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where x=(xy, X5, - - -, X,), X'=(x3, -, X,), n=2, the coefficients h; and a;; belong to
#'+1*9(R x R".) and are constants outside a compact set in R x R",, the coefficients a,,
a; and e, belong to # (R x R" ) and are constants outside a compact set in R x R"., the
coefficients b;, c and y belong to #'***°(R x R"~') and are constants outside a compact
set in R x R"™!, [ is a non-negative integer, and ¢ is a real number (1/2<o<1).

This paper is a continuation of the previous paper [7], and the aim here is to give
a complete and sharp symmetrization of the L?-well-posed mixed problem (P) for
regularly hyperbolic equations of second order in R}, x R, by which we reduce our
mixed problem to the problem for symmetric hyperbolic differential systems of first
order with non-negative type boundary condition. See the introduction in [7] for the
purpose of the symmetrization. In [7], we treated a symmetrization of an L2-well-posed
mixed problem (P) under the conditions (A.I) and (A.III-j):

ot, x)#1
r . 1 _ t’ ’
(A.III-1) | 1+c(t, x) | —|1—c(t, x")|
ZZ{Supl Reb(t, x’, '7’) ’2 +Supl Imb(t, x’, ’1:)2}1/2
n i
or
(A.III-2) {The functions b; and ¢ are real valued, and
c(t, x')=sup| b(t, x', )|
n
or
(A.III-3) (1.3) holds
or
(A.I11-4) { Reb;=0 (j=2,---,n), ec=0 and
1+ {Imc(t, x)}2 > {Imb(t, x’, n')}2

forall(z, x’,n)e R x R"~ x (R"~' —{0}). The condition (A.III-j) is a special case of the
condition (A.Il) (j=1, ---,4). If b; and c are real valued, the condition (A.III-2) is
equal to the condition (A.II). If b; and ¢ are pure imaginary valued, the condition
(A.III-4) is equal to the condition (A.II). Also, the condition (A.III-3) is equal to the
uniform Lopatinski boundary condition. In [7], we could not obtain a symmetrization
of the problem (P) under the conditions (A.I) and (A.II). Here, we succeed in solving
the above problem, and obtain a complete and sharp symmetrization of the L2-well-posed
mixed problem (Main Theorem 1). The key points of our method are Corollary of
Lemma 2.1 in [7], the condition (A.IT) and Lemma 2.1. In [7], we used the another
condition which gave the L2-well-posedness, and here we knew that under the condition
(A.I), the condition (A.II) held if and only if the problem (P) was L2-well-posed. Main
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Theorem 1 is useful to the L?-well-posed mixed problem (P) in the domain (0, T) x
instead of R x R" where Q is a domain in R" and 0L is smooth. But, it is not always
useful to the problem (P) in (0, 7) x Q where 0Q2 is non-smooth, i.e. 022 has a corner.
Therefore, we treat a symmetrization of an L2-well-posed mixed problem (Main Theorem
2), which is useful to the mixed problem in a domain with a corner ([6]). Main Theorem
2 is an extension of Theorem A in [7], which was used in Reference 34 in [7]. To
obtain Main Theorem 2, we use Corollary of Lemma 2.1 in [7], the condition (A.Il")
and Lemma 2.2. And various applications of these two symmetrizations (mixed prob-
lems for regularly hyperbolic equations of second order, weakly hyperbolic equations
of second order, the wave equation in a domain with a corner, non-linear hyperbolic
equations of second order and etc.) will be considered in [6] and in future (see [3]).

Since our paper is continued from [7], the references are added to those in [7].
As for the other symmetrization, we refer the reader to [2] and [4].

The paper is organized as follows. In §1, we state the notation, the assumption
and the result. In §2, we treat several lemmas. In §3, we prove Main Theorem 1. In §4,
we prove Main Theorem 2.

§1. The statement of the notation, the assumption and the result.

Firstly, we introduce notations.

