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On the Green Functions of 1-Dimensional
Diffusion Processes

By

Yuji KAsaHARA, Shin’ichi KoTan: and Hisao WATANABE

§0. Introduction

Let X= {X,} be a Markov process with a measurable state S. The Green
operator G, (¢=0) of X is usually defined by
Guf3) = EL | e fuxpa]
= Gutx, Y

for every bounded measurable function f(x), where
Ga(x, E) = S‘” P (X,C E)dt .
0

For every a>0, G, is always well-defined, but G, does not exist in general, as is
seen in the case of 1- or 2-dimensional Brownian motions. However, in many
cases, G, f can be defined to be the limit of G, f as a—0 if we restrict f to be in
a certain class of functions, called the domain of the potential operator. There
have been a lot of works on potential operators for Markov processes, e.g. G.
Hunt [1], J. Takeuch,i T. Yamada and S. Watanabe [2], G. Kemeny-J.L. Snell [3],
R. Kondo [4], K. Yosida [5], K. Sato [6] and T. Arakawa and J. Takeuchi [7].
An important class of recurrent Markov processes for which we can define
potential operators is the following: Suppose that G,(x, dy) (¢>0) has density
ga(x, y) with respect to a measure v(dy) of the following form:

©.1) ga(x, y) = h(@)+u(x, y)+e(x,y; @),
where A(a)—cc and e(x, y; a)—0 as a—0. Then it is clear that for a reasona-

bly broad class of functions with v-integral 0, i.e. S f(x)v(dx)=0, we have
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lim Guf(®) = lim jsgw(x, POy

= 1im | {g.(x, »)~ K@} @)

@50
= utx, yow@y),

which suggests that we can define G, as

02 Gof9) = | utx, yYOWy)

For example, in the case of 1-dimensional Brownian motion, we have

V(dy)=dy, h(a)=%2—as u(x, y) = —|x—yl,
and

Gof9) = | 13—y f0t@y)

for every function f with compact support satisfying Sw Sfx)v(dx)=0. We

remark that the representation (0.1) is explicitly given for stable processes [2]
and Bessel processes [7]. This representation is useful in many cases; for ex-
ample, one of the authors [8] has recently obtained a limit theorem for occupa-
tion times based on the representation (0.1).

The purpose of this paper is to determine the class of all 1-dimensional
diffusion processes having the representation (0.1). Incidentally, this class of
diffusions is also characterized by the same kind of conditions as “normality”
in [4]. We will see that this problem is closely related to a comparison theo-
rem of Green functions of one-sided diffusion processes, which itself is of
interest and has been studied by many authors (cf. [9]-{12]). In fact, charac-
terizing this class in terms of speed measures will turn out to be equivalent to
finding a necessary and sufficient condition for the Green functions of any two
one-sided diffusion processes to have the same asymptotic behavior when a—0:
Let X(¢) be a diffusion process with state space (— oo, o) having the infini-
tesimal generator ‘% %c and X,(¢) [or X,(?)] the diffusion process with genera-

tor ‘-11 d—d restricted to (— oo, 0] [or [0, o) resp.] (0 is a reflecting barrier).
'm dx

Then, denoting by gu(x, y) [or g,%(x, )] the Green kernel of X(¢) [or X (),
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i=1, 2, resp.] we will see that g,(x, y) has the representation (0.1) if and only if

: ga(z)(O, 0) <
0.3) lim .50, 0) (£ +0)

exists (Theorem 1).
Next we show that the latter holds if and only if

0.4) m#Y) (<4 oo)

*>= 14y(X)
exists, where u,(x) [or u,(x)] denotes the inverse function of xm(—x, 0)
[or xm[0, x) resp.] (Theorem 2). We will also obtain the explicit formula of
u(x, y) for processes having the representation (0.1); if the process is null-
recurrent and if we take the scale s(x)=x as usual, we have

u(x, y) = ——;—lx—yl +0(x+7),

where 6 is a constant (Iﬁ | g%) depending on the limit (0.4) .

