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1. Introduction and Statement of Results

"
Let H = — Z 8iai j(2)0;, where a; ; = aj;, be a formally sclf-adjoint operator
i,j=1
in L2(R"), n > 2, where the notation 0; = -5%1_— has been used.
We assume that the real measurable matrix function a(z) = {a;;(@)}1<ij<n
satisfies, with some positive constants a; > ag > 0, Ag > 0,

(1.1) aol < alz) < a1l z € R",
(1.2) a(z) =1 for |z| > Aog.
In what follows we shall usc the notation H = —V - a(z)V.

We retain the notation H for the self-adjoint (Friedrichs) extension associated with
the form (a(z)Ve, V¢), where (,) is the scalar product in L2(R™) . When a(z) = [
we get H = Hg = —A.

Let

Ro(2) = (Ho—2) "L, R(z) = (H —2)"Y, zeC*={z/ =+Imz>0},

be the associated resolvent operators.

The purpose of this paper is to study the continuity properties of R(z) in cer-
tain operator topologics, as z approaches the real axis. To fix the ideas, we shall
gencrally assume that Imz > 0, with obvious modifications for Imz < 0.

Definition 1.1. Let [a, 8] CR. We say that H satisfies the ”Limiting Absorption
Principle” (LAP) in [, 8] if R(z),z € Ct, can be extended continuously to Imz =

0, Rez € [a, §], in a suitable operator topology. In this case we denote the limiting
values by RY()\), a<X<p.

A similar definition applics for z € C~, but the limiting values R~ () will be,
gencrally speaking, different from R*(A). Observe that the precise specification of
the operator topology in the above definition is left open. Typically, it will be the
uniform operator topology associated with weighted-L? or Sobolev spaces, which
will be introduced later.

It is well-known that our assumptions (1.1), (1.2) imply that o (H), the spectrum
of H, is the half-axis [0, c0), and is entirely absolutely continuous. The ”threshold”
z = 0 plays a special role in this setting, as we shall sce later. Thus, consider first
the case [a, 8] C (0, 00).
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Under assumptions close to ours here (but also assuming that a(z) is continuously
differentiable) a weaker version (roughly, ”strong” instead of ”uniform” convergence
of the resolvents) was obtained by Eidus [14, Theorem 4 and Remark 1]. For
H = Hjy the LAP has been cstablished by Agmon [1]. Indeed, it was established
for opcrators of the type Ho + V, where V' is a short-range perturbation. However,
an inspection of Agmon’s perturbation-theoretic proof shows that it cannot be
extended to our operator H, in a straightforward way. Observe on the other hand
that the short-range potential V' can be replaced by a potential depending only on
direction (z/|z|) [15] or a perturbation of such a potential [23, 24]. In this case
the condition o > 0 is replaced by a > limsup V' (z). The LAP for the periodic

|z|—o00
case (namely, a(z) is symmetric and periodic) has recently been established in [22]

Note that in this case the spectrum is absolutely continuous and consists of a
union of intervals (”bands”).

We also refer to [16] where the existence and completeness of the wave operators
W4+ (H, Hp) is cstablished under suitable smoothness assumptions on a(z) (how-
cver, a(z) — I is not assumed to be compactly supported and H can include also
magnctic and electric potentials). Note that by a well-known theorem of Kato and
Kuroda [19] , if H, Hy satisfy the LAP in [a, 8] (with respect to the same operator
topologies) then the wave operators over this interval exist and are complete.

In this paper we focus on the study of the LAP for H in [a, 8] where a < 0 < .
This case has been studied for the Laplacian Hy [6, Appendix A] and in the one-
dimensional case (n = 1) in [3, 4, 10]. The present paper dcals with the multi-
dimensional case n > 2.

Throughout this paper we shall make use of the following weighted-L? and
Sobolev spaces. First, for s € R and m a nonnegative integer we define.

