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High order immersed interface method
for acoustic wave equation with
discontinuous coefficients

J. Farzi* and S. M. Hosseini

Abstract

This paper concerns the numerical solution of the acoustic wave equation
that contains interfaces in the solution domain. To solve the interface prob-
lems with high accuracy, more attention should be paid to the interfaces. In
fact, any direct application of a high order finite difference method to these
problems leads to inaccurate approximate solutions with high oscillations at
the interfaces. There is however, the possibility of deriving some high order
methods to resolve this phenomenon at the interfaces. In this paper, a sixth
order immersed interface method for acoustic wave equation is presented.
The order of accuracy is also maintained at the discontinuity using the jump
conditions. Some numerical experiments are included which confirm the or-
der of accuracy and numerical stability of the presented method.

Keywords: Interface methods; High order methods; Lax-Wendroff method;
Discontinuous coefficients; Jump conditions.

1 Introduction

In this paper we develop a class of high order numerical methods for wave
equations with discontinuous coefficients. The class of interface problems in-
volves many problems of real world applications in Science and Engineering,
such as Seismology, Ocean acoustics, and Electromagnetic. A nave imple-
mentation of high order methods fails to achieve high order accuracy and
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produces some spurious oscillations (Gibbs phenomenon) near the disconti-
nuity. There are several approaches to deal with such a problem of accuracy
loss. An efficient method for the simulation of these equations should be
able to reduce dispersion and dissipation errors in the propagation of the
solution [16]. Many researchers are interested in high order methods for hy-
perbolic problems. Long time behavior of the solution of these problems is
an important challenge to the numerical simulation of such problems.

A good deal of literature exists on the numerical solution of interface
problems. Two traditional methods are adding viscosity to the problem and
using flux limiters [5]. A recent approach is using essentially nonoscillatory
(ENO) or weighted ENO methods [6]. We distinguish the interface methods
in two sets with or without use of jump conditions. The first set consists
of those methods, such as the recent works of Gustafsson and his coworkers
[3, 4] and Leveque [8] that do not impose jump conditions in the formulation
of the numerical solution of these equations. These methods are based on
shock capturing methods and Riemman solvers for conservation laws. The
second set, whose history goes back to the pioneering work of Peskin [11] for
the simulation of blood flow in the heart, consists of those methods that use
some sort of jump condition in their formulation. In fact, to achieve high
order results, it is recommended to use a special high order method in the
vicinity of the discontinuity. Derivative matching methods is a related issue
and have been developed by Driscoll and Fornberg [1] for one and two di-
mensional Maxwell equations and followed by many others researcher such as
Zhao and Wei [19], which derived a derivative matching approach based on
the FDTD schemes for Maxwell equations. This scheme is based on fictitious
point method and in a vicinity of the interface they introduce original points
in one side and ghost or fictitious points (unknown values) in the other side
of the interface. Using the derivative matching conditions the values at the
ghost points are evaluated. The emphasis in this paper is on the second set of
methods that use physical jump conditions at the interface which are usually
easily accessible from the physical properties of the problem. Therefore, we
perform the numerical solutions to satisfy these jump conditions. The im-
mersed interface method (IIM) considers a standard method for the regular
points and imposes a new method for the irregular points to update the solu-
tion at the next time level with the same accuracy as the standard method.
The implementation of this new method requires the solution of several small
linear systems to obtain coefficients of the difference method on the irregular
points, without imposing any significant computational cost on the calcula-
tions. The explicit relations between two media (in heterogeneous media)
through jump conditions eliminate the role of the fictitious points and there-
for, this method attains the high order results without ghost points. There is
a related class of methods, known as simplified immersed interface methods,
that modify explicitly the numerical values at the irregular points [12, 17].

The immersed interface method has been discussed for various kinds of
partial differential equations and its implementation to many real world ap-
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plications has been successful. A full review of this method for interface
problems of parabolic and elliptic type is available in the recent book of Li
and Ito [10].

In this paper, a sixth order method for the acoustic wave equation with
discontinuous coefficients is presented. This higher order method in some
sense is an improvement on the works of Zhang and LeVeque [18] and Farzi
and Hosseini [2]. There are several methods for the simulation of the time
evolution for the wave equation. The Lax-Wendroff method is a simple time
discretization method for implementation. However, to reduce possible dis-
persion and dissipation errors one can invoke TVD and WENO methods to
avoid oscillations near the discontinuity [6, 9]. In this paper, we consider
a coupled application of Lax-Wendroff and the immersed interface method
on the interface. The contribution of this paper is given in the next sec-
tions. The extension of this method to any order is direct and is given in
Section 4. The stability analysis and implementation of the method for two
dimensional problems is presented in Section 5. Physical jump conditions are
demonstrated for the one dimensional acoustic wave equation.

