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Structure-preserving numerical methods for the two dimensional
nonlinear fractional wave equation

Longbin Wu?, Qiang Ma?", Xiaohua Ding?

?Department of Mathematics, Harbin Institute of Technology at Weihai, Shandong, P.R.China

Abstract. This paper introduces the structure-preserving numerical methods for the two dimensional non-
linear fractional wave equation. By using the variational principle with fractional Laplace, the equation is
transformed into a Hamiltonian system with symplectic and multi-symplectic structure, and they show the
corresponding conservation laws. Then a numerical method is proposed with the Fourier pseudospectral
method in space and midpoint method in time. It is proved that the proposed numerical method preserves
the corresponding conservation laws in the discrete sense. Furthermore, one investigates energy errors
of fully discrete schemes, and discusses convergence of the proposed schemes which are second-order

accuracy in time and spectral accuracy in space. Finally, the validity and accuracy of the theoretical results
are verified by several numerical examples.

1. Introduction

The nonlinear wave equation is an important class of mathematical models in some scientific fields like
acoustics, electromagnetism and fluid mechanics, etc. As we all know, one key feature of the nonlinear wave
equation is that it can be written as a Hamiltonian system. The Hamiltonian system can describe all real
physical processes with negligible dissipation. In fact, the exact solution of nonlinear Hamiltonian system
can not be obtained generally. Considering the need of scientific calculation and computer simulation, it is
necessary to construct an effective numerical method to simulate the behavior of the solution of Hamiltonian
system by computer. In the current researches of numerical methods, it is generally required that the basic
characteristics of the original problem should be preserved as much as possible after discretization [8],
that is, the discretization should be carried out in the unified framework of the original problem as much
as possible. So for some partial differential equations (PDEs) which can be transformed into Hamiltonian
system, it is very important to design a numerical method which can satisfy the symplecticity of the original
system, because it has conspicuous ability to preserve the geometric properties of phase space for a long
time [9, 11, 20] and has good numerical stability. In general, symplectic and multi-symplectic structure
are important approaches to the structure-preserving schemes for solving nonlinear Hamiltonian PDEs

[18, 32, 33]. For classical nonlinear wave equation, a lot of symplectic and multi-symplectic methods have
been constructed [2, 13, 23, 24, 28].
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In recent years, the development of fractional caculus has opened new perspectives in sciences and
engineering [12, 15,17, 25]. In particular, the nonlinear fractional equation has attracted extensive attention
of scholars, such as fractional Schrodinger equations, fractional wave equations and so on. As a variety
of wave phenomena in nature, including long wave and short wave, such as sound wave, light wave and
water wave, can be described by the corresponding wave equation, the specific form of wave function and
its corresponding energy can be obtained, so as to understand the wave propagation and some properties.
Therefore, nonlinear fractional wave equation becomes an important equation in physics. It describes the
law of micro object moving at high speed, which deepens the understanding of micro world and provides
a theoretical basis for dealing with the problem of atomic structure systematically and quantitatively. In
this paper, we consider the following nonlinear fractional wave equation

Ouut + (=A)2u+G'(u)=0, te[0,T],
u(x,0) = up(x), x€Q, 1)
ur(x, 0) = u1(x),

where x = (x,y), Q = [a,b] X [a,1], 1/2 < a <1, G: R = R is a nonlinear and smooth function, (1) is
prescribed with either homogeneous Dirichlet (inhomogeneous Dirichlet) or periodic boundary conditions.
For other boundary conditions, it is difficult to determine whether the equation still has symplectic and
multi-symplectic structures. In this paper, we mainly consider the case of periodic boundary. The fractional
derivative (—A)? are defined as a pseudo-differential operator with its symbol in the Fourier space. For the
bounded interval Q with periodic boundary conditions, it can be defined by Fourier series [1]

M ) = = Y18+ &R0,

L,LeZ
where &, = EIT”;, and 7 is Fourier coefficient and is given by
i = _t u(x, t)e"1n D=L (v=a) gy
b-a?Ja

In general, it notices that geometric structures for nonlinear Hamiltonian PDEs have had the devel-
opment of numerical methods, which systematically incorporate qualitative features of the underlying
problem into their structure. Various invariant-preserving numerical methods have been developed for
computing classical nonlinear wave equation, including the finite difference method [6, 14, 16], spectral or
collocation method [3-5], finite element method [22, 26], etc.

For the study of fractional differential equation with geometric structures, it is also important to de-
velop structure-preserving numerical methods. In [29], authors give variational principle of the fractional
Laplacian and show that the fractional Schréodinger equation can be reformulated as a Hamiltonian sys-
tem with a symplectic structure. Then using Fourier pseudospectral method in space, it is proved that
the discrete fractional Hamiltonian system satisfy the corresponding symplectic or other conservation
laws in the discrete sense. Xiao and Wang [31] give a fourth-order central difference method in space
for fractional Schrédinger equation, and the semi-discretization system is shown to be a finite dimension
Hamiltonian system. Moreover, they apply midpoint method in the temporal for the Hamiltonian system
to preserve some properties. Furthermore, Fei et al. [7] give the convergence order and error estimate of
the multi-symplectic Hamiltonian system of fractional Schrodinger equation. Recently, Wang [27] gives
the symplectic-preserving Fourier spectral scheme for space fractional KGS equations. However, there are
few studies on symplectic and multi-symplectic for nonlinear fractional wave equations. And we notice
that the analysis of convergence is almost absent for multi-symplectic methods. Based on the above main
motivation, we consider the symplectic and multi-symplectic Hamiltonian structure of two dimensional
nonlinear fractional wave equations and the convergence of numerical methods. The main contributions
reside in the following aspects.

e It gives symplectic and multi-symplectic structure for the two dimensional nonlinear fractional wave
equation, and a numerical method is proposed with the Fourierpseudospectral method in space and
midpoint method in time.
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e Some numerical theoretical analysis are given, including discrete conservation laws, energy errors
and convergence.

e There is almost no convergence analysis of the multi-symplectic method, so the convergence analysis
of the multi-symplectic method is given in this paper.

e Several numerical examples illustrate the efficiency and accuracy of the numerical scheme.

