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Abstract: In this study, we build multi-wave solutions of the KdV-5 model through Hirota’s bilinear
method. Taking complex conjugate values of the free parameters, various colliding exact solutions in
the form of rogue wave, symmetric bell soliton and rogue waves form; breather waves, the interaction
of a bell and rogue wave, and two colliding rogue wave solutions are constructed. To explore the
characteristics of the breather waves, localized in any direction, the higher-order KdV-5 model, which
describes the promulgation of weakly nonlinear elongated waves in a narrow channel, and ion-
acoustic, and acoustic emission in harmonic crystals symmetrically is analyzed. With the appropriate
parameters that affect and manage phase shifts, transmission routes, as well as energies of waves, a
mixed solution relating to hyperbolic and sinusoidal expression are derived and illustrated by figures.
All the single and multi-soliton appeared symmetric about an axis of the wave propagation. The
analyzed outcomes are functional in achieving an understanding of the nonlinear situations in the
mentioned fields.

Keywords: fifth-order KdV equations; Hirota’s bilinear technique; lump; multiple solitons; breather
solution

1. Introduction

Nonlinearity in models has been an issue of focus in the study of the corporal charac-
teristics in fields such as fluid motion, plasma, condensed themes in physics, aerographic,
optics, atmospheric discipline, etc. Nonlinear disciplines have three types, namely soliton,
fractal, and chaos. Currently, the major significant and efficient research arena in nonlinear
discipline is the theory of solitons [1-8]. Lump, rogue, and breather waves are the main
issues in such soliton theory. The term “lump wave” describes localized waves with one
peak and one trough. It is localized in all directions of space and was first introduced by
Manakov and others in 1977 [9]. Waves that appear suddenly out of nowhere in the sea and
vanish without leaving any trace are called rogue waves. In 1965, Draper first introduced
the concept [10]. Breathers are localized breathing waves with a periodic structure in a
certain direction. It can also be used to explain rogue wave phenomena. We are going

to discuss some aspects of the KdV-5 higher-order KdV-type equation in soliton physics,
especially in the case of the interaction of soliton in nonlinear science.

To investigate the properties of solitons, a lot of powerful techniques (the extended hy-
perbolic function method [11], (p6 model expansion scheme [12], the unified technique [13,14],
the tanh technique [15], the exp (—®(7))-expansion technique [16], the first integral
Attribution (CC BY) license (https://  technique [17], the inverse variational scheme [18], Darboux transformation [19], Hirota
creativecommons.org/licenses /by / bilinear technique [20], etc.) have been applied by renowned researchers. The Hirota
40/). bilinear technique is more popular for its simplicity and directness. This method was first
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derived by Hirota [20]. Its simplified formula was extensively applied in the literature in
different nonlinear studies [21-23]. This technique become operative and useable within
a short time by dynamical researchers and was applied to obtain soliton, multi-soliton,
lump wave, rogue wave, breather wave, and localized forms of wave solutions [24-30].
Besides this, dynamical researchers have derived the non-existence of global solutions of
the time-fractional differential model [31], double Wronskian solutions [32], bright-dark
and rogue soliton solutions [33], and Pfaffian solutions [34] with variable coefficients in the
recent literature.

The KdV model was first derived to develop shallow water waves in narrow chan-
nels. The extended higher-order KdV model carries four non-linear terms and two linear
dispersive terms compared with the standard KdV-5 models, and analyzes various types
of dynamical solutions with properties arising in shallow-water or surface waves [35—40].
Besides this, a few KdV classes are investigated in [41,42].

In this paper, we aim to explain the physical shape of the following extended higher-
order KdV-5 models [40] to analyze the rogue, lump, and breather pattern in symmetry,
and the interaction of solitons in which few solutions come in symmetrical form. The
mentioned model is

W)+ 0¥y + 3FFy + 502 (P W¥yrx + 2%, Fay) + DL ¥2Y,

* (1)
+B(0*Y rxxxx + ¥axx) =0, B #0.

We think this study will establish and clarify the physical structural solutions of
the extended higher-order KdV-type KdV-5 equation, which will be helpful for further
nonlinear study. To the best of the authors” knowledge, multi-solitons of the higher-order
KdV-5 equation by Hirota’s bilinear method have not been studied before.

The structure of this paper is as follows: first, we constructed the multi soliton solutions
of the higher-order KdV-5 model. Then, we used the complex conjugate values of free
parameters into the established the multi-soliton solutions of this model and derived
the rogue and breather interactions of them. Lastly, conclusions and some comments
are provided.

