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Electron-acoustic solitary potential
In nonextensive streaming plasma

Khalid Khan*, Obaid Algahtani?*, Muhammad Irfan* & Amir Ali%**

The linear/nonlinear propagation characteristics of electron-acoustic (EA) solitons are examined

in an electron-ion (El) plasma that contains negative superthermal (dynamical) electrons as well as
positively charged ions. By employing the magnetic hydrodynamic (MHD) equations and with the aid
of the reductive perturbation technique, a Korteweg-de-Vries (KdV) equation is deduced. The latter
admits soliton solution suffering from the superthermal electrons and the streaming flow. The utility
of the modified double Laplace decomposition method (MDLDM) leads to approximate wave solutions
associated with higher-order perturbation. By imposing finite perturbation on the stationary solution,
and with the aid of MDLDM, we have deduced series solution for the electron-acoustic excitations.
The latter admits instability and subsequent deformation of the wave profile and can’t be noticed in
the KdV theory. Numerical analysis reveals that thermal correction due to superthermal electrons
reduces the dimensionless phase speed (Uph) forEA wave. Moreover, a random motion spread out the
dynamical electron fluid and therefore, gives rise to Up,. A degree enhancement in temperature of
superthermal (dynamical) electrons tappers of (increase) the wave steeping and the wave dispersion,
enhancing (reducing) the pulse amplitude and the spatial extension of the EA solitons. Interestingly,
the approximate wave solution suffers oscillation that grows in time. Our results are important for
understanding the coherent EA excitation, associated with the streaming effect of electrons in the El
plasma being relevant to the earth’s magnetosphere, the ionosphere, the laboratory facilities, etc.

The reduction in binary interactions of the plasma components reduces the particles correlations that restore
the ionized matter to non-extensive state. The latter has relevance to ionosphere', magnetosphere?, solar winds?,
laboratory plasma®, etc. Intriguingly, Maxwell’s statistics fail to describe the dynamics of particles in non-extensive
plasmas. Vasyliunas® introduced the distribution function that extended Lurentzian/kappa accounts correctly for
the superthermal plasmas compositions. Importantly, a long tail associated with the Lorentzian/kappa particle
distribution function shows deviation from the non-thermal thermodynamic equilibrium. Plasmas with low
density and/or high-temperature® have fewer binary collisions and correlation effects among components, and
they can become non-thermal. In such plasmas, the statistical distribution of particles changes dramatically,
rendering the traditional Maxwell-Gibbs statistics useless. The kappa or extended Lorentzian distribution func-
tion was initially developed by Vasyliunas’ to characterize the superthermal composition of the collisionless
plasma in the magnetosphere. The extended Lorentzian function has a long-tailed particles distribution function,
which deviates considerably from the thermodynamic equilibrium. Furthermore, when holds, the superthermal
index (k. — 00) associated with non-thermal constituents restores a Maxwellian plasma state. It’s worth noting
that superthermal particle states have been seen both in space and in laboratories. The reported thermal and
superthermal velocity spectra for space plasmas®'® match well with the Lorentzian distribution function. The
electron fluid in laser-induced plasma'! achieves a nonequilibrium condition within the typical period, thus the
kappa distribution function is suitable. The dispersion and damping rates measured for electron-acoustic waves
(EAWs) in laboratory plasma'? precisely match the calculated superthermal index «, range of 3—4, validating
the Lorentzian distribution function for hot electrons. Sultana et al.'’ studied the nonlinear development of ions
acoustic (TA) excitations in plasma with kappa distributed electrons and discovered that superthermal electrons
permit smaller shocks with greater amplitude. The kappa dispersed ions in magneto-dusty electron depletion
plasma ignite the negative polarity oblique dust-acoustic isolated potentials studied by Shahmansouri and Aline-
jad in'. The Lorentzian plasma approximation may also be used to wave dynamics and related instabilities in
the interstellar medium'?, solar wind'®, ionosphere'’, auroral zone'®, and other areas.

Fried and Gould"’ first put forward an idea for excitation of the electron-acoustic (EA) mode. They have
pointed out that the EA potentials suffer a Landau’s damping effect that decreases with the increase of wave
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number. In the later investigations®® revealed weak damping of the EA in plasma, that contains both high and
low-temperature electrons. Such plasma conditions had already been observed in diverse contexts®!. Iwamoto*
has examined the evolution of electron-acoustic wave as well as the high frequency Langmuir mode in nonrelativ-
istic electron-positron plasma. It has been shown therein?? that the low frequency EA excitation Landau damped
with a relatively larger growth rate in comparison of the Langmuir wave. Saberian and Esfandyari-Kalejahi** have
investigated the propagation characteristic of Langmuir excitations in nonextensive electron-positron plasma.
They have pointed out that super thermal electron/positron give rise to damping/growth of the Langmuir waves.
Saberian et al.* investigated the high frequency Langmuir waves in nonextensive electron-positron plasma. It has
been shown that, superthermal electron/positron cause damping/growth of the longitudinal waves. Importantly,
a broadband electrostatic noise (BEN) observed at the Earth’s magnetosphere® as well as at the auroral zone?,
have confirmed the evolution of EA perturbations. The BEN is thought to be created by EA solitons traveling
fast the observing spacecraft. Indeed, EAW solitons have been seen in wave activity in the auroral area and the
geomagnetic tail using FAST satellite data?”. Mace and Hellberg® studied the impact of a magnetic field on such
electron acoustic solitons using a Korteweg-de Vries-Zakharov-Kuznetsov (KdV-ZK) model, and addressed its
significance to the challenge of BEN interpretation.

