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Introduction

A generalized version of the classical Martin theorem says that any positive
solution of a second order linear elliptic equation in a domain of a Riemannian
manifold is represented uniquely by an integral of the Martin kernel over the
Martin boundary with respect to a finite positive Borel measure which is zero
at the non-minimal Martin boundary (for a precise statement, see [22, 16, 34,
29, 107 and references therein, or Theorem 1.10 below). Therefore constructing
explicitly the Martin boundary and Martin kernel is crucial in the study of
positive solutions of an elliptic equation.

This paper is concerned with positive solutions of a second order elliptic
equation
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in a domain of a non-compact Riemannian manifold, where g=det(g;,) with
(gi;) being the Riemannian metric, (a*) is positive definite and locally bounded,
(b%) and (d®) are locally p-th integrable for some p>n, and ¢ is locally
max(p/2, 1)-th integrable.

The aim of this paper is to establish two methods (decomposition methods)
to construct the Martin boundary and Martin kernel for such an equation as
(0.1), and to explicitly construct Martin boundaries and Martin kernels for
equations in unbounded domains of R™ by applying the decomposition methods
to the equations. The first method (tensor product decomposition method) is
concerned with decomposition of an operator and a domain into a sum of tensor
products of operators and a direct product of domains; and the second one
(direct sum decomposition method) is concerned with decomposition of a domain
into the union of a finite number of ends and a relatively compact set.

The problem of determining the Martin boundary and Martin kernel for a
second order elliptic equation in a domain of a non-compact Riemannian manifold
intrigued many mathematicians. In the case where the closure of a domain is
compact in the manifold, many analysts gave sufficient conditions for the cor-
responding Martin boundary to be equal to the relative boundary of the domain
(see [11, 12,9, 39, 38, 17, 7, 35]). As for the case where the closure of a domain
is not compact, however, only recently has much attention been paid to the
problem. Caffarelli-Littman [8] gave an elementary proof of the fact that the
minimal Martin boundary for the Helmholtz operator —A-+1 on R" is the unit
sphere S" ' of R™ and the corresponding Martin kernel for @ in S™' is equal
to exp(xw) (for more general results, see [18]); which implies that any positive
solution u of (—A+1)u=0 in R" is represented uniquely as

0.2) uw=|,, eudo),

where p is a finite positive Borel measure on S®-'. Agmon [2] gave an
analogous result for a second order elliptic operator with periodic coefficients
on R™ and its extension to Riemannian covering spaces, by exploiting the trans-
lation invariance of the operator and invoking the Krein-Milman theorem. Nakai
[26] showed that the Martin boundary over zero for a stationary Schrodinger
equation with radial potential in a punctured disk of R? is either one point or
a unit circle (see also [14], [28] and [24]). By closely investigating Green’s
functions, Murata [23 and 25] explicitly constructed minimal Martin boundaries
and Martin kernels for stationary Schrddinger operators —A-+V on R™ with
potentials V' which are principally radial or non-radial in an extreme way.
Landis-Nadirashvili [19] showed that a positive solution to a uniformly elliptic
equation in a cone of R” which vanishes at the boundary is unique up to a
constant multiple (for such uniqueness theorems, see also [13, 23, 24, 30, 36]).
Aikawa [3] gave a representation formula like (0.2) for positive harmonic
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functions in strips and semi-strips of R™. Its extension to an elliptic operator
with periodic coefficients and a representation formula for the operator in a
convex cone in R™ have been given recently by Pinchover [31]. On the other
hand, Anderson-Shoen [6] established that the geometric boundary of a complete
manifold of negative curvature is homeomorphic to its Martin boundary (see
also [5]). Li-Tam [20] showed that any positive harmonic function on a
complete manifold with nonnegative sectional curvature outside a compact set
is a positive linear combination of a finite number of specified harmonic functions.

The rest of this paper is divided into four parts. First we introduce
fundamental notions concerning positive solutions of the equation (0.1) and
give relevant basic results. In Subsection 1.1 we show that a so called boundary
Harnack principle holds for positive solutions of (0.1) vanishing at the bound-
ary; the principle plays a crucial role in our study. In Subsections 1.2 and 1.3
we introduce such notions as 0-positivity, minimal growth, criticality, subcriti-
cality and minimal Green’s function; and generalize some results given in [1]
and [23, Section 2]. In Section 2 we show that the relative boundary of a
Lipshitz domain is imbedded into the minimal Martin boundary for (0.1); which
generalizes corresponding results in [16], [7] and [35].

In the second part we study positive solutions of an elliptic equation

0.3)  Pu(x, y)={L(x, 8/0x)+W(x)A(y, 8/0)}u(x, y)=0 in Q.XD,,

where £ is a Lipshitz domain of a non-compact Riemannian manifold, D is a
relatively compact Lipshitz domain of another Riemannian manifold, W(x) is a
positive function in 2, L and A are second order elliptic differential operators
as in (0.1) on 2 and D, respectively, and A is in addition formally self-adjoint
(for precise conditions, see Section 3). Denote by 2,<2,<2,< -+ the eigenvalues
of the Dirichlet realization Ap of A in Ly(D). In Section 3 we show that there
exists a minimal Green’s function G for (P, 2xD) (i.e., (P, 2X D) is subcritical)
if and only if (L+4,W, 2) is subcritical, give an “eigenfunction expansion” of
G, and establish a method to construct the Martin boundary and Martin kernel
for (P, 2XxD). A part of a main theorem, Theorem 3.5, reads as follows.

Theorem. Assume that (L+2,W, 2) is subcritical, and let H; be the minimal
Green’s functions for (L+A,W, 2), =0, 1, ---, respectively. Suppose that

(a) for each j=1, 2, --- and & in the Martin boundary 2, for (L+A,W, ),
there exists the limit

KJ(x: E)E!ZIE}GHJ()C) x,)/HO(xO’ x/):
where x, is a fixed point in Q;

(b) the functions K,(x, €) are continuous on 2x2X;
(¢) 2, is decomposed into two disjoint parts 2. and 2, such that
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K(x,&>0 on 92XZw forall j=1,2,

K(x,&=0 on 2%y forall j=1,2,--.

Then the Martin boundary for (P, 2XD) is homeomorphic to
QX0D+Z XD+ 2o {d},

where d is an ideal point outside the closure D of D.

Section 4 is devoted to the proof of Theorem 3.5. A main idea of the proof
is to study the asymptotic behavior of the quotient

G(x; xli y: yl)/HO(ny x,)‘PO(y’))

instead of G(x, x’, v, ¥")/G(xe, x’, ¥o, ¥"), as (x’, y') goes to infinity, where ¢,
is an eigenfunction associated with the smallest eigenvalue 1, of Ap. In Sections
5 and 6 we apply the results in Section 3 to equations in unbounded domains
of R™ Consider, for example, an elliptic operator P=—A-+V(x)+U(y) in a
strip R2X F,, where V is a real-valued radial function in Lg1,(R") for some
g>max(n/2, 1), U is a real-valued function in L. 1oc(R™) for some » >max(m/2, 1),
and F is a bounded Lipshitz domain of R™. Let y, be the smallest eigenvalue
of the Dirichlet realization of —A,+U(y) on L,(F). Suppose that (—A;+V+
e, R™) is subcritical, and let X be the Martin boundary for (P, R"XF). Then
Theorems 6.4~6.7 in Section 6 imply that Y\(R"X0F) is homeomorphic to

one point or S®!' or S"'XF.

The results to be given in Sections 5 and 6 essentially include those given in
[8, 26, 14, 36, 37 and [23, Sections 3 and 6].

In the third part we establish the direct sum decomposition method. In
particular, we show in Section 7 that the Martin boundary over infinity is
decomposed according decomposition of a domain near infinity: Let £ and £,
(=0, 1, -+, v) be Lipshitz domains such that 2=\%_,2;, 2, is compact, 2.N\2;
=¢ ({+7;1, j=1, .-+, v); suppose that (L, 2) is subcritical; then the Martin
boundary (L, ) for (L, 2) is homeomorphic to

0Q+{X(L, 2)N02, )+ - +{2(L, 2,)N002,}.

This implies that the Martin boundary over infinity is stable under compact
perturbation in a sense. The results to be given in Section 7 are inspired by
[20] and [23, Section 2].

Finally we give in Appendix a sufficient condition for an equation (0.1) in
R" or acone of R™ to have a unique (up to constant multiple) positive solution
vanishing at the boundary.
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§1. Preliminaries

In this section we prepare basic notions and theorems concerning positive
solutions of a second order elliptic equation. The section is divided into four
subsections. In Section 1.1 we shall give a comparison theorem (boundary
Harnack principle) for positive solutions vanishing at boundary. In Section 1.2,
on the basis of ideas in [1], we give sufficient conditions for a positive solution
to exist. In Section 1.3 we shall give criteria for the criticality and subecriti-
cality, extending results of [23, Section 2] (for related results, see also [4] and
[32]). Finally, in Section 1.4 we recall the Martin theory concerning represen-
tation of positive solutions.

Let M be a non-compact connected orientable Riemannian manifold of
dimension 7 and class C®. Let (g,,) be the Riemannian metric of M, g=det(g.,),
and dv the volume element of M. We consider a second order elliptic differ-
ential operator L on M

n n

(1.1) L:_i,Jzﬂg—uza](gl/zai]al);r ig (bial—g"“za,g’”dlwc ,
where (a¥(x)), (b'(x)) and (d*(x)) are real-valued measurable contravariant
tensors on M, and c¢(x) is a real-valued function on M. Here 0;,=0/0x,. We
assume :

(i) (a%(x)) is symmetric and positive definite for each x in Al

(ii) For any compact set K of M there exist positive constants A and /
such that for any x&

n

AEPPE 3 ay,(x)E£,=41€12  for all écT,,

%, =1

where (a:,(x))=(a¥(x))™*, T, is a tangent vector space of M at x, and [&| is
the length of & with respect to the Riemannian metric.
(iii) For some p with n<p=oo,

Ib(x) I ’ !d(x)i & Lp.loc(M) ) C(X)E Lq, Ioc(/‘l) i

where ¢g=max(p/2, 1), b(x)=(bi(x), ==+, ba(x)) and d(x)=(d(x), ==+, da(x)). (Here
fe L. o (M) means that f€L,(K; dv) for every compact subset K of AM.)
We are interested in positive solutions of the equation

(1.2) Lu=0 in 2,

where £ is a domain of M. By a solution we mean a function » in H.(Q)
satisfying the equation (1.2) in the weak sense. Here and in what follows
Hi(2) and H'(L) denote the spaces of all functions whose up to first order
distributional derivatives belong to L, 10c(2) and L,(8Q), respectively. Recall
that any solution of (1.2) is Holder continuous in £ (see [33]). In what follows,
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2 and 62 stand for the closure and boundary of 2 in M.

1.1. Comparison Theorem

In order to state a comparison theorem (boundary Harnack principle) and
Harnack’s inequality we define quantitatively a class of operators. Let {M,},
be a sequence of relatively compact domains of M with regular boundaries such
that M,CM,., for any £ and UM =M. Let {4, A, N,}7=, be a sequence
in R%.

