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THE LIMITING ABSORPTION PRINCIPLE
FOR THE TWO-DIMENSIONAL INHOMOGENEOUS
ANISOTROPIC ELASTICITY SYSTEM

GEN NAKAMURA AND JENN-NAN WANG

ABSTRACT. In this work we establish the limiting absorption principle for
the two-dimensional steady-state elasticity system in an inhomogeneous aniso-
tropic medium. We then use the limiting absorption principle to prove the ex-
istence of a radiation solution to the exterior Dirichlet or Neumann boundary
value problems for such a system. In order to define the radiation solution, we
need to impose certain appropriate radiation conditions at infinity. It should
be remarked that even though in this paper we assume that the medium is
homogeneous outside of a large domain, it still preserves anisotropy. Thus the
classical Kupradze’s radiation conditions for the isotropic system are not suit-
able in our problem and new radiation conditions are required. The uniqueness
of the radiation solution plays a key role in establishing the limiting absorp-
tion principle. To prove the uniqueness of the radiation solution, we make use
of the unique continuation property, which was recently obtained by the au-
thors. The study of this work is motivated by related inverse problems in the
anisotropic elasticity system. The existence and uniqueness of the radiation
solution are fundamental questions in the investigation of inverse problems.

1. INTRODUCTION

In this paper we investigate the uniqueness and existence of the radiation so-
lution for the two-dimensional steady-state elasticity system with inhomogeneous
anisotropic medium in an exterior domain. The main point is to establish the lim-
iting absorption principle for the related elastic operator. The limiting absorption
principle has been studied for many differential operators arising from mathemat-
ical physics. We refer to [10] and references therein for a more detailed discussion
of recent development.

Let © be an open exterior domain in R? with smooth boundary 9§ such that
R?\ Q C {|z| < Ro} for some Ry > 0. Here we do not exclude the case when
Q0 = R2. In this paper we consider the steady-state inhomogeneous anisotropic
elasticity system in §2

(1.1) V- (Cx)Vu) +wu=f inQ, w>0,
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148 GEN NAKAMURA AND JENN-NAN WANG

where C(z) = (Cjjri(2)) is the elastic tensor and u = [u, us]" is the displacement
vector. Here and further on we use the convention that all Roman indices are set to
be from 1 to 2. Also we would like to call to the reader’s attention that “2” denotes
the imaginary number y/—1. In (LI]) and what follows, we interpret (Vu)g, = jug,
(V-H); = Zj 0;h;; for any matrix function H = (h;;), and

(CH);; = Z Cijkih-
Kl

The elastic tensor C(z) is assumed to satisfy the full symmetry properties

(1.2) Cijri(z) = Cjiri(x) = Cryij(x) Vi,j4,k,l and z € Q

and the strong convexity condition, i.e., there exists a § > 0 such that for all x € Q
(1.3) C(x)E-E > J|E|?

for any symmetric matrix E. Furthermore, we suppose that for large |x| the medium
is homogeneous, namely, C(x) = C for |z| > R with some R > Ry. In order to
avoid clumsy notations, we will use C' (or Cjjx;) and C(z) (or Cyjri(x)) to denote
the homogeneous and the inhomogeneous tensor, respectively. Note that we do
not assume that the constant elastic tensor C' is isotropic. We recall here that the
elastic tensor C is called isotropic, if Cjjn = A0k + p(8;10:k + 0i10;%), where A
and p are Lamé parameters. To formulate the boundary value problem related to
(1), we impose on the boundary 9 the Dirichlet condition

(].4) u‘ag = O7
or the Neumann condition
(1.5) T(D, ’I’L)’U,|aQ = 0”I’L|aQ =0,

where 0 = (0;;) is the stress tensor defined by o;;(z) = >, Cijri(x)Ouy and n is
the unit outer normal of 0.

In order to motivate our study, let us briefly discuss the isotropic case. Here
the existence and uniqueness of the radiation solution to the exterior boundary
value problems have been established in [2] and [I0, Chapter 11]. The uniqueness
is assured by imposing appropriate radiation conditions at infinity, which are called
Sommerfeld-Kupradze radiation conditions (see [9]). The existence is shown by the
limiting absorption principle, which is proved by a general approach initiated by
Eidus [5]. Note that the results in [2] and [I0] are valid for two or three dimen-
sions. Besides the radiation conditions, one of the key ingredients in [2] and [10]
is the unique continuation property for the isotropic elasticity system. The unique
continuation property for this system has been proved by several authors; see for
example [I], [3], [I7], and [I§]. In contrast to the isotropic setup, the unique contin-
uation property for the general anisotropic elasticity system still poses a challenging
open problem. Recently, the authors succeeded in proving the unique continuation
property for the two-dimensional anisotropic system under some generic assump-
tions, which paves the way for establishing the limiting absorption principle and
which enables them to prove existence and uniqueness of the exterior boundary
value problem for the same system. The study of this work is motivated by related
inverse problems in the anisotropic elasticity system. The existence and uniqueness
of the radiation solution are fundamental to the investigation of inverse problems.
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LIMITING ABSORPTION PRINCIPLE 149

