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High energy resolvent estimates, II,
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§1. Introduction.

This is a continuation of and is concerned with elliptic partial differential
operators on R™ whose coefficients are nearly constants at infinity. For such an
operator A(X, D.) with real principal symbol a(x, §&) we shall show in this paper
that if every classical orbit under the Hamiltonian a(x, &) is not trapped, then
the resolvent of A(X, D.) admits, as operators from a weighted L,-space to its
dual space, boundary values on the upper or lower bank of the reals which are
bounded and uniformly Holder continuous at infinity; and that the nontrapping
condition for orbits is necessary to the uniform estimate for the resolvent.

In connection with time-decay for solutions of Schrédinger-type equations
uniform estimates at high energy for resolvents of elliptic operators have been
investigated (see [2], [4], and references there). But such estimates were
given only for operators whose leading and the next coefficients are constant.
The purpose of this paper is to give high energy resolvent estimates for elliptic
differential operators with variable leading coefficients. The results here will be
used in [3] to study the asymptotic behavior as ¢t — oo of solutions for Schrédinger-
type equations.

Now we prepare some notations in order to state our main results. We
write D, = —10/0x;, Dg=(Dg,, -+, Dz,), and {x>=(1-4|x|*"2% For a real number
o and s, H°* denotes the weighted Sobolev space with the norm

(1.1) “f”zr,sE”f“H"'s_——”<x>s<Dx>0f“L2(Rn) .

We write H'=H"° and Li=H"*. B(o, s; z, t) stands for the Banach space of
all bounded linear operators from H°*® to H™' We write B(s, t)=B(0, s; 0, f).
For a positive number A and a function f on C to a Banach space, we put

Af)=fx+h)—f(x), Af(x)=f(x+2h)=2f(x+h)+f(x).

For a real number r, [#] denotes the largest number which is not larger than r.
We consider the elliptic partial differential operator
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(1.2 AX, D)= 3 aalX)DE=p(D2)+ 3 ga(X)D2

of order m satisfying the following conditions (A.I) and (A. II).

(A.I) (i) There exists a positive constant ¢, such that the principal symbol
a(x, §) of A(X, D,) satisfies a(x, §)=c,|&|™ for all (x, §)eR". (ii) p(£) is an
elliptic polynomial of degree m with real coefficients.

(A.1l) There exists p>1 such that

Celxye~181 for |a|l=m

(1.3) laéqa(x)lé{
Cplxy=r-1B for |a|<m—1

for any multi-index B, where the Cs are constants independent of x.
It follows from (A.I) and (A.II) that the operator A on L,(R™) defined by

(1.4) Au=AX, D)u, ueD(A)=H™

is a closed operator whose resolvent R(z)=(z—A)™! exists for z with |Imz|>1
or —Rez>»1. Our problem is whether the resolvent R(z) on {z; +Imz>1 and
Rez>1} can be extended to the set N.={z; +Imz=0 and Rez>N} for some
N>0. In solving the problem the following condition (A.IIl) concerning the
solution {x(t, v, &), n(¢, v, )} of the Hamilton equation

dx dy
(1.5) ar v,a(x, n), T

plays a crucial role.
(A.Ill) For any R>0 there exists T>0 such that |x(t, y, §)| >R for all
t>T if |y|=R and |&]|=1.

REMARK. When A(x, &) is real-valued, (A.IIl) is equivalent to the condition
that every classical orbit with [£]>1 under the Hamiltonian A(x, &) is not trap-
ped (cf. [Proposition 2.5 below).

Our main results are as follows.

THEOREM 1. Assume (A.I)~(A.Ill). Let 0=0<1 and k be a nonnegative
integer such that 0<k+0<p—1. Then there exists a positive constant N such
that the resolvent R(z) on {z; +Imz>1 and Rez>1} can be extended to a k-times
continuously differentiable function on the set N.={z; +Imz=>0 and Rez>N} to
B(s, —s), where s>k-+0-+3/2, which is holomorphic in the interior of N. and
satisfies

=Vza(x, 7), {x0), n(O)} ={y, &

(1.6) IR (D g s o -5 =<C|z|1m-DU+D-01/m
ZENi’ ]:0, e k’ 0§G§7’ﬂ(]+1),
(L.7) RN ALR (@) 50,5 a, - =C|z| - ((m-DEFITD-01/m

