AUGMENTED WEIL-PETERSSON METRICS ON MODULI
SPACES OF POLARIZED RICCI-FLAT KAHLER
MANIFOLDS AND ORBIFOLDS

WING-KEUNG TO AND SAI-KEE YEUNG

Abstract. We show that the base complex manifold of an effectively parametrized
family of compact polarized Ricci-flat Kahler orbifolds, and in particular man-
ifolds, admits a smooth augmented Weil-Petersson metric whose holomorphic
sectional curvature is bounded above by a negative constant. As a consequence,
we conclude that such base manifold is Kobayashi hyperbolic.

Keywords: Augmented Weil-Petersson metric, moduli space, Ricci-flat Kahler
manifolds, Kahler orbifolds.

Mathematics Subject Classification (2010): 32G13, 32Q25, 32Q45

1. Introduction

An important and extensively investigated object in the study of the moduli
space M, (and the Teichmiiller space 7,) of compact Riemann surfaces of
genus g > 1 is the Weil-Petersson metric. In particular, when g > 2, Ahlfors
([Ah1], [Ah2]) showed that the Weil-Petersson metric on 7, is a Kéhler metric
whose Ricci and holomorphic sectional curvatures are negative. Royden [R]
later proved that the holomorphic sectional curvature of the Weil-Petersson
metric is bounded away from zero. Subsequently Wolpert [Wo| showed that the
Weil-Petersson metric is of holomorphic sectional curvature bounded above by
—m. An immediate consequence of Royden’s or Wolpert’s result is that 7,
is Kobayashi hyperbolic. Similar results also hold in the case when g = 1, since
71 (endowed with the Weil-Petersson metric) is known to be biholomorphically
isometric to the upper half plane H in the complex plane C (endowed with the
Poincaré metric of constant negative sectional curvature). It is interesting and
natural to ask whether analogous results hold for the moduli spaces of higher
dimensional manifolds (or more generally, those of orbifolds), and in particular,
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whether (and how) one can achieve negative curvature for such moduli spaces
within the context of Weil-Petersson geometry.

In this direction, Siu [Siu] made the first breakthrough and gave a compu-
tation of the curvature of the Weil-Petersson metric on (the smooth points
of) the moduli space of compact Kéhler-Einstein manifolds of negative Ricci
curvature (or equivalently, canonically polarized manifolds). Based on Siu’s
approach, Nannicini [Na] computed the curvature of the Weil-Petersson met-
ric on the moduli space of compact polarized Ricci-flat Kéhler manifolds (or
equivalently, polarized Kéhler manifolds of zero first Chern class). In [Sch2],
Schumacher also obtained a simplified formula for the two cases under the ad-
ditional assumption that the Kodaira-Spencer map is surjective at a smooth
point of the moduli space under consideration. Unlike the case of Riemann
surfaces, the curvature tensors of the Weil-Petersson metrics in both higher
dimensional cases mentioned above (and as obtained in [Siu], [Na], [Sch2])
contain terms of different signs, and no conclusion can be made on the sign of
the holomorphic sectional curvature except in some restricted cases, say when
each fiber manifold M satisfies the condition H2(M, A\> TM) = 0. Recently by
modifying suitably the Weil-Petersson metric, To and Yeung [TY] constructed
on the base complex manifold of any effectively parametrized family of com-
pact canonically polarized manifolds a Finsler metric (which will be called an
augmented Weil-Petersson metric in this article) whose holomorphic sectional
curvature is bounded above by a negative constant. As an immediate con-
sequence, one can apply Schwarz lemma to conclude that such base complex
manifold is Kobayashi hyperbolic.

The main goal of this article is to study the Kahler Ricci-flat case, which is
the higher dimensional analogue of family of elliptic curves mentioned earlier.
We state our first result as follows:

Theorem 1. Let w: X — S be an effectively parametrized holomorphic family
of compact polarized Kahler manifolds of zero first Chern class over a complex
manifold S. Then S admits a C* Aut(m)-invariant augmented Weil-Petersson
metric whose holomorphic sectional curvature is bounded above by a negative
constant.

We refer the reader to Section 2 for the precise definitions of the various
terms in Theorem 1. Our approach is rather robust, and allows us to consider
the more general situation of a family of compact polarized Ricci-flat Kahler
orbifolds. We state our main result which generalizes Theorem 1 to such
situation:

Theorem 1°. Letm : X — S be an effectively parametrized holomorphic family
of compact polarized Ricci-flat Kahler orbifolds over a complex manifold S.



AUGMENTED WEIL-PETERSSON METRICS ON MODULI SPACES 3

Then S admits a C* augmented Weil-Petersson metric whose holomorphic
sectional curvature is bounded above by a negative constant.

The definitions needed for the more general setting of Theorem 1’ will be
given in Section 5. We remark that while Theorem 1’ covers the case of The-
orem 1, we state them separetely to facilitate our subsequent discussion as
well as for motivational purpose. As in [TY], Theorem 1 and Theorem 1’ lead
immediately to the following:

Corollary 1. Let m: X — S be as in Theorem 1 or Theorem 1°. Then S 1is
Kobayashi hyperbolic.

The proof of Theorem 1’ follows from suitable modifications from that of
Theorem 1, and both are parallel to the Ricci-negative case treated in [TY].
For simplicity, we describe here briefly our approach for the proof of The-
orem 1. Roughly speaking, we start with the curvature expression of the
usual Weil-Petersson metric h; in [Na] (see also Section 2), which consists of a
good term which is negative and a bad term which is non-negative. The bad
term can be expressed as a ratio hy/hy, where hy is (the restriction of) some
generalized Weil-Petersson pseudo-metric on the symmetric product S*(T'S).
This process is repeated. For each 1 < ¢ < n, one constructs some gener-
alized Weil-Petersson pseudo-metric hy on SY(TS) (associated to an induced
Kodaira-Spencer map py : SY(T3S) — H™(M;, N“TM;), t € S) and obtain cur-
vature estimate of h, consisting of a good term involving hy/h, 1 and a bad
term involving hgy1/hy. Here n = dime M, denotes the dimension of the fiber
manifold M;. Then the augmented Weil-Petersson metric A in Theorem 1 is
constructed as a suitable finite linear combination of the h;/ 5. The required
curvature estimate for A is then derived from those of the h,’s by a telescopic
argument.

In both the results of [TY] for families of canonically polarized manifolds
and Theorem 1 (or more generally Theorem 1’) in this paper, we achieved the
goal of proving hyperbolicity using generalized or augmented Weil-Petersson
metrics. A natural question is whether the use of the augmented metric is
essential or just a technical convenience; in other words, one may ask whether
one can achieve the same goal using merely the Weil-Petersson metric itself
in the sense that the bad term in the curvature formula of the Weil-Petersson
metric might perhaps somehow be controlled by the good terms. It turns out
that a modification of the Weil-Petersson metric could not be avoided. In fact,
the holomorphic sectional curvature of the Weil-Petersson metric itself on the
moduli space of compact polarized Ricci-flat Kahler manifolds may actually
be positive at some points and negative at other points of the moduli space.
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Candelas et al [CDGP]| showed that such property is possessed by the one-
dimensional moduli space of Calabi-Yau threefolds which are mirror manifolds
of the quintic hypersurfaces in CP* (see [CDGP, p. 51, Fig. 10]). Hence the
example shows that, at least in the Ricci-flat case, one must modify the Weil-
Petersson metric in order to obtain negative curvature from the perspective of
Weil-Petersson geometry.

At this point, we would like to remark on an alternative approach to the
problem. Let m: X — S be as in Theorem 1. In the special case of families of
polarized Calabi-Yau manifolds (or slightly more generally, when the canon-
ical line bundle of each fiber manifold is holomorphically trivial), S actually
admits a Kéhler metric (called the Hodge metric) with holomorphic sectional
curvature bounded above by a negative constant. The Hodge metric is due
to [Lul], and its construction is based on Hodge theory and depends on Grif-
fiths’ results [Gril] on the curvature properties of the invariant metrics of the
classifying spaces for polarized Hodge structures (see also [Gri2]). As such, at
least in this special case, one can give an alternative Hodge-theoretic proof of
Corollary 1 using the Hodge metric in place of the augmented Weil-Petersson
metric. Nonetheless, this alternative approach does not generalize to cover the
general orbifold case in Theorem 1’, and there appear to be some subtleties
for this alternative approach to apply to the case treated in Theorem 1 (cf.
Corollary 2, Remark 4 and Remark 5 in Section 6).

