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Abstract. In this paper, we develop a multi-symplectic wavelet collocation method
for three-dimensional (3-D) Maxwell’s equations. For the multi-symplectic formu-
lation of the equations, wavelet collocation method based on autocorrelation func-
tions is applied for spatial discretization and appropriate symplectic scheme is em-
ployed for time integration. Theoretical analysis shows that the proposed method
is multi-symplectic, unconditionally stable and energy-preserving under periodic
boundary conditions. The numerical dispersion relation is investigated. Combined
with splitting scheme, an explicit splitting symplectic wavelet collocation method
is also constructed. Numerical experiments illustrate that the proposed methods
are efficient, have high spatial accuracy and can preserve energy conservation laws
exactly.
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1 Introduction

Maxwell’s equations are the most foundational equations in electromagnetism and
play an important role in a large number of engineering applications. It is of much
significance to develop effective numerical methods to simulate Maxwell’s equations
with two or three spatial dimensions. Nowadays, a great deal of numerical methods
have been used to solve the Maxwell’s equations. The finite-difference time-domain
(FDTD) method for the one-dimensional Maxwell’s equations was first proposed by
Yee in [1], which is simple and flexible but is conditionally stable. The FDTD requires
large memory and CPU time to obtain accurate solutions for high-dimensional prob-
lem. Thus, the FDTD is not a computationally efficient method. Actually, the in-
tensive memory and CPU time requirements mainly come from two aspects: small
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spatial step because of low spatial accuracy and small time step because of stability
constraints. For the first pitfall, Krumpholz and Katehi developed a multiresolution
time-domain (MRTD) method [2], which has high spatial accuracy but has stringent
stability constraints. For the second constraints, some unconditionally stable meth-
ods were also constructed. Zheng et al. proposed an ADI-FDTD method for the 3-D
Maxwell’s equations with an isotropic and lossless medium in [3], but they had’t made
simulations. Combining splitting method with FDTD scheme, Gao et al. constructed
a splitting FDTD method for the 2-D Maxwell’s equations and applied the method to
solve a scattering problem successfully [4].

On the other hand, during modern numerical simulation procedure, it is signifi-
cant to construct numerical methods to preserve the intrinsic properties of the origi-
nal system, such methods are called structure preserving methods containing energy-
preserving methods, symplectic methods, multi-symplectic methods, and so on. The
ADI-FDTD and splitting FDTD methods may break the energy conservation property
of the Maxwell’s equations. To overcome the problem, symplectic FDTD scheme [5],
which is conditionally stable, energy-conserved splitting FDTD methods [6] and dis-
continuous Hamiltonian finite element methods [7] were developed. Recently, multi-
symplectic algorithms are developed rapidly for multi-symplectic Hamiltonian PDEs
due to their long-term behavior and good preservation of local conservation laws [8—
19]. However, multi-symplectic schemes are seldom considered for the Maxwell’s
equations. A new multi-symplectic self-adjoint scheme was developed to simulate
the 2-D Maxwell’s equations in [20], which is difficult to be applied for 3-D prob-
lems. Kong et al. proposed splitting multi-symplectic integrators for Maxwell’s equa-
tions [22], where the central box scheme was used to discrete the sub-Hamiltonian sys-
tems. The 3-D Maxwell’s equations were well simulated and good energy-preserving
properties were also obtained. However, the convergence rate of the methods is not
high. To construct a numerical method which is unconditionally stable and energy-
preserving and has high accuracy motivates the current work.

Recently, we have proposed symplectic wavelet collocation method (SWCM) and
multi-symplectic wavelet collocation method (MSWCM) for Hamiltonian PDEs in [23,
24]. These methods have the merits of high accuracy, less computations, singularity
capturing, invariants preserving properties, and have been applied for solving 2-D
Schrodinger equations in [25]. In this paper, we generalize the MSWCM to solve the 3-
D Maxwell’s equations. The method can obtain expected numerical errors with much
less grid points because of high spatial accuracy and takes less computations because
of sparse spatial differentiation matrices. We prove that the MSWCM is uncondi-
tionally stable and can preserve the two energy conservation laws of the Maxwell’s
equations exactly under periodic boundary conditions. The dispersion relation for the
MSWCM is also investigated. In addition, the properties of the wavelet spectral ma-
trix are analyzed in detail. Then an explicit splitting symplectic wavelet collocation
method (ES-SWCM) is also constructed and compared with the MSWCM. Moreover,
numerical simulations for the 2-D and 3-D Maxwell’s equations are taken and a deep
numerical investigation showing the tradeoff between computational effort and error
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is made. Furthermore, the MSWCM is compared with other methods, such as the
discontinuous Hamiltonian finite element methods and the splitting multi-symplectic
methods.

The rest of this paper is organized as follows. In Section 2, the MSWCM is pro-
posed for the 3-D Maxwell’s equations and proved to have discrete multi-symplectic
conservation laws. In Section 3, stability and energy-preserving properties of the
MSWCM are analyzed. The ES-SWCM is constructed in Section 4. In Section 5, numer-
ical experiments for the 2-D and 3-D Maxwell’s equations are presented. Moreover,
comparisons with other methods are also made. Finally, concluding remarks are given
in Section 6.

