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Using bifurcation method of dynamical systems, we investigate the nonlinear waves for the generalized Zakharov equations u,, —
g, = BUEP) e iE,+aE,,—0,uE+8,|E’E+8,|E['E = 0, where a, 5, 8,,8,, 85, and ¢, are real parameters, E = E(x, t) is a complex
function, and u = u(x,t) is a real function. We obtain the following results. (i) Three types of explicit expressions of nonlinear
waves are obtained, that is, the fractional expressions, the trigonometric expressions, and the exp-function expressions. (ii) Under
different parameter conditions, these expressions represent symmetric and antisymmetric solitary waves, kink and antikink waves,
symmetric periodic and periodic-blow-up waves, and 1-blow-up and 2-blow-up waves. We point out that there are two sets of
kink waves which are called tall-kink waves and low-kink waves, respectively. (iii) Five kinds of interesting bifurcation phenomena
are revealed. The first kind is that the 1-blow-up waves can be bifurcated from the periodic-blow-up and 2-blow-up waves. The
second kind is that the 2-blow-up waves can be bifurcated from the periodic-blow-up waves. The third kind is that the symmetric
solitary waves can be bifurcated from the symmetric periodic waves. The fourth kind is that the low-kink waves can be bifurcated
from four types of nonlinear waves, the symmetric solitary waves, the 1-blow-up waves, the tall-kink waves, and the antisymmetric
solitary waves. The fifth kind is that the tall-kink waves can be bifurcated from the symmetric periodic waves. We also show that
the exp-function expressions include some results given by pioneers.

1. Introduction where «, 3,8,,0,, 05, and ¢, are real parameters. E = E(x,t)

is a complex function which represents the envelop of the
Since the exact solutions to nonlinear wave equations help to  ¢lectric field, and u = wu(x,t) is a real function which
understand the characteristics of nonlinear equations, seek- represents the plasma density measured from its equilibrium

ing exact solutions of nonlinear equations is an important  a]ye. Huang and Zhang [17] used Fans direct algebraic

subject. For this purpose, there have been many methods method to obtain some exact travelling wave solutions of (1)
such as the Jacobi elliptic function method [1, 2], F-expansion 44 follows:

method [3, 4], and (G’ /G)-expansion method [5, 6].
Recently, the bifurcation method of dynamical systems

[7-9] has been introduced to study the nonlinear partial ut = B (‘Pi )2, Bt = ‘Pt lrx-et)
differential equations. Up to now, the method is widely used R @ T
in literatures such as [10-16].
In this paper, we consider the generalized Zakharov uE = B ( + )2 EE = o plrxen
equations [17], which read as b0 2 c? Poo) > b0 = Peo ’
2 2
utt_cuxx:ﬂ|E| > ,
S ( )xx M Uy = £ (Sl’cio)z’ Ey = ‘Pfoel(yx_wt)’

iE, + aE, — 8, uE + 8,|E|’E + 8,|E|*E = 0, -2



2
+ B + 2 + + i(yx—w
Ugo = m(q)do) , Ejy = @€,
+ B +2 + + i(yx-w
ueO = c2 — C52 ((Peo) > EeO = (PeOe g t)’
2)
where y and w are two constants and
q)i + —12p
a0 = T > 3
3q — \99% — 48pr cos (2+/=pk) )
+ 2p
#ia = 1| 2 (-1 + tanh (5E)). )
+ 2p
0o = 27|22 (-1 - anh (15)), ©

P = * 2P . (6)
-39 + /997 — 48 pr cosh (2+/p&)

Peo = i\]%p (=1 - coth (1/pf)), (7)
E=x—ct, (8)
2
Ly -w 9
p=—— )
_ B G

1= & (2-¢2) o (10)
re-%, (1)

o
¢ =2ay. (12)

Whena =1, f=-1, 8, =-2, 6, =24, 8, =0, and ¢, =
1, (1) reduce to the equations

2
Uy — Uy, + (|E| ) =0,
xXx (13)
iE, + E, + 2uE + 2M|E|’E = 0.

El-Wakil et al. [18] used the extended Jacobi elliptic function
expansion method to obtain some Jacobi elliptic function
expression solutions of (13).

When A = 0, (13) reduce to the equations

Uy — Uy, T (|E|2)xx =0,

(14)
iE, + E, +2uE = 0.

By multisymplectic numerical method, Wang [19] proved
the preservation of discrete normal conservation law of (14)
theoretically and investigated the propagation and collision
behaviors of the solitary waves numerically. There are also
many other researchers studying (1) or its special case; for
more information, one can see [20-24].
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In this paper, we investigate the nonlinear waves and the
bifurcation phenomena of (1). Coincidentally, under some
transformations, (1) reduce to a planar system (54) which is
similar to the planar system obtained by Feng and Li [16].
Many exact explicit parametric representations of solitary
waves, kink and antikink waves, and periodic waves were
obtained in [16], and their work is very important for the
¢° model. In order to find the travelling wave solutions of
(1), here we consider (1) by using the bifurcation method
mentioned above; firstly, we obtain three types of explicit
nonlinear wave solutions, this is, the fractional expressions,
the trigonometric expressions, and the exp-function expres-
sions. Secondly, we point out that these expressions repre-
sent symmetric and antisymmetric solitary waves, kink and
antikink waves, symmetric periodic and periodic-blow-up
waves, and 1-blow-up and 2-blow-up waves under different
parameter conditions. Thirdly, we reveal five kinds of interest-
ing bifurcation phenomena mentioned in the abstract above.

