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RICCI FLATNESS OF ASYMPTOTICALLY
LOCALLY EUCLIDEAN METRICS

LEI NI, YUGUANG SHI, AND LUEN-FAI TAM

ABSTRACT. In this article we study the metric property and the function the-
ory of asymptotically locally Euclidean (ALE) Kéahler manifolds. In particular,
we prove the Ricci flatness under the assumption that the Ricci curvature of
such manifolds is either nonnegative or nonpositive. The result provides a gen-
eralization of previous gap type theorems established by Greene and Wu, Mok,
Siu and Yau, etc. It can also be thought of as a general positive mass type
result. The method also proves the Liouville properties of plurisubharmonic
functions on such manifolds. We also give a characterization of Ricci flatness
of an ALE Kéhler manifold with nonnegative Ricci curvature in terms of the
structure of its cone at infinity.

§1. INTRODUCTION

In this paper, we will study the geometry of asymptotically locally Euclidean
Kéhler manifolds. Following [B-K-NJ|, a complete Riemannian manifold (M™", g) of
real dimension n is said to be asymptotically locally Fuclidean (ALE) with group
G and of order A(t), where A(t) is a nonnegative function defined on (0, o) if there
exist a compact set K of M, R > 0, a finite group G of O(n) acting freely on
R™\ By(R), and a diffeomorphism

¢ (R"\ Bo(R)) /G — M\ K
such that if ¢ = ¢ om : R" \ Bo(R) — M \ K and if h = 3, ; hijdz'dz’ = ¢*(g),
where 7 is the projection of R™ \ Bo(R) onto (R™\ By(R)) /G, then

|hij(z) = di5| < CA(|2]),

1.1 -
w1) |2t < Cla| =" A(J=))

ozk

for some constant C. If this is the case, then the Christoffel symbols of h satisfy

(1.2) T3 ()] < Clae| ™ A(lz])
for some constant C. In this work, we always assume that
(1.3) lim A(t) =0

t—o0
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and
(14) / FIA() < oo,

In [B-K-NJ, A(¢) = t~7 for some positive constant 7 > 0. In this case, we also
say that M is ALE of order 1. There are several similar definitions of ALE man-
ifolds; see, for example, [Bal, [J], [Ki], [L-P]. Our definition requires the weakest
assumption.

We start with the relations of this work to that of other people. In [M-S-Y] (see
also [Si-Y]), Mok, Siu and Yau proved the following:

Theorem (Mok, Siu, and Yau). Let M™ be a complete noncompact Kdihler mani-
fold with complex dimension m > 2.

(i) If M has nonnegative holomorphic bisectional curvature such that the vol-
ume of the geodesic ball B,(r) centered at o with radius r is greater than
or equal to Cr®™ for some C > 0 for all r, and if the scalar curvature
R satisfies R(x) = O(r=27¢(z)) for some € > 0, then M is isometrically
biholomorphic to C™, provided that either M has nonnegative sectional cur-
vature or M is Stein. Here r(x) is the geodesic distance from x to o.

(ii) If M is simply connected with nonpositive sectional curvature such that the
scalar curvature R satisfies R(x) = O(r=27¢(x)) for some € > 0, then M
is isometrically biholomorphic to C™.

Later, Greene and Wu [G-W_3] generalized the above gap theorem to Riemannian
manifolds. They proved the following;:

Theorem (Greene and Wu). Let M™ be a complete noncompact Riemannian man-
ifold with dimension n > 3. Suppose that
(a) M has a pole;
(b) M has nonnegative sectional curvature or M has nonpositive sectional cur-
vature;
(c) the scalar curvature R satisfies R(x) = O(r=2<(x)) for some € > 0; and
(d) for the case that M has nonnegative sectional curvature, the volume of
By(r) is greater than or equal to Cr™ for some C > 0 for all r.

Then M 1is isometric to R™.

This theorem is not in the most general form in [G=W_3]. Moreover, many results
in this direction have been obtained; see, for example, [G=P-7], [K=S], [Ds]. See also
[G=P-7], [Ge] for a more detailed history.

Note that the curvature tensor of the manifolds in both theorems of Mok, Siu,
and Yau and Greene and Wu decay like r =2~ with volume growth of B, (r) bounded
below by Cr™ where n is the real dimension of the manifolds. By [B=K=N| Theorem
1.1], such a manifold is ALE of order 7 for some n > 0. Notice also that in Mok, Siu,
and Yau's theorem (i), in one case, the assumption on the curvature is weaker. It
was only assumed that the holomorphic bisectional curvature is nonnegative, while
Greene and Wu’s theorem works for both nonnegative or nonpositive sectional
curvature. One might wonder whether Mok, Siu, and Yau’s theorem (ii) is still
true if the condition on sectional curvature is replaced by holomorphic bisectional
curvature. In this paper, we give an affirmative answer to this question. Namely,
we have the following:
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Corollary 3.2. Let M be a complete noncompact Kdahler manifold of complex di-
mension m > 2. Assume that

(a) |R|(z) < Cr=27¢(x) for some constant C > 0 where R is the scalar curva-
ture;

(b) Vo(r) > Cr®™; and

(c) either M has nonnegative holomorphic bisectional curvature or M has non-
positive holomorphic bisectional curvature with only one end.

Then M is isometrically biholomorphic to C™.

On the other hand, asymptotically flat manifolds have been studied by several
people [L-P], [Bal, etc. The studies are related to the generalization of the positive
mass theorem of Schoen and Yau [Sc-Y] to higher dimensions. In particular, it
was proved in [Bal that a complete asymptotically flat manifold of dimension n of
high enough order in the integral sense and with nonnegative Ricci curvature must
be flat. The asymptotically locally Euclidean manifolds differ from the asymptot-
ically flat manifolds by allowing a finite fundamental group at the infinity of the
manifold. The presence of the finite group makes both the result and the proof
of the above-mentioned positive mass type theorem no longer hold. In fact, many
nonflat examples have been constructed in [E-H|, [G-H]|, [C], [H], K1, [J], [T-Y].
Many of them are ALE Kéhler with curvatures that decay faster than quadratic
and are Ricci flat. Hence it is interesting to see whether the theorems of Mok, Siu
and Yau and Greene and Wu can be generalized to the case of Ricci curvature.
Namely, if in the assumptions of their theorems, holomorphic bisectional curvature
or sectional curvature are replaced by Ricci curvature, then one would like to see
whether the conclusion is still true if flatness is replaced by Ricci flatness, provided
the curvature tensor has the same decay rates. It is also an interesting problem to
generalize the positive mass type theorem for the asymptotically flat manifold to
the asymptotically locally Euclidean manifolds. The following major result of this
paper provides such a generalization.

Theorem 3.1. Let M™ be a complete ALE Kdhler manifold of ordern > 0, m > 2.
Suppose that

(a) either M has nonnegative Ricci curvature or M has nonpositive Ricci cur-
vature; and
(b) there exist 1 > € >0 and C > 0 such that for all r > 0,

1 / L,
R| < Cr—=—°¢
Vo(r) JB, () Il

where R is the scalar curvature of M, o € M is a fized point, B,(r) is the
geodesic ball of radius r with center o and V(1) is the volume of By (r).

Then M is Ricci flat. If, in addition, n > 2, then (b) can be replaced by

() .
/0 0 /B IRl = oliog"),

as r — o0, and the same conclusion holds.

In particular, if M is a complete noncompact manifold with faster than quadratic
decay curvature tensor, with Euclidean volume growth, and with nonnegative or
nonpositive Ricci curvature, then M must be Ricci flat (see Corollary 3.1). Note
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that under the definition of ALE in [J], [Ki], etc., the assumption (b) or (b') is
automatic; our results then state that if an ALE Ké&hler metric has nonnegative or
nonpositive Ricci curvature, then it is Ricci flat. In [T-Y], and later [J, Theorem
3.3], it was proved that if C™/G, for a finite group G C SU(m), admits a so-
called crepant resolution (X, 7), then each Kahler class of ALE Kéhler metrics on
X contains a unique Ricci-flat ALE Kéhler metric. Our result then concludes that
if a complex manifold X is a resolution of C™ /@G, then it is a crepant resolution
if and only if it admits an ALE Ké&hler metric with nonnegative Ricci curvature.
Moreover, the ALE Ricci flat Kéhler metric constructed in [T-Y] and [J] is the only
one with nonnegative (or nonpositive) Ricci curvature among each Kahler class.
The result in [Yg] shows that (b) (or (b’)) in Theorem 3.1 is also sharp.

