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Abstract

The Klein-Gordon equation on an infinite two dimensional strip is consid-
ered. Numerical computation is reduced to a finite domain by using the
Hagstrom-Warburton (H-W) absorbing boundary conditions (ABCs) with
free parameters in the formulation of the auxiliary variables. The spatial
discretization is achieved by using fourth order finite differences and the time
integration is made by means of an efficient and easy to implement fourth
order exponential splitting scheme which was used in [5] considering the fixed
Padé parameters in the formulation of the ABCs. Here, we generalize the
splitting time technique to other choices of the parameters. To check the
time integrator we consider, on one hand, four types of fixed parameters, the
Newmann’s parameters, the Chebyshev’s parameters, the Padé’s parameters
and optimal parameters proposed in [13] and, on the other hand, an adaptive
scheme for the dynamic control of the order of absorption and the parame-
ters. We study the efficiency of the splitting scheme by comparing with the
fourth-order four-stage Runge-Kutta method.
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1. Introduction

We consider dispersive waves propagating in the infinite two dimensional
strip (—o00,00) X [a,b]. The south and north boundaries of the strip are
denoted by I'g and I'y. Inside the strip, we consider the Klein-Gordon equa-
tion,

Otu — *Vu + s*u = f, (1)

where ¢ = ¢(z,y) is the given wave speed, s = s(x,y) is the medium disper-
sion coefficient, and f(x,y,t) is a given source.

On the south and north boundaries we impose periodic boundary condi-
tions,

u(w7y57t) - u(xvyN7t)7 ayu(l'7y5'7t) - ayu(l'7yN7t)' (2)

Finally, we consider the initial conditions,

u(l'?:% 0) y Uo(l‘,y), atu(xv Y, O) = Uo(lL‘,y), (3)

which satisfy the boundary conditions on I'g and I'y, and vanish outside a
compact region €y C (—00,00) X [a, b].

In order to obtain a numerical approximation of these problems, it is
necessary to reduce the computation to a finite domain. For this, the infinite
strip is truncated by introducing the west artificial boundary I'y,, located at
r = xw, a <y < b, and the east artificial boundary I'g at x = zp, a <y < 0.
We denote by €2 the computational domain bounded by I'y UTy UT s UT 5.
The domain €2 must be chosen such that €y C €.

Now, we define suitable artificial boundary conditions on the artificial
boundaries ['y and I'g by using ABCs, which are designed to produce small
reflections inside the computational domain and to have local character.
There are many works on this subject, see the works [6, 7, 10, 13, 14, 15, 16,
17] and the review papers [9, 11, 12, 25].

As an alternative, it can be first considered a space discretization of the
problem and then to obtain ABCs for the discrete problem. We have worked
in this sense for example in [2, 3, 4].




Here, we have chosen the Hagstrom-Warburton high-order ABCs [16, 17],
a modified version of the Higdon ABCs [18, 19]. We remark that these ABCs
can be used only when, outside €2, the speed ¢ and the dispersion coefficient
are constant and the source f vanishes. Within )y, this hypothesis is not
necessary; however, for the sake of simplicity, we only consider examples
which satisfy this assumption in the whole strip (—oo,00) X |[a, b].

The H-W ABCs use auxiliary variables to avoid high derivatives in their
formulation in such a way that arbitrary order of absorption P can be
achieved by introducing P auxiliary variables ¢;, 7 = 1,..., P, satisfying
the recursive relations

(ao0; + cOx)u = agdidr,
(ajat + Ca:v)¢] = (ajat - Ca;v)¢j+17 j - 17 ceey P7 (4)
¢P+1 = O?

in the vicinity of I'g. The parameters a; mean cosines of incidence angles and
it is natural to take 0 < a; < 1. The choice a; = 1 is associated with normal
incidence. If a plane wave with incident angle 6 reaches I'g and one of the
a; coincides with cos(f), the ABC is then exact and non spurious reflection
is generated [13]. The problem is that, in practical applications, usually the
angles of incidence are not known a priori. In [5], we built a splitting time
integrator considering a; = 1 for all j. In this article, we generalize this
technique in order to use other choices of the parameters a;, including the
optimal and adaptive cases.

From the assumption that the initial conditions have compact support
away from 'y and ['g, we have,

?;(y,0) =0, 0¢;(y,0) =0 on Ty, Tg.

