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ABSTRACT

In this paper, the exact solutions of the (2+1)-dimensional generalized Hirota–Satsuma–Ito 
equation are acquired via the modified exponential function method. The method facilitates 
the acquisition of diverse solution functions under varying conditions, enabling the investi-
gation of the linear mathematical model’s behavior from multiple perspectives. Consequently, 
after deriving the solution functions that characterize the behavior of the nonlinear mathe-
matical model, the plots of these functions have been plotted using the relevant parameters.
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INTRODUCTION

One of the most important aspects of nonlinear 
research is the development of exact solutions for nonlin-
ear evolution equations (NLEEs). Studies of this part can 
help us understand nonlinear problems like plasmas, Bose–
Einstein condensation, and fluids. There are a number of 
wave models that illustrate these issues. The nonlinear 
Schrodinger and Korteweg–de Vries equations and their 
numerous modifications are used in these wave models. 
The Hirota bilinear approach is widely utilized  for solu-
tion construction as a result of its ease of use and clarity, 
such as solitons and breathers. Also, it has been pointed out 

that certain types of nonlinear waves can change into other 
types of waves in certain situations [1-33]. 

In a similar fashion, many high-dimensional NLEEs 
include nonlinear waves, such as lump solutions and res-
piration waves. There are a lot of studies on breath-wave 
and lump wave solutions. Recently researchers have inves-
tigated skew lumps and interactions of multi-lumps within 
the framework of the Kadomtsev–Petviashvili equation. 
However, relatively few studies have been conducted on 
conversions in high-dimensional NLEEs [34-48].

The Hirota-Satsuma-Ito equation (HSIE), which has 
2+1 dimensional, has recently attracted a lot of interest. The 
Jimbo-Miwa classification includes this equation, which is 
often utilized in the analysis of waves in relatively shallow 
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water. Diverse types solutions for the (2+1)-dimensional 
HSIE have been derived. Furthermore, on the premise of 
the aforementioned research, solutions with more intricate 
forms is discovered. Interaction solutions have been evalu-
ated [48-57].

In this paper, the (2+1)-dimensional generalized HSIE [39]

	 	 (1)

is investigated, where 𝑢 is the physical field, 𝑣 and 𝑧 are the 
potentials of physical field derivatives. The aim of the study 
is to obtain the traveling solutions of HSIE by the modified 
exponential function method (MEFM).

The remainder of the work is organized as follows: 
In Section 2, the main idea of MEFM is presented. The 
application is demonstrated for (2+1)-dimensional gen-
eralized HSIE in Section 3. In Section 4, the conclusion is 
introduced.

MATERIALS AND METHODS

Modified Exponential Function Method
Basic information regarding MEFM are provided in this 

area.
Let implement the method to the following nonlinear 

partial differential equations (NPDEs):

	 	 (2)

where 𝜌 = 𝜌(𝑥, 𝑦, 𝑡) is unknown function, Λ is a polyno-
mial that functions as 𝜌(𝑥, 𝑦, 𝑡) and its partial derivatives 
with respect to 𝑥, 𝑦, and 𝑡.

Step 1: Assume that the traveling wave transform 
(TWT) is as follows:

	 	 (3)

where the constants 𝜒 ≠ 0, 𝜛 ≠ 0 and will be calculated 
later. By putting the derivative terms from Eq. (3) into Eq. 
(2), Eq. (2) is converted into a nonlinear ordinary differen-
tial equation, referred to as

	 	 (4)

where Τ is a polynomial which has Υ and its derivatives.
Step 2: Suppose that the traveling wave solution (TWS) 

of Eq. (4) is stated in the form:

	 	

(5)

where 𝐴𝑁 ≠ 0, 𝐵𝑀 ≠ 0, 𝐴𝑖 and 𝐵𝑗, (𝑖 ∈ [0, 𝑁], 𝑗 ∈ [0, 𝑀]) 
are constants that will be calculated. Φ = Φ(𝜉) supplies the 
Eq. (6):

	 	 (6)