Definition 1.1. We say that L belongs to &{2,, 4., N,} if L is an operator
of the form (1.1) satisfying (i), (ii), (iii), and the following inequalities

(1Y) WIEPS 3 au(e&S A6 for all x€M, and E=T.,

(1.4) Mol +1d iz o+ lelzqop=Ng.
The following theorem follows from a result of [33].

Theorem 1.2 (Harnack’s inequality). Let L belong to {2, A, Ni}, and K
a compact subset of an open set 2 of M. Then there exists a positive constant
C depending only on {2, Aw, N}, K, and Q such that

maxu<=Cminu
K K

for any nonnegative solution u of (1.2).

We call a domain D of M is a Lipshitz domain if for each point z of 4D
there exist a coordinate neighborhood (U, ¢) of z, a ball B in U with center z,
a function ¢ on R""!, and a positive constant m such that

GBNDY=¢BIN{(x, x2); X' ER™, x.>@(x")},
HBNID)y=P(B)YN{(x", p(x")); x'€R™ '},
lp(x) =) <mlx'—y’] for any x’, y'ER™!

(cf. [7]). By definition, a domain without boundary is also a Lipshitz domain.
We denote by B(r, z) a ball of radius » centered at z.

The following theorem is an extension of Theorem 1.4 of [7], where uni-
formly elliptic operators of divergence form on R™ were treated (see also [9]

and [39]).

Theorem 1.3 (Comparison theorem). Let D be a Lipshitz domain of M,
zcdD, and L an operator in E{Ax, A, Ny}. Then there exist positive constants
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ro and C depending only on &{2., A, Ni} and the Lipshitz continuity of 0D
near z such that for any r with 0<r<r, and any positive solutions u and v of
Lu=0 in B(8r, z)N\D which vanish continuously on B(8r, z)MoD

1.5) u(x)/u(A(2))= Cu(x)/v(A.(2)) for all x=B(r, z)N\D.

Here A.(z) is a point in dB(r, z)N\D whose distance from z is uniformly propor-
tional to r, i.e., there exists a positive constant 0 such that or <dist(A,(z), z2)<r/é
for any 0<r<r,.

Proof. Since the theorem is of local character, we may assume that D is
compact. Then we can choose an open neighborhood W of 0D so small that
all L in &{4;, A, N} are cocercive on the Sobolev space H}W). Solving the
Dirichlet problem and using Harnack’s inequality (cf. [33] and [1]), we can
get a positive solution A of Lh=0 in W such that

(1.6) 1/c<h(x)<c for all x=V,

where V is an open set with dDCVCVCW and ¢ is a positive constant
depending only on W,V and &{A:, A, N:}. Let r,=dist(0D,dV), and u a
positive solution as in the theorem with 8 <r,. Put u,=wu/h and L,=hLh.
Then

(1.7) Ly=— 3 g% (h*g"*a"8,)+ 3 h¥(b'—d"P.,
i,j=1 1=1

and u, is a positive solution of L,u,=0in B(8r, 2)N\D which vanishes continu-
ously on B(8r, z)NdD. Note that L, belongs to the class &{c®As, ¢ %Ay, Ny}
with the whole space M replaced by W. Thus, by applying results of [33]
and slightly modifying the argument in the proof of Theorem 1.4 of [7], we
get positive constants 7,<7; and C’ depending only on &{c?a:, ¢ 24, ¢*N,}
and the modulus of Lipshitz continuity of the boundary such that for any #
with 0<r<r,

Un(x)/un(Ar(@)ECon(x)/va(A-(2))  for all x&B(r, 2)N\D.
This yields (1.5) with C=c¢*C". Q.E.D.

1.2. Existence of Positive Solutions

Let D be a relatively compact domain of M, and L the operator (1.1).
Denote by H§(D) the Hilbert space defined by the completion of C}(D) in H(D).
Let L} be a linear operator in L,(D) defined by :

Lyu=Lu for ueDomain(Lp)={ucHiD); Lus Ly(D)}.

We call L the Dirichlet realization of L in L,(D). Denote by ¢(L3) the
spectrum of L7. Put
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(1.8) I'(L, D)=inf{Rez; ze0o(Lp)}.

We say that u is a supersolution of the equation Lv=0 in D if u is a real-
valued function in Hi. (D) such that Lu=0 in D in the distribution sense. A
fundamental fact essentially shown by Agmon [1] is:

I'(L, D)>0 if and only if L is §-positive in D, i.e., if u is a supersolution
of Lv=0 in D and »=0 on 0D, then u=0 in D.

The following theorem generalizes a fact well-known in the special case
where Lj is self-adjoint.

Theorem 1.4. Suppose that D is a relatively compact domain of M. Then
I'(L, D) is a simple eigenvalue with positive eigenfunction ¢. Furthermore, any
positive supersolution of (1.2) with 2=D is a constant multiple of ¢.

Proof. For the sake of completeness we shall give a proof. We first
obtain along the line given in [1, p. 29] that I'(L, D) is an eigenvalue. We
next construct a positive eigenfunction. For A<['=I(L, D), solve the Dirichlet

problem
u—1=HYD), (L—Du;=0 in D.

Then u,=1—G;((L—2A)-1), where G; is Green’s operator. By the d§-positivity,
;>0 in D. Put vi=ua/|uall, where ||uz| is the norm of u; in L.(D). Then

we can choose a sequence {4;}5%; such that as j—oo
-0, lugl=>o, va,~1/lluz,|—>¢ weakly in HiD)

for some ¢ in H¥D). Clearly, ¢ is a positive solution of the equation (L—1")p
=0 in D. Let u be any eigenfunction for I, and u,=max(u, 0). We may
assume that u,#0. Then (L—IMu,<0 in D and u,=H}D). Since L is
coercive on HE) with E being the intersection of D and a sufficiently small
neighborhood of 9D, there exists a positive constant e such that ¢—eu,.>0 in
D. Put e,=sup{e>0; ¢—eu,>0 in D}. Then we see from the maximality
that ¢=¢,u,. Hence u=u,=¢/e,, which completes the proof of the rirst half
of the theorem. The second half can be shown similarly. Q.E.D.

Now, let 2 be a domain of M whose closure 2 may not be compact. Let
(1.9) (L, )=inf{I(L, D); DCQ, DEM}.

Here DEM means that D is a subdomain of M whose closure is compact in
M. We note that (1.8) and (1.9) are consistent, since I (L, D)=I"(L, D’) for
DcD'EM (see [1, Remark 3.5], which also implies that (1.9) is equal to the
one defined by Agmon [1, (3.11)]). The following theorem is a slight extension
of Theorem 3.1 of [1].
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Theorem 1.5. The following properties are equivalent.

(1) There exists a positive solution of (1.2).

(ii) There exists a positive supersolution of (1.2).

(iii) I'(L, 2)=0.

(iv) I'(L, D)>0 for every open set DEM with DCQ and 0DNR+¢.
(v) L is d-positive in such an open set D as in (iv).

Proof. By employing the argument in the proof of Theorem 3.1 in [1]
with minor modification, we get the equivalence of (i), (ii) and (iii) and that
of (iv) and (v). Since (iv) clearly implies (iii), it suffices to show that (i)
implies (iv). Let u be a positive solution of Lz=0 in £. Since u is alsc a
positive solution of Lu=0 in D, I'(L, D)=0. Suppose that ['(L, D)=0. Then
we obtain by Theorem 1.4 that there exist a positive constant C and a positive
solution ¢ in H}D) of Le=0 in D such that u=C¢. But >0 on 3dDNL,
which is a contradiction. Hence I'(L, D)>0. Q.E.D.

1.3. Criticality, Subcriticality, and Minimal Growth

Let 2 be a domain of M, and L the operator (1.1). Assume that I'(L, 2)
>0. Choose an increasing sequence of domains {£,}, such that Q,EM,
02.:N\2=+¢, 2,CQ, and Uz, 2,=2. Let G, be the Green’s function associated
with L3,. By Theorem 1.5 and Harnack’s inequality, the sequence G.(-, ¥) is
increasing as k—co and either it converges to an L, i..(&2)-function G(-, y) or
it diverges to infinity. In the first case, G(-, y) is positive in 2 and clearly
satisfies LG(-, y)=0,(-), where d,(-) is Dirac’s measure concentrated at yesQ.
We call G(-, y) the minimal Green’s function for L in £. Obviously, whether
a minimal Green’s function exists or not is independent of the choice of an
exhaustion {£2,} of 2. We call (L, ) subcritical in the first case, and critical
in the second case (cf. [23]). (We call (L, Q) supercritical if I'(L, 2)<0.)

Let 62 be the boundary of a compactification 2~ of 2, and 7 a subset of
08. Suggested by Agmon [1] we call u a solution of minimal growth at 7 if
u has the following properties (i) and (ii):

(i) u is a solution of the equation Lu=0 in the intersection of £ and a
neighborhood of 7 in 2" (which we call a 2-neighborhood of 7).

(i) For any positive solution v of Lv=0 in a £-neighborhood of 7 there
exists a positive constant C such that [u|=<Cv in another £2-neighborhood.

From the proof of Theorems 5.2 and 5.4 in [1] and the definition of criti-
cality we have the following theorem.

Theorem 1.6. (L, Q) is critical if and only if there exists a positive solution
u of (1.2) of minimal growth at infinity of the one point compactification of Q.
In this case, any positive supersolution of (1.2) is a constant multiple of u.
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The following theorem is an extension of Theorem 2.4 of [23] (see also
[15, Theorem 2] and [4, Theorem 27).

Theorem 1.7. (i) (L, 2) s critical if and only if I'(L, 2)=0 and
I'(L—r, 2)<0 for any nonnegative function v in L, 10.(82) which is positive on a
set of positive measure.

(i) If I'(L—r, 2)=0 for some r as in (i), then (L, 8) is subcritical. Con-
versely, 1f (L, 2) is subcritical, then there exist a strictly positive continuous
function s on 8 such that I'(L—s, £2)=0.

Proof. We have only to show (ii), since (i) follows from (ii). First,
assume that [(L—r, £)=0. Then, by Theorem 1.5, there exists a positive
solution v of (L—r)v=0 in Q. Clearly, v is a positive supersolution of Lu=0
in 2. Now, suppose that (L, 2) is not subcritical. Then (L, ) must be
critical. By Theorem 1.6, v=Cu for a constant C and a positive solution u of
(1.2). This is a contradiction. Next, assume that (L, £) is subcritial. We
see that for any nonnegative continuous function f with compact support in £
there exists a positive solution # of Lu—=jf in £. Therefore, by using a
partition of unity, we can construct (cf. the proof of Theorem 2 in [4]) a
positive continuous function g on £ such that Lg is strictly positive continuous
function on 2. Put s=Lg/g. Then g is a solution of (L—s)g=0, which
implies that I'(L—s, 2)=0. Q.E.D.

The following theorem is an extension of Theorem 2.6 in [23].

Theorem 1.8. Let Q' be a domain of M such that 2'CQ and O\Q'+#¢.
If I'(L, 2)=0, then (L, Q') is subcritical.

