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Abstract.

In this paper, the improved tan(¢/2)-expansion method (ITEM) is proposed to obtain more general

exact solutions of the nonlinear evolution equations (NLEEs). This method is applied to the generalised Hirota—
Satsuma coupled KdV (HScKdV) equation and (2 + 1)-dimensional Nizhnik—Novikov—Veselov (NNV) system. We
have obtained four types of solutions of these equations such as hyperbolic, trigonometric, exponential and rational
functions as an advantage of this method. These solutions include solitons, rational, periodic and kink solutions.

Moreover, modulation instability is used to establish stability of the obtained solutions.

Keywords.
dimensional Nizhnik—Novikov—Veselov system.
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1. Introduction

The nonlinear evolution equations (NLEE) are use-
ful because many ideas in NLEEs are more easily
understood in terms of simpler equations which model
more complicated systems in various aspects. NLEEs
appear not only in applied mathematics but also in the-
oretical physics. The general solutions of these types
of equations in areas such as engineering, biology,
chemistry, finance and mechanics, help scientists to
obtain quite favourable information about the char-
acter of equations. Thus, these equations are critical
in solving real-world problems and it is important to
reach general solutions to make sense of this physical
phenomenon. Following the progress on computer-
aided calculations and the development of non-linear
sciences based on algebraic systems, the application
fields of NLEEs have also expanded. Examples of
these fields include: optical fibres [1], fluid dynam-
ics and condensed matter physics [2], plasma physics
[3] and so on. Due to the efficiency, reliability, and
ease of use of symbolic software packages such as

"Dedicated to Prof. Mehmet Cagliyan on the occasion of his
70th birthday.

Improved tan(¢/2)-expansion method; generalised Hirota—Satsuma coupled KdV equation; (2 + 1)-

Mathematica or Maple, many powerful techniques
such as the (G’/G)-expansion method [4,5], the sim-
plest equation method [6], the Jacobi elliptic function
method [7,8], the homotopy perturbation method [9,10],
the variational iteration method [11], the sine—cosine
method [12], the tanh—coth method [13,14], the exp-
function method [15], the homogeneous balance method
[16], first integral methods [17,18], the Lie symmetry
method [19], exp(—W (£)) expansion method [20], the
Hirota bilinear method [21,22] and so on have been
constructed and developed. All these methods are effec-
tive methods to obtain travelling wave solutions of
NLEE:s.

Several important results have emerged for the two-
dimensional (2D) systems obtained over the years and
a wide variety of 2D systems have been available for
the detailed experimental study to assess the suitability
of various experimental theories. In recent years, there
has been great interest in the impact of dimensional-
ity on the behaviour of physical systems in relation to
critical events occurring around phase transitions. The
probable reason for the interest in 2D systems is that,
while they are broadly similar in many respects to the
three-dimensional (3D) systems, the theoretical analy-
sis is somewhat simpler. The simplicity of calculating
the geometry of a plane relative to the geometry of the
volume, the easier evaluation of the integrals, the need
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for fewer particles in some numerical calculations are
some of the advantages of 2D systems [23].

In this work, first we consider a generalised Hirota—
Satsuma coupled KdV (HScKdV) equation. This equa-
tion was introduced by Wu et al [24]. They introduced a
4 x 4 matrix spectral problem with three potentials and
proposed a corresponding hierarchy of nonlinear equa-
tions. One of the typical equations in the hierarchy is
the new generalised HScKdV equation as follows:

Up = Slhxxr = Buuy + 3(vw)y
Vp = —Uxxx + 3uvy
Wy = —Wyyxx + 3uwy. (D

This equation has been proposed to explain shallow
water waves whose dispersion is unidirectional. Equa-
tion (1) was first appeared as an interesting equation in
hierarchy which was oftered by Wu et al [24]. Substitut-
ingw = v*ineq. (1), one can obtain anew complex cou-
pled KdV equation [24] and similarly substituting w =
v in eq. (1), the Hirota—Satsuma equation is reached
[25]. The HScKdV equation has attracted the attention
of many researchers recently, and it has been analysed
using different techniques such as the homotopy pertur-
bation approach [26], Jacobi elliptic function [27], the
projective Riccati equations [28] etc. to find solutions.
Secondly, the (2+1)-dimensional Nizhnik—Novikov—
Veselov (NNV) system discussed in this study is

Urtkityxx+ruyyy+suy+quy=3k(uv),+3r(uw),,

Uy = Vy, Uy = Wy, ()

where x, y and ¢ are the scaled space and time coordi-
nates respectively, and the coefficients s, k, r and ¢ are
some arbitrary constants [29,30]. This equation is the
only known isotropic Lax integrable extension of the
familiar KdV equation [31]. As this system is useful
for examining the degeneration of string configura-
tions, membrane shapes and equilibrium shapes [32],
it is very important in biomathematics and mathemat-
ical physics. Many scientists found solutions of NNV
system with the help of different techniques. Some of
them are (G’/G)-expansion method [33], the modified
Kudryashov method [34], the extended tanh method
[35], etc.

The study aims to build up exact solutions for the gen-
eralised HScKdV equation (1) and (2 + 1)-dimensional
NNV system (2) by using improved tan(¢/2)-expansion
method (ITEM). This technique is one of the most
efficient and powerful methods that helps us to obtain
solutions of these problems and of many other nonlinear
equations. Additionally, this method allows to perform
long-term, boring and confusing algebraic calculations
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by computer using symbolic softwares such as Maple,
Matlab, etc.

This paper is arranged as follows: we give the steps
of the ITEM in §2. In the next two sections, as an illus-
tration of this method, we apply ITEM to the HScKdV
equation (1) and to the NNV system (2) in §3 and §4,
respectively. In §5, we discuss the modulation instability
analysis. In the last chapter, we give some conclusions
and discussions about the obtained solutions. Finally,
some references contributing to this paper are given.