Although we assume that the elastic tensor C(z) is homogeneous for large |z,
it still preserves the anisotropic character. Therefore, the classical Sommerfeld-
Kupradze radiation conditions are not applicable in our case. In order to derive
suitable radiation conditions for the anisotropic system, we are led to analyze the
radiation pattern of the fundamental solution for L(D,w) := V - (CVe) + w?I =
L(D) +w?I. This is bound to be a complicated problem due to anisotropy. Never-
theless, when the slowness curves of the homogeneous system L(D,w)u = 0 satisfy
certain “good” conditions (see (2.3), (Z.4)), one can still analyze the radiation pat-
tern of the fundamental solution and derive appropriate radiation conditions. This
was done by Natroshvili in [14]. In fact, before Natroshvili’s work, Wilcox studied
the steady-state wave propagation problem in a class of anisotropic media governed
by first order systems of partial differential equations and derived similar radiation
conditions [20]. Working in the same first order systems, Schulenberger and Wilcox
also investigated the Rellich-type uniqueness theorem and the limiting absorption
principle when the medium is inhomogeneous [15], [16]. Perhaps the article [16]
is most closely related to the considerations of the present paper. Although the
elastic wave equations in an inhomogeneous anisotropic medium can be put into
a first order symmetric hyperbolic system [19], it is more natural to consider the
original second order system when we are dealing with the exterior boundary value
problem for the steady-state equations. On the other hand, the results in [16] (also
[15]) were proved by avoiding the point spectrum of the associated inhomogeneous
anisotropic operator due to the lack of the unique continuation property.

This paper is organized as follows. In Section 2, we recall some of Natroshvili’s
results that are needed later on. We also use this opportunity to briefly review
the unique continuation property proved by the authors. In Section 3, we formally
define the radiation solutions to the exterior Dirichlet and Neumann boundary value
problems and establish the uniqueness theorem. The limiting absorption principle
is then proved by means of several lemmas in Section 4. In Section 5 we discuss
the spectra of the exterior Dirichlet and Neumann operators.

2. PRELIMINARIES

2.1. Outgoing (incoming) fundamental solution. For the sake of complete-
ness, we give a brief review of Natroshvili’s results in [I4] about the outgoing (in-
coming) fundamental solution for the homogeneous system. Similar results can also
be found in [I2] and [20] for first order systems. Let us consider a homogeneous
elastic tensor C satisfying (I2)) and (L3]). Denote I'(z, w) the fundamental solution
of L(D,w), i.e.,

(2.1) L(D,w)T(z,w) = (L(D) + w*I)[(z,w) = §(2)I,

where L(D) is a matrix differential operator with components given by

Lix(D) = Z Cijr1050;.
7l

Taking the Fourier transform of (ZII), we obtain that

(I = LT (&,w) =1T.
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150 GEN NAKAMURA AND JENN-NAN WANG

Here the 2 x 2 matrix L() is described by
Lir(§) = Z Cijri&i&-
5
We now denote L11(€) = a(€), L12(§) = La1(§) = v(€), and L22(€) = B(€). From
([@3), it is clear that «(§) > 0 and 3(€) > 0 for all £ # 0. Define
(22) 6§ w) = det(w?I — L(€)) = a(§)B(E) — 7*(€) — w?[a(é) + B(E)] +w'.
Introducing the polar coordinates
51 = pCOSe, 52 = psjnoa
we get from (Z2]) that
o(&w) = pta)Bn) - p'y* () ~ w?laln) + Bm)]p” +*

k3 (0) = (26(n)) " {(a(n) + B(n)) + (=1)/(a(n) = B(n)? + 47> ()} > 0.

In the following, we will also denote p; = wk;. Let the curve S; be defined by
{(p,0) : p=wk;(#), 0 <6 < 2m}. Obviously, ¢(§,w) vanishes on the curve S;. We
now assume that

and
(2.4) Sy is a strictly convex curve.

Notice that the convexity of S; is also assumed in [I4]. However, this assumption is
redundant. The convexity of S; is a well-known property in the theory of anisotropic
elastic waves (see [4] for detailed arguments). From (23]) we can see that Vo (&, w) #
0 on S; for all j. Furthermore, it follows from ([2.4) that for any = # 0 there exists
a unique point &/ on S; such that the unit outer normal vector 7(¢7) of S; at &7
is parallel to z, denoted by 7(£7) || z. Since ¢(—¢€,w) = ¢(£,w), the normal vector
n(—¢&7) is equal to —n(¢7). In fact, in terms of ¢(£,w), the unit normal vector (;)
is given by

Sle N — (_1\] V(,ZS(EJ‘,W)
&) = U Ga o))

Moreover, it is readily seen that there exists positive constants §; and d2 so that

Based on conditions ([23) and (24)), Natroshvili constructed fundamental solu-
tions for L(D,w) by considering the limits of I'(z, 7.) as & — 0, where 7. = w+1¢,
and

L(D, )z, 7.) = (L(D) + 2D (z, 72) = 6(x)1.

In fact, by the light of Fourier transform, I'(z, 7.) is given by

Moom) = gz [ 07 @ mIL € m)etae,
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LIMITING ABSORPTION PRINCIPLE 151

where L*(¢,7.) is the adjoint of the matrix 721 — L(&), i.e.,
. _[2-8E) (9
P =" " =-at)

Here ¢(&, 1) is defined as in ([2:2) with w being replaced by 7.. It is easy to see that
the matrix I'(z,7.) € C(R?\ {0}) and, together with all its derivatives, decay
exponentially in |z| as |z| — oco. We now summarize Natroshvili’s results in the
following theorem.