Proof. Choose a nonnegative continuous function 0 with support in
O\Q'. By Theorem 1.7, (L+r, ) is subcritical ; and so there exists a minimal
Green’s function H for L-+r in 2. Let {£:}2, be an exhaustion of ', and
G Green’s function for LE;. By Theorem 1.5, G;<H for all k=1, 2, ---.

Thus (L, ') is subcritical. Q.E.D.

We close this subsection with the following theorem, an extension of the
formula (2.8) in [23].

Theorem 1.9. Assume that (L, 2) is critical. Let r+0 be a nonnegative
continuous function with compact support in 2. Let G be the minimal Green’s
function for L+r in Q2. Then a positive salution u of (1.2) satisfies

(1.10) u<x>=§G<x, Euy)dy.
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Proof. With G, being the Green’s function for (L+r, 2,), k=1,2, -,
put v,,(x>=SGk<x, Y)ru)y)dy. Then, (L+7)u—ve)=0 in 2, and x—v,>0 on

02,. Thus u=v, in £, for any k, which implies that u=v in 2 with v being
the right hand side of (1.10). We have that Lv=r(u—v)=0. By Theorem 1.6,
v=Cu for some C>0; and so 0=Lv=r(u—v). Hence v=u. Q.E.D.

1.4. Martin Boundary

Suppose that (L, £) is subcritical, and let G be the associated minimal
Green’s function. Then we see that Martin’s representation theorem of positive
harmonic functions can be extended to positive solutions of the equation (1.2)
(cf. [22, 34, 16, 10]; see also [29]). For completeness, we explain briefly the
representation theorem. Fix a point x, in £. For x and v in 2, put

K(x, y)=G(x, y)/G(x, ) if xo#y,

K(x, y)=0 if x,=y and x+#y, and K(x, y)=11if x,=y=x. A sequence {y;}i,
is called a fundamental sequence if {y,} has no point of accumulation in £ and
{K(-, yr)}z-. converges to a positive solution of the equation (1.2). Two
fundamental sequences {y.} and {y;} are called equivalent if lim,_ .K(-, y,)=
lim;..K(-, yi). Denote by 2 the set of all equivalence classes of fundamental
sequences. For o in Y, put K(-, w)=lim,..K(-, ¥,) with {y,} being a repre-
sentative of w. Recall that a positive solution » of (1.2) is called minimal if
for any positive solution v of (1.2) with v<u in £ there exists a positive
constant C such that v=Cu in £. Let ¢ be the set of all w in X such that
K(-,®) is a minimal solution. Denote by 2% the disjoint union 2+23 of the
sets R and 2. We call 3, ¢, 2%, and K(-, ) with w=3 the Martin boundary,
minimal Martin boundary, Martin compactification of £, and Martin kernel for
(L, £2) with reference point =x,, respectively. Choose a positive continuous
function f belonging to L,(£2), and set

(1.11) d(z, z’)=ggmin(1, |K(x, 2)—K(x, 2')|)f(x)dv,

for any z and 2z’ in @2%. Then it is easily seen that d is a metric on £7;
which is compact with respect to the topology induced by the metric d; the
relative topology of £ is equal to the original one; and X is the boundary of
QL. Furthermore, we have

Theorem 1.10. (i) Any minimal solution of (1.2) is equal to a constant
multiple of K{-, w) for some w in o.

(ii) o is a countable intersection of open subsets of X.

(i) K(x, z) is continuous on (2X2EN\{(x, x); x=2}.

(iv) For any positive solution u of (1.2) there exists a unique finite non-
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negative Borel measure p on X such that p(¥~\c)=0 and

(1.12) u(x):SdK(x, 0)p(dw).

§2. Imbedding of a2 Boundary Part into the Minimal Martin Boundary

Let 2 be a domain of M, and L be the operator (1.1) on M. Assume that
(L, Q) is subcritical. Let X, ¢, 2%, and K(-, w) with w=2X be the Martin
boundary, minimal Martin boundary, Martin compactification of £, and Martin
kernel for (L, ). A main result of this section is the following theorem,
which considerably extends Theorem 6.1 of [16] where more regularity of 08
and the coefficients of L was assumed.

Theorem 2.1. Assume that (L, Q) is subcritical. Let S be an open subset
of 92 such that SCOD for some Lipshitz domain D with DCQ. Then S is
homeomorphically imbedded into ¢ ; more precisely, for any point z in S there
corresponds a point @, in ¢ and the mapping @ defined by

D(x)=x for x=8Q and P(@2)=w, for z=S
gives a homeomorphism of 2+S as a subspace of M onto 2-+{w,;z=S} as a
subspace of QF.

We prepare a lemma for the proof of Theorem 2.1.

Lemma 2.2. Let F be a non-empty family of continuous functions on £
having the following properties (i)~(iii):
(i) Any u in F satisfies

Lu=0 and u>0 in 2, u(x,)=1,

where x, is a fixed point in Q.
(ii) If u,vETF and u>v in 2, then

(u—v)()/(u—v)(x0)EZ .

(iii) There exist a positive constant C, an increasing sequence {0}, of
open subsets of 8 with \U2,0,=8, and a sequence {x,}5, of points with x,<
00 ,N\2 such that for any u and v in F and k=1, 2, -

2.1) u(x)/u(x ) S Co(x)/v(x) for all x=00,NR2,
(2.2) if usC'v on 00,NQ for some C'>0, then
u<C'v in O,.

Then F consists of only one element.
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Remark. Conversely, if a family & satisfying (i) consists of one point,
then (ii) and (iii) are clearly satisfied.

Proof. Let u and v be elements in ¢. By (2.1), we get
I=u(x)Z[Culxp)/v(x ) Jv(x0)=Cu(x,)/v(x,)  for any k.

Thus u<C% in 2. Put e,=sup{e>0;eu<v in 2} and w=v—eu. Then,
either w=0 or w>0 in £. Suppose that w>0 in 2. By (i), w(x)/w(x,)
belongs to ¢. Thus the same argument as above shows that w>du in £ for
some 0>0, which contradicts the maximality of ¢,. Hence w=0, and so v=c¢,u.

Q.E.D.

Proof of Theorem 2.1. Let z be a point in S. By Harnack’s inequality,
there exists a sequence {y,}=, such that y,—z and K(-, y.)—h(-) as k—co
with ~ being a positive solution of (1.2). We see that h has the following
properties :

(@) Lh=0 and h>0 in 2, h(x,)=1.

(b) Let M~ be a one point compactification of M. Let 62 be the boundary
of the closure of £ in M~. Then h is of minimal growth at d2\B(r, z) for
any >0, where B(r, z) is a ball of radius » centered at z. (As for the minimal
growth, see Section 1.3.)

We claim that the set F of all functions satisfying (a) and (b) consists of
one point. Properties (i) and (ii) in Lemma 2.2 hold clearly. For k=1, 2, -,
put O,=802\B(r,/2k, z) and x,=A, 2:(z) where », and Aqryan(z) are such a
constant and point as in Theorem 1.3. Then Theorems 1.2 and 1.3 show the
existence of a positive constant C satisfying (2.1) for any z and v in & and
k=1, 2, --. Now, let us show (2.2). Fix » with 0<r<r,/2, and denote by B
the ball B(r, z). Let u belong to . Choose an exhaustion {§;}52, of £ such
that BN2CQ,EM for any j. Let u; be the solution of the Dirichlet problem

Lu,=0 in 2\B, u,=0 on d2,\B, u,=u on dBNQ,.

By the J-positivity, u, is increasing as j—oo and converges to a positive
solution u~<wu. By the property (b), v—u"~ is a nonnegative solution of minimal
growth at infinity of the one point compactification of 2\B. Thus Theorem
1.6 shows that z=u" in 2\B. This approximation of u together with Theorem
1.5 yields (2.2). Hence, by Lemma 2.2, ¥ consists of one solution. The proof
of the claim is now complete.

The claim implies that any sequence {y,}3, converging to z is a funda-
mental sequence and two such sequences are equivalent. Similarly, we obtain
that the Martin kernel K(x, z) is continuous in z on S (cf. [7, Corollary 3.2]).
Since lim sup..,K(x, z)>0 and

lim,..K(x, y;)=0 uniformly with respect to k=1, 2, -
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if {yi}e, is a sequence in 2 such that z is not its accumulation point, we
obtain that K(x, z)+K(x, ) for any w in 2 with w#z. Finally, suppose that
a positive solution v satisfies v(-)<K(-, z) for some z in S. Then, v(x)/v(x,)
satisfies (a) and (b), and so v(x)=v(x,)K(x, z). Thus K(-, z) is a minimal
positive solution. This completes the proof of the theorem. Q.E.D.

The following theorem, an immediate consequence of Theorem 2.1, is
worthy to mention.

Theorem 2.3. Let 2 be a relatively compact Lipshitz domain of M with
nonempty boundary. Suppose that (L, Q) is subcritical. Then Q=0 and
Y=0=08.

Proof. By Theorem 2.1, 2 is imbedded into £%, 0QCe, and {K(-, 2)},eo0
separates points of 0£. Since £ is compact, this implies that 3=02. Hence
Y=0=02. Q.E.D.

Remark. In the special case where M=R™ and L is an operator of diver-
gence form (i.e., b*=d*=0 and ¢=0), Theorem 2.3 was proved in [7] (see
also [12, 9, 39, 17, 38, 35]).

§3. Tensor Product Decomposition

In this section we study the structure of positive solutions of a second
order elliptic equation Pu=0 in a product domain, where P is a sum of tensor
products of operators. A main theorem of this section is Theorem 3.5, which
will be proved in Section 4.

Let P be an elliptic operator of the form

3.1 P=LRI+WQRA,

where L is an elliptic operator (1.1) on M satisfying (i)~(iii), I is the identity
operator on a connected orientable Riemannian manifold N of dimension m and
class C?, W is a multiplication by a positive measurable function W(x) such that
W(x) and W(x)™' are both locally bounded, A is formally self-adjoint elliptic
differential operator on N given by

3.2) A=— %IG"/ZGJ(G”ZA”&)—J— >"i1 (B#9,—G11%9,G'* B})+C,
i,7= i=

where G=det(G;;) with G;; being the Riemannian metric on N, the operators A
and P satisfy the conditions (i)~(iii) below (1.1) with obvious modifications.
Here LQI denotes the tensor product of L and I. Let 2 be a domain of M,
and D a relatively compact Lipshitz domain of N with nonempty boundary or
a compact domain without boundary. We shall investigate the structure of
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positive solutions of the equation
3.3) Pu=0 in 2xD.

Main results of this section are concerned with the Martin boundary and
Martin kernel for (P, 2xD). The results to be given will be proved only in
the case where 0D#¢, since the proof for the other case is similar to and
simpler than the proof for the case dD+¢.

Let 2,<A;<4,< .-+ be the eigenvalues repeated according to multiplicity of
the Dirichlet realization Ap of A on Ly(D). Let ¢; (=0, 1, ---) be an eigen-
function associated with 2; such that {¢;}3=, is a complete orthonormal system
of L,(D). Recall that the smallest eigenvalue 4, is simple and the correspond-
ing eigenfunction ¢, is positive in D (see, for example, Theorem 1.4 in Section
1.2).

