 with p+q =n, is omitted.

We note that for a Kéhler manifold X its truncated Hodge diamond together
with all holomorphic Euler characteristics x (X, %), where p=0,...,|n/2], is
equivalent to giving the whole Hodge diamond. It is shown in [48] that a linear
combination of Hodge numbers can be expressed in terms of Chern numbers if
and only if it is a linear combination of these Euler characteristics. Therefore,
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the Hodge numbers of the truncated Hodge diamond form a complement to
the space of Hodge numbers which are determined by Chern numbers, cf. [48]
where the Hodge numbers in dimension n are regarded as linear forms on the
weight n part of a certain graded ring.

Our second main result solves the construction problem for the truncated
Hodge diamond under two additional assumptions:

Theorem 2.1.3. Suppose we are given a truncated n-dimensional formal Hodge
diamond whose Hodge numbers hP4 satisfy the following two additional as-
sumptions:

1. For p<n/2, the primitive Hodge numbers IPP satisfy
PP >p-(n?-2n+5)/4.

2. The outer Hodge numbers h¥° vanish either for all k = 1,...,n -3, or
for all k + ko for some kge{1,...,n—1}.

Then there exists an n-dimensional smooth complex projective variety whose
truncated Hodge diamond coincides with the given one.

Theorem 2.1.3 has several important consequences. For instance, for the
union of h"=2% and h"~10 with the collection of all Hodge numbers which nei-
ther lie on the boundary, nor on the horizontal or vertical middle axis of (2.4),
the construction problem is solvable without any additional assumptions. That
is, the corresponding subcollection of any n-dimensional formal Hodge diamond
can be realized by a smooth complex projective variety. The number of Hodge
numbers we omit in this statement from the whole diamond (2.4) grows lin-
carly in n, whereas the number of all entries of (2.4) grows quadratically in
n. In this sense, Theorem 2.1.3 yields very good results on the construction
problem in high dimensions.

Theorem 2.1.3 deals with Hodge structures of different weights simultane-
ously. This enables us to extract from it results on the construction problem
for Betti numbers. Indeed, the following corollary rephrases Theorem 2.1.3 in
terms of Betti numbers.

Corollary 2.1.4. Let (by,...,ba,) be a vector of formal Betti numbers with
bop — bar—o > k- (n* = 2n+5)/8 for all k <n/2.

Then there exists an n-dimensional smooth complex projective variety X with

br(X) = by, for all k #n.

This corollary says for instance that in even dimensions, the construction
problem for the odd Betti numbers is solvable without any additional assump-
tions.

34



2.1 Introduction

2.1.3 Universal inequalities and Kollar—Simpson’s
domination relation

Following Kollar—Simpson [84, p. 9], we say that a Hodge number h™* dom-
inates h?¢ in dimension n, if there exist positive constants A, Ay € R,y such
that for all n-dimensional smooth complex projective varieties X, the following
holds:

AL (X) + Mg > WPI(X). (2.5)

Moreover, such a domination is called nontrivial if (0,0) # (p,q) # (n,n), and
if (2.5) does not follow from the Hodge symmetries (2.2) and the Lefschetz
conditions (2.3).

In [84] it is speculated that the middle Hodge numbers should probably
dominate the outer ones. In our third main theorem of this part of the thesis,
we classify all nontrivial dominations among Hodge numbers in any given di-
mension. As a result we see that the above speculation is accurate precisely in
dimension two.

Theorem 2.1.5. The Hodge number h't dominates h*° nontrivially in di-
mension two and this is the only nontrivial domination in dimension two.
Moreover, there are no nontrivial dominations among Hodge numbers in any
dimension different from two.

Firstly, as an easy consequence of the classification of surfaces and the
Bogomolov—Miyaoka—Yau inequality, we observed in [72] that

hUL(S) > h20(S) (2.6)

holds for all K&hler surfaces S. That is, the middle degree Hodge number h'!
indeed dominates h?9 nontrivially in dimension two.

Secondly, in addition to Theorem 2.1.3, the proof of Theorem 2.1.5 will rely
on the following result, see Theorem 2.8.1 in Section 2.8: For all a > b with
a + b < n, there are n-dimensional smooth complex projective varieties whose
primitive Hodge numbers P4 satisfy [** >> 0 and (¢ = 0 for all other p > q.

Theorem 2.1.5 deals with universal inequalities of the form (2.5). Apart
from one exception, all such inequalities follow from the Lefschetz conditions.
The exception concerns the nontrivial domination of h%? by Ab! in dimension
two, but Theorem 2.1.5 leaves open the determination of the sharp constants
A1 and Ay in that domination. We will use Roulleau—Urziia’s recent result [69]
on the geography problem for surfaces, to fill this gap, see Corollary 2.9.1.

In Section 2.10 we deduce from the main results of this part of the thesis
further progress on the analogous problem for inequalities in higher dimensions
(Corollaries 2.10.2, 2.10.3 and 2.10.4). For instance, we will see that any
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universal inequality among the Hodge numbers of smooth complex projective
varieties which holds in all sufficiently large dimensions at the same time is a
consequence of the Lefschetz conditions.

The problem of determining all universal inequalities among Hodge numbers
of smooth complex projective varieties in a fixed dimension n remains open for
all n > 3.

2.1.4 Some negative results

By(2.6), the constraints which classical Hodge theory puts on the Hodge num-
bers of Kéhler manifolds are not complete in dimension two. Indeed, given
weight two Hodge numbers can in general not be realized by a surface — by
Theorem 2.1.1 (resp. Theorem 2.7.1) they can however be realized by higher
dimensional varieties.

In Section 2.11 of this thesis we will prove a similar issue in dimension three:
a threefold with At = 1 and h3° > 2 (such as any complete intersection of
sufficiently high degree in projective space) satisfies

h*t <120 p0,

Here the bound 126 is certainly not optimal. Moreover, the middle Hodge
number h?! is bounded by some multiple of the outer Hodge number h3:°
and not the other way around. Looking at the blow-up of a sufficiently high
degree complete intersection curve in suitable threefolds shows that the above
inequality does not hold for A1 > 2.

Further results which demonstrate similar issues in dimensions four can be
found in Section 12 of [76]. These results are already contained in the authors
Part III essay [72] and so they are not inlcuded here. For instance, using
Kollar—Matsusaka’s theorem [50, p. 239] we proved that the third Betti number
bs of a 4-dimensional Kéhler manifold with by = 1 is bounded from above in
terms of by. This cannot be explained with classical Hodge theory, which shows
that even for the Betti numbers of smooth complex projective varieties, the
known constraints are not complete.

2.1.5 Notation and conventions

The natural numbers N := Z., include zero. All Kdhler manifolds are compact
and connected, if not mentioned otherwise. A variety is a separated integral
scheme of finite type over C. Using the GAGA principle [79], we usually iden-
tify a smooth projective variety with its corresponding analytic space, which is
a Kéahler manifold. If not mentioned otherwise, cohomology means de Rham
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2.2 Qutline of our construction methods

or Betti cohomology with coefficients in C; the cup product on cohomology
will be denoted by A.

With a group action G xY — Y on a variety Y, we always mean a group
action by automorphisms from the left. For any subgroup I' ¢ G, the fixed
point set of the induced I'-action on Y will be denoted by

Fixy (T'):={yeY | g(y) =y for all geT'}. (2.7)

This fixed point set has a natural scheme structure. If I' = (¢) is cyclic, then
we will frequently write Fixy (I") = Fixy (¢) for this fixed point set (or scheme).

2.2 Outline of our construction methods

The starting point of our constructions is the observation that there are finite
group actions G x T — T, where T is a product of hyperelliptic curves, such
that the G-invariant cohomology of T' is essentially concentrated in a single
(p, q)-type, see Section 2.3.2. In local holomorphic charts, G acts by linear
automorphisms. Thus, by the Chevalley—Shephard-Todd Theorem, T'/G is
smooth if and only if G is generated by quasi-reflections, that is, by elements
whose fixed point set is a divisor on 7. Unfortunately, it turns out that in
our approach this strong condition can rarely be met. We therefore face the
problem of a possibly highly singular quotient T'/G.

One way to deal with this problem is to pass to a smooth model of T/G.
However, only the outer Hodge numbers h*¥0 are birational invariants [48].
Therefore, there will be in general only very little relation between the coho-
mology of the smooth model and the G-invariant cohomology of T'. Never-
theless, we will find in Section 2.8 examples T'/G which admit smooth models
whose cohomology is, apart from (a lot of) additional (p,p)-type classes, in-
deed given by the G-invariants of T'. We will overcome technical difficulties by
a general inductive approach which is inspired by work of Cynk—Hulek [17],
see Proposition 2.8.3.

In Theorems 2.1.1 and 2.1.3 we need to construct examples with bounded
hPP and so the above method does not work anymore. Instead, we will use the
following lemma, known as the Godeaux-Serre construction, cf. [5, 81]:

Lemma 2.2.1. Let G be a finite group whose action on a smooth complex
projective variety Y is free outside a subset of codimension > n. Then Y |G
contains an n-dimensional smooth complex projective subvariety whose coho-
mology below degree n is given by the G-invariant classes of Y.

Proof. A general n-dimensional G-invariant complete intersection subvariety
Z ¢ Y is smooth by Bertini’s theorem. For a general choice of Z, the G-
action on Z is free and so Z/G is a smooth subvariety of Y /G which by the
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2 On the construction problem for Hodge numbers

Lefschetz hyperplane theorem, applied to Z ¢ Y, has the property we want in
the Lemma. O

Roughly speaking, the construction method which we develop in Section 2.4
(Proposition 2.4.2) and which is needed in Theorems 2.1.1 and 2.1.3 works
now as follows. Instead of a single group action, we will consider a finite
number of finite group actions G; x T; - T;, indexed by i € I. Blowing up all T;
simultaneously in a large ambient space Y, we are able to construct a smooth
complex projective variety ¥ which admits an action of the product G = [Tier Gi
that is free outside a subset of large codimension and so Lemma 2.2.1 applies.
Moreover, the G-invariant cohomology of Y will be given in terms of the G-
invariant cohomology of the T;. This is a quite powerful method since it allows
us to apply Lemma 2.2.1 to a finite number of group actions simultaneously —
even without assuming that the group actions we started with are free away
from subspaces of large codimension.

2.3 Hyperelliptic curves and group actions

2.3.1 Basics on hyperelliptic curves

In this section, following mostly [82, pp. 214], we recall some basic properties of
hyperelliptic curves, see also [87]. In order to unify our discussion, hyperelliptic
curves of genus 0 and 1 will be P! and elliptic curves respectively.

For g > 0, let f € C[x] be a degree 2g + 1 polynomial with distinct roots.
Then, a smooth projective model X of the affine curve Y given by

{*=f(x)}cC?

is a hyperelliptic curve of genus g. Although Y is smooth, its projective closure
has for g > 1 a singularity at co. The hyperelliptic curve X is therefore explicitly
given by the normalization of this projective closure. It turns out that X is
obtained from Y by adding one additional point at co. This additional point
is covered by an affine piece, given by

{112 =yt f (u‘l)} , where z =u and y =v-u 9L

On an appropriate open cover of X, local holomorphic coordinates are given
by z,y,u and v respectively. Moreover, the smooth curve X has genus ¢ and
a basis of H10(X) is given by the differential forms

:L.ifl
W; =
Y

~dx,
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2.3 Hyperelliptic curves and group actions

where 1 =1,...,9.

Let us now specialize to the situation where f(x) = 229*! + 1 and denote
the corresponding hyperelliptic curve of genus g by C,. It follows from the
explicit description of the two affine pieces of C, that this curve carries an
automorphism 1), of order 2¢g + 1 given by

(:E,y)!—>(Cx,y) and (U7U)'_>(C71'U7Cg'fu)7
where ¢ denotes a primitive (2g + 1)-th root of unity. Similarly,
(x,y)H(m,—y) and (U,U)H(U,—U),

defines an involution which we denote by multiplication with —1. Moreover, it
follows from the above description of H9(C}) that the 14-action on H1O(Cy)
has eigenvalues (,...,(9, whereas the involution acts by multiplication with
-1 on HY0(C,).

Any smooth curve can be embedded into P3. For the curve C,, we fix the
explicit embedding which is given by

[Tizy:a9] = [w9™ ud v 1].

Obviously, the involution as well as the order (2g + 1)-automorphism v, of
C, € P3 extend to P? via

[1:1:-1:1] and [1:¢:1:¢%"]

respectively.

2.3.2 Group actions on products of hyperelliptic curves

Let
ik
[ := C’g

be the k-fold product of the hyperelliptic curve C; with automorphism 1,
defined in Section 2.3.1. For a > b with a + b = k, we define for each ¢ =1,2,3
a subgroup G*(a,b, g) of Aut(T) whose elements are called automorphisms of
the ¢-th kind. The subgroup of automorphisms of the first kind is given by

G (a,byg) = { x X pgest | it ot fo = Jas1 = = Jas =0 mod (29 +1)}.

In order to define the automorphisms of the second kind, let us consider the
group Sym(a) x Sym(b) x s+, where py = {1,-1} is the multiplicative group
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2 On the construction problem for Hodge numbers

on two elements. An element (o, 7,€), where o € Sym(a), 7 € Sym(b) and
€=(€1,...,€qp) is a vector of signs ¢; € {1,-1}, acts on T via

(xla- oy Lay Y1y .- '7yb) — (61 *To(1)y -+ € To(a)s €a+l " Yr(1)) - - - 7€a+b'y7'(b)) .

Here, multiplication with —1 means that we apply the involution -1 € Aut(C,).
We define
G*(a,b,g) € Sym(a) x Sym(b) x p5**

to be the index four subgroup consisting of those elements (o, 7, €) which satisfy
sign(o)-eg -+ €a=1 and sign(7)-e€qq - €arb = 1,

where sign denotes the signum of the corresponding permutation. Via the
above action of Sym(a) x Sym(b) x u2*® on T, the group G?(a,b,g) is a finite
subgroup of Aut(7').

Finally, G3(a,b, g) is trivial, if a # b and if a = b, then it is generated by the
automorphism which interchanges the two factors of T'= C' x C§.

Definition 2.3.1. The group G(a,b,g) is the subgroup of Aut(T) which is
generated by the union of G*(a,b,g) fori=1,2,3.

Automorphisms of different kinds do in general not commute with each other.
However, it is easy to see that each element in G(a,b,g) can be written as a
product ¢ o ¢ o ¢3 such that ¢; lies in G?(a,b,g). Therefore, G(a,b, g) is a
finite group which naturally acts on the cohomology of T'.

Lemma 2.3.2. If a > b, then the G(a,b,g)-invariant cohomology of T is a
direct sum

k
Va,b ® Vb,a ® (@ Vp,p) ,
p=0

where Vb = Vba s q g-dimensional space of (a,b)-classes and VPP ~ Vk-pk-p
is a space of (p,p)-classes of dimension min(p + 1,0+ 1), where p < k/2 is
assumed.

Proof. We denote the fundamental class of the j-th factor of T' by Q; € HL(T)).
Moreover, we pick for j = 1,...,k a basis wji,...,w;, of (1,0)-classes of the
j-th factor of T" in such a way that

l
w;wﬂ = Cwji

for a fixed (2¢g + 1)-th root of unity (. Then the cohomology ring of T is
generated by the €2;’s, wj’s and their conjugates. Moreover, the involution on
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2.3 Hyperelliptic curves and group actions

the j-th curve factor of T" acts on w;; and w;; by multiplication with -1 and
leaves €); invariant.

Suppose that we are given a G(a,b, g)-invariant class which contains the
monomial

Qiy A A AW A AWj, NG g A AW g (2.8)

r+1

nontrivially. Since the product of a (1,0)- and a (0, 1)-class of the i-th curve
factor is a multiple of €);, and since classes of degree 3 vanish on curves, we
may assume that the indices iy, ...,1%s,J1,.. ., J; are pairwise distinct. Therefore,
application of a suitable automorphism of the first kind shows ¢t = 0 if s > 1
and t =a+0b if s =0. In the latter case, suppose that there are indices i; and
1o with either 41,79 <7 or 41,72 > r, such that j;, < a and j;, > a holds. Then,
application of a suitable automorphism of the first kind yields [;, +{;, = 0 in
Z[(2g + 1)Z, which contradicts 1 <l; < g. This shows

{1, 00 =1{1,...;a} or {j1,....5-t={a+1,...;a+0b}.

By applying suitable automorphisms of the first kind once more, one obtains
1 =+ =1;. Thus, we have just shown that a G(a,b, g)-invariant class of T is
either a polynomial in the 2;’s, or a linear combination of

W= W A AWal AWt ] A" AWarbls (2.9)

or their conjugates, where [ = 1,...,g. Note that w; is of (a,b)-type whereas
any polynomial in the €;’s is a sum of (p, p)-type classes. Moreover, by the
definition of G'(a,b,g) and G?(a,b, g), both groups act trivially on w; and ;.
Since a > b, the group G3(a, b, g) is trivial and so it follows that each w; and w;,
is G(a,b, g)-invariant. Therefore, the span of wy,...,w, yields a g-dimensional

space V@t of G(a,b,g)-invariant (a,b)-classes. Its conjugate Vbe := Vab ig
spanned by the G(a,b, g)-invariant (b, a)-classes @y, ..., w,.

Next, we define VPP to consist of all G(a, b, g)-invariant homogeneous degree
p polynomials in €y,...,Q,,,. Application of a suitable automorphism of the
second kind shows that any element © in V?? is a polynomial in the elementary
symmetric polynomials in €y,...,Q, and Qgyq,...,Q. By standard facts
about symmetric polynomials, it follows that © can be written as a polynomial
in

a ) a+b )
Z le and Z sz
j=1 j=a+1

for 2 > 0. Since QJQ vanishes for all j, we see that a basis of VPP is given by the
elements

(Q +-+ Qa)p_i A(Qui1 + 4+ me)i 5
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2 On the construction problem for Hodge numbers

where 0 < p-i<a and 0<¢<b. Using a > b, this concludes the Lemma by an
easy counting argument. 0

Lemma 2.3.3. If a = b, then the G(a,b, g)-invariant cohomology of T is a
direct sum EB’;:O Ve where VPP ~ VEPEP 45 g space of (p,p)-classes whose
dimension is given by |p/2|+ 1, if p<a, and by |p/2|+g+1, if p=a.

Proof. We use the same notation as in the proof of Lemma 2.3.2 and put b := a.
Suppose that we are given a G(a,a, g)-invariant cohomology class on 7" which
contains the monomial (2.8) nontrivial. This monomial is then necessarily
G'(a,a, g)-invariant and the same arguments as in Lemma 2.3.2 show that it
is either a monomial in the €2;’s, or it coincides with one of the w;’s and their
conjugates, defined in (2.9).

For each [ =1,...,¢g, the classes w; and w; are invariant under the action of
G'Y(a,a,g) and G?*(a,a,g). Moreover, the generator of G3(a,a, g) interchanges
the two factors of T'= C¢ x C§. Its action on cohomology therefore maps w; to
(-1)2-&;. This shows that a linear combination of the w;’s and their conjugates
is G(a,a, g)-invariant if and only if it is a linear combination of the classes

Wi+ (-1, (2.10)

where [ = 1,...,9. This yields a g-dimensional space of G(a,a,g)-invariant
(a,a)-classes.

It remains to study which homogeneous polynomials in the Q;’s are G(a, a, g)-
invariant. As in the proof of Lemma 2.3.2, one shows that any such polynomial
of degree p is necessarily a linear combination of

Qp—iyi)=(Q +-+ Qa)p_i A(Qui1 + 4+ QQQ)i,

where 0 < p—-i <a and 0 < ¢ < a. The above monomials are clearly invari-
ant under the action of G'(a,a,g) and G?(a,a,g). Moreover, the generator
of G3(a,a,g) interchanges the two factors of 7" and hence its action on co-
homology maps Q(p - ¢,7) to Q(i,p —i). We are therefore reduced to linear
combinations of
Q(ZJ) - Z) + Q(p - i7i)>

where 0 < i < p-14 < a. Such linear combinations are certainly G(a,a,g)-
invariant. If p < a, then the condition on the index i means 0 < i < p/2. It
follows that for p < a, the space of those G(a, a, g)-invariant (p, p)-classes which
are given by polynomials in the €,’s has dimension |p/2] + 1. Combining this
with our previous observation that the classes in (2.10) span a g-dimensional
space of G(a,a,g)-invariant (a,a)-classes, this concludes the Lemma. O

For later applications, we will also need the following:
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Lemma 2.3.4. For all a > b there exists some N > 0 and an embedding of
G(a,b,g) into GL(N +1) such that a G(a,b, g)-equivariant embedding of C3+b
into PN exists. Moreover, C;”b contains a point which is fized by G(a,b, g).

Proof. For the first statement, we use the embedding of C; into P3, constructed
in Section 2.3.1. This yields an embedding of C2** into (P3)***. From the
explicit description of that embedding, it follows that the action of G(a,b,g)
on Cg* extends to an action on (P3)** which is given by first multiplying
homogeneous coordinates with some roots of unity and then permuting these
in some way. Using the Segre map, we obtain for some large N an embedding
of G(a,b,g) into GL(N + 1) together with a G(a, b, g)-equivariant embedding

ng - PN,

This proves the first statement in the Lemma.

For the second statement, note that the point oo of (| is fixed by both, 1,
as well as the involution. Thus, oo yields a point on the diagonal of C’g”’ which
is fixed by G(a,b,g). O

2.4 Group actions on blown-up spaces

2.4.1 Cohomology of blow-ups

Let Y be a Kéhler manifold, T a submanifold of codimension r and let
7:Y = Blp(Y)—Y

be the blow-up of ¥ along 7. Then the exceptional divisor j : E < Y of this
blow-up is a projective bundle of rank r — 1 over 7" and we denote the dual of
the tautological line bundle on F by Og(1). Then the Hodge structure on Y
is given by the following theorem, see [89, p. 180].

Theorem 2.4.1. We have an isomorphism of Hodge structures

H*Y,Z)® (@2 H“”(T,Z)) —H*(Y,Z),

1=0

where on H*2=2(T 7)), the natural Hodge structure is shifted by (i +1,i+1).
On H*(Y,Z), the above morphism is given by m* whereas on H*2=2(T,7Z) it is
gwen by j.ohlor|s, where h denotes the cup product with ¢,(Og(1)) € H2(E,Z)
and j. is the Gysin morphism of the inclusion j: E < Y.
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We will need the following property of the ring structure of H* (Y/, Z). Note
that the first Chern class of Og(1) coincides with the pullback of

_[E] € HQ(Y/>Z)
to E. For a class « € H*=2-2(T,Z), this implies:

(Jxohtomlp)(a) = j (i (-[ED Amlp(a)) = (<[E])' A ju(7li(a)),  (2.11)

where we used the projection formula.

2.4.2 Key construction

Let I be a finite nonempty set, and let ig € I. Suppose that for each i € I, we
are given a representation

of a finite group G; on a finite dimensional complex vector space V;. Further,
assume that the induced G;-action on P(V;) restricts to an action on a smooth
subvariety T; ¢ P(V;) and that there is a point p;, € T;, which is fixed by Gj,.
Then we have the following key result.

Proposition 2.4.2. For any n > 0, there exists some complex vector space
V' and pairwise disjoint embeddings of T; into Y := T;, x P(V'), such that the
blow-up Y of Y along all T; with i # iy inherits an action of G := [Lie; Gi
which is free outside a subset of codimension >n. Moreover, ?/G contains an
n-dimensional smooth complex projective subvariety X whose primitive Hodge
numbers are, for all p+q<n, given by

P4(X) = dim (HP9(T;,) %0 ) + 3 dim (HP~H971(T;) ).
%10
Proof. The product

GIZHG,L'

1el

acts naturally on the direct sum @,.; V;. We pick some k >> 0. Then

Vi=(DV)e(Dyg-C")

el geG

inherits a linear G-action where h € GG acts on the second factor by sending
g - Ck canonically to (h-g)-CF. Then we obtain G-equivariant inclusions

T; > P(V) = P(V),
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where for j # i, the group G; acts via the identity on 7; and P(V;). The product
Y =T, xP(V)

inherits a G-action via the diagonal, where for i # i elements of G; act trivially
on Tj,.
Using the base point p;, € T;,, we obtain for all 7 € I disjoint inclusions

T, =Y,

and we denote the blow-up of Y along the union of all 7; with i # iy by Y.
Since p;, € T;, is fixed by G, the G-action maps each T; to itself and hence lifts
to Y.

We want to prove that the G-action on Y is free outside a subset of codimen-
sion > n. For k large enough, the G-action on Y certainly has this property.
Hence, it suffices to check that the induced G-action on the exceptional divisor
E; above Tj ¢ Y is free outside a subset of codimension > n.

For |I| = 1, this condition is empty. For |I| > 2, we fix an index j € [ with
J # 1p. Then it suffices to show that for a given nontrivial element ¢ € G the
fixed point set Fixg, (¢) has codimension > n in Ej. If t; € T; is not fixed by
¢, then the fiber of E; - T} above ¢; is moved by ¢ and hence disjoint from
Fixg, (¢). Conversely, if ¢; is fixed by ¢, then ¢ acts on the normal space

NTj,tj = TY,tj /TT]‘ it

via a linear automorphism and the projectivization of this vector space is the
fiber of E; — T; above ¢;. The tangent space Ty, equals

Tr o (L*®((V/L)),

) 1pi0

where L is the line in V' which corresponds to the image of ¢; under the pro-
jection Y — P(V'). Since ¢ # id, it follows for large & that the fixed point set
of ¢ on the fiber of E; above ¢; has codimension > n. Hence, Fixg,(¢) has
codimension > n in Ej;, as we want.

As we have just shown, the G-action on Y is free outside a subset of codimen-
sion > n. Hence, by Lemma 2.2.1, the quotient 17/ GG contains an n-dimensional
smooth complex projective subvariety X whose cohomology below the middle
degree is given by the G-invariants of Y. In order to calculate the dimension
of the latter, we first note that for all ¢ € I, the divisor E; on Y is preserved by
G. Since Og,(-1) is given by the restriction of Oy (E;) to E;, it follows that
c1(Og, (1)) is G-invariant. For p+ ¢ < n, the primitive (p, q)-th Hodge number
of X is by Theorem 2.4.1 therefore given by:

P9(X) = dim(H?(Y)C) - dim(HP 7 (YV)9) + ) dim (HP7(T;) <)

1#10
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where H*(-)¢ denotes G-invariant cohomology. Since any automorphism of
projective space acts trivially on its cohomology, the Kiinneth formula implies

dim(HP(Y)?) = dim(H 7 (Y)9) = dim (HP(T;, )% ).

This finishes the proof of Proposition 2.4.2. O]

2.5 Proof of Theorem 2.1.1

Proof of Theorem 2.1.1. Fix k > 1 and let (h?4),,,-x be a symmetric collection
of natural numbers. In the case where k = 2m is even, we additionally assume

s (o-[2]1)3]

Then we want to construct for n > k an n-dimensional smooth complex pro-
jective variety X with the above Hodge numbers on H*( X, C).

Let us consider the index set I :={0,...,|(k-1)/2]} and put ig:= 0. Then,
for all i € I, we consider the (k - 2i)-fold product

ﬂ = (Chk’i*i)k_% ’

where Cjr-ii denotes the hyperelliptic curve of genus h*=%%  defined in Section
2.3.1. On T} we consider the action of

Gi=G(k-2i,0, k),

defined in Section 2.3.2.

By Lemma 2.3.4, we may apply the construction method of Section 2.4.2
to the set of data (7;,G;, I,ip). Thus, by Proposition 2.4.2, there exists an
n-dimensional smooth complex projective variety X whose primitive Hodge
numbers are for p+ ¢ <n given by

1P9(X) = dim (HP9(T;,)%0 ) + 3. dim (HP~H471(T;) %) .

PEZN)

Lemma 2.3.2 says that for p > ¢, the only Gj-invariant (p, g)-classes on T; are
of type (k—2i,0). Therefore, [P4(X) vanishes for p > ¢ and p+ ¢ <n in all but
the following cases:

M0(X) = dim (H*(T;,) %0 ) = A*Y,

and
lk—2i+1,1(x) = dim (Hk—Qi,O(ﬂ)Gi) — hk—i,i,
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for all 1 << k/2. Using the formula
PE-ii (X)) = ZZ: [ (X)),
5=0
we deduce for 0 < i < k/2:

hk—i,i(X) — hk—i,i‘

Thus, if k£ is odd, then the Hodge symmetries imply that the Hodge structure
on H*(X,C) has Hodge numbers (h*0, ... hO*).

We are left with the case where k£ = 2m is even. Since blowing-up a point
increases h™™ by one and leaves h?4 with p # ¢ unchanged, it suffices to prove

sy (o[ 3]1) 3]

As we have seen:

pmm (XY = 25&8(){) (2.12)

= TZ::) (dim (HS’S(TO)GO) + Z dim (Hs_l’s_l(ﬂ)Gi)) . (2.13)

O<i<k/2

By Lemma 2.3.2, we have dim (H**(T;)%) =1 for all 0 < s < 2-dim(7;) and so

m-1
A (X)=m+1+ Y, > dim (H*(T;)%).
s=0 0<i<k/2

Since T; has dimension 2(m —1i), we see that

ol if 2(m -1 -1
> dim (B (1)) ={" i 2(m ~4) >m -1,
50 2(m—-1)+1, if2(m-i)<m-1.

Hence
[m/2] m-1
PP (X)=m+1+ Y m+ > (2(m-i)+1),
-1 i=|m2)+1

and it is straightforward to check that this simplifies to
hm(X) = me | (m+3) /2] + [m/2)?.
This finishes the proof of Theorem 2.1.1. O

The examples constructed above have the following consequence.
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Corollary 2.5.1. Let (h*°, ... h%*) be a symmetric collection of natural num-
bers. Then there is a smooth complex projective variety X of dimensionn > k+1
and a rational sub-Hodge structure V ¢ H*(X,Q) with

hk—i,i(v(c) — hk—i,i
for all i.

Proof. 1If k is odd, we take the n-dimensional example X from Theorem 2.1.1
and put V = H*(X,Q).

