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0. Introduction.

Let M be a complete noncompact Riemannian manifold of dimension m.
For a nonnegative number d, we denote by 4 (M) the space of harmonic func-
tions h of polynomial growth of order d, namely, |hA|<Ar?+ B for some posi-
tive constants A and B, where r stands for the distance function to a fixed
point, say o, of M. In this paper, we say that M has the strong Liouville pro-
perty if the dimension of 4 (M) is finite for any d (cf. [19]). It is known that
the strong Liouville property holds on M, for example, if M is so called an
asymptotically (locally) Euclidean space (cf. [2], [3] [19] [22] and the refer-
ences therein), or if m=2 and the total curvature is finite (cf. [14], [2T]). The
purpose of this paper is to give some geometric conditions under which M has
the strong Liouville property.

Our first result is stated in the following

THEOREM 1. Let M be a Hadamard manifold of dimension m. Suppose that
M has minimal volume growth, that is,

Va(B(1) = At™

for some positive constant A, where V ,(B(t)) denotes the volume of the metric
ball B(t) of radius t around a point o of M. Then M has the strong Liouville
property, if in addition, the sectional curvature Ky of M decays to zero at a
quadratic rate, namely,

K@—’%—

for some positive constant B.
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The condition on volume growth is sharp in this theorem (cf. Remark 1.4),
but it is not clear whether the latter on curvature can be deleted or not.
We shall prove secondly the following

THEOREM II. Let M be a complete noncompact Riemannian manifold of non-
negative sectional curvature. Then M has the strong Liowville property, if in
addition,

(i) M has maximal volume growth, that is,

Va(B(@#) =z At™

for some positive constant A, where m=dim M ;
(ii) the sectional curvature Ky of M decays to zero quadratically.

In these theorems, we impose the decay condition on curvature of the
manifold in consideration. Although this condition might be deleted in the
theorems, our method of this paper depends heavily on it, because our approach
to the problem is based on the convergence theory of Riemannian manifolds of
bounded curvature. It would be worth noting that a class of complete mani-
folds with curvature of quadratic decay may contain a variety of manifolds
with respect to the problem discussed in this paper (see Examples in Section 1).

Complete flat manifolds are typical examples which enjoy the strong Liou-
ville property in our sence. Unfortunately, II does not cover these
important cases (except Euclidean space), because of the condition on volume
growth. In this regard, we shall attempt to replace this condition with those
which all complete flat spaces satisfy (see Theorems III and IV in Sections 4
and 5, respectively).

We would like to mention here some earlier results related to this paper.
A theorem by Yau [28] says that on a complete manifold M of nonnegative
Ricci curvature, there are no nonconstant positive harmonic functions. More-
over according to a result due to S.Y. Cheng [6], any harmonic function 2 of
sublinear growth, |A|=o(r), must be constant on such a manifold (see also [26]).
More recently, under the same assumption, Li and Tam showed that
dim 4,(M) is less than or equal to n+1 if the volume of the metric ball of
radius ¢ is bounded by Ct" for some positive constant C and an integer #,
0<n<m=dim M. We note that there exist complete manifolds of positive Ricci
curvature which admit nonconstant harmonic functions of linear growth (cf.
[187). To the contrary, in case that a complete manifold has nonnegative sec-
tional curvature of quadratic decay, any closed harmonic one form of bounded
length must be parallel, and hence it vanishes if in addition, the Ricci curva-
ture is positive somewhere (cf. [14]). Finally, for a complete Riemannian
manifold M, if we denote by &(M) the infimum of the nonnegative number d
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such that the space 4 ,(M) contains nonconstant harmonic functions, then we
have a lower bound for this number #(M) in terms of a lower bound of the
Ricci curvature and an upper bound for the diameter at infinity of M in a cer-
tain sense (cf. [14], [15]). Wu on the other hand discussed closely the
interactions between the growth rate of the volume of a geodesic ball and the
growth rate of the maximum modulas of a nonconstant subharmonic function
and its differential.

The author would like to thank T. Shioya for his letter on the compacti-
fication of complete manifolds with nonnegative curvature.

1. Weighted Sobolev spaces.

In this section, we shall introduce weighted Sobolev spaces of a complete
Riemannian manifold in relation with the problem to be discussed.

Let M be a complete Riemannian manifold of dimension m, and let » be
the distance function to a fixed point 0 of M. For a smooth function f with
compact support, f€Cy(M), the weighted L? norm I/ fl,5 1<p<+oo, with
weight 6 R is defined by

1/p
1o = (], 1 £17047mdvot) ™.
The weighted Sobolev norms | . 5.5, n=Z"*, are defined in the usual manner:
[ fllnp.6 = a”Dif”pﬁ—i-

We denote by W, ,s(M) the closure of C7(M) with respect to this norms
I*]l 7. 5.35.

Given p, 1<p<co, and a weight 0 R, we want to know whether the fol-
lowing estimate holds or not:

1/p
(L.D) | le.s.s S Cilduf st o, 1£17dvol)

for some positive constants C;, C, and R, and for all f&W, , (M), where B(R)
stands for the metric ball of radius R around o, and A, denotes the Laplace
operator of M. This estimate is equivalent to the following:

(1.2) [ flle.p.6 = CllAuSllp.5-2

for some positive constants C and R, and for all feW, , (M) with supp fC
M~B(R). If (or equivalently [1.Z)) holds, then it is clear that the kernel

of Ay: W, p.6—Wps-e is of finite dimensional. See e.g., [3] for details
and further topics.
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Now we restrict our attention first to a special class of Riemannian mani-
folds, for which estimate (or equivalently holds except the case that
the weight ¢ belongs to some discrete subset of R.

Let M be a complete Riemannian manifold the end of which is isometric to
that of a cone. Namely, the complement of a compact subset K in M is iso-
metric to the product of a half line [R, ) and a compact manifold N with
cone metric di?+1t2ds?, where ds?® is a Riemannian metric of N. For simplicity,
we identify M\K with [R, )X N equipped with the metric di?+¢*ds?. In this
case, it is known that holds for those weights 6 which do not belong to
some discrete subset of R. More generally, let us consider an elliptic differ-
ential operator of second order £ in the form:

If = %div(x\'if),

where X is a positive smooth function on M. We would like to restrict our-
selves to simple cases and assume that X(f, x)=t'0(x) on [R, =o)X N, where
!eR and 0 is a positive smooth function on N. Then we have the following

LEMMA 1.1. If 0§ is nonexceptional, namely, it does not belong to some dis-
crete subset of R, then

[flle,p6 = CILSflp5-2
for some constant C>0, and for all fEW,, , s(M) with supp fCM\K.
See e. g., [22] for this lemma.

REMARK 1.2. still holds for the case that the metric ds? and
the density function X are of class C** (0<a<l).

EXAMPLES.

