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§1. Introduction.

Let D be an arbitrary bounded domain of the N-dimensional Euclidean
space RY(N=1). A function G,(x, y) defined for a« >0, x, ye D, x+y will be

called a resolvent density on D, if it satisfies that, G, (x, y) =0, aj Gx,2)dz<1
D

and G ,(x, Y)—Gg(x, y)+(a—p) j G, 2)Gglz, y)dz =0 for all @ >0, >0 and x,
D

e D, x+y. Denote by G%x,y) the resolvent density corresponding to the

absorbing barrier Brownian motion on DY,

Consider the family G of all conservative symmeiric resolvent densities® on
D possessing the following properties :

(G. a) Gux,y) is written in the form
Go(x, ) = Golx, M)+ RLx, ¥).
R, (x, y) is a non-negative function of « >0, x,ye D, and a-harmonic® in x D
for each a >0 and y< D.
(G. b) For any compact subset K of D, sup Ry(x,y) is finite.
xeK,y&D
In [15], we constructed a particular element of ¢ and showed that it

determines a continuous strong Markov process (called the reflecting barrier
Brownian motion) on an extended state space D*.

In the present paper, by studying the structure of Dirichlet spaces asso-
ciated with elements of G, we will answer the questions:
(i) How many elements are there in G ?

(ii) In what sense is the resolvent density of [15] typical among G ?
1) Cf. [5]
2) We will say that a resolvent density G,(x,y) is conservative (resp. symmetric)
when “,f Ga(x, 2)dz=1, a>0, xeD(resp. G,(x, ¥)=Go(, %), a>0, x,yED).
D

3) We call a function on D -harmonic when

L& u)
2 Z; ax = au(x), xeD.
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Our goal is to establish in section 5 and section 7 a one-to-one correspondence
between G and a class of Dirichlet spaces formed by functions on the Martin
boundary of the domain D.

The present paper consists of nine sections.

Sections 2 and 3 will serve as preparations for later discussions. In sec-
tion 2 we will introduce the notion of the Dirichlet space (relative to an L*-
space), in a slightly modified sense, due to Beurling and Deny [2] In section
3, the Dirichlet space formed by every square integrable BLD function (denoted
by B/I:D) will be studied by making use of the Feller kernels on the Martin
boundary.

With a given element G, (x, y) = G%x, )+ R.(x, y) of the class &, we asso-
ciate a Dirichlet space (&, &) relative to L%(D) by

Fp={ue L}D); &u, w) :ﬂlim Bu—pGpu, Wrapy < +oo} .

In sections 4, 5 and 6, the space (¥, &) will be analized in details as outlined
in the following.

Let 9% (actually independent of « >0) be the space spanned by {G.%f,
fe B(D)} with respect to the norm +&%(u, u) =+ EW, w)+alu, urrp, and I,
the space spanned by {R.f, f< B(D)}. For each a«>0, spaces ¥ and 4%,
are orthogonal with respect to &* and F,=F9PIH, Further the space
(9, &) is identical with the space BLD, of BLD functions of potential type.
The proof of these facts will be carried out in section 4 by making use of a
Feller type expression of R.f: R.f(x)=H%RH. f.

Denote by M the Martin boundary of the domain D. Using the Feller
kernels, we introduce by [3.14) and [(3.15) respectively a bilinear form D(,) for
functions on M and a space H, of functions on M. and 5.3 will
characterize the above-mentioned Hilbert spaces {(4,, &%), a >0} by means of
a Dirichlet space (Fy, €4(,)) satisfying the following conditions®.

B. 1) Fy is a linear subspace of Hy. Fy contains every constant func-
tion on M.

B. 2) &y is a bilinear form on Fy which is written as &y, ¢) =
D(o-9)+N(p, ), ¢, = Fy, where N is a non-negative symmetric bilinear
form on Fy satisfying N(Q1-1)=0. The space F, is complete with metric
Eu())HAC ) ean: for a 2> 0.

B.3) If o Fy and if ¢ is a normal contraction of ¢ in the sense of

[4], then ¢ = Fy and N(¢, ¢) < N(p, ©).
Conversely, for any pair (%, N) satisfying the conditions (B. 1), (B. 2)

4) Conditions (B.1), (B.Zj and (B.3) implies that (Fy, &) is a Dirichlet space re-
lative to L2(M)’, the space L2(M)’ being defined in section 3.
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and (B. 3), we will construct in section 7 an element G, (x, y) of the class G
which corresponds to this pair (&, N) in the manner of In this
way, we will establish a one-to-one correspondence between the class G and
the class of the pairs (F,, N).

Section 6 will be concerned with the boundary condition. Consider again
the Dirichlet space (¥, &) associated with a given element G, (x,y) of G.
Since 2D(p, ¢) for ¢ & H,, is nothing but an expression of the Dirichlet integral
of the harmonic function with fine boundary function ¢ (see Doob and
Fukushima [137]), our results of sections 4 and 5 enable us in to

conclude that BLD, EF‘”CB/I?D and, for every ue &, &u, u)g—l—f (grad u,
. D

grad u)(x)dx. Furthermore, we can see that the space 9 =G (L*¥D)) is a re-
striction of the domain 9(4) of the generalized Laplacian 4 (denoted by the
same symbo! 4 as the usual Laplacian), which is defined in terms of the space
BLD (Definition 6.I). This restriction will be decided in terms of (F,, N) by
the boundary condition [6.8) Formula includes implicitly the notion of
the (generalized) normal derivative in Doob’s sense [7]. Moreover, is
analogous to a boundary condition by Feller [11; p. 560], where the Markov
chains with a finite number of exit boundary points are treated.

The final two sections will be devoted to the study of several special cases.
In section 8, we will be concerned with the subclass G, formed by those ele-
ments of ¢ for which the corresponding forms N(,) vanish identically on the
corresponding spaces &,. We will see that a diffusion process on an extended
state space corresponds to each element of G,. There are two extreme ele-
ments of G,: the cases when ¥, = H, and when %, contains only constant
functions. We will see that the former case turns out to reconstruct the
resolvent density of [15] In section 9, we will examine the cases that the
domain D is a disk and an interval®.

Here are two remarks about our class G of resolvent densities.

First, we note that there is a one-to-one correspondence between G and a
family of (equivalent classes of) Markov processes dominating the absorbing
Brownian motion on D. Indeed, with each element G. (-, -) of G, we can asso-
ciate, exactly in the same manner as in [15; section 37, a right continuous
strong Markov process X =(X,, P,, x € D¥) whose state space D* is the Martin-
Kuramochi type completion of D with respect to the class of functions
{G,(-, ), ye D}. X has the following properties :

(X. 1) X s conservative on D:

5) & is the refinement of the space &Fj (see (4.18)).
6) There, we can compare our boundary condition [(6.8) with those of Wentzell

AN
[23] and Feller [127.
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P(X,eD)=1. t>0, xeD.

(X. 2) Let ¢ be the first exit time from D of the path X, then (X, t<r,
P,, x= D) is the absorbing Brownian motion on D.
(X. 3) For any Borel set E of D*,

[Tewp(X,cByit=[ G xydy, a>0, xeD.
0 END

Conversely, suppose that a right continuous strong Markov process X on an
enlarged state space D* satisfies the conditions (X. 1) and (X. 2). Further we
assume the existence of a symmetric, jointly continuous function G, (x, ¥), a >0,
x, ye D, x+y satisfying the condition (X. 3). Then, as one easily verifies, this
function is an element of G.

Second remark is about the relation between the class G and the class of
symmetric Brownian resolvents in the sense of T. Shiga and T. Watanabe [21].
By a Brownian resolvent, we mean a resolvent kernel {G . (x, E), a >0, x& D,

Ec D} such that Gaf(x):j G.(x, dy)f(y) satisfies the equation
D

(a—g B oGS =F(), x<D,

for any infinitely differentiable function f with compact support. A resolvent
kernel {G.(x, E)} is said symmetric if, for any non-negative measurable func-

tions f and g, f Gq f(x)g(x)dx:j J(O)Gg(x)dx=-+oc0. Any symmetric resolvent
D D

kernel defines a symmetric resolvent (operator) on L*D) in the sense of sec-
tion 2, so that we can associate with it a Dirichlet space relative to L*D). It
is obvious that each element of the class G is a density function of a con-
servative symmetric Brownian resolvent (kernel). Conversely, we can prove
that any conservative symmetric Brownian resolvent is of the class G, as is
outlined in the following. It is implied in the remark preceding Proposition
A. 6 of that the decomposition theorem (Theorem 4.3) of the present
paper is still valid for the Dirichlet space associated with any symmetric
Brownian resolvent. Hence, starting with a conservative symmetric Brownian
resolvent (without assuming the existence of a density function), we can go
along the same line as in section 5 and we can reconstruct in section 7 the
resolvent considered, by showing that it has a density function of the class G.

I wish to express my hearty thanks to T. Shiga and T. Watanabe for
their valuable advices. They have shown me the manuscript of [21] before
publication. T. Watanabe admitted me to mention one of his unpublished
results that the space .%,, in our context, is contained in the space of «-har-
monic functions with finite Dirichlet integrals (Theorem 51). This made the
arguments of section 5 simpler than those of the original version.
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§2. Symmetric resolvents and Dirichlet spaces relative to L*-spaces.

Let (X, 8, m) be a measure space on a Hausdorff space X with the topo-
logical Borel field #. We assume that m is finite: m(X) < +oco. Denote by
L¥(X) the space of all real-valued square integrable functions on X with the
inner product (u, v)X:J.Xu(x)v(x)m(dx).

