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§1. Introduction.

In the racent development of the scattering theory, the Schrodinger operator
—4+V in $=L*(R") with a real long-range potential V has been one of the
main concerns. Roughly speaking, V is said to be long-range when V(x)=
O(] x| 79, | x| —o0, &,>0, while short-range when ¢, can be taken as ¢,>1. The
study of the long-range scattering was initiated by the work of Dollard
for the pure Coulomb potential V(x)=const./|x|. Among other things he
showed in that the ordinary wave operator W*=s-lim ¢*#2¢ %1 \yhere

t—+oo

H—=—4, H,=—4+V, does not exist, but alternatively the modified wave
X . +t

operator W 5=s-lim e"'2¢ " H1-1X*® where X*(iz‘):g‘lu V(sE)ds-]EF for t>1,
+1

t—+oo

exists and is complete. Here F denotes the Fourier transformation in L*(R?Y)
and by “complete” it is meant that the range of W§ is equal to the absolutely
continuous subspace 9,,. of H,. Dollard’s proof of the completeness is based
on the eigenfunction expansions of H,.

After Dollard’s work many authors have investigated general long-range
potentials and proved the existence of modified wave operators (cf. e. g. Buslaev
and Matveev [5], Alsholm and Kato [3], Alsholm [2], Hérmander [8]). It
may be said that the study of the existence of modified wave operators has
now reached a rather satisfactory stage.

As to the completeness of modified wave operators, however, it seems that
no results have yet been published except for spherically symmetric long-range
potentials (cf. Amrein, Martin and Misra [4]). In the case of short-range

1) Professor T. Ikebe also obtained a proof of the completeness of time dependent
modified wave operators for the case ¢,>1/2, but his method is different from ours
mentioned below (a lecture in 1975). Professor S. Agmon also informed the author that
he had obtained an eigenfunction expansion theorem and proved the completeness of
modified wave operators. His method covers general elliptic operators with general
long-range perturbations (private communication). The writer expresses his thanks
to Professor Agmon for kindly communicating these results.
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scattering, the completeness of wave operators was proved by using the “so-
called” stationary method (cf. e.g. Kato and Kuroda [14], Kuroda [17], [18],
Saito [23], [24], Agmon [1]). In these works the so-called limiting absorption
principle played an important role among others. Although this principle
itself was extended to the long-range case by Ikebe and Saitd [107], it was not
enough to assure the completeness of modified wave operators, as stationary
methods used in the short-range case could not be applied to the long-range
case. Recently Ikebe [9] and Saitd [25]~[28] developed an eigenfunction
expansion theory for H,=-—4+V, where V is a long-range potential. Using
their eigenfunctions (or more exactly eigenoperators), one can construct a
unitary operator Wi s from § onto §,,. which intertwines H, and H,,., where
H,.. is the restriction of H, on §,,. However, the relation between Wi_g
and W3 has not been clarified and the completeness of time dependent modified
wave operators has remained unproved. '

The main purpose of the present and the succeeding papers is to prove
the completeness of time dependent modified wave operators using a stationary
method which gives a connection between the time dependent modified wave
operators and the eigenfunction expansions of Ikebe and Saitd mentioned above.
Our method has its origin in Kato-Kuroda theory [137], [14], but differs from
it in the proof of the completeness of stationary wave operators, inasmuch as
our proof is based on the modified Lippmann-Schwinger equation (see
5.1 and Remark 5.3 below) while the proof of Kato and Kuroda is based on
the construction of the inverse of the linkage operator G (see Theorem 2.4
of [13]. However the proof of the fact that the time dependent and the
stationary wave operators coincide with each other somewhat resembles their
proof. To clarify this logical situation, we summarize our abstract framework
in Part I, which will be applied to long-range scattering in Part II for a long-
range potential V(x)=0(|x| %), |x|—oo, &>0. In [16], we have sketched a
proof of the completeness for the case g,>1/2. But the method of proof of
the present paper is somewhat different from [16], and the key result, Theorem
3 of [16], which was left unproved, will be proved in Part II as one of the
consequences of more general result.

In addition to the results stated above, we prove the invariance principle
for modified wave operators®. Moreover we shall prove that our stationary
wave operator coincides with those of Pinchuk and Isozaki [1I] which
are constructed on the basis of the eigenfunction expansions by Ikebe or Saito

2) In [6] Chandler and Gibson asserted that the invariance principle for long-
range scattering holds. However, it seems to the author that the proof is incomplete
because the uniform boundedness of Q,(¢) which was tacitly used at the end of the
proof of Theorem 1 of §2, [6], does not seem to follow from the assumptions adopted in

[6].
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mentioned before.

The plan of Part I is as follows: In §2, we summarize the main results
of this Part in a form which will be used in Part Il to prove the completeness.
For the purpose of illustration we shall also give some applications to long-
range situation with &,>1/2, using the results given by the author in [15].
In §3, we review some fundamental concepts (especially, that of spectral forms)
of Kato-Kuroda theory, and in §4, we construct a stationary wave operator
in essentially the same way as Kato and Kuroda. §5 is devoted to studying
the sufficient conditions for the completeness of stationary wave operators, which
are different from those of Kato-Kuroda theory (see Theorem 5.1). Further-
more we shall prove the uniqueness theorem concerning stationary wave opera-
tors which will be used in Part II to verify that our stationary wave operator
coincides with those of Pinchuk and Isozaki stated above. The results in §§ 3~5
are described in a rather general abstract framework as in [13]. In §6, we
restrict ourselves to considering only self-adjoint operators and investigate the
relation between the time dependent and the stationary wave operator, and
at the same time prove our main results stated in § 2.

Here the author wishes to express his sincere appreciation to Professor
S.T. Kuroda for encouraging and stimulating discussions in the course of the

preparation of this paper, and for a comment on the proof of
which simplified it.

§ 2. Main results and some applications.

2.1. Main theorems. In the present subsection the main results (Theorems
21~23) of Part I will be presented in a form which will be used in Part [I
to prove the completeness of time dependent wave operators for long-range
scattering. The theorems are fairly complicated and are combinations of a
few theorems, each of which can be stated in a more general context and
may have some interests of its own. In subsequent sections, while aiming at
proving Theorems 2.~2.3, we shall state and prove those separate theorems
in a general context. This is also a part of our purpose in the present part.

Let H, and H, be self-adjoint operators in a Hilbert space  such that
D(H)=D(H,)®. Let E; be the spectral measure associated with H; and E; .,
be its absolutely continuous part. Let I' be a Borel set in R!, which we
shall fix throughout the paper, and put 9;,,.(I)=E; ..(I")9. Let {X(®)},cr1 be
a family of self-adjoint operators in . We shall consider the existence and
the completeness of the modified wave operator
@1) W) =s-lim ¢*#2ei¢H1=ix0E, (T,

t—teo

3) 9D(T) denotes the domain of an operator T.
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The invariance principle will also be discussed. We shall first introduce various
conditions concerning H;, X(1), etc.

We suppose that there are given dense® linear subspaces X;, j=1, 2, of
having the following properties:

i) X, is a separable normed space with its own norm;

ii) X, is a separable Hilbert space with its own inner product;

iii) %; is continuously imbedded into 9, j=1, 2;

iv) X,CO(H)=9(H,), X,CX,.
We denote by I; the imbedding operator I;: X,—9. Then we can regard 9
as being continuously imbedded into X} by I7}.