Simple manifolds considered as above are typical examples of complete
manifolds having the strong Liouville property. We observe that they also have
the sectional curvature of quadratic decay. This curvature condition itself,
however, never implies the strong Liouville property. Let us show simple ex-
amples of complete manifolds whose sectional curvature goes to zero at a rate
o).

We choose a metric g on R* by setting

g = dr*+u*(ei+a)+vial,

where a; (=1, 2, 3) are the standard left invariant coframing of S* with o,
tangent to the Hopf fibers. The warping functions u, v are chosen to be func-
tions of the distance » and assume the initial conditions: u(0)=v(0)=0, u’(0)=
v’(0)=1. Now we take u, v so that
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u(r) = Ar®, v(r) = Br?
for large r. Then we have the following assertions.

(i) For a<l, k(M)=-co, namely, any harmonic function of polynomial
growth must be constant.

(i) In case a>1 and —2a+b<—1, the sectional curvature of M decays to
zero at a rate O(r2).

(iii) For a=1, M has the strong Liouville property. Moreover

£(M) = %{—(l+b)+ V{I+b)+3247%
if b<l, and

€M) = 3 {—(+5)+ TFBF8A
if b=1.

(iv) In case a>1, the strong Liouville property does not hold for M. More
precisely, setting c=—2a—b+1, we have the following assertions:

(1) dim H(M)=4o0 and V (B@F)~r*° if ¢<0;

(2) dim H,(M)=1, dim{h: Ayh=0, |h|~log r} =-+oco, and V ,(B(r)~r* if
c=0;

3) k(M)=c, dim A s(M)=-+c0 for any d>c, and V ,(B(r))~r*° if 0<c<2;

@) gM)=c, dim H,(M)=-4c0 for any d>c, and V(B@)~logr if ¢=2;

5) tM)=c, dim K, M)=+co for any d>c, and M has finite volume if
c>2.

These assertions also show that some results by Wu are sharp in a
sense.

REMARK 1.3. Let us take u, v in such a way that
u(r) = Ar®, v(r) = Be®"

for large . Then k(M)=+ if <0, and dim H,(M)=1 if a=0 and 6>0. In
the former case, the intrinsic diameter of the geodesic sphere S(¢!) grows like
t* when a>0. On the other hand, in the latter case, the volume V ,(B()) of
the geodesic ball B() grows like ¢ if 5>0.

REMARK 1.4. Let us take u=v and assume that u#’=1 and u”=0. Then
the sectional curvature K, is nonpositive. Moreover if u(r)=Ar® for large r
and a¢>1, then dim 4 (M)=+4c. In this case, V,(B@#)~t***' and K, decays
to zero at a quadratic rate. On the other hand, if u(»)=Ar log r for large r,
then dim 4 ,(M)=1 and dim 4 ;(M)=++o for any d>0. In this case, V,(B(®)
~t*(log t)* and K, decays at a rate O(log »/r?).
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See for the proofs of these assertions and remarks.

Now we shall prove the following

LEMMA 1.5. Let M be a complete Riemannian manifold of dimension m.
Suppose the sectional curvature decays in its absolute values at a rate O(r7%).
Then there is a positive constant B such that for any dz=0, the space H.(M) is
included in the space W, p s(M), if d>d—(m—1—pB)/p. In particular, M has the
strong Liouville property, provided that estimate (1.1) or (1.2) holds for every
nonexceptional weight o.

To prove this lemma, we recall here the following fact on harmonic coordi-
nates.

LEMMA 1.6. Let N be a Riemannian manifold of dimension n. Suppose the
sectional curvature of N is bounded in its absolute values by a positive constant
A, and the injectivity radius at a point x is bounded from below by a positive
constant ¢. Then given a, 0<a<1, there exist positive constants a=a(n, A, ¢)
(L0, b=b(n, A, ¢), c=c(n, A, ¢, @) and a coordinate system H=(h,, +--, h,) defined
on the metric ball B(x, a) around x with radius a such that each component h;
(i=1, .-+, n) is a harmonic function and the metric tensor

g= %gi,,-dhi@dhj
in terms of this coordinates satisfies
e’|€1* < iZ]‘;gwf"E" Ik
for all §=(&,, -, &»), and
lgillona < c.

See e. g., for details.

PrROOF OF LEMMA 1.5. Let f be a harmonic function of & ;(M). We want
to show that |df| (resp. |Ddf|) grows at a rate O(%™!) (resp. O(r¢~%). For
a point x of M, we scale the metric g, of M and consider the metric g, de-
fined by g:=gx/t* with t=r(x). Then we take a sufficiently small positive
constant ¢ in such a way that the exponential mapping at x with respect to
the scaled metric g, has maximal rank on the ball B*(a) of radius e around
the origin in the tangent space T.M. Let us denote by g¥ the pull-back of
the metric on B*(a) via the exponential mapping. Then the sectional curvature
of g¥ is bounded uniformly in x by a positive constant. Hence by taking
smaller a if necessarily, we have a harmonic coordinate system around the
origin with the properties discribed in Lemma 1.6. Therefore we can apply the
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standard elliptic regularity estimates to the pull-back f* of f (cf. e.g., [8].
In fact, f* satisfies

Q%
xij_~ 7 0
i,j=12,...,ngt ahﬁh, 0’
and in particular

I F*lc2cmrcarey = CBSI(lplf*\
*(a)

for some positive constant C. Since

I f*llc2arcareyy = Il fllcomez, atrenyHEld fllcosiz, atrnyy +EI DA fllcosiz, atreyy »

we see that |df|=0@%") and |Ddf|=0@%"2).

Now it follows from the Rauch’s comparison theorem and the (lower) bound
for the sectional curvature that, in terms of the polar coordinate around a re-
ference point o, the volume element of M grows at most like 7" for some posi-
tive constant 7 (depending on A). Thus the assertion of the lemma is clear.

The scaling argument as above together with will be often
used in the subsequent sections.

2. Proof of Theorem 1.

Let M be a Hadamard manifold of dimension m and g, the metric of M.
We shall consider the equivalence classes of rays on M, denoted by M(co),
equipped with the Tits metric Td (cf. [1]). For a point z=(z, ¢) of the pro-
duct [0, c0)XM(cc) and a positive number ¢, it is convenient to write ¢z for
(tr, g¢) and also we shall identify M(co) with {1} X M(0) if there is no confusion.
Let us fix a point, say o, of M and denote by S(t) and B(t), respectively, the
metric sphere and the metric ball around o of radius t. We write » for the
distance function to the point 0. We first observe from the Rauch’s comparison
theorem that

@.n Vm_l(%S(t)) > on. >0,

where ., _; stands for the volume of Euclidean unit sphere of dimension m—1.
For a point x of M\ {0}, we take a unique ray ¢, of M starting at o and go-
ing through x, and we set

Do(x) = r(x)lo:], or (r(x), [a:]),

where [o] denotes the equivalence class of a ray o.
We suppose first that the diameter of M(c) is finite, namely,

2.2) diam(M(e<)) < D
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for some constant D>0. Then as ¢t goes to infinity, the scaled metric sphere
S(t)/t converges to M(cwo) with respect to the Gromov-Hausdorff distance (cf.