The present paper is organized as follows. In section 2, one gives symplectic and multi-symplectic
Hamiltonian formulations and their conservation laws for the two dimensional nonlinear fractional wave
equation. Section 3 shows that Fourier pseudospectral method in the spatial and given the conservation
law of the corresponding semi-discrete scheme. Then the fully discrete symplectic and multi-symplectic
schemes are obtained by using the midpoint method in the temporal, and it is presented error estimates of
energy. Finally, conservation laws of the fully discrete schemes are strictly proved. Section 4 is devoted to
a rigorous convergence analysis for the multi-symplectic Fourier pseudospectral scheme. In section 5, the
validity and accuracy of the theoretical results are verified by some numerical examples. In the end, we
close this paper of concluding remarks.

2. Symplectic and multi-symplectic Hamiltonian formulations and conservation laws

This section gives symplectic and multi-symplectic Hamiltonian formulations and their conservation
laws for the nonlinear fractional wave equation. A lemma first is given with respect to the fractional
Laplacian.

Lemma 2.1. [30] Letting u be a periodic function, then it holds
—(=A)iu = L2u = L(Lw), (2)

a=2

whereLu =Y ez i( 21 ) |5i21 + 5;?‘2|T 2¢O, =0 Ty particular, when a = 2, the operator L reduces to the
2
gradient operator.

For writing convenience, defined £ := (£, £,)7, so —(-A)? = L2 + L.

2.1. Symplectic Hamiltonian formulation
The nonlinear fractional wave equation (1) has a symplectic structure, when a = 2 is a well-known
classical Hamiltonian structure. Introducing v = u;, a pair of equations can be rewrite (1) as

U =0,
{ vtf = —(=A)su - G'(u). )

By the fractional variational calculus formula [29], one obtains that system (3) is an infinite-dimensional
Hamiltonian system

dfu 0 1
E(v):]éH’]:(—l 0)' 4)

where the Hamiltonian functional H is
H= f (%(vz +(=N)iuP) + G(u))dx,
Q

which is invariant with respect to time. The Hamiltonian system (4) satisfies the symplectic conservation
law

% (@A do)dx =0, )

where A denotes the wedge product.
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2.2. Multi-symplectic Hamiltonian formulation

4190

The nonlinear fractional wave equation can also be formulated as a multi-symplectic Hamiltonian
system which possesses a local multi-symplectic conservation law. Denoting v = u;, wy = Lyu, wo = Lyu

and one rewrites (1)

v + Lywy + Lywy = G'(u),

uy =0,
L =-w,
-Lyu=—w.

The system (6) can be rewritten as the multi-symplectic Hamiltonian system
Mz; + Ki(Lyz) + Ko(Lyz) = V.S(2),

where z = (1, v, w1, w,)", M, K are the skew-symmetry matrices

0 -1 0 0 0 010 0
1 0 0 0 0 000 0
M=l 0 ool X=[-1 000 K=o
0 0 00 0 0 00 -1

and the Hamiltonian function
S(z) = %(v2 —w?) + G(u).

Theorem 2.2. The system (7) satisfies the multi-symplectic conservation law
diw +1xx =0,

where
W= %dz AMdz, xx=dzANKiLydz +dz NK Ly dz.

Proof. Taking differential on both sides of (7) to get
Mdz; + Kyd(Lyz) + Kpd(Lyz) = S.dz.
It is obtained by the wedge product of the above formula and dz
dz A Mdz; + dz A Kyd(Lyz) +dz A Kod(Lyz) = dz A Sy.dz.
Because S;; is symmetric, dz A S,,dz = 0,
dz A Mdz; + dz A Kyd(Lyz) +dz A Kd(Lyz) = 0.
Since M, K; and K; are skew-symmetric matrices, it has
dzi A Mdz + d(Lyz) A Kydz + d(Lz) A Kadz = 0.
So

o + %(Lxdz A Kydz +dz A Ky Lydz + Lydz A Kpdz + dz A Ky Lydz) = 0.

K; and K; are skew-symmetric matrices, L.dz A Kidz = dz A K1 Lydz, Lydz A Kodz = dz A Kr Lydz, so

ow +dz AN Ky Lydz +dz A KzLde =0.