Theorem 2.1 ([14, Theorem 7 & Corollary 8]). Assume that 23) and Z4) hold.
Then
(i) the limits

:I:lgilO Iz, 7.) =Ty (z,w)

exist for all x # 0 and uniformly in |x| > a > 0;
(ii) T+ (z,w) are fundamental solutions of L(D,w) defined by

Pa(r,w) = (2m) 2 / 1= BOIAT — ()] g

+m) 2. [ O - L) et
£(am) Y [ (YL Tolew)| e,

where h € C*°(R?) is given by

)1 for [¢] < co,
hE) = {O for €] > 2¢

with ¢g > 20sw, p.v. stands for the principal value, L*(&,w) is the adjoint of the
matriz w?I — L(€) defined similarly as above, dS; is the arc-length element of S;,
and moreover,

li(z,w) =Ti(~z,w) =Ti(z,w);
(ili) in the vicinity of the origin (0 < |z| < 1/2) the following estimates hold:
|8"(Fi(az,w)ff(x))| < CT|V\($)3 |V| =0,1,2,3,

where ro(z) = r1(x) = 1, ra(x) = In|z|~L, r3(x) = 2|71, and T'(x) is the funda-
mental solution of L(D), i.e.,

L(D)'(z) = §(x)I;
(vi) for sufficiently large ||, we have the following asymptotic behaviors:
Li(z,w) =3, Ix\*1/2R+,je”5j - O(|z|~2/3),
I (z,w) =Y, |z|7Y2R_ je7¢ + O(|z|~/3),
where & € S; with n(&7) parallel to x and
R () = Flo) = ()
| | Var R@)[Vo (e, w)]

where N(£7) is the curvature of S; at &7;

L€, w),
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(v) if y is in any bounded subset of R?, then we have that for any multi-indices

o,
3§35Fi(:c —yw) = Z 2| ~V? Ry (x)(j:gj)a(:Fé']')ﬁeﬂ:’b(zfy)gj +O(la2)
J

as |z| — oo.

Remark 2.2. T, (z,w) corresponds to the outgoing fundamental solution and
I'_(x,w) is the incoming fundamental solution.

Remark 2.3. In R2, the explicit form of I'(x) is given by
1
Fx:—/ In|n-z| L™ (n)dn
@)= |1 )
(see [0, Page 127]). It is easy to see that I'(z) = O(In|z|) near the origin.

Now we are ready to define the radiation conditions for the anisotropic elasticity
system L(D,w). Let u(z) be defined in Q and C! for large |x|. Then u(z) is
said to satisfy the generalized Sommerfeld-Kupradze outgoing (incoming) radiation
conditions if

u(a) =3, uP (@), w9 = O(|z|~1/?),
(2:9) O (@) — afu(w) = O(Ja| /%), Ji1 = 1.2,

hold, where & = [¢],&0]" is the vector on S; with 7(¢7) || z. When u(z) is a
vector or a matrix, we say that u(x) satisfies (23] if each component of u satisfies
@3). Tt is clear that Ty (z,w) (' (x,w)) satisfies the outgoing (incoming) radiation
conditions (Z.3)). Similar to the isotropic case, if u satisfies the radiation conditions
(Z3), then it has an integral representation. More precisely, let u € C1(Q) N H2(Q)
satisfy the radiation conditions (Z3) and L(D,w)u be compactly supported. Then

(2.6)
u(@) = [ Talo~ g LDywu)dy + [ {Lalo = )Ty n(w)uly)
Q a0
— [T(Dy,n(y))T+(z - y,w)]'u(y)}dS ¥z eQ

(see [14]).

2.2. Unique continuation property. Here we would like to state a recent unique
continuation result for the two-dimensional anisotropic elasticity system established
n [13]. Assume that € is any bounded open connected domain in R2. As before,
we suppose that the elastic tensor C'(x) satisfies the symmetry properties (2)).
Instead of the strong convexity condition (I3]), to guarantee the unique continuation

property, it suffices to impose the strong ellipticity condition on C(z), namely, there
exists & > 0 so that for any vectors a = [a1,az]’ and b = [by, by]" we have that

(2.7) Cijri(x)asbjarby > 8lal®[b®

for all z € . It is obvious that (L3) implies (Z71). For the regularity of C(z), we
assume that each component of C(z) is Lipschitz in €y. Denote

All = (Cilkl)a A22 = (CiQkQ); A12 =o + (I)t with ¢ = (Ci2k1)~

The following unique continuation result is proved in [13].
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Theorem 2.4. Let (a(x), z(z)) be an eigenpair of the quadratic matriz polynomial
A11p?® + Arap + Ao,
i.e.
(A11a2 + Ajsa + A22)Z =0 VzeQ.

Assume that a(zx),z(x) are Lipschitz and the matriz [z,Z] is nonsingular for all
x € Qo. Then the operator V - (C(z)Ve) + w?I possesses the unique continuation
property. In other words, if u € HE (Q) satisfies V - (C(z)Vu) + w?u = 0 in Qo
and u =0 in any non-empty open subset of Qg, then u =0 in Q.

The proof of Theorem [Z.4] relies on converting the two-dimensional elasticity
system V - (C(z)Vu) + w?u = 0 into a first-order elliptic system and using suitable
Carleman-type estimates.