Let Rj(z2)=(H;—2)" for zeC*={z&C | Imz=0}>. We first suppose that
the following condition (L.A.P.) is satisfied.

(L.A.P.) Put K#={zeC* | Rezel'}”. Letj=1or2. Then the mapping

(2.2) K3 %¥,3(z, ) —> ¥R ,(2)[,xe ¥*

can be extended uniquely to a continuous mapping

(2.3) K§ <%, —> X%,

and satisfies

(2.4) sup HI;FRJ(Z)[]'”B(XJ.,%}) <o,
zeK}:,

Here B(X,9) denotes the Banach space of all bounded linear operators from a
normed space X to a Banach space 9. (Condition (L.A.P.) is the so-called
limiting absorption principle.)

Now put for zeC*, x, y=9, and j=1, 2,

(25) ei(z; %, 3)="88UM2) (1R () Ry@)x, )5

=Mzl (R 2, R (7).

Then if x, yX, and 2<I’, ¢;(A%i¢; x, y) has a boundary value as e—+0. We
denote it also by ¢;(A; x, »)® for 2, x, y=¥;, and j=1,2. Then ¢; satisfies

4) It is not indispensible to assume £; is dense in 9. It suffices to assume that
n
the set {kZ Ejac(dp)xe| dpC T, 0, €85}, j=1, 2, is dense in E;,q.(I")9. See §6.
. =1

5) C=complex numbers and Im=imaginary part.

6) Re=real part.

7) sgn(?)=1 for t >0, and =—1 for t<0.

8) Notice that the boundary values of ¢;(1+ic; x, ¥) from the upper and the lower
complex plain coincide with each other.
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the following two properties:
1° For each x, yeX,, one has ¢;(-; x, y)L'(I") and

(26) [ eis 2 3)dA=(Es o )x, )

for any Borel subset 4 of I'.

2° For each 2€l’, ¢;(4; -, +) is a nonnegative Hermitian form on ¥X;XX;.

As to the family {X(#)}.cr1 of self-adjoint operators in 9, we suppose that
the following conditions (X), (BC), and (XA) are satisfied:

(X) a) H,e 0D IOH for t€R*;

b) e Py is continuous as an $-valued function of t=R' for every

ucs 9.

(BC) For any x=¥, and us®, (e #®H17X®x 4)¢ is of bounded variation in
s on any finite interval of R!, and is continuous in s=R".

(XA) For any uc9 and s=R?, lim ¢! X=Xy —y

—too

Now for every u, ve9 and z=C*, put

2.7) S*(z)u= izf B X.(t)e E®itz=Huy dp

(28) (e, v)=0EL (S22, S22,

where X, and X_ denote the characteristic functions of (0, o) and (—oo, 0),
respectively.

It is clear that S*(z)= B()=B(9D, ) so that f* is well-defined. Moreover,
using the same argument as in the proof of (1.16) in the proof of Proposition
1.4 of [15], we can show that S*(2)uc 9(H,)=9D(H,) if uc D(H,) and z=C=.

We now define for ue 9(H,) and z=C*,

(2.9) G*(2)u=(H,—2)S*(2)u,
(2.10) Q*u=G*(2)u—u,

and suppose that the following conditions (Q*) and (f*) are satisfied.

(Q*) a) For every z=C*, the operator Q*(z) maps ¥, into X,;

b) For every ¢>0 and xe¥X, Q*(1*ie)x belongs to L*(R'; X,) as an X,-
valued function of 4 in R?, and the limit l.i.ix(}. Q*(A+ie)x exists in L¥(R'; X,).

(f*) For every x, yeX,, there exists the limit Lim. f*(A+ie; x, ¥) in L*(I")
e—+0
as a C-valued function of 4 in I" and we have

(2.11) l.i.gg.fi(liie; x, V)=e,(A;x,%), a.e Acl .

Now we can state a theorem concerning the existence of the limit (2.1).
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THEOREM 2.1. Suppose that conditions i)-iv), (L.A.P.), (X), (BC), (XA), (Q*),
and (f=) are satisfied. Then the modified wave operator

(2.12) W%)(F): S‘Iim eitHZeAitHl—iX(l)El’ac(F)

t—too

exists. This operator Wi(I') is a partial isometry in § with initial set 9,,q.(I")
and final set contained in £,,.(I"), and satisfies the intertwining property: for
any Borel set 4 in R?,

(2.13) Wis(IYE(D)=E,(DHW (I .

Next we state a theorem concerning the completeness of W3([").
THEOREM 2.2. Suppose that conditions i)-iv), (L.A.P.), (X), (BC), (XA), and
(Q*) are satisfied. Suppose further that there exist a Hilbert space %) and a
linear operator F(A): ¥;—N, 2, j=1, 2, satisfying the following conditions:
(@) For every 2’ and x, ye¥,,

(2.14) (F7(Dx, F7(Dy)y=e;(4; x,3).

(b) The range of F#(2) is dense in Y for every Acl'.
(¢) For every xs¥%,,

(2.15) Fi(A)(x+1Lim. Q*(Atie)x)=FF(A)x, a.e. A=l
£—+0

Then the lLimit Wi(I') in (2.12) exists and satisfies the same properties as in
Theorem 2.1. Moreover Wi(I') is complete, i.e. R(W $(I")=Ds,qa.(I)%.

We shall next discuss the invariance principle. Assume that I’ is bounded.
Let ¢ be a real-valued Borel measurable function on R' which belongs to C?*(J)
on some bounded open interval I containing I". Take n=C{y(R?) so that 5(2)
=1 on I" and suppyC/I. Put

(2.16) a,(t, r):.zlrwjm p(R)e-ite+iragy
Then a,(t, -)e L*(R") for any t=R'. Thus if we put
(2.17) an(z‘)u,—_jwo a,(t, Y)e~rHIX Oy dy

for u=9 and teR’, then Q. (1) B(9) for every teR",

THEOREM 2.3. Suppose that all the assumptions of Theorem 2.1 are satisfied
and assume that I’ is bounded. Let I, @, 7, a,, Q1) be as above and let ¢'>0
on I. Suppose furthermore that the following conditions (Q%) and (¥,) are
satisfied :

(Q%) For any t&RY, there exists an isometric operator Q(t): Dy,0.([)—H

9) R(T) denotes the range of an operator T.
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such that
(2.18) tliE(Q$s(t)u~Q¢<t)u)iO Jor ue9, q.(I).

X)) x1n'§§)1,ac(r) is dense in 'S:)l,ac(r>'
Then the limits

Wi (I)=s-lim "7 T2Qu(t) Ey o (I'),

t—too

(2.19) ,
W D) =s-lim ¢“2Q () e (I)

exist and we have
(2.20) WsIN=Wees(I=W (I").

REMARK 2.4. Notice that in[Theorem 2.2 we do not assume condition (f*).
This is possible because we assume the existence of §) and Fj(4) satisfying
(a), (b), and (c). (See §6.4.) Similarly, we need not assume (f*) in
2.3 if we assume the existence of such h and F;(4). (See §6.5.)

REMARK 2.5. In the theorems given above our main results are described
in the “so-called” time dependent way. Our methods in the present paper,
however, are basically of “stationary” nature. Namely, under the assumptions
of these theorems we shall first construct a stationary wave operator W7 and
then prove that Wi(I'); Wie(I'), and W (') exist and coincide with W§.
Especially, the completeness of W3(I") follows from that of W§, the proof of
which is essentially based on the “so-called” stationary (time independent)
method. Unfortunately, it is not so simple to write down briefly the stationary
definition of W#. Thus, in the present subsection we preferred to state our
main results in a form given above.

