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The nonlinear complex Shynaray-IIA (S-IIA) system is investigated in the present study. The main 
objective of this research to explore optical soliton solutions of the nonlinear complex Shynaray-IIA 
system using the auxiliary equation method. The obtained solutions exhibit novel and diverse physical 
structures, including periodic waves, peakon dark, bell bright, kink waves, peakon bright, anti-kink 
waves, bell dark, breather solitons, mixed bright and dark, mixed kink bright and dark, and mixed anti-
kink bright and dark wave solitons. Furthermore, using Mathematica software, three-dimensional, 
two-dimensional, and contour plots have been generated to illustrate the physical behavior of the 
derived solutions by assigning appropriate constant parameters through symbolic computation. The 
obtained solutions are original, novel, and have not been previously examined for the Shynaray-
IIA system. These results are expected to be useful for studying nonlinear phenomena in physical 
sciences and engineering. The proposed method is significant for addressing new problems and 
applying previously untested approaches, leading to the derivation of several exact and optical soliton 
solutions. The results demonstrate the simplicity, power, and efficiency of this technique for analyzing 
a variety of nonlinear problems in both real and complex forms.
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Nonlinear equations play a vital role in engineering, science, and modern technology. Since linear theory has 
its limitations, it has become necessary to employ nonlinear analysis to study the dynamics of multi-scale and 
complex systems. Nonlinear partial differential equations (NLPDEs) form a fundamental part of nonlinear 
theory and have been widely used to investigate nonlinear phenomena in diverse fields such as quantum physics, 
chemistry, optical fibers, biology, nonlinear dynamics, computational fluid dynamics, ocean engineering, 
nonlinear optics, quantum mechanics, fluid mechanics, communication systems, and optical systems, among 
others1–5. It is not only important to understand the analysis of NLPDEs (including integrability analysis and the 
construction of exact solutions), but such analyses are also essential in many practical contexts. The extensive 
applications of nonlinearities across research communities highlight their significance and establish them as 
a crucial domain within the mathematical sciences. Consequently, in recent years, there has been a notable 
increase in research focused on exploring soliton solutions of NLPDEs. Whether a soliton is temporal or spatial 
depends on whether the localization of light occurs in time or in space during wave propagation.
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Over the past several decades, extensive research has been conducted on nonlinear evolution equations 
(NLEEs)6–9. These equations have numerous applications across various areas of nonlinear science, including 
physics, mechanics, fiber optics, hydromechanics, and other disciplines that employ such models to describe 
complex physical processes10–14. Nonlinear equations are widely used in mathematical physics and engineering 
and have gained considerable importance, thereby driving the need for comprehensive understanding and 
analysis. Optical solitons, which are localized solitary wave packets, play a significant role in enabling high-
speed data transmission through fiber optics and powering all-optical devices. The convergence of mathematical 
sciences, computational technology, and practical applications highlights the growing prominence of nonlinear 
partial differential equations in modern scientific research. One field that has recently attracted significant 
attention is the study of optical solitons in nonlinear materials.

The use of symbolic computations has also led to the development of numerous effective methods for obtaining 
soliton solutions in a wide range of nonlinear systems15–19. Examples of such models include the nonlinear 
Schrödinger equations20–22, the fractional Phi–4 equation23, the Nizhnik–Novikov–Veselov equation24,25, the 
Manakov equation26, the Akbota equation27, the Whitham–Broer–Kaup equation28, the Kadomtsev–Petviashvili 
modified equal width equation29, and the integrable Kairat–X equation30. Nonlinear models are extensively 
applied in diverse fields such as neural networks, economics, natural sciences, data analysis, image processing, 
optics, plasma physics, and fluid dynamics. Optical solutions of NLPDEs have been derived through a variety 
of analytical techniques. These include the generalized exponential rational function approach31, improved 
modified extended tanh function approach32, the (G

′
/G)−expansion approach33, auxiliary equation approach34, 

trial equation method35, the planar dynamical system approach36, extended simple equation approach37–39, 
modified Sardar sub equation approach40, sine–cosine method41, improved F-expansion approach42, exp 
(−Φ(η))−function technique43, Kudryshov auxiliary equation approach44, the extended modified rational 
expansion approach45,46, the Riccati Bernoulli sub optimal differential equation approach47, extended direct 
algebraic mapping approach48, and modified extended auxiliary equation mapping method49. Other techniques 
have also been employed to solve various nonlinear models, such as sensitivity analysis and finite-difference 
time-domain methods50,51. These approaches are among the most widely accepted methods for generating exact 
solutions of NLPDEs. Solitary wave solutions can be obtained from different nonlinear scenarios using relatively 
simple procedures. Moreover, these methods have the advantage of being applicable to problems involving large 
balancing numbers.

