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Abstract. A new scheme for the Zakharov-Kuznetsov (ZK) equation with the accuracy
order of O(At?+Ax+Ay?) is proposed. The multi-symplectic conservation property
of the new scheme is proved. The backward error analysis of the new multi-symplectic
scheme is also implemented. The solitary wave evolution behaviors of the Zakharov-
Kunetsov equation is investigated by the new multi-symplectic scheme. The accuracy
of the scheme is analyzed.
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1 Introduction

The two-dimensional generalization of the KDV equation, or the ZK equation

1
ut+§(u2)x+uxxx+uxyyzo (1.1)

was first derived by Zakharov and Kuznetsov (1974) [26] in three dimensional form to
describe nonlinear ion acoustic waves in a magnetized plasma [13,16]

Ut Uty + e+ (Aut) =0, A=a§+a§+a§. (1.2)
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A variety of physical phenomena, in the purely dispersive limit, are governed by this
type of equation; for example, the Rossby waves in rotating atmosphere [22], and the
isolated vortex of the drift waves in three dimensional plasma [21]. Although Eq. (1.1)
is not even integrable, quite a lot is now known about its nonlinear wave and soliton
solutions. Numerical and analytical results of Eq. (1.1) have been investigated in [14, 15].

Recently, Chen [9], from the Preissman scheme for multi-symplectic equations, de-
rived a multi-symplectic numerical scheme for the ZK equation that can be simplified to
an implicit 36-point scheme. In this paper, we proposed a new multi-symplectic Euler-
box scheme to solve the two-dimensional ZK equation.

The paper is organized as follows: in Section 2, the multi-symplectic structure for
the ZK equation is introduced and we propose a new multi-symplectic scheme for the
ZK equation and prove its discrete multi-symplectic conservation law. In Section 3, we
implement the backward error analysis for the new multi-symplectic scheme of the ZK
equation. In Section 4, the solitary wave behaviors of the ZK equation are investigated by
the new multi-symplectic scheme and the accuracy of the scheme is analyzed. We finish
the paper with conclusion remarks in Section 5.

2 A new multi-symplectic scheme for the ZK equation
Introducing the potential ¢, =u, Eq. (1.1) is equivalent to

Pxxt T PxPxx+ Qrxxx+ Pxxyy = 0. (2.1)

Now, we introduce some variables: u= @y, V= @Qxy, W= Qyy, p=—Pxt/2.

According to the covariant De Donder-Weyi Hamilton function theories and the multi-
symplectic concept introduced by Bridges [2-7,12], the ZK equation can be reformulated
as a system of five first-order partial differential equations which can be written in the
form:

Moz+Koyz+L0d,z=V,5(z), z= (p,u,(p,v,w)TeR5, (2.2)
where
0O 0 0 0O 0 0 1 0 0 0O 0 0 0O
0 0 % 00 0 0O 010 0O 0 0 01
M=| 0 —% o o0}, K= -1 0 00O}, L= 0 0 0 O0 0|,
0O 0 0 0O 0O -1 0 0 O 0O 0 0 0O
0O 0 0 0O 0 0O 00O 0 -1 0 0 O

and S(z) =up— (v*+w?)/2—u?/6. For details, we refer to [7], V.S(z) is the gradient of
S(z) with respect to the standard inner product on R°. The system (2.2) is a Hamiltonian
formulation of the ZK equation on a multi-symplectic structure, where M,K,L € R"*" are
skew-symmetric matrices and S(z):R" — R is a smooth function of the z(x,y,t).
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For Eq. (2.2), one of the most important characteristic is that it satisfies the multi-
symplectic conservation law [1,6,7,10,11, 18,20, 24]

d 0 d
where . . ,
w= Edz/\Mdz, K= Edz/\Kdz, q= Edz/\Ldz, (2.4)

are differential two-forms. So, when a numerical scheme is developed, we expect that
the multi-symplectic conservation law (2.3) should be preserved. Bridges and Reich de-
fined a numerical scheme as a multi-symplectic scheme if the scheme preserves a discrete
multi-symplectic conservation law [7]. Specifically, if we discretize Hamiltonian PDEs
(2.2) as follows