We choose ag = 1. In [15], it is established that the H-W ABCs of order
P given by (4) may be rewritten as

(O 4+ cOx)u = Opr,
o1 + 120702 = (Moo + M1 05d1 + maa0iy)
—5%(myodo + ma1d1 + mazds),

Lij—107 ;1 +1;;0t0; + 1107 djq = 02(mjj713§¢j71 + mjjag(bj + mjjJrla;(ijrl) (5)
—s%(mjj_10j-1 + myid; + mjjt1041),
j=92...,P

u = ¢07 ¢P+1 = 07



where

lh =01+ G1)2,
llg =1- a%,

mi = 2ay,
myp =1,
mio = 1,

and, forj=2,... P,
lij—1 = a;(1—ai_y),
Ly = a;(1+aj_y) + a;-1(1 + a3),
ljj+1 = ajfl(l - a?)? )
Myjj—1 = aj,
mjj = aj—1 + aj,
Myjj—1 = aj-1.

We write L = [l;]];_,, which is a tridiagonal strictly diagonally dominant
matrix. Therefore, the Gaussian elimination can be used without pivoting
to solve a linear system of equations with coefficient matrix L and it is
numerically stable.

On the boundary 'y, the first equation in (5) has to be replaced by
(0p — cOz)u = Oyp1, but all other conditions are the same.

The space discretization is reached by means of fourth order finite dif-
ferences. For the time discretization, we propose a fourth order exponential
splitting method which improves the computational efficiency of the time
integration. We show the improvement by comparing the splitting scheme
with the standard fourth-order four-stage Runge-Kutta method used in [17].
Useful overviews of splitting methods can be found in the review papers
8, 22].

The paper is organized as follows. Section 2 is devoted to show the fea-
sibility of the time and space discretization when it is applied to the simple
case of finite domain with periodic boundary conditions. In Section 3, the
ABCs are added in the one dimensional case, and the full discretization is
modified in a suitable way. A similar full discretization for the two dimen-
sional case, also with ABCs, is studied in Section 4. Numerical experiments
for the latter two dimensional case are presented in Section 5.




2. Two dimensional Klein-Gordon equation with periodic bound-
ary conditions.

We consider the problem with periodic boundary conditions,

ula,y,t) = ulby,t),  y€led], (7)
8xu(aa Ys t) = axu(ba Ys t)a ye [Ca d]a (8>
u(z, e t) = wu(x,dt), x € [a,bl, 9)
oyu(z,c,t) = Oyu(x,d,t), x € la,b]. (10)

The initial conditions, ug(x,y) and vy(z,y), satisfy periodic boundary con-
ditions in [a, b] X [c, d].

2.1. Spatial discretization
We take the same size step in both directions x and y, that is, for a value

b— d—
of N, h = aandM:Tc. Let z; =a+(j—1)h,j=1,...,N+1, and

yy=c+({—1h,l=1,...,M+1, be the nodes of the spatial discretization.
This produces a uniform grid in the computational domain with M + 1 rows
and N + 1 columns. We denote w;;(t) = u(z;, y;, t).

Second order spatial derivatives in the direction x and in the direction y
are approximated by fourth order central finite differences

1 1 4 5 4 1
Opz Uji R ﬁ(_ﬁuj—ll + gUi-1l 5t + FLcAt A Eug‘m,z),
1 1 4 5 4 1
Oyy Ujy ﬁ(—l—QUj,ld + guj,lfl — 5%’1 + guj,lJrl — Euj,l+2)a
or, equivalently, in stencil form,
0 0 0 0 0 00 -1 00
1 0 0 0 0 0 1 0 0 16 0 0
on? -1 16 =30 16 -1 |, oh? 00 =30 0 O |,
' 00 0 0 0 “100 16 0 0
| 0 0 0 0 0 00 -1 00
respectively.

We consider u; the approximations to the unknowns (u(x;, v1), ..., u(zj, yar1))?,
for fixed z;, and we denote u, = [u],...,ul_,]7. Then, the spatial semidis-
crete problem is

d2uh
di2 = Auh, (11)



where A = B — $?1, with

12h?
[ Bl By By By By |
By By By Bs Bj
Bs By, B, By, Bs

B= (12)

Bs By, By By, Bs

B3 Bs By, By B,
| B, B By B, B |

Notice that B is a circulant block matrix
B = CiTC(Bl,BQ,Bg,O,...,O,Bg,Bg),
whose blocks are, in turn, circulant matrices of dimension (M + 1) x (M +1).

B = C’iTC(Bl,BQ,Bg,O,... 0 Bg,BQ),

By = cire(—60,16,—1,0,...,0,—1,16),
By, = circ(16 0,...,0),
By = cire(—1 ,0).