0<h<l, zand z+heN., 0=s=m(k+1),
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where C is a constant depending only on s. Furthermore, for any r>k+0-+1
there exists a constant C, such that for all f L}

<%)’Se“XX(Z)Z’;’mR(ZiiOV d,l”m_r}zdtécrllflli,

0=o+mj=m(k+1), o=(m—1)(k+0-+1/2)—(c+mj),
[=max (0, (¢+mj+0)/(m—1)—1/2),

(1.8) [[coreotier®

where X(A) is a C>-function such that X(A)=1 for A>N+1 and SuppXC(N, o).
Assume further that p>1+1/2(m—1). Let 1/2m—1)<y<p—1, s>r-+1,
O0=c+mj=(m—1r—1/2, and 1>(c+mj+1/2)/(m—1). Then

(1.9) H(%)jge“ZX(Z)R(ZiiO)le

<CETH Y, t=#0.
B(0,s; a,-5)

THEOREM 2. Let A(X, D,) satisfy (A.1) and (A.1). Then the estimate (1.8)
implies (A.III).

A consequence of is worth mentioning.

THEOREM 3. Assume (A.D~(A.N). Then the spectrum of A is contained
in {z€C; |z|EN}UW, o) for some N>0.

PrOOF. Choose a positive constant N such that holds for N and
the spectrum of A is contained in {z; |z|=N}U{z; |Imz|=<N and Rez>N}.
Let £ be Im{+0 and Re{>N. Suppose that { belongs to the spectrum of A.
Then it is easily seen that { is a point spectrum and an eigenfunction uz£0
associated with ¢ belongs to H™* for any s>0. Thus shows that
u={C—A)"({{—Au=0. This is a contradiction. Q.E.D.

Theorem 1l is useful also in studying asymptotic behaviors of e~i4 as t— = oo.

THEOREM 4. Let A be a second order self-adjoint elliptic differential operator
on R* satisfying (A.1), (A.Il) for some p>5, and (A.1ll). Let 3/2<y<p/2—1
and s>2y—1/2. Then e %4 has the following expansion in B(s, —s) as t— dco,
which can be differentiated [y/2—1/4]-times in t:

[r—1/2]
(1.10) g-itA— ;e-uszj_{_ kzi: e U RHUDC L L o(17T)

where the A; are eigenvalues of A with the associated eigenprojection P;, p=min p(&),
and the Cy are operators of finite rank.

For the proof and more information, see [3]. The differentiability property
in t is easily seen from the proof of [Theorems 1.2 and 8.11, 37, although it is
not discussed there.

The remainder of this paper is organized as follows. Theorems 1 and 2 are
proved in Section 2 by applying the results in [17] for a first order pseudo-
differential operator like AY™. In Section 3 an improvement of the estimates (1.6)
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~(1.9) will be given for operators with constant leading coefficients. In Section
4 and the latter half of Section 3 will be extended to differential
operators with singular lower order coefficients.

§2. Proof of Theorems 1 and 2.

In this section Theorems 1 and 2 are proved by making use of corresponding
theorems for a first order pseudo-differential operator like AY™,

Choose a positive number K such that Re A(x, &)+ K=1, set
2.1 b(x, §)=(Alx, §)+K)''™

]. ]. 1/m-2 -
+_%_(E_1) (A(x, &)+K)V ;21 0, A(x, §)D1,Alx, &),

and put B=b(X, D,). Then we have

PROPOSITION 2.1. Assume (A.1) and (A.Il). Then the following statements
(i) and (i) hold.

(i) The estimates (1.6) and (1.7) hold if and only if those estimates hold
with R(z)=(z—B)*, m=1, ¢=0.

(ii) The estimate (1.8) holds if and only if that estimate holds with R(A=10)
=(1+:0—B)"!, m=1, ¢=0, [=0.

For the proof we prepare lemmas. Since they can be shown easily by usual
calculations for pseudo-differential operators, we omit the proof of the lemmas.
(For pseudo-differential operators, see [6] for example.)

LEMMA 2.2 Let ¢(x, =(p@)+ 2 ga(0)§*+ )" —(pE)+K)"™ and d(x, &)
=b(x, =)+ 2 ga(x)s*+K)Y™.  Then
(2.2) b(x, §)=(pE)+K)'™+c(x, §)+d(x, &),
(2.3) | D50%c(x, §)|<x><E)1+ | D50%d(x, &)| SCoplx)=r1aKEH1A
for any multi-indices a and B.

