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§1. Introduction.

The spectral and scattering theory for partial differential operators
has been investigated extensively (see [1], [8], [10], [11], [13], [14], and
references there). But certain ellipticity has been assumed to ensure
the completeness of wave operators. Such an assumption excludes, for
example, the equation of magnetgasdynamies which has a characteristic
root like &, (see [3, p. 298]). The aim in this paper is to remove such
an ellipticity assumption.

In [14] the author established the existence and completeness of the
wave operators for “symmetric systems”, which are rather general ones
including symmetric hyperbolic systems and Schrodinger equations. The
existence of the wave operators was established under the condition
that perturbations are short range; no additional condition was assumed.
In establishing the completeness, however, certain ellipticity was further
assumed in order to apply the compactness argument. Without such an
ellipticity assumption we shall show in this paper that the wave opera-
tors are complete in a weak sense. It is shown, for example, that the
ranges of the wave operators for symmetric hyperbolic systems with
characteristic roots of constant multiplicity are scattering subspaces.
(For an abstract scattering theory which is not based on the subspace
of absolute continuity, see [18].) In order to establish it we apply the
method recently invented by Enss [5], which does not essentially rely
on the compactness argument and is more direct than the method of
Kato-Kuroda. The crucial tool which makes this application possible is
the L,-boundedness theorem of Calderon-Vaillancourt [4]. '

Now, we explain notations in order to state the results. We write
D;= —1idlox;, x=(2,, ---, x,) € R*, {&)=Q+x|)", <D)*=1+Di+---+D;,

«=PDg...D&, where a=(a, -+, @,) is a multi-index. For G, and G,
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in R*, we write G,cG, if the closure of G, is compact and is contained
in the interior of G,. We denote by ZZ(R* or <& the space of C>-
functions on R", all of whose derivatives are bounded. No confusion
will arise from using the same symbol for the space of matrix-valued
functions, all of whose elements belong to <Z L,(R") denotes the usual
L,-space on R*. For a positive integer m, we denote by H, the Hilbert
space [L,(R*)]™ with natural inner product. For fe H, the Fourier
transform of f is denoted by f. For an m X m matrix A, the norm of
A is denoted by |A|. For a densely defined closed linear operator T
between Banach spaces, D(T'), R(T), o,(T), and o(T) denote the domain,
range, point spectrum, and resolvent set of 7T, respectively. For Banach
spaces X and Y, B(X, Y) denotes the Banach space of all bounded linear
operators from X to Y.
Consider the symmetric system

K
(1.1) i %”:L(x, D)u=_=M(x)|:P(D)+ 3 q,—(a:)Q,-(D)]u ,
where u(z, t) is a C™-valued function. We assume the following condi-
tions (A.I) and (A.II).

(A.I) (i) M(x) is an m xXm matrix-valued measurable function on R"
such that CISM(x)<C'I for some positive constant C, where I is the
unit matrix; (ii) P(¢) is a polynomial with m X m matrix-coefficients, and
is Hermitian symmetric for each ¢ec R"; (iii) the differential operator
K, q;x)Q;(D) is formally self-adjoint.

(A.II) There exists a constant s>1 such that

K .
(M@~ 11+ 3 las@)])<o>* & Lo(R?) .
Let H be a Hilbert space with the inner product

(£, Du= |, M(@)"f @g@dz, f, g & [LBI]" .

By virtue of (A.L.i) H is, as a vector space, equal to H,. The identifi-
cation operator J form H, to H is well-defined: (Jf)(x)=f(x). We denote
by H>=(R*) the space of C™-valued C~-functions on R*, all of whose
derivatives are L,-functions. Let H be a self-adjoint extension of
L(x, D)|g~@&n, in H, and let H, be the natural self-adjoint realization in
H, of the differential operator P(D). Denote by E,,, the projection of
H, onto the subspace of absolute continuity for H,. Then it was shown
in [14] that the wave operators
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(1.2) : W.=38— lim e"**Je " K, ,,

t—too

exist and are isometric on E, , H,.
Now, let us state our main results. Let H, be the subspace of
continuity with respect to H. Put

(1.8) A2=(f € H,; lim sup [[(1—Jy(D)Ey,..d )e~*"f|| =0 for all y; with
J—oo +t2
}}E’l Pri(8)=1 and Sgp ”"f"i”Lm(nﬂ)<°°} .