We remark that in general, the augmented Weil-Petersson metric in Theorem
1 (or Theorem 1’) is not unique, and its construction actually gives rise to a
continuous family of new Finsler metrics of negative holomorphic sectional
curvature bounded away from zero. In fact, for the moduli space of Calabi-
Yau threefolds considered by Candelas et al [CDGP] mentioned earlier, it is
easy to check that at least some of the augmented Weil-Petersson metrics are
not constant multiples of the Hodge metric (see Remark 2 in Section 4 and
Remark 3 in Section 6).

We also mention here that for the case of moduli space of polarized Calabi-
Yau manifolds of dimension n, Lu and Sun [LS] considered “partial Hodge
metrics” of the form gwp + ¢ - Ric(gwp) for appropriate positive constant
¢, where gy p is the Weil-Petersson metric and Ric(gwp) denotes its Ricci
tensor. In general, it is not known whether the partial Hodge metric has
negative holomorphic sectional curvature or not, except in the cases when
n = 3 and when n = 4. In those two cases, the partial Hodge metric (with
some appropriate choice of the constant ¢) coincides with the Hodge metric
(see [Lu2] and [LS]).

For a succint presentation of our main ideas, we will first consider only the
smooth case (as given in Theorem 1). Then in the subsequent treatment of
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the general orbifold case (as given in Theorem 17), we will minimize repeating
the arguments from the smooth case by indicating only the necessary mod-
ifications, whenever appropriate. As such, the organization of this paper is
as follows. In Section 2, we give some background materials and introduce
some notations. In Section 3, we introduce the generalized Weil-Petersson
pseudometrics and computed their curvature. In Section 4, we finish the proof
of Theorem 1. In Section 5, we treat the orbifold case and give the proof of
Theorem 1°. In Section 6, we give a brief review of Lu’s Hodge metric for the
case of polarized families of Calabi-Yau manifolds and discuss the difficulty in
trying to generalize this alternative approach to the general Ricci-flat manifold
case or the more general orbifold case.

The origin of this work can be traced with the authors’ indebtedness to a
conversation of late Professor Viehweg with the second author in 2006, during
which Professor Viehweg mentioned that the argument of [VZ] does not appear
to generalize to the case of polarized Ricci-flat Kéhler manifolds, and asked
if the result there also holds in such case. The authors would like to thank
Professor Yum-Tong Siu for his inspirations and suggestions leading to the
approach adopted in this paper. The authors would also like to thank Professor
Ngaiming Mok for his comments and clarifications.

2. Background materials and generalized Weil-Petersson
pseudo-metrics

Let M be a compact complex manifold of zero first Chern class, i.e., one
has ¢;(TM)g = 0 € H*(M,R). Let n € H"'(M,R) be a Kahler class on M,
i.e., n can be represented by a Kéhler form on M. Then (M, n) is said to be a
polarized Kdhler manifold of zero first Chern class. By a result of Yau [Yau],
there exists a unique Ricci-flat Kéhler metric g (with the associated Kéhler
form w) on M, whose Kihler class is n, i.e., [w] =n € HYY (M, R).

Let m : X — S be a holomorphic family of compact complex manifolds of
zero first Chern class over a base complex manifolds S, ie., 7 : X — S is a
surjective holomorphic map of maximal rank between two complex manifolds
X and S, and each fiber M; := 7~ 1(t), t € S, is a compact complex manifold
of zero first Chern class. Let A € RIW*QX|5, and let \; := )\‘Mt fort € S. Then
(m: X — S, \) is said to be a holomorphic family of polarized Kdhler manifolds
of zero first Chern class, if, in addition, (i) each \; is a Kéhler class on M,
and (ii) under the natural map from R'm, Qs to R?m,R arising from variation
of Hodge structure, the image of A is a horizontal section of the local system
R*m,R (or equivalently, for any ¢, € S, any open neighborhood U of ¢, in S
and any underlying smooth family of diffeomorphisms i; : M;, — M,;, t € U,
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such that i;, is the identity map on M, , one has if\; = )\, in H*(M, ,R)).
For each t € S, let g(t) and w(t) denote the unique Ricci-flat Kéhler metric
and its Kéhler form on M;. Then by [Schl, Proposition 2.3], one knows that
such a family admits a d-closed (1,1)-form w on X satisfying

(2.1) w‘TMt =w(t) foreachte S.

We remark that in the special case (which we do not assume here) when the
polarization A is given by the first Chern class of a holomorphic line bundle
over X which restricts to an ample line bundle over each M;, and in such case,
the conditions (i) and (ii) above are automatically satisfied. Also, when no
confusion arises, the underlying polarization class A will be dropped from our
notation for the family (as in Theorem 1). As usual, the family 7 : X — S
is said to be effectively parametrized if the Kodaira-Spencer map p; : T35 —
H'(M,, TM,) is injective for each t € S.

Next we recall some notions in the Finsler geometry of complex manifolds.
A Finsler pseudo-metric h on a complex manifold S is simply a continuous
function h : T'S — R such that h(u) > 0 for all u € T'S and h(cu) = |c|h(u)
for all uw € T'S and ¢ € C. If, in addition, h(u) > 0 for all 0 # u € T'S, then we
say that h is a Finsler metric on S. A Finsler pseudo-metric h is said to be
C*> (resp. C* for a non-negative integer /) if for any open subset U C S and
any non-vanishing C'°° section wu; of T'S }U, h(ug) is a C (resp. C*) function
on U. For a C? Finsler metric h on S, a point ¢t € S and a non-zero tangent
vector u € T35, the holomorphic sectional curvature K (u) of h in the direction
u is simply given by

(2.2) K(u) = sup K (R, h|,)(®),

where the supremum is taken over all local one-dimensional complex subman-
ifolds R of S satisfying t € R and T;R = Cu, and K (R, h’R)(t) is the sectional

curvature of (the Riemannian metric) (R, | ) at t (cf. (4.9)). We say that the
holomorphic sectional curvature of the Finsler metric h on S is bounded above
by a negative constant if there exists a constant C' > 0 such that K(u) < —C

forall 0 A u € TS.

For the rest of this section, we let (7 : X — S, A) be an effectively parametrized
holomorphic family of compact n-dimensional polarized Kahler manifolds of
zero first Chern class over an m-dimensional complex manifold S. First we
set up some notation. We will use (z,t) = (z!,---, 2" ¢} --- [ t™) to denote
local holomorphic coordinate functions on some coordinate open subset of
X, so that m corresponds to the coordinate projection map (z,t) — t, and
t = (t',--- ,t™) also forms local holomorphic coordinate functions on some co-
ordinate open subset of S. We will index components of tensors on M; in the
holomorphic tangential directions by Greek alphabets «, (3, etc (with the range
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1,2,---,n), while those in the complexified tangential directions are indexed
by lower case Latin letters a, b, ¢, d, etc (with the range 1,2,--+ ,n,1,2,--- 7).
On the other hand, the components of tensors along the base directions will be
indexed by the letters 4, j (with the range 1,2,---  m), etc. We also adopt the
Einstein summation notation for indices along the fibers. We denote 0, := C,%
and 0y := % for a = 1,--- ,n, and 0; := % for v = 1,---,m, etc. The
Ricci tensor of g(t) is locally given by R,3(t) = —0,05log(det(g,5())), and
the Ricci-flat condition means that R,5(t) = 0 on each M;. When no confu-
sion arises, we will drop the parameter ¢, and we simply write R,5 for R,5(t),
etc. In local coordinates, we also write w = v/—1g;5(z,t)dw! A dw’, where w
can be z or t and the indices I, J can be 7 or «, etc. In particular, one has
9ap = 9ap(t) along each fiber M,.