(13) L*®RY) = {u(@) / |}, = / (1 + [21%)*|u(2) Fdz < oo}
J

(14) H™(R"):={u(z) /D*uel®, lal<m, |ul}h,= > [ID*u},}

lam

(we write ||u|lo = ||ullo,0)-
More gencrally, for any o € R, let H° = H?? be the Sobolev space of order o,
namecly,

(1.5) H ={a [u€L®, |also=Ilulloo}
where the Fourier transform is defined as usual by
(&) = (2n)~ % /u(x) exp(—iézx)dz.
R

For negative indices we denote by {H™™*°, ||-||_n,s} the dual space of H™ ",
In particular, observe that any function f € H~1® can be represented (not uniquely)
as

= 0
(1.6) f=f0+2i'16—“ v frel®, 0<k<n.
k=1 ¢

In the case n = 2 and s > 1, we dcfine
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Ly*(R?) = {u € L2*(R?) /4(0) = 0},

and set Hy 7°(R?) to be the space of functions f € H~1* (R?) which have a repre-
sentation (1.6) where fr € L2®, k=0,1,2.

For any two normed spaces X,Y, we denote by B(X,Y) the space of bounded
lincar operators from X to Y, equipped with the operator-norm topology.

The fundamental result obtained in the present paper is given in the following
theorem.

THEOREM A. Suppose that a(z) satisfies (1.1),(1.2). Then the operator H
salisfies the LAP in R. More precisely, using the density of L% in H— Y% consider

the resolvent R(z) = (H — 2)7Y, Imz # 0, as two operator-valued functions,
defined respectively in the lower and upper half-planes,
(1.7) z — R(z) € B(H™M*(R™), HV~5(R™)), s>1, xImz>0.

Then these functions can be extended continuously from C* = {z/ + Imz > 0} to
C* = C*|JR, with respect to the operator-norm topology. In the case n = 2 replace
H=Y by Hy ™.

In particular, it follows that the limiting values R*()) are continuous at A = 0
and H has no resonance there. The study of the resolvent near the threshold A = 0
is sometimes referred to as "low energy estimates”. As mentioned earlier, this result
has been established in the case H = Hy [6, Appendix A]. The paper [25] deals
with the two-dimensional (n = 2) case, but the resolvent R(z) is restricted to con-
tinuous compactly supported functions f , thus enabling the use of pointwise decay
estimates of R(z)f at infinity. The case of the closely related ” acoustic propagator”
, where the matrix a(2) = b(z1)I is scalar and dependent on a single coordinate
, has been extensively studied [4, 9, 12, 17, 18, 20|, as well as the ”anisotropic”
casc where b(x;) is a gencral positive matrix [5]. The proof of the theorem will be
given in Section 3. It is based on an extended version of the LAP for Hp, with the
resolvent Ry(z) acting on elements of H~1*, for suitable positive values of s (see
Section 2).

An important application of the LAP in the case of perturbations of the Lapla-
cian is the derivation of an ”cigenfunction expansion theorem”, where the eigen-
functions are perturbations of plane waves exp(i€z) [1, 29]. We can use the LAP
result of Theorem A in order to derive a similar expansion for the operator H. In
fact, our generalized eigenfunctions are given by the following definition.

Definition 1.2. For every £ € R™ let
P+(z,8) = —RF (|¢*)((H ~ [¢]*) exp(ifz)) =

RF(I€12) (7 =1 t(ar,(@) — 61,1)8;) exp(i€a).
The generalized eigenfunctions of H are defined by
(1.9) v+ (z,§) = exp(i€w) + ¢=(=, ).

Remark 1.3. We label the eigenfunctions as “generalized” because they do not
belong to the Hilbert space L?(R™).

(1.8)
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In analogy with the eigenfunction expansion theorem for short or long range
perturbations of the Laplacian [1, 29] we can now state an eigenfunction expansion
thcorem for the opcrator H. We assume n > 3 in order to simplify the statement of
the theorem. As we show below (sce Proposition ?7?) the generalized cigenfunctions
arc (at lcast) continuous in z, so that the integral in the statement makes sense.

