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EXISTENCE OF KINK AND UNBOUNDED
TRAVELING WAVE SOLUTIONS OF THE
CASIMIR EQUATION FOR THE ITO SYSTEM*

Temesgen Desta Leta and Jibin Lif

Abstract This paper study the traveling wave solutions of the Casimir equa-
tion for the Ito system. Since the derivative function of the wave function is a
solution of a planar dynamical system, from which the exact parametric rep-
resentations of solutions and bifurcations of phase portraits can be obtained.
Thus, we show that corresponding to the compacton solutions of the deriva-
tive function system, there exist uncountably infinite kink wave solutions of
the wave equation. Corresponding to the positive or negative periodic solu-
tions and homoclinic solutions of the derivative function system, there exist
unbounded wave solutions of the wave function equation.
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1. Introduction

Abbasbandy etc [1] consider the traveling wave solutions for the following partial
differential equation:
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which was called the Casimir equation for the Ito system. The equation was origi-
nally derived by Olver [11] to study the Ito system [8] which is given as:
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Ito showed that (1.2) is highly symmetric and possesses infinitely many con-
servation laws. It is an extension of the KdV equation, [5,12], with an additional
field variable V. [2,6,7] introduced a dual bi-Hamiltonian system for system (1.2),
which admits a Casimir functional and associated Casimir equations. Introducing
a stream function for the Casimir equations, they then obtained the single partial
differential equation (1.1).
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To investigate the traveling wave solutions of (1.1), let w(z,t) = ¢(&), where
€ = z— B2t is the wave variable and 3 > 0. (1.1) reduces to the following ordinary
differential equation:

1z L o202, i
o' =507 076 +e0"] (13)
where prime denotes differentiation with respect to £ and either e = —1 or e = 1

depending on the sign (+) or (—) in (1.1).
For the wave function ¢(¢), introducing the derivative function ¢¥(§) = ¢'(€), we
have

e A (1.4
Integrating equation (1.4) once, we obtain
a=f—@+a (15)

where « is a constant of integration. Equation (1.5) is equivalent to the planar
dynamical system [4] as follows:

dip dy  B—oap+yt +
dié' —_ y7 dig —_— iT. (1.6)
with the first integral
1 1
Hy(y,y) = §y2 T (2w2 + % - 25)2> =h. (1.7)*

It is easy to see that systems of (1.6)* are singular traveling wave systems of the
first class defined in [9,10] with one singular straight line ¢ = 0.

If we have an exact solution 1(¢) of the derivative function systems (1.6)*, then
we obtain wave function

¢
¢(§) = A P(§)de. (1.8)

We notice that the study results in Abbasbandy etc [1] are not complete. De-
pending on the change of parameter group («, 3), all possible dynamical behavior of
traveling wave solutions of system (1.6)* have not be discussed. For the derivative
function (), any exact explicit solution of systems (1.6)* has not be given. In
addition, Abbasbandy etc [1] did not say any words about the wave function ¢(§).

The aim of this paper is to give complete and new study results for system
(1.6)* and for the traveling wave solutions of equation (1.1).

This paper is organized as follows. In section 2, we discuss the bifurcations of
phase portraits of systems (1.6)* under different parametric conditions. In section
3, we give exact parametric representations for all bounded solutions of system
(1.6)*. In section 4, we study the existence of kink wave solutions and unbounded
traveling wave solutions of (1.1) by giving the main results of system (1.6).
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2. The bifurcations of phase portraits of systems
(1.6)*

We know from section 1 that the parameter S > 0. For mathematical completion,
in this section, we assume that 8 € (—o0, 00).

Write F(¢) = ¢* — ayp + 3. Because every equilibrium point (1;,0) of systems
(1.6)* satisfies F(1;) = 0. To investigate the equilibrium points of system (1.6)*,
we must discuss the number of real zeros of function F'(1).