[1], [10]. In fact, in this case, we see that
1 1 1 1
2.3 Td(50ux), 7 Pu(») Z dulx, 3) 2 Td(5 Po(x), 7 Pu(3))—(®)

for all x, y of S(t)/t, where d. denotes the intrinsic distance on S(#)/f and &(f)
is a positive constant which tends to zero as ¢ goes to infinity.
We suppose next the sectional curvature K, of M satisfies

2.4) Ky=z—=

for some constant B>0. Then for any >0, the second fundamental form /7,
of the metric sphere S(f) satisfies

1=ul,=C,

for some positive constant C,. Hence if m>3, the sectional curvature K, of
S@)/t is pinched as follows:

2.5) 1-B<K,<B

for all ¢t and some constant B’>0. Therefore we can apply the C** convergence
theorem to this family {S()/t} and the limit M(oo) (cf. [9] [25]), and we
can assert that M(oo) is a smooth manifold of dimension m—1 and there is a
Riemannian metric ds? of class C** (for any a<=(0, 1)) which induces the dis-
tance Td on M(e0). We write CM(c) for the cone over M(c0), namely,

CM(co) = ([0, c0) X M(c0), go = dt*+1*dss).

We remark here that under the assumption [2.4), M has minimal volume
growth, V(B®)<At™, if and only if [2.2) holds. In fact, it follows from [2.4)
that for some positive constants L and C,, and for any ¢ and every smooth
curve 7 in S(t) joining two points x and y,

Length(y) < C, disy(x, y)

if 7y is a geodesic with respect to the intrinsic metric of S(z) and the length is

bounded by Lt. We can also deduce from and that if m=2, then M
has finite total curvature, and actually,

1= ig Ky+ - Length (M(co))
2T Ju 2r
(cf. e.g., the arguments in [13: §3]). For this reason, we may assume that

dim M =3.
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Now we want to construct an asymptotically isometry between the end of
M and that of the tangent cone at infinity CM(e), which approximates the
canonical map @,: M—CM(co) at infinity. For this, we first fix a large number
R and a small one ¢, in such a way that for any point x of M\B(R), we can
take a harmonic coordinate system H,.: B(x, 10¢)/t—R™ defined on the scaled
metric ball B(x, 10¢)/t around x of radius 10¢ with respect to the scaled metric
g:=gun/t with t=r(x). Here the coordinates H, are assumed to have the same
properties as discribed in Lemma 1.6 Let B.(g., 10c) be the metric ball in
CM(c0) around ¢q,=®,(x)/t of radius 10c. We shall now consider the following
Dirichlet problem in the metric ball B.(g., 2¢) of CM(c0):

AF=0 in B.(q:, 2¢)
F:H,o(—l—?lf) on 8B.(qs, 2¢).
t 0 s »
Here we set
1
TWO(T, g9 = O3z, q).

Let F,=(F%, ---, F™) be the solution of the above equation. Then since
¥,/t is a Lipschitz map with dilatation <1 because of (2.3), it turns out from
the standard elliptic regularity estimates that for any a<(0, 1),

(26) ‘F-Z“C&Q(Boo(q‘r,C)) é Cz y

where C; is a positive constant independent of x. If we set
T
— -1 -~ _
Vo, 9 =H; (Fx( o q)) t=r(x)),

then we obtain a map ¥, of B.(@,(x), tc) into B(x, t¢) which coincides with
@3! on the boundary 0B.(x, tc). It is not hard to deduce from (2.3) and
that for some positive constant d(¢) independent of x with lim;.. 0()=0,

max {%dismwx(z). D31(2)) 1 2€ Bu(Do(), tc>} = 00,

max {5 (Ftgu—g1(2): 26 Buly(x), 10} < 60,

max {t| Dd¥ . |(z): z€ B.(D(x), tc)} < 0@,

where Dd¥, denotes the second fundamental form of the map ¥,.

Now taking a sufficiently large R and a positive constant ¢’<c¢, we may
assume that for any xeM\B(R), ¥, is a diffeomorphism of B.(®@,(x), tc) into
B(x, tc) and the image ¥ ,(B.(D,(x), tc)) contains the metric ball B(x, tc’). Hence
we have a diffeomorphism @, of B(x, tc¢’) into B..(@y(x), tc) by setting @, =¥;'.
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Then @, enjoys the following properties:

masx {1 dison o @03, Bo(2)): yE B, 1} £ 30)

@7 max {ti |0tg.— g 1(»): yEB(x, 1)} £ 50

max {{|DdP.|(y): yeB(x, tc)} =0'(1),

where t=r(x) and 0’(f) is as before a positive constant independent of the choice
of x with lim,. . 0’(t)=0. Thus we have obtained local approximations {®,}
(xeM~B(R)) as above for the canonical map @,.

Now let us choose a finite number of points of M(), ¢, -+, ¢q., and a suf-
ficiently small constant ¢ in such a way that if we put d=1+¢, g¢;,=(d’, q,),
and x],p—@o (QJ,,u), then

B(d7*H)NB(d?™Y) C: B(x,-,ﬂ, c’d?) C B(d?*)\B(d’"?).

ns

H/\

Taking a sufficient large j,, we may assume that x; ,&M\B(R) for any j=/,,
and

M~NB@2Ryc \U B(x;,, c'd%).
Jjzjo.1spsy
Let us write @; , for the maps (Dx].,# of B(x; ., ¢’d’) into B.(g;, ., cd’) satisfy-
ing with ¢t=d’. Making use of these maps {®; ,}, we can take a partition
of unity {¢; .} on M\B(2R) subordinate to the covering {B(x;, ,, ¢’d’)} so that

&), | +d71d&;, | +d%|Dd¢; | = C,

for some positive constant C, which is independent of ; and x. We shall as-
sume here that the limit metric ds? on M(co) is smooth, and hence so is the
metric g.. Then we have uniquely a smooth map @ of M\B(2R) into CM(0),
called a center of mass of {®; ,} with weights {§; ,}, which is given by

. 2 5j,y(x> expd)(x)—ldjj,‘u(x) =0

jzje lspsy
for each x of M\B(@2R). In view of it is not hard to see that for suffici-

ently large R, this map @ induces a diffeomorphism of M\B(2R) into the cone
CM(c0) such that

il_r}; ( ) discu (D (x), Po(x)) =0;

2.8) lim r( B | @*ge—gul|(x) =0;

lim 7(x)| Dd®@|(x) =0
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(cf. [16: Appendix]). Obviously the image @(M\B(2R)) is contained in [R’, o)
X M(e0) for some R’ with limg.., R’'/R=1.

For the construction of the above map @, we have assumed that the metric
ds% is smooth. When ds? is not smooth, we can employ smooth approximations
of the metric in the above argument. Namely, we have a sequence of smooth
metrics, dsZ, which converges to dsZ in the C* topology for any a<(0, 1).
Using the exponential maps with respect to these smooth approximations step
by step as j goes to infinity, we can obtain the map @ as above. We refer
the reader to for similar arguments.