Moy +1<a”” i +La”” 1=V.S(2), (2.5)

where z/' = z(xl,y],tn) 81 i & E)Z] " and 8;] " are the discretizations of the derivatives d;, dy
and 9, respectively, then the scheme is multi-symplectic provided that it can preserve the
following discrete conservation law

O Wi+ "+ gl =, (2.6)
where

1 1 1

Sett,,n=0,1,2,--- ,Ny; x;,i=1,2,--- ,Np; Yis j=1,2,---,N3 be the regular grids of the integral
domain, z?]- is an approximation to z(xi,yj,tn), At is the time-step, Ax is the x direction
step, Ay is the y direction step, and

1
n+s; n Z + n+l n__n

7. 2 LA L zn
(5i n _ 4 Cij ij o onky Bij o gan _ CEL TR o T T
ij %At ’ 1,] 2 ’ x 1] Ax ’ x 1] Ay

We propose a new scheme for Eq. (2.2). It can be written as

M6}z ”+2+M 5,2, K ST K 6o

X1] x1]

+L+5; f]*2+L 5y z sz—v S(z ”*2), (2.8)

where M, M_, Ky, K_ and Ly, L_ are matrix splitting for the matrices M, K and L,
respectively, s.t. [8,17,24],

M=M,+M_, MI=-M_, (2.9a)
K=K,.+K_, KI=-K_, (2.9b)
L=L,+L_, LP=-L_. (2.9¢)

Scheme (2.8) satisfies the discrete multi-symplectic conservation law.
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Theorem 2.1. The new scheme (2.8) is a multi-symplectic scheme with the following discrete
multi-symplectic conservation law

+1
(5—0— n+2_|_(5+ n+2_’_(5+q1] 2=, (2‘10)

1 11 11
w = dz AM,dz ”*2, Kj.jzzzd 7*12]A1<+dz , quzzzd 7]*21AL+d e

Proof. Consider the variational equation of (2.8)

M+(5+dz”+2+M 5 dz”+2+1<+5+dz”+2+1< o5 dzn+2

1 1
+L+5+dz +2+L 8, dz ”*2 =5 Z(szZ)dszﬂ. (2.11)

n+1/2 n+l/2/\

Taking the wedge product with dz}

S, (erzj—o—l/Z)dzn+1/2

and the variation equation (2.11), since dz

0, we have

dz n+2/\(M+5+dz +2+M 5 dz”+2+1<+(s+dz +2+1< 57 dz ”+2

+L+5+dzn+2 +L_6; dz”*z )=0. 2.12)

Considering the items containing &, o010, in Eq. (2.12), we have

dz n+2/\M+(5+dz”+2+dz +2/\M 0, dz ”*2

—dz n+2AM+5+dz +2+Msz +2/\<5 dz ”*2

=dz n+2/\M+(5+dz”+2 M. dz, *ws dz ”*2

—dz n+2AM+5+dz +2+5 dzn+2AM+d ”*2

n+ 1 n+s 1 n+3 n+1
—dz| ZAM+[2A (dzj! —dz 2)]+[1—At(d 1 —dz) | AMdz
1

+3 +3
:l—At(dzZ]. PAMdz] - dz] AM+dz” 7)
2
=07 (dz}; /\M+dz”+2). (2.13)
2
Considering the items containing 6; or J; in Eq. (2.12), we have
dz ”+2AK+5+dz +2+dz +2/\K 6 dzn+2

=dz ”+2AK+(5+dz +2+Ksz”+2/\5 dz ”*2
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:dz’?* 2/\K+(5+dzn+2 —K,dz ”*ws dz ”*2
=dz ”+2AK+5+dz *2+5 dz ”+2AK+dzn+2
—dz n+z/\1<+[ (dz:ff] dz?;rf)] + [Ai(dzzj*% dz :1+12])] /\K+dzn+2
zé (dz:’-q-+§ /\K+dz?j12] dzZHlZ] /\K+dzn+2 )
_5+(dz?+12]/\K+d ”*2). (2.14)

Considering the items containing ¢, or ¢, in Eq. (2.12), we have
dz ”+2AL+(S+dz +2+dz +ZAL 5, dz”+2
:dz'?.J”ALJr(S*dz +2+Lsz *ws dz ”*2
—dz”+2AL+5+dz- —L.dz ”*ws dz ”*2
AL 40y d) T AL dz”+2

n+ n+1 n+s 1 n+3 n+ n+l
=dz, 2/\L+[ y(dzlf+21 dz; 2)]+[A_y(dzid'2 dz; 21)]/\L+dz 2

