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Introduction

We shall be concerned with the non-selfadjoint operator in the Hilbert
space $ of abstract functions f(x)

01) Lif = Lf+ Vi =5+ [ (e D)y,

where [a,b] may be an infinite interval. More precisely, let £ be a fixed
Hilbert space, where the inner product and the norm are denoted by f-Z and
|fl=(f" f)V2 respectively. & is the Hilbert space of all measurable functions

b
f(x) (xe[a, b]) with values in £ such that f |f(x)|2dx < +oco. We denote the
inner product and the norm in $ by

(), 8@y = [ f00) - 5Gdx and [f]= G, fH,

respectively. Then, L,f = xf(x) is defined in the domain © of all functions
f(x) €  satisfying fb(1+|x|)2|f(x)|2dx< +oco. We regard the operator L, as

a disturbed operator of L, by the perturbation V.

The above operator [0.I) was initially studied by Friedrichs ((3]). He
supposed that V is small enough to obtain the resolvent of L, by the Neumann
series in terms of the resolvent of L, and proved, among other things, the
existence of a bounded operator U establishing the similarity of L, to L,.
Namely,

0.2) Liy=ULU.

Recently Faddeev ([2] treated the same problem without assuming the
smallness of the operator V, and showed that the results of Friedrichs are
essentially true even in that case. He assumed however that V is a symmetric
operator. Our aim is to extend his results to the case where V is no longer
symmetric. As we shall show, his method can be applied in the study of the
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behavior of the resolvent of L, without any significant modification. However,
we should mention that in our case some serious difficulties occur when we
consider the integral equation introduced by Faddeev, and these difficulties
make our results considerably weak ones (see Example in §1).

Let us explain briefly the outline of our proof.

In §2, we first prove that there exists a class of subintervals 4 of the
real segment [a, b7], to which corresponds the spectral resolution E,(4) of L,.
It should be natural to define E,(4) by using the formula

(0.3) E\(4)= lim 7151— { AR+~ RQ—ie)}da,

where R,(z)=(L,—zI)"*. However, we define E,(4) explicitly by using the
wave operators W®(4) and Z*®(4), and show that the right side of con-
verges to E,(4) in the weak topology of operators. Then we can prove the
relations

0.9 Edy=E(), LEM=EML,.
Next we show the relation
(0.5) WSUDL, = LIVS(D).

The similarity of L, to L, is then established, by restricting them to the in-
variant subspaces E,(4) and E,(4)9, respectively, where E,(4) is the resolu-
tion of the identity of L,, We use a stationary method developed by Fried-
richs and Faddeev to construct the wave operators W®(4) and Z*(4).

The operators W™ (4) and Z®(4) are not in general related to the time
dependent scattering theory since we can not say the uniqueness of the solu-
tion to the equation

0.6) i%?t# u(®) = Lu(t), u®=ulu, 9.

However, if we assume for example Im [ V] is bounded, then —iL, becomes
the infinitesimal generator of the group exp {—iL,t} (—oo << +o0). In this
case W(4) and Z*(4) are used to the study of the asymptotic behaviors
for t— +oo of the solution u(f) to equation [0.6). The scattering theory of L,
is discussed in § 3.

In §4, we discuss the completeness of the spectral resolution E,(4) of L,.
We consider this problem in the case when V is a product operator such that
V=DB*A. In this case we can use satisfactorily the Cauchy integral formula.
However, we require in our proof that formula has a meaning for any
subinterval 4 of [a, b]. Although this is a well-known fact for selfadjoint
operators, it seems rather difficult to verify this when a non-selfadjoint operator
is concerned with. In this paper, we add this as an assumption.
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Finally, in §5, we remark that some additional properties can be obtained
if we restrict V to be dissipative.

We should mention that the works of J. Schwartz ([(§) and Kato
have some contact points with our study. J. Schwartz investigated the Fried-
richs model [0.I) without assuming the smallness condition on the non-selfad-
joint operator V. He proved the existence and the completeness of the spectral
resolution E,(4) of L, by reducing these problems to the results of Friedrichs
for small perturbation. Our results to the same problems are not much clear
in comparison with those of J. Schwartz. However, we proved them by using
a direct method. Kato treated the perturbation theory of general non-
selfadjoint operators. Roughly speaking, his assumptions are that L, is a
closed operator with spectrum on the real line, that V is a small perturbation
by a product operator, i.e., V=xB*A, where |k| is chosen sufficiently small,
that A(L,—zI)~! and B(L¥—zI)"! are uniformly bounded when z moves in a
neighborhood of the real line, and that A(L,—zI)~'B* is also uniformly bounded.
Under these assumptions he proved among other things that there exist the
wave operators W™ and Z® which establish the similarity of L, to L,, We
use in §4 a modification of Kato’s method.

The author would like to express his sincere graditude to Professor S.
Mizohata for valuable suggestions and corrections. He would also like to
thank Professor T. Ikebe for his helpful discussions.

1. Preliminaries

The operator V is defined by
LD VA1 = [ vlx, D)y,

where v(x,y) is a completely continuous operator in £ for any x and y in
[a, b] (hereafter we shall write simply f, if the integration is taken over
[a, b]). We denote by #(x, y) and |v(x, ¥)| the adjoint operator (in £) and the
norm of v(x, y), respectively. Throughout the present paper the kernel v(x, y)
of V is assumed to satisfy the following conditions® :
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(B) |vCx, y)—v(x+dx, y+4y)|
= const (14| x|+ [y)=%(] x| 7o+ dy[ ™), - 2 <yo<l;

© v(x, a)=uv(x, b)=v(a, y)=v(b, y)=0 if a or b is finite.

We first prove the following theorem.

THEOREM 1.1. Let V be an integral operator satisfying the condition (A).
Then the operator L, defined by (0.1) has the following properties:

Q) L, is a closed operator with the domain D=D(L,). Let L¥ and V* be
the adjoint operators of L, and V, respectively. Then L¥= L,+V?*, and L¥
has also ® as the domain of definition.

(2) The essential spectrum of L, consists of the real segment [a, b], outside
of which L, has at most a countable number of discrete eigenvalues to which
correspond finite dimensional root subspaces®. The same properties are true
for L¥.

@) A complex number z< [a, b] is a discrete eigenvalue of L, if and only
if the complex conjugate z is a discrete eigenvalue of L¥. The root subspaces
corrvesponding to z and Z are of the same dimension.

ProoOF. By the condition (A), it is not difficult to see that (V)DD. So
the integral operator V(L,—zI)"! with the kernel v(x, y)(y—z)~! is defined
everywhere in  for any complex number z & [a, b]. According to the relation

(1.2) Li—zl= Lo+ V—zl = {I+ V(Ly—zI)"*}(L,—zI),

we see that L, is a closed operator with the domain ®. Since

(L1 [V Iw=[v'@ nfndy  (feD),

where v*(x, y) =0(y, x), by the same reasoning, L,+ V* is also a closed opera-
tor with the domain ®. Next, let us prove the relation LF=L,+V*. It fol-
lows easily from (A) that v(x, ¥y)(y—2)~! is a kernel of the Hilbert-Schmidt
type and

“ oG, y)]2 dxdy < const [[ (1+|fcj!j;f'2!)“23° dxdy

< const |Im 2|7 (L] x|)otdx | (L4 |y 1) [y—z| dy

Hence there exists a complex number z such that

2) A function f(x) €9 is called a generalized eigenfunction of L; corresponding
to an eigenvalue 2, if there exists a natural number n such that (L;,—aI)?f=0. The
set of all generalized eigenfunctions of L; which correspond to 2 is called the root sub-
space of L;, corresponding to A.
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I V(Le—2zD7 | <1, | V*(Le—2D|<1.

For arbitrarily fixed such a value z, L,—zI has a bounded inverse. Moreover
we have from that

(Li—zD)1%= % [V(Ly— D)1 J%"(L,—2I)1 .
On the other hand, since .
(L.2* Lo+ V*—zI=(Ly—zD{I+(Ly—Z])"V*} S (Ly—zD{I+[ V(L,—z])' T},
we have similarly that

(Lo V*—2D) = S [V(Ly—2D) "I (L—20)

Hence we find tne relation (L,—zI)**=(L,+V*—zI)"!, which implies L}
=L,+V*. The assertion (1) is thus proved. The remainder of the above theo-
rem follows readily from Theorem 5.1 of [5] if we notice the complete con-
tinuity of V(L,—zI)". The theorem is proved.

Now we introduce, following Faddeev, the operator V,(z) with the domain
®, satisfying the equation®

1.3) {I+VR} Vi (2)=V, R(2)=(Ly—z[)" (z&[a,b]).

LEMMA 1.1. The operator I+VR(2) is invertible in © with the bounded
inverse if ze[a, b] is not an eigenvalue of L,.

PROOF. Let f+ VR (2)f=0, f=$. Then, putting ¢ = R,(2)f €D, we have
(Ly—zD¢p+V¢p=0. Namely (L,—zI[)¢=0. This implies that z is an eigen-
value of L,. Thus, if we recall that VR, (z) is completely continuous in 9,
this proves our assertion.

Let us define the oprators

1.4 Vi@ ={I+VR()}'V,

(1.5) Ry(2) = Ry(2)— Ry(2) V(D) Ry(2) .