DEFINITION 2.1. A symmetric resolvent on L*X) is a family of symmetric
linear operators {G,, a >0} on L% X) such that G,u is non-negative for any
non-negative u € LX(X), aG,l =1, G,—Gp+(a—p)G.,Gs=0 and G,u, decreases
to zero m-almost everywhere on X when u, = L% X) decreases to zero.

DEFINITION 2.2. Let u and v be measurable functions on X. We call u a
normal contraction of v if the following inequalities are valid on X;

lu@|=v®)],  Ju@)—un|=[v@—v()].

DErFINITION 2.3. A function space (Fy, €x(,)) is called a Dirichlet space
relative to L*(X), if the following three conditions are satisfied.

(21) 5 is a non-emply linear subset of L*X) and &£€4(,) is a non-negative
symmetric bilinear form on .
(2.2) For some (or equivalently for every) a >0, &5 is a real Hilbert space
with the inner product

ex(u, v)=Ex, v)+ay, v)x,
two functions of F; being identified if they coincide m-almost everywhere
on X.
(2.3) Every normal contraction operates on (Fy, &x); if u is a normal con-
traction of ve Fy, then ue Fy and €4, u) < E4, v).

Following Beurling and Deny [2] and Deny [4], let us state two theorems
about a one-to-one correspondence between Dirichlet spaces and symmetric
resolvents.

THEOREM 2.1. Let (Fx, £x(,)) be a Dirichlet space relative 1o L¥X).

(i) For each a>0 and ue L3 X), there is a unique element G,u of Fx
such that

2.4) EY (G, v) = (U, v)x for any ve Fx.

(i) The family of operators G,, a >0, defined by (2.4) is a symmetric re-
solvent on LA X).

(iii) For each a >0, {Gu; ue LA(X)} is dense in &y with respect to the
norm &% (B>0 being arbitrary).

We note that the non-negativity and the sub-Markov property of aG,,
where G, is defined by the equation follow from the condition (2.3) of
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the space (Fy, €x). Conversely, suppose that we are given a symmetric re-
solvent {G,, a >0} on L¥X). It is easy to see that G, on L¥X) is a bounded
operator with norm less than 1/« and consequently (G.,u, u)y is non-negative
for any ue L¥(X)P. Put for « =0 and u e L¥X),

(25) 83:’,[9(”’ u) - ‘B(u—ﬁGﬂ+au’ u)X

(2.6) T%.5(u, w) = (U—BGpratt, u— LG graW)x -

We then have,

2.7 —88/3—6’_‘{,,3(1{, u)=9%s(u, u) and 7’9% I¢su, u)<0, >0,

which leads us to the following theorem.

THEOREM 2.2. Let {G,, a >0} be a symmetric resolvent on L*(X).

) &%5u, u) defined by (2.5) is non-negative and it is non-decreasing as j
increases. If we set

(2.8) Ex(u, uw) :ﬁlim E%, 5, u), ue LA(X),
(2.9) Fy={u; ue LX), &Exu, u)<+oo},

then (Fy, €x(,)) is a Dirichlet space relative to L*(X).
(i) For ue Fy and a>0,
&% (u, u)(= Ex(u, w)+au, u)x) :ﬁlim E5.6(u, u).
- +00

(i) G, satisfies the equation [2.4) for the space (Fy, €x(,)) defined by
and

Assertions (i) and (ii) of the theorem can be proved easily from and
2.7} As for the statement (iii), note a consequence of [(2.7): BGg converges
to v strongly in L*X) if v is in 5. Hence we can conclude that the equation
in statement (iii) is valid for every ve& Fy.

The following lemma will be used in section 5.

LEMMA 2.1. Suppose that (Fx, Ex) is a Dirichlet space and ue Fx. De-
note by u, the truncation of u: u,(x)=u(x) for |u(x)|<n, u(x)=n for u(x)=n
and u,(x)=—n for u(x)< —n. Then,

1) u,€ Fx, and Ex(uy,, u,) increases to Ex(u, u) as n tends to infinity.

i) (e Fx and Ex((un) (1)) = 4n®Ex(u, w).

Proor. Since u, is a normal contraction of u, u, is an element of u.
Obviously &€x(u,, u,) is increasing and its limit is no greater than &x(u, u).
Define G; and &%,; by (2.4) and (2.5) successively. Theorem 2.1 and 2.2 imply
that, for any ve Fy, €%,5(, v) increases to £x(v,v) as f—4-oco. Hence, we

7) By the resolvent equation, ~dd—(Gau, wWx=— (G4, Gou) x <0.
[44
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have &%, 5(uy u,) < lim €x(u,, u,). Letting n and 8 tend to infinity successively,
n—r+oo
we arrive at the statement (i). Assertion (ii) is an immediate consequence of
1 2, . 1
the fact that <Wu”> is a normal contraction of o e

From now on, we treat only the cases that the underlying space X is an
Euclidean domain or its Martin boundary.

Suppose that G.(x,y), a >0, x, ye D, xxy is a symmetric resolvent den-
sity on a bounded Euclidean domain D. Then, by

(2.10) Cau)= [ Gl u()dy,  a>0,  ueLXD),

we have a symmetric resolvent {G,, a >0} on L*D).

DEFINITION 2.4. With the resolvent (2.10), we define a Dirichlet space
(Z'p, &) relative to L*D) by formulae (2.8) and (2.9). We call (¥, &) the Diri-
chlet space associated with the resolvent density G, (x,y) on D.

Denote by B(D)C7(D)) the space of all bounded measurable functions on
D (resp. all infinitely differentiable functions with compact supports). By
Theorem 2.2 (iii), we have

LEMMA 2.2. Let G{x,y) be a symmetric resolvent on D. Then, {G.u,
ue Cy(D)} and {G.u, us B(D)} are the dense subsets of the associated Dirichlet
space Fp, with metric &°(,)B >0 being arbitrary).

§3. Space of BLD functions which are square integrable. Integrations
by the Feller kernel.

Properties of BLD functions were profoundly investigated by Deny and
Lions and Doob [7]. In this section, we will study BLD functions in terms
of the associated Dirichlet spaces and the Feller kernels defined on the Martin
boundary. [Theorem 3.1l will state that the space of BLD functions of potential
type is identical with the Dirichlet space associated with the resolvent density
of the absorbing barrier Brownian motion. We will give two applications of
this theorem to exhibit the properties of the Feller kernel. Finally, we will
present some results concerning boundary properties of a-harmonic functions
with finite Dirichlet integrals, analogous to those by Doob [7]. Inequalities in
and equalities in the proof of the lemma will play basic roles in
the following sections.

Throughout this section to section 8, we fix an arbitrary bounded domain
D of R”.

DEFINITION 3.1. Denote by BLD the space of all BLD functions which are
square integrable on D. Precisely, ue B/I:D, if and only if ue L¥D), every
first partial derivatives of u (in the sense of Schwartz’s distribution) are in
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L*(D) and u is fine continuous quasi-everywhere on D®,
N\
For u, v € BLD, put

(u, V)p,, = ,%_j (grad u, grad v)(x)dx.
D

The pair (Bi,\D, (,)p,) is a Dirichlet space relative to L*(D) in the sense of
Definition 2.3.

DEFINITION 3.2. Denote by BLD, the closure of (D) in the space (BLD,
(o,

Note that, for each a >0, (u, u)p,+a(u, u), gives a metric equivalent to
(4, w)p,, for the space BLD,([5]). In accordance with Doob [7], a function of
BLD, will be called a BLD function of potential type.

Let (F®, &) be the Dirichlet space associated with the resolvent density
GY(x, v) of the absorbing barrier Brownian motion on D (see Definition 2.4).
We put

3B.1) FO={ue FP, u is fine-continuous quasi-everywhere on D}.

We call g the refinement of the space F{.

THEOREM 3.1.

(i) For each function u of FP, there exists a function of F°, which is
equal to u almost everywhere.

(i) F=BLD, and &, w) =W, u)p,, s FO.

ProorF. On account of Lemma 2.2 and the remark in the preceding para-
graph, it is sufficient to show that, for a fixed a >0,

(@) RO={GYu; uesCy(D)}is contained in BLD, and, for v € K®, & (v, v)
=, V)p,+al, vV)p.

(b) R is dense in the space BLD, with respect to the norm (,)p ,+a(,)p-

Consider a sequence of domains D, which increases to D. Assume that
boundaries 9D, are of class C% Approximate the function v =G, ueC(D)
by functions

GPu(x) xe D,

xeD—.Dm n:1,2,---,

where GPu is defined by (2.10) for the resolvent density of absorbing Brownian
motion on D,. We can see that v, = BLD,”. By the equality

V(%) =

1 o
avn(x) - “ZA 1,;1 'axlz Un(X)—I— U(X), X e Dn s
we have

(32) (v'm vm)D,1+a(vn: 7}m)D = (u’ vm)D: n g m.

8) By “quasi-everywhere ” we means “ except for a set of capacity zero”.
9 G&")u is in BLD, for the domain D, and hence, v,BLD, for D [5].
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Since v, converges to v uniformly on each compact set of D, the formula
implies that v, is convergent in norm +/(,),,,+a(,), and the limiting function
in BLD, coincides with v almost everywhere. Hence, v € BLD, and (v, v)p,
+a(, v)p =(u, V), = &%(v, v), completing the proof of assertion (a).

As for (b), assume that we BLD, satisfies (w, v)p,,+a(w, v),=0 for all
v=G%u e R®. Find w, e CP(D) which converges to w in BLD,, then we see
that the left-hand side of the above equation is equal to lim ((w,, v)p,;+aW,, V)p)

n—+00

= lir+n (W, w)p=(w, W)p. Thus, w must vanish. The proof of the theorem is
complete.

