ON THE LOCUS OF LIMIT HODGE CLASSES

CHRISTIAN SCHNELL

ABSTRACT. We introduce a “locus of limit Hodge classes” that also takes into
account integral classes that become Hodge classes “in the limit”. More pre-
cisely, given a polarized variation of integral Hodge structure of weight zero
on a Zariski-open subset of a complex manifold, we construct a canonical an-
alytic space that parametrizes limits of integral classes; the extended locus of
Hodge classes is an analytic subspace that contains the usual locus of Hodge
classes, but is finite and proper over the base manifold. The construction uses
Saito’s theory of mixed Hodge modules and a generalization of the main tech-
nical result of Cattani, Deligne, and Kaplan. We study the properties of the
resulting analytic space in the case of the family of hyperplane sections of an
odd-dimensional smooth projective variety.

A. INTRODUCTION

1. Summary. The purpose of this paper is to investigate some global questions
about limit Hodge classes, by which I mean integral cohomology classes in a family
of projective complex manifolds — and, more generally, in a polarized variation of
integral Hodge structure — that become Hodge classes “in the limit”. There are
two natural ways to construct a locus of limit Hodge classes that contains the usual
locus of Hodge classes as a (not necessarily dense) open subset; our main theorem
is that the resulting analytic spaces have the same good properties as the locus of
Hodge classes itself. In one case, this follows from the work of Cattani, Deligne,
and Kaplan; in the other, from a generalization of their main technical result.

2. The locus of Hodge classes. The motivation for looking at limit Hodge
classes comes from a specific geometric example: the universal family of hyper-
plane sections of a Calabi-Yau threefold, or more generally, of any odd-dimensional
projective complex manifold. Nevertheless, in constructing the locus of limit Hodge
classes and in studying its properties, it will be convenient to work with arbitrary
polarized variations of integral Hodge structure. So let H be a polarized variation
of integral Hodge structure of weight zero, defined on a Zariski-open subset X
of a complex manifold X. The assumption about the weight is purely for conve-
nience: if H has even weight 2k, we can always replace it by the Tate twist H(k),
which has weight zero. We denote by Hyz the underlying local system of free Z-
modules, by FPH the Hodge bundles, and by Q: Hr ® Hr — R the real bilinear
form giving the polarization. At each point z € X, we thus get a polarized Hodge
structure of weight zero on Hy ., with Hodge filtration F'*#, and polarization
Qw: HR,Z ® H]R,:r —R.
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Let us first recall the definition of the locus of Hodge classes [CDK95]. The local
system Hz determines a (not necessarily connected) covering space

E(HZ) — Xo,

whose sheaf of holomorphic sections is isomorphic to Hz. The points of E(Hz) are
pairs (x,h), with h € Hyz , a class in the fiber over the point = € Xj.

Definition. The locus of Hodge classes of H is the set
Hdg(#) = { (z,h) € E(Hz) | h € Hz,. N F'H, is a Hodge class };
it is a closed analytic subspace of the complex manifold E(Hz).

The analytic structure on Hdg(#) arises as follows: because Hy is a subsheaf
of H, the complex manifold F(Hz) is naturally embedded into the holomorphic
vector bundle B(#), and Hdg(H) is the intersection of E(Hz) with the holomorphic
subbundle B(F°H). When Xj is a smooth complex algebraic variety, and when H
comes from the cohomology of a family of smooth projective varieties over X, the
Hodge conjecture predicts that Hdg(#) should be a countable union of algebraic
varieties. Cattani, Deligne, and Kaplan, in their famous article [CDK95] about
the locus of Hodge classes, were able to prove this without assuming the Hodge
conjecture.

Theorem (Cattani, Deligne, Kaplan). If H is a polarized variation of integral
Hodge structure on a smooth complex algebraic variety Xo, then Hdg(H) is a count-
able union of algebraic varieties.

This remarkable result is a consequence of Chow’s theorem and the following
more precise theorem about Hodge classes with bounded self-intersection number,
valid on any complex manifold X. Fix an integer K > 0, and consider the subset

Hdg o (H) = { (2.h) € Hdg(H) | Qu(h,h) < K }

consisting of Hodge classes whose self-intersection number is bounded by K. It is
not hard to show that the projection from Hdg. - (H) to Xy is finite (= a proper
holomorphic mapping with finite fibers); what Cattani, Deligne, and Kaplan proved
is that this finiteness property still holds over the larger complex manifold X.

Theorem 2.1 (Cattani, Deligne, Kaplan). For every K > 0, it is possible to extend
Hdg<;(H) to an analytic space that is finite over X.

This raises the question of whether there is a canonical way to extend Hdg(H)
to an analytic space over X, and, if yes, of whether the points of the extension have
any Hodge-theoretic meaning. As we will see below, the answer to both questions
is yes: there is a good notion of “limit Hodge class”, and the locus of limit Hodge
classes Hdg(H, X)) is a countable union of analytic subspaces Hdg. x (H, X), each
finite over X. Note that a limit Hodge class is not necessarily the limit of a sequence
of Hodge classes, and so the usual locus of Hodge clasess Hdg(?) need not be dense
in the locus of limit Hodge classes Hdg(#H, X).

3. The case of a Hodge structure. To motivate the construction, let us first
look at the case of a single Hodge structure H. We assume that H is polarized and
integral of weight zero; we denote the underlying Z-module by Hz; the polarization
by Q; and the Hodge filtration by F*H. Let Hdg(H) = Hz N F°H be the set of
Hodge classes in H. According to the bilinear relations, a class h € Hy, is Hodge
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exactly when it is perpendicular (under Q) to the space F'* H; this says that Hdg(H)
is precisely the kernel of the linear mapping

0: Hy — (F*H)*, hw— Q(h,—).

At first, it may seem that ¢ is not good for much else, because its image is not
a nice subset of (F1H)*. In fact, the dimension of the vector space F'H can be
much smaller than the rank of Hy, and so ¢ will typically have dense image. But
it turns out that the restriction of ¢ to the subset

Hz(K)={heHy | |Q(h,h)| < K}

is well-behaved. The idea of bounding the self-intersection number of the integral
classes already occurs in the paper by Cattani, Deligne, and Kaplan. To back up
this claim, we have the following lemma; note that the estimate in the proof will
also play a role in the analysis later on.

Lemma 3.1. The mapping ¢: Hz(K) — (F*H)* is finite and proper, and its
image is a discrete subset of the vector space (F1H)*.

Proof. We have to show that the preimage of any bounded subset of (F'H)* is
finite. It will be convenient to measure things in the Hodge norm: if

h=Y WP, with h» P € FPHNF7H,
p

is the Hodge decomposition of a vector h € H, then its Hodge norm is
B3 = S0 = S0 (-1yQ(her o).
p P

Now suppose that h € Hgz satisfies |Q(h,h)| < K and [|p(h)|g < R; it will be
enough to prove that ||h|| g is bounded by a quantity depending only on K and R.
The assumption on (k) means that |Q(h,v)| < R||v||y for every v € F1H. If we
apply this inequality to the vector

v = Z(_l)phn—p’

p>1

we find that ||v]|% = |Q(h,v)| < R||v||m, and hence that

S OIRP P = Iloll% < R

p>1

Because h is invariant under conjugation, it follows that ||h[|%, < ||R%O||% + 2R2.
This leads to the conclusion that ||h||%;, < K + 4R?, because

Q(h, h) = %03 + > (1P |77 < K.
p#0

In particular, there are only finitely many possibilities for h € Hz, which means that
¢ is a finite mapping, and that the image of ¢ is a discrete subset of (F1H)*. O
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4. The general case. Now let us return to the general case. As in [CDK95], it is
not actually necessary to assume that X is projective; we shall therefore consider
a polarized variation of integral Hodge structure H of weight zero, defined on a
Zariski-open subset Xy of an arbitrary complex manifold X. By performing the
construction in 33| at every point of X, we obtain a holomorphic mapping

¢: E(Hz) = T(F'H);
here T(F'H) = Spec(Sym F'H) is the holomorphic vector bundle on X, whose
sheaf of holomorphic sections is (F1H)*. The locus of Hodge classes Hdg(H) is

then exactly the preimage of the zero section in T(F'H). For every K > 0, we
consider the submanifold

E<ix(MHz) = {(z,h) € E(Hz) | |Qu(h,h)| < K }.

It is a union of connected components of the covering space E(Hz), because the
quantity Q. (h, h) is obviously constant on each connected component. More or less

directly by the holomorphic mapping
¢: BE<g(Hz) = T(F'H)

is finite and proper, with complex-analytic image; moreover, one can show that
the mapping from E<x(Hz) to the normalization of the image is a finite covering
space. For the details, please consult below.

To construct an extension of E<x(Hz) to an analytic space over X, we use
the theory of Hodge modules [Sai90]. Let M be the polarized Hodge module of
weight dim X with strict support X, canonically associated with . We denote the
underlying filtered left Z-module by the symbol (M, FeM). The point is that

M|Xo ~H and Fk/\/l|X0 ~ F~Fy;

in particular, the coherent sheaf F_; M is an extension of the Hodge bundle F1H
to a coherent sheaf of &x-modules. Now consider the holomorphic mapping

©: EgK(HZ) — T(F_lM),

where the analytic space on the right-hand side is defined as before as the spectrum
of the symmetric algebra of the coherent sheaf F'_y M. We have already seen that
@(ESK(HZ)) is an analytic subset of T(F'H); since we are interested in limits
of integral classes, we shall extend it to the larger space T(F_1M) by taking the
closure. The main result of the paper is that the closure remains analytic.

Theorem 4.1. The closure of o(E<k(Hz)) is an analytic subset of T(F_1M).

The proof consists of two steps: (1) We reduce the problem to the special case
where X \ X is a divisor with normal crossings and Hz has unipotent local mono-
dromy; this reduction is similar to [Sch12a]. (2) In that case, we prove the theorem
by a careful local analysis, using the theory of degenerating variations of Hodge
structure. In fact, we deduce the theorem from a strengthening of the main technical
result of Cattani, Deligne, and Kaplan, which we prove by adapting the method
introduced in [CDK95]. Rather than just indicating the necessary changes to their
argument, I have chosen to write out a complete proof; I hope that this will make
[Chapter D]useful also to those readers who are only interested in the locus of Hodge
classes and the theorem of Cattani, Deligne, and Kaplan.

Once is proved, it makes sense to consider the normalization of
the closure of ¢(E<g(Hz)). The mapping from E<k(Hz) to its image in the
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normalization is a finite covering space; it can therefore be extended in a canonical
way to a finite branched covering by appealing to the Fortsetzungssatz of Grauert
and Remmert.

Theorem 4.2. There is a normal analytic space E(Hz)(K) containing the complex
manifold E< i (Hz) as a dense open subset, and a finite holomorphic mapping

P E(Hz)(K) — T(F71M),
whose restriction to E<i(Hz) agrees with . Moreover, E(Hz)(K) and ¢ are
unique up to isomorphism.

Since each E<k(Hz) is a union of connected components of the covering space
E(Hz), we can take the union over all the E(Hz)(K); this operation is well-defined
because of the uniqueness statement in the theorem. In this way, we get a normal
analytic space E(Hz), and a holomorphic mapping

¢: E(Hz) —» T(F_4 M)
with discrete fibers that extends ¢. Now the preimage of the zero section in
T(F_1M) gives us the desired compactification for the locus of Hodge classes.

Definition 4.3. The extended locus of Hodge classes HAd/g(’H) is the closed analytic

subscheme ¢~1(0) C E(Hz); by construction, it contains the locus of Hodge classes.

Note that when X is projective, Chow’s theorem implies that ﬁ?itg(?—[) is a count-
able union of projective schemes, each finite over its image in X.

5. The family of hyperplane sections. The construction above can be applied
to the family of hyperplane sections of a smooth projective variety of odd dimension.
In this case, one has a good description of the filtered Z-module (M, F,) in terms
of residues [Sch12b], and it is possible to say more about the space E(Hz). The
fact that F_,M is the quotient of an ample vector bundle leads to the following
result; it was predicted by Clemens several years ago.

Theorem 5.1. The analytic space E(Hz)(K) is holomorphically conver. Every
compact analytic subset of dimension > 1 lies inside the extended locus of Hodge
classes.

6. Acknowledgements. During the preparation of the paper, I have been par-
tially supported by NSF-grant DMS-1331641. In writing I have bene-
fited a lot from a new survey article [CK14] that explains the results of [CDK95] in
the case n < 2. I thank Eduardo Cattani for letting me read a draft version, and for
answering some questions. Several years ago, Davesh Maulik asked me about the
case of hyperplane sections of a Calabi-Yau threefold; I thank him for many useful
conversations, and for his general interest in the problem. Most of all, I thank my
former thesis adviser, Herb Clemens, for suggesting that one should study limits of
integral classes with the help of residues; as usual, his idea contained the seed for
the solution of the general problem.

B. THE LOCUS OF LIMIT HODGE CLASSES

7. Limit Hodge classes in dimension one. We begin by defining limit Hodge
classes in dimension one, where we can use the theory of limit mixed Hodge struc-
tures. Suppose then that #H is a polarized integral variation of Hodge structure of
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weight zero on the punctured unit disk
A*={teC|o<|t|<1}.

Let Hy denote the space of global sections of the pullback of Hz to the universal
covering space of A*. The monodromy operator T': H; — Hy is quasi-unipotent;
write T = T,T,,, with Ts semisimple and T, unipotent, and let N = logT, be
the logarithm of the unipotent part. According to Schmid’s results in [Sch73], the
Q-vector space Hg carries a limit mized Hodge structure

(W), F),

and Ty is an endomorphism of this mixed Hodge structure. Choosing different
coordinates on A replaces F by a filtration of the form e*N F with w € C, which
means that the induced mixed Hodge structure on ker N C Hg is independent of the
choice of coordinates. It therefore makes sense to consider integral Hodge classes
h € Hz Nker N N F° in this mixed Hodge structure. Because Th = T,eNh = T,h,
the orbit of h under the Z-action induced by T is finite and consists entirely of
Hodge classes. The real number Q(h, h) is called the self-intersection number of h.

Lemma 7.1. If h € Hz Nker N N F° is nonzero, then Q(h,h) > 0.

Proof. To relate the self-intersection number of A to that of a Hodge class in the
usual sense, we recall that the limit mixed Hodge structure is polarized by the
pairing Q: Hg ® Hr — R and the nilpotent operator NV; in particular, the induced
Hodge structure of weight zero on

ker (N: Wo(N)/W_1(N) = W_5(N)/W_3(N))

is polarized by the induced pairing Q. Since ker N C Wy (N), we can let h be the
image of h € Hz Nker N N F° under the projection

ker N — ker(N: Wo(N)/W_y(N) — W,Q(N)/W,g(N));

Then h is a Hodge class, and so Q(h,h) = Q(h,h) > 0; moreover, equality only
happens when h = 0, or in other words, when h € Hz N W_1(N)NF°={0}. O

In the covering space E(Hz) of A* determined by the local system, the con-
nected component containing the point h is a d-sheeted covering of A*, where d
is the smallest positive integer with 7%h = h. This covering can be completed to
a branched covering of the entire disk by adding one point, which naturally corre-
sponds to the Z-orbit of h. This suggests that we should consider all the Hodge
classes in the orbit of i as being part of the same “limit Hodge class”.

Definition 7.2. The elements of the quotient
(HzNker NN F°)/Z
are called limit Hodge classes for H at the point 0 € A.

The quotient Hy /7 parametrizes the connected components of the covering space
E(Hz), with the subset (Hz Nker N)/Z corresponding to those components that
are finite over A*. The set of limit Hodge classes is therefore naturally a subset of
the set of connected components of E(Hz).
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8. The cosheaf of connected components. Returning to the general case, a
limit Hodge class for H at a point x € X should be something like a class in the
fiber of Hy over a nearby point of Xy that comes from a limit Hodge class on some
holomorphic arc through the point x. To get a definition that is independent of
which nearby point we chooose, and to allow for the possibility that the same limit
Hodge class may appear on different arcs through the same point, we clearly need
to take the action of the local fundamental group into account. For that reason,
we shall first give a more intrinsic definition of classes in a nearby fiber of Hy.

Since Hodge structures play no role here, let us suppose for the time being that
‘Hyz is a locally constant sheaf of free Z-modules of finite rank on a dense Zariski-
open subset X of a complex manifold X. Denote by p: E(Hz) — Xo the resulting
covering space. For every open set U C X, define

(8.1) C(U) = mo(p~" (U N Xo))

to be the set of connected components of E(Hz) over the open set U N Xy, with the
convention that C(()) = (). For every pair of open sets U C V, one has a mapping
C(U) — C(V), and so C is a covariant functor from the category of open sets in X
to the category of sets; we shall see below that it is an example of a “cosheaf”. We
can now define the set of local components at a point x € X as

C; = lim C(U),

where the projective limit is over all neighborhoods of the given point; when x € X,
this is just a different name for the stalk Hz . The following lemma justifies
thinking of C, as the set of components over a small neighborhood of z.

Lemma 8.2. If U is a good neighborhood of x € X with regard to the subspace
X \ Xo, then the extension mapping C, — C(U) is bijective.

Proof. Recall that Prill [Pri67, Chapter B] calls a neighborhood U good with regard
to X'\ X if there is a neighborhood basis consisting of open sets V' such that V' N X,
is a deformation retract of U N X. Since we can compute the projective limit in
the definition of C, along such a basis, the bijectivity of C,, — C(U) is obvious. O

One can also interpret C(U) in terms of the fiber of the local system at a nearby
point g € U N Xy. Indeed, two elements of Hy ., belong to the same connected
component of p~1(U N Xy) if and only if they lie in the same orbit under the action
of the fundamental group 71 (U N Xg, z); this means that we have a bijection

Hz,2o/m1(U N Xo,x0) ~ C(U).

By restricting our attention to good neighborhoods, we thus get an interpretation
for the elements of the costalk C, at a point x € X that agrees with the intuitive
notion we started from.

We shall now explain how to use the information in C to extend the covering
space E(Hz) to a topological branched covering of X. For that purpose, it will be
convenient to borrow some of the terminology from the theory of cosheaves; for a
good summary, one can consult [Woo09, Appendix B]. Recall that a pre-cosheaf of
sets on X is a covariant functor F from the category of open subsets of X to the
category of sets; the elements of F(U) are called cosections, and for U C V| the
mappings F(U) — F(V) are called extension mappings. A pre-cosheaf F is called



8 CHRISTIAN SCHNELL

a cosheaf if, for every open covering
U=Ju,
iel
the set F(U) is the colimit of the diagram
U FU;nU;) —=2 | F()
igel iel
in the category of sets; concretely, two elements in F(U;) and F(U;) get identified
in F(U) if they are both extensions of the same element in F(U; N Uj).

