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1. Introduction

In the nonlinear world, a special type of exact solutions, namely interaction solution, has occupied
an important place. What makes researchers want to study this topic is the difficulty of obtaining
interaction solutions of nonlinear equations and provision convenience of understanding about the
dynamic behavior of obtained interaction wave solutions. Interaction solutions arise from the
existence of two different wave types in the referred solution. Interaction may be between soliton and
periodic or soliton and complexiton. In order to better understand the different types of exact
solutions, there are many papers published in literature [1-7]. Interaction solutions occur as a
consequence of various exact solution techniques. These miscellaneous procedures also provide
different kinds of wave propagations. The newest one of the mostly known waves is complexiton,
which differs from other waves in having a different shape. This newest class of nonlinear waves has a
brief history can be summarized as given in the following passage.

Researcher Ma introduced the latest kind of wave, which was derived from the Korteweg-de Vries
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equation with the help of the bilinear concept [8-10], and then presented various studies [11, 12].
Afterwards, some researchers have paid attention to studies on this topic. Eventually, some
complexiton solution methods have been established to contribute to the science world. In literature,
complexiton is also named a periodic-soliton. Here are some periodic-soliton solution techniques that
are composed of wave transformations and sub-equations according to the form of the solutions
intended to be obtained in [13-16].

In the current study, we utilize the modification of the simplified Hirota method introduced in [17,
18]. We adapted the referred method to the sixth-order Ramani equation to derive periodic-soliton
solutions. Besides, interaction and soliton solutions are also gained at the end of the procedure. All
these types of solutions are constructed for three different dimensions, N = 1,2, 3.

In the next section, we give the utilization of the method to the sixth-order Ramani equation. Gained
solutions are enriched with plotted graphs for some specific parameters. The last section provides some
outcomes related to this study.

2. Derivation of solutions

This part of the paper provides soliton, complexiton, and interaction solutions to the
(1+1)-dimensional sixth-order Ramani equation via a kind of modification of the simplified Hirota
method [17-20]. The (1+1)-dimensional sixth-order Ramani equation arises in various branches of
applied sciences, especially in wave theory in physics. This equation appears as

Uxxxxxx + 15quxxxx + 15uxxuxxx + 45”;2cuxx - Suxxxt - lsuxuxt - 15utuxx - Sutt = 07 (21)

in previous studies [21,22]. In former studies [21-30], Eq (2.1) was studied to obtain its Lax pair,
Bicklund self-transformation, multiple soliton solutions, multiple singular soliton solutions, exact
traveling wave solutions, rogue wave solutions, solitary solutions, interaction solutions, and N-soliton
solutions and also examined in the sense of its Painleve test, symmetry analysis, conservation laws,
and bilinear form. Through the transformation

u=2(In f)., (22)
Eq (2.1) turns to

(DS -5DiD, - 5D}) f - f =0, (2.3)
which is known to be a bilinear form. D, and D, correspond to Hirota derivatives in [31]. Hirota’s
bilinear method [31] tells us that Eq (2.1) has 2N-soliton solutions that can be derived via the formula

2N 2N 2N
u=72 ln(l + E e+ E it 4 E il ik Ak NN Ly ( | | eA”)erﬂ”’) . 2.4)
i=1

i<j i<j<k i<j X
According to nonlinear theory, Eq (2.1) has dispersion relations and phase shifts in the following

forms:
n] = k;x + W;t,
’ 3v5) 1,73
w;= (_% * 1_0)kj ’
(K = k) = 5K, = k)] = w)) = 5w, = wi)?
(K + K7)6 = 5(K, + k) (W', + wp) = S, + w))*’

(2.5)

e =

(1< j<I<2N).
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With the choice w'; = (—% + 3%05) kf, phase shifts can be expressed as

V5K = 5Kk = NSKKP + Y5kt F 3K + 5Kk F 4k + 5Kk F 3kt

V3K + V53K + VSKk? + 5k % 3K SKK ¥ 4Kk F 5Kk ¥ 3kt
(1<j<I<2N).

