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ANALYSIS OF
TRANSIENT ACOUSTIC SCATTERING BY AN ELASTIC OBSTACLE*

PELJUN LI AND LEI ZHANGH#

Abstract. Consider the scattering of an acoustic plane wave by a bounded elastic obstacle which
is immersed in a homogeneous medium. This paper concerns the transient analysis of such a coupled
acoustic-elastic wave propagation problem. A compressed coordinate transformation is proposed to
reduce equivalently the scattering problem into an initial-boundary value problem in a bounded domain
over a finite time interval. The reduced problem is shown to have a unique weak solution by using
the Galerkin method. The stability estimate and a priori estimates with explicit time dependence are
obtained for the weak solution. The proposed method and the reduced model problem are useful for
numerical simulations.
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1. Introduction

Consider the scattering of a time-domain acoustic plane wave by a bounded pene-
trable obstacle which is immersed in a free space occupied by a homogeneous acoustic
medium. The obstacle is assumed to be made of a homogeneous and isotropic elas-
tic medium. When the incident wave hits on the surface of the obstacle, the scattered
acoustic wave will be generated in the open space. Meanwhile, an elastic wave is induced
inside the obstacle. This scattering phenomenon leads to an acoustic-elastic interaction
problem. The surface divides the whole space into the interior and exterior of the ob-
stacle where the wave propagation is governed by the elastic wave equation and the
acoustic wave equation, respectively. The acoustic and elastic wave equations are cou-
pled on the surface through two continuity conditions: the kinematic interface condition
and the dynamic condition. The dynamic interaction between an elastic structure and
surrounding air or fluid medium is encountered in many areas of engineering and in-
dustrial design and identification [15,17,35,37], such as detection of submerged objects,
vibration analysis for aircraft and automobiles, and ultrasound vibro-acoustography.

The acoustic-elastic interaction problems have continuously attracted much atten-
tion by many researchers. There are a lot of available mathematical and numerical re-
sults, especially for the time-harmonic wave equations [8,11,16,26,28-30,33,39,40,43].
The time-domain problems have received considerable attention due to their capabil-
ity of capturing wide-band signals and modeling more general material and nonlinear-
ity [4,38,42]. Many approaches are attempted to solve numerically the time-domain
problems such as coupling of boundary element and finite element with different time
quadratures [12,14, 18,27, 34,40]. Comparing with the time-harmonic scattering prob-
lems, the time-domain problems are less studied due to the additional challenge of the
temporal dependence. The analysis can be found in [6,19, 20, 32] for the time-domain
acoustic and electromagnetic scattering problems. We refer to [21] and [22] for the
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mathematical analysis of the time-dependent elastic scattering problems in unbounded
structures.

The wave scattering usually involves exterior boundary value problems such as the
acoustic-elastic interaction problem which is discussed in this paper. The unbounded
domain needs to be truncated into a bounded one. Therefore, appropriate boundary
conditions are required on the boundaries of the truncated domains so that no artificial
wave reflection occurs. Such boundary conditions are called transparent boundary con-
ditions (TBCs) or non-reflecting boundary conditions [36]. They are the subject matter
of much ongoing research [1,23-25]. The research on the perfectly matched layer (PML)
technique has undergone a tremendous development since Berenger proposed a PML
for solving the Maxwell equations [3,41]. The basic idea of the PML technique is to
surround the domain of interest by a layer of finite thickness fictitious material which
absorbs all the waves coming from inside the computational domain. When the waves
reach the outer boundary of the PML region, their values are so small that the ho-
mogeneous Dirichlet boundary conditions can be imposed. Comparing with the PML
method for the time-harmonic scattering problems, the rigorous mathematical analysis
is much more sophisticated for the time-domain PML method due to the challenge of
the dependence of the absorbing medium on all frequencies [5,7,9, 10, 31].

Recently, Bao et al. have done some mathematical analysis for the time-domain
acoustic-elastic interaction problem in two dimensions [2]. The problem was reformu-
lated into an initial-boundary value problem in a bounded domain by employing a
time-domain TBC. Using the Laplace transform and energy method, they showed that
the reduced variational problem has a unique weak solution in the frequency domain
and obtain the stability estimate for the solution in the time-domain. A priori esti-
mates with explicit time dependence were achieved for the solution of the time-domain
variational problem. In addition, the PML method was discussed and a first order sym-
metric hyperbolic system was considered for the truncated PML problem. It was shown
that the system has a unique strong solution and the stability is also obtained for the
solution.

In this paper, we carry out the mathematical analysis for the two- and three-
dimensional acoustic-elastic interaction problems by using a different method. It is
known that waves have finite speed of propagation in the time-domain, which differs
from the infinite speed of propagation for time-harmonic waves. We make use of this
fact and propose a compressed coordinate transformation to reduce the problem equiv-
alently into an initial-boundary value problem in a bounded domain. Given any time 7,
we consider the problem in the time interval (0,7]. The method begins with construct-
ing an annulus to surround the obstacle. The inner sphere can be chosen as close as
possible to the obstacle, but the radius of the outer sphere should be chosen sufficiently
large so that the scattered acoustic wave cannot reach it at time t=7T. Hence the ho-
mogeneous Dirichlet boundary condition can be imposed on the outer sphere. Then we
apply the change of variables and compress the annulus into a much smaller annulus by
mapping the outer sphere into a sphere which is slightly larger than the inner sphere
while keeping the inner sphere unchanged. The reduced problem can be formulated in
a compact domain where the obstacle is only enclosed by a thin annulus. Based on
the Galerkin method and energy estimates, we prove the existence and uniqueness of
the weak solution for the corresponding variational problem. Furthermore, we obtain
a priori estimates with explicit dependence on the time for the pressure of the acoustic
wave and the displacement of the elastic wave. The method does not introduce any ap-
proximation or truncation error. It avoids the complicated error or convergence analysis
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which needs to be carefully done for the TBC or PML method. Therefore, the reduced
model problem is potentially suitable for numerical simulations due to its simplicity and
small computational domain.

The paper is organized as follows. In Section 2, we introduce the model equations for
the acoustic-elastic interaction problem and propose the compressed coordinate trans-
formation to reduce the problem into an initial-boundary value problem. Section 3 is
devoted to the analysis of the reduced problem, where the well-posedness and stability
are addressed, and a priori estimates with explicit time dependence are obtained for the
time-domain variational problem. The paper is concluded with some general remarks
in Section 4. To avoid distraction from the main results, we present in the Appendices
the details of the change of variables for the compressed coordinate transformation.

2. Problem formulation

In this section, we introduce the problem geometry and model equations, and pro-
pose a compressed coordinate transformation to reduce the acoustic-elastic scattering
problem into an initial boundary value problem in a bounded domain over a finite time
interval.