2. The Extended Higher-Order Kd V-5 Equations

It is important to find the collision shapes for the nonlinear waves. We are eager to
find breather-type collision solutions to the extended KdV-5 equation in this segment. Here,
we begin our analysis by studying the extended KdV-5 model in Equation (1).

In the beginning, suppose an auxiliary solution is

Y(x,t) = e = ¥ i where v; = K;x — wjt. ()
From The linear term of Equation (1), to solve the dispersion relation
w; = cx; + /s(x? + zx%cf), i=1,2,34. G)
Additionally, the corresponding phase variables are
v = KX — {CKZ' + B(x3 + DCZKZ-S)}t. (4)
The phase shift relation of Equation (1) is

2
K — K;
Aij:%, wheni,j=1,2,3,...N. (i < j). ®)
(x; + %)

The multi-soliton solutions can take the transformation

¥(x,t) = h(in f(x, 1)), ©)
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For a different one, or more than one soliton, the solution is given by
N N
flx,t) =1+ ¥ exp(v;) + ¥ Ajjexp(v; + v;)
i=1 i<j
N N N @)
+ X AijAjkAik exp(v; + vj + V) eeennnn. + 11 Ai]'(z exp(v;)
i<j<k i<j i

For single soliton, i.e., N = 1, then substituting Equation (6) into Equation (1) and solving
for h, we find
h = 4B. 8)

Casel: To find the lump wave, we consider 2-soliton solutions for N = 2. Then, the
test function from Equation (7) is given by,

flx,t) =1+e" +e"2 4 Appet ™2 )
with
11 = K1x — witand vy = Kpx — wot,
K1 = p1 +ig; and xp = p; —iq; then
w1 =m+inand wy = m —in.
From

3 2.5 3 2,5
_ . _ . _ witw K1+ B (K{+a K] )+eka+B (K + o k3
w1 =m+in and wy = m —in, wehavem = =522 = (<] ) ( )

2
_ c(p; +iq;)+B ((pl +iq1)3+°‘2 (py +iq1>5) +c(p; —iq;)+B ((Pl —iqy )3+°‘2 (p;—iqy >5)

2
= o?pp,® — 1002Bp,°qy 2 + 562pp,q;* + Bp,? — Bqy? + cpy? — cqy?

and
Cwiwn _ oarB(dredd) cxa B(xh et
=" .= 2i
_c(p +iQ1)+B((P1+iQ1)3+“2(P1 ‘Hfh)s)—c(}% —iQ1)—f5((P1 —iql)a"‘“z(P] —ifh)s)
= 7
= q; (562Bp;* — 100?Bp,2q,° + «®Bqy* + 2Bp; + 2cpy ).

with phase shift from Equation (5) given by

2

Ap = _%

P1

Simplifying Equation (9) and applying the above relation gives
Flx,t) =1+ 2e" cos(&) + Appe®v (10)

where 07 = pyx — mt and {1 = q1x — nt.
Substituting Equation (10) into Equation (6),

Y(x,t) = 4[5{1n(1 + 2% cos(&1) + A1262‘71)}xx (11)

The solution to Equation (11) comes via selecting the complex structure of the existing
parametric values from 2 solitons and obtaining rogue shape breather waves.

The nature of the solution to Equation (11) is plotted in a 3D shape in Figure 1a and
in a contour plot in Figure 1b with the parameters, p; = —1.3, g1 =2, ¢ =0.02, « = 0.2,
B = 0.5. Figure 1c represents 2D plots for time variations t = —2, t = 0and t = 2. We
see that the solution displays multirogue-shape breather waves along the paradox. Its
speed, width, and channel remain the same for the whole dynamic procedure and periodic
rogues occur at equal distances from one another. From its contour plots, the real shape and
direction are observed. Again, if we assume purely imaginary parameters, then the solution
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to Equation (11) displays a breather line wave. Figure 1d—f portray 3D, contour, and 2D
plots correspondingly for the parametric values p1 =0, g1 =2, c =0.02, « =02, =0.5

andt = -2, t =0, t = 2. All the figures are drawn using Maple software.

Figure 1. (a,b) are outlooks of Equation (11) in 3D and contour plots, respectively, with the parametric
values py = —1.3, g1 =2, ¢ = 0.02, « = 0.2, B = 0.5. (c) signifies the corresponding 2D plot for
Equation (11) for t = =2, t = 0, t = 2; (d,e) represent the outlook of the breather waves for the
parameters p; = 0, g1 = 2, c = 0.02, « = 0.2, B = 0.5. (f) is a corresponding 2D plot of breather

wavesfort=—2,t=0, t =2.

