








Nonlinear Analysis: Modelling and Control

ISSN: 1392-5113 / 2335-8963

nonlinear@mii.vu.lt

Vilniaus Universitetas

Lituania






Solitons and other solutions of perturbed nonlinear Biswas–Milovic equation with Kudryashov’s law of refractive index




Akinyemi, Lanre; Mirzazadeh, Mohammad; Hosseini, Kamyar

Solitons and other solutions of perturbed nonlinear Biswas–Milovic equation with Kudryashov’s law of refractive index

Nonlinear Analysis: Modelling and Control, vol. 27, núm.  3, pp. 479-495, 2022

Vilniaus Universitetas, Lituania


Disponible en: https://www.redalyc.org/articulo.oa?id=694173185005





[image: License Creative Commons]

Esta obra está bajo una Licencia Creative Commons Atribución 4.0 Internacional.







Recepción:  06 Febrero  2021

Publicación:  23 Febrero  2022





DOI: https://doi.org/10.15388/namc.2022.27.26374





















Articles




Solitons and other solutions of perturbed nonlinear Biswas–Milovic equation with Kudryashov’s law of refractive index






Lanre Akinyemi 

a

 akinyeml@lafayette.edu


Lafayette College, Estados Unidos de América




 





Mohammad Mirzazadeh 

b

 mirzazadehs2@guilan.ac.ir


University of Guilan, República Islámica del Irán




 





Kamyar Hosseini 

c

 kamyar_hosseini@yahoo.com


Islamic Azad University, República Islámica del Irán




 











Abstract:
							                           
We analytically study the exact solitary wave solutions of the perturbed nonlinear Biswas–Milovic equation with Kudryashov’s law of refractive index, which describes the propagation of pulses of various types in optical fiber. We apply three efficient and reliable schemes, specifically, the simple equation method, the [image: 694173185005_gi83.png]-expansion method, and the new Kudryashov method. These approaches lead to a range of solitons and other solutions comprising of the bright solitons, dark solitons, singular solitons, periodic, rational, and exponential solutions. These solutions are also presented graphically. Furthermore, all obtained solutions are verified by symbolic computations.
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1 Introduction


The nonlinear Schrödinger (NLS) equation, which is a primary complete integrable nonlinear dispersive partial differential equation (PDE), has been crucial towards establishing a better understanding of a wide variety of systems from atomic physics and nonlinear optics to rogue waves, deep water waves, plasmas, among others [1, 11, 13, 15, 27, 30]. For several years, one of the most interesting and stimulating fields of research in the field of engineering and science has been the search for exact soliton solutions to nonlinear models [7, 8, 10, 12, 16, 24, 26, 32]. The study of solitons has a critical role to play in the creation of new theories in the field mathematical physics. The most significant inventions application of the soliton is that it is utilized in optical fibers to transmit digital information. The development of mathematical methods further provide us with more detailed findings for the extraction of these solitons. An effective approach to examine the exact solitons and other solutions of nonlinear models is to propose a transformation in a way to formulate at nonlinear ordinary differential equations (NODEs) that can be solved using computational techniques like modified simple equation [9], modified tanh-function method [31], sine-Gordon expansion method [2], subequation method [4], homogeneous balance method [18], new extended direct algebraic method [25], Jacobi elliptic function method [5], Riccati–Bernoulli’s sub-ODE method [23], extended rational sine-cosine method [29], generalized exponential rational function method [14], functional variable method [17], and so on.

The nonlinear Biswas–Milovic (NLBM) equation in polarization preserving fibers without nonlinear perturbation terms is defined as [28,33]



[image: 694173185005_ee2.png]




where [image: 694173185005_gi2.png] is a complex valued function, [image: 694173185005_gi3.png] and [image: 694173185005_gi4.png] specify respectively the coefficients of group velocity dispersion and nonlinearity. The spatial and temporal variables generally represent the independent variables [image: 694173185005_gi5.png] and [image: 694173185005_gi6.png]. The function [image: 694173185005_gi7.png]
is believed to be [image: 694173185005_gi8.png]-times continuously differentiable, so
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where [image: 694173185005_gi9.png] is a complex plane, while [image: 694173185005_gi11.png] is a two-dimensional linear space. The critical concept of this paper is to establish the soliton solutions of NLBM equation incorporated with Kudryashov’s in polarization preserving fibers and nonlinear perturbation terms given as [34]



[image: 694173185005_ee4.png]




where [image: 694173185005_gi12.png] and [image: 694173185005_gi13.png] are the maximum intensity and power nonlinearity respectively, [image: 694173185005_gi14.png]
, 
[image: 694173185005_gi15.png] indicate the coefficients of nonlinearity effects, while [image: 694173185005_gi16.png] is the coefficient of self-steepening term. To achieve this aim, we employed three efficient and reliable schemes, explicitly, the simple equation method, the [image: 694173185005_gi17.png]-expansion method, and the new Kudryashov method. Recently, Zayed et al. in [34] studied this model with unified auxiliary equation method. Zayed et al. in [35] applied the modified Kudryashov’s approach and the addendum to Kudryashov’s approach to obtained optical soliton solutions to the cubic–quartic perturbation with Biswas–Milovic equation including Kudryashov’s law of refractive index. This present study further complements and presents new solutions to this nonlinear problem, some of which do not exist in [34,35] before.