2.1. Problem geometry. Consider a bounded elastic obstacle which may be
described by the bounded domain D C R¢ with a Lipschitz continuous boundary 0D,
where d=2 or 3. We assume that D is occupied by an isotropic linearly elastic medium
which is characterized by a constant mass density ps >0 and Lamé parameters A, u
satisfying >0, A+ >0. The obstacle’s surface divides the whole space R? into the
interior domain D and the exterior domain R?\ D. The elastic wave and the acous-
tic wave propagates inside D and R%\ D, respectively. The exterior domain R%\ D is
assumed to be connected and filled with a homogeneous, compressible, and inviscid
air or fluid with a constant density p; >0. It is known that the acoustic wave has a
finite speed of propagation in the time-domain. Hence, for any given time T >0, we
may always pick a sufficiently large R>0 such that the acoustic wave cannot reach
the surface dBr={z€R%:|z|=R}. Denote the ball B,={z€R%:|z|<a} with the
boundary 0B, ={x€R?:|z|<a}, where a>0 is a constant such that D C B,. Usu-
ally we have a<< R. Let b be an appropriate constant satisfying a <b< R. Define
By={rcR%:|z|<b} and 0B, ={rcR%:|z|=b}. We shall consider a compressed co-
ordinate transformation which compresses the annulus {z € R?:a < |z|< R} into the
much smaller annulus {x € R?:a<|z|<b} by mapping dBpr into dB;, while keeping
0B, unchanged. Then the acoustic-elastic interaction problem will be formulated in
the bounded domain Bj. The problem geometry is shown in Figure 2.1.

2.2. The model equations. Let the obstacle be illuminated by an acoustic
plane wave p"¢(x,t) =9(ct —x - d), where ¥ is a smooth function with a compact support
and d € S9! is a unit propagation direction vector. The acoustic wave field in R?\ D is
governed by the conservation and the dynamics equations in the time-domain:

Vp(z,t)=—p1ow(z,t), EpiV-v(z,t)=—0p(x,t), x€RI\D, t>0, (2.1)
where p is the pressure, v is the velocity, p; >0 and ¢>0 are the density and wave

speed, respectively. Eliminating the velocity v from (2.1), we may easily verify that the
pressure p satisfies the acoustic wave equation

1 _
gafp(x,t)pr(x,t):O, zeR¥\D, t>0. (2.2)
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Fic. 2.1. Problem geometry of the acoustic scattering by a bounded elastic obstacle.

The scattered field p*® =p —p"© is excited due to the interaction between the inci-
dent field and the obstacle. It follows from (2.2) and the expression of the plane incident
wave p'¢ that the scattered field p*¢ also satisfies the acoustic wave equation

1 _
gafpsc(a:,t)—Apsc(a:,t)zO, zeRI\D, t>0. (2.3)

By assuming that the incident field vanishes for ¢ <0, i.e., the system is assumed to be
quiescent at the beginning, we may impose the homogeneous initial conditions for the
scattered field

Psc|t:0 = 3tpsc\t:0 :0 in Rd\D

Since the acoustic wave in (2.3) has a finite speed of propagation, for any given time
T >0, we may always pick a sufficiently large R>0 such that the scattered field p*°
cannot reach the surface OB, i.e., the homogeneous Dirichlet boundary condition can
be imposed

p*=0 on 0Bgrx (0,T].

Recall that the domain D is occupied by a linear and isotropic elastic body. Under
the hypothesis of small amplitude oscillations in the obstacle, the elastic wave satisfies
the linear elasticity equation

V-o(u(z,t)) —p20?(u(z,t)) =0, zecD, t>0. (2.4)

where w= (uy,...,uq) " is the displacement vector, p; >0 is the density, and the Cauchy
stress tensor o is given by the generalized Hooke’s law:

o(u)=2pe(u)+tr(e(u))l, e(u)= %(Vu-l— (Vu)'). (2.5)

Here the Lamé constants p, A satisfy pu>0,A4p >0, I is the identity matrix, e(u) is
known as the strain tensor, and Vu is the displacement gradient tensor defined by

(9951111 axdul
Vu=
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Substituting (2.5) into (2.4), we obtain the time-domain Navier equation
pAu(x,t)+ A+ p)VV -u(w,t) — pediu(z,t)=0, x€D, t>0.

Since the system is assumed to be quiescent, the displacement vector is constrained by
the homogeneous initial conditions:

w(z,t)|i=0 = Ou(z,t)|1=0 =0, z€D.

To describe the coupling of acoustic and elastic waves at the interface, the kinematic
interface condition is imposed to ensure the continuity of the normal component of the
velocity on 0D:

np-v(z,t)=np-du(z,t), xz€ID, t>0,

where mp is the unit normal vector on 0D pointing towards R?\D. Noting
—p10yv(z,t)=Vp(z,t), we have

6nDp(xat) =np 'Vp(xvt) =—p1np -615211/(3?,75), r€dD, t>0.
In addition, the following dynamic interface condition is required
—p(z,t)np = ponu(z,t) + A+ p)(V-u(z,t))np, x€dD, t>0.

To summarize, the acoustic scattering by an elastic obstacle can be formulated as an
initial boundary value problem in the bounded domain Bg over the finite time interval
(0,7):

Lop—Ap=0, in Br\ D x (0,7,

p=p™, on dBg x (0,7,

ple=0=0¢plt=0 =0, in Bp\ D,

pAU+ (A +p)VV -1 — padiu=0, in D x (0,7, (2.6)
u|t=0 = Opuu|4=0 =0, in D,

Onpp=—pinp-Oiu on 9D x (0,7,

—pnp =puOn,u+ (A+p)(V-u)np, on D x (0,T).

Now we introduce some useful notation. The scalar, vector, and matrix real-valued
L? inner products are defined by

(a,b)D:z/abdx, (a,b)Dzz/a-bdx7 (A,B)D::/A:de,
D D D

where the colon denotes the Frobenius inner product of square matrices, i.e., A: B=
tr(ABT). When using complex-valued functions, the complex conjugate will be used
as needed. Let € be a bounded open domain with Lipschitz boundary 90f2. Denote by
L?(Q) the space of square integrable functions in € equipped with the norm ||-|| L2(Q)-
Let H*(§2),s €R be the standard Sobolev space equipped with the norm |- ||z (q)-
Denote L*(D)=L*(D)*¢, H' (D)= H'(D)%, and L?(0D) = L?*(dD)%, which have norms
characterized by
d d d
||U||2Lz(D) = Z [|u; ||i2(D)a ||U||%11(D) = Z [lw; H?{l(p)a ||UH3:2(6D) = Z [|u ||%2(8D)'
J=1 Jj=1 j=1
The 2-norm of the gradient tensor is defined by

d
||vu||%2(D)d><d:Z/D|V'U/j‘2d.’f.
j=1
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2.3. The reduced problem. In this section, we propose the compressed co-
ordinate transformation to reduce equivalently the acoustic-elastic interaction problem
(2.6) into an initial boundary value problem in a much smaller domain By. Although R
is chosen to be large enough so that the scattered wave cannot reach dBpg, b does not
have to be large as long as b>a. The width of the annulus b—a can be small and the
annulus By \ B, can be put as close as possible to enclose the obstacle D, which makes
it particularly attractive for the numerical simulation.