Then the first result is as follows.

Theorem 1. Under (A.I) and (A.II) one has
(1.4) R(W.)=_1% .

It will be shown that _#7 are closed subspaces, reduce H, and are
contained in the scattering subspaces _#. for H. Here _#. are defined
by

(1.5) //i={fe H; lim lSTuxRe—“andt:o for each R>o} ,
T—»j:ooT 0

where X is the characteristic function of the set {x € R"; |x|<R}. »(Diﬁer-
ent but similar definitions of scattering subspaces were given in [2],
[16], and [18].)

The second result states that if Q;(D) is H,bounded and the roots
of the equation det (\J—P(¢))=0 have constant multiplicity (the precise
conditions, (A.III)~(A.V), will be stated in §3), then R(W.)=_#.:

Theorem 2. Under (A.I)~(A.V) one has
(1.6) R(W.)=_+#. .

An application of this theorem is given. It states that the energy
of the solution of the equation (1.1) propagates along the classical orbits
corresponding to the Hamiltonian P(¢).

We note here that _# . =_# =H, if X;(H+1)'E, is compact for
every R>0, where E, is the projection operator onto H, (see [2], [16]).
Therefore, if we assume certain ellipticity, we ecan conclude from
Theorem 2 that :

R(W,)=R(W_)=H, .
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Thus Theorem 2 almost includes the results already known. However,
it does not include Theorem 5.7 in [14], where no condition concerning
the regularity of characteristic roots was imposed. An important open
problem is to establish (1.6) without assuming the regularity of char-
acteristic roots.

The remainder of this paper is organized as follows. In §2 we
shall show Theorem 1. Some lemmas there will be given in a more
general form than is necessary for the proof of Theorem 1; they will
be used also in proving Theorem 2. In §3 we shall state Theorem 2
precisely and give its proof. There, we shall also give a theorem con-
cerning the propagation of energy. §4 is devoted to the study of the
scattering theory for symmetric systems in an exterior domain; results
analogous to those for the entire space R" are given.

§2. Proof of Theorem 1.

This section is devoted to the proof of Theorem 1. To start with,

we state some properties of the spaces . #7 and _#. defined by (1.3)
and (1.5), respectively.

PropPOSITION 2.1. (i) 4% and _#. are closed linear subspaces of
H, and reduce H. (ii) 4.C _#..

Proor. _¢#7 and _#. are clearly closed linear subspaces of H. They
reduce H, for they are invariant under the transformation e¢—*#. Since
#. are orthogonal to all eigenvectors of H, we obtain that _~#Z. CH,
(cf. [2], [18]). This completes the proof of (i). Now let us show (ii).
For fe_v3, put f(t)=e*%f. Given ¢>0, we first choose a Cy;>-function
o and N>0 such that

(2.1) sup ||(1 —Jy(D)Eo,oed 7)f ®ll <e -

Since JX(x)y(D)E, ,.J ' is a compact operator, there exists an operator
S of finite rank such that

(2.2) T X () (D) By, o~ — S| <e .
The inequalities (2.1) and (2.2) imply
(2.3) IXef @®)||=2e+|[SFDI, £t=N.

Since fe H,, we obtain that for each ge H
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Jim L (g, £E)IdE=0

(see [2, Lemma 2]). Thus
lim _S ISF ()| dt=0 .

This and (2.3) imply that fe _#.. q.e.d.

We first show that the ranges R(W.) of the wave operators W.
are included in _77.

PROPOSITION 2.2. Assume (A.I) and (A.II). Then the wave operators
W.. defined by (1.2) exist and are isometric on E,, H,. Furthermore,

(2.4) R(Wo)C 4% -

PROOF. Since the first half of the proposition was already shown
in [14], it remains to show (2.4). Suppose that lim;.. +;(¢)=1 and
sup; ||vjllz., <eo. Let f=W.g for some gec H, with E,,g=g. Given
€>0, we can choose 7'>0 such that

le=* 2 f —Je~**Hog|| <, +t>T .
On the other hand,
llm Sup H(l J"II\J(D)EO acJ_l)Je_“HogH

g—oo &t

=lim sup ||Je~**#o(1 —44(D))g|| =0

Jooo £t2T

Thus
lim sup (L — T (D) By, aed e "2 f|| <(1+sup; ||9sllz..)e -

This already proves (2.4), for R(W.) are closed subspaces of H,. q.e.d.