In the last section we will give a Tauberian theorem for h(a), which is a
generalization of the result for one sided-diffusions obtained by Y. Kasahara

[9].

§1. 1-Dimensional Generalized Diffusion Processes

Let m(dx) be a Borel measure on R=[— oo, oo] satisfying the following
conditions: There exists an interval [/_, /,]< R such that

m((x—) x+))< oo for every (x—s x+)C[l_, l+] H
and
m({x}) = oo forevery xe&(l_,1,).

We shall call a measure m(dx) with the above property an inextensible measure.
Without loss of generality we may assume O0<[/_, /,]. Throughout this paper
we use the convention:

ceco =00 ¢>0 and =0 if ¢=0, and =0.

1
o
We introduce a generalized diffusion process {X,} with speed measure
m(dx) and scale s(x)=x as follows.
First define a pair of functions {#(x, @), ¥(x, @)} on R? by the equations:
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x

an 8(x, @) = 1+a [ (=)0, Imidy), »
0

Y5, @) = v+a [ =), i)
Here for xe£(I_, I,) we define
¢(x, @) = [P(x, a)| = oo.
{¢, v} are, roughly speaking, the unique solutions of

d_dp_

—_ = , 0,&) =1, ¢'(0—,a) =0
m(dx) dx at, 40, a) i @)

m(dx) dx ’ (0’ ) 0 ’ (0 ’ ) 1 ’
For a>0, set

hoe) = im ¥ D and b () = — lim L&D
EZ IS ¢(x, (1) x4l ¢(x, a)

Then 4.(a) are non-decreasing analytic functions with the following integral
representations:

1.2 ha(a) = S a&%
where R, =[0, ) and R. = (—o0,0].
Let

us(x, @) = 8(x, Q) F h:(a) ¥(x, @),
and
(1.3) 1 _ 1 1

ha) ha) h(a)

Then, for >0, u.(x, @) [u_(x, @)] is a non-increasing [non-decreasing, resp.]
and non-negative function. Since their Wronskian equals 4(e)™, we can define
the Green function g,(x, y) of order a as follows:

ga(*, ) = 8a(y, X) = h(@u(x, @Ju_(y, @)  for x=y.
Let S be the support of the measure m(dx) on (/_,l,) and B(S) be the

1) Sy=§[y.,) for y<x, and =

x

_Stz.y) for x<y.
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space of all bounded measurable functions on S. Define the Green operator
G5 on B(S) by

Guf) = | _galx, YOIM@)
Then, unless S is empty, we can use stochastic time change to construct a
unique time homogeneous strong Markov process X = {X,, ¢} on S satisfying
¢
Gaf) = B | e fpar)
for every f&B(S) and @>0. We call this process X a generalized diffusion
process with speed measure m(dx) and scale s(x)=x. Let a, [a_] be the su-

premum [the infimum resp.] of S. If a.. and m((a_, a.)) are finite, then ¢(x)=
Gof(x) (f € B(s), @ >0) satisfies the boundary conditions:

$(as)+(—a)d’(a) = 0

(in case I, = oo [I_= — oo], the above equality must be interpreted as ¢’(a,)=0
[#’(a_-)=0 resp.]). Our diffusion process turns out to be an ordinary one if and
only if S is an interval.

§2. An Asymptotic Expression of g,(x, )

First note
I, =h0+4+) and I_ = —h_(0+).

This is easily seen from (1.2), and this fact will be frequently used later. More-
over the process is recurrent if and only if A(0+)= oo, which is equivalent to
I,=—I_=o0 (cf. [9]). Let S=SN(a_, a,) and define
CO(S‘) = {¢; ¢ is a continuous function with compact support in S} .
Set
o) = | =y, ) = | c—ypym@y),
and
I=hO+)+A.0+)=1,—1_.