We investigate the amplitude modulation of electron acoustic waves (EAWs) using the reductive perturba-
tion approach? and a one-dimensional model of a plasma comprised of a cold electron fluid and hot electrons
obeying the kappa type of distribution. Using the traditional reductive perturbation approach and the nonlinear
field equations of such a plasma we obtained a non-linear KdV equation for our modulation. When comparing
the result of plasma with vortex distribution to a solitary wave solution with advancing amplitude wave to the
evolution equation, it is discovered that the amplitude wave takes the form of a solitary wave.

Nonlinear complex physical processes in Plasma physics are well recognised to be related to nonlinear partial
differential equations (NLPDEs). In general, obtaining localized solutions for NLPDEs such as the non-linear
Korteweg-de-Vries (KdV) is a difficult task. As a result, some recently improved approximate solutions have been
developed to overcome on this issue, for example to solve a NLPDEs, researchers used the analytical methods
like homotopy perturbation approach®®*!, sine-cosine method* and modified simple equation method?**. To
explore the nonlinear differential equation, a powerful combination of an auxiliary parameter approach combin-
ing adomain polynomials and Laplace transformation®. The purpose of this work is to look at how to solve the
non-linear Korteweg-de-Vries (KdV) equation by using the modified double Laplace decomposition method
(MDLDM)**. The proposed method is the combination of a double Laplace transform and Adomian decompo-
sition methods. This method is an authentic tool for solving the approximate solution for a non-linear problems
appear in plasma physics. For example, the acoustic waves generated in the ionosphere may have associated
with a very high amplitude due to the higher magnetic field. Modified double Laplace decomposition method
(MDLDM) gives a series solution contain the higher order time dependent terms to the non-linear KdV, which
may helpful to reduce the high amplitudes of the EAWss.

By employing the Vlaso-Poisson simulations, Valentini et al.*” have described evolution of the undamped
electron-acoustic waves as well as the Langmuir excitations termed as the corner modes. They have also illustrated
the regime for thumb curve where theses modes coexist. Similarly, the results for sheath formation in electron-ion
plasma with superthermal electrons are summarised, and obtained generalized Bohm criterion?. It should be
noted that, our analysis relies on weakly nonlinear and weakly dispersive EA solitary potentials in magnetoplasma
with streaming electrons. By imposing the modified double laplace decomposition (MDLD) method, we have
derived distinct numerical solution for EA potential superimposed by finite perturbations. The latter admits
instability and subsequent deformation against finite perturbations. These results are not elaborated elsewhere.

The rest of the paper is organized as follows: In “Governing equations and model” section, we consider
the fluid equations (MHD) in the component form. In “Linear stability/instability analysis” section, the linear
behaviour of the MHD equation is discussed for stability analysis of the shear flow of EA plasma. “Non-linear
wave analysis” section consists of non-linear analysis of the model. The KdV equation is derived for localized
solutions as well as for superthermal plasma using a reductive perturbation technique. In “Modified double
Laplace decomposition method (MDLDM)” section, we discuss some definitions of the proposed method and
apply the technique to a general non-linear differential equation. In “Applications of MDLDM” section, we apply
the proposed method to obtain an approximate solution. The effect of different parameters on the phase speed
Uph, the nonlinearity coefficient A, and the dispersive coefficient B is discussed in the same section. The results
and discussion are presented in “Results and discussions” section. The conclusion derived from the paper is
given in “Conclusion” section.

Governing equations and model

Here, we study the propagation characteristics for the electron-acoustic (EA)solitons in a nonnegative-ion (EI)
plasma that comprises dynamical electrons, superthermal hot electrons, and stationary ions. The EI plasma is
assumed to be immersed in a uniform magnetic field (B Z) in Z-direction. It is assumed that the electrons
supper a constant shear flow (U®) = aZ) in the Z-axis, where a stands for the magnitude of the speed. Impor-
tantly, at electron dynamical scale the phase speed for EA wave is much larger as compared to the thermal speed
of electrons, i.e w/K << Uy, condition holds. Here Uy, (= «/KpT},/m.) represent the thermal speed, with Kp
the Boltzmann constant and T}, is the temperature of the hot electrons. The nonlinear evaluation of EA mode is
governed by the following fluids equations

N,
oT

+V(NCUC) =0, (1)
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U, Ue . p
meNc aT‘f’UcVUC =€Nc E+EXB _VPC’ (2)

and
V2® = 47e(N. + Nj, — Nip), ®)

where N, ,U; and P, designated the number densities, speed and pressure respectively for the cold electrons.
Moreover, ® is the electrostatic potential, e(r,) is the electronic charge (mass) and Ny, (N;) represents the number
densities for hot electrons (ions).