For %, E, d(n"), O, and Q,, we use the same definitions as the definitions of the
notations in [7: (2.12), (2.27) and (2.28)]. Also, we use the notations in [7: p. 135 and
p. 178] except for the following notations: '

n 1 n ' ’. 2
d(t, x’, 'I’)=[ Y a;{t, 0, x')ﬂi”lj_———< Z a(t, 0, x )’71')

Lj=2 aq4(t, 0, x") \ j=2

+<] +M)_l{ i (hj(t,' 0’ x’)

au(t, 0, x’) j=2

’ 2 1/2.
_Malj(t, 0, x’))n}.}] R

a;(t, 0, x")
bit, x', )= 3, by(t, x)nlde, x', )
J=

A: AeS?! and its symbol a(A)=<{n">

| )44 o.rm: the norm of Z**°(R™ (0<o<1)

n

Kiie=la11ls=0l1+orxrn-1+ Z 1b;l1+o.-xrr-1F1Cl1+o,Rx R
j=2
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K1+a 2 |alj|x1 0|1+aRXR" 1+ Z |h Ix1—0l1+aRXR" 1
i,j=1

n
+ 1511 +0,mxRn-1+1Cl1+arxRA-1
j=2

S(t,x,X)=S(t, x,ﬂ’)|"1=x, X=(X2’ .“aX'J'

We assume the following conditions for the problem (P):

(Al The operator L is regularly hyperbolic on R x 7{"; and
a;(t, x)>0 on Rx R_',',

and

(A.ID) Rec(t, x)=>0
{Rec(t, x")}> > {Red(t, x’, n')}2 + {Rec(t, x')

4D -Imb(t, x’, n’)—Imec(t, x') - Reb(t, x’, n)}2
1+|c(t, x) |2 > b(t, x', n') |2

or

(A.IT") (A.II) holds and c(t, x')#1

for all (¢, x')e Rx R"~! and all n’e R"~* —{0}.

ReEMARK 1. (I) We have the fact that the second inequality in (1.1) is equivalent
to the following inequality
(12)  [{Rec(t, x)}*~{Reb(t, x', n)}*]

*[14 {Imc(z, x")}*>— {Imb(t, x’, n')}*]
> {Rec(t, x') - Imc(t, x')—Reb(t, x’, n') - Im(b(t, x’, n )}2

Now, assume the condition (A.I). Then, by (1.2), we obtain that the problem P) is
L3*-well-posed if and only if the condition (A. II) holds (see Reference 19 in [7]).

(II) Assume the condition (A.I). Then, the problem (P) satisfies the uniform
Lopatinski boundary condition if and only if the following condition holds,

Rec(t, x')>0
(1.3) {Rec(t, x")}2> {Reb(t, x’, n')}2 + {Rec(t, x")
-Imb(t, x', n’)—Imc(t, x') - Reb(t, x’, n')}?

for all (t, x)e Rx R"™! and all n’e R"~ ! —{0}.

REMARK 2. We assume that h;e #'*1*“(R! x R",) etc. for the treatment of not
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only the mixed problem (P) but also the boundary value problem L[u]= f (x,>0) and
Bl[u]|,, -0 =4g (see Reference [19: p. 218] in [7]). But, the condition #;€ #'***°(R x R",)
is replaced by the condition h;€ B'*1**(R% x R",), etc. for the mixed problem. Also,
in (A.I), the condition a,,(t, x)>0 on R x R" is replaced by the condition a,,(t, 0, x')>0
on R% x R*~! for the mixed problem.

Now, we state our results.

MAIN THEOREM 1. Assume the conditions (A.I) and (A.Il). Then, the mixed problem
(P) is reduced to the mixed problem for a symmetric hyperbolic system of first order with
non-negative type boundary condition (see (3.14) and (3.15)).

REMARK 3. See (3.15) for the sense of non-negative type boundary condition. We
treat the symmetrization of the problem (P) under (1.3) (see Theorem 3.2 in this paper).

MAIN THEOREM 2. Assume the conditions (A.l) and (A.I1"). Then, the mixed problem
(P) is reduced to the mixed problem for a symmetric hyperbolic system of first order with
non-negative type boundary condition (see (3.14) and (4.10)).