2. Algorithm of ITEM for NLEEs

This method was summarised and improved by Man-
afian et al [36] for achieving analytic solutions of
NLEEs. Assume that a nonlinear partial differential
equation is given in general form as follows:

S(qqusq[’QXX7q[fa"'):O' (3)

After simple algebraic operations, this equation is trans-
formed into an ordinary differential equation (ODE)
with & = kx + vt transformation

(g, kq',vq', k*q", v?q",..) =0. (4)

Then, assume that the searched wave solutions of eq. (4)
have the following representation:

q(€) =S(p) = Y At +tan(p/2)T, )

S=—m

where A, (O <s <m)and A_; = B, (1 <s <m) are
constants to be determined and 7 is an arbitrary constant,
suchthat A,, # 0, B, # 0and ¢ = ¢(§) is the solution
of the following first-order differential equation:

¢'(€) = asin(p(§)) + beos(p(§)) +c. (6)

If we try to find the solution of (6), then we obtain special
solutions that vary according to the state of the coeffi-
cients:

Family 1. When A = a> +b*> —¢*> <0andb —c # 0,
then

@) = 2tan_1|:b i o Mtan<\/__§>j|.

b—c 2

Family2. When A = a> +b*> —¢*> > 0and b — ¢ # 0,

then
+ VA tanh(ﬂ§>j|.

b—c

_ —1
@(&) =2tan [ P >
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Family 3. When A = a®> + b> —¢* > 0, b # 0 and
c = 0, then

p¢) = 2tan‘1[;—l +Ttanh

(=52

Family 4. When A = a®> +b*> —¢? < 0,¢ # 0 and

b =0, then
7.2 2.7
umh(ugﬂ,
c 2

Family 5. When A = a®> 4+ b*> —¢*> > 0,b —c # 0 and
a = 0, then

@(&) = 2tan”! |:,/ Zi—ztanh( b22— 62§>i|.

Family 6. When a = 0 and ¢ = 0, then

pE) = 2tan"! |:—_a+
c

'ezbé _1 e2bk

e2bs 17268 1|

¢(£) = tan™!

Family 7. When b = 0 and ¢ = 0, then

. B eZaé e2a§ _ 1-

e2aé 4 1 g2af 11 |

@(§) = tan™

Family 8. When a? + b* = 2, then
ak +2 i|

-]

Family 9. When a = b = ¢ = ka, then

p(€) = 2tan—1[

o(£) = 2tan~1[ek® — 1].
Family 10. When a = ¢ = ka and b = —ka, then

B eka§
ekat _ 1 |

Family 11. When ¢ = a, then

(@ +b)eb® — 1
| (a—b)ebt —1]

@(&) = —2tan”!

@(£) = —2tan~!

Family 12. When a = c, then

e+ et 11
—2tan!| 2 T |
@) tan _(b oyt 1:|

Family 13. When ¢ = —a, then

_el’é +b—ai|

p&) = 2tan”! _
| ebs —b—a
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Family 14. When b = —c, then

ak
o(€) = 2tan— | £ |,
1 — de%

Family 15. When b = 0 and a = ¢, then

(&) = —2tan—1[cs i }

c§

Family 16. When a = 0 and b = c, then

¢(§) = 2tan”'[cE].
Family 17. When a = 0 and b = —c, then

@(€) = —2tan™! |:i_:|
§

C

Family 18. When a = 0 and b = 0, then

@) =cs +C.
Family 19. When b = c, then

=
@(§) = 2tan ,

a

where £ = £+C, p, Ag, Ay, By s =1,2,...,m),a,b
and c are constants to be determined later.

As usual, for determining m, the highest-order deriva-
tive should be balanced with the highest-order nonlinear
terms in eq. (4). However, the positive integer m can
be determined in this way. When m = r/p (where
m = r/p is a fraction in the lowest term), we need
to do a conversion on the unknown function g as
follows:

q(&) = (v(E)P. (7)

Then substitute eq. (7) into eq. (4). By using the new
eq. (4), the value of m can be determined. If m is a
negative integer, similar process can be followed with
the transformation

q(&) = @E)".

Following these operations, according to the obtained
m value, substitute (5) into eq. (4). Therefore, we obtain
a set of algebraic equations that contain tan(¢/2)%,
cot(p/2)* (s = 0,1,2,...). Then setting each coef-
ficient of tan(¢/2)*, cot(p/2)* to zero, we can get a
set of overdetermined equations for Ag, A5, Bs (s =
1,2,...,m),a,b,c and 7. As it is difficult to solve
the obtained algebraic equations manually, symbolic
computation such as Maple can be used at this stage.
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Finally, A(), Al, Bl, ey
eq. (5).

A, By, T are replaced in

3. Application of ITEM for HScKdV equation

In this section, we apply the ITEM to eq. (1) to obtain the
travelling wave solutions. In this context, let us consider
u(x, 1) = u(€), v(x, 1) = v, wx, 1 = w),§ =

x — kt and therefore eq. (1) becomes

1
ku' = —Eu”’ + 3uu’ — 3(vw)’
kv =v" = 3uv’
kw' = w"” — 3uw’, 8)
where ¢ shows the derivative according to &. With bal-

ancing procedure [39], we get the following two ansatze:

2
W(E) = Ao + A, tan(w(j)> + A2<tan(%§)>>

+A3<tan<¢($)>> (tan ( ))
v(€) = Bo+ By tan(sv(s)) B (tan<¢(§)>>_1

2

~1
) +exfun(37))
)
and
2
W(E) = Ao + A, tan(‘p@)) + A, (m(‘pf)))
-2
A2 (22
2
v(E) = By + B tan(¢(§)> + Bg(tan( ¢ ))

() o)

w(€) = Co+ Cy tan(¢($)> + Cg(tan )

(7))
er(un(29)) e (n(29))

(10)

-2

w(§) =Co+Cy tan(

S
~

l\) ‘

2

‘ S
(&}
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First, we substitute the expressions of u, v and w in
(9) into (8) and collect all terms with the same order of
tan(p(&)/2) together. Then, by equating the coefficient
of each polynomial to zero, we obtain a set of algebraic

equations of a, b, c, A;, B;,C;,i =0,...,4and j =
0,...,2as

3 3 9 2 2 3 3

5A4b —|—§A4b c—3A4b+§A4c

9
—3AZc + 3 Agbc? =0,
S 20 D, 2
> Ay’ + kAse +3B2bCr +3A5D 2 Asb“c

5
+5 Aubc? —3AgAsb + 3BrcCh

9 5 3, 3
+7 A4Cl Cc — §A3b + E Agab

19 3
—3A%c + > Aga*b —9A3A4a — 3 Ale
5 3 3 2
+3A3abc — §A4b + 5 Azac

+kAgb —3A0A4c =0,

3 3
6 BoaCy + 3 B>bCy + 3 BoCab

1 3 3
—kA3b — — AgA3zb — — A1 A4b
—I—2 3 > 043 > 144

9 3 1 3
+§ A3A4b + 4 Aga” + 5 Azc

1 3 3 3
—kAzc — = ApA — BrcC - ByC
+2 3C > 0 3C+2 hC 0+2 0Cac

3 1 7
—5 A1A4c + 5 A3b02 + ZA3a2b =0,

(1)

Solving eqs (11) with the help of Maple, we have
numerous sets of coefficients for the solutions of (9).
We only choose some of them as follows:

Case 1
We have the desired constants as



Pramana — J. Phys. (2020) 94:37 Page 5 of 20 37

a=a, b=b, c=c,

_ 2b%c+b* 4+ b*a® +2ba’c + c*a> — 12CaBy — 2¢7b — ¢

k :
4(2¢h + 2 + b?)