The explicit and closed form discretization formula is obtained in Section
2. The theory and numerical results are also developed for piecewise smooth
coefficients (Sections 3, 4 and 5). The numerical results reported in Section 5
confirm the efficiency of the method to approximate the solution with a well
presented behavior of wave propagation and also a high order accuracy at the
interfaces. The long time behavior of the method is illustrated by Test prob-
lem 3 in numerical results. The order of the new immersed interface method
is justified in Test problem 4 with numerical order of accuracy. Numerical
stability of the method is addressed in Test problem 5.

2 Acoustic Wave Equation

Let u(x,t) and p(x,t) be the acoustic velocity and acoustic pressure, re-
spectively. Then the one-dimensional wave equation can be written as the
following model problem

U, + AU, = 0, (1)

v = (1), aw=(04). @)

and A(x) is a function of position consisting of physical quantities such as
density p(x), sound speed c(z) and k = pc?. We first focus mainly on prob-
lems in which the density and sound speed are piecewise constant functions
and have a jump discontinuity at the point z = «, which we call the interface,

where,
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(0, {(”_’C_” z<a, (3)

(pT,ct), x> a,

Then application of our formulation for problems with more general piecewise
smooth coefficients will be addressed. Typical applications in which this
assumption is appropriate include long range underwater acoustics, various
seismological problems as well as electromagnetic problems. Throughout the
paper we use the symbol A1 for A(z) with z > « and A~ for A(z) with
z < a. The same meaning will apply to other matrices.

In this part, we derive a high order method for this equation and we
postpone the treatment of the nonsmooth solution at the interface to the
next sections, where we discuss and derive jump conditions and give an ap-
proximation that extends the high accuracy of the solution, obtained for the
smooth regions, to the interface. At the left or right of the point of dis-
continuity we can use any standard method. The Lax-Wendroff method is a
simple time evolution explicit method for implementation which uses the val-
ues at the current time level and does not need any knowledge of previously
calculated values. This method is based on Taylor series expansion in time
and substitution of the time derivatives with space derivatives using (1). We
consider

2 92
U(xj’tn-‘rl) ~ U('rjvtn) + %%(xj>tn) + %%T[;(x]”tn)
k3 03U k* 0tU k5 05U
+§ﬁ(l‘j7tn) + EW(%A%) T
kS o%U
6! Ots

(@j,tn) (4)
(xj> tn)

where k is the length of the time steps. Replacing the time derivatives by
the space derivatives and discretizing the space derivatives we get

1 1
Uy tnyr) = Ul tn) — fk’AJ‘Qél)U(%tn) + ngC?QéZ)U(%atn)
1
T3

1 5 1
—gkf’c;*AjQé U (2, tn) + akﬁc?Qéﬁ)U(xj,tn),

1
HSAQPU(,t) + 1k QU (1) (5)

where A; = A(x;) and ¢; = ¢(x;), ,(,Q) is central difference formula of order

p for % [5] and we have used the relation A2 = ¢2I, in which I is the 2 x 2
identity matrix.

Substitution of Q,(,q) as explained in [2], which deals only with the advec-
tion equation, gives a fully discretized representation of the acoustic equation
by the following matrix-vector equation
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+1 _
Ut =07 + ) 15Uty (6)
1=1
where the T';;’s are two by two matrices (coefficient matrices) and can be
expressed as
Lji=wAMNA+ (4 -DI), 5,0=1,2,...,7, (7)
with
wy = FA((2 - N2c?)? = N2,
1
=A

(3= A%c?)? —4N2?),
w3 = —(%)\ 7—\2c%))?,
(

and wy = wy,wg = wa, w5 = wy. h is the spacial grid step length and A\ = %

In fact, the high order derivatives are not valid at the interface and con-
sequently the obtained results are of first order or even less. A detailed
discussion of this phenomenon of losing the accuracy has already been pre-
sented by Sei and Symes [14]. So, obviously, on each side of the discontinuity
of A(x) the method is of order six for the acoustic equation, while at the grid
points near to the discontinuity the method fails to maintain this order of
accuracy.

More precisely, suppose that the interface lies between two adjacent grid
points with indices J and J+1, i.e. x5 < a < x 41, then this method works
well at those grid points at which all the required points to update them
are located completely on the left or right of the interface, but it fails to be
accurate at the grid points (irregular points) J —2,J —1,...,J + 3. So, we
need a new scheme to maintain the same order of accuracy at these irregular
points.

