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GREEN’S FUNCTIONS, HARMONIC FUNCTIONS,
AND VOLUME COMPARISON

PETER LI & LUEN-FAI TAM

0. Introduction

Let M” be a complete, noncompact, n-dimensional manifold without
boundary, and let p € M be a fixed point. In this paper we will study
some problems in function theory on a class of manifolds A with Ricci
curvature satisfying Ric,,(x) > —(n—1)K (1+ r(x))"2 , for some constant
K >0, where r(x) is the distance from x to the fixed point p. Our first
aim is to give some sufficient conditions for a manifold M in this class
to admit a positive Green’s function. The problem has a long history. In
1975, Cheng-Yau [10] first provided a necessary condition involving only
the volume growth for a complete manifold to admit a positive Green’s
function. A sharp necessary condition was later proved by Varopoulos in
[34], which states that if a complete manifold A has a positive Green’s
function, then

<t

where V;,(t) is the volume of the geodesic ball of radius ¢ with centerat p.
However, condition (0.1) is far from sufficient and a counterexample was
given in [34]. This sharp necessary condition of Varopoulos was also later
proved in [22] and [13] by using different arguments. The first major result
for the sufficiency was due to Varopoulos [31] and Li and Yau [25]. Using
the estimates for the heat kernel, they proved that if M has nonnegative
Ricci curvature everywhere, and (0.1) is satisfied, then M will have a
positive Green’s function. Furthermore, Li and Yau [25] proved that if
this is the case, then for all x # y in M, the minimal positive Green’s
function must satisfy

0.2 c! — dt < G(x, <C/ dt,
0.2) (xy)V(z) (x,y) (xy)Vt)
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for some constant C > 0 depending only on the dimension of M . A few
years later, it was proved in [20] that if the sectional curvature of M is
nonnegative outside a compact set, then condition (0.1) is also sufficient
for the existence of a positive Green’s function. Moreover, the estimate
(0.2) is still valid at each end of large volume growth with some obvi-
ous modifications. The constant C depends on the manifold and also
on x. The results in [20] in one sense are generalizations of the results
in [31] and [25], because there is no curvature restriction on a compact
set. In another sense the results are more restrictive since the assump-
tion is on the sectional curvature rather than the Ricci curvature. The
results in [20] were generalized by Kasue [16] to manifolds with asymptot-
ically nonnegative sectional curvature. Recall that a complete noncompact
manifold M is said to have asymptotically nonnegative sectional curva-
ture if there is a point p € M and a continuous nonincreasing function
A:[0, 00) = [0, o) such that f;°ri(r) dr < co and the sectional curva-
ture of M at x satisfies K, (x) > —A(r(x)), where r(x) is the distance
from the point x to p. We would like to point out that the method in [20]
is quite different from the method in [25]. Up to this point, there is not
much progress in the problem of finding sufficient conditions for existence
of positive Green’s function if we only assume that the Ricci curvature
of the manifold is nonnegative outside a compact set, or more generally,
that the Ricci curvature satisfies Ric, (x) > —(n - K (1 + r(x))_z. In
§1, we will prove that under this curvature assumption, and if in addition
the manifold satisfies a volume comparison condition (VC) (see the defi-
nition in §1), then condition (0.1) is sufficient to guarantee the existence
of a positive Green’s function. We should remark that condition (VC) is
satisfied by a manifold with nonnegative Ricci curvature everywhere and
by each end of a manifold with asymptotically nonnegative sectional cur-
vature; see §3. Therefore this result can be considered as a generalization
and a unified treatment of those in [25], [31], [20], and [16].

In §2, we will give some basic estimates for the positive Green’s func-
tion for the class of the manifolds which we consider. They include the
estimates for the positive Green’s function on a complete noncompact
manifold with nonnegative Ricci curvature obtained in [25], and on a
complete noncompact manifold with nonnegative sectional curvature out-
side a compact set in [20] and the generalization in [16]. These estimates
will be useful in the study of various spaces of harmonic functions. It was
discovered by the authors in [20] and [24], that in order to study the inter-
play between the geometry and the harmonic functions on a manifold, it is
important to study symmetric Green’s functions which may be unbounded
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at infinity. Note that in [21] the authors constructed a symmetric Green’s
function (which might not be positive) on any complete noncompact man-
ifold using compact exhaustion. This kind of Green’s functions turn out
to be quite useful; see [24]. Therefore, in §2, we also give estimates for
the Green’s function constructed in this manner for manifolds satisfying
the curvature and the volume comparison assumptions mentioned above.

In §3, we will apply the results in §1 and §2 to give new proofs of the
existing estimates for the Green’s function given by [25], [31], [20], and
[16]. We will also derive some new estimates for complete noncompact
manifolds with nonnegative Ricci curvature and small volume growth.

In §4, we will apply the results in §1 and §2 to study spaces of harmonic
functions on complete noncompact manifolds with nonnegative Ricci cur-
vature outside a compact set. Using the terminology of [24], we say that
a complete noncompact manifold is nonparabolic if it supports a positive
Green’s function, otherwise, we say the manifold is parabolic. On the other
hand, if M is a complete noncompact manifold, and D is a compact set,
then an unbounded component of M \ D is called an end of M with
respect of D . If the number of ends of M with respect to any compact
set is uniformly bounded above by an integer, then we say that M has
finitely many ends. In this case, there is an R > 0 and an interger k > 1,
such that if § is any bounded domain containing B (R), then M \Q has
exactly k£ unbounded components, and we will also denote an unbounded
component of M\ Q for a fixed but sufficiently large bounded domain Q
to be an end. Given anend E of M with respect to some compact set, we
say that it is a nonparabolic end if it supports a positive Green’s function
which satisfies the Neumann boundary condition on JE. Otherwise, E
is said to be a parabolic end. This definition of parabolicity for an end is
equivalent to those given in [24]. This fact will be discussed in more detail
in §1. Now let p be a point in M, let s(r) be the number of parabolic
ends, and let /(r) be the number of nonparabolic ends of M with respect
to B p(r) , the geodesic ball of radius r with center at p. It is easy to see
that s(r) and I(r) are nondecreasing in r. Let s(r) — s and [(r) - [ as
r — co, where s and ! may be infinity. It was proved in [24] that

(0.3) s+1 < dim#Z°(M).
If we further assume that / > 1, then

(0.4) s+1<dim#Z (M)
and

(0.5) ! < dim7Z,° (M),
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where 7 0(M ) is the vector space generated by those harmonic functions
which are bounded on one side at each end with respect to some compact
set, # (M) is the vector space generated by positive harmonic func-
tions, and #,°(M) is the space of bounded harmonic functions with
finite Dirichlet integral. We should remark that one does not need any
curvature assumption in proving these results. On the other hand, if M
has nonnegative Ricci curvature, and / > 1, then (0.4) and (0.5) become
equalities. In fact, by the splitting theorem of Cheeger and Gromoll, if
[ >1,then / =1, and by a theorem of Yau [35], %“L(M) =72, (M) =
{constant functions}. In general, if M is a connected sum of complete
noncompact manifolds with nonnegative Ricci curvature, then (0.3)—(0.5)
also become equalities; see [11] and [30]. If the sectional curvature is
nonnegative outside a compact set, or more generally, if the manifold has
asymptotically nonnegative sectional curvature, then by [20] and [16], we
have equalities for (0.3)-(0.5) again. Using the estimates of the Green’s
function in §2, we give a partial result for the case where the Ricci curva-
ture is nonnegative outside a compact set under the additional assumption
that the manifold also satisfies the volume comparison condition (VC) in
§1. We will show in §4 that the inequality (0.5) is actually an equality in
this case.

In §5, we will discuss the volume comparison condition (VC). As we
mentioned before, the condition is satisfied by a complete noncompact
manifold with nonnegative Ricci curvature, or by each end of a mani-
fold with asymptotically nonnegative sectional curvature. We will prove
that in a certain sense, the volume comparison condition (VC) will also
be satisfied by a manifold whose Ricci curvature is almost nonnegative
everywhere. The results in this section are purely Riemannian geometric
and are interesting in their own rights.

In §6, we will consider complete noncompact manifolds with nonnega-
tive Ricci curvature outside a compact set and have finite first Betti num-
ber. We will prove that (VC) is essentially satisfied by each end of such a
manifold. Furthermore, the results in §1 are still true, and the results in
[20] concerning positive harmonic functions can be extended to this kind
of manifolds.

Many results can be generalized easily to manifolds which are quasi-
isometric to the manifolds we discussed, especially, the results in §§1, 2,
3, and 6. We will point that out in due course.

The authors would like to thank Kwok-keung Au for some useful discus-
sion. Part of the research was done while the second author was visiting
the Chinese University of Hong Kong.
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1. Existence of positive Green’s function

Let M" be a complete, noncompact, connected manifold of dimension
n. Let D be a compact subset of M, and E be an end of M with
respect to D.

Definition 1.1. E is a nonparabolic end if there exists a positive
Green’s function on E which satisfies the Neumann boundary condition
on JFE. Otherwise, E is said to be a parabolic end.

More precisely, E is a nonparabolic end if lim,_, Gg(x ,y) exists
for all x # y where Gg is the positive Green’s function on E N BP(R)

for a fixed point p with mixed boundary conditions B%Gg(x ,y)on 0E

and Gg(x, y)=0 for y € 8BP(R) nE.
Proposition 1.2. The following statements are equivalent:

(1) E is a nonparabolic end.

(2) There exists a nonconstant positive superharmonic function defined
on E such that its infimum is achieved at infinity of E.

(3) Any complete manifold M without boundary which is obtained by
smoothly gluing two identical copies of E togther is nonparabolic.

~Proof. In [24], we used (2) to define nonparabolicity of an end. We
showed that this is equivalent to the fact that E is the only end of a
complete nonparabolic manifold with boundary. However, this descrip-
tion is misleading because such a manifold might not exist. It only exists
if E bounds an n-manifold. This prompts us to use (3) as a substitute
for an alternate description. The argument in [24] applies to this with-
out much modification. The fact that (1) is equivalent to (2) is new and
the argument is rather simple. To see that (1) implies (2), we observe
that the positive Neumann Green’s function is a positive superharmonic
function. The Hopf boundary point lemma asserts that if the infimum is
achieved on O E, then the outward normal derivative must be negative.
This contradicts the Neumann boundary condition.