We are now in a position to complete the proof of [Theorem 1. In what
follows, we denote by e«(R)’s positive constants which tend to zero as R goes
to infinity., For any smooth function f on M whose support is compact and
lies in MN\BQ2R), we set f*=f-.@~!, Then in view of [2.8), we can compare
the weighted Sobolev norms of f and f*. To be precise, given p>1 and 0=R,
it follows from that

2.9 e BNfly 56 = [ *laps = P flls 50

We note also that

(2.10) e 2P NAL ¥ p 50 S (B fF)e DIy, 50 = 2P A f*] 5 52 -
Moreover we observe from that

Ay f— A f*)@| = |df*(tr. DAD)+1tr.(Dd [P, dD))—(Anf*)-D |

1
< &(R)(S1df*| -0+ | Ddf*|-0).
This implies that

1Axf =B f*)e Pl p.5-2 < ellldf*llp, 6.1+ DA f*]5.5-2)

= 54(R)||f*”2,p.5 :
Hence we have by

(2.11) [Auf—Baf*) e @llp,o-2 < es(R)I fll2, p.5 -
Here we recall that holds for CM() if 4 is nonexceptional. Therefore
for such a weight 6, we can derive that
1/ 5.6 =< Csll f*le.p.6 by

< CollAwf*lp.5-2 by

< Cill(Asf*)@llps-2 Dby

= ColllAuf — Qe f*)o Pl p, 50+ 1Ax f | 5,5-2)

< e(R flle 2, sHCollAu fllp.5- by [2.11).
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Here C.’s are some positive constants. Thus if we take R so large that &¢(R)
<1/2, then we obtain

“f”z,p,a § 2C10HAMf”p.5—2
for all feCT(M~B(2R)). This proves that M has the strong Liouville property.

REMARKS. Let M be a Hadamard manifold of dimension m.

(i) The strong Liouville property does not follow from condition only.
For example, the Riemannian product of hyperbolic space form and Euclidean
space satisfies [2.2) (with D=nm).

(ii) Suppose m=3 and condition is satisfied with B<1. Then by [2.5),
the (intrinsic) diameter of the scaled metric sphere S(¢)/t is bounded from above
by #/+/1—B, and hence so is the diameter of M(c). Thus in this case, M
has the strong Liouville property.

3. Proof of Theorem II.

In this section, we shall first recall the counter part to the Tits’ geometry
for complete manifold of nonnegative sectional curvature and then carry out
the proof of II, using the same idea as in the preceding one for
L.

Let M be a complete noncompact manifold with a Riemannian metric g, of
nonnegative sectional curvature. To begin with, we shall recall the counter
part to the Tits’ geometry for M introduced in [1, pp. 58-59]. Let us first fix
a point, say o, of M as before, and consider the set ®, of all rays starting at
o. Given two elements 7, ¢ of R,, let A(s, t), 0<s<t, be the triangle sketched
on R? whose edge length are s, ¢t and disy(y(s), o(t)), and denote by /Jr(s)oa(t)
the angle of A(s, t) opposite to the edge of length disy(y(s), ¢(t)). Then the
Toponogov’s theorem says that (s, #)— /7(s)og(t) is monotone nonincreasing in
the sense that /J7(s"oc(t)=Z J7r(s)oc(t) if s<s’ and 1<t’. Hence we have the
limit

Jlim Zy(s)oa(®)
for all 7, ¢ of R,. Let us introduce an equivalent relation ~ on R, by setting

y~0¢ when the above limit is equal to zero. Now on the set of all equivalence
classes of such rays is defined naturally a distance /. by

Z([7), Lo]) =lim J7{t)oo (),

where [7] stands for the equivalence class of a ray 7. Then we have a metric
space M (o0)=(R,/~, L»). The tangent cone at infinity CM (o) of M is given
by the product of [0, o) and M (o) equipped with the distance
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discuey((s, @), (¢, p)) = Vsi+12+2stcos (g, ).

Moreover if we set M,={7(t): yER,, t=0}, we have a natural map @, of M,
onto CM (o) defined by

O(r) =@, [rD.

When M (o0) consists of only one point, we know that #(M)=+oc, namely, there
are no nonconstant harmonic functions of polynomial growth (cf. [14], [15).
For this reason, we assume that the diameter of M (o) is positive.

Now we suppose that the sectional curvature Ky of M satisfies

3.1) K, <2

=5
for some positive constant B. Then for fixed numbers a, b with 0<a<b, we
have a family of compact Riemannian manifolds with boundary {A(at, bt)/t} of
uniformly bounded curvature and diameter. Here and after A(s, t) denotes the
annular domain B()\B(s) in M, and also we write A.(s, t) for (s, {)XM(c0).
Via the natural map @,/t, we know that as ¢ goes to infinity, A(at, bt)/t con-
verges to A.(a, b) with respect to the Gromov-Hausdorff distance. It should
be noted that the limit space A.(a, b) is the quotient space of a smooth mani-
fold with C"“ metric by an isometric action of O(m) (see [7]) and hence it
may not be a smooth manifold. In order to construct a smooth approximation
of the map @,, we suppose that A.(a, b) is a smooth manifold, or equivallently,
M (c0) is a smooth manifold. Let us denote by ds% the metric of class C*¢,
0<a<l, which induces the distance /' of M (). In addition, we write as
before g. for the metric of the tangent cone at infinity CM(o0), namely, go=
dit*+12dse.

We would like to employ the same method as in the preceding section.
However in the present case, the map @, is defined only on the subset M, of
M. For this reason, we need first to approximate the map @, by a smooth
one defined on an end of M. In fact, by virtue of the assumption of M (c0)
being smooth, we can apply the method of smoothing Hausdorff approximations
developed in [4: §2], and we see that for large R, there is a smooth submer-
sion @, of M\B(R) mapping over the outside of a compact set of CM (c0) which
satisfies

lim = dis gy (@a(®), Do) = 0;

M3z-w7(X)

1
3.2) EEETx)Z | Ot Gorsr,— 8mise,| = 0;

lim sup #(x)| Dd®,|(x) < oo,
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where 4, denotes the horizontal subspace of 7', M, namely the orthogonal com-
plement of the vertical subspace consisting of vectors tangent to the fibre
D74 (Dy(x)) over the point @,(x) of CM (o).

