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1. Introduction

This is the continuation of the previous paper [11], in which we attempted
the improvement of the remainder estimate for the eigenvalue distribution of
the elliptic operator of order 2m with Holder continuous coefficients of top
order. We use the same notation as in [11] if not specified.

Let us recall the situation. Let Q be a bounded domain in R*. We con-
sider a symmetric integro-differential sesquilinear form

Blu, v} = SQ Im,l};,"ém a,p(x)D*u(x) DPo(x) dx

and a closed subspace V of the Sobolev space H™(Q)), and assume the following.
(H1) H{(Q)cVcCH"(Q).
(H2) There exist C,=0 and §,>0 such that

Blu, u] = 8||u||m— Cyl|ull5 for any ue&V.

(H3) The coefficients a,g(x)(| |+ | 8| =2m) are bounded on Q, and for
some 7>>0 the coefficients of top order satisfy

as€EF(Q) (la|=|B|=m).
Remark 1.1, Since an element of B'(Q) can be extended to an element

of B'(R") (see [10], [20]), we may assume that
(1.1) D) Gup(w)E*P =G| E P for x€R", EER"

lo| =18|=m

by modifying the values of a,, outside & and replacing &, with another constant
if necessary.

Let A be the self-adjoint operator associated with the variational triple
{B, V, L,(Q)}, and let N(¢) (=N(z, B, V, L,(Q))) denote the number of the eigen-
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values of A not exceeding . 'Then in general, the asymptotic behavior of N(¢)
is given by

(WF1) N(t) = p_j(Q)t"mO(z-0rm) a5 t—>o0
with an appropriate constant 8, 0<<0=<1 or
(WF2) N(t) = p_j(Q)"*m- O logt)  as t—>o0 .

In [11] we proved that (WF1) holds with 8=+ for 0<<r=1 mainly when
n=1, improving the known estimate §=r/(v+1). Moreover we derived the
asymptotic behavior of the trace U(#) of the heat kernel:

(WFD)  UQt) = r(2L+1>,,, (@)t O(HT-PPm) a5 > 10
m
when 0<r<1, and
(WE2') U@t) = 1*(5”_+1) p_( Q) 1 OO log 1) as t—>-+0
m

when 7=1 under the assumptions that 2m>#n and that Q has the restricted
cone property. (WF1’) and (WF2’) are weak versions of (WF1) with =~
and (WF2) respectively, for

U() = S:, e-#dN(s) .

By these results we are tempted to conjecture that (WF1) may hold with
0= for 0<<+=1 in general and that therefore the optimal estimate §=1 may
be attained when r=1.

In this paper we want to take a step for solving this conjecture. Here we
give main results. We recall that

T, = {x€Q; dist(x, 0Q)<&}, TI'.= {x=R"; dist(x, 0Q)<&}.

Theorem A. Suppose (H1)-(H3) and that Q is a bounded domain. In
addition we suppose one of the following.
(a-D) m=1; the coefficients a,a(x)(|a|=|8|=1) are real-valued; V=
HY(Q); and supyso| T | [6< co.
(a-N) m=1; the coefficients a,p(x) (|| =|B|=1) are real-valued; Q has the
extension property (see [3]); and supyso | L] /E<Too.
Then (WF1) holds with 0==37(274-3) when 0<<r<3, and (WF2) holds when

T=3.

ReEmMaRk 1.2. Theorem A improves the result by Métivier [9] that (WF1)
holds with @=7/(74-1) for 0<7=1, although we restrict ourselves to the
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case (a-D) or (a-N).

Theorem B. Suppose (H1)-(H3) and that ) is a bounded domain. Under
one of the following conditions (WF1’) holds when 0<7<1, and (WF2’) holds
when r=1. ‘

(a-D) or (a-N) of Theorem A.

(b) 2m>n; and Q has the restricted cone property.

(c) V=Hy(Q); and 8Q) is in C*"~class.

RemMaRk 1.3.  As was stated above, in the case (b) Theorem B has already
been proved in [11]. Hence the proof will be given only for the case (a-D),
(a-N) or (c).

Further we treat the cases where the coefficients of top order satisfy the
following condition (H4), which is weaker than that of [11, Theorem A. (ii)-
(iti)].

(H4) The coefficients a,(x) (|a|={B|=m) can be written in the form

a45(%)=b,sp(x)**? with some real constants ,, and p(x)=(py(x), -*,
Da(x)) where p () is a function only of x; for each 1< j<n.

Theorem C. Suppose (H1)-(H3) and that Q is a bounded domain. In ad-
dition we suppose one of the following.

(d) m=1; (He); V=HY(Q); and supys| T | jo<oo.

(e) 2m>n; (H4); and Q has the restricted cone property.

Then in the case (d) (WF1) holds with == when 0<r<<1, and (WF2)
holds when v=1. In the case (e) (WF1) holds with =1 when 0<<r<1.

ReMARK 14. In view of Remark 1.1 it is seen that the conditions (H2)-
(H4) imply that p,(x) (1= j =<n) is a real-valued function in F'(R") and that

(1.2) 0<< ler;fn pj(x)és;g pix)<<oo.

For the proof of Theorem A, which will be given in Sections 2-6, we ap-
proximate <A by operators (4, with C*= coeflicients and derive the asymptotic
behavior for the spectral function of _A,. Then using the properties of N(¢, B,
V, L,(Q)) we get Theorem A.

In order to derive the asymptotic behavior of the spectral function we fol-
low the idea of Seeley [19]-we construct the fundamental solution of the Cauchy
problem for the wave equation by the Hadamard-Riesz method ([17]), apply the
inverse Fourier transform with respect to the time #, and use the Tauberian ar-
gument.

For our purpose we need the fundamental solution only in the time before
the wave reaches the boundary and expand it up to any order so that the error
term is sufficiently smooth. To evaluate the error term, we use not the ener-
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gy inequality but the rough estimate for e(z, x, y), which can be derived from
the estimate for the heat kernel by Davies [3]. We also need to elaborate the
Tauberian argument used by Seeley.

For the proof of Theorem B in the case (a-D), (a-N) or (c), which will
be given in Section 7, we approximate .4 by A, again and construct a paramet-
rix for the heat equation for A, by pseudo-differential operators. The global
rough estimate for the heat kernel plays an important role. We don’t have to
pass through the construction of a parametrix for the resolvent kernel, as we
did in the case (b) in [11].

The proof of Theorem C, which will be given in Sections 8-10, is based
on the fact that the spectral function can be found explicitly for the operator on
L,(R") which has the same principal symbol as <4,. We use the method of the
wave equation in the case (d), and the method of the resolvent kernel ([8]) in
the case (e).

In the proofs we use the following fact: if Q satisfies the conditions in The-
orems A-C it follows that

c 0<p<1)
(1.3) S d(x)*dx<{C(logt1 1)  (p=1)
e cr-? (p>1)

for 0<<t<<1 and p>0 where C>0 is a constant depending only on p and .