The hot electrons can be taken as inertialess for much large energy and therefore described by the following
kappa distribution function (Baluku and Helberg®®)

® _Ke+%
Ny=N"{1—-— , 4)
KpTh(ke — 3)

where the index («,) accounts for the superthermal electrons. In the presence of magnetic field, the electrons
may experiences the drift motion as

Uer = Ug + Up + Up, (5)

where UE{ =C(E| x z /B(O)}, are the electric drift, Up{= —((3; + U, - V)U,1 X 2)/96} polarization drift

andUp{= (— U%E V| -N, x 2)/ Q:N_.} are diamagnetic drift of the electron. The velocity component associated
with the dynamical electrons turns out to be

U= U(O) +Ux + Uy + Uz + U (6)

By using Eqs. (4-6) and after some algebraic manipulation, one can reduce Eq. (1) as

N, a ] a aU, aU, aU,
C+(UCX7+UCY7+UL‘27)NC+NC( CX+ CY+ CZ)

aT X Y FY4 aX Y FY4
CN. o [ 9> 32 U:N: (dN. & aN. d N, \?

+ — st |- —= — - =0,
BOQ. dT \ 9X2  9Y2 Q. X Y  3Y 3X J\N©

where Q. (= eB© /Cm,), Ur, (= /KpT./m.) designate the electron gyro frequency and the acoustic speed respec-
tively with C is speed of light. The components of Eq. (2) in X, Y and Z-direction are

7)

9Uex Wex e 3P 3UZ Ne ON,

- QU =0,
o7 TUETX Tmax U T N0 ax ®)

AU, AU, e 9P 3U2 N, 9N,
o UcY o T oL, T NacUX T(; < £ = 0, (9)
aT Y  m, Y (N2 3y
U AUy UQU, e 00 3UZ N; 9N,
U, —_— — — — — Q.U ———— =0,
o %oz Y/ me 92 TN Bz (10)
Equation (3) can be expressed in the form as
AR P (N N N(‘”) 11
— t =t = =4me —N;7).
ax2 ' ay2? | 972 e T ()

Equations (7)-(11) describe the evolution of electron-acoustic excitations in non-extensive plasma that comprises
of dynamical electrons as well as kappa distributed electrons and stationary ions.

Linear stability/instability analysis

In order to examine stability/Instability conditions of a linear mode, we expand the relevant parameters in Egs.
(8)-(11) in the form exp[i(KyX + K, Y + K,Z — @T)] up to first order. Thus after some algebraic manipulation,
we obtain the following quartic equation

Scientific Reports |

(2022) 12:15175 | https://doi.org/10.1038/s41598-022-19206-4 nature portfolio



www.nature.com/scientificreports/

0.01315

Imo

0.01305 -

0.01300

0.01310 ¢

0.0

| 001341 eeeememmememnt i
Pt ide
Tt 4
................ ] 0.0133 - il
_—” |3 [
___—’ 4 E 0.0132 |- B
| —___—‘ ] L
________—— e
- —
] 7-----_--_-_--__-_——-
| 0.0131 |- B
/@ 0.0130 /’(g)—i
T I L 1 L L L L L L L L L L L L L L | L L | L L | L L L | L 1 f |

Figure 1. The dimensionless imaginary root Im® (wherew = w/wq with wg = 102 rad/s) in Eq. (12), is plotted
against the dimensionless wavenumber K(= K /Ky with Ky = 10° cm™!) with variation in (a) streaming speed
U© =103 cm s~ ! (solid curve), 2 x 10 cm s~ ! (dashed curve) and 3 x 10° cm s~! (dotted curve). The same

is depicted versing K when (b) magnetic field B=10°G (solid curve), 2 x 10°G (dashed curve) and 3 x 10°G
(dotted curve) when T, = 103K (T, = 10*K)and x, = 3.
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(12)

where Co (= (ap — K?)/47e), Dy (: e/m, — 3KBTCA0/meNC(°)>, with Cy (= (—ke + 1/2)/ (ke + 3/2)),
ap <: 47teZNh(0)C1/KBTh>, Ki (: Kf + Kf), Klf (: Kzz) and K(: \ /Klf + Ki) Notice that in the limit when