The fact that (2) implies (1) follows from the construction of Green’s
function in [21] which can be modified for the construction of Neumann
Green’s function. The positive superharmonic function from (2) simply
acts as a barrier as described in [21].

Let p be a fixed point in M. For the remaining part of this section, we
will assume that the Ricci curvature of M satisfies '

Ric(x) > ﬂz_
(1+7(x))

for some constant K > 0, where r(x) is the distance of x from p. We
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introduce the following volume comparison condition:

(VC) There exists a constant { > 0 such that for all r and all x €
BBp(r) , V,(r) <V (r/2), where V, (r) denotes the volume of the geodesic
ball B (r) of radius r with center at x. In general, let M be a complete
noncompact manifold, and let E be an end of M with respect to some
compact set. Let us denote the volume of the set B, (r)NE by V, .(r).
E is said to satisfy condition (VC) if there exists a constant { > 0 such
that for all r and all x € BBp(r) nE, I/;),E(r) < {V, g(3). Let us first
point out some facts concerning volume comparison.

Lemma 1.3. Let M be a complete noncompact manifold of dimension
n, and let p € M be a fixed point. Suppose the Ricci curvature of M

satisfies Ric(x) > (JH’_'T—(I)K for some nonnegative constant K, where r(x)

is the distance of x from p. Given any 0 < a < 1 there is a constant
C=C(p, K, a,n) depending only on p, K, «, n such that

V,(r) < C(K, a, m)V (ar),
and
V,(r/2) < C(K, a, )V, (ar/2)

forall x<€dB (r)

Proof. Let /1 =~ for t > 0. Let g be the solution of the linear
equation

g =1g

with initial condition g(0) =0 and g'(0)=1. Then g >0 and g’ > 1
forall £ >0, and

__1 B _ £
e =g—¢ (+0fi—a+0™),

where B, = 1(1++1+4K) and B, = 1(1-+1+4K), for some constant
A and B. By a standard argument (see [8])

v(r) fo (a+2f-q +t)”z)"_ldt

)4

p(a’) Jok ((1 +t)ﬁl -1 +t)”2)n L
It is easy to see that the right side is bounded by a constant depending
only on K, a, and n. One can prove the second statement similarly.
Lemmal.4. Let M" be a complete noncompact manifold as in Lemma
1.3, such that M satisfies the volume comparison condition (VC) for some
¢ andsome p e M. Thenforall r>0,and 0 <a< i, Bp(2r)\73—p“(r_) can

be covered by k geodesic balls of radius §r with centers in B, (2r)\ B,(r),
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where k can be bounded by a constant depending only on n, {, K, and
Q.
Proof. Let k be the maximal number of disjoint geodesic balls of ra-

dius §r with centers x,, -+ , X, in B,(2r)\B,(). Then {B, (ar)}_,

will cover Bp(2r) \ Bp(r) . By the condition (VC) and Lemma 1.3,

k
kV,(31) < C, 3V, (%r) < C,V,(37),
i=1

for some constant C, depending only on n, {, K, and a. This implies
that k < C|.

Note that, according to a theorem of Liu [26], the ball covering property
in Lemma 1.4 is true without the assumption that M satisfies condition
(VC), provided that the Ricci curvature of M is nonnegative outside a
compact set. It is still an open question whether each end with respect
to a large enough compact set of a complete noncompact manifold with
nonnegative Ricci curvature outside a compact set will satisfy (VC). We
will discuss this problem in §5.

We will use the following gradient estimate of Cheng and Yau [10] for
positive harmonic functions defined on a geodesic ball.

Lemma 1.5. Let M" be a complete noncompact manifold, and let x, €
M, and R > 0. Suppose the Ricci curvature on on(R) is bounded below
by —(n — 1)K, for some constant K > 0. If f is a positive harmonic
Sfunction on on (R), then

sup (R —ry(x))|Vlog f] < C(1 +VKR),
xGBXu (R)
where ry(x) is the distance from x to x,, and C > 0 is a constant
depending only on n.

By integrating along a minimal geodesic from a point x € Bxu(g) to
X, in the above inequality, we conclude that there exists a constant C > 0
depending only on n such that

f(x)
exp (—C (1 + \/]?R)) < Sy Sew (c (1 + \/I?R)) ,
for all positive harmonic functions f on on(R) . The next lemma is due
to Li and Schoen [19, Theorem 1.2], and was generalized to the following
form in [23, Theorem 1.1]; see also [28].

Lemma 1.6. Let M" be a complete noncompact manifold. Let x € M,

and let f be a nonnegative function satisfying
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in B_(2R) for some R >0 and some constant f > 0. Suppose the Ricci
curvature of M in B _(2R) is bounded from below by —(n—1)K for some
K >0. Then

f(x)Sexp( 1+\/—R) VK, 2R) (VXER)/BX(R)f(J’)dJ’),

R"

Jor some constant C, > 0 depending only on n and f. The notation
V(K, 2R) denotes the volume of the geodesic ball of radius 2R in the
model space of constant curvature —K .

Lemma 1.7. Let M be a complete noncompact manifold of dimension
n and p € M be a fixed point. Suppose that the Ricci curvature of M
satisfies Ric(x) > (1(%(1—)—5 for some nonnegative constant K, where r(x)
is the distance of x from p, and that M also satisfies condition (VC) for
some (. Let f be a harmonic function defined on M \ B ,(3) for some

r> 0. Then for any x € B (2r)\ Bp( r,

> 1/2 1/2
osc f<C; ——dt / vf 2
B (r/4) /=< ( A ) ( B,(3r\B,(r/2) v/l

Jor some constant C; depending only on n, {, and K. If, in addition, x
is also in E, 2 with E, n being an unbounded component of M \ B, (3),
then

> 172 1/2
osc [<C, —dt) (/ ]Vf|2) .
B (r/% ( AL E,,n(B,(3)\B, (r/2))

Proof. Let x ¢ B, (2r) \ B,(r). For any y € B,(3), let »(t) be a
minimal geodesic parametrized by the arclength from x to y with length
/. Then /[ <} andforall 0<t</,

r

By (757 00)) < 8,0\, (5) .

o (222 v, (2).

By the assumption on the Ricci curvature and the Bochner formula, we
have

and

2 -2 2
AVS" =2 -Br 7|V S _
on By(t ( (6‘))) for some constant 8 > 0 depending only on n and K.
Hence by Lemma 1.6,

1 . 1 1 2
VIRGw) < v (—r(y(t))) / v P,
¢, "I \12 B, (r(0)/12)
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for some constant C, depending only on 7, and K. Since M satisfies
(VC), by Lemma 1.3 we have

2 C; 2
w00 < 5 [, T

for all ¢+ and some C depending only on n, {, and K. Hence

/
1f(x) = f¥)] < /0 VA (D) dt < Lsup |V f} (7 (1)

1/2
C 2
<l ___5_/ |V £ )
(1/27(21’) B,(31\B,(r/2)
. 172
. 2
<7 5 / |V f] )
4 (V;’(Zr) B,(3r)\B,(r/2)

T 1/2 1/2
<\ [ ) | IVfIZ) ,
3 ( r V() ) ( B,(31)\B,(r/2)

for some constant C, depending only on n, {, and X. If x ¢ E% ,

then B, (%ﬂl) is a subset of E, , for all 7. Hence one can replace

Bp(3r)\Bp(r) by E, /2N (B p(3r) \ Bp(r)) in the above argument and obtain
the second inequality. This completes the proof of the lemma.

In general, a complete noncompact manifold may not have a positive
Green’s function. However, it was shown in [21] that a symmetric Green’s
function for the Lapacian can always be constructed by compact exhaus-
tion. More precisely, it was proved that there exist R, T oo and ¢; > 0
such that

G(x,y) = lim (G,(x, y) - ¢;)

exists for all x # y, where G,(x,y) is the positive Green’s function
of Bp(Ri) with Dirichlet boundary value. G(x, y) is a symmetic Green’s
function. The convergence of G,(x, y)—c; is uniform on a compact subset
of M\ {x} asfunctions of y. If M has a positive Green’s function, then
one can take ¢; = 0 and G(x, y) will be the minimal positive Green’s
function. Using this setup, let us denote g,(x) = —G,(p, x) + ¢, and
g(x) = —G{(p, x). Note that g, =¢; on 8Bp(Ri) and g;(x) < ¢; for all
xeBRB p(Rl.) \ {p}. In this notation, we have the following (also see [22]):
Lemma 1.8. Let M be a complete noncompact manifold. For r > 0

let M_ be the union of the unbounded components of M \ B ,(r) . Then for
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all R >r,
[ el <4 -7
B,(R)NM,

and
[ vl sasw - i),
B,(R\B, (1) \

where S(R) = SUPy 5 (x) & i'(r) = inf,,, g and i(r) = infyp ()8 -
Proof. Since g;(p) = —co and gilaBp(R‘_) = ¢; > 0, by the maximum
principle,
inf g =infg,
B,(R)NM, M,
for R, > r. Let us now consider the harmonic function g, — inf, a8
which is nonnegative on B (R;)NM,. Forall a>0,

2
/ Vgl
B,(R)"M, (&; — infaM, g+ a)?

= - Alog (g. —inf g + a)
-/Bp(Ri)nM, oM !