Clearly, we have F'(1)) = 413 —q, for which it has only one real zero ¢ = (%) g

1o. Notice that F(i) = 8 — 3 (%)% ,F(0) = 8. Therefore, when F(¢y) < 0 and
B > 0, there exist two positive real zeros ¢, j = 1,2 of F(¢)) with 0 < 1)1 < ¢g < 3.
When F(¢y) = 0,8 > 0 there exists a double zeros of F(¢) at v = 1y. When
F(¢p) < 0and 8 =0, there exist two real zeros 0 and ¢ of F'(¢) with 0 < 19 < 1.
When F(1)p) < 0 and < 0, there exist two positive real zeros 1, j = 1,2 of F(1)
satisfying ¥ < 0 < 9. If F(3pg) > 0, then systems (1.6)* have no equilibrium
point.

Following [9], we consider the associated regular systems of systems (1.6)* as
follows:

@ _
ac

where d¢ = 13d(, for ¢ # 0.
Let M(vj,y) be the coefficient matrix of the linearized system for equation
(1.6)* at an equilibrium point. we have J(1/;,0) = detM (1;,0) = —p3F’(1;), for

j=1,2. And J(0,0) = detM(0,0) = 0. In the («, 8)—parameter plane, there are
4
two parameter curves (L1) : 8 = 3(%)® and (Lz) : 8 = 0, which partition this

parameter plane into four regions: (IT),(IV),(VI),and (VIII) shown in Fig.1.
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Figure 1. The parameter regions partitioned by bifurcation curves in the (e, 8)-plane.
By using the above information to do qualitative analysis, we have the follow-

ing bifurcations of phase portraits of system (1.6) shown in Fig. 2 and Fig. 3,
respectively.
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Figure 2. Bifurcations of phase portraits of system (1.6).
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Figure 3. Bifurcations of phase portraits of system (1.6)*.
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3. The exact explicit bounded solutions of systems
(1.6)F

In this section, we are interested in determining the bounded solutions of system-
s (1.6) and considering the exact parametric representations of the solutions of
system (1.6)*.

First, we consider system (1.6)~. We see from (1.7)~ that y? = HWZ—W
By using the first equation of (1.6)*, we have

([ $?
<= /o \/ﬁ — 200) + 2ha)2 — ot . (3.1)

Then from (3.1), we may obtain the parametric representations of solutions of sys-
tem (1.6) .

3.1. (a,p) € (I)ie., a>0,5=0 (see Fig. 2(a)).

(i) Corresponding to the close branch of the level curves defined by H_(¢,y) =
h,h > hy, there exists a family of periodic orbits enclosing the center Fj(¢1,0) in
the right half-phase plane, which gives rise to a family of periodic solutions of system
(1.6)~. Now, (1.7)~ can be written as y? = ﬁ_Qaw+j§2w2_w4 = (Tl_w)(w;?)w(w_”’),
where 73 < 0 < 1y < 1pp < 1. and (3.1) becomes

v i)
e V(1= )W —r2)(th —13)

Thus, we have the following parametric representation of the periodic orbits:

&=

¢(X> - 1— O[%SH2X7
Oy ' , (3.2)
§(x) = ——=——=—=M(arcsin(sn(x, k)), a7, k),
ri(re — 3
where af = Br2, k= % and sn(x, k) is a Jacobian elliptic function [3].

(ii) Corresponding to the open branch of the level curves defined by H_ (v, y) =
h,h > hy, there is an open curve family passing through the point (r3,0) and
tending to the singular straight line ¥ = 0 when |y| — oo in the left half-phase
plane, which gives rise to a family of compacton solutions of system (1.6)~. In this
case, (3.1) becomes

¢ Py
rs /(11— ) (r2 — )0 —713)

Hence, we have the following parametric representation of the open orbits:

=

rH — T3
=7 — ——s—5 0,2K(k
600 = - T e (02K ()
2 . , (3:3)
£(x) = ——=—=——= [r1x — (r1 — r3)I(arcsin(sn(x, k)), a3, k)] ,
r1(r2 —73)
where a3 = 2 k= % and K (k) is the elliptic integral of the first kind.
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3.2. (a,f8) € (II), ice., a > 0,8 < 3 (2) 7 (see Fig. 2(b)).