U©® = 0, the coefficients of w* and w vanish and therefor Eq. (12) reduces into a biquadratic equation as already
obtained in?. Our interest is in the case when U©® £ 0, the numerical solution of Eq. (12) reveals real as well as
imaginary roots. The dimensionless imaginary root (Im @) in Eq. (12), corresponds to instability growth rate,
depicted versus dimensionless wavenumber (K) in Fig. 1a with variations in streaming speed U = 10% cm s~}
(solid curve), 2 x 10® cm s~ Y(dashed blue curve) and 3 x 10® cm s~ Y(dotted black curve). See the streaming effect
of magnetoplasma rises the instability growth rate. The same is given in Fig. 1b versus K when the magnetic field
B©® = 105G (solid curve), 2 x 10°G (dashed curve) and 3 x 10°G(dotted curve). It reveals that the intensifica-
tion in the B favors instability of the linear EA waves.

Non-linear wave analysis
For the nonlinear evaluation of electron-acoustic excitations in the nonextensive EI plasma, we use the reductive
perturbation technique given by Washimi and Tanuili*. In this context, we chose the following stretching and
the spatial-temporal variables as

¢ = PKX+KY+KZ—UyT), 1=elT, (13)

where Uy, is phase velocity of the waves, Ky, K), and K are the direction cosines of the wave vector along X, Y
and Z-axis respectively.
The relevant plasma parameters are represented in the form as
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Uy 0 U(l) U(Z)
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® 0 e d?,

similarly, the transverse components of electrons speed can be expressed as

W @
U 0 s (Ul 2 (U
= +e2 | Q)| te +oos 15
(Ucy) (0) (Uc(llf)) (Ue)) (15)

it should be noted that € is a trivially very small dimensionless factor that calculates the energy of the disper-
sion and non-linearity. The occurrence of the magnetic field B in the system leads to anisotropy, because of
which the perpendicular components (U.x and U.y) can be stated in an upper order of the parameter € than the
corresponding factors of velocity U,z. Therefore, the gyro-motion effects in the higher-order influence in the
model. The transverse velocity components are extended to jump with €3/2, while the corresponding component
of velocity starts with €. The components having €/2 represent weak Veloc1ty perturbation as compared to the
component having order e.
By using Eqgs. (13-15) in Eqgs. (7-11) we get lowest orders in €

o CKx ( 3U2, CIN,(,‘”) IdM

D __ (16)
SO T ATASVO T
g _ K ( 3UF, C1N1§0)> 9o (17)
Y =
S T ASO T
(0) (1)
v = SN (o Upr) 09 (18)
¢ KBTh K, 3(
2w _ UK Uy UK 9UY) ek ao® . 3U7 K, aNY 19)
LT U ¢ Up 9 Umme 3¢ UyuND® 03¢
(0)
NO = -GNy, (20)
KgTy, ¢
where C; = (k. — 1/2)/(k. — 3/2). By solving Egs. (15-19) we can acquire phase speed of the EAWSs as
Y g L£q quire p P
Uph = (U“” +3GUE M) +e <°>>1< (21)

where C3 = CjeN, ;(,0) /Kp Ty stands for an expansion parameter. The expansion of the perturbation series beyond
the first order of € leads to the following perturbations

meUpK, 302, CINY ) 9200
Uy = == (1 T | (22)
e UTh N¢ ¢
meUpnK. 302, CINY 9200
UR = = e e T | (23)
UTh N¢ ¢
32oW Cie e
S = dme( N? + CieN,” <1><2) + NP o (@12 (24)
¢ KpTy K3 T}
where C; = —(—k, + %)(—Ke - %) /2(ke — —) The next higher orders in € for momentum and continuity equa-
tions respectively are
(2) @
aU U, ad ad
U Z :2U(O)K cZ + U(UK 242 U(l)
ph ac z ac cZ ac ot cZ
25
3URK, 9 3URKNY § N L 29
O 9 NOy: ac ) me T ar
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Using Equations (16-26) we can find the following Korteweg de-Vries (KdV) equation for EAWSs as

IV, 7) W) PV, T)
Ty TAYED T B =0 (27)

where A = (2—?) and B = ( 2—?) corresponds to the nonlinearity and dispersion coefficients respectively. Where

©)
2CqeN,
Ay =0 (KZU(O) - Uph),

KsTyNOK,
ClezNIEO) (0) () 2, 77(0)\2 (0) 2 2 (0) (0)
A= O (3C1Nh +N; )(KZ(U )? = 2K UpnU +Uph)—3UTC(NC _ClNh> ,
KgTyK,(N:)?