The remainder of this paper is organized as follows. In
Section 2, we give some notations and state our main results.
In Section 3, we give derivations for our results. A brief
conclusion is given in Section 4.

2. Main Results

In this section, we state our main results. To relate conve-
niently, let us give some notations which will be used in the
latter statement and the derivations.

Letl,(i = 1,2,...,7) represent the following seven curves:
2
llzp=Z—r (r>0,q4<0), (15)
12:p=3—q2 (r>0,g<0), (16)
16r
L:p=0 (r>0,g<0), (17)
l,:p=0 (r>0,g>0), (18)
l.:p=0 (r<0,q>0), (19)
34
ls:pzl—zr (r<0,g>0), (20)
2
L:ip=L (r<0qg<0). (1)
4r
Let A;(i = 1,2,...,12) represent the regions surrounded
by the curves [;(i = 1,2,...,7) and the coordinate axes (see
Figure 1).
Let
B >
u(x,t) = a- CSZ(P ©, (22)
E (X, t) =9 (E) ei(yxfwt)’ (23)

A =g? - 4pr, (24)

%=J”+4 (25)

2r
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FIGURE 1: The locations of the regions A,(i = 1,2,...,12) and curves ;(i = 1,2,...,7).

_,|ma=A (26)
2 \j 2r

H(p.y)=h, (27)

where H(g, y) is the first integral which will be given later
and h is the integral constant.

In order to search for the solutions of (1) and studing the
bifurcation phenomena, we only need to get the solution ¢(&)
according to (22) and (23). For convenience, throughout the
following work we only discuss the solution ¢(&). Now let us
state our main results in the following Propositions 1, 2, and
3.

2.1. When the Orbit I Is Defined by H(¢,y)=H(0, 0)

Proposition 1. (i) For p = 0, (1) have two fractional nonlinear
wave solutions

2 i _
W= ST Ei-e o)
S
where
69
o —2 29
Pa \/3(1252 —4r (29)

If(q, p) € Ly, then ¢, are 1-blow-up waves (refer to Figure 2(d)).
If (q.p) € L, then ¢, are 2-blow-up waves (refer to
Figure 3(d)). If (¢, p) € Is, then ¢, are symmetric solitary
waves (refer to Figure 4(d)).

(ii) For p < 0, (1) have two nonlinear wave solutions

+ B iy
w =5 @)
S

By =gy (30)

where

~12p

P =* )
\j3q +1/9g% — 48 pr cos (2+/=p&)

These solutions have the following properties and wave shapes.

(1) When (q, p) € A, or A,, then ¢, and ¢}, are periodic-
blow-up waves (refer to Figure 2(a) or Figure 3(a)).
Specially, in region A, when p — 0 — 0, the periodic-
blow-up waves ¢, become 1-blow-up waves ¢, and
for the varying process, see Figure 2, while the periodic-
blow-up waves ¢, become a trivial wave ¢ = 0. In
region A, when p — 0-0, the periodic-blow-up waves
@;, become 2-blow-up waves ¢, and for the varying
process, see Figure 3.

(2) When (q,p) € Ay, then ¢, and ¢} are symmetric
periodic waves (refer to Figure 5(a)). If p — 0 -0,
the symmetric periodic waves ¢, become symmetric
solitary waves ¢, and for the varying process, see
Figure 4. If p — 3q°/16r + 0, the symmetric periodic
waves ¢, and @, become two trivial waves ¢ =

++/—=(3q/4r), and for the varying process, see Figure 5.

(iii) For p > 0, (1) have four nonlinear wave solutions

+ ﬁ +\2 + + i(px—w
uc:CZ—CZ((Pc)’ Ec:(Pce(y t)’
5 (32)
+ +\2 + + i(yx—wt)
“d:m(‘l’d)7 Ej = ¢z,
where
s_ 4Ap
e =3\ N2Vt 4 (N,/12) e 2V —Ag’
(33)
. 9p
Pa = F\ N2e 2V 4 (A,/12) 2P — Aq’

)\ is a nonzero arbitrary real constant and A, = 3q° — 16pr.
Corresponding to A > 0 or A < 0, these solutions have the
following properties and wave shapes.
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FIGURE 2: (The 1-blow-up waves are bifurcated from the periodic-blow-up waves.) The varying process for the figures of ¢ when (q, p) € A,
andp — 0-0,wherer=1,g=4and (a) p=0-10",(b) p=0-107,(c) p=0-10",and (d) p=0-10".

(1) For the case of A > 0, there are four properties as
follows.