2 MSWCM for the 3-D Maxwell’s equations

In this section, we briefly introduce the multi-symplectic formulation and conser-
vation laws of 3-D Maxwell’s equations, then we propose the MSWCM for the 3-D
Maxwell’s equations and prove that the proposed method is multi-symplectic.

2.1 Multi-symplectic formulation of the 3-D Maxwell’s equations

For a linear homogeneous medium with permittivity ¢ and permeability y, the 3-D
Maxwell’s equations with no charges and currents can be written in curl equations

%—]f = %V x H,

oH 1 (2.1)
—_— = —— E

o P‘V X E,

where E= (Ey, E,, E.)7 is the electric field and H = (H,, Hy, H.)" is the magnetic field.
The curl equations (2.1) can be split into six scalar equations [6,22]

o= ey )
T = <o y‘@Hx)f
a;x :_;(;y Z_%Ey)/ (2.2)

Let
YARS (Hx, Hyr H,, Ey, Eyr EZ)T/
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Eq. (2.2) can be written as a multi-symplectic PDE
Mz; + Kz + Kyzy + Ksz, = V,5(z), (2.3)

with §(z) = 0 and the skew-symmetric matrices

00 0 0 0 0 7
1
0 0 0 100 00 -- 00 0
0 0 0 010 oY 0 00 o
| o 0o o0 001 B ¢
M=1"1 0 0o o000l Ki=lo0 o 00 o |/
0 -1 0 000 00 o oo -1
0 0 —-100 0 )
00 0 0 = 0
L U _
r 1 . r 1 -
00 - 0 00 0 -~ 00 0 0
1
0100000 Yo 00 0o
P -, 00 0 00 p 0 0 00 0 0
= 1/ =
? 0 00 0 0 - 1o 0 00 -1 o
p L
0000100 0 Lo
_OOO*ZOO_ L0 0 0 0 0 0]

The multi-symplectic system (2.3) has a multi-symplectic conservation law [9]

aw+ik —l—iK +2
ot ox oy ! oz

Ky, =0, (2.4)
with the differential 2-forms
w=dzANMdz, x,=dzANKidz, x,=dz/NKydz, «,=dzAKzdz.

Under the perfectly electric conducting boundary condition, the Maxwell’s equations
(2.1) can be proved to have the following two energy conservation laws

Energy I : / (e[E(x, )2 + u[H(x, ) 2)dQ = Cy, (2.52)
(@)
_ JE(x, 1) |2 oH(x, 1) |2 B
Energy II : /Q (s} o ‘ —|—y‘ o ‘ )dQ =y, (2.5b)

where C; and C; are constants. For more details, see [6,22].
In this paper, we consider periodic boundary conditions on the cubic spatial do-
main

Q =[x, xr] X [yr,yr] x [yL, yr]-
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Firstly, by Green formula, we have

d(¢E, E) L Jd(uH, H)
ot ot

:/Qv.(ExH)dQ:/BQ(ExH)-nds.

=(VxEH)—(VxHE)

Second, under the periodic boundary conditions, we have
El = ER H! = HR nl = —nf

so it can be easily observed that

/ (E x H) - ndS = 0.
[9)

667

Thus, the Maxwell’s equations (2.1) have the first energy conservation law (2.5a). Sim-

ilarly, since

G PG L P

we have

/ao(aafxa;;l)-ndS:O.

So the Maxwell’s equations (2.1) also have the second energy conservation law (2.5b).
In the 2-D transverse magnetic (TM) polarization case, the electric field is E =
(0,0, E;)T and the magnetic field is H = (Hy, Hy,O)T. Therefore, the 2-D Maxwell’s

equations read

OE, l(aﬂ B BHX)’

ot e\ ox ay
0H,  10E;

o0 pay’
oHy, 10E,

S T pox

(2.6)

In the 2-D transverse electric (TE) polarization case, the electric field is E = (Ey, Ey, O)T
and the magnetic field is H = (0,0, HZ)T. Therefore, the 2-D Maxwell’s equations

become
O, _10H.
ot e oy’
OBy _ 10H,
ot e ox '
OH, 1(aEx _aﬂ)
ot u\ay ox/

2.7)
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2.2 MSWCM for the 3-D Maxwell’s equations

Based on autocorrelation functions 6(x) of Daubechies scaling function, the SWCM
and MSWCM have been proposed for 1-D Hamiltonian PDEs in [23,24]. Consider
periodic boundary conditions in [0, L] (L is an integer) and a fixed scale | = constant
(with grid points N = L - 2/), the differentiation matrix B for the first-order partial
differential operator dx is an N x N sparse anti-symmetric circulant matrix:

By =2/ - Circ(0'(0),0'(-1),--- ,0/(—=(M —1)),0,---,0,0/(M—1),---,6'(1)),

where M is the order of Daubechies scaling function. Here 6'(1), (I = —(M — 1), - -,
(M — 1)) are the values of the function 6’(x) at integer points, which can be obtained
numerically. See [23,24,26-28] for more details.