Consider the change of variables

where

£(r)

n(r)= b= (R0 T (=) E(r)=a*(R—b)+r(a*+(b—2a)R).

A simple calculation yields

(R—a)*(b—a)’

1= R0 1 -0

It is clear to note that

n(a):a’ n(b):Ra 77/(@)21,

which imply that the function ¢ € C'*[0,b] is positive and monotonically increasing, i.e.,
¢>0 and ¢’ >0. Hence, the transform ¢ keeps the ball B, to itself while compresses
the annulus Bgr\ B, into the annulus By\ B,. Define Q=B;\ D and its boundary
IN=0DUJBy.

Let v be the transformed scattered field of p under the change of variables. It follows
from the Appendices that v satisfies

B

§8t2v—V~(MVv) =0 in Qx (0,77,

where the variable coefficients

¢ .
_« _olre 0 T __|cosfl —sinf B
'B_T’ M=Q 0 %4/ Q@ @=lgng cosp | ford=2
and
¢2 ng, 00 sinf cosy cosfcosp —sinp
B==%, M=Q| 0 "0 QT, = | sinfsinp cosfsing cosp for d=3.
" 0 0¢ cost —sinf 0

Here (r,0) and (r,0,¢) are the polar and spherical coordinates in the two- and three-
dimensions, respectively. It is easy to note that 3 is a continuous positive function, @) is
an orthonormal matrix, and M is a symmetric positive definite matrix with continuous
matrix entries. The details are given in the Appendices.
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For the given p™®, there exists a smooth lifting vy which has a compact support
contained in  x [0,7] and satisfies the boundary conditions vy =p™° on 9B;,. Hence we
may equivalently consider the following initial boundary value problem

B

gﬁfp—v-(MVp):f in Qx (0,77, (2.7a)
p=0 on OBy x (0,7, (2.7b)
Pli=o=9, Oipli=o=h in Q, (2.7¢)
pAU+ A+ p)VV -1 —pdiu=0 in D x (0,7, (2.7d)
Ult—o =0ru|t—0 =0 in D, (2.7¢)
Onpp=—pinp-0lu, on 0D x (0,7, (2.71)
—pnp=uln,u+A+p)(V-u)np on 0D x (0,T]. (2.7g)

where feL2(Q),g€ H} (Q):={ue H(Q):u=0 on dB,},he L2().

3. Well-posedness
In this section, we examine the well-posedness of the reduced initial-boundary value
problem (2.7) and present a priori estimates for the solution.

3.1. Existence and uniqueness. Taking the inner products in (2.7a) and
(2.7d) with the test functions ¢ € H(Q) and v e H'(D), respectively, we arrive at the
variational problem: to find (p,u) € H}(Q) x H*(D) for all t >0 such that

B

C—Q(afp,q)g—(v(MVp)aQ)Q:(qu)Q, VQeﬁé(Q)7

p2(07u,v) ) — (Au+(A+p)VV-u,v) =0, Yve H (D).

Using the integration by parts and initial and boundary conditions (2.7c), (2.7e), (2.7b),
and (2.7f)—(2.7g), we have

(/B

c2

3t2p,q)9+ao[p7q;t]—/

pi(np-2u)gds=(f,q)a, Yqe H(Q),
oD

(pgafu,v)D—&-al[u,v;t]—i—/ pnp-vds=0, Yve HY(D),
oD

where the bilinear forms

aplp,q;t]= / (Ml/QVp) . (Ml/QVq)daU7
Q

al[u,v;t]:u/D(Vu):(Vv)dx—l—()\—i—u)/D(Vu)(V-v)dx.

Suppose that (p(z,t),u(z,t)) are smooth solutions of (2.7) and define the associated
mappings p:[0,7] — H3 () and u:[0,7] — H' (D) by

[p(®)](z):=p(z,t), x€Q, te]0,T],
u(z,t), xe€D, te]0,T].

=

=

=
I
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Introduce the function f:[0,7] — L?(2) by
£@®)](z):=f(z,t), z€Q, t[0,T].

We seck a weak solution (p,u) satisfying (p”,u”)€ H='(Q) x H '(D) for a.e. te
[0,7]. Hence the inner product (-,-) can also be interpreted as the pairing (-,-) which is
defined between the dual spaces of H~! and H'.

DEFINITION 3.1.  We say that the function (p,u) ELQ(O,T;IA{G (Q)) x L*(0,T; H' (D))
with — (p/,w') € L2(0,T;L*(Q)) x L>(0,T;L*(D)) and (p”,u”)e L?*(0,T;H1(Q)) x
L*(0,T;H (D)) is a weak solution of the initial boundary value problem (2.7) if it
satisfies

(1) Yqe H(Q), ve HY(D) and a.e. t€[0,T],

B
(ZP" a)q+ (prpau”, V) +a0[p,q;t
+p1(a1[u,v;t] +az[p, v;t] +as[u,q;t]) = (f,q)q,

where
a?[pav;t]:/ an'Vd57
oD
st = [ ~(np-u)ads.
oD

(2) p(0)=g, p'(0)=h.

We adopt the Galerkin method to construct the weak solution of the initial bound-
ary value problem (2.7) by solving a finite dimensional approximation. We refer
to [13] for the method to construct the weak solutions of the general second or-
der parabolic and hyperbolic equations. The method begins with selecting orthogo-
nal basis functions: select functions wy := (wi(z),w§(z)) ",k €N by requiring that the
smooth functions {wi}?°,, {wf}?e, is the standard orthogonal basis of L2(2) and
L?(09) respectively, and {wk}k , is also the orthogonal basis of H{(£2); select func-
tions Wy, := (Wi (x),Wg(x))",k€N by requiring that the smooth functions {W;}2°
{Wgiee, is the standard orthogonal basis of L*(D) and L*(dD) respectively, and
{W}}32, is also the orthogonal basis of H{(D).

For positive integers s,l, N:=s+1, wi=0(k=1,...,s), wi=0(k=s+1,...,N), let

ZpN] ZPNJ wh + Z Pt (3.1)

Jj=s+1

For positive integers m,n, M :=m+n, Wi=0(k=1,---,m), Wg=0(k=m+1,---,M),
let

ZUMJ W, = ZuM] W—|— Z ugy,(t (3.2)
Jj=m+1

The coefficients px;(t),uar;(t) satisfy the initial conditions

’

i (0)=(g,w5), P (0)=(hyw;), uar;(0)=0, uy;(0)=0, (3-3)
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and py(t),up(t) satisfy the equation

(ﬂwk)ﬂz(gp;(hwk) + (p1p2ulr, Wy) ) +ao[pn, wi;t]
+p1 (a1 [unr, Wyt + az[pn, Wyst] + as[unr,wi;t]), (3.4)
for k=1,...,N,j=1,...,M,t€[0,T).

THEOREM 3.1.  For each M,N €N, there exist unique functions py,up;, which are
given in the form of (3.1)—(3.2) and satisfy (3.3)—(3.4).

