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1. Introduction

Let p: X — Y be a surjective holomorphic map of relative dimension n between two
non-singular, compact Kéhler manifolds. We denote by A C Y the union of codimension
one components of the set of singular values of p, and we will use the same notation for
the associated divisor. The reduced divisor corresponding to the support of the inverse
p~1(A) will be denoted by W. In order to formulate our results, we will assume from the
very beginning that A and W have simple normal crossings.

We denote by Q%(W} and Q},(A) the logarithmic cotangent bundle associated to (X, W)
and (Y, A), respectively (cf. [11] and the references therein). The pullback of forms with
log poles along A gives an injective map of sheaves

P*Qy(A) > Qi (W) (1.1)

Let Qk/Y(W) be the cokernel of map (1.1).
We consider a Hermitian line bundle (L, &) on X. The metric Ay is assumed to be smooth
when restricted to the generic fibers of p. The curvature of (L, hy) will be denoted by @ .

In this article, our primary goal is to explore the differential geometric properties of the
higher direct images

Rip. (W) &L). (1.2)
where n > i > 1 together with some applications. We will proceed in two steps.

(A) Restriction to the set of regular values First, we will analyze the properties of (1.2)
when restricted to the complement of a closed analytic subset of ¥, which we now describe.
By a fundamental result of Grauert [2], sheaves (1.2) are coherent; thus they are locally
free on a Zariski open subset U of Y.

The set of singular values of the map p will be denoted by X C Y. Then the complement
X\ A is a union of algebraic subsets of Y of codimension at least two. For each i =

Downloaded from https://www.cambridge.org/core. SINTEF, on 04 Nov 2021 at 14:54:18, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/5147474802000050X


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S147474802000050X
https://www.cambridge.org/core

Algebraic fiber spaces and curvature of higher direct images 3

1,...,n, we consider the function
t— h (X, Q' ® L) (1.3)

defined on Yy:=Y \ X. These functions are upper semi-continuous; hence they are
constant on a Zariski open subset of ¥y (in the analytic topology), which will be denoted
by B.

The set p~!(B) ¢ X will be denoted by X, and we will use the same symbol p : X — B
for the restriction to X of our initial map. It is a proper holomorphic submersion, and
the restriction of (1.2) to B is equal to

Rip. (R y (W) ® L) 15 = R'pa(Qy /s O L). (1.4)

(1.4) thus defines a vector bundle, say H*"~*, over B. Since we have now restricted to
the set where (1.3) is constant, its fiber at ¢ is isomorphic to the Dolbeault cohomology
space H' (X, SZ')’(I_’ ® L;) (see [2, Theorem 4.12]). In § 3, we will give another description
of this vector bundle, which is more suitable for our computations.

Let [u] € T'(V, H""~") be a local holomorphic section of (1.4), where V C B is a coordinate
open subset and u is a d-closed (0, i)-form with values in the bundle Q’:\(_/' Q L|,-1(yy-

The restriction u; of u to X, is a d-closed L;-valued (i, n —i)-form on X,;. We denote by
[u;] its 8-cohomology class. Let w be a smooth (1, 1)-form on X, whose restriction to the
fibers of p is positive definite. Then one may use w|x, and /7, to define a Hermitian norm
on H"~'. More precisely, the norm of a class [u,] will be defined as the L2-norm of its
unique d-harmonic representative, say U, i.€e.,

Il = / junPe~ 4o /nl. (1.5)
t

By a fundamental result of Kodaira—Spencer, the variation of u; ), with respect to ¢ is

smooth.

Since the bundle Q’;/B ® L is a quotient of Q’j\f_i ® L, we can counstruct (cf. §2) a

smooth (0, i)-form # with values in Q’)‘;i Q Llp-1(v), which is 9-closed on the fibers of p
and whose restriction to each X; belongs to the cohomology class [u;]. In what follows,
u will be called a representative of [u].

Summing up, H*"~! is a holomorphic Hermitian vector bundle. The sign of the
corresponding curvature form is of fundamental importance in applications. Certainly,
the curvature tensor is an intrinsic object, completely determined by the complex and
the Hermitian structure of the bundle. Nevertheless, it can be expressed in several ways,
depending on the choice of the representatives # mentioned above. So an important
question would be to choose ‘the best’ representative for the holomorphic sections

of HIm—I,
We first assume that the curvature form ®y of (L, hr) is semi-negative on X and strictly
negative on the fibers of p: X — B. In this case, we can take w:= —©p. Another

consequence of this assumption is the existence of a vertical representative corresponding
to any section u (cf. §5). The vertical representatives are used in the proof of our first
main result, namely Theorem 6.1. We show that the curvature of H""~' evaluated in a
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4 B. Berndtsson et al.

direction u# can be written as the difference of two semi-positive forms on the base B.
Roughly speaking, the positive contribution in the expression of the curvature is given
by the contraction (or cup product) with the Kodaira—Spencer class.

Rather than stating Theorem 6.1 here, we mention one of its consequences, which will
be important in applications. Let ' be the kernel of the map

Rip.(Qy/y (W)@ L) — R p (2 (W) @ L) @ Qp(A) (1.6)

defined by contraction with the Kodaira—Spencer class. By shrinking 5, we can assume
that the restriction K| is a sub-bundle of Rip, (SZ'Z’Y(W) ® L)|g. We have the following
statement.

Theorem 1.1. We assume that ©p <0 on X and that Or|x, <0 for anyt € B. Then the
bundle K'|g endowed with the metric induced from (1.5) is semi-negative in the sense of
Griffiths, provided that we choose w|y, = —OL|x,.

We list next a few other results related to Theorem 6.1. For example, assume that the
canonical bundle Ky, of A; is ample (i.e., the family p is canonically polarized). Then, by a
crucial theorem of Aubin and Yau [1, 47|, we can construct a metric i, = ™' on Ky, such
that w, = v/—1. Béw, is Kéhler-Einstein. By a result of Schumacher [32], the metric on the
relative canonical bundle Ky 5 induced by the family (e*‘”') ;g 1s semi-positively curved.
We then consider the induced metric on L := —Ky,5. Our formula in this case coincides
with earlier results of Siu [34], Schumacher [32] and To—Yeung [37], and following the
arguments in [32, 37] (with some variations), we show that this leads to the construction
of a metric of strictly negative sectional curvature on the base manifold Y.

During the (long) preparation of this paper, the article [26] by Naumann was posted on
arXiv. In this work, Theorem 6.1 is also established. Naumann shows that the expression
of the curvature of "~ can be derived by a method similar to Schumacher’s [32].
Our approach here is very different and perhaps lighter technically. It can be seen as a
generalization of the computations in [3, 4] for the case of H™? (or better say, H%").

In §7, we adapt the previous arguments to the case when the curvature of the bundle L
is not strictly negative but instead identically zero on the fibers and semi-negative on the
total space. We then establish a variant of Theorem 6.1 in this setting, Theorem 7.5. This
formula generalizes the classical formula of Griffiths for the case when L is trivial. As it
turns out, the only difference between our formula and that of Griffiths is an additional
term coming from the curvature of L on the total space. In previous work, Nannicini [25]
has generalized Siu’s computations from [34] for #"~!! under related conditions when
L is the relative canonical bundle. Assuming also that the fibers have a trivial canonical
bundle, Wang [44] has simplified Nannicini’s argument by using Griffiths’s theorem
instead of Siu’s method. Here we follow the same argument as Wang, replacing Griffiths’s
theorem by Theorem 7.5 to be able to treat also the case when the canonical bundles of
the fibers are only assumed to be flat. We also mention that the general case, when the
curvature of L is semi-negative on fibers, is treated in a somewhat different way by the
third author in [45].
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Algebraic fiber spaces and curvature of higher direct images 5

A projective family p: X — Y is called Calabi-Yau if c{(X,) =0, which is equivalent
to the fact that some multiple of the canonical bundle of the generic fibers is trivial.
In this case, L = —Kx/p is fiberwise flat, and we show that L has a metric that is
moreover semi-negative on the total space. We say that p has mazimal variation if the
Kodaira—Spencer map is injective on Y \ X.

The notion of Kobayashi hyperbolicity describes in a very accurate manner whether a
complex manifold contains ‘large’ disks. In this setting, we have the following statement,
obtained as a corollary of our curvature formulas combined with a few ideas from [32, 37].

Theorem 1.2. Let p : X — Y be a canonically polarized or Calabi—Yau family. We assume
that p has mazximal variation. Then there is no non-constant holomorphic curve f : C —
Y\ Z.

Our result 1.2 is a direct consequence of a more general statement we establish in §8.3.
We note that Theorem 1.2 (and a few other results we prove in this article) has also been
announced by Yeung and To in their joint project [43].

(B) Extension across the singularities. The kernel
K' C Rip.(Qy/y (W) ® L) (1.7)

of map (1.6) is a coherent sheaf of Oy-modules whose sections are called quasi-horizontal
in [14, p. 26]. Unlike in the case L = Oy, it is not clear whether K is torsion-free or not
(cf. [49]). Fortunately, this is not a problem for us. We define

= KT, (1.8)

where T(K!) ¢ K! is the torsion subsheaf. It turns out that the metric induced on IC’}I B
is also semi-negatively curved in the sense of Griffiths (the quotient map ' — ICif is an
isometry).

Our goal is to show that the metric defined on the bundles IC}|B extends as a
semi-negatively curved singular Hermitian metric (in the sense of [5, 28]) on the
torsion-free sheaf IC’f, provided that the metric h; satisfies one of the two conditions
below. ‘

(H1) We have ©, <0 on X, and moreover ®f|x, =0 for each y in the complement of
some Zariski closed set.

(H7) We have ©7 < 0 on X, and moreover there exists a Kéhler metric wy on Y such
that we have ©p A p*of < —gow A p*0y on X (where m is the dimension of the base).

Thus the first condition requires L to be semi-negative and trivial on fibers, whereas in
(H2), we assume that L is uniformly strictly negative on fibers in the sense that we have

On, (L)x, < —goolx, (1.9)
for any regular value y of the map p.

In this context, we have the following result.
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6 B. Berndtsson et al.

Theorem 1.3. Let p : X — Y be an algebraic fiber space, and let (L, hy) be a Hermitian
line bundle that satisfies hypothesis (H;) above. We assume that the restriction of hy to
the generic fiber of p is non-singular. Then, we have the following:

(i) For each i > 1, the sheaf ICSC admits a semi-negatively curved singular Hermitian
metric.

(ii) We assume that the curvature form of L is smaller than —egp*wy on the p-inverse
image of some open subset @ C Y of Y. Then the metric on ICS, is strongly negatively
curved on Q (and semi-negatively curved outside a codimension greater than two
subset of Y).

As a consequence of point (i), we infer, e.g., that the dual sheaf ICif* is weakly semi-positive
in the sense of Viehweg; cf. [7, 40, 49]. We note that similar statements appear in various
contexts in algebraic geometry; cf. [7, 13, 16, 18, 20, 22, 23, 29, 30, 41, 42, 49] among
many others. The fundamental results of Cattani et al. [9] are an indispensable tool in
the arguments of most of the articles quoted above. Unfortunately, the analogue of the
period mapping in our context is not defined (because of the twisting with the bundle
L); so we do not have these techniques at our disposal.

Part of the motivation for the analysis of the curvature properties of the kernels X' is
the existence of a non-trivial map

ic;* — Sym' QJ (A)

for some i such that IC}* # 0 provided that L* := det 52;( /Y(W) and p is either Calabi—Yau
or canonically polarized with maximal variation. This is a well-known and very important
fact. We refer to [29, 42] and the references therein for related results.

The point is that here we construct the so-called Viehweg—Zuo sheaf K™ in a very direct
and explicit manner without the use of ramified covers as in the original approach. Indeed,
in the case of a canonically polarized or Calabi—Yau family p with maximal variation,
we show in §9 that the bundle det Q; /Y(W) has a property that is very similar to the
hypothesis (#;) above. Hence Theorem 1.3 applies, and we obtain a new proof of the
existence of the Viehweg—Zuo sheaf; cf. [42]. Our arguments work as well in the case of
Calabi—Yau families, where we obtain a similar result. We remark that the proof is much
simpler than in the canonically polarized case.

On the other hand, in article [29], Popa—Schnell obtain a vast generalization of the
result by Viehweg—Zuo [42] in the case of a family p whose generic fiber is of general
type. To this end, they use deep results from the theory of Hodge modules. It would
be very interesting to see if our explicit considerations here could provide an alternative
argument.

This paper is organized as follows.

2. Preliminaries

As in the introduction, we let p: X — B be a smooth proper fibration of relative
dimension n over an m-dimensional base B. We let L — X be a holomorphic line bundle,
equipped with a smooth metric ¢. Mostly, we will assume that ¢ has semi-negative
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Algebraic fiber spaces and curvature of higher direct images 7

curvature and that Q: —idd¢ is strictly positive on each fiber X;. Sometimes we let «;
denote the restriction of 2 to the fiber X;; sometimes we just write w.

We consider maps t — u; defined for ¢ in B, where u; is an n form on X, for each t. We
call such a map a section of the bundle of n-forms on the fiber. We will need to define
what it means for such a map to be smooth.

If t =(t1,...,tn) are local coordinates, we can, via the map p, consider t; to be
functions on X, and similarly we have the forms dr;, dt;, dt = dty A---dt, and dt on
X. That p is a smooth fibration means that its differential is surjective everywhere.

Therefore, locally near a point x in X', we can complete the ¢;’s with functions z1, ..., z,
to get local coordinates on X. Then, for ¢ fixed, z; are local coordinates on X;, and we
can write

w= Y  cryt.2)dz Adzy.
[I1=p.|J1=q
We say that u, is smooth if the coefficients ¢y ; are smooth. Since this amounts to saying
that the form on X
u; Ndt Adt

is smooth, it does not depend on the choice of coordinates.

Lemma 2.1. A section u; is smooth if and only if there is a smooth n-form, i on X, such
that the restriction of u to each X; equals u;.

Proof. Locally, this is clear from the discussion above: we may take it = > ¢ jdz; AdZy.
The global case follows via a partition of unity. O

These definitions extend to forms with values in L. We will call a form # as in the
lemma a representative of the section u;.

Lemma 2.2. Two forms, it and i’, on X have the same restriction to the fiber X;, i.e.,
represent the same section uy, if and only if

(@ —u)Adt Adf =0,

on X;, where dt =dt; N---dt, for some choice of local coordinates on the base. This
holds if and only if

m m
i =IZ+ZG]' /\dl‘j~|—ij /\lej
1 1

for some (n—1)-forms a;j and b; on X.
Proof. Both statements follow by choosing local coordinates (¢, z) as above. O

Notice that the forms a; and b; are not uniquely determined, but their restriction to
the fibers are uniquely determined. This follows since if

Zaj Adtj+ij /\dt_j =0,
e.g., wedging with Jt\] Adt, we get
aj Adt Adt =0,

which means that a; vanishes on fibers by the lemma.
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8 B. Berndtsson et al.

We will mainly be interested in the case when u, are d-closed of a fixed bidegree (p, q)
and in their cohomology classes [u;] in H?”9(L;). By Hodge theory, each such class has
a unique harmonic representative for the d-Laplacian O” defined by the fiber metric ¢
(restricted to X;) and the Kéhler form w;. Since 0" = 33* 4+ 3*d and X, is compact, a
form u is harmonic if and only if du = 0 and 3*u = 0. In the next lemma, we give an
alternative characterization of harmonic forms that will be useful in our computations.