Now we are in a position to introduce several notions related to the Martin
boundary M of the domain D. Let y(E) be the harmonic measure of the Borel
set £ of M relative to the fixed reference point x,& D.

DEFINITION 3.3. If a function # on D has a fine limit ¢(§) at pg-almost
every £ € M, we denote ¢ by yu and call it a boundary function of w.

Doob [7] has proved that every BLD function has a boundary function in
L*(M) and that u is an element of BLD, if and only if u is a BLD-function
and (yu)(§)=0 for almost all £ M. Thus,

COROLLARY TO THEOREM 3.1. u belongs to ¥ if and only if u is a BLD
Sunction and u has a boundary function vanishing p-almost everywhere on M.

Let K(x, &)= K%(x), x € D, be the Martin kernel associated with &< M.

Define, for a > 0.

33) K (x, )= Ki()=K®—af Gitx Ky .
Put for & ne M, a>0,

CX) Ud, n)=a(K*, K%)p=+co.

U.(&, ) is non-decreasing in a« and we put

(3.5 U, = lim Ua§, )= +oo.

We call U, and U the Feller kernels!®. For functions ¢ and ¢ on M, we
define

(3.6 Ulp, 9= [ U, De@dnpdepan),

@7 Ulp, )= [ UG ne@mmdeudn).
Finally, we set for ¢ e L' (M),

38) Ho(n)= | Kix, ©e@pds), x<D,

10) These kernels are symmetric g-almost everywhere (see and footnote 15)).
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(3.9) Hap()= | Klx, Oe©udd), xeD.

If ¢ € L'(M), then we have y(He)=¢'.

Here are two applications of [Theorem 3.1l

THEOREM 3.2. Let ¢ be a non-negative bounded measurable functions on
M. Then, it holds that

(3.10) Ulp, )=EY(Hep, Hp) .

Moreover, if U(p, 1) is finite, then ¢ must vanish almost everywhere on M.

Proor. It is evident that Hp € L*(D). ldentity (3.10) follows from U,(¢, ¢)
=a(H,p, Hp)p = a(Hp—aGSHp, Hp)p, =P (Hp, Hp). Assume that U(e, 1) is
finite. Then U(gp, ¢) is finite, and identity (3.10) implies that Hy must be an
element of F“. Corollary to Theorem 3.1 now implies that y(Hy)=¢=0.

Theorem 3.2 will be used in the next section. In section 8, we will refer
to the following theorem.

Let J=D\U {co} be the one point compactification of D. For a Borel
subset A of the Martin boundary M, we set [I§ (x)= Hgy(x), x4(§) being the
indicator function of the set A. Define a probability measure V3 on D by

3.11) VEE)= *"%@ij‘;'*’ if E is a Borel set of D

V4({eo)) =0.

THEOREM 3.3. Suppose that pu(A)>0. As B tends to infinity, the sequence
of measures V 4(dx) on D=D\U{o} converges weakly to the d-measure con-
centrated at {oo}.

PrOOF. By virtue of Theorem 3.2, B(/I§, 1)p= Ug(ys, 1)— -+ as § tends
to infinity. Hence, it suffices to prove that, for each open set E the closure of
which is compact in D, ‘BLH 4 (x)dx is bounded in 3>0. Choose a non-nega-

tive ue Cy(D) with u=1 on the set E. Let v be an element of C§(D) which
is less than Hy, everywhere on D and equal to Hy, on the support of u.
Then,
Bf M4 ydx = BUTE, w)p = BUHY 4, Wo— B Gy HY s
é ﬁ(’l}, u)D"—‘BZ(G%U: u)D .
Owing to the last term converges to (v, u)p, as B—-+oo. The

proof of is complete.
Turning to the study of boundary properties of a-harmonic functions, let

11) Cf. Doob [67.
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us introduce new spaces of functions on M. For a function ¢ on M, we put

Uago(f):fMUa(E, n)e(mu(dn). Define a new measure g/ on M by

(3.12) #A={ UL©udD

for the Borel set A of M. For functions ¢ and ¢ on M, set
(9 Pu= | AOPEAE)

(3.13)
(@ D= [ PO de)

G D =5 [ GO~ eoSEO— U Ppd)pdn).

Denote by L*(MYXL*(M)") the space of measurablefunctions ¢ on M such as
(@, @I < +o0 (resp. (¢, @)y < +o0). We set

3.15 Hy={¢; o= LMY and D(p, ¢)< +oo}.

B(D) (B(M)) will stand for the space of all bounded measurable functions on
D (resp. on M).

The next lemma collects the basic relations among these spaces and norms.
LEmMmA 3.1.

i) BWM)c LA(M)Y < LA (M) and there is a constant C>0 such that
(3.16) (@0, QO =Clp, Oy,  for every o= L*(M)' .
(i) For o € LMY and a >0,

(317 0=Udle, o) =(aV1Xe, @)y -
(i) For ¢ =« Hy and a >0,

(3.18) (@, o= (1V L) (Do, D+ Ulp, 9O}

PrOOF. The first inclusion in assertion (i) follows from (1., 1,)y=EH1y,
H\1,)p =the Lebesgue measure of D'®. U,;1(§) is finite for p-almost all £ = M.
It is lower semi-continuous and strictly positive everywhere on M. Hence, it
suffices to set C=1/ éngw U,1(§) to obtain estimate (3.16). Next, observe that

U,L(&) is increasing and %Ual(f) is decreasing as « increases. The first and

second inequalities in (3.17) and inequality (3.18) are the consequences of the
following equalities (3.19), (3.20) and (3.21) respectively.

12) 1, denotes the function which is identically one on M.
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(3.19) ULy, ¢)= a(Hap, Hap)p+a*(GlHaps Hap)p »
3.20) ULe, 95| [ (@0t ULE, ey

=[ HOULOuae, = LMY,
@2) D, 9+ULe =5 [ @&—60)»

(U N=Ud& DI dpldn)+ | o@PULOuAD, ¢ Hy.

N Now, denote by B/L\Da’h the/\ space of all @-harmonic functions belonging to
BLD. It is easy to see that BLD,, is the orthogonal complement of BLD, in
the Hilbert space (BLD, (,)p.ta(,)p).

Our final assertions in this section are as follows.

THEOREM 34. Fix an a>0.

(i) Ewvery bounded a-harmonic function w on D has its boundary function
yu in B(M) and u<x):Hﬂ(Tu)(iQ’ xeD.

(i) Every function u of BLD,, has its boundary function yu in H, and
u(x) = H(yu)x), x€ D. Further, it holds that

(3.22) (U, w)p, +a(u, w)p=D@Gu, yu)+Ulru, yu).

(iii) For p<= LZ(AQ’, H,p has ¢ as its boundary function. In particular, if
@& Hy, then Hyp € BLD,,, and equality (3.22) holds for u=H,p and yu=¢.
N
(iv) For u<s BLD,, the following inequality holds.

3.23) G 70 = (1V ) (G W s-tae, W},

yu being the boundary function of u.
PrOOF. (i) set

3.24) U, =ut+aGiu.

u, is a bounded harmonic function. Hence, u, has its boundary function, say
@, in B(M) and u,(x)=Hep(x), x< D'™. Since y(G},u)=0, u has ¢ as its boun-
dary function. By virtue of the equality u=u,—aG% u,=Hp—aG%H¢p and
identity [(3.3), we oP\tain u=H_,p.

(i) For u = BLD,,, define u, by (3.24). Note that G}, is a bounded opera-
tor on L¥D), so that u, & L*(D). Therefore Gl u=G%u,  BLD, (Theorem 31)
and u, BLD. Hence we have

13) Cf. Doob [6].
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(uy, ul)D,1+a(u17 uy)p = (U, u)D,1+a(u: uw)p+(aGliu, aGg+u)D,1
+a(aGlu, aGlu)p = (U, wp,+a(u, )p+(@Gyi;, aGlit)p,

'I‘a(aGoaul: CYGS.;-u)D = (u! u)D,l'I‘a(us u)D_i‘(a{ulx aGg+u)D ’
so that

(3.25) (u, u)D,1+a(u: w)p = (uy, %1)1),1—]—6((711, W)p -

Owing to Doob and Fukushima [137, u, has the boundary function (say ¢)
in L3(M) with (uy, u,)p, = D(p, ¢). Theorem 3.1 implies that y(G§.uw)
=0. Thus, in the same way as in the proof of statement (i), we have yu=¢
and u=Hyp. Identity now implies [3.22) Further, in view of equality
and the preceding lemma, ¢(=yu) must be an element of H,.

(iii) By virtue of formulae and (3.19), we see that H,p e L¥D) for
pe LA(M)'. Hence, G}.(H,p)sBLD, and y(H.p)=yHp)=¢. If, in addition,
D(¢, @) is finite, then u,=Hg¢ is BLD harmonic with (u,, u;),,= D(¢, ¢)
and identity is valid for u= H,o.

(iv) is only the restatement of [Lemma 31 (iii).

§4. An expression of the symmetric resolvent demsity G,(x,y) and a
decomposition of the Dirichlet space associated with G.(x, y).

Throughout §4, 5 and 6, we assume that we are given a resolvent G.,(x, )
of G: G(x, V) =G (x, )+ R x,y) is a conservative symmetric resolvent density
and R,(x, y) satisfies the conditions (G, a) and (G, b) stated in the beginning
of section 1.