Now, we construct a MSWCM for the 3-D Maxwell’s equations (2.2) using the
wavelet collocation method in [23,24]. Consider periodic boundary conditions with
Ny X Ny X N, grid points, where

Ny=L,-2F  N,=L,-2l, N, =L, 2%

Take E, for example, we can approximate Ey(x,y,z,t) by interpolation operator
IE.(x,y,z,t), which interpolates Ex(x, v, z, t) at collocation points

I j k
(xz,yjfzk)—(ﬁzzjzﬁ)
forl=1,--- ,Ny,j=1,--- Ny,k=1,---,N;,

Ny Ny N,

«(%,y,2,t) = ZZZEM (2hx —1)0(2y —)0(2"z — k). (2.8)

=1j=1k=

We substitute the interpolation operators into the multi-symplectic Hamiltonian PDEs
(2.2), and require that (2.2) is satisfied exactly at collocation points. The crucial step
is to obtain values for the derivatives in (2.2). Making partial differential in the y-
direction with (2.8) and evaluating the resulting expressions at collocation points, we
obtain

aIEx(xl,]/j/Zk/ Ny Ny N, G(ZIy]/ _]/)
— Iyt Ey, ., 02 =102z — k) ——=—1=
dy 1/21]/21 k/z o dy ly
. , j+H(M-1) y
= Z By, @0'G=)) = 3 Ex,, (B
j'=1 j'=j-(M~1)
=((In, ® B ® In;)Bx), 4, (2.9)

where ® means Kronecker inner product, Iy, is the Ny x N identity matrix, B} is the
N, x Ny first-order differentiation matrix in the y-direction,

(E” EJt oo JEW e JES B e,

X1117 7 X21,17 XNy, 1,17 YNy 1”7 T XNy 17

T
n n n n
X Ny, Ny, 17 Exl NNz’ Exz Ny, Nz’ ’ ExNx,Ny,NZ) ’
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etc.

Combining with the first-order differentiation matrices, we apply the wavelet col-
location method to discrete the multi-symplectic Hamiltonian PDEs (2.2) in space, and
then integrate the semi-discrete system by symplectic scheme the implicit midpoint
rule in time. We obtain a MSWCM for the 3-D Maxwell’s equations (2.2)

E/T —E" 1
% — E(A2H2n+% o ABHyi’l-‘r%),
E,/ "1 —E," 1
% _ E(AaHx”% — AjH," 1),
E,”t1 - E," 1
% — g(141H}71’l+% _ AZHXHJF%)’

n+l _ n (2.10)
Hy = Hy — ;(AZEZVH—% _ A3Eyn+%)/

n+1 _ n
B L et aE)

n+l n
Hz - Hz — _:I(AlEyn-i—% _AzExn—i-%),

where T is the time-step,
E.'T3 — E(E 1L EM) and E nty E(E ntl g g
X 5 (Ex X y 5 By y )
etc. Here
A= (Bi®IN,®In), Ax=(IN,®B{®Ix), As=(IN, @Iy, ®B}),
which are all anti-symmetric matrices. Although the MSWCM (2.10) is an implicit

scheme, the spatial differentiation matrices are sparse and direct fixed-point iteration

method can be used in solving, which renders the proposed MSWCM much efficient.
The MSWCM (2.10) can be rewritten as

2 — 7 I+(M-1) 1 jHM-1) 1
1,jk 1,jk n+x +5
M- - =+ Y By (Kizy ;) + Y, (B (Kﬂ?,j/,;i)
I'=1—(M-1) j'=j—(M-1)
k+(M-1) L
+ Y (Biiw (Kg,zl,j/k%) =0, (2.11)
k'=k—(M—1)

which is equivalent to the following compact form

Z'+t —zn 1 1 1
Mf +AIQKIZ" 2 + Ay RKyZ"2 + A3 R K3Z"T2 =0, (2.12)

where
7" — ((Hxn)T, (Hyn)T, (Hzn)T’ (Exn)T’ (Eyn)T’ (Ezn)T)T.
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Theorem 2.1. The MSWCM (2.11) has the following discrete multi-symplectic conservation

laws

w'tl o I4+(M—1) 1 jH(M-1) 1

Ljk Ljk n+s v n+l
— F Yy (B )z,lfo,/,l,z/,k + ) (B )i Ky

U=1—(M-1) j'=j—(M-1)
z+(M-1) il
+ ) (B kwz, =0, (2.13)
K =k—(M—1)
where

1 n+} n+i n+}

n _ n n 2 2 2
wl,]‘/k — Edzl,]',k /\ Mle,j,k, le,,lfj,k — le,].,k /\ Kldzl,,]»,k,

n+l o on+l n+1 n+t o+l n+1
Ky = dzl,j,k A KZle,j',k' Kay i = dzl’].,k A Kgdzl,].’k/.

