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ABSTRACT : Nonlinear interactions between nonlinearity, dispersion, and other phenomena in a media give 

rise to solitons, which are self-reinforcing solitary waves that retain shape and velocity as they propagate 

across the medium. We investigate electrostatic ion-acoustic solitary waves in a homogeneous, un-

magnetized, collision-less plasma environment at 200–500 km for a plasma system consists of three 

positive ions, whereas the electrons present as a super-thermal charge and follow kappa distribution 

function. The potential for electrostatic ion-acoustic solitary waves to form in the Martian ionosphere due 

to the movement of different ionic species was established using the one-dimensional Korteweg-de Vries 

(KdV) equation has been obtained using the reductive perturbation approach. Graphical representations 

of numerical studies that explain how super-thermal parameter affects nonlinear ion acoustic waves are 

shown. The kappa index influence on the soliton waves has been studied. Based on our model an increased 

kappa index can lead to modifications in soliton amplitude and width. 
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I. INTRODUCTION 
 

Mars, positioned as the fourth celestial body in the solar system, is classified as a terrestrial planet. The 

planet Mars has garnered considerable scientific attention as a result of its potential for supporting life and its 

resemblance to Earth's previous environmental conditions [1-3]. Mars, like Venus, Titan, and Pluto, does not 

have a global magnetic field. As a result, solar wind plasma interactions differ from those on magnetic planets 

such as Earth [4]. Therefore, solar radiation penetrates Mars to such an extent that it induces a magnetosphere 

and an ionosphere resulting various sorts of waves and oscillations [5]. One of the most important nonlinear 

phenomena in the recent plasma research are ion acoustic waves. Over the past few decades, there has been a 

significant focus on conducting thorough experimental and theoretical investigations to examine the propagation 

of Ion Acoustic Waves (IAWs) in both laboratory and space environments [6-8]. The ion-acoustic soliton waves 

(IASWs) are a significant focus of study in contemporary plasma research, as they emerge from the intricate 

interplay between nonlinearity and dispersion [9]. 

In the field of plasma physics, the study of solitary waves has been of great interest due to their unique and 

intriguing properties [10]. Solitary waves are self-reinforcing solitary waves that maintain their shape and 

velocity as they propagate through a medium, which sets them apart from other types of waves [11, 12]. They 

are nonlinear phenomena that arise from the interplay between nonlinearity, dispersion, and possibly other 

effects in the medium [13].  In recent years, researchers have been investigating the impact of various factors on 

the characteristics and behavior of solitary waves in plasma environments [14]. One particular factor that has 

gained attention is the kappa index, which characterizes the velocity distribution of particles in a plasma system. 

The kappa index, denoted as κ, is a measure of the departure of the particle velocity distribution from a 
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Maxwellian distribution [15-17]. It describes the presence of high-energy tail particles in the plasma, which can 

significantly affect the wave dynamics [18, 19]. 

The kappa index is linked to the degree of non-thermal or super-thermal particles present in a plasma [20]. 

These particles arise due to various physical mechanisms, such as wave-particle interactions, particle 

accelerations, or non-equilibrium states Owen et al. The presence of these non-thermal particles can introduce 

deviations from the assumptions of Maxwellian distributions, leading to a more complex plasma behavior [21, 

22]. Understanding the effect of the kappa index on solitary wave potentials is crucial for unraveling the 

underlying physics and predicting the behavior of waves in different plasma environments [23, 24]. The kappa 

index has been found to influence diverse aspects of solitary waves, including their generation, propagation, and 

stability [25]. The nonlinear behavior of plasma waves and their interaction with the plasma medium can be 

better understood if the effect of the kappa index on solitary wave potentials is studied. Theoretical and 

numerical studies have been conducted to explore the relationship between the kappa index and solitary wave 

properties [26-28]. These investigations have revealed that an increased kappa index can lead to modifications 

in the solitary amplitude, width, and stability. Additionally, the presence of non-thermal particles with high-

energy tails can have significant implications for the formation and dynamics of solitary waves [29-31].  
Understanding the impact of the kappa index on solitary wave potentials has practical implications in various 

astrophysical and laboratory plasma contexts [16]. For instance, it can provide valuable insights into the 

behavior of solitary waves in space plasmas, such as the ionosphere of planets like Mars, where non-Maxwellian 

particle distributions are observed [32]. In this study, we aim to investigate and analyze the effect of the kappa 

index on solitary wave potentials in plasma environment of the planet Mars. By using theoretical models, 

numerical simulations, and possibly experimental data, we will explore how the presence of non-thermal 

particles with high-energy tails influences the characteristics and behavior of solitary waves. Our findings will 

contribute to the understanding of nonlinear wave phenomena in plasma and open up possibilities for controlling 

and manipulating plasma waves through adjustments in the kappa index. 