(1), When (g, p) € I, thatis, r > 0, g < 0, and
r =3q°/16p, then ¢} and ¢} become

I+

+ 4p
Pe1 = \jm,
(34)

ohma |2
dl Ae 2V — g

which represent four low-kink waves (refer to
Figure 6(d) or Figure 7(d)). Specially, let A =
—q > 0, then ¢, and @3, become @y, and ¢,

(), If (g, p) belongs to one of A;, A, Ag and
A#\Ao/12, then ¢ +¢;, and they repre-
sent four symmetric solitary waves (refer to
Figure 6(a)). Specially, when (q,p) € A; and
p — 3g/16r — 0, then the four symmetric
solitary waves ¢ and ¢ become the four low-
kink waves ¢, and ¢, and for the varying
process, see Figure 6.

(D). If (g, p) belongs to one of Ay, As, Ag, 1, and
A+ \Ao/12, then @F # @5, and they represent
four 1-blow-up waves (refer to Figure 7(a)). Spe-
cially, when (g, p) € Ay and p — 3q*/16r + 0,

then the four 1-blow-up waves ¢> and ¢ become
the four low-kink waves ¢, and ¢, and for the
varying process, see Figure 7.

(14 If (g, p) belongs to one of A3, A, Ag, and A =

VAG/12, then ¢F = ¢ = @3, Specially, when
(@ p) € Ayand p — 3q°/16r -0, then ¢}, tend

to two trivial solutions ¢ = £+/—(3q/4r).

(2) For the case of A < 0, there are three properties as
follows.

2), If @p) € L, thatis, v > 0, q < 0, and
r = 3q°/16p, then ¢; and ¢ become ¢, and
@3, which represent four I-blow-up waves (refer
to Figure 8(d)). Specially, let A = q < 0, then ¢,
and @3, become the hyperbolic 1-blow-up wave
solutions ¢, and

@5, = i\/%p (—1 + coth (1/pé)). (35)

(), If (g, p) € Ayand A # — \[Ay/12, then ¢> + @3,
and they represent four 2-blow-up waves (refer to
Figure 8(a)). Specially, when p — 3q*/16r — 0,
then the four 2-blow-up waves become four 1-
blow-up waves ¢, and ¢y,, and for the varying
process, see Figure 8.
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FIGURE 3: (The 2-blow-up waves are bifurcated from the periodic-blow-up waves.) The varying process for the figures of ¢, when (g, p) € A,
andp — 0-0,wherer=1,g=—-4and(a) p=0-1,(b) p=0-0.5,(c) p=0-0.1,and (d) p =0-0.01.

(). If (@p) € Ayand A = —~[A([12, then ¢ =
@ = i of forms

. 12p
Pea = * \j (36)

-39 — /997 — 48 pr cosh (2@5),

which represent hyperbolic blow-up waves. When
p — 3q°/16r — 0, then ¢, tend to two trivial

solutions ¢ = £/—(3q/4r).

2.2. When the Orbit T Is Defined by H(¢@,y)=H(¢,,0)

Proposition 2. If (q,p) belongs to one of the regions
AL Ay A Ay Ay and Ay, or curves L, L, L, and 1, then
(1) have four nonlinear wave solutions

ﬁ +\2 + + i(yx—wt)

ue:c2_cf(%)’ E, = ¢, e,
8 (37)

£ +\2 £+ i(yx—owt)

“f_cz_cz((/’f)’ Ey =gye ’

where

+ ((A-q) /2r) (28 + q - 2ure®™)

=+ ’
\/(ZA + Q)z +4pr (44 — q) €% + 4uPr2e?®
(38)
s, ((A-q) /2r) (28 + q - 2ure™®)
Py ==

\/(2A +q) + 4ur (40 — q) % + 4pPr2e208

Y is a nonzero arbitrary real constant, A is given in (24), and
1
0= \/—A(A—q). (39)
r

_q+2A
o=

Let

(40)

About p,, one has the following fact:

>0 for (q.p) € A, A, Ayl

Hop1=0 for (g p) €l (41)
<0 for (q.p) € Ap AL ALl

Corresponding to u > 0 and y < 0, these solutions have the
following properties and wave shapes.
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FIGURE 4: (The symmetric solitary waves are bifurcated from the symmetric periodic waves.) The varying process for the figures of ¢ when
(gp) e Ayandp — 0—-0,wherer =-1,g=4and (a) p=0-0.5,(b) p=0-0.1,(c) p=0-0.01,and (d) p = 0—0.001.

(1°) For the case of u > 0, there are six properties as follows.

(1°), If (g p) € L, thatis, v > 0, g < 0, and r =
3q°/16p, then ¢F and ¢ become

T _ 4up
N I < — 42
Per +\/ 16 pe 2VPE — ug (42)

Fo_ 4up
= _ 43
(Pfl +\j 16p62 e _ g ( )

which represent four low-kink waves (refer to
Figure 9(d)). Specially, let y = —(16p/q) > 0,
then ¢, = ¢y and ‘P}1 = Ppo-

(1), If (g p) € Ay, Ay, As, and p# |y, then @ # @7,
and they represent four tall-kink waves (refer to
Figure 9(a)). Specially, when (q,p) € A; and
p — 3q°/16r — 0, then ¢ and (p}i become ¢,
and (pjfl, and for the varying process, see Figure 9.