3. EXTERIOR BOUNDARY VALUE PROBLEMS

In this section we would like to discuss the exterior boundary value problem
for the system (ILIl) with Dirichlet condition (I4]) or Neumann condition (LA in
more detail. Before doing so, we want to precisely state what conditions we will
impose on the elastic tensor C(z). We assume that C'(x) is a Lipschitz function in
Q satisfying the symmetry properties (L2]), the strong convexity condition (L3,
and C(z) = C for all |[z| > R > 0 for some constant anisotropic elastic tensor C.
Furthermore, we suppose that the assumptions in Theorem [Z4] hold for C(z) in
Qor = QN {|z| < 2R}, which guarantee the validity of the unique continuation
property in Qsp. In this section and the remaining sections, we always assume that
C(x) satisfies the above conditions.

In order to put the boundary value problem in the weak formulation, we define
two operators.

Definition 3.1. Let the bilinear form B(:,-) be defined by
B(u,v) :/ ZCijkl(x)aluk%dx = / Zaij%dx
Q ikl Q7
:/ C(x)e(u) - e(v)dz, Y u,v € HY(Q),
Q
where (e(u));; = (1/2)(0;u; + Oiu;).

(i) The operator for the Dirichlet boundary value problem is given by £ :
L?(Q) — L*(Q) with the domain

D(LP)={uec H}(Q): The L*N), Vvec HQ), B(u,v) = (h,v)}

and LPu = -V - (C(z)Vu) for u € C§(Q).
(ii) The operator for the Neumann boundary value problem is given by £V :
L?(Q) — L*(Q) with the domain

D(LY)={uec H'(Q): Ihe L*(Q), Vve HY(Q), B(u,v) = (h,v)}
and LNu = —V - (C(x)Vu) for u € C*>(Q).

It is not hard to see that £P and £V are symmetric and self-adjoint. Also, it
follows from Korn’s inequalities that the bilinear form is coercive in Hg () and
HY(Q).
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To formulate the exterior boundary value problem with radiation conditions, we
introduce two weighted Sobolev spaces. Let ¢ = (1 + |z|)~° with s > 1/2 and the
weighted inner product

(f,9) -y = (of, 09) + (oV f,0Vg) for f,g € H. ().
Denote

Hy'~*(Q) = completion of H} () and HY7*(€) = completion of H'(Q)
with completion being defined in terms of || f|| g1.-=(q) = (f, f)%ff @)

Definition 3.2. (i) A function v € Hy ™ *(Q) which is C* smooth for sufficiently
large |x| is called an outgoing (mcomlng) radiation solution of the Dirichlet problem
LPu—Pu=f
if and only if V ¢(z) € C§°(Q), B(u,v) — w?(u,v) = (f,7) and u satisfies the

outgoing (incoming) radiation conditions (2.5]).

(ii) A function u € H»~*(Q) which is C* smooth for sufficiently large |z| is called
an outgoing (incoming) radiation solution of the Neumann problem

LYy —w?u=f

if and only if V ¢(z) € C*°(Q)NCF(R?), B(u,v) —w?(u, ) = (f,1) and u satisfies
the outgoing (incoming) radiation conditions (Z3]).

Our first task is to show that the radiation solution is unique. For definiteness,
we consider the case of outgoing radiation solution for the Dirichlet problem. The

same method works for other types of solutions. To begin, we prove that a radiation
solution with homogeneous data decays at a rate O(|x|~3/2) at infinity.

Lemma 3.3. Let u(z) be an outgoing radiation solution of the homogeneous Dirich-
let problem, i.e. f =0. Then u(x) = O(|z|~%/?) as |z| — occ.

Proof. The proof of this lemma is inspired by the arguments in [I4]. Since C(z) = C
for |z| > R, using the representation formula (Z6]) in {|z| > R’} with R" > R and
taking into account of f = 0, we obtain that

(3.1)

u(z) = /E {Ti(2 —y.w)[T(Dy, n(y))u(y)] — [T(Dy, n(y))T+(z — y,w)]"u(y) }dS

for all |z| > R/, where ¥r/ = {|z| = R’} and n(y) = y/|y|. By the asymptotic
behavior of T'y (x — y,w ) (see (v) of Theorem [ZT]), we can see that

(3.2) (@ —yw Z o721 (¢, w)a; (€7, y)e s + O(|z|2)
and
[T(Dy, n(y))T+(z — y,w)]" = —[T(Da,n(y)) (2 — y, w)]'
B3 =Yl )T ) s (€ )e ™+ Ol ),
J
where a;(&7,y) is a scalar function. Substituting ([3.2) and (3.3)) into the represen-
tation formula BII), we get that

(34) @)=Y u? = Y] L(E W) H () + O] ),

J
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where H; = [hj1,hjo]" is determined by u on X Clearly u =3, ul) satisfies the
outgoing radiation conditions (2X]). Similarly, we can derive that

T(D,v)u( T(D,v) ZU(J)

3.5 j
o =13 AT A e+ O )
J

for any vector v(x).
Now letting R > R and using the Green formula in Q 5, we obtain that

[ @@ @)ute) 0@ - ule) - TO A s
(3.6) Pr

{T(D,n)u(x) - u(z) — u(z) - T(D,n)u(x)}dS =0
20
since u(xz) = 0 on 01, where n, as defined before, is the unit outer normal of 9.
Here we want to remark that the traction operator T" is defined in terms of the
inhomogeneous elastic tensor C'(z), which is homogeneous on ¥ 3 for all R > R. It
follows from (B.6]) that for sufficiently large ¢