Proof. The corresponding variational equation of (2.11) is
dz"Tl — dzn. I+(M-1) 1 j+H(M-1) 1
Ljk Ljk X n+s Y n+5
M————= + Y (Bw(Kidzy i)+ ) (BY)y(Kedzy;0)
V=1—(M-1) j'=j—(M-1)
k+(M—1)
z n+t;
+ Y (Bw(Kadzy i) =0. (2.14)
K =k—(M—1)

Taking the wedge product with dzﬁkl/ 2 on both sides of (2.14), we can obtain the

multi-symplectic conservation laws (2.13). We briefly denote the MSWCM with ADM
as MSM. O]

3 Stability, dispersion and energy-preserving property

In this section, we will prove that the proposed MSWCM is unconditionally stable and
conserves the two energy conservation laws (2.5a) and (2.5b) exactly.

Theorem 3.1. Under periodic boundary conditions, the MSWCM (2.10) is unconditionally
stable.

Proof. Let hy, hy, h; be the spatial steps in the x, y, z directions respectively, |y, J;,
J. and Ny, Ny, N, are corresponding scales and grid numbers. Set

E1’l E n
Lik | — [ } iUl jhy +ckh) @3.1)
n 7 .
Hl,j,k H

where

n _ n n n \T n _ n n n \T
Ljk — (Exl,j,k’Eyl/]-’k’Ezl,j,k) and Hl,j,k - (Hxl,j,k’Hy],]-,k’Hzl,j,k) :
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Substituting (3.1) into the scheme (2.10), we obtain

Iixs oD 1[E1"" [Bys —aD][E]"
—CzD I3><3 H o CzD I3><3 H !

where
0 d3s —dj
€= 21, 0= 21, D —dz 0 dp |,
¢ H dy —di 0
M-1 M-
dy =2 Z e~ iklhegl () = 2],(( Z eiksthzgl (] Z ¢ ikslhag! (.
I=—(M-1) =1
M-1 ‘ ‘ M-1
=2l (0(0) + Y 0/(1) (Mol — e helh) ) = 2l Y 20/(1) sin(kal ).
I=1 =1
Similarly,
M-1
dy =2l Y 26/(j) sin(kyjhy), = i2): Z 20’ (k) sin(k,kh,).
j=1

It is easy to know that dy, d», d3 are pure imaginary. Set

Iz D ]
C == 7
[ —2D  I3xs

we notice that

[ Iz —cD

D Izys } = ~C 2

Therefore, the magnitude matrix
G = C’l(—C + 216><6) = —Igxe + 2C7 L

Since D has three different eigenvalues

AP =0, ADy=£y/|d[2 + |daf? + |32,
there exists a matrix P such that
D=PAP}

where
D
A

)

671

(3.2)
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Thus we have

T

c2D (/\ - l)I3><3
_| P (A =1)I5x —c1A p-1
= |: P :| |: C2/\ 3%x3 ()\ _ 11)I3><3 :| |: P*l :| . (33)

(A — 1)[3><3 —C1/\
N ()\ — 1)13><3

From

it is easy to verify that the matrix C has eigenvalues
AC =14i/e10A".

Therefore, the eigenvalues of C are

A,=1,  A§,=1+ i,ﬁclcz\/ydﬂz + |da|? + |d3|?,

)‘g,6 =1- i\/Clcz\/’dl‘z + |d2|2 + ‘d3|2.

The relationship between A® (the eigenvalue of G) and A® (the eigenvalue of C) is

G _
A =1+

Thus, the eigenvalues of G are

1-— i\/clcz\/]dl\z + |d2’2 + ‘d3|2
1 —|—i\/C1C2\/’d1|2 -+ |d2|2 + |d3|2,
)L5G6 _ 1 —|—Z‘\/C1C2\/’d1‘2 + |d2|2 + ‘d3|2‘

’ 1—1'\/61C2\/’d1‘2+|d2’2+‘d3|2

G _ G _
A1,2 =1, A3,4 -

So we have
IAC|=1.

Therefore, the MSWCM (2.10) is unconditionally stable, which ends the proof. 0

Substituting a plane wave

0
E — e(kxx+kyy+kzszt) E
H H |’

into (2.1), we can obtain the following dispersive relations [21]

wip =0, wss= \/(k§ + k5 +K2) en, wse = —\/(k§ + k% +k2)/ep. (3.4)
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Then, substituting a discrete wave solution

7

E7. E 1° A
l,;]'k _ |: :| ei(kxlhx+ky]hy+kzkhzfwnr)
1jk H

into the MSWCM (2.10), we obtain the corresponding numerical dispersion relations

w1y = 0, (35&)
-1 2 2 2
s = IV TRP T S TEP/e8) 650)
-1 2 2 2
s = o TP T TRP TP/, 650

Suppose hy, hy, h, and T tends to zero, noticing that
M-1
Y 20'()l=1 and 2"n, =1,
1=1

we have

M-1 M-1
] = 2 Y 20" (1) sin(kilho) | ~ 2R ke Y 20 (1)1 = [kl
1=1 I=1

MS4 MS6

MS8 MS10

0 [0} 0 ¢

Figure 1: The numerical errors in phase velocity w/x — 1 of MS4,MS6,MS8 and MS10 (t = 0.1, h = 0.5).
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8 10 0 2 4 6 8 10