4 Tbt b+ b%a? +2ba’c + Pa’ +4CoBy + 267 + ¢

0= 4Q2ch + 2 + b?) ’

2 02

A1=0, Ay=0, Az =ab+ac, A4=?—|—Cb+3,
B — (=bCo — cCo +2Cra)B>

0= Ca(b + ¢) :
B =0, Bob=By, Co=Cp, C; =0, Cr=0C. (12)

By using Family 1, (9) becomes

2a((b +c)*A + 4BZC22«/—A tan(v/—AE /2)
+(4B2Cs + (b + ¢)*(a? — b* + ¢?)) A(tan(v/— A& /2))?
—4 CyBra® — (b + ¢)>A(a? + 2b% — 2¢?)

4(b + ¢)*(—a + v/—Atan(v/—AE /2))?

b5 8) = By ((—bCo — ¢Co + 2Cra)/— A tan(v/—AE /2) + (b + ¢)Coa — C2(2a* + b2 — ¢?)) a4
e Co(b + ¢)(—a + v—A tan(v—AE /2)) ’

—Cola — v/ —Atan(/—AE/2)) — Ca(b — )

ul(x7t):_ ) (13)

wi(x,t) = , 15

1. 1) —d + V—Atan(v—=AE)2) (15)

where A = a?> + b> — 2, € = x — kt.
By using Family 2, (9) becomes
(b 4 ¢©)*(a® — b* 4 ¢*) + 4B>C>) A tanh(v/ A& /2)?
+2a((b + ¢)2A + 4B>C»)/A tanh (v AE /2)
A4CyBra® + (b + ¢)*(a? + 2b* — 2¢%) A
s (x, 1) = 2Bya” + b +or(a”+ <) , (16)
4(b 4 ¢)*(a + v/ A tanh(v/AE /2))2
(5. 1) By ((—(b + ¢)Co + 2C2a)v/ A tanh (v AE /2) — (b + ¢)Coa + (—c* + 24> + b*)C») an
22X, = ,
Cy(b + ¢)(a + VA tanh(VAE/2))
Co(a + ~/Atanh(v/AE /2)) + Ca(b — ¢)
wa(x, 1) = , (18)
a + /A tanh(v/ A& /2)
where A = a? +b* — %, € = x — kt.

By using Family 8, (9) becomes

oo bt 022 +2C2By  Nala (x + Fr). + CXEG=0 (4 pyy2 (19
uz(x,t) = — s

: 2(b + ¢)? a(x + Ft) +2

—bCoa(x + Ft) — 2bCy — cCoa(x + Ft)
B —2¢Co + 2Cra*(x + Ft) +4Caa
+(x + F1)Cab? — (x + F1)Cac?

v3(x, 1) = (e FCbr = (x4 FCac , (20)

Ca(b+c)alx+ Ft)+2)
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(Coa(x + Ft) +2Co+ (x + Ft)Cab — (x 4+ Ft)Cao)

1) =
w3, 1) ax+ F1) +2

where

3 C2By
2Va2 ¥ b%h +a? +2b2

By using Family 12, (9) can be written as

F =

(8B2C2 — 6b2(b + ¢)*) (b + c)e?*
2 2 2 .2bE
+(4B2Ca + b*(b +¢)*) (b + ¢)%e
+b2(b + 0)2 + 4C232

u4(.x, t) - )
4+ (1 + (b + c)ebé)’
o) B>((C2 — Co)(b + ¢)%e + (—c — b)Cy + Ca(c — b))
X, == )
+ Co(b + o) (1 + (b + c)eb%)
(Cob + Cab — Cac + Coc)e’s — Cy + C
wq(x,t) = ,

1+ (b + c)ebt

where £ = x — kt.

Case 1l
We get the following equations:

c*C2B} +2c*CoBiC 1By + ¢*C}B} —3C3B;

u— c(CoB1 + C1By)
B 4C?B3c?

C1B; ’

b=—-—c, c=c, k= ,
_ *C{B} +2c*CoBC1 By + ¢*C{Bj + C{ B} a 2¢2(Co By + C1By)

0" 4C2B2 2 o C1 B

A2=202, A3 =0, A4=0, Bp=Byg, Bi=B;, B,=0, Co=Cop, Ci=C;, Cr=0.
By using Family 1, (9) becomes

(16 CoB1C1By + 8C3B} — 8CiB} + 8C3B})cS + 8 c*CIBIb?) tan(v/— AE /2)?
4¢2C?B3 (b — ¢)?

u5(x, t) = —

B 2«/—Ac2(CoBl+B0C1)(c—|—b) tan(v'=A&/2) (CoBi+BoC1)*(=c®=6bc® — b*cH)—B{C} (b—c)?

BiCy(b =)’ 4c2C? B (b—c)?
CoB1 + BoC —A
v5(x,t):—<—Bob+Boc—c( 0 1c+ 0D | p, —Atan( . s))(b—c)—l,
1
CoB1 + BoC J=A
w5(x,t):—<—Cob+Coc—c( 0 IB+ 0 1)—|—C1«/—Atan< . 5))(19—@—1,
1

where A = a? + b%> — %, € = x — kt.
By using Family 14, (9) can be written as

21

(22)

(23)

(24)

(25)
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) s B 3.3 C(CoBé+BC1 Bo)é
(6(CoB1 + C1By) ZCIBIC)C 151

¢(CoB+C1 Bp)E \ 2
P 0B +C1 By
4CiBic* | —1+ce CR

ue(x,r) =

c(CoB1+C By)&

. (c5(CoB) + C1By)® + C3B3c®)e” CiBi  + (CoB) + C1Bo)*c* + C3B3

c(CoB1+C) Bolé \ 2
4C12312c2(—1+ce CiBi )

¢(CoB1+C By)&
B — B
(—Boc + C(CoBlC-il-Cl 0))e C1B + By

¢(CoB1+C| By)§ ’
_1 + ce C1 B

c(CoB1+C 1 By)é
(—Coc + c(CoB%Jer1Bo))64 C1B] + Cp

¢(CoB1+C1By)é ’
—1+4+ce G5

v (x, 1) = —

we(x,t) = —

where & = x — kt.

Case 11
We acquire the following constants:

—2b3%¢ 4+ b* + b%a? — 2ba*c + c*a®> —12C By +23b — ¢4
a=a, b=b, c=c, k= ,
4(=2¢cb + c* 4+ b?)