Example 8.3. The pre-cosheaf C from above is a cosheaf. More generally, any
continuous mapping f: Y — X gives rise to a pre-cosheaf Cy on X, by setting

Cr(U) =mo(f1(U))
for U C X open; if Y is locally connected, this is a cosheaf.
[Need to use “spatial” cosheaves, because of erratum to Woolf’s paper]

Conversely, one can build a locally connected topological space from any cosheaf.
Let F be a cosheaf on a topological space X. As a set, the display space

DF)= || %
reX
is the disjoint union of all the costalks; there is an obvious mapping p: D(F) — X.
The topology on D(F) is generated by a basis consisting of the sets
B(U,a)={Bep ! (U) | the mapping F,5) — F(U) takes 3 to o }

for U C X open and « € F(U). It is easy to see that the projection p: D(F) — X
is continuous, and that the topology on D(F) is Hausdorff if and only if X itself is
a Hausdorff space. The following result is proved in [Woo09, Corollary B.4].

Lemma 8.4. If F is a cosheaf, D(F) is locally connected, and the natural mapping
-1 . -1
|
p~ (@) = Jim o (p~ (V)
is a bijection for every x € X.

More succinctly, the lemma says that we have an isomorphism of cosheaves
Cp, ~ F. From a more functorial point of view, the display space construction is
a right adjoint to the construction in We shall prove this only in
the special case that is needed below, and refer the interested reader to [Woo09,
Proposition B.2 and Proposition B.5] for the general case.

Proposition 8.5. Let f: Y — X be a continuous mapping, Y locally connected.
Any morphism of cosheaves Cy — F induces a continuous mapping g: Y — D(F)
with pog = f.

Proof. At each point z € X, the composition
7M@) = Jimwo(f V) - F

gives us a mapping from f~!(x) to p~!(x); putting these together, we obtain
the desired mapping g: Y — D(F). To prove that g is continuous, observe that
g *(B(U,a)) is the union of all those connected components of f~'(U) that are
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sent to a by the mapping Cy(U) — F(U); this is an open subset of ¥ because we

are assuming that Y is locally connected. ([
Now let us return to the cosheaf C defined in (8.1). We shall use the notation
p: D(Hz) — X

for the display space of C. Since the local system Hyz is defined on Xy C X, it is
easy to see that p~1(Xj) is isomorphic to the covering space E(Hz), and therefore
naturally a complex manifold. The cosheaf C is even constructible in the following
sense.

Proposition 8.6. In any Whitney stratification of X such that X \ Xg is a union
of strata, the restriction of p: D(Hz) — X to any stratum is a covering space.

Proof. The point is that Whitney stratifications are locally topologically trivial
along strata. Fix a Whitney stratification of X in which X \ X is a union of strata,
and let S C X be an arbitrary stratum. Any point zy € .S has an open neighborhood
U C X that is homeomorphic, via a stratum preserving homeomorphism, to the
product of C4™ % and the open cone over the link L(zg) of the stratum at the point.
Now U is clearly a good neighborhood of every x € U N S, and so C, — C(U) is
bijective for every z € U N S. From this, one concludes easily that

p'UnS)= || p'(UNS)NBU,a)
aeC(U)

is the disjoint union of open subsets that are homeomorphic to U N.S; consequently,
p~1(9) is a covering space of S. This also means that p~1(S) is actually a complex
manifold and that the restriction of p is holomorphic. O

Now suppose that f: ¥ — X is a holomorphic mapping such that Yy = f~1(X,)
is dense in Y. For the local system f~'Hyz on Yp, we have
E(f~"Hz) = Yo xx, E(Hz).
Let p: D(f~'Hz) — Y denote the display space of the resulting cosheaf on Y.

Proposition 8.7. The projection from E(f~'Hz) to E(Hz) extends uniquely to a
continuous mapping from D(f~1Hz) to D(Hz), making the diagram

D(fflle) —_— D(Hz)

I I

y — I x
commutative.
Proof. For every open set U C X, the natural projection from E(f~'Hz) to E(Hz)
sends each connected component of (f op)~1(U N Xj) into a connected component
of p~1(U N Xy). This gives us a mapping

Crop(U) = mo((fop) (U N Xp)) = mo(p~ " (UNXo)) =C(U),
and in fact a morphism of cosheaves Cy,, — C. By [Proposition 8.5 this morphism

induces a continuous mapping from D(f~1Hz) to D(Hz); a look at the construction
shows that it agrees over Yy with the projection from E(f~'Hz) to E(Hz). O

Here is another useful property of the display space construction.
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Proposition 8.8. Suppose that we have a commutative diagram

Pl
Xo—— X

such that E(Hz) is dense in the normal analytic space W. Then the inclusion of
E(Hz) into D(Hz) factors uniquely through W.

Proof. For every open set U C X, the natural mapping
CU) =mo(p " (UNXp)) = mo(q " (U)) =Cy(U)

is bijective because W is normal and F(Hz) C W is dense. This means that the
cosheaf C, is isomorphic to C; now |Proposition 8.5| gives us the desired continuous
mapping from W to D(Hz). O

9. Limit Hodge classes. We are now ready to define limit Hodge classes. Let
‘H be a polarized variation of integral Hodge structure of weight zero, defined on
a dense Zariski-open subset X of a complex manifold X. Let C be the cosheaf of
connected components of the covering space F(Hz), introduced in , and

BT IERT -1
C = lim C(U) = lim mo (p~" (U N X))
its costalk at the point z € X. As before, we denote by
p: D(Hz) = X
the display space of C; it is a locally connected Hausdorff space with the property
that p~!(Xp) is isomorphic to F(Hz). Since the function (z,h) + Q.(h,h) is
locally constant on E(Hyz), it extends uniquely to a locally constant continuous

real-valued function on D(Hz); the intersection number of an element in C, is by
definition the value of this function. Note that the subset

D<k(Hz) € D(Hz)

of points with intersection number at most K is a union of connected components
of D(Hz), and therefore both open and closed.

To define limit Hodge classes, suppose that we have a holomorphic arc v: A — X
with 7(0) = z and y(A*) C Xj. [Proposition 8.7| gives us a commutative diagram

D(’y_l’Hz) —_— D(Hz)

5 l
A—T X

The discussion in [§7] applies to the variation of Hodge structure y~'H. It shows
that p~1(0) ~ Hz/Z, where Hyz stands for the space of global sections of v~'Hz on
the universal covering space of the punctured disk, and the Z-action comes from
the monodromy operator 7' = Tye” . Since we also have p~!(z) = C,, we thus get
a well-defined mapping

(9.1) (HzNker NNF%)/Z — C,

from the set of limit Hodge classes for y~1H at the point 0 € A, in the sense of
Definition 7.2] to the costalk of C at the point x € X.



ON THE LOCUS OF LIMIT HODGE CLASSES 11

Definition 9.2. An element of the costalk C, is called a limit Hodge class if there
is a germ of a holomorphic arc v: (A,0) — (X, x) with v(A*) C Xy, such that the
given element belongs to the image of the mapping in (9.1)).

At points x € X, the costalk C, is isomorphic to the fiber of the local system
‘Hz, and the above definition specializes to the usual definition of Hodge classes in
the pure Hodge structure of weight zero on Hz .. In this special case, the set of
limit Hodge classes forms a group; but in general, it does not make sense to add
two limit Hodge classes.

Definition 9.3. We shall denote by Hdg(#, X) C D(#Hz) the set of all limit Hodge
classes, and by Hdg. x(H, X) its intersection with D<x(Hz).

With the topology induced from the display space, Hdg(#, X) is a Hausdorff
space, and each Hdg ;- (#, X) is both closed and open. The projection

p: Hdg(H,X) = X

is continuous, and the open subset p~!(Xj) is isomorphic, as a topological space, to
the locus of Hodge classes Hdg(?). We shall see in the next section that Hdg(H, X)
is in fact an analytic space, too.

10. The locus of limit Hodge classes. The purpose of this section is to prove
the following theorem.

Theorem 10.1. The set of limit Hodge classes Hdg(H, X) can be given the struc-
ture of an analytic space over X, in such a way that for every K > 0, the subspace
of limit Hodge classes of self-intersection number at most K is finite over X.

The idea of the proof is to reduce the problem to the normal crossing case, which
is dealt with in We begin by choosing a proper holomorphic mapping
f:Y — X with the following properties: (1) the complement of Yy = f~!(Xy)
is a divisor with normal crossing singularities; (2) the restriction fo: Yy — Xj is
a finite covering space; (3) at points of Y\ Yp, the local monodromy of f~1Hy is
unipotent. Here is one way of constructing such a mapping. Let fo: Yo — X be a
finite covering space on which the monodromy representation of the local system Hz
becomes trivial modulo the prime number 3. By the Fortsetzungssatz of Grauert
and Remmert [GPR94, VI1.3.3], such a covering space extends in a unique way to
a finite branched covering of X; now let f: Y — X be an embedded resolution
of singularities that leaves Y, unchanged and makes the complement of Yj into a
normal crossing divisor. Then any local monodromy transformation of f~1Hz is
quasi-unipotent and congruent to the identity modulo 3, and therefore unipotent
[Sch08, Lemma on p. 25].

Let us assume for now that we already know the conclusion of [Theorem 10.1
for Hdg(f~'H,Y); the proof in this special case is the topic of [Chapter Di By
the projection from E(f~'Hz) to E(Hz) extends to a continuous
mapping between display spaces, giving us a commutative diagram

D(f~'"Hz) —— D(Hz)

g lr
y — . x

Since Yj is finite over Xy, it is easy to see that g takes limit Hodge classes for f~1H
at the point y € Y to limit Hodge classes for H at the point f(y) € X.
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Proposition 10.2. The induced continuous mapping
g: Hdg(f~'H,Y) — Hdg(H, X)
is surjective and proper, and therefore a quotient mapping.

Proof. Surjectivity follows from the properness of f. Indeed, a limit Hodge class
for H at a point € X comes from a germ of a holomorphic arc v: (A,0) — (X, z)
with v(A*) C Xj. Since Yj is a finite covering space of Xy and f is proper, we can
find some d > 1 such that v ot? lifts to a holomorphic arc on Y; more precisely, for
some point y € f~1(z), we get a commutative diagram

(A,0) —— (Y.y)

ol

(A,0) —— (X, z).

Since the set of limit Hodge classes for 3~ !H is the same as that for v~ 1H, the
surjectivity of g follows.

It remains to prove properness of g. Granting in this special case,
Hdg. ;(f~1H,Y) is proper over Y, hence proper over X; from this, it follows that
the restriction of g defines a proper mapping

HngK(f_l’l-LY) — Hdg<x(H, X)

for every K > 0. Since each Hdg. x(H, X) is both closed and open in Hdg(#, X),
this is enough to conclude that g itself is proper. (I

The proposition tells us that, as a topological space, Hdg(H, X) is a quotient
of the analytic space Hdg(f~'H,Y); what we have to show is that this quotient
is itself an analytic space. In general, this can be a difficult problem — but in this
particular case, it turns out to be doable. Evidently, the first thing we should prove
is that the equivalence relation

R C Hdg(f™'H.,Y) x Hdg(f'H.Y)

defining the quotient is a closed analytic subset of the product. Since two points
are equivalent if and only if they have the same image in D(Hz), it is clear that

R=Hdg(f™'"H,Y) X p,) Hdg(f'H,Y)
C Hdg(f'H,Y) xx Hdg(f'H,Y);

note that the fiber product over X is closed analytic because pog = fopis a
holomorphic mapping from Hdg(f~'H,Y) to X.

Proposition 10.3. The equivalence relation R is analytic.

Proof. Since g is continuous and D(Hz) is Hausdorff, R is closed. To prove that R
is analytic, we only need to show that it is a union of locally closed analytic subsets.
As in choose a Whitney stratification of X in which X \ Xy is a
union of strata. For any stratum S C X, the preimage p~!(S) is a covering space
of S, and therefore a complex manifold. Since p o g = f o p is holomorphic, this
implies that the restriction of g to the locally closed analytic subset (po g)~1(S) is
also holomorphic. But then the part of R that lies over S C X is a locally closed
analytic subset of the fiber product, and so we get the result. [
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We conclude that Hdg(#H, X) is the quotient of the analytic space Hdg(f~'H,Y)
by the analytic equivalence relation R. This is of course still not enough to say that
Hdg(#H, X) is an analytic space. Quotients by finite analytic equivalence relations,
however, are always analytic spaces, and together with the finiteness result in

this is enough to complete the proof.

Proof of [Theorem 10.1} Fix a real number K > 0. As we have seen, Hdg ; (#H, X)
is the quotient of the analytic space Hdg j (f ~19,Y) by the analytic equivalence

relation R. Granting[Theorem 10.1]in the special case that is proved in
the holomorphic mapping

pog: HngK(f_l'H,Y) - X

is proper, and it is easy to see from the definition of the equivalence relation R that
the connected components of the fibers are each contained in a single equivalence
class. This means that if we pass to the Stein factorization of p o g, and denote by

qK:ZK—>X

the resulting finite holomorphic mapping, then R descends to an analytic equiva-
lence relation R C Zx X Zk, and as a topological space, Hdg. ;- (H, X) ~ Zx /Rk.

Now the two projections from Ry to Zx are finite holomorphic mappings, be-
cause Ry is contained in the fiber product Zx X x Zk, which has this property. As
proved in [KK83| Proposition 49 A.13], quotients by finite analytic equivalence re-
lations always exist in the category of complex spaces; therefore Hdg. .- (H, X) has
the structure of an analytic space over X that makes the projection p into a finite
holomorphic mapping. It is easy to see that if we perform the same construction
for a larger real number L > K, then the resulting analytic structure on the closed
and open subset Hdg. i (H, X) C Hdg.;(H, X) is the same. Since

Hdg(H, X) = | J Hdg< x(H, X)
K>0

is the union of the closed and open subsets Hdg ;- (#, X), this ends the proof. [

To conclude this section, let us show that the analytic structure on Hdg(#, X) is
independent of the choice of f: Y — X. Since any two such holomorphic mappings
can be dominated by a third, the problem reduces to the following special case.

Proposition 10.4. Suppose that X \ Xo is a divisor with normal crossing singu-
larities and that the local monodromy of Hz, at points of X \ X is unipotent. Then
the analytic structure on Hdg(H, X) is independent of the choice of f: Y — X.

Proof. Let H denote the canonical extension of the flat bundle underlying . In this
situation, f*# is the canonical extension of the flat bundle underlying f=*H O

C. A VARIANT OF THE CONSTRUCTION

11. Setup and basic properties. Let X be a complex manifold, Z C X an
analytic subset, and H a polarized variation of integral Hodge structure on Xg =
X \ Z. We denote by Hyz the underlying local system of free Z-modules, and by
Q: Ho ®g Hg — Q(0) the bilinear form giving the polarization.

Now let E(Hz) be the étalé space of the local system Hyz; it is a (usually dis-
connected) covering space of the complex manifold Xy. Point of E(Hz) may be
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thought of as pairs (x, h), where z € X and h € Hz, is a class in the stalk. Asin
the introduction, we define

B<x(Hz) = { (w,h) € E(Hz) | |Qz(h, h)] < K }

for every K > 0; note that it is a union of connected components of F(Hyz),
because the function (z,h) — Q. (h, k) is constant on each connected component.
Let T(H) = Spec(SymH*) be the vector bundle with sheaf of sections H*; we
similarly define T'(F1#H).

We first describe in more detail how the holomorphic mapping ¢: E(Hz) —
T(F'H) is constructed. The pairing @) induces an injective morphism of sheaves

Hz — H*, h—Q(h,—);

it is injective because @ is nondegenerate. As in [Schi2al, Section 2.6], this mor-
phism gives rise to a holomorphic mapping

which embeds the complex manifold E(Hz) into the holomorphic vector bundle
T(H). From now on, we identify E(Hz) with a complex submanifold of T'(H).
We obtain ¢: E(Hz) — T(F'H) by composing with the projection q: T(H) —
T(F'H).

Now fix some K > 0. We already know from the result about Hodge structures

in that ¢: E<y(Hz) — T(F'H) has finite fibers; the purpose of this

section is to understand its global properties. The following diagram shows all the

relevant mappings:

Eck (Hz) —>TF1

~—_ l

The polarization defines a hermitian metric on the holomorphic vector bundle asso-
ciated with H, the so-called Hodge metric. It induces hermitian metrics on the two
bundles T(H) and T(F'H). Let B,(H) C T(H) denote the closed tube of radius
r > 0 around the zero section. The proof of shows that

‘F’il(Br(H)) € B k542 (FlH)5
in particular, the general discussion in [§22] applies to our situation. We summarize
the results in the following proposition.

Proposition 11.1. The holomorphic mapping ¢: E<k(Hz) — T(F'H) is finite,
and its image is a closed analytic subset of T(F'H). Moreover, the induced mapping
from E<g(Hz) to the normalization of the image is a finite covering space.

Proof. This is proved in below. O

12. Analyticity of the closure. In this section, we prove in gen-
eral. We denote by M the polarized Hodge module of weight dim X with strict sup-
port X, canonically associated with H by the equivalence of categories in [Sai90,
Theorem 3.21]. Let (M, FeM) denote the underlying filtered regular holonomic
Px-module. By construction, the restriction of F'_1 M to the open subset X is
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isomorphic to F'*H. The analytic space T'(F_1.M) therefore contains an open subset
isomorphic to the vector bundle T'(F1H). We denote by

0: E<g(Hz) = T(F_1M)

the resulting holomorphic mapping.

Theorem 12.1. The closure of the image of the holomorphic mapping
0: E<g(Hz) = T(F_1M)

is an analytic subset of T(F_1M).

Proof. There is a proper holomorphic mapping f: Y — X, whose restriction to
Yy = f~1(Xp) is a finite covering space, such that D = f~1(Z) is a divisor with
normal crossings, and such that the local monodromy of f3H at every point of D is
unipotent. To construct f, we first take an embedded resolution of singularities of
(X, Z). According to [Sch73, Lemma 4.5], the pullback of H has quasi-unipotent lo-
cal monodromy at every point of the preimage of Z; after a finite branched covering
and a further resolution of singularities, we arrive at the stated situation.

Now let M’ denote the polarized Hodge module of weight dimY with strict
support Y, associated with H' = fJH. According to [Schl12al Lemma 2.21], there
is a canonical morphism

FflM/ — f*.Ffl./\/(7
whose restriction to Yy is an isomorphism. We then have the following commutative
diagram of holomorphic mappings:

E<i(Hz) +— B<k(Hz) xx Y == E(Hz)'(K)

o [ 2

T(F M) 2~ T(F M) xx Y —2 T(F_ ;M)

By [Theorem 14.3] the closure of the image of ¢’ is analytic. The same is therefore
true for ¢ x id, because g is an isomorphism over Y. Because f is proper, the result

for ¢ now follows from Remmert’s proper mapping theorem [GPR94 I11.4.3]. O

13. Extension of the finite mapping. We are now ready to prove the main
result, namely that ¢: E<g(Hz) — T'(F-1M) can be extended to a finite mapping.