THEOREM B

Suppose that n > 3 and that a(z) satisfies (1.1),(1.2). For any compactly supported
f € L2(R™) definc

(1.10) (F)(€) = (2m) % / f@)oa(@ O)dz, €ER™
J

Then the transformations Fi can be extended as unitary transformations (for
which we rctain the same notation) of L2(R™) onto itself. Furthermore, these
transformations ”diagonalize” H in the following sense.

f € L2(R™) is in the domain D(H) if and only if |€|2(F+f)(€) € L?(R™) and

(1.11) H =FiMy2F4,
where Mgz is the multiplication operator by |£|2.

As is well-known from the theory of Schrédinger operators, the LAP and the cigen-
function cxpansion theorem provide powerful tools for the treatment of a wide
array of rclated problems. Here we give onc such application, dealing with global
spacc-time estimates for a generalized wave equation.
We consider the equation
62’U, n
(1.12) 52 = Huy= - Z 0;a; ;(x)0;u,
1,7=1
subject to the initial data
(1.13) u(z,0) = up(z), Oiu(z,0) =1vo(z), =z € R".

We next replace the assumptions (1.1),(1.2) by stronger ones as follows.
Let g(z) = (94, (x))1<4,j<n be a smooth Riemannian metric on R™ such that

(1.14) glx)=1 for x| > Ao.
and assumc that
(1.15) a(z) = g7 () = (6" (2))1<ij<n-

We have the following theorem.

THEOREM C

Suppose that n > 3 and that a(z) satisfies (1.14),(1.15). Assume further that the ge-
ometry defined by the metric g has no "trapped geodesics” [27]. Then for any s > 1
there exists a constant C = C(s,n) > 0 such that the solution to (1.12),(1.13)
satisfies :

I JQ+1z1®) % u(z, t)|2dzdt <
R Rn

(1.16)
Cllluolid + |1 voll3],
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where as usual [D|™! denotes multiplication by the symbol |£]~1.

This estimate generalizes similar estimates obtained for the classical (g = I) wave
cquation [2, 21].

We do not provide proofs of the theorems, but we include below the treatment
of the unperturbed operator Hy. This treatment is already new in the sense that
it extends the treatment of the LAP beyond the L? setting (see the statement of
Theorem A).

2. The Operator Hy = —A
Let {Eo()\)} be the spectral family associated with Hp, so that

(2.1) (Bo(\)h, h) = / hj2de,  A20, he IR
|€12<A

Followmg the methodology of [7, 13] we see that the weak derivative Ag(\) =
£ Fo()) exists in B(L?*,L%~°) for any s > 2 and A > 0. (Here and below we
write L% for L**(R")). Furthermore,

(2.2) < Ao(Wh, b >= (2V/R) 1 / Ih)2dr,
€13=x
where <, > is the (L%, [?*) pairing and dr is the Lebesgue surface measure.
Recall that by the standard trace lemma we have
(2.3) / A2dr < Clhll%., s> -;-
1€12=A

However, we can refine this estimate near A = 0 as follows.

Proposition 2.1. Let % <s< %, h € L?%. Forn =2 assume further that s > 1
and h € L>*. Then

(2.4) / Ih2dr < Cmin(\, 1)|Ali%.,
[§12=A -

where

(2.5) 0<'y<s—%,

and C = C(s,v,n). (Actually we can take v = s — -;— ifs<1landn>3).

Proof. If n > 3, the proof follows from [8, Appendix]. If n =2and 1 < s < 2 we
have, for h € Lg’s,

1B(6)] = [(E) ~ h(0)] < Casl€l il e,

for any 0 < § < min(1,s — 1). Using this estimate in the integral in the right-hand
side of (2.4) the claim follows also in this case. O
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Combining Equations (2.2),(2.3) and (2.4) wc conclude that,
(2.6) | < AN, > | << AdN)f, f >5< Ao(N)g, g >*
< Cmin(A~ 3,3 fllosliglos, f€L*®, gelL?,

where either

(2) n > 3, —;—<s,a<g, s+0>2 and 0<2n<s+o0—2

(2.7) or

(i7) n=2, 1<s<g, %<a<-g, s+o>2, 0<2n<s+o-—-2
and f(0) = 0.