The integrable S-IIA equation is a nonlinear partial differential equation that plays a prominent role in 
quantum field theory and quantum mechanics. It describes the behavior of elementary particles as well as the 
propagation of dislocations in crystals. Research on the S-IIA equation has primarily focused on the recurrence 
nature of initial states, optical soliton interactions in collisionless fluids, solitons in condensed matter physics, 
and nonlinear wave equations.

In this study, the proposed complex nonlinear Shynaray-IIA system is given as52–56:

	

iqt + qxt − i(vq)x = 0,

irt − rxt − i(rv)x = 0,

vx − µ2

ϖ
(qr)t = 0.

� (1)

Here, µ and ϖ are constants, while v,  r,  and q are the complex unknown functions that depend on the spatial 
variable x and time t. In the past, several studies have investigated the S-IIA equation using different approaches. 
Recently, Faridi et al. explored soliton solutions of the S-IIA equation by employing the Sardar sub equation and 
extended direct algebraic approaches52. Tipu et al. obtained soliton solutions of the S-IIA equation through the 
Φ6−model expansion technique53. Altalbe et al. derived exact fractional soliton solutions of the M-fractional 
S-IIA equation using three schemes, namely the expa function method, the modified simple equation method, 
and the Kudryashov approach54. Khan et al. studied exact solutions of the S-IIA equation based on the improved 
Sardar sub equation approach55. Amer et al. determined soliton solutions of the nonlinear S-IIAE via the 
modified extended tanh scheme56.

In this investigation, we examined various structural soliton and solitary wave solutions including peakon 
dark solitons, bell bright solitons, kink waves, peakon bright solitons, anti-kink waves, bell dark solitons, mixed 
bright and dark solitons, mixed kink bright and dark solitons, mixed anti-kink bright and dark solitons, and 
diverse forms of periodic wave solitons for the nonlinear complex S-IIA equation by employing the auxiliary 
equation approach. The main focus of this research is the examination of optical soliton solutions, which has 
broadened to encompass a variety of physical domains. The auxiliary equation method is one of the most widely 
accepted techniques for constructing soliton solutions of nonlinear partial differential equations57,58. Soliton 
solutions can be extracted from different nonlinear equations using this simple approach, which offers the added 
advantage of being applicable to problems involving large balancing numbers. The remaining sections of the 
present study are organized as follows: Section 2 provides a brief description of the proposed methodology, 
namely the auxiliary equation method. Section 3 presents the mathematical formulation of the proposed system. 
Section 4 applies the proposed approach to the governing model to examine the varieties of soliton solutions. 
Section 5 offers a graphical explanation of the obtained solutions. Section 6 discusses the novelty and innovation 
of the work. Finally, Section 7 presents the conclusion and outlines the study’s perspective.

Brief description of proposed methodology
The nonlinear equation with partial derivative of space and time consider as:
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	 R(q, qt, qx, qtt, qxx, ...) = 0.� (2)

While R called function of polynomial to the qt, qx. To get the nonlinear ordinary differential equation (NLODE), 
then apply the transform of wave as:

	 q(x, t) = ℏ (ζ) eiΘ, Θ = −κx + Λt + Ξ, ζ = x − ℘t.� (3)

Where κ, Λ, Ξ, and ℘ are parameters. Substituting Eq.(3) in Eq.(2), then obtained nonlinear ordinary differential 
equation (NLODE).

	 S (ℏ, ℏζ , ℏζζ , ℏζζζ , ...) = 0.� (4)

Let us the solution in generalized form of Eq.(4) given as:

	
ℏ(ζ) =

n∑
i=0

biφ
i (ζ) .� (5)

The function φ(ζ) satisfying the given equation.

	

(
φ

′
(ζ)

)2
= ∇1φ2(ζ) + ∇2φ3(ζ) + ∇3φ4(ζ).� (6)

While ∇1, ∇2, ∇3, are parameters. The Eq.(6) having these exact solutions as: Case-I

	

φ(x) = −
∇1∇2sech2

(√
∇1ζ

2

)

∇2
2 − ∇1∇3

(
1 − tanh

(√
∇1ζ

2

))2 , when ∇1 > 0.

Case-II

	
φ(x) =

2∇1sech
(√

∇1ζ
)

√
∇2

2 − 4∇1∇3 − sech
(√

∇1ζ
)

− ∇2
, when ∇2

2 − 4∇1∇3 > 0.

To calculate the value of integer n then apply the homogeneous balance rule on Eq.(4). Substitute the Eq.(5) 
in Eq.(4) and collect each cofactors of φi(ζ), then to secure the algebraic equations then make each cofactors 
equal to zero. To calculate the unknown values to solve the algebraic equations through any computation tool. 
Inserting the calculated values in Eq.(5) and examined the exact solutions of Eq.(2).

