Hodge loci and atypical intersections:
conjectures

Bruno Klingler

Abstract. We present a conjecture on the geometry of the Hodge locus of
a (graded polarizable, admissible) variation of mixed Hodge structures
over a complex smooth quasi-projective base, generalizing to this context
the Zilber—Pink conjecture for mixed Shimura varieties (in particular the
André-Oort conjecture).
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1. Introduction: Hodge locus, atypical locus and main
conjecture

1.1. Hodge locus

The general context of this paper is the study of the following geometric
problem. Let k be an algebraically closed field and let f: X — S be a smooth
morphism of quasi-projective k-varieties. Can we describe the locus of closed
points s € S where the motive [X;] of the fiber X, is “simpler” than the
motive of the fiber at a very general point? Here “simpler” means that the
fiber X5 and its powers contain more algebraic cycles than the very general
fiber and its powers. If a Tannakian formalism of k-motives were available,
this would be equivalent to saying that the motivic Galois group GMot(X)
is smaller than the motivic Galois group of the very general fiber.

We restrict ourselves to £k = C. From now on all algebraic varieties
are over C. Following a common abuse of notation we will still denote by S
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the complex analytic space S®" associated with an algebraic variety S; the
meaning will be clear from the context. By a point of S we always understand
a closed point.

We consider the Hodge incarnation of our problem. Let V — S be a
variation of mixed Hodge structures (VMHS) over a smooth quasi-projective
variety S. In this introduction we will consider QVMHS (we will restrict our-
selves to ZVMHS when monodromy arguments are involved, as it simplifies
the exposition). The weight filtration on V is denoted by W, and the Hodge
filtration on V ®g Og by F'*. In this paper all such variations are assumed
to be graded-polarizable and admissible. A typical example of such a gad-
get is V= R™f,Q for f: X — S smooth algebraic, locally trivial for the
usual topology. Precise definitions of Hodge theory are recalled in Section
The non-expert reader will think of the case of a (polarizable) variation of
pure Hodge structures (corresponding geometrically to the case where f is
moreover proper).

Replacing algebraic cycles by Hodge classes and motivated by the Hodge
conjecture, one wants to understand the Hodge locus HL(S, V) C S, namely
the subset of S of points s for which exceptional Hodge tensors for Vg occur.

The Tannakian formalism available for Hodge structures is particularly
useful for describing HL(S, V). We recall it here, as it will be crucial for the
statement of our main conjecture. For every s € .S, the Mumford—Tate group
P, (V) of the Hodge structure V is the Tannakian group of the Tannakian
category (V€) of mixed Q-Hodge structures tensorially generated by V, and
its dual VY. Equivalently, the group P, (V) is the stabiliser of the Hodge ten-
sors for Vy, i.e. the Hodge classes in the rational Hodge structures tensorially
generated by V, and its dual. This is a connected Q-algebraic group, which is
reductive if V; is pure, and an extension of the reductive group Py (Ger V) by
a unipotent group in general (where W denotes the weight filtration on V).
A point s € S is said to be Hodge generic for V if P4(V) is maximal. If S
is irreducible, two Hodge generic points of S have the same Mumford-Tate
group, called the generic Mumford-Tate group Pg(V) of (S,V). The Hodge
locus HL(S, V) is the subset of points of S which are not Hodge generic.

A fundamental result of Cattani-Deligne-Kaplan [§] (in the pure case,
extended to the mixed case in [6]) states that HL(S, V) is a countable union
of closed irreducible algebraic subvarieties of S. A special subvariety of (S,V)
is by definition an irreducible subvariety of S maximal among the irreducible
subvarieties with a fixed generic Mumford-Tate group. Special subvarieties
of dimension zero are called special points of (S, V). A special point s whose
Mumford-Tate group P¢(V) is a torus is called a point with complex multi-
plication (CM-point) for (S, V).

In a nutshell, we would like to address the following vaguely stated
Question 1.1. Given a smooth quasi projective variety S, any variation of

mixed Hodge structures V — S produces naturally a countable collection of
irreducible subvarieties of S: its special subvarieties. Can one describe the
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distribution of the special subvarieties strictly contained in S, in particular
of the CM-points?

1.2. Zariski-closure of the Hodge locus

A first precise version of Question[1.1{would be to describe the Zariski-closure
of HL(S,V), in particular to answer the following

Question 1.2. Are there any geometric constraints on the Zariski-closure
of HL(S,V)? Can one describe the couples (S,V) such that HL(S,V) is

Zariski-dense in S ?

Particular cases of this problem have been classically considered by com-
plex algebraic geometers, essentially when V is pure of weight 1 or 2, and using
infinitesimal methods which lead to density results even for the Archimedean
topology:

Ezample 1.3 (V pure of weight 1). When V is pure of weight 1 (and hence
we are essentially considering families of Abelian varieties), Question has
been raised in a particular case in [I1] and [21]. A typical result is the fol-
lowing. Let S C A, be a subvariety of codimension at most g of the moduli
space Ay of principally polarized Abelian varieties of dimension g. Then the
set Sy of points s € S such that the corresponding Abelian variety As admits
an Abelian subvariety of dimension & is dense (for the Archimedean topology)
in S for any integer k between 1 and g — 1. Let V be the VHS restriction to S
of the Hodge incarnation R' f.Q of the universal Abelian variety f: 2, — A,
over A,. As S C HL(S,V) it follows that the set HL(S,V) is dense in S.
More generally let (G, X) be a pure Shimura datum, Shi (G, X) an associ-
ated Shimura variety, H C G a Q-reductive subgroup and S C Shg (G, X)
an algebraic subvariety. Let V — S be the restriction to S of the variation of
pure Hodge structures on Shx (G, X) associated with any faithful algebraic
representation of G. Denote by HL(S,V,H) C HL(S, V) the subset of points
s € S whose Mumford-Tate group P4(V) is G(Q)-conjugated to H. In [9]
Chai defines an invariant ¢(G, X,H) € N, whose value is g in the example
above, which has the property that HL(S,V,H) is dense in S as soon as S
has codimension at most ¢(G, X, H) in Shg (G, X).

Ezample 1.4 (V pure of weight 2: Noether—Lefschetz locus). Consider the
open subvariety S C PH?(P2,O(d)) parametrising smooth surfaces of de-
gree d in PZ. For d > 3, the classical Noether theorem states that the very
general surface Y € S has Picard group Z: every curve on Y is a complete
intersection of Y with another surface in PZ. The countable union NL(S) of
algebraic subvarieties of S corresponding to surfaces with bigger Picard group
is called the Noether-Lefchetz locus of S. Let V — S be the VHS R?f,Q,
where f: Y — S denotes the universal family. Clearly NL(S) C HL(S,V).
In [I0] Ciliberto, Harris and Miranda proved that NL(S) is Zariski-dense in
S. Green (see [35, Prop. 5.20]) proved the stronger result that NL(.S) is dense
in S for the Archimedean topology. In particular HL(S, V) is dense in S.
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Examples and indicate that special subvarieties for (S,V) are
quite common in general. Even if they have a Hodge theoretic significance,
they are not special enough to force any global shape for the Zariski-closure of
HL(S,V). Hence we cannot expect a naive answer to the naive Question

1.3. Atypical locus

In this note we define a natural subset Suiyp(V) C HL(S,V): the atypical
locus of (S,V). While the Zariski-closure of HL(S, V) can be wild, we con-
jecture (Main Conjecture that the structure of Sagyp(V) is simple. This
generalizes the Zilber—Pink Conjecture for Shimura varieties to any (graded-
polarized, admissible) QVMHS over any smooth quasi-projective base.