Next we recall the ‘horizontal lifting” of vector fields as defined by Schu-
macher in [Sch2], which is a special type of ‘canonical lifting’ in the sense of
Siu in [Siu]. For t € S and a local tangent vector field u (of type (1,0)) on an
open subset U of S, the horizontal lifting v, of u is the unique smooth vector
field v, (of type (1,0)) on 7= (U) such that m,v, = u and v,(z, t) is orthogonal
to T, M, (with respect to w) for each (z,t) € 7 *(U). By [Sch2, p. 342,
Proposition 1.1], one knows that ®(u(t)) := (%U‘Mt e A% (M,) is the unique

harmonic Kodaira-Spencer representative of p(u(t)), i.e., p(u(t)) = [®(u(?))]
in H'(M,, TM,) for each t € U. When u = §/0t" is a coordinate vector field, we
will simply denote v; 1= vg)g; and ®; := ®(9/0t"). Write &; = (®:)30a ® dz".
It is easy to see that v; and the (®;)%’s are given locally by

B
2.3 v; = 0; +v{'0,, Wwhere v := —gﬂ_ag»*, and
) 7 i8
(2.4) (2:)5 = 9gv;" = —5(97 gis)-

(see [Sch2, p. 342, equation (1.2)]). Here ¢°* denotes the components of the
inverse of g,5. For a given tensor T of covariant degree 1 and of contravariant
degree 1, we recall that the components (along the fiber direction) of its Lie
derivative £,,T" with respect to v; are given locally by

(2.5) (L, T)! = 0,(TP) + T 0,08 — TEO!

(see e.g. [Siu, p. 268]), and similar formula holds for tensors of higher degree.
We recall that the Weil-Petersson metric h("F) = 377 hg./vp)dti ® dt’ on S
is defined by

n

wpP w 5
(26) b ()= /M (@, ®5) T where (@) = (93(%)59.59"

denotes the pointwise Hermitian inner product on tensors with respect to w.
The injectivity of p; means that hW?) is positive definite on each 7,S. It
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follows from Koiso’s result [Koi] that h("WT) is Kihler. We denote by V' the
volume of M; with respect to w(t), which does not depend on ¢ € S because
w is d-closed on X. For any smooth tensor ¥ on M,;, we denote by H(¥) the
harmonic projection of ¥ with respect to w(t). Let RF) denote the curvature
tensor of h"WP). By Nannicini’s result [Na, p. 425], the components of R("WF)
with respect to normal coordinates (of h("WF)) at a point t € S are given by

(2.7)

1
RYD () = —— (B PIROVD) 4 VP W)y / (H (L0, ), H(Ly, @)
My

wn
igrt (&) = =3 (g hyg K n!

wn

n / (H(@: ® &y), H(®, © B,)

nl

Here ®; ® ¥y is as in (2.8) below, and by normal coordinates of hWP) at the
point t € S, we mean hg/vp) (t) = d;;, and 8khngp) (t) = 8,;]15;‘”3) (t) = 0.

Now we construct some generalized Weil-Petersson pseudo-metrics on S sim-
ilar to those in the Ricci-negative case in [TY]. For integers p,q,r,s > 0,
tesS, ®e AY(N'TM,) and ¥ € A*(ATM,), we denote by ® ® ¥ €
AVPHA(ATTSTM,) the (A™TSTM;)-valued (0,p + q)-form obtained by taking
wedge product on the level of forms as well as that of tangent vectors. When
p=rand ¢ = s, one easily sees that OV = U ® &. If & and ¥ are O-closed,
then ® ® VU is also d-closed. If, in addition, either ® or U is d-exact, then
d ® VU is O-exact. In particular, the operator @ induces a homomorphism on
the associated cohomology groups, which we denote by the same symbol, i.e.,
we have

(2.8) [®] ® [V] := [® ® U] € HOPH(AHTM,)

for any classes [®] € HYP(A"T'M,) and [¥] € HY(ASTM;) represented by ®
and W respectively. (See [TY, Section 3| for the local expression for ® and its
properties mentioned above.) For a fixed integer ¢ satisfying 1 < ¢ < n, let
o, U € A%(A'TM,). Their pointwise inner product is given by

1 oo, = =
L Q1o [0} &) 13 6 ﬁ /8
(29) <®7 \Ij> L (6‘)2 @ngqugigfgalall e ga(ga%g L g ¢ Z’

and their L?-inner product on M, is given by

(2.10) (@, T) = / (@, D)

wn
nl’

Here the (13%1'"%“8 denote the tensor components of ®, etc. We denote by
LB,

|®]ls = /(®,®) the fiberwise L2-norm of ®. Then for each ¢t € S and

Uy ..oy Ugy U, . uy € TS, we generalize (2.6) and define, in terms of (2.10),
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(2.11) (w1 ® - Qup,u) @ @ up)wp
= (H(®(u1) ® - © P(w)), H(P(uy) ® - © D(wy))).

Here each ®(u;) is the harmonic Kodaira-Spencer representative of p;(u;). It
is easy to see that (2.11) extends to a positive semi-definite Hermitian bilinear
form on ®*T.S, which varies smoothly in t. We simply call it the ¢-th general-
ized Weil-Petersson pseudo-metric on ®“TS. The associated (-th generalized
Weil-Petersson pseudo-metric on T'S is given by

1
(2.12) lullwpe = (W® - Quu®---@u)jp, foruecTyS tesS.

'

¢—times ¢—times

Finally we define an augmented Weil-Petersson metric on S to be any Finsler
metric hp of the form
(2.13) hawp (1) = (ZWHUH%)W for u € T,S and t € S

=1

for some fixed numbers ay, -+ ,a, > 0 and fixed positive integer N (indepen-
dent of t and w). Since || ||wp1 is non-degenerate on S, it follows that each
hewp is also non-degenerate on S.

Remark 1. For any given pair of automorphisms (F, f) € Aut(X) x Aut(S)
satisfying f om = mo F and preserving the polarization \ (i.e. F*X = \),
one easily sees from the uniqueness of the Ricci-flat Kdhler metric g(t) in the
Kabhler class Ay of each M, that (F’Mt)*g(f(t)) = g(t) for allt € S. Then it
follows readily that each Finsler pseudo-metric || |lwpe is Aut(m)-invariant in
the sense that f*|| |lwpe = || ||wpe for all pairs (F, f) as described above. As
such, every augmented Weil-Petersson metric hawp is also Aut(m)-invariant,
i.e., [*hawp = hawp for all pairs (F, f) as above. Furthermore, similar to
[TY, Lemma 16], one also easily checks that each hawp is C*.

3. Curvature of generalized Weil-Petersson pseudo-metrics

Let m: X — S be as in Theorem 1. In this section, we are going to obtain
estimates for the holomorphic sectional curvatures of the restrictions of the
Finsler pseudo-metrics || ||wpe’s to local one-dimensional complex submani-
folds of S (at those points where the restrictions are non-degenerate), which
will lead to estimate for that of the augmented Weil-Petersson metric in Sec-
tion 4. As most of the curvature computations are similar to the Ricci-negative
case in [TY], we will refer the reader to [TY] (and follow the notation there as
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well as that in Section 2) whenever possible, and work out only the necessary
changes in detail.

As in Section 2, we fix a coordinate open subset U C S with coordinate
functions t = (¢',...,¢™). For each ¢t € S and each coordinate tangent vector
%, we recall the horizontal lifting v; and the harmonic representative ®; of
pe(:%) on M, as given in (2.3) and (2.4). Fix an integer ¢ satisfying 1 < ¢ < n,
and let J = (j1,...,j¢) be an f-tuple of integers satisfying 1 < j; < m for each
1 < d < /¢. We denote by

(3.1) V)= H(®; -0 ;) € A(ATM,)

the harmonic projection of ®; @ --- ® ®;,. As t varies, we still denote the
resulting family of tensors by W; (suppressing its dependence on t), when
no confusion arises. We are going to compute ;0 log ||¥ ;|3 (as a function
on U) wherever ¥; # 0 on M,;. For this purpose, we will need to consider
families of tensors on the fibers (or in short, relative tensors) arising from
restrictions of tensors on X to the fibers. We adopt the semi-colon notation
to denote covariant derivatives of tensors on M, so that ((I>Z~)§W = V., (®;)2

(= (V%Cbi)g), etc. We also denote (®;);7 = 9,5(®i)a, etc. We recall the

following lemma in [TY, Lemma 1], which also holds in the present Ricci-flat
case:

Lemma 1. (i) [v;,95] = —(0;)20;.
(ii) For a smooth (n,n)-form Y on X, one has

ﬁ/ T:/ L, YT and %/ T:/ LT,
ot [, M, ot Jum, M,

(iii) [vi, 75) = §7°05(u;7) 0 — 97704 (Guiv7) 05

(1) (®i)g5 = (Pi)g4 for all o, B.