Lemma 2.3. Let X be an n-dimensional compact complex manifold and L — X a
holomorphic line bundle with a negatively curved smooth metric ¢, i.e., w := —iddp > 0
on X. Let u be a (p, q)-form on X with values in L, where p+q = n. Then u is harmonic
for the Kéhler metric @ on X and the metric ¢ on L if and only if du = 0 and 3%u =0,
where 3% = e¢?de~? s the (1,0)-part of the connection on L induced by the metric ¢.
Moreover, a harmonic (p, q)-form with p+q = n is primitive, i.e., satisfies o Au = 0.
Proof. Let O’ = 3%(8%)* 4+ (3?)*3® be the (1,0)-Laplacian. By the Kodaira—Nakano
formula,
0" =0 +[idd¢, Awl.

Since i99¢ = —w and the commutator [@, A,] = 0 on n-forms, we see that O’ = 0” on
n-forms. Hence, 8%u = 0 if u is harmonic, which proves one direction in the lemma. We
also have, when du = 8%u = 0, that 99%u + 8%99u = 0, which gives that w Au = 0; so u is

primitive.

Then su = cu, where ¢ € C such that |c|=1; so when 8%u =0, 8*u = —%9% %
u=0. Hence 0"u =0 if du =0 and 8%u = 0, which proves the converse direction of
the lemma. O

A similar result of course holds (with the same proof) if L is positive and we use
w =93¢ as our Kihler metric.

At this point, we also insert an estimate that will be useful later when we simplify the
curvature formula. It generalizes a formula in [4] (see §4 in that paper).

Proposition 2.4. With notation and assumptions as in Lemma 2.3, let g be an L-valued
form of bidegree (p, q) and f an L-valued form of bidegree (p +1,q — 1), where p+q = n.
Assume
g =30f
and that f L Range(d) and g L Ker(3%). Then
1% = lgl® = (@ + D' £, f).
Moreover, g € R(O” —1) and

IAI2 = lel? = (@ —1)7g, g).

Proof. Since g is orthogonal to the space of harmonic forms, g lies in the domain of
(0")~1. Since the spectrum of O” is discrete, g also does lie in the domain of (07 —A)~!
for A sufficiently small and positive. We have

MO =0Tg g +llgl? = (@@ - n)"lg, g)
= (0@ -n"lg, g) = (O -n)"8%, 3%) = (O -8, 5 f).
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Algebraic fiber spaces and curvature of higher direct images 9

Here we have used in the first equality on the second line that O’ = 3% (8%)* + (3%)*9¢
and g is orthogonal to R(3%). Since O’ = O” 4+ 1 on forms of degree (n+ 1), this equals

(@*3@"+1-27"f ) =@ @ +1-07"F f),

where the last equality follows since f is orthogonal to R(d). Clearly, this expression stays
bounded as A increases to 1; so the expansion of g in eigenforms of 0" cannot have any
terms corresponding to eigenvalues less than or equal to 1. Hence g lies in the domain of
(@ =2~ forall0 <A <1 and

MO =0)7"g g) +lgl? = (0" @+ 1=, f).

Putting A = 1, we get
lgl*+(@" =D g. 8) = IIf1%,
and putting A = 0, we get

lgll* = (@ @+ D)7 f )= IFIP =@ + D7 f). O

Note that in the case of positive curvature, when idd¢ = w, we get with the same proof
that

lgl® = 1717 = (@"+ D78, g),
when 8 f = 8%g, g is orthogonal to the range of 3® and f is orthogonal to the kernel
of 9.
For future use in the case of Calabi-Yau families, we also record the following
counterpart of the previous proposition, which is proved in a similar (but simpler) way.

Proposition 2.5. Let (X, w) be a compact Kihler manifold and (L,e~® a Hermitian
holomorphic line bundle over X with idd¢ =0. Let g be an L-valued form of bidegree
(p,q) and f be L-valued of bidegree (p+1,q—1), where p+q =n. Assume f L
Range(d) and g 1 Ker(3?) and that

3%g=09f.
Then,
117 = el
The next lemma gives in particular a simple way to compute norms of harmonic forms.

Lemma 2.6. Let ¢, =(i)"2. If u is a primitive (p,q)-form, with p+qg=n on an
n-dimensional Kdhler manifold (X, w),

(=Dcpu nit = ul2 0" /n!.

The proof can be found in [15].

This means that the L>-norms of primitive forms u; over a fiber X; can be expressed
in terms of the fiberwise integrals of u; A ;. When we differentiate such integrals with
respect to 7, it is convenient to express them as pushforwards.
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10 B. Berndtsson et al.

Lemma 2.7. If u; is a smooth section of primitive (p, q)-forms on X;, where p+q = n,
we have
f g2, @) /nte™? = (=1)4c, pulii Alie™?)
X

if u is any representative of u;.

We will also need the next lemma (follows from the fundamental theorem of
Kodaira—Spencer in [19]).

Lemma 2.8. Let X — B be a smooth proper fibration, and L — X a holomorphic line
bundle. Assume that the dimension of HP9(L;) is a constant. Let t — u; be a smooth
section of (p,q)-forms, d-closed on X;, and let u;, be the harmonic representatives of
the classes [u;] in HP4(Ly). Then t — u,p is smooth.

In the computations below, we will frequently use the interior multiplication of a form
with a vector (field), defined as the adjoint of exterior multiplication under the natural
duality between forms and the exterior algebra of tangent vectors. If V is a vector and 0 is
a form, it is denoted as V ]6. Interior multiplication is an antiderivation, so V|(a Ab) =
(V]a) Ab+ (—1)4e8@q A (V |b). More generally, we can take the interior product of a
wedge product of vectors with a form, and it holds that

Vien---V)]0 = Vi]--- (Vi ]0).

3. The bundles H" %4
We will now consider the vector bundles H" 94 over the base B whose fibers are
H TP = HYTPA(L).

A smooth section of this bundle can be written as ¢t — [u;] such that t — u; (see
Lemma 2.8) is a smooth section of the bundle of (n — g, g)-forms on X; as in Lemma 2.1
(when we write [u,], it always means that u, is d-closed on X ¢). We will first give a way
to express the (0, 1)-part of the connection on H" =44,

For this, we let & be any representative of the section [u,], i.e., an (n — ¢, g)-form on X
whose restriction to each X, is cohomologous to u;. Since dii = 0 on fibers, Lemma 2.2

shows that
m m
dii = Z dlj/\nj-i-z dt_j/\Vj
1 1
for some forms n; and v;. Taking 9 of this equation and wedging with c?t_; Adt, we see
that évj = 0 on fibers. We can then define

D"[u) =Y [vjlx,1®di;. (3.1)

For this to make sense, we have to check that it does not depend on the various choices
made. First, if &’ is smooth and restricts to each X; to a form u} cohomologous to u;,
we can write u, = u; + dv;, where v; can be taken to depend smoothly on r. Then, if §
is a representative of v;, then @’ — 8 is a representative of u;. We therefore only have to

Downloaded from https://www.cambridge.org/core. SINTEF, on 04 Nov 2021 at 14:54:18, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/5147474802000050X


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S147474802000050X
https://www.cambridge.org/core

Algebraic fiber spaces and curvature of higher direct images 11

check that the definition does not depend on the choice of representatives in the sense
of Lemma 2.1. But if we change a representative i by adding ) a; Adtj +) b; Adtj, v;
changes only by the d-exact term db ;i3 so the cohomology class [v;|x,] does not change.
Thus, the definition of D”[u,] does not depend on the choice of representative of the
section u; nor on the choice of representative in the cohomology class.

Proposition 3.1. The operator D" defines an integrable complex structure on H"~9-4.

Proof. Let [u;] be a smooth section and & a representative of [u;]. Then

D'[u] =) [v;]1@dij,

Al = Zdtj/\nj"'zdfj/\vj-

Since E_)Uj = 0 on fibers, we get

E_ivj = Zdtk/\njk-i-Zdt_k/\vjk,

where

SO
D"[vj] =) [vj] ®diy.

Using that 8% = 0, we get that Vvjr = vkj on fibers, which gives (D")*[u;] = 0. O

We now return to the setting in the introduction and let p : X — Y be a surjective
holomorphic map. We take B to be the Zariski open subset of Y, defined in the
introduction (immediately after (1.3)). Then p is a proper submersion over B, and the
gth direct image

Rip. (R4 ® L)l (3.2)

is the sheaf of sections of a vector bundle with fibers HY(X;, Q’gq ® L;). These spaces
are naturally identified with the spaces H"™99(X;, L;), the fibers of the bundle H"~9:9.
We will next show that the holomorphic structure introduced above on H" =49 coincides
with the usual complex structure of the higher direct image.

By definition, the holomorphic sections of the vector bundle (3.2) on a coordinate open
subset V C B are elements of

H (p V), Q@ Ll iy ) (3.3)

Let (u;) be a set of d-closed (0, ¢)—forms with values in Qf\;/% QL|p-1(vy such that their
corresponding Dolbeault cohomology classes [u;] give a local frame for (3.2) over V.
Then for each t € V, the restriction (u;|x,) induces a basis for H9(X;, Q’;(:q ®L). In
particular, we infer that the space of smooth sections of (3.2) coincides with the space of
smooth sections of H"~49 (as defined at the beginning of the current section) since we
can express [u,] as a linear combination of [uj|x,] fort € V.

Lemma 3.2. Under the above identifications, the holomorphic structure on the bundle

H"'™91 coincides with the holomorphic structure on the gth direct image bundle.
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12 B. Berndtsson et al.

Proof. Let [u] be one of the elements in the frame ([u;]). By restriction to fibers, it
defines a smooth section [u;] of H9"~9. We first show that

D"([us]) =0. (3.4)
This can be seen as follows. By a partition of unity, we can construct a smooth (n—
q, q)-form @ with values in L whose image by the quotient map
Qy ' ®Lly1v) = Uy ® L1y (3.5)
is equal to u. This implies that u is a representative of [u], and moreover we have

UAdt =uAdt. (3.6)

Note that in (3.6), th_e expression u Adt is a well-defined (n — g + m, g)-form with values
in L. Now we apply 9 to (3.6) and get

duAdt =0 (3.7)

since du Adt equals zero. Thus the v; defined by the representative i are even zero, so
D"[u,] = 0. Hence any holomorphic section of the gth direct image bundle is holomorphic
as a section of H" 94,

Let now [u,] be a smooth section of H"~9'4 such that (3.4) holds at each point of V. We
use the holomorphic frame [u;] of qu*(Q';(;?, ® L)|p. We have already shown that the

[(uj);] satisfy D"[(u;);] =0, so they form a holomorphic frame for the bundle H"~%4 as
well. Then

[ =) fil(u)] (38)
J
for some smooth functions f; defined on V. We have

0=D"(lu]) =) [ 1®df;, (3.9)
J
so f; are holomorphic. Then clearly [u,] is holomorphic as a section of R7p.(Qy,y ® L)|5
as well.
We next equip H?'? with the Hermitian metric

2 2 —
w112 = / g pl2e %0 /!

t

(where we have written w instead of w;), where u; ) is the harmonic representative of
[t;]. By Lemmas 2.3 and 2.6, this equals

(—l)qcn/ U n ANt pe™?,
X,

which by Lemma 2.7 also can be written as
MudIF = (=Deqpatii nie™) (3.10)

for any choice of representative of the smooth section u; j.
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Algebraic fiber spaces and curvature of higher direct images 13

Let now u be any representative of a smooth section u; such that each u; is harmonic
on X;. By Lemma 2.3, this means that du; = 0 on X, and 3%u; = 0 on X;. We then have

that
0% =Y di; Apj+ Yy dij nEj,

by Lemma 2.2, since the left-hand side vanishes on fibers. We thus have two sets of
equations for i,

m m
5IZ=Zdl‘//\TU+Zdl—j/\v!‘ (3.11)
1 1

and
0% =Y " ditj A+ dij AEj. (3.12)

Taking 8 of the first equation and wedging with appropriate forms on the base, we see
that n; and v; are d-closed on fibers, and taking 8% of the second equation, we see that
wn; and &; are 89-closed. We stress that the forms 7 j etc., and even their restrictions to
fibers, depend on the choice of representative i, but the cohomology classes they define
do not.

We now polarize (3.10) and use it to compute

Blur, e = (=17 (3 puldiy Avj ATe™) + Y (=1 pulii AT A e ™))

(the n;’s and the £;’s give no contribution for bidegree reasons).

From this, we see that ) [u;]®dt; = D'[u;]; so we now also have an expression for the
(1, 0)-part of the connection on H”'9 in terms of representatives.

To compute the curvature of the connection D = D'+ D", we will compute 99 |u;
and use the classical formula

I?

—(OF, sutr, u + | Dy |17 = WIW 08w 17),

which is valid for any holomorphic section of a Hermitian vector bundle E and any (1, 0)
vector in the base, where

@@’W = W|(W]e¥k), Dy, =w|D, (3.13)

and the Chern curvature ©F denotes the square of the Chern connection of the Hermitian
vector bundle E (in our case, E = HP9). Here it will be convenient to choose our
representatives in a special way; so we first discuss this issue in the following sections.

4. The horizontal lift

Recall that we assume that = —idd¢ is strictly positive on fibers. In this situation,
we can, following Schumacher [32], define the horizontal lift of a vector field on the base.
This represents a variation of the notion of harmonic lift, introduced by Siu in [34].

Proposition 4.1. Let W be a (1, 0) vector field on the base B. If Q > 0 on fibers, there is
a unique vector field V.= Vy on X such that

dp(V) = W (4.1)
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14 B. Berndtsson et al.

and .

QWV,U)=0 (4.2)
for any field U on X that is vertical, i.e., satisfies dp(U) = 0. V is called the horizontal
lift of W.

Proof. We begin with uniqueness. Assume V and V' both satisfy (4.1) and (4.2). Then
V — V' is vertical, so

QV -V, V-V)=QV,V-V)—QV' ,V-V)=0.

Since we have assumed that € is strictly positive on fibers, V — V' = 0.

For the existence, we note that the proposition is a purely pointwise, linear algebra
statement. Given an arbitrary lift V' at a point x in X, a general lift can be written
as V=V’ 4+ U, where U is vertical. We therefore have n equations for n unknowns; so
uniqueness implies existence. O

Expressed differently, condition (4.2) means that
VIQU) =0

for all vertical U; so

VwlQ =Y b;dij =:b (4.3)
for some functions b; if ¢; are local coordinates on the base. Clearly, b depends linearly
on W;soif W=73 W,;d/dt;,

VwlQ =i ZCj’k(Q)Wj diy = Vw ]C (),

where
C(Q) =i ch,k(sz) dtj Adiy.

(Here we have also used that Vi |dtj = W;.) We shall see below that C(Q) is globally
well defined. We say that a (1,0) vector (field) on X is horizontal if it is the horizontal
lift of some vector (field) on the base. The dimension of the space of horizontal vectors at
a point is the dimension of the base, and the intersection between the horizontal vectors
and the vertical vectors is just the zero vector. Hence any vector at a point in X has a
unique decomposition as a sum of a vertical and a horizontal vector. Similarly, a (0, 1)
vector (field) V is horizontal, respectively, vertical if V is horizontal or vertical. We next
introduce the corresponding notions for forms.