If(gp) € ApAyLAple and p# |ugl, then
@, #¢;. When (q,p) € A, they repre-
sent four antisymmetric solitary waves (refer to
Figure 10(a)). When (q,p) € A, Ay and g,
they represent four symmetric solitary waves
(refer to Figure11(a)). Specially, when (g, p) €
Ay if p — 3q*/16r + 0, then ¢f and (p}f
become ¢, and <p;1, and for the varying process,

(1°)

(o)

see Figure 10. When (q,p) € A, and p —
q’/4r + 0, then ¢ and <p]ic tend to two trivial
solutions ¢ = ++/—(q/2r), and for the varying

process, see Figure 11.
19)4 If (. p) € Az and p = |uol, then ¢; = ¢} = ¢,

J(lhﬂ (8-9) (28 + g)sinh (625

\/ q+4A + (g + 2A) cosh (68)

which represent two tall-kink waves and tend to a
trivial wave @ = 0 when p — 3g*/16r — 0.

(1), If (g, p) € Ay and p = |pql, then 7 = 9% = ¢y,

\(1/r) (& - g) (2 + q) cosh ((6/2) &)

> (45)

\/q —4A + (q + 2A) cosh (68)

which represent two antisymmetric solitary
waves, tend to a trivial wave ¢ = 0 when
p — 3q°/16r + 0, and tend to two trivial waves
@ = ++/—(q/2r) when p — q2/4r -0.
() If (g p) € Ay, Ap,lg and p = gl then @, =
+ + . . .
@§ = @), which represent two symmetric solitary

waves. Specially, when (q,p) € A, and p —
q*/4r — 0, then ¢;: tend to two trivial waves ¢ =

++/—(q/2r).
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FIGURE 5: (The symmetric periodic waves become two trivial waves.) The varying process for the figures of ¢, and ¢, when (g, p) € A, and

p — 3q°/16r + 0, wherer = -1, q = 4, andl, :
p=-3+10"

(2°) For the case of y < 0, there are five properties as follows.

(2°), If (g, p) € L, then ¢ and ¢, represent four 1-
blow-up waves (refer to Fzgure 12(d)) Speczally,
let u = 16p/q < 0, then ¢, = ¢y andq)f -

@)W If @p) € ALApALA, and p# — i),
then @ #¢%, and they represent four pairs
of I-blow-up waves (refer to Figure12(a)).
In  particular, when (g, p) € A,
if p — 3q°/16r + 0, then the four pairs of
I-blow-up waves become two pairs of I-blow-up
waves, and the varying process is displayed in
Figure 12. If p — q°/4r — 0, then the four pairs
of I-blow-up waves become two trivial waves

@ = ++/—(gq/2r).

) If (g.p) € Ay, Apls and p# — |ugl, then
o, # (p;‘Z, and they represent four tall-kink waves.

(24 If u = ~luol, when (q, p) € A, then ¢, = ¢ =
@y, which represent two pairs of 1-blow-up waves.
When (q, p) € Ay, then ¢; = ¢; = @ which
represent two pairs of I-blow-up waves.

(2°) If (g, p) € Ayy, Ay lg and p = |y, then ¢ =
go} = (p; which represent two tall-kink waves.

p=3¢"/16r = -3and (@) p=-3+10", (b) p=-3+1072,(c) p= -3+ 107, and (d)

2.3. When the Orbit T Is Defined by H(¢p,y) = H(g,, 0)

Proposition 3. (i) If (g, p) belongs to one of A5, A4, Ay, and
L,, then (1) have four nonlinear wave solutions

+ ﬁ +12 + t)
ui = Cz_cz((Pi) > _(Pl e
: (46)
ot = B ( i)z EE = ot reet)
iT 2 _2\%) i =9 >

where

(@+4)(2A-q) U
r(g+4A + (g - 24) cos (5€)) COS(EE>’ 47
q+A4)(2A-q)

. (1
- Jr@+4A (q- mgcmOﬁnsm(EE» (48)

1=\~ (apr-glq+ A)) (@)

When (g, p) € As, Ay, or L, then ¢ and (p;fr represent
periodic blow-up wave solutions (refer to Figure 13(a)). When
(g, p) € Ayy, then ¢ and @5 represent periodic wave solutions
(refer to Figure 14(a)).

(ii) If (g, p) € I, or L, then (1) have two fractional wave
solutions

g P

k_c (‘Pk)

f= e (50)
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FIGURE 6: (The four low-kink waves are bifurcated from four symmetric solitary waves.) The varying process for the figures of ¢ and ¢
when (g, p) € A;, A >0, A#+/A,/12and p — 3¢*/16r —0, wherer = 1, g= -4, A=4,and I, : p = 3¢°/16r =3 and (a) p = 3 - 107", (b)

p=3-107,(c)p=3-10",and(d) p=3-10".

where

oF = +\/z 8
k “N2r [q2£2_12r. (51)

When (g, p) € 1,, @i represent two I-blow-up waves (refer
to Figure 13(d)). When (g, p) € L, ¢ represent two tall-kink
waves (refer to Figure 14(d)).