Theorem 13.1. There is a normal analytic space E(Hz)(K) containing the com-
plex manifold E<x(Hyz) as a dense open subset, and a finite holomorphic mapping

¢: E(Hz)(K) — T(F_1 M),

whose restriction to E<i(Hz) agrees with . Moreover, E(Hz)(K) and ¢ are
unique up to isomorphism.

Proof. The closure of the image of ¢ is an analytic subset of T'(F_1. M) according to

Let W denote its normalization; according to [Proposition 11.1} the
induced mapping from E< g (Hz) to W is a finite covering space over its image. The

Fortsetzungssatz of Grauert and Remmert [GPR94] VI.3.3] shows that it extends in

a unique way to a finite branched covering of W. If we define E(Hz)(K) to be the

analytic space in this covering, and @: E(Hz)(K) — T(F_1.M) to be the induced
holomorphic mapping, then all the requirements are fulfilled. The last assertion
follows from the uniqueness statement in [GPR94| VI.3.3]. O
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Recall from |Definition 4.3| that the extended locus of Hodge classes %(7—[) is

the preimage, under @, of the zero section of T(F_; M) under @. It is therefore a
(possibly not reduced) closed analytic subspace of E(Hz).

Corollary 13.2. The extended locus of Hodge classes }/ﬂg(%) contains the usual
locus of Hodge classes Hdg(H). For every K > 0, the intersection Hdg(H) N

E(Hz)(K) is finite and proper over its image in X .

Proof. The first assertion is clear from the construction, because Hdg(#) is by def-
inition the preimage, under ¢, of the zero section in T(F'H). The second assertion
follows from the fact that ¢: E(Hz)(K) — T(F_1.M) is finite. O

Note that the extended locus of Hodge classes Hdg(#) is canonically associated
with the original polarized variation of Hodge structure # on Xy. The reason is that
the polarized Hodge module M and its underlying filtered Z-module (M, Fe M)
are uniquely determined by H; according to the same is true for
the holomorphic mapping ¢: E(Hz)(K) — T(F_1M). In this sense, Hdg(#) is a
canonical extension of Hdg(#) to an analytic space over X with good properties.

Corollary 13.3. Let H be a polarized variation of Hodge structure of weight zero,
defined on a Zariski-open subset Xo of a smooth projective variety X. Then Hdg(H)
is a countable union of projective schemes, each finite over its image in X.

Proof. This follows from Chow’s theorem by noting that the pullback of an ample
line bundle under a finite holomorphic mapping remains ample. [l

D. THE NORMAL CROSSING CASE

14. Introduction. In this chapter, we treat the case of variations of Hodge struc-
ture with unipotent local monodromy on the complement of a normal crossing
divisor. We use the same notation as in the introduction, namely X is a complex
manifold, D C X a divisor with normal crossing singularities, and Xo = X \ D its
open complement. Suppose that H is a polarized variation of integral Hodge struc-
ture of weight zero on Xy whose local monodromy at each point of D is unipotent.
We write F'*H for the Hodge filtration on the locally free sheaf H, and

m: B(H) = Xo

for the corresponding holomorphic vector bundle; then B(FP?H) is the subbundle
corresponding to FPH. As in the introduction, the underlying local system of
free Z-modules Hy determines a covering space E(Hz) of Xo; note that E(Hz) is
naturally a complex submanifold of B(H), because Hy is a subsheaf of H. The
locus of Hodge classes is then exactly the intersection

Hdg(H) = E(Hz) N B(F'H) C B(H);
as such, it is an analytic subspace. For every K > 0, the set

E<k(Mz) = {(x,h) € E(Hz) | Qu(h,h) < K } C E(Hz)
is a union of connected components of F(Hyz), and we have
Hdg. s (H) = E<x(Hz) N B(F*H) € B(H).

To construct the locus of limit Hodge classes in this setting, let H denote the
canonical extension of (H, V) to a locally free sheaf on X [Del70, Proposition 5.2]. If
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we again use the notation 7: B(H) — X for the corresponding holomorphic vector
bundle, then 7=!(Xo) = B(H). Since we are interested in limits of sequences of
integral classes, we take the closure of E(Hz) inside this larger ambient space.

Theorem 14.1. The topological closure of E(Hyz) inside B(H) is an an analytic
subspace; in particular, every point in the closure lies on the image of some holo-
morphic arc f: A — B(H) with f(A*) C E(Hz).

The proof is basically an exercise in linear algebra; it does not use the fact that
the local system Hy comes from a variation of Hodge structure. Note that while
E(Hz) is a covering space of Xy, its closure may have fibers of positive dimension
over the boundary divisor D = X \ X. If we think of points in F(Hz) as limits of
sequences of integral classes, what this means is that different ways of approaching
a point on D can lead to different limits.

Now let E(Hz) denote the normalization of the analytic space E(Hz): by con-

struction, it comes with a finite mapping

v: E(Hz) — B(H)
that is an isomorphism over the preimage~of Xo = X \ D. Recall that the Hodge
filtration F'*H extends to a filtration F*H by locally free subsheaves [Sch73l, §4];
in particular, B(F°H) is a holomorphic subbundle of B(H). Its preimage
Hdg(H, X) = v~* (B(F'H)) € B(Hz)”
is therefore an analytic subspace that coincides, over X, with the usual locus of
Hodge classes Hdg(#). As above, we have

Hdg(#H, X) = U Hdg x (H, X),
K=0
where Hdg. x(H, X) is defined by intersecting Hdg(#, X) with the normalization
of the closure of E<y(Hz), which is a union of connected components of EHz) .
The following theorem justifies calling Hdg(H, X)) the locus of limit Hodge classes.

Theorem 14.2. Let X and H be as above.

(a) The points of the analytic space Hdg(H,X) are in one-to-one correspon-
dence with limit Hodge classes for H on X, as defined in[§9

(b) For every K > 0, the natural mapping from Hdg. - (H,X) to X is finite
(= proper with finite fibers). -

The content of is that the locus of limit Hodge classes is well-
behaved, provided one imposes a bound on the self-intersection number. Evidently,

is inspired by the work of Cattani, Deligne, and Kaplan — in fact,
while the theorem itself does not appear in [CDK95], we shall see that it can be
deduced from some of the technical results proved there. It is also worth noting
that although Cattani, Deligne, and Kaplan did not consider limit Hodge classes
as such, the statement of [CDK95 Theorem 2.16] strongly suggests that something
like ought to be true.

As explained in the introduction, there are certain cases (such as families of
hypersurfaces) where a different construction seems more natural. Recall that H
extends uniquely to a polarized Hodge module

M € HMy (X, dim X)
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with strict support X. The underlying regular holonomic left Zx-module M is the
minimal extension of the flat bundle (#, V), and the coherent &'x-modules F, M
are extensions of the locally free sheaves F~PH. We can define an analytic space

T(F_1M) = Specy (Symg, F_1M)

by taking the spectrum of the symmetric algebra of F_; M; over Xy, it restricts to
the holomorphic vector bundle corresponding to (F1H)*. The polarization induces
a holomorphic mapping

p: E(Hz) = T(F_-1 M),
and as above, we are interested in the closure of the image. The second important
result in this chapter is that the closure is analytic, provided we again impose a
bound on the self-intersection number.

Theorem 14.3. The topological closure of the image of the holomorphic mapping
o1 B<ic(Hz) — T(F_1M)
is a complez-analytic subspace of T(F_1M).
This theorem is far stronger than because convergence in the

space T'(F_1.M) gives us much less control over a sequence of integral classes than
convergence in B (7:[) In fact, does not follow from the results of
Cattani, Deligne, and Kaplan: to prove it, we have to establish a more powerful
version of [CDK95, Theorem 2.16]. Using some facts from complex analysis, one
can then construct an extension of E< (Hz) that is still finite over T'(F_1M).

Corollary 14.4. There is a normal analytic space ESK(HZ) containing the com-
plex manifold E<x(Hz) as a dense open subset, and a finite holomorphic mapping

@: ESK(HZ) — T(FflM)
whose restriction to E< i (Hz) agrees with @; both are unique up to isomorphism.
The uniqueness statement in [Corollary 14.4] means that if we define

E(Hz) = Jim, BE<x(Mz),

then E (Hz) is a normal analytic space with countably many connected components;
by construction, it comes with a holomorphic mapping

¢: E(Hz) = T(F_4M)

whose fibers are discrete, and whose restriction to each subset Eg Kk (Hz) is finite
and proper. The preimage of the zero section in T'(F_1.M) therefore gives a second
compactification -

Hdg(H, X) = ¢7(0) € E(Hz)
for the locus of Hodge classes, with the same finiteness properties as the locus of
limit Hodge classes.

Concerning the relationship between the two constructions, we have the following
result. It would be interesting to know more — but at present, I do not even have
a guess as to what the image of A\ might be.

Corollary 14.5. There is a unique holomorphic mapping

A: E(Hz) — E(Hz)
whose restriction to E(Hz) is the identity.
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In particular, we get a finite mapping from I:I\d/g(H, X) to the locus of limit Hodge
classes. Note that this mapping is generally not surjective; there is also no good
reason to think that it should be injective.

15. Review of the local theory. Since both|Theorem 14.2|and[Theorem 14.3|are
basically local statements, we shall begin by reviewing the local theory of polarized
variations of Hodge structure on the complement of a normal crossing divisor [Sch73|
Kas85, [CKS86]. Fortunately, Cattani and Kaplan have written a beautiful survey
article, where they describe all the major results [CK89]. Rather than citing the
original sources, I will only quote from this article.

Let A", with coordinates s = (s1,..., s, ), be the product of n copies of the unit
disk; then (A*)™ is the complement of the divisor defined by s - - - s, = 0. Let H be
a polarized variation of integral Hodge structure of weight zero on (A*)™; we assume
that the underlying local system of free Z-modules Hyz has unipotent monodromy

around each of the divisors s; = 0. Let H", with coordinates z = (21,..., z,), be
the product of n copies of the upper half-plane; the holomorphic mapping
Hn N (A*)n7 P (6271'1‘217.”76271'2’,2”)

makes it into the universal covering space of (A*)™. If we pull back the local system
Hyz to H™, it becomes trivial; let Hy denote the free Z-module of its global sections,
and @: Hg ® Hg — R the symmetric bilinear form coming from the polarization
on H. By assumption, the monodromy transformation around s; = 0 is of the
form eV, where N; is a nilpotent endomorphism of Hg = Hz ®7 Q that satisfies
Q(Njh1,ha) + Q(h1,Njhe) = 0. It is clear that Ny,..., N, commute.

We now review the description of H that results from the work of Cattani,
Kaplan, and Schmid. Let D denote the parameter space for filtrations F = F* H¢
that satisfy Q(FP, F4) = 0 whenever p+q > 0; let D C D denote the subset of those
F that define a polarized Hodge structure on Hc = Hz ®z C with polarization Q.
Recall that D is a closed subvariety of a flag variety, and that the so-called period
domain D is an open subset of D.

The variation of Hodge structure H can be lifted to a period mapping

o:H" - D
which is holomorphic and horizontal. It is known that every element of the cone
C(Nl,...,Nn) = {a1N1+-'~+anNn | Aly. ..y Qp > 0}

defines the same monodromy weight filtration [CK89, Theorem 2.3]; we denote this
common filtration by W = W(Ny,...,N,). In the limit, % determines another
filtration F € D for which the pair (W, F) is a mixed Hodge structure on Hg,
polarized by @ and every element of C(Ny,...,N,). According to the nilpotent
orbit theorem [CK89, Theorem 2.1], the period mapping is approximated (with
good bounds on the degree of approximation) by the associated nilpotent orbit

(15.1) B H* - D, Bpy(z) = =N

One can use the mixed Hodge structure (W, F') to express ®(z) in terms of the
nilpotent orbit and additional holomorphic data on A™. Denote by

g={X €End(He) | Q(Xhy, ha) + Q(h1, Xhs) =0}
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the Lie algebra of infinitesimal isometries of ). The mixed Hodge structure (W, F')
determines a decomposition of H¢ with the following properties:

He=mre, w,= @ r1, F=Pr-,

P, ptg<w p>k

A formula for the subspaces I”? can be found in [CK89, (1.12)]. The decomposition
leads to a corresponding decomposition of the Lie algebra

g=EPe,
p,q

with gP+¢ consisting of those operators X that satisfy X (I%%) C I*tP:*+4 for every
a,b € Z. In this notation, we have Ni,..., N, € g~ ~!; moreover, the restriction
of Q to the subspace 1”4 @ I*"" is nondegenerate for p’ +p = ¢’ + ¢ = 0, and zero
otherwise.

The more precise version of the nilpotent orbit theorem [CK89, Theorem 2.8] is
that the period mapping of H can be put into the normal form

(15.2) o:H" - D, &(2)= e % Nigl )
for a unique holomorphic mapping
r: A" — @ ghd
p<—1

with I'(0) = 0. When we write I'(s), it is of course understood that s; = e2™% for
every j = 1,...,n. The horizontality of the period mapping has the following very
useful consequence [CK89 Proposition 2.6].

Proposition 15.3. Let ®(z) = e=*Niel &) F be the normal form of a period
mapping on H". Then for every j =1,...,n, the commutator

[Nj, eF(s)] = Njer(s) — €F(S)Nj
vanishes along the divisor s; = 0.
16. Local description of the problem. The presentation of the period map-
ping in (15.2)) is very convenient for describing the canonical extension of (H,V)
geometrically. With the conventions about the fundamental group in [CK89, (1.8)],

the étalé space E(Hyz) of the local system Hy is the quotient of H" x Hy by the
following Z™-action:

(16.1) a-(z,h) = (z+ a,ez“jNﬂ'h) for a € Z™ and (z,h) € H" x Hy

Since we are only considering classes of bounded self-intersection, we define for any
integer K > 0 the set

Hy(K) = {h e Hy | Qb h)| < K }.

Then E<(Hz) is the quotient of H" x Hz(K) by the action in (16.1)). As above, let
(H, V) be the flat bundle on (A*)™ underlying the variation of Hodge structure. It
admits a canonical extension to locally free sheaf # on A", on which the connection
has a logarithmic pole along each of the divisors s; = 0 with nilpotent residue
[Del70), Proposition 5.2]. Explicitly, for each v € Hg, the holomorphic mapping

(16.2) H" — He, 2z =Ny
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descends to a holomorphic section of H on (A*)", and H is the locally free subsheaf
of j«H generated by all such sections [CK89l (2.2)]. This means that

B(H) ~ A™ x Hg,

and with respect to this isomorphism, E(Hz) is identified with the image of the
holomorphic mapping

(16.3) e:H" x Hz — A" x He, e(z,h) = (ezﬂi—zl’ B .’e%izn7e—2szjh) .

If we use the above trivialization of the bundle B (H), then (15.2) tells us that the
subbundle B(FPH) is exactly the image of the holomorphic mapping

A" x FP — A" x He,  (s,v) — (s,er(s)v) .

From this point of view, it is easy to see the difference between ® and the nilpotent
orbit ®,,;; in : it is the difference between the above embedding of A™ x FP
and the obvious embedding induced by FP C Hc.

We close this section by describing the extension of H to a polarized Hodge
module on A™. Let us denote this extension by M, and let (M, F, M) be the
filtered regular holonomic left Z-module underlying M. Then M is simply the
Z-submodule of j,H generated by H, and the filtration on M is given by

(16.4) FM =Y F;jDan - FVL.

=0
It satisfies F; Pan - FiM C Fjy M, and each Fy M is a coherent sheaf on A™ whose
restriction to (A*)" agrees with F~*%{. This is a translation of Saito’s results in

[Sai90, §3.10]; note that Saito is working with right Z-modules. For the purposes
of [Theorem 14.3| the important point is that F_; M has more sections than F1#;
the following lemma exhibits the ones that we will use.

Lemma 16.5. For any vector v € F?, and any index 1 < k < n, the formula
Nkv

Sk
defines a holomorphic section of the coherent sheaf F_1 M on A™.

ou(2) = e Niel(®)

Proof. Tt is clear from the description above that
oy: H" = He, o0,(2) = e22iN; T'(8)y

defines a holomorphic section of F2H for every v € F?; consequently, o, is also a
holomorphic section of F_s M. By [CK89, (2.7)], the horizontality of the period
mapping is equivalent to

d(ez szjer(s)) — 27N I(s) (dF1(S) + ZdeZj),
j=1

where I'_1(s) is the sum of all the gP*?-components of I'(s) with p = —1. Using this
identity and the fact that s, = e?™%%F, we compute that

0 N dr'_1(s) Ny,
- — 222N  T'(s) 1
0sg ou(z) = e ¢ ( 0sy, + 2m’5k) v

N, (s 0T —1(s 1
= eZZ]N]eF( )678116()1]4_ %Uv,k‘(z)'
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This section belongs to F_1 M by virtue of (16.4); we now obtain the result by
noting that I'_;(s) - v is a holomorphic mapping from A™ into F*. ([

17. Two results about sequences of Hodge classes. The theorem of Cattani,
Deligne, and Kaplan about the locus of Hodge classes with bounded self-intersection
number rests mainly on the following technical result [CDK95, Theorem 2.16].

Theorem 17.1 (Cattani, Deligne, Kaplan). Consider a sequence of points
(z(m), h(m)) € H" x Hy(K)

with z;(m) = Re z;(m) bounded and y;(m) = Imz;(m) going to infinity for every
j=1,...,n. If every h(m) is a Hodge class in the Hodge structure induced by the
filtration @(z(m)), then there is a subsequenceﬂ with the following properties:

(a) The sequence h(m) is constant, equal to some h € Hy(K).

(b) One has (a1 N1+ -+ + ap, N, )h = 0 for certain positive integers a, ..., Gn;
in particular, h € Wy.

(c) There is a vector w € C™ such that

lim e~ 22 MNip(m) = ¢~ 2wilip,
m—o0

(d) Lastly, h is a Hodge class in the mized Hodge structure (I/Vo7 e wiN; F)

For practical reasons, they actually prove a more general statement, in which
the assumption h(m) € ®°(z(m)) is replaced by the condition that

(17.2) h(m) = b(m) mod ®°(z(m)),

where b(m) € Hc is a sequence of exponentially small error terms; more precisely,
the norm of b(m) should be in O (e=*™2%; (™)) for some fixed a > 0.
gives enough control over the asymptotic behavior of sequences of Hodge classes to
conclude that the locus of Hodge classes extends analytically over A™. It is also
sufficient for proving about the locus of limit Hodge classes.
Interestingly, trying to prove also leads to the relation in ,

but with a much weaker condition on the sequence of error terms. The reason is
that when we consider a sequence for which ¢ (z(m), h(m)) converges in T(F_1 M),
we are somehow controlling the distance from h(m) to the subspace ®°(z(m)), and
so we can expect to get something like ((17.2)) with a bound on the sequence b(m).
The precise condition that emerges from is the following.

