A Perfect Absorbing Layer for High-Order
Simulation of Wave Scattering Problems

Li-Lian Wang and Zhiguo Yang

Abstract We report a novel approach to design artificial absorbing layers for
spectral-element discretisation of wave scattering problems with bounded scatterers.
It is essentially built upon two techniques: (i) a complex compression coordinate
transformation that compresses all outgoing waves in the open space into the
artificial layer, and then forces them to be attenuated and decay exponentially;
(ii) a substitution (for the unknown) that removes the singularity induced by the
transformation, and diminishes the oscillations near the inner boundary of the layer.
As aresult, the solution in the absorbing layer has no oscillation and is well-behaved
for arbitrary high wavenumber and very thin layer. It is therefore well-suited and
perfect for high-order simulations of scattering problems.

1 Introduction

Many partial differential equations (PDEs) are naturally set in unbounded domains.
In order to solve them numerically, one has to truncate or reduce the infinite
physical domains in some way. A critical issue is how to carry out this without
inducing significant artificial errors to the solutions. A direct domain truncation
with a hard-wall or periodic boundary condition is a viable option for problems
with rapidly decaying solutions in space. For problems with decaying but slowly
varying solutions (e.g., elliptic and diffusion equations), a reliable approach is to
compress the solution at infinity to a finite domain by using a suitable coordinate
transformation, and then solve the transformed PDE in a finite domain with a
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hard-wall boundary condition. However, these techniques fail to work for wave
problems as the underlying solutions are typically oscillating and decay slowly.
Indeed, Johnson [13] remarked that “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 oscillations cannot be represented by any
finite-resolution grid, and will instead effectively form a reflecting hard wall.” In
practice, the reduction of an unbounded domain by artificial boundary conditions
[12] and perfectly matched layers (PMLs) [3, 9] has been intensively studied for the
scattering problems.

In this report, we offer a new absorbing layer that is well-suited for high-order
discretisation of wave scattering problems. The idea stems from the concept of an
inside-out (or inverse) invisibility cloak for electromagnetic waves, first proposed by
Zharovaet al. [18], which was based on a coordinate transformation that compresses
an open space to a finite cloaking layer with physically meaningful medium. Such
a layer was expected to prevent waves inside the enclosed region from propagating
outside of the layer. Ideally, the cloaking layer could be a perfect absorbing layer
for scattering problems. However, it was far from perfect, as the material parameters
therein were highly singular and the approximation of the solution suffered from the
curse of infinite oscillation [13]. We introduce two techniques to surmount these
obstacles: (i) complex compression coordinate transformation; and (ii) variable
substitution. This leads to a transformed problem in the absorbing layer with
the remarkable features: (i) its solution has no oscillation; and (ii) it is nearly
definite for arbitrary high wavenumber, as opposite to the strong indefiniteness
of the Helmholtz and Maxwell’s equations. To fix the idea, we focus on the two-
dimensional Helmholtz problem with a circular absorbing layer, and outline the
extension to the rectangular layer. We demonstrate that the proposed absorbing
layer is completely non-reflective and perfect for very thin layer, arbitrary high
wavenumber and incident angle.

It is noteworthy that (i) the idea of using complex transformations to damp the
waves is similar to complex stretching of PMLs [3, 8—10], but the transformation
herein compresses all outgoing waves into the layer, and also maps the far-field
boundary condition to the outer boundary naturally; and (ii) the use of substitution
u = ver/ /P is found in the context of infinite element methods for scattering
problems to capture the decay rate of outgoing wave, see e.g., [11], but the
substitution in (20) is adopted for different purpose with a different power in p.

2 Time-Harmonic Acoustic Scattering Problem

Consider the time-harmonic wave scattering governed by the Helmholtz equation:

Au+ku=0 in Qs :=R>*\D; (la)

u=g on dD; du—iku=o0(r""?) as r=|x| > oo, (1b)
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Fig. 1 Schematic illustration of an absorbing layer §2,,. Left: annular layer. Right: polygonal layer

where the wavenumber k > 0, D C R2? is a bounded scatterer with Lipschitz
boundary I}, = 0D, and the data g € H'/>(Ip) is generated by the incident
wave. In fact, the technique can be applied to solve the Helmholtz-type problems in
inhomogeneous, anisotropic media or with an external source, which are confined
in a bounded domain £2, enclosing D, that is,

V- (CVu) +Knu=f in Qe, 2)

in place of (1a). Here, C € C?*? is a symmetric matrix, and n > 0 the reflective
index. Assume that exterior to £2,, C =I,,n = 1 and f = 0.