For a general piecewise smooth coefficient problem we can derive the same
method, but in this case the derivatives of the coefficient A(x) will come into
the difference equation. It should be noted, however, that the coefficient ma-
trices are not as simple as those appearing in (7), but we can follow the same
procedure to provide a sixth order method for this case as well. Here with
an efficient derivation of these formulas we can save more in computations.
In the following, we present the time derivative approximations in (4) and
approximations of the corresponding space derivatives
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(U ~ —AQg U},

(U )n ~ B 1)Q(1)Un + B®@ Q(Q)Un

(Une)} ~ COQS 1)Un c@QPur + c®QPur,
(

(

S

Utttt)n ~ D(l)Q(l)Un +D(2)Q 2)U'n +D(3)Q(3 Un 4 D(4)Q(4 Un
Uttttt)n ~ E(l)Q(l Un +E(2)Q(2 Un +E(3)Q Un T E(4)Q 4)Un
+E®) Q(5)Un
(Useeen)? = 1>Q(1)U” +FOQPUr + FOQPUr + FOQUr
+F 5)Q(5)Un + (6 Q(G)Un

where,
BW = A4,
B = A2,
c) =_BWA — B@) 4",
C? =_BWA_2B@ 4

Cc® — _B®@ 4,

D) — C«(l)A/ C(Q)A// _ C«(B)A///7

D® = —CcWA 204" —300) A"

DB = CPA 3004

DW= _-CcB®A

E1) — _D(l)A/ D@ A" — DB g _ D(4)A””,

E®@ = _pWg_2p@ 4 _3DB) 47 _ (4)A///’

E®) = _D@A_3D® A" —6DW A",

E@W = DB A —4D@ A7,

E®) = _DWY,

FO — _EM A — E@ A" — EG) g — g4 g1 E(5)A/////7
FQ = _EMA_9o2g@ A _3EG) A" _ 4E® A" _ 5E(5)A////7

FG) = _E@A_3EGA —6EW A" —10EG) A,
F& = _EC)A _4E® A — 10E®) A",

F0) = E<4>A —5EG A,

F©) — _FG) 4.

A similar standard method has been addressed by Qiu and Shu [13], in which
the finite difference WENO schemes with Lax-Wendroff time discretization
for solving nonlinear hyperbolic conservation law systems was developed. It
uses a WENO scheme instead Qél) in (8) and proceeds to the final formula-
tions.
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3 Jump Conditions

We study the jump conditions for a piecewise coeflicient problem and then
consider a general variable coefficient wave equation. A test problem for this
case is also given in the section on numerical results.

3.1 Piecewise constant coefficient

In this section we introduce some jump conditions to serve as a tool for
developing a new method for the irregular points. By irregular points, we
mean those grid points that in the process of updating to the next time level,
use grid points on both sides of the interface. If the interface x = « lies in
the interval (z 7,2 741) then the irregular points for the given method (6) are
the grid points J —2,J —1,...,J+ 3. So, there exist six irregular points and
the method (6) fails to be accurate at these points.

For the acoustic wave equation we impose the jump conditions [u] = 0
and [p] = 0 that can be denoted by a single statement

[U] = 0. 9)

Using these conditions and the wave equation (1), we obtain the following
relations at the interface [12],

Ut 1) OU(a—,1)
'~ =D ’ =0,1,2,.... 1
aiCk k axk ) k 07 y 4y ( O)
where,
D — (Z)Qk 10 D _ (Z)Qk % 0
2k T 0 1 ) 2k+1 i O 5;

3.2 A general piecewise smooth coefficient

For a general piecewise smooth coefficient, by using again the condition [U] =
0 and imposing the relations [U;] = 0,.. ., [Ust] = 0, we obtain



8 J. Farzi and S. M. Hosseini

U =0,
UJr —QzU +Q3 o

a:a:l Q4U +Q5 +Q6 TTT

acgcac:c Q7U + QS cx T QU zTT + Q1oU. TTTT (11>
U;xrzm QllU + Q12 vz T Q13 TTT + Q14 zzze T Q15 TTTTT)
Uxtcmzzz QlGU— + Q17 vz T le zzz T Q19 czze T QQO TTTTT

+Q21Usz 0000
where
Q1 =-GA™,
Q:=c*(-BYGa+BY),
Qs = GzB(2)