(v) L,, (gaﬁdz“/\dzﬁ) = (@i)gﬁdzﬁ/\dﬁ = 0. In particular, one has L,,(w") =
0 (as relative tensor).

Here [-, -] denote the Lie bracket of two vector fields.

Let T°M, = TM,;®rC denote the complexified tangent bundle of M;, and for
¢,0' >0, consider the space A*(A“TCM,) with decomposition A*(ATCM,) =
Bgtptrts—p AP (AT My AN NT M) and corresponding Weil operator Cy given
by scalar multiplication by (v/—1)7P*"~% on each summand A%(A"TM; A
ASTM;). As usual, we denote the (positive definite) L2-inner product and
the corresponding L?-norm on A‘(A“TCM,) with respect to w(t) by (, ) and
| |l2 respectively. Then it is well-known that there is a pointwise Hermitian
bilinear pairing { , ) (of mixed signature) on A‘(A“TCM,) such that for all
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T,Y € AYA'TCM,), one has

(3.2) Lo AT, Yy = (L, 0, T + (T, L-Y), and
(33 07) = [ few(r). )%

moreover, Cy Testricts to the identity map on A% (A“TM;), and (3.3) agrees
with (2.10) (cf. e.g. [TY, Section 3]).

Let U, be as in (3.1) . First one easily checks that

= 0051 s13  (OullTsl13)(0:Y13)
(34) @@ IOgH\PJHZ = L — L .

2wl INZalE:
We note that [TY, Lemma 3] also holds in the present Ricci-flat case, so that
the component of LV in A%(A*TM,) is -exact on M;. Together with the
harmonicity of W, it follows that

(3.5) (LVy, V) =0

as a function on the base manifold. Together with a direct computation using
Lemma 1, (3.2) and (3.3), one has, as in [TY, equations (4.7)-(4.9)],

(3.6) Ol T3 = (Lo, Ts,0y).
By taking 0; of (3.5), taking 0; of (3.6), and using the identity LL, =

2

L, Ly + Lz 0, one gets, as in [TY, equations (4.9)-(4.12)],

(3.7) 00|35 =T+ II+III, where
(3.8) I:=—(LzY,, LV )),
IT: = L)V, ¥y), and
I : = (L£,,V;, L, V).
We are going to compute the terms I, 7 and 111 in the next three propositions.
First we consider I. As in [TY, equations (5.6) and (5.10)], we let Let ;- W ; €

AV NTITM), @ N\ Uy € AMTHATM,) and ©; 70, € AY (AT M, A
T'M;) be the relative tensors with components given by

o iy o . T
(39) (q)z \IJJ)Bl“'Bz—1 : (CD’)’Y (\IJJ)Eﬂ1"‘/3/z—1’
(3.10) (5 N\ W) — = ()2 (V)27 % —  and
= 1o 1y \Y Q1 e—10
(®; N \IIJ)E“.E = (éz)ﬁ(\pe})ﬁj...m :

For a relative tensor T € @, 4, s AP (AT My ANNST M), we denote by ngf)) the

component of Y in A’ (A"T' M, A A*TM,). Moreover, for T € A"P(A"TM,),
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we denote Dy T € A%P(A"~'TM,), given by

—%k apar-1 oQy O —1
(DQ T)ﬁj...@ - VUTE.-E )

(cf. [Siu, p.288] and [TY, Section 5]). As usual, we denote by O := 99* + 9*0
the 0-Laplacian on M; with respect to w(t), and denote its associated Green’s
operator by G.

Lemma 2. Let ®; and V; be as in (3.1).

(i) There exists K € A%~YATM,) such that 0K = (Ev—i\lfj)gg’ég.

(ii) For any Y € A% =Y A*YTM,), we have (®; - VU, ) = (U, & ® T).

(iii) We have 8 (D; - W) = 0.

(iv) The tensor D_z*((ﬁm\lf])(o’z)) is O-exact. Explicitly, we have

(¢0)
(3.11) Vol Lo Wy)5 5™ = (0(®i - W) 5

(v) Let K be as in (i) above. Suppose that & K = 0. Then
D, K = —0G(®; - U),

Proof. The proofs of (i)-(iv) are the same as those in Lemma 3, Lemma 4,
Lemma 5 and Lemma 6 of [TY] respectively. The proof of (v) follows mutatis
mutandis from that of [TY, Lemma 7], and we just remark that the arguments
leading to [T, equatlon (5. 20)] in the proof of [TY, Lemma 7] show that
in our present case, Dy K 1s 9" -exact, and there exists a harmonic tensor )
satisfying Q = @; - U, + Dy K, which readily imply (v). We also remark that
as in [TY], the proof of (v) depends on (iii) and (iv), while that of (iv) depends
on (ii) and (iii). O
Parallel to [TY, Proposition 1], we compute [ in (3.8) as follows:
Proposition 1. We have

(Loly, Lo0,) = (OG(D; - T,), ;- T )
— (D NV, BN\ V) — (D S, D S T).
Proof. As in [TY, equation (5.11)], one easily checks that
(L, L) = (L ¥)(gg). (L) (gy)
(3.12) — (BN N W) — (B ST ).

Then following the proof of [TY, Proposition 1] with [TY, Lemma 7] replaced
by Lemma 2(v), one has

0 0,6 = =
(Lo¥)) ) (L¥))(e) = (OG(D; - W), B; - 0),
which together with (3.12), lead to the proposition. O

Parallel to [TY, Proposition 2], we also compute /] in (3.8) as follows:
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Proposition 2.

LV, V) = —(OG(D;, ;) (Y, V).
Proof. In the present Ricci-flat case, the proof of [TY, Proposition 2] still gives
(3.13) (Lrwg¥r, V) = —(OCvs, v3), (Y, W),

On the other hand, using identity 0?((v;,v;)) = O(®;, ®;) given in [Sch2,
equation (2.9)], we have

(OCwi, v3), (W, W) = ((H + GO)O(ws, v), (¥, W)
(3.14) = (O*(v;, v), G(W 5,0 ,))  (since HO = 0)
(O(P:, @;), G(Vy, V)
= (OG(2;, ©;), (¥, V),
which gives the proposition. O

Next we proceed to compute III. Similar to [Siu, p. 288] and as in [TY,
Section 7], for 1 < £ < n, we denote by X the space of (relative) tensors = €
A(RT* M, @ ®T*M,;) with components =
three properties:

.3, satisfying the following

a0, B

(P-i) Ear.ap 557 18 skew-symmetric in any pair of indices «;, a; for i < j;
(P-ii) Zear.ap. 55 18 symmetric in the two ¢-tuples of indices (aq,--- ,ay) and
(B, -+, Be), and
(P-iii) for given indices aq, -+ ,ap_1, and Sy, -+, Bes1, one has
0+1
e
;(_U SR B

-~

where (8, means that the index £, is omitted.

As in [Siu, p. 289] and [TY, Section 7], for s = 1,2, we let D, denote
the operator X given by taking O to the s-th (-tuple of skew-symmetric
indices, and we let D," denote the adjoint operator of D,. Also, we denote
L, = E*E + m*, and we denote by H the harmonic projection operator
on X with respect to O,. The Green’s operator on X ¥ with respect to [,
is denoted by G;.

Lemma 3. For any = € X, we have
((l) D1D2E = D2D15,

(b) Dy D= = DyDy =,

(¢c) Dy Dy 2= Dy Dy =,

(d) D1Dy = = Dy D\ E,

(e) 0,2 € XU and H,(Z) € X,
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(f) Th= = [L=, Hi(E) = Ha(E), Gi= = GoF, and
(g) Zf DlE: = O, then GlDQ == DQ GQE

Proof. The proofs of the above properties (a) to (f) of X (resp. (g)) follow
mutatis mutandis from those in [Siu, p. 289-292] (resp. [Na, p.422-424]), which
treated the case when ¢ = 2. We will leave the details to the reader. 0J

Let @;, V¥, (with |J| = ¢) be as in (3.1). By lowering indices of these ob-
jects, we obtain corresponding covariant tensors, which will be denoted by the
same symbols (when no confusion arises). For example, W also denotes the
covariant tensor with components given by

(\IJJ)OTlane,EmE = g,ylE s g’YeE(\IIJ)%'.;%'
We will skip the proof of the following simple lemma, which is the same as
that in [TY, Lemma 10].