1.3.1. Hodge codimension. The crucial notion for defining the atypical locus
Satyp(V) C S is the notion of Hodge codimension:

Definition 1.5 (Hodge codimension). Let S be an irreducible quasi-projective
variety and V — S a variation of mixed Hodge structures on the smooth
locus S of S. Let Pg be the generic Mumford-Tate group of (S5 ,V)
and pg its Lie algebra (endowed with its canonical mixed Q-Hodge structure,
of weight < 0). Define the Hodge codimension of S with respect to V as
H-cd(S,V) := dime(Gry' (ps ®g C)) — rkImV,

where V: TS — Grp'(WoEndV ®q Og) is the Kodaira-Spencer map
of (S, V) (see Section [2.5)).

Remark 1.6. Tt follows from Definition[L.5|that if Y C Y’ C S is a pair of irre-
ducible subvarieties and if Py = P then H-cd(Y”, V}y/sm) < H-cd(Y, V}yem).

1.3.2. Atypical subvarieties.

Definition 1.7 (Atypical subvariety). Let S be an irreducible smooth quasi-
projective variety and V — S a variation of mixed Hodge structures on S.
An irreducible subvariety Y C S is said to be atypical for (S,V) if

H—Cd(if7 V‘Ysm) < H—Cd(S, V) (11)

We denote by Satyp(V) C S the subset of S given by the union of all
atypical subvarieties for (S,V).

One easily checks that Sagyp(V) is contained in HL(S, V) (Remark [4.4)).

1.4. Optimal subvarieties
Let us introduce a notion cunningly different from atypicality:

Definition 1.8 (Optimal subvariety). Let S be an irreducible smooth quasi-
projective variety and V — S a variation of mixed Hodge structures on S. An
irreducible subvariety Y C S is said to be optimal for (S,V) if, for any irre-
ducible subvariety Y ; Y’ C S containing Y strictly, the following inequality
holds:

H-cd(Y, V}yem) < H-cd(Y', V}yrem). (1.2)



6 B. Klingler

Notice that if Y C S is optimal for (S,V) then Y is atypical for (S, V)
and that, conversely, any irreducible Y C S which is atypical for (S,V) and
maximal for this property is optimal for (S,V).

1.5. Statements of the main conjecture

We have seen in Section that the Zariski-closure of the Hodge locus
HL(S,V) can be complicated. The main object of this text is to present the
following conjectures (shown in Section [5| to be equivalent), which predict
that the subset Sagyp(V) of HL(S,V) on the contrary has a simple geometry
(or equivalently that optimal subvarieties are rare):

Conjecture 1.9 (Main conjecture, form 1). For any irreducible smooth quasi-
projective variety S endowed with a variation of mired Hodge structures
V — S, the subset Satyp(V) is a finite union of special subvarieties of S.

Conjecture 1.10 (Main conjecture, form 2). For any irreducible smooth quasi-
projective variety S endowed with a variation of mized Hodge structures
V — 5, the subset Satyp(V) is a strict algebraic subset of S.

Conjecture 1.11 (Main conjecture, form 3). For any irreducible smooth quasi-
projective variety S endowed with a variation of mired Hodge structures
V — S, the subset Satyp(V) is not Zariski-dense in S.

Conjecture 1.12 (Main conjecture, form 4). Any irreducible smooth quasi-
projective variety S endowed with a variation of mired Hodge structures
V — S contains only finitely many irreducible subvarieties optimal for (S,V).

1.6. Organization of the paper

This note is organized as follows. Section [2| provides a recollection on mixed
Hodge theory for the non-expert. Section [3|defines the notion of mixed Hodge
varieties (a generalization in the complex analytic category of mixed Shimura
varieties) and the corresponding period maps. Although most of the material
in this section reorganizes classical results, our treatment is resolutely “group-
oriented”: Deligne’s formalism of Shimura data (and its generalisation to
Hodge data) seems to offer an unrivaled functorial setting for Hodge theory.
Section ] explains Conjecture[I.9)in terms of the geometry of period maps and
atypical intersections in the sense of [36]. In Sectionwe prove the equivalence
of Conjectures[I.9} [[.10} [[.1T] and [[.12] and explain the relation between these
conjectures and more classical statements like the Zilber—Pink conjecture
for Shimura varieties (and its particular case the André-Oort conjecture).
Section [f] details the simplest example of Conjecture [I.9] outside the world
of Shimura varieties: the case of Calabi—Yau 3-folds. Section [l describes the
relation between Conjecture[1.9]and a functional transcendence statement of
Ax—Schanuel type for period maps (Conjecture .
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2. Mixed Hodge theory

2.1. Deligne torus

The Deligne torus is the restriction of scalars S := Resc/rGm. So Sc is
canonically isomorphic to G ¢ X Gm,c but the action of complex conjugation
on Sc is given by the usual one twisted by the exchange of the two factors.
In particular S(R) = C* C S(C) = C* x C* consists of the points of the
form (z,%).

Let w: G, g — S be the cocharacter whose value on real points is given
by R* C C*. We define the cocharacter : G, c — Sc to be the unique
cocharacter such that Z o p is trivial and z o u = Id € End (Gu,c), where z
and Z are the two characters of S generating its character group such that the
induced maps on points C* = S(R) € S(C) — G,,,(C) = C* are the identity,
resp. complex conjugation. On C-points, identifying S(C) = C* x C*, we have
p: C* — C* x C* given by w — (w, 1).

2.2. Pure Hodge structures

We denote by R one of the rings Z, Q, R. Given an R-module V we write
Ve =V ®gRand Ve :=V ®gC.

A pure R-Hodge structure (resp. of weight n € Z) is a Noetherian
R-module V together with a morphism of algebraic groups ¢: S — GL(V&)
(resp. such that ¢ o w is given by C* = S(R) 3 z +— 27" - Idy). Notice that
if R is a field, any pure R-Hodge structure is a direct sum of pure R-Hodge
structures of fixed weight.

Equivalently, a pure R-Hodge structure of weight n € Z is a Noether-
ian R-module V' together with a bigrading Ve = @p+q:n VP4 gatistying
Vpra = V4P or a decreasing filtration called the Hodge filtration F? on V¢
such that F? @ Fr—p+1 =5 Vi. The equivalence between o, the Hodge
filtration and the bigrading is as follows: the subspace VP of V¢ is the
eigenspace of S(C) = C* x C* associated with the character (z,w) — z 7 Pw™9,
FP=@,~, V" and VP4 = FP N T4,

For example there exists a unique R-Hodge structure of weight —2n on
V = (2mi)" R called the Tate-Hodge structure and denoted R(n).

A morphism f: (V,¢) = (V',¢') of pure R-Hodge structures is a mor-
phism f: V — V'’ of R-modules such that fg: Vg — V§ commutes with the
action of S.

We denote by Hpg the category of pure R-Hodge structures and, for
every n € Z, by H'% the full subcategory of Hp of pure R-Hodge structures
of weight n.