Qi =G3(— le +c —cqy),

Qs = G3(—CPQs + C),

Qs = G3C(3

Qr = GA(~ Dtcz +D;’ f@;—Df)Qz),
Qs = G(=D)Qs = DY'Qs + D),

Qo = GH~DPQs + DY),

Q0 = G*DY

Qu =G (-EYQ - EPQ ~ EYQu — EYQr + EY), (12)
Qi2=G*(-E ”Q ~EDQ; ~ BVgs+ EP)

Qua = GP(~EPQs - EVQ + EP),

Qu=G*(—E ( Quo + E(4))

Q15 = GOEP )

Quo = CFQ, — FQu = FOQu — FOQ; — FPQy, + 1)
Qur = G(~FPQu - FYQs ~ FQs — FQua + F¥)

Qs = GO(=F) Qg — Ff‘)Qg — FPQus + FY)

Qio = C°(~F"Quo — F'Qui + FY)

Qo = G(~FQus + FI?)

Qo1 = GSFY

where G = (—AT)~! and the other matrices have already been introduced in
previous sections.

4 Approximation at the interface for acoustic equation

We first investigate the approximation of the solution at the irregular points
for the case of piecewise constant coefficients. At these points we impose the
same method as (6) and let the coefficients to be determined appropriately.
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Then we obtain seven unknown 2 x 2 matrices to maintain the sixth order
accuracy of the method. The details are presented at z; and a similar ar-
gument is also applied to the other irregular points. The symbol J indicates
a fixed number corresponding to the interval (x;,x;4+1) that contains the
interface a.

Theorem 4.1. If the coefficients of (6) satisfy the following linear system of
equations

4 7
ZOLuI‘J,z + ZailrJ,lDi =F, (i=0,1,...,6) (13)
=1 =5
where,
ail—(%)i, (i=0,1,....6, 1=1,2,...,7) (14)
F7 = (a1a — M) = aly, i=0,1,...,6. (15)

then, the method (6) is of order 6 at the irregular point x ;.

Proof. To prove this result we consider the local truncation error at x; up
to sixth order

T =
[~

1 1 1 .
L= 50U 41-4 + (AU, — ik:AQUm + BkQASUmx - ﬂk“A“Umm
=1
1 4 45 1 546 6

Using the relation A% = c2I we get

7
— 1 1 2 1 2.2 1 3 4
L= A s F],lUj+l—4 + (AU’I' 2]{36 UT’I' + 6k & AU’I"I"E 24k & UT’I"I"E
+ik4c4AU ~ Ly ) + O(k%) (17)

Now to proceed with the proof we need to expand each term of (17) up to
sixth order about x = «. To this end, we distinguish two sets of points in
first summation

1

_ _ 1 _ 1 _ _
Uj+l—4 =U"+ TlUm + irlerz + ETZBUrxz + ﬂr?Uzzmr
1. 1 g
—U, —rU, 1<i<4 18
+120Tl TTTTT + 720’)"[ TTTTTT? =0 = ( )
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7“l D3U + D4U_

rrx Trrxr

1
Ujyi—a = DoU™ + 1D U, + 57“12D2U + 5

1 1
- - << 1

where U™ = lim,_, - U(z,t), and
TN =xj—44] — &, (ZZI,Q,...7).

Note that we have used the jump conditions (10) in (19). If we substitute
(18), (19) and similar expansions for other terms into (17) we obtain L as a
function of U™, U, , UL, Uz, Usowws Uswws @0d U0 Therefore, to
achieve sixth order accuracy we have to force the coefficients of these terms
to be zero. These systems of matrix equations are exactly the same as (13),

(14) and (15). O

In theorem 4.1, the unknown 2 x 2 matrices I'y;,l = 1,2,...,7 will be
obtained by solving the linear system (13). These linear systems can be
easily converted to some lower order linear systems. As the matrices Dy,
j = 1,...,7, are diagonal it is possible to decouple these systems to four
7 x 7 linear systems; e.g., the first 7 x 7 linear system determines the scalar
unknowns (I'y;),;,0 = 1,2,...,7. In fact, because of this property, there
are only two different coefficient matrices in these four systems of linear
equations. These properties are valid at all irregular points. It should be
mentioned that in the tested numerical problems we did not get any ill-
conditioning warning due to the coefficient matrices. On the other irregular
points similar relations can be derived. So, at the grid point J—1 one obtains,

5 7
S aaly i+ aaly 1 Di=F7,  (i=0,1,...,6)
=1 =6
where,
8
;= (E —1)% (i=0,1,...,6, 1=1,2,...,7)

At the grid point J — 2 we have

ZailrJ—2,l + a2, D; = F;, (i=0,1,...,6)
=1
where,
8 .
== (=016 1=12...7).