Lemma 4. For each 1 < ¢ < n, we have ¥V; € X© and &, ®» U; € X,

We will also skip the following lemma, whose statement and proof are the
same as in [TY, Lamma 11] (and similar to that given in [Siu, pp. 286-288]).

Lemma 5. We have

(i) Dy (0 ® V) = Di(L, V),
(i1) O(P;, ®¥;) =0, and

(iii) 8 (L, V) = 0.

Parallel to [TY, Proposition 3|, we give the computation of 117/ in (3.8) as
follows:
Proposition 3. We have
(Lo, Wy, LoV y) =(H(L, V), L, V) + (OGP, V), P, 0 V,).

Proof. The proof is similar to that of [TY, Proposition 3], involving generalizing
the arguments in [Siu, p. 292-293]. First we have

(3.15) (Lo Wy, L0V 5) = (H(Ly, V), Lo, V) + (GO(Lo, V), LoV y).
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Now we consider the last term of (3.15). Upon lowering indices, it is given by
(G1D1<£Ui\pJ)7 ‘CUi\I[J)
= ((Glﬁl*ﬁl(ﬁvzw‘]% ‘Cvi\I[J)
(since D (L,,¥;) = 0 by Lemma 5(iii))
= (D' GiDy (®; ® V), L, ¥;) (by Lemma 5(i))
= (G\D; (®; ® V), Dyi(L, V)
= (E*GQ((I)i O \I]J);D_;((Di oY)
(by Lemma 4, Lemma 5(i), (ii) and Lemma 3(g))
= (D2D; Ga(%i ® V), ;0 V)
= ([Go(®; ® Uy),®; ® V) (since GoDy = DyGy
and Dy(®; ® V) = 0 (by Lemma 5(ii))).
Upon raising indices and using (3.15), one obtains Proposition 3 readily.
Next we recall from [TY] the following pointwise identity:
Lemma 6. ([TY, Lemma 12]) One has
(@Y, 00 0,) = (P Uy, P - U)) 4+ (i, P;), (¥, V)
—(Qi N\ Wy, 0 N\ Uy) — (D SV, D W),
Similar to ([TY, Proposition 4]), we have

Proposition 4. We have

_ 1 _ _
9:9;log W3 = L (H(®i ), @i W) + (H((Ps, Bi)), (s, V)
2
v 2
+ ((H<[’U¢\PJ)7[’U¢\I/J) - |(£'U1',\Ij<]7 m)‘

~ (H(®; 0 ¥,), H(®; © V).

Proof. Similar to ([TY, Proposition 4]), the proposition follows immediately by
combining (3.4), (3.6), (3.7), (3.8), Proposition 1, Proposition 2, Proposition
3 and Lemma 6. O

Proposition 5. We have

0;0; log || 413 > (H(®; - Wy), @ Uy) + (H((Ps, P1)), (¥, W)

IRZ3E;
— (H(®; W), H(®; 0 0,))).
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Proof. Similar to [TY, Proposition 5|, by considering the spectral decomposi-
tion of £,,V; with respect to [J and using the fact that W, is harmonic, one
clearly has

v, )|2

W]l

By combining (3.16) and Proposition 4, one obtains Proposition 5 easily. [

(3.16) (H(Lo,Wg), L0, 5) = [[H(Lo,W5)l3 = |(£0, 95,

Now we state the main result in this section which is to be used to construct
the augmented Weil-Petersson metric in the next section. For a positive integer
¢, we define the relative tensor

(3.17) HY =H®; 0 0d),
—_——
—times
so that HY = W; with J given by the ¢-tuple (i,4,---,i). Note that H®
actually depends on i, but for simplicity, this is suppressed in the notation.

We also adopt the convention that H(® is the constant function 1. Parallel to
[TY, Proposition 6], we have

Proposition 6. Let i,{, H") be as in (3.17). Suppose |HO |y > 0 (so that
|H Y|y >0 (cf (3.20)). Then we have

_ 0|2 D) |12
ey o< IOz 2
. A0og 1N 2 ey ~ o

Proof. To deduce (3.18) from Proposition 5 (with W, there given by H®),
one first observes that H((®;, ®;)) is a positive constant function (say, with
constant value ¢ > 0). Then the second last term of Proposition 5 satisfies

(3.19) (H((®;,®,)), (HO, HO)) = c- |[HD|3 > 0.

Next for ¢ > 0, we recall from [TY, Lemma 13] the following two equalities,
whose proofs also hold in the present case:

(3.20) H(®; o HY)=H®, and
(3.21) (®;- HO, HD) = |HO|]3.

Then by considering the spectral decomposition of @, - H® with respect to O,
one has, from (3.21),

HOD o HO
)| = e

By combining Proposition 5, (3.19), (3.20) and (3.22), one obtains Proposition
6 readiy. O

822 (HE-HO)THO) > | @10,
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4. Curvature of the augmented Weil-Petersson metric

Let m : X — S be an effectively parametrized family of polarized Ricci-flat
Kahler manifolds as in Theorem 1. As before, we let M; = 7= 1(M;) for t € S,
and denote n = dim¢ M; and m = dim¢ S. Without loss of generality, we
assume that n > 2. Following the arguments in [TY, Section 9], we are going
to construct an augmented Weil-Petersson metric on S, whose holomorphic
sectional curvature is bounded above by a negative constant.

First we let N = n!, and let V' be the volume of (X;,w;) (which is inde-
pendent of ) as in (2.7). We consider the following two sequences of positive
numbers {Cy}1<i<, and {as}1<s<, given by

1 _
(4.1) C’lzzmin{l,v}, ngoglz%, 2</{<n,
NNy
42 me=1 a= () = (2)T 2<i<n
1 1

First we recall from [TY, Lemma 14] (with the constant A there replaced
by V') the following inequality:

Lemma 7. ([TY, Lemma 14]) Let N > n > 2, V and {Cy}1<i<n and {as}1<i<n
be as above, and let Kk be an integer satisfying 1 < k < n. Then for all real
numbers xy,--- ,x, > 0, we have

N+1 K N+2
(4.3) ala; Y (T S Ny s, mel'
{=2

(When k =1, the first summation in (4.3) is understood to be zero.)

With the above choice of the a;’s, we define an augmented Weil-Petersson
metric hayp on S to be the Finsler metric given by

1

(4.4) howp(u (ZGZHUHWPE)W foru e T;S and t € S.

Here || |lwpe is as defined in (2.12). Next we recall the following well-known
simple lemma:

Lemma 8. ([Sch2, Lemma 8] or [TY, Lemma 15]) Let U be a complex mani-
fold, and ¢¢, 1 < € <1, be positive C* functions on U. Then

(4.5) \/__mglog(zw) pIye 1415%:\/_2810%@
/=1 =177
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Let u € T'S and ¢ be an integer satisfying 1 < ¢ < n. Similar to (3.17), we
denote

(4.6) HO(u) := H®(u) ® - ® ®(u)),

S

~
¢—times

where ®(u) is the harmonic representative of p;(u) as in Section 2. This gives
rise to a function r : PT'S — 7Z given by

(4.7) r([u]) == max{¢ | HO(u) # 0} for 0#ueTS,

where [u] denotes the class of u in PT'S. Since p; is injective for each ¢t € S, it
follows that 1 < r([u]) < n for each [u] € PT'S. Now we let R be a local one-
dimensional complex submanifold of S. Then it is easy to see that r induces
a function rg : R — 7Z given by

(4.8) rr(t) :==r(jw]) forte R,

where u; is any non-zero vector in T; R. Let x be an integer satisfying 1 < x <
n. Following [TY, Section 9], we say that a point ¢, € R is a k-stable point of
R if there exists an open neighborhood U;, of t, in R such that rg(t) = & for
all t € U;,. We also recall that for a C* Finsler metric h on .S, the sectional
curvature K (R, h‘R)(to) of h‘R at a point ¢, € R is given by

~ 9drlog((h(5))”)
(WGP =t

where t denotes a local holomorphic coordinate function on some open subset
of R containing ¢,.

(4.9) K(R,h|,)(t,) =

Proposition 7. Let hawp be as in (4.4). Let R be a local one-dimensional
complex submanifold of S, and let t, € R be a k-stable point of R for some
integer 1 < k < n. Then we have

K (R, hawp|,)(to) < ————
where a,, and Cy; are as in (4.2) and (4.1).