Next we show the reverse inclusion along the line given by Enss
[5] and Simon [17]. To this end we prepare some lemmas.

LEMMA 2.8. Let f be a real-valued C=-function on an open set
QCR" such that D*fe L.(Q) for all |a|=1. Let G be a bounded open
set such that {grad f(&); ¢ 2}cG. Then for each k>0 there exists a
constant C such that

(2.5) “(1+]x—mol+]tl)ke—“f(p)¢(x)”Lg({xeR"‘;(x——wo)/tﬁal)éC”<x—xo>k¢||Lz(R”)
for all ¢ with Supp dc R, x,cR", and te R.
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PROOF. Since e¢~*/? commutes with translation, we may assume
that 2,=0. Choose a C=~-function 4 on R" such that (x)=1 on R"\G
and 4«(z)=0 in an open neighborhood of the closure of {grad f(¢); e 2},
and put «(x)=q+(x/t). It is sufficient to show that

(2.6) |lre()(1 + |@|* 4 22)* 264+ Pg(ar) ”LZ(R") =C||<x) p(x) ”L,m")

for all ¢ with ¢ e C°(2). We have by integration by parts

—itf(D — —n/2) ,—itf(E)+iz . @t rf—ax) 12
ey =(@myr| erore| 7 - U8 [3eae

where V=(d/0¢,, ---, d/0¢,). Elementary calculations show that there
exists a positive constant C such that

i?f [t Pf(&)—x|=C(|t|+ )

for all ¢ and z with 4(2)%0. Thus we have
(2.7 (1 + |o]* + ) 24pr(w)e " P g(x)
= 5 Je=tautts o, Ol Dg(e)1ds ,

lajsk

where a.(t; z, &) € Z(R: <X R?). Hence (2.6) follows from the L,-bounded-
ness theorem of [4].

LEMMA 2.4. Let f, g9, and h be mXxXm matriz-valued functions on
R* which are commutative with ome another and belong to <&. Then

the following statements hold.
(i) If d=dis(Suppg, Supph) is positive, then for each k there
ex1sts a constant C such that

(2.8) g () f(D)h(x)p(x)|| =Cd~*||¢|l, ¢ € [L(R™I™ .
(ii) There exists a constant C such that for all R>1
2.9) I(g(x/R) f (D) — f (D)g(x/R))p(x)|| = CR||8||, ¢ € [Lo(R™]™ .

PrROOF. (i) The symbol a(z, &) of the pseudo-differential operator
g(@)f(D)h(x) is represented by the oscillatory integral

Os—sSe“‘”g(x)f(s+77)h(x+y)dyd77 ,

where dn=(2r7)-"d7. (See [9].) We have for any k>n/2
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a(a, &)=\ [ @X DM £ ¢+ MWD,y h(w-+y)dyan

Since |y|=d if g(x)h(x+y)#0, we obtain that |a(x, &)|<Cd"-*. Similarly,
for any multi-indices @ and g8 there is a constant C,, such that

|050a(w, &)< C, A" .

Thus (2.8) follows from the L,-boundedness theorem.
(ii) Denoting by b(zx, £) the symbol of the pseudo-differential oper-
ator f(D)g(x/R), we have

b, =08 —||e-vf+ng(@+v)R)dyan.
Put | |
Gala, 1)=\ Po(@-+ty)/R)dt .
Since g((@-+)/R)=g(@/R)+R-'Gx(x, y)-y, we have
bz, &)=0(z/R)f(§)+ B 0s— | {e=v(— i, £ ¢+ 1) Galer, W)dyary .

Since {Gglzs, is @ bounded set in <&, this implies (2.9). . q.e.d.

LeEmMA 2.5 ([17, §2, Lemma 2]). Let f be a rapidly decreasing
Sfunction such that f=0 and S fdx=1. For each lattice point € Z*, put

(2.10) | | Fa=fole s

where X, is the characteristic fumction of the wunit cube centered at a.
Let g (a € Z™) be functions such that

Sup [[<D)**gallz,mm < o -
For a rapidly decreacing function h, define Th by
(2.11) , | (Th)(@) =25 g D)f(¥)h(2) .
Then
| TRl =CllRl, -

In order to state a lemma which is a key to the proof of the
inclusion . CR(W.), we review some of the notations and propositions
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appearing in [14]. Decompose the characteristic polynomial det (AI—P(¢))
into irreducible factors R,(j=1, ---, q):

(2.12) det WI—P(¢))=R™---R™ .
Here R,#R; if i#j. Put
(2.13) R=R,---R, and S(¢)=the discriminant of R(), &) .