20 -
(37) g/ / Y ATD,u® () - ul) () — u (@) - T(D,n)u® (z) }dSdR = 0.
Zh k,j

We first deal with the integrands in ) with k& # j. It is enough to consider

the term T(D,n)u® - u®. By the light of the radiation conditions ([Z), we can
deduce that

2 }
l/ / T(D,n)uM (z) - u® (z)dSdR

2[
é / / ZC”MZ')W ] ( )deR

g ijkl

20
(3.8) / / S Coan{ €1 ul (@) + Ol ~#/2) }u® (2)dSd R

Xi ijkl

2/
e/ /{ZAm ulP (2)u® (2) + O(j|~2)}dSdR

e/%/ S A ()ul” (Rl (Rm)dSdR + 0(¢Y),

Xg ik
where A;;, = Zjl Cijin;(1&}). Again, in view of the radiation conditions, we have
that
) (Bn) = O(R™2), B (Rn) — b )y = O(R=/2),

o () = O(R?), Bl (Ren) — ()l = O(F57%),
where 97 (n) = &7 - n. Recall that here &/ is the point on S; related to 7. Since S;
is strictly convex for each j, we can see that

@ (n) >0 and 9'(n) —9?(n) = (£' = &% n) #0 for all 1.
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‘We now compute

(3.9)
20 —~ B
) ZAW muf) (Rl (Rn)dsdR
L ik
e0dutn

T / 25/ 0 (n) — 92(n)

/”/ WH L B o) o) P s
Xz zk

[u?lug) (Rn)u§2) (Rn) + u,(cl) (Rn)zﬁauz@) (Rn)]|dSdR

\—/\_/

_L T M 0 W) B B
B /0 Z 2( )/£ = [u,,’ (Rn)w;” (Rn)|RdRd6

14 — 9 (n) — 92 (n OR
+0(™)
| A G [l ooy
L 0 (n) —92(n) ¢ " ’
+0(™
=0,
where in the third equality we have set n(f) = (cos6,sinf). Combining [B.8) and
B29) leads to
7 / / T(D,n)uM (x) - u® (x)dSdR = O(L™1)
¢ Jeg
and hence
1 2 o
(3.10) 7 / / T(D,n)u® (z) - ub) (x)dSdR = O(L™1)
¢ Jzg

for all k # j. Plugging 34), B3) into B7) and using (BI0), we obtain that
1 r2¢ B . oy _ P —
Z Dol T )L (€ w) Hy (&) - L (€0, w) H, (&)

+T(& )L (&, w)Hy (&) - L (&, w) H;(¢)]dSdR = O(¢7").
Letting ¢ — oo in (B11)) gives

2m
S [T () ) )

(3.11)

(3.12)
+T(&,n)L* (&, w)H;(&7) - L* (&, w) H,;(€7)df = 0.
Now it is useful to take a closer look at L*(&/,w). Since det(L*(¢%,w)) =

#(&7,w) = 0, the two column vectors of L*(£7,w) must be linearly dependent.

More precisely, let W(&,w) == [w? — B(€),7(€)]" and W?(&,w) = [y(§),w” — a(&)]*
be two column vectors of L*(§,w). Then there exists a scalar function ¢(§) such
that

W2(g,w) = c(@YWH(E, w).
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Therefore, we get that
(3.13)  L*(&,w)H;(&) = (hju (&) + c(€)hja (€)W (E,w) = v(E )W (7, w),

where v(&7) = hj1(€7) +c(€9)hj2(€7). Notice that W (&7, w) and W?(&7,w) are real
vectors. Substituting (3I3)) into the formula BI2) yields

) X [ @ W) wHE i)l = o.

It has been shown in [I4] (see the proof of Lemma 12 there) that
T(é-j,n)Wl(é'j,w) ’ Wl(fjvw) >0V n,
which immediately implies v(£7) = 0. From the asymptotic formula of u (see (3.4)),

we now conclude that u(x) = O(|z|~3/?). O

Now we are at a position to prove the uniqueness of the outgoing radiation
solution for the Dirichlet problem. As mentioned before, the same proof can be
applied to other types of solutions.

Theorem 3.4. There exists at most one outgoing radiation solution for the Dirich-
let problem.

Proof. Tt suffices to prove that if u(z) € Hy'~*(Q2), which is C* for |z| large, satisfies
LPu — w?u = 0 and the radiation conditions, then u(z) = 0 in Q. It follows from
Lemma B3] that

u(z) = o(|z|V/?) as |z| — oo
Since C(z) = C for |z| > R, u(x) is in fact C*° in {|z| > R}. Let x(z) = x(|z|) €
C>(R?) satisfy

1 in |z|>3R/2.
Then v(z) = x(z)u(z) € C(R?) satisfies
(3.15) v(z) = o(|lz| V%) as |z| — o

(@) = {0 in |z| <5R/4,

and

L(D,w) = (L(D) + w’Iv(z) = g(x),
where supp (9) C {|z| < 3R/2}. Define the differential operator L*(D,w) with
symbol L*(§,w). It is readily seen that

L*(D,w)L(D,w)v = ¢(D,w)v = L*(D,w)g =: g,

where ¢(D,w) is the differential operator (scalar) with symbol ¢(§,w). Likewise, we
have supp (§) C {|z| < 3R/2}. Having conditions (23], (24) and the asymptotic
formula (BI5]) in mind, we now apply Littman’s result [11], which is a generalization
of Rellich’s result, to conclude that

u(x) =v(x) =0 in {|z| > 3R/2}.