By solving Eq. (6), five families of solutions are derived 
[18]:

Family 1: Let 𝜇 ≠ 0, 𝜆2 − 4𝜇 > 0. Therefore, the TWS 
is acquired as 

	 	
(7)

Family 2: Let 𝜇 ≠ 0, 𝜆2 − 4𝜇 < 0. Consequently, the 
TWS is obtained as

	 	
(8)

Family 3: Let 𝜇 = 0, 𝜆 ≠  0 and 𝜆2 − 4𝜇 > 0. Therefore, 
the TWS is acquired as 

	 	
(9)

Family 4: Let 𝜇 ≠ 0, 𝜆 ≠  0 and 𝜆2 − 4𝜇 = 0. Consequently, 
the TWS is obtained as

	 	
(10)

Family 5: Let 𝜇 = 0, 𝜆 =  0 and 𝜆2 − 4𝜇 = 0. Therefore, 
the TWS is acquired as 

	 	 (11)

where the constants 𝐴𝑖 (𝑖 ∈ [0, 𝑁]), 𝐵𝑗 (𝑗 ∈ [0, 𝑀]), 𝐸, 𝜆, 𝜇 
will be determined. By using the notion of a homogeneous 
balance principle (BP) between the highest nonlinear terms 
and the highest order derivatives of Υ in Eq. (5), an associa-
tion between 𝑁 and 𝑀 is to be established. 

 Step 3: Substituting Eq. (6) and the family solutions 
into Eq. (5) yields a polynomial of exp (Φ(𝜉)). The alge-
braic system of equations (ASEs) involving 𝐴𝑖 (𝑖 ∈ [0, 𝑁]), 
𝐵𝑗 (𝑗 ∈ [0, 𝑀]), 𝐸, 𝜆, and 𝜇 is derived by equating to zero 
the coefficients corresponding to identical powers of exp 
(Φ(𝜉)).  Finally, the acquired values of coefficients substi-
tuting in equation (5), it supplies the TWSs of Eq. (2). 

Application
MEFM are utilized in the part to derive the wave solu-

tions to the (2+1)-dimensional generalized HSIE. Let us 
handle the TWTs:

	 	
(12)

If the derivatives of these transformations, which should 
be included in Eq. (1) are taken, the following equations are 
found:
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(13)

Substituting the derivative terms from Eq. (13) into Eq. 
(1) yields 

	 	
(14)

When we rearrange Eq. (14), we obtain

	 	
(15)

If Eq. (15) is integrated with respect to 𝜉, then we find 

	 	
(16)

If we rearrange the system (16), then we have

	 	 (17)

Applying the BP to Eq. (17) yields the relationship

By selecting 𝑀 = 1, we then determine 𝑁 = 3. For the 
values of 𝑀 and 𝑁, it is derived as 

	 	
(18)

The ASEs with 𝑒−Φ(𝜉) coefficients are derived by reor-
ganizing Eq. (18) in accordance with the requisite term in 
Eq. (16).

The followings are the appropriate coefficients acquired 
by utilizing the Mathematica software tool.

Case-1:

When we substitute above coefficients in Eq. (16), we 
acquire the solutions in the following.

Family 1: Let 𝜇 ≠ 0, 𝜆2 − 4𝜇 > 0. Consequently, the 
TWSs of Eq. (1) are found as

	 	

(19)

	 	 (20)

	 	 (21)

where, 𝜉 = 𝐸𝐸 + 𝜒(−𝜛𝑡  + 𝑥 +  𝑦) , Г = √𝜆2 − 4𝜇.

Figure 1. 2D, 3D, density, contour plots of Eqs. (19)-(21) at 
λ = 2.5, μ = 1, 𝐵0 = 0.2, 𝜒 = 1.5, 𝛼 = −1, 𝐵1 = 1.25, 𝐴0 = 
−1.2375, 𝐴1 = −9.98438, 𝐴2 = −14.9625, 𝐴3 = −5.625, 
ϖ = 0.246154, y = 1.2, 𝑡 = 1, 𝐸𝐸 = 0.75.
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Family 2: Let 𝜇 ≠ 0, 𝜆2 − 4𝜇 < 0. Therefore, the TWSs 
of Eq. (1) are found by 

	 	
(22)

	 	 (23)

	 	 (24)

where, 𝜉 = 𝐸𝐸 + 𝜒(−𝜛𝑡  + 𝑥 +  𝑦) , 𝛩 = √−𝜆2 + 4𝜇.