It is easily seen that S(£)#0. Enumerate the roots of the equation
R(\, £)=0 which are not identically constants as

(2.14) ME=S- =0 (08),

where A\,#\; if i4#j. The remaining roots \;(¢)(j=r+1, ---, k) are
identically constants: ;&) =a;. We denote by 4, the set of all excep-
tional values of P(2):

(2.15) A,={n€ R; R(\, £)=8(&)=0 for some £ R} U{a;; j=r+1, ---, k} .

We denote by F,(¢) the orthogonal projection matrix in C™ onto the
eigenspace corresponding to the eigenvalue A;(&). Note that F(¢) and
A;(&) are smooth in {¢e R*; S(¢)+0}. As for the projection E,, of H,
onto the subspace of absolute continuity for H, we have

" PROPOSITION 2.6 ([14, Proposition 2.1]). By ..=3}.. Fy(D).

We note here that the subspace of absolute continuity, subspace of
continuity, and scattering subspaces for the operator H, are all equal.

Let A4, be the set of all critical values of the functions M\;(&)|ise <0
(4=1, ---, r) defined by

(2.16) A= U (0 grad (=0, S(&)=0} .

We have the following proposition.

PROPOSITION 2.7 ([14, Lemmas 2.2 and 2.3]). 4, i a finite set.
Furthermore, there i3 a polynomial T(&) such that T(£)#0 and

217 Ad,={neR; R(\, &§)=T()=0 and S(&)#0 for some £c R"} .

We can now define the operators A;.(j=1,2, --:) from H to H,
playing an important role in the proof of Theorem 1. Choose homo-
geneous functions g, of order zero in C~(R"*\{0}) so that
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g+(&)+9g-(&)=1 on R*\{0},
9:(8)=0 on {Fe=el/2}) .

For each a e Z", choose a rotation R, transferring a to (|laf, O, -, 0).
Let ¥ be an m xm matrix-valued function on R"* belonging to <& such
that

(2.18) V=Supp ¥ + Suppfc{se R*; S(E)T(E)+#0},

where f is the function appearing in (2.10). Let @ be an m X m matrix-
valued C=-function on R", all of whose derivatives are bounded on V.
Then A, . are defined by

(2.19) A;.= ..,E- N pE:‘.: . 9:(RINy(D)Fo(DYO(D)f o)V (DYF (D),
where f,(x) is the function defined by (2.10).
The key lemma is stated as follows.

LEMMA 2.8. Let Q&) be an mxm matriz-valued C=-function, all of
whose derivatives are bounded on the set V in (2.18). Assume that
D\ G=1, -+, 7, |@|=1) are bounded on V and

(2.20) inf {Pxns(8)); £V, j=1, -, 7}>0.

Then the following statements hold.
(i) There exist positive constants 6 and C such that for all t with
+t=0

(2.21) 1 Xsis10n(@)QDYe 0 A o |s i ug =CA+37+t)
and |
(2.22) 1 Xaigr 160 @) QD)e™*H 0T * A || o, ;m =CA+F+[E) " -
(ii) For each k there exists a positive constant C such that
(2.23) 1X;,5®) QD) A;, || p s, mp =CA+ )"
and
(2.24) 1X;5()QD)T * A, lls iy, ; = CA+ D" .

PROOF. (i) We shall show only the inequality 2.21) for t=0,
since the other ones can be proved similarly. For ge H and acZ"
with |a|>3j/3, put
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b= 3, 9 RIN(D)F,D)OD) YT DIF (D)5

Choose positive constants a and b so that the set
G={veR* a<lv|<bd, v-a>—2v|al/8}

includes the set {Fa;(8); £¢eSuppd,, j=1, ---,7}. Choose >0 so small
that for « and ¢ with [z|<d(5+¢t) :

(—a)/t¢G and 1+|a|+t=2(1+|x—a|+t) .

