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PLURISUBHARMONIC FUNCTIONS AND THE
STRUCTURE OF COMPLETE KAHLER MANIFOLDS
WITH NONNEGATIVE CURVATURE

LEI NI & LUEN-FAT TAM

Abstract

In this paper, we study global properties of continuous plurisubharmonic
functions on complete noncompact Kahler manifolds with nonnegative bi-
sectional curvature and their applications to the structure of such mani-
folds. We prove that continuous plurisubharmonic functions with reasonable
growth rate on such manifolds can be approximated by smooth plurisubhar-
monic functions through the heat flow deformation. Optimal Liouville type
theorem for the plurisubharmonic functions as well as a splitting theorem
in terms of harmonic functions and holomorphic functions are established.
The results are then applied to prove several structure theorems on complete
noncompact Kéhler manifolds with nonnegative bisectional or sectional cur-
vature.

0. Introduction

In this paper, we are interested in the class of complete noncompact
Kéhler manifolds with nonnegative holomorphic bisectional curvature.
We shall first give a detailed study on the properties of heat flow with
plurisubharmonic functions as initial data. Then we shall use the re-
sults to prove a Liouville theorem on plurisubharmonic functions and a
splitting theorem related to harmonic and holomorphic functions. All
these results will then be applied to obtain structure theorems on Kéhler
manifolds with nonnegative sectional or holomorphic bisectional curva-
ture.
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One motivation of the present work is a program proposed by Yau
[51, p. 622] on the study of parabolic manifolds: “The question is to
demonstrate that every noncompact Kéhler manifold with positive bi-
sectional curvature is biholomorphic to the complex euclidean space.
If we only assume the nonnegativity of the bisectional curvature, the
manifold should be biholomorphic to a complex vector bundle over a
compact Hermitian symmetric space.” As pointed out in [51], an im-
portant reason for this program comes from the celebrated results of
Cheeger-Gromoll [5] and Gromoll-Meyer [16] on complete noncompact
Riemannian manifolds with nonnegative or positive sectional curvature.
It is also motivated by the work of Greene-Wu [13] on the Steinness of
Kahler manifolds. In both cases, a key ingredient is to study Busemann
functions.

In [5] it was proved that the Busemann function (with respect to all
geodesic rays from a fixed point) on a complete noncompact Rieman-
nian manifold with nonnegative sectional curvature is Lipschitz contin-
uous, convex and is an exhaustion function. Then it was proved that a
complete noncompact Riemannian manifold with nonnegative sectional
curvature is diffeomorphic to the normal bundle over a compact totally
geodesic submanifold without boundary, which is totally convex and is
called the ‘soul’ of the manifold.

On a Kahler manifold with nonnegative holomorphic bisectional cur-
vature, even though the Busemann function is no longer convex, it is
still plurisubharmonic. This was proved by Wu [45]. Moreover, it is in
fact strictly plurisubharmonic at the point where the holomorphic bisec-
tional curvature is positive. Using this fact, it was proved by Greene-Wu
that if the manifold has nonnegative sectional curvature and positive
holomorphic bisectional curvature, then it is Stein because in this case
the Busemann function is also an exhaustion function, see [12]-[15], [45]-
[46] for more results. In the proof, it was first shown that a continuous
strictly plurisubharmonic function can be approximated uniformly by a
smooth one. The result of Grauert [10] can then be applied to conclude
that the manifold is Stein.

If the manifold has nonnegative holomorphic bisectional curvature,
then the Busemann function is only (continuous) plurisubharmonic in-
stead of strictly plurisubharmonic. In order to use the Busemann func-
tion, it is desirable to approximate it by a smooth one. In general,
it seems unlikely that a continuous plurisubharmonic function can be
approximated by C°°-plurisubharmonic functions. However, we shall
prove the following rather general results on the solution of the heat
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equation with continuous plurisubharmonic function as initial data (see
Theorem 3.1).

Theorem 0.1. Let M™ be a complete noncompact Kdahler mani-
fold with nonnegative holomorphic bisectional curvature and let u be a
continuous plurisubharmonic function on M satisfying

(0.1) lu|(z) < Cexp(ar?(z))

for some positive constants a, C, where r(x) is the distance of x from a
fixed point. Let v be the solution of the heat equation with initial data .
There exists Ty > 0 depending only on a and there exists Ty > 17 > 0
such that the following are true:

(i) For0 <t <Ty, v(-,t) is defined and is a smooth plurisubharmonic
function.

(ii) Let
K(z,t) = {w e TH(M)| Vop(z, t)w® = 0, for all 3}

be the null space of v,z(x,t). Then for any 0 <t < Ty, K(z,t) is
distribution on M. Moreover the distribution is invariant under
parallel translations.

(iii) If the holomorphic bisectional curvature is positive at some point,
then v(x,t) is strictly plurisubharmonic for all 0 < t < Ty for all
0 <t <T1 unless u is plurtharmonic.

In particular, if u is a continuous plurisubharmonic function satis-
fying (0.1), then it can be approximated by smooth plurisubharmonic
functions uniformly on compact subsets. In application, we shall make
use of the properties of v(z,t) in the above theorem rather than the
result on approximation.

The proof of Theorem 0.1 relies on a general maximum principle
for Hermitian symmetric (1,1) tensor n which satisfies a linear heat
equation on a complete noncompact Kéhler manifold with nonnegative
holomorphic bisectional curvature. We obtain a maximum principle for
1 under some weak growth conditions on the rate of the average of ||n||,
the norm of 7, over geodesic balls. Since there is no pointwise bound on
lInll, we shall apply an indirect cutoff argument together with careful
estimates on the solutions of the heat equation through extensive uses
of the fundamental work of Li and Yau [27].
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In [32], the first author raised the following question:

On a complete noncompact Kahler manifold with nonnegative Ricci
curvature, is a plurisubharmonic function of sub-logarithmic growth a
constant?

It is well-known that for the complex Euclidean space C™, the answer
is positive. An affirmative answer to the above question is also a natu-
ral analogue, for plurisubharmonic functions, of Yau’s Liouville theorem
[49] for positive harmonic functions on Riemannian manifolds with non-
negative Ricci curvature. An immediate application of the Theorem 0.1
is to give an affirmative answer to the above question on Kéahler mani-
folds with nonnegative holomorphic bisectional curvature. Namely, we
have the following (see Theorem 3.2):

Theorem 0.2. Let M be a complete noncompact Kahler manifold
with nonnegative holomorphic bisectional curvature. Let u be a contin-
wous plurisubharmonic function on M. Suppose that

lim sup u()

B a—)
r—oo logr(x)

Then u must be a constant.

Using Theorem 0.2 we obtain the following interesting results (see
Theorem 4.1):

Theorem 0.3. Let M™ be a complete noncompact Kdhler mani-
fold with nonnegative holomorphic bisectional curvature. Suppose f is
a nonconstant harmonic function on M such that

(0.2) lim sup
,

for any € > 0, where r(z) is the distance of x from a fized point. Then f
must be of linear growth and M splits isometrically as M xR. Moreover
the universal cover M of M splits isometrically and holomorphically as
M’ x C, where M' is a complete Kdhler manifold with nonnegative holo-
morphic bisectional curvature. Suppose that there exists a nonconstant
holomorphic function f on M satisfying (0.2). Then M itself splits as
M x C.

A well-known result in [49, 8] says that if the growth rate of a har-

monic function on a complete noncompact Riemannian manifold with
nonnegative Ricci curvature is ‘close’ to constant functions, namely if it
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is of sublinear growth, then it must be constant. Similar to this, the first
result of Theorem 0.3 says that on a complete noncompact Kéhler man-
ifold with nonnegative holomorphic bisectional curvature, if the growth
rate of a harmonic function is ‘close’ to linear, then it must be of linear

growth. On the other hand, for any ¢ > 0, the ‘round off’ cones with

metrics dr? +r? dsgl(l/m), where S! (ﬁ) is the circle with radius

—L_ supports harmonic functions of growth r+°(z).

V149’

One might also want to compare the splitting result in Theorem 0.3
with some previous related results in [4, 24, 3]. In [4], it was proved that
if a complete noncompact Riemannian manifold with nonnegative Ricci
curvature contains a line then a factor R can be splitted isometrically.
In [24], it was proved that if a complete noncompact Kéahler manifold
with nonnegative Ricci curvature with complex dimension m = n/2
supports n+ 1 independent linear growth harmonic functions, then it is
isometric and holomorphic to C™. In [3], Li’s result was generalized to
the Riemannian case, and the conclusion is that the manifold is isometric
to Euclidean space. In [3], result on the splitting of the tangent cone in
terms of linear growth harmonic functions was obtained.

The second part of the paper is to study the structure of complete
noncompact Kahler manifolds with nonnegative holomorphic bisectional
curvature. The main tool is to use the heat flow with the Busemann
functions as initial data. As mentioned above, the Busemann function
is a continuous plurisubharmonic function on a complete noncompact
Kahler manifold with nonnegative holomorphic bisectional curvature.
Hence Theorem 0.1 will be very useful. It turns out that Theorem 0.3
will be useful in the study too.

Before we state our next result, let us first introduce some conditions
on a Kéahler manifold. The first one is on the growth rate of volumes
of geodesic balls. M is said to satisfy (VGg) for k > 0, if there exists a
constant C' > (0 such that

(VGyg) Vo(r) > ol

for all » > 1.

The other two conditions are on the decay of the curvature. Sup-
pose M has nonnegative scalar curvature R. M is said to satisfy the
curvature decay condition (CD) if there exists a constant C' > 0 (which
might depend on o) such that

(D) ][ r<C
T
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for all » > 0. M is said to satisfy the fast curvature decay condition
(FCD) if there is a constant C' > 0, so that

(FCD) /Ors ( ” )R(x)dx) ds < Clog(r + 2)

for all » > 0. (FCD) means that the average of the scalar curvature de-
cays quadratically in the integral sense. Hence it is stronger than (CD).
Our next result is the following splitting theorem (see Theorem 4.2):

Theorem 0.4. Let M™ be a complete noncompact Kdahler manifold
with nonnegative holomorphic bisectional curvature.

(i) Suppose M is simply connected, then M = N x M’ holomorphically
and isometrically, where N is a compact simply connected Kdhler
manifold, M' is a complete noncompact Kdhler manifold and both
N and M’ have nonnegative holomorphic bisectional curvature.
Moreover, M' supports a smooth strictly plurisubharmonic func-
tion with bounded gradient and satisfies (VGy) and (CD), where
k is the complex dimension of M'. If, in addition, M has nonneg-
ative sectional curvature outside a compact set, then M' is also
Stein.

(ii) If the holomorphic bisectional curvature of M is positive at some
point, then M itself supports a smooth strictly plurisubharmonic
function with bounded gradient and satisfies (VGy,) and (CD),
where m s the complex dimension of M. If, in addition, M has
nonnegative sectional curvature outside a compact set, then M 1is
also Stein.

The conclusion on the volume growth in the first statement in (ii)
was first proved in [7] and the conclusion on curvature decay is a gener-
alization of a result in [7]. The last statement in (ii) is a generalization
of a result in [45]. Note that by [29, 19] (see also [2]), IV in the theorem
is a compact Hermitian symmetric manifold, but we shall not use this
fact in the proof. Note also that N may not be present.

An immediate consequence of Theorem 0.4 is on the Steinness of
complete noncompact Kéhler manifolds with nonnegative holomorphic
bisectional curvature. Recall that a complete noncompact Riemannian
manifold of dimension n with nonnegative Ricci curvature is said to have
maximum volume growth if V;(r) > Cr™ for some positive constant C
for all x and r. A result in [38] states that the Busemann function on
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a complete noncompact manifold with nonnegative Ricci curvature and
with maximum volume growth is an exhaustion function. Using this,
we prove as a corollary to Theorem 0.4 that a complete noncompact
Kahler manifold with nonnegative holomorphic bisectional curvature
and maximum volume growth is Stein. Here we assume neither that
the holomorphic bisectional curvature is positive, which implies that
the Busemann function is strictly plurisubharmonic, nor any curvature
decay conditions as in [6]. We also prove the Steinness for the case that
the manifold has a pole. This answers a question raised in [46, page
255] affirmatively. Recall that a Riemannian manifold is said to have a
pole if there is a point p in the manifold such that the exponential map
at p is a diffeomorphism.

To study M’ (or M in Theorem 0.4(ii)) further, we obtain the fol-
lowing (see Theorem 4.3):

Theorem 0.5. Let M™ be a complete noncompact Kdhler mani-
fold with nonnegative holomorphic bisectional curvature. Assume that
M supports a smooth strictly plurisubharmonic function u on M with
bounded gradient.

(i) If M is simply connected, then M = C* x My x My isometrically
and holomorphically for some £ > 0, where My and Ms are com-
plete noncompact Kahler manifold with nonnegative holomorphic
bisectional curvature such that any polynomial growth holomor-
phic function on M is independent of the factor Ms, and any
linear growth holomorphic function is independent of the factors
Mi and My. Moreover, My supports a strictly plurisubharmonic
function of logarithmic growth and satisfies (FCD) and (VG,), for
any a < k+ 1, where k = dim¢ M;.

(ii) Suppose the holomorphic bisectional curvature of M is positive at
some point, then either M has no nonconstant polynomial growth
holomorphic function or M itself satisfies (FCD) and (VG,), for
any a < m—+ 1.

There is an open question on whether the ring of polynomial growth
holomorphic functions on a complete noncompact Kéhler manifold with
nonnegative curvature is finitely generated, see [52, p. 391]. By The-
orems 0.4 and 0.5, in order to study polynomial growth holomorphic
functions on a manifold with nonnegative holomorphic bisectional cur-
vature which is either simply connected or has positive holomorphic bi-
sectional curvature at some point, we may assume that M satisfies the
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fast curvature decay condition (FCD) and the volume growth condition
(VG,) for any a < m + 1.

Together with the L? estimates [18] and the mean value inequality
[25] Theorems 0.4 and 0.5 also imply that a simply connected com-
plete noncompact Kéahler manifold M with nonnegative holomorphic
bisectional curvature supports many nontrivial holomorphic functions.
Namely, M is a product of a compact Hermitian symmetric manifold,
a complex Euclidean space, a complete manifold Ms and a complete
manifold M; such that each point of My has local coordinate functions
which are the restriction of global holomorphic functions with expo-
nential growth of order < 1 in the sense of Hadamard, and each point
M has local coordinate functions which are the restriction of global
holomorphic functions with polynomial growth.