If £ = 2m is even, then we replace the given A™™ by a sufficiently high
number A™™ + [ such that Theorem 2.1.1 yields a n-dimensional example X
with these weight £ Hodge numbers. In order to find the rational sub-Hodge
structure V ¢ H¥(X,Q) we are looking for, it suffices to prove that there is a
Tate-type sub-Hodge structure

We H"™(X,Q)

of dimension [; V' is then given by the orthogonal complement V := WL,

In order to prove the existence of W, it suffices to see that H™™(X) is gen-
erated by algebraic classes. Up to the classes introduced by blow-ups of points,
Hm™™(X) is by (2.13) generated by the images of H**(Ty)% and H*1s~1(T;)%
under certain algebraic correspondences. By Lemma 2.3.2, H**(Ty)% and
Hs=1s71(T;)% are one-dimensional, generated by the power of a G- respec-
tively G;-invariant ample class. This concludes Corollary 2.5.1. [

Remark 2.5.2. Corollary 2.5.1 is not stated in [76]. We mention it here
because it is the main result of Arapura’s paper [3], which was written after
the preprint version of [76] appeared on the arXiv.

In Theorem 2.1.1 we have only dealt with Hodge structures below the middle
degree. Under stronger assumptions, the following corollary of Theorem 2.1.1
deals with Hodge structures in the middle degree. We will use this corollary
in the proof of Theorem 2.1.5 in Section 2.9.

Corollary 2.5.3. Let (h™0, ... h%") be a symmetric collection of even natural
numbers such that h»0 =0. If n =2m is even, then we additionally assume

R > 2 (m=1)-[(m+2)/2]+2-[(m-1)/2].

Then there exists an n-dimensional smooth complex projective variety X whose
Hodge structure of weight n realizes the given Hodge numbers.
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2.6 Proof of Theorem 2.1.3

Proof. For n =1 we may put X =P! and for n = 2 the blow-up of P2 in h' -1
points does the job. It remains to deal with n > 3. Here, by Theorem 2.1.1
there exists an (n—1)-dimensional smooth complex projective variety Y whose
Hodge decomposition on H"2(Y,C) has Hodge numbers

1

1 n— n—
CRLANNE Nt

By the Kiinneth formula, the product X :=Y x P! has Hodge numbers
hP9(X) = hPI(Y) + hP~ 14 1(Y).

Using the Hodge symmetries on Y, Corollary 2.5.3 follows. O]

2.6 Proof of Theorem 2.1.3

In this section we prove Theorem 2.1.3; we will follow the same lines as in the
proof of Theorem 2.1.1 in Section 2.5.

Proof of Theorem 2.1.3. Given a truncated n-dimensional formal Hodge dia-
mond whose Hodge numbers (resp. primitive Hodge numbers) are denoted by
hP4 (resp. [P7). Suppose that one of the following two additional conditions

holds:
(C1) The number h*0 vanishes for all k # ko for some kg € {1,...,n—1}.
(C2) The number h*0 vanishes for all k=1,...,n-3.

We will construct universal constants C'(p,n) such that under the additional
assumption [P? > C'(p,n) for all 1 < p <n/2, an n-dimensional smooth complex
projective variety X with the given truncated Hodge diamond exists. Then
Theorem 2.1.3 follows as soon as we have shown C(p,n) <p-(n?-2n+5)/4.

Since blowing-up a point on X increases the primitive Hodge number /11 ( X')
by one and leaves the remaining primitive Hodge numbers unchanged, it suf-
fices to deal with the case where (1! = C(1,n) is minimal.

To explain our construction, let us for each r > s > 0 with 2 < r+s<mn
consider the (r + s —2)-fold product

Trjs - (CZT,S)T+S_2 7

where Cjrs is the hyperelliptic curve of genus [™*, constructed in Section 2.3.1.
On T, s we consider the group action of

Grs:=G(r-1,s-1,1""),
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2 On the construction problem for Hodge numbers

defined in Section 2.3.2.
At this point we need to distinguish between the above cases (C1) and (C2).
We begin with (C1) and consider the index set

I={(r,s): 7>s>0, n>r+s>2}u{i},
and put
T;o = (Clko,o)ko and Gio = G(k0707lk0,0)‘

By Lemma 2.3.4, we may apply the construction method of Section 2.4.2 to
the set of data (7;,G;,1,i9). Thus, Proposition 2.4.2 yields an n-dimensional
smooth complex projective variety X whose primitive Hodge numbers {P4(X)
with p + ¢ < n are given by

P9(X) = dim (HP(T;,)C%) + > dim (HPY(T,)%) . (2.14)
(r,s)elN{io}

If p> q, then Lemmas 2.3.2 and 2.3.3 say that

if
dim (7191 (T, )0 ) = 0] (rs) # (p,q), (2.15)
’ i if (r,s) = (pq).
Moreover,
if (k
dim(Hp’q(EO)GiO)Z 0 1 ( 0,0)¢(p,q), (216)
e if (ko,0) = (p, q)-

In (2.14), the summation condition (r,s) € I \ {ip} means r > s > 0 and
n>r+s>2 It therefore follows from (2.15) and (2.16) that [P4(X) = (P4
holds for all p > ¢ with p+¢ <n. By the Hodge symmetries on X, [P4(X) =[P4
then follows for all p # ¢ with p+ ¢ <n.

Next, for p = ¢, one extracts from (2.14) an explicit formula of the form

PP(X) = 1PP+ Ci(p,n),

where C1(p,n) is a constant which only depends on p and n. Replacing [PP
by PP — Cy(p,n) in the above argument then shows that in case (C1), an n-
dimensional smooth complex projective variety with the given truncated Hodge
diamond exists as long as

P*>Ci(p,n)

holds for all 1 <p<n/2.
In order to find a rough estimation for C)(p,n), we deduce from Lemmas
2.3.2 and 2.3.3 the following inequalities

dim (H?P(T;,)%0) <1 for all p,
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2.6 Proof of Theorem 2.1.3

and

dim (H7~17Y(T,, )G ) < {7 if (r,5) # (p,p),
N e () = ().

Using these estimates, (2.14) gives

Ci(p,n) <1+ > p, (2.17)

r>s>0
n>r+s>2

where we used that (r,s) € I ~ {ip} is equivalent to r > s >0 and n >r+s > 2.
If we write || for the floor function of z, then (2.17) gives explicitly:

comer 22 o [} (25])

If n is odd, then the above right-hand-side equals p-(n—-1)2/4 and if n is even,
then it is given by p-n(n —2)/4. Hence,

Ci(p,n) <p-(n-1)%/4.

Let us now turn to case (C2). Here we consider the same index set [ as
above, and for all 7 # iy we also define T; and G; as above. However, for i = 1,

we put
Ty = (Cpu10)" ™" x (Chnez0)™

and
G, = G(n-1,0,1"1%) x G(n-2,0,1"29).

By Lemma 2.3.4, there exist integers N; and Ny such that G, admits an
embedding into GL(N; +1)x GL(Ny+1) in such a way that an G, -equivariant
embedding of T;, into PM x P2 exists. Using the Segre map, we obtain for
N >0 an embedding of G;, into GL(N + 1) and an G, -equivariant embedding
of T;, into PV. Moreover, by Lemma 2.3.4, T;, contains a point p;, which is
fixed by G;,. Hence, the construction method of Section 2.4.2 can be applied
to the above set of data. Therefore, Proposition 2.4.2 yields an n-dimensional
smooth complex projective variety X whose primitive Hodge numbers {P4(X)
are given by formula (2.14).

For p > g and p+¢q < n, the G;,-invariant cohomology of T} is trivial whenever
(p,q) is different from (n—2,0) and (n-1,0). Moreover, for (p,q) = (n—1,0)
it has dimension [0 and for (p,q) = (n —2,0) its dimension equals ["~29.
Thus, (2.14) and the Hodge symmetries on X yield (P4(X) = (P4 for all p # ¢
with p + ¢ < n. Moreover, as in case (C1), we obtain

[PP(X) =IPP + Cy(p,n),
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2 On the construction problem for Hodge numbers

where Cy(p,n) is a constant in p and n which can be estimated by

Ca(p,n) <p+1+ > p,

r>5>0
n>r+s>2

where we used that H??(T; )% has dimension p + 1. Our estimation for
C1(p,n) shows

Co(p,n) <p-(n-1)>%/4+0p.

Then, for (PP > Cy(p,n), we may replace (PP by [PP — Cy(p,n) in the above
argument and obtain an n-dimensional smooth complex projective variety with
the given truncated Hodge diamond.

Let us now define

C(p,n) :=max (Ci(p,n),Cs(p,n)). (2.18)

Then in both cases, (C1) and (C2), a variety with the desired truncated Hodge
diamond exists if (PP > C(p,n). Moreover, C'(p,n) can roughly be estimated
by

n?-2n+5

—

This finishes the proof of Theorem 2.1.3. O

(7(])7TL) <p-

Remark 2.6.1. As we have seen in the above proof, we may replace the given
lower bound on PP in assumption 1 of Theorem 2.1.3 by the smaller constant

C(p,n), defined in (2.18).

2.7 Special weight 2 Hodge structures

In this section we show that for weight two Hodge structures, the lower bound
h1 > 2 in Theorem 2.1.1 can be replaced by the optimal lower bound h®! > 1.
Our proof uses an ad hoc implementation of the Godeaux-Serre construction.
The examples we construct here compare nicely to the results in Section 2.11.
However, since the methods of this section are not used elsewhere in this thesis,
the reader can easily skip this section.

Theorem 2.7.1. Let h>° and h'' be natural numbers with h'"' > 1. Then in
each dimension > 3 there exists a smooth complex projective variety X with

R2O(X)=h20 and RVN(X) =R,
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2.7 Special weight 2 Hodge structures

Proof. Since blowing-up a point increases h''' by one and leaves h%° un-
changed, in order to prove Theorem 2.7.1, it suffices to construct for given g in
each dimension n > 2 a smooth complex projective variety X with h?0(X) =g
and ht1(X) = 1.

We fix some large integers Ny and N, and consider T := C? together with
the subgroups G'(2,0,¢) and G?(2,0,g) of Aut(T"), defined in Section 2.3.2.
For j=1,..., Ny, we denote a copy of T2 by A; and we put

A=A x-x Ay

That is, A is a (2- Ny - Ny)-fold product of Cy, but we prefer to think of A to
be an Np-fold product of T2, where the j-th factor is denoted by A;.

Next, we explain the construction of a certain subgroup G of automorphisms
of A. This group is generated by five finite subgroups Gfi,...,G5 in Aut(A).
The first subgroup of Aut(A) is given by

G1:=G"(2,0,9)™,
where G1(2,0, g) acts on each A; via the diagonal action. The second one is
Gy = G1(2>079)XN27
acting on A via the diagonal action. The third one is given by
Gy = G*(2,0,9),

acting on each A; as well as on A via the diagonal action. The fourth group
of automorphisms of A equals

Gy :=Sym(N),
which acts on A via permutation of the A;’s. Finally, we put
G5 = Sym(Ny),

which permutes the T-factors of each A; and acts on A via the diagonal action.

Suppose we are given some elements ¢; € GG;. Then, ¢3 commutes with ¢, and
¢s, and @301 = @] 0 P3, Tespectively @100z = p30¢] as well as g30pa = ¢y 0 @3,
respectively @9 o ¢3 = ¢35 0 ¢4 holds for some ¢}, ¢! € G;, where ¢ = 1,2. Similar
relations can be checked for all products ¢; o ¢; and so we conclude that each
element ¢ in the group G ¢ Aut(A), which is generated by Gy, ..., G5, can be
written in the form

¢ =010¢30p30Ps0 Ps,
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2 On the construction problem for Hodge numbers

where ¢; lies in G;.
Suppose that the fixed point set Fix4(¢) contains an irreducible component
whose codimension is less than

min (N1/2, QNQ) .

Since ¢ is just some permutation of the 2/N; Ny curve factors of A, followed by
automorphisms of each factor, we deduce that ¢ needs to fix more than

2N1N2 - min(N1,4Ng)

curve factors. If ¢, were nontrivial, then ¢ would fix at most 2(N; — 2) Ny
curve factors, and if ¢5 were nontrivial, then ¢ would fix at most 2/N7 (N, — 2)
curve factors. Thus, ¢4 = ¢5 = id. If ¢3 were nontrivial, then its action on a
single factor T' = C cannot permute the two curve factors. Thus, ¢3 is just
multiplication with —1 on each curve factor. This cannot be canceled with
automorphisms in G1(2,0, g), since the latter is a cyclic group of order 2¢g + 1.
Therefore, ¢35 = id follows as well.

Since ¢ fixes more than 2N; Ny — N; curve factors, we see that ¢ = ¢1 o @9
needs to be the identity on at least one A, . Since ¢ acts on each A; in
the same way, it lies in G; N Gy and so we may assume ¢y = id. Finally, any
nontrivial automorphism in G; has a fixed point set of codimension > 2/Ns.
This is a contradiction.

For N; and Ns large enough, it follows that the G-action on A is free outside
a subset of codimension > n. Then, by Lemma 2.2.1, A/G contains a smooth
n-dimensional subvariety X whose cohomology below degree n is given by the
G-invariants of A.

To conclude Theorem 2.7.1, it remains to show h2%(X) = g and hb1(X) = 1.
For this purpose, we denote the fundamental class of the j-th curve factor of
A by

Q; e HY1(A).

Moreover, we pick for j =1,...,2N; Ny a basis wji,...,w;j, of (1,0)-classes of
the j-th curve factor of A in such a way that

Yrwji = Clwy,

for a fixed (2¢g + 1)-th root of unity ¢ holds. Then the cohomology ring of A is
generated by the €);’s, w;;’s and their conjugates.

Suppose that we are given a G-invariant (1, 1)-class which contains w;s A,
nontrivially. Then application of a suitable automorphism in G; shows that
after relabeling Ay,..., Ay,, we may assume 1 < 4,7 < 2N5. Moreover, it follows
that 7 and j have the same parity, since otherwise r + s is zero modulo 2g + 1,
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2.7 Special weight 2 Hodge structures

which contradicts 1 < r,s < ¢g. Finally, application of a suitable element in Go
shows ¢ = 7. Since w;s A Wy, is a multiple of €;, it follows that our G-invariant
(1,1)-class is of the form

Ao+t )\2N1N2 : Q2N1N2-

Since G acts transitively on the curve factors of A, this class is G-invariant if
and only if A\; =--- = Agn, n,. This proves ht1(X) = 1.
It remains to show h?9(X) = g. Therefore, we define for [ = 1,...,g the
(2,0)-class
NiNs
W = Z Woi-11 N W21
i=1
and claim that these form a basis of the G-invariant (2,0)-classes of A. Clearly,
they are linearly independent and it is easy to see that they are G-invariant.
Conversely, suppose that a G-invariant class contains wj;, Awj;, nontrivially.
Then, application of a suitable element in Gy shows that [; + 5 is zero modulo
2g + 1. This implies l; = l5. Therefore, our G-invariant (2,0)-class is of the
form
Z )\ijl c Wi N Wi
ijl

For fixed [ =1,...,g, we write \;; = \;;; and note that
Z Aij - Wil A Wi
]

is also G-invariant. We want to show that this class is a multiple of w;. To
that end we apply suitable elements of G to see that the above (2,0)-class is

a sum of (2,0)-classes of the factors Aj,..., Ay,. Since this sum is invariant
under the permutation of the factors Ay, ..., Ay,, it suffices to consider the
class

2N,

> Xij - win Awy

ij=1

on A;, which is invariant under the induced G5- and Gs-action on A;. In this
sum we may assume A\;; = 0 for all ¢ > j and application of a suitable element
in G5 shows that the above class is given by

No

Z A2i-12i " W11 A Waii-
i=1

Finally, application of elements of G5 proves that our class is a multiple of

No

ZWQi—ll AW
i=1
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2 On the construction problem for Hodge numbers

This finishes the proof of h?9(X) = g and thereby establishes Theorem 2.7.1.
0

Remark 2.7.2. The above construction does not generalize to higher degrees
— at least not in the obvious way.

2.8 Primitive Hodge numbers away from the
vertical middle axis

In this section we produce examples whose primitive Hodge numbers away
from the vertical middle axis of the Hodge diamond (2.4) are concentrated in
a single (p, q)-type. These examples will then be used in the proof of Theorem
2.1.5 in Section 2.9. Our precise result is as follows:

Theorem 2.8.1. For a > b >0, n > a+0b and c > 1, there exists an n-

dimensional smooth complex projective variety whose primitive (p,q)-type co-
homology has dimension (3°=1)/2 if p=a and q = b, and vanishes for all other

p>q.

In comparison with Theorem 2.1.3, the advantage of Theorem 2.8.1 is that it
also controls the Hodge numbers h?¢ with p # ¢ and p + ¢ = n. These numbers
lie in the horizontal middle row of the Hodge diamond (2.4) and so they were
excluded in the statement of Theorem 2.1.3.

Using an iterated resolution of (Z/37Z)-quotient singularities whose local de-
scription is given in Section 2.8.1, we explain an inductive construction method
in Section 2.8.2. Using this construction, Theorem 2.8.1 will easily follow in
Section 2.8.3. Our approach is inspired by Cynk-Hulek’s construction of rigid
Calabi-Yau manifolds [17].

2.8.1 Local resolution of Z/37Z-quotient singularities

Fix a primitive third root of unity & and choose affine coordinates (z1,...,x,)
on C". For an open ball Y ¢ C" centered at 0 and for some r > 0, we consider
the automorphism ¢ : Y — Y given by

(z1,...,20)— (&2, 620,82 20y, .., E2 1),

Let Y’ be the blow-up of Y in the origin with exceptional divisor £’ € Y’. Then
¢ lifts to an automorphism ¢’ € Aut(Y”’) and we define Y to be the blow-up
of Y’ along Fixy/(¢'). The exceptional divisor of this blow-up is denoted by
E"cY" and ¢' lifts to an automorphism ¢” € Aut(Y"). In this situation, we
have the following lemma.
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2.8 Primitive Hodge numbers away from the vertical middle axis

Lemma 2.8.2. The fixed point set of ¢" on Y" equals E". Moreover:

1. If r=0 orr=mn, then E" ~ E' ~Pn~1. Otherwise, E' ~P" 1 and E" is a
disjoint union of P x Pr=" aqnd P x Pr—r-1,

2. The quotient Y [¢" is smooth and admits local holomorphic coordinates
(#1,...,2,) where each z; comes from a ¢-invariant meromorphic func-
tion on Y, explicitly given by a quotient of two monomials in xq,...,%,.

Proof. This Lemma is proven by a calculation, similar to that in [41, pp. 84-87],
where the case n =2 is carried out.

The automorphism ¢’ acts on the exceptional divisor £/ ~ P*~1 of Y/ - Y
as follows:

[1’12“'2%]H[5'$12"'35'$r3€2'9€7~+11“'152'%]-

Hence, if r = 0 or r = n, then Fixy/(¢') equals E’. Since this is a smooth
divisor on Y, the blow-up Y” — Y” is an isomorphism and the quotient Y /¢

is smooth. Moreover, £’ ~ E" is covered by n charts Uy, ..., U, such that on
U;, coordinates are given by
x Ti_ T x
(—1—11;—“—") (2.19)

The quotient Y’ /¢" is then covered by Uy/¢”, ... U,/¢". Coordinate functions
on U;/¢" are given by the following ¢-invariant rational functions on Y:

— ey Ty ) PRI

(xl Ticl g Tigl x_n)
ZT; T ZT; ZT; ' ZT; ’
This proves the Lemma for » =0 or r = n.

If 0 <7 < n, then Fixy/(¢') equals the disjoint union of E] ~ Pr-! and
El ~Prr-1 sitting inside E’. The exceptional divisor £’ is still covered by the
n-charts Uy,...,U,, defined above. Moreover, the charts Ui, ..., U, cover E]
and U,41, ..., U, cover E}. Fix a chart U; with coordinate functions (z1, ..., 2,).
If © <7, then ¢ acts on r — 1 of these coordinates by the identity and on the
remaining coordinates by multiplication with &. Conversely, if ¢ > r, then ¢’
acts on n —r —1 coordinates by the identity and on the remaining coordinates
by multiplication with £2. We are therefore in the situation discussed in the
previous paragraph and the Lemma follows by an application of that result in
dimension n -7+ 1 and r + 1 respectively. O]
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2 On the construction problem for Hodge numbers

2.8.2 Inductive approach

In this section we explain a general construction method which will allow us
to prove Theorem 2.8.1 by induction on the dimension in Section 2.8.3.

For natural numbers a # b and ¢ > 0, let S2° denote the family of pairs (X, 9),
consisting of a smooth complex projective variety X of dimension a + b and an
automorphism ¢ € Aut(X) of order 3¢, such that properties (P1)-(P5) below
hold. Here, ¢ denotes a fixed primitive 3°-th root of unity and ¢ := (3¢ -1)/2:

(P1) The Hodge numbers h?4 of X are given by h®? = h»@ = g and h?? = 0 for
all other p # q.

(P2) The action of ¢ on H**(X) has eigenvalues (, ..., (9.

(P3) The group HP?(X) is for all p > 0 generated by algebraic classes which
are fixed by the action of ¢.

(P4) The set Fixy (¢ ) can be covered by local holomorphic charts such that
¢ acts on each coordinate function by multiplication with some power of

C.

(P5) For 0 << c-1, the cohomology of Fixy (¢3l) is generated by algebraic
classes which are fixed by the action of ¢.

For 0 <l <c¢-1, we have obvious inclusions
FiXX (¢3l) c FiXX (¢3671) .

It therefore follows from (P4) that Fixy (¢?') can be covered by local holo-
morphic coordinates on which ¢3 acts by multiplication with some power of
¢3'. In particular, Fixy (¢3l) is smooth for all 0 </ < c¢-1; its cohomology is
of (p,p)-type, since it is generated by algebraic classes by (P5). We also re-
mark that condition (P3) implies that each variety in S** satisfies the Hodge
conjecture. Finally, note that (X, ¢) € S* is equivalent to (X, ¢~1) e S°.
The inductive approach to Theorem 2.8.1 is now given by the following.

Proposition 2.8.3. Let (X1, ¢71) €SS and (Xa, ¢o) € S, Then

(X1 x X3) [ {1 % ¢a)

admits a smooth model X such that the automorphism id x¢po on X7 x Xy in-
duces an automorphism ¢ € Aut(X) with (X, $) € S&°, where a = a; + ay and
b= bl + b2.
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2.8 Primitive Hodge numbers away from the vertical middle axis

Proof. We define the subgroup
G = (¢1 x 1d71d X¢2>

of Aut(X; x X3). Fori=1,..., ¢ we consider the element

mi= (6 x 62)"
of order 3’ in GG. This element generates a cyclic subgroup
Gi=(m) <G,
and we obtain a filtration
0=GocGyc-cG.=(p1x¢a),

such that each quotient G;/G;_; is cyclic of order three, generated by the image
of n;.
By definition, G acts on
Yo = X1 x Xo.

Using the assumptions that (Xi,¢7') and (X, ¢9) satisfy (P1)—(P3), it is
easily seen (and we will give the details later in this proof) that the (¢ x ¢o)-
invariant cohomology of Y, has Hodge numbers h%b = h?@ = g and hP4 # 0 for
all other p # q. The strategy of the proof of Proposition 2.8.3 is now as follows.

We will construct inductively for i = 1,...,¢ smooth models Y; of Yy/G;,
fitting into the following diagram:

SN\

}/E)Il
Yo.

(2.20)

Here, Y,”, - Y; will be a 3 : 1 cover, branched along a smooth divisor, and
Y/ - Y, will be the composition Y, - Y/ - Y, of two blow-down maps. This

1
way we obtain a smooth model

X:=Y,

of Yo/ (é1 x ¢p2). At each stage of our construction, the group G will act (in
general non-effectively) and we will show that each blow-up and each triple
quotient changes the (¢ x ¢ )-invariant cohomology only by algebraic classes
which are fixed by the G-action. Since (@1 x ) acts trivially on X, it follows
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2 On the construction problem for Hodge numbers

that H*(X,C) is generated by (¢; x ¢ )-invariant classes on Yy together with
algebraic classes which are fixed by the action of G. Hence, X satisfies (P1).
We then define ¢ € Aut(X) via the action of id x¢y € G on Y, and show carefully
that the technical conditions (P2)—(P5) are met by (X, ¢).

In the following, we give the details of the approach outlined above.

We begin with the explicit construction of diagram (2.20). Firstly, let Y be
the blow-up of Y along Fixy, (1:). Since G is an abelian group, its action on
Y} restricts to an action on Fixy, (1) and so it lifts to an action on the blow-up
Y. This allows us to define Y{’ via the blow-up of Y{ along Fixy, (11). Again,
G lifts to Y]’ since it is abelian. Using this action, we define

Yi:=Y5'(m),

where by abuse of notation, () denotes the subgroup of Aut(Yy’) which is
generated by the action of 7y € G.
We claim that Y] is a smooth model of Y/ (). To see this, we define

Up = Yy \ Fixy, (1)
and note that the preimage of this set under the blow-down maps
Y —Y,—Y,
gives Zariski open subsets
UycYy and UJ cYy',
both isomorphic to Uy. The group G acts on these subsets and so

Uy = Ug'/ {m)

is a Zariski open subset in Y; which is isomorphic to the Zariski open subset

Uo/ {m) € Yo/ (m) .

The latter is smooth since 7, acts freely on Uy and so it remains to see that
Y] is smooth at points of the complement of U; € Y;. To see this, note that by
(P4),

FiXYo (771) = FiXXl (qb:{)ﬁl) X FiXX2(¢§C71)

inside Y{ can be covered by local holomorphic coordinates on which ¢; x ¢9
acts by multiplication with some powers of (. On these coordinates, n; acts
by multiplication with some powers of a third root of unity. The local con-
siderations of Lemma 2.8.2 therefore apply and we deduce that Y; is indeed a
smooth model of Yy/Gh.
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Since G is abelian, the G-action on Y’ descends to a G-action on Y;. The
subgroup G € G acts trivially on Y] and the induced G/Gi-action on Y7 is
effective. Also note that G; acts freely on Uy € Yy and so G;/G; acts, for
2 <i <c, freely on the Zariski open subset U; € Y;. By (P4), the complement
of Uy in Yy can be covered by local holomorphic coordinates on which G acts
by multiplication with some roots of unity on each coordinate. It therefore
follows from the second statement in Lemma 2.8.2 that the complement of U
in Y] can also be covered by local holomorphic coordinates in which G acts by
multiplication with some roots of unity on each coordinate. This shows that
we can repeat the above construction inductively.

We obtain for i € {1,..., ¢} smooth models

Yi =Y/ (i)

of Yy/G; on which G acts (non-effectively). The smooth model Y; contains a
Zariski open subset
Ui = Us/ (n;)

on which G;/G; acts freely for all i + 1 < < ¢; explicitly, U; := U,/ (n;), where
U/", ¢ Y/, is isomorphic to U;_y. The complement of U; is covered by local
holomorphic coordinates on which G acts by multiplication with some roots of
unity on each coordinate.

Y is then defined via the two-fold blow-up
Y —Y/—Y;, (2.21)

where one blows up the fixed point set of the action of 7,,; on Y; and Y/
respectively. The preimage of U; in Y, and Y/ gives Zariski open subsets

U/cY! and U'cY/,

7

which are both isomorphic to U;. Since G is abelian, the G-action on Y; induces
actions on Y, and Y;” and these actions restrict to actions on U; ~ U] ~ U/". The
complement of U/ in Y, (resp. U!” in Y,”) is by Lemma 2.8.2 covered by local
holomorphic coordinates on which G acts by multiplication with some roots
of unity on each coordinate. Using the local considerations in Lemma 2.8.2, it
follows that Y1 = Y,/ (n:+1) is a smooth model of Y;,/G;,1 which has the above
stated properties. This finishes the inductive construction of diagram (2.20).

Our next aim is to compute the cohomology of Y,. Since G, acts trivially
on Y., we may as well compute the G -invariant cohomology of Y.. This point
of view has the advantage that it allows an inductive approach, since for i =
0,...,c—1, the G invariant cohomology of Y; is easier to compute than its
ordinary cohomology.
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2 On the construction problem for Hodge numbers

Before we can carry out these calculations, we have to study the action of
arbitrary subgroups I' € G on Y}, Y and Y;”. Since G is an abelian group, it
follows that it acts on the fixed point sets Fixy,(I"), Fixy/(I') and Fixy~(T),
defined in (2.7). These actions have the following important properties, where
as usual, cohomology means singular cohomology with coefficients in C (see
our conventions in Section 2.1.5).

Lemma 2.8.4. Let I' € G be a subgroup which is not contained in G;. Then
Fixy,(T), Fixy/(I') and Fixy~(T') are smooth, their G-actions restrict to ac-
tions on each irreducible component and their G.-invariant cohomology is gen-
erated by G-invariant algebraic classes.

Note that the assumption I' ¢ GG; is equivalent to saying that the action of
I' is nontrivial on each of the spaces Y;, Y, and Y,".

Proof of Lemma 2.8.4. To begin with, we want to verify the Lemma for
FiXYO (P),

where I' € G is nontrivial. Recall that Yy = X; x X5 and that each element in T’
is of the form ¢} x ¢4. The fixed point set of such an element is then given by

FiXYO((é{ x (bg) = FiXX1 ((b{) x FlXX2(¢§)
The intersection of sets of the above form is still of the above form and so

Fixy, (T') = Fixx, (¢]) x Fixx, (%),

for some natural numbers j and k. Since (X1, ¢7') and (X, ¢o) satisfy (P4), it
follows that Fixy,(T") is smooth. Also, G acts trivially on H°(Fixy,(I"),C) by
(P5) and so the G-action restricts to an action on each irreducible component
of Fixy, (T').

Since I' is not the trivial group, we now assume without loss of generality
that j is not divisible by 3¢. Since (X, ¢;!) satisfies (P5), the cohomology
of Fixy, (4]) is then generated by (¢;)-invariant algebraic classes. The G-
invariant cohomology of Fixy,(I") is therefore generated by products of these
algebraic classes with (¢;)-invariant classes on Fixx,(¢%). Since (Xa, ¢2) sat-
isfies (P1)—(P3) and (P5), the latter are, regardless whether k is divisible by
3¢ or not, given by (¢ )-invariant algebraic classes. This shows that the G-
invariant cohomology of Fixy, (I') is generated by G-invariant algebraic classes,
as we want.

Using induction, let us now assume that the Lemma is true for Fixy, (I") for
some ¢ > 0 and for all I" ¢ G;. Blowing-up Fixy.(n;;1) on Y;, we obtain the
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2.8 Primitive Hodge numbers away from the vertical middle axis

following diagram:

Fixy/ (1) Y,

l ]

Fixy, (I Y;

and we denote the exceptional divisor of the blow-up Y, - Y; by E/ c Y.

