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Abstract. In this paper, we design a truly exact perfect absorbing layer (PAL) for domain trun-
cation of the two-dimensional Helmholtz equation in an unbounded domain with bounded scatterers.
This technique is based on a complex compression coordinate transformation in polar coordinates
and a judicious substitution of the unknown field in the artificial layer. Compared with the widely
used perfectly matched layer (PML) methods, the distinctive features of PAL lie in that (i) it is
truly exact in the sense that the PAL-solution is identical to the original solution in the bounded
domain reduced by the truncation layer; (ii) with the substitution, the PAL-equation is free of singu-
lar coefficients and the substituted unknown field is essentially nonoscillatory in the layer; and (iii)
the construction is valid for general star-shaped domain truncation. By formulating the variational
formulation in Cartesian coordinates, the implementation of this technique using standard spectral-
element or finite-element methods can be made easy as a usual coding practice. We provide ample
numerical examples to demonstrate that this method is highly accurate and robust for very high
wavenumbers and thin layers. It outperforms the classical PML and the recently advocated PML
using unbounded absorbing functions. Moreover, it can fix some flaws of the PML approach.
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1. Introduction. Many physical and engineering problems involving wave prop-
agations are naturally set in unbounded domains. Accurate simulation of such prob-
lems becomes exceedingly important in a variety of applications. Typically, the first
step is to reduce the unbounded domain to a bounded domain so that most of the
finite-domain solvers can be applied. The reduced problem should be well-posed, and
the underlying solution must be as close as possible to the original solution in the
truncated domain. As such, the development of efficient and robust domain trunca-
tion techniques has become a research topic of longstanding interest. Several notable
techniques have been intensively studied in the literature, which particularly include
the artificial boundary conditions (ABCs) (see, e.g., [3, 21, 22, 25, 30, 43, 32]) and
artificial absorbing (or sponge) layers (see, e.g., [4, 14, 5, 6, 16, 51]).

In regards to the former approach, the local ABCs are easy to implement, but
they can only provide low-order accuracy with undesirable reflections at times. Al-
ternatively, domain truncation based on the Dirichlet-to-Neumann (DtN) map, gives
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rise to an equivalent boundary-value problem, so it is transparent (or equivalently
nonreflecting). However, such an ABC is nonlocal in both space and time, which
brings about substantial complexity in implementation. Moreover, its analytic series
representation (in space) is available only for the artificial boundary/surface being of
a simple geometry (circle or ellipse in two dimensions, and sphere or ellipsoid in three
dimensions). As such, much effort is needed to seamlessly integrate DtN ABC with
curvilinear spectral elements in two dimensions (cf. [24, 55, 56]), but the extension to
three dimensions is highly nontrivial (cf. [52]). The coupling of the DtN ABC with
the boundary perturbation/field expansion techniques has proven to be successful for
solving scattering problems with relatively general bounded scatterers and artificial
surfaces (cf. [38, 39, 40]). It is also noteworthy that with a good trade-off between
accuracy and efficiency, the high-order ABCs without high-order derivatives become
appealing [26], and the double absorbing boundary method appears to be a very
intriguing notion [31, 45].

Pertinent to the latter approach, the perfectly matched layer (PML) first pro-
posed by Bérenger [4, 5, 6] essentially builds upon surrounding bounded scatterers
by an artificial layer of finite width. The artificial layer is filled with fictitious ab-
sorbing media that can attenuate the outgoing waves inside. Since these pioneering
works of Bérenger, the PML technique has become a widespread tool for various
wave simulations, undergone in-depth analysis of its mathematical ground (see, e.g.,
[35, 10, 11, 12] and the references cited therein), and been populated into major
software such as COMSOL Multiphysics. In the past decade, this subject area has
continued to inspire new developments—just to name a few: [7, 8, 23, 19, 50, 18]. Re-
markably, the essential idea of constructing PML [4] can be interpreted as a complex
coordinate stretching (or transformation) [14, 16]. Consider, for example, the circular
PML in polar coordinates for the two-dimensional Helmholtz problem [16, 10], where
the domain of interest is truncated and surrounded by an artificial annulus of width d,
with the assumption that the inhomogeneity of the media and scatterers are enclosed
by a circle Cr of radius R. The corresponding (radial) complex coordinate transfor-
mation that generates the anisotropic media inside the annular layer is of the form

(1.1) f:r—&-i/ o(s)ds, R<r<R+d,

where o(s) > 0 is called the absorbing function (ABF). Note that the Helmholtz
problem inside C'r remains unchanged, i.e., 7 = r. One typical choice of the ABF is

(1.2) o(s) =oo(s— R)"/d", n=0,1,...,

where o¢p > 0 is a tuning parameter. The PML truncates the domain at a finite
distance and attenuates the wave (i.e., the original solution) in the annular layer
by enforcing the homogeneous Dirichlet boundary condition at the outer boundary
r = R 4+ d, where some artificial reflections are usually induced. In theory, the re-
flection can be a less important issue based on the fundamental analysis (see, e.g.,
[35, 16, 10]). Lassas and Somersalo [35] showed that the PML-solution converges to
the exact solution exponentially when the thickness of the layer tends to infinity. As
pointed out by Collino and Monk [16], it is important to optimally choose the pa-
rameters to reduce the potentially increasing error in the discretization. The use of
adaptive techniques can significantly enhance the performance of PML as advocated
by Chen and Liu [10]. It is noteworthy that the complex coordinate transformation
(1.1)—(1.2) is also used in developing the uniaxial PML in Cartesian coordinates along
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each coordinate direction [49, 12, 13]. However, Singer and Turkel [49] demonstrated
that such a transformation is less effective for the evanescent waves in the waveguide
setting. Recently, Zhou and Wu [58] proposed to combine the PML with few-mode
DtN truncation to deal with the evanescent wave components. It is noteworthy that
according to [33, 37, 23], the PML has flaws and failures at times.

An intriguing advancement is the “exact” and “optimal” PML using unbounded
ABFs o(-) (see (2.15) and (3.23) below), developed by Bermudez et al. [7, 8] for the
time-harmonic acoustic wave scattering problems. Indeed, it was shown in [44, 46]
through sophisticated comparison with the classical PML that it can be “parameter-
free” and has some other advantages. However, according to the error analysis in [49]
(also see Theorem 2.1), this technique fails to be exact for the waveguide problem but
can improve the accuracy of the classical PML. On the other hand, the unbounded
ABF's lead to PML-equations with singular coefficients so much care is needed to deal
with the singularities, in particular, for high wavenumbers and thin layers.

In this paper, we propose a truly exact perfect absorbing layer with general star-
shaped domain truncation of the exterior Helmholtz equation in an unbounded do-
main. In the spirit of our conference paper [53], its construction consists of two
indispensable building blocks:

(i) Different from (1.1), we use a complex compression coordinate transformation
of the form 7 = p(r)+i(p(r) — R). Here p(r) is a real mapping that compresses
p € (R,00) into r € (R, R+ d) along the radial direction.

(if) We introduce a suitable substitution of the field in the artificial layer, U = wV,
where w extracts the essential oscillation of U, and also includes a singular
factor to deal with the singular coefficients (induced by the coordinate trans-
formation) of the resulting PAL-equation. The field V' to be approximated
is well-behaved in the layer. We formulate the variational form of the PAL-
equation (designed in polar coordinates) in Cartesian coordinates, so it is
friendly for the implementation with the finite-element or spectral-element
solvers.

We remark that the use of compression coordinate transformation is inspired by
the notion of an “inside-out” invisibility cloak [57] where a real rational mapping was
used to compress an open space into a finite cloaking layer. However, this cloaking
device is far from perfect (cf. [53]). To generate a perfect cloaking layer, we employ
the complex compression mapping like the complex coordinator stretching in PML,
in order to attenuate the compressed outgoing waves. Notably, we can show the
truncation by the PAL is truly exact in the sense that the PAL-solution is identical to
the original solution in the inner domain (exterior to the scatterer but inside the inner
boundary of the artificial layer). The substitution in (ii) turns out to be critical for
the success of the PAL technique for the reasons that this can overcome the numerical
difficulties of dealing with singular coefficients of the PAL-equation and remove the
oscillations near the inner boundary of the layer. Indeed, both the analysis and ample
numerical evidence show that the new PAL method is highly accurate even for high
wavenumber and thin layers.

The rest of the paper is organized as follows. In section 2, we present the essential
idea of PAL using a waveguide problem in a semi-infinite domain. A delicate error
estimate has been derived for the PML and PAL methods, and a comparison study
has been conducted of PAL and PML with regular and unbounded ABFs. In section
3, we start with a general set-up for the star-shaped truncated domain for exterior
wave scattering problems and provide new perspectives of the circular PAL reported
in [53]. In section 4, we provide in detail the construction of the PAL-equation based
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on the complex compression coordinate transformation and the variable substitution
technique used to eliminate the oscillation and singularity. In section 5, ample nu-
merical experiments are provided to demonstrate the performance of the PAL method
and show its advantages over the PML methods.

2. Waveguide problem in a semi-infinite channel. In this section, we elab-
orate on the essential idea of the new PAL and compare it with the classical PML
(cf. [4, 14, 16, 49]) and the “exact” and “optimal” PML techniques using unbounded
(singular) ABFs (cf. Bermudez et al. [7, 8]) in the waveguide setting. Indeed, such
a relatively simpler context enables us to conduct a precise error analysis and better
understand the significant differences between two approaches.