We begin with the following criterion for the existence of a positive solution
of (3.3). (As for the notion I'(L+A,W, 2), see (1.9).)

Theorem 3.1. There exists a positive solution of (3.3) if and only if
T(L+2,W, 2)=0.

Proof. If I'(L+2,W, 2)=0, then Theorem 1.5 implies the existence of a
positive solution ¢ of (L4+2,W)¢p=0 in 2. Put u(x, y)=¢(x)ps(y). Then u is
a positive solution of (3.3). Conversely, assume that there exists a positive
solution of (3.3). Suppose that I'(L+2,W, 2)<0. Then there exists a Lipshitz
domain E&€£ such that y=I"(L+A,W, E)<0. By Theorem 1.4, choose a positive
solution ¢ of

(L+2W—7)p=0 in E with ¢=0 on 0E.

Put v(x, y)=¢(x)ps(y). Then, (P—7)v=0 in EXD and v=0 on d(EXD). On

the other hand, (P—7)u=—7u>0 in EXD. Thus we have by Theorem 1.4

that u=Cv for some C>0. But #>0 on dE XD, which is a contradiction
Q.E.D.

Now, assume that I'(L+A,W, 2)=0. Let {Q,}2, be an exhaustion of £
such that £, is a relatively compact Lipshitz subdomain of 2, 2,&82;., for
any k, and 2,18 as k—o. Let G* and HE k=1, 2, ---, be the Green’s
functions for the Dirichlet realizations Pg,.p and (L+4,W)3,, respectively.

Lemma 3.2. Let K be a compact subset of 2., and U an open set such that
KCUESR,. Then there exists a positive constant C depending only on K, U, and
the operator P such that for all I=k and (x, x', y, y)EKX (R, U)X D?

3.4 C=GHx, x', , y)/TH§(x, x)po(»)po(3)]=C*.

Proof. We denote by u' the function in (3.4). Regarding G%x, x’, y, ¥")
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and Hi(x, x")po()ps(y’) as function of (x, y), we see that both functions are
positive solutions of the equation Pu=0 in U XD which vanish continuously on
UxoD. Then, by Theorems 1.2 and 1.3, there exist positive constants C’ and
C” such that for all (x, y) in KXD

C'sul(x, x', 3, )/ ul (%, x', ¥0, y)=C”,

where (x,, ¥,) is a fixed point in KXD. Applying the same argument as above
to the functions u'(x,, x’, yo, ¥) of (x’, ¥’), we obtain that with another con-
stant C’ and C”

(3.5) C'Zul(x, 2/, 3, y)/ul(x0, %6, Yo, Y)=C”

for all (x, x', v, y") in KxX(Q \U)xD? where (x}, y}) is a fixed point in
R.\T)xD. Put

n(x, x’)ZSSDXDG‘(x, x', ¥, ¥y )dydy’ .

For any f(x) in HYR,)NCYJ,) with (L*+/10W)fEC°(.Q_l), we have (cf. [33])
that

Sgh(x, XY LF42W)f (x)d x
=fare0n[[, 6, =, 3, 9P Idxdy

=|_FGNIpy Ty =1(x).
Thus we get
(3.6) SSDXDGZ(A‘, 2 9 ¥ 3)ee()dydy’'=Hi(x, x")

for any (x, ") in @i\{x=x’}. Therefore, multiplying (3.5) by [¢o(y)@e(y")]?
and integrating it on DX D, we have

1/C" Sut(xo, x5, 3o, 0)<1/C".

This together with (3.5) yields (3.4). Q.E.D.
A direct consequence of Lemma 3.2 is the following

Theorem 3.3. (P, QX D) is critical (or subcritical) if and only if (L+AW, Q)
is critical (or subcritical).

In the remainder of this section we assume that (L-+A4,W, £) is subcritical.
Let G and H,, j=0, 1, -+, be the minimal Green’s functions for (P, £XD) and
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(L+2,W, 2), respectively. Here we have used Theorem 1.7 and the assumption
W >0.

Theorem 3.4. For any (x, x', 3, y') in (2\{x=x"})XD*
3.7) Glx, 5", 3, 3)= 3 Hy(x, )0 0)e,(").

where the right hand side of (3.7) converges uniformly on KX (@\U)XD? for any
compact subset K and an open set U with KCUER.

Proof. Let H%* be the Green’s function of the Dirichlet realization
(L+4;W)z, of L-L-2;,W on L,(2,). The same argument as in the proof of (3.6)
shows that

64 21, 3, 900,00dy=Hiz, £)p,")

for any (x, x’, ¥') in (QN{x=x'})XD, k=1, 2, ---, j=0, 1, ---. Letting k—oo
we obtain that

(3.8) 66 2, 3, 900,)dy=H,(x, x)¢,(5")

for any (x, x’, ") in (@*{x=x'})XD and j=0, 1, ---. Thus
(3.9) S LH, ¢, 001 = Glx, 2/, 3, y7dy.

Choose open sets U, and U, such that KcU,&U,&U. It follows from (3.6)
that

3.10) C=Gx, x', 3, y)/TH(x, x)po(3)po(y")]=C

for any (x, x/, ¥, ¥") in U,x(@\U)xD? This implies that G is bounded on
U, x(@\U)xD?. Furthermore, G as a function of (x, y) satisfies the equation
PG=0in UXD. Thus, by Théoréme 7.1 of [33], there exist positive constants
a and C’ such that

1G(x, x', 3, y)—GC(z, x', y, y)I ZC'[dist(x, z)]

for any (x, z) in U?. This implies that
(3.11) éo{[H](x, x)—Hjyz, x")]¢,(y")}2< Cldist(x, z)]*

with another constant C. From (3.9) and (3.11) we obtain that the series in
the right hand side of (3.7) converges, as functions of (x, y), in L,(U,XD)
uniformly with respect to (x/, ') in (@\U)XD; furthermore, the right hand
side is a solution of Pu=0 in U,xD which vanish continuously on U,xdD.
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Thus we obtain by Corollarire 5.2 of [33] and Theorem 1.3 that the series

converges uniformly on KX(@\U)xD? This implies that both sides of (3.7)

are continuous on (2*\{x=x'})XxD?; which together with (3.8) shows (3.7).
Q.E.D.

Let X, 0o, K, and 2° be the Martin boundary, minimal Martin boundary,
Martin kernel, and Martin compactification for (L+A,W, ) with reference point
%, =8, respectively. Denote by Y, ¢, K, and 2XD? those corresponding to
(P, 2x D) with reference point (x,, yo)€82XD. Note that Theorem 2.1 implies
that

(3.12) 2xdDCo and the relative topology of 2xD in 2XDP is equal to that
of 2xD in MXN.

In what follows, A+ B will stand for the disjoint union of two sets A and B.

Theorem 3.5. Suppose that (L-+2A,W, 2) is subcritical. Assume the following
conditions (P.1)~(P.III).

(P. I) For each j=1,2, - and € in 2,, there exists the limit (which is
denoted by Ki(x, §))

(3.13) l}n’% Hy(x, ")/ Ho(xo, x'), xc.

(P. ) The functions K,x, & are continuous on X2,.

(P. 1) There exist subsets 3o and 3o, of 3o such that 3y=2 e+ and
(3.14. o) Kix,&>0 on 2xXw  forall j=1,2, -
(3.14.0) Kix, &)=0 on 8%, for all j=1, 2, ---.

Then the following conclusions (i)~(@1v) hold.
(i) With d being an ideal point outside of D,

Z=QX8D+ZomXE+ZooX{d} .

(ii.0) For each (&, d) in 2wX{d}, a subset U of QXDF is a neighborhood
of (& d) if and only if there exists a neighborhood V of & in Q° such that

UD(VNZew)x{d}+VNR2+Z )X D.

(ii.co) For each (& %) in SoXD, a subset U of @XDF is a neighborhood
of (& n) if and only if UDV XW for a neighborhood V of & in 2° and a neigh-
borhood W of % in D.

(iii.0) For each £€X,,,

3.15) K(x, & 3, d)=Ku(x, E)pu()/ @o(30).
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(iii.co) For each (&, 3) in ZwXD,

3.16) K(x, &, v, 77)=§ Ki(x, @,(»)Lei/ed(n)/CE, ),

where [@,/¢,] is a continuous extension of the function ¢;/¢, on D to D, and
C(&, ) is a positive constant defined by

(3.17) C& M= Z Kixo, 0,/ 9o1(n)-

Furthermore, the series (3.16) converges uniformly on each compact subset of
2xD.

(iv.0)  (Zoux{dhNe = (TewNao)x{d}.

(iv.o0) (ZeXD)Na D (ZoeNao) X D.

Remark 3.6. We obtain as in the proof of Lemma 4.1 below that if & is
a Lipshitz domain, then 02CJ3,..; more precisely, the limit (3.13) for any &0
and j exists, and K,(x, &), =1, 2, ---, are positive continuous functions on

2x00.

Remark 3.7. Since Hjx, x")<H,(x, x’) for any j=2, 3, ---, we see that if
Ki(x, §) exists and is equal to zero, then K,(x, §)=0 for any j=2,3, ---. An
interesting open problem is whether K, (x, §>0 for any j=2, 3, - if K(x, &)
>0. We shall see in Sections 5 and 6 that this holds if (L+4,W, Q) can be
reduced to the one dimensional case.

§4. Proof of Theorem 3.5

This section is devoted to the proof of Theorem 3.5. The theorem yields,
among others, a method of constructing the Martin boundary for a second order
elliptic operator which can be expressed as a sum of tensor products like (3.1)
in a product of domains.

Lemma 4.1. For j=1,2, -+, @;/¢. in D has Holder continuous extension to
D.

Proof. We have only to treat the case where dD+#¢. For ¢>0, put
D.={y=D; dist(y, 0D)<e}. Choose & so small that there exists a positive
solution 2 of the equation (A—2;)h=0 in a neighborhood U of D, such that
inf{h(y); yeD,>0. Put

“.1) Ap=— 3 h'G10 (WG PAD,),  ol=qi/h.

i,j=1

Then
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(4.2) A =0=A,pl+2,—)pt=0 in UND.
Let ¢. be the solution of the Dirichlet problem
(4.3) Apu=0in D, and wu=max(*e?, 0) on 0D..

Clearly, ¢.>0 in D, and ¢}=¢.—¢-. Thus we have only to prove that
¢./ @k are Holder continuous on D,.. Put

(4.4) u(y, )=¢(y) and u(y, t)=@f(y)cos[(A;—)"/*],

where t is a real number. Set d=nr/[4(1,—2,)"/?]. Then u and v are positive
solutions of the equation

(4.5) (Ap—0*/0t*)w=0 in (UND)X(—6, d), w=0 on dDX(—4, 9).

Since (A,—0%/0t%) is elliptic, the argument in the proof of Theorem 7.9 of [17]
together with Theorem 1.3 in Section 1 shows that

u(y, £)/v(y, t)
is Holder continuous on D.X[—d/2, 6/2]. Since u(y, 0)=¢.(y) and u(y, 0)=
©#(y), this proves the lemma. Q.E.D.

