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Introduction

The central aim of this thesis is to introduce the notion of variation of Hodge structures and to
discuss a particular aspect of the geometry of the Hodge locus for an integral polarized variation
of Hodge structures on a smooth quasi-projective variety, that is the question of its density in
the complex analytic topology.

The motivation for the concept of Hodge structure comes from the structure of the cohomology
of a compact Kéhler manifold or, more in particular, of a smooth projective variety X over C.
In this case, the singular cohomology H*(X®" 7Z) carries a Hodge structure of weight k, namely
we have a decomposition
HYX™Z)®C= @ HI(X™)
p+q=k

where HP4(X*) = HoP(X21) and HP9(X?") = HI(X*" QX ..). Furthermore, this structure is
polarized by the intersection form given as

Q(a,ﬁ) :/anwdimX—k/\a/\ﬁ

where w is an integral Kihler form on X, «o,3 € H¥(X®7Z) and we are using de Rham
Theorem to identify H*(X?** 7Z) @ C with the complexified de Rham cohomology of X?".

Chapter 1 of the thesis is essentially dedicated to a brief review of Hodge theory for compact
Kaéhler manifolds and of the general notion of Hodge structure.

Studying how this Hodge structure varies for a family of projective varieties varying holomorphi-
cally over a base S motivates the definition of a variation of Hodge structures, and is our central
aim in Chapter 2.

Let f : X — S be a smooth projective morphism of smooth connected algebraic varieties over
C, which gives, passing to analytification, a projective holomorphic submersion f*"* of complex
manifolds. Then, thanks to a Theorem of Ehresmann, the complex analytic fibers X2" of f2"
are diffeomorphic, so their cohomologies H*(X2" Z) are isomorphic and glue together into the
locally constant sheaf R* f2"Z. Hence, the holomorphic vector bundle R¥ f3*Z® O gan is naturally
endowed with a flat connection V, called Gauss-Manin connection. Moreover, the Hodge numbers
hP1(s) = dim HP?(X?") are constant and the Hodge filtration on the cohomology of each fiber
induces a filtration .Z*® of R* f**Z.® Osan by holomorphic subbundles satisfying Hodge symmetry
and the additional constraint

V(FP) C Qkan @ FP7H

known as Griffiths transversality. This motivates the abstract definition of an integral varia-
tion of Hodge structures as a locally constant abelian sheaf V together with a filtration .#* of



2 Introduction

the associated holomorphic vector bundle satisfying Hodge symmetry and Griffiths transversal-
ity. Furthermore, having in mind the previous geometric situation, we can put the additional
structure of a polarization.

A crucial tool to study a polarized variation of Hodge structures (V, . #*) on S is the period
map ® : §*" — I'\D, sending a point s to its corresponding Hodge structure, seen, up to the
action of the monodromy group, as a filtration on the vector space V., ® C, for a fixed 5o € S.
This tool will also be introduced in Chapter 2.

The Chapter ends with the definition of the Hodge locus of an integral (or rational) variation
of Hodge structures on S. In particular, we show that the Mumford-Tate group associated with
the Hodge structure on each stalk is locally constant outside a subset of S, called Hodge locus,
where it shrinks, as exceptional Hodge classes (and tensors) appear.

One of the aim of this thesis is to keep an eye both on the complex-analytic and on the al-
gebraic point of view. Indeed, if X a smooth projective variety, one can prove, essentially from
GAGA correspondence and the holomorphic Poincaré Lemma, that

H"(X™,C) = H*(X, Q%)

where the right hand side is the hypercohomology, in the Zariski topology, of the algebraic de
Rham complex. Moreover, the Hodge filtration on H*(X?" C) comes, under this isomorphism,
from the naive filtration of the de Rham complex. Similarly, in our relative case, with f : X — S
smooth projective morphism of algebraic varieties, a relative version of the holomorphic Poincaré
Lemma gives

(R} £.Q% /)™ = R* 2 © Oun

and also the Gauss-Manin connection has a purely algebraic definition. While in the first two
Chapters we adopt a more complex-analytic perspective, this algebraic point of view is discussed
in two interludes at the end these Chapters.

In Chapter 3 we finally adress the question of the density of the Hodge locus for an integral
polarized variation of Hodge structures on a smooth quasi-projective variety S.

The crucial point of view that inspires this criterion consists in seeing Hodge loci as inter-
section loci: indeed the period map @ : S*® — I'\ D sends irreducible components of the Hodge
locus to irreducible components of the intersection, inside I'\ D, of the image of the period map
with special subvarieties of I'\ D which arise as quotients of period sub-domains of D correspond-
ing to Mumford-Tate groups that are smaller than the generic one. This perspective and its
implications will be discussed in details in the beginning of Chapter 3.

Then, we focus on the proof of a density criterion, due to Khelifa-Urbanik [33], which takes,
under a couple of additional assumptions, the following simple form:

Theorem. Let (V,.#*) be an integral polarized variation of Hodge structures on a smooth con-
nected quasi-projective variety S with generic Hodge datum (G, D) and period map ®. Further-
more, assume that the algebraic monodromy group is H = G and is Q-simple. Then, the Hodge
locus is analytically dense in S® as soon as there exists a strict Hodge sub-datum (M, Dys) of
(G, D) such that

dim ®(S*") + dim Dp; —dim D > 0.

As we will see, the essential ingredient for the proof is the Ax-Schanuel Theorem for variations
of Hodge structures, which allows to control atypical intersections of ®(S®") with (real) translates
of special subvarieties of I'\ D passing through a Hodge generic point in terms of the so-called
weakly special subvarieties of S. A section of the Chapter is dedicated to a discussion about



the heuristic behind this Theorem, relying on the fact that the weakly special subvarieties of S
are exactly the bi-algebraic subvarieties for the bi-algebraic structure induced on S be the given
variation of Hodge structures.

In the end of Chapter 3, we discuss some applications of the density criterion of Khelifa-
Urbanik. In particular, we show how to use it to deduce density results for the Hodge locus of
some universal families of projective hypersurfaces and complete intersections and for families of
curves in M, with non-simple Jacobian.

The thesis ends with two Appendices. In the first one, we discuss the relationship between po-
larized Hodge structures of type (1,0),(0,1) and complex abelian varieties and the construction
of their moduli space Ay, while the other one collects some basic facts about reductive groups
that are used at some points of the thesis.






Chapter 1

Complex geometry and Hodge
theory

In this first Chapter we recollect some basic knowledge of complex geometry, in particular we
introduce all terms involved in Hodge decomposition, which is the starting point of Hodge theory,
and we fix the notations we will use throughout this work. The reader is supposed to be already
familiar with complex geometry, so only few details and few proofs are provided in this Chapter,
whose aim is just to fix some ideas before introducing the central topic of the thesis, which will
be discussed in Chapter 2. Moreover, we will make use, without giving proofs, of standard tools
from homological algebra, in particular cohomology of sheaves. Detailed references are Voisin
[46] and Huybrechts [31].

Furthermore, we introduce the general notion of Hodge structure of weight k£ on an abelian
group Hyz, pointing out the equivalent definitions as a decomposition of Hc, a filtration of H¢
or a real algebraic representation of the Deligne torus. This last group-theoretic point of view
allows us to associate to a Hodge structure its so-called Mumford-Tate group. Notice that in
this work we will only consider pure Hodge structures of some weight &, therefore we will always
omit the adjective "pure".

We will follow here a complez-analytic perspective, in particular introducing Hodge decom-
postion for any compact Kéhler manifold, while a more algebraic point of view will be discussed
in the interlude at the end of the Chapter.

1.1 Hodge decomposition

Let X be a connected compact complex manifold of dimension n. Given a point x € X, the
complexified tangent space T, X¢ = T, Xgr ® C carries a complex structure, in particular it admits
a decomposition

T,Xc=T°X e TO' X (1.1)
where, once fixed a local holomorphic chart zi,...,z2, around x, a basis of 71X is given by
8%1, ey %. This decomposition naturally extends to the complexified tangent bundle T X¢,

which is a € vector bundle on X , and the (1, 0)-part canonically identifies with the holomorphic
tangent bundle Jx.
Moreover, the decomposition (1.1) is inherited by all tensor constructions obtained from T'X¢,

5



6 Chapter 1. Complex geometry and Hodge theory

in particular the sheaf 7% of complex > differential k-forms on X decomposes as

ay = P % (1.2)
p+aq=k

where o737 is the sheaf of € forms of type (p, ¢), namely the sheaf of > sections of the vector
bundle AP (T10X)* @ AY(T*1X)*.

Denote by Q% the sheaf of holomorphic p-forms on X, namely Q% = ker(0 : ,Q%};’O — ,;z{};’l).
Consider the following bicomplex of sheaves on X, known as Dolbeault bicomplex:

0,0 9 1,0 n,0
oy oy . o

| |- |

0,1 9 1,1 n,1
oy Ay . A

T
| |

0,n 1,n n,n
oy oy - oy

Here, thanks to the 0-Poincaré Lemma, the p-th column is an acyclic resolution of Q% hence, if
we introduce the Dolbeault cohomology

 ker(9: APIX) = LI (X))
Cim(@: 2N (X) = ADI(X))

p.q
HZ(X)
we have a canonical isomorphism
Hg’q(X) ~ HY(X,08).
The total complex of the Dolbeault bicomplex is the (complexified) > de Rham complex

0 d 1 d d 2n
,QfX ,Q/X ,Q/X ;

which provides an acyclic resolution of the constant sheaf of stalk C, thus inducing a canonical
isomorphism
HE:(X,C) = H*(X,C),
where the left hand side denotes the de Rham cohomology of X with complex coefficients.
Furthermore H*(X,C) (respectively H*(X,Z)) identifies with the singular cohomology of X
with complex (respectively integral) coefficients and we have the isomorphism

H*(X,Z)® C= H*(X,C).

Remark 1.1.1. The construction of Dolbeault cohomology naturally extends to any rank r holo-
morphic vector bundle E on X. Let &/P%(E) be the sheaf of ¥ sections of the vector bundle
N(THOX)* @ NUY(TO1X)* @ E, namely the sheaf of differential forms of type (p, ) with values in
E. In a local holomorphic trivialization (o1, ...,0,) of E, such a local section a can be written
asa =Y., a; ®o;, where each «; is a local € section of &%'?. Then we define

gE(oz) = ZE(O@) X o;.
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Since the transition matrices between trivializations of £ on different open subsets have holomor-
phic entries, this expression gives a well defined C-linear morphism of sheaves 9 : @/%?(E) —
ﬂ§’q+1(E). In this way, we get a complex of sheaves

. A dp’qul(E) i) APE) i) @/p,q+l(E) i)

Taking global sections and then cohomology we obtain the Dolbeault cohomology of E, de-
noted ng(X ,E). As before, since this complex is an acyclic resolution of the sheaf Q% (E) of
holomorphic p-forms with values in E, we obtain the isomorphism

HEI(X,E) = HI(X, 0% (E)).

The question now is whether the cohomology H* (X, C) inherits the decomposition (1.2). It
turns out that the answer is affirmative if X is a compact Kéhler manifold, i.e. it carries a
hermitian metric whose associated real (1,1)-form is closed.

Theorem 1.1.2. Let X be a compact Kihler manifold. Then, if we donote by HP4(X) the space
of de Rham cohomology classes in H*(X,C) that have a representative of type (p,q), we have a
decomposition
H*(X,C)= € H"(X).
p+q=k

Moreover HP(X) = H1?(X) and HP9(X) = HI(X,QF).
Proof. See Voisin [46], Theorem 5.23 and Corollary 6.10. O

As we will see in the next section, this deep result motivates the definition of an integral
Hodge structure. However, before this, we will show that in this geometric situation, the Hodge
decomposition carries an additional structure, namely a polarization. This notion will also be
defined in a more general setting in the next section.

Let X be a compact Kéhler manifold of dimension n and let w be a K&hler form on X.

Definition 1.1.3. The Lefschetz operator L, : &/f — /£ is defined as L,(a) = w A «
and induces a well defined map H*(X,R) — H**2(X R). For k < n, we define the primitive
cohomology spaces as

Hk

prim

(X,R) = ker(L" %+ . H*(X,R) — H* *2(X R)).

oL k
An analogous definition can be done for Hp;, . (

X,C).

Now, let us define the following intersection form @ on H*(X,R), for k < n:
Q.8 = [ wFnanp.
X

Clearly, this form is symmetric if k is even, alternating otherwise and hy(a, ) = i*Q(a, B)
defines a hermitian form on H*(X,C). This hermitian form interacts with Hodge decomposition
in a precise way, as stated in the following:

Theorem 1.1.4. The hermitian form hy, defined above on H*(X,C) satisfies the following re-
lations, known as Hodge-Riemann bilinear relations:

1) the Hodge decomposition H*(X,C) = @ HP9(X) is orthogonal for hy,

p+q=k
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2) the form (—1)k(k271)ip_q_khk is positive definite on the compler subspace HDY (X) =
k )
Hprim(X7 (C) nH? q(X)
Proof. See Voisin [46], Theorem 6.32. O

In the formalism that we will develope in the next section, the previous Theorem translates
to the statement that the Hodge structure on the primitive cohomology H;’frim(X ,R) is polarized
by the intersection form Q.

Remark 1.1.5. If X is a complex submanifold of the projective space, the restriction of the
Fubini-Study metric gives X the structure of a compact Kéhler manifold. Furthermore the
Kihler class can be chosen to be integral, i.e. to lie in the image of H?(X,Z) inside H?(X,R).
Hence, the Lefschetz operator acts on the integral cohomology, the primitive cohomology spaces
are defined over Z and the intersection form @ takes integral values on integral classes. Thus,
the polarization is defined on the primitive part of the integral Hodge structure on H*(X, 7).

1.2 Hodge structures

As we have anticipated in the previous section, Hodge decomposition on the cohomology of a
compact Kéhler manifold motivates the following definition.

Definition 1.2.1. An integral Hodge structure of weight £ € Z is the datum of a finitely
generated abelian group Hz together with a decomposition

Hc=Hz,C = @ HP
p+q=k

satisfying HP? = H%P. Starting with a vector space over Q, respectively R, one can define
analogously a rational, respectively real, Hodge structure.
We refer to {(p,q) : H?? # 0} as the type of the Hodge structure.

Remark 1.2.2. A Hodge structure of weight k on Hyz is equivalent to the datum of a decreasing
filtration F'* by complex subspaces of H¢ satisfying

Hc = FP @ Fk—p+1,
Indeed one can define FP as @T>p H7™ =" and conversely, given such a filtration, the factors of
the Hodge decomposition can be obtained as HP9 = FP N F4,

Definition 1.2.3. A morphism f : (Hz, H?9) — (H}, H'") of integral Hodge structures of the
same weight is a homomorphism of abelian groups f : Hz — Hj, such that the C-linear map
fc : Hc — H¢ is compatible with the decompositions.

Remark 1.2.4. If Hz and HJ, carry Hodge structures of weight & and &/, then one can define a
weight & + &’ Hodge structure on Hz ®@ Hy by Hc ® He = @, p—jinr T%" where
Ta,b _ @ HP ® H’p,aq/.
p+p'=a,q+q'=b
Similarly, we have a weight k' — k Hodge structure on Homgy(Hz, H}) by defining the (a,b)-
subspace of Hom¢(Hc, H¢:) = Homyz(Hz, H;) @ C as

P  Homc(Hre, HP).

p'—p=a,q'—q=b
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Hence, in general, starting with a weight k¥ Hodge structure on Hz we have Hodge structures on
any tensor construction obtained from Hyz. More precisely, given a collection v = {(a;, b;) h1<i<:
with a;, b; non-negative integers,

t
T =P HF" @ (H;)®"
i=1

is a direct sum of Hodge structures of weight (a; — b;)k, for i =1,...,t.

Ezample 1.2.5. The Tate Hodge structure Z(1) is the weight —2 Hodge structure on 2miZ C C
defined by Hc = H~%~!. The m-tensor product Z(1) ® - - - ® Z(1) is a Hodge structure of weight
—2m on (2mi)™Z, denoted Z(m).

If Hy carries a Hodge structure of weight k, its m-twist H(m) = Hyz ® (27¢)™Z is the Hodge
structure of weight k — 2m defined by H(m)P4 = HPT™4+tm,

We want now to give a more group-theoretic way of defining Hodge structures, pointing out
a link with representation theory. This will allow us to associate to any rational Hodge structure
its so-called Mumford-Tate group.

Definition 1.2.6. The Deligne torus is the real algebraic group S defined functorially as follows:
for every R-algebra R

S(R):{(‘C’ 2) EGLQ(R):a—d:b—H::O}.

From a more abstract point of view, S = Resc/rG,c is the Weil restriction to R of the
multiplicative group over the complex numbers. The group of real points S(R) of the Deligne
torus is isomorphic to the multiplicative group Gy, c(C) = C* via the map C* — S(R) which

) U —v . . . .
sends z = u + v to A This isomorphism gives a structure of a real algebraic group on

C*. Moreover, S(R) = C* is naturally embedded in the group S(C) = C* x C* of complex
points through the map sending A to (A, ).

Notice that there is a natural embedding w : G,, — S of real algebraic groups, which on
complex points is the diagonal embedding and on real points is the embedding R* — C*.

Proposition 1.2.7. A rational Hodge structure of weight k is equivalent to the datum of a
rational vector space Hg together with a real algebraic representation p : S — GL(Hg) such that
(pow)(t)(v) =t~ *v for allt € R*, v € Hg, in particular pow : Gy, — GL(Hg) is defined over
Q.

Proof. If Hg is a real vector space carrying a weight k Hodge structure, then we can define a
representation p of S(R) on the complex vector space He = Hg ® C by

p)0) = 3 2Pz,

p+q=Fk

where v = Zp gk VDTS the decomposition of v € H¢ with respect to the Hodge decomposition.
Then, by the condition HPY = H%P, we get

PEIE) = p) = 3. = rE i@ = Y 2T = p()(0),

p+q=k p+q=k
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so p actually takes values in GL(Hg). Moreover, one computes (p o w)(t)(v) = t~*v, for all
v € Hg, t € R*, and if Hr = Hp ® R for a rational vector space Hg we have that pow is defined
over Q.

Conversely, every finite dimensional representation of S(R) on a complex vector space Hc
splits as a direct sum of one dimensional representations where z € S(R) acts as multiplication by
z7PZ79, with p,q € Z. Therefore, such a representation p which is defined over R, namely p = p,
induces a decomposition Hec = @ HP?, such that HP? = H%P. Furthermore, the condition
(pow)(t)(v) =t kv for v € Hg, t € R*, implies that in the induced decomposition one has
p+qg==Fk.

For further details we refer to Peters-Steenbrink [39], Lemma 2.7. O

Finally, we add the additional structure of polarization, having in mind the example of the
real Hodge structure on the primitive cohomology HI’jﬂm(X ,R) of a compact Kéhler manifold X
or, more in particular, of the integral Hodge structure on the primitive integral cohomology of a

complex projective manifold.

Definition 1.2.8. An integral Hodge structure of weight k on Hy is polarized if there exists a
non-degenerate bilinear form @, defined on Hz, symmetric if k is even and alternating otherwise,
such that its associated hermitian form on Hc, defined by

h(v,u) = ikQ(v,ﬂ),

satisfies the Hodge-Riemann bilinear relations, as in Theorem 1.1.4.

1.3 Mumford-Tate and Hodge groups

Let us work now with rational Hodge structures. In particular, let us fix for the rest of the
section a rational vector space V' carrying a Hodge structure Vg = EBP +q=k VP4, which can also
be described, in view of Proposition 1.2.7, by a real algebraic representation p : S — GL(VR).

Definition 1.3.1. The Mumford-Tate group associated to the given Hodge structure on V,
denoted MT(V) or MT(p), is the smallest algebraic subgroup M of GL(V'), defined over Q,
such that p factors through the inclusion Mg C GL(VR), where the subscript R denotes, as it is
common, the base change to R.

Now, consider the algebraic subgroup S of the Deligne torus whose set of R-valued points is
given by
SY(R)={z€C:2z2=1} CC*.

Definition 1.3.2. The Hodge group associated to the given Hodge structure on V', denoted
Hg (V') or Hg(p), is the smallest algebraic subgroup H of GL(V), defined over Q, such that the
restriction of p to S! factors through Hg C GL(VR).

The essential property of the Mumford-Tate group is that it cuts out exactly the Hodge
sub-structures and the Hodge classes in all tensor constructions obtained from V.

Definition 1.3.3. Given a rational Hodge structure of even weight 2k on a rational vector space
V, a (rational) Hodge class is an element in V N V¥* that is a vector v € V such that its image
v ® 1 in V¢ belongs to the complex subspace V**. Of course the same definition can be given
for an integral Hodge structure on a finetely generated abelian group H, giving rise to integral
Hodge classes.
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Given a rational Hodge structure of any weight on a rational vector space V', a Hodge tensor
is a Hodge class in any tensor construction (of even weight) obtained from V. Again, the same
definition can be given for an integral Hodge structure.

Proposition 1.3.4. Let V be a rational vector space carrying a weight k Hodge structure. Let v
be a collection of pairs of non-negative integers and let TV be the associated tensor construction,
as in remark 1.2.4. If W is a subspace of TV, then W is a Hodge sub-structure if and only if it
is stable under the action of MT(V) on T". Moreover, an element t € T" is a Hodge class if
and only if it is invariant under the action of MT(V).