At the grid point J + 1 we have
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3 7

Yol D + Y aalsa =F o (i=0,1,....6)
=1 =4

where,

ail:(%—l—l)i, (i=0,1,....6, 1=1,2,...,7).

At the grid point J + 2 we obtain

7

2
Z oyl jio Dt + Z ol jy2 = Fi, (i=0,1,...,6)
=1 1=3

where,

ail:(%—|—2)i, (i=0,1,....6, 1=1,2,....7).

At the grid point J + 3 we have

7

il yy31D; " + Z ol yys0 = F;", (t=0,1,...,6)
=2

where,

= (%+3)i, (i=0,1,....6, 1=1,2,....7).

The given formulation of the immersed interface method demonstrates the
possibility of the direct extension of these relations to higher orders. The
closed form formulas for right hand side matrices (15) are valid for lower
and higher order formulations. For higher order methods a4 should only be
replaced with a new one; for example, this element for fourth order method
is ai13. The proof of the following theorem is similar to Theorem 4.1 and so
we omit it.

Theorem 4.2. If the coefficient matrices of (6) satisfy the following system
of matrix equations

m M+1
@il D'+ > aaly =F,  (i=01,...,M—1)
=1 l=m+1

where for j < J, Ff = F, D™Y and for j > J + 1, Ff = F,". Then, the
method (6) gives a Mth order approximation of the solution of (1) at irregular
grid x;.

Now we extend Theorem 4.1 to the case where the coefficients are piece-
wise smooth. The local truncation error for a general piecewise smooth co-
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efficient at x; can be represented as follows

7
EZ IUjti-4a

( (1)U + kT(2 Ugcgc + kQT(B)Uxx:c + kg zxaca:

—_

J
where

70— _a4 Ypo Lo L Lape L 1 pape o L s
2 6 24

120 720 ’
1 1 1 1 1
T? = ZB® 4 2@ L —2p@) L _— 3@ 4 _— p4p?2)
2 + 6 + 24 + 120 + 720 ’
1 1 1 1
TG = Z0®) —kD(B) —— k2E®) 4 _— 3p®)
6 * * 120 * 720 '
1
7@ — — pM) kE(4) iy 23 AC))
24 * 120 * 720
1
76— L pe L ppe
120 * 720
70 — L pee)
720

To obtain a sixth order method it is required that the matrices I';; satisfy
the following linear matrix system

4 7
> ail+ Y Qi =Ry, i=12,...,T. (20)
-1 =5
where
QU =1,
QY = Q)+ SriQa+ 12Qu + P Qr i Qu + o Qug
2 6 24 120 720 ’
1 1 1
QP = Q3+ 3" + *7‘2628 + *07“13@12 + 360” [ Qur,
1
QWY = Q¢ + 47‘1Q9 + = 20 Q13 + 120Tl P Qus,

QP = Qo + TlQ14 + 7‘; 7 Q9.
1

QD = Q5 + 67“1@20,

QY = Qa1

and
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R, =0,

Ry = vTW,

R3 = 2vay 4TW + 2,273,

Ry = 3vag  TW + 617y 4T + 65T,

Rs = dvaz . TY + 120209 4T + 24030 4 T® + 2404TW),

Rg = 5wy sTY + 20020y 3kT@ 4 60030 o T® 4 12003y , T® + 1200476,

Ry = 6vas sTY + 300204 4 TP + 1200° a3 4T + 3600*ag s TV
+7200° 1 s T + 720057,

We note that the matrices Q" are diagonal 2 x 2 matrices and it is possible

to solve the linear systems (20) in a similar way as discussed before.
At the irregular point z ;41 we have

3 7
> ail QU+ il =R, i=1,2,...,7.
=1 1=4

where

Qoo 1,

Q(Q,l) _ Q—l + lrlQ—l + 17"2@_1 4 ir3Q—1 + LT4Q_1 4 LTSQ—I
1 2 2 6 l 4 24 l 7 120 l 11 720 l 16 »

A _ 1 _ 1 _ 1 _ 1 _

QP = Q3+ 3mQ5 + rTQs T + i Qe + 357 Qs

. _ 1 _ 1 _ 1 _

QWY = Qg+ ZT?QQ "t %7’12@131 + mrf’ngl,

. _ 1 _ 1 _

OBD — Qlol + ngQMl + %T?Q1917

~ _ 1 _

Q(G’l) = Q151 + grleol,

™ = g5

Similar formulae can be deduced for other irregular points.