Recall that K(x, x’, y, v )=G(x, x', y, ¥')/G(x0, X', Yo, ¥'), Wwhere G is the
minimal Green’s function for (P, 2 x D) given by (3.7).

Lemma 4.2. (i) For any sequence {(x}, yi)e in QXD with xj—ESZy
as k—oo,

(4.6) lim K(x, xi, y, y0)=Ko(x, E)0(3)/ @o(0).

k-
(ii) For any sequence {(x}, v}, in Q%D with x}—E< . and y,’,—»y)eﬁ
as k—oo,

4.7) lifﬂ K(x, x4, 3, yi)= %Kj(x, E)o,(Lei/ () CE, )71,

where C(§, ) is a constant given by (3.17). Furthermore, the series in (4.7)
converges uniformly on each compact subset of 2xD.

Proof. We shall show only (ii), since the proof of (i) is similar. Let

4.8) Jx, 2", v, ¥)=G(x, x', 3, ¥ )/[Hoxo, " )po(y’)].

Then, by (3.10), for any compact subset K of @ there exists a constant C such
that

4.9) ColN=J(x, x5, ¥, YDSCo(y)

for any (x, y) in KXD and k>1. Thus, for any subsequence of {(x}, vi)}s
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there exists its subsequence {(x%,, y#,)}: such that [(x, xi,, y, yi,) converges as
[—oco to a positive solution I(x, y) uniformly on KX D. By Lebesgue’s dominated
convergence theorem, Theorem 3.4, and Lemma 4.1,

[, 70, 9psdy=tim| 5, 5t 3, 9i)p0)d

=lim Hy(x, xi)p,(vi,)/ LH(%0, xi)p(9i)]=K(x, &)L,/ 0o1(7).

This implies the limit function I(x, y) is determined uniquely by (&, 3). Hence

J(x, & 3, M=lim Jix, 51, 3, 3= 3 Ky(x, Ep,9)e,/pil(n),

from which (4.7) follows. The latter half of the lemma (ii) can be shown along
the line given in the proof of Theorem 3.4. Q.E.D.

Lemma 4.3. If a finite nonnegative Borel measure v on D satisfies, for some
7 in D,

(4.10) [SDJ/SDOJ(W):SEESDj/SDo](Z)drz for any j=0,1, -,
then 1 is equal to the probability measure concentrated on the point 7.

Proof. Consider the operator P=—0%/dx*+A—2, in (—1, 1)XD. Then we
see from the proof of Theorem 2.1 that the Martin compactification of (—1, 1)xXD
with respect to Pis equal to (—1, 1)x D, and the boundary points are all minimal.
With the same notation as in Theorem 3.5, we have

K(x, 1)=£§2H](x, x")/Hox, x')>0
for any x in (—1, 1) and j=1, 2, ---. Thus Lemma 4.2 implies that
K(x, 1, 3, 9)= 5 K%, Dedy)es/ enCL, 7).
Thus, by the assumption of the lemma,
Kz, 1, 3, p=|_K(x, 1, 3, 20CQ, 2)/CQL, pldr..

Since K(x, 1, y, 5) is minimal, this implies the lemma. Q.E.D.

Proof of Theorem 3.5. In view of Theorem 2.1 and Lemma 4.2, put
4.11) K(x, X, y,Y)= lim YK(x, x, v, ") for (X,Y)=Qx0D,

Z'-X, y'-
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412) K(x, &y, p=_ lim K ', 5, for (& n)EZwxD,
z'=E, y'-y

(4.13) K(x, &, v, d)=l,in;K(x, x' 9,9 for &eXy.

We claim that functions in the set
{(K(x, u, y,v); (4, V)ERQXOD+Z0XD+Z o x{d}}

are different each other. To this end it suffices to show that if K(x, &, v, 9)=
K(x, &, y,7"), then (§, 9)=(&, 5’). Assume that K(x, & v, 9)=K(x, &, y, 7).
Multiplying the both sides by ¢,(y) and integrating them on D with respect
to y, we obtain that

KJ(x; E)[?]/?O](n)ZC’KJ(xJ 5’)[90]/900](77,)) ]=O’ l) Tty

where C'=C(&, 5)/C(&’, »’). This implies that C’=1, §&=&, and [¢;/@.(9)=
Loi/pd(n’) for all j=O0, 1, ---. Thus, by Lemma 4.3, »=y’. This proves the
claim. On the other hand, any sequence {(x}, yi)}2, without accumulation
points in £2XD has a subsequence {(x#,, ¥,)}7: such that one of the following
statements (a)~(c) holds:

(a) The subsequence converges to a point in 2XaD.

(b) It converges to a point in Yo XD.

(c) The sequence {xi,}; converges to a point in Xo,.

This implies (i) and (iii).

In view of (3.12), @xD+2% is compact with respect to the topology r
induced by neighborhood systems described in (ii). Thus, in order to prove
(i), it suffices to show that the identity map from (2 xD+2, 7) onto 2xD*
is continuous. But this follows from the assumption (P. I)~(P.II) and the
formula

(4.14)  Kix, X, y, Y)=§‘3 [Hj(x, X)/Hy(xo, X)IpA3)Les/0o](YIC(X, Y)

for any (x, X, y, Y)in (2\{X=x or x,})XDX0D, where C(X, Y) is determined
by K(xe, X, o, Y)=1.

Let us show (iv.0). Assume that K(x, &, y, d) is minimal. If a positive
solution ¢ of the equation (L+-2,/)¢=0 in 2 satisfies ¢(x)=Ko(x, &) in Q, then

P )p(2) o ¥)= K(x, &, v, d).

This implies that ¢(x)po(y)/@o(y0)=CKu(x, E)pu¥)/¢«(¥s) for some constant C.
Thus ¢(x)=CKyx, §), which shows that K-, §) is minimal. Conversely,
suppose that K(x, & v, d) is not minimal. Then there exist finite nonnegative
Borel measures 2 on 2x0D, g on 3, with p({£})=0, and v on X..XD such
that
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@15  K(x, &y, d)=| Ko, X, 3, V)dixy

{5 K &y, ddpet |, KCx, €y, v,
Choose an exhaustion {2,}2, of £ such that 2,E€02,,,E2 for any %k, and put
us(r, D=\,  Kx, X, 5, V)dixy.

Clearly, u, is of minimal growth at 8(2XD)N(2,:,X0D), where d(2xD) is
the boundary of 2xD in MxD with M being the one point compactification
of M. On the other hand, since

ux(x, S Ko(x, 5)900(31)/900(3’0) »

u; is of minimal growth at 2,.,,X0D. Thus u, is of minimal growth at
d(2x D), which together with Theorem 1.6 shows that u,=0 for any %.. This
implies that 4=0. Similarly, y=0. The equation (4.15) now becomes

Kitx, ©pu)/gsy0=(],, Kix, Odpc) o)/ u9o),

where p({£§})=0. This implies that Ky(x, §) is not minimal. The proof of
(iv.0) is complete. It remains to prove (iv.co). Assuming that K(x, &, y, ) is
not minimal, we shall show that Ky(x, &) is not minimal. We obtain in the
same way as above that

(4.16) K(x, & 3, =\, K L 3 2w,

for some finite nonnegative Borel measure vy on X..XD with u({&, 5})=0.
Multiply both sides of (4.16) by ¢;(y) and integrate them on D with respect to
y. Then we have by Fubini’s theorem that

@I K Olededn={, Kx Olp/eder gD dv,,
for j=0, 1, ---. The above equality for j=0 becomes
(4.18) Ki(x, 9=, Kz Ddx,

where 4 is a finite measure on Y,. defined by

XB)=|, [CE 1)/CE Ndve..

for any Borel set B of Y. If A(20N{£})>0, (4.18) already proves that Ky(x, &)
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is not minimal. Therefore, suppose that A(X,.\{£})=0. Then (4.17) becomes
Kz, Olpd/ odm={ Kz, Olpi/ ol

where g is a measure on D defined by

wA={  1CE p/CE dv.

3]

for any Borel set A of D. Thus

Lo/ podn={ s/l @dpm, =0, 1,

Since v({&, n})=0, we have that u#({5})=0. Hence the above equalities contradict
Lemma 4.3. This concludes that K(x, &) is not minimal. Q.E.D.

§5. Schriodinger Equations in a Cone

In order to illustrate the scope of the results in Section 3, we shall give
applications of those results to equations in unbounded domains of R" in this

and the next section.
Let P be a Schrodinger operator

(6.1 P=—A+V,

where A is the Laplace operator on R™ and V is a real-valued radial function
in Lg10c(R™), where ¢>n/2 and n=2. Let D be a Lipshitz domain in the unit
sphere S™-! of R™, and

E={xeR™"\{0}; x/|x|=D}.

In this section we investigate positive solutions of Pu=0 in E. We should
mention here that in the special case where D=S""! the results to be given
in this section are essentially the same as those given in [23, Section 3] (see
also [26] and [14]). But we shall state the results without excluding those
for the special case, which will be used in the next section.

We see that (5.1) can be rewritten as

(5.2) P=—r-29/0r(r*-"0/0r)+V(r)—r-24,

where /4 is the Laplace-Beltrami operator on S®~'. Thus P is of the form
(3.1) with M=R,=(0, =), N=5""1,

L=—r""9/0r(r"~'0/0r)+V(r), A=—A, and W=r-2.

Let 2,<A;=£2:< --- be the eigenvalues repeated according to multiplicity of the
Dirichlet realization of —/4 on Ly(D), and ¢; an eigenfunction associated with
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A; chosen so that (¢;, ¢;)=0;;, where d;;=1 if i=j and 0,,=0 if 7#j. Put

(5.3.1) a;=1—n/2+[(1—n/2Y+2;]"*,
(5.3.2) Bi=1—n/2—[(1—n/2)+ 2,1/,
(5.4) Ly=—r"""0/0r(r"=0/0r)+V (r)+A72.

It is easily seen that for any j=0, 1, --- there exists a unique solution g; of
the initial value problem

(55)J L,-g,:O on R+,
(5.6); g{r)=ri4+0(r*it) as r—0.

Theorem 5.1. There exists a positive solution of the equation Pu=0 in E
if and only if go>0 on R..

Proof. In view of Theorems 3.1 and 1.5, it suffices to show that g,>0
if the equation (5.5), has a positive solution A. Since g,(»)>0 near 0, it is
obvious that if ~ is a constant multiple of g,, then g,>0o0n R,. Thus assume
that & is linearly independent of g,. Since (5.5), has a solution f such that

f(N=[1+0(1)] max(rf, log(1/r)) as r—0,

we obtain by (5.6), that

go(r)zCh(r)S:tl'”h’z(t)dt
for some constant C. This proves that g,>0. Q.E.D.

Theorem 5.2. (i) (P, E) is subcritical if and only if for each 0>0
G.7) S:tl-n<go(t>)—2dt< .

(i) (P, E) is critical if and only if g¢>0 and the integral in (5.7) deverges.

Proof. We see that

(5.8) DL b

=& /ot Vi a0 ]

r-i=1Lj.