Our first task in this section is to give an expression of R,.f, f € B(D),
which is analogous to that of Feller [117]

For a function ¢ on M, H,p defined by can be rewritten in terms of

the measure p/ (see (3.12)) as
@D Hap(n)=Hip={ Ki(x, Dp@p'@s, xeD,

with the function K (x, &), a >0, xe D, ¢ € M, defined by
{ KJ(x, &)/U1&)  if Ul(§) < +oo,

4.2 Ki(x, &)= _
if U,1(§)=+oo.

14) Theorem 1 of states that U(g, ;7):_—;‘6(6, ») when £ and 5 are exit

boundary points. Here, ¢ is Naim’s kernel and g denotes either 2z (if N=2) or
(N—2)x{area of the unit sphere}. Since D is bounded, p-almost all points of M are
exit (see footnote 15)) and Theorem 9.2 of [7] leads to this expression of the Dirichlet
integral of the harmonic function. For one dimensional case, this expression is trivially
true (see footnote 33)).
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Indeed, U,1(&) is strictly positive everywhere and finite almost everywhere on
M. For a signed measure y(dy) on D, let us put

*3) Hy&)=[ Kix Oudy), E€M.

ﬁa brings signed measure on D into functions on M. For xe D, FI’& will stand

A

for K/(x, £). When v has a density function f = B(D), H,v will be denoted by

H.f. Obviously, A.f&)= | Hz(@f(dx.
LEMMA 4.1. @) ﬁa is a bounded linear operator from B(D) into B(M), and

(44) A& = (1v ) sup 1f0)
for fe B(D), £ M.
(i) The equation
(4.5) B f—HBf+(a—pB,Gyf =0
holds for every f = B(D), a, 8>0.
(iii) The identity
(4.6) (a—B), HLHs) = Udle, $)—Us(p, §)

holds for every ¢, ¢ € B(M), a, $>0.
PrROOF. Note that g-almost all points £ M are exit in the sense that
K (x, £)>0 for some a >0 and some x& D', UL§, ) is symmetric if & and

7 are exit ([13; Lemma 2]). Therefore, jDK (y, .E)dy:ﬁa(H 1) is either

1 Ul
a UL
Inequality (4.4) follows from this. The definition (3.3) of K,(x, &) and the
resolvent equation for GY lead to equation (4.5) for bounded f with compact
support. Identity (4.5) is valid for every f< B(D) by means of the bounded
convergence theorem. Identity (4.6) follows from (3.3) and (4.5).
Now, let us state a representation theorem for

or Zero.

Raf)={ Rox, )f()y,  fe BOD).

Set A(M):ﬁa(B(D)) for an @« >0. In view of the preceding lemma, A(M) is
independent of o >0 and it is a linear subset of B(M).

To avoid confusion, we denote by 1, (resp. 1) the function on D (resp. M)
which is identically unity there. Note that 1, is, up to a set of p-measure

15) Let E be the set of all non-exit boundary points and put u=Hyz. Then aG%u
=u for every «>0. Letting o tend to zero, we obtain u=0 and pu(E)=0-
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zero, an element of A(M) because of 1 M:ﬁllp p-almost everywhere.
THEOREM 4.1. For each a >0, the function R.f, f € B(D), is expressed as

%)) R.f(x)=HiR~A,.f), =xeD,

with a non-negative linear operator B from A(M) into L=(M) satisfying the
following conditions:

@8 wesssup| Rp@|=(1V ) sup [p@l ¢ AU,

(49) (‘Pr ﬁasb)ﬁl = (ﬁ “p, Sb)l,kl ) ©, Sb = A(M)
(4.10) lim (Ly, B3 =0.

PrOOF. On account of the conditions (G, a) and (G, b), for each xe& D,
R, (x,y) is bounded and «-harmonic in y= D. By Theorem 3.4 (i), there exists
a boundary value

(411) Ra(x’ E) = ﬁne';im sz(x: y)
y—)

for p-almost all £ € M and
4.12) R (x, y)= L,Ra(x’ E)ﬁ AQIACS) for every ye D.

We set for ¢ € A(M)
(413) Rep(x)= [ Ralx, (&) (d8).
For any ¢ € A(M), R*¢p(x) is bounded and a-harmonic on D. Indeed, ¢ can be

written as FL,f, fe B(D), and, in view of identity (4.12), R*p is expressed with
this f as

“4.14) R*p(x)= R,f(x), xeD.

Thus, owing to Theorem 3.4 (i), there is a well defined function

(4.15) Bep=1Rp), ¢cAM)

and this R« is a non-negative linear operator from A(M) into L=(M). Since
1,=H]l,<(aV1DH,, p-almost everywhere, we see by (4.14) that R<1,(x)

<(aVDRJI,(x)Z1vV %, xe D, and that RBel,(&)<1v %[ p-almost every-

where, which implies the estimate (4.8). Equality (4.9) is an immediate con-
sequence of the expression (4.7) and the symmetry of R,(x,y). Let us prove
(4.10). We have for all «a >0

4.16) UalRB a0, 1) = (La, Lol < 400,
because the left-hand side of (4.16) is equal to
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a(R1 5, Bl pYye = Lur, @R )y = Qar, 7(@R ol )it -

Let {a, n=1,2, ---} be an arbitrary sequence of real numbers increasing to
infinity. Then R*rl,(£) decreases to a non-negative function (&) for every
& e M except on a set of g-measure zero. We set ¢(§)=0 on the exceptional
set. From we have Uylp, 1,) <y, 1)y for all a>0. Letting « tend
to infinity, we obtain U(yp, 1,) < +-co. now implies that ¢ vanishes
almost everywhere. Therefore, lim (1,, B*1,),=1,, ©)y =0, completing the

proof of A

Next, let (Fp, &) be the Dirichlet space associated with our resolvent den-
sity G(x, ) =G%x, ¥)+R.(x, y). Let us represent (¥, &) as a direct sum of
a potential part and an «-harmonic part. Our procedure is based on [Theoreml
4.1 and we will never use any classical tool such as Green’s formula.

Put for a > 0.

4.17) F*={GLf, f € B(D)}
HE = {Raf: fE B(D)} .

Note that g* is independent of & > 0. Let us show the following basic lemma.
LEMMA 42. (i) g*CFp and

Eu, wy=&%u, u) for us g*,

Here, &9 is the norm for the Dirichlet space F associated with the resol-
vent density GyY(x, ¥).
(i) For each >0, F* and 4% are orthogonal with respect to the inner
product
e (u, vy=&u, v)+alu, vV)p .

Proor. (i) Set u=GYf, fe B(D). Then ue L¥D) and

Ep(u, u) = p(u—PGYu, w)p— B*(Reu, u)p
= EP(u, u)—B*(Rpu, uw)p .
On the other hand, by virtue of Theorem 4.1 and Lemma 4.1,

B (Rgtt, w)p = B HeRP(HGIf), Gif o= BARPHGY), HeGif iy
2 ~ . . N
= ﬁf (RPog, 0p)u,  With pp=(H,—Hp)f .
By Theorem 4.1, we have

[R5, 09l = (RPLi, Lk S IF@I)* 0.

Thus, v € F, and &(u, u) = &9y, u).
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(ii) Owing to the preceding assertion (i), we have for f, g<= B(D) that
EXNGYLS, Ra8) =EX(GYLS, Go&)—EX(GLS, G%8)
=(G%f, Dp—E™*GLSf, G 9)

= (G?xf; g)D_(Gzoxf’ g)D =0.

The proof of Lemma 42 is complete.
According to Lemma 2.2, functions

{Gof =GLf+R.f, f € B(D)} (resp. {GLf, f € BID)})

are dense in the Hilbert space {Fj, &%} (resp. {FP, £&=}). Hence, we im-
mediately obtain the next theorem from
THEOREM 4.2. () FQC TF, and

Eu, w)=E%u, u) for ueFP.

(ii) For each a >0, the Hilbert space (Fp, £%) can be decomposed as a
direct sum:
gD:gg)@ﬂa’

Ko being the closure of {R.f, f < B(D)} in this space.

In order to refine Theorem 4.2, let us introduce the space

4.18) F ={usgp; u is fine continuous quasi-everywhere on D}.

We will call this the refinement of the Dirichlet space ¥,. We have then

THEOREM 4.3. (i) For each function u of Fp, there exists a function of &F
which coincides with u almost everywhere on D.

i) g°cF and &u, w)=Eu, u), uc FO, FO being the refinement of
the space ¥ ((3.1)).

(iii) For each a >0, the space (F, &Y) is represented as

F=FVDIH,,

with H,={ue F; u is a-harmonic on D}. R (B(D)) is dense in (IHq, E.

PrOOF. Let 4, be the space of Theorem 4.2 (ii). Any function in 4, is
a-harmonic'®, and so, continuous on D. Hence, in view of Theorem 3.1 (i) and
Theorem 4.2, we can see that statements (i) and (ii) of the present theorem
hold and that ¥ =g©@.4, Take any a-harmonic function u of & and de-
compose u as u=uP+u®, uP e g®, y® <4, Then, u* is a-harmonic and
belongs to the space BLD, (Theorem 3.1 (ii)). Hence, u®¥ & BLDomBi\Da,h and
u®=0. This proves the last assertion of Theorem 4.3.

16) Any ucs 4, is a limit of a-harmonic functions R,f,, f»rEB(D), in L?(D). Hence,
R,fn(x) converges to u(x) uniformly on each compact subset of D and u is a-harmonic
(see [15; Lemma 2.27).
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§5. The Dirichlet space (7, &€,) induced by (%, &%).

In this section, the Hilbert space (4,, &%) appeared in will be
identified with a Dirichlet space formed by functions on the Martin boundary
M.

For this purpose, we will employ the next theorem due to T. Watanabe,
which permits us to conclude that each function u of .4, has its boundary
function yu in L*M)’ and that u= H,(yu).

Take any symmetric Brownian resolvent {G,, a >0} (see the final part of
section 1 for the definition) and consider its associated Dirichlet space (E%, é)
relative to L%(D) in the sence of section 2. Set #,={u < & ; u is a-harmonic}.
Then,

THEOREM 5.1 (T. Watanabe).

