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Hyperbolic operators with symplectic
multiple characteristics

By

Tatsuo NISHITANI

1. Introduction

Let U be an open set in R? with coordinates x’=(x,, -*+, x;). Denote by T*U
the contangent bundle on U and by (x', §")=(xy, -+, X4, &}, +**, §,) standard coordi-
nates in T*U. Let I be an open interval containing the origin and set 2=IXxU.
We denote by (x, £)=(xy, x, &y, ') standard coordinates in 7*82 and

D; = —id[oxj,j=0,+-,d, D = (Dy, D), D' = (Dy, -*+, D).
Let

(1.1) P(x,D) = Do+ ﬁ; A/(x, D') Dy~

be a differential operator in D, of order m with coefficients 4;(x, D) which are clas-
sical pseudodifferential operators of order j defined near (%, g 1=(0, %’ 5 Nelx
(T*U\0). We denote by p(x, &) the principal symbol of P and we assume that
p(x, +) is hyperbolic with respect to dx, near (%, £ ") that is the zeros &, of p(x, &, &)
are all real near (X, ¢ ). We shall study the microlocal and local Cauchy problem
for P(x, D) with data on x,=0.

Denote by 3 the set of real characteristics of order m of P;

(12) = ={(x&6eT*2\0; p(x,§) =dp(x,§) = - =d" ' p(x,§)=0} .
We assume that

S, is a C* manifold near o = (X, é) = (%, éo, ¢ ") with the

1.3
-3 tangent space T, at p such that T,SDT,ZNT, X

where S={x,=0} is a initial surface and T; = is the o orthogonal space of T,=.
Here o is a natural 2 form on T*£ given in any standard coordinates (x, &) by

d
= 3} dé; Adx;

Note that if 7,3 is a symplectic subspace, that is T % N 7, =={0}, this condition
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is verified obviously. As another example we consider the case T,SN T, 3, is in-
volutive which was treated in [I13]. Since T,SNT; 3D T,=NT,= (1.3) is also
verified.

We introduce the localization p,(x, &) of p(x, &) at p;

(1.4) po(x, &) =lims™" p(ots(x, £)) (cf. 3], [4]) -

It is well known that p,(x, §) is a hyperbolic polynomial in T,(7*2) with respect to
H, , the Hamilton field of x, (see [5], [7]). Then we can define the hyperbolic cone
I'(p,, H,,) as the component of H, in {X&T,(T*®); p,(X)=+0} and the propaga-
tion cone C(p,, H,);

C(pp, H,)) = {XET(T*2); 0(X, Y)=0 forany YEI'(p,, H,)} .
Note that (1.3) implies
(1.5) C(pp, H,)NT,Z = {0}

(but the converse is not true in general). Let 3 be defined by fy(x, )=---=f,
(x, £)=0 for instance, where df;(0) are linearly independent, then p(x, &) can be
written as

P(,6) = 33 e, €) Flx,€)°

near p with F=(f;, «-,f;). This gives that d"p(o) (X, -+, X,,)=0 if some X; be-
longs to T,%. Hence py(X)=d"p(p) (X, +++, X) is well defined as a polynomial in
Ns(T*2),=T,(T*2)/T,=. We assume that

(1.6)  pu(x, &) is strictly hyperbolic with respect to j(H,,) in Nx(T*2),

where j is a natural projection from 7,(7*2) onto N3 (T*2),(7,X is the linearity
space of p,(x, &), cf. [3], [4]). When m=2 and = is a C* manifold near o (1.6) is
always verified except for a special case dim Nx(T*2)=1 (that is the case of char-
acteristic of constant multiplicity). We note that these conditions are invariant
under a change of homogeneous symplectic coordinates preserving x,=const.

Let P(x, &) be the full ymbol of P;

P(x,&) = p(x, )+pu-j(x, )+ Fpi(x, E)+ -+
where p;(x, £) is the homogeneous part of degree / of P(x, £). We assume that
(1.7)  pu-j(x,&) vanishes of order m—2j on X near p whenever m—2j>0.

Clearly (1.7) is invariant under conjugation by elliptic Fourier integral operators.
When P is a differential operator, Theorem 4.1 in [7] asserts that for the Cauchy
problem for P to be C* well posed it is necessary that p,,_; vanishes of order m—2j
at 0. This necessary condition is independent of any geometric character of 3
and C(p,, H,). In this sense the condition (1.7) is the weakest one on lower order
terms to expect the C* correctness of the Cauchy problem when p(x, £) has a char-
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acteristic of order m.
Under these assumptions we have the microlocal correctness in C= of the
Cauchy problem for P;

Theorem 1.1. Assume that (1.3), (1.6) and (1.7). Then there is a parametrix
of P at (0, %', &) with finite propagation speed of wave front sets.

We shall give the definition of a parametrix of P at (0, X, é') with finite pro-
pagation speed of wave front sets in Appendix. When m=2 (1.5) and (1.6) imply
that p(x, &) is effectively hyperbolic at o and hence more general results were ob-
tained (see [6], [8], [10], [11]). We give two simple examples which also motivate
our hypotheses (1.3) and (1.6).

Example 1.1. Consider the following operator in R? with 0=(0, 0, 0, 1)E
T*R)\0
P(x, D) = (Dy—x, D,) {(Dy+x, D,)*+aD,} , a=0.

This verifies (1.3) and (1.7) but (1.6). It is clear that the Cauchy problem for this
P is not C*= well posed.

Example 1.2. Let P(x, D) be
(Dy—ax, D,) (Dy—bx, D) (Dy—cx, D))+eaD,, a0

which is also considered in R* with p=(0, 0, 0, 1) where a, b, ¢ are mutually different
real constants. This verifies (1.6) and (1.7) but (1.3). The Cauchy problem for
this P is not C* well posed in view of Theorem 4.1 in [7].

Now we study the propagation of wave front sets in a slightly more general set-
ting. Let P be a classical pseudodifferential operator of order m in an open set
2 C R**! with the real principal symbol p(x, §)C=(T*2\0). Let o= T*2\0 be a
characteristic of p of order r. Denote by X, the set of real characteristics of order r
of p defined by (1.2) with m=r;

3, =Ax,ET*2\0; p(x, &) = dp(x,&) = -+ =d" ' p(x, &) =0} .
We assume that there is a conic neighborhood of V of p such that
(1.8) 3,NV isa C= manifold near p.

We introduce the localization p,(x, &) of p(x, &) at o by (1.4) with m=r. As noted
before, py(x, £) is a well defined polynomial in N3 (T*£),. In what follows we re-
gard N3 (T*8), as a subspace of T,(T*2) and denote by [X]& N3 (T*2), the residue
classe of X T,(T*2). We suppose that

P is strictly hyperbolic in N3 (T*2), with respect to some

(1.9)
[61EN=,(T*2), .
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By I'(p,, [6]) C N (T*82), we denote the hyperbolic cone of p, regarded as a polyno-
mial in N (T*8),. Let P(x, ) be the full symbol of P and p,(x, &) be the homoge-
neous part of degree i of P(x,£). Now we assume that

Pm-j(x, &) vanishes of order r—2j on 3, N V near o whenever

1.10
(1.10) r—2j>0.

As mentioned above we regard T, %,/T, 2, N T,Z, as a subspace of Nz (T*82), and
hence is equal to {{X]EN;3 (T*2),; XET; %,}.

Theorem 1.2. Suppose (1.8)-(1.10). Let ¢(x, §) be real, homogeneous of degree
0 in &, C* in a conic neighborhood of p such that

9(0) =0, [He(0)IET(p,, (D N(TF Z,/T7Z,NT,3,) .
Let @ be a sufficiently small conic neighborhood of p. Then it follows from

o N {p<0} N WF(u) = ¢, peE WF(Pu)
that
& WF(u)
for any distribution uc 9'(2).

Note that if 7,3, is symplectic then T, =, is identified with N3 (T*82), and
hence the hypothesis in Theorem 1.2 is reduced to

1.11) [Ho(e)IET (py, [0]) -

Note that the hypothesis in this theorem is equivalent to
(1.12) Hy(0)ET (pp, YN T, Z,+T,3, .

Since I'(p,, ) N T =,+ ¢ is equivalent to C(p,, 0) N T,=,={0}, then this theorem
gives a rough estimate of wave front sets when

(L5) C(pe, HNT,Z, = {0}

and p satisfies (1.9), (1.10). As noted before when r=2 (1.5)" and (1.9) imply
that p(x, &) is effectively hyperboic at o and then Theorem 1.2 holds under (1.11)
(see [10], [12]). If we assume further that codim =,=2, detailed discussions were
given in [1], [2], [9].

We turn to the local Cauchy problem. To simplify notation, we say p(x, )&
372 near p if p(x, €) is homogeneous of degree p, C* in a conic neighborhood of o
which is a polynomial in &, such that p(x, &) vanishes of order g on = near o. Then
(1.7) is equivalent to say

(1.7 Pm_jEZ"7Im % near p whenever m—2j>0.

We assume that A;(x, D’) in (1.1) are classical pseudodifferential operators of order
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jin 8. We also assume that p(x, -) is hyperbolic with respect to dx, near %, that is
the zeros &, of p(x, &, &) are all real for any (x, £')E2 x (R*\0), where £ is an
open neighborhood of X. Let x&7%2\0 be a multiple characteristic of p. We
denote by m(x) its multiplicity and by =, the component of £ in the real character-
istic set of order m(x) of p. We recall our hypotheses (1.3), (1.6) and (1.7) at «;

S Isa C” manifold near £ with the tangent space

(1.3). T.Z at £ suchthat T,SD T, 5N T2

(1.6), P(x,€) s strictly hyperbolic with respect to [H,,] in
N3 (T*2),

Y P (X, ) EZ5/mO7% near & whenever m(x)—2j>0.

Theorem 1.3. Let p(x, -) be hyperbolic with respect to dx, near X. Assume
that (1.3),, (1.6), and (1.7), are verified for every multiple characteristic =T g‘.Q\O.
Then the Cauchy problem for P is locally solvable near % in C= with initial data
on x,=0.

Proof. By Proposition A.4, it will suffice to show that P has a parametrix with
finite propagation speed of wave front sets at (0, X', ¢’) for any |¢'|=1. Fix &'

with |&'| =1 arbitrarily and show that P has such a parametrix at (0, %, &"). Let
K€ TZ"Q\O (j=1, -+, r) be multiple characteristics of p such that their projection
off &, coordinate are (%, £), that is £;=(%, £, &), where £{ are different zeros of
p(X, &0, 6"). Let m(x;)=m; then it is clear that
p(x, &) = }I p(x, §)
=1

where p¥(x, £) are homogeneous of degree m;, C* in a conic neighborhood of
(%, ¢) which are polynomials in &, and «; are characteristics of order m; of p¥)(x, €).
We note that

Pe(%,6) = pP (x,8) { gp‘*’(xj)} .
It is clear from hypothesis that
(1.13) P (x, §)EZLL™ near «;.
The~zeros &, of p¥ (x, &) (j=1, -+, r) are different each other when (x, £’) is near
(%, &’) and then we can write

P(x, D) = P®(x, D)---P®(x, D)+ 31 B,(x, D") Dy~
j=1

where B(x, {')ES™" near (X, 3 ") uniformly when |x,| is small and P (x, &) has an
asymptotic expansion;

P (x, )~ p (x, E)4pE)-10x, )+ ++++p{(x, )+
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with p¥(x, &) which are homogeneous of degree i, C* in a conic neighborhood of

(J“c,g "), polynomials in &,. Comparing the homogeneous part of degree m—i of
the symbols of P(x, D) and P"(x, D)--- P (x, D) it follows that

{ILPP0 O P )+ Ryi(x, ) = pp-i(x,6) -

By induction on 7, it follows easily that R; ;(x, &) vanishes of order m;—2i on
near x;. Since p®(x, &) never vanish on 3 ) if k= j it follows that

J

(1.14) p_i(x, &) €™~ whenever m;—2i>0.

From (1.13), (1.14) we can apply Theorem 1.1 with P=PW, 2 =3, and we
conclude that PY)(x, D) has such a parametrix at (0, %', €") (j=1, -, r). On the
other hand, by Corollary A.l, to prove the existence of a parametrix with finite
propagation speed of wave front sets of P at (0, %, 3 ") it suffices to show that each
PY9(x, D) has such a parametrix at (0, £',&’). This remark completes the proof.

Proof of Theorem 1.2. Let Z,NV be given by
by(x,&) =+ =by(x, &) =0

where b;(x, §) are homogeneous of degree 1 in & and db;(o) are linearly independent.
Choose ¢;(x, &) (1= j<1=2 (d+1)—k) with c;(0)=0, homogeneous of degree 1 in
&, C> in a conic neighborhood of o so that H, (o) form a basis for 7;,3,. Let

(Ho(0)IET(pp, O) N (T3 2,/ TFE,N T,5,) .

k /
Then we can write Hy(0)= X @; H,;(0)+ 23 B, H,;(0) with real constants a;, 8;.
ji=1 ji=1

Set Y(x, &)= a; b,(x, &)+ B, c;(x, )+ M|(x,616| ") —p|*|&] and we may as-
sume that {p<0} D {Y <0} near p taking M sufficiently large. Since [Hy(o)lE
I'( De, [0]) it follows that

po(Hy(p))=*0
and this implies that (Hy(0))" p,(0)=0. From the definition of localization we have
(1.15) (Hy(o) p) (0)*0.