In concluding this section we define some notations. Let N denote the set
of nonnegative integers. Let d(x) denote the Euclidean distance from x to 8.
For r=k-+0>0 with an integer £ and 0<¢=<1 and f € F(R") we set

| flo=sup 1 @), 1fl,=sup sup 1970V
*=R" lel=k z,7&R" lx—yl
E=S4
Most of the constants, which will appear in the proofs, depend on one of the
following constants:

My =n+m+85'+ > |aule,
11, BT

MT:M0+ 2 lawﬂl'r~

le|=1Bl=m

In the proof of each lemma or proposition below we will use one and the
same symbol C to denote constants which possesses the same property of the con-
stant stated in the lemma or the proposition. When we distinguish these con-
stants, we write C;, C,, +--.

2. Construction of the fundamental solution of the wave equation

Throughout Sections 2—4 in addition to the assumptions of Theorem 4 we
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assume that V=H;(Q) or H(Q) and that a,,&B°(R") (la|=|B]=1) and
a,5(%)=0 (Jot| +] 8] <2). We set

g(x) = ay(x) (10, j<n)
and

(g:(x) = (g"(@))™*,  G(x) = det(g;())

where e; is the unit vector whose jth element is 1.
From (1.1) it follows that

(2.1) SIEI'S 3 fU(DEE,S8IEI"  for xER'ECR"
and
(2.2) STEIPS 3] g, (n)EE, S8 |EP for xER" EER"

with 8,=nM, We introduce the Riemannian metric 23} ;.1 £;;(x)dx;®dx; on
R". ] is written in the form

A= =30 ®)0;), 9=
ij=1 Ox;

and the Laplace operator is given by

1

__1 3 (N Go'd ) — — 24 . if
(2.3) A= \/@i’jzﬂ 0,(V Gg (%)9,°) A+ 2 %}6,(logG)g 9;.

The exponential mapping exp, is defined by exp,v=x(1, v) where v=(v,,
-+, ,) denotes a tangent vector >3j., v(0/0x;), and x(t, v) is the geodesic satisfy-
ing

x(0,v) = x, %(0,v)='v.

We also define the mapping e, by
e(u) = exp,((£:;(x)) ") .

Then there exists R;>0 independent of x such that the inverse function exp;*
exists on {yER"; |x—y| <Ry} and such that e, is a diffeomorphism from
{ucsR"; |u] <Ry} into R". Hence the geodesic distance r(x, y) from x to y is
defined and satisfies

(2.4) crt|w—y| Sr(x, y)=alx—y|
with ¢;=n"% max {817, 852} = 1 when |x—y|<<R,. We set

2.5) dy(x) = min{d(x), cr'Ry} .
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Let x,€Q be fixed. For a given feC5(Q) with supp fC {x; |x—x,| <
dy(x,)/3} the function u(t, x)=(cost\/J f)(x) satisfies the Cauchy problem for
the wave equation in L,(Q):

(:—;—{—Jl)u(t, % =0

u(0, x) = flx), 0u(0,x)=20.

(2.6)

In order to solve (2.6) by the Hadamard-Riesz method we introduce an analytic
family of distributions 8¢)(s) on R, which is defined by

V(s) = s3Y 6 — s (s=0)
6) rd—»’ {0(s<0)

for Rev<(1, and can be analytically continued to the entire plane C by the
first equality of the following:

@2.7) 7;”s-0<”>(s) = 9OD(s),  sOM(s) = (1—v)8-1(s) .
Let us find the solution of (2.6) in the form
(2.8) u(t, ¥) = (costn/ L)) = (s t, )+ Ru(f3 2, %)

when || <d\(x%,)/3¢, where

@9 L(f5t9) = | Ain)-sgnt-0,600E—r(x, y7)f (y)dy

and Ry(f;t, x) is the error term. When (n—1)/2—!=0 the integral in (2.9) is
in the distributional sense, and can be justified by

(2.10) T(1—v+-k) Sn sgni 3,0 (8 —r(x, y)) F(y) dy

1\ ,
= sgnt-0 5. 0,) [ @rle yP)FO) dy,
k(t
= a,(%a,) So PP )hdy Ssn_l Fley(ro))w(re) do

with vy=(n—1)/2—/, an integer k with k—»>0 and F(y)=A4,(x, y)f(y) where
S§”-! denotes the unit sphere and e, and ) are defined by

y=efu), dy=(u)du.
We have Ij(f; t, x)=0 when |x—x,| =2d,(x,)/3 and |#] <dy(x,)/3¢c;, since

{5 19— <D0, 13, 3) < B fs; iy < 2
51
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Therefore I;(f; t, +) is a function in C7(Q) when |#| <dj(x)/3¢;.
Using (2.3) and

g (x)80r =1,

a4

o = Sel@adoy  for AeCi@),
r i

where d/dr is the derivative along the geodesic, we have for any C* function 4,
(Zot ) LA, 9
of T Y
— (-0 {4 L ()2 00
%

On the other hand, an elementary calculation shows that
Ii(f; 0, %) = 2z "VEG(x) "2 Ay(x, ) f(x), 0:L(f;0,2) =0,
I(f;0,2) =38,I,(f;0,x) =0 (I=1).

Hence we are led to the following conditions on 4; and Ry. The amplitudes
A, satisfy the transport equations: A_;=0 and

(2.11) 4r ‘2‘3* —( AP+ 2n—A4) A+ AA,., =0 (IEN)

with the initial value
(2.12) Ay, x) = 277z~ DE/G(x) .
The error term Ry(f; ¢, x) satisfies the Cauchy problem in L,(Q):

9° ) _ :
(2.13) (67+J) Ry(f3 t, %) = On(f3 ¢, x)
RN(f; O: x) = atRN(f; 0, x) =0
where

0ufit ) = |_0st % () dy,
QN(t> Xy J’) = —JzAN(x) J’) -sgnt- 6t0((n—1)/2—N)(t2_r(x’ y)Z) .
Lemma 2.1. For |x—x,| <2d\(x,)[3 and | y—ux,| <<dy(%,)/3 we have

2.14) A, ) = 27t G (dee (22))7

and
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1 -1
(2.15) Ax, y) = — A%, ) so s (Zﬁ‘tze—;;(e;p; S)v,y) ds
0 y >

for 1=1 where v is defined by x=exp, v.

Proof. Set

gh(v) =

31 P 25, GHo) = det(gh(o)) .

v, 0v; ’

By (2.11) and the well known equality

AP = 2n—|—r-é—log G*,
dar

we have

d4, d G(x)
4r==0—r——1 Ay, =0.
ar dr ¢ G*v) °

This combined with (2.12) gives (2.14).
When =1 (2.11) is equivalent to

d (r’A,) _ A,

dr\ A4, 44,

from which (2.15) follows. Q.E.D.

Lemma 2.2. Let |t|<d\(x,)/3¢, and K=[n/2]4-2. If N =3[n[2]4+5,

then we have

Rulfit, )= | Ra(t, ,9)f(9) dy

where Ry is continuous in (2, x,y)E(—dy(xy)/3¢,, di(%5)[3c) X QX {y; | y—a5| <
dy(x,)/3} and given by

@16)  Rylt,s) = (EEME) (At 1) 0uts 5 ) 8.

Moreover, for an integer k with 0Sk<N—3[n/2]—5, Ry is a C* function of ¢t and

2.17)  9Ry(t, % y) = S: (%), (A1) 8Os, 7, ) ds

holds.