Thus, by Theorem 3.3, (P, E) is critical if and only if (L, Ry) is critical.
But Theorem A.5in [23, Appendix] implies that (L§, R,) is critical if and only
if go,>0 and the integral in (5.7) diverges. This proves (ii); and also (i)
because if go(s)=0 for some s>0, then (5.7) does not hold. Q.E.D.
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Theorem 5.3. Assume (5.7). Then the minimal Green’s function G for
(P, E) is given by

(5.9) Gir, 7', @, )= 3 g{N)f Ar')pf@)p @)
for 0<r=r'<co and (w, w')=D?, where

(5.10) fj(r'):g,-(r’)gjt""gj(t)“zdt.
Furthermore, G(r, v', w, " )=G(’', r, w, w’) for 0<r' <r<oo,

Proof. Denote by Hgr,r’) the minimal Green’s function for (L,, R.).
Noting that we take »"~!'dr as the volume element of R,., we obtain by
elementary calculations that

©.11) Hr, r)=g{r)f{r') for 0<r=r'<oo,
=frgir) for 0<r'=<r<co.

This together with Theorem 3.4 proves the theorem. Q.E.D.

In the remainder of this section we assume (5.7). Let X, 0o, R% and K,
be the Martin boundary, minimal Martin boundary, Martin compactification of
R., and Martin kernel for (L,, R,) with reference point 1, respectively. Then
we obtain from Theorem A.7 of [23] that

(5.12) Sy=0,={0, o}, R%=[0, ],
(5.13) Kor, 0)=for)/fol), Kior, o)=gor)/g«l).

Denote by X, ¢, EF and K those corresponding to (P, E) with reference point
(1, )R . XD, respectively. In the following theorems, we shall use the
notation K(r, w; *7) instead of K(r, *, w, n) with *=0 or co.

Theorem 5.4. Assume that
(.14) S:"tn—3go(t)2(g°°s1-ngo(s)~2ds)dt= o
t

Then, with 0d and ood being ideal points at zero and infinity, respectively,
Y=0=R.XdD+{0d, «d};

EP is, as a topological space, the closure of E in the one point compactification
of R"; and

(5.15) K(r, 0; 0d)=f o(r)po(@)/[fo(1)o(@0)],
(5.16) K(r, w; cod)=go(r)po(@)/[go(1)po(®s)] .
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Proof. We have by (5.6) and (5.11) that for any j=1, 2, ---

CH(r ) [ g fAr)
©17) i = i) Fan =
By (5.11),

_ . Hir, ') .. f)N g4r)
(5.18) tim g =(im 2 e

But elementary calculations show that (5.14) holds if and only if

(5.19) lim f(s)/fu(s)=0  for all j=1,2, -

(cf. proofs of Theorems 3.2 and 3.3 in [23]). With the same notation as in
Theorem 3.5, (5.17), (5.18) and (5.19) show that X,,={0, o}=2,. Hence
Theorem 3.5 together with (5.12) and (5.13) yield the theorem. Q.E.D.

Theorem 5.5. Assume that

(5.20) S:}n-ago(t)ﬂ(gfsl—ngo(s)-st)dK o .

Then
F=0=R.X0D+{0d}+{&; écD};

EP s, as a topological space, the closure of E in the compactification
R"4{ccw; wES""'} of R™ obtained by attaching the unit sphere at infinity to
R™; and there hold the formulas (5.15) and

(6.21) K(r, w; €)= gﬂ a;8,r)p @)L @i/ pJ(§)C(08)7,

where a, are positive constants defined by

(5.22) aj=¥i$ go(r)/g,(r)

and C(c08)=217-0a;8 (1)@, (@)L @5/ Po(E).

Proof. We obtain along the line given in Lemma 3.7 of [23] that if (5.20)
holds, then the limits (5.22) exist and are positive. With h;=g,/g; we have

fn Vgt
fo(m) N hj(r)gmtl-ngo(t)-zdt )

Thus f{r)/f«r)—a; as r—oo, which together with (5.18) implies that

(5.23) lim Hy(r, »")/ Hy(1, r')=a;8r)/g(1).
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Theorem 3.5, (5.17) and (5.23) imply the theorem. Q.E.D.

Remark 5.6. The results of this section can be extended to Schrodinger
operators with principally radially symmetric potentials along the line given in
[23, Section 5].

We conclude this section with a remark concerning relevant results.

Remark 5.7. The results of this section considerably extend those in [23,
Section 6], where the half space case was treated (see also [36]). In the case
where P=—A and E is a cone with nonempty boundary, the solution g, of the
initial value problem (5.5), and (5.6), is given by g.r)=r% with a,>0; and
so (5.7) and (5.14) hold. Thus Theorem 5.4 implies that there exists a unique
positive solution of —Au=0 in E with =0 on 0F and u(l, w,)=1. This kind
of uniqueness theorem for uniformly elliptic equations of divergence form was
given in [19]. We shall show in Appendix an extension of it as an application
of the comparison theorem (Theorem 1.3 in Section 1) and a criterion of uni-
queness (Lemma 2.2 in Section 2).

§6. Equations in the Product of a Cone and a Bounded Domain

In this section we study positive solutions of an elliptic equation in the
product of a cone in R™ and a bounded Lipshitz domain in R™ by applying the
results in Sections 3 and 5.

Let P be an elliptic operator on REXRY (n=2 and m=1) of the form

(6.1) P=—A,+V(x)+W(x)[—A,+U()],

where V and W are real-valued measurable radial functions on R™ such that
Ve Lg10(R™) for some ¢>(m-+n)/2, W>0, W and W-! are both locally bounded,
and U is a real-valued function in L, oc(R™), r>(m~+n)/2. Let D be a Lipshitz
domain with nonempty boundary in S™-!, or D=S""'; and

E={xeR™{0}; x/|x|eD} if 0D+¢,
=R" if D=S""1.
Let F be a bounded Lipshitz domain in R™. In this section we investigate
positive solutions of the equation
(6.2) Py=0 in EXF.

With L=—A,+V and A=—A,+U, P is rewritten as P=LRI+W®A ; and
L is also rewritten as (5.2). Let {1;}5, and {¢;}%, be the eigenvalues and
eigenfunctions of —Ajp, respectively, as in Section 5. Denote by {g:}i, and
{¢r}20 those corresponding to the Dirichlet realization Az on L,(F) of the
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operator A. Let aj, f; and L; (=0, 1, ---) be the constants and the operators
defined by (5.3) and (5.4), respectively. Let g;» (j, #=0, 1, 2, ---) be the solution
of the initial value problem

6.3) (L;-I-ﬂkW)gjk:O on R,
(6.4) gi(r)=r%ito(r*itt) as r—0.
We write p=gq..

Theorem 6.1. There exists a positive solution of (6.2) if and only if p>0
on R,.

Proof. We treat only the case where E=R". Theorems 3.1 and 5.1 imply
that p>0 if and only if the equation L'u=(L+pgW)u=0 in R™\{0} has a
positive solution #. Note that u=Cg-+h in a sufficiently small punctured ball
BN\{0}, where g is the Green’s function for (L’)z and h is a positive solution
of L’h=0 in B. Thus u is equal to either a positive (not necessarily minimal)
Green’s function on R™ with pole at the origin or a positive solution on R™.
Hence the existence of a positive solution in R™*\{0} is equivalent to that of a
positive solution in R™. Q.E.D.

Theorem 6.2. (i) (P, EXF) is subcritical if and only if for each 6>0
(6.5) Sf"tl-np(t)-ZdK .

(ii) (P, EXF) is critical if and only if p>0 and the integral in (6.5)
diverges.

Proof. We treat only the case where E=R". Since the minimal Green’s
function for (L+u¥, R™\{0}) is, if it exists, equal to the restriction to R™\{0}
of that for (L4 pW, R"), the theorem follows from Theorems 3.3 and 5.2.

Q.E.D.

In the remainder of this section we assume (6.5).

Theorem 6.3. The minimal Green’s function G for (P, EXF) is given by
(6.6) Glx, &, 3, 3= 33 Ha(x, 2 )u()ga(y")
for any (x, x', v, y)S(EXN{x=x"})X F?, where
6.7) Hy(x, x’)=ggjk(lxl)fjk({x’l)soj(X/lxI)soi(x’/lx’l)

for (x, x") with |x|<|x'|, and Hy(x, x")=H.(x’, x) for |x'|<|x|. Here
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(6.8) fin©=gn()| P g1t

Proof. Theorems 3.4 and 5.3 yield the theorem. Q.E.D.

Let R*+4{o} be the one point compactification of R*, and R"+S""! the
compactification of R™ obtained by attaching the unit sphere at infinity. Denote
by 2, ¢, EXFF and K the Martin boundary, minimal Martin boundary, Martin
compactification of EXF, and Martin kernel for (P, EXF) with reference
point (x,, ¥,) in DX F, respectively. Put

(6.9) 11=S:°t"~3 p(t)z(g‘:’sl-n o(s)*ds)dt,

(6.10) 12=STW(t)t""p(t)z(gjs“"p(s)‘zds>dt.
Then we have the following theorems.

Theorem 6.4. Assume that I,=I,=c. Then
(6.11) Y=0=0EXF)+{(cod, )},

where f is an ideal point outside of F; EXFFT is, as a topological space, the
closure of EXF in the one point compactification of R*XF; and

(6.12) K(x, od, 3, )=l 21)eu(x/] 2 o 3)LZ0o(1)po( x0)ho(¥0)] 7" -

Theorem 6.5. Assume that [;=oc and I[,<oo. Then
(6.13) S=0=0(EXF)+{(cod, 9); nEF};

EXF? is, as a topological space, the closure of EXF in (R*+{co})XF; and
(6.14) K(x, cod, 3, )= é aorgor(| 2 Depo(x/ | 2 1)pa(3) /o 1(0)/ C(ood, 1),
where a,, are positive constants defined by

(6.15) aok=1£r§ 8oo(7)/8ox(r),

and C(ood, m) is a constant chosen so that K(x,, cod, v, 7)=1.

Theorem 6.6. Assume that I,<oo and I[,=oo. Then
(6.16) Y=0=0(EXF)+{(«0¢, f); éD};

a subset of EXFT is a neighborhood of (<&, f) if and only if it contains a set
of the form
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(NNoo D)X {f}+H(NNE)X F
with N being a neighborhood of & in R*+o0S""!; and

(6.17) K(x, 0§, y, f)=§, a;085(| 2 )%/ | £1)L@s/ Pu1(E)po()/ C(2E, f),

where aj, are positive constants defined by

(6.18) ajo=}£§'}goo(r)/gjo(r),

and C(o&, f) is a constant determined so that K(x,, &, v,, f)=1.
Theorem 6.7. Assume that [,<<co and I,<co. Then

(6.19) Y=g=0EXF)+{(o¢, 7); €D, neF};

EXFE?F is, as a topological space, the closure of EXF in (R*+coS* )X F; and
(6.20) K(x, &, y, n)= é gajkg,-k(lxl)go](x/lxl)[soj/goo](é)

XA pil/hol(1)/ C(€, ),
where a;, are positive constants defined by

(6.21) ajk=}_i_)njlmgou(7')/gjlz(7);
and C(eo&, 1) is a constant chosen so that K(x,, ©&, ¥, 7)=1.
We need several lemmas in order to prove Theorems 6.4~6.7.