Case2: Consider N = 3 in Equation (6) to find three soliton solutions. Then, the

function f(x, t) can be written as

Flx,t) =1+e"t +e" + e + Appe"t T2 + Apze"2 ™8 4 Agze"1 T3 4 Aqpgett T2

where
V] = K1x —wit, vy = Kpx — wyt and v3 = K3x — wat.
Let
K1 = p1x+iq, Kk = p1x —iqy, and k3 =T,
w1 =m+in,w, =m—inand wz = c+o¢c3+zx3/3c5,
where

m = o?Bp,° — 106’ Bp,>q,* + 5?Bpyq;* + Bpy” — By +cpy® — cqy?,

n = q;(50’pp;* — 100Bp;q;” + o pqy* + 2Bp; + 2cpy),
and phase shift terms from Equation(5) are

2
A12 = _I%, A23 =p1+ iql =0 exp(i@l) and A13 =p1— iql =01 exp(—iGl),

1
p1=1/p1> +q1%and 6; = tan_l(%)-

(12)
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Using the above relations from Equation (12) we have

f(x, t) =1 4 2¢%1 COS(Cl) _’_eAxf(cA+ﬁA3+,x2/5A5)t + Alzezm

+2ple(01+Ax—(cA+ﬁA3+1x2ﬁA5)t cos(&1 +61) + plelze{Zol-l—Ax—(cA+/3A3+zx2/3A5)t} , (19
where 0y = pyx —mt and ¢; = q1x — nt.
Substituting Equation (13) into Equation (6),
¥(x,t) = 45{1n(1 + 267 cos(8y) + e (CATATHBANE | A )27 (14)

+2p1e(m+Ax—(cA+ﬁA3+zx2,BA5)tCos(gl 0+ p12A12e{2z71+Ax—(cA+/SA3+uc2ﬁA5)t})}
xx

In Equation (14), the solution comes from the combination of exp and sinusoidal
functions exhibiting the interaction of a periodic rogue and bell shape line solitons, as
viewed in Figure 2 for py = —13, g1 = 02, ¢ = 002, « = 005, § = 2, A = —0.5.
It is interesting that before the (! < 0) interaction there are 2 waves (periodic rogue
and bell shape line solitons) interacting at ¢ = 0 and then rogue type soliton split into
two parts of rogue type waves (See Figure 2). Therefore, a completely non-elastic collision
solution is obtained. The actual structure of the collision is shown from its 3D plot in
Figure 2a and contour plots in Figure 2b. A corresponding 2D plot is shown in Figure 2c
fort = -2, t = 0, t = 2. Again, for the purely imaginary values of the parameters, the
solution to Equation (14) displays the collision of breather line waves with kinky waves,
providing kinky type breather waves. It is portrayed in Figure 2d,e for the parametric
values p1 = 0, g1 = 035, ¢ = 05, « = 0.2, p = 0.5,A = 0.5. The corresponding 2D
plot is displayed in Figure 2f for t = —3, t = 0, t = 3. All the figures are drawn using
Maple software.

-20 oo
A
IR

[
|| |
¥
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(c)

/,

=20f

Figure 2. (a,b) are the outlooks of Equation (14) in 3D and contour plots, respectively, with the
parametric values p; = —1.2, g1 = 0.15, ¢ = =1, « = 0.005, B = 2, A = —0.5. (c) signifies the
corresponding 2D plot for Equation (14) for t = =2, t =0, t = 2; (d,e) represent the outlook of the
breather waves for the parameters p; =0, g1 =0.35, c =05, « = 0.2, § = 0.5, A = 0.5. (f) is the
corresponding 2D shape of the breather wave fort = =3, t =0, t = 3.
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Case3: For N = 4, we can find the four soliton solutions. The test function from
Equation (6) is

flx,t) =1+e"1 +e"2 4% + e + Appe”t V2 + Agzet1 34
A14el/1+1/4 —|—A23€V2+V3 +A24el/2+1/4 +A34el/31+1/4 _|_A12361/1+1/2+1/3+ (15)
A234ev2+1/3+1/4 +Al34ev1+1/3+1/4 +A1234ev1+1/2+1/3+1/4

where
11 = K1X — w1t, vy = KaX — wot, V3 = Kk3x — wat and vy = K4 X — wyt.
Let
K1 = p1+iq1, k2 = p1 — ig1, K3 = p2 +ig2 and kg = p2 — i,
w1 = my +inq,wy = mq — inq, w3 = My + inp and wy = my — iny,
where

my = o?Bp,° — 106*Bp,qy” + 507 Bp;qy* + Bpy” — Bay + cpy® — cqy’ny = qy (567 Bp,* — 106 Bp;%qy + o? By * + 2Bp; +2cpy),

my = o?pp,” — 100°Bp,’qy” +50° PP,y + Bpy” — By’ +cpy® — cdy?, n2 = Gy (507 Bp,* — 1007 Bp,ay” + o Byt + 2Bp, +2cp,).