To this end, we consider the semi-infinite z-aligned waveguide from z = 0 to
x = 0o (see Figure 1 (left)), governed by the Helmholtz equation (cf. [49, 44]):

(2.1a) LU =AU+KU=0 in Qu:={0<z<00, 0<y<7};
(2.1b) U(z,0) =U(z,m) =0, z€[0,00); U(0,y)=g(y), ye<l0,n]

where the wavenumber k > 0, the field U is outgoing, and g € L?(0, 7). We refer to
Goldstein [27, (2.2)] for the outgoing radiation condition:

o0 . aU o0 R -
2.2 U(x,y) = ¢ ef® sin(l and — = ik; ¢ %1 sin(l
(2.2) (z,9) ; 1 (ly) o ; 1€l (ly)

for each « > 2, > 0 and y € (0,7), where k; := VA% — [2 and {¢} can be determined
by given Dirichlet data at any given 1 > 0. Note that (2.2) implies the DtN boundary
condition

oU N I T
%:T[U] ::Zlkl U et®sin(ly) at z =,

=1
where {U;} are the Fourier sine coefficients of U at 2 = x1. Using the Fourier sine

expansion in the y-direction, we find readily that the problem (2.1)—(2.2) admits the
series solution:

o i L2 T
(2.3) Ux,y) = Zgz M sin(ly) with ¢ = - / g(y) sin(ly) dy.
=1 0

2.1. The PML technique and its error analysis. To solve (2.1) numerically,
one commonly used approach is the PML technique which reduces the semi-infinite

y4 Y
= U,=0
. U=0 . . o
Vacuum Vacuum PML
U=g(y) or
Up=9(y) PAL
Qo Q O,
0 Uu=o0 x 0 U, =0 L L+d

Fic. 1. Left: schematic diagram of x-aligned semi-infinite waveguide. Right: domain reduction
by an artificial layer using the PML or PAL technique.
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strip Qo in (2.1) to a rectangular domain §2 := (0,L) x (0,7) by appending an
artificial layer Qg := (L, L +d) x (0, ) with a finite thickness d (see Figure 1 (right)).
Typically, the artificial layer Q4 is filled with fictitious absorbing (or lossy) media
that can attenuate the waves propagating into the layer. In practice, one would wish
the layer could diminish the pollution (due to the reflection) of the original solution
in the “physical domain” €2 and its thickness d could be as small as possible to save
computational cost.

The critical issue is to construct the governing equation in Q4. It is known that
the PML-equation can be obtained from the Helmholtz equation (A + k?)U = 0 in
(Z, §)-coordinates through complex coordinate stretching (see, e.g., [16, 49]). More
precisely, we introduce the complex coordinate transformation of the form

(2.4) z=8(x), g=y, VY(z,y) €QUQy such that
. x € (0,L); R{S'(x)} >0, S{5'(x)} >0Vx e (L, L+d),

where S(z) is a differentiable complex-valued function. One typically chooses
(2.5) S(x):x—i—%/ o(t)dt Vz e (0,L+d),
0

where o(-) > 0 is the ABF. Then the substitution

o 9 deo 1

0
dr 9%  didr  S'(x) 0w

(2.6)
leads to the PML-equation (cf. [49, (5)])

0 1 oU 0 oy,

which is supplemented with the transmission conditions at the interface x = L,

ou,
ox

Lo,
S'(x) Ox

(2.8) Uplg = Uslg,: 0=

)

Qa
together with the boundary conditions,

Up(x,0) =Up(z,m) =0, z€(0,L+d);
Up(0,y) = g(y), Up(L+d,y)=0, ye(m).

It is noteworthy that with a suitable choice of the ABF o(t), the PML-solution decays
sufficiently fast in the artificial layer, so the homogeneous Dirichlet boundary condition
is usually imposed at z = L + d.

Singer and Turkel [49] conducted error analysis of the PML with the usual
bounded ABFs. Here, we provide a much more precise description of the error between
the original solution U and the PML-solution U, in the physical domain (2.

THEOREM 2.1. Let U be the solution of (2.1) given by (2.3), and let U, be the
PML-solution of (2.7)—~(2.9). If k > 0 is not an integer, then for any (z,y) € Q,

(2.9)

> . 1 — o—2ikiz
(210)  U(z.y) = Up(a,y) + Y g Ri(z) ™ sin(ly),  Ri(x) = ——

_ o—2ikSq
= l1—e
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If k > 0 is an integer, then Ry(x) for the mode l = k in (2.10) should be replaced by

(2.11) Ri(z) = — Vz e (0,L).

Here, k; :== VE2 — 12, Sg := S(L + d) and S(x) is given in (2.4)~(2.5).
Moreover, we have the bounds (i) for 0 <[ < k,

2| sin(kyz)| 2| sin (k)|
2.12 ——— < < ———— L
(2.12) Al <Rl < B e o1,
and (ii) for 1 >k,

2kilz _ 1 2|ki)z _ 1
(2.13) c < |Ry(x)] < -5 Ve (0,L).

e2lki|R{Sq} +1 e2lkiIR{Sa} _ 1

To avoid distraction from the main results, we sketch the proof in Appendix A.
We see that for fixed k,1, the decay rate of Rj(x) is completely determined by the
values of R{Sy} and I{Sy}, i.e., the choice of ABF o(t). We now apply Theorem 2.1
to assess the performance of PML with some typical ABFs:

0 if ze€(0,L),
(2.14) PML,:  o(z) = o0 (ﬂf;L)" if ze(L,L+d),
and
0 if € (0,L),
(2.15) PML, :  o(z) = % if ©e(L,L+d),

where oy > 0 is a tunable constant. We remark that PML,, with integer n > 0 is
commonly used (see, e.g., [16, 49, 10]), while PML,, was first introduced by Bermudez
et al. [7, 8] (which was advocated for its being “optimal,” “exact,” and “parameter-
free” in various settings (cf. [7, 8, 44, 42, 15])). It is clear that in 4, we have

(2.16)

PML,: S(z) = _,_iﬂ ﬂnﬂ R{S,}=L+d (\{S}_Ld
L A B ) Twds = It A e DY
and

(2.17) PMLa. : S(2) = 24 9%0 1 (4 R{Sa} = L+d, S{Su} = 0o
‘ e TR L+d—z)’ = rh P '

Observe that in both cases, R{S4} does not depend on the choice of ABF o ().

Consequently, the main factor in the error QlRl(x)eii” of the Ith mode, corresponding
to the evanescent wave components (i.e., [ > k), behaves like

(2.18) |Ry(2)] ~ e 2VE—R (L+d=2) v 4 e (0, L),

so the only possibility to reduce the error is to increase the width d.
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For the oscillatory wave components (i.e., [ < k), the PML,, can make the factor
R;(z) vanish, but for the PML,,,

(2.19) |Ry ()| ~ 2| sin (1 Jk2 — 2 x) }6—2\/1@‘_1500 d/((n+1)k) 4 (0,L),
so one has to enlarge the thickness d of the layer or choose large oy to reduce the
error.

As an illustrative example, we consider the exact solution (2.1) with {g, = i'J;(k)}
(in order to mimic the plane wave expansion):

(2.20) Ulz,y) =Y i Ji(k)eVF o sin(ly),
=1

where J;(-) is the Bessel function. Define the error function:

(2.21) Ep(x,y) = U(z,y) — Up(z,y) = >_i'Ji(k) Ri(x) ¢V* " sin(ly)
=1

for all (x,y) € Q. Here, we take k = 9.99, L = 1,d = 0.1, and truncate the infinite
series for I < 100 so that the truncation error is negligible. The error curves |E,(x, y)|
with fixed z = L/2,L and y € (0,7) in Figure 2 with PMLy and PMLy, in (2.14)-
(2.15).

Observe from Figure 2 that the errors of the PMLs become slightly smaller as
op increases, but they are still large. The PML,, using unbounded ABFs performs
relatively better but does not significantly improve the classical PML.

Remark 2.2. The recent work [58] introduced the few-mode DtN technique to
deal with the evanescent wave components, while the other modes were treated with
the classical PML,,.

Remark 2.3. As shown in [7], the PML, can completely damp the planar waves
of the form e*=*+kvy with k, = k cos 6y, ky = ksinfy, where 6 is the incident angle
at the left boundary x = 0 of the half-plane waveguide: Au+ k?>u =0, z > 0, —o0 <
y < co. We also refer to [15] for some other successful scenarios. However, it fails to
be “exact” and “optimal” in this setting.

Remark 2.4. Note from (2.17) that for the PMLy, S'(z) =1+ io(x)/k — oo as
x — L+ d, so the coefficients in (2.7) are singular at the outer boundary z = L + d.

—— regular function with o, =10 ——regular function with 7,=10

F1c. 2. Profiles of the error function |Ep(x,y)| of the solution (2.20) with k =9.99,L =1,d =
0.1, and oo = 10,100 using PML> and PMLss. Left: the error curve |Ep(L/2,y)| for y € (0,m).
Right: the error curve |Ep(L,y)| fory € (0, ).
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In [7, 8], the use of, e.g., Gauss quadrature to avoid sampling the unbounded end-
points was suggested for evaluating the matrices of the linear system in finite-element
discretization. However, for large wavenumber k& and very thin layer, much care is
needed to deal with the singularity to achieve high order. Moreover, in more complex
situations, e.g., the circular/spherical PML, S(z) also appears in the PML-equation,
so the logarithmic singularity poses even more challenges in numerical discretization.

2.2. New PAL technique and its error analysis. As reported in [53], the
new PAL was inspired by the design of the “inside-out” invisibility cloak (cf. [57])
using the notion of transformation optics (cf. [41]). In [57], the real rational transfor-
mation was introduced to construct the media and design the clocking layer,

d(x — L)

2.22 = =L4+-——=
(2.22) p=px) Y do s

x € (L,L+d), pe(L,o0),
which compresses the outgoing waves in the infinite strip p > L into the finite layer
(L, L+ d). However, it is known that any attempt of using a real compression coordi-
nate transform fails to work for Helmholtz and Maxwell’s equations. Indeed, according
to [33], “any real coordinate mapping from an infinite to a finite domain will result in
solutions that oscillate infinitely fast as the boundary is approached—such fast oscil-
lations cannot be represented by any finite-resolution grid, and will instead effectively
form a reflecting hard wall.”