0 2 4 6
Logz(l/Kr) Logz(l/Kr)
(a) (b)

Figure 2: Log-log plots for numerical phase velocity errors of MSM for the wave direction 7 = 45° and

$=90° (a) h=2"1(b) h =272,

Similarly, we have
|d2| ~ |ky| and |d3| ~ |kz|
Therefore, the numerical dispersion relations in (3.5) converge to the continuous cases
in (3.4) respectively.
Consider wave vector k in spherical coordinates

ky K sin <y cos ¢
ky | = | xsinysing |, 0 <+ <180° 0 < ¢ <360° (3.6)
k, K COS 7y

with

k| =x=1.
We choose T = 0.1 and h, = hy = h, = h = 0.5, Fig. 1 shows the wave velocity
w/x = w3/« for MS4, MS6, MS8 and MS10 across the full ranges of 7y and ¢, which
illustrates that the numerical phase velocity errors of all methods MSM are very small.
The log-log plots of 1 — w/x vs. 1/(xT) are shown in Fig. 2. we can see that the
numerical phase velocity errors approach zero as T and h approach zero.

Theorem 3.2. Under periodic boundary conditions, the MSWCM (2.10) conserves the dis-
crete total energy conservation laws (2.5a) and (2.5b), that is,

e||E"||? + u|/H"||*> = Constant, (3.7a)
e||0+E"||? + p||0:H"||* = Constant, (3.7b)
where
Ne Ny N,
IE"12 = halyha ) Y Y ((Ba )24 (B! )P + (E27L)),
I=1j=1k=1
N: Ny N,
12 = heyhz ) 30 ) ((Haf), )+ (Hy!' )2+ (Hp))?).
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Proof. We make inner product for the six equations of (2.10) with eE,"*1/2,
eEy”+1/2, eB," /2, yH,"t1/2, yHy”H/z and uH," "1/ respectively, it yields

E i’H—l’E n+1\ E n,E n
gL 2>T ELED — (AH - Ay ), B,
E 1’l+1IE n+1y _ E H’E n
8< . . 2?[ < Y ) = <(A3Hxn+% _Alen+%)rEyn+%>/
E 1’!+1IE n+1\ E.," E,"
€< z z 2’>r < z sz > _ <(A1Hyn+% *AQHXH+%),EZ"+%>,
(L H) — (Y b A by e 8
V o = _<(A2EZ 2 — ABEy 2)/HX 2>/
H,"*!, Hy" 1) — (H,", H," 1 1 1
BT YY) (asEtE - gy,
n+1 n+1\ n n
V<HZ o 2>T L —((A1Ey"2 — AjE"2), H, "),

In addition, since A, Ay, A3 are anti-symmetric matrices, they satisfy the following
formula

(Aja,v) + (Ajv,u) =0, Vu,ve RN j—123
Then, we can sum all terms in the Eq. (3.8) and it is easily observed that the right hand

side is offset. Thus, we obtain
1
S { B2 4 1 P) = (el B2 + o[ H)2) | =0,

which leads to the first energy conservation law (3.7a).
Define a difference operator

(5twn+% _ (wn+1 - Cun),[—1.

Acting the operator J; on each terms of (2.10), then making inner products for the re-
sulting equations with e By 12, eétEy”H/z, 6B, 12, yétHX"H/z, ‘u(stHy”H/z and
16 H,"T1/2 respectively, following the proof of the first energy conservation law (3.7a),
we obtain the second energy conservation law (3.7b). O]

4 ES-SWCM for the 3-D Maxwell’s equations

In this section, we first discuss the properties of the wavelet spectral matrix in detail
and make comparisons with Fourier spectral matrix, then we construct ES-SWCM for
the 3-D Maxwell’s equations.

4.1 The properties of the wavelet spectral matrix

Using Fourier transformation, the kth order differentiation matrix By of wavelet collo-
cation method can be transformed to a diagonal form [23]

diag (6,68 ,... 6 = @F,
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where N
0 = 2160 (), 1=1,2,---,N,

are the eigenvalues of the matrix By. Here

27T

] is the scale, ) (w) is the Fourier transform of 8() (x). We call @ as the kth order
wavelet spectral matrix and note that

0F = diag(Ao, M, - - - Ay Ay Ay ,AN-1)-

The properties of @ are presented in the following theorem.
Theorem 4.1. The wavelet spectral matrix @ has the following properties

(1) AN*]:X]/]': 1,2/... /%;

(2) whenk =2m+1, Ag = )\% =0 A=A =12 ,% — 1. Ajis pure
imaginary;

(3) whenk = 4m+2, Ag :0,)\% <O AN =N )= 1,2,---,%—1,/\]-isrealand
)\j<0,‘

(4) whenk = 4m, A :0,)\% >0 A=A = 1,2,---,%—1,Ajisrealand/\]- > 0.

