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0. The scattering length T is the limit of the scattering amplitude f, (e, e’)
as the wave number & tends to 0. It is independent of the choice of unit 3-
vectors e and e’. The scattering amplitude is defined as the unique constant
fi(e, e’) such that there holds the asymptotics

X)~eHnD L fe e) €4 |x] as |x| > oo (& =-F
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for a solution ¢,, called the scattering solution, of the equation
Ady—vdy = —k ¢y,

where v is a given potential which is assumed to be nonnegative and integra-
ble. As M. Kac proved,

1 T = i Sna 0(x) po(x) dx

where ¢,(x) is the solution of
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In [4], M. Kac gave the formula
3) T = 717; }ifg% SRS E[l1—exp (—S: o(w(s)) ds)] dx

where E, denotes the expectation with respect to the three dimensional Brown-
ian motion starting at x. He conjectured that

(C1) the scattering length I'=T"(cxv) for the potential @ has limit as «
goes to infinity and

(C2) the limit, say vy, is independent of the choice of potential v and
depends only on the support U= {x; v(x)>0}.

The purpose of the present note is to prove the conjecture C1-2 by giving
an integral representation of the scattering length T'(v) on the path space W,
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where W=C((— oo, +o0), R®) for the above case.

1. Let us state the result in a little more general setup. Consider a tran-
sient Markov process with state space R which admits a reversible invariant
measure A. Assume that R is a Polish space, A is 2 Radon measure on R and
the path is continuous. Now we define the scattering length by the formula

3y T(e) = lim 1 [ E[1—exp (—{ v(w(s) 9] x(d)

for continuous functions v with compact support on R, where E, denotes the
expectation with respect to the Markov process starting at x. A proof of the
existence is given in Lemma 2 below.

By the reversibility the path may be considered to be defined for both posi-
tive and negative time and then, given a starting point x=w(0) at time 0, the
process w(—t), =0, is an independent copy of w(t), t=0. So we take

vV}::C((—_OO"FCO)’IQ)

and define a measure A on the path space W by

fw A(dw) D (w) = gR (dx) SW P (dw) ®(w)

for bounded Borel function @ on W, where P, denotes the law of the Markov
process starting at x at the initial time 0.

Theorem. Let v be a nonnegative continuous function with compact support
on R. Then,

1—exp (—Sf: o(w(t)) dt)

) re) = Al — v(@(0))
S_w o(w(2)) dt

where

) S = 8(v) = {w; St o(w(t)) dt>0} .

ReEMARK 1. It is known [4] that T'(2)<C(K), where C(K) is the electro-
static capacity of the closure K of the set

U= {x; v(x)>0}

for the 3-dimensional Brownian motion. Similar bounds hold in general cases.
Hence, T'() is finite if so is the capacity C(K).

Corollary. Let u and v be two nonnegative continuous function with com-
mon support U. Then the limit lim T'(au) exists and is equal to lim T'(av).
> a-roo
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Consequently, the conjecture (C1-2) is true.

ReMARK 2.  The proof given below works for certain nonegative Borel func-
tions o, such as the indicator of a compact set which is the closure of its interior.
Thus Corollary is also valied for such functions.

Proof of Corollary. From the formula (4) it follows that the monotone
limit ‘l'irz T’ (av) exists and is equal to

(6) [, A  2@O)
s S_w‘v(w(t)) dt

Since A is an invariant measure for the Markov process (W, P,), the measure
A is invariant under the time shift w(f)—w(t-+s) for any s. Furthermore, it is
invariant under the time reversion w(f)—w(—t¢) by the reversibility of A.

Keeping in mind these properties and the facts that S is common for u
and v and that the fucntions

Sj:v(w(t)) dt and Sf:u(w(t))dt

are invariant under either of the shift and the reversion, we obtain

lim T' (o)
| Alda) 2O
s S_w”(‘w(t))dt
- Ss A (dw) v (w(0)) S_m”(w(s))ds

S+: o(w(®)) dt St w(w (b)) dt
[, Atdo) 2@ u(eo)

r: o(w(®) dt St u(w(2)) dt
- i ds\ A (dw) +°7:(w(——s)) +m“(w(0))
g‘” Ss S_mv(w(t))dt S_mu(w(t))dt

(by shift invariance)

_ SJM ds S A (dw) v(w(s)) +wu(‘w(0))
s S+: o(w(t)) dt S_w u(w(?)) dt
(by the reversibility)
w(w(0)) Sf: o(w(s)) ds