Proof. Let H C GL(V) be the stabilizer of W, seen as an algebraic subgroup defined over Q.
If W is a Hodge sub-structure of T%, then it is stable under the action of S through p, hence p
factors through Hg, implying MT(V) C H. Conversely, if MT(V) C H, then p factors through
Hg, so W is a Hodge sub-structure. The second assertion follows clearly from the first. O

Proposition 1.3.5. Let V be a rational vector space carrying a weight k Hodge structure. Then:
1) the Mumford-Tate group MT (V') is connected,
2) if the Hodge structure has weight zero, MT(V') C SL(V); otherwise G, -id C MT(V),
3) if the Hodge structure is polarized, MT (V') is reductive.

Proof. The first two points follow immediately from the definition. To prove point (3) we recall
the following criterion for reductive groups: a connected algebraic group over a field of charac-
teristic zero is reductive if it has a faithful semi-simple representation (Proposition B.6). Then
the assertion follows from the fact that the inclusion MT(V) — GL(V) is such a represen-
tation, since the category of rational polarizable Hodge structures is semi-simple. We refer to
Peters-Steenbrink [39] (Corollary 2.12 and Theorem 2.19) for details. O






Interlude: the algebraic point of
view |

A characteristic that makes Hodge theory so interesting is that it is at heart not an algebraic
theory, but rather a transcendental one, however it is supposed to reflect, to some extents, the
algebraic structure of projective algebraic varieties. In particular, the deep Hodge conjecture
and Grothendieck period conjecture predict that the analytic character of Hodge theory should
be constrained. Some of these constraints have been proven in the last decades. It is therefore
interesting to analyze which form Hodge theory assumes when it is applied to an algebraic object,
namely a projective algebraic variety, rather than to a general Kéhler manifold. In this interlude
we begin to introduce this perspective by giving an algebraic description of the objects involved
in Hodge decomposition.

Let X be a smooth projective variety defined over C and consider its associated compact
complex manifold X", which is Kéhler. Indeed, the set of complex points of the projective
space P, seen as a scheme, has naturally the structure of a compact complex manifold, so every
smooth projective variety over C is naturally a complex manifold. Furthermore, the restriction
of the Fubini-Study metric gives a K&hler form on X?".

Remark 1.1. This construction, called analytification, can be done for any algebraic variety X
defined over C. Indeed any Zariski locally closed subset of the complex affine space naturally
admits the complex analytic topology, restricted from Af, and can be endowed with its sheaf of
holomorphic function. Applying this to an open affine cover of X one obtains a complex analytic
variety, i.e. a locally ringed space which is locally isomorphic to a subset of A7 cut out by a
finite set of holomorphic functions. We refer to Serre [42] for further details.

To fix the notation let &x be the algebraic structure sheaf on X, i.e. its sheaf of regular
functions, and denote by Oxan the analytic structure sheaf of X2" i.e. its sheaf of holomorphic
functions. Clearly, the usual complex analytic topology on X?" is finer than the Zariski topology
of X, hence the identity map on points id : X*" — X is continuous.

The procedure of analytification extends to any coherent sheaf .# of Ox-modules on X.
Indeed one can construct the associated sheaf 2" of &xan-modules as the pull-back of # via
id : X* — X. It is easy to check that this construction gives an exact functor from the category
of coherent algebraic sheaves on X to the category of coherent analytic sheaves on X?". The
remarkable results that follow, which constitute the heart of GAGA correspondence, state that
if X is a projective algebraic variety, then this functor is actually an equivalence of categories
inducing isomorphisms on cohomology.

GAGA Theorems. Let X be a projective algebraic variety over C. Then:

1) For any coherent algebraic sheaf F on X and for any q > 0, the analytification functor
induces isomorphisms at the level of cohomology: H1(X, %) =2 H1(X?, Fn),

13
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2) If F and 4 are coherent algebraic sheaves on X, then every analytic morphism from F"

to G*™ comes from a unique algebraic morphism F — 4.

3) For each coherent analytic sheaf .# on X®", there exists, unique up to isomorphism, a
coherent algebraic sheaf F on X such that F** = A .

Proof. See Serre [42]. O

A direct application of point (3) of this theorem gives the following:

Chow’s Theorem. Any closed analytic subvariety of the complex projective space is the ana-
lytification of a projective algebraic variety.

Now let us go back to our task of giving an algebraic description of the terms of Hodge
decomposition for a projective variety X. Let Q% be the sheaf of Kéhler differentials of X. It is
a coherent algebraic sheaf on X and its analytification is the sheaf of holomorphic forms Q%..
on the associated complex manifold. Of course one can take all wedge powers and construct the
algebraic, respectively holomorphic, de Rham complex. By GAGA correspondence

HY(X,0%) = H(X* Q% ..).
Definition 1.2. The algebraic de Rham cohomology of a smooth algebraic variety X is the
hypercohomology H*(X, Q%) of the algebraic de Rham complex in the Zariski topology.

Algebraic de Rham Theorem. Let X be a smooth projective variety over C. Then there is a

canonical isomorphism
HF (X C) = H*(X,Q%).

Proof. By the holomorphic Poincaré Lemma there is a quasi isomorphism of complexes of sheaves
on X"

0 C 0 0
0 —— ﬁxan Q%(an QQXan

inducing an isomorphism H*(X®" C) = H*(X* Q%..). By general homological algebra, one
has spectral sequences converging to H¥(X®® 0%..), respectively H*(X,Q%), with E}? =
Ha(X QF..), respectively H1(X, Q% ). These terms are isomorphic by GAGA correspondence,
S0

HA(X™ Q%) = HY(X, Q%) (1.3)
and we are done. O

Finally, it is a remarkable fact that the Hodge filtration F* on H*(X?", C) induced by Hodge
decomposition, stated in Theorem 1.1.2, also admits an algebraic interpretation under the iso-
morphism HF(X, Q%) = H*(X?",C). Recall that the filtration is defined as

F‘P[_Ik()(am7 (C) _ @ Hr,k—r(Xan).
r>p
For every k let
FPoffun = @ ol
r>p
Its space of global section FP.a/§..(X) is the space of complex differential k-forms which are sums

of forms of type (r,k — r) with r > p at every point. This filtration clearly induces a filtration
FPof3.. of the complexified € de Rham complex.
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Proposition 1.3. We have

_ ker(d: Fpszf)?an(X) — Fpﬁ{)’;j;l(X))

FPH*(X*,C) = - k-1
im(d : Frafynl(X) — FPaffan (X))

Proof. See Voisin [46], Proposition 7.5. O
Now, observe that the holomorphic de Rham complex is equipped with the naive filtration
Q;(Zaf and the same holds for the algebraic de Rham complex. The complex (FP&/g.n,d) is

acyclic and quasi isomorphic to Q;(zaff . Indeed (FP%/R..,d) is the complex associated to the

acyclic resolutions (#/ym,d) of Q%.., for ¢ > p, that we recalled in Chapter 1. Combining this
with the previous Proposition and with isomorphism (1.3) we obtain that the Hodge filtration is
induced by the naive filtration of the algebraic de Rham complex.

Proposition 1.4. Under the isomorphism H¥(X, Q%) = H*(X? C) the Hodge filtration iden-
tifies as

FPH*(X®™ C) = im(H*(X, Q7)) — HF (X, C)).

Let us also emphasize that the Hodge decomposition gives the following purely algebraic
statement, formulated in terms of the spectral sequence associated to the naive filtration of the
algebraic de Rham complex. Indeed, as we have already recalled in the proof of the algebraic de
Rham Theorem, we have a spectral sequence, known as Hodge to de Rham spectral sequence,
whose first page reads

EDY = H9(X, 9%)
with differential d; : EP? — EPT9 equal to the map H9(X, Q%) — HI(X, Q%) induced on
cohomology by the de Rham derivation Q% — ngl. This spectral sequence converges to the
algebraic de Rham cohomology HP4(X, Q%).

Proposition 1.5. If X is a smooth projective algebraic variety over C, then the Hodge to de
Rham spectral sequence degenerates at Fy.

Proof. After identifying the algebraic de Rham cohomology with H*(X?", C) we get, by conver-
gence of the spectral sequence

EP9 = FPHM(X™,C)/FPT HF(X*,C)

for a sufficiently large r. Recall that E}}% is identified with the cohomology ker(d;)/im(d;) in
bidegree (p,q), where d; denotes the differential at page E;. So, dim E}}, < dim E}"? with
equality for all p, ¢ if and only if d; = 0. On the other hand, by Hodge decomposition,

Y dimEP?= Y dim HY(X,0%) = dim HPT(X™,C) = Y dim B2
p+q=k p+q=k ptg=k

for sufficiently large r, therefore dim E*? = dim E?*? and d; = 0 for all ¢ > 1. Hence the spectral
sequence degenerates at the first page. O

Remark 1.6. If we consider the filtration F? on H¥(X®" C) as defined by the image of the naive
filtration of the algebraic de Rham complex under the isomorphism given by the algebraic de
Rham Theorem we have that, by the previous argument, the degeneration of the Hodge to de
Rham spectral sequence is equivalent to the fact that

FPER(X™ C)/FPT HR(X™ C) = HY(X,0%)
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as well as to the equality

dim H*(X™,C) = Y dim HY(X,Q%).
ptq=k

However, it does not imply the symmetry of the Hodge numbers h?*9 = h%P nor the Hodge
decomposition at the level of complex vector spaces, namely

HYX™ C)= € HM(X), HP)(X)=FNFd,
pt+a=k

Hence it does not capture the whole phenomenon of Hodge decomposition. It has nevertheless
the merit of being an algebraic statement, which can be extended outside complex algebraic
geometry. Indeed, the proof that we have presented here relies fully on Theorem 1.1.2, which can
be proved only in an analytic way, but there do exist purely algebraic proofs of the degeneration
of the Hodge to de Rham spectral sequence, see for instance Deligne-Illusie [20].



Chapter 2

Variations of Hodge structures

In this Chapter we discuss how the Hodge structure on the cohomology groups of a family of
compact Kéhler manifolds varies over a base manifold S, extending what we have done in the
previous Chapter to the relative case of a proper holomorphic submersion f : X — S with fibers
being Kéahler. In particular we will see that the Hodge filtration on the cohomology of each
fiber induces a Hodge filtration of the holomorphic vector bundle R* f,C ® €, which satisfies a
crucial additional condition, called Griffiths transversality. From the description of this geometric
situation we will arrive to the abstract definition of a variation of Hodge structures and we will
see how it can be described by means of a period map, taking values in an appropriate classifying
space of Hodge structures. Finally, in the end of the Chapter, we will go back to the group-
theoretic point of view that we introduced in Chapter 1 and we will describe, given a rational
variation of Hodge structures over a complex manifold S, how the Mumford-Tate group of the
induced Hodge structures on the fibers varies over S.

As in the previous Chapter, the discussion is here mainly complez-analytic, while an algebraic
perspective will be provided in the interlude at the end of the Chapter.

The main references for the contents of this Chapter are Voisin [46], Cattani [16], as well as
the original papers by Griffiths [25], [26].

2.1 Local systems and connections

Let S be a complex manifold.

Definition 2.1.1. A sheaf .Z over S is a local system (of complex vector spaces) if it is locally
isomorphic to the constant sheaf with stalk C™ for some natural number n.

If .Z is a local system on S and we fix a base point so € S, then for any path v : [0,1] — S
such that y(0) = y(1) = s, the pull-back 7*(.¥) of £ to the unit interval is locally constant,
hence constant, since [0,1] is contractible. Thus we obtain an automorphism of the stalk %5,
as complex vector space, which depends only on the homotopy class of 7. Hence, we get a
representation

p:m(S,s0) = GL(Zs,) = GL,(C).

If S is connected, as we will assume throughout this Chapter, this construction is independent,
up to conjugation, of the choice of the base point.

Conversely, suppose we are given a representation p : m (S, sg) — GL,,(C), let p: S — S be
the universal cover of S and consider the constant sheaf of stalk C" on S, denoted C". The fun-
damental group of S acts on S and can be identified with the group of covering transformations.

17
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Then we can define a local system . on S by setting for each open U in S
ZLU)={s e T(p ' (U).C") : s(v-u) = p(7) - s(u),Yu € p~ ' (U), ¥y € (S, 50)}

i.e. taking the sections of C" which are equivariant under the action of the fundamental group.
Now, we will show how we can associate to a local system a holomorphic vector bundle on S
together with a flat connection.
Recall that if E is a holomorphic vector bundle on S and we denote by € (FE) its associated
sheaf of holomorphic sections, a connection on E is a C-linear morphism of sheaves

V:0(E) = Q5 0(E)
such that for any local holomorphic function f and any local holomorphic section o of E one has
V(fo)=df ® o+ fV(0).
Given such a connection, one can extend this definition to V : Qf @ O(E) — Qg“ ® O(E) as
Via®o)=da® o+ (-1)Pa A V(o).

Definition 2.1.2. A local holomorphic section ¢ of E is said to be flat if V(o) = 0. The
connection V is said to be flat if V2 = 0.

In terms of a local holomorphic frame o4, ...0, of O(E)(U) for some open U C S, we can
write

V(o;) = Zeij K o;
i=1

where the 6;; € QL (U) are called connection forms. A connection is essentially a tool to differ-
entiate sections of F in the direction of a local holomorphic vector field X on S. Indeed, given
a local frame o1, ...0, for E, we can define

T

Vx ijo'j ZZ X(fi)+ij0ij<X) 0;-
=1 j=1

i=1

Remark 2.1.3. One can prove that a connection is flat if and only if there exists a trivializing
cover of S for which the corresponding frame for E consists of flat sections.

Now, if .Z is a local system on S, then its associated holomorphic vector bundle . ® Og
admits a trivializing cover whose transition matrices have locally constant coefficients. Hence
we can define a connection on % ® Og just by extending the de Rham differential, namely
V(fo) = df ® o for any local holomorphic function f and any local holomorphic section o of
# ® Og. This connection is clearly flat, since d? = 0.

Conversely, if F is a holomorphic vector bundle on S endowed with a flat connection V, then
its sheaf of flat sections ker(V) is locally constant with stalk of rank equal to the rank of E.

Summarizing the discussion of this section, we conclude that for a connected complex manifold
S there is a equivalence of categories between the categories of:

(1) local systems of complex vector spaces on S,
(2) finite dimensional representations of 71 (.5, sg),

(3) holomorphic vector bundles on S endowed with a flat connection.
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2.2 Families of complex manifolds

Let S be a connected complex manifold. In this section we will consider families of complex
manifolds varying holomorphically over S.

Definition 2.2.1. A family of complex manifolds over S is a proper holomorphic submersion
f: X = S, namely f is surjective, proper and holomorphic with surjective differential.

In this situation each fiber X, = f~1(s), for s € S, is a compact complex manifold. The
following theorem, due to Ehresmann, asserts that such a map f is a € fiber bundle.

Theorem 2.2.2. For every sg € S there exists an open neighborhood U of sy and a € diffeo-
morphism F : f~1(U) — U x X, such that p1 o F = f, where p; is the projection onto the first
factor. Furthermore, for every x € X, the map o, : U — X defined as 0,(s) = F~1(s,x) is
holomorphic.

Remark 2.2.3. More precisely, one can prove that the family f trivializes over any contractible
neighborhood of sy € S. We refer to Voisin [46], Theorem 9.3, for details on the proof.

Now consider the derived pushforward of the constant sheaf on X', namely R* f,Z.

Remark 2.2.4. Recall that this is defined as the right derived functor of the pushforward f, :
Sh(X) — Sh(S) between the categories of abelian sheaves on X' and S. By considering the
commutative square of functors

Sh(X) —°s PreSh(X)

2 -

Sh(S) 5~ Presh(s)

where PreSh(:) denotes the category of abelian presheaves, the upper arrow is the forgetful
functor and the bottom one the sheafification, we obtain that R* f,Z is the sheafification of the
presheaf that associates to any open U C S the cohomology group H*(f~1(U),Z).

The previous Theorem implies that the cohomology groups H*(Xj,Z) are locally constant
on S, so R¥f.Z is a locally constant abelian sheaf on S, with stalk (RFf,Z), = H*(X,,7Z) =
H*(X,,,Z) for a fixed sy € S. Of course we can do the same replacing the constant sheaf of stalk
7 with that of stalk Q or C, obtaining that R* f.C is a local system of complex vector spaces on
S. Recall from the discussion in the previous section that we can associate to it a representation

p: 7Tl(S7 50) - GL(Hk(XSoa (C))
and that the holomorphic vector bundle R* f,C® @ is naturally endowed with a flat connection,
which is called in this situation Gauss-Manin connection.
2.3 The Kodaira-Spencer map

Let f: X — S be a family of compact complex manifolds. Assume that S is a polydisk centered
at zero and let X = Xy. By Theorem 2.2.2 we have a diffeomorphism F : ¥ — § x X, let G be
the inverse. Then, for s € S, the restriction

gs = G‘{S}XX X = X
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is a ¥°° diffeomorphism that carries the complex structure on the real tangent space of X, to a
complex structure on the real tangent space of X. Therefore, we can think the family f: X — S
as a family of complex structures on a fixed differentiable manifold X. The Kodaira-Spencer
map that we will define below can be interpreted as measuring the derivative at s = 0 of the
association that maps s € S to the complex structure X on X.

Notice that the pushforward f, induces an exact sequence of holomorphic vector bundles on
X:

Oﬁgxﬁg‘;ﬂXL)XXgS’()%O.

This sequence gives rise to an exact sequence of the corresponding sheaves of holomorphic sections
and consequently to a long exact sequence in cohomology. In particular we have a map

HY(X,0(X x Js0)) = HY (X, 0(Ix)).

Since X is compact we have H*(X, 0(X x 5)) = Js,0, while introducing a Dolbeault resolution
as in Remark 1.1.1 leads to the isomorphism

H'(X,0(7x)) = Hy'' (X, Tx).
Definition 2.3.1. The map
Tso — H'(X,0(Ix)) = Hy'' (X, Tx)
obtained above is called the Kodaira-Spencer map at zero of the family.

As noted above, the family f : X — S gives rise to a family of complex structures on the
differentiable manifold underlying X . Thus, for each point x € X and parameter s € S, we have
a splitting

T, Xc = (To)f & (Ty)5

S

with (T,,)F = (T,)s and (Ty)§ = TH°X = Jx . If s is small enough, the complex subspace
(T,)T is parametrized by a form as(x) € (T,X*)%' @ T, X0 (where T, X} = (T,X*)"° &
(T, X*)%! is the induced complex structure on the cotangent space), which is identified, up to
sign, with the composition

T, X% = (T,); — T, X9,

S

7 — T, X% and the second one is the
restriction of the projection T, X¢ — T,X"°. So we can construct a form a, in dg’l(ﬂx)
parametrizing the complex structure of Xj.

Conversely, given such a form s, the subspace (T,,); is generated by vectors of the form
v — ay(r)(v), with v € T, X1,

where the first map is a section of the projection (7,);

Proposition 2.3.2. The map p: Ts0 — H(X, ,Qf)g’l(ﬂx)) defined by

p(v) = dy(as),

for each v € Ts, has values in the space of d-closed sections of ;zi)g’l(fx) and for allv € Ig
the Dolbeault cohomology class of p(v) in Hg’l(X, Ix) coincides with the image of v under the
Kodaira-Spencer map.

Proof. Consider the trivialization F' : X — S x X. Since each submanifold F~!(S x z), for
x € X, is a complex submanifold of X, by pushing forward the tangent bundle of S along F~!
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we obtain a ¥°° complex subbundle of T)l(’o, which is isomorphic via f, to f*Z5. Thus we have
a ¢ section

o: [*Ts — T,
which provides, once restricted to X, a ¥ °° splitting of the short exact sequence

0*><7X4>9X|XLXX95)04>0.

By definition, the image in Hg’l(X, TIx ) of a tangent vector v € Jg ¢ under the Kodaira-Spencer
map is given by d(c(v)). Thus, we have to show that
Ao (v)) = du(as)

in H(X, sz)g’l(yx)). We can check this equality locally, so let us assume that we have local
holomorphic coordinates sy, ..., s, centered at 0 on S, and functions z1, ..., 2, on X such that
Zly-ney2n, [¥S1,..., [*s, give a holomorphic coordinate system on X. Composing the €’ triv-
ialization F' : X — S x X with the projection onto the second component we obtain a map
m: X — X, given in these coordinates by an n-tuple of differentiable functions

(T1(Z1y oy Zny STy e o3 Sp)y e v e s Tn(Z1y e ooy Zny STy -y S1)),

which are holomorphic in the s;. Now, given a point in X with coordinates (z, s), the subspace
(Tr(z,5))5 » parametrizing the complex structure on X corresponding to s € S, is generated by

the vectors
orj 0 871']
( ) Z 07Z; 3,2] jz 0z; 077

Thus, by the definition of a, we get

or;
Z 82’7 8z] Z 8zj 823

at the point 7(z,s). Clearly ap = 0 and 7|x = id, hence this expression gives, to the first order

in s,
9\ on; 0
s (32’7) B Z 0z 0z;

at the point (z,0). Differentiating this along a%k, we obtain

o\ 0 ) om; 0
dagk‘szo(as) (821) = aig]f(as”szo (82’ ) Z aSk 6,2] . (21)

Now we need to understand (50 (%)) ( REr ) To do so, notice that the vector field o ( aak)

is the unique vector field of type (1,0) on X" such that

0 0] 0]
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But 7, = id along X and, since 7 is holomorphic in sy,

omj 0
(8sk> Z 0sy, 8,2]
therefore we have

0 orj 0
— 2.2
7 <88k> 8Sk ]z: 8sk 82] ( )

Now, (80 (6sk)> (%) is simply 6%7 (O’ (%)), where we let 6* act on the coefficients of

o (%) Using (2.2) we obtain

i (7 (50) =5 (L 5oas ) 9

Finally, comparing (2.1) and (2.3), we get

0 0 0
o () ()

which proves the desired equality. O

2.4 Geometric variations of Hodge structures

In this section we will finally describe how the Hodge structure on the cohomology of the fibers
of a family of compact Kahler manifolds varies over the connected base manifold .S. In particular
we will see that the Hodge numbers h?%(X,) = dim H??(X;) are constant in s and that the
Hodge filtration induces a filtration of R* f,C ® 05 by holomorphic subbundles.