If (V,¢) is a pure R-Hodge structure of weight n, a polarisation for
(V,) is a morphism of R-Hodge structures Q: V®? — R(—n) such that
(2mi)"Q(x, p(i)y) is a positive-definite bilinear form on V.
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2.3. Mixed Hodge structures

We denote by K the field R ®z Q.

A mixed R-Hodge structure (RMHS) is a triple (V, W,, F'®) consisting of
a Noetherian R-module V', a finite ascending filtration W, of Vi :=V ®r K
(called the weight filtration) and a finite decreasing filtration F'* of V¢ (called
the Hodge filtration) such that for each n € Z the couple (GrlY Vi, Grl (F*))
is a pure K-Hodge structure of weight n.

A pure R-Hodge structure V of weight n € Z is then a special case of
a mixed R-Hodge structure by defining the weight filtration as W,/ Vi = Vi
for n” > n and W,.Vik = 0 for n’ < n. The notions of weight greater or
smaller than n € Z are defined in the obvious way.

We say that an RMHS is of type ¢ C Z x Z if the Hodge numbers

hPd = dim@(GrmqVK)p’q are zero for (p,q) € € and non-zero for (p,q) € .

A morphism f: (V,W,, F*) — (V/, W/, F'*) of RMHS is a morphism
f:V = V'’ of R-modules respecting the weight and the Hodge filtration.

A graded polarization of a mixed R-Hodge structure is the datum of a
polarization on the pure K-Hodge structure Gr' V.

Following [12, Th.2.3.5], the category MH g of mixed R-Hodge struc-
tures is Abelian (where the kernels and cokernels of morphisms are en-
dowed with the induced filtrations); the functors erv : MHRr — HY% and
Grh.: V — Grf. (V) are exact. Moreover every morphism f: (V,W,, F*) —
(V' W/, F'*) of RMHS is strictly compatible with the weight and the Hodge
filtrations (meaning that the inclusions f(W,,) C W) and f(FP) C F'P satisty
fWn) = f(Vi) "W, and f(F?) = f(Vo) N E').

We wish to extend our group-theoretic description from pure Hodge
structures to mixed ones. Let (V, W, F'*) be a mixed R-Hodge structure. A
splitting of (V, W,, F'*) is a bigrading V¢ = @p,q VP4 such that the equalities
WoVo=3% <n VP4 and FP =37 . V"™ hold. Deligne proved that any
mixed R-Hodge structure admits a unique preferred splitting:

Proposition 2.1 (Deligne). Let (V,W,, F'*) be a mized R-Hodge structure. It
admits a unique splitting (VP?), , satisfying:

VPl =Var mod P V" (2.1)
r<p,s<q
This splitting is functorial.

Remark 2.2. A mixed R-Hodge structure (V,W,, F'*) such that Deligne’s
splitting satisfies moreover VP4 = V4P is said to be split over R.

Given a mixed R-Hodge structure (V, W,, F'*), Deligne’s splitting on Vg
defines a unique morphism ¢c¢: S¢ — GL(V¢) such that VP4 is the eigen-
space for the character (z,w) — z7Pw™9 of Sc. If (V, W,, F*) splits over R
the morphism ¢ is the complexification of a morphism ¢: S — GL(Vg). In
particular we recover our initial definition of a pure R-Hodge structure.
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Conversely:

Proposition 2.3. [28] 1.4 and 1.5] Let V be a Noetherian R-module and let
wc: Sc — GL(Vg) be a group morphism. It defines an RMHS on V if
and only if, denoting by P the K-algebraic group Zariski closure over K
of vc(Sc), by W the unipotent radical of P and by 7 : P — G := P/W the
reductive quotient of P, the following conditions are satisfied:

(1) The composite Sc 25 Pe = G is defined over R.
(2) The composite G r 8 % Gy is defined over K.
(3) The weight filtration of the mixed R-Hodge structure on p defined by

Ad p ogc satisfies W_1(p) = to, where v denotes the Lie algebra of the
K-group W.

Remark 2.4. Notice that, by (2), Adp o ¢¢c endows g with a pure K-Hodge
structure of weight 0, and hence, by (3), p with a mixed K-Hodge structure
of weight < 0. In particular Wyp = p.

2.4. Mumford-Tate groups

The category MH i of mixed K-Hodge structures is a K-linear tensor cate-
gory which is rigid and has an obvious exact faithful K-linear tensor functor
w: (VK, W, F.) — Vk.

For any RMHS (V, W,, F'*) we denote by (V) the Tannakian subcate-
gory of MH generated by (Vi, W,, F*) and by wy the restriction of the
tensor functor w to (V'); in other words (V) is the smallest full subcategory
containing (Vi, W,, F'*) and the trivial KMHS and stable under &, ®, and
taking subquotients. Then the functor Aut®(wy ) is representable by some
closed K-algebraic subgroup P(V) of GL(Vk), called the Mumford-Tate
group of V, and wy defines an equivalence of categories (V) ~ RepxP(V)
(I3, 11, 2.11]).

There are various equivalent definitions for P(V), in particular in terms
of Hodge tensors. Recall that a Hodge class for V' is a vector in FOVen Wy V.
For integers m,n > 0, let T™" Vg denote the mixed K-Hodge structure
Ve @ Hom(V, R)®" @r K. A Hodge tensor for V is a Hodge class in
some T™" V.

Lemma 2.5 ([I, Lemma 2]). Let (V,W,, F'*) be a mized R-Hodge structure.
Then:

(a) Any tensor fized by P(V) in some T™"Vk is a Hodge tensor. Con-
versely P(V) is the stabilizer in GL(Vk) of the Hodge tensors for V.

(b) P(V) is the K-Zariski-closure of the image of ¢ in GL(Vk) (and hence
it is connected), and if moreover V is pure polarizable then P(V) is
reductive.

(c) The group P(V) preserves W, and is an extension of P(Gr" Vi) by
a unipotent subgroup; in particular if V is graded-polarizable then the
group P(Gr'V' Vi) is the quotient of P(V') by its unipotent radical.
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2.5. Variations of mixed Hodge structures

Hodge theory as recalled above can be considered as the particular case over
a point of Hodge theory over an arbitrary base in the category of complex
manifolds.

Let S be a complex manifold and Og its sheaf of holomorphic func-
tions. A variation of mixed R-Hodge structures (RVMHS) over S is a triple
(V,W,, F*), where:

(1) Vis a locally constant Rg-module on S,
(2) W, is a finite increasing filtration (called the weight filtration) of the
K-local system Vg by K-local sub-systems,

(3) F* is a finite descending filtration (called the Hodge filtration) of the
holomorphic vector bundle V := V®p, Og by holomorphic subbundles,

such that

(a) for each s € S, the triple (Vs, (W,)s, F?) is a mixed R-Hodge structure,
(b) the flat connection V: V — V @ Q} whose sheaf of horizontal sections
is V¢ satisfies the Griffiths’ transversality condition

VF*Cc Qo F* . (2.2)
A graded polarization ¥ for (V,W,, F'®) is a sequence
Uy Gry (Vi) x GrY (Vi) — K(—k)s
of V-flat bilinear forms inducing graded polarisations ¥y ; on the mixed

R-Hodge structure (Vg, (W,)s, F?) for all s € S.