The complex nonlinear Shynaray-IIA equation
If r = ϵq̄, (ϵ = ±1), then S-IIA equation secured in this form as:

	

iqt + qxt − i(qv)x = 0,

vx − µ2ϵ

ϖ

(
|q|2

)
t

= 0.
� (7)

While ϖ, µ and ϵ are ordinary parameters. The wave transformation taken as

	

q(x, t) = ℏ(ζ)eiΘ, v(x, t) = ψ(ζ),
Θ = −κx + Λt + Ξ, ζ = x − ℘t.

� (8)

Where κ, Ξ, ℘, Λ are called the ordinary constants. Set the Eq.(8) in the first part of Eq.(7). We separate 
imaginary and real parts secured as:

	 ℘ℏ
′′

+ Λ(1 − κ)ℏ + κℏψ + i (Λ − ℘(1 − κ)) ℏ
′

− ℏ
′
ψ − ℏψ

′
= 0.� (9)

	
ψ

′
+ 2℘ϵµ2

ϖ
ℏℏ

′
= 0.� (10)

We integrate the Eq.(10), secured as:

	
ψ = −℘ϵµ2

ϖ
ℏ2.� (11)

Set Eq.(11) in Eq.(9), we separated the real and imaginary parts then secured the real part as:
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℘ℏ

′′
+ Λ(1 − κ)ℏ − κ℘ϵµ2

ϖ
ℏ3 = 0.� (12)

Imaginary part secured as:

	
(Λ − ℘(1 − κ)) ℏ

′
+ 3℘ϵµ2

ϖ
ℏ

′′
ℏ

′
= 0.� (13)

Construction of optical soliton solutions of governing model
Applied homogeneous balance rule on Eq.(12), examined n = 1. The generalized solutions given as:

	 ℏ(ζ) = b0 + b1φ(ζ).� (14)

Substitute the Eq.(9) in Eq.(8) and collect each cofactors of φi(ζ), then secured the algebraic equations by 
making each cofactors equal to zero. Solved these equations through Mathematica tool and calculated the 
unknown values as:

Set-I

	
b0 = − ∇2

√
ϖ

2
√

2
√

ϵ
√

∇3µ
, b1 = −

√
2
√

∇3
√

ϖ√
ϵµ

, κ = 1, ∇1 = ∇2
2 (∇2 + 12∇3)

32∇2
3

.� (15)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(15) 
into Eq.(14).

	

q1(x, t) =


∇2

√
ϖ

(
∇2

2 − ∇1∇3

((
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 + 4sech2 (

1
2
√

∇1(x − ℘t)
)))

2
√

2
√

ϵ
√

∇3µ
(

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

)



ei(−κx+Λt+Ξ),

� (16)

	

v1(x, t) = − ℘ϵµ2

ϖ


∇2

√
ϖ

(
∇2

2 − ∇1∇3
((

tanh
(

1
2
√

∇1(x − ℘t)
)

− 1
) 2 + 4sech2 (

1
2
√

∇1(x − ℘t)
)))

2
√

2
√

ϵ
√

∇3µ
(

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

)



2

ei(−κx+Λt+Ξ),

� (17)

	

q2(x, t) =


−

∇2
√

ϖ
(
∇2

2 − ∇1∇3
((

tanh
(

1
2
√

∇1(x − ℘t)
)

− 1
) 2 + 4sech2 (

1
2
√

∇1(x − ℘t)
)))

2
√

2
√

ϵ
√

∇3µ
(

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

)



ei(−κx+Λt+Ξ),

� (18)

	

v2(x, t) = − ℘ϵµ2

ϖ

(
−

∇2
√

ϖ
(
∇2

2 − ∇1∇3
((

tanh
(

1
2
√

∇1(x − ℘t)
)

− 1
) 2 + 4sech2 (

1
2
√

∇1(x − ℘t)
)))

2
√

2
√

ϵ
√

∇3µ
(
∇1∇3

(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)

2 − ∇2
2
)

)2

ei(−κx+Λt+Ξ),

� (19)

Set-II

	
b0 = ∇2

√
ϖ

2
√

2
√

ϵ
√

∇3µ
, b1 =

√
2
√

∇3
√

ϖ√
ϵµ

, κ = 1, ∇1 = ∇2
2 (∇2 + 12∇3)

32∇2
3

.� (20)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(20) 
into Eq.(14).