Definition 1. A form 6 is horizontal if U |6 = 0 for any vertical U, and 6 is vertical if
V16 = 0 for any horizontal vector (field) V.

To make this slightly more concrete, let V; be the horizontal lift of 9/9¢;, where ¢;
are local coordinates on the base for j =1,...,m. Let Wy for k = 1,...,n be a system
of vertical (1, 0)-fields such that V; and W; together form a basis for the space of (1, 0)
vectors near a given point x in X'. Then we may find local coordinates (s, z) near x such
that Wy = 9/dz for k=1,...,nand V; =9/ds; for j =1,...,m at x. (Then, still at x,
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Algebraic fiber spaces and curvature of higher direct images 15

dsj(Vi) = 8k and ds;(Wy) = 0, from which it follows that ds; = p*(dt;)(= dt;).) Then
Vildzi = 0; so all dzy are vertical forms at x, and similarly Wi]ds; = 0, and so dt; = ds;
are horizontal (which is easy to see directly). Therefore the horizontal forms are of the
type

Zaj,KdtJ /\dt_K,

and vertical forms are of the type

ZbJ,KdZJ /\dZK.

In this terminology, C(£2) is horizontal, and the relation Vy |Q = Vi |C(R2) for all
horizontal W implies that Q = C(R2) + Q,, where €2, is vertical. This implies that C(2)
does not depend on the choice of local coordinates. Indeed, if C’(€2) is defined using
different local coordinates, C(2) — C’(R2) is both horizontal and vertical and hence zero.

Next, let Vi, Va,.... be the horizontal lifts of 9/0t(,9/01, ..., where t; are local
coordinates on the base. Let V = V,, A--- V| and put for an arbitrary form 6 on X,

P,(0) = (V AV)|(dt AdE A6). (4.4)

Clearly, P,(#) is always vertical and does not depend on the choice of local coordinates.
Moreover, if 6 is already vertical, then P,(6) = 0; so P, is a projection from the space of
all forms on X’ to the space of vertical forms.

Proposition 4.2. If 6 is an arbitrary form on X, P,(0) — 6 vanishes on fibers. If a vertical
form vanishes on fibers, it vanishes identically.

Proof. The first statement means that
P,(0) Adt Adt =0 Adt Adt.

This follows from the definition of P, if we use that contraction is an antiderivation and
VAVt Adi) = 1.

For the second statement, we use that if 0 is vertical, P,(6) = 8. On the other hand,
P,(9) = 0 if 8 vanishes on fibers since dt Adt A9 = 0 then. O

Finally, we note that since C(Q)"*! =0 and Q"*! =0,
QM (n4m)l = C(Q)"/mIAQ nt = C(Q)"/m! AQ"/n!.
Thus, if m = 1 and we write C(2) = ¢(Q)i dt A dt, we have the following proposition.
Proposition 4.3. If m =1,
Q" (n+1)!

T QU AidindT

This is the well-known geodesic curvature of the curve of metrics ¢, in Mabuchi space
(if ¢; depends only on the real part of ¢, and by extension in general).

c(Q2)
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16 B. Berndtsson et al.

5. Vertical representatives

Let [u] be a section of the bundle of smooth n-forms on the fibers. Recall that this means
that for each ¢ in the base, u; is an n-form on the fiber X;, and there is a smooth n-form
it on the total space X (a representative of u,), which restricts to u, on each X;.

Proposition 5.1. Any smooth section u; has a unique vertical representative.

Proof. Let & be an arbitrary representative and let u := P,(&). Then Proposition 4.2
implies that # is also a representative of u, (since & — & vanishes on fibers), and # is by
definition vertical. Uniqueness also follows from Proposition 4.2. O

In the next proposition, we shall consider sections that are primitive on fibers, i.e., are
such that on each X;, u; A Q2 = 0. In terms of representatives, this means that

QAUANdtANdE =0

if dt =dt; A---dty, for a system of local coordinates on the base.

Proposition 5.2. If ii is a vertical representative of a section that is primitive on fibers,
then
QA =C(Q) Au.

Proof. The form
0. =(QR-CQ)) A0

is a product of vertical forms and hence vertical. Since C(£2) vanishes on fibers and # is
primitive on fibers, 6 vanishes on fibers. Hence 6 = 0 by Proposition 4.2. O

Note that this means in particular that QAu Adt = QA Adt =0 since C(Q) Adt =
C(Q)Adt=0.
Proposition 5.3. Let u be a vertical representative of a section u, that satisfies the equation
@+8"u, =0
on each fiber X;. Let D := (3 4+ 8%) on the total space X. Then
Di =Y ajAdtj+ Y _bjAdij,
where a; and b; are primitive and satisfy 0+ 8¢)aj =0+ 8¢)bj =0 on fibers.
Proof. Since (3 + 8%)i vanishes on fibers,
Dii= Y ajAdtj+ Y _bj Adi;
for some n-forms a; and b;. Since D? = QA, we get
QAl =) Dajndtj+ ) DbjAdi;.

Wedging with JE Adt, we find that the restriction of Da; to fibers vanishes since & A
Q Adt =0, and similarly, we find that Db; vanishes on fibers. Hence D2a = D2b ; also
vanish when restricted to fibers, which gives that a; and b; are primitive. O
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Algebraic fiber spaces and curvature of higher direct images 17

Note the particular case when u; has pure bidegree (p, ¢). Then the assumption means
that da = 9%4 =0 on fibers, i.e., that u, is harmonic on each fiber. Then the first
conclusion is that

m m
5I/At=Zdlj/\77j+Zdlrj/\Vj (5.1)
1 1

and
0% = "dtjnuj+Y dij AE;, (5.2)
where all forms 7;, v;, u;j and &; are primitive. This follows from Proposition 5.3 since
e.g., (=D)"aj =nj+p; and n; and pu; have different bidegrees so that each of them must
be primitive.
We also get
and .
3%v; = —3k; (5.4)
from (8 + 8¢)aj =0and (3 + 3¢)bj =0.

5.1. Vertical representatives and the Kodaira—Spencer tensor

We first recall the definition of the Kodaira—Spencer class. Let W be a holomorphic
(1, 0)-vector field on B and let V be a smooth lift of W to X’ (so that dp(V) = W). In
general, unless the fibration is locally trivial, we cannot find a holomorphic lift, and the
Kodaira—Spencer class is an obstruction to this. First, we define

Ky = 5V
if V is any smooth lift of W. Then «y is a (0, 1)-form on X with coefficients in 7! (X).
Since dp(V) = W is holomorphic, it actually takes values in the sub-bundle, F = T (X' /B),

of TW-O of vertical vectors, i.e., vectors V' such that dp(V’) = 0. Any other lift, say V',
of W can be written as V + V”, where V” is vertical and

Ky =Ky + av”.

Therefore, the cohomology class of ky in H D (X, F) is well defined. We will call it [kw].
Similarly, we let [k}, ] be the cohomology class of ky restricted to X;.

In the sequel, we will assume that the lift of W is taken as the horizontal lift. If
W = 0/0t; for a given system of coordinates on the base, we will sometimes write V; for
the horizontal lift of d/d¢; and just «; for ky;. This depends of course on €2; so it would
be more proper to write «;(£2), but we will use the lighter notation instead.

Locally, using local coordinates x = (t, z) such that p(x) = ¢, ky can be written as

n m
ky =Y Z;®dZj+ Y T @di.
1 1
where Z; and T are vector fields tangential to fibers. Its restriction to a fiber X, is

n
Ky = Z;®dz,
1
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18 B. Berndtsson et al.

where we interpret z; as local coordinates on X;. If 6 is a form on X, xy operates on
0 by letting the vector part of ky operate by contraction, followed by taking the wedge
product with the form part. The result is called xy U8, which we sometimes write as ky .6.
In the same way, K{, operates on forms on a fiber X,. Note that since the vector parts of
the Kodaira—Spencer forms are vertical, the cup product commutes with restriction to
fibers: (ky UO)|x, = ki, U(O]x,).

Proposition 5.4. Let u; be a smooth section of (p, q)-forms such that u; is harmonic on
each fiber X;. Let n; and &; be defined as in (5.1) and (5.2), where i = i is the vertical
representative. Then, on each fiber

t
nj =Kqu,

and
£ = K;. Uug.

Proof. In the proofs here, we will use the easily verified formulas 3(V]6) = (3V).0 —
V](@0) and 3%(V]0) = (8V).0 — V|(8%6) for any form 6 if V is of type (1,0). (Note
however that there are no similar formulas when V is of type (0, 1).)

We have V;]i = 0; so taking 9, we get

where the dots indicate forms that contain d#; or d; that therefore vanish when restricted
to fibers. Restricting to fibers, we then get (in view of the remarks above) that

K Uup = ;.
For the second statement, we use that ijﬁ = 0 and take 8%. Then
@OV)la=V;]0% =& +---,

which gives that &; = K_;~U u. O

The final result in this section is a reflection of the familiar fact that the
Kodaira—Spencer class defines a holomorphic section of the bundle with fibers
HON(T0(X)).

Proposition 5.5. Let [u;] be a holomorphic section of the bundle H"~94. Let W be a
holomorphic vector field on B. Then

[K{V Uyl
is a holomorphic section of H'~4~14+!,

Proof. It is enough to prove this when W = 9/0¢; so that /c;. Uu; = n; by Proposition 5.4.
That u, is holomorphic means that we can find some representative i such that

512:Zdtj/\nj+2dt_j/\vj,
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Algebraic fiber spaces and curvature of higher direct images 19
and each v; is zero on fibers, i.e., we can write
vj = Z dty /\al;-f-z di A DS
Taking 9 of dii, we get that
0= dtjAdn;+_ dij Adv;.
Thus each 97 ; is zero on fibers, and we can write

an; =Zdtk/\n/]‘~+z dt_k/\vf.

Thus we have
0= Z dt; /\dtk/\n];-i-z dt; /\dt'k/\vf
+ Z diy Ndi; A5a§+z dix Adi; /\E_)b’;,

which implies that vj? = —E_)a,{ on fibers. Thus each v;? are 9-exact on fibers and thus 7 j
defines a holomorphic section of H"~4~14+1, O
As an example of this, we consider the case when L = —Ky,p. Then H™0 has a

canonical trivializing section, u?, defined as follows. On any complex manifold X, the
bundle Kx — Kx is of course trivial and has a canonical trivializing section defined
locally as s = dz® (dz)~!. Applying this to each fiber X;, we get a trivializing section
u? of the line bundle #™°. Wedging with the corresponding trivializing section of the
base, which is locally dr® (dt)~!, we get an (n+m, 0)-form U° on X with values in
K);/IB ® Kgl = K/;l (by the adjunction isomorphism). The form UY is easily seen to be
the canonical trivializing section of Ky — Ky; in particular, it is holomorphic. This means
that 9u® Adr =0, so du® = Y dtj Anj. Hence uY is a holomorphic section of H™©.
Applying the proposition iteratively, we get holomorphic sections of H"~%:4 as

t t 0
KilU“'KiqUut

for any multi-index I = (iy, ..., ig).

6. The curvature formulas

We now have all the ingredients to begin computing the curvature of H" 99 with the
L% metric. Let u; be a smooth section of this bundle, which now means that du; = 0 on
X, for each t and 8%u, = 0 on X, for each r. We take @i to be a vertical representative of
the section u; so that
5I/At=Zdlj/\77j+Zdlrj/\Vj (6.1)
and
0% =Y " ditj A+ dij AEj. (6.2)
Then v; and u; have bidegree (p, q), n; have bidegree (p — 1, g + 1) and &; have bidegree
(p+ 1,4 — 1) (forms of negative degree should be interpreted as zero). We decompose each
of these forms on each fiber into one harmonic part and one part that is orthogonal to
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20 B. Berndtsson et al.

harmonic forms so that e.g., (1;) is the harmonic part of n; and (u;)1 is the part of u;
that is orthogonal to harmonic forms.
Our main curvature formula is as follows.

Theorem 6.1. Let L — X be a line bundle with metric e=®, where idd¢p < 0 on fibers,
and define the Hermitian structure on H"~99 using the Kdhler forms w; = —idd¢|x, on
fibers. Then

(©a/01;.0/07 Ur> Ut)t
= (@ + D)7 )L, () e — (@ + D)7 EDL ENYe+ (s R

—Cn(—l)q/ Cj,k(Q)Mt/\ﬁte_d),

t

where u, &, n are defined in formulas (5.1) and (5.2), using a vertical representative of u,.

Recall that by Proposition 5.4, n; =«;jUu;, and that (n;); is the harmonic
representative of n;. Similarly, £; =k Uu,. As for the term containing wu;, we can use
the second part of Proposition 2.4 and write

(@ + D7 ) (o 1) = (@ =D @)L, () L)

In this way, we see that the whole formula for the curvature can be expressed in terms
of u; and «.
Also, we have

(@ =D 01 ) L) = (@ n)e = (@ = D7), ()

so the formula we obtain here is similar to the one in [26].

Note that all the terms in the curvature formula are negative except the one coming
from the harmonic part of 5. This ‘bad term’ is clearly zero when (p, q) = (0, n), for
bidegree reasons. It also vanishes if the harmonic part of ¥ vanishes so that the fibration
is isotrivial. More generally, if W = Y " a;03/9t; is a vector at a point ¢ in the base, and the
cohomology class defined by [kw]Uu; =0, then Y a;(n;), = 0. Therefore, we get that

(O ypur, ur)r < 0.

In particular, if x; Uu; = 0 in cohomology for all j, then the full curvature operator acting
on u, is negative. This will play an important role in §9.

In the proof of Theorem 6.1, we may assume that the base dimension m is equal to
1. Indeed, this means that the formula for the curvature form implicit in Theorem 6.1
holds when restricted to any disk, and then it must hold on all of the base. We start from
the classical fact that if u; is a holomorphic section of a Hermitian holomorphic vector
bundle E, then

82
orof
Thus we need to compute 99| u; ||12 when u; is a holomorphic section and u; is harmonic
on fibers. We choose some representative . By Lemma 2.7, we have

e lF = —(©F 1 a a5 uede + 1Dy lI7. (6.3)

g2 = (=1)9cp py(ii Alie™®).
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Algebraic fiber spaces and curvature of higher direct images 21

Since the pushforward commutes with 9, we get
Apsi niie?) = po(Bi Niie®) + (= 1) ps(ii A 3%iie?).

We claim that the first term vanishes. For this, we use that di = dt An+df Av. The
term containing n gives no contribution for bidegree reasons. For the second term, we
use that v is d-exact on fibers, which gives that the fiber integral

/ inve® =0
X;

since # = u; on X, is harmonic on X,;. Thus
Apeii Adie™?) = (=1)" pulii A 3%iie?).
Taking 9, we find
33 pu(ii Adie™) = (—1)" po (8% A 0%iie ™) + py(ii A D09 ?) =1 A+ B.
For the first term, we recall that
%0 =dt A +di AE.
Clearly, the mixed terms containing u A df A& A dt vanish, so
A= [pu(unfie™®) = p.(E NEe™?)]dt Adi. (6.4)
For the B-term, we use 0% = —3%9 + 99¢. Hence
B = —pu(@iAd%diie™) — pu(3dp Al AT ?).
As we have seen, .
pi(ii Adile™®) = 0.
Taking 8 of this, we get
p(Bii A diie™?) = (=)' p.(ii A 99Diie ),
S0 -
B =—p,.(33¢p At Atie”?) + (—1)" p(dii A dite™?).
Now we use that .
0 =dt An+df Av.

