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Abstract

®

CrossMark

In this paper, we analyze the extended Bogoyavlenskii-Kadomtsev-Petviashvili (eBKP) equation
utilizing the condensed Hirota’s approach. In accordance with a logarithmic derivative
transform, we produce solutions for single, double, and triple M-lump waves. Additionally, we
investigate the interaction solutions of a single M-lump with a single soliton, a single M-lump
with a double soliton, and a double M-lump with a single soliton. Furthermore, we create
sophisticated single, double, and triple complex soliton wave solutions. The extended
Bogoyavlenskii-Kadomtsev-Petviashvili equation describes nonlinear wave phenomena in fluid
mechanics, plasma, and shallow water theory. By selecting appropriate values for the related free
parameters we also create three-dimensional surfaces and associated counter plots to simulate the
dynamical characteristics of the solutions offered.

Keywords: simplified Hirota’s method, lump solution, mixed solution, complex multiple soliton,
eBKP equation

(Some figures may appear in colour only in the online journal)

1. Introduction

Nonlinear partial differential equations (NPDEs) are used to
explain diverse significant nonlinear phenomena in nature that
demonstrate significant properties, such as the existence of
numerous conservation laws, soliton solutions, bi-Hamilto-
nian structures, and various symmetries [1]. The quest for
analytical solutions to nonlinear partial differential equations
is essential in scientific and engineering applications since it
provides a wealth of information on the mechanisms of
complicated physical phenomena. Numerous effective

* Author to whom all correspondence should be addressed.

0253-6102/23,/035001+-11$33.00

methods have been devised to seek exact solutions for NPDEs
in mathematical physics, such as the Burgan et al method [2],
the similarity transformations [3], the parabolic equation
method [4], the new modified unified auxiliary equation
method [5], the (1/G’)— expansion method [6, 7], Jacobi
elliptic function expansion (JEFE) method [8], the simplified
Hirota’s method [9], the Kudrayshov approach and its mod-
ified version [10, 11], the modified auxiliary expansion
method [12], and the generalized exponential rational func-
tion method and its modified version [13, 14], as well as some
numerical methods [15-18]. Each of these methods has its
characteristics, and the simplified Hirota method is commonly
used owing to its efficiency and directness. In [19-28], the
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Figure 1. 3D profile and counter plot of equation (15) using t=1,b=12 a=0.1, =2, a=2and y=2.

authors have constructed multiple solitons, complexiton
solutions, fusions, breather solutions, lump solutions, and
mixed kink-lump and periodic lump solutions of some
NPDEs by using the simplified Hirota’s method. The
Bogoyavlenskii-Kadomtsev-Petviashvili (BKP) equation is
given by [29]

Upy + Upgy + 1201y,

F8uyUry + Al thy = Qllyyy, (1)

Equation (1) represents nonlinear wave phenomena in fluid
mechanics, plasma physics, and shallow water theory. The
solution function u(x, y, ) stands for the wave amplitude.
When a =0, equation (1) reduces to the Calogero-Bogoyav-
lenskii-Schiff (CBS) equation. When « =0, equation (1)
represents a modification of the CBS equation, often known as a
modification to the Kadomtsev-Petviashvili (KP) equation [30].
Equation (1) was actually extracted in [31-33] by reducing the
renowned (3 + 1)-dimensional KP equation. Equation (1)
represents the spread of non-linear waves in several scientific
fields, like fluid mechanics, plasma, and shallow waves.

Wazwaz developed an extended form of the BKP
equation (1). The Painlevé analysis has been used to explore
the integrability of the eBKP equation. The eBKP has the
following form [34]:

Upy + Upeery + 1201y + Bl
Fhit ty = Uy + Bl + Vibyry. 2)
Equivalently, it reads
(U + Urery + Buyttyy + Autclty)y
=ty + (Buy + Yy )xe. 3)
It is clear that the extended form equation (3) acknowledges
two extra weak terms of dispersion, namely #y,, and Uy,.