A /\ A ~
H,BLD,, and &Eu,u)=w, wp, for ucH,.

Combining this with [Theorem 34 (ii), we are led to

COROLLARY. Every function u of 4, has its boundary function yu in Hy
(consequently in L¥M)) and u(x)=H,(yu)x), x& D. Further we have, for
UE I E(u, w) = DU, W)+ Uslyu, yu0).

Let us sketch the proof of [Theorem 5.1. Take a function u € .4, and set
é%(u, u) = Bu— ﬂéﬁu, #)p. Then, by definition, &(u, u):ﬁlirflmé%(u, u) < +co. It

suffices for us to derive the inequality lim é"ﬁ(u, u)= (%A(uz), 1) —a(u, u)p,
B0 D

since the right-hand side is nothing but (u, u), ;. ég(u, 1) can be expressed as

838G, W)= (for Dpr With f=28u(u—pCsu)—pu*—pCau)+Purl—pCal)p. 1t

is easy to see that fz is a non-negative function on D for each 8>0. On the
other hand, {@ﬁ, B> 0}, being a Brownian resolvent, has the following property.

I both |g| and Cpg are locally integrable, then (g—pCsg) — —5 Ag in the
p—»+oo
sence of Schwartz’s distribution. Therefore, f5 converges (as distribution) to

Zu(—é—du)ﬁ—%d(tﬂ) and we have, for any h=CP(D) such as 0<h<1,

lim é’g(u, u)g—% *r%rfd(uz)—u - du, h) . The desired inequality follows from
D

B+

this.

Now, let us consider the space (%,, €%, a >0, of Our main
assertions are as follows.

THEOREM b.2. (i) For each a >0, any function u of %, has its boundary
Sfunction yu in L*(MY and u= H,(yu).

(ii) The function space
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6D Fu=1Ha=1{p; Q=71 UE I4}
1s independent of a>0. Set for ¢, = Fy,

(5.2) e, P)=¢e*Hap, Hah)
(3 Eule, P)=E5 e, P)—Udlp, §)

then &y(@, ¢) is independent of a >0,

(iii) For each a >0, the space (Fy, XY is a Dirichlet space relative to
LMY

(iv) The space (Fy, Ey) is a Dirichlet space relative to L*M) and it
satisfies the conditions (B. 1), (B. 2) and (B. 3) stated in section 1. Moreover,
the bilinear form N(,) in (B. 2) and (B. 3) is given by the following formula.

6o N, )= lim lim lim [ [ Bids, de&—e.m).

n-+00 @+ 00 g+ 0o

Here, R(d&, dn) is a Radon measure on M X M satisfying

(5) JJ Rz, dpe@ - ¢ = (Re, Pic.

¢, g LA(M), for the symmetric resolvent {ﬁz, p >0} on L¥ (M) associated with
the Dirichlet space (Fy, E§). @, 1s a truncation of o Fy: o =(pAn)V(—n).

ProOOF OF THEOREM b5.2. The first assertion is involved in Corollary to
Theorem 5.1, since .9, of Theorem 4.3 consists of all @-harmonic functions in
{(Fp, €), which is a Dirichlet space associated with a symmetric Brownian
resolvent having a density function in G.

The first part of (ii) is a consequence of Theorem 4.3 and Corollary
to Theorem 3.1. Indeed, we have Gy = y(F° @K ,) = yF, which is independent
of a>0.

Now, let us prove the remaining assertions of Theorem 5.2 by a series of
Lemmas.

The second part of statement (ii) is contained in Lemma 5.1. The third
assertion will be proved in Lemma 5.3 by making use of Lemma 5.2. The
last assertion is just Lemma 5.4.

LEMMA 5.1. () If ¢, Fy converges to o = Fy in norm 2, then Uy @y,
©,) converges to U, ).

(i) Eeule, ¢) defined by (5.3) for ¢, ¢ = Fy is independent of a>0.

(i) lyeFy and €41y, ©)=0 for any g Fy.

PrROOF. (i) From the definition of &§7(,), it follows that H,p, converges
to H,p in L*(D). Then, on account of identity (3.19) and the estimate (u, G.u)p
<squ 1) - (u, w), for ue L¥D), we can see that statement (i) is wvalid.

17) Cf. footnote 16).
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(ii) The desired identity is
8%](90: SD)— Ua(SD’ QD) — EJEMB](sD’ gp)—« Uﬁ((/)’ SD)

for @, >0 and p= F,. Set & =p(R(B(D))), then R =y(G.(B(D))) and this
is independent of «>0. Further, ® is dense in the space (Fy, €§°) for an
arbitrary a >0, since R (B(D)) is dense in (4, €°(,)). Therefore, taking into
account of the first assertion of this lemma, it suffices for us to show the
above identity for ¢ R. Let ¢ be y(R,f) with an «>0 and an fe BD).
Then, it holds that

(5.6) E¥U o, ) =E(Rof, Ho) = %G of, Hatd)
=(f, Haip)p=(A,f, Py  for any pc Fy.

On the other hand, the resolvent equation for G, implies that ¢ can be ex-
pressed as y(Rgg) with >0 and

6.7 g§=f+(B—a)GYf +(B—a)Hap .
Hence, equations [(4.5), (4.6) and [5.6) lead us to

e, P)—Un(e, 9)=Hsg, Ou—Usle, ¢)
=1, OYu—ULlo, 9)=E5X e, O)—Ulo, ).

(iii) From equation and the identity y(aR,1p) = y(aG,lp) =1y, we have
ey, §)=a(l1p, Py=a(Hly, Hap)p= Ul ), ¢ € Fy. The proof of
Lemma 51 is complete.

Next, set for o, A>0 and u, v& Z,

(5.8) &*u, v)=&%(u, v)+AGu, )y -

LEMMA 5.2. Let us consider the space (F,E%Y,)) with a>0 and 2>0
fixed. ‘

(i) It is a real Hillert space.

(i) It is decomposed as a dirvect sum:

F=FOPA,.

Especially 9, is a closed subspace.

(iii) If a function v on D is a normal contraction of a function ue g,
then ve & and 2%, v) < &™X(u, u).

PrOOF. Theorem 4.3 and Corollary to Theorem 3.1 imply that each ele-
ment u of & is a sum of functions u® e ¥ and u® < 4, and that &**(u®,
UD) = ex(u®, uP) - A(yu®, yu®, =0.

Since £**(u, u)=&E*(u, u) for u € F, the space ¥ is closed in norm &£+4
Therefore, for the proof of assertions (i) and (ii), it suffices to show that .4/,
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is complete with metric £%% Suppose that {u,} forms a Cauchy sequence in
{Hq &%}, Then, u, converges to a function u € 4, with metric &% and yu,
converges in L*(M)’-sence to a function ¢. Since u, converges in L*(D)-sence,
the convergence is the pointwise sence'®. On the other hand, u,(x)= H,(yu,)(x)

— Hp(x) for each xe D. Hence u=H,p and yu=¢. The last statement

n- +0o

of follows from the facts that (&, &) is a Dirichlet space and that
[rv@ | =lyu®)| for p-almost all § = M.

We will mention here the consequences of Let ¢ be in L*(M).
Owing to (i), there exists a unique element u%?* of & such that
the equation

(5.9) e ugpt, v)=(¢p, yv)y  holds for all ve .
By virtue of [Lemma 92 (i), we can conclude that
(5.10) UGt S Ha,

since (5.9) implies &**(ug?, v)=0 for allv € F°. Furthermore, u$* enjoys the
property :
(G.11) O=sugpri<l f 0=,
We can see this from the final statement of and the fact that
u$* is the unique element of & minimizing the functional @)=&*(, v)
1 1 N
A(pv——= ¢, pv——s-9) .
+i(rv—7 0 v 79),
Set, for o = LA(MY,
(.12) Reo=yusic gy,
then we have
LEMMA 5.3. Fix an a>0.

(i) For each 2>0 and ¢ LA(MY, Nj{go defined by (5.12) is the unique ele-
ment of T, for which the equation

(5.13) EFR o, D+ AR 0, Py = (@, P

holds for every ¢ & Fy.
(i) {R¢, 2>0} is a symmetric resolvent on L*(M)’ (see Definition 2.1.).
(i) (Fy, E?) is just the Dirichlet space relative to L* (M)’ associated with
the above resolvent. In other words, ¢ € LA(M) is an element of T, if and
only if lir|n el (@, @) is finite, and in this case the limit necessarily coincides
100

with (e, ). Here,
(5.14) EL(e, §) = plo—pR 50, )y .

18) Cf. footnote 16).
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Proor. (i) By (5.9), (5.10) and (5.12), the equation E%*H R%¢, H.)
=(¢, )y holds for every ¢ = F,. Rewrite the left-hand side to obtain (5.13),
which obviously characterize B%p in F,,.

(i) In view of (5.13), ﬁﬁ‘ is a bounded linear operator on L*(M)’. Further,
by (5.11), we have AR¢1<1 and F$¢ >0 for ¢=0. Symmetry and the resol-
vent equation for {£¢, 2>0} follow from assertion (i).

(iii) Note that, for each 1> 0, the space (F y, €57(,)+A(,)y) is a real Hil-
bert space, since the space (4, €04 is. Identity (5.13) for the resolvent
{R¢, 2>0} now implies assertion (iii).

LeMMA 54. (1) For o= Ty, E4(p, ¢) 1s expressed as Ey(@, )= D(p, @)
+N(p, ¢) with D(p, ¢) and N(gp, @) defined by (3.14) and (5.4) respectively. In
particular, F 4 is a linear subspace of Hy.

(i) G, contains constant functions and N(1, 1)=0.

