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Abstract

Hirota bilinear method is proposed to directly construct periodic wave solutions in
terms of Riemann theta functions for (2 + 1)-dimensional Toda lattice equations. The
asymptotic properties of the periodic waves are analyzed in detail, including
one-periodic and two-periodic solutions. Furthermore, the curves of the solutions are
plotted to analyze the solutions. It is shown that well-known soliton solutions can be
reduced from the periodic wave solutions.
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1 Introduction

It is well known that there are many successful methods to construct explicit solutions for
differential equations, such as the scattering transform [1], the Darboux transformation
[2], Hirota direct method [3—6], algebra-geometrical approach [7-10], etc. Quasi-periodic
or algebraic-geometric solutions can be obtained by using algebraic-geometric approach;
however, the forms of their solutions are complicated with the help of a Riemann surface
and the Abel-Jacobi function. The Hirota direct method provides a powerful approach to
construct exact solutions of nonlinear equations. Once nonlinear equations are written in
bilinear forms by a dependent variable transformations, then multisoliton solutions and
rational solutions can be obtained. Nakamura [11, 12] in 1979 and 1980 presented one-
periodic wave solutions and two-periodic wave solutions based on the Hirota method
with the help of the Riemann theta function, where the periodic solutions of the KdV
and Boussinesq equations were derived. The important advantages of this approach, as
first demonstrated in Dai et al. [13] for the KP equation, are that the solution profiles can
be explicitly plotted and by using suitable asymptotic limits multisoliton solutions can
be deduced from the quasi-periodic solutions. The procedures introduced in Dai et al.
[13] are adopted by other authors to study a number of soliton equations for constructing
quasi-periodic solutions (see [14—18]).

The problems of the Toda lattice have been subjected to a number of investigations.
Nakamura [19] studied the (3 + 1)-dimensional Toda equation, and its solutions are ex-
pressed by the series expansions of the Bessel functions. Krichever and Vaninsky [20] ob-
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tained the relation between the periodic and open Toda lattice. Furthermore, algebraic-
geometric approach for the open Toda lattice was developed. Based on Lie superalgebraic
approach, it was found in [21] that super Toda lattice and super-KdV equation have cer-
tain relations. Baleanu and Baskal [22] discussed the tensorial form of the Lax pair equa-
tions in a compact and geometrically transparent form in the presence of Cartan torsion
tensor. Moreover, solutions to the Lax tensor equations of the Toda lattice were given.
Baleanu et al. [23] presented a connection between Killing tensors and Lax operators and
analyzed an application the Toda lattice equation in detail. Ito and Locke [24] studied
affine Toda field equations and derived some interesting solutions. Mahmood [25] derived
quasi-determinant solutions of the NC Painlevé equation with the Toda solution at n =1
by using the Darboux transformation. Klein and Roidot [26] presented a numerical study
of the (2 + 1)-dimensional Toda in the limit of the wavelengths for both hyperbolic and
elliptic cases. Wu et al. [27] introduced the tool of discrete fractional calculus to discrete
modeling of diffusion problem and presented a model of a fractional time discretization
diffusion in the Caputo sense. Li [28] constructed the Sato theory of the bilinear equations
and tau-function of a new g-deformed Toda hierarchy. Furthermore, the multicomponent
extension was studied in detail. In [29], the authors studied the asymptotics of the dynam-
ics of periodic Toda chains with a large number of particles of equal mass for initial data
close to the equilibrium. Wu et al. [30] proposed a lattice fractional diffusion equation
and, as applications, discussed various difference orders.
For the 2D Toda lattice equation

Qb (%, 9, 1) + Py, (%, 9, 1) + guleymtl) y prulwyn=l) _ g p-ulwym) _ (1.1)

Nakamura [31] found new type exact solutions (ripplon solutions); the new solutions re-
flect the effect of essential multidimensionality of the system. In fact, equation (1.1) is a
discretization of the modified Laplace equation (see [31])

QU + Bhyy — 7z = 0. (1.2)

In this paper, we adopt the approach proposed in Dai et al. [13] to directly construct
periodic-wave solutions in Riemann theta functions of equation (1.1). Both one-periodic
and two-periodic solutions are obtained and derived by conducting a suitable asymptotic
analysis; furthermore, we plot some solution curves to analyze the solutions in detail.