Lemma 1. The eigenvalues of matriz B in (12), satisfy
o(B) C [-128,0]. (13)

Proof. We consider the following polynomials associated to the blocks of
matrix B

hi(z) = —60+ 16z — 2* — M1 1162
ha(z) = 16,
hs(z) = —1,
hn(z) = —1,
hni1(z) = 16

Then, the eigenvalues of matrix B are (see [20, 21])
A = E R (@) + Erha(@r) + E7hs(@r) + &) h (@) + &) Aoy (@),




forl=1,.... N+ 1, k=1,..., M+ 1, where

271 5
WM+1 = eXP(M T 1), Wi = (WMH)k,
211 N
ENt1 = exp(N I 1)> €= (5N+1)l-
That is,
2mik 2mik 2mik 2mik
A = —60-+16 — 2) — M—-1 16
Lk + GXP(M+1) eXp(M+1 ) eXP(M+1( )+ eXp(M+1
2mil 2mil 2mil 2mil
+16exp(N n 1) — eXp(N n 12) — exp(N n 1(]\7 - 1))+ 166Xp(N n 1N)
27k 27k 27l 27l
= — 2 -2 2 2 -2 —2).
60+ 3 cos(M+1) COS(M+1)+3 COS(N+1) COS(N+1)

Now, by using that cos(2z) = 2 cos?(z) — 1,

27l
N +1

2rk 2ml
M11)+32cos( T

2rk
Ak = —5H6 + 32 cos( i N1

M—f-1> — 4 cos*(

) — 4 cos?(

).
We deduce that A\, € D = {f(x,y): (x,y) € [-1,1] x [-1,1]}, where
f(z,y) = =56 + 32z + 32y — 4% — 49>

We are going to prove that D C [—128,0]. For that, we calculate the
absolute extrema of the continuous function f(x,y) on the compact domain
[—1,1] x [-1,1].

Firstly, we look for the possible extrema of f(x,y) in (=1,1) x (=1,1),
which have to satisfy

0
8—£($,y) = 32—-8zx =0, (14)
)
T = 2-s-o (15)

but the unique solution of (14) and (15) is the point (4,4), which does not
belong to (—1,1) x (—1,1).

Now, we study the function f(z,y) on the boundary. The possible ex-
trema of f(z,y)in{z € (—1,1),y = —1}, are the critic points of the Lagrange

M)



auxiliary function F'(z,y) = f(z,y) + A(y + 1), which have to satisfy
oF

8—I(a:, y) = 32—8x =0, (16)
F
g—y(a:, y) = 32-8y+A=0, (17)

y = —L (18)

Equation (16) does not have any solution in (=1, 1). A similar study can be
done when {z € (—1,1),y =1}, {y € (-1,1),z = -1} and {y € (—1,1),z =
1}. Therefore, the extrema of f(z,y) in [—1,1] x [—1,1] are achieved in
some of the points (—1,—1), (—=1,1), (1,—1), (1,1). As f(—1,—1) = —128,
f(=1,1) = =64, f(1,—1) = —64, f(1,1) = 0, the absolute minimum of
f(z,y) in [—1,1] x [-1,1] is —128 and the absolute maximum is 0. We
conclude (13). O

Proposition 2. The matrix

02

A= B -5’1
12n2 "
is symmetric negative definite and
128¢2 5,
o(A) C [_ThZ — 5%, —s7]. (19)

Proof. As the matrix B in (12) is symmetric, this is also true for the matrix
A. Moreover, (19) is a direct consequence of Lemma 1. O

Now, the discrete energy

h2
En(t) = ) (Vivy —uj Auy), (20)
d dE
where v, = [ﬁulT, e %u%H]T, is conserved because d—th(t) = 0 and we

deduce that the semidiscrete problem (11) is well posed.

2.2. Time integration

We rewrite the problem (11) as a first order ordinary differential system,
d uy o 0 I up
ilwl=1ao]lw] ey

8




where v, =

d d r .
[dtul’”'"%.uNﬂ] .
We want to discretize in time the problem (21). For this, we now define a
time numerical scheme which will be used to advance a time step size k > 0.
We begin by splitting

HH R P I

Since M; and M, are nilpotent matrices with degree 2 (that is, M? = 0,
for i = 1,2), we can obtain the exact flows of the problems

£[]u (e
dt | v v
which are given by,

) el Rl

u u
ol exp(kMQ)[v} = [V+kAu].

Now, we combine these intermediate flows to obtain a numerical approxi-
mation of the solution of (21). First, we consider the second order Strang
scheme splitting

s = gl

2 1
b o owl \IJL}Z, (23)

and, in turn, we combine S,[f] to obtain the fourth order scheme [24, 26],

S,[f] = 8[2,1 o 8[2] o S

ak>

(24)

where a = (2 = 237! and 8 =1 — 2a.
We remark that it is possible to save some computational cost in (24) by
join together the last step in the composition of S [2,1 and the first one in Sgk

and, similarly, the last one in the composition of S 2 5, and the first one in 8
That is,

M _ (1] (2] (1] (1] (2] (1] (1] 2]
Sp = Yary2 © Yok © Yaies2 © Va2 © Yk © Lgicsa © Yois2 © Yok %k/w
_ (1] (2] (1] (2] (1] (2] (1]
= Vars2 © Yok © Yiarsyes2 © Vor © Viassyns2 © Yok © Va2 (25)

9




In a similar way, if many steps are performed without output, only three
evaluations of ¥ and ¥ are required per time step.