AJI —

The transition
el = Qm + iy, K, = @y — iby, (1 <m<N),
between real and complex parameters enables us to build complexiton solutions, where a,, and b,
(1 <m < N) are real parameters.
With appropriate choices of a, and b,,, we give interaction solutions, soliton solutions, and
complexiton solutions. Specifically, if e#2»-12» > 1,1 < m < N nonsingular N-complexiton solution is

derived, generally.
Case I: With the choices

Q, = xa, + %talb% - %taf ¥ %t\/galb% + %t\/ga?,
61 = xby + 3tb} = 3talb, F StV5b7 = 21 V5alby,
and
m=mn,=Q +i6, (2.6)

with
PA (V502 # 5b7 - 3V3a2 + Ta?)
a*(=3V3b? £ 70* + V5a2 F 5a2)

A _ (2.7)

we derive solution of (2.1) as

2 (a1 cos @, — by sin6; + aleAlzegl)
"= . 2.8)
VeAn cosh(Q] + In( VeAl2)) + cos 6,

Solution (2.8) causes two different kinds of solutions, such as

(i) If V35b% +5b> = 3V5a% + 7a® < 0 and =3 V5b? + 7h? + V5a° F 5a% < 0 are satisfied; (2.8) gives
a one-wave complex1ton

(ii) Equation (2.8) turns to a one-wave soliton if b; = 0 when a; # 0.

The following illustrations are given to prove that the inequalities V5b?  5b> — 3V5a? + 7a% < 0
and —3 V5b? + 7b% + V54> + 5% < 0 have a mutual solution that consists of at least one point. Figure 1
shows that these inequalities actually have a mutual solution area, which consists of infinitely many
points in the (al, bl) plane.
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a,

Figure 1. Left: Solution of inequalities V5b? — 5b> — 3 V5@ + 7a* < 0 and -3 V5b% +
70 + V542 — 542 < 0. Right: Solution of inequalities V5% + 5b% — 3 V5a? — 7a? < 0 and

~3V50% - 71 + V5% + 5a° < 0.
Case II: (N = 2) Taking into consideration
Mm-1 = n;m = Qm + iemv
and

9 2 3 3
Et Sambmimf Sam,

O = Xby + 31bY, — 3talb, F StV + 2t V5aih,, (m=1,2),

m —

Q,, = xa,, + %tambﬁ1 - %tafn F

with phase shifts such that
(eAl3)* = M
(eAM)* — eAz3’
b2 (V5b% F 5b% - 3V5a% + 7d2)
a2 (= 3V5b2 + 702 + V5a2 F 5a2)

Aop—
e 2m=12m —

(m=1,2).

€A]3 = —((1 \/galbz + i\/gazbl F dia; b, £1ia,b, £ 1a,b| F 41a,b, + \/galaz
—V5biby  2a} + ayay F 2a3 + 2] F byby +2b3)(ay +iby — ay — ib,)°)
(i V5a2b1 - 263 + iaiby — V5biby + aray +iV5a1by  biby + 4iarby

tiayby + diayby + V5a1ay £ 203 % 2b] = 247 (ay + by + 4y + b)),

M = —(( =i V5aby ¥ 2b3 + iayby — V5biby  ajay +1V5a1by F byby + diab,
Fiarhy F diayby — V5a1ay £ 243 ¥ 20} £ 247 (ay +iby — ay + iby)?)

(i V5a1b2 - i V5arby F diaiby % ia by F iarh + 4iarhy - VSaia;

—V5biby 24} F ayay F 243 + 2 F biby + 263 )(ay +iby + ay — ib,)°).

The solution for the case (N = 2) is obtained as

(2.9)
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U= 2( In (1 + 26 cos 0 + 2™ cos B, + 12?4 e

+ 212 [ Re(e?) cos(6) + 6,) — Im(e) sin(6; + 6,)]

+ 28U %[ Re(e#) cos(0; — 6,) — Im(e™) sin(6) — 6,)]

+ 2eM122M 2 [(Re(e) Re(e?') + Im(e) Im(e? ) cos 6,
— (Im(e*™) Re(e*) — Re(e??) Im(e™*)) sin 6, ]

+2¢"4eM B[ (Re(e"?) Re(e"*) — Im(e™) Im(e"™)) cos 6,

— (Re(e*3) Im(e) + Im(e*?) Re(e!*)) sin 6, |

+ €A126A34|6A13|2|eA14|2€291+292)) )

X

(2.10)

The following three different types of solutions are derived from solution (2.10) depending on the

choices of ay, by, ay, b,. They can be summarized as

(i) For m = 1,2; if inequalities V552 ¥5b% -3 V5a2% +7a% <0 and -3V5b%+7b%+ V5d2%

5a2 < 0, are satisfied, (2.10) provides two-wave complexiton.