(i) Corresponding to the level curves defined by H_(¢,y) = h,h € (ha, h1), there
exist a family of close orbits and two open orbit families, which tend to the singular
straight line ¢» = 0 as y — 4oo. In this case, H_(¢,y) = h can be written as
y? = (Tlfw)(w”iz(f*ra)w*”), where 74, < 0 < 713 < 91 < r9 < g < r1. Now, for
the periodic orbits, (3.1) becomes

Y Py
e V(1= )W —r2) (W —r3)(th —14)

Hence, we have the following parametric representation of the periodic orbits:

£

T9g — T3
2
1—oaj

2 . 2
&(x) = \/(ﬁ e [rsx + (r2 — rg)II(arcsin(sn(x, k)), a3, k)],

where a3 = s k= %

For the open orbits passing through the points (r3,0), (3.1) becomes

o vdy
- /w Vi = 0)(r = 0)(rs — )0 —12)

Thus, we have the following parametric representation of the compacton solutions:

Ty — T3 1 [r3(ra —ra)
=Ty — ——5—5—, €| —sn ——=,0,
w(X) T2 1 — O[ZSDQX X ( TQ(T3 . T4) )

V(x) =73+ 2y’
X (3.4)

) (3.5)
= rox — (re — r3)II(arcsin(sn(x, k ,ai,k ,
£00 = sl = (r2 = o) Harcsin(sn(. ), o, )

2 _ rg—r _ (rs—ra)(r1—ra)
Where Qy = 7‘;—7'3’ k - W

For the open orbits passing through the points (r4,0), (3.1) becomes
_ [ Ydy
re V(1 =) (r2 =) (r3 = ) (¢ —14)

Therefore, we have the following parametric representation of the compacton solu-
tions:

3

S Sl i _1 | —ra(ri—rs)
YOI T ey X <O’Sn ra{rs = 1) ) (3.6)
£00 = =L [rux — (m — ra)(arcsin(sn(x, k), o3, k)],

\/(Tl —7"3)(7”2 —7‘4)

where a2 = f=rs = /{ra=ra)(n-ra)
57 ri—ry’ (ri—r3)(ra—mra) "
(ii) Corresponding to the level curves defined by H_(¢),y) = hq, there exist a
homoclinic orbit to the equilibrium point Fj(t)1,0) enclosing the center Es(t)2,0)
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and a open curve, which tends to the singular straight line ¢» = 0 as y — £oo. The
homoclinic orbit gives rise to a bright solitary wave solution of system (1.6)~ (see
Fig. 4(a)).

For the homoclinic orbit, we see from (1.7)~
where r,,, < 0 < 11 < 1py < rps. Thus by using the first equation of (1.6)~, we have

that 32 — (waﬁ)(zb:/}zbl)?(wrm)

)

Y ™ dip
= + .
¢ /w Vv =) (@ —rm) 1/w (W =)/ (rv =) —7m)
It follows the parametric representation of the bright solitary wave solution of system
(1.6)~:
2(rm — Y1) (Y1 —rm)
(TJM - Tm) COSh(\/("‘M - 1/)1)(1/)1 - rm)X) - (TM + Ty, — 2%)7

£(x) = P1x + arcsin (TM rm 2¢(X)> + lw.
™M — Tm 2

Y(x) =1+
(3.7)

For the open orbit passing through the point (r,,0), we have that
v dy v dy
= + .

¢ ron A (rar = ) (W — 1) . /rm W =)V =) (W — 1)

Thus, we have the following parametric representation of the compacton solution
(see Fig. 4(b)):

2(rar — 1) (Y1 — 1)
(rar — rm) cosh (\/(TM — 1) (1 — Tm)X) + (rar 4 1m — 2401)
Mt T~ 2¢(X)) _ 1

TM — Tm 2

Y(x) =1 —

£(x) = ¥ x — arcsin (

(3.8)

(iii) Corresponding to the level curves defined by H_(v,y) = h,h > hy, there

exist two open orbit families laying in left and right half-phase planes, respectively,

which tend to the singular straight line ¢ = 0 as y — *oo. We consider the left
open orbits. Now (3.1) becomes:

,(/)2
= / \/ = D@ — )0

pdy
2 V(1 =)W —r2)[(p = b1)? + aF]

Thus, we obtain the following explicit exact family of compacton solutions (see
Fig. 4(c)):

(riBi 4+ 12A1) — (r1B1 — ra2Ay)en(x, k)

YT B T (A Boeok)
T’lBl — T”QAl o — 6[2 042
E(X) = (Al — Bl)\/m |: 2X+ ﬁn <3,I'CCOS(CH(X,]€))7 a2—17k> (39)
Cala—dn

T a2 )Fl(X)] ,
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2 _ 2 2 2 _ 2 2 _ A1—-By » _ 1m2A1—11B) 2 _
where Af = (r1—b1)*+af, Bf = (r2—b1)*+af, a =55t G = 247080 k% =

(7-1—T2)2_(BI411_B1)2’k/ = v/1—k? and sn(-, k),cn(-, k),dn(-, k) are Jacobin elliptic

IA
functions [3]., TI(, -, k), E(-, k) are the elliptic integrals of the third kind and second
kind, respectively.

1—a2 » K2+ (K)2a2 Q2 ,
i (0)al tan < 1o sd(x, k) |, if e < k=,
2
Sd(X7 k)a if aga_ 1 = k27
Fi(x) =
1 1—a? I k2 + (K')2a?dn(x, k) + Va2 — Isn(x, k)
2\ k2 + (K)2a? k2 + (K')2a2dn(x, k) — Va2 — Isn(x, k) |’
2
if k.
1 221 >
(3.10)
(a) Solitary wave (b) Upper compactons (c) Lower compactons

Figure 4. The profiles of the solitary wave and compatons of system (1.6)~.

Similarly, we can calculate the parametric representation for the right family of
open orbits.

3.3. (a,p) € (I11),(IV),(V) (see Fig. 2(c)).

Corresponding to the level curves defined by H_(¢,y) = h,h € (—00,00), there
exist two open orbit families laying in left and right half-phase planes, respectively,
which tend to the singular straight line ¢ = 0 as y — £o0.

The left family of the open orbits has the same parametric representation as
(3.10).

Because the orbits in Fig. 2(d) and Fig. 2(e) are symmetric with respect to
y—axis, so that we do not need to consider the exact parametric representations for
these orbits.

3.4. (a,p) € (VIII) (see Fig. 2(f)).

In this case, system (1.6)~ has two centers Fj(11,0) and F5(1)2,0). When a < 0,
we have hy < hi. Corresponding to the level curves defined by H_(1,y) = h,h >
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h1, there exist two close orbit families laying in left and right half-phase planes,
respectively. For the right orbit family, we have

Y by
e V(L =) —r2) (% —73) (% —14)

Thus, we have the parametric representation of the periodic solutions as (3.5).
For the left orbit family, we have

Y W
v V(1 =) (r2 =) (rs — ) (@ —14)

Hence, we have the following parametric representation of the periodic solutions:

£

3

L —Tq
o 2¢n2+ ]
1 — agsn?y

2 . 2
€00 = — sl — 1 = ro)arcsin(on(, ). of. )

2 ry—r _ (rz—rq)(ri—ra)
Where Of6 = 7_;1_7,2, k = (7.1_7.3)(7.2_7,4*) .

We next discuss the bounded orbits of system (1.6)%.

Y(x) =m
(3.11)

3.5. (a,p) € (II) (see Fig. 3(b)).

(i) Corresponding to the level curves defined by Hy (¢,y) = h,h € (hq, hs), there
exists a family of close orbits of system (1.6)". In this case, we see from (1.7)* and
the first equation of (1.6)™ that

Y by
rs /(1 =) (ra =) (@ —r3) (% —1r4)

Thus, we have parametric representations for the family of periodic orbits as follows
(see Fig. 5(a)):

£

- rs — Ty
w(X) =74+ 1— agsn2X’

= 2 T r3 — rq)II(arcsin(sn a2
€00 = —mmslrax + (12 = ra)larcsin(on( ). o, )

where a2 = ™2=738 L — [(ra—r3)(r1—"4)
7 ro—Ty4’ (ri—r3)(ro—ra)”

(ii) Corresponding to the level curves defined by H, (1, y) = he, there exists a
homoclinic orbit to the equilibrium point Es(1)2,0) enclosing the center, E;(11,0),
which gives rise to a dark solitary wave solution of system (1.6)" (see Fig. 5(b)).

