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By using the integral bifurcation method together with factoring technique, we study a water wave model, a high-order nonlinear
wave equation of KdV type under some newly solvable conditions. Based on our previous research works, some exact traveling
wave solutions such as broken-soliton solutions, periodic wave solutions of blow-up type, smooth solitary wave solutions, and
nonsmooth peakon solutions within more extensive parameter ranges are obtained. In particular, a series of smooth solitary wave
solutions and nonsmooth peakon solutions are obtained. In order to show the properties of these exact solutions visually, we plot

the graphs of some representative traveling wave solutions.

1. Introduction

In this work, we will study the following high-order nonlinear
wave equation of Korteweg-de Vries type:

Mo+ My + 0ty + Pl + P11,
+ 0B (Pl + Pillutis) + P40CT 1 6

+ 0 B M + Pt + Po113) = 0.

This is an important model of water wave derived by Fokas
[1] in 1995, where « = 3A/2, f = B/6,and 0 < &, B < 1.
Obviously, (1) is a very complex partial deferential equa-
tion, it has nine parameters o, 3, p;, (i = 1,2,...,7), and
contains both high-order derivative terms and multinonlin-
ear terms. It is very different from the original KdV equation.
Regarding the p;, p5, P35 Psr P> Pe» P7 as free parameters,
Tzirtzilakis et al. [2] investigated solitary wave solutions of (1)
and they called (1) high-order wave equation of Korteweg-de
Vries type. Just as Tzirtzilakis et al. [2] said that investigations
of solitary wave solutions of (1) are more physically and
practically meaningful. The motion described by the model
(1) is a 2-dimensional, inviscid, and incompressible fluid
(water) lying above a horizontal flat bottom located at y =
—hy (A, is a constant) and letting the air above the water.
It turns out that, for such a system if the vorticity is zero

initially, it remains zero. The fluids (waters) analyzed by Fokas
are only irrotational flows. This system is characterized by
two parameters « = 3A/2 and f = B/6 with A = a/h,
and B = h}/€?, where a and € are two typical values of the
amplitude and of the wavelength of the waves. The parameters
a, hy, and ¢ satisfy the condition a <« h, < ¢ because the
system is a model of short amplitude and long wavelength.

When p, = p, = p3 = py = ps = ps = p; = 0, (1) can be
reduced to the classical (original) KdV equation:

Uyl + x + AHH + ﬁnxxx =0. (2)

In [1], Fokas assumed that O(f8) < O(«) and 8 = o?. Acco-
rding to this assumption, we easily know that O(e? B) < o)
and O((Xzﬂ) < O(ap). Neglecting two high-order infini-
tesimal terms of O(a® ,oczfj’), (1) can be reduced to another
high-order wave equation of KdV type [2-5] as follows:

My + e + Q1+ Pl + PO, 5
+ (X:B (p2m7xxx + P3}7x’7xx) =0.

Equation (3) can be regarded as a special case of (1) for p, =
ps = ps = p; = 0.1In [1], it was observed that (3) can be
reduced by the local transformation of coordinates

7 1
n=v-apv’ - (3P1 + P 5/)3) Vee (@)


http://dx.doi.org/10.1155/2014/714214

to a completely integrable PDE as follows:

3 3
Ve = Eﬁpzvxxt + ﬁ <1 - EPZ) Vixx T OVVy
(5)

1
- E“ﬁpz (vaxx + zvxvxx) .

Equation (5) was first derived in [6] by using the method of
bi-Hamiltonian systems and its Lax pair was given in [7].

Neglecting the highest-order infinitesimal term of
O((xzﬁ), (1) can be reduced to a new generalized KdV
equation as follows:

Hy + e + QN+ Pl + P11, ©
+ B (o + Pllallx) + a1 1y = 0.

We call it a generalized KdV equation of neglecting the
highest-order infinitesimal term [8]. In fact, (6) can be
regarded as another special case of (1) for p; = p; = p; = 0;
it is also third-order approximate equation of higher-order
KdV type.

From the above references and the references cited
therein, we know that (1) is a very important model of water
wave. However, (1) is too complex to obtain its exact solution
under universal conditions. Only under some very special
parametric conditions, its exact solutions were obtained in
existing literatures [2-5, 8-12]. In addition, in [13], under
different kinds of parametric conditions, Marinakis discussed
two integrable cases for the third-order approximation model
(1). In [14], Marinakis proved that (1) and its some special
cases are integrable. Generally, a system is regarded as that it is
integrable if it has Darboux transformation, Lax pair, bilinear
structure and multilinear structure, Hamilton function, first
integral function (equation), symmetrical structure (i.e.,
symmetry), conservation law, and so forth. In [15], Gandarias
and Bruzon proved that (1) is self-adjoint if and only if p; =
2p,, and p; = ps = 3ps.