1

Ay=—d
3 4KZ{B(O)QC

{4CUph(l — K2)(K, U — Uph)}

T{ = 2K U U (22m(1 = KDGCN U}, + NOUE,) - UB, )
weN: Uz,

+ U (‘rma (1 — KD (MO U, + NOUR) - U ) - 1205 (00 30 |,

also W (: CD(I)/CDO) with ®¢ (: 10_HstatV). For real values of all the parameters we have A < 0 and B > 0,
give rise to the negative potential of the EAWSs pulses. To obtain a localized stationary solitary waves solution
moving to the right, we transform the independent variables { and 7 to new moving coordinates (§ = ¢ — uo17),
where 110 is the speed of solitary waves in the new coordinate system. Also applying the vanishing conditions as
¥ — 0,dV/dE — 0,d*V/dE* — 0at& — oo, the localized solution of the equation (27) can be obtained as

W (€) = b sechz(i), (28)

where 8y (: 3%) and A (: 24/ %) represent the amplitude and spatial width of the EA solitons. The product
80A%(= 12B/A) giving the constant values independent of 1o will suggest that the taller the amplitudes of the
B
o
suggests that increasing the solitary wave speed 1o will increase the amplitudes but a decrease will occur in its
width. The expression for the electric field can be calculated as

3uy? 3 & -
_ _ OHg 2 5 5 5
E=-VV = e sech (X) tanh(g) (KXX K,Y KZZ> , (29)

solitary waves will result in the faster and narrower the pulse shape accordance with the KdV theory. A (: 2

where X R lA/', and Z are the unit vectors along X, Y and Z-axis respectively.

Modified double Laplace decomposition method (MDLDM)
This method is used here for the first to study the nonlinear evolution of solitary potential in nonextensive
plasma. The modified double Laplace decomposition method has also extensively used to reduce the spatiotem-
poral solutions corresponds for the linear as well as nonlinear deferential equation**-*4,

To discuss this method. consider the following non-linear problem of the form

Lp(X,T) +Rp(X,T) + N¢(X, T) =f(X,T), V TEeR, (30)

where L is highest order linear operator, (L = D"(X, T) = "¢ (X, T)/0X"), N is non-linear operator, and R is
the operator contains the linear terms while (X, T) is some external function.

Consider a function ¢ (X, T) for X, T > 0 in XT — plane, the double Laplace transform of the function
¢ (X, T)is defined by*®

LxLr[¢p(X, T)] = /OO e~ SiX (/OO e ST ¢(X, T)dT )dX,
0 0

where S; and S are complex numbers. The double Laplace transform for the partial derivatives of the function
¢ (X, T) can be represented as
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" (X, T)) - N Y% )
LXLT{T = S?d’(sl»sz) - ZS? ! kLT 37 , (31)
k=0
and
3"$ (X, T)) - = e, [ VP(X,0)
bt TG | =S - 2SI G2)
]:
where n,m =1,2,3,---. From the above definitions, we can deduce that

LxLr¢(X) ¥ (T) = ¢(S)W(S2) = Lxp (X)Lr¥(T).

The inverse double laplace transform L}lL;l{qT)(Sl, $2)} = ¢(X, T), is represented by a complex double
integral formula

. c+ioco d+ioco
L}lL;I{qB(X,T)}:E / T / X p(S1,8,) dSy | dS,. (33)
c—i0o —i00o

It should be noted that ¢(S1, S»), is an analytic function V §; and S, defined in the region by the inequalities
Re(S1) = cand Re(S;) > d, where ¢,d € Rto be considered accordingly.
With the help of these definitions, apply double Laplace transform on both sides of Eq. (30) we obtained

LxLr{D"¢(X, T)} + RLxLr{¢ (X, T)} + NLxLr{¢(X, T)} = LxLr{f (X, T)}. (34)
Using the idea of double Laplace on nth-derivative, we obtained

1 1
LxLrip (X, D} = G(S1,$2) = G RIxLr{¢ (X, )} — G NEXLr{$ (X, T}, (35)

2 2

where
1252 i (X, 0) 1
GSLS) =< Y. S Lx{ ——— bt + < F(S1,%).

(81,52) Sg]:Zo ) x{ 3% }+Sg (S1,82) (36)

Here we consider the series solution of the form

T = ¢a(X, 1),

n=0

the non-linear terms are decomposed as
oo
No(X,T) = Ap,
i=0

where A, are called Adomian polynomials* of @, $, @ . . ., given by the following formula

1 d | <&
Ap=——= 1> ikpx, )| . (37)
n! dA? P o

Hence applying inverse double Laplace on both sides of Eq. (35) and with the help of Eq. (37) we obtain

D on (X, T) = L' L7 G(S1,82) — L;IL;I{@RLXLTWX, T)}} - L;IL;I{SSLXLT ZAn},
n=0

n=0

comparing the terms on both sides we get
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¢ =L L7 [G(S1, ), ]