To numerically solve the exterior problem (1) or (2) with (1b), we reduce the
infinite domain by surrounding the computational domain £ = £, \ D via an
artificial layer £2,, with a finite thickness. Without loss of generality, we consider
two types of layers: (i) £2,,b = {a < r < b} is a circular annulus (cf. Fig. 1 (left));
and (ii) £2, is a polygonal annulus (cf. Fig. 1 (right)). The former is more convenient
to illustrate the idea and to compare with the PML techniques in [3, 7, 10], while the
latter is more practical and flexible to the geometry of the scatterer. In what follows,
we focus on the derivation of the PDE in £2,, that couples with the Helmholtz
problem in £2; to achieve the aforementioned goals.

The form of the transformed Helmholtz operator under a generic coordinate
transformation finds useful later on, which can be verified by knowledge of calculus.

Lemma 1 Define the Helmholtz operator:
i) = Aii + K. (3)

Given a coordinate transformation between X = (X,y) and X = (x,y) with the
Jacobian matrix

. a(x, 7 05
I i ] S
’ X. y



84 L.-L. Wang and Z. Yang

we have the transformed Helmholtz operator
1
Ju] = {V . (CVM) +k*n u}, 5)
n

where u(x) = u(X) and

Cn Ci2 JJ 1
C= - on= . 6
|:C12 C22:| det(d)’ "7 det() ©)

2.1 Real Compression Coordinate Transformation

We start with the “compression” coordinate transformation for the inside-out
invisibility cloak in [18]:

(b—ap s

2
, = b —2a), 7
ptbona O P, SWi=d =20 ()

for p € [a,00) and r € [a, b). This one-to-one mapping compresses the open space
exterior to a disk of radius p = a into the annulus a < r < b, where the inner circle
p = a(= r) remains unchanged, while p = oo corresponds to r = b.

We now derive the equation in the compressed layer §2,, by using Lemma 1.
By the chain rule involving the original Cartesian coordinates-(x, ¥) with the polar
coordinates-(p, 6); and the physical Cartesian coordinates-(x,y) with the polar
coordinates-(r, 6), we have

_ 9ey) _ 9(x,y) 9(r,0) 9(p, 0)
X,y 0(r,0) d(p,0) IX.F)

A direct calculation leads to

J=RLR with J0:|:dr/d,0 O:|’ R — |:cos9—sin9:|' ©)

J ®)

0 r/p sinf cos@
Then by (6),
co O ¢ pdp p dr
Co=R R, = , = . 10
0 |:0 1/c0:| o rdr o rdp (10)

As a consequence of Lemma 1, we obtain the modified Helmholtz equation:

V- (CoVu) + K npu =0 in Q4. (11)
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Noting from (7) that
dp b—a\2 dry\~—!
=00 = (dp) . re(ab), (12)
we have
s(r) (b —a)? s(r) b—r
= N = . 13
o r (b—r)? €0 r (b—a)? (13)

It is evident that 1/co,n — oo, when r — b~. This implies the wavenumber
becomes infinitely large near the outer boundary of layer §2,,. In other words, the
solution u has infinite oscillation. It is no wonder that all the outgoing waves in the
open space are compressed into the finite layer £2,, so this induces the so-called
curse of infinite oscillation. Thus, it is advisable to use a complex compression
coordinate transformation to attenuate the waves.

2.2 Complex Compression Coordinate Transformation

Different from (7), we introduce the complex compression mapping

50 = o) +ionp) —a). o= " refan. a4

where s(r) = a® + r(b — 2a) as before, and 0y > 0 is a tuning parameter. For
notational convenience, we denote

s
a:=1+io = P, ,8:=1+icro<l—a)=’0. (15)
dp P p

Using Lemma 1, we can derive following PDE in £2,,.

Theorem 1 Using the transformation (14), we derive the Helmholtz-type problem:

V- (CVu) +Knu=0 in 2. (16)
1d

u=wv atr=a; ’a,u —iku = o(|p|7V?) as r— b, a7
adp

where W is from the solution of the interior Helmholtz equation at the inner
boundary r = a, and

_ c 0 t _ s(r)(b—a)2 _,BS(}’) b—r
C_R[OI/C}R’ n=ap r (b—r)3’ “Ta s (b—a)? (18)
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Moreover; if ¥ € L*(0,2m), we have the following point-wise bounds for all r €
(a.b).

aZ

2
a k2p? +k20§(p—a)2) }”W”LZ(o,zn)-
(19)

lu(r, 2027 < eXP{—kUO(p — a)(l

It is important to point out that the solution in the point-wise sense (19) decays
exponentially like O(e=*%0/(>=") as r — b~. We also observe from (18) that the
coefficients 1/c,n — oo as r — b~. Though the product nu is well-behaved, the
problem (16)—(17) is still challenging for numerical solution due to the involved
singular coefficients.