Then our first theorem is

Theorem 1. Suppose S#@. Then the following four statements are equi-
valent:
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(i) galx, y) admits the following expression with a constant 6 <IG | g%)

1
m(R)

8a(x, 7) = £a0, 0= |x—3 | +00r+ )+ {00 +a(r)}

~%xy+6(x, v @),

where ¢(x, y; a) converges to zero as a—0 uniformly in (x,y) on every compact
set of SX S.
(ii) The following limit exists;

im=@® _ 5 0<bi<oo.
0 I, ()

(ili) Foranfe CO(S') with S Sx)m(dx)=0 and Sxf(x)m(dx);&O, the function
G, f(x) converges to some function as a—0 at every point x & S.

(iv) For every f ECO(.§') with S S(xX)m(dx)=0, G,f(x) converges to Gyf(x) uni-
formly on every compact set of S.

Here we have the relations;

1—26
1426

g =

and g40,0) = h(e).

Furthermore, the limit function in (iv) is given by

1 a(y) _ 1 }
Gof) = | {—_ oy 1 @).
of0) = Y\ ol y+m(R) % (fOIm(dy)
Remark 1. Since h,(a¢)=co if and only if m(R,)=0, if at least one of the
boundary points of the state .S is regular the condition (ii) is satisfied automa-

tically.

Remark 2. If the process is transient, which is equivalent to 4(0+ )< oo,
for every f € C(S) G,f(x) converges to G,f(x) uniformly on every compact set
of S, where

Gif) = [ {mo+)=Lix=y1+ 06+) Ly omar).

We remark that #(0+) can be written as

1.1

KO+) = — .
0+ I,—1_
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In this case the term o(y)/m(R) will automatically disappear in the expression
Gy, because /(0+) < oo implies m(R)= oo.

Remark 3. We can also prove that sup |G,f(x)]| <oo in (iv).
<a<l

€S8
To prove the theorem, we need two lemmas.

Lemma 2.1. The following asymptotic expression holds:

@.1) ah(a) = rﬁﬂ(l) as a—0.

Lemma 2.2. Suppose S#@. Let 9(a)=l}:—“%'%. Then gu(x, y) can be ex-
+(a
pressed as follows:

@.2) 2a(x, ¥) = 2.0, 0)—%|x—yl —ley+ #R) {o(x)+o(»)}

1 1-6()
2 1+8(e)

(x+y)+e(x, y; @),
where e(x, y; &) converges to zero as a—0 uniformly in (x, y) on every compact
subset of SxS.

Proof of Lemma 2.1. Since we have

Lo 1
ah(@) ah (@) ch ()

(see (1.3)),

we need only to show

1

(2.3) ahy (@) = TR

+o(1) as a—0.
In case A (@)=oco (i.e. m(R,)=0), (2.3) is valid. If otherwise, by (1.2) we have

ah,(a) = S: mz.
x,

By a simple change of variables, we see
) <1, a) = 1+S (x—y)¢<l, a>m<d—y) ,
a 0 a a

from which it follows that ¢(1, a>—>1 +m(R,)x as a—0 and that
a
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TEE N -
;1+%m<[0 2—a))

Hence, by the dominated convergence theorem, we have

ah.(a) — Sx dx _ 1 ,
o {1+m@R)x}*  m(R,)
which completes the proof.

Proof of Lemma 2.2. Let

4 = | G=r0m@)  GzD
do(x) = 1.
Then the solution of (1.1) can be represented as
9(x, @) = 3 a'9y()

which implies
#(x, @) = 1+ao(x)+ O(c?) as a—0,

uniformly on every compact set of S. Similarly we have
Y(x, @) = x+ar(x)+ 0(c?) as a—0.

Therefore observing A.(«)™* are bounded, we see

— 1
uL(x, @) =dé(x, @ @
=1F h+( ) ao(x) ? (a) 7(x)+ 0(a?) .
The assumption S+ @ implies A(a) < oo, hence
0@ <9 gng M@ 1
h(a) hi(@h-(@) hi(@)+h(2)

Consequently, applying (2.1), we have for x=y
ga(x, ¥) = h(@u.(x, )u_(y, )

= h(a)— "fg‘)) h”‘:‘))y+ah(a){o(x)+ o)}
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1
T @@ T
1

R {o(x)+o(»)}

1 1
= g40, 0)— ?lx—J’I ‘—Tx.}"“

> 1—Z("‘)(x+y)+o(1) as a—0,

2 1+6(a)
which completes the proof.