Thus the proof is completed. [

oS O oo

o O oo

[l e

(®)



L. Wu et al. / Filomat 38:12 (2024), 4187-4207 4191

Integrating (8) over Q and using the periodic boundary conditions, one has

0= f(&ta) + Kx)dx = f&twdx = dif(du A dv)dx,
Q Q t Ja

which is just the symplectic conservation law (5).
Theorem 2.3. The system (7) satisfies the local energy conservation law
dE+Fy =0,

where

(L) Kazi + 2" Ko (Le2)s + (Ly2) Kozi + 2" Ka(Ly2)s)

NI —

E=5(z) - % (z"Ki(Le2) + 2" Ka(Ly2)), Fx =
Proof. Noting that
QE = V.5 ~ 22l Ki(Le2) - 327K (Lez) ~ 32Kl £y2) ~ 52T Kal L2
= 2] Mz; + z{ Ky (Lyz) + 2{ Ko(Ly2) — %thKl (Lyz) - %ZTKl (Lyz) — %ZtTKz(LyZ) - %ZTK2(~£yZ)t
- %Z{Klwxz) - %ZTKl(sz)t + %th Ka(Ly2) - %ZTKZ(LyZ)t.
Similarly,
Fx= —%ZtTKl(LxZ) + %ZTKl(-ExZ)t - %ZtTKZ(-ﬁyZ) + %ZTKZ(-@Z)P
SodtE+Fx=0. O
Theorem 2.4. The system (7) satisfies the local momentum conservation law in each of the sub-direction

ai.‘Ix + -LxVx + Ly% =0,
atly + LyVy + L«c"/:/; =0,

where
1 T 1 T T 7 1 T
I = 52" M(Le2), Vi=5@) -5 (z"Mz +2'Ka(Ly2)), Vi = 52 Ka(Li2),
1 1 — 1
I, = EZTM(Lyz), Vy=5(z) - 5 (zTMzt + ZTK1(£xz)), Vix = EzTKl(Lyz).

Proof. We only prove the local momentum conservation law in the x-axis direction, and the y-axis can be
obtained in the same way. It is obtained by multiplying system (7) left by (£,z)”

(LxZ)TMZt + ('EXZ)TKl (Liz) + (-EXZ)TKZ('EyZ) = (LXZ)TVZS(Z)'
Since K; is skew-symmetric matrix
(LXZ)TMZt + (-sz)TK2(-£yZ) = (LZ)TVZS(Z)'

It notices that

ol = 5 (FTM(L2) + T M(L2),),
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SO
Ol + LV + L,V = % (2 M(Lyz) + 2" M(Li2)i) + (£:2)"V-S(2) - % (L2 Mz, + 2" M(Ly2),)
(LKL, + KL L)) + 5 (L2 Kol L2) + TRl L Ly2)
= (—LZ)TVZS(Z) - (LxZ)TMZt + ('Exz)TKZ(-LyZ) =0.
0

Remark 2.5. When a = 2, the above conservation laws will reduce to the standard local conservation laws in [19]
for the classical wave equation.

3. Structure-preserving numerical methods

In this section, we present structure-preserving numerical methods. First of all, the spatial discretization
is give. Since fractional Laplace and £ operator are defined by symbols in the Fourier space, they can
naturally be approximated by the Fourier pseudospectral method [21]. Firstly, the numerical solution is
constructed by interpolating trigonometric polynomials of the solution at collocation points. Second, the
fractional derivative is approximated in frequency space.

For the convenience of narration, some notations are introduced. Similarly, for two given positive
even integer Ny, N,, one considers the set of points x; = a + (b —a)l[/Ny, 1 =0,1,--- ,Ny -1 and y, =
a+(b-am/N, m=0,1,---,N, — 1 are referred as space collocation points. So

Ny Ny
2 2

Inu(x, y) = Z Z ﬁlllzeiéll(X—tl)+i§lz(y—a),

Ny N
==Y =

with
1 Ny—1Ny-1
- &L (=) —iE L (g —
), = ——— E u(xy, ym)e i&l (x—a)—i&h(y ﬂ),
NxNyCll Ch 1=0 m=0

where & = 21t/(b — a), ¢, = 1 when |l1| < Ny/2, ¢, = 2 when || = Ny/2 and ¢, = 1 when || < N,/2, ¢, = 2
when || = N, /2. So Inu(xi, yu) = u(xy, ym) for! =0,1,--- ,Ny =1, m=0,1,--- ,N, — 1. Then —(—A)%INu(x, Y),
LiIyu(x, y) and L, Inu(x, y) can be defined by Fourier series

Ny Ny
—(=A): Iu(xj, yi,) = — 2 ZZ‘ (ER)? + (EL)) 2ty , e h G OHELW—O) = (D), )
11:7%12}@
e
Lo,y =i Y, Y ER(ER) + (E0)2) T iy e = ( D)y (10)
h=—1 =1
Lyl y) =i Y Y EL(ER + (ER))'T fy e O = (o Do)y, (11)
11=—%12:_¥

where u = (ugo, to1, "+, UoN,-1, " ,uNX_1Ny_1)T. According to (9) and (10), D3, 1,D* and 1,D* are N X N
matrices, and whose elements are refferred to in Ref.[30]. Let ; = —I;, i = 1,2, it is easy to know Df is a
symmetric matrix and 1,D* and 1,D® are skew-symmetric matrices.
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3.1. Symplectic discretization method

Using the matrix D3, a semi-discrete system is obtained by the Fourier pseudospectral discretization in
space for the system (3)

d —
{ i Wim = Ulm, (12)

&0 — (D3, + G (1) = 0

wherel =0,--- ,N —1, u = (1, o1, - - JUON,~1, " ,uNx_lNy_l)T. So the semi-discrete system (12) is a finite
dimensional Hamiltonian system

du _
{ g}; _ YUHh/ (13)

with the Hamiltonian function

N,-1N,-1

Hy(u,v) = %(v V- uTDa + Z Z G(ugy).