The structure of this article is as follows: the mathematical formulation of soliton solutions to NLBM equation incorporated with Kudryashov’s in polarization preserving fibers and nonlinear perturbation terms along with the application of three novel techniques, the simple equation method, the [image: 694173185005_gi18.png]-expansion method, and the new Kudryashov method are detailed in Section 2. The graphic interpretations of some solutions are provided in Section 3. Finally, in Section 4 we give some conclusions.





2 Mathematical examination and solutions of the model


Consider the transformation
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where [image: 694173185005_gi19.png]
and [image: 694173185005_gi20.png] are arbitrary constants. We use the above transformation to reduce Eq. (1) to the below nonlinear ordinary differential equation (ODE)
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The real and imaginary parts of Eq. (3) are attained as follows:
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and
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Solving Eq. (5) yields
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Balance [image: 694173185005_gi21.png]
with [image: 694173185005_gi22.png]
in Eq. (4). In accordance to the balancing procedure [21], we have [image: 694173185005_gi23.png] Therefore, we proposed another transformation of the form
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to reduce Eq. (4) to
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Balancing [image: 694173185005_gi24.png] with [image: 694173185005_gi25.png]
in Eq. (4) yields [image: 694173185005_gi26.png] Promptly, we now focus on the method of solutions to solve Eq. (7). We applied three procedures, which are the simple equation method, [image: 694173185005_gi27.png]-expansion method, and new Kudryashov method.



2.1 The simple equation method (SEM)


The solution of Eq. (7) utilizing the SEM [19] can be described as
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where constants [image: 694173185005_gi28.png], to be determined later. This function [image: 694173185005_gi29.png] satisfies the Bernoulli and Riccati equations, respectively, as follows:
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and
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For Eq. (8) The solutions are given as

(i) the rational are given as
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(ii) the exponential form
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For Eq. (9), the solutions are as follows.


[image: 694173185005_gi30.png], the hyperbolic form
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[image: 694173185005_gi31.png], the periodic form
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where [image: 694173185005_gi32.png] is the constant of integration. With [image: 694173185005_gi33.png], the solution of Eq. (7) is



[image: 694173185005_ee19.png]




Substituting Eqs. (8) and (13) into Eq. (7), then collecting all the coefficient of [image: 694173185005_gi34.png], [image: 694173185005_gi35.png], to zero, we achieve some equations involving [image: 694173185005_gi36.png], and other constants. Now with the use of Mathematica assistance and in addition to Eq. (6), the following solutions are possible.
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Use Eq. (13) assisted with Eqs. (10), (11), and (14). The rational and exponential form solutions of Eq. (1) are provided below:
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in conjunction with [image: 694173185005_gi37.png];



[image: 694173185005_ee22.png]




along with [image: 694173185005_gi38.png];
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along with [image: 694173185005_gi39.png].

Again, inserting Eqs. (9) and (13) into (7), later collecting all the coefficient of [image: 694173185005_gi40.png], [image: 694173185005_gi41.png] to zero, we get certain equations in [image: 694173185005_gi43.png] and other constants. With the use of Mathematica assistance and in addition to Eq. (6), the following solutions are achievable.
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Use Eq. (16) assisted with Eqs. (10), (11), and (14). The dark and singular solutions of Eq. (1) are listed below:
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provided [image: 694173185005_gi44.png] The periodic solutions of Eq. (1) are listed below:
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provided [image: 694173185005_gi45.png].





2.2 The (G´/G)-expansion method


Consider the [image: 694173185005_gi46.png]-expansion method [6,22], the solution to Eq. (7) is given as
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where [image: 694173185005_gi47.png] fulfills the below ODE
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Here the unknowns [image: 694173185005_gi48.png] can be determined subsequently. The solutions of Eq. (21) are given as
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where [image: 694173185005_gi50.png] and [image: 694173185005_gi51.png] are arbitrary constants, and [image: 694173185005_gi54.png]. We already obtained [image: 694173185005_gi55.png] thus Eq. (20) reads 
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Putting Eqs. (21) and (23) into Eq. (7) and equating the [image: 694173185005_gi56.png] coefficients to zero leads to some solvable algebraic equations. After solving the algebraic equations through Mathematica software with Eq. (6), we have
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Using Eq. (24) supported with Eqs. (22) and (23), we obtain the following solutions of Eq. (1):
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provided [image: 694173185005_gi57.png]
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given [image: 694173185005_gi58.png]
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provided [image: 694173185005_gi59.png]



Remark 1. A specific example where [image: 694173185005_gi61.png] in Eq. (25) results to the dark soliton solution of Eq. (1) as



[image: 694173185005_ee38.png]




For [image: 694173185005_gi64.png] and [image: 694173185005_gi65.png] in Eq. (25), we get the singular soliton solution of Eq. (1) as
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Remark 2. A special example when [image: 694173185005_gi63.png] in Eq. (26) reveals the periodic solutions of Eq. (1) as



[image: 694173185005_ee40.png]




For [image: 694173185005_gi66.png] and [image: 694173185005_gi67.png] in Eq. (26), we also get the periodic solutions of Eq. (1) as
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2.3 The new Kudryashov method