Note that a complex submanifold of CV is of nonpositive holomorphic bisectional
curvature. Using methods similar to the proof of Theorem 3.1, we give an alter-
native proof of an interesting result of Moore [Me, Theorem 2], which says that if
M™ is a complete immersed complex submanifold in CV with complex dimension
m > 2 and with finite total scalar curvature, then M must be an affine complex
linear subspace.

Some gap theorems were obtained under the assumption that the fundamental
group of the tangent cone at infinity of the manifold is trivial; see [Ge] for a descrip-
tion. In our case, if M™ is an ALE Ké&hler manifold, it is not hard to prove that
the tangent cone of M has a complex structure and the group G in the definition of
ALE manifold is a subgroup of U(m) with respect to this complex structure. If, in
addition, M is simply connected and Ricci flat, then G is in fact in SU(m). It turns
out that if M has nonnegative Ricci curvature, the condition that G C SU(m) is
also sufficient for M to be Ricci flat. Hence, in this case, we can replace conditions
(b) or (b') in Theorem 3.1 above by the condition that G C SU(m). In fact, one
can relax other conditions also; see Theorem 4.1 for details.

The methods in the proof of Theorem 3.1 can be used to study Liouville proper-
ties of plurisubharmonic functions on ALE Kéahler manifolds. This kind of problem
is closely related to the study of the geometry of the complex manifolds. For exam-
ple, in the original proof of Mok, Siu and Yau’s theorem (i), a bounded plurisub-
harmonic function u was constructed so that /—100u is the Ricci form. Then it
was proved that u is actually constant and hence M must be flat. The Liouville
type problem that we are interested in is as follows. It is well known that on C,
any subharmonic function of sublogarithmic growth is constant. Therefore, the
same conclusion holds for plurisubharmonic functions on C™. It will be interest-
ing to see under what conditions the same result still holds for K&hler manifolds.
In [N], the first author proved that if M can be compactified, then any bounded
plurisubharmonic function on M is a constant. In this paper, we shall prove similar
Liouville theorems for plurisubharmonic functions on complete ALE Kéahler man-
ifolds. For example, we show that on a complete ALE Kahler manifold of order
1 > 2, any plurisubharmonic function of sublogarithmic growth must be a constant.
Although it seems natural to study plurisubharmonic functions on complete Kéahler
manifolds, to the authors’s knowledge, very little is known. It is conjectured that
a similar Liouville theorem holds on complete K&hler manifolds with nonnegative
Ricci curvature.

We hope that our results will be useful in classifying ALE Kahler manifolds,
which so far has only been done, up to diffeomorphism, for hyper-Kéahler surfaces
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in [Kx]. On the other hand, even if one could have a classification for all the ALE
Kahler manifolds, it is unlikely that the proofs to Theorems 3.1 and 4.1 could be
made any easier. It is an open question whether this result on Ricci flatness remains
true in the category of Riemannian spin manifolds. This will be an interesting issue
to investigate in the future.

The paper is organized as follows. In §2, we construct plurisubharmonic functions
which will be used later. In §3, we study Ricci flatness of ALE Kéher metrics in
terms of curvature decays. In §4, we study Ricci flatness of ALE Kéhler manifolds
in terms of the group G at infinity. In §5, we will prove various Liouville-type
theorems for plurisubharmonic functions on ALE K&hler manifolds.

Acknowledgments. The authors would like to thank Laszlo Lempert, Hing-Sun
Luk, Hung-Hsi Wu, Xi Zhang and Kang Zuo for helpful discussions. We would also
like to thank Peter Li and Gang Tian for their interest in this work.

§2. CONSTRUCTION OF PLURISUBHARMONIC EXHAUSTION FUNCTIONS

Let (M™,g) be a complete ALE Kéhler manifold of complex dimension m of
order A(t) so that (1.1), (1.3) and (1.4) hold. In this section, we always use the
same set-up as in the beginning of §1. We are going to construct plurisubharmonic
exhaustion functions with various growth rates depending on A(t).

First, let us begin with the following simple lemma.

Lemma 2.1. With the above notation, suppose M is ALE of order \ which satisfies
(1.8). Then there exist constants C,b > 0 such that

(a)
Cd(¢(x), K) = b < do(z, Bo(R)) < Cd(é(), K) +b

where dy is the BEuclidean distance;
(b) for any real numbers ¢;, d;, 1 <i < mn,

Y edi = hij(x)eid;| = > (85 = hij)eid;| < CA(|2|)e] |d]
7 ij

,J

for some constant C, where |c| = (3, 012)% and |d| is defined similarly; and
(c) for any r,
Clm < V,(r) < Cr"
where V,(r) is the volume of the geodesic ball B,(r) centered at a fixed point
o € M and with radius r.

Proof. By (1.1), the assumption that lim; . A(t) = 0 and the fact that G is finite,
the results follow easily. O

Let gq(z) = 14 ZZQZLI (7;)? be defined on R?*™. Since ¢ is invariant under the
action of O(2m), then ¢ descends to be a function on M \ K, which will also be

denoted by q.
Lemma 2.2. Suppose \(t) =t~ for some n > 0. For any a > 0, if f = q%, then

(a) f is strictly plurisubharmonic outside a compact set and is an erhaustion
function in the sense that limz_, f(Z) = 00; and
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(b) there is a constant C > 0 such that
(2.1) IVFI(7) < Cr2e (@),
and
(2.2) [Hess(f)(%)(X, X)| < Cr?*~2(2)| X%,

at the point &, where Hess(f) is the Hessian of f and r(Z) is the distance
of T from a fized point.

Proof. By Lemma 2.1, it is easy to see that f is an exhaustion function. Also, it is

sufficient to prove that the lemma is true for the function f(x) = ¢®(x) on R?™\
Bo(R) with the metric h with r(Z) replaced by |z|. At a point z = (z!,...,z*™),
0

ox?

f(@) = 20a2'¢* ()

and

o 0
(23)  Hess(f)(rrrom
By (1.1)—(1.3), part (b) of the lemma follows.
By Lemma 1.13 in [G=W_T], to prove that f is strictly plurisubharmonic outside
a compact set, it is sufficient to prove that at a point x outside some compact set
of R?™, if X and Y are unit vectors with X L Y with respect to h in the tangent
space of xz, then

) =2aq“"? [q6;; + 2(a — 1)2'z? — gI‘fjxk} .

Hess(f)(X, X) + Hess(f)(Y,Y) > 0.

Let X = Z ;=2 8x1 and Y = Z b; 2 BT be two orthonormal tangent vectors at z. By
(2.3), we have

Hess(f)(X, X) + Hess(f)(Y,Y)

o 0
= zzj: (aiaj + bibj) I‘IQSS(,]C)(%7 %)

= 2aq* 2 Z (aiaj + bibj) [qdi; + 2(a — Da'a?d — qffjxk}

4,9

2 2
> 201" 2 an + b3 +2(a—1) (Zam) —|—<Zbixi>

(2.4)

— Ciqlz|™"

for some positive constant Cy. By Lemma 2.1 (b),

S (@ +02) > hijlaia; +biby) — Calz[™" Y (a2 +57)

% ij

(2.5) =2—Cslz|™" Z(af +b?)