(iii) If (g p) € Ay and p — q°/4r — 0, then the
periodic blow-up waves ¢; tend to two trivial solutions ¢ =
++/—(q/2r), while (p;fr tend to the I-blow-up waves ¢;., and the
varying process is displayed in Figure 13. If (g, p) € A, and
P — q*/4r +0, then the periodic waves ¢} tend to two trivial
solutions ¢ = ++/—(q/2r), while (p;fr tend to the tall-kink waves

@i, and for the varying process, see Figure 14.

3. The Derivations of Main Results

To derive our results, substituting (23) and u(x, t) = u(&) with
& = x — ct into (1), it follows that

(CZ _ Csz) S = ﬁ((/)z)”)
ag” +i(2ay —c) ¢’ + (w - ocyz) ® (52)

—8,up +8,¢° + 839 = 0.

Integrating the first equation of (52) twice with respect
to & and taking the integral constants to zero, we get (22).
Substituting (22) into the second equation of (52) and letting
¢ = 2ay, it follows that

0" = pp+qp’ +r¢’. (53)
Form (53) we obtain the planar system
de
ag =

J (54)
d—; = pp+qp’ +r¢7,
with the first integral
_ 2 2,9 4,7 6)_
H(p.y) =y —(P<P LR AR )—h. (55)
According to the qualitative theory, we obtain the bifur-
cation phase portraits of system (54) as Figures 15 and 16.

Using the information given by Figures 15 and 16, we give
derivations to Propositions 1, 2, and 3, respectively.

3.1. The Derivations to Proposition I. When the orbit T is
defined by H(e, y) = H(0,0), from (55) we obtain

y= i\/p(pz + gq)‘* + g(pﬁ. (56)
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FIGURE 7: (The four low-kink waves are bifurcated from four 1-blow-up waves.) The varying process for the figures of ¢ and ¢ when
(@ p) € Ay A >0, A#+/A,/12,and p — 3¢°/16r + 0, wherer = 1, g = —4, A = 4, andl, : p = 3¢°/16r = 3and (a) p = 3+ 107", (b)

p=3+107,(c)p=3+10%and(d) p=3+10".

Substituting (56) into the first equation of (54) and
integrating it, we have

J‘P ds ¢
! \/p52 +(q/2)s* + (r/3) s° G7)

where [ is an arbitrary constant or +oo.

For p = 0, letting | = 1/—(3g/2r) or +co and completing
the above integral, it follows that

. 69
p== 328 —4r’

which yields ¢ as (29).
For p < 0, completing (57) and solving for ¢, it follows
that

(58)

-12
p== £ > (59)
3q — \(99* — 48prsin (A + 2+/=pé)

where A = A(]) is an arbitrary real constant. Let A = £(71/2),
respectively, and we obtain the solutions ¢, and ¢, as (3) and
(31).

When (g, p) € A,, thatis,» >0, g > 0,and p <0, let

f(p) =3q-9q* - 48pr cos (2+/-pk).,
g(p) =3q+ /99 — 48pr cos (2+/-pt) .

(60)

Thus, we have

. + . _lzp
L J 7
= 4./ lim —12

T \pmoof7(p)

X ( (3q2 - 16pr) &
x (sin (2+/=p%) /2v=P%)
RN V)
—4r cos (2@5)) 1) )
6q

i e
3q2E2 — 4r
= go:j (see (29)),

-12
lim ¢, = lim + P
p—0-0 p—0-0 g(p)

(61)
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FIGURE 8: (The four 2-blow-up waves become four 1-blow-up waves.) The varying process for the figures of ¢ and ¢ when (g, p) € A;, A <

0, A+
p=3-10Cand(d) p=3-10".

When (q,p) € A,, thatis,r > 0, g < O,and p < 0,
similarly we get

,im P = Pa- (62)

When (g, p) € Ay, thatis,r < 0, g > 0,and p < 0, if
p - 3q2/16r+0, then f(p) and g(p) — 0.
Thus,

lir(r)l_o(p:fo (or @) = +\[-=. (63)

For p > 0, completing (57) and solving for ¢, it follows
that

4Ape? VP

= 64
4 i\j)tze‘l\/ﬁ's +(q*/4—4pr/3) - (64

Age2VPE’

where A = A(I) is an arbitrary real constant.
Note that if ¢(&) is a solution of (53), so is ¢(-&). Thus,
from (64) we obtain the solutions (pci and (p:j as in (33).