Lemma 6.8. Let h,(r)=go:(r)/gu(r), k=1, 2, ---. Then one has:

(i) he. are differentiable strictly increasing positive functions on R..

(ii) The following conditions (a), (b) and (c) are equivalent each other:
(@) Iy=o0; (b) lim,.eh,(r)=00; and (¢) lim, hs(r)=co for any k=1, 2, ---.

(iii) The following conditions (a’), (b’) and (c’) are equivalent each other:
@) I;<oo; (b) lim,.wohy(r)<oo; and (¢') lim, . h(r)<oo for any k=12, ---.

(V) limyowfoe()/ foolr)=[lim,.uhs(r)]"* for any k=1, 2, ---.

Proof. We have from (6.3) and (6.4) that when y=a,— >0,

(6.22) gOk(r>r-“o=1+S’1—+W

0

{V + p e WYEXgor ()t %0)dt
and when a,—f,=0 (i.e., @;=p,=0 and n=2),

(6.23) gor(r)=1+ | Tlog(r /1YY + maW XDgor(t)dt.



616 MINORU MURATA

Thus, h.(r)—1 as r—0. Furthermore,

[gor)12hi(r)
= [ Wy W XOR O~V + Xl

This implies that hz»)—0 as »—0. On the other hand, with p=g., we have
that

L™ hi(r)] =r™ " p*(r X per— o)W (r)h (7).

Therefore we get

(6.24) B =1+t — )| Flr, Dha(L,

Fer, )=o) t/9 o)/ p()1°ds.
This implies (i).
Let us show (ii) and (iii). Suppose that [,=oo. Since h,=1 we have from
(6.24) that
ha)Z 1+ — )| Fr, 0.
This together with the monotone convergence theorem implies that

lri_rghk(r)gl‘l‘(#k—#o)lzzoo

for any k=1, 2, ---. Conversely, suppose that [,<<co. With % fixed, choose
R so large that

(=) Floo, D1<1/2,
where F(oo, t)=lim,_..F(r, ). Then we have that for any »r>R
R
haP)S 1t — )| Foo, DB (OE+ha(r)/2.

This implies that lim,_.h,(r)<cc. Hence we get (ii) and (iii).
It remains to show (iv). By (6.8),

ha(r)\ Balt)y 21 p(t)2dt
(6.25) Jor(r) _ ) - _
Fol?) Srt“”P(t)‘zdt

Suppose that h,(r)—o0 as r—owo. Since A, is increasing, for(r)/foo(r)Shi(r)?;
which implies that

for(@®)/ foo(r) —> 0 as r—oo,
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On the other hand, if lim,..hx(r)<co, then (6.25) clearly implies (iv). Q.E.D.

Lemma 6.9. Let hjp=g,+/80, j=1, 2, --- and k=0, 1, ---. Put

(6.26) Ji={ e ([ Tew()12ds)at.

Then one has:

(1) h,. are differentiable strictly increasing positive functions on R..

(ii) With k fixed, the following conditions (a), (b) and (c) are equivalent
each other: (a) Jp=o0; (b) lim,.ohx(r)=co; and (c) lim,_.h;,(r)=co for any
7=1,2, .

(iii) With k fixed, the following conditions (a’), (b’) and (c’) are equivalent
each other: (a’) Jr<co; (b') lim, o x(r)<oo; and (¢') lim, .k (r)<co for any
j=1,2, .

(1v) Uimrowf,:()/ for(r)=[lim,.oh;:(r)]™* for any j and k.

Proof. We obtain that

(6.27) hanr)=(y=20)\| Glr, Dhsa(t)dt,

Ger, =\ -%t/ 57~ [gua®)/ gor(s)] .

By using (6.27) we can show the lemma in the same way as in the proof of
Lemma 6.8. Q.E.D.

Lemma 6.10. Suppose that [,<oco. Then I,<oco (or I,=o0) if and only if
Je<oo (or Jy=20) for all k=0, 1, ---.

Proof. Lemma 6.8 implies that if I,<<oo, then for any k there exists a
positive constant C such that
Cr<golr)/ gor(r)=C for 1<r<oo.
Since J,=1,, this together with (6.26) shows that
CHLETr=Cy;
which proves the lemma. Q.E.D.
Proof of Theorem 6.4. Let H,(x, x'), k=1, 2, ---, be the minimal Green’s

function for (L+p,W, E) given by (6.7). Write x=(r, w) and x'=(', »’). By
(3.10), for any 0>0 there exists a positive constant C such that

Hk(x: x,) <C_1

(6:28) 0 2= O o dwlpd@) =
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for any »'=max(l, »+4) and (w, ®') in D2 Thus we obtain by Lemma 5.13
that

o (%, x7) e Bor(P)f or (P )po@)
0< lim ————2—-=<C?1 =0.
_x’l"rgd Hy(xy, ')~ ’f’lﬂ goo(l)foo(r')ﬁﬁo(a)o)

Thus with the same notation as in Theorem 3.5, K.(x, cod)=0 for any
k=1,2, ---. For (s, 3) in (max(r, 1), «)xaD,

. Hi(x, ") Ga(x, (5, 2)Zor(r)@o(@)f ox(s)
(6.29) o e )~ Colte (5, M)EoolIpo@0 oolS)

Thus K,(x, (s, 9))>0 for any k=1,2, ---. By (6.28),

Ki(x, (s, 9)) —> Ku(x, cod)  as (s, n)—ood.

In this way we can show (P.1),(P.I) and (P.I) with X,={cod} and
2=0E. Hence Theorem 3.5 implies Theorem 6.4. Q.E.D.

Proof of Theorem 6.6. The same argument as in the proof of Theorem
6.4 shows that (P. 1), (P.O) and (P.1) hold with Y,=ocoD and Y,.=0FE.
Thus Theorem 6.6 follows from Theorem 3.5 and Lemma 6.9. Q.E.D.

Proof of Theorem 6.5. Lemmas 6.8~6.10 and Theorem 5.3 imply that
aor, k=0, 1, -, defined by (6.15) are positive and

z!idek(x’ x")/Hy(x,, x")

0

2 854S 52/ £ or 1 )i (@)L ¢/ Pod(@)f 0a (")

= lim =

B i 25oDLf 30/ f ool )y @[ 03/ 05 1(@") f oa(r”)

= aokgok(r)gpo(w)/ [goo(l)SDO(wo)] .
Thus (P. I)~(P. ) hold with % .=0E+{cd}, and so Theorem 6.5 follows
from Theorem 3.5. Q.E.D.

Proof of Theorem 6.7. The same argument as in the proof of Theorem
6.5 shows that (P. I)~(P. ) hold with X ,.=0E+coD; furthermore,

oo

o Hie 1) 2 a;:85:(r)@s(@)[¢5/ oJ(€)

im = .

ot e 50 R g Deseolen 0@

Thus Theorem 6.7 follows from Theorem 3.5. Q.E.D.

We conclude this section with several remarks.
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Remark 6.11. The results of this section can be extended to an operator
(6.1) with V and W being principally radially symmetric along the line given
in [23, Section 5].

Remark 6.12. Aikawa [3] identified the Martin compactification of EXF
for (—A, EXF), where E=R" or R?%, and F is a bounded Lipshitz domain in
R™ In this special case we see that [;<<co and [,=oo. Thus his result is a
special case of Theorem 6.6. Take, for example, (—A, R*XF). Then we
obtain from Theorem 6.6 that

J=0=R"X0F+{(¢, f); E&S™"},
K(x, &, 3, )=o) exp(A/*x8)/ [Py yo) eXp(A3°w )] .

Remark 6.13. Theorems 6.4~6.7 correspond to the following four cases
I~1V, respectively; i.e., I: I;=I,=co; II: [,=c0 and [,<oco; llI: [,<co and
I;=w0; IV: I;<o and [,<o. These four cases can be realized by (6.1) with
W(x)=(1+|x])® on R*xXF. More precisely, when b>—2, three cases I, IIl and
IV can occour; when b=—2, two cases I and IV can do; and when b<—2,
three cases I, II and IV can do.

§ 7. Direct Sum Decomposition

In this section we give a method to construct the Martin boundary for a
domain by decomposing it into a finite union of domains which are disjoint
outside a compact set.

In order to states a main result of this section we need some preparation.
Let L be a second order elliptic differential operator (1.1) satisfying (i)~(iii)
on a non-compact connected orientable Riemannian manifold M of dimension »
and class C2. Let £ and &;, =0, 1, ---, v (v: a natural number), be Lipshitz
domains of M such that

7.1 2=109,,

=0
2, is compact, 2,N2,=¢ (G#j;i, j=1,--,v), and Q,#¢ (=L, -, ).
Suppose that (L, 2) is subcritical. Let G, 2, ¢ and K be the minimal Green’s
function, Martin boundary, minimal Martin boundary, and Martin kernel for
(L, 2) with reference point x,. By Theorems 1.5 and 1.7, (L, £,) is also sub-
critical for j=1, ---, v. Denote by G;, 2;, ¢; and K, those corresponding to
(L, 2,) with reference point x;. In view of Theorem 2.1, put

I’'=23~62, r=oNo2, I''=2/082; and 7,=0,N08;.
Let H(L, 2, I') be a metric space defined by
(7.2) HAL, Q, IMN={ucHL(2); Lu=0 and =0 in 2, u|50=0}
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with the metric associated with the uniform convergence on each compact
subset of . Denote by H.(L, 2;, I';) the one corresponding to (L, £,),
j=1, -, y. We shall write H,=HJ(L, 2, ") and H,,=HL, 2,, L,) when
there is no fear of confusion. It is clear that for any & in I” (or &, in [7;)
N(-, &) (or K-, &) belongs to H, (or H,,, respectively).

Now, let us introduce a mapping 7 from H. to the direct sum

@ H(L, 2, T

of H., -, H,,. Letubein H,. For j=1, -, v, choose a nonnegative function
¢, in C}(M) such that ¢,=1 in a neighborhood of GQ,/\Q. Set

(7.3) B,u(x)=(g,uXx)—{, G,(x, )Llp,u)»)dy

for x in @,. Clearly, B,u is a unique positive solution of the Dirichlet problem:
Lv=0 in £2,, v=u on 082,, and v is of minimal growth at I",. Let u,:u!g].
Define a mapping 7 from H, to the direct sum by

(7.4) Tu=(u,—Biu, uy,—Byu, -+, uy,—B,u).

Next, we introduce a mapping S from the direct sum to H,. (We shall show
later that S is the inverse of T.) Let v=(v,, ---, v,) with v, H,,, and v, the
extension of v, on £, to M defined by v;=0 on M\£;. Since v; vanishes
Holder continuously on 982, and there exists a positive constant C such that

S a|wj|2dx§cj \Va|®td x
!2]- !?]

for all =0 in C}(£2,N\N) with N being a sufficiently small neighborhood of a
point of 0%, (see [33, Lemma 5.2]), v belongs to Hi(M). Thus the restriction
V, of Lv] to 2 belongs to H-*(Q). Furthermore, we can show that V,<0 in
the distribution sense as follows: (i) Choose a positive solution 2 of Lh=0 in
a neighborhood of 92,12 ; (ii) use the identity AV ;= L,[(v;/h)"], where L, is
the operator given by (1.7); and (iii) show that L,[(v;/h)Y"]1<0 by applying
Lemma 2.10 of [1]. We are now ready to define S by

(7.5) Sux)=3 (v;(x)—g Gx, »)L5(3)dy).