The term phase shift terms of Equation(5) are

2
Ap = —%, Ap =p1+iq1 =p1 exp(i91) and A3 = p1 —iq1 = p1 exp(—ié)l).
1

2
A14 = 7%, A14 = p2 + iqz = P2 eXp(iez) and A23 = p2 — iqZ = P2 eXp(*iez).
2
To find the values of p1, 02,01 and 65, we will apply p; = v/pi2 +¢;% and 6; = tan~! (%),
wherei =1, 2.
Simplifying Equation (15) and applying the above relations, we have

Fx,t) =14 2e7 cos(&1) + A12e21 + 2¢72 cos(&) + Azge?2+

201€(1792) cos (&1 + &2 + 61) + 202¢!7177) cos(§1 — G2 + 62) +

201901026 2192) cos(&y + 01 + 0) + 2A3401026(711272) cos(&; + 07 — 0)+
1234012 p3e2112%2),

(16)

Here 0] = a1 x — mlt, 61 = blx — l’llt, 0y = dpX — mﬂ’ and §2 = bzx — 1’121’.
Substituting Equation (16) into Equation (6),

Y¥(x,t) = 4BIn(1 + 27 cos(&;) + A€t + 2¢72 cos(&n) + Azge®2+
2ple(‘71+‘72) cos(& + &2+ 61) + 2pze(‘71+‘72) cos(& — &+ 62)+
2&12p1p2€(201+02) cos(é‘z + 01 + 92) + 2A34p1p2€((71+202) COS(gl + 0, — 92)
+a1pa34p1203e214272) )

(17)

In Equation (17), the solution comes from the mixture of exp and periodic sinusoidal
functions exhibiting the interaction of double periodic rogue solitons, as shown in Figure 3
withp; = =13,p0 = 1,91 =08, g2 =045, c =2, a =0.25, B = 1. Itis interesting
that in earlier (f < 0) and later (t+ > 0) interactions, each rogue remains in the same
solitonic nature and interacts at f = 0 coming along the reverse paradox (See Figure 3).
We see that some rogue waves periodically get into each soliton, being equidistant from
one another. The real structure, direction, and collision solutions are observed from its 3D
plot in Figure 3a and contour plots in Figure 3b. The 2D plot is represented in Figure 3¢ with
t = —5,t =0,t = 5. Again, the solution to Equation (17) shows the interaction of double-
breather shape line solitons with an acute angle for the purely imaginary parameters. It’s
3D and contour shapes are portrayed in Figure 3d,e for the parametric values p; = 0,
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p2=0,91=1g2=1c=1, a = -1, p =1and the 2D plot is represented in Figure 3f
with t = —1,t = 0, = 1. All the figures are drawn usingMaple software.

S ol

L=

ey
(f)

Figure 3. (a,b) are the outlooks of Equation (17) in 3D and contour plots, respectively, with the
parametric values p; = —1.3, pp =1, q1 = 0.8, g0 = 045, c =2, « = 0.25, B = 1. (c) signifies the
corresponding 2D plot for Equation (17) for the values of t = =5, t = 0, t = 5; (d,e) represent the

outlook of the breather waves for the parameters py =0,p2 =0, g1 =1, 2 =1, c=1, a = -1,
B = 1. (f) is a corresponding 2D plot of breather wave fort = —1, t =0, t = 1.

3. Conclusions

In this research, we have successfully employed the Hirota bilinear technique to
analyze exact multi-wave solutions of the KdV-5model. Diverse types of parameters have
been nominated to obtain and distinguish the dynamical properties of the multi-wave
solutions for nonlinear systems. Consequently, we derived periodic lump waves with a
rogue-type line wave, which is symmetric with the line, periodic cross-lump wave, lump-
type periodic breather wave, and kinky-lump-type periodic breather waves setting complex
values of free parameters. This technique has some advantages as it is easy, recognizable,
and elementary, and it can also be used for other nonlinear models.

Author Contributions: Methodology, writing—original draft, validation, and funding acquisition,
FS.A.; Conceptualization, software, writing—original draft, Z.R.; Software, supervision, validation,
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and validation, A.A.; Overall supervision, validation, M.Z.A. All authors have read and agreed to the
published version of the manuscript.
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