REMARK 4. See (4.10) for the sense of non-negative type boundary condition.
The symmetrization in Main Theorem 2 is different from the one in Main Theorem 1.
This symmetrization is used to treat the mixed problem in a domain with a corner (see
Remark 6 in this paper and [6]).

§2. Several lemmas.

In this section, we prepare several lemmas which are useful to obtain our results.
We set

[ c(t, x)=c, +ic,, bft,x")=b; +ibj,

b(t, x’, n")=b;+ iby

b(t, x',ny=b(t, x',n’) - d(t, x', n')= b, + iby

2.1) ay(t, x', n") =by—cy{c,by—coby}

&(t, x’, n)=0,(t, x', n') - d(t, x’, n’)

ay(t, x', n")=ci{ciby—crby}

- &Z(t’ xl’ 'I’)=°‘2(t, xl9 '1/) : d(t’ x,’ r',)

under the conditions (A.I) and (A.II) where c,, ¢3, by, bjz, by, by, b, and by are real
valued functions and 2<j<n.

Firstly, we treat several inequalities under the condition (A.II). These results are
used in §3.
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LEMMA 2.1. Assume the conditions (A.I) and (A.Il). Then, we have the following
inequality
22) cH +|c1Pd?—bf b} — (@} +83)=0

for all (t, x')e R x R"~ ! and all n’ € R"~* where c,, c,, b, b", &, and &, are same functions
as in (2.1), and d=d(t, x', n’). :

ProoOF. By simple calculations and (A.II), we have

(2.3) A +lclP=1b61)—(ay > +]z [?)
=(1+|c|?{ct—bf—(c1bu—cb)*} =0
Therefore, we obtain Lemma 2.1. ’ Q.E.D.

REMARK 5. Assume the conditions (A.I) and (1.3). Then, by (1.3) and (2.3), there
is a positive constant D such that
(2.4) il +1cPXd) |5, 0)* —BF — b1 — (@3 + &3) = D(d(n") ., =0)

for all (t, x)e Rx R""! and all n'e R"~! where c,, c,, b, by, &, and &, are the same
functions as in (2.1), and

a(n’)|x1=0=d(ts x” ’1')’ o
(2.5) d(n")?>0 for all (t, x)e R' x R", and all n’e R*~ ! —{0}
(see (2.6), (2.9)~(2.11) and (2.12) in [7]) .
Secondly, we treat several inequalities under the condition (A.II'). These results

are used in §4.
We set

[ /T—c(t, x)2=A(t,x)+iB(t, x') (A, BeR).
4{by(t, x', n")A(t, x")—by(t, x', n)B(t, x")}
(et x)+ 1]+ ct, x)—11])?

| dolt, x",n)=qolt, x",n") - d(t, x",n")

Bi(t, x’, n")= B(t, x")qo(t, x’, n')+ b(t, x’, n')
Bi(t, x',n")=B.(t, x', ') - d(t, x', ')

Ba(t, x', n") = — A(t, x")qo(t, X', n')+ by(t, x', ")
ot Bat, x', n)=By(t, x', ') - d(t, X', 1)

under the conditions (A.I) and (A.IT")

qO(t’ X '9 n I) =

(2.6)

LEMMA 2.2. For the functions §,, B, and 8, in (2.6) and d=d(t, x', n’), we have
2.7) 4B +BP<(c+1]|—|c—1])*d*—3})
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ie.

(2.8) 4{(Bgo+b)* +(—AGo+ b’} <(c+1|—[c—1)*d>—7).
ProoF. We consider the following quadratic inequality with respect to g,

(29) 4{(Bg+b)* +(— Ag+by*} <(c+11—|e— 121 —g?),

1.e.

(2.10) f@=(c+1]+]c—1 )?q>+ 8(byB—byA)g

+4(bE+b3)—(c+1]—|c—1]*<0.

Then, the discriminant D of the quadratic equation f(g)=0 with respect to g satisfies
the following,

2.11) D/4=16(b;B—byA)? —4bZ+b3)-2(1+c?+c3+ A%+ B*)+16c?.

By (1.1), (2.6), (2.11) and simple calculations, we have

(2.12) D=64{c}—b—(c,by—cb)*}=0.

