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Abstract

In this paper, the linear conforming finite element method for the one-dimensional Bérenger’s PML boundary is investigated and
well-posedness of the given equation is discussed. Furthermore, optimal error estimates and stability in the L% or H'-norm are
derived under the assumption that /, h2w? and h2 w3 are sufficiently small, where % is the mesh size and o denotes a fixed frequency.
Numerical examples are presented to validate the theoretical error bounds.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The idea of a perfectly matched layer (PML) was introduced in [1]. It is intended for constructing the absorbing layer
in the truncated computational domain. The PML technique is now widely used for simulating the propagation of waves
in unbounded domains, particularly in the field of acoustics, elastodynamics and electromagnetics [6,8,15,19,21]. They
studied the behavior of exact solution of the wave equation, elastic equation and Maxwell equation with PML in the
time or frequency domain and the stability and error estimate with respect to the parameters of the layers.

As another way to absorb the scattered wave, the absorbing boundary condition using Taylor expansion or Padé
approximation [5] has been used. It was first introduced in [5,12] in 1970s, who applied the first-order absorbing
boundary condition in acoustic and elastic wave equations. The absorbing boundary condition has been applied to
several equations, e.g., viscoelastic equation [18,13], Maxwell’s equations [20,14]. Sheen et al. studied not only the
behavior of exact solution, but also the regularity of the approximated solutions. In particular, with the first-order
absorbing boundary condition in the frequency domain, Douglas et al. [9,10], Feng et al. [7] and Babuska and Thlenburg
[15-17] developed the error analysis and regularity theorem for acoustic and elastic equations. They proved that the
L?-or H'-norm errors between the true solution and finite element solution are significantly dependent on the wave
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number. Recently, Chen et al. [3,4] derived a posteriori error estimation and applied the adaptivity to Helmholtz equation
with PML boundary.

However, to our knowledge, there has not been any error analysis, nor stability done on the wave equation with
Bérenger PML boundary in frequency domain. Therefore, in this paper, we will attempt to demonstrate the existence
and uniqueness of the solution for the wave equation with Bérenger PML in the frequency domain and find the regu-
larity order in error analysis and stability in H'-norm. The difficulties in finding the regularity coefficient are due to
the fact that the bilinear form associated with the problem is not coercive. To overcome this difficulty, we used the
boot-strapping argument [9—-11,13] and attempted to obtain the regularity estimate depending on the frequency and
damping function. These results are discussed in detail in Sections 2—4, respectively. Results from the PML boundary
simulations and comparison with absorbing boundary condition are presented in Section 5 and conclusions follow
in Section 6.

2. PML Helmholtz equation and weak formulation

Let us consider a one-dimensional wave equation in the time domain

1 Q%u(x, 1) B Q%u(x, 1)

S 7 =f(x,1), xeR', t>0, 2.1)

where ¢ = c¢(x) is the wave speed and f(x, t) is the external source function. With the Fourier transformation and
normalizing the wave speed to one, a one-dimensional Helmholtz problem can be obtained in the frequency domain as

% (x, A
— wzﬁ(x, w) — M = f(x,w), x¢€ »,
ox2
. ou(x,w)y .
Iim r | —— —iwi(x, ) | =0, 2.2)
r—00 or

where r = |x]| and

1 o .
h(x, ) = 7 / u(x, t)e " dr.
—0Q

For the sake of notation brevity, we write i (x, @) as u(x, w). By setting Q. = (0, 1) and Qy = (—¢, 1 + &) withe>0
being the open ball containing ., we let

F(x, ) =x + i/ E(s)ds, x € Qu, 2.3)
w Jo

where ¢(x) =0in Q. and £(x) are the smooth, nonzero and nonnegative function. From this, it is easy to confirm that

0x (x, w)

=1+ ié(x) = &(x, w). (2.4)
X (0]

The truncated PML Helmholtz equation is as follows :