Definition 17.3. Fix an inner product on H¢ and let ||—|| denote the corresponding
norm. A sequence of vectors b(m) € Hc is called harmiless with respect to y(m) if
there is a positive real number o > 0 such that the quantity

lo(m)[| + > e || Nib(m)]|
k=1

remains bounded as m — co. It is called exponentially small with respect to y(m)
if, for some a > 0, the quantity e® ™% % (™)||p(m)|| remains bounded as m — oco.

ITo simplify the notation, we always denote a subsequence of a sequence by the same symbol.
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In other words, a sequence b(m) € H¢ is harmless if and only if it is bounded
and || Nib(m)]| is in O(e=¥+(™)) for every k = 1,...,n; it is exponentially small if
[6(m)| is actually in O(e=*™2%i % (™)) The proof of is based on the
following generalization of

Theorem 17.4. Suppose we are given a sequence of points
(z(m), h(m)) € H" x Hy(K)

with x;(m) = Re z;(m) bounded and y;(m) = Im z;(m) going to infinity for every
j=1,...,n. Also suppose that

h(m) = b(m) mod ®°(z(m))

for a sequence of vectors b(m) € Hgc that is harmless with respect to y(m). Then
there exists a subsequence with the following properties:

(a) The sequence h(m) is constant, equal to some h € Hz(K).
(b) One has (a1 N1+ -+ an, Ny )h = 0 for certain positive integers aj, ..., an;
in particular, h € Wy.
(c) There is a vector w € C" such that
lim e” 2% MNip(m) = e~ 2wilNip,

m—o0

(d) The sequence b(m) converges to a limit b € Hc, and one has
h=b mod exwili p0
as well as Nyb=---= N, b=0.

In order not to interrupt the flow of the argument, I decided to devote a separate

to the proof of [Thcorem 17}
18. Proof of Theorem 14.1. In this section, we prove that the topological

closure of E(Hz) is an analytic subspace of the vector bundle B(#). This is of
course a purely local problem: it suffices to show that, for any given point z € X,
the closure of E(Hz) is analytic in a neighborhood of 7~ '(z) € B(H). After
choosing suitable local coordinates, we may therefore assume that X = A™ with
coordinates s = (s1,...,8y), and that D is the divisor given by s;---s; = 0.
Because E(Hz) is already closed in B(H), we are free to enlarge the divisor D;
hence it is enough to treat the case k = n, where Xo = (A*)™. Now recall from
that B(H) ~ A" x Hc and that E(Hz) is the image of the holomorphic

mapping
e: H" x Hy — A" x He, e(z,h) = (ezmzl, .. .,eQ”iz",e_ZZijh) .

To prove [Theorem 14.1} we have to show that E(Hz) is analytic in a neighborhood

of every limit point of E(Hz) that lies over the origin in A™. This is basically just a
problem in linear algebra that can be solved without knowing that the local system
‘Hz comes from a polarized variation of Hodge structure.

As a first step, we describe all possible limit points of F(#Hz). In the natural
stratification of A", the strata are indexed by subsets J C {1,2,...,n}; the stratum
corresponding to J is the set

AT ={seA"|s;=0ifand only if j € J }.

This notation makes the following result easier to state.
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Proposition 18.1. A point (s,v) € A’} x Hc belongs to the topological closure
E(Hz) if and only if the following two conditions are satisfied:
(1) There is a vector w € C™ and an integral class h € Hyz such that

v=e 2wilNip

and such that s; = e2™™i for every j & J.
(2) One has " a;Njh =0 for some positive integers {a;};c;.

Proof. Suppose that v = e~ 2= %iNih, with w € C" and h € Hy, as above. If we put
a; = 0 for j ¢ J and denote the resulting vector by a € N, we obtain
v=e" ZjEJ(itaj-i-u)j)Nj h

for every t € R; but then it is easy to see that

(s,v) = tliglos(w + ita, h) € E(Hz).
To prove the converse, let us consider an arbitrary point (s,v) € A" x Hc that also

belongs to E(Hz). It is the limit of a sequence in E(Hyz); we can therefore choose
a sequence (z(m), h(m)) € H" x Hz, with bounded real parts Re z(m) such that

lim (eg’rizl(m), ..., €2 (m) o= 30z (MmN, h(m)) = (S1y-+y8n, V).
m—o0

As in (26.1), it will be convenient to expand the sequence z(m) according to the
rate of growth of its imaginary parts. After passing to a subsequence, we can find
a partition J = J; U Jo U--- U Jg, an n X d-matrix A with nonnegative entries that
satisfy a;x # 0 if and only if j € J; U--- U Ji, and two sequences t(m) € R? and
w(m) € C™, which together have the following three properties:

z(m) = iAt(m) + w(m),
the sequence w(m) converges to a limit w € C", and the ratios
ta(m) ta(m) ta(m)
ta(m)’ t3(m)’ 7 1
are going to infinity. An easy calculation shows that s; = e2™ i for j & J. If we
again define

(18.2)

n
Tk = Z ajykNj,
j=1
then T7,...,Ty are commuting nilpotent operators, and
v=lim e ZHMNip(m) = lim e~ 2w (MN; o= iy te(m)Th (),
m— 00 m—00

Since w(m) converges to w, it follows that the sequence of vectors
e_izzﬂt’“(m)Tkh(m) € Hc

is also convergent. We are going to deduce from this that the sequence h(m) is
eventually constant, and that the constant value h € Hy satisfies T1h = ---Tyh = 0.
To that end, we define, for every multi-index o € N™, a nilpotent operator

N® = N{* - No».

n
Note that N*h(m) = 0 whenever |a| = a3 + -+ + a, is sufficiently large; we can
therefore use induction to show that N®h(m) is eventually constant for every multi-
index «, and that the constant value h® € Hg satisfies Thh® = --- = Tzh™ = 0.
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Suppose that for some integer £ > 0, we already know this for every a € N”
with || > £+ 1. Take an arbitrary multi-index « of length || = ¢. From the
convergence of the sequence

Noe Sias )Ty ) — —zZtk )T N“h(m)

we deduce that the sequence of its real parts N ah(m) must be eventually constant
(because it lies in a discrete subset of Hg). Denote the constant value by h® € Hg.
Then the convergence of the sequence of imaginary parts

Z te(m) T N“h( Z tr(m)Tph®

implies that T1h® = --- = TR.h® = 0 by virtue of -
The conclusion (for £ = 0) is that the sequence h(m) is eventually constant, and
that the constant value h € Hy, satisfies T1h = --- = Tzh = 0. Since
v= lim e~ sz(m)th(m) = lim e  XwimNip — g= 2 wiNip,

m— 00 m—r oo

we get the first assertion. The second one follows from the identity Tgzh = 0 by
noting that 7 is a positive linear combination of the N; with j € J. ]

One consequence of this result is that E(Hz) has, at least locally, a well-defined
set of irreducible components; moreover, they are locally finite, as one would expect
for an analytic space. The irreducible components are the closed sets

(18.3) C(h) = ep(H?) C A™ x Hg,
where e, = e(—,h): H* — A" x Hc for h € Hy. It is clear that the set C'(h) only
depends on the Z™-orbit { e aiNip, | a€e’zZ” } of h inside Hy.
Corollary 18.4. We have
U cm
heHy,
and the family of closed sets C(h) is locally finite on A™ x Hc.

Proof. Clearly, C(h) C E(Hz) for every h € Hy; conversely, [Proposition 18.1|shows
that any point in the closure of E(Hz) belongs to one of the closed sets C(h). To
prove the local finiteness, we have to show that every point (s,v) € A™ x H¢ has
an open neighborhood that meets only finitely many distinct sets C'(h). If this was
not the case, we could construct a sequence (z(m),h(m)) € H" x Hz with bounded
real parts Re z(m) such that

(s,v) = mlgnoo g(z(m), h(m)),

and such that no two of the sets C(h(m)) are the same. But this obviously contra-
dicts the fact — established during the proof of|[Proposition 18.1|— that a subsequence
of the sequence h(m) must be constant. O

To prove that E(Hz) is analytic, it is now enough to show that each of the closed
sets C(h) is analytic. This we do by finding a set of holomorphic equations. For the
sake of convenience, we shall allow ourselves to replace H” by C™ in this problem;
of course, this has no effect on what happens over A".
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Proposition 18.5. For every h € Hy, the topological closure of the image of
(18.6) C"—C"x He, zr (62’”21,. ., €A em zziNih) ,
s an analytic subspace of C" x Hg.

Proof. Let S(h) = {a € Z" | > a;N;jh =0} be the stabilizer of h; note that the
quotient Z™/S(h) is a free Z-module of some rank 0 < r < n, since it embeds into

Hg. We can thus find a matrix A € SL,,(Z) whose last n — r columns give a basis

for S(h) C Z™. If we introduce new coordinates (z1,...,z,) € C" by defining

r~n
n n
— . / [ . .
zj = g ajrz, and N = g a;kNj,
k=1 j=1

we have 21 N1 + -+ - 4+ 2, N, = 2] N{ + - -- 4+ 2/, N/}. The vectors Nih,...,N/h € Hy
are linearly independent, while N/, ;h = --- = N} h = 0. The mapping in (|18.6)
therefore has the same image as

n n

. / . ’ N1

(18.7) C" - C" x Hg, VAN <H e?TrZa],ka, o H e2man,kzk’62szkh> )
k=1 k=1

We are now going to find a set of holomorphic equations that define the closure of
the image. These equations will be of two kinds: the ones coming from the last
coordinate in ([18.7]) will be polynomials, whereas the others will involve exponential
functions. We first consider the polynomial mapping
C" = He, (2),...,2))— e 25N,
Since the vectors Nih,..., N.h € Hg are linearly independent, it has a left inverse
by [Lemma 18.11f more precisely, there are polynomial mappings
De: H(C — C

with the property that p, (e_ > 2N, h) = z; on all of C". Now a vector v € H¢ is
of the form e~ 2 #Ni}y if and only if it satisfies the system of polynomial equations

(18.8) v=e" 2P Nip,
In that case, we also have z;, = py(v) for k =1,...,r, and therefore
n T n
55 = H 6271'1’(1];’;62;c _ H eQTriaj’kpk(v) . H 627Tiaj,kzl/c.
k=1 k=1 k=r+1

The shape of these formulas suggests looking at the monomial mapping

<]‘89) (C*)H_T - Cna (ur+1,~~';un) = ( H Uzl)kw..a H u:”’k> .

k=r+1 k=r+1

It is well-known that the topological closure of the image is an algebraic variety; in
fact, it is a (not necessarily normal) affine toric variety [Stu97]. More precisely, let

I'=N{ay,...,a,) CZ""
be the semigroup generated by the vectors a; = (ajr41,...,0;,) € Z" . If

C[r] = Py

acl
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denotes the group algebra of I', with multiplication given by x® - x? = x®*?, then
the closure of the image of (18.9)) is the affine algebraic variety

Spec C[I'].
It embeds into C", because I" is generated by aq,...,a,; the corresponding ideal
Ir CClsy,...,s,] in the polynomial ring is generated by the binomial equations
H st = H s
u; >0 u; <0

where u € Z™ runs over all integer solutions of the equation uiaq + - - 4+ una, = 0.
The conclusion is that any point (s,v) € C™x Hc in the image of ([18.7) also satisfies
the system of holomorphic equations

(18.10) f <51 H 6_2““1»’*‘”’“(”), ey Sn H 6_2““““’“”“(”)) =0 forall felp.
k=1

k=1

Since it is easy to see from the construction that every solution of the equations in
(18.8) and ([18.10) belongs to the closure of the image, the assertion is proved. [

Lemma 18.11. Let h € Hc. If the vectors Nih,...,N,h € Hc are linearly inde-
pendent, then there are polynomial mappings py: Hc — C such that

pr(e”Z7Nih) = 2,
for every z € C"™ and every k =1,...,n.

Proof. The proof is by induction on n > 0. To shorten the notation, set v =
e~ 2%Nih, Among all multi-indices a € N with N®h # 0, select one of maximal
length; after some reordering, we may assume that o, > 1. We have

Ny = (id —21 Ny — -+ — zn_an_l)Nafe"h — 2o N%h,
and because N“h # 0, we can solve for z, in the form
Zn =121+ 4 Ca1Zn1 + q(v),
where q: Hc — C is an affine linear form. Now

v=-e > Zj(Nj+ch'rt)€*Q(v)N7L h,

and by induction, z1,...,2,_1 are given by polynomials in the coordinates of the
vector e4(!)Nny. This shows that there are polynomial mappings pi: He — C with
pr(v) =z for k=1,...,n — 1; but then

Pn=C1Pp1+ -+ Ch—1Pn-1 + ¢

is also a polynomial mapping and satisfies p, (v) = z,. O

In defining the locus of limit Hodge classes, we actually work with the normal-
ization of E(Hz). The following result describes what the normalization looks like.

Lemma 18.12. The normalization mapping v: E(Hz) — B(H) separates the
local analytically irreducible components. . .
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Proof. The statement is of a local nature, and so with the same choice of coordinate
system as above, it suffices to analyze what happens at a point of the form (0,v) €
A™ x Hc. By general properties of normalization, v separates the different local
irreducible components C(h); it is therefore enough to prove that the fiber of

v: C(h)” — C(h)

over any (0,v) € C'(h) consists of exactly one point. During the proof of
we described C(h) in terms of a closed embedding and a (not necessarily
normal) affine toric variety of dimension n —r; recall that (0,v) € C(h) is only pos-
sible if the subgroup S(h) contains a vector with positive entries. Looking back at
the arguments that we used to prove|Proposition 18.5] we see that in order to verify
the assertion about v, it suffices to understand what happens for the normalization
of the closure of the image of the monomial mapping in .

We shall now describe the normalization in algebraic terms, following [Stu97, §2].
Recall that the closure of the image is the affine algebraic variety Spec C[I'], where
I' = N{ay,...,a,) is the semigroup generated by the vectors ay,...,a, € Z" .
These vectors generate Z"~" as a group because A € SL,(Z), and so T is contained
inside the larger semigroup

I'=7Z"""NCone(ay,...,an),

of all lattice points in the convex cone spanned by ag,...,a,. With this notation,
the normalization of Spec C[I'] is given by

Spec C[T'] — Spec C[T'].

Since we are assuming that there is a point (0,v) € C(h), the embedding of
Spec C[T'] into C™ goes through the origin; algebraically, this means that we have a
well-defined C-algebra homomorphism

0:ClN—=C
that annihilates all the elements x* € C[I'] with 0 # a € T". Now points of Spec C[T]

in the fiber over the origin are in one-to-one correspondence with C-algebra homo-
morphisms

p: C[[l = C
whose restriction to the subring C[I'] is equal to o. It is easy to see that every
nonzero b € I' can be written as a positive rational linear combination of aq, ..., a,,

which means that mb € I' for some m > 1. But then
(P(xX")™ = p(x™) = o(x™") = 0,
hence p(x®) = 0, and so p is uniquely determined by o. O

19. Proof of Theorem 14.2. In this section, we show that the locus of limit
Hodge classes still satisfies the theorem of Cattani, Deligne, and Kaplan. Fix a an
integer K > 0, and denote by

v: ESK("HZ)U — B(?:l)

the normalization of the closure of E<x (#z) inside the holomorphic vector bundle

B (7:[), recall from [Theorem 14.1|that the closure is an analytic subspace. Let

Hdg (1, X) = v~ (B(F'H)) € B (Ha)"
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be the locus of limit Hodge classes with self-intersection number bounded by K.
Our goal is to show that the projection from HngK(”H, X) to X is a finite mapping.
Since Hdg i (H, X) is by construction finite over the analytic space

ESK(HZ) n B(FO/}:[) - B(?‘N[),

it suffices to prove that the restriction of 7: B(H) — X to this subspace is finite.
This is again a local problem, and so we may assume that X = A" and that D
is the divisor given by s;---s, = 0; we may also restrict our attention to what
happens near the fiber 771(0). In the notation of [§15, we have B(H) ~ A™ x Hg,

the subbundle B(F 07:1) is the image of the holomorphic mapping
A" x FO - A" x He,  (s,v) — (s,er(s)v) ,
and m is the closure of the image of
e: H" x Hz(K) = A" x He, ¢(z,h) = (62””1, .. .,eQWiZ“’,e_ZZJNjh) .

As a first step towards proving we will show that the projection
to A™ has finite fibers. This is somewhat unexpected, given that E<g(Hz) can
have fibers of dimension up to n — 1. Because of how we choose the coordinate
system, it is enough to show that the fiber over 0 € A™ contains only finitely many
points.

Proposition 19.1. The intersection E<y (Hz) N B(FOH) N7—1(0) is a finite set.

Proof. According to [Proposition 18.1} any point (0,v) € E<g(Hz) N7 1(0) is of
the form v = e~ 2 wiNi  for some w € C" and some h € Hy(K); moreover, one has
Nh =0 for some N € C(Ny,...,N,), and therefore h € Wy. If the point belongs
to the subbundle B(F°#), then e~ 2 %iNih € FO, which means that

hEWoﬂezijjFO

is a Hodge class in the mixed Hodge structure (VV, e “’J'NJ'F). Thus, h € 199,
where Hc = @ I is Deligne’s decomposition of this mixed Hodge structure.

It follows that h uniquely determines v. To see why, suppose that v = e~ ZwWiNip
also satisfies (0,v") € B(F°H). As before, we have

e~ Z(wj—w;)Njp o 3w N; g0 @[p’q;

p=>0

now the left-hand side is an element of I%°@®I~1~1@..., and therefore equal to h,
and this gives v’ = v. Since there are only countably many choices for h € Hz(K),
this observation already tells us that E< g (Hz) N B(FOH) N7~1(0) is discrete.