Then R,(z) gives exactly the resolvent of L,. Let us prove this. We first

notice that the range of R,(z) is contained in ®. So, we can apply to the

second side of (1.5) the operator L,—z/ from the left. Then we see easily

(L,—zD)R,(z2)=1. Next applying L,—z[ from the right, we get

R(2)(Ly—z)=I+Ry(2){V—Vi(2)— Vi(2)R(z)V}

=I+Ry(){V—V(2)—[I+ VR 'VR(2)V}
=I+R({ V-V ()—V+Vi2)}=1 (n9D).

3) This is a fundamental equation in the stationary approach to scattering theory.
Faddeev has developed in [1] a method for the scattering theory of the non-relativistic
three body problem starting with this equation. This equation can be applied to the
relativistic quantum theory (see [7]).
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Conversely, using the resolvent R (z) of L,, V(2) is represented as follows:

1.6) Vie)=V—-VR((2)V.

In fact, there exist always the relations

a.7m R(2)=Ry(2)—R,(x)VR(2),
1.8 Ri(z2)=Ry(2)—R(z)VR(2),

which are called the second resolvent equations. Applying V,(2) to from
the right, we get

R(2V(2) = R({I[+VR(D}V(z)= RV .
Namely we have
1.9 R(DV(2)=R()V,

which yields relation [1.6) Finally, applying R,(z) to from the right, we
have

1.10) VR (2)=V(2)Ry(2) .

Next, let us define the operators
d4* Vi@ ={I+V*R(}V*,
(L.5)* Ri(2)= Ry(2)—Ry(2) VI (2)Ro(2) .

Then we see similarly that R¥(z) is the resolvent of L{=L,+V* If R,(2)
exists for some zé& [a,b], then we see from (3) of that R¥(2)

exists and we have

1.11) R¥(Zz)= Ry(2)*.

Since

1.6)* V@) = V*=V*Rf()V*,

comparing this formula with (1.4)* and taking into account, we have
(1.12) Vi@f=V.@%, [fe9,

where V,(2)* is the adjoint operator of V,(z). Finally we get

(1.13) [RVTIF*=TV*R,@)*=VFRR(2).

From now on, we shall examine whether the solution V,(z2) of equation
be an integral operator generated by a smooth kernel similar to v(x, y),
even when z approaches the continuous spectrum of L,. For this aim, we can
apply the method developed by Faddeev ([(2]) in the case when V is sym-
metric.

The operator VR,(z) is an integral operator such that
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(114 (VR IW=[LEDD 4y fegp.
The right side becomes singular when z approaches to the real segment [a, b].
In order to give a meaning to such a type of singular integrals, we require
the Holder conditions on f(x).

Let B;,, be the space of all continuous functions f(x) (x[q, b]) with
values in £, satisfying .

_ )~ et 4)|
@15 W lar=_sup A+ 1x{If@]+- 555 T < oo,

where =0 and 0<y<1. %B;;is a Banach space. Let /] be a complex plane
with a slit along the real segment (a, b), where the points on the upper edge
are distinguished from those on the lower edge and these points are denoted

by A+4+10 and 2—i0 (1 € (a, b)), respectively. We denote by IT the set composed
of /I and those points A+:0 and 1—i0 (A = (a, b)).
Define the operator

(L16) (1@ = [HEM D gy e

acting on the space B;;. Then we get the following estimates due essentially
to Friedrichs [3]*.

ILT(2)f J(x)] = const (1+ | x)~%°(L+ |2 )~*[ f 5,7 »
ILT(2)f J@)—[T(z+42)f J(x+ 4x)]
< const (14| x )72+ 2% f ll5,(] 4x |7+ | 42|™),

(1.17)

where 0/(< d) and yi(<7,) can be chosen as close to min (d, 1) and 7,, respec-
tively, as we wish and 7’ =min (y,, 7). Namely T7(z) is a bounded mapping
from B;, into Bj,r,. Now let d <d, and y <y,. Then, since we can choose
74 such that y <yt <y, we find that T(z) is a completely continuous operator
defined in B;,,, following the proof of Faddeev ([2]). It follows immediately
from (1.17) that

4) These estimates are obtained by applying, with the aid of [Lemma 2.1 to be
given later, the following estimates due to Faddeev (see [1]; of page 105):
let ¢(x) € B,y then the function @(z) :f@(x) (x—2)"ldx(z € II) satisfies
™ [0(2) | = const(L+[z])=¥[l¢lls,r,

|0(2) —0(z+4z) | < const(1+|z|)~0"||plls, | 42| .

We remark that the above estimates will play an important role in the following.
Sometime we shall use them without explicit mention.
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| T(2) ||5,» = const 1+ z|)~%,

(1.18)
| T(2)—T(z+42) |5, < const 1+ | z|)~%|4z|*,

—7) 9
where 0 < u < M#LS We can say more. The above estimates show that,

0
by the passage to the limit, T(1+1i0) exist and they are also completely con-
tinuous in B;, as the uniform limits of cAmpletely continuous operators. They
satisfy (1.18) with the same constants.
Now consider the integral equations

(1.19) fHT@f=f  ([o€Bs),
(1.20) o+ T@p=0.

Since T(z) is completely continuous in B;,r (0< 9 <y, 0 <7 <7y) for any fixed
zell , we can apply the Fredholm alternative. We call a value z for which
(1.20) has a non-trivial solution a singular point of T(z). We denote by a(T)
the set of all the singular points of T(z).

As we can see easily, ¢(T) is independent of the choice of § and y. So,
as for the investigation of the property of the singular pkoints, we can fix

and 7 such that *12~<5<50 and —é*<7<70. In such a case, we see that

f & B, belongs to . Consequently, it follows from that, if zeo(T)
is on neither edge of (a, b)®, then it is a discrete eigenvalue of L,. The con-
verse is also true. ,

The following lemma is due to Faddeev ((2]; Lemmas 3.6, 3.9).

LEMMA 1.2. o(T) is closed and bounded in II.

In the case when V is symmetric, Faddeev has proved moreover (2];
Lemmas 3.8, 3.11) that 1+1i0 (1= (qa, b)) belongs to o(T) if and only if 1 is an
eigenvalue of L, and then A1—i0<o(T). This fact is proved by using the
property that the solution ¢(x) of [1.20) for z= 2-+i0 satisfies ¢(1)=0, and the

assumption that y > %A.
In the case where V is no longer symmetric, we cannot deduce the above

result, as the following example shows.

EXAMPLE. Let 2€(q, b), and v(x) be a real valued smooth function whose

support is compact and contained in (a, b). Suppose furthermore 1)(,2)2:L

and v(A—8&) =v(A+&) for all & Put v(x, y) =iv(x)v(y) and consider "

5) This follows from [Lemma 1.2 of page 104 of [1] if we notice that the range
of T'(z) belongs to By,

6) In the case when z=a or b, we see easily that this value is also an eigenvalue
of L, since v(a, y) =v(b,y) =0.
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L f = xf(@)+iv@) [ v()f()dy,  fe L¥a, b).
In this case equation becomes
PN ELC)C)NPN.
go(x)+w(x)j. Y dy=20.
This equation has, for z=21+10, a non-trivial solution v(x). In fact, we have

o) +iv({Pf % dy+iv(y}

— v Fiv({0+mi- =} =0

taking account of the symmetric property of v(y)? with respect to y=4. On
the other hand, the value z=2 is not an eigenvalue of L,. In fact, let ¢(x)
=D be a solution of the equation

Q—0p() = iv(@) [ vy -

Put fv(y)gb(y)dyzc. Then (A—x)¢(x)=1iCv(x). Since v(2)+#0, ¢(x) does not

belong to L%*(a, b) unless C=0. Thus ¢(x)=0.

Incidentally, we can show an example of a selfadjoint operator L, such
that 1< [a, b] is an eigenvalue of L,. In fact, let 2 be an arbitrary point in
[a, b]. Then we can find a real valued function v(x) e C', whose support is

compact and contained in (a, b), satisfying v(1))=0 and J‘(Z——x)‘lv(x)zdle.
Then, putting ¢(x) = (x—2A)~w(x) and

L.f = xf@)+v(0) [v()f()dy,
we have
(L= 2D = (= DY) +0(0) (=2 u(nydx
=v(x)—v(x)=0.

Thus ¢(x) is an eigenfunction of L, corresponding to the eigenvalue A.
Let us continue for the moment to investigate the property of the singular
points of T(z). We introduce another operator

116" (T@f =[GV 4y em, re,,

where v*(x, ¥) = #(y, x), and denote the set of the singular points of T*(z) by

7) We denote by P the Cauchy principal value.
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o(T*). Then it follows from (3) of that z & (a, b) belongs to o(T*)
if and only if z= o(T) (cf. Foot-note 6).

This property can be extended to z lying both edges of (a, b). Namely
we have the

LEMMA 1.3. The value z= A+10 (A< (a, b)) belongs to o(T*) if and only if
Z=A7F10 belongs to o(T).