Put X,=y(x, £) and note that Hy(o) and the radial vector field at o (which is in
T,=,) are linearly independent because X a; H,,(0)=+0. Then we can extend X, to a
full homogeneous symplectic coordinates {X, 5} such that X (0)=0, Z(0)=e,;. We
write (x, £) instead of (X, &) then (1.15) implies that H} p(0)=0. Since H,’;o p(0)=0
for 0< j<r—1, Malgrange’s preparation theorem gives that

p(x, E) = ‘I(x, E) {66+a1(x9 fl) E(')_I'I"" +a,(x, 61)}‘

with q(p)==0 where a;(x, £') are real, homogeneous of degree j in ', C~ in a conic
neighborhood of p'=(0, e}), es=(0, ---, 0, DER? and a;(0")=0, &' =(£,, ***, &,).
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A pseudodifferential operator analogue of the Malgrange division theorem shows that
P(x, D) = Q(x, D) {Dj+A\(x, D') Dy ++++4,(x, D')}

modulo a smoothing operator near p where Q is non characteristic at 0. Snice our
result is invariant under multiplication by Q it will suffice to consider

P(x, D) = Dy+A,(x, D) Dy ' +-+++A(x,D’) .
Denote by P(x, £) the full symbols of P(x, D);
P(x’ E) = P(x, 5)+pr—-l(x7 6)+°"+pi(x> €)+"' .

It follows from the assumption (1.10) that p,_;(x, §) vanishes of order r—2j when-
ever r—2j>0. Since p, is strictly hyperbolic with respect to [H,,] in N (T*2),
and clearly

T, {xo=0} DTS, N TS,

we can apply Proposition 6.2 to P(x, D) (after reducing to a second order system
following §7) to conclude that; if

(1.16) (@' XRYN {x, <0} N WF(u) = ¢, o€ WF(Pu)

then one has p& WF(u) where o’ is a sufficiently small conic neighborhood of
0'=(0, e)). If p(x,&)=0 then |&,| is bounded by B|(x,&'|&'|™)—p'|?|&’| near
o with a positive constant B and hence we can replace ' xR in (1.16) by a small
conic neighborhood of p in T*2\0. This proves the theorem.

In §82 and 3 we reduce our study on P to first order operators using a blow
up like process along 7,3. We shall also estimate the derivatives of symbols of
such reduced first order operators. In §4 we recall some properties of pseudodif-
ferential operators with symbols defined in § 3 which are found in [11] with different
notation. In §5, we shall therefore study such first order operators using calculus
in §4. We follow [11] and a basic estimate is proved by energy integral method.
A modified version of such estimate will be applied to study the propagation of
wave front sets of solutions. In §6 we shall extend estimates obtained in §5 to a
product of two first order operators. §7 is devoted to a reduction of the Cauchy
problem for P to that of a second order system with diagonal princiapl part to
which we can apply our results in §6. We complete the proof of Theorems 1.1
here. In Appendix we shall give the definition and some properties of parametrices
with finite propagation speed of wave front sets which are found in §3 in [14] in a
slightly different formulation.

2. Blow up of principal symbol

We can choose a homogeneous symplectic coordinates (x, &) at (%, é) pre-
serving xo=const., such that o’ =(%’, £")=(0, €}), e;=(0, +--, 0, )ER? and
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p(x, €) = &0+ 3] i(x, &) €87
=
where a;(x, £') are homogeneous of degree j in &', C* in a conic neighborhood of
»'=(0,0, e7). Since 3, C {£,=0} in this coordinates, 3, is given by

S ={6=0,by(x,6")=0,j=1,, k}

where db;(p’) are linearly independent. Here we have assumed that the codimen-
sion of 3 is k+1.

Lemma 2.1. Suppose (1.3). Then we can choose a homogeneous symplectic
coordinates at (X', £') so that p”’ =(0, e}) and

S =18 =0,b/(x,6)=0,j=1, -, k}

where bi(x, &") are homogeneous of degree 1 in &', C* in a conic neighborhood of
o' and

db,(0') = dxy+bdx,;_,+adx,
db,f(p") = dx;+ay; dxs, dbyjs\(p') = d€j+ay;,1 dxy, 1S j=q
dbygi1+i(07) = dx s jFapg414; Xy, 1= =1, dby(0") = by dXgypirta, dxy

with r=k—2q—2, q<d—1 and b=0 if g=d—1.

Remark 2.1. In the case H,(0") (1= j=k) and 8/3¢, are linearly dependent we
have b,=0 in this lemma.

For later use, renumbering the coordinates, we may assume that po'=(0, 0, e})
and 3, is given by

S ={6=0bix,6)=0,j=1,,k}
where b;(x, £') are homogeneous of degree 1 in &', C* near p’ and
dby(p") = dx,+bdx,_,+adx,

db,j(p") = dxpy jtay; dxy, dbyipi(0') = dEprj+ a0, dx, (1=j=q, p+q =d)
dbj(0") = dx;_\+a; dx,2< j<r = k—2q-2), db,\(0") = by, dx,+a,,, dx, .

Note that b,(x, £’) can be written as
@1 by, €) = (o hbxpoiHax, +fi(x', €)) ey(x. &)

near p’ with dfj(e")=0 where f,(x’, ), e;(x, ') are homogeneous of degree 0, 1 in
&’ respectively and e,(p")=1.

Put by(x, £)=&, then we can write p(x, £) as
(2.2) p(x, &) =by(x, E)"+ 3% G x, &) b(x,€)”

@] =m,@g<m -2

where a=(a,, @, *++, @) EN**1, b(x, £)=(by(x, £), by(x,E"), ++-, bu(x, &) and G (x, &’)
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are homogeneous of degree 0 in £’. Choose Y;ET,(T*2) (0= j=<k) so that
db(0) (Y;) = 8;;

whose residue classes form a basis to Ng(T*2),. With this basis we may assume
that Ny(T*@),=R*", [H,]=(1,0, --,0)€R*". Then p, in Nx(T*8),=R* is
given by

q(() = (8'+ 2 Zl,(p') (“’ c:((m (ly Tt cl:)
|| =m,0p<m~2
and hence
po(x, &) = q(db(x, &) .
Assumption (1.3) implies that

q(¢) is a strictly hyperbolic polynomial in { with respect to

2.3
@3 1,0, -, 00=RH! .

Using this ¢ we can write p(x, £) as

(2.4) P(s€) =g, N+ 3 aux €)b(x, )"

la] =m,q<m —

where a,(x, £')=a,(x,é')—a,(e’) and hence a,(o’)=0. We make a blow up like
process to p(x, &) along 3 using the expression (2.4) and Nuij approximation [15].
Let

1EGxE) =g+ B alxn )
m=m.¢0_m-
4, 05 x,&") = (1—0*8°/0CH) " §(¢; x, €7)

where [k] denotes the integer part of k. Then we can write of course
R [m/2] .
(2.5) G5 x, 6 =4 05 %60+ 2507 1y (C5 X, &)
=

where r,_,({; x, ") are polynomials in { of degree m—2j with coefficients which
are homogeneous of degree 0 in £, C™ in a conic neighborhood of p’. We note
that
q(¢;0) =9(0),3(£,05x,6) =q(¢;x,€).
Proposition 2.1. The equation G({, 0; p"Y=0 in {, has m real distinct roots for

any (', 0)=(0, 0).

Since § is homogeneous of degree m, 0 in ({, 0), ' respectively, it follows from

Proposition 2.1 and Rouché’s theorem that there are m functions 1,({ Loy x,&)e
C=((R**"\0) x W) such that

2.6) 7€, 0:x, &) =T (G—1¢" 01 x,€)
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when (', 0)==(0, 0) where W is a conic neighborhood of o’. Here we note that
2,¢’, 05 x, €') is homogeneous of degree 1, 0 in ({’, ), £’ respectively and

2.7) |4C 05 %, E)—2(¢", 05 x,€) | Ze (1€ |7 40)

for any (x, £ Ye W, ({', o) R¥\0, i £ j, with a positive constant ¢. By (2.5) and
(2.6) we have an expression of p(x, &);

m [m/z]
28 P &) = IT Eo—2,(b'(x, €, 05 %, E0)+ 2307 1y 5(b(x, £); x, €7)

with b'(x, E)=(b,(x, £'), --+, by(x, £")).

3. Estimate of blown up symbol

Let 2,(s)eC7(R) be equal to | in |s| =1 vanish in |s| =2 such that 0= ,(s)
=<1. Wedefine y,=y;(x, ), n;=2,(¢, #) following [11] by
Yo = #xo, y;=02,(x)) X;(1S j= p), y; = w2 0,(u P x)) x; (p+H1=])
To = 47 Eg = a TR (TR ELED TN E; (pHIS))
n; = T 2 (aTHEKE DT —0,,)) (6,—0,KE M +a 8,K6> (1S/=p)
where 0<<¢=<1 and d;; is Kronecker’s delta. It is easy to check that

(3.1)  y,ES(n, dx3+Gh) for any j, un,€SuE", dxi+Gl) (p+1=))
un;—8;,KEHES(ED, dxi+Gw) (1= j<p)

uniformly when 0<z<1 with GL=|dx”|?4u ' |dx" " |24+ u"'{E">72|dE"|?, Gu=
ldx" |24 p7t | dx" " P4 u7%E D72 dE |2 where X/7=(xy, =+, Xp), X'/ =(Xps1, =0, Xa)-
Put W,={(x",&); |x;| =c, |£;]&'| 7' —0,,] =c} and note that

(3.2) | un;—0,,KE "> S2uED, (1 —CuXED=Suln' | S(14+Cu) L&D

with a positive constant C independent of #. Then there is a positive constant &
such that (y’, 7" )EWiu. Moreover if |x;|<u'? |E,KE'>"1—0;,| Zu it follows
that

(3.3) (3, 1) = (uxg, ux”’, 2 X", p &g, w7 E R E ) = Mul(x, €)

with & =(&,, -+, &,), € '=(€ 41, -+, €4).  Let I be an open interval containing 0 and
b(x, £Ye C~(Ix W,) be homogeneous of degree 1 in &’ such that

3.4) b@©,e,) =0, (8/06)b(0,e,) =0 j=1,-+,p—1.
For such b(x, £") we define B(x, &', &) by

(3.9 B(x,&', ) = ub(y,7') = b(y, un'), O<u=s

with é<c. Remark that B(x, &', x) is defined for all (x’, §')ER? X R?. First we
estimate the derivatives of B. By the Taylor expansion of B at (0,<¢")> e,) we can
write
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By, un) = 3 (a! Y7 yP(un)” EFO, <EDep)+

+2 33 (@l AN P (un' —<ED ey)” S; (1—6) b§g) (By, O(un'—<E"> e,)+<EDe,) db .

le+B|=2

Here we have used (8/8¢,) b(0, e,)=0 which follows from Euler’s identity and (3.4).
We note that the integral belongs to S({&">'*!, dx3+Gy) by (3.1) and (3.2). Hence
the second term of the right hand side belongs to S(#%¢">, dxt+G,). From (3.4)
the first term of the right-hand side contains no u47;(1= j =< p) and hence belongs to
S (1€, dx3+GL) in view of (3.1). These two facts give that

| B (x, &', 1) | Scup p ™1+ ED for e <1

3.6
¢9 [ BE) (x, &', 1) | Scop w2117 120E 1%L for || =2

where B =(B,, B, B’ )EN**, a=(a", " ')EN®. Let f(x,E)EC(IXW,) be
homogeneous of degree m in £’. We set

F(e, &' m) =" f(y,7).
Then the same argument as to prove (3.6) shows that
Lemma 3.1. F(x, &', 1) = f(0, e,) <ED"+F(x, &', 1)
with F(x, &', n) €S (uED", dx§+Gu). Iff& (0, e,)=0 for |a+8| <r then
F(x, &', n)ESWLED", dxi+Gy)
uniformly when O<<u< 2.
Let Bi(x, &', ) be defined by (3.5) with b(x, §")=b,(x, ¢’). From (2.1) we have

B\(x,&' pn) = (xo‘|‘bl'1(xp—1) xp-l"‘axx(xp) xp+ﬂ_lf1(y,, 7)) re(y, nn')
= ¢(X, 5’5 /“) El(x’ f,’ ”)
where E,=pl¢">+E,, E,€SuXE">, dxi+G,) in view of Lemma 3.1 and hence

E = cu<E"> with a positive constant ¢.  Since f{%, (0, e,)=0 for |a+8| <2 it fol-
lows from Lemma 3.1 again that

3.7

2 (Y 1) ES(u, dxt+Gl)
hence
(3.8) o(x, &', n), SDE;; (x, &', mes, dX%+G“) for |a+g] =1.