To show that the intersection is finite, we shall appeal to the technical result
in Suppose that E<(Hz) N B(FOH) N7~1(0) was an infinite set.
Then we could find a sequence of distinct elements h(m) € Hy(K), a sequence of
vectors w(m) € C™, and a sequence a(m) € N with positive entries, such that

h(m) € e=wimN; 0 and Zaj(m)Njh(m) =0.
j=1
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Now let ®,;;: H* — D be the associated nilpotent orbit as in (15.1]), and choose a
sequence of positive real numbers ¢(m) € R that are large enough to ensure that
z(m) = w(m) + ia(m)t(m) € H" and ®,;(z2(m)) € D. Then each

h(m) € Hz(K) N ®Y; (2(m))

nil

is an integral Hodge class in the Hodge structure ®,,; (z(m) , and so the sequence
(z(m), h(m)) € H" x Hz(K) satisfies the assumptions of [Theorem 17.1| Since h(m)
does not contain a constant subsequence, this is a contradiction. (Il

The next task is to prove that E< g (Hz) N B(F°H) is proper over A™; here it is
convenient to use the formulation of properness in terms of sequences. In prepara-
tion for the proof, let us fix a subset J C {1,2,...,n} and let us describe the points
of the intersection that lie over the stratum A’;. According to [Proposition 18.1] a

point (s,v) € A"} x Hg belongs to E< g (Hz) if and only if
v=e¢"2%Nip and 55 = > i for j o J
for some w € C" and some h € Hz(K) with >, ;a;Njh = 0. If the point in

question also belongs to B(F°H), then v € 7(*) FO; here T(s) is obtained from
I'(s) by setting to zero all the variables s; with j € J. In other words, we have

he ezijjeFJ(s)Fo;

By [CK89, Theorem 2.8], ®;(z) = e 2Nielv() F is again the period mapping of a
polarized variation of integral Hodge structure of weight zero. Set a; = 0 for j & J;

then we have
h c GZ(Wj+itaj)Nj6FJ(S)FO

for every t € R, which means exactly that
h € Hz(K) N ®Y(w + ita)

is a Hodge class at the point w-+ita for sufficiently large ¢. This observation reduces

the proof of properness to another application of

Proposition 19.2. The restriction of the projection w: B(H) — A™ to the analytic
subspace E<y(Hz) N B(FH) is a proper mapping.

Proof. It suffices to show that any sequence of points in E< g (Hz) NB(F°H) whose
projection to A™ converges to the origin must have a convergent subsequence. Af-
ter passing to a subsequence, we may assume without loss of generality that our
sequence (s(m),v(m)) lies entirely over the stratum A’} for some J C {1,2,...,n}.
As explained above, there is a sequence w(m) € C"™ with bounded real parts
Rew(m) such that

v(m) = e~ =i MNip(m) and  s;(m) = ™™ for j & J,
and two further sequences a(m) € N and t(m) € R such that
h(m) € Hz(K) N &Y (w(m) + it(m)a(m)).

By applying to the period mapping @ ;, we obtain the existence of a
subsequence with the following properties: h(m) = h is constant, in the kernel of
some element of C'(Ny,...,N,), and there is a vector w € C™ such that

e” 2WiNip = lim e~ X(Witm)+it(m)a; DN () = lim v(m).
m— oo m—o0
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But this is saying that (s(m), h(m)) converges to the point

(0, e~ ZU}ij h)7
which again belongs to F<x (Hz) N B(FOH) according to [Proposition 18.1| O

To complete the proof of it remains to relate the points of the
analytic space Hdg(H, A™) to our definition of limit Hodge classes in

Proposition 19.3. The points of Hdg(H,A™) are in one-to-one correspondence
with limit Hodge classes for H on A™.

Proof. We begin by collecting a few facts that we established earlier. By our choice
of coordinate system, it is again enough to consider what happens over the origin
in A™. Recall from that the irreducible components of E(Hz) C
A™x Hg are the closed sets C'(h), and that C(h1) = C(hs) if and only if hy, he € Hy,
belong to the same orbit of the Z"-action. By |[Proposition 18.1] having a point
(0,v) € C(h) requires that Nh = 0 for some N € C(Ny,...,N,), and then v =

e~ 2wiNip for some w € C". As we have seen during the proof of [Proposition 19.1]
(0,v) € B(FH) is equivalent to

h e eXwiNi fO.

and in that case, v is uniquely determined by h. Lastly, we proved in[Lemma 18.12]
that v: E (’HZ)V — B (7:[) pulls apart the different irreducible components C'(h), but
that the normalization of each C'(h) contains exactly one point over (0,v) € C(h).

The conclusion is that we have a one-to-one correspondence between points in
Hdg(#H, A™) that lie over the origin in A™ and elements of the finite set

h € ker N Ne=wiNi FO for some
weC”and N € C(Ny,...,Ny)

To conclude the proof, it only remains to identify the elements of L. with limit
Hodge classes for H at the point 0 € A™. In the notion of §9] we have

Mo(Hz) = Hz/Z".

Suppose first that [h] € Hz/Z™ is a limit Hodge class. By definition, this means
that there is a germ of a holomorphic arc

f:(A0) = (A™,0)

with f(A*) C (A*)" and f(0) = 0, such that some branch of h is a limit Hodge
class for f~'H at the point 0 € A. After choosing a coordinate ¢t on A, we can
write f;(t) = t%g,(t) for a positive integer a; and a holomorphic function g; with
g;(0) # 0. In order to identify the space of global sections of f~'Hz on the
universal covering space of A* with Hy, we also need to choose a lifting of f to a
holomorphic mapping H — H"; then the logarithm of the monodromy of f~'H is
equal to N = a1 N1 +- - -+ a,N,, and the limit mixed Hodge structure has the form

(W(N), e wajF) = (W, e Wil F)

L= { [h] € Hy/Z"

with e?™™i = g,(0). For at least one choice of lifting, we get
h € HzNker N NeXvilNi
and so [h] € L.
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Conversely, suppose that we start from an element [h] € L. Since h € Hy, we
can find positive integers aq,...,a, such that h € ker(ayNy + -+ + a,N,). For
small enough r > 0, consider the holomorphic arc

Ap = AT, i (fre2mion | gong2uivn)

and the pullback of the variation of Hodge structure H to Ay. The logarithm of
the monodromy is a1 Ny + - - - + a,, IN,,, and the limit mixed Hodge structure is

(W(alNl + -+ anNy), eE“’ijF) = (W) e wajF).

Since h € HzNker(a1 N1 + -+ a,N,)N e wiN; [0 we conclude that [h] is a limit
Hodge class for H at the point 0 € A™. (]

20. Proof of Theorem 14.3. The purpose of this section is to deduce
from the technical result in [Theorem 17.41

It suffices to show that the closure of the image of ¢: E<g(Hz) = T(F_1M) is
analytic in a neighborhood of any given point in T(F_;M). After choosing local
coordinates, we may therefore assume without loss of generality that X = A™ and
Xo = (A*)", and consider the behavior of the closure over the origin. Using the
notation introduced in we have the following commutative diagram:

/¢\

H" x Hy(K) —— E<g(Hz) —— T(F_1 M)

(20.1) j Jp
B(H) —2— T(F'H)

The first step towards understanding the topological closure of the image of ¢
is to see what happens when a sequence of points in F< g (Hz) has bounded image
in T(F_1M). Suppose then that we are given a sequence

(2(m),h(m)) € H" x Hy(K)

with the property that @(z(m), h(m)) remains bounded inside the space T'(F_ M),
while s;(m) = €2™% (™) goes to zero for every j = 1,...,n. This means that the
sequence of imaginary parts y;(m) = Im z;(m) is going to infinity; using the relation
in (16.1), we can furthermore arrange that the sequence of real parts x;(m) =
Re z;(m) remains bounded.

Observe now that h € Hy satisfies (2, h) = 0 if and only if h € ®°(2), which
suggests that the boundedness of ¢(z(m), h(m)) should give us some control over
the distance from h(m) to the subspace ®° (z(m)) The following result makes this
idea precise, using the notion of a harmless sequence introduced in

Proposition 20.2. If the sequence gb(z(m),h(m)) € T(F_1M) is bounded, then
(20.3) h(m) =b(m) mod ®°(z(m)),

for a sequence of vectors b(m) € Hc that is harmless with respect to Im z(m).
Proof. We are going to use the collection of holomorphic sections

0u(2) = 27Nl )y (for v € FY)

N,
Oui(z) = 27N eF(S)S—kU (for v € F?)
k
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of the coherent sheaf F_{M; see for details. Define the auxiliary
sequence of vectors

B (m) = D) = S5 0mN ) € He,
Using Deligne’s decomposition Hec = €, , 17" of the mixed Hodge structure (W, F'),

we also define
h'(m)_y = Z B (m)P? e @ JEE

p<-1 p<-1

We have h/(m) = h/(m)_; modulo F° = @D, >0 I7%, and therefore (20.3)) holds with
b(m) = e mMNi LMD p! (1) | e He.

It remains to show that b(m) is harmless with respect to the sequence of imaginary
parts y(m) = Im z(m). By assumption, the sequence of complex numbers

Q(h(m), Oy (z(m))) =Q (h(m)7 e 23 (MN; eF(S(m))v) = Q(h'(m), v)

is bounded for every v € F'. Since the pairing @) is nondegenerate and compatible
with Deligne’s decomposition, we conclude that |h'(m)_1]| is bounded. Likewise,
the boundedness of the sequence
Nih'(m
kh( )7v>

Q(h(m), ok (2(m)) ) = -Q ( sw(m)

for every v € F? implies that | Nxh'(m)_1|| is in O(e~?™¥+(™)). Combining both
observations, we find that the sequence h’(m)_; is harmless (for a = 27). But then

b(m) is also harmless (for any a < 27) by the elementary [Lemma 24.3| below. O
We can therefore apply the technical result in to the given se-

quence; the conclusion is that there is a subsequence (z(m), h(m)) € H" x Hy(K)
with the following properties:
(a) The sequence h(m) is constant and equal to h € Hy(K).
(b) One has (a1 N1 + -+ + a, N)h = 0 for certain positive integers ay, ..., an;
in particular, h € Wj.
(¢) There is a vector w € C™ such that
lim e~ 2% MNip(m) = ¢~ 2 wilNip,

m—r oo

(d) The sequence b(m) converges to a limit b € Hc, and one has
h=b mod ex®iNi O
as well as Nqb=---= N,b=0.

One consequence is that our original sequence h(m) € Hy can only take finitely
many values: otherwise, we could pass to a subsequence in which all values are
different, and this would obviously contradict @ If we define, for each h € Hyg,
the holomorphic mapping

o =@(—,h): H* = T(F_1 M),

then what this says is that any bounded subset of T'(F_1.M) can intersect only
finitely many of the sets @y, (H™). Moreover, unless h also satisfies the conditions in
[(b)] and [(d)} the set @, (H") does not have any limit points that lie over the origin
in A™. If we apply N to the congruence in @ we obtain Nyh € eX=wilNi =1,
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likewise, [(b)] implies that Nyh € W_,. These observations reduce the proof of
'Theorem 14.3[to the following statement.

Proposition 20.4. Let h € Hy be an element with Nh € W_o N eXwiNi =1 for
all k=1,...,n. Then the topological closure of the image of

(ﬁh = (ﬁ(—, h) H" — T(F_lM)
is an analytic subset of T(F_1M).

Proof. As in (20.1)), we denote by p: T(F_1M) — T(F'H) the holomorphic map-
ping induced by the inclusion F'H < F_; M; note that it is an isomorphism over
(A*)™. We are going to prove the stronger result that the image of p o @) has
an analytic closure in the vector bundle T'(F 17—2) This is enough to conclude the
proof, because the image of @ is then contained in the closed analytic subset

p ! (o B E).

As p is an isomorphism over (A*)", it follows that the closure of @, (H") is also
analytic — in fact, it has to be a connected component of the above set.

The pairing @ giving the polarization on H induces a surjective morphism
Q:H— Hom(Fl’;':[, Ox), and hence a surjective morphism of vector bundles

Q: B(H) = T(F'H)

whose kernel is the subbundle B(FOH). Using the notation from (18.3), we shall
deduce the assertion about the image of p o @, from the following stronger claim:
if h € Hy is such that Nyh € W_y Ne2=%iNi F=1 for every k = 1,...,n, then the
restriction of @ to the closed analytic subset C'(h) is a holomorphic embedding.
This evidently completes the proof, because it shows that the closure of the image
of p o ¢y, is isomorphic to C'(h).

The concrete description of F1# in shows that T(F'H) ~ A" x Hom(F*, C).
Using this isomorphism, the mapping p o ¢y, is given in coordinates by the formula

(20.5) H" — A" x Hom(F!,C), =z~ (s,v = Q(h, e ZJ'NJ'eF(S)v)).

As usual, the relation s; = e2™% ig implicit in the notation. Let H¢ = 691’ q VK
be Deligne’s decomposition of the mixed Hodge structure (VV, e WiN; F) Since

o2 ZilNi T'(8) — o22(z5—w;i)N; (ez w; N; eF(S)e—Zwa‘NJ) e wilNs

we may replace F' by e2"iNi F and e'®) by the expression in parentheses, and

assume without essential loss of generality that w = 0. We then have Njh € [-1~1
for every k =1,...,n. Under the isomorphism

P 17 ~ Hom(F*,C)

p<-—1

induced by @, the linear functional v — Q(h, e %N eF(S)v) corresponds to

(20.6) Z (eiF(S)efzszjh>p7q = Z (efr(s)h)%q + e T (efZZij — id)h;

p<—1 p<-—1
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here we have used that Nyh € I-1~! and that T'(s) € @D, <1 97%. Now recall that
C(h) was defined as the closure of the image of the holomorphlc mapping

H— A" x He, z+ (s,efzz-”th).

Solving (20.6)) for the term e~ 22 Nih, we find that

e ZHNip = h— ) (e—Ns)h)”’q el 3 (TN h)”’q.

p<-1 p<-1

Since h is fixed and I'(s) is holomorphic on A", the formula on the right-hand side
defines a holomorphic mapping A™ x Hom(F*,C) — A™ x H¢ whose composition
with @ is equal to the identity on C(h), as claimed above. O

21. Proof of Corollary 14.4 and Corollary 14.5. Fix some K > 0. We already
know from the result about Hodge structures in that ¢: E<x(Hz) —
T(F'H) has finite fibers; the purpose of this section is to understand its global
properties. The following diagram shows all the relevant mappings:

T(H)

o

E<KHZ —>TFH)

The polarization defines a hermitian metric on the holomorphic vector bundle asso-
ciated with H, the so-called Hodge metric; it induces hermitian metrics on the two
bundles T(H) and T(F'H). Let B,(H) C T(H) denote the closed tube of radius
r > 0 around the zero section. The proof of shows that

v~ (Br(M)) € By (F1H);
in particular, the discussion in below applies to our situation. It follows that
¢: B<x(Hz) — T(F'H)

is finite, and that the induced mapping from E< (Hz) to the normalization of the
image is a finite covering space. To construct an extension that is finite over the
larger analytic space T'(F_1. M), we can now argue as follows.

Proof of[Corollary 1].7} The closure of the image of ¢ is an analytic subset of
T(F_1.M) according to Let W denote its normalization; as we have
just seen, the induced mapping from E<g(Hz) to W is a finite covering space over
its image. The Fortsetzungssatz of Grauert and Remmert [GPR94, VI.3.3] shows
that it extends in a unique way to a finite branched covering of W. If we define
E<k(Hz) to be the analytic space in this covering, and ¢: E<g(Hz) — T(F_1 M)
to be the induced holomorphic mapping, then all the requirements are fulfilled. The
final assertion follows from the uniqueness statement in [GPR94] VI.3.3]. O

Now let us revisit the relationship between the two constructions.
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Proof of [Corollary 1.5 Recall that we defined E(Hz) as the limit, over all K € N,
of the normal analytic spaces ES Kk (Hz); it is therefore itself normal and contains
the complex manifold E(Hz) an a dense open subset. Since the same is true for
E(’HZ)V7 it is clear that there can be at most one holomorphic mapping with the
asserted properties; consequently, it is enough to construct such a mapping locally.
After choosing suitable local coordinates, we may therefore assume that we are
working in a neighborhood of the origin in A™. The local irreducible components
of the analytic space E (’HZ)V are the normalizations of the closed subsets C(h), for
h € Hy. As we have seen during the proof of [Proposition 20.4} each local irreducible
component of E(Hz) maps holomorphically to some C(h); the desired result follows

from this by passing the normalizations. ([

22. Auxiliary results about a class of covering spaces. In this section, we
consider the following general situation. Let X be a complex manifold, and suppose
that we have a surjective mapping ¢: E; — F> between two holomorphic vector
bundles on X. We assume that F; has a hermitian metric h;, and we endow FEy
with the induced hermitian metric ho. Lastly, we shall assume that we have a
complex submanifold T' < Fj, with the property that 7: T — X is a (possibly
disconnected) covering space. We denote by ¢: T — FE3 the induced holomorphic
mapping; see also the diagram below.

£y

b

T % B |m

\ J{
p2
X.
For any real number r > 0, we denote by B, (E};) the closed tube of radius r around
the zero section in the vector bundle E;. We assume the following condition:

(22.1)  For every r > 0, there exists R > 0 with 7N ¢~ (B,(E2)) C Br(E\).
Lemma 22.2. If (22.1)) holds, then ¢: T — Es is a finite mapping.

Proof. Recall that a holomorphic mapping is called finite if it is closed and has
finite fibers [GPR94| 1.2.4]; an equivalent condition is that the mapping is proper
and has finite fibers. Let us first show that ¢ is proper. Given an arbitrary compact
subset K C FE», we can find 7 > 0 such that K C B,(E,). According to (22.1)), the
preimage ¢~ !(K) is contained in Br(E;) for some R > 0; because it is closed, it
must be compact. Now it is easy to show that ¢ has finite fibers: the fibers of ¢
are contained in the fibers of 7, which are discrete because w: T'— X is a covering
space; being compact, they must therefore be finite sets. ([

Corollary 22.3. The image of ¢ is an analytic subset of Es.

Proof. This follows from the finite mapping theorem [GPR94] 1.8.2], which is a
special case of Remmert’s proper mapping theorem. (I

Of course, ¢ is still a local biholomorphism; but the images of different sheets
of the covering space T" may intersect in E5. This picture suggests the following
result about the normalization of ¢(T').
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Lemma 22.4. The normalization of o(T) is a complex manifold, and the induced
mapping from T to the normalization is a finite covering space.

Proof. Let Y denote the normalization of ¢(T); for the construction, see [GPR94]
1.14.9]. Because T is a complex manifold, we obtain a factorization

©

N

T .y _ v, g

b

note that f is again a finite mapping. According to [GPR94, 1.13.1], Y is locally
irreducible; now [GPR94, 1.10.14] implies that f: T — Y is open. Since 7: T'— X
is a covering space, this is enough to guarantee that Y is again a complex manifold,
and that f: T — Y is a finite covering space. O

E. ASYMPTOTIC BEHAVIOR OF SEQUENCES OF HODGE CLASSES

23. Introduction. Cattani, Deligne, and Kaplan prove[Theorem 17.1| by using the
theory of degenerating variations of Hodge structure, especially the multi-variable

SL(2)-orbit theorem [CKS86]. Roughly speaking, the argument is by induction on
the dimension of the smallest analytic subset of A™ containing the image of the
sequence z(m); the description of period mappings in [CKS86] lends itself very well
to such an approach. A subtle point is that the assumption h(m) € Hyz is needed in
many places: it ensures that certain terms that would only be going to zero when
h(m) € Hg are actually equal to zero after passing to a subsequence.