Let f: X — S be a family of complex manifolds, in the sense of Definition 2.2.1, such that
all fibers are Kéhler. Then, on each fiber we have a Hodge decomposition

H*(X,,C)= @ H"(X.).
p+q=Fk
Proposition 2.4.1. The Hodge numbers h?1(X;) = dim HP4(Xy) are constant.

Proof. The crucial point here is that dim H?9(X) is upper semicontinuous in s. Indeed, the
Hodge component HP4(X,) can be described as the space of 9-harmonic forms of bidegree (p, q),
namely as the kernel of the Laplacian operator acting on complex differential forms of type (p, q).
So, the claimed upper semicontinuity follows from a general result about elliptic operators, see
Wells [48], Theorem 4.13. Hence,

dim H?9(X,) < dim H??(X,,)

for s in a neighborhood of sg. On the other hand, if we let b(X,) = dim H*(X,, C) be the k-th
Betti number of X, we have

> dim HP(X,) = b (X,) = 0" (X,,) = > dim HP(X,,)
pta=k p+q=k

since the fibers are diffeomorphic. So, dim H?*?(X,) must be constant. O
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Remark 2.4.2. While the Hodge numbers are constant, the interaction between Hodge decompo-
sition and the rational structure on R* f,C given by H*(X,,Q) ® C = H*(X,,C) is much more
subtle. In particular, the dimension of the space of Hodge classes

H?(X,,Q) N H"*(X,)

is not constant, in general. We will come back to this in section 2.7.

Now, recall that the Hodge decomposition can be described by its associated filtration defined
as
FPHM(X,,C) = @ H"*"(X,).
r2p
Let f(p) =2 .5, h"F=7(X,), where the sum has the same value for all s € S. Assume that S
is contractible, so that f is ¥ trivial over S. Then, for all s € S, we have diffecomorphisms
gs + X = X,, = X, inducing isomorphisms

g:+ H*(X,,C) — H"(X,C).

Then, denoting Gr(f(p), H*(X, C)) the Grassmannian of f(p)-dimensional subspaces of H* (X, C),
we can define a map
& : 5 - Gr(f(p), H(X,C)

putting ®P(s) = g (FPH*(X,,C)).
Proposition 2.4.3. The map ® : S — Gr(f(p), H*(X,C)) is holomorphic.

Proof. First of all notice that, since the Hodge numbers are constant, the spaces HP9(X) vary
smoothly with s by a theorem of Kodaira, see Voisin [46], Proposition 9.22. Therefore, we need
to show that the differential of ®? is C-linear, namely that its complex linear extension to Ts,S¢
vanishes on vectors of type (0,1) for an arbitrary point so € S. Now, to lighten the notations,
let FP(s) = g*(FPH*(X,,C)) C H*(X,C), where X = X,,. The differential

d®P : T, Sc — Hom(FP(so), H*(X,C)/FP(s0))

50
can be computed by choosing, for a € FP(sg), a smooth local section o of R* f,C ® O such that
o(sg) = a and

o(s) € FPH*(X,,C)
for s in some neighborhood of sy. Hence, we may view g*(c(s)) as a curve in H*(X,C) such
that g¥(o(s)) € FP(s). Then

d®%, (u)(@) = [u(ggo)]  mod FP(so)

where we let the tangent vector u € Ts,Sc act on the coefficients (with respect to some local
frame) of forms representing the cohomology classes g*(o(s)). More intrinsically, we can consider
this action as the pull-back of the covariant derivative V, (o) evaluated at sg. By a general
theorem of complex geometry (see Voisin [46], Proposition 9.22) there exists a differential form
© on X such that © € FPa/(X) = @, &/"*7(X), its restriction to X, is closed and its
cohomology class in H*( X, C) is precisely o(s). Now, taking a lift v of u to X', namely a section
of f*TSc such that f.(v) = u, and applying the well known Cartan-Lie formula (see Voisin [46],
Proposition 9.14), we have

d®? (u)(a) = [int,(dO)|x] mod FP(s). (2.4)

r>p

Here, if u is a tangent vector of type (0,1), then v is also of type (0,1) along X. Furthermore, dO €
FPa/*+1(X), so int,(dO) € FPo/*(X) and the cohomology class of the restriction int, (dO)|x
lies in FPH*(X,C) = FP(sg). Therefore, for such u, d®? (u)(e) = 0, so ®? is holomorphic. [
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Actually, formula (2.4) implies much more than the fact that ®? is a holomorphic map: it
implies the following property, known as Griffiths transversality.

Proposition 2.4.4. The differential of ® : S — Gr(f(p), H*(X,C)) at so has values in the
subspace Hom(FPH*(X,C), FP~*H*(X,C)/FPH*(X,C)).

Proof. Keeping the same notations of the previous proof, we recall that
d®? (u)(a) = [int,(dO)|x] mod FP(s).
Now, © € FPa7k(X), so dO € FP.o/*+1(X) and int,(dO) € FP~1a/*(X), whatever the type of v
is. Thus
17k k
d®? (u)(a) € FP7 H"(X,C)/FPH"(X,C).
O

Remark 2.4.5. By Proposition 2.4.4 we can consider the differential of ®P at sy as taking values
in the space

Hom(FPH*(X,C)/FPT H*(X,C), FF~'H*(X,C)/FPH*(X,C)),
which identifies, by the Dolbeault isomorphism H?4(X) = HI(X, QF ), with
Hom(H*(X, Q% ), H*™H(X, Q5 )).

We can then compute the differential d®L as the composition of the Kodaira-Spencer map
Ts.so — H (X, Ix) with the map

H'(X, Ix) — Hom(H(X, Q% ), H™ (X, 05 ))

given by interior product and the product in C'ech cohomology. We refer to Voisin [46], Theorem
10.21, for details.

Remark 2.4.6. Clearly, we can consider this map ®? for every p to obtain a map

S — HGr(f(p),Hk(X, C))a

which will be called period map, that sends a point s € S to the Hodge filtration of H* (X, C),
seen as a filtration of the fixed vector space H¥(X,C) via the identification g*. However, let us
remark that we have constructed these maps ®P over a contractible base S, so that f: X — S'is
% >° trivial. If we put ourselves in the general situation where S may be not simply connected,
in order to globalize this construction, we have to take care of the monodromy representation
associated to the local system R f,C, since the identifications between the cohomologies of the
fibers depend on the homotopy classes of paths connecting the corresponding points in S. This
construction will be described, in a more general situation, in section 2.6.

Now, let .ZP be the, a priori €, subbundle of R¥f,C ® Os whose fiber over s € S is
FPH*(X,,C). By Proposition 2.4.3 it is a holomorphic subbundle of R*f,C ® Os. Let us use
here the common abuse of notations of using the same letter for a holomorphic vector bundle
and its associated locally free sheaf of holomorphic sections. The subbundles .#? give a Hodge
filtration of RF f,C ® Oy, i.e. they satisfy

RFf.C® Os = FP @ Fk-r+l

since this is true fiberwise by construction. The following result, which is just another way
of expressing Griffiths transversality, gives a crucial constraint on how they interact with the
Gauss-Manin connection.
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Proposition 2.4.7. With notations as above one has V(#?) C QL @ #P~1.

Proof. This is an immediate consequence of Proposition 2.4.4, since, given a holomorphic section
o of FP, one has for any s € S and u € Jg g,

d®?(u)(o(s)) = Vu(o) mod FP(s).
0

Finally, notice that if we have a family f : X — S such that X C PV, then every fiber X,
has an integral Kihler class ws € HY1(X,) N H?(X,,Z). These glue together into an element
of R?f,Z. The cup product by this class gives a morphism of local systems R* f,Z — RF*2f, 7,
the restriction of the Gauss-Manin connection on the primitive cohomology remains flat and the
integral non-degenerate forms s, defined in Chapter 1, polarize the Hodge structure on the
primitive cohomology H*. (X,,7Z) of each fiber.

prim

2.5 The abstract definition

The geometric situation described in the previous section motivates, after taking the quotient by
the torsion part of R* f,Z if necessary, the following general definition.

Definition 2.5.1. An integral variation of Hodge structures of weight k over a connected complex
manifold S consists of a locally constant sheaf V of finitely generated free abelian groups on S and
a decreasing filtration .#* of the associated holomorphic vector bundle V & &g by holomorphic
subbundles satisfying:

(1) (Hodge symmetry) V@ Og = .FP @ F*k—p+1 as €°° bundles,

(2) (Griffiths transversality) V(.#?) C QL ® ZP~!, where V is the natural flat connection on
V& 0Os.

Of course, an analogous definition can be made for rational and real variations of Hodge struc-
tures.

Clearly, such an integral variation of Hodge structures (Z-VHS) induces an integral Hodge
structure on each stalk Vg, for s € S.

Definition 2.5.2. We will say that a weight & integral variation of Hodge structures (V,.Z7*) is
polarized by @ if @Q is a flat non-degenerate bilinear form defined on V, symmetric if k is even
and alternating otherwise, such that for each s € S the Hodge structure on V, is polarized in
the sense of Definition 1.2.8.

2.6 Period domain and period map

Let (V,.%*) be an integral polarized variation of Hodge structures on S. Then, we can consider it
as a family of Hodge structures on a fixed stalk V , for so € S. Since the isomorphisms between
the stalks of a locally constant sheaf are constructed using paths connecting the points and thus
depend on the homotopy classes of these paths, the construction will be well defined modulo the
action of 71(S, s9). Let p: S — S be the universal cover of S, so that the pull-back of V along p
is the constant sheaf with stalk V,, . For each point § € S the pull-back of the Hodge structure
on V5 gives a Hodge structure on (p*V)s, which induces a Hodge structure on V,; via the
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canonical isomorphism (p*V); 2 V. Then, we can construct a map from S to an appropriate
classifying space D of Hodge structures on V,,, this will descend to a map S — I'\ D, where T is
the monodromy group i.e. the image of the representation p : w1 (S, sg) = GL(V,,,Z) associated
to the locally constant sheaf V and already described in section 2.1.

Let us start with the general construction of such a classifying space D. Fix a finetely
generated free abelian group Vz, a weight k£ € Z and a collection of Hodge numbers hP 9, for
p+q =k, such that h?»? = h%? and ) hP? = dimc Ve. Let f(p) = >, RE=T. Fix also an
integral non-degenerate bilinear form @ on V7, symmetric if & is even and alternating otherwise.

Let D be the subset of the product of Grassmannians

IICh(fQﬂvv%)

consisting of all decreasing filtrations F'® of V¢ such that dime F? = f(p) and Q(FP, F*—P+1) = 0.

Remark 2.6.1. Notice that if F'® is the filtration associated to the Hodge decomposition Vg =
@pﬂ:k VP4, with V&P = VP4, then the condition Q(FP, FF~P+1) = 0 is equivalent to the first
Hodge-Riemann relation for @), that is the orthogonality of the decomposition with respect to
the hermitian form h defined by h(v,u) = i*Q(v, 7).

Indeed, if v € VP4, y € VP7 and we assume ¢ > q+1 =k —p+1 (the other case is
analogous), then Q(FP, F*=P+1) = 0 implies that Q(v,u) = 0, since v belongs to F? and 7 lies
in

m _ Vql’pl - @ Vr’kf'r — kap+17
r>k—p+1
so h(v,u) = 0.

Conversely, if v € @sz Vrkor = FP oy € @szkfpﬂ Vsk—s — k=P+1 and the decomposi-

tion is orthogonal for h, then h(v,@) =0, as

ne @ V= @ vt

s>k—p+1 t<p—1

so Q(v,u) = 0.

Since D is given by closed conditions in a product of Grassmannians, which are projective
varieties, it is a projective variety, more precisely what is usually called a (partial) flag variety.
Moreover, the open subset of D consisting of Hodge filtrations satisfying the additional positivity
condition given the second Hodge-Riemann relation is the space D classifying all Hodge structures
on Vz with weight k&, Hodge numbers h?>? and polarized by Q. It is called period domain.

Theorem 2.6.2. Both D and D are complex manifolds. In fact, D is a homogeneous space
D = G¢/B, where Ge = Aut(Ve, Q) is the subgroup of GL(Ve) of automorphisms that preserve
the bilinear form Q and B is the stabilizer of a given flag F* € D. The open subset D of D is
an orbit of the real group Ggr = Aut(Vg, Q) and D = Gg/K, where K = Ggr N B is a compact
subgroup.

Proof. See Griffiths [25], Theorem 4.3. O

Now, the tangent bundle of the homogeneous space D can be described in terms of the Lie
algebra g of G, i.e.

g={A e gl(V) : Q(Au,v) + Q(u, Av) = 0,Vu,v € V}.
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The choice of a Hodge filtration F§ € D induces a Hodge filtration of g defined as
Fog={Aecg: AF}) C F}™}.

Equivalently,
ga,—a — Fag M Ffag = {A €g: A(vp,q) - Vp+a,q—a}

defines a weight zero Hodge structure on g. Then the Lie algebra b of the stabilizer B of the
chosen filtration is F°g. Now, let go be the Lie algebra of Gg, i.e. go = gNgl(Vk). Then the Lie
algebra of K is go Nb = go N F%g = go N g°.

Since D = G¢/B and B is the stabilizer of the chosen flag Fy, the holomorphic tangent
space of D at FJ is g/b = P, 09" and the holomorphic tangent space at any other point is
obtained via the action of G¢. More precisely, the holomorphic tangent bundle

ID=Dxpg/b

is the space of equivalence classes of couples (F'*, A+b) in D x g/b where, for g € G¢, (F*, A+b)
is equivalent to (g - F*, A’ + b) if and only if

A4+b=Ad(g (A +b)

for the adjoint action of G¢ on g. Since [Fg, F%g] C F%g, the adjoint action leaves invariant the
subspaces F'%g, thus we can consider the subbundle .7 ~%! D of .7 D associated with the subspace

F’lg =b® gfl’l.

It is called the horizontal subbundle. As D is open in D, it restricts to a holomorphic bundle
over D.

Remark 2.6.3. We can describe a tangent vector in ﬂ_}’lf) at a point F'* € D as follows. It
consists of a class [X] € g/b such that, if F* =g F$ € D, we have Ad(g~1)(X) € F~!g, which
means, if we see g as a Lie algebra of endomorphisms of V¢,

(7" X -g)(F)) CFY .

Equivalently, thinking of X as the G¢-equivariant vector field generated by [X] € g/b, we may
write X (FP) C FP~1,

Now that we have given a description of the space of Hodge structures on a lattice Vz with
given Hodge numbers and polarization, we can go back to the purpose of constructing, given a
polarized Z-VHS (V,.#°*) on S, a map sending a point s € S to its correspoding Hodge structure.
In this way, applying the previous construction with Vz =V, we obtain a map

g D Py closed Hp Gr(f(p), Vs, ® C)

sending a point § € S to the corresponding Hodge filtration, seen as a filtration of Vs, ® C as
explained in the beginning of this section. Since the construction is equivariant under the action
of m1(S, s9) on S by deck transformations, this descends to

o

—2,1\D
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where I' is the monodromy group, namely the image of the representation
p T (S, So) — (}L(“’S07 Z)

associated with the locally constant abelian sheaf V. Notice that the action of I on D is properly
discontinuous, namely given K7, Ko compact subsets of D, one has v - K1 N Ky # () for at most
finitely many v € T'. To show this, notice that the projection map Gg — D = Ggr/B is proper,
since B is a compact subgroup. Thus, the preimages K; of K; under the projection map are
compact and so is the product L = Ko - Kl_l. But then v- Ky N Ky # () implies v € LNT, i.e.
v lies in the intersection between a compact subset and a discrete subset in Gy, hence in a finite
set. Now, the quotient I'\ D has then the structure of a complex manifold at those points where
the action of T' is free and the structure, at points which are fixed by some v € T, of a quotient
of an open subset of CV by a finite group. Thus, I'\ D is a complex analytic variety.

We refer to @ as the period map of the given polarized Z-VHS and to I'\D as the Hodge
variety.

Theorem 2.6.4. The period map ® has local liftings to D which are holomorphic and horizontal,
namely the differential takes values in the horizontal subbundle 7 %1 D.

Proof. In view of remark 2.6.3, these properties are just a restatement of properties (1) and (2)
in the definition of a variation of Hodge structures. O

Remark 2.6.5. We will provide a detailed construction of a Hodge variety in the case of Hodge
structures of type (1,0),(0,1) in Appendix A, where we will underline the relation between such
Hodge structures and complex abelian varieties. However, let us already emphasize that this will
be a highly peculiar case, where the Hodge variety T'\ D is actually algebraic, namely a Shimura
variety. This will be the case essentially because the period domain D of such Hodge structures
is a Hermitian symmetric domain, but for more complicated Hodge structures, a Hodge variety
will typically be not biholomorphic to the analytification of an algebraic veriety, as proved in
Griffiths-Robles-Toledo [27].

2.7 Mumford-Tate groups in families and Hodge loci

We have already remarked that, given a family of compact Kéhler manifolds, while the Hodge
numbers are constant, the set of Hodge classes is not constant. Let us now analyze this phe-
nomenon in more details, describing how the Mumford-Tate group of the fibers of a rational (or
integral) VHS varies over the base S. So, let (V,#°*) be a rational (or integral) variation of
Hodge structures on S and let p : S — S be the universal covering.

Consider all tensor constructions arising from V, namely for any collection of couples of non
negative integers v = {(a;, b;) }1<i<t let

t
T = @VQ@M ® (V)8
i=1

which inherits a natural structure of Q-VHS, as pointed out in Remark 1.2.4. Consider those T"
which inherit Hodge structures of even weights 2k(v).

Now, for such v, consider the pull-back p*T": it is a constant sheaf, hence any element in
the stalk of p*T" at some point extends uniquely to a global section of p*T", called horizontal
continuation. Let ¢ be a global section of p*T” and define

Y (t) = {5 € S : t5 is a Hodge class in (p*T")s}.
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Notice that t3 is a Hodge class if and only if it lands, under the map (p*T"); — (p*T"); ® C,

in the subspace Fj (V)(Zé), namely in the piece of degree k(v) of the Hodge filtration (of weight
2k(v)) induced on (p*T"); ® C. Indeed, if we denote by TF?9(5) the (p,q) component of the
Hodge decomposition induced on (p*T"); ® C, we have by Hodge symmetry,

(P T)s NFFY(3) = (" T)sn | P T 77(6) | = 0" T)s N TEV M (3).
r>k(v)

Therefore, denoting by % the induced Hodge filtration of p*T" ® 05, so that the fiber of ﬁf(y)
at §is Ff(y)(§), we obtain that Y (¢) is the zero locus of the section of (p*T" ® ﬁg)/ﬁf(") given
by t. Hence, Y (t) is the whole S or a closed analytic subvariety of S.
This leads to consider
gcxc — U Y(t)
v,t

where v runs over all collections as above and t runs over all global sections of p*T" such that
Y (t) is not the whole S. So, we have isolated those points in S where the fiber of the given Q-
VHS has exceptional Hodge tensors, namely those points § where, for some tensor construction
T" arising from V and some Hodge class ¢35 in the stalk of p*T" at §, the horizontal continuation
of t; is not everywhere a Hodge class. Since in the definition of S the union runs over a
countable set, we have that 5S¢ is countable union of closed analytic subvarieties of S.

Finally, the construction of S°*¢ is stable under the action of 71(S, sg) by deck transforma-
tions, thus induces the definition of a subset of S, denoted HL(S, V®).

Now recall that we can see the Q-VHS on p*V as a family of Hodge structures on a fixed stalk
Vs. Consequently, we can consider the Mumford-Tate groups of the induced Hodge structures
on every stalk of p*V as subgroups of the fixed algebraic group GL(V).

Proposition 2.7.1. The Mumford-Tate group of the stalks of a rational (or integral) variation
of Hodge structures on S is locally constant outside the subset HL(S,V®) C S, which a countable
union of closed analytic subvarieties of S.

Proof. The proof is an immediate consequence of the above discussion together with the fact,
stated in Proposition 1.3.4, that the Mumford-Tate group associated to a Hodge structure on V
is precisely the algebraic subgroup of GL(V,) that fixes all Hodge tensors appearing in tensor
constructions arising from V. O

Definition 2.7.2. The subset HL(S, V®) C S is called the Hodge locus of the given rational (or
integral) variation of Hodge structures. Any point s € S~ HL(S, V®) is called Hodge generic and
the Mumford-Tate group MT(V;) for such a Hodge generic point s is called generic Mumford-
Tate group of the given VHS, denoted MT#",

Clearly, for all s € S, we have MT (V) C MT#&".