2.2. Some applications. In [15], we considered self-adjoint operators

HI:—%A and H,=H,+U in $=L*R") under Assumption 1.1 of on

U=V+V and constructed the stationary wave operator Wi, ['=[aq, b], 0<a
<b< o, on the basis of the theorems which are almost identical with Theorems
41 and of the present paper. Furthermore, we announced (see §4 of [15])
that we can prove the existence of time dependent modified wave operators,
its coincidence with W#, and moreover the invariance principle. In this sub-
section we shall prove them using Theorems . and 2.3 given above and
some results given in §6 below.

Suppose that Assumption 1.1 of [15] is satisfied. Put ¥,=F (C5(RY—{0}))
endowed with the norm of L3 (RM)=L%R", (1-+]|x|)**dx) and ¥,=L3}(RY), where
0 is taken as in page 320 of [15], and ¥ denotes the Fourier transformation
in L*(RY). Then obviously ¥, is dense in § and satisfies i)-iv) of the previous
subsection. Furthermore (L.A.P.) is assured by of which is
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due to Tkebe and Saitd [10]. (X) is obviously satisfied if we put X()=
t

.crﬂo V(s§)ds- | as in[15]. Conditions (BC) and (XA) are obviously satisfied

by the definition of X(¢) and Assumption 1.1 of [I5]. (Q<%) and (f*) hold by

Propositions 2.3 and 2.4 of [15], respectively. Thus by above,
the limit

(2.21) W () =s-lim ¢*Hep tM—ixOF, (I

t—koo

exists. Furthermore by the result of §6.4 below, we have
(2.22) Wxl)=Wrt,

where Wi is the stationary wave operator constructed in [15].
Next we shall prove the invariance principle. Let ], ¢, 7, a,, and Q,(f) be

as in the previous subsection for I'=[qa, b] and H :——%—A. Then the follow-
ing lemma holds.

LEMMA 2.6 (due to Matveev [21]). Let Assumption 1.1 of [15] be satisfied.
Let o= C=(I) and ¢’>0, ¢"+0 on I. Put

Qgs(t): e—it(ﬂ(l{])—iX(N"(Hl)) on ‘bl,ac(F) s

where X(to’(H,)) is defined as follows:

xagy=a-[[" " vioas g on £ulD).

0

Then Q(t): D1,0.(I)—9 is an isometric operator and satisfies
tl}g{ ”(Q%s(t)_Q¢(t))E1,ac(F)]lB(b>:0-

For the proof of this lemma, see the proof of Theorem 4 of Matveev [21].
Thus condition (Q%) is satisfied. Since (¥,) is obviously satisfied by the
definition of X,, it follows from that there exist the limits

W$’“(F):st-li+rn e HPQUNE, 4. (1),
W )=§;1_+i_g1 et RQ (HE, (I,
and we have
(2.23) Wees(=W;IM=W3I")=Wj%.

The completeness of W(I')=W# will be proved in Part Il using
2.2 given above as one of the consequences derived from more general result
including the long-range potential V(x)=0(|x|™%), g,>0.
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§3. Some fundamental concepts.

In the subsequent two sections (i.e. §§ 4~5), we shall consider a stationary
wave operator in a rather general context, and prove its completeness and
uniqueness under certain assumptions. This section is devoted to reviewing
several fundamental concepts due to Kato and Kuroda [13], which will
be used as our basic framework in those sections. We shall also prepare a
proposition which will be used to verify the uniqueness theorem in §5.

Let (I',, B) be a measurable space and m a o-finite, complete, and non-
negative scalar measure on (', B). Let § be a complex Hilbert space and E
a spectral measure with values in the set of all orthogonal projections in 9.
We denote by E,. the absolutely continuous part of E. We call the 5-tuple
(s, B, m, 9, E) a spectral system.

Suppose that a subset I'C I, I'e B, and a linear subspace XC9 are given.
A triple (I, ¥, e) is called a spectral form for (I's, B, m, 9, E), if ¢ is a com-
plex valued function on I'XX¥xX satisfying the following two properties :

1° For each x,v<X, e(-; x,yv)eL'(l") and

(31) [ e@; %, ym=(Euc(d)x, s

for any dc/l’, 4 B.

2° For each A<T, e(2; -, -) is a nonnegative Hermitian form on ¥x¥.

Given a spectral form (I, X, ¢), put R(A)={x=X|e(4; x, x)=0} and let ¥(Q)
be the quotient space ¥/M(2) for A=’. Then ¥(2) is a pre-Hilbert space with
respect to the inner product induced by e(4;-,-). We denote by %(2) the
completion of ¥(1), by (,); and || |; the inner product and the norm of %(2),
and by J(4) the canonical homomorphism from X to %(2). Then the range of
J(A) is equal to X¥(2). Consider the product vector space %:AIEIE(Z) consisting

of all vector fields g={g(4)} ey with g(l)e%(l). We say two elements g, g, X
are equivalent, in symbol g,~g,, if £,(1)=g.(2) for m-a.e. 21", and denote by
[g] the equivalence class of geX by ~. We define the space S of all simple

functions from I’ to X as follows:
(3.2) S=1{h: ['—% | h(@:é L4, (Dxs, x,E%, 4,€B, 4, T},

where X4 denotes the characteristic function of 4=B. A vector field g=
{g()} Zere% is called e-measurable, if there exists some sequence {4,} CS such
that

(33) lim | g)—JDRD=0,  ma.e 2T,
Put
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34 M={{g]=F/~ | gis emeasurable, [[&]ln=[{ | gl3m(dn]" <oo}

Then M is a Hilbert space with respect to the inner product:

(3.5) (s [g])mr—fr(f(l), g());mda), [f1,[gleM.

Furthermore (JS)/~={[{J(ADh(D)},er]| heS} is a dense linear subspace of M.
Define

(36) 1) =( £ Eadd)rs | 4,CT, 4, B, x,5%)
=1

and let &,.(I") be the closure of §QC(F) in . Then L") is a closed linear
subspace of 9,.([N=E,. () and reduces E. Furthermore we denote by &
the smallest closed subspace of 9 containing X and reducing £. Then we have
aeIN=E. (IR, L,(I') coincides with 9H..(I") if ¥ is dense in 9. In the
sequel, equivalent elements are to be identified in M. (As to the several facts
stated here, see Kato and Kuroda [13], [14].)

Following Kato and Kuroda we now define a unitary operator =m: &,.(I")
—M with the following properties:

(a) For any 4B and u=sQ,.(I),

(3.7 wEq o (d)u={X () (mu)( D} ser -
| (b) For any xX,
(3.8) T (I)x={J()x} zer

Thus = gives a spectral representation of E,.. (See Kato and Kuroda [13],
Theorem 1.11.)

Next we consider another spectral form (I, X/, ¢’) for the same spectral
system ([, B, m, 9, E), and investigate some relation between (I, %, ¢) and
(I', %', ¢’) which will be used in §5 to prove the uniqueness theorem. For this
purpose we use the obvious notations such as (1), ¥'(2), ¥/(2), etc., defined
as above for (I', ¥/, ¢).