LeMMA 2.3. (i) The symbol v(x, §) of a pseudo-differential operator V=
A+K—B™ satisfies, for any multi-indices a and B,

2.4) | D30%u(x, &)| SC,pdxy-r2-lalgym-2-181
(ii) VeBm—2+a, s; o, s+p+2) for all s, s=R".

LEMMA 2.4. There exists a positive constant N such that for all z with Rez
>N and 0=0=m—1

m-1
(2.5) Il(ZP_DO2"”Bm‘1")"llls<r,s;m,sécmlz!“’”‘1“””’”, r, sER.
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PROOF OF PROPOSITION 2.1. Assume that the estimates and hold
with R(z) and m replaced by (z—B)™! and 1, respectively. We have that for
all ze N, and ;=0, 1, .-, &,

{=zlim

(2.6) (B%)j(z~BM)—IZ(gzl/mBm"l")""l(adZY(C—B)"l

This together with Lemma 2.4 shows that for ¢=(m—1)(j+1) holds with
R(z) replaced by (z—B™)-1. In order to prove for m—DG+D<o=m(G+1),
we have only to use the equality :

(2.7) (e By -5= (M= B 5L+ (M ~2) 33 (M= Bmy!(z— B (e— B") 4

for zeN,, where M is a sufficiently large constant. Since for some positive
constants C, and C,
Cih2V ™1 (A4 h)Y™ — Q1™ | ZCh AN ™1, A>2, 0<h<l1,

also holds with R(z) replaced by (z—B™)"!. By

(2.8) 1V(z+K—B™) g, pro-0=Cslz| V™, 3/2<s<p+1/2.
Thus,
(2.9) (z—A)"1= g (z4-K—B™)~[V(z+K—B™)-1}

in B(r, —r) for 3/2<r<(p+2)/2. Combining and we get and
from the estimates for (z—B™) % The converse can be shown similarly.
This completes the proof of (i).
In the same way we can show (ii) by using Parseval’s equality. Q.E.D.
Denote by {q(t, v, &), p(t, v, &)} the solution of the Hamilton equation

@10) U= vr, ) =G ), 40,58, 50,5, 8=, 8,

where F(x, S):(ZJ(EH-I ,15:,‘ go(x)E*+K)¥™, Then we have
PROPOSITION 2.5. Assume (A.1) and (A.II). Then the condition (A1) holds

if and only if there exists a positive constant R, such that for any R>0 one can
choose T >0 with

(2.11) lgt, 3, )I>R, t>T, |y|=R, [§|=zR,.

PrOOF. Denote by {x, 5} (¢, v, §) and {Q, P}(t, y, §) the solution of (2.10)
with F(x, &)=a(x, &) and F(x, &)=a(x, £)Y™, respectively. Then simple calcula-
tions show that

(2.12) {x, 7}(t, », ©={Q, PYma(y, ™™, p, £).
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By the homogeneity of a(x, &),

(2.13) {x, nyt, y, 26)={x, A} (A", y, &), A#0.
Combining [2.12) and [2.13) we get

Qt, 3, H)=x(t, y, m™ ™ Va(y, §)71™E)

P, y, &)=m! ™ Va(y, '™y, y, m " Valy, £)7V"E).

2.14) {

Using the ellipticity of A(x, & we obtain that there exists a positive constant ¢
such that |p(t, v, 2&)|=cA for all t>0, yeR", |§|=1, and A»1. Thus there
exists a positive constant C such that for all t>0, yeR", |§|=1, and 4>1

@15) gt 3, 8)—Q(, 3, I+, v, B)/A—P(, 3, H SV /2.

Since ¢(t, vy, &) and Q(¢, y, &) are nearly straight lines outside a sufficiently large
ball (cf. Lemmas 2.1 and in [1]), (2.14) and (2.15) show the proposition.
Q.E.D.
Now we can complete the proof of Theorems 1 and 2.
PROOF OF THEOREMS 1 AND 2. The estimates (1.6)~(1.8) and Theorem 2
follow from Propositions 2.1 and 2.5, Lemma 2.2, and [Theorems 1 and 2, 1.
The estimate (1.9) can be shown by using (1.8) for d/m>1/2. Q.E.D.

§3. The constant leading coefficient case.