- / I o
9B8,(R)M, &~ infajwr g +aor

+/ 1 dg,
aMr gi—infaMr gl-+a (3r

</ 1 og;
~ Jom, gi—infaMr g +aor’

where we have used the fact that g; = ¢; on 9B,(R;) and that %‘g;'i >0
on aBp(R,.). By setting R > r, and taking i sufficiently large so that
R, > R, we obtain

2
/ NEA / 1 og;
B,®RnM, g, —inf,,, g +a’ ~ Jou, 8 —infy, g +a Or

As i — oo, we have

i .
an [ o LEL_ o 2%
B,(RM, (g — i*(r) + a) oM §— 1 (r)+adr

Let Q = {x € M| g(x) - i*(r) < 0}, where we assume that p € Q by
convention. Obviously, Q C M\M, and g(x)—i*(r) > 0 on M\(M UQ).
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Hence
/ 1 dg N 1 0g
om 8 =1 (r)+a dr  Joq g—i"(r)+a dv

=/ __Vloglg-i"(n+a)’ >0,
M\ (MU0

where v is the unit outward normal of 2. Combining this with (1.1)
yields

/ \Z{ / 1 og
B,RnM, (g — i (N +a) ~ Joa & —i"(r)+adv
Since g(x) is the negative of the Green’s function, and g —i*(r) =0 on
00, we have
2
/ Vel
B,(R)"M, (g —i"(r) + a)*
forall a>0. Set a=S(R)—i"(r) >0 and then the lemma follows from
the maximum principle and that ,

1
< —
a

sup g < S(R).
B,(R)NM,
The second inequality can be proved in a similar manner.
Theorem 1.9. Let M" be a complete noncompact manifold of dimen-
sion n, and let p € M be a fixed point. Suppose that the Ricci curvature of

M satisfies Ric{x) > — ((1':852 Jor some nonnegative constant K, where

r(x) is the distance of x from p. Let us also assume that M satisfies
condition (VC) for some . If G(x,y) is a Green’s function obtained by
compact exhaustion, then there is a constant C, depending only on n, (,
and K such that for all vy >0 and all x € M with r(x) > 2r, >0,

- G(p,x)+ sup G(p, ")

aBp(rD)
r(x) t
<C / ——dt+ sup G(p,-)— inf G(p,-)].
4( n Vo eB ( 9B, (2r,) @)

Moreover, M has a positive Green’s function if and only if

® ¢t
——dt < 0.
/1 O

Proof. Let ry > 0 and r > 2r,. Then there exists k > 1 so that
2kr0 <r< 2k+1r0. Let g(x) = -G(p, x), and for any r > 0, let

S(r) = sup,p g and i(r) = inf,p 18 Let y € 0B,(2°r,) be such that
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8(y) = sup,, )8 and let y(¢) be a minimal geodesic from p to y
P 0

parametrized by arclength. Let y, = y(2ir0) for i > 1 sothat y =y, . By
Lemma 1.5, there exists a constant C; > 0 depending only on », {, and
K such that

241y ; 172 172
)—gW) <4C / — dt / vel’]
18021~ 80 3( 2, V(0 ) ( Bp(s-z"ro)\Bp(z"—’ro)l |

for 1 <i < k. Hence

(1.2)
g) —g(x( 2r0 )
i+ 1/2 1/2
2
2'r, B,(32'))\B,(2'" 1)
21+l

. . 12 12
< 4C / _t / Vel
3 (Z 2, Vp(f) ) (lz:; B,(3-2'r)\B, (2" 'r,)

i=1
1/2 12
2
(/ g lvm) .
B,(3-2 11 \B, (r,)

2kr0 ¢
<12C / ——dt
: ( AT )
By the second inequality of Lemma 1.8,

I/\

i=

To
/ Vel <4(SG-27'r) - i(ry))
B, (3257 1)\ B, (ry)
Combining with (1.2) and the fact that g(y) = S(2kr0) , we ha\(e

S(2*ry) — g(¥(2ry))

< 24C4(8(3-2'rp) — i)' (/ - Vt(T)dt)

0 p

(1.3) 12

By the maximum principle and the fact that G is obtained by compact
exhaustion, g—i(r,) is a positive harmonic function on M \B,(ry) . Hence
Lemma 1.5 and the curvature assumption imply that

(1.4) S(3-27'r) —i(ry) < C(S(2°ry) — i(ry)

for some constant C; depending only on n and K. Using the Holder
inequality, (1.3) and (1.4), we conclude that
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S ry) — i(ry)
= S(2°ry) - g(y(2r)) + g(p(2ry)) — i(ry)

2kr0 2
< G (S(Zkro) - i(ro))l/z (/r ﬁdt)

+8(r(2ry)) — i(ry)

2* ry 1 & )
<cC / Vp TAOAE: (S(z ro)—z(ro))
+8(2ry) — i(ry)
for some constants C,, C;, > 0 dependingonlyon 7, {,and K. The first
part of the theorem follows from Lemma 1.3, the curvature assumption,
the facts that 2“7, < r < 2**'r, and S(2r,) — i(r,) > 0. As for the
second part of the theorem, it was proved in [34] (see also [22]), that
if M has a positive Green’s function then [ ,,t dt < 0. Suppose

e Wdt < co. Then letting r, = 1 in (1.5), we see that G(p, x) i

bounded from below near infinity, and hence M has a positive Green’s
function. This completes the proof of the theorem.

Remark 1.10. The statement in Theorem 1.9 concerning the necessary
and sufhicient condition for the existence of a positive Green’s function
was proved in [31] for manifolds with nonnegative Ricci curvature every-
where (also see [25] and [18]). Their proofs are based on the estimates of
the heat kernel. In this case, the volume comparison condition (VC) is a .
consequence of the Bishop comparison theorem [3]. The same result was
proved for manifolds with nonnegative sectional curvature outside a com-
pact set in [20], and was later generalized to manifolds with asymptotically
nonnegative sectional curvature in [16]. We will see in §3 that manifolds
of this kind also satisfy condition (VC). Hence the last part of Theorem
1.9 can be considered as a generalization of all these results.

Remark 1.11. It is well known that the property of existence of positive
Green’s function is quasi-isometric invariant; see for example [13]. Hence
the last conclusion of Theorem 1.9 is still true for a complete noncompact
manifold which is quasi-isometric to a manifold satisfying the assumptions
of the theorem.

(1.5)

2. Estimates for Green’s functions

In this section, we will give some upper and lower estimates for a sym-
metric Green’s function obtained by compact exhaustion on a complete
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noncompact manifold M satisfying the assumptions in Lemma 1.5. Since
the behavior of the Green’s function will be different on different ends with
respect to a compact set of a manifold, for the sake of convenience, we
will assume that the manifold has only one end. This is to say that for
all r > 0 there is only one unbounded component of A \ F;(ﬁ, which
will be denoted by M, . This assumption is not very restrictive because
of the following result. It was proved in {24] that if the Ricci curvature
of M" satisfies Ric, (x) > —A(r(x)) where r(x) is the distance from x
to a fixed point p, and 1 : [0, o0) — [0, oo) is a nonincreasing func-
tion so that f;° r"7'A(r)dr < 0o, then M has only finitely many ends.
There are two separate cases to be considered: the case where M admits a
positive Green’s function, and the case where M does not admit any pos-
itive Green’s function. Let us first study the case where M has a positive
Green’s function. We begin with a simple lemma.

Lemma 2.1. Let X be a topological space and let f: X — R be a
continuous function. Let y : [0, 1] — X be a continuous curve which is
covered by finitely many nonempty open sets U, , --- , U, . Denote y(0) =
x,and y(1)=y. Then

U,

i

k
|f(x) = FO) <D oscf.
i=1

Proof. We will prove the lemma by induction on k. The lemma is
obviously true for ¥ = 1. Suppose that the lemma is true for &k, and
that y is covered by a family of nonempty open sets U, ,--- , U, U,
Without loss of generality, we may assume that x = y(0) € U, . Let ¢,
to be the supremum of ¢ in [0, 1] such that y(¢) € U, . Then y(¢)) is
in the closure of U, . If t, =1, then

|f(x) = I = £(x) = frE))]
< osc f=oscf,

Uk+l k+1

and we are done. Suppose ¢, < 1. Thus by the definition of ¢, for any
€ >0 sothat t{, +e <1, yl[tl+€ jj can be covered by U,, --- , U, . By
the induction hypothesis,

k
[f(r(t, +€) = f()] <D _osc f.
i=1

i

Since |f(x) — f(r(¢,)} < oscy, [/, the lemma follows by letting € — 0
+1
in the above inequality.
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Lemma 2.2. Let M be a complete noncompact manifold of dimen-
sion n with only one end, and let p € M be a fixed point such that

that [~ 3 ’ dt < oo. Suppose that the Ricci curvature of M satisfies

P

Ric(x) > M Jor some nonnegative constant K, where r(x) is the
(1+r(x)

distance of x from p. Suppose M also satisfies condition (VC) for some
C. Let r >0 and let f be a harmonic function defined on M, /2 With finite

Dirichlet integral, where M, is the unbounded component of M \ Bp(r).
If x and y are in Mg such that x and y can be joined by a curve
Yy C M\ B(r), then

1/2
2
76 = S0l (/ 0 dt) (/M’/ZIWI)

for some constant C, > 0 depending only on n, {, and K.

Proof. Let x and y be two points in M, /2 which can be joined by
a continuous curve y(z), 0 < ¢ < 1,in M\ B, (r) such that y(0) = x
and y(1) = y. In particular, x and y are both in A \ F;(T). Let us
point out that the points x and y may not be in M, _, the unbounded
component of M \ B, (r). Let J > 1 be an integer such that y C M, , N

(BP(ZJr)\Bp(r)) By the ball covering Lemma 1.4, for all j > 1, there

exist x{, .-, x) in B,(2'r)\B, (2, 'r) , such that B,(2'r)\B,(2/"'r)
can be covered by {Bi }s(’l , where B = Bx,(j)(%‘zj _lr). Moreover, s(J)
is bounded by a constant depending only on #n, {, and K. Note that if
B(’ NM,, # <, then B,w C M,,. Therefore if we select those Bzg)
which have nonempty intersection with M, /20 and still call them BEj ) ,
then M /20( p(2jr)\Bp(2j_1r)) can be covered by balls BY, 1 <i<
s(j), so that each of the balls is contained in M% . Moreover, B,g ) ¢
Bp(3 . 2j_1r) \ Bp(2j—2r). By Lemma 2.1, since y is covered by {ng)} ,
we have

1/2

J
(2.1) If(x)—f(y)lsz_ 3SCf-

If we denote . ‘s
M,/zn( B,(3-2°"'n\B,(2 r))

by M, ,, then by (2.1), Lemma 1.7, and the definition of the ij) , We
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have

for some constant C, > 0 dependingonlyon {, n,and K. Here we have
used the fact that s(j) is bounded from above by a constant depending
only on n, {, and K. This completes the proof of the lemma.