Proor. It suffices to show the lemma in the case when z=2+10. Let us
denote by B4, the dual of B;,; that is, the space of all continuous linear
functionals defined on B;,. The dual operator T(z) of T(z) is defined by

(T FIN=FT®@f), FeBs, f&Bsy-
Then, applying the Fredholm theory, we see that the homogeneous equation
(1.20y UV+TRV =0

has a non-trivial solution in Bj,, if and only if z< o(T).
It follows immediately from conditions (A) and (B) on v(x, y) that, for any
a < Q, v(x, y)a belongs to B;, as a function of x and

1.21) [v(-s Mells,r = const L+ [y )%+ |a].

Let 2—i0= o(T) and ¥ be a corresponding solution of (1.20)’. Then we can
define a continuous linear functional on 2 by ¥'(v(-, y)a) for every fixed y.
Namely, there exists a £2-valued function ¢*(x) such that

(1.22) T, Nay=a-¢%(y).

Here we claim that ¢*(y)=0. In fact, we have for any feB;;

B vy o (TG, D)
V()= T (TA—i0f) = — lim [0 DT dy.

Suppose ¢*(y)=0, then this implies ¥ (-, y)a)=0 for any y and « € £. Hence
Uw(-, »f(»)=0. This implies ¥(f)=0 for any f = B,,, contrary to our as-
sumption. Now since

Y, ) =—=T(TA—i0v(:, y)a)

— im ([ D ),

it follows that

a-¢*(y)=—lim

e +0

W(’U( ’ u>v(u! y)“)
j u—(A—1ie) du.

Using again we have

L o¥ ()
o gp*(y) = —3_1}’2) v(u'),,t;y—)&—gfs)(u) du .
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It is easy to see that ¢*(y) = B;,-5,;» Thus we have

(1.20y% w*() = — lim {206 D6 gy — [T+ A+i0)p¥1(5)

Namely 2410 € o(T*).
Conversely, using a solution ¢*(x) of the last equation, we can define a
linear functional acting on B;; by

s
v(ry= LN 4y, fe®a,.
Then it is not difficult to see that this satisfies equation [1.20} for z=21—10.
Namely 2—10 € o(T).

The proof of the above lemma is complete.

Next, we remark the following:

LEMMA 14. In order that a value 1< (a, b) be an eigenvalue of L, or L¥,
it 1s necessary and sufficient that both 2+10 and A2—i0 belong to o(T).

Proor. Let A+i0 and 2—i0 belong to ¢(T"). Then, by virtue of the above
lemma, we see that they also belong to o(T*). Let ¢(x) and ¢*(x) be solutions
of (1.20) and (1.20)*, respectively, corresponding to the singular point z= 2+10.
Then we have

o) ) ©*(x) 0, )90 »
0= S0 “x—(A+i0) H*‘mlm [f“§7zg®'dy]dx

— }&u@o f (W) ey
z—(2+10) y—(—i0)

= 2mig*(2) - 90 -
This implies that ¢(2)=0 or ¢*(2)=0. Since y >%——, we see on putting ¢(x)

= (x—2)"'p(x) and ¢*(x) = (x—2A)~lp*(x) that ¢(x) or ¢*(x) belongs to D. Sup-
pose ¢(x) =D, then we see

Ly—2D¢ = ¢(x) = — [v(x, DGy = — V).

Namely (L,—aI)¢=0. This shows that 1 is an eigenvalue of L,. Similarly,
if we suppose ¢*(x) €D, then 1 becomes an eigenvalue of L¥.

8) In fact this is seen from the relation
0= <Ry(A+i)p*, o+ T (A+ic)p>

o*(x) 0 (%) o) (v e
jx G R R Ny U y— (A+ie) dy]d"’

by letting e-> 40 and noting by virtue of estimates (1.17) that the orders of the inte-
gration and the limit procedure can be arbitrarily changed.
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Conversely, let 1< (q, b) be an eigenvalue of L;, and ¢)(x) be a correspond-
ing eigenfunction. Then, since

(= DY@+ [v(x, NP3y =0,

we see on putting ¢(x)=(x—2¢(x) that ¢ € B;; and ¢(A)=0. This implies
that ¢(x) is a solution of for z=2+410 as well as z=1—10. The same
reasoning can be applied in the case when 1 is an eigenvalue of L}.

The proof is thus complete.

We return to the non-homogeneous equation If z< I does not be-
long to o(T), then we can define the operator B(z) by setting

(1.23) {I+T()}*=I1+B().

It follows from (1.18) that B(z) is a bounded operator in B;;, for any ¢ and
v such that 0<0<d, and 0<y <y, Moreover

IB(2)5,r =< const (14]2[)~,

|B(z)—B(z+42)|s,r < const (1+|z[)~%|4z|”,

where ¢/ and g are the same exponents as given in (1.18). The constants in

the right sides are independent of zell , Whenever z is not in a neighbohood
of o(T).

Now, let v,(-, ¥; z)a be the solution of with f, replaced by v(:, y)a,
a = 2. Then this is represented by
(1.25) vi(x, ¥ ; Da=[{I+B@}v(-, »allx).

LEMMA 1.5. v,(x,¥; 2) is a completely continuous operator in £ and van-
ishes when x or y is on the boundary of [a, b]l. Moreover the following esti-
mates hold.

(1.24)

|vy(x, ¥; 2)| = const (14| x|+ |y|)~%,
lvi(x, y; 2)—v(x+4dx, y+dy; z+42)|
< const (1+| x|+ |y dx| "1+ | dy| " 4| dz| ™),

(1.26)

where 0,(< 0y), 17:(<70) and y1<< Z"A> can be chosen as close to d,, y, and 7:1" ,

respectively, as we wish. The constants in the right sides are independent of

ze I, whenever z is not in a neighborhood of a(T).
Proor. The first half of the assertion is evident. Applying (1.21) and

(1.24) to the identity (1.25), we get
lvi(x, ¥ 2)] = const (14| x| )L+ |y [)=20+2,
|v,(x, y; 2)—v,(x+4dx, y+dy; 2)|
=< const (1+[x )72+ 1y 1)~ dx|"+ | dy]"T) .
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Since these inequalities are valid for any 6 and y such that 0<d<d, and
0<7y <7, with the constants which depend only on the choice of ¢ and y, we
can substitute in the right sides the function (1+|x|+|y|)~% for 1+ ]|x|)~°
A+ |y|)-%+%,  As for the Holder continuity concerning the variable z, we have

lvi(x, ¥; 2)—vi(x, ¥; z4+42)|
< const (1+ | x|)°| B(z)—B(z+42) |57 lv(-, s
< const (14 [x )7L+ |y[)%*°| dz| ™,

where g, <J,,(7T;;T),. It is easy to see that max J—(KL——Q:¥£‘?~. Hence we
0 0

have estimates (1.26) and the lemma is proved.

REMARK. As will be proved in the following section, we can say more:
v,(x,y; 2) is a Holder continuous function of z with the exponent g, which
can be chosen as close to y, as we wish. Namely, we can replace g, by y, in
the second inequality of (1.26).

Since we can choose 51>%7, the integral operator represented by the

kernel v,(x,y; 2) has ® as its domain of definition. It is obvious that this
integral operator is a solution of equation [1.3). Hence by we see
that this coincides with the operator V,(z) when z is in the resolvent set of
L,. Moreover the kernel v,(x,y; 2+10) has a meaning and satisfies (1.26) if
A+10 or 2—10 is not in ¢(T). We denote by V,(A+i0) the boundary operator
generated by v,(x, y; A1210).

Applying the same reasoning, we obtain the kernel v{(x, y; z) which gen-
erates the operator V¥(z). This kernel is estimated in the same way as
v(x,y; 2) in (1.26). By virtue of and [Cemma 1.3, we find finally that
they are related to each other through

1.27) vix, y; ) =0y, x;2), zell, z&aT*.

2. The similarity of L, to L,

First we state a definition.

DEFINITION. We denote by M;(0=0, y >0) the set of all the functions
j(x, ) with values in the set of completely continuous operators in £ satisfy-
ing that
(A) 7Cx, )| = const (L+| x| +[y])~°;

(B) |, ) —j(x+Ax, y+4y)|
<const (1+ [ x|+ [y])°(| dx| "+ 4y]");
© Jja, ) =jb,v)=j(x, a)=j(x,b)=0 1if a or b is finite.
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It is obvious that ; , becomes a Banach space with respect to the norm

2.1) 17 lms,r = sup (1+IXI+lyl)"{1J(x Nl

(AxIIAy|<1

LG, W—ilx, y+4y) | 11, »)—jx+4dx, y)|
+ dy]7 T [Ax]" -

Clearly wv(x, y) € WMsor, and v(x,y; 2) € Ms,r (0<0,< 0y, 0< 7, <7, for any
ze IT which is not in o(T).

We need the following lemma.