5 Numerical Results

In this section, some test problems are given to show the efficiency of the
derived high order method. The simulation results are given for different
cases. The test problems Test 1 and Test 2 illustrate general behavior of the
solution of the acoustic wave equation at the interface. Also, the numerical
results of the test problem Test 4 ( in two cases 4-1, 4-2) are given for the
acoustic wave equation with piecewise smooth coefficients. The parameter
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values, the function f(x), and the CFL number are clearly specified in each
test problem. The numerical order of accuracy and L; and L., errors are
reported for the test problem Test 3, see Table 1, which verifies numerically
the long time behavior of this approximation. The test problem Test 5 shows
the numerical stability of the method. The computational cost for the calcu-
lation of the coefficient matrices at irregular points is independent of N, the
number of spatial grid points in the discretization. The coefficient matrices
can be computed in a couple of milliseconds on a desktop computer.

The numerical results are given for the following acoustic wave equation

problem [3]:
fr<a:
1 r—« pICl — PrCr Tr—«
u(z,t) = —(f(t— + t+ )
(@.6) = (e = )+ DA g 4 )
T— PICL — PrCr T—
p(z,t) = f(t — — ft+ , 21
(@%) ( a ) pici + prcy ( a ) 1)
and if a <z :
) _
u(w,t) = ————f(t - ),
picr + prer Cr
2prcy Tr— o
r,t) = —— — , 22
p( ) pICL +prc7‘ Cr ) ( )

where, f(z) is a smooth function.

Test 1: In this test, we consider f(z) = e~200@*=1/2)* anq the parameters
are chosenas a =0, py = —1,p, = —1.5, ¢, = 1, ¢, = 0.5. Figures 1 and
2 illustrate numerical and exact solutions for v and p with N = 320 and
CmaxA = 0.8. There are two gaussian pulses going to the right and a
pulse hits the interface and then transmits with a generated reflecting
pulse. The CFL number in this case is about one and there is no
spurious oscillation.

Test 2: In this test, problem we consider a rather high frequency function
f(x) = sin(30x) with parameters o = 0, p; = 0.5,p, = 1.0,¢; =
0.8,c¢, = 1.0. Figures 3 and 4 illustrate numerical and exact solutions
for v and p with N = 320 and cpaxA = 0.8. After hitting the interface
the magnitudes of velocity and pressure are changed.

Test 3: To illustrate the long time behavior of this method, we consider

the jump f(z) = sin(mx), as initial data for acoustic equations with
a = 7, and the same parameters as in Test 2. The numerical results
are reported in Table 1 for several values of N at ¢ = 50w. The nu-
merical order of accuracy and L; and L, errors are presented in this
Table in which LaxW-IIM denotes the Lax-Wendroff immersed inter-

face method.
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p(x,0.4)

Figure 1: Test 1: Numerical(.) and exact(-) solutions for v and p at t = 0.4
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It is well known that a typical high order method provides first order
results for interface problems[14, 15]. In Table 2, we show the result
of eliminating of jump conditions and using the high order numerical
method (6) without interface treatment. We can clearly see that the
results are at most first order.

Table 1: (Test 3) The L1, Loo errors and the numerical order of accuracy for LaxW-ITM
method over the whole interval and the same quantities at irregular points for f(z) =
sin(wz) at ¢ = 507 are reported

N LaxW-IIM Irregular points

Ly error  order Lo, error order Ly error  order L., error order
15 8.37E-001 1.56E-001 2.44E-001 1.06E-001
30 4.03E-002 4.17 3.32E-003 4.89 6.92E-003 4.89 1.81E-003 5.58
60 1.11E-003 5.06 4.14E-005 5.46 1.43E-004 546 3.05E-005 5.75
120  3.05E-005 5.12  5.26E-007 5.85 2.37TE-006  5.85 4.42E-007 6.04
240 8.90E-007 5.07 7.18E-009 5.98 3.67E-008 5.98 6.54E-009 6.04

Test 4: In this test, problem we consider two variable coefficient problems.

Let us define a general form of the variable coefficient,

(p(2), ()

{ (b~ + frilx),c” + q1(x)), x < a,
(pT + fo(x), ¢ + g2()), z > .

(23)
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Figure 2: Test 1: Numerical(.) and exact(-) solutions for v and p at t = 0.8
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(Test 3) The L1, Lo errors and the numerical order of accuracy for method

in equation (6) over the whole interval and the same quantities at irregular points for
f(x) = sin(wz) at t = 507, without interface treatment, are reported

N LaxW-IIM Irregular points

Ly error order L error  order Ly error order L., error  order
15 7.91E4-000 2.35E+000 5.17E+000 2.35E+000
30  3.84E+000 0.99  8.60E-001 1.57 1.65E4+000 1.57  8.16E-001 1.45
60 4.19E4000 0.12  3.56E-001 1.14 7.33E-001 1.14  3.56E-001 1.17
120  4.29E+000 0.03 1.84E-001 0.92 3.84E-001  0.92 1.84E-001  0.94
240  4.33E4000 0.01 9.24E-002  0.97 1.95E-001  0.97  9.24E-002  0.99

where f1, f2, g1 and go are arbitrary and smooth functions which vanish
at x = o and p~,pT,c” and c¢T are constants.