The results in the theorems on the decay rate of the average of the
scalar curvature are related to the work of Shi [39] on the long time
existence of the Kéhler-Ricci flow, see also [51]. Theorems 0.4 and 0.5
also imply some uniformization type results when the volume growth
of the manifold is small, see Corollary 4.3. Namely a simply-connected
complete Kahler manifold with nonnegative bisectional curvature and
slow volume growth is biholomorphic to the product of the complex line
with a compact Hermitian symmetric manifold.

Next we shall study Kéahler manifolds with nonnegative holomorphic
bisectional curvature whose Busemann functions are exhaustion func-
tions. We also assume that the universal cover of the manifold does not
contain de Rham Euclidean factors. This class of manifolds contains
manifolds which have nonnegative sectional curvature outside a com-
pact set and positive Ricci curvature somewhere. Without assuming
that the manifold is simply connected, one can describe the structure
of M in a rather explicit way, see Theorem 5.1.

Theorem 0.6. Let M be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature such that the Buse-
mann function is an exhaustion fungion. Suppose the universal cover
M has no Euclidean factor. Then M = N x L where N is a compact
Hermitian symmetric manifold and L is Stein. Moreover, M is a holo-
morphic and Riemannian fibre bundle with fibre N over a Stein manifold
M with nonnegative holomorphic bisectional curvature such that M is
covered by L.

Using this structure result, Fangyang Zheng [54] proves that if in
addition that M has nonnegative sectional curvature everywhere, M is
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in fact simply-connected and M = N x L, where N is compact L is
a Stein manifold and is diffeomorphic to R? where | = dim¢ L. From
this, one can prove that a complete noncompact Kahler manifold with
nonnegative sectional curvature is a holomorphic and Riemannian fibre
bundle over C*/T" for some discrete subgroup of the holomorphic isom-
etry group of C*, with fibre N x L with the structures as above. The
authors are grateful to Fangyang Zheng for allowing us to include his
results and proofs in this work, see Theorem 5.2 and Corollary 5.1.

The results are motivated by the work of Takayama [43], where
he proved that if M is a complete noncompact Kéhler manifold with
nonnegative holomorphic bisectional curvature and negative canonical
line bundle and if M supports a continuous plurisubharmonic exhaus-
tion function, then M has a structure of holomorphic fibre bundle over
a Stein manifold whose fibre is biholomorphic to some compact Her-
mitian symmetric manifold. Obviously, our assumptions are stronger.
However, in Theorem 0.6, the structure of the manifold is described
more explicitly. Moreover, our proof is rather elementary and does not
appeal to the result of [29] for example.

Finally, the methods of our study on the heat equation and the
maximum principle can be applied to obtain the following result which
is related Theorem 0.4 and in particular to the condition (FCD).

Theorem 0.7. Let M be a complete noncompact Kdahler manifold
with nonnegative holomorphic bisectional curvature. Then M 1is flat if

/T s ( R(y) dy> ds = o(logr)
0 Bo(s)

lim inf [exp (—ar2)/ R2
Bo(r)

provided that

< 00
7 —00

for some a > 0. where R is the scalar curvature of M.

For previous results in this direction, see [30, 32, 34, 6]. One of the
main ideas is to solve the Poincaré-Lelong equation under rather weak
conditions and then apply Theorem 0.2. The solution of the Poincaré-
Lelong equation may have independent interest. See previous works
[30, 34] on this problem.

Recently, Wu and Zheng [47]-[48] prove some interesting splitting
results on Kéhler manifolds with nonnegative or with nonpositive holo-
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morphic bisectional curvature in terms of the rank of the Ricci tensor.
In their works, the metric is assumed to be real analytic.

We organize the paper as follows: in §1 we study the solution of the
heat equation; in §2 a maximum principle for Hermitian symmetric (1,1)
tensor is given; we then apply the results to study the solution of the
heat flow with continuous plurisubharmonic initial data in §3, a Liouville
theorem for plurisubharmonic functions is also proved there; in §4-86,
we shall discuss the structure of Kéahler manifolds with nonnegative
holomorphic bisectional curvature; a solution to the Poincaré-Lelong
equation will also be given in §6.

The authors would like to thank Professors Laszlo Lempert, Hing
Sun Luk, Shigeharu Takayama, Hung-Hsi Wu and Fangyang Zheng for
some useful discussions. They also would like to thank Professors Peter
Li and Richard Schoen for their interest in this work.

1. Preliminary results

In this section, we shall derive some basic results on the solutions to
the heat equation on a complete noncompact manifold with nonnegative
Ricci curvature. These results will be used in later sections regularly.
Specifically, we shall show that the Cauchy problem (1.6), which shall be
defined in the following, can be solved, where only the average growth
rate of the initial data over geodesic balls is assumed. This condition is
useful in applications because in many cases a continuous plurisubhar-
monic function can only be approximated by a smooth function without
point-wise estimations on the norms of the complex Hessians. However,
Lemma 1.6 below shows that they can be estimated in the average sense.
Corollary 1.1 and Lemma 1.4 will be used to keep track of the behaviors
of the functions which approximate the Busemann function through the
heat flow. These are important in the study of the structures of the
manifolds.

We always assume that M" is a complete noncompact Riemannian
manifold with nonnegative Ricci curvature within this section. Let
H(z,y,t) be the heat kernel of M and let o € M be a fixed point.
Denote the average of a function f over B,(r) by wa(r) f. In this work,
we shall make extensive uses of the fundamental work on the heat ker-
nel estimates of Li and Yau [27]. We start with a LP-estimate on the
nonnegative solution to the heat equation.
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Lemma 1.1. Let f > 0 be a function on a complete noncompact
Riemannian manifold M™ with nonnegative Ricci curvature and let

ul, 1) = /M H(xy. 1) (y)dy.

Assume that u is defined on M x [0,T] for some T > 0 and that for
0<t<T,

: r
(1.1) rlirgoexp <_20t> /BO(T) f=0.

Then for any r> >t >0, andp > 1,

Proof. For any p > 1 and r > /¢,

(1.2) /BO(T) up(x,t)dac:/Bo(r) </MH(x,y,t)f(y)dy)pdx
p
< C(p) [ / » ( / » H(x,y,wf(y)dy) ds
</ » ( /M\BDW) H(x,y7t>f<y>dy>pdx].

Now for = € B,(r) and y ¢ B,(4r), we have r(x,y) > 3/4r(y). By the
estimates of the heat kernel of Li and Yau [27, p. 176], we have:
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(1.3)

/ H(w,y,0)f (y)dy
M\ Bo(4r)

<[ i () oo () s
ST (’”Df)n/M\Bo oo () s
v(%%)(b%f) ( 18; </aB >

o (5 [ool) ()4

S10Vo(\/i> Vit
<ai(%) 5}) (fB f)a

\/ /_\ A
w‘c“’m
N———

. o s 2n 82
< Cyt™ — -
= /4r <\/E) P ( 10t B
oo 2
< Cst! / exp (—S> S][ fds
N 4r 20t Bo(s)

for some constants C1-C5 depending only on n. Here we have used the
volume comparison and the assumption (1.1) when we perform integra-
tion by parts in the fifth inequality.

On the other hand, by Holder inequality and the fact that

/ H(z,y,t)dy =1,
M

we have

( / H(z,y,wf(y)dy) < / H(z,y,1) f7(y)dy
Bo(4r) Bo(4r)
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Hence

P
(1.4) L$A1%mewﬁﬂmw>¢v
T P(\dy dx
s/m/mg«mv@y
< /f () ( ff(x,y,t>dx> dy
B, (4r) Bo(r)

P(y)dy.
s@wf@y

The lemma follows from (1.2)—(1.4). q.e.d.

Let u be a continuous function on M such that
(1.5) 7[ lu|(z) dz < exp(ar® +b)
Bo(r)

for some positive constant a > 0 and b > 0. Consider the following
initial value problem

(1.6) {(A — %) v(z,t) =0

Lemma 1.2. The initial value problem (1.6) has a solution on M x

[0, Hla]' Moreover, for (z,t) € M x (0, ﬁ],

MMFAﬁWWMW%

where H(x,y,t) is the heat kernel of M

Proof. For j > 1, let 0 < ¢; < 1 be a smooth cutoff function such
that ¢; = 1 on B,(j) and ¢; = 0 on B,(2j). Let uj = ¢ju. Then u;
is continuous with compact support. Hence one can solve (1.6) with
initial value u; for all time. The solution v; is given by

(1.7) mm#Agmwmww

469
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for (z,t) € M x (0,00). By Lemma 1.1, for any 0 < ¢ < - and for any

r >/,
(1.8)

Lowlensf ([ #apomim)
Bo(r) zE€Bo(r) M
Foowleet [Cen (- )of u
ui| +t / exp <—) s][ u;|ds
Bo(r) 4r 20t) " Jp,s)
][ |u|+ebt_1/ooe p( i —|—a82)sds
. S L
Bo(r) 4r 20t
Cue |exp(16ar?) + [ =) g
< - .
< Cse [exp( 6ar )—i—[lr exp( 40t> (t)}

< Oyeb (exp(lﬁar2) +1)

<C;

< Oy

where C — C4 are constants depending only on n. Since |v;| are sub-
solutions of the heat equation and |u;| < |u|, by [26, Theorem 1.2] and
(1.7) for R? > 1/(40a), we have that

(1.9) sup lvj] < Cs

Bo(1R)x[0,5-]

 T0a Bo(R)

exp(16aR? + b) + sup ]u]

for some constant C5 depending only on n. From this, it is easy to

see that after passing to a subsequence, v; together their derivatives

converge uniformly on compact sets on M x (0, ﬁ] to a solution v of

the heat equation. Moreover, for any (z,t) € M x (0, 3], as in (1.3)
we have

‘/M H(z,y,t)u(y)dy — v;(z, t)‘ = ‘/M H(z,y,t) (u(y) — ui(y)) dy‘

< / H(z,y,t)|ul(y)dy
M\ Bo(j)

00 32
< - d
< C@/j exp ( 20t> 57{930(8) lu|ds

0 52 52
ol -2

; a0t) "\t

< C /Ooe —i d
S Gg é Xp 407— T
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for some positive constant Cs. Here we have used the Harnack inequality
[27, p. 168], the assumption (1.5) on u and the fact that ¢ < ﬁ. Hence
it is easy to see that

mwzﬂHmmmwy

and v(z,0) = u(x). q.e.d.

In the next lemma, we shall obtain an estimate of the growth rate
of v(x,t) for fixed ¢ in terms of the growth rate of w.

Lemma 1.3. Let u and v be as in Lemma 1.2. Then for any 1 >

e > 0, there exists a constant C = C(n,€,a,b) depending only on n, e,
1

a and b, and there exists 55, > To > 0 depending only on a and €, such

that for all x € M x (0, Ty] with r*(x) > Ty,

M%ﬁ—é()ﬂ%%ﬁ@ﬂyéCWamw

where r = r(x).

Proof. Let x € M and let r = r(z). It is easy to see that for s > er

f’rww@saf il (y) dy
By (s) Bo((14+€71)s)

for some constant C'; depending only on n and e. Hence if Ty > 0 is
small enough, depending only on € and a, then for 0 < t < Ty, as before
by [27, p. 176] we have

[ G0l
M\ Bg(er)

<o [, oo (55) ([ o) o (7)
= /OO (%)nexp <_Zi) (7[0<(1+e—1>s> u dy) ! <S:>
o (ol G re )

< Cy

for some constants Co, C5 C4 depending only on n, €, a and b. From
this the lemma follows. q.e.d.

471
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Corollary 1.1. With the same assumptions and notations as in
Lemma 1.3, let C(n,€e,a,b) be the constant in the lemma. Then for
x € M with r = r(xz) > /To such that w > 0 on Bg(er), then for any
0<t< Ty

—C(n,€e,a,b) + C1 inf u<wv(x,t) <C(n,e,a,b)+ sup u
Bz (er) Bg(er)

for some positive constant C1 depending only on n and €.

Proof. By Lemma 1.3, since [,, H(x,y,t)dy = 1, we have

oe.t) < Cln,e,a,b) + / H(,y, t)uly) dy
By (er)

< C(n,€e,a,b) + sup u.
By (er)

On the other hand, by the lower bound estimate of the heat kernel of
Li-Yau [27, p. 182] and Lemma 1.3, we have that

o(et) > —Cln,e,a,b) + / H(z,y, t)uly) dy
By (er)

Cy / < r2(:c,y))
> —C(n,e,a,b) + exp | — u(y) d
| PV Joiens s )

CSVx(E\/E) .
> —C(n,e,a,b) + ————= inf u
( ) Va(Vt)  Baler)

> —C(n,€,a,b) +Cy inf u
Bg(er)

for some positive constants Co—C4 depending only on n and e. The
proof of the corollary is completed. q.e.d.

Suppose u is Lipschitz, so that |u(z) — u(y)| < Br(x,y), then v is
defined for all ¢. We have the following.

Lemma 1.4. Suppose u is Lipschitz so that |u(x) —u(y)| < Br(z,y)
forallx, y € M and let v be the solution of the heat equation with initial
value u obtained in Lemma 1.2. Then for all t > 0,

sup [Vo(z, )] < 6.
xeM

Proof. By [12, Proposition 2.1], for any ¢ > 0, there is a smooth
function wu; such that sup,, |Vu;| < 8+i~! and sup,, |u; —u| <i~'. By
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Lemma 1.2, we can solve the initial value problem for the heat equation
with initial value u;. Denote the solution by v;, which is defined for all
t. Moreover,

o — vyl (2,1) < /M H D) — wi(y)ldy < i

In particular, for x € M and t > 0, after passing to a subsequence if
necessary,

(1.10) lim |Vv;|(z,t) = |Vv|(z, t).

However, using a more general version of [26, Proposition 2.4], see
Lemma 1.5 below, we have

(1.11) sup | Vg (z,t) < sup |Vu;| < g +i L.
M M
The lemma follows from (1.10) and (1.11). q.e.d.