Let us first prove that Fixy,(I') is smooth and that G acts on its irreducible
components. To see this, note that away from £, the blow-down map Y, - Y;
is an isomorphism onto its image. Since Fixy;(I') is smooth, it is then clear
that the intersection of Fixy/(I') with Y\ E} is smooth. Also, G acts on
the irreducible components of Fixy/(I') which are not contained in E}, since
the analogous statement holds for the components of Fixy,(I"). On the other
hand, E] can be covered by local holomorphic coordinates on which G acts by
multiplication with roots of unity. In each of these charts, Fixy/(I") corresponds
to a linear subspace on which G acts. We conclude that Fixy/(I") is smooth
and that G acts on each of its irreducible components.

Next, let P be an irreducible component of Fixy/(I'). We have to prove the
following

Claim 2.8.5. The G.-invariant cohomology of P is generated by G-invariant
algebraic classes.

Proof. Let us denote the image of P in Y; by Z. Then Z is contained in
Fixy; (I") and the proof of the claim is divided into two cases.
In the first case, we suppose that Z is not contained in the intersection

Fixy, ({T', i+1)) = Fixy, (I') n Fixy, (7i41)- (2.22)

In this case, P is the strict transform of Z in Y. Conversely, if 7 c Fixy, (")
is any irreducible component, not contained in (2.22), then its strict transform
in Y} is contained in Fixy/(I'). Hence, Z is in fact an irreducible component
of Fixy,(I"). This implies that Fixz(n;,1) consists of irreducible components of
(2.22) and so Fixz(n;;1) is smooth by induction. Moreover, the strict transform
P of Z in Y/ can be identified with the blow-up of Z along Fixz(n;,1). We
denote the exceptional divisor of this blow-up by D and obtain natural maps

f:D—> P and ¢:D - Fixz(n;1),

where f denotes the inclusion and g the projection map respectively. Using
Theorem 2.4.1 and (2.11), we see that the cohomology of P is generated (as a
C-module) by pull-back classes of Z together with products

(DY A fulg* (@),
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where D' is an irreducible component of D, j is some natural number and «
is a cohomology class on Fixz(n;11).

The image g(D’) is an irreducible component of Fixz(7;,1). By induction, G
acts on g(D’) and hence also on D', the projectivization of the normal bundle
of g(D") in Z. This implies that [D'] € H*(P,C) is a G-invariant algebraic
class. Moreover, the G .-invariant cohomology of Z as well as the G .-invariant
cohomology of Fixz(n;,1) is generated by G-invariant algebraic classes by in-
duction. It therefore follows from the above description of H*(P,C) that the
G -invariant cohomology of P is indeed generated by G-invariant algebraic
classes.

It remains to deal with the case where the image Z of P in Y; is contained
in (2.22). In this case, around each point of Z there are local holomorphic
coordinates (z1,...,2,) on which G acts by multiplication with some roots of
unity. In these local coordinates, the fixed point set of n;;1 corresponds to the
vanishing set of certain coordinate functions. After relabeling these coordinate
functions if necessary, we may therefore assume that locally, Fixy,(7;+1) cor-
responds to {z,, =+ =z, =0} for some m < n. This yields local homogeneous
coordinates

(Z15 oy Zmets [Zm i 20]) (2.23)

along the exceptional divisor E! of Y — Y;. After relabeling of the first m -1
coordinates if necessary, we may assume that I' acts trivially on z1,..., z;_1 and
nontrivially on 2, ..., z,-1 for some 1 <k <m—1. After relabeling z,,, ..., 2,
if necessary, we may then assume that in the homogeneous coordinates (2.23),
P corresponds to {z ==z, =0} for some m < h < n. Here, each element
v €T acts trivially on [zp41 : -+ : 2,,], that is, v acts by multiplication with the
same root of unity on zp.1,..., 2.

The above local description shows that P - Z is a PG L-subbundle of the
PGL-bundle E!|; - Z; explicit bundle charts for P are given by

(21, ceey Rk-1, [Zh+1 teesd Zn]),

as above. The exceptional divisor E] carries the line bundle Og:(1) and we
denote its restriction to P by Op(1). The cohomology of P is then generated
(as a C-module) by products of pull-back classes on the base Z with powers of
c1(Op(1)). The line bundle O (1) on the exceptional divisor Ej is isomorphic
to the restriction of the line bundle Oy (-E]) on Y;. The first Chern class of the
latter line bundle is G-invariant since G acts on E!. It follows that ¢;(Op(1))
is a G-invariant algebraic cohomology class on P.
In the above local coordinates (z1,...,2,) on Y;, Z is given by

{zk = =2,=0}.
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2.8 Primitive Hodge numbers away from the vertical middle axis

The latter set is in fact the fixed point set of (I',n;,1) in this local chart and
so it follows that Z is an irreducible component of (2.22). By induction,
the G.-invariant cohomology of Z is therefore generated by G-invariant al-
gebraic classes. By the above description of H*(P,C), we conclude that the
G -invariant cohomology of P is generated by G-invariant algebraic classes, as
we want. This finishes the proof of our claim. O

Altogether, we see that the Lemma 2.8.4 holds for Fixy:(I'). Repeating the
above argument, we then deduce the same assertion for Fixy~(T').
Next, let I' be a subgroup of GG, not contained in G;,;. We denote by

pit Y —Yi
the quotient map. Then,

p;i(Fixy,,, (1) = {y € Y/ | g(v) € {y, mis1(y), n21 ()} for all geT}.

If this set is contained in Fixy (1), then it is given by Fixys((I', 7:+1)). The
restriction of p; to Fixy~(n;;1) is an isomorphism onto its image and so we
deduce that in this case, Fixy,, , (I') satisfies the Lemma.

Conversely, if p; 1(F1XY+1(F)) is not contained in Fixyr(741), then we pick
some

y € p; ' (Fixy,,, (I')) with y ¢ Fixyn(n:.1).

Since 1;,1 acts trivially on Y;,; and since we are interested in Fixy,  (I"), we
assume without loss of generality that 7,,; is contained in I". Then, I' acts
transitively on {y, 7,+1(v),n%,(y)}. This gives rise to a short exact sequence

1—H—TI'—Z/[3Z—1,
where H € I' acts trivially on y and where g € I' is mapped to j+3Z if and only
if g(y) = n,,(y). Recall that G ~ Z/3°Z x Z[3°Z, and so T" ~ Z|3*Z x Z|3"Z

for some k,m > 0. In the above short exact sequence, n;;; is mapped to a
generator in Z/3Z and so 7;,; cannot be a multiple of 3 in I". That is,

[ (i) x (7)),

for some v e I'. Since 7,,1 acts trivially on Y;;1, one easily deduces

2
FiXYiu (F) = FiXYi+1 U (FIXY" 7 °© 77“1)) (2'24)
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2 On the construction problem for Hodge numbers

The irreducible components of Fixy; , (I') are therefore of the form p;(Z) where
Z is an irreducible component of

2
U Fixy»(y o).

As we have already proven the Lemma on Y;”, we know that the G-action on
Y. restricts to an action on Z. In particular,

pi(Z) = Z[ (Nis1) -

Since the abelian group G acts on Z, it also acts on the above quotient.

For the moment we assume that p;(Z) is smooth. Its cohomology is then
given by the 7;,;-invariant classes on Z. Since 7;,; is contained in G, it
follows that the G-invariant cohomology of p;(Z) is given by the G -invariant
cohomology of Z. Since we know the Lemma on Y}, the latter is generated by
G-invariant algebraic classes, as we want.

It remains to see that Fixy, , (I') is smooth. In the local holomorphic charts
which cover the complement of U,y in Yj,q, this fixed point set is given by
linear subspaces which are clearly smooth. It therefore suffices to prove that
the fixed point set of I on U, is smooth. By (2.24), the latter is given by

Fixy, , (T) = (LQJO Fixyn (v o ni;l)) [ {Mis1) -

Since we know the Lemma already on Y;”, the set Fixynr(7y o 773+1) is smooth
and 7;,1 acts on it. This action is free of order three since G;,1/G; acts freely
on U!". Therefore,

Fixyr (o )] (1)
is smooth for all j. The smoothness of Fixy, , (I') follows since
Fixpr (7o Ugi1) N Fixpr(yo ngil) =9
holds for j; # jo (mod 3). This concludes Lemma 2.8.4 by induction on 7. [J

Via diagram (2.20), we have constructed a smooth model
X:=Y,

of Yo/ {¢1 x ¢3). The group G acts on X and the automorphism ¢ € Aut(X)
which we have to construct in Proposition 2.8.3 is simply given by the action
of id x¢y € G on X. This automorphism has order 3¢ since this is true on the
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2.8 Primitive Hodge numbers away from the vertical middle axis

Zariski open subset U. ¢ X. By Lemma 2.8.4, the pair (X, ¢) satisfies (P5); it
remains to show that (X, ¢) satisfies (P1)—(P4).

The cohomology of X. Using Lemma 2.8.4, we are now able to read off
the cohomology of X from diagram (2.20). Indeed, the cohomology of Y;” is
given by the cohomology of Y; (via pullbacks) plus some classes which are in-
troduced by blowing up Fixy, (7i:1) on Y; and Fixys(n,,1) on Y/ respectively.
By Lemma 2.8.4, these blown-up loci are smooth and their G .-invariant coho-
mology is generated by G-invariant algebraic classes. Moreover, GG acts on each
irreducible component of the blown-up locus and so G acts on each irreducible
component of the exceptional divisors of the blow-ups. In particular, the cor-
responding divisor classes in cohomology are G-invariant. It follows that the
G-invariant cohomology of Y/ is given by the G-invariant cohomology of Y;
plus some G-invariant algebraic classes. Also, since 7);,1 is contained in G., the
quotient map Y;” — Y;,; induces an isomorphism on G -invariant cohomology.
It follows inductively that the G.-invariant cohomology of X — which coincides
with the whole cohomology of X — is given by the G -invariant cohomology of
Yy plus G-invariant algebraic classes.

Let us now calculate the G -invariant cohomology of Y. For ¢ = 1,2, there
is by assumption on (Xj,¢;) a basis wjy,...,w;, of H%?%(X;) with

¢1(wij) = CFwyj and @5 (wa;) = (Tuws;. (2.25)

This shows that for j = 1,..., g, the following linearly independent (a, b)-classes
on Yy are GG -invariant:
Wj = Wi A Waj.

Since (X1, ¢7!) and (Xa, ¢o) satisfy (P1), (P2) and (P3), it follows that apart
from the above (a,b)-classes (and their complex conjugates), all G .-invariant
classes on Y, are generated by products of algebraic classes on X; and Xs.
These products are G-invariant by (P3). Finally, ¢ acts on w; by multiplication
with (7. Altogether, we have just shown that (X, ¢) satisfies (P1), (P2) and
(P3).

Charts around Fixy (¢3H). By our construction, there are holomorphic
charts which cover the complement of U, in Y., such that ¢ acts on each
coordinate function by multiplication with some power of (. Therefore, in
order to show that (X, ¢) satisfies (P4), it remains to see that around points
of

W, = Fixy, (¢* ) n U,

the same holds true.
Let us first prove that the preimage of W, under the 3¢ : 1 étale covering
7 : Uy — U, coincides with the following set:

Wo = ((FiXX1 (¢?H) X X2) v (Xl x Fixxy, ( gH))) N Uo.
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2 On the construction problem for Hodge numbers

Clearly, Wy ¢ m=1(W,). Conversely, suppose that (z1,22) € 7=1(W,). Then
there exists a natural number 1 < k < 3¢ with

21 = ¢f(21) and 63 (22) = ¥ (w2).

If 2 is not fixed by qﬁ'c_l, then 3¢~! does not lie in the mod 3¢ orbit of k. That
is, k is divisible by 3¢ and we deduce that z, is fixed by qﬁ%c_l. This shows
(21, 9) € Wy, as we want.

Since m : Uy - U, is an étale covering, local holomorphic charts on Uy, give
local holomorphic charts on U,.. Around each point

z € (Fixy, (¢37) x Xo) nUp

we may by assumptions on (Xi,¢7') choose local holomorphic coordinates
(21, ..., 2n), such that ¢7'xid acts on each z; by multiplication with some power
of (. Moreover, the images of ¢7! xid and id x¢, in the quotient G/G. coincide
and so the action of ¢7! xid on X actually coincides with the automorphism ¢.

This shows that (z1,...,2,) give local holomorphic coordinates around (z)
on which ¢ acts by multiplication with some powers of (.
The case

e (X x Fixx, (637)) nUp

is done similarly and so we conclude that (P4) holds for (X, ¢). This finishes
the proof of Proposition 2.8.3. O]

2.8.3 Proof of Theorem 2.8.1

Proof of Theorem 2.8.1. Fora>b>0,n>a+band c> 1, we need to construct
an n-dimensional smooth complex projective variety Ze b1 whose primitive
(p, q)-type cohomology has dimension (3°-1)/2 if p = a and ¢ = b, and vanishes
for all other p > q. Suppose that we have already settled the case when n = a+b.
Then, for n > a + b, the product

Za,b,n . Za,b,a+b x Pn—afb
c T e

has the desired properties. In order to prove Theorem 2.8.1, it therefore suffices
to show that the set Sg’b, defined in Section 2.8.2, is nonempty for all a > b >0
and ¢ > 1. We will prove the latter by induction on a + b.

We put g = (3°—1)/2 and consider the hyperelliptic curve C, with automor-
phism 1), from Section 2.3.1. It is then straightforward to check that

(Cyy1hy) € SH. (2.26)
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Indeed, it is clear that (Cy,v,) satisfies (P1)~(P3) in the definition of Si°.
Moreover, the complement of the point co € Cy is given by the affine curve
y? =229+ +1 and v, acts by multiplication with a primitive 3¢-th root of unity
¢onx. For all 0 << c-1, the fixed point set Fixc, (wgl) is therefore given by
the points (z,y) = (0,+1) and oo. These points are 1) -invariant and so their
cohomology is generated by 1g-invariant algebraic classes, which shows that
(P5) holds. It remains to establish (P4). That is, we need to find suitable
holomorphic coordinates around the three fixed points of wgc_l. Differentiating
the affine equation y? = x29+1+1 gives 2y-dy = (2g+1)x?9-dx. This shows that dx
spans the cotangent space at (0, £1) and so x is a local coordinate function near
(0,+1). The automorphism 1), acts on this function by multiplication with ¢,
as we want in (P4). In order to find a suitable coordinate function around oo,
we use the coordinates (u, v), introduced in Section 2.3.1. In these coordinates,
the curve C, is given by the equation v? = u + u?9*2 and oo corresponds to the
point (u,v) = (0,0). Around this point, the function v yields a coordinate
function on which v, acts via multiplication with (9, see Section 2.3.1. This
establishes (2.26) and hence settles the case a +b = 1.

Let now a > b with a+b > 1. If b = 0, then by induction, the sets SH0
and 8¢ are nonempty and so Proposition 2.8.3 yields an element in S, as
desired. If b> 1, then ™' is nonempty by induction. Also, S is nonempty
since it contains (Cy, ;') by (2.26). Application of Proposition 2.8.3 then

yields an element in S*°, as we want. This concludes Theorem 2.8.1. O]

Remark 2.8.6. The variety in S which the above proof produces inductively
is easily seen to be a smooth model of the quotient of C’g*b by the group action
of G1(a,b,q), defined in Section 2.3.2.

2.9 Proof of Theorem 2.1.5

Proof of Theorem 2.1.5. To begin with, let us recall that we have proven in
[72] that for all Kdhler surfaces S,

hb1(S) > h*0(8S), (2.27)

see also [76, Prop. 22]|. Therefore, h''! dominates A% in dimension two.
Conversely, let us suppose that the Hodge number A™* dominates hP¢ non-
trivially in dimension n. That is, there are positive constants A\;, Ay € R, such

that for all n-dimensional smooth complex projective varieties X, the following
holds:

)\1 . hr,s(x) + /\2 > hp,q(X). (228)
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By the Hodge symmetries (2.2), we may assume r > s, p > ¢, r +s < n and
1 < p+q <n. The nontriviality of the above domination then means that (2.28)
does not follow from the Lefschetz conditions (2.3). In order to prove Theorem
2.1.5, it now remains to show n =2, r=s=1 and p=2.

Suppose that r + s < n. Since (2.28) does not follow from the Lefschetz
conditions (2.3), Theorem 2.1.3 (or Corollary 2.10.2 below) shows p + ¢ = n.
Using the Lefschetz hyperplane theorem and the Hirzebruch-Riemann—Roch
formula, we see however that a smooth hypersurface V; ¢ P**! of degree d
satisfies h™*(V;) < 1, whereas hP4(Vy) tends to infinity if d does. This is a
contradiction and so r + s = n holds.

Suppose that r # s. Then, considering a blow-up of P in sufficiently many
distinct points proves p # ¢. Since p # ¢ and r # s, we may then use certain
examples from Theorem 2.8.1 to deduce that (2.28) follows from the Lefschetz
conditions (2.3). This contradicts the nontriviality of our given domination.
Hence, r = s and in particular n = 2r is even.

Suppose that p = q. Considering again a blow-up of P* in sufficiently many
distinct points then proves A; > 1 and so (2.28) follows from the Lefschetz
conditions. This contradicts the nontriviality of (2.28) and so it proves p # q.

Suppose that p + ¢ < n. Using sufficiently high-degree hyperplane sections
of n-dimensional examples from Theorem 2.1.3, one proves that there is a
sequence of (n — 1)-dimensional smooth complex projective varieties (Y});»1
such that A™-17=1(Y;) is bounded whereas hP4(Y;) tends to infinity if j does.
(Note that we used p # ¢ here.) Since n = 2r, we have h"=17-1(Y;) = h""(Y})
by the Hodge symmetries. Therefore, the sequence of n-dimensional smooth
complex projective varieties

(v <)

=1
has bounded A™" but unbounded h?:4. This is a contradiction and hence shows
p+q=n.

Next, using Corollary 2.5.3 from Section 2.5, it follows that p = 2r and ¢ =0
holds. By what we have shown so far we are thus left with the case where
n=2r=2s, p=2r and ¢ =0. In order to finish the proof of Theorem 2.1.5, it
therefore suffices to show r = 1. For a contradiction, we assume that r > 2. By
Theorem 2.8.1 there exists a (2r — 1)-dimensional smooth complex projective
variety Y with A2 =10(Y") = p%2r-1(Y) = 1 and hP4(Y") = 0 for all other p # q.
Since r > 2, this implies for a smooth curve Cj, of genus g:

RO(Y xCy)=g and h""(Y xCy)=2-h""1HY).

Hence, (Y x Cy),s1 is a sequence of 2r-dimensional smooth complex projective
varieties such that A" is constant whereas h?" tends to infinity if g does. This
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is the desired contradiction and hence shows r = 1. This finishes the proof of
Theorem 2.1.5. O

The next result combines Theorem 2.1.5 with a very recent result concerning
the geography of surfaces [69].

Corollary 2.9.1. Suppose there are A1, Ay € Rog such that for all smooth com-
plex projective varieties X of dimension n:

MBS (X)) + Ag > hPU(X). (2.29)

Then A\ > 1 and (2.29) is either a consequence of the Lefschetz conditions
(2.3), or n=2 and it is a consequence of (2.27).

Proof. By Theorem 2.1.5, it suffices to prove that any universal inequality of
the form
MABE(S) + Xg > R20(9),

with A1, A € R.g, which holds for all smooth complex projective surfaces S sat-
isfies \; > 1. As we will see in the following, this follows easily from Roulleau—
Urzda’s work. Indeed, they prove [69, Thm. 1.1] that for any r € [2,3] there
are simply connected smooth complex projective surfaces S of general type
such that the quotient of Chern numbers ¢(S)/co(S) is arbitrarily close to
r. In particular, there is a sequence S,, of simply connected smooth complex
projective surfaces with

1(Sn) = (3= €n)ca(Sh), (2.30)

where ¢, tends to 0 and ¢3(.S,) tends to infinity for n — oo.
Since S, is simply connected, we have

c2(Sn) = 2+ 2h20(S,,) + hM1(S,,),

and
c3(S,) =10+ 10h*°(S,,) - h41(S,).

By (2.30), this yields
4+4h*0(8S,) - 4h*1(S,) = —€,(2 + 2R*°(S,,) + hM1(S,,)).

Hence,

4-—¢,
4 + 2¢,

h*°(S,) = -hM(S,) - 1. (2.31)
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The given universal inequality h%0 < A\l + Ay thus implies

4__6” 1,1 _ 1,1

Since S, is simply connected,
bg(sn) = CQ(STL) -2

tends to infinity if n does. By (2.27), b2(S,) < 3 - hb1(S,,), and so hb1(S,)

tends to infinity for n - co. For n — oo, inequality (2.32) therefore implies:
A 21l
This finishes the proof of Corollary 2.9.1. [

Remark 2.9.2. One could of course strengthen Kolldr-Simpson’s domina-
tion relation between Hodge numbers by requiring that (2.5) holds for all n-
dimensional Kihler manifolds X. However, since (2.27) holds for all Kdhler
surfaces, it is immediate that Theorem 2.1.5 and Corollary 2.9.1 remain true
for this stronger domination relation.

2.10 Inequalities among Hodge numbers

It is a difficult problem to determine all universal inequalities among Hodge
numbers in a fixed dimension. However, in dimension two, one can use recent
work of Roulleau and Urzta [69] to solve this problem.*

Corollary 2.10.1. Any universal integral linear inequality among the Hodge
numbers of smooth complex projective surfaces is a consequence of h'! > h20+1.

Proof. Any integral linear inequality among the Hodge numbers of surfaces
can be written in the form

)\1}11’0 + )\Q(hl’l - 1) > )\3 + >\4h2’0,

with \; € Z. For the corollary, it suffices to prove A\; >0, Ay > 0, A3 <0 and
A2 > Ay

IB. Totaro pointed out to us that instead of [69], one could also use ball quotients associated
to Kottwitz lattices. The main point being that these surfaces have finite covering
spaces T with b1 (T) = 0 (by a result of Rapoport—Zink [66]), ¢?(T)/ca(T) = 3 and co(T)
arbitrarily large.
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2.10 Inequalities among Hodge numbers

Looking at the product of P! with a smooth projective curve of sufficiently
high genus proves A; > 0. The blow-up of P? in sufficiently many points proves
A2 > 0. The projective plane P? proves A3 < 0.

It remains to prove A\ > \4. This follows from the examples constructed in
[69]. Indeed, let us consider the sequence S, of simply connected surfaces that
we have already used in the proof of Corollary 2.9.1. By (2.31), we obtain

4—€,

)\2 : (hl’l(Sn) - 1) > )\3 + )\4 . (m . hl’l(Sn) - 1) .

Recall that for n - oo, €, and h1(S,) tend to zero and infinity respectively.
The above inequality therefore implies Ay > A4, as we want. O

The remaining results in this section are consequences of the main theorems
of this chapter; they are again contained in the published article [76].

Corollary 2.10.2. Any universal inequality among the Hodge numbers below
the horizontal middle axis in (2.4) of n-dimensional smooth complex projective
varieties is a consequence of the Lefschetz conditions (2.3).

Proof. Assume that we are given a universal inequality between the Hodge
numbers of the truncated Hodge diamond of smooth complex projective n-
folds. In terms of the primitive Hodge numbers /P4 this means that for all
natural numbers p and ¢ with 0 < p + ¢ < n there are real numbers \,, and a
constant C' € R such that

S A PUX) 2 C (2.33)

0<p+g<n

holds for all smooth n-folds X. Using the Hodge symmetries (2.2), we may
further assume that A\, , = A;, holds for all p and ¢. If we put X =P, then
we see C' < 0. Moreover, for any natural numbers p and ¢ with 0 < p+¢q < n,
there exists by Theorem 2.1.3 a smooth complex projective variety X with
[P4(X) >> 0, whereas (modulo the Hodge symmetries) all remaining primitive
Hodge numbers of its truncated Hodge diamond are bounded from above, by
n® say. This proves A,, > 0. That is, the universal inequality (2.33) is a
consequence of the Lefschetz conditions (2.3), as we want. O]

As an immediate consequence of the above corollary, we note the following.

Corollary 2.10.3. Any universal inequality among the Hodge numbers of
smooth complex projective varieties which holds in all sufficiently large dimen-
sitons at the same time is a consequence of the Lefschetz conditions.
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2 On the construction problem for Hodge numbers

In the same way we deduced Corollary 2.10.2 from Theorem 2.1.3, one de-
duces the following from Theorem 2.8.1:

Corollary 2.10.4. Any universal inequality among the Hodge numbers away
from the vertical middle axis in (2.4) of n-dimensional smooth complex projec-
tive varieties is a consequence of the Lefschetz conditions (2.3).

Corollary 2.10.2 implies that in dimension n, the Betti numbers by, with k& # n
do not satisfy any universal inequalities, other than the Lefschetz conditions

bi > by_o for all k <n. (2.34)

Using products of high degree hypersurfaces with projective spaces, one can
easily deduce that in fact any universal inequality among the Betti numbers of
smooth complex projective varieties in any given dimension is a consequence
of the Lefschetz conditions, see [72] and [76, Prop. 27].

2.11 Threefolds with A1l =1

Here we show that in dimension three, the constraints which classical Hodge
theory puts on the Hodge numbers of smooth complex projective varieties are
not complete. Our results apply to threefolds with At =1 and A3° > 2, such
as any sufficiently high degree complete intersection threefold in a smooth
projective variety with A! = 1. Smooth projective varieties with A = 1 and
arbitrary h?° were constructed in Theorem 2.7.1.

Proposition 2.11.1. Let X be a smooth complex projective threefold with
Hodge numbers h?4 := hp4(X). If hb' =1 and h3° > 2, then

RYO=0, B2 <k and h>' <125 B30,

Proof. The first two assertions are proven in the authors Part III essay [72],
see also [76, Prop. 28]. Here we will only prove h%! < 126 . 130 which is not
contained in [72].

The assumption A'! = 1 implies that the canonical class of X is a multiple
of an ample class. Therefore, the assumption h39 > 2 ensures that Ky is ample
and so Yau’s inequality holds [96]:

cren(X) < gci’(X). (2.35)

Moreover, the Riemann-Roch formula in dimension three says

c1e2(X) =24x (X, Ox). (2.36)
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2.11 Threefolds with h'1 =1

Since Kx is ample, Fujita’s conjecture predicts that 6 - Kx is very ample,
cf. [50, p. 252]. Although this conjecture is still open, Lee proves in [53] that
10- K x is very ample. Thus, the following argument due to Catanese-Schneider
[11] applies: Firstly, the linear series |10 - K x| embeds X into some PV and
hence Qx(20- Kx) is a quotient of Qpn (2) restricted to X. Since the latter is
globally generated, it is nef and hence Qx (20 Ky) is nef.

Secondly, by [22, Cor. 2.6], any Chern number of a nef bundle F' on an n-
dimensional smooth complex projective variety X is bounded from above by
c(F). In our situation, this yields

c3(Qx (20 Kx)) < (2% (20~ Kx)). (2.37)
A standard computation gives
c3(4(20- Kx)) = -8400-c3(X) - 20 crea(X) — e3(X)

and
B4 (20- Ky)) = 613 3(X).

Together with Yau's inequality (2.35), this yields in (2.37)

By the Riemann-Roch formula (2.36), this inequality is in fact one between
the Hodge numbers of threefolds with ample canonical bundle. In our case,

htt =1 and A%0 =0 yield:
6994 346 + 6 994 346 - h*° + 3 - h>' <6994 349 - K.
Thus, a rough estimation yields
h?t <120 p30,
This concludes the proof of the Proposition. O

Remark 2.11.2. Instead of using [22], but still relying on [53], Chang—Lopez
prove in [15] that there is a computable constant C' >0 such that

C-crea(X) < e3(X),

for all threefolds X with ample canonical bundle. Computing C explicitly shows
that it s about four times smaller then the analogous constant which appears
in (2.38). However, since the explicit extraction of C is slightly tedious and
since this constant is still far from being realistic, we did not try to carry this
out here.
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3 Algebraic structures with
unbounded Chern numbers

ABSTRACT. We determine all Chern numbers of smooth complex pro-
jective varieties of dimension > 4 which are determined up to finite
ambiguity by the underlying smooth manifold. We also give an upper
bound on the dimension of the space of linear combinations of Chern
numbers with that property and prove its optimality in dimension four.

3.1 Introduction

To each n-dimensional complex manifold X and for each partition m of n, one
can associate a Chern number ¢, (X). In 1954, Hirzebruch [34, Problem 31]
asked which linear combinations of Chern and Hodge numbers are topological
invariants of smooth algebraic varieties. Recently, this problem has been solved
by Kotschick [46, 47] for what concerns the Chern numbers and by Kotschick
and the author [48] in full generality.

Generalizing the Hirzebruch problem, Kotschick asks which Chern numbers
of smooth complex projective varieties are determined up to finite ambiguity by
the underlying smooth manifold [45, pp. 522]. Such a boundedness statement
is known for ¢, and c¢y¢,,_; in arbitrary dimension n, since these Chern numbers
can be expressed in terms of Hodge numbers [54] and so they are bounded by
the Betti numbers. The first nontrivial instance of Kotschick’s boundedness
question concerns therefore the Chern number ¢} in dimension 3. In a recent
preprint [9], Cascini and Tasin show that in many cases this number is indeed
bounded by the topology of the smooth projective threefold.

Conversely, there are no known examples of a smooth manifold such that the
set of Chern numbers with respect to all possible complex algebraic structures
is known to be unbounded. In this chapter we produce such examples in
dimensions > 4; our result is as follows.

Theorem 3.1.1. In complex dimension 4, the Chern numbers cy, cic3 and 3
of a smooth complex projective variety are the only Chern numbers ¢y, which

This chapter is based on joint work with Tasin [77].
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3 Algebraic structures with unbounded Chern numbers

are determined up to finite ambiguity by the underlying smooth manifold. In
complex dimension n > 5, only ¢, and cic,—1 are determined up to finite ambi-
guity by the underlying smooth manifold.