The right side of the inequality in Lemma 2.2 involves the Dirichlet
integral of f over M, 1 rather than.over A/_ . This is not enough to give
an estimate for the Green’s function. However, if f is also positive, then
using Lemma 2.2, one can prove the following:

Lemma 2.3. Let M be as in Lemma 2.2. Let r > 0, and [ be a
positive harmonic function on M, 1 with finite Dirichlet integral. Then for
any x and y in M_, we have

o 1/2 1/2
<6 ( / V%)d’) ( /M IVf|2> +C, ),
r p A

for some constants C; and C, depending onlyon n, {,and K.

Proof. Let x and y bein M,. Then there is a continuous curve (?),
0<t<1,in M_suchthat y(0) =x and y(1) =y. By Lemma 1.4, we
can find x,, --- , X, in B,(2r)\B,(r) such that U;_, B, D B,(2r)\ B,(r),
where B; = B_(§), and s is bounded by a constant depending only on
n, {,and K . Since yCM_,if B.Nny#O then B, C M, 4. Suppose
y N (Ui, B;) # @, then there is a smallest 7, such that y(z,) € Ule’Fi.
We may assume that »(¢,) € E Let t'l > t, be the largest number in
[0, 1] so that y(f}) € B, . Then

(1) »((0, 1)) c M\ B,(2r);

(2) ¥(t,) and p(#;) are in B|;and

(3) either ¢, =1 or y[{;, 1INB, =D
If t; =1 or y([t;, 11)n (U}, B;) = &, then we stop. If ¢; < 1 and
y((7y, 1N (Ui, B;) # @, thenby (3), y([¢;, 1N (U, B,) # @ . Arguing
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as before and if necessary renaming the B,’s for 2 <i < m, we can find
f, <t, < £, <1, such that

(1) 2((f), 1)) C M\ B,(2r);
(2) 7(t,) and y(t,) arein B, ; and
(3) either t, =1 or y([t,, 1)N(B,UB,) =T

If r,=1 or y(It;,, 1) n (U5, B,) = @, then we stop. Otherwise we can
proceed as before and find #; and t'3 . Continuing in this manner, we can
find 0< ¢, <f,<t,<ty---t, <t <1,with m<s such that

(D 2(0, 1)U, )u--Ut,, D) c M\B,2n);

(2) y(¢,) and y(t;) arein B;, for 1 <i<m;and

(3) either 7, =1 or y([t,,, 1)Nn(B,U---UB,) = .
Since y(t;) and (¢ :.) are in B which is a subset of M, 1 by the Harnack
inequality derived from the gradlent estimate of Lemma 1. 5, the curvature

assumption, and the fact that f is positive, there exists a constant C,>0
depending only on n and K such that

(2.2) fr(t)) < Csf ()

for 1 <i< m. Since y((f, i» 1)) C M\ B,(2r) forall 1l <i<m-1,
and y C M,, Lemma 2.2 implies that

oo 172 1/2
f(?(t;)) < C1( ) V( )dt) (/Mr |Vf|2> +f(?(t,‘+1))
oy 172 1/2
2
<al["rg) (fer) +r6ew

for 1 <i<m-1, where C, is the constant in Lemma 2.2, which depends
onlyon n, {,and K. Similarly, if 0 < ¢, then

- 1/2 1/2
@4 fw<C (/ V#(t)dt) (/M |Vf|2) )
r r 4

andif £, <1 then

0o ‘ 1/2 1/2
(2.5) f(y(t:,,>)scl(/ Vt(T)d‘) (/M 1Vf|2) +fO).
r p r

Combining (2.2)~-(2.5) and using the fact that m is bounded by a constant
depending only on n,; {, and K, we thus prove the lemma.

(2.3)
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Theorem 2.4. Let M be as in Lemma 2.2, so that [ 7pdt < oo and
J4
M has only one end. Let G(x,y) be the minimal positive Green’s function
on M. Then there is a constant C¢ > 0 depending only on n, {, and K
such that
>t
Gp,x)<C / ——dt
( ‘), 7,0

forall x € M, where M, is the unbounded component of M \ B (r).

Proof. Denote G(p, x) by f(x). Since f(p) = +oco and G is the
limit of Green’s functions with Dirichlet boundary value on a compact
exhaustion, the maximum principle implies that sup,, f = sup,,, f. It
is well known (see for example [24]) that f has finite Dirichlet integral
on M\Bp(r) forall r > 0. Let x € 9M, be such that f(x)= supaM'f.
Since G is the minimal positive Green’s function, there exists y, — oo
such that f(y,) — 0 as k — co. Without loss of generality, we may
assume y, € M, forall k. By Lemma 2.3,

S 1/2 1/2
f(x)sC7( / W"’) ( /M |Vf|2) + Gy ).
r p r

for all k, where C, and C; are the contants depending only on =,
{, and K. Letting k¥ — oo and using Lemma 1.8 and the fact that
infaBp(R) f— 0 as R — oo, we obtain

o 1/2 1/2
f(x)£C7(/r Wdt) (/M |Vf|2)

The theorem then follows.
By Theorem 2.4, if we let S™(r) = sup,,, G(p, +), then

S'(M<C, (/oo %dt).

With some modifications in the proof of Corollary 2.4 in [22], we can
~obtain a lower bound for S$*(r). More precisely, we have
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Proposition 2.5. Let M be a complete noncompact manifold satisfying
the same assumptions as in Theorem 2.4. Let S™(r) = sup,,, G, "),

where G is the minimal positive Green’s function on M. Then

* ot *
C / —dt< S (r
o), vpdt=S 0
Jor some constant Cy > 0 depending only on n, {, and K.
Proof. Let i(R) = infyp p G(p,). Then i(R) < S*(r) for R > r,
P
and R is large enough so that 8B,(R) C M, . For ¢t>r,let V(¢) be the
volume of (B, ()N M,)U B (r). Asin the proof of Corollary 2.4 in [22],
using Lemma 1.3, by considering —G(p, -), we can prove that there exists

a constant C,, > 0 depending only on n, {, and K such that for R > r
sufficiently large

R
Cw/r %dz < —i(R)+ S*(r).

By Lemma 1.3, V*(2) < V,(1), and i(R) — 0 as R — oo, the result
follows.
Next we will consider the case where [~ d t = oo. In this case, M

does not support any positive Green’s functlon As mentioned in §1, it
was proved in [21] that there exist R; 100 and ¢; > 0 such that

Gx, ) = lim (G,(x, ») - ¢)

exists for all x # y, where G,(x,y) is the positive Green’s function
of B (R ) with Dirichlet boundary value. By combining Theorem 1.9,
Corollary 2.4 in [22], and Lemma 1.3, we have:

Theorem 2.6. Let M be a complete noncompact manifold of dimension
n, and let p € M be a fixed point. Suppose that the Ricci curvature of M

satisfies Ric(x) > — (11’1—'& for some nonnegative constant K , where r(x)

is the distance of x from p. Let us also assume that M satisfies condition

(VC) for some { and that fl v dt = oo. If G(x,y) is a Green’s

Sfunction obtained by compact exhaustzon then the following estimates hold:

(1) There is a constant C,, > 0 depending only on n, {, and K such
that if ry >0 and r(x) > 2ry, > 0, then

- G(pa x) -+ sup G(pa )
BBp(rO)

rix) ¢ . . .
<Cy (/r p()dH— sup G(p,:)— inf G(P,')) ;

> 8B, (r,) 0B,(2r,)



296 PETER LI & LUEN-FAI TAM

(2) There exists a constant C,, > 0 depending only on n, {, and K,
such that for R >r > 0,

C12/ ——dt < sup (-G(p,-))+ sup G(p, -).
V,(t) 9B,(R) 9B,(r)

Remark 2.7. Let E be an end of a complete manifold satisfying (VC).
Suppose M is the double of E such that M has exactly two ends and
satisfies the curvature assumption in Theorem 2.4. By the proofs of The-
orem 2.4 and Proposition 2.5, it is easy to see that the results are still true
for M . In this case, M, is the union of the two unbounded components
of M\ B,(r).

Remark 2.8. If M is a complete manifold quasi-isometric to a mani-
fold satisfying the assumptions in Theorem 2.4, then by the estimates of
Green’s functions on compact domains in terms of capacity in [17] (see
also [29]), using the notation in Theorem 2.4, from Theorem 2.4 and the
proof of Proposition 2.5 we can deduce that

() < c/°° V%)d’ < §*(r),
rUp

for some constant C, where

i"(ry= inf G(p,x) and S"(r)= sup G(p, x).
xeoM, X€EIM,

3. Applications

As an application of the results in previous sections, we will give new
proofs of the estimates for the minimal positive Green’s function on a com-
plete noncompact manifold with nonnegative Ricci curvature obtained in
[25]. We will also give some new estimates for the Green’s function ob-
tained by compact exhaustion, when the volume growth of M is small so
that M does not admit any positive Green’s function. We will give new
proofs of the estimates, which were obtained in [20], [16], for Green’s
function on a complete noncompact manifold with asymptotically non-
negative sectional curvature. First let us assume that M" is a complete
noncompact manifold with nonnegative Ricci curvature everywhere. Then
by the Bishop comparison theorem [3], M satisfies condition (VC) for any
P € M with a constant { > 0 depending only on #. Using the results in
§§1 and 2, one can prove the following theorem by Li and Yau [25]:

Theorem 3.1. Let M”" be a complete noncompact manifold with non-
negative Ricci curvature. Suppose fl V.0 < oo, for some point x,. Then
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M admits a positive Green’s function. Moreover, if G(x, y) is the minimal
positive Green’s function, then :
cmr‘/m ! _di<G(x n<cmo/m LIY
r(x,y) Vx(l) - ’ - r(x,y) Vx(l)

for some constant C(n) > 0 depending only on n.

Before we prove the theorem, we need the following lemma.

Lemma 3.2. Let M" be as in Theorem 3.1. Let p € M, R > 0,
and Ggy(x,y) be the positive Green’s function on Bp(R) with Dirichlet
boundary data. For all x, y in 6Bp(r) with x 2y and 0<r< 2 we
have ‘

(3.1) Grlp, x) < C\Gg(p, ),
Jor some constant C| depending only on n.