1 —1-1f 1
oM = —LX1LT1{87LxLT[R¢(O)]} - LXIL#{S—”LXLT[AO]},
2
] “1p-
2 2

_ -1, 1 @ =11 1 N
¢3=—Ly L SnLXLT[R¢ ] x Lt QLXLT[ 21 ¢

_ 1,1 1 (n) 1,1 1
¢n+1 = _LX LT @LXLT[Rd) ] _LX LT @LXLT[An] >

the final solution can be obtain as

oo

X, T)=> ¢"(X,T). (38)

n=0

Applications of MDLDM

In this section, we consider our model (27) with W (¢, 1) = ¢ (&, 7)) and apply MDLDM as discussed in (“Modi-
fied double Laplace decomposition method (MDLDM)” section) to obtained an approximate solution to the
problem. For this, we can write Eq. (27) in the following non-linear form

¢ (§,7) + AP (§,T)P: (5, T) + Bozee (§,7) =0, vV §TER (39)

with initial condition
B(E,0) = b sec 2 (%) (40)

where 8 (— 3 °> and A (— 24/ ) represent amplitude and spatial width of the EAWSs. The variables in sub-

script of ¢ in Eq. (39) represent part1a1 derivatives with respect to T and &. Applying the definitions and techniques
discussed in “Modified double Laplace decomposition method (MDLDM)” section on Eq. (39) as

¢ =L 'L G,
1
1 —17-1 b ©
oW = —AL7'L7 {ngLT[Ao]} —BL L {S Lelcldee:] }

¢® = —AL7'LT! iLL[A] —BL7'LTYW — LeL. [
¢ Loy g Ll srsérsss>

6@ = —arsi ) Lronan b - oo L nne@ “
- & T S5 §Lrla2 & T S5 ELtlPegel (>
(1 (1
o™ = AL lLrl{ngL,[An]} — BI; 1L,1{S Le L[] }
where G(S1)and Ag, A, Ay -+ - -+ can be obtained by using Eqgs. (36) and (37) as
G(81) = g sech? (%) =¢(£,0), (42)
=000, A1 = 00" + 0V, 4, = pV¢ + V) + 6. (43)

Using Equations (42) and (43) in Eq. (41) we get the the following solution
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Figure 2. Phase speed (Uph:Uph / Upny with Upp, = 107 cm s~1) varying with &, from 2 to 10 by changing (a)
hot electron temperature values as T, = 103K (solid curve), 1.1 x 10°K (dashed curve) and 1.2 x 10°K (dotted
curve), (b) cold electron temperature values as T, = 103K (solid curve),1.01 x 103K (dashed curve) and

1.02 x 10°K (dotted curve), (c) U@ values asU® = 105_cm s~ (solid curve),1.2 x 10° cm s~ ! (dashed curve)
and 1.6 x 10° cm s~ Y(dotted curve) and (d) K, values as K, (= K, /Kp) = 0.6 (solid curve), 0.609 (dashed curve)
and 0.619 (dotted curve).

¢© = 5) sec h? (%),

¢V = 1|85 A 3Bsech? & tanh £ +28,A73 (SOAZA - 12B) sech* s tanh s R
A A A A

¢ =128 {(—48§A’2A2 + 148A*AB — 1208A7°B?) sec hs(i)

+ (363 A72A% — 13680A"*AB + 1191A°B?) (2 sech6<%) —sech® (i))

+ IO(SOA_4AB — 12A_GB) <sec Kt (%) +sech? (%) tanh* (%))

8AT*AB —12A7°B (5 tanh? (£) 4 a-Bsec?( ) + 15868 seci? (£ ) tann? ( £
+60(30 ) sech <A tanh® { = ) + sech A) e sech A ) tanh® (£

+ 15A7B? sec h? <E > tanh* <E> + A~°B? sec <£> tanh® <£>] ,
A A A A

similarly, the other terms can be calculated in the same manner. The final solutions can be obtained
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Figure 3. The coeflicients A(=A/AO with A® = 10" em(statVs)~1) and B (=B/B, with By = 1078 cm? s71)
varying with . from 2 to 10 (a) by changing hot electrons temperature values for A as T, = 10°K (solid
curve), 1.1 x 10°K (dashed curve) and 1.3 x 10°K(dotted curve), (b) hot electrons temperature values for B

as T, = 103K (solid curve),1.05 X 103K (dashed curve) and 1.1 x 10°K(dotted curve), (c) by changing cold
electrons temperature values for A as T, = 10> (solid curve), 1.3 x 103 (dashed curve) and 1.5 x 10°K (dotted
curve) and (d) by changing cold electrons temperature values Bas T, = 10°K (solid curve),1.3 x 103K (dashed
curve) and 1.5 x 10K (dotted curve).