2b3¢ — b* + b*a* — 2ba’*c + c*a® +4C By — 2¢3b + ¢ p* 2

Ag = , Ai=—ab+ac, A= —cb+ —+ —,

0 4(=2¢ch + 2 + b2) L= mapTmac A= Ty

bCo — cCy +2Cra)B
Ay=0, Ag=0, By=_LC0=cCoF2CiaBI  p b B 0 Co=Cy C =Cy. Cy=0.
Ci(b—o)
(26)
By using Family 1, we get
4
. 1) —A ) v —AE " C1 B, A
= ——|tan - —,
T 2 2 b—c?f 4
By (bCo—cCo+Cra+Ci+/—Atan(/— A& /2))
v7(x, 1) = — ,
Ci(b—c)
—bCo+ cCo — Cra + C1/—Atan(+/—AE/2)
wr(x, 1) = — ,
b—c

where A :a2+b2—c2,§ =x — kt.

By using Family 2, (9) becomes

A tanh(v/ A& /2)? C1B; A Bi(=bCqy + cCy — Cra + C1/Atanh(v/ AE/2))
ug(x,l‘): + 2 — T 'U8(X,t)= )
2 (b—c)? 4 Ci(b—c)

bCo — cCo + Cra + C1v/Atanh(VAE/2)

wg(x, 1) = P

whereA=a2+b2—c2,§=x—kt.
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By using Family 8, (9) can be written as follows:

Ci1B;

ug(x,t) = +2 _2,
oo = T 2
B1(bCy — cCy + Cra) B
v9(x9t):_ 2 )
Cib—o) (b —c)§
bCy—cCop+ Cia Cy
1) = 2 ;
wolx, 1) b—c RTIsY:

where & = x — kt.
By using Family 12, (9) becomes

- Bb2(b — ¢)®> —4C1By)es  (B2(b — )2 +4CB))e*t (b — ¢)*b% +4C B,
upp(x, 1) = ,

2(b = (=14 (b = c)eh)? 4(—1+ (b — )’ 40 — (=1 + (b — c)ebt)’

Bi((b — ¢)*(Cy — C1)eb% 4 ¢Cy — C1h — bCy — Cic)
vio(x, 1) = — 5 ,
Ci(b—c)(—=1+ (b —c)eb)
(Cob 4+ C1b + Cic — Coe)eb® + € — €y

wio(x, 1) =

—1+4 (b — c)ebt ’
where & = x — kt.

Case IV
We have the following equations:

b2 2
a=0, b=b, c=c, k=b>—c>—34y. Ag=Ap. A =0, Azz—cb+?+%, As =0,
(b+c)? By(b —c) (b + ¢)*BoAg
Ay = ., Bp=By, Bj=——" B,=By), Co=——2 17
4 ) 0 0 1 b+c 2 2 0 322
b Ao(b — b ZA
C1:( +c)Ap( C), szm' 27
B> B>

By using Family 5, we get

w11, 1) (2% — 2¢% + 2A¢) cosh(v/AE/2)* + (—2A¢ — 2b2 + 2¢%) cosh(vV/AE /2)2 + b2 — 2
11 b == b

2(cosh(v/AE/2)2 — 1) cosh(v/AE /2)?

1 1 £\
2¢—<b+c>/<b—c>+Bz¢—<b+c>/<b—c><tanh( 2 )) |

(b +¢)% A VAE 1 B 1 VAE -
——— | tanh - — 4+ tanh| —— ,
B 2 JJb+o)/b—c) By Jb+c)/b—c) 2

vi1(x,1) = By +tanh<\/2Z$>B

wii(x,t) =

whereA:bz—cz,ézx—kt.
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Case V
We get
b2 ar 2 b2 ar 2
= = = k:—— —_— — A = —— —_ —, A :_b ,
a=a, b=b, c=c, 2+4+2, 0 2+4+2 1 ab+ac
b 2 (b +c)? b+ )b —c*a

Ap=—cb+—+ —, Az=ua( , Ay = , Byp=-— , Bj=0, By=0,
2 C+2+2 3=ua(b+c) 4 > 0 G, 1 2

Cr(b —
Co=Co. C1=-20"9 ¢, _¢, (28)

b+c

By using Family 1, (9) becomes
2A2(tan(v/—AE /2))* + 4/ —AaA (tan (V—AE/2))3 — A(=2b> + a? + 2¢?) (tan(v/— A& /2))?

upp(x,t) = 4(—a + /—A(tan(v/— AE /2)))?
| 20* =R (an(/=AE/2) —a* 426" —2%a> 4’ 43¢t + 2b%a
M—a 1 V- A(tan(V—AE/2))? ’
D) = b+ c)(z—gz2 1+ b)a
CrA(tan(v/=A§/2))* + /= A(=Coc — Cob + 2Caa) tan(v/— A /2)
wip(x, 1) = — [ +(b* —a? — )Gy + Coab + Coac i|

(b + ¢)(—a + +/—A tan(v/—AE/2))

where A =a2+b2—c2,§ = x — kt.
By using Family 2, (9) can be written as

2A2(tanh(v/AE /2))* + 4 A32a(tanh (v AE /2))? + A(=2Db% + a? + 2 ¢2)(tanh (v AE /2))?
—(2a3V/ A tanh(VAE /2) + 2b%a? — 2¢2a? — 4b%c? + 2¢* + 2b* — a*)

e 1) = 4(a + /A tanh (vVAE /2))? ’
b+ —cHa
v13(x, 1) = 20
Cy A(tanh(vAE /2))? 4+ V/A(—=Coc — Cob + 2 Caa) tanh(+/AE /2)
—Coab — C2b* — Coac + Cra® + Crc?
wis(x, 1) = — ,

(b + c)(a + v/ Atanh(vV/AE/2))

where A = a?> + b> — ¢, € = x — kt.
By using Family 8, (9) becomes

=32+ (@%@@? = 26> +2¢%) —2(b — )% (b + o)H)E* + 44383 + (8b? — 4a? — 8c¢?)E? — 324k

) 1) =—
ui4(x, 1) 1(aE + 2282
.0 b+ )b = Ha
vig(x, ) = — R
14 20,
1) (—Coba + Cya® — Coca — Cab* + Cac?)E? 4 (—2Cob — 2Coc + 4Cra)E + 4 Cy
wi4x, 1) = — )

(b+c)é(at +2)

where & = x — kt.
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Secondly, let us consider the process applied in the
first ansatz and start with substituting (10) into eq.
(8). If we collect all terms with the same order of
tan(¢(£)/2), the left-hand side of (10) can be trans-
formed into polynomial according to tan(p(£)/2). Set-
ting each coefficient of each polynomial to zero, we
achieve a set of algebraic equations for the coefficients
a,b,c,A;,B;,C; (j=0,1,2,3,4), as follows:
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Case 1
We have the following equations:
A —A? 4+ 1240c?
a:_l, bh=—c c=c, k:_M,
2c 4c?