2.3  Variable Substitution

To handle the singularity and remove essential oscillations of u, we introduce the
following substitution in £2:

3/2 .
u=ow, w = (Cl) elk(P_a), (20)
P

where p = p(r) is as in (7). It is important to remark that

(i) We incorporate the complex exponential to capture the oscillation of u, so that v
essentially has no oscillation for arbitrary high wavenumber and very thin layer
(see Fig. 2 below).

2.2

Fig. 2 Profiles of the solution (33) with k = 200, 8y = n/4 and ay = 1 under the real
compression mapping (7) and complex compression mapping (14), and the substitution (20) with
r € (2,2.2) and along & = 0. (a) Re{u(p(r),0)} under (7). (b) Im{u(p(r),0)} under (7). (c)
Re{u(p(r),0)} under (14) vs. Re{v} in (20). (d) Im{u(p(r), 0)} under (14) vs. Im{v} in (20)
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(i) Inreal implementation, we can build in the substitution into the basis functions,
and formally approximate # by non-conventional basis:

uy € span{y; = weg; : 0 <j < N}, (1)
where v is essentially approximated by the usual polynomial or piecewise

polynomial basis {¢;} in spectral/spectral-element methods.

Remark 1 Recall that for fixed m and large |z| (cf. [1]),

2 .
HD(z) ~ \/ AGmamm—3m g o arg(z) < 2. (22)
nz
By (60), we have the asymptotic estimates for fixed m :

Hy( kp(r)

in(1)] = 1| )

~ \/ I‘fl e—km>(p—a)|¢m| eiklo—a) (23)
0

In view of this, the complex exponential in (20) captures the oscillations of u near the
inner boundary r = a, so we expect v has no oscillation and decays exponentially
in the layer £2,p. |

We find it is more convenient to carry out the substitution through the variational
form. Let L2 (£2) be a weighted space of square integrable functions with the inner
product and norm denoted by (-, ), ¢ and || - |».2 as usual. Define the trace integral
(u,v)p, = 951" uvdy. Let 2 = £ U §24, and assume g = 0. Formally, we define
the bilinear form associated with (1) in £2r coupled with (16):

B, (u,¢) 1= By (1, ¢) + By, (u.¢) with By (u,¢) = (Vu, Vd)g — K, ¢)g,,
Bg, (. ¢) = (CVu,Vo)o,, — K (nu.¢)a, — (CVu-n,¢)p, (24)

where n = (cos 8, sin #)' is the unit outer normal to I},.

Theorem 2 With the substitution u = vw and ¢ = Yyw in (20), we have
1 1
By, (u.¢) = (@1 CVv, vl//)gﬂb+a (Bonv, Iﬁwz)gab-l—a(ﬂ‘(DzU, M) g, +(@30.¥)g .

(25)

where 0, = n -V is the directional derivative along the normal direction, and

3 3 30h_ )2
e

a=14+i0y, B=1 +icro(1 — ;), /1) = bs(—r)r’ s(r) = a® 4+ r(b—2a), r € (a.b).
(26)
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Remark 2 Some remarks are in order.

(i) Compared with the singular coefficients in (18), we observe from (26) that the
involved coefficients become regular. In particular, @3 is uniformly bounded
above and below away from zero.

(i) The DtN boundary condition is transformed to the outer boundary r = b, this
naturally eliminate the boundary term in (24).

(iii)) When u is approximated by a non-conventional basis (21), we can use (25)—
(26) to compute the matrices of the linear system. In fact, §2,, can be replaced
by any element of a non-overlapping partition of 2. O

Remarkably, the transformed problem in v is nearly definite for any wavenumber
k > 0, as opposite to the indefiniteness of the original problem.

Theorem 3 With the substitution u = vw in (20), we have
Re{Ba, (u,u)} c1(1—e D002, + e2ll9pv[l3, + c3llv@, 720 2m)

e 227)
+ P |IPR / / (ZE’;|U|2drd9,
0 Ja S\

wherew =b—r,|Il=b—a,e>1and

L . > e = maxtany
c] = , €= _ , 3= , ¢ = max{a, ,
YTt 1402 T b 7T 21402
15 o 9 02 a
o@r) = o P - P— 0 (0f—e+2)t+(02—e), t= .
D= 41 402" awie 1+002( otk log—e) 1=

(28)

For simplicity, we denote the coefficients (up to a sign) of the cubic polynomial
in 7 by {y;}>_,., and define

O@) == 0() = 3 =y =it +y0, 1€ (0,1]. (29)

One verifies readily that

3

Vz>2_ v )/1} 2 _ l+og

o) =3 {(t— - , =
® =3ps 3y 9y 3ys)7 3y 509

~ ~ 3 4a22
O0) = -y <0, (1)< 3)/3(5 - ”;5 (02— e+ 2)).