From the above research backgrounds of (1), we can see
that its exact solutions under universal conditions are hard
to obtain because it is highly nonlinear equation and most
probably it is not integrable equation in general. Thus, large
numbers of research results are still concentrated on the
generalized KdV, mKdV equations [16, 17] and other some
high-order equations with KdV type, such as KdV-Burgers
equation [18, 19] and KdV-Burgers-Kuramoto equation [20].
Therefore, studying solvability and finding exact solutions
of (1) within more extensive parameter ranges are very
important and necessary. In this paper, based on the works
in [8], by using the integral bifurcation method [21], we
will investigate solvable conditions and exact traveling wave
solutions of (1) within more extensive parameter ranges. It
is different from those special cases which were considered
by authors in existing literatures; we will discuss a newly
solvable case p; = (m + 1)p,, ps = 2(m + 1)ps, and p, =
mps, m € N for (1); indeed, (1) is solvable under these
parametric conditions. Though this is still a special case for
(1), it is more general than the cases on the assumptions of
parametric conditions which appeared in existing literatures.
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In particular, the results which will be obtained in this paper
are very new and different from those in [8, 9].

The rest of this paper is organized as follows. In Section 2,
we will derive two-dimensional dynamical system which is
equivalent to (1) and give its first integrals. In Section 3, by
using the integral bifurcation method, we will investigate
different kinds of exact traveling wave solutions of (1) within
more extensive parameter ranges and discuss their dynamic
properties.

2. The First Integrals of (1) under
Newly Integrable Conditions

Making a transformation #(x,t) = ¢(&) with & = x — ct, (1)
can be reduced to the following ODE:

(1-0)¢' +apg’ +pp" + pja’e’e’
+af (P + psg'¢") + pya’ @’ @)
+ Bl o8 + pepd'” +po(¢) ] = 0,

where ¢’ = d¢/dE, c is a wave velocity which moves along
the direction of x-axis, and ¢ #0. It is easy to find that (7)
can be integrated once under the conditions p; = (m + 1)p,,
Pe = 2(m + 1)ps, and p, = mp;, where m € N. These
are newly solvable conditions and they are different from
others in [8, 9, 13-15], and the ranges of parametric values are
more extensive than others in existing references. Thus, under
these solvable conditions, integrating (7) once and setting the
integral constant as zero yield

(=09 + 308"+ fg' + 300’8 + L pa’s’
+ pacp 94"+ Sm(¢)’| ®
+po B 920" + mg(¢')] = 0.

When 1 + ap,¢ + a’ps¢p® #0, (8) can be reduced to a
singular two-dimensional system as follows:

dg _
ak =
d
d_)é = (126c- D9 - 6ag’ - dpa’y’ - 3pa’s’

— 6mafp,y’ — 12ma’ Bpsdy’ )

-1
X (12[3 (1 +oap, + a2p5¢2)) ,

where ¢’ = d¢/dE = y. However, when 1 + ap,¢ + o’ psp® =
0, (9) is not equivalent to (8). In order to obtain a system
which is equivalent to (8), we make the following scalar
transformation

dé =12f (1 +apyd + oc2p5¢2) dr. (10)
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Equation (9) can be changed into a regular two-dimensional
system as follows:

d
d—‘f = 12B(1+ap,p + o’ psd?) 3,

d
Z = 12(c-1)¢-6ap’ - 4p,a’y’

_ 3P40‘3 ¢4 (11)

— 6mapp,y’ - 12ma’ Bps¢y”,

where 7 is a parameter. Thus, (11) is equivalent to (8). Obvi-
ously, (11) and (9) have the same one first integral as follows:

(1+ap,¢+o’psg’) y°

= % J. [lz(c 1) ¢+ 6a¢” —4pa’P’ (12)

“3p,a’¢"] (1+ ap,g + alps?)" d.

It is easy to find that the integral of right side of (12) is
always integrable once the m is given by an idiographic
integer. In fact, the first integrals obtained by (12) have certain
determinate orderliness; see the following discussions.

(i) When m = 1, (12) can be reduced to
el
(elon) o

x (ﬁ (1 +ap,¢+ “ZPS‘/’Z))%’

where h, is an integral constant.