>2— Cslz| ™",
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for some constant C3, and
2

N

3 hijai?| + Cale] "+ [al

2
( ]
2

Zhijafﬂ)j + C5|J)|7n+2
0,J

(2.6)

IN

for some constants C4, C5, where we have used the fact that |a| < C|X| = C for
some constant C' independent of z and X, where X is a unit vector. Similarly,

2 2
(27) <Z bil‘i> S Zhijbﬂ?j + C@|$|7n+2.
% i,J

Since X and Y are orthonormal (consider the vector Z =3, xi%), we have
(X.2) + (¥, 2)* < |2

where the inner products are taken with respect to h. Hence,
2

2
(2 8) Z hij biil,'j + Z hl‘j aixj < Z hijxiil,'j
’ i,J 2 i,J

< Jaf? + Crla| 72
for some constant C7. Combining (2.4)—(2.8), we have
Hess(f)(X, X) + H(f)(Y,Y)
>20q°"? [q (2 = C3lz|7") = 2(1 = @) (Jz|* + Csz[~"*?) — Crglz|™"]
> 2a¢°? [2ala]® — Colz| "% = Ciqlz| "]
>0

if |z| is large. Here Cs and Cy are positive constants independent of x. This
completes the proof of the lemma. O

If M is ALE of order n > 2, we may get a better exhaustion function. In this
case, let ¢1(x) = 1+ 042?2 (z%)2. Since q; descends to M \ K, we denote this
function by ¢; again.

Lemma 2.3. Suppose M™ is an ALE Kdhler manifold of order n > 2. Then there
exists o > 0 such that the function F(Z) =logq1(Z) satisfies

(a) F is strictly plurisubharmonic outside a compact set and is an erhaustion
function in the sense that limz_.. F(Z) = co; and
(b) there is a constant C > 0 such that

(2.9) IVF|(z) < Cr (),
(2.10) |Hess(F)(2)(X, X)| < Cr—2(2)| X |

at the point &, where Hess(F) is the Hessian of F and r(Z) is the distance
of  from a fized point.
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Proof. Tt is sufficient to prove the case that n = 2. The proof of (b) is similar
to that of Lemma 2.2. It is easy to see that F' is an exhaustion function. It
remains to prove that F is strictly plurisubharmonic outside a compact set. As in
the proof of Lemma 2.2, it is sufficient to prove that F(z) = logq(x) is strictly
plurisubharmonic outside a compact set in R*™ \ By(R) if 1 > a > 0 is chosen to
be small enough. Using the same notation as in the proof of Lemma 2.2, we have

Hess(F)(X, X) + Hess(F)(Y,Y)

o 0
= ;(ai%‘ + bibj)H(F)(@a @)

= 2aq;? Z(aiaj +bib;) [q16ij — 20a'a’ — qufjmk]

4,9
> 2aqg; % [q1(2 — Ch]z|72) — 20 (|2)* + C2) — Caqu|z| 7]
> 204(]{2 [2 — C4q1|a:|_2 — 20402}

for some positive constants C; — Cy independent of «. Hence, if a > 0 is small
enough, F' will be strictly plurisubharmonic outside a compact set. O

If M™ is ALE of order A(t) which only satisfies (1.3), we still can construct a
smooth exhaustion function that is strictly plurisubharmonic outside a compact
set.

Lemma 2.4. Let M™ be a complete noncompact Kdihler manifold which is ALE
of order \(t), where X satisfies (1.3). Let q be the function as in Lemma 2.2. Then
the exhaustion function q is strictly a plurisubharmonic function outside a compact
set.

Proof. The proof is similar to the proof of Lemma 2.2. We simply let o = 1 there
and replace ||~ by A(|z]). It is easy to see that the lemma is true. O

Next, we want to extend the strictly plurisubharmonic functions constructed in
the previous lemmas to plurisubharmonic functions on M.

Lemma 2.5. Let M™ be a complete noncompact Kdahler manifold such that there
exists a smooth erhaustion function f that is strictly plurisubharmonic outside a
compact set. Then there is a smooth plurisubharmonic function h on M such that
h = Xf + C) outside a compact set for some positive constant X\ and constant C'.
Moreover, h is strictly plurisubharmonic except possibly at finitely many compact
nontrivial subvarieties.

Proof. First, note that there is an integer k£ such that any nontrivial compact sub-
variety of positive dimension is contained in a fixed compact set which is a subset of
some sublevel set {f < k} by the maximum principle. We may assume that k& = 0.
Moreover, by multiplying f by a positive constant, without loss of generality, we
may assume that f is strictly plurisubharmonic outside {f < —1}, which we may
also assume to be nonempty and to have compact closure in {f < 0}. We may also
assume that there exist positive integers ky > k1 > 10 such that

Q={f<0teh ={f<hki}eQ={f<k}elM

Since every point of 95 is strictly pseudo-convex, by [Gt] (see Theorem 4 in [G-R]
p. 273]), there is a Stein space Y, a holomorphic map 7 : Q3 — Y, and there is
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a finite set (which may be empty) of points y1,...,yx in Y such that 7= 1(y;) is
a compact subvariety of Qo of positive dimension, and 7 : Q9 \ Ule 7 y) —
Y \ {y1,...,yx} is biholomorphic. On the other hand, by the lemma in §3 in
[Na], there is a real analytic strictly plurisubharmonic exhaustion function ¢ on
Y. Hence, 1 o m is a C? function on €3 which is strictly plurisubharmonic out-
side Ule 7 1(y;). Then we have a smooth plurisubharmonic exhaustion function
¢ = Yom on o, which is strictly plurisubharmonic except possibly at finitely many
nontrivial subvarieties of positive dimension. In particular, ¢ is strictly plurisub-
harmonic on Q5 \ Q. We may assume that ¢ > 0 on ;. Let A\ = maxq, ¢, which
is positive. Define

_ max{)‘fv ¢}7 on Qla
9= Af, outside ;.

In Qq, g = ¢. Near 0Q1, Af > %k‘l)\ > 5\ > ¢ and g = Af there. In Qi \ Qo,
g = max{Af, ¢}. Hence, g is locally Lipschitz continuous, strictly plurisubharmonic
(in the weak sense) except possible outside the union L of finitely many nontrivial
subvarieties with L being contained in €2g. Moreover, g is smooth in )y and outside
Q.

Let K = O \ Qo and let V, W be open sets with K € V€ W &€ Qs and
W N L =0. Note that g is smooth outside K. We claim that for any ¢ > 0, there
is a smooth function g. defined on a neighborhood of W such that g, is strictly
plurisubharmonic on W and

(2'11) |g_ge|+|v9_v96|+|v29_v296| Se

on W\ V.

Suppose the claim is true. Let v > 0 be a smooth function such that ¢y = 1 in
V and 9 = 0 outside W. Let h = (1 —)g + 1g.. Then h is smooth. h = g, in V
and hence is strictly plurisubharmonic there. h = g in M \ W, which is a subset
of Qo U (M \ ©1). Hence, h = ¢ or h = A\f and h is also strictly plurisubharmonic
there except at L. In particular, h = Af outside 5. It remains to consider the
points in W\ V. In this set

h=g+1(ge —9)-

Note that in this set g is smooth, g = ¢ or ¢ = A\f and g is strictly plurisubharmonic.
Since 1 is a fixed cutoff function, it is easy to see that h is strictly plurisubharmonic
in W\ V by (2.11) provided e > 0 is small. O

We will prove (2.11) in the following lemma, which is essentially proved in section
4 of [G=W_2] For the sake of completeness we include a proof here.

Lemma 2.6. Let M be a complex manifold and K a compact set and let f be a
continuous plurisubharmonic function on M such that f is smooth on M \ K and
f s strictly plurisubharmonic (in a weak sense) on a neighborhood U of K. Let
K cV eW eU. For any e > 0 there is a smooth strictly plurisubharmonic
function g defined on a neighborhood of W such that

If =gl +IVf=Vg|+|Vf—V?g|<e
on W\ V.
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Proof. There exist coordinate neighborhoods O; and P;, 1 < i < k such that
O; C P; € U, and O; and P; are diffecomorphic to {|z| < 1} and {|]z| < 2}
respectively. Moreover, W C \J; Oi. First, we prove that given any € > 0 there
exists a continuous strictly plurisubharmonic function h; defined on U such that
hy is smooth on O; and a neighborhood of W \ V'; moreover,

(2.12) |f = hi|+ |V f = Vhi|+|V?f = V?hy| <€

on W\ V. Let ¢ be a smooth cutoff function such that ¢ = 1 in the neighborhood
of W\ V and supp ¢ N K = . Let 1 be another cutoff function such that n = 1 on
the complement of a neighborhood of (W\ V) UO;, and n =0 on (W \ V) uo;.