The paper is organized as follows. In Section 2, we derive a bilinear form of the 2D Toda
lattice equation. In Section 3, one-periodic wave solutions and asymptotic behaviors are
given; moreover, some solution curves are given. In Section 4, we obtain two-periodic
wave solutions and their asymptotic behaviors; similarly to Section 3, some solution curves
for imaginary parts are dropped.

2 Bilinear form of the 2D Toda lattice equation
We consider the equation

Al (2,9, 1) + By (%, 5, 1) + e 2D 4 gmien=l) _gouleyn) - (), (2.1)
Under the transformation

e 1 = (ad} + ,383) Inf(x,y,n), (2.2)



Ting et al. Advances in Difference Equations (2016) 2016:55 Page 3 of 14

equation (2.1) has the bilinear form

G(Dy, Dy,cosh Dy,)f (x,y,n) - f (x, y, n)
= [oszc + ,3D§ —2coshD, +2 + c]f(x,y, n) - f(x,9,n) =0, (2.3)

where ¢ = ¢;(n)x + c3(n)y + c3(n), which arises as a result of integration. The Hirota bilinear
differential operator is defined as [4]

D'Dya(x,y) - b(x,y) = (3, — 9)" (3, — 3y)"alx,y) x b(x',y')lx" = x,5" =,
and the difference operator is defined as
eDnan by =aunb,; e_Dnan by = an_1bpi1,

coshD,a, - b, = %(eD” +eVay, - by = %(czmlbn_l + dy1bp1).
From the definition of the Hirota operator we have the relations
DDt - €52 = (kg — ky)™ (a1 — ) €142,
where & = kix + w;t + u;n, j = 1,2. Moreover, it is easy to deduce the relations

coshD,e! - €52 = cosh(u; — ip)ef+e2, (2.4)

G(D,,D;,coshD,)e! - €2 = G(ky — ky, w1 — wa, 1 — p2)es 52, (2.5)

3 One-periodic wave solution and asymptotic behavior

3.1 One-periodic wave solution

We consider the Riemann theta function solution of the bilinear form of the 2D-Toda
lattice equation

f: Z erri(rk,k)+271i<§,k), (31)

kezN

where k = (k,...,kn), & = (&1,...,&n), T is a symmetric matrix with Im 7 >0, and & = pjx +
l]‘y+ /ij +§0,j= 1,...,N.
We consider the case where N = 1. Then (3.1) becomes

00
f= Z eZnikEw{ikz‘r. (32)

k=—00

In order that the above form can be a solution, p, /, and ¢ cannot be independent, and we
proceed to find their relations. Substituting (3.2) into (2.3) and using property (2.4)-(2.5),
we have

Gf-f = Z G(Dy, Dy, cosh D) exp (27 ik + m’kzr) -exp(2mik'€ + m’k/zt)
k,k'=—00
= Z G(Dx,Dy,coshD,,)exp(Znikf + m’kzt)

k,m=—00
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X exp(27ti(m —k)é +mi(m— k)zr)

= Z G(Zm’(2k —m)p, 2mi(2k — m)l, cosh[2ni(2k - m)u])

k,m=—00
x exp (2imn + wi[ K> + (k — m)*]7)

oo

= Z G(m)exp(2mimn) =0,

m=-00

where the new summation index m = k + k' is introduced, and G(m) is defined by

G(m) = Z G(271i(2k —-m)p,2wi(2k — m)l, cosh[2ni(2k - m),u])

k=—00

X expm’[k2 + (k- m)2]r. (3.3)

In equation (3.3), letting k = kK’ + 1, we have the relation

Glm) = Y G(2mi(2K — (m —2))p,27i(2k — (m - 2))1,cosh[27i(2K' ~ (m - 2))])

k=—00
x expri[k* + (K = (m - 2))2]t exp[2mi(m —1)7]