ProOF OF THEOREM II. Let M be a complete noncompact manifold of non-

negative sectional curvature which satisfies and further which has maximal
volume growth, namely,

3.3 Va(B®) =z At™

for some positive constant A, where m=dim M. Then for some positive con-
stants C and D, the injectivity radius of M at a point x is bounded from below
by Cr(x)+D (cf. [6]). Hence as in the case of I, we can apply the
C"* convergence theorem and deduce that A.(a, b) is a smooth manifold of
dimension m, to which A(at, bt)/t converges in the C"“ topology as ¢ goes to
infinity. Therefore taking R sufficiently large, we may assume that the map @,
is actually a diffeomorphism between M B(R) and CM(co)\K. Moreover
repeating the same arguments as in the proof of I, we are able to
obtain a diffeomorphism @ of M-\ B(R) onto the outside of a compact set in
CM (c0) such that

1 .
—— diSc ey (Do(x), D(x)) =0;

1
MySz—>00 T’(x)

(3.4) lim >

zoe 7(X)?

lim »(x)| Dd®| = 0.

I -sco

|O*ge—gu! =0;

Thus by the same reasons as in the proof of I, we can conclude that
M has the strong Liouville property. This completes the proof of II.

4. Measured Hausdorff convergence at infinity.

Let M be a complete noncompact Riemannian manifold of nonnegative sec-
tional curvature. Throughout this section, we assume that the sectional curva-
ture of M decays at a rate O(r %) and further the points at infinity M (o) is
smooth. Our concern is the case M does not have maximal volume growth, that
is, V.(B@®)/t™ tends to zero as ¢ goes to infinity, where m=dim M. At this
stage, it is unclear whether M satisfies the strong Liouville property, even if
M (o) is assumed to be smooth. The purpose of this section is to introduce a
notion of measured Hausdorff convergence at infinity and show that the strong
Liouville property holds if M satisfies such an additional condition.

Let M be as above, and let @, be the canonical map of M, into the tangent



Harmonic functions of polynomial growth on complete manifolds II 51

cone at infinity CM (o) defined in Section 3. Then by virtue of M () being
smooth, we have shown that for large R, there is a smooth submersion @, of
M~ B(R) over the outside of a compact set in CM (o), which satisfies the pro-
perties described in [3.2). We fix two positive numbers @ and b with a<b as
before. Let yg. be the push-forward of the normarized Riemannian measure
dvol/V n(A(at, bt)) by the map @,/t. The density of p, with respect to the
Riemannian measure dvol.. of A.(a, b) is given by

Y w1 (@7'(7, @)
p i = !
{5 D= "y (Aar, br)
where k=dim M ()41, and ¢ is assumed to be sufficiently large. Then X, con-
verges almost everywhere on A.(aq, b) as ¢ goes to infinity if and only if
A(at, bt)/t converges to A. with respect to the measure Hausdorff topology via
the map @,/t of A(at, bt)/t into the tangent cone CM (o) at infinity, namely,

4.1) sei= —1-@1*((12/01/1/,,1([4(01‘, bt))) —> ftes

in the weak* topology. We note that does not depend on the choice of
an approximation @, as above of @, nor the choice of positive constants ¢ and
b (cf. the proof of Lemma 4.1). For this reason, we shall say that M /s tangent
at infinity to the cone CM (c0) with respect to the measured Hausdorff topology,
if the condition holds. It is not clear that this is true for the manifold
M in consideration.

Now our result is stated in the following

THEOREM III. A complete noncompact Riemannian manifold M of nonnega-
tive sectional curvature has the strong Liouville property, if in addition,

(i) the sectional curvature of M decays at a quadratic rate;

(ii) the points at infinity M (o) of M is a smooth manifold;

(ii) M is tangent at infinity to the cone CM (c0) over M (oo) with respect to
the measured Hausdorff topology.

REMARK. This theorem is a generalization of I, since under the
condition (i), the others (ii) and (iii) are satisfied automatically if M has maximal
volume growth.

PrOOF OF THEOREM III.

STEP 1. We begin with recalling that the limit measure g, has the posi-
tive density X. of class C*%, 0<a<1 (cf. [16: §17]). Since the length of the
gradient of X, is uniformly bounded in ¢ by [3.2), X, converges to X.. uniformly
in the annular domain A.(a, b). Moreover we have the following

LEMMA 4.1. The density X.(t, q) of the limit measure p.. can be written as
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Xo(z, @) = 70(9)
for a constant | and a positive function @ on M(co) of class C*“.
The proof of this lemma will be given after in the next step.

Now we define an elliptic differential operator L. of divergent form on
Ax(a, b) by

Loh = %—div(wah) = A.h+Vlog X, -h.
By virtue of Lemma 4.1, this operator .. is defined on C*M (o) (:= (0, o)

XM()), which can be written as

2 — ~
¢  k-14+18 1 :

L= 1z,
© 7 ozt r o0t 71 ’

where £.. is the operator on M(o0) given by

Lou = —;—div(l?Vu).

Therefore as mentioned in [Lemma 1.1, we have the following

LEMMA 4.2. Given p>1, a nonexceptional weight &, and R>0, there is a
constant C such that

[hlle, p.6 < ClLohlp5-2
for any he CH(C*M()) with supp hC AL(R, o).

STEP 2. In this stage, we want to construct a smooth approximation @ for
@, and hence for @, so that we can investigate more closely the Laplace
operator of M.

We first fix sufficiently small positive constants ¢, ¢’ and ¢” with ¢”<c¢'<c
<1. Let ¢g=(, ¢) be a point of CM(c0), and H=(hy, ---, h) be a coordinate
system around ¢ defined on the metric ball B.(q, ¢) in CM(e) such that

LoH=0.

For large t, we take a point x of M so that @,(x)=tgq. We may assume that

B.(q, ¢") C %@&B(x, tc")) C Balq, ©),

because of [3.2). We write B(x, tc”) for the inverse image of B.(tg, ¢”t) by
O,. Let F=(f,, ---, f:) be the solution of the Dirichlet problem:

AyF=0 in E(x, tc”)
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F= Ho—i—@l on 9B(x, tc”).

Then we have a smooth map @, of ﬁ(x, tc”) into B>=(tq, ct) defined by
., =tHF).

Now we choose a finite number of points {¢,} of M(co) and a sufficiently
small positive constant ¢ in such a way that if we put d=1+4¢, and if we take
points x;,, of M with @(x; ,)=d’q,, then

A(d7Y, &Y U B?(xj’/“ c"d’) © A(di2, d7*?)
i

for all large j. Let us write @;, for the map @xm of §(x,-,#, ¢”d?) into
Bu(d’q,, cd?). Then using the center-of-mass technique and repeating the same
arguments as in the proof of I, we can obtain a smooth submersion
@ of an end of M, say M\B(R), over an end of CM(), say CM(co)\K. Fol-
lowing [16], we want to describe some important properties of this submersion
@ : MNB(R)»CM(=)\K. For this, it is convenient to fix several notations (cf.
[24]. For a point x of M\B(R) and a tangent vector E€T,M, we denote
by V., #., VE and K E, respectively, the subspace of T,M which consists of
vectors tangent to the fiber @~ (@ (x)) through x, the orthogonal complement of
v, in T.M, the <&V-component of £ and the 4 -component of E. Also <&V and
4 denote the projections onto them. For a vector field X on an open subset
U of CM(co)NK, we write X for the vector field on @-*(U) satisfying

X, e g, dOX) = Xow,

for x®@'({U). We define (2, 1) tensor fields A(®) and 7(@) on M\B(R) whose
values on vector fields E; and E, are respectively given by

A(Q)(Ely Ez) - ﬂDﬂEICVEg+CVD3[EIﬂ[E2 ,
TD)E,, E;) = ﬂDCVEICVEz‘l‘CVDcVElﬂfEZ .