I=0 m=0

In addition, the Hamiltonian system (13) is the symplectic Fourier pseudospectral discretization of the
nonlinear fractional wave equation and satisfies the semi-discrete symplectic conservation law

N1N1

dt Z Z (duyy, A doyy,) =

=0 m=0

It is worthy of note that (13) is a semi-discrete Hamiltonian system, one can adopt implicit midpoint
method to (13).

G _ gt
m 14
U?‘”*”? g+ 1,13 ( )
yiil m 5 f—
_(Dzu 2)lm'i'G (ulm )—0/

T

wheren =1,2,--+ ,N;, T = T/Nt, - = (u} + u;’”)/Z - = (v + o) /2. So the system (13) is integrated

Im
with a symplectlc integrator, the scheme (14) satisfies the full- dlscrete symplectic conservation law

Ny-1 n+l n+1 n
Zm o (du A doltt —dujl A dv?m)

= =0, (15)
T
or equivalently,
N,-1N,-1 Ny-1N,-1
YN @t adoyy= Y Y dup, A dof).
=0 m=0 =0 m=0

So the scheme (14) preserves symplectic conservation laws in the fully discrete sense. However, it can
not preserve the global and local energy conservation laws in general. Therefore, it is essential to analyze
the error in energy conservation law for the fully discrete scheme (14).

Denoting I = 21t/(b — a) and letting (u, v) be the solution of the symplectic Fourier pseudospectral

1
method, and H,:HZ as follows

Z

— -1
. 2 Na=1Ny
HZ+2(u/ v) = > ((VM%)TVH% _ (un+%)TDz21un+%) + 12 G(un+2)
I= =0

=
3
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and equivalent to
n+j h? n+l n+l n+l pan+d 2 n+l
H," 2 (u,v) = 5 ('3, w8y, — (™, D§u™), ) + 12(G(u™* ), 1), (16)

where (-, -); is the I, discrete inner productand 1 =(1,1,---, 1)T. And then as will be shown in the following
theorem.
Theorem 3.1. The discrete global energy of the scheme (14) satisfies
IH}*! - H)| < C1%.
Proof. The scheme (14) is equivalent to the following one by eliminating the value

u;’“ —2u" +ul” 1

- 1D“(u”+z )+ 2 (G’(u 2)+G'(u7‘%)) = 0. (17)

1 _1
Then taking the discrete inner products of above the equation with Z(MZZZ - u;'m 2) and (16), one obtains

n+l n—1
|Hh - Hh |

W
=15 (G’(u”+%) + G/ ("), U —uE) + HA(GE) - G ), 1),
N; 1N1/ 1 1
N | G- (e )t -
=0 m=0
Nx1 Ny~ 1 1 1
i (G” ot )
=0 m=0
N,—1Ny-1
< |cn? 2| < C(b - a)*7>.
1=0 m=0

Therefore, |H}*! - H)| < 1 Z?:o |H,];rl - H}il <Crt%. O

Remark 3.2. It is worth mentioning that the symplectic scheme (14) is sepamble Hamiltonian system, and takes
Hy(u,v) = Ay(u) + By(v), Ap(u) = —%uTD‘Z"u + Zf\fo_l Z:yzol G(upy), Bu(v) = v v, then system (13) has the
following s-stage symplectic integrators

{ u) = u@ + ci 8371( (i))/

vV (18)
vitD) = v — d; uh (ll(H'l)),

where i =1,2,--+ 5, u® = u", u® =y, oM = v", v = v"* and ¢;, d; are constants which are determined by

the order of the system (18). They satisfy the full-discrete symplectic conservation law (15) and have discrete global
energy errors as well.

3.2. Multi-symplectic discretization method
Now applying the Fourier pseudospectral method to the multi-symplectic system (6), one obtains

d m
P 7t + (D W) + (1yDW2)i = G (i),
Ul
3t = Olm,
ar m (19)
_(1xDau)lm = —W1,,

_(1yDau)lm = —W2,,,
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where [ = 0,--- ,Ny =1, m = 0,---,N, — 1. The system (19) satisfies the following semi-discrete multi-
symplectic conservation laws

d
Ewlm + dzy, N Ky Lydzy, + dzy, A Kz.ﬁhydzlm =0, 0<I<N,-1,0<m< Ny -1, (20)
with zp, = (U, Vi, wlm)T/ where
1 N,-1 Ny_l N,-1 Ny_1
Wi = Edzlm A Mdzyy,, Lidzyy, = (D Vjemdz i, Lnydzim = (1yD"NijkmAz -
=0 k=0 =0 k=0

Owing to 1D and 1yD* are skew-symmetric matrices, one can sum (20) over /, m and obtain

N,-1Ny-1 N,-1Ny-1

% Z Z Wy = Z Z(du,m /\dvlm) =0,

=0 m=0 I=0 m=0

which implies the semi-discrete global symplectic conservation law. Thus it is natural to adopt symplectic
integrators to integrate the system (19). The implicit midpoint scheme is chosen

n+1

oot n+l n+i _ n+i
- T =+ (1xD0(w1 2)lm + (1}/Daw2 Z)Im - Gl(ulm : s
W, e

T Im 7 21

—(1D* n+%) s (21)

1w u Im = Wy 7,

1

_ BT O

(1yD u Z)IWI - wzlm 7

where w = (wy, -+, wyn_1)".