= G(m - 2)exp[27i(m - 1)t] = -+

_ ?(0)6” f’”//(”’/‘l)/’, m' %s even, (3.4)
G(l)em(m +1)(m +2)1:’ ' is odd.
This relation implies that if G(0)=G(@1) =0, then G(m') =0, m' € Z.
In this way, we may let
B o0
G(0) = Z [16712k2(ozp2 + ,312) +4sinh®(2wink) + c] exp(2nik2r) =0, (3.5)
k=—00
G(1) = Z [47{2(2k -1)? (ap2 + ,3[2) +4sinh?Qripn(2k — 1) + c]
k=—00
x exp(mi(k* + (k —=1)*)7) = 0. (3.6)

Denote
81(k) = exp(2mik*t), 82(k) = exp(mi(k* + (k —1)*)7),

an = Z 1672k8,(k), apn = Z 81(k),
k=—00

k=—00

oo e}
b= 4sinh®Qripk)sy(k),  an= Yy 4w*(2k-1)*5,(k),

k=—00 k=—00

an=Y  8&(k),  by= ) 4sinh’(2mi(2k —1)u)8,(k).
k=—00

k=—00
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Then, equations (3.5)-(3.6) are reduced to

an (Olp2 + ,3[2) +apc+b; =0, (3.7)

az (ap® + BI?) + azc + by = 0. (3.8)

Solving the system, we have

biay, — brayy

ap® + BI2 = 3.9)

az iy — anar: '
byay — bia
c= 2o 1l (3.10)
azaiy — anar:
The coefficients p, /, and u need to satisfy (3.8), and correspondingly (3.2) and (2.2) give

a periodic solution.

3.2 Asymptotic behavior of the one-periodic wave solution

The well-known soliton solution of the 2D Toda lattice equation can be obtained as the
limit of the periodic solution. For this purpose, we write g = exp it and take the limit as
q— 0 (orImt — 00).

Theorem1 Asq — 0 (or Im 7 — 00), the periodic solution (3.1) of (2.1) tends to the soliton
solution via (2.2)

4 +2cos2mn
e _ 1 = (ad? + B32) Inf = ~4n?(ap® + B2 —————, 3.11
(le 'By) / (ap p )(1+2c052m7)2 (3.11)
whereap2+ﬁ12=—smzji$") and n = px +ly + un + ng.

Proof Denoting g = expwit, the quantifies defined are then expanded in powers of g as

an =167> (24> +8¢° +--+), ap=1+2¢*+2¢°+---,
by = 847 sinh®>(27ip) + 8¢° sinh?(4mwip) + - - -,

ag = 8m3q+ 721" + - - -, Ay =24 +2q° +2q"° + -+,
by = 8sinh*(27wip)q + 4 sinh?®(6mwin)g® + - - -,

aipda1 — dadl = 87?2‘] - 48772‘13 + 0(613),

biayy — byayy = —8gsinh®*(2mip) + o(q),

bz(lu - bltlm = 192q3 Sinh2 (27TZ[L) + O(qg),

= sinh?(2mip)

_ sin2(2nu)
72 :

72

Therefore, as g — 0, we have ¢ — 0, and thus ap? + 812 =

The one-periodic wave solution (2.1) converges, as ¢ — 0, to

= 1+ exp—Zﬂmﬂnr +exp2nm+mr T
fnx —_ 2nip(exp—2mn+mf _ exp2r[m+mf)’
ﬁlxx — —47772]72 (exp—2ﬂm+mr + eXp2mn+mr)’
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Figure of u(x,y,n) with y=0.05
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Figure 1 The soliton solution curve of u(x,y,n) for 4 =0.05,p=0.5,/=3,n=5,90=2,=1.5,=2,
y =0.05,x €[-10,10].

Figure of u(x,y,n)

ufx,y.n)

Figure 2 The soliton solution of u(x,y,n) for . =0.05,p=0.5,/=3,n=5,0=2, ¢ =1.5, f =2,
x €[-10,10].

fny — Znil(exp—ZninHrir _exp2nin+nir), (312)

_ 272 —2mwin+mwit 2min+mwit
Sy = —47 > (exp +exp )-

After some tedious calculations, we derive (3.11).

A solution curve of u(x, y, n) for a fixed y and u = 0.05 is presented in Figure 1, and the
corresponding solution for varying y is presented in Figure 2, from which we see that this
solution is periodic in the space coordinate.