To break the curse of infinite oscillation, we propose the complex compression
coordinate transformation (C3T), that is, S(x) = z for z € (0, L), and

(2.23) S(z) = Sg(z) +1Si(z), =€ (L,L+d),

where the real part Sg(z) = o1p(z) and the imaginary part S;(z) = oo(p(x) — L)/k.
Like (2.15), the imaginary part Sy(z) involves an unbounded ABF:

(2.24) Si(z) = 1 /LI o(t)dt, o(z) =09 (LJr(cilx> , x€(L,L+d).

For clarity, we denote the PAL-solution by U,. Thanks to (2.6), we obtain the
PAL-equation as the counterpart of (2.7)—(2.9):

; (18%) 4 (S%x)aUa) TR @0 =0, (2y) € QU

oz \ S'(z) Ox dy Ay
(2.25) _ ou, | 1 90U, B
Ua|Q—Ua|Qd7 Oz Q= SI(QT) o o, at JU—L,

Ua(,0) = Ua(z,m) = 0;  Ua(0,y) = g(y), Ua(L+d,y)=0.

Importantly, we can show that the new PAL is truly exact and nonreflecting.
THEOREM 2.5. Let U be the solution of (2.1) and U, be the solution of (2.25).
Then we have

(2.26) Ua(z,y) =U(x,y) Y(z,y) €.

Proof. Note that the error formula in Theorem 2.1 is valid for general S(z). It
is evident that by (2.23), we have R{S(L + d)} = oo and S{S(L + d)} = co. Thus,
it follows immediately from (2.12)—(2.13) that R;(z) = 0 uniformly for all [ and
x € (0, L), which implies U, (z,y) = U(z,y) in Q. a
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Different from PML, the truncation by the new PAL is exact at the continuous
level, but the compression coordinate transformation induces singular coefficients at
x = L+ d in the PAL-equation (2.25), which brings about some numerical difficulties
in discretization. To overcome this, we introduce the substitution of the unknown:

_L+d-x

(2.27) Ua(z,y) = w(z)Va(z,y), w(z)= — 0 %€ (L, L+d),

with w(z) = 1 for z € (0,L). In fact, the transformed PAL-equation in the new
unknown V, is free of singularity. To show this, it’s more convenient to work with the
variational form. Denote

U:={u=wv:ve H(QUQ), v(z,0)=v(z,7) =0, =€ (0,L+d)]},
and introduce the sesquilinear form on U x U:
(2.28) B(U,,¥) = (CVU,,V¥) — k*(S'U,,¥),

where C = diag(1/5'(z), S'(z)), and (-, -) is the inner product of L?(Q U Q).

In view of (2.24), direct calculation leads to w?(z)S’(z) = a = o1 +iog/k. Then,
substituting U, = wV, and ¥ = w into (2.28), we obtain from direct calculation
that

(2.29) B, (Va,®) = B, (wVa,wd) = (CVV,, V), — ak?(Va, )a,,

where (-, )q, is the inner product on the artificial layer {24, and

(2.30) C = diag(w?(z)/a, @), V = (w(2)d, —1/d,w(x)d,).

It is seen from (2.29)—(2.30) that the multiplication of a linear polynomial w(z) in the
substitution (2.27) can eliminate the singular factors in the coefficients of (2.28). In
principle, one can use a polynomial factor of higher degree. However, it is undesirable
to have an additional weight function in the k%-term of (2.29), and in computation,
this may increase the bandwidth of the sparse, banded linear system, e.g., resulting
from a spectral approximation. In real implementation, one can easily incorporate
the substitution into the basis functions and directly approximate Ul,.

We conclude this section with some numerical results. Consider (2.1) with k& =
29.9 and the boundary source term is prescribed as g(y) = sin(by) — sin(30y) in
(2.1b). The semi-infinite strip Qo in (2.1) is reduced to a rectangular domain 2 :=
(0,1) x (0,7) by appending the PAL layer 4 := (1,1 + d) x (0,7) with a finite
thickness d (see Figure 1 (right)).

In the numerical tests, we use a Fourier sine spectral method in y (with a cut-off
number M) and a two-domain Legendre spectral method in = (with Ny and N terms
in (0,1) and (1,1 + d), respectively), based on the sesquilinear form (2.29)—(2.30).
Numerical results obtained by PAL (o9 = 01 = 1) are also compared with the PML
technique with bounded and unbounded ABFs, ie., PML, (n = 1, 0p = 10) and
PML,, (09 = 10) in (3.22)—(3.23), respectively. Here, we take M = 30 and Ny = 70
so that the solutions are well-resolved in the interior domain, and the error is largely
dominant by the approximation in the artificial layer. In Figure 3, we depict the L>°-
errors for the numerical solution with these three truncation methods. It can be seen
that the errors of the PAL method decrease exponentially to 1070 as N increases.
However, due to the existence of evanescent modes, the errors saturated at around
10~! and 10~2 for PML method with d = 0.1 and d = 0.5, respectively. As analyzed
previously, the saturation level can be improved only by an increased layer thickness
d, which is prohibitive due to the increased computational cost.
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10? —o-PAL |-
_a-PML,
—a-PML_

Errors

(a) d=0.1 (b) d=0.5

Fi1a. 3. A comparasion study for waveguide problem: error for PAL, PMLy,, and PMLs against
N for k = 29.9 with different layer thickness (a) d = 0.1 and (b) d = 0.5.

3. Star-shaped domain truncation and circular PAL. One of the main
purposes of this paper is to design the PAL with a general star-shaped domain trunca-
tion for solving the two-dimensional time-harmonic acoustic wave scattering problems.
More precisely, we consider the exterior domain:

(3.1a) LU =AU +kKU=f in Q. :=R*\D;
(3.1b) U=g on 9D; %—(7{ — 'kU‘ < ; for r=:|x|>1,

where D C R? is a bounded scatterer with Lipschitz boundary I'p = 0D, and
g € HY?(T'p). Here, we assume that the source f is compactly supported in a disk
B(D D). The far-field condition in (3.1b) is known as the Sommerfeld radiation bound-
ary condition. The PAL technique to be introduced is applicable to the Helmholtz
problems with other types of boundary conditions such as Dirichlet or impendence
boundary condition on I'p, and can also be used to solve acoustic wave propagations
in inhomogeneous media in bounded domains.

We start with a general set-up for the star-shaped truncated domain and provide
new perspectives of the circular PAL reported in [53], which sheds light on the study
of general PAL with star-shaped domain truncation in the forthcoming section.

~ 3.1. Star-shaped truncated domain. As illustrated in Figure 4, we enclose
D by a star-shaped domain g with respect to the origin. Assume that the boundary
of ) is piecewise smooth with the parametric form in the polar coordinates, viz.,

(3.2) Igr, := 00 = {(r, 0) : r=Ry(0), 0¢€ [0,271)},

or equivalently, I'r, has the parametric form in Cartesian coordinates:
(3.3) I, ={x=(z,y) : = Ri(0)cosb, y = R(0)sind, 6 € [0,27)}.
Then the artificial layer is formed by surrounding €2 with

(3.4) QSAL = {(r,0) : Ri(0) <r < Ry(0):=oR1(0), 6€[0,2m)},

where the constant ¢ > 1 can tune the “thickness” of the layer. The layer QSAL
provides a star-shaped domain truncation of the unbounded domain Q.. We further
denote the domain of interest and the real computational domain, respectively, by

(3.5) Q:=Q\D, Q=" UQUTR,,
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FiG. 4. Schematic illustration of the artificial layers. Left: a rectangular PAL with four trape-
zoidal patches formed by compressing the open space exterior to the inside (unshaded) rectangular
domain with the boundary r = R1(0) given by (3.8) into the shaded rectangular layer via the map-
ping (3.11)—(3.12) along the r-direction. Here, for a fized angle 0, ¥ = oo is mapped to r = pR1(0)
(¢f. (3.6)). Right: an elliptical PAL formed by the compression of the open space exterior to the
unshaded elliptical domain into the shaded elliptic layer via the mapping (3.11)—(3.12).

where we need to approximate the original solution in €2, but have to couple the
original equation in € with the artificial equation in QZAL in real computation.

Since the choice of the truncated domains is a priori arbitrary, it could be advanta-
geous to choose nonclassical shapes to offer more flexibility to deal with non-standard
geometry of the scatterer and inhomogeneity of the media. It is important to note
that the configuration of the artificial layer is solely determined by the parametric
form of R;(f) and the tuning “thickness” parameter p. We list below some typical
examples of such star-shaped domain truncation.

(i) In the circular case, the artificial layer is an annulus, i.e.,

(3.6) QA ={Ry <r < Ry =Ry, 0< 0 < 27},

where R; is independent of #. As a variant, the “perturbed” annular layer
takes the form

(3.7 QEAL ={R1(0) = a+bsinf <r < Rs(0) = oR1(0), 0 <0 < 27},

where a > b > 0 are some given constants.

(ii) In the rectangular case, we take, for instance, the boundary I'r, as a square
with four vertices: (a,b),(—a,b), (—a,—b), (a, —b) with a,b > 0 (see Figure 4
(left)). Then we have

asecl, 6€10,0p)U[2m — by, 27),
bescb, 0 € [0y, ™ — 09),

38) Ri@)={ °° (b, = o) fo = arctan 2.
—asecl, 0¢€[r—0y,7+00), a
—bescl, 0 € [m+ 0y, 21 — 6p),

Similarly, we can consider a general rectangular domain truncation.
2
(iii) If we choose I'r, to be an ellipse, 2—; + %> =1 with a > b > 0 (see Figure 4
(right)), then we have

ab

) o= \/b2 + (a2 — b2)sin? @

. 0el0,27).
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Now, the key issue is how to construct the governing equation in the artificial
layer. In practice, one wishes that (i) the solution of the resulted coupled problem
in . can approximate the original solution Uln as accurately as possible to avoid
the pollution of the truncation, but (ii) the layer QSAL should be thin enough to save
computational cost. To show the essence of designing the PAL-equation for the above
general star-shaped truncated domain, we first recap on the circular PAL proposed
in [53], but we explore this technique from a very different viewpoint.