Variations of mixed Hodge structure over a smooth quasi-projective
base S can have a pathological behaviour at infinity. The admissibility condi-
tion was defined by Kashiwara [22] to remedy this problem. As its statement
is technical and we won’t need it in this expository note (but it will be crucial
in the proofs!), we content ourselves to refer to [22], [32] and [7, Def. 7.2]. No-
tice that every geometric variation of mixed Hodge structures is admissible.
From now on any ZVMHS is graded-polarizable and admissible.

Let (V,W,, F*) be an RVMHS over S. An important infinitesimal in-
variant associated with it is the Kodaira—Spencer map
V:TS™ — Grp!' (WoEnd V g Og), (2.3)
which is nothing but the flat connection V considered at first order. Indeed
the maps V: FP — FP~1 @0, QL and V: FP7! — FP~2 @p_ QL induce
an Og-linear morphism V: Gy — GrP~ 1ty ®Rog Qé The alternative writ-
ing (2.3) follows from the fact that V respects the weight filtration.

2.6. Hodge locus and special subvarieties

Let R = Z or Q. With the notation of the previous section, for s in S
let Py C GL(Vg,) denote the Mumford-Tate group of the fiber V. By [,
Lemma 4] (following Deligne in the pure case) the group P is locally constant
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on the complement S° := S\ HL(S,V) of a countable union HL(S,V) C S
of proper irreducible analytic subvarieties of S. The locus HL(S,V) is called
the Hodge locus of (S,V). Let mg: S — S denote a universal covering and
choose a flat trivialization 75Vg ~ S x V. The choice of a point § € S
such that mg(5) = s gives an identification Vg s ~ V, and hence an injective
homomorphism iz: Py < GL(V). For s € S° (such a point of S is called
Hodge generic) the image Pg(V) := Im(i5) C GL(V) neither depends on w
nor on the choice of § (it is called the generic Mumford-Tate group of (S, V));
for all s € HL(S,V) and § € S above s, the image of 45 is a proper subgroup
of Ps(V).

When S is quasi-projective and V is of geometric origin, the Hodge con-
jecture implies that HL(.S, V) is in fact a countable union of closed irreducible
algebraic subvarieties of S. The following result is fundamental in the study
of Hodge loci:

Theorem 2.6 ([§] in the pure case, [0] in the mixed one). Suppose that S
is quasi-projective. Then the Hodge locus HL(S,V) is a countable union of
closed irreducible algebraic subvarieties of S.

The irreducible components of the Zariski-closure of the strata of the
Hodge locus HL(S, V) where P is locally constant are called special subvari-
eties of (S, V). Special subvarieties of dimension zero are called special points
of (S,V). Special points whose Mumford-Tate group is a torus are called CM
points (where CM stands for Complex Multiplication).

3. Mixed Hodge varieties

In this section we define (connected) mixed Hodge varieties, a generalization
of (connected) mixed Shimura varieties defined by Deligne [12] and Pink [28].
All the ingredients are due to Pink [28]. We refer to the recent monograph [16]
for more details in the pure case.

3.1. Mixed Hodge data

In this section R = K = Q. We want to parametrize mixed Q-Hodge struc-
tures, with fixed weight filtration and given Hodge numbers, by a homoge-
neous space described in terms of homomorphisms ¢¢: S¢ — P¢ and car-
rying a canonical complex structure. The following result of Pink will guide
our definition.

Proposition 3.1. [28 1.7] Let (P, Xp) be a pair of a connected linear alge-
braic group P over Q and a P(R)W (C)-conjugacy class Xp in Hom(Sc, Pc)
(where W denotes the unipotent radical of P). Assume that for one ¢ € Xp
(and then for any) the conditions (1), (2) and (3) of Proposition are
satisfied.

Let p: P — GL(M) be any faithful (finite dimensional, algebraic) rep-
resentation of P. Then:
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(a) The image Dp xp of the obvious map
1: Xp — {mixed Q-Hodge structures on M}

admits a unique structure of complexr manifold such that the Hodge fil-
tration on M¢ depends analytically on (). This structure is invariant
under P(RYW(C) and W(C) acts analytically on Dp x.

(b) The complex manifold Dp_x, is independent of the choice of the faithful
representation M.

Proposition [3.1] is proved by noticing that, as the weight filtration is
constant on M when ¢ varies in Xp, the Hodge filtration on M gives an
injective map of Dp x, into the flag manifold Dp x, := P(C)/exp(Fpc),
which is easily shown to be an open embedding.

Remark 3.2. Tt is important to notice that:

— the surjective map ¢¥: Xp — Dp_ x, is not a bijection in general. This
is the case if and only if FOw¢ is trivial (see [28, 1.8 (b)]);

— the group P(R) does not in general act transitively on Dp x, for the
action of P(R) on Dp x, defined in Proposition It acts transitively
on “the set of real points of Dp x,,”, namely the points for which the
corresponding mixed Hodge structure on (any) M is split over R.

Definition 3.3. A pair (P, Xp) as in Proposition is called a mized Hodge
datum. We call D := Dp x, the mired Mumford-Tate domain associated
with the mixed Hodge datum (P, Xp).

Definition 3.4. A connected mixed Hodge datum is a triple (P, Xp,DT),
where (P, Xp) is a mixed Hodge datum and D7 is a connected component
of D := DP,XP .

Definition 3.5. A morphism of mixed Hodge data (P, Xp) — (P’, Xp/) is
a homomorphism p: P — P’ of Q-algebraic groups which induces maps
Xp — Xp-. It naturally induces a holomorphic map D — D’. A morphism
of connected mixed Hodge data (P, Xp,D") — (P/, Xp/,D'T) is a mor-
phism of mixed Hodge data (P, Xp,D) — (P’, Xp/, D) whose last compo-
nent maps DT to D'T.

3.2. Mixed Hodge datum of Shimura type

Let (P, Xp) be a mixed Hodge datum and M a representation of P. The
representation M defines a P(R)W/(C)-equivariant local system M on D,
supporting a family of mixed Hodge structures: a flat weight filtration W,
on M and a holomorphic Hodge filtration F'* on M ®g Op such that, for each
s € D, the triple (M,, (W,)s, Fy) is a mixed Q-Hodge structure. In most
cases however, the Griffiths transversality condition is not satisfied:

Proposition 3.6. [28, 1.10] Let (P, Xp) be a mized Hodge datum and M a
representation of P. The triple (M, W,, F'®) is a variation of mized Q-Hodge
structures on D if and only if the Hodge structure on p is of type

{(_17 1), (070)7 (17 _1)}7 {(_17 0)7 (07 —1)}, {(_17 _1)}'
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Definition 3.7. A mixed Hodge datum (P, Xp) satisfying the condition of
Proposition [3.6] is said to be of Shimura type.

Let us now relate mixed Hodge data of Shimura type with mixed Shimura
varieties in the sense of [28]. Let (P, Xp) be a mixed Hodge datum of
Shimura type. Let U C W be the unique connected subgroup such that
LieU = W_,Lie W. Following [28], 1.15] we define X C Xp as the subset of
the ¢¢’s defined by the following condition stronger than Proposition (1):

(1) S¢ =5 Pe il (P/U)c is defined over R.