Since f is strictly plurisubharmonic on U, by convolution (mollifying), there is
a function g; defined on P; such that g; is strictly plurisubharmonic on P; and

f =gl +|Vf=Va|+|V3f - Vg <e

on PyNW\V and |f — g1| < € on Py, since f is continuous and is smooth near
WA\V. Let h = ¢f + (1 — ¢)g1. Then h = f near W\ V, h = g; on Py N K,
and h = ¢f + (1 — ¢)g1 on P1 \ K. Hence, h is defined and smooth on P; and a
neighborhood of W \ V. Moreover, |f — h| < € there and by choosing a better g1,
we may also have

|f —h|+|Vf—Vh|+|V2f—V?h| <e

on P;NW\ V. Now we extend h to a continuous strictly plurisubharmonic function
on U in the following way:

f on the set where n =1,
hy = max{ f, h + 2e — 4en} on the set 0 < n < 1,
h + 2¢ on the set n = 0.

Note that near n =1, h + 2¢ —4en < h — e and near n = 0, h + 2e —4en > h + €.
Since |f — h| < €, near n = 1, hy = f and near n = 0, hy = h+ 2¢. Hence, hq is well
defined and continuous. Note that the complex Hessian of g; is bounded below by
a fixed positive constant if € > 0 is small because f is strictly plurisubharmonic.
Hence, the complex Hessian of h is also bounded below by a positive constant.
Since 7 is fixed, one can choose € > 0 small enough so that h + 2¢ — 4en is strictly
plurisubharmonic. Hence, h; is strictly plurisubharmonic on U. Since hy = h + 2¢
on (W \ V) U Oy, hy is smooth there. Now we can replace W\ V by W\ V U O,
and repeat the process to get a continuous strictly plurisubharmonic function on
U that is smooth near W \ V U O; U Oy and that satisfies the condition (2.12) on
W\ V. Continuing in this way, we get the function g that we want. O

Combining Lemmas 2.2-2.5, we have the following:

Proposition 2.1. Let M™ be a complete ALE Kdhler manifold of order \(t) sat-
isfying (1.3).

(a) M supports a smooth plurisubharmonic exhaustion function that is strictly
plurisubharmonic except possibly at finitely many nontrivial compact sub-
varieties of positive dimension.

(b) Suppose A(t) =t~ for some constant n > 0. Then for any o > 0, there
exists a smooth plurisubharmonic exhaustion function w on M such that
it is strictly plurisubharmonic except possibly at finitely many nontrivial
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compact subvarieties of positive dimension and it satisfies (2.1) and (2.2)
in Lemma 2.2.

(¢) If, in addition, n > 2, then there exists a smooth plurisubharmonic exhaus-
tion function u on M such that it is strictly plurisubharmonic except possibly
at finitely many nontrivial compact subvarieties of positive dimension and
it satisfies (2.9) and (2.10) in Lemma 2.5.

Remark 2.1. In our definition, if M is ALE, then it has only one end. However, the
arguments also work in the case where M has finitely many ends such that each
end is ALE in the obvious sense. In particular, Proposition 2.1 is still true in this
case, provided the assumptions are true for each end.

§3. Riccl FLATNESS OF ALE KAHLER METRICS

Now we can prove the following main theorem:

Theorem 3.1. Let M™ be a complete ALE Kdhler manifold of ordern > 0, m > 2.
Suppose that

(a) either M has nonnegative Ricci curvature or M has nonpositive Ricci cur-
vature; and
(b) there exist 1 > € >0 and C > 0 such that for all r > 0,

1 / L,
R| < Cr—=—°¢
Vo(r) JB, () Il

where R is the scalar curvature of M, o € M is a fixed point, B,(r) is the
geodesic ball of radius r with center o and Vy(r) is the volume of Bo(r).

Then M is Ricci flat. If, in addition, n > 2, then (b) can be replaced by
(b)

"ot
R| = o(logr),
/o Vo(t) /Bo(t)| | = ollogr)

as r — oo, and the same conclusion holds.

Proof. We only consider the case that M has nonnegative Ricci curvature. The
other case is similar. Let 0 < o < €/(2m — 2) be a constant. By Proposition 2.1,
since M is ALE of order n > 0, there is a smooth plurisubharmonic function u that
is strictly plurisubharmonic except possibly at finitely many nontrivial subvarieties
Vi,..., Vi of M. Moreover, there exists a constant C; > 0 such that

(3.1) [Vu|(z) < C’17“2"_1(x)
and
(3.2) V2ul(z) < Crr2e—2(a),

where 7(z) is the distance from x € M to o. Let x¢ ¢ U§:1 V; be any point. Then
w is strictly plurisubharmonic at zg. Suppose Ric(zg) # 0. Then

(3.3) / (vV=100u)" " A Ric > 0.
Btco(l)
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On the other hand, if R > r(x¢) + 1, using the fact that « is plurisubharmonic
and Ric is nonnegative everywhere, we have

/ (vV=105u)™ " ARic < / (v=100u)"™ " A Ric
Baz (1)

Bo(R)

(3.4) — V=T0u A (V=109u)™ % A Ric

0B, (R)

S 02R2a—1 . R(m—Q)(QO(—Q)/ R
0B, (R)

for some constant C3 independent of R. Here we have used (3.1) and (3.2). By
assumption (b) and Lemma 2.1(c), there exist R; — oo such that

/ R < CBR?m—S—e
0B, (R:)

for some constant C5 independent of . Combining this with (3.4), we have
/ (vV=100u)™ " A Ric < CoCy RZ™=D7,
Bao (1)
Since 2a(m — 1) — e < 0, if we let R; — oo, then
(3.5) / (V=109u)™ " A Ric =0,
Bmo(l)

which contradicts (3.3). We conclude that Ric(zg) = 0 and hence Ric = 0 on
M\ Ule Vj. Therefore, we must have Ric = 0.

Suppose 1 > 2. Then one can choose a u that satisfies (3.1) and (3.2) with a = 0.
Hence, (3.4) becomes

(V=109u)™ " A Ric < CoR-2m+3 / R.

Bag (1) 9B,(R)

Integrating from R/2 to R with R/2 > r(xo) + 1, we have

1 / = ym—1 R
— v —100u ARic < C —/ R
R B (1) ( ) 4Vo(R) B,(R)

for some positive constant C4 independent of R. Here we have used the fact that
V,(R) ~ R*™. Integrating again from 2(r(zo) + 1) to R, we have

R = ym—1 R t
log 7/ —100u A Ric < 04/ / R
3@ 1) oy o V@ oo
= o(log R).
Letting R — oo, we have (3.5) again. We conclude that M is Ricci flat as before. [

Remark 3.1. (i) The condition (b') is satisfied if
2

,
lim —/ IR| = 0.
r—o0 Vo(r) JB,(r)

(ii) By Remark 2.1, the assumption that M is ALE can be replaced by the
assumption that M has finitely many ends such that each end is ALE. Of course,
in case M has nonnegative Ricci curvature, then M must have only one end by

[C=ql.
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Applying Theorems 1.1 and 1.5 of [B-K-N] we have the following corollary.

Corollary 3.1. Let M be a complete Kahler manifold of complex dimension m > 2
such that
(a) |Rm|(z) < Cr=27¢(z) for some constant C' > 0, where Rm is the Riemann-
ian curvature tensor;
(b) Vo(r) > Cr®™ for some positive constant C' > 0; and
(c) either Ric(M) > 0 everywhere or Ric(M) <0 everywhere.

Then M is Ricci-flat and M is ALE of order 2m.