—A/12,and p — 3q2/16r —0,wherer=1,g=-4, A=—-4,and [, : p= 3q2/16r =3and(a) p=3- 107, (b) p=3- 1072, (¢)

For the case of A > 0. When (g, p) € I,, thatis,r > 0, g <
0and r = 3g%/16p. In (33) letting r = 3g°/16p, we get (34).
Furthermore, in (34) letting A = —q > 0, it follows that

0 = 2| —
—q (VP +1)

4pe_@£
—q (eVPE + e VFE)

2 eVPS _ o VIS
—q - eVPE 1 g~ VPR

2P (1 - tanh (\/p))

Il
I+
é é _ L_

;f’( 1+ tanh (y/p£))

Ppo (see(4)),
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FIGURE 9: (The four low-kink waves are bifurcated from the four tall-kink waves.) The varying process for the figures of ¢ and (p;i when
>0, u#lupl (g p) € Ay and p — 3q°/16r—0,wherer =1, q=—4, L, : p = 3¢°/16r = 3, and p = 4and (a) p = 3-0.5,(b) p = 31072,

()p=3-10"*and(d) p=3-107"°.

==
\/ q(e‘z\F‘E +1)
. 4pe\F£
T (e\FE te \FE)
~-VP§
q e\Ff +e \/75
:iJ—Z 1 + tanh (y/p))
= i\/;‘p —1 - tanh (1/p€)) = @7, (see(5)).
(65)
When A = /A,/12, by (33) it follows that
+ 3 24p
P =Pg = *
—6q + (9g> — 48pr (eVP + e~ VP?)
. 12p
- -39+ 1/9g% — 48 pr cosh (2+/p&)
= ¢y (see(6)).
(66)

For the case of A < 0, similarly we can obtain (7), (35),
and (36), and here we omit the process. Hereto, we have
completed the derivations for Proposition 1.

3.2. The Derivations to Proposition 2. When the orbit T is
defined by H(g, y) = H(¢,,0), from (55) we obtain

.
y= i\/m’2 + gqf‘ + 39+ H(91,0)
(67)

r 2
— 402~ (97 + )

where @, and y, are given in (25) and (40). Substituting (67)
into the first equation of (54) and integrating it, we have

J:” ( )
> 68
\/( / )(;% 2)2(!2 (‘0)

where m is an arbitrary constant or +co.
Completing the above integral and solving for ¢, it follows

that
¢ = i\jfpf -

0
4a, pe ¢ (69)
2ube® + b - 4a,’

Mz 2208 _
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FIGURE 10: (The four low-kink waves are bifurcated from the four antisymmetric solitary waves.) The varying process for the figures of ¢
and(p;i when > 0, u#luyl, (g p) € Ajand p — 3q°/16r +0, wherer =1, g= —4, I, : p=3g*/16r =3, and y =4and (a) p=3+10",

b)) p=3+107,(c) p=3+10",and (d) p=3+107".

where 0 is given in (39), u = u(m) is an arbitrary constant,
and

_3A(A-q)

q—4A
452 '

2r

(70)

a,

> bl =

Similar to the derivations for ¢ and ¢, we get ¢, and (p?
(see (38)) from (69).

For the case of u > 0, when (g, p) € I,, thatis,r > 0, g <
0,and r = 3¢°/16p, then 6 = 2+/p and q + 2A = 0. From
(38) and (41), it is easy to check that ¢ and ¢ become ¢},
and (p)f1 (see (42)), respectively. Furthermore, in (42) letting
p = —(16p/q), it follows that

. 4
P =7 {)
q (1 +e2VP%)

_ 1\/%{7 (—1 —tanh(\/ﬁf))

= cpjo (see (5)),

- -4
(P:;l = 1 —p
q (1 +e>VPe)

— ;\/%p (-1 + tanh (1/p%))

= goZO (see (4)).
(71)

If (g, p) € Ay and p = |y,l, thatis,» > 0, y = p, > 0, and
2A + g > 0, we have
9e

(A-q)/2r (ZA +q- 2;41’665)

=+

\/(ZA + ‘1)2 + dur (448 — q) % + 4pPr2e0%

\(A=q)/2r(2A +q) (1 - eef)

+
V(g +28)2 +2(q+2A) (44 — q) e + (q -+ 24) e

\/2r) (A - ) (21 + q) (1 - %)

=+
\/q+2A+2(4A—q)e95+(q+2A)e29‘E

\/ (1/2r) (A - q) (2A + ) (e %> = %7?)
=+

V2 (48 — q) + (g + 2) (% + &%)
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FIGURE 11: (The four symmetric solitary waves become two trivial waves.) The varying process for the figures of ¢ and (p} when p >
0, u#luol (g p) € A,,and p — g*/4r + 0, wherer = -1,q =4, I, : p=q*/4r = —4,andu = 1 and (a) p = -3.5,(b) p= -4 + 107, (¢)

p=-4+10"7and(d) p=-4+10"".