Lemma 1.5. Let M be a complete noncompact Riemannian man-
ifold with nonnegative Ricci curvature. Let u be a smooth function on
M with bounded gradient and let v be the solution of the heat equation
initial value w. Then for any t > 0

sup V(- )] < sup|Vul.
M M

Proof. For any T > 0, by Lemma 1.3, since |u| is of linear growth,
we have
vz, t)] < C1 (r(x) +1)

for some Cy for all (z,t) € M x [0,7]. On the other hand, using the
fact that (A — %) v? = 2|Vv|?, and using a suitable cut off function,

one can obtain
T
r_2/ / v2dxdt + / uldx
0 0(27) o (21)

T
/ / IVol?dadt < Cig
0 o(T)
T
/ / exp (—7"2(33)) \Vo2dzdt < co.
o Jum

and so

Combining with the fact that |Vo| is a subsolution of the heat equa-
tion, the lemma follows from the maximum principle in [20] or [36,
Theorem 1.2]. q.e.d.
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Lemma 1.6. Let M"™ be a complete Riemannian manifold with non-
negative Ricci curvature. Assume that g(x) is a smooth function satis-

fying
(1.12) Ag=>f

for some continuous function f(x). Assume that f > —a for some a > 0
and there exists a monotone nondecreasing function k(r) such that

(1.13) g(z) < k(r(z)).

Then

(1.14) /05’”5 (ﬁ » f+() dy> ds < C(n) (k:(5r) —g(0) + 225arz>

where fi = max{f,0}. In particular,
(1.15) 7"27[ f+ < C(n) (k(20r) — g(o0) + 50&7’2) .
Bo(r)

Proof. Let My = M x R and let g1(z,t) = g(z) + 3at® for (z,t) €
M x R. Then Ay, g1 > 0. By Theorem 2.1 of [34], we have

C(”)/ s (7[ AM191> ds < sup g—gi(or)
0 Bol(s) 301(57")

2%
< sup g+ —-ar” —g(o)
Bo(57) 2

for some positive constant C'(n) depending only on n. Here o; = (0,0)
and By, (s) is the geodesic ball in M; with center at 0; and radius s. The
lemma follows from the fact that Ay, 91 = Ag+a > f4 and Lemma 1.1
in [34]. q.e.d.

2. A maximum principle for tensors

In this section, we always assume that M ™ is a complete noncompact
Kéhler manifold of complex dimension m (real dimension n = 2m). We
denote the Kéhler metric by g,3. We want to establish a maximum
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principle for Hermitian symmetric (1, 1) tensor n satisfying the complex
Lichnerowicz heat equation:

0 1
(2.1) <8t - A) s = gaysTap — 5 (Rypmys + Rysiig) -

Assume 7(z,t) is defined on M x [0,7] for some T' > 0. We also
assume that there exists a constant a > 0 such that

(2.2) / In]|(x,0) exp (—arQ(:n)) dr < 00
M
and
T
(2.3) lim inf/ / 1% (x,t) exp (—ar2(x)) dx dt < oo.
=00 Jo JBo(r)

Here [|n|| is the norm of 7, 5 with respect to the Kihler metric. By (2.2),
we have

(2.4) [ i, 0)do < explar®) - 5
Bo(r)

where S = [}, In]|(z,0) exp (—ar?(z)) da.
In the following, we always arrange the eigenvalues of 1 at a point
in the ascending order.
Before we state our result, let us first fix some notations. Let ¢ :
[0,00) — [0,1] be a smooth function so that ¢ =1 on [0,1] and ¢ =0
n [2,00). For any o € M and R > 0, let ¢, g be the function on M

defined by
r(x,x
Puo,r(T) = <(RO)) :

Let f., r be the solution of

0
Z A - _
(5-2)r=-1
with initial value ¢, r. Then f;, g is defined for all ¢ and is positive
and bounded for ¢ > 0. In fact

Fonr(ast) = et /M H (@, . ) a1 (y)dy.

We shall establish the following maximum principle.
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Theorem 2.1. Let M be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. Let n(x,t) be a
Hermitian symmetric (1,1) tensor satisfying (2.1) on M x [0,T] with
0<T< ﬁ such that ||n|| satisfies (2.2) and (2.3). Suppose at t = 0,
Nag = —bg,p for some constant b > 0. Then there exists 0 < Ty < T
depending only on T and a so that the following are true:

() Mapg(@,t) > —bg,z(z) for all (x,t) € M x [0, Tp].

(ii) For any Ty > t' > 0, suppose there is a point ' in M™ and there
exist constants v > 0 and R > 0 such that the sum of the first k
eigenvalues A1, ..., A, of 0,5 satisfies

A+ A > —kb+ vkog g

for all x at time t'. Then for allt > t' and for all x € M, the sum
of the first k eigenvalues of n,5(z,t) satisfies

A+ A 2> _kb+kax’,R(l'at_t,)'

Remark 2.1. It is well-known that the maximum principle for the
heat equation is not true in general. The assumption of (2.3) type is
the weakest and has been appeared for the scalar heat equation in [20],
[36]. From this consideration, (2.3) is necessary. Also (2.2) in a sense
ensures the solvability of the Cauchy problem of (2.1). Therefore, it is
a reasonable assumption.

To prove the theorem, we begin with some lemmas. By Lemma 1.2
and (2.4), if we let

W, 1) = /M (., Dl (4. 0) dy,

then h(z,t) is a solution of the heat equation defined on M x [0, ;-]
with initial value ||n||. In the following T always denotes a constant
depending only on a and satisfying 1" > Ty > 0. However, it may vary
from line to line.

Lemma 2.1. Let M™ be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. Let n be a Her-
mitian symmetric (1,1) tensor satisfying (2.1) on M x [0,T]. Then
|| (z,t) is a sub-solution of the heat equation. Moreover, if n also sat-
isfies (2.2) and (2.3), then there exists T > Tp > 0 depending only on a
such that ||n||(z,t) < h(z,t) in M x [0,Tp).
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Proof. The first part is direct calculation. In fact using (2.1) one
has

0
<A — 875) ||77||2 = ||77a68||2 + ||n0/65||2 + 2R011777p577551 — 2Raﬁp(jnﬁqn&ﬁ

I I

> ||77a55 + ||T]ozB§

Combining with the observation
2IV[0ll1* < 1nagsl® + 1785

we have that (A — %) ln]| > 0.

Since F' = ||n|| — h is also a subsolution of the heat equation, the
second conclusion follows from (2.3) and the proof of Theorem 1.2 of
[36] because the positive part of F' is less than or equal to ||n||. q.e.d.

I

For any 7o > ry, let Ay(r1,7r2) denote the annulus B,(r2) \ Bo(r1)-
For any R > 0, let o be a cut-off function which is 1 on AO(%7 4R) and
0 outside Ao(g, 8R). We define

ha(e.t) = /M H(x,y. )or(y)|In]|(4.0)dy

Then hp satisfies the heat equation with initial data og||n||.

Lemma 2.2. Under the assumption (2.2) on n, there exists Ty > 0
depending only on a such that the following are true:

(i) There exists a function T = 7(r) > 0 with lim, . 7(r) = 0 such
that for all R > max{y/Ty,1} and for all (z,t) € A,(%,2R) x
[07T0])

h(z,t) < hg(z,t) + 7(R).

(ii) For anyr >0,

lim sup hr=0.
R—00 B, (r)x[0,T0]

Proof. Note that h is defined on M x [0, 4.%&], the first condition on
Ty is that Ty < 5.

(i) Suppose R? > max{Tp,1}, where Ty will be chosen later. For
0 <t < Ty, by the definition of A and hr, we have

(25)  B(et) < hale,t) + /M\B( o G0l 0,0y
# [ Bl )iy

4
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For z € A,(%,2R) and y € B,(%), r(z,y
C(m)V,(R) for some constant C'(m) > 0 b
Hence if z € 4,(%,2R), using (2.4), [27, p.

we have

) > % Moreover, V,(R) >
vy the volume comparison.
176] and volume comparison

(2.6) / H (. )]y, 0)dy

E
4

< s Hat) [ all.0)dy

yEB, (&) Bo(%)
Cl < T2(‘T’y)> /
< sup exp [ ———= [n1(y,0) dy
Ve(V1) yep, () St/ I

< Ca R 2mex R? +@ .S
= V,(R) \V& P\ 7100t " 16 ’

for some constants C, Cy depending only on m. On the other hand,
since € B,(2R), then as in the proof of (1.3), if Ty is small enough
depending only on a, we have for 0 <t < Tj

2.7) / H(z,y,0)|In]](y,0) dy
M\B,(4R)

o) 82) f
exp|—— s n||(y,0)ds
[ e (-5 [ w0
o0 2 2
s 9 s
< _ -
< (4S8 4Rexp( 40t+as>d<t>

< CyS /“}RZ exp <_80<) d¢
0

where C3—Cy are constants depending only on m, provided Tp is small
enough depending only on a. Here we have used (2.4) and the fact
t <Tp. From (2.5)-(2.7), (i) follows.

< st~ !

(ii) For r > 0 fixed, if Ty is small enough depending only on a and
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(x,t) € By(r) x (0,Tp], for R >> r, as before we have

ha(e,t) < / H(z,y, 1)1l (v, 0)dy
M\B,(£

[e.e] 82
< —_
< Csé exp ( 10075) 7{30(5) [1n]](y,0)ds

00 82 9
< (9S v d
<5 [ (g o)

for some constants Cg and Cgy depending only on m. From this (ii)
follows. q.e.d.

Now we are ready to prove Theorem 2.1.

Proof of Theorem 2.1. We only prove (ii) by assuming (i) is true.
The proof of (i) is similar. Without loss of generality we assume that
t' = 0. Let T > Ty > 0 be small enough so that Lemmas 2.1, 2.2 are
true. Ty depends only on 7" and a. By Lemma 1.2 and Corollary 1.1,
we can find a solution ¢(z,t),

(2.8) <§t - A) b=

such that ¢(x,t) > exp(c(r?(x) + 1)) for some ¢ > 0 for all 0 < ¢t < T.
For example, let ¢(z,t) = € [,, H(z,y, t)h(y)dy with h(y) > exp(c'r?)
for some ¢ > 0.

Assume at t = 0, there exist g € M, v > 0 and R > 0 such that
the first k eigenvalues A1, ..., A of 1,5 satisfy

for all x at time ¢ = 0. For simplicity, let us assume that v = 1.
By Lemma 2.1 and Lemma 2.2(i)

(2.9) M0l (2, 1) < h(2,t) < hg(x,t) +7(R)

for all (z,t) € 0B,(R) x [0, Tp], where 7(R) > 0 is a constant depending
only on R and 7(R) — 0 as R — oc.

Let € > 0, for any R > 0, define ©» = —f + € + hr + 7(R) + b,
where hp is the function defined above and f(z,t) = fy, r(x,t). Let
(UR)aB = Toj t VYa5, Where g,5 is the metric tensor of M. Then at
t = 0, at each point the sum of the first k eigenvalues of ng is positive.
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We want to prove that for any T7p > ¢t > 0 and R > 0, the sum of the
first k eigenvalues of ng in B,(R) x [0, Tp] is positive, provided R is large
enough.

Let R be large enough so that e¢p — f > 0 outside B,(R). Then by
the definition of ¢ and (2.9), (nr),z is positive definite on 9B,(R) x
[0, Th] U B,(R) x {0} and hence it is positive definite in a neighborhood
of this set. Suppose there exists (z,t) € B,(R) x [0,Tp] such that the
sum of the first k eigenvalues of (nr),z is negative, then there exists
0 < t; < Ty and a point 1 € B,(R) such that the sum of the first
k eigenvalues of ngr at x1 at time ¢ is zero but the sum of the first k
eigenvalues of ng at any point (z,t) € Bo(R) x [0,%1) is positive.

Let us fix the notations. Suppose vy, ..., v, are unit eigenvectors of
nr at (x1,t1), with eigenvalues \y < A9 < -+ < )\, We may choose
normal coordinates at z; such that v; = % at x1. In particular, if
we write v; = v;‘%, we have U;‘ = 0q; at x1. Note that the sum
of the first k eigenvalues of a Hermitian form is the infimum of the

traces of the form restricted to k-dimensional subspaces. Therefore
Z’; 51 (gaﬁ(ﬁR)aﬁ) > 0 for all (z,t) with t < ¢; and equals to zero

at (z1,t1). Since npg is positive definite in a neighborhood of 0B,(R) x
[0, Tp], we conclude that x; is an interior point on B,(R).

Hence at (x1,t1), we have

k

(2.10) 0> <§t - A> > 1R)ape™

a76:1

From now on repeated indices mean summation from 1 to m if there is
no specification. Now

k _ k _
2 g X o) = X () 5

a7/8:1 a,ﬁ:l
Also at (x1,t1), we have

k k

(2.12) Al D R)age™ | = D (Ar)ag) 9°°.

a7B:1 a7B:1
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By (2.10)-(2.12) and (2.1), at (z1,t1) we have,

k

1
(2.13) 0> > [ng (15 + ¥9,5) = 5 Bap (5 + ¥9,5)
a,f=1

1 «
— 513 (Mg + ¥ gap) } g*?

i 0
a,f=1

1 1
+ §¢Raﬁgpﬁ + QwRaﬁgpﬁ> gaﬁ'

Since at (x1,t1), n has eigenvectors v, = 8%,,, for 1 < p < m, with
eigenvalue A\,

1
(2.14) 3 [ng (15 + ¥9,5) = 5 Rap (15 + ¥9,5)

where we have used that fact that M has nonnegative bisectional cur-
vature, and Ay > A\, for v > . Also by (2.8), the definition of f and
the fact that (% — A) hr = 0, we have

(2.15) [(;—A) ¢] = f+ep>0.
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Moreover

1 1 .

From (2.13)—(2.16), we have a contradiction. Hence the sum of the first
k eigenvalues of npr is nonnegative for all (z,t) € B,(R) x (0,Tp]. In
particular, if » > 0 is fixed then the sum of the first k£ eigenvalues of
nr is nonnegative for all (x,t) € By(r) x (0,Tp]. Let R — oo, using
Lemma 2.2, we conclude that the sum of the first k eigenvalues of

na5($7t) + (= f(z,1) + ed(z,t) + b) ga@(‘rvt)

is nonnegative on B,(r) x [0, Tp] and hence on M x [0,Tp]. Let € — 0,
we conclude that the sum of the first k eigenvalues of 7,5(z,t) must be
larger than or equal to —kb+ kf(z,t), for 0 < t < Ty and for all z € M.

q.e.d.

From Theorem 2.1, applying the argument of [17] we have the fol-
lowing corollary.

Corollary 2.1. Let M andn be as in Theorem 2.1 with b = 0. That
is n(x,0) >0 for allx € M. Let Ty > 0 be such that the conclusions of
the theorem is true. For 0 <t < Ty, let

K(z,t) = {w e TLO(M)| Nop(T, )w® = 0, for all B}

be the null space of n,5(w,t). Then there exists 0 < Ty < Ty such that
for any 0 < t < Ty, K(z,t) is a distribution on M. Moreover the dis-
tribution is invariant under parallel translations. In particular, if M
1s simply-connected, then M = M; X My isometrically and holomor-
phically, where KC corresponds the tangent space of Mi, (n,5(z,t)) >0
on My x (0,11). Both My and My are complete Kdhler manifolds with
nonnegative bisectional curvature.