Proof. For part (1), since

we have
M-1 . N 27T M-1 . 227 J—
A= Y 0B NI = Y g (e UR) = (4)
r=—(M-1) r=—(M-1)

For part (2), since

we have
M-1 N 27 M-1
Ay = 0" (r)e" "2 W) = 0®) (r) (—1)!"
Po=—(Mo) r=—(M-1)
M-1
= 0®) (r) = Ao = 0. (4.2)
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Figure 3: Elements of the wavelet spectral matrix with different ADM and the Fourier spectral matrix.

In addition, forj =1,2,--- ,N/2 —1, we have
Aoj=A= Y —0B(=r)eri® = Y —0®) (p)e—ir UF) = ~Aj. (43)

Therefore, A; is pure imaginary. The parts (3) and (4) can be easily proved by combin-
ing (1) with the Theorem 3.1 (4) in [23]. g

We compare the one order wavelet spectral matrix ®@! with the Fourier spectral
matrix © in [10], which has elements

27T N
Oy, =0, 6 :zf(l—l), for1=1,2,--- Y

and

0 = —On-_1+2, for I = ngZ,‘--,N,

where L is the area length. The elements of @' and © are both pure imaginary. Con-
sider computational area [0,1] and grid number N = 64, we show the imaginary part
of the elements of @' and @ in Fig. 3. We can see that the elements of the wavelet
spectral matrix approach that of the Fourier spectral matrix with increasing the order
M of ADM.

4.2 ES-SWCM for the Maxwell’s equations

Splitting scheme has been widely used in Hamiltonian system and has been success-
fully applied to solve Maxwell’s equations [6,21,22]. We combine the splitting scheme
with the wavelet spectral matrix to construct ES-SWCM for the 3-D Maxwell’s equa-
tions. The Maxwell’s equations can be split into two linear subproblems, each of which
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amounts to three pairs of mutually uncoupled 1-D equations [21]

9E, 13 dE, 19

at ~coy o car v
OH. 19 oHy 19
= _—F = EXI
ot woy Y ot U oz
9k, _19 By 19,
ot coz ¥ ot € dx
H;, 19 OH: _ 19, “4
TR ot pox ¥
oE, 18H JE; 10
= —— - D
ot gox 7V ot e dy
oHy 10 aHx__liE
ot pox “ ot puay
or shorter 5 5
z z
—=A — = Bz.
T TR
Each of the six pairs of the 1-D sub-system in (4.4) can be written as a generic case
p y g
qu aav
ot oy’
v ﬁau (4.5)
ot "oy’

We convert the Eq. (4.5) to Fourier modes with wave numbers {i;}¥ | and {7},
which can be carried out by the FFTs in O(N?log, N) operations. Then we need to
solve the following ODE:

aa§ o (4.6)
1 1)~
o P

which can be solved exactly and the solution is described in discrete Fourier space:

't = cos (él(l)a) uy + isgn(oc)\/gsin (51(1)CT)77?,
4.7)

71 = cos (gl(l)cr)?ﬂf - isgn([ﬂ)\/fsin (5,(1)(:'() uj,

where ¢ = /ap and @1(1) is the imaginary part of 91(1), which is pure imaginary as

proved in Theorem 4.1. Set

a= sgn(tx)\/g, b= sgn(ﬁ)\/é, s = sin (51(1)&) and d = cos (@l(l)cr),
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the transform matrix can be written as
d ias
c= a5
clic=7,

0 1
so C is a symplectic matrix. Thus, the splitting wavelet collocation method for each

1-D sub-system is symplectic.
Then, we choose the second-order Strang splitting method

It can be easily proved that

with

zZ(t+71) = e%ATeBTe%ATz(t), (4.8)

to compose the solutions of the subproblems and obtain an explicit splitting symplec-
tic wavelet collocation method (ES-SWCM) for the Maxwell’s equations. We briefly
denote the ES-SWCM with ADM as ESM.

The two-dimensional Maxwell’s equations for the TM polatization case (2.6) can
be split into

o _ 10, OF: _ 10

ot  eox ¥V ot edy 49
oH, 10 o, 10 ?
ot wmox ot uoy

while the equations for two-dimensional TE polatization case (2.7) can be split into

dEx 190 oE, 10

ot eoy ot eox ¥

oH, 10, dH, 12 (4.10)
ot uoy ot pox ¥

5 Numerical experiments

In this section, we simulate the 2-D and 3-D Maxwell’s equations and investigate sta-
bility, accuracy and conservation properties of the proposed methods. The parameters
are normalized to

e=u=1

The autocorrelation function ADI10 is used for the wavelet collocation meth-
ods in following examples except the comparison part in Example 5.1. Fixed-
point iteration method with tolerance 1071 is used in solving (2.10) and 7 =
3.14159265358979323846 is used. All the simulations are computed by a compiled
code of Fortran 95 in the same machine.
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51 Two-dimensional problem

Example 5.1. We show an accuracy test for the 2-D Maxwell’s equations (2.6) with the
following smooth solution

H, —B
Hy | =| a |exp][cos(ax+pBy+1t)], (5.1)
E, 1

where
a = cos(0.3r) and B =sin(0.37).