3.2. Some new perspectives of the circular PAL. As some new insights,
we next show that the governing equation (in the annular layer r € (R, Ry)) in [53]
can be obtained from the Bérenger equation (in the unbounded domain p > Ry; see
Collino and Monk [16]) by a real compression transformation. Then we can claim
the exactness of the PAL technique—the PAL-solution for » < R; coincides with
the original solution U|,<g,. This should be in contrast with the PML technique
[16, 10], where the governing equation in the layer is obtained by naively truncating
the Bérenger equation in unbounded domain at » = Rs, and then imposing the
homogeneous Dirichlet boundary condition.

Like (2.22), Zharova, Shadrivov, and Kivshar [57] introduced the real compression
transformation

’I“—Rl (RQ—R1)2
Ry —r p+R2*2R17

for p € (Ry,00) and r € (Ry, R2), to design the inside-out (or inverse) invisibility
cloak and also a matched layer. In principle, it compresses all the infinite space
Ry < p < oo into the finite annulus Ry < r < Ry, where ideally the wave propagation
is expected to be equivalent to the wave propagation in the infinite space. However,
such a technique fails to work, as the numerical approximation of the waves within
the layer suffers from the curse of infinite oscillation [33].

Following [53], we propose to fill the cloaking layer with lossy media (i.e., complex
material parameters) and deal with the singular media by using a suitable substitu-
tion of unknowns. More precisely, we introduce the compression complex coordinate
transformation in polar coordinates:

(3.10) p = p(’l") =R+ (R2 — Rl)

~ T, r < Rl, ~
(3.11) 7=S(r)= =06, 6¢c][0,2n),
R1+01T(7")+10'0T(7’), R <7r < Ry,
where 0y, 01 > 0 are tuning parameters, and
(RQ*Rl)(T*Rl) 2/7‘ de¢
12 T(r) = = — " )
(3.12) (r) T 7 (R2 — R1) v -7 "€ (R1, R2)

It is noteworthy that ${7} defines a compression mapping between (0, 00) and (R,

R5), and the parameters og, o1 can be k-dependent, e.g., a constant multiple of 1/k.
The PAL-equation can be obtained by applying the complex coordinate transfor-

mation (3.11) to the Helmholtz problem (3.1) in (7, 8)-coordinates (see [53]),

10 (proUpaL igaQUPAL
(3.13) ror \ a Or r2p 002

Upar, =g on I'p, |Upaw| is uniformly bounded as r — Ra,

+afk?UpaL = f in QUQPAL,

together with the usual transmission conditions at p = R;. Here, we denoted

dr
(3.14) a=--, B=

e
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3.2.1. Bérenger’s equations and PML techniques. In [53], we adopted the
transformed Sommerfeld radiation boundary condition as r — Rs. In fact, it is only
necessary to impose the uniform boundedness to guarantee the unique solvability and
exactness with Ul,<r, = Up|r<gr, (see Theorem 3.1 below). To justify this, we next
show that the PAL-equation (3.13) can be derived from the Bérenger’s equation (in
unbounded domain) in [16]. Indeed, using separation of variables, the solution U of
the Helmholtz problem (3.1) exterior to the circle r = R; can be written as

oo (1)
(3.15) U)= > am }a”;i(kr)eim‘), r> Ry,
im=o  Hm (kRy)

where = = rei?, HS) is the Hankel function of first kind and order m, and {am} are
the Fourier expansion coefficients of U at r = R;. This series converges uniformly
for r > Ry (cf. [43]). According to [16], the Bérenger’s idea to design PML in
the cylindrical coordinates can be interpreted as stretching the solution (3.15) to the
complex domain so that the waves become evanescent. Recall the asymptotic behavior
of the Hankel function (cf. [1]):

\/Tei(k(%{f}-&-iﬁ{v*})—émw—iw)
kT

for —m < arg{F} < 7. This implies that the extension should be made in the upper
half-plane such that S{F} — oo as |F| — oo. In the PML technique, one uses the
complex change of variables,

2 o
- ok}

1 HW (k)| ~
(3.16) |H,, (k)| I

P for p < Ry,
3.17 i =i(p) = )
( ) 2 p—i—i/ a(t)dt for Ry < p < oo,
Ry

where in general, the ABF & satisfies

(3.18) e C(R), 6>0 and lim G(t)dt = oo.

rT—00 Rl

Denote & = #(p) and 3 = 7(p)/p. Applying the coordinate transformation (3.17)
to the Helmholtz equation exterior to the circle of radius Ry, we can obtain the
Bérenger’s problem of computing the Bérenger’s solution Ug in the form (cf. [16])

19 (BpoUs , 140°Us
pOp \ & dp p* 3 062
Ug=g on Ip,

+afk*Ug=f in Q.=R?*\D,
(3.19)

|Ug| is uniformly bounded as p — oo,

together with the usual transmission conditions at p = R;. Note that & = B =1 for
|| < R;. According to [16, Theorem 1], the problem (3.19) admits a unique solution,

and for any |x| > Ry, the Bérenger’s solution takes the form

S o, B GT0) g
(3.20) UB(w)—lmzlgoam Hﬁ)(le)e :
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where {a,, } are the same as in (3.15). In other words, the Bérenger’s solution coincides
with the solution of the original problem (3.1) for r < Ry.

As shown in [16, 10], the PML technique directly truncates (3.19) at p = R, and
the homogeneous boundary condition Upyyp, = 0 at p = Ro is then imposed. More
precisely, we have the following PML-equation:

(3.21)
1 8 BT (')UpML 1 daQUPML . 519 _ .
ror (d or )+7~23392+a5k Upmr = f in Q.N{|z| < Ra},

UpmL|p, =95 Upmi|,_p, =0,

where we set r = p as the independent variable for clarity. Like the waveguide setting
in (2.14)—(2.15), the following two types of ABFs have been used in practice.
(i) PML,, with bounded (or regular) ABFs (see, e.g., [16, 10]):

RQ*Rl T*Rl el
n+1 Ry — Ry

t— Ry
Ry — Ry

n
) , SO Tr=7r+10)

(3.22) 6(t) = o9 (

where r € (Ry, R2) and n is a positive integer. We refer to [10] for the detailed
error analysis and also the very recent work [36] for insightful wavenumber
explicit error estimates.

(ii) PMLy with unbounded (or singular) ABFs (see [7, 8]):

Ry — Ry
RQ—T’

00

(323) olt) = 5,

SO f:r—l—iaoln( ), r € (R1, R2).

Compared with the PML,,, the PML, renders the solution decay at an infi-
nite rate near the outer boundary r = Ry. The parameter o plays a less im-
portant role than that for a bounded ABF. In fact, this technique was claimed
to be “parameter-free” in [15] (where g was fixed in the numerical tests).
However, it is noteworthy that the coefficients & = #(r) and § = #(r)/r in
(3.21) are singular at = Ry, which bring about some numerical difficulties
for high wavenumbers and thin layers.

3.2.2. Equivalence of Bérenger’s problem and PAL-equation. We next
show that our proposed PAL-equation exactly solves the transformed problem (3.19)
by further transforming it to a bounded domain by using a real compression mapping.

THEOREM 3.1. Let Ug(p, 0) be the solution of the Bérenger’s problem (3.19) with
6 =o0g/o1 in (3.17), that is, the complex coordinate transformation:

(3.24) sz—!—i?(p—Rl) for p> Ry.
1

Then applying the real compression rational mapping
(R2 — Rl)(’f — R1>
RQ - T

to (3.17), we can derive the circular PAL-equation (3.13). Moreover, the PAL-
equation (3.13) admits a unique solution, and

(325) p=Ry+ UlT(T) =Ri+0q

(3.26) UPAL(’I“,G) = UB(R1 + 0'1T(’I“),9), r < Ro; and UPAL|r<R1 = U‘T<R1)

where U is the solution of the original problem (3.1).
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Proof. Tt suffices to consider the transformation for p > R;. We find from (3.17)
with & = 0¢/01 that & = 1+icg /oy and 3 = (p+ioe(p—R1)/01)/p. Using the rational
mapping p = Ry + 01T (r), we obtain from (3.14) and the composite transformation
(3.24)-(3.25) (i.c., (3.11)) that

dp
dr’
p+ioo(p—R1) Pl

a= (o1 +i00)T'(r) = &
_ Ry + (1 4i0¢)T(r)

r p r

(3.27)
B

By a simple substitution, dip = g—;d%, we can obtain (3.27) from (3.19) straightfor-
wardly.

The unique solvability of (3.13) follows directly from that of (3.19) (see [16,
Theorem 1]). Moreover, the PAL-solution is a compression of the Bénenger solution,
Up(r,0) = Us(R1 + 01T(r),0) for r < Ry, so it is identical to the original solution for
r < Ry. Thus, by (3.20), we have

o (1)
HY (ES(r)) |
(3.28) Up(@) = Y m %elme, Ry <71 < Ry,
o Hi(kRy)

where {a,,} are the Fourier coefficients of U,(Ry,6). O

With the above understanding, we can show that the PAL-solution in the artificial
layer decays exponentially. In fact, the bound is more precise than the estimate in
[53, Theorem 1].

THEOREM 3.2. The solution of the PAL-equation (3.13) satisfies that for all r €
[Rla R2)7

27 27
| Uens )0 < exp (—aokl (1 n(n) - 7)2)1/"’) | Uess(ra, o).
0 - 0
where
R2 r— Ry
h(r) = 1 - =B ),
(7') (R1(1 — 7_) + 01d7)2 + Ung 727 d=Ry— Ry, 7 Ry — Ry € [07 )

Proof. We now show that the PAL-solution decays exponentially in the PAL layer.
For this purpose, we recall the uniform estimate of Hankel functions first derived in
[10, Lemma 2.2]: For any complex z with ®{z},I{z} > 0, and for any real © such
that 0 < © < |z|, we have

1-©2

(329 D) <05 a0

which is valid for any real order v. Note that S(R1) = Ry, and for r € [Ry, Ra),
IS(r)|? = (R + 1 T(r))? + o3T?(r) > R, S{S(r)} = 00T (r).