As before, the mixed terms give no contribution, so
(=" pe (@i ABiie™) = pu(y Afie™®) = puv ATe?).
Putting all this together (and using that Q = —idd¢), we finally get
iy 17

= (=Dlealpe( A fie™®) = pu(E AEe™®) + pu(n Adle™®) — pu(v ADe™ )i dt AdT
+(=Decypu (AT ATE™?).
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Up to this point, the formula holds for any choice of representative. Now we take it = i
to be the vertical representative. Then, by Proposition 5.3 and the statements following
it, all forms n, u, & and v are primitive; so by Lemma 2.6, the pushforward terms can be
expressed as norms. Since u and v are of bidegree (p, ¢) whereas £ is (p+1,g — 1) and
nis(p—1,q+1), we get

i99u, 1> = <||u||%+||s||?— | — ||n||%+cn<—1>‘I/

X

c(Q)u; A ﬁ,e¢> idt Adif, (6.5)

where we have also used Proposition 5.2 in the last term.

Here we decompose wu = up + 1, where wp is harmonic and wp, is orthogonal to
harmonic forms. Then u, = D} Jarlis SO comparing with the general curvature formula
(6.3), we get

(©pyan,agar e e = [l = NG+ W17 + 1717 = en(=1)7 fx c(Que Niige™. (6.6)
1

This formula contains two positive contributions to the curvature, one coming from the
norm of v and the other coming from the norm of . We shall now see that the first of
these can be eliminated and the second can be improved by replacing n by its harmonic
part.

For this, we decompose the forms n, & and v, as we did with u, into one harmonic
part and one part orthogonal to harmonic forms. Since v is exact, v = v;. We now use
formulas (5.3) and (5.4), which clearly also hold for the non-harmonic parts of n, &, u
and v. By Proposition 2.4, we can now rewrite formula (6.6).

First, we note that since dn; =0 and dv, =0, they are not only orthogonal to
harmonic forms but also to all of the kernels of 3. In the same way, u, and & are
orthogonal to the range of 3. Therefore, we can apply Proposition 2.4 with g =5, and
f=—ui,and to g =v, and f = —&,. Finally, we use that

(@ + D7 e, e + GNP = (@7 + 1) 7', &),

Inserting this in formula (6.6), we obtain Theorem 6.1.

We finally record the counterpart of Theorem 6.1 for positively curved bundles. This
can be proved in the same way as Theorem 6.1 (using the analogue of Proposition 2.4
for positively curved metrics as stated in §2) or by Serre duality, using Theorem 6.1.

Theorem 6.2. Let L — X be a line bundle with metric e=®, where idd¢ > 0 on fibers,
and define the Hermitian structure on H"~99 using the Kdhler forms w, =id0¢|x, on
fibers. Then

(®a/1;,0/08 Wes Uiht
= (@ + D )+ @+ D7 o, v

_<(§k)h7(5j)h>t+cn(_1)q/ ciu(Qu; Niie™?,

t

where u, &, n are defined in formulas (5.1) and (5.2), using a vertical representative of u;.
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Algebraic fiber spaces and curvature of higher direct images 23

This formula generalizes [4, Theorem 1.2], which deals with the case p = n, g = 0. Then
& =0 (since it is of bidegree (p+1,¢g —1)) and v = 0 since v is of bidegree (n,0) and
therefore must vanish identically if u; is a holomorphic section. This corresponds to the
simplest case of Theorem 6.1 when (p, g) = (0, n). Then the only contribution with ’bad
sign’ in that theorem, coming from 5, must vanish for bidegree reasons.

7. Fiberwise flat metrics

In this section, we will consider the case when the bundle L has a metric e=® with
i3d¢ <0 on X and i99¢ = 0 on each fiber X;. We then have to make an assumption
given an auxiliary Kihler form Q on X. (When we assumed idd¢ < 0 on fibers, we could
take Q@ = —idd¢ or Q = —iddp + p*(B), where B is a local Kihler form on the base.) We
denote by wy, or just w, the restriction of  to X;.

The main difference as compared to the previous case is that the cohomology is no
longer necessarily primitive (with respect to o). Let us first pause to discuss the notion of
primitive cohomology classes in HP'9(X, L), where (X, w) is a compact Kéahler manifold
and (L,e™?) is a Hermitian holomorphic line bundle. If p+¢ =n —k, we say that a
class [u] in HP9(X, L) is primitive if the class [0*t1 A u] vanishes. This means that
ot Au = 9v for some L-valued form v of degree n+k+ 1. By the pointwise Lefschetz
theorem, v = w1 A V', and it follows that

VA (=30 = 0.
Hence we could equivalently have taken as our definition that the class [u] has a
representative that is pointwise primitive. Thus, there is a natural notion of primitive
classes also for cohomology with values in a line bundle. However, in general, the Lefschetz
decomposition on forms does not induce a Lefschetz decomposition on cohomology.

We now assume that 3d¢ = 0 on X. Then it follows from the Kodaira-Nakano formula
that D;, = 0% =: 0. Moreover, the commutator [0, wA] vanishes. Indeed, this is well
known when L is trivial and ¢ = 0. Since the statement is local, it also holds when
99¢ = 0 since we can always find a local trivialization with ¢ = 0 then. The first formula
implies that a harmonic form u satisfies 3%u = 0, and the second formula shows that if a
class [u] is primitive, then its harmonic representative is (pointwise) primitive. Indeed,

a)k'H ANuUup = év
implies w*T! A uj, = 0 since Wt Auy, is harmonic. For later use, we also point out that
if a cohomology class [u] is primitive for the K&hler form w, it is also primitive for any
other Kahler form o’ € [w]. Indeed, @’ = @+ dv. Hence
(a)/)k'H Au=o"TAu+ A Au),

and so () Au is d-exact if ¥ Au is 9-exact.

We then have a Lefschetz decomposition of cohomology classes
HP9 = PP9pon PPl 2 ApPr2a72 4o
where PL™ denotes the space of primitive classes from the corresponding decomposition

of harmonic forms. This implies
HPM = PP o HP71!
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and in particular AP9 = pP4 4+ hP~1471 for the dimensions of the corresponding
spaces.

We now apply this fiberwise to our fiber space p : X — B, where h?"? is constant over
B and p+¢q = n. Then h;"_l’q_l is upper semi-continuous and since P?? is the kernel of a
smoothly varying homomorphism, its dimension is also upper semi-continuous. Therefore,
since their sum is constant, both p/*? and A’ ~1471 are constant on B. This implies in
particular the following proposition.

Proposition 7.1. P79 is a smooth sub-bundle of HP1.

We also have the next proposition.

Proposition 7.2. PP9 is a complex sub-bundle of HP9.

Proof. For this, it is enough to show that if u, is in ['(P?P-4), then D"u; € T%1(PP-7). Let
i be the vertical representative of u; with respect to the Kéhler form Q, as defined in
§5. Recall that

D'u, = Z[Uj]dlrj,

where .
on ZZUjAdtj—i-Zvj/\dlrj.
‘We have . e
Vi AdtAdEANQ =200 AdEj AdEAQ =0
since Q Adt At = 0. Hence v ; is a primitive representative of [v;]. ]

It follows in the same way that n; are primitive. As before, we can now define a
Hermitian metric on our bundle P?¢ by

Il = =1 [ Aine
X
i.e., the norm of a class is the norm of its harmonic representative, which is given by the
above integral since the harmonic representative is primitive.

As we have seen, if [u,;] is a section of our bundle, then 3% (u;), = 0 on fibers. Hence, if
i is the vertical representative of (u;),

0% =Y pjndti+ Yy £ Adi
as before, and we see that p; and &; are primitive on fibers in the same way that we
proved that v;|x, is primitive.

Lemma 7.3. 99¢ = p*(C(¢)), where C(¢) is a (1, 1)-form on the base.

Proof. Choose local coordinates (¢, z) on X such that p(r,z) = ¢. Since 93¢ vanishes on
fibers, we have ) ) . .
09¢ = 00, ;¢ +00; ¢ + 99, 7.

Since i99¢ < 0, it follows from Cauchy’s inequality that the mixed terms vanish; so

00¢ = > ¢ji(t. 2)dt; Adiy.
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Algebraic fiber spaces and curvature of higher direct images 25

Finally, the condition that 39¢ is d-closed gives that the coefficients are independent of
z, which proves the lemma. U

Proposition 7.4. On each fiber, .

dnj+d%n; =0
and _

9g; +8%v; = 0.

Proof. We have
Op; +0%n)) Adt Adi = (30 +9%8)it Adi; AdT = 33 At AdE; AdE =0
by the previous lemma. O

For a moment, we now assume that the base is one-dimensional and obtain exactly as
in §6 that formula (6.5) still holds,

(Ou, u) = (— |l = &I+ I+ 19l df AdE — cp(—1)7 pu(C(P) Al Alre™®).

We then decompose the forms u, &, n and v into a harmonic part and another part that
is orthogonal to harmonic forms. The harmonic part of v is zero since the section is
holomorphic, and the harmonic part of u is also zero if we assume that D'u; =0 at
the given point. We then apply Proposition 2.5 and conclude that ||u1 || = |lnL]l and
IEL] = llvL]l. Hence, the curvature formula becomes

(Ou, u) = =& 12 + I ll> — ca (=17 pu(C(P) At Alie™®).

Since this holds for the restriction of ® to any line in the base, we finally get the curvature
formula.

Theorem 7.5. Let L — X be a line bundle with Hermitian metric e‘¢, where i85¢ <0
and id9¢ = 0 on fibers. Then the curvature of the L?> metric on PP, p+q =n, is

(Ou, uye = ()n> (Mn)e dtj Adix =Y (Epny Ende dij Adix+ C(@)ull7.

We could now have continued and applied similar arguments to H”~"9~¢. Summing up
the results, we get that the same curvature formula holds for the entire bundle H?-4. Note
that when L is trivial and ¢ = 0, this is a classical formula of Griffiths [16]. Here, however
we will be content with the sub-bundle P9 since that is enough for our applications.

8. Estimates of the holomorphic sectional curvature and hyperbolicity

Let p : X — Y be a surjective holomorphic map between two compact Kéhler manifolds.
As in the introduction part, we denote by Yy := Y \ X the set of regular values of p so
that if Xy := p_l(Yo), the restriction p : Xo — Yo becomes a proper submersion. Our
goal in this section is to analyze the properties of the base Yy induced by the variation of
the complex structure of the fibers X, of p together with the semi-positivity properties
of the canonical bundle of the said fibers. Under a certain hypothesis, we will construct
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26 B. Berndtsson et al.

a Finsler metric on the subset B C Yy (cf. §1) whose holomorphic sectional curvature
is bounded from above by a negative constant. To this end, we follow the same line
of arguments as in the work by To-Yeung [37] and Schumacher [32]. We repeat them
here (with some modifications) to see how they adapt in our more general setting. The
main conclusion is that when the base is one-dimensional, we get a metric on the base
with curvature bounded from above by a negative constant, provided that our metrics
satisfy an integral bound that is automatic in the K&hler—Einstein case. We also take
the opportunity to include the case of families of Calabi—Yau manifolds. This was also
recently treated by To—Yeung [38]. For simplicity of formulation, we will assume that the
base is one-dimensional.

8.1. The canonically polarized case

We start with the case of a family of canonically polarized manifolds; p : X — B, and we
assume here that B is of dimension 1. We let L = —Ky /5 and let h = e~? be a smooth
metric on L with Q = —idd¢ strictly positive on each fiber and semi-positive on the
total space. By a result of Schumacher, this holds if ¢ is a (normalized) potential of the
Kaéhler—Einstein metric on each fiber, but for the moment, we make no such assumption.
Let ¢ be a local coordinate on the base B, V be the horizontal lift of 9/d7, and « be the
section of the bundle with fibers Z%!(X,, T1%(X,)), defined by k, = Z_th V. As in the last
paragraph of §5, we let u® be the canonical trivializing section of H™? (the bundle with
fibers H™0(X,, —Kx,) ~ C), and then define u? inductively by u? = (k Uu?=1,. As we
have seen in §5, u? is a holomorphic section of H"~94.
It follows from Theorem 6.1 that

(iOul, u?) < (& 11* + Ilnall*) G dt Adi) (8.1)

since (14+0)7'€, &) > |1&1% and ¢(2) > 0 since we have assumed that Q > 0. Recall
that n = xUu?, & =k Uu?, and the subscript # means that we have taken the harmonic
part. We start with the following important observation by To—Yeung, [37].

Proposition 8.1.
e *

2
Ienl* > =
w2

if ud=! #£0.

Proof. We have
(En, ud™y = (e Uud, u?™"y = |lu?)%

Hence Cauchy’s inequality gives
2 -1
lu? 1= < N&nlllu? ",

which yields the claim. O

Next we introduce the notation

¢q = log lud||*.
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Algebraic fiber spaces and curvature of higher direct images 27

Then _
03¢y = —(i®ul, u?)/|u?|>.

Therefore, formula (8.1) together with the proposition gives that
09, > (ePa=Pa=1 — Par17%a) (i dt A dF) (8.2)

since || ||* = ePat1.

A few comments are in order. Note that ¢, is only locally defined since it depends on
the local coordinate ¢ in the base. Changing local coordinates, we see that e? transforms
as a metric on the gth power of the tangent bundle of B, and e®?~%-1 defines a metric on
the tangent bundle. In particular, e?! is the generalized Weil-Petersson metric on B, and
it is the genuine Weil-Petersson metric when the metric ¢ on Ky,5 is the (normalized)
Kahler—Einstein potential on each fiber. Note also that u¢ may be identically 0 on all
fibers. If this happens for some ¢, we let m be the maximal ¢ such that u? is not identically
0. Since u™ is a holomorphic section of a vector bundle, it can then only vanish on an
analytic set. Hence e?” defines a singular metric on the mth power of the tangent bundle
of B. We will assume that the family is effectively parametrized, which means that m is
at least equal to 1.

Multiplying (8.2) by ¢ and summing from 1 to m, we get

m m
100 " qpy =Y (eP™%N) (i dt ndb).
1 1

If a; >0 and ) a, =1, we get by the convexity of the exponential function that the
right-hand side here is greater than

m
Zaqe¢q_¢q—l 2 ezaq(¢q—¢q—|)'
1

Now take ay = c(m+ (m —1)+---q), with ¢ chosen so that Y |'a; = 1. Then az_1 —
aq = c(g — 1); so since Zrln ag(dg — Pg—1) = ambm + (@m—1 — Am)Pm—1 + - - - — a1do, we get
> aq(¢g — dg—1) = ¢ 3" qdy — aigo. Hence

n
199 Zcq% > cet L% N0 (i dt A di).
1

Moreover, since e? =%~ is a metric on the tangent bundle of B,
eZ aq(¢q‘¢q—l) — e¢z‘1¢q e_“l¢0

is also a metric on the tangent bundle of B, and so is 29t = e®, since ¢y is a function.

In conclusion, there is a metric with fundamental form e®i dr A df on B, which satisfies
00D > ce®e 1} dt A di,
and thus has curvature bounded from above by

_Ce—aldﬁo’
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and so by a fixed negative constant if
¢o = logc, / ud A ile™®
X

is bounded from above. The last requirement is automatic if ¢ is a normalized
Kahler—Einstein potential, which means that

WO Aile™® = (i99¢)" /n!
on each fiber.