In both cases, Ag()\) is Holder continuous and vanishes at 0,00, so as in [7] we
obtain

Proposition 2.2. The operator-valued function

B(Lz’s,Lz‘—a), n > 3,
(2.8) z — Ro(z) € { B(Lg’s,Lz""), n=2,

where s, satisfy (2.7), can be extended continuously from C* to C%, in the respec-
tive uniform operator topologies.

We shall now extend this proposition to more general function spaces. Let g €
HY? where s, o satisfy (2.7).Let f € H™1® have a representation of the form (1.6).
Equation (2.2) can be extended in an obvious way to yield

(2.9) z‘“1<Ao(z\)5%fk,g>= 2V / & fe(©)g(dr, k=1,..,n.
|€2=

We therefore obtain

Proposition 2.3. The operator-valued function of Proposition 2.2 is well-defined
(and analytic) for nonreal z in the following functional setting.

” B(H_l’s’Hl’—a)’ n 23,
(2.10) 2= Ro(2) € { B(HyV*,HY=9), n=2,

where s,0 satisfy (2.7). Furthermore, it can be extended continuously from C* to
C=*, in the respective uniform operator topologies.

Proof. In view of (2.9) and the considerations preceding Proposition 2.2 , since
g € H%?, we have instcad of (2.6),

o
< Ag(A) == fx, g >
(2.11) | < AN gy fer9 > |

< Cmin(A"H, A fll-1sllglhe » FEH™, geH™™,

so that the claim holds true if H'~¢ is replaced by H~1~. However, using that
HoRo(z) = I + zRo(z) we see that also HoRp(z) can be extended continuously
(as z approaches the real linc from either half-plane) with values in H —1L,=9 The
conclusion of the proposition follows since the norm of H»'~? is equivalent to the
graph-norm of Hy in H~17°. a



(1]

[12]
(13]

(14]

83

SPECTRAL THEORY FOR DIVERGENCE-FORM OPERATORS

REFERENCES

S. Agmon, Spectral properties of Schrédinger operators and scattering theory , Ann. Scuola
Norm. Sup. Pisa, 2(1975), 151-218.

M. Ben-Artzi, Regularity and smoothing for some equations of evolutions in ”Nonlinear
Partial Differential Equations and Their Applications; Collége de France Seminar”, Longman
Scientific, vol. XI, Eds. H. Brezis and J.L.Lions , (1994), 1-12.

M. Ben-Artzi,On spectral properties of the acoustic propagator in a layered band, J. Diff.
Egs. 136 (1997), 115-135.

M. Ben-Artzi, Y. Dermenjian and J.-C. Guillot, Analyticity properties and estimates of
resolvent kernels near thresholds, Comm. Partial Diff. Eqs. 25 (2000), 1753-1770.

M. Ben-Artzi, Y. Dermenjian and A.Monsef, Resolvent kernel estimates near thresholds,
Diff. Integr. Eqs. 19 (2006), 1-14.

M.Ben-Artzi and A. Devinatz, The limiting absorption principle for a sum of tensor products
applications to the spectral theory of differential operators, J. d’Analyse Math. 43 (1983/84),
215-250.

M.Ben-Artzi and A. Devinatz, "The limiting absorption principle for partial differential
operators”, Memoirs of the AMS 66 (1987).

M. Ben-Artzi and S. Klainerman, Decay and regularity for the Schrédinger equation, J.
d’Analyse Math. 58 (1992), 25-37.

A. Boutet de Monvel-Berthier and D. Manda, Spectral and scattering theory for wave prop-
agation in perturbed stratified media, J. Math. Anal. Appl. 191 (1995), 137-167.

A. Cohen and T. Kappeler, Scattering and inverse scattering for steplike potentials in the
Schrédinger equation, Indiana Univ. Math. J. 34 (1985), 127-180.