Proof.  Since {w?}2, and {w{}$2, are the orthogonal bases of L?(2) and L?(09);
{(Wiyee, and {Wg}52, are the orthogonal bases of L?(D) and L*(dD), we have from
(3.1)—(3.2) that

(Pn () wi)a=pyg(t), k=1,...,N, (3.5)
(uy (), W) p=up;(t), j=1,...,M. (3.6)
It follows from (3.4) that

ao[pn,weit] =Y dl(H)pN;(t), (3.7)

Mz

<.
I
—

M:

arfuns, Wist] =) o, ()unr; (¢), (3.8)

1

J

where dj( t)=aolw;, wg;t], j,k=1,...,N and c%( )=a1[W;,Wi;t], j,k=1,...,M. Define
D= [dJ]NxN and C' = [Cj}MXM

Recall that the matrix M is symmetric positive definite. It follows from the defi-
nition of ag[p,q;t] and a;[u,v;t] that there exist positive constants C;,j=1,...,4 such
that

Cullpllzr @) < laolp.pitll < CallpllFin ), VPE Hy ()
and
O3||u||§—11(D) <lax[w,u;t]| < 04”“”%{1(13)’ VUGH(l)(D)a

which imply that the bilinear forms ag and a; are coercive in H}(Q) and H(D),
respectively, i.e., there exists a positive constant C such that

ao[p,p;t] > Clpl 1), Vp € Hy (),
aiu,ust] > Cllullzp ), VueHg(D).

Similarly, we have from (3.4) that

N
as[pn, Wiit]=p1 Zei(t)pz\/j(f% (3.9)

azun, wy;t] plzl u](/[j, (3.10)
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where e} (t) = (wjnp,Wi)op, j=1,....N,k=1,...,M and l,(t)=(np-W;,wi)op, j=

1,...,M,k=1,...,N. Define E=e]]nx; and L=[l]];xn.
Let

F@) = (t@t),wp)a, k=1,...,N.

Substituting (3.5)—(3.10) into (3.4), we obtain a linear system of second order equations

AUY 4+ BU3;=F, (3.11)

subject to the initial conditions (3.3), where M =M + N,

p1p2lmxm I S M
,,,,,,,,,,,,, prp2lnxnt
A= i Lo | :
7777777777777 N
b Lixn Ly
M N
,mem,i ,,,,,, ,,,,,, S M
,,,,,,,,, Coxni  1Baxt
B- T ,
,,,,,,,,, N
| | EDlxl
M N
U= (u11\417""u3\/1m7u?\/[(m+1)""7U?VIM7p§V17"'7p§Vs7p?V(s+1)7"'7p§VN)
)
m n s l
F= (0,---,0;0,---,0; f1,---, £%;0,--- O)T
b b) ) ) b ) b) ) b b b)
N — N — e ——— e —
m n s l

Since A is invertible, it follows from the standard theory of ordinary differential equa-
tions that there exists a unique C? function Ugz(¢) consisting of py and up; which
satisfy (3.3)—(3.4) for t€[0,T]. d

Define two product spaces

H':=H'(D)x L*(0D) x H'(Q) x L*(09),
L%:=L*D) x L*(0D) x L*(R2) x L*(99).

Let U= (u’;u®;p’;p®) . The norms of U in H! and £? are defined by

U1 = a1 (o) + 10° 12200y + 1P 01 (0 + 1PN Z2 (00
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U122 = 0172 oy + 0172 00) + 17172 () + 1P 12200 -

THEOREM 3.2. There exists a positive constant C' depending only on Q,D,T, and the
coefficients of the acoustic-elastic interaction problem (2.6) such that

tgfg%(\\u*( Wzz + lugz®)130) + gz Ol 720,701

SC(”f”Lz(O,T;LZ(Q))+HQH%P(Q)"_”hniz(Q))’ M=1.2,...,

where ug;= (uM,pN)T

Proof. 1t is easy to see that the lower triangular matrix A has a bounded inverse
A~1. We have from (3.11) that

UYL +A7'BU=A""F. (3.12)
Taking the inner product with U%Z- on both sides of (3.12) yields
(UL, U%) + (A7 BU3, UL ) = (AT FUY,)  for ae. t€[0,T]. (3.13)

Observe that

(0505 = 3 (51051 (314)

Combining (3.13)—(3.14) and using the Cauchy—Schwarz inequality, we obtain

thIIU 1> <|(A™' BU, Ul | + (A7 FU%,)|
1 _
§(||A 'BU3|? + U1 + A7 FIIP + [ U%11%)
1 _
<3l4 TIBIP([Uy P + (U517 + *IIA A (3.15)
It is clear to note that
1d 9 , 1 9
5 = Ul <1(Uz, Ul < 5 (1052 + | Ul?). (3.16)

Using (3.15) and (3.16), we may consider the inequality
o' (t) < Cra(t)+46(t), te]0,T],
where a(t)= HU’MHQ—F U112, C1 :max{(1+ HA_lBng),i%}, 5(t)=||A"1F|. Here |-

llop denotes the operator norm. It follows from the Gronwall inequality that

t
aft) <efrt <a(0)+/ 5(s)ds> , tel0,1].
0
A simple calculation yields

a(t) <eCT (a(0) + || £l 20220 (3.17)

where

a(0) = [ U5(0) |2+ [U5(0) |2 < (13200 + 932y )-
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By Parseval’s equality, we have

m

IEIP =D 1(Fwi) < 1 f 172

k=1
and
UL O+ 1U5£0)[12 =D 1 (hywi) P+ [(gowi) [ < B2 ) + 1910 (-
k=1 k=1

In fact, we may have from straightforward calculations that

luzr ()30
/(ZUIWJ W ZuMk ) (ZUMJ VW ZuMk ka)d.’r
j=1 k=1
M+s ] M+s ) ) M+s ] ] M+s ) )
+f ( S bt 3 psvk(t>wz)+( OIS pw)wz)dm
j=M+1 k=M+1 j=M+1 k=M+1
M
+ Z usy,; ()P |W5 ||L2(6D)+ Z ‘pi\’j(t)|2‘|w§|‘2L2(asz)
j=m+1 j=M+4s+1
M
—Z\U *=|[Ux|” (3.18)
Similarly,
[ugr ()22 =110"571*. (3.19)

Combining (3.17)—(3.19) leads to

wirliZ + g3 <C (gl oy + 120y + 17132 0.rz2ca ) -

Noting that t € [0,T] is arbitrary, it follows that

tgfg’}] (Il 22 + luglFn) <C (||9||§{1(Q) + Hh||2L2(Q) + ”fH%?(O,T;L?(Q))) - (3.20)

For any veH! ||v]y: <1, let v=v;+vy, where vy espan{wl,...,wﬁ} and
(vo,Wi)=0,k=1,. M, where W= (Wi(2),we(z))T, wi(z)=0 (k=1,---,M),
Wi (x)= (k: M+1 -,M). Note that

o
vit)=) v OW;,  vallae <1

Jj=

—

Let V7= (vy7,,---vyz)- By the definition of the operator norm

[ui |l -1 = sup (Ui, v)= sup (uirvi). (3.21)

Ivi=1 Ivi=1

It follows from (3.1), (3.2), and (3.12) that

<U.M,V> (uﬁ7v)7{1 (u M7V1)H



PEIJUN LI AND LEI ZHANG 1683

= (UL Vi) <C(I1fl2@)+ 1U5ll)  for ae. t€[0,T].