We are going to prove[Theorem 17.4) by adapting the method of Cattani, Deligne,
and Kaplan; to do that, we have to deal with the problem that the sequence of
error terms b(m) is no longer exponentially small. The proof is contained in
to rather than giving an abstract description of the argument here, I have
decided to include, in a careful discussion of the special case n = 1. All the
interesting features of the general case are already present there, but without the
added complications of having several nilpotent operators Ny,..., N, and several
variables zi(m),...,z,(m). Hopefully, this will help the reader understand the
proof in the general case.

24. Properties of harmless sequences. This section contains a few elementary
results about harmless sequences that will be useful later. Fix a sequence y(m) € R™
with the property that y; (m) > ya(m) > -+ > y,(m) > 1 for all m € N; to simplify
the notation, we put y,11(m) = 1. Of course, we can always get into this situation

by reordering the coordinates in [Definition 17.3| so there is no loss of generality.
First, we prove the following structure theorem for harmless sequences.

Proposition 24.1. A harmless sequence can always be written in the form
b(m) = bo(m) +b1(m) + - + by (m),
where by, (m) € ker Ny N -+~ Nker Nj, and ||bg(m)]| is in O(e™Vr+1(m)),

In other words, by(m) is of size e=*¥1(™); b;(m) is in the kernel of N; and of
size e=*¥2("™); and so on, down to b, (m), which is in the kernel of all the N; and
bounded. The proof is based on the following simple result from linear algebra.
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Lemma 24.2. Let T: V — V be a linear operator on a finite-dimensional vector
space. Then every v € V can be written in the form v = vy + vy, where Tvy = 0
and ||vo|| < C||Tvl|, for a constant C that depends only on V, T, and ||—|.

Proof. Recall that ||—|| comes from an inner product on V. By projecting to ker T,
we get v = vy + vy, with Tvy; = 0 and vy L ker T. In particular, Tv = T'vy. Now

T: (ker T)* = imT
is an isomorphism, and therefore has an inverse S. We then get
[voll = [[S(T)[| < C[|T]],
for a constant C' that depends only on V', T, and the choice of norm. O

Proof of |Proposition 24.1. Since Ny, ..., N, commute with each other, we can use
the lemma and induction. First, we apply the lemma to V = H¢ and T = Njy;
this gives b(m) = bo(m) + V' (m), with N1b'(m) = 0 and ||bo(m)|| in O(e~¥1(m)),
In the next step, we apply the lemma to V = ker N; and T' = N, to decompose
the sequence b'(m) = by(m) + b”(m), remembering that the norm of Nob'(m) =
Naob(m) — Nabg(m) is still in O(e=¥2(™); etc. O

We also need to know that harmless sequences are preserved when we apply
certain operators; this fact will be used during the proof of [Proposition 20.2]

Lemma 24.3. Let ®(z) = €2 N;iel' () F be the normal form of a period mapping.
If b(m) € Hc is harmless/exponentially small with respect to Im z(m), then so are

ez MNip(m)  and "D p(m),
provided that Im z1(m), ..., Im z,(m) are going to infinity.

Proof. Both assertions are clear when b(m) is exponentially small; let us therefore
assume that b(m) € Hc is a harmless sequence. Since the operator e>#Ni is
polynomial in zy, ..., 2,, whereas ||N;b(m)]| is in O(e~*™™=i(™)) it is not hard to
see that e 2 (™Nip(m) is again harmless (for a slightly smaller value of a). On
the other hand, the operator e'(®) is holomorphic on A", and therefore bounded;
moreover, |Proposition 15.3|shows that the norm of

N;elCmp(m) — L) Np(m)

is bounded by a constant multiple of |s;(m)| = e=271m= (™) This is clearly enough
to conclude that er(s(m))b(m) is a harmless sequence, too. ([l

Next, we consider the case when the sequence h(m) belongs to certain subspaces.
For any subset J C {1,...,n}, we let W(J) denote the weight filtration of the cone

cJ) = { > a;N;

jeJ

a; > 0 for everijJ}.

We would like to know that when h(m) € W, (J), we can also take b(m) € W, (J).
This requires the following assumption on the period mapping.

Definition 24.4. Let J C {1,...,n} be a subset of the index set. We say that
®(z) = eX2Niel' ) F is a nilpotent orbit in the variables {s;} ;e if
T (s)

———= =0 forevery j € J;
8sj
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in other words, if I'(s) does not depend on the variables {s;},c.

The point is that I'(s) then commutes with N; for j € J (by [Proposition 15.3)),
and therefore preserves the weight filtration W (J). Note that nilpotent orbits in
the usual sense are the special case when J = {1,...,n}.

Lemma 24.5. Suppose that h(m) = b(m) mod ®°(z(m)), with b(m) € Hc harm-
less/exponentially small. If h(m) € Wy, (J), and if ®(z) is a nilpotent orbit in the
variables {s;}jec, then one can arrange that b(m) € Wy, (J) as well.

Proof. Define the auxiliary sequence of vectors
W (m) = e DM e= 22 mNi b () € He.

In fact, we have h/(m) € Wy, (J): the reason is that I'(s) commutes with NN; for
j € J (by [Proposition 15.3)), and therefore preserves the weight filtration W (.J).
Now consider Deligne’s decomposition

He =P 17
p,q

of the mixed Hodge structure (W, F'). Because each N; is a (—1, —1)-morphism,
W (J) is a mixed Hodge substructure of (W, F), and therefore compatible with
Deligne’s decomposition. This means that if we define

W(m)_y= > HWmPte @ 17,

p<-—1 p<-1

then h'(m)_1 € W, (J); moreover, we have
h'(m)=h(m)_;1 mod F° = @I”’q.
p>0
By construction, h/(m) is congruent, modulo F°, to the sequence of vectors
V(m) = e TG e=220mNip(n) € He,
which shows that h'(m)_; = V'(m)_1. Now &' (m), and therefore also its projection
b’ (m)_1, is again harmless/exponentially small by [Lemma 24.3] Consequently,
c(m) = e i (m)N; 61“(8(17%))h/(m)71 € Wy(J)

is a harmless/exponentially small sequence with A(m) = ¢(m) mod ®°(z(m)). O

We end this section with a word of caution. During the proof of [[’heorem 17.4}
the fact that b(m) ¢ Hg causes some trouble. If being harmless was preserved by

the Hodge decomposition for the Hodge structure q)(z(m)), we could easily arrange
that b(m) € Hg. Unfortunately, this is not the case.

Ezample 24.6. Let n = 1, and consider the special case where Hp = IV @ 71— 11
splits over R. If b € I-171 then Nb = 0, and so the constant sequence b(m) = b
is harmless for any choice of y(m). Now consider the Hodge decomposition of b in
the pure Hodge structure of weight zero

einFO D €_inﬁ.
A short calculation gives

bzeinNiﬂ)fefinNier — §+ N + 97 N*b
24y 2y 2 24y 2 2y
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and neither of the two components is harmless with respect to y = y(m). The best
one can say is that, even after applying the operator yN, they remain bounded;
this is consistent with [Sch12al Proposition 24.3].

25. Proof in the one-dimensional case. In this section, we prove [Theorem 17.4]
in the special case n = 1. This case is technically easier, because it avoids the
complications coming from the presence of several variables and several nilpotent
operators. Because many key features of the proof are the same as in the general
case, it may be useful to understand them first in this special case.

Suppose then that (z(m),h(m)) € H x Hz(K) is a sequence of the type consid-

ered in [Theorem 17.4] Fix an inner product on the space Hc, and denote by ||—||

the corresponding norm. By |Proposition 24.1] we can arrange that

h(m) = b(m) = bo(m) + by (m) mod ®°(z(m)),

with ||bg(m) || in O(e=*¥(™)), and by (m) € ker N bounded; passing to a subsequence,
we may therefore assume that the limit
b= lim b(m)= lim bi(m) € ker N
m—r o0 m—roo
exists. Our goal is to prove that, after taking a further subsequence, h(m) becomes
constant, and that the constant value satisfies Nh = 0 and h = b mod FP.

We first introduce some notation. Let (W, E ) denote the R-split mixed Hodge
structure canonically associated with (W, F') by the SL(2)-orbit theorem [CKS89,
Corollary 3.15]. If Y € gr denotes the corresponding splitting, the eigenspaces
Ey(Y) define a real grading of the weight filtration W, meaning that

Wi, = @D Ee(Y).

<k

To simplify some of the arguments below, we shall choose the inner product on H¢
in such a way that this decomposition is orthogonal. The most important tool in
the proof will be the following sequence of real operators:

e(m) = exp (; logy(m) - Y) € End(Hg)

Note that e(m) acts as multiplication by y(m)? on the subspace E,(Y), and
preserves the filtration F. Because [Y, N] = —2N, we have
1

——Ne(m).

(25.1) e(m)N = )

Since the sequence of real parts 2:(m) is bounded, [CK89, Theorem 4.8] shows that
(25.2) Fy = e NEF = lim e(m)®(z(m)) € D.

def m—oo
The filtration F} has two important properties: on the one hand, it belongs to D,
and therefore defines a polarized Hodge structure of weight zero on Hc; on the
other hand, the pair (W, F}) is a mixed Hodge structure.
We divide the proof of the theorem (in the case n = 1) into six steps; each of the
six steps will appear again in a similar form during the proof of the general case.
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Step 1. We prove that b(m) and h(m) are bounded with respect to the Hodge norm.
This will also show that ||h(m)| grows at most polynomially in y(m).

Lemma 25.3. The two sequences ||b(m)|o(z(m)) and [|[h(m)||ez(m)) are bounded.

Proof. Recall that the Hodge norm of a vector h € H¢ with respect to the polarized
Hodge structure ®(z) € D is defined as

D50y = DI Pl = D _(=D)PQ(RP—P, hr=P),
PEZL pEZ
where h = > h?~P is the Hodge decomposition of i in ®(z). We begin the proof
by observing that the sequence e(m)b(m) = e(m)by(m) + e(m)by(m) is bounded,
for the following reason. On the one hand, bi(m) € ker N C W, implies that
m) =Y _bi(m), € P E(Y
£<0 £<0

consequently, the boundedness of bl(m) implies the boundedness of

Z y(m €/2b1

£<0

On the other hand, the term e(m)by(m) is going to zero, because ||bo(m)]| is in
O(e=*¥(™)) whereas e(m) grows at most polynomially in y(m). Because e(m) is a
real operator, we have

160m) [l (z(my) = lle(m)b(m)le(m)@(=(m)),

which is bounded by virtue of (25.2]). Now let
m) = Z h(m)P
pEZ

denote the Hodge decomposition of h(m) in the Hodge structure ®(z(m)). The
difference h(m) — b(m) is an element of ®°(z(m)), and for p < —1,

[7(m)" Pl (zm)) = [16(m)P P llo(2(m))
is bounded. Recalling that h(m) € HZ(K) we now have

p;ﬁO

and so the Hodge norm of h(m) is bounded, too. (]

Step 2. Next, we reduce the problem to the case of a nilpotent orbit.
gives the boundedness of the sequence e(m)h(m). Since e(m)~! is polynomial in
y(m), it follows that ||h(m)|| grows at most like a fixed power of y(m). We have

ez(m)NefF(s(m))efz(m)N (h(m) 7 b(m)) c ez(m)NF07
and by using [Lemma 24.3|and the bounds on ||h(m)|| and ||b(m)]|, we see that h(m)

is congruent to a harmless sequence modulo e*™N F0 We may therefore assume
without loss of generality that ®(z) = e*V F is a nilpotent orbit. Note that we only
have ®(z) € D when the imaginary part of z € H is sufficiently large; this does not
cause any problems because y(m) = Im z(m) is going to infinity anyway.
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Step 8. We exploit the boundedness of e(m)h(m) to prove that h(m) € Wy. By
passing to a subsequence, we can arrange that there is a limit

v= lim e(m)h(m) € Hg.
m— 00

With respect to the eigenspace decomposition of Y, we have
= 3 o) i
LET

and so h(m)y is going to zero when £ > 1, and is bounded when ¢ = 0. Let £ € Z be
the largest index such that h(m), # 0 along a subsequence. The projection from
E,(Y) to gr}¥ is an isomorphism, and because h(m) € Hz, it follows that h(m), lies
in a discrete subset of E;(Y). This is only possible if £ < 0, and hence h(m) € Wy;
moreover, the component h(m)y takes values in a finite set. After passing to a
subsequence, we may therefore assume that

h(m) =ho mod W_q,
where hg € Ey(Y) is constant.
Step 4. We prove that Nhg = 0. Consider again the decomposition
S
£<0
where by (m)e € E¢(Y) Nker N; note that all summands are bounded, and that only
terms with ¢ < 0 appear because bi(m) € ker N C Wj. Consequently,
e(m)by(m) = bi(m)o + »_ y(m)*/by(m
<—1

has the same limit as b1(m)o € Eo(Y) Nker N. If we now look back at

e(m)h(m) = e(m)bo(m) + e(m)bi(m) mod e(m)®°(z(m)),
we find that all terms converge individually, and hence that

v= lim e(m)h(m) = h_r}n b1(m)p mod Fﬁo.

m—r o0

To show that Nv = 0, we apply the following version of [CDK95|, Proposition 3.10]
to the R-split mixed Hodge structure (W, F'), recalling that Fy = e!N F'. This result
is, in a sense, an asymptotic form of

Lemma 25.4. Let (W, F) be an R-split mized Hodge structure on Hc, and let N
be a real (—1,—1)-morphism of (W, F). If a vector h € Way N Hy satisfies

h=b mod eNF*
for some b € E2(Y)Nker N, then h € Egy(Y) Nker N.
Proof. If we apply eV to both sides and use the fact that Nb = 0, we get
e"Nh € Fop(Y) + W N F*.

Thus Nh € Woy_oNF*N Hg, which can only happen if Nh = 0, because (W, F') is a
mixed Hodge structure. But then Yh—20h € Woy_4 NEF‘NHg, and so Yh = 2¢h for
the same reason. Alternatively, one can use the decomposition into the subspaces
171 =W, ,NFPN F4, which is preserved by Y. [
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Consequently, v € Fo(Y) Nker N. We can now project the congruence
e(m)h(m) = hy mod W_,
to the subspace Fy(Y') to conclude that v = hg, and hence that Nhg = 0.
Step 5. Next, we shall argue that Nh(m) = 0. Since Nhy = 0, we already know
that Nh(m) € W_s. In addition, we have Nb;(m) = 0, and so
e(m)Nh(m) = e(m)Nby(m) mod Ne(m)®°(z(m));
here we have used ([25.1) to interchange N and e(m).
We claim that ||e(m)Nh(m)]|| is bounded by a constant multiple of ||e(m)Nbg(m)||,
and therefore in O(e=*¥("™)). If not, then the ratios
[le(m)Nbo(m)]|
lle(m)Nh(m)]|
would be going to zero; after passing to a subsequence, the unit vectors
e(m)Nh(m)
lle(m)Nh(m)||
would then converge to a unit vector in W_s N NFﬁ0 NHg C W_3nN F[l N Hg;
but this is not possible because (W, F}) is a mixed Hodge structure. Consequently,
lle(m)Nh(m)|| is in O(e=*¥("™)); because e(m)~" only grows like a power of y(m),
the same is true for the norm of Nh(m). But these vectors lie in a discrete set, and
so Nh(m) = 0 after passing to a subsequence.

e W_sNHg

Step 6. To finish the proof, we have to show that h(m) is bounded. Choose a point
w € H with sufficiently large imaginary part to ensure that ®(w) = e“NF € D;
this filtration defines a polarized Hodge structure of weight zero on H¢. Since ®(z)
is a nilpotent orbit and Nh(m) = 0, we then have

h(m) = e"N=2MINp(m) = N 72N m) + by (m)  mod B0 (w);

note that both terms on the right-hand side are bounded. This relation shows that,
with respect to the Hodge structure ®(w), all the Hodge components h(m)P—P
with p < —1 are bounded. Because h(m) € Hz(K), we conclude as in [Lemma 25.3]
that h(m) is bounded in the Hodge norm for ®(w), and therefore bounded. After
passing to a subsequence, the sequence h(m) becomes constant. We now have

h(m) =b(m) mod F°,

and by taking limits, we obtain the desired relation h = b mod F°. This completes

the proof of [[heorem 17.4]in the case n = 1.

26. Setup in the general case. In the remaining sections, we shall prove
in general, by adapting the method in [CDK95, Section 4] to our setting.
The proof uses many results from the theory of degenerating variations of Hodge
structures; these will be introduced in the appropriate places. Thoughout the dis-
cussion, we fix an inner product on Hg, and denote by ||—|| the corresponding norm;
we shall make a more specific choice later on.

To explain the idea of the proof, let us first consider a sequence z(m) € H", with
the property that the real parts z;(m) = Re z;(m) are bounded, and the imaginary
parts y;(m) = Imz;(m) are going to infinity. In the course of the argument, it
will often be necessary to pass to a subsequence; to reduce clutter, we shall use
the same notation for the subsequence. A new feature of the general case is that
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we no longer have a unique scale on which we can measure the rate of growth of a
sequence; the reason is that yi(m), ..., y,(m) may be going to infinity at different
rates. The most efficient way to deal with this problem is as follows.

Following [CDK95, (4.1.3)], we expand the sequence z(m) according to the rate
of growth of its imaginary parts. After passing to a subsequence, we can find an
integer 1 < d < n and an n X d-matrix A with nonnegative real entries, such that

(26.1) z(m) = iAt(m) + w(m).