Proof. The proof follows from a calculation exactly as that in [TY, Proposition
7]. For convenience of the reader, we will sketch the calculation here and
refer the reader to [T, Proposition 7] for details. First since ¢, is a x-stable
point of R, there exists an open coordinate neighborhood U of t, in R (with
coordinate tangent vector 0/90t) such that the terms on the right hand side of
(4.4) corresponding to ¢ = k+ 1 to £ = n are all identically zero on U, so that
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one may write (4.4) as

1

v 0
410) h, ( H ) ™ onid, where HO .= HO(Z
(410)  harl Zaeu 15F) ontt, where )
(cf. (4.6)). Together Wlth Lemma 8 and Proposition 6, one gets

K 12 O3 [H D)3
) S HO, - (M 2 B

(411) &gc%log((h(a))Q) > =17 2 (||H(/z ;LJ‘VZ [HO|2 ) -z

2 ol HO'

By rearranging the terms of B telescopically (so that the first expression of the
(-th term is grouped with the second expression of the (¢ — 1)-th term) and
using that fact that ||H**V||; = 0, one deduces readily from Lemma 7 (with

2
xy given here by |[H®||$) that

2( N+1)
(4.12) B>C, - Z 1HO|, ©,
From (4.10), (4.11) and using the fact that a; > a,—1, one has
@13) ¢ < (Sadt) ™ < (rad ) Z 1O,
' N 2 ’
where the last inequality follows from Holder inequality. By comblmng (4.9),
(4.11), (4.12) and (4.13), one obtains the proposition readily. O

We are ready to give the proof of Theorem 1 as follows:

Proof of Theorem 1. Let m : X — S be as in Theorem 1, and let n := dim M.
Let hawp be as in (4.4). As mentioned in Remark 1, hqpyp is Aut(r)-invariant
and C*°. Take a point t € S, and let R be a local one-dimensional complex
submanifold of S passing through ¢ (i.e. ¢ € R). Asin [TY, Lemma 17|, the
set

(4.14) Qp :={t € R|t is a r-stable point of R for some 1 < k < n}

is easily seen to be a dense subset of R (with respect to the usual topology).
Thus there exists a sequence of points {t;}32, in Qg such that lim; . t; =t in
R. In particular, each ¢; is a k;-stable point of R for some integer x; satisfying
1 < k; < n. By Proposition 7, we have, for each j,

C., C,
(415) K<R7 haWP‘R)<tj) < - L 1+]1] S - 1 1+Jb ’
/{ a;{] nNa/TL

where the last inequality follows from the facts that C\ decreases with x while
a, increases with k. Together with the fact that h,p p‘ R s C°, one concludes
readily that (4.15) also holds at ¢ (i.e., with ¢; there replaced by t). Together
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with (2.2), it follows that the holomorphic sectional curvature of hoyp on S is
bounded above by a negative constant. |

Remark 2. We remark that in general, the augmented Weil-Petersson metric
in Theorem 1 is not unique, and its construction actually gives rise to a con-
tinuous family of Finsler metrics of negative holomorphic sectional curvature
bounded away from zero. One way to see this is as follows: for any e satisfying
0 < e < 1, if one replaces the constant a; = 1 by 1 —e€ in (4.4) while keeping the
other ap’s unchanged, one gets a family of augmented Weil-Petersson metrics
parametrized by € given by

(4.16)

1
hawpe (1) = ((1 — )|, + Zagnuuwm) Y forueT,S andt € S.

It is easy to see that there exists €, > 0 such that for each € satisfying 0 <
€ < €, the holomorphic sectional curvature of hawp, is bounded above by some
negative constant. Next we consider the one-dimensional moduli space M of
Calabi- Yau threefolds which are mirror manifolds of the quintic hypersurfaces
in CP*. As mentioned in Section 1, Candelas et al [CDGP] showed that the
holomorphic sectional curvature of the Weil-Petersson metric (i.e. || ||lwp1)
on M is positive at some points of M and negative at other points of M.
Using this fact and the negativity of the holomorphic sectional curvature of the
hawpe’s, one easily sees that hawpe is not a constant multiple of hewpe on
M (and we simply say that they are inequivalent) whenever 0 < e < € < ¢,
(in fact, for 0 < e < €, the equation hawpe = ¢ - hawpe for some constant
¢ > 0 implies readily that both hewpe and howpe are constant multiples of
| llwpa) It follows that M admits a continuous family of pairwise inequivalent
augmented Weil-Petersson metrics.

5. The general case of families of polarized Ricci-flat Kahler
orbifolds

In this section, we are going to consider the general case of a family of
polarized Ricci-flat Kahler orbifolds and give the proof of Theorem 1’. When
the arguments or calculations given in the previous sections also work in the
present orbifold case, we will often avoid repeating them here and only indicate
the necessary modifications. First we recall some definitions.

An n-dimensional complex orbifold is a complex analytic space M of complex
dimension n together with a basis of open subsets {U, }aeca covering M such
that for each open set U, € A, there exist an associated open set U, C C",
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a finite subgroup I'y, C Aut (U,) (here Aut (U,) denotes the group of self-
biholomorphisms on U,) and a holomorphic map p, : U, — Ua which is
[ -invariant (i.e., p, 0y = p, for all ¥ € T',) and induces a biholomorphism
between ﬁa and U, /T, (so that we may write ﬁa = U,/T,); furthermore, if

ﬁa C ﬁg (with «, B € A), then there exist a group homomorphism 7,5 : I'y, —
I's and an injective holomorphic map ¢.s5 : U, — Up such that

(5.1) P8 O Pap = P, ad Top(7Y) © Pag = Pag oy for all y € T,

(A complex orbifold is also called a complez V -manifold & la Satake and Baily
(cf. [Bal], [Ba2], [Sa]).) Each local holomorphic covering projection map
Po Uy — (/ja = U,/T, is known as an orbifold chart of M, and the collection
orbifold charts is called an orbifold atlas of M. The orbifold singular set M?® of
M is the subset {z € M ‘ v(y) =y for some y € p,'(x), e #~v €T, with a €
A} (here e denotes the identity element of I',). Note that M*® is a complex
analytic subvariety of M and M \ M?® lies in the smooth part M° of (the

underlying complex space) M, but it may happen that M \ M* ; Me.

A differential form 1 on a complex orbifold M (with an orbifold atlas {p, :
U, — ﬁa = Uy/Ta}taca) is a collection of differential forms {n, }aca, where
each 7, is a differential form on U, invariant under I, (i.e., "1, = 7, for all
v €Ty,), and ®4pMs = Na Whenever Ua C [75. The differential 7 on M is said
to possess a certain property (such as being an (r, s)-form, or being d-closed)
if each 7, possesses such property on U,. (Alternatively, a differential form
(with a certain property) on the complex orbifold M can also be defined as
a differential form n on M \ M* such that p%n extends to a differential form
(with the same property) on U, for each o € A.) In particular, a differential
fom w on M is said to be a Kahler form if w, is a Kahler form on U, for each
a € A. A (Ricci-flat) Kdihler orbifold is a complex orbifold M equipped with
a (Ricci-flat) Kéhler form w. We remark that when M is smooth and M? is
a smooth divisor of M, then w gives an example of a conical Ricci-flat Kahler
form on the pair (M, M?) (see [Br| for the definition and existence results of
conical Ricci-flat Kahler forms).

An orbifold vector bundle E over a complex orbifold M (with an orbifold
atlas {p, : Uy — [/J\a = U,/Ta}aca) is a collection of vector bundles {E, }aca,
where E, is a vector bundle over U, (with the projection map denoted by
(o : Eo — U,) for each o« € A, and for each o € A, there is an associated
group homomorphism v, : I'y, = Aut(E,) (here Aut(E,) denotes the group
of vector bundle automorphisms of E,) such that g, o v,(vy) = 7 o g, for all
v € I'y; furthermore, if (7& C 175 for some «, 5 € A, then there exists a bundle
map pag : Eo — Eg such that (vg o 7,5)(7) 0 pag = pap © Va(7) for all v € T,
(here 7,4 is as in (5.1)), and one has pas © pgs = pas if (7& C 175 C (75. Note
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that F descends to a vector bundle on M \ M? (in the usual sense). A typical
example of an orbifold vector bundle is the orbifold tangent bundle T'M given
by the collection of tangent bundles {T'U, }4ec4 with the action of v € ', given
by the jacobian of 7, i.e., v4(7) = 7. Hermitian metrics on orbifold vector
bundles over complex orbifolds are defined in the obvious way.