In fact, we may easily verify that

M M
(st = (a0 Yo, (O, ) = (U Vi)
I=1 j=1
<O IVal <A™ F = A7 BUgl| <C (If | 2y + 057]l) - (3:22)
Following from (3.18), (3.21), and (3.22) gives

(|7l <C(If 22 + agrlla) -

Hence,
T
[ Wt <0 [ (1l + sl
<C (”g”Hl(Q) +All72 )+ ||f||L2(o,T;L2(Q))) . (3.23)
The proof is completed after combining (3.20) and (3.23). ad

Now we pass to the limits in the Galerkin approximations to obtain the existence
of a weak solution.

THEOREM 3.3. There exists a weak solution of the initial boundary value problem
(2.7).

Proof. 1t follows from the energy estimate in Theorem 3.2 that
{uz7}37.n=1 is bounded in L*(0,T;H"),
{u'ﬁ}ﬁl\,:1 is bounded in L?(0,T;£?),
{u%}ﬁ]vzl is bounded in L?(0,T;H ™).
Therefore, there exists a subsequence still denoted as {uz;}37 y—; and ue L*(0,T;H")

with u' € L2(0,T;£2) and u” € L2(0,T;H ") such that

uj;—u weakly in L2(0,T;H!),
u_—u  weakly in L*(0,T;£?), (3.24)
uLAu weakly in L?(0,T;H 1),

which imply

Next we fix integers Ny, Na and choose functions q € C1([0,T); H} () x L2(9£2)) and
veC([0,T); Hy(D) x L*(OD)) of the form

N, N2
= aukBwr, V()= vn,i ()W, (3.25)
k=1 j=1
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where qn,k,VN,5,k=1,...,N1,j=1,...,No are smooth functions. Letting m >
max{Ny,No} where m=min{M,N}, we have from (3.4) that

T 2
/(7<pm,q>+p1p2<um,V>+ao[pm,q;t]+p1a1[umvv;t]
0

T
+p /BD(pmnD-v—(nD-u;)q)ds)dt:/O (f,q)dt. (3.26)

Using (3.24) and taking the limits m — oo in (3.26) yields
T 2 1" 1"
[ (Z6" 0+ st )+ aolpuait] +prasuvie
0
1" T
o1 [ (onn v (npuYads)ae= [t (3.27)
oD 0

which holds for any function q € L2([0,T]; HL(€)) and v e L2([0,T]; H* (D)) since func-
tions of the form (3.25) are dense in the space. Moreover, we have from (3.27) that for
any € H}(Q),v€ H' (D) and t€(0,T]

2
?<p Q) +p1p2(u V) +ao[p,q;t]+ prai [u, v;t]

+pr /a (o V= (np-u))ds= (0)

and

PEC(O.T:LA(Q), p €CO0.THH(Q)),
ueC(0,T;L*(D)), u €C(0,T;H ' (D)).
Next is to verify
pli=o=9, Pli=o="h. (3.28)
Choose any function qGC%[QT];ﬁ&(Q)) with QT)=q (T)=0 and ve

C2([0,T); H (D)) with v(T)=v (T)=0=v(0)=v'(0). Using the integration by
parts twice with respect to t in (3.27) gives

T 2
/ (?(q ,P)+p1p2(v u)+aglp,q;t] + pra[u,v;t]
0

’

T
+p1/8 (pnp-v—(np-u)q )dS)dt:/ (f,a)dt = (p(0),q (0)) +(p (0),q(0)). (3.29)
D 0
Similarly, we have from (3.26) that
T /82 1" 1
/ (?(q Pm) +p102(V Um) + a0 [P, A3 ]+ pra1 [Um, V;t]
0

oD

- / (£, @)t — (D (0, (0)) + (1 (0),4(0))- (3.30)
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Taking the limits m — oo in (3.30), using (3.3) and (3.24), we get
T 2 1" 11
[ (G 4 mont” w+aolp.ait)+ prasfuvie
0
+p1/ (an~v—(nD-u)q”)ds)dt
oD
T !

— [ ()t (g.q 0+ (h.a0)) (3.31)

0

Comparing (3.29) and (3.31), we conclude (3.28) since q(0) and q (0) are arbitrary.
Hence (p,u) is a weak solution of the initial boundary value problem (2.7). |

Taking the partial derivatives of (2.7d), (2.7¢), and the second term of (2.7f) with
respect to t, we consider

gafp—v-(MVp)# in Qx (0,7], (3.32a)
p=0 on 9By, x (0,77],(3.32b)
p=g, Owp=h in Qx {t=0} (3.32c)
pA(Ou) + (A + p)VV - (9pu) — pa0 (Opu) =0 in Dx(0,T], (3.32d)
() =0, Pu=p; (pAu+A+p)VV-u)|li=o=0 in Dx{t=0}, (3.32¢)
Onpp=—p1np-Oiu in D x (0,T), (3.32f)
—(Op)np = pOnp, (Orur) + (A4 p) (V- (Oru))np in D x (0,7T7]. (3.32g)

THEOREM 3.4.  The initial boundary value problem (3.32) has a unique weak solution.

Proof. 1t suffices to show that p=0,u=0if f=g=h=0. Fix 0<¢<T and let
E(t):=E1(t)+ Es (1),
where
/B
Ei(t)=|-— atp”L?(Q)+||M2vaL2(Q)7
Eb(t) = II\/sz Ofullfz o)+ V1 A+ 1) V- (0r) |72y + I Vo1k V(Osw) |72 pyaxa-

Then for each t € [0,T7], we have

_ /0 'F (r)dr = /O "B (r)dr + /0 By (r)dr. (3.33)

Following from (3.32) and the integration by parts, we obtain

/E1 )dr =2 //( (8%p)(d (M2V(8Tp))‘(M%Vp)>dxdT

=2 [ [ (009 (49)+ (19 (0.)- (1 9p) + 0.1 ) dadr

:2// —(Mév(an)).(M%Vp)+(M%v(an)).(M%vp)Jr(an)f)dde
0 JQ

t ¢
—|—2/ / OdeT—2/ / (Onpp)(0rp)dsdr
o Jos, o Jop
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:2/0 p1 /aD(nD-@fu)(@Tp)dsdT (3.34)

and
/tE;(T)deg/t/ (p1p2(02w) - (2u) + p1 (A + ) [V - (O20)][V - (0-u)]) dadT
0 0 JD
+2 /O /D (p1p[V (7)) : [V (0-w)]) dadr
=2 /O /D (p11(A0-)) - (O2u) + p1 (A + ) (VV(0-w)) - (02u)) dadT
+2/0 /D(pl(Aﬂ‘W-(8EU)][V-(8ru)]+p1u[v(8$u)]:[V(aTu)])dxdT
:2/0 /D(*"W[V@E“)]:W(af“)]*Pl(MM)[V-(c’)fu)}[V-(aTu)])dxdT
+2/0/D(pl()\—FM)[V-(@Eu)}[V-(8Tu)]+p1M[V(azu)]:[V(&_u)])dxdT
+2/0 /aDpl (1O, (Orw) - (D2w) + (A+p) (V- (8;u)np) - (02u)) dedr

t

= —2/ / p1(0-p)(np-0*u)dsdr. (3.35)

0 JoD
It is easy to note that if f=g=h=0, we have
E(0)=0.
Thus, combining (3.33)—(3.35), we obtain
E(t) =F (t) + B (t) =0,
which implies that
Op=Vp=0}u=V-(9u)=V(0;u)=0.