Proof. By Theorem 2.1, n(z,t) > 0 on M x [0,Ty). By Theorem
2.1(ii), we conclude that if dim K(zg,t9) < k for some z¢p € M and
0 <ty < Tp then dimK(z,t) < k for all z € M and ¢ > ty. It is easy
to see that there exists 0 < T} < T such that dim K(x,t) is constant on
M % (0,T7). Hence for each 0 < t < T, K(z,t) is a smooth distribution
on M. It remains to prove that the distribution is parallel for fixed t.
We can proceed as in [17, Lemma 8.2].

Fix 0 < tg < T1, let &9 € M and let wy € K(xg,t9). Let v(7)
be a smooth curve from xy and let w(7) be the vector field obtained
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by parallel translation along 7. We want to prove that w(7) is also in
the null space KC(v(7),t0) at (7). Since the argument is local, we may
assume that one can extend w to be a vector field in a neighborhood
of (1), and then extend w to be a vector field independent of time t.
Now, projecting w onto K(x,t), we have a vector field v such that v is
in K(xz,t) for all x in a neighborhood of v and for all . The following
computations are performed in a neighborhood of ~.

Since
(2.17) NogV" =0
for all 3, we have
o _
= — %8
(2.18) 0 5 (naﬁv v )

0 — oV — vl
B <at"aﬂ> VP s T v "

o _
= —=n_z|v%0
<8tnaﬁ>v v

where we have used (2.17). Choosing a unitary frame eg at a point y(7),
we have

(2.19) 0=A (nagv%?)
1 _
= 5 (V¥ + VsV,) (n0°07)
= (AT]aB) UOAU*B - nangvavsviﬁ - nagvs'l)aVy)?
where we have used (2.17) so that
(Vstag) v* = =11a5Vs0®, (Vsilgg) v* = —11,5Vs0"

and their complex conjugates.
Combining with (2.1), (2.18), (2.19), we have

(2.20) 0= Rygagnstv®v? + 21,5Vs0" V0P + 21,5V 0" V0P
We may choose e so that at a point 7, = asds. Then
RthéBnSEvaviﬁ = ngaﬁasvaviﬁ = asRssp5 > 0

because as; > 0 and M has nonnegative bisectional curvature. Hence
(2.20) and the fact that n > 0 imply that Vv and Vv are in the null

space KC(y(7), to).



484 L. NI & L.-F. TAM

Since w(r) is parallel along v(7), and w = v 4+ w*, where w' is

perpendicular to K(y(7),to), we have

Hence

which is in .
Now

d D D
E(wﬂwﬂ = <d7_wL,wJ‘> + <wJ‘, d7_wJ‘> =0
because d%wL is in K and w' is perpendicular to K. At v(0) = o,

w = vy and so w' = 0 at ¥(0). Hence w* = 0 for all 7 and so w is in
IC. The last statement follows from the De Rham decomposition. g.e.d.

Remark 2.2. Given the work [17] of Hamilton, the main difficulty
for noncompact manifolds in the proof of Corollary 2.1 is to obtain
the maximum principle Theorem 2.1. In particular, it can be proved
more easily if we assume that 7 is bounded. In [1], results similar to
the corollary are obtained independently for the case that n = Ric for
the Kéhler-Ricci flow in a complete noncompact Kéhler manifolds with
bounded nonnegative holomorphic bisectional curvature. However, it
seems that a maximum principle is still needed in this case.

3. C°°-approximation to continuous plurisubharmonic
functions

In [12], it was proved that on a complete noncompact Kéhler man-
ifold a continuous strictly plurisubharmonic function can be approx-
imated uniformly by C* strictly plurisubharmonic functions. If the
function is only plurisubharmonic, then it can be approximated uni-
formly by C'*° functions whose complex Hessian are close to being non-
negative, see Lemma 3.2 below. In general, it seems unlikely that a
continuous plurisubharmonic function can be approximated by C°°-
plurisubharmonic functions. However, in this section, we shall show
that this can be done by the solution to the heat equation if the Kéhler
manifold has nonnegative holomorphic bisectional curvature, provided
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the continuous plurisubharmonic function satisfies a mild growth con-
dition. Actually, we shall prove more in Theorem 3.1.

Let M be a complete noncompact Kéahler manifold with nonnegative
holomorphic bisectional curvature. Let u be a continuous plurisubhar-
monic function defined on M with growth rate satisfying

(3.1) [ul(z) < Cexp(ar?(z))

for some positive constants a and C. Let v(z,t) be the solution to
the heat equation on M x [0 with initial value u, obtained by
Lemma 1.2.

1
7@]

Theorem 3.1. Let M™, u and v be as above. There exists Ty > 0
depending only on a and there exists Ty > T1 > 0 such that the following
are true:

(i) For 0 <t <Tp, v(-,t) is a smooth plurisubharmonic function.
(ii) Let
K(x,t) = {w e THO(M)| Vog(z, t)w™ = 0, for all 3}

be the null space of v,z(x,t). Then for any 0 <t < Ty, K(z,t) is
a distribution on M. Moreover the distribution is invariant under
parallel translations.

(iii) If the holomorphic bisectional curvature is positive at some point,
then v(z,t) is strictly plurisubharmonic for all 0 < t < T} unless
u 18 pluriharmonic.

As a corollary, we have:

Corollary 3.1. Let M be a complete noncompact Kahler manifold
with nonnegative holomorphic bisectional curvature and let u be a con-
tinuous plurisubharmonic function on M satisfying (3.1). Then there
exist C° plurisubharmonic functions u; such that u; converges to u
uniformly on compact subsets of M. If in addition, the holomorphic
bisectional curvature is positive at some point, then u; can be chosen to
be strictly plurisubharmonic unless u is pluriharmonic.

We shall prove Theorem 3.1 by using the results in §2 together with
aresult in [12]. In order to use the results in §2, we need to the following
estimates.
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Lemma 3.1. Let M™ be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. Let u be a smooth
function satisfying (3.1) and let v be the solution of the heat equation
on M x [0, ﬁ] with initial value u, obtained in Lemma 1.2. Moreover,
assume that there exists 1 > b > 0 such that

(3.2) Ua5(2) = —bg,p5(x)

for allz € M. Let ||p||(z,t) be the norm of v,5(z,t). Then there exists
ﬁ > Ty > 0 depending only on a with the following properties:

(i) There exist constants Cy and Ca, where Co depends only on a such
that
lv(z,t)| < Crexp (Cor’(z)) .

for all (x,t) € M x [0, Tp).

(ii) There exist constants Cs and Cy, where Cy depends only on a such
that

£ 1ll,0) < Crexp (€Car?)
Bo(r)
for all r.

(iii) There exist constants Cs and Cg, where Cg depends only on a such
that

To
/ 7[ 1ol (z, t)dadt < Cs(1 + To) exp (Cor?) .
0 Bo(r)

for all r.

Proof. In the following Ty (ﬁ > Ty > 0) always denote a positive
constant depending only on a, but its exact value may vary from line

to line.

(i) By Lemma 1.3, we conclude that there exists Ty > 0, such that
if r = r(x) > /Ty then

wmmsé H(a y, 0)lul () dy + Cr

r
2

for all (z,t) € M x (0, Tp] for some constant C7 independent of = and t.
Since u satisfies (3.1) and [,, H(z,y,t)dy = 1, it is easy to see that (i)
is true.
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(ii) Let f = Au = gaﬁuag and let f = fi — f_, where fi (f-) is
the positive part (negative part) of f. Let kT (o, s) = jEBO(S) f+. By the
assumption on wu,z, f~ < mb < m. Applying (1.15) of Lemma 1.6 we
have that
(3.3) kT (0,7) < C(n) (exp(100ar?) — u(o) + 50mr?) .

Hence we have

(3.4) k" (0,7) < C11 exp(100ar?)

for some constant C7; independent of r. On the other hand, at a point
z, choose an normal coordinates such that u,3 = Aag,z- Since u,z >
—bg,5 and b < 1, for any «

—-1<-b
< A\a
= Au — Z /\5
B
<f++(m-1)
Therefore,
(3.5) lpll(z) <m (f+(z) + (m —1)).

(ii) follows from (3.4) and (3.5).

(iii) By (i), there exists ;&= > Ty > 0 such that for all (z,t) €
M x (0,Tp), we have

(3.6) lv(z,t)| < Craexp (Cr3r?(x))

for some constants Co independent of x and ¢, and Cy3 depending only
on a. Using Au = f, integrating by parts after multiplying a suitable
cut-off function, one can prove that

/ Wt / ] m]
Bo(2r) Bo(2r)

< Ci5V,(r)

(3.7) / [Vul®> < Cug
Bo(r)

exp(8a7"2) + exp(4ar2)][ \f\]
Bo(2r)

< Ci6Vo(r) exp(C17a7‘2)
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for some constants C14—C1¢ independent of r, and C77 depending only
on a. Here we have used (3.1), (ii) and the fact that | f| < m||p||. Using
the fact that (A — %) v? = 2|Vo|?, and multiplying a suitable cut off

function, one can obtain
To T
(3.8) / ][ ]Vv]z < (g 7’2/ ][ v? —i—][ u?
0 o(T) 0 0(2r) B, (2r)

< C1g(Ty + 1) exp(Caor?)

for some constants C1g — C1g independent of r, and Cyg depending only
on a. Here we have used (3.1) and (3.6). By the Bochner formula,

0
A— — 2 > 92|V20l|2.
( 815) |Vul® > 2|V-0|

Multiplying this inequality by a suitable cutoff function and integrating
by parts, using (3.7) and (3.8) we have

To 1 To
/ ][ V20[2 < Oy 2/ 7[ Vo2 +][ Vul?
0 o(T) ™™ Jo o (2r) o(27)

< CQQ(T() + 1) eXp(C23T2)

for some constants Co; — Cog independent of r, and constant Cs3 de-
pending only on a. From this, (iii) follows. q.e.d.

We are ready to prove Theorem 3.1. We need the following approx-
imation result of Greene-Wu [12, Corollary 2 to Theorem 4.1].

Lemma 3.2 (Greene-Wu). Let u be a continuous plurisubharmonic
function on M. For any b > 0, there is a C* function w such that

(i) Jw—wul <bon M; and
(ii) w,5 > —bg,s on M.

Proof of Theorem 3.1. (i) Let u and v be as in the theorem. Choose
1 > ¢; > 0 such that ¢, — 0 as i — oo. By Lemma 3.2, we can find u;
such that

(3.9) \uz — u] < €;
on M, and

(3.10) (ui)ap = —€igaj



PLURISUBHARMONIC FUNCTIONS 489

on M. Since u satisfies (3.1), each u; also satisfies (3.1). Namely,
(3.11) |uil (z) < ¢ exp(ar®(z))

for some constants ¢; independent of . By Lemma 1.2, we can solve
the heat equation with initial data u; on M x [0, z2-]. The solution is
denoted by v;. By Lemma 3.1, (3.10) and (3.11), there exist a constant
ﬁ > Tp > 0 depending only on a such that

(3.12) ol(.) + [oil 1) < i exp(Crr2(x),
(3.13) £ ll0) < diexp (Cur?).
Bo(r)
and
To
(3.14) / 7[ pi||? (2, t)dzdt < d;(1 + Tp) exp (C17?)
0 o(T)

for some constants d; independent of r and for some constant C7 de-
pending only on a, where ||p;|| is the norm of (v;),5. Here and below,
ﬁ > Ty > 0 always denotes a constant depending only on a, but it
may vary from place to place.

Since the complex Hessian (v;),; satisfies the Lichnerowicz heat
equation (2.1) see [37, Lemma 2.1]. By (3.13), (3.14) and the maxi-
mum principle Theorem 2.1(i), there exists ;& > Ty > 0 such that

(3.15) (Vi)ap(: 1) 2 —€igap(2),

for all (z,t) € M x [0,Tp].

By (3.12), we can apply the maximum principle of [20, 36], to con-
clude that

sup v — ;| < €.
Mx[0,Tp)

Hence passing to a subsequence if necessary v; together with their
derivatives subconverge to v uniformly on compact sets on M x (0, Tp).
By (3.15), we conclude that v,z(z,t) > 0 on M x (0,7p).

(ii) Let Tp be as in (3.15), which is obtained in Theorem 2.1. Let
Ty > to > 0. Suppose there exists a point g € M such that the sum of
the first k eigenvalues of v, 5(wo, o) satisfies

A4+ Mg >0,
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then there exists R > 0 and v > 0 independent of ¢ such that the sum
of the first k eigenvalues of (v;),5(z,to) satisfies:

Ait + o+ A > ky,

on By, (2R). Since (v;),p satisfies (3.15), the sum of the first k eigen-
values of (v;),; satisfies:

Aig+ o+ Nig > —ke + kvog, R

at every point x € M at time tg, where ¢, r is the nonnegative function
as in Theorem 2.1. By Theorem 2.1(ii), for Ty > t > to, the sum of the
first k eigenvalues of (v;),5 at (z,t) satisfies:

/\i,l +- 4+ )‘Nf > —ke; + kame(x, t— tO)-

where fy, g is the function defined in Theorem 2.1. Note that f,, r(x,s)
> 0if s > 0. Let ¢ — oo, we conclude that the sum of the first k
eigenvalues of v, at (z,t) satisfies

M+ > karo,R($7t — to),

Hence we have proved that if there exists a point g € M such that
the sum of the first k eigenvalues of v, (7o, o) is positive, then for all
r € M and t > to, the sum of the first k eigenvalues of v,5(z,1) is
also positive. One can then proceed as in the proof of Corollary 2.1 to
conclude that (ii) is true.

(iii) Suppose M has positive holomorphic bisectional curvature at x.
By the proof of Corollary 2.1, there exists 0 < 17 < Tp such that dim /C
is constant on M x (0,71). For 0 < t < T, suppose dim K(xg,t) > 0.
If dim/(zp,t) < m, then by (ii) locally near zg, M can be split-
ted isometrically as a nontrivial product of two Kéahler manifold with
nonnegative holomorphic bisectional curvature. This is impossible. If
dim K(xg,t) = m, then dimK = m on M x (0,71). This implies that
v(+,t) is pluriharmonic for 0 < ¢t < T3. Since v(z,t) — u(x) uniformly
on compact sets as t — 0, u is smooth and pluriharmonic. Hence if u
is not pluriharmonic, then dim K(zg,t) = 0 and so dim K(z,t) = 0 for
all z. This implies that v(-,¢) is strictly plurisubharmonic. The proof
of the theorem is completed. q.e.d.