=1 Q
We shall denote by G*Lv; the second term in the right hand side of (7.5). The
a2bove argument shows that —G*Lv; multiplied by any nonnegative function
in Cj(M) is a nonnegative function in H}{2). Thus S is a mapping from the
direct sum to H,.
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Theorem 7.1. Suppose that (L, Q) is subcritical and 2 is decomposed as (7.1).
Then one has:

(i) S is a continuous order preserving bijection from the direct sumn
D HA(L, 2,,) to H(L, 2,I"); T is a continuous order preserving bijection
from Hy to the direct sum; T=S"* and S=T".

(ii) There exists a homeomorphism @ from I' to the topological union
eI, with I'N\Iy=¢ (i#j). Furthermore, for any & in I' with @)l
if y,-& as j—oo in QF, then y,—~®P(E) as j—oo in QF.

(ili) @ maps 7 onto V.7,

(iv) For any & in I' such that @(E) belongs to I,

(7.6) K(x, E):S(GB;:.I Uj,g)(x)/s<€9’}=1 UJ,&)(-TO) ,
where v, =0 for 7=k and v, {x)=K,(x, D(&)).

Proof. (i) Suppose that a sequence {v*}%, in the direct sum converges
to ». Then {(%~}, converges to v7 in Hi. (M), and {L(%)}, converges to
Lvy in H-(2). Thus {Sv*}, converges to Sv in H,, which proves the con-
tinuity of S. If w=v in the direct sum, then S(w—v)=0; which implies that
Sw=Sv. Hence S is order preserving. Similarly, we obtain that T is con-
tinuous and order preserving. Let us show that 7'Sv=v for any v in the direct
sum. With w=—2>}_,G*Lvj, we have that

(TSv)p=2Zj1v5 o+ wle,— Bi(Zjmvj+w)=vetwlo,— Bew.

We claim that W=w—B,w=0 in £,. Since W=0 on 082, and 1V is of minimal
growth at I",, we see that W is a nonnegative solution of Lw=0 in £, which
is of minimal growth at 3,. Thus Theorem 1.6 implies that W=0 in @2,,
which shows that (T'Sv),=v, for any k. In order to complete the proof of (i)
it suffices to show that T is one to one. Suppose that Tu=Tv for u and v in
H.. Since (u—v),=B,(u—v) for any j=1, -+, v and ©u—v=0 on 92, we obtain
that
(u—v)(x)LeG(x, y)

for any e>0, where y is a fixed point in 2. Thus u<v in £. Similarly,
v<u. Hence u=v, which proves that 7" is one to one.
(ii) We have that

(7.7) Gi(x, y)=G(x, y)—B:G(x, y),
which implies that
(7.8) Gi(x, )/ G(x0, )=K(x, y)—B:K(x, y).

Suppose that {y;}%_, is a sequence in 2, such that lim;..y,=&</ in (23
Then, by (7.8), there exists a unique &, in I", such that y;—&, in QF as j—co,
K(.X, E)—BkK(X, §)>0 in Qk, and
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(7.9) Ki(x, ©)=[K(x, §)—ByK(x, )1/[K(xs, §)—B:K(xs, £)].

Since K(x, v,), 7>1, are positive solutions of Lu=0 in £2,(I+ %) which are of
minimal growth at /7, and uniformly bounded on each compact subset of 2,
we further obtain that

(7.10) K(x, §)—BK(x, =0 in £, I+k.

The equalities (7.9) and (7.10) show that if a sequence {y,}5., in £ converges
to & in I, then there exists a unique pair (%, &) with &, in ") such that y,—
£, as j—co in QF. If we define @ by @(&)=E&,, we get (ii).

(iii) Since S and T are order preserving, (iii) follows from (7.9).

(iv) follows from (i) and (7.9). Q.E.D.

A direct but interesting consequence of Theorem 7.1 is the following
theorem which asserts, for example, that the Martin boundary over infinity is
stable under compact perturbation in a sense.

Theorem 7.2. Suppose that (L, 2) and (L', 2’) satisfy the hypotheses in
Theorem 7.1; and assume that ,=8; for j+0 and L=L" on \J5,Q,. Let I,
7 and K be as in Theorem 7.1; and I, 7" and K' the ones corresponding to
(L', ). Then I'=I"", y=7’, and there exists a positive constant C such that

(7.1 C=K(x,§)/K'(x, §)=C™
for all € in I" and x in \Us_, 2;.

Proof. (7.11) follows from the Harnack inequality, the comparison theorem,
and (7.6). Q.E.D.

Remark. In the special case where yv=1 and 02,C92NL’, results relevant
to Theorem 7.2 were given in [23, Section 2], [24], [21], [27] and [37] (see
also [32]).

We conclude this section with a remark and examples illustrating the scope
of Theorem 7.1. Systematic applications of Theorem 7.1 are left to the reader.

Example 7.3. Let D be a Lipshitz domain whose closure is included in the
upper hemi-sphere, and

Q={x=R™{0}; x/|x| =D} UR™'x(—1, 1).

Then we see that the spectrum of the Dirichlet realization (—A)3 of —A in
L,(82) consists of [0, o). We might expect that positive harmonic functions
in £ vanishing on 02 are proportional as in the bounded domain case. However
Theorems 7.1, 6.6 and 5.4 (see also Remarks 5.7 and 6.12) show that
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o\0f2 is homeomorphic to {cod}+S*!,

where ¢ is the minimal Martin boundary for (—A, Q).

Example 7.4. Let F be a bounded Lipshitz domain in R™, and 4, the
smallest eigenvalue of (—A)z, where A is the Laplace operator on R™. Let
Q=R'XF and Q'=0~\B, where B is a closed ball in £. Then Theorem 3.3
shows that (—A—24,, £2) is critical and any positive harmonic function is a con-
stant multiple of ¢,(y), where ¢ is an eigenfunction for 4, On the other hand,
Theorem 1.8 shows that {(—A—2,, 2’) is subcritical ; and we see from Theorems
7.1 and 3.5 that any positive harmonic function in £’ vanishing on 02’ is a
nonnegative linear combination of two positive harmonic functions A, vanishing
on 02’ such that

K.(x, =[x +0D)]do(y) as x— too
=[C.+0(x["D]g(y) as —x— oo,

where C. are positive constants (cf. Theorem A.7 and Example A.10 of [23]).

Remark 7.5. In view of Theorem 2.1 one might expect that there holds
such a more localized version of Theorem 7.1 as the following :

Suppose that (L, ) is subcritical. Let £’ be a Lipshitz subdomain of Q.
Denote by 2 and 2’ the Martin boundary for (L, £) and (L, £2’), respectively.
Then X"~\082’ is imbedded into X\0Q.

But this is not valid in general as the following example shows. Let 2=
R Q'={xsR?; %x,>0 and x,>0}, and L=—A-+V, where V=1on 2’ and V=0
on O\Q'. Then we see that 3'\3Q’ is homeomorphic to [0, z/2]. On the
other hand, Theorem 7.1 of [23] implies that Y consists of one point.

Appendix. A Uniqueness Theorem

In this appendix we give a uniqueness theorem for positive solutions of
an elliptic equation in a cone or R™.

Let L be an elliptic operator (1.1) on M=R™", n=2, satisfying (i)~(iii), and
the following condition :

There exist positive constants a<<1<f, 7, 4, 4, and a sequence {R,}, of
positive numbers with R,—oc as k—co such that for all k=1, 2, ---

(A1) HEPS 3 an(xE&iS 4187, xS A, ESR™,
(A.2) S5 41401 Hizpeay

212222 1 e p T

where A, ={x&R": aR,<|x|<BR.:}.
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Let D be a Lipshitz domain with nonempty boundary in the unit sphere
S™-t of R®. Let E=R™ or a Lipshitz domain in R” of the form

E={zx€R™{0}; x/|x|€D}UF,

where F is a bounded Lipshitz domain.
We consider the following problem :

(A.3) Lu=0 and >0 in E, u=0 on OE (if 0E+¢).

Recall that a positive solution of Lu=0 in E exists if and only if I'(L, E)=0
(see Theorem 1.5 in Section 1).

Theorem A. Suppose that I'(L, E)=0. Then (A.3) has a solution which is
unique up to a constant multiple.

Proof. By virtue of Theorem 7.2, it suffices to show the theorem in the
case where E=R" or a cone generated by D (i.e., F=¢). We treat only the
cone case, since the other case can be treated similarly and more easily. Let
%o, be a fixed point in E with |x,]=1. For »>1, put E,.=EN{|x|<r}. Since
I'(L, E,.)>0 by Theorem 1.5, there exists a positive solution w, satisfying

Lw,=0 in E,, w.=0 on 0ENE,, w.=1 on EN{|x|=r}.

Put u,(x)=w.(x)/w.(x,). By the Harnack inequality, there exists {r,}3-, such
that 7,—co as j—oo and {u,;}; converges uniformly toa continuous function u
on each compact subset of E. Clearly, » is a solution of (A.3). This proves
the existence.

Let us show the uniqueness by applying Lemma 2.2 in Section 2. Let &
denote the set of all solutions u of (A.3) normalized by u(x,)=1. Then the
condition (ii) in Lemma 2.2 holds clearly. Suppose that » and v are solutions
of (A.3). For k=1, 2, -, write u,(x)=u(R,x). Then u, and v, are positive
solutions of

L,w=0 in G={x€E; a<|x|<B}, w=0 on 0GNIE,
where
Li== 31 0@+ B Ril(b00:i—0(dN]+Rica.
We see that for all 2

AERPS 3 (@i ()b A1E1°, xEG, E=R™,

i,7=1

<

S IR+ IRUE ]+ I REcalpa=CT,

where ||-||, denotes the norm of L,(G) and C is a constant independent of k.
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Thus the comparison theorem (Theorem 1.3) and the Harnack inequality yield
the inequality

(A.4) w(Rex)/u(Ryrx0)= Co(Rpx)/v(R ¢ X0)

for all £ and x={x<E; 8||x|—1|<min(l—a, B—1)}. Thus (2.1) holds with
O.=Epg, and x,=R,x,. On the other hand, (2.2) holds because u=v=0 on
0ENEg, and I'(L, Eg,)>0. Hence Lemma 2.2 yields the theorem. Q.E.D.

Remark. In the case where E is a cone with nonempty boundary, Theorem
A is essentially a considerable extension of Theorem 2.1 of [19]. The theorem
in the special case E=R™ includes Theorems 5.6 and 5.7 of [23] except for the
asymptotic behavior at infinity of a positive solution. Together with results of
[24], it also yields an extension of Theorem of [13].

Remark. Theorems A and 2.1 imply that the Martin compactification of E
for (L, E) is the closur of E in the one point compactification of R”.
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