We conclude this section with a strong algebraization result on the Hodge locus and with
a Theorem of André relating the generic Mumford-Tate group of a VHS with the algebraic
monodromy group. For these results, we need to restrict our situation to an integral polarized
variation of Hodge structures on a smooth connected quasi-projective algebraic variety over C.

Theorem 2.7.3. Let (V,.%°) be an integral polarized variation of Hodge structures on a smooth
connected quasi-projective algebraic variety S. Then the Hodge locus HL(S,V®) is a countable
union of closed irreducible algebraic subvarieties of S, called special subvarieties.
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Proof. For the original proof we refer to Cattani-Deligne-Kaplan [17], while a different and more
recent approach, which uses techniques of o-minimal geometry, can be found in Bakker-Klingler-
Tsimerman [5]. O

Definition 2.7.4. Given a locally constant abelian sheaf V with stalk Vz on a smooth connected
quasi-projective algebraic variety S, the algebraic monodromy group H of V is the connected
component of the identity of the Zariski closure of the image of the associated representation

T (San, 80) — GL(VQ),
seen as an algebraic group over Q.

Theorem 2.7.5. Let S be a smooth connected quasi-projective algebraic variety and let V be a
locally constant abelian sheaf on S* carrying an integral polarized VHS. Let M be its associated
generic Mumford-Tate group and let H be the algebraic monodromy group of V. Then:

1) H is a normal subgroup of the derived subgroup MJer,
2) if there exists s € S*™ is such that MT(Vy) is a torus, then H = Mder,
Proof. See André [1]. O
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We plan to discuss here a more algebraic point of view on some topics of the previous Chapter,
extending what we have done in the first interlude to the relative situation of a smooth projective
morphism of smooth connected algebraic varieties over C.

Let us start by giving a more algebraic construction of the Kodaira-Spencer map, in a partic-
ular but significant case, which gives a different point of view to interpret the Kodaira-Spencer
map as a classifying map for the first order deformations of an algebraic variety (more general
deformations of schemes are treated for instance in Sernesi [41]). Given an algebraic variety X
over C, a first order deformation of X is a cartesian diagram

X —— X

| |

Spec(C) —— Spec(Cle]/€?)

where the morphism X — Spec(Cle]/e?) is flat. This construction can be done over any field but
since we are interested in complex algebraic varieties here, let us keep working over C.

Lemma 2.1. FEvery first order deformation X of a smooth affine variety X is trivial, namely
X=X ><Spec((C) SpeC(C[G]/GQ).

Proof. First of all let us prove that X is affine as well. By the cohomological characterization of
affine schemes (see for instance Hartshorne [29], Theorem 3.7) it is enough to prove that every
coherent sheaf of ideals on X' has vanishing first cohomology group. Let .# be such a coherent
sheaf of @y-modules. Since the morphism ¢ : X — X is a square zero thickening, namely it
is the identity on topological spaces and is defined by a square zero ideal sheaf . C Oy, we
can construct, by intersecting with .#, a subsheaf %’ C % such that both %’ and .% /%' are
annihilated by .#. But any quasi-coherent sheaf & of &y-modules which is annihilated by .7 is
the pushforward along ¢ of a quasi-coherent sheaf on X, since the natural morphism

Y 51" 2GR1,0x 2905/

is an isomorphism if #¥ = 0. Thus, %’ and % /#  are pushforward of quasi-coherent sheaves
on the affine scheme X, hence, since cohomology is preserved under t,, we have H*(X,.7') =
HY(X,Z/Z') =0, from which we immediately deduce H'(X,.%) = 0.

Now, let X = Spec(A) and X = Spec(B), so that, by definition of first order deformation,
we have A = B ®@cjq/e2 C. Let also Ale] = A @c¢ Cle]/(€?). The morphism X — Spec(Cle]/e?)

31
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is smooth since flat and smooth on the unique fiber X, in other words B is a smooth Cl[e]/(€?)-
algebra. Applying the infinitesimal lifting criterion for smoothness to the commutative diagram

B— A

~

1]

~

Cle]/(e?) — Al¢]

we obtain a morphism ¢ : B — Ale] making the triangles commutative: we claim that it is an
isomorphism. Applying (— ®c[q/e2 C) to the exact sequence

B Ale] coker(¢) —— 0

and using A = B®c|¢/.> C, we obtain that coker(y) ®c[q/e2 C = 0. Thus we have coker(¢) = 0 by
Nakayama’s Lemma (which is applied to the nilpotent ideal (¢) C Cle]/(€?) hence does not require
coker(¢) to be finetely generated as C[e]/(e?)-module), so ¢ is surjective. Finally, applying again
(— ®cq/e2 C) to the short exact sequence

0 —— ker(y) B Ale] 0

and using that Tor(lc[e]/ﬁz (B,C) = Tor(lc[e]/ez (Ale],C) = 0 by flatness, we obtain ker(p) ®¢q/e2C =
O

0. So we can conclude ker(¢) = 0 by Nakayama’s Lemma. This completes the proof.

We want to show now that there is a natural way to associate to a first order deformation of
a smooth projective variety X a cohomology class in H'(X, Zx), where J is the tangent sheaf
to X, which can be defined in algebraic terms as the dual of the sheaf of Kéhler differentials on
X, ie. Ix = Homeg, (Qk,Ox). Its analytification is the sheaf of holomorphic sections of the
holomorphic tangent bundle of X", justifying the use of the same symbol.

Lemma 2.1.1. Let R be a C-algebra and let R[] = R ®c Cle]/(e?). We have Rle] = R® €R as
a complex vector space and for i = 1,2 we denote by m; the projection of Rle] onto the i-th factor
of this splitting. Denote by Aut’(Rle]) the group of Cle]/(e?)-algebra automorphisms ¢ of R|e]
such that m o p|g = idg and let Derc(R) be the group of C-derivations of R into itself. Then
there is a natural isomorphism of groups

Aut’(Rle]) = Derc(R).

Proof. For each ¢ € Aut’(R[e]) we can write ¢ = 1 + € - o, with @; = m; 0 . We claim that
the restriction of @5 to R C R[e] is a C-derivation of R into itself. Indeed it is clearly C-linear
and expanding

p(rs) = o(r)e(s) = (p1(r) + epa(r))(@1(s) + epa(s)) = rs + e(rpa(s) + spa(r))

for r, s € R, we obtain the Leibniz rule @2 (rs) = rya(s) + spa(r).
Conversely, if d : R — R is a derivation over C, one can easily check that

p=m1+e-((dom)+m) € Aut’(R[e])

providing the inverse construction. Finally, it is immediate to check that these maps respect the
group structures given by composition on Aut’(R[e]) and addition on Derc(R). O
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Now, given a first order deformation f : X — Spec(C[e]/€?) of X, we can find an affine open
cover U = {U;}ier of X trivializing the morphism f, i.e. such that for each ¢ there exists an
isomorphism

0, :U; X Spec(C) SpeC(C[E}/Ez) — X|U,¢

over Spec(Cle]/€?). Putting U;; = U; N U;, we thus obtain isomorphisms
0ij = 071 00, : Uij Xspee(c) Spec(Cle]/€2) —— Usj Xspee(c) Spec(Cle]/¢?).

Each U;; is affine, say U,; = Spec(R;;) for some C-algebra R;;, so the isomorphisms 6,; correspond
to automorphisms of R;;[e] = R;; ® C[e]/(e?). By the previous lemma, this gives elements

dij S DerC(Rij) = F(SpeC(Rij), yx)

where the last isomorphism follows from the universal property of the sheaf of Kéhler differentials,
since

I‘(Spec(RijL yX) = HomﬁUU (Q}(

Usj» ﬁUij) = Der@(Rij).

Clearly we have 6;; 00, oﬁi_kl = id, hence d;; +d;; —d; = 0. Therefore, the ele{nents {d;;} form
a Jx-valued 1-cocycle for the affine cover U, giving rise to a class in the first C'ech cohomology
group of Jx. It is easy to show that, if X’ — Spec(C[e]/€?) is a deformation which is isomorphic
to f, the above procedure gives the same cohomology class in H'(X, Zx). To summarize, we
have associated to a first order deformation f : X — Spec(Cle]/e?) of X a class in H'(X, Jx)
represented by the Clech cocycle {di;}.

Proposition 2.2. In the above situation, the class represented by {d;;} coincides with the image
under the Kodaira-Spencer map of the tangent vector % to Spec(Cle]/€?).

Proof. We refer to Voisin [46] (section 9.1.2) for details, let us nevertheless sketch the argument
here. Let o be the image of % under the Kodaira-Spencer map. Recall that this map is defined
(adapting Definition 2.3.1 to our morphism f : X — Spec(C[e]/€?)) as the connecting morphism
Tpec(Cle]/e2),0 — H Y(X, Tx) arising from the short exact sequence of sheaves

0—— «%{ E— yx|X e f*%pec(c[e]/€2)|x — 0.

It follows that a 1-cocycle representing « in the first Cech cohomology group H YU, 7x) with
respect to the affine cover U of X can be computed by finding local liftings of % to vector fields
on Xy, and applying the boundary map

d: @ Tx(Us) = P Zx(Usj),  d({Bi}:) = {Bi — B;}i;

i<j
in the Cech complex. But such liftings are exactly induced by the trivializations

01' : Ul XSpec(C) SpeC(C[G]/GQ) — X

Uis

which provide splittings over U; of the above short exact sequence. Following the construction
of the Jx-valued 1-cocycle {d;;} we thus obtain that a is represented by {d;;}. O

Now, let us go back to the geometric situation where f : X — S is a smooth projective
morphism of smooth connected algebraic varieties over C. Clearly, its analytification f2" is
a proper holomorphic submersion of complex manifolds, whose fibers are Kéhler, thus we can
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apply the machinery developed in the previous Chapter to construct a Hodge filtration of the
holomorphic vector bundle R* f2"7Z & €gan. We want to give an algebraic description of this
construction, starting with showing that RFf3'Z ® @gan is the analytification of a coherent
algebraic sheaf. To do so, let Q}\, /s be the sheaf of relative Kahler differentials associated with
the morphism f. It is a locally free sheaf on X sitting in the short exact sequence

0 — f*QL QL QL5 0. (2.5)

One can take wedge powers and construct the relative de Rham complex 5, /s Notice that we
have
QP
oL =2 ——X
s = /\ X/S = . -1
/ FeQy A%

By the relative holomorphic Poincaré Lemma, we have a quasi isomorphism of complexes of
sheaves
flOgm — (Q‘j\?/s)’

which gives, taking the hyperderived functors of f2",
RE 20 (Q3)6)* & BN f2(f 1 Ogun).

Here, the first term is isomorphic to (R* [+82% / $)™ by (a relative version of) GAGA correspon-

dence and the second term is isomorphic to RF f2*Z ® Ogan by a derived version of the projection

formula, therefore we get
(ka* X/S)an = Rk :nZ ® ﬁsan. (26)

Hence R* [+02% /s is a locally free algebraic sheaf on S, whose fiber at a point s is
H* (X, Q% slx,) = B (X,, Q%) = H* (X", C)

by the algebraic de Rham theorem.
Let us now construct a natural connection on R¥ [+92% /s Consider the Koszul filtration of
the algebraic de Rham complex 2%, defined by

Koz’ = im(f*Q% A Q% [—q] — Q%)

where the map is the wedge product. Using the locally split exact sequence (2.5) we can compute
its degree q graded part:

G, Q% = Koz Koz 2 Q2L © Q% 5[,

Therefore, the self-evident short exact sequence of complexes

0 Gri., Koz’ /Koz> —— Grl,, —— 0
takes the form
0 —— f*QL ®QX/S[ 1] —— Koz’ /Koz? Q% /s 0

which reduces, if dim S = 1, to the short exact sequence

0 — fFR00% 5] — Oy — Q% )s — 0

x/s
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which can be deduced from (2.5) by taking wedge powers. Applying the hyperderived functors
of f. we get the connecting morphism

R 1.0% /s = R Q5 © Q% /5[-1]) = Qg @ R* £.0%
where the last isomorphism is an application of the projection formula.

Proposition 2.3. This connecting morphism coincides, after passing to analytification, with the
usual Gauss-Manin connection.

Proof. See Katz-Oda [32], or Bertin-Peters [11], Theorem 2.1. O

Now, recall from Proposition 1.4 that for each s € S the Hodge filtration on H*(X?" C)
corresponds, under the isomorphism H* (X, Q%) — H k(X2 C), to the naive filtration of the
algebraic de Rham complex Q% . Clearly this extends to our relative case, so that, considering

the naive filtration Q;(Z/’; of the relative de Rham complex for each p, we obtain coherent alge-

braic subsheaves R* f*Q;EZ/’; of R¥ Q% /8" which induce, under analytification and isomorphism

(2.6), the holomorphic subbundles .Z#P of R* {27 @ Ogan defined in section 2.4. Indeed, the

natural morphism of sheaves RF f*Q:YZ/’é — RFfQ8% /s coincides at the level of fibers with the

natural inclusion H* (X, Q;(Zsp) — HF(X,,0%.), so it is injective and under isomorphism (2.6)
it identifies on the fiber at s € S with FPH*(X2 C) — H*(X2",C).
Now, observe that we have a morphism of short exact sequences of complexes

0 —— QL (Qy% -1 — (Koz’/Koz®)ZP —— Q5% —— 0

XxX/8 x/s
0 —— [y Q% /g[-1] —— Koz’ /Koz? —— Q%3 —— 0

This induces a commutative diagram for the connecting morphisms:

RFLOQVE — Q@ RFLOTH

l |

RF Q% ¢ —— QL @RFL.O% ¢

Griffiths transversality V(Z?) C Qk., ® ZP~! is now an immediate consequence of the com-
mutativity of this diagram, once identified R* f*Q;(Z/’; with .ZP C RF 37, ® Ogan as described
above.

To summarize, we have shown that the datum (V,.%#°, V) of an integral variation of Hodge
structures coming from a smooth projective morphism f : X — S of smooth connected algebraic
varieties is actually a collection of algebraic data: the holomorphic vector bundle associated with
the locally constant sheaf V = RF f2°Z and its subbundles .Z#? are the analytification of coherent
algebraic sheaves on .S and the flat connection V associated with V is algebraic. Remarkably the
same holds for any integral polarized VHS (V,.%*), not necessarily coming from geometry, on a
smooth connected quasi-projective variety S. The strategy to prove this is to consider a smooth
projective compactification Y of S such that Y ~ S is a divisor with simple normal crossing
(such Y exists by Hironaka’s resolution of singularites) and to show that the holomorphic vector
bundle V® @ gan and its subbundles .#? extend to coherent analytic sheaves on the whole Y. This
argument can be found in Schmid [40] and allows one to conclude the algebraicity of V ® Ogan
and of its subbundles #? by applying GAGA correspondence to their extensions to Y.






Chapter 3

Density of the Hodge locus

In this third Chapter we focus on an interesting aspect of the study of the geometry of the Hodge
locus of an integral polarized variation of Hodge structures on a smooth quasi-projective variety
S. In particular we will present the proof of a criterion for the analytic density of the Hodge
locus, recently proved by Khelifa-Urbanik [33].

This criterion fits into a more general line of work which was developed in the last years. The
essential point of view that has been adopted to work in this direction consists in seeing Hodge
loci as intersection loci: indeed the period map ® : S — I'\ D sends irreducible components of
the Hodge locus to irreducible components of the intersection, inside I'\ D, of the image of the
period map with special subvarieties of I'\ D which arise as quotients of period sub-domains of D
corresponding to Mumford-Tate groups that are smaller than the generic one. This perspective is
introduced in section 3.1 and suggests to relate the geometry of special subvarieties of S with the
geometry of the corresponding intersection in I'\ D. This leads to the dichotomy between typical
and atypical Hodge locus and to the (still open) Zilbert-Pink conjectures, that are stated at the
end of the first section. Even though we will not cover any of the work that has been done in the
direction of proving these conjectures, they provide a crucial inspiration for the density criterion
we will discuss; furthermore, we will explain how they take form concretely in the applications
that are presented in the final part of the Chapter.

Let us also mention here that an essential driving force behind the recent progress in the
study of the Hodge locus was provided by the introduction of techniques of o-minimal geometry,
which constitute, roughly speaking, a framework that is intermediate between complex analytic
geometry and algebraic geometry. It turns out that the geometric objects arising from variations
of Hodge structures fit in this framework, for instance, Hodge varieties and period maps are in
general not algebraic, but they are definable in some appropriate o-minimal structure. That
being said, developing o-minimal geometry would be a goal beyond the aims of the present work.
For the interested reader we refer to Klingler’s survey [34]. The only result that we use in
the proof of the density criterion and whose proof strongly requires an o-minimal approach is
essentially Ax-Schanuel Theorem for VHS. We will present it without proof in section 3.2, but
we will discuss the heuristic behind this crucial result.

In section 3.3 we give the proof of the density criterion due to Khelifa-Urbanik and in section
3.4 we discuss some applications. In particular, we will show how this criterion can be used to
obtain results on the density of the Hodge locus of some universal families of smooth projective
hypersurfaces and complete intersections and on the density in M, of families of curves with
non-simple Jacobian.

The main references for this Chapter are Baldi-Klingler-Ullmo [9] and Klingler-Otwinowska

37
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[35] for the discussion on Hodge loci as intersection loci, Bakker-Tsimerman [7] for the Ax-
Schanuel Theorem and clearly Khelifa-Urbanik [33] for the density criterion we will prove.

3.1 Hodge loci as intersection loci

Notation 3.1.1. If G is a rational algebraic group, we denote by G its adjoint group and by
G(R)* the preimage under the natural morphism G — G?2¢ of the identity connected component
(for the real analytic topology) of G*!(R). Moreover, we define G(Q)* = G(R)* N G(Q).

Let us start by giving a generalization of the construction of period domains and Hodge
varieties, described in section 2.6. If V' is a rational vector space, then a Hodge structure on V'
can be described, by Proposition 1.2.7, as a real algebraic representation p : S — GL(V&) of the
Deligne torus. Let us fix such a representation p and let M'T(p) be its associated Mumford-Tate
group. The associated Mumford-Tate domain is the orbit of p in Hom(S, MT(p)r) under the
identity connected component MT(p)(R)™ of the real Lie group of R-valued points of MT(p).

Notice that any Mumford-Tate domain associated with a rational polarized Hodge structure
p embeds in the full period domain, constructed in section 2.6, classifying Hodge structures on
V with the same Hodge numbers and polarization ) as the given one, which is, as stated in
Theorem 2.6.2, an orbit of the group G = Aut(Vg, Q). More precisely, since the Lie algebra of
the group of real points of the Mumford-Tate group MT(p) is a Hodge sub-structure of the Hodge
structure induced by p on the Lie algebra of G, the Mumford-Tate domain of MT(p) embeds
as a complex submanifold of the full period domain (for details see Carlson-Peters-Miiller-Stach
[15], Proposition 15.3.2)

We can summarize this situation in the following definition, that we will use for the rest of
the Chapter.

Definition 3.1.2. 1) A Hodge datum is a pair (G, D) where G is the Mumford-Tate group
of some Hodge structure and D is its associated Mumford-Tate domain.

2) A morphism of Hodge data (G, D) — (G’, D’) is a morphism of rational algebraic groups
G — G’ sending D to D’.

3) A Hodge sub-datum of (G, D) is a Hodge datum (G’, D’) such that G’ is a rational algebraic
subgroup of G and the inclusion G’ — G induces a morphism of Hodge data (G, D) —
(G, D).

4) A Hodge variety is a quotient variety of the form I'\ D for some Hodge datum (G, D) and
some torsion-free arithmetic lattice ' € G(Q)™, that is a torsion-free subgroup commen-
surable with G(Z)*.

Notice that what we are defining here as Hodge datum is sometimes called in literature
connected Hodge datum. Since we will only consider connected Hodge data, we found convenient
to omit the adjective "connected" in these definitions as well as in the rest of the thesis.

Now, let S be a smooth connected quasi-projective variety over C and let (V,.#°*) be an
integral polarized variation of Hodge structures on S*". As we have already discussed, the
Mumford-Tate group of the induced Hodge structures on the stalks of V is locally constant
outside a countable union of irreducible algebraic subvarieties of S, called special subvarieties.
Fixing a Hodge generic point s € S \ HL(S, V®) and its associated (generic) Mumford-Tate
group G we can construct the Hodge datum (G, D), that we will call generic Hodge datum of
the given polarized Z-VHS.
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If now Y is an algebraic subvariety of .S, we can apply the same construction to the restriction
Vl]y and obtain the generic Hodge datum (Gy, Dg,. ) of Y for (V,.%°*). Clearly, we can consider
it as a Hodge sub-datum of (G, D).

In view of the definitions we get immediately the following:

Proposition 3.1.3. An irreducible algebraic subvariety Y of S is special if and only if it is
mazximal for the inclusion among irreducible algebraic subvarieties of S whose generic Mumford-
Tate group is Gy .

Clearly, here we are considering S itself as a special subvariety, thus we will refer to the
irreducible components of the Hodge locus as strict special subvarieties.