(iii) For each 2>0, (Fu, Eu(,)+2(, ) tS a real Hilbert space.

(v) If ¢ is a normal contraction of ¢ & Fy, then o= Fy and N(p, )
= N, §).

Proor. (i) Take ¢ in F, and define ¢, by ¢,=(@An)V(—n), n=1, 2, ---.
Then, ¢, F, and

(5'15) nEf_I:ogM(gom GDn) - SM(SD’ QD) .

Indeed, for any a >0, (F4, &5 is a Dirichlet space (Lemma 5.3 (iii)) and there-
fore Lemma 2.1 implies that ¢, € ¥ and lim (€3(@n, )+ Un(@Pns @u)) = Exlp, ¥)

+ U o, ¢). On the other hand, Uy e, ¢.) converges to Uy, ¢) because of
identity (3.20).
We will compute €y(¢,, ¢,). Owing to Lemma 5.3 (iii), it holds that

(5.16) Eu(Pny Pn) ———-ﬂljrflwé’ﬁi‘ﬂﬂ(som ©n)—UolPry ©n)

with &4}, defined by (5.14). The right-hand side of (5.16) is independent of
a>0 (Lemma 5.1 (ii)). Rewrite & (¢, ¢,) as'®

1 0~ ~
GID  EBow o) =51 [ RidE, dn)Xeu®—out+p(—pREL ¢iy -
On account of Lemma 2.1 and Lemma 5.1 (iii), we see that ¢ € ¥, and
(.18 &R, ey =1—pRa, obYy— ex(, o)+ UL, ¢2) = U1, ¢2).
ﬂ-b-i—oo

Combining (5.16) with (5.17) and (5.18) and employing equality (3.26), we arrive
at

19) Cf. [2].



80 M. FUKUSHIMA

G190  Culpw o= [ [ @O0 ULE, D))

+lim 2 [ Re(dg, dn)ea(®—ealn)

p-r+oo

for each n and a > 0.

Statement (i) of our lemma can be derived from by letting « and
then n tend to infinity.

(i) This assertion is immediate from [Lemma 51 (iii) and formula (5.4).

(iii) By (iii), the space &, is complete with metric €4(,)
+UL@, ©)+A(C, Yy for a>0. In view of inequality [3.17), we arrive at conclu-
sion (iii).

(iv) This is a consequence of (iii) and formula (5.4).

The proof of is now complete. We should point out here
that the space (&, €,) characterizes our resolvent density. Precisely,

THEOREM 5.3. Consider two elements GP(x, y) of the class G, 1=1,2. We
associate the space (FP, &) with GP(x, y) by means of Theorem 52, i=1,2.
Assume that (FR, D =(FP, &Y, then GP(x, W=GP(x,¥), a >0, x,ye D.

ProOF. Let (F®, &™) and (4§, &) be the spaces of Theorem 4.3 asso-
ciated with GP(x, ), i=1,2. We have by assumption HP =H(FP)=HAFP)
=4 and EP*(u, w)=EP(yu, yu)+Ulru, yw)y=ERGu, yu)+ U (yu, yu)=*"*(u, u)
for ue «P. By Theorem 4.3, we see that (FP, &) = (F®, £&2=) and that,
for every u, v € L3(D), (GPu, v)p, =E2H(GPu, GPv)=P*(GCPu, GPv)= U, GPV)p,
from which the conclusion of Theorem 5.3 follows.

§6. Boundary condition.

In the preceding two sections, we have investigated the structure of the
Dirichlet space (F'p, &) associated with a given element G.(x, y) in G. Consider
the space (BLD, (,)p,) in section 3. On the ground of [Theorem 3., 3.4, 4.3,
5.1 and 5.2, we can state the relation of the refinement F%® of &, to the space
BLD as follows.

THEOREM 6.1. (i) BLDOCQCBfD,

(i) Each function u of F has its boundary function yu in Hy and it holds
that

6.1 E, )=, Wp,, +N(Gu, yu),

with a bilinear non-negative form N on yF. Moreover, if v is a normal con-
traction of ue F, then ve F and N(yv, yv) < N(ru, yu).
ProorF. The first assertion is immediate from Theorem 3.1, 4.3 and 5.1.

20) See (4.18).
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Indeed, for a fixed a >0, the Hilbert space (F, &%) is a direct sum of the space
N\

F“=BLD, and the space .4, the latter being a subspace of BLD, ;. In order

to prove equality decompose u € F as U =u;+u,, U, € F°, u, = 4, Then,

(62) (up uz)D,1+a(u1: uz)D =0.
By and 4.3 (ii),
(6.3) EX Uy, Uy) = Uy, Uy)p,s+a(Uy, U)p .

Combining [Theorem 52 with [Theorem 3.4 (iii), we see that u, has its boundary

function yu,=yu in H, and

(6'4) EX Uy, Uy) = (Uy, uz)D,1+a<u2’ uz)D‘['N(Tu: Tu) .

Formula [(6.2), [(6.3) and [(6.4) lead us to equality [(6.1) The properties of N
stated in this theorem are implied in

Our next task is concerned with an expression of the boundary condition
for the class G.

DerFINITION 6.1. 1If, for a function u = B/L\,D, there exists an f e L¥D) such
that the equation

(6.5) (W, V)p, =, V)p

holds for every v € BLD,, then we will write

6.6) § du=—f.
The set of functions u satisfying the above property will be denoted by 9(4).
We call such 4 the generalized Laplacian with domain 9(J4).
We notice that the equation holds for all v BLD, if and omly if it
does for all v CP(D) (see the paragraph following Definition 3.2).
2

Thus, u is an element of 9(4) if and only if u e BLD and é-axTu in the

=1
sense of Schwartz’s distribution is a function of L%D). The notion 4 in
is nothing but the Laplacian in the distribution sense.

For a given element G, (x, y) of G, let us put
(6.7 D=GLXD)={u; u=G.f= LGO«(-, Nfdy, feLXD)}.

The space @ does not depend on a >0. Let &, be the space of [[heorem 5.2
and N, the form of (5.4). The next theorem will characterize the space @
(and consequently, the element of ).

THEOREM 6.2. A function u belongs to @ if and only if

Q) ueald), and

(2) u has its boundary function yu in F 5 and it satisfies, for every gETF y,
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©68) Déru, §)+Npu, §)-+ (-5 du, Hg)p=0.

PrOOF. Take a function u of 9. For a >0, uis equal to G,f =G%f+R.f
with an fe L¥D). The function u is an element of & and we have &%, v)
= &u, v)+alu, v)p, =E*NGYf, v)=(f,v)p for every v BLD, On the other
hand, according to the preceding theorem, u belongs to B/L\D and &(u, v)
=(u, v)p,, for every ve BLD,. Therefore, u s D(d4) and

(6.9) = au—f.

Next, by making use of the identity
(6.10) &u, Hp) =E*(Rof, Hp), ¢ EFu,

we will derive formula (6.8). The left-hand side of (6.10) is equal to (f, H.¢),
and the right-hand side can be expressed in terms of yu=y(R,f) as D(ru, ¢)
+U(ru, $)+N(ru, ¢) (Theorem 5.2). Hence is suffices to show

611 (s Helo— Uy, )= — (54, Hp)o.

Note that (|g|, |H¢|)p is finite for g L*(D) and ¢ = L*(M)’. In fact, it is no
greater than (|g|, |Hup|)p+a(lg], Gl|Haup|)p, which is finite because H,¢
SLXD) (see (319) and (lgl, Gh|Hog o= (sup GLIWNE, DoHob, Hatb)p.

Equation (6.11) now follows from (6.9) and a formal computation as follows:
(f’ Hasb)D—Ua’(Tu’ ¢‘) :(f; Hgb)D——a(G?xf: H¢)D_a(Ra'fr H¢')D .
Conversely, suppose that a function u satisfies conditions (1) and (2) of our
theorem. Set f= au——%—du, v=G,f and w=u—v. Then, we have %—Aw = aw
or equivalently,

(6.12) w, v")p,+aw, v)p=0 for every v’ € BLD,.

Hence, wEBfDa,n and w=H,(yw) (Theorem 3.4). However, w satisfies the
condition (6.8) for all ¢ € Fy. Set ¢=7yw. Then we have U,(yw, yw)=0
which implies that w=H,(yw)=0 in view of identity (3.19). Thus, » must be
an element of 9.

§7. Construction of the symmetric resolvent density.

In the present section we are concerned with the converse problem to that
of sactions 4 and 5. For a given space (¥, &) described just below, does
there its associated resolvent density G.(x,y) of G exist? The answer is
affirmative.
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Define the bilinear form D and the function space H, by [3.14) and [3.15)
respectively. We start with a function space &, and a non-negative sym-
metric bilinear form N on &, satisfying the following conditions: (B. 1) ¥,
is a linear subspace of H, and it contains constant functions, (B. 2) {F, D(,)
+N(,)} is a Dirichlet space relative to L*(M)’ and N(1,1)=0 and (B. 3) if ¢
is a normal contraction of ¢ & F,, then ¢ € F, and N(¢, ¢) < N(p, ¢).

For ¢ and ¢ & F,, set

(7.1 En(p, )= D(p, $)+N(p, $),
(7.2) Eile, Py=eule, H+ULe, ), a>0.

By the assumption, the space &, is complete with the metric &,(,)+A4(,))
for each 2>0. On the other hand, inequality leads us to

(3) (o, o= (1V =), ),

0EFy, a>0.