Aly (dz}, e AL+dzf]++21 dz?j A AL+dz”+2)
=5 (dzf]*z1 AL+dz”+2 ). (2.15)
Taking Egs. (2.13)-(2.15) into Eq. (2.12), we have
0 (dzf;AM s dz]; fd +5+(dz7+12]/\K+dzn+2 )+, (dz) 3 /\L+dzn+2) =0. (2.16)
The proof is completed. U

We start from the new scheme (2.8). Note that the matrix splitting (2.9) is not u-
nique [25]. We can obtain different schemes with different splitting methods. Now we
take M., K4 and L, as upper triangle matrices. They are

00000 00100 00000
00300 00010 0000 1
Mi=looooolf|, kk=l0oo0oo0oo0o0]|, L,.=| 00000
00000 00000 00000
00000 00000 00000

Submitting the above matrices into the multi-symplectic scheme (2.8), we get the discrete
form of the multi-symplectic PDEs (2.2)

+3 +3
Sy i =, (2.17a)
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%524)@*% TSR SRS (p—%uz)?j%, (2.17b)
—%5;14;7% ~5opl =0, (2.17¢)
—6y 7,+% = —vﬁ%, (2.17d)
_5J”Zj+% = —wa%' (2.17¢)

Applying 6, to Eq. (2.17b), noting that the finite difference operators mutually commute,
we have

%5;(5; L RE T AL RS T AL I L %5; (u3)2. (2.18)
Note that
—%5?17% —opl, (2.19)
we have
15+5_ S S S SRS SN SUNRES B SRR N
201 0x @i F0, 0y 0 T O O Wi " = 2(55 i 25’5 (%) (2.20)
Substituting (2.17d) and (2.17e) into (2.20), we have
15+5_ e S I N S S J N S S GUIpRES Y
201 ¥ P +06, 0765 Ui +5x(5y (5y wj = 25% Wi 25’5 (ui’j ) (2.21)

If we submit the index i by i+1 in Eq. (2.21), then we obtain

1 _ on+d _ _ n+4l _ _ nti 1. w4l 1 nyd
553(& Porj 0y 05 6ty 405 5, 6, Uiy = —555 uiﬂfj—i(sx (1 2)2 (2.22)
Note that
5= n+% _5_,_ n+%_ n+% 223
x Pip1j =% Pij " = Ui (2.23)
We obtain the following multi-symplectic scheme of the ZK equation:
L RTINS FoLe SN e AR AT ) L TR L P g 224
501 Hij " T 50 Uiy ;T 50y (i 1)+ 05 05 Oy Ui %+0, 6, 0, i % =0. (2.24)
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In finite difference format the scheme is given as follows:

L( ?j11]+un+l)+ (unJrl _3un+1 +3un+1 unJrl‘)

2At 2(Ax>3 i+2,j i+1,j i—1,j
+2Ax(17Ay)2(u?jll’7“ 2”?:11]+M?j11,j 1= l”;;ll—l—2u”+1 l”]”l)
:E(M?H'j—’_uzj)_@(u?+2f]'_3u?+1,j+3ugj_”?—l,j)
~ gty W= 20l w2 )
(e (M o2
2Ax 2 2

Theorem 2.2. The discrete multi-symplectic scheme (2.24) for the ZK equation (1.1) satisfies the
discrete multi-symplectic conservation law

%ﬁ (dul, Adgon+2 )+65 (dp) *12] Adq)“*z +du7*12] /\dv"+2)

+6 (du llemz ”*2):0. (2.26)

Proof. From Eq. (2.8), we can get

5 (dzfjAM..dz, +2)+(5+(dz”+2 /\K+dz”+2)+5+(dz’7-+2 ALy dz ”*2)

i—1,j ij—1

zééz(du /\dq01+2)+5+(dpl . /\dqol+2+dul +12]/\dv *2)+5;(d l]+21/\d ”+2)
Zé(d TN —dul ndgl ) + (dPZ“Ach?ffj—dP?l Aol
+du +2/\d j’jf] dul+12]/\d ”*2)+Aiy(d W' nduw ?;21 duszlAd ”*2)
:—d ”+2A( (g~ dqo;fj%))%(lim(d "y ))mﬁf%
+dp’7*%A(—(dqv?fff—dﬁf%))+(ﬁ(d L) ) ndgl

