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Abstract

Based on Riemann theta function and bilinear Backlund transformation,
quasi-periodic wave solutions are constructed for an extended (2 + 1)-dimensional
shallow water wave equation. A detail asymptotic analysis procedure to the one- and
two-periodic wave solutions are presented, and the asymptotic properties of this type
of solutions are proved. It is shown that the quasi-periodic wave solutions converge
to the soliton solutions under small amplitude limits.
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1 Introduction

Nonlinear evolution equations (NLEEs) have attracted much interest in the past few
decades since they appear in many areas of scientific fields such as fluid mechanics, plasma
physics, solid-state physics, and mathematical biology [1-4]. The investigation of solu-
tions for NLEEs plays an important role in the study of nonlinear physical phenomena,
and many effective methods have been discovered. Successful numerical methods include
the decomposition method [5] and the spectral method [6—11] developed in recent years.
Various analytic methods such as inverse scattering method, Darboux transformation,
Bécklund transformation, Hirota method, and algebro-geometrical approach [12—16] have
been presented for NLEEs. Among the mentioned methods, the algebro-geometrical ap-
proach presents quasi-periodic or algebro-geometric solutions to many NLEEs. However,
the approach needs Lax pair representations and involves complicated calculus on Rie-
mann surfaces. Based on bilinear forms, Nakamura proposed a straightforward way to
construct a kind of quasi-periodic solutions of nonlinear equations [17, 18], where the
quasi-periodic wave solutions of the Korteweg-de Vries equation (KdV equation) and
the Boussinesq equation were obtained by using the Riemann theta function. Recently,
Hon and Fan have developed this method to investigate (2 + 1)-dimensional Bogoyavlen-
skii’s breaking soliton equation [19], the discrete Toda lattice [20], and the asymmetri-
cal Nizhnik-Novikov-Veselov equation [21]. Ma [22] constructed one-periodic and two-
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periodic wave solutions to a class of (2 + 1)-dimensional Hirota bilinear equations. How-
ever, little work has been done on quasi-periodic solutions for systems that involve coupled
Hirota’s bilinear equations.

In this paper, we focus our study on the following extended (2 + 1)-dimensional shallow

water wave equation:
Uyt — AUyl — 2Uoxlly + Usyy + Qlhyy = 0, (1.1)

where « is a constant. According to Wang and Chen [23], the bilinear Backlund transfor-

mation of Eq. (1.1) can be written as

(Di-2)f-g=0,
(D¢ + D2Dy + 30Dy + aDy — v)f - g =0,

(1.2)

where A and v are arbitrary constants. Equation (1.2) is a type of coupled bilinear equa-
tions; it is more difficult to be dealt with than a single bilinear equation due to the appear-
ance of two functions and two equations. As a reduction of Eq. (1.1), the shallow water wave
equation can be used to describe the propagation of ocean waves in shallow water and has
been investigated in many literatures [24—26]. So, Eq. (1.1) may be helpful for understand-
ing the behavior of real ocean waves. In Ref. [27], the integrability and multiple soliton
solutions of Eq. (1.1) are investigated with the aid of the simplified Hereman method and
the Cole-Hopf transformation method. Wang and Chen [23] used the binary Bell polyno-
mial approach to construct bilinear equation, bilinear Backlund transformation, Lax pair,
and Darboux covariant Lax pair for this equation. However, to the best of our knowledge,
quasi-periodic wave solutions for Eq. (1.1) have not been studied yet. Therefore, one ob-
jective of this paper is to construct one- and two-periodic wave solutions for the extended
(2 +1)-dimensional shallow water wave equation (1.1). Another objective of the paper is to
investigate the asymptotic behavior of the quasi-periodic wave solutions. The organiza-
tion of this paper is as follows. In Section 2, we briefly introduce some main points on the
Riemann theta function and get the one- and two-soliton solutions for Eq. (1.1) by using
the Hirota bilinear method. In Sections 3 and 4, we apply the Riemann theta function to
construct one- and two-periodic wave solutions for Eq. (1.1), respectively. Furthermore,
a detail asymptotic analysis procedure to the quasi-periodic wave solutions is presented
and demonstrates that the quasi-periodic solutions tend to the known soliton solutions

for Eq. (1.1). Finally, some conclusions are given in Section 5.