Proof. We note that Qy(f; ¢, -)ECT(Q)C N 71 D(AY).
Since 9,072~ (s —¢%) is N—[n/2]-1 times differentiable, it follows that
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sup {l[8: A Qn(f; ¢, Ny 12 <di(x0)[3e,} < oo

for 0=i+2j<N—[n/2]—1, especially for (i, j)=(0, 0), (0, 1), (1,0). Therefore
the solution of (2.13) is given by

t )= (P SnE—=N A .
(2.18) Ru(fit, )= | TLAOf5, %) ds
— ¢ sin(t—s)vV/ A1) . d
As will be seen later (Lemma 5.7), the operator
sin(t—s)\/ A
vV AA+E
has a bounded integral kernel which is a C* function of z. Hence we get (2.16)
from (2.18).
(2.17) follows from (2.16) by integration by parts. Q.E.D.

Summing up, we conclude the following.

Lemma 2.3. Let A; and Ry be as in Lemmas 2.1 and 2.2. For f&Cg(Q)
with supp f C {xSR"; |x—x,| <dy(x,)/3} the solution of the Cauchy problem for
the wave equation (2.6) in L,(Q) is given by (2.8) and (2.9) when |t| <d)(xy)/3¢c;.

3. Fourier transform of the fundamental solution

In this section we find the inverse Fourier transform of 8,0(#—r(x, ¥)?)
with respect to ¢ by a direct and elementary method. Let us begin with the
lemma concerning the Bessel function. Let [,(2) be the Bessel function and let

5= (5) 0= Bk (3)

Lemma 3.1. For vEN

(3.1), | Lﬂ"*;;l/_ﬁ%’dt — VEdh(%).

Proof. We proceed by induction on ». When »=0, it follows from
Fu(2)=2sinz/(\/7z) and the formula

2 [~ sinxt
==\ 2=
Ho(x) - Sl VE-1 t

([14]). Let us denote the left hand side of (3.1), by G,(x). Suppose that
(3.1),-; has been proved. Differentiating G,(x) under integral sign and using
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(3.1),-, and the formula
G+ 284(2) = 2554(3)
with 2=xt and » replaced by v-+1/2 we have
2Gy(x)+2vG (%) = 2/ 7 Fv-1(%) ,

which implies that G\(x) satisfies the same differential equation of first order as
vrd,(x). In addition, it is easily checked that G,(x) is bounded in a neigh-
borhood of x=0. Hence we get (3.1),. Q.E.D.

Lemma 3.2. Let IeN, 01 (n—1)/2, |x—x,| <2dy(%)/3 and f € C5(Q) with
supp fC{yER"; | y—x,| <dy(x0)/3}. Then
(3:2) |7 enar| sgne-apcenmn—r(x, yy)1(y) dy
—co o
— {2 G, ) (9)

for A€ R where i=+/—1.

Proof. By the continuity in A we have only to prove when A==0.
First suppose that # is odd. From (2.10), integration by parts and the
formulas

2
(=20) 8= (5 ) o), Jole) = <22,
we see that the left hand side of (3.2) is equal to

= 1 . \(»-DP2-1
2 So cos I\ dt 6,<~276:> S r"1F(r) dr

. — =/ 2((n=1){2-1) 51
~2v7{ () Suta 1P (P) dt

where
Fr) = { [, SCea)wio)s (0<rSad(wsR)
0 (r>adi(s)

Then the lemma immediately follows.
Next suppose that # is even. The left hand side of (3.2) is equal to

_\_/Z___ S: cos En dt 6,(%6,>m—1_1 S

T

F(rydr

o\/tz___

B - N \2*H2-D) n-l
—2 SO 2t<7) Sy i(EN) d So P
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= Q-maE2 |y (A2l S” 1F(r) dr S” (M7t G -vp-i(IN172) gy
0 1 VE—1

This combined with Lemma 3.1 yields the lemma. Q.ED.

ReMARK. In the proofs of Lemmas 3.1 and 3.2 we often carried out inter-
change of integrations and differentiation under integral sign, which are not so
difficult to be justified.

Let us choose p&S(R) (the set of rapidly decreasing functions) satisfying

(3.3) p(0)=1, supppc(—1,1), p(x)=0,
uﬂgl p(A) = ¢>0, p:even

([18]) where p(z) denotes the Fourier transform of p(A):
p0)={"_e () dn.

For >0 we put ps(A)=38p(87) and have g,()=p(¢/8). We denote by e(n, x, )
the spectral function of 4 and put

(34) E(\, x,y) = sgnh-e(A\%, %, ¥) .

For a fixed x,&Q set §=dj(x,)/3¢c;. Taking the inverse Fourier transform of
(2.8) multiplied by 44(¢), using Lemma 3.2 and putting x=y==x, we get the fol-
lowing.

Lemma 3.3. Let N=3[n/2]45. For &R and xS} we have

S B R = 3 b, x)or e (11170

o=I<n~1)/2

b Ay, ) S (1) [ £ dt

-1)/2UI<N -
1 2m)! Sf ™8yt Ru(t, x, %) dt

where 3=d,(x)/3c, and

B {2"'”’“7;-“/21"(11/2——1)"1 0<I<(n—1)/2)
T e —m—1)2) (>@m—1)2).

4, Tauberian argument

In this section we derive the asymptotic behavior of E(x, x, ) from Lemma
3.3 by the Tauberian argument. For simplicity we often write E(A) for
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E(\, %, x). Roughly speaking, the Tauberian argument ([5], [6], [15], [18], [19])
states that
p * dE(\) = nag\" '+ O(A"?) as A—oo,
implies
E(\) = a\"+ O\ as A—>o0 .,

For our purpose we must investigate precisely the effect by § and the terms of
lower power of A. Our starting point is

(4.1) E0) = o (oo dB) () du—{ps * B)—EOV)}-
Using
| B8 —E(\) | <6587 + dEV),
we have
42)  lpoxEQ)—EMIS |7 p(e)| EO—o8)—E(N) | do

o ol)
<5t S_ p() ,_[%m ps * dE(A+18"Y) do .

Here [o] stands for the largest integer which is not greater than o for a real
number o. For kEN, N =3[n/2]45 and x€Q put

Gin 8B =paxnl*, GO, B = |7 enpmiera,
Gy(\, 8, N, x) = S“’ Byt Ry (t, %, x) dt .
In view of (4.1), (4.2) and Lemma 3.3 we need the following estimates.

Lemma 4.1. There exists C,>0 depending only on k such that (i)-(iv) hold
for »>0,8>0, LEN and kE N, and such that (v)-(vi) hold for x>0, xEQ, 8=
di(x)/3¢;, K=[n/2]+2 and 0Sk<N—3[n[2]—5.

(@) Iﬁz G\(A+1871, 8, k) l SCYL+1)H 2"} S-Ink-1 .
=" 1=0

(i) Sx Gyu, 8, k) d,u,—i W <O 2" §-1-Iy k-1
“a 1 » Yy k+1 =0, 2 .

(i) |3 GO+Is 8 E) ‘ < CL+1)+5n+.