(i) When m = 2, (12) can be reduced to
, Ple-Draprad +ad’ +ag’ +asd’] +h
B(1 +ap, + “2P5¢2)2

(14)

where h, is an integral constant and a; = (1/3)a(2¢cp, — 1 -
2py), a; = (1/12)a(=2p, — 6ps + 6¢ps — 3p,), a3 = —(1/30)
o’ (6ps + 4/351/32 +3py), ay = —(1/36)a (4py ps + 3pyps), a5 =
—(1/14) ps& ps.

(iii) When m = 3, (12) can be reduced to
7= (¢ [c- D) +bip+b¢ + by’
+ b4¢4 + bs‘/)S * b6¢6 + b7¢7] + h3) (15)

x (/3(1 +op,p+ “2P5¢2)3)_1’

where h; is an integral constant and b, = (1/3)a(-1 - 4p, +
4epy), by = (1/6)a’(=3p, — py + 3ep} = 3p; — 6ps + 6¢ps),
by = (1/30)a (=24, ps + 24cp,p5 = 3p; = 12p5 — 6P22 —8p1p,);
by = (1/18)a*(=6p; — 6pyps + 6¢pl = 205 py = 3pups = 4p1ps),
by = ~(1/42)°Bpipaps + 6p5 + 6psps + 3pupy), by =
~(1/24)a°ps(2p1 ps + 3papy), by = ~(1/18)pyed’ p;

(iv) When m is an integer and m > 4, (12) can be reduced
to the following form:

2 ¢2 [(C -D+pé+ Y2¢2 +eet Y2m+1¢2m+1] +h,
B(1 + apyp + “2P5¢2)m

(16)

where h,, im € N and m > 4) are integral constants and
V1> Vo - - > Vame1 ar€ certain expressions of the parameters p;,
P2s Pas Ps> &, and f3; these expressions are always determined
from (12) once the m is given by an idiographic integer; we
omit them here because their expressions are tediously long.

3. Exact Traveling Wave Solutions of (1) and
Their Dynamic Properties

In this section, we will investigate exact traveling wave
solutions of (1) and discuss their dynamic properties under
different kinds of parametric conditions in the greatly possi-
ble parameter regions; see the following discussions. For the
convenience of discussion, we always consider the cases of all
the integral constants as zero (i.e., h; = 0,i = 1,2,...,m) in
the next discussions.

Case 1. Under the parametric conditions h; = 0, m = 1, and
Ps = (1/4)p§, (13) can be reduced to

) +¢\/(c —1) - (1/3) ad — (1/6) pa®? — (1/10) pya®?
7 VB(L+ (1/2) ap.) |

17)

(a) When p, < 0,¢ = 1,and ps = (1/4)p3, substituting
(17) into the first equation of (9) yields

\/ o \/xu< J_WE 1)

where X;;(¢) = (¢ — ¢,)(¢ - 0) (¢ — ¢,) and X,(§) = (¢ —

$1)(@—0)(p—¢b,) with ¢, , = (5p, = \/251312 = 120p,)/6(—py)ex
and ¢, < 0 < ¢; < ¢. Taking ¢(0) = ¢, as the initial constant
and then integrating (18), we obtain an implicit solution of (1)
as follows:

266,
o DOk

&Py
5B
where F(0,,k;) is an incomplete elliptic integral of the first
kind and E(0,, k,) is a Legendre’s incomplete elliptic integral

of the second kind with 6, = arcsin~/(n—¢,)/n, k; =

=,/ (¢, — ¢,), and (x, t) = (&) with & = x —¢.
(b) When p, > 0, p, > 2+/6p,/5, ¢ = 1,and ps = (1/4)p2,
substituting (17) into the first equation of (9) yields

\/XZI

Mp(g k)
1>

b2V -

(19)

Pa dE

\/Xzz @ J”’ﬂ 20



where X5, (¢) = (0 - ¢)*(¢ = $,)(¢ - ¢,) and Xp,(¢p) = (0 -
P~ $,)(¢ - ¢1) with ‘7’1,2 = (=5p, 7 5/p{ — 24p4/5)/6p,ex
and ¢, < ¢, < ¢ < 0. Taking ¢(0) = ¢, as the initial constant
and then integrating (20), we obtain an implicit solution of
(1) as follows:

2‘l52 T ap, 2

= _—2F (0,,k,) +
- F\-6:
- é ’1~_ (EZ — \]“P4 |El
¢, \n (‘/’1 - "I) 108
where 6, = arcsin\/$1(n - &2)/52(11 ¢k, = \@2/(‘51, and

n(x,t) = $(&) with & = x —¢.