Then it follows from Lemma 2.3 that for each k>0 there is a constant
C independent of a and ¢ such that

1Xs5+0(2)Q(D)e*Hog,|| 1, <C(L + || + )| <& — ) *g, ||, -
Since sup, ||[{x—a)*f,|| <, we have

Sup [[<x—)*del|z, = C||#]|x -

Hence
(2.25) 1Xsts0(@)Q(D)e~*"0g, || g, < C(1 + || +t)*||p|| & -

Summing up (2.25) on «@ we obtain (2.21).
(ii) We can write

A= 3 GUDV@GDI
where G, G;€<Z. Choosing a C>-function  such that q(x)=1 oﬂ
{l#|=1/11} and (x)=0 on {|x|=1/10}, we put
Jas(@®) =7 ((—a)/|a))fu(®) and f,.(@)=1—y((x—a)/|a))f(z) .
Since {f..}. is a bounded set in <& and
dis (Supp X5, Supp f.,.)=34/30 ,

it follows from Lemma 2.4 that for each %>0 there is a constant C
such that :

(2.26) i 3 GUD)far(®)Go(D) || new, my SCA+5)7* .
lx|>3513

On the other hand, |
| fea@)]| 2, SCA A+ |ex])~*— .
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This implies that the inequality obtained from (2.26) by replacing f.,
with f,. holds. The 'proof of (2.28) is now complete. The inequality
(2.24) can be shown similarly. ‘ q.e.d.

Completion of the proof of Theorem 1. We shall show only the
inclusion _#;CR(W,), for the other one can be proved similarly. Let
¢e.v;. Given >0, we first choose ¥ in Cr({¢eR"; S T(&)+0}) so
that

(2.27) A =TT (D)E,q.d e8| <e

when t is sufficiently large. Since it follows from Proposition 2.1 (ii)
that ¢e_, we can find a sequence {¢;}7, of positive numbers such
that max (7, t;_,)<t; and

(2.28) lim ||X;(2)e~"%g|| =0 .

Choosing a rapidly decreasing function f such that f=0, S fdz=1,
feCz, and

Supp f+Supp ¥ <{¢ € R*; S(§)T(&)+0},

we define f.(aeZ™ by (2.10). Define operators A;. by (2.19) with
&®=1, and put

p;s=A; 0 "%g and ¢;=e""ifg .
We have
U(D) oo ~'$1= 5 Boyooful@V¥ (D) B 795
= ta12>5/a+¢j'w:¢j'++¢j’"+¢j’w .
Since it follows from Lemma 2.4 and (2.28) that
1}_{2 1%;/2()¥ (D) Eq, 00 ~*¢5]| =0,
we obtain
(2.29) lim ;.. =0
We next claim that
(2.30) o limllgi=0.
We have
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|4, "% — A;,_Je= "o T *|| pu, my = || A, - —e~ " Je*sH0T * A}, _||n sy, m
< *T =D A3l + | II(S: 0.0)Q.(D) + (M@)—I)PD)e T * A3, dt
Since (J*f)(x)=M(x)f, we thus obtain by Lemma 2.8 and the assumption
(A.II)

(2.31) lm ||4;, e~ — A; _Je=*i50] *|| 5, 5, =0 .

J—o0

On the other hand, since for each R ||Xi(x)e*/ToJ*A%_|| >0 as j— oo,
we obtain that for any 4 in H, with compact support

| Aj,_Je“ifog|| — 0 .
Thus
(2.32) s-lim A; _Je *ifoJ*=0 .

J—roo

Combining (2.31) and (2.32), we get the claim (2.30).
We have by Lemma 2.8

(W=D <\ IET — TH e, |t
gcgj{(u O+ [+ 6)]-)dt .

Thus
(2.33) Lim || (W, — )y, =0 .
Combining (2.27), (2.29), (2.80), and (2.33), we obtain that for sufficiently
large 7
(2.34) le~*i%gp— Wd;, || <2¢ .
Hence
llp — W,etifog; |l <2,
which implies that ¢ € R(W,). This completes the proof.

$ 3. Scattering states. Propagation of energy.

In this section we shall prove Theorem 2 and give its application.
Throughout this section we use the notations (2.12)~(2.17) in §2.
First, let us state Theorem 2 precisely; we must formulate the
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conditions (A.III)~(A.V). Put
3.1) - A=4,U4, .