(i) If inequalities V5b? F5b° —3V5a2+7a> <0 and -3V5b>+7b* + V5% F5a% <0, are
satisfied while b, = 0 and a, # 0, (2.10) turns to an interaction solution of one-wave complexiton

and one-wave soliton.
(iii) For m = 1,2; if b,, = 0 while a,, # 0 (2.10) gives us a two-wave soliton.

Case III: (N = 3) With similar and generalized choices

Mm-1 = 77§m = Qy + 6y,
and 2 3 2 3
Q,, = xa,, + %tambm - %tam F 19—0t Sa,b; + 13—0t Sa,,

O = xby + 3tb3, — 3talb, ¥ N5 B}, £ 2tVSdib,, (m=1,2,3),

m

with phase shifts
(eA13)* = M (eA14)* - (€A23) (eA15)* = M2

(eAm)* - €A25, (eA35)* — 6A46, (€A36)* _ €A45,
br(V5b;, 7 5b%, = 3V5 a4y, + 7a)
a(=3V5b2 £ 702 + V542 ¥ 5a2)

m —

eAZm—l,2m — (m =1,2, 3)
€A'5 = —((1 \/§a1b3 +1 \/§a3b1 + 4ia1b1 + ia1b3 + ia3b1 + 4ia3b3 + \/5(11613 — \/gblb3
T 24} + ayas ¥ 243 + 2b; F bybs + 263 )(ay +iby — a3 — ibs)’)

/(( + iasb, + 4iashy — V5bibs +iV5a,bs + ajas + V5a,a3 + i V5asb,

(2.11)

+ diaiby + ia\by ¥ 2b3 + 2a3 F byby F 2b] + 241 )(ay + iy + as + ibs)’),
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€AI6 = —((1 \/§a1b3 -1 \/gagbl + dia by +1a1b3 F iazb; F 4iazbs — \/galag - \/gblby,
+ 24} ¥ ayas £ 203 ¥ 2b; F byby ¥ 263 )(ay +iby — a3 + ibs)’)
/((1 \/§a1b3 - i\/§a3b1 F4ia by +ia\bs F iazb; + 4iazb; — \/5611613 - \/gblb:;

T 24} F aya; ¥ 2a3 £ 26}  byby + 2b3)(ay + iby + as — ibs)’),

€A35 = —((1 \/§a2b3 +1 \/§a3b2 + 4ia2b2 + ia2b3 + ia3b2 + 4ia3b3 + \/5(12613 — \/§b2b3
F 243 + ayay ¥ 2a3 + 203 F byby + 213 )(ax + iy — a3 — iby)’)
/((1 \/§a2b3 + Zb% - \/§b2b3 + ia3b2 + 4ia3b3 +1 \/§a3b2 + aras + \/§a2a3

F byby % diayb; + iashs + 2a3 ¥ 263 £ 243 )(a; + iby + a3 + ib3)°),

™ = —((i V3abs — i1 V5a3b, ¥ 263 — V5aras ¥ aras * bybs
+ diab, + iarbs + 203 F 23 = 2a3 — VSbobs ¥ iazhy F diashs )(as + iby — as + ib3)’)
J((i V5a2b3 — i V5asby  diash, + iaybs F iashy + 4iazhs — V5ayas = V5bybs
T 203 F ayas F 2a3 + 203 F bobs + 2b3)(ay + iby + a3 — ibs)?),
The solution for the case (N = 3) is then obtained as