(c) When p, > 0, p; < —2+/6p,/5,¢ = 1,and p5 = (1/4)p3,
substituting (17) into the first equation of (9) yields
Pige, ()

9 1 4, J

V(@) 2 xe(e) V1P
where X, (¢) = (‘/;2 - )P - $1)(¢ -0)*and Xap(¢) = (‘52 -
)¢ - ‘51)(4) - 0) with ‘;1,2 = (=5p; ¥ 5\/pf — 24p,/5)/6pst
and 0 < ¢, < ¢ < ¢,. Taking ¢(0) = ¢, as the initial constant

and then integrating (22), we obtain an implicit solution of
(1) as follows:

———E(6,.k)

(21)

2 E(0,.k,) + —= (sz

m \/@ F(0,,k,) = “\/10/3' | (23)

where 6, and k, are given above and 7(x,t) = ¢(§) with & =
x —t.

(d) When p, < 0, c#1, and equation (c — 1) — (1/3)a¢p —
(1/6)pa*¢* — (1/10)p,a’d® = 0 has three real roots, substi-
tuting (17) into the first equation of (9) yields

\]—%d& (24)
TR R

where X,(¢) = (¢ —a,)(¢—b,)(¢p—¢,) and the three real roots
a;, by, and ¢, are defined by 2+/-p/3 cos(8/3) - (5p,/9apy),
2+/-p/ /3cos(0/3 + 2m/3) — (5p,/9apy), 2~/—p/3 cos 5/3 +
4m/3) — (5p,/9ap,) with p = —(5/27)( 18p4 + 5P1)/( o?) <
0, q = —(10/729)(135p, p, + 729cp4 25p7 — 729p4)/(p3 %),
6 = arccos[- q/2)(-p /27)] . We always write a; >
b, > ¢; that is, the largest root is denoted by a, among the
three real roots. Taking ¢(0) = a, as initial value and then

integrating (24) once, we obtain a traveling wave solution as
follows:

= [Flk) - (o2 -
1

ap
R

I)H(t//,ocf,kl)] b2

a;—q

F(y.k;)

(25)
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where v = arcsin\/(n—a,)/(n-b,), &, = b /a;, k; =
Vb —¢)/(a, — ), and y(x, t) = ¢(&) with & = x — ct.

(e) When p, > 0, c# 1, and equation (¢ — 1) — (1/3)a¢p —
(1/6)plocqu2 - (1/10);)4()43(/53 = 0 has three real roots a,, b,
and ¢;, substituting (17) into the first equation of (9) yields

Lgmd_sb:iaJEd& 06)
$\Xs(9) 2 Xs(9) 10p

where X;(¢) = (a, — ¢)(¢ — b)(¢p — ¢;) and a,, b}, and ¢
are given above. Taking ¢(0) = a, as initial value and then
integrating (26) once, we obtain a traveling wave solution as
follows:

Flgky) - aJ% g,

2 N(gedk,)+

)
aj\a, —¢ \Va; — ¢ 108

(27)

where ¢ = arcsin\/(a, —n)/(a, - b)), &, = f(a, - b)/a,,
k, = \(a; —b)/(a, — ¢), and y(x,t) = ¢(&) with & = x — ct.

Case 2. Under the parametric conditionsm = 1, h; = 0, p; =
(1/4)p22, and p, = 0, (13) can be reduced to

=D - WD ag - (1/6) pce?
res VB (1+(1/2) apy¢) '

Substituting (28) and p; = (1 /4)p22 into the first equation of
(9) yields

(28)

de 1 dé 1

S B S+l oag,
w2 e B ®

where X4(¢) = 5+E¢>+E¢2 witha = (c=1),b = — (1/3) a, and
¢ = —(1/6)p,a*. Write A = 4ac—b* = (1/9)a’[6p,(c— 1) +1].

(@) Whena > 0,c>0,A >0 (ie,c>1,—-(1/6(c-1)) <
p; < 0), integrating (29) and setting the integral constant as
zero, we obtain two exact traveling wave solutions of implicit
function type as follows:

L , 25+En ap, 2’5;7+I~9 _ i
() e (B -+
(30)

where @, b,¢, and A are given above and 7(x,t) = ¢(&) with
& = x—ct; the “Arsh” is an inverse function of the hyperbolic-
sine function, that is, sinh™".