LEMMA 2.1. Let j(x,y) e Msyand f(x) € By (0<0'=0,0< 7' =7). Then
the function @(x, y)=j(x, y)f(y) belongs to By 3 for any fixed x and satisfies

loCx, o = 20+ 2N jllms 1S lor,70 5
”SD(X, J""SD(X‘[‘A.X, ')“5’,(1—6)7’
= 2Q 12100 Fllwg LS o, | A2 |57

where ¢ is an arbitrary constant such that 0 <e <1.
Proor. By virtue of (1.15) and (2.1), it follows that

2.2)

sup A+ D e, M = sup G 310 o e

=105 o o1 Nor,re s

sup (1_l_lyi)5f | o(x, y)_so(xr’ly*i“dy)l < sup (1+Iy|)5l
v, dy =1 |4y ¥, dy|=1

x { A TEID 134 LOVHOEI i, 391

< sup [ L p{lice, )] 4L 7R AL

vl Ay l=
S A+1xD0Nfllor 7 “ma,r'

These prove the first inequality of (2.2). The second inequality can be proved
similarly if we notice the inequality

lo(x, ) —o(x+Adx, y)—@(x, y+Ay)+o(x+4dx, y+4)|
S A DA+ 1207 g 1S Nor,ve ] A | 7] Ay G=T

The lemma is proved.
Making use of this lemma, we can prove the
LEMMA 2.2. The following estimate holds for any ¢ such that 0 < < d,.

(23) ]1)1(.7(, y; Z)_U1<x: y; Z+AZ)]
< const (14| x|)=2(L+ |y [)°0+2(14 | 2| )% | dz| ™
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/(< 0) and 7,(<7,) can be chosen as close to 6 and y, as we wish.
REMARK. By the same reasoning as (1.26) was proved, (2.3) can be re-
written with an arbitrary constant 4, such that 0 <d,<d, as follows:

2.3y lvy(x, y; 2)—vi(x, ¥; z2+42)| = const 4| x|+ |y [)01 | 4=z| ™.
Proor. For any a € £, v,(x, y; z2)a satisfies the equation

vi(x, ¥ ; Da=v(x, a—LT(@v,(-, y; Dal(x).
So we have

LHI+TE+ 4, v; D—vi(e, ¥ z+dztalx)
=H{T@—T(z+42)}v.(, y; Dalx).

Namely

2.4 vy, ¥ Da—vi(x, y; z+42)a
=[{I+B+4)HT@)—T(z+42)}v,(-, y; 2al(x).

We put

o(x, u)=v(x, Wo,U, y; 2)a .
Then, since v,(-, y; DaeB;(0<0<d, 0< 7 <y, and
(-, 5 Dl < const A+ |y]) 2 al,
we find by Lemma 2.1 that
lex, lla,r = const 1+ | x[)~2A+]y )+ a],
loCx, )—@x+4%, lsa-or
< const (14| x])=20(1+ |y ])=0+| Ax| o] .
This shows that |¢(x, -)|s,r belongs to B, ... Now we put
O, D =[TCWi(, ¥; Dalw, )= [ LED gy
Then we can apply the second estimate of (*) in the foot-note 4) to get
|D(x, 2)—D(x, z+42)| = const (1+|z])""[e(x, )]s 42| |,
| O(x, 2)—O(x+dx, 2)—D(x, z-+42)+P(x+Ax, 24 42)]
= const (1+[z[) le(x, )—@+4x, Jlls,a-orl 42|97 a|.
Thus, @(x, 2)—P(x, z+4z) belongs to By, ., as a function of x and
19C-, 2)—D(-, 2+42)]|50,er = const (1+ [ z])=(A+ | y])700+0| 42| 97| .

Hence we find finally from (2.4) that
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|vi(x, ¥; Da—vy(x, y; z+d2)a]
= const {1+4[|B(z+42)||5,: P, 2)—D(-, 2+ 42| 5,1+ 1x])°
=< const (14| x|)°A+ | y])-%+(1+|2])~% | 42| =97 | a].

Since ¢ >0 can be chosen as small as we wish, this proves The proof
is thus complete.

Let 4=(a, B) be a (possibly infinite) subinterval of [a, b] such that its
closure is disjoint from a neighborhood of the set ¢(T) (from we
see that it is also disjoint from a neighborhood of ¢(7%*)). Let d be the
minimal distance of 4 from ¢(T), and let z(x) be a scalar valued C>-function,
identically equal to 1 for xe 4=(a, B) and identically equal to zero for

e (a—%, g+-3) if « or B is finite. Put

2.5) ulx, y; e)=rt(xw,(x, y; x+1ie),

(2.6 w(x, y; &=t(,(x, y; y—ie).

Then it is readily seen from estimates (1.26) and [2.3} that these kernels be-
long to the class S,D}ahn, where we fix ¢, and 7, such that —%« <0,<6, and
~-%~<71<70. Moreover the norms [u(e)|m;, ,, and [[w(e)lm;,,, are uniformly
bounded in ¢ such that |e| <1 is sufficiently small, and

@7 Jue)— ey, < comst [e—e’ |,

@8 ()~ w(elam, r, < const [e—e’|”,

where v is a constant such that 0 <y < Ll(%)—
0

Now we define the following operators acting in .

Y _ (LU, 55 e)f(9)
@9 LA, e e f )= [H530 20 dy,
210 (R, & 27 W= [LE230ID gy,

where ¢, =0 (=1, 2) are chosen sufficiently small. We will show that the
strong limits of these operators exist and are bounded operators in $. For
this aim we use the following lemma.

LEMMA 2.3. Let j(x,y) be a kernel belonging to M;, for some 0>0 ana
7 >0. Then

1) [FIw= L2204y 20

defines a bounded mapping of 9 into itself. Moreover there exists a positive
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constant M independent of e such that |Jf| S M1 -7 ws
Proor. Let p(x) be a scalar valued Cx=-function, identically equal to zero

for [x|=1 and identically equal to 1 for lxlg—é—. Then the integral defining
[J.f](x) can be written as

j](x NI gy — ix, 0 - o=,

y—x—+ie y—x-+ie dy

+ j{J(x =% DpE=NI ) 4
y—x-+ie
Since |j(x, ©)| = (17 lm;,» the uniform boundedness (with respect to &) of the
mapping defined by the first term follows immediately from the Prancherel
theorem®. On the other hand, if we note (1+|x|+|y])? <A+ |x—y])79, it fol-
lows from (A) and (B) of Definition that

{7, ) —5(x, Dpx—n} ()
y—x-+1e

= const {|p(x—y)| - [x—y|" A+ |x—y D2 11T sz

where the constant does not depend on ¢. Since

[{lp@1 - 127140+ ) dx = K < 400,

we have

jdx(ﬂ {ix, »—ix, X)p_(x—y)}f(y) ’dy>2§ const K2| f 2|7 I2mg 1

y—x-+t1e

The lemma is proved.

As we have remarked, lueDllmg, », and [w(e)||ms, », are bounded in ;. So, it
follows easily from the above lemma that the operator norms || H(4, ¢,, ¢,) |
and }[ﬁ(d, &1, &)| in $ are bounded uniformly with respect to ¢, and e,.

Next let us prove that these operators converge as ¢, ¢,— +0 at each
point of a certain dense subset of . Suppose f(X)=B,; <=3, 0<y=Z7).
Then by Lemma 2.1 u(x, y; &,)f(y) € B;,; for each fixed x and ¢,, and we have
by using estimates (2.2) and (*) in the foot-note 4)

ILA(4, &, €)f J(x)| = const (14| x+ie, | ) |ulx, - 5 e)f(llar

< const (1+ 2D~ ue)lmg, 1,1/ o7 »

9) In fact, denoting the Fourier transformation by &, we have

s LG 2ED ay ] =[RS e fe), F= s

We see easily x| < const, where the constant is independent of ¢ and &.

“' p(x)e—tsx i
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ILH(4, &, e)f J(—LH4, &, ) f 1)
< const (1+ ] x[ )%t [ule)llmy, 7, I/ a7 €2—e517,

where 0/(< 0) can be chosen as close to 0 as we wish. The constants in the
inequalities are independent of ¢, and &,. Moreover, applying we have
similarly

LA, &, &)f 1)—LHA, ¢, &) 1)
= const (14| x )22 f |l5 sl uCe)—ueDlm,, v,
< const (L4 | x[)==%) £ |lo,r| ex—<f|” -
These inequalities show that (1-+]|x|)**%[H(4, &, &,)f](x) converges as e,
&,— +0 uniformly in x. Since §’+4d, > %, we can now say that [ﬁ(A, &y, &20f 1(%)

converges with respect to the norm of §, whenever f(x) € B;,. By the same

reasoning, [K(d4, ¢, ¢,)f](x) converges strongly in £. We denote the limit

operators from B;; into by 1-7(4, 40, +0) and K(4, -0, +-0), respectively.
Here we choose 0 such that f;a<5 < 0;. Then, since the set B;; is dense

in §, we see taking account of the uniform boundedness of H(4, ¢, &,) and
K(4, ¢, &,) that their limits A(4, +0, -=0) and K(4, 40, +0) are also bounded
operators defined on the whole space 9.

Now we shall consider the operators

vi(x, ¥ ; x+1e)f(y)

y d ) A
(2.12) CH, ¢, e)f1(x)= j y—(x+1€,) Y 1€
0, xe&d,
(2.13) [K(4, &, e)f J(0) = L vl<x,x y_;&:iiigf(y) dy.

Let E,(4) be the resolution of the identity of L,:

2.14) CE(DS, )= lim o { ((R(Atie)—R(A—ie)}f, £>d2
€540 4

= S g@da.

Namely
f, ied

0, Aed.