A solution curve of u(x, y, n) for a fixed y and u = 0.05i is presented in Figure 3, and the
corresponding solution for varying y is presented in Figure 4, from which we see that this
solution is periodic in the space coordinate. However, the shapes of the solutions between
u =0.05 and p = 0.05i are different. This shown p is affect to the one-periodic solution.

O
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%107 Figure of u(x,y,n) with y=0.05

u(xy,n)

Figure 3 The soliton solution curve of u(x, y, n) for 4 =0.05i,p=0.5,1=3,n=5,1p=2, ¢ =1.5,8=2,
y =0.05,x € [-10,10].

Figure of u(x,y,n)

u(x,y.n)

Figure 4 The soliton solution of u(x,y,n) for u =0.05i,p=0.5,/=3,n=5,90=2, =15, =2,
x € [-10,10].

4 Two-periodic wave solution and asymptotic behavior

In what follows, we consider the two-periodic wave solution to the (2 + 1)-dimensional
Toda lattice equation (2.1), which is a two-dimensional generalization of a one-periodic
wave solution.

4.1 Construction of the two-periodic wave solution
Now we consider the two-periodic wave solution of the 2D Toda lattice equation. By set-
ting N = 2 in equation (3.1) and substituting it into (2.3), we have

G(ﬂl f;q) — Z G(Dx,Dy, COShD”)eZJTi(E,kl>+ni(tk1,k1) . eZni(E,kz)HTi(‘[kQ,kz)
kl,k2€Z2

> G(amitky -k, p), 2milky — ko, 1)) exp(2m i€, Ky + ko) + wi(Thy, o))
kl,k2€Z2

x exp(2mi(E, ky) + ]Ti((l’kg,kz) + (r/q,/q))
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Z Z 27tl2k1—s,p) 2711<2k1—s l>)
s'ez? s =—
X exp ni((n(kl ~5), k- s’) +(thki, k1)) exp(2ni<$,s/>)
= Z G(si,s’z) exp 2711’(!;‘,3/) =0, (4.1)
s'ez?

where the new summation index k; + k, = ¢’ is introduced, and G(si,s’z) is defined by

[e¢]

G(s;.5)) = Y. G(2mil2ki -, p),27i(2k] 1))

lq,kzz—oo

x expri((t(ki =), ki =), (thky, k1))

0 2 2
= > G<2m’2(2k; — (5= 28))pj 2mi Y (2K = (s; - 23,1))1j)
ki ,ky=—00 j=1 j=1

2

X expniZ[(k; + &) Tt (ki + 8) + (5 — 281 — &7) + &)

jl=1

X '(1/(( —28j — k) + 5/(1)]

G(s| - 2,8, )eZni(si—l)r11+2nis’2r12, [ is even,
- 1 e . (4.2)
G(s}, sh — 2)e¥mila-Vma+27isma - [ g even.
This relation implies that if G(0,0) = G(0,1) = G(1,0) = G(1,1) = 0, then G(s{,s’z) =0,
5,8y € Z.
Denote

8](1’1) — eni(rn—m/,n—m/)+ﬂi(rm,n)
and

apt + Bl
Al ap3+Bl | =-b
apipa + ﬁlllzc

where m® = (0,0), m@ = (1,0), m\V) =

(0,1), m™® = (1,1), and the elements of the matrix A
and vector b are
aj = Z [27i(2m - %)]28,-(;'1) =— Z 4or* (2m; — %)ZSJ(n),
ny,My=—00 ny,ny=—00
> i\12 > i\2
ap= Y [27i@2m-m)] '8 =— D 4n?(2my - ) 8(n),
ni,ny=—00 ny,np=—00
o0 . .
a3 = Z (27‘[ l)2 (21’11 - Wlll) (21’12 - 1’7112)5](1’1)
Hn1,np=—00

Z 21’11 )(21/12 WIIZ)(S](VI),
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oo

ajq = Z 8;(n),

ny,ny=—00

bj=-4 Z (sinhm’(Zn -, ,u))éj(n), u= <M1, M2)-

ni,ny=—00

Then we have
A A, As
apf + B2 = N ap% + B2 = N apips + Bl = N c= N (4.3)
where A =detA, and Ay, Ay, Az, Ay are from A by replacing columns 1-4 with b.