+du ”fZA(Al (dv fjf] dvzj*%))jL(&(d - 1”12] >/\dv”+2

+du ”]*ZA(Aly(dw?]Tl dwz.*i))Jr(Aiy( Wt duff%))Adw”*z

——du”+2A5+d¢”+2+ 57 dun+2/\dgol;r2+dpl+2/\5+dgon+2+5 dpn+2/\dgon+2

N N N n+i nbl ookl ontd n+1
+dul-,]- N6 dvi,]- 246 dui,]- 2/\dvi’j 2+dui,]- 2/\5y dwi,]- 2+5y dui’j 2/\dwi,]- 2, (227)
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Differentiating Eqs. (2.17a)-(2.17e) respectively, we can get

n+1 n+l
5+d(p P=du; (2.28a)
1
E(sjdgo?j*f +ofdo]; 2 +5;dw?].+ 1o dp”*z ”*Zduﬁj 2, (2.28b)
2 . ’ 7,
1 — 7’1+1 _ n+1
0 duy; *=d dp;;* =0, (2.28¢)
1 1
—5;du’?.* 2= —dv?j 2, (2.28d)
1
e dun+2 —dw!' 2, (2.28¢)

2
Taking Egs. (2.28) into Eq. (2.27), we can get

n+2
i—1,j

n+2

n+3
ij—1 2)

8 (dzf,; /\M+dzn+2)—|—5+(dz AK+dzn+2)+<5+(dz ALydz;;
2
:du’-qﬁ/\(dpi- 7—)+ ﬁhdu--ﬂ Sr dpzﬂ/\dq)zﬂ%—dpzﬂ/\du +3
+0, de] 2Ad(pz+2—|—dv +2/\dv +2—|—dw +2Adw
—0. (2.29)

The proof is completed. O

3 Backward error analysis for the new multi-symplectic scheme

We now assume z is a sufficiently smooth function that, when evaluated at the lattice
points, satisties Eq. (2.8) [19,23]. Expanding z in a Taylor series about ¢, /,, we obtain

At 1 /A2 1 /At 1 /A4

1

Z?f =Z+—2 Zt+§<7> Ztt‘f‘g(?) Zttt“r‘24 <7> Zppt o, (3.1a)
At 1 /A2 1 /At 1 /At\4

no_._ (2 (= — —, 3.1b

zjj=2 22t+2(2>2tt 6<2)Zttt+24(2>2tttt ( )

where z=2z(x;,j,ty+1/2). We have

zf 421

ey T 1ane 1 anys :
Zij - = > —Z+2( 2) tt+24( 2) zut+ O (AF). (3.2)
So we have
+1

Zz]ﬂ_l—zz]- 2 AtZ A

T—Zﬁgzttﬁ@@f )s (3.3a)

n+ty n

Zij " TEi At? .

= —_— At?). 3.3b

%At zZi+ o zur+ O (AF) ( )
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From Eq. (3.2), we have

Z

nty

i l=z+0(A8).

Expanding z in a Taylor series about x;, we obtain

Zn+1 :z?jl+Ax(zx)”+1+—(zxx)”+l+---

i+1,f

Ax?
ij 5 ij
Ax?

From Egs. (3.5a) and (3.5b), we have

n n—+1
ntd ZimitEiv
i+1,j 2 -

1 A
=z, +Ax(ZX)+szxx+O(Ax3)+(’)(AxAt2).

So we can get
n+3  _n+}
Zit1,j "%
Ax
In the same way, we can get

n 1 n 1
Zi,j+2 _Zijfj
Ax
ZTI.JF% e
i,j+1 i,j
Ay

1 1
ZZ;‘z _Zthzl
Ay

2 i

Ax?

1 1 1
ZZ;_Z —}—AX(ZX)Z;_Z +—(Zxx);t;_2 +O(Ax3)

2
2

A
:zx+7xzxx+O(Ax2+At2).
A
:zx—?xzxx—f-O(sz—i—Atz),
A
=zy+ TyznyFO(AszFAtz)/

A
=2zy— Tyzyy—kO(Ayz—kAtz).