A
(iv) S_A Gy(n, 3, K) dps ‘ <Ca-*.
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) ; éz Gy(A-+187, 8, N, x) ’ SCRy 4(x) (LA 1) -2E ka2 -k
=
A
(vi) H Gyw, 8, N, x) dp ‘ <O, Ry 4() SN -2 -krip -
-A

Here and in what follows we set

(4.3) Ry (%) = max sup |t~ @N-2K-IDHIR (¢, x, x)].
osi<h lt|<8

REMARK. We will show later (Lemma 5.8) that Ry 4(x)<<oo.
Proof. (i): Since p&S(R) we have

0= 3 GOHis 8,8 =3 p(a')l)\,—f————‘ do

'y WAL A
§01=2_L S— p(a)hl+bz+hs =k A (8) ( S > da
SCO(L+1)+ Z e

which is the desired result.
(if): When % is even, (ii) immediately follows from

A A w o &
S_h il 8, k) d — S_ d _wp(a)‘”—ﬂ do

i) PNO5) o) @

When £ is odd, we have
[ Gim sk du =2 Gi(u, 8,1 du
=255 H(5) e[ o) (§n) o

The first term is easily evaluated. The second term is evaluated by C8-*a,
since

sup £ S: o(@)otldg<oo  for O0<I<E.

Hence (ii) follows.
(iii): By integration by parts we have

M 3 GO+187,8,8)| = | [T evard 33 oo el s

gcsa )3 z:(i) 8-k ||+ dt < C(L1)18

~8 kythythg=k I=—-L \ §
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from which (iii) follows.
(iv): When k=0, (iv) follows from
A A 28
[ 6w, 0)dp=2x (" sppydn =2 ptwran.
A -A =8

When k=1, we have

A

A oo ] —ixg
[ Gm s myan={" T="ple1ran
-A G 1 4

— 2 S: (e~ — M) (£)1+1 dt

and
‘ AF S‘” eiihtﬁa(t)tk—l dt ‘ —S—(k—l)!‘I‘l S‘” eimaf{ﬁ;(t)tk'l}dt
0 0
scref Goemmrasc,
0 /=0

from which (iv) follows.
(v): By integration by parts and (4.3) we have

L
‘ N 31 G(n-+187, 8, N, %)

= Hw €™M0k { EL}Le“”aﬁa(t)RN(t, x, x)}dt’
—o0 J=-

3 L 1 \* 1Ak
C L eZes B (5) 87100 Rt )1

8
e e N O L R
~8 kythythg=k

< CRy p(x) (L 1)2H1G2N 2K ~kt2 |

from which (v) follows.
(vi): In the same way as in (iv) we have

S* G 8, N, s = 20 |~ (e —e)p 1)t Ry (1, 3, %) d
“A 0
and

’ M 7 esp Ry 1, %, ) d '
0

=

S“’ eEMOE{4(£)t "Ry (2, x, x)} dt ‘
0

sl 5 s, (e g

0 ky+hythy=F
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< CRy w)r-ss,
from which (vi) follows. Q.E.D.

Lemma 4.2. Let N=5n and K=[n/2]4+2. There exists Cy>0 depend-
ing only on N and M, such that for xS}
| E(n, 2, 2)— p_j(e)n"| < Cy{| Ao odl(X)'lN"l—}—lééN | Ay[oan-?
—I_glN,N—Sn(x)dl(x)N_*—sn_2K+l>\'—N+S”}
when dyi(x)A=1.

Proof. We can take k==N—5n in Lemma 4.1 since 3[n/2}45=5n. The
lemma follows from (2.12), (4.1), (4.2), Lemmas 3.3 and 4.1. Q.E.D.

5. Estimates for A,(x, y) and d}Ry(t, x, y)

Throughout Sections 5 and 6 we assume the assumptions of Theorem
A. Moreover we assume that V=H;(Q) or HY(Q) in the case (a-N).

First we construct the operator .4, approximating 4. For 7=k+4¢>0
with an integer & and 0<c<1 we take a function @&=C7(R") satisfying
supp @C {xER"; {x| <1} and

SR,,<P(x)dx=1, Smqu,(x)dxzo (1= |al <Zk)

([10, Lemma 5.1]), and put g(x)=E&"p(x/E).
For £€>0 we consider the form

0
Ox,

Bfuol = 3 g®Du@Dp@ds, D,——i
where
8(%) = @ xg7(x), g(x) = a,,().
From the properties of ¢ it follows that
5. |89 —g"(0)| SCE, |0°g(x)| S Cugmor-1eio,

for some constant C depending only on M,, and some constant C, depending

only on « and M..
Until the end of Section 6 we take 0<<&<(1/2 sufficiently small and as-
sume 0<<€<<&, Then from (2.1) and (5.1) it follows that

(5.2) ”;"30'5'2?-,,2; g()EE, =28, &

and that B, is therefore coercive.
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We define (g,.;,), Ao, 7e(#,), Ce,1 de1(%), Aei(%,¥), Ry v ete. for (g;7) as we
defined (g;,), A, (%, ¥), ¢, di(x), Ai(%, y), Ry etc. for (g”') in Sections 2-4. In

view of (5.2) we have

(5.3) ce1 = (2n)"* max {87, 65} .

In order to evaluate 4,, and 9;R, y we begin with estimating the deriva-
tives of the exponential mapping. Let y€ R" be fixed and v a tangent vector at

y. The exponential mapping exp, , is given by exp, , v=x(1,v).

is the geodesic satisfying

dx dx axy

iy E Ty n( =0 (Isisn)

dt2
x(0,2) =y, 7’:-(0, v) = v

(54)

where

5:‘ (fige o, e ﬁga,;k)g;-h .

T, =
=/t ox, axj 0x,

L
2

Here x(t, v)

Lemma 5.1, Let 0<+=<3 and |a|=1. There exists C,>0 depending

only on ¢ and M, such that
|07 exp, , v | S C gintrA-ial+10)
when |v| &L,
ReEMARK. We note that

0 €XPe,, v
6'0 =0

where I is the identity matrix.

Proof. For simplicity of notation we prove the lemma when n=1.
proof also works when #=>2 only with a little change of notations.

dx
¢, v) = 2,
£, 0) = 2, )
and have

G-2) % (;) - (—Fix)§2> ’ (i:) 0= (i)

where
Ty(x) = Teu(x) .
By (5.2) and the property of the geodesic we have

The
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(56  IIEPS B gy @EE = 2 o), <280l

from which it follows that the solution of (5.4) exists on R.
Let [£/{ =1 and |v| Z&-"A. From (5.5) it follows that

<gv;)( )= (O) + s: <—-F§x)§2 _21-,1 (x)E) 6,,x> (s)ds.

Here we omit v for simplicity. By (5.1) and (5.6) we have
I8 <C, |Tyx)EIsC.
Hence Gronwall’s inequality gives
(5.7) [0(1,0) | SC, |86, v)| <C.
By induction we will show that
(5-8)e |83x(2, v) | SCEP-+, | 93E(2, v)| SCER-H

when k=2, We have

<akg>() S( 2,0)52 —2I‘,(x)§> (a ) )ds+S:F.,,,(s,v)ds

for k=1 where F, 4(t, v) is a (2, 1)-matrix given by

Foi=0
0
{F’ o =0~y 1o 20 rwpte) #2D-

It is easily seen that
(5.9); | Fy 4(2)| SCETR-#41

when k=2. This combined with Gronwall’s inequality gives (5.8),.