Proof. Let x, y,and r be as assumed. Let y be a minimal geodesic
frprn X to y. By the triangle inequality, it is easy to see that the length
of y is not greater than 2r and so y C Bp(3r) - Bp(R). In particular,

dist (y, BBP(R)) > r. Suppose ¥y N Bp(g) = . Then by the gradient

estimate in Lemma 1.5, we see that (3.1) is true. Suppose that y ﬂBp(g) #
. Let y(t) € Bp(g). Then ‘

dix,y()>d(p,x)—d(p, y(1) >

Similarly, d(y, 7(¢)) > %r. Therefore

r.

Wl

d(x,y)2> g—r.
Let o(s) be a minimal geodesic from p to x. Then for all s
d(y, a(s)) 2d(x,y)—d(x, as))

Zd(x,y)—d(p,X)Zgr—rZ%r.

Hence applying Lemma 1.5 to the positive harmonic function G,(y, ),
we have

(3.2) , Gr(y,p) < C,Gr(¥, x),

where C, is a constant depending only on n. Similarly, one can prove
that

(3.3) Gg(x, y) < C,Grlx, D).

By (3.2), and (3.3) and the fact that Gg(x, y) = G4(y, x) for all x and
v, (3.1) is still true in this case. . ,



298 PETER LI & LUEN-FAI TAM

Proof of the theorem. Let us first observe that the integral [ ,—,’~(5d tis
finite for some point x € M implies that the integral is finite for all points
x € M. Let p beafixed pointin M . Since G(x, y) =limp,_ _ Gp(x,),
from (3.1) we see that it is true for all x #y in 6Bp(r) if we replace G,
by G. (Note that (3.1) is obviously true if we assume the theorem is true.)
Since M has a positive Green’s function, by Theorem 1.9, | 1°° V_t(tjd t<
oo. The splitting theorem of Cheeger and Gromoll implies that ‘M has
only one end. Theorem 3.1 then follows from Lemma 3.2, Theorem 2.4,
and Proposition 2.5.

If M is a complete noncompact manifold which is quasi-isometric to
a manifold with nonnegative Ricci cuvature satisfying the volume growth
condition in Theorem 3.1, then the minimal positive Green’s function also
satisfies the estimates in the theorem with constants depending on M .
First noting that Lemma 3.2 is still true by using the Harnack inequality
developed in [14] and [28]. The estimates then follows from Lemma 3.2
and Remark 2.8. By the estimate of heat kernels, these estimates for the
minimal positive Green’s function have been obtained independently by
Grigor’yan [14] and Saloff-Coste [28].

The following theorem gives estimates for the Green’s function when
the volume growth of the manifold is small.

Theorem 3.3. Let M" be a complete noncompact manifold with non-
negative Ricci curvature. Suppose f1°° T’x—:m = oo, for some point x,. Let

G(p, x) be a symmetric Green’s function obtained by compact exhaustion.
Then there exist positive constants C, and C, depending only on n such
that for all ry >0 and r > 2r,, the following hold:

(1) Forall x #p with x € 3B,(r),
—G(p,X)+ sup G(ps')

p(rO
r(x) t
<C / ——dt+ sup G(p,-)— inf G(p,-) ],
3(,.0 Vp(t) BBp(rO) ( ) aBp(er) ( )

where r(x) = r is the distance between x and p .
(2) Forall x € OM,, where M, is the union of the unbounded com-
ponents of M\ B,(r),

r(x) t
C/ ——dt < —-G(p,x)+ sup G(p, ).
o AT P x) aBp(Ir)o) @)

Proof. The first part is just Theorem 2.6(1), noting that in this case,
M satisfies condition (VC) with { depending only on 7 and has at most
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two ends by [6]. Moreover, by [2], the boundary of each component of
M \Bp(r) is connected. Applying Theorem 2.6(2), the maximum principle,
and the fact that G is a Green’s function obtained by compact exhaustion,
we have

r(x)
(3.4) C / V dt < sup( G(p, )+ sup G(p, ),
p 8B, (1)
for some constant C; > 0 dependmg only on n. The maximum princi-
ple asserts that ~G(p, :) + SUD;p () G(p,-) is positive on M \ B, (r,).
Suppose M has only one end. Since r > 2r,, by Lemmas 1.4 and 1.5, we
conclude that

sup(~G(p, )+ sup G(p,) < g (—G(p, x)+ sup G(p, ~>)

oM, B, (ry) 3B, (ry)
for some constant C; > 0 depending only on n for all x € M, . Hence
part two of the theorem is true if A has only one end. If M has two
ends, then by the splitting theorem of [6], M is isometric to Rx M’ where
M’ is a compact manifold with nonnegative Ricci curvature. By a similar
argument, the theorem is also true in this case.

Next, we will apply the results in §§1 and 2 to give new proofs of the
estimates for the Green’s functions on certain kinds of manifolds which
have been studied by Li and Tam [20] and later generalized by Kasue [16].

Definition 3.4. Let M be a complete noncompact manifold. M is
said to have asymtotically nonnegative sectional curvature if there is a
point p in M and a continuous, nonnegative, and nonincreasing func-
tion 4: [0, o0) — [0, o0) with [;*#A(¢)dt < oo, such that the sectional
curvature of M satisfies K, (x) > —A(r(x)), where r(x) is the distance
from x to p. :

Obviously, the definition does not depend on the choice of the point
P . We should remark that the function 1 in the definition must satisfy
A(t) = o(1 /t2) . Our aim is to prove that if a manifold with asymptotically
nonnegative sectional curvature has only one end, then M satisfies con-
dition (VC). Let us first recall some of the properties that these manifolds
possess. The following lemma follows from [15], and also from [7] and
[20] for the case that A has nonnegative sectional curvature outside a
compact set.

Lemma 3.5. Let M be a complete noncompact manifold with asymp-
totically nonnegative sectional curvature. Then M has only finitely many
ends. Furthermore 8B (r) N E is connected for each end E, if r is suffi-
ciently large.
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Proof.  See [15].
The next lemma was proved in [1].
Lemma 3.6. Let M be as in Lemma 3.5 and p € M. Then there is a
" constant C, such that forall r >0 and 0 < a < 1, B,(2r) \ B,(r) can
be covered by k geodesic balls of radius ar with centers in B, (2r)\ B (r),
where k is a constant independent of r.

Proof. This is Proposition 1 in §III of [1].

Lemma 3.7. Let M be as in Lemma 3.5 and p € M. Then
V,(2r) = V,(r)

lim inf -2

> 0.
r—o00 Vp(r)

Proof. Let A,(r) bethe area of 9B,(r). Then Lemma 1 of [16] asserts
that ’ '

rd (r)
lim inf —2
AT

so that there is an R > 0 such that if » > R, then »
rd,(r)
V,(r)

21,

>

B =

For r > R, we have
log ¥,(2r) ~log () > 7 (log(2r) ~ log(1)) .

Hence
V (2r

)
I‘/’;(r) > V2,

and v.2n - V()
r) — 14

for all » > R. The proof of the lemma is completed.

If M has asymptotically nonnegative sectional curvature, then M has
finitely many ends by Lemma 3.5. Let p € M . Then thereis R, > 0 such
that the number of unbounded components of M \ B,(R) is the same for
all R > R, . In the following, an end M is an unbounded component of
M\ B L(Ro) -

Proposition 3.8. Let M be a complete noncompact manifold with
asymptotically nonnegative sectional curvature. Let E be an end of M,
and let My be a complete manifold obtained by gluing two copies of E

together. Then M satisfies condition (VC) for some constant .
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Proof. 'We may assume that M = M. Let E, and E, be the two ends
of M. Lemma 3.5 asserts that OB, (r)NE,; 1s connected for r sufficiently
large for i =1, 2. Combining this with Lemma 3.6 and Lemma 3.7, we
see that there exists a constant Cg; > 0 independent of r such that for all
r>0 thereis y € 9B,(r) with

(3.5) V(1) < Cy¥yr/2).

We may assume that y € E,. By Lemma 3.5 and Lemma 3.6 again, for
any x € 8Bp(r) N E, there is a piecewise smooth curve from x to y
in B,(3r) \ B,(3) with length not greater than some constant Cy, >0,
which is independent of x, y, and r. By the curvature assumption, the
Ricci curvature in B,(3r)\ B, (3) is bounded below by —Clor—2 for some
constant C,, > 0 independent of r. Hence Lemma 1.3 implies that

(3.6) V,(r/2) < C, V,(r/2)

for all x € 8Bp(r) N E, and some constant C;; > 0 independent of r,
which is sufficiently large. Hence the proposition follows from (3.5), (3.6),
and the definition of M.

Combining Theorem 1.9, Theorem 2.4, Proposition 2.5, Theorem 2.6,
Lemma 3.5, Proposition 3.8, and the gradient estimate in Lemma 1.5, we
can derive the following results in [20] and [16].

Theorem 3.9. Let M be a complete noncompact manifold with asymp-
totically nonnegative sectional curvature and p €¢ M. Then M admits a
positive Green’s function if and only if’ [ %dt < 00. Furthermore, if E
is an end of M, and My is obtained by gluing two copies of E together,
then we have the following estimates:

) If f= V#(t)dt < oo, and G(p, x) is the minimal positive Green’s
B
function of M, then there is a constant C,, >0 such that

e} e} t

» V()"“G(” 0= [ vn®

) Vp(0)
where r(x) is the distance from x to p;
) If f° V‘(t)dt =00, and G(p, x) is a Green’s function obtained by
compact exhaustion. Then for all ry >0 and r > 2r,, there exists
a constant C,, > 0 which is independent of r and r, such that

—1

r(x)
-1 t
C / dt<-G(p,x)+ sup G
B V;,(t) ®, x) BB(Ir)O) @)

r(x) t
<C / ——dt+ sup G(p, ') — 1nf G
13 ( . v (t) 33,.(1:0) (P ) 98, 2r,) (P ))

0 p
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The above estimates are still true for a manifold which is quasi-isometric
to a manifold satisfying the assumptions of Theorem 3.9. In fact, this was
proved by Sung [29].