In this section an improvement of the estimates (1.6)~(1.9) is given for
operators with constant leading coefficients.

Let A be the closed operator in L,(R") defined by an elliptic differential
operator

(3.1) AX, D)=pD)+ 3 guX)Ds

of order m satisfying (A.I) and (A.Il). Then we have

THEOREM 3.1. Let 0<s—1/2=k+0<p—1 (k: a nonnegative integer, 0<0
=<1). Then there exists a positive constant N such that the resolvent R(z)=(z—A)™!
on {z; =Imz>1, Rez»1} can be extended to a k-times continuously differentiable
function on the set N.={z; +Imz=0 and Rez>N} to B(s, —s), which is holo-
morphic in the interior of N. and satisfies the following estimates:

(i) For all zeN., j=0, -, k, 0=Zo=m(+1),

3.2) IR (). s; o, -5 <Cs| 2| ~1m-DG+D-01/m
(ii) For all zeN,, 0<h<l, 0=Zo=m(k+1),
(3.3) h_and}zR(k)(Z)”B(o,s;a,—s)§cs[2[_”m_l)(k+0+l)_o”m when 0<1 ,
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@.3) R YLER® (D50, s 0, - =Cs|z| " m-DER =™ yphen §=1.

(iiiy For all T>0, 0=c+mj<m(k+1), o0=(m—1)s—(o+my), [=max(0,
(o+mj+0)/(m—1)—1/2),

3.4) SQT[@s-l/z-l 1]t {(%)"S YA R(A-40) fdxH i} _s]zdt

=Gl fIE,

where Qr={teR*; T=|t|=2T} and X(A) is a C*-function on R* such that X(2)
=1 for Az=N-+1 and SuppXC(N, o).

Assume further that p>141/2(m—1). Let 1/2m—1)<y<p—1, s=r+1/2,
0=o+mj<(m—1yr—1/2, I>(c+mj+1/2)/(m—1). Then the estimate (1.9) holds.

ProoF. Using [Theorem 6.1, 1] instead of [Theorem 1, 1], the first half of
Theorem 3.1 is shown in the same way as Theorem 1. The second half is
deduced from (3.4). Q.E.D.

Now, let us extend Theorem 3.1 to operators whose lower order coefficients
may be singular. Let A be the operator

(3.5) A=pD)+ B guX)DSHV

in L,(R™) with domain H™ satisfying the following conditions:
(B.I) p(€) is a real-valued elliptic polynomial of degree m.
(B.1I) There exist p>1 and C>0 such that for |B8|=3n+11

(3.6) [08qa(x)| =C{x>-P1B,  xER™.
(B.III) V is a closed operator in L,(R™) such that for some m’'<m—1
3.7 VeB@m/, s; 0, s+p), sER!.

THEOREM 3.2. Assume (B.D)~@B.IIl). Then the conclusion of Theorem 3.1
holds also for the operator A defined by (3.5) under the restriction that oc=m.

PrROOF. By [Remark 4.3, 1], the theorem holds with R(z) replaced by
(z—A,)™Y, where A,=p(D,)+ X qu(X)D3. Thus we get the theorem by using
the Neuman series

(3.8) R(z)= i [z—A) WV (z—AD™. Q.E.D.
j=0
THEOREM 3.3. Let A=p(D.)+V, where p(&) and V satisfy (B.1) and (B.III)
with p>2, respectively. Let 1<s<p—1, 0=c<m—1, 0=Zo+mj=(m—1)s, and
{=(oc+mj)/(m—1). Then

(3.9) l\(%)jgei‘*X(l)R(li-iO)dl

SO, 120,
8

B(0,8; 0, -
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where X(A) is a C-function on R* such that X(A)=1 for |A|=N+1 and SuppXC
{1; 12| >N}.

For the proof we need a lemma.

LEMMA 3.4. Let Ry(z)=(z—p(D)™Y, s=0, ¢=0, 0=o+mj=(m—1)s, and
I=(oc+mj)/(m—1). Then (3.9) holds with R(A+i0) replaced by R,(1+10), where
the constant C can be chosen independent of s, o, j when s runs over a compact set.