For an interval I and the characteristic root A;(¢) which is not identi-
cally constant, we put

(3.2) Qi) ={¢e R N(§)el}.

The condition (A.III) is then stated as follows.
(A.IIT) (i) 4, is a discrete set; (ii) for each interval ILcR\A and

j(j=1, ---, r), there exist positive constants a and b and an interval
I, such that

(3.3) LeLcR\4, dis 02,I), 2;1.))>0,
(34) {lVN.‘l(G)I; 5 € ‘Qa‘(I‘z)}C[a’y b] ’
(3.5) inf {{n() — N85 &€ 24(L), 1#7, 1si=k}=a

and D\;(&)(la|=2) are bounded on 2,(I;).

Suggested by Simon [17], we formulate the conditions (A.IV) and
(A.V) as follows; they are a little weaker than the condition that Q;(D)
is P(D)-bounded.

(A.IV) There exists an mXxXm matrix-valued function R, on R" such
that R e <Z, R,(&)P(E)=PE)R,(£), and

Q&) (PE —2)'R'(¢) e Z, zcC\R, j=1, ---, K.
Put

(3.6) X={feH; REPE—-)f@eLy}.

(We note that H*(R")cXcJD(H,).) Let H be a self-adjoint extension
of L(z, D)|z, and denote by E the spectral measure associated with H.
Then (A.V) is stated as follows.

(A.V) There exists an m X m matrix-valued function R, on R" such
that R;'*e L., R,(D)E(I) is a bounded operator for each Ic R, and for
every ¢>0 there is a positive constant & such that R,(¢) is bounded on
the set {¢+7; |R;'(&)|=e, |7]<a}

We can now state Theorem 2.

THEOREM 2. Asuume (A.I)~(A.IV). Let H be a self-adjoint exten-
sion in H of L(x, D)y, and assume (A.V). Then the ranges R(W.) of
the wave operators defined by (1.2) are equal to #.: R(W.)=_»#.
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For the proof we need a lemma.

LEMMA 3.1. Let ® be a continuous function on R vanishing at
infinity. Let IcR. Let g be a C=-function such that g(x)=0 on
{lz| <1} and g(x)=1 on {|x|>2}, and let g,(x)=g(x/j)(j=1,2, ---). Then
Jor each >0 one can choose a function ¥ in <& such that RV e F
and

3.7 \{O(H ) — JO(H )P (D)J ~*}g;(2) E(I)|| s my <&
for sufficiently large j.

PROOF. We shall show the lemma along the line given in [17] (see
[17, §2, Lemmas 4 and 5]). Since finite linear combinations of the
functions (t—z)~' (Im 2+0) are dense in the Banach space of all continu-
ous functions on R vanishing at infinity, it suffices to consider the case
O(t)=({—2)"" with Im2+#0. We have by (A.I)~(A.IV)

I{@(H) —JO(H,)J ~}R(D)g ()|
=||(H —2)"J [(M(x) =) P(D) + 3, ,(@)Q(D)(P(D) —2)~' Ry (D)g,J ~'|

=C(—*+ lA—g;m)adD)g;l| +zl“4”(1 —g;n)a,(D)g;ll) ,

where a,, a,€ <. Thus Lemma 2.4 (i) yields
(3.8) I{@(H) —JO(H,)J ~}RBH(D)g (®)|| =Cj~ .
For each ¢>0, choose ¥ in <& so that R,(@)¥ () e <Z and
A —-TENER )]z <ed ,
where ¢ is a sufficiently small number. Then we have by (3.8)

IN@(H) — JO(H)¥ (D)J ~'}g (x) E(I)||
= {@H) —JO(H)T YT (D)g,|| +C|(L T (D) g, ED)||
=CE7IR(DYZ D) + I [R(D)¥ (D), g;=)]II)
+C(ed|| R D) ED)|| + [[1—Z(D), g;)]I),

where [X, Y]=XY—-YX. Hence we obtain by Lemma 2.4 (ii)
{@(H) — JO(H,)T(D)J ~}g ;(x) E(I)|| =< C(5~*+¢€9) .
This implies (3.7).