Also, by (A.Il') and (2.6), we get

(2.13) (c+1]+|c—1])*F4(bud—bB)
=2{1+c?+c2—b—bi+(AFby*+(BLb)*}>0.

Then, by (2.12) and (2.13), we have a real root g,(t, x’, n') of the inequality (2.9) which
satisfies | gq | < 1. Q.E.D.

REMARK 6. In [6], we considered a case where

(2.14) fO)=4bz+b2)—(c+1]|—|c—1])*<0.

§3. Proof of Main Theorem 1.

In this section, we shall prove Main Theorem 1 by using the results in §2 and
notations in (2.1) (without writing variables sometimes).

By (A.I), (A.II) and (2.5), we have
i — Ly :|>0
X1 =0 1 +l 4 |2

Then, by (2.5) and (3.1), there exist a positive constant é and a function p such that

{peC“’(R), 0<p<l
plx)=1x,;<6), p(x)=0 (x1=29)

(3.1) inf [J(n )

(t,x)eRxRn~-1
Inl=1

(3.2)

and
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. ' {p(x,)" |5|}2 :|
f 2_ w7 .
(3.3) n el,Ill:;IR_'l [ﬂ(n) T+l >0
We set
—p(xy)- 51 plxy) - En

t,x,n)=————, t, x,n)=———
. [50( x,1’) NTE Go(t, x, n") NI

. J(ﬂ,)=‘7(',’)2_ {ﬁo(t’ X, "I)}z_{qo(t’ X, 'l')}z

for (t, x)e Rx R". and n’'=(n,, - - -, n,)€ R"~ 1. Then, by the same argument in [7: p.
164 ~p. 167], and (3.3), we have the following facts:

() There is a real and symmetric (n— 1) x (n— 1) matrix M{(t, x)e B'****(Rx R",)
such that for 'n’=(n,, - - -, n,)eR* 1,

(3.5 Jmh)="m'Mn’ and M>0.

(i) There exist a real (n— 1) x (n— 1) matrix N(t, x)e #'** **(R x R",) and positive
constants C, and C, such that
{‘NMN:diag(Bz(t, X), -+, 0(t, X)) >0
C,>|detN(t, ¥)|>C, .

(iii) For J(n') in (3.4), we have

(3.6)

[ J)="C-¢", dn)=Pp%i+§3+ gz (7

3.7 .
oolL)=E2+p3+43+ ), (3—%2
j=2
where
(3.8) ="+, L) =diagly/ 02 -+, /6) N "' -1’
(’1’=t("29 T nn)) .
We set

= 0 \_+v ] 2 — —p(x1)bjs

3.9) QZI—ﬁo(t’ ” ‘7"')—1;21’] ox; b V1+lcel?

0 S 0 p(x1)bj,
= t,x,— |= R =
@2 ‘70( x' ) ,-;2 o 0x; o 1+|cl?

and



L?>-WELL-POSED MIXED PROBLEM 293

(3.10)

[ (py(t, x)) =diag(\/ 05, - -,/ 6,) - N~

n P .
Qj+1=ijl(t,x) U=2,---,n
1=2 axl

where 8/0x’ =(8/0x,, - - -, 8/dx,).

For the solution u of the problem (P), we set

U, Qou—Q u+2z(Q,1u—iQ,,u)
U, 2(Qou+ Q1 u)+ Q@ u+iQ5,u
G.11) uv=| Y3 |- Qj‘“
Un+1 Ons+1u
Un+2 u
where
J1 t, x')|?
(3.12) 2t x) =Y LB XD
c(t, x)+1
We have
n 0
o‘ck=o“ck(t, x’, —6——a~,—)= Z &jk(t’ X’)a— (k=1, 2)
(3.13) X /=2 i

1t x")=bj; —cy(cy " bja—c5* bjy)
@;5(t, x)=cy(cy *bj—cy* bjy) .
Then, by the same argument in [7: p. 164 ~p. 167], we have:

(Main Theorem 1) Assume the conditions (A.I) and (A.II) for the problem (P).
Then, U in (3.11) satisfies the following system:

MU,=A,U, + _22 A;U, +EU+F(t, x)
Jj=

(3.19) U(0, x)= Uy(x)
PU|,,-0=G(t, x)
t, x)=(t, x;, x)eRL xR x R*™!

where
2\1/2
M=(1+—]Zl—(tiic-)—) diag(1,1,1+|z|%, ---, 1+|z]3% 1)
ay4(t, x)
hy(t, x)

—\/ a 1(ta X)

dlag(-—la 19 1—|Z|29 T, 1—-|Z|2, 1)7
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A1=Q/a11(t,x)diag(’_'1, 1, l_lzlzg S l_lzlz’ l)’

2\ —1/2
A.:MA1+(1+M) = (hy(t, x)

T ag(t, x) ay (¢, x)
_ BN x)diagD, 1, 1+ 2P o, LI 1)
a(t, x
0 - Pi—iq; 0
pj+lqj O

+ .............. é ..... —- -2i1-{-ez‘:pj+lmz . q])
| - 0
‘ 0 : 0 —2(Rez-p;+Imz-q;)
‘ \ : 1)
‘ (/+1) column
‘ o - - - - 0 1 0
‘ 0 . . . . 0 z
‘ 0

0
+lzzplj 0 . . . . 0 0 ° (j=2’...’n)’

‘ d+prow | 1 Z O
\

0 . . . . - . . . 0

E---an (n+2)x(n+2) matrix which has the property that for E=(e;),

e;; belongs to 'R x R",),
F='(f,z2£,0,---,0),

P—(l c—1 _ 2@,y +id5,) . 2(0yy +id,,) )
TS+ DA+l T e+ DA+([c)]

@y +idyp, = - o\ Gy + i, )= (b +idsy, = &y +id,,)"

(&jl’ (szERZj=2, Sty n)

a2 ”'715.;)}

x|=0
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_ 29t x)
ct,x)+1°
and the following inequality holds,
(3.15) CAilyy=0U, U2 —C(K, 4 XD},  forall UeKerP

where ue &)(H,(R")) N &(H(R")) N é"z(LZ(R )) is the solution of the problem (P), U
is the same vector as in (3.11), ii= ulx1 0, U=U |x1 -0 and C is a positive constant depending
on Ky .

ProOF. By the same argument as in [7: p. 164 ~p. 167], (3.9), (3.10), (3.11), (3.12)
and (3.13), we have (3.14). Therefore, we have only to prove (3.15).

From now on, we shall prove (3.15).

We denote hlx1=0 by 4. Let UeKerP. Then, we get

(3.16) O,=— 1= 7,4+ 2 (@ + i6,)d
' ST+ ey T
We set
(3.17) I= ! [A1]y, =00, U] for UeKerP.
V11t 0, x')
Then, we get
(3.18) I= -~ll71|2+ll7zl2 Z | Qs @1+ |?
le 112
where
’ ~ n N,
(319) Qj+1= Z pjl(ta 07 x) (]=2, : s n)
=2 ox,
By (3.16), we have for c,(t, x’)>0,
2

3.20 U, 2<|0,12+ G, +i6,)i |? .
(3.20) | U, 1< U, | clch'z(HIcIZ)I(l | 2)

Also, by (3.4), (3.7), (3.8), (3.9), (3.10) and (3.19), we obtain

~ o \? ~ ~
| j+1ﬁ|2=[{d<t,x',—,) —|Q21U|2—|Q22”|2}
ox
a 2 ~ ~
+{d(t,x',—w,> —|Q21w12~lgzzw12}]
ox

(3.21)

i

J

where
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y=Red, weImd, ov =( ov . 6v>
"\ 0x, ox,

(3.22)

n - n a
1= 2 Pl pit,0,x) 2, Ga2= X 4,(6,0, %)~

x_,- j=2 X

and etc. Therefore, by (3.2), (3.4), (3.9), (3.12), (3.18), (3.20) and (3.21), we get

2 2 , Ov
¢2) I ler 1A +1eP) {[c‘((l *hel )d( ' ox’ )
dv 2 .
(JZ Reb; ax,) ( Zzl i 5 ) )—Iozlvl2
—|dy I’J+[c%((1 +lc lz)d(t, x’, %)2
—( 3 Reb, 6w> ( ) )—lo‘clwlz
i=2 ax,

_| azw lz] "'2(&20 M &lw—filv * de)} .