Using Theorem 3.1, we shall prove the following Liouville theorem
which will be used to prove a splitting theorem as well as a gap theorem
in Sections 4 and 6.
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Theorem 3.2. Let M be a complete noncompact Kdahler manifold
with nonnegative holomorphic bisectional curvature. Let u be a contin-
wous plurisubharmonic function on M. Suppose that

u(z)

3.16 lim su =0
( ) x_mp logr(x)

Then u must be a constant.
To prove the theorem we need the following lemma.

Lemma 3.3 ([32, Proposition 4.1]). Let M™ be a complete non-
compact Kdahler manifold of complexr dimension m, with nonnegative

Ricci curvature. Let u(z) be a plurisubharmonic function on M satis-
fying (3.16). Then (00u)™ = 0.

Proposition 4.1 stated in [32] is under the assumption that M is
nonparabolic. However, the proof without any changes also works for
general complete Kéhler manifolds with nonnegative Ricci curvature.

Proof of Theorem 3.2. Let M and u satisfy the conditions in Theo-
rem 3.2. Let M be the universal cover of M, then the distance function
in M dominates the distance function in M. Hence M and the lift w of
u also satisfy the conditions in the theorem. Therefore, we may assume
that M is simply connected.

First we let u, = max{u,c}. By the assumption (3.16) it is easy to
see that u. satisfying (3.1) and wu, is plurisubharmonic. Therefore, we
can solve the heat equation with u.(x) as the initial data. Denote the
solution by v, on M X [0, Tp]. By adding a constant we can also assume
that u.(x) > 0. Applying Theorem 3.1(i) to v.(z,t) we conclude that
ve(x,t) is plurisubharmonic. By Theorem 3.1(ii), for any tg > 0 small
enough, M = M; x M, isometrically and holomorphically such that
(Vc)qp is zero when restricted on M and (vc),s is positive everywhere
when restricted on My by the De Rham decomposition (cf. Theorem 8.1,
page 172 of [22]). By Corollary 1.1, we still have

t
(3.17) lim sup ve(@, to)

=0.
t—oo  logr(z)

Hence when restricted on My, (3.17) is still true. This contradicts
Lemma 3.3 and the fact that (v.),s is positive when restricted on M,
unless M = M. Hence (vc),5(z,t0) = 0 on M for all 0 < o small
enough. By the gradient estimate of Cheng-Yau [8] and (3.17) we can
conclude that that v.(x,tg) is a constant, provided ty > 0 is small
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enough. Hence u. is a constant. Since c is arbitrary, it shows that
u(x) is also a constant. q.e.d.

4. Structure of nonnegatively curved Kahler manifolds I

In this and the next section, we shall apply the results in the previ-
ous two sections to study the structure of complete noncompact Kéhler
manifolds with nonnegative sectional or holomorphic bisectional curva-
ture. Let us begin with some lemmas.

Let M™ be a complete noncompact Kéahler manifold with nonneg-
ative holomorphic bisectional curvature. Recall the definition of the
Busemann function at a point o € M, see [5]. Let v be a ray from o
parametrized by arc length. Then the Busemann B, (x) is defined as

B,(x) = lim (s — d(x.(s))
and the Busemann function B is defined as

B(z) = sup B(x)
gl

where the supremum is taken over all rays from o. It is well-known
that B is Lipschitz with Lipschitz constant 1. Since M has nonnegative
holomorphic bisectional curvature, by the result of Wu [45, p. 58], B is a
continuous plurisubharmonic function on M. Let v(z,t) be the solution
of the heat equation with initial value B. Then v is defined for all ¢. We
collect some facts in the follow lemma for easy reference.

Lemma 4.1. With the above assumptions and notations, the fol-
lowing are true:

(i) Foranyt >0, v(-,t) is a smooth plurisubharmonic function. If the
holomorphic bisectional curvature of M is positive at some point,
then v(-,t) is strictly plurisubharmonic, unless B is pluriharmonic.

(ii) For anyt >0,
sup |Vo(-,t)| < 1.
M

(iii) For anyt > 0, v(-,t) grows linearly when restricted on a ray from
o. If in addition, B is an ezhaustion function of M, then v(-,t) is
also an exhaustion function of M for all t > 0.
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(iv) There exists Ty > 0, such that for any 0 < t < Tpy, the null space
K(z,t) C ngl’o)(M) of va5(x,t) is a parallel distribution on M.

Proof. (i) and (iv) are just special cases of Theorem 3.1. Note that
from the proof of Theorem 3.1, (i) is true for any ¢ > 0. (ii) follows
from Lemma 1.4. It remains to prove (iii). Let v be a ray from o and
let = y(r) where r = r(z,0). Then B(z) > B,(z) > r. Since B has
Lipschitz constant 1 we know that B(y) > 1r, for all y € B,(%). By
Corollary 1.1, we know that

U(l‘,t) Z Cl’l“ — 02

for some positive constants C; and C5 independent of x. From this we
conclude that v(-,t) grows linearly on . The second part of (iii) can be
proved similarly. q.e.d.

Recall that M is said to satisfy (VGy) for k& > 0, if there exists a
constant C' > 0 such that

(VGyg) Vo(r) > Cr*

for all » > 1. M is said to satisfy the curvature decay condition (CD) if
there exists a constant C' > 0 such that

C
(CD) R < —
Bo(r) r
for all » > 0. Finally, M is said to satisfy the fast curvature decay
condition (FCD) if there is a constant C' > 0, so that

(FCD) /Or s ( ” )R(:L')dm) ds < C'log(r + 2)

for all » > 0.

Note that if the bisectional curvature is positive at some point, then
B cannot be pluriharmonic, see Theorem 4.1 below.

Using the ideas in [7], we can prove the following.

Lemma 4.2. Let M™ be a complete noncompact Kahler manifold.

(i) Suppose M supports a smooth plurisubharmonic function u which
18 strictly plurisubharmonic at o and suppose u has bounded gradi-
ent. Then M satisfies (VGy,), where m is the complex dimension
of M. If in addition, M has nonnegative Ricci curvature and also
supports a nonconstant holomorphic function of polynomial growth
then M satisfies (VG,) for any a < m + 1.
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(ii) Suppose M has nonnegative Ricci curvature and suppose M sup-
ports a strictly plurisubharmonic function u. If u(x) < C(r(z)+1)
for some constant C, then M satisfies (CD). If u(z) < C'log(r(zx)
+1) for some constant C, then M satisfies (FCD).

Proof. (i) Let w be the Kéhler form of M which is closed. Since
V—100u > 0 and v/—190u > 0 at o, for any r > 1, there exists a smooth
cutoff function 0 < ¢ < 1 such that ¢ = 1 on B,(r) and ¢ = 0 outside
B,(2r) and such that |Vy| < C;/r for some constant C independent
of r and

/ (vV=T00u)" < / o (v/~100u)"
Bo(1)

Bo(2r)
= —m " =10p A du A (V=100u)" "
B, (2r)
< mCs / ™1 (\/—lﬁgu)m_l Aw
r B, (2r)

for some constant Cy independent of r, where we have used the fact
that |Vy| < C1/r and |Vul is bounded. Continuing in this way and
integrating by parts (m — 1) times more, we have

]

r

/Bom (V=109u)™ < m! - ( )m Vi (2r).

Since ddu > 0 at o, it is easy to see that M satisfies (VGy,).

If in addition, M has nonnegative Ricci curvature and supports a
nonconstant polynomial growth holomorphic function f. Let v(z) =
log(|f|? + 1). Then v(z) < C'log(r(z) + 2), and v is plurisubharmonic.

Moreover, 00v is not zero at every point outside a subvariety. Observe
that

(4.1) rzj[ Av(y)dy < Cslog(r + 2)
Bo(r)

by Lemma 1.6 for some constant Cs independent of r. On the other
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hand, using the cut-off function ¢ as above, we have that
(4.2) 0< / (V=108 A (V=105u)™ "
B,(1)

< / o™ (v=108v) A (V_105u)" "
B, (2r)
Cy
— rm—l
< G / Av(y) dy
rm Bo(2r)

for some constants Cy — C5 independent of r. Combining (4.1) and (4.2),
we have that for some positive constant Cg independent of r such that,

V=100v A W™t
Bo(2r)

m+1

r
> _
Vo(r) = Co log(r + 2)

This concludes the proof of (i).

(ii) Let us prove the second statement. Our proof is basically a
simplified version of [7]. Using u as a weight function, by the L? estimate
and Theorem 3.2 of [32], there exists a nontrivial holomorphic section s
of the canonical line bundle Kg (a (n,0) form in terms of Theorem 3.2
of [32]) such that s(0) # 0 and

(4.3) /M ||s]|? exp(—Cru(z)) dz = A < oo

for some constant C7 > 0. Since u(x) < Clog(r(z) + 2), for some
constant C' independent of z, (4.3) implies that

/ Is(2) dy < (R + 1)°
By (R)

for some constant Cg independent of R. It is well-known that ||s||? is
subharmonic, see Lemma 4.2 of [35] for example. By the mean value
inequality of Li-Schoen [25, p. 287], we have that

Isl2() < c<m>f

Il (y) dy
Bo(2r(2))

for some constant C(m) depending only on m. Therefore we have that

Is[|*(x) < (r(z) + 1)
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for some constant Cy independent of x, and so
(4.4) log (||s||*(z) + 1) < Ciplog(r(z) +2)

for some constant Cg independent of . By Lemma 4.2 of [35] again,
for any 1 > € > 0, we have that

(4.5) Alog(||s|*(z) +€) > R(z) - ﬂ
- Is]1* + €

where R is the scalar curvature of M. Applying Lemma 1.6, noticing

that R - ||l||T2”ie > 0, we have that

r EECCEPAYS
(46) A“(ﬂwf“)wwm+ﬂ>d

< C1y log(r + 2) — Cialog(||s]|*(0) + ¢)

for some constants C7; and Cjo independent of r. Since s(o) # 0 by
the construction as one can specify the value of s(0) and since the set
{s = 0} is of measure zero, letting ¢ — 0, the proof of the second
statement in (ii) is completed.

If we only assume that u is of at most linear growth, then using
similar method, instead of (4.6), we have that

T 2 2
[o(f me D 0 arco (- L)
0 Bo() [[s[12(2) + € Is[12(0) + €
for some constant C independent of r. The result follows by letting
€ — 0 as before. q.e.d.

Our first result on the structure of complete Kéhler manifolds with
nonnegative bisectional curvature is a splitting theorem in terms of har-
monic function and holomorphic function. Together with Lemmas 4.1
and 4.2, this theorem will be used from time to time in the rest of this
section.

Theorem 4.1. Let M™ be a complete noncompact Kahler mani-
fold with nonnegative holomorphic bisectional curvature. Suppose f is
a nonconstant harmonic function on M such that

|f ()]

(4.7) li:rcris;ip (2] =0,
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for any € > 0, where r(z) is the distance of x from a fixed point. Then f
must be of linear growth and M splits isometrically as M xR. Moreover
the universal cover M of M splits isometrically and holomorphically as
M’ x C, where M' is a complete Kdihler manifold with nonnegative holo-
morphic bisectional curvature. Suppose that there exists a monconstant
holomorphic function f on M satisfying (4.7). Then M itself splits as
M x C.

We need the following lemmas for the proof of Theorem 4.1.

The first one is a result in [24, Corollary 5]. For the sake of com-
pleteness, we will sketch the proof. It seems that in the proof of this
result, we need to assume that the holomorphic bisectional curvature is
nonnegative.

Lemma 4.3. Let M be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. If f is a harmonic
function with sub-quadratic growth defined on M, then f is plurihar-
monic.

Proof. Let h = HfaBH2 = gagg%éfagf,yg, where g, is the metric of
M and ¢ is its inverse. Since f is harmonic, by Lemma 2.1 in [37] we
know that

1
Af’yg = _Rﬂo’z'ygfaﬁ + 5 (R’Yﬁfpg + Rpgf’Yﬁ) :
Hence in normal coordinates so that at a point z, f,5 = Aadag, we have

Ah = 2f’ygs§f5’7 + ||faB'y”2 + HfaBﬁHQ
= —2Rg5.5 0 f57 T (Bypfos + Rpsfop) 57 + | fugylI® + | faps |12
= _2Ra5¢’7’7)\a)\'y + 2R’Y’?)\'2y + HfaB'yH2 + HfaB’T/H2

2
= ZRa&ﬁB ()\04 - )\ﬁ) + Hfag’yHQ + Hfozﬁ”’yHZ
a?ﬂ
> 0,
where we have used the fact that M has nonnegative holomorphic bi-

sectional curvature. Since |f(z)| = o (r?*(z)) where r(z) is the distance
from a fixed point o € M, as in [24, pp. 90-91], we have

@ ). T o
h<s — 2 V2 = o(1),
Vo(R) JB,ry ~— R2Vu(R) BD(R)| fl @
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as R — o0o. Here C'is a constant independent of R and we has used the
gradient estimate in [8]. Since h is subharmonic, h = 0 by the mean
value inequality in [25]. Hence f is pluriharmonic. q.e.d.

Lemma 4.4. Let M be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. Let f be a pluri-
harmonic function. Then log(1 + |V f|?) is plurisubharmonic.

Proof. We adapt the complex notation. Let

h=|VI2=> g fuls
a,B

Here g, is the Kahler metric and (9*P) is the inverse of (9ap)- To
prove that log(1 + h) is plurisubharmonic, it is sufficient to show that
[log(1 + h)],5 > 0 in normal coordinates. Direct calculation shows that:

(48)  hyy=| D9 als

ab vy

_Zg fa'yfﬁ'y+foz’yfﬁ7+fory'yfﬁ+fafﬁ'y'y]
= Z Jor fazy + Z Ro5a5fsfa

where we have used the fact that f is pluriharmonic. Hence

(4.9)

og(1 + 1)}y = e (1 Wby =Bl
- (1—|—1h) 1 + h <Z fa'yfafy + Z Ryyasfsfa)

—meme
th<me+mewa

«,S

where we have used the fact that f is pluriharmonic. From (4.9), the
fact that M has nonnegative holomorphic bisectional curvature, it is
easy to see that log(1 + h) is plurisubharmonic. q.e.d.
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Proof of Theorem 4.1. Let f be a nonconstant harmonic function
on M satisfying (4.7). Then f is pluriharmonic by Lemma 4.3. By
Lemma 4.4, the function u = log(1 + |V f|?) is plurisubharmonic. By
the gradient estimates in [8], |u|(x) = o(logr(x)). By Theorem 3.2,
we conclude that |V f| is constant. Hence f must be of linear growth.
Moreover, by the Bochner formula, we conclude that V f must be par-
allel. Hence J(Vf) is also parallel, where J is the complex structure
of M. From this it is easy to see that the universal cover of M splits
as M’ x C isometrically and holomorphically. At the same time by in-
tegrating along V f, M splits as M x R isometrically, where M can be
taken to be the component of f~1(0). In the case that M supports a
nonconstant holomorphic function of growth rate (4.7), both the real
and imaginary part will split a factor of R and clearly that they consist
a complex plane C. q.e.d.