Proof. By the result of [ADb], (a) implies that M has only finitely many ends. By
Theorem 1.1 of [B-K-N], each end of M is ALE. Hence, M is Ricci flat by Theorem
3.1 and Remark 3.1. By (a) and the fact that M is ALE,

/ |[Rm|™ < 0.
M

By Theorem 1.5 of [B-K-N], we conclude that M is ALE of order 2m. O

If we replace the assumption (c) on the Ricci curvature by holomorphic bisec-
tional curvature, then we have:

Corollary 3.2. Let M be a complete noncompact Kdahler manifold of complex di-
mension m > 2. Assume that
(a) |R|(x) < Cr=27¢(x) for some constant C > 0 where R is the scalar curva-
ture;
(b) Vo(r) > Cr?™; and
(c) either M has nonnegative holomorphic bisectional curvature or M has non-
positive holomorphic bisectional curvature.

Then M is isometrically biholomorphic to C™.

Proof. (a) and (c) imply that |[Rm|(z) < Cr=27¢(z) for some constant C. The
result follows from Corollary 3.1. O

We should mention that when M has nonnegative holomorphic bisectional cur-
vature, our result is only a special case of Chen and Zhu [C-Z]; see also [S].

It turns out that the method used in the proof of Theorem 3.1 can give a simple
but very different proof of a result of Moore [Me, Theorem 2], which is also related
to a result of Kasue [Ka]:

Theorem 3.3 (Moore). Let M™ be a complete complex immersed submanifold of
CY with complex dimension m > 2. Suppose that [,,|A]*™ < oo, where |A| is
the morm of the second fundamental form of A of M. Then M is a complex linear
subspace.

Proof. Let z = (z1,...,2") be the standard complex coordinates in C with |z| =
1

[Ziv |zz|2} * and let 7(2), 2 € M be the geodesic distance of z to a fixed point

0 € M. Since M is minimal, by Proposition 2.1 in [Axnl,

(3.6) |A|(2) < |27 (1z]),

where 6(t) — 0 as ¢ — oo, and by the proof of [Anl Lemma 2.4] there exists a
constant C' > 0 such that

(3.7) Cz| <r(z) < Clz
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for z € M. Combining this with (3.6), we have for z € M,
(3.8) Al(2) < 77 H(2)a(r(2)),

where o(t) — 0 as t — 0o. Let h be a smooth function in the ambient space C.
Then we know

(3.9) |Vh| < |Vh|

on M. Here V and V are the covariant derivatives of M and C¥ respectively.
Moreover, let X and Y be vector fields on M. Then on M,

Hessyh(X,Y) = XYh — (VxY)h
= XYh—Vxh+AX,Y)h
= Hessen h(X,Y) + A(X,Y)h,

where Hessy; and Hesscw are the Hessians of h with respect to M and CV respec-
tively. Using (3.8), we have for z € M,

(3.10) [Hessarh|(2) < Cy ([Hessen h|(2) + 1771 (2)[Vh|(2)) .

Let h = log(1+ |2]?) = log(1 + Zjvzl |z7|2). Then h is strictly plurisubharmonic on
CV and hence on M, because M is a complex submanifold. By (3.9), (3.10) and
(3.7), there exist constants Cs, C's > 0 such that for any z € M,

(3.11) IVhI(2) < [VhI(2) < Cor~i(2)
and
(3.12) [Hessarh|(2) < Csr™2(2).

By (3.8), we conclude that the curvature tensor of M satisfies
(3.13) |Rmas(2)] < Car=2(2)o(r(2)),
for some constant Cy > 0 and by Theorem 3.1 in [An],

Vo(r) < Cre™,

for some constant C. Hence, there exist R; — oo and Cs > 0, such that the area
of OB,(R;) is no greater than C5R7™ . Then we can proceed as in the proof
of Theorem 3.1, since the holomorphic bisectional curvature of M is nonpositive.
Namely, let zp € M and suppose the Ricas(z) # 0. Using (3.11), (3.12) and (3.13),
as in the proof of (3.4), there is a constant Cg such that if R; is large enough,

0< CeR7'-RZM™2 / IR|
0B, (R;)

< C7o(R;)

where R is the scalar curvature of M. Letting ¢ — oo, we have o(R;) — 0. We have
a contradiction. Hence, M must be flat and is an affine complex linear subspace. [
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§4. Riccr FLATNESS OF ALE METRICS AND THE GROUP GG

In this section, we will discuss Ricci flatness of an ALE Kéahler manifold from
another perspective. Let M™ be a complete noncompact Kéahler manifold with
Kahler metric g and with nonnegative Ricci curvature. In this section, we always
assume that M™ is ALE of order A(t) which satisfies

lim¢oo A(t) =0, and
[ TIA()dt < oo

Let G be the group in the definition of an ALE manifold in §1. We will give
a characterization of Ricci flatness in terms of G. In particular, we will replace
condition (b) or (b') in Theorem 3.1 by a condition on G. Moreover, we will only
assume A(t) to satisfy (4.1), instead of assuming A(¢) = ¢~ for some n > 0 as in
Theorem 3.1. For example, A(t) may be of the form t~1 (logt) ™'~ for some € > 0.
Using the notation in §1, recall that we have diffeomorphisms

¥ (R*™\ By(Ro)) /G — M\ K

(4.1)

and

p=vom:R"\ By(R) - M\ K.
Here Ry > 0is a fixed number and K is a compact set. Let h = ¢*g be the pullback
metric. Then the definition of ALE provides

|hij(z) = 65| < CA(|z]),

(1.2) %8| < Clal ' A(al),
ThH@I < Ol ()

for some constant C.

First, we construct the complex structure on the tangent cone (R*™\ By(Ry)) /G.
Let Jys be the complex structure on M and let J be the pullback of Jj on R?™ \
Bo(Rp). Namely, J = ¢, 1 oJp0¢,, where the differential ¢, of ¢ is an isomorphism
at each point. In the standard coordinates (z!,...,2?™) on R?*™\ By(R), we can

write
0

J(x)=>_Ji(x) 5 © da’
‘!j

and hence J(z)(:%) = J/ ()2, with (J7)2 = —I where I is the identity matrix.

oz’ I
Lemma 4.1. With the above assumptions and notation, the following are true:
(a) limg, oo J/ (z) = J? for all i,j such that
[} (@) =T < C lk(lxl) +/ tl/\(t)dt] ;
||

for some constant C for all x, where J! are constants.

(b) k
a.J"
’ 11 (@) < Clal~ M),

ox*
for some constant C for all x and 1 <4, j,k < 2m.
(c) If J is the matriz (J!), then J?> = —1.
(d) J € O(2m) with respect to the standard metric on R?™.
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(e) For anyy € G, we have yoJ = Jor.

Proof. Since h is the pullback metric of g which is Kéhler, if V is the covariant
differentiation with respect to h, then

0=V o Jj
aJl . .
= o+ DI = ThT]

where I‘fj are the Christoffel symbols of h with respect to the coordinates . By
(4.2), we have

0J]

(4.3) o

() < Culal " A2 ]I(2),

\ 2
for some constant C, where ||J||? = D (Jf) . Since t~1A(t) is integrable near
infinity, one can conclude that ||.J|| is bounded. From this and (4.3), (b) follows.

To prove (a), let  and 2’ be two points, such that |z| > |2/[; by (b) there exists
a constant Cy independent of z and x’ such that

||

[ (2) — J (') < Cy (Aux'n + /| ,l tlA(t)dt) .

From this and (4.1), (a) follows. (c) follows from the fact that J? = —I. Note that

() T (5 = .

The right side of the equality tends to d;; as @ — co. From this (d) follows. Since
J is the pullback of Jys, yoJ oy~ ! = J for v € G. Here y can be considered as a
constant matrix. Hence (e) is true. O

By (c) and (d) we can conclude that J = S o Jyo S~ for some S € O(2m),
where Jy is the standard complex structure on R?™, namely

0 0

Tolgm) = ggmei

and
0 0
ol grmrs) = ~ 5z

for 1 < i < m. Hence, by conjugating with S we may assume that .J is the standard
complex structure. For simplicity, we call J the complex structure of the tangent
cone of M. With respect to this complex structure, G C U(m). The following
proposition may be well known.