Then, by the definitions of H and B we get H(4, ¢, &) = E(DH(4, ¢, ¢,).
Hence, letting ¢,, ¢,— +0, we have

(2.15) H(4, &, e)f — E(DH4, +0, +£0)f = H(4, +0, £0)f  (in £).

[E(DF 1) = {
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Similarly we get K(4, ¢, ;)= K(4, ¢,, &) E,(4) and
(2.16) K4, ¢, e)f = K(d, £0, 2OE()f = K(4, £0, £0)f  (in 9).

We shall next consider the starred operators. Analogously to and
(2.13) we put

vi(x, 5 xA1e) (), y
(212)* LH*(4, €1, e)f1(x)= j y—(x+1e,) Y re
0, xe&d,
e I ¢ R i = R

Then we can follow exactly the same line of argument to obtain the analogous
results. Moreover, taking relation into account, we find

.17 H(4, &, e)* =K*(4, ¢,, €,), K4, €y, ) =H*(4, &, €,) .

In order to express these results in simple terms we set
(2.18) Y () = E(DEA, +0, +0), X(d)= K4, +0, +0)E(d),
(2.18)* Y*®E(4) = E(NHH*(, +0, £0), X*O(4)= K*(A, +0, £0)E,(4).

Here we take either the upper signs or the lower signs throughout. Then
what we have proved is the

LEMMA 2.4. Y®(4), X)), Y*¥9(A) and X**(4) are all bounded opera-
tors acting in O, and for any f(x) 9

(2.19) H(d, ey, e f =YD f, K4, &y, &) = XD S,

2.19)* H*(4, &y, &) [ = Y*(A)f, K*(d, &, e)f = X*(DS

strongly in O as €, ¢,— 0. Moreover we have

(2.20) Y& (U)* = X*&(L), XDy =Y*$(4),

(2.21) YO =E(DY (D), X®()=X(DHE(D).
Now, we define the operators Z*(4) and W (4) by setting

(2.22) ZO(A)=Ef(DH)—=Y (D), WD) =E(dH)—X*=().

Then in analogy to selfadjoint operators, we can expect that they establish
the similarity of L, to L, The remainder of this section is devoted to the
verification of this assertion.

We first prove the following lemma :

LEMMA 2.5. Z(4) are the left inverses of W ™(4):

(2.23) ZEUIW =24y = E(d, N 4y)

where 4,, 4, are arbitrarily given two subintervals of [a, b] such that they are
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both disjoint from a neighborhood of o(T).
Proor. It follows from (2.22) that
ZS(AIW *(d)—Ef(dy N 4dy)
= YOUYX D)= Y OU)E(d)—ELA)X DUy

So, we will show that the right side is equal to zero. For the first term, we
have

CY®UDX ()], 8> =Y PUDX(U)E(L)], Ei(d)g>
= lim (H(4,, ¢, ©)K(d,, &', eNE(4,)f, E(d)g) .

e.e/ = £0

On the other hand, we see easily that
Vi@ R(2)R(2) V(") = (' —2) 'V (2)+(z— 2" ) V(2 ).

Fixing x and y arbitrarily in 4, and 4, respectively, and putting z=x+1e
and z'=y—i¢/, we now compare the value at (x,y) of the kernels of both
sides of the above relation. Then, since the kernel of H(4,, ¢, e)K(4,, ¢, ¢’) is
represented by

fvl(x,u;eriE) v, y; y—ie)
u—(x+1e) u—(y—ie’) !

xed, yed,,
we have
EO(AI)H(AU g, S)K(Azy ¢, 5/)E0(Az)

= Ey(d){H(4,, ¢, e+¢")+K(d,, ¢, e+e)} E(d,) .
Thus

Y®UPX*(A,)f, 8>
= lim (H(Al, g, 5+8/)Eo(dz)f, EO(Al)g>

€, =2 +0

+ lm {K(d,, ¢/, e+e)Ey(d)f, E(d)g)

=LY (ADE(AL) ], 89+ X (o), Ed)g) -
Namely we have
Y&(U)XD(dy) =Y D(L)E(d)+EL(4)X*(4,) .

The lemma is thus proved.
Next, let us define the operator

10) In fact by [(1.6), [(1.9) and
(z=2) V(DR (2) Ry (2/) V1(2") = (z—2) VR () R, () V
=V{R(2) —Ri(2)}V = —{V-VR (D V}+{V-VR (2)V}
= —=Vi(2)+ V() .
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(2.24)* E(d)=WS(DHZH) .

Then we can prove the
LEMMA 26. Let f,g€ s, (9 >—§—, 7>0). Then
. 1 . .
(2.25) CE(Df, g>=lim o[ ({RG+i)—R(A—ie)f, g>d1.
e—++0 4

Movreover we have
(2.24)" EDH=W(DHZ(I).

Proor. We wish to show

@26)  J=lim g | R@HO—RG—i), £)d2

= lim j @—LHA, e, +e)f 10} - {g)—LH*(d, £¢, £e)gl(®)]dx .

For this aim, we start from the relation
R,(A+1e)— R, (A—1ie) = 21e R,(AF 1) R,(At1e) .
Taking (1.7) and (1.8) into account, we see that the right side is equal to
2ie{I—R,(AF1e) V} Ry(AFie) Ry(A+1e){[— VR,(A+1i€)}

={I—R,(AF1e)V} {Ro(x—is)—}éo(z—is)} {I—VR,(Axie)}.
Thus

@260  J=lim b [ (RQHD-ROA—IOHI- VRGNS,

{I-V*R,(AF1ie)*}gHdA.
It follows from (1.10) and (1.13) that

[VRG+ie)f 1o = [PE2ANAD) gy = 5, 2,

[V*RG—ieyg]e) = [T 23 A080) gy = g v, .

Without loss of generality we can assume that %A <0< 0, and 0<y <7,

Then, since v,(x, ¥; 2+ie) and v{(x, y; A-+ie) belong to the class M;, r, (0 <9,
<0y, 7 <71<7,) for each fixed 1< 4 and sufficiently small ¢, the same reason-
ing as we used in §1 when we get (1.18) shows that both f.(x, ) and g.(x, 2
belong to By, ,r; and satisfy

IfeCs Do = const U412 f lla,r

1
- <06’ <min (3, 1)),
Il ge(-, Dlsr = const A4+|2D)"%lgls,r ( 2 ))
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where the constants are independent of e. For brevity we put

0.4, f, ) = {{Ry(A+ie)—RQ—ie)}f, g>—2xif(D) - gD ,

and prove on the basis of the above inequalities and estimate (¥) in the foot-
note 4) that

|oe(2, f, gse)| = const (14| 2|)~2¥e™,
|04, feer O =< const A4 2])"2e™,  O<y' =7).
|0, frer 82a)| = const (14| 2])72%e™ .
Let us consider for example o0.(4, f, g..). By the definition of o,, we get
0.2 [, 84) = {{RyQA+ie)— R((A—ie)} (%), Gue(t, D) Do—271f(2) + g4e(As D)
= lim ({Ry(A+-ie)— Ry(A+ie)Lf(x), Zuul®, A
— lim ({ Ry(2—ie)— Ry(A—1eN}A(), ga:l% D -

Since
[ f()g4e(+ Mllss,r = const (14| an,
clearly we have
|0.(4, f, g+)| < const 1+ 270 f(-)g+w(-) Dllasr €5

where 0 < 6 < min (1, 20)=1, and hence # can be chosen as close to 1 as we
wish. Thus we can choose ¢ = ¢’ and then obtain

(2.26b) [0.(4, f, 8+)| = const (14| 2])~2%™ .
On the other hand, noting that for 1< 4

Jed D =[HA, e, 28)f D, g4 D=[H*4, £¢, £)g]A),

and remembering the relation

11m—ﬂ—j UR(A+ie)—RiA—ie)}f, g>da= | f) -2,

e +0 272'1

we see from that

J=lim 5[ (JO—LH, 26, £9FID} - GO, =, £9gXDTA

4-lim ——

e +0 Zm

{ 04 [, 82— 0L fucy ©+0L4, [rcs g2I}dA.

By the Lebesgue theorem, however, inequality [2.26b) shows that the second
term on the right side is zero. Thus (2.26) is proved.
If we recall finally that, as ¢ — 40,
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H(d, +e&, +e)f YU f
H*(d, e, £e)g— Y *®(A)g = X®(d)*g

then we conclude from (2.26) simultaneously relations and (2.24)-, and
the proof is complete.

REMARK. In the case when V is symmetric, we know from the beginning
the existence of the resolution of the identity E,(4) of L, satisfying relation
(2.25). So, taking V*R,(AFie)*= VR,(1+i¢) into account, we see that Z*(4)
=Ey(d)—Y*(4) are the isometric operators from E,(4)9 onto E, (4P, and
ZH(M)*=W®(4). However, they are not always true in our case, since E,(4)
defined by (2.24)* does not give the orthogonal projection.

With the aid of the above two lemmas, we can now derive some funda-
mental properties of E,(4).

THEOREM 2.1. The operator E,(4) defined by (2.24)* is a projection (not
necessarily orthogonal) which is permutable with L,. Namely

2.27) E\(dy=E4),
(2.28) E(L, S LE(Y).