In [28] 1.16] Pink proves that the restriction ¢jx: X — Dof¢: Xp — D
is a bijection. The triple (P,D,w‘}l) is then a mixed Shimura datum in
the sense of [28] 2.1]. Conversely if (P, X, h) is a mixed Shimura datum as
in loc. cit. let us define Xp as the P(R)W(C)-conjugacy class of any point
of h(X). Then (P, Xp) is a mixed Hodge datum.

3.3. Connected mixed Hodge varieties

3.3.1. Definitions. We refer to [5] and [25] p. 33, 34, 42] for an introduction
to arithmetic groups, congruence subgroups and neat subgroups.

Let (P, Xp,D*) be a connected mixed Hodge datum. The stabilizer
P(R)* of DT is easily seen to be open in P(R). Set P(Q)" := P(Q)NP(R)™.
Then any congruence subgroup I' C P(Q)™ acts properly discontinuously
on DT, so that T\D* is a complex analytic space with at most finite quotient
singularities. Every sufficiently small finite index congruence subgroup of I
acts freely on DT. Replacing I' by such a subgroup if necessary, the quotient
['\D* is thus a complex manifold and the map DT — ['\D* is unramified.

Definition 3.8 (connected mixed Hodge variety). Let (P, Xp,DT) be a con-
nected mixed Hodge datum and I' € P(Q)T a congruence subgroup. The
complex analytic variety Hod:(P, Xp, DT) := I'\D" is called the connected
mixed Hodge variety associated with (P, Xp, D) and T. It is called a con-
nected (pure) Hodge variety if P is reductive. The class of an element 2 € D
is denoted [z] € T\D*.

As in [28] 3.4] one obtains:

Lemma 3.9. Let p: (P, Xp,D") — (P/, Xp/,D'") be a morphism of con-
nected mized Hodge data and T' C P(Q)" and T" C P'(Q)" congruence
lattices such that p(T') C I, Then the map

[p]: T\D" — T'\D'"

mapping [z] to [p o x| is well-defined and holomorphic. Such a map is called
a Hodge morphism of connected mired Hodge varieties.

Definition 3.10 (mixed Hodge variety). Let (P, Xp) be a mixed Hodge datum
and let K C P(Af) be a compact open subgroup of the finite adelic points
of P. The mixed Hodge variety Hodx (P, Xp) is the complex analytic space
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P(Q)\(DxP(A¢)/K). Here P(Q) acts diagonally on D and P(A¢), the group
K acts on P(A¢) on the right, and P(A¢) is endowed with the adelic topology.

As in [25] Lemma 5.11, 5.12; 5.13] one shows:

Lemma 3.11. Fiz DT a connected component of D. Let C be a (finite) set
of representatives for the finite double coset space P(Q)T\P(A¢)/K. Then
we have a homeomorphism Hodk (P, Xp) = | |,cc Ty\D" , where I'y is the
congruence subgroup gKg ' NP(Q)T of P(Q)*.

In particular the mized Hodge variety Hodg (P, Xp) is a finite union of
connected mized Hodge varieties.

When (P, Xp) is a mixed Hodge datum of Shimura type and (P, X', h) is
the associated mixed Shimura datum as in Section the mixed Hodge va-
riety Hod g (P, Xp) coincides with the mixed Shimura variety M% (P, X)(C)
defined in [28, 3.1]. We will say that Hodg (P, Xp) is of Shimura type and
denote it by Shg (P, Xp).

Let DT be a connected component of D and I' C P(Q)" a torsion-free
congruence subgroup. If M is a representation of P, the family (M, W,, F'*)
of mixed Q-Hodge structures on DT descends to the connected mixed Hodge
variety T\D'. This defines a variation of mixed Q-Hodge structures (i.e.
satisfies Griffiths’ transversality) if and only if I\D" is a connected mixed
Shimura variety.

3.3.2. Algebraicity. In general the connected mixed Hodge variety T\D* and
the mixed Hodge variety Hod i (P, Xp) are complex analytic varieties which
do not admit any algebraic structure. If (P, Xp) is a pure Hodge datum one
can show ([I8]) that the pure Hodge variety Hodk (P, Xp) admits an alge-
braic structure if and only if it fibers holomorphically or antiholomorphically
over a (connected) Shimura variety Shy (P’, Xp/). A similar result should
hold in the mixed case.

3.4. Special subvarieties of Hodge varieties

Let (P, Xp,D™) be a connected mixed Hodge datum and Y := T'\D* an
associated connected mixed Hodge variety. Although a representation M of P
does not in general define a variation of mixed Q-Hodge structures on Y, we
can still define a notion of special subvariety of Y in purely group theoretical
terms.

Definition 3.12. The image of any Hodge morphism 7" — Y between con-
nected mixed Hodge varieties is called a special subvariety of Y. It is said to
be of Shimura type if T" is a connected mixed Shimura variety.

Definition 3.13. The Hodge locus HL(Y") of the connected mixed Hodge va-
riety Y is the union of all special subvarieties of Y.
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3.5. Period maps

Let (P, Xp) be a mixed Hodge datum, D the associated mixed Mumford-Tate
domain, K C P(A¢) a neat compact open subgroup and M an algebraic
representation of P. In general, Griffiths’ transversality for (M, W,, F*®) is
recovered by restricting ourselves to horizontal subvarieties of Hod i (P, Xp),
which are defined as follows. The tangent bundle T'D is naturally equivariant
under P(R)W (C), associated to the representation F~>°p/F°p. The Hodge
filtration on p defined by the mixed Hodge structure ¢c: S¢ — Pc thus
defines a natural P(R)W/(C)-equivariant filtration F'* on the holomorphic
tangent bundle TD.

Definition 3.14. The horizontal tangent bundle 7},D is defined to be the
holomorphic subbundle F~'TD, associated to the representation Gr;lp. By
equivariance it descends to a holomorphic subbundle

ThHOdK(P,XP) C THOdK(P7XP),

called the horizontal tangent bundle of the mixed Hodge variety Hodx (P, Xp).
One denotes by T; hHodOF(P7 Xp) its restriction to the connected mixed Hodge
variety Hod( (P, Xp) = I'\D+.

Remark 3.15. The equality Tp,Hod g (P, Xp) = THod g (P, Xp) holds if and

only if (P, Xp) is of Shimura type, i.e. if Hodg (P, Xp) is a mixed Shimura
variety.

Definition 3.16. Let S be a complex manifold. A holomorphic map ®: S —
Hodg (P, Xp) is said to be horizontal if ®,(TS) C T,Hodgk (P, Xp).

Definition 3.17. Let S be a complex manifold. A holomorphic map f: S —
Hodk (P, Xp) is said to be locally liftable horizontal if, for each point s € S,
there exists a neighbourhood U; of s in S and a commutative diagram

HOdK (Pa XP)
such that f is horizontal.