When o= =+y=0, equation (3) is simplified to the CBS
equation [34]

Uy + Upy + Suyityy, + dugcuy, = 0. 4)

Nevertheless, for 3=-y=0, equation (3) is reduced to the
BKP equation (1). More specifically, for a =0 the eBKP

equation (3) can be simplified to [34]:
Uy + Uyery + Sl + Attty = (Buy + Yty 5)

In [34], multiple soliton solutions of equation (2) have been
extracted via the Hirota approach. In this paper, we will
study multiple M-lump waves and their interactions with
single, and double soliton solutions. Also, we will derive
complex single, double, and triple soliton solutions. Lump
waves are rational solutions that locate in all directions of
space [35-39]. For the first time, Hirota used a direct method
to obtain a soliton solution [40, 41]. Manakov et al were the
first to discover the lump wave solutions [42]. Then, Sat-
suma and Ablowitz et al developed the long-wave limit
method to construct the multiple lump (M-lump) waves
solutions [43]. Zhang et al, developed the extended long-
wave limit method to study the high-order M-lump solutions
[44]. Subsequently, the interaction of lump waves and soli-
tons has developed and so have many interactive solutions,
including lump-kink and lump-strip solutions [45, 46]. Ma
used the positive quadratic function to construct the single
lump wave of the KP equation [47]. Thereupon, several
functions are used to construct different types of rational
solutions [48, 49].

2. Rational solutions to the eBKP equation

In this part, we propose to provide single, double, and triple
M-lump solutions and also generate single, double, and triple
complex soliton solutions to the eBKP equation. We also
investigate the mixed single M-lump wave with single and
double soliton solutions from the perspective of the suggested
equation.

Consider the following transformation:

u(x, y, 1) = (Inf(x, y, ). (6)
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2x + ny + ry + t(r13a + B+ ny) + t(r;a + B+ ry)

ulx, y, t) = 7y

(n—r)*a

Plugging equation (6) into equation (2), we obtain

—60f} f, + 6aﬁ‘)§fxy + 62 (=2 [ + 1oy — B + 2fy))
HOf (~f; fo S + FoSoe + I + Ay + 20 — W)
(= [ = 30y oy + Y fw = 3 f — 3072
TS = 3 Sy TS = 4 S — oy e
2o ooy o frone T S
H, (SO, (7 17— 2 fo) + O (o + Ay
H2(=30fyy = e + Ferowr)
@ gy — ot T My + Hoen

- f;rx;oc)

- f;\xxxy) =0.
(7

Motivated by Hirota’s bilinear method, the N-soliton solution
in general form is given by [50]

N N
f=n= Z exXp Z M,‘Minj +Zﬂivi) (8)

1=0,1 1<i<j i=1
where
vi = q;(x + riy + sit) + a, ©)]
4q.qg.
el = Kk (10)

1 — 5 >
(q; + )" + (ri — )"«

The >, o1 notation indicates summing over all possible
combinations of =0, 1, pu, =0, 1,...,un=0, 1;the Z%
summation is over all possible combinations of the N ele-
ments with the specific condition i <.

The first three terms of equation (8) have the following

forms:

fi=1+e", (11)

fi =1 + eVl + eV + ev1+vz+A12’ (12)
h=1+en+e2+es+ eVitvatdn 4 evitvitan

+ evz+V3+A23 + ¢ ev1+vz+V3+A123_ (13)

2.1. M-lump solutions

We explore a single, double, and triple M-lump solution of
equation (2) in this portion. To obtain one M-lump solution,
the long-wave limit method will be wused, and
taking g, — 0, % =0(), and e*=—1, (i=1,2), so

2
equation (11) reduces to
fé = ¢1¢2 + BlZs
where ¢y =x+ry+ 8515, ;o =x+ 1y + 51, B = —

(14)
4
(rn—r)%a’
= r13a + B+ 7, ands, = r23a + B+ 7,
Plugging equation (14) in equation (6), one M-lump
solution will be obtained,

A+ ny + 0P+ B+ n)E + oy + t(5a + B+ ry)

15)

where ry = a + ib, and r, = a — ib. equation (15) represents a

one M-lump solution of equation (2) as shown in figure 1.
To obtain a 2-M-lump solution of equation (2), we take

q, — 0, a; = —1(i =1, 2, 3, 4) in equation (7), and we get

i = 01020304 + B39y + Bi3dy &y + Biag, 95
+ Bozd ¢y + Brs 3 + Baaddy + Biagay

+ Bi3Boy + BiaBa3, (16)
¢, =x + 1y + sit, 17
4
Bj=-——" 18
! (ry — "_/)204 (19
and
si=ria+ B+ . 19)

Using equation (16) into equation (6), we have a two M-lump
solution of equation (2) as given in figure 2.