Family 3: Let 𝜇 = 0, λ ≠ 0, 𝜆2 − 4𝜇 < 0. Therefore, the 
TWSs of Eq. (1) are acquired as 

	 	
(25)

	 	
(26)

	 	
(27)

where, 𝜉 = 𝐸𝐸 + 𝜒(−𝜛𝑡  + 𝑥 +  𝑦).

Figure 3. 2D, 3D, density, contour plots of Eqs. (25)-(27) at 
λ = 1, μ = 0, 𝐵0 = 0.2, χ = 1.5, 𝛼 = −1, 𝐵1 = 1.25, 𝐴0 = 
−0.15, 𝐴1 = −1.8375, 𝐴2 = −6.525, 𝐴3 = −5.625, ϖ = 
0.8, y = 1.2, 𝑡 = 1, 𝐸𝐸 = 0.75.

Figure 2. 2D, 3D, density, contour plots of Eqs. (22)-(24) at 
λ = 1, μ = 2.5, 𝐵0 = 0.2, χ = 1.5, 𝛼 = −1, 𝐵1 = 1.25, 𝐴0 
= −0.9, 𝐴1 = −6.525, 𝐴2 = −6.525, 𝐴3 = −5.625, ϖ = 
0.0470588, y = 1.2, 𝑡 = 1, 𝐸𝐸 = 0.75.
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Family 4: Let 𝜇 ≠ 0, λ ≠ 0, 𝜆2 − 4𝜇 = 0. Consequently, 
the TWSs of Eq. (1) are found as

	 	
(28)

	 	
(29)

	 	 (30)

where, 𝜉 = EE + 𝜒(−𝜛𝑡  + 𝑥 + 𝑦), 𝜍 = 𝜉𝜆.

Family 5: Let 𝜇 = 0, λ = 0, 𝜆2 − 4𝜇 = 0. Consequently, 
the TWSs of Eq. (1) are obtained as

	 	 (31)

	 	 (32)

	 	
(33)

where, 𝜉 = EE + 𝜒(−𝜛𝑡  + 𝑥 + 𝑦).

Figure 5. 2D, 3D, density, contour plots of Eqs. (31)-(33) at 
λ = 0, μ = 0, 𝐵0 = 0.2, χ = 1.5, 𝛼 = −1, 𝐵1 = 1.25, 𝐴0 = 
0, 𝐴1 = 0, 𝐴2 = −0.9, 𝐴3 = −5.625, ϖ = −1, y = 1.2, t = 
1, 𝐸𝐸 =  0.75.

Figure 4. 2D, 3D, density, contour plots of Eqs. (28)-(30) at 
λ = 2, μ = 1, 𝐵0 = 0.2, χ = 1.5, 𝛼 = −1, 𝐵1 = 1.25, 𝐴0 = 
−0.9, 𝐴1 = −7.425, 𝐴2 = −12.15, 𝐴3 = −5.625, ϖ = −1, 
y = 1.2, 𝑡 = 1, 𝐸𝐸 = 0.75.
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CONCLUSION

In the paper, the TWSs of (2+1)-dimensional generalized 
HSIE by utilizing the MEFM are acquired. In Mathematica 
software, we obtain the TWSs of (2+1)-dimensional gen-
eralized HSIE. Two dimensional, three dimensional, den-
sity and contour plots of the TWSs by choosing the suitable 
parameters have been plotted in Mathematica software. 
The proposed method is predicted to be an exceedingly 
efficient way for acquiring exact solutions of such NPDEs. 
The derived solutions are anticipated to be beneficial in elu-
cidating the behavior of frequency waves within the realm 
of physics.