(3.4)

(3.5a)

(3.5b)

(3.6)

(3.7a)

(3.7b)

(3.7¢)

Substituting Egs. (3.3a)-(3.4) and Egs. (3.6)-(3.7¢) into Eq. (2.8) yields the modified PDE

At? Ax

t
M(zi+—z41) + Kz + — (K4 —K_)Zxx+LZy+

24 2

Substituting M, K, Ky, K_, L, L, L_ and z into modified Eq. (3.8) gives

1
Px+ EAxgoxx =u,

11, 1 1 1
E(Pt-l—@(At) §0ttt+vx+§Axvxx +wy+§Aywyy=p— EM

11
2748

1
—ux—l—EAxuxx =-—7,

Ay
2

1
(At)zuttt —pxt EAxPxx =0,

1
—uy+ EAqu =—w.

YLy —L )z =V.S(2).

(3.8)

(3.92)
(3.9b)
(3.9¢)
(3.9d)

(3.9¢)
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Substituting Eq. (3.9d) and (3.9¢) into Eq. (3.9b), we have

1 1 1 1 1

4

Substituting Eq. (3.10) into Eq. (3.9c), we have

+

Note that

we have

1
+—Ax

1, 1, ., 1
+1(Ay) uxyyyy—i(u )ﬁ——Axuxt—g

L
zt

Q| = x| =

Pxt=

1
Qxtit = Ut — E AX(Pxxttt,

1

96

L
192

48

1

1
(A1) g — SPxt~ g

96

4

2

1
(At)zq)xttt —Uxxx+ Z (Ax)zuxxxxx —Uxyy
1 1 1 1
(Ay)zuxyyyy - E (uz)x + Zqu)xxt + _Ax(At)2¢xxttt+ EAxuxxxx

(A) e+ 5 Axthxyy = S AX(AY) thrayyyy + 7 A% (1) e =0.

1 1
Uy — EAXQ)xxt, QPxxt = Uxt — EAxﬁoxxxt/

1

1 1 1
— Eut — E (At)zum — —Mt+ —Axuxt — g (AX)2¢xxxt —

() gy —

217y
L
192
1

1 (

1 1

So we have

1
Uur+— (uz)x+uxxx+uxyy

:le

2

4

2
2 24

8

1
48

1
Ax)zq)xxxt+ _A.x

96

1 1 1

2

8

1 1 1
:—Ax(ut+—(u2)x+uxxx+uxw) - Ax
X

2 48

1
(Ax)3uxxxxxx + O(At2 +Ax? —|—Ay2),

() gy

1
Pxxttt = Uxttt — EAxgoxxxttt/

(At)zum

1
(Ax)z (At)zq)xxxttt —Uyxx+ 1_1 (Ax)zlxlxxxxx — Uxyy

(A1)t

1 1 1
(Ax)z(At)2¢xxxttt+ EAxuxxxx -8 (Ax)suxxxxxx+ EAxuxxyy

1 1 1
<ut+ 5 (Mz)x+uxxx+uxyy) . 24 (D) usss— 1 (A%)? Pxt

1 1 1
+ _Ax(At)zuxttt ~ 96 (Ax)z(At)2¢xxxttt+ 1 (Ax)zuxxxxx

67

(3.10)

(3.11)

(3.12)

(3.13)
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which is an O(At? +Ax+Ay?) perturbation of the ZK equation (1.1).
The modified equation (3.8) can be written in the form of a standard multi-symplectic
PDE

Mz +Kz,+Lz,=V:5(2) (3.14)
for 2= (z,z,zu,2x,2y) ", and
_ At? Ax A
=S(z)+ ﬁZtTtMZt TZIPZX TyzyTsz,
with the skew-symmetric matrices
M 0 AM 0 0 K 00 AxP 0
0 —-4M 0 00 0 00 0 0
M= Az_fM 0 o 00| K= 0O 00 0 o0f,
0 0 0 0 0 —AxP 0 0 0 O
0 0 0 0 0 0 00 0 O
L 0 0 0 AyQ
0 000 O
L= 0 000 0 [,
0 000 O
—AyQ 0 0 0 O

where P=(K; —K_)/2,Q=(Ly—L_)/2.