ProOPOSITION 3.1. Assume that the following conditions (a)-(d) are satisfied :

(a) X and X' are Hausdorff linear topological spaces;

(b) J(A) and J'(2) are continuous for all 21’ ;

() X"=X"X is dense in ¥ and X’;

(d) e(A; x,v)=e'(A; x,y) for all x,yeX” and A<T'.

Then for any A<’ there exists a unitary operator T(,l) from %(2) onto ¥/(2)
such that for any x=¥”,

(3.9) I Jx=] (A)x.
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Define Ig={I(Ag(D)}ser =X’ for g=X. Then I|g is a unitary operator from M
onto M, and we have Lo (I=LA") and 1|wx=n".

PROOF. Put ¢’(1; x, y)=e(4; x, y)=e’(2; x,y) for A’ and x, y=¥%”. Then
(I',X”,e") is also a spectral form for (I'y, B, m, 9, E). Thus we can define
R7(1), X¥7(2), etc.

Now define K(4)J”(A)x=J(A)x and K'(A)J"(A)x=]'()x for xX” and Ael.
Then it is easy to see that A(4) and K’(4) are well-defined and can be extended
to isometric operators A(1): ¥7(2)—%(2) and K'(2): 7()—%/(1). Furthermore
by (b) and (c) we can easily show that K(2) and K’(X) are unitary. Let K be
defined by Kg’={K)g"()}r=X for g’<¥”. Then K has an inverse K~!
such that I?‘lg: {I?(X)“lg(l)}zqe%” for ge¥. It is clear that I?[sm. is an iso-
metry from T’ to M, since S"CS and K’(Z) is unitary for 2<I’. Furthermore
K'Igﬁ. is unitary. In fact, from the relation 1?(2)]”(2)—](2) on X”, it can be
easily seen that k”(jé’") =J"S”. Since JS” is dense in WM by conditions (b)
and (c), it follows from this that K- RcIM” because K is unitary for
A=l’. This proves the unitarity of Klm. Quite similarly we can define )24
and prove that I?’lm.:sﬂ‘t”ﬁsm/ is unitary.

Now we can prove the proposition. Put T(Z):K"(R)I?(Z)‘l for A=l". Then
I(%) is a unitary operator from X(Z) onto X’(2) and satisfies [3.9). Furthermore
by definition we have =R K- Thus Tlmis a unitary operator from SJJE onto
M. From [3.7), [3.8), and the definition of K, e get n-lKn”Sgc(F) SQC(F)C
Q... Since n77, K and 7”7 are unitary and 8 (') is dense in {7 (I"), it fol-
lows from this that Sf{c(F) is dense in ¥..(I"). Hence we have &L (I")=L..(I").
Similarly we can prove 84(I)=8.(I"). Thus L.(I")=L(I"). Tnx=x" follows
easily from [3.7), [3.8), and [3.9). Q.E.D.

§ 4. Stationary wave operators.

In this and the next section we consider two spectral systems (I, B, m,
9,, E;) with spectral forms (I, X;, e;), j=1, 2, where the measure space (I',, B, m)
and I'eB are common to the two systems. We use the obovious notations
such as Ejae, B2, %50, F,(0, ()joio | i T, By S5 gy Ty, €400, 2500,
D01, 8y, etc.

We denote by M([';X,) the linear space of all strongly B-measurable
functions on I" to X,. The following theorem constructs an isometric operator
G which will be used to construct a stationary wave operator.

THEOREM 4.1. Let X, be a Banach space. Suppose that the following con-
ditions (J2) and (D) are satisfied :
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(J2) For every A<, the linear operator [,(A): ¥,—%,(2) is bounded®.
(@) There exists a linear operator @ : X,—~M(["; X,) which satisfies the fol-
lowing relation for all x, yeX,

4.1) e,(A; (Dx)(A), (Dy)(A))=e\(4; x, ), m-a.e. A<l

Here the exceptional m-null set may depend on x and y.

Then there exists a unique isometric operator G :W,—IN, which satisfies the
following two conditions:

(a) For any ACl’, 4B and any uck,,

(4.2) G DU} ser={LaD(CW)(D)} sy -
(b) For every x<¥,,
(4.3) G2} zer={T(ANDPx)( )} zer -

PROOF. Quite similar to the proof of Theorem 2.8 of [157]. Q.E.D.
REMARK 4.2. In many cases of practical application, the mapping @ is
given by an operator of decomposable type:

(4.4) (Px)(A)=GA)x, el’, xe¥%,.

Namely Assumption (@) follows immediately from the following condition (G)
if we define @ as in [4.4):
(G) For every Al’, there exists a linear operator G(2) : ¥,—X, such that:
(a) for every A=l and every x, yeX,,

(4.5) ex(4; G(A)x, G(A)y)=ei(4; x, 3) ;

(b) for every x<X,, G(A)x is strongly B-measurable as an X,-valued func-
tion of 2 in I.

The conditions (J2) and (G) are essentially the same as the assumptions of
Theorem 4.5 of Kato and Kuroda [14], so far as the assumptions needed to
construct the isometric operator G are concerned. Thus, as to the construc-
tion of G, is a generalization of Kato and Kuroda’s Theorem 4.5.
The construction of G under condition (@) of was actually used
in [15], and we shall also use it in Part II of this paper when we consider
modified wave operators of Alsholm’s type (cf. [2]). But in our most impor-
tant applications considered in Part II, the condition (G) will suffice.

REMARK 4.3. There may exist several @’s (or G’s) satisfying (@) (or (G)).
In fact, in the long-range scattering, there actually exist at least two @’s, the
one by us ([15] and Part II of this paper) and the one by Pinchuk or Isozaki

10) This condition is equivalent to the continuity of the sesquibilinear form
es(1; +, ») on Ey3x X, for 2T,
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[11]. This situation is quite different from the short-range case in which
there is a natural choice of G given by G*(A)=1+VR,(A1+10), where V is a
short-range potential and K,(41+10) denotes the boundary value of the resolvent
R,(A+1e), >0, of the unperturbed Schrodinger operator —4 (cf. e. g., Kato and
Kuroda [14], Kuroda [17], [18]). However, even in the long-range case, we
can show that the isometric operator G’s constructed as in using
our @ and Pinchuk’s or Isozaki’'s @ coincide with each other except a factor
of unitary operator, and hence the stationary wave operators Wp's constructed
in [Theorem 4.4 below from those @’s essentially coincide. This will be proved
in Part II by using the uniqueness theorem proved in the next section.

Now using G constructed in we can define a stationary wave
operator.

THEOREM 4.4. Let an isometric operator G:M,—M, satisfy (a) and (b) of
Theorem 4.1, and put
m'Gry,  on Ly.(),

0 on @@Ql,ac(r)a

Then Wp is a partially isometric operator in § with initial set &, ,.(I') and final
set contained in &, ,.(I"), and satisfies the following two conditions:
(a) For every 4B,

4.6) Wr= {

4.7 WI‘E1(A):E2(A)WF .
(b) For every x=X,, yX, and 4,, 4, B, 4,,4,CT,

(48) (WrErad %, Epae409e={ | e(2; @x)2), yym(dd).

1

PROOF. Quite similar to the proof of Theorem 2.10 of [15]. Q.E.D.

DEFINITION 4.5. The partially isometric operator W, constructed in
Theorem 4.4 is called a stationary wave operator and is said to be complete if
its range is equal to L;q.(I).