0 ( 1 Ou(x,w)

— ?ux, w)E(x, W) — —
Ox

S, m)  Ox
X € Qno, ulx,w) =0, x € 0Q. (2.5)

>=f(x,a>),

We denote as L2(Qs) the complex Hilbert spaces of square integrable functions in 2, with the inner product (-, -).
Let H'(Qo) ={v € L*(Qu) : |VV| € L?(Qx0)} and H} (200) ={v € H'(Qu) : v=0in 8Qx}. The L?(Qu)-norm,
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Hj (Qo0)-seminorm and Hy (Qu)-norm are defined by

— 172 Ou(x) Ou(x) 2
llullo=[f M(X)u(X)dx:| : |u|1=/ - | .
Qoo Q. Ox Ox

1/2
ol = [l + ]

respectively. Set the sesquilinear form A, (-, -) as

Ay(v, w) = —wZ/ v(x)mz(x, w)dx + / Ou) Ow(x) = ! dx.
Q 0 Ox Ox é()(7 )

Then, a weak form of (2.5) can be defined by finding a solution u (-, ) € HO1 (Q00) of
Aw(, ©),v) = (f(,©),v), v e Hy( Qo).
Lemma 2.1. For o # 0, there exists a unique solution of (2.6) for any f(x, w).

Proof. For uniqueness, assume that f(x, @) =0, Then, with v = u in (2.6),

—wZ/ u(x,w)u(x,w)%(x,w)dx—i—/ Quv, dux,0) 1y

Since
Re/lw(u,u)z—a)zf |M(x,a))|2dx+/ Ou, w>’ W
e Qo0 Ié(x cu)|2
Im/la,(u, M) = —w/ |M()C, w)|25(x) dx — f ~é’(x)
Qoo Qo Ox 60|f(x, (U)|2
we know that from (2.9),
/ lu(x, )[*(x)dx =0, / ~ <(x) _
o ol 0 ] o)

(2.6)

2.7)

(2.8)

(2.9)

Since £(x) is a positive function in Q4 \ Q,, we know that u(x, w)=0and du(x, w)/0x=01in Qo \ .. Then u(x, w) =0

because of the uniqueness for the initial value problem.
For existence, (2.8) implies the GAArding’s inequality [2]:

Re Aoy (u, 1) + K (@) |ull72 o =Mllul;

(Q00) = Hj (Qc0)’

where K and M are constants. From (2.10), the existence can be proven. [

3. Error estimates for conforming finite element method
With the help of Appendix A, if g(x, {, ®) = G(x, ¢, w),

u(x, CO) ZV/Q g(-x’ Cv w)f(57 (}))dC, X € QOO

Lemma 3.1. For o >0,

@) fuC, o)llo<CUA/D)f(, @)l
(b) [10u(:, @) /3xllo < CIIEC, ) llooll £, ®)llo
©) 118%u(-, ) /3x2[lo < CUIEC, @)oo + @I EC, )2 @)llo,

where C does not depend on the frequency m.

(2.10)
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Proof. The estimates for # and 0u/0x follow immediately from Appendix A. And

2
TUEO) _ 3w, 0) fr, @) — 0PEr, @) ulr, o) — Ex, 0) (3 ! )a”(x’w)
ox 0x E(x,w)/)  Ox
I E(x, ) f(x, w) — a)zg(x, o) u(x, o) + (i{w)f (x) Oulx, a))'
E(x,)  Ox
Therefore,
0? . - s
T <IEC el £ @l + 2 1E o)l o
x 0
+ é/ ‘ au(aw)
oy 1+ (1/w?)E? ox o
- ~ 1
<C (II&(',w)lloollf(ww)llo +co2||£<‘,w>||§05||f<~,w>||o
+CLIEC D)ool £ w>||o)
= C(IEC, @)oo + ONIEC, D PN G o)lo. O
Dividing Q into the subdivisions [x;, x;41], j =0,...,N — 1 withxp=—¢eand xy =1+ ¢, and V, = {v €