Proof of Theorem 1. We can obtain the theorem immediately! from the
expression (2.2). Q.E.D.

We call a generalized diffusion process normal if it satisfies the condition
(iv) of Theorem 1 (and hence if it satisfies anyone of the conditions in Thorem

1.). Thus, if X is normal there corresponds a constant 0( |6] g%) such that

(i) of Theorem 1 holds. We call then that X is normal with parameter 6. The
concept of normality for recurrent processes was originally introduced by

Kemeny-Snell in the case of Markov chain and our definition is similar to that
of R. Kondo [4].

§3. A Condition for the Process to Be Normal

It is of interest to give conditions for the process to be normal in terms of
the speed measure m(dx). By virtue of (ii) of Theorem 1, this problem can be
reduced to the following: Under what conditions on two inextensible measures
on [0, oo] m,(dx) and m,(dx) do their Green functions have the same asymptotic
behavior as @—0? Our aim here is to find a necessary and sufficient condition.

Every inextensible measure m(dx) on [0, co] can be identified with a non-
decreasing, right-continuous function m(x) = m([0, x]), 0=x<oco. We will
denote the class of all such functions by . For every me& H, using the
solution (1.1), we define

= dx
3.1 h(@) = 5 .
(3.1 (@) 0 30x, Y
For simplicity, we call this function A(a) the A-function of m. It should be
noted that A(a)=0 if m(x)=cc and A(e)= oo if m(x)=0. Let 4 be the set of
all functions 4(a) such that

h(e) is holomorphic on C\(—oo, 0],
(Im @) Im A(a))<0 forevery a=C\R,
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and Ah(a)=0 forevery ac(0, o)
or h(a)=oo.

Then (3.1) gives a one-to-one correspondence between .9 and A (M. G. Krein
[13]). We next define

u(x) = sup {y; ym(y)<x}

and call it the u-function of m. Remark that u(x) is a non-decreasing continuous
function tending to oo as x—oo if u(x)z= oo, or equivalently, if m(x)+0.
To study the asymptotic behavior of #(a), u-function is more convenient than
m(x) itself not only because u-functions are continuous but also because we can
prove that

(.2) 1o @) <5

& ( ; >
u R
a
holds for every >0 provided u==oo. However, we do not go into details of

(3.2) since we will not use (3.2) itself in this paper. We need only the follow-
ing two lemmas:

Lemma 3.1. If h(e)E.9 corresponds to u(x), then for every positive con-
stants a and b, ah(ba) corresponds to au(x/b).

Proof. The assertion can be easily proved by a simple change of variables
in (1.1) and (3.1). Q.E.D

Lemma 3.2. Let u, and h, be the u-functions and h-functions of m,(x)E M
(n=1, 2, =) respectively. Then

(3.3) lim u,(x) = uy(x)  forevery x>0
if and only if
(3.4 lim A (@) = h(ax) forevery a>0.
n-»co
Proof. It is easy to see that (3.3) is equivalent to
(3.5) lim m,(x) = my(x)
n-poo

at every continuity point of my(x). On the other hand, (3.5) is equivalent to
(3.4) (see Theorem 1 in [9]).

Theorem 2. Let h; and u;(i=1,2) be the h-functions and u-functions of
m, e M. Then
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hy(e) _ U, (X) oo
(36) Sh@ e &

as far as at least one side of (3.6) exists.

Proof. We first remark that, from any sequence {m,(x)}s.1C M, we can
choose a subsequence {m,, (x)} and m*(x)E .9 such that

lim m,(x) = m*(x)

o0

holds at every continuity point of m*(x). Therefore, denoting by u,(x) and
u*(x) the u-functions of m,(x) and m*(x) respectively, we see

lim u,(x) = u*(x), x>0.
#-poo

From this it easily follows that for any sequence {a,};-, of positive numbers
there exists a subsequence {b,} of {a,} such that

m“0X) _ i, x>0,

G-7 oe ub,)

where u*(x) is the y-function of some m*(x)& .. However, by Lemmas 3.1
and 3.2, (3.7) is equivalent to

3.7y lim

lim ul(b”) m (2 ) = 1¥(a),

where h*(e) is the A-function of m*(x). Now assume

hz(a)__ oo
(38 Eg =0 0=0==).