Suppose k=3 and that (5.8), holds for any /,2<I=<k—1. Then we get
(5.9); using (5.8); for 1=</<k—1 and noting that |G| =C&” for some cER
implies |9,G|=<C&" ! where G stands for either T'{’(x) or 8jx(a¢=1) or
0%8(8=0). Then (5.9), and Gronwall’s inequality yield (5.8),.

Finally we obtain the lemma by putting z=1 in (5.7) and (5.8),. Q.E.D.

We need an elaboration of the inverse function theorem.

Lemma 5.2. (i) Let f=*(f, -, fa): {x; |x|<r}—=R" be a C* function
satisfying f(0)=0 and
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[f0) = K>0, [f(x)—f(0)|=L|x]
Jor some K>0 and L>0. Set

r o= min{r, 1 , Idetf'(O)l }, 7 r’ s = r '
2KL’ 2 nlnL] F/(0)]" 70K 2K

Then f~! exists on {y; | y| <8} and maps it into {x; | x| <r'}. Conversely f
maps {x; | x| <r"} into {y; | y| <8}. Moreover we have

(5.10) [F@)=2[fO0){, [detf (%) ;%I det f'(0) |
when |x| <r', and

(5.11) [ DI=2K

when | y| <<8.

(ii) In addition, suppose that f is a C function. Then for a multi-index o
with || =2 each element of the derivative 85 f~* is expressed by a finite sum of
terms of the form

Cpreprcmaa(det f@)* T 08,

where p=1 and | B, + -+ | B,| —J=|a| —1 with ] denoting the number of j such
that |B;| =1, and C, , g, ... 5, is a constant depending only on p, o and B3y, -+, B,.

REMARK. For a matrix A=(a;;) we define its norm by
4] = (Satye.
Proof. Let |x] <7’ and |y]|<8. Put

Fy(x) = Fx) = x—f'(0)(f(*)~) -

Then we have

17 =[O [y—{ 17@)—r e«
1 21 ,, 1., 3,
éKlyH—?KLIx[ §7r —l—Tr —Zr
and
| F@)—F)] = |£0) || 7O —f (et (1= de-(v—x)

= KLr’Ix—x’|§%|x——x'l.
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Hence F, is a contraction on {x; |x| <3r'/4}. Therefore there exists x such
that F,(x)=wx, that is, y=f(x) with |x#|<37'/4. Thus it has been proved that
S texists on {y; | y| <8} and maps it into {x; |x|<<r'}. (5.10) follows from

@) =L|(x)]+1 (O =LK ]| fO)][x]+] f(0)] é%lf’(o)l
and
|det f(x)—det £/(0)| <nlnL x| (2] F(0)] 1.
By (5.10) we have

1)1 =| | Fex | <21 £0)] 1.

Hence f maps {x; | x| <<#"} into {y; | y| <8}.
Since

|I—f (07 f ()| SKL[*| S,
we have
f@)™ = S I-FO f @O,

from which (5.11) follows.
(ii) follows from Cramer’s formula and

YD =F - QE.D.

Lemma 5.3. Let 0<7=<3 and |a|=1. There exist C,=1 depending
only on M,, and C,>0 depending only on o and M, such that the following holds.
(i) exp;; exists on {x; |x—y| <C,&-"P} and satisfies

la: exp;}l écdemin{f/s—lel,()} .
(if) The geodesic distance r(x, y) can be defined and satisfies
|02, Y] S C gmn-ieieno

when |x—y| <C,&-"A.
(i) dy y(x)=min{d(x), C,E"}.

Proof. (i) and (iii) follow from Lemmas 5.1, 5.2 and (5.3). (ii) follows from
(i) and

(5.12) 1%, ¥ = 3 gei;(¥)v0;, v=exp;;x. QE.D.

For simplicity of notation we put
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PE) = gmnA-k0 (k& N),
and have
(5.13) POYLPE)=DPy4i(€) (R IEN).

Lemma 54. Let 0<7=<3, |a|=0and I&N. There exists C,>0 depend-
ing only on 1 and M, such that

l 6: As,l , o§ Cl-chl+lu|(E)
when |x—y| <C&-"F,

Proof. From Lemmas 2.1, 5.2 and 5.3 the lemma follows by induction.
Q.E.D.

In order to evaluate 3R, y we need the estimate for the heat kernel by
Davies.

Lemma 5.5 ([3]). There exist C>0 and 8>>0 depending only on M, and
Q such that

| Klexp(—t AN 3)| SC maxte~r?, 1} exp(—312—21")
for t>0 and x, yE Q.
Lemma 5.6. There exists C>0 depending only on M, and Q such that
lee(x, x, ¥)| S C max {\*2, 1}
for n=0 and x, yeQ.

Proof. We follow the idea of Hormander. By Lemma 5.5 we have
C max {7, 1} = S"’ ePd e\, %, %)
-0
1/t
= S e”lde (N, x, x) = e7ley(1/t, %, y) .
-0
This combined with
Lo, %, 7)| See(n, %, %) e\, 3, y)V°
gives the lemma. Q.E.D.
Lemma 5.7. Let K=[n/2]+2. The integral kernel of

sin(t—s)v/ A
19 VA At 1)F
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is uniformly bounded with respect to t, s and & when (¢, s) varies on a compact set
T. The bound depends only on M,, T and Q. Furthermore it is a C* function

of (1, 5).

Proof. By integration by parts we see that the integral kernel of (5.14)
equals

— S: E(2, 5, Medn, x, ) dr

where F(z, s, \) satisfies

_ 0 [sin(t—s)vA
Fit, %) = ax{ \/x(x+1)x}

_ k[ (=5 g Ksinz
= vt DL se) \/X(HI)}

e=(t—)V'X
with S(2)=2"%z cos #—sin 2) and

0.F(t, s, \) = —0,F (¢, s, \)

- _(x+1)—K{(t—s;225inz 4 Ii:(jslz}

e={t-s)vX -

Using Lemma 5.6 and

sin 2

sup |S(z)|<eo, sup <o,
220 220

we get the lemma. Q.E.D.

Lemma 5.8. Let 0<r<3, |t| <d, (%)/3c,;, K=[n[2]4+2 and 0=k=N—
3[n/2]—5. Then we have

|03R,, w(2, %, X)| = Cy Py son o E)FFN K1
that is,
Re v 1(%) S CyLoytox+2(€)

where C is a constant depending only on N, M, and ).
Proof. Noting that (I+1)¥ is written in the form
K __ ]
(A+1)¥ = wé}m g (%)

with
|2y o(x) | S CEMRT-HEHGASCP, 0 1,1(E)

and using Lemmas 5.3, 5.4 and (5.13) we have
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(5.15) [(AA1)KBEQ, n(s, 2, %) |
< {Cg)zN+2K+z(5)32N_2K_"_k (re(2, x)?<5)
0 (re(=, ®)’'=5%),

when |s| <d,;(x)/3¢c,;. Combining (2.17), (5.15) and Lemma 5.7 we get

i
I a’:‘R!,N(t) x’ x)l é ‘ So ds S’ (z ;)2532 CS?zN.'.ZK.‘.z(e)SZN—zK_"—k dz

S C Loy oo )N HE-kH1

which is the desired result. Q.E.D.