Thus, we obtain from (3.29) with z = kS(r) and © = kR, that for r € [Ry, R2),

(1) 2 1/2
Hy'(k

e (1)(S(T))| < exp{—k:%{S(r)} (1 - |S]({1)2> }

m r
(3.30) Im[>0 |\ Hy’ (kRy)

= exp (—Jodle(l —h(T)(1— 7)2)1/2> ,
-7

where the last step follows from direct calculation. 0
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It is seen that the PAL-equation leads to the exact Bérenger solution, which
decays exponentially to zero at a rate O(e=?°%/(1=7)) as r — Ry (ie., as 7 — 1).
However, there are two numerical issues to be addressed.

(i) The coefficients of the PAL-equation (3.21) are singular, which are induced

by the compression rational mapping p = Ry + o1T(r). In fact, we have

C1 CV2
(RQ—T)Q’ RQ_T.

a(r) ~ B(r)
However, the underlying PAL-solution is not singular at r = R», as it decays
exponentially in the artificial layer.

(ii) Observe from (3.16) that the real part of the transformation p = R{S(r)} =
Ry + 01T(r) may increase the oscillation near the inner boundary r = R;.

To resolve these two issues, we follow [53] by using a substitution of the unknown

Upar, = w(r)V,, with a suitable factor w(r), so that V, to be approximated is well-

behaved. The choice of w is spawned by the asymptotic behavior due to (3.16):

1
HyY (kS(r) o B k(s -Ry) kLS ()
HY (kRy) S(r)

Ry eikol T(r) e—kS{S(T)} .

(r)

It implies the oscillatory part of Upar, can be extracted explicitly: Upar(r,0) =
ek () Upay, (7, 6), where Uy (r,6) is expected to have no essential oscillation. Then
the second issue can be resolved effectively. In regard to the first issue, it is seen from
Theorem 3.1 that the singular coefficients are induced by the real transformation:
p = Ri+01T(r). In fact, similar singular mapping techniques were used to map ellip-
tic problems with rapid decaying solutions in unbounded domains to problems with
singular coefficients in bounded domains (see, e.g., [9, 29, 48, 47] and the references
therein), so one can also consider a suitable variational formulation weighted with
w(r) = Ry — r. Unfortunately, the involved variational formulation is nonsymmetric
and less efficient in computation. As shown in [53], we can absorb the singularity and
diminish the oscillation by the substitution

(3.31)

nn

(3.32) Up(r,0) = w(r)Vp(r,0), r < Rs,
where

1 for r < Ry,
(3.33) w(r) = 3/2 ;

(Rl/(Rl + O’lT(T’))) ek T(r)  for Ry <r < Rs,

which leads to a well-behaved and nonoscillatory field V,, in the absorbing layer. It
will be clear from Theorem 4.5 that the fractional power 3/2 is the lowest that can
eliminate the singular factors in the coefficients of the Galerkin formulation of V;,.

It is important to remark that in numerical discretization, we can build the sub-
stitution in the basis functions. More precisely, we approximate Upay, by the nonstan-
dard basis {w¢y} (where {¢} are usual spectral or finite element basis functions) to
avoid transforming the PAL-equation into a much more complicated problem in V.
In the above, we just show the idea, but refer to [53] and the more general case in
section 4 for the detailed implementation.
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4. The PAL technique for star-shaped domain truncation. With the un-
derstanding of the circular case, we are now in a position to construct the PAL
technique for the general star-shaped domain truncation with the setting described in
subsection 3.1. We start with constructing the PAL-equation based on the complex
compression coordinate transformation. Then we show the outstanding performance
of this technique.

4.1. Design of the PAL-equation. The first step is to extend the complex
compression coordinate transformation (3.11) to the general case:
r in €,

41) 7= S(r,0) =
(1) 7=5(r.6) {Rl(Q)+01T(r,9)—|—iaoT(r,9) in QPAL,

where

- (R2 — Rl)(T‘ — Rl) - . 2 " dt r
(42) T(r,@) = Ry — 7 = (R2 Rl) /R1 7(1%2 — t)2, c (Rl,Rz).

Different from the circular case, R; and Ry are now 6-dependent. Indeed, we notice
from (3.2) and (3.4) that Ry = R;(0) defines the inner boundary of the artificial
layer QEAL, whose outer boundary is given by Re = oR;(6). For any fixed 6 € [0, 27),
R{7} = R1(0)+01 T(r,0) compresses the infinite “ray” R; — oo into a “line segment”
R; — Rs in the radial direction. Accordingly, for all 8 € [0,27), it compresses the
open space exterior to the star-shaped domain {r < Ry} to the artificial layer QEAL
(see Figure 4 for an illustration).

Remark 4.1. Based on the notion of transformation optics [41], the use of a real
singular coordinate transformation to expand the origin into a polygonal or star-
shaped domain to design invisibility cloaks is discussed in, e.g., [56, 54]. In contrast,
the real part of the transformation (4.1) Ry(6) + o1 T'(r,0) compresses the infinity to
the finite boundary r = R3(6), so the cloaking is an inside-out or inverse cloaking as
with [57]. However, to the best of our knowledge, this type of cloaking has not been
studied in the literature.

In order to derive the PAL-equation in Cartesian coordinates, it is necessary to
commute between different coordinates in the course as shown in the diagram

<—> Polar: (7,0) M) Polar: (r,0) | +—— |PAL: (z,y)

In what follows, the differential operators “V,V-” are in (x,y)-coordinates, but the
coefficient matrix C' and the reflective index n are expressed in (r, §)-coordinates. For
simplicity, we denote the partial derivatives by S, = 0,.5 and Sy = 0y5, etc.

The most important step is to obtain the transformed Helmholtz operator as
follows, whose derivation is given in Appendix B.

LEMMA 4.2. Using the transformation (4.1), the Helmholtz operator
(4.3) H[U] := AU + kU,

in (Z,7)-coordinates, can be transformed into

(4.4) H[Up)] = %{v- (CVU,) +k*nU,},
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where Uy (z,y) = U(Z,7), C = (Cyj) is a two-by-two symmetric matriz, and n is the
reflective index given by

(4.5) C-TBT!, n=22
,
and
S S; S
(46) B = TS’I‘ (1 + S2> 7? , T — cosf —sinf '
_& TSy sinf cos6
S S

With the aid of Lemma 4.2, we directly apply (4.1)—(4.2) to the exterior Helmholtz
problem and obtain the PAL-equation for the general star-shaped truncation of the
unbounded domain.

THEOREM 4.3. The PAL-equation associated with star-shaped domain truncation
of the original Helmholtz problem (3.1) takes the form

V- (CVUpaL) + k*nUpaL = f in QUQPAL,
(47) UPAL = g on FD,

|Upar| is uniformly bounded as r — Ra,

where C = I.,n =1 in Q, and C,n in QEAL are the same as in Lemma 4.2 with
the transformation S given by (4.1)-(4.2). Here, we impose the usual transmission
conditions across the interface I'r, : 7 = Ry.

As an extension of the circular case, the asymptotic boundary condition at r = Ry
is derived from the transformed Sommerfeld radiation condition and rapid decay of
Upa1, near the outer boundary of the artificial layer QSAL. Moreover, we can extend
(3.24) to the 6-dependent situation, 7 = p for p < Ry, and

(4.8) P =7(p,0) =p+ i%(p —Ri(B)) for p>Ry,
0

and then apply Lemma 4.2 to derive the Bérenger-type problem in the unbounded
domain like (3.19). To understand the oscillatory behavior of the underlying solution,
we recall the Karp’s “farfield” expansion (cf. [34, Theorem I]): the solution of the
Helmholtz equation Au + k?u = 0 exterior to a circle of radius a has an expansion

= Fl(e) +H1(1)(k’p) - Gl(e)

wlp.0) — HW
(p7 9) HO (kp) l:0 (kp)l e (kp)l ’

which converges uniformly and absolutely for p > b > a, and can be differentiated
termwise with respect to p. As the compression is along the radial p-direction, we fix
0 = 6* and let a > Ry(6.) be the radius of the circle enclosing the scatterer D and
all the inhomogeneity. By (3.16) with m = 0,1, the essential oscillation of u(7, 6*) is
of the form e**™{7} = ¢ik? Note that the PAL transformation (4.1) is a composition
of (4.8) and the real compression transformation: p = Ry + 017 (r,0*) (along the ray
6 = 0*). As a result, we introduce the substitution in (4.11) below, where a factor
is normalized to ensure the continuity of the fields across the interface r = R; as
T(Ry,0.) =0.
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4.2. Substitution and implementation. A key to success of the PAL tech-
nique is to make a substitution of the unknown that can deal with the singular coeffi-
cients at r = Ry and diminish the oscillation near » = R;. To fix the idea, we assume
that ¢ = 0 and define the space

(4.9) Hip(Q)={p€ H' (Q): ¢|r =0}, T:=0D,

and
Q.:=QuU QEAL U{r=Ri(f): 6 €0,2m)}.

A weak form of (4.7) is to find u = wv with v € Hj (%) such that
(4.10) B(u, ) = (CVu, Vi)a, — K (nu,v)a, = (f,¢)a

for all 1 = w ¢ with ¢ € Hj (), where

) . R, Ry
(4.11) wlo =1, w|gea = 13/2 ko T(r0) = ¢ — RiST = Rt
Recall that the source term f(z) is compactly supported in Q where w = 1, so we have
the nonweighted L?-inner product (f, ¢)q. Note that we extract the above oscillatory
component, together with the singular factor t3/2, to form w. As we shall see later
on, the power 3/2 is the smallest to absorb all singular factors. On the other hand, in
numerical approximation, we approximate v by standard spectral-element and finite-
element methods, so it is necessary to compute the associated “stiffness” matrix:
PB(wv, we) with v, ¢ being in the solution and test function spaces.