4. Space of bounded harmonic functions

Definition 4.1. Let M be a complete noncompact manifold, and let
E be an end of M with respect to some compact set. Let us denote the
volume of the set B,(r)NE by V, ().

(1) E is said to be large, if there exists a point p € M such that

o> t .
fl mdt<00,

(2) E issaid to be small, if [ Vp—;(—t)dt = oo for some point p € M .
We say that M has finitely many ends if the number of unbounded
components of M \B,(r) isequal toa fixed finite number for all sufficiently
large r. In this case, when we say an end of M we mean an end of M
with respect to B,(r) for some large r.
Theorem 4.2. Let M be a complete noncompact manifold of dimen-
sion n, and let p € M. Suppose that the Ricci curvature of M satisfies

Ric(x) > — ((1'_’;(1)252 for some nonnegative constant K, where r(x) is the

distance of x from p. If M has finitely many ends, so that each large
end satisfies condition (VC), then the number of nonparabolic ends is equal
to the number of large ends. In addition, if M has a large end, then the
number of large ends is also equal to the dimension of the space of bounded
harmonic functions with finite Dirichlet integral on M .

Proof. Under the assumptions of the theorem, if we apply Theorem
1.9 to each end, then it is easy to see that the number of nonparabolic
ends is equal to the number of large ends. Let ;?b‘”(M ) be the space of
bounded harmonic functions with finite Dirichlet integral, and / > 1 be
the number of large ends. Recall that Theorem 1.9 and Theorem 2.1 in
[24] imply that

(4.1 I < dim7Z,° (M).

More precisely, if E,,--- , E, are the large endsof M ,and pe M isa
fixed point, then for each 1 < i </, there is a bounded harmonic function
Jf; with finite Dirichlet integral so that :
(1) 0< f,<1;
(2) lLim,_ S,(r,1)=1, where S;(r, )= SUpy\ p (,)fl.; and
. . . " ¢ .p .
(3) lim, _, I(r,j)=0,for j+#i,where I(r,])= 1nfEi\Bp(,) ;-
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On the other hand, Lemma 2.2 implies that if f is a bounded harmonic
function with finite Dirichlet integral, then f is asymptotically constant
at infinity on each large end. Hence there are constants a,, --- , @, ‘such
that g = f — ZLI a,f; is asymptotically O at infinity of each large end. If
sup,, £ > 0, then the supremum must be attained at some small end. But
that would imply that the small end is nonparabolic, which is impossible.
Hence sup,, & = 0. Similarly, we can conclude that inf,, g = 0 and
therefore g = 0. This shows that

dim Z°(M) < 1,

and the theorem follows.

Remark 4.3. It was proved in [24] that if the Ricci curvature of M”" at
x is bounded from below by —A4 (r(x)), where A is a continuous, nonneg-
ative and nonincreasing function on [0, co) so that [ ¢ l/l(t) dt < oo,
then M has finitely many ends.

It is easy to see that if M is a complete manifold, and f is a bounded
harmonic function which is asymptotically constant at infinity, then f
must have finite Dirichlet integral near infinity. Under some additional
assumptions on M , one may show that every bounded harmonic function
must have finite Dirichlet integral.

Lemma 44. Let M " be a complete noncompact manifold with non-
negative Ricci curvature outside a compact set, and let E be an end of
M . Suppose that E satisfies condition (VC) and that there exists a point
D € M such that V (1) > Cr® for some C >0, a>2+ 2%, and all
r> 1. Then every bounded smooth function which is harmonic on E will
be asymptotically constant at infinity of E . In particular, such a function
will have finite Dirichlet integral.

Proof. Without loss of generality, we may assume that M is obtained
by gluing smoothly of two copies of E together. Since E satisfies (VC),
M also does so. It is easy to see that if £ and hence M satisfy the volume
growth and the curvature assumption in the lemma, then the dimension
of M must be at least 3 and that [{° ;5dt < co. Hence by Theorem 1.9
and Theorem 2.4, M admits a posmvé Green s function. Let G(x, y) be
the minimal positive Green’s function. Then

(4.2) G, x) < C, / = VL(t)dt
r 4

for some constant C, and all x € M, , where M_ is the union of the
unbounded components of M \ B,(r). Let f be a bounded function so
that Af = 0 on M \ B (R) for some R > 1. The gradient estimate
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(Lemma 1.5) implies that [V f](x) — 0 as r(x) — oo, where r(x) is the
distance of x from p. On the other hand, since M has nonnegative Ricci

curvature outside a compact set, which may be assumed to be B p(R) ,
the Bochner formula [Y] asserts that |V f]" /"D ig subharmonic on
M\B ) (R) in the sense of distribution. Therefore the maximum principle

yields that
(4.3) v A"y < G, x)

on M\ B,(r) for r > R and some constant C, > 0. By the assumption
on the volume growth of M, (4.2) and (4.3), we conclude that

(4.4) IVf1(x) < CplP~ == < ¢ p=F

for some constants C; > 0 and £ > 1, and for all x in an unbounded

component of M \ B, (r). Hence for r > R, we have

2 2

/ VP s | /]
B,(M\B,(R) (M\M,)\B,(R)

4.5 = ?l QJ:
(4.3) B /BBP(R)far+ aM,fa’

<C, (1 +r‘ﬂAp(r)) ,

for some constant C, > 0, where A,(r) is the area of 9B,(r). By the
assumption that M has nonnegative Ricci curvature outside a compact set,
it is not hard to prove that rA(r) < CsV,(r) for some constant C; > 0.

Using Lemma 1.6, (4.5) and the fact that |V f] |2 is subharmonic outside
B (R), we obtain

2 Cs —p-1
VI < 7 (1477777, )
for some constant C, > 0, all r > 2R and x € 6Bp(r), where we
have used Lemma 1.3 and the fact that M satisfies condition (VC). Since
Vin=C r,

VAP () < G (r 78

for some constant C, > 0. Since a > 2 and B > 1, using Lemma 2.1,
Lemma 1.4, and arguing as in the proof of Lemma 2.2, we conclude that
[ is asymptotically constant.

Theorem 4.5. Let M be a complete noncompact manifold with non-
negative Ricci curvature outside a compact set. Let us assume that M has
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a large end. Suppose that each large end of M satisfies condition (VC)
and the volume growth condition in Lemma 4.4. Then the number of large
ends is equal to the dimension of the space of bounded harmonic functions.
In particular, every bounded harmonic function will have finite Dirichlet
integral

Proof. Use Lemma 4.4, and proceed as in the proof of Theorem 4.2.

We will take this opportunity to point out that if M has small volume
growth, then any bounded function which is harmonic outside a compact
set must have finite Dirichlet integral without any curvature assumption.

Proposition 4.6. Let M be a complete noncompact manifold, such that
f1°° V#(t) dt = oo, for some point p € M . If [ is a bounded smooth function
so that S is harmonic outside B,(R) for some R >0, then f has finite
Dirichlet integral.

Proof. Without loss of generality, we may assume that f > 0. Since
f is harmonic outside B, (R), and N V#(l)a’t = oo, we claim that for all
r, >R and for r, > r, sufficiently large, pwe have
49 2o
If this is not true, then we can find a harmonic function on M \ B (R)
bounded between 0 and 1, which is equal to 1 on BBP(R) and has infimum
equal to 0. However, this will imply that M admits a positive Green’s
function, which is impossible by Theorem 1.9. For r, > R, observe that
f 2 is subharmonic outside B,(R). From (4.6) and Corollary 2.4 of [22]
it follows that

a(f%) / t 2. 2
dt} <C — inf ,
(~/BBp(rl) or r V;;(t) -8 BISB:I(E)Z)f allgil(’l)f

for some constant Cy >0 independent of r,. Letting r, — co and using

the boundedness of f and [ V‘U—)d t =00, we have

Hence

and _
/ A +2 w7 <o,
B,(R) B (r)\B,(R)
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where we have used the fact that f is harmonic outside B ,(R) . Hence
the proposition follows by letting r; — oco.

5. Volume comparison

In this section, we will discuss the validity of condition (VC). As men-
tioned in §3, if M has nonnegative Ricci curvature everywhere, then M
satisfies condition (VC). If M has asymptotically nonnegative sectional
curvature, then each end of M satisfies condition (VC). If we only as-
sume that M has nonnegative Ricci curvature outside a compact set, then
we know M has only finitely many ends; see [24], for example. In that
case, it is still an open question as of whether an end of M will satisfy
condition (VC), even if we assume that M has only one end. However,
using the method in [26], we can prove the following weaker version of
the volume comparison.

Proposition 5.1. Let M" be a complete Riemannian manifold with
nonnegative Ricci curvature outside Bp(l). Then there exists a constant
C, > 1 depending only on M such that for all R >0, there exists a point
X € BBP(R) satisfying

V. (R) < C,V,(R/5).

Proof. 1t is sufficient to prove the theorem for R large. Following the
argument in [26], let us divide 9B,(2) into m subsets {U,,---, U, }
such that diam(U;) < 2. Let K, be the set of points x outside B,(2)
such that x lies on some minimal geodesic emanating from p that in-
tersects U;. For x and y in K, the triangle inequality implies that
any minimal geodesic from x to y will not meet Bp(l). Let us assume
that K, --- , K, are unbounded and that K, , K are bounded.

+10 77 m
There exists R, > 2 such that for any R > R, thereis [+ 1< i, <m
such that the volume of (KZ.R N Bp(R)) is larger than 5LV (R). Since

KiR is unbounded, there exists x € K, N BBP(R) . Moreover, because ev-
R

ery minimal geodesic from x to any point in KiR N Bp(R) does not meet

Bp(l) ,and M has nonnegative Ricci curvature outside B p( 1), the Bishop

comparison theorem (see [8]) implies that
G
n

P4

o

R
V (;) > CZVOI(KiR NB,(R)) >
where C, > 0 is a constant depending only on 7n. This completes the
proof of the proposition.
The following theorem was proved by Cai, Colding, and Yang [5].
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Theorem (Cai-Colding-Yang). For any integer n > 2, there exists €(n)
> 0 depending only on n such that if M is a complete noncompact mani-
fold of dimension n with Ricci curvature bounded from below by —(n— 1)A?
for some A > 0, and with nonnegative Ricci curvature outside Bp(a) for
some point p € M. If Aa < e(n), then M has at most two ends.