Ag=Ag, Ar=A1, Ay=2% A3=0, As=0,
A3C1—16AgA1C1c?—2A2Coc*+32 CoctAg

—9B4b*c — 9Bsbc* — 3Byc® — 3Byb? 1€
_ —A? 416 Agc?
+ 3A4B4b + 3A4B4C = 0, Bl — 1 0c , B2 — O, B3 — 0, B4 — 0’
2 Bab2e — 2 Bybe® — 2L Byac? — 2 Byed — 2 Bab? o
—= ¢ — —=B3bc® — — Byac® — = B3¢’ — —
477 477 2 74 473 473 Co=Co, C1=C;, Cr=0, C3=0, C4=0.
3 27 (30)
+3A3B4b +3A3Buc + §A4B3b N ?B4ab By the use of Family 14, (9) becomes
) (Ara — 2400)e%t + (2¢%a® + Aoc? — Ajac)e?*® + Ay
uis(x, = s
(-1+ ce"é)2
(=A% +16¢2A0) (c(2Coc? 4+ 2aCic — A1 C)e® + A1Cy — 2 Coc?)
UIS(X» t) = - 2 ’
8CTc2(—1 4 cet)
. 1) (—Coc + Cra)e® + Cy
w X, = - )
1 —1 + ce%
where £ = x — kt.
By using Family 17, (10) can be written as
3
+6A4Bsa — 27Bsabe + = A4Bsc = 0, Agck? — A€ +2¢
2 uie(x, 1) = 22 ;
3
— 19B4a*bh + = A3B3b — 6Bsabc — 3Bzab® — 5Bybc?
9B4a b+2 3B3b — 6 Bzabc — 3B3ab 5B4bc 2C0c? — ALC 1
; 5 5 vie(x, 1) = | — %) -2
—5B4c” +5B4b” + kByc + 3A4Bza — 19B4a“c Cic cC1§
3 2
+5A3Bsc + kBab + 5B4b*c + 3AgBac + 6A3Baa y <2A0c2 B %)
— 3B3ac2 + 3A0Bsb + 3A4Bsc — 3A4Bsb =0,
Cocé — Cy
wie(x, 1) = ——,
(29) cé
Solving the above system, we get many sets of coeffi-  Where § = x —kt.
cients for the solutions of (10) as given below: Case 11
b? c?
a=a, b=b, c=c, k= — ) +a*+ 5~ 3Ag, Ag=Ag, A= —a((b— o),
b? c?
Ar=— —cb+ > A3=0, A4=0, Bo=By, Bi=Bi, B,=0, B3=0, Bs4=0,
o (b — ¢)(Bob — Boc + 2B1a)(—b* + a®> — 4A¢ + ¢?) co_ (b —c)*(=b% +a% —4A¢ + c?)
Cr,=0, C3=0, C4=0. 3D
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By utilising Family 1, we get

A ( NAYN: )2 a2
tan

—Bo(b —¢) + Bi(—a + v/ —Atan(/—AE/2))
vi7(x, 1) = — ,
b—c
w1, 5) (b — ¢)(—b* —4A¢ + a® + ¢?)(Bia + Bob — Boc + Biv/—Atan(v/—AE /2))
17\X, 1) = s

2
4B

where A :a2+b2—c2,§ =x — kt.
By using Family 2, (10) becomes

2
A VA 2
uig(x,r) = 5<tanh<T‘§)> + Ag — %,

B1v/Atanh(v/AE/2) N Bob — Boc + Bia

7t = b
vig(x, 1) R P
. 1) (b — ) (—b? + ¢ + a® — 4Ag)(—Bia — Bob + Byc + Bi~/A tanh(v/ AE/2))
w X, - — )
'8 4B?
where A = a? +b> — ¢, € = x — kt.
By using Family 8, (10) becomes
uio(x, 1) = —1/2a* + Ao + 262,
Bob — Boc + Bia By
vi9(x,1) = ,
b—c (b—c)&
(b —c)(a?® —b%+ 2 —4Ap) ( Bob + Bia — Byc _
wig(x, 1) = 267",
4B, B

where & = x — kt.
By using Family 12, (10) can be written as

2(b —c)(b% +2ac — c* —2A0)e? — (b — )2((b + ¢)(=b 4+ 2a — ¢) — 2 Ag)e?bE
+b—-c)b+2a—c)+2Ap

ux(x,t) = ,
2(=1+ (b — c)et)’
(Bob + B1b + Bic — Byc)e? + By — By
v20(x, 1) = 5 :
—1 4+ (b —c)ebs
(b — ¢)(—B1b + bBy + 2B1a — Boc — Bjc)el®
(b— ) (=b* — 4Ag + a® + 2) : : :
+Boc —bBy — 2Bja — B1b + Bjc
woo(x, 1) = ,

4B} (—1+ (b — c)ebt)

where £ = x — kt.

37
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By using Family 13, (10) becomes
(b — ¢)(b*> — ab — cb 4 2a® + ac) — 4Apa — 4Agb)ebs
+(=(b — ) (=b + ¢ + 2a) + 2A¢)e>bE
+(—=(b — ¢)(—=b + a)(2a® + ab + ac — c¢b + b?) + 2A¢(a + b)?)

uz1(x, 1) = 2 —b—a)

(B + Bo)ebg + B1b — Bob — Bpa — Bia
e —b—a ’

v(x, 1) =

(@ = b —4Ag+ (b — c)|: ((=b+2a+¢)Bi + By)e™ }

—((ab — bc + b*> +2a% + ac)By + ((b + a))Bo)
4B} (eP — b —a) ’

wo(x, 1) =

where £ = x — kt.