ProOOF. Choosing another N if necessary, we may assume that |Vep(§)|=
¢|El™* on SuppX(p(§)), where ¢ is some positive constant. Making use of the
identity (i)"Y (Vep(E)/|Vep(§)]?)-Veett?® =¢t?® for t#0 and &=SuppX(p(§)), we
obtain by integration by parts that for any nonnegative integer j

(3.10) 1Xp(D 2 )e?*? P2 geo, 5 im-1 7, -n =Cjt ™7, t+0.

The estimate (3.10) with j replaced by any nonnegative number s is derived
from the above inequality by using the interpolation theorem for weighted
Sobolev spaces (for which, see [J. Math. Soc. Japan, 31 (1979), p.477]1). Then
elementary calculations show the lemma. Q.E.D.

PROOF OF THEOREM 3.3. Choose a C*-function ¢» on R' such that ¢(2)=1
on SuppX and Supp ¢ {4; |A|>N}. We have

(3.11) Se“lxu)R(xiz‘O)dz:Semxu) > Ry(Ai0)[V R R(A£i0)1d2.
j=0

We write W(t)=Sei”gb(Z)Ro(liz'O)dZ. Choose ¢’ such that max (m/, ¢)<o'<m—1.
By there exists a constant C such that for any 1<r=p
[V Ollacr,p-ry SCN-minth 0" -mOgy=restiin= |- mod
Thus, rechoosing N if necessary we obtain from (3.11) that
(3.12) Se“*X(Z)R(Xiz‘O)dZ: Ji:% (Se“1X(R)R0(2—_+-z'O)dl)(*VW(t))f
in B0, s; o, —s), where * denotes the convolution. From this the theorem

follows. Q.E.D.

§4. A generalization.

In this section we extend to operators with singular lower order
coeflicients.

Let A,(X, D,) be the elliptic differential operator of order m whose symbol
Az, = T ad0f =pE)+ 3 qalx)¥"

satisfies the assumption (A.I), (A.Ill), and (A.1l"): The functions ¢.(x), |a|=m,
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satisfy (1.3) for |8|=3n+411. Denote by A, the closed operator in L,(R") de-
fined by : A,u=A,(X, D)u, usD(A,;)=H™. Let V be a closed operator in L,(R")
such that for some m’<m—1

4.1) VeB(m/, s; 0, s+p+max(m’'—m-43, 0)), seR.
Put A=A,+V. Then we have

THEOREM 4.1. The conclusion of Theorem 1 holds also for the above operator
A under the restriction that c=m.
For the proof we need a lemma for R,(z2)=(z—A;)"%

LEMMA 4.2. (i) Let 0<k+0<p—1, 0=7;=1 and s;>k+0+3/2—7;, j=
1, 2. Then for any 0=c=m .
(4.2) IR ()50, 553 0, ~sp SC| 2| HM-DUHD =0 =T1=eal/m,
zeN,, j=0, -, k,
4.3) RO AR ()] 50, s5; 0, -3 =C 2| 1D EFOFD =0 -T1mralim

0<h<l, zand z-+heN,.
(ii) Let 0=k;=1/2 and r;>k+0+1—k;, j=1,2. Then for all feLj

(i)j Se“‘X(Z)Z"”"Rl(ZiiO) fdi| _T2]2dt

4.4 [[corsrner](

=Ci 1z, ,

where 0Z0=<m, 0=Zc+mj=m(k+1), 0=(m—1)0k+0+1/2)—(c+mj+2k,+2k,),
{=max (0, (¢+mj+0d)/(m—1)).

PROOF. Even if (A.Il") is assumed instead of (A.II), holds also
for A, under the restriction that ¢=<m (cf. [Remark 4.3, 1]). Thus the state-
ment (i) for 7,=7,=0 is valid. Since holds with R(z) and p re-
placed by R,(z) and co, respectively, (i) for r;=1 and z,=0 is shown by using
the resolvent equation

Ri@)=Ro@+Ri()( 3 X)D3} Ro(z).

Thus the interpolation method shows (i) for 0=<7,=1 and z,=0. The lemma
for the other cases can be shown similarly. Q.E.D.

PROOF OF THEOREM 4.1. shows that for any sufficiently small
e>0

”VRI(Z)”B(O, 1/2+ 14650, 1/241+e) =C. l z|=¢,

where [=max (0, (m’-+3—m)/2). Thus we obtain that for any z with Rez»1
and +Imz=0
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R@)= S RGIVR()} in B(s, —s), s>3/2.
J=0

This yields the theorem. Q.E.D.
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