In this way, we have obtained a full discretization whose order of con-
sistency is four in space and time. Moreover, the time integration method
S,[f] is explicit and easily implementable. However, it is not unconditionally
stable and the stability must be studied. As it is shown in [23], the stability
interval of the splitting scheme (24) is [0, w,], where

—1+ /T F 1152y 6+5-2Y/3 +4.22%3
Wy = , Y = .
48~ 36

A necessary condition for stability is that [1],
k(=X € [0,wi],

forall A € o(A) .

From Proposition 2, we deduce the stability condition

If we suppose that sh is small enough, we obtain the simpler stability condi-
tion

ck V12w*

<
h V128

3. One dimensional Klein-Gordon equation with H-W ABCs

~ 0.2973. (26)

To make it easier, we start considering the full discretization of the one
dimensional Klein-Gordon equation with H-W ABCs. We will translate the
method to the two-dimensional case in the following section.

10




The problem in one dimension reduces to

6tu( Tw,t) = cOpu(zw,t) + 00), (27)
2u(z,t) = A0Pu(x,t) — sPu(z,t), ow <z <(@8)
8tu(xE, t) = —copu(zp,t) + 00, (29)
I dt2¢1 +l12dt2¢2 = —s(maody +mugy +miady ), (30)

&? w &? 2 w w
Lij- L2 ] 1+ dt2¢ +lj]+1dt2 j+1 — TS (mjj—1¢j_1 +mjj¢j +mjj+1¢ﬂ?il’)
j=2... P (32)
111 pTE ¢1 + 512 pTE ¢§ = =5 (myogf +muy +mudy),  (33)

d2

Ljj- 1dt2 ¢a Y dt2¢ s 12 ¢g+1 = —52(m1j71¢f—1 + mjj%E + mjj+1¢f—$(f’)4)
j=92....P (35)
U(IW7t) = ¢(I)/V7 ¢2/+1 = 07 U(IE,t) = ¢§7 ¢]€+1 - Oa (36)

with the initial conditions

u(z,0) = ug(x),

¢; (0)=0, ¢7(0)=0

3.1. Spatial discretization

Let N be a positive integer number and let h =

of the spatial grid. Then, z; = zw + (j — 1)h, j =
nodes of the spatial discretization, and w;(t) ~

approximations of the solution of (28).

0% (0) =0,

Oyu(x,0) = vo(x),

8@}”(0) =

l’ J—
& Y be the size step

...,N 4+ 1, are the
u(z; ) are the semidiscrete

Fourth order central finite differences are used to approximate spatial
derivatives in (28) from uz to uy_; and fourth order one-sided finite differ-
ences are used for us and uy. Finally, for u; and uy. 1, fourth order one-sided
finite differences are used to approximate spatial derivatives in (27) and (29).

11



In this way, we obtain a semidiscrete ordinary differential problem given by,

d
at't -
d2
ar"
d2
ﬁuj
d2
ae"N
d

— UN+1

dt

% (—%ul + 4wy — 3uz + §u4 — %UE)) + %¢I1/Vv

(11 5 1 1 1

ﬁ (Eul — §u2 + §’LL3 + §U4 - EUE)) — S U9,

c? 1 4 b} 4 1

ﬁ (_EUJQ + gujfl 5“_7 + §UJ+1 12“J+2> S Uy, ) = 3,

c? 1 . 1 . 1 ) n 11 2

— | ——un_ —UN_ —UN-1 — ZU U —Ssu
p2 \ 1tV T N2 T gL T gl T gt v
c 1 4 25 d

7 (—ZUN—?, + gUN—Q —3uy-1 +4uy — E“NH) + E(ﬁfv

along with the ordinary differential equations (30)-(34) for the auxiliary vari-

ables.