Case 111 By utilising Family 1, (10) becomes

‘We obtain Mé 2 &
a=0, b=b, c=c, k=k, up(x, 1) =—A|tan| — -3 "3

2 2
A0=—&+2i—ﬁ, A =0, +2_C2_ A
3o 3 (an(V/=AE/2)7

A== A3=0, As=(b+or, oy e 1) — _ (b P Aan(V/=Ag/2))?
o (b0 Bb+)*Co+4C42k + b = %)) 4Ca

0T 12C2 L (D =4 80 Cs 130+ 2C) (b + o)

, , 127
b—0)b+c)
By =0, By= 2 , B (b +c)*A
4C4(tan(v/—AE/2))?
(b +c)*
B3 =0, Bsy= ,Co=Co, C1 =0, C4(b — ¢)*(tan(v/—AE/2))?
4 wo(x, 1) = — A
Cs(b —¢)? Cs(b —¢)?
C,= " _ 4
(b +c)? +Co A(tan(v/—AE /2))2
C3=0, C4=Cy. (32) where A =b? — %, & =x —kt.
By using Family 5, we get

w3 1) = (4A — k) (cosh(vAE/2))* + (k — 4A)(cosh(VAE/2))% + 3A

s 3((cosh(v/AE/2))2 — 1)(cosh(v/AE/2))2

(b+ ¢)?(((8k —2A)Cs + 3(b + ¢)2Co)((cosh(v'AE /2))* — (cosh(vV'AE/2))?) — 3CaA)
v3(x, 1) = — 5 ,
12((cosh(v/'A&/2))2 — 1)(cosh(v/AE /2))2C

was(x. 1) = ((2b —2¢)C4 + (b + ¢)Co)((cosh(v/AE /2))* — (cosh(v/AE/2))?) + C4(b — ¢)

((cosh(v/AE/2))2 — 1)(cosh(v/AE/2))2(b + c)

(33)

(34)

(33)

(36)

(37

(38)
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where A = b? — ¢2, & = x — kt.
By using Family 16, (10) can be obtained as

kg2 — 12

uz4(x, 1) = — 382

7.
4¢2(3c2E2Cy + 282k Cy — 3Cy) H':

v4(x,t) = —

3C3&2 '
kg2 —12

w(x, 1) = — 32

where £ = x — kt.

4. Application of ITEM for NNV system

The second example to illustrate ITEM implementation
is the NNV system (2). Let us consider § = x + y — dt
as the wave variable to convert this system into a system
of ODEs

(s+qg— A’ + (k +r)u” = 3k(uv) + 3r(uw)’, HS-

u =2, u=uw. 39)
If we integrate the second line equations, then we obtain
Uu=v, u=mw. (40)

As the next step, let us substitute (40) into the first equa-
tion in (39) and integrate the obtained equation. Hence
we get

s+qg—du+k+ru" =3k+ru>=0. )

If the terms u” and u? in (41) are balanced, a simple
algebraic equation M + 2 = 2M is obtained so that
M = 2. Because of (40), determining only the function
u(x, y, t) is sufficient. Therefore, we may assume the
solution of (41) as

2
o) (o(2)
—1
+Aj (tan((p(j) ))
-2
+A4<tan<%§)>> ) 42)

Substituting (42) into eq. (41) gives an algebraic equa-
tions set for a,b,c,d, A; (j = 0,1,2,3,4). These
algebraic equation systems are obtained as
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3 3 3
5kAzc2 + ErAzb2 — 3kAsbc + 5kAzbz

3
—3rA3 + 5rAzcz — 3kA3 — 3rAgbe,

1 2
—6rAi1Ay —rAibc + 5rAsac + EkAlb

1 1
— 5kAsab — kAbc + EkA]c2 + 5rAIbZ

1
+ 5rAlc2 — 6kA|As + 5kAsac — 5rAsab,
— ZI’Asz +sAy) — 6rAgAs + 21’A2€2 —dA)

3
— 6kAgAy —3rA? — SkAwab + 4r Aya®

3 2 2 2
+ SkArac—2kAsh? —3kAT+q Az + 2k Az

3 3
— ErAlab + ErAlac + 4kA2a2,
—dA1 +3rAjzac + 3kArab + kA1a2

1 1

+qA;| + 5rAlc2 — EkAlb2 + 3rAsab
1 2

— OkAgA1 — SrAib

1
+ 3kAsrac + 5kAlc2 — 6rAgA| +rAa’
—6rAyAsz +sA| — 6kA A3z,
1 1 1
rAsbc + —kAjab + —kAjac + =rAab
2 2 2
1 1
+ ErAlac —rAgbc — kAsbc — EkAgab
+Lea L Asab + SrAsac + r Ay
5 3ac 2r 3a 2r 3ac 2r 4
1 2 1 2 1 2
+ 5kA4b + 5](1446‘ + EFA4C — 6kA A3

1
— 6kAyAy —6rA1As — 6rAryAy + EI’AQCZ

1 1 1

+ —kA2b2 + —rA2b2 + —kA2C2 +s5Ap
2 2 2

+ qAo — dAg — 3kA} — 3r A} + kAjbc,

1
sA3 +rAza® — > rAsb® — 6rAgAs
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1 2 2 1 2
+ 5kA3c + kAza” + ErASC
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i\/lbz 12+3A b=>b
a= —-b* — =c , =b, c=c,
2 2 0

a2 3 3
+ 3kA4ClC — 3kA4ab + qA3 — EkA:‘,b d = _Ekbz _ Erbz _ 3I"A() +5— 3kA0 +q
+ 3rAgac — 3rAsab — 6rAjAy — 6kA1 Ay 3, 3,
+—rc“+ <kc*, k=k, g=¢q, r=r, s=s,
— dAs — 6kAgAs, 2 2
3 3 Agp=Ag, A1 =0, Ar=0, A3=ab+ac,
H?: “kAsab + 4kAsa® + 2kAsc® + SrAzac + sAq 1.
2 2 A4 = ECZ + 5[92 + bc.
3 , 3
+ EkAWC +2rAqc” + ErA3ab —6rAoAq By using Family 1, (42) can be written as
&0 2A0A(tan(v/—AE /2))? 42/ —Aa(—c? +b>+2A¢) tan(v/—AE /2) —2Aga* — (b* — ) (A + a?)
u =— ,

whereé=x+y—dtandA=a2—|—b2—cz.

2(—a + «/—Atan(v/—AE/2))?

By using Family 2, (42) becomes

2
2404 (tanh (Y52))" +2 VAa(=c? + b7 +2 Ag) tanh (Y55 ) + 240a% + (% - ¢2) (A + a?)

u(§)? =

where§=x—|—y—dtandA=a2—|—b2—cz.

Z(a + \/Ztanh(@»Z

’

+ qAs —3kA3 — dAg + 4r Aga® — 21 Agb?