Theorem 3.3. The scheme (21) has following full-discrete multi-symplectic conservation laws

n+l _ . n

W, Wy, n+l n+1 n+l n+l
p +dz, * NKiLpdz, * +dz, P ANKLydz 2 =0, 0<I<Ny-1,0<m<N,-1,
where
N,—1Ny-1 N,—1Ny—1
n 1 n n n+g \ \ a n+g \ \ a
), = Edzlm AMdzy, , Lydz, * = (D Vijgmdz e, Lnydz,,* = (1yD)ijkmdz .-
=0 k=0 =0 k=0

Proof. Firstly the scheme (21) is rewritten into the compact form

Zn+1 — N,-1Ny-1 N,—1Ny-1 X
Im Im n+y
M# + Ky E E (L Dijkmz i + Kz z E (yDVjgmzjx = V2S(z,, %),
=0 k=0 =0 k=0

and the variational equation associated with (21)

Azl — gz Ny—1Ny=1 N,—=1Ny-1 ; ;
I I n+ly o, n+d
M——— 4 K Y Y Dtz + Ko (y D Vjendlzje = Soalz) )z 2. (22)
j=0 k=0 =0 k=0
In fact,
dn+%/\s (n+%)d n+i
- 2z2\Zy,, Zp - =Y

so taking the wedge product of (22) with dZZI :
n+l _ . n

Im Im +1 n+1 n+l n+l
Iy R A K Lz 2 A Ko Lz =0,

n

which means the multi-symplectic conservation law. [
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So the method is referred to as a multi-symplectic Fourier pseudospectral method. What’s more, for the
discrete momentum, as will be shown in the following theorem.

Theorem 3.4. The scheme (21) satisfies full-discrete local momentum conservation law in each of the sub-direction

n+} et
le ('Ehx )lm + (Lhyvxy 2)lm =0,

1 1
(L Vi i + LV i = 0,

where

n+l _ n n+l _ n

m m m m 1 1
61” = il T i 7 61” - L T L 7 I" = E(Z?m)TM(lxDazn)lm/ IZIWI = E(zlnm)TM(lyDaZn)h’nl

Xim Yim Xim

LV ) = (D2 )T V.S(z l,,j 2y — ((uDaz”*%)f,nMétz?m + (2 f)TMét(lxD“z”)zm)

_ = a n+iNT o+t n+INT 5 @ yan
2 (1xD 4 )lmKZ(lyD Z )lm + (Zlm ) K> t(lxD 1yD Z )lm ’

V""'% = (1. D" n+I\T V.S n+} _ = D% n+3 5 TMS. (1. D¥Z"
(-Ehy v im = (1y z )lm z (Zlm ) (1y )lmM tzlm +(Z ) t(ly )im

~ 3 (D] KD i+ ) K81y DD ),

et 1
(L Vi Dt = 5 (D2 ] Kabi 12D+ (e ) Kai1y, D D2,

(th n+2)lm = ((1xDa n+2)1mK16t(1xD Zn)lm + (Z )TKZ(St(lyDalxDa n)lm)

Proof. Only prove the local momentum conservation law in the x-axis direction. One first rewrites the
scheme (21) into the compact form

1
Moz}, + Ki(1xD2" 2 )y, + K1y D*2"* )y = V.S(2) ), (23)
(23) is left multiplied by (D‘i‘z’”%)f and K; is the skew-symmetric matrix, so
1
(D2 )] M6zl + (1:D°2"2)] Ka(1, D" 2)yy = (D82 2)] V.S(2) 7).
It is remarkable that
(D2 ) Mozl
1 1
- E(MDaz'“%)};nzvfétz?m + —(1xDaZ"+%)ITmM5tZ7m
1 a n+i\T n T a z T a
= 5D 2" )] Ménz, - 6t () "MD" 2" ) + (z )T My (1:D°2" i

1
= SGD I Mbizl, + 5 (e MB (1D 2~ BT,

one has
—(1xD“ n+2)lmM6tzlm+ (z Z)TMét(lxD“ im = 6L, ++(1:D"z s ) o K2(1yD"z ”+2),m = (1,D*z ”*2)lmV S(z 2)

which implies

/\/

t le + (th )lm + (Lhy xy )lm = 0

the discrete momentum conservation law is obtained. [
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Same as the symplectic scheme, the multi-symplectic system preserves discrete multi-symplectic con-
servation law, on the contrary, it does not preserve energy conservation law in general.

Theorem 3.5. The discrete global energy of the scheme (21) satisfies
IE} - E)| < C7?%, (24)

Ny-1

where Ej = > Y00 ¥, 5 En L En, = S(2p,) = 3(2) K (D2 — 3(2,) Ka(1y D2 i

Proof. Firstly the multi-symplectic scheme (21) is rewritten as the following form
M52, + Ky (12D ), + Ko, D2 3)y = V.S(Z2).