u= 2( ln[ 1 + 2% cos Oy + 22 cos 0y + 2% cos Oy + eM12e2H 4 322 4 A% o2 0
+ 222 (Re(e2) cos() + 6,) — Im(e) sin() + 6,) + Re(e?*) cos(0; — 6,) — Im(e™14) sin(6; — 6,))
+ 215 (Re(e5) cos() + 63) — Im(e1%) sin() + 65) + Re(e?®) cos(0; — 65) — Im(e™16) sin(6; — 65))
+ 2275 (Re(e¥) cos(0; + 63) — Im(e*) sin(0, + 65) + Re(e**) cos(6, — 65) — Im(e”*) sin(6, — 65))
+ 2eM122 2 [(Re(e) Re(e?™) + Im(e?) Im(e?14)) cos 6, — (Im(e13) Re(e?) — Re(e?) Im(e*4)) sin 6, ]
+ 2eM4 22U [(Re(e?) Re(e?') — Im(e*) Im(e?1)) cos 0 — (Im(e**) Re(e?') + Re(e*) Im(e*4)) sin 6; |
+ 2eM12eX 1B (Re(e19) Re(e®) + Im(e™19) Im(e*1)) cos 63 — (Im(e”'5) Re(e?1®) — Re(e?'5) Im(e”1¢)) sin 65]
+ 25 2B [(Re(e?15) Re(e10) — Im(e15) Im(e?19)) cos 6 — (Im(e15) Re(e?19) + Re(e'5) Im(e*19)) sin 6; ]
+ 24225 [(Re(e?) Re(e?*) + Im(e) Im(e”)) cos 03 — (Im(e”*) Re(e”*) — Re(e**) Im(e”*)) sin 65
+ 2¢50 X572 (Re(e) Re(e) — Im(e”*) Im(e**)) cos 6, — (Im(e”*5) Re(e™**) + Re(e”*) Im(e”*)) sin 6, ]
+ o+ €A126A346A56|8A|3|2|eA|4|2|eA15|2|eA16|2|eA35|2|eA36|26291+292+293])x'
(2.12)
As you can easily see through the process applied during Cases I and II, the more parameters are

employed, the more conditions we get from the solution. If parameters a,, and b,, (m = 1,2,3) are
chosen accordingly, solution (2.12) can be considered in four different conditions as follows:
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(i) For m = 1,2,3, if the inequalities V502 ¥ 5b% —3V5a2 + 7a%, < 0 and =3 V5b2, + 7b2, + 542
Safn < 0 are satisfied, (2.12) gives a three-wave complexiton.

(ii) For m = 1,2; if V502 ¥ 5b2, — 3V5d2 + 7a? < 0 and =3 V5b2 + 7b% + V5a2 ¥ 542, < 0 are
satisfied while b3 = 0 and a; # 0, then (2.12) represents an interaction solution of a two-wave
complexiton and a one-wave soliton.

(iii) If the inequalities V5b? #5b> =3 V5a? +7a? < 0 and -3 V53 +7b> + V542 F 54> < 0 are satisfied
while a; # 0, b, = 0, az # 0, b3 = 0, then (2.12) gives an interaction solution of a two-wave
soliton and a one-wave complexiton.

(iv) The choices a,, # 0, b,, = 0 (m = 1,2, 3) transform (2.12) to a three-wave soliton.

Figure 2 displays the graphical illustrations of one-complexiton and one-soliton solutions of (2.8)
for some specific choices, respectively. Figure 3 displays the graphical illustrations of two-complexiton
and soliton-complexiton solutions of (2.10) for some specific choices, respectively. Figure 4 displays
the graphical illustration of two-soliton solution of (2.10) for some specific choices.

Figure 2. Left: One-complexiton solution of (2.8) with a; = 1, b; = 1. Right: One-soliton
solution of (2.8) with a; = 1.5, b; = 0.

1

Figure 3. Left: Two-complexiton solution of (2.10) with a; = 0.1, b; = 0.1, a, = 0.9,
b, = 0.9. Right: Soliton—complexiton solution of (2.10) with a; = 1.1, b; = 1.3, a, = 1.2,
bz = O
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Figure 4. Two-soliton solution of (2.10) witha; = 0.9, b, =0,a, = 1.3, b, = 0.

3. Conclusions

This work was carried out to derive complexiton waves and interaction waves of the
(1+1)-dimensional sixth-order Ramani equation. Our motivation factor to make such a paper is the
application area of partial differential equations solved in this paper. It has some beautiful real-world
applications in physics. Since the classical simplified Hirota method and the Hirota direct method do
not let us obtain nonsingular waves, we used a modification of the simplified Hirota method
introduced by Wazwaz and Zhaqilao [17]. What makes this method interesting is the attainability of
real solutions in spite of using complex parameters. Our derived real solutions have been presented in
detail by giving necessary conditions to differentiate different sorts of solutions. These were sorted by
their names: one-wave soliton, one-wave complexiton, interaction solution of one-wave complexiton
and one-wave soliton, and extended ones. The necessary condition for nonsingularity of obtained
complexiton solutions was given as a mathematical expression. Derived complexiton solutions have
periodicity, which can be observed via sketched graphics. For some specific choices of parameters,
some sketched graphs were illustrated to enlighten interested researchers about wave propagation and
the dynamical behavior of our derived solutions.
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