Our next aim is to consider a sufficient condition for the completeness of
Wr, and this will be discussed in the next section together with the unique-
ness theorem concerning Wr referred to in Remark 4.3 above.

§ 5. Completeness and the uniqueness of stationary wave operators.

We continue to consider two spectral systems (I, B, m, 9;, E;) with spec-
tral forms (I, X;, e;), 7=1, 2, as in the previous section. To prove the com-
pleteness of stationary wave operator W constructed in it suf-
fices to show that G constructed in is a unitary operator from
M, onto MV,. In the following we shall prove the unitarity of G
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under the assumption stronger than the one needed to construct G in
4.1. Under this stronger assumption we can choose another way in construct-
ing G. As this way of construction clarifies situation and gives some more
detailed informations, we adopt this way in proving the unitarity of G. This
proof will give an alternative proof of [Theorem 4.1 under the assumption of
[Theorem 5.l However the proof of completeness will be somewhat simpler
if we use [Theorem 4.1l

THEOREM 5.1. Let X, be a separable normed space, ¥, a Banach space, and
Y a Hilbert space. Suppose that the following conditions (J5) for j=1, 2, (F),
and (FP) are satisfied :

(J5) For every A€’ the linear operator ]j(l):&j*»%j(l) 1s bounded.

(F) For every 2’ and j=1,2, there exists a linear operator F;():%X;—Y
such that:

(a) for every A<’ and x, y=¥X,,

(5.1) (F;(Ax, F(Ay)y=e;(4; x,9);

(b) for every A€, the range of F,(R) is dense in Y.

(FD) There exists a linear operator @ :%,— M ;X,) which satisfies the
Following relation for every x<¥,:

(5.2) F (D @x)(AH=TF,(Dx, m-a.e. A<l

Here the exceptional m-null sel may depend on x, and M ; X,) is the same
space as in §4.

Then there exists a unique unitary operator G:IW,—M, which satisfies con-
ditions (a) and (b) of Theorem 4.1, and hence by Theorem 4.4 we can construct
a complete stationary wave operator Wr which satisfies (a) and (b) of Theorem
44. (Notice that if @ here coincides with @ in Theorem 4.1, then G and Wp
here coincide with G and Wy in Theorems 4.1 and 4.4.)

PrOOF. By and we can prove (@) of so that we
can construct G in the same way as in [Theorem 4.1. But as stated before,
we adopt another way. We divide the proof into 7 steps, and in each step
we first state the result to be proved in that step.

1st step: For every A</’ and j=1, 2, there exists an isometric operator
Fy(A): £,(1)—1 such that for every A=l  and every x&¥,, F;(Ax=F;(A)],(D)x.

Proof is easy by and the denseness of ¥,(A)=/,(A)¥%; in X,(A).

2nd step: For every A, F,(2): X,(A)—Y is unitary.

This can be easily proved using (b) of ().

3rd step: There exists a subset ACI', A€B such that m(I'—A)=0 and
such that for every 1€ 4, F,(2): ¥,(2)—Y is unitary.

Let {x,}7-: be a countable dense subset of X,. It follows from (F®) that
there exists a subset ACI’, A= B such that m(I'—A)=0 and such that, for
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every A A and k, one has F,()(Px,)()=F(2)x;. Thus for every 1< A, the
range of F,(2) contains {F,(A)x,}5-={F,(A)Ji(A)x:}5-1, which is dense in § for
every A’ by the 2nd step, (J1), and the denseness of {x,}5-; in X,. This
completes the proof of 3rd step.

4th step: For every Ae I, define G(A)=F,(A)*F,(2): ¥,()—%,(1). Then for
every A€ A, G(2) is unitary.

This is obvious by the 2nd and the 3rd steps.

5th step: For.every ¢&/,8,CM,, put Go={G(D¢(D}cr=X,. Then one
has GoeM, and ||Gollwm,=ll¢ln,, Thus G can be extended to an isometric
operator from M, to M, (which will be denoted also by G).

Since G(A) is unitary for every A< A4, it suffices to see the e,-measurability
of GJ,x for every x=X, because every ¢</,S; can be represented as ¢=]h,
where heS, is finitely-valued. But we have GJix = {G()].(D)x} e =
{Fo()*F (A} ser = {Fo(A)*F (AN DPx) (A} 2er = { JoL(AD)(@X)( D} ser.  Thus by Oxe
M ; %,) and (J2), GJix is e,-measurable as desired.

6th step: The isometric operator G: M,—M, is unitary.

Let veM,, and let (Go, v)n,=0 for every p=/;S;. We have to prove v=0
in M,. Take a countable dense subset {x,}5.; of ¥,. Then we have (GJ X xs,

v)m,=0, namely, L(GA(Z)]_I(Z)xk, v(A)),,:m(dA)=0 for every k and 4dCI', 4=B.

Thus there exists a subset BC A, BB such that m(I'—B)=0 and such that
(G J:(D)xy, v(A)),,,=0 for every 2B and k. Since G(2) is unitary for every
A=BCA and since {J;(A)x,}%2, is dense in X,(1) for every A=l by (J1), it
follows from this that v(4)=0 for every A=B and hence v=0 in M,.

7th step: The unitary operator G satisfies (a) and (b) of [Theorem 4.1

(a) is clear by the definition of G. (b) has already been proved in the
5th step. Q.E.D.

REMARK 5.2. Assumption (F®) of follows immediately from
the following condition (ZG) if we put (Px)(A)=G(A)x for Al and xX,:

(FG) For every A€, there exists a linear operator G(A): X,—X¥, such
that:

(a) for every A=l and x<X,,

(%.3) FA DG x=F,(A)x;

(b) for every x=¥%,, G(A)x is strongly B-measurable as an X,-valued func-
tion of A in I,
If we assume this condition (¢G) instead of (@) in [Theorem 5.1, the results
of the 3rd and the 4th steps in the proof are improved as follows:

3rd step: For every A€, Fy(2): %,(2)—1 is unitary.

4th step: For every 2, G(2): %,())—%,(2) is unitary.
In our main applications considered in Part II, the condition (FG) will be
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satisfied.

REMARK 5.3. Let us consider the short-range case. Then, for G*(4)
referred to in Remark 4.3, the relation (5.3) can be written as F,(A)G*(A)x=
Z,(A)x and hence

F(A)x+FLAVR,(AE10)x=F,(Dx.

In actual applications considered in Part II, 4;(4) corresponds to the eigen-
operator constructed by Ikebe or Saitd [25]~[28]. Thus the relation (5.2
or can be regarded as the weak form of the Lippmann-Schwinger equa-
tion. Thus in the case of long-range scattering, we may call the relation
or the modified Lippmann-Schwinger equation, because in the long-range
case @ or G has a form somewhat different from G*(1). Incidentally, we add
a comment that, even in the short-range case, our [Theorem 5.1 can be applied
to prove the completeness of ordinary wave operators.

Next let us prove a certain kind of uniqueness theorem. concerning Wr
referred to in Remark 4.3. Let (I, ¥}, ¢;) be another spectral form for the
same spectral system (I'y, B, m, 9;, E;) for j=1,2. Then we can define %;(Q),
¥,(2), X;(2), etc., as in §3.