We next provide a detailed representation of the transformed sesquilinear form
for the convenience of both the computation and also the analysis of the problem in
v. For clarity, we reformulate (4.10) as follows: find v € H&F(QC) (and set u = wv)
such that

(412) B(v,9) := B(wv,wg) = (CV(wv),V(we))a, — K (n|wf*v,$)e. = (f,d)a

for all ¢ € Hj ().
The following formulation holds for general differentiable w, which will be specified
later for clarity of presentation.

LEMMA 4.4. The sesquilinear form B(v,$) in (4.12) can be rewritten as
B(v, ) = (|w|236v,v¢)ﬂc + (wB@w* . ﬁv,qﬁ)ﬂc
(4.13) + (w*B@w v, ?(;5)96 + (Fw, ¢)QC
= (BVo,Vé), +(p-Vv,8) + (1,0 Vo) + (110, 8)q

c

where V = (9,99 /1), and

B .= lw*B, p:= wBVuw*,

(4.14) ) . .
q:=w*BVw, #@:=(Vw")'BVw—k*w|*n,

with B and n defined in (4.6). In (4.13), B = B=I,p=q=0, andn=—k? in Q.
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Proof. One verifies readily that
(4.15) V = (9:,0,)t =T(8,,05/7)! =TV.
For clarity, we denote £ = wv and n = (w ¢)*. From (4.15), we immediately derive
(4.16) (Vn)'CVE = (TVn)' C(TVE) = (V)" (T'CT) Vé = Vi B VE,
where we used the fact B = T*CT, due to (4.5), and the property T~! = T". Since
(4.17) VE = (Vw)v +wVu, Vig= (Viw*)¢* + w* Ve,
we have

(CV(wv),V(w ¢))SZC = (|w|2B6v,¢d))Qc + (wB?v, (6w)¢)ﬂ

c

(4.18) ) . . .
=+ (BV’IU U,wV¢)QC + ((Vw*)tBVw v, ¢)Q(‘ .

Thus, the representation (4.13) follows from (4.12) and (4.18). |

We next evaluate the terms involving B,n, and w and show that the singular
coefficients in (4.14) can be fully absorbed by w. Although the derivation appears a
bit lengthy and tedious, we strive to present the formulation in an accessible manner,
which depends only on the configuration of the layer: R;(6), 0, and the coordinate
transformation T and o, o1. To make the derivation concise, we also express them in
terms of

_ R1 _ Rl(Rg—r)
Ry +oT Rl(RQ—T)+0'1(Q—1)R1(T—R1)

(4.19) t €(0,1]

and use following regular functions in r:

a=o01+iog, f:=tS =R+ (a—o01)T,
(e = DRi(r — Ry)
Rl(RQ — 7‘) +01(Q — 1)R1(7“ — Rl)’
(0 —1)°Rt
(Ri(Ry — 1)+ 01(0— 1)R1(r — Ry))?’
Ri(Ry —71)+r(r— Ry)
(Rl(RQ - T) + (T1(Q — 1)R1(7“ — Rl))27

T:=tT =

4.20
( ) "= tzTr =

vo :=t*Tp = (1 — 0)RIR,

where we used

(4.21) T - ((QR—Ql_)f’a) D= (- gr BB (_R?:L:)(Qr —Ry)

With the following formulation in Cartesian coordinates at our disposal, the im-
plementation of the PAL technique using the spectral and finite elements becomes a
normal coding exercise.

THEOREM 4.5. The sesquilinear form @(m @) takes the form

(4.22) B(v,¢) = (TBT'Vv,V4), +(Tp-Vv,¢)a, + (v,Tq" - Vo)a, + (v, d)a,,
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where the matriz T is given in (4.6). In Q, we have B=Ip=q=0, andn=—k?,
while in QEAL, the scalar function 1, and the entries of the matriz B, and the vectors
p,q in (4.14) can be evaluated by the following expressions:

o Boi ofRPt*\ v | Inoit? [ R? 2
4.2 = k2 Y [
(4.23) n=k (a ﬁ—i_ af . 4rR? a+O¢BR%(R1t+aT) ’
Bi— Bt? 24 (R2 2,5-2
1= r( + (Rt + a2)’677),
(4.24) L& 2
Blg = 7<R,1t2 + Oé"}/z)*, BQQ = a71rt2,
B B
(4.252)

_ Boy 3R\o1 aT iko1 R} .0 9
p1= ar 2R1 ik 2rRiaf3 b+ Ry + raf (Brt” + am)t’,
(4.25b)

3R/1’7101 (
P2=—F5 7

R%
t+ — | 2 + ikoy =L 42
2R, + ) +1k01—— 3 ;

Ry

and the elements of q can be obtained by changing the signs in front of ik in p; and
p2, t.e., —ik in place of ik in (4.25).

Proof. Using (4.15) and the property T~! = T, we have V = T'V. Accordingly,
we can rewrite the formulation of #(v, ¢) in Lemma 4.4 as
v, ) = (Bﬁv’ﬁ‘b)szc + (p : 6U’¢)Qc + (”7‘1* : 6@96 + (ﬁ”’¢)gc
(4.26) = (TBT"'Vv,V¢)q, + (Tp- Vv, d)q,
+ (v, Tq" - Vé)a, + (v, 9)a,

Now, the main task is to derive the representations in (4.23)-(4.25). For clarity, we
deal with them separately in three cases below.

(i) We first derive (4.23) from the expression in (4.14). By direct calculation, we
find

=7, +\t v * * Bu Bi wr
(Vw*)'B Vw = (wy,wy /1) (312 BQ2> (wg/’l")

B B

(4.27) = Byi|w, > + %\wgﬁ + %(w*we + wiw,)
B 2B

= Bulw,* + =5 wgl” + —2R{w}we}.

Denote A = t3/2, so w = Ae**1T and A = |w|. Then, we find readily that

. A,
w, = (A, + ikolTTA)e”“”T = <A + ikolTr> w

(4.28)
Ag .
wy = (A + 1k01Tg> w
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so we have
A, 2
jw,[* = T ko T, | |w* = A2 + K*0 T2 A%,
juo? = 43 + KA T A%
(4.29) R{wiwy} = A Ag + k*03T, Ty A%,

wrw = AA, — iko T, A?,
wgw = AA@ — ik:angAQ.

Recall from (4.6) that

(4.30) By = ‘; ( ) By = -2
(4.3

Then inserting (4.29)—(4.30) into (4.27), we derive

S n S2
rS, rSSy

(6w*)tB Vw = (Af + kzafoAg) < ) SS (AAg + iko1Tp A )

QTS; (A, Ag + K*031T, Ty A?)
s
= g (A2 IO + o (Al 4 A7S? — 25,504, 0)
2 242
n krglsA (TESS + TGQSE — QSTSQTTTG)
g 2
rS (47 + Kol T7A%) + ss (4-S0 = A0S5)
ot a2
+ L (150 - ToS,)”.

By (4.14) and (4.30) and the above equation,

n = (ﬁw*)tB 611) - kj2 |w|2 n= r S + k2A2 O'%TTQ S _ SS,
S TST T
(4.31) 1 "
A A 2 T T ' 2.
s, (4080 = A0S:)" + Ko oo 55, (T:-So — TySy)

We have from (4.1)—(4.2) that in QFA% S = Ry + oT, Ry = gR;, and

(R — Ra)(r — Rq)
R2 —-Tr ’

(432) T = S, = ol Sy = Rll + aTy.

Moreover, from the expression of ¢ in (4.19), we find immediately that

3. 301 s 3. 301t2 (R,
4.33 A, =2t3t, = — L3 T, Ag = Stity = 21,
(4.33) 2" 3R, 073" T R, (R1 ¢
Then by (4.32)—(4.33),
30’1 30’175g Rll
A,Sp — AgS, = — L3 T(R, + oTy) — LT Ty ) aT,
So 05, 9R, (R1+Oé 9) 9R, (Rl v |

(4.34)

3R\ oy oT
—71‘, T {14+ —
2R, ( R )
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and
(4.35) T.Sg — TpS, = T, (R} + oTy) — Tp(aT),) = R\T,

We now express 7 in terms of the regular functions ¢, 8, 7,v1,7v2 in (4.19)—(4.20) as
follows:

(4.36)
rsls gfgg Lo <1+a§1>2+k201 ?5 RPT?
T R () < T () e

We obtain the identity (4.23) immediately by regrouping the terms.

(ii) Now, we calculate the elements of the vectors p and q in (4.13), that is,

t = % = x
p = (p1,p2) = wBVw" = B(Vw'w
(4.37) (21,72) (Vo) .
= (Bniwjw + Brawsw/r, Biawiw + Bawjw/r)".

Then by (4.19)—(4.20), (4.29)~(4.30), and (4.34)—(4.35),

(4.38)
p1 = Briwiw + @w;w
r
S S . Sy
= S (1 + Sg) (AAT — 1k01TTA2) — —S(AA(; — iko Ty A? )
S ) SpA
= S, (AA,- - 1]4;01T,,,A2) + S5, (A7.59 - AQST)
. SypA
— lk‘Ul SS (T Se T@ST)
B (301t . 5 3Rjo: /2 2
= —— k t° — — t t
ar \ 2R, + ko 2rRiaf3 + Ry (Brt” + av2)
iko1 R]
- rotﬂ LRI + aya)t?
B (3ot . 9 3R} o1 ar ikoy R} o 5
T ar \ 2R +ikoy |1 2rRiaf3 b+ R,y + raf (Fyt” + am)t*,
and
B
p2 = Blgwrw* + %wgw*
- Sg . 2 Sr : 2
= fg(AA —iko T, A ) + g(AAg —iko1THA )
(4.39)

A . A?
= E(AQST — ATSG) + lkdlg(TrSQ — TgST)

3Ryv101 2 171
=—|t+ =]t iko t2.
il G AR
Thus, we obtain (4.25).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/17/21 to 80.240.28.218. Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/page/terms

A1050 ZHIGUO YANG, LI-LIAN WANG, AND YANG GAO

We now turn to the elements of the vector q. Note that

t * =
q=1(q1,¢q2)" :=w ' BVw
(4.40) (@1,22) )
— (Buw,,w* + Biawgw™ /r, Bigw,w* + ngwgw*/r) .