Now recall that we can describe the given variation of Hodge structures by means of its
period map ® : S* — T\D, where I' is the monodromy group. Let 7 be the quotient map
D — I'\D. We notice that we can characterise special subvarieties of S as preimages under ®
of some specific analytic subvarieties of the Hodge variety I'\ D, namely those which are Hodge
varieties with respect to a Hodge sub-datum of (G, D):

Definition 3.1.4. Given a Hodge variety T'\D, a special subvariety of T\ D is a subvariety of
the form I"\D’ for a Hodge sub-datum (G, D’) of (G,D) and I" =T NG/(Q)™.

If Y is an irreducible algebraic subvariety of S with generic Hodge datum (Gy, Dg, ) and
y € Y is Hodge generic for the restriction of (V,.#°) to Y, we have that D¢, is the Gy (R)™"-
orbit of z in D, where z € D is such that 7(z) = ®(y). Clearly, the quotient I'g, \Dg, , for
I'qg, =I'NGy(Q)T, is the smallest special subvariety of I'\D containing ®(Y), so Y is special
if and only if it is an irreducible component of ®~(I'g, \Dg, ). We thus have obtained:

Proposition 3.1.5. An irreducible algebraic subvariety Y of S is special if and only if Y is an
irreducible component of the preimage under ® of a special subvariety of the Hodge variety T\D.

This characterisation allows us to see special subvarieties of S as coming from the intersection
of the image of the period map with particular kind of analytic subvarieties of the Hodge variety
I'\D. This turns out to be a very fruitful perspective. In particular it suggests to refine the
description of the geometry of special subvarieties of S in terms of the type of their corresponding
intersection in T\ D.

Definition 3.1.6. A special subvariety Y of S with generic Hodge datum (Gy, Dg, ) is said to
be atypical if ®(5**) and ', \ D¢, intersect along ®(Y*") with dimension bigger than expected,
namely

codimp\ p®(Y*") < codimp\ p®(S*) + codimp\ pI'ay \Day

Otherwise, it is called typical.

Remark 3.1.7. This distinction can be found in Baldi-Klingler-Ullmo [9] with the difference that
special subvarieties of S with image under ® contained in the singular locus of ®(S%") were
considered always atypical. Khelifa-Urbanik [33] (Remark 2.3) point out that this is a technical
assumption, needed in order to consider tanget spaces, that can be harmlessly removed.

Then, the Hodge locus splits as
HL(S, V¥) = HL(S, V®) 4y, UHL(S, V) 4y

where the typical Hodge locus HL(S, V®)iy,, (respectively HL(S, V®),4yp) is the union of the
strict typical (respectively atypical) special subvarieties of S. These two parts are expected to
behave much differently. In particular, Baldi-Klingler-Ullmo formulated the following conjecture,
known as Zilbert-Pink conjecture for variations of Hodge structures.
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Conjecture 3.1.8. Let (V,.7*) be an integral polarized variation of Hodge structures on a
smooth connected quasi-projective variety S. Then:

1) the typical Hodge locus for (V, ) is either empty or dense in S*® for the complex analytic
topology,

2) the atypical Hodge locus is algebraic, namely the set of atypical special subvarieties of S
has finitely many mazimal elements for the inclusion.

This conjecture is still open. We refer to Baldi-Klingler-Ullmo [9] for the work that has been
done in this direction, which is however limited, as for today, to the Hodge locus of positive
period dimension.

3.2 Weakly special subvarieties and the Ax-Schanuel Theo-
rem

As before, let (V,#°*) be an integral polarized variation of Hodge structures on a smooth con-
nected quasi-projective variety S with generic Hodge datum (G, D) and period map & : §" —
I'\D. Let H be the algebraic monodromy group of V, defined in section 2.7. More generally, if
Y is an irreducible subvariety of S, we can define the algebraic monodromy group Hy of Y for
V as the algebraic monodromy group of the restriction of V to the smooth locus of Y.

In analogy with Proposition 3.1.3, we define:

Definition 3.2.1. An irreducible algebraic subvariety Y of S is said to be weakly special for V if
it is maximal for the inclusion among irreducible algebraic subvarieties of .S which have algebraic
monodromy group Hy .

Now, consider the Mumford-Tate domain Dy associated with the algebraic monodromy group
H, namely the H(R)"-orbit of p in Hom(S, MT(p)r), for a representation p corresponding to
the induced Hodge structure on the stalk V, at some Hodge generic point s € S*'. In other
words, we obtain a sub-domain of D by allowing conjugation of p only by elements of H instead
of the whole MT(p). Notice that some authors refers to such a sub-domain of D as a weak
Mumford-Tate domain. Let 'y =T N H(Q)™.

Now, since G is reductive, we have that the derived subgroup G4 is semisimple (see Ap-
pendix B, Proposition B.8), hence Theorem 2.7.5 implies that GI°* factors as an almost direct
product G4¢* = H - L. Therefore, we can consider the projection of the Hodge variety I'\ D onto
the two factors I'g\ Dy and T't\Dy.

Lemma 3.2.2. The composition of the period map ® : S*™ — T'\D with the projection onto
TL\Dy is constant equal to some Hodge generic point tr, € T1\Dy,.

Proof. See Klingler-Otwinowska [35], Lemma 3.12. O

Thus we can simply write ® : S* — T'g\Dpy for the period map to mean & : S** —
Lemma 3.2.2 allows us to characterize weakly special subvarieties of S as preimages under
the period map of a certain type of analytic subvarieties of I'\ D.

Definition 3.2.3. Given a Hodge variety T\ D, a weakly special subvariety of T\D is either a
special subvariety or the image of a subvariety of the form

FM\DM X {t} - FM\D]W X FL\DL
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under the morphism of Hodge varieties I'npg\Das x T'\Dr — T\D, where (M x L, Dy x Dy)
is a Hodge sub-datum of the adjoint Hodge datum (G2, D), and ¢ is a Hodge generic point of
I'L\Dy.

Now, if the algebraic monodromy group of V shrinks along an irreducible subvariety Y of .S,
then Y is mapped by ® into a weakly special subvariety of I'\D by Lemma 3.2.2, hence, if ¥’
is maximal among irreducible subvarieties of S having algebraic monodromy group Hy, then it
is an irreducible component of the preimage of a weakly special subvariety of T'\D. Conversely,
since intersections of weakly special subvarieties of a Hodge variety are again weakly special, an
irreducible component of the preimage of a weakly special subvariety of I'\D is weakly special
in S. Thus, we have the following Proposition, we refer to Klingler-Otwinowska [35] (Definition
3.5 and Corollary 3.14) for more details.

Proposition 3.2.4. An irreducible algebraic subvariety Y of S is weakly special if and only if it
s an irreducible component of the preimage under ® of a weakly special subvariety of the Hodge
variety T\D.

The proof of the density criterion of Khelifa-Urbanik relies on a crucial result, which is the
application of the so-called Ax-Schanuel principle to the context of variations of Hodge structures.
In order to state it, we need to define a notion of an algebraic subvariety of a Mumford-Tate
domain D = D¢. Such D is in general not algebraic, however, as we have shown for a full period
domain in section 2.6, it admits an open immersion in a partial flag variety D, that is a quotient
of G(C) by a parabolic subgroup (for this general case see for instance Green-Griffiths-Kerr [24],
section II.B). Since D is a projective algebraic variety, we can give the following definition:

Definition 3.2.5. An irreducible algebraic subvariety of a Mumford-Tate domain D is an ana-
lytic irreducible component of the intersection D N Z®" of D with an algebraic subvariety Z of
the projective variety D.

Analogously, we can define an algebraic subvariety of S x D to be an irreducible component
of the intersection of S x D with an algebraic subvariety of the algebraic variety S x D.
Now, in the setting above, consider the fiber product diagram

S XFH\DH DH —_— DH

| |
S —2 5 Tu\Dy
Then we have the following result (we will refer to it as Ax-Schanuel Theorem), whose proof,

due to Bakker-Tsimerman [6], uses techniques from o-minimal geometry which are beyond the
aims of this work.

Theorem 3.2.6. Let W C Sx Dy be an algebraic subvariety and let U be an irreducible analytic
component of W N (S Xry\p, Da) such that

COdimSXDHU < COdimSXDHW+COdimS><DH(S XTy\Dy DH).

Then the projection of U to S is contained in a strict weakly special subvariety of S for V.

3.2.1 Functional transcendence, or the heuristic behind Ax-Schanuel
Theorem

We want to discuss here the heuristic behind the previous Theorem. In particular, we will
show, using a simple explicit example, how we can see Ax-Schanuel Theorem as a statement of
functional transcendence. To provide the natural context, we have to start with the following:
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Definition 3.2.7. A bi-algebraic structure on a complex connected algebraic variety S is a pair
(@ : 5o — X2 i (S°) — Aut(X))

where 7 : $0 — $30 is the universal cover of S 4 X is a complex algebraic variety, Aut(X) is its
group of algebraic automorphisms, p is a group morphism and ® is a p-equivariant holomorphic
map.

This datum allows to emulate an algebraic structure on the universal cover of S?".

Definition 3.2.8. Let S be a complex connected algebraic variety endowed with a bi-algebraic
structure (@, p).

1) An irreducible analytic subvariety Z of San s said to be a closed irreducible algebraic

— ~ ——Zar = Zar
subvariety of S if Z is an analytic irreducible component of @~ *(®(Z) ), where ®(Z)
denotes the Zariski closure of ®(Z) in the algebraic variety X.

2) A closed irreducible algebraic (in the sense of point (1)) subvariety Z of S is said to be
bi-algebraic if 7(Z) is a closed algebraic subvariety of S.

3) A closed irreducible algebraic subvariety Y of S is said to be bi-algebraic if any (equivalently
one) analytic irreducible component of 771 (Y ") is a closed irreducible algebraic subvariety

of S2" (in the sense of point (1)).

Now, if we put ourselves in the usual situation where (V,.%®) is a polarized Z-VHS on a
smooth connected quasi-projective algebraic variety S, with generic Hodge datum (G, D) and
period map ® : S** — I'\ D, we have a canonical bi-algebraic structure on S given by

$ . San _y pon,

Recall that the period map ® (at the level of the universal cover) actually takes value in the
Mumford-Tate domain D, here we are composing it with the open embedding of D in the flag

variety D.

Definition 3.2.9. Let (V,.%#°*) be a polarized Z-VHS on a smooth connected quasi-projective
algebraic variety S. The bi-algebraic structure on S defined by (V,.%#°*) is the pair

(@ : 52 — D™ p = (®), : 1 (S*™) — T C G(C)).

The following result of Klingler-Otwinowska ([35], Proposition 3.20) relates this bi-algebraic
structure with weakly special subvarieties of S.

Proposition 3.2.10. In the above situation, the weakly special subvarieties of S for (V, %) are
exactly the bi-algebraic subvarietes of S for the bi-algebraic structure on S defined by (V, Z*).

Proof. Let Y be a weakly special subvariety of S. Then, by Proposition 3.2.4, it is an irreducible
component of the preimage under ® of a weakly special subvariety of the Hodge variety I'\ D,
that is the image in I'\D of I'ng\Dps x {t}, for a Hodge sub-datum (M x L, Djs x Dy) of the
adjoint Hodge datum of the generic (G, D). The morphism

FM\DM X {t} — F\D

is defined at the level of universal cover by a closed analytic immersion of the Mumford-Tate
domains Djy; < D, that is the restriction of a closed algebraic immersion of their associated flag
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varieties ¢ : Dys < D. Thus, if Z is an irreducible analytic component of aol(yan) C San , then
Z is an irreducible component of the preimage under ® of

- ————Zar =——_Zar
uDu) =uDu)  =®(2)

where the Zariski closure is taken in D. Hence, Z is algebraic in San in the sense of Definition
3.2.8 and Y is bi-algebraic in S.

Conversely, assume that Y is a bi-algebraic subvariety of S. By Lemma 3.2.2, the restriction
of ® to Y factors through the weakly special subvariety I'eg,. \Dp, % {t} of T\ D, where Hy is
the algebraic monodromy group of the restriction of V to Y. Let Z be an irreducible component
of 771(Y?") and consider the lifting ®|, : Z — Dy,.. Since Z is algebraic in S2, we have that

Zar

~ = = Zar
Z is an irreducible component of ®~1(®(Z) ), hence ®(Z) has to be stable under the action

= Zar .
of the monodromy group Hy (C). But then ®(Z) = Dp,. Therefore Z is an irreducible
component of ®~1(Dg,.) and Y is an irreducible component of ®~1(I'g, \Dz, x {t}), so it is
weakly special. O

The heuristic idea of the Ax-Schanuel principle is that intersections of algebraic subvarieties
of the product S x D with S xp\p D that have bigger dimension than expected are controlled
by the bi-algebraic (equivalently, weakly special) subvarieties of S. The following toy example
illustrates how this fact can be seen as a statement of functional transcendence.

Consider the universal cover 7 : C™* — (C*)", where

ﬂ-(’zla"'uzn) = (GZIv"'aezn)a

and the bi-algebraic structure on (C*)™ given by the identity on C™. Even though this is not the
bi-algebraic structure induced by a pure variation of Hodge structures it is a significant example
to show our point. We will see how the natural analog of the Ax-Schanuel Theorem for this
example follows from the following result.

Proposition 3.2.11. Let f1,..., f, be elements in the ring of formal power series C[[z1, . . ., zm]]
which are Q-linearly independent modulo C, that is there is no non zero linear relation of the
form

rifittrafa=w

with r1,...,7, € Q and w € C. Then
trdegC(C(fl,...,fn,efl,...,ef”) >n+rk(J(f,)),

where J(fo) = (gﬁ) is the Jacobian matriz of f1,..., fn, seen as a matrixz with entries in
i/
C((Zla AR Zm))
Remark 3.2.12. This result, proved by Ax [3] (Theorem 3), can be seen as the functional analog of
the famous (and still open) Schanuel’s conjecture: if a1, ..., a, € C are Q-linearly independent,
then
trdegoQ(ai, ..., an, e, ..., e ) > n.

Now, Ax-Schanuel Theorem in our simple example takes the following form:

Theorem 3.2.13. Let V be the graph of m : C* — (C*)™ in C" x (C*)™ and let W be an
algebraic subvariety of C™ x (C*)™. Suppose V' and W intersect along some irreducible analytic
subvariety U with bigger dimension than expected, namely

codimgn y (cx)»U < codimen y (cxyn W + codimen (o xyn V.

Then the projection of U on C™ is contained in a strict bi-algebraic subvariety of C™.
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Proof. Let us argue by contradiction, so assume that p;(U) is not contained in any strict bi-
algebraic subvariety of C", where p; is the projection onto the first component. Let f =
(fi, -, fn) : A™ — p1(U) C C™ be a local holomorphic parametrization of p;(U), where A
denotes the unit disk in C. Then we clearly have

dimU = dimp;(U) = rk(J(f,)).

Furthermore, our contradiction hypothesis implies that fi,..., f, are Q-linearly independent
modulo C. Indeed, any non zero relation of the form

rfitotrafa=w

forry,...,m, € Q and w € C would give a non trivial algebraic relation between the exponentials,
namely
n
i=1

thus p1 (U) would be contained in the linear subvariety V(r1 Xy + - -- + r, X,, — w) of C", which
is bi-algebraic since 7 maps it to the algebraic subvariety V([];—, Y;"* — e*) of (C*)™.
Consider the Zariski closure U of U in C" (C*)™. Since W is algebraic we have T cw,

so dimW > dimU""". Now, it is a basic fact in Algebraic Geometry that the dimension of an
irreducible algebraic variety is equal to the transcendence degree (over the base field) of its field
of rational functions. In our case, we have that

C(f1,.., fu ety el)

—Zar . .
is contained in the field of rational functions on U , since fi,..., f, parametrize locally the
projection of U to C™ and their exponentials parametrize its projection on (C*)™, as U lies in
the graph of 7. Therefore

dim W > dim T > trdegcC(f1, ..., fu, e, .. elm).
By Proposition 3.2.11 we thus obtain
dimW > n+rk(J(fe)) =n+dimU = dim U + dim(C" x (C*)") — dim V,

which is precisely, once we pass to codimensions, the opposite inequality of that in the assumption
of the Theorem, namely it imposes that V and W intersect along U with expected dimension.
We thus have reached a contradiction and the Theorem is proven. O

3.3 A density criterion

In this section we will finally state and prove an effective criterion for the density of the Hodge
locus, due to Khelifa-Urbanik [33]. As always, let (V, . %#°*) be an integral polarized variation of
Hodge structures on a smooth connected quasi-projective variety S with generic Hodge datum
(G, D) and period map ®. Denote by 7 the quotient map D — I'\ D.

Definition 3.3.1. Let (M, D) be a strict Hodge sub-datum of (G, D). The Hodge locus of
type M is

HL(S,V® M) = {s € §°" : MT(V,) C gMg~! for some g € G(Q)"} C HL(S,V®).



3.3. A density criterion 45

Notice that, if Y is an irreducible component of the Hodge locus of type M, for some strict
Hodge sub-datum (M, Dy;) of (G, D), and (Gy, D¢, ) is its generic Hodge datum, then we have
that Gy is contained in some rational translate of M and

COdimF\D(I)(Yan) < COdimF\D(I)(San) + COdimF\DFGY \DGY s
which is equivalent to
dim ®(Y*") > dim ®(5*") 4+ dim Dg, — dim D,

with equality if and only if YV is typical. It follows, since dim Djy; > dim D¢, , that a necessary
condition for the existence of typical special subvarieties of type M is the inequality

dim ®(S*") + dim Dy; — dim D > 0.

Therefore, having in mind Conjecture 3.1.8, we expect this inequality to be a necessary condition
for the density of the Hodge locus of type M. In the following criterion we will show that this is
not far from being also a sufficient condition.

Let us first state the theorem in a simplified case, in order to fix the ideas. This version of
the theorem will actually be enough for the geometric applications we will discuss in the next
section.

Theorem 3.3.2. Let us put ourselves in the setting above. Furthermore, assume that the al-
gebraic monodromy group of V is H = G9°* and is Q-simple. Let (M, Dy) be a strict Hodge
sub-datum of (G, D) such that

dim ®(S*") + dim Dp; — dim D > 0. (3.1)
Then the Hodge locus of type M is analytically dense in S®".

Proof. Let s € S* be a Hodge generic point, fix z € D such that 7(z) = ®(s) = z and let
' = T'NM(Q)*'. By Definition 3.3.1 and Proposition 3.1.5, any point in S2* which lies in the
preimage under ® of a rational translate of the special subvariety I'ng\ Dy belongs to the Hodge
locus of type M. Thus we have to show that for every neighborhood V of = in I'\ D there exists
a rational translate of I'ng\ Dy intersecting V N ®(S52"). Since Hodge generic points are clearly
dense in S?", this implies the density of the Hodge locus of type M, which is our claim.

Now, since G(R)™ acts transitively on D, there exists g € G(R)" such that z € g- Dy, hence
x € w(g - Dys). Let U be an irreducible analytic component of the intersection

’iT(g . D]u) N (I)(San)

containing x. We will show that the Theorem follows from the following;:

Claim 3.3.3. The analytic variety U has the expected dimension as irreducible component of
the intersection (g - Das) N ®(S?") inside T\ D, namely

dimU = dim ®(5*") 4+ dim Dy —dim D > 0 (3.2)

Let us first deduce the Theorem from this. Notice that the condition (3.2) is an open condition
in g € G(R)™", namely there exists an open neighborhood V of g in G(R)™" such that 7(h - Dyy)
intersects ®(5*") with expected dimension along some irreducible analytic component for all
h € V. Now, by Borel [13], Theorem 18.2, G is unirational as algebraic variety over Q, hence
G(Q)" is dense in G(R)™. So, G(Q)™ NV is non empty and for every h € G(Q)" NV we have
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that w(h- Dys) intersects ®(S*") with expected (non-negative) dimension along some irreducible
analytic component. In this way, we can construct G(Q)"-translates of Dy, intersecting ®(S5*")
with expected (non-negative) dimension in the neighborhood of any Hodge generic point. Indeed,
if V is any open neighborhood of « in I'\ D, then, taking V small enough, 7 (h- D) will intersect
P(S*) NV for every h € G(Q)" NV, namely

w(h-Dy) NV N OS5
is non empty, as we wanted. O
It remains to prove Claim 3.3.3.

Proof. Assume by contradiction that there exists an irreducible component U of the intersection
(g - Dpr) N ®(S*) such that x € U and

dim U > dim ®(5*") + dim Dp; — dim D.