In the rest of this section, we would like to study the volume comparison
property on this category of manifolds. First, let us recall a lemma in [5]
and a lemma in [4].

Lemma 5.2. Let M" be a complete noncompact Riemannian manifold
with Ricci curvature bounded from below by —(n — 1). Then there exists
two constants € = €(n) >0 and 1 > = §(n) > 0 depending only on n,
such that if u is a function on M with the following properties:

(1) u(p)=0
(2) u>-2¢;
(3) |Vu|<2;and
(4) Au < 2(n—1) in the barrier sense,
then u(x) <2(1—0)—4e forall xc OB ,((1—3)).

Proof. This is Lemma 2.3 in [5].

Lemma 5.3. Let M" be a complete manifold with nonneganve Ricci
curvature outside B,(a) for some point p and a > 0. Then M cannot
admit a line y parametized by arclength so that

(0, B,@) 2l +a.

Proof. This is Lemma 3.3 in [4].

Using the method of proof as in Proposition 2.2 of [4] and the theorem
in [5], one can prove the following lemma.

Lemma 54. Let M" be a complete manifold with Ricci curvature
bounded from below by —(n — 1) and has nonnegative Ricci curvature on
M\Bp(%) for some point p. Suppose that a < %e, where €(n) is the con-
stant in Lemma 5.2. Let 0 < n < 1 be a fixed constant and let K be any
compact set. Then there exists t, > 0 such that for all t > t, and any three
points x, y, and z in Bp((l +mH\B,((1-m1), ifaxy, o, and a,
are minimal geodesics from x to y, y to z, and z to x, respectively,
then at least one of the minimal geodesics will NOT intersect K .

Proof. We may assume that K = B (R) for some R > 0, and will
prove the lemma by contradiction. Suppose that there exist #, — oo, X, ,
Vis Zp in B ((1+m)t) \ B,((1 — n)¢,), and minimal geodesics Ay s
a, ;. and ;. from x, to y,, y, to z,,and z, to x, respectively,
such that each of them intersects Bp(R). Let y; s ¥y 5, and y; , be
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minimal geodesics from p to x,, y,, and z, respectively. Passing to
subsequences, we may assume that Nk Y P Vs and Y3k Vs
for some rays y,, 1 < i< 3, emanating from p. The convergence is
uniform on compact subsets of M . We claim that

(5.1) d(r,(s,), 7,(5,)) 2 5, +5, - 6a,
forall s5,,s,>0,and 1<i<j<3. Let us prove that

d(y1 (51) s 7’2(52)) > S+ 85— 6a
forall s, s, > 0, and the remaining cases are similar. Let us denote Ay
by o, and let /, be its length. Let r(x) to be the distance from a point
X to p. Suppose

d(yl(sl), 72(52)) < 51 +52 - 6a,

for some s,, s, > 0. Then for all k sufficiently large,

A7y 1 (81)5 72 1(8))) <5 + 5, — 6a.
Hence
L=d(x_,y,)
< d(xk > yl,k(sl)) + d("/l’k(sl) > 7’2,]{(32)) + d(yz,'k(sp_) s yk)
<r(x)—s,+s+85,—6a+ry,)-s,
=r(x) +r(y,) — 6a.

(5.2)

Let m, be a point on o, such that
(5-3) r(xk)d(mk>yk) =r(yk)d(mk>xk)-

Let p, € oy N B,(R) which is nonempty by assumption. Without loss of
generality, we may assume that d(p, , y,) < d(m,, y;). Then

d(p, my) <d(p,p)+dp,, my)

< R+d(mk’ i) —d(p, Vi)
<R+d(m,,y,)—r(y)+R
()

(5.4) - r(x,) +kr(yk)lk — () + 2R

r(yk)
r(xk) + r(yk)

_ B 6a-r(y,)
=R ey oy

(r(x) +r(v,) — 6a) — r(y,) + 2R,
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where we have used the fact that d(p, , y,) < d(m,, y,), (5.2), and (5.3).
Since x, and y, arein B ((1+ M)\ B,((1-n)t) and 0 <7 < 1, we
have
r(yk) l—n 1

5.5 > > <.
(3-5) r(x)+r(y,) —2(1+n) — 3
Combining this with (5.4) and (5.5), we conclude
6a(l —n)
2(1 + 1)
In particular, m, € Bp(2R) . We may reparametrized o, with arclength,
so that o, (0) = m,, a(-d(m,, X)) = o, (x;), and a(d(m,,y,)) =
o, (y,) - Note that d(m,, x,) — oo and d(m,, y,) — oco. Without loss

of generality, we may assume that «, converges to a line y in M. For
any s > 0, and for & sufficiently large

d(p, o (8)) 2d, y,) —d (e, ap(s))
r(yk) —d(mk,yk)+s

dip,m)<2R- < 2R -2a.

ERAETCAETION)

> s+ 2a,

where we have used (5.2) and (5.5). Hence by letting k& — oo, we have
(5.6) d(7(s), B,(a/2)) > Is| +a

for s > 0. Similarly, one can prove that (5.6) is true for s < 0. Since
y is a line, and M has nonnegative Ricci curvature outside Bp(%) , (5.6)
contradicts Lemma 5.3. Hence (5.1) is true.

Let us now consider the Busemann functions

b,(x) = lim (d(,(1), x) =),

for i=1, 2 and xe M. Let u=0b,+b,. Then

(1) u(p)=0;
(2) u>-2e;
(3) [Vu[ <2;
(4) Au<2(n—1), in the barrier sense.
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Properties (1) and (3) are obvious. Property (4) is derived from the fact
that the Ricci curvature is bounded from below by —(n — 1) (see [12]),
€

and property (2) is derived from (5.1) and the assumption that a < §.
Lemma 5.2 now implies that

u(x) < 2(1 —4) — 4e

for all x € 8B,((1 - 4)), where ¢ is the constant in Lemma 5.2 that
depends only on 7. In particular,

(5.7) u(y4(1 —-9)) <2(1 —9) — 4e.
However, by (5.1) again,

d(7,(t), 75(1=9)) +d(y,(t), v;(1 - 9)) - 2¢
>2t+2(1 —3) — 12a — 2t > 2(1 — ) — 4e,,

where we have used the assumption that a < €. So
u(;(1 = 8)) > 2(1 - 8) — de,

which contradicts (5.7). Hence the lemma is true.

Proposition 5.5. Let M" be a complete manifold with Ricci curvature
bounded from below by —(n — 1) and has nonnegative Ricci curvature on
M\ B,(a) for some point p. Suppose that a < €(n), where €(n) is the
constant in Lemma 5.2. If M has two ends, then each end of M satisfies
condition (VC).

Proof. Let R; > 0 so that M\ B,(R,) has exactly two unbounded
components £, and E,. We would like to prove that there exists R, , such
that for all x, y € E;\ B, (R,), any minimal geodesic from x to y will
not intersect Bp(a) for each i =1, 2. Let us assume the contrary. Then
there exist x,, y, € E|, and a minimal geodesic o, from x, to y, so
that lim,_,_d(p, x;)=oco, lim;_, d(p,y,)=00,and o, NB,(a)# 2.

We may assume that «, converges to a line y so that y N Bp(a) # .

Let ¢ be a point in y N Bp(a) . We may assume that y(0) =g and y is
parametrized by arclength. Let y,(¢) = y(¢) for t > 0 and y,(¢) = y(—?)
for £ < 0. Then p, and y, are rays from g. Let y; be a ray from ¢
which will be in E, for sufficiently large . By construction, it is easy to
see that if ¢ is large, then there are minimal geodesics from y,(f) to y j(t)
forany 1 < i < j < 3, so that they all intersect B,(R,) . Since B, (a) C
Bq(2a) and a < %6, this contradicts Lemma 5.4. The proposition then
follows from the volume comparison theory in [8], the fact that M has
nonnegative Ricci curvature outside B,(a) and Proposition 5.1.
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In case M has only one end, we have a weaker result. Let us first prove
a simple lemma.

Lemma 5.6. Let M" be a complete manzfold with Ricci curvature
bounded from below by —(n — 1) and has nonnegative Ricci curvature out-
side Bp(a) Jfor some point p. Suppose a < %e(n), where €(n) is the con-
stant in Lemma 5.2. Then there exists a constant Cy > 1 depending only
on n, and there exists t, such that forall t > t, and x, y, z € 0B,(1),
we have either

(1) ¢ < V(D) /V(H) < ¢y
(2) C;l < I/;(g)/VZ(ﬁ) < Cy; or
3) ;' <V /VH<c.
Proof. Let t, be the number in Lemma 5.4 with n = 5, and K =

Bp(a) Let t>¢t,,and x, y, z € BBP( ). Without loss of generality,
we may assume that V,(§) > V,(5) > ¥,(§) . Suppose for all y' e B,(5),
there exists a minimal geodesic from x to y’, which does not intersect
B,(a). Then by the Bishop comparison theorem, we have

5 (§) <2 (§) - (9)

)

and hence
VA
V (5
Suppose there exist y, € By(g) and a minimal geodesic from x to y, so
that it intersects Bp(a) . Then by Lemma 5.4, for all 2’ ¢ B_(%), there is

a minimal geodesic from x to z' or a minimal geodesic from y, to Z,
which does not intersect B, {a). Again the Bishop comparison theorem

implies that
t n t t
) < — =
i (5) < (% (s)+%.(5))

Ve
(5.9) <11"2" (

LNETILN

(5.8) 1< < 11"

\/

where we have used the facts that V, (5) < V,(§) and y, € B (£). Since
V.(§{) > Vy( ) , combining it with (5.8) shows that the lemma is valid for
C,=2-22".
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Proposition 5.7. Let M" be a complete manifold with Ricci curvature
bounded from below by —(n — 1) and has nonnegative Ricci curvature on
M\ Bp(a) for some point p. Suppose a < %e(n), where €(n) is the
constant in Lemma 5.2. If M has only one end, then there exist a constant

C, > 0 and a sequence r,, — oo such that for all x € dB,(r,), we have

V00 < OV, (%),

Proof. Let C; and f, be the constants in Lemma 5.6, and let C| be
the constant in Proposition 5.1 for M . Suppose for all ¢ sufficiently large
and for x € 0B, (t) we have