	

q3(x, t) =




√
ϖ

(
8∇1∇3sech

(√
∇1(x−℘t)

)
∇2−

√
∇2

2−4∇1∇3+sech
(√

∇1(x−℘t)
) − ∇2

)

2
√

2
√

ϵ
√

∇3µ


 ei(−κx+Λt+Ξ), � (21)

	

v3(x, t) = −℘ϵµ2

ϖ




√
ϖ

(
8∇1∇3sech

(√
∇1(x−℘t)

)
∇2−

√
∇2

2−4∇1∇3+sech
(√

∇1(x−℘t)
) − ∇2

)

2
√

2
√

ϵ
√

∇3µ




2

ei(−κx+Λt+Ξ). � (22)
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q4(x, t) =




√
ϖ

(
∇2 −

8∇1∇3sech
(√

∇1(x−℘t)
)

∇2−
√

∇2
2−4∇1∇3+sech

(√
∇1(x−℘t)

)
)

2
√

2
√

ϵ
√

∇3µ


 ei(−κx+Λt+Ξ), � (23)

	

v4(x, t) = −℘ϵµ2

ϖ




√
ϖ

(
∇2 −

8∇1∇3sech
(√

∇1(x−℘t)
)

∇2−
√

∇2
2−4∇1∇3+sech

(√
∇1(x−℘t)

)
)

2
√

2
√

ϵ
√

∇3µ




2

ei(−κx+Λt+Ξ). � (24)

Set-III

	
b0 = b0, b1 = −

√
2
√

∇3
√

ϖ√
ϵµ

, κ = 1, ∇1 = 3b2
0ϵµ2

ϖ
− b3

0ϵ3/2µ3
√

2
√

∇3ϖ3/2
, ∇2 = −2

√
2b0

√
ϵ
√

∇3µ√
ϖ

.� (25)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(25) 
into Eq.(14).

	

q5(x, t) =


b0 +

√
2∇1∇2

√
∇3

√
ϖsech2 (

1
2
√

∇1(x − ℘t)
)

√
ϵµ

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)

 ei(−κx+Λt+Ξ), � (26)

	

v5(x, t) = −℘ϵµ2

ϖ


b0 +

√
2∇1∇2

√
∇3

√
ϖsech2 (

1
2
√

∇1(x − ℘t)
)

√
ϵµ

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)



2

ei(−κx+Λt+Ξ). � (27)

	

q6(x, t) =


b0 + 2

√
2∇1

√
∇3

√
ϖ

√
ϵ
(

µ + ∇2µ cosh
(√

∇1(x − ℘t)
)

−
√

∇2
2 − 4∇1∇3µ cosh

(√
∇1(x − ℘t)

))



ei(−κx+Λt+Ξ),

� (28)

	

v6(x, t) = − ℘ϵµ2

ϖ


b0 + 2

√
2∇1

√
∇3

√
ϖ

√
ϵ
(

µ + ∇2µ cosh
(√

∇1(x − ℘t)
)

−
√

∇2
2 − 4∇1∇3µ cosh

(√
∇1(x − ℘t)

))



2

ei(−κx+Λt+Ξ).

� (29)

Set-IV

	
b0 = b0, b1 =

√
2
√

∇3
√

ϖ√
ϵµ

, κ = 1, ∇1 = b3
0ϵ3/2µ3

√
2
√

∇3ϖ3/2
+ 3b2

0ϵµ2

ϖ
, ∇2 = 2

√
2b0

√
ϵ
√

∇3µ√
ϖ

.� (30)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(30) 
into Eq.(14).

	
q7(x, t) =

(
b0 −

√
2∇1∇2

√
∇3

√
ϖsech2 (

1
2
√

∇1(x − ℘t)
)

√
ϵµ

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)

2
)

)
ei(−κx+Λt+Ξ), � (31)

	

v7(x, t) = − ℘ϵµ2

ϖ


b0 −

√
2∇1∇2

√
∇3

√
ϖsech2 (

1
2
√

∇1(x − ℘t)
)

√
ϵµ

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)



2

ei(−κx+Λt+Ξ),

� (32)

	

q8(x, t) =


b0 + 2

√
2∇1

√
∇3

√
ϖ

√
ϵ
(

µ + ∇2µ cosh
(√

∇1(x − ℘t)
)

−
√

∇2
2 − 4∇1∇3µ cosh

(√
∇1(x − ℘t)

))



ei(−κx+Λt+Ξ),

� (33)
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v8(x, t) = − ℘ϵµ2

ϖ


b0 + 2

√
2∇1

√
∇3

√
ϖ

√
ϵ
(

µ + ∇2µ cosh
(√

∇1(x − ℘t)
)

−
√

∇2
2 − 4∇1∇3µ cosh

(√
∇1(x − ℘t)

))



2

ei(−κx+Λt+Ξ).