Consider the subvariety W = S x g - Dy of S x D, which is algebraic in the sense of Definition
3.2.5. Let U be the irreducible analytic component of the intersection W N (S %\ p D) containing

(s, z) such that ®(ps(U)) = U, where pg denotes the projection onto S and we have kept the
same notation as before. Using the definition of W and our contradiction hypotheses, we get

dimU > dim ®(5*") + dim Dj; — dim D
= dim ®(5**) + dim7(g - Dps) — dim D
=dim ®(S*") + dim W — dim S — dim D
= dim(S xp\p D) +dim W — dim(S x D)

which implies, since ®(pg(U)) = U, dimU > dim W + dim(S xp\p D) — dim(S x D). Passing
to the codimension and recalling that we are assuming H = G9°', this is exactly the assumption
of Theorem 3.2.6, hence we obtain that pS(U ) is contained in a strict weakly special subvariety
Y. Let Gy be its associated Mumford-Tate group and Hy be its algebraic monodromy group:

then, by Theorem 2.7.5, we have
Hy 4Gy =G =H

where the last equality is in our assumptions and Gy = G since Y contains by construction the
Hodge generic point s. Hence, since Y is a strict weakly special subvariety, Hy must be a proper
connected normal subgroup of H, which is Q-simple by assumption. Thus Hy = 0, so the image
of Y under the period map is a point. But ®(Y") contains U by construction, so this contradicts

dim U > dim ®(5*") + dim Djs — dim D > 0.
O

Let us now deal with the general case, namely removing the assumptions H = G and H
being Q-simple. In general, the algebraic monodromy group H decomposes as the almost direct
product of its Q-simple factors: H = H; ---H,,. Up to replacing S by a finite étale cover, this
decomposition induces a factorization of the period map

P 5" — FH\DH = Fl\Dl X oo X Fn\Dn
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where we have denoted by D; the Mumford-Tate domain associated with H?d and I'; = I'n

H24(Q)*. For each I C {1,...,n}, let D; = [Iicr Di, let

pr:T\D = T/\D; = [[T:\D;
iel

be the projection and put ®; = pyo®, m; = prom.

To give the general version of Theorem 3.3.2, we will assume that the condition (3.1) holds
on each factor of this decomposition. The following example shows that we should expect this
to be a necessary adjustment of the criterion.

Ezample 3.3.4. Let A, be the moduli space of principally polarized abelian varieties of dimension
g (see Appendix A for details on its construction). One has

glg+1)

dim A, = 5

for which we refer again to Appendix A. Consider a Hodge generic curve C in A3z and the integral
variation of Hodge structures with period map the inclusion

Az x C — Az x As.
Let (M, Dys) be the strict Hodge sub-datum whose associated Mumford-Tate domain is
I'm\Dy = Az x (A1 X Ag) — As x As.
We have
dim(Az x C') + dim(As x (A1 x Ag)) —dim(As x A3) =7+10—-12=5

so (M, Dyy) satisfies condition (3.1). However, if the Hodge locus of type M in Az x C were
analytically dense, then we would have that the curve C intersect rational translates of A; x As
in a dense subset. But now, consider the variation of Hodge structures on C with period map
the inclusion C — Asz: we have codim4,C = 5 and codim 4, (A; x Az) = 2, so every special
subvariety of C for this VHS (which is just a point in C) has to be atypical in the sense of
Definition 3.1.6. Hence the density in C' of the intersections of C' with rational translates of
A; x Ay would violate Conjecture 3.1.8, as the Hodge locus in C' is conjectured to be algebraic,
therefore not analytically dense.

Thus, in the general case we replace assumption (3.1) with the following stronger condition.

Definition 3.3.5. A strict Hodge sub-datum (M, Dys) of (G, D) is said to be factorwise V-
admissible if for every non empty set of indexes I C {1,...,n} we have

dim@I(San) +dlIIl71’1(DM) — dlIIlD[ Z 0.

Definition 3.3.6. If the derived subgroup of the generic Mumford-Tate group factors as an
almost direct product G4 = H - L, then a strict Hodge sub-datum (M, D) of (G, D) is said
to be full on the L-factor if L is contained in M.

Let us now reformulate Definition 3.3.5 in a more technical way, which will turn out to
be more suited to the proof. Write the decomposition of the derived Mumford-Tate group as
Gder =H - L.
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Lemma 3.3.7. Let (M, Dyy) be a strict Hodge sub-datum of (G, D), let I C {1,...,n} be a non
empty set of indexes and denote by I¢ its complement. Pick g € G(R)" and t € Die x Dy, a
Hodge generic point such that

(™) A 7(g - Dar) N (Dy x {t})
is not empty. Then, up to replacing S by some non empty Zariski open subset, the quantity
dr(M, Dys) = dim((g - Das) N (Dy x {t})) + dim(®(S*™) N7w(Dy x {t})) — dim D; (3.3)
only depends on I and not on g and t.
Proof. Take any other choice of h € G(R)™ and ¢'. First, let us prove
dim((g- Da) N (Dy x {t})) = dim((h- Dps) N (D x {t'})).

Take z € (g-Dar)N(Dy x {t}) and 2’ € (h-Dyr)N (D x {t'}). Since hM(R)*h~! acts transitively
on h - Dy, we can find m € hAM(R)Th~! sending (hg™?!) - 2z to 2. Then

2 € (mhg™") - ((g- Dm) N (Dr x {t})) = (h- Dar) N (mhg™") - (Dr x {t}).

Now, (mhg=') - (Dy x {t}) and Dy x {t'} are translate of each other both containing z’, hence
they must coincide. Therefore

(mhg™) - ((g- Dar) N (Dr x {t})) = (- Dar) N (Dy x {t'}),
proving the equality of dimensions
dim((g- Da) N (Dy x {t})) = dim((h - Dps) N (D x {t'})).

Thus we have proven that d;(M, Djys) does not depend on the choice of ¢ € G(R)". Proving
that, up to replacing S by some Zariski open subset, one has

dim(®(S™) N 7(Dy x {t})) = dim(®(S™) N 7(D; x {t'}))

is more subtle. The key point here is that ®(S*") has a natural structure of algebraic variety
and the subset Z of ®(5*") where ®(S**) N7 (Dy x {t}), letting ¢ vary, has dimension strictly
greater than the minimum, which is of course closed in the complex analytic topology, is actually
algebraic. Then the lemma follows by replacing S with the Zariski open subset ®~1(®(S5%")\ Z).
The details here require an approach via o-minimal geometry, so we omit them, referring to
Khelifa-Urbanik [33] for them. O

Thanks to this lemma we can consider (3.3) as the definition for the quantity dy(M, Dyy).
By convention, let us set dy(M, Das) = 0 and write d(M, D) for dyy,.. ) (M, D).

Lemma 3.3.8. A strict Hodge sub-datum (M, Dys) of (G, D) is factorwise V-admissible if and
only if for every set of indexes I C {1,...,n}, one has

d(M, Dyr) > dr(M, D).
Proof. Given a non empty strict set of indexes I, we can pick g € G(R)™ and ¢ € D; such that

(g - Dpr) NO(S*™) N7(Dye x {t})



3.3. A density criterion 49

is not empty. Then we clearly have

dimﬂl(g . D]\/[) = dimﬂ((g . DM) n DH) - dim(w(g . DM) ﬂ’]T(D[c X {t})),
dim @ (S*™) = dim (S*™) — dim(®(S™) A 7(Dye x {t}),
dim D; = dim Dy — dim Dje,

thus
dim‘b[(san) + dimﬂ'[(DM) —dim Dy = d(M,DM) — d[c(M,DM)

from which the thesis follows immediately. O
We can finally state the general version of Theorem 3.3.2.

Theorem 3.3.9. Let us once again put ourselves in the setting above and let us write the derived
subgroup of the Mumford-Tate group as G = H-L, H being the algebraic monodromy group of
V. If (M, Dyy) is a strict Hodge sub-datum of (G, D) which is full on the L-factor and factorwise
V-admissible, then the Hodge locus of type M is analytically dense in S*".

Proof. Looking at the proof of Theorem 3.3.2 we notice that we can deduce the Theorem from
Claim 3.3.3 in the exact same way as before. So we just need to adjust the proof of Claim 3.3.3
so that it works in the general setting of Theorem 3.3.9.

Let us use the same notation as in the proof of Theorem 3.3.2 and let us again argue by
contradiction, so assume that there exists an irreducible component U of the intersection 7(g -
Djr) N ®(S?) such that x € U and

dim U > dim ®(5*") + dim Dy — dim D.
Since (M, Djy) is full on the L-factor, we have
dim D —dim Dy; =dim Dy — dlm(DM n DH>.

It follows that 7(g- Dys) and ®(S*") intersect along U with bigger dimension than expected also
inside the monodromy orbit I'g\ Dy, namely

codimp\ p,, U < codimp\ p,, ®(S*) 4 codimp\p, 7((9 - Dar) N Dpr). (3.4)

Consider, similarly as before, the algebraic subvariety W = S x ((¢- D) N Dg) of S x Dy and
let U be the complex analytic component of W N (S xp\p, Dg) containing (s, z) such that

®(ps(U)) = U. Argung precisely as before we obtain that inequality (3.4) implies
codimSXpHU < codimgx p, W + codimgsx p,; (S Xry\py D),

thus by the Ax-Schanuel Theorem 3.2.6, the projection of U to S is contained in a strict weakly
special subvariety Y for V. We take Y to be minimal for the inclusion among weakly special
subvarieties Z of S such that U C ®(Z*"). The generic Mumford-Tate group of Y is G since Y
contains the Hodge generic point s, thus by Theorem 2.7.5 the algebraic monodromy group Hy
is a proper normal subgroup of H. Let us write Hy = [[,.; H;, so that Y*" is an irreducible
component of the preimage by ® of some sub-domain of I'\ D of the form 7(D; x {t}) for some
I C{1,...,n}. Then it follows from the construction that U is an irreducible component of the
intersection
7((g- Dar) N (D x {t})) N @(Y™).
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Claim 3.3.10. The terms w((g - Das) N (D x {t})) and ®(Y*?) intersect inside w(Dy x {t})
with expected dimension along U, namely

dimU = dim(®(Y™) N x(Dy x {t})) + dim((g - Das) N (Dy x {t})) — dim7(D;y x {t})

Proof. The proof of this claim is straightforward. Assume by contradiction that the above
intersection has dimension bigger that expected along U. Then we can repeat the same argument
as above for the restriction of the given VHS (V,.%°) to Y. The Ax-Schanuel principle thus
implies that there exists a strict weakly special subvariety Y’ of Y for V such that U is contained
in the image of Y/ under the period map restricted to Y. Clearly, the subvariety Y’ in S is also
weakly special with respect to the whole VHS (V, . #*) on S, so this contradicts the minimality
of Y. O

In order to conclude, we will apply Lemma 3.3.8, thus we may need to replace S by some
Zariski open subset, so that we can consider the quantities d; (M, Dys) defined in Lemma 3.3.7.
The conclusion of the Theorem does not change thanks to the following:

Lemma 3.3.11. Let X be an algebraic variety over C. If V is a Zariski open subset of X that
is Zariski dense, then V3" is analytically dense in X®".

Proof. The question is local, since we have to show that V?" intersects the analytic neighborhoods
of each point in X*". Thus, it is not restrictive to assume that X is affine, say X C Ag. Assume
by contradiction that V#" is not analytically dense, then there exists a point x € X" and an
analytic neighborhood W of x in X" which is fully contained in the complement of V" which is
by assumption a Zariski closed subset Z of X. Let us denote by &, the stalk at x of the algebraic
structure sheaf of A7, namely &, = C[z1,. .., Zy|m, Wwhere m is the maximal ideal corresponding
to the point . Then we have that the algebraic germ of X (resp. Z) at  corresponds to an ideal
I (resp. J) in the local ring &,. Since every regular function is holomorphic we have a natural
morphism n : 0, — 02", where the target is the stalk at x of the analytic structure sheaf of
AZ. Since Z*" and X*" coincide in some analytic neighborhood of = in X*", that we can take
as intersection of X*" with an analytic open subset of Ag, we have

162 = jom

and the same holds passing to the completions of the local rings. But clearly n induces an
isomorphism

o~ —

O, > O = C[[Zh - ,Zn]]v

hence . .
10, =J0,.

This implies that I = J in &, since the completion morphism
Oy =Clz1,...,2n|m = Cllz1, ..., 2n]] = Os

is faithfully flat. But then X and Z coincide in some Zariski open subset of A7, contradicting
the density of V =X \ Z in X for the Zariski topology. O

Let us now finish the proof of Theorem 3.3.9. Since S is irreducible, every Zariski open subset
of S is Zariski dense, so analytically dense by the previous lemma. So we can apply Lemma 3.3.7
and consider the well defined quantities d;(IM, Dys). Now, notice that
dimU > dim((g - Dpas) N Dg) + dim ®(Y*") — dim Dy
=d(M, D)
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by an immediate restatement of inequality (3.4) and by definition of d(M, Dps). On the other
hand, U C n(Dy x {t}), so
dim U = dim(U N7 (Dy x {t}))
=dim(®(Y*")N7w(D; x {t})) +dimn((g - Dps) N (Dy x {t})) — dimw(Dy x {t})
= dim(®(Y*") N7 (D; x {t})) + dim((g - Das) N (D; x {t})) — dim Dy
=d;(M, Dyy)

where the second equality is Claim 3.3.10, the third is obvious and the last one is the definition
of d;(M, Dyy). Putting this together we obtain

d(M,Dpr) —d;(M, Dpy) < dimU — dim(U N«w(Dy x {t})) = 0.
However, by factorwise V-admissibility of (M, Dj;) and Lemma 3.3.8, one has
d(M,Dpr) —dy(M,Dyp) >0
so we have a contradiction. O

Remark 3.3.12. Recall that by Conjecture 3.1.8 we expect that the analytic density of the Hodge
locus comes exclusively from its typical part. Hence we should expect that the same criterion
stated in Theorem 3.3.9 ensures the density of the typical Hodge locus. This has not been
proven yet, as far as we know, nevertheless Khelifa-Urbanik showed that strengthening slightly
the factorwise admissibility criterion one actually has density of the typical Hodge locus. Namely
they proved the following:

Theorem 3.3.13. Let us once again put ourselves in the situation at the beginning of the section
and assume H = G H being the algebraic monodromy group of V. Let (M, D) be a strict
Hodge sub-datum of (G, D) which is factorwise strongly V-admissible, namely

dim &7 (S*") + dim7;(Dps) — dim Dy > 0

for every non empty set of indexes I as in Definition 3.3.5. Then the typical Hodge locus of type
M is analytically dense in S*".

3.4 Applications

In this section we collect some applications of Khelifa-Urbanik criterion for the density of the
Hodge locus. As we have already said, the version of Theorem 3.3.2 will be enough.

3.4.1 Noether-Lefschetz locus of hypersurfaces in P?

As a first application, let us give, following Khelifa-Urbanik [33], a simple proof of the density
of the Noether-Lefschetz locus of smooth degree d hypersurfaces in P3, for d > 5. This is a very
classical result, originally proved by Ciliberto-Harris-Miranda [18].

Recall that for a compact complex manifold X, we have the exponential sequence, namely
the short exact sequence of sheaves

0 Z Ox 0% 1.
Taking the associated long exact cohomology sequence we obtain the connecting morphism

Pic(X) = H (X, 0%) — H*(X, 7).
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Definition 3.4.1. The rank of the image of the map Pic(X) — H?(X,Z) is called the Picard
number of X, denoted p(X).

Now assume that X is compact Kéhler. Working again with the cohomology sequence asso-
ciated with the exponential sequence we can show that the composition

Pic(X) — H*(X,Z) — H*(X,C) — H*(X, 0x) = H**(X)

is the zero map. Therefore, by Hodge symmetry, the image of the composition Pic(X) —
H?(X,Z) — H?(X,C) lies in H?(X,Z)NH"!(X), where we used the common abuse of notation
of denoting by H?(X,Z) its image in H?(X,C).

A classical result by Lefschetz (see for instance Huybrechts [31], Proposition 3.3.2) shows that

Pic(X) — H*(X,Z) N HY'(X)

is surjective, thus the Picard number of X coincides with the rank of H?(X,Z) N HY'(X) or,
equivalently, with the dimension of the space of Hodge classes of type (1,1) in H2(X, C).

From now and throughout this section we will denote with the same letter an algebraic variety
and its analytification, as there is no need to separate the two concepts.

Let us consider the universal family of smooth hypersurfaces of degree d in P", for n > 3.
It is given by a holomorphic submersion f : X — U, 4, where U, 4 is the open subset of
P(H®(P", Opn(d))) consisting of degree d polynomials in n + 1 variables whose vanishing locus
in P™ is smooth. Notice that, if X is such an hypersurface we easily obtain from the ideal sheaf
sequence

0 —— ﬁ]pn(—d) Opn Ox 0 (3.5)

that H'(X, 0x) = 0, so the exponential sequence gives an injective map Pic(X) — H?*(X,Z)
and the Picard number of X coincides with the rank of the Picard group.

We can consider the integral polarized variation of Hodge structures given by the primitive
part of R"~!f,Z. Notice that there is no need to quotient out the torsion part since we can
deduce from the weak Lefschetz Theorem (see Voisin [47], Theorem 1.23) and the universal
coefficients Theorem that R"~!f,Z is torsion-free. We recall the following classical result, due
to Donagi [21], which is necessary in order to apply Theorem 3.3.2 to this situation.

Theorem 3.4.2. The period map of the polarized Z-VHS associated with the universal family
f X = Uyq of smooth hypersurfaces of degree d in P" is generically injective, except possibly
for the following cases:

1) n=d =3 (cubic surfaces),
2) n+1=0 (mod d),

3) d=4andn—1=0 (mod 4),
4) d=6andn—2=0 (mod 6).

Now, let us fix n = 3 and consider the universal family of smooth degree d hypersurfaces in
P3, for d > 5. Choosing the Fubini-Study metric in P?, we have an integral Kéhler class [w] on
X which coincides with the first Chern class of the line bundle €x(1). The classical Noether-
Lefschetz Theorem (see for instance Voisin [47], section 3.3) asserts that for a generic s € Us q
one has Pic(X,) = Z. In other words, the space of Hodge classes of type (1,1) in H?(X,C) is
one dimensional, generated by the Kéhler class [w].
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Remark 3.4.3. Notice that the condition Pic(X) = Z has a concrete geometric interpretation.
Indeed it means that every curve in the hypersurface X is the complete intersection of X with
another hypersurface in P3. To show this, observe that, by the injection Pic(X) — H?*(X,Z),
the Hodge class of a curve Y < X is a multiple of the first Chern class of &x (1) if and only
if its associated line bundle €Ox(Y') is isomorphic to Ox (k) for some k € Z. But then Y is
the vanishing locus of a section of Ox (k). Hence, to show that in this case Y is the complete
intersection of X with another hypersurface in P? it is enough to show that the restriction map

HY(P3, Ops (k)) — H(X, Ox (k))

is surjective. But this can be easily deduced from the cohomology sequence associated with the
ideal sheaf sequence (3.5) twisted by @ps(k), using the fact that H'(P3, Ops(k — d)) = 0.

Since the generic smooth hypersurface of degree d in P? has Picard number 1, we can define
the Noether-Lefschetz locus of smooth degree d hypersurfaces in P? as

NL(d) = {s € Us,q : p(Xs) > 1}.

The condition p(X,) > 1 is clearly equivalent to the existence of an element in H?(X,,Z) N
H'1(X,) which is not a multiple of [w]. Recalling that H?(Xs,Z)prim is defined as the kernel
of the Lefschetz operator (see Definition 1.1.3), we thus have that the condition p(X;) > 1 is
equivalent to H? (X5, Z)prim containing a non zero Hodge class.
Consider the integral polarized variation of Hodge structure V = (R?f.Z)prim on Us 4. We
clearly have
NL(d) C HL(Us 4, V®).

Denote by @ : V® V — Z the usual polarization, given fiberwise as in Definition 1.1.3.
Proposition 3.4.4. The Noether-Lefschetz locus NL(d) is analytically dense in Us 4 for d > 5.

Proof. By a theorem of Beauville [10] (Theorem 2) the algebraic monodromy group of V is the
full orthogonal group Aut(Vs,Qs), for a general s € Us 4. Thus the generic Hodge datum of
this polarized Z-VHS is (G, D), where G = GAut(V,,Qs) and D is the full period domain of
polarized Hodge structures with the same Hodge numbers (h°, h!:!, h02) as V, for any s € Us gq.
Consider the Hodge sub-datum (M, Dj,) where M is the fixator of a single Hodge vector. Then,
by what we observed above, we have

HL(Us 4, V®, M) C NL(d) C HL(Us 4, V®).

The corresponding sub-domain Dy, is cut out in D by h%9 equations. Thus

dim D — dim Dy, = h*0 = (d; 1)

where the computation of h?? = h%2? = dim H?(X,, Ox.) is done immediately taking the long
exact cohomology sequence associated with the ideal sheaf sequence (3.5).

Now, Us 4 is open in the projective space of the vector space of degree d polynomials in 4
variables, thus dimUs 4 = (df’) — 1. Moreover, by Donagi’s Theorem 3.4.2, the period map ®
is generically injective, of course modulo the action of the group PGL4(C) of automorphisms of
P3, which has dimension 15. Thus

d
dim ®(Us_g) = ( ;3> ~16.
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Therefore we can see that condition (3.1)

—1
dim ®(Us 4) + dim Dy — dim D = (d JSF 3) —16 — (d ; ) >0 (3.6)

holds for d > 5, so Theorem 3.3.2 gives the density of the Hodge locus of type M, hence also of
the Noether-Lefschetz locus. O

Remark 3.4.5. Let Y be an irreducible component of the Noether-Lefschetz locus. Then, keeping
the notations as in the proof, we have

COdiHlUS’dY S COdimDD]w = h2’0.