(b) Whena = 0,¢ < 0,A > 0(ie,c =1,p > 0),
integrating (29) and setting the integral constant as zero, we
obtain two exact traveling wave solutions of implicit function
type as follows:

&+ b ¢ ap,N-c\by+ e
2Cnf-kb=isin —EEi P — e , (3D
b by

where 7(x, t) = ¢(§) with & = x — 1.
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Case 3. Under the parametric conditionsm = 1, h; = 0,¢ =

(p4/10pyp5) + 1 = (1/3p,), and p; = (2ps/py) — (3p4/5p2) +
(3p,p4/5ps), (13) can be reduced to

y = i¢\/3p4_ 10ps  ap, ¢, (32)

30Bp,ps 108ps

(a) When ((3p, — 10p5)/p,ps) > 0 and p, # 0, substituting
(32) into the first equation of (9) to integrate, we obtain a
smooth solitary wave solution as follows:

3p, — 10 1 [3p,—10
}’](x,t) = (l)(E) = —usechz <_\/ug> R
3otpapy 2\ 30Bp,ps

(33)

where & = x — [(py/10p,p5) + 1 — (1/3py)]t.

(b) When ((3p, — 10p5)/p,p5) < 0 and p, # 0, substituting
(32) into the first equation of (9) to integrate, we obtain a
periodic wave solution as follows:

nxt)=¢&) = —Msecz <l\jM£),

3ap,p4 2\ 30Bp,ps
(34)
where & = x — [(p,/10p,p5) + 1 — (1/3p,)]t.
(c) When p, < 0 and p, = 0, (32) becomes
1
¢ (¢>0). (35)

yes V=3Bp,

Taking ¢(0) = 1 as initial value, substituting (35) into the first
equation of (9) to integrate, we obtain a peakon solution as
follows:

1 (x, 1) = e V3BPI=(-0/3p] (36)
Case 4. Under the parametric conditions m = 2, h, = 0, and
ps = 0, (14) can be reduced to

P\~ 1)+ @y +ard? +and +
VB(1+apy¢ + a?ps¢?)

where a,, a,, a5, and g, are given above. Substituting (37) into
the first equation of (9) yields

(37)

y=%

>

Ca L B P L (38)
s\R(®) R (9) VR (9) VB

where R (§) = (c — 1) + a;¢ + a,* + a,¢° + a,¢*. In fact,
the cases of roots of the equation R,(¢) = 0 determine the
forms of solutions of (38); different kinds of cases of roots
correspond to different kinds of solutions of (38). However,
the expressions of the roots of the equation R, (¢) = 0 are very
complex, so we omit these expressions. Of course, the roots of
the equation R, (¢) = 0 can be solved once the parameters «,
P1> P> and ps are fixed concretely. For example, we can obtain
four real roots 2.919208358, —1.821216553, —3.236247427,
and —10.46174438 of the equation R, (¢) = 0 when « = 0.5,
p; = 6.0, p, = 2.0, p; = 0.4, and ¢ = 4 by using computer.

(1) When p, p; > 0 and the equation R,(¢) = 0 has four
real roots ¢y, ¢,, ¢5, and ¢, respectively, taking ¢(0) = ¢,, ¢,,
¢5, ¢, asinitial value and then integrating (38), we obtain four
kinds of exact traveling wave solutions of implicit function
type as follows:

1
-Q(p,x,,7) +w<¢— +oap, +062p5¢4> F(u,r)
4

(39)
1
- 0,0 (oryr) = 3J% ¢l
QI (A, x5,7) + @ <¢)i +ap, + 0c2p5¢3> F(A,1)
3
(40)
1
+ QT (A, k1) = gaz\/% €],
1
QI (y,k5,7) + @ <¢_ Tap, + “2P5‘l52> E(y.r)
2
(41)
1
+ QI (y, k6, 7) = 508\]% {8
- QI (9,%,,7) + @ ((% +ap, + <x2p5¢>1> F®,r)
1
(42)

1
-9,k 1) = gofJ% 3

where 0 = 2//(¢; — ¢3)(, — By), Q) = Wy — b4)/ Py
Q, = wa®ps(p5 = 1), Q3 = (3= $,)/$¢3, Oy = wa’ ps(h,
$3), = arcsiny/($, - ¢,)( @ — 7)/(¢1 — $,)(7 — $4), and
n is limited by ¢, = 5 > ¢, > ¢ > ¢
A = arcsin (@ = $3)( — $,)/(¢1 — $,) (1 - ¢,) and 1 is
limited by ¢, =2 5 > ¢, > ¢35 > ¢y =
arcsin \/(¢, — ¢4)(¢s — 1)/ ($3 — ¢4)($ - 1) and 7 is lim-
ited by ¢ > ¢ > ¢ > 7 = ¢35 9 =
arcsin \/(¢; — ¢3)(17 — )/ (b5 — d4)(P; — 1) and 7 is limited
by ¢y > ¢ > ¢ 21> ¢y, and k; = ¢4 (P, — ¢1)/$1(h; — ba),
1y = (Ga=h1)/(r=¢s), 13 = b3(d1=$2)/ba (b1 —b3), 14 = (1 -
$)/ (D1 =3), K5 = by (b3 =P4)/P3(hr=by)s s = (b3~ p4) /(=
ba)s 67 = b1 (Py = b3)/Pa(1 — b3), k5 = (Py — b3)/ (1 = ¢p3)s
and r = /(¢ — §,)(hs — b4)/ (b1 — b3)(, — o).