The following equation is obtained by left multiplication (5;z")T of the above equation
(042 ) Ky (D2 E )y + (642 ) K1y D2 $ s = (6120) V.S,

It is worth noting that

02 YT K1 (1 D2 2 ), + (012), ) Ko (1, D2 2y

1 1 1 1 1 1

= 5 (62],) Ka (1D 2" )i + (012,) Ka1y D2 i) + 5 ((6127,) Ka (D2 )i + (012,) Kal1y 02" i)
1 1 1 1 1 1

= 5 (@E) K@D 2" ) + (012,) KD ) = 5 (G KaB1 (D Y + (21 ) Kadulay D2
1

- 5 (@D H] Kudezp, + (0, D2 )] Kaoizh,)
1 1 1 1
= 5 (0ez,) K (D2 )i + (042,) Ka1y D2 )i ) = (B i

So one has

1
n+3

n+y n 1 n a.n 1 n a.n
0¢S(z,) — (6t27m)Tsz(Zl,:2) =0 (S(Zlm) - E(Zlm)TKl(lxD Z2")im — E(sz)TKZ(lyD z )lm) + (Fx )im-

From the definition of Hamiltonian function S(z) and Taylor expansion formula, one has

n+l _

N ” el
018(a,) — (0iz},) VS ) = 21— G ) - %(G(u”“) - G(up,)

Im
_1 G’ n+3 — (" n+l _ n O(72
= 2 \(G,*) = Gy, ), = uyy,) + O(T7)
_ % (G )t = )2 + O(e)) < Co2
Denoting the residual

1 1
(RY )iy = SEL + (Fx )i,y (25)

one obtains
I(Rg™)ml < C7*
And then multiplying (25) with k, summing up for0 </ <N, -1, 0<m <N, -1,

N,—1N,—1 N,—=1Ny—1

YN RS =12 Y Y GE], + E ).

1=0 m=0 =0 m=0
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- 1
Since Df is the skew-symmetry, it holds that 25\:&0—1 }:1’;@: 01 (F'2),, =0,

N,-1Ny-1N,-1

=B+t Y Y Z(R]+2)

=0 m=0 j=0

Therefore, |E} — E2| <C7%. O

4. Convergence of the scheme

This section presents some basic properties of the Fourier pseudospectral approximation and then
rigorously prove convergence for the multi-symplectic Fourier pseudospectral method, accordingly, the
convergence analysis of symplectic Fourier pseudospectral method can also be obtained.

For simplicity, one considers Q = (0,2m) X (0,2m). Let H"(Q2) be Sobolev space with the norm || - ||, and
semi-norm | - |, where r > 0, and H},(Q) be the subspace of H'(C2) consisting of functions being 2n—periodic
with derivatives of order up to r — 1, where the norm and semi-norm as follows.

Wl = Y (U 2+, = ) G+ Yl
jkeZ jkez
Denote the interpolation space J}; as

Ny/2 Ny /2

" _ _ ~ ilhx+ily . ~ o~ ~ o~
Iy = ululx) = Z Z e Y g, = AoNja i, T, -Nj2 = N2 ¢
li=—Ny/2 =-Ny /2

and Jy as

N, /2 Ny/2
IN = ulu(x) = Z Z ﬁlllzeillx+i12y .
11==N,/2 ,=—N, /2
It is clear that "'y € Jn. Define the orthogonal projection Py : L2(Q) - In by
(PNM - M,(P) =0, V¢ € jN.
Meanwhile, there is a error estimation as follows.
Lemma 4.1. ([21]) For any u € H,(Q) with 0 < 0 < r, one has
IPnu = ulls < N¥lloll,,  [IPnulls < Cllulls.
For @,V € Jy, one defines the following discrete 2 inner product and norm:
N,—
e’ v
N Ny I=0 m=0
Lemma 4.2. ([10]) For any u € g}, |lull < llull, < 2llul| holds.

((D/ \Ij)h q)lmwlmr |(D||h ((D (D)h

Lemma 4.3. (Gronwall inequality [34]) Assume that the nonnegative sequences w" satisfies the following inequality
w" —w" ' < Atw" + Brw" ! + Ci,
where A, Band C; (i = 1,2,--- ,N;) are nonnegative numbers. Then
N;
max w" < [wo +7 Z Ci) P ATBIT
1<n<N; =1
holds, where 7 is sufficiently small such that (A + B)t < (Ny — 1)/ (2Ny).
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For the convenience of writing, some marks are given. Let z = (1,7, w)T be the exact solution
of the multi-symplectic system (6) and z" = (u”,v",w")T be numerical approximations of the multi-

1 n e n ... n DY n n e n Y 1 DY n
symplectic scheme (21), where u" = (i, s UoN, -1/ ,Merer), v = (05, Vo, -17 'valer)’
n _— — /- (/-
w' = (wp, ,ngV_l,-'- ,w}‘\lx_lNy_l). And denote up = (X1, Ym, tn), Vi, = (X1, Ym, tn), Wy = w(X1, Y, tn)-

Then as will be shown in the following convergence analysis.

Theorem 4.4. Suppose u, v € C3(0,T; H;(Q)), r>1,and G” € L*(Q). Then there exists a positive constant C,
for the scheme (21),

" = Ul + 0" = V7l < C(x* + N7").