It is natural to ask whether the density of the Noether-Lefschetz locus is given only by subvari-
eties having maximal codimension h*° in Us 4. This is a question of typical intersections. Let
(Gy, D¢, ) be the generic Hodge datum associated with an irreducible component Y of NL(d).
Then Y is a typical special subvariety if and only if

codimy, ,Y = codimpDg,,

by an immediate restatement of Definition 3.1.6. By construction, (Gy, Dg, ) is a Hodge sub-
datum of (M, D) (notations as in the proof), hence

codimpDg, = codimpDys + codimp,, Dg, = h*" + codimp,, Dg,, -
Thus, Y is typical if and only if
codimy, ,Y = h*? + codimp,, Da,

holds (and necessarily codimp,, Dg, = 0).

Now, since (3.6) is actually a strict inequality, we see that (M, D) is a strongly admissible
Hodge sub-datum, hence we can apply Theorem 3.3.13 to conclude that the typical Hodge locus
of type M is dense, so we have the density in Uz 4 of components of the Noether-Lefschetz locus
with maximal codimension h?°.

On the other hand, Conjecture 3.1.8 would give that, on the contrary, the union of the
components with codimension strictly less than h*C is not (even Zariski) dense in Us 4. For
the case of the Noether-Lefschetz locus, this actually has been proven in Baldi-Klingler-Ullmo
[8]. The key point here is that in order to prove it, one does not need the whole Zilbert-Pink
conjecture, but just some version for special subvarieties of positive period dimension.

3.4.2 Another universal family of hypersurfaces

Now that we have seen that the Hodge locus of the family of smooth hypersurfaces of degree
d > 5 in P? is analytically dense, it is natural to ask whether the same happens for smooth
hypersurfaces in P”, for n > 4. So, consider the integral polarized VHS on U, , given by
(Rn_lf*Z)prim~

Actually, we expect that the situation for n > 4 is much different. Indeed, Baldi-Klingler-
Ullmo [9] (Theorem 3.3 and Corollary 1.6) showed the following:

Theorem 3.4.6. The typical Hodge locus of the universal family of smooth degree d hypersurfaces
in P is empty for n > 4,d > 5, except for n = d = 5. In particular, forn > 4,d > 5 and
(n,d) # (5,5), the Hodge locus of positive period dimension is algebraic.
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So, unconditionally we know the non density of the Hodge locus of positive period dimension,
but by Conjecture 3.1.8 we expect the whole Hodge locus to be algebraic, therefore not (even
Zariski) dense.

Let us then consider a low degree exception to this phenomenon, in particular let us put
n = d = 5. In order to apply an argument in the same spirit as in the proof of Proposition
3.4.4 we need to compute the Hodge numbers of a smooth hypersurface in P°, so this is our first
task. Let us start with some general results which hold in general for a smooth hypersurface X
of degree d in P™. To fix the notations, let

hP9(X) = dim HY(X, Q%) = h?P(X).
Lemma 3.4.7. For p+q <n—1 one has
HI(X, Q%)= HI(P", Q) = 0,,C
where §pq s the Kronecker symbol. The same holds forn —1 <p+q < 2n — 2.

Proof. The cohomology of the projective space is well known (one can for instance compute
H*(P",C) by induction on n using a Mayer-Vietoris sequence and deduce H?(P",Q5,,) = §,,C
by Hodge decomposition). Then the isomorphism HY(X, Q%) =~ HY(P™, QF,) follows directly
from the weak Lefschetz Theorem (see for instance Voisin [47], Theorem 1.23) together with
Hodge decomposition. The second part follows from the first by Serre duality. O

Lemma 3.4.8. The Euler-Poincaré characteristic of the sheaf Q% is

(=D)PhPP(X) fp=n—1-p

X(X, Q%) = {(_1)p + (=) PpprlmP(X) ifp#En—1—p

Proof. By definition of the Euler-Poincaré characteristic and Lemma 3.4.7, we have

n—1
X(X, %) = (=1)7 dim HY (X, QX))
j=0
n—1
= (- e (X) 4+ YT (<1) dim HY (X, 0F)
j=0,j#n—1-p

n—1

= ("R O+ Y (R

Jj=0,j#n—1-p
from which the result follows immediately. O
Lemma 3.4.9. One has
X(X, Q) = x(X, Ox (=1)"") = X(X, Ox) = X(X, Ox (—d)).

Proof. Denote by ¢ the embedding of X in P™. Then, applying the pull-back along ¢ to the well
known Euler sequence

0 QL. Opn (—1)"" —— Opn —— 0

we obtain
0 —— ", —— Ox(-1)""!' —— O0x —— 0 (3.7)
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which stays exact since all sheaves in the Euler sequence are locally free. Moreover, one has the
so called conormal sequence

0 —— Ox(—d) — *Q}, —— QL% —— 0. (3.8)
Then the claim follows from the additivity of Euler-Poincaré characteristic with respect to (3.7)
and (3.8). O

Lemma 3.4.10. For m € 7Z, one has

oen=(17)-( 1)

n n

o~

Proof. Tensoring the ideal sheaf sequence (3.5) with Opn (m) and noticing that ¢, Ox ® Opn (m)
t+Ox(m) by the projection formula, we obtain

0 —— Opn(m —d) —— Opn(m) —— Ox(m) —— 0.
But then

X(X, Ox(m)) = x(P", Opn (m)) — x(P", Opn (m — d))
_ (n—;m) 3 (n—l—T:—d)

Now we have the tools to prove the following:

Proposition 3.4.11. The Hodge locus of the universal family of smooth hypersurfaces in P° of
degree 5 is analytically dense.

Proof. The argument is in the same spirit as in the proof of Proposition 3.4.4. First of all notice
that we can still apply Donagi’s Theorem 3.4.2 to use the generic injectivity of the period map
and Beauville’s result [10] (Theorem 2) to conclude that the algebraic monodromy group of V is
the full orthogonal group Aut(Vy, Q;).

Now, notice that for a generic s € Us 5 the space of algebraic cohomology classes in H*(X, Z)N
H??(X,), namely the image in H*(X,,Z) N H*>?(X,) of the group CH?(X,) of codimension 2
algebraic cycles on X, (modulo rational equivalence), has rank 1 (see for instance Shioda [43],
Theorem 2.1). This result, together with the fact that the Hodge conjecture is known for quintic
fourfolds, namely the cycle class map

CH*(X,) ® Q — H*(X,,Q) N H**(X,)
is surjective (see for instance Da Silva Jr [44], Corollary 2.20), implies that
rk(HY(X,,Z) N H*?(X,)) = rk(H*(X,,Q) N H*?(X,)) =1

holds generically in s € Us 5, with H*(X,,Z) N H*?(X;) being generated by the second power
of the Kéhler class given by the restriction of the Fubini-Study metric. Thus we have obtained
that the Hodge locus contains the subset

{s € Uss : tk(H*(X,,Z) N H*?(X,)) > 1}
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and we can argue as in the proof of Proposition 3.4.4. Consider the Hodge sub-datum (M, D),
where M is the fixator of a single Hodge vector. Then, Dy, is cut out in the Mumford-Tate
domain D by h*° + k31 equations, so

dim D — dim Dy < h*0 + p31L.

Looking at the long exact cohomology sequence attached to the ideal sheaf sequence (3.5) we
easily obtain A*° = 0. Furthermore, combining Lemmas 3.4.8, 3.4.9 and 3.4.10 we can compute

R = —1 - X(X, Q%)
= —1-6x(X,O0x(-1)) + x(X, Ox) + x(X, Ox(—5))

()=

120.

On the other hand

1
dim ®(Us 5) = (50) — 1 — dim PGLg(C) = 216,

thus we have the inequality

dim ®(Us 5) + dim Dyy — dim D > 0

and by Theorem 3.3.2 we can conclude. O

3.4.3 Complete intersection surfaces in P*

Let us now go back to the case of surfaces and consider a version of the Noether-Lefschetz locus
for surfaces which are (scheme-theoretic) complete intersections in P*. First of all let us notice
that the Noether-Lefschetz Theorem holds (see for instance Spandaw [45], section 2) also in this
more general case, namely a generic complete intersection surface in P" is smooth and has Picard
number 1 except in the following cases:

1) quadric surfaces in P3,
2) complete intersections of two quadrics in P*,
3) cubic surfaces in P3.

Thus, if we consider the open subset Uy, 4, C [[;_, P(H*(P"*2, 0(d;))) parametrizing smooth
surfaces in P"+2 which are complete intersections of r hypersurfaces of degrees d1,...,d, and its
associated universal family, we can define the Noether-Lefschetz locus

NL(di, ... dy) = {s € Usy...a, : p(X,) > 1},

We remark that, while we are not aware of a generic Torelli Theorem like Theorem 3.4.2
for complete intersections, we do have a local Torelli Theorem that we can use, which is due to
Flenner [22] (Theorem 3.1).

Theorem 3.4.12. The period map associated to the polarized Z-VHS (R"™" fiZ)prim on the
universal family of smooth complete intersections of hypersurfaces of degree dy, . ..,d, in P™ (for
1 <r <mn—2) has injective differential except in the following cases:
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1) n=3,r=1,d =3,
2) neven, r =2, d; =do = 2.

Now let us restrict to the case of complete intersection surfaces in P*. In this case, some
computations will allow us to deduce the density of the Noether-Lefschetz locus. It is clear that
in order to do a proof analogous to the one of Proposition 3.4.4 we need to compute h*°(X) for
a surface X which is a smooth complete intersection of two hypersurfaces of degree di, ds in P%.

Lemma 3.4.13. One has

§20(x) - (d1+1z2—1) B (d14—1> - (d24_1)

Proof. Let Zx C Ops be the ideal sheaf of X and assume that X is the complete intersection
of the hypersurfaces defined by the polynomials f,g € Clxg,...,x4], with deg(f) = d; and
deg(g) = do. Since X is a smooth (scheme-theoretic) complete intersection, f and g have no
common factors and generate the ideal sheaf .#x. Thus, we have a short exact sequence

0—— ﬁ]}m(—dl —dg) E— ﬁﬂm(—dl) &) ﬁ[pm(—dg) E— ﬂX — 0

where the first map sends a local section o of Ops(—d; — d2) to (cg, —o f) and the second map
sends a local section (p, 1) of Ops(—dy) ® Opa(—da) to ¢f + 1g. Taking the associated long
exact cohomology sequence and remembering the cohomology of line bundles on P* we obtain
the exact sequence

0 — H3(P*, Fx) — H* (P, Ops(—d1—ds)) — H*(P*, Ops(—d1)® Ops(—dy)) — H*(P*, Ix) — 0.
Now, considering the long exact sequence associated with the ideal sheaf sequence

0 jX ﬁ[[m ﬁX 0

we obtain
H?*(X,0x) = H3(P*, 7x)

and
HY(P', 7x) = H*(X,0x) =0

since X has dimension 2. Putting everything together we get
r*0(X) = h%3(X) = dim H*(X, Ox)

= dim H3(P*, 7x)

= dim H*(P*, Ops(—dy — dy)) — dim H*(P*, Opa(—d,)) — dim H*(P*, Ops (—ds))
from which the claim follows immediately. O

Proposition 3.4.14. The Noether-Lefschetz locus NL(dy, dz) is analytically dense provided that
min(dl,dz) Z 2 and (dl,dg) 7é (2,2)

Proof. We procede exactly as in the proof of Proposition 3.4.4. As before, a result of Beauville
[10] (Theorem 5) ensures that the algebraic monodromy group is the full orthogonal group.
Furthermore, the local Torelli Theorem 3.4.12 implies that

dim ®(Uy, 4,) = dim Uy, 4, — dim PGL5(C) = (<d1 4+ 4) - 1) <(d2:4> — 1> — 24,



3.4. Applications 59

where ® is the period map. As before, if (M, Dj;) is the Hodge sub-datum corresponding to the
fixator of a single Hodge vector in V = (R? J+Z) prim, then D)y is cut out in the full Mumford-Tate
domain D by h?0 equations, so, using Lemma 3.4.13, we obtain

. . di+dy—1 dy —1 dy — 1
dlmD_dlmDMSh270:<1 42 >_<14 >_<24 )

Then we see that the admissibility condition
dim ®(Uy, 4,) + dim Dyy —dim D > 0

reads

dy+4 do +4 di+dy—1 di —1 do — 1
-1 —-1)—24- >
() () )= (e ) (0= (B ) =0
which is clearly satisfied under the assumptions of the Proposition. We can thus conclude by
Theorem 3.3.2, as HL(Uy, 4,, V¥, M) C NL(d1, d2). O

3.4.4 Curves with non-simple Jacobian

Let g > 4 be an integer and consider the moduli space A, of principally polarized abelian varieties
of dimension g (see Appendix A for the construction). As explained in the Appendix, A, is a
Hodge variety for the Hodge datum (GSp,,,H,), where GSp,, denotes the general symplectic
group and H, the Siegel upper half-space.

To be precise, let also fix a level structure, so that we have a universal family f of principally
polarized abelian varieties over A, and we can consider the natural integral polarized variation
of Hodge structures given by R!f,Z.

Let V be a closed Hodge generic subvariety of A,;. The natural polarized Z-VHS V defined
on A, clearly induces by restriction a polarized Z-VHS on V, with period map the inclusion
V < Ay. Consider the strict Hodge sub-datum (GSpy x GSpy,_o, Hy x Hy_1) of (GSp,,, Hy),
which corresponds to the special subvariety A; x Ag_1 of A,.

Proposition 3.4.15. Let V be a closed Hodge generic subvariety of Ag of dimension d > g—1
and let V be the induced polarized Z-VHS on V. Then the Hodge locus of V' for V is analytically
dense. Moreover, if d > g, then the typical Hodge locus of V' for V is analytically dense.

Proof. Notice that we are in a situation where we can apply Theorem 3.3.2. Indeed, the generic
Mumford-Tate group of V restricted to V' is G = GSp,,, whose derived subgroup is Sp,,, which
is Q-simple. On the other hand, since V is not constant, the algebraic monodromy group H is a
non trivial connected normal subgroup of Sp,, by Theorem 2.7.5, therefore we must have

H = G = Sp,,.

Finally, notice that
dimV + dim(A; x Ag_1) —dim A, >0

for dimV > g — 1, hence we can conclude by Theorem 3.3.2. Furthermore, if dimV > g, the
above inequality is strict, so the Hodge sub-datum is strictly V-admissible, thus the density of
the typical Hodge locus follows from Theorem 3.3.13. O
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Now consider the moduli space M, of smooth projective curves of genus g. Denote by
JiMg—= A,

the Torelli map, associating to the isomorphism class of a curve C the class of its Jacobian J(C)
in A,;. By the classical Theorem of Torelli we have that j is injective (on geometric points).
Clearly, j induces an integral polarized variation of Hodge structures on M,.

Definition 3.4.16. The image j(M,) C A, is called open Torelli locus. Its Zariski closure in
Ay is called Torelli locus, denoted 7.

Remark 3.4.17. Notice that in our setting (g > 4), the Torelli locus is strictly contained in A,
by dimension counting and it is Hodge generic, namely 7, is not contained in any strict special
subvariety of A,. This is shown for instance in Moonen-Oort [38], Remark 4.5. The strategy
to prove this fact is the following. Choose a point ¢ € 7, which is Hodge generic with respect
to the restriction to the Torelli locus of the natural VHS on .4,. The image of the monodromy
representation

P 7T1(7;,t) - GL(V; ® Q)

is Zariski dense in the symplectic group Sp(V; ® Q), as follows from the discussion in Arbarello-
Cornalba-Griffiths [2], section 15.3. But then, the algebraic monodromy group of 7, is Sp,,,
so, by Theorem 2.7.5, the derived subgroup of the Mumford-Tate group of 7, contains Sp,,, so
MT(V; ® Q) must be the biggest possible, namely MT(V; ® Q) = GSp,,. Hence, t € T, is
Hodge generic with respect to the whole VHS defined on A,.

Proposition 3.4.18. The (typical) Hodge locus of M, for the polarized Z-VHS induced by j is
analytically dense in M.

Proof. This follows easily from Proposition 3.4.15 applied to the Torelli locus, keeping in mind
that M, has dimension 3¢g — 3, which is larger than ¢ in our setting (g > 4). O

Notice that this application of Theorem 3.3.2 actually gives a more precise information,
namely that the rational translates of A; x A,_; intersect the image of the Torelli map in a
dense subset. This is equivalent to the density of the family of curves in M, whose Jacobian
is isogenous to the product of an elliptic curve and an abelian variety of dimension g — 1. This
leads to the following question. Let 1 < k < g — 1 be an integer and consider

Dy, ={C € M, : J(C) contains an abelian subvariety of dimension k} C M,,

for which values of g and k is D, analytically dense in M7
In this direction, we can prove the following result, which was originally proven (with different
techniques) by Colombo-Pirola [19], Theorem 3.

Proposition 3.4.19. For g > 4 and 1 < k < 3, Dy, is analytically dense in M.

Proof. First of all notice that the condition of an abelian variety A containing a proper abelian
subvariety B of dimension k is equivalent to A being isogenous to the product of B with another
subvariety of A, as follows from Poincaré reducibility Theorem. In other words, Dy is in corre-
spondence with the set of intersections of the open Torelli locus with rational translates of the spe-
cial subvariety Ay, x A, of A,. Consider the Hodge sub-datum (GSpy;, x GSpy, oy, Hi xHy 1)
of (GSpy,, Hy), which corresponds to the special subvariety Ay x A,y . Then the admissibility
condition of this sub-datum with respect to the restriction to the Torelli locus of the natural
VHS on A,
dim Mgy + dim(Ag x Ag_y) —dim Ay, >0
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gives
k(k+1 —-k)(g—k+1 +1

which simplifies to
(B—k)g+k*—=3>0

which is clearly satisfied under the assumptions of the Proposition. Hence, the rational translates
of A x Ag_, intersect the Torelli locus in an analytically dense subset, from which we have the
density of Dy in M,. O

Remark 3.4.20. Notice that if & > 4 the admissibility condition of the Hodge sub-datum
2
(GSpyy, X GSpyy_op, Hi x Hy—x) only holds for genus not too high, namely for g < kk—:;’
In this case we still have density of Dy.
2
On the contrary, if g > %, then we have no unconditional result, unfortunately. However,

in this case, the inequality
dim M, + dim(Ag x Ag_) —dimA, <0

forces all intersections of the Torelli locus with rational translates of A x Ay_j to be atypical,
hence we expect by Conjecture 3.1.8 that Dy, is not dense in M,,.






Appendix A

Hodge structures of type (1,0),(0,1)
and abelian varieties

In this Appendix, we will construct the period domain of polarized Hodge structures of type
(1,0),(0,1) and its associated Hodge variety. We will start by underlining the relationship
between such Hodge structures and complex abelian varieties. For a detailed study of complex
abelian varieties and of their moduli spaces we refer to Birkenhake-Lange [12].

Recall that a complex torus is a compact complex manifold of the form V/A, where V is a
finite dimensional complex vector space and A is a lattice in V. A complex abelian variety is a
complex torus 7" which admits a holomorphic embedding in the projective space, which gives by
Chow’s Theorem an isomorphism of 7" onto a smooth projective algebraic variety. An abelian
variety together with such a projective embedding is called polarized abelian variety.

Recall now that the (co)homology in degree 1 of a complex torus T'= V/A is simple: indeed
we have the natural identification A & H;(X,Z). Moreover, T is a compact Kahler manifold,
hence we have a Hodge structure of weight 1

HY(T,Z)® C = H'(T,C) = H**(T) & H*\(T)

and H'O(T) identifies with the dual V*. Indeed the holomorphic cotangent bundle of T is
trivial and globally generated by the complex linear forms on V, seen as holomorphic forms on
V invariant under A. The key fact to notice now is that 7" is determined by the Hodge structure
on HY(T,Z). Indeed, given the Hodge decomposition on H!(T,C), we can reconstruct the torus
as

T=(H")*/HYT,Z)".

Clearly, this also shows that whenever we have an integral Hodge structure of type (1,0),(0,1)
on a lattice A, namely

A ® C = Hl,O D Ho’l,
the quotient T'= H?/A is a complex torus whose associated Hodge structure on H'(T,Z) is
dual to the given one. We thus have proven the following:

Proposition A.1. There is an equivalence of categories between the category of Hodge structures
of type (1,0), (0,1) on a free abelian group of rank 2g and the category of complex tori of dimension
g.

Remark A.2. A perhaps more intrinsic point of view on this equivalence is the following. If Hy
is a free abelian group of rank 2g, then a Hodge structure of type (1,0), (0,1) on Hz corresponds

63
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to a complex structure on the real vector space Hr = Hz ® R, namely to an endomorphism J
of Hg such that J? = —id. Indeed, such a complex structure is uniquely determined by the
eigenspaces of +i of the C-linear extension of J to Hc = Hr ® C, hence by a decomposition
He = HYY @ HO' where H'0 = H91, On the other hand, a complex torus can be described
exactly as a quotient Hg/Hz, seen as a differentiable manifold, together with a complex structure
on Hp, which automatically gives an integrable almost complex structure on this differentiable
manifold. However, one has to keep in mind that this complex structure is dual to the Hodge
structure on the first cohomology group of the torus. A usual convention in the literature is thus
to refer to this Hodge structure as being of type (—1,0), (0, —1).

Now we need to understand what happens if the Hodge structure is polarized.

Proposition A.3. There is an equivalence of categories between the category of polarized Hodge
structures of type (1,0),(0,1) on a free abelian group of rank 2g and the category of polarized
complex abelian varieties of dimension g.