E. Croc and Y. Dermenjian, Analyse Spectrale d’une Bande Acoustique Multistratifieé.
Partie I: Principe d’absorption limite pour une stratification simple, SIAM J. Math. Anal.
26 (1995),880-924.

S. DeBiévre and W. Pravica, Spectral analysis for optical fibers and stratified fluids I: The
limiting absorption principle, J. Func. Anal. 98 (1991), 404-436.

V.G. Deich, E.L. Korotayev and D.R. Yafaev, Theory of potential scattering, taking into
account spatial anisotropy, J. of Soviet Math. 34 (1986), 2040-2050.

D. M. Eidus, The principle of limiting absorption in ” American Mathematical Society Trans-
lations”, Series 2, vol. 47, Providence, 1965, 157-192. (original in Russian: Mat. Sb. 57,
(1962), pp. 13-44).

1. Herbst, Spectral and scattering theory for Schrédinger operators with potentials indepen-
dent of |z|, Amer. J. Math. 118 (1991), 509-565.

T. Ikebe and T. Tayoshi, Wave and scattering operators for second-order elliptic operators
in R™, Publ. RIMS Kyoto Univ. Ser. A 4 (1968), 483-496.

M. Kadowaki, Low and high energy resolvent estimates for wave propagation in stratified
media and their applications, J. Diff. Eqs. 179 (2002), 246-277.

M. Kadowaki, Resolvent estimates and scattering states for dissipative systems, Publ. RIMS,
Kyoto Univ. 38 (2002), 191-209.

T. Kato and S.T. Kuroda, The abstract theory of scattering, Rocky Mountain J. Math. 1
(1971), 127-171.

K. Kikuchi and H. Tamura, The limiting amplitude principle for acoustic propagators in
perturbed stratified fluids, J. Diff. Eqs. 93 (1991), 260-282.

K. Mochizuki, Scattering theory for wave equations with dissipative terms, Publ. RIMS,
Kyoto Univ. 12 (1976), 383-390.

M. Murata and T. Tsuchida, Asymptotics of Green functions and the limiting absorption
principle for elliptic operators with periodic coefficients , J. Math. Kyoto Univ. 46 (2006),
713-754.

B. Perthame and L. Vega, Morrey-Campanato estimates for Helmholtz equations, J. Func
Anal. 164 (1999), 340-355.

B. Perthame and L. Vega, Energy decay and Sommerfeld condition for Helmholtz equation
with variable index at infinity, Preprint (2002).

A.G.Ramm, Justification of the limiting absorption principle in R?, in ”Operator Theory
and Applications”, Fields Institute Communications, vol. 25, Eds. A.G. Ramm, P.N. Shiv-
akumar, A.V. Strauss ,AMS (2000), 433-440.



(26]
[27]

(28]

[29)

(30}

84
MATANIA BEN-ARTZI

D. Robert, Relative time-delay for perturbations of elliptic operators and semiclassical
asymptotics, J. Func. Anal. 126 (1994), 36-82.

D. Robert , Asymptotique de la phase de diffusion a haute énergie pour des perturbations
du second ordre du laplacien, Ann. Scient. ENS, 4 serie, 25 (1992), 107-134.

D. Robert, Relative time delay and trace formula for long range perturbations of Laplace
operator, in ” Operator Calculus and Spectral Theory”, Eds. M. Demuth, B. Gramsch and
B.-W. Schulze, Birkhauser, ”Operator Theory: Advances and Applications”, Vol. 57 (1992),
245-253.

Y. Saito, "Spectral Representations for Schrédinger Operators with Long-Range Potentials”,
Lecture Notes in Mathematics, vol. 727, Springer-Verlag 1979.

G. Vodev, Uniform weighted estimates of the resolvent of the Laplace-Beltrami operator on
unbounded Riemannian manifolds,

INSTITUTE OF MATHEMATICS, HEBREW UNIVERSITY, JERUSALEM 91904, ISRAEL
E-mail address: mbartzi®math.huji.ac.il