Following the same lines as in (4.38)—(4.39), we find that ¢1,ge are identical to p,ps
with a change of ik therein to —ik.

(iii) Finally, we deal with the matrix B, that is,

39 (1 N S§> 35y } }
§ ) "5 Bu B
(441)  B=|wPB=|"5 § Sol= (7 2
7t359 rt38, Bia By
S S

Using the notation in (4.20) and the properties in (4.32), we can derive the entries of
B in (4.24) straightforwardly. |

Remark 4.6. In the circular case, the artificial layer is an annulus, i.e.,
(4.42) QPAY = {Ry <r < Ry = oRy, 0 < 0 < 2},

where R; is independent of §. Thus, R} and 7, in (4.20) reduce to 0. Consequently,
several terms in (4.23)—(4.25) vanish and the variables involved in the sesquilinear
form Z(v, $) in (4.22) are reduced to

ay1r
4! 1527

t47 EIQ — 07 _é22 =
r

o Bo? 7 9Bm0f 5
. =k =L - =+ = t2,
(4.43) 7 ( o of r + 4o TR%

3t 3t
plifﬁ <+ik)t2, p2 =0, qlzf@ (ik)tz, g2 = 0.

ar \ 2R,

Remark 4.7. For the circular PAL technique, it was shown in [53, Theorem 3]
that for the transformed problem in (4.12) and (4.22) in the artificial annular layer,
we have the Garding-type inequality:

27 R2
R{Barar (u,u)} = R{Barar (v,0)} > ckQ/ o(r)|v|*rdrdd
) ) 0 Ry
+ some weighted norms of 9,v and Jgv.

Here, ©(r) > 0 for Ry < R} <r < Ry, where R} is some constant depending on the
parameters and can approach to R; in the limiting case. Indeed, the PAL problem in
the layers turns the indefinite problem in (7, ) into a nearly definite problem in (r, §).
However, the analysis for the general star-shaped truncation is much more involved,
which we shall report in a separate work.

5. Numerical results and comparisons. In this section, we provide ample
numerical results to illustrate the performance of the proposed PAL method, and also
compare it with the PML,, and PML., techniques using the ABFs in (3.22)—-(3.23).

Consider the exterior scattering problem (3.1) with the domain truncated by
a general star-shaped PAL layer. In all the following numerical tests, we choose
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a plane wave e*7cs(9=00) incident onto the scatterer D with an incident angle 6.
Correspondingly, the boundary data g in (3.1) takes the form

(5.1) g = —exp (ikRo(6) cos(6 — 6o)),

given the parametric form of D : r = Ry(0),6 = [0, 27).

5.1. Circular PAL layer. We start with solving (3.1) with a circular scatterer
D, so the exact solution is available as a series expansion

o "I (kRo) im(6—0
(5.2) U)=— Y —F—2HD(kr)e™=%) r> Ry
oo HY (kRy)

The unbounded domain is truncated via an annular PAL layer. The numerical dis-
cretization is based on Theorem 4.5 with the coefficients give by (4.43). In light
of the special geometry, we use the Fourier spectral approximation in the 6 direc-
tion and the spectral-element method in the radial direction [47]. In the test, we fix
(Ro, R1, R2) = (1,2,2.2) and the incident angle 6y = 0. Let M be the cut-off number
of the Fourier modes, and let N = (N7, N) be the highest polynomial degrees in
the r-direction of two layers, respectively. The parameters in the mapping (3.11)-
(3.12) are taken to be o9 = o1 = 1. We measure the maximum errors in . We fix
N; = 300 and M = kR; but vary N so that the waves in the interior layer can be
well-resolved, and the error is dominated by the approximation in the outer annular
layer.

In Figure 5, we compare the accuracy of the solvers with three techniques: PAL,
PML,, (withn =1, oo = (5.16,2.78,1.89,1.43,1.15,1.01) for the wavenumber chosen
as k = (50, 100, 150, 200, 250, 300), respectively, which are optimal values as suggested
in [10]), and PML (09 = 1/k as suggested in [8]) for various k. It can be seen from
Figure 5(a) that when the wavenumber k is relatively small, the error curves (with
N < 20) of these three methods intertwine with each other, and the error obtained
by PML, is slightly smaller than that of the other two methods. However, as N
increases, the error for PML,, becomes much larger than that of the PAL and PML,,
due to the large roundoff errors induced by the Gauss quadrature of singular functions.
When k increases, the PAL method obviously outperforms its rivals, as depicted in
Figures 5(b)—(f). For instance, the error of the PAL with & = 150 and N = 20 is
around 1078, while those for the PML,, and PML., are around 1073 ~ 10~%. The
comparison shows that the PAL method is apparently advantageous, especially when
the wavenumber is large.

In practice, one would wish the artificial layer to be as thin as possible so that one
can save computational cost for resolving the artificial unknowns in the layer. How-
ever, this might induce a boundary layer near the inner boundary, which brings about
numerical difficulties in solving the resulting PAL- or PML-equations. As a result, a
good balance of the layer thickness and the rate of decay is important, though it re-
quires a delicate study of the dependence. Here, we provide some numerical evidence.
We keep Ry = 2 but let Ry vary. In Table 1, we tabulate the numerical errors for fixed
polynomial degrees (N1, N) = (300, 30) but for various & = (10, 50, 100, 200, 300, 500).
Observe that the thickness d = Ry — R; indeed affects the accuracy. In Figure 6(a),
we depict the errors against k& x d for £ = 100, 200, 500, which shows a good accuracy
can be achieved when kd € [5,25]. The PAL works well when o9 ~ 1 and 0; < 1 as
shown in Figures 6(b)—(c).
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Errors.

—o—PAL

0

(b) k=100

Errors

Errors

(d) k =200

Fia. 5. A comparison study:

200, 250, 300.

(e) k =250

PAL wversus PMLy, versus PML for various k = 50,100,150,

TABLE 1

Errors versus thickness d for PAL with (N1, N) = (300, 30).

k

10
50
100
200
300
500

d=1 d=0.5 d=0.1 d=0.01 d=0.001
1.11E-12 1.60E-12 1.26E-8 1.39E-4 1.69E-2
9.92E-11 4.67E-13 3.27E-12  2.82E-7 5.69E-4
2.65E-6 3.79E-11 2.08E-13 1.34E-8 8.65E-5
5.72E-4 1.91E-6 9.60E-14  3.12E-10 7.73E-6
3.60E-3 7.51E-5 2.65E-13 3.03E-11 1.30E-6
1.57E-2 1.40E-3 1.33E-11  1.90E-12 1.68E-7

101t

—A—k=100]
—0—k=200|
—8— k=500

1
10 05 1
k< d

5 10 25

(a) errors against k X d

—a—k=100|

Errors

005
%

(b) errors against og

005 05 1
o

(c) errors against o

Fic. 6. Numerical errors against the thickness d and the parameters og,o01 of the PAL layer
obtained by a circular scatterer with a circular PAL layer. (a) Vary d with a fivzed oo = 01 = 1; (b)
vary oo with d = 10/k and o1 = 1; (c) vary o1 with d = 10/k and o9 = 1. The simulation results
are obtained with (Ro, R1) = (1.0,2.0), (N1, N) = (300, 30), & = 100, 200, 500, and 6y = 0.
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F1a. 7. Hezxagonal star-shaped scatterer with an circular PAL layer. The simulation results are
obtained with k = 30, 60 = 0, 0o = 01 = 1, (R1, R2) = (1.3,1.55), N1 = 35 and various N.

Next, we consider a hexagonal star-shaped scatterer D whose boundary has the
parametric form

(5.3) Ro(6) = 0.5+ 0.15sin(6(6 + m/4)), 6 = [0,2m).

It is surrounded with an annular PAL layer with (Ry, R2) = (1.3,1.55) (see Figure
7(a)). To numerically solve this problem, we discretize the computational domain
with 250 nonoverlapping quadrilateral elements Q = {Q()}290 and QPAL — {Qé”}?ﬂl,
as shown in Figure 7(a). We adopt the spectral-element approximation based on the
variational formulation in Theorem 4.5. Using the Gordon—Hall elemental transfor-
mation (cf. [56]) {17, T2} : [-1,1]2 = {Q(), O}, we define the approximation space

uny € VN = {u S Hl(Q) : U|Q(i) oT" S ]PNl X ]P)Nl,

(5.4) u|Q(;> = UVNW, UN|Q£;£) OT; € PNl X ]PN}.

We set 0y =0, k = 30,00 = 01 = 1, and N7 = 35 (which is sufficient to guarantee the
numerical errors are mainly induced by the approximation in the PAL layer). Since
the exact solution with an irregular scatterer is not available, we adopt the numerical
solution obtained by (N1, N) = (35, 35) as a reference solution to obtain the numerical
errors. In Figure 7(b), we plot R{un }|o and R{vn }|orar with (N1, N) = (35,15). We
plot the maximum errors in  against N in Figure 7(c). Observe that the errors decay
exponentially as N increases, and the approximation in the layer has no oscillation
and is well-behaved, as shown by the profiles along the z-axis and the y-axis of the
numerical solution in Figures 7(d)—(e).
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(a) illustration of mesh grids
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(c) errors of (b) against N (d) profile along x-axis (e) profile along y-axis

Fi1Gc. 8. Hexagonal star-shaped scatterer and PAL layer. The simulation results are obtained
with k = 30, g = 7r/4, op =01 =1, Rl(e) = 2.6R0(9), and RQ(@) = 3R0(9) with Ro(e) defined in
(5.3), N1 = 35, and various N.