To generate a 3-M-lump solution of equation (2), we take
q,— 0, oy =—-10=1,2,3,4,5,6) in equation (7),
which give
Jo = P10, 030,050 + BiaB3aBss + B12B3sBys

+ Bi2BasBie + Bi3BaaBs + Bi3BasBag + Bi3BasBas

+ By3BiaBsg + BiaBasBie + BiaBisBas + BauBisBie

+ B34Bi5Bys + B3BisBas + Ba3BisBis + BauB3sBis

+ B34BasBig + 0,030, 05B16 + 920305 PcBia + $2030,6Bis

+ ¢3¢4¢5¢)6312 + ¢)2¢4@5¢6313 + ¢1¢2¢4¢6335

+ ¢1¢2¢4¢5B36 + ¢1¢4¢5(/)5323 + @1¢3®5¢)6BZ4 + ¢1¢3¢4¢6BZS

+ ¢1¢3¢4¢5BQ6 + ¢1¢2¢3¢4356 + ¢1¢2¢3¢(,B45

+ 019,0305Bas + &19,0596B34 + &¢,B3uBss + ¢,9,B35Bss

+ ¢,0,BysBss + ¢ BazdyBss + ¢ BazBas g

+ @B ¢sBag + ¢193B24Bss + ¢ PgBraBss + ¢ 05B2uBsg

+ ¢,¢3BosBis + ¢ dgB3aBrs + ¢, ¢4Brs B3

+ ¢103BysBog + ¢ PsB3aBrs + ¢y BasBog + ¢,P5B12B3s

+ @30, B1aBse + ¢306B12Bas + ¢305B12Bus

+ ¢5¢6BIQB34 + ¢4¢6BIZB35 + ¢5¢6BISBZ4 + ¢4¢6BI3BZS

+ ¢, 0sB13Bas + ¢, ¢y B13Bss + ¢o06B13Bas

+ ¢y 05B13Bas + ¢, 03B14Bs6 + 0y 96B1aBas + ¢, PsBiaBis

+ ¢sP6Br3Bis + P30¢B1aBas + ¢305B14Bas

+ ¢4 06B23B15s + ¢305BruBis + ¢30,Bi5Brs + ¢ 3Bi5Bas

+ ¢, 9BsaBis + ¢, 9 BisBis + ¢, 94 B35Bis

+ ¢y PsBr3Bis + ¢305B2Bis + ¢36,B25Bi6

+ ¢,¢3B4sBig + ¢, 95B3aBie,

(20)

where Bj;, ¢;, and s; are given in the earlier steps.
Plugging equation (20) into equation (6), we have a three
M-lump solution of equation (2) as seen in figure 3.

2.2. Mixed between one M-lump solution and one soliton
solution

We generate the mixed single M-lump solution with a single
soliton solution in this part. To do that, we will take
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Figure 2. 3D profile and counter plot of equation (2) using t=2, a; =0.1, b, =12, 3=1.5,a,=0.2, b, =3, y=0.5 and « = 1.
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Figure 3. 3D profiles and counter plot of equation (2), using t =2, a; =0.1, by =1.52,a,=0.2, 0, =319,7=2, =15, a=3,a3=0.5

equation (12) into account and use the limit
qgs — 0, (0=1,2) and % = O(1). Then f; can be rewritten
2

as follows:

3= 0105 + Bia + (10, + Bia + Co39;

+ G3¢, + G3)e’, (21)
where B, is given in the previous subsection, and v5 is given
in equation (8). The constants C;3 and Cy3 are given as fol-
lows

Cr— 4q;,
13 — — 2 B P
qg; +ria— 2nra + o
4
Cn=— 15 (22)

q32 + ra — 2mra + ria

Using equation (21) into equation (6), we get mixed of single

M-lump solution with a single soliton solution as seen in
figure 4.

2.3. Mixed solutions between single M-lump solution and
double soliton solution

We provide the mixed single M-lump solution and double
soliton solution in this part. For this purpose, we take
equation (7) into account and take ¢, — 0, (n=1, 2, and
Z—; = O(1)). Then f; may be rewritten as follows

fi =00, + Bip + Q18" + Qae™
+ A3 Q) 4+ Qo — ¢d, + Bio + Ci3Co4 + ClaCaa),
(23)

where () = (¢¢, + Bio + Coup + Cug, + GuCas), ¢4,
¢», and By, are given in the previous section, v3, v4 are given
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Figure 4. 3D profile of mixed of single M-lump solution with single soliton solution of equation (2) for the values of t=2, a = %, b=2,

gz =2, r3=2,7=3,5=1anda:—%.

in equation (8), and Cj, (j=1, 2) is given as follows
4q,

. 24)
q42 + rjza — 2rjipor + r42a

Gia= —

The interaction between a single M-lump solution and a
double soliton solution is presented in figure 5.