We return to estimate the derivatives of B. Let x(s)&C=(R) be equal to
zero in |[s|=1 and equal to 1 in |s|=2. According to the remark preceding to
Remark 4.1, we may consider Bx(#*(€’>) instead of B hence we may suppose that

3.9 uéED>=1

on the support of B. We use this abbreviation without refering.
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Lemma 3.2. Let |87 | =5, |87 |=t. Then
| B | S cpp ut™1% V2Rt E I S1m 101 g BT =002 £ 5187 1= 002
if le|Z1andif |a|=r=2 then
| B | < Cpp 219172 EVIE SN SUBYI=9)/2 £ NUBT =012
Corollary 3.1. Let |B"|=s, |B”/|=t. Then

IB{EZI <cus u"'”(f '>1—|¢|/z<ﬂ5 />(m”|—s)/2<5 '>(lﬂ”’|—t)/2

Jfor any a,
| BE)| < cpp ™12+ 1= DI £ 7= (ol =D/2 e 7= (1B 1=)/2
XLEVWETNOR for e 21,
| BE | < cupCE >ICE S 1102 5B 1= g 508 10012
if |a| 22.

Lemma 3.3. For |a+8|=1 we have
| B& | < Caplasl DHIE D1 e SN E NPT

Let 1(¢’, 0; x, £'Ye C*((R*"\0) x W) be homogeneous of degree n, m in (', 0),
&’ respectively where W is a conic neighborhood of (0, ¢,). The homogeneity shows
that

(3.10) 188782 8%er,0 A(C', 05 %, ') | SCupy(| £ [P 0P ME [ [ mmlel
Put
a(x, &', 1) = X(B,(x, &, n), ++, By(x, &', u), Lu€">%; y, un’)
m(B) = { 31 By, &', wPCud > < TP,
where B(x, £', u) is given by (3.5) with b=>b,(x, ') which was defined after Remark

2.1. Note that when 2 is homogeneous of degree 1 and 0 in ({’, o), £’ respectively
then in view of (3.3) and (3.5) we have

GBI alx, &', n) = sA(b(Mu(x, £), =+, b(Mu(x, €)), <u& D23 Mu(x, €1))

when |x;| <4, l€j<5/>—1_6;’p’ =n
Our aim in this section is to prove the following proposition.

Proposition 3.1.
A e S(u1e T R YIE S m(BY T HPICE DT, gD dix)
if le+B| =1,
aBES(u 1V pEHIE DY m(BY I HPICE YT, guk{uE " dixf)
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if |a+p8| =2 uniformly when 0<u< it where
Gu = Ul D] dx" [PHLED | dx" 1|2 4-KE7 D> dE |2
Remark 3.1. Taking into account (3.9) we may suppose that 4 '<{E"D, u™2
{E>72<<¢’>7" and hence we may assume that
dx§+Gu=s gutdxf .

Proof. First we prove this proposition when 1 is independent of (x, &'). After
this we shall reduce the proof of the general case to this. Put B=(B,(x, £, &), -+-,
By(x, &', 1), {u€'>S?) and consider 1(B) where (', o) satisfies

|00, A(C7, )| Sey(| €7 [P a?)nmlE

Since | (Cué D)@ | S, {<ue HVPE DT FE D 1*! and we may assume {ué DVEE D
<cu modulo Sz hence B, ,=<ué > verifies (3.6). We start with

oy O =20 @ A3l B By, B, =

=2+2:2/+2Il

s=1 S22

where |7|=1, f=f+F, a=d+a, la;+ﬂ.~|~§1, a=a,+-+a, f=F++8,
We study the case |@+/4|=1. Noting that | B| ={ué >m(B’) it follows that

|2 | <c|B|"7| Bjyig) | Sc<at D" m(B') ™| B, | -

Since @ =d+&, #=4+F, from Corollary 3.1 | B{*)g, | is estimated by c,g ! ~1*" "+F" 112
LEDIITLE DT Im gy IR e 1B W2 and hence

|| Scop am® R (B I g Y e DT
><<<."’>"'A"/2< uf '>|is”|/2<5 '>|§"’|/2 )

We turn to =", When |&| =1 there is k& such that @,=4& and hence we may as-

sume that @,=&. Then as in the preceding argument |§I”“|B§‘;‘(1;l)l is estimated
by

(3.13)

Caypy 1711 (B ) Il DE S TICE HTURITIR e SIBTIE ¢
XLEDB
On the other hand by Lemma 3.2 | B|*~* I | B | is bounded by
j=2
(3.15) CoplE >~ 118 D2 & B 1= 1B D2 2 5B 1= 18] "1/
for | B| '<<{ué">"¥2. Now (3.14) and (3.15) imply that |3”| is estimated by
cap a7V By I g YE HTICE T
) ul S E B
(3.13) and (3.16) show that

(3.19)

(3.16)
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2 08 A(B) S S(u™1™" +8" V2 p(B'yr 1B g SIE ST, gt p T dx?)
if |a+A8|<1. In the case |§|=1 the proof is similar.
Now we shall study the case |&+/F|=2. Let a=d&+& B=4F+A. Then
Corollary 3.1 gives that
| By | <o 2™ 1%+87 12 g 1= 1BICE = 18102 g S B2 g 1B 2

and hence lﬁl”“‘]BS”l‘Zﬁ)l and |Z’| are bounded by
cap w1V By g yE S FICE ym b

MM

for m(B')" '<Cm(B’)""%. We estimate 5”. Let |F|=2. Then there are j, k such
that ,B,.-l—ﬂ,,gﬁ hence we can assume that 8,+8,=4. Corollary 3.1 shows that

(3.17)

2
IT | B?), )| is estimated by
I=1 [

Cop M2~ UTHDIECE N2 IMH B2y B +BY 1= sy tsp))f2
G />(|p;’ T+By 1= (t+e))/2

for B/ Zs,, B 'Z1,. Since 1’ '+ 64 'ZF"" it follows that | B[~ x TT | BED, |
is bounded by =

cap 1B VE (B Y I TR I g Ty B 1B
X<€,>(Iﬂ;/ /+ﬂ§/ /I_I"ﬁ/l ,l)/2 .

On the other hand Lemma 3.3 shows that | B |2~ f[ [B,ﬂ‘:gal)l is estimated by
1=3

CuplE /D>~ 1BF B2y BT 1~ 1B +BY1)/2

(3.18) G r>(|a” “1-18 "85 D2

From these estimates it follows that |=”| is bounded by
(B19)  cupaT BN (B2 g e STIRI B g S 2
Let |&|=2. As in the preceding argument we may suppose that a;+a,=&. In
view of Corollary 3.1 l]’i[! le.‘;g;I))l is estimated by

Cap ulé '>—(|¢,+¢,_|—2>/2< ué I>|ﬂ;’+ﬂ;'|/2<5 f>|ﬁ;’ By I
Since | B|""2 < Cu™" m(B')* % ut "> > 2 using (3.18) we can estimate || by
(3.20) cup 7 m(B)E uE Y EYTHE '>-I"I/2<ﬂ5'>|é”|/2<5f>nfs” e
Let |&|=|A|=1. We may assume that ¢,=&, and 8,+8,=#. By Corollary 3.1
we can give an estimate of 112;[1 [BEn,| by

LA e L O R R D ST IN LS  CRE
X (EYUBY +BY N1=1B
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Taking this estimate into account the same argument as above gives an estimate
of || by

(3:21) cup m(BY e Y E YT YA e YR gy 1b

These estimates prove that

% 02 X(BYES(u P12 m(B'y 1 e YKE DT, gut- k"D dix)

///

if |ea+8|=2. Now we shall give a proof for the general case reducing it to that
we have proved. First note that

% 0%ax, &', ) = 3C0. 0,7, 4,8, 4. 1) 0% 02 0510 (B y, '
x ;I'—I=1 B'(T(ﬂl) H Vi@ H (."‘771:,)( 2

where |7|=s, |8|=t, |v|=u, |&+4|, |F|, 1&|21, a=d+a f=F+F. We
note that

(3.22) <€D Vi |=cq ﬂl_m/, /|/2<5l>, u| (l“];)(a)l <, HETHICETI

That is <€") y;, #(u7;) satisfy the smae estimate (3.6). On the other hand it fol-
lows from (3.2) and (3.10) that
|8% 82 %er,0y X(B; 3, 1')| S ypal(| B' |4 D)W g ym v <
Sevsy(| B[P ue D) B g m
Since (&> EDT u* S C(| B |2 +<Lue"D)"®*2 (modulo Sz*) one can estimate
|8% 8% a| by
SC(, 8,7, 4,&, 8, B) (| B'|+<uE )= trurmiziegryr
x I 1B, | H <€ yiap| IL | a(an,)®) .

i8]

Since to prove the proposition for 1(B) we have used only the formula (3.21) and
the estimate (3.6) then noting (3.22) the proof can be reduced to the previous case.

4. Some properties of pseudodifferential operators

We use notation and calculus in [5] (Chapter 18). We shall use the following
metrics;

guldx', d&") = {u& > dx" |2 +<E" > KuE ">\ de’ |,

guldx’, d&’) = u D ax" [PHLE D |dx" 2+ dE P at (x', &)
These metrics are slowly varying and o temperate uniformly when 0<u#<1. We
denote g(dx’, d¢'Y=g\(dx’, d€')=g\(dx', d¢’). Remark that g°=g, gu<g.<g. We

say that a positive function m(x, &', #)€ C=(I x R* x (0, #(m)]) is a weight function
if m(x, &', 1) is o temperate with respect to the metric g uniformly when 0<<z= u(m)



420 Tatsuo Nishitani
and satisfies
@.1) CH b E > MZm(x, E', 0) S CuV(E DM, 0<u = pu(m)

with constants C, N; independent of #. We denote by X the set of all weight func-
tions. It is clear that if m;e K (i=1, 2) then m;m,€ K and if m& K so does m’ &
X for any real s€ R.

We define S(m, Gy) with me X, G.=g. or gu the set of all a(x, &', p)=a(x,, x’,
£, wyeC~(I xR* x(0, #(a))]) such that

a(x, &', wyeS(m, {ut"> dxj+Gy)

uniformly when 0<u<u(a). We also define Su ™ the set of all a(x, &', x)EC=(Ix
R? x(0, u(a)]) such that for any /€ N there is k (/)€ R with

”k(‘) a(x‘ E’, ﬂ)ES(<E’>_I: g)

uniformly when 0<z#=< u(a). Let x(s)EC”(R) be x(s)=0in |s| =<1 and equal to
lin |[s] =2 and set (&', #)=x (27! u<¢’>). Fora(x, &', n)ES(m, Gy)it is obvious
that axE€S(m, G.). On the other hand it is clear that a(1—%)ESz™ in view of
(4.1) and G.<g. Since the operator with symbol in Sz* is bounded from L3(R%)
to a Sobolev space of any order on R (although the operator norm depends pos-
sibly on #) and hence is quite harmless in our arguments. Then we shall usually
work with S(m, G.)/Sz" instead of S(m, Gu). According to this note we shall ofen
identify ae S(m, G.) with az.

Remark 4.1. Since we have (Qu<E><{uE>) =1 on the support of 7 if
s=0 so it follows that

S(m, Gu) TS (&’ m{uE D™ <ED’, Gu), S(e™* m<ED™%, Gu)CTS(muE>™, Gu) .
Lemma 4.1 Let ¢;(x, &', ©)€C(IXR* x(0, A]) (j=1,2, ---, k). Assume
leSn(x, &', )| S Cu™1*HBILEDT" for  |a4B| <1

with positive constnat C independent of n. Then
k&
4.2 m={ex, &, af+lut > M eX.
i=1

For a(x, &', #)S(n, G.) we denote by a(x, D', #) (or Opa) the operator with
symbol a(x, &', ). By a(a(x, D', 1)) we denote the symbol of a(x, D’, #). But
sometimes we do not distinguish the operator and its symbol if there will be no con-
fusion. a(x, D', p)* is the adjoint of a with respect to the scalar product in L} R%).
Noting that gu/gp <{uE'><E DY, 8u/80=<1 we set h(Gu)=#, 1 according to Gu=gy,
8u-

Lemma 4.2. Let my(x, &', )€K and ax, &', wyeSm;, Gu) (i=1,2). Then
a,(x, D', 1) a)(x, D', p)E S(m, m,, G,) and
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o(a az)—WE (@) af(x, &', 1) ayey (x, ', ) ES(R(GW)™, Gu) .

<

Lemma 4.3. Let m(x, &', n)e K and a(x, &', n)ES(m, Gu). Then a(x, D', u)*
e8S(m, Gy) and

Y a*)—lw%v(—l)"'(a D™ al (x, &', m)ESH(GR)Y, Gu)
where a denotes the complex conjugate of a.