Let ¢ = {¢a}aca be an (n,n)-form on an n-dimensional complex orbifold
M with an orbifold atlas {p, : Uy = Uy = Us/Ta}aca. For each a € A, the

integral of ¢ over U, is given by [ o= ¢, Where |T',| denotes the

Ua Cal Ju,
order of the group I',. Then the integral / ¢ is defined by using a partition

of unity in the obvious manner. We remark Jt\z/lhat by well-known results of Baily
(cf. [Bal], [Ba2]), many natural differential operators on manifolds (such as the
de Rham operator d (and its decomposition d = 9+ 0) and associated objects
(such as de Rham and Dolbeault cohomology classes) generalize to orbifolds
in the obvious manner, and many standard results on these operators (such as
Stokes” Theorem) also hold for orbifolds. In particular, Hodge decomposition
theorem also holds for orbifold vector bundles over compact Kéahler orbifolds;
and under such setting, the harmonic projection operator and Green’s operator
make sense in the obvious manner (see [Bal, Section 2 and Section 7]).

Let 7 : X — S be a holomorphic map from an (n + m)-dimensional com-
plex orbifold X (with an orbifold atlas {p, : U, — Z:I\a = U, /To}aca) to an
m-~dimensional complex manifold S. Then 7 : X — S is said to form a holo-
morphic family of complex orbifolds over S if (i) 7 is surjective and of maximal
rank (here 7 is of maximal rank means that for each « € A, mop, is of maximal
rank at all points of U,; and (ii) for each o € A, U, is of the form U, x W,,
where U, is an open subset of C" and W, C C™ is an open coordinate subset

of S, so that mop, is given by the coordinate projection map onto the second
/

~
0 en
some 7' € Aut(U,), where e, denotes the identity map on W,. (Note that
under the identification v «— 7/, we may regard I, as a subgroup of Aut(U,),
and we may write

factor W,; furthermore, each v € I',(C Aut(U,)) is of the form for

(5.2) Uy =Uy /T = (Uy x Wo) /T = (Ua/To) X Wy = Uy X W,.

Note that with the above identification, we may write p, : U, — U, as
(Pl em) : Uy x Wy — [7@ x Wy, where pl, : U, — [7& is the projection
map under the induced action of I', on U,. It is easy to see that under these
two conditions, for each t € S, the fiber M; := 771(t) is a complex orbifold
with an orbifold atlas given by {pl, : Uy — Us = Ua/T'a}aca). Note that the
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fibers M,;’s are all homeomorphic to each other. Finally a holomorphic family
of complex orbifolds 7 : X — S over a complex manifold S is said to form a
holomorphic family of compact polarized Ricci-flat Kahler orbifolds if the fiber
M, is compact for each ¢t € S, and the complex orbifold X is endowed with
a d-closed (1,1)-form w such that its restriction w; := w| A, to each fiber M,
t € 9, is a Ricci-flat Kéhler form on the complex orbifold M;.

We proceed to consider the deformation theory of compact complex orb-
ifolds. Let 7 : X — S be a holomorphic family of compact complex orbifolds
over a complex manifold S (satisfying conditions (i) and (ii) in the above para-
graph). We fix a point ¢, € S, and let W be an open coordinate neighborhood
of t, in S. Then shrinking W and replacing A by a subset if necessary, we
may assume that the restricted family W} \w) : Y (W) — W admits an

orbifold atlas {p, : Uy, — Lla = U, /T4 }aca and the fiber M;, = 7 1(t,) admits
a corresponding orbifold atlas {p!, : Uy — U, = U,/T'a}aca, where for each
a € A, we may write, as in (5.2),

(5.3) Uy =Uy /T = (Uy x W)/To = (Us/To) x W = Uy x W,

and one has an associated decomposition of p, given by p, = (pl,, ew ). Here ey
denotes the identity map on W. Now we take a homeomorphlsm = M, xW —
71 (W) such that E|Mt {1} 18 the identity map on M, , m o Z(z,t) =t for all

t € Wand z € M, and for a, 8 € A such that E((/J\'a x W) C ﬁg, one has
a lifting of E‘ﬁaxW to a diffeomorphism Z,5 : Uy X W — Ug from U, x W
into Up such that 7,5(7)(Zas(2,t)) = Eap(v(2),t) for all (2,t) € U, x W and
v € I'y (here 7,4 is as in (5.1)). Such a = corresponds to a lifting of a vector
field u on W to a vector field v, on (X \ X*) N7~ (W) (so that mv, = u)
such that for each orbifold chart p, : U, — Z;l\a = U, /T, with W(Z:{\a) c W,
v, lifts (and then extends) to a I',-invariant vector field v, on U, (so that
(Pa)sVua = vy o0 (X \ X)) Na Y (W) and 7,0y.0 = vy for all v € Ty,).

As in the smooth case and with the identification given in (5.3), by taking
0 of Uu.o along the fiber directions on U, X {t,} (which is identified with U,,),
one gets a I'y-invariant 0-closed TU,-valued (0,1) form on U,. As such, we
get a O-closed TM, -valued (0,1)-form on M, , which is simply denoted by
gvu‘ M, As in the smooth case, it is easy to see that if 51);‘ M, is another

0-closed T M, -valued (0, 1)-form on M,, corresponding to another lifting of

u, then 5%! M.~ 51}&! M, is 0-exact on M, . Thus, we have a well-defined

Kodaira-Spencer map p : T;,S — H%' (M, ,TM,,) given by p; (v) = 3%’]\/[
where | 8%‘ M;, ] denotes the Dolbeault cohomology class of gvu| M, As in the

smooth case, a holomorphic family 7 : X — S of complex orbifolds is said to
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be effectively parametrized if the Kodaira spencer map p, is injective for each
tesS.

For the remainder of the section and as in Theorem 1’, we let 7 : X — S
be an effectively parametrized holomorphic family of n-dimensional compact
polarized Ricci-flat Kéahler orbifolds over an m-dimensional complex manifold
S. Let w be the associated d-closed (1,1)-form on X such that its restriction
W = w| M, is a Ricci-flat Kahler form on the complex orbifold M; for each
t € S, and let g be the associated metric tensor of type (1,1) on X. Let
{Pa : Uy — U, =u, /Ta}aca be an orbifold atlas of X which gives rise to an
associated orbifold atlas {p!, : U, — ﬁa =Uy/Ta}aca on M, for each t € S as
given in (5.2). For a local tangent vector field u of type (1,0) on an open subset
W of S, one obtains the horizontal lifting v, of u on (X \ X*) N7~Y(W) with
respect to w as described in Sgction 2 for the smooth case. Alternatively, for
each orbifold chart p, : Uy, — U, = U, /T such that U, C 71 (W), recall that
w lifts to a I',-invariant form w, on U,. Then one can consider the horizontal
lifting vy, o of u to U, with respect to w, (and the projection map mop,). It is
easy to see that each v, o is I'y-invariant, and (pa)«Vua = vy OD Z;a N(X\ X%).
As in the smooth case in Section 2, one easily sees that ®(u) := gvu‘ M, 18
the unique harmonic Kodaira-Spencer representative of p;(u) for t € W C S.
When W is a coordinate open subset of S with coordinates given by t =
(t1,---tm) and uw = 0/0t; is a coordinate vector field, it is easy to see that its
horizontal lifting v; of 9/0t; and the correspnding harmonic Kodaira-Spencer

representative ®; := gvi} M, Are such that their I',-invariant liftings on the

orbifold charts U,’s (and thus also v; and ®; on U, N (X \ X)) are given
locally by the same expressions as in (2.3) and (2.4) respectively. Then the
Weil-Petersson metric hF) on § is given by the same expression as in (2.6).
For integers p,q,r,s > 0, t € S, ® € A" (A"T'M;) and ¥ € A"I(ASTM,),
one defines ® ® ¥ € A*PT4(A™FSTM,) in the obvious manner, namely by first
lifting ®, ¥ to corresponding bundle-valued forms ®,, ¥, on each U, (for
each orbifold chart p, : U, — ﬁa = U,/T',) and considering the T -invariant
bundle-valued form &, ® ¥, on U, (as described in Section 2). Then for
each 1 < ¢ < n, one can define the /-th generalized Weil-Petersson pseudo-
metric on S as given in (2.11) and (2.12). Finally one can define augmented
Weil-Petersson metrics on S as given in (2.13).