Based on the new Kudryashov method [3,20], assume that the solution to Eq. (2) is
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The function 
[image: 694173185005_gi68.png]
 satisfies an ODE expressed as
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The solution to the above-mentioned ODE is provided as



[image: 694173185005_ee44.png]




for arbitrary constants [image: 694173185005_gi69.png]and [image: 694173185005_gi70.png]. Again,[image: 694173185005_gi71.png], and from Eq. (31) we get
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Inserting Eqs. (31) and (32) into Eq. (7), gathering all the coefficient of [image: 694173185005_gi72.png], [image: 694173185005_gi73.png] to zero, after solving the resulting equations with the unknown constants and taking int account Eq. (6), we obtain
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Incorporating these parameters into Eq. (34) assisted with Eq. (33), we obtain solutions



[image: 694173185005_ee47.png]




given that [image: 694173185005_gi74.png]



Remark 3. Setting  [image: 694173185005_gi77.png] in Eq. (35) results the bright soliton solutions of Eq. (1) as follows:
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provided that [image: 694173185005_gi78.png]



Remark 4. Setting [image: 694173185005_gi79.png] and [image: 694173185005_gi80.png] in Eq. (35) results the singular soliton solutions of Eq. (1) as
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provided that [image: 694173185005_gi81.png]








3 Graphical descriptions of some solutions


In this section, our principal objective is to demonstrate that the newly obtain solutions are more general and useful when examining the graphical representations of these solutions and can undoubtedly play a prominent role in this virtue. In Figs. 1–7, the graphics of the soliton wave solutions of Eq. (1) are displayed in 2D and 3D. It can be found from the cited figures that the acquired soliton solutions consist of bright, dark, singular, periodic, exponential, and solitary waves. With some parameter values, Figs. 2(a)-(c) and Figs. 4(a)-(c) show respectively the structure of the dark soliton solutions. Figures 2(d)–(f), 4(d)–(f),
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Figure 1



The plots of exponential solution for Eq. (15) with additional parameters δ =−1, λ3 =−1, λ4 =1, θ1 = θ2 =1, ζ0 =1, b1 = b2 =0.1, µ1 =−1, and µ2 =1.
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Figure 2



The plots of dark soliton for Eq. (16) in (a)–(c) and singular soliton for Eq. (17) in (d)–(f) with additional parameters δ =−1, λ3 =−1, λ4 = θ1 = θ2 = ζ0 =1, b1 = b2 =0.1, µ1 =−1, and µ2 =1.
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Figure 3



The plots of periodic solutions for Eq. (18) in (a)–(c) and for Eq. (19) in (d)–(f) with additional parameters δ =−1, λ3 =−1, λ4 =1, θ1 = θ2 =1, b1 = b2 =0.1, and µ1 = µ2 =1.
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Figure 4



The plots of dark soliton for Eq. (27) in (a)–(c) and singular soliton for Eq. (28) in (d)–(f) with additional parameters δ =−1, λ3 =−1, λ4 =1, θ1 = θ2 =1, b1 = b2 =0.1, µ1 = 8, and µ2 =1.
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Figure 5



(a)–(c) The plots of periodic solutions of Eq. (29); (d)–(f) of Eq. (30) with additional parameters δ =−1, λ3 =−1, λ4 =1, θ1 = θ2 =1, b1 = b2 =0.1, µ1 =0.8, and µ2 =1.
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Figure 6



The plots of bright soliton of Eq. (36) with additional parameters δ = −1, λ3 = −1, λ4 = 1, θ1 = θ2 =1, and b1 = b2 =0.1
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Figure 7



The plots of singular soliton for Eq. (37) with additional parameters δ = 1, λ3 = −1, λ4 = 1, θ1 = θ2 =1, and b1 = b2 =0.1.















and 7(a)–(b) reveal the singular soliton solutions. Figures 3, 5 represent the periodic wave solutions, while Figs. 6(a)–(f) exhibit the bright soliton solution. The plot in Fig. 1 exhibits the exponential solution of NLBM equation with Kudryashov’s in polarization preserving fibers and nonlinear perturbation terms. Nevertheless, the remaining plots are not depicted since some of the aforementioned solutions display identical behavior. The obtained solutions and the cited figures presented in this work provide us with some physical explanation of the proposed problem.





4 Concluding remarks


We have successfully investigated the exact solitons and other solutions of the perturbed nonlinear Biswas–Milovic equation with Kudryashov’s law of refractive index that describes the propagation of pulses of various types in optical fiber. Three different schemes, specifically, the simple equation method, the [image: 694173185005_gi82.png]-expansion method, and the new Kudryashov method, have been implemented to construct several exact solutions, which include multiple soliton solutions, singular solutions, periodic solutions, solitary wave solutions, bright and dark soliton solutions of different structures. These solutions are presented under constraint conditions. The proposed methods obtained the results promptly and need simple algorithms in programming. Moreover, we presented the graphical representations of some solutions, which apparently reveal that the obtained solutions are more practical and clear to understand. Our results further strengthened the fact that the proposed methods are powerful, efficient, and easy mathematical tools for constructing solutions to numerous nonlinear problems in mathematical physics.