Here w(m) € H" is a convergent sequence with @ (limy, e w(m)) € D; and the
sequence of vectors t(m) € R? has the property that all the ratios

tai(m) ta(m) ta(m)

ta(m) ts(m)" " tay1(m)
are going to infinity. (To avoid having to deal with special cases, we always define

ta+1(m) = 1.) Moreover, we can partition the index set

{1,2,...,7’),}:J1|_|J2|_]"'L|Jd

in such a way that a; # 0 if and only if j € J; U---UJ,. By construction, |s;(m)
is in O(e=2* (™) for every j € Jy,. We define new operators

(26.2) T :Zaj,kNj EC(J1L|-~-L|Jk)

Jj=1

and have the identity

n d n
sz(m)]\fj = Zitk(m)Tk + ij(m N.
j=1 k=1 j=1

Now suppose that b(m) € Hc is a harmless sequence with respect to Im z(m).
By definition, there is some a > 0 such that

[6(m ||+Z€°‘y7 IN;b(m)|

is bounded; it is easy to see that the same is true (with a different o > 0) for

[[6(m |+Ze‘“J(m)IITb( )|-

k=1

From now on, we shall use the expression harmless to refer to sequences with this
property. We also say that a sequence b(m) is exponentially small if ||b(m)]| is
in O(e*atl(m)) for some a > 0; of course, all exponentially small sequences are
harmless. We are going to prove the following version of

Theorem 26.3. Suppose we are given a sequence of points
(z(m), h(m)) € H* x Hy(K),

where z(m) = iAt(m) + w(m) is as above, and h(m) = b(m) mod ®°(z(m)) for
a sequence of vectors b(m) € Hc that is harmless with respect to t(m). Then after
passing to a subsequence, h(m) becomes constant, and Tyh(m) = --- = Tgh(m) = 0.
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Proof that[Theorem 26.3 implies[Theorem 17.4. Suppose we are given a sequence
of points (z(m)7 h(m)) as in [Theorem 17.4} After replacing it by a subsequence,
we may clearly assume that b(m) converges to a vector b € Hc; since b(m) was
harmless, we have N1b = --- = N,b = 0. As explained above, we can choose
a subsequence along which z(m) = iAt(m) + w(m); after passing to a further
subsequence, h(m) is constant and Th1h(m) = --- = Tyh(m) = 0. Let h € Hz(K)
denote the constant value. We have

Tdh = Zaj,deh =0

j=1

for positive real numbers a1 q,...,an,q. Since Njh € Hgp, we can then obviously
find positive integers a1, ..., a, with the property that ay N1h + -+ a,N,h = 0.
At the same time,

lim e~ 2%MNip(m) = lim e 2Wi(mNip — o= 2wiNip,
m—o0 m—ro0

where w € C" is the limit of the sequence w(m). Finally,

e~ T(s(m) = X2 mNs () = o= T(0m) o= 2 mNi () mod FP,

and since I vanishes at the origin and b(m) is harmless, the left-hand side converges
to e~ 2=%iNip and the right-hand side to b. (Il

The proof of is organized as follows. In we introduce a

common Z%-grading for the weight filtrations of T4,...,Ty, and a correspond-
ing sequence of operators e(m) € End(Hg), and show that the boundedness of
Q(h(m), h(m)) is equivalent to the boundedness of the sequence e(m)h(m) € Hrg.
In we show that the subquotients of the weight filtration W (T}) again sat-
isfy the assumptions of the theorem. In we explain how the boundedness of
e(m)h(m) can be used to control the position of the sequence h(m) with respect to
the above Z?-grading. The actual proof of the theorem will be given in

27. Boundedness results. The purpose of this section is to translate the bound-
edness of Q(h(m), h(m)) into a more manageable condition. Since the existence of
an integral structure is not important here, we consider an arbitrary sequence of
real vectors h(m) € Hg, subject only to the condition that

(27.1) h(m) = b(m) mod ®°(z(m))

for a harmless sequence b(m) € Hc. By [Proposition 24.1] we have

b(m) = bo(m) +bi(m) + - - + ba(m),
where by (m) € ker Ty N- - -Nker T}, is in O(e~*%*+1(™)). By passing to a subsequence,
we can also arrange that by(m) converges to an element of Hc.
Proposition 27.2. Given (27.1), the following statements are equivalent:

(1) The sequence Q(h(m),h(m)) is bounded
(2) The sequence of Hodge norms ||h(m)|o(z(m)) is bounded.
(8) The sequence e(m)h(m) € Hy is bounded.

If any of them is satisfied, ||h(m)]| is in O(ty(m)N) for some N € N.
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The proof is based on the existence of a Z%grading on Hc with good properties.
Before we can define it, we have to recall a few results from the theory of degener-
ating variations of Hodge structure. Let W* = W (T},) denote the weight filtration
of the nilpotent operator Tj; it agrees with that of the cone C'(J; U---UJg), and is
therefore defined over Q, even though T}, is only defined over R. The multi-variable
SL(2)-orbit theorem [CK89, Theorem 4.3] associates with

(WFaTla"'aTd)
a sequence of mutually commuting splittings Y7,...,Y; € End(Hg). Their common
eigenspaces define a real Z%-grading
(27.3) He =@ B
ezl
of the vector space H¢ (and also of Hg), with the property that

k __ (Zl,...7€d)
we= € H¢ :
O+ <w

Given a vector h € Hg, we denote its component in the subspace Hgl’””ed) by
the symbol h(é1¢2)  To simplify some arguments below, we shall assume that the
norm ||—|| comes from an inner product for which the decomposition is orthogonal.
As in the one-variable case, we then define a sequence of operators

d
(27.4) e(m) = exp <; Z tk(m)Yk> € End(Hg);
k=1

note that e(m) acts on the subspace th...,ed)

tl(m)f1/2t2(m)f2/2 et (m)ld/2
(27.5) t (m) fld/Q tg(m) (b1+42)/2 td(m) (L1+-+Lq)/2
B (t2<m>> (t3<m>> (td+1(m)>

What makes these operators useful is that the filtrations e(m)®(z(m)) have a well-
defined limit, which is again a polarized Hodge structure. In other words,

(27.6) F; = n}iinooe(m)@(z(m)) eD.

as multiplication by

This is explained in [CK89, Theorem 4.8], and depends on the fact that w(m) is
bounded and all the ratios t;(m)/tr41(m) are going to infinity. This is one reason
for using an expansion of the form z(m) = iAt(m) + w(m).

The multi-variable SL(2)-orbit theorem gives some additional information about
the filtration Fy. According to [CK89, Theorem 4.3], there are nilpotent operators
Ty € C(JiU---UJg), with the property that

R 2Ty, ifj=k
ijka] = B .’
0 otherwise;

note that Tl = Ti. In this notation, each of the d pairs
(Wk’ e*i(T1+--~+Tk)Fﬁ)

defines an R-split mixed Hodge structure on Hc, whose associated grading is given
by Y7 +- -+ [CK89, Theorem 4.3]. In particular, every (W*, F}) is itself a mixed
Hodge structure; this fact will be important later.
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We now turn to the proof of [Proposition 27.2] As in the one-variable case, we
first study the effect of the operator e(m) on the harmless sequence b(m).

Lemma 27.7. Suppose that b(m) € Hc is a harmless sequence. Then

. o (0,...,0)
Tim_e(m)b(m) = Tim_ba(m) ),

and the limit belongs to H(I(:O"“’O) NkerT; N---NkerTy.

Proof. Since b(m) is harmless with respect to t(m), it is easy to see that e(m)b(m)
is bounded. Indeed, we have

e(m)b(m) = e(m)by(m) + e(m)by(m) + - - - + e(m)bg(m).

Now ||bg(m)]] is in O(e~**+1(™)) and so the same is true for each of the components
in the decomposition

br(m) = > by (m)rte),

Lez7.

On the other hand, by(m) is in ker Ty N -+ Nker Ty, € W N --- N WE; this means
that bk(m)“l"“’ed) =0 unless 1 <0,¢;+/¢> <0,and soonup to #1+---+ 4, <0.
It follows from this and (27.5) that

e(m)by(m) = 3 1 (m)/2 - ta(m) /2 by () 1ot
Leza

is going to zero for k = 0,...,d — 1, and converges for k = d. This implies the
asserted formula for the limit. |

Proof of [Proposition 27.3. By the previous lemma, the sequence e(m)b(m) con-
verges, and so

16(m) [l (z(m)) = le(m)b(m)le(m)a(=(m))
is bounded by virtue of (27.6). With respect to the Hodge structure ®(z(m)),
A7 = ) = b(m)? 7

for every p < —1. This gives us a bound on the difference

R[5 (2 )y — Q(R(m), h(m)) =D (1 = (= 1)) [A(m)P P (|3 (2 )
p#0

the boundedness of Q(h(m),h(m)) is therefore equivalent to the boundedness of
|2(m)|lo(z(m))- Because we also have

”e(”q)h(”@)HeOn)é(ZOnD ::||h(7n)H¢(ZOn)%

both conditions are equivalent to the boundedness of the sequence e(m)h(m). The
last assertion follows from the fact that the operator e(m)~! depends polynomially
on t1(m),...,ta(m). O
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28. Mechanism of the induction. The proof of is by induction
on d > 1. One situation where we can potentially apply the inductive hypothesis
is for a subquotient of the form

~ 1
He = gr}’f = Well /Well—r

In this section, we show that if the period mapping ®(z) is a nilpotent orbit in the

variables {s;};es,, in the sense of [Definition 24.4] the quotient again supports a
polarized variation of integral Hodge structure of weight /¢;.

Denote by F the filtration on ﬁ@ induced by F. We also write Nj, Tk, and ?k
for the operators induced by N;, T}, and Y}, respectively, and W* for the filtration
induced by W¥; then

Wk =W (Ty)[~t] = W(Ta, ..., Ti) [~ 1]

because W* is the relative weight filtration of Ty on W by [CK89, Theorem 2.9].
By construction, the operators T, and N with 5 € J; are equal to zero; moreover, Y;
is multiplication by the integer ¢;. The operators Ys, ..., Y, define a Z% !-grading
on He, which is compatible with the Z%-grading on HC, in fact, the projection

(C1,62,0rta) (l2,.1ba)
HC 1,€2 d — H(C 2 d
is an isomorphism. As in (27.4]), we define a sequence of operators

é(m) = exp ( Ztk ) € End(Hg).

Finally, let ||—|| denote the norm on He induced by the isomorphism Ey, (Y;) ~ He.

Proposition 28.1. Suppose that ®(z) is a nilpotent orbit in the variables {s;} e, -
Then the induced period mapping

B(z) = eZoen Ni L)
defines a polarizable variation of integral Hodge structure of weight {1 on Hc.

Proof. We first explain how I'(s) is defined. For j € .J;, the operator I'(s) does not
depend on s;, and therefore commutes with N; by [Proposition 15.3] Consequently,
I['(s) preserves the weight filtration W' = W (.J;), and induces an operator I'(s) on
Hec. By [CK89, Proposition 2.10], the pair

(W17 eigay 2N eF(S)F)

is a mixed Hodge structure, polarized by the form @ and every element of the cone
C(J1), in the sense of [CK89, Definition 1.16]. In particular, ®(z) gives a Hodge
structure of weight ¢, on H¢ for every z € H" with sufficiently large imaginary
parts. To construct a polarization Q: HQ ® HQ — Q, we fix an arbitrary rational
element N € C(J;) and use the Lefschetz decomposition [CK89, (1.11)]

Hy = @ N* Py, 42r(N).
k>0

The decomposition is orthogonal with respect to the bilinear form induced by @ if
we define @ on the subspace N* Py, ,ox(N) by the formula

Q(h1,ha) = (—1)*Q(hy, N" hy),
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then [CK89, Definition 1.16] shows that @ polarizes the Hodge structure ®(z).
Since we get an integral structure Hy by taking the image of Hz, it follows that
&J(z) is the period mapping of a variation of integral Hodge structure of weight ¢4
on Hg, polarized by the form Q. ([

We note that this construction reduces the value of d, in the following sense.
Corollary 28.2. Notation being as above, i(z(m)) only depends on
Z(m) = iAt(m) + w(m),
where t(m) = (0,t2(m), ..., ta(m)), and A and w(m) are as in (26.1).

Proof. Because ®(z) is a nilpotent orbit in the variables {s;};c,, it is clear that
®(z) only depends on the variables {z;};g7,; but z;(m) = Z;(m) for j & J;. O

The period mappingfi) determines a mixed Hodge structure and various opera-
tors and splittings on Hc, and our next goal is to show that they are induced by
the ones on H¢. Because @ has weight ¢;, the limiting mixed Hodge structure is

(W(T,..... T)—ta), F) = (W, F).

As before, the multi-variable SL(2)-orbit theorem [CK89, Theorem 4.3] associates
with the data (Wd, FT,,... ,Td) a sequence of d — 1 commuting splittings of Hg.

Proposition 28.3. These splittings are equal to Ys,...,Yy. The Z9 '-grading of
Hc and the sequence of operators é(m) thus have the same properties as in

Proof. Before we prove the assertion, let us quickly recall the construction of the
splittings Y1, ..., Yy from [CK89, §4]. Given a mixed Hodge structure (W, F'), there
is a canonical way to get an R-split mixed Hodge structure (W, Fy) = o(W, F') with
the same weight filtration [CK89, Theorem 3.15]. Its Hodge filtration is given by
Fy=efe F,
where § € Lﬂgl’_l(I/V, F) is the unique element such that (W, e “F) is an R-split
mixed Hodge structure [CK89, Theorem 1.15], and £ is a universal non-commutative
polynomial in the components §7>9. This R-split mixed Hodge structure defines a
semisimple endomorphism Yy € End(Hg), which acts as multiplication by p + ¢
on the subspace I”4(W, Fy) in Deligne’s decomposition. Note that if (W, F) is
polarized by a bilinear form @ and a nilpotent operator N, in the sense of [CK89,
Definition 1.16], the splitting Yp is automatically an infinitesimal isometry of Q.
Now the operators Y7, ..., Yy, Tl, ..., Ty and the filtration F} in the multi-variable
SL(2)-orbit theorem are obtained by the following recursive procedure. Consider
the R-split mixed Hodge structure

(W, Fl)) = o (W, F),
and denote by Y(4) € End(Hg) its associated splitting. The pair (W1, etTeFy))
is again a mixed Hodge structure on H¢; define
(W Faoy) =o(W'", e Fg))

and denote by Y(4_1) € End(Hg) the associated splitting. Continuing in this man-
ner, one has for k =1,...,d — 1 an R-split mixed Hodge structure

(WH, Fy) = o(WH, T F ),
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and a corresponding splitting Y() € End(Hg). Since each of these mixed Hodge
structures is polarized by @ and any element in the cone C(Jy U --- U Jg), the
operators Y(1), ..., Y(g) are infinitesimal isometries of Q). Now define Y3,..., Y, by
asking that Y(;) = Y7 + -+ + Y; also set T = Ty, and for k = 2,...,d, let Ty
be the component of T in kerad¥; N---NkeradY;_;. Then the point of [CK89,
Theorem 4.3] is that Y7, ..., Y, commute, and that the filtration

F, = ei(T1+~~~+Tk)F(k)
is independent of k.

The splittings Y, ...,Y; € End(Hg) are obtained by applying the same proce-
dure to (Wd, F,T,... ,Td). To prove the assertion, it is enough to show that at
each stage, the R-split mixed Hodge structure on He is induced by the one on Hc.
For k=2,...,d, let ﬁ‘(k) be the filtration of He induced by F(x). Then we have

o (W F) = (W, Fa),

for the following reason: ¢ € Ly 1’_I(Wd, F) commutes with Ty, hence preserves
W1 the induced operator ) belongs to LHQI’A (Wd, I:") and must therefore be equal
to the one in [CK89, Theorem 1.15]; and ¢ is given by a universal non-commutative
polynomial in the §P-9. Taking the shift in weight into account, it follows that the
corresponding splitting is )7(,1) — 01 =Ys+---+Yy. The same argument proves that

o (W, e T Fp)) = (WE, ),

with corresponding splitting 17(k) — 0y =Ys+---4Y,. Thisis obviously enough to
conclude the proof. O

Now suppose that ¢; = 0, so that we are again dealing with a polarized variation
of integral Hodge structure of weight zero. Suppose we have a sequence h(m) € Hg
with

h(m) = b(m) mod ®°(z(m))
for a harmless sequence b(m) € He. Let h(m) € Hg denote the image of i(m); note

that h(m) € Hy if the initial sequence satisfies h(m) € Hy. [Lemma 24.5|allows us
to assume that the harmless sequence b(m) lies in W} ; consequently,

h(m) = b(m) mod &° (z(m))

for a harmless sequence B(m) € He. The sequence iL(m) automatically inherits the
following boundedness property from h(m).

Lemma 28.4. If Q(h(m),h(m)) is bounded, then Q(ﬁ(m), B(m)) is also bounded.

Proof. By [Proposition 27.2] the assertion is equivalent to the boundedness of the
sequence é(m)h(m); note that this requires £; = 0. But clearly

le(m)h(m)|| < t1(m)~/2[e(m)h(m)]],

which is bounded as long as ¢, > 0. [l
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29. Position relative to the Z%-grading. In the proof of [Theorem 17.4] for

n = 1, one of the key steps was to use the boundedness of the sequence e(m)h(m)
to show that a subsequence of h(m) has to lie in Wy. Here we investigate the general
case of this problem, namely how to conclude from the boundedness of e(m)h(m)
that certain components of h(m) with respect to the Z?-grading in have
to vanish. We give a slightly streamlined version of [CDK95, Lemma 4.4 and
Lemma 4.5].

Since we are going to argue by induction on n > 1, we relax the condition
on the weight and only assume that ®(z) is the period mapping of a polarized
variation of integral Hodge structure of weight w > 0. We also fix a sequence
z(m) = iAt(m) +w(m) as in (26.1)), and consider on Hc the Z?-grading defined by
Yi,..., Yy

Definition 29.1. The position of a sequence h(m) € Hp relative to the Z?-grading
is the largest multi-index (¢1,...,%4q) € Z% in the lexicographic ordering with the
property that h(m)‘1f4) £ ( for infinitely many m € N.

Now suppose we are given a sequence h(m) € Hg that is in the position (¢1,. .., £44)
relative to the Z%grading defined by Y7, ...,Yy. Assume moreover that

Hh(m)(&,...,éd)” > ¢

for a positive constant € > 0; this replaces the condition that h(m) € Hz. Our goal
is to show that if t1(m)®/? - e(m)h(m) is bounded, then the sequence h(m) must
be in the position (—w,0,...,0) with respect to the Z%-grading.

Proposition 29.2. Suppose that we have h(m) = b(m) mod ®°(z(m)) for an
exponentially small sequence b(m) € He. If t1(m)¥|le(m)h(m)||? is bounded, then
w4l =0y =---=F03=0.

Proof. Since b(m) is exponentially small with respect to t(m), whereas e(m) grows
at most polynomially in t;(m), it is clear that |le(m)b(m)| is in O(e~ (™)) for
some « > 0. Now the key observation is that the ratios

le(m)b(m)]|?
[le(m)h(m)]]?

are going to zero. Indeed, ||e(m)b(m)||? is in O(e=2**1(™)) whereas |e(m)h(m)|>
is bounded from below by

b)) () 0 2 2 4 () ta(m) -

The unit vectors ||e(m)h(m)|| =1 - e(m)h(m) therefore converge to a unit vector in
Whye, N FﬁO N Hg, and so w + ¢1 > 0 because (W1, F}) is a mixed Hodge structure.