� (34)

Set-V

	
b0 = 0, b1 = b1, κ = 2∇3ϖ

b2
1ϵµ2 , ∇1 =

Λ
(

2∇3ϖ
b2

1ϵµ2 − 1
)

℘
.� (35)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(35) 
into Eq.(14).

	
q9(x, t) =

(
b1∇1∇2sech2 (

1
2
√

∇1(x − ℘t)
)

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

)
ei(−κx+Λt+Ξ), � (36)

	
v9(x, t) = −℘ϵµ2

ϖ

(
b1∇1∇2sech2 (

1
2
√

∇1(x − ℘t)
)

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

)2

ei(−κx+Λt+Ξ), � (37)

	
q10(x, t) =

(
−

2b1∇1sech
(√

∇1(x − ℘t)
)

∇2 −
√

∇2
2 − 4∇1∇3 + sech

(√
∇1(x − ℘t)

)
)

ei(−κx+Λt+Ξ), � (38)

	
v10(x, t) = −℘ϵµ2

ϖ

(
−

2b1∇1sech
(√

∇1(x − ℘t)
)

∇2 −
√

∇2
2 − 4∇1∇3 + sech

(√
∇1(x − ℘t)

)
)2

ei(−κx+Λt+Ξ), � (39)

Set-VI

	
b0 = b0, b1 = b1, κ = 1, ϖ = b2

1ϵµ2

2∇3
, ∇1 = 2b2

0 (b0 + 3b1) ∇3

b3
1

, ∇2 = 4b0∇3

b1
.� (40)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(40) 
into Eq.(14).

	
q11(x, t) =

(
b1∇1∇2sech2 (

1
2
√

∇1(x − ℘t)
)

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

+ b0

)
ei(−κx+Λt+Ξ), � (41)

	
v11(x, t) = −℘ϵµ2

ϖ

(
b1∇1∇2sech2 (

1
2
√

∇1(x − ℘t)
)

∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2 − ∇2

2

+ b0

)2

ei(−κx+Λt+Ξ), � (42)

	
q12(x, t) =

(
b0 −

2b1∇1sech
(√

∇1(x − ℘t)
)

∇2 −
√

∇2
2 − 4∇1∇3 + sech

(√
∇1(x − ℘t)

)
)

ei(−κx+Λt+Ξ), � (43)

	
v12(x, t) = −℘ϵµ2

ϖ

(
b0 −

2b1∇1sech
(√

∇1(x − ℘t)
)

∇2 −
√

∇2
2 − 4∇1∇3 + sech

(√
∇1(x − ℘t)

)
)2

ei(−κx+Λt+Ξ). � (44)

Set-VII

	
b0 = b0, b1 = b3

0ϵµ2

∇1ϖ − 3b2
0ϵµ2 , κ = 1, ∇2 = 2b4

0ϵ2µ4

ϖ (∇1ϖ − 3b2
0ϵµ2) , ∇3 = b6

0ϵ3µ6

2ϖ (∇1ϖ − 3b2
0ϵµ2)2 .� (45)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(45) 
into Eq.(14).

	

q13(x, t) =


b0 −

b3
0ϵ∇1∇2µ2sech2 (

1
2
√

∇1(x − ℘t)
)

(∇1ϖ − 3b2
0ϵµ2)

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)

 ei(−κx+Λt+Ξ), � (46)
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v13(x, t) = −℘ϵµ2

ϖ


b0 −

b3
0ϵ∇1∇2µ2sech2 (

1
2
√

∇1(x − ℘t)
)

(∇1ϖ − 3b2
0ϵµ2)

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)



2

ei(−κx+Λt+Ξ), � (47)

	

q14(x, t) =


b0 −

2b3
0ϵ∇1µ2sech

(√
∇1(x − ℘t)

)

(∇1ϖ − 3b2
0ϵµ2)

(
∇2 −

√
∇2

2 − 4∇1∇3 + sech
(√

∇1(x − ℘t)
))


 ei(−κx+Λt+Ξ), � (48)

	

v14(x, t) = − ℘ϵµ2

ϖ


b0 −

2b3
0ϵ∇1µ2sech

(√
∇1(x − ℘t)

)

(∇1ϖ − 3b2
0ϵµ2)

(
∇2 −

√
∇2

2 − 4∇1∇3 + sech
(√

∇1(x − ℘t)
))




2

ei(−κx+Λt+Ξ).

� (49)

Set-VIII

	

b0 =1
2

√
−3∇2ϖ +

√
∇2

√
8∇1 + 9∇2ϖ

ϵµ2 , b1 = ∇2ϖ

ϵµ2

√
− 3∇2ϖ+

√
∇2

√
8∇1+9∇2ϖ

ϵµ2

,

κ = 1, ∇3 = 1

− 2
√

8∇1+9∇2

∇3/2
2

− 6
∇2

.

� (50)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(50) 
into Eq.(14).