The computational domain is [0,27t/a] x [0,27t/B] with periodic boundary condi-
tions. This problem is also considered in [7] which use discontinuous Hamiltonian
finite element method (DHFEM).

First, we use MS10 and ES10 to solve the problem till time ¢ = 100 for long time
simulation. With different grid points, L? and L*® errors for Hy, Hy and E. are pre-
sented in Table 1. As can be seen from the table, both methods have high accuracy
and have computation costs to O(N?). MS10 takes twice the CPU times of ES10. In
addition, with different grid points and time-steps, Table 2 gives the maximum errors
of energy I and II over the time interval [0, 100] for MS10 and ES10. Fig. 4 shows the
variation of the errors in the two energy conserved quantities of MS10 for the case
T = 0.001 and N, = N, = 32. We can see that the conserved quantities are preserved
exactly and the errors are independent of time-step and grid points. Moreover, com-
pared with the DHFEM, the MSWCM and ES-SWCM also have high accuracy but can
preserve energy conservation laws better.

Table 1: The numerical errors and CPU times of all methods (7 = 0.00001, ¢ = 100).

Mthd | Nx x Ny H, Hy E, CPU (s)
L® error LZ%error | L® error LZerror | L® error L? error
16 x 16 | 1.66E-02 9.64E-02 | 1.21E-02 7.00E-02 | 2.06E-02 1.19E-01 11266
MS10 | 32x32 | 1.55E-04 5.85E-04 | 1.13E-04 4.25E-04 | 1.91E-04 7.23E-04 | 48136
64 x 64 | 2.36E-07 7.72E-07 | 1.71E-07 5.61E-07 | 2.92E-07 9.54E-07 | 203245
16 x 16 | 1.66E-02 9.64E-02 | 1.21E-02 7.00E-02 | 2.06E-02 1.19E-01 6445

ES10 | 32 x32 | 1.55E-04 5.85E-04 | 1.13E-04 4.25E-04 | 1.91E-04 7.23E-04 | 26539
64 x 64 | 2.34E-07 7.69E-07 | 1.70E-07 5.58E-07 | 2.89E-07 9.50E-07 | 107446

Table 2: The maximum errors in energy | and |l over the time interval [0,100].

Mthd | Ny x Ny T=0.01 T = 0.001 T = 0.0001

energy I energylIl | energyl energylIl | energyl energyll
16 x 16 | 8.91E-11 5.81E-11 | 8.91E-11 6.92E-11 | 9.87E-11 2.60E-10
MS10 | 32 x32 | 1.46E-10 6.99E-11 | 1.45E-10 7.13E-11 | 1.48E-10 1.52E-10
64 x 64 | 2.67E-10 1.06E-10 | 2.68E-10 1.07E-10 | 2.65E-10 1.46E-10
16 x 16 | 3.13E-12 4.58E-12 | 4.15E-12 6.08E-12 | 1.05E-11 6.42E-12
ES10 | 32 x32 | 4.15E-12 3.58E-11 | 5.00E-12 6.09E-11 | 1.10E-11 4.82E-11
64 x 64 | 1.98E-11 4.63E-10 | 1.81E-11 6.61E-10 | 2.74E-11 4.97E-10
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Figure 4: The variation of the errors in energy | and Il of MS10 (-) and ES10 (-) for the smooth solution
(5.1), (t = 0.001, Ny = Ny = 32).

Second, we make a deep numerical investigation to show the tradeoff between
computational effort and error for the MSWCM and the ES-SWCM. The numerical
errors and CPU times are shown in Fig. 5. The first plot reveals that the numerical
errors decrease when M or N becomes larger. The second plot shows that the ES-
SWCM costs CPU times less than MS6, MS8 and MS10 but more than MS4. In the
third plot, we can see that the connected line of the nods with the same grid points
has a bigger slope than any of the four lines with the same M, which means that it is
more efficient to increase M than N to obtain a smaller numerical error for this smooth
solution.

Log10 error
Log10 CPU time

45 5 5.5 6 6.5 7 “a 45 5 5.5 6 6.5 7
Log, N Log, N

Figure 5: The maximum errors of
H, and CPU times for MSWCM
and ES-SWCM with Ny = Ny =
8K, K=2,3,---,12 (T = 0.00001,
t=1).

1.5 2 25 3 35 4
Log10 CPU time
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8 8

Figure 6: The contour plots for Hy, Hy, E; of the non-smooth solution (5.2) at t = 10.