3.2. Time integration
First, we rewrite the semidiscrete problem of Subsection 3.1 as the first
order ordinary differential system

u u u

¢" ¢" ¢"

d | ¢" | _ ¢¥ | [ M| My ¢”
% u’ 1 u’ N |: M21 ‘ 0 :| u’ ’ (37)

(8" (8" (")
| (¢7) ] | (¢7) ] | (87)

where u = [uy,...,uyq|’, d: [%UQ, . d , %UN]T, oV :d [PV, . .. ,dgb‘;,V]T,
8 = (o OfIT. (0V) = (S o) 0Py = (Sob.... Doty

and M a square matrix of dimension 2N + 4P, based on the submatrices

<4, 100 Ay | As | Ay As 0
M11 = 0 00 ,Mlg = 0 IP 0 ,M21 = —82A6 —82147 s
0 010 0 0 IP —82148 0 —82A7

12



where the (N + 1) x (N + 1) matrix A; given by

25 4 1
_2% 0y 3 oz
12 3 4
A = 0
4 25
3 4 ==
3 2 12
has nonzero elements only in the first and last rows; the (N + 1) x (N — 1)

matrix A, is given by

where 0 denotes a row vector of N — 1 zeros and Iy_; is the identity matrix
of dimension N —1; the (N +1) x P matrix Az has the value 1 in the position
(1,1) and the remaining elements are zero; the (N + 1) x P matrix A4 has
the value 1 in the position (N + 1,1) and the remaining elements are zero;
the matrix As is given by

C2

h?
where the (N — 1) x (N 4 1) matrix M,, is

A5 = Mx — SQAg,

[ 11 5 1 1 1 i
12 3 2 3 12
1 4 5 4 1
12 3 2 3 12
M, = . ,
1 4 D 4 1
12 3 2 3 12
1 1 1 5 11
L 12 3 2 3 12

Ag = L 'Aq, where Ag is the P x (N + 1) matrix with all elements zero
except the position (1,1) which is equal to 2a;; A7 = L™'A;, where A; is a

13




P x P given by

1 1
Ao Q1 + G2 aq
A7 — )
aj  Gj-1ta;
ap ap_1+ap

and, finally, Ag = L1 Ag, where Ag is the P x (N+1) matrix with all elements
zero except the position (1, N + 1) which is equal to 2a;.

With the same idea of obtaining intermediate problems with simple ex-
ponential matrices that we have carried in Subsection 2.2, we now propose a
similar splitting. The step 1 is

u u u
¢ o" 0"
d ¢E _ ¢E | My ‘ M, ¢E
7 I B _{0\0} I
(6" (6" (6"
| (¢7)" | | (¢7) | [ (67)" |

As distinct of the case in Subsection 2.2, the matrix M is not nilpotent,
but it is very similar to the one in Subsection 2.2 because it has changed only
in few elements related to the boundary nodes and the auxiliary functions.
In fact, in Subsection 3.2 of [5] we have proved that

Ingi+nedi | 0] 0 | By | 2mpds | BnpAs
B 0 Ip|0 | 0] kIp | 0O
exp(kMy) = 0 0Zr | 0] 0 | kIp |’
0 | In_112p
h 12 12 25 k
where By, = kA2+E (—%) (77k - k:%) B, being ny, = —%(—H—exp(—ﬁcﬁ))
and
4 1
4 -3 - =
3 4
B = 0
1 4
—— 2 34
4 3

14




Therefore, flow ¢;[€1] (its non constant part) is

) u(t+k) = u(t)+ngAu(t) + B () + 2n,As (@) (¢) + Lo As(97) (1),
e Wtk = V() + k(W) (1),
SE(t+ k) = @E(t) + k($P) (t).

The step 2 corresponds to

¢" ¢" ¢UV1V
d ¢E B ¢E ‘ 0 ¢E
dt u’ =M, u’ [ Moy ‘ 0 } u’
(@) (@) (")
| (97) ] | (67) | (67)

In this case, M, is again a nilpotent matrix of degree 2 and we have

0 10 Injyipop| O }
k = )
exp( [ My | 0 ] [ kMo | In—142p

Hence, the flow @DI[E] means

" u'(t+ k) = u( ) + kAsu(t),
v @) (E+E) = (@7)(1) + k(=5 Agu(t) + k(—5*) A" (1),
(%) (t+ k) = (5) (1) + k(=s*) Asu(l) + k(—s*) Az¢" ().

The flow @DI[E] can be rewritten as

u'(t+ k) = u'(t) + kAsu(t),

Lp" = —s2(Aeu(t) + A0" (1)),
F @)Yk = (@7 (0) + k",

Lp” = —s*(Asu(t) + 97 (1)),

(@")(t+k) = (o7)(t) + kp”.

Then, two systems with the tridiagonal matrix L of size P x P have to be
solved in step 2.

Once we have chosen the steps and we have solved exactly each step, there
is still missing combining these solutions to obtain a high order approximation
of the solution of (37). Asin Subsection 2.2, we first consider the second order
Strang splitting (23) and we obtain a fourth order numerical scheme by using
the composition (24).

15



4. Two dimensional Klein-Gordon equation with H-W ABCs

We approach here the two dimensional case, taking advantage of the re-
sults obtained for the one dimensional case considered in the previous section.