(in ),

Moreover, if 4, and 4, are two subintervals of [a, b] such that they neither
intersect a neighborhood of o(T), nor overlap each other, then

(2.29) E\(4)E(4,)=0,
(2.30) E(d,+4,)=Ed)+E(4,).
Proor. It follows from (2.23) that
EI(A)Z o W(+)(A)Z(+)(A)W(+)(A)Z(+)<A) — W(+)(A)E0(A)Z(+)(A> .

Since WH(ME (L) = WH(J), this implies (2.27). In order to verify (2.28) it
suffices to show E,(4)R,(z)= R,(z)E,(4). This follows immediately from (2.25).
(2.29) follows from the relation Z“>(4)W(4,)=0, which is evident by (2.23).
Finally (2.30) is obtained by the additivities of W™ (4) and Z*(4) for 4; that
is,

W(+)(A1+A2) = W(+)<A1)+ W(+)(Az) s

Z(dy+dy) = ZO(d)+Z4d,) -

(2.31)

The theorem is proved.

We are now ready to show the similarity of L, to L,. First we prove the
following lemma :

LEMMA 2.7. The following relations hold.

(2.32) WL, S LW®S(), L Z®(UA)2Z*)L, .

Proor. We have only to show that
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(2.33) WE(MR(2) = R (2)WS (A .
Since X®(4)* = Y**(4), we have
{R(DW D} = {E(D)— Y * (D)} R (2)*
=E(DR(2)*— Se_l)lﬂl:l(’)l H*(4, &, e)R,(2)* .

By (2.12)* and the relation R,(z)* = R¥(Z) it follows that
LH*(4, ¢, ©)Ry(2)*/ 1(x)
=[E(DHV*REQ+ie)REE S 10| 1=z
=[@A+ie—2) E(DHV*{ R¥(A+ie)— R¥E@Y IO 1=,
=[Ro(z+ie)*H*(4, &, &) f 1) —[Ro(z-+ie)*E(D) V * Ry(2)*f 1) .
Thus, by passing to the limit as ¢ — 40, we have
{R(DWS(}*
= E(DR(2)*+ R(2*E(4) V*Ry(2)* — Ry(2)* Y **(4)
= E(D{Ry(2)+ R(DV R(2)}*— Ry(2)* Y **(4)
= E()Ry(2)*— Ry(2)* Y **)(4)
= Ry {E((d)— Y *=(4)}
={WS(DHR(2)}* .

This implies and the lemma is proved.

Now, shows that E,(4)9 is an invariant subspace of L,. So, we can
consider L, and L, as the operators acting on E,(4)9 and E,(4)9, respectively.
Moreover, we see easily from (2.23) and (2.24)* that W (4) are 1—1 bounded
mappings of E,(4)9 onto E,(4)9, and

(2.34) IO =WS(A)—.

Hence we have the following theorem.

THEOREM 2.2. Let 4 be an arbitrary (possibly infinite) subinterval of [a, b],
which does not intersect with a neighborhood of o(T). If we restrict L, and L,
to E DD and E(4)D, respectively, then they are similar to each other. The
similarity is established by the operators W (d4); that is,

(2.35) Li=WS(D)LWS(A)™.

In concluding this section we remark that L, is partly diagonalizable.
Namely, let f € D\ E(4)9, then for any g=

11) In order to deduce R,(2)Z¢£)(4) = Z¢=)(4) R,(z) from [2.33)], multiply by
Z((4) from the left and the right and note that Z=)(M)E (4) = Z(+(4).
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(2.36) (L. gy= [ MCEWS, 8), 4= ),

where E,()=E,(a, ). In fact, by [2.35), we have
KL, 80 =AWSDLZD(DS, g

= le< E(DZ(Df, WeD*gd, Eo(D) = E(e, D)

By virtue of (2.31), however, it is easy to see that
WEDE(DZD(D) =W ((a, ZH((a, D)= Ei(4) .
This implies (2.36).

3. Scattering theory

From the point of view of physical application, it is interesting to investi-
gate the asymptotic behavior for { — +oo of the solution u(t) to the Schrodinger
equation

3.1 F%w@:Lﬂ@,M@zm (U, € D).

In this section we wish to develop the time-dependent scattering theory, re-
stricting the initial data u, to the space E,(4)9 which was studied in the pre-
vious section.

In order to discuss the solution u(¢) to [3.1), it will be required that there
exists always a unique solution for any initial data u,=%®. For this purpose
only, we assume in this section the following additional condition!®.

CONDITION. —iL, is an infinitesimal generator of the group exp {—iL,t}
(—o0 <t < +o0).

We remark that, in the case where V—V* is a bounded operator in £,
the above condition is satisfied.

Now the solution u(?) is obtained by

3.2) u(t)=exp {—1L,t}u,, U ED.
It is easily seen from that E\()OP N\ D=E(4)D. Let
(3.3 uy € Ey()D.

12) If we restrict u(¢) to a class of solutions u(¢) such that Ju(d)||<exp{@|t|}
(0 >0 may depend on u), then the uniqueness of the solution to can be verified
directly by using the Laplace transforms. Therefore, in this case, it is not necessary
te impose the above condition. On the other hand, if we restrict from the beginning
the operator L; to E,(4)9, then the uniqueness of the solution u(t) € E,(4)9 follows

easily from [(2.36).
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Then, as a simple computation shows, we can represent u(¢) in the form
3.4 u(t) = W) exp {—iLot} Z=(du,
= exp {—1 Lt} Z®(Du,— X=(4) exp { —iLot} Z(D)u, .

We wish to show that, as ¢ tends to -+oo, the last term tends to 0 strongly in
9, where we take either the upper signs or the lower signs throughout.
More precise formulation is given in the following lemma.
LEMMA 3.1. Let f(x) be any element of E(4)9, then

(3.5) lim X(4) exp {—iL,t})f=0 (n 9).

t— oo

Before proving this lemma, let us notice the following fact.
LEMMA 3.2. (1) For any f= 9,

i (eXp =} () ;4 -
9 SR oy 0T e e

(2) Let h(y) be an H-valued summable function of y. Then
(3.7 lim j h(y)exp {—iyt}dy=0  (in ).
t— oo
Proor. The integral in (3.6) is nothing but
[v p.- -rlf] xexp {—ixt}f(x)
x40 ’
We consider the Fourier transform of this expression. As is well-known
1 e
%[V. ij—j(T:' = —I—ZTCZY(iE) ,

where Y(£) is the Heaviside function, and
Slexp {—ixt}f(x)]= ]?(54__2%,,) _

Since lim “ Y(ié)f(f#——-;ﬂ—) u:O, (3.6) is proved by applying the Plancherel
L= too

theorem. (3.7) is a generalization of the Riemann-Lebesgue theorem.

Proor or LEMMA 3.1. Since | X®(4) exp {—iLt}|| = || X*(4)|, it suffices
to prove the lemma under the assumption that f(x) is continuous and has a
compact support contained entirely in 4. From the argument given in §2, it
is easily seen that

[XU)F 1) = slim [ 22 ?%f ) gy.

Since exp {—iL,t}f(x) = exp {—ixt}f(x), we take a smooth function a(x) which
takes the value 1 on the support of f(x) and whose support is compact and
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contained entirely in 4. Then, putting

a(yvi(x, y; yFi0)=¢(x, ¥),
we see that

LX) exp (—iLat)f 100 = [ EE 2D exp (—iytyay .

We remark that the kernel ¢(x, y) generates an integral operator which belongs
to the class M;, r,, where 0, >%, 71> %

Now the above integral can be decomposed as

o, 1) P4 Zfﬁ%” dy-+ [ 190 ”"}fi(;“’ DM ()

As to the first integral, we apply (1) of with the result

Joce o] =550 o]

exp {—iyt}dy.

=sup |¢(x, x)l-u exiizyif{i}é(” dy”—+0 (t— +0).

To the second integral we can apply (2) of To see this, put

h(x, y)= 12 y)—xsi(ﬁy@, D)

As an $-valued function of y, 4(-, ¥) is continuous and has a compact support.
In fact, let us decompose this into two parts:

h(X, y)_:( {¢(xr .y)_ (x: x)}f(y) ) +( . )Ix—ylés-

xX—=)y |~y |=e

The second term is, for fixed ¢, an -valued continuous function of y. On the
other hand, using the inequality

lo(x, »)—@(x, x)| = const A+ |y )1 x—y|t  (Jx—y|£1),

one can obtain the $H-norm of the first term is estimated by

const ([ [x12712dx) "W 13 )01 £

Since 71>—%—, this can be made arbitrarily small by making ¢ sufficiently

small. The lemma is proved.
We have thus proved the following:
THEOREM 3.1. For any u, s E(4)9, put

(3.8) fO=ZO(u, (e E(DD).

Then the solution u(t) to equatian (3.1) with the initial value u, satisfies the
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following asymptotic conditions.

3.9) lim || u(t)— exp {—iLot}/™*® || =0.
t— koo

Finally, if we define the operator
(3.10) S =ZH(HW(L),

then we see from and that S(4) gives the so-called scattering opera-
tor. Actually, the relation

.11 fR =S

follows immediately from relation (2.24)*. Moreover we have from
(3.12) S Ly S LyS(4) .