(2) When p,p; < 0 and the equation R,(¢) = 0 has four
real roots ¢, ¢,, @3, and ¢,, respectively, taking ¢(0) =
Q1> 925 P53, @4 as initial value and then integrating (38), we
obtain another four kinds of exact traveling wave solutions of
implicit function type as follows:

1
QI (v,my,q) + w((’j +ap, + a2p5¢2> F(%q)
2

+ QI (v,my, q) = %o@\/_% €],



1
- QI (e,m3,q) +w (; tap, + 0‘2P5§01) F(eq)
1

1
_ QZH (6,1’}’[4,q) = 50(2\/_% Ifl >

1
Q;I1(8,ms,q) + @ <¢? tap, + “ZPS‘P4> F(d,9)
4

Qi ma) = 3o

- Q11 (¢, my,q) + w <% +op, + azps%) E(¢.q)
3

- Q,IT (C’mS"J) = %“2\/_% |£| >

(43)

where Q; = w(p, — ¢)/g19,, Q = wozczps((pl — 9
Q = wley — 9330 Q = waps(p; — @),
v = arcsin (9, — 9)(17 — 1)/ (9 — 94)(1 — 9,), and 71
is defined by ¢, = 5 > ¢, > @3 > @4
e = arcsin/(p; —3)(9, —m/(9; — 93)(¢ — 1) and 7
is defined by @, > ¢, > 1 = @3 > @4
8 = arcsin (9, — @)1 — 93)/ (9, — @3)(n — ¢,) and 7 is
defined byp, > ¢, = n > @3 > ¢y { =
arcsin \/(¢; — @3)(p, — 1)/ (9, — ¢4) (95 — 1) and 77 is defined

by o > ¢ > 93 > ¢4 > nand my = (¢ -
P P1(92 — @1), My = (@1 — @) /(@ — @4), M3 = @1(@, —
©3)/Px(p1 — @3), my = (9 — @3)/ (@1 — @3), M5 = (e, —
03)[93(92 — @1), mg = (93 — 93)/ (9, — @4), m; = @3(@y —

)/ ps(pr — @3), mg = (¢ — ¢)/(¢; — ¢3), and q =
V(P2 = 93)(@1 — 94) /(91 — 93)( @, — py).

Case 5. Under the parametric conditions m = 2, h, = 0,c =

(3p4/56p,p5)+1=(1/4p,),and p; = (9ps/4p,)—(27p4/56p,) +
(15p,p4/28ps), (14) can be reduced to

3ps—1l4ps  ap,
\/ 56Bpaps  14Pps

(a) When (3p, — 14p5)/p,ps > 0 and p, # 0, substituting
(44) into the first equation of (9) to integrate, we obtain a
smooth solitary wave solution as follows:

3pg—14ps .o 1 |3py—14ps
(x,t) = ¢ (§) = —————=sech (—\/—f ,
1 ¢ 4otp, 4 2\ 56Bpps

(45)

where & = x — [(3p,/56p,p5) + 1 — (1/4p,)]t.
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(b) When (3p, — 14ps/p,ps) < 0 and p, #0, substituting
(44) into the first equation of (9) to integrate, we obtain a
periodic wave solution as follows:

nent) =g (€) = -2 P2 <1J—14”5‘3”4£>,

4apy py 2\ 56Pp,ps
(46)
where & = x — [(3p,/56p,p5) + 1 — (1/4p,)]t.
(c) When p, < 0and p, = 0, (44) becomes
1
y=to—==¢ (¢>0). (47)
2v-Bp

Taking ¢(0) = 1 as initial value, substituting (47) into the first
equation of (9) to integrate, we obtain a peakon solution as
follows:

" (x,t) = e*(1/2\/*/3.02)|x*(1*(1/4pz))t|. (48)

Case 6. Under the parametric conditions m = 3, h; = 0, ¢ =

(ps/30pyp5) + 1= (1/5p,), and p; = (12p5/5p,) = (2p4/5p,) +
(p2p4/2ps5), (15) can be reduced to

3ps—18ps  ap,
g ¢\j 90Bp2p5 18ﬁps¢

(a) When ((3p, — 18p5)/p,ps) > 0 and p, # 0, substituting
(49) into the first equation of (9) to integrate, we obtain a
smooth solitary wave solution as follows:

3p, — 18 1 [3p,—18
n(xt)=¢@) = 2P O Gech? <—\ju5>,
Sap; py 2\ 90Bp,ps
(50)

where & = x — [(p,/30p,p5) + 1 — (1/5p,)]t.