4.2 Asymptotic behavior of the two-periodic wave solution
The two-soliton solution of the 2D Toda lattice equation can be obtained as a limit of the
two-periodic solution.

Theorem 2 Suppose that 1 <r <2 and 1< ry <2 are constants satisfying | 11| — 0 and
|A2|2 — O (the definitions of A1 and X,y are given below). Then the periodic solution (3.1) of
equation (2.1) tends to the soliton solution via equation (2.2)

(ai,% + ﬁif)eﬁl (1 + €™ + eXi2tA12 4 gin+A12)

(1 +en 4 el + eﬁl+ﬁ2+A12)2

e —1=(ad; +B3])Inf, =

((X};% + ﬁ]%)efzz 1+ e 4 2i+Arn | eﬁﬁAlz)

(1 + e + ez + en+iz+A12)2

2(0[1311;2 + /37172)6;“”72 (eﬂlz _ 1)

(1 + e + ez + gMtiztAiz)2 (44

with the constraints
otp]z + ,3[12 = sinh? /i, aﬁ12 + ﬁl~12 = sinh? /{5, (4.5)
expis) = —~a(p? + p2) — B + B) + 2apip + Bliy) + 2sinh(d; — 1T) - 2 w6

—oe(p? +p~%) - ﬂ(l? + 13) —2(apips + ﬂl]l;) + 2sinh(i1 + tip) — 2
where A1y = 2iT)o.

Proof Using the quantities

ﬁj = 27Tipj, ll = 27Til/, ,a] = 27Tiﬂj, 17]] :fa,x + Z]y + /1]}’1 + ﬁOj

TiT]]
’

ﬁ()/ = 27Ti7]0]‘ + T, j= 1,2, AM=e Ay = e’”m, As = eZmrlz,

we expand the two-periodic wave solution (3.1) (N = 2) in the following form:

fu = l+expmim + mwity) + exp(—2mwin + witn) + exp(2wing + wity)
+exp(=2miny + wity) + exp(2m’(n1 + 1) + ity + 2710 + 122))

+ exp(—2m’(n1 + 1) + ity + 2710 + 122)) CREE
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Figure of u(x,y,n) with y=0.05

u(x,y,n)

Figure 5 The soliton solution curve of u(x, y, n) for p1 =0.05,p1 =1, £ =0.02,p» =2,y =3, =6,
n=5, No1 = 2, Noz2 = 2,(1 =1.5, ﬂ = 2,y=0.05,X € [—10,10].

Figure of u(x,y,n) with y=-1

Figure 6 The soliton solution curve of u(x, y, n) for w1 =0.05,p1 =1, 42 =0.02,p> =2,/ =3, =6,
n=510=21%02=20=15=2y=-1,x¢€[-10,10].

1+expny +expiy +exp(fy + 7z + 27ityn)

+ A% exp(~11) + )é exp(~12) + kf)é exp(—1y — 7y + 27wiTyp) + - - -

—> 1+expn +expi +exp(i + 72 + A1z).

(4.7)

We now verify formulas (4.5) and (4.6). To this end, we expand each function in G(0,0) =
G(0,1) = G(1,0) = G(1,1) = 0 into series of A; and Ay. We only need to make the first-order
expansions with A; and 1, to show the asymptotic relations (4.5) and (4.6). Here we keep

the second-order terms in order to see deeper relations among the parameters of the two-

periodic solution and two-soliton solution.

From

G(0,0) = (-167ap? — 167 BL} — 4sinh®(27ipy) + ) A

+ (<167 %ap; — 167> Bl3 — 4 sinh®(27ips) + ¢) A3
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Figure of u(x,y,n)

u(x,y,n)

Figure 7 The soliton solution of u(x,y,n) for £1 =0.05,p1 =1, £ =0.02,p, =2, =3,,=6,n=5,
No1=2,N02=2,¢=1.5,8=2,x€[-10,10].