PROOF OF THEOREM 2. Since R(W.)C.+.C._#,, it remains to show
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the inclusion _Z cR(W.). Since U;eru E(I) #. are dense in _#., we
have only to show that E(I). #.c R(W.) for each Ic R\4. Let us show
the inclusion E(I).#.cR(W,). (We show only this inclusion, for the
other one can be shown similarly.) Let ¢e E(I).#,.. We can find a
sequence {t;}>, of positive numbers such that max (4, ¢;_)=t; and
lim;_., [|X;(x)J ~‘e~**i%¢||=0. Choose a function @ in C;*(R\4) so that
O(H)p=¢. For each ¢>0, we can choose by Lemma 3.1 a function ¥
in <&Z such that R¥ e <# and

lim |le~*i%g— JO(H)T(D)J ~e~*i"g|| <e .
gosoo ‘

By the same argument as in the proof of Theorem 1, we obtain the
decomposition

O(H)V(D)J e "if¢p=¢; ,+8;,_+ b »
where

tim (| (W =l + .- + gD =0

(In doing so, use ‘the equalities: @(Ho)=¢(Ho)Eo,“c and e %R (D)=
R (D)e~*#0) Thus

lim ||¢— W, eifog; || <e,

j—roo
which implies that ¢ € R(W,). The proof is complete.

Next, let us discuss the propagation of energy of the solution. We
begin with the following theorem.

THEOREM 3.2. Assume (A.I) and (A.II). Let H be a self-adjoint
extension of L(x, D)|gowrn, in H. Let I be a finite or infinite interval
of R, and let I' be an open set including the set

(3.9) U (=7n@; M@ e 1, S0} -

For teR, set I';={tx; xcI'}; denote by Xr, the characteristic function
of I'y. Then

(3.10) Jim |[Xr, e~ 8|l u=g|lm ¢ € E(DR(WS) .

PrOOF. We put
Q= U {ge R N ) el, S@T(E)=<0}.

1sssr
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We denote by E, the spectral measure associated with H, Since
EIYW.=W.E(I)E,, and C(2) is dense in E(I)E,, H, it suffices to
show (3.10) for ¢=W.y with € Cr(2) and E,,4=+. For such «,
Lemma 2.3 gives

lim {[|[(1 =X e~ oyp|| g, +||(J — T 1)~ Foqp|| s} =0 ,

t—t oo

where J, is the unitary operator from H, to H defined by (J.f)(x)=
M(x)"?f(x). Thus

lim [[X el u= lim (||J,Xr e~ o] s —|le™"F§ —J,0~*Honp| )
t—+oo — 400
= Tim %o~ g, = [, = 1l -

This implies (3.10). q.e.d.

The following corollary is concerned with the lower bounds at infinity
for the solutions of (1.1).

COROLLARY 3.3. Let the hypotheses of Theorem 3.2 be satisfied, and
assume that the open set I' imcludes also the origin. Assume further
that R(OW.)=_+#.. Let gc H. If

(3.11) lim %§ 1% 62 g||adt =0 ,

then E(I)¢=0.
PROOF. We have

(3.12) X, e~ E(D)g||*

=X *#g|*+2Re (1 —Xr)e "“FE(I)¢, e “*"E(R\I)g) .
Since the assumption that B(W.)=_+. and (8.11) imply that ¢ e R(W.),
we obtain by Theorem 3.2, (3.11), and (3.12)

: _}_T 1134 2 Jy
Jim L\ X e B dE=0

Hence E(I)¢=0. q.e.d.

REMARK 3.4. (i) For symmetric hyperbolic systems, we can always
replace the set I, in (3.11) with a bounded set by using the property
of finite propagation: Let P(D)=3); A;D;+ B, and put

o=max {\; det W[—3 A4,8,)=0, |¢|=1}.
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Let v be an open set including the set

U (=703 M@ e I, S@=0)nlal <o) ,
and put v,={tz; x€~v}. Then the conclusion of Corollary 3.3 holds if
(8.11) is satisfied with I", replaced by v,+{x € R*; |x| <R}, where R runs
over (0, o).

(ii) Corollary 3.3 extends a part of Theorem 2.1 in [7] to the
variable coefficients case. (See also [6], [12], [15].)

(ili) The assumption R(W.)=_«. is satisfied also by systems which
do not necessarily satisfy the condition (A.III) (see [14]).

§4. Exterior problems.