	

q15(x, t) =


−

∇1∇2
2ϖsech2 (

1
2
√

∇1(x − ℘t)
)

ϵµ2

√
− 3∇2ϖ+

√
∇2

√
8∇1+9∇2ϖ

ϵµ2

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)

2
)

+1
2

√
−3∇2ϖ +

√
∇2

√
8∇1 + 9∇2ϖ

ϵµ2

)
ei(−κx+Λt+Ξ),

� (51)

	

v15(x, t) = −℘ϵµ2

ϖ


−

∇1∇2
2ϖsech2 (

1
2
√

∇1(x − ℘t)
)

ϵµ2

√
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√
∇2

√
8∇1+9∇2ϖ

ϵµ2

(
∇2

2 − ∇1∇3
(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)

2
)

+1
2

√
−3∇2ϖ +

√
∇2

√
8∇1 + 9∇2ϖ

ϵµ2

)2

ei(−κx+Λt+Ξ),

� (52)

	

q16(x, t) =


−

2∇1∇2ϖsech
(√

∇1(x − ℘t)
)

ϵµ2

√
− 3∇2ϖ+

√
∇2

√
8∇1+9∇2ϖ

ϵµ2

(
∇2 −

√
∇2

2 − 4∇1∇3 + sech
(√

∇1(x − ℘t)
))

+1
2

√
−3∇2ϖ +

√
∇2

√
8∇1 + 9∇2ϖ

ϵµ2

)
ei(−κx+Λt+Ξ),

� (53)

	

v16(x, t) = −℘ϵµ2

ϖ


−

2∇1∇2ϖsech
(√

∇1(x − ℘t)
)

ϵµ2

√
− 3∇2ϖ+

√
∇2

√
8∇1+9∇2ϖ

ϵµ2

(
∇2 −

√
∇2

2 − 4∇1∇3 + sech
(√

∇1(x − ℘t)
))

+1
2

√
−3∇2ϖ +

√
∇2

√
8∇1 + 9∇2ϖ

ϵµ2

)2

ei(−κx+Λt+Ξ),

� (54)

Set-IX

	

b0 =b0, b1 = ∇2ϖ

2b0ϵµ2 , κ = 1, ∇3 = ∇2
2ϖ

8b2
0ϵµ2

∇1 =
b2

0ϵµ2 (
2b2

0ϵµ2 + 3∇2ϖ
)

∇2ϖ2 .

� (55)
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The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(55) 
into Eq.(14).

	

q17(x, y) =


b0 −

∇1∇2
2ϖsech2 (

1
2
√

∇1(x − ℘t)
)

2b0ϵµ2
(

∇2
2 − ∇1∇3

(
tanh

(
1
2
√

∇1(x − ℘t)
)

− 1
)2

)

 ei(−κx+Λt+Ξ), � (56)

	

v17(x, y) = −℘ϵµ2

ϖ


b0 −

∇1∇2
2ϖsech2 (

1
2
√

∇1(x − ℘t)
)
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(

∇2
2 − ∇1∇3

(
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(
1
2
√
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)
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)2

)



2

ei(−κx+Λt+Ξ), � (57)

	

q18(x, t) =


 ∇1∇2ϖ

b0ϵµ2
(

−∇2 cosh
(√

∇1(x − ℘t)
)

+
√

∇2
2 − 4∇1∇3 cosh

(√
∇1(x − ℘t)

)
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

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� (58)

	

v18(x, t) =


 ∇1∇2ϖ

b0ϵµ2
(

−∇2 cosh
(√

∇1(x − ℘t)
)

+
√

∇2
2 − 4∇1∇3 cosh

(√
∇1(x − ℘t)
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− 1

) + b0




2
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ϖ

)
ei(−κx+Λt+Ξ).

� (59)

Set-X

	

b0 = − 1
2

√√
∇2

√
8∇1 + 9∇2ϖ − 3∇2ϖ
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,

κ = 1, ∇3 = 1
2
√
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2
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∇2

.

� (60)

The optical soliton solutions are examined in complex functions form of Eq.(1) through inserting the Eq.(60) 
into Eq.(14).

	

q19(x, t) =
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2

√√
∇2

√
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
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� (61)

	

v19(x, t) = − ℘ϵµ2
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(
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1
2
√
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)
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)




2
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� (62)

	

q20(x, t) =

(
−1

2

√√
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√
∇2
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
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
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2

ei(−κx+Λt+Ξ).