2 Soliton solutions and the Riemann theta function
The quasi-periodic wave solutions of Eq. (1.1) are constructed based on the multidimen-

sional Riemann theta function

S e, S|‘L’ Z e (T (n+8),n+8)+2m (€ +€, n+s) (21)

neZN

Heren = (m,...,ny)T € ZN are the integer-valued vectors, & = (&, .. &) e CN are com-

plex phase variables, s = (s, .osy)T and € = (ey,...,en)T are complex vectors, and (-, -) is
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the standard inner product on R”. The parameter T = (7;) is a positive definite and real-
valued symmetric N x N matrix, which we call the period matrix of the Riemann theta
function.

For simplicity, we have ¥ (§,7) = ©#(§,0,0|t) and 9 (§ +€,T) = 9 (§, €,0|7). The periodicity
of the Riemann theta function is defined as follows.

Definition 1 [19] A function g(x,t) on CN x C is said to be quasi-periodic in ¢ with fun-
damental periods T3,..., Ty € Cif Ty,..., Ty are linearly dependent over Z and there exists
a function G(¢,t) € CN x C* such that, for all (yy,...,y:) € CX,

Gy Y+ Ty 1) = GOV, 5 Yo o0 Vi)
(2.2)
G(x,t,...,t,...,t) = g(x, 1)

In particular, g(x, t) becomes periodic with T if and only if T} = m;T.

Proposition 1 [28] Let e; be the jth column of the N x N identity matrix Iy, t; be the jth
column of T, and tj; be the (j,j) entry of . Then the theta function ¥ (&, 7) has the periodic

property
V(€ +e +it;,T) = exp(—2mi& + wry) 0 (£, 7). (2.3)

The vectors {ej,j = 1,...,N} and {itj,j = 1,...,N} can be regarded as periods of the theta
Sfunction ¥ (&, ) with multipliers 1 and exp(-2mi§; + wtj;), respectively.

Let 9(£,€’,0|7) and ¥ (£, €,0|t) be two Riemann theta functions, where € = (¢, ..., ex) T,
€ =(e,....,ex)", and & = (&,...,&n)T with & = kx + Ly + mjt + 51.(0),]': 1,2,...,N. For a

polynomial operator H(D,, D;,D,) with respect to Dy, D;, and D,, the following useful
formula holds:

H(D,, Dy, D)% (§,€',0]7) - 9(£,€,0]7)
=Y C(€ e, 11)0(28,€ +€,u/2]27), (2.4)
M
where
C(e,e,m) = Z H(4mi(n — u/2,k),4mi(n — n/2,1), 4mi(n — n/2,m))
nezZN
x exp{-2m(t(n - u/2),n — uw/2) + 2miln — ni2,€ —€)}. (2.5)
Formulae (2.4) and (2.5) show that once

C(€',e,n) =0 (2.6)

for all possible combinations p1 = 0,1;...; uy = 0,1, then #(£,€¢’,0|t) and ¥ (&,¢,0|7) are
quasi-periodic solutions of the bilinear equation

H (D, Dy, D)% (§,€',0[7) - 9(§,€,0]7) = 0.
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Proposition 2 [29] Let C(u) be given in (2.5), and make a choice such that e]f —€= ﬂ:%,
j=12,...,N. Then:
(1) If H(Dy, Dy, Dy) is an even function in the sense that
H(_Dxx _Dy; _Dt) = H(Dx) Dy;Dt);

then C(w) vanishes automatically for the case where Zﬁl wj is an odd number,

namely
N
C(u)l, =0 for Z,uj =1 mod 2. (2.7)
j=1

(2) IfH(Dy,D,, D) is an odd function in the sense that
H(_Dx, _Dy> _Dt) = _H(Dxr Dyr Dt)y

then C(w) vanishes automatically for the case where Z]]\il Wj is an even number,

namely

N
C(w)l=0 for Y puj=0 mod?2. (2.8)

Jj=1

Proposition 2 plays an important role in constructing quasi-periodic wave solutions for
coupled bilinear equations.

Next, we need to get the one- and two-soliton solutions for the extended (2 + 1)-
dimensional shallow water wave equation (1.1). By the dependent variable transformation
(23]

u=—2(Inf)s, (2.9)

the bilinear Bicklund transformation for Eq. (1.1) was obtained as Eq. (1.2). In order to get
the quasi-periodic wave solutions of Eq. (1.1), we take v = 0, that is, the bilinear Backlund

transformation for Eq. (1.1) is

Hl(DeryrDt) = (ch - )")f ‘g = 0,
(2.10)
Hy(Dy, Dy, Dy) = (D, + DDy + 3ADy + aD,)f - g = 0.