The dimension four case of the above theorem might be surprising. Indeed,
it was observed by Kotschick that the Chern numbers of a minimal smooth
projective fourfold of general type are bounded by the underlying smooth man-
ifold, see Remark 3.4.3 below. Based on an MMP approach, similar to the one
given in [9] for threefolds, one might expect that this boundedness statement
holds more generally for all fourfolds of general type, which is the largest class
in the Kodaira classification. This compares to Theorem 3.1.1 as the examples
we are using there are of negative Kodaira dimension.

By Theorem 3.1.1, only very few Chern numbers of high dimensional smooth
complex projective varieties are bounded by the underlying smooth manifold.
This changes considerably if we are asking for all linear combinations of Chern
numbers with that property. Indeed, the space of such linear combinations
contains the Euler characteristics x? = x(X, %), as well as all Pontryagin
numbers in even complex dimensions. In dimension four, the Euler character-
istics x? and Pontryagin numbers span a space of codimension one in the space
of all Chern numbers. Therefore, Theorem 3.1.1 implies:

Corollary 3.1.2. Any linear combination of Chern numbers which on smooth
complex projective fourfolds is determined up to finite ambiguity by the under-
lying smooth manifold is a linear combination of the Fuler characteristics x?
and the Pontryagin numbers.

Using bordism theory, we provide in Corollary 3.6.3 a nontrivial upper bound
on the dimension of the space of linear combinations of Chern numbers which
are determined up to finite ambiguity by the underlying smooth manifold. Our
upper bound is in general bigger than the known lower bound; determining all
bounded linear combinations therefore remains open in all dimensions n > 3
other than n = 4.

It was known for some time that the boundedness question for Chern num-
bers behaves differently in the non-Kéhler setting. Indeed, LeBrun showed
[52] that there is a smooth 6-manifold with infinitely many (non-Kéhler) com-
plex structures such that c;cy is unbounded, which cannot happen for complex
Kahler structures. In Corollary 3.5.1 we use products with LeBrun’s examples
and Theorem 3.1.1 to conclude that in complex dimension n > 4, the topologi-
cal Euler number ¢, is the only Chern number which on complex manifolds is
bounded by the underlying smooth manifold.

Theorem 3.1.1 is based on the existence of certain projective bundles over
threefolds which admit infinitely many different algebraic structures. An im-
portant observation here is that the Chern numbers of the base do not matter
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3.2 Dolgachev surfaces

too much. To obtain unbounded Chern numbers for the projective bundles it
is enough to have a three-dimensional base with unbounded first Chern class,
its Chern numbers may well be independent of the complex structures chosen.
This is in contrast to Kotschick’s work [47], where bundles over surfaces with
varying signatures are used, see also Remark 3.4.2.

3.2 Dolgachev surfaces

We recall here some basic properties of Dolgachev surfaces. For a detailed
treatment see [23, 30] and [29, Sec. 1.3].

Let S c P2 x P! be a generic element of the linear series |O(3,1)]. That is, S
is isomorphic to the blow-up of P? at the nine intersection points of two generic
degree three curves and the second projection 7 : S— P! is an elliptic fibration
with irreducible fibres. For each odd integer ¢ > 3, the Dolgachev surface S is
realised applying logarithmic transformations of order 2 and ¢ at two smooth
fibres of w. The surface S, comes with an elliptic fibration 7, : S,— P!, which
away from the two multiple fibers is isomorphic to the one of S. For a proof
of the following proposition, see [29, Sec. 1.3] and the references therein.

Proposition 3.2.1. The Dolgachev surface S, is a simply connected algebraic
surface with

1. h29(S,) =0 and by(S,) = 10,

2. 2(S,) =0 and c2(S,) =12,

3. ¢1(Sy) = (¢-2)G,, where G, € H*(S,,Z) is a nonzero primitive class,
4. the intersection pairing on H?(S,,Z) is odd of type (1,9).

Proposition 3.2.1 has two important consequences that we will use in this
chapter. Firstly, since h19(S,) = h*0(S,) = 0, it follows that the first Chern
class is an isomorphism

¢ : Pic(S,) = H?*(S,,Z).

Hence, every element of H2(S,,Z) can be represented by a holomorphic line
bundle.

Secondly, let us denote the smooth manifold which underlies S, by M,. By
item 4 in Proposition 3.2.1, Wall’s theorem [93] implies the existence of a
smooth h-cobordism W, between M3 and M,.

Although we will not need this here, let us mention that the homeomorphism
type of M, does not depend on ¢ by Freedman’s classification theorem of
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3 Algebraic structures with unbounded Chern numbers

simply connected 4-manifolds. However, generalizing a result of Donaldson,
Friedman-Morgan showed [29] that M, and M, are never diffeomorphic for

q*q.

3.3 Chern numbers of projective bundles

In this section we systematically treat the Chern numbers of projective bundles.
Most of the results are taken from the author’s Bachelor thesis [71] and we
will make precise indications where this is the case. We formulate and use
our results for holomorphic vector bundles over complex manifolds, but they
hold more generally for arbitrary complex vector bundles over stably almost
complex manifolds.

Let B be a complex manifold of dimension n+1-k and let £ be a holomorphic
vector bundle of rank £ on B. The Segre class of E' is the inverse of its total
Chern class; we denote it by

a=(1+ci(E)+-+cp(E)) e H(B,Z).

The degree 2k-component of « is denoted by oy € H?*(B,Z).
For a = (ai,...,a,) € NP, we denote its weight by |a| = Y a;. With this
notation in mind, we put

fla)= ) (121 (Z _ Zz)Cdi(E)) (Ja}-pl- (k1)) (3.1)

0eNP \ =1

where d = (dy,...,d,), and where we use the convention (Z) =0,ifb<0or
a < b. The above definition yields a cohomology class in H2(d-(--1))( B Q),
which can actually be shown to be integral. Its definition in [71] is motivated
by the following result.

Proposition 3.3.1. Let m = (my,...,m,) be a partition of n = dim(P(E)).
Then the m-th Chern number of the projective bundle P(E) is given by

(B(E)= N cu(B) -, (B) flmy—ju ..y~ ).

J1y--+5]p

where the right hand side is identified with its evaluation on the fundamental
class of B.

Proof. A complete proof is given in [71] and [77], we repeat it here for the
convenience of the reader. Let m : P(E)— B be the projection morphism
and T, be the tangent bundle along the fibres of w, that is, T, = ker(m,),
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3.3 Chern numbers of projective bundles

where 7, : Tpgy— m*Tx. By the Whitney formula, the total Chern classes

are related by
c(P(E)) =c(Ty) - m*c(B).

If Op(-1) denotes the tautological bundle of P(E), then we have the exact
sequence
0—O0p(-1)—71"E—T, ® Og(-1)—0.

It follows that the total Chern classes of T, and 7* E® Og(1) coincide. Hence,

o(Ty) = ZOW*Ci(E)(l +y)k

where y = ¢1(Og(1)). From now on, we may ignore the pull-back map 7* in
the computations. Setting b; := ¢;(B) and e; := ¢;(E), we can write

(P(E)) = (Z bj) (Zexl + y))

320 i>0

and so b i
-1
(B(E) = T ( )eibjyl.
ismo\ 1

The m-th Chern number is hence given by

P k—1i
w®E) =TT & (7" )eubiat.
t=1 ir+je+le=my t
where iy, j;, l; > 0, and where we identify the right hand with its evaluation on
the fundamental class of P(F).
Reordering, we can write

w(P(E)) = 2 bibi, 20 (

7777 jp Tlyeeey

» »
H( k. " )eit)y Pl

=1 k‘i‘]t—mt

where we are assuming that [, =m; -7, -4, >0 fort=1,...,p.

For any 0 < m < n and any w € H2("-m)(B,Z), the product wy™ coincides
with the top-degree component of way*~1, see [73, Lem. 2.2]. This simplifies
the above expression of the m-th Chern number of P(F) to

Cm(P(E))ZjIZ bj,-+-bj, Zzp(ﬁ( w )eit)ayk_l,

..... Jp vy \i=1 \F e =1y

where on the right hand side only the term in cohomological degree 2n is con-
sidered. The statement follows since on any fibre of 7 the class y*~! evaluates
to 1. ]
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3 Algebraic structures with unbounded Chern numbers

Proposition 3.3.1 reduces the computation of Chern numbers of projective
bundles to the computation of f(a) defined in (3.1). It is easy to see that f(a)
is invariant under permutations of (ay,...,a,). Moreover, f(a) is possibly
nonzero only for k-1 < |a] <n and 0 < a; < k, and a simple argument shows
f(a) =0 for a; = k. For small values of |a|, we are actually able to compute
f(a) explicitly as follows.

Lemma 3.3.2. Let o; be the elementary symmetric polynomial of degree i in
ai,...,a, and denote by e; := ¢;(E) the i-th Chern class of E. Then,

1. f(a)=TI7, (;) » if lal =
2. f(a)=0, if|a|=k
5. F(a) =TIy (1) (02 = k) (€3 = rpyen) » iflal =k + 1.

Proof. The first assertion is immediate from the definitions and the second
assertion is proven in [71] by a computation, the third statement is not con-
tained in [71]. We will give an alternative proof of the second statement and
a complete proof of item 3.

For any line bundle L on B, P(E) and P(E ® L) are isomorphic. For |a| =
the expression f(a) has cohomological degree two and so it is a multiple of e;.
Specializing the base manifold B to an elliptic curve, Proposition 3.3.1 shows
that for any line bundle L on B, f(a) is invariant under replacing £ by E® L.
The claim follows because no nontrivial multiple of e; has this property.

It remains to prove (3). Since |a| = k + 1, we have

1= B2 (0o o 2 (1G]
which gives

f(a) = H( )(042+Z —-e10q + Z%€2ao+ > %6%0&0).

s=1 1<s<t<p

Noting that
a;=—-e; and oy = e% — €9,

we can compute f(a) to
Pk ,
z11(%) ((K;q)%at ;askJrk ) (Zas(as—l) k(k - 1)) R 1>)

Now it is easy to conclude using >*_ a2 = 67 - 205 and oy = |a] = k + 1. O
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3.4 Proof of Theorem 3.1.1

In the construction of our examples, we will need the following easy estimate,
which proves positivity of the constant appearing in f(a) for |a| =k + 1.

Lemma 3.3.3. Let k > 2 be an integer. For any partition a = (aq,...,a,) of
k+1 with 0<a; <k for all i, the expression

Pk
I ( ) (02— k) (3.2)
i=1 \i

from Lemma 3.5.2 is nonnegative; it is positive if additionally a; < k for all 1.

Proof. The product [T%_, (f) is positive since 0 < a; < k for all ¢. It thus suffices
to consider

> aa; - k. (3.3)

i<J

Here we may ignore all a; that are zero. After reordering, we may therefore
assume 1 <a; <ap<---<ap<k.
If p=2, then
ajras—k=ai1(k+1-ay) -k

is a negatively curved quadratic equation in a; with zeros at a; = k and a; =1
and so the assertion follows because a; = 1 implies as = k.
If p >3, then

P P
Zaiaj > Zalai+apap_1 > Zai+a1 =k+1>k.
i<j =2 =2

Thus, (3.3) is positive, which finishes the prove of the lemma. O

3.4 Proof of Theorem 3.1.1

In the notation of Section 3.2, for any odd integer ¢ > 3 we have a smooth
h-cobordism W, between M3 and M, which induces an isomorphism

H?*(S3,Z) ~ H*(S,,Z).
Using this isomorphism we fix a class
we H?*(S3,Z) ~ H*(S,,7Z),

of positive square. Since the intersection pairing on S3 has type (1,9), it follows
that the orthogonal complement of w is negative definite. Hence, G2 = 0 implies

w-G,#0
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3 Algebraic structures with unbounded Chern numbers

for all g. Via the first Chern class, each S, carries a unique holomorphic line
bundle L, with ¢;(L,) = w.
Let C be a smooth curve of genus ¢ > 0 and consider the threefold

Y,=5,xC.
This threefold carries the holomorphic vector bundle
Ey = (pri(Ly) ® pr; Oc(1)) ® OF; (3.4)

of rank r + 1, where O¢(1) denotes some degree one line bundle on C. The
projectivization

Xg=P(E,)
is a smooth complex projective variety of dimension n :=r + 3.

Proposition 3.4.1. If n > 3, then the oriented diffeomorphism class of the
smooth manifold which underlies X, is independent of q. If n = 4, then the
Chern numbers ¢}(X,) and cice(X,) are unbounded in q. Ifn >5, then the m’s
Chern number cn(X,) is unbounded in q for all partitions m = (mq,...,m,) of
n with 1 <m; <n -2 for all 1.

Proof. We first prove the assertion concerning the diffeomorphism type of the
manifold which underlies X; this part of the proof follows an argument used
in [45] and [47].

Fix an odd integer ¢ > 3 and consider the h-cobordism W,. It follows from
the exponential sequence for smooth functions that complex line bundles on
W, are classified by H?(W,,Z). Hence, we can find a complex line bundle L
on W, with

ci(L) =we H*(Ss,Z) ~ H*(W,, Z).

Since the isomorphism H?(Ss,Z) ~ H?(S,,Z) is induced by W, it follows that
the restriction of L to each of the boundary components of W, coincides with
the complex line bundle which underlies the holomorphic line bundle L3 resp.
L, on S3 resp. S,.

Let us first consider the case C' ~ P'. The product W, x P! is a simply
connected h-cobordism between Mz x P! and M, x P1. It carries the complex
vector bundle

E:= (pri L& pr; O3(1)) & C*".

The restrictions of this bundle to the boundary components of W, xP*! coincide
with the complex vector bundle which underlies the holomorphic vector bundle
in (3.4). Hence, the projectivization P(E) is a simply connected h-cobordism
between the simply connected oriented 2n-manifolds which underly X3 and
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3.4 Proof of Theorem 3.1.1

X,. It thus follows from the h-cobordism theorem [85] that these smooth
2n-manifolds are orientation-preserving diffeomorphic, as we claimed.

The above argument proves the first assertion in the proposition for g = 0.
For g > 1, one can use the s-cobordism theorem [40]. More precisely, since
m (M, x C) =m(C) and since the Whitehead group Wh(m(C')) is trivial [26,
Thm. 1.11], the s-cobordism theorem applies and we can conclude as before.

In order to prove the second assertion, we use the computational tools given
in Proposition 3.3.1 and Lemma 3.3.2 together with the positivity result in
Lemma 3.3.3. Note that it suffices to compute ¢, (X,) modulo all terms that
do not depend on ¢. For ease of notation, we identify cohomology classes on .S,
via pullback with classes on Y;. Using this notation, and fixing a point c € C,
we obtain

c1(Yy) = c1(Sy) +(2-29) - [Sy x c],
ca(Yy) = ca(Sy) + (2 -29) - c1(Sy) - [Sy x c],
c3(Yy) = (2-29) - c2(Sy) - [Sy x c].

In the above formulas, only ¢ (.S,) = (¢ - 2)G, depends on q.

In the notation of Proposition 3.3.1 and Lemma 3.3.2, the rank of E, is
denoted by k =7+ 1. Recall that for any partition a of r +4 the class f(a) is a
cohomology class in H?(Y,). By Lemma 3.3.2, this class is always independent
of ¢, and it vanishes if additionally ¢ = 1. For any partition m = (m4,...,m,)
of n =7 +3 with m; > 1 for all 7, the m-th Chern number of X, is computed in
Proposition 3.3.1. Using Lemma 3.3.2, we obtain

cm(Xg) = e1(Yy) Zf(ml = Jiye My = Jp) + O(1), (3.5)

where j = (j1,...,Jp) runs through all partitions of 1 by nonnegative integers,
and where O(1) denotes a term which does not depend on ¢. Here we used
that f(a) is independent of ¢ and that it vanishes if a has weight |a| = k. In
particular, the formula for ¢,(X,) has no nontrivial contribution by terms of
the form ¢;(Y,)? - f(a) or co(Y;) - f(a). Moreover, we used ¢;(Y;)3 = 0 and
c1(Y,)ca(Y,) € O(1), which follows from ¢1(S;)? = 0 and the fact that c2(S,)
does not depend on q.
By construction of E,, we have c(E;) =0 and

c(BEy) =w+[S, xc].
This implies

cr(Yy) - e1(Eg)? = 2(¢-2)Gy-w - [Syx c] + O(1).
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3 Algebraic structures with unbounded Chern numbers

This number is unbounded in ¢ since G, - w is nonzero for all ¢g. It follows
from Lemmas 3.3.2 and 3.3.3 that (3.5) is unbounded in ¢ as long as one of
the partitions

a:= (ml—jl,...,mp—jp)

that appears in (3.5) satisfies m; —j; <k=n—-2.

If n >4, then this condition is equivalent to m; <n —2 for all i.

If n = 4, then the above condition is only satisfied for ¢ and c?cy, as we want
in the proposition. O

Proof of Theorem 3.1.1. Recall that the Chern numbers ¢,, and ¢;¢,,_; are lin-
ear combinations of Hodge numbers [54, Prop. 2.3|, which on Kéhler manifolds
are bounded in terms of the Betti numbers of the underlying smooth manifold.
Therefore, if n > 5, the theorem follows from Proposition 3.4.1.

In complex dimension n =4, the second Pontryagin number is given by

P2 = C% - 26103 + 264. (36)

This number depends only on the underlying oriented smooth 8-manifold;
changing the orientation changes ps by a sign. Since cic3 and ¢4 are already
known to be bounded by the underlying smooth manifold, the same conclusion
holds for ¢3. By Proposition 3.4.1, ¢} and clcy are unbounded, which finishes
the proof of Theorem 3.1.1. O

Remark 3.4.2. [t easily follows from item 2 in Lemma 3.3.2 that the Chern
numbers of a projective bundle over any surface remain bounded while changing
the algebraic structure of the base. This explains why in our approach we had
to use a base of dimension at least three.

Remark 3.4.3. The examples used in the proof of Theorem 3.1.1 are ruled and
so they have negative Kodaira dimension. This compares to an observation of
Kotschick which implies that in dimensions three and four the Chern numbers
of a minimal projective manifold of general type are bounded by the under-
lying smooth manifold. Using the Miyaoka—Yau inequality, this was proven
by Kotschick [45, p. 522 and p. 525] under the stronger assumption of ample
canonical class. His argument applies because the inequality used holds more
generally for arbitrary minimal projective manifolds of general type [88, 97].

Remark 3.4.4. Kollar [42, Thm. 4.2.3] proved that on a smooth manifold
with by = 1, the set of deformation equivalence classes of algebraic structures is
finite, hence the Chern numbers are bounded. Conwversely, it was observed by
Friedman and Morgan [28] that the self-product of a Dolgachev surface yields
an example of a smooth 8-manifold where the set of deformation equivalence

86



3.5 Some applications

classes of algebraic structures is infinite because the order of divisibility of
the canonical class can become arbitrarily large. The Chern numbers of these
examples are however bounded.

3.5 Some applications

The following corollary combines Theorem 3.1.1 with LeBrun’s examples [52].

Corollary 3.5.1. In complex dimension n > 4, the topological Fuler number
cn 18 the only Chern number which on complex manifolds is bounded by the
underlying smooth manifold.

Proof. The Chern number ¢, is clearly bounded by the underlying topological
space.

Conversely, LeBrun [52] showed that there is a sequence (Y}, )m>1 of complex
structures on the 6-manifold S? x M, where M denotes the 4-manifold which
underlies a complex K3 surface, such that c;ca(Y;,) is unbounded, whereas
c3(Ym) and ¢3(Y,,) are both bounded. It follows by induction on n that

Ym x (IF)I )n—3

has unbounded ¢y¢,-1. One also checks that ¢3(Y;, x P!) is unbounded. This
finishes the proof of Corollary 3.5.1 by Theorem 3.1.1. O]

It is not known whether on complex manifolds ¢ is bounded by the under-
lying smooth manifold. As in the case of smooth complex projective varieties,
¢} is the only Chern number where unboundedness remains open.

The next two corollaries generalize an observation of Kotschick [47, Rem.
20], asserting that the Chern number ¢} in dimension n > 3 does not lie in the
span of the Euler characteristics x”.

Corollary 3.5.2. A Chern number cy, lies in the span of the Euler character-
istics xP and the Pontryagin numbers if and only if

2
cm € {C1Ch-1,Cn} 0T Cq € {62,0163,04}.

Proof. The assertion is clear for n < 2, and it follows for n = 3 because the
space of the Euler characteristics x? is spanned by cico and c3, and there are
no Pontryagin numbers. If n > 4, then it follows immediately from Theorem
3.1.1 and the fact that c¢;c¢,_1 and ¢, lie in the span of the Euler characteristics
XP, and ¢3 lies in the span of the Euler characteristics and Pontryagin numbers
in dimension four. O]
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3 Algebraic structures with unbounded Chern numbers

Corollary 3.5.3. The Chern numbers cic,—1 and ¢, are the only Chern num-
bers that lie in the span of the x?’s. No Chern number in even complex dimen-
sions lies in the span of the Pontryagin numbers.

Proof. The fact that c¢i¢,_1 and ¢, are the only Chern numbers that lie in
the span of the x?’s, follows from Corollary 3.5.2 and the observation that in
dimension n =4, the span of the Euler characteristics x? has a basis given by
¢4, c1c3 and 3¢3 + 4c3cy — f, and so it does not contain c3.

The assertion about the Pontryagin numbers in dimension n = 2 follows from
p1 = 2 —2¢y. For n >4, it suffices by Corollary 3.5.1 to show that ¢, is not a
Pontryagin number. This follows for example from [46, Thm. 5] and the fact

that the signature is not a multiple of c,. O]

3.6 On the space of bounded linear combinations

In this section we give an upper bound on the dimension of the space of linear
combinations of Chern numbers of smooth complex projective varieties that are
bounded by the underlying smooth manifold. For this purpose we determine
the complex cobordism classes of the manifolds X, constructed in Section 3.4
in terms of suitable generators of QU ® Q. This approach is based on the
fact that in complex dimension n, the Chern numbers are complex cobordism
invariants which form the dual space of QY ® Q, see [86, p. 117].
Consider the elements oy := P, ap := P2 and

a, =P(04s(1) ® 0272),

where A denotes an abelian surface and O 4(1) denotes some ample line bundle
on A. It follows from Lemma 2.3 in [73] that the Milnor number s, () is
nonzero. By the structure theorem of J.W. Milnor and S.P. Novikov [86, p.
128], (n)ns1 is therefore a sequence of generators of the complex cobordism
ring with rational coefficients . That is,

Ao Q~Qlay,as,...].
Using this presentation, we consider the graded ideal
T = (g | k> 3)

in QU ® Q. Denoting the degree n-part of this ideal by Z", the main result of
this section is the following.

Theorem 3.6.1. Any linear combination of Chern numbers in dimension n,
which on smooth complex projective varieties is bounded by the underlying
smooth manifold vanishes on I™.
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3.6 On the space of bounded linear combinations

Proof. For n > 4, let us consider the bundle E, on Y, of rank n -2 and the
corresponding n-dimensional projective bundle X, := P(E,) from Section 3.4.
By Proposition 3.4.1, the smooth manifold which underlies X, does not depend
on q. Theorem 3.6.1 therefore follows from Proposition 3.6.2 below. O]

Proposition 3.6.2. Let n>4 and let X, :=P(E,) be as in Section 3.4. Then
there is an unbounded function g,(q) in q such that the following identity holds
in QU:

Xy =9n(q) -a1an1 + O(1),

where O(1) denotes terms that are bounded when q — oo.

Proof. Let m be a partition of n. By (3.5) and since ¢;(Y;) = ¢1(S,) + O(1),
we have
Cm(Xq) = Z Cl(Sq) : f(ml _j17 s 7mp _jp) + 0(1)7
lil=1

where j = (j1,...,Jp) runs through all partitions of 1 by nonnegative integers.

We claim that up to the bounded summand O(1), the Chern number ¢, (X,)
is a multiple of ¢y (a1ar,-1). To see this, let us consider the product B :=P!'x A
together with the vector bundle pr; O4(1) @ O%3. The projectivization

P(pr; O4(1) ® O%?)
has class aja,_1 in QUV. By Proposition 3.3.1 we find

cm(P(pr3 Oa(1) ® O%_S)) = f(my,...,my) + Z ci(B) - f(mi—j1,...,mp=Jp),

lil=1

because ¢;(A) =0 for all 7 > 1. In the above calculation, f(mi,...,m,) is a
cohomology class of degree 6 which is actually a pullback from the second factor
of B and hence vanishes. This establishes the existence of g,(¢) in Proposition
3.6.2; its unboundedness follows from Proposition 3.4.1 since n > 4. ]

By Theorem 3.6.1, any linear combination of Chern numbers in dimension

n which on smooth complex projective varieties is bounded by the underlying
smooth manifold descends to the quotient

Q) ®Q)/T". (3.7)

Denoting by p(n) the number of partitions of n by positive natural numbers,
we therefore get the following.
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3 Algebraic structures with unbounded Chern numbers

Corollary 3.6.3. In dimensionn >4, the space of rational linear combinations
of Chern numbers which on smooth complex projective varieties are bounded
by the underlying smooth manifold is a quotient of the dual space of (3.7); its
dimension is therefore at most

dim(QV © Q) - dim(Z") = p(n) - p(n 1) + {” i 1J .

2
Proof. We need to show that

dim(Z7) = p(n - 1) - [”* 1J.

2

Clearly
dim (i | k> 1), = p(n-1),

and we have to subtract the number of partitions of n—1 by 1 and 2, which is

[”T”J . This concludes the corollary. 0

Finally, let us compare the upper bound from Corollary 3.6.3 with the lower
bound which is given by all Euler characteristics x? and all Pontryagin numbers
in even complex dimension. For this purpose, consider the ideal

T* = (ope | k2 1) + (arogp | k> 2)

in QY ® Q which is generated by all i,y with & > 1 and all a; gy, where k > 2.
It is easily seen that the Fuler characteristics x? as well as the Pontryagin
numbers vanish on J*. By [48, Cor. 4], the signature is the only linear com-
bination of Pontryagin numbers which is contained in the span of the Euler
characteristics x?. A simple dimension count therefore shows that the Euler
characteristics and Pontryagin numbers in dimension n form the dual space of

(2, ®Q)/T".

We note that the inclusion Z" ¢ J™ is proper for all n > 3 with the exception
of n =4, where equality holds.
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4 Hodge structures of conjugate
varieties

ABSTRACT. For any subfield K ¢ C, not contained in an imaginary
quadratic extension of (Q, we construct conjugate varieties whose al-
gebras of K-rational (p,p)-classes are not isomorphic. This compares
to the Hodge conjecture which predicts isomorphisms when K is con-
tained in an imaginary quadratic extension of QQ; additionally, it shows
that the complex Hodge structure on the complex cohomology algebra
is not invariant under the Aut(C)-action on varieties. In our proofs, we
find simply connected conjugate varieties whose multilinear intersection
forms on H?(—,R) are not (weakly) isomorphic. Using these, we detect
nonhomeomorphic conjugate varieties for any fundamental group and
in any birational equivalence class of dimension > 10.

4.1 Introduction

For a smooth complex projective variety X and an automorphism o of C, the
conjugate variety X7 is defined via the fiber product diagram

X0o——m X

l |

Spec(C) —Z— Spec(C).

To put it another way, X is the smooth variety whose defining equations
in some projective space are given by applying o to the coefficients of the
equations of X. As abstract schemes — but in general not as schemes over
Spec(C) — X and X7 are isomorphic. This has several important consequences
for the singular cohomology of conjugate varieties.

Pull-back of forms induces a o-linear isomorphism between the algebraic
de Rham complexes of X and X?. This induces an isomorphism of complex

This chapter is based on [74].
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4 Hodge structures of conjugate varieties

Hodge structures
H*(X,C)®,C = H*(X?,C), (4.1)

where ®,C means that the tensor product is taken over C, which maps to C
via o, see [13]. In particular, Hodge and Betti numbers of conjugate varieties
coincide.

The singular cohomology with Q-coefficients coincides on smooth complex
projective varieties with /-adic étale cohomology. Since étale cohomology does
not depend on the structure morphism to Spec(C), we obtain isomorphisms
of graded Qy-, resp. C-algebras,

H*(X,Qp) = H*(X°,Q,) and H*(X,C) == H*(X?,C), (4.2)

depending on an embedding Q, € C. Since the latter isomorphism is C-linear,
it is not induced by (4.1).

Only recently, Charles discovered that there are however aspects of singular
cohomology which are not invariant under conjugation:

Theorem 4.1.1 (Charles [12]). There exist conjugate smooth complez projec-
tive varieties with distinct real cohomology algebras.

4.1.1 Algebras of K-rational (p,p)-classes

For any subfield K ¢ C, we denote the space of K-rational (p,p)-classes on X
by
HP?(X,K):= H""(X)n H?(X,K);

the corresponding graded K-algebra is denoted by H**(X,K). The Hodge
conjecture predicts that H**(X,Q) is generated by algebraic cycles. Since
each algebraic cycle Z ¢ X induces a canonical cycle Z9 ¢ X7 and vice versa,
the Hodge conjecture implies

Conjecture 4.1.2. The graded Q-algebra H** (-, Q) is conjugation invariant.

Apart from the (few) cases where the Hodge conjecture is known, and apart
from Deligne’s result [21] which settles Conjecture 4.1.2 for abelian varieties,
the above conjecture remains wide open, see [13, 92].

The above consequence of the Hodge conjecture motivates the investiga-
tion of potential conjugation invariance of H**(—, K) for an arbitrary field
of coefficients K ¢ C. If K = Q(iw) with w? € N is an imaginary quadratic
extension of Q, then the real part, as well as 1/w times the imaginary part of
a Q(1w)-rational (p,p)-class is Q-rational. Hence,

H* (=, Q(iw)) = H (-, Q) @ Q(iw).
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It follows that the Hodge conjecture predicts the conjugation invariance of
H**(-,K), when K is contained in an imaginary quadratic extension of Q.
In this chapter, we are able to settle all remaining cases:

Theorem 4.1.3. Let K ¢ C be a subfield, not contained in an imaginary
quadratic extension of Q. Then there exist conjugate smooth complex projective
varieties whose graded algebras of K-rational (p,p)-classes are not isomorphic.

By Theorem 4.1.3, there are conjugate smooth complex projective varieties
X, X7 with
H**(X,C) ¢ H**(X7?,C).

This shows the following:

Corollary 4.1.4. The complex Hodge structure on the complex cohomology al-
gebra of smooth complex projective varieties is not invariant under the Aut(C)-
action on varieties.