Thus we obtain from initial conditions in (3.32) that p=0,u=0 if f=g=h=0, which
completes the proof. 0

3.2. Stability. In this section we discuss the stability estimate for the unique
weak solution of the initial boundary value problem (3.32).

THEOREM 3.5.  Let (p,u) be the unique weak solution of the initial boundary value
problem (3.32). Given fe L*(Q),g€ Hi(Q),h€ L*(Q), there exists a positive constant
C such that

2 2
Jmax {100l @) + V2003200

10 ) )+ IV - (et )3 )+ IV (@t ) By

<C (113 02:2( + 1901y + Il 20y )
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Proof. It follows from the discussion in the previous section that the initial
boundary value problem (2.7) has a unique weak solution (p,u) satisfying

pe L*(0.T; Hy(2))NH' (0,75 L*(2)),
we L2(0,T; H'(D))nH*(0,T; L*(D)).

For any ¢ €[0,T], consider the energy function
E(t):=FE1(t)+ FEa(t),

where

VB 1
Ei(t)= ”782527”%2(9) + M=Vl (),
Ex(t)=|vp1p2 OfulTzpy + IV o1 A+ 1) V- (0|72 () + [IVP1E V(Oeu) |72 pyaxa-

Then for each t € [0,T7], we have

_ /O "B (r)dr = /0 "B (r)dr+ /0 "B (r)dr. (3.36)

By (3.32) and the integration by parts, we obtain

/E1 )dr =2 //( (82p)(8:p) + (MZV (D, p))- (M%vp)>dxdr

=2 / [ (@)~ V0)+ 013 V(@.) - (4 V) + (0:1) )

2 —(Mﬁvwfp))-(M%Vp>+<M%V<an>>-<M%vm+<afp>f)dde

+2// Odsdr — 2// nDp O-p)dsdr
B, oD

2/0 (nD 9) u)(@Tp)dsdT—i—Q/ / Orp) fdzdr, (3.37)

[ Bmar=2 [ [ (ppa(02w)- @)+ 3T @)V 0)) dodr
0 0 D
w2 [ [ (o902 (V0w dsdr
= / / (A @) - (02) + pr (A-+ ) (T (D) - (92u) ) dadlr
+2 / [ r0+IV - @7 - (@r0)] 11V @20 [0, )
> / | ComlT @) (90, w)] =1 ()9 @) V-0, w)) dadr
+2 / [ r0+IV - @7 - (@r0)] 11V (@20 (90, )

—1—2/0 /8D/>1 (Mﬁnp(&u)-83u+()\+u)(v.(8Tu)nD).(5gu))dxdT
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=-2 /0 /a . p1(8:p)(np - 0*u)dsdr. (3.38)

It is easy to note that

VB 1
E(0)= ||75tp|t:0||%2(9) + (M2 Vpli=ol 20

VB 1
= ||7h||%2(9) + ||M2V9Hi2(9)'

Combining (3.36)—(3.38) leads to

VB 1
”TatpH%Q(Q) + HM2VPH2Lz(Q),
+Vp1p2 815211’“%2(D)+ V1A 1) V- (0eu) 172 py + 1o V(atU)HQm(D)dxd

t ¥ 1
=2 [ [ @) sdwdr +1 X Hs oy + 1M Vil

B 1
<2 max {10002 W 1 0.7z + 55 Wl + 1M 3 1.

Using the Young inequality, we obtain

2 2
trerfg%{llatp(nt) 122 + VDD 1720

07l )72 oy + IV - @ )72 () + IV (@) 72 yaxa}
<c(IIf13 AT M=Vg][?
< ||f\|L1(o,T;L2(Q))+§|| 122(0) + 1M 2 Vgl 1200

<C (I 0 0z:2 + 19001y + Il 2y )

which completes the proof. ]

3.3. A priori estimates. In this section we derive an a priori stability estimate
for the wave field with an explicit dependence on the time.

The variational problem of (3.32) is to find (p,u) € HA () x H*(D) for t€[0,T]
such that

/ 5 (op)gdo=— / (M3Vp)- (M} Vg)da + / pr(np-Pu)qds
QC Q oD

+ / fqdz, YqeHL(Q), (3.39)
Q
and

[ pai @) vtz = [ (19 0): (T0)+ (k) (V- B1) (V- 0))Jda
D D

—/ (Oip)(np-v)ds, Yve H'(D). (3.40)
aD

THEOREM 3.6. Let u be the unique weak solution of the initial boundary value problem
(2.7). Given f€L'0,T;L*(Q2)], g,h€ L*(Q), there exist positive constants C1,Cy such
that

D117 o (0,722 02)) + 1 VDI o0 (0,722 2
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+ |\5’tu||2Loo(o,T;L2(D)) + ||vu||i°°(0,T;L2(D)d><d) +IV 'uH%x(O,T;L?(D))
<C1 (llgl2o + T2 W3 0 7oz + T2 AN )
and

1172 0,722 () + 1VPIZ 20 72202
+ HatuH%Q(O’T;LQ(D)) + HVU||2LQ(O7T;L2(D)dxd) + HV .u||i2(0,T;L2(D))

<Cs (Tllgl3zo + T3 0,roczy + TNy ) -
Proof. Let 0<s<T and define an auxiliary function
\Ill(m,t):/sp(x,T)dT, e, 0<t<s.
t
Q(I,t):/saTu(x,T)dT, zeD, 0<t<s.
t

It is clear to note that
Uy (z,s)=0, 0V (z,t) = —p(z,t), (3.41)
and
Wy(z,s)=0, 0o (x,t) =—0u(x,t). (3.42)

For any ¢(z,t) € L%(0,s; L?(f2)), using integration by parts and (3.41), we have

[ oteimmna= [ (oo [ semar)a
= [ ([ owrre) (f e s
Ao
LG st ([ ) o
[( oz, T dT> (/:p(x;)df)/}dt
L ([ otwriar) ptotn]at
_ / ( / ol ) o). (3.43)