� (64)
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Graphical representation of the examined solutions
Graphical representation forms a key part of this research, as it provides insights into the physical structures of 
the examined solutions. We illustrated these structures using contour plots, as well as two- and three-dimensional 
plots, by assigning specific parameter values in the functions through the Mathematica tool. Figures 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10, 11, 12 and 13 display a variety of physical structures of solitons and solitary waves, including 
peakon bright, peakon dark, kink waves, periodic waves, bell bright, bell dark, anti-kink waves, mixed dark 
and bright solitons, mixed kink-bright waves, mixed kink-dark waves, and mixed anti-kink dark and bright 
waves. The graphical analysis highlights the influence of governing model parameters on the obtained solutions, 
with a particular focus on exploring their physical effects. Importantly, the figures serve to demonstrate the 
structural formation of solutions to the nonlinear model, with the emphasis placed on representing the dynamic 
and geometric features of the proposed model rather than validating accuracy for a specific real-world or 
experimental scenario. The detailed explanations of Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 13 are presented 
as follows:

Figure  1, visualized to peakon dark and periodic wave solitons for q1(x, t) function by utilizing 
these values ∇0 = 2, ∇1 = 4, ∇2 = 2, ℘ = 1.5, κ = 1, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. 
Figure  2, visualized to peakon dark and periodic wave soliton structure of v1(x, t) function by 
utilizing these values ∇0 = 1, ∇1 = 4, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. 
While Fig.  3, visualized to periodic wave soliton structure of q2(x, t) function by utilizing these 
values ∇0 = −2, ∇1 = 3, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. 
Figure  4, visualized to periodic wave soliton structure of v2(x, t) function by utilizing these 
values ∇0 = −2, ∇1 = 5, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. 
Figure  5, visualized to periodic wave soliton structure of v3(x, t) function by utilizing these values 
∇0 = −2, ∇1 = 3, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. Figure  6, visualized to 
periodic wave soliton structure in three different kinds of plotting of q4(x, t) function by utilizing these values 

Fig. 1.  Visualization of peakon dark and periodic wave soliton in three 
different kinds of plotting of q1(x, t) function by utilizing these values 
∇0 = 2, ∇1 = 4, ∇2 = 2, ℘ = 1.5, κ = 1, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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∇0 = −1, ∇1 = 5, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. Figure  7, visualized to 
periodic wave soliton structure in three different kinds of plotting of v4(x, t) function by utilizing these values 
∇0 = −2, ∇1 = −5, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1. Figure  8, visualized to 
peakon bright and periodic wave soliton structure in three different kinds of plotting of q5(x, t) function by 
utilizing these values ∇0 = 2, ∇1 = 5, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1. 
Figure  9, visualized to anti-kink and periodic wave soliton structure in 
three different kinds of plotting of v5(x, t) function by utilizing these values 
∇0 = 2, ∇1 = 4, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = −2. Figure  10, 
visualized to periodic wave soliton structure in three different kinds of plotting of q6(x, t) function by utilizing these 
values ∇0 = −2, ∇1 = −5, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1. Figure 11, 
visualized to periodic wave soliton structure in three different kinds of plotting of v6(x, t) function by utilizing these 
values ∇0 = −2, ∇1 = −4, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1. Figure 12, 
visualized to kink and periodic wave soliton structure in three different kinds of plotting of q7(x, t) function by utilizing 
these values ∇0 = 2, ∇1 = 4, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = −3. And 
Fig. 13, visualized to periodic wave soliton structure in three different kinds of plotting of q8(x, t) function by utilizing 
these values ∇0 = −2, ∇1 = 4, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1. The 
remaining solutions represent various nonlinear wave phenomena, including peakon bright and peakon dark 
solitons, kink and anti-kink waves, kink bright and kink dark waves, singular waves, mixed periodic waves, and 
singular periodic waves. The graphical representations of the explored solutions demonstrate the robustness 
and effectiveness of the proposed methodology. Moreover, the proposed approach shows strong capability in 
addressing complex problems by utilizing advanced symbolic computation tools.

Fig. 2.  Visualization of peakon dark and periodic wave soliton structure in 
three different kinds of plotting of v1(x, t) function by utilizing these values 
∇0 = 1, ∇1 = 4, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Discussion of the results
In this section, we present novel and interesting results in the form of optical soliton and solitary wave solutions. 
The generated solutions are more generalized and innovative, obtained through an efficient integrated method. 
We also highlight the similarities and differences between our results for the nonlinear S-IIA equation and those 
previously reported in the literature.

Previously, several mathematicians and researchers investigated the integrable S-IIA equation using various 
methods, such as the Sardar sub-equation approach, extended direct algebraic approach, Φ6−model expansion 
technique, expa function approach, modified simple equation approach, Kudryashov approach, improved 
Sardar sub-equation approach, inverse scattering transform approach, and modified extended tanh scheme52–56. 
The present study, however, explores different solutions beyond those existing approaches.