Now by the unique continuation property, we have that u(z) = 0 in 23z and thus
u(x) = 0 in Q. To use the unique continuation property, we need u(z) € H*(Qar),
which is guaranteed by the elliptic regularity theorem with Lipschitz coefficients
Cijm(z) [1].
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4. LIMITING ABSORPTION PRINCIPLE

The main theme of this paper is to prove the following theorem.

Theorem 4.1 (Limiting absorption principle). Let C D QT := (wg,w1) x 2(0,¢),
where 0 < wy < wy and € > 0. Assume f € L2(Q) := {f € L*(Q) : supp (f) is
compact}. Then the map

R(): Q" — Hy ()
defined by R(2)f = (LP — 2)71f is uniformly continuous.

Remark 4.2. Likewise, we can prove that R(-) : Q= — Hy  *(Q) is uniformly

continuous by the same arguments, where Q@ := (wp, w1 ) X1(—¢,0). Also, the same
conclusion holds when £P is replaced by £V with H& ""%(Q) being substituted by
HY=5(Q).

Theorem £ will be proved below by a series of lemmas. We first need a uniform
estimate of the fundamental solution I'(x,+/¢) with ( € Af ={( € C:|( —&| <
6,Im ¢ > €0}, where g9 > 0, k > 0, and § is sufficiently small so that 0 ¢ AZ . Here
V/C is taken with positive imaginary part. Recall that T'(z,/C) is defined by

Do V/0) = g [ (€T = Le) e
Lemma 4.3. Let v be any multi-index. Then

(i) foreg > 0, 0"T(z,/C) is a continuous function in R*\{0} x AL and converges
to zero more rapidly than any power of |x|~1 as |x| — oo, where the convergence is
uniform in AL ;

(ii) for g = 0, *T'(z, /<) = O(|z|~*/?) as |z| — oo uniformly for z/|z| and in
AY, where A{ is defined as AL, with e = 0.

Proof. This lemma can be proved by methods in [12], where the same results were
shown for first order systems of partial differential equations. Here we only sketch
some crucial steps and refer to [I2] for more details. To establish (i), we observe
that for eg > 0

(a) ¢ (CT — L(€))~" is a continuous function of (&,¢) in R? x A ;

(b) for any &, (¢CI — L(£))~" is an analytic function of ¢ in AJ;
(c) there exists a constant ¢, such that

¢ (T = L) < e (L [€)) >,

Then (i) is an easy consequence of Lemma 3 in [12].
To prove (ii), we first observe that

det(\? = L(§)) = a(§)P ( )—72(6) [a( )+ BE)]+ A
()\ A()?)(A? = X (6)?)
= A+ ()N - )\1( DA+ A2(E)) (A = A2(8)),

where A;(€)2 = {(a(¢) + A(€)) + (~1)/v/(a(6) = BE)” + I2(©)}/2 > 0 for al
¢ # 0. It is clear that \;(£)? is homogenous of degree 2 and therefore \;(£)(> 0)
is homogeneous of degree 1. In view of [23) and ([Z4), the two curves defined by
{€ e R?: \;(€) = 1},j = 1,2, are strictly convex and nonintersecting. Now we can
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express (A\2I — L(£))~! by the method of partial fraction, namely,
(N2 - L(¢)) ™
= (det(NI = L(€))) ' L* (£, 1)

o PO P
“LEE ;

A+ 2(E)

where Pji(ﬁ) = £2X;(&) 7L (&, \;(€)) are C functions in R?\ {0}. Therefore, we

have that
1 Pl (¢) P (€)
(4.1) I(z,1/¢) = —/ {—= + =1 Je'edg.
i Jo 2 TN @ T @
The integral on the right side of (1) is exactly the one studied in [12]. Thus, (ii)
follows directly from the main theorem in [12]. O

Remark 4.4. As for the local behavior of I'(x, /) near 0, it is not hard to check

that

(4.2) I'(z,1/C) = O(In|z|)

and

(4.3) O"T(z,\/¢) =O(z|7Y) Vv =1,

uniformly for ¢ € AZ.
By means of Lemma [£3] we can prove that

Lemma 4.5. There exist a number R’ > 0 and a constant ¢ > 0 such that for all
¢ € Ay and all u(x) € D(LP) satisfying

LPu—Cu=feL?Q),
we have
(4.4) lullzrr.—=@) < clllullzz@p) + 1 fl2(0))-
Proof. Let ¢ € C*(R?) satisfy p(z) =0 for |z| < R+1; =1 for |x| > R+ 2. Then
~[L(D, VO (pu)); = [(=L(D) = ¢I)(pu)];
== Ciju(){0;010ux + O1pdjur + 0;001ui} + o f;

(4.5) Ikl
== Ciji{0;01pur + 0100 ur + 9;001ui} + o f;
ki
= Gi-
The right-hand side of ([@H) has compact support. It is clear that

(4.6)  pu(z)=— /RZ T(z—y,/Qgly)dy = — /}C I'(z —y,\/Qg(y)dy,

where K = {R+1 < |z| < R+ 2} Usupp (f) is a compact set in 2. We want to
estimate

louln oo = /Q P (ul? + |V (pu) ) dz.
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In view of ([6) and using (ii) of Lemma 3 and [@2]), we immediately have that

(4.7) /Qz\gou|2dx§01/ lg|>dz.
Q Q
Next, let Ky be a bounded open neighborhood of . Then
2 27, 2 2
[ @VeuPds = [ 21 [ Ve y gtdyPds
Q Q K
— [ &1 [ Vil - Vg
[2lVe K

+/}CO aﬂ/}cva(I—% VO g(y)dy|?dax
= IT+1II.