Definition 3.18. Let (P, Xp) be a mixed Hodge datum, K C P(A¢) a compact
open subgroup and Hodg (P, Xp) the associated Hodge variety. Let S be a
complex manifold. A map

®: S — Hodg (P, Xp)
is called a period map if it is holomorphic, locally liftable and horizontal.
If : S — Hodg (P, Xp) is a period map the pullback ®*(M, W,, F'*)

is a QVMHS on S. Conversely suppose V. — S is a ZVMHS over a con-
nected complex manifold S. Fix a Hodge generic base point s € S, let Pg :=
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Ps(V) = P(V;) be the generic Mumford—Tate group of V, Wg its unipo-
tent radical, pg the Lie algebra of Pg and Xg the Pg(R)Wg(C)-conjugacy
class of ps: S¢ = GL(Vs ). The pair (Pg, Xg) is a mixed Hodge datum.
Let D& be the connected component of Dg := Dp x, containing the im-
age ¥(ps). The triple (Pg, Xg,D&) is a connected mixed Hodge datum.
Let T' := P(Q) N GL(V; 7). We define the connected mixed Hodge variety
Hod"(S, V) as Hod}(Ps, X5, D¥).
The Hodge filtration for V — S defines a period map

dg: S — Hod"(S,V). (3.1)

Moreover the Kodaira—Spencer map V: T'S? — Grl}lWO EndV is nat-
urally interpreted as the composed morphism of fiber bundles

78 —22% &%, T, Hod"(S, V)= Gra! Wy End V .

v

Remark 3.19. By a classical theorem of Griffiths [I9, Theor.9.6] one can,
enlarging S if necessary, assume that ®g(S) is a closed complex analytic sub-
variety of HodO(S7 V). A long-standing conjecture of Griffiths states that the
closed complex analytic horizontal subvariety ®¢(.5) should admit a canoni-
cal structure of quasi-projective algebraic variety. In the pure case we refer to
the work of Sommese [31] for partial results and to [24] and [I7] which both
announce Griffiths’s conjecture (I was not able to understand their proofs).
Note added in proof: since this paper was submitted, Griffiths’s conjecture was
proven in [2].

3.6. Special subvarieties and period maps

The following proposition follows from the definitions.

Proposition 3.20. Let V = (Vz, W,, F*) be a ZVMHS over a smooth quasi-
projective variety S with associated period map

dg5: S — Hod"(S,V).

Let Z be an irreducible subvariety of S. The following conditions are equiva-
lent:

(1) Z is a special subvariety for (S, V).

(2) Z is an irreducible component of the ®g-preimage of a special subvariety
of Hod"(S, V).

Thus:
HL(S,V) = &5 (®5(S) N HL(Hod’(S, V))) .
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4. Atypicality and optimality in terms of period maps

Let V = (Vz, W,, F*) be a ZVMHS over a smooth quasi-projective variety S
with associated period map

dg5: S — Hod"(S,V).

4.1. Hodge codimension and period maps

Let us clarify geometrically Definition of Hodge codimension in terms
of &g and intersection theory.

It follows from the description of Dg that
dime Gry'ps = rk T, Hod"(S, V)

and
rkImV = dimc ®5(S).

Hence:

Corollary 4.1. The Hodge codimension H-cd(S,V) as introduced in Defini-
tion is equal to the codimension of the tangent space at a Hodge generic
point of ®g(S) in the corresponding horizontal tangent space of Hod"(S,V):

H-cd(S,V) =tk T,Hod"(S, V) — dim¢ ®5(S).

In other words, the Hodge codimension H-cd(S, V) of (S, V) is the nat-
ural codimension of ®g(S) in Hod’(S,V) once the Griffiths’ transversality
condition is taken into account.

Remark 4.2. In the simple case where S is a closed algebraic subvariety
of a connected mixed Shimura variety Sh% (P, X), and V is the restriction
to S of a variation of mixed Hodge structures on Sh% (P, X) associated to
an algebraic representation of P, then H-cd(S,V) coincides with what Pink
in [29] calls the defect of S in Sh: the codimension of S in its special closure
(i.e. the smallest special subvariety of Sh containing 5).

4.2. Atypicality and period maps

It follows that the atypicality condition is better understood in terms
of the period map ®g: S — Hod’(S,V) and intersection theory. Let Y C S
be an irreducible algebraic subvariety. Let Pg and Py be the generic Mum-
ford-Tate groups of V and Vysm respectively, with Lie algebras pg and py
and Mumford-Tate domain Dg and Dy. The restriction @5y of the period
map Pg to Y factorises uniquely as

Y 2 Hod (Y, Vyem )2 Hod"(S, V) .

P51y

We thus obtain the following definition, equivalent to Definition
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Definition 4.3. Let S be an irreducible smooth quasi-projective variety and
V — S a QVMHS on S. A subvariety Y C S is said to be atypical for (S, V)
if it is irreducible and

dime ®5(S) — dime ®5(Y) < tkT,Hod"(S, V) — rk T3,Hod" (Y, Vyem); (4.1)

i.e., an atypical subvariety of (S, V) is an irreducible subvariety Y C S such
that the subvariety ®5(Y") of ®5(S) has an excess intersection with the Hodge
locus HL(Hod’(S,V)) c Hod’(S, V).

Remark 4.4. If Y C S is Hodge generic in S the atypicality condition
is equivalent to dimg¢ @g(Y) > dime ®g(S5), and hence is never satisfied.
Thus a subvariety Y C S atypical for V is always contained in the Hodge
locus HL(S, V).

Remark 4.5. Tt follows from Remark[L.6land Definition[L.7that if Y c Y’/ C S
if a pair of irreducible subvarieties, if Py = Py+ and if Y is atypical for (S, V)
then Y is atypical for (S, V).

Remark 4.6. If follows immediately from Definition that any ¥ C S
atypical for (S, V) is contained in a unique subvariety of S atypical for (S, V),
having Py as generic Mumford—Tate group, and maximal for these properties:
the irreducible component of ®5'(®g(S) N Hod’(Y, Vy=m)) containing Y. In
particular maximal atypical subvarieties of S are special subvarieties of S.

Remark 4.7. As the set of special subvarieties for (Pg, Xg) is countable, the
set of maximal atypical subvarieties for (S, V) is countable. In particular it
follows from Remark that Satyp(V) C HL(S,V) C S is also a countable
union of irreducible algebraic subvarieties of S.

Remark 4.8. If f: S — S’ is a surjective morphism of smooth quasi-projective
varieties and the ZVMHS V on S is the pull-back f*V’ of some ZVMHS V’
on S’ then Sty (V) = f715%,, (V).

4.3. Optimality and period maps

Similarly, the optimality condition is better understood in terms of period
maps: an irreducible subvariety Y C S is optimal for (S, V) if it is not strictly
contained in a better approximation to a special subvariety of HodO(S, V).

4.4. Examples

Ezample 4.9. Let S be a Shimura variety and let V be a standard variation
of Hodge structure on S. Then Y C S is atypical if and only if dim¢ Y >
rk Ty, Hod (Y, Vysm), which is impossible. Hence Sagyp = 0.

Ezample 4.10 (Atypical special subvarieties of Shimura type with dominant
period map).

Lemma 4.11. Let V — S be a ZVMHS over a smooth quasi-projective va-
riety S. Let Y C S be a special subvariety for (S,V), of Shimura type and
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such that the period map ®y : Y — Sh® (Y) is dominant. Then'Y is not atyp-
ical for (S,V) if and only if (Ps,Dg) is of Shimura type, the period map
dg: S — Sh%(S,V) is dominant, and V is the restriction to S of a standard
variation of mized Hodge structures on Sh°(S,V).