Example 5.2. Consider the following non-smooth solution of the 2-D Maxwell’s equa-
tions (2.6) [7]

H, —B
Hy | = « | ¢(cos(ax+py+t)), (5.2)
E; 1
where
a = cos(0.37), B = sin(0.37),
wlog(w), w #0,
= 53
¢(w) { 0, o0 (5.3)
Taking

T=0.0002 and N, = N, =320,

we use MS10 to solve the problem till time ¢ = 10. We plot Hy, H, and E; at time t = 10
in Fig. 6. The L* numerical errors for Hy, H, and E; are 9.39 x 1073, 6.82 x 1073 and
1.16 x 10~2 respectively. The errors in the two energy conserved quantities are pre-
sented in Fig. 7. The results show that the MSWCM is stable, can capture singularity
effectively and preserves the two energy conserved quantities very well.
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= =
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(] o
£ c
o Of — 0
o
= £
) [}
-2 -2
_4 L L L L _4 L L L n
0 2 4 6 8 10 0 2 4 6 8 10

t t

Figure 7: The variation of the errors in energy | and Il of the non-smooth solution (5.2).
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Example 5.3. Consider the following solution of the 2-D Maxwell’s equations (2.7)
(see [6])

ky .
E, = W cos(wrrt) cos(kymrx) sin(k,y), (5.4a)
E, = _s:k\/;w cos(wrtt) sin(kymrx) cos(kymy), (5.4b)
H, = ;sin(wrct) cos(kymx) cos(kymy), (5.4¢)
where 1
w? = %(ki —l—k;) and k, =k, = 10.

The computational domain is [0, 1] x [0, 1] with periodic boundary conditions. Taking
T = 0.0001 and Ny = N, = 64, we use MS10 to solve the problem till time ¢t = 10.
The numerical results with 16 contours for all components are shown in Fig. 8. The
L* numerical errors for Ey, E, and H; are 6.08 x 1074, 6.08 x 10~* and 2.17 x 10~*
respectively. Errors in energy I and energy II are presented in Fig. 9. The two energy
conserved quantities are preserved exactly. Compared with the results obtained by
energy-conserved splitting FDTD methods (ECS-FDTD) in [6], the MSWCM can also
preserve energy conservation laws very well but has higher accuracy.

E E
X y

) 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
X X X

Figure 8: The contour plots for Ey, Ey, H of (2.7) with initial conditions (5.4) at t = 10.
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Figure 9: The variation of the errors in energy | and II.



684 H.]. Zhu, S. H. Song and Y. M. Chen / Adv. Appl. Math. Mech., 3 (2011), pp. 663-688

5.2 Three-dimensional problem

Example 5.4. We consider the following periodic solution of the 3-D Maxwell’s equa-
tions (2.2) [21,22]

Ey = cos (27m(x +y +z) —2V/3nt), Hy=/3E,
E, = —2E,, H, =0, (5.5)
EZ = EXI Hz = _\/gEx

The computational domain is [0, 1] x [0,1] x [0, 1] with periodic boundary conditions.

First, taking the time-step T = 0.0002 and grid points N, = N, = N, = 32,
we use MS10 to solve the problem till time t = 10. Fig. 10 shows the L? and L®
numerical errors for all components, the numerical solution approximates the exact

x10° x10°

errorin E
errorin H

y
w

error in H

error in E
N

[,

z

error in E
errorin H

o a 6 8 10
t
Figure 10: The numerical errors for all components in Ly norm (o) and Le norm (-) of the solution (5.5).
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solution very well. Fig. 11 provides the errors in energy I and energy II, we can see
that both energy I and energy II are preserved exactly. Compared with the results
obtained by splitting multi-symplectic schemes (SMS) in [22], the MSWCM can also
preserve the two energies very well but has higher spatial accuracy.

Second, we gives the numerical errors and CPU times of the MSWCM at t = 1
with different order M and grid number N in Fig. 12. Similarly with the 2-D case, it

is more

efficient to increase the order M than to increase grid number N for obtaining

a smaller numerical error. The difference is that it costs CPU time near O(N°5:10)
for the 3-D case which means the computational effort grows faster than the 2-D case
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when the mesh is refined. However, we can see that a grid of N, = N, = 32 is enough
to obtain a small numerical error, which shows the merits of the MSWCM having high
accuracy.

Examples 5.1 and 5.2 reveal that the MSWCM has high accuracy similarly with
the DHFEM but can preserve energy conservation laws better for both smooth and
non-smooth case. Examples 5.3 and 5.4 reveal that the MSWCM can preserve the
two energies exactly similarly with the ECS-FDTD and the SMS but has higher spatial
accuracy. These results show that the MSWCM is an effective numerical method to
simulate 2-D and 3-D Maxwell’s equations with periodic boundary conditions.

6 Conclusions

Multi-symplectic wavelet collocation method is developed to solve Maxwell’s equa-
tions. The spatial differentiation matrices of the MSWCM are sparse, which leads to
less computation. The MSWCM has high spatial accuracy, can capture singularity
efficiently and preserves energy conservation laws exactly during long time simula-
tion. Compared with the ES-SWCM, the MSWCM has similar performance in accu-
racy and in preserving energy conservation laws. The results show that the MSWCM
takes good balance of accuracy and efficiency and is an effective numerical method to
simulate 2-D and 3-D Maxwell’s equations with periodic boundary conditions. The
MSWCM can be applied to solve the problem with mixed boundary conditions by in-
troducing external wavelets near the boundary, and can be generalized to construct
more structure preserving methods based on different wavelet basis. Moreover, the
MSWCM can be naturally generalized to solve other multi-dimensional Hamiltonian
PDEs.
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