4 Numerical simulations

In this section, we test the new derived schemes on the solitary wave of the ZK equation.
We consider the ZK equation with exact boundary condition. For fixed n, we give the
definition of maxerror(n):

maxerror(n) =max [uj; —u(X;,Yj,tn)|, 4.1)
L]

where u! f is the numerical solution while u(x;,y;,t,) is the exact solution.

4.1 Numerical simulation 1

The steady progressive wave solutions of the form u = U(x—ct,y) satisfy the following
equation:

2 &
X o

AU:CU—%UZ, A= X=x—ct, (4.2)
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where c represents the wave velocity to be determined by solving Eq. (4.2). It is easy to
see that a steady progressive wave solution of the form

1
2
is an exact solution. This solution represents an oblique one-dimensional solitary wave
with an inclined angle 8 with respect to the x-axis. We carry out our numerical computa-
tion on the domain [0,34] x [0,2] with the parameters c=2, 8 = 71/3, and choose Ax=0.2,
Ay=0.1, At=0.1. We take the following initial conditions

1
2
just for computing convenience, and it has nothing to do with the scheme and the results.
Fig. 1 shows the initial condition at t =5. Figs. 2 and 3 show the numerical solution at
t =8 and t =11 respectively. We can see the moving of wave. Fig. 4 shows the error
between the numerical solution and the exact solution at t =11. Fig. 5 shows the trend

of the maxerror(n) as time evolves. From that, we can see that the scheme has the good
numerical performance.

U(x,y,t) :3csech2[ \/E(Xcose—kysin(?)} (4.3)

U(x,y,5) :3csech2[ \/E((x—Sc)cos(9+ysin9)] (4.4)

0
34

Figure 2: Numerical solution of the solitary wave at t=8 with Ax=0.2, Ay=0.1 and At=0.1.
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72

Pz

T
== =
e
=
Z
7%
7

2
1
s 1y
0 7 =i
34 17 0 0

0.018 |
error ‘ ““\
I ik
0.012 y ““/,’:o}::‘\‘{{\
’: | %NW“\
\‘ A /
N 7
0.006 ‘ 'WW“‘%%% 2
Wl
I'MWMMMW”MI /l/ll/II/II/II/II//I/II/II//I/II///I/II/II/II/II/W///IW/WMI/II/II 1

Figure 4: The error between the numerical solution and the exact solution of the solitary wave at =11 with
Ax=0.2, Ay=0.1 and At=0.1.

0.14

0.12¢

o©
[N

maxerror
e o
o o
(=2} @

0.04

0.02

o 1 2 3 4 5 6
Figure 5: The trend of the maxerror(n) of the solitary wave as time evolves with Ax=0.2, Ay=0.1 and At=0.1.

4.2 Numerical simulation 2

Next we try the cylindrical solitary wave of the ZK equation. The cylindrical solition of
the ZK equation can be expressed as

U(x,y,t) =3sech? [% \/(x—ct—xo)2+ (y—yo)z} . (4.5)
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Figure 7: Numerical solution of the cylindrical solitary wave at t=2.5 with Ax=0.2, Ay=0.2 and At=0.1.

We take the following initial condition:

U(x,y,0) =3sech? [%\/(x—xo)z—l—(y—yo)z]. (4.6)

We compute in a rectangle [0,15] x [0,10] with the parameters c=0.5, xp=5.0, yp=>5.0, and
choose Ax=0.2, Ay=0.2, At=0.1.

Fig. 6 shows the initial condition at ¢t =0. Figs. 7 and 8 show the numerical solution
at t =2.5 and t =5 respectively. We can see the moving of wave from the graph. Fig. 9
shows the error between the numerical solution and the exact solution at t =5. The error
can be diminished by reducing the spacial step and the time step.

5 Conclusions

In this paper, we propose a new scheme for the ZK equation with the accuracy order
of O(At?+Ax+Ay?). The new scheme is a multi-symplectic scheme that preserves the
intrinsic geometry property of the equation. Numerical results show that the new multi-
symplectic scheme can well simulate the solitary evolution behaviors of the ZK equation.
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Figure 9: The error between the numerical solution and the exact solution of the cylindrical solitary wave at
t=>5 with Ax=0.2, Ay=0.2 and At=0.1.
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