8.2. The Calabi—Yau case

Let € > 0 be an arbitrary K&hler form on the total space X of the fibration p. As before,
t denotes a local coordinate on the base, and we let V be the horizontal lift of 9/9¢ with
respect to Q. The Kodaira—Spencer representative x and the holomorphic sections u? of
H"~91 are defined as in the canonically polarized case.

We will use the fact that the fibers X; are Calabi—Yau as follows.

Proposition 8.2. There exists a unique metric e~PX/Y on the relative canonical bundle
Kx/y such that 00¢; := 00¢x,vlx, =0 and

c,,/ ul niile? =1 (8.3)
X

for each t € Yy. This metric satisfies i85¢x/y > 0.

Proof. We first remark that by [39], for any fixed fiber X,,, there is a positive integer
m such that mK X, is trivial. This implies that A°(mK x,) is then equal to 1 for every
t. Indeed, in the complement of a closed analytic subset of the base Y, this is true by
general semi-continuity arguments; cf. [2]. At special points 7, we have i°(mKyx. ) > 1.
But, since ¢1(X;) = 0, a holomorphic section can never vanish. Therefore mKy_ is trivial;
SO ho(mKXr) =1 at 7 as well.

In conclusion, there exists a positive integer m such that h%(mK x,) =1 for all t € Yy.
Moreover, the group Ho(X,, mK x,) is generated by a nowhere-vanishing section, which
extends locally near ¢.

We show next that the metric e=?¥/¥ with the properties stated in 8.2 is simply the
m-Bergman metric; cf. [5].

Let ¢t € Yy be a regular value of the map p, and let x € X; be a point of the fiber X;.
If (z1,...,2n) is a coordinate system on X, centered at x, then we obtain a coordinate
system (zi, ..., Zn, t) of the total space Xg at x by adding 7. This induces in particular
a trivialization of the relative canonical bundle with respect to which the expression of
the m-Bergman metric becomes

ePx/y @) _ | f(z, t)|2/m

B 8.4
fX, |u|2/m ( )
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Algebraic fiber spaces and curvature of higher direct images 29

where the notations are as follows: u is any non-zero section of mKy, and lu|>/™ is
the corresponding volume element on X;. As we have seen, u admits an extension on the

p-inverse image of a small open set centered at ¢t. Locally near x, we write u = f %
for some holomorphic function f. This identifies with f (dz)®™; so we see that we have
2/m
_ z,t
cnuOAuoe¢’(Z) — M(M(z) (8.5)
th | u|2/m

from which the normalization condition (8.3) follows.

It follows from [5] that ¢x/y is plurisubharmonic (this will also be a consequence of
the remark below), and by (8.4), it is moreover smooth since f is non-vanishing. It also
follows from (8.4) that idd¢x /v1x, = 0. Uniqueness follows since any other metric that is
flat on fibers must have the form ¢ = ¢x,/y + p*(x), where x is a function on the base.
Condition (8.3) then implies that x = 0; so Proposition 8.2 is proved. O

Remark. Yoshikawa [48] has noted that the curvature form i 85¢x/y is actually the
pullback of the Kéhler form wwp of the Weil-Petersson metric on the base. Apart
from being interesting in itself, this gives another proof of the semi-positivity. Below
we indicate how Yoshikawa’s result can be obtained from our Theorem 7.5 (which we
had not observed before learning about Yoshikawa’s work).

The Weil-Petersson metric for a Calabi-Yau family p : X — Y is defined as follows
(cf. [36, 44] for the case when the fibers have a trivial canonical bundle).
Let as before  be a Kahler form on the total space X. Normalizing, we may assume

that
/ Q"/n!l =1
X,

for all fibers. Fix a point y in the base. By Yau’s theorem [47], there is a unique Kéhler
form w, € [Q] x,] such that a)gl, /n! is the unique Ricci-flat volume element on X,. If

[«] € Ho’l(Xy, Tl’o(Xy)), we define (slightly abusively)

2 . 2 n
N2y p = /X Jen 2, ot/

y

where «j, is the harmonic representative of [k] for the metric w,. (More correctly, if
k =V, where V is a lift of a field 3, on the base, this is the Weil-Petersson norm of ;.)
A priori, this definition depends on the choice of 2, but we shall see that it does not.

First, we claim that the Weil-Petersson norm as we have defined it coincides with the
norm that we have used above, i.e.,

||[I<]”§',WP = —cp /X (kc Uu®yp A (k UuO)pe®/7 . (8.6)
y

To see this, we note that o
wy/nl = cnu® A ulePxr (8.7)

since both sides are Ricci-flat volume elements of total volume 1. Consider the map

v EM(X,, TV (Xy)) — €71 (Xy, —Ky,).
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defined by t(x) = k Uu®. This map sends 3-closed forms to d-closed forms and 3-exact
forms to d-exact forms; so it induces a map 7 on the corresponding cohomology groups.
One also verifies that it is an isometry in the sense that

f |K|Z)‘0);/n' :/ (KUMO)/\*(I{UMO)ed’X/Y.
Xy ’ Xy

(This uses (8.7).) Hence, T sends harmonic forms to harmonic forms. By our discussion
of primitivity at the beginning of §7, (kx Uu®);, is primitive; so (8.6) follows from the
previous formula.

We now apply Theorem 7.5 with (p, ¢) = (n, 0). The bundle P*0 = 10 is trivial even
metrically (by (8.3), the holomorphic section u° has norm constant equal to 1); so its
curvature is 0. Moreover, the term involving & vanishes for bidegree reasons. It follows
that if 9, is a tangent vector in the base, V is a lift of 3, and k¥ =V, then

I3 wp = Cbxv) (@, 30).

Therefore, C(¢x,y) is the Kéhler form of the Weil-Petersson metric, wowp, i.e.,

id0¢x/y = p*(@wwp). (8.8)
In particular, the Weil-Petersson metric does not depend on the choice of . [
The rest of the argument now goes as in the canonically polarized case. We put
¢q = log |u? .

Then, ¢o9 = 0 by construction, and for g > 1, we get from Theorem 7.5 that
109, > (e Pt — Par1=%0) (i dt A di).
Defining ® = ¢ Y] ¢¢, again, we find that
i30® > ce®idt ndf
and that e® defines a metric on the tangent bundle of ¥ with curvature bounded from

above by a strictly negative constant.

Remark. We refer the reader to the preprint [46] by the third author, where it is showed
that the curvature formula in the fiberwise flat case can be used in a different way to
produce a Hermitian metric on Y of strictly negative bisectional curvature. O

8.3. Hyperbolicity

A direct consequence of the results in §§ 8.1 and 8.2, respectively, is the following.

Theorem 8.3. We assume that the hypotheses of Theorem 1.2 are satisfied. Then there
exists a subset B C Yy such that we have the following:
(1) The complement Yo\ B is a closed analytic set, say S.

(2) There exists a Finsler metric on B locally bounded from above at each point of S
and whose holomorphic sectional curvature is bounded from above by —C.
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Let us first show how to use the above theorem to prove Theorem 1.2.

Proof of Theorem 1.2. The proof is based on ideas in [33, Proposition 12|. Let f : C —
Y\ X be an entire curve in Y\ ¥ := Y. By the above theorem, there exists a smooth
strictly negatively curved Finsler metric on a Zariski open subset B := Yy\ S, which
extends to a singular metric on Y.

First, let us assume that f does not lie in S§; thus the image of f contains at least
one point in B. Then two cases can arise: f is a constant or there exists ¢ € C such that
f () € B and df(t) # 0. Let us prove that the second case can never arise. Consider the
pullback along f of our Finsler metric on Y. The second case would give a singular
metric, say e?@idt Adt, on C such that ¢ is smooth on an open set in C and

¢ > ce?"

in the sense of distribution on C, where c¢ is a positive constant. But the Ahlfors—Schwarz
lemma (see [12, p. 17]) implies that

o o2 R
e <—-———— >0, as R— oo.
¢ (1—1t?/R?)?
Thus ¢ = —oo, and we get a contradiction (since ¢ should be locally bounded from

above).
If the entire curve f is contained in S, we argue as follows. We can assume that S is the
Zariski closure of the image of f (as if this is not the case, then we simply replace S with
the said Zariski closure). If S is non-singular, then we are done by the argument in the
first part of this proof. If not, let

7:5—> S
be a desingularization of S, and let p: X — S be the family obtained by base change
and desingularization of the total space.
The properties that p inherits from the initial map p are as follows.

(a) The generic fiber of p is isomorphic to the generic fiber of p. This is indeed clear
since S is not contained in the singular locus of p.

(b) The map p has mazimal variation. Again, this is immediate because the
desingularization map 7 is generically isomorphic.

(¢) The entire curve f lifts to p. This is the case since § is the Zariski closure of the
image of f.

Points (a)—(c) together with the arguments already invoked in the first part of our proof

allow us to conclude. O

Remark. If M is a complex manifold, the Kobayashi—Royden infinitesimal metric is a
Finsler metric on Tj defined as

k(x,v) :=inf(A >0:3y:D — M, y(0) =x, ' (0) = 1/1v}. (8.9)

We take M := Yy, where we recall that Yy := Y \ X was the set of regular values of the

map p. Then the above proof implies that

k(x,v)

lv]

> Cy > 0, (8.10)
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where the norm of the vector v in (8.10) is measured with respect to our Finsler metric
on a dense subset B of Yy. By a result of Royden (cf. [31]), the function k is upper
semi-continuous on Ty,. Thus (8.10) also holds true on Yj.

Proof of Theorem 8.3. We define the set B C Yy as in the introduction such that the
restriction of H" |z is a vector bundle, whose fiber at r is H" 5/ (X, L|x,). The Finsler
metric defined in 8.1 and 8.2 has the required curvature property. The only thing to be
checked is that the functions ¢, are locally bounded from above near each point of ¥y \ B.
In fact, each function ¢, is the norm of the gth contraction of the tautological section ug
with 8V, where V is the horizontal lift of %. The norm of the harmonic representative of
a cohomology class is smaller than the norm of any other representative, and since our
fibration p is smooth on Yy, the boundedness statement in (2) follows. O

9. Extension of the metric

In this section, the setup is as follows. We are given a surjective map p : X — Y between
two smooth projective manifolds such that the fibers of p are connected (this last
condition is not really necessary...). This will be referred to as algebraic fiber space.
Such a map p will not be a submersion in general, so we cannot use directly the results
obtained in the previous sections. In order to formulate our next results, we will recall
next the notion of logarithmic tangent bundle (cf. [11]), which offers the right context to
deal with the (eventual) singularities of p.

9.1. Notations, conventions and statements

Let (Wy)qes be a finite set of non-singular hypersurfaces of X, which have transverse
intersections. The logarithmic tangent bundle Tx (W) is the vector bundle whose local
frame in a coordinate set U is given by

0 0 0 0
Ll Sk ey s (9'1)
071 0Zk  0Zk41 0Zn
where zi,...,z, are coordinates defined on U such that W;NU = (z; =0) for j =
1,..., k. Hence we assume implicitly that only k among the hypersurfaces W, intersects

the coordinate set U. We remark that the logarithmic tangent bundle is a subsheaf of
Tx; its dual is the logarithmic cotangent bundle Qx (W).

Throughout the current section, we will observe the following conventions.

e We denote by X C Y the set of singular values of p. Let A C X be the codimension
one subset of X. We assume that the components of A are smooth and have transverse
intersections. Note that the closure of the difference X' \ A is a set of codimension at least
two.

e Let B C Y\ X be the Zariski open subset of ¥ for which the dimension of the relevant
cohomology groups (1.3) is constant.

e We assume that there exists a Zariski open subset )y C Y whose complement has
codimension greater than or equal to two such that if we denote Xy := p~'())), then the
following holds.
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Algebraic fiber spaces and curvature of higher direct images 33

For any x¢ and yg in Ay and )), respectively, such that p(xo) = yo, we have local
coordinates (z1, ..., Zn+m) centered at xg and (¢1, ..., t,) centered at yg with respect to
which the map p is given by

q
b+ bj
21y vs Zman) = | Zntls oo s Zndm—1s Zn’lr’; Zj s (92)

j=1

where b; > 1 above are strict positive integers and g < n. Moreover, locally near yg, the
set A is given by the equation #,, = 0. We remark that this assumption induces no loss
of generality. Indeed, if the p-inverse image of the regular set of A has simple normal
crossing support, then (9.2) is automatic. In general, we can simply use a log-resolution
of the divisor p~!1(A) and reduce ourselves to the previous case. We refer to [21] for all
that one needs to know about such resolutions.

Remark 1. Given an algebraic fiber space f : XY , part of the properties above can be
achieved modulo the modification of the total space 7w : X — X along the inverse image
of the discriminant of f. Also, if the discriminant A is not a simple normal crossing
divisor, we consider a log-resolution of (¥, A) together with the corresponding fibered
product. Hence up to such transformations, we can assume without loss of generality
that the bullets above hold true for the maps p we are considering. O

We will denote by Ty (A) the logarithmic tangent bundle of (¥, A) described locally as in
(9.1); let Qy(A) be its dual.
We have the following easy and well-known statement, which is a consequence of the

bullets above.

Lemma 9.1. We have a natural morphism of vector bundles
P (Qr(A) > Qx (W), 9.3)

which is defined and injective on Xp.

Proof. The verification is immediate: in the complement of the divisor A, things are
clear. Let xo and yp in X and Y, respectively, be two points as in the third bullet above.
We have the coordinates (z;) and (¢;) with respect to which the map p can be written as
in (9.2). Then we have

p*(dt;) = dzuy; (9.4)
for j=1,...,m—1 and
d d 1. dz
o (_’") — by gy T _’_Zbiﬁ_ (9.5)
Im Zn+m izl Zi

Thus the lemma is proved, given that the right-hand side of (9.5) is a local section
of Qx(W). O
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We note that map (9.3) is an injection of sheaves on X, but in order to obtain an injection
of vector bundles, in general, we have to restrict to Xp (as one sees by considering the
blow-up of a point in C?).
Let Qx/y (W) be the cokernel of (9.3) so that we have the exact sequence

0— p* (Qy<A>) —> Qx(W) — Qx/y<W) — 0 (96)
on the open set Xy C X.
For further use, we will give next the expression of a local frame of the bundle Qx,y (W)

with respect to the coordinates z and ¢ considered above. Let U C A be the open set on
which the functions z; are defined. Then the local frame of Qy (W)|y is given by

dzy dz dz
=Lz, Az, — (9.7)
21 Zq Zn+m
Thus, the local frame of Qx,y(W)|y is given by the symbols
dz dz dz
—1,...,—q,dzq+1,...,dz,,, ntm (9.8)
71 2q In+m
modulo the relation
dZn+m ! dzj
Brtm +) bj—L =0 (9.9)

ntm T Z
The edge morphism corresponding to the direct image of the dual of (9.3) gives the
analogue of the Kodaira—Spencer map in a logarithmic setting, as follows:
ks : Ty(A) — R' p.Tx/y (W). (9.10)
It turns out that we have
Tx v (W) = Q%1 (W) @ Ky )y ® O(p*(A) — W) (9.11)

on Xp. Hence we can rewrite (9.10) as follows:

ks : Ty(A) — R p, (Q’;(fy(W)@L) (9.12)

provided that the twisting bundle equals
L:= K;}Y ®0 (p*(A)—W). (9.13)
Hence, this fits perfectly into the framework developed in the previous sections of this

article.