(b) When ((3p, — 18p5)/p,ps) < 0and p, # 0, substituting
(49) into the first equation of (9) to integrate, we obtain a
periodic wave solution as follows:

nxt)=¢E) = —Msecz (l\/ME>,

5ap,p4 2\ 90Bp,ps
(51)
where & = x — [(p,/30p,p5) + 1 — (1/5p,)]t.
(c) When p, < 0 and p, = 0, (49) becomes
1
=+ , >0). 52

Taking ¢(0) = 1 as initial value, substituting (52) into the first
equation of (9) to integrate, we obtain a peakon solution as
follows:

n(x,t) = o~ (WN=5Bp)lx=(1=(1/5p,))tl. (53)

Case 7. Under the parametric conditions m = 4, hy = 0,¢ =

(3p4/132p,p5)+1-(1/6p,),and p; = (5p5/2p,)—(15p,/44p;)+
(21p,p,/44ps), (16) can be reduced to

3ps—22ps  apy
= +¢ - ¢. (54)
g \j 132fp,p5  22f3ps
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10 A

-1 -0.5 0 0.5 1 1.5

X

(a) Dark broken-soliton

(b) Bright broken-soliton

FIGURE 1: The graphs of solutions (19) and (39) under some fixed parametric values.

(a) When ((3p, —22p5)/p,ps) > 0 and p, # 0, substituting
(54) into the first equation of (9) to integrate, we obtain a
smooth solitary wave solution as follows:

3p, — 22 1 |3p,—22
ﬂ(X,t)E(ﬁ(f):— p4 P5sech2(_\j P4 PSE))
60p2 Py 2\ 132p,p5

(55)

where & = x — [(3p,/132p,p5) + 1 — (1/6p;,)]t.

(b) When ((3p, —22p5)/p,ps) < 0and p, # 0, substituting
(54) into the first equation of (9) to integrate, we obtain a
periodic wave solution as follows:

et = ¢ () = 2P <1J—22P‘3 - 3”45),

60p; Py 2\ 132Bp,ps
(56)
where & = x — [(3p,/132p,p5) + 1 — (1/6p,)]t.
(c) When p, < 0 and p, = 0, (54) becomes
1
¢ (¢>0). (57)

ye: V=6Bp,

Taking ¢(0) = 1 as initial value, substituting (57) into the first
equation of (9) to integrate, we obtain a peakon solution as
follows:
1 (x, 1) = e N SBPI=(-0/5p)] (58)
When the value of m goes on increasing, the expression
(16) becomes more and more complex; thus we cannot obtain
exact solutions of (1) as in Cases 1, 2, and 4 under general
parameter conditions by integrating this expression. But
the exact smooth solitary wave solutions and nonsmooth

peakon solutions can always be obtained under certain spe-
cial parameter conditions. From Cases 3, 6, and 7, by using
the mathematical induction, we easily obtain the following
results.

Under the parametric conditions h,,, = 0, ¢ = 3p,/(2m +
3)2m+4)p,ps)+1—(1/(m+2)p,),and p; = B(m+1)ps/(m+
2)p,)—(9(m+1)p,/(2m+3)(2m+4)p,)+(3(m+3)p,p,/42m+
3)ps) and all-in positive integers m, (16) can be reduced to

y:+¢\j 3p,—(4m+6)ps APy
TTN@m+3)2m+4) Bpps  (dm+6) Bps

¢.
(59)

(a) When (3p, — (4m + 6)ps/p,ps) > 0 and p, # 0, substi-
tuting (59) into the first equation of (9) to integrate, for all-in
positive integers 1, we obtain a series of smooth solitary wave
solutions as follows:

_3py—(4m+6) ps
(m+2) ap,py

x sech’ E 3ps — (4m +6) ps
2\ (2m+3)(2m+4) Bp,ps

n (X, t) 5¢ (6) =

(60)

where & = x—[(3p,/(2m+3)2m+4)p,ps)+1—-(1/(m+2)p,)]t.
Obviously, when m = 1,2, 3, 4, the solution (60), respectively,
becomes the solutions (33), (45), (50), and (55).