If k2 > k2 1= 27/(4a*(0% — € + 2)) and 1 < € < 02, then ®'(£) < 0, and

(1) <O <OO) =02 —€, 1€(0,1); O) >0O(tx) >0, 1€ (0,1,
(30)
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where
Yo l+eo;? 1 1 1 s
th=""=1— s =1— _ +2(€—-1 + O(0, ).
= Lt ogortor " g TN 4+ 00°)
€1y
This implies

b— b7 -1
0 =0 if p>% or a< AT =D b 3
I« b—a+a(z'—1)

In particular, if 0y > 1, we have ©(r) > 0 for all r € (a, b).

2.4 Numerical Results
2.4.1 Illustration of the Solution in 2 ,;, Under Different Transformations

Consider the exterior problem
Au+ku=0, p>ap Ulp=ay = & 0pu —iku = o(p~1?), (33)

where we take g = —exp(ikao cos(0 — b)) with the incident angle 6. It is known
that it admits a unique series solution u(p, 8). As before, we reduce the unbounded
domain by an artificial annular layer £2,, with radius a > ay.

We plot in Fig.2 the profiles of the solution under different transformations.
We see that the infinite oscillation of the solution in the layer £2,, by the
real compression transformation (7). The solution decays exponentially with the
complex compression transformation, but it oscillates near r = a. However, with
the substitution (20), v becomes well-behaved in the layer, which actually we
approximate.

2.4.2 Spectral-Element Methods for Scattering Problems

We demonstrate that the proposed absorbing layer is totally non-reflective, and
robust for high wavenumber and very thin layer. To show the high accuracy, we
solve (1) with the scatterer D being a disk of radius ag, which is reduced to two
annuluses: £2 = 2y U §2,,. Here, we use Fourier approximation in ¢ direction, and
spectral-element method in radial direction [14]. Note that for r € [a, b], we use the
non-standard basis ¥; = we¢; with ¢; being the usual polynomial nodal or modal
basis as in (21).

We also intend to compare our approach with the PML technique using the
complex coordinate stretching

r=ri [ ‘o, re(@b). o) >0, (34)

a
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Typically, there are two choices of the absorbing function o (¢).

(i) Regular function (see, e.g., [7, 10]):

t—a

b— —
e a(r a

n+1
bl L) reb). 69)

n
C7(1‘)201( ), so r=r+io
where n is a positive integer and o; > 0 is a tuning parameter.
(i) Singular function (or unbounded absorbing function (see, e.g., [4, 5]):

_ (o)) ~ . b—a
(f(t)—b_, SO r—r+1021n<b_r), r € (a,b), (36)

t

where 0, > 0 plays the same role as 0.

Observe from (14) and (36) that the imaginary parts of both transformations
involve two different one-to-one mappings between (0, co) and (a, b), i.e.,

p(r)y—a r—a a+ bz
= = s = s € (a,b), € (0, s 37
z b—a by T4 T (a,b), z€(0,00), (37)

and

b— 1

z= 1n( “), r=b—(b—a) , re(ab), ze(0,00). (38
b—r et

It is noteworthy that the algebraic mapping (37) has been used for mapped spectral

methods in unbounded domains see, e.g., [6, 14], where at times one employs the

following logarithmic mapping similar to (38):

b—2 2
Z:ln( b_a:rr)7 r=b-(-a) = . re@b). z€(0.00). (39

Indeed, one can choose any of these singular mappings in (35) for the PML, but the
singularity of the coefficients in the PML equation is very different between (38)—
(39) and (37). In fact, the authors [4, 5] suggested the use of e.g., Gauss-quadrature
rules to avoid sampling the singular values at r = b, but it should be pointed out the
logarithmic singularity induced by (38) is more challenging to deal with than the
algebraic mapping (37).

We reiterate the significant differences of our approach from the PML: (i) we
use the compression transformation for both the real and imaginary parts in (36) so
we can directly transform the far-field radiation conditions to » = b; and (ii) more
importantly, the substitution allows us to remove the singularity and oscillation in
the layer leading to well-behaved functions which can be accurately approximated
by standard approximation tools.