We can verify that S(d4) is a multiplicative operator

(3.13) [S(ADf1(x) = {1—2ziv,(x, x; x+10)}f(x), xed.

In order to show this we use the relation
ZO(DW (M) = { ED)— YO (DHEL(DH—X (D}

= E((d)—YP(DELD—E(DH XD+ YO(DHX(D) ,

where Y“9(4)= H(4, +0, +0) and X(4)= K(d4, —0, —0). Since we have
YODXA(U) = E( DY (DX(DEL(D)
= H(4, 40, +-0)E(DH+E(DHK(4, —0, 4-0)
by using the same method as we proved it follows that
S(d) = E(DH{I+K(4, =0, +0)—K(4, —0, —0)} .

Namely, if f(x) is a smooth function with a compact support contained in 4,
we have

LSS 1) —LE«(D)f 1)

1 v(x, v; y+i10)  vi(x, v; y+i0)
= lim ({ 2B s b D) D A LGy

= —2zw,(x, x; x+10)f(x).
This proves [3.I3). Analogously to we put
(3.10)* SH*) = Z*O(DHW *(4) .
Then we see similarly
(3.13)* LS*Df1(x) = {1-2mivf(x, x; x+10)}f(x). =xed.
Applying (2.20), we see easily that as an operator defined in E, ()9 S*(4d)* is
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the bounded inverse of S(4), namely

(3.14) SS*(A)y* = S*(A)*S(d) = Eo(4) .

4. Perturbation by a product operator

In this section we wish to show the completeness of the spectral resolu-
tion E,(4) obtained in §2. For this aim we require some additional assump-
tions on V. We suppose that V is a product operator of the form
@n V=B*A,
where A and B are both integral operators belonging to the class M, v,

3

(T <0,<1,0<7,< 1) introduced in of §2. We denote the kernels

of A and B by a(x, y) and b(x, y), respectively.

Let us notice that V=B*A is a special case of the operator which was
investigated in the previous sections. In fact, since the domain ©(A4) of A, for
example, includes the set

{reo; [a+1xDf@ldr < +oo}o{fe; [If®Idx<+oo},
it follows from the inequality
fireolds = {fa+1xdxfa+ xeeo e}
that D D(A). The image AD also belongs to D(A). For, if we set g(x)
= [a(x, )f(5)dy. then we have g< § and
2| = const 1+ x )22 [1(3)|dy ,

and therefore (14 |x|)~¥“g(x) is summable. The above argument equally applies
to B*, and hence B*A becomes an integral operator, defined on ®, generated
by the kernel

v(x, y) = jb*(x, wau, Ydu, b¥(x, u)=bu, x).

We see easily Ve ;, r, where % <0,<20,—1 and 0< 7, <7,

Following several authors'® we now consider the operator Q(z) defined by

13) We denote by [R,(2)B*] the adjoint operator of BR;(z)*, which is bounded
uniformly for ze [T as we have shown by Lemma 2.3. The operator Q(z) was initially
considered in [8] under similar conditions on A and B. Kato developed his inter-
esting method investigating carefully the property of the operator Q(z).
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“4.2) Q(z)= ALR(2)B*].

Once we prove that Q(z), z < II, is everywhere defined bounded operator such
that J-+Q(2) has the everywhere defined bounded inverse, then it can be easily
shown that

43 R\(2)= Ry(2)—[Ry(B*H{I+Q()}'ARy(2), zell.

In fact, as we see easily (cf. Lemma 4.1), the invertibility (in §) of the opera-
tors I+B*AR,(z) and I+ AR,(z)B* is equivalent. Since the trivial identity {I+
B*AR\(2)} B*=B*{I+ AR\(z)B*} implies B¥*{I+ AR,(z)B*} 12 {I+B*AR\(2)}*B*,
we have V(2)= {I+B*AR\(2)}'B*A= B*{I+ AR,(2)B*}7*A. Now is noth-
ing but [1.5)

We next verify the above mentioned property of Q(z). It is easy to see
that Q(z) is an integral operator with the kernel

oy 2)= j a(x, u)b (u ¥) du .

By the use of inequality (1.17), ¢(x, y; z) is estimated as follows:
lg(x, y; 2)| = const 1+ |x|)-2(A+]y )%+ |z])~*s,
lq(x, y; 2)—q(x+dx, y+dy; z+42)]

= const 1+ |x|)~%2(L+ |y )L+ 2 ) *e(| dx |5+ | dy| T3+ 42|79,
where 0 < a, < 2(0,—0d;).. The first inequality shows that

4.4

§f1aG, y; )dxdy = const (L+]21) 2.

This implies that Q(z) is a completely continuous operator in § for any ze II.
Moreover it follows from (4.4) that

| Q(2) |l < const (1| z[)~¢,
| Q(2)—Q(z+42) | = const (1+]z])~*¢| 4z|"s.

By the second inequality, we see that there exist the uniform limits Q(A=-10),
Ae[a, b]. They are also completely continuous and satisfy the inequalities
(4.5) with the same constants.

(4.5)

We call a value z e I7, for which the homogeneous equation

4.6) QD=0 (Pe) |
has a non-trivial solution, a singular point of ((2). Then we have the

LEMMA 4.1. ze ]l isa singular point of Q(2) if and only if it is a singular
point of T(2), i.e.,, z€ o(T).
PrOOF. Let ze o(T'), and ¢(x) be a corresponding non-trivial solution of
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(1.20): ¢o+T(2)¢ =¢p+B*AR\(2)¢=0. Applying AR,(z) from the left and putt-
ing ¢= AR\(2)p, we have formally $-+Q(z)§=0. Clearly $= $ and ¢+0. For
¢ =0 yields ¢=—B*AR,(z)¢p = —B*¢ =0, which contradicts our assumption.

Convesely if ¢ satisfies then ¢ =B*¢ B, 1, <O <0< 52——%> and

¢ +0. Moreover, ¢ = —B*Q(2)§ = —B*AR,(2)¢p = — VR,(2)p. This implies that
o+T(=)p=0. Thus 2z 0¢(T), and this finishes the proof of the lemma.

Thus we see that /+Q(z) has a bounded inverse for any ze IT except
the singular points of T(z). Moreover, there exists a positive constant M
independent of z such that | {/+Q(2)}~*| =M, when z runs over any domain
(in 17) which is disjoint from a neighborhood of ¢(T). In fact, I+Q(2) is
holomorphic in such a domain, and if |z| is large, then {J4-Q(2)}~! is obtained
by the Neumann series in view of (4.5). We then define the operator

A A@={+Q@}7A  (zelD),
which has ®(A) as its domain. Then we see from [4.3) that

4.8) AR(2)= Ay(2)R«(2) .

A,(z) is represented by a kernel a,(x, y; z) which can be estimated in a way
similar to g(x, y; z) in (4.4) if we replace the constants d,, y, and a; by 9(<9,),
7(<7s and a(<7,), respectively, where d, y and « can be chosen as close to
the respective constants d,, 7; and 7, as we wish.

We can now give a sufficient condition for the completeness of the spectral
resolution E,(4). We denote the eigenvalues of L, by A,(v=1, 2, ---), and denote
by P,(v=1, 2, ---) the projections on the corresponding root subspaces. If 2,
is isolated, then P, is represented as follows (see, e.g., [5]):

“.9) Py=— o i@z,
where ['(,) is a small circle with centre 2,. Suppose that there exists no
singular point of Q(2) on either edge of (a, b). Moreover we suppose that a
and b are not singular points of Q(z) if a or b is finite. Then E,(4) is defined
for any subinterval 4 of (a, b). We can verify that L, has at most a finite
number of discrete eigenvalues. In fact, we know from (2) of
that the accumulation points of discrete eigenvalues are on the edges of [a, b].
it follows from that they are singular points of Q(z). Hence, the
above assumption implies the finiteness of the discrete eigenvalues of L,. By
virtue of Lemma 1.4 we see similarly that there exists no eigenvalue of L, in
[a, b]. Let Py=2,P, be the sum of the projections corresponding to the real
eigenvalues lying outside [q, 6], and let P.=2%,P, and P_=J3_P, be the sums
of the projections corresponding to the non-real eigenvalues with positive and
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negative imaginary parts, respectively.
THEOREM 4.1. Suppose that
(1) V=B*A, where A, B€ My, (- <8,<1, 0<7,<1);
(2) there exist no singular points of Q(z) on either edge of (a,b) and the

points a and b are also non-singular points of Q(z).
Then the spectral resolution E.(4) is complete. Namely,

4.10) E(a, t)=I1-%P,,

where P, is the projection given by (4.9), and N is the number of the discrete
eigenvalues of L,.

PrOOF. For the sake of simplicity we prove (4.10) in the case where a is
finite and b= +oco. The same reasoning can be applied to the other cases.
We start from the following relation

(4.11) {Ro(A+ie)—Ro(A—18)}f, g5 —<{Ri(A+ie)— R,(A—ie)}f, g
=(Ry(A+19 VR (A+ie)f, g>—( R(A—1e) VR\(A—ie)f, g7,

which follows from the second resolvent equation. We choose f and g in the
class %Bs,r,. Let r>|a| be a large constant such that all the eigenvalues of
L, lie in the disk {z:|z|<r}, and let us take the integral of both sides of
(4.11) over (—r7, 7).