(b) When ((3p, — (4m + 6)ps)/pyp5) < 0 and p, #0,
substituting (59) into the first equation of (9) to integrate, for
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x X
(a@m=1
5 10 10 20
x x

(c) m =40

(d) m =100

FIGURE 2: The graphs of solution (60) under some fixed parametric values.

all-in positive integers 71, we obtain a series of periodic wave
solutions as follows:

_3py—(4m +6) ps
(m+2)apyp,

21 (4m +6) p;s — 3p,
X sec (2\/(2m+3)(2m+4)ﬁp2p5 )

nxt)=¢§) =
(61)

where & = x — [3p,/2m + 3)2m + 4)p,ps) + 1 — (1/(m +
2)py)]t. In particular, when m = 1,2, 3,4, the solution (61),
respectively, becomes the solutions (34), (46), (51), and (56).

(c) When p, < 0 and p, = 0, (59) becomes

1

St menamidge” @20 @

Y

Taking ¢(0) = 1 as initial value, substituting (62) into the first
equation of (9) to integrate, for all-in positive integers m, we
obtain a series of peakon solutions as follows:

7 (1) = ¢ AN (63)

Similarly, when m = 1,2, 3, 4, the solution (63), respectively,
becomes the solutions (36), (48), (53), and (58).
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FIGURE 3: The graphs of solution (61) under some fixed parametric values.

0.8

14

10 20 30

(b) m =100

FIGURE 4: The graphs of solution (63) under some fixed parametric values.

In order to intuitively describe and expediently discuss
the dynamic properties of the above exact traveling wave
solutions of implicit type and explicit type, we draw their
profile graphs; see Figures 1, 2, 3, and 4 and the discussions
below them.

Whena =0.5,5=0.25p, =3,p, =2,p, = -2.5,t = 0.1,
x € [-3,3],and 5 € [0, 10], we draw graph of solution (19);
see Figure 1(a). When & = 0.5, 8 = 0.25, p; = 6, p, = 2,

ps =0.4,c=4,t=0.01,x € [-3,3],and # € [0, 2.8], we draw
profile graph of solution (39); see Figure 1(b).

Figure 1(a) shows a shape of dark broken-soliton; it seems
that a dark soliton is broken. Figure 1(b) shows a shape of
bright broken-soliton; it seems that a bright soliton is broken.

When a = 0.5, 5 = 0.25, p, = =0.8, p, = 8, p; = —0.5,
t = 0.01, and m is taking different values, we draw graphs of
solution (60); see Figures 2(a)-2(d).
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Figure 2 shows four smooth solitary waves; it is easy to
find that their amplitudes and width of waves are different;
the amplitude and width of wave decrease as the value of m
increases under the same parametric conditions.

When « = 0.5, f = 0.25, p, = -0.8, p, = 8, p; = 0.5,
t = 0.01, and m is taking different values, we draw graphs of
solution (61); see Figures 3(a) and 3(b).

Figure 3 shows two periodic waves of blow-up type; it is
easy to find that their width of waves is also different; the
width of periodic wave increases as the value of m increases
under the same parametric conditions.

When 8 =0.2, p, = =2,t = 0.5, and m is taking different
values, we draw graphs of solution (63); see Figures 4(a) and
4(b).

Figure 4 shows two peakon waves; it is easy to find that
their amplitudes are the same, but the width of waves and
velocities of waves are different; the width of wave increases as
the value of m increases; the velocities of waves decrease as the
value of m increases under the same parametric condition.

4. Conclusion

In this work, by using the integral bifurcation method
together with factoring technique, we investigate exact trav-
eling wave solutions of (1) within more extensive parameter
ranges. Some exact traveling wave solutions such as broken-
soliton solutions (19), (21), (23), (25) (27), (39)-(42), and
(43), periodic wave solutions of blow-up type (34), (46),
(51), (56), and (61), smooth solitary wave solutions (33), (45),
(50), (55), and (60), and nonsmooth peakon solutions (35),
(48), (53), (58), and (63) are obtained. It is very worthy to
mention solutions (60) and (63); solution (60) denotes a
series of smooth solitary waves; solution (63) denotes a series
of nonsmooth peakon waves according as the positive integer
m increase. Compared with the literature [9], exact solutions
obtained in this paper are much more than those in [9]; only
one exact solitary wave solution is obtained in [9]. Indeed,
we enrich the results of exact solutions based on the works in
(8,9].

In addition, the results obtained in this work are very
different from those in existing literatures. However, the exact
solutions which we obtained in this paper are not much
yet because the model studied in this work is very complex
equation. Therefore, we hope more and more researchers pay
attention to investigations for exact solutions of (1) in future
work.
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