Proof. Let ®g: S — Hod"(S,V) be the period map for (S,V). As Y is
special of Shimura type with dominant period map, rk ThHodO(Y7 Vysm) =
dime @5(Y) and the atypicality condition (4.1)) for Y reads as:

dime ®5(S) < rk T, Hod" (S, V). (4.2)

The variety ®5(S) is an horizontal subvariety of Hod"(S, V) and hence
the inequality dime ®g(S) < rkT,Hod’(S,V) always holds. It follows that
the special subvariety Y is not atypical for (S, V) if and only if dim¢ ®5(S) =
rk T3,Hod" (S, V). This implies that the horizontal distribution 7)Hod’(S, V)
of THod"(8,V) is integrable.

Suppose first that V is pure. In that case standard Lie theoretic con-
siderations imply that D; is a Hermitian symmetric domain. The existence
of one algebraic leaf (namely S) for the foliation on Hod"(S,V) defined by
THod"(S,V) implies that T;,Hod’(S,V) = THod"(S,V) (i.e. V is of un-
constrained type in the terminology of [I6 p.12]). Thus V comes from a
ZVMHS on Hod"(S,V) and hence (Pg, Xs) is of Shimura type by Proposi-
tion[3.6] The same conclusion holds in the mixed case by a classical dévissage
to the pure case.

The facts that ®g: S — Sh’(S,V) is dominant and V is the restriction
to S of a standard variation of mixed Hodge structures on ShO(S, V) are now
clear. 0

Notice the following special case of Lemma [4.11

Lemma 4.12. Let V — S be a ZVMHS over a smooth quasi-projective va-
riety S. Let x € S be a CM-point. Then x is not atypical for (S,V) if and
only if (P, Xg) is of Shimura type and the period map ®g: S — Sh’(S,V)
18 dominant.

5. On the main conjecture and its corollaries

Proposition 5.1. Conjectures[1.9, [1.10, [I.11) and [I.13 are equivalent.

Proof. Obviously Conjecture [I.9] implies Conjecture [I.I0} which in turns
implies Conjecture Let us show that Conjecture [I.11] implies Conjec-
ture[I.9] So let S be an irreducible smooth quasi-projective variety and V. — S
aZVMHS on S. Let Y C S be an irreducible component of the Zariski-closure
of Satyp(V). It follows from Remark that Y is the Zariski-closure of the
union Ui6 1 X;, where I is a countable set and the X; are pairwise distinct
maximal atypical special subvarieties for (S,V). There exists an index i € T
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such that the variety X; is not atypical for (Y,Vy): otherwise Yayp(V)y)
would be Zariski-dense in Y, contradicting Conjecture Then

H-cd(Y, V}yem) = H-cd(X;, V| xsm) < H-cd(S, V), (5.1)

and hence Y is atypical in S. By maximality of the X;’s, it follows that the
set I contains only one element {i}. Thus Y = X, is a special subvariety
of (S,V) and the result.

It remains to show that Conjectures[I.9]and [[.12)are equivalent. Assume
that Conjecture holds true. As maximal atypical subvarieties for (S,V)
are optimal for (5,V) Conjecture follows. Conversely assume that Con-
jecture holds true and let us prove Conjecture by induction on
s = dimc S. For s = 1 the variety S is a curve, optimal subvarieties of S
are points and coincide with (maximal) atypical subvarieties of S, hence the
result in this case. Suppose Conjecture holds true for varieties of dimen-
sion at most s — 1 and suppose S is of dimension s. Let Z1,..., 7, be the
finite collection of maximal atypical subvarieties for (S,V). Let (Y;)ier be a
set of pairwise distinct optimal subvarieties for (S, V). For each ¢ € I the op-
timal subvariety Y; C S is atypical, and hence there exists ¢(i) € {1,...,n}
such that Y; C Z,;). Moreover by the very definition of optimality either
Y; = Zyy or Y; is optimal for (Z¢(i),V‘sz(ni)). As dime Zg(;) < s it follows by
the induction hypothesis that the set I is finite. Hence the result. O

5.1. Conjecture as a generalized Zilber-Pink conjecture

Notice that the restriction of Conjecture to the class of pairs (S,V)
where S is a subvariety of a Shimura variety ShO(S, V) and V is the restric-
tion to S of a standard ZVMHS on Sh?(S, V) is the Zilber—Pink conjecture as
stated for example by Pila ([27, Conj.2.3]) (this conjecture was formulated
by Zilber [38] in the case of multiplicative groups, it is a stronger version of
the original Pink conjecture [29] Conj. 1.1]).

5.2. Conjecture and CM-points: a generalized André—QOort conjecture
Conjecture [1.9] immediately implies:

Conjecture 5.2 (André-Oort conjecture for ZVHS, version 1). Let V — S be
a ZVMHS over a smooth irreducible quasi-projective variety S. Suppose that
the union SL(S,V) of special subvarieties for (S,V), which are of Shimura
type with dominant period map, is Zariski-dense in S. Then the Hodge da-
tum (Pg, Xg) is of Shimura type and the period map Pg: S — ShO(S, V) is
dominant.

Let us show how to deduce Conjecture[5.2|from our main Conjecture[L.9
Let ®g: S — HodO(S, V) be the period map for V. By assumption the special
subvarieties of Shimura type and dominant period map are Zariski-dense in S.
It thus follows from Conjecture [I.I1] and Noetherian induction that there
exists (a Zariski-dense set of ) not atypical special subvarieties of Shimura type
with dominant period map in S. The conclusion follows from Lemma [4.11
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Notice that Conjecture [5.2] immediately implies, and, by density of
CM-points in Shimura varieties, is in fact equivalent to, the following:

Conjecture 5.3 (André—Oort conjecture for ZVHS, version 2). Let V — S be
a ZVMHS over a smooth irreducible quasi-projective variety S. Suppose that
the union of CM-points for (S,V) is Zariski-dense in S. Then (Pg, Xg) is of
Shimura type and the period map ®5: S — Sh°(S,V) is dominant.

Remark 5.4. When S is moreover defined over Q, Conjecture was orig-
inally stated (in a slightly different way) by Green—Griffiths—Kerr: see [16],
Conj. VIII. B.1 p. 275].

Notice that Conjecture [5.2 is equivalent to the union of the following
two conjectures:

Conjecture 5.5 (classical André-Oort). Let Y C Sh% (P, X) be a closed ir-
reducible algebraic subvariety of a connected mixed Shimura variety. If Y
contains a Zariski-dense set of CM-points then Y 1is a special subvariety
of Shi (P, X).

Conjecture 5.6. Let V. — S be a ZVMHS over a smooth irreducible quasi-
projective variety S. Suppose that the set of CM-points for (S, V) is Zariski-
dense in S. Then (Pg, Xg) is of Shimura type.

Many works have been devoted to the André-Oort conjecture [5.2] cul-
minating to its proof when Sh% (P, X) is of Abelian type. We refer to [23]
for a detailed analysis of the André—Oort conjecture and references to the
related works. On the other hand Conjecture [5.6]is completely open.