ACKNOWLEDGEMENTS 

The authors would like to thank the anonymous review-
ers for their valuable comments. 

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the 
findings of this study are available within the article. Raw 
data that support the finding of this study are available from 
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

ETHICS

There are no ethical issues with the publication of this 
manuscript.

REFERENCES

	 [1]	 Ablowitz MJ, Ablowitz MA, Clarkson PA. Solitons, 
nonlinear evolution equations and inverse scatter-
ing. Vol. 149. Cambridge: Cambridge University 
Press; 1991. [CrossRef]

	 [2]	 Agrawal GP. Nonlinear fiber optics. New York: 
Academic Press; 2007. [CrossRef]

	 [3]	 Akhmediev N, Eleonskii VM, Kulagin NE. 
Generation of periodic trains of picosecond pulses 
in an optical fiber: exact solutions. Sov Phys JETP 
1985;62:894–9.

	 [4]	 Akhmediev N, Soto-Crespo JM, Ankiewicz A. 
Extreme waves that appear from nowhere: on the 
nature of rogue waves. Phys Lett A 2009;373:2137–
2145. [CrossRef]

	 [5]	 Bailung H, Sharma SK, Nakamura Y. Observation 
of Peregrine solitons in a multicomponent plasma 
with negative ions. Phys Rev Lett 2011;107:255005. 
[CrossRef]

	 [6]	 Bludov YV, Konotop VV, Akhmediev N. Matter 
rogue waves. Phys Rev A 2009;80:033610. [CrossRef]

	 [7]	 Chabchoub A, Hoffmann NP, Akhmediev N. Rogue 
wave observation in a water wave tank. Phys Rev 
Lett 2011;106:204502. [CrossRef]

	 [8]	 Chen J, Pelinovsky DE, White RE. Rogue waves 
on the double-periodic background in the focus-
ing nonlinear Schrödinger equation. Phys Rev E 
2019;100:052219. [CrossRef]

	 [9]	 Chowdury A, Ankiewicz A, Akhmediev N. Moving 
breathers and breather-to-soliton conversions for 
the Hirota equation. Proc R Soc A Math Phys Eng 
Sci 2015;471:20150130. [CrossRef]

[10]	 Chowdury A, Kedziora DJ, Ankiewicz A, Akhmediev 
N. Breather-to-soliton conversions described by the 
quintic equation of the nonlinear Schrödinger hier-
archy. Phys Rev E 2015;91:032928. [CrossRef]

[11]	 Haus HA, Wong WS. Solitons in optical communi-
cations. Rev Mod Phys 1996;68:423. [CrossRef]

[12]	 Hirota R. Exact solution of the Korteweg-de Vries 
equation for multiple collisions of solitons. Phys Rev 
Lett 1971;27:1192. [CrossRef]

[13]	 Kawata T, Inoue H. Inverse scattering method for the 
nonlinear evolution equations under nonvanishing 
conditions. J Phys Soc Jpn 1978;44:1722–1729. [CrossRef]

[14]	 Kibler B, Fatome J, Finot C, Millot G, Dias F, Genty 
G, et al. The Peregrine soliton in nonlinear fibre 
optics. Nat Phys 2010;6:790–795. [CrossRef]

[15]	 Kong LQ, Wang L, Wang DS, Dai CQ, Wen XY, Xu L. 
Evolution of initial discontinuity for the defocusing 
complex modified KdV equation. Nonlinear Dyn 
2019;98:691–702. [CrossRef]

[16]	 Korteweg DJ, De Vries G. XLI. On the change of 
form of long waves advancing in a rectangular canal, 
and on a new type of long stationary waves. Lond 
Edinb Dubl Philos Mag J Sci 1895;39:422–443. 
[CrossRef]

[17]	 Liu C, Yang ZY, Zhao LC, Yang WL. Transition, 
coexistence, and interaction of vector localized 
waves arising from higher-order effects. Ann Phys 
2015;362:130–138. [CrossRef]