6. Proof of Theorem A
Now we are ready to prove Theorem A. Let 0<<7=<3. We put o=1—
7/3 and have
d, (x) = min{d(x), C,£%}
by Lemma 5.3. We note that d, ;(x)A =1 holds when C\"™An =1, d(x)=C,&" and
7>¢, or when C,&°A21, d(%)=C€° and 7=c. Applying Lemma 4.2 to A,
and using (1.3), Lemmas 5.4 and 5.8 we have for N =5n

61 N @V = || B0 52— V|
. Sd(z)<61!'r T SCiszd(x)<Cle" - Sc,s”gd(z) (-r<o-)
Sd(xkcle" + §cle"d§(x) (-réa')

= Cy{e™\' | 4ol A" M log €7 4| Ay gl o€ A1
+ 2 IA!,I l 07\‘»—-21_|_92N+2K+2(8)80'(N+5n-21(+1) 7\1-—N+5n}

15isy

é CN {677\‘"_*_7\’”-1 loge—l—l—&‘_o‘?\,ﬂ_l+5(°‘_2)N_ZK—2+°'(5“_2K+1)7\_N+5"}'

when C, ™=\ =1 and &n=1. Here and in what follows we use Cj to
denote constants depending only on N, M, and Q.
From (5.1) and the interpolation inequality it follows that

(6.2) Blu, u] = (14 C&) (B, [u, u]— C&2jul )

with some constant C depending only on M, and €. By the properties of
N(z, B, V, L,(Q))(=N(t, B)), (5.1), (6.1) and (6.2) we have

(6.3) N(A\?, B) < N(2, (1+C¢&7){(B,—C&"-2)
= N((1+CEM+Ce?)
< p_ QN HCy{EN" A" log €&\

_’_E(u'_Z)N—ZK—Z+°'(5”-2K+1)N—N+511}
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when C,6™*("91n =1 and Ex=1. Now we take A, sufficiently large and put €=
ATEH) for A=, in (6.3).  Since

3o 3r _3o—2) = T

1— = , =
27+3 2743 2743 2743

<0,

taking N sufficiently large we get
N()x.z)——,u.uq(ﬂ)x"é C {xn—z'r/(z'r+3)+7\'n—l IOg 7\‘}

for A=n, In the same way we get the estimate from below. Hence we
obtain Theorem A, although we have assumed V=H{(Q) or H¥Q) in the case
(@-N).

For general V in the case (a-N) Theorem A is also valid, since

N(t, B, HY(Q))=N(t, B, V)< N(@, B, H{(S)) .

Thus we complete the proof of Theorem A.

7. Proof of Theorem B

We begin with the proof of the following.

Proposition 7.1. Let Q be a bounded domain satisfying supes,|T,|/E<<oc.
Let {Ag}oce<e, be a family of self-adjoint operators bounded from below on L,(£)
satisfying the following conditions.

(1) The operator A, is a realization of a uniformly elliptic operator. More
precisely, the domain of definition D( A,) D C7(Q) and

A = | I‘é a, J(x)D*u  for usCF(Q)

with a, ,€ B~(Q) and
> . (%)E*28|E|™  for x€Q, LR,

6] =2m

where 8,>>0 is a constant independent of x, & and &.
(II) The heat kernel of A, satisfies

— 2m\ 1/2m—
| K[e—tHe] (%, y)| = Cot ™" exp {Cae_zmt—3<~|%)l ¢ 1’}

for any x,yEQ and t>0 where C,, C; and & are positive constants independent
of x,y,t and &.
(ITY) For some v,0<7=1 the coefficients a, ,(x) satisfy

|88, 4(%)| = C, ™02t |=1-181,0)
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where C,3>0 are constants independent of x and €.
Then we get the estimate for the trace U(t) of the heat kernel:

(7.1) | U(t)—cpmps g ()" | S Ced-mm (log =14 671

for 0<t=min{&®, 1/2} where c, ,=T(n/2m~+1) and C>0 is a constant indepen-
dent of t and €.

To prove Proposition 7.1 we construct a parametrix for the heat equation.
We set

ai(‘x” E) = la|2=j at,w(x)gﬁ (Oéjézm)) a(x, E) = dzm(x: E) .

Let z€Q be fixed. Choose «&C7(R") satisfying supp «C {x; |x| <1} and
x(x)=1 for |x| =1/2, and set

v =)

For t>0 and f € C5(Q) with supp f C {x; |x—=z| <<d(z)/2} we define
Hfs) = @y (| | eenten fiy) dy g
Then from the theory of pseudo-differential operators ([7]) we have

(4 )WH.S) = Rif
VHf>4f=f as t=>40

(7.2)

in L,(Q) and

(7.3) R, . fECK[0, o), L))
where R, , is the pseudo-differential operator with symbol
3 08y D))
ke ol
— 1 & . DB . 2B fo-ta(x,£)
=3 Giiagy Ftenr D) DE e}

with the sum taken over 0ZA=<2m, 0=<|a|=2m—Fk, B<a and k+|a|=1.
When a>gf we have
DBt = 3 C’.,,1 -y ]j DYi(—ta(x, £))e 4=
Yy tYI=e-B vt =

with the sum taken over |v;| =1 (1= ;=) and /=1 where C,, .. 4, is a constant
depending only on v, -+, ;. In view of (7.2), (7.3) and f € D(A,) we have
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e~te f — oH, f— S' e~U—9AeR, fds,
[
from which it follows that
(74)  K[e—tA(=, 2) = K[H)](=z, )— K [S' e*(t—S)JleR,',dsjl (2, 2) .
0

To evaluate the term involving R, , we prepare two lemmas.

Lemma 7.2 ([2]). For a multi-index o there exist C>0 and 6>>0 depend-
ing only on n,m, a, 8, and Cgy with |B|=2m (see the condition (II1) of Proposi-
tion 7.1) such that

‘ S FE-NtEeg-tnt g ‘ < Ct-o+1enfm ey {__3< |x—y|*" )”‘2""” } '
t

Lemma 7.3 ([2]). Let a>—1,8>—1, 8>0 and g=1/(2m—1). Then we
have

S: (t—s)=rmrag-nlintB g SR” exp {_3<M)4_8<W>4} "

t—s

—#[2mta+Bt1 Y _lx_ylzm q}
=<Ct exp{ ) ( — )

for any 8, 0<<8'<<8 where C>0 depends only on, n, m, oz, B and &'.
In particular, when m=1 we have

[[a—grarssmeras| exp{—slr=2l"_slz=al}g
0 R* t—s s

— PRt 1, B4 1) resn exp(—a_l_| = |* )

where B(p, q) is the Beta function.

Using Lemma 7.2 we have
_ 2m \ 1/(2m~—
(75) | KR, (x 5)] < Crom exp | (12217 )72
X E emin(-r-k,mt-(Zm—k-lan/z;nd(z)—lBlgmin("'—lelﬂl-O) .
k,a,B

We divide the sum in (7.5) into two cases: (i) £=0 and B=a, which imply
|| =1; and (ii) 2>0 or B<a. Then (7.5), the condition (II) and Lemma
7.3 yield

(7.6) JCB’ e—(t—9 AR, ds] (2, 3)< Ct-**m exp (Co~2m)
0

e { 2 tlwllz'nd(z)—lﬂl_{_ 2 Ef—k—lﬁl+lﬂlt(k+IwI)IZMd(z)—lﬁl}_
@izl >0 or B<a
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It is easily seen that

(7.7) H[H ] (2, 2) = €y m_g ()" .