An easy consequence is that if the Ricci curvature is positive at some
point of the manifold then any harmonic function satisfying (4.7) must
be a constant.

In the next theorem, we shall give some results on the structure
of complete noncompact Kéhler manifold with nonnegative sectional or
holomorphic bisectional curvature.

Theorem 4.2. Let M™ be a complete noncompact Kdahler manifold
with nonnegative holomorphic bisectional curvature.

(i) Suppose M is simply connected, then M = N x M’ holomorphically
and isometrically, where N is a compact simply connected Kahler
manifold, M' is a complete noncompact Kdahler manifold and both
N and M’ have nonnegative holomorphic bisectional curvature.
Moreover, M' supports a smooth strictly plurisubharmonic func-
tion with bounded gradient and satisfies (VGy) and (CD), where
k is the complex dimension of M'. If, in addition, M has nonneg-
ative sectional curvature outside a compact set, then M' is also
Stein.

(ii) If the holomorphic bisectional curvature of M is positive at some
point, then M itself supports a smooth strictly plurisubharmonic
function with bounded gradient, and satisfies (VG,,) and (CD),
where m is the complex dimension of M. If, in addition, M has
nonnegative sectional curvature outside a compact set, then M is
also Stein.
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Remark 4.1.

(a) The factor N in (i) may not be present. In this case, M = M’
and satisfies the conditions on M’ mentioned in the theorem. This
kind of remark also applies to Theorem 4.3.

(b) It was first proved in [7] that M satisfies (VG,,) if the holomorphic
bisectional curvature nonnegative and is positive at some point,
and that M satisfies (CD) if M has positive holomorphic bisec-
tional curvature everywhere.

(c) By [29, 19] (see also [2]), N in (i) is a compact Hermitian sym-
metric manifold.

Proof. Let B be the Busemann function of M and let v be the
solution of the heat equation with initial value B. Let Ty be as in
Lemma 4.1.

(i) Let 0 < t < T be fixed and let u(zx) = v(x,t). By Lemma 4.1,
suppose M is simply connected, then M = N; x M; isometrically and
holomorphically so that u,3 = 0 when restricted on Ny and u,3 > 0
when restricted to My. Suppose Ni is not compact, then there is a ray
of M which lies on N;. By Lemma 4.1(iii), u is not constant on Nj.
However, u has bounded gradient by Lemma 4.1(ii). Theorem 4.1 then
implies that N1 = N x C isometrically and holomorphically. Continuing
in this way, we conclude that N; = N x C! isometrically holomorphi-
cally for some ¢ > 0, where N is a compact simply connected with
nonnegative holomorphic bisectional curvature. Let M’ = C! x M.
Then M’ supports a strictly plurisubharmonic function with bounded
gradient and hence also satisfies (VG) and (CD) by Lemma 4.2, where
k = dim¢ M'.

If, in addition, M has nonnegative sectional curvature outside a
compact set, then B is an exhaustion function by [5, 12]. Hence u is an
exhaustion function by Lemma 4.2. Therefore M’ in the above is also
Stein.

(ii) Suppose the holomorphic bisectional curvature of M is positive
at some point. Then B cannot be pluriharmonic. Otherwise, since B is
of linear growth and nonconstant, there will be a factor of C splitted
from the universal cover of M by Theorem 4.1. Hence w is strictly
plurisubharmonic by Lemma 4.1(i). The rest of the proof is similar to

(i). q.e.d.
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In [45], Wu proved that a complete noncompact Kéahler manifold is
Stein if it has nonnegative sectional curvature outside a compact set,
with nonnegative holomorphic bisectional curvature everywhere which
is positive outside a compact set. The last statement of Theorem 4.2(ii)
is a generalization of this result.

In the last part of Theorem 4.2(i) or (ii), the assumption on the
sectional curvature is needed only for the proof that the Busemann
function is an exhaustion function. In some cases, this is true even if
we only assume that the Ricci curvature is nonnegative. Hence we have
the following result.

Corollary 4.1. Let M™ be a complete Kdhler manifold with non-
negative holomorphic bisectional curvature. Suppose that M is of max-
imum volume growth or M has a pole. Then M is Stein. Moreover, M
satisfies (CD).

Proof. Suppose M has maximum volume growth. Let M be the
universal cover of M, then M has maximum volume growth and 7 :
M — M is a finite cover by [23, p. 10]. Suppose M is Stein, then M
has a smooth strictly plurisubharmonic exhaustion function f. Then
the function h(z) = ) - f(z) for x € M, where the summation is taken
over all 7 € M so that 7(Z) = . Then h is a strictly plurisubharmonic
exhaustion function of M. Hence M is also Stein. So without loss of
generality, we may assume that M is simply connected.

Since M has maximum volume growth, the Busemann function B is
an exhaustion function by [38, pp. 400-401]. Let u be as in the proof of
Theorem 4.2, then by this theorem, M = N x M’ as described in the
theorem. Since M has maximum volume growth, the factor N will not
be present. Hence M = C* x M; holomorphically and isometrically, so
that u is strictly plurisubharmonic on M;. By Lemma 4.1, it is also an
exhaustion function on Mj. Therefore M; must be Stein by [10] and so
M is also Stein. The last statement follows from Lemma 4.2.

Suppose M has a pole, then it is easy to see that the Busemann
function with respect to the pole is an exhaustion function. The mani-
fold is diffeomorphic to R?™. One can conclude that the splitting given
by Theorem 4.2 contains no compact factor. One can then proceed as
above to conclude that M is Stein. q.e.d.

In [46], it was proved that M is Stein under the assumption that
M has a pole and nonnegative bisectional curvature which is positive
outside a compact subset of M. Our result answers affirmatively the
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question raised in [46, page 255] for the nonnegative bisectional cur-
vature case. Under the maximum volume growth assumption, if the
holomorphic bisectional curvature is actually positive everywhere then
it is easy to see that it is Stein by the results on smooth approximation
of strictly plurisubharmonic function in [15] and the result in [38] men-
tioned above. This was observed in [44]. Under the maximum volume
growth and the nonnegativity of the bisectional curvature assumptions
together with the additional assumption that the curvature decays like
r~17% the result was proved in [6]. This kind of results are related to a
conjecture by Greene-Wu [14] and Siu [40] that a complete noncompact
Kahler manifold with positive bisectional curvature is Stein.

Without assuming that M is simply connected or the holomorphic
bisectional curvature of M is positive at some point, by applying The-
orem 4.1 inductively, we immediately have:

Corollary 4.2. Let M™ be a complete noncompact Kdhler mani-
fold with nonnegative holomorphic bisectional curvature. Then M have
the holomorphic-isometric splitting M™ = CF x Mg"_k. Here M is a
complete Kdhler manifold of nonnegative bisectional curvature with the
property that any holomorphic function on My satisfying (4.7) must be
a constant.

There is an open question whether the ring of polynomial growth
holomorphic functions on a complete noncompact Kéahler manifold with
nonnegative curvature is finitely generated, see [52, p. 391, Problem
63]. This motivates us to study the factor M’ in Theorem 4.2(i) or
M in Theorem 4.2(ii) in more details. We have the following further
splitting.

Theorem 4.3. Let M™ be a complete noncompact Kdhler mani-
fold with nonnegative holomorphic bisectional curvature. Assume that
M supports a smooth strictly plurisubharmonic function v on M with
bounded gradient.

(i) If M is simply connected, then M = C* x My x My isometrically
and holomorphically for some £ > 0, where My and My are com-
plete noncompact Kdhler manifold with nonnegative holomorphic
bisectional curvature such that any polynomial growth holomor-
phic function on M 1is independent of the factor My, and any
linear growth holomorphic function is independent of the factor
My and Msy. Moreover, My supports a strictly plurisubharmonic
function of logarithmic growth and satisfies (FCD) and (VG,), for
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any a < k+ 1, where k = dim¢ M.

(ii) Suppose the holomorphic bisectional curvature of M is positive at
some point, then either M has no nonconstant polynomial growth
holomorphic function or M itself satisfies (FCD) and (VG,), for
any a < m—+ 1.

Proof. (i) We prove this part of the theorem by induction on the
dimension of M™.

Suppose M does not support any nontrivial polynomial growth holo-
morphic function, then we simply take M, = M and the factors C¢ and
M are not present. Suppose there is a nontrivial polynomial growth
holomorphic function f on M. Let w = log(1 + |f]?). It is easy to see
that w is a plurisubharmonic function so that

(4.10) 0 <w(z) < Chlog(r(x) + 2)

We can solve the Cauchy problem (1.6) with initial data w(x). Denote
w(z,t) to be the solution. Note that w(-,t) is nonconstant because
w is nonconstant. We can apply Theorem 3.1 again to conclude that
there exists t > 0 and a parallel distribution I which corresponding to
the null space of w,z(,t). Suppose dim K = 0, then w(-,?) is strictly
plurisubharmonic and with logarithmic growth by Corollary 1.1. Then
M = C* x M; by Corollary 4.2 so that every linear growth holomorphic
function on M is independent of M. Ms is not present in this case.
Moreover, M satisfies (FCD) and (VG,) by Lemma 4.2.

Suppose dim IC > 0, then M = Ny X Ny, such that f@ag(-, t) = 0 when
restricted on N1, w,5(-,t) > 0 when restricted on Na. They are simply
connected, complete Kahler manifolds with nonnegative holomorphic
bisectional curvature. dimgc N7 = dim K > 0, but dim¢ N7 < dim¢ M.
Otherwise, w(-,t) is harmonic on M and is constant by (4.8) and [8].
Hence the dimensions of N; and Ny are both less than m. They are
also noncompact because M supports a strictly plurisubharmonic func-
tion. Hence N7 and Ny are Kéhler manifolds satisfy the same conditions
satisfied by M. By induction hypothesis Ny = Cch x Ni1 x Nig and
Ny = Cb x N> 1 x Nas isometrically holomorphically, such that for
J =1, 2, every polynomial growth holomorphic function on Nj is inde-
pendent of the factor N; > and every linear growth holomorphic function
is independent of the factor Nj1 x Nja. Nj satisfies (FCD) and (VGy;)
where kj = dim(c Nj71. Let M1 = N171 X Ng’l, M2 = NLQ X N272 and
¢ =0y +¢5. Then M = C’ x M; x M, isometrically holomorphically.
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Since every polynomial (respectively linear) growth holomorphic func-
tion on M is still a polynomial (respectively linear) growth holomorphic
function when restricted on N7 and Ns, hence the splitting satisfies all
the required conditions if we can prove that M; also satisfies the required
volume growth and curvature decay conditions.

The volume growth condition is satisfied by M; because of the cor-
responding volume growth conditions are satisfied by Ny i and Naj.
Moreover, for r > 0, if Ry, R’ and R” are the scalar curvatures of
My, Ny and Ny respectively, and if B, (s), By(s) and By (s) are
the geodesic balls of My, Ny and Nj; respectively where o; = (0, 0"),

then
/ Rl<c(7f R R)
By, (s) B,/ (s) B, (s)

for some constant C' depending only on the dimensions of M7, Ny ; and
Ny 1. Since N satisfies (FCD) for j =1, 2, M; also satisfies (FCD).

From the above proof, it is easy to see that part (i) is true if m = 1.
The proof of Theorem 4.3(i) is then completed.

(ii) If the holomorphic bisectional curvature of M is positive at some
point, suppose M supports no nonconstant polynomial growth holomor-
phic function, then we are done. Otherwise, let f be a nontrivial poly-
nomial growth holomorphic function. Construct w and w as in the proof
of (i), then there exists ¢t > 0, w(-,t) must be strictly plurisubharmonic
by Theorem 3.1(iii). One can proceed as in the proof of (i). q.e.d.

Remark 4.2. By the Theorems 4.2 and 4.3, in order to study poly-
nomial growth holomorphic functions on a complete noncompact Kéhler
M™ with nonnegative holomorphic bisectional curvature which is either
simply connected or has positive holomorphic bisectional curvature at
some point, we may assume that M satisfies the curvature decay condi-
tion (FCD) and the volume growth condition (VG,) for any a < m+ 1.
Note that under a very mild condition on the bound of the scalar cur-
vature, if it decays faster than (FCD), then manifold must be flat. We
shall discuss this problem in a later section.

As a simple consequence of Theorems 4.2 and 4.3 we have the fol-
lowing uniformization type result.

Corollary 4.3. Let M be a complete, simply-connected, Kdhler
manifold with nonnegative holomorphic bisectional curvature. Suppose
that the volume growth of M satisfies V,(r) = o(r?). Then M is biholo-
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morphic to N x C, where N 1is biholomorphic to a compact Hermitian
manifold. If M supports nonconstant holomorphic functions of polyno-
mial growth the same result holds if V,(r) = O(r®), for some a < 3.

5. Structure of nonnegatively curved Kahler manifolds II

In [43], Takayama proved that if M is a complete noncompact Kéhler
manifold with nonnegative holomorphic bisectional curvature and nega-
tive canonical bundle and if M supports a continuous plurisubharmonic
exhaustion function, then M has a structure of holomorphic fibre bundle
over a Stein manifold whose fibre is biholomorphic to some compact Her-
mitian symmetric manifold. In particular, the result applies to Kéahler
manifolds with nonnegative sectional curvature and positive Ricci cur-
vature. This settled a conjecture of Greene-Wu [14, §3] that a complete
noncompact Kéahler manifold with nonnegative sectional curvature and
positive Ricci curvature is holomorphically convex. In this section, we
shall give more detailed results on the structure on the class of mani-
folds related to the above conjecture. We shall also include results of
Fangyang Zheng [54] on the structure of complete noncompact Kéhler
manifold with nonnegative sectional curvature. The authors are grateful
to Fangyang Zheng for allowing them to include his results and proofs
in this work.