[18]	 Lou SY. Soliton molecules and asymmetric solitons 
in three fifth order systems via velocity resonance. J 
Phys Commun 2020;4:041002. [CrossRef]

[19]	 Lou S, Lin J. Rogue waves in nonintegrable KdV-type 
systems. Chin Phys Lett 2018;35:050202. [CrossRef]

[20]	 Ma YC. The perturbed plane‐wave solutions of 
the cubic Schrödinger equation. Stud Appl Math 
1979;60:43–58. [CrossRef]

[21]	 Ma WX. Lump solutions to the Kadomtsev-
Petviashvili equation. Phys Lett A 2015;379:1975–
1978. [CrossRef]

https://doi.org/10.1017/CBO9780511623998
https://doi.org/10.1016/B978-012369516-1/50011-X
https://doi.org/10.1016/j.physleta.2009.04.023
https://doi.org/10.1103/PhysRevLett.107.255005
https://doi.org/10.1103/PhysRevA.80.033610
https://doi.org/10.1103/PhysRevLett.106.204502
https://doi.org/10.1103/PhysRevE.100.052219
https://doi.org/10.1098/rspa.2015.0130
https://doi.org/10.1103/PhysRevE.91.032928
https://doi.org/10.1103/RevModPhys.68.423
https://doi.org/10.1103/PhysRevLett.27.1192
https://doi.org/10.1143/JPSJ.44.1722
https://doi.org/10.1038/nphys1740
https://doi.org/10.1007/s11071-019-05222-z
https://doi.org/10.1080/14786449508620739
https://doi.org/10.1016/j.aop.2015.06.008
https://doi.org/10.1088/2399-6528/ab833e
https://doi.org/10.1088/0256-307X/35/5/050202
https://doi.org/10.1002/sapm197960143
https://doi.org/10.1016/j.physleta.2015.06.061


Sigma J Eng Nat Sci, Vol. 43, No. 2, pp. 487−494, April, 2025 493

[22]	 Ma WX. Nonlocal integrable mKdV equations by 
two nonlocal reductions and their soliton solutions. 
J Geom Phys 2022;177:104522. [CrossRef]

[23]	 Ma W. Riemann-Hilbert problems and soliton solu-
tions of nonlocal reverse-time NLS hierarchies. Acta 
Math Sci 2022;42:127–140. [CrossRef]

[24]	 Ma WX, Li J, Khalique CM. A study on lump solu-
tions to a generalized Hirota-Satsuma-Ito equation in 
(2+1)-dimensions. Complexity 2018;2018:1–7. [CrossRef]

[25]	 Sun WR, Wang L. Solitons, breathers and rogue 
waves of the coupled Hirota system with 4×4 
Lax pair. Commun Nonlinear Sci Numer Simul 
2020;82:105055. [CrossRef] 

[26]	 Tian SF, Zhang HQ. On the integrability of a gen-
eralized variable-coefficient Kadomtsev-Petviashvili 
equation. J Phys A Math Theor 2012;45:055203. 
[CrossRef]

[27]	 Tian SF, Zhang HQ. On the integrability of a gener-
alized variable‐coefficient forced Korteweg‐de Vries 
equation in fluids. Stud Appl Math 2014;132:212–
246. [CrossRef]

[28]	 Zhang X, Wang L, Liu C, Li M, Zhao YC. High-
dimensional nonlinear wave transitions and their 
mechanisms. Chaos 2020;30:113107. [CrossRef]

[29]	 Wang XB, Tian SF, Qin CY, Zhang TT. Characteristics 
of the breathers, rogue waves and solitary waves in 
a generalized (2+1)-dimensional Boussinesq equa-
tion. Europhys Lett 2016;115:10002. [CrossRef]

[30]	 Wang L, Zhang JH, Wang ZQ, Liu C, Li M, Qi FH, 
Guo R. Breather-to-soliton transitions, nonlinear 
wave interactions, and modulational instability in 
a higher-order generalized nonlinear Schrödinger 
equation. Phys Rev E 2016;93:012214. [CrossRef]