The proof of the classical André-Oort conjecture[5.5]relies on two differ-
ent ingredients: on the one hand a precise analysis of the arithmetic of Galois
orbits of CM-points (lower bound and heights), on the other hand a geomet-
ric analysis of the distribution in Shg (P, D) of positive dimensional special
subvarieties. If (S, V) is not of Shimura type, the arithmetic of CM-points
for (S,V) seems difficult to understand. On the other hand it seems worth
focusing on positive dimensional special subvarieties, namely the following
geometric part of Conjecture [5.2

Conjecture 5.7. Let V. — S be a ZVMHS over a smooth irreducible quasi-
projective variety S. Suppose that the union SL>0(S, V) of positive dimen-
sional special subvarieties for (S, V), which are of Shimura type with dominant
period map, is Zariski-dense in S. Then (Pg, Xg) is of Shimura type and the
period map ®g: S — Sh’(S,V) is dominant.

One could even ask the following question, more general than Conjec-
ture

Question 5.8. Let V — S be a ZVMHS over a smooth irreducible quasi-
projective variety S. Suppose that the union of special subvarieties for (S, V)
which are of Shimura type (but not necessarily with dominant period maps)
is Zariski-dense in S. Is it true that necessarily (Pg, Xg) is of Shimura type?
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6. Example: Calabi—Yau 3-folds

Let us describe the first non-trivial incarnation of Conjecture [5.2] outside of
the world of Shimura varieties. Let X be a smooth projective Calabi—Yau
threefold (i.e. the canonical bundle Kx is trivial and X has trivial funda-
mental group). Let Hz := H3(X,Z) with its natural polarized weight three
Z-Hodge structure He = H3 @ H>' @ H"2 @ H%3. One can endow Hy with
two different weight one Hodge structures:

~ the Weil Hodge structure H{; for which H%’,O = H% @ H>Y,
~ the Griffiths Hodge structure HY, for which H5? := H30 @ H>'.

These two weight one Hodge structures define two complex structures
on the torus Hg/Hz, the Weil intermediate Jacobian J(X)w := Hz\Hc/H}y
which is an Abelian variety but does not vary holomorphically with X,
and the Griffiths intermediate Jacobian J(X)g := Hz\Hc/H} which is a
mere complex torus but varies holomorphically with X. In [4] Borcea proves
that Hyz has CM if and only if both the Hodge structures H&V and H},
have CM and their Mumford-Tate tori mutually commute in GL(Hg). Let
S = Def(X) be the family of Calabi-Yau threefolds deformation space of
X and let V be the corresponding polarized weight 3 variation of Z-Hodge
structure on S*™ with fiber Hz at X. One can choose X so that S contains
infinitely many CM-points. To the best of my knowledge, in all examples
(see [34], [37], [30]) the irreducible subvarieties of S containing a Zariski-
dense set of CM-points and maximal for these properties are of Shimura
type, as predicted by Conjecture On the other hand it is not clear to
me that there are only finitely many such subvarieties as predicted by Con-
jecture Notice that a weaker version of Conjecture in this case (and
more generally for Calabi—Yau n-folds) already appears in [20].

7. Functional transcendence

One main tool for attacking Conjecture or consists in establishing
functional transcendence statements for the period map ®g. It is adapted
from the Pila—Zannier strategy for proving the André-Oort conjecture
hopefully using o-minimal techniques. We refer once more to [23] for a de-
scription of this strategy in the case of the André—QOort conjecture and focus
here on the expected statements.

7.1. Weakly special subvarieties

These functional transcendence statements detect weakly special subvarieties,
a generalisation of special subvarieties.

Definition 7.1. Consider any Hodge morphisms R <~ T %Y between con-
nected mixed Hodge varieties and any point » € R. Then any irreducible
component of i(7~1(r)) is called a weakly special subvariety of Y.
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Let V — S be a ZVMHS over a smooth quasi-projective base S with
associated period map ®g: S — HodO(S7 V). Any irreducible component
of (I)gl(q)S(S’) N Z), where Z is a weakly special subvariety of the con-
nected mixed Hodge variety Hod’(S, V) is called a weekly special subvariety
for (S, V).

In particular (taking R a point) special subvarieties of (S, V) are weakly
special for (S, V).

7.2. Bi-algebraic geometry

The format for the functional transcendence statements we are interested in
is the notion of bi-algebraic structure:

Definition 7.2. A bi-algebraic structure on a connected algebraic variety S is
a pair
(D: S — X, h: 1 (S) — Aut(X)),

where m: § — S denotes the universal cover, X is an algebraic variety,
Aut(X) its group of algebraic automorphisms, h: m(S) — Aut(X) is a group
morphism (called the holonomy representation) and D is an h-equivariant
holomorphic map (called the developing map).

Definition 7.3. Let S be a connected algebraic variety endowed with a bi-
algebraic structure (D, h).

(i) An irreducible analytic subvariety Y C S is said to be an irreducible
algebraic subvariety of S if Y is an analytic irreducible component of

D1 (D(Y)Zar), where D(Y)Zardenotes the Zariski-closure of D(Y) in X.

(ii) An irreducible algebraic subvariety ¥ C S, resp. W C S, is said to be
bi-algebraic if w(Y') is an algebraic subvariety of S, resp. any (equiva-
lently one) analytic irreducible component of 7=!(W) is an irreducible
algebraic subvariety of S.

If (S, V) is a ZVMHS with lifted period map ®g: S — D, we denote by
<i>g: 5 — f)s

the composite jg o dg where js: Dg — @g denotes the open embedding of
the Mumford-Tate domain Dg in its compact dual (see Section . The
pair (&g: S — Dg, ps: m1(S) = Pg(C) — Aut(Dg)(C)) defines a natural
bi-algebraic structure on S, called the bi-algebraic structure of (S,V). The
relation between the bi-algebraic structure of (S, V) and Hodge theory in the
pure case is given by the following proposition, whose proof will be provided

in a sequel to this note. It is proven by Ullmo—Yafaev [33] in the case where S
is a Shimura variety, and in some special case by Friedman and Laza [14]:

Proposition 7.4. Let (S,V) be a ZVHS. The bi-algebraic subvarieties of (S, V)
are the weakly special subvarieties of (S,V).
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A similar result should hold in the mixed case (see [I5, Cor. 8.3] for the
case of ZVMHS of Shimura type).

7.3. Ax—Schanuel for variation of mixed Z-Hodge structures

The main functional transcendence conjecture in this setting is:

Conjecture 7.5 (Ax—Schanuel for ZVMHS). Let (S,V) be a ZVMHS. Let
U C S xS bean algebraic subvariety and let W be an irreducible component
of UNA (where A denotes the graph of m: S — S). Then DyW > dimW"*,
where W denotes the smallest weakly special special subvariety of S con-
taining w(W).

When applied to a subvariety U C S x S of the form Y x Wzar for
Y C S algebraic, Conjecture specializes to the following:

Conjecture 7.6 (Ax-Lindemann for ZVMHS). Let (S,V) be a ZVMHS. Let

Y C S be an algebraic subvariety. Then (Y)Zar s a bi-algebraic subvariety
of (S,V), i.e. weakly special for (S, V).

Establishing Conjecture [7.6[ is a crucial step in establishing Conjec-

ture B.71

Note added in proof: since this paper was submitted, Conjecture[7.5 has
been proven in [3], following the strategy of [26] for Shimura varieties.
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