Taking the test function ¢=¥; in (3.39) and integrating from t=0 to t=s yields

/0 ( Qg(@fp)\ll da:) dt__/os (/Q(Mévp)'(mwl)dadt
+/OS (/8Dpl(np~3fu)\lllds> dt+/08 (/Qf\Illdx> dt
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:_/Os (/Q(M%vp).(M%Wfl)dx> dt
+/OS ([)Dpl(np~3tu)pds) dt+/os (/Qflllldx> dt

(3.44)

It follows from (3.41) that

[ ([ Getwar)a= [ ["Zoope)+popaa
:/ A (825;0\1/18 25>d:v
Iy Sy 21y Sl %8 [ @

It follows from (3.44) and (3.45) that

|\f )32+ S(/Q(Mévm-(M%V\I/l)dz)dt
=/O (/8Dpl(nD -Oru )pds> dt+/s (/ f(x,t)\lll(x,t)dx>dt

1
S B+ 25/ ), (2,0)dx

||\f M+ [ | [ M otanar

Similarly, for any ®(z,t) € L?(0,s;L%(Q)%), using integration by parts and (3.42),

we have
/Ostﬁ(gc,t)-lIl2(x7t)dt:/Os (/OtQ(x,T)dT> Oyulz,t)dt.

We get from taking the test function v= ¥y in (3.40) and integrating from ¢ =0 to

1’: =S lhal
0 D

— [ ([ 0v0): (92) (107 -00) (7w

—/Os (LD(atP)(nD*I’z)dS) dt. (3.47)

Using (3.42) and initial condition (3.32¢), we deduce

/ (/ pg@f(@tu)JIlgdx)dt:// p2 (0 (07w W+ 0} u-Opu)) dtdz
o \Jp pJo
2 s 1 2|s
~ [ oo (0w w05 ) ac
D

Lol
217

2
dz. (3.46)
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=2 |0, 5)|2 (3.48)
- 2 t ) L?(D) .
and
/ (/ (&,p)(nD'\Ilg)ds) dt:/ / [Or(p(np-Po))+p(np-Oyu)|dtdx
0 oD ap Jo
:/ (p(nD~\Ilg))|8ds+/ / p(np-Ou)dsdt
aD o Jop

/ / p(np-dyu)dsdt. (3.49)
0 Jop
Using (3.47), (3.48) and (3.49) yields

0o+ [ ([ 1070 (F92) + Ot (007 - ) )
0 D
o

252”5:&“('»5)”%2(1))
1 s 2
2 0 LQ(D)dxd

——/(/ p(np-dpu)dsdt. (3.50)
0 JoD

Multiplying (3.46) by p; and then adding it to (3.50), we obtain

Sy By [ | [ 3T 00] s B2 0,
+p21<u/0 V(o) | v @t de>

s |
L2(D)d><d D

/</fxt‘111xtdx)dt+ |\/7gL2(Q)+c ﬁ/h YU (z,0)d (3.51)

Next, we estimate the two terms on the left-hand side of (3.51) separately. It follows
from the Cauchy—Schwarz inequality that

*Qﬂ/ )Wy (2,0) dxfcfzﬁ/ </ (x,t)dt) dz
*26/ </h mtdx)dt

<C (Il 2e) / ()| 22y . (3.52)

+ (A +p)

For 0<t<s<T, we have from (3.43) that

/OS(/Qf(x,t)\Ill(x,t)dx>dt—/ (/ (/fxr ) xt)dt)dx

< / / 17 e o)l 2 ey drde
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< ( I |f<-,t>||Lzm>dt) ( | ||p<-,t>||Lz<mdt) . (353)

Substituting (3.52)-(3.53) into (3.51), we have for any s € [0,7] that

SV S +5 [ \ / MV, >dt\ o+ 222 oyu(..s >\|%2<D>2
( /V@tu /V 8t

S202||9||2L2(Q)+(/ ||f('7t)L2(Q)dt+c||h”L2(Q)>/ [P )] L2 (q)dt. (3.54)

Taking the L°°- norm with respect to s on both sides of (3.54) yields

+ (A +p)

L2(D)d><d

1217 o 0,722 (02)) + HVP||Loo(o,T;L2(Q))
+ ||8tu||%W(0,T;L2(D)) + ||VUH2L<>0(0,T;L2(D)dxd) V-l 0,122 ()
<Cillgll72 () +CoT (I £l 0,220 + 1l 2@)) 1Pl Lo 0,722 (2)) -
Applying the Young inequality yields

||p\|%oc(o,T;L2(Q)) + HVPH%OO(O,T;L?(Q))
+ ||6tu||i°°(0,T;L2(D)) + ||VuH%oo(o,T;L2(D)dxd) + ||V'U||2Loo(o,T;L2(D))
<C1 (Ilgl32() + T2 s 0.rz2can + T2 02y )

Integrating (3.54) with respect to s from 0 to T and using the Cauchy-Schwarz inequality
and the Young inequality, we can get

121172 0,722 + IV PN Z2 0 712 02))
+ ||3tu||2L2(o,T;L2(D)) + ||VUH%2(0,T;L2(D)dxd) + ||V'U||2L2(0,T;L2(D))
<Ca (Tlgla(e + T 1513 0 132 + T Iy
which completes the proof. 0

4. Conclusion

In this paper, we have studied the two- and three-dimensional acoustic-elastic wave
scattering problem on a finite time interval. The acoustic and elastic wave equations are
coupled on the surface of the elastic obstacle. We propose the compressed coordinate
transformation to reduce equivalently the scattering problem into an initial-boundary
value problem in a bounded domain. The reduced problem is proved to have a unique
weak solution by using the Galerkin method. A priori estimates with explicit time
dependence are also established for the acoustic pressure and elastic displacement of the
time-domain variational problem. We believe that the method of compressed coordinate
transformation can be applied to many other time-domain scattering problems imposed
in open domains. The model problem is suitable for numerical simulations. We hope
to report the work on the numerical analysis and computation elsewhere in the future.

Appendix A. Change of variables in two dimensions. Let = (z,y) € R? and
=|x|. The polar coordinates (p,f) are related to the Cartesian coordinates (z,y) by
x=pcosf,y=psinf. The local orthonormal basis is

e,=(cosf,sinf)", ep=(—sinf,cosf)’
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Denote by V, and V- the gradient operator and the divergence operator in the old
coordinates (p,0), respectively. We study the two-dimensional acoustic wave equation:

1
gﬁtzu(p,@,t)—Apu(p,H,t):O in R? >0, (A1)

where A, is the Laplace operator and ¢>0 is the wave speed.

Consider the change of variables p={(r), where ¢ is a smooth and invertible func-
tion. Denote by V, and V,- the gradient operator and the divergence operator in the
new coordinates (r,0), respectively.