(/) (A-q) (28 +q) sinh ((0/2)§)
=F
\/—q +4A + (g + 2A) cosh (6¢)

=g, (see(44)),

+

Pr

\J(A-q)/2r (ZA +q- 2‘ure_9£)

=z
\/(ZA +q)° + 4ur (41 — q) €% + 4p2r2e20

(A-q)/2r(2A +9q) (1 - e_ef)

=+

V(q+28)" +2(q+2A) (4 — q) e % + (q+24) e 2%
\/(1/2r) (A-q)(2A +9q) (1 - eigf)

\/q +2A+2(4A - q)e™% + (q+2A) e72%

N \/(1/2;') (A-q)(2A+q) (60‘5/2 - 6705/2)
\2(48 - q) + (g + 20) (% + o)

=+

W (8-g) (24 + ) sinh (0/2))
- \/—q +4A + (g + 2A) cosh (68)

(p;£ (see (44)).

(72)

If (g, p) € Ayand p = |pyl, thatis,r > 0, u = —py > 0,
and 2A + g < 0, we have

+
Pe

\/(A - q) [2r (ZA +q- 2[47’60‘5)

\/(ZA + ‘I)z + dur (44 — q) % + 4pPr2e0t

. (A—q)/Zr(2A+q)(1+eeg)

V(g +28)7 +2(q+ 20) (48 - q) €% + (q + 28)%e2%

\/(1/21’) (A-q)(2A+q) (1 + eeg)
T
\/q +2A +2(4A - g) % + (g + 2A) 2%

\/ (1/2r) (A - q) (2A + ) (e %/ + €%7?)
F

\/2 (4A - q) + (g +2A) (e7% + &%)

(/) (A-q) (28 +g) cosh ((0/2) &)
+
\/—q +4A + (g + 2A) cosh (68)

= (pf1 (see (45)),
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FIGURE 12: (The two pairs of 1-blow-up waves are bifurcated from the four pairs of 1-blow-up waves.) The varying process for the figures of
®: and (p;i when u < 0, u# — |ol, (¢ p) € Ay, and p — 3g°/16r + 0, wherer = 1, g = -4, I, : p = 3q°/16r = 3, andu = —4 and (a)

p=3+102%1b)p=3+10"%(c)p=3+10°and(d) p=3+10".

o7 If (g, p) € Ay, A lg and p = |y, thatis, r < 0, pu =

—uy > 0,and 2A + g > 0, we have
\J(A-q)/2r (ZA +q- Zyrefaf)

=+ +
\/(ZA + q)2 +4ur (4A — q) e7% + dpPrie 20 Pe
\(A-q)/2r (ZA +q- Zyreee)
- o =+
-+ (A-q)/2r(2A+4) (1 re ) \/(ZA + q)2 + dur (448 — q) % + 4pPr2e0%
V(q+28)" +2(q+24) (4 — q) e + (q +24) e 2%
\(A=-q)/2r(2A +q) (1 + eef)
=+
B \/(1/21‘) (A-q)2A+q) (1+e*) \/(q +20)7 +2(q +24) (4A — q) €% + (g + 2A)° 2%
=7
Va+28+2(48-g)e % + (g + 20) \/2r) (A - ) (21 + q) (1 + ™)
=+
i \/(I/Zr) (A—q) (20 +q) (%2 + &%) \/q +2A+2(4A - q) €% + (g + 24) 2%
V2 (48 - ) + (g +24) (% + ¢%) V(1/20) (A - ) (28 + ) (72 + £772)

=+

V2 (48 — q) + (q+ 2) (7% + &%)

\(/r) (8- q) (28 +g) cosh (6/2) )
=F

\/—q +4A + (g + 2AA) cosh (68) . \/(1/”) (A—q) (24 +q) cosh ((6/2) &)
- \/—q +4A + (q + 2A) cosh (68)

= (pﬁ (see (45)).
(73) =g, (see(45)),
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+

Py

\(A=q)/2r (ZA +q- 2yre_9£)

\/(ZA +q) + 4ur (4 — q) e % + 4p2r2e~20%

\(A=-q)/2r(2A+q) (1 + e_eg)

V(q+28)" +2(q+2A) (4 — q) e % + (q+24) e 2%

=+

=+

\/(1/21') (A-q)(2A+9q) (1 + 6_9‘5)

=z
\/q +2A+2(4A - q) e % + (g +2A) e 2%

(1720 (8= ) (28 + q) (¢ + £952)
=t

V2 (44 - q) + (g +28) (7% + &%)

. \(/r) (A - q) (24 + q) cosh ((6/2) &)
- \/—q +4A + (g + 2A) cosh (6¢)

= (pﬁ (see (45)).
(74)

For the case of ¢ < 0, similarly we can obtain the
relations of the solutions ¢, (p;, q);, and ¢;,, and here we omit

the process. Hereto, we have completed the derivations for
Proposition 2.