Moreover let us introduce a (2, 1) tensor field B(®@) on M\B(R) by setting

B(D)E,, Ey) = ﬂDElEz—(de(El)d@(Ez))A;
so that
dP(B(@)E,, E,) = —DdO(E,, E,).

Then by the construction of @ and the same arguments as in [16: § 2], we can
deduce the following

LEMMA 4.3. (i) @ approximates @, in the sense that
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lim ‘—l“dl'SCM( (@0(X) @(X)) =0
Moax—aoor(x) ) ’ ’
(ii) @ s an asymptotically Riemannian submersion, that is,

) . doX) . 1dO(X)|
pim min e = lim max e =1

(i) If n stands for the mean curvature vector field along the fibers of @,
then

Méim r(x)|dO . (9)+V log X(D(x))| = 0.
(iv) The second fundamental form Dd® of @ satisfies
lim sup r(x)|Dd®|(x) < +oo,
Moxr—o00
and hence we have in particular

lim Mgggwr(x)lA(@)l(X) <+,
lim JSup r(x)] T(®@)|(x) < Foo.

(v) Finally, given constants p>1, and a, b with 0<a <b.

dvol
V n(A(at, bt))

dvol
V n(A(at, bt))

lim sup SA(M’M)r" |Dnl|?

t>00

< oo,

lim sup SA( ot r?|DD4D|?
atl.bl)

L—oo

< oo

Making use of this lemma, we shall verify [Lemma 4.1.

PROOF OF LEMMA 4.1. We shall first define a positive smooth function %,
on A.(a, b) by
t*V (D (t1q))
V a(A(at, bt))

Since @ approximates @, as in Lemma 4.3 (i), X,(rg) converges uniformly to X..
In view of the identity

L(zq) =

V a(Alatz, bt)) -
YV (Alas bty D

1i(zq) = 1"

we see that

. Va(Alatr, btr))  Xo(7q)
Ty e, b)) g

The left-hand side is clearly independent of points ¢ of M(w), and hence we
may put




Harmonic functions of polynomial growth on complete manifolds II 55

(0 = Tl
0'0) = 1u(g),

so that X.(rq)=£&(r)0'(g). We claim that &(z)=1' for some /R. To show this,
we set

rLltq) =1t
and

St = {(xeM BR): ro-®(x)=t}.
Then it is not hard to derive from that

4 VaaSe) k-1 €0
m 7 log V.G T

The convergence is uniform on [a, b]. This shows that

VniSUD) _ imsgy.

lim ~
20

In particular, &(z) does not depend on a and b. Moreover on account of Lemma
4.3 (i) and (ii), we have

VaAlat, b)) _ . [V maS(ta))
n 1V 50 = lim, Vo) %°

= Siak"é(o‘)da .

Hence it follows that

V a(Alatz, btt))
Va(A(at, b))

&(r) = ltirn 7k

_J“akﬂ&(a)dc

art

o Siak“‘é(a)da

Siak"é(w)da
Sbo”“f(a)da .

Now it is easy to see that &(z)=1' for some /.

STEP 3. In order to complete the proof of III, we shall introduce
modified weighed Sobolev norms. For a point zg of the image @(M\B(R)), we
denote by w’(rg) the volume of the fibre @-'(zqg) over rq. We set w=w’-@ and
extend this to a positive function on M for our convenience. As noted in the
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proof of [Lemma 4.1, by the assumption (iii) of the theorem, we have

. t*w’(tzq)
4.2) im 7 A(at, bD)

for all z€[a, b] and g=M(cc). The convergence is uniform.
Let f be a smooth function on M. Given p>1 and a weight d=R, we put

= 7'6(g)

?

Wz = (SM|fi<1+r)-p5_k£i_Z}il>1/p

£ 9.5 = S 1D .o

(if they are finite). Moreover for a smooth function f with supp fCM\B(R),
we define a function @f on C*M(c) by

1
610 = 5oy by f

Recall here that for he C5(C*M(0)), the weighted Sobolev norms are given by
[lnpo= 3 (J1D7120+ 72004 dvot.) ™.
j=0

Then we have the following

LEMMA 4.4. For some positive constant e(R) with limg.... e(R)=0, the follow-
ing estimates hold for all smooth functions f on M such that supp fCM\B(R)
and || fllp,a+1Auflip.5-2 is finite:

(1) e*®Ofll1ps=10fD|ip5=e*P|Of]1 .05

(i) 10flps=e®flp.s;

(iii) [[f—OfPlip.s = e(RNUISfNp.s+1AuSfl2,0-2);

(V) [LoOf —OAyfllps-2 < (RN flp.0F1AuS17.5-2).

Here it is assumed that p>m for the last two estimates.

Proor. The first two estimates are direct consequences from
(ii). To prove (iii), we shall fix two positive constants a’ and b’ with a<a’<
b’<b. We observe that for large ¢ and all xe A(a’t, b't),

| f=Of@|?(x)+t?|d(f—Of-D)|?(x)

dvol
Va(A(at, b)) "
Here and after e«(t)’s stand as before for some positive constants depending on
t in such a way that lim,.. e+(t)=0. The above estimate can be verified by
the standard elliptic regularity estimates (cf. and Lemma 1.3 in [16]) and
further the properties of the submersion @ described in (cf.
B (iv) in [16]). Hence we have

Za®|, | (F1707 1A f17)

Alat,
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dvol
—POf- —OFo —pé-k
L ([ F—OF 0174721 d(f O fo)| 7ypmi-s 208
dvol dvol
< P 42p py_ Gvo. ik
a0, (17402 "V CaGT bt))xgmm), poes
dvol dvol
- 5_ _ _ _
= Ea(t)(SA(at,mlflPr P k-—u7—+s,1(a:,b;)1AMf|pr p@-2)-k 5 )’

where we have used the fact that t*w’(tzq)/V .(A(at, bt)) is uniformly bounded
from above and also away from zero by (4.2). Clearly the above inequality
leads to the estimate (iii).