References


1. M.J,. Ablowitz,. Nonlinear Dispersive Waves: Asymptotic Analysis and Solitons, Cambridge Univ. Press, Cambridge, 2011, https://doi.org/10.1017/CBO9780511998324.

2. M.A,. Akbar,. L. Akinyemi,. S.-W. Yao,. A. Jhangeer,. H. Rezazadeh,. M.M.A. Khater,. H. Ahmad,.M. Inc,. Soliton solutions to the Boussinesq equation through sine-Gordon method and Kudryashov method,     Results Phys., 25:104228, 2021, https://doi.org/10.1016/ j.rinp.2021.104228.

3. L. Akinyemi., M. Senol., U. Akpan., K. Oluwasegun., The optical soliton solutions of generalized coupled nonlinear Schrödinger–Korteweg–de Vries equations, Opt. Quantum Electron., 53:1–14, 2021, https://doi.org/10.1007/s11082-021-03030-7.

4. L. Akinyemi., M. S¸enol., O.S. Iyiola., Exact solutions of the generalized multidimensional mathematical physics models via sub-equation method, Math. Comput. Simul., 182:211–233, 2021, https://doi.org/10.1016/j.matcom.2020.10.017.

5. E.A. Az-Zo’bi., W.A. Alzoubi., L. Akinyemi., M. S¸enol., B.S. Masaedeh., A variety of wave amplitudes for the conformable fractional (2+1)-dimensional Ito equation, Mod. Phys. Lett. B, 35(15):2150254, 2021, https://doi.org/10.1142/S0217984921502547.

6. A. Bekir., O. Güner., Exact solutions of nonlinear fractional differential equations by ../Gexpansion method, Chin. Phys. B, 22(11):1–6, 2013, https://doi.org/10.1088/ 1674-1056/22/11/110202.

7. A. Biswas., D. Milovic., Bright and dark solitons of the generalized nonlinear Schrödinger’s equation, Commun. Nonlinear Sci. Numer. Simul., 15(6):1473–1484, 2010, https://doi. org/10.1016/j.cnsns.2009.06.017.

8. A. Biswas., H. Rezazadeh., M. Mirzazadeh., M. Eslami., Q. Zhou., S. Moshokoa., M.R. Belic., Optical solitons having weak non-local nonlinearity by two integration schemes, Optik, 164: 380–384, 2018, https://doi.org/10.1016/j.ijleo.2018.03.026.

9. A. Biswas., Y. Yıldırım., E. Yas¸ar., H. Triki., A.S. Alshomrani., M.Z. Ullah., Q. Zhou., S.P. Moshokoa., M. Belic., Optical soliton perturbation for complex Ginzburg–Landau equation´ with modified simple equation method, 158, Optik:399–415, 2018, https://doi.org/ 10.1016/j.ijleo.2017.12.131.

10. C.-Q. Dai., Y.-Y. Wang., Coupled spatial periodic waves and solitons in the photovoltaic photorefractive crystals, Nonlinear Dyn., 102(3):1733–1741, 2020, https://doi.org/ 10.1007/s11071-020-05985-w.

11. C.-Q. Dai, Y.-Y. Wang, Y. Fan, D.-G. Yu, Reconstruction of stability for Gaussian spatial solitons in quintic–septimal nonlinear materials under PT -symmetric potentials, Nonlinear Dyn., 92:1351–1358, 2018, https://doi.org/10.1007/s11071-018-4130-4.

12. C.-Q. Dai, Y.-Y. Wang, Y. Fan, J.-F. Zhang, Interactions between exotic multi-valued solitons of the (2+1)-dimensional Korteweg–de Vries equation describing shallow water wave, Appl. Math. Modelling, 80:506–515, 2020, https://doi.org/10.1016/j.apm.2019.11.056.

13. C.-Q. Dai, Y.-Y. Wang, J.-F. Zhang, Managements of scalar and vector rogue waves in a partially nonlocal nonlinear medium with linear and harmonic potentials, Nonlinear Dyn., 102(1):379–391, 2020, https://doi.org/10.1007/s11071-020-05949-0.

14. B. Ghanbari, M. Inc, L. Rada, Solitary wave solutions to the Tzitzéica type equations obtained by a new efficient approach, J. Appl. Anal. Comput., 9(2):568–589, 2019, https://doi. org/10.11948/2156-907X.20180103.

15. K. Hosseini, K. Sadri, M. Mirzazadeh, S. Salahshour, An integrable (2 + 1)-dimensional nonlinear Schrödinger system and its optical soliton solutions, Optik, 229:1–6, 2021, https://doi.org/10.1016/j.ijleo.2020.166247.

16. K. Hosseini, S. Salahshour, M. Mirzazadeh, Bright and dark solitons of a weakly nonlocal Schrödinger equation involving the parabolic law nonlinearity, Optik, 227:166042, 2021, https://doi.org/10.1016/j.ijleo.2020.166042.

17. M. Inc, H. Rezazadeh, J. Vahidi, M. Eslami, M.A. Akinlar, M.N. Ali, Y.-M. Chu, New solitary wave solutions for the conformable Klein–Gordon equation with quantic nonlinearity, AIMS Math., 5(6):6972–6984, 2020, https://doi.org/10.3934/math.2020447.