THEOREM 5.4. Suppose that all the assumptions of Theorem 5.1 are satisfied
not only for X; and e; but also for X; and e} with @ and F ;(2) replaced by some
other @’ and F}(A) with the same Hilbert space B. Suppose furthermore that
the following conditions are satisfied for j=1,2:

(a) X/=X,nX] is dense in X; and X} ;

(b) for every Acl’ and x,ys¥X], e;(4; x,y)=e;(A; x,¥);

(c) for every A€’ and xeX!, F,(Ax=F{(A)x;

(d) for every A€’ there exists a unitary operator U(Z) in Y) such that
F,(Dx=UD)FYD)x for every xX} and 21,

Then, according to Theorem 5.1, we can construct unitary operators G and
G’, and complete stationary wave operators Wr and Wr. Moreover, by Proposi-
tion 3.1, we can construct a unitary operator szfjlmj Srom M; onto W; for j=
1,2. Now put M(Z):72(2)*F;(2)*U(Z)F;(Z)E(Z) for 2el’ and define Mp=
{(M(De(D}ser for ¢ ]:S,. Then M can be extended to a unitary operator in I,
(which will be denoted also by M). Define L=ny'Mz,. Then, for these opera-
tors, we have

(5.4) T.MG=GT,,
(55) LW =W} .

PrOOF. From the definition of M(R), (d), (c), and the denseness of Jj(l)%}’
in ¥,(2), it follows that MQ*L*G'(WTA=TM*F{A*UQ*FA NG (DL(A)=
(UQF DT FIOT(AD)=F (D*FILA)=F ()*F()=G(A) for every 2T
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Therefore M can be written as M:7§“C’71@* and hence is a unitary operator

in M,. Moreover we have proved (5.4). Relation follows from at
once by [Proposition 3.1], [(4.6), and the definition of L. Q.E.D.

§6. Time dependent wave operators and the invariance principle
(proof of Theorems 2.1~.2.3).

In this section, we consider as in §2.1 two self-adjoint operators H, and
H, in a Hilbert space 9 with 9(H,)=9(H,). Let @ be the Borel field on R?,
m the Lebesgue measure on R', and E; the spectral measure associated with
H; for j=1,2. Then (R', 8, m, 9, E;) becomes a spectral system. The pur-
pose of the present section is to construct, using the results of §§4~5, a sta-
tionary wave operator for the spectral systems (R', 8, m, 9, E;), j=1, 2, under
some of the assumptions on H; stated in § 2.1, and then to prove Theorems
R.1~2.3.

As shown in the operator @ plays a crucial role in the con-
struction of stationary wave operators, and as mentioned in Remark 4.3, there
may exist several @’s satisfying (@). But in order to establish a connection
with the time dependent wave operator, we must choose @ suitably. Our
assumptions stated in §2.1 are selected on the basis of the form of time
dependent modified wave operators for long-range scattering (cf. Buslaev and
Matveev [5], Alsholm and Kato [3], Alsholm [2], Hérmander [8], etc.), and
are suitable for constructing such @ as will be shown below. (As to the
motivation of our approach, see the introduction of [15].)

6.1. Construction of stationary wave operators. We shall construct a
stationary wave operator. Let I' be a Borel set in R, X, a linear subspace'®
of  for j=1,2 satisfying i)-iv)'® of §2.1, and suppose that (L.A.P.) of §2.1
is satisfied. Then by 1° and 2° of §21, ([, %X, e, is a spectral form for
(R', 8, m, 9, E,) for j=1,2, where ¢; is the complex valued function on I'XX%;
XX, defined in §2.1. Furthermore (Jj) of §5 is satisfied for j=1, 2 by [2.4).
Suppose that condition (X) of §2.1 is satisfied. Then it is easy to see that
the following relation holds for every u,ve 9(H,) and zeC*,

(6.1) e(z; G*(2u, GH(2)=r*(z; u,v),

where ¢; is defined by [2.5), G*(z) by and f* by [2.8) (cf. Proposition 1.4
of [15]). Thus if we assume (Q*) and (f*) of §2.1, and put for x=X%, and
ierl’,

11) Note that we do not assume the denseness of X; in § here.
12) Throughout the remainder of this rection, we assume i)-iv) of §2.1 for ;,
i=1, 2.
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(6.2) (D= x)(AD)=x+lim. Q*(A=+ie)x,
¢—+0

then @=0=* satisfies (@) of §4. Therefore we have proved the following
theorem.

THEOREM 6.1. Suppose that conditions i)-iv), (L.A.P.), (X), (Q*), and (f*)
of §2.1 are satisfied. Then there exists a unique isometric operator G=: M,—M,
satisfying (a) and (b) of Theorem 4.1 with @=0% where @+ is defined by (6.2).
Hence we can define a stationary wave operator Wi following Theorem 4.4,
which is a partial isometry in § with initial set 8, ,.(I") and final set contained
in & q.(I"), and satisfies (a) and (b) of Theorem 4.4 with @=0=.

REMARK 6.2. When (%) and (@) of are satisfied with @=0+%,
we need not assume condition (f*) in the above theorem, because (&) and
(¢®) imply condition (@). Furthermore W3 above becomes complete (see

heorem 5.10).

REMARK 6.3. Suppose that in addition to a), b) of (Q*), the following

condition ¢) is satisfied:

¢) For every A=’ and x&X,, the limit lim Q*(A+ie)x exists in X,.
e—+0

Then we can define a linear operator G*(4) : ¥,—%, as G*(Dx=x+ ElimoQi(Ziie)x
for 2’ and x=X,. This G*(2) obviously satisfies (b) of (FG) in Remark 5.2
(cf. b) of (Q*)). Thus if in addition to condition (&) of relation
is satisfied for A" and x<¥%,, we have (FG). Moreover (G) of Remark
4.2 holds, since (F) and (FG) are satisfied. What we wanted to say in Remarks
4.2 and 5.2 is that this is the case in our main applications considered in
Part IL

6.2. Preparatory lemmas and some definitions. W state and prove several
lemmas which we need in the next subsection. We denote by H*(C*; X) an
X-valued Hardy class on C*, where X is a separable Hilbert space.

LEMMA 6.4. Let (L.A.P.) be satisfied. Put

(63) 0,(:)="88UmD (R ()~ Ry(z)

for zeC*. Then for every us$, we have
(6.4) IF6,(E,(IMNue H¥(C* ; X5) .
PrROOF. Since [¥d,(-)E,(I")u: C*—X¥ is holomorphic, we have only to prove

that for some positive constant C,

(6.5) sup(  |TFELD)RyA-ichuly dA=Clull.

£>0

But this means that [¥ is H,-smooth on /" in the terminology of Lavine [20],
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and hence follows from the estimate of (L.A.P.) (cf. Lavine [19], Theorem,
1, and [20], Lemma 2.1). Q.E.D.

LEMMA 6.5. Let (L.A.P.) be satisfied. Suppose that I' is bounded. Then

for any bounded Borel measurable function a on R' with suppaCl’, and any
x, yeX,, we have

(6.6) e(Atie; x, a(H,,)y)e LY(RY), &>0
and
(6.7) e,(A+ie; x, a(Hyq0)y) s> a(Dey(2; x,y)  in LA(RY).

(e—+0)

Furthermore, the family {e,(Axie; -, a(Hy o)) | A€, >0} of linear forms on
X, 1s equi-continuous.

PROOF. Since ¢, is a spectral form for H,, we have
68)  edis; x alMedn) == | e dBe; x, du.