In contrast, our study examines the optical soliton wave patterns of the nonlinear S-IIA equation using a new 
derivative for the first time. We employ an analytical technique, namely the auxiliary equation method, which 
provides deeper insight into the behavior of optical solitons and wave propagation in fields such as quantum 
mechanics, optical communication, nonlinear optics, plasma physics, and fiber optics. This method enables the 
exploration of novel solutions expressed in trigonometric and hyperbolic functions. Using the auxiliary equation 
method, we obtained various solitons and solitary waves, as illustrated in Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 and 
13, exhibiting different physical structures such as peakon bright, peakon dark, kink waves, periodic waves, bell 
bright, bell dark, anti-kink waves, mixed dark and bright solitons, mixed kink-bright waves, mixed kink-dark 
waves, and mixed anti-kink dark and bright waves.

Overall, the detailed comparison indicates that our methodology is more effective for finding exact solutions 
of higher-order NLPDEs in both complex and real forms. It is also easier to implement, more reliable, and highly 
efficient compared to previous methods.

Fig. 3.  Visualization of periodic wave soliton structure in three different kinds of plotting of q2(x, t) function 
by utilizing these values ∇0 = −2, ∇1 = 3, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Conclusion
This research has thoroughly analyzed the behavior of optical soliton solutions of the nonlinear, integrable 
Shynaray-IIA equation. Various types of soliton solutions were obtained using the auxiliary equation method, 
including peakon bright and dark solitons, kink waves, periodic waves, bell bright and dark solitons, anti-kink 
waves, mixed dark and bright solitons, mixed kink-bright waves, mixed kink-dark waves, and mixed anti-
kink dark and bright waves. The originality and diversity of these soliton solutions highlight the flexibility and 
efficiency of the proposed method and have significant implications for both theoretical understanding and 
practical applications in nonlinear optical systems.

This study establishes a solid foundation for future research and opens new prospects for developments 
in optical communication and related engineering fields. The results may stimulate further investigation into 
the interaction of optical soliton solutions with novel materials, such as photonic crystals and metamaterials. 
The exact soliton solutions obtained are valuable for understanding wave propagation and can serve to validate 
experimental and numerical results across various areas, including optics, quantum physics, fiber optics, 
quantum mechanics, plasma physics, nonlinear optics, biomedical engineering, and mathematical physics. 
Furthermore, Mathematica was used to generate three-dimensional, two-dimensional, and contour plots that 
illustrate the physical behavior of these solutions. The visualized physical structures demonstrate the robustness 
and effectiveness of the method. Importantly, this approach can also be applied to other nonlinear partial 
differential equations, making it a versatile tool for further studies in nonlinear science.

Fig. 4.  Visualization of periodic wave soliton structure in three different kinds of plotting of v2(x, t) function 
by utilizing these values ∇0 = −2, ∇1 = 5, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Fig. 5.  Visualization of periodic wave soliton structure in three different kinds of plotting of v3(x, t) function 
by utilizing these values ∇0 = −2, ∇1 = 3, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Fig. 6.  Visualization of periodic wave soliton structure in three different kinds of plotting of q4(x, t) function 
by utilizing these values ∇0 = −1, ∇1 = 5, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Fig. 7.  Visualization of periodic wave soliton structure in three different kinds of plotting of v4(x, t) function 
by utilizing these values ∇0 = −2, ∇1 = −5, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1.
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Fig. 8.  Visualization of peakon bright and periodic wave soliton structure in 
three different kinds of plotting of q5(x, t) function by utilizing these values 
∇0 = 2, ∇1 = 5, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1.
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Fig. 9.  Visualization of anti-kink and periodic wave soliton structure in 
three different kinds of plotting of v5(x, t) function by utilizing these values 
∇0 = 2, ∇1 = 4, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = −2.
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Fig. 10.  Visualization of periodic wave soliton structure in three 
different kinds of plotting of q6(x, t) function by utilizing these values 
∇0 = −2, ∇1 = −5, ∇2 = 1, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1.
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Fig. 11.  Visualization of periodic wave soliton structure in three 
different kinds of plotting of v6(x, t) function by utilizing these values 
∇0 = −2, ∇1 = −4, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1.
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Figure 12.  Visualization of kink and periodic wave soliton structure in 
three different kinds of plotting of q7(x, t) function by utilizing these values 
∇0 = 2, ∇1 = 4, ∇2 = 2, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = −3.

 

Scientific Reports |        (2025) 15:38317 20| https://doi.org/10.1038/s41598-025-22237-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Figure 13.  Visualization of periodic wave soliton structure in three 
different kinds of plotting of q8(x, t) function by utilizing these values 
∇0 = −2, ∇1 = 4, ∇2 = 3, κ = 1, ℘ = 1.5, µ = 1, Λ = 1, ϵ = 1, Ξ = 1, ϖ = 1, b0 = 1.
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Data Availability
All data that support the findings of this study are included in the article.
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