Lemma 4.4. Leta(x, &', p)=S(@m, gu) and a(x, &', u)=cm(x, £', 1) with positive
constant ¢ independent of u. Then there are b(x,&', ), b(x, &', y)€Sm™, g)
such that

a(x,D',u)b(x, D', n)=b(x, D', ) a(x, D', u)=1,
a(x, D', w)*b(x, D', 1)=b(x, D', 1) a(x, D', u)* =1

modulo Sz*.

Proof. Put by(x, &', w)=a(x, &', ) 'e S(m™", gu) then OpaOp by—1=r
(x, D', w)eS(u, g»)CS(u, g). Since

gCx, D', u) = i r(x, D', uy €S, g)

we get a(x, D', #) b(x, D', p)=1 with b(x, D', #)=by(x, D', #) g(x, D', m)ES(m™1, g).
To prove the existence of b(x, D', ) we note that a(x, D', #)*=a(x, D', #)+T with
TES(um, g). Using the first part in Lemma 4.5 below one can write

alx, D', w*=a(x, D', n)(14r) with reS,g).

Denote by §ES(1, g), g=S(m™?, g) parametrices of (1+4r) and a that we have just
constructed above it follows that 5=§ g S(m™*, g) is the desired one.

Lemma 4.5. Assume that a(x, &', )ES(m;, gu) and a,(x, &', w)=c; m(x, &', 1)
with positive constants c; independent of n(i=1,2). Let b(x, &', n)ES(m, gu) then
we have

Op b= O0p a,{Op c+r} Opa,, Op b =(Op a)*{Op c+7} Op a,
with a(c)=0a(b) a(a) ! o(a,) ™! and r, FE S(ummi* m3', g).
Remark 4.2. The same argument shows that
Opb={Opc+r} Opa,Opa,, Opb=Opa Opa, {Opc+r} etc.,

with possibly different reS(ummi' mz', g). If b(x, &', ©)ES(m, g) then we can
write

Opb=Opac(x,D',x)Opa,, Opb=(Opa)*c(x,D’ 1)Opa, etc.,

with possibly difierent c(x, D', p)ES(mm7' mz*, g).
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Let A(x, & )=(&«"? x, ™2 ¢") and put
Buldn', dE") = < €15 |- €57 [ dE )P

Then it is easy to see that a=S(l, g,) if and only if A*a=S(1, #8.), where A*a
denotes the pull back of @ by 4 (here we have identified a with a¥).

Lemma 4.6. Let a(x, &', ©)eS(1, gu) and sup|a(x, ', n)| =c, with a constant
¢ independent of u. Then

lla(x, D', u) u|| < (c+c(a) #)l|ull
where ||+|| is the L*(R?) norm.

Proof. Recall hat 4*a=S(1, #g.)CS(, gx). Hence Op 4*a is I? bounded.
Moreover A*ae S(1, ug.) implies that

| A*a |8 < (c+c, ) forany kEN.
Then it follows that ||(Op 4*a) u||<(c+c(a) £) ||u]] which proves the lemma.

Now we observe some special symbols. Let ¢;(x, &', m)eC>( X R x (0, A])
(j=1, +-+, k) and assume that

43) |@Sth(x, €, )| ScogE D™ for  [atp| =1
l@fb(x, &', )| Scug w7 "D for  |a+p| 22
with positive constants c,g independent of z. We define m(®) by (4.2).
Lemma 4.7. Assume (4.3). Then
m(O)BES(m(P)'"HAIE DT, gu) for |atp|=1.
Remark 4.3. Assume that ¢;(x, §’, £)€ C~(I X R* X (0, A]) (j=1, -++, k) satisfy

44) | @St (x, &7, )| Scop ™I for  [at+p] <1

' |95 (x, €7, )| Scop w7 *HBIED™™ for  |at-p| 22

uniformly in #. Then the same argument gives that
M@ E ST m(Q)IRIE DT, ) i |a+AI ST,

Suppose that @,(x, §', #)€ C=(I x R* x (0, A]) verify the hypothesis in Lemma
47. Leta(x, &', n)eS(m, gu) satisfy;

4.5) al@ e S(mm(P)~1*HPIE D1, g,) forall a,p
4.6) CXuE > P=m(@)SC{uE > on suppalE with |a+F]|=1

with a positive constant C independent of . As an example choose ¥ (s)E C*(R)
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such that z(s)=1 for |s|=1. Then a(x, &, u)=x (m(®P) {ut’>?) satisfy the con-
ditions (4.5) and (4.6) since {u&>V2 m(®)& S(m(P) {ut’>"*, gu) and m (@) {ue HV?
is bounded on the support of x®(m(®) {ut’DV?) (k=1).

Lemma 4.8. Assume (4.5) and (4.6). Let b(x, &', ©)E S(, gu) then
a(x, D', 1) b(x, D', 1)—Op (ab) € S (mm <& >~ u" Y!*""* m(®Y, gu)
forany rER.

Proof. By (4.5) and (4.6), a*® belongs to S(m{E" >~ 14 uE D @2 gy (@)1 +ite),
gw) for any real i(a). On the other hand b, € S(Wut’>'*2, g,) and hence

a® by €S (mm &1 uE HIAPHEE py(@)~11+®, ), |a| =1
With i(a)=|a| +r this proves the statement.

Lemma 4.9. Assume that a(x, &, £)ES(m, gu), b(x, &, n)ES(, gu) satisfy
(4.5) and (4.6) with m(D), m(¥) respectively. Then

[a, D1ES (mmce"> ™ u Y+ m(0Y m(¥)’, gu)

for any real r, s € R where [a, b] is the commutator of a and b.

5. Energy estimate for first order operators
Energy estimate for the first order operator
L(x,D, p) = Dy—i6—a(x, D', n), 0>1
will be proved by energy integral method, where a(x, &/, £) is real and satisfies

(5 1) aEg;(X, 6/’ ﬂ)ES(ﬂ_I“U ‘B [2 m(B’)l""‘Lﬂ'(,uf’) <E/>_|,|, g)
' A (x, &, u) S (1= 12 (B 1PICuEr (NI, g)

when |e+A| =1 and |a+B|=2 respectively where B/(x, &', #) and m(B’) are de-
fined in section 3. Note that B;(x, &', #) {ué’>"! verifies the conditions in Lemma
4.1 for By(x, &', u) satisfy (3.6) and hence m(B)EK. Let 2,(s), x5(s)E C*(R) such
that

2(8) =01in s=—1/2, x)(s) =1 in s=—1/4, 0< x,(s)<1 for sER
23(5) =0ins=—1, x45) = 1ins=1, 0 25(8) S 1, 24(8) +2(—s) =1 for sER.

We introduce following symbols;

ay(x, &', 1) = xy(en? o(x, &, u) {uHV?)
Jex, &, 1) = e Q22,(e(x, &', 1) w2 —1} @ (x, &, u)+<uE">12
I(r) (x, &', 1) = u€">"™ J(x, &, )"

with ¢(x, &', 1) defined by (3.7) where e=-+1, é=max (0, —¢), re R, n=R*. Note
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that o(x, &', u) satisfies (4.3) by (3.8). We define m(g) by (4.2) with ¢;=¢ and k=1
then m(p)= K in view of Lemma 4.1.

Lemma 5.1. With positive constants c;, one has
am(@=Jyx, &, u)=c, m(p)
uniformly when 0<u=<A.
Lemma 5.2. J{3,ES(m(p)~1*+PILE Y"1 g,) for |a+B| < 1.

From Lemma 5.1 we have J, =S (m(¢)’, gu) for any r&R and by Lemma 5.2
it follows that

(5.2) LB ESCue>™ m(p) " -r1ethilg ) 1el, g,)
for |a+8|<1. Notice that Lemma 5.1 gives that
(5.3) I Z cCue>™ m(p)y

with a positive constant ¢ independent of #. We start with the following identity;

—2Im((r) Lag u, I(r) @eu) = —2 Im([1(r), L] @, u, I(r) @, u)
(54)  —2Im(LI(r) ac u, I(r) a; u) = Oy||I(r) @, u|[*+26]|1,(r) e, ul[?
—2Im(al(r) a, u, I(r) e, u)—2 Im([I(r), L] @, u, I(r) a, u)
where 8,=08/0x,, Im A=the imaginary part of 4 and (-, -) denotes the scalar prod-
uct in L*(R?). Take r=1/2 in (5.4) and estimate the third term in the right-hand

side of (5.4). From Lemma 4.3 and (5.1) it follows that a* —ae S(u~ ' ué"> &>}
m(B')™, g)cS(m(B’)"Y, g). Noting that Cm(B’)=m(p) one obtains

(5.5 a*—acsS(m(p)™, g).

(5.2), (5.3) and Remark 4.2 show that with J(r)=Op(J;")

(5.6) LAR*=I)* J(—1/2) (1+r), L(1/D=(1+7) J(—1/2) I(1)
with r, F&€S(#, g). On the other hand one has

5.7 Jo(—1/2) 1 +r) (@*—a) (1+F) J(—1/2)=A+R

with A=J,(—1/2) (a*—a) J(—1/2)ES(1, g) in view of (5.5) and RES(¢, g). We
note that 4 does not depend on n whereas R depends possibly on n. From (5.6)
and (5.7) it follows that I,(1/2)*(a* —a) I(1/2)=1,1)*(4+R) I,(1) and this proves
that

(58) |Tm (alo(1/2) @, u, 1,(1/2) @ u) | < (c+c(n) w|I(1) e, ull* .

Next we estimate the last term of the right-hand side of (5.4), [1,(1/2), L]=i8, I(1/2)-
[I(1/2), ). Since a{® belongs to S(u~'®" " 12 uE"> m(B')-1=*BICE 1%, gy C
S(u V2 uE"> (> 1%, g) for |a+F| =1, Lemma 4.2 and (5.2) give that
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[1.(r), a]€ S(u™ % p Y™™ m(py*=7E>™, )

5.9 R
9) C S (L uE">" m(p)™ ", g) .

Noting I,(1/2)*[1(1/2), a] S (> u’>** m(p) ™22, g), it follows from Remark 4.2
that I,(1/2)*[I,(1/2), a]=I,(1)*AI,(1) with A€ S(#"?, g). This gives that

(5.10) | Tm ([(1/2), a] @, u, 1(1/2) @, w) | S c(n) 22| 1(1) @ ul*.

Now we consider —2 Im(i9, I,(1/2) a, u, I,(1/2) @, u)=—2 Re (8, I(1/2) a, u, I(1/2)
a, u). Let us write down 8, I,(1/2) explicitly.

8y 1,(1/2) = —(ne+1/2) I,(3/2) {2<ue > 2§V (eplue’>'?) @
(5.11) +e Quy(eplut > —1)}
= —(ne+1/2) el (3/2)+(ne+1/2) 1,(3/2) (¢ —K)

with K=2{u&">? x(e@lut’>?) o+ {22,(eplué’>"?)—1}, here we have used
d,p=1. Note that (¢—K) a,(x,&’, #)=0 for n=16 and apply Lemma 4.8 to
(e—K) to get

(e —K) @, & S(CE">7ICue 2 m (o), gu) S (uut" DM m(p)t, gu)
for any k& R, n=16. Then it follows from (5.11) that
8, 1(1/2) ag+(n+€/2) I(3/2) ay € S (uul D2 () "8=372+k ) |

Put T=I,(1/2)* {0, 1,(1/2) a;+(n+¢/2) I,(3/2) @} then T is in S(u et
m(p) 2"~k g,). Choose k=--2n& hence 2né+k/2=n&, —2ne —2+k=—ne—n—2.
Then by Lemma 4.5, T is written

T=IL()*rI[(1) with reS,g).

Choose k=—2n&+2n then 2né+k/2=n&é+n, —2ne—2+k=—ne+n—2. Hence
Lemma 4.5 shows again that

T=IL()*FI_(1) with FES(s,g).
On the other hand since a;+a_,=1 we can write
(5.12) T=T(e,}e)=LM* (D) e+ L(D)*FI_(Na_ = ; L(D*rs I(1) a;
Again Lemma 4.5 gives I(1/2)*1,(3/2)=L(1)*(1+4r) I(1) with reS(¢, g) then
combining this and (5.12) one has
I,(1/2)*8, I(1)2) a,= —(n+¢/2) [,(1)*I(1) a,+ %} L (D)*rs Ii(1) a;
with ry,& S (¢, g). This implies that
—21Im(i8, I(1/2) ¢, u, I,(1/2) @, u)=(2n+e)||I,(1) a, ul|*

5.13
(5.13) —e(n) e S |I1(1) ey ull*



426 Tatsuo Nishitani

From (5.10) and (5.13), —2 Im([Z,(1/2), L] @, u, I,(1/2) @, u) is bounded from below
by 2n+¢)||I,(1) e, u|?—c(n) £ g ||y as u|[’. Set H™>=N H'(R?) where H°(R%)

is the usual Sobolev space of order s and we summarize above estimates.
Lemma 5.3.
—2Im(Z,(1/2) La, u, 1,(1/2) a, u) = 8,||1,(1/2) a, u|[*+26||1,(1/2) a, u||?
+@nt-o)ll(1) @ ullP—(e-+cm) ) S5 as ull*
for any us C=(I, H™™).