5.2. Hexagonal star-shaped layer. Next, we surround the same scatterer as
in Figure 7(a) with a hexagonal star-shaped layer, and the parametric forms of the
inner and outer boundaries of the layer are R;(f) = 2.6Ro(0) and Rz(8) = 3Ry (),
respectively, with Ry(6) given by (5.3) (see Figure 8(a)). We take k = 30 and the
incident angle 6y = 7/4. The computational domain is decomposed into 250 nonover-
lapping quadrilateral curvilinear elements as illustrated in Figure 8(a). We depict
R{un}lo and R{vn}|grar with (N1, N) = (35,15) in Figure 8(b). The maximum
errors in {2 against N are shown in Figure 8(c). It is evident that the errors decrease
exponentially as N increases. Figures 8(d)—(e) show the profiles of the numerical
solution in Figure 8(b) along the z-axis and the y-axis, from which we observe the
solution profiles in the PAL layer decrease exponentially without any oscillation.

5.3. Elliptical layer. As a third example, we truncate the exterior problem
(3.1) with a circular scatterer of radius Ry = 1/2 by an elliptical artificial layer. Its
inner boundary I'g, is an ellipse of the form

2 2

% + %2 =1 with a = 1.5cosh(0.7), b= 1.5sinh(0.7),

so its parametric form R;(f) can be obtained by (3.9), and that of the outer ellipse
is Ro(0) = oR1(6). We take k = 30,00 = /3, 09 = 01 = 1, and ¢ = 17/15. The
computational domain is divided into 200 nonoverlapping spectral elements shown
in Figure 9(a). The numerical solution R{un}|o and R{vn}|orar obtained with
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F1a. 9. A circular scatterer with elliptical PAL layer. The simulation results are obtained with
k =30, 00 = 7/3, N1 =35, 00 =01 =1, Ro = 0.5, Ri1(0) is computed based on (3.9). The
errors are plotted against (i) various N from 10 to 30 and a fized R2(0) = %Rl (0), and (ii) various
thickness d of the PAL layer and fixed N = 30.

(N1, N) = (35,15) is depicted in Figure 9(b). The maximum errors (compared with
the exact solution (5.2)) against N are plotted in Figure 9(c). In Figure 9(d), we fix
N = 30 and vary the thickness d of the elliptical PAL layer and plot the maximum
errors against k X d, similar to the test conducted for the circular PAL in Figure 7.
Here, since the thickness of the elliptical layer depends on 6, we take d := Ry(5) —
R1(%). It is seen that the PAL with elliptical artificial layer works well in the range of
kd € [5,25], which turns out to be in accordance with the observation in the circular
PAL case.

5.4. Rectangular layer. Consider a peanut-shaped scatterer D with the para-
metric form of the boundary:

(5.5) Ro(0) = 0.5+ 0.25sin(2(0 + 7/4)), 6 = [0,2n).

It is more practical to surround D by a rectangular layer where the boundary I'g,
is a rectangle with four vertices: (a,b),(—a,b),(—a,—b), (a,—b) with a = 1.5 and
b = 0.75. Thus, R1(f) can be obtained by (3.8) and we let Ry(6) = 1L R1(6). In this
simulation, the wavenumber and incident angle are set to be k = 30 and 6y = /3.
The domain of interest is discretized into 200 spectral elements, as depicted in Figure
10(a). We plot R{un}q and R{vn}|orar computed with (N1, N) = (35,15), the
maximum error compared with the reference solution obtained with Ny = N = 35,
and the profiles of the numerical solution along the x-axis and the y-axis in Figures
10(b)—(f), respectively. Observe that the error decreases exponentially as N increases,
and the field in the rectangular PAL layer is well-behaved and decreases smoothly to
zero without any oscillation.
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(a) illustration of mesh grids
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Fic. 10. Peanut-shaped scatterer with a rectangluar PAL layer. The simulation results are
obtained with k = 30, 6p = 7/3, o0 = o1 = 1, Ro(0) and R1(0) are computed based on (5.5) and
(3.8), and R2(0) = %le). Here, N1 = 35.
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(a) refraction index n(x)
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Fi1c. 11. Scattering problem with a locally inhomogeneous medium with a rectangular PAL. The
stmulation results are obtained with k = 30, 80 = 7/3, 00 = 01 = 1, Ro(0) and R1(0) are computed
based on (5.5) and (3.8), and R2(0) = }—gRl (0), N1 = 35, and various N.

It is also of interest to simulate the exterior scattering problem with a locally
inhomogeneous medium. All the numerical settings are the same except that the
refraction index n(x) in Theorems 4.3 and 4.5 in £ is replaced by a shifted Gaussian
function
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(5.6) @) = 1+ cpexp (-5 70)® + (y - yo>2>

2
2ct

with 29 = 0,90 = 0.3,¢9 = 2, and ¢; = 0.06 (see Figure 11(a)). We depict in Figure
11(b) the real part of the numerical solution. Compared with the result with a homo-
geneous medium in Figure 10(b), the oscillation of the waves above the upper-middle
region of the peanut scatterer increases, due to the influence of the inhomogeneity
around this region. The maximum error and the profiles of the numerical solution
along the z-axis and the y-axis are depicted in Figures 11(c)—(f), respectively, which
demonstrate that the proposed PAL technique is accurate and robust for various
scatterers with locally inhomogeneous media.

Appendix A. Proof of Theorem 2.1. For clarity, we first consider (2.1) with
9(y) = gisin(ly), and then apply the principle of superposition to obtain (2.10). Note
that by (2.3), the exact solution of (2.1) is

(A.1) U(z,y) = G % sin(ly),
and the PML-solution of (2.7)—(2.8) is

eiki(Sa—S) _ o—iki(Sa—5)

(A.2) Up,l('r’ y) = cik1Sa _ o—ikiSa gisin(ly).
In fact, one verifies directly that (A.2) satisfies the PML-equation (2.7) and all con-
ditions in (2.8)—(2.9). Since S(z) = « for = € (0, L), we find

(A3) Ui ) eiicl(sd—%)_e—i/%lsd
. p,l xr,Y)=

eiiCLSd, _ efilAclSd, Ul(x7y) = (1 - Rl(x)) Ul($7y) V(I7y) € Q7

where the representation of R;(x) in (2.10) can be obtained straightforwardly. Thanks
to the identity (A.3), we derive from the principle of superposition, (2.3), and (A.1)
that the PML-solution in €2 is given by

(A4) Up(z,y) = > Upil,y) = Ulz,y) — > gy Rulx) €M7 sin(ly),
=1

=1

which yields (2.10).
It remains to derive the bounds in (2.12). One verifies readily that for z = a4 51
with o, 8 € R,

(A.5) 1—e¥|<|1—¢€*|<1+e% |sinz|= ¢ 2,6 267|1—e_2iz.
i

Then we have

(A6) |1 _ 62Im{]%lsd}| S ‘1 _ e—Qiled‘ S 1 + €2Im{klsd}.

Therefore, (i) for k > I (note k; = VkZ —12), we obtain (2.12) from (A.5)—(A.6)
immediately.

On the other hand, (i) for k < [ (note k; = i|k;|), the lower and upper bounds in
(2.13) are a direct consequence of (A.6).
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If k is a positive integer, we find that for the mode I = k, (A.1) is still valid (i.e.,
U, = gisin(ly)), while (A.2) becomes

(A7) pate) = (1= 50) du sinft

Thus, for the mode | = k, R;(x) should be replaced by R;(z) = —S(z)/Ss in the
identity (2.10).
Appendix B. Proof of Theorem 4.2.

Proof. Without loss of generality, we start with a general nonsingular Cartesian
coordinate transformation z = X (z,y), § = Y (z,y) with the Jacobian and Jacobian
matrix given by

(B.1) J = 9G.5) det(J) Y, X, ) det(J) =1/(X, Y, — X, Y,).
It is known from the standard textbook that (4.3) can be transformed into
1
(B.2) H[U] = E{v (CVU)+knU},
where U(z,y) = U(%,§) and
Cn Ciz JJ' 1
B. C = = — = —
(B-3) (012 022) det(J)’ " det(J)

To represent J and its determinant in polar coordinates, we rewrite the above non-
singular transformation as 7 = R(r,0), § = ©(r,d). Then by the chain rule, we have

Oe,y) (2.5) _ 0(E.9) 0(7,0) _ 0(r,0) d(x,v)
3(&,9) dw.y)  o(76) 0(&.4)  wy) A(r.0)

As a result, the matrix J can be computed by
(2,y) _ (0@.§)\" _ (9(.9)0(F.0) 0(r.0)\ ™"
0, 9) ( Oz y)) - <8(f,§) a(r,0) 8(%1/))
3(%1/)(( ))43(?75)
A(r,0) \ 9(r,0) Az, 7)
Straightforward calculation leads to
A(z,y) 10 a(7,0) 1 0 LA
() 2t =106 ) el v TO
and
o(0) (R, R o)\ _ 1 o R
(B-6) a(r,a)_<®r ®Z>’ (a(r,9)> " R0 — RyO, <—G§T R:))'

Inserting (B.5)~(B.6) into (B.4), and using the property det(T'()) = det(T'()) = 1,
we find

= I,.

z,

<

(B.4)

(B7) det(d) = 7 @9’"_ moy 7= Te) (Jf%‘gf _];i/ ’“) T'(©).
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We now apply the above general formulas to (4.1), that is, 7 = R = S(r,0), 6 =
©=40,s0R,.=S,,Ry = 59,0, =0,0p = 1. Then we obtain immediately from (B.7)
that

1 Se

(B.8) det(J):SLST, J =T(6) i C 895 1),

Then, C and n in (4.5) can be derived directly from (B.3) and (B.8). This ends the
proof. 0
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