By (1.3), (7.4), (7.6), (7.7) and the condition (II) we get
| Uet) —co miv g, (D)7

- ‘Sg{JC[e—st] (2, 2)— K[H/] (=, 2)} ds ‘

CtriPm

< s { JC[S'e—(t—s)JeR,,ds](z, 2) ’ dz
dlg)<t/2m d()zst/2m 0 ’
S Cr-r2m(g\fim Jog =14 &1 2m | T2 [og 1)

when 0<<t<min{€*", 1/2}. Then Proposition 7.1 immediately follows.

Now we will derive Theorem B from Proposition 7.1. As was stated in
Remark 1.3 we give the proof only for the case (a-D), (a-N) or (c). We may as-
sume that V=H(Q) or HY(Q) in the case (a-N) by the same reason as was
stated in the proof of Theorem A. We define the sesquilinear form

Blu, o] = S ST ala() D*u(x) DPo() di+ (t, 0) @)

Q Il <[B]=m
with
a;p = g ¥ Qup
where ¢, is the mollifier defined in Section 5. B, is coercive when 0<<&<C&, for
some &>0. Let A, be the operator associated with {B,, V, L,(Q)}. Then it

is easily checked that the condition on £ and the conditions (I), (IIT) of Proposi-
tion 7.1 are satisfied.

In the case (a-D) or (a-N) the condition (II) follows from Lemma 5.5.

In the case (c) we derived (II) in [13], which was not explicitly written, in
the process of obtaining the estimate for the kernel of (A, +C&-2*—)\)"! by
using the L,-theory ([1], [21]).

Now that all the conditions of Proposition 7.1 have been checked, we get
(7.1) . As was given in [11], it follows that

U@t)=exp(CE ") U((1—CE™)?) .
This combined with (7.1) gives
U(t)Scp mpp_g(Q)E"2m C {€7472m 4 £A-M/2m Jog 11}
when 0<t<min{€’”, 1/2}. Putting E=#”" we get
U(t)—cp mp_g(Q)t M < C T -Mm 4 pt=m2m Jog =1}

for sufficiently small ¢, Similarly we obtain the estimate from below. Thus
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we complete the proof of Theorem B.

ReMARK. The method in this section gives an alternative proof of The-
orem B for the case (b) when V=H{(Q), since the conditions of Proposition
7.1 are satisfied in this case, too (see [22, Lemma 5.1]).

8. Spectral function in the whole space

This section is devoted to the preparation for the proof of Theorem C.
We assume p,€ B(R") (1=<j=n) in addition to the assumptions of Theorem
C, and note that (1.2) holds.

Let us find the spectral function for the operator &, on L,(R") defined be-
low, which has the same principal symbol as 4. We define the differential ex-

pression L by
L= L(x’ D) = (Ll(x’ D)’ "t Ln(x, D)) ’

L (s, D) = p,(:)D,—1-pi(x), pitx) = -2

6xj

(%)

and set
b(x, D)= X3 bl HE= X b,,ﬂf"*p.

1@ ={Bl=m lo|=|Bi=m

From (H2) and the inverse of Garding’s inequality it follows that #&)>0 for
g=+0. Let b, be the self-adjoint realization of b,(x, D) on Ly(R"):

D(b,) = H*™(R"), bu—=by(x,Dyu for ucsD(b;).
It is easily seen that the function
& 3,8 = I (2,02, 97 exp(it, | 5,67 )
satisfies

Lemma 8.1. (i) The resolvent for b, is given by

(82) B i) = ey [, S22 D f19) dy

Jfor A&€C\[0, ) and f € S(R").
(i) The spectral function &(t, x, y) for b is given by

ot y) = o | Ewy .

(eIt

In particular, we have
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&2, x, x) = p_y(x)t"Pm .
(iii) When 2m>n,

= dé(t, x,)
0 t—X

H) 1w 3) = @ | G2 Dag = |

Proof. 'To check the differentiability of the right hand side of (8.2) under
integral sings we set

P8 =@y e)f(nay.

Since f € S(R") we have
03F(x, &) = [ 02605, 5, /() dy = | 0ulv, 8w, 3, B/ () by
where Q,(x, £) is a polynomial in £ satisfying
|0ux, Bl SC(1+ | E]1%)

for some constant C independent of x and £. Using new variables
(8.3) v,={"p0as (1=jsm),
we easily obtain

|0%F (x, £) | =C(A1+ &)™

Hence we can differentiate the right hand side of (8.2) under integral signs.
By (8.1), (8.3) and the Fourier inversion formula we have

(2o ([ €& 2, 6)
=@ [ S0 1) 4y ag
= o) ([ &y 0/ () dy d = f1w),

from which (8.2) follows.
(i) follows from (i) and the formula for the resolution of the identity
{E} for b, :

E — lim fim -1 S”: {(BL—(o+i8)) ™ —(B,— (o —i€)) "} do .

5>+0 2>+0 2or]

The first equality of (iii) easily follows from (i). By interchanging integra-
tions and integration by parts we have
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(2m)=" S %9 E) ge . (2) SR" d f;) Ewx,y,b)dt

b(E)—nr (z—n)?
_ S‘” ét, x,y)dt _ S” d,é(t, x,y)
o (F—a) o t—x
which is the second equality of (iii). Q.E.D.

In the rest of this section we assume m=1. Let b, denote the realization
of b.(x, D) on L,(Q) with the Dirichlet or Neumann boundary condition. Let
%,EQ be fixed. For a function f€C7(Q) with supp fC {|x—x,| <d(xp)/2} let
us put

G4 E(fsn9 = cosrvna({ e0nnf0)dr)
= (@ay* ||, cost /BB Ew. 5, () dE dy

The second equality of (8.4) is obtained by letting &40 in

S: e~ cos t\/A d, (SR” e, %, ) f(y) dy)
—@m)*{[ | et0 cos 1 /BB E(x. 3, ) f(9) d dy

which is verified in the same way as the second equality of Lemma 8.1.(iii).

In view of (8.4) we have E(f;t, x)eC=(Rx R"). Further by using new
variables (8.3) and applying the theory of pseudo-differential operators it is
seen that E{f; ¢, x) is the solution of the Cauchy problem in L,(R"):

62
(W”L) u(t, x) = 0
(0, x) = f(x), 0mu(0,x)=0.

RZ

(8.5)

From the theory of the wave equation it follows that
supp E(f; 1, +) < {; |v—x,] <d(x)}

when |#| <d(x,)/28, where §, was defined in (2.1).
Hence E(f;t, x) is also the solution of (8.5) with b, replaced by b;.
Therefore the spectral function e(, x, ¥) for b, satisfies

(86) [Teostvna ([ eownnro)ay)
= S: cost\/ A d, (SQ e, x,5) f(p) dy)

when |2]| <<d(%,)/28,. We define E(, %y, %) and E~(x, %o, &) for by and b, re-
spectively in the same way as in (3.4). Taking the inverse Fourier transform of
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(8.6) multiplied by 4(#) with respect to ¢ we obtain
ps*dE(N, %o, %0) = pstd E(N, %o, 20) = p_y(%6) pox(n|X]"Y)

where p is the function defined in (3.3) and 8=d(x,)/28,. Using (4.1), (4.2)
and Lemma 4.1 we get the following.