In the test, we take g to be the same as in (33) with ¢y = 1,6y = 0, and use
Theorem 2 to compute the matrices related to the artificial layer. Let M be the
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cut-off number of the Fourier modes, and N = (N, N) be the number of points
in r-direction of two layers, respectively. We measure the maximum pointwise error
in 7. We take N; = 200,M = ka witha = 2, b = 2.2 and vary N so that the
waves in the interior layer can be well-resolved, and the error should be dominated
by the approximation in the outer annulus. In Fig. 3a-b, we compare the accuracy
of the solver with PAL (o9 = 1.5), PML (n = 1,07 = 1.89, 1.43 for k = 150, 200,
respectively: optimal value based on the rule in [7]) and UPML using unbounded
absorbing function (36) (0, = 1/k : optimal value suggested by [5]). Observe that
our approach outperforms the PML with two choices of the absorbing functions,
and the advantage is even significant for high wavenumber. In addition, the effect of
the singularity related to UPML is observable for slightly large N.

We also study the influence of the thickness of the absorbing layer. In Fig. 3c, we
vary the thickness of the layer b —a = 0.02, 0.05, 0.1, 0.5 and plot the error against
N =5,10,---,40 with k£ = 100. For a fixed N, we observe the thinner the layer the
smaller the error, which shows the result is insensitive to the thickness. In Fig. 3d,
we plot Re(un)|g, and Re(vn)|q,, wWith b —a = 0.02 and N = 40. Notice that the
approximation of v has no oscillation and is well-behaved in the layer.

In Fig. 3e—f, we further test PAL with a perfect conducting ellipse D with D :=
{(x,y) = ¢(coshf cos,sinhésin6), 0 € [0,27)} and fix (£, &) = (0.8,0.5) with
k = 50, (a.b) = (2.2.2). We partition 2 = {2"}%, U{2{}%_, into 16 non-
overlapping (curved) quadrilateral elements as shown in Fig. 3e. Using the Gordon-
Hall elemental transformation {Tfi, Tid 1,1 = {.Qf(') .Qig }, we define the

(b) (©

——PAL
—A—PML
s UPML

—-b-a=0.02
-A-b-a=0.05
~o-b-a=0.1

N\
“w | =b-a=05

. 14 .
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
N N N

(d) (e) ®

Fig.3 In (a)-(b): b = 2.2. In (¢): k = 100. In (d): kK = 100,»b = 2.2,N = 40. In (e)-(f):
k = 50,N; = 60, (a,b) = (2,2.2), D := {(x,y) = C(coshf cos 0, sinh§ sin0), 6 € [0,27)}
with (¢, &) = (0.8,0.5), 0o = 1.5, and for (e): N = 25. (a) PAL vs PML (k = 150). (b) PAL vs
PML (k = 200). (c) Errors vs thickness of £2,;. (d) Re(uy) and Re(vy). (e) Re(uy) and Re(vy).
(f) Error of (e) against N
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approximation space

uy € Vn = {u € Hl(.Q) : u|9;,-) o Tfl € ]P)Nl X ]Ple u|9.(,? = UNW, UN|.Q’({") OT‘,ib € PNl X]PN}.
(40)

In Fig. 3e, we plot Re(un)| o, and Re(vn)|g,, with (N1, N) = (60, 25). In Fig. 3f, we
take N; = 60 (the interior layer can be well-resolved) and vary N = 5, 10,---,25
so that the maximum point-wise error in §2r should be dominated by N (the number
of points along the radial direction in £2,,). We see the errors decay exponentially
for the spectral-element approximation, and a high accuracy can be achieved with a
small N.

2.4.3 Simulation of Cylindrical Inside-Out Cloak

We illustrate that with the lossy and dispersive materials in the cloaking layer £2,p,
we can achieve the perfectness of the aforementioned inside-out cloak. Assume that
the scatterer D in (1) is penetrable, and place an active “point” source centred at
(x0,y0) inthe disk r < a :

(x—x0)> + (v _YO)Z)

202

fx.y) = Aexp( - (1)
with (A, xo, yo, o) = (10°,—0.3,—0.3,0.01). We take k = 50, (a,b) = (1, 1.5) and
oo = 0.1. In Fig. 4a, we plot Re(u)|o, and Re(v)|g,, with (N1, N) = (50, 30). We
depict in Fig. 4b—c the extracted profiles along x-axis. We see that the waves radiated
by the active source are completely absorbed by the cloaking layer £2,,. Indeed, the
unknown v in the layer is very well-behaved.

(a) (b) ()

Ll 1
v 1 "ﬁ”ﬂ““\”\\‘ \‘H‘HH(\M 1 MHH‘“ “(‘\‘HHHH\
; o T AN \M‘HHHHM M M\“\“‘\H”M
IS0 st e
’ L T MR AT
“ Il | \ H\ | M“ il | HH\ H A
4 wh‘\‘\“/ h 4 u‘“\‘\‘\“( 3
AL LA
) 2 } I \j | -2 ! ! \ !