Proof of Theorem 1’. Let m : X — S be an effectively parametrized holo-
morphic family of n-dimensional compact polarized Ricci-flat Kahler orbifolds
over a complex manifold S. Using the finite set of positive numbers {as}1</<n
as given in (4.1) and (4.2), we define the associated augmented Weil-Petersson
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metric h,yp on S as given in (4.4) (and as discussed above). Then by fol-
lowing mutatis mutandis the arguments and computations in Section 3 and
Section 4, one sees that hgyp is a C° Finsler metric whose holomorphic sec-
tional curvature is bounded above by a negative constant. We only indicate
the new ingredients and the modifications needed for the proof in the orbifold
case. First the Lie derivative £,,T" of a relative tensor 7" with respect to the
horizontal lifting v; of some coordinate tangent vector field 9/9t; on some coor-
dinate open subset of S makes sense as a relative tensor in the obvious manner,
namely by first lifting v; and T to corresponding I',-invariant objects on each
U, (for each orbifold chart p, : U, — Z:ia =U,/T',) and considering the corre-
sponding Lie derivative there, which is easily seen to be I',-invariant. Similar
remark holds for the operations on tensors (and the tensors themselvers) that
appear in Section 3 and Section 4, so that they also make sense (and have the
same properties) for the case of orbifolds. Also, at various places in Section
3 and Section 4 where integration by part arguments are involved, the usual
Stokes’ theorem for manifolds will be replaced here by Stokes’ theorem for
orbifolds (see e.g. [Bal, p. 866]). As mentioned earlier, one knows from [Bal,
Section 2 and Section 7| that the Hodge decomposition theorem also holds for
orbifold vector bundles over compact Kahler orbifolds; and under such setting,
the harmonic projection operator and Green’s operator make sense in the ob-
vious manner. These will replace the Hodge decomposition theorem and the
harmonic projection operator and Green’s operator (for manifolds) used in
various parts of Section 3 and Section 4. The rest of the arguments in Section
3 and Section 4 prevail verbatim in the present orbifold case. O

Proof of Corollary 1. Let m : X — S be as in Theorem 1 or Theorem 1’. By
Theorem 1 and Theorem 1’, S admits an augmented Weil-Petersson metric
hewp whose holomorphic sectional curvature is bounded above by a nega-
tive constant. Together with standard arguments involving the usual Ahlfors
lemma, the existence of the Finsler metric h,p on S with the above curvature
property implies readily that S is Kobayashi hyperbolic (cf. e.g. [Kob, p. 112,
Theorem 3.7.1]). O

6. Alternative approach from period mappings in the smooth case

In this section, we discuss in the smooth case an alternative approach of
constructing a Kéhler metric (called the Hodge metric) on the base manifold
S with holomorphic sectional curvature bounded above by a negative constant.
This alternative approach is more classical and could be found in [Lul] (see
also [Gril], [Gri2], [Ti]), and it is based on Hodge-theoretic considerations.
The alternative approach will work for at least the case of families of Calabi-
Yau manifolds (or slightly more generally, when the canonical line bundle of
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each fiber manifold is holomorphically trivial), although it does not appear
to generalize readily to the general Ricci-flat manifold (or orbifold) case. For
convenience of the reader, we recall briefly Lu’s approach as follows:

Let 7 : X — S be an effectively parametrized holomorphic family of com-
pact n-dimensional polarized Kéhler manifolds of zero first Chern class over
a complex manifold S, and such that Ky, = Oy, for some ¢, € S. From
the deformation invariance of the Hodge number h™" and the fact that a holo-
morphic n-form on an n-dimensional compact Ricci-flat Kéhler manifold is
automatically parallel with respect to the Levi-Civita connection, it follows
readily that Ky, = Oy, for all t € S. For each t € S, let P"(M;,C) :=
{n € H"(M,C)|n A w, = 0} denotes the primitive cohomology classes in
H™(M,;,C). By considering the Hodge decomposition of H"(M;,C), one ob-
tains a well-defined holomorphic period mapping p : S — D from S to the
classifying space D of certain polarized Hodge structures given by

(6.1) t — {HP(M,) 0 P"(M;,C)}prgn.

By a result of Griffiths ([Gril, Proposition 3.6]), when each Ky, is trivial,
the period mapping p is an immersion (this follows from the fact that if one
takes a nonzero Kodaira-Spencer class n € H'(M,, TM,;) and a nonzero n-
form Q; € H™°(M,), then the interior product n.Q; is a nonzero element in
H"b1(My)). The classifying space D is a homogeneous complex manifold
admitting a certain invariant two form wp. In [Lul], Lu showed that p*wp
is a Kéahler form whose holomorphic sectional curvature is bounded above
by a negative constant. This Kahler metric was called the Hodge metric in
[Lul]. We remark that in his proof, Lu needed to use the fact that p(S) lies in
certain ‘horizontal slice’ of D due to Griffiths transversality, and he also made
essential use of Griffiths’ results [Gril] on the curvature properties of wp (see
also [Gri2]). In summary, Lu obtained the following result:

Theorem 2. ([Lul]) Let m : X — S be an effectively parametrized holomorphic
famaly of compact polarized Kdhler manifolds of zero first Chern class over a
complex manifold S. Suppose that Ky, = Oy, for some t, € S (and hence
Ky, = Oy, forallt € S). Then S admits a well-defined Hodge metric whose
holomorphic sectional curvature is bounded above by a negative constant.

Remark 3. Let M and the hawpe’s on M be as in Remark 2. Since the
hawpe’s are pairwise inequivalent, it follows that apart from one possible ex-
ception, each of the hqowp,’s s not a constant multiple of the Hodge metric on

M.
An immediate consequence of Theorem 2 is the following

Corollary 2. Let m: X — S be as in Theorem 1. Suppose the family w: X —
S s diffeomorphically trivial, in the sense that there exists a diffeomorphism
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f:X = My, xS such that m = pry o f, where pry : M;, x S — S denotes the
projection onto the second factor, and M;, = n~1(t,) for some t, € S. Then
S admits a Kahler metric whose holomorphic sectional curvature is bounded
above by a negative constant.

Proof. First we note that the diffeomorphism f : X — M; x S induces the
following isomorphism of fundamental groups:

(6.2) T (X) Z (M) x 1 (S).

It follows from a result of Beauville [Bea] that there exists a finite cover M, of
the fiber M, corresponding to some subgroup G C (M) of finite index such
that Ky is holomorphically trivial. Then via the isomophism in (6.2), one
may regard G' x m1(S) as a subgroup of m1(X) of finite index. Then one gets
an associated finite cover X’ of X'. Denote the associated covering projection
map by ¢ : X’ - X, and let 7/’ = moq : X’ — S. Then it is easy to see
that 7' : X’ — S forms an effectively parametrized holomorphic family of
compact polarized Kéhler manifolds of zero first Chern class over S (with the
polarization provided by ¢*\, where A denotes the polarization of the family
m: X — S), and one has (7')"'(t,) = M/ . Hence one may apply Theorem 2
to the family 7’ : X’ — S to yield the desired conclusion on S. OJ

Remark 4. Letm: X — S be as in Theorem 1. For anyt, € S, one easily sees
that there exists some open neighborhood U of t, in S such that the restricted
family 7r|ﬂ_1(U) Y U) — U over U is diffeomorphically trivial, shrinking
U if necessary. As such, one may apply Corollary 2 to get a Kahler metric
hy on U with holomorphic sectional curvature bounded above by some negative
constant. However, the ‘local Hodge metrics” hy’s are not uniquely defined, as
they depend on the choices of the local finite coverings, and it is not clear that
the hy’s will patch together to form a well-defined Kdahler metric on S.

Remark 5. The Hodge theoretic approach described in this section does not
apply to the general orbifold case treated in Theorem 1°, since in that case (and
in addition to Remark 4), each fiber M; is only an orbifold, and the orbifold
charts of My may not lead to a finite (ramified or unramified) cover M| of M,
such that M| is a compact Kidhler manifold with trivial canonical line bundle.
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