Then, by (2.2), (3.13) and (3.23), we have
S —4

T eqle+ 121+ cl?)
for ¢,(t, x")>0. Also, by (A.II), we obtain

(3.24) (@0 Gyw—G,y0 - d,W)

(3.25) {(t, x")e R x R*!

i (Rebj)2=0}2{(t,x')eRxR"‘1 | ¢, =0}.
ji=2

Then, by (3.13), (3.24) and (3.25), we get
-4
IC+1|2(1+I %)

for c¢,(t,x)>0 and c,(t,x)=0 where d,=cy'-d,. By (AI, (3.26), v, we
EX(H 3 (R 1Y) N &} (H, ,(R% 1)) and the fact that CP(R%™!) is dense in H; ,(R%™Y), we
have

3.27) {Ay|g =0T, O f Jay (0, x)Idx'

ZI {k[d,, d,Jv - w+(d,k - dv—d k - &, 0)w}dx’
Rn—1

(3.26)

(& d,w—d,v-&,w)
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where
(3.28) k= Ay "121“’ 0, x) _.
let, x")+11%(1 +| c(t, x) %)

LemMMA 3.1 ([5]). Assume that ac B°(R""') (1/2<o<1) and TeS'? whose
symbol is equal to T(n") (n'=(ny, " -, n,)). Then, we have

(3.29) K[a, T10»o < C|als,rn-1€0D0
where C is a positive constant.

Also, for ae Z°(R"" 1) (1/2<o<1), we have

0 v,w>=<A‘”2[a,——6 A“I’Z]Al/zv,A1/2w>
0x; 0x;

0
+<A—1/2 A—I/ZaAI/ZU,A1/2w> (]=2, .. .,n) .

0x;

(3.30) <a

By the results in [1: p. 214], we obtain

(3.3 KAVPRYE < CKiny3), for h=v,w
where C is a positive constant. Then, by (3.27), Lemma 3.1, (3.30) and (3.31), we obtain
(3.15).

Therefore, we get Main Theorem 1. Q.E.D.

REMARK 7. We have that M, 4;,€e B'*1**(Rx R"), z, Pe B'*'**(Rx R"" ') and
|z]<1.

REMARK 8. To obtain the energy inequality of higher order, we have to estimate
U,, for U in (3.11). Operating the differential operator Q;,; (j=2, --,n) for
U ,=Qou—Qu+2(Q,,u—iQ,,u)ywhere U=U,, U,, - - -, U,,,)in (3.11), we can obtain
the similar result as Corollary of Theorem 5.1 in [7].

Now, we have the following result for the problem (P) under (1.3).

THEOREM 3.2. Assume the conditions (A.I) and (1.3) for the problem (P). Then,
(3.14) holds and we have the following inequality,

(3.32) CAylx, =00, Oy=>C U, Uy—C,Kiy3  for all UeKerP

where ue &2(H,(R™)) N &H(H,(R")) N &X(L*(R",)) is the solution of the problem (P), U
is the same vector as in (3.11), d=ul,, _ ¢, U= Uls,=0 and Cy and C, are positive constants

depending on R, (6=0), and A, =./a(t, x)diag(—1,1,1—|z|*, -, 1—|z|% 1)
PrOOF. We have only to prove (3.32). We have for UeKerP,
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I1—c]?+2c,(1—¢) ~ , 2
0,12+
1+]c|? Ul le+112(1+|c|?)?