In general, given any bundle L and an index i > 0, we have a map
o Rip (247 W e L) - R, (277 W@ L) @ 2y (A) (9.14)

obtained by contraction with (9.10). A local section of R'p, (Q’;&’Y (W) ® L) is represented
by a (0,i)-form with values in the (n—i) exterior power of the relative logarithmic
cotangent bundle twisted with L. We couple this form with the (0, 1)-form with values
in the logarithmic tangent bundle of X corresponding to a local section of Ty(A) via
(9.10). The result is a (0, i + 1)-form with values in the (n —i — 1) exterior power of the
logarithmic cotangent bundle twisted with L. This is map (9.14); as we see, it is only
defined in the complement of a set of codimension at least two in Y.
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Algebraic fiber spaces and curvature of higher direct images 35

Definition 2. We denote by K' the kernel of (9.14). It is a subsheaf of Rip,
(Q’Z;(W) ® L). Also, let IC"f be the quotient of K by its torsion subsheaf.

We can assume that the restriction K'|p is a sub-bundle of Rip, (Q’;&;(W) ® L) |B by
shrinking the set B.

Remark 2. In view of our main formula (cf. Theorem 6.1), it is clear that the curvature
of K| g has better chances to be semi-negative than the full bundle Rip, (SZ';&’Y (W) ® L).

Indeed, if the section [¢] in 6.1 is a local holomorphic section of K|z, then the fiberwise
projection of the 7;’s on the space of harmonic forms is identically zero. O

The sheaves K’ have been extensively studied in algebraic geometry; cf. [7, 49] and the
references therein. We will be concerned here with their differential geometric properties.
To this end, we formulate the requirements below concerning the Hermitian bundle
(L,hy).

(H1) We have i®p, (L) <0 on X, and moreover i®y, (L)|x, =0 for each y in the
complement of some Zariski closed set. '

(H2) We have i®j, (L) <0 on X, and moreover there exists a Kéhler metric wy on Y
such that we have i®, (L) A p*oy < —gow A p*oy on X.

Thus the first condition requires L to be semi-negative and trivial on fibers, whereas in
(H3), we assume that L is uniformly strictly negative on fibers in the sense that we have

1Oy, (L)|x, < —€ow|x, (9.15)
for any regular value y of the map p.

We recall that we denote by IC} the quotient of C' by its torsion subsheaf (cf. Definition 2).
In this context, we have the following result.

Theorem 9.2. Let p : X — Y be an algebraic fiber space, and let (L, hyp) be a Hermitian
line bundle that satisfies hypothesis (H;) above. We assume that the restriction of hy to
the generic fiber of p is non-singular. Then we have the following:

(a) For each i > 1, the bundle K. admits a semi-negatively curved singular Hermitian
metric. Moreover, this metric is smooth on a Zariski open subset of Y.

(b) We assume that the curvature form of L is smaller than —egp*wy on the p-inverse
image of some open subset @ C Y of Y. Then the metric on K', is strongly negatively
curved on Q (and semi-negatively curved in the complement of a codimension
greater than two subset of Y).

The method of the proof of Theorem 9.2 also gives the following statement, which is
potentially important in the analysis of families of holomorphic disks tangent to the pair
(Y, A). Prior to stating this result, we define the ‘iterated Kodaira—Spencer map’ (cf. [32])

ks® ; Sym’ Ty (A) @ ROp, (Q§/Y<W> ® L) = Rip, (Q’;;;(W) ® L) (9.16)
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by contracting successively the sections of Q}/Y(W)@)L with the Tx,y(W)-valued
(0, 1)-forms given by ks in (9.10) (we remark that the contraction operations are
commutative, and this is the reason why map (9.16) is defined on Sym’ rather than
®' of the log tangent bundle of the base).

In Proposition 9.3, we denote by sa the section whose vanishing equals the support of
A. Also, we denote by ||ks|| the operator norm of map (9.16).

Proposition 9.3. We assume that the singularities of the map p are contained in the
snc divisor A. Let wp x and wpy be two Kdhler metrics with Poincaré singularities
on (X, W) and (Y, A), respectively. We assume that the metric hy of L is smooth when
restricted to the p-inverse image of a Zariski open subset of Y and that its weights are
bounded from below. Then for each i > 1, we have

lks@ )" < ClogV (9.17)

sal3’
where norm (9.17) is induced by the metrics wp x and wpy. The constants C, N depend
on everything but the point y € Y.

Remark 3. The proof of Proposition 9.3 is very similar to the arguments we will give
for Theorem 9.2, and we have decided that we can afford to skip it. We will however
highlight the main points after completing the arguments for 9.2. O

Assume that the bundle (L, hy) verifies hypothesis (#;) and that moreover we have
HO (x Q’}(/Y(W)@)L) £0. (9.18)

If o is a holomorphic section of Q% /Y<W) ® L, then we have a holomorphic map
kst Oy - Rip, (bW ® L) ® 2r(A) (9.19)

induced by the map ks; cf. (9.16).

We formulate yet another hypothesis.
(H3) There exists a holomorphic section o of Q% /Y(W) ® L such that the map ks((,l) is

not identically zero when restricted to a non-empty open subset of B.

The following result is a corollary of Theorem 9.2.

Theorem 9.4. Let p : X — Y be an algebraic fiber space, and let (L, hr) be a Hermitian
line bundle that satisfies hypothesis (’H]) for j =1,2. Moreover, we assume that (H3) is
equally satisfied. Then there exist s < n = dim(X,) and a non-trivial map

IC‘Yf* — Sym® Qy (A). (9.20)

In addition, if the curvature of L is smaller than —eop*wy on the pre-image of some
non-empty open subset V of Y, then there exists an ample line bundle A on Y such that
the bundle

My (A)@A™!

has a (non-identically zero) global section for some M > 0.
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Our next results will show that in some interesting geometric circumstances, a version of
hypothesis (H>) is verified.

If the canonical bundle of the generic fiber of p: X — Y is ample, then we say that
the family defined by p is canonically polarized. If the Chern class of the canonical
bundle of the generic fiber of p equals zero, then we say that p defines a Calabi—Yau
family. Next, a canonically polarized or Calabi—Yau family p has mazimal variation if
the Kodaira—Spencer map (9.10) is injective when restricted to a non-empty open subset
of Yy.

Then we have the following result, which provides a (geometric) sufficient condition under
which the anticanonical bundle of p has strong curvature properties.

Theorem 9.5. Let p: X — Y be a family of canonically polarized manifolds of maximal
variation, and let w be a reference metric on X. Then there exist an effective divisor &
in X and a metric hx,y on the twisted relative canonical bundle Kx,;y + & such that the
following hold true:

(i) The curvature corresponding to hx,y is greater than eow for some g9 > 0, and the
restriction hx,y|x, is non-singular for all y in the complement of a Zariski closed
subset of Y.

(ii) The codimension of the direct image p(E) is greater than two.

Remark 4. Given that Ky, is ample, a natural choice for the construction of a positively
curved metric on Kx,y would be the fiberwise KE metric (cf. §8) — this is well defined in
the complement of the singular locus of p, and it extends across the singularities (cf. [27]).
However, it is not clear to us whether it is possible to obtain a useful lower bound of the
eigenvalues of the KE metric with respect to a fixed Kéhler metric on X as we approach
the singular locus of p. This information is critical in the process of extending the metric,
as we will see below. O

In order to derive an interesting consequence of Theorem 9.5, we recall the following
result for which we refer to [8, Theorem 2.3].

Theorem 9.6 [8]. We assume that the hypotheses of Theorem 9.5 are satisfied. Then there

exists a metric h(xl}y on the relative canonical bundle Kx,;y with the following properties.

(i) The restriction of hgjy to the fiber X, = p~Y(y) is smooth. It is induced by the
sections of mKx  for some m > 0, for all'y in the complement of a proper algebraic
subset Z C Y.

(ii) The corresponding curvature current ® is positive definite on each compact subset
of pY (Y \ Z), and moreover we have

® > (/= DIW] (9.21)

in the sense of currents on X.
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In statement (9.6), we denote by #/ the multiplicity of the hypersurface W; in the inverse
image p~!(A). By combining Theorems 9.5 and 9.6, we obtain the following result.

Corollary 9.7. Let n > 0 be a positive real number. We assume that the hypotheses of
Theorem 9.5 are satisfied, and we define the following family of metrics:

%ﬁ)((n/)y = =nex/y+ ngog(l/)y - Z(tj —Dlog|f;I (9.22)

on the bundle Kx/y—Z(tj—l)Wj, where @x;y and <p§(l/)y are the weights given by
Theorems 9.5 and 9.6, respectively, and f; is a local equation of the hypersurface W;.
The resulting metrics h'V have the following properties.

(a) The curvature current ©, verifies
®, = (1—megw— (1—m) Y ¢/ = DHIW;1— (1 —IEL

(b) Each of the metrics h™ is smooth when restricted to the generic fiber of p.

c) For each compact subset K C X p’l(A), we have ®,|x = Cxw|g, where Cx >0
1
1s independent of n.

In Corollary 9.7, we denote by ¢x,y the weight of the metric induced on Kx,y by the
metric we construct in Theorem 9.5. The effect is the presence of the divisor (1 —n)[E]
in (a) with a negative sign.

Thus, in the setup of Theorem 9.5, point (a) of Corollary 9.7 shows that a version of
hypothesis (H>) is satisfied. Indeed, we consider the bundle L := —Kx,y + Sl — Hw;
endowed with the metric induced by A", This metric does not necessarily verify the
requirements in (H»). Nevertheless, it is the limit of 4™ as n — 1, and the restriction
to fibers of ®, is uniformly positive; cf. (a). We will show at the end of this section that
this suffices to infer that Theorem 9.2 holds true.

The following important result due to Viehweg—Zuo (cf. [42]) can now be seen as a direct
consequence of the results 9.2, 9.4 and 9.5.

Theorem 9.8 [42]. Let p: X — Y be a family of canonically polarized manifolds of
mazimal variation. Then there exists a positive integer ¢ < dim(Y) such that the bundle
Sym? Qy (A) contains a non-trivial big coherent subsheaf.

We refer to loc. cit. for the notion of ‘big subsheaf’ F: it implies that for any ample line
bundle H, the bi-dual of Sym™ F ® H~! is generated by global sections on some open
subset U C X for all m > 0.

As a by-product of our methods, it turns out that a completely similar result holds in
the context of Calabi—Yau families.

Theorem 9.9. Let p: X — Y be a Calabi-Yau family. Assume that p has mazimal
variation. Then there exists a positive integer q < dim(Y) such that the bundle
Sym? Qy (A) contains a non-trivial big coherent subsheaf.
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Algebraic fiber spaces and curvature of higher direct images 39

Remark 5. As was pointed out to us by the anonymous referee, Theorem 9.9 becomes
completely wrong in the absence of the Kéhler hypothesis for the total space X. A
counterexample is provided by the twistor spaces: the map p is smooth, its fibers are
hyperkéhler manifolds and the family has maximal variation but the base Y is the
projective line. O

In the following subsections, we will establish the results stated above.

9.2. Proof of Theorem 9.2

Our first task will be to construct a metric on the quotient
} =K'/ T(KY (9.23)

of the kernel by its torsion subsheaf. This will be naturally induced by the metric on the
direct image thanks to the following simple observation.

Lemma 9.10. The support of the torsion subsheaf T (KC') is contained in Y \ B.

This is clear since K'|p is a vector bundle.

Next, the sheaf K'. is coherent and torsion-free. Therefore, it is locally free on an open
subset )y whose codimension in Y is at least two. We define next a metric on the
restriction IC’fl g as follows.

Let s1, 52 be local sections of IC’} defined on an open set V such that the sequence
0—T (V, T(IC")) T (V, Ici) T (V, IC’f> =0 (9.24)

is exact. We consider two sections u1,uy € I’ (V, K ) projecting into s1 and s», respectively,
via (9.24). Then for each r € BNV, we define

(s1,82)r := (w1, u2);. (9.25)

We note that this does not depend on the u;’s by Lemma 9.10, and therefore we have a
well-defined Hermitian structure on IC’f| B-

Next, we will use the Leray isomorphism in order to construct a representative of a
local section [u] of K. Since this is slightly different from the convention adopted in the
previous sections, we give a few precisions in what follows. Assume that [u] is defined
on a small enough open subset V C Y containing a smooth point of the divisor A. In
particular, [u] corresponds to an element of the cohomology group

H (p™' V), 4 W) @ L)) - (9.26)

Let U = (Uy) be a finite cover of X such that the intersections Uy := Uy, N--- N Uy,
are contractible for all multi-indexes I = (g < -+ < &) having s+ 1 components and
all s.

The section [u] corresponds to a collection of holomorphic sections (u;) of the bundle

QW) Lly,
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whose Cech coboundary is equal to zero (i.e., it is a cocycle). Here the multi-index I has
i + 1 components. We can assume that the map

QW) ® Lly, > Q7 (W) ® Ly, (9.27)

is surjective at the level of sections. Let u; be a lifting of the section u; via map (9.27).
Each u7 is an L-valued n —i-form with log poles on U;. We note that in general, the
collection (i) is not necessarily a cocycle. However, this is the case for the restriction
(ir|lu;nx,) for each ¢t € B, and this identifies with the class [u;].

We apply the Leray isomorphism procedure to (i); this gives a (0, i)-form with values
in QSL{i (W)®L|,-1(vy, which we denote by i. The exact formula is as follows:

U= Z pasﬁao...asépao A A E_),oas_l, (9.28)
I

where (p,) is a partition of unit subordinate to the Leray cover U. In the usual formula,
we do not have the factor py, in (9.28) since the forms defined on the open sets U,,
coincide on intersections. As already mentioned, here (i;) is not necessarily a cocycle,
but this is the case for the projection (u). Since > pj =1, the image of & on the space
of (0, i)-forms with values in Q’;(?’Y(W) QL|p-1(yy Is 0-closed, and it represents the class
[u].

Convention. For the rest of this section, we will call & a representative of [u]. Also, the
representative of a section u of IC’f will be by definition the representative of a section of
KC! projecting into u.

Let @ be a fixed representative of a local section of the bundle K., which is defined near a
smooth point yg € A. Thus # is a (0, i)-form with values in the bundle Q';(_i (W)® LI p-1(v)
such that the following properties are satisfied for any t € BNV.

e The restriction of the form # to the fibers X, is 3-closed.

e The cup product of ¥ with any element in the image of ks is cohomologically zero when
restricted to X;.

We first assume that the bundle (L, iy ) verifies hypothesis (H>). Let 6 := —©p,, (L) be
the corresponding curvature form. Then we have

V=Tcjr(6)dt; ndiy >0, (9.29)

and given that u is a section of the kernel, the fiberwise projection of the (troublesome)
forms 1 ; on the space of harmonic forms is equal to zero (as above, we assume that ¢ € B).
Thus, for any local holomorphic section u of ICSC defined on an open set V centered at
the point yg, the function

t — log||[u]ll7 (9.30)

is psh on V \ A as a consequence of Theorem 6.1 (the bracket notation in (9.30) has the
same meaning as in §2). This is not strictly correct because Theorem 6.1 can only be
applied by restriction to 5. However, as we see from the arguments to follow, extending
function (9.30) across A is the most subtle part of the proof.
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We will show next that we have

sup log [|[u]]|? < oo, (9.31)
revV\A

and then Theorem 9.2 follows by elementary properties of psh functions.
In order to establish (9.31), by the definition of the norm of a section of H?-4, we have
the inequality

~ 2
Il < /X i, 0" (9.32)
t

for each t € V'\ A. Hence it would be enough to bound the right-hand-side term of (9.32).