18. H. Jafari, H. Tajadodi, D. Baleanu, Application of a homogeneous balance method to exact solutions of nonlinear fractional evolution equations, J. Comput. Nonlinear Dyn., 9(2):021019, 2014, https://doi.org/10.1115/1.4025770.

19. N.A. Kudryashov, Simplest equation method to look for exact solutions of nonlinear differential equations, Chaos Solitons Fractals, 24(5):1217–1231, 2005, https://doi. org/10.1016/j.chaos.2004.09.109.

20. N.A. Kudryashov, On one method for finding exact solutions of nonlinear differential equations, Commun. Nonlinear Sci. Numer. Simul., 17(6):2248–2253, 2012, https://doi.org/10.1016/j.cnsns.2011.10.016.

21. W. Malfliet, Solitary wave solutions of nonlinear wave equations, Am. J. Phys., 60(7):650–654, 1992, https://doi.org/10.1119/1.17120.

22. M. Mirzazadeh, L. Akinyemi, M. S¸enol, K. Hosseini, A variety of solitons to the sixth-order dispersive (3 + 1)-dimensional nonlinear time-fractional Schrödinger equation with cubicquintic-septic nonlinearities, Optik, 241:166318, 2021, https://doi.org/10.1016/ j.ijleo.2021.166318.

23. M. Mirzazadeh, Y. Yíldírím, E. Yas¸ar, H. Triki, Q. Zhou, S.P. Moshokoa, M.Z. Ullah, A.R. Seadawy, A. Biswas, M. Belic, Optical solitons and conservation law of Kundu–Eckhaus´ equation, Optik, 154:551–557, 2018, https://doi.org/10.1016/j.ijleo.2017. 10.084.

24. R. Radha, M. Lakshmanan, Singularity structure analysis and bilinear form of a (2 + 1) dimensional non-linear Schrödinger (NLS) equation, Inverse Probl., 10:29–32, 1994, https://doi.org/10.1088/0266-5611/10/4/002.

25. H. Rezazadeh, New solitons solutions of the complex Ginzburg–Landau equation with Kerr law nonlinearity, Optik, 167:218–227, 2018, https://doi.org/10.1016/j.ijleo.2018.04.026.

26. A.R. Seadawy, S.Z. Alamri, Mathematical methods via the nonlinear two-dimensional water waves of Olver dynamical equation and its exact solitary wave solutions, Results Phys., 8:286– 291, 2018, https://doi.org/10.1016/j.rinp.2017.12.008.

27. C. Sulem, P.-L. Sulem, The Nonlinear Schrödinger Equation: Self-Focusing and Wave Collapse, Springer, New York, 1999, https://doi.org/10.1007/b98958.

28. H. Triki, A. Biswas, Dark solitons for a generalized nonlinear Schrödinger equation with parabolic law and dual-power law nonlinearities, Math. Meth. Appl. Sci., 34(8):958–962, 2011, https://doi.org/10.1002/mma.1414.

29. J. Vahidi, S.M. Zekavatmand, H. Rezazadeh, M. Inc, M.A. Akinlar, Y.-M. Chu, New solitary wave solutions to the coupled Maccari’s system, Results Phys., 21:103801, 2021, https://doi.org/10.1016/j.rinp.2020.103801.

30. Y.-Y. Wang, C.-Q. Dai, G.-Q. Zhou, Y. Fan, L. Chen, Rogue wave and combined breather with repeatedly excited behaviors in the dispersion/diffraction decreasing medium, Nonlinear Dyn., 87(1):67–73, 2017, https://doi.org/10.1007/s11071-016-3025-5.

31. Y.-Y. Wang, Y.-P. Zhang, C.-Q. Dai, Re-study on localized structures based on variable separation solutions from the modified tanh-function method, Nonlinear Dyn., 83(3):1331– 1339, 2016, https://doi.org/10.1007/s11071-015-2406-5.

32. A.-M. Wazwaz, Bright and dark optical solitons for (2+1)-dimensional Schrödinger (NLS) equations in the anomalous dispersion regimes and the normal dispersive regimes, Optik, 192:1–5, 2019, https://doi.org/10.1016/j.ijleo.2019.162948.

33. E.M.E. Zayed, A.-G. Al-Nowehy, Exact solutions and optical soliton Solutions of the nonlinear Biswas–Milovic equation with dual-power law nonlinearity, Acta Phys. Pol. A, 131(2):240– 251, 2017, https://doi.org/10.12693/APhysPolA.131.240.

34. E.M.E. Zayed, K.A. Gepreel, R.M. Shohib, M.E. Alngar, Y. Yıldırım, Optical solitons for the perturbed Biswas–Milovic equation with Kudryashov’s law of refractive index by the unified auxiliary equation method, Optik, 230:166286, 2021, https://doi.org/10.1016/j. ijleo.2021.166286.

35. E.M.E. Zayed, R.M.A. Shohib, K.A. Gepreel, M.M. El-Horbaty, M.E.M Alngar, Cubic–quartic optical soliton perturbation Biswas–Milovic equation with Kudryashov’s law of refractive index using two integration methods, Optik, 239:166871, 2021, https://doi.org/10.1016/j.ijleo.2021.166871.