1_ 2
-{' cl (1+ ¢ )+2}|(&1+i&2)a|2
¢y 1—¢

where ¢ is a sufficiently small positive constant. Therefore, by (2.4), (3.18), (3.21) and
(3.33), there is a sufficiently small positive constant g, such that for all £ (0 <e<g)

(3.33) | U, 12<

2c,¢ ~

. 1 r
3.34 > 0.2+ {02(1+ cl?
339 rer Nt e er e emL i\(+1el)
ov \? n ov \? n ov \?
dl e, x, -2 ) — Reb, 2 ) — Imb,
(x ax') (,; °’ax,-) (E: m’ax,->)
2
|G, —Iazv|2}+{c <1+|c|2)d(t,x’, 6w)
ox’
n aw 2
(Eren g ) Lmo 32 ) )i
=2 6x,-

—|o‘zzw|2}—4(o‘czv cd,w—d,v- o‘zzw)]+|12|2 .

Then, by (2.4) and (3.34), we have

(3.35) <Ay|s, =0T, U>=>CU, U> +J {k[d,, &,Jv - w+(@k - dp—dk - &, v)whdx’

Rn-1

where v and w are the same functions as in (3.22), k is the same function as in (3.28)
and C, is a positive constant. By (3.35), we get Theorem 3.2. Q.E.D.

§4. Proof of Main Theorem 2.

In this section, we shall prbve Main Theorem 2 by using the results in §2 and
notations in (2.1) and (2.6) (without writing variables sometimes).
By (A.I), (A.IT"), (2.5) and (2.13), we obtain

4.1 inf  [dn)|Z,-0—{dot, ', n)}*1>0.

(t,x)eRxRn—1
Inl=1

Then, by (2.5) and (4.1), there exist a positive constant é and a function p(x,) such that
p satisfies (3.2) and

4.2) inf _ [d(n)>—{p(x,) * dolt, x’,n")}*1>0.

(t,x)eRx R"}
Inl=1
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We set

(4.3) J(n)=dn")*—{p(x;) - do(t, x’, n')}*

for (t, x)e Rx R". and ' =(4,, - - -, ,)€ R"~*. Then, by the same argument as in [7: p.
164~ 167], we can obtain the similar results (M, N, J(r'), {’ etc.) as in (3.5), (3.6), (3.7)

and (3.8).
We set
4p'(A'bj2‘_B°bj1) .
t, x)= =2,-".n
W= ertire—tp Y )
4.4
. ) 0 n i
Q2=P(x1)40<t, x, ——,)= )y q;(t, x)
Ox i=2 0x;
and
(P2, X)) =diag(\/6;, =+ 1/0,) - N7
4.5) n 0 .
Qj+1=ZPj1(tsx)"— (j=2,---,n.
1=2 0x,
For the solution u of the problem (P), we set
U, -/ Qou—Q u—izQ,u
U, 2(Qou+ Q1w +iQru
(4.6) v=| Y |= Qu
Un+1 Qn+1u
Un+2 u
where
1—c(t, x')?
4.7 t,x")= .
“7) At x) c(t, x)+1

Also, we set
BAn(ta x")=B(t, x’)qj(t’ 0, x')+bj1(t, x")
(4.8) Bia(t, x )= — A(t, x")q;(t, 0, x") + bjs(t, x')
(]=2’ .. .,n).

Then, we have




300 MASARU TANIGUCHI

(k=1,2)

Bu=Bx )= 3.
49 | Bi= 4 {—clczjgzbjz

(c+1]+[c—1]?

0 n 0
+(1+c?) Y b;, }
ox

xj j=2 3

B.= s { ¢y i bj _6___62 Z bj, i }

(le+1]+|c—1))? j=2 7 0x; ox;

Then, we can obtain the similar result as Main Theorem 1 with the following P,
and (4.10) instead of P in Main Theorem 1 (see (3.14) and (3.15)) and (3.15):

2 2
Pl=(l’ —2Z, —T-I-—C-(B'ZI +iB-22)a Tt —I—_l_c(ﬁul'i'iﬁnz)’ 0)
(Bo1+iB2z, -+, By +iB2) =(Bo1+ i3, - - -, Bus +iB2)
{N d1ag<\/_ \/_)} (B},,ﬁ,zek:j=2, < m)

and the following inequality holds,
(4.10) (A g, =00, U= —C(Ky 4 Kiip3,  forall UeKerP,

where ue £2(H,(R")) n & }(H,(R")) N 6’2(L2(R )) is the solution of the problem (P), U
is the same vector as in (4.6), d= u|xl=o, O=U |x,=o and C is a positive constant

depending on K, ., and 4, =./a,,(t, x)diag(—1, 1, 1—|z|%, ---, 1—|z|%, 1).
From now on, we shall prove (4.10).