Unfortunately, we cannot do this directly (as the following computations will show, the
technical reason is that we do not have an upper bound for the eigenvalues of 6 at our
disposal), and we will proceed as follows.

By hypothesis (H3), the form 6 is semi-positive on X and greater than eyw on the
fibers of p. For each j, let s; be the global section whose set of zeros is the hypersurface
W; (recall that the W; are the support of the inverse image p~!(A)). They correspond
locally on the open set U (cf. (9.2)) to the coordinates zi, ..., 24, Zmtn. We have the
decomposition U := |JU;, where U; C U is defined as follows:

Uj:= {ze U:lzjl <lzl, foralli=1,...,q andi:n—l—m}. (9.33)

Here j belongs to the set 1, ..., g together with j = n + m. The motivation for introducing
this stratification will become completely clear in (9.46).

If j=1,...,q, then on the open set U;NX, of the fiber X,;, we take the local
coordinates z1,...,2j—1, Zn4m> Zj+1, - --»2Zn- On the set X; NU,4m, the coordinates are
Zlsver2n-

There exists a constant C > 0 such that for each ¢ > 0, on X; N U4, we have

q _
dzj NdZ;
> V-1 Zdz,Adz,JreZM . (9.34)

0—¢e ) dd° loglog
2 |zj 12 log? |21

J

Inequality (9.34) is a direct consequence of the fact that 6 is greater than gyw on the
fibers of p by hypothesis.
In order to apply Theorem 6.1, we perturb the metric of L as

-1

1 2
[ ]tog® e eCVE (9.35)
P J
J

and let 6, be the opposite of the resulting curvature form (whose restriction to fibers is
none other than the left-hand side of (9.34)). The constant C >> 0 in (9.35) is chosen so
that 6, still verifies (H3) for each positive ¢ > 0. This is quickly seen as follows. We have

1 =1 (D's;, D's;) 1
—dd‘ loglo = e = OW)), 9.36
g g|sj|2 b4 |Sj|210g2 |sj|2 log|sj|2 Wy ( )
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so we remark that the negativity induced by the first factor of (9.35) in the expression
of 6 is of order ) i Ww. This is the reason why we introduce the weight C./e|t|?
J
in (9.35): given the strict positivity of 6 on the fibers of p, the curvature of hy , will be
semi-negative on X.
In conclusion, we can change the metric of L in order to have Poincaré singularities on
the divisor W =) W;.
We clearly have
lim [[[u]l? , = {117 (9-37)
e—0

for every r € V\ A. In (9.37), we denote by |- ||§,t the norm induced by the perturbed
metric of L. Equality (9.37) is a consequence of the usual elliptic theory (cf. [19]) applied
for each t.

We formulate the following claim, where we recall that @ is a representative of the
section u.

Claim. For each ¢ > 0, there exists a constant C; > 0 such that we have

~ 12
sup |tm|2€/ i, [5 5, 68 < Co < 0. (9.38)
teV\A X, e
If we are able to show that (9.38) holds true, then we are done (despite the fact that the
constant C, above may not be bounded as ¢ — 0). Indeed, this would imply that the log
of the expression

t = |tw PN, (9.39)

defines a psh function on V for each ¢ > 0. We write the corresponding mean inequality

2 do

s (9.40)

T
tog (17>l ) < eC + /O log [ull2

where we use the notation tp := 7 + re¥i® under the integral sign in (9.40),and 0 < r < 1.
Now, the concavity of the log function implies

2 2
do do
2 2
fo log II[u]Ilg,(;/,m)E < log (/0 II[u]Ilg,g/,m)E) ; (9.41)

and we obviously have
102, ) < /X i1, 1, 1, 07 (9.42)
t

where ¢ in (9.42) is equal to (¢, 7p). Inequality (9.42) is true because the norm on the
left-hand side is given by the harmonic representative and this is clearly smaller than the
norm of the representative u.

On the other hand, if |t,| = §¢p > 0, then we have

sup fxlﬁ|x,|§£,hLv89£<Co (9.43)
t

[tm|=00, teV
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Algebraic fiber spaces and curvature of higher direct images 43

uniformly with respect to €, since we are ‘away’ from the singularities of the map p. The
mean inequality (9.40) combined with (9.37) and (9.43) gives the uniform boundedness
of the initial norm, which is what we wanted.

In conclusion, the argument is that we will be using the non-effective estimate (9.38) in
order to infer that function (9.39) is log-psh. Then the uniform boundedness of our initial
norm follows by the mean inequality, together with the convergence as ¢ — 0 property
(9.37).

Proof (of the Claim). To establish the claim, we will use the local frame (9.8) in order
to carry out a few local computations. Without loss of generality, we can assume that
z belongs to the coordinate set U4, C U. For each t € V \ A, the local coordinates on
X, NUyyym will be zq, ..., z4-

Our representative # can be expressed as follows:

~ dz _
0= 170)—= Adzg AdZ ®eL, (9.44)
Lo
1,J
where o, B are multi-indexes whose union equals I such that we have o C {1, ..., g, m +n}

and B C {g+1,...,m+n—1}. The set J is contained in {1, ..., m +n}, and it has length
i. The coefficients 7,7 are differentiable functions, in particular uniformly bounded.
The restriction of u to X; N Uyp4., reads as follows:

N dz _
M|X, Zzglj(z’t)z_a /\dZﬁ /\dZJ ®er, (945)
1,J o

where now o, 8 in (9.45) are multi-indexes whose union is equal to I. Moreover, o C
{1,...,q}and B C{g+1,...,n}. The lengths of I and J are n —i and i, respectively.
The important remark is that the absolute value of the coefficients &,7(-, ¢) of restriction
(9.45) is bounded uniformly with respect to # € V'\ A. This is quickly seen thanks to
relation (9.9), which expresses the logarithmic form d;”*”‘ as a linear combination of

n+m
?, and the fact that the quotients |z,4m|/|zj| are bounded from above on U,4s. In
J

particular, we have
q
dZnm = Zudej, (9.46)
j=1
where the 4 ; are uniformly bounded.

In general, given two Kéahler metrics g1 and g such that g; > g», then for any form y of
type (n —1i,i), we have

|V|g1 g |y|g27 (947)
and in our setting, this implies the inequality
- 2 e_(pL.s 2 ’ )
i1, Lo, n,, < C—5— > 1€ [ Tlog? [z (9.48)
1,J JjEa

at each point of the intersection U, 4, N X;; cf. (9.34). This explains the reason why we
need to work with a metric having Poincaré singularities.
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44 B. Berndtsson et al.

Next we remark that the local weights of the metric iy are bounded from below, given
the curvature hypothesis; this is also true for the perturbed metric A . (and actually the
lower bound is independent of ¢).

On the other hand, for each ¢ > 0, there exists a constant C, > 0 such that we have

|tm|28 1_[ 10g2 |Zj|2 <G (9.49)

Jjea
for any z € X; NU; cf. (9.2). We thus obtain
~ 2
|1, 15, i, , < Ce®), (9.50)

where C,(§) is uniform with respect to the point r € V\ A as a consequence of (9.48)
and (9.49).
All in all, we infer the existence of a constant C. (&) such that we have

~ 2
't’”|28/x x5, ., OF < Ce®) (9.51)

because the volume of each fiber (X, 8;) is bounded from above by a positive constant
independent of ¢ (and ¢). Therefore, the claim is proved and so is Theorem 9.2 if the line
bundle (L, hy) verifies hypothesis H,.

If the curvature of L is trivial when restricted to fibers of p, then we can use an arbitrary
Kéhler metric on X to define the norm on K'. Given this, the proof is completely identical,
and we will not provide further details.

As we have remarked right after (9.30), the set B may be strictly smaller than V'\
A. However, the complement is contained in the smooth loci of the map p, and the
boundedness of function (9.30) follows from basic Hodge theory. O

Remark 6. One can also prove the claim by a slightly different argument, which avoids
the use of restriction (9.45). The observation is that we have

~ 2 ~2
|u|x1’95,hL‘g g |u|0£th,e (952)

at each point of the fiber X;. This follows by a simple linear algebra calculation. The
right-hand side of (9.52) can be bounded from above by using the fact that 6, is a metric
with Poincaré singularities when restricted to U. In inequality (9.43) however, we have to
work with the left-hand-side term of (9.52) directly, mainly because we have to obtain an
upper bound that is independent of ¢, and the metric &y is only assumed to be strictly
positively curved in the fibers’ directions. O

Remark 7. The proof of Theorem 9.2 is much easier than the one establishing the
positivity of the direct image sheaf
F = p(Kx/y +1L)

if (L, hy) is semi-positively curved. The reason is that in order to show that the natural
metric of F extends across the eventual singularities of the map p, one has to show that
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the function
t— ulf

is bounded from below by a strictly positive constant as soon as we have [u;];, & moFs,,
where 1o € VN A and mo C Oy, is the maximal ideal associated to this point.

On the other hand, in Theorem 9.2, we assume that L is endowed with a metric whose
curvature satisfies very strong uniformity requirements (with respect to the fibers of p).
As we will see in Theorem 9.5, it is not always very easy to construct such metrics, e.g.,
if L=—Kxyy. O

As already mentioned, the proof of Proposition 9.3 is practically contained in the
arguments invoked for Theorem 9.2. The only additional tool would be the following
statement, generalizing [11].

Lemma 9.11. Let Q C Y be a small coordinate set centered at the point yy. For each
i =1,...,m, there exists a vector field v; defined on p~ () with the following properties.

(i) We have dp(v;) = 3% fori=1,....m—1 and dp(vy,) = tm% on Q.
(ii) On the open set U C X as above, we have

+Z¢ < m-‘rnZ]a ijm—i—na m+n> Z w - (953)

8Zn+l
fori=1,...,m—1 as well as
: +2w — b z
Uy = — b
" bm+n Zm-i-n Zn+m " m+an <j jZm+n Zm+n m 8Z
(9.54)

where the functions W'. are smooth on U.

Proof. The proof is straightforward: locally the lifting in (i) and (ii) clearly exists, given
the structure of the map p. We glue them by a partition of unit. As the logarithmic
tangent bundle is invariant with respect to a change of coordinates, the conclusion follows.

O

We remark that in order to construct the vector fields as in Lemma 9.11, it is enough to
assume the following:

(s1) The singular values of the map p are contained in an snc divisor A.

(s2) The inverse image p~'(A) is a divisor W with snc support.

9.3. Proof of Theorem 9.4

We follow the method of Viehweg—Zuo; cf. [42].
In order to simplify the writing, we introduce the notation

Ey)y i=R'p. (szg;;(m ® L) (9.55)

for s > 0.
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46 B. Berndtsson et al.

Then for each s > 0, we have the holomorphic map
S Exyy > EXy ®Qy(A) (9.56)

as recalled at the beginning of the current section. By hypothesis, there exists a section
o of the bundle

Kx)y +W—p*(A)+L (9.57)
such that the map
ks : Oy — E),y @ Q2)(A) (9-58)

given by the cup product of o with the Kodaira—Spencer class is non-identically zero on
a non-empty open subset of Y.

Then the proof of Theorem 9.4 is obtained as follows. Let
ks{) - Oy — E% ,y ® Sym/ Q) (A) (9.59)

be the map deduced from the iterated Kodaira—Spencer map (9.16).
We denote by IT; the projection

EY,y ®Sym’ Q)(A) — (Ef(/y/lcf) ® Sym’ Q1 (A), (9.60)

and let i be the smallest integer such that IT; oks(l)

the image of ksg is contained in

is identically zero. This means that

K'® Sym’ Q) (A) (9.61)
and that ks((;) is not identically zero. Indeed, if ks(l) would be zero, then the image of
ksél D is contained in K'~! ® Sym’~! Q%,( ). This contradicts our choice of i.

Note that we have i > 1 thanks to assumption (#H)3. We obtain a non-identically zero
section of bundle (9.61). This in turn defines a non-trivial map

K’ — Sym’ Q}(A) (9.62)

since the dual of K is the same as the dual of IC"f. We remark that this already shows

that the bundle Sym’ Q;(A) has a semi-positively curved subsheaf (i.e., the image of map
(9.62)).

If the curvature of (L, hy) satisfies hypothesis (H>) and if moreover there exists an open
subset Q2 C Y together with a positive g9 > 0 such that

Op, (L) < —gop*(wy)

on p~ (), then the curvature properties of the kernels K's are considerably better:

e The sheaf X' admits a singular semi-negatively curved Hermitian metric, which is
smooth on a Zariski open subset of Y.

e For any local holomorphic section [u,] of the bundle Ki|q, we have

dd® log |[[u]||*> = SOZN/ 1dt; A di;. (9.63)

j=1
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Algebraic fiber spaces and curvature of higher direct images 47

In this context, we recall the following result, which concludes the proof of the last part
of Theorem 9.4.

Let Y be a smooth projective variety, and let F be a torsion-free coherent sheaf on Y.
We consider P(F) := Proj (@m>0 S™(F)) the scheme over Y associated to JF, together
with the projection 7 : P(F) — Y. We denote by Ox(1) the tautological line bundle on
P(F). Let Y1 C Y be a Zariski open subset on which F is locally free (in particular, P(F)
is smooth over Y;) and codimy (Y \ Y1) > 2.

The following statement is established in [28].

Theorem 9.12 [28]. We suppose that O (1)| -1y, admils a singular Hermitian metric g
with semi-positive curvature and that there exists a point y € Y| such that I(gkhg»(]:y)) =
Op(}-y) for any k > 0, where P(Fy) = 7~ (y). Assume moreover that there exists an open
neighborhood @ of y such that ®¢ (O(1)) —*wy = 0 on 7). Then F is big.

This result together with the properties of the kernels IC?, summarized in the bullets

above shows that each of IC'J’;* is big; in particular, this applies to IC’; . Let A be an ample
line bundle. We obtain a section of Sym" IC’; ® A~! for M > 0, which induces a section
of @MQL(A)® A~! thanks to (9.62). O

Remark 8. Hypothesis (H;) (for i = 1, 2) together with the existence of a section o of
Kx/y + W — p*(A)+ L has a few consequences on the map p itself, which we will now
discuss. We write

Kx;y =L —L, (9.64)
where Ly := (KX/Y + W —p*(A)+ L) + p*(A) — W. In particular, L; is an effective line
bundle. As for —L, it is semi-positive and strictly positive/trivial on the fibers of p.
Therefore, the relative canonical bundle Ky,y is relatively big in the first case and
pseudo-effective in the second.

If moreover, the curvature of L verifies the requirements in the second part of
Theorem 9.4, then for any m large enough, the bundle det p,(mKx,y) is big. From this
perspective, Theorem 9.4 is similar to (but slightly weaker than) the main statement of
Popa—Schnell in [29]. O

9.4. Metrics on the relative canonical bundle

In this section, we will establish the following result; afterward, we will show that it
implies Theorem 9.5.