4.1. Spatial discretization

For the sake of simplicity, we consider the same size step in both directions

L h—
x and y, that is, for a value of N, h = Iz and M = a' Let

rj=xw+(—Dh,j=1,..., N+l andy =a+(I—-1h,l=1,...,M+1,
be the nodes of the spatial discretization. This produces a uniform grid in
the computational domain with M + 1 rows and N + 1 columns. We denote
wji(t) = u(z;,y;, t). In this way, there is a matrix of unknowns. On the other
hand, we consider ¢,; = ¢,(y;), 7 =1,...,P,and I =1,..., M + 1, on west
and east boundaries.

As in the one dimensional case, second order spatial derivatives in the
direction z, 82 u;;, from j = 3 to N — 1, are approximated by fourth order
central finite differences and, for 7 = 2 and N, by fourth order one-sided
finite differences. First order spatial derivatives 0, uy; and 0, un1; are ap-
proximated by fourth order one-sided finite differences.

Spatial derivatives in the direction y are approximated by fourth order
central finite differences. Near the south and north boundaries, periodic
boundary conditions are considered.

4.2. Time integration

Let it be u; the column j, ¢}/V and ¢f the column vectors corresponding to
the auxiliary variable j on west and east boundary respectively. We consider

o = [ Sl Y = (6 ()

d d
¢E = [(¢?)Ta sy (¢IE3>T]T> (¢W), = [%(qﬁ‘ljv)T? ey %(¢2/)T]T and ﬁnally

d d
(67 =[5 00) .- L@
Rewriting the problem of Subsection 4.1 as a first order ordinary differ-

— T T
u=[u,... uy,
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ential system

u u u
¢" ¢ ¢
d o P My ‘ M P
% o’ =M o’ - M21 ‘ 0 o’ ) (38)
(") (@) (")
| (97) | | (9") ] | (9") |
and M a square matrix of dimension (2N + 4P)(M + 1), with submatrices
7411010 Ay As Ay As| 0 | 0
My = 0 1010 [ ,Mp=1| 0 |Ipap) 0 Moy = | Ag | A7 | 0
0 (0|0 0 0 Ip(as) As | 0 | A7
where, by denoting ® to the Kronecker product of matrices, A; = Ay ® [y.1,
2
c
Ay =A@ Ipyr, As = As@Inq, Ay = Ay @Iy and A5 = ﬁMx®]M+1+
AT ® Ag, Ag = Ag ® Ay, A7 = A7 ® Ay, As = As ® A,
2 )
A9: ﬁMy_S -[M—i-lv
B 5 4 1 1 4 7
2 5 12 12 3
4 5 4 1 1
3 2 3 12 12
1 4 5 4 1
12 5, 2 3 12
M, = T
1 4 5 4 1
12 3 2 3 12
1 1 4 5 4
12 12 3 2 3
4 1 1 4 5
L 3 12 12 3 2

In order to obtain an explicit method with intermediate problems with
simple exponentials, we consider an exponential splitting method based in
two steps similar to the one dimensional case in Section 3.

17



(1 .
k .

u(t + k) = ( ) +wAru(t) + Beu'(t) + LinAs (@) (1) + EneAa(9F) (1),
PV(t+k) = @V () + k(") (1),
$E(t+k) = ")+ k(") (1),
(2] .
u’k(t—l—k) = u()+l€A5u()

(@7 )(t+ k) = (") (1) + kAsu(t) + kA" (1),
(@")(t+k) = (¢7)(t) + kAsu(t) + kA¢"(t),

where By = By ® Iyr+1. We remark that the formulas (39) are very similar
to the ones displayed in the one dimensional case.
Now, taking into account that

LT'A® Ag = (L' @ Iy )(A® Ay), and (L7 @ Injr) = (L ® Inpyq) ™Y,

the flow of step 2 can be rewritten as

(2] .
ulﬁ(t + k) = u'(t) + kAsu(t),
(L ® Irs)p” = (A @ Ag)u(t) + (Ar @ Ag)g" (1), (40)
VR = (VY R
(L ® Lu)p” = (Ag @ Agu(t) + (A7 @ Ag)p” (1),
@) (t+k) = (") (t) +kp".

Then, two systems with dimension matrix P(M + 1) x P(M + 1) have to be
solved in step 2. However, L ® I, is a block diagonal matrix and L is the
unique diagonal block. Therefore, it suffices to solve 2(M + 1) linear systems
with the same coefficient matrix L.

Finally, we combine the previous steps to obtain a fourth order in time
splitting method by using the same formulas (23), (24) and (25) used for the
periodic case in Section 2.

4.3. Analysis of the efficiency of the algorithm

In this analysis, we only take into account the matrix vector products in
the algorithm described in Subsection 4.2. Step 1 requires (N+2P+19)(M+
1) products, that is NM +2PM + O(N) + O(M) + O(P) products.