Corollary 4.1.4 is in contrast to (4.1) and (4.2) which show that the complex
Hodge structure in each degree, as well as the C-algebra structure of H*(—,C)
are Aut(C)-invariant. The above corollary also shows that there is no em-
bedding Q; — C which guarantees that the isomorphism (4.2), induced by
isomorphisms between f-adic étale cohomologies, respects the complex Hodge
structures.

Theorem 4.1.3 will follow from Theorems 4.1.5 and 4.1.6 below. Firstly, if
K is different from R and C, then Theorem 4.1.3 follows from

Theorem 4.1.5. Let K € C be a subfield, not contained in an imaginary
quadratic extension of Q. If K is different from R and C, then there exist for
any p > 1 and in any dimension > p+ 1 conjugate smooth complex projective
varieties X, X7 with

HP?(X,K) ¢ HP?(X°, K).

It is worth noting that Theorem 4.1.5 does not remain true if one restricts
to smooth complex projective varieties that can be defined over Q, see Remark
4.3.5.

Next, the case K =R in Theorem 4.1.3 follows from the case where K = C
since

H**(X,R)®rC ~ H**(X,C)

holds; so it remains to deal with K = C. As the isomorphism type of the C-
vector space HPP(—,C) coincides on conjugate varieties, we now really need to
make use of the algebra structure of H**(-,C). Remarkably, it turns out that
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4 Hodge structures of conjugate varieties

it suffices to use only a very little amount of the latter, namely the symmetric
multilinear intersection form

HY(X,C)®"— H™(X,C),

where n = dim(X). We explain our result, Theorem 4.1.6 below, in the next
subsection.

4.1.2 Multilinear intersection forms on H!'(— K) and
HQ(_7K)

We say that two symmetric K-multilinear forms V®* - K and W®" - K on
two given K-vector spaces V and W are (weakly) isomorphic if there exists a
K-linear isomorphism V' ~ W which respects the given multilinear forms (up to
a multiplicative constant). If K is closed under taking n-th roots, then weakly
isomorphic intersection forms are already isomorphic.

For a smooth complex projective variety X of dimension n, cup product
defines symmetric multilinear forms

HY (X, K)®*"—H*(X,K)~K and H2(X,K)®"—H>(X,K)=~K,

where H?"(X, K) ~ K is the canonical isomorphism that is induced by inte-
grating de Rham classes over X. The weak isomorphism types of the above
multilinear forms are determined by the isomorphism types of the graded K-
algebras H**(X, K) and H?*(X, K) respectively.

By the Lefschetz theorem, the Hodge conjecture is true for (1,1)-classes
and so it is known that the isomorphism type of the intersection form on
HY'(-,Q) is conjugation invariant. Additionally, it follows from (4.2) that
the isomorphism types of the intersection forms on H?(-,Q,) and H?(-,C)
are invariant under conjugation. Our result, which settles the case K = C in
Theorem 4.1.3, contrasts these positive results:

Theorem 4.1.6. There exist in any dimension > 4 simply connected conjugate
smooth complex projective varieties whose R-multilinear intersection forms on
H2%(-,R), as well as C-multilinear intersection forms on H%'(-,C), are not
weakly 1somorphic.

The examples we will construct in the proof of Theorem 4.1.6 in Section 4.6
are defined over cyclotomic number fields. For instance, one series of examples
is defined over Q[(y2]; their complex (1,1)-classes are spanned by Q[v/3]-
rational ones. This yields examples X, X7 such that the intersection forms on
the equidimensional vector spaces H''(X,Q[v/3]) and H (X7, Q[\/3]) are
not weakly isomorphic, see Corollary 4.6.3.
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It follows from Theorem 4.1.6 that the even-degree real cohomology alge-
bra H?*(-,R), as well as the subalgebra SH?(—,R) which is generated by
H?(-,R), is not invariant under conjugation. Since Charles’s examples have
dimension > 12 and fundamental group Z8, Theorem 4.1.6 generalizes Theorem
4.1.1 in several different directions. Another generalization of Theorem 4.1.1,
namely Theorem 4.1.7 below, is explained in the following subsection.

4.1.3 Applications to conjugate varieties with given
fundamental group.

Conjugate varieties are homeomorphic in the Zariski topology but in general
not in the analytic one. Historically, this was first observed by Serre in [78],
who constructed conjugate varieties whose fundamental groups are infinite
but nonisomorphic. The first nonhomeomorphic conjugate varieties with finite
fundamental group were constructed by Abelson [1]. His construction however
only works for nonabelian finite groups which satisfy some strong cohomolog-
ical condition.

Other examples of conjugate varieties which are not homeomorphic (or,
weaker: not deformation equivalent) are constructed in [7, 12, 24, 62, 83].
Again, the fundamental groups of these examples are of special shapes. In
particular, our conjugate varieties in Theorem 4.1.6 are the first known non-
homeomorphic examples which are simply connected. This answers a question,
posed more than 15 years ago by D. Reed in [67]. Reed’s question was our
initial motivation to study conjugate varieties and leads us to the more general
problem of determining those fundamental groups for which nonhomeomorphic
conjugate varieties exist. Since the fundamental group of smooth varieties is
a birational invariant, the problem of detecting nonhomeomorphic conjugate
varieties in a given birational equivalence class refines this problem. Building
upon the examples we will construct in the proof of Theorem 4.1.6, we will be
able to prove the following:

Theorem 4.1.7. Any birational equivalence class of complex projective vari-
eties in dimension > 10 contains conjugate smooth complex projective varieties
whose even-degree real cohomology algebras are nonisomorphic.

Theorem 4.1.7 implies immediately:

Corollary 4.1.8. Let G be the fundamental group of a smooth complex pro-
jective variety. Then there exist conjugate smooth complex projective varieties
with fundamental group G, but nonisomorphic even-degree real cohomology al-
gebras.
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In Theorem 4.8.1 in Section 4.8 we show that the examples in Theorem 4.1.7
can be chosen to have nonisotrivial deformations. This is in contrast to the
observation that the previously known nonhomeomorphic conjugate varieties
tend to be rather rigid, cf. Remark 4.8.3.

4.1.4 Constructions and methods of proof.

Using products of special surfaces with projective space, we will prove The-
orem 4.1.5 in Section 4.3. The key idea is to construct real curves in the
moduli space of abelian surfaces, respectively Kummer K3 surfaces, on which
dim(H'(-, K)) is constant. Using elementary facts about modular forms, we
then prove that each of our curves contains a transcendental point, i.e. a point
whose coordinates are algebraically independent over Q. The action of Aut(C)
being transitive on the transcendental points of our moduli spaces, Theorem
4.1.5 follows as soon as we have seen that our assumptions on K ensure the
existence of two real curves as above on which dim(HP»(-, K)) takes different
(constant) values.

For the proof of Theorem 4.1.6 in Section 4.6 we use the Charles—Voisin
method [12, 91], see Section 4.4. We start with simply connected surfaces
Y ¢ PV with special automorphisms, constructed in Section 4.5. Then we blow-
up five smooth subvarieties of Y xY x PV e.g. the graphs of automorphisms of
Y. In order to keep the dimensions low, we then pass to a complete intersection
subvariety T' of this blow-up. If dim(7") > 4, then the cohomology of T" encodes
the action of the automorphisms on H?(Y,R) and H'!(Y,C). The latter can
change under the Aut(C)-action, which will be the key ingredient in our proofs.

In order to prove Theorem 4.1.7 in Section 4.7, we start with a smooth
complex projective variety Z of dimension > 10, representing a given birational
equivalence class. From our previous results, we will be able to pick a four-
dimensional variety 7" and an automorphism o of C with Z ~ Z?, such that
T and 77 have nonisomorphic even-degree real cohomology algebras. Since
T is four-dimensional, we can embed it into the exceptional divisor of the
blow-up Z of Z in a point and define W = Bip(Z). Then, W = Bly.(Z°)
is birational to Z° ~ Z. Moreover, we will be able to arrange that by(7") is
larger than b,(Z)+4. This will allow us to show that any isomorphism between
H?*(W,R) and H?*(W?7,R) induces an isomorphism between H?*(7T,R) and
H?*(T°,R). Theorem 4.1.7 will follow.

4.1.5 Conventions.

All Kéhler manifolds are compact and connected, if not mentioned otherwise.
A variety is a separated integral scheme of finite type over C. Using the
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GAGA principle [79], we usually identify a smooth projective variety with its
corresponding analytic space, which is a Kéhler manifold.

4.2 Preliminaries

4.2.1 Cohomology of blow-ups

In this subsection we recall important properties about the cohomology of
blow-ups, which we will use (tacitly) throughout Sections 4.4, 4.6 and 4.7.
Some of these results were already mentioned in Section 2.4.1 of Chapter 2,
we repeat them here to ensure that each chapter is self contained.

Let Y ¢ X be Kihler manifolds and let X = Bly (X) be the blow-up of X in
Y with exceptional divisor D ¢ X. We then obtain a commutative diagram

D;X
Po|
Y—i>X,

where ¢ denotes the inclusion of Y into X and j denotes the inclusion of the
exceptional divisor D into X. Let r denote the codimension of ¥ in X, then
we have the following, see [89, p. 180].

Theorem 4.2.1. There is an isomorphism of integral Hodge structures
r=2 ~
H¥(X,Z) ® (@ HF272(y, Z)) = H*(X,Z),

1=0

where on H*22(Y7Z), the natural Hodge structure is shifted by (i +1,i+1).
On H*(X,7Z), the above morphism is given by w*. On H*2-2(Y,|7Z) it is given
by j.ohiop*, where h denotes the cup product with c¢1(Op(1)) € H?(D,Z) and
j. is the Gysin morphism of the inclusion j: D < X.

By the above lemma, each cohomology class of X is a sum of pullback classes
from X and push forward classes from D. The ring structure on H*(X,Z) is
therefore uncovered by the following lemma.

Lemma 4.2.2. Let o, € H*(D,Z) and ne H*(X,Z). Then,
(1) Uje(0) = 4. (" (") Ua) and  j.(a) Uj.(B) = —ju(hUaU ),

where h =c¢,(Op(1)) € H2(D,Z).
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Proof. Note first that j satisfies the projection formula in cohomology. That
is,
Js(wi U we) = (jawr) Uws,

for all wy € H*(D,Z) and w, € H*(X,Z), which can easily be seen on the level
of homology.

Using ¢ 0o p = mo j, the first assertion in Lemma 4.2.2 follows immediately
from the projection formula for j.

For the second assertion, one first proves

Jx(@) U j(B) = j. (1) v j(au B) (4.3)
by realizing that the dual statement in homology holds. Note that
J+(1) = c1(Ox (D).

Moreover, the restriction of O (D) to D is isomorphic to Op(-1). This implies
—h =7*(j«(1)) and so the projection formula for j yields:

—js(huaup)=j.(1)uj.(auvp).

This concludes the proof by (4.3). O

4.2.2 Eigenvalues of conjugate endomorphisms

Let X be a smooth complex projective variety with endomorphism f and let
o be an automorphism of C. Via base change, f induces an endomorphism
fo of X°. If an explicit embedding of X into some projective space PN with
homogeneous coordinates z = [2zg:---: zy] is given, then f7 is determined by

[7(a(2))) = a(f(2))

for all z € X, where o acts on each homogeneous coordinate simultaneously.
On cohomology, we obtain linear maps

[ HPY(X)— HPY(X) and (f7)*: HPY(X7)— HPI(X7).
These maps commute with the o-linear isomorphism
HP(X) = HPI(X?)
induced by (4.1). This observation proves:

Lemma 4.2.3. The set of eigenvalues of (f°)* on HP4(X7) is given by the
o-conjugate of the set of eigenvalues of f* on HP4(X).

98



4.2 Preliminaries

4.2.3 The j-invariant of elliptic curves

Recall that the j-invariant of an elliptic curve E with affine Weierstrass equa-
tion y? = 423 — gox — g3 equals

9

J(E)=1728 - —92
93 - 2793

Two elliptic curves are isomorphic if and only if their j-invariants coincide.
From the above formula, we deduce j(E°) = o(j(E)) for all 0 € Aut(C). For
an element 7 in the upper half plane H, we use the notation

E.:=C/(Z+7Z) and j(7):=7(E,). (4.4)

Then, j induces an isomorphism between any fundamental domain of the action
of the modular group SLs(Z) on H and C. Moreover, j is holomorphic on H
with a cusp of order one at i - co.

4.2.4 Kummer K3 surfaces and theta constants

Let M € M5(C) be a symmetric matrix whose imaginary part is positive defi-
nite. Then,
Ay = C? (2% + MZ?)

is a principally polarized abelian surface. The associated Kummer K3 surface
K3(A)y) is the quotient of the blow-up of A, at its 16 2-torsion points by the
involution -(-1). Equivalently, K3(Ay;) is the blow-up of A//(-1) at its 16
singular points.

Let Ljs be a line bundle on Aj; which induces the principal polarization on
Aps. The linear series |L%7| then defines a morphism A, —P3. This morphism
induces an isomorphism of A,;/(-1) with a degree four hypersurface

{Fy =0} <P,

The coefficients of I, are given by homogeneous degree 12 expressions in the
coordinates of Riemann’s second order theta constant O9(M) € P3, see [31]
and also [68, Example 1.1]. This constant is defined as

O2(M) = [6:[0,0](M) : ©2[1,0](M) : ©2[0,1](M) : ©5[1,1](M)].  (4.5)
Here, for § € {0,1}7, the complex number ©,[8](M) denotes the Fourier series
Ou5)(M) = 3 riQu(nr) (16)

nez?

where @)/(2) is the quadratic form z!M z, associated to M.
The above discussion allows us to calculate conjugates of K3(Ay,) explicitly.
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Lemma 4.2.4. If 0(03(M)) = ©5(M’) holds for some automorphism o €
Aut(C), then

K3(An)” = K3(Awr).

Proof. As mentioned above, the coefficients of F); and Fj; are polynomial
expressions in the coordinates of ©y(M) and ©2(M') respectively. The ac-
tion of o therefore maps the polynomial Fy; to Fyy and hence {Fj; =0} to
{Fy =0}. Moreover, this action maps the 16 singular points of {Fy; =0} to
the 16 singular points of { F;» = 0}. The lemma follows from the above descrip-
tion of K3(Ay) and K3(Ay) as smooth models of {Fy; =0} and {Fy; =0}
respectively. O]

Remark 4.2.5. The linear series |LS?| defines an embedding of Ay into PS.
It 1s in principle possible to use this embedding in order to calculate conjugates
A% of Ay. In the preceding section we only presented the analogous (easier)
calculation for the associated Kummer K3 surface which will suffice for our
purposes.

4.3 Proof of Theorem 4.1.5

Proof of Theorem 4.1.5. Let us fix a subfield K ¢ C, different from R and C,
which is not contained in any imaginary quadratic extension of Q. We then
need to construct for any p > 1 and in any dimension n > p + 1 conjugate
smooth complex projective varieties X, X with HPP(X, K) ¢ HPP(X7, K).
After taking products with P72, it clearly suffices to settle the case p =1 and
n=2.

We denote by Ky := K nR the maximal real subfield of K. The proof of
Theorem 4.1.5 for p = 1 and n = 2 is now divided into four different cases.
Cases 1 and 2 deal with Kg # Q; in Cases 3 and 4 we settle Kr = Q.

In Cases 1-3 we will consider for 7 € H the elliptic curve E, with associated
j-invariant j(7) from (4.4), and use the following

Lemma 4.3.1. Let L c C be a subfield. Then we have for any a,b € R,

2, ifa/b¢ L anda-b¢ L,
dim(H" (EiuxEw, L)) =13, ifa/be L and a-b¢ L, or ifa/b¢ L and a-be L,
4, ifal/be L and a-be L.

Proof. For j = 1,2, we denote the holomorphic coordinate on the j-th factor
of By, x By by z; = x; +iy;. Then there are basis elements

ay, By EHI(Em,Z) and 042752€H1(Eibaz)7
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4.3 Proof of Theorem 4.1.5

such that
dzy = aj +ia- 31 € HYO(E;,) and dzy =g +ib- By € HYO(Ey).
We deduce that the following four (1, 1)-classes form a basis of HU!(E;, x Ey):

(%1 Uﬁl, OCQU/BQ, Oé1U042+CLb‘Bl U/BQ and OleBQ-F (a/b) 'OégUBl.
The lemma follows. O

Case 1: Ky is uncountable.

The restriction of the j-invariant to ¢-Rs; is injective. Since Kg is uncount-
able, it follows that there is some A > 1 in Kg such that j(i\) is transcendental.

By assumptions, Kp is different from R. The additive action of Kz on R
has therefore more than one orbit and so Rs; \ K is uncountable. As above,
it follows that there is some u € Ry N KR such that j(iu) is transcendental.
Hence, there is some o € Aut(C) with o(j(i\)) = j(in). Since j(i) = 1, it
follows from the discussion in Section 4.2.3 that

X = Ei)\XEZ‘ with XUQ’Ei“XEZ'.

Since A € K and p ¢ K, it follows from Lemma 4.3.1 that H'(X, K) and
HY“' (X, K) are not equidimensional. This concludes Case 1.

Case 2: Ky is countable and K # Q.

Here we will need the following lemma.

Lemma 4.3.2. Let A € R,q be irrational, and let U € R,q be an uncountable
subset. Then there is some u € U such that j(u) and j(Ap) are algebraically
independent over Q.

Proof. For a contradiction, suppose that j(u) and j(Au) are algebraically de-
pendent over Q for all 4 € U. Since the polynomial ring in two variables over Q
is countable, whereas U is uncountable, we may assume that j(u) and j(A\u)
satisfy the same polynomial relation for all ;4 € U. Any uncountable subset
of R contains an accumulation point. Hence, the identity theorem yields a
polynomial relation between the holomorphic functions j(7) and j(A7) in the
variable 7 € H. That is,

n

> a(i(r)) i)' =0,

=0

where ¢;(j(7)) is a polynomial in j(7) which is nontrivial for [ = n. We may
assume that n is the minimal integer such that a polynomial relation as above
exists. The modular form j(7) does not satisfy any nontrivial polynomial
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4 Hodge structures of conjugate varieties

relation since it has a pole of order one at ico. Thus, n > 1. For k € Z, we have
j(1) =j(7 + k) and so the above identity yields

> a(i(m) - (JOA) = 5(A + Ak)') = 0,

1=0
for all k € Z. Since A is irrational, A7 and A7+ Ak do not lie in the same SLy(7Z)
orbit and so j(A7) — j(AT + A\k) is nonzero for all k € Z. Thus,

-

S ai(r)
h

1
FOT) AT+ Ak) =0,
=1 0

If we now choose a sequence of integers (ky,)m>1 such that Ak, tends to zero
modulo Z, then the above identity tends to the identity

S a((r) 1 () =0,

=1
This contradicts the minimality of n. Lemma 4.3.2 follows. O]

Since Kp is countable, it follows that for any t > 0,
U, = {#ERzl | t,u2¢K}

is uncountable. By assumptions in Case 2, Ky contains a positive irrational
number A. Additionally, we pick a positive irrational number \' ¢ K.

Then, by Lemma 4.3.2, there are elements p € Uy and p' € Uy such that
J(ip) and j(iAp), as well as j(ip') and j(iN'p'), are algebraically independent
over Q. It follows that for some o € Aut(C), we have

X = Ei/\/,L X Em with X7 ~ EZ'/\/#/ X Em/.

Since A € K and A\p2, N, M p'? ¢ K, it follows from Lemma 4.3.1 that H% (X, K)
and H11(X, K) are not equidimensional. This concludes Case 2.

Case 3: K is uncountable and K = Q.

Since K is uncountable, there are elements 7,7’ € H with 7,7” € K such that
j(7) and j(7') are algebraically independent over Q. Also, there are positive
real numbers p, ' € Ryg with pp!, u/p’ ¢ Kg = Q such that j(in) and j(ip')
are algebraically independent over Q. For some o € Aut(C), we then have

X:=FE xFE. with X7~ F;, xE;,.

Since 7,7’ € K, the space H11(X, K) is at least three-dimensional. Conversely,
HY (X7 K) is two-dimensional by Lemma 4.3.1. This concludes Case 3.
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4.3 Proof of Theorem 4.1.5

Case 4: K is countable and K = Q.

This case is slightly more difficult; instead of products of elliptic curves, we
will use Kummer K3 surfaces and their theta constants, see Section 4.2.4. We
begin with the definition of certain families of such surfaces. For t = t; +ity € C
with ¢, # 0 and p € R, we consider the symmetric matrix

M(u,t):=1—- .
(p,1) 22151 ( 1 |t|2 )

For a suitable choice of t € C, the matrix —iM (u,t) is positive definite for all
p> 0 and so the abelian surface Ay, as well as its associated Kummer K3

surface exist. For such t, we have the following lemma, where A denotes the
dual of the abelian surface A.

Lemma 4.3.3. Let L € C be a subfield, let >0 and let t =ty + ity € C such
that —i- M (u,t) is positive definite. If ty, [t|* and det(M (p,t)) do not lie in
L, then

17, if (Jt|*+2t;-L)nL =@,

18, otherwise.

dim(H" (K3(Apun), L)) = {

Proof. Fix t € C and p > 0 such that —i- M (u,t) is positive definite and assume
that ¢q, |t/?> and det(M (p,t)) do not lie in L. The rational degree two Hodge
structure of a Kummer surface K3(A) is the direct sum of 16 divisor classes
with the degree two Hodge structure of A. It therefore remains to investigate
the dimension of H'! (A, L).
We denote the holomorphic coordinates on C2 by z = (z1, 22), where
Zj =5+ Zyj
The cohomology of A M(pt) is given by the homology of Aps(,+) and so
= dIl, Qg = dl’g, Qg = ,u/(2t1) . (Qtldyl + dyg) , Oy = u/(Qtl) . (dyl + |t|2dy2)
form a basis of HI(AM(W),Q). Next, HLI(AM(W)) has basis
dzyudzy, dzyudzy, dzoudz; and dzoUdzs.
This basis can be expressed in terms of o; U oy, where 1< j <k <4. Applying
the Gaufl algorithm then yields the following new basis of H1!(Apru):
Ql =o0pUoy + o Uas,
Q=i uay -t o uas,
Qg = Uasg — 2t oy U g,
Qy:=azUay—det(M(pu,t)) a1 Uas.
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4 Hodge structures of conjugate varieties

From this description it follows that if a linear combination . \;{; is L-rational,
then all A; lie in L. Moreover, since det(M (p,t)) ¢ L, the coefficient A4 needs
to vanish.

Since t1,[t|? ¢ L, neither 5 nor €3 is L-rational. We conclude that

H171 (AM(%t), L)

is two-dimensional if |¢|? + 2¢; - [; = [y has a solution [y,ly € L, and it is one-
dimensional otherwise. The lemma follows. O

In the following we will stick to parameters ¢ that are contained in a suffi-
ciently small neighborhood of 1/3 + 3i. For such ¢, the matrix —i - M (p,t) is
positive definite. The reason for the explicit choice of the base point 1/3 + 3i
is due to the fact that it slightly simplifies the proof of the subsequent lemma.
In order to state it, we call a point in P? transcendental if its coordinates in
some standard affine chart are algebraically independent over Q. Equivalently,
z € IP3 is transcendental if and only if P(z) # 0 for all nontrivial homogeneous
polynomials P with rational coefficients. That is, the transcendental points of
P3 are those which lie in the complement of the (countable) union of hypersur-
faces which can be defined over Q. It is important to note that Aut(C) acts
transitively on this set of points.

Lemma 4.3.4. There is a neighborhood V- ¢ C of 1/3 + 3i, such that for all
t =ty +ity € V with 1, t; and [t linearly independent over Q, the following
holds. Any uncountable subset U € R.q contains a point p € U with:

1. The matrixz —i- M (u,t) is positive definite.
2. The determinant of M (u,t) is not rational.
3. The theta constant ©y(M (u,t)) is a transcendental point of P3.
Proof. We define the quadratic form
Q(2) 1= 2t1 27 + 22120 + [t]*23,
where z = (21, 22) € R2. For € {0,1}”, the homogeneous coordinate
Ou81(M(y1,1))

of the theta constant ©y(M (1,t)) is then given by

Ou[01(M(i,1)) = 3 exp (—% Q(n+ 5/2)), (4.7)

neZ?
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4.3 Proof of Theorem 4.1.5

see (4.6). At the point t = 1/3 + 37, we have

137

2
Q(z)|t:1/3+3i = 5 . (z1 + 3,22/2)2 + E 22.

This shows that there is a neighborhood V' of 1/3 + 3i such that —i- M (u,t) is
positive definite for all ¢ € V' and all © > 0. For such ¢, the function in (4.7) is
a modular form in the variable i - € H, see [27].

Let us now pick some ¢t € V with 1, ¢; and |¢|? linearly independent over Q.
Then —i- M (p,t) is positive definite and so det(M (u,t)) is a nonzero multiple
of u?. After possibly removing countably many points of U, we may therefore
assume

det(M(u,t)) ¢ Q

for all peU.

For a contradiction, we now assume that there is no p € U such that
O2(M (u,t)) is a transcendental point of P3. Since the polynomial ring in
four variables over QQ is countable, we may then assume that there is one ho-
mogeneous polynomial P with P(O9(M (p,t))) =0 for all pe U. Since U € Ryq
is uncountable, it contains an accumulation point. Then the identity theorem
yields

P(Oy(M(=iT,1))) =0, (4.8)

where the left hand side is considered as holomorphic function in 7 € H.

For 7 — ioo, the modular form Os[d](M(-iT,t)) from (4.7) is dominated
by the summand where the exponent Q)(n) with n € N2+ is minimal. After
possibly shrinking V', these minima ns € N2 + § of Q(n) are given as follows:

noo =(0,0), n1o=+(1/2,0), ngy =+(-1,1/2) and ny; =+(-1/2,1/2).
Noting that Q)(no) vanishes, we conclude that for 7 — ico, the monomial
©,[0,0](M)" - ©2[1,0](M) - ©2[0, 1](M)* - 6,1, 1](M)',
where we wrote M = M (—-ir,t), is dominated by the summand
2-0 (T (G- Qi) + k- Qo) +1-Q(nr.)))
The left hand side in (4.8) is then dominated by those summands for which

J-Q(nip) +k-Q(nox) +1-Q(ny1)

is minimal. We will therefore arrive at a contradiction as soon as we have seen
that this summand is unique. That is, it suffices to see that Q(n1,), Q(no1)
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4 Hodge structures of conjugate varieties

and @(ny1) are linearly independent over Q. In order to see the latter, we
calculate

Q(n10) =t1/2, Q(ng1) = [t2/4+2t; -1 and Q(ny,) = [t} /4 +1,/2-1/2.

The claim is now obvious since 1, t; and |¢|? are linearly independent over Q
by assumptions. This finishes the proof of the lemma. O

We are now able to conclude Case 4. Let V' be the neighborhood of %+32’ from
Lemma 4.3.4. Since Kr = Q and since K is not contained in any imaginary
quadratic extension of Q, we may pick some t = t; + i1ty € K n'V which is not
quadratic over Q. Then ¢; is not rational since otherwise (¢ —¢1)? would lie
in Kg = Q, which yielded a quadratic relation for ¢ over Q. It follows that 1,
t+1=2t; and t-t = |t|*> are linearly independent over Q, as otherwise ¢ would
lie in K and so t +t = 2t; € Kg = Q were rational. Hence, the assumptions of
Lemma 4.3.4 are satisfied and so there is some p € R.q such that the pair (u,t)
satisfies (1)—(3) in Lemma 4.3.4.

Next, we consider ¢/ =t} +3i € V with 1, t] and ¢?? linearly independent over
Q. Since V is a neighborhood of 1/3 + 3i, there are uncountably many values
for ¢} such that ¢’ has the above property. We claim that we can choose ]
within this uncountable set such that additionally

Qtll)\l = )\2 + |7f,|2 (49)

has no solution A;, A; € K. In order to prove this, suppose that t| is a solution
of (4.9) for some Ay, Ay € K. Since [t'|? is a real number, it follows that ¢/ lies
in the set of quotients z/y where x and y are imaginary parts of some elements
of K. Since K is countable, so is the latter set. Our claim follows since we can
choose t| within an uncountable set. That is, we have just shown that there
is a point ¢/ = ¢ + 3i € V with 1, ¢] and |[#/|* linearly independent over Q such
that additionally, (4.9) has no solution in K. Then again the assumptions of
Lemma 4.3.4 are met and so there is some u' € R, such that the pair (u/,t")
satisfies (1)—(3) in Lemma 4.3.4.

Since (u,t) and (p/,t") satisfy Lemma 4.3.4, ©o(M (p,t)) and (M (1, t'))
are transcendental points of P3. Because Aut(C) acts transitively on such
points it follows that there is some automorphism o € Aut(C) with

o (O2(M(p,1))) = O2(M (', 1)).

As the functor A— A on the category of abelian varieties commutes with the
Aut(C)-action, it follows from Lemma 4.2.4 that

X = K3(Anr(upy) with X7 o K3(Ane i)
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4.4 The Charles—Voisin construction

By our choices, ¢y, || and det(M (p,t)) lie in R\ Q and the same holds for the
pair (u/,t"). Since Kg = Q, it follows that (u,t) as well as (u',t") satisfy the
assumptions of Lemma 4.3.3. Since (4.9) has no solution in K, whereas

2t1)\1 = )\2 + |Zf|2

has the solution A\; = ¢t and Xy = t? in K, it follows from Lemma 4.3.3 that
HY(X,K) and HM'(X°7, K) are not equidimensional. This concludes Case 4
and hence finishes the proof of Theorem 4.1.5. O]

Remark 4.3.5. Theorem 4.1.5 does not remain true if one restricts to smooth
complex projective varieties which can be defined over Q. Indeed, for each
smooth complex projective variety X there is a finitely generated extension Kx
of Q such that for all p >0 the group HPP(X,C) is generated by K x-rational
classes. As there are only countably many varieties over Q, it follows that
there is an extension Ky of Q which is generated by countably many elements
such that for each smooth complex projective variety X over Q and for each
p >0, the dimension of HPP(X, Ky) equals h?P(X). The above claim follows,
since hPP(X) is invariant under conjugation.

4.4 The Charles—Voisin construction

In this section we carry out a variant of a general construction method due to
Charles and Voisin [12, 91]. The proofs of Propositions 4.4.1 and 4.4.2 below
will then be the technical heart of the proof of Theorem 4.1.6 in Section 4.6.