- SS A §+: w(w(®)) dt S+: v(w(0)) dt




376 Y. TAKAHASHI
= [ A _w@O)  _ im () .
§ S u(w(t))dt
Consequently, we obtain Corollary.

2. Now let us proceed to the proof of Theorem. At first we give another
expression for the scattering length T". For this sake we prepare the following:

Lemma 1. For a continuous function v with compact support on R,
T t
™) [ @ Efo@®) exp {— o(w(s) &
= 1-Efexp {- | o@@)dty] (0T=).
0

Proof. For T'<oo the left hand side is equal to

T d t

[ dt B[~ 2 exp1—{ o) a1,
0 dt 0

which is equal to the right hand side. For T=co the convergence is assured
by the monotonicity, or, directly, by the transience:

S: E.[o(w(t)] dt<co .

Lemma 2. Let v be a nonnegative continuous function with compact support
on R. Then,

(8) T@) = | Adw) o@(©) exp (| o(w(®) d}
= [ M) o) Eufexp (] v(wie) a1
Proof. Note that
E,[1—exp {—{ o(@() ds}]
= B[ dsot@) exp 1 @) a1

Integrating this against A, we obtain

% SW A (dw) [1—exp {——5: o (w(s)) ds}]

I

)], M@ o) e[ o an
—:— S: ds gw A (dw) v(w(0)) exp {—Sis v(w(r)) dr}

(by the shift invariance)

I
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= 1 as A v ) exp {~ 0@ dr}
(by the reversibility)
~ | Aw@w)o@O)exp [ o)
as —> oo, as is desired.

The formula (8) together with (7) enables us to compute the derivative of
the functional T" at v, which will be denoted by DI'(v):

9) DI(v)f = lim - {T(o-+4)~T (o)}

for nonnegative continuous functions f with compact support on R. One can
remove the restriction that f is nonnegative and may prove that DI'(v) is the
Fréchet derivative. But here we only need the Gateaux derivative from the
right, whose existence is obvious from the formula (7) by virtue of the tran-

sience.

Lemma 3. The following formula holds for DT'(v):
(10) Dr@)f= | M) f) (Blexp 1| 0(@(@) a1y
= jw A(dw) f(w(0)) exp {— S: v(w(t)) dt} .

Proof. Let us differentiate the second expression for T' in (7). Let us
write

g = E.[exp {— [ o@() d}].
Then,
Ly
dt =0
= [ M0 @
—1—SR Mdx) v (x) E[— S: f(w(s)) ds exp{-—j: o(w(t)) di}]
= | M) f) g
—[Tasf Awaw)0@O) ) exp | o)t .
Now the second term can be written as

_S: ds SW A(dw) v (w(—s)) exp {-S"_s o(w(2)) di} f(@(0)) exp {—S: v(w(s)) ds}

(by the shift invariance)

TE+H)
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— [ as{ M) o@(—9) exp {~ [ o f@o)e@o)
(by the Markov property)

— _S: ds SR Mdx) f(x) g (x) E[o(w(s)) exp {_S: o (@ (D)) di}]
(by the reversibility)

= —| M) f) 8 [1-g ]

by virtue of Lemma 2. Consequently,

Dr@)f = | M) fx) gy
Finally, by the reversibility we obtain the expression

g = Edlexp {— | 0@ () dst ) = Efexpt—"_o(w(©)ds].

The proof is completed.
Proof of Theorem. From Lemma 3 it follows that
di T(av) = gs A(dw) v(w(0)) exp{—ar o (w(s)) ds}
a —00

+Ssc A(dw) o (w(0)).

Note that T'(av)—0 as a—0 and that the second term in the right hand side
vanishes because of the definition of the set .S and the continuity of the path.
Consequently, we obtain

1) = |, da | Adw) o(e(O) exp (—a |~ o) as
1—exp {—S: o(w(s)) ds} .

IRCOL

~ gs A(dw) v(w(0)

Hence the proof is completed.

ReMARK 3. In the case of three dimensional Brownian motion the constant
vy with U=int K coincides for “nice” compacts K called semiclassical by Kac
[2] (cf. [3] for counter-example) with the electrostatic capacity C(K), for which a
similar result to (3) (and more) was obtained earlier by F. Spitzer [7]. A further
historical remark can be found in [6].
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