18
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 Regarding step 2, Asu, 10(N — 1)(M + 1) products are needed. As for
(Ag@Ag)u(t)+ (A7 Ag) and (Ag@Ag)u(t)+(A7@Ag)d"(t), (6P—2)5(M+1)
products are necessary.

The factorization of matrix L as a product of a lower matrix and an upper
matrix is done once at the beginning. Then, in step 2 we only consider the
products required to do the forward substitution and backward substitution
to solve the systems. One system needs (P—1)(M+1)4(1+2(P—1))(M+1)
products, consequently to solve two systems 2(3P — 2)(M + 1) products are
necessary. Altogether, step 2 requires 10N M +36PM+O(N)+O(M)+O(P)
products.

When we combine steps 1 and 2 using the second order Strang splitting
(23) and (24) to obtain fourth order in time, using the formula (25), we
repeat four times step 1 and three times the step 2. Therefore, we need
3ANM + 116 PM + O(N) + O(M) + O(P) products for every step in time.

If many steps are performed without output, only three evaluation of !!
and ¥ are required per time step and then only 33N M + 114PM +O(N) +
O(M) + O(P) products for every step in time are necessary.

Now, we study the efficiency of the splitting scheme by comparing with
the fourth-order four-stage Runge-Kutta method. For the Runge-Kutta the
computational cost of the product of one stage requires 11NM + 38PM +
O(N) + O(M) + O(P) products, but in this case it is necessary do it four
times for each step, that is 44N M +152PM+O(N)+O(M)+O(P) products.

Basically, the computational cost relation between the Runge-Kutta me-
thod and the splitting scheme is four to three.

5. Numerical experiments

We consider the problem described in Section 4 with initial conditions

(141027 T 77) (/a7 + 7 — 0.2)°

, —02<z,y<0.2
uo(, y) = (0.2)2 Y
0, otherwise,
and vo(z,y) = 0, with compact support contained in the computational

domain [—1/4,1/4] x [—1/4,1/4]. The function in w is chosen so that ug €
CY([-1/4,1/4] x [-1/4,1/4]). In the following experiments we set ¢ = 1 and
s = 1. In this way, the solution reaches the boundary in a relative short
time ty = 0.05 and the ABCs are soon involved. In order to check the full
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discretization introduced in Section 4, it is enough to consider final time
T=1.

To test the proposed discretization, we have used five types of choices for
the parameters a;j, j = 1,..., P, considered in [13]: Newmann’s parameters

a; = exp(—j/P); Chebyshev’s parameters a; = 3(1 + cos %); Padé’s

parameters a; = 1; optimal parameters for order P =5,
a; = 0.91, ap =041, az = 0.12, ay = 0.029, a5 = 0.0038, (41)

taken from Table 1 of [13], obtained by a Genetic Algorithm based on the
minimization of

TS ()
ai,...,a = = :
1, , Up 0 - aj—i—cosﬁ )

and, finally, an adaptive scheme to select the parameters.

The first issue is if the suggested discretization in Section 4 requires an
admissible size of the time step. The periodic case studied in Section 2
can be used as reference. In that case, the ratio between the stability limit
time step k; and the space step h is 0.2973. We have examined the stability
condition for the five types of choices of the parameters a;, j = 1,..., P, here
considered. We have computed numerically the stability limit time step k;
for several values of P and N. In all cases the stability ratio k;/h has turned
out to be 0.4831, which is even better than the obtained for the periodic case.
Therefore this allows to use the proposed discretization in Section 4.

The discrete energy (20) remains constant for the solution of the problem
with periodic boundary conditions introduced in Section 2. Now, we test
the discrete energy (20) for the numerical solution of the problem described
in Section 4. Figure 1 displays Ej,(t) for Padé’s coefficients for P = 10,
N =200 and k = 10~*. It can be seen that, while the solution keeps inside
the computational domain the discrete energy remains constant. But, when
the solution reaches the boundary and the ABCs are working, the discrete
energy diminishes.

Next, we focus on the absorption error. In order to achieve a time inte-
gration error negligible we take k = 1/80000 = 1.25 x 107>, The reflections
committed by the ABCs are measured comparing the numerical solution u”
on the computational domain [—1/4,1/4] x [-1/4,1/4] with the numerical
solution u/»"*/ on a longer domain [—1/4—5/2,1/4+5/2] x[—1/4,1/4] for the
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0 0.2 0.4 0.6 0.8 1

Figure 1: Ej, for Padé’s coefficients for P = 10, N = 200 and k = 104,

same step size h. In the time interval [0, 1], there are no reflections of u/"¢/

on the computational domain. We denote by Emaxr the maximum of the
absolute value of the difference between u" and u""¢/ on the computational
domain.