CYQx) v e Py (xj, xj4+11), j=0,..., N — 1, v(xg) = v(xy) = 0}, where P, is the space of polynomials of degree 1
or less on Q4 and & = (1 4 2¢)/N. The discretized formulation of approximation solution can be written as follows:
find u, (-, ) € Vj, such that

Aw(uh(’,w),v)=(f(',w),U), v E Vh

Theorem 3.2. Suppose w >0 and h, h2w?, h?w? are small. Then

@ 1@ = un)C )l <CIEC D2 UEC 0)lloo + @I, )21 £ 0)loh?,
(b) 1@ — un) /), )l < CUEC, ) IZUEC, D)lloo + GUIEC, D2 IF ¢ ) loh,

where Cy and Cy are dependent on only ¢.

Proof. For the sake of notation brevity, we write simply u(x, w), v(x, ®), n(x, ) and E(X, w) as u(x), v(x), n(x) and
&(x), respectively. Let n = u — uy,. Then

—dx =0, V. 3.1
Ox  Ox {(x) * Ve G-

—? f n(x)v(x)Ex) dx + /
Qs Qo

We shall employ the duality to bound the L>-norm of 7 in terms of its H(} -norm. There exists ¢ € Hg (o) such that

0z(x) 0p(x) L dr

2 -
—w /sz<x><p<x>€<x>d”/gm o w

=/ 2(On(x) dx, z € Hy (Qo0). (3.2)

Qoo
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Taking z = n gives

on(x) 0p(x) 1 .
ox  Ox  E(x)

/ nCon(x) dx = —? f n(x)p(x)&(x) dx + f
Qoo Qoo QOO

And, for v € Vj,, with the help of (3.1),

dx.

/ InGolPdx = —602/ n() (@ — ) (&) dx +/ On(o) oe — v)(x) 1
Qoo Qo Qoo Ox Ox Ex)

Thus,

5 1/2 1/2
f |n<x>|2dx<co2(/ |n<x>é(x)|2dx> (/ |<p(x)—v<x)|2dx>
Qo Qs (089
onx) 1

5 12 9 172
() () )
ol 0¥ E(x) o

Ox
Then, we know that the piecewise-linear interpolant of ¢ gives the bounds

I — vllo < Call@yy lloh? < Ca(llElloe + @lIEIP) Inlloh,
(p—v
Ox

<C'§||(Pxx||0h <C3(Elloo + @lIEIZ) Inlloh.

Thus,
onx) 1
ox %
where C = max(C,, C3). For h, h2w? and h2w? small,
on(x) 1

<A —
Il (fgw T

where A is a computable constant.
Next, we know that
dx < /
oo

/ ) 1
o | OX E(x)
6n<x>2

Inllo < CUElloo + wllEIZ) | K2 Inéllo + H

0

1/2
dx> h, A=Al + 0llE%),

[\S]

: on(x) [*

Ox

dx

o) | .
”—x‘ dx <8I

).

!
¢

For suitable z; € Vp,
on 2 . /‘
ox | h -

< €M%

dx

a(u _Zh) 1 +@_f76(Zh —Mh)i d
Ox Ox &

<||E||2

<IE2 /Oo

=5 [0
SEH|E
L 0

= + *n(zn — up)é

A
[

oo —zp) 1 .
Onou—z) 1 dx +w / |11(u—zh)f|dx+w2/
ox  Ox & Qe

O(u — zp)
Ox

+ @ Elloo (lnllollu — zallo + IIWII%)} -
0

||n|2%|dx]
Qoo

(3.3)

(34)
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But,
2 3, 2, C 02 \21 £1214
lnllolle — znllo + ||17||o<§||71||o+5(|I§||oo+wllflloo) Il foh™,
onll |0 — zp) 1 |on|? ||f||2 202 \21 122
— — h”.
‘ax o . 2”5”2 P 2 (1 €lloo + @l 1) (WAllR
Therefore,
an|* - 112,
Ha—n éllillgo[ 2 ([l 4+ 0lIEl1% VI f IR
X o

- 3 Cc - -
+0?1Elloo (EIInII% + 5 (1Eloe + wnfnio)znfn%h“ﬂ

<C1a? IIBIENS, + C2lIENIR NENR + o® 21 Elloo) IEI2, + @ IEIEI £ IIZR>.