Now (1.7)* implies that y? = (w"‘_w)z(w;rym(w_wl), where ¢¥; < 0 < ¢ <y <
. Then, from the first equation of (1.6)", we have

(3.12)

- ¥ dip . 4 dip
o VO=0) @ =) S (W2 — 0@ — oa) (= )

&=
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Hence, we obtain the following parametric representation:
2(the — Par) (2 — i)
(¢¥mr — i) cosh (\/(% — ) (Y2 — 1Pl)X) + (292 — Ym — 1)

Y(x) =2 —

€00 = = v+ n (VED0 — 000 — 70 + 600 — g0 +00))

—In (;(dm - lﬁz)) :

(3.13)
17 11
0.8
0.6
psi(t)
0.4
0.2
T T T T 0 T T T T T T
10 5 0 5 10 0 2 4 6 8 10 12
t t
(a) Periodic wave (b) Solitary wave

Figure 5. The profiles of the solitary wave and periodic wave of system (1.6)*.

4. The existence of kink wave solutions and un-
bounded traveling wave solutions of equation (1.6)*

In section 3, we have obtained the parametric representations of the derivative
function ¥(&) given by ¥ = 1(x), & = £(x). Because the hight order nonlinearity of
system (1.6)T, we can not use (1.8) to calculate explicitly ¢(¢). By using the results
in section 3, we can obtain the qualitative results for the traveling wave solution
(&) of equation (1.1).

We notice that the indefinite integral of a periodic function may be not a periodic
function. We next need to use the following result [10].

Proposition 4.1. If the function f(x) is a periodic function with the period 2T,
i.e., f(x+2T) = f(x) then

/f(s)ds = mz + p(x),
0

where p(z + 2T) = p(z), m =55 [ f(s)ds.
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This proposition tell us that if the mean value m of a periodic function is not
zero, then its indefinite integral is a sum of a linear function and a periodic function,
namely, it is an unbounded function.

We see in section 3 that systems (1.6)* only have positive or negative periodic
solutions. Therefore, the mean values of these periodic solutions are not zero. In
addition, for the homoclinic orbits of system (1.6)*, because ¢(¢) converges to
¢1 # 0 or ¢ # 0, so that, the integration fooo ¥ (£)d€ is not convergent.

Thus, by proposition 4.1, we have the following conclusion.

4
Theorem 4.1. Suppose that 0 < 8 < 3(%)* and a >0 (or a <0).

(i) Corresponding to the periodic solution family of systems (1.6)* defined by
Hy(v,y) = h, h € (h1,hs), equation (1.1) has uncountably infinite many
unbounded solutions.

(ii) Corresponding to the homoclinic orbits of systems (1.6)T defined by Hy (¢, y) =
h1 or ha, equation (1.1) has unbounded solutions.

Suppose that w(x,t) = ¢(€) is a continuous solution of equation (1.1) (i.e., a
traveling wave solution) for £ € (—oo, 00) and limg_, oo ¢(§) = a, lime_,_ o ¢(§) = .
Recall that ¢(€) is called a kink or anti-kink solution if a # b.

We see from section 2 that for every orbit of a compacton family of systems
(1.6)*, the value of function (&) converges to zero. Therefore, there exist finite
values a such that lime o, ¢(§) = a and lime,_ o ¢(§) = —a where ¢(£) is defined
by (1.8).

Hence, the following conclusion holds.

Theorem 4.2. For £ > 0, # 0, corresponding to the compacton solution families
of systems (1.6)~, equation (1.1) has uncountably infinite many kink wave solutions
or anti-kink wave solutions.
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