3.3. The Derivations to Proposition 3. When the orbit T' is
defined by H(g, y) = H(g,,0), firstly, if (g, p) belongs to one
of A;, Ay, Ay, and 1, then from (55) we obtain

.
y= i\/P(PZ + gqf‘ +39° + H(9,0)
(75)

r
— 45029 (97 4 ),

where ¢, is given in (16) and §, = (q — 2A)/2r. Substituting
(75) into the first equation of (54) and integrating it, we have

J“/’ ds _:
" 13 (- g2) (# +.00) 7o

where # is an arbitrary constant or +co.
Completing the above integral and solving for ¢, it follows
that

2a,
= 44|¢? — , 77
4 \j% b, + 8, sin (8 + n&) 77
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FIGURE 14: (The two tall-kink waves are bifurcated form two periodic waves.) The varying process for the figures of (p;T' when (g, p) € A}, and
p — q*/Ar +0,wherer = -1, g =4, andl, : p = g*/4r = —4and (a) p=-3.5,(b) p= 4+ 107", (c) p= -4+ 107, and (d) p = —4 + 10°.

where # is given in (49), § = 8(n) is an arbitrary constant,
and

_3A(A+q)

_q+4A
4r2 '

, = (78)
2 2r

2

In (77) letting § = +(7/2), respectively, we obtain the
solutions q)it and gof as (47) and (48).

Secondly, if (g, p) € I, or I, thatis, A = 0 and ¢} = -8, =
—(g/2r), thus from (75), we obtain

r q )3
=+\— 2 — ] . (79)
4 _\j3(¢ "o
Similarly, we have
-4 4
P=%\7" > 80
2r \q?e - 12r (80)

which yields ¢; as in (51).

When p — ¢°/4r, it follows that

A=1g?—4pr — 0,

A v ECES Y

(81)

22 4¢4
o1& s
COS(ﬂE)—l—T+4—!+

+A(A+Q)£2+

=1 . O(Az).

Thus, we have

lim

(P._
po (g /an)

—+ lm (g+24)(2A-q) o (M
- _p—l>q2/4r\jf(q+4A+(q—ZA)COS (7)) (2E>

—
N i\/_i,
2rq 2r




Abstract and Applied Analysis

WM\ \ 3

17

N WL
7 AN T / ¢
ek 2 2
PO R TN N
] P %\\q, - jAl M ;
y [

Vv
IV

F1GURE 15: The bifurcation phase portraits of system (54) for r > 0.

(q+A4)(2A-q)
r(q+4A ~(q-24) cos (18))

,rJ
:

((-arorea-a)

sin (

(q+4)(2A - q) (1 - cos (n§))
2r (g +4A — (g — 2A) cos (7))

%)

hm
poqlar

A(A+q),,
2r d

lim =+
p—q*/Ar

+o (A) >>< <2r [q+4A— (g-24)

(1200

I+

(A+9)’(2a-9)
2r

Ez+o(A)>
X <2r [6—(q—2A)<1 + Wg)

Z1N 172
+0(A)]> >

\J (q3/2r) &
2r (6 — (q?/2r) &)
\/ -9 48

2r

= go,f (see (51)).

o) ] )>/

results.

(82)

Hereto, we have completed the derivations for our main
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4. Conclusions

In this paper, we have investigated the explicit expressions
of the nonlinear waves and bifurcation phenomena in (1).
Firstly, we obtained three types of explicit nonlinear wave
solutions. The first type is the fractional expressions ¢, and
go,f (see (29) and (51)). The second type is the trigonometric
expressions ¢ and gof (see (47) and (48)). The third type is
the exp-function expressions ¢, ¢, ¢, , and ¢ (see (33) and
(38)).

Secondly, we revealed five kinds of interesting bifurcation
phenomena in (1). The first phenomena is that the 1-blow-
up waves can be bifurcated from the periodic-blow-up (see
Figure 2 or Figure 13) and 2-blow-up waves (see Figure 8).
The second phenomena is that the 2-blow-up waves can be
bifurcated from the periodic-blow-up waves (see Figure 3).
The third kind is that the symmetric solitary waves can be
bifurcated from the symmetric periodic waves (see Figure 4).
The fourth kind is that the low-kink waves can be bifurcated
from the symmetric solitary waves (see Figure 6), the 1-blow-
up waves (see Figure 7), the tall-kink waves (see Figure 9),

and the antisymmetric solitary waves (see Figure 10). The fifth
kind is that the tall-kink waves can be bifurcated from the
symmetric periodic waves (see Figure 14).

Thirdly, we showed that some previous results are our
special cases. For instants, ¢, ¢, and ¢y, are included in
®r, 95, ¢, and (p]i( (see (4), (5), (7), (33), and (38)). ¢j;, are
included in ¢} and ¢ (see (6) and (33)).

Finally, we employed the software Mathematica to check
the correctness of these solutions. For example, the com-
mands for u, and E, are as follows:

w = ay’,
P =(ay* —w)/a,
= ﬁ81/(x(62 - csz) -6,/
r=-05/a,
c =2y,
E=x—ct,

P, = \6q/(3q°E? - 4r),
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u, = (B/(c* = ),

E, =¢, Expli(yx —wt)],

Simplify[D[u,,{t, 2}] - ZDlu,.{x, 2}] - D[ {x, 2}]]
Simplify[iD[E,,t] + aDI[E,, {x,2}] - 6&u,E, +
8,92, + 839,E,]

0

0
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