Our next task is to estimate (1,(1/2) D, @, u, I,(1/2) a, u), (I,(1/2) [a,, al u, I(1/2)
a, u) which come from the commutator [L, @,]=[D,, @.]+[a,, a]. We recall that for
any kER, n=16 we have D, a,=—ien"* u&S? 1§ (en'? plutS?) e S(ué DH?
m(p) 1%, g,) for |@lug’>?| <1/4 on the support of 2§V (en'/? o ué&’>?) when n= 16.
The same argument as in the proof of (5.12) gives

1(1/2)*1(1/2) Dy e = 33 I(1)*(Rs+r3) 1(1)

with r,&S(u, g) where Ry(x, &, 0)=Iy(1)~* I(1)™ I,(1/2) 1(1/2) Dy ag={ &’y "5+1%
JP+LJ 7" Dy a, which is equal to

Kue"> g2 I Jy Dy a, .

We shall examine that Ry S(1, gu) and that the maximum of the symbol Ry(x, &', #)
has a bound independent of n and x. Note that Jy=0p-+<ué’ > when
| @S| <1/4. If de=1 then it is obvious ue”>~5+F JE J-*=1. If de=—1 then
it follows that

CuE> I g3 gt = (Cue> J I )P = (1—gKug D)

when |@lu&’>¥?| < 1/4. This implies that, on the support of D, @, (n=>16) where
| @S2 | <n 2, we have

(5.15) [<ue"> I s(1n7)* < c

with a constant ¢ independent of n. Recall that Jy Dy ag=—ien"* ué/ > Jy 2§
(en'? plue™>V?).  Since {u&'D? Jy=6{u&">* ¢+1 on the support of D, e, (n=16)
we have |J; D, @, | < cn'/* with ¢ independent of n. (5.15) and this show that

(5.16) | Ry(x, &', )| S cen?
with ¢ independent of n. Then Lemma 4.6 implies that
(517 |(I(1/2) Do @, u, I(1/2) e u)| < (en'*+c(n) &) 23 I75(1) @ ull®.

To estimate [a,, a] we note that a{@) & S(m(p)™'*HFITE ue YHEE 71, g,), for any
|e+p|=1, ke R which follows from the note preceding to Lemma 4.8 and the
fact that aff € S(u~e" "+ 12 ue")> m(B')'~1**PICE 719, g) for |a+B|<1. Tak-



Hyperbolic operators 427

ing these notes into account Lemma 4.2 shows [e,, a] belongs to S(xY? m(p)~'+*
{uE"SHE, g) for any k€ R. We apply the same argument to obtain (5.12) to get

I(12)* I(1/2) [, ) = 33 I()* Ry (1) @y with Ry S (', g)
and consequently one has
(5.18) [(1(1/2) [a,, a] u, 1,(1/2) @y u)| S c(n) ©'2 331111 @ ull®.
Now (5.17) and (5.18) imply
(519 [T/ L, al u, 1(1/2) a, u)| S(cn'*+c(n) 2 2 [115(1) a5 ull® .

Summing the inequality in Lemma 5.3 for e=+4-1 and using the above estimate
(5.19) we get

Lemma 5.4.
—21Im 33 (1,(1/2) @, Lu, I,(1/2) @, u) =8, 3 [|1,(1/2) a, u||?
20 53 I01/2) a ul+Gn—1—en () ) 5101 a
Sor any us C=(I, H™™).
Proposition 5.1.
33 I1.0) e Lull* 218y 35 111,(1/2) @, ul[*+2n8 33 |I1(1/2) @, ul[*
+en® 33 IT(1) @, ul?

with a positive constant ¢ independent of n and p for any h<n, 0<p=<A(n), usC”
I, H™™).

Remark 5.1. 1If we start with r=1, 3/2 in (5.4) we shall obtain the following
estimates instead of that in Proposition 5.1,

E ”[,(l‘—l/Z) @, Lullzgnao E! ”[,(l‘) a, u”2+2n0 Ee ”Ie(r) @, uHZ
+cn? 2 L (r+1/2) a,u]|*, r=1,3/2.
Corollary 5.1.
t t
o | 1@y <uD’>” Lutz, P dez eyt lime) ™ ute, )| ds

with positive constants c; independent of n and p for any n<n, 0<p=A(n), usC”
(I, H™™) vanishing in x,<<0.

Remark 5.2. Note that m(g) (x, &, ) =<{uE">""? when ¢ (x, &, 1)=0.

We shall prove a variant of Proposition 5.1. We put (u, v)y=(uD">u,
<aD">* v), |[ully=IIKuD">ul|.

Proposition 5.2. Fix O<v<<l. Then
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& 33 I1(0) @, Lulltn 28, I/ aluD Y ull
+c2 nev g ”12(1/2) aeullfs)—i-cz ’12 22 Hle(l) azu”?s)

Sor any An, 0<p=<A(n), 0(n, 1, s)<0,s€R, uc C=(I, H"") where c; are positive
constants independent of n, u, 9, s.

Lemma S.5. Let T€S(m,g). Then

I a, T=TI(r) e+ ‘? RLuD HYE VR [(r1—k) ay, RS m,g)
Sfor any k=0. In particular if T={uD")’ we have

I(r) e lpD "y —<uD" > I(r) @, = %‘, ReluD "2 I (r4-1—k) g
= Za} Ry uD >~ 142 [(r4-1—k) ayiuD”>’

for any k=0 where Ry, R,€S (1, g).

Proof of Proposition 5.2. First we note that Lemma 5.4 can be stated as;

—21Im g (I,(0) @, Lu, I,(1) @, u) =8, g 11,(1/2) e, ul|*
+20 3 I1(1/2) @ ul'+cn 3 11(1) @, ull?

for any n<n, 0<u =< A(n). We replace u by {u#D">'u in this estimate. Since [L,
uD"Y\=[KuD">, al€ S (4% ut">*, g) it follows from Lemma 5.5 that

10) @, LD’ = <uD" > 1(0) @y L+ 35 R<uD D™ Ij0) ay L
+ g ks(“D'y 1;(0) as ,

I(1) ,{uD"* = D'y 1(1) e+ 3 RuD' Y 1(12)

with R;, R;, R, S(u'?, g). Then these imply that
2 I (I,,(O) @, L</“Dl>sus Iz(l) az<:uD’>su) l éz l ([e(o) @, Lu, Ie(l) a, u)(s) l

+n-1”12(0) @, Lu”(zs—l/«t)‘l"c(n, u, s) 28 [175(1/2) a5 u”(zs) ,
and this is also estimated by
(5.20) (1) n7H1,(0) @, Lullt+ci'nllI(1) @, ullts)

e, 1, ) S I1(1/2) g ullf

On the other hand one has from Lemma 5.5 that /(1) ¢, uD">'={uD"YI(1) a,+
; Ry<{pD">* "4 I,(1/2) a5 hence

(5.21) 2/ (1) aluD YulPZ|1(1) a, ullty —
_cz(”, M, S) % ”18(1/2) as “”(23—1/4) .

Another application of Lemma 5.5 shows that

(522) é("> M, S)”I,(I/Z) ae<ﬂD’>su”22 ”19(1/2) a, u”(zs) .
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Taking ci' <c/[2, 6 —&(n, &, 5) 6¥2=6", we get from (5.20)(5.22)
(er+1) 7 1,0) g LullEy 2 8o 33 111(1/2XaD">ul P+ (6" —ci(n, £, 5)
—cy(n, 1, ) 1) 2 |11(1/2) @y ulliy +e2 n 3311 ullte -
This proves the proposition.
Remark 5.1. If we start with r=1, 3/2 then we shall obtain
&1 33 IL(r—1/2) ay Lullt 2n, 33 |1(r) a(uD">" ull?
+e; 10" 33 [I1(r) ap ullfy+e n* 3 NI1r+1/2) e, ullZo
with r=1, 3/2 for any 1<n, 0<a < A(n), 6(n, 1, s)<0.
Corollary 5.2.
2'} [11,0) @, Lul||%_1,4—2 Im 2!‘, (1,(1/2) ¢, Lu, I,(1/2) a, u),
28, 33 111(1/2) @D’ ull-+c0* S 1I1(1/2) ay ullty-+en L) @ ullty

Sfor any hsn, 0<u<A(n), 0(n, , $)<0, usC=(I, H™™) where c is a positive con-
stant independent of n, u, 6, s.

The rest of this section is devoted to obtain an estimate of wave front sets.
Let

f(x’s 6" ﬂ)ES(/l, Ch;'ll') .
Set v(x, &', p)=x,—f(x', ', ) and define ¥(x, §’, 1) by

exp (1/¥(x, &', 1) if Y(x, &', #)=<0

W ’ " ==
(x, &% 2) { 0 ity (x, &, 1)>0

(cf.[9]). Then it is clear that ¥(x, &', #)€S(1, Gx). We give two examples of such
f(x,&). Let 2(x)=Cy(R? be equal to 1 near x'=0 vanish in |[x'|=1. Let
(%', ) T*R*\0 and set

dx’ €') = {r(x' =% |x' =%’ |4 [€<EDT €' [P+ V2.
Then it is easy to see that ud(Mu(x’, §))ES(#, Gu). As another example we take

f(x', £YeC=(W) which is homogeneous of degree O in &' such that f(0, e,)=0
where W is a conic neighborhood of (0,e,). It follows from Lemma 3.1 that

fO, 1) tueeS(u, Gu).
Put

v =y lvesd, 6.
Lemma 5.6.
c(n, 1, 5) 33 |10) e, Ul[t—1/0—21m 2 (1(1/2) e [¥, L u, 1,(1/2) &y Fui),y
=Q2—c(n f) ') 2 11(172) e, Tullf,)
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Sor any n=<n, 0<u=<p(n), us C=(I, H™>).

Proof. Note that & =% —R, RES(ut'>™", g). Since [¥, L]=—Do¥ +[a, ¥]
€5(1, g) Lemma 5.5 gives that

I= Im(I,(1/2) a![yf, L] u, 12(1/2) a, Wu)(s)
~Im(,(1/2) @ [¥, L] u, 1(1/2) ay ), .

Here and in the following ~ denotes the equality modulo a term which is bounded
by

33 I11/2) @, Tulléy+-c(n, 2, 5) 23 [110) e, ullfs—1m -
The argument as in the proof of Lemma 5.5 shows
(5.23)  <uDD'I(r) apyr = <D I(r) ¢+ 3 RCuD > Iyr) ey
with RyeS(x, g). Using (5.23) it follows that

I~Im(uD"Y I,(1/2) @ [¥, L] u, v<{uD"Y I(1/2) a, ¥u)
= Im(¥*{uD"Y I(1/2) @,[¥, L] u, {uD"Y" I(1/2) a, ¥u).

Remarking y* —y- &€ S((ué">7!, Gu) (5.23) shows that
(5.24) I~1m(I(1)2) @, v [¥, L) u, 1(1)2) a, Tu), .

Set [#, L]=—iK+T with K=O0p({&,—a, v} v ¥)eS(1,g). From (5.1) it is
clear that TeS(e Kut > ' m(B) ™, g)CS(u " ut'>2, g). Substituting this ex-
pression into (5.24) we have

—I~Re(I,(1)2) @, yKu, I(1/2) a, Tu), .

Noting yK=0p({€,—a, ¥} ¥)+T, TS ué'>™"?, g) it follows that —I~ Re
(It(l/z) @, OP({fo—a, 3[’} W) u, 19(1/2) a, Wu)(,). Set

(525 M =Op{é—a, v} =Op(l+{a,f}) with {af}ES@E"g)

then it follows that M & =Op({¢,—a, ¥} 7T, Te S« ue >, g) and hence
—I~Re(I(1/2) @y MTu, I,(1/2) @, Tu), .

Here we apply Lemma 5.5 and we get by (5.25) that I,(1/2) a,M=MI(1/2) a,+ %}

Ry Ij(1/2) @5, R,E S(u, g). Since [{uD")*, M1, [KuD")", Ry] are in S(ulué > "7, g)
this gives that

<uD"Y I(1/2) ¢, M = M{uD") I,(1/2) a,+ ; RluD">’ I(1]2) a;
+ 253 TuD" > 2 Iy(1)2) a5, T,ES(1, 8) .

Here we note that M and R; are independent of s.  Using above expression we have



Hyperbolic operators 431

—I~Re(M<{uD"Y I,(1/2) a, Fu, {uD"Y I(1/2) a, ¥u)
+253 Re(RuD">* I(1/2) ay Fu, {uD"> I(1)2) @, ¥ur) .