2

P& =) " E D). (44)

n=0

Results and discussions

For numerical illustrations, we choose an electron-ion (EI) plasma that comprises for superthermal electrons,
and cold electrons as well as positively charged ions. The number density and magnetic field for the plasma
ranges NO =108 cm=3 — 102 cm 3, and B® = 10°G — 10’G respectively. Moreover, the temperature for
superthermal (cold) electrons are taken as Tj, = 10K (10°K) respectively. Such plasma has relevance to the
Earth magnetosphere, the ionosphere, the laboratory facilities. For the purpose in numerical illustrations, we
have normalized the phase speed (Up), the non-linearity coefficient (A), the dispersion coefficient (B), the wave
amplitude (W, ¢) with Uppo = 107 cms—, A©@ = 10" em(statVs) L, ¢ = 10~ 0statV, respectively.

The important results of our study are presented in the following discussion.

Figure 2a depicts the dimensionless phase speed Uy, (= Upn/Uppo, verses the superthermal index (k,), for
the electron-acoustic (EA) solitary pulse at T, = 103K (solid curve),1.1 x 103K (dashed curve),1.2 x 10°K(dot-
ted curve). It reveals that the thermal correction of superthermal electrons decreases Upy,. We have displayed
Upp against &, with variations in Fig. 2b temperature due to the dynamical electrons T. = 10°K(solid curve),
1.01 x 103K (dashed curve),1.02 x 10°K(dotted curve). See the degree enhancement in T gives rise to Upy. In
a similar fashion, Fig. 2¢,d, illustrate Uph verses k. with variation in the electron streaming speed (U(O)), and
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Figure 4. The coefficients A(=A/AO with A©® = 101! cm(_statVs)*l) and B (=B/By with By = 1078 cm?s™1)
varying with «. from 2 to 10 by changing (a,b) K values as K, = 0.6 (solid curve), 0.7 (dashed curve) and 0.8
(dotted curve) and (c,d) A and B varying against «, for different values of U©=5 x 10'2 cm s~ ! (solid curve),
10 x 10'2 cm s~! (dashed curve) and 15 x 102 cm s~! (dotted curve).

obliquity parameter (K). It infer that both the streaming electrons and the obliqueness (K ) enhances the phase
speed Upp,. _

The lower and upper panels in Fig, 3a,b illustrate the dimensionless non linearity A(= A/A®) and disper-
sion B(= B/By) coefficients, respectively with variations in thermal effects of hot (cold) electrons, i.e., Ty(T,).
Importantly note, thermal effect spread out the super-thermal electrons that in turn rises A and B. Moreover,
opposite trend notices for A and B with enhancement in T, as shown in Fig. 3c,d.

For the impact of relevant plasma parameters on the nonlinear steepening and dispersions effects, we have
plotted in Fig. 4a-d coefficients A and B at different values of K, and U'? respectively. Obviously, K, and U®
reduces coefficient A and B. Thus it reveals that oblique propagation of EA excitations suffer reduction in the
nonlinear pulse steepening and dispersion.

To show the impact of electronic temperature, we have given the wave solution (27) for pulse-shaped soliton
against the spatial variable £ (see Fig. 5a,b). Recall that T}, (T,;) decreases(increases) coeflicients Aand B, and
therefore rises (reduces) the pulse amplitude and spatial extension for solitary potentials. Likewise, the streaming
speed (U®) and the superthermality index () also impact the wave profiles as illustrated in Fig. 5¢,d.

In Fig. 6a we compare our localized solution (27) with the series solution (44) obtained by the MDLDM
method. Obviously, at T > 0 the series MDLDM solution admits spatial deviation with amplification in pulse
amplitude. The MDLDM solution in Fig. 6b at different values of . shows that variation in superthermality index
significantly modifies the EA soliton. The 3D surface plots for both the localized and approximate solution have
been shown in Fig. 6¢,d.

The MDLDM is an excellent tool to calculate analytical solutions of non-integrable system more accurately.
The obtained results indicates that it is an effective tool for solving the KdV equation. One can see that the
MDLDM solution satisfies the precise solution in Table 1 at7 = 0.1and Table 2 atT = 0.01, as well as in Fig. 7a,b.
From tables, it is observed that the absolute error between the localized and approximate solution is reducing
and approaching to zero by taking larger values for the spatial variable (—3 < £ > 3) with the temporal variable
7 = 0.1 and 0.01 respectively. As we know that, the KdV equation permits solitary wave solutions in plasma,
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Figure 5. The approximate solution (U = ¢ /¢ with ¢o = 10~!!statV given in Eq. (44) is taken against

the spatial variable & (= £Kj) by changing (a) hot electrons temperature values as T, = 10°K (solid curve),

1.1 x 103K (dashed curve) and 1.2 x 10°K (dotted curve), (b) cold electrons temperature values as T, = 10°K
(solid curve),1.5 x 10°K (dashed curve) and 2.5 x 10°K (dotted curve), (¢) U® values as 2 x 1012 cm s~ (solid
curve), 10 x 10" cm s~! (dashed curve) and 20 x 10'? cm s~! (dotted curve) and (d) changing «, values as 2
(solid curve), 3 (dashed curve) and 5 (dotted curve).

and because MDLDM is a good and simple tool for studying the KdV equation, we may use this approach to
numerically examine the localized behavior of solitons. It is also worth noting that MDLDM’s findings are quite
near to those of precise solutions. We may use MDLDM for such non-linear equations to compare our results
and eliminate mistakes in handling such equations because it is a simple approach.