15 Figure of u(x,y,n) with y=0.05
1r I\
/|
05r /|
/|
/|
0 - | -
= | |
Z-05r \ J
5 |
-1r
151 \
\ /
\
2 \
25 !
-8 6 4 2 0 2 4 6 8

Figure 8 The soliton solution curve of u(x, y, n) for g1 =0.05i,p1 =1, L2 =0.06i, p; =2,11 =3,1, =6,
n=5,101=2,1N02=2,a=158=2,y=0.05,x € [-10,10].

+ (<167 a(py + p2)* — 167> B(l + 1) — 4sinh® (27i(py + p2) + €) ) ATAAS
+c+0(A'A3) =0,

(4.8)
where s; + 55 > 4, as A} —> 0, A, —> 0, we obtain that ¢ = 0. From
G(1,0) = (—4n*ap; — 4m* B} — 4sinh® iy + c)Ar +0(A1A37) = 0, (4.9)
where s; + 53 > 3, using ¢ = 0, we derive the asymptotic relations
47’ (ap? + BE) + 4sinh’ wipy =0,  ap? + BI2 = sinh? fi;. (4.10)

From

G(0,1) = (-4 *aps — 4 Bl3 — 4sinh® wips + c)hy + 0(A1137) = 0, (4.11)
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Figure of u(x,y,n) with y=-1

1.5 T

Figure 9 The soliton solution curve of u(x, y, n) for g1 =0.05i,p1 =1, 2 =0.06i,p; =2,1, =3,1, =6,
n=5101=2,1n02=2,a=158=2y=-1,xe[-10,10].

Figure of u(x,y,n)

u(x,y,n)

Figure 10 The soliton solution curve of u(x,y, n) for 1 =0.05i,p1 =1, L2 =0.06i,p> =2,11 =3,1, =6,
n=5100=21%02=2,0=15,8=2,x€[-10,10].

where s; + s5 > 3, using ¢ = 0, we derive the asymptotic relations
4n2(ap§ + ﬁl%) +4sinh®wip, =0, aps + ,BZ% =sinh? fi,. (4.12)
From
G(L,1) = 2([-4n* (ap} + BL) — 4n® (ap3 + BL3) — 87 (apipa + Bhla)
—4sinh®[mi(uy + wa)] + c]As + [-47? (ap] + BE) — 4> (apl + BL3)

+ 872 (apipa + Bhly) — 4sinh?[7i(p1 — 112)] + c])Aiha + 0(A]'43?) = 0, (4.13)

where s; + 55 > 5, using ¢ = 0, we derive the asymptotic relations

Az _ 4 (ap? + BI) + A (ap? + BI2) — 87 2(apips + Blily) + 4 sinh? [i(iy — po)]
42(ap? + BI) + Am2(ap? + BI2) + 82 (apipy + Blhly) + 4 sinh®[mi(puy + p12)]
(4.14)
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Figure of imaginary part with y=0.05

u(x,y,n)
\_

Figure 11 The soliton solution curve of u(x,y, n) for g1 =0.05i,p1 =1, L2 =0.06i,p2 =2,11 =3,1, =6,
n=5, No1 = 2, Noz2 = 2,0( =1.5, ﬂ = 2,y=0.05,X € [—10,10].

Figure of imaginary part

i

Figure 12 The soliton solution curve of u(x,y, n) for 1 =0.05i,p1 =1, £ =0.06i,p2 =2,11 =3, =6,
n=51901=2,M02=20=1.5=2xe[-10,10].

We now plot the graph for u(x, y, n) in order to analyze the two-periodic solutions (4.4).
Figures 5 and 6 describe the curve of u(x,y,n) of fixed y and real u;, us, respectively,
for y = 0.05 and y = —1. From the two curves show that the shape of the solution is not
affected by y, but y has influence on translation. The corresponding solution for varying
y is presented in Figure 7, from which we see that this solution is periodic in the space
coordinate.

Similarly, we consider the imaginary value for p; = 0.05i and p, = 0.06i. A solution
curve of u(x, y, n) for a fixed y is presented in Figures 8 and 9. The corresponding solution
for varying y is presented in Figure 10, from which we see that this solution is periodic in
the space coordinate.

The imaginary part of the periodic solution (4.4) is presented in Figures 11 and 12, from

which we see that the solutions are periodic in the space coordinate. O
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