Notas de autor 


a
 Department of Mathematics, LafayetteCollege, Easton, Pennsylvania, USA akinyeml@lafayette.edu


b
 Department of Engineering Sciences, Faculty of Technology and Engineering, East of Guilan, University of Guilan, P.C. 44891-63157 Rudsar-Vajargah, Iran mirzazadehs2@guilan.ac.ir


c
 Department of Mathematics, Rasht Branch, Islamic Azad University, Rasht, Iran kamyar_hosseini@yahoo.com









OEBPS/694173185005_gf2.png
101 1y

Y7

€
1QI03s}

—— 10 =mmmm o] mmmem 110

Mm=n=1 ©On=1t=1





OEBPS/694173185005_ee45.png
P(C) = go + 1P(C), g1 #0. (34)





OEBPS/694173185005_ee10.png
Q= P'/n, Q = iPI/n—IPI’
n

l (l _ 1) pl/nfz(Pl)z n lPI/nflpll
n

n\n





OEBPS/694173185005_ee28.png
)= [~ As(m +n)
Qs(:1) ( 2(2m + n) (Ag + bym(s + 62))

lln m(m +n)papiz.

1/n
Sl e+ bam(s © ) tan(y/pp2 ¢ + (0)) eilbaz+eat) (18)





OEBPS/694173185005_ee36.png
)\3(m + n)
Qo(w,t) = (* 2(2m 4 n)(Ag + bam(s + 6))

Sb2m(m + n)p (7!21 sin(gf) + 2 cos(go))l/n
* 4n2(\g + bam(s + 62)) 0 cos(go i Sin(go

x ei(b21+52t)7 (26)






OEBPS/694173185005_ee9.png
_Oom +201n

6
m+2n ©

c1 = —20mby by, s =





OEBPS/694173185005_ee19.png
P(¢) = go +019(¢), g1 #0. (13)





OEBPS/rva6941.png





OEBPS/694173185005_ee27.png
A3(m 4 n)
Qalr,t) = (7 2(2m +n)(Ag + bam(s +63))

. 1/n
iby om(m + n)pypo ) (baztest)
_ tanh(y/— + ¢ » (1)
+ n Aa + bam(s + 62) W)






OEBPS/694173185005_ee8.png
(cxm + 20m2b1b2) QM1 Q'
— (sb1(2n + m) + 201b1n + B2b1m) Q¥ 1Q" = 0. Q)





OEBPS/694173185005_ee18.png
_ Vimp2
11

_ VH1H2
1

tan(y/zrpiz € + Go)s

cot(y/paiz € + Co),

12)





OEBPS/694173185005_ee35.png
Az(m +n)
Qs t) = (7 2(2m +n)(Ag + bam(s + 62))

+ 5b2m(m +n)p ('Ql SILCPC) o @ cosh(F0) ) )1/"
4n?(Ag +bam(s +602)) \ 0, coah( () + 25 sinh( f()
% ei(ngJrCQt)’ (25)






OEBPS/694173185005_ee44.png
40
(4022 — Q) sinh (¢) + (4027 + 2) cosh (¢)’

2(() = Q2= A0, (33)





OEBPS/694173185005_ee39.png
As(m +n)
Qlu,t) = (72(27,1 +1)(Ag + bam(s + 62))

1/n
6b%m('m, +n)p coth (\/EC)) el(bazteat) (28)
+ 74112()\4 + bamn(s +62)) 2






OEBPS/694173185005_ee7.png
—m(c2 + 6mb§) Q™+ b2mQ™ Q"
+ob3m(m — 1)QM™ Q)2 + Q7™M L N, Q T
+A3Q™™ 4 (Ag + bamn(s + 62)) Q"™ = 0, (4)





OEBPS/694173185005_ee26.png
As(m +n)
(7 2(2m +n)(As + bam(s +6))

. 1/n
iby | om(m+n)puipg ) i(baz+eat)
— th(v/— + e , (17
* n Aa + bam(s + 62) coth(v=p1t2 ¢ + Go)

Qs(w,t) =






OEBPS/694173185005_ee13.png
P (C) = 1 P(C) + p2®*(C) ®)





OEBPS/694173185005_gf10.png
1ad1 1ol

10

)
1961,






OEBPS/694173185005_ee12.png
N
PO =g+ > g;9(C), gn #0,
j=1





OEBPS/694173185005_gf5.png
1ol






OEBPS/694173185005_ee30.png
(20)





OEBPS/694173185005_ee43.png
(#(0)* = 2°(Q) (1 - 22%()). 32)





OEBPS/694173185005_ee38.png
As(m +n)
Q(u.t) = (7 2(2m + n)(Ag + bam(s + 62))

/n
Sb3m(m +n)p (\/ﬁ ))1 i(baz+cat)
_ tant e . 27
i\/ 120\ 1 bom(s +62)) 2 ¢






OEBPS/694173185005_gf3.png
1ad1 1aa1

04l
101

ol

02,






OEBPS/694173185005_ee11.png
—mn®(cz + 0b3m) P? + 6b3m (nPP"” + (1 — n)(P')?)
+003m(m — 1)(P)? 4+ Min? + Xan2P + A3n?P3
+ 1% (A + bam(s + 62)) P* = 0. 7