Since the solution reaches the boundary at ¢y = 0.05, for t < tg, the last
step in the composition of 851 for one step and the first one in 851 for the
next step are joined together (w([j,l /2 © wg,l o = wg,l), only three times of step
1 are needed.

Figures 2, 3 and 4 show, respectively, the values of Emax obtained using
the splitting scheme with the Newmann’s, Chebyshev’s and Padé’s coeffi-
cients for P = 10 and N = 200. It can be observed that the error of

0.012

0.01+

0.008 -

0.006 -

0.004

0.002 -

Figure 2: Emax for Newmann’s coefficients for P = 10 and N = 200.
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x10™

Figure 3: Emax for Chebyshev’s coefficients for P = 10 and N = 200.

3.5 T

2.5r N

1.5 N

0.5 b

Figure 4: Emax for Padé’s coefficients for P = 10 and N = 200.

absorption obtained with the Padé’s parameters is smaller than the error
of absorption with Chebyshev’s parameters. In turn, the error of absorption
with Chebyshev’s parameters is smaller than the error of absorption with the
Newmann’s ones. This agrees with the experiments displayed in [13], where,
for P = 10 and short times, Padé’s parameters produce the best results,
following by Chebyshev’s parameters and finally by Newmann’s parameters.

Figure 5 displays Emaz using the splitting scheme with the optimal co-
efficients (41) for N = 200. The use of optimal coefficients (41) with P =5
does not maintain small error of absorption along the time.

Then, we consider an adaptive scheme for the dynamic control of the
order P and the parameters a; similar to the one in [13]:
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Figure 5: Emax for optimal coefficients for P =5 and N = 200.

1. Determine ¢, the minimum distance between the artificial boundary
and the source region (in this case 6 = 0.05). Define ty5 = d/c. Choose
a refining tolerance e.

2. Initialize the order P = 2 and set a; = a, = 1.

@

For t < ty, do not alter the initial parameters.

4. For t > tg, if ||¢p|| > €||ulls, add a new auxiliary function, i.e., P <
P+ 1, with apy; = 0.25/(c(t +0.2)).

-4

x 10

091 N

0.8 4

0.7+ B

0.6 4

0.5

04l N

031 4

021 4

0.1]- 4

Figure 6: Emax for N = 200, e = 1073,

Figure 6 shows Emax using the adaptive scheme for N = 200 and ¢ =
107% and Figure 7 for N = 200 and ¢ = 10~*. It seems that the adaptive
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Figure 7: Emax for N = 200, ¢ = 1074,

algorithm keeps the error of absorption along the time increasing the number
of auxiliary variables with the corresponding coefficients a;.

Finally, we study the efficiency of the splitting scheme by comparing with
the fourth-order four-stage Runge-Kutta method. We have ran both algo-
rithms with Chebyshev’s parameters in the formulation of the ABCs, for
N = 100, 200 and 400, for several values of P and k¥ = 10~*, and we have
measured the computational cost in terms of CPU time. The own structure
of the splitting method carries to consider six vectors of unknowns: u, u’,
&, dF, (¢") and (¢¥). However, the natural way to implement the Runge-
Kutta method is considering all the variables in a single vector, this supposes
to work with a larger matrix. Even if the number of the operations is the
same, the CPU time is longer because it is more expensive to locate the ele-
ments of the matrix. Nevertheless, it is possible to perform the Runge-Kutta
method with the same six vectors of unknowns as the splitting method. In
this way, both methods work with matrices with the same dimension. Figure
8 displays EFmax at t = 1 versus CPU time for the exponential splitting
method and the Runge-Kutta method, for N = 200, & = 10~* using Cheby-
shev’s parameters with P = 10 and P = 40. It can be observed that, for the
same level of accuracy the splitting scheme is cheaper than the Runge-Kutta
method. Table 1 shows the CPU ratio r for the Runge-Kutta method and
the splitting method with the same partition of the variables. It can be seen,
either in Figure 8 or in Table 1, that the relative behavior of both methods is
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Figure 8: Emaxz at t = 1 versus CPU time, for N = 200, k& = 10~%, using Chebyshev’s
parameters with P = 10 and P = 40.

N\P | 10 20 40
100 | 1.4888 1.4699 1.4465
200 | 1.5005 1.4779 1.4482
400 | 1.4309 1.4815 1.4893

Table 1: CPU ratio for the Runge-Kutta method and the splitting method.

more or less 1.4, near of the expected 1.3, from the analysis of the products
required, done in Section 4.3. The splitting method is advantageous over
the Runge-Kutta method, especially when N increases and the needed CPU
time do too.

As conclusion, the splitting time integrator proposed can be implemented
for different choices of the parameters a; and, moreover, it is computationally
more efficient than the fourth order Runge-Kutta method.
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