[31]	 Yuan F, Cheng Y, He J. Degeneration of breathers in 
the Kadomtsev-Petviashvili I equation. Commun 
Nonlinear Sci Numer Simul 2020;83:105027. [CrossRef]

[32]	 Zhang JH, Wang L, Liu C. Superregular breathers, 
characteristics of nonlinear stage of modulation 
instability induced by higher-order effects. Proc 
R Soc A Math Phys Eng Sci 2017;473:20160681. 
[CrossRef]

[33]	 Zhou AJ, Chen AH. Exact solutions of the 
Kudryashov-Sinelshchikov equation in ideal liquid 
with gas bubbles. Phys Scr 2018;93:125201. [CrossRef]

[34]	 An H, Feng D, Zhu H. General M-lump, high-or-
der breather and localized interaction solutions to 
the (2+1)-dimensional Sawada-Kotera equation. 
Nonlinear Dyn 2019;98:1275–1286. [CrossRef]

[35]	 Estévez PG, Díaz E, Domínguez-Adame F, Cerveró 
JM, Diez E. Lump solitons in a higher-order non-
linear equation in (2+1) dimensions. Phys Rev E 
2016;93:062219. [CrossRef]

[36]	 Feng BF, Ling L, Takahashi DA. Multi‐breather 
and high‐order rogue waves for the nonlinear 
Schrödinger equation on the elliptic function back-
ground. Stud Appl Math 2020;144:46–101. [CrossRef]

[37]	 Feng BF, Ling L, Zhu Z. Defocusing complex short-
pulse equation and its multi-dark-soliton solution. 
Phys Rev E 2016;93:052227. [CrossRef]

[38]	 Hu W, Huang W, Lu Z, Stepanyants Y. Interaction 
of multi-lumps within the Kadomtsev-Petviashvili 
equation. Wave Motion 2018;77:243–256. [CrossRef]

[39]	 Liu Y, Wen XY, Wang DS. The N-soliton solution 
and localized wave interaction solutions of the 
(2+1)-dimensional generalized Hirota-Satsuma-Ito 
equation. Comput Math Appl 2019;77:947–966. 
[CrossRef]

[40]	 Ma WX. Interaction solutions to Hirota-Satsuma-
Ito equation in (2+1)-dimensions. Front Math 
China 2019;14:619–629. [CrossRef]

[41]	 Pelinovsky DE, Stepanyants YA. Self-focusing insta-
bility of plane solitons and chains of two-dimen-
sional solitons in positive-dispersion media. Zh 
Eksp Teor Fiz 1993;104:3387–3400.

[42]	 Pelinovskiǐ DE, Stepanyants YA. New multisoliton 
solutions of the Kadomtsev-Petviashvili equation. 
Sov J Exp Theor Phys Lett 1993;57:24.

[43]	 Khalil R, Al Horani M, Yousef A, Sababheh M. A 
new definition of fractional derivative. J Comput 
Appl Math 2014;264:65–70. [CrossRef]

[44]	 Solli DR, Ropers C, Koonath P, Jalali B. Optical 
rogue waves. Nature 2007;450:1054–1057. [CrossRef]

[45]	 Yan XW, Tian SF, Dong MJ, Zhang TT. Rogue 
waves and their dynamics on bright-dark soli-
ton background of the coupled higher order 
nonlinear Schrödinger equation. J Phys Soc Jpn 
2019;88:074004. [CrossRef]

[46]	 Wang XB, Tian SF, Zhang TT. Characteristics of the 
breather and rogue waves in a (2+1)-dimensional 
nonlinear Schrödinger equation. Proc Am Math Soc 
2018;146:3353–3365. [CrossRef]

[47]	 Zakharov VE, Gelash AA. Nonlinear stage of mod-
ulation instability. Phys Rev Lett 2013;111:054101. 
[CrossRef]

[48]	 Zhou Y, Manukure S. Complexiton solutions to the 
Hirota‐Satsuma‐Ito equation. Math Methods Appl 
Sci 2019;42:2344–2351. [CrossRef]

[49]	 Wu ZJ, Tian SF. Breather-to-soliton conversions and 
their mechanisms of the (2+1)-dimensional gener-
alized Hirota-Satsuma-Ito equation. Math Comput 
Simul 2023;210:235–259. [CrossRef]

[50]	 Aktürk T, Bulut H. Modified expansion function 
method to the nonlinear problem. In: Book of 
Abstracts. 2018. p. 37.