Theorem 9.13. Let p: X — Y be an algebraic fiber space, and let w be a fized reference
metric on X. We assume that the following properties are satisfied.

(1) The canonical bundle of the generic fiber of p is ample.
(2) There exists a positive m > 0 such that the line bundle
det p,(mKxy)
s big.
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Then there exist an effective, p-contractible divisor E on X and a singular metric hx)y =
e XY on Kx;y + & such that:

(i) There exists eg > 0 for which we have ddpx;y > sow in the sense of currents on
X, i.e., the curvature of (Kx;y + 8, hx/y) is strongly positive.

(ii) The restriction hx y|x, is non-singular for each y € B, where B is a Zariski open
subset of Y (which can be described in a precise manner).

Before presenting the arguments of the proof, we give a few comments about the preceding
statement.

Remark 9. If instead of hypothesis (1) above we assume that Kx, is big, then the metric
e~ %X/Y can be constructed so that it has the same singularities as the metric with minimal
singularities on this bundle. It would be really interesting to develop the techniques in
sections (1)—(6) under the assumption that the bundle L is endowed with a sequence of
smooth metrics s, such that the curvature 6, admits a lower bound

98 > (80 - )\.5)(1),

where g9 > 0 and A, is a family of positive functions uniformly bounded from above and
converging to zero almost everywhere. O

Remark 10. If the Kodaira dimension of the fibers of p is not maximal, we can derive a
similar result — of course, conclusion (i) has to be modified accordingly. However, in the
absence of hypothesis (2), it is not clear what we can expect. O

Proof. The arguments that follow rely on two results. We recall next the first one; cf. [8].

Theorem 9.14 [8]. We assume that Kx is Q-effective when restricted to the generic fiber
of p. For any positive integer m, there exist a real number ng > 0 and a divisor E on X
such that the codimension of p(B) is at least two and such that the difference

Kx/y + E—nop* (det (p.(mKx/y))) (9.65)
1is pseudo-effective.

Actually, what we will use is not this result in itself but its proof — this will be needed
in order to establish (ii) above. Hence the plan for the remaining part of this subsection
is to review the main parts of the proof as in [8] (see also the references therein) and to
extract the statement we want — this concerns the singularities of the current in (9.65).

o If the map p is a smooth submersion, then the arguments in [8] are borrowed from
Viehweg’s weak semi-stability theorem proof; cf. [40]. The first observation is that given
any vector bundle E of rank r, we have a canonical injection

det(E) > Q'E, (9.66)
and hence a nowhere-vanishing section of the bundle

Q" E @ (det(E))*. (9.67)
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We apply this to the direct image
E = p,(moKx/v), (9.68)

which is indeed a vector bundle by the invariance of plurigenera [35]. Here m is a positive
integer, large enough so that the multiple moKy, is very ample, and r is the rank of the
direct image (9.68).

In this case, the bundle ® E can be interpreted as a direct image of the relative
pluricanonical bundle of the map

p xSy, (9.69)

where X := X xy--- xy X is the rth fibered product corresponding to the map p :
X — Y. Note that X ¢ x” X is a non-singular submanifold of the r-fold product of X
with itself (thanks to the assumption that p is a submersion).

The important observation is that we have the formulas

pir) (mOKX(V)/Y) = ®rp* (mOKX/Y) (9.70)

as well as
Kyoy = [ [ 7 Kx/v), (9.71)

where 7; : X" — X is induced by the projection on the ith factor.
By relations (9.67) and (9.70), we have a section, say o, of the bundle

moKyw y — P (det pu (moKx/v)) - (9.72)

Formula (9.71) shows that the restriction of the bundle Kx),y to the diagonal X C x®
is precisely rKx/y, so all in all, the restriction of the bundle in (9.72) to X coincides
with (9.65). However, we cannot use directly the section o in order to conclude since by
construction, we have o|x = 0. Indeed this can be seen as follows. In order to simplify
the writing, let us assume that the rank of E in (9.68) is two. If E is any rank two vector
bundle, the section of (9.67) can be expressed as

(e1®er—e2®e1) @ (e1 Ae) !, (9.73)

where eq, ey is any basis of E. Now if we take E as in (9.68), the section oy , will be
a multiple of f(x)g(y)(ex ® ey —ey ®ey) ® (51 A sz)(;l’y), and this vanishes identically on
the diagonal x = y. We denote here by e the local frame for moKx,y and sy, s2 a basis of
the space of sections of this bundle over the fiber containing x (and y).

To bypass this difficulty, we will use the following excellent trick invented by Viehweg;
cf. [40]. Let &9 > 0 be a small enough positive rational number such that the pair

(X<’>, B) (9.74)

is klt, where the boundary B := g9Z, is the g9 multiple of the divisor Z, := (¢ = 0).
The next step is to apply the results in [6] and deduce that there exists a fixed ample
line bundle Ay on Y such that for any & > 1 divisible enough, the restriction map

HO (X0, k (Ko py + B) +p 7" Ay ) — H (XD k(K yor + Bl ) (9.75)
y y
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is surjective for any y € Y\ A. Now the bundle on the right-hand side of (9.75) is
equal to

p

k(1+eomo) [ [ 77 (Kx,) - (9.76)
i=1

so it has many sections, given that Kx, is ample. Moreover, all the sections in question

are automatically L*¥ integrable, given that (X, B) and its restriction to the generic

fiber are klt. For the complete argument concerning the surjectivity of map (9.75), we

refer to [8] (and the references therein).

In particular, for each k divisible enough, the bundle

k (KX(,)/Y n B) 4 p* Ay (9.77)

admits a holomorphic section whose restriction to the diagonal X c X is not identically
zero. Indeed, we have (many) sections of bundle (9.75) on fiber X, x---x X, whose
restriction to the diagonal X, C Xy x --- x Xy, is not identically zero.

In conclusion, this shows the existence of a positively curved metric on the bundle

1
r(1 +80m0)KX/y —gop* det (p*(m()KX/y)) + zp*Ay, (9.78)

whose restriction to the generic fiber X, of p is induced by the sections of multiples
of KX .
Yy

e The general case where p is simply a surjective map is much more involved; the
complications arise from the fact that the fibered product X is no longer smooth.
However, as shown in [8], one obtains a similar result, modulo adding the divisor E,
which projects in codimension greater than two. We will not reproduce here the proof
but just mention that modulo the singularities of X, the structure of the argument
is identical to the case detailed in the preceding bullet — in particular, we control the
singularities of the restriction of the metric on (9.78) to the generic fiber X,.

Remark 11. It would be really interesting to have a more direct proof of Theorem 9.14,
i.e., without using Viehweg’s trick. O

Recall that we have an integer mg above such that the following conditions are satisfied.
(i) The bundle moKx, is very ample.
(ii) The bundle det (p*(moKX/y)) is big.
By point (ii) above, there exists a positive integer m; > 0 such that
my det (p.(moKx,y)) ~ Ay + Ey, (9.79)

where Ey is an effective divisor on Y.
The properties of bundle (9.78) combined with our previous considerations show the
existence of a metric e ¥X/¥ on the bundle K /vy + 8 with the following properties.

(a) The metric e”¥X/¥ is semi-positively curved, and it has algebraic singularities
(meaning that its local weights are of the form log of a sum of squares of holomorphic
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functions, modulo a smooth function). Moreover, the restriction e ~¥x/¥ | x, is smooth
for any y belonging to a Zariski open subset of Y.

(b) The form dd“¢x,y is smooth and definite positive on the p-inverse image of a
(non-empty) Zariski open subset.

We see that the main difference between properties (a) and (b) of the metric e ¥*/7 and
the conclusion of Theorem 9.13 is strict positivity, i.e., the existence of &y as in (i). In
order to finish the proof, we will use a result due to Nakamaye (cf. [24]) concerning the
augmented base loci of nef and big line bundles.

As a preparation for this, we blow up the ideal corresponding to the singularities of
e VXY Jet X — X be the associated map. We write

T* (KX/Y+E) ~Li+ Ly (9.80)

such that £; above are Q-line bundles induced by the decomposition of the inverse
image of the curvature of e~ ¥X*/¥ into smooth and singular parts denoted by 6; and
6>, respectively. By properties (a) and (b) above, 6; is smooth and definite positive in
the complement of an algebraic set that projects into a strict subset of Y. As for 6;, it
is simply the current of integration on an algebraic subset of X that equally projects
properly into Y.

In particular, the bundle £; is nef and big (given that it admits a metric whose curvature
is 61). We denote by B+(£1)~the stable base locus of the Q-bundle £; — A, where A is
any small enough ample on X. We recall the following result (cf. [24]).

Theorem 9.15 [24]. The algebraic set B (L) is the union of W C X such that Jw Q]d =0,
where d is the dimension of W.

Given the positivity properties of the form 6, we infer that the set pom (B4 (L1)) is
strictly contained in Y. This then implies that we can endow £; with a metric whose
curvature can be written as the sum of a Kéhler metric (given by the ample A above)
and a closed positive current whose singularities are pom-vertical. By combining it
with the metric on L5, we get a metric with the same properties on the inverse image
7*(Kx;y + B).

The metric hx/y is obtained by pushforward, and Theorem 9.13 is proved. O

9.5. Proof of Theorem 9.5

The hypothesis of 9.5 together with the results in [17, 20, 29| that for each m > 0 the
bundle

det (p.(mKx,y)) (9.81)

is big. This can equally be obtained along the line of arguments in this paper as follows.
It is shown in [4] that the curvature form of the vector bundle p,(mK x,/v) has no zero
eigenvalue — as if not, the ‘maximal variation’ hypothesis would be contradicted. Thus
the curvature form of its determinant is semi-positive and strictly positive at some point.
The fact that it is big follows, e.g., by holomorphic Morse inequalities. We now apply
Theorem 9.13, and Theorem 9.5 is proved.
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9.6. Proof of Theorem 9.8

This is almost a linear combination of the results obtained in the previous sections: we
define L as ‘
L:= —KX/Y—i—Z(t’ —DHW; (9.82)

so that bundle (9.57) is trivial (in particular, it has a section).

We intend to use Theorem 9.4 in order to conclude, but we do not seem to prove that
bundle (9.82) admits a metric satisfying hypothesis (H,). However, in Corollary 9.7, we
construct a family of metrics whose curvature properties represent an approximation of
this hypothesis. We will show next that we can adapt the proof of Theorem 9.4 and
obtain the same conclusion by using Corollary 9.7 instead of (H2).

We will denote by hp the metric on (9.82) induced by the metric hg(]}y Note that the
curvature current corresponding to this metric is semi-positive on X and strictly positive
on generic fibers of p by Theorem 9.6.

Let [u;] be a local holomorphic section of the bundle K, defined on the open coordinate
subset V C Y centered at a generic point of A. We have to show that the quantity

sup log [[[u]ll} < oo (9.83)
teV\A
is finite. To this end, we follow the same path as in the proof of 9.2; so we will only
highlight the main differences next.
By Corollary 9.7, we have
hilx, = lim h{), |, (9.84)
n—0

for each t € V\ A. For each 0 < ¢ < 1, we define the perturbation Ay (¢ ) of the metric
hg?/)y precisely as in (9.35) (meaning that Az in (9.35) is replaced with hg?/)y in the actual

context). Then we have

sup 6w N[]117 (o) < Cles 1) < 00, (9.85)
teV\A

where C in (9.85) is a fixed constant, which is large enough compared with the
multiplicities b’ in the expression of the divisor p~'(A). Inequality (9.85) is established
by the same procedure as the proof of the Claim — the only slight difference here is the
presence of a factor of order O(1 — ) with the wrong sign in the metric hg?/);, accounting
for the first negative term in the curvature estimate (a) in Corollary 9.7. This term is
tamed by the factor |,,|€1=7. Inequality (9.85) together with the mean inequality shows
that (9.83) holds true.

Hence, under the hypothesis of Theorem 9.8, the conclusions of Theorems 9.2 and 9.4
hold true provided that the bundle (L, hr) is chosen as in (9.82).

9.7. Proof of Theorem 9.9

Let p: X — Y be a Calabi—Yau family, which has maximal variation. By the results
in [17, 20, 29|, we infer that for all m > 0 divisible enough, the bundle

L= (p,,(mKX/y))** (9.86)
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is big. Actually, the metric version of this statement is true, as we will see after recalling
a few facts.

Let y € Y be a regular value of the map p. Since c1(X,) =0, there exists a positive
integer m such that the bundle mKy, admits a nowhere-vanishing section, say, sy. The
invariance of plurigenera [35] shows that for any coordinate open subset V containing
v, there exists a section s of the bundle mKxyl,-1v) whose restriction to the fiber X,
equals sy.

By shrinking V, we can assume that s is nowhere-vanishing, and therefore it gives a
trivialization of the bundle L|y. With respect to this trivialization, the local weight of
the metric on £ in [5, 28] is given by the function

pr(w) = log f s>/, (9.87)
where the expression under the integral in (9.87) is the volume element on X,, induced
by the restriction of s.

It is proved in [28] that metric (9.87) is semi-positively curved. Under the hypothesis
of 9.9, the following stronger result holds true.

Lemma 9.16. We assume that the Calabi—Yau family p has mazimal variation. Then the
curvature of (L, e~%L) is positive definite on each compact subset of a non-empty Zariski
open subset of Y. In particular, L is big.

Proof. We observe that the metric e#4 is smooth on a Zariski open subset Yo C Y. Let
®, be the corresponding curvature form. We claim that @%m(y) >0 on YpNU, where
U CY is such that the restriction of the Kodaira—Spencer map ks|y to U is injective.
The argument goes as follows: if we have @%m(y) = 0, then the kernel of ® 2 would define
a foliation that is not necessarily holomorphic but whose leaves are holomorphic. The
fact that the leaves are holomorphic is basically a consequence of the fact that ©, is of
(1,1)-type. We refer to [20] and the references therein for a complete explanation.

We consider a holomorphic disk D contained in a generic leaf of this (local) foliation.
Then the family f : Xp — D induced by p is a submersion, where Xp := p~!(D), and
moreover the curvature of the direct image fi(mKx,,p) is equal to zero. If m =1, we
invoke the results in [10] to infer that this forces the vanishing of the Kodaira—Spencer
class of f. If m > 2, we argue as follows. By the definition of the metric ¢x,y in §8.2
together with the fact that the curvature of fi(mKx, p) is zero, we infer that

iaé(px/y =0.

This implies the vanishing of wwp; cf. (8.8). We therefore obtain a contradiction; so
Lemma 9.16 is proved. O

As a consequence, we obtain the following statement.

Corollary 9.17. Let p: X — Y be a Calabi-Yau family that has maximal variation.
Then the relative canonical bundle Kx;y has the following property. There exists a
positive integer m such that the curvature current ® of the m-Bergman metric e ¥X/Y
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1is semi-positive on X and greater than the inverse image of a metric on the pre-image of
a non-empty open subset of Y. Moreover, we have

©>) ('~ DIW] (9-88)
i
on X.
Proof. Indeed, in our setup, the m—Bergman metric has the expression
|s|2/m
ePX/Y(X) — S (9.89)
fxy s |2/

where y = p(x). Therefore, we have ® = p*(®,), and our statement follows from
Lemma 9.16. O

Therefore, the conclusion is that Theorem 9.9 is a direct consequence of Theorem 9.2
together with Theorem 9.4.
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