By using the Hirota bilinear method we can easily get the soliton solutions of Eq. (1.1).
We start with a simple solution f = 1, from which we can get the original solution « =

2
—2(Inf), = 0. Setting A = le and substituting f =1 into Eq. (2.10), we readily obtain

m mn ()

gi=e? +e 2, m =k + Ly — (/~<12 +a)zlt+ n (2.11)

where /~<1, Zl, and nio) are arbitrary constants. The one-soliton solution can be written as

iy = 2[In(1 + s ey (212)
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Taking f = et +e?, Eq. (2.10) can be written in the form

m

(D2-2)(e? +e’n2_1) & =0

i M (2.13)
(D; + DDy + 31D, +osz)(e 2 4+e2).g=0.
Setting
Vll'“72 n+ny
& =pile ) ( +te 7)),
o X (2.14)
ny =k + iy — (K + o) ljt + ,"), j=12,

where B; and B, are arbitrary constants, and substituting (2.14) into Eq. (2.13), we have

72
ks

A= 2 B =k -k, Ba = —(ky + k).
In this way, the two-soliton solution for Eq. (1.1) reads

uy = =2[In(1+ €M + " + ML) |

(2.15)

12 = (kizkey2
where et (k1+k2) .

3 One-periodic waves and asymptotic properties

In this section, we consider the one-periodic wave solutions for Eq. (1.1) with N =1 in
the Riemann theta function (2.1). Setting f(x,y,t) = 9 (£,0,0|t) and g(x, y,£) = 19($ ,=,0|1),
f(x,9,¢) and g(x,y,£) can be written as the following Fourier series in n:

f(x:y: t) _ l?(s,(),()h') _ Z eZninE—n;ﬂr’

(3.1)

g(x,y, t) = < 0|‘L'> Z eZmn §+ —mn? T
where £ = kx + Iy + mt + £© is the phase variable, and 7 > 0 is the parameter.
3.1 Construction of one-periodic waves
In order to make the theta function (3.1) be a solution of bilinear equation (2.10), we sub-

stitute Eq. (3.1) into Eq. (2.10); then, for i =1, 2,

Hi(Dx’Dy;Dt)f ° g

_ Z[ZHi (4m'<n - %k> 4m’<n - %l> 4m‘<n - %m>>

12 nez

X exp{—2n<r<n— E),n— E> +2m’<n— E,e’—e>} :|19(2§, l, E‘%)
2 2 2 22

_Zc u)ﬁ<2§,—, ‘21), w=0,1,
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where

2
Ci(p) = Z|:—16712<n - %) K- x}

neZ

ol me(n £ (a2

G(pn) = 2[4711(11 - —)m 647 z<n - %) K21+ 4mi(3A + ot)(n - %)l}

neZ

p{z(g)<g)}

According to Proposition 2, since H;(Dy, Dy, D;) is an even function, we have Ci(u =1) =

(3.2)

0. Similarly, we can obtain that C,(u = 0) = 0. Suppose that the following equations are
satisfied:

Ci(u=0)= Z(—16712;12k2 - A) exp{—2nrn2 + nin} =0,

nez

3
Cynu=1)= 2[4711'(14 - %)m - 64713i<n - %) K2+ 4mi(3X + a)(n - %)li| (3.3)

neZ

1\* 1
xexp{—Znt(n—E> +ni<n—5>} =0.

Then the Riemann theta functions (3.1) are exact solutions of Eq. (2.10). By introducing
the notation

_nz
2

p=e )

1 1
D1(6,) - 19(25,5,—5\2T>
= Zp(z”"l)z exp[4ni(l’l - l) (S + l>:|,
2 4 (3.4)

neZ

192(%_’:0): <2'§’ 0|2T>

= Zp4n2 exp|:4nin(§ + %)],

neZ

we can change Eq. (3.3) into a linear system about the frequency m and the constant A

K29 — 195 = 0,
(3.5)
md] + K*19]" + (3A + a)l] = 0,

where
(li)

dg eo

97 =07(0,p) = , j=1,2p=0,1,2,3.