It remains to show the estimate (iv). From[Lemma 4.3 and the same argu-
ments as in the proof of B (iv) in [16], we can derive that

S | L0 f—OAyf|Pra-PG-2=kdyol
Aoolat, bt)

dvol

< s4<t>g Va(Alat, b))

A(at

TP A f | 7yoe

Hence by (4.2), we have

S | L£0B f—OAy f | Pra— POk dpol.
Aco(at.bt)
dvol dvol
—-pd-g YUY -pd-2)~-k YY"
-S— s5(t)(SA(al,bt)lf|pr ’ w +SA(at.bt)|AMflpr 7 ) w )‘

This implies (iv). The proof of is now completed.
By Lemmas 4.2 and 4.4, we have the following

LEMMA 4.5. Given p>m and a nonexceptional weight 8, there are positive
constants R and C such that

1£11%, 5.5 = CllAxSf12,5-2

for all smooth functions f on M with supp fCMN\B(R) and | f||p.s+1Aufl5.5-2
<Aoo,

Proor. We have by (i) and (iii)
11506 SNf=OFD 5,5+O0f D155

< Rz s+ 1Anf5.5-2)+ePNOf |1, p.5 .
In view of Lemma 4.2, we see that

H@flll,p.a = Cl“-&w@f”p.a-z

for some positive constant C,, if 0 is nonexceptional. Moreover it follows from
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(ii) and (iv) that
”ofoc@f”p.é—z g “ofeo@f"'@AMf”p,&—z'l‘HQAMf“p.E—z

= e(R)(If 7.6 14w SN 5.5-2)+e* B | Ay fllp.5-2 -
Therefore we obtain

1711 2.6 < e(R) fllz. o+ Coll Asr f 117, 5-

for some positive constants &4(R) as before and C,. Thus by taking R so large
that e4(R)<1/2, we get the required estimate. This completes the proof of
Lemma 4.5

STEP 4. We are now in a position to complete the proof of I1I.
We fix large R as in and choose a smooth function % on M in such
a way that |5|<1, p=1 outside B@2R), and =0 in B(R). Let i be a har-
monic function on M with |A|5 5<+co. Suppose & is nonexceptional. Then
it follows from that

Ihllz.s < Iphllp,s+IL—phl.s
= ClAx(ph)lp.s-2+IIA—nhl 2.5 .

Hence applying the elliptic regularity estimates to 4 on B(3R), we obtain
i/p
(4.3) Il = C(,, [17dvol)

for some positive constant C’. This implies that the space of harmonic func-
tions 2 with [|A||5 <+ oo is of finite dimension. In fact, let {h;} be a sequence
of harmonic functions with | A;||3 s=1. Then there is a subsequence {4;} which
forms a Cauchy sequence in L?(B(3R)). Hence by [4.3), it is also a Cauchy
sequence with respect to the norm ||*]|5.5. This shows that h; converges to a
function A on M with respect to the norm. Obviously 4 is harmonic.

Now since V,(A(at, bt))=C”t for some positive constant C”, we observe
from (4.2) that for any fL, (M), and for some positive constant C”,

”f”27.5+(m—1)/p = Cl””f”p.& .

Hence for any hed M), |hllp.s+m-1/p is finite if & is greater than d—
(m—1—p)/p, where B is as in Lemma 1.4. Therefore 4 ,(M) is of finite dimen-
sion for any d. This completes the proof of I1I.

5. Further discussions.

As mentioned in Introduction, complete flat spaces are typical examples of
manifolds possessing the strong Liouville property. This class is unfortunately
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not coverd by the results in the preceding sections. For example, in
III, we imposed a regularity condition at infinity on the manifolds in considera-
tion. In this section, we shall study a class of complete Riemannian manifolds
which satisfy certain additional conditions other than that on curvature decay.
The conditions are rather restrictive, but all of complete flat spaces satisfy
them.

Let M=(M, gy) be a complete noncompact Riemannian manifold of dimen-
sion m. We suppose first that the sectional curvature K, of M satisfies:

B SKMé%

+ =
7,25

6.1 -

for some positive constants B, B’ and e. Let D be a bounded domain with
smooth boundary % and »* the outer unit normal to the boundary X. Secondly
we suppose that the normal exponential map of 2 induces a diffeomorphism
between [0, )X 2 and the outside of D, that is, if we put

E@, x) = exptv*(x)
for (t, x)e[0, «)X X, then
(5.2) E: [0, 0)x23¥ — M\D is diffeomorphic.
For each >0, we set Y, =E({t} Xx2) and define a map E,: 2—2%; by E.(x)=

E(, x). Let us consider a one-parameter family of Riemannian metrics ds? on
2 which are given by

1
ds = WEt*(ngzt) .

We write d.(x, y) for the distance between two points x, y of 2 measured by
the metric ds?. Then it is not hard to see that d. converges to a pseudo-
distance d. on Y, namely, for all x, ye2, the limit

lim d.(x, y) = du(x, ¥)
tsoo
exists. In fact, we may assume that the sectional curvature K, satisfies

Bll
e~
for some positive constant B”, where p stands for the distance to D. Let §
be a unique solution of the classical Jacobi equation:
B//
subject to the initial conditions: £(0)=1, &(0)=4, where a constant 4 is chosen in
such a way that the maximal eigenvalue of the second fundamental form of X

& (H)— &n =0,
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is not greater than 4. Then {£(t)2E¥(gxmis,)} forms a monotone nonincreasing
family of metrics on X (cf. e.g., [12]). Since &(t)/(1+¢) converges to a posi-
tive constant as t goes to infinity, we see that d, converges to a pseudo-distance
d.. Now we introduce an equivalence relation ~ on Y by putting x~y if
de(x, y)=0. We write M(c) for the metric space of all equivalence classes
equipped with the induced distance, denoted by the same letter d.. Moreover
we denote by ¢ the natural projection of X onto M(ewc). The metric space
(¥, d;) converges to M(co) with respect to the Gromov-Hausdorff distance via
the map ¢. In fact we have

de(@(x), §(3)) = P di(x, ¥)

for all x, ye2, where a positive constant &(¢) goes to zero as? tends to infinity.

We observe here that the sectional curvature of dsi is bounded uniformly
in t, because of the assumption [5.I). Hence according to a result by Fukaya
[7], there is a smooth manifold N of C"* Riemannian metric ds% on which
the orthogonal group O(m—1) acts as isometries, and M(co) is isometric to the
quotient space N/O(m—1). Therefore we have the cone CM(co) over M(co) as
the quotient space of the cone CN=([0, )X N, dt*+t*ds%) over N by the ac-
tion O(m—1).

To give a condition which we need, we shall define a canonical map @, of
M~D onto the cone CM(e0) by

Do(exp ty*(x)) = tg(x)( = (¢, P(x))).

Given two positive constants ¢ and b with a<b, we set A,(at, bt)={xsM: at
<p(x)<bt} and consider the push-forward g, of the normalized Riemannian
measure on A,(at, bt) by the scaled map @,/t: A,(at, bt)/t—A(a, b), namely,

1 dvol
He=75 qj"*( VulA,(at, bt)))'

The last condition states now
(5.3) f: converges to a measure pg. in the weak* topology.