Notice that the second term in the right-hand side is estimated by
e(n,f) 1 33 115(1/2) @ Pullly .
Recalling (5.25) the first term of the right-hand side is estimated from below by
(1 —=c(f) #™)III1/2) e, Pulfly -
These complete the proof.
Proposition 5.3. Fix O<v<. Then
c(n, u, 5, 0) 33 |110) @, ullts—1pn+c1 3 [17:0) @ Lullt,)
2y 3 |I1:(1/2) @D ullP4-c, n6” 3 |11(1/2) @ ull(s)
+en* 1) @, ¥ulls

Jor any n<n, 0<pu=<A(n), 0(n, 1, 5)<0, u<C=(I, H) where c; are positive con-
stants independent of n, u, 6, s.

Remark 5.4, If we start with r=1, 3/2 then we shall get
c(n, 1, 5, 0) 3 (r—1/2) ae ull-1pn+c1 33 MIL(r—1/2) @ ¥ Lullt
20, 33 1) . uD’>* PulPt-c, n6” SI() @2 ullty
+c, 12 3 ||I(r+1/2) a ¥ ull?,y, r=1,3/2.

6. Energy estimate for second order operators
We shall extend Propositions 5.2 and 5.3 to operators of the form
L =q,q, q;(x,D, n) = Dy—i0—a;(x, D', )
where a;(x, &', 1) are real and satisfy (5.1). We assume moreover
6.1) lay(x, &', w)—ay)(x, &', p)| =clu&’> m(B’)
with a positive constant ¢ independent of z. Put
Hey = {ZILO) 2 g, g ulltn+ 23 110) @, ¢, g, ullt}
then Proposition 5.2 gives (v=2/3)
(6.2) EHiy2zndy 33 33 |11(1/2) auD?’ q; ul+cn™* 33 S (1/2) @, ; ullt
+er 333 IL() @, g; ullf

with a positive constnat ¢ independent of n, #, 6, s. The same argument to obtain
(5.12) shows that
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(63) Iz(l) a!(ql "qz) = !(1) (ql_qz) a!+ ? Ra 16(2) as s RBES(/"UZ’ g) .

Since g,—qy=a,—a,ES(ué"> m(B'), g) and |a,—a,| Zc{ué"> m(B’) by assump-
tion (6.1) we can estimate ||[CuD") 1,(0) a, u|| by ||I,(1) (a,—a,) @, u||. Indeed

Lemma 6.1. With a positive constant ¢ independent of n, 1 we have
c|l,(1) (@, —az) wlP+(c+e(m) w)lI12) w|* = |I<aD") 1,0) wlf*+ 1) a; i

Proof. By (5.1) and (5.2) it follows that [I,(1). a;] are in S(u"2ué">™ m(p)~""2,
g) then it suffices to prove that

cll@—ay) L) wlP+(c+cm) WlIL2) wIPZ [IKeD 10) wif+ 33 Ila; L) wlf .

Put T(x, &', ) =<uk"> Jo(x, &', ) (a—ap)™" then TES(m(p) m(B)™,g)CS(1,g)
for (a,—a,) 'eSKut' > ' m(B)™, g) and m(p)< Cm(B’). Taking this into account,
it is easy to see that

(6.4) T ES(p™ =812 m(B') 1#+PIe D19, g) for |a+p| =1.
Then it follows that
(6.5 T(a,—a,) = Op(Ku€'> J)+R, RES(mM(B')", g)C S(m(p)™, 2) .

From Lemma 4.2 we have Op({u&"> J,) I,(1)—<uD") I,(0) belongs to S(ulué oul
m(p)~" "%, g) then Lemma 4.5 snows that

(6.6) OpKut"> J) I(1) = {uD"> L(0)+r, I(2), nES(#, 2) -

On the other hand from Lemma 4.5 again one has I,(1)=(1+r,) J; [(2) with
r,e8(x, g) then it follows that

(6.7) RI(1) = (R+7) I(2)

with R=RJ,eS(1, g) which is independent of n and #=Rr,J,=S(x,g). Now
(6.5)-(6.7) give that T(a,—a,) I,(1)=<{uD"> I(0)-+(R+7) I,(2) with FES(«, g) and
this proves

IKuD"> 10) wIP < cll(@—az) I(1) W]+ (c+c(m) m)lI2) wil*

since T S(1, g) and T is independent of n.

Next set T;(x, &', #)=a;(x, &', ) (a,(x, &', #)—a,(x, &', w))'eS(1, g) then T;
satisfy the estimate (6.4) and hence T;(a,—a,)=a;+R; with R,eS(m(B’)™, g)CS
(m(p)~Y, g). Then by (6.7) one obtains

(6.8) Tia,—ap) (1) = a; L()+(R+-7) I(2), e S(n, 8)

with R,&S(1, g) which are independent of n. From (6.8) [|a; I,(1) w|[® is bounded
by c||(a,—a,) L(1) w|?+(c+c(n) £)||I,(2) w|* and the proof of the lemma is com-
plete.
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Note that from this lemma and (6.3) it follows with a positive constant ¢ that
(to replace a; @, by a, a;, see the proof of (5.18))

¢ 3|11 @, q; ull*+(c+em) #) 33 [114(2) @ ull

©2) 21I<uD’> 10) @, ull+ 33 I1(1) @ a; ul*

Lemma 6.2. With a positive constant c¢ independent of n, u, 6, s we have
¢ (r—1/2) ac g ul+(ct+c(n) u) 23 ly(r+1/2) @ ullGo
e, ,5) {5 S I—1) @y g; ullemsot =172 e ullto}
2 |[I,(r—3/2) @, ullfsny+11(r—1/2) @(Dy—i6) u|[§;)
where r=1, 3/2.

Proof. 1t will suffice to show the case r=3/2. In (6.9) we replace u by
{uD">* u. Noting that [a;, {uD">|ES(u"*<ué")", g) and applying Lemma 5.5 it
follows that

¢ S @ gs ullbo-+(e+em) ) 33 I1(2) e ullty
(6.10) Fe, 1,9 {33 15(1) @ ullfs>+‘82. 23 111(1/2) @5 g; ullts-10}
2 [I1(0) @, ullts+n+ 35 111 auD a; ull* .

Denoting by F the left-hand side of the inequality of the lemma, this implies that F
is bounded from below by the right-hand side of (6.10). Note that ||I(1) a,(D,—i6)
ullin S 211 1(1) @uD ) (Dy—i0) ulP +-c(n, 1, 5) 35 |11(1/2) @y(Dy—i6) u||ts—174) where
the right-hand side is estimated by

4{||1,(1) @<uD">’ q; ulP+||I(1) @ LuD">’ a; ul[?}
+e(n, 2, 5) {g [115(1/2) @5 q; ullfs—w)-i-%'. 115(1/2) @y a; ullfe—170}

for D,—i6=gq;+a;. Further this term is estimated by 4F+c(n, &, s) 23 ||13(1/2)
3

@y a; ul|fs_1j). It is clear that the argument to show (6.10) also gives that

c(n, 2, 5) {g 2 [115(1/2) ey q; u”fs—W)'*‘? [1Iy(1) a, ““%s)}
2; '2 115(1/2) @y a; ullfe—1se)

and hence we have proved
4Fg”Ie(l) a,(Do—iﬁ) u“?x) .
This completes the proof.

We return to estimate Hg,). Using Lemma 6.2 and Remark 5.3 (v=1/2) we
have
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¢33 3 I(r—1/2) @ g; ullty Zn8 33 |I1(r) @uD”)’ ul

+6 3 r—3/2) @y ulltean+& 3 (I1(r—1/2) ay(Dy—i6) ullf,)

+8 12 33 ILC+1/2) e ullfy+6, 16" L) @ ullly

—c(n, 1, 8) 3333 [11r—1) @ g; ullfs-10
for any n=<n, 0<u<A(n), 6(n, 1, 5)<6 where r=1, 3/2. The sum of the second
and third term of the right-hand side of (6.2) is estimated from below obviously by

27 en6® 35N I1(12) @, g ullfoy+27'en” 3 23 {121 @, g; ullfs)
+271 cn6*? g 2 17:(1/2) @, g; ullt+27" e g 2 11(1) @, g; ull?s) .

We substitute the estimate (6.11) into the last two terms of the above expression.
To simplify notation we set

Q(x, &, 1) = (Q1, @, @3) = (Dy—i0, qy, q5) ,
ew () =n3; 2 [11(1/2) e nD">* g; ul[*4-¢, n*6'* 23 11(1) @ aDD ulf*

+&é 7 3 ILG/2) auD "D ulf*.

Then by (6.11) with r=1 and 3/2, ¢H, is estimated from below by

Lj/2) zj-or
(6'12) a0 e(s)(u)+éz 2 2 2 2 01"&—:/2 ns
e YI+j=2,i=1 k=0 s=j-k

X |lIe(S/2—k) a, Q‘Y u”?s-&k)

where Q"=00 Q% Q%, r =(r1, 75, 73).

Finally we estimate q, ¢,—¢, ¢:=[q,, ¢;]. Note that T=[q,, g,] is in Sut"D, g)
for (8/0¢,) q;=1 and (8/8x,) ;& S(ut">, g). Then using Lemma 5.5 it follows
that 1,(0) @, T= T I,(0) a,—i—aE RuD"> I5(0) a5 with Ry& S(#', g). Since [{uD",

TIES (¢ ué >+, g) we have
<uDY’ 1(0) @, T= T<uD>* 1(0) e+ 33 RiCuD'>* 1(0) as
+ 33 ReCuD > [0) as with Ry S(4%, g).

(6.11)

We note that T=T7<uD">" is independent of n, s and Ry do not depend on s.
Then one obtains
(6.13) 170 @, Tullty=(c+c(n) #) ? [175(0) a5 ul[Gs 41y
+c(n, n, 5) ; [175(0) @5 ullfH 1/2) -
Remarking that the second term in the right-hand side of (6.13) is estimated by
c(n, &, ) ? [11;(—1/2) @y u|%;43/4), We have from (6.12)
Proposition 6.1.

C3 2 ”]!(0) @ q,q; u”?s)gao e(s)(u)
¢ [j/2) 2j-2¢

te2 3B 3 ORI (s2—k) a, 0" ulltsen

e |Yl+j=2,jz21 k=0 s=j-k



Hyperbolic operators 435

Sor any n<n, 0<p< An), 0(n, 1, s)<0, us C*(1, H™>) where c; are positive constants
independent of n, u, 0, s.

For later use we restate Proposition 6.1 in a slightly less precise form
Corollary 6.1.
¢3 33 110) @. gy g, ulliey 2 8o eco@)+eo n* 35 {S3 17(1) @e g; i)
+111e(1) @o(Dy—i0) ulley +I1.00) e ullfssny}
Sor any h<n, 0<u=< An), 6(n, 1, s)<0,us C=(I, H™™).
Corollary 6.2.
c [/ ey <u" gy g, ute, i dezt [ imtey ™ uGs, s de
Sor any h=<n, 0<u=A(n), 6(n, 1, 5)<6, us C=(I, H™) vanishing in x,<0.
Now we extend Proposition 5.3. Put
Eio@) = 33 3 D) @, gy ullte-y+ S @uDo—i0) ulfy -+ 33 14.0) aully
H(¥, u) = 33 {I110) @ ¥, g, ullin+111(0) @ ¥, g, ullin} .
Then from Proposition 5.3 (v=1/2) it follows that
(1 1,0, ) Eiry@)+EHoo(¥, 1) 20106 22 ST IL(1/2) auD’>* wg, ul
et 3 STIL(1) @ Tq; ullfo+en 07 53 SYIIL(/2) e, ¥ ullh

with a positive constant ¢ independent of n, &, 6, s. Substituting the estimate of
Remark 5.4 with r=3/2 (v=1/2) into the second term of the right-hand side we get

C(I‘I, n0, S) E(s+3/4) (u)+£‘H(s) (yla u)gao .é(s)(wﬂ u)
(6.14) +¢5 n 2' 2 [1(1) @, ¥q; u”?s)"’“S n ? [11(2) a, Wu“?s‘)
+e 10" 33 33 (11(1/2) @ ¥g; ulltn+cs 6 33 |I143/2) e Pullfs)
where é¢o(¥, u) =n 33 33 |[1o(1) @ uD">" ¥ q; ulP+n 33| 1, (3/2) @, uD"* Tulf?.

Noting that [¥, ¢;]=S(1, g) we can replace ¥gq; by ¢;¥ in the last four terms of the
right-hand side of (6.14). From Lemma 6.2 the sum of these terms so obtained is
estimated from below by

(6.15) & n* Eqgpry Pu)—c(n, 1, 0, 5) E(gran(u) -

We turn to |[|[,(0) @, ¥q, q, ullts. Since T=[g,, sl€SKué">, 2) and [¥, T]e
S(u % uE Y2, g) it follows from Lemma 5.5 that ||1,(0) @, ¥q, g, u||%, is bounded
by

C“l,(()) a, ¥q q, ullfs)+c||l,(0) @, TW“”%S)’FC(”: M, s)HI,(O) a, u“%s-}l/Z) .