Rui Advances in Difference Equations (2016) 2016:135 Page 7 of 12

Solving Eq. (3.5), we get

_ Ky
L5

s R 43010 4 ald]9y 56

A‘ ’
9]0,

Now we get one-periodic wave solution of Eq. (1.1)
u=-2(Inv(,0,0[7)) , (3.7)

where £ = kx + Iy + mt + £, m are given by Eq. (3.6), and other parameters k, [, 7, £© are
free. Figure 1 shows the one-periodic wave solution of Eq. (1.1), which is one-dimensional
and has two fundamental periods 1 and it in &. It can be regarded as a parallel superposi-

tion of overlapping one-solitary waves, placed one period apart.

0.0010

0.0005

-0.0 0.0018-

(c) (d)

Figure 1 This figure shows one-periodic wave solution with parameters: k=0.5,/=1,7=3,§? =0.
(a) Perspective view of the wave. (b) Overhead view of the wave, with contour plot shown. The bright lines
are crests and the dark lines are troughs. (c) Wave propagation pattern of the wave along the x axis. (d) Wave
propagation pattern of the wave along the y axis.
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3.2 Asymptotic property of one-periodic waves

Now we proceed to consider the asymptotic properties of the one-periodic wave solution.
It is shown that the soliton solution (2.12) can be obtained as a limit of the one-periodic
wave solution (3.7). The relation between these two solutions can be established as the
following theorem.

Theorem 1 Suppose that m are determined by Eq. (3.6), let

. ) _
5(o>_£ v ki b

= . a0 = ] = ) (3'8)
2mi 2 2mi 2mi

where ki, 1y, and nﬁo) are the same as those in Eq. (2.12). Then the one-periodic solution (3.7)
tends to the one-soliton solution (2.12) under a small amplitude limit, that is,

u—u asp— 0.
Proof By using Eq. (3.4) we write the coefficients of system (3.5) into power series of p:

o) =—4mp+o(p®), B =-8xip+o(p’),
0" =1673p + 0(p8), By =1-2p"+ 0(/08): (3:9)

0y =322 p* + o(,og).
Assume that the solution of system (3.5) has the following form:

A=ho+Ap+hap” + =Ko +0(p),

(3.10)
M =g+ mp + map’ + - = mg + 0(p).
Substituting Eqgs. (3.9) and (3.10) into Eq. (3.6) and letting p — 0, we obtain
Ao =0, mo =412k - al. (3.11)
Combining (3.8) and (3.11), we then obtain
2im — 8m3ik*l - 2mial
= —(k+a)l, asp—0. (312)

In order to show that the one-periodic wave (3.7) degenerates to the one-soliton solution
(2.12) under the limit p — 0, we expand the function f in the form

f=1+,02(62’”5 +e—2ni£) +p8(e4m’£ +e—4ﬂi§) e
By (3.8) it follows that

f=1+e 12+ ) 4 p2(e® +¥) 4

—1+é asp—0, (3.13)
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where

& =2mwit -7t =/~<1x+71y+2nimt+n§0). (3.14)
According to Eq. (3.12), we easily get that

£ — kix+ Ly — (k + @)t + =, (3.15)

Thus, we conclude that the one-periodic solution (3.7) just degenerates to one-soliton

solution (2.12) as the amplitude p — 0. (]

4 Two-periodic waves and asymptotic properties
We now turn to construct two-periodic wave solutions for Eq. (1.1). In the case N = 2, we

take f(x,y,t) and g(x,y,t) as

fx,y,6) = D(€,0,0]7) = ) e mmmamin,

neZz?

g(x)y’ t) = 19(‘5» 610|7:) = Z e—ﬂ(rn,n}+27‘[i($+e,n)’

neZz?

(4.1)

where € = (3,3)7, n = (m,m)" € 22, & = (5,6)" € C%, & = kix + Liy + mjt + éj(o),j: 1,2,
k = (ki,k2)T,1=(I;,,)T, and 7 is a positive definite and real-valued symmetric 2 x 2 matrix,

which can be taken of the form
2
T = (Tpg)2x2s ™ >0, Ty >0, Ti1T2 — Tj > 0.