—3rA3 — 6kAgAq — 2kA4b?,

1

H": 5kAgc2 — 6rA3A4 + SkAgac + 5kAzab

1 2
+ 5rAzab + EI’A3C + kAzbc — 6kA3A4

1 2, 1 2

+ rAsbc + SrAgac + 5kA3b + ErA3b ,
3 2 2 2 3 2
5kA4c —3kA; —3rA; + ErA4b

3 2 3 2
+ 3rAgbc + EI’A4C + 5kA4b + 3kAsbc,

where H = tan(¢(&)/2). Solving the equations corre-
sponding to the coefficients of H, we get the following
sets for the solutions of (42):

Case 1
We have the following equations:

By utilising Family 5, (42) becomes

-2
u@® = Ag + %(mh(@)) ,

where € = x + y —dr and A = b — 2.
By using Family 8, we get

a2

(ag +2)*
where § = x + y — dt.

Case 11
‘We obtain another set of coefficients as

b=0b,

u@EW =2

a=da, c=c,

d=kb2+rb2+ka2+q+ra2+s—rcz—kcz,

k:k, q=4q, r=r, s =39,
br 2
Ay=—+—, A1 =0, A, =0,
0 2+2 1 2
2 2
Az =ab+ac, A4 =—+ — + bc.
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By using Family 1, (42) becomes

u(@)®

_ (b—0)(b+o)Atan(v=AE /2))’+(b—c)(b+c) A
B 2(—a++/—Atan(v=AE /2))>

(43)
where & = x + y —dt and A = a® + b*> — 2.
By utilising Family 3, (42) becomes
u(€)®
B _bZA(tanh(JZg /2) — D)(tanh(v/AE/2) + 1)
B 2(a + /A tanh(VAE /2))2
(44)

where £ = x + y —dt and A = a? + b* — 2.
By using Family 5, (42) can be written as follows:

u@?
- A(tanh(vV/A&/2) — 1)(tanh(v/AE/2) + 1)

2(tanh(v/A%/2))? ’
(45)
where £ = x + y —dt and A = a? + b* — 2.
By using Family 8, (42) becomes
2
a
u@® =4 ——, (46)
(at +2)°
where § = x + y — dt.
By using Family 11, (42) can be written as
b2 b& b
u)® =2 O @7)

(P + ePfa — 1)2’
where £ = x + y — dt.

Case 111
We have the following equations:

a=0, b=b, c=c,
d=—4rc® —4kc®> +4kb> + q +4rb* + 5,
k=k, qg=gq,

Ay = 2 — b2,

A =0, A b+1 2+1b2
=V, = —DC — C —_ y
1 2 ) )

As=0. Ag— . 2+1b2+b
=0, ==c = c.
3 4 ) )

By using Family 1, (42) becomes
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u (&)1
B A
 2(cos(v/=AE/2)2(—1 + (cos(v—AE/2)))’
where § = x + y —dt and A = a® + b*> — 2.
By using Family 2, (42) becomes
u(g)h
_ A(tanh(v/A&/2) — 1)*(tanh(v/ A& /2) + 1)?
B 2(tanh(v/AE /2))?

where § = x + y —dt and A = a® + b* — 2.
By using Family 5, (42) becomes

A
2((cosh(v/AE/2))? — 1)(cosh(v/AE /2))>

where £ = x + y —dt and A = a® + b* — 2.
By using Family 8, (42) becomes

u@" =2£72,
where § = x +y —dt.

’

u@"? =

Remark 1. All results obtained in this study have been
rewritten in the original equation and these results are
verified by using Maple 13.

5. Stability analysis

In the previous two section, we presented some soliton
solutions for eqs (1) and (2) with the help of ITEM.
As aresult of the instability in steady-state modulation,
non-linear and dispersion effects occur in numerous
nonlinear PDEs. The modulation instability of HScKdV
and NNV are examined by using linear stability analysis
in the following subsections respectively [37,38].

5.1 Modulation instability of HScKdV

Assume that the perturbed steady-state solution of
eq. (1) has the following form:

u(x, 1) = /Py + o1(x, )e?®,
v(x, 1) = /Py + oa(x, 1)e? D,

w(x, 1) =/ Py+o3(x, 1)e?®, (48)

where 0(t) = Po(y1 + Poy28)t, Py is the normalised
optical power and ¢ is a sufficiently small parameter.
We investigate the evolution of the perturbation o (x, ¢)
by utilising the linear stability analysis. Let us plug
eq. (48) into eq. (1). If we linearise the expressions that
we obtain, we reach the following equations:
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914 oyt + Poyeon = L2
T, )01 = ———
9t o0Vl 072 1 3 9.3
a
-3y Pp— (o1 — 0p — 03),
ox
8 80’2
8_ + Po(y1 + Poyre)oy = ——— + \/>
803+P( + Pyyre) 33"3+3 Paos
0. £)o3 = ——— _
ot 11V 0)2 3 93 0 o
(49)
We consider the solution of (49) in the form
o1(x,t) = Mle(vx_kt), or(x, 1) = Mze(vx—kt)’
a3(x, 1) = pae 7. (50)

Here k is the frequency of perturbation and v is the
normalised wave number. Substituting eq. (50) into
eq. (49), we get the following dispersion relation:

k=y1Py +8)/2P02 + p3 — 3 Po,

—piv? + (4 — 2u3)/Po
M2 = . (51)

v Po
The relations obtained above show that steady-state
stability depends on the wave number. As the veloc-
ity dispersion k is real for all of wave numbers v, steady
state is stable against minor perturbations.

5.2 Modulation instability of NNV

The steady-state solution of eq. (2) is of the following
form:

u(x, 1) = /Po+ ¢1(x, y,1)e’®,
v(x, 1) = Py + da(x, y, 1)e? D,

w(x, 1) =/ Po+ ¢3(x, y, e,

where 6(t) = Po(y1+ Poy2¢)t and Py is the normalised
optical power. Here we shall use the linear stability anal-
ysis to examine evolution of perturbations ¢(x, y, ).
Putting eq. (52) into eq. (2) and linearising, we get

991 AR TR}
—+ P, P k— —
o T o(y1 + Poy26)¢1 + 53 T 03 S ax

]
+qﬂ—3JFo (k—(¢1+¢2)+r—(¢1 + ¢>3>)

(52)

06 _0gr 091 _ 003

= , = . 53
0x ay dy ox (53)

Pramana — J. Phys. (2020) 94:37

We suppose the solution of (53) as

b1(x,y, 1) = Bt Try=dd,
¢2(x, y’ t) — ﬂze(vx—i-uy—dt)’
G3(x, y, 1) = PaerTry—dn, (54)

Here d is the frequency of perturbation and v, u are
the normalised wave numbers. Substituting eq. (54) into
eq. (53), we get the following dispersion relation:

3w+ v)rp? +kv?) —
v fo

d = Po(y1 + 2 Po) —

+kvd 4 sv+qu+rud,

B3v Bv?
pr=—: P2=
w w?
The velocity dispersion d is real for all of wave numbers

v, i if v # 0. Hence the steady state is stable against
minor perturbations.