For h2w? and h sufficiently small,

<Crol&1% nllo + CIEIZ (1o + @l EI2) N flloh. O

E
0

Ox

Remark 3.3. If o is sufficiently large, then ||z(~, )|l ~ 1. Therefore, for large w, Theorem 3.2 becomes

@) 1 = up) (-, ) o< C+ [ f (-, w)lloh?,

0
(b) HM(., )

SCA+ o)l fC o)loh.
0

This is the same result of Douglas et al. [10].
4. Stability in H!-norm

Let V be H(} (20) and define the weighted inner product (-, ')Z as

(u,v)gz/;z u(x)mé(x,w)dx foru, veV.

Theorem 4.1. Let the Babuska—Brezzi stability constant y as follows:

[Ag(u, v)|
in su
ueV/{0) yey oy U @)|1lv(, @)l

Ay .

Then there exist positive constant C1 and Cj irrespective of w such that

Cy - C>
I (.

Proof. For the sake of notation brevity, we write simply u(x, ), v(x, w) and E(x, w) as u(x), v(x) and E(x), re-
spectively. First, to give the proof of the left inequality of (4.1), we will show that there exists an element v € V
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such that

C
[Ap(u, v)| = —= 3
ol &l

Letu € V be given. Define v := u + z where z is the solution of the problem

lult]v]1. (4.2)

Ap(w, 2) = o (w, 1) (4.3)
Then we calculate the solution z as
2(x) = »? / G(x, s)u(s)%ds, “4.4)
Qoo
where G (x, s) is the Green function for (2.5). Then
| Ao (u, v)| = Re(Aq, (1, v))

=Re(Ay,(u, u) + Ay,(u, z)) = Re(Ay,(u, u) + coz(u, u)z)

/ 1 |du(x)|? / 1 |ou()|?
:Re _— d.x: =
Qo E(x)| Ox Qo [E)2| Ox
>;f LG]SR TS

€12, Jox | Ox €112,

Now we integrate by parts (4.4),

z(x) = w? (H(x, 1+eu(l+e — / H(x, s)u'(s) ds) R
Qo
where
S —_—
H(x,s) :=/ G(x, 1)) dr.
0
Taking the absolute values, we get by triangular inequality
|2/ ()| <o (|He (x, D]+ | Hyllo) ul 1.
By direct computation (Appendix B),
C - C -
|Hy(x, DIS = lloo, 1 Hxllo< —I<]l00-
w w
Therefore
Izl < CollEllosluli.
Since v =u + z,

[l <Juli + 121 <A + Cowl|Elloo) uly < CollE|looluls.

Therefore,

C
luly 2 —=—1Ivl1.
ol €lloo

To prove the lower bound, we find the function zo(x) € V such that

Ay (zo, v C
| a)(O )|<—|U|1, Yo e V.
[zol1 (@)
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Consider the function zg(x) = h(x(x)), where

h(x) = q)(x)SinS)Dx), x € Q.

and ¢ € C*°(Q4) does not depend on w and is chosen that
20(—e&) = zo(1 + &) = z5(—&) = zp(1 + &) = 0.
And we require the property |zo|1 2o for some o > 0. Then

A (20, 1
Mé—l/lw(m’ v)| forallveV.
lzolt x

By partial integration, we obtain

A(zo, v) = —/ (wzzoé + (zél) )de.
Qs 4

Direct computation shows that

sin(wXx (x))
W

?z0¢ + (%%) = [(p”(i(x)) +2¢/(F(x)) cos(wz(x))} E(x).