Proposition 4.1. With the above notation, suppose M™ is a complete noncompact
ALE Kdhler manifold with group G and of order A(t) satisfying (4.1). Suppose M
is simply connected and Ricci flat. Then G is a subgroup of SU(m) with respect to
the complex structure on the tangent cone of M.

Proof. Since M is simply connected and Ricci flat, there is a nontrivial parallel
(m,0) form © on M by [Bé, Proposition 10.29]. The pullback of © on R?>™\ By(Ry)
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is denoted by the same notation. Then O is also a nontrivial parallel (m,0) with
respect to the complex structure J. For 7; — oo, let

Oi(z) =1, "O ().

We claim that by passing to a subsequence, ©; — O, uniformly on compact subsets
of R?™\ By(Roy). Moreover, O, is invariant under G, is parallel with respect to
the Euclidean metric and is nontrivial.

Indeed, if we write
0= Z f]diL’I

[I|=m
where I is a multi-index dz! = dz* ® - - - ® dz* which form a basis for the tensor
fields, then since © is parallel, by (4.1) and (4.2), we have

(4.4) crtlell@) < 11 (x) < culleli@)
I

for some positive constant C; > 0 independent of x. Here ||©|| is the norm of
© with respect to h. In particular, |f7| are uniformly bounded because ||O]] is
a constant. Since © is parallel with respect to h, by (4.2) and the definition of
covariant derivative, we have

(4.5) |

0
5 1@ < Cafe] ().

Now

Oi(x) =Y _ fr(niz)da’ =" f; r(z)da’,
I

1
where f; 1(z) = fi(riz). By (4.5)

0
(4.6) |@fi,1($)| < Cori|mz| " A(milz]) = Calz| " A(milz)).

In particular, f;; are equicontinuous on compact sets. Passing to a subsequence,
if necessary, we conclude that the ©; converge uniformly on compact sets in R?™ \
By(Ro). By (4.6), passing to a subsequence, we have f; ; — a, which is a constant.
Note that © and hence ©; is invariant under G. Hence O, = Z\I\:m ardz’ is also
invariant under G. By (4.4), we know that © is nontrivial. It is obviously parallel
with respect to the Euclidean metric because a; are constants. We may assume
that the complex structure of the tangent cone of M is the standard one Jy; that
is,
Jo(da?) = —dz™" ;. Jo(de™) = da?.
Let us write '

J(dz") = J!dx?
and '

Jo(dz'y = J! da?.
Let e/ = da/ — /=1J(dx?), e} = da? — V=1Jo(da?), 1 < j < m. Tt is easy

to see that el,...,e™ form a basis for the (1,0) forms with respect to J. Let
él(z) = dz? — /=1J(r;x)dz?. Then by Lemma 4.1(a),
(4.6) e — & ()] < CsA(|mal),

where X(t) — 0 as t — oo. Since © is a holomorphic (m,0) form with respect to J,

O =d(x)e' A Ae™
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and
@Z({E) = ¢(Tz$)ézl A NET.
Note that by (4.2) and the fact that ||©|| is a constant, ¢ is bounded. By (4.6) and
(4.1), we have
Oi(w) = d(rix)eg A+~ Aeg + s

where |n;(z)| < C3A(|r]) for some constant Cs. Hence, lim; o 7;(z) — 0 and
O = ael A -+ A el for some constant a which is nonzero because of (4.4). Since
O is invariant under G, we must have dety =1 for all v € G. Since G C U(m)
with respect to Jy, we conclude that G C SU(m). O

In case M is an ALE Kéhler manifold with nonnegative Ricci curvature, one may
replace the condition on curvature decay in Theorem 3.1 by a reasonable condition
on G. More precisely, we will prove that G being in SU(m) is also sufficient for the
Ricci flatness of M. We will need various forms of Bochner-Weitzenbock formulae.
Let Ay = dé + dd, where § is the adjoint of d with respect to the Riemannian
metric on M. Let Ay = 00* + 9*0, where 0* is the adjoint of d with respect to the
Kahler metric on M. Then %Ad = Aj. In this notation, for a function f in R,

Agf=-=37 ;—; f. The following is well known.
Lemma 4.2. Let M™ be a Kdahler manifold.
(a) If ¢ is an (m,0) form, then
—Adl|l*(z) = 2 Ve|*(x) + (~Aad, §)(x) + (¢, —Aag)(z) + R(2)||¢]|* (),

where R(x) is the scalar curvature of M at x.
(b) If ¢ is an (m,1) form, then

—Adllo)*(z) > 2/IVEI* (@) + (= Dad, ) () + ($; = Dad)(x) + Rim—1(2)[6]*(z),

where Rym—1(x) = Ai(x) + -+ + o1 () with Ay < XAy < -+ <\, are the
eigenvalues of the Ricci form R;;dz; A dz; at the point x.

Here the inner products are taken with respect to the Kdhler metric.

Proof. Choose normal coordinates around x € M. By Theorem 6.1 and Theorem
6.2 of [M=K], for an (m,0) form ¢,

3040 = Ngp = —V; Vi

and

1046 = Agd = ~ViVid + R(z)o.
Combining the above two equalities with

—Adll¢l? = 2(¢, d)ii
=2|[Vigl* + 2| Vgl + (2ViVig, ¢) + (6, 2ViVid)

we have (a). If ¢ is an (m,1) form, then we write ¢ = ¢pdz1 A -+ A dzym A dZ.
Theorem 6.1 and Theorem 6.2 of [M-K]| again imply that

(3049); = (Ag0); = — (ViVio);
and

(38a9); = (850);, = — (ViVi0) + Rop — D Ryor.

Then a similar calculation proves (b). O



RICCI FLATNESS OF ALE METRICS 1951

Theorem 4.1. Let M™ (m > 2) be a complete noncompact ALE Kdihler manifold
with group G and of order A such that \ satisfies (4.1). Suppose that

(a) M has nonnegative Ricci curvature; and
(b) G is a subgroup of SU(m) with respect to the complex structure on the
tangent cone.

Then M is Ricci flat.

Proof. By [Bel, Proposition 10.29], it is sufficient to construct a nontrivial parallel
holomorphic (m, 0) form on M. To this end, we first construct an “almost” parallel
(m,0) form on M.

Using the notation as in the beginning of this section, let (z1,..., 2%™) be the
standard coordinates in R?™. We may assume that the complex structure .Jy on
the tangent cone is the standard one such that

Jo(dz?) = —dz™"I,  Jo(de™) = da?,

for 1 < j < m. Letwy = ey A---Ae where ¢ = do/ — /=1Jy(da’). Let
O=e'A---Ne™, where ¢/ = da? — \/=1J(dz), 1 < j < m. Then @ is an (m,0)
form with respect to J. By Lemma 4.1, we conclude that @ is never zero near
infinity. Let
w = (1] (w0, &)

where the inner product and the norm are taken with respect to the metric h. Since
G C SU(m) with respect to Jy, wo descends to an m form on M \ K. Since w is
just the (m,0) part of wy with respect to J which is the pullback of Jys, w also
descends to M near infinity. We will also denote this form by w. Let z,9, ..., etc.,
denote points on M. Let us first assume that A is nonincreasing. By Lemma 4.1,
(4.2) and Lemma 2.1, we have

(4.7) Jim [Jol| =1
and
(4.8) IVw[[(Z) + |ldwl|(F) + [|6w]|(Z) < Crr™ (@)A(r(E))

for some constant C; independent of #, where X is a nonnegative function on [0, 00)
satisfying (4.1). Extend w to be a smooth (m,0) form on M so that it equals to w
outside a compact set. We still denote this form by w.

For any R > 0, by [Myl p. 316, Theorem 7.8.4], there is a unique m form O on
B,(R), where o is a fixed point in M, such that

AdG)R =0 OIlBO(R)7
Or =w on dB,(R).