-1 0 1 1.5 -1.5 -1 0 1 15

Fig. 4 Inside-out cloaking phenomenon generated by a point source defined in (41) with k = 50,
(a,b) = (1,1.5), 0p = 0.1, M = ka and N = (50, 30). (a) Cloaking of a point source. (b) Profile
of u & v along x-axis. (¢) Profile of u along x-axis
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3 Rectangular/Polygonal Absorbing Layer

In practice, the rectangular/polygonal layer is more desirable and flexible for e.g.,
elongated scatterers and for element methods. In fact, the two techniques for
designing the perfect annular absorbing layer can be extended to this setting. To
fix the idea, we set

Qr={xeR:|x|<L,i=12}, Q={xeR*:|x|<L+d,i=12}

with L, /L, = d;/d,. Then, the absorbing layer consists of four trapezoidal pieces:
5 =2\ S_Zf = 2"U QU 2" U £2°, whose non-parallel sides are rays from the
origin O, as illustrated in Fig. 5a.

Like (14), the complex compression coordinate transformation for the right and
top pieces £2” and £2, respectively, takes the form:

X1 = p1(x1) +ioo(p1(x1) — L1), X2 = Xixa/x1, x€ 827, (42)
X = pa(x2) +iog(p2(x2) — La), X1 = Xox1/x2, X € 2, (43)
and for the left and bottom pieces £2” and £27, we transform by symmetry:
(¥1(x1). X2 (x1, 32)) [ ot = (= F1(—x1), Ko (—x1, %2)) | v, (44)
(%1 (61, %2), B2 (x02)) [ 0 = (%1 (x1, —x2), —%2(—x2)) |- (45)
In the above, we have

L} + (dy — L)x
Li+di—x1

2 _
. p2(x) = L + (@ Lz)Xz' (46)

p1(x1) = Lyt ds—

Like (7), the real transformation X; = p;(x;) maps x; € [L;,00)tox; € [Ly,L; +
dy). As a result, the trapezoid §2” on the right is compressed along radial direction

@) (®) © |

1 (e ‘@m\-“l; .

3 6 9 12 15 18 21 24 27 30
N

Fig. 5 In (b)~(c), dD := {(x,y) = C(coshécosf,sinhésind),0 € [0,2xn)} with ({,§) =
(0.8,0.5), oy = 1.5. (a) Schematic illustration of £2,,. (b) Re(ux) and Re(vy). (¢) Error of (a)
against N
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from an open “trapezoid” with L; < X; < oo and two infinitely-long, non-parallel
sides on the same rays as §2”. Likewise for three other trapezoidal pieces, they are
compressed from open “trapezoids”.

Using Lemma 1, we can derive the Helmholtz-type PDE as with that in
Theorem 1. Thanks to the symmetry of the layer, one only needs to calculate the
material parameters in £2” and £2.

Theorem 4 By the transformation (42)—(43), we have C and n take the form

B p1 a xipp  Prep; (x2\2 1 o a2
Ci = , Cyp= + ()(— ) (47a)
! Oéx1,0’1 2 B1 p1 o Xp \X] ,0/1 B1 p1
/
Cpy = ?@1 xf,(l)’ —_ 1), n= aﬁlp;pl, in £, (47b)
1 1 1
and
/ / 2 1 2
Cy = &P +ﬁzpzp2(xl) ( o Xz) = B2 P2 asa)
B2 P2 d X2 ‘X2 P2 B2 p2 20,
/
Cpp = ™ (IB2 /02/ - 1), n= aﬁzpzpz, in 2, (48b)
X2 O{)C2,02 X2

where « = 1 + oo, and B; = X;/p: (i = 1,2). With the symmetric relations (44)—
(45), we have

{Ci1, Coa,n}(x1,x2) | 21 = {C11, Coz, n}(—x1,x2) | 2r, Cra(x1,:2) |t = —Cra(—x1,%)|0r,

(49)

{C11, Coa,n}(x1,x2) | @0 = {C11, Coa, n}(x1, —x2) |21, Cra(x1,2%2)|@r = —Cra(x1, —x2) | 1.

(50)

We shall provide the derivations in a forthcoming work. Like (20), we use the
following substitution to diminish the singularity and essential oscillations:

w=vw, w= (Ll/Pl)yzeik;l (p1—L1) in 27, w= ([‘2/)()2)3/28%;2 (p2—L2) in £, (51)
wxy, x2) o = w(=x1,x2)|2r, wx,x)ler = wlx, —x)|or, with r = \/X% +x15. (52)

This can be implemented as in Theorem 2. The details shall be reported in a later
work.