[51]	 Kuo CK, Ghanbari B. Resonant multi-soliton solu-
tions to new (3+1)-dimensional Jimbo-Miwa equa-
tions by applying the linear superposition principle. 
Nonlinear Dyn 2019;96:459–464. [CrossRef]

[52]	 Kuo CK, Ma WX. A study on resonant multi-soliton 
solutions to the (2+1)-dimensional Hirota-Satsuma-
Ito equations via the linear superposition principle. 
Nonlinear Anal 2020;190:111592. [CrossRef]

https://doi.org/10.1016/j.geomphys.2022.104522
https://doi.org/10.1007/s10473-022-0106-z
https://doi.org/10.1155/2018/9059858
https://doi.org/10.1016/j.cnsns.2019.105055
https://doi.org/10.1088/1751-8113/45/5/055203
https://doi.org/10.1111/sapm.12026
https://doi.org/10.1063/5.0019596
https://doi.org/10.1209/0295-5075/115/10002
https://doi.org/10.1103/PhysRevE.93.012214
https://doi.org/10.1016/j.cnsns.2019.105027
https://doi.org/10.1098/rspa.2016.0681
https://doi.org/10.1088/1402-4896/aae728
https://doi.org/10.1007/s11071-019-05261-6
https://doi.org/10.1103/PhysRevE.93.062219
https://doi.org/10.1111/sapm.12287
https://doi.org/10.1103/PhysRevE.93.052227
https://doi.org/10.1016/j.wavemoti.2017.12.004
https://doi.org/10.1016/j.camwa.2018.10.035
https://doi.org/10.1007/s11464-019-0771-y
https://doi.org/10.1016/j.cam.2014.01.002
https://doi.org/10.1038/nature06402
https://doi.org/10.7566/JPSJ.88.074004
https://doi.org/10.1090/proc/13765
https://doi.org/10.1103/PhysRevLett.111.054101
https://doi.org/10.1002/mma.5512
https://doi.org/10.1016/j.matcom.2023.03.017
https://doi.org/10.1007/s11071-019-04799-9
https://doi.org/10.1016/j.na.2019.111592


Sigma J Eng Nat Sci, Vol. 43, No. 2, pp. 487−494, April, 2025494

[53]	 He JH, Wu XH. Exp-function method for non-
linear wave equations. Chaos Solitons Fractals 
2006;30:700–708. [CrossRef]

[54]	 Ma WX. Nonlocal PT-symmetric integrable equa-
tions and related Riemann-Hilbert problems. Partial 
Differ Equ Appl Math 2021;4:100190. [CrossRef]

[55]	 Manakov SV, Zakharov VE, Bordag LA, Its AR, 
Matveev VB. Two-dimensional solitons of the 

Kadomtsev-Petviashvili equation and their interac-
tion. Phys Lett A 1977;63:205–206. [CrossRef]

[56]	 Singh N, Stepanyants Y. Obliquely propagating skew 
KP lumps. Wave Motion 2016;64:92–102. [CrossRef]

[57]	 Zhou Y, Manukure S, Ma WX. Lump and lump-soli-
ton solutions to the Hirota-Satsuma-Ito equation. 
Commun Nonlinear Sci Numer Simul. 2019;68:56–
62. [CrossRef]

https://doi.org/10.1016/j.chaos.2006.03.020
https://doi.org/10.1016/j.padiff.2021.100190
https://doi.org/10.1016/0375-9601(77)90875-1
https://doi.org/10.1016/j.wavemoti.2016.03.005
https://doi.org/10.1016/j.cnsns.2018.07.038