 

 

II. BASIC EQUATIONS 
          

Early observations of the day-side Martian ionosphere reveal that the ionosphere of Mars is dominated by three 

positive ions [33, 34] and non-Maxwellian electrons [4].We utilize the fluid model for the three ions, whereas 

we used the kappa distribution function for the electron’s distribution. The basic equations for the ions are 

introduced as follows [35] 

 

(i) Normalized continuity equation for the three ions: 
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(ii) Normalized equation of motion for the three ions: 
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Here, n1,2,3, represents the density of three ions, u1,2,3 are the ions velocities, KB is the Boltzmann’s constant, 

α1,2,3 are the relative temperatures of the ions with respect to the electron temperature where α1,2,3 = T1,2,3/ 

Te. In this model, we assumed that the three ions have the different temperatures. σ1,2 are the relative masses of 

the second and the third ions where σ1=m2/m1, σ2=m3/m1, where m refer to the molecular mass of the ion. 

finally, υ is the electrostatic potential. 

For the Non-Maxwellian electrons, we use kappa distribution function f (v)κ α (1 + v2/ κ v2κ) −( κ +1), which 

has frequently been used to understand and evaluate data of these observed particles in astrophysics and space 

plasmas. Kappa distribution function is is specified by the index κ and may be reduced to the Maxwellian 

distribution as κ →∞. The effective thermal speed in this case is vk, which is connected to the known thermal 

speed vth= (2KB T /m)1/2 by the relation vk2=[(κ − 3/2)/κ] vth 2 and κ denote the slope of the energy spectrum 

of the super thermal particles that make up the tail of the velocity distribution function. The normalized 

electrons density number distribution based on kappa distribution function is given by: 
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equations (1- 7) are connected via Poisson’s equation, which is given as 
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Where γ1 = ne0 /n10, γ2=n20 /n10 and γ3 = n30 /n10, where n10, n20, and n30 are the unperturbed densities of the ions. 

Using the reductive perturbation technique (RPT) [36], in which the stretched space-time coordinate is 

introduced as ζ = ε1/2 (x − λt) and τ = ε 3/2 t, we explore the fundamental features of solutions with small but 

finite amplitudes. Here λ, is the linear phase velocity normalized by the ion acoustic speed Cs, and ε is a small 

parameter that measures the strength of the nonlinearity. The dependent variables ni, uj, and υ can be stretched 

in power series of ε about their equilibrium as: 

n1,2,3 = 1 + ε n
(1)

1,2,3 + ε
2
n

(2)
1,2,3 + ....,               (9) 

   u1,2,3 = ε u
(1)

1,2,3 + ε
2
u

(2)
 1,2,3 + ....,                  (10) 

   υ = ε υ
(1)

 + ε
2
υ

(2)
 + .....                                 (11) 

Using the stretching space-time coordinates with the aid of the expansions (9)-(11) and isolate the distinct orders 

in ε, then using some algebraic methods, we obtain a Korteweg-de Vries (KdV) type nonlinear partial 

differential equation  

 

∂υ
 (1)
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3
 = 0               (12) 

The dispersion and nonlinear factors are represented by coefficients M and N. They are presented as 
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On solving equation (9), we obtain the solution of the solitary potential. A localized solitary solution of Eq. (9) 

is provided by: 

υ = υmaxsech
2
 (W /χ),                      (15) 

where υmax = (3U /M N), and W = √ (2M /U) denote the maximum amplitude width of the localized pulse, 

respectively. For simplicity we have denoted υ (1) = υ, and χ is the transformed coordinate of a frame moving 

with constant solitary speed U, i.e., χ = ζ − U τ. 

 

III. RESULTS AND DISCUSSION 
 
The concepts of ion acoustic solitary waves and the kappa distribution function hold significance in plasma 

physics, as they are interconnected. Studying the effects of the spectral index κ on the ion acoustic solitary 

waves can also provide insights into the dynamics and equilibrium conditions of the plasma system. By 

manipulating the spectral index, researchers can control the generation and propagation of solitary waves, which 

can have practical applications in areas such as plasma diagnostics and wave energy conversion. The profile of 

solitary potential versus the spatial coordinate χ is given by Fig. (1) and (2) for different values of κ.  Based on 

the observations, the temperature ratios α1, 2, 3 are assumed to have the same value for the three ions. 
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Figure 1: The positive soliton potential profile against x for different values of κ, where U =0.01, 

α=0.18, σ1=0.5, σ2=1.4, γ1 =0.465, γ2 =0.4, and γ3=0.065. 

 

It is clear that the solitary potential amplitude and width increase as κ shifts to higher values. The reason behind 

this outcome is that the index is linked to the presence of highly energetic electrons in the system. These 

electrons, having a lower mass than ions, possess higher mobility and can distribute their excess energy more 

evenly. Consequently, when the parameter is increased, additional energy is introduced into the plasma system. 

This energy influx causes the amplitude of the waves to increase and acquire a positive potential. It is worth to 

note that the values of the different parameters such as α, γ1,2,3 are taken from the observations made by Mars 

Atmosphere and Volatile Evolution (MAVEN) Mission [4, 34, 37]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: The positive soliton potential profile against x for different values of κ, where U =0.01, α=0.18, σ1=0.5, 

σ2=1.4, γ1 =0.74, γ2 =0.64, and γ3=0.1. 
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IV. CONCLUION 
 

In summary, the spectral index in the kappa distribution function is a key parameter that influences the 

properties and behavior of ion acoustic solitary waves in a plasma. The study of these waves and their 

dependency on the spectral index is important for understanding plasma phenomena and has potential 

applications in various fields. Overall conclusion, it was demonstrated that as κ increase, the amplitude and 

width of the solitary pulses’ potential will grow. 
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