LEmMMA A1, Let v(r,0,t) =u(p,0,t)| ,—¢c(r) be a differentiable scalar function, then
L0

Vpu(p797t>|p:C(T) =Q l%ﬂ QTVT’U(T,Q,t),

¢(r)

where R is an orthonormal matriz given by

sinf cosf

06— [cos@ sme} |

Proof. 1t follows from the straightforward calculations that
1
Voulp=¢(r) = Optl p=¢(ry€p + ;3GUIp:<<r>69

1 1
= —0,ve, +—=0qveq
¢ ¢

_ [cos® —sind % 0] 0w
" |sinf cosf O% %891)

L0 Opv
~a[i o]ere[ih)
0

’r‘:| QTVT,U’
5

which completes the proof. 0
LEMMA A.2.  Let v(r,0,t) =u(p,0,t)| ,—¢c(r) be a differentiable vector function, then

VP 'u(pa97t)|;0:§(’r‘) :B_l(r)vT . (K(r,@)v(r,&,t)) 5
where

¢(r)¢’(r)

B(r)=

7 K(n9>=Q[M 0 ]QT.

r
0 ¢'(r)
Proof. Let u=uy,e,+useq and v=v,e,+vgeg. A simple calculation yields that

10 1
Ve u(p,@,t)|p=<(7«) = ;37,0 (P“p) + ;83(1@)
1

= C—C,ar (Cvr)—klag(vg)

¢
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r |1 ¢ 1
== |-0. (r2v ) +-an (¢
< L (’"r“ )ﬂ 9(4”9)}

= Bilvr ' gvrer +C/’U969)
r

(
— 5V, (Q [; g] QQ [Z;D
— 71V, (Kv),

which completes the proof. 0
LEMMA A.3.  Let v(r,0,t) =u(p,0,t)|p=¢c(r) be a differentiable function, then

Apu(p,0,1)| p=c(ry =B~ () Vi (M (1,0)V,0(r,0,1)),

where

Proof. 1t is easy to note that
Ap“|p:C(T) =V, (Vou) |p:C(T)'

Using similar steps of the change of variables in the proofs for Lemmas A.1-A.2, we
have

L0
Vo (Vou)lpmery =BV, <KQ [% T] QTVW)

¢
<0
:5—1vr.<Q e QTVM))
0%
=B7'V, - (MV,v),
which completes the proof. 0

THEOREM A.1l. In the new coordinates (r,0), the acoustic wave equation (A.1) becomes

B(r)

2

8752’0(7",9,15) - Vr . (M(r,H)VTv(r,G,t)) =0.

Proof. Using Lemma A.2-Lemma A.3, we have from (A.1) that

Lo L o -1
0= (C—Zatu—Au)‘p:C(r):C—zatv—B V- (MV,v).
The proof is completed by multiplying the above equation by S. 0

Appendix B. Change of variables in three dimensions. Let = (7,y,2) €R3
and p=|x|. The spherical coordinates (p,0,¢) are related to the Cartesian coordinates
(z,y,2) by = psinfcosy,y=psinfsiny, z = pcosfd. The local orthonormal basis is

e,= (Sinecosap,Sinﬁsincp,cosﬁ)T,
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ey = (cosfcosp,cosfsinp, —sinf) ",
e, = (—sinp,cosp,0) .
Again, denote by V, and V- the gradient operator and the divergence operator in the

old coordinates (p,0,¢), respectively. In this section, we present parallel results for the
three-dimensional acoustic wave equation:

1 f
S0u(p.0,0.:t) = Dyu(p,0,0,t) =0 in RY, >0, (B.1)

where A, is the Laplace operator and ¢> 0 is the wave speed.

Consider the change of variables p={(r), where ( is a smooth and invertible func-
tion. Denote by V, and V,- the gradient operator and the divergence operator in the
new coordinates (r,0,¢), respectively.

LEMMA B.1.  Let v(r,0,0,t) =u(p,0,0,t)| ,—c(r) be a differentiable scalar function, then

o 0 O
VPU(P,Q,QD,t”p:C(,,-) :Q 0 C(rr) 0 QTVT”U(T,Q,QOJ),
0 0 =

q

S

)

where R is an orthonormal matriz given by
sinfcosy cosfcosp —sinp
Q(0,p)= |sinfsinp cosfsing cosy

cosf —sinf 0

Proof. It follows from the straightforward calculations that

1 1
Voulp=¢(r) = Optl p=¢(ry€p + ;59U|p:<<r>€9 + m@aU\p:w%

= %&,ver + %89@69 + Csiﬁ%ve“’
sinfcosp cosfcosy —sing % 00 Orv
= | sinfsingp c059§inga cosp 0 %O %891)
cosf —siné 0 00 % —5 00
74007 v
=Q[0Zz0[QTQ| 1dpv
[0 0 7] 0,
_% 0 0
=Q|0 £0|Q"V,0,
100 %_
which completes the proof. 0

LEMMA B.2.  Let v(r,0,0,t)=u(p,0,0,t)| ,—c(r) be a differentiable vector function,
then

VP 'u(p707907t)|f?:§(7’) :5_1(T)VT : (K(r>97@)v(Ta97907t))7
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where
0] 0 0
2 r / r 2 ,
s =D Kop—q| b wxm o o7
T r ’
0 0 ¢(r)¢’(r)

Proof. Let u=uye,+upes+u,e, and v=v,e,+vgeg+v,e,. A simple calcula-
tion yields that

Vp"u(P,ea%t)‘p:C(r)
_ ia (PPu,) + 1 Og(sinbu )4_#8 (up)
A\ 2P ptp psinf ° 7 psing e

p=¢(r)

1 1 1
oo ) g Gomg )

R PN 1 ¢« 1 ¢¢’
~o0 [ﬂar ( 2) *rama (rsma@ T rema ()]

2 / /
zﬁ—lvr . (v,.e,. + %vgeg + Cfvg,e¢>

Op(sinbvp) +

r2
0 0 vy
=87V, [ Q|0 < 0 |QTQ |
00 & Uy
=7V, (Kv),
which completes the proof. 0

LEMMA B.3.  Let v(r,0,0,t) =u(p,0,0,t)| ,—c(r) be a differentiable function, then

ApU(P,97¢at)|p:<(7-) = Bil(r)vr ' (M(T’,H,QD)VTU(T,Q,QP,t)) 5

where
TEZCE?Q) 0 0
-
M(r0,0)=Q| 0 ¢'(r) 0) |Q -
0 0 ¢(r)

Proof. 1t is easy to note that
Apulp=¢(ry =V (Vo) p=¢(r)-

Using similar steps of the change of variables for the proofs of Lemmas B.1-B.2, we
have

00
C/
Vo (Vo) pee(ry=B7'Vo- | KQ | 0 £ 0| QTV,0
00 %
£ 00
:B_lvr' Ql o C’O QTVTU
0 0
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which completes the proof. ]
THEOREM B.1.  In the new coordinates (r,0,p), the acoustic wave Equation (B.1)
becomes

B(r)

7 00v(r,0,0,) = Vo (M(1,6,0) V0 (r,0,,1)) = 0.

Proof.  Using Lemma B.2-Lemma B.3, we have from (B.1) that

Lo Lo —1
0= (Cjatu—Apu) ]p:m) = 0fv =BTV, (MV,v).
The proof is completed by multiplying the above equation by f. 0
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