Before we state our results, let us make some preparations. Let M be
a complete noncompact Kahler manifold with nonnegative holomorphic
bisectional curvature. Let B be the Busemann function at a point o €
M, and let v be the solution to the heat equation with initial value B.
Then there is ¢y > 0 such that v(z,%p) is smooth plurisubharmonic and
the kernel of K(z,19) of v,5(7,t0) is a smooth, parallel distribution on
M. In the following, we shall suppress the variable ¢ty and just write
v(z) = v(x,tp). Note that if B is an exhaustion function of M, then
v(x) is also an exhaustion function. Moreover, v has bounded gradient.
All these results are contained in Lemma 4.1.

Let A M be the universal cover of M with projection 7 and let v = vor.
Then M = N x L isometrically and holomorphically. In the following,
a point in M will be denoted by (y, z) etc. The splitting of M has the
following properties. For each 2 € L, v,5 =0 on N, = N x {z} and for

each y € N, v, > 0 when restricted on Ey ={y} x L. That is, N,, for

z € L are integral manifolds of the distribution (771, (K).
Let I" be the fundamental group of M.
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Lemma 5.1. Let M be a complete noncompact Kdhler manifold
with nonnegative holomorphic bisectional curvature. Suppose that the
Busemann function B of M is an exhaustion function and suppose the
unwersal cover M contains no Euclidean factor. Then with the above
notations, N is compact and a deck transformation v € I is of the form
(Y, 2) = (11(y),12(2)) so that y1 and y2 are holomorphic isometries of
N and L respectively. Moreover vo has no fized point unless ~y is the
identity.

Proof. Let us first prove that N is compact. Fix z € L and consider
N, = N x {z}. By the construction of N, ¥ is pluriharmonic on N.,.
Suppose v is not constant on NZ, then N, will contain a factor C by
Theorem 4.1. This contradicts the assumption that M does not contain
any Euclidean factor. Hence ¥ must be constant on N.. Since ¥ is the
lift of v and since B and hence v is an exhaustion function, we conclude
that 7(N,) is a bounded and hence its closure K in M is compact.
Since 7 is a covering map, there exists a compact set K in M such that
7?([?) D K. We can now proceed as in [4, p. 126]. Suppose N, is not
compact, then there is a ray o in N,. Since 7(a(n)) € K, there exists
vn € T such that v,(c(n)) € K. Since K is compact, passing to a
subsequence if necessary, we may assume that v,(c(n)) — p € M and
()« (0’ (n)) — W € TP(M). Let 7 be the geodesic with 7(0) = p and
7/(0) = 1, then it is easy to see that 7 is a line. By [4], M has a factor
of R. This is a contradiction. Hence N is compact.

Let v € T, then Projso (’y(ﬁ Z)) is a compact subvariety in L where

Projs is the projection onto L. Since L supports a strictly plurisubhar-
monic function, it must be a point. Hence 7 is of the form ~(y,z) =
(f(y,z),9(2)). Since ~ is an isometry, g will not increase length. This
is also true for g~!, and hence it is easy to see that g is a local isometry

and f(y,2) = f(y). Therefore y(y, 2) = (71(y),72(2)), where 71 and 72

are holomorphic isometries on N and L respectively. Suppose 7 is not
the identity and suppose 72(z) = z for some z € E, then v will not
have any fixed point. Then N will cover a compact complex manifold
with nonnegative holomorphic bisectional curvature. This is impossible
by [19]. This completes the proof of the lemma. q.e.d.

Let I's be the subgroup of the isometry group of L which is the image
under the map v — 2. By Lemma 5.1 I'y acts freely and holomorphi-

cally on L. Let M = L/Ty. Since M = (Nf X E) /T, by Lemma 5.1
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there is a projection w, : M — M such that the following diagram
commutes:

Nx L 2ok 7
| |
M " M

In fact, m.(7(y, 2)) = 7(2).

Theorem 5.1. Let M be a complete noncompact Kdahler manifold
with nonnegative holomorphic bisectional curvature such that the Buse-
mann function is an exhaustion function. Suppose the universal cover
M has no Fuclidean factor. Using the above notations, we have the
following:

(i) M =N x L and N is compact.

(ii)) m : M — M has the structure of a holomorphic fibre bundle,
where each fibre is isometrically biholomorphic to N.

(iii) 7 : L—Misa holomorphic and Riemannian covering map. M
is a complete noncomapct Kdhler and Stein_manifold with non-
negative holomorphic bisectional curvature. L is also Stein.

Proof. (i) follows from Lemma 5.1.

To prove (ii), let z € L and let U be a neighborhood of 7(2) in
M which is evenly covered by a family F of neighborhoods in L. Let
W1 and W2 be two members in F, then there exists o € I'y such that
fyg(Wl) Wg Suppose 72 is such that v = (71,"}/2) for some v € T.
Then v(N X Wl) N x WQ and T T maps N x W1 holomorphically and
isometrically onto its 1mage Let W1 be one of the neighborhoods in F.
It is easy to see that 7 L(U) = W(UW fN x W) = 7(N x W1) which

is holomorphically isometric to N x W1~ Each fibre 71 (7(2)) = 7(N,)
which is holomorphically isometric to V. This completes the proof of
(ii).

(iii) Let v be the smooth plurisubharmonic function on M defined
before Lemma 5.1. Since N is compact, v(y, z) = v(z) which is indepen-
dent of the factor N. Since v = voT, for any v € T, v(y, 2) = v(v(y, 2)).
Hence v is equivariant with respect to I'y and so it descends to be a
smooth strictly plurisubharmonic function ¢ on M because v is strictly
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plurisubharmonic on L. Note also that v(z) = o(m(z)). Since v is an
exhaustion function on M, v is an exhaustion function of M. Hence M
is Stein by [10]. The fact that L is Stein follows from a result of [41]
that the universal cover of a Stein manifold is Stein. q.e.d.

Remark 5.1. The condition in the theorem that B is an exhaustion
function will be satisfied if M has nonnegative sectional curvature out-
side a compact set, see [5, 12]. The condition that M has no Euclidean
factor will be satisfied if the Ricci curvature of M is positive at some
point. Hence if M has nonnegative sectional curvature outside a com-
pact set (in addition to the fact that M has nonnegative holomorphic
bisectional curvature) and if M has positive Ricci curvature is at some
point, then M has the structure as described in the theorem.

The example of Cousin [9] (see also [31, page 839], [43, page 141])
shows that the structure results in Theorem 5.1(ii) and (iii) are not true
if there is a Euclidean factor in M. In this case, M might still be a fibre
bundle but the base space may not be Stein.

Suppose M has nonnegative sectional curvature everywhere, then
Fangyang Zheng [54] obtains the following stronger structure theorem.

Theorem 5.2 (Zheng). Let M be a complete noncompact Kdihler
manifold with nonnegative sectional curvature. Assume that the univer-
sal cover M of M does not have FEuclidean factors. Then M is simply
connected and M = N x L isometrically and holomorphically where N
is a compact Hermitian symmetric manifold and L is diffeomorphic to
the Euclidean space R** where ¢ = dimc L.

The theorem follows immediately from the following lemma and The-
orem 5.1.

Lemma 5.2. Let M™ be a complete noncompact Kdahler manifold
with monnegative sectional curvature so that its universal cover does
not contain a FEuclidean factor. Suppose that M supports a strictly
plurisubharmonic function. Then the soul of M is a point and hence M
is simply connected and is diffeomorphic to R?™.

Let us assume the lemma is true for the moment.

Proof of Theorem 5.2.  Apply Theorem 5.1 to M. Using the nota-
tions as in Theorem 5.1, the manifold M satisfies all the conditions in
the lemma because L contains no Euclidean factor. Hence M is simply
connected. So M is also simply connected because it is a fibre bundle
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over M with fibre N which is  simply connected. Hence M = M. By the
lemma again, we know that L is diffeomorphic to the Euclidean space.
q.e.d.

It remains to prove Lemma 5.2.

Proof of Lemma 5.2. Let M be the universal cover of M with
covering map 7 and let S be a soul of M. Let S = 7~ 1(S). Since S is
totally geodesic and totally convex by [5], S is also totally geodesic and
totally convex. In particular, S is connected. Suppose S is noncompact,
then it contains a ray which will also be a ray in M. Since n(S) = S
which is compact, we can conclude as in the proof of Lemma 5.1 that
§ is compact because M contains no Euclidean factor. Moreover, S is
simply connected by [5, Theorem 2.1]. We want to prove that S is a
point. It will be sufficient to prove that & is flat because S is connected,
simply connected and compact. _

By [5, Theorem 3.1], since S is a soul of M and S = 7~ 1(S), we
have

(5.1) R(u,v)v = R(v,u)u =0

for any point p € S , any vector u € T, p(g‘) and v which is normal to
Tp(g). Here R is the Riemannian curvature tensor of M. Let J be
the complex structure of M. Let pE S and let W be the subspace of
V = T,(S) consisting of vectors v € V such that Ju € V. Let v be a
piecewise smooth closed curve on S from p. Since Sis totally geodesic, J
commutes with parallel translation along « on S. Hence W is invariant
under parallel translation along «. Note also that J(W) = W. Since
S is simply connected, S can be splitted as a product with a factor §1
whose tangent spaces are invariant under J. By assumption, M and
hence M supports a strictly plurisubharmonic function. This implies
that S| is a point and W = {0}. That is to say

(5.2) JV NV ={o}.

For v € V, let A(v) be the orthogonal projection of Jv onto V. Since J+
Jt =0, it is easy to see that A+ A* = 0. We can find orthonormal basis
€1,€2,...,E9k—1,€2%k, €2k+1,---,€s, S = dimg V', under which A takes
the block diagonal form A = diag{d1Ja, - ,dkJ2,0;}, where k > 0,
1>6>-->0,>0,1=dim(S) — 2k,

0 1
‘]2_[—1 o]’
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and 0; is a zero matrix. By (5.2), we have J; < 1.
Now take e1, es for example. We have
Jer = aey +v1, Jes = —aeg + v,

where v, v € V4. Since 0 < @ = §; < 1, vy, vy are nonzero vectors.
Since (Je;, Je;) = &5, we conclude that (v;,v;) = 324;;, where 3 =
llv1]] = ||v2|] = V1 — 2. Let v3 = f~'v; and let v4 = B~ 'vy. Then we
have

(5.3) Jer = aes + Bz, Jes = —aer + [ug.
Using the fact that J2 = —I, from (5.3), we also have
(5.4) Jes = —fBer — avy, Jeg = —fPes + aus.
By (5.1) and (5.3), since M is K&hler, we have

0= _R(elav?n JU47 el) = R(ela V3, V4, Jel)

— R(el) V3, V4, QLEQ + BUS) = OéR(Bl, U3, V4, 62)~
By (5.1) and (5.3),

0= _R(e]_,'U4, ‘]62) 61) = R(617v45 €2, Je].)

= R(e1,v4, €, ez + Bv3) = BR(e1, v4, €2, v3).
Hence by the Bianchi identity, we have
R(e1,e2,v3,v4) = —R(e1,vs,v4,e2) — R(e1, vy, e2,v3) = 0.
So
(5.5 0

R €1, 62,'[)3,1}4)

(
(
(

e1, ez, Jus, Juy)

e1, ez, —fBe1 — avy, —Bea + avs)

(e1,e2, —Per, —fea) + R(e1, e2, —Pe1, aws)
+ R(e1, e2, —avy, —fea) + R(e, €2, —avy, avs)

= B*R(e1, 2, €1, €2)

where we have used (5.1)and (5.4). Using (5.1) and (5.4), we also have

R
R
R

(5.6) R(ey, Jer,e1,Jer) = R(e1, aeg + PBus, e1, aes + [us)

= onR(el, €9, e1,e2) = 0.
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Now we use the following fact in [53]. Suppose X is such that the
holomorphic sectional curvature R(X, X, X, X) = 0 and if the sectional
curvature is also nonnegative, then R(X, X,Y,Y) = 0 for any Y. Hence
(5.6) implies that the sectional curvature K (e, ) of the plane spanned
by e; and any tangent vector u € Tp(g) is zero. Similarly, we can prove
that K(ej,u) = 0 for 1 < j < 2k. Since Je; € V* for 2k +1 < j < s,
K(ej,Jej) = 0 by (5.1). Hence we have K(e;,u) = 0 for all j and for
all u € Tp(g ). Since p is any point on S, S is flat. This completes the
proof of the lemma. q.e.d.

In case the universal cover of M contains some Euclidean factors,
then we have the following result which is also due to Fangyang Zheng
[54].

Corollary 5.1. Let M be a complete Kdhler manifold with non-
negative sectional curvature. Then its universal cover is of the form
M = CF x N x L where N is a compact Hermitian symmetric mani-
fold, L is Stein and L contains no Euclidean factor. Moreover, there
exists a discrete subgroup T' C Iy (CF) which acts freely on C*, and group
homomorphisms p : T — I(N), 7 : T — I, (L), such that M is holo-
morphically isometric to the quotient 0f]\7 by I' which acts on M as

Y(z,y,2) = (v(2), p(V)(Y), 7(7)(2))

Jor any v € I'. In particular, M is a holomorphic and Riemannian fiber
bundle with fiber N x L over the flat Kéihler manifold C¥/T. Here Ip,(X)
denotes the group of isometric biholomorphisms of a Kdhler manifold X .

Proof. By Theorems 4.2 and 4.3, it is easy to see that M is of the
form as described in the corollary. Note that N or C* may reduce to a
point. Let G be the fundamental group of M. Let § € G, we claim that

B(x,y,2) = (f(x),9(y), h(2))

for (z,y,2z) € CF x N x L. denote the point of M according to the
splitting. A priori f = f(x,y,2). So are g and h. As in the proof
of Lemma 5.1, we have f = f(z,2) and h = h(z,2) are independent
of y since N is a compact Hermitian symmetric manifold. The next
observation that h is also independent of z. Otherwise, there exists z1,
x9 in C¥ and z € L such that h(z1,2) # h(x2, ). Denote the line passing
z1 and 5 in CF to be a(s). Then $(a) is also a line. This in particular
implies that h(«) is also a geodesic and distance realizing, therefore a
line, since h(«) is not a point. This contradicts the assumption that
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L does not contain any lines. Hence h = h(z). As in the proof of
Lemma 5.1, we conclude that f = f| (z). Moreover, it is easy to see that
f S Ih(Ck), g c Ih(N) and h € Ih(L)

Let p1 : G — I4(C*) be the homomorphism defined by the above
correspondence 3 — f. Define po, p3 similarly. We claim that p; is
a monomorphism. Otherwise, we can find § #identity in G such that
f =identity, where 8 = (f,g,h). Then (f,g) will act freely on N x L.
This implies that the group generated by (f, g) will be the fundamental
group of some complete Kéhler manifold which is covered by N x L
and is noncompact by [19] or [4] because N x L contains no Euclidean
factors. This contradicts Theorem 5.2. Therefore we know that p; is an
isomorphism.