We start with a smooth complex projective surface Y with b1(Y) = 0 and
automorphisms f, f/ € Aut(Y). Then we pick an embedding

i:Y o PV
and assume that f* and f’* fix the pullback i*h of the hyperplane class h in
H*(PN,7Z).

For a general choice of points u, v, w and ¢ of PY and y of Y, the following
smooth subvarieties of Y x Y x PV are disjoint:

Zl::Ynyu, Z2::FidYX'U’ Zg::fow, Z42=Ffr><t, Z5::y><Fi,
(4.10)

where I' denotes the graph of a morphism. The blow-up

X = Blg,uuz, (Y x Y x PY)
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of Y xY x PV along the union Z; U---uU Z5 is a smooth complex projective
variety. Since b;(Y") =0 and dim(Y') = 2, it follows from the description of the
cohomology of blow-ups, see Section 4.2.1, that the cohomology algebra of X
is generated by degree two classes.

Next, let o be any automorphism of C. Then the automorphisms f and f’
of Y induce automorphisms f° and f’? of Y?. Since conjugation commutes
with blow-ups, we have

X7 = Blgguuzg (YO x Y7 xPV),
where we identified PV with its conjugate PN’ and where
27 =Y xyoxu’, Z3 =Tiay, xv7, Z3 =Ttoxw?, Z7 =T poxt?, Zg =y’ x['s.

Here u?, v, w” and t are points on PV, y7 € Y7, and i : Y7 - PV is the
inclusion, induced by i. The pullback of the hyperplane class via 7 is denoted
by 17" he.

In the next proposition, we will assume that the surface Y has the following
properties.

(A1) There exist elements «, 5 € HY1(Y, Q) with o2 = 32 =0 and au 5 # 0.
(A2) The sets of eigenvalues of f* and f* on H%(Y,C) are distinct.
Then, for a smooth complete intersection subvariety

TcX,
with dim(7") > 4, the following holds.

Proposition 4.4.1. Suppose that (A1) and (A2) hold, and let K ¢ C be
a subfield. Then any weak isomorphism between the K-multilinear intersec-
tion forms on H*(T,K) and H*(T°,K) induces an isomorphism of graded
K-algebras

b (Y, K) = H (Y, K),

with the following two properties:
(P1) In degree two, 1 maps i*h to a multiple of i°*he.

(P2) The isomorphism 1 commutes with the induced actions of f and f’, i.e.
o fr=(f") 0w and o (f) =(f7) .

Proposition 4.4.1 has an analog for isomorphisms between intersection forms
on H4!(-, K). In order to state it, we need the following variant of (A2):
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(A3) The sets of eigenvalues of f* and f”* on HV'(Y,C) are distinct and
Aut(C)-invariant.

Note that f* and f’* are defined on integral cohomology and so their sets of
eigenvalues on H?(Y,C) — but not on H!(Y,C) — are automatically Aut(C)-
invariant. For this reason, we did not have to impose this additional condition
in (A2).

Proposition 4.4.2. Suppose that (A1) and (A3) hold, and let K ¢ C be a sub-
field which is stable under complex conjugation. Then any weak isomorphism
between the K-multilinear intersection forms on HY'Y(T,K) and H“'(T7, K)
induces an isomorphism of graded K -algebras

v:H*(Y,K) = H**(Y?, K),
which satisfies (P1) and (P2) of Proposition 4.4.1.

Remark 4.4.3. The assumption (A1) in the above propositions is only needed
if dim(7") = 4.

In the following two subsections we prove Propositions 4.4.1 and 4.4.2 re-

spectively; important steps will be similar to arguments of Charles [12] and
Voisin [91].

4.4.1 Proof of Proposition 4.4.1
Proof of Proposition 4.4.1. Suppose that there is a K-linear isomorphism

¢ HX(T,K) <= HX(T°,K), (4.11)

which induces a weak isomorphism between the respective multilinear inter-
section forms.
By the Lefschetz hyperplane theorem, the natural maps

HYX,K)— H*(T,K) and H¥(X? K)— H"(T°,K) (4.12)

are isomorphisms for k£ < n and injective for k = n, where n := dim(7"). Using
this we will identify classes on X and X7 of degree <n with classes on 7" and
T7 respectively.

We denote by SH?(-,K) the subalgebra of H*(-, K) that is generated
by H?(-,K). Its quotient by all elements of degree > r + 1 is denoted by

SH?(—, K)=. Since dim(7T") > 4, we obtain from (4.12) canonical isomorphisms

SH2(X, K)* = SHX(T,K)** and SH2(X°, K)* = SH2(T°, K)*.
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Claim 4.4.4. The isomorphism ¢' from (4.11) induces a unique isomorphism
¢: SH*(X,K)* = SH*(X7,K)<!
of graded K -algebras.

Proof. In degree two, we define ¢ to coincide with ¢’ from (4.11). Since the
respective algebras are generated in degree two, this determines ¢ uniquely as
homomorphism of K-algebras; we have to check that it is well-defined though.
In order to see the latter, let aq, ..., a, and fq,..., 5, be elements in H2(T, K).
Then we have to prove:

ZCYZ'U6,L':0 = Z¢/(QZ)U¢,(5Z):O

Let us assume that Y, o;u8; = 0. Since ¢’ induces a weak isomorphism between
the corresponding intersection forms, this implies

S d () ud(B)un=0 in BT K),

for all n e SH2(T7, K)?"*. The class ¥; ¢'(c;) u¢'(f;) un lies in SH2(T7, K)
and hence it is a pullback of a class on X. Therefore, the above condition is
equivalent to saying that

Zqﬁ’(ai)uaﬁ’(ﬁi)unu[T“] =0 in H**¥ (X7, K),

for all n e SH?(X?, K)?"4. Since the cohomology of X is generated by degree
two classes, Poincaré duality shows

Z¢,(ai) U Qb,(ﬁz) U [TO’] =0 in HQN_2n+12(XU,K).

Since [T7] is the (N + 4 — n)-th power of some hyperplane class on X7, the
Hard Lefschetz theorem implies

Zgzﬁ’(ozi) ug'(B)=0 in HY(X?, K),

as we wanted. Similarly, one proves that ¢'~! induces a well-defined inverse of
¢. This finishes the proof of the claim. O]

From now on, we will work with the isomorphism ¢ of K-algebras from Claim
4.4.4 instead of the weak isomorphism of intersection forms ¢’ from (4.11).
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To describe the degree two cohomology of X, we denote by D; ¢ X the
exceptional divisor above Z; and we denote by h the pullback of the hyperplane

class of PY to X. Then, by Theorem 4.2.1:
5
HX(X,K) = (@[Di]-K)eaHz(YxY,K)@h-K. (4.13)

i=1

Similarly, we denote by D¢y ¢ X“ the conjugate of D; by o and we denote by
he the pullback of the hyperplane class of PV to X7. This yields:

)

H* (X", K) = ( 7 [DY] -K) e (Y xY?,K)®h’ - K. (4.14)

Next, we pick a base point 0 € Y and consider the projections
YxY—Yx0 and Y xY—0xY.

Using pullbacks, this allows us to view H*(Y x 0,K) and H*(0 x Y, K) as
subspaces of H*(Y xY, K). By assumption, the first Betti number of Y vanishes
and so we have a canonical identity

HX (Y xY,K) = HX(Y x0,K) ® H*(0x Y, K), (4.15)

of subspaces of H?(X, K). A similar statement holds on X°.

Claim 4.4.5. The isomorphism ¢ respects the decompositions in (4.13) and
(4.14), that is:

S(H*(Y xY,K)) = H*(Y° xY°, K), (4.16)
o([Di]-K)=[D?]-K foralli=1,...,5, (4.17)
o(h-K)=h’ K. (4.18)

Proof. In order to prove (4.16), we define S to be the linear subspace of
H?(X, K) which is spanned by all classes whose square is zero. By the ring
structure of the cohomology of blow-ups (cf. Lemma 4.2.2), S is contained in
H*(Y xY,K). Furthermore, let S? be the subspace of H*(X, K) which is
given by products of elements in S. By assumption (A1), this subspace con-
tains H4(Y x0, K) and H4(0xY, K). By the ring structure of the cohomology
of X, it then follows that H2(Y xY, K) in (4.13) is equal to the linear subspace
of H?(X, K) that is spanned by those classes whose square lies in S2.

By Lefschetz’s theorem on (1, 1)-classes, the cohomology of Y7 also satisfies
(Al). Hence, H?(Y? x Y?,K) inside SH?(X?,K)* has a similar intrinsic
description as we have found for H?(Y x Y, K) inside SH?(X, K)<*. This
proves (4.16).
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It remains to prove (4.17) and (4.18). For this, we consider for ¢ = 1,...,5
the following kernels:

F;:=ker ([D;]: H*(Y xY,K)— H"(X,K)). (4.19)

Using Theorem 4.2.1 and Lemma 4.2.2, we obtain the following lemma, which
is the analogue of Charles’s Lemma 7 in [12].
Lemma 4.4.6. Using the identification (4.15), the kernels F; ¢ H*(Y xY, K)
are given as follows:
Fi={(0,8): Be HX(Y,K)}, (4.20)
Fy={(8,-8): B e H*(Y,K)}, (4.21)
Fy={(f*8,-B): Be H*(Y,K)}, (4.22)
Fy={(f"B,-B): B H(Y,K)}, (4.23)
F5={(8,0): 8e H*(Y,K)}. (4.24)

In addition to the above lemma, we have as in [12] the following.

Lemma 4.4.7. Let o € H*(Y x Y, K) be a nonzero class. Then the images of
Ua, Uh,U[D1],...,u[Ds]: H*(Y xY,K)— H*(X, K)
are in direct sum, Uh is injective and
dim(ker(ua)) < by (Y'). (4.25)

Proof. Apart from (4.25), the assertions in Lemma 4.4.7 are immediate con-
sequences of the ring structure of the cohomology of blow-ups, see Theorem
4.2.1 and Lemma 4.2.2.

In order to proof (4.25), we write
=01+ Qs
according to the decomposition (4.15). Without loss of generality, we assume
ag # 0. Then, ua restricted to H2(0xY, K) is injective. Moreover, by Poincaré
duality there is some (1 € H2(Y x 0, K') with

Gruag #0

Then, ; U « is nontrivial and does not lie in the image of ua restricted to
H?2(0xY,K). Thus, dim(im(u«a)) > bo(Y") and (4.25) follows. O
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4.4 The Charles—Voisin construction

Of course, the obvious analogues of Lemma 4.4.6 and 4.4.7 hold on X°.

Note the following elementary fact from linear algebra. If a finite number
of linear maps [y, ..., [, between two vector spaces have images in direct sum,
then the kernel of a linear combination . \;l; is given by intersection of all
ker(l;) with X\; #0.

By Lemma 4.4.6, each F; has dimension by(Y") and hence the above linear
algebra fact together with Lemma 4.4.7 shows that there is a permutation

p € Sym(5) with
S((D]-K) = (D3] K.

We are now able to prove (4.18). For some real numbers ay, ..., a5 and for
some class 7 € H2(Y? x Y K) we have

5
o(h) = agh” + ) a;[DJ] + 5.
j=1
Fori=1,...,4, the cup product hu [D;] vanishes and hence

5
aoh” U [ Dy Z (D71 + 570 [Dgiy]=0.
Since the cup product [Df]u [D7] vanishes for j # k, we deduce

agh’ U [Dg(i)] + Q[ D p(l)] +p%U[D p(z)] 0
for all © = 1,...,4. From Theorem 4.2.1, it follows that a,) vanishes for all
I i that ) < 1,4}, then
h?u[D7;]=0 andso B7u[D7;\]=0.

By Lemma 4.4.6, the intersection ;.4 F} is zero for each k =1,...,5. Since
the same holds on X7, we deduce that 7 vanishes. Hence,

¢(h) = aoh” + a,) [ D5 1.
In H*(X, K) we have the identity
hu[Ds] = (i*h) u[Ds] e H*(Y xY)u[Ds],
and similarly on X°. Since (4.16) is already proven, we deduce

aoh” U [Dg5) ]+ ay(s) [ Dys)* € H* (Y7 x Y7) u[ D55 ].
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4 Hodge structures of conjugate varieties

This implies a,5) = 0. Since ¢ is an isomorphism, ag # 0 follows, which proves
(4.18).

It remains to prove (4.17). That is, we need to see that p € Sym(5) is the
identity. This will be achieved by a similar argument as in [12, Lem. 11].

Note that hu[D;] as well as h? u[D?] vanish for ¢ # 5 and are nontrivial for
i =5. Since (4.18) is already proven, p(5) =5 follows.

By assumption on Y, f* and f* fix i*h. Therefore, the intersection

F20F30F4

is nontrivial. Conversely, F1nF; = 0 for all 7 = 2, 3,4. Since analogue statements
hold on X, we obtain p(1) = 1.

Next, we use that F; @ F; = H2(Y xY,K) for all i = 1,5 and j = 2,3,4. This
allows us to define for 2 < j, k <4 endomorphisms g;; of F via the following
composition:

Gik* F - F; @F}&)Fg) > F e ka)Fl

There is a canonical identification between F; and H?(Y, K). Using Lemma
4.4.6, a straightforward calculation then shows:

gs2= 1" ga2=f", gaz=(f"of 1), g;=id and g;r=g;}  (4.26)

for all 2<j,k < 4.
Analogue to (4.19), we define

FY =ker (u[D7]: HH(Y° xY?, K)— H*(X°, K)).

These subspaces are described by the corresponding statements of Lemma
4.4.6. Thus, the above construction yields for any 2 < j, k < 4 endomorphisms
93, of FY. Using the canonical identification of FY with H*(Y7, K), these
endomorphisms are given by

95,2 = (Jw)*a QZ,Q = (fla)*» 92,3 = (f, °© f_l)g*’ g;j =id and g;k = (gl(;j)_l’
(4.27)
for all 2<j,k < 4.

Since ¢ maps [D;] to a multiple of [ D7], it follows that the restriction of ¢
to F induces a K-linear isomorphism

V:Fy = H*(Y,K) = H*(Y°,K) = F}. (4.28)

Since ¢ maps F; isomorphically to F7 .., the above isomorphism satisfies

p(i)’

V0 Gk = Gpi),p0) © Y (4.29)
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4.4 The Charles—Voisin construction

for all 2<j,k < 4.

We now denote the eigenvalues of g by Eig(g;x), and similarly for g7,.
Since f and f’ are automorphisms, it follows from (A2) and (4.26) that Eig( g3:2)
and Eig(gs2) are distinct Aut(C)-invariant sets of roots of unity. By Lemma
4.2.3 and since g;x = g, we deduce:

Eig(gs2) = Eig(g2,3) = Eig(93.) = Eig(g55),

Eig(ga2) = Eig(g2.4) = Eig(94,) = Eig(95.4)-
Since g3 = g23° ga2 and gs4 = gaa © g32, it also follows that each of the
sets Eig(g34), Eig(g43), Eig(g3,) and Eig(g7 3) is distinct from Eig(gs3) and

Eig(gs2). Therefore, (4.29) implies that p respects the subsets {2,3} and
{2,4}. Hence, p = id, as we wanted. This finishes the proof of Claim 4.4.5. [J

Since b1(Y) = 0 and dim(Y") = 2, the cohomology algebra H*(0x Y, K) is a
subalgebra of SH?(X, K)=*. Restriction of ¢ therefore extends the K-linear
isomorphism ¢ from (4.28) to an isomorphism

v H*(Y,K) = H* (Y, K) (4.30)

of graded K-algebras which we denote with the same letter. Since p in the
proof of Claim 4.4.5 is the identity, it follows from (4.26), (4.27) and (4.29)
that ¢ satisfies (P2).

In order to prove (P1), we note that

ker (U[Ds]: Fy@h- K— H*(X,K)) = (i*"h-h)- K,

where i*h € F} = H2(0xY, K'). A similar statement holds on X?. Since ¢ maps
Fy to FY, [Ds]-K to [DZ]-K and h-K to he- K, it follows that ¢ maps i*h- K
to i°*he - K. This finishes the proof of Proposition 4.4.1. n

4.4.2 Proof of Proposition 4.4.2

Proof of Proposition 4.4.2. As in the proof of Proposition 4.4.1, we use (4.12)
in order to identify classes of degree < n on T with classes on X. Fur-
ther, SHY1(-, K') denotes the subalgebra of H*(—, K) that is generated by
HUY(-, K); its quotient by elements of degree > r + 1 is denoted by

SHY (-, K)<".
Let us now suppose that there is a K-linear isomorphism

¢ s HYW(T,K) = H"(T°, K), (4.31)
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4 Hodge structures of conjugate varieties

which induces a weak isomorphism between the respective intersection forms.
Then we have the following analogue of Claim 4.4.4 in the proof of Proposition
4.4.1:

Claim 4.4.8. The isomorphism from (4.11) induces a unique isomorphism
¢ . SHl,l(X’K)§4 o~ SHl’l(XU,K)§4
of graded K -algebras.

Proof. As in the proof of Claim 4.4.4, this claim reduces to showing the fol-
lowing: Suppose we have K-rational (1,1)-classes aq,...,a, and (1,...,[, on
T such that

> ¢ () ue'(B)unu[T7]=0 in H* (X7, K), (4.32)

for all n e SHM (X7, K)?»4. Then, Y, ¢'(a;) U ¢'(B;) vanishes.
In order to prove the latter, let w be the hyperplane class on X with

[TO’] — wN+4—n )

With respect to this Kéhler class we obtain a decomposition into primitive
pieces:

ZW(%‘) U@ (B;) = o w” + 81 Uw + b,

where 0; € H7(X,C),,. Since w is an integral class, it follows that J; lies in
HIJ (X, K)p. The above identity then shows d, € SHUM (X, K).

At this point, we use the assumption in Proposition 4.4.2 which ensures that
K is stable under complex conjugation. Indeed, this assumption allows us to
choose for 7 =0, 1,2 the following K-rational classes:

n; = 5_j.wn—2—j c SHl’l(XU, K)Zn—él‘

For j = 0,1,2, we put n = n; in (4.32). Then, the Hodge-Riemann bilinear
relations yield d; = 0 for j = 0,1,2. This finishes the proof of Claim 4.4.8. [

Exploiting the isomorphism of K-algebras ¢ from Claim 4.4.8, the proof of
Proposition 4.4.2 is now obtained by changing the notation in the correspond-
ing part of the proof of Proposition 4.4.1. This finishes the proof of Proposition
4.4.2. O
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4.5 Some simply connected surfaces with special
automorphisms

In this section we construct for any integer g > 1 a simply connected surface Y,
of geometric genus g and with special automorphisms. In the proof of Theorem
4.1.6 in Section 4.6, we will then apply the construction from Section 4.4 to
these surfaces. In Section 4.7, we will use the examples from Section 4.6 in
order to prove Theorem 4.1.7. It is only the proof of the latter theorem where
it will become important that b2(Y;) tends to infinity if g does.

4.5.1 Hyperelliptic curves with special automorphisms

For g > 1, let C, denote the hyperelliptic curve with affine equation
y2 — $29+1 _ 17

see [87] or Section 2.3.1 in Chapter 2. The complement of this affine piece in
C, is a single point which we denote by co. For a primitive (2¢ + 1)-th root of
unity (o441, the maps

(CL', y) — (C29+1 ", y) and (I’ y) L (ZL', _?/)

induce automorphisms of C, which we denote by 7, and ¢ respectively. Then,
¢ has the 2¢ + 2 fixed points

(1,0), (C2g41,0), .. -, (§§5+1,0) and oo.

The automorphism 7, fixes co and performs a cyclic permutation on the re-
maining fixed points. The corresponding permutation matrix has eigenvalues

29
17 C2g+1a Tt 52g+1
The holomorphic 1-forms
2i-1
dzx,
Y
where i = 1,...,9, form a basis of H'9(C,). Therefore, n; has eigenvalues

Cagets -5 Gageq 00 HYO(C,). Moreover, ¢ acts on H'(Cy,Z) by multiplication
with —1.

4.5.2 The elliptic curve E;

Let E; be the elliptic curve C/(Z @ iZ), cf. Section 4.2.3. Multiplication by
¢ and -1 induces automorphisms 7; and ¢ of E; respectively. The involution
¢ has four fixed points. The action of n; fixes two of those fixed points and
interchanges the remaining two. On H0(E;), the automorphisms ¢ and 7; act
by multiplication with —1 and ¢ respectively.
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4.5.3 Products modulo the diagonal involution

For g > 1, we consider the product C, x F;, where C, and E; are defined above.
On this product, the involution ¢ acts via the diagonal. This action has 8¢ + 8
fixed points. Let C, x E; be the blow-up of these fixed points. Then,

Y, = Cy x Efu (4.33)

is a smooth surface. For instance, Y = K3(C} x E;) is a Kummer K3 surface,
see Section 4.2.4.

Lemma 4.5.1. The surface Yy is simply connected.

Proof. Tt suffices to prove that the normal surface
V= (Cyx B)i
is simply connected. Projection to the second coordinate induces a map
m: Yg’—>}P1.

Let U c P! be the complement of the 4 branch points of E; — P'. Then,
restriction of 7 to V' := 7=1(U) yields a fiber bundle 7|y : V' — U with fiber
Cy. Since U is homotopic to a wedge of 3 circles, the long exact homotopy
sequence yields a short exact sequence

0—>7T1(Cg)—>7T1(V)—>7T1(U)—>O .

Since 7 has a section, this sequence splits. Since V is the complement of a
divisor in Y], the natural map (V) — m(Y]) is surjective by Proposition
2.10 in [43]. Therefore, the above split exact sequence shows that 7i(Y])
is generated by the fundamental group of a general fiber together with the
image of the fundamental group of a section of 7. The latter is clearly trivial.
Furthermore, the inclusion of a general fiber €y = Y is homotopic to the
composition of the quotient map C,— C,/¢ with the inclusion of a special
fiber C,/t ~PL. Since P! is simply connected, the inclusion of a general fiber
Cy = Y] is trivial on 7;. It follows that the image of 71(Cy) — 71 (Y]) is trivial.
This proves the lemma. O

Definition 4.5.2. Let Y, be as in (4.33). Then we define the automorphisms
fand f" of Yy to be induced by n, x id and id xn; respectively.

Lemma 4.5.3. The surface Y, with automorphisms f and f' as above satisfies

(A1)-(A3).
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Proof. In order to describe the second cohomology of Y,, we denote the excep-
tional Pl-curves of Y, by Dy, ..., Dggs. Then, for any field K:

H2(Y,, K) = HX(C, x Ei, K) @ (SéS[D,»] . K). (4.34)

i=1

It follows from the discussion in Section 4.5.1 (resp. 4.5.2) that the action
of f (resp. f’) on H?(Y,,C) has eigenvalues 1,§29+1,...,C22§+1 (resp. +1,+i).
Moreover, the same statement holds for their actions on H!(Y,,C). This
proves (A2) and (A3).

By (4.34), nontrivial rational (1, 1)-classes on C, and E; induce classes o and
B in H41(Y,, Q) which satisfy (A1). This finishes the prove of the lemma. O

4.6 Multilinear intersection forms on H?(- R) and
HI(-,C)

Here we prove Theorem 4.1.6. This will be achieved by Lemma 4.6.1 and
Theorem 4.6.2 below, where more precise statements are proven.

Let n >4 and g > 1. Moreover, let Y, be the simply connected surface with
automorphisms f and f’ from Definition 4.5.2. We pick an ample divisor on
Y, which is fixed by f and f’. A sufficiently large multiple of this divisor gives
an embedding

Z':Ytqf—ﬂP’N

with n < N + 4 such that the actions of f and f’ fix the pullback of the
hyperplane class.
Next, let

X, = Bz, (Y, x Yy x PY)

be the blow-up of Y, x Y, x PV along Z; U---u Z5, where Z; is defined in (4.10).
Since n < N +4, X, contains a smooth n-dimensional complete intersection
subvariety

Tyn < X,. (4.35)

Since Y, f and f’ are defined over Q[(sg+4] = Q[(2g+1,1], s0 is X, and we may
assume that the same holds true for T ,,.

Lemma 4.6.1. Let n > 2, then the variety T,,, from (4.35), as well as each of
its conjugates, is simply connected.
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Proof. Since Y, is simply connected by Lemma 4.5.1, so is X ;. By the Lefschetz
hyperplane theorem, T} ,, is then simply connected for n > 2.

Since the curves Cj; and E; in the definition of Y, are defined over Z, it follows
that Y; is isomorphic to any conjugate Y. Thus, Y7 is simply connected and
the above reasoning shows that the same holds true for 77, , as long as n > 2.
This proves the lemma. O

The next theorem, which implies Theorem 4.1.6 from the introduction, shows
that certain automorphisms o € Aut(C) which act nontrivially on Q[(sg+4]
change the analytic topology as well as the complex Hodge structure of T,,.

Theorem 4.6.2. Let g > 1 and n > 4 be integers and let o € Aut(C) with
o(i) =i and 0((ag+1) # Cagr1 o7 vice versa. Then, the R-multilinear intersection
forms on H*(T, ,,,R) and H*(T¢,,,R), as well as the C-multilinear intersection

forms on H'Y(Ty,,,C) and HY'(Tg,,,C), are not weakly isomorphic.

Proof. For ease of notation, we assume o(i) = 7 and 0((og41) = CQ‘;H. The
general case is proven similarly.

Since the curves Cj; and F; from Sections 4.5.1 and 4.5.2 are defined over Z, it
follows that the isomorphism type of Y} is invariant under any automorphism of
C. Hence, we may identify Y, with Y,7. Under this identification, "> = f’ since
i is fixed by o. Moreover, f? = f~1, since it is induced by the automorphism

n," xid e Aut(Cy x E).
Suppose that the R-multilinear intersection forms on
H*(T,,,R) and H2(Tg‘fn,R)

are weakly isomorphic. By Lemma 4.5.3, Proposition 4.4.1 applies and we
obtain an R-algebra automorphism of H*(Y,,R) with properties (P1) and (P2).
By (P1),

Y(i*h) =b-i*h

for some b € R*. Since the square of i*h generates H*(Y,,R), it follows that in
degree 4, the automorphism 1 is given by multiplication with a positive real
number.

We extend 1 now C-linearly and obtain an automorphism

b H* (Y, C) — H* (Y, C),
which we denote by the same letter and which satisfies

o f=f"loi and Yo f =fod (4.36)
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Let us now pick nontrivial classes w € HY9(Cy) and w’ ¢ H"O(E;) with
Miw = Cage1 -w and nfw’ = i-w’. Then, wuw’ lies in HY(Y,) and we consider
Y(wuw’) in H2(Y,,C). By (4.36), f~' and f’ act on this class by multiplication
with (o441 and —i respectively. We claim that the only class in H%(Y,,C) with
this property is @ U w’ and so

Pwuw)=\-Tuw' (4.37)

for some nonzero A € C. Indeed, since n; interchanges two of the fixed points
of « on E; and fixes the remaining two, f’* has eigenvalues +1 on the subspace
of exceptional divisors in (4.34). Therefore, 1)(w Uw’) needs to be contained
in H?(Cy x E;, C). On this subspace, f~1" and f* are given by (7;! xid)* and
(id xn;)* respectively. Our claim follows by the explicit description of 7, and
7; in Sections 4.5.1 and 4.5.2.

Together with its complex conjugate, equation (4.37) shows:

P(wuw vwuw) =-\frwuvw uwuw.

Since the above degree four class generates H*(Y,,C), we deduce that v is
given in degree four by multiplication with —|A]2. As we have seen earlier, this
number should be positive, which is a contradiction. This finishes the proof of
the first assertion in Theorem 4.6.2.

For the proof of the second assertion, assume that the C-multilinear in-
tersection forms on H'(7y,,C) and H%(T¢,,C) are weakly isomorphic.
By Lemma 4.5.3 and Proposition 4.4.1, this yields an automorphism ¢ of
HV(Y,,C) which satisfies (4.36). Then, f' and f’ act on ¢(w U w’) by
multiplication with (s,41 and —i respectively. This is a contradiction, since
HY1(Y,,C) does not contain such a class. This finishes the proof of the theo-
rem. O

Recall from (4.35) that T, is defined over the cyclotomic number field
Q[(sg+4]. This number field contains the totally real subfield

Ky = Q[Csgea + <8_g1+4]-
For instance, K; = Q[v/3]. From Theorem 4.6.2, we deduce the following
Corollary 4.6.3. Let K ¢ C be a subfield with K, ¢ K, and let o € Aut(C)
with 0(i) =i and 0(Cag+1) # Cog+1 o7 vice versa. Then the intersection forms

on the equidimensional vector spaces H''(Ty,, K) and HYY(Tg,, K) are not
weakly isomorphic.
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Proof. By Theorem 4.6.2 it suffices to prove that the (1,1)-classes on T, are
spanned by K -rational ones. Modulo divisor classes, HY1(7,,,) is given by
HY(Y,) @ HY1(Y,). Furthermore, modulo divisors, HY1(Y}) is given by the
t-invariant classes on F; x Cy. The complex Hodge structure of F; and C,
is generated by Q[i]- and Q[(4+1]-rational classes respectively, see [87] for
the latter. We may now arrange that the induced generators of H1:1(Y,) are
invariant under complex conjugation and thus lie in the subspace of K -rational
classes. This concludes the proof of the corollary. O

Remark 4.6.4. Our types of arguments are consistent with Conjecture 4.1.2
i the sense that they cannot detect conjugate varieties with nonisomorphic
algebras of Q-rational (p,p)-classes. This is because the essential ingredient
i the proof of Theorem 4.6.2 is a variety Y with an automorphism whose
action on HPP(Y, K) has a set of eigenvalues which is not Aut(C)-invariant.
(In our arguments, this role is played by the surface Y, with the automorphism
fof'.) For K =Q, the characteristic polynomial of such an action has rational
coefficients and so the above situation cannot happen.

Remark 4.6.5. Using Freedman’s classification of simply connected topological
4-manifolds, one can prove that simply connected conjugated smooth complex
projective surfaces are always homeomorphic. On the other hand, Theorem
4.1.6 shows that in any dimension at least 4, there are simply connected con-
Jugate smooth complex projective varieties which are not homeomorphic. The
case of dimension three remains open.