From this estimate and (6.13) ||1,(0) @, ¥q, q, u||% is estimated by
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(6.16) c|I10) @, g, g, ullty+(c+c(n) &) 28! 115(0) @5 Zuil |41
+c(n, H“, S) %-‘l ”18(0) ay u”%’*’llz) .
Now (6.15) and (6.16) show that
Proposition 6.2.
c(n, n,0,5) Eqyy34 W)+cs z'} [I1I,(0) &, ¥q, q, ullfs)
=9, ey (¥, u)+c, 1 Egpyy (Fu)

for any n=n, 0<p=<A(n), 6(n, 1, 5)<06, usC=(I, H") where c; are positive con-
stants independent of n, u, 6, s.

7. Reduction to a second order system
Put
qi(x’ 6’ tu') = fo_w “ai(x’ 6,’ /‘)’ ai(x’ 5,’ 'u) = zi(Bl(x’ 5” ﬂ)’ <ﬂf />1/2; Vs ‘"7,)

for 1< j<m where 1,({’, 0; x, §') are defined in §2, (2.6). Let K be a set of indices
K=(i, i, -+, i), | Sii<ip<e*<iz=m and |K|=k=the number of indices. We
denote

gx(x, &, 1) = H qi(x’ €,u).
jEKR
For o, a permutation on K, we put
Ok = OP otiy) OP Go(i***OP iy -
When K=(1, 2, --+, m) we often write ¢, Q° instead of gg, O%.
Lemma 7.1.

181 . )
drew =2 2 Thay with THES@WEE YR g,

ji=1 |M|=|K|-j
Put v»=¢{” g;y With |7|=1. Then it is clear that

PRES (a1 VIt > m(BY =PI )T, ) for |a+p| 1.
Lemma 7.2,

[1:4]
o(Opq;Opqx) =qigx+ 2 Vi@ +2>2 2 Tiq
1LISTK[ -1 i=2 IL=[KI-j

where Y € S(u™1 =+ "V pE > €I m(B) 1P, &) for |a+B| =1 and T, €
SEHED m(B'), Zu)-

Lemma7.3. Let @S (u %" V2 ue i (E">7 18 m(B')™1%*P, g,) for |a+A|
<2. Then for |L|=|K|—2j we have

Op(¥q.) = v Op q.+Op( ’EK.‘: 2 Tu,iqn)

i=2{+1 |M|=|K]|-i
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with Ty ;€ Sut D02 m(B")7Y, gu).
Lemma 7.4. Assumé that A SKuE Y m(B'), g.) and |M | =|K| —j. Then

I .
Op(4qy) = > Ts.i Opgs with Ts,=S(Kué S m(B')7, gu) .

j 181=|K| -
Remark 7.1. If AES((,wS SU-D2m(B')Y, gu) and | M| =|K| —j then Lemma
7.4 implies that
K|
Op(4qu) = 2 2 T5,.0pgs.
i=j I1S|=|K|-i
Lemma 7.5.
1K
Op(g:igx) =O0pq;Opgx+ 23 ¥.Opgr+2 3 Tu;Opgy

1Z)=|K| -1 i=2 |M|=|K|-j

with Ty, ;€ S((ue D' m(B')™, gu) where ¥ (la+B| < 1) belong 1o S(u~\=+#" 112
KuEDED M m(B)7, gu)-

Proposition 7.1. Let o be a permutation on K. Then

- [ixi/2) o o
Opgx—Qk = 23 X v 0L
j=1 |L|=|K|-2{,T,LcK
(7.1) -
Chij Ou

7=3 |M|=|Ki-j,7,McL

with C3 € S(Kué YU=Y2 m(B')™Y, g.) where for |a+ 8| <1 one has
(7.2) IR ES (1 VU N eI m(B) I, g,
Proof. We shall proceed by induction on [K|. When |K|=2 one has clearly
Op gx = Qk+¥ro.+T°, T°ESKué D> m(B')™, gu)

where 5 ; satisfies (7.2). Hence v5,,=v¢,,+T° verifies the desired estimate (7.2)
and (7.1) holds when | K| =2. We assume that (7.1) holds with K and let T=KU
{v},1=<v<m. From Lemma 7.4 it follows that

OP(‘quK)=OquOPQK+I ;2 xlfLopqL+2 P TM,Oqu

Li=|K|~ i=2 |M|=|K|-

with Ty, ;€ S(ué Y2 m(B')™", g&). We substitute the expression (7.1) into Op gg.
To do so we note that

[Op gy, iz 1 ES Ku DE+ D2 m(B'), gu) ,
[Op gy, Cir 1€ S ut DV D2 m(B)™, gu) .

These imply that Op g, Op g, —Op ¢, Q% is of the same form as the right-hand side
of (7.1). We turn to the term v, Op ¢g,. Substituting the expression of Op q,, it
follows that ¥, Op ¢, —y, QF is equal to

[1z1/2]

(v ¥v37) 05+ 2 S TLT Oy

i=1 |8|=|L|-2j =3 |M|=|Ll-j



438 Tatsuo Nishitani

where T57 €8 ue DI+ m(B), g.). We examine that ¥, v 7 —y% e, verify
the desired estimates. Since v, satisfies (7.2) noting that m(B’)™!'< C{u&">'” it fol-
lows that

o(L¥5]) =y ¥S T +R with RES(uE D@22 m(B)1) g,)

and this asserts that ¥% 7., verify the desired estimates (7.2). Then v Opq,—
¥, Q7 is of the same form of the right-hand side of (7.1). Finally we treat
Ty,; Op qy. Remark that

To, ¥ i ESKue DB D2 (B, g) (IM|=|K|—j, |IL|=|M|—=2i)
Ty,; Cri €SKuE DM DEmBY ™, &) (IM|=|K|—j, |L|=IM]|—i).

Then it is clear that T, ; Op g, has the same form as of the right-hand side of
(7.1). Now we have proved that (7.1) is valid when X is replaced by KU {v}.

For later reference we restate Proposition 7.1 with |K|=m in a slightly dif-
ferent form. If j is even then with j=2i we have

Ciri$s) € Su D0 m(B') 7 Y1 g HIFT 1 gy, g
CS(p 1o+t 1 pg N E T m(BY) 1, g)

for |a+£|<1. Thus Proposition 7.1 stated as

Cn/2l m
(7.3) Opg—Q" =2 3 101+ 3 > Gl Qu.

j=1 |Ll=m-2j,7, j=3,0dd |M|=m-j,T,M

We proceed to the second step of our reduction. For a permutation ¢ on
1,2, -+, m) we define

wj = <uD" Y™ OP gotzj+1) OP Gozj2)*OP Goimy # for 1=<j=<[m[2] =1 .
If m is odd we add further
Wiey = m(@)"eD" > 1y, if m is odd.

Proposition 7.2.
- Lem+1>/2] or g Im2l o
Op oty OP Goy 4 = Q" = (Op @) u+ 35 33 A7" wi+ 12=2 33 457 0p gryy w3 s

ji=1

OP 4o2j-» OP 4otz wi = {uD"> wi_1+C1; Wi+ Ci(Dy—if) w5, 25 j=m

where A7 ESKuE"D, 8), A7 ES(m(p)7", gu), CT,ES(WXuE, gu), Co; e S(1'?,
gu). If mis odd then we have further

OD atm-1) OP dotm) Wis1 = A° OP Gotm-yy Wi+ A" OP Goim-yy Wity +C° Wi +C Wiy
where A°€ S(m(¢)™, gu), A°€S(m(p)™", ), C*ESKuE">, &), CESKut", g).

Proof. For any L(| L] =m—2j), = (a permutation on L) we choose d =3 (L, 7)
(a permutation on (1, 2, -+, m)) so that



Hyperbolic operators 439
uDY ™ QL u=wj.
Setting
2 YiTKaD > = A7 e SKuE D, gu)

8§=8(L,T)

it is clear that the first term of the right-hand side of (7.3), operated on u, can be
written as

M

g8 .8
; %A, wj .

Consider the second term of the right-hand side of (7.3) Let M=(i,, *--, i,,-;).
When m—j=1 (if m is even this is the case) we choose 4, a permutation on
(1, 2, -++, m) such that

L
-

0(2k) =7 (i), ==+, 0(m) = (iy-j), j=2k—1.
Then it follows that

Ciili Quu = C3i5 Op guiy<eD" >~ * ™D w} = C3KuD">~ G012 Op gypy Wh
+C375[OP Gacany, <uD'D>™YD2) wh

where C3;7[Op gy, <uD" DU ES(4¥2 m(B')™", gu). Thus setting

A8 = 53 CUKuDy U IReSmB), £)
= (x,“l‘)
the second term of the right-hand side of (7.3), after operated on u, is written
[im+1/2]

2 > A7 Op griojy Wi+ 2 3 AT w5

i= j=

When m=j=2k—1 (hence in particular m is odd) note that from Lemma 4.4 there
is me S(m(ep), g) such that

mm(p) '=1.

Then we can write Ciy, u=Aj5 | wh_, with AEH:CZ,,,,,(A:D’)“(”A"‘H% which is in
S(uE">, g). This proves the first part.
We shall prove the second part. Note that

(7.4) OP 9utzj-1 OP Goiopy W5 = <uD"D> Wi_1+OP Guipj—y) YW
+v OP Gozj)**OP Gotm U

where ¥ =[OP (s, D> "1 uD"> ™00, F=[OP Goyj_1y, <uD"Y7Y]. 1t is easy to
see that v &€ S(4'2, gu), ¥ ES(#*ue ">, gu). Tt is obvious that Op g Y=1
(Dy—i60)+(Dyyr —as25-1) ) and the second term of the right-hand side is in §(xY?
{ué’>, gu). On the other hand writing

Y OP qoizjy = ¥<uD D™D (Dy—i0) {uD'Y ™' — @ypy<0tD"»~ YD uD Y
it is clear that the second term of the right-hand side of (7.4) is
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1; Wi+ C5;(Dy—i6) w}

with CT; €S ué">, g.), C5;S(#'?, g.). This proves the second statement.
We turn to the last statement. Remark that Op q,¢m Wiy, =m(p)™? wa-+yru with

¥ =[0D Gyim, mp) D" & S (mlg) e ">, g) and
OP otm-1) OP GatmWi+1=m(@) ™ OP Gotm-1 Wi +[OP Goim-p> m(9) ] W5
+Op da(m-1) ‘/’</“D,>_(m_l) mw'?l+l .

Since Pr=y<{uD">" "D e S (m(p)', g) it follows that [OP gu(m-p,¥] is in
S(ut'">, g). Itis also clear that [Op gy(m-y, n() "] is in S(m(e) 72 ) CSKué™,
g.). These notes show the last statement.

Next we study the difference of the principal symbol and its blown up one.
Recall that
[m/21 .
P &) =4 b(x, £),05x, &)+ 3 0% rp_pi(b(x,€); X, &),
" -~ 7=
q(ca g; X, 51) = ]].;]; (CD'—xi(c,a g5 X, f,)) .
Put
P(x’ &u) = /“mP(y’ 7), Pm—j(x9 & u) = tum-]pm—j(ya 7),
Ryo2j(x, &, ) = % 1, (b(y, 7); ¥, 7) -

Since #b(y, 7)=B(x, £, #) we have

~ [m/2] .
(7.5 P(x, &) =GB &, ), 193y, 1)+ 35 (40) Ry, €, 1)
+ jgl /“! Pm-j(x’ 6, oa) .

Here we take uo=<ué "D that is 0 =u~'Cué D2 then it follows that

- n [n/2] ,
(7'6) P(x9 fo_ias E” #) = j—l:]; qj(x, E’ ﬂ)+ gzl <,Ltf,>’ Rm—zj(x9 fo—ia, 5,a /“)
+ gl tuj Pm—j(xa 5o—i0’ E” /“)

where g,(x, &, #)=E,—i0 —1(B'(x, &', 1), {u€'D'*; y, un’) which was studied in sec-
tions 5 and 6. Set

q;‘((a a; X, f,) = (O_Zj(c’a 0, X, 51)’ qk((9 og; X, EI) zjl—'!:ij((, g; X, f') .

Let r({; x, €') be polynomial in { of degree k(k=m—1) with coefficients which are
homogeneous of degree 0 in ¢, C in a conic neighborhood of (0, e,). Since %;
(¢, 0; x, ') are different for any ({’, ¢)==(0, 0), (x, §')E W, a conic neighborhood
of (0, e,), we can write

@.7) r€;x, €)= 33 Cel€', 05 %,€) 4x(C, 05 %, €)

where (EK(( ', 03 x,&") are homogeneous of degree 0 in ({’, 0) and &' respectively.
Set
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Cilx, &', 1) = Cx(B'(x, €', #); e D y, 1)
then Proposition 3.1 and (7.7) give |
Lemma 7.6. Let R,,_,{(x, &, 1) be as above. Then
Q" Ry £0=i0,6%, 1) = 3V C . €', ) 4, €, )
where C{g;) €8 (™1 48" 1 ue I (&1 m(B) 1, i) for |a+F| <1.