Proof. Denote z; = (u], v;,w}‘)T, where u* = Py_ou, v* = Pny_ov, w" = Py_ow. The projection of (6) is written
as

Moz + K Loz + Ko L7 = Py_o(V.S(2)),
so one has
MOz 2 + K L2772 + Ky L,z 2 = Py_p(V,5(2))"2.
Define
" = Moz™ + Ky Lz + Ko Lyz"™% — Py_o(V,5(2))"*2.
Since z+ € J7, L, 27 = 1XD“Z*”+%,LWZ*"+% = 1yD"‘z*”+%, one obtains
7' = Moz _ Moz

that is

1
noo_ o _ #n+3
Mim = 6tvlm atvlm 4

1
noo_ o _ it
Mopm = 6tulm &tulm 4

where i = (1}, )" Using Taylor expansion, it has

< C7?,

1 a1
= —|(v;”+1 -0} = 10 2)
T m

it | = (80 - 907"
Mim! = [\OtVpy, t%m Im

noy_ o *”"’%) _ 1 i+l g 2
|n21m| - |(6tulm a"‘ulm - T U Upy, Tatulm < Cr.
Therefore,
n 2
Ml < CT°. (26)
Define e’ =z" —z" =(¢" ,e" " ). Subtracting (21) from (26) yields the following error equation
Im Im Im ulm’” “vlm’ ~wlm
gt a1y a5 _ el n
T Tl D] ey, —1y D%y, * = F'"2 + 17},
etl—ey _ s n
— = elz, + 112,1 27)
o Nty n+s
D%, * = —e,,?,
n+i n+i
_1yDaeu 2 _ewzzl

where F**1 = (Py_,G'(1))"*2 — G'(u™?). Denoting

n+d n+d n+d o _pgl n+d n+d
F'2 = (PyooG'(w)) = G'(w),r?, Fy 2 =G'u),? =G/ (U} ?),

1Im Im 2lm Im
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*Tl+

G, Fpt=Gu!

=G At

Im ) 2) - G/(ulm 2)

1
onehasF"Z:F 2+F 2+F L
Im 3lm 4lm

According to Lemma 4.1 and 4.3, one has
1
IFY ™1l = I(Py-2G ()" = G (u)** 4 < CN™". (28)
Use Taylor expansion with an integral remainder term at t = n + 3
PPN /g R , , )+ E
=|G'(w),,* -G'U,, ") = G W+ G W)y, - G'(U, )

™" < Cr%. (29)

21m

Because of G” € L*(Q)), the differential mean value theorem and Lemma 4.1 are used

Fyll= et - cunh] < 67 @ifuyt -t < 50)
Similarly,
il = |0/ = 6] < 671 — | < il a1

1 1 1
Computing the discrete inner product of (27) with (en : ,e Z+2 , eZ; z, eZ,JZrZ )T, one has

lley 15 = lleg 17 N lleti 1 = llex Il

n+1 e+l n+l n+l n+1 L
27 27 = (1xDaeu ? Daev z)h + (1yDaeu zlly Daev z)h + (ev 2/eu z)h

(32)
— Y (e Y+ ()

The following inequalities use from Cauchy-Schwartz inequality
1
O €570 < SR + Slles™ + IR < SR + (eI + IR,

(e < Sl + —||e"+1 "nh_znnznh (||ez+1||ﬁ+||ez||i),

E B e < S + IR + 1) + (1R + eiR),
(E}™2, ey < (el + e 1B + eI + ek 2),

(eZ*%,eZ*%)h < (LI + e 1R + 2l + 11z 1R),

(D% 1 D), < Clle Al 1l < (IR + el 12 + ekl + 11+ 112),

n+l n+3 1+ n+l 2 112 2 112
(gD 1y Doy < el el < ORI + e 12 + e + s ),

where the Plancherel theorem has been used to derived the last inequality. Then substituting (26), (28), (29),
(30) and (31) into (32) yields

e 12 = llesl2 el 12 — lleg 2
2t 2t

1/ n+l o n+l o n+l o 2 2

—E(nF1 R+ UES R IFS 1R + 1 + sl

1 1 2
< C(1lell2 + lleBl? + et I + llen*|2) + C(x* + N7,

2 112 2 112
< C(1lefI? + et 17 + Nkl + llek™117)
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Denoting w" = |le"*||? + |le”*||? and using Lemma 4.3, for a sufficiently small t,
g u v My g y

eI + eI < (Dl + e I2 + CT(x* + N7)).
Noting that

lledll = 110 = VOIl, < CN77,

llegll = llu™® = U°ll, < CN7,
thus,

lleblln + llejlln < C(z* + N7). (33)
Then using Lemma 4.1 and (33), we have

" = Ul + 10" = V7l < U = a7+ [ = "l + V" = 0™+ o™ = 0"l

<C(t2+N™).
Therefore, the theorem is confirmed. O

Similarly, for the symplectic Fourier pseudospectral scheme (14), a similar convergence theorem can
also be obtained.

Theorem 4.5. Suppose u, v € C30,T; H;(Q)), r>1,and G” € L*(Q). Then there exists a positive constant C,
for the scheme (14),

1" = Ul + 1l0" = V7l < C(x* + N7).

5. Numerical experiments

In this section, several numerical experiments are given to verify the theoretical results. It notices that
the symplectic Fourier pseudospectral (SFP) method and multi-symplectic Fourier pseudospectral (MSFP)
method are fully implicit, hence we need to solve them by iterative algorithm with iterative tolerance 10713.
First of all, the convergence order formula is given by

log(errory /errory)
log2) '

order =

where errorj, j = 1,2 denote the discrete norm || - ||, errors.