It is easy to see that Og is an (m,0) form because Ay is a real operator. Since
||©r]|? is subharmonic by the Bochner-Weitzenbdck formula (Lemma 4.2(a)), we
have
(4.9) sup [|Or|* < sup ||Of|* = sup [lw|]® < Co

) 8B, (R) 9B (R)

o o

for some constant C; independent of R. By the interior Schauder estimates of
elliptic systems [Myl Theorem 5.5.3], after passing to a subsequence if necessary,
Op converges uniformly on compact sets in M to an (m,0) form ©. We want to
prove that © is nontrivial, holomorphic, and parallel.
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To prove © is nontrivial, let wg = O —w. Then Aywr = —Agw in B,(R) and
wr = 0 on 9B,(R). On the other hand, by the Bochner-Weitzenbock formula in
Lemma 4.2(a), we have

—Agllwrl]? = 2||Vwrl]? + (—Agw,wr) + (Wr, —Aqw) + 2R(2)|wr|?
> 2||Vwg|]? + (—Aqw,wr) + (Wi, —Aqw)
where we have used the fact that R(x), the scalar curvature of M, is nonnegative

and that Ag = %Ad. Note that here Ay = dé + 6d on functions differs from the
usual Beltrami-Laplace operator by a minus sign. Define

u(@) = - / Gr(E.§) (2 Vwrl*@) + (~Aaw(@), wr()
Bo(R)

+ (wr(9), —Aqw(7))) dy,
where Gp is the positive Green’s function on B,(R) with zero boundary value.
Since —Ayl|wr|]? > —Aqu and ||wg|]> = u = 0 on dB,(R), u > ||wr|| on By(R).
On the other hand, for & € B,(gR), integrating by parts in (4.10), noting that the
singularity of Gr at T does not cause any trouble, we have

u(@) < —2 / G r(#, §)||Vwn|*dj
Bo(R)

o

(4.10)

2 [ (ol @) + 16nl0) (1ol @) + 165)) Gz, D)
o(R)

20 [ 95Ga G0 lell) (1) + 15115) d
Bo(R)

< [ (sl @)+ 116417 ®) Gt 51
Bo(R)
- ~ GR(i‘vg) ~
[ (110 + 5611 0) S
aan) o FaGRGE D (a6 + ) 4 )

< 05( (ldwl2(@) + 18] 2@)) 2~ (. 5)dd
B, (R)

+
S

)
—
[N

(1l 3) + 1941 717 G
+f V3 Gr(E9)] (IIdWII(ﬂ)+|I5wII(17))d@7)
Bo(R)\Bo (1 R)
< 06( /B . @R @) @ D) + T @A) (@ 5)]

+ R sup A(t)

/ |ngR<5c,g>|)
t>1R Bo(R)\Bo(3R)

for some constants C3 — Cg independent of R. Here we have used (4.8), the fact
that Gr(7,9) < G(7,9), |V,Gr(,9)| < CGr(Z,9)r *(Z,7), Li and Yau’s [L-Y]
estimate on the Green’s function, the fact that M has maximal volume growth, and
that ||wg]|, ||w|| are bounded (by (4.7) and (4.9)). We have also used the fact that
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||dwr|| and ||0wr|| are bounded by C||Vwg|| for some constant depending only on
m (see [DRL p. 107 (2), p. 108 (3)]). Let r = r(Z), the distance of & from o. We
want to estimate

/ L GMr@)r 2 ( 5)dg
B,(R)

for R > 4r, where r = r(Z). Let 1/4 > ¢ > 0. Then

(1.12) [ )7 @A) D < Crsp Ay

>

for some constant Cy independent of R, Z and e.

/ P @A (@)t (&, §)dy
Bo(3)

(413) = ( [+ ) (@@ (5, 5)dp)

< Cs (eQm_l + sup X(t))

t>er

for some constant Cg independent of R, & and e.

/ P @A) §)dg
Bo(R\(Bo(3)UBz(%))

(4.14) < Cy / 2 AG(5))dg
Bo(R)\Bo(3)
gcg/ tIN(t)dt

for some constant Cy independent of R, # and e. Combining (4.12)—(4.14), if
R > 4r(Z), then

/ P @A@) P (E, 5)dg
B,(R)
(4.15)

<

t>er z

< Cho [Ele + sup A(t) +/ tlﬂ(t)dt]

for some constant Cy independent of R, Z and e. Similarly, if we choose a possibly
larger constant, we also have

(4.16)

< Cho em=2 4 sup 5\(1‘,) + /

t>er z

<

h t‘l;\(t)dt] .

Here we have used the fact that m > 2.

To estimate the last term in (4.11), let ¢ be a nonnegative cutoff function such
that ¢ = 1 on Bo(R) \ Bo(3R), ¢ = 0 on By(1R) and |[Vy| < CR™! for some
constant C' independent of  and R. Since Gg(Z,-) is harmonic and smooth on
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B,(R) \ Bo(7R) with value zero at dB,(R), we have

/ V3G r(@ §)|dj < / o)V Gl 7)ldg
Bo(R)\Bo(1R) Bo(R)\Bo(1R)
1
2
< Cy R™ (/ 802(?])|V§GR(557§)|2CZ§/>
Bo(R)\Bo (1 R)
(4.17) :

< CyoR™ ( / Vo2 (5)G(z, g)dg)
Bo(R)\Bo(1R)

%
< CpgR—Hm < / GQ(M)@)
Bo(R)\Bo (1 R)

< Ci4R

for some constants C1; — C14 which are independent of £ and R. Here we have
used the fact that there is a constant depending only on m such that Gr(Z,q) <
G(z,7) < CR?*™®™ for & € Bo(gR) and § ¢ B,(3R). Combining (4.11), (4.15),
(4.16) and (4.17), we have

lwrl*(@) < u(@) < Cis

t>er 5 t>1iR

o0
€2m72 4 sup \(t) + / t=I\(t)dt + sup )\(t)]
for some constant Cy5 independent of R, T and e. Let € = P I e > 16, we have
llwr|[2(Z) < Cis |r~™F 1 + sup A(t) +/ t=IN(t)dt + sup A(t)] .
>\ 5 t>1R
Since A(t) — 0 as t — oo, if we let R — oo, we have

16 - w|(#) < Cus [r—mﬂ + sup A(t) + /

tIN(t)dt| = o(r)
NG 5

for all Z. Since m > 2 and [~ t=I\(t)dt < o0, o(r) — 0 as 7 — oo, combining this
with (4.7), we have

(4.18) lim ||©]|(2) = 1.
In particular, © is nontrivial.

Next, we will prove that © is holomorphic. Since AyO = 0, if ¢ is a cutoff
function, then

/ (620, A40) = 0.
M

Integrating by parts, choosing a suitable cutoff function, by (4.18), we can conclude

(4.19) / 1dO|]? < CrgR>™ 2
)

o

for some constant Ci¢ independent of R. Since Ag = 00* + 00 = %Ad, and O is
harmonic, it is easy to see that

Az0O = 00" 00 = —9*90O = 0.
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Since 00 is a harmonic (m, 1) form and M has nonnegative Ricci curvature, ||00]|?
is subharmonic by the Bochner-Weitzenbock formula in Lemma 4.2(b). Using the
mean value inequality of Li and Schoen [L-S] and (4.19), it is easy to see that
00 = 0.