Proof. In view of the previous Proposition it is enough to show that, for a free abelian group A,
a polarization @ on the Hodge structure

A®C=H""o H"

is equivalent to the datum of a projective embedding of the complex torus T = H?/A.
Such a polarization @ is an alternating bilinear form on A, hence an element of

2 2
N\A = \H(T.2) = H*(T,Z),

namely the cohomology class of a 2-form wg on 7' lying the integral cohomology of T'. We claim
that the defining properties of a polarization force this form wg to be an integral Kéhler form
on T. Then wg induces a projective embedding of T' by one of the equivalent ways of stating
Kodaira’s embedding Theorem (see for instance Huybrechts [31], Proposition 5.3.1 and Corollary
5.3.3).

Recall that the decomposition A ® C = H''° @ H%! is exactly the decomposition associated
with the complex structure on the tangent space of I'. The form wg is constant hence clearly
closed, thus we are left to check that it is positive and of type (1,1). Both these properties
follows from the Hodge-Riemann bilinear relations that () satisfies since it is a polarization. In
particular, the first Hodge-Riemann relation, namely the orthogonality of Hodge decomposition
with respect to the hermitian form defined by h(v,u) = iQ(v, @), implies that

Q(v,v") = 0 for all v,v" being both in A or H*!,

hence the 2-form wg vanishes on H? x HY0 and H®! x H%!. Thus wq is of type (1,1).
Furthermore, the second Hodge-Riemann relation, namely the positivity of h on H'?, implies
that wg is positive, so we are done. O

We can construct now the period domain D of polarized Hodge structures of type (1,0), (0,1).
To do so, let us fix a free abelian group Hyz, the Hodge number ¢ = dim H'° and a polarization
Q. In an appropriate basis of Hz, the matrix representing ¢ has form

(=)
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where M is a diagonal matrix. We will work here under the assumption that M can be chosen to
be the identity matrix, namely we will work with a principal polarization. So, let {67,77}1<;<,
be a basis for Hy, for which ) has matrix

0 |7

-110

where I denotes the identity matrix. Let {w; }1<i<, be a basis of H"? as complex vector space.
Let us write the change of basis as

w; = ZAij(sj + ZBij'Yj

and consider the g x 2g matrix P = (A|B).

The period domain D is of course a subset of the Grassmannians of g-dimensional subspaces
of H¢. Let us show how the Hodge-Riemann bilinear relations for ) impose restrictions on such
subspaces by describing the conditions that are induced on the matrix P.

Lemma A.4. The g X g matriz A is non singular.

Proof. Pick a non zero vector v € H'? and consider its coordinates in the basis {w; };, namely
v =" 7_, vswg. Then, we can write

v = Z ’UkAkj(Sj + Z UkBkj’yj.
k,j k.j
The (second) Hodge-Riemann relation gives iQ(v,v) > 0, which reads in basis {67,747}
’LZ(U}CQTZAM?ZJ — kaTBijTj) > 0.
gkl
So, if we consider the matrix M defined by
My =i (AgBiyj — BrjAy),
J

or, equivalently,
M =i(AB* — BA")

where B* denotes the Hermitian conjugate of B, we get that M is positive definite. This allows
to conclude that A is non singular. Indeed, if there exists a non zero v € H'? such that ‘vA = 0,
then A*D = 0, so ‘v Mv = 0, contradicting the positivity of M. O

As a consequence of this Lemma we can bring the matrix P in the normalized form P = (I|Z2),
with Z € M,(C), still parametrizing the same subspace H of Hc.

Lemma A.5. With notations as above, we have that Z is a complex symmetric matriz with
positive definite imaginary part.

Proof. We need to use the first Hodge-Riemann relation, namely the fact that the decomposition
He = HY° @ H%! is orthogonal with respect to the hermitian form h associated to Q. This
means that for all v € H9 and u € H%' one must have

h(v,u) =iQ(v,w) =0
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or, equivalently, for all couple of vectors v,v’ € H'°

Q(v,v") = 0.

Once we have changed basis in order to bring P to the normalized form (I]Z) this relation is
equivalent to

Z(vkvalk — vkvakl) = tU(Z - tZ)U/ =0.

k.l
Hence, Z is symmetric. Then, the claim that its imaginary part is positive definite is exactly the
fact that the matrix M defined in the previous proof is positive definite, once the construction
of M is done with the normalized form of P, namely with A =1 and B = Z. O

Now, clearly Z determines uniquely the g-dimensional subspace H':* of Hc in a way so that
He = HY @ H''O is a Hodge structure polarized by Q. But recall that we began by choosing
a basis of the lattice Hz, or equivalenty by fixing an isomorphism Z29 = Hj. This is what is
usually called a marking of the Hodge structure. So, the above argument proves the following:

Proposition A.6. The period domain classifying marked Hodge structures of type (1,0),(0,1)
on a free abelian group of rank 2g with a principal polarization Q is the space

H, = {Z € M,(C) : Z symmetric with positive definite imaginary part}
which is usually called Siegel upper half-space.

Let us now give a group theoretic description of the Siegel upper half-space, giving a concrete
instance of Theorem 2.6.2. To do so, notice that we have a natural action of Sp(2¢,R) on Hj.

Lemma A.7. The group Sp(2¢,R) acts on H, by

M(Z) = <%‘%) .7 = (AZ + B)(CZ + D)~*

for each matriz M = ( é, g ) € Sp(2¢,R).

Proof. First of all notice that the condition
‘Al'C 0 |I A|B\_ (0 |I
'B|'D 110 clD) \-I]0

implies that "AC and ‘BD are symmetric and "AD —'CB = I. Applying these identities we
obtain

CZ+D)(AZ + B)— (AZ+ BY(CZ + D) = Z — Z = 2ilm(Z).

Since the imaginary part of Z € Hj is positive definite, this implies that CZ + D is invertible,
so the action is well defined. It remains to check that M(Z) € Hy. The same relations at the
beginning of the proof give

NCZ+D)M(Z)-"(M(Z))(CZ+D)=2-'Z=0,
so M(Z) is symmetric. Similarly,
"(CZ + D)Im(M(2))(CZ + D) = Im(Z),

thus M (Z) has positive definite imaginary part. O
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Proposition A.8. One has
Hy = Sp(29,R)/U(g).

Proof. Let us start by showing that the action of Sp(2¢,R) on Hj is transitive. Let Z € H, and

write Z = X +iY, with ¥ symmetric and positive definite. Then there exists A € GL4(R) such
that Y = A -'A. Consider the matrix

- (ae)
()= (),

NGl =X +iA'A=2Z.

Clearly we have

so N € Sp(2g,R). Moreover

Hence the action is transitive.

Let us now compute the stabilizer of i/ € H,. Let M = ( é, g ) € Sp(2g,R). M stabilizes

il if and only if (iA + B)(iC' + D)~ =4I, hence if and only if (A — iB)(D + iC)~! = I, which

gives
A=D
B=-C

Furthermore, it’s easy to check that the condition

(i) (Zrte) (645 - (5ri)

implies that the inverse of M is given by

Therefore, the stabilizer of iI consists precisely of those matrices M in Sp(2g,R) that have form

A | B Co
(_43‘7> and this implies that

M= < té JAB > — ML

Hence the stabilizer of ¢I is Sp(2g, R)NO(2g,R), which identifies with the unitary group U(g) via
> to A+iB. We can conclude that H, = Sp(2¢,R)/U(g).
0

. . A | B

the map sending a matrix ( 5 TA
Notice that, by Proposition A.3, parametrizing marked Hodge structures of type (1,0), (0,1)

on a lattice of rank 2g with a principal polarization @) is the same as parametrizing g-dimensional
principally polarized abelian varieties A together with a marking of the first cohomology group

H'(A,Z), or, equivalently, of the first homology group. If we want a classifying space which does
not keep the datum of such a marking we just need to quotient by the group which permutes
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the markings, namely Sp(2g,Z). We thus have obtained that the moduli space of principally
polarized abelian varieties (parametrizing their isomorphism classes) is

Ag = Sp(2g, Z)\H, = Sp(29,Z)\Sp(29,R) /U (g)-
Finally notice that, since Hy is open in the space of symmetric g x g matrices, we have

glg +1)

dim A, = dimHy = 5

Remark A.9. Once again, we can give a more intrinsic point of view on the construction of H,
and A,. Indeed, as we have already shown, a Hodge structure of type (1,0),(0,1) on Hyz is
equivalent to the datum of a complex structure on Hr. Moreover the defining properties of a
polarization impose the following restrictions on the complex structure.

Lemma A.10. Let us fix a free abelian group Hyz of rank 2g and a symplectic form @Q on it.
Then Q is a polarization for the Hodge structure associated with a complex structure J on Hg if
and only if:

1) J*Q = Q, that is Q(Jv, Ju) = Q(v,u) for all v,u € Hy,
2) the bilinear form defined by g5(v,u) = Q(Jv,u) is positive definite.

Proof. Assume that @ is a polarization. Let v,u be arbitrary vectors in Hg and write their
decomposition with respect to He = H"0 @ H%! as

v = Ul,O + ,UO,l’ u = ul,O —|—U0’1.

Recall that in the Hodge structure associated with J, H':? (resp. H%!) is the eigenspace of the
complex linear extension of J, that we will still denote J, with respect to the the eigenvalue 14
(resp. —i). Then, using the fact that @ vanishes on H'? x H1.0 and H! x H%! by the first
Hodge-Riemann relation, we obtain

Q(Jv, Ju) = Q(iv" Y, —iu®) + Q(—iv", iu'?) = Q(v, u).
Notice that this property implies that g; is symmetric, since
05(0,u) = Q(Jv,u) = Q(~v, Ju) = Q(Ju,v) = g (u,v).
Moreover, keeping the same notations and using the second Hodge-Riemann relation, we get
g7(v,v) = Q(Jv,v) = Q(iv"?,v") + Q(—iv”! v10) = 2iQ(v! Y, ") > 0, (A1)

S0 gy is positive definite.
Conversely, assume that conditions (1) and (2) hold. Then for each couple of vectors v, v’
both lying in the same eigenspace of J we have

Qv,v") = Q(Jv, Jv') = —Q(v,v")

which implies the first Hodge-Riemann relation for ). The second Hodge-Riemann relation
follows directly from the computation (A.1). O
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In view of the previous Lemma we can equivalently define the Siegel upper half-space,
parametrizing Hodge structures of type (1,0), (0,1) on Hyz polarized by @, as

G&(Hg, Q) = {J € End(Hg) : J* = —id, J*Q = Q, g; positive definite}.

From this point of view it also clear the group theoretic description of &G(Hg, Q).

Indeed, let us check that the action by conjugation of the symplectic group Sp(Hg, Q@) on
S(Hg, Q) is transitive. First, notice that if J € &(Hg, Q), then hy(v,u) = gs(v,u) —iQ(v,u) is
a positive definite hermitian form on the vector space Hg together with the complex structure J,
which can thus be seen as a complex vector space. Now, let J, J' € &(Hg, Q) and let {w;}; (resp.
{w}};) be a hy-unitary (resp. hy-unitary) basis for (Hg,J) (resp. (Hg,J’)). Then, p(w;) = w;
defines a complex isometry (Hg,J) — (Hg,J’). Its underlying morphism ¢ at the level of real
vector spaces satisfies

¢*'Q = —¢"(Im(hy)) = —Im(hy) = Q,

so p € Sp(Hg, Q). Moreover, looking at the real parts of hy, hj/, we see that ¢*h; = h; implies

QI (¢(v)), o(u)) = Q(Jv,u) = Q(p(J(v)), p(u)),

thus ¢J = J', proving that the action by conjugation is transitive.
Furthermore, if ¢ € Sp(Hg, @), we have

hi(p(v),0(w) = g (p(v), o(u)) —iQ(p(v), p(w)) = Q(Je(v), p(u)) — iQ(v, u),

thus p*h; = hy if and only if o~ 1Jp = J. Therefore, the stabilizer of a given complex structure .J
in the Siegel upper half-space is exactly the unitary group U((Hg, J), hs). Thus we can conclude

S(Hr, Q) = Sp(Hg, Q)/U((Hr, J), hs).

Remark A.11. As we have already briefly mentioned, this Hodge variety Sp(2g, Z)\H, represents
a very peculiar case. Indeed, the quotient D = G/K of a non-compact simple (real) Lie group
modulo a maximal compact subgroup is a symmetric space, namely it carries a G-invariant
Riemannian metric and at each point p € D there is an isometry i, fixing p and acting as —id
on the tangent space. This is the case for U(g) inside Sp(2g,R), so the Siegel upper half-space
is a Hermitian symmetric space, that is a symmetric space which has a compatible structure of
complex manifold. Then, by a Theorem of Baily-Borel [4], the quotient Sp(2g,Z)\H, has the
structure of a quasi-projective variety.

Let us again remark that this is a very special case, as for Hodge structures of higher weights,
a Hodge variety T'\ D is in general not the analytification of an algebraic variety.

Let us end this Appendix by having a look at Mumford-Tate groups associated with polarized
Hodge structures of type (1,0), (0,1).

Let p : S — GL(Hg) be the representation of the Deligne torus that is associated with a
Hodge structure of type (1,0), (0, 1) polarized by an alternating bilinear form @. Recall from the
proof of Proposition 1.2.7 that, in our convention, p(z) acts on the subspace H?-? by multiplica-
tion by 2Pz~ 9, hence in our case p is defined as

p(Z)(’U) _ 271,01,0 +§71’UO’1,

where, as usual, v = v1? 4+ v%! is the decomposition of a vector v € Hy with respect to the
decomposition He = H" @ HO!.

We claim that the Hodge group Hg(p) is contained in the symplectic group Spy,, seen as
algebraic group over Q. To show this it is enough to check that the image of the subgroup
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SY(R) = {z € C: 2z = 1} under the morphism p (at the level of R-valued points) is contained in
the group Sp(2g,R). So, let z € S}(R). For v,u € Hg we have

Qo(2)v, pl2)u) = Q(20M0 + 200 70 4 zud)
— QM 2u0Y) + Q20" 7u0)
= 2z2Q(v,u)
= Q(v,u)

thus Hg(p)(R) C Sp(2g, R).

An analogous computation shows that the Mumford-Tate group of p is contained in the gen-
eral symplectic group GSp,,, seen as algebraic group over Q, that is the group of automorphisms
of Hg that respect the form ) up to a non zero scalar. In other words

GSp,, = Gy - Spy;

from which it is clear that GSp,, is a reductive group, by Proposition B.8.

For a generic abelian variety A, the Mumford-Tate group associated with the Hodge decom-
position on the first cohomology group of A is the biggest possible, namely GSp,, and the Siegel
upper half-space H, can be seen, as we have discussed, as the Mumford-Tate domain associated
to GSpy,,.

The main way to detect abelian varieties A with smaller Mumford-Tate group, namely those
lying in the Hodge locus of Ay, is to look at the endomorphism algebra of A. Let End(A) be the
endomorphism ring of an abelian variety A and denote by D(A) its associated endomorphism
algebra, namely D(A) = End(A) ® Q. By proposition A.3 we have

D(A) = EndQ_Hs (171(147 Q)),

where the right hand side denotes the QQ-algebra of endomorphisms of the Hodge structure on
H'(A,Q), in the sense of Definition 1.2.3. On the other hand, Endg_ns(H'(A,Q)) is exactly
the set of (rational) Hodge classes on the rational vector space End(H'(4,Q)) carrying the
Hodge structure induced from that on H'(A4,Q). Hence, putting together the above equality
and Proposition 1.3.4 we get

D(A) = End(H'(4,Q))MT

where MT(A) denotes the Mumford-Tate group of the Hodge structure on H'(A4, Q). So, it is
clear that the Mumford-Tate group shrinks when the abelian variety A has exceptional endo-
morphisms.

If FE is an elliptic curve the situation is simple. Indeed, there are only two possibilities:
either D(E) = Q or it is a quadratic imaginary field, in which case E is said to have complez
multiplication.

Proposition A.12. Let E be a complex elliptic curve with endomorphism algebra D. If D = Q,
then MT(E) = GLy; if D is an imaginary quadratic field k, then MT(E) is the torus Tk.

Proof. Notice that Sp, = SLs and the general symplectic group GSp, is just GLy. By Proposi-
tion 1.3.5, the Mumford-Tate group of F is a connected reductive subgroup M of GL, containing
G, - id. The only such subgroups of GL5 are the multiplicative group G,, - id, maximal tori of
GL; and GL; itself. In the first two cases the subspace of endomorphisms of H(E, Q) that are
fixed by M is clearly bigger that Q, hence, keeping in mind that

D(E) = End(H' (E,Q)™,
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we obtain that D = Q implies MT(E) = GLs.

If D is an imaginary quadratic field k, then H'(A, Q) is free of rank 1 over D and MT(E) C
T}y, where we see the torus T} as a Q-algebraic group, namely its functor of points sends any
Q-algebra R to the group of units (R ®g k)*. The possibility MT(E) = G, is again ruled out
since in this case we would have D = End(H!(E, Q)), which is a contradiction, as End(H*(E, Q))
is not commutative. Hence the Mumford-Tate group of F is the torus T}. O






Appendix B

Reductive groups

In this Appendix we collect some very basic facts about reductive groups, which we have used
throughout the thesis. The theory of reductive groups is extremely rich, while this collection will
be limited to the little part that we have actually used in this work and has no aim of providing
a comprehensive introduction to this theory. We refer to Borel [13], Humphreys [30] and Milne
[36] for introductions to this theory as well as for some basic facts on algebraic groups, which we
assume the reader to be already familiar with.

Recall that a group scheme is a scheme whose functor of points factors through the category
of groups. If k is a field, which we will assume being of characteristic zero throughout this
Appendix, an algebraic group over k is a group scheme which is an algebraic variety over k,
namely a reduced separated scheme of finite type over Spec(k). For our aims, we could actually
restrict our attention to linear algebraic groups, which are closed subgroups of the general linear
group GL(V'), for some k-vector space V.

Remark B.1. Among the notions that have to be translated from abstract group theory to the
theory of algebraic groups, the one of quotient requires particular attention. Indeed, if G is an
algebraic group over k and H is a normal subgroup, the functor on k-algebras which takes such
an algebra R to the quotient G(R)/H(R) taken in the category of groups, is not necessarily a
sheaf. Thus, it is not trivial to define a quotient G/H in the sense of algebraic groups.

A modern perspective to solve this problem is considering the sheafification of that functor
with respect to the fppf (faithfully flat, finitely presented) topology.

A more classical point of view is enough for us. If H is any closed subgroup of G, then one
can show that there exists a (unique up to isomorphism) separated scheme X together with a
morphism of schemes 7 : G — X such that:

1) for all k-algebras R, the non empty fibers of 7(R) : G(R) — X (R) are the cosets of H(R)
in G(R),

2) each element of X (R) lifts to an element of G(R') for some faithfully flat R-algebra R'.

Such a scheme X has the natural universal property of a quotient, namey every morphism
G — X’ which is constant on the cosets of H(R) in G(R) for all k-algebras R, factors uniquely
through .

Moreover, if H is a normal subgroup, then X has the structure of an algebraic group. We
refer to Milne [36] (Chapter 5, section c) for details.

Once we have an appropriate notion of quotients of algebraic groups we can give the following
definitions.

73
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Definition B.2. Let G be a connected algebraic group over k.

1) The radical of G is the largest connected normal solvable subgroup of G.

2) The unipotent radical of G is the subgroup of unipotent elements of the radical of G.
Definition B.3. Let G be a connected algebraic group over k. We say that G is

1) k-simple if it does not have non-trivial normal connected algebraic subgroups,

2) semisimple if its radical is trivial,

3) reductive if its unipotent radical is trivial.

Remark B.4. Notice that in general one would need to consider the geometric (unipotent) radical,
namely the (unipotent) radical of the base change of G to an algebraic closure of k, in order to
give the previous definition. However, the formation of the (unipotent) radical commutes with
base change along separable field extensions (see Milne [36], Proposition 19.1 and 19.9), so in
our case, where k is assumed to have characteristic zero, it is enough to consider the (unipotent)
radical over k.

Proposition B.5. A semisimple algebraic group G is the almost direct product G = Gy --- Gy,
of its k-simple normal algebraic subgroups, namely the multiplication map

m:G; x---xG, -G
1s flat, surjective and has finite kernel.
Proof. See Milne [36], Theorem 21.51. O

We have the following useful criterion for reductive groups, for which we refer to Milne [36],
Proposition 19.17.

Proposition B.6. If a connected algebraic group over k admits a faithful semi-simple represen-
tation, then it is reductive.

Definition B.7. Let G be a connected algebraic group.
1) The adjoint group G*4 of G is the quotient G/Z(G) of G modulo its center.

2) The derived subgroup G of G is the intersection of the normal subgroups N of G such
that the quotient G/N is abelian.

Proposition B.8. A connected algebraic group G over k is reductive if and only if it is the
almost direct product of a torus and a semisimple group. In this case, these groups can be given
by the identity connected component of the center Z(G) of G and the derived subgroup GI*. In
particular, if G is reductive, then its derived subgroup and adjoint group are semisimple.

Proof. See Milne [36] (Proposition 21.60) and Borel [13] (section 14.2). O

Example B.9. The algebraic groups GL,,, SO,,, Sp,,,, defined over k, are reductive.
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