OEBPS/694173185005_ee41.png
Az(m +n)
Qe t) = (*Q(Qm +n)(As + bamn(s + 62))

1/n
| mm e (HC)) " st (30
An2(Ag + bam(s + 62)) 2






OEBPS/694173185005_ee42.png
N
PQ) =go+ Y 9:(C), gn #0. (1))
j=1





OEBPS/694173185005_gf4.png
0 === te1 === 1210

1

=1t

Hn

e)m=n=1

dm=n=1





OEBPS/694173185005_ee24.png
Gom—+201n
m+2n

B Az(m+n) 7iib1u1 om(m+n)
9= 2(2m~+n)(bam(s+602)+As)’ nEET Aa+bam(s+62)

c1=—20b1bam, s=—

. (m—n)(m+n)(A3n?(m-+n)—4b35uy pram (2m+n)2(Ag+bam(s+62)))? (16)
T 16n4(2m—+n)*(As+bam(s+62))3 ’
A3 (2m—n) (m+n) (4663 11 pram(2m—+n)? (Ag+bam(s+02)) —A3n? (m+n))

4n2(2m—+n)3(Ag+bam(s+6))? ’

dp=—
1

2n2(2m+n)?(As+bam(s+62))

x (—2008mn?(2m+n)?(s+02) +46b3bopus prom® (2m+n)? (s +62)

— 203 A\gmm® (2m4n)? +40b Aai1prom (2m+n)? —3X3n% (m+n)).

Coy =





OEBPS/694173185005_ee6.png
i(meiQ™7'Q + imesQ™) + 6 (bim(m — 1)Q™2(Q')?
+5imQ™ Q" + 2ib1bym? QM TIQ — mPh3Q™)
4 (/\IQ—Zner + )\foner + )\SQ"er + /\4Q2n+m)
—i(sb1(2n 4+ m)Q* T MTLQ + isbymQ*™ ™ + 20151 n Q"I
+ 02b1mQ* T LQ + if2bym@Q*"T™) = 0. (3)





OEBPS/694173185005_ee15.png
2(C)

T2l —0)

when p; = 0;

(10)





OEBPS/694173185005_ee40.png
As(m +n)
Qx,t) = (72(2771 +n)( Ay + bam(s + 62))

1/n
bim(m+n)p (HC)) / elbarteat) (29
+ An2(A\g + bam(s + 62)) 2






OEBPS/694173185005_ee23.png
Set) = (— Az(m +n)
Qs(w:1) ( 2(2m + n)(bam(s + 02) + Aa)

2 2 '
Ty 25b1#1m(m +n) 1 — prpelin(CHo) /nei(l”””t) 15
An?(Ag + bam(s + 62)) \ 1 + poe(r1(S+60)) (1






OEBPS/694173185005_ee32.png
f 21 sinh(5./p {)+22 cosh(5/p¢) )

2 2

24 cosh(} fc) +02 sinh(4/7C)

21 sin(3v/=p ) +2 cos(§vV=p )

7;121+x/7(

@1 cos (/=P Q)+ 22 sin(5v/=5¢)

):

p>0,
p <0,

p=0,

(22)





OEBPS/694173185005_ee49.png
Az(m+n)
(2m + n)(Aa + bam(s + 62))

+ \/7 Sb3m(m +n) tn
n2(Ag + bam(s + 62)) exch C) e, 67

Qe = (-






OEBPS/694173185005_gf12.png
o4l

¢
a2}

2
i






OEBPS/694173185005_ee5.png
Qw.t) = Q). (=brr+et, A=byr+eat, @





OEBPS/694173185005_gf7.png
1ol

bm=n=1 ©On=1+t=1

@m=n=1





OEBPS/694173185005_ee22.png
Qalut) = (- Az(m +n)
(@) ( 2(2m + 1) (bam(s + 62) = A1)

+ \/7 b2 p3m(m + n) 1+ u2e(H1(C+Co)) in \
4n2(A\g +bam(s + 602)) \ 1 — ppelr1(E+60)) )) gl(b2zteat)






OEBPS/694173185005_ee14.png
Y (C) = P?(C) + pra- )





OEBPS/694173185005_ee31.png
G"(¢) = =G (¢) — p2G(Q). @n





OEBPS/694173185005_gf6.png
e)ym=n=1 Hn=1t=1

dm=n=1





OEBPS/694173185005_gf11.png
1091
=1t=1

0 n

a6
e m=n=1

dm=n=1






OEBPS/694173185005_ee4.png
Q™)+ 5(Q™ e + (| o Tkl +A4IQI2") om

=i(s(jQP"Q™), + 61 (IQP") Q™ + 6:|Q*" (Q™) ). (5]






OEBPS/694173185005_ee48.png
Az(m +n)
(2m + n)(Aa + bam(s + 62))

Q) = (—2

ob3m(m +n)

1/n )
L T _sech eilbarteat) (36)
n?(Ag + bam(s + 6)) b C)





OEBPS/694173185005_ee2.png
i(Q™), +5(Q™),, + A\ F(QPF)Q™ =0. m>1,





OEBPS/694173185005_ee21.png
e Az(m +n)
Qi(x,t) = ( 2(2m + n) (Mg + bym(s + 63))