To illustrate the behavior of the numerical solution near the interface,
we consider the following two sets of functions and we show the numer-
ical quality of solution for the first set through some figures and for the
second set of functions Table 4 is given in which the order of accuracy
is reported numerically.

1. The first coefficient set:
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u(x,2.5)
o

-1 -0.5 0 0.5 1

X
Figure 3: Test 2: Numerical(.) and exact(-) solutions for u at t = 2.5

p(x,2.5)
o

-1 -0.5 0 0.5 1
X

Figure 4: Test 2: Numerical(.) and exact(-) solutions for p at t = 2.5

fi(z) = (z + D) sin(z — «a), (24)
gi(z) = (z+ 1)(z — o),

fa(x) = (z — 1) sin(z — a),

g2(2) = (= 1)z — ).

fi(z) =0, (25)
g1(x) =0,

fa(z) =0,

g2(z) = —6(85%r —1).
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Table 3: Jumps in the coefficients of Test 4-1

k] P00) [ P00 [ 6P 0) [ 6200 [ p® ) [ p®0F) [ ®o) [ Mo
0 0 0 0 0 0.5 1 0.8 1

1 1 -1 1 -1 1 -1 1 -1

2 2 2 2 2 2 2 2 2

3 -1 1 0 0 -1 1 0

4 -4 -4 0 0 -4 -4 0 0

5 1 -1 0 0 1 -1 0

The parameters for the first set are the same as in Test 2 and for the
second one we consider ¢~ = 1,¢T = #,p‘ =1, pt = —6. The
details of the jump discontinuities of the first coefficient set (24) are
reported in Table 3. From Table 3 it is clearly seen that the first order
derivatives of p and ¢ are discontinuous and since c¢ is a polynomial, its
higher order derivatives become zero while the higher derivatives of p
are discontinuous.

Figures 5 and 6 for (24) illustrate the quality of the numerical solutions
for v and p with N = 320 and c¢paxA = 0.8. This behavior confirms
that the method has been able to successfully capture the solution near
the interface without any spurious oscillations.

The numerical order of accuracy and errors for (25), the second coeffi-
cient set, has been shown in Table 4 for the final time ¢ = 0.5 with the
following initial data,

2e % —e® <0, 2e % 4+e*, <0,
U(ZL'70) = {60.836 x>0 p(x,O) = {3623: x> 0. (26)

It should be mentioned that the results of Table 4 have been obtained
by implementing our formulations with exact coefficients, confirming
that the true order of accuracy of the presented method for this type
of coeflicients is also 6. Since the computation of jump conditions for
the case of piecewise constant coefficients is simple, in practice one
might prefer to use some approximation of the exact coefficients in the
implementation.

Since the obtained approximation is close to the exact coefficient, the order of
accuracy of the numerical results obtained by the method of this paper should
be closer to the true 6t order. We have examined the presented method
using best uniform approximation of degree zero for the coefficients near the
interface and we obtained an order of accuracy of at least 2. We expect
to get a solution of higher order of accuracy if the best uniform polynomial
approximation of a higher degree is used.
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u(x,2.5)

Figure 5: Test 4-1: Quality of the numerical solution for u at t = 2.5

p(x,2.5)

Figure 6: Test 4-1: Quality of the numerical solution for p at t = 2.5
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Table 4: (Test 4-2) The L1, Lo errors and the numerical order of accuracy for LaxW-ITM
method

N U P

Ly error  order L., error order Ly error  order L., error order
16 2.45e-006 - 1.35e-006 - 2.66e-005 - 1.35e-005 -
32 2.52¢-007 3.28  3.10e-008  5.45 9.21e-007  4.85  2.76e-007 5.61
64  9.69e-009 4.70 4.71e-010 6.04 2.80e-008  5.04  5.09e-009 5.76
128  3.26e-010 4.89 7.10e-012  6.05 8.94e-010 4.97 8.74e-011 5.86

256 1.15e-011 4.82 1.15e-013 5.94 3.09e-011  4.85 1.49e-012 5.87

5.1 Numerical stability

A general stability analysis has no direct answer for the given method. Von
Neumann stability analysis does not work in this situation, because the co-
efficients change in a nonsmooth way. So, we are left as an open problem
verifying stability using either the energy method or the GKS theory [3, 7].
But here we illustrate the numerical stability of the method through some
numerical experiments. The long time behavior of the method, which is very
important factor in real problems has been illustrated for Test 5. The results,
also, justify the order of accuracy of the method. In this experiment, we have
considered several examples of random initial conditions and reported their
results in Figure 7. In this figure the norm of the solutions v and p are given
versus %, showing that they do not increase proportional with % So, our
method does not show instability, because a relative growth of the solution
with respect to this factor is a sign of instability [7].