4.7 Nonhomeomorphic conjugate varieties in each
birational equivalence class

In this section we prove Theorem 4.1.7. For this purpose, let Z be a given
smooth complex projective variety of dimension > 10. Next, let 7,4 be the
four-dimensional smooth complex projective variety, defined in (4.35). By
(4.13) and (4.34), the second Betti number of T, equals 24g + 26. We may

therefore choose an integer g > 1 with
bQ(TgA) > b4(Z) +4. (438)

From some projective space, Z is cut out by finitely many homogeneous
polynomials. We denote the field extension of Q which is generated by the
coefficients of these polynomials by L. Since L is finitely generated, and after
possibly replacing g by a suitable larger integer, we may pick an automorphism
o of C which fixes L and ¢ but not (g.1.
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Since T, 4 has dimension 4, it can be embedded into P. The assumption
dim(Z) > 10 therefore ensures that we may fix an embedding of T, 4 into the
exceptional divisor of the blow-up Z of Z in a point p € Z. We then define the
following element in the birational equivalence class of Z:

W := Blr, ,(2). (4.39)

Since conjugation commutes with blow-ups, the o-conjugate of W is given

by

W = Blye (27), (4.40)

where Z7 is the blow-up of Z7 in a point p” € Z7 and T, is embedded in
the exceptional divisor of this blow-up. Since o fixes L, we have Z° ~ Z.
Therefore, W and W7 are both birational to Z. Hence, Theorem 4.1.7 follows
from the following result.

Theorem 4.7.1. Let W and o be as above. Then the graded even-degree real
cohomology algebras of W and W are nonisomorphic.

Proof. For a contradiction, let us assume that there is an isomorphism
v H*(W,R)— H* (W7, R)

of graded R-algebras. Using pullbacks, we regard H**(Z,R) ¢ HQ*(Z,R) and
H?(Z°,R) ¢ H?>*(Z°,R) as subalgebras of H?*(W,R) and H?*(W?° R) re-
spectively. By Theorem 4.2.1,

H2*(W,R) = HX(Z,R)® [H]-R& [D] - R, (4.41)
H*(W° R) = H*(Z°,R)® [H°] - Re® [D°]-R, (4.42)

where H ¢ Z and H? c Z° are the exceptional divisors above the blown-up
points, and
j:D->W and j7:D° > W°

are the exceptional divisors of the blow-ups along Ty 4 and 77, respectively.

Any cohomology class of positive degree on Z is Poincaré dual to a homology
class which does not meet the center of the blow-up Z - Z. This shows that
for any n e H*(Z,R), with k > 1, and for any o € H*(D,R),

nul[H]=0 and nuj.(a)=0.

A similar statement holds on W7 and we will use these properties tacitly.
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The restriction of ~[H] to H ¢ Z is given by ¢;(Oy(1)); its restriction to
4 1s therefore ample. By Theorem 4.2.1, we have

T,

b4(W) = b4(Z) + bQ(TgA) + 2.

It then follows from (4.38) that the second primitive Betti number of 7}, 4 is
bigger than by(1)/2. Since T} 4 is four-dimensional, and since —[ H | restricts to
an ample class on T, 4, it follows that H2(Z, R)®[H ]-R inside H?(W,R) is given
by those classes whose multiplication on H*(TW,R) has kernel of dimension
bigger than by(W)/2. A similar statement holds for H2(Z°,R)®[H]-R inside
H2(W?7,R) and so 7 needs to take H?(Z,R)® [H]-R to H*(Z?,R) & [H?]-R.
Since v is an isomorphism, it follows that

Y([D])=a”+a-[H]+b-[D7] (4.43)

holds for some a° € H2(Z?,R) and b # 0.

Cup product with [D] on H?(W,R) has two-dimensional image, spanned
by [D]u[H] and [D]?. For any 37 € H?(Z°,R), the following classes are
therefore linearly dependent:

V([P ([P VH?] and A([D]) v [D7].

Since b # 0, this is only possible if a® u 39 =0 for all 5. Hence, o = 0.
Since a” = 0, it follows from [ D]Ju[H] # 0 that v([H]) € H*(Z°,R)®[H°]-R
cannot be contained in H2(Z?,R) and hence

Y([H]) =% +c-[H]

for some @ € H2(Z°,R) and ¢ # 0. As cup product with [H] on H?(W,R) has
two-dimensional image, the above argument which showed o =0, also implies
a° = 0. Thus, v takes [H]-R to [H?]-R. It follows that v takes H%(Z,R)
to H2(Z°,R), since these are the kernels of cup product with [H] and [H?]
respectively.

Since Ty, 4 is four-dimensional, we have [H]> u[D] = 0. Then application of
v yields:

A [HPu(a-[H]+b-[D]) =0.
Since [H?]° u[D?] vanishes, whereas [ H?]° is nontrivial, it follows from ¢ # 0
that a vanishes. Thus, v maps [D]-R to [D?]-R and we conclude that ~
respects the decompositions (4.41) and (4.42).

The latter implies that « induces an R-linear isomorphism between the ideals
([D]) € H>*(W,R) and ([D°]) ¢ H>*(W?°,R). In order to state the key-
property of this isomorphism, we identify cohomology classes on Ty 4 and Ty,
with their pullbacks to the exceptional divisors D and D7 respectively.
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Lemma 4.7.2. For every a € H*(T, 4,R), there exists a unique

o 2k o
a’ e H*(Ty ,,

R)
with
Y([DJuji(a)) =[D7]uji(a”).

Proof. For 0 <k <2, let us fix some o € H?(T, 4,R) and note that
H2k+2(WU,R) — H2k+2(ZU,R) ® [Ha]k+1 'R@jZ(HZk(DU,R)).

Since 4 maps [D] to a multiple of [D?], and since products of [D?] with
positive-degree classes on Z¢ always vanish, the above identity shows

Y([D]uj.(e)) =[D7]uji(a”) +e-[D7]u [HT]*

for some a” € H?*(D?,R) and ¢ € R.
The restrictions of ~[H] to T4 and ~[H?] to Ty, are ample classes

weH*(Ty4,R) and w’e H*(T7,,R)

respectively. Now suppose that « in the above formula is primitive with respect
to w. Then the cup product of the above class with v([ H])>"2* vanishes. Since
v([H]) is a multiple of [H7],

[D7]U 207 U (7)) + e (<12 (7)) = 0.

This implies firstly that e = 0 and secondly that a® U (w?)5-2* vanishes as class
on D°. By the Hard Lefschetz Theorem, the latter already implies that o,
which a priori is only a class on D7, is in fact a primitive class on 17,

For arbitrary a € H*(T, 4,R), the existence of a” now follows — since 7 takes
[H] R to [H?]-R — from the Lefschetz decompositions with respect to w and
w?; the uniqueness is immediate from Theorem 4.2.1. This concludes Lemma
4.7.2. O

By Lemma 4.7.2, we are now able to define an R-linear map
¢ HQ*(T974,R)—>H2*(T;4,R),

by requiring
V([D]uji(@)) =b-y([D]) v ji(d(a))
for all @ € H*(T,4,R), where b is, as above, the nontrivial constant with

v([D]) =b-[D°]. Applying the same argument to y~!, we obtain an R-linear
inverse of ¢.
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4 Hodge structures of conjugate varieties

By Theorem 4.6.2, ¢ cannot be an isomorphism of algebras and so we will
obtain a contradiction as soon as we have seen that ¢ respects the product
structures. For this purpose, let a and § denote even-degree cohomology
classes on Ty 4. Then, by Theorem 4.2.1 and Lemma 4.2.2, it suffices to prove

b-y([D])’ v jl(d(auB)) =b-+([D])* v jl(¢(er) v d(B)).

Using (4.3), the latter is seen as follows:

b-y([D])? vl (¢(auB)) =([D])* uy([D]uj(auf))
=7([DJuji(1) uji(au )

=71([Puj.(a) u[D]uj.(5))

=% y([D])? v jZ(6(e)) v il (6(5))

=0%-y([D])? vl (1) vl (¢(a) ud(B))

=b-9([D])? v i (d(a) us(B)).

This concludes the proof of Theorem 4.7.1. O]

4.8 Examples with nonisotrivial deformations

In this section we prove that the examples in Theorem 4.1.7 may be chosen
to have nonisotrivial deformations. Here, a family (X;)sgs of varieties over a
connected base S is called nonisotrivial if there are two points sg, s; € .S with
Xs, £ Xs,. The idea of the proof is to vary the blown-up point p € Z in the
construction of Section 4.7. In order to state our result, we write X ~ Y if two
varieties X and Y are birationally equivalent.

Theorem 4.8.1. Let Z be a smooth complex projective variety of dimension
> 10. Then there is a nonisotrivial family (W),)per of smooth complex projective
varieties W, over some smooth affine variety U, and an automorphism o €

Aut(C) such that for allpeU:
Wy~ Z~ W7 and H¥(W,,R) % H>*(W7,R).

Proof. As in Section 4.7, we may pick some o € Aut(C) and some g > 1 such
that

Z~ 7, O'(Z) =1, O'(C29+1) * ng+1 and bQ(TgA) > bz(Z) +4.

Next, let U ¢ Z be a Zariski open and dense subset with trivial tangent
bundle. Let A ¢ U x Z be the graph of the inclusion U < Z and consider
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4.8 Examples with nonisotrivial deformations

the blow-up BIa(U x Z). The normal bundle of A in U x Z is trivial, since
U has trivial tangent bundle. Hence, the exceptional divisor of BIa(U x Z) is
isomorphic to A xP*~1. Since n > 10, we may fix an embedding of A x T} 4 into
this exceptional divisor and consider the blow-up

BleTgA(BlA(U X Z))

Projection to the first coordinate then gives a family

(Wp)peU

of smooth complex projective varieties, birational to Z. Then, for all p € U,
the conjugate varieties W), and W7 are as in (4.39) and (4.40) respectively.
Thus, W), ~ Z and W7 ~ Z?. By Theorem 4.7.1 and since Z ~ Z7, we obtain
for all pe U:

Wy~ Z~W7 and H*(W,,R) ¢ H”(W;,R).
To conclude Theorem 4.8.1, it therefore remains to prove

Claim 4.8.2. After replacing Z by another representative of its birational
equivalence class, and for a suitable choice of U, the family (W,)per is non-
i1sotrivial.

Let us prove this claim. By the arguments of Theorem 4.7.1, one sees that
any isomorphism g : W, — W, induces an isomorphism g* on cohomology which
respects the decomposition (4.41). This implies that g respects the exceptional
divisors and thus induces an isomorphism of Z which takes p to q.

The above argument, applied to p = ¢, shows that ¥, admits no automor-
phism which takes points from the exceptional divisors to Z—{p}. In particular,
W, contains a Zariski open subset with trivial tangent bundle and with two
points that cannot be interchanged by an automorphism of W,. Since W,
is birational to Z, we may therefore, after possibly replacing Z by another
representative of its birational equivalence class, assume that U already con-
tains points p and ¢ which cannot be interchanged by any automorphism of Z.
Then, as we have seen, W, and W, are not isomorphic. This finishes the proof
of Claim 4.8.2 and so concludes Theorem 4.8.1. O]

Remark 4.8.3. In contrast to Theorem 4.8.1, most of the previously known
examples of nonhomeomorphic pairs of conjugate varieties tend to be rather
rigid and do in general not occur in nonisotrivial families. This was already
observed by D. Reed in [67]. However, it is often possible to obtain nonisotrivial
families as products of previously known examples with nonrigid varieties, e.g.
one could take products of Serre’s examples [78] with a smooth hypersurface
of degree at least 3 in P3, since the latter are simply connected and come in
nonisotrivial families.
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5 Theta divisors with curve
summands and the Schottky
Problem

ABSTRACT. We prove the following converse of Riemann’s Theorem: let
(A, ©) be an indecomposable principally polarized abelian variety whose
theta divisor can be written as a sum of a curve and a codimension two
subvariety © = C'+Y. Then C is smooth, A is the Jacobian of C', and
Y is a translate of W,_o(C). As applications, we determine all theta
divisors that are dominated by a product of curves and characterize
Jacobians by the existence of a d-dimensional subvariety with curve
summand whose twisted ideal sheaf is a generic vanishing sheaf.

5.1 Introduction

This chapter provides new geometric characterizations of Jacobians inside the
moduli stack of all principally polarized abelian varieties over the complex
numbers. For a recent survey on existing solutions and open questions on
the Schottky Problem, we refer the reader to [32]. By slight abuse of nota-
tion, we will denote a ppav (principally polarized abelian variety) by (A, ©),
where © € A is a theta divisor that induces the principal polarization on the
abelian variety A; the principal polarization determines © € A uniquely up to
translation.

5.1.1 A converse of Riemann’s theorem

Let (J(C),0¢) be the Jacobian of a smooth curve C' of genus g > 2. We
fix a base point on C' and consider the corresponding Abel-Jacobi embedding
C'— J(C). Addition of points induces morphisms

AJp: C® — J(C),

This chapter is based on [75].
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5 Theta divisors with curve summands and the Schottky Problem

whose image is denoted by Wj(C'). Riemann’s Theorem [4, p. 27| says
®C = Wg,l(C).

That is,
@C = Wl(C) + Wg_Q(C)

has a curve summand W7 (C) ~ C. We prove the following converse.

Theorem 5.1.1. Let (A,©) be an indecomposable g-dimensional ppav and
suppose that there is a curve C' and a codimension two subvariety Y in A such
that

O=C+Y.

Then C is smooth and there is an isomorphism (A,0) ~ (J(C),0¢) which
identifies C' and Y with translates of W1(C') and W,_o(C') respectively.

Recall that a d-dimensional subvariety Z € A is called geometrically nonde-
generate [65, p. 466] if there is no nonzero decomposable holomorphic d-form
on A which restricts to zero on Z, see also Section 5.2 below. For instance,
W4(C') inside the Jacobian of a smooth curve is geometrically nondegenerate.

The intermediate Jacobian of a smooth cubic threefold is an indecomposable
ppav which is not isomorphic to the Jacobian of a curve and whose theta
divisor can be written as a sum of two geometrically nondegenerate surfaces
[16, Sec. 13]. One of Pareschi—Popa’s conjectures (Conjecture 5.5.7 below)
predicts that apart from Jacobians of curves, intermediate Jacobians of smooth
cubic threefolds are the only ppavs whose theta divisors have a geometrically
nondegenerate summand of dimension 1< d < g-2. Theorem 5.1.1 proves (a
strengthening of) that conjecture if d=1 or d = g - 2.

5.1.2 Detecting Jacobians via special subvarieties

Recall that a coherent sheaf F on an abelian variety A is a GV-sheaf if for all
¢ its i-th cohomological support locus

SUF):={LePic’(A) | H'(A,F® L) 0}

has codimension > i in Pic’(A), see [60, p. 212].

Using this definition, we characterize Wy(C') ¢ J(C') among all d-dimensional
subvarieties of arbitrary ppavs. Our proof combines Theorem 5.1.1 with the
main results in [19] and [60].
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Theorem 5.1.2. Let (A,0) be an indecomposable ppav, and let Z ¢ A be
a geometrically nondegenerate subvariety of dimension d. Suppose that the
following holds:

1. Z=Y +C has a curve summand C € A,
2. the twisted ideal sheaf T;(©) =T, ® Oa(O) is a GV-sheaf.

Then C' is smooth and there is an isomorphism (A,0) ~ (J(C),0¢) which
identifies C, Y and Z with translates of W1(C'), Wy_1(C) and Wy(C') respec-
tively.

The sum of geometrically nondegenerate subvarieties C,Y ¢ A of dimension
1 and d - 1 respectively yields a geometrically nondegenerate subvariety of
dimension d, see Lemma 5.2.2 below. Therefore, any abelian variety contains
lots of geometrically nondegenerate subvarieties Z satisfying the first condition
in Theorem 5.1.2.

The point is condition 2 in Theorem 5.1.2. If d = g—1, where g = dim(A), this
is known to be equivalent to Z being a translate of ©, so we recover Theorem
5.1.1 from Theorem 5.1.2. If 1 < d < g -2, condition 2 is more mysterious. It
is known to hold for W,(C') inside the Jacobian J(C'), as well as for the Fano
surface of lines inside the intermediate Jacobian of a smooth cubic threefold.
Pareschi-Popa conjectured (Conjecture 5.5.2 below) that up to isomorphisms
these are the only examples; they proved it for subvarieties of dimension one
or codimension two.

5.1.3 The DPC Problem for theta divisors

A variety X is DPC (dominated by a product of curves), if there are curves
C1,...,C, together with a dominant rational map

Crx--xCp-> X1

For instance, unirational varieties, abelian varieties as well as Fermat hyper-
surfaces {zd+ -+ a4 =0} < PN of degree d > 1 are DPC, see [70]. Serre [80]
constructed the first example of a variety which is not DPC. Later, Deligne
[21, Sec. 7] and Schoen [70] used a Hodge theoretic obstruction to produce
many more examples.

On the one hand, the theta divisor of the Jacobian of a smooth curve is DPC
by Riemann’s Theorem. On the other hand, Schoen found [70, p. 544] that
his Hodge theoretic obstruction does not prevent (smooth) theta divisors from

LA priori n > dim(X), but by [70, Lem. 6.1], we may actually assume n = dim(X).
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5 Theta divisors with curve summands and the Schottky Problem

being DPC. This led Schoen [70, Sec. 7.4] to pose the problem of finding theta
divisors which are not DPC, if such exist. The following solves that problem
completely, which was our initial motivation for this chapter.

Corollary 5.1.3. Let (A, ©) be an indecomposable ppav. The theta divisor ©
is DPC if and only if (A, ©) is isomorphic to the Jacobian of a smooth curve.

We prove in fact a strengthened version (Corollary 5.6.3) of Corollary 5.1.3,
in which the DPC condition is replaced by the existence of a dominant rational
map 7, x Zy -» ©, where Z; and Z, are arbitrary varieties of dimension 1 and
g—2 respectively. The latter is easily seen to be equivalent to © having a curve
summand and so Theorem 5.1.1 applies.

We discuss further applications of Theorem 5.1.1 in Sections 5.6.1 and 5.6.2.
Firstly, using work of Clemens—Griffiths [16], we prove that the Fano surface of
lines on a smooth cubic threefold is not DPC (Corollary 5.6.5). Secondly, for
a smooth genus ¢ curve C, we determine in Corollary 5.6.6 all possible ways
in which the symmetric product C*) with k& < g — 1 can be dominated by a
product of curves. Our result can be seen as a generalization of a theorem of
Martens’ [59, 64].

5.1.4 Method of proofs

Although Theorem 5.1.1 is a special case of Theorem 5.1.2, it appears to be
more natural to prove Theorem 5.1.1 first. Here we use techniques that origi-
nated in work of Ran and Welters [63, 65, 95]; they are mostly of cohomological
and geometric nature. One essential ingredient is Ein-Lazarsfeld’s result [25]
on the singularities of theta divisors, which allows us to make Welters” method
[95] unconditional. Eventually, Theorem 5.1.1 will be reduced to Matsusaka—
Hoyt’s criterion [36], asserting that Jacobians of smooth curves are character-
ized among indecomposable g-dimensional ppavs (A, ©) by the property that
the cohomology class ﬁ[@]g‘l can be represented by a curve. Theorem
5.1.2 follows then quickly from Theorem 5.1.1 and work of Debarre [19] and
Pareschi-Popa [60].

5.1.5 Conventions

We work over the field of complex numbers. A variety is a separated integral
scheme of finite type over C; if not mentioned otherwise, varieties are assumed
to be proper over C. A curve is an algebraic variety of dimension one. In
particular, varieties (and hence curves) are reduced and irreducible.

If not mentioned otherwise, a point of a variety is always a closed point. A
general point of a variety is a closed point in some Zariski open and dense set.
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5.2 Nondegenerate subvarieties

For a codimension one subscheme Z of a normal variety X, we denote
by divx(Z) the corresponding effective Weil divisor on X; if Z is not pure-
dimensional, all components of codimension > 2 are ignored in this definition.
Linear equivalence between divisors is denoted by ~.

For subschemes Z and Z’ of an abelian variety A, we denote by Z+Z' (resp.
Z — 7'") the image of the addition (resp. difference) morphism Z x Z'— A,
equipped with the natural scheme structure. If Z’ is a point a € A, Z + 7'
is also denoted by Z,,. Note that for subvarieties Z and Z’ of A, the image
7 + 7' is reduced and irreducible, hence a subvariety of A.

If Z ¢ A is a subvariety, the tangent space at each point of Z is identified
via translation with a subspace of T4 .

5.2 Nondegenerate subvarieties

Following Ran [65, p. 464], a d-dimensional subvariety Z of a g-dimensional
abelian variety is called nondegenerate if the image of the Gaufl map

Gz:Z->Gr(d,g)

is via the Pliicker embedding not contained in any hyperplane. This condition
is stronger then the previously mentioned notion of geometrically nondegener-
ate subvarieties. We will need the following consequence of [65, Lem. IL.1].

Lemma 5.2.1. Let (A, 0) be a ppav and let Z € A be a codimension k subvari-
ety whose cohomology class is a multiple of %[@]k Then Z is nondegenerate,
hence geometrically nondegenerate.

Ran proved that a d-dimensional subvariety Z ¢ A is geometrically non-
degenerate if and only if for each abelian subvariety B € A, the composition
Z— A/ B has either d-dimensional image or it is surjective [65, Lem. I1.12].
In [18, p. 105], Debarre used Ran’s characterization as definition and proved
the following.

Lemma 5.2.2. Let 71,7, ¢ A be subvarieties of dimensions di and do with
dy + dy < dim(A) respectively.

1. If Zy is geometrically nondegenerate, dim(Zy + Zy) = dy + ds.

2. If Z1 and Zy are geometrically nondegenerate, Z1+Z5 € A is geometrically
nondegenerate.
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5 Theta divisors with curve summands and the Schottky Problem

5.3 A consequence of Ein—Lazarsfeld’s Theorem

The purpose of this section is to prove Lemmas 5.3.2 and 5.3.3 below. Under
the additional assumption

dim(Sing(0)) < dim(A) -4, (5.1)

these were first proven by Ran [63, Cor. 3.3] and Welters [95, Prop. 2] re-
spectively. The general case is a consequence of the following result of Ein—
Lazarsfeld [25].

Theorem 5.3.1 (Ein-Lazarsfeld). Let (A,0) be a ppav. If © is irreducible,
it 15 normal and has only rational singularities.

Let (A, ©) be an indecomposable ppav of dimension > 2. By the Decompo-
sition Theorem [8, p. 75|, © is irreducible and we choose a desingularization
f + X— 0. The composition of f with the inclusion © ¢ A is denoted by
j: X—A.

Lemma 5.3.2. Pullback of line bundles induces an isomorphism
§* : Pic’(A4) = Pic’(X).
Proof. By Theorem 5.3.1, f,Ox = Og and R'f,Ox = 0 for all i > 0. We

therefore obtain
HY (X,0x)~HY(0,00) ~ H'(A,0,),

where the first isomorphism follows from the Leray spectral sequence, and the
second one from Kodaira vanishing and the short exact sequence

0—>OA(—®)—>OA—>O@:j*OX—>0. (52)

Hence, j* : Pic”(A) — Pic’(X) is an isogeny.
Tensoring (5.2) by a nontrivial P € Pic’(A), we obtain

H(X,j*P)~ H°(A,P) =0,

where we applied Kodaira vanishing to O4(-0) ® P. It follows that j*P is
nontrivial. That is, j* is an injective isogeny and thus an isomorphism. This
proves Lemma 5.3.2. 0

Lemma 5.3.3. For any a0 in A, j: X — A induces an isomorphism
7 HY(A,04(64)) = H(X,5"(0a(64))).

Proof. Following Welters [95, Prop. 2|, the assertion follows from (5.2) by
tensoring with O4(0,), since O4(60, — ) has no cohomology for a # 0. O
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5.4 Proof of Theorem 5.1.1

Let (A,©) be a g-dimensional indecomposable ppav, and suppose that there
is a curve C' ¢ A and a (g — 2)-dimensional subvariety ¥ ¢ A such that

O=C+Y.

After translation, we may assume © = —-©. We pick a point ¢y € C' and replace
C and Y by C_, and Y,,. Hence, we may assume 0 € C' and so Y =0+Y is
contained in ©.

Since (A, ©) is indecomposable, O is irreducible, hence normal by Theorem
5.3.1. The idea of the proof of Theorem 5.1.1 is to consider the intersection
© N O, for nonzero c € C'. Since O induces a principal polarization, © N 6, is a
proper subscheme of © for all ¢ # 0. For our purposes it is more convenient to
consider the corresponding Weil divisor on ©, denoted by

dive(©n©,).

Clearly, this divisor is just the pullback of the Cartier divisor ©, from A to ©.

Since ©® = -0, the map z+—c¢ — x defines an involution of ® N ©,. Since
© =C+Y, it follows that divg(© n©,) contains the effective Weil divisors Y,
and —-Y. For general ¢, these divisors are distinct and so we find

dive(ONnO.) =Y.+ Z(c) (5.3)

for all ¢ # 0, where Z(c) is an effective Weil divisor on © which contains -Y. In
the following proposition, we prove that actually Z(c) = -Y. As a byproduct
of the proof, we will be able to compute the cohomology class of C' in terms of
the degree of the addition morphism

F:CxY—0.
Our proof uses Welters’ method [95].

Proposition 5.4.1. Let (A,0) be a g-dimensional indecomposable ppav with
O=C+Y,0=-0 and 0 C as above. For any nonzero ce C,

dive(ONnO,.) =Y.+ (-Y). (5.4)

Moreover, the cohomology class of C' is given by

deg(F)
(9-1)*-(9-2)

[C]= (0], (5.5)
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5 Theta divisors with curve summands and the Schottky Problem

Proof. We fix a resolution of singularities f: X —© and denote the composi-
tion of f with the inclusion © ¢ A by j: X — A. Moreover, for each a € A, we
fix an effective divisor O, in the linear series [j*(0,)| on X. For a # 0, [5*(0,)|
is zero-dimensional by Lemma 5.3.3. It follows that O, is unique if a # 0; it is
explicitly given by

0, = divx(f(0,n0)). (5.6)

Since O is normal, the general point of each component of ©, N O lies in the
smooth locus of ©. The above description therefore proves

£.0, = dive(6,nO), (5.7)

for all a # 0 in A.

Next, we would like to find a divisor Y, on X whose pushforward to © is Y,.
Since Y, is in general not Cartier on ©, we cannot simply take the pullback.
Instead, we consider the Weil divisor which corresponds to the scheme theoretic
preimage of Y,

V. o= divy (f1(Y2)): (5.8)

Since © is normal, Y, is not contained in the singular locus of ©. It follows
that f~1(Y.) has a unique component which maps birationally onto Y. and the
remaining components are in the kernel of f,. Hence,

fY. =Y. (5.9)
For all ¢+ 0 in C, we define
Z(c)=0,-Y.. (5.10)

It follows from (5.3), (5.6) and (5.8) that Z(c) is effective. Moreover, by (5.3),
(5.7) and (5.9),

f.Z(c) =dive(©n0,) =Y, = Z(c). (5.11)

By generic flatness, it follows that there is a Zariski dense and open subset
U c C such that for ¢ € U the preimages f~(Y,.) form the fibers of a flat family
of schemes over U. By the definition of Y, in (5.8), Y.-Y, is numerically trivial
on X for all ¢,¢/ € U. Lemma 5.3.2 yields therefore for all ¢,¢’ € U a linear
equivalence

}A}c - }A}C’ ~ j*(@z(c,c’) - @) ~ (:jz(c,c’) - (:j, (512>
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where 2z : U x U— A is the morphism induced by the universal property of
Pic’(X) =~ Pic’(A).

The proof of Proposition 5.4.1 proceeds now in several steps.
Step 1. Let ¢/ € U and consider the function z.(c) := z(¢,¢’) + ¢/. For all
ce U with z.(c) # 0, we have

diV@(@xC,(c) N @) = YC + Z(C’). (513)
Moreover, if ¢/ € U is general, then x.(c) is nonconstant in c € U.

Proof. Using the theorem of the square [§, p. 33] on A and pulling back this

linear equivalence to X shows C:)xc,(c) ~ O (e — ©+6,. By (5.12) and the
definition of Z(¢’) in (5.10), we therefore obtain:

éalr:C/(c) ~ éz(c,c’) - é + (:jc’
~ }A}c - i}c’ + éc’
~ Vo Z().

That is, Y. + Z (¢') is an effective divisor linearly equivalent to éwa(@)' By
Lemma 5.3.3, the linear series |©rc/(0)| is zero-dimensional for all z.(c) # 0,
and so we actually obtain an equality of Weil divisors:

6%'(0) = }Z + Z(C').

Applying f. to this equality, (5.13) follows from (5.7), (5.9) and (5.11).
Using again the theorem of the square on A and pulling back the correspond-

ing linear equivalence to X, we obtain ©,. ) -0 ~ O - O_,(. ). It therefore

follows from (5.12) that

© - é—z(c,c’) ~Y. Yy = _(Y;’ - }/;) ~ é - éz(c’,c)-

Hence, —z(c,c") = z(¢', ¢) by Lemma 5.3.2.

For a contradiction, suppose that xz.(c) = z(¢,c') + ¢ is constant in ¢ for
general (hence for all) ¢ € U. It follows that z(c,¢’) is constant in the first
variable. Since z(c¢,c’) = —z(c’,¢), it is also constant in the second variable.
Therefore, for general ¢/, x.(c) = z(c, ') + ¢’ is nonzero and constant in ¢. This
contradicts (5.13), because its right hand side is nonconstant in ¢ as C'+Y = ©.
This concludes step 1. O
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Let us now fix a general point ¢’ € U. By step 1, the closure of c—x(c) is
a proper irreducible curve D ¢ A.
We say that a subvariety Z of A is translation invariant under D if

Zy = T

for all x,2" € D. Equivalently, Z is translation invariant under D if and only
if the corresponding cohomology classes on A satisfy [Z] * [D] = 0, where *
denotes the Pontryagin product. That description shows that the notion of
translation invariance depends only on the cohomology classes of Z and D. In
particular, Z is translation invariant under D if and only if the same holds for
+7 or £D. If Z is not translation invariant under D, we also say that it moves
when translated by D.

We will use that —=Y moves when translated by D. Indeed, for zi,25 € D
with Y,, =Y,,, we obtain

O, =0+Y, =C+Y,,=0,,.

Hence, x; = x5 which proves that Y and hence -Y is not translation invariant
under D.