(4.8)

Using (ii) of Lemma (3] again, we get that

(4.9) I< 02/ lg|>da.
Q
On the other hand, we can estimate
II < 03/ \/ |z —y| ™ g(y)dy|*da
Ko Ko
<c [ ([ lowPle -yl ([ o=l dyis

Ko Ko Ko
(4.10) <a [ [ lowPle—yldady

Ko /Ko

SC5/ lg(y)[*dy
Ko

< s / l9l*dy.
Q
Combining (@), [E8), ([£9), and [EIQ) yields

loull -0y < csllgllL2(o)

and therefore
(4.11)

lull z1-s ) < lloullar—s@) + 11— @)ullgr-s) < cr(llullmr@pre) + 1fll2@)-

Now let @(x) € C§°(R?) be a real-valued function with supp (@) C {|z| < R+3}
and @¢(z) =1 on {|]z| < R+2}. Then by Korn’s inequality and the strong convexity
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condition, we get that
(4.12)
IVullZ2 (0,0 < IV(@W)72(q) < cs B(@u, gu)
= CS/ZCijkl(x)al((ﬁuk)aj((ﬁui)dx
ijkl
= cs / > Cijra(2){01¢0; purl; + GO purdiu; + $O; PTG + G Oyupdyu; yda
ijkl

= cg / Z Cijkl(:c)aléajgﬁukuﬁdm + 68/2 / Z Cijkl(a:)alukﬁj(@%i)dx

ijkl ijkl

+Cg/2/Zal((ﬁZ’uk)Oijkl(x)ajuidx

ijkl
=cs / Z Cijni (@) 01205 purtiyda + cs/2(Cu+ f, @u) + cg/2(P%u, Cu + f)
ijkl
< eo([[ullfa(@p.s) + 117200 0)-
Substituting ([@I2]) into [@IT]) immediately gives (). O
Remark 4.6. Using (i) of Lemma B3] we can replace ||ul|g1,—+q) by [|ullg1(q) on

the left-hand side of (#.4)) and the estimate is uniform with respect to ¢ € A, with
o > 0.

Remark 4.7. Lemma[.3is also valid for the Neumann problem £V. The boundary
data only play a role in (@I2), which is satisfied for zero Neumann data. Also, we
use Korn’s (second) inequality in this case. Consequently, we get an extra term
||<,5u||2LQ(Q), but it does not affect the estimate (4.

Now we are ready to prove Theorem [£.11

Proof of Theorem 4.1l We prove this theorem by a contradictory argument. The
similar approach was also used in [2] and [I0]. Let the theorem be not true. Then
there exist two sequences {un}, {u),} C Q% such that

1
i = p| < = and [ Rpn) f = Rlpp) fll 20 = ¢ > 0.

Assume that j,, — pu € QF. Denote u,, = R(u,)f and v/, = R(u,)f. Since L is
self-adjoint, the resolvent R(¢) with Im¢ # 0 is a bounded operator in L?(Q). It is
readily seen that u,,u,, € HE () € Hy (). We first want to claim that

(4.13) sup [[un || g1.-s (o) < oo

We give an indirect proof of (LI3]). Suppose that (£I3]) does not hold. Then
there exists a subsequence of {u,}, still denoted by {u,}, such that

lim ||unHH1,75(Q) = 0Q.
n—oo

Define wy, = upn/||tn | g1.-5(q); 80 ||wnllg1.-s) = 1. Therefore, by Rellich’s com-
pactness theorem, there exists a subsequence of {w,}, denoted by {w,} as well,
such that

wy, —w in L*Qg,).

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



162 GEN NAKAMURA AND JENN-NAN WANG

Also, w,, solves
(4.14) LPw, — ppw, = F/unllmr-s) =: fn,

where supp (f,) = supp (f). By choosing Ry > R’ with R’ given in Lemma
and using Lemma B35, we obtain that [[w, — w||g1.-s(0) — 0 and w € Hy 5(9).
Moreover, for any p(z) € C5°(2), we have that

B(w, ) = p(w, ) = T {B(wn,¢) = pn(wn, p)} = lim (fn,¢) = 0.
In other words, w satisfies
(4.15) LPw — pw = 0.

Now if Imyu # 0, then ||w, — w|z: — 0 and w € H} () (see Remark [A0), i.e.
w € D(LP). Hence w must be zero. This leads to a contradiction since

[wllzr-e) = nh_)néo lwnll -5y = 1.

On the other hand, for the case Im p = 0, we aim to show that w satisfies the
radiation conditions. To this end, let supp (f) C {|z| < Rz} for some Ry > 0 and
¢(r) € C*(R?) satisfy

0 in A|z| < Ra},
§(ZII) _ . {‘ | = 2}
1 in {|z| > Ra+1}.
Doing the same computations as in (@3H]), we can deduce that
~L(D)(swn) — pin(swn) = g(x,wn, Vw,) in R?

where g(z,wy,, Vw,) contains 8w, (x) for |v| <1 and is supported in {R; < |z] <
Ry + 1} =: K (see the right-hand side of ([£H])). Note that g does not involve f,
since ¢ f,, = 0. Therefore, w,, can be represented by

(4.16) Swn(z) = — /K P(@ — o /)94 wn(9), Vion(y))dy.