1 —1,.—1 t

ECI C, Vp(t) <V, (§> .
Then we are done. Otherwise, there is a sequence #, — oo and x, €
9B (t,) such that

t 1 1,
(5.10) V. (?") <5C e )

for all k. By Proposition 5.1, there exists y, € 9B p(tk) such that

(5.11) V,(4) < OV, (%k)

for all k. Since M has only one end, passing to a subsequence if nec-
essary, we may assume that x, and y, are both in the unbounded com-
ponent of M\ B (R,) for some R, < t, and R, — oo. For each k
there is a continuous curve o,(s), for 0 <s </, such that ¢,(0) = x ,
g.(l) =y,,and g.(s) e M\FP(Rk) for all s. Let r(s) = d(p, g,(s))
and let V, be the volume of Bak(s)(’—(;—)). It is easy to see that V, is a
continuous function of s. Let us define

A:{s

which is an open set in the interval [0, /] since ¥ and V (r(s)) are
continuous in s. Inequality (5.10) asserts that 0 € 4. Let s* be the
supremum of s such that [0, s) C 4. Then 0 < s* </ by (5.11) and the
fact that C; > 1. Clearly, from the definition of 4, we have

T -1 -1

(5.12) Ve =5 'G

0<s<l, V. < %CI_ICZ_II/;,(r(s))},

I/;)(r(s*

)
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Let us set r, = r(s"). Proposition 5.1 implies that there is a point y €
9B,(r,) such that '

(5.13) v, (E) > ;' ).
By (5.12) and (5.13), we have
T
v, (£) 2260,
Hence from Lemma 5.6 and (5.11) it follows that, for all x € 8Bp(rk) ,

V(%) 2 6 2 567600,
which completes the proof of the proposition.

We would like to mention that it is still unclear that whether Proposi-
tion 5.7 is true for all r rather than for a sequence of r, — co. It is also
not known that whether a complete noncompact manifold with nonnega-
tive Ricci curvature outside a compact set with only one end will satisfy
condition (VC).

6. Nonnegatively curved manifolds with finite first Betti number

In this section, we will consider complete noncompact manifolds with
nonnegative Ricci curvature outside a compact set which has finite first
Betti number. We will show that for this kind of manifolds, condition
(VC) is satisfied by each end, and that Theorem 1.9 is valid and the results
in [20] can be carried over to this case. Let us first begin with a lemma.

Lemma 6.1. Let M be a complete manifold with k ends. Suppose that
the first Betti number b, (M) of M is finite. For R > 0 sufficiently large,
and for r > 0, let A, (R, R+ r) denote the annulus B,(R+r)\ B,(R),
and let My be the union of all the unbounded components of M \ B (R).
Then A , (R, R+r)N My has exactly k connected components.

Proof. Let {[7,],--- ,[7,]} be a set of basis for H,(M), where b =
b,(M). By finiteness, there exists R, sufficiently large such that y, C
B,(R,) forall 1 <i<b. In particular, any element [y] € H (M) can be

represented in the form Zf.’ a;7; € B,(R,). Since k is the number of ends

of M, there exists R, such that for R> R,, M\ Bp(R) has exactly &
unbounded components. We claim that if we choose R > max{R,, R},
then A4 , (R, R+ r)N My has exactly kK components. Let U be the union

of B, (R +r) and the bounded components of M \ B,(R). Then U is
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connected and M, has exactly k components. Moreover, M = M, UU .
Let us consider the Mayer-Vietoris sequence

H,(U) @ H,(My) 22 H,(M) 2 Hy(U N Mp)

5 Hy(U) @ Hy(Myg) = Hy(M).
Since all the reprsentatives of H, (M) lie inside U, the map j, is surjec-

tive. The map ji is obviously also surjective. Since U is connected and
M, has exactly k components, we have the exact sequence

k
+1
0 H(UNMy) -~ Z®---®Z —Z— 0.

Hence H,(U N M) is isomorphic to the kernel of the surjective map

Z&.--®Z — Z, which 1s easily seen to be Z&-.-®Z . Hence
k+1 k

Ap(R, R +7r)=UnN M, has exactly £k components.

Corollary 6.2. Let M be a complete noncompact manifold with non-
negative Ricci curvature outside a compact set and let p be a fixed point.
Suppose b, (M) is finite. Given an end E, there exists a constant C > 0
such that for any R sufficiently large, we have

v, 5(R) < CV,(R/5),

for all x € 8B,(R)NEy, where V, (R) is the volume of B(R)NE, and
Ey is the unbounded component of E N (M \ B,(R)).

Proof. Let us first observe that Theorem 3.1 of [24] asserts that M has
finitely many ends. Hence the statement of the corollary is meaningful.
Since the statement of the corollary is localized at an end E, we may
assume that M is obtained by gluing two copies of E together. Let us
also assume that AM \ B,(a) has nonnegative Ricci curvature for some
point p € M and some g > 0. By the proof of Proposition 5.1, it is easy
to see that there is a constant C such that for all R > 0 there exists a
point x € 6Bp(R) N MR/2 , so that

V,(R) < CV,(R/3),

where M 2 is the union of the unbounded components of M \ Bp(g) .
Since the ends are symmetric, the existence of such a point occurs at both
ends. For the sake of convenience, let us just denote a fixed end by E. To
prove the corollary, it suffices to show that there exists a constant C > 0
such that for all y € B (R) N My 2 We have

V.(R/5) < CV,(R/5).
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The ball coverlng theorem of [26] asserts that the set B L,(R)N M /2 and
hence 0B, (RYNE, can be covered by N number of balls B, ( ) with
centers y; € B (R) NnM 8> where N depends only on the lower bound

of the Ricci curvature of B,(a) and a. The fact that {By_( )} covers
8B,(R) N E, implies that y, ¢ B ().
Let us first consider two balls B, (§) and B, (£) such that B, (£)n
i 7 i

By_(é) # @. Clearly, any geodesic joining y; to a point in By_(%) must
J J

have length at most %R , and therefore will not intersect B,(a) for R >

5a. Thus the Bishop comparison theorem implies that
V. (R/S) < CV, (R/5).
J i

By Lemma 6.1, the set 9B, (R)NE is connected. Therefore {J Byi(%) is
connected. Since the volume of any two adjacent balls can be compared,
this shows that

v, (R/5) < CVV, (R]3)

for all y ; and y, , and hence the corollary is proved.

We are now ready to prove some estimates on the Green’s function
which are similar to those in Theorem 1.9. Since the condition (VC) is
valid only for those x € EN (M \ B,(R)), the estimate is only valid for
those points also.

Theorem 6.3. Let M be a complete noncompact manifold with non-
negative Ricci curvature outside a compact set. Suppose that the first Betti
number b (M) of M is finite. Then the following hold:

(1) Let E be an end of M and let My be a manifold obtained by
gluing two copies of E together. If G.(x, y) is a Green’s function
obtained by compact exhaustion, then there is a constant C such
that for all r > ry >0 and x € EN(M\ B,(R)) we have

- Gg(p,x)+ ,Sup Ge(p, )

0o

r(x) ¢
SC(/r Pl Gp )= of Gy(o. >)

0

(2) M has a positive Green’s function if and only if

ot
——dt < co.
/1 A0

In particular, E is nonparabolic if and only if E is large.
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The following theorem can be considered as a generalization of the
results in [20].

Theorem 6.4. Let M be a complete noncompact manifold with non-
negative Ricci curvature outside a compact set. Suppose b, (M) is finite.
Let | be the number of large ends, and s be the number of small ends.
Then "

Hy (M) = 2 (M)
and
s+ 1 =dim#Z°(M).

If we further assume that | > 1, then
Z°(M) = 2" (M)

and
[ =dimZ,° (M) = dim 2~ (M).

Here we let Z°(M ) be the vector space spanned by those harmonic func-
tions which are bounded on one side at each end with respect to some com-
pact set, 7 (M) be the vector space spanned by the positive harmonic func-
tions, #°° (M) be the space of bounded harmonic functions, and 7" (M)
be the space of bounded harmonic functions with finite Dirichlet integral.

Proof. Theorem 6.3 asserts that an end is large if and only if it is
nonparabolic. Using Lemma 6.1 and the fact that M has nonnegative
Ricci curvature outside a compact set, one can prove as in [20] that if f
is a positive harmonic function defined on an end E,, then

sup f < Cinf f.
OE,, aEer

From this Harnack-type inequality it follows that if f is a positive har-
monic function defined on E, then for any sequence x; — oo such that

X; € 8Er(xl_) , we have

(6.1) lim f(x;) =a
=00
for some 0 < a < oo. We claim that this is sufficient for showing that
lim f(x) = a.
vk )
In fact, let x; — oo be a sequence of points such that x; ¢ OF, -
The fact that E is a single end implies that there exists R, — oo such
that x; € E, . Without loss of generality, we may assume that R; be the
largest value such that x; € Ep . Clearly, x; is contained in a bounded

i 12
component of E, \ §E, . By the maximum principle, we obtain
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1nff<f( ;) <sup f.

R;

On the other hand, (6.1) asserts that both the upper bound and the lower
bound tend to a. This confirms the claim. For R > 0, let us de-
fine Bp(R) to be the union of B (R) and the bounded components of

M\ B (R) Let us also denote an unbounded components of

M\B (R) by E,. Suppose f is a bounded harmonic function on M .
Then (see [20] and [24]) there exist R; — oo and harmonic functions f;
on B (R) with f; being constant on E NoB ( ;) for each E A , and
f= hml_,oo f;- Ttis easy to see [24] that f has bounded Dirichlet 1ntegra1
Hence the first equality of the theorem is true. Using the same argument
as in [20] and [30], one can prove that if £ is an end, and f and g are
positive harmonic functions on £ so that f = g =0 on 8F, then f is
a multiple of g. Together with the results in [24], one can now proceed
as in [20] and [30], and the theorem follows.

By the Harnack inequality in [14] and [28], it is easy to see that for a
complete manifold which is quasi-isometric to a manifold satisfying the
assumptions of Theorem 6.4, the results of the theorem are still true.
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