A Von Neumann stability analysis with frozen coefficients provide a rea-
sonable results on the choice of the Courant number. The influence matrix
for stability analysis is the following block toeplitz matrix

I + F4 F5 FG F7
F3 I + F4 F5 Fg F7
Iy I's I+T4y TI's TgIs
I, Ty T3 I4+T,T5T6T,

I';
Is

e T T Ty
[y To T3 T4y

Note that with frozen coefficients, the coefficient matrix A(z) is independent
of o and therefor the coefficient matrices I';; are independent of j and we
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eliminate this index for simplicity. For linear stability the eigenvalues of G
should lie in the unit circle in the complex plane. We numerically locate the
eigenvalues of G. This matrix depends on A(x) and A. Therefor we report
the stability results for several values of these parameters.

Table 5: The norm of eigenvalues of influence matrix for different values of parameters.
The letter p denotes the periodic boundary conditions

A c P p(G)  p(Gp)
1.000 1.000 —1.000 0.543 1.500
2.000 0.500 —1.500 0.554 0.658
1.250 0.800 0.500 0.837 1.187
1.000 1.000 1.000 0.558 1.500

We remark that the boundary conditions have important role in the sta-
bility of the problem. In the case of frozen coefficients, i.e. A(z) = AT or
A(xz) = A, the results are shown in the Table 5. In this case we can choose
A large enough for different values of A(x). While, a comparison between
different rows of this table shows that in general the eigenvalues are nonde-
creasing with variation of parameters. Therefor, for nonsmooth coefficients
that the situation is more complicated, the inequality max,{|c(z)|,1}% < 1
is a reasonable criteria and numerical tests confirm that this criteria in our
test problems.

Test 5: In this test we consider an initial condition u(z;,0) = .7%3-6*6(1]%&)2
and v(z,0) = 2u(x,0), where R; are uniformly distributed random
numbers in the interval [0, 1]. This example is a variant of a similar one
dimensional case in [7]. The parameters are ¢; = 1.0, ¢, = 0.5, p; =
2.5, pr = 10.0, N = 1000 and cpaxA = 0.99. The results are given
in Figure 7, which is a typical test among many other tests. There
are no noise generation visible near the interface and the norms of the
solutions do not grow with %

5.2 Two dimensional problems

Implementation of high order interface method for two dimensional acous-
tic wave equations requires high order jump conditions on the interface. In
most applications the standard jump conditions are available in the litera-
ture. Such jump conditions are usually given in the normal and tangential
directions to the interface. Therefor, we need to define a local coordinate in
a typical point on the interface to obtain the required approximations at the
interface(see Figure 8). This is done after transformation of the equation to
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Figure 7: Test 5: The norm and the solution after a long time

the new local coordinate system in & —n plane. The same formulation in one
dimensional case will direct us to the set of equations to be solved for the 2D
and 3D cases.

6 Conclusions and discussions

In this paper, we have presented a sixth order immersed interface method for
acoustic wave equation with discontinuous coefficient. The effect of piecewise
constant and a more general piecewise smooth coefficients on the derived for-
mulations has been investigated. We have also provided different numerical
tests which confirm the efficiency of the method and justify their order of
accuracy and numerical stability. It should be mentioned that, using jump
conditions do not impose a considerable computational cost in the calcula-
tions and one should only solve some low order linear systems to obtain the
coefficients. In fact, the special treatment of the interface is a preprocessing
stage in the implementation of immersed interface method and without loss
of overall speed of computation it is also applicable in the parallel comput-
ers. In the numerical results, we applied the Lax-Wendroff method for time
discretization. However, the weighted essentially nonoscillatory(WENO) and
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Figure 8: Local coordinates in a two dimensional grid with a curve interface

the total variation diminishing(TVD) methods[6, 9] reduce the possible os-
cillations in the solution. These methods recently have been added to the
CLAWPACK software [9] for numerical solution of conservation laws.
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