Hence, e,(Axie; x, a(H,,4.)y) is the Poisson integral of f(=a(wey; x, y),
where f= LY (RY) by supp «CI and [2.4). [6.6) and [6.7) are then immediate
consequences of well-known property of the Poisson integral. The equi-con-
tinuity of the family in the lemma is obvious by (L.A.P.) and [6.8). Q.E.D.

LEMMA 6.6. Let (L.A.P.), (X), and (Q*) be satisfied. Let I' be bounded
and let « be as in Lemma 6.5. Then for any x<X, and y<X,, there exist a
sequence of positive numbers {e,}, a Borel subset D of I' and a Borel set A in
R which satisfy the following conditions (a)-(d):

(a) lime,=0.

m-—oco

(d) m{I'—-D)=0, m(R*—A)=0 and DCA.
(¢) For each 2 A, there exist the following three limits:

lim Q*(A+ig,)x n X,
lim 13"52(2*_*-1'8”\/6(([{2,“))’ mn xg* )

lim e,(A+ie,; Q=(A+ie,)x, a(H,h0)y) n C.

m-—oo

(d) For each 2D (CA), we have

(6.9) lim e,(A+is, ; Q°(Atien)x, a(Hy,a)Y)

Mm—oo

=a(A)ey(2; lim Q*(Atien)x, ¥) .

Proor. We know by (Q=) and Lemma 6.4 that li.m. Q*(1+1i¢e)x in L%(R}; X,)

e—+0

and lim. I¥0,(A+ie)a(H, )y in L*(R}; ¥¥) exist. Hence there exist a sequence
e—++0
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{en} of positive numbers and a Borel set A in R* such that lime, =0, m(R'—A)

m—oo

=0, and (¢) holds. Thus it remains to prove the existence of DCI that
satisfies (b) and (d). But this follows immediately from the equi-continuity
of {e(Akicy; -, a(H, o)y | A€, m=1,2,---}, the existence of the limit
lim Q*(A+ie,)x, and [6.7). (We switch to another subsequence, if necessary.)
" Q.E.D.

LEMMA 6.7. Let (L.A.P), (X), and (Q*) be salisfied. Let I' be bounded
and put I''=R*'—I". Let a be as in Lemma 65. Then for any xc¥X, ye¥,,
and ¢p=L>(I""), we have

-0,
(e—+0)

(6.10) Li={ gDe(iie; Q*(Aie)x, a(Hya))dd

PrROOF. From the definition of e, (i.e. (2.5)), we see that the integrand of

is equal to
H(A(Q*(Axie)x, 0,(A+tie)a(Hy q0)))s -

Hence we know by (Q*) and Lemma 614 that lim L# exists. Thus using Lemma

e—~T0

6.6, we obtain
- . . 1/2
(6.11) 1 lim L2 | < ¢l e[ f | lim QA+ ien)xli,d2 ]
1/2
*[f Iim 10,2 rien)a(Hy oy d2] .
On the other hand, by Lemma 65, (3,(1ie)a(Hya0)y, 2o =e,(Ais ; 3, A(Hoyae)2)

converges to a(d)e,(; y, z) in LY(R}) as e—+0 for each z=X, Thus for any
z<X, and any Borel subset 4 of I'/ such that m(d)<oco, we have

[ <lim IFo,(2+ien)alHy 0009, %A2)2dA
= [, %4 lim (3,2 ien)a(Hy 00, 2)od2

= f | LRa(Ded; 3, 2)da=0

since a=0 on [”. Thus, from the fact that {X4(A)z | 4"/, m(d)<oo, z€¥,}
is a fundamental subset of L*(]"’; ¥,), we obtain

(6.12) lim I¥0,(Axiey,)a(Hy 0.)y=0  in L*(["; X¥).
From [(6.11) and [6.12), we obtain the desired result. Q.E.D.

Now in order to formulate and prove a proposition in the next subsection,
let us introduce some notations. Let (X) be satisfied. For each z=C*, uc9,
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and ve 9(H,)=9(H,), put

(6.13) r*(2u=(S*(2)— S¥(2))u/2ni,

(6.14) D*(2)v=(G*(2)—G*(2))v/2mi=(Q*(2)— Q% (&))v/2ni .
Then by we have for z&C* and ues O(H)),

(6.15) r*(2)u=+08,(2)G*(2)u+ Ry(2) D*(2)u .

6.3. A proposition. Our aim in this subsection is to prove a proposition
which will play an important role in the proof of the invariance principle, etc.
Let (L.A.P.) be satisfied. Then it can be easily seen that there exists a non-
negatlve, self-adjoint and bounded operator K,(4) in ¥, for any A=’ which
satisfies the following three conditions:

(6.16) K,(-)y: I'—%, is strongly continuous for each yeX,;
(6.17) ex(4; 2, )=(Kx(ADz, ¥)x,=(2, Ky(A)y):,  for every z, ye¥X,
and A=l ; and

(6.18) ?lelllg [ Ko(Dll peeyy< oo

Now we can prove the following proposition.

PROPOSITION 6.8. Let i)-iv), (L.A.P.), (X) and (Q*) be satisfied and let I
be bounded. Let a be a bounded Borel measurable function on R' such that
suppaCl’. Then for any x<X, and ye¥,, we have

(6.19) (c*(Ax1e)x, a(Hy,00)¥)e € L(RY)

for any €>0. Furthermore let ¥ = L*(RY). Then the limit in the following in-
equality exists and we have

(6.20) |tim [ " T (etionn, alH, e )ed?
[ F@EDe2; @0, |

SCOOIT s, |f aDer iy | ds.

Here C(x) is a positive constant depending only on x, and @* is defined by (6.2).
PrROOF. From [6.15) and [2.10), we have

(6.21) (z*(Ax18)x, a(Hy,e))o=F Af (D E A5 (D+ AF(D),

where
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A (D=e,(Axic; x, a(Hy,6.0)y) ,
(6.22) As (D)=e,(Atie; Q*(Axie)x, a(H,4.)y),
Az (D)=(D*(Atie)x, Ry(A+ie)a(H, q0))s -

Let us investigate some properties of A;. (j=1,2, 3) for the moment.
At.: By we have A, eL'(RY) for ¢>0 and

(6.23) lim j :OW(Z)AI%E(Z) di= j rllf(ﬁ)&(?)ez(z x,y)d2.

A, and (Q*) show that Af,=L'(R") for >0 and that lirB’A;e
exists in L'(RY). Thus we have by

(6.24) Tim [~ P Azda=lim ([ +[ YFDAz(Ddz
- jrzm) lim Az (2)d2.

shows that this is equal to

(6.25) jr T lim Az, (Dd2

— fr U (Da(Re,(2; lim Q*(Akien)x, y)d2

where {e,} is the sequence appearing in
Ai.: Since D*(A+ie)xsX, for all AeR! and ¢>0 by (Q*) and (6.14), and
since ¢, is a spectral form for H,, we have for A= R' and ¢>0

£ rn_ a(p) Dy
(6.26) A=[ ey e D*(Aiox, y)dp.
By [(6.18), we have a(-)K,(-)yveL'(R'; ¥,)nL*(R'; X,). Thus the integral
6.27) he(ie)=| r—#_—"‘(%g)--— K(p)ydy

converges in X, for any A€ R® and ¢>0, and moreover we have h*€ H*(C*; %,).
Therefore using (6.17), we can write

(6.28) A; (A=(D*(At1e)x, h*(Ax1ie))s,

for A=R! and ¢>0. Hence by (Q*) and h*= H*C*; X,), we have Af.eL'(R")
and

(6.29) tim [T @) As(2)d2

=(" V(A)(Lim. D*(Aie)x, h*(2)x,d2,
—oo e—+0
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where h*(l):l.i.g}. h*(A+1e) in L*R};%,). On the other hand, by the theory

of Fourier transformation for Hilbert space valued functions, we get

(6.30) " 1= izdr=2xf “l‘j a(De R EK,(A)yda| ds .
—oo 0 F xz
Thus using Schwarz inequality we obtain

(6.31)

oo 2
lim [~ () A;e(l)d,%l
5—-+0 —o00

SCONY limcunf |f, ae KDy, ds,

where C(x):anm HI.i.Jrrrol. D*(A+ie)x\|},dA.