Clearly, g(x,w,, Vw,) — g(z,w,Vw) in L?(K). Recall that I'(z, \/i,) converges
to I'y (x, /i) uniformly in || > a > 0 (see (i) of Theorem T)). Therefore, taking
n — oo in ([@I6) gives

w(z) = sw(z) = - /K Iy (@ — D)9y, w(y), Vo(y))dy

for any x in {|z| > Ry + 2}. Now it is easy to see that w(z) satisfies the radiation
conditions (Z8]). That is, w(x) is an outgoing radiation solution of (@I%). By the
uniqueness theorem, we obtain w(z) = 0, which is impossible since ||w|| g1.-+ (o) = 1.
Thus, [@I3) holds. Likewise, we can show

(4.17) sup [Juy, || 2. -+ () < oo.
n
In view of ([@I3]), (AI7) and using Rellich’s compactness theorem and Lemma 5]
again, we can prove that there exist u,u’ € Hé’_S(Q) such that
un — ullgr—s) — 0 and |juy, — /|| g1,-(0) — O,

where, as usual, {u,} and {u]} represent subsequences. Going over the same
arguments as above, we immediately obtain that u and u’ are solutions of £LPu —
pu = f and satisfy the outgoing radiation conditions if Im p = 0. Therefore, we
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must have u = v'. But this is not possible since ||u — /| g1.-s(q) > ¢ > 0. The
proof of Theorem 4.1l is now complete. O

From Theorem [£.1] and its proof, we immediately have that

Corollary 4.8. There exists an outgoing (incoming) radiation solution to the ex-
terior Dirichlet or Neumann boundary value problem for f € L2().

5. DISCUSSION OF THE SPECTRUM OF LP axp £V

With the help of the limiting absorption principle, we want to show that all
spectrum of £P and LN are absolutely continuous spectrum. It suffices to prove
that HE = L*(Q) and HY. = L?(Q), where H2 and H[Y. are called the subspaces
of absolute continuity of L and LV, respectively. We refer to [§] for the definition
and other properties of the subspace of absolute continuity.

To begin, we observe that s(£P”) C R and s(£LY) C R because they are self-
adjoint. Here and below, s(-) denotes the spectrum of the operator. Now let
—A < 0. Then we get from Korn’s inequality that for u € H{(£2)

Blu,u) + Aullfzy = ¢ > 10" ull720) + MlullF2q) > min{e, A}l 7 g,
lv|=1
which implies s(£L”) C [0,00). Similarly, using Korn’s inequality for u € H*(Q),
we can derive
B(u,u) + AMull72 ) >e(c /”uHHl(Q NHUHLz @) +)‘||u||L2(Q
=é&c ”uHHl(Q) +(A—ed )HUHL?(Q)a

where ¢/ > 0, ¢” > 0, and 0 < € < 1. Taking ¢ sufficiently small so that A—ec” > 0,
we obtain s(£Y) C [0, ).

Theorem 5.1. HD =HY = L3(Q) and 5,.(LP) = 5,.(LY) = [0,00). Here s,4.(-)
denotes the absolutely continuous spectrum of the operator.

Proof. We will prove this theorem for £”. The proof for £V is similar. To show
HE = L?(Q), it suffices to prove that f € L2(2) belongs to HZ) since HL, is closed
in L2(Q) and L?(Q) is dense in L?(Q).

Now let {E()\)} be the spectral family for the self-adjoint operator £P. Then
E(\) satisfies

(a) E(\) =lim. g+ E(A+¢) = E(A+0);

(b) E(—=0) = limy_,o- E()\) = 0, for s(LP) C [0, 00);

() (BN, f)= HE()\)fH%Q(Q) > 0 is nondecreasing in A and

Jlim IEN) fIIZ20) = I1E(c0) fll72(0) = 11720

(see [8]). Let A > Ao > 0. Then by Stone’s formula we obtain that

A
(51)  (EQ) - EQo)lf. f) = lim —— A ([R(z + 1) - R(z — 1)}, f)da

e—0+ 2m1 [y,

Theorem [.]] asserts that
([R(z +1¢) = R(z —e)lf, ) = ([RT(2) = R (2)If, f)
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uniformly on [\, ], where R*(z) = lim._,o+ R(z £ 1e). Therefore, interchanging
the limit and the integral in (B.]) gives

1 A
(5-2) ([E(N) = E()lf, ) / ([RT(2) = R™(2)]f, fdz.

21 o

Because the left-hand side of (52)) is nonnegative, nondecreasing, and continuous
in A\, we can assume that

(R (2) = R™(2)]f. f) =1G()

for some nonnegative function G(z). Taking Ao — 0 leads to

(EWFf) = = / G(2)dz.

™

It is clear that G(z) € L'((0,00)) because of (¢). Extending G(z) = 0 for z < 0,
we obtain that

A
(E()\)ﬂf):%/o G(z)dz VAeER,

and thus (E()\)f, f) is an absolutely continuous measure, i.e. f € HL. As men-
tioned above, this implies H2 = L2(£2). In other words, the subspace of singularity
HP is {0} and we have s,.(LP) = [0, 00). O

Corollary 5.2. There exists no embedded eigenvalue for LP and LN .
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