2.4. Mixed between a two M-lump solution and a one soliton
solution

Here, we extract the mixed two M-lump solution and one
soliton solution motivated by [23], we use

Js = 0102030, + B3ad 19y + Boahy 95
+ B3¢ ¢y + Birag, 03 + Bizd,
+ Bia¢3¢y 4 QedsCtrsytsitas 4 By Byy
+ Bi3Bo4 + Bi2Baa, (25)
where r3 = e + if, 4 = e — if, and Q = ¢102304 +
CusP10203 + Ci5020304 + Cosd19304 + C3s010204 +
(Bzg + C35Cus) 19y + (Bos + Co5Cas) 103 + (B + CisCus)py 03 +
(B + Ca5Cs5)d1dy + (Biz + Gi5Css5) paps + (Bio + Ci5Cas) Pz,
+ (B34 Cas + By C35 + Ba3Cys + Cr5C35Cy5) 9y
+ (B34 Gs + Bi1aCss + Bi3Cys + G5C35Cy5) @,
+ (B2 G5 + B14Cos + Bi2Cas + G5Cr5Cys) 95
+  (BnGs + Bi3Cos + BiaCss + G5Co5C35) @y + BiaBos
+ Bi3Bos + B12B34 + B34C15Cos + BryCi5C35 + B14Cy5Css +
B>3C15Cs5 + B13Co5Cys + B12C35Css + C15C55C35Cys.
Plugging equation (25) into equation (6), we get the mix
between the two M-lump solution and the one soliton wave
solution as presented in figure 6.

2.5. Complex soliton solutions

In this subsection, we generate complex multiple soliton
solutions of equation (2). Rotschild er al illustrated

experimentally that the lone range of nonlocality enables the
formation of several scalar solitons possessing complex fea-
tures from dipole tripoles to quadrupoles, to necklaces [51].
Wazwaz introduced a complex algorithm of Hirota’s simple
method in order to determine multiple complex solu-
tions [52].
To derive mentioned solutions, one may use

s,,:—qnzrn—i—r,?a—&—ﬁ—i—r,,% n=1,2,3. (26)
To identify complex single, double, and triple soliton solu-
tions, one uses

fi=i+ e tnytsittan (27)
fi —id e et ev|+V2+A12’ (28)
f3 —i4+en e +e%+ ev1+vz+A12 + ev1+V3+A]3
+ evatvatds 4 ieV1+Vz+V3+A123’ (29)
where
4iq;q;
edi i —1i, and i = ~=1. (30)

g g+ )

Inserting equation (27) in equation (6), we have a complex
1-soliton solution as shown in figure 7.

2 3
ety gl et B g

€1y

ulx,y, t) = .
T i+ enGHryH(—gZrt Rt f+n)

Inserting equation (28) into equation (6), we have a
complex two-soliton solution, as seen in figure 8.

Using equation (29) in equation (6), we have a complex
three-soliton solution, as given in figure 9.
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Figure 5. 3D profile and their counter plot of the mixed of single M-lump wave and double soliton solution, for the values of t = 1, a = 1
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Figure 6. 3D profile and counter plot of the mixed double M-lump solution and single soliton solution, when a; = %, b1 =2,qs=2,r5=2,
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3. Conclusion

In this study, we analyze the extended Bogoyavlenskii-
Kadomtsev-Petviashvili equation using the streamlined Hir-
ota’s approach. First, we turn the suggested equation into a
quadratic form using a logarithmic derivative transformation.
Then, we produce M-lump solutions with one, two, and three
lumps. The interactions between a single M-lump wave and a
single soliton solution, a single M-lump wave, and a double
soliton solution, and a double M-lump wave and a single

PN

50

401

304

20

-40 -20 0 20 40

X

(b)

soliton solution are also investigated. Furthermore, we have
developed sophisticated single, double, and triple solitons. The
created 3D profiles and associated contour plots help to better
comprehend the dynamical properties of the built solutions. All
built-in solutions, to the best of our knowledge, satisfy
equation (2). In future work, some new features and physical
patterns for the governing equation will be considered from a
different point of view such as fractional calculus and some
extended classical derivatives which include M-truncated,
conformable, and beta derivatives among others.
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Figure 9. 3D profile of complex three soliton solution of equation (2) fort =2, ¢, = =2, ¢ =2, g3 = -1, r =1, =0.5,r; = =2,
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