By virtue of inequality and (i), &4 defines a metric on &,
equivalent to €,(,)+A(,)p 2>0. Hence, the space (F,, &%) is a real Hilbert
space for each « >0. Further, implies

LEMMA 7.1. Fix an a>0. For each ¢ = L* (MY, thereis a unique element
Rep = 4 such that

(74) PR, )= (0, )i
for every e Fy.
For @ >0 and ye D, the function K/(y, &) defined by [(4.2)is in B(M) and

so in L¥ M) as a function of £ M (Lemma 3.1 (i).
DEFINITION 7.1. For x,y= D and a >0, set

(7.5) Ru(x, y)=HzR =My,

with B® of the preceding lemma (see section 4 for notations H% and HY).
Further, we set

(7°6) Ga(x: y) = Ggf(x! y)_l_Ra(xr y)

with above R, and the resolvent density GY of the absorbing barrier Brownian
motion on D.

We will show the following theorem.

THEOREM 7.1. Suppose that a function space F, and a non-negative definite
symmetric bilinear form N on F, satisfying conditions (B. 1), (B. 2) and (B. 3)
are given. Then, the following statements hold.

(1) Gulx,y) defined by Definition 7.1 is an element of G ; it is a conservative,
symmetric resolvent density satisfying conditions (G. a) and (G. b).
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(i) Let (Fp, &) be the Dirichlet space relative to L D) associated with this
Gu(x,¥). Foreach a>0, decompose {Fp, &4(,)=&()ta(,)p} as Fp=FP+IH,
by means of Theorem 4.2.

Then, we have

YIHo=Fy and E(u, v)=E(Gu, 7v)  for u,veE Id,.

Owing to we obtain

COROLLARY TO THEOREM 7.1. Under the assumption of Theorem 7.1, there
exists a unique element G (x,y) of G such that every function of G (L*D))
satisfies the boundary condition (6.8).

Before proceeding to the proof of [Theorem 7.1, we prepare two lemmas.
For ¢ € B(M) and a >0, we set

Up&)/U 1) if U, 1)< 400,
it U,1(6)=+oco.
Following the argument in the proof of Lemma 41,

7.7 wp(§)=

(7.8) Uhp(®)=aH (Hp)E)  for p-almost all &< M.

Further we have easily
1
(7.9 1, (1 \YJ fa—>U Ay p-almost everywhere.

LEMMA 7.2.  Consider the operator B* of Lemma 7.1.
(i) For each a >0, B= is a positive linear operator.
() ReUily=1y, a>0.
(i) R* is a bounded operator on B(M) with norm less than 1V —Cl(«».

(iv) Rop—RPo+RYU,,—UpRlp=0, a, 80,
o< B(M)*.

Proor. (i) We can see from condition (B. 3) and identity (3. 21) that
every normal contraction operates on (F,, &%%); if ¢ is a normal contraction
of ¢ € Ty, then p e F,, and (e, ©) < (P, ¢). Thus, B must be positive.
(ii) and (iv). For ¢, g F y, since €x(p, 1)=0 and &5 (@, P)=Exu(@, P)+(@, Uid)y,
equalities of (ii) and (iv) follow from equation (7.4) through simple computa-
tions. Assertion (iii) is a consequence of (i), (ii) and inequality (7.9).

LEMMA 7.3. Suppose that a function ¢*(§), x= D, &£ M, is jointly measur-
able in (x, &) and bounded in & for each x & D. Let y be a signed measure on D

such that @)= [ ¢(€w(dx) is bounded in § € M. Then, it holds that
D

21) See Neveu for an analogous formula.
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J @, Regmintdny= (¢, Ro¢*)i

for every ¢ & LX(M)'.
PROOF. By equation R« is symmetric on LXM). Integrating the
identity
@, Roo™y = (B¢, o)
by v, we have

[ @ Rogotdn =(Beg, o=@, R

PrROOF OF THEOREM 7.1 (i).

Condition (G. a). Ry(x, y):Hﬁﬁ‘“‘fA]?gl is a¢-harmonic in x € D for each ye D.
Its non-negativity is due to ).

Condition (G. b). Take a compact set K of D. In view of (iii),

o~

sup R(r, )= _sup R“'%(E)é(lvﬁol; sup HY(&) < +oco.

x=D,yEK E=M,y teM,yeK

A

Symmetry. R(x, y)_(H ReHy)Y, is symmetric in x, y= D, since R~ is
symmetric on L*(M)'.

Conservativity. By [Lemma 7.3, identity and (i),
aR1p()=af (Hz, ReHYYydy
:a(H B (H 1D))M—“(H aU el
= H§l y(x) = 1—aG15(x)

and, therefore, aG,1,(x)=1, x< D.
Resolvent equation. By making use of the resolvent equation for G9% and
equation (4.5), we can see that

Gol®, ) =G, 9)-Ha—P)f Gulx, )Gz, )iz
is equal to

(7.10) (Hz, B=AyY,—Hz, BeHY Y i

Ha—p)f (g, Ry Ty, ROy Yz

Ha—p)f Hz, ReHDLGY(, iz

By virtue of and equations and [(4.6, {7.10) is seen to be iden-
tical with

(7.11) (Hz, ReHYYy— (g, REAYY,+(Hg, BU4—UpRPAY),
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which vanishes according to @iv).

PROOF OF THEOREM 7.1 (ii). Set W, =H(Fy)={u;u=H.p, o= F,} and
&N u, v) =E5(ru, yv) for u, ve H,. It suffices to prove that (47, £%) coincides
with the space (4,, £%). Space (4%, &%) is a real Hilbert space since (ZF,, &)
is. We can see that R,.f, f € B(D), belongs to 4/, and satisfies

(712 EYRLf,V)=(f, V)p for every ve 5.
Indeed, according to R,f(x)=H%R*H,f). Hence R,f < 4, and
" (Raf, Ho) = SR H.f, §)
=S, =, Hi)p  for g = Ty

Evidently, R.f, f € B(D), is an element of 4, and equation is still
valid if €7« is replaced by €* and 4/, by 4, Thus, R (B(D)) being dense in
both spaces %, and .9, (4}, &) must be identical with (4 ,, £).

§8. A class of diffusions including the reflecting Brownian motion.

In the preceding sections we have established a one-to-one correspondence
between the class G of symmetric resolvent densities and the class of pairs
(Zy, N) satisfying conditions (B. 1), (B. 2) and (B. 3).

Denote by G, the totality of G,(x,y) in G such that the corresponding
form N(,) vanishes identically on the corresponding space ¥,. According to
those arguments in the preceding two sections, we can assert as follows.

THEOREM 8.1

(i) There is a one-to-one correspondence between the class G, and the class
of function spaces F, satisfying

(B,- 1) &, contains every constant function on M and F 4 is a linear sub-
space of Hy.

B,. 2) Fy is closed with the norm D(,)+A(, )y for a 2>0.

(B,. 3) Every normal contraction of an element of F, is also an element
of Fy.

(1) A lLinear space & of functions on D with a bilinear form &(,) is the
refinement®® of a Dirichlet space associated with an element of G, if and only
if & contains every constant function on D, BLD,C ¥ C B/L\D, e, u)=(u, w)p,
for every ue F, F is closed with norm &%(u, u) = (u, w)p,+a(u, u), for an a>0,
and finally, every mormal contraction of an element of F is also an element
of .

(i) For any element G x,y) of Gy, the function u=G,f (f € B(D), a > 0)
belongs to the space BLD and

22) See (4.18).
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3.1 (u, Wp,,+a(u, W)p=u, p.

Proor. Conditions (B,.1), (B,.2) and (B,.3) of the first assertion are noth-
ing but conditions (B. 1), (B.2) and (B. 3) with N(,)=0. Suppose that a space
(7, &) satisfies all conditions of statement (ii). Set F,=7rZ. /(\)wing to Theo-
rem 3.4, H(F,) is the projection of (&, &) to the space BLD,,, and Fy is
closed with norm D(,)+U.,). Hence, &, satisfies conditions (B,.1) and (B,. 2)
(see the argument preceding Lemma 7.1). The same procedure as in Lemmas
5.2 and 5.3 can be applied to obtain the property (B,.3) for ,*®. Let Gu(x, y)
be the element of G, which corresponds to this &, by means of assertion (i).
Then, by virtue of Theorem 4.3 and 7.1, we can see that (&, (,)p,,) is the
refinement of the Dirichlet space associated with this G.(x, y). Property (iii)
follows from statement (ii).

Our main interest of this section lies on those Markov processes associated
with elements of ,. As was seen in the final argument of section 1, all the
results of section 3 in the article [15] are valid for every resolvent of the
class G.

Further, as far as the elements of the class (), are concerned, all the
statements of [15; Section 4] are valid, since we never used in [157] any special
property of the resolvent density of the reflecting barrier Brownian motion
expect the above idensity (8.1) (see [15; (4.11)7). Thus, we have the following
generalization of [15; Theorem 2].

THEOREM 8.2. For each element G (x,y) of @,, there exists a diffusion
process (a strong Markov process with continuous paths) X =(X,, Py, x = D*) on
an extended state space D* and X has properties (X.1), (X.2) and (X.3) men-
tioned in the final part of section 1.

Here are two extreme cases of elements in G;.

(D. Resolvent density of the reflecting Brownian motion. This resolvent
G (%, ¥) = GY%x, y)+R(x, y) was defined in by means of the equation

(82) (Ra(x, '): U)D,l —i—a(Ra(X, ’)’ U)D ::v(x)

for every v BLD,, This is fitted for the case that &, — H, and & =BELD.
Indeed, the same procedure as in the proof of [15; Lemma 2.107 is applicable
to get from the following equation for R,f, f € B(D),

(83) (Raf’ U)D,1+a<Ra'f! v)D = (f7 U)D
for all ve BfDa,h. Equation implies that the Dirichlet space & associated
with the resolvent satisfying is just the space BLD. Note that the result

23) All assertions of [Lemma 52 and 5.3 are still valid when we replace & by the
space in the latter statement of [Theorem 81 (ii) and &=(,), by (,)p.+a(,)p. Thus,
Gy (=r%F) is a Dirichlet space associated with a resolvent on L2(M)’.
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in the preceding section gives another method to construct the resolvent den-
sity satisfying (8.2)%%.
The boundary condition for u e G(L*D)) is now

@84) DGru, §)+(5-du, HP)p=0  for every ¢ & Hy .