Because of the bound on e(m)h(m), we know that ||h(m)|| grows at most like a
fixed power of t;(m). We can therefore assume that ®(z) is a nilpotent orbit in the

variables {s;};cs, (by|Lemma 29.3 below), and that b(m) € W/, (by [Lemma 24.5)).

. 1 . . - "
We now project the sequence to H¢ = ng)VMu which carries a polarized variation

of Hodge structure of weight w + ¢; by [Proposition 28.11 The new sequence h(m)
is in the position (£s, ..., #4) relative to the Z9~!-grading on Hc, and congruent to

an exponentially small sequence modulo P (z(m)) Moreover, the expression

ta(m) " |e(m)h(m)||* < t(m) T é(m)h(m)|* < t1(m)* |le(m)h(m)|?
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is bounded (because w 4 ¢; > 0), and we still have

[ (m) 2| = || R(m) (1t > e,
By induction, w4 €1 + ly = l3 = --- = {4 = 0. But now we get
w4,
t
tr(m)”[le(m)h(m)||* > ® -t (m) "ty (m)2 - - ta(m) = & ( 1(m)> '
tz(m)
This can only be bounded if w + ¢; < 0; since we already know that w + £; > 0,
we conclude that w +¢; = 0 and ¢ = 0. O

The following lemma was used during the proof; it will make another appearance

when we prove We put the period mapping into the standard form
®(z) = eX#Niegl)F, Let I'y(s) denote the result of setting all the variables

{s;};es, in T(s) to zero, and define ®,(z) = e2=%Niel1(5) I which is still a period
mapping by [CK89, p. 76], but now also a nilpotent orbit in the variables {s;};ec.z, .

Lemma 29.3. Suppose that h(m) is congruent, modulo ®° (z(m)), to a sequence
that is harmless/exponentially small with respect to t(m). Then the same is true
modulo ®Y(z(m)), provided that ||h(m)|| is in O(t1(m)™) for some N € N.

Proof. Suppose that h(m) = b(m) mod ®°(z(m)), with b(m) either harmless or
exponentially small. We have

e 2iN; L(s) _ (62 2 N;  T(8) p=T1(s) o~ szNj) X 2 Ni g1 (s).

and because |s;(m)| is in O(e~ (™)) for j € J;, [Proposition 15.3|shows that the
sequence of operators

A(m) = (ez 2 (m)N; L1 (s(m)) ;=L (s(m)) p— 3 zj<m>Nj) _id

is in O(e=2*1(™)) with respect to the operator norm. We therefore have
h(m) = b(m) + A(m)(b(m) — h(m)) mod e 2 (m)N; gl (s(m)) g0

and because ||b(m)| is bounded and ||h(m)]|| is in O(t;(m)"), the extra term on
the right-hand side is exponentially small with respect to t(m). O

30. Proof in the general case. We now prove by induction on

d > 1. As in the one-variable case, the argument can be divided into six steps.

Step 1. To get started, we have to prove that the sequence h(m) € Hz(K) is
bounded in the Hodge norm at the point @(z(m)) This follows immediately from
[Proposition 27.2] As in the one-variable case, we will later use only the equivalent
fact that the sequence e(m)h(m) is bounded. We also note that the sequence
|[h(m)|| grows at most like a fixed power of 1 (m).

Step 2. We now reduce to the case where ®(z) is a nilpotent orbit in the variables
{sj}jes; those are the ones that are going to zero most quickly. Recall that

B(z) = e Nigl o) Py

let T'1(s) denote the result of setting s; = 0 for every j € Ji. The claim is that we
can replace I'(s) by I'1(s) without affecting any of the conditions of the problem;
this is proved in After making the obvious replacements, we can
therefore assume without loss of generality that the operator I'(s) does not depend
on the variables s; with with j € J;. In particular, e’®) now commutes with 7}
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by [Proposition 15.3] and therefore preserves the weight filtration W?'. Note that
we only have ®(z) € D when all the imaginary parts of z € H" are sufficiently
large; after passing to a subsequence, we may assume that this is the case along
our sequence z(m).

Step 8. Our next goal is to show that h(m) € W{. As in the one-variable case,
we will deduce this from the boundedness of the sequence e(m)h(m) € Hg. Let
¢ € 74 be the largest index (in the lexicographic ordering) with the property that
h(m)(é++44) is nonzero for infinitely many m. After passing to a subsequence, we
therefore have h(m) € Wzll; its projection to ng’l lies in the image of W€21 44, and
so on. Note that the projection
HE ) < gee o 8 e, 810

is an isomorphism; because h(m) € Hz, it follows that h(m)1a) takes values in
a discrete set. In particular, we have ||h(m)#1+fa)|| > ¢ for a constant & > 0.

Now suppose that h(m) ¢ W{; in other words, suppose that £; > 1. Define

He = grzﬂ; according to |Pr0position 28.1|, it again supports a polarized variation

of integral Hodge structure of weight ¢1. Let h(m) denote the image of h(m) in He.

Because ®(z) is a nilpotent orbit in the variables {s;};c.s,, we can use [Lemma 24.5

to make sure that b(m) € W, . In the congruence
h(m) — (bi(m) + -+ + ba(m)) = by(m) mod ®°(z(m)),

the term in parentheses is contained in ker T} C W{, and therefore disappears when
we project to Hc. Under the assumption that ¢4 > 1, our sequence h(m) is therefore
exponentially close to the subspace ®° (z(m)) We can now apply |Pr0position 29.2|

to the sequence h(m) and the polarized variation of Hodge structure ®(z) on Hc;
the result is that ¢ +¢5 =0 and {3 = --- = {4, = 0. But then

t(m) )"
e(m)h(m)|]?> > emhm(el’“"ed)2>52(l ) ,
le(m)h(m)||* = |le(m)h(m) = Ea(m)
and since ¢1 > 1, this inequality contradicts the boundedness of e(m)h(m). Conse-
quently, h(m) € Wj after all.

Step 4. Using the notation from we now apply the induction hypothesis to the
sequence (Z(m), fz(m)) and the period mapping ®(z) on the space He = grgvl; the
construction in [Proposition 28.1| shows that all the assumptions are again satisfied,
but with a smaller value of d. After passing to a subsequence, ﬁ(m) has a constant
value h € Hy, and Tyh = 0 for k = 2,...,d. In order to lift these results back to
H¢, we define

ho= Y h(m) @) ¢ Hy;
fg,“.,zd

note that ho is constant, because it projects to the constant sequence h under the
isomorphism Fy(Y;) ~ Hc. We also have hg € Wk for every k = 2,... ., d, because
h € WkF. The conclusion is that

h(m) =he mod W!,.

Our next task is to prove that Tlhéo’“"o) =0.
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If we apply the operator e(m) to the congruence in (27.1)), we obtain
e(m)h(m) = e(m)b(m) mod e(m)®°(z(m)).
Because e(m)h(m) is bounded, and because we have already computed the limit of

e(m)b(m) in|[Lemma 27.7) we can pass to a subsequence where

— — 0,00 0
v = "}E)nme(m)h(m) = W}gnw ba(m)( ) mod Fy.

Now comes the crucial point: by [Lemma 27.7} the right-hand side of the congruence
is an element of Fy(Y})Nker T}, for every k = 1,...,d. Because v € W} NHg, we can
apply from the one-variable case to the R-split mixed Hodge structure
(W, e=™1Fy) and conclude that v € Eo(Y:1) and Tyv = 0.

On the other hand, we can project the congruence

e(m)h(m) = e(m)hy mod W1,
to the subspace Eo(Y1); because hg € W for every k = 1,...,d, we get

L L (0,..,0)
v= n}gnoo e(m)ho = hy .

In particular, we have Ty héo""’o) =0.
Step 5. Now we show that | Tyh(m)]| is in O(e~**(™)); the method is almost the
same as in the one-variable case. We have

e(m)Tyh(m) = e(m)Tibo(m) mod Tie(m)d°(z(m));

here we used the fact that Tie(m) = t1(m)-e(m)T}, because Ty = T} commutes with
Ya, ..., Y, and satisfies [Y1,T1] = —2T1. We claim that |le(m)T1h(m)]| is bounded
by a constant multiple of ||e(m)T1by(m)]|. If not, then the ratios

[le(m)T1bo ()|
[e(m)T1h(m)||
are going to zero. After passing to a subsequence, the sequence of unit vectors
e(m)T1h(m) 1
(30.1) uim) = —————F—— € W_,N Hg
le(m)T1h(m)|| ?

converges to a unit vector u € Wi, N Fﬁ_1 N Hg. Now (W', e "' F,) is an R-split
mixed Hodge structure; we can therefore apply from the one-variable
case to deduce that u € E_o(Y7).

Recall that the decomposition W1, = E_5(Y;)@® W1, is orthogonal with respect
to the inner product on He¢. If we project the congruence

e(m)T1h0 1
u(m) = ————————- mod W_
l[e(m)Tih(m)]| ’
to the subspace E_»(Y7), we find that
e(m)T1 ho

u= lim ————F.
m=oe [le(m)Tih(m)]|

Because the right-hand side belongs to W2, N --- N W<, it follows that u lies in
the intersection Wi, N---NW2,N Fﬁ*1 N Hg. We can therefore apply [Lemma 25.4
again, this time to the R-split mixed Hodge structure

(W, = PR,



ON THE LOCUS OF LIMIT HODGE CLASSES 55

to show that (Y7 + -+ + Yx)u = —2u for every k = 1,--- ,d. These relations are

saying that u € H((C_Q’O""’O). But if we project (30.1)) to that summand and use the
fact that h(m) = hg mod W', we find that

(=2,0,...,0) _ e(m)Tlh(()()’“"O) _
lle(m)Tih(m)]|

This forces u = 0, in contradiction to the fact that w is a unit vector. Consequently,

lle(m)T1h(m)|| must be bounded by a constant multiple of ||e(m)T1bo(m)||, and

therefore in O(e~**("™)). Because e(m)~! grows at most like a power of ¢;(m), this
is enough to conclude that || T1h(m)|| is exponentially small.

Step 6. We can now complete the proof by the method of [CDK95] 4.9]. If d > 2,
we observe that

e~ M p(m) = e Mg (m)+by (m) + - + ba(m)

mod e~ (™71 §0 (z(m)).

u(m) 0.

(30.2)

Because ||T1h(m)| is in O(e~**(™)) it follows that h(m) is the sum of a harm-
less element and an element of e~ (™7T190(2(m)). Remembering that ®(z) is a
nilpotent orbit in the variables {s;};cs,, the sequence of filtrations

eit(mTigp (2(m)) € D

no longer involves either ¢;(m) or Ti; this means that we have managed to reduce
the value of d. By induction, we can pass to a subsequence and arrange that h(m)
is constant and in the kernel of T5, ..., Ty. Since T1h(m) is exponentially small, it
has to be zero as well, concluding the proof in the case d > 2.

If d = 1, then we argue as in the one-variable case. Recall that

D (2(m)) = e (MN p = it T 20w (mIN; [

is a nilpotent orbit, with w(m) € C™ convergent and ®(w(m)) € D. The formula
in shows that the Hodge norm of h(m) with respect to ®(w(m)) is bounded.
Since these Hodge filtrations lie in a compact set, ||h(m)| must be bounded; after
passing to a subsequence, h(m) is constant, and then T3 h(m) = 0 as before. This

completes the proof of for all n > 1.

F. THE UNIVERSAL FAMILY OF HYPERPLANE SECTIONS

31. Description of the variation of Hodge structure. The purpose of this
chapter is to apply the general construction from to the universal family
of hyperplane sections of a smooth projective variety. Let X be a smooth projective
variety of odd dimension 2n + 1, and let L be a very ample line bundle on X. It
determines an embedding of X into the projective space IP’(H O(X, L)) We denote
by B = IF’(HO(X, L)*) the dual projective space; a point b € B corresponds to a
hyperplane Hyp, and therefore to a hyperplane section H, N X of X. There is a
natural incidence variety

2 ={(br)eBxX|reHNnNX};

it is a projective bundle over X, and therefore again a smooth projective variety of
dimension 2n+dim B. Let f: & — B denote the first projection, and fy: 2o — Bo
its restriction to the Zariski-open subset where Hy, N X is nonsingular.
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On By, we have a polarized variation of integral Hodge structure H of weight
zero, obtained by taking the quotient of R?" fy.Z(n) by the constant part H>" (X, Z(n));
note that the polarization is only defined over Q in general. Recall that for a smooth
hyperplane section Y = H N X, the quotient

H>(Y,Z(n))/H*™ (X, Z(n))
is torsion-free (by the Lefschetz theorems); tensored with @, it becomes isomorphic
to the variable part

ker(HQ”(Y, Q(n)) — H22(X,Q(n + 1))),

and is therefore canonically polarized by the intersection product on Y.

As usual, let M denote the polarized Hodge module of weight dim B with strict
support B, associated with . In this situation, the filtered Z-module (M, F,) can
be described concretely in terms of residues [Sch12b]. Recall that when Y = HNX
is a smooth hyperplane section, we have a residue mapping

Resy : HO(X, Q3T (kY)) — F2"H-FH?" (Y, C).

By applying this construction on each smooth hyperplane section, we can obtain
sections of H from meromorphic (2n 4 1)-forms on B x X with poles along 2". To
state the precise result, let j: By — B denote the inclusion. Then M is a subsheaf
of j.H, and the space of sections HO(U, FyM) on an open set U C B consists
exactly of those s € H°(U, j,H) that satisfy

s(b) = Resm,nx (w|{b}xx) at every point b € U N By
for some choice of meromorphic (2n + 1)-form
wE HO(U x X, 00 (n+1+ k)%))

In addition to this description, the following result is proved in [Sch12bl Corollary 4].
Theorem 31.1. The coherent sheaf Fx, M is a quotient of the ample vector bundle
H(X, Q3 @ L") @ Op(n + 1 + k),

and therefore globally generated.

32. Properties of the extension space. Now let us see what our general con-
struction produces in the special case of the universal family of hyperplane sections.
As before, we denote by F(Hy) the (possibly disconnected) covering space of By
determined by the local system Hz, and by ¢: E(Hz) — T(F_1M) the holomor-
phic mapping induced by the polarization. Fix some K > 0. According to the

general result in we have a finite holomorphic mapping
¢ E(Hz)(K) = T(F_1M)

from a normal analytic space F/(Hz)(K) that contains E<x(Hz) as a dense open
subset. Also recall from that the intersection P/Idvg(H) NE(Hz)(K)
with the extended locus of Hodge classes is finite over B, and therefore again a
projective scheme. Now the fact that F_; M is a quotient of an ample vector bundle
has the following interesting consequence; it was predicted by Clemens several years
ago.
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Theorem 32.1. The analytic space E(Hz)(K) is holomorphically convex. FEuvery
compact analytic subset of dimension > 1 lies inside the extended locus of Hodge
classes, and is therefore necessarily a projective algebraic variety.

Proof. For a discussion of holomorphic convexity, see [Car60]. The result in
shows that T'(F_;M) embeds into the holomorphic vector bundle

B =T(H(X, 0% @ L") @ 0p(n)).

Since E is the dual of an ample vector bundle, the zero section can be contracted
to produce a Stein space Y'; in particular, F is holomorphically convex. Because
@: E(Hz)(K) — T(F_1M) is finite, it follows that E(Hz)(K) is proper over Y, and
therefore also holomorphically convex. Every compact analytic subset of positive
dimension has to map into the zero section of E, and must therefore be contained
in the extended locus of Hodge classes. (Il

G. THE EXAMPLE OF CALABI-YAU THREEFOLDS

33. Hodge loci on Calabi-Yau threefolds. The purpose of this paper is to
describe the construction of the extended locus of Hodge classes for polarized vari-
ations of integral Hodge structure of weight zero. Before defining things more
precisely, we shall consider a typical example that shows why this is an interesting
problem, and what some of the issues are.

Let X be a smooth projective Calabi-Yau threefold; this means that Q3 ~ Oy,
and that HY(X,Ox) = H*(X, Ox) = 0. We fix an embedding of X into projective
space, with Ox (1) the corresponding very ample line bundle, and consider the
family of hyperplane sections of X. These are parametrized by the linear system

and we let By C B denote the open subset that corresponds to smooth hyperplane
sections. Given a cohomology class v € H%(S,Z) on a smooth hyperplane section
S C X, we can use parallel transport along paths in By to move vy to other hyper-
plane sections; this operation is of course purely topological and does not preserve
the Hodge decomposition. The Hodge locus of v is the set

{b € By | ~ can be transported to a Hodge class on S }

Most of these loci are non-empty: in fact, Voisin [Voi92] has proved that the union
of the Hodge loci of all classes v € H?(S,Z) is a dense subset of By. Since Hodge
classes on surfaces are algebraic, the Hodge locus is an algebraic subvariety of By;
in basic terms, what we are looking at are curves (or algebraic one-cycles) on X
that lie on hyperplane sections.

We observe that the expected dimension of the Hodge locus is zero. Indeed, a
class v € H%(S,Z) is Hodge exactly when it pairs to zero against every holomorphic
two-form on S; because X is a Calabi-Yau threefold, we have

RO(S, Q%) = h°(X, Q% (9)) — h°(X, Q%) = h° (X, Ox(1)) — 1 = dim B.

The number of conditions is the same as the dimension of the parameter space,
and the Hodge locus of v should therefore have a “virtual” number of points; those
numbers are of interest in Donaldson-Thomas theory [KMPS10]. But there are two
issues that need to be dealt with:
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(1) If the Hodge locus actually has finitely many points, one can of course
just count them. But there may be components of positive dimension, and
before one can use excess intersection theory (or some other method) to
assign them a number, one has to compactify such components.

(2) An obvious idea is to take the closure of the Hodge locus inside the pro-
jective space B; but this is not the right thing to do because there are
interesting limit phenomena that one cannot see in this way.

Ezample. Here is a typical example. Consider a family of hyperplane sections
S; C X, parametrized by t € A, with S; smooth for ¢ # 0, and Sy having a single
ordinary double point. In this case, H?(S;,Z) contains a vanishing cycle y;, namely
the class of an embedded two-sphere with self-intersection number 42 = —2. The
vanishing cycle is not a Hodge class on Sy, but becomes one “in the limit”. On the
one hand, one has the limit mixed Hodge structure, which is pure of weight two in
this case; ¢ is a Hodge class in this Hodge structure. On the other hand, one can
blow up Sy at the node; the exceptional divisor E ~ P! satisfies [E]? = —2, and in
a sense, [E] is the limit of the v as ¢ — 0.
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