To test our proposed method, we enclose the same elliptical scatterer with
the same setting as in Fig.3e by a rectangular layer with (L;,L;) = (1,0.8)
and (d1,dy) = (0.1,0.08). We partition £2 = {2"}5_, U {2y}%, into 16
non-overlapping quadrilateral elements as shown in Fig.5b. Once again, the
spectral-element scheme can be implemented by the unconventional basis in (21)
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and uy € Vy in (40) with w defined in (51)—(52). Let 6y = 0, k = 50, and gy = 1.5,
we plot Re(un)| e, and Re(vn)|g,, with (N1, N) = (60, 30) in Fig. 5b. We plot the
maximum error in £2; with fixed Ny = 60 and N = 3, 6,---, 30 in Fig. 5c. Observe
that the error decays exponentially as N increases, and the approximation in the
layer has no oscillation and is well-behaved.

4 Extensions and Discussions

We discuss various extensions and relevant futures works to conclude this report.

* The complex compression coordinate transformation (14) can be directly applied
to construct three-dimensional spherical absorbing layer. However, the substitu-
tion (20) should be replaced by

u=ovw, w= (Z)zeik(”_“). (53)

» For 3D polyhedral layers, we can compress the outgoing waves of the open space
in radial direction as with the polygonal layer outlined previously. The related
real compression transformation can also be viewed as an inside-out polyhedral
cloak version of that for the polyhedral cloak in [16].

» It is of interest and necessity to theoretically analyse the well-posedness of the
reduced problem, and conduct the related error estimates, which the analysis in
[7, 8, 15] can shed light on, and we shall report in future works.

* Time-dependent formulations of the equation in the absorbing layer can be
obtained by taking the inverse Fourier transform in time of the time-harmonic
counterparts as with the PML technique, see e.g., [9]. Remarkably, Daniel et al.
in [2] proposed a high-order super-grid-scale absorbing layer, whose limiting
case can be viewed as the real compression mapping discussed in Sect.2.1,
together with an artificial viscosity term to damp the waves. Different from
the PAL technique and the above idea, which only involve spatial coordinate
transformations, Zenginoglu constructed a hyperboloidal layer in [17] by using a
space-time coordinate transformation along characteristic lines. The comparison
of the accuracy and efficiency between these methods is worthy of deep
investigation.
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Appendix 1. Proof of Theorem 1

Proof Given the transformation (14), (8) becomes

_ 0y _ dxy) 9(r.0) 3(p. 0)

J=__..= - Y e (54)
Ax,y)  9(r,0) d(p.0) (x.y)
With p in place of p in (9)-(10), we have
J=RIR with J = |9/ 0 | (55)
0 r/p
and
c 0 pdp pdp pdr  Bpdr
= R Rt = = = = .
¢ |:O 1/c:| P e T € rdp ardp (56)

Then we can work out the explicit expressions of 7, ¢ in (18) as (13).

Note that the asymptotic boundary condition at r = b is transformed from the
Sommerfeld radiation condition in (1b).

We now derive the estimate (19). For this purpose, we expand the solution and
data in Fourier series:

(o]

Wy =" it (r). Y ()} (57)

m|=0

where {ﬁm(r), @m(r)} are the Fourier coefficients. Then we can reduce the prob-
lem (16)—(17) to

1 ’ m2

(reit),) = ) fim+Knim =0, relfab), |ml=012---, (58

r r2c

R A 1dr, . o _

iy =V at ¥ = a; ru;n—lkuzo(|,o| 12y as r— b, (59)
adp

One can verify by using the Bessel equation of Hankel function (cf. [1]):
Py + (P =mt)y =0, y=H(),
that the unique solution of (16)—(17) is

o) 1) g ~

. ~ Hy'(k
u= E itm(r)e”"e with ,,(r) = ¥ (1)( '0).
H,,’ (ka)

m|=0

(60)
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We next resort to a uniform estimate of Hankel functions first derived in [7,
Lemma 2.2]: For any complex z with Re(z),Im(z) > 0, and for any real ® such
that 0 < ® < |z|, we have for any real order v,

() -mo (- %)
|H,” ()| < e 27 H, (@), (61)
which implies
)= 2
Hy' (kp) { a 1/2
< exps—kop(p—a (1— ) } > a.
|m|>0 ny,l)(ka) p o(p ) K2p? + kzog(p —a)? o

(62)

Therefore, we can derive (19) by using the Parseval’s identity of Fourier series
and (62). O

Appendix 2. Proof of Theorem 2

Proof We first deal with the boundary term (CVu - n, ¢); in (24). By a direct
calculation and (56), we have

@, 71 0gu)" = R'Vu, CVu-n=Rdiag(c,c h)R'Vu-n=cou. (63)

Thus, using (56) and the substitutions: ¢ = wy and u = wv, we can write

(CVu-n,¢); = (cur, ¢)ry = (Wi, ¥)py = a3/2<’3 \/ b=r ikp—a 1 dr u,,¢>

r\ s(r) adp I

= a3/2<ﬂ b= re_ik(p_")( bdr Uy — iku), 1//> + ika3/2<ﬁ b= re_ik(”_“)u, 1//>
r\ s(r) o dp I r\ s(r) I

_ 3/2,3 b—r —ik(p—a) 1 dr . > ) 3<,3(b—r)2 >
e <"\/S(r)e ’ (adpur lku)’wn’_l_lka ros2(r) U,I//n’.