For each ¢ # 0, we decompose the Weil divisor Z(c) on © into a sum of
effective divisors

Z(€) = Zimov(€) + Ziny (©), (5.14)

where Z;,, (¢) contains all the components of Z(¢) that are translation invariant
under D and the components of Z,.,(¢) move when translated by D.
Step 2. We have z.(c) = ¢ and hence D = C. Moreover, for each ¢ # 0 in U,

dive(© N O,) = Y + (=) + Zin (¢'). (5.15)

Proof. Let Z' be a prime divisor in Zp.(c'). Tt follows from step 1 that
Z'!, c O for general x € D, hence for all x € D. Since Z’ moves when translated
by =D, Z' - D =0 and so

-Z'+D=-0=0.
Since —Z’ € -0 = O, this equality implies
(-2"),c0,n0

for all nonzero z € D. Therefore, for each ¢ € U with x.(c) # 0, the prime
divisor (=Z'),,,(c) is contained in dive (O, ) N©). Hence, by (5.13) from step
1:

(_Z/):cc/(c) < ch + Z(C,)a
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for all c e U with zx(c) #0.

Let us now move in the above inequality the point ¢ in C' and keep ¢’ fixed
and general. By step 1, the point z.(¢) moves. Since Z’ is a component of
Zmov(c'), the translate (-Z'), () must also move. The translate Y, moves
because Y + C' = ©. Clearly, Z(c') does not move as we keep ¢ fixed. The
above inequality of effective Weil divisors therefore shows

(_Z,);L’c/(c) = Y; (516)

Recall that the prime divisor (-Y") is contained in Z(¢’) for all ¢/. We
have explained above step 2 that this prime divisor is not translation invariant
under D, hence it is contained in Zy,,(¢"). Equality (5.16) therefore holds for
7" ==Y, which proves Y, () = Y.. This implies

Ou,(c) = Yo, () TC =Y. +C =0,
Hence,
zu(c) = ¢,

which implies D = C'.
It remains to prove (5.15). Since z.(c) = ¢, equality (5.16) shows that =Y
is actually the only prime divisor in Z,.,(c’). Hence,

Zrnov(cl) = A (_Y)

for some positive integer . Using z»(c) = ¢ and (5.14) in the conclusion (5.13)
from step 1, we therefore obtain

dive(OnO,.) =Y.+ X (-Y) + Z ().

For (5.15), it now remains to prove A = 1. By the above equality of Weil
divisors, it suffices to prove that for general points y € Y and ¢ € C, the
intersection © N O, is transverse at the point —y. Recall that © is normal
and so it is smooth at —y for y € Y general. It thus suffices to see that the
tangent space Tg -, meets Tg, _, = Tg . properly. Since Tg _, and Tg .
have codimension one in T, it actually suffices to prove

T®’7y :# T@77y76

for general c € C' and y € Y. In order to see this, it suffices to note that © is
irreducible and so the Gaufl map

Go:0 -> P91

is generically finite [8, Prop. 4.4.2]. Indeed, To _, = To . for general ¢ and y
implies that through the general point of © (which is of the form -y - ¢) there
is a curve which is contracted by Gg. This concludes step 2. [
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5 Theta divisors with curve summands and the Schottky Problem

Step 3. We have the following identity in H?972(A,Z):
[0]2 % [C] =2-deg(F)-[O], (5.17)
where we recall that F': C' x Y — © denotes the addition morphism.

Proof. 1t follows from the conclusion (5.15) in step 2 that Zi,,(¢’) is actually
independent of the general point ¢/ € U. We therefore write Z,, = Ziny (¢').

For a contradiction, suppose that there is a prime divisor Z’ on © with
7' < Ziny. Let us think of Z’ as a codimension two cycle on A. By definition,
Z'" is translation invariant under D, hence under C' by step 2. Therefore,
[Z'] » [C] =0 in H*72(A,Z). Since this holds for each prime divisor Z’ in
Zinw

[Ziny] + [C] = 0.

For ¢ # 0, we may consider ©® n ©, as a pure-dimensional codimension two
subscheme of A. As such it gives rise to an effective codimension two cycle on
A, which is nothing but the pushforward of the cycle Divg(© n©.) from © to
A. Mapping this cycle further to cohomology, we obtain [©]? in H2974(A,Z).
Conclusion (5.15) in step 2 therefore implies

(O #[C]=2-[Y]*[C]+ [Zine] * [C]
=2-[Y]=[C]
=2-deg(F)-[6],
where we used [Y] =[Y.] = [-Y] and [Z,,] * [C] = 0. O

Step 4. Assertion (5.5) of Proposition 5.4.1 holds.

Proof. We apply the cohomological Fourier—-Mukai functor to the conclusion
(5.17) of step 3. Using Lemma 9.23 and Lemma 9.27 in [38], this yields:

L. 9-2 :M
(9-2)! [ o PDle] (g-1)!

where PD denotes the Poincaré duality operator. Here we used

1 1
PD k) = (O]9
(k' [©] (g-k)! [©]
forall 0<k<g.

By the Hard Lefschetz Theorem, (5.18) implies

-[e]1, (5.18)

deg(F) -
Ol = [e791,
L] (g-1)*-(g9-2)! 6]
which is precisely assertion (5.5) of Proposition 5.4.1. O
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By Lemma 5.2.1, assertion (5.5) of Proposition 5.4.1 implies that C' is ge-
ometrically nondegenerate. It follows from Lemma 5.2.2 that no proper sub-
variety of A is translation invariant under C', hence under D by the second
conclusion of step 2. This implies Z;,,(¢’) = 0 by its definition in (5.14). As-
sertion (5.4) of Proposition 5.4.1 follows therefore from assertion (5.15) in step
2. This finishes the proof of Proposition 5.4.1. O

The next step in the proof of Theorem 5.1.1 is the following

Proposition 5.4.2. In the same notation as above, C' is smooth, deg(F') = g—1
and [C] = L~ - [©]o".

(g-1)!

Proof. Let us first show that C' is smooth. Indeed, (5.4) implies by Lemma
5.2.1 that Y is nondegenerate. Via the Pliicker embedding, its Gaufl image is
therefore not contained in any hyperplane. If ¢y € C'is a singular point, the sum
of Zariski tangent spaces T, + Ty, has thus for general y € Y dimension g.
It follows that cy+Y is contained in the singular locus of ©, which contradicts
its normality (Theorem 5.3.1). Therefore C' is smooth.

In order to prove Proposition 5.4.2, it suffices by (5.5) to show deg(F’) = g—1.
This will be achieved by computing the degree of i*©, where i : C'— A denotes
the inclusion, in two ways. On the one hand, (5.5) implies

_ deg(F) g _ 9 deg(F)
_(9—1)2'(9—2)![6] g-1

On the other hand, we may consider the addition morphism

m:CxCxY—A.

deg (i"©) = [C]u O]

(5.19)

For y € Y, the restriction of m to C' x C' x y will be denoted by
my,: CxC—A.
Since the degree is constant in flat families, we obtain

deg(i*©) = deg(i*(O-c—y)) = deg ((m;0) |oxe) (5.20)

forall ce C'and yeY.

Let us now fix a general point y € Y. Then the image of m,, is not contained
in © because C'+ C'+Y = A. Therefore, we can pull back the Weil divisor ©
via

m;(©) = divewe(m,'(0)),

where m;'(©) denotes the scheme-theoretic preimage, whose closed points are
given by
{(c1,02) eCxC ey +ca+ye©}.
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5 Theta divisors with curve summands and the Schottky Problem

Hence, m(©) contains the prime divisors C'x0 and 0x C. We aim to calculate
the right hand side of (5.20) and proceed again in several steps.
Step 1. The multiplicity of C'x 0 and 0 x C in m;(©) is one.

Proof. Let A be the multiplicity of C'x 0 in m;(©). For ¢ € C' general, the
point (¢,0) has then multiplicity A in the O-dimensional scheme

m,; (©)n (cxC).

Since m, maps ¢ x C' isomorphically to C,,,, the above scheme is isomorphic
to
O nmy(cxC)=0n(C.y),

and ¢ +y € C,y has multiplicity A in that intersection. If X > 2, then

TC,O = TCc+y,c+y < T@,c+y-

Since ¢ + y is a general point of ©, this inclusion contradicts the previously
mentioned fact that the Gaul map Gg is generically finite and so the tangent
space of © at a general point does not contain a fixed line. This proves that
C' x 0 has multiplicity one in m;(©). A similar argument shows that the same
holds for 0 x C, which concludes step 1. n

By step 1,
m;(©) = divewe(m, (0)) = (C x0) +(0xC) +T (5.21)

for some effective 1-cycle I' on C' x C' which contains neither C'x 0 nor 0 x C'.
Step 2. Let I'” be a prime divisor in I'. Then for each (¢;,cy) €IV,

—C1 —Cy—YE€ Y. (522)

Proof. Condition (5.22) is Zariski closed and so it suffices to prove it for a
general point (¢, ) € I'V. Such a point satisfies ¢; # 0 # ¢ and ¢ +ca+y € ONO,,
for 1 = 1,2. We can therefore apply (5.4) in Proposition 5.4.1 and obtain

c1+co+yesupp(Ye, + (-Y)),

for i = 1,2, where supp(-) denotes the support of the corresponding effective
Weil divisor. It follows that ¢; + ¢y +y lies in Y., nY,, or in (-Y").

It suffices to rule out ¢y +co +y € Y, nY,,. But if this is the case, then ¢; +y
and ¢, +y are both contained in Y. Since y € Y is general, the intersection
(C'+y)nY is proper and so (¢, ¢2) is contained in a finite set of points, which
contradicts the assumption that it is a general point of I'". This concludes step
2. O
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5.4 Proof of Theorem 5.1.1

Step 3. The 1-cycle I is reduced, i.e. it is a sum of distinct prime divisors.

Proof. We may assume I' # 0, as otherwise the assertion is trivially true.

In order to see that I' is reduced, it suffices to prove that the intersections
of m,;1(©) with ¢ x ¢ and C x ¢ are both reduced, where ¢ € C' is general.
The other assertion being similar, we will only prove that m,'(©) n (C x c3)
is reduced, where ¢, € C' is general. Since m, maps (C x ¢z) isomorphically to
Cey1y, it suffices to see that the intersection

Cryry N O (5.23)

is transverse.

Let us consider a point ¢; € C with ¢; + ¢ +y € ©. For ¢ = 0, transversality
of (5.23) in ¢; + ¢o + y was proven in step 1. For ¢; # 0, step 2 implies that
y1 == —(c1 + c2 +y) is contained in Y. In order to prove that the intersection
(5.23) is transverse at —y;, we need to see that

Toe =Tewyy-un €Ty - (5.24)

This follows from the fact that ¢, and y are general as follows.
Recall the addition map m : CxC'xY — A and consider the scheme theoretic
preimage m~1(-Y") together with the projections

pros :m (=Y)—CxY and pry:m*(-Y)—Y.

Let T be a prime divisor in I with (¢1,¢p) € T, It follows from step 2 that
['" x y is contained in some component Z of m='(=Y"). The restriction of pry,
to Z is surjective because ¢y and y are general. Hence, dim(Z) > dim(Y") and
so there is a curve in Z passing through (¢, co,y) which is contracted via m
to y;. This implies that there is some quasi-projective curve T together with a
nonconstant morphism (¢, ¢, ) : T—C x C' x Y, with ¢, (tg) = c1, Ca(tg) = ¢2
and ¢(to) =y for some t, € T such that

G (t) +e(t) +g(t) = -y,

for all t € T. Since c3 € C' and y € Y are general, the addition morphism
F:C xY —0 is generically finite in a neighbourhood of (co,y). Hence,

ci(t) =~y = () - (1)

is nonconstant in .
For a contradiction, suppose T¢,, ¢ Tg -y, , Where we recall —y; = ¢, +ca +¥.
The image of (¢éo,7) : T— C'xY is a curve through the general point (cz,y). It
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5 Theta divisors with curve summands and the Schottky Problem

follows that (¢2(t),y(t)) is a general point of C'xY for general ¢ € T. Replacing
(c2,y) by (é2(),7(t)) in the above argument therefore shows

Toea @ € To,—y,

for general (hence all) t € T, since —y; = ¢1(t) + C2(t) + g(t). As ¢ (t) is non-
constant in ¢, T¢ . is contained in the plane Ty _,, for general c € C. Hence, C
is geometrically degenerate, which by Lemma 5.2.1 contradicts (5.5) in Propo-
sition 5.4.1. This contradiction establishes (5.24), which finishes the proof of
step 3. ]

Step 4. For ¢y € C general, deg('|cxe,) = deg(F).

Proof. Let ¢y € C' be general. By step 3, I' is reduced and so its restriction
to C' x ¢y is a reduced O-cycle. Since ¢y and y are general, —co —y is a general
point of ©. Therefore, F~!(-cy —y) is a disjoint union of deg(F') reduced
points. It thus suffices to construct a bijection between the closed points of
the zero-dimensional reduced schemes supp(I') n (C' x ¢y) and F~1(-cy - y).
This bijection is given by

¢ :supp(T) N (C x c2) — F ' (=c2 - ),

where ¢((c1,¢2)) = (¢1,—c1 —c2—vy). The point is here that ¢ is well-defined by
step 2; its inverse is given by

¢~ ((er,m)) = (e1,—c1 =91 = y).
This establishes the assertion in step 4. O

By step 4, deg(I'|cxe, ) = deg(F") for a general point ¢, € C'. Using (5.20) and
(5.21), we obtain therefore

deg (70) =1 + deg(T|cxe,) = 1 + deg(F).
Comparing this with (5.19) yields

g-deg(F)
g-1

=1+ deg(F),

hence deg(F) = g — 1, as we want. This finishes the proof of Proposition
5.4.2. ]
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Proof of Theorem 5.1.1. Let (A,©) be an indecomposable ppav with
O=C+Y.

As explained in the beginning of Section 5.4, we may assume © = -0 and
0 € C. By Matsusaka—Hoyt’s criterion [36, p. 416], Proposition 5.4.2 implies
that C' is smooth and that there is an isomorphism 1 : (4,0)—(J(C),O¢)
which maps C to a translate of W;(C'). Since 0 € C, it follows that

P(C) =Wi(C) - z9

for some x5 € W1 (C).
For x1 € W1(C') with x1 # 29, Weil [94] proved

diVWg-1(C)(Wg—1(C) N Wg—l(o)m—zz) = Wy2(C)ay + (_WQ—Q(C))—H—J’Q? (5.25)

where k € J(C') is such that -W,_1(C) = W,_1(C),. Comparing (5.4) with
(5.25), we conclude that ¥ (Y') is a translate of W,_o(C'). This finishes the
proof of Theorem 5.1.1. O]

Remark 5.4.3. Welters [95, p. 440] showed that the conclusion of Proposition
5.4.1 implies the existence of a positive-dimensional family of trisecants of the
Kummer variety of (A,0). The latter characterizes Jacobians by results of
Gunning’s [33] and Matsusaka—Hoyt’s [36] and could hence be used to circum-
vent Proposition 5.4.2 in the proof of Theorem 5.1.1. We presented Proposition
5.4.2 here because its proof is elementary and purely algebraic, whereas the use
of trisecants involves analytic methods, see [33, 49]. It is hoped that this might
be useful in other situations (e.g. in positive characteristics) as well. We also
remark that Proposition 5.4.2 can be used to avoid the use of Gunning’s results
in Welters” work [95].

Remark 5.4.4. In [50, p. 254/, Little conjectured Theorem 5.1.1 for g =4; a
proof is claimed if © = C'+ S is a sum of a curve C' and a surface S, where
no translate of C' or S is symmetric (hence C' is non-hyperelliptic) and some
additional nondegeneracy assumptions hold. However, some parts of the proof
seem to be flawed and so further assumptions on C and S are necessary in

[56], see [55].

5.5 GV-sheaves, theta duals and Pareschi—Popa’s
conjectures

The purpose of this section is to prove Theorem 5.1.2 stated in the introduction
and to explain two related conjectures of Pareschi and Popa. We need to recall
some results of Pareschi-Popa’s work [60] first.
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5 Theta divisors with curve summands and the Schottky Problem

Let (A, ©) be a ppav of dimension g. By [60, Thm. 2.1], a coherent sheaf F
on A is a GV-sheaf if and only if the complex

RS(RHom(F,0,4)) (5.26)

in the derived category of the dual abelian variety A has zero cohomology
in all degrees i # g. Here, RS : D(A)— Db(fl) denotes the Fourier—-Mukai
transform with respect to the Poincaré line bundle [38, p. 201].

For a geometrically nondegenerate subvariety Z ¢ A, Pareschi and Popa
consider the twisted ideal sheaf Z,(0) = Z; ® 04(0).2 It follows from their
own and Horing’s work respectively [60, p. 210] that this is a GV-sheaf if Z
is a translate of Wy(C') in the Jacobian of a smooth curve or a translate of
the Fano surface of lines in the intermediate Jacobian of a smooth cubic three-
fold. Both examples are known to have minimal cohomology class ——[©]9-¢.

(g-d)!
Pareschi-Popa’s Theorem [60, Thm. B] says that this holds in general.

Theorem 5.5.1 (Pareschi-Popa). Let Z be a d-dimensional geometrically
nondegenerate subvariety of a g-dimensional ppav (A,0). If Z;(©) is a GV-
sheaf,

1

(g d)!

Combining Theorem 5.5.1 with Debarre’s “minimal class conjecture” in [19],
Pareschi and Popa arrive at the following, see [60, p. 210].

[Z] (]

Conjecture 5.5.2. Let (A, ©) be an indecomposable ppav of dimension g and
let Z be a geometrically nondegenerate subvariety of dimension 1 <d < g— 2.

If
Z7(©) is a GV-sheaf, (5.27)

then either (A,©) is isomorphic to the Jacobian of a smooth curve C and Z
is a translate of Wy(C), or it is isomorphic to the intermediate Jacobian of a
smooth cubic threefold and Z is a translate of the Fano surface of lines.

Pareschi and Popa [60, Thm. C| proved Conjecture 5.5.2 for d = 1 and
d = g—2. Theorem 5.1.2 stated in the introduction proves it for subvarieties
with curve summands. Before we can explain the proof of Theorem 5.1.2, we
need to recall Pareschi-Popa’s notion of theta duals [60, p. 216].

2In fact, Pareschi and Popa treat the more general case of an equidimensional closed reduced
subscheme Z € A, but for our purposes the case of subvarieties will be sufficient.
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Definition 5.5.3. Let Z € A be a subvariety. Its theta dual V(Z) € A is the
scheme-theoretic support of the g-th cohomology sheaf of the complex

(-1,) RS(RHom(Zz(0),0.4))
in the derived category DY(A).

From now on, we use © to identify A with A. The theta dual of Z ¢ A is
then a subscheme V(Z) ¢ A. For W,(C) inside a Jacobian of dimension g > 2,
Pareschi and Popa proved [60, Sect. 8.1]

V(Wa(C)) = -Wyaa(C), (5.28)

for 1 <d < g-2. Apart from this example, it is in general difficult to compute
V(Z). However, the reduced scheme V(Z) 4 can be easily described as follows.

Lemma 5.5.4. Let Z ¢ A be a subvariety. The components of the reduced
scheme V(Z) 4 are given by the mazimal (with respect to inclusion) subvari-
eties W € A such that Z - W c ©.

Proof. By [60, p. 216], the set of closed points of V(Z) is {a€ A|Z c©O,}.
This proves the lemma. O]

We will use the following consequence of (5.28) and Lemma 5.5.4.

Lemma 5.5.5. Let C be a smooth curve of genus g > 2 and let Z be a (g—d-1)-
dimensional subvariety of J(C) such that Wy(C')+ Z is a translate of the theta
dwisor O¢. Then, Z is a translate of Wy_4-1(C).

Proof. By assumption, there is a point a € J(C') with W,(C)+Z, = ©¢. Hence,
by Lemma 5.5.4 and (5.28),

(<2)-0 €V(WalC)) = ~Wy-a1(C).

Since (-Z)_q is (g—d—-1)-dimensional, we deduce Z = W,_4_1(C)_,, as claimed.
0

For a geometrically nondegenerate subvariety Z ¢ A of dimension d,
dim(V(Z))<g-d-1 (5.29)

follows from Lemmas 5.2.2 and 5.5.4. Moreover, if equality is attained in
(5.29), then © = Z = W for some component W of V(Z)™d and so © has Z as
a d-dimensional summand.

Pareschi and Popa proved the following [60, Thm. 5.2(a)].
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Proposition 5.5.6. Let Z ¢ A be a geometrically nondegenerate subvariety.
If T,(©) is a GV-sheaf, equality holds in (5.29).

Motivated by Proposition 5.5.6, Pareschi and Popa conjectured [60, p. 222]
that Conjecture 5.5.2 holds if one replaces (5.27) by the weaker assumption

dim(V(Z))=g-d-1. (5.30)
By the above discussion, their conjecture is equivalent to

Conjecture 5.5.7. Let (A, 0©) be an indecomposable ppav of dimension g and
let Z be a geometrically nondegenerate subvariety of dimension 1 <d < g— 2.
Suppose that

O0=2+W (5.31)

for some subvariety W ¢ A. Then, (A, ©) is either isomorphic to the Jacobian
of a smooth curve C' and Z is a translate of Wy(C'), or it is isomorphic to the
intermediate Jacobian of a smooth cubic threefold and Z is a translate of the
Fano surface of lines.

Theorem 5.1.1 proves (a strengthening of) Conjecture 5.5.7 for d = 1 and
d = g — 2. This provides the first known evidence for that conjecture.

Remark 5.5.8. Conjecture 5.5.2 is implied by Conjecture 5.5.7, as well as by
Debarre’s “minimal class conjecture” in [19]. Similar implications among the
latter two conjectures are not known.

We end this section with the proof of Theorem 5.1.2.

Proof of Theorem 5.1.2. Let Z ¢ A be as in Theorem 5.1.2. Since Zz(0) is
a GV-sheaf, equality holds in (5.29) by Proposition 5.5.6. The reduced theta
dual V(Z)red contains thus by Lemmas 5.2.2 and 5.5.4 a (g—d—1)-dimensional
component W with Z-W = 0. By assumption 1 in Theorem 5.1.2, Z=C+Y
has a curve summand C' and so we obtain

O=C+Y-W.
By Theorem 5.1.1, C' is smooth and there is an isomorphism

which identifies C' and Y — W with translates of W;(C') and W,_5(C') respec-
tively. Hence,

W(Z) = (W) =(C) + 9 (Y) (W) = Wy_1(C)a, (5.32)
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for some a € J(C'), where ¢(C') and ¥(Y') —-¢(W) are translates of W;(C') and
W,_2(C) respectively. It remains to prove that 1(Y") is a translate of W,_1(C'),
the assertion concerning ¥(Z2) = ¢ (C) + ¥ (Y) will then be immediate.

If d=g-1, then ¢)(W) is a point and ¢(Y") is a translate of W,_o(C), as we
want. We may therefore assume d < g — 2 in the following. By Theorem 5.5.1,
the GV-condition on Zz(©) implies

1
(9-d)

By Debarre’s Theorem [19], ¥(Z) is thus a translate of Wy(C') or -Wy(C).

Case 1: ¢(Z) is a translate of Wy(C).

By (5.32), W4(C) - (W) is a translate of W,_;(C) and so —-¢(W) is a
translate of W,_4_1(C) by Lemma 5.5.5. By (5.32), W,_4(C) +¢(Y') is thus a
translate of W,_1(C). Applying Lemma 5.5.5 again shows then that ¢(Y") is
a translate of Wy_;(C'), as we want.

Case 2: Y(Z) is a translate of -Wy(C).

By (5.32), Wy(C)+y (W) is in this case a translate of -W,_;(C') and thus of
Wy-1(C). By Lemma 5.5.5, ¢»(W) is therefore a translate of W,_4_1(C'). Since
1<d<g-2,it follows from (5.32) that

[2]=

ey

Wy (C) =W (C) - Wi (C)+ W', (5.33)
where W is a translate of (Y") - W,_4_2(C). By Lemma 5.5.5,
—Wl(C) + W' = Wg,Q(C). (534)

Let ¢y € C be the preimage of 0 € J(C') under the Abel-Jacobi embedding.
Any point on W’ is then represented by a divisor D — g - ¢y on C', where D is
effective of degree g. It follows from (5.34) that D — ¢y — ¢ is effective for all
c e C. Thus,

D -coe W, ,(C)cPic? 1 (C)

is a divisor whose linear series is positive-dimensional. By (5.34), we have
dim(W’) > g -3 (in fact equality holds) and so dim(W, ,(C)) > g-3. A
theorem of Martens [4, p. 191] implies that C' is hyperelliptic and so case 1
applies. This concludes the proof. O

5.6 Dominations by products

5.6.1 The DPC Problem for theta divisors

We have the following well-known
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Lemma 5.6.1. Let A be an abelian variety and let F : Z1xZy -> A be a rational
map from a product of smooth varieties Zy and Zy. Then there are morphisms
fi: Z;— A fori=1,2 such that F = fi + fs.

Proof. Since A does not contain rational curves, F'is in fact a morphism, which
by the universal property of Albanese varieties factors through

AID(Z,) x Alb(Z»).

We conclude as morphisms between abelian varieties are translates of homo-
morphisms. [

The following result shows that property 1 in Theorem 5.1.2 is in fact a
condition on the birational geometry of Z.

Corollary 5.6.2. An n-dimensional subvariety Z of an abelian variety A has
a d-dimensional summand if and only if there is a dominant rational map
F : 7y xZy > Z, where Zy and Zy are varieties of dimension d and n —d
respectively.

Proof. If Z has a d-dimensional summand Z;, the decomposition Z = Z1 + Z,
for a suitable Z, gives rise to a dominant rational map F': Z; x Zy -> Z as we
want. Conversely, if F': Zy x Zy -> Z is given, after resolving the singularities
of Zy and Z,, the assertion follows from Lemma 5.6.1. This proves Corollary
5.6.2. ]

Corollary 5.1.3 stated in the introduction is an immediate consequence of
Riemann’s Theorem and

Corollary 5.6.3. Let (A,©) be an indecomposable g-dimensional ppav. Sup-
pose there is a dominant rational map

F:ZxZy->0,

where Zy and Zy are varieties of dimension 1 and g — 2 respectively. Then
(A,©) is isomorphic to the Jacobian of a smooth curve C. Moreover, if we
identify © with W,_1(C'), there are rational maps

f1: 21> Wi(C) and fo: Zy > Wy o(C)
with F' = fl + f2.

Proof. After resolving the singularities of Z; and Z,, we may assume that both
varieties are smooth. By Lemma 5.6.1, F': Z; x Z5 -> © € A is then a sum of
morphisms f; : 71— A and fy: Zy— A. Hence,

[i(Z1) + f2(22) = ©,
and so Corollary 5.6.3 follows from Theorem 5.1.1. m
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5.6 Dominations by products

Remark 5.6.4. For an arbitrary ppav (A,©), Corollary 5.1.3 implies that
each component of © is DPC if and only if (A,©) is a product of Jacobians
of smooth curves. Indeed, if (A,0) = (A1,01) x - x (A,,0,) with indecom-
posable factors (A;,©;), then © has r components which are isomorphic to
O©; x [1;.; Aj wherei=1,...,r. Since abelian varieties are DPC, it follows that
the components of © are DPC'if and only if each ©; is DPC, hence the result
by Corollary 5.1.3.

Corollary 5.6.5. The Fano surface of lines on a smooth cubic threefold X c P
is not dominated by a product of curves.

Proof. By [16, Thm. 13.4.], the theta divisor of the intermediate Jacobian
(J3(X),0) is dominated by the product S x S, where S is the Fano surface
of lines on X. Since (J3(X),©) is indecomposable and not isomorphic to the
Jacobian of a smooth curve [16, p. 350], Corollary 5.6.5 follows from Corollary
5.6.3. O

5.6.2 Dominations of symmetric products of curves

Theorem 5.1.1 is nontrivial even in the case where (A,©) is known to be a
Jacobian. This allows us to classify all possible ways in which the symmetric
product C¥) of a smooth curve C of genus g > k + 1 can be dominated by a
product of curves. Before we explain the result, we should note that

Al : C(k)—>Wk(C)

is a birational morphism for g > k, and that -W,_;(C) is a translate of
W,-1(C). In particular, multiplication by -1 on J(C') induces a nontrivial
birational automorphism

L0l 5 ole-1)

Corollary 5.6.6. Let C' be a smooth curve of genus g. Suppose that for some
k < g-1, there are smooth curves C1,...,C} together with a dominant rational
map

F:Cyx--xChy->CH,

Then there are dominant morphisms f; : C;— C with the following property:
o [fk<g-1, then F=fi+--+ f.

o Ifk=g-1, then F=fi+---+ fo1 or F=vo(fi+-+ fs_1).
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5 Theta divisors with curve summands and the Schottky Problem

Proof. We use the birational morphism AJy : C*) — W, (C) to identify C*)
birationally with its image Wy (C') in J(C'). By Lemma 5.6.1, the rational map

AJpoF : Cy x -+ x Cy -> Wi(C)

is a sum of morphisms C; — W, (C'). If C! denotes the image of C; in J(C'),
then

Oc=Cl+-+Cp+Wy_-1(C) (5.35)

by Riemann’s Theorem. Proposition 5.4.2 yields therefore [C!] = ﬁ[@c]fl
for all i. It follows for instance from Debarre’s Theorem [19] that each C is
a translate of C' or of —C, where C ¢ J(C) is identified with its Abel-Jacobi
image. If C' is hyperelliptic, Corollary 5.6.6 follows.

Assume now that C'is non-hyperelliptic. Then there is some 0 < r < k, such
that C; is a translate of —C' for precisely r many indices i € {1,...,k}. By
(5.35), Wy_,-1(C) = W,(C) is then a translate of O¢. However, Lemma 5.5 in

[19] yields
Wy (€)= W)= (") [0,

which coincides with [©¢] if and only if 7 = 0 or r = g—1. This proves Corollary
5.6.6. O

Corollary 5.6.6 implies a theorem of Martens [59, 64] asserting that any

birational map

between the k-th symmetric products of smooth curves €} and Cy of genus
g 2k + 2 is induced by an isomorphism C; — Cj.

For k > g, the symmetric product C(®) is birational to J(C) x Pk=9. This
shows that Corollary 5.6.6 is sharp as for k > g, the product J(C') xP¥=9 admits
a lot of nontrivial dominations. For instance, it is dominated by k- g arbitrary
curves (whose product dominates P¥~9) together with any choice of g curves
in J(C') whose sum is J(C).
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