Formula means that v € G (L% D)) has, as its generalized normal deriva-
tive of Doob (in a slightly modified sense), a function identically vanishing
on the boundary M.

(II). The case when 4 1s trivial. Let &y be the set of all constant func-
tions on M. &, satisfies conditions (B,.1), (B,.2) and (B,.3) of
trivially. The corresponding resolvent in G, is

VIFENING))
— (N0 _TaN /T aNS s
(85) Ga(x: y) = Ga(x: y)+ Oé(ﬂa, ]-D)D ’
with [7 (%)= H,1,(x)*®. In fact, by Defimition 7.1, R.(x, y) is equal to HzR~Hy
with B=AY in @, satisfying equation [7.4) for o= HY. Hence R*HY is a con-
stant and

A

( Z, lM)flI — Ha(y)
Ua( M lM) a(”w 1)D )

By virtue of the corresponding process X to is a diffusion.
However, it may generally include branching points on D*—D in Ray’s sense?®,
Suppose that, the relative boundary 0D of D is so smooth that G%(x, y)—0
and IT (x)—1 (a>0) as x goes out of any compact subset of D. Then, the
Martin-Kuramochi type completion D* of D with respect to {G,(x, ¥)} of
is just the one point compactification DU {co} of D and the extended resolvent
density is given by

Refly =

(8.6) G ({oo}, )= mlif{g}Ga(x, V)= /P T >0.

Hence, owing to the measure aG, ({0}, ¥)dy converges on D\U{oco}
to the J-measure concentrated at {co} as a tends to infinity. Thus, we can
conclude, under the assumption on the smoothness of D, that to the resolvent
(8.5) corresponds a continuous Hunt process on DU {oo} (including no branch-
ing point).

Finally, we note that, besides above extreme cases (I) and (II), there may

24) Cf. [14]
25) The space D=G,(L2(D)) for this resolvent is characterized as follows. ucQ

if and only if u&9(4), v has a constant boundary function and j du(x)dx=0.
D

26) Ct. [15].
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be many elements of &,*”. For instance,

(IID) Brownian motion on a torus. Consider an open square D={(x;, X,);
0<x;<1,i=1,2}cC R®:. The Martin boundary M of D consists of all its
sides. Put

Fir={p € Hy; p(x, 0))=¢((x,, 1)) and
o(0, x))=¢(, x,))  p-almost everywhere} .

g% satisfies conditions (B,.1), (B;. 2), (B,. 3) of Therefore, we can
associate an element, say G¥(x, v), of the class G, with the space ¥%. Let us
show that the corresponding diffusion in is the Brownian motion
on the torus K=[0, 1) x [0, 1). Denote the resolvent density of the latter by
GZ(x, y)*®. Since the Martin-Kuramochi type completion of the domain D with
respect to functions {G7(-, y), y = D} is just the torus K, it suffices for us to
show that G¥(x, »)=G(x, 3), 1,y € D. u()=[ Gix, Ay, with f((x,, %)

= f,(x) - fo(xy), f: €CL0, 1), i=1, 2, has the following properties.

(T.1) u and its first derivatives can be continuously extended to [0, 1]x[0, 1],
periodically such as u((x,, 0) = u((x,, 1)), u((0, x))=u((l, x5)), Uz ((x;, 0)=
Ugy((x1, 1))y 1,((0, x2)) = 15 (1, %)), for every xy, x, € [0, 1%

1/ 0° 0*
(T.2) T<—85%"+73E) u(x) = au(x)—f(x), xeD.
Hence, u € 9(4) and yu e g%. Further,

DG, §)+-(—5-du, HY) = (HGw), H)pso—5-(dut, H)y

= jM%(f)Gb(@U(dE) - 0 for any gb = EF%} 30) .

Thus, by we have u=G%f and consequently, Gi(x, y)=GZ(x, ),
x, ye D.

27) It is plausible that the class G, is characterized by a family of partitions of

the boundary M.
28) GZ(x,y) is the Laplace transform of the transition density p(¢, x, )=

> g, x, (y1+m, y.+n)). Here, g(t, x,y) is the two dimensional Gauss kernel.
m,n=—00

29) u,, denotes the derivative of u with respect to the variable x; (i=1, 2).

30) The second equality for ¢ < Hy is obtained in the similar manner as [15; foot-
note 5]). u denotes the normal and ¢ denotes the linear Lebesgue measure on M. ¢ is
absolutely continuous with respect to the measure I3



90 M. FUKUSHIMA

§9. Cases of a circular disk and an interval.

() The case of a circular disk.

Let us examine the case when D is an open disk of radius 1. The Martin
boundary M of D is, in this case, identified with its circle whose points can
be characterized by the parameter §; 0< 6 <2z. The Feller kernel U(,) is a

. 1 L
constant multiple of T—cos (6—0") and the space H, is given by
©.1) Hy={pc L*d0); D(p, ¢)

2w 21 /
=cf [ O~ 0= 20 < ooy,
C being a positive constant.

Suppose that the functions sin # and cos § belong to the space &, of Theo-
rem 5.2. Then, by making use of formula (5.4), the bilinear form N(,) of
this theorem can be expressed explicitly as follows. For any continuously
differentiable function ¢ € F,,

02 No o= o @rsan ][ @ —eorron, i),

where, v is a finite measure on M and @ is a symmetric Radon measure on
M x M off the diagonal such that, for any ¢ >0,

©9.3) §1 0 0,000, dO) < oo,

9.4) f f 0oL €08 (00 )D(B, ") < oo

We note that the convergence condition [9.4) for the Levy measure @ may
not be satisfied in general*”. For instance, choose a measurable function a(f)
bounded below and above by strictly positive constants and set

1
Q*(, 0)= 7 )
( ) (1—cos (0——6’))(1—005 igﬁ—>>

N*(p, ¢)=[ "¢/ @ra@)d+( " | ")) 0%, d8do"

g4 ={p<= H,; ¢ is absolutely continuous and N¥(¢, ¢) is finite}.

The space &% is non-trivial, since it contains the function sin®?§. The measure

31) In this sense, our boundary condition for the disk is never included by
the Wentzell boundary condition [23].
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&%, 6)d6d0’ satisfies condition [9.3), but does not satisfy [9.4) However, the
pair (g%, N*¥) clearly satisfies conditions (B. 1), (B.2) and (B. 3), and hence, on
account of [Theorem 7.1, we can construct a resolvent G,(x, y) of the class G
which corresponds to this pair (in the manner of [Theorem 5.2). I don’t know
whether the closed disk D is identified with the state space D* (the Martin-
Kuramochi type completion of D with respect to G,(x, ¥)) on which the asso-
ciated strong Markov process moves.

(II) One-dimensional case.

In this case, D is a finite open interval (g, b) and the Martin boundary
consists of two points ¢ and b. We can express explicitly all the resolvents
in the class G.

(I1) The case when F, is trivial; circular Brownian motion.

This is one-dimensional case of section 8 (II). The corresponding resolvent
is expressed as [8.5) The boundary condition is u(a)=wu(b) and u'(a)=u'(b)**.
The corresponding process is a conservative diffusion on the one-point com-
pactification of (g, b)) and, as one easily sees, it is nothing but the Brownian
motion on a circle.

(Il,) The case when F, is non-trivial.

The space 7, satisfying (B.1) and (B.2) necessarily consists of all func-
tions on {a, b}. N(¢, ¢) satisfying (B.2) and (B. 3) is written as

9.5 N, ) = r(p(@)—(b))*

with a non-negative constant x. Thus, this case is completely determined by
each k>0. Take a £=0. By means of one-dimensional Brownian measure
and Brownian hitting time to a and b, we set HZ(a)=E (e *%; g, < 0,) and
HZ(b)=E, (e %% ; g,< 0,), a < x<b. Rewriting formulae and we can
derive the following expression of the corresponding resolvent density.

Ifz(a)) ’

(9.6) Galx, )= Golx, y)+HEa), HE(b) A ( Hub)

where A< is the inverse of the regular matrix
UP4k+U%, —U®—£+UZP
—UP—r U, U“”+1c+UZZ’) '
Here, U% = U(a, b)p({a})p({b}), U = U (a, a)p({a})p({a}) and so on*®. Theorem

0.7 M= (

32) See footnote 25).
33) U%,D:Uga:b;a»(l—\/?;cosech V2a (b—a)),

b—2a (V2a coth vV2q (b—a)—1) and

Uee=Ubt=

b—a
ab_Jrba___~ 7
Us=0"= 5
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6.2 states that u e G, (L%a, b)) if and only if (1) u € 9(4), (2) u(x) has limits
at a and b and

2(u(@)— (U -+ )+ | :Au(x)H{,” (@)dx =0

—2u(@)— (XU *+£)+ | :Au(x)Hg(b)dx —0.

It is easy to see that these conditions (1) and (2) are equivalent to the follow-
ing simple conditions: (1Y u, ¥’ and u” are square integrable. Here u’/ and
u” are the Radon-Nikodym derivatives. (2)’ u and u’ have limits at ¢ and b

and

w/(@)+(ub)—u@)r =0
' (b)+(uw(a)—ud)e =0.

Thus, as for the one-dimensional case, the boundary condition is

reduced to Feller’s one applied to the class G.
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