Noting that the integral along I} is in 6, we obtain from the transformed
Sommerfeld radiation condition (17) that (CVu -n,¢); — Oasr — b™.
We next deal with the other two terms in (24). Using the basic differentiation
rules

Vu=wVv+vVw, Vé=wVy+y Vi,
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we derive from (24) and a direct calculation that

By, (1. ¢) =(Iw|*CVv, Vi), + (WCVU- Vi, y) o+ (vwC Vw, Vi),

+(CVw- Vv ), — K (wlnv.y),
(64)

As C is symmetric, one verifies readily that for any vectors a and b with two
components, we have (Ca) - b = (Cb) - a. Thus, we can rewrite

(wCVv- Vit y), = (WCVi- Vo, ¥),, . (65)

As w is independent of 6, we immediately get Vw = ‘f;:n. Then by (56),

d d
cvw = " Rdiag(c,cHR'n =" n. (66)
dr dr
Thus, we have
dan d dw |2
wCViv = cw™'n, WCYw =cw’ ', CVw-Vv'v:c‘ W) (6D
dr dr dr
Introducing
2 _ o dw 20,012
w = w5, wy=cw , wW3=c k“lwl'n, dp=mn-V, (68)
B dr

we can derive (25) from (64)—(65) and (67)-(68). By (20),

aw dp 3
= — ik). 69
dr Y dr ( 2p i ) (69)
We can work out {wj} , by using (12), (56) and (69). O

Appendix 3. Proof of Theorem 3

Proof We take v = v in (25). By (56) and (63), we have

27w pb
1
Re(zUlCVv,Vv)Qb:Re// Lel, > + 2|v9|2}w1rdrde
a cr

2 2w 3 d
/ / ) |v,|2rdrd9+/ / p}lvglzrdrdQ
rp dp

(70)
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Using (26) and integration by parts leads to
1 2
Re{ (,BD,,v,vwz)Q (ﬂvwz,D v —2/ / Re Re(wzvv,)rdrdé
o
27 pb :3 2
- / / Re( )Re(wz)(8,|v|2)rdrd9—2 / / Re( )Im(wz)lm(vﬁ,)rdrde
0 Ja o 0 Ja o

31 2 3 [ 5 40t a dpy,
:21+0ﬂwm,Wumhy+2/a/ rﬁ(l+ogp—3)m}w|mm9

2
—2k// Re Im(vv,)drd@

(71)
It is evident that
2
Re(w3v, v) / / Re(w3)|v|*rdrdf. (72)
Note from (15) that
2 1 1—
Re('B)zl— % @ , Re(“)=1+ ool =afp) a_,
o l+o5p 14o0; B 1+03(1—a/p)?p
(73)

Using the Cauchy-Schwarz inequality, we obtain

27 pb :3 2
2k// Re( ) Im(vv,)drd@ < // }|vr|2rdrd9
0 Ja o rlo 10
2 [ 2
+ ek // rpzd }|v| rdrd®),

where € is a positive constant independent of k. Thus, by (25), (70)—(74) and
collecting the terms, we obtain

2 3 d
Re{Bo,, (u.u)} / / :OZ d;}|vr|2rdrd¢9

27 pb
a dp ) 1 5
+f0 / {Re(ﬂ) o vl rdrd6 + > 214 o217

ameb 31, 40¢ a e (BN @ dp),
+/O/ {Re(wg)—i-(2p2(1+0§p—3>—6kRe(a>> §| Prdrdd.

(75)
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‘We next work out and estimate the functions in the brackets. We have
s(r) =a* 4+ r(b—2a) < |l|lc, ¢:=max{a, ||}, |I|:=b—a. (76)
By (12), (26) and (76),

a® dr _ a (b—r)4 - al (b—r)4' a dp _ a3|1|2 (b—r)2 - a (b—r)2
ro2dp  |I* rs?(r) T b2t T orptdr r s4(r) T b2 '
(77)

so we can obtain the lower bounds of the first two terms.
With a careful calculation, we can work out the summation in the curly brackets
of the last term in (75) by using (12), (15) and (26). O
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