As mentioned at the begining of this section, complete flat spaces enjoy all
of these conditions [5.1), (5.2) and (5.3). In fact, let K be a compact flat mani-
fold of dimension s and ¢ an orthogonal representation on R"*! of the funda-
mental group [” of K. Then I acts diagonally on the product space R*XxR™*!
and we obtain a complete flat manifold M=R*Xx rR"*!. That is, M is a flat
vector bundle over K with fibre R**'. Set D=R*X rB™*!, where B"*! denotes
the unit ball around the origin in R**'. Then D satisfies condition (5.2). In
this case, M(o0) is just the quotient space of the unit sphere S” by the action
of the closure ¢(I”) of the subgroup ¢(I”) in O(n-+1). Then the projection
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¢ : 2(=0D)—M(0) is given by
ox,v]) =9¢'),

where [x, v] stands for the equivalence class of a point (x, v) of R*XR"** and
also ¢’ denotes the projection of S™ onto M(o0)=S"/g(["). Since the measure
p: as above is given by

1 t n+i-k ,
Iut —= %gﬁ*(dvolsn) y

where k=dim M(e)+1 and dvols. stands for the Riemannian measure of the
unit sphere S”, condition (5.3) is clearly satisfied. Actually, p. converges
weakly to a measure p. defined by

Tn+1—k

ﬂoa froer m¢:k(dvolsn> .
Now we shall prove the following

THEOREM 1V. Let M be a complete Riemannian manifold of dimension m
satisfying (5.1). Then M has the strong Liouville property, if in addition, there
exists a bounded domain D for which (5.2) holds, and further (5.3) is satisfied.

Before going into the proof of the theorem, we note that the same argu-
ments as in the proof of III are valid for the case M(co) is smooth.
However if this is not the case, we can not expect to have an appropriate
smooth approximation for the map @, as before. To overcome such difficulty,
we shall make use of the frame bundle FM over M endowed with a suitable
O(m) invariant metric.

PrROOF OF THEOREM IV. Let us denote by gry a canonical metric of FM
such that the orthogonal group O(m) acts on (FM, gry) as isometries and the
projection 7: FM—M is a Riemannian submersion with totally geodesic fibres.
For our purpose, we shall modify the metric as follows. We choose first an
auxiliary positive function { on [0, o) with {(£)=t for t=1. Set p==((p)) and
define a metric g on FM by

g(Xy ?) == gFM(ﬂX, j{v)'{_p?gf"l{(cv}_() CVV)

for tangent vectors X, Y of FM. Here as before, %X (resp., &WX) denotes the
horizontal (resp., vertical) component of X with respect to the metric gry. In
what follows, FM is assumed to be endowed with this metric g, unless other-
wise stated. Clearly the action of O(m) on FM is still isometric and the pro-
jection 7 is a Riemannian submersion. Moreover if we put D=z"(D) and
Y.=n"1(2,), and define a map E; of 3 onto I, by
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E(x) = exptv*(X),

where p* stands for the outer unit normal to F, the boundary of D, then E,
induces a diffeomorphism between ¥ and ¥, Hence we have a one-parameter
family of metrics d5% on ¥ given by

dsi = H%Z:)QE:*(QCV)-

We observe that O(m) acts on (5, d§?) as isometries and (X, ds?) is just the
quotient space (for large t). Let d, be the distance measured by the metric
ds3. Then d, converges to a pseudo-distance d., and we obtain as before a
compact metric space M(co) with the distance, denoted by the same letter d..
The metric space (I, d,) converges to M(co) with respect to the Gromov-
Hausdorff distance and moreover we have the O(m) action on M(c) in such a
way that the quotient space M(c0)/O(m) coincides with M(c). We write m(co)
for the projection of M(co) onto M(c) and set id. X w(co)(z§)=1m(c0)({J).

Now by the definition of the metric g and the assumption [5.1), we see
that the sectional curvature of FM decays at a rate O(p~%). Hence it turns out
from the same reasons as in that M(oo) is a smooth manifold of C“* metric
ds&. In fact, the frame bundle FA,(at, bf) over A,(at, bt) with the scaled
metric g/t, say as before FA,(at, bt)/t, converges to a smooth manifold with
C** metric. Thus for FM itself, we are able to repeat the arguments in Sec-
tion 4. However we note that the pull-back of a harmonic function on M by
the projection = is not harmonic on FM. Hence we need some modification,
which will be explained below.

Let us denote as before by CM(cc) the cone over M(co) and define a
canonical map @,: FM—CM() by

@y(exp t5*(X)) = tg(X),

where §: ¥—M(co) stands for the projection. Then (id.Xm(c0))o@y=P,or.
The measure £ on FM which corresponds to the Riemannian measure on
M via the projection z is given by

2=

dvol ,

vep™

where v, stands for the volume of the fibres of FM with respect to the canonical
metric gry and m’=m(m-—1)/2. We observe that the operator . associated

with the Dirichlet form Sld £12Q is given by

I f = vop™ div(~= V) = Apuf—m'Tlog p-f .

Vo™
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We set
.12 Q
=g @"*(.Q(FA,,(at, bt)))'
Then we have
e = (Gd. X w(o0))x(fEe),

and hence by (5.3), there is a measure fi. on (a, b)X M(c) such that f: con-
verges to f. as t—co in the weak* topology. Moreover replacing the Laplace
operator in Section 3 with the operator I and repeating the same arguments
there, we can deduce that Lemmas 4.1 and are valid. (In this case, the
density Z.(z, g) of the limit measure f. can be written as

(T, @) = 7'0(9)

for a constant / and a positive function 4 on M(co) of class C* which is O(m)
invariant.) Therefore we can assert that for every d, the space

H(FM, Q)= {heC>(FM): L h=0, |h|<Ap?+ B for some constants A, B>0}

is of finite dimension. Since 7* maps the space 4 (M) into the space 4 (FM, Q),
we can conclude that M has the strong Liouville property. This completes the
proof of IV.

REMARK. Let M be a complete Riemannian manifold of dimension m and
assume there is a domain D of M satisfying condition (5.2). Then we have a
smooth family of metrics ds} on 2 as we mentioned at the begining of this
section. When condition is satisfied, we have a compact metric space
M(0) and a map ¢: ¥—M(co) such that (¥, ds?) converges to M(co) with re-
spect to the Gromov-Hausdorff distance via the map ¢. Moreover if condition
(5.3) holds, and it we write & for the normalized Riemannian measure
dvol/V m(X, ds}) of (X, ds}), then the push-forward measure ¢«&; converges
weakly to a measure & on M(co). Since the sectional curvature of ds? is uni-
formly bounded in f, we can assert that (X, ds?) converges to (M(), ds?) with
respect to the spectral distance in the sense of [17]. In particular, we have
the convergence of the eigenvalues and eigenfunctions of (X, ds?) (cf. for
details).

Now we suppose instead of and (5.3) that the metric ds? converges to
a positive semidefinite symmetric tensor on the manifold & with respect to the
C° topology. Then we may ask when M has the strong Liouville property.
In general, this condition does not imply the convergence of (X, ds}) with
respect to the spectral distance, or even the Gromov-Hausdorff distance. See
[237 for a related topic.
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