Define
T, . sin(wx (s)) - 5 ~
u(x) :=/ [fp (x(S))T +2¢ (x(s)) COS(wx(S))] E(s)ds.

By partial integration, u(x) is rewritten as

u(x) = — / <p”<f@))@%@)ds + %q)’(i(x)) cos(@F (x)).
Then
Ao (20, )] = u<1+s>v<1+s)—/g wCoW () dx| < (u(1 +8)] + Jullo)v).

We can easily see that
1 " %
Iu(1)|<5||<0 lloolI€lloo
and
1 " / T
lello < — (10" lloo + 2l1¢"lloo) 1< lco-
Consequently,
C ~
|40 (20, v)|<5|vl1llilloo, YweV. U

Theorem 4.2. Let the stability constant y" for discrete Babuska—Brezzi condition as follows:

. . | Ae (i, vi)l
v, = inf sup .
un€Vi/10} yyevy, /0y 1n (e, @)1 lvn (-, )|

593

(4.5)
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Then there exist positive constant C1 and C» not depending on  such that
Gy
ollEC, o)[I3,

Proof. This is similar to Theorem 4.1 and [16]. [

C -
Elnff(-, 0)lloo <yp < (4.6)

5. Numerical results

In this section, we present numerical experiments about the Helmhlotz equation with Bérenger PML boundary
condition (2.5). In our experiments, we take 2. = (0, 1) and Qy, = (—¢, 1 4 &) with ¢ = 0.1. The damping function
&(x) is given as

103x2, —0.1<x <0,
¢(x) =10, 0<x<1,
103(x — 1%, 1<x<I1.1.

Let us define that the relative error norms of the FEM-solution u” is
0. @ —up), olo 1 @ —up)(, o)l
h . Eh =
£, @)llo [f(, o)

Then, from Theorem 3.2,
E) ~ ClEC, )12 (IEC, 0) oo + 0lIEC, @)[12)h,

Ej ~ ClIEC, o) I3 (IEC, @)oo + @llEC, )3,
where @ > 0 and &, h2w?, h?w? are small. For numerical experiment, the exact solution was employed as u(x, w) =
o expiwX (x, ) + ff exp(—iwx(x, w)) — (1/a)2))?(x, ). Here, o and [ are the solutions of the following linear
system (5.1):

1
o exp(ima) + f exp(—iwa) — —a =0,
)

1
o exp(imwb) + f exp(—iwb) — —b=0, 5.1
w

where a=x(—0.1, w) and b=x (1.1, w). The choice of & and ff implies that u (x, w) is the solution of Dirichlet boundary
value problem (2.5). And the source function f is generated by the true solution u, which becomes to x (x, m)&(x, ).
Fig. 1 represents the log—log plots of the E® and E' according to increasing frequency . We know that for small value
of frequency w, the behaviors of relative error norms are similar to (1 + K /0?)(y/1 + K/o? + o(1 + K/ ?))? or

(14+ K/ (/1 + K/0? + ol + K/w?), which K = [[(, w)]|%.
6. Conclusion

For one-dimensional Helmholtz equation with first-order absorbing boundary condition, Douglas et al. [9] developed
the error analysis in L2 and H '-norms. The analyses of this paper are a straight forward adaptation of ones of [9,16]. We
trace the damping factor ¢ in the error bound and have proved the optimal error estimates and stability in both L? and
H'-norm. In addition, we showed that these results agree well with the experimental ones. The study for the extension
to multi-dimensional wave equation with PML boundary condition in the frequency domain is quite straightforward.
However, for implementation, special care is needed and thus will be further investigated in our future research works.
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log,, E’

log,, (@)

Fig. 1. (a) E° according to increasing frequency w, (b) E ! according to increasing frequency w. x-axis represents frequency and y-axis shows the
relative errors. Each scale has units logy.