It follows immediately from (2.14) that

1§I}Jif< {Ro(A+ie)—R(A—1e)}f, grdA=2xiK Ei((a, )], 87 .

For dealing with the second term on the left side of (4.11), we suppose that
¢ is sufficiently small so that the imaginary parts of all non-real eigenvalues
are greater than e¢. Then by means of the Cauchy integral formula, we have

J” (R GHiD=RO—iN, g>da=[""+[

=2mi (Pf, )+ ({RG+iO)—RQ—ie)}f, £)d2

a—s+ie —r+ig
+(§ ) KRG gz,
where s> 0 is a small constant such that there exists no eigenvalue of L, in
fa—s,al. It is easy to see that the last term converges to zero as ¢— 0.
Hence it follows that
lim (" ({R,(1-+ie)— RG—ie)}f, g>d2

e=+0

=2mi2 (P, g>+2rid E\(a, ))f, &>
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if one takes relation into account.

Next let us consider the right-hand side of (4.1T). Using again the Cauchy
integral formula, we have

§7 CRQtiOVRG+iof, g)d2
=3.§  (RDVRGF, £5dz—04r,9),
T'(2y)
j _ (R(A—ie) VR, (A—ie)f, g >d2

= 3§ (RGDVR@Sf £)dz 4009,
I'(2y)

where

0.0, = § v RADVRDS, 8>z,

—Imlz]=-¢

0-0r,) = § 1o CRAD VRS, £ )d2

mlz]=-¢

Since R,(2)VR,(2)= Ry(z2)— R,(z), and R,(z) is holomorphic at z=1,, we see

T4 (RDVRAS, g de=2ri3 (PS8,
'y

> f (R(DVR(DS, g>dz=2miS_(P.f, g .
I'(Ay)

On the other hand, by the assumption on B, it follows that

IBRy(2)*] = const (L4 | 2])?lgls re 5~ <0 <y

If we notice that {/+Q(z)}~! is uniformly bounded, we see from that
AR,(2)f = A (2)R,(2)f is also estimated by similar inequalities. Hence we have

104, 9+0-0r, 1= §.,_ s AR, BR(*gdz|

IIm[2ll ¢

= const (1+7)_26+1||f“53,73“g flo,r5 -
By the passage to the limit, 6(r) = lim {0.(r, )+ 0_(r, ¢)} exists, and is estimated
e~ +0
for sufficiently large » by |6(r)| < const (1+7)29*., Thus

lim " {CRQ+ie) VR, 146, 8> RiA—ie) VR(A—ie)S, g }d2

e—+0

=2mi{ 3 (P, f, g)+2 P, f, g> b+ 0.

Summarizing these results, we can finally get
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CE(a,n)f, g>=<{E\(a, n)f, g>-—y121 (P, f, g>+0(r-2+1)
Let r tend to H-oo. Then, since (Ei((a, n)f, g>—<f, g> and {E(a, ), g>—

CE(@, b)f, g, it follows from 8> 5 thap

N
CE(a,b)f, g>=<f,g)— ;(Puf,g%
Since Bs,y, is dense in 9, this yields and the theorem is proved.

5. Final remark
In this section we consider the case when V is dissipative. Namely, let
(G.1) V=V,+iV,.
where the operator V, is symmetric and the operator V, is positive definite,
ie, V,=A*A. We assume that V,, A<My, s, where d,> % and 0<y, <1

For the sake of simplicity, we assume moreover that V, is a small perturba-
tion. Then we know by [4] that there exists a unitary operator U such that

(5'2) U*(Lo-l" Vl)U: Lo .

We see more: U is a bounded operator acting on By, y,, Where 5(< d,) and
%<7 can be chosen as close to d, and y, as we wish. So the operator AU

belongs again to the class M, ,. Thus from the beginning, we can set L,
as follows:

(5.3) Li=L+V=L+iA*4, AcWMs,-

In this case we have the following lemma.
LEMMA 5.1. There exists no singular point of Q(2) on the lower edge of
(a, b). The points a and b are also non-singular points of Q(z).
Proor. Let ¢+4+Q(A—i0)=0, where Q(z)=1A[R,(2)A*]. Then it follows
that
0=1# |+ lim ({AR(1—ie)A*5, #

LA

=lelP+ im0

= || @ |l24+-x| LA*FIR) |2 +-iP p% .

14) To factor V as B*A is only needed to get the above estimate of .. Other-
wise, we could only get the factor (1+47)~6+1 which would not work for the present
purpose.
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Since PfJLA;E_]%ﬁ)—Iidx is real, it follows that

| ¢1I24= | LA*¢ID|*=0
This implies ¢(x)=0, which is to be proved. The lemma is proved.
Thus, by both L, and L¥ have no eigenvalue on the real seg-
ment [a, b]. Moreover we see that Y(4), X(4), Y*(4) and X*7(4) exist
even for 4= (a, b). Put

GX) WM =]T-X(a, b)), Z0=I-Y"qbD).
(0.4)* WH*O=1-X*((a, b)), Z*P=I-Y**((a,b)).

Since WH* = Z* the range of W™ is orthogonal to the null space of Z*®,
which includes all the root subspaces of Lj¥ corresponding to the discrete
eigenvalues. It might be expected that the null space of Z*® coincides with
the direct sum of the root subspaces of L¥, and the range of W is the
orthogonal complement of the null space of Z*®. However we do not have
now any affirmative answers.

In conclusion, let us consider again equation [3.1) As we see easily, —iL,
= —1L,+A*A is the infinitesimal generator of the semi-group exp {—iL,t} ((=0).
Consequently, for any initial data u, = ®, the solution u(f) is obtained by

(G.5) u(t)=-exp {—iLt}u, (0.

Here, if we assume u, belongs to the range of W, i.e., u,=W®f, (f, €D),
then wu(t) is represented by

5.6 ut) =W exp {—iLt}fo (¢=<0).
Let us consider the function exp {iL,t} W exp {—iL,t}f,. We have from (5.4)
Lexp {iLo} W exp {—1Lyt}foJ(x)—/o(%)

= lim ”‘Eﬁ"_{;ﬂ)@ exp i1y

— P2 IIZI) exp (iGx—y)tfu()dy-+miv,(h, x5 £—i0il2)
On the other hand it is easﬂy verified that

exp {z(x Mt}
lim P f =y =

Hence we get

?-lim [exp {iLt} W™ exp {—iLot}foj(x)é{1—|—2m’v1(x, x5 x—10)}fo(x)

— slim P f {vi(x, ¥; y—10)—v,(x, x; x—10)}fo(»)

Y—x exp {i(x—y)i}dy.

t——00
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Applying (2), we see that the right side is equal to zero. This
shows that

s-lim [u(x, H)—exp {—ixt}{1+271w,(x, x; x—10)} f,(x)]=0.

t——o0
Analogously to it is not difficult to see
(B.7) {142zv,(x, x; x—10)} fo(x) = [ZOWD (%) .

Hence we conclude that the solution u(#) to equation with the initial con-
dition u(0)= W f, (f, D) has the following asymptotic behavior

(5.8) lim || u(t)—exp {—iLot} ZOW®S, | =0.

Let us remark that, since we cannot say anything about the uniqueness of
the solution for t =0 (see foot-note 12)), we have no information, in this case,
about the asymptotic behavior of the solution u(¢) for t— +oco.

Kyoto University

Bibliography

717 L.D. Faddeev, Mathematical problems for three-body system in quantum theory
of scattering, Trudy Math. Inst. Steklov, 43 (1963), 1-122 (Russian).

[27 L.D. Faddeev, On the Friedrichs model in the perturbation theory of continuous
spectrum, Trudy Math. Inst. Steklov, 73 (1964), 292-313 (Russian).

[3] K.O. Fridrichs, Uber die Spektralzerlegung eines Integral-operators, Math. Ann.,
115 (1938), 249-272.

[47 X.O. Friedrichs, On the perturbation of continuous spectra, Comm. Pure Appl.
Math., 1 (1948), 361-406.

[57 I.C. Gohberg and M.G. Krein, The basic propositions on defect numbers, root
mumbers and indices of linear operators, Uspehi Mat. Nauk, 12 (1957), 43-118=
Amer. Math. Soc. Trans., (2) 13 (1960), 185-264.

[6] T.Kato, Wave operators and similarity for some non-selfadjoint operators, Math.
Ann., 162 (1966), 258-279.

[7] XK. Mochizuki, On the perturbation of the continuous spectrum of the Dirac
operator, Proc. Japan Acad., 40 (1964), 707-712.

[87] J. Schwartz, Some non-selfadjoint operators, Comm. Pure Appl. Math., 13 (1960),
609-639.



	On the large perturbation ...
	Introduction
	1. Preliminaries
	THEOREM 1.1. ...

	2. The similarity of $L_{1}$ ...
	THEOREM 2.1. ...
	THEOREM 2.2. ...

	3. Scattering theory
	THEOREM 3.1. ...

	4. Perturbation by a product ...
	THEOREM 4.1. ...

	5. Final remark
	Bibliography