We denote h|,,_, by h. Let UeKerP,. Then, we have

~ ~ 2
4.11) U,=20,+ By +iBLi .
c+1
And, by (3.17), we obtain
4.12) 1—_-{_|(71 P+ 0,2+0—zP») Y |Q“,.Ha|2+|a|2}
ji=2
where
~ n .0 )
(4.13) Oi+1= 2 Pit,0,x)—  (j=2, --,n).
=2 ox,

By (4.11), we get for ¢,(t, x)>0,

- — 1 -
(4.14) |0, 2<]¢ 0,12 +./2 Vietll—le— '|U2|-2./2

e+ Vie+1]
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Vie=ll 1Bi+iBa) 4

- | (B, +ifyal?
Setti—fe—1] le+l] " fet1pp 710 TF
~ c+1l|+|c—1 A
<O, ettt g g e
lc+1]c,

Also, by (3.2), (4.3), (4.4), J(11’)=Z;.‘= ,C Jz and (4.13), we have

S A ~12 ’ ov \? A 412 ’ ow \? 5 2
4.15) Y |G ilP={d{t,x',—— ) —|Qw|*p+4d| t,x', — | —|0,w|
ji=2 ox Ox

where

v=Red w=Ima, @,=) ¢(t,0,x")
j=2 6xl
(4.16)
ov _( o av)
ox' ox,’ > ox,
and etc. Therefore, by (4.7), (4.12), (4.14) and (4.15), we obtain

c+1|—|c—1 o \? |~ ow\?
(417) IZI |C|+|1! ' {d(t,x’,ﬁ) _|sz|2+d<t, x’,—a7) —IQ2W|2}

_ le+1|+|c—1
lc+1]c,

le+1]+]|c—1]| [{ 5 < ( ov )2 ~ 2)
= +1|—|c—1)2-{d|t,x",— ) —
Aol (le+1|—[c—1})) X o | Q20|

—4(| Byv |2+|ﬁzvlz)}+{(| c+1]—[c—1 l)2<d(t, x' %) —IQ;WIZ)

| (B +iB,)v + iw) |2

4 ﬁlwmﬁzwm}—s@v Bow—fro- Bm] .

Then, by (2.7), (4.4), (4.9), (4.16) and (4.17), we get

.18) 12—2{|0+1H40_1|%ﬁW’ﬁﬂV—ﬁw’ﬁﬁﬂ
[e+1]c, .

for cy(t, x")>0. By (A.Il"), (3.25), (4.9) and (4.18), we obtain

@19 12—2{'C+1“”““1fkﬁw-ﬁnw—ﬁw-ﬁﬁﬂ
le+1]

for c¢,(t,x)>0 and c,(t,x)=0 where B,=c;'-f,. By (A, (4.19), v,we
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EXH3 (R )N & N(H,,(R% ) and the fact that CP(R""!) is dense in Hy (R, we
get

(4.20) (Aie, =00, ﬁ>=f ay4(t, 0, x")Idx’
Rn-1

> f KDfy, Buo- wt(Bik - Bov—Bok - Browlax’
Rn-1 v

where
n_ 2/ait, 0, x W clt, x")+ 1|+ e(t, x)—11}
4.21) k(t, k)= .
le(t, x)+1|
Therefore, by Lemma 3.1, (3.30), (3.31) and (4.20), we get Main Theorem 2.

Q.E.D.

REMARK 9. To obtain the energy inequality of higher order, we have to estimate
U,, for U in (4.6). Operating the differential operator Qi+1 (j=2,---,n) for
U,=Qou—Qu—izQ,u where U="U,,U,, ---,U,,,) in (4.6), we can obtain the
similar result as Corollary of Theorem 5.1 in [7].
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