Appendix A. Green’s function

Let us construct the Green’s function G (x, {) for the operator L = —((0/0x)(1/ E(x, ))(0/0x) + wzé) subject to
the homogeneous boundary condition G(—¢) = G(1 4+ ¢) =0.

a< 10 ) 5

— | =— =G |+ 0éx, 0)G=-0x -0, (A.1)
Ox \&(x, w) Ox

G(—e)=G( +¢) =0. (A.2)

Since the homogeneous solution of (A.1) are

sin(wx(x)), cos(wx(x)).
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Because of the boundary condition, we have to choose the following solution:

A(Q) sin(w(X(x, w) —a)), x <,
Gx, ()= { _ B (A3)
B({) sin(w(b — X(x, w))), x>,

where a = x(—¢, w) and b = X (1 + ¢, ). Let us apply continuous condition and jump condition. They should be
continuous at x =,

A sin(w(x(, w) —a)) = B() sin(w(b — x({, w))). (A4
From the jump condition, we can derive that

1 0G(x,0) 1 6,0
o) O oy &) O |

=1 (A.5)

Applying (A.5) to (A.3), we get the following coefficients of Green’s function:

sin(w(b — X ({, w))) B(O) = sin(w(X({, ) — a)) (A6)
o sin(w(b —a))  osin(ob —a) '

A =

Therefore Green’s function of (A.1) becomes

sin(w(b — x({, m))) . .
@ sin@® —a) sin(w(X(x, w) —a)), x<(,

Gx,) = A7
0= Gn@EE 0 — a) A7

o sin(w(b — a))

sin(w(b — x(x, ))), x>{.

Taking the derivative of G (x, {, ®) gives

sin(w(b — x({, w)))

0G(x, ) sin(w(b — a))
x| sin(e@EE ) —a)

~ sin(w(b — a))

cos(w(F(x, w) —a)é(x,w), x<{,

(A.8)

cos(w(b — x(x, a))))z(x, w), x>(.

Appendix B. Estimation of |H (x, 1+ €)| and || Hy ||
We can calculate easily the following lemma.

Lemma B.1. Forall x € Qq,

(@) Mo<|sin(w(b —a))| <1+ Mg,
(b) |sin(w(X(x) —a))|</1+ Mg,
(© Isin(@(b —Z@))I< /1 + MG,

where My = sinh(fQoo E(s) ds).
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From (A.8),

1—5—1C Yol
|H(x,1+¢)|= ‘/ —(x t)é(t w)dt| =

B ‘ sin(w(X(t, w) — a))
- f ~ sin(w(b —a))

1+€
’/ —(x &, w)dt

cos(w(b — % (x, ) E(x, w)E(t, w)dt

N /‘”“ sin(w(b — X (t, ®)))

sin(w(b — a))

cos(w(X(x, w) — a))%(x, w)%(r, w) dt

B | cos(w(b — F(x, o)) Ex, w) 1

sin(w(b — a))

Cos(w(x(x ) —a))ﬁ(x w) 1

pC os(w(X(x, w) —a)) — 1)

sin(w(b — a))

_IEC o)l

Sa- cos(w(b — x(x, w))))‘

cos(w(b — x(x, m))) B cos(w(X(x, w) —a))

w

G I, Do
w

Here, C is independent of . And for || H, ||o,

I+e s -
||Hx||%=/ /Gx(x,wé(r,w)dr

&

2
ds

1+¢ X N K 5
=/ / Gx(x,t)f(t,a))dt+/ G(x, )E(t, w)dt

& —&

B e X gin(w(E(, w) — a))
_/_8 /_3_ sin(w(b — a))

+/S sin(w(b — x(t, m)))

sin(w(b — a))

cos(w(F(x, ) — a))E(x, w)&(t) dt
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