Finally, we want to prove that © is parallel. Since © is a holomorphic (m,0)
form, M has nonnegative Ricci curvature and ||©[|? is plurisubharmonic. Since
M is ALE of order A(t), by Proposition 2.1(a), M supports a plurisubharmonic
function that is strictly plurisubharmonic everywhere except possibly at a finite
number of compact nontrivial subvarieties. Also (990)™ = 0 by Proposition 4.1
of [N]. Hence, by the minimal principle of [B-T] and (4.18), ||©|| = 1. Since © is
a holomorphic (m, 0) form, by the Bochner-Weitzenbock formula in Lemma 4.2(a),
we have

0= —Agll0[? > 2[VO|*.
Hence, we conclude that © is parallel. This completes the proof of the theorem. [J

§5. LIOUVILLE THEOREMS FOR PLURISUBHARMONIC FUNCTIONS
ON ALE MANIFOLDS

It was proved by Yau [Y] and Cheng and Yau [C-Y] that there is no nonconstant
harmonic function with sublinear growth on a complete noncompact manifold with
nonnegative Ricci curvature. This is certainly not true for subharmonic functions.
However in C, there is no nonconstant subharmonic function that grows slower than
log r where r is the distance function. Hence, this is also true for plurisubharmonic
functions on C™. To fix terminologies, let us introduce the following definition. A
complete noncompact Kéhler manifold M is said to have strong Liouville property
for plurisubharmonic functions if there is no nonconstant plurisubharmonic function

() satisfying

(5.1) lim sup ﬁpﬂ =
z—oo logr(z)

We also say that M has Liouville property for plurisubharmonic functions if any
bounded plurisubharmonic function on M is constant. All functions are assumed to
be smooth in our consideration. In [N], the first author proved that if M is a quasi-
projective variety, then M has Liouville property for plurisubharmonic functions.
Some other results were also obtained in [N-S-T]] on certain Kéhler manifolds with
nonnegative Ricci curvature.

Notice that the Ricci form of a Kéhler manifold with nonnegative (or nonpositive)
Ricei curvature is a nonnegative (or nonpositive) real (1,1) form. On the other hand,
for a plurisubharmonic function u, v/—199u is also a nonnegative real (1,1) form.
Hence, it is not surprising that the methods in §3 might be useful in the study
of the strong Liouville property for plurisubharmonic functions on ALE Kahler
manifolds. This is the purpose of this section. To be consistent with the notation
in §4, A is again the negative of the usual Beltrami-Laplace operator for functions
on manifolds.

We first start with the following lemma.

Lemma 5.1. Let M™ be a complete Riemannian ALE manifold of order \(t) sat-
isfying (1.3) and let o € M be a fized point. Let [ be a nonnegative locally Holder
continuous function on M. Suppose the Poisson equation —Au = f has a solution
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u such that
1 =0
P logr(x)

Then

(5.2) /0 <T(S) /Bx(s) fy) dvy> ds = o(log ).

Proof. First note that it is sufficient to prove (5.2) with = o. Moreover, (5.2) is
equivalent to

(5.3) /0 (Snll /B ) Fy) dvy> ds = o(logr)

for some 7. Lift u and f to be functions in R?™ \ By(R) and extend u and f to
be smooth functions on R?™, which will also be denoted by u and f. Moreover,
extend the pullback metric A on R*™ \ By(R) to R?*™, which will also be denoted
by h. Then with respect to this metric, —Au = f outside a compact set. Since h is
uniformly equivalent to the Euclidean metric, the minimal positive Green’s function
is equivalent to the minimal positive Green’s function of R?”™ with the standard
metric [L-S-W| p. 67]. We can find a function o which is asymptotically zero at
infinity and if & = u+ o, then —A% = f on R?*™ with limsup,_, . @(x)/log |z| = 0.
Here we denote the points on R?™ by x again. In this set-up, it is sufficient to prove
(5.3) on R?™ with the lifted f. Since f is nonnegative outside a compact set and h
is uniformly equivalent to the Euclidean metric, one can use Lemma 2.1 together
with Remark 1.1 in [T], proceed as in the proof Theorem 2.1 in [N-S-T] and one
can prove that the lemma is true. Here one also uses the fact that for fixed rq,
I} Bo(ro) Gr(0,y)dv, is uniformly bounded independent of R. O

Theorem 5.1. Let M™ be a complete ALE Kdhler manifold of complex dimension
m of order n > 2. Then it has the strong Liouville property for plurisubharmonic
functions.

Proof. We may assume that m > 2, because the case that m = 1 is obvious. Let ¢
be a plurisubharmonic function satisfying (5.1). By Lemma 5.1, we have

" 1
/0 <Sn1 /Bm(s) —At(y) de) ds < o(logr)

as r — 0o. Hence one can proceed as in the proof of Theorem 3.1 to conclude that
00¢ = 0. We claim that 1 is asymptotically constant at infinity. If this is true,
then 1 must be constant by the maximum principle. To prove the claim, we can
lift ¢ to be a function on R?™\ By(R) for some R. We can also extend the pullback
metric h to the whole R?™. We also extend 1 to be smooth in R?™. Since this
metric is uniformly equivalent to the Euclidean metric, there is a function o such
that o(z) — 0 as * — oo and o + % is harmonic with respect to h. Here we denote
the points in R?™ by z again. By Moser’s Harnack inequality [Mi] and the fact
that o(z) + ¥ (x) < log|z| for large |z|, if R is large, then

Sup (log(2R) — (0 + 1)) < C1 nf (log(2R) — (o + 1))
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for some constant C7 independent of R. Hence,

inf (60 +v)>—-Cy(logR+1

Jof (0 +) = ~Callog R+ 1)

for some constant Cs independent of R. In particular,

sup |0+ 9| < C5(log R+ 1)

Bo(R)
for some constant independent of R. By Moser’s result again [Mr|, o + ¢ must be
constant. Since o(x) — 0 as & — oo, we conclude that 1) is asymptotically constant
near infinity of R?™ and hence is asymptotically constant near infinity of M. This
completes the proof of the theorem. O

Combining Theorem 5.1 with Theorem 1.5 of [B-K-N|, we have the following
result.

Corollary 5.1. Let M be a complete Ricci flat Kdhler manifold of complex dimen-
ston m with

(a) Vo(r) > Cr®™ for some o € M and C > 0,
(b) [y |Rm|™dv < oo, where Rm is the curvature tensor of M.

Then M has the strong Liouville property for plurisubharmonic functions.

Proof. 1t is clear that we only need to prove the Corollary for m > 1. By Theorem
1.5 of [B-K-NJ|, we know that M is an ALE manifold of order 2m. The result then
follows from Theorem 5.1. O

Note that by Corollary 3.1, if M™ is a complete noncompact Kéhler manifold
such that

(a) |Rm|(x) < Cr=27¢(z) for some constant C' > 0, where Rm is the Riemann-
ian curvature tensor;
(b) V,(r) > Cr?™ for some positive constant C' > 0;
(c) either Ric(M) > 0 everywhere or Ric(M) < 0 everywhere.
Then M is Ricci flat and hence M has the strong Liouville property for plurisub-
harmonic functions.

In the proof of Theorem 5.1, one only needs the existence of a smooth plurisub-
harmonic function u that is strictly plurisubharmonic outside a set of measure zero
and satisfies |Vu(z)| < Cr~1(z) and v/—100u(x) < Cr~2(z) for some constant C,
provided the manifold has strong Liouville property for harmonic functions: Every
harmonic function ¢ on M with limsup,_, . ¥ (z)/logr(xz) = 0 is constant. Hence,
by the result of [N-S-T] (see also [MK]), we have the following.

Corollary 5.2. Let M be a complete Kdhler manifold of complex dimension m
with nonnegative bisectional curvature. Suppose that M satisfies
(a) Ricar > 0 everywhere,
(b) the scalar curvature R satisfies R(x) < rzL(x)’ for some positive constant
C, and
(c)

* 1
— R(y) dv, dt < oo.
/o Vo(t) JB, ) (v) dv,

Then M has strong Liouville property for plurisubharmonic functions.

Proof. By [N-S-TJ, a strictly plurisubharmonic function u satisfying the above men-
tioned properties can be constructed by solving the Poisson equation on M (cf.
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Theorem 5.1 and Corollary 1.2 in [N-S-T||). By the gradient estimate of [C-Y], M
also has the strong Liouville property for harmonic functions. Using Theorem 2.1
of [N-S-T|| we also have

Tt
— —Avy dv, dt = o(logr).
/o Vo(t) /Bo(t) Y ( )

The result then follows by the argument in the proof of Theorem 3.1. O
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