Example 5.1. Considering semi-linear fractional wave equation with periodic boundary conditions
attu(x/ y/ t) + a2(_A)%u(xl y/ t) = bu3(x, y, t) - au(x, ]/, t)/
u(x, y,0) = \/%sech()\x)sech()\y),
ui(x,y,0) = cA \/Zb”sech(/\x)tanh()\x)sech(/\y)tanh()\y),
-20<x <20, -20<y<20,0<t<T,

where A = \Ja/(a% — c?)and a, b, a> — ¢*> > 0. And we consider the parametersa = 0.3, b =1, ¢ = 0.25.
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We choose that the numerical exact solution is obtained by N := N, = N, = 512, T = 0.001. Convergence
orders are also verified in time and space for SFP method and MSFP method. Figure 1 and 2 plot temporal
and spatial errors in the log scale at the time T = 0.5, respectively. It can be found that convergence orders
are of the second-order in time and spatial convergence is spectral accuracy. Furthermore, the energy errors
of the SFP method is plotted in Figure 3 when 7 = 0.01, N = 256. It shows that the global energy errors are
O(7?). And then the momentum and its error are plotted in Figure 4. It is found that the momentum is also
equal to machine error, approximately zero. It indicates that momentum conservation laws hold. So, they
preserve full discrete conservation properties well. Figure 5 and 6 display that the numerical solution and
contours use T = 0.01, N = 256 for T = 2, with different a. It can be easily seen that the figure on x and y
axes decay rapidly. Since two large amount of energy is concentrated in the center of the peak, it has two
prominent central wave crest. And the central wave crest becomes thicker and slower with the decrease
of a. From the contour map, the distance between two peaks increases with the increase of @ and peaks
values become smaller. Therefore for the difference of g, it also has a certain influence on the solution.

o - ———a=16 —
_— ———a=18 _—
T —%— slope=2 —

log(error)

-19 -18 -1.7 -1.6 -1.5 -14 13 12 11 -1 -1.9 -1.8 1.7 16 -1.5 -1.4 -1.3 -1.2 -11 -1
log, (") log, o(7)

Figure 1: Temporal errors of SFP (left) and MSFP (right) for Example 5.1 with different a at T = 0.5.

2 : 4
4l sl
6 S K N
5} @
- 8 U
8 S
s s
A0 N 12
A2 14
m . . . . . . 16 . . . . . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
N N

Figure 2: Spatial errors of SFP (left) and MSFP (right) for Example 5.1 with different a at T = 0.5.

Example 5.2. Consider the following two-dimensional fractional sine-Gordon equation

duu(x, y, t) + (=) 2 u(x, y,t) +sinu(x, y,t) =0,
u(x,y,0) = \/14—+75ech ﬁ sech(\/%),
T/l(x, y/ 0) = Or

-20<x <20, -20<y<20,0<t<T,

with periodic boundary conditions and ¢ = 0.5.
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Figure 3: Energy errors of MSFP (left) and SFP (right) for Example 5.1 with different & when 7 = 0.01, N = 256.

momentum
error in momentum

Figure 4: Momentum and momentum errors for Example 5.1 with different « when 7 = 0.01, N = 256.

2 0.15
-4 0.1
€ 0.05

Figure 5: Numerical solution and contours for Example 5.1 witha = 1.4 at T = 2.
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Figure 6: Numerical solution and contours for Example 5.1 witha = 1.8 at T = 2.

We choose that the numerical exact solution is obtained by N := N, = N, = 512, T = 0.001. First,
convergence orders are also verified in time and space. Figure 7 plots temporal and spatial errors in the log
scale at the time T = 0.5, respectively. We found that convergence orders are of the second-order in time
and spatial convergence is spectral accuracy. Furthermore, the energy errors is plotted in Figure 8 when
T = 0.01, N = 256. It also shows that their global energy errors are oscillatory and bounded, and satisfy
O(7?). And then the momentum and its error are plotted in Figure 9. It is also found that the momentum is
also equal to machine error. So, they preserve full discrete conservation properties well. Figure 10 displays
that the numerical solution use 7 = 0.01, N = 256 for T = 2, with different a. It can be easily seen that the
figure on x and y axes are symmetrical and decay rapidly. Since a large amount of energy is concentrated
in the center of the peak, it has a prominent central wave crest. And the central wave crest becomes thicker
and slower with the increase of a. Therefore for the difference of a, it also has a certain influence on the
solution.

a=1.8
—%— slope=2

log, ,(error)

Figure 7: Temporal errors (left) and spatial errors (right) for Example 5.2 with different a at T = 0.5.
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Figure 8: Energy errors of MSFP (left) and SFP (right) for Example 5.2 with different & when 7 = 0.01, N = 256.
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Figure 9: Momentum and momentum errors for Example 5.2 with different « when 7 = 0.01, N = 256.
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@ a=11 (b) a=13

©a=17 da=19

Figure 10: Numerical solutions for Example 5.2 with different ¢ at T = 2.

6. Conclusions

This paper investigates structure-preserving numerical methods for the two dimensional nonlinear
fractional wave equation and discusses their convergence. According to using the variational principle
with fractional Laplace, the equations can be transformed into the Hamiltonian system. Then it is proposed
a structure-preserving method with the Fourier pseudospectral method in space and midpoint method in
time, and proved the discrete systems satisfy the corresponding conservation laws. Furthermore, one gives
a rigorous the energy error analysis of discrete symplectic and multi-symplectic systems. The convergence
is discussed in the discrete /> norm, and the convergence order is O(t> + N™). In the end, some examples
are given to illustrate the efficiency and accuracy of theoretical results.
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