Finally, Fig. 8 illustrates the MDLDM solution with variation in temporal variable as T = 0.1 (solid curve),
0.2 (dashed curve), and 0.3 (dotted curve), See enhancement in 7 oscillates the pulse shaped soliton and involves
into subsequent deformation. It is to mention for rigor that MDLDM solution for KdV equation admit instability
and growth of pulse shaped soliton that cannot be noticed in analytical techniques. The results further show two
pulse profile of the approximate solution (MDLDM) when the time is increasing from 0.1 to 0.3 respectively. The
time dependent solutions exhibits oscillation and deviating the stationary solution.

Conclusion

We have examined the linear and nonlinear propagation characteristics of electron acoustics excitations in a
nonextensive magnetoplasma. The latter contains cold dynamical electrons as well as super thermal electrons
with positively charged stationary ions. It has been noticed that magnetosphere, ionospheres as well as laboratory
scenarios are few among the possible outlets for the plasma conditions. For the linear stability analysis, we have
deducted a fourth order linear dispersion relation admitting a positive imaginary root that corresponds to growth
rate. We have shown the plasma streaming effect and the magnetic field strength give rise to instability growth.
We have modelled a KdV equation for super thermal plasmas that is dependent on plasma characteristics such

Scientific Reports |

(2022) 12:15175 | https://doi.org/10.1038/s41598-022-19206-4 nature portfolio



www.nature.com/scientificreports/

Figure 6. (a) Comparison of localized solution (28) (red curve) vs approximate solution (44)(dotted curve), (b)
effect of k=2 (solid curve), k=3 (dashed curve) and «,=5 (dotted curve) on the MDLDM-solution. Similarly (c)
3D surface plot for localized solution and (d) 3D surface plot for approximate solution.

as hot electron temperature Ty, cold electron temperature T, shear flow speed U'?) direction cosine K, phase
speed Upp, and magnetic field B©, The KdV equation is derived using a reductive perturbation approach for
nonlinear analysis, and the solutions are quantitatively studied. The current findings are critical for comprehend-
ing nonlinear EA wave’s excitations in the presence of a magnetic field. The approximate solution of the model
equation is calculated using MDLDM. The analytical and numerical results are compared where good agreement
is obtained. It should be noted that the solution obtained by MDLDM for the governing model admit instability

M|O F

and growth of the pulse shaped solitons that cannot be noticed in other analytical techniques.
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£ Z=E — o7 | Localized solution | MDLDM Solution | Absolute Error
-30 |-31 -2.2648x10713 ~5.0807x 10713 2.816x10713
-25 |-26 -3.132x107 ! - 8.2781x 10~ 1! 5.146x 101!
-20 |-21 —4.3314x107% - 1.1595x 1078 7.2638x10%
-15 |-16 ~5.9901x 107 - 1.6053x107% 1.0063x 1070
L5 1.4 —4.3028x107%¢ - 1.6056x 1070 2.6972x1070%
2.0 1.9 —3.1114x107% - 1.1623x107%8 1.9491x107%8
2.5 2.4 -2.2498x10710 -8.5107x 10711 1.3988x 1071
3.0 2.9 - 1.6268x 10712 ~7.0592x10713 9.2093x 10713

Table 1. Comparison of localized solution with approximate solution for ;o = lLand 7(= twy) = 0.1.

£ £=f — wo7 | Localized solution | MDLDM Solution | Absolute Error
-3.0 |-3.01 ~5.5001x 10713 -5.971x10713 4.7095x 10714
-25 |-251 - 7.6063x 10711 -8.3828x 101! 7.7646x 10712
-20 |-201 -1.0519x107%8 -1.1608x 10708 1.0885x107%°
-15 |-151 —1.4547x 1070 —1.6054x10~% 1.5071x 10797
1.5 1.49 - 1.7718x 1079 ~1.6055x10~% 1.6633%x107%7
2.0 1.99 -1.2812x107% -1.161x107% 1.2014x107%
2.5 2.49 -9.2641x 101! ~8.406x 10711 8.5812x10712
3.0 2.99 - 6.6989x 10713 - 6.1689x10713 5.2999x 1014

Table 2. Comparison of localized solution with approximate solution for ;1o = L,and 7 = 0.01.

Figure 7. (a) 3D error plot for Table land (b) 3D error plot for Table 2.
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Figure 8. The approximate (MDLDM) solution is plotted for different values of 7=0.1 (solid curve), 7=0.2
(dashed curve) and 7=0.3 (dotted curve).
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