Lemma 8.2, Let m=1. Then
IE(R‘: X, x)_”’J(x) 7\'”| éCd(X)—l At

when d(x)\=1 where C is a constant depending only on M,

9. Proof of Theorem C in the case (d)

In Sections 9 and 10 we assume the assumptions of Theorem C. We write
L(x, D) for L(x, D) in Section 8 with p, replaced by p, ;=@*p; and denote by
A, the operator associated with {B,, V, L,(Q)} where

(9.1) B,[u, v] = S > bup Lo(x, D)*u L(x, D)Pv dx .

Q |a|=|Bl=m

We note that p, ; satisfies
(9.2) [ Pe, j(%)—p (%) | SCE, |87 p, j(x)| = C,e™io=1210
for some C depending only on M, and some C, depending only on & and M,.
Lemma 9.1. In the case (d) we have
| K[e~te] (x, y)| < Ct=*? exp (Ce-zt—a @)
where C and 8 are positive constants depending only on M, and Q.
Proof. Let A, be the operator associated with {B}, V, L,(Q)} where
Bifw,o] = {3 b o) P D DP0 dit (1, o)y
It is easily seen that
(9:3) Ay = A +q

where

‘_z:l} by peiPeli—1,

N | =

1 "
o) = — 33bi; P Pl
by, = b, (1=<i,j<n).

By Lemma 5.5 we have
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O-4) | K [exp(—¢ )] (x,9)] SC, 2~ exp(—3 —'x—tylz) .

From (9.3) it follows that
9.5) e—tdy — e-fd%-—S: e—(t—5)Ap ge—sHs ds .
To solve (9.5) for e—#-4e we set

To(t) = e—the

Tya(f) = S: Tu(t—s) ge—sMids (k20).

By induction, (9.4) and Lemma 7.3 we have

0:6) I KIDN0] () S C, OB ponmes e (g 121

Then it is seen that
e=the = 33(—1) T(t)
where the series of the right hand side converges in the operator norm and that
(9.7) Kle=tte] = 33 (—1)* K[Tw(1)] -
Noting that |g|,=<C& 2 and using (9.6) and (9.7) we have

2
| Ko=) (v, 9) | S Cy 172 exp (Co-2 151501,

from which the lemma follows. Q.E.D.
Lemma 9.2. In the case (d) we have
led(n, %, p) | SCA2 exp (CEENTY).
for x>0 where C=>0 is a constant depending only on M, and Q.

Proof. 'The lemma follows from Lemma 9.1 in the same way as Lemma
5.6. Q.E.D.

Now we are ready to prove Theorem C in the case (d). Applying Lemma
8.2 to A, and using (1.3) and Lemma 9.2 we have

[ N(V)— 12 g (6) 171
- ‘ (Sd(,)q‘—l‘*—sd(,)z)\ﬂ) {Eeo\') X, x)—,u,qu(x) 7\,”} dx
<CO A log )
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for A=max {7} 2}. This combined with
Blu, u]=(1+CE&) (B, [u, u]—CE& %)
yields
(9.8) NOHEN((1+CE)NH-CE™P)
Sp Q)N HC(E A A" log \)
when A =max {€7}, 2}. Putting E=N"" in (9.8) we get
NA)—p_ Q)M SC(A a1 logn)
for sufficiently large A. Similarly we get the inequality from below. Thus
Theorem C has been proved in the case (d).

10. Proof of Theorem C in the case (e)

For the proof in the case (e¢) we follow the resolvent kernel method.

We write A, for b, in Section 8 with p; replaced by p, ;. 'Then Lemma
8.1 gives

(10.0) KA w) = LB ) (e

sin(nx[2m)
If we write (9.1) in the form
B,[u, v] = S 31 aig(x) D%u DPo dx
Q (a),[B <m
we have
(10.2) |ata(x)—aue(x) | =CE (la|=|B|=m),
| 87 aip(x)l =G, gmin{T-2m+ || +18]-171,0) (lal, |81 gm) .

By (H2), (10.2) and the interpolation inequality we have

(103) By i, ]2 52 [l A—Ce"ulf
for 0<<€<E, if we choose &>>0 sufficiently small. Then it follows that
(104) Bl 0 )] 2 Cs g ot IV [l

when |A| =C, € ?" for some constants C; and Cy; depending only on M, and .
If we replace Q with R”, (10.3) and (10.4) are also valid.

Lemma 10.1. For any p>0 there exists C,>>0 depending only on p, M,
and Q such that
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| KL A1) (35, 6)—= K [( A=) ] (0, %)

|xln/2m |7\,|1—1/2m »
=65 G dz(x))

when 0<<8<C&,, AEC\[0, o0) and |\ | =&~ where dy(\)=dist (A, (0, oo]).

Proof. The lemma is essentially due to Maruo and Tanabe [8, Lemmas
4.1, 4.2 and 7.2]. Taking care of the dependence on &, using (10.2) and (10.4)
and following the argument of [8] we obtain the lemma if we add the condition
In] =&

For example, in the proof of [8, Lemma 4.1] we have to estimate

S = azﬁ(x)2<3)D“‘Y¢D’ul)—%dx‘

Q ja],1Bi<m <o

11:

and

12=|S > a.‘iﬂ(x)y%(f)D”qu’y\pmdx[

Q a|,1Bl<m

for a fixed 2=Q where + was defined in Section 7. Using (10.2) and the in-
terpolation inequality ([8, Lemma 3.4])

lolli = C I =B o]l + [ [loll) 5
we have
L=C 30 &7 d(z) 0 [ul |y [follig
=Cx (EI Mllzm)—zm+lwl+|ﬂl (d(z) [n] 1/2m)—l¢I+l'YI
X (el = 012 o) (U0l 1N M2 2] 1o)
S C(d(=) I el b+ T2 (lello) (2l TN 12 0] o)

when |A|=max{£-2", d(z)7**}. In the similar manner I, can be evaluated.
Based on these estimates the lemma can be obtained. Q.E.D.

Now we apply Pleijel’s formula ([16]) to e+, ¥, x). In its original form
Pleijel’s formula needs the assumption that the support of e, (-, , x) is contain-
ed in [0, o), but we may weaken it to the assumption that the support of
e,(+, x, x) is bounded from below. Hence we have

(10.5) e (t, %, %) — SL( K A=) (5, 3) d

271
=27 | K[(A—2) 7 (%, 6) |
for t=¢€7%" >0 and A=¢+ir where L(\) is an oriented curve in C from X to
A not intersecting the interval [—&~%" oo).
By (10.1), (10.5), Lemma 10.1 and the same calculation as in the proof of
[8, Lemma 8.3] we get
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(10.6)

Y. Mivazaki

| ed(2, x, .X')——[LJE(x) tﬂ/2m| < Cyp8(x)~° Hn—0)2m

for any 0<<6<<1 when #=&2" where C, depends only on 8, M, and Q. Putting
0= and integrating (10.6) on Q we have

| No(8)— p_4, () 2m| < Cpn=2m

when {=&72". Then the same calculation as in the case (d) leads us to Theorem
C in the case (e).
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