6. Concluding remarks

In this paper, we considered the generalised HScKdV
equation and (2 4 1)-dimensional NNV system. To
achieve exact solutions including exponential, ratio-
nal, trigonometric and hyperbolic functions, we applied
the ITEM to these equations. Various types of solu-
tions play important roles in engineering and physical
fields. These solutions may be useful to explain the
physical phenomena in dynamical systems that are
described by the system of equations HScKdV and
NNV and to help for a deeper understanding of these
systems. The type of solutions obtained is a guide
to the interpretation of the physical properties and
behaviour of the solutions. In this study, we have
obtained different types of solutions (e.g. soliton, kink-
type, bell-type, rational, trigonometric) each of which
has its own features. For example, it is known that
solitons appear as a result of a balance between weak
nonlinearity and dispersion. A notable feature of soli-
tons is that it can retain its identity when interacting
with other solitons. Kink waves, which are travelling
waves rising or descending from one asymptotic state to
another, approaches a constant at infinity. Bell-shaped
soliton solution is characterised by infinite wings or
infinite tails [45].

The implemented method has been demonstrated to
be more comprehensive and effective than the extended
tanh-function method [39], the extended Jacobi ellip-
tic function method [40] for HScKdV and the rational
exp-function method [34], sine—cosine method [41] for
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Figure 1. Profiles of u, v and w solutions (13), (14) and (15) for (1) witha = 1,b =2,c =3,B, =1,Co = 1,Cr = 1,

0<t<257/14and 0 < x <2m.
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77

Figure 2. Profiles of u, v and w solutions (16), (17) and (18) for (1) witha =1,b=2,c=1,B; =1,Cop=1,C>, =1 and

—10 <1, x < 10.

NNV, because it allows us to obtain many different
solutions. Therefore, using of the ITEM in seeking solu-
tions of NLEEs which occur in real-world problems is
beneficial too. Moreover, we examined the modulation
instability analysis for the HScKdV and NNV via the lin-
ear stability analysis and determined the requirements
for the stability of the solutions. Many nonlinear systems
exhibit instability leading to modulation of the steady
state as a result of the interaction between nonlinear and
dispersive effects. The stability of solutions is important
in physical problems because if slight deviations from
the mathematical model caused by unavoidable errors
in measurement do not have a slight effect on the solu-
tion accordingly, the mathematical equations defining
the problem will not accurately predict the future out-
come [37].

Gencoglu and Akgul [42] and Feng and Li [43] used
ITEM and Fan sub-equation method respectively to
obtain exact solutions of HScKdV. Comparing their spe-
cial solutions with our solutions, we see that there are
some structural similarities between these solutions. For
example, eqs (13)—(15) in [42] and eq. (21) in [43]
are structurally equivalent to the hyperbolic form of
the solutions ug, vg, wg in this paper. Ali [44] used
the modified extended tanh-function method for solving
eq. (1) and eqgs (35)—(37) have the same mathemat-
ical structure as our solutions u22, v22, wa2. On the

other hand, Wazwaz in [35] investigated the system
NNV by using several methods. If we compare solu-
tion (26) in [35] with our solution «® in the case of
a = 0, structural similarities can be seen between these
solutions. It is seen that we omitted some family classi-
fication solutions in all ansatze. The reason for this is the
inconsistency between the coefficient obtained in Maple
calculations and the coefficient conditions of the family
classification in §2 (for instance Case 1, eq. (30)).

In figures 1-8, we depict the 3D plots of some exact
solutions of eqs (1) and (2). These solutions have very
important physical meanings. The reported results in
this study may be useful in explaining the physical
meaning of some nonlinear models arising in nonlinear
sciences (solid-state physics, nonlinear optics, chemi-
cal kinetics, hydrodynamics, biological membranes, etc.
[32,46,47]) and the mechanism of the nonlinear physical
phenomena in a wave interaction. For instance, eqs (13)—
(15) are periodic solutions which are presented in figure
1. Equation (16) is bell-type solution and eqs (17) and
(18) are kink-type solutions. They are portrayed in figure
2. Equations (46) and (47) are rational and exponential
function solutions respectively and they are plotted in
figure 8.

In our study, we have not investigated the blow-
up conditions of the aforementioned solutions. We
have broadly tried to extract the physical structure of
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Figure 3. Profiles of u, v and w solutions (19), (20) and (21) for (1) witha =3,b =4,c =5,B, =3,Co = 1,Cr = 1,
—34<tandx <34.

Figure 4. Profiles of u, v and w solutions (22), (23) and (24) for (1) witha = 1,b =2,c =1,B, =1,Co = 1,C = 1,
—4.4 <tandx <4.4.

22

Figure 5. Profiles of u, v and w solutions (33), (34) and (35) for (1) witha = 0,b = 1,c =3,k =1,Cop = 1,C4 = 1,
27 <tandx < 2.

Figure 6. Profiles of u, v and w solutions (36), (37) and (38) for (1) witha = 0,b =3, c =1,k =1,Cop = 1,C4 = 1,
—0.71 <tand x <0.71.
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Figure 7. Profiles of u solutions (43) and (44) foreq. 2) witha = 1,b =2,c =3,r =k =q =s = laty = 1,

0<x<m/3and0 <t <27:.
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Figure 8. Profiles of u solutions (45), (46) and (47) for eq. (2) with {a =0,b=3,c=2,r=k=q =5 =1},
fa=1b=1c=~2,r =k = gq=s=1}and {a=05,b=1,c=0.5,r =k =g =5 = 1} respectively at y = 1,

O0<x<m/3and0 <t <2m.

the solutions (containing the discontinuous point) and
demonstrated some numerical simulations of the physi-
cal phenomena. We note that some of the solutions have
singularity. For instance, the denominator of (13) should
be non-zero, i.e.,

2
4(b + ¢)? <—a +V-A tan<—V_A(2x_kt))> £ 0.

Therefore, we have

b+c#0
and
—A(x — kt
—a+ V—Atan<#) #0
from which
b+ ke £ —2 arct ( a ) n
c, Xx— arctan nm,
V—=A v —=A
nez

are obtained. For example, fora = 1,b = 2,¢ = 3,
B, =1,Co =1,Chp = landn = 2,if x — kt =
arctan(1/2) + 27 is considered, the 0.4139710795 <

t < 6.023957962 interval for ¢ is obtained correspond-
ingto 0 < x < 2m. Accordingly, if ¢ is selected outside
this interval, such as x = 1 and ¢+ = 7, the singularity
of the solution is eliminated. However, as it is not easy
to see it with the help of graphics, it can be interpreted
intuitively.
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