4.1 Construction of two-periodic waves

By using Proposition 2 we can readily obtain that the constraint equation in (2.13) of
H,(Dy, Dy, D;) automatically vanishes for (i1, u2) = (1,0),(0,1). Similarly, since Hy(D;,
D,,D,) is an odd function, its corresponding constraint equation vanishes for (1, 2) =
(0,0), (1,1). Therefore, the Riemann theta function (4.1) is a solution of Eq. (2.10) if the

following equations are satisfied:

5 oo ) ]

neZz?
=0,

X exp{—2n<f (n - ﬁ),n - ﬁ> +mwi(n + nz)}
2 2 (H1,12)=(0,0)(L.1)

2
Z |:4m'<n - %, m> - 64n3i<n - %,k> <n - %,l> +4mwi(3A + a)<n - %,l>]

neZ?

X exp{—2n<r (n - %),n - %> +mi(n + nz)}

(4.2)

=0.
(11,142)=(0,1),(1,0)
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Denote

ppq:ei_{ﬁ, p,q:l,z,

p = (P11, P12, P22),

9,(8,p) = ﬂ(zs,e,—%m)

Sy Sy . Sr
- Zexp[—n<r(n—E),n—§>+2m<2$+e,n—§>:| 43)

neZ?
€ S, 2
= Z exp |:471 i<§ + 5,11 - 5’>i| p}(’inpfsw)(anfs,_q)’
neZz? pg=1

S = (Srlyer)) r=1,2,3,4,

51=(0,0), s =(,1), s3=(0,1), s4=(1,0).
Equation (4.2) can be written as a linear system with respect to A and m:

(k- V)0 = 10, g 69-00) =0, 7=1,2,
(4.4)
(m - V)0, + (k- V)2(L- V)0, + Br + &) - V), |(e.60)=00) =0,  7=3,4,

where V = (3&;,0§;) and k- V = k10§ + kp9&,. Solving Eq. (4.4), we get a two-periodic wave
solution of Eq. (1.1)

u=-2(Inv(0,0/7)) (4.5)

x’

with 9(£,0,0|t) and m;, m;, given by Egs. (4.1) and (4.4), respectively, whereas the other

parameters ki, ky, [, I, T are free.

4.2 Asymptotic property of two-periodic waves
In a similar way to Theorem 1, we can establish the following relation between the two-

periodic solution (4.5) and the two-soliton solution (2.15).

Theorem 2 Assume that m = (my,m3)" are determined by the linear system (4.4) and take

7 5 (0)
PR T N
J PR ] . i - . PR - 4
271114 2 J 2wi 2i (4.6)
12
T = ———
12 2mi

with /~<j, Z,, n](o),j =1,2, and Ay as given in Eq. (2.15). Then the two-periodic solution (4.5)

tends to the two-soliton solution (2.15) under a small amplitude limit, that is,

u—uy aspn,pa— 0.
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Proof We expand the periodic function f = ©#(§,0,0|7) in the form

f =1+ (627'”'&'1 + 6727”'51)6771‘[11 + (eZTL'iSQ + e*ZJTié’z)efn‘[zQ

" (eZﬂi(EﬁSz) + e*2ﬂi($1+§2))e*ﬂ(fu+2f12+fzz) b

According to Eq. (4.6), we get

_ R R e 2 £ L I Y S S
f=1+e1+e2+e1™2 +elp; +e 205

—E/—E/—Zntlz 4 4
te 12 P11P +

/7 !’ ! !’
— 1+ 4652 41722 a5 011 09y — 0,

where 5}/ =2mi§—mr; = /~(1fx + Z;y + 21 im;t + n}o),j =1,2. Then we only need to prove that

2rim; — —(ka + a)

lj, j= 1,2, as P11, P22 —> 0. (4'.7)

The proof of (4.7) is quite similar to that of formula (3.12) and so is omitted. Thus, the
proof is completed. g

5 Conclusions

In this paper, by using the Riemann theta functions, the one-periodic and two-periodic
wave solutions for the extended dimensional shallow water wave equation are constructed.
Furthermore, the relation between the periodic wave solutions and soliton solutions is in-
vestigated, and the asymptotic properties of the quasi-periodic wave solutions are proved.
We think that the results can be extended to the case N > 2. It should be noted that the
solvability of system (2.7), (2.8) is the key to construct a multiperiodic wave solution. Nev-
ertheless, the number of unknown parameters is less than the number of equations when
N > 2. Therefore, in the case N > 2, we cannot get multiperiodic wave solutions directly.
How to increase the number of unknown parameters or decrease the number of equa-
tions? Such a question will be investigated in the future.
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