Lemma 7.3 and Remark 7.1 show that Op(Cy,; gg) can be written as in the
same form of the right-hand side of (7.3). Then we can apply Proposition 7.2 or
rather its proof to conclude that

Proposition 7.3. Let R,,_,;(x, £, ) be as above. Then
X [im+1)/2] r
Op(<,uf’>’ Rm-zj(x’ fo_ia, E” u)) u= 21 2 Ai' wj
Un/2l 70,7 T - T
+ 25 33457 0p grap W

where A%™ and A5 have the same properties as in Proposition 7.2.

Finally we study lower order terms satisfying (1.7). Assume that p,_;(x, £)
vanishes of order m—2j whenever m—2j>0 on = near (0, ¢,). Since p,_;(x, &)
are polynomials in &, we can represent p,,_; as follows when m—2j>0;

2j-1
pm-—j(xa ‘f) =|m|=2m-21d’(x’ 5/) b(x, ‘-{:)"'F ‘z=; ei-j(xa 51) E:)n—i

where d,(x, £'), e,(x, £') are homogeneous of degree j, k respectively. By the de-
finition of P,,_(x, &, x) it follows that

M P06, 6,0 = 334 dily, m1) B, €, 1)
2j_l . . - N wA=m= :
+ § LT ey, un)) €70
From (7.7) it follows that

B(X, ¢, u)o =|x|=2m—2j CK(x, 5'9 'u) qK(x, ¢, /") (lal = m_2j) s
E")"—i =Ill§-i CL(x’ E” ,Lt) qL(x’ 5, /‘t)

where C{, belong to S(u™1%" +8” \2 g~ 1al py(B')-1a+B1 2y if |a+#|<1. Note
that Lemma 3.1 and Remark 3.1 show that

(18) (W d(y, anNPESKut’Y DM, ), |r+8]<1,
(e (3, e NBESuEDTIEY™M, &), |r+d|=1.
Since j < i < 2j—1 and hence i—j < (i—1)/2 we see that Op (4’ P,,_(x, £,—i0, &', 1))

has the same form as in the right-hand side of (7.3).
We turn to the case m—2j=<0. Let
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pm—j(x’ ‘-c’) = 2 ei—;'(xs 5’) E:)n_i
i=j
where e;_;(x, £’) are homogeneous of degree i—j. Write
WP, (x,& 1) = ﬁj w (i ey, um')) €8

where 4~/ e;_,(y, un') satisfies (7.8). If m—2j<0 then (i+1)2<(m+1)/2<j and
hence we have

(7.9) (i=p=>G-Dn/2.

This is also true if m=2j and i is odd for (i+1)/2<m/2=j. On the other hand
if m=2j and i is even we get i—j=i—m/2=<i/2. In any case Op (s P,_/(x, &, &', 1))
has the same form as in the right-hand side of (7.3).

Proposition 7.4. Assume that p,_i(x,&) satisfy (1.7). Let P,_j(x,&, 1) be
defined as above. Then

[tm+1)/2)

Op (W Py (3, 0 € ) u = 33 3 A5 w4 S 30 A5 Op g0 w3
where A7 and A" have the same properties as in Proposition 7.2.
Propositions 7.2, 7.3 and 7.4 show that the equation
P(x, Dy—i6, D', p)u=f

can be reduced to a second order system with diagonal principal part to which
we can apply Corollary 6.1. Then we can conclude that P(x, D, x) has a parame-
trix verifying (A.3) and (A.4) without modulo term. To prove that this parametrix
satisfies (A.5) we apply Proposition 6.2 with suitable y(x, &', #), for example
Ye(x, &', w)=x,—ud(Mu(x', £')). Remarking that

P(x, f’ /.t) = 'um P(Ml"(x’ é.))

when |x;|<u'?, |EKE>1—0,,| <u it follows that P(Mu(x, §)) has a parametrix
at (0, e,) with finite propagation speed of wave front sets. Hence P(x, ) has such a
parametrix at (0, e,).

Appendix

In this appendix, we shall give the definition of parametrices with finite pro-
pagation speed of wave front sets and give some properties of such parametrices.
Consider operators of the form

(A1) P(x, D) = ﬁ;’ A/x, D) Dy~

where A;(x, D’) are N XN matrix valued pseudodifferential operators with symbols
in S/(R**' x R?) and A,(x, D")=I,, the identity matrix of order N. We call m the
order of P. Let I be an open interval containing s and we denote by C*(I, H?) the
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set of k times continuously differentiable functions from I to the usual Sobolev
space H?=H’(R") of order p and by [|+]|, the norm in H? and set

N
1A = lelfillﬁ for f=(fi, -, fMEHEH.
=
By C(I, H?)} we denote the set of f& C¥I, H?) vanishing in x,<<s. We shall say
that VeCl/; if there is a positive constant (V) such that

(A2 DS VAL S s 33 [ 1081 N v, 50 (1)

for any kN, p, = R and f&(CHI, H)HV.

To simplify notation we shall in what follows write simply A& S/ when A=(h;;)
is a Nx N matrix valued pseudodifferential operator (or symbol) with &;, & S/(R")
where n will be clear in the context. We fix (s, X, f")=(s, £)EIX(T*R*\0) and
observe an operator G which satisfies the following conditions;

(A.3) PGh=h modulo an operator in C*(I, S~*)+C}’, for any
h=h(x', D’)ES(R’ xR’ supported near «,
with a constant § we have
AD DL S e, {1/ Mesipde, 05 jsm—1
for any pER, f&(CYI, Ht m 1HAHN |
for any hy(x’, D')eS=(R?xR?) supported near « and for any
(A5 hy(x’, D")eS™(R?x R%) with supp h,C C T*R*\(supp h,),
one has Djh, GheV,, 0<j<m—1.

Note that (A.4) means that Gf loses £ derivatives. From the dfinition of CV/; it
follows in particular that there is a positive constant & (/,, 4,) such that

WF(D} Gh,f(t, *))Nsupp h,=¢, 0=<j<m—I

when ¢t <5+ (hy, h,) for any f&(C°(1, H?)?)N.
For /& N we can write

(A.6) D; =QP+R, R= i B; Dj -, B,-ES’“"‘H
i

where Q is an operator of the form (A.1) of order /—m. Hence it follows that
Dy Gh=Q(h+S+V)+RGh with S€C=(I, S~), VECV,. Then it is claer that for
sufficiently small |z—s]|,

I-m+1

- t
(A7) 1D8 Gh1(t, IS, 2 | DS S, MEsrspos e,
t I-m (¢t
[ 104 G f(e, M drse, 35 (71081, araps

for any f& (C!~"*(I, H**'*#)})¥. Assume that a(x, D')ES™(R’~' x R%) and ahis in
S7% near « uniformly when |x,—s| is small. Then it is also clear that (from (A.4))
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A8 laD} Ghf(t, NBS ey, 35 | IDESG, )z e

t I-m (¢t
[ 1ant 611, iz e, 3 [ 10k, iz e

for any fe(C'""*(1, H)})¥ and p, gER, for small |t—s|. Let P be another op-
erator of the form (A.1) of order m such that

(A.9) P—P =3} By(x, ') Dy~

with B;E S’ which are in $™ near « uniformly when |x,—s| is small. In the
following we write P=P near £ when P and P satisfy (A.9). If G verifies (A.3)-
(A.5) for P at (s, £) then it follows that

(A.10) » (P—PB) Ghe,

where h(x’, D')eS° has support in a sufficiently small conic neighborhood of «.
This implies that G satisfies (A.3)-(A.5) for P also at (s, £). This allows us to
microlocalize our definition of parametrices; we shall say that P has a parametrix
with finite propagation speed of wave front sets at (s, £) if there exist P, G with
P=P near r wihch satisfy (A.3)-(A.5). We call G a parametrix of P at (s, £) with
finite propagation speed of wave front sets. For brevity we say it parametrix in this
Appendix. In what follows we denote by J a small open interval containing s
which may differ in each context. Now we give some properties of parametrices.

Proposition A.1. Let P; (i=1,2) be operators of the form (A.1) of order m;.
If each P; has a parametrix at (s, £) then P, P, so does at (s, ). If P, P, has a para-
metrix at (s, £) then so does P, at (s, k).

Corollary A.1. Let P,(i=1,2, -+, n) be operators of the form (A.1) of order
m;. If each P; has a parametrix at (s, x) then P, P,--P, has a parametrix at (s, £).

Let T(x, D’) be NN matrix valued pseudodifferential operator in SY(R?*'x
R?) which is elliptic near (s, £) uniformly when |x,—s| is small.

Proposition A.2. Let P, P be operators of the form (A.1) of order m. Assume
that PT=TP near k. Then if P has a parametrix at (s, £) then so does P at (s, ).

Next we shall examine the invariance of existence of a parametrix by conjuga-
tion with a Fourier integral operator associated to a local homogeneous canonical
transformation preserving the planes x,=const. Let ¥ be a local homogeneous
canonical transformation from a neighborhood of (3, #)=(J,, J’> %0, #’) to a neigh-
borhood of (%, é) =(%o, X, éo, %’) such that y,=x, Since ¥ preserves y,=const., a
generating function of this canonical transformation has the form

Xo Mo +8(x, 7°) .

We work with a Fourier integral operator F associated with ¥ which is elliptic
near (%, £, 9, ), is represented as
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Fu(x) = S &= a(x, 7') (%0, 7°) dn’

(in a convenient y’ coordinates) in which x, can be regarded as a parameter. We
also assume that F is bounded from H*(R?/) to H*(R%/) for every k€ R uniformly
with respect to a parameter x, when | x,—s| is small.

Proposition A.3. Let X, F be as above and P(x, D), P*(y, D) be operators of the
form (A.1) of order m. Assume that

PF=FP* near (V,%').
Then if P* has a parametrix at (s, ), #") then so does P at (s, X', /.2’).

Proposition A.4. Let P be an operator of the form (A.1) of order m. Assume
that P has a parametrix at (s, %', &') for every &' with |§'|=1. Then the Cauchy
problem for P is locally solvable near (s, ') in C* with initial data on x,=s.

Proof. Denote by Gy a parametrix of P at (s, X', €’). By hypothesis there
are operators Py of the form (A.1) of order m such that Py=P near (', ¢’) and
Py:, Gy verify (A.3)-(A.5). Then there are finite open conic neighborhood W; of
(X', &) such that U; W; D82 x(R\0) where £ is a neighborhood of x’. We may
assume that

Py =P,=P in W,

uniformly when |x,—s| is small and (A.3), (A.5) hold for any h, h,&S°® with sup-
ports in W; with P=P;, G=G;=G;. Now we take another open conic covering
{V;} of 2x(R°\0), V;C C W, and a partition of unity {e;,(x’, £')} subordinate to
{V.} so that

2; a,(x’, &) =a(x)
where a(x’) is equal to 1 in a small neighborhood of *’. Put
G = E‘ G;a;
then we have from (A.3) and (A.8) that
PGf =3 (P—P) G, a;f+ S P; G o, f = a(x) [+(V+8) f

with SEC=(J, $™), Vel,. Set T=—(V+S) and let B(x"), 7 (x)ECF(R?) be
equal to 1 near X' such that supp rc C {#=1}, supp SC C {a=1}. By the defini-
tion of C{/ it is clear that

t
A1 §evse i dese, [ s P de for 1sta)
for any f&(C°(J, LH))N. It is also easy to see that

IBS f(t, )IP=4TNSE DIF for t=s5+6,
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if ||8]| is sufficiently small. This implies that
a1 (s o des2 (s re for st
for any fe (C°(J, LH)?)¥. Define
U =3 (AT)
then it follows from (A.12) that
(A13) [nose, o drse [, e de for 1ots,
and (1—pT) U=1. Since r(a—T) U==r it follows that
(A14)  r(x)YPGUf=r(x"f, t<s+08, forany f&(CJ,LH)".
Noting that
[irse g dese, (e, i ae, 15+,
for any pe R, fe(C°(J, L??)" and
Uf =3 (BT} f = f+BTUS

one has from (A.4)

D4 GU(t, YES e, DS 1, i+ { 107G, )P de

<e ] 17 NMasen o+ 111, 1P dr)

where f=max §;, 0< j<m—1. This gives that

. t
(A.15) 1D§ GUF(t, HES2¢, {1/, Masas de 1 <548,
for any peR with p+£+m—1=20,0=< j<m—1, f€(C°(J, H*P+»" )N Now
(A.14) shows that GU fis a local solution near x’ to the Cauchy problem
Pu=f, fe(C'J, H* B+m-ynN

From (A.15) it follows that D{ GU f (0= j<m—T1) belong to (L*{0, 3,], H*))* and
vanish in x,<<s. This completes the proof.
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