Now it is easy to see that [Proposition 6.8 holds. The relation fol-
lows from Ai.eLYR") (j=1,2,3,¢>0). The inequality can be easily
proved by using (6.21), [(6.23), [(6.24), [(6.25), and [(6.31). Q.E.D.

6.4. Time dependent wave operators. In this subsection we shall prove
Theorems 2.1 and In the proof we do not assume X; is dense in $ (cf.
footnote 4)). For this purpose, it suffices to prove that, under the assumptions

of Mheorem 2.1 or 2.2, we have
(6.32) Wiu= lim Wp(H)u for ue®, (I,

t—stoo

where Wp(t)=e¢'"Hee tH1-1X® and Wi is the stationary wave operator in[Theorem
6.1. In fact, follows from [Theorem 6.1l and (6.32), and
2.2 from [Theorem 61, Remark 6.2 and [(6.32), because conditions (a)-(c) of
are equivalent to () and (F®) of with @=0¢,

Now let us prove (6.32). Since Wp(¢) is unitary and Y, Sl,ac(f) is funda-
Tcr

mental in &, ,.(["), where I’ varies over the set of all bounded Borel subsets
of I', we may and shall assume I” is bounded.

Let x=X%,, y=¥, and a Borel subset 4 of I’ be arbitrary but fixed. In
[Proposition 6.8, put ¥'(2)=e"** and a(2)=e **%4(2). Then from [6.20), we obtain
for all teR?,

lim e" M (z=(A+ie)x, e HH2E, , (4)y)ed R

g—+0Y —oo

F [ 1iDe,2 (@2, )|
r

(6.33)

<cf :” [RZCEd 90 ydll';ds ,

where C(x) is a positive constant depending only on x.
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Now let us put for t=R! and >0,
fs,t(s):e_el 8!<e—isH1—iX(s)x’ e—-itHzEz,ac(A)y)% .
Then for any tR* and ¢>0, we have f.,=L'(R"). Thus from the definitions
of z* and S*, and we get
| e ()ds= (2t (i), € B o (D))s = L(R))

for teR! and ¢>0. Moreover by (BC), f.,.(s) is of bounded variation in s on
any finite interval and continuous in s. Thus we can apply the inversion
formula for Fourior transforms to f.,, and we obtain

(6:34) fol) =4[ e axie)y, e, 0 (4)7)od2

for any ¢, s€R! and ¢>0. Therefore, putting s=¢, letting e—~-+0 in (6.34), and
remembering the definition of f..(s), we have for any teR!

(6.35) lim (e (c*(Aie)x, e 12E, 4.(4)y)sdA

e—=+QV —oo

=+=(Wp(t)x, Egac(d)y)s .
On the other hand, by and Remark 6.2, we have

(6.36) Ls(Dex(4; (D*x)(R), )dA=(W i %, Eyac(d)y)s ,
r

under either assumptions of [Theorem 2.1 or [Theorem 2.2 Thus from [6.33
(6.35), (6.36), and the fact that the right-hand side of converges to zero
as f—=+oo, we obtain

(6.37) Jim (Wop()—=W3)x, Esyae(D)y)e=0

for any x€¥%,, yc¥,, and 4dCTI', 4 3.
Now from (6.37), we can show that for any u<®, and wel, (I,

(6.38) lim (Wp(Ou, wye=(Wiu, ws .

In fact, since Wy(t) and W are uniformly bounded and the vectors of the
form E,,.(d)y, ye¥X, ACI', 43, are fundamental in &,,.(I"), it is easy to
see that holds for any uc¥, and we,..(I"). To prove it now
suffices to consider the case u=e *¥1x, xeX,, seR?, and weg, ("), for such
w's are fundamental in £,. But using (XA), e*"2weg, ,.(I'), and the intertwin-
ing property of W%, we obtain lliﬂ(WD(t)e‘“Hlx, W)e=

Jim (W (£ exessmz, oo = lim (Wy(t-9)x, et = (W .5, ¢ Moo=
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(Wte ™ iy, w)e, as desired.

Suppose now that €8, ..(I)C&,. Since [Wr()llse,<1 and |Wiulle=/ule,
we have |[Wp(Hu—Wiul|3<2Re (Wiu—Wp(t)u, Wsu)p. The right-hand side
tends to zero as t—=co by [6.38), since W3u<8, ,.(I"). Thus we have proved
| :

6.5. The invariance principle. We shall prove and the last
half of Remark 2.4 without assuming the denseness of X; in § as in the pre-
vious subsection. For this purpose, it is sufficient to prove
(6.39) Wt u:tgﬂ W:}f(t)u:tiiglc W (Du for ue,..(17)),
where Wi(t)=e"*#2Qg(t) and W (H)=e"*"2Q (1), with 9,..(I") in conditions
(Q%) and (X,) replaced by £, ..(I).

Let xX,, y¥, and 4CI', 4= 3 be arbitrarily fixed. In [Proposition 6.8,
put F(A)=e " Pp(2) and a()=e ""¢PY (1), where 7 is taken as in §2.1. Then
from [(6.20), we obtain for all R’

(6.40) }nm T gD (e (ki) x, e IO, 4 (4)3)edA
2
[ LDes(; @R, i3]

<C@| :" [ 2@k, ayy dzu;ds .

Since Zsupl lz*(A%ie)| gy <oo for any €>0 by definition, the following integral
R

converges in 9 for any ¢>0 and u=9:
[ netwr=(tieyu da.
By Fubini’s theorem and the definition of z*, this becomes equal to
+ [ a,(t, e eIy,

and hence converges to +Q,(Du as e—-+0, since a,(f, -)€L(R") for t€R"
Thus for every {=R', we have

(6.41) lim j T (e D (e (A ie)x, e EDE,  (D)y)edd
e—+0 ¢ —eo :

= i(Wg;(t)X; Ez,ac(Ab))b .

On the other hand, under either assumptions of or the last half

of Remark 24, relation holds. Thus from [6.40), [(6.41), [6:36), and the
fact that the right-hand side of converges to zero as t—oo since ¢’>0




690 H. Kitapa

on I (cf. Lemma 4.6 of Chapt. X of Kato and Lemma 7.6 of Kato and
Kuroda [13]), we obtain

(6.42) lim (W, ()x—W 3 x, E; 0.(4))e=0

t—+oo

for all xe¥,, yeX,, and 4cI’, 4 8. From this and (2.18) in (Q%), we get
(643) lim (Wg(0x— W%, Eayae)3)6=0

for any x&X,N\8,..(["), y€¥%, and ACI', d€ 8. Thus by [WFD s, e e

<1 and (¥,), we can easily prove (6.39) in a way similar to the last part of
§ 6.4.
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