Then, if @,—> oo [or 0], from (3.7) it follows

1
3.9 lim —L 1, ( ) = oh
(3.9) lim - @.
Using Lemmas 3.1 and 3.2 again, we see that (3.9) is equivalent to
(3.10) lim %) = gy (x).
> uy(b,)

Setting x=1, we have

im %2(bn) _
(3.11) lim O 0.
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Since {a,} is arbitrary, (3.11) implies

G.11) lim %™ — ¢
nre 1y (X
fo1
We can prove the converse similary, so we omit the proof. Q.E.D.

As an easy corollary of the theorem above we have the following theorem
which answers the question we stated in the head of this section.

Theorem 2'. Let X be a generalized diffusion with speed measure m(dx).
Then X is normal with parameter 0 if and only if

(3.13) fim =0 — 5 (20 - 11—0)
>0 Y, (X 1+6/-

where u,. and u_ are the inverse to xm([0, x]) and to xm([—x, 0]), respectively.
Remark. 1t is not difficult to see that
(3.14) tim 720=% 0D _ 4
> m([0, x])

implies (3.13) with §=1. However, the converse is not necessarily true. For
example, set m([—x, 0])=xe” and m([0, x])=e". Then, (3.14) fails to hold
though (3.13) with =1 is valid. In fact, (3.13) is equivalent to the following:

fiminf 7046 0D > 1 o0 153,
oo m([0, x]) 0

and

lim sup M <

, f 0o<a<é.
vre " T00, ) or O<A<

%)|b—

§4. A Condition for &(a)=g,(0, 0) to Be Regularly Varying

One of the authors [8] showed the following limit theorem for normal pro-
cesses. Let X={X,} be a recurrent normal process and let f&C,(S) with

g f(x)m(dx)=0. For some non-negative increasing function u(¢) we consider

the limiting distributions of random variables

1 t
@4.1) e So fX)ds, t—>o0.

If h(a) varies regularly at 0, then (4.1) converges in law to the bilateral Mittag-
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Leffler distribution for u(f)="h(1/t). Conversely, if (4.1) converges in law to
some non-degenerate distribution with some u(¢), then A(«) varies regularly at 0.
Therefore it is important to give a condition in terms of the speed measure
m(dx) for h{e) to be regularly varymg In case m(R_)=0, the following lemma
was proved in [9].

Lemma 4.1. Let m& M. Then

im0 57 for 23>0,
50 m(X)
<equzvalently llm u(dx) _ XB> if and only if
« y(x)
h(Q) _ ;-¢
10153 () for 2>0,

where 0= =1 and 2~ means oo for 2>1 and 0 for 0<1<1.
In case m(R_)>0, if the process is normal, we can show the following

Theorem 3. Suppose the process X corresponding to m is normal with para-

meter 0< 16] §-12—> . Then for some 0= =1 we have

“4.2) lim %%) =2F  for 2>0

if and only if

4.3) im %% —26  for 2>0
S5 ()

holds, where u(x)=min {u(x), u_(x)}.

Proof. First consider the case 0<6<% and hence 0<6=<1. Assume

(4.2) holds. From Theorem 2’ it follows

(4.4) tim 2=(®) — fim =) _ 3
a0 h(a) e u(x)

This together with (1.3) implies

lim h-(@) _ +lim h-(@) _

=1+6.
=0 h@) | e0hy(a)

Therefore by (4.2) we have
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h_(da) _ 1-8

Iim s 2>0,
03->D h_(a) >
which implies by Lemma 4.1
lim %=(3%) _ s
Zpo u_(x)
Noting 0= =<1, we have by (4.4)

o ()

We can discuss the case ——;—§0<0 similarly as above. Since it is easy to

reverse the above argument, we can obtain the theorem. Q.E.D.
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