In this section we shall study the scattering theory for symmetric
systems in an exterior domain, and give results analogous to those for
symmetric systems in R*. Since all theorems to be formulated in this
section can be shown along the line described in §§2 and 3, we omit
the proof.

Let G be a domain in R* such that R"\G is compact. We consider
the differential operator

@D L(z, D)=M(@| PD)+ 3, ¢,@Q;(D) |

in G under the following conditions (A.I)’ and (A.II)".
(A.I (i) M(x) is an mXm matrix-valued measurable function on
G such that CISM(x)<C-I for some positive constant C; (ii) P*(&)=
P(g); (iii) the differential operator 3; ¢;(x)Q;(D) is formally self-adjoint.
(A.II)’ There exists a constant s>1 such that

(1M@) —I1+ 3 ls@))<@>* € Lo(G) -

Let H, be the Hilbert space [L.,(R*)]™ with natural inner product.
Let H be the Hilbert space [L,(G)]™ with the inner product

(f, Oa=| M@ r@FE@ .
Let J, be the identification operator from H, to H given by the restric-

tions of functions to G. Let J, be the operator from H to H, defined
by
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_[(f@®), zeG
(Jof )@)= 0, =z2¢G.

Let p be a C~-function on R* such that o(x)=0 for x with dis (x, R"\G)=
1 and p(z)=1 on {z; dis (¥, R"\G)=2}. Let H be a self-adjoint extension
of L(z, D) restricted to {p(x)f(x); f(x) e H*(R™}. Put

4.2) A2={f ¢ H; lim sup ||Q—Jep(D) By, T e f|| =0
J—roco
T— o0
if lim 4;(&)=1 and sup |||z, <o} .
Then we have the following analogue to Theorem 1.

THEOREM 4.1. The wave operators

+ = S‘Iim e‘tHJle_ttHoEo. ac

t—too
exist and are isometric on E,, H, Furthermore,
R( Wi)z./l/;: .

Now, let us state the analogue to Theorem 2. We require the
following modifications of (A.IV) and (A.V).

(A.IV) There exists an mXxm matrix-valued function R, on R*
such that Ri'e <%, R,(&)P(E)=P@¢)R,(2), and

(@)(PE)—2)'R'(¢) e B, 2eC\R, j=1, ---, K, |a|=0.
Let H be a self-adjoint extengion of L(x, D)|;, where
X={J,0(x)(P(D)—*)"'R;*(D)g; g€ Hy} .

We denote by E the spectral measure associated with H.

(A.V)" There exists an m xm matrix-valued function R, on R* such
that R;'e L., R,(D)J,po(x)E(I) is a bounded operator for each Ic R, and
for every €>0 there is a positive constant 6 such that R,(¢) is bounded
on {£+7; |B;(&)|=e, |71<0d}.

The scattering subspaces _#. for H are defined with an obvious
modification; the analogue to Proposition 2.1 holds. The analogue to
Theorem 2 is stated as follows.

THEOREM 4.2. Assume (A.I), (A.II), (A.III), and (A.IV). Let H be
a self-adjoint extension of L(x, D)y in H, and assume (A.V). Then
R(W.)=_#..
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The following theorem is essentially known (cf. [10], [14], [17]).

THEOREM 4.3. Let the hypotheses of Theorem 4.2 be satisfied.
Assume that X E(I) is compact for each R>0 and Ic R\A, where A is
the set defined by (3.1). Then the following statements hold.

(i) RIW)=R(W_)=H,=H,,=_#,=_#._, where H,, 18 the subspace
of absolute continuity for H.

(u) The only possible limit points for the point spectrum of H
are in A. FEach eigenvalue mot in A has finite multiplicity.

The following theorem and corollary are analogues to Theorem 3.2
and Corollary 3.3.

THEOREM 4.4. Let the hypotheses of Theorem 4.1 be satisfied. Let
an interval ICR and open sets I' and I, hcwe the same property as
wn Theorem 3.2. Then "

m ([Zr el a=lIgllm, ¢ BIDEWS) .

COROLLARY 4.5. Let the hypotheses of Theorem 4.4 be satisfied,
and assume that the open set I' imcludes also the origin. Assume
Sfurther that R(W.)=_#.. Let ¢c H. If

—itH
lim 2\ e glladt =0 ,

T— o0
then E(I)¢=0.
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