] ob2m(m +n) 1 )l/nei(bQIJcht)
n?(Ag + bam(s + 02)) (Go — )






OEBPS/694173185005_ee17.png
_ Ve
() = — 1H2 tanh(v/—p1p2 ¢ + Co),

Ha

PN
(©) 1z coth(v/ =12 ¢ + Cp)-

11






OEBPS/694173185005_ee3.png
oo

F(loP)Qm™e | ¢ [(=k.k) x (=1.1):R?].

k=1





OEBPS/694173185005_ee47.png
Az(m+n)
2m +n)(As + bam(s +6))

1/n
00202m(m+n) 40 ))
n2(Ag+bam(s+62)) \ (4027 —2) sinh ¢+ (4022 +2) cosh ¢

x ei(bQIJrcat)7 (35)

Quilet) = (—2(






OEBPS/694173185005_gf14.png
1y

a1

a1 04}

te1 === 1210

o p—

@

©On=1t=1

bm=n=1t=1

@m=n=1





OEBPS/694173185005_ee34.png
o= —20bibym, 5= _L2mA20m

m+2n
_ A3(m+n) bipny/=0m(m4n) (A +bym(s+62))
9= T 2(2mA+n) (Aatbam(s+62)) ® 2n(Ag+bam(s+62)) ’
NN e e e e )
n(Ag+bam(s+6s)) !
A, = (M=) (mtn)(8bimp(2m+n)? (Na+bym(s+02)) +Ain® (m+n))* ”
! 1601 (2m+n) (A +bam(s+02))° @
\e — A3 (2m—n)(m+n)(6b3mp(2m~+n)?(\y+bam(s+0s))+A3n?(m-+n))

4n2(2m+n)3 (A +bom(s+65))? !
1
T 202(2mA+n)2(Aa+bym(s+0,))
x (2063m*n? (2m+n)? (s+62) +0bibym® p(2m+n)* (s+62)
+ 2863\ gmn® (2mn)? 4663 \ymp(2m+n) +3M3n% (m+n)).

cy =





OEBPS/694173185005_ee46.png
90 = —

Oym+201n

—20b1bam, s=— o
Ag(m—+n) -~ ib—l 002m(m+n)
2(2m+n)(Ag+bam(s+6s))’ == Ag+bam(s+6;)’

ob3m 3A2(m+n)
n?  2(2m+4n)2(bam(s+62)+ A1)’

—ob2m+

_ A3(m—n)(m+n)2(40b3m(2m—+n)?(As+bam(s+62)) —

A3n2(m+n))

1612 (2m+n)*(Ag+bam(s+65))3
_ A3(2m— n)(m+n)(2662m(2m+n)2(Ag+bam(s+62))—

)

A2n2(m+n)) .

4n?(2m+n)3(Aa+bam(s+62))?





OEBPS/694173185005_ee16.png
per1(6+6o))

20 =1= 11 c(H1(C+C0))

when yi1 > 0 and pio <0,
(11)
per(6+6o))

————————  wheny < 0and g > 0.
2(0) =—7 £ pgetmicray) e





OEBPS/694173185005_ee29.png
)\3(m + n)
Qr(x,t) = (* 2(2m + n) (Aa + bam(s + 62))

1/n
by [Sm(m +n)jia ) i(baa+cat) 19
oy [omim+n)ipe o C+G)) e o 19
+ n \l Ay + bam(s + 62) (Vipa






OEBPS/694173185005_ee50.png
A3(m +n)
Quo(w,t) = (72(2771 + 1) (Mg + bam(s +65))

] ob3m(m +n)p 2y ))l/nei(bgz+agt)
n2(A\g + bam(s + 62)) (21 + 2:0)

provided p = 0, A3(Aq + bam(s + 02)) < 0, and 5(Aq + bam(s + 62)) < 0.





OEBPS/694173185005_ee20.png
€1

90 =

g1

At

A2

cy =

_ bom+261n

= —20b1bym, s=
m+2n
As(m+n) bipiy/=0m(m+n)(As+bym(s+0s))
T 2@mEn) bom(s+02)+ M) 20\ +bom (0 +5))
bipzy/—dm(m + n)(Ag + bam(s + 62))
=T 70 + bam(s + 62)) ’

_ (m=n)(m+n) (b3 pm(2m—+n) (A +bym(s+02))+ An?(m+n))?
- 1601 (2m+n)t(\y+bom(s+0))3

_ Ma@m—n)(m+n) (66 pim(2m+n)> (A +bym(s +02)) + \gn® (m+n))

4n2(2m+n)3(Ag+bam(s+65))?
1
T 202(2mA+n)2(Aa+bam(s+02))
x (20b3m*n® (2m—+n)?(s+02)+0b3bopim? (2m+n)? (s+02)
+ 2063 \gmn® (2m4n)? +-5b3 A pdm(2m4+n)? 430302 (m+n)).

(14)





OEBPS/694173185005_ee33.png
@'
G()’

P(¢) = go+ g1 # 0. (23)





OEBPS/694173185005_gf8.png
1ax)1

181

< 4

0 === te1 === 1210

=1t=1

Hn

=1

(e)ym

dm=n=1





OEBPS/694173185005_gf13.png
11

101

e m=n=1 Hn=1t=1

dm=n=1