Now simply denote I' = p1 (7). Let p = pa o pl_1 and 7 = p3g o pl_l.
This completes the proof of the corollary. q.e.d.

6. Poincaré-Lelong equation and a gap theorem

In this section, we shall solve the Poincaré-Lelong equation using
some refined estimates developed in previous sections, in particular in
§1-83. One of the motivation is to discuss the curvature decay condi-
tion (FCD) defined in Section 4, see Remark 4.2. We shall prove the
following:

Theorem 6.1. Let M™ be a complete noncompact Kdahler man-
ifold with nonnegative holomorphic bisectional curvature. Let p be a
real closed (1,1) form with trace f. Suppose f > 0 and p satisfies the
following conditions:

(6.1) / f pllds < oo,
0 B, (s)

and

T—00

(6.2) lim inf [exp (—CWQ)/ HPHZ] <00
Bo(r)

for some a > 0. Then there is a solution u of the Poincaré-Lelong
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equation /—100u = p. Moreover, for any 0 < € < 1, u satisfies

oo 2r
(6.3) alr/ k:(s)ds—l—ﬂl/o sk(s)ds

2r
> u(x)
oo er 2r
> —QQT/ k(s)ds — 52/ sk(x,s)ds + ﬂg/ sk(s)ds
2r 0 0

for some positive constants a1 (m), aa(m,€) and B;(m), 1 < i < 3, where
r =r(x). Here k(x,s) = T)CBI(S) f and k(s) = k(o,s), where o € M is a
fixed point.

The theorem was first proved in [30] under the assumption that M
has maximal volume growth and ||p||(z) decays like 7~2(z) pointwisely.
Later in [34, Theorem 5.1] the theorem was generalized by assuming the
following condition instead of (6.2):

(6.4) liminfj[ pl|?> = 0.
T—00 BO(T’)

(6.4) is obviously much stronger than (6.2). However, it would be nice
if (6.2) can be totally removed.

We shall use the ideas in [30] and [34]. By [34, Theorem 1.1 and The-
orem 1.2]; there exists a solution to the Poisson equation Au = f such
that u satisfies (6.3). The difficult part is to prove that v/—190u = p.
As in [34], one can prove that ||v/—1d0u|| behaves like ||p|| in the aver-
age sense. If (6.4) is assumed, the result will follow easily by using the
mean value theorem of [25, p. 287]. If we only assume (6.2), the method
does not work because the average of ||p|| might grow exponentially.

The outline of the proof of v/—100u = p is as follows. First we solve
the Cauchy problem (1.6) with initial data u(z) for all time and let
v(x,t) be the solution. Let w = u—v. By an argument as in Lemma 2.1,
one can show that |p —+/—1900w|| is a subsolution of the heat equation,
and that ||p — /=100w||(x,t) — 0 as t — oo using (6.1) and (6.2). On
the other hand, we shall prove that v(z,t) — v(o,t) together with its
derivatives uniformly converges to a constant over any fixed compact
subset, at least subsequentially. Therefore ||/—190v||(z,t) — 0, which
implies that p — /—100u = 0.

As in [34], by taking M x C?, we may assume that M is nonparabolic
and its Green’s function G(x,y) satisfies the following with n = 2m
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being the real dimension of M:

for some o = a(n) > 0.
As mentioned above, by [34] we can solve Au = f with u satisfying
(6.3). u is given by

(6.5) u(z) = /M (G(o.) — G(z,v)) (y)dy.

The details of the proof that /—190u = p are contained in the following
two lemmas.

Lemma 6.1.

(i) The Cauchy problem (1.6) with initial value w has long time solu-
tion v(x,t) which is given by

v(x,t) = /M H(z,y,t)u(y)dy.

(ii) There exists t; — oo such that v(z,t;) —v(o,t;) together with their
derivatives converge uniformly on compact subsets to a constant
function.

Proof. (i) We want to apply Lemma 1.2. For any R > 0 and z €
BO(R)v

(66)  |u(z)| < /M\G<o,y>—c<x,y>|f<y>dy

— {/ +/ } |G(o,y) — G(z,y)| f(y)dy
M\Bo,(4R) By (4R)
=I(x)+ 1I(x).

By (6.1), we have

(6.7) I(x) < Cir(z) /2: k(s)ds < Caor(z)
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as in [34, (1.4)], for some constants C and Cy independent of R. On
the other hand, as in [34, p. 347 and p. 356], we have

/ o(R) He)de = /zeBo(r) [/yeBo(4R) (o) Gl o) Ty

B /yEBO(4R)

= O3V,(R) (R%(4R> + /0 . sk(s)ds)

dx

| (Glow)+Gay) dx] £(v)dy
2€B,(R)

where C3 depends only on n. Combining this with (6.6) and (6.7) and
using (6.1), we conclude that

][ lu| < C(1+ R?)
B,(R)

for some constant independent of R. By Lemma 1.2, (i) follows.

(ii) Let us first give an estimate of |Vv|. We cannot use the same
method as in Lemma 1.5, because we have neither the estimate of the
integral of u? as in Lemma 1.5, nor the uniform bound on |Vu|?. How-
ever, we may proceed as in the proof of Lemma 1.2. Namely, use cutoff
functions ¢; and denote f; = ¢; f. Solve Au; = f; by using (6.5) and find
solution v; of (1.6) with initial value u;. Then v; subconverge to v to-
gether with their derivatives uniformly on compact sets of M x [0, o).
Note that |Vu;| is bounded by [34, Theorem 1.3] and hence |Vv;| is
bounded by Lemma 1.5 or [26]. We can apply the maximum principle
to |Vv;| which is a subsolution of the heat equation and conclude that
for any x such that r(z) < /%,

(6.8) V(1) < /M H (. )| Vs () dy

< Cy4 sup 7[ |Vu;|(y) dy
>/t Ba(r)

< Cy4 sup 7[ |Vu;|(y) dy
7'2\/{; Bo(2’,’)

< Cs sup </ k(s)ds + Tk(4r)>
r>v/E \Jdr

< Cﬁ/ k(s)ds
4Vt
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for some constants Cy — Cg depending only on n. Here we have used
Corollary 3.2 of [33] in the second inequality, Theorem 1.3 of [34] in the
fourth inequality and we have also used the volume comparison as well
as the fact that 0 < f; < f. Hence

sup  |Vu;|(z,t) < Cﬁ/ k(s)ds.
IGBO(\/Z) 4\/2
for all 7 and so
(6.9) sup |Vol(z,t) < C’G/ k(s)ds.
2€Bo(V7) 4VT

On the other hand, f; has compact support, u; and v; are bounded.
Since (v;); is a solution to the heat equation with initial value f;, as in
the proof of Lemma 1.5 (or (6.12) below), one can prove that for any
T > 0, there exist constants C; such that

T
/ f w)l? < C;
0 o(T)

for all r. Hence we can apply maximum principle and conclude that

8%

2 0,1) = /M H(z,y,t)fi(y) dy

<cmsw i)y
r>/tJ Bz(r)

< C(n) sup k(z,r).
>Vt

Here we also have used Corollary 3.2 of [33]. Note we also have (v;); > 0.
Hence we have

ov C(n) [
(6.10) 0< a(m,t) < C(n) rszu\p/)ik(:n,r) < v /\/Z k(z,s)ds.

By (6.9), (6.10) and (6.1), for any ¢y > 1, and r > 0, the function
v(z,t) —v(o,tp) is bounded in B,(r) X [to— 1,9+ 1] by a constant which
is independent of ¢y and lim¢ .0 supp, ;) [Vo(:, )| — 0. Hence, it is easy
to see that (ii) is true. q.e.d.

Now let w = u — v.
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Lemma 6.2. Ast — oo, ||[p — vV/—100w||(z,t) converges to zero
uniformly on compact subsets in M.

Proof. We claim that
611)  [lp— v T0dul|(z,t) < /M Hiz,y,0)oll () dy.

If (6.11) is true, then one can apply Corollary 3.2 of [33] again to con-
clude that, for = € B,(v/1),

o — V=108w|(x,1) < C(n) sup 7{3 Wy

>Vt

< C(n) sup 7[ 1ol (y) dy
r>v/t J Bo(2r)

for some constant C(n) depending only on n. From the assumption
(6.1), this implies that supg (4 [lp— v/ —100w||(-,) — 0 as t — oo and
the lemma follows.

To prove (6.11), we first observe that since p is real d-closed (1,1)
form, locally it can be written as v/—100¥. Using AW = £, it is easy to
see that W — w satisfies the heat equation. Hence n = p — /—190w =
V—100(¥ — w) satisfies (2.1) by Lemma 2.1 in [37]. (6.11) will follow
from Lemma 2.1 provided 7 satisfies (2.2) and (2.3). By (6.1), since
w =0 at t = 0, it is easy to see that 7 satisfies (2.2) for any a > 0.
Next, we estimate |V2v|?. Again, we may obtain the estimates for v;
first and let ¢ — oco. Hence, as in the proof of Lemma 3.1, for any 7" > 1
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and r2 > T, using the first inequality in (6.8) one can prove that

T
(6.12) /][ V202
0 o(T)
1 T
2/][ ywm][ V2
™ Jo o(27) Bo(2r)

< Oy [(T+1)][ |Vul|?(x)dx
Bo(87)

2
T e 52
+/ t2 / exp <—> s][ |Vul(y) dyds dt]
0 8r 20t ) JB,(s)

< Cy [(T+1)][ |Vu|?(x)dx
Bo(87)

f (e () (7)) Jo

< Cu(T+1) 7[ Va2 (2)dz + 1
B, (4r)

0o 2
< C5(T+1) (/ k(s)ds) e A
| \J/16r Bo(167)

<C;

< Co(T+1) TZ][ ol + 1
i B, (87)

for some constants C7 — Cg independent of r and 7. Here we have
used Lemma 1.1 in the second inequality, (6.1) and Theorem 1.3 of
[34] in third inequality, Theorem 1.3 of [34] in the fifth inequality. By
Theorem 1.3 in [34] again, we have
L el
Bo(2r)

][ [V2ul> < Cf
Bo(r)

for some constant C; depending only on n. Combining this with (6.12),

we conclude that
T
[ o= vE100uP < or ) |2 el
0 O(T) 30(27‘)
for some constant C' independent of 7" and r. Hence by (6.2), n also
satisfies (2.3), and we can apply Lemma 2.1 to conclude that (6.11) is
true. q.e.d.
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Now Theorem 6.1 follows from Lemmas 6.1 and 6.2.

Using Theorems 6.1 and 3.2, we can prove that under a mild con-
dition, the scalar curvature of a nonflat complete noncompact Kéhler
manifold with nonnegative holomorphic bisectional curvature cannot
decay faster than (FCD).

Corollary 6.1. Let M be a complete noncompact Kahler manifold
with nonnegative holomorphic bisectional curvature and let p > 0 be a
d-closed real (1,1) form. Assume that p satisfies (6.2). Then p =0, if

(6.13) s (fB el dy) ds = oflog ).

In particular, if the scalar curvature R of M satisfies (6.2) and (6.13)
with ||p|| replaced by R, then M must be flat.

Proof. By Theorem 6.1, one can solve v/—190u = p where u satisfies
(6.3). (6.13) then implies that u(x) = o(logr) and w must be constant
by Theorem 3.2. Hence p = 0. The last result follows from this by
considering p to be the Ricci form of M. q.e.d.

Remark 6.1. The gap theorem in the last part of the corollary
was first obtained in [30] under the assumptions that M has maximum
volume growth with curvature decays like »~27¢ pointwisely. These
implies (6.4) and (6.13) are true uniformly for all o € M (with ||p||
replaced by R). Later, using Kahler-Ricci flow of [39], it was generalized
in [6] by only assuming that (6.13) holds uniformly for all 0 € M. In
order to use the Kéahler Ricci flow, it was also assumed that R is bounded
in [6]. It is easy to see that if R is bounded, then (6.13) will imply (6.4).
In Corollary 6.1, R might grow exponentially. Moreover, we only need
to assume that (6.13) holds at one point.

In Theorem 4.3(ii), it is proved that if M has nonnegative holo-
morphic bisectional curvature which is positive at some point and if M
supports a nonconstant polynomial growth holomorphic function, then
it satisfies (FCD). The following result is a partial converse of this.

Corollary 6.2. Let M be a complete noncompact Kdhler mani-
fold with monnegative holomorphic bisectional curvature. Suppose M
satisfies the condition (FCD) and suppose the Ricci curvature of M s
positive at a point. If the scalar curvature R also satisfies (6.2), then
M supports nonconstant holomorphic functions of polynomial growth.
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Moreover, if Ric(o) > 0, there exists {f1, -+, fm}, holomorphic func-
tions of polynomial growth such that they form a local coordinates near
0. In particular, there exists a positive constant ¢ independent of d such
that

dim(O4(M)) > 6d™

for d sufficient large. Here O4(M) is the vector space consisting all holo-
morphic functions f such that |f(x)| < C(r(z) + 1) for some constant

cf)-

Proof. By Theorem 6.1, we can solve the Poincaré-Lelong equation
V/—100u = Ric, since (FCD) implies ||Ric|| satisfies (6.1). Moreover,
by (6.3) we know that u(x) satisfies u(x) < Clog(r(z) + 2) for some C.
The corollary then follows from rather standard argument, see [28, 32]
for example. In fact, let {z1,---,2,} be the local coordinate near o.
Let h; = p(x)z;, where p(x) is a cut-off function which has support
inside the local coordinate neighborhood. Let 6; = dh;. Now apply
Theorem 3.2 in [32], with E being the anti-canonical line bundle. We
then have functions 7; such that dn; = 6; and ni(0) = 0. Moreover the
7; satisfies the following estimate:

(6.14) /M 75| exp(—Cu(z)) < oo.

It is easy to see that f; = 6; —n; will be holomorphic functions such that
fi = z near o. Moreover f; satisfies (6.14). Applying the mean value
inequality of [25, p. 287] as in the proof of Lemma 4.2 we conclude that